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FOREWORD

The use of, abuse of, and dependence on a variety of licit and illicit sub-
stances constitute the major public health problem facing the United States
and many other countries. Drug abuse is the leading cause of new HIV
infections, a major cause of cancer deaths as well as automobile and boat
accidents, the largest contributor to our burgeoning prison population, and
the largest cause of crime, violence, domestic and child abuse, and commu-
nity destruction. In the United States there are more than 50 million nicotine
addicts, at least 15 million alcoholics and problem drinkers, more than 3
million marijuana addicts, 2 to 3 million cocaine addicts, and more than a
million heroin addicts. The number of ‘‘hardcore’” addicts to illicit drugs is
well over 6 million. It is not surprising, given these numbers and social costs,
that theories of ways to improve the situation abound. From total prohibition
to total legalization and numerous steps in between, arguments rage over the
best approach. For experienced observers of the situation, not blinded by
partisan beliefs and rhetoric, it appears clear that there is no one answer.

Mencken’s observation about simple solutions, ‘‘there is always a well-
known solution to every human problem—neat, plausible, and wrong,” is as
true now as in 1920 when he made it. Pure ‘“‘supply reduction” models
founder on the rocks of ‘“‘need” and ‘‘greed”’—the desire for the euphoric
effects of these agents, and the willingness of individuals to take risks to
provide them because of the large profits. Likewise, the pure ‘‘demand reduc-
tion”” model shows its inadequacy by the lack of interest of many addicts in
stopping and the failures of our current prevention and treatment programs
to either prevent or treat sufficiently. We need both a balanced model and
better prevention and treatment methods.

The current view of addiction is a marriage of brain and behavior. Sophis-
ticated imaging procedures and basic science research into the neurobiology
of reward have identified key elements in the reinforcing effects of various
psychoactive substances. Motivational circuits underlie the desirability of
abused drugs. Brain changes after prolonged use help keep the habit going,
as well as increase the likelihood of relapse after hard-won abstinence. In one
sense, the reward circuitry has been ‘“‘hijacked” by the rapid intense effects
of chemicals at the expense of the more usual rewarding behaviors. Success-
ful treatment thus often requires both medications—to help addicts cope
with the brain’s changes and urges—and relapse prevention techniques and
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learning—to help addicts regain the ability to get rewards from nonchemical
means. The failure of many treatment attempts is a testimony to the difficulty
of the task.

Because of this difficulty, there is a constant search for new methods—
better, faster, easier. The search for a ““quick fix”’ is not limited to addicts—
researchers, treatment providers, family members, friends, and policy makers
share it at times as well. The fact that it hasn’t yet been found doesn’t mean
it can’t be found, so efforts continue. The story of ibogaine for addiction is
part of that search.

One hundred years ago, as well as recently, treatment of withdrawal was
often seen as synonymous with treatment of addiction. Numerous drugs and
techniques—some innocuous, some lethal, most in between—were tried to
improve withdrawal. None were successful for the larger task of healing
addiction, although some have worked reasonably well in treating with-
drawal. We still cannot successfully treat a substantial number of addicted
individuals. The difficulty may lie both in the persistence of brain changes
and in the difficulty of making lifestyle changes. The search has been ham-
pered by the intensive warfare between those who believe any medication is
a ““crutch,” and those who view addiction as a medical disorder that may
ultimately yield to a combination of medications and behavioral techniques,
as employed in other chronic medical conditions. It has also been hampered
by the lack of interest of major pharmaceutical firms in devoting resources to
the search. Stigma connected to addiction and a perceived lack of possible
profitability in a medication have contributed to this unwillingness. Medica-
tions could have a variety of roles, some more likely to be found than others:
providing a rapid, safe effective withdrawal; decreasing craving; providing a
“window of opportunity” for the individual to develop relapse prevention
skills and alternative reinforcers; reversing brain changes; blocking or ame-
liorating the effects of the abused substances; and providing a cost-effective
way of reaching larger numbers of individuals.

The diffusion of psychedelic drugs into the larger culture in the 1960s led
to a variety of uses. While some people used them for ‘“‘recreational’ pur-
poses, escapism, and altered sensory experiences, others used them in reli-
gious activities, serious exploration of altered states, and, at times, formal
therapy. LSD, for example, was used in the treatment of alcoholism. Al-
though initially it appeared to yield promising results, manifested by a high
percentage of abstinence, follow-up studies demonstrated no sustained effi-
cacy, and efforts were mainly dropped. The rise in the street use of the drug
among the young may have contributed in part to the loss of interest among
researchers, but lack of efficacy appears to have been a major factor. In
contrast, the use of peyote to treat alcoholism in some Native American
groups has persisted for decades, perhaps because of its restriction to clear
religious ceremonial occasions.
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Ibogaine appears to have followed a therapeutic path similar to LSD, but
it did not become a street drug, probably because of some unpleasant side
effects and possibly weak reinforcing effects. Initially it was touted as both a
rapid effective withdrawal method and a cure for heroin and cocaine addic-
tion. Later, as relapses became apparent, it was labeled as an ‘“‘addiction
interrupter,”” and still later as useful mainly for a small group of ‘“‘motivated”’
individuals. In contrast to the situation with LSD, a variety of groups with
very different agendas pushed ibogaine’s use for therapy—as described suc-
cinctly in the chapter by Alper et al. in this volume. Because, as noted earlier,
commercial interest in addiction treatment medications was minimal, pressure
by these disparate groups was aimed at government agencies—especially the
National Institute on Drug Abuse (NIDA) and the Food and Drug Adminis-
tration (FDA)—and individuals, including this author, who were mistakenly,
or more likely deliberately for reasons such as their position on other issues
of interest to certain groups, targeted for coercive actions. Whether the ac-
tions against NIDA were ultimately helpful, harmful, or insignificant in get-
ting the desired results is not totally clear. My own view is there may have
been a short-term gain, but a long-term loss, because of the perceived mar-
ginalization of the drug.

More important for the long-term goal of developing new medications for
addiction was the persistence of scholarly research on ibogaine in both ani-
mals and humans. Such research laid out possible mechanisms of action and
found metabolites or congeners that may be of more interest than the parent
compound. Ultimately the usefulness, or lack thereof, of ibogaine and related
compounds in the treatment of addiction will rise or fall on such research. If
the drug does have useful effects, it may be possible to develop synthetic
agents that produce desired actions on addiction without undesirable effects.
In any event, Alper is to be congratulated for both the enormous effort to put
together the scientific conference on which this book is based and the book
itself, which can bring the findings to a larger audience than was present at
the meeting. The need for new medications to treat addiction is as great as
ever. Whether or not ibogaine is useful is a scientific question that can be
answered neither by street demonstrations nor by avoiding careful, controlled
research. As scientists, our obligation is to keep looking for safe and effective
methods to prevent and treat this great international scourge.

Herbert Kleber
Columbia University College of Physicians and Surgeons



PREFACE

The responsibilities of an editor for an established book series such as The
Alkaloids: Chemistry and Biology are twofold: to attract first-rate reviews in
well-known areas of alkaloid chemistry and biology and to offer new insights
into the breadth and depth of the field as it evolves. Over the years, with
chapters on alkaloid biosynthesis and enzymology, the use of alkaloids as
chiral auxiliaries, and the therapeutic aspects of alkaloids, the boundaries of
the series have been continuously challenged. This volume moves the bound-
aries even wider, as we examine the social and psychological as well as the
chemical, biological, and clinical issues regarding a single alkaloid, ibogaine.
No previous volume has been devoted to a single alkaloid or to the proceed-
ings of a conference, but then no previous alkaloid has engendered so much
controversy over how to handle its potent biological effects.

This volume brings together sixteen chapters from presentations made at
the First International Conference on Ibogaine, held in New York in Novem-
ber 1999. They cover the gamut from indigenous ethnomedical experiences
in tropical Africa to diverse clinical trials in Europe and the United States,
with much of the extensive chemistry, biology, and pharmacology also de-
scribed. The volume is compelling reading as one contemplates the vast
social impact of various addictive agents (most of which themselves are
alkaloids!) and what can be achieved in science to alleviate the personal and
societal pressures of profound addiction.

Is ibogaine an alkaloid that can save the world from drug addiction? Prob-
ably not. Should it hold a prominent position in the list of antiaddictive
strategies under investigation? The evidence reviewed in this book would
appear to suggest so. As a paradigm for medication development, with its
multifold receptor effects, ibogaine may change the way physicians consider
the biological complexities of treating addiction.

With over 25% of the U.S. population addicted to some form of drug (nico-
tine, alcohol, cocaine, marihuana, and heroin) one must conclude that there
is significant financial, not to mention moral and ethical, incentive to examine
alternative strategic efforts in alleviating drug addiction. In the future, one
hopes that many iboga alkaloid derivatives, including 10-hydroxyibogamine
and 18-methoxycoronaridine, will be made available for a wider and deeper
exploration of the power of this alkaloid skeleton to modulate those receptors
in the brain relating to addiction, a bane that causes such interminable suffer-
ing to individuals, families, and societies around the world.

Geoffrey A. Cordell
University of Illinois at Chicago



PREFACE

The First International Conference on Ibogaine, held at the New York
University School of Medicine on November 5 and 6, 1999, was remarkable
for its blend of the instrumental and the expressive. On the instrumental side,
presentations of those from the academic research community, the United
States Food and Drug Administration (FDA), and the National Institute on
Drug Abuse (NIDA) included preclinical data on ibogaine’s pharmacological
actions, evidence of efficacy and safety in animal models, and case reports in
humans. On the expressive side was representation of the sacred culture of
Bwiti in Africa and the medical subculture of ibogaine in the United States
and Europe. Charts and graphs of data were a significant aspect of the fabric
of the experience of the event, as were the emotionally salient presentations
from ibogaine in the treatment of opioid dependence and who advocated
earnestly for its development.

The conference was organized in the belief that the iboga alkaloids are an
interesting pharmacologic paradigm for the development of the treatment of
addiction. If this indeed turns out to be the case, then the optimal clinical
approach to their use will demand integration of the instrumental and expres-
sive, an imperative of importance in medicine, and particularly in the treat-
ment of addiction. The medical dictum ‘‘our patients are our greatest
teachers,” is a statement about the instrumental importance of observation
and experience and the expressive importance of empathy. This dictum may
be of particular relevance to ibogaine, in which a significant portion of the
collective clinical experience has originated from an addict self-help context
involving individuals without formal medical credentials, and the addicts
themselves.

Deep gratitude is extended to the participants of this First International
Conference on Ibogaine for having listened to one another and for their
contributions to this volume.

Kenneth Alper
New York University School of Medicine

Stanley Glick
Albany Medical College
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A NOTE CONCERNING THE NUMBERING OF
IBOGA ALKALOIDS

Two systems exist for numbering the carbon and nitrogen atoms within the
diversity of the monoterpenoid indole alkaloids, which currently comprise
some 5000 structures. Among these structures are the derivatives of iboga-
mine, the parent structure of ibogaine. One numbering system applied is that
used by Chemical Abstracts, in which numbers are assigned systematically
to the various alkaloid skeleta on an individual skeleton basis. As a result,
corresponding carbons in slightly different skeleta can have quite different
numbers. The other approach, a biogenetic one, was developed by Le Men
and Taylor (/). In this numbering method, the monoterpenoid indole alka-
loids are numbered uniformly and systematically based on a parent carbon
skeleton. Consequently, corresponding carbon atoms in very different alka-
loid structures, such as quinine, ibogaine, and camptothecin, can be directly
related. Historically, the Le Men and Taylor system is used by natural product
chemists and many biologists, while the Chemical Abstracts approach is
found in aspects of the medical and biological literature.

The literature on the iboga alkaloids reflects the use of both the Le Men
and Taylor and Chemical Abstracts systems and is therefore a potential
source of confusion. For example, it has been common in the current medical
literature to refer to ibogaine as 12-methoxyibogamine, and to the metabolite
noribogaine as 12-hydroxyibogamine. In the Le Men and Taylor system these
alkaloids are 10-methoxyibogamine and 10-hydroxyibogamine, respectively.
On the other hand, 18-methoxycoronaridine (18-MC), a synthetic iboga al-
kaloid derivative of current interest, is named according to the Le Men and
Taylor system. In this volume, the use of the Le Men and Taylor system was
recommended, but the choice was left to the discretion of the individual
contributors.

The premise that underlies this volume and the First International Con-
ference on Ibogaine is that the iboga alkaloids are pharmacologically inter-
esting and potentially clinically valuable. If this is accepted, then synthetic
natural product chemists will likely produce a profusion of iboga alkaloid
derivatives for biological evaluation. These compounds will be numbered
utilizing the Le Men and Taylor system, as was 18-MC. It is therefore rec-
ommended that the Le Men and Taylor system be adopted as the normative

XXiii
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approach to the chemical nomenclature of the iboga alkaloids in both the
chemical and the biological literature.

1. J. Le Men and W. 1. Taylor, Experientia 21, 508 (1965).
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I. Introduction, Chemical Properties, and Historical TimeLine

A. INTRODUCTION

Ibogaine, a naturally occurring plant alkaloid with a history of use as a
medicinal and ceremonial agent in West Central Africa, has been alleged to be
effective in the treatment of drug abuse. The National Institute on Drug Abuse
(NIDA) has given significant support to animal research, and the U.S. Food and
Drug Administration (FDA) has approved Phase | studies in humans. Evidence
for ibogaine's effectiveness includes a substantial preclinical literature on
reduced drug self-administration and withdrawal in animals, and case reports in
humans. There is relatively little financial incentive for its development by the
pharmaceutical industry because ibogaine is isolated from a botanical source in
which it naturally occurs, and its chemical structure cannot be patented. This has
left the academic community and the public sector with a crucial role in research
on ibogaine, which was a major reason for organizing the First International
Conference on Ibogaine.

A major focus of the Conference was the possible mechanism(s) of action of
ibogaine. Ibogaineis of interest because it appears to have a novel mechanism of
action distinct from other existing pharmacotherapeutic approaches to addiction,
and it potentially could provide a paradigm for understanding the neurobiology
of addiction and the development of new treatments. Another important focus of
the Conference was to review human experience with ibogaine and preclinical
and clinical evidence of efficacy and safety. The Conference also featured presen-
tations related to the sociological and anthropological aspects of the sacramental
context of the use of ibogain Africa and the distinctive ibogaine subculture of the
United States and Europe.

B. CHEMICAL STRUCTURE AND PROPERTIES

Ibogaine (10-methoxyibogamine) (Figure 1) is an indole akaoid with
molecular formula CygH»6N,O and molecular weight 310.44. Ibogaine is the most
abundant alkaloid in the root bark of the Apocynaceous shrub Tabernanthe iboga,
which grows in West Central Africa. In the dried root bark, the part of the plant
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Alkaloid R, R, Rs
Ibogaine OCHj,4 H H
Noribogaine OH H H
(+)-18-Methoxycoronaridine H CO,CH3 OCHj,4

FIGURE 1. CHEMICAL STRUCTURES OF IBOGAINE, NORIBOGAINE, AND 18-METHOXYCORONARIDINE.
The ibogamine skeleton above is numbered using the LeMen and Taylor system in which ibogaine is
designated as 10-methoxyibogamine and noribogaine as 10-hydroxyibogamine. Alternatively,
according to the Chemical Abstracts numbering system for the ibogamine skeleton which is
frequently encountered in the biological and medical literature, ibogaine and noribogaine have respec-
tively been referred to as 12-methoxyibogamine and 12-hydroxyibogamine.

in which alkaloid content is highest, total alkaloid content is reportedly 5 to 6%
D).

Ibogaine has a melting point of 153°, a pK, of 8.1 in 80% methylcellosolve,
and it crystallizes as prismatic needles from ethanol. Ibogaineislevorotatory [a]p
—53° (in 95% ethanol), soluble in ethanol, ether, chloroform, acetone and
benzene, but it is practically insoluble in water. Ibogaine is decomposed by the
action of heat and light. Ibogaine hydrochloride decomposes at 299°, is also
levorotatory [a]p —63° (ethanol), [a]p —49° (H,0), and is soluble in water,
methanol, and ethanoal, slightly soluble in acetone and chloroform, and practically
insoluble in ether (2). The X-ray crystal analysis that confirmed the structure of
ibogaine has been described (3). The literature provides references to the mass
spectrum of ibogaine (4), and the proton (5,6) and the 13C (7-9) NMR spectra of
ibogaine and other iboga akaloids. Analytic chemical methods for extraction,
derivatization, and detection of ibogaine utilizing combined gas chromatography-
mass spectometry have been described (10-13).

Ibogaine undergoes demethylation to form its principal metabolite,
noribogaine, also known as O-desmethylibogaine or 10-hydroxyibogamine. 18-
methoxycoronaridine (18-MC, see Glick et al. in this volume) is an ibogaine
congener that appears to have efficacy similar to ibogaine in animal models of
drug dependence with evidence of less potential toxicity.
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C. HistoricAL TIME LINE

The following time line outlines the historical events relating to the
development of ibogaine as a treatment for drug dependence. Elsewhere in this
volume, Alper et al. provide amore detailed contemporary history of ibogainein
the United States and Europe.

1864: The first description of T. iboga is published. A specimen is brought to
France from Gabon. A published description of the ceremonial use of T. iboga in
Gabon appearsin 1885 (14).

1901: Ibogaineisisolated and crystallized from T. iboga root bark (15-17).

1901-1905: The first pharmacodynamic studies of ibogaine are performed.
During this period ibogaine is recommended as a treatment for “asthenia’ at a
dosage range of 10 to 30 mg per day (14).

1939-1970: Ibogaine is sold in France as Lambaréne, a “neuromuscular
stimulant,” in 8 mg tablets, recommended for indications that include fatigue,
depression, and recovery from infectious disease (14).

1955: Harris Isbell administers doses of ibogaine of up to 300 mg to eight
already detoxified morphine addicts at the U.S. Addiction Research Center in
Lexington, Kentucky (18).

1957: The description of the definitive chemical structure of ibogaine is
published. The total synthesis of ibogaine is reported in 1965 (19-21).

1962-1963: In the United States, Howard Lotsof administers ibogaine to 19
individuals at dosages of 6 to 19 mg/kg, including 7 with opioid dependence who
note an apparent effect on acute withdrawa symptomatology (22,23).

1967-1970: The World Health Assembly classifiesibogaine with hallucinogens
and stimulants as a “substance likely to cause dependency or endanger human
health.” The U.S. Food and Drug Administration (FDA) assigns ibogaine
Schedule | classification. The International Olympic Committee bansibogaine as
apotential doping agent. Sales of Lambarene cease in France (14).

1969: Dr. Claudio Naranjo, a psychiatrist, receives a French patent for the
psychotherapeutic use of ibogaine at a dosage of 4 to 5 mg/kg (24).

1985: Howard L otsof receives a U.S. patent for the use of ibogaine in opioid
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withdrawal (22). Additional patents follow for indications of dependence on
cocaine and other stimulants (23), alcohol (25), nicotine (26), and polysubstance
abuse (27).

1988-1994: U.S. and Dutch researchers publish initial findings suggestive of
the efficacy of ibogaine in animal models of addiction, including diminished
opioid self-administration and withdrawal (28-30), as well as diminished cocaine
self-administration (31).

1989-1993: Treatments are conducted outside of conventional medical settings
in the Netherlands involving the International Coalition of Addict Self-Help
(ICASH), Dutch Addict Self Help (DASH), and NDA International (22,32-35).

1991: Based on case reports and preclinical evidence suggesting possible
efficacy, NIDA Medication Development Division (MDD) begins its ibogaine
project. The major objectives of the ibogaine project are preclinical toxicological
evaluation and development of a human protocol.

August 1993: FDA Advisory Panel meeting, chaired by Medica Review
Officer Curtis Wright, is held to formally consider Investigational New Drug
Application filed by Dr. Deborah Mash, Professor of Neurology at the University
of Miami School of Medicine. Approval is given for human trials. The approved
ibogaine dosage levels are 1, 2, and 5 mg/kg. The Phase | dose escalation study
begins December 1993, but activity is eventually suspended (36).

October 1993-December 1994: The National Institute on Drug Abuse (NIDA)
holds a total of four Phase /Il protocol development meetings, which include
outside consultants. The resulting draft protocol calls for the single adminis-
tration of fixed dosages of ibogaine of 150 and 300 mg versus placebo for the
indication of cocaine dependence (37).

March 1995: The NIDA I|bogaine Review Meeting is held in Rockville,
Maryland, chaired by the MDD Deputy Director, Dr. Frank Vocci. The possibility
of NIDA funding ahuman tria of the efficacy of ibogaineis considered. Opinions
of representatives of the pharmaceutical industry are mostly critical, and are a
significant influence in the decision not to fund the trial. NIDA ends its ibogaine
project, but it does continue to support some preclinical research on iboga
alkaloids.

Mid 1990s-2001: Ibogaine becomes increasingly available in alternative
settings, in view of the lack of approval in the Europe and the United States.
Treatments in settings based on a conventional medical model are conducted in
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Panama in 1994 and 1995 and in St. Kitts from 1996 to the present. Informal
scenes begin in the United States, Slovenia, Britain, the Netherlands, and the
Czech Republic. The Ibogaine Mailing List (38) begins in 1997 and heralds an
increasing utilization of the Internet within the ibogaine medical subculture.

Il1. Mechanisms of Action

A. NEUROTRANSMITTER ACTIVITIES

1. General Comments

Elsewherein this volume, Glick et al., Sershen et al., and Skolnick review the
mechanism of action of ibogaine. Popik and Skolnick (39) provide a recent,
detailed review of ibogaine’s receptor activities. Ibogaine appears to have a novel
mechanism of action that differs from other existing pharmacotherapies of
addiction, and its mechanism of action does not appear to be readily explained on
the basis of existing pharmacologic approaches to addiction. Ibogaine's effects
may result from complex interactions between multiple neurotransmitter systems
rather than predominant activity within a single neurotransmitter system (39-42).

Several laboratories have reported on the results of pharmacological screens of
the receptor binding profile of ibogaine (40,43-45). Ibogaine has low micromolar
affinities for multiple binding sites within the central nervous system, including
N-methyl-D-aspartate (NMDA), kappa- and mu-opioid and sigma, receptors,
sodium channels, and the serotonin transporter. Although not apparent in binding
studies, functional studies indicate significant activity of ibogaine as a noncom-
petitive antagonist at the nicotinic acetylcholine receptor (46-50).

Although in vitro activities in the micromolar range are often described as
ancillary in attempting to characterize a drug’s in vivo mechanism of action,
micromolar activity may be pharmacologically important with regard to ibogaine
or noribogaine due to the relatively high concentrations reached in the brain
(40,44,51). Hough et al. (51) noted a brain level of ibogaine of 10 UM in female
rats at 1 hour after the administration of 40 mg/kg ibogaine intraperitoneally
(i.p.), which is the usual dosage, animal, gender and route of administration used
in that laboratory to investigate ibogaine's effects on drug self-administration and
withdrawal. Brain levels of ibogaine, and its major metabolite noribogaine,
ranged from 1 to 17 pM between 15 minutes and 2 hours in male rats following
the oral administration ibogaine at a dose of 50 mg/kg (44).

2. Glutamate
Elsewhere in this volume, Skolnick reviews the possible relevance of
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ibogaine’s activity as a glutamate antagonist to its putative effects in drug
dependence. There is evidence that suggests that antagonists of the N-methyl-D-
aspartate (NMDA) subtype of glutamate receptor are a potentially promising
class of agents for the development of medications for addiction (52-54).
Ibogaine’s apparent activity as a noncompetitive NMDA antagonist has been
suggested to be a possible mechanism mediating its putative effects on drug
dependence (39,41,55-58).

Ibogaine competitively inhibits the binding of the NMDA antagonist MK801
to the NMDA receptor complex, with reported affinities in the range of 0.02 to
9.8 UM (40,45,55-57,59,60). Functional evidence supporting an antagonist action
of ibogaine at the NMDA receptor includes observations of reduced glutamate-
induced cell death in neuronal cultures, reduction of NMDA-activated currentsin
hippocampal cultures (55,58), prevention of NMDA-mediated depolarization in
frog motoneurons (59), and protection against NM DA -induced convulsions (61).
Glycine, which acts as an NMDA co-agonist by binding at the NMDA receptor,
attenuates ibogaine's effect of blocking naloxone-precipitated jumping (58).
MK801 and ibogaine do not produce identical effects, as evidenced by the
observation that in the rat brain ibogaine lowered the concentration of dopamine
while increasing the level of its metabolites, whereas MK801 did not have these
effects (62,63).

3. Opioid

It has been suggested that ibogaine’s or noribogaine’s activity as a putative
agonist at mu-opioid receptors might explain ibogaine’s apparent efficacy in
opioid withdrawal (36,64,65). Ibogaine binds to mu-opioid receptors with
reported binding affinities in the range of 0.13 to 26 pM (40,45,64,66), with one
study reporting aresult in excess of 100 uM (43). |bogaine behaves as an agonist
in afunctiona assay for mu-opioid receptors, the binding of [355]-GTPyS (65).
However, some observations are difficult to reconcile with a mu-agonist action of
ibogaine. Ibogaine did not behave as a mu-opioid agonist in assays with isolated
smooth muscle preparations (67). Unlike mu-opioid agonists, ibogaine (68-70)
and noribogaine (71) do not appear by themselves to have antinociceptive effects.

Some findings suggest the intriguing possibility that ibogaine may act at the
level of second messenger signal transduction to enhance the functiona activity
of mu-opioid receptors independently of any direct agonist interaction at opioid
receptors. Both ibogaine and noribogaine reportedly potentiated morphine-
induced inhibition of adenylyl cyclase in vitro with opioid receptors aready
occupied by the maximally effective concentration of morphine, but did not affect
adenylyl cyclase in the absence of morphine (72). A similar interpretation might
also explain the finding that ibogaine inhibited the development of tolerance to
the antinociceptive effect of morphine in mice, without by itself affecting
nociception (73).
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Ibogaine binds to kappa-opioid receptors with reported binding affinitiesin the
range of 2.2 to 30 uM (43,45,56,66). Evidence consistent with a kappa-opioid
action of ibogaine includes the observation that the kappa-opioid antagonist,
norbinaltorphimine antagonized some of the effects of ibogaine in morphine-
treated rats (74,75). Kappa-opioid agonists reportedly can imitate certain effects
of ibogaine, such as reduced cocaine and morphine self-administration (76), and
reduction in locomotor activation to morphine accentuated by prior morphine
exposure (77). Sershen, on the other hand, attributes a kappa-opioid antagonist
action to ibogaine, based on the observation that stimulated dopamine efflux from
mouse brain slices was decreased by a kappa-opioid agonist, and the decrease
was offset by the addition of ibogaine (78). However, ibogaine’sinteractions with
multiple neurotransmitter systems raises the possibility that the finding could be
accounted for by mechanisms that do not involve the kappa-opioid receptor, as
dopamine efflux is modulated by multiple neurotransmitters.

4. Serotonin

Ibogaine and serotonin both contain an indole ring in their structure, and
ibogaine has been shown to bind to the serotonin transporter and to increase
serotonin levels in the nucleus accumbens (NAc) (41,79,80). The demonstration
that ibogaine blocks serotonin uptake (81) suggests that the effect of ibogaine on
extracellular serotonin levels may be mediated by uptake inhibition, in addition
to release (80). The reported affinity of ibogaine for the serotonin transporter
ranges from 0.55 to 10 uM (39,44,45,79,81), and the affinity of noribogaine for
the serotonin transporter is approximately 10-fold stronger (45,79). The
magnitude of the effect of ibogaine on serotonin releaseis reportedly large and is
comparable to that of the serotonin releasing agent fenfluramine, with
noribogaine having a lesser effect, and 18-MC no effect (80). Some authors
suggest a role for modulatory influence of serotonin in ibogaine's effects on
dampening dopamine efflux in the NAc (41,80).

Ibogaine’s hallucinogenic effect has been suggested to involve altered
serotonergic neurotransmission (42,80). Ibogaine is reported in some studies to
bind the 5-HT,, receptor, which is thought to mediate the effects of “classical”
indolealkylamine and phenethylamine hallucinogens (82), with three studies
reporting affinities in the range of 4.1 to 12 M (40,45,83), one reporting a value
of 92.5 pM (84), and with two other studies reporting no significant affinity
(43,44). Drug discrimination studies provide some functional evidence for the
action of ibogaine as an agonist at the 5-HT,, receptor, which is apparently a
significant, although nonessential, determinant of the ibogaine stimulus (84) (see
Section 11.B, “Discrimination Studies’). Ibogaine binds to the 5-HT3 receptor
with reported affinities of 2.6 and 3.9 uM (40,45), and it was without significant
affinity in two other studies (43,83). The 5-HT; receptor is apparently not
involved in the ibogaine discriminative stimulus (85).
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5. Dopamine

Ibogaine does not appear to significantly affect radioligand binding to D4, D,
D,, or D, receptors (40,43,44) and is a competitive blocker of dopamine uptake
at the dopamine transporter with affinities in the range of 1.5 to 20 uM (81).
Where affinities for the serotonin and dopamine transporter have been estimated
within the same study, the reported affinity of ibogaine for the serotonin
transporter has generally been 10 to 50 times stronger than its affinity for the
dopamine transporter (44,79,81). Ibogaine does not apparently affect norepi-
nephrine reuptake (44,45).

French et al. (86) studied the electrophysiological activity of dopamine
neurons in the ventral tegmental area (VTA) of rats given up to 7.5 mg/kg
ibogaine intravenously and found a significant increase in firing rate. Ibogaine
given i.p. at a dose of 40 mg/kg did not affect the spontaneous firing of VTA
dopamine neurons or the response of VTA dopamine neurons to cocaine or
morphine. Ibogaine reportedly lowers the concentration of dopamine, while
increasing the level of its metabolites, indicating diminished release of dopamine
in the brain of the rat (62,63) and the mouse (87). Decreased release of dopamine
could possibly explain the observation of increased prolactin release following
ibogaine administration (62,63,88). Staley et al. (44) have suggested that
ibogaine might act at the dopamine transporter to inhibit the translocation of
dopamine into synaptic vesicles, thereby redistributing dopamine from vesicular
to cytoplasmic pools. As a result, the metabolism of dopamine by monoamine
oxidase could explain the observation of decreased tissue dopamine content with
increased levels of its metabolites.

The effects of ibogaine on dopamine efflux in response to the administration of
drugs of abuse are described in Section I11.E, “Dopamine Efflux”.

6. Acetylcholine

Ibogaine is anonselective and weak inhibitor of binding to muscarinic receptor
subtypes. Reported affinities are 7.6 and 16 uM and 5.9 and 31 uM, respectively,
for the M; and M, muscarinic receptor subtypes (40,45), with another study
reporting no significant affinity of ibogaine for muscarinic receptors (43).
Functional evidence consistent with a muscarinic cholinergic agonist effect of
ibogaine includes the observations of the elimination of ibogaine-induced EEG
dyssynchrony by atropine in cats (89), decreased heart rate following ibogaine
administration in rats (90), and the attribution of the effect of cholinesterase
inhibition to ibogainein the older literature (1,91). The affinity of noribogaine for
muscarinic receptors is apparently similar to that of ibogaine (44,45).

Several laboratories have reported that ibogaine produces noncompetitive
functional inhibition of the nicotinic acetylcholine receptor, apparently involving
open channel blockade (46,48-50). As with a number of other channel blockers,
binding studies involving channels associated with nicotinic receptors have been
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limited by the lack of appropriate ligands, and investigations of the affinity of
ibogaine for the nicotinic acetylcholine receptor have mainly involved functional
assays. Utilizing 86Rb* efflux assays, Fryer and Lukas (50) found that ibogaine
inhibited human ganglionic and muscle-type nicotinic acetylcholine receptors
with 1Csq values of 1.06 and 22.3 M, respectively. Badio et al. (48) found that
ibogaine inhibited 22Na* influx through rat ganglionic and human muscle-type
nicotinic acetylcholine receptors with 1Csy values of 0.020 pM and 2.0 pM,
respectively. Noribogaine was 75-fold less active than ibogaine in the rat
ganglionic cell assay. In mice, ibogaine at adose of 10 mg/kg completely blocked
the central antinociceptive nicotinic receptor-mediated response to epibatidine.
Ibogaine has been associated with decreased acetylcholine-stimulated nicotinic
receptor mediated catecholamine release in cultured cells (49) and decreased
dopamine release evoked by nicotine in the NAc of the rat (46,92).

7. Sgma Receptors

Elsewhere in this volume, Bowen discusses ibogaine's action at the sigma
receptor. The affinity of ibogaine for the sigma, receptor is strong relative to other
known CNS receptors, and the reported range is 0.09 to 1.8 uM (45,60,93,94).
The affinity of ibogaine for the sigma; receptor is reportedly on the order of 2 to
100 times weaker than its affinity for the sigma, receptor (45,60,93,94). The
neurotoxic effects of ibogaine may involve activity at the sigma, receptor, which
reportedly potentiates the neuronal response to NMDA (95).

8. Sodium Channels

The reported affinity of ibogaine for sodium channels ranges from 3.6 to 9 uM
(40,43). There is apparently no experimental evidence regarding the functional
significance of ibogaine’s action at sodium channels.

B. DISCRIMINATION STUDIES

Elsewhere in this volume, Helsley et al. discuss the topic of ibogaine and drug
discrimination. Drug discrimination studies offer a possible approach to the issue
of ibogaine’s mechanism of action and may help resolve the distinction between
ibogaine’s therapeutic and hallucinogenic effects. The 5-HT,, receptor appearsto
be a significant, but nonessential, determinant of the ibogaine stimulus (84,96).
The ibogaine stimulus is reportedly generalized to the indolealkylamine
hallucinogen D-lysergic acid diethylamide (LSD) and the phenethylamine
hallucinogen 2,5-dimethoxy-4-methylamphetamine (DOM), and this general-
ization is abolished by the addition of a 5-HT,, receptor antagonist (96). The
addition of a 5-HT,, receptor antagonist did not attenuate stimulus control of
ibogaine itself in the ibogaine-trained animals, indicating that 5-HT,, is not an
essential component of the ibogaine discriminative stimulus. The 5-HT,c
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receptor, which plays a modulatory role in hallucinogenesis, is also involved, but
is not essential to the ibogaine stimulus, and the 5-HT,, and 5-HT5 receptors are
apparently not involved in the ibogaine stimulus (85). The ibogaine discrimi-
native stimulus reportedly is potentiated by the serotonin reuptake inhibitor
fluoxetine (85), and has an insignificant degree of generalization to the serotonin
releaser D-fenfluramine (97).

Ibogaine showed a lack of substitution for phencyclidine (98,99), and
substituted for MK 801 only at high (100 mg/kg) doses in mice (58,61), but not
at lower (10 mg/kg) dosesin rats (99,100), suggesting that the NM DA receptor is
not a significant determinant of the ibogaine stimulus. Sigma,, and mu- and
kappa-opioid activity may be involved in the ibogaine discriminative stimulus
(99). A high degree of stimulus generalization is reported between ibogaine and
some of the Harmala alkal oids, a group of hallucinogenic beta-carbolines that are
structurally related to ibogaine (101,102). While the discriminative stimulus for
both the Harmala alkal oids and ibogaine apparently involves the 5-HT, receptor
(84,85,103), it does not appear essential to generalization between ibogaine and
harmaline, as generalization to the harmaline stimulus was unaffected by the
addition of a5-HT, antagonist in ibogaine-trained animals (84). Ibogaine-trained
rats generalize to noribogaine (100,104), which in one study was more potent
than ibogaine itself in eliciting ibogai ne-appropriate responses (100).

C. EFFECTS ON NEUROPEPTIDES

Both ibogaine and cocaine given in multiple administrations over 4 days to
rats reportedly increase neurotensin-like immunoreactivity (NTLI) in the
striatum, substantia nigra, and NAc (105). However, unlike cocaine, which
increased NTLI in the frontal cortex, ibogaine had no effect on frontal cortical
NTLI. Ibogaine pretreatment prevented the increase of NTLI in striatum and
substantia nigra induced by a single dose of cocaine. Substance P, like NTLI,
was increased in the striatum and substantia nigra after either cocaine or
ibogaine, with an increase in frontal cortex with cocaine and no effect with
ibogaine (106). lbogaine-induced increases in NTLI or substance P were
blocked by administration of a D, antagonist.

Unlike the NTLI or substance P responses, ibogaine alone had no effect on
dynorphin. However, ibogaine pretreatment dramatically enhanced cocaine-
induced increases in dynorphin, a kappa-opioid agonist (107). The authors
suggested that the increase in dynorphin related to cocaine's interaction with
ibogaine could result in enhanced kappa-opioid activity. Kappa-opioid agonists
reportedly decrease cocaine intake in animal models (108,109).
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D. PossIBLE EFFECTS ON NEUROADAPTATIONS RELATED TO
DRUG SENSITIZATION OR TOLERANCE

There is some evidence to suggest that ibogaine treatment might result in the
“resetting” or “normalization” of neuroadaptations related to drug sensitization or
tolerance (110). Ibogaine pretreatment blocked the expression of sensitization-
induced increases in the release of dopamine in the NAc shell in response to
cocaine in cocaine-sensitized rats (111). The effect of ibogaine on diminished
locomotor activity and dopamine efflux in the NAc in response to morphine is
more evident in animals with prior exposure to morphine (112,113), which is
consistent with a relatively selective effect of ibogaine on neuroadaptations
acquired from drug exposure. Similarly, the observation that ibogaine inhibited
the development of tolerance in morphine-tolerant mice, but had no effect on
morphine nociception in morphine-naive mice (114), suggests a selective effect
on acquired neuroadaptations related to repeated morphine exposure.

Ibogaine appears to have persistent effects not accounted for by a metabolite
with along biological half-life (29,115). Ibogaine’s action could possibly involve
the opposition or reversal of persistent neuroadaptive changes thought to be
associated with drug tolerance or sensitization. Such an action could be related to
persistent effects on second messengers (72,116). For example, sensitization to
both opiates and cocaine is thought to involve enhanced stimulation of cyclic
AMP (117). Ibogaine has been reported to potentiate the inhibition of adenylyl
cyclase by serotonin (72), an effect that would be expected to oppose the
enhanced transduction of cyclic AMPthat isreportedly associated with stimulant
sensitization (117).

I11. Evidence of Efficacy in Animal Models

A. DRUG SELF-ADMINISTRATION

Evidence for ibogaine's effectiveness in animal models of addiction includes
observations of reductions in self-administration of morphine or heroin
(29,31,118-120), cocaine (29,31,119,121), and acohol (122), and reduced
nicotine preference (75). According to some reports, effects of ibogaine on drug
self-administration are apparently persistent. Sershen et al. (121) administered
ibogaine i.p. to mice as two 40 mg/kg dosages 6 hours apart, and found a
diminution of cocaine preference that was still evident after 5 days. Glick et al.
(29,119) noted reductions in cocaine and morphine self-administration that
persisted for at least 2 days and were dose dependent in the range of 2.5 to 80
mg/kg. ibogaine given i.p. The persistence of an effect beyond the first day
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suggests a specific action of ibogaine on drug intake, as water intake was also
suppressed initially by ibogaine on the first, but not the second day. Cappendijk
and Dzaljic (31) found reductionsin cocaine self-administration that persisted for
more than 48 hours in rats treated with ibogaine at a dose of 40 mg/kg i.p., given
as a single administration, or repeatedly on 3 consecutive days or three
consecutive weeks.

In the studies by Glick et al. there was variation between results in individual
rats with some showing persistent decreases in morphine or cocaine intake for
several days or weeks after a single injection and others only after two or three
weekly injections. The authors noted evidence of a continuous range of individual
sensitivity to ibogaine among the experimental animals and that it appeared as if
adjustments of the dosage regimen could produce long-term reductions in drug
intake in most animals (29). Similarly, Cappendijk and Dzoljic (31) found the
largest effects on cocaine self-administration occurred when ibogaine was given
weekly for three consecutive weeks. This result suggests the possibility that the
optimal schedule of ibogaine administration to limit cocaine intake may involve
modification of the single dose regimen which has been used for opioid detoxifi-
cation (32,123).

Dworkin et al. (118) found that pretreatment with ibogaine at a dose of 80
mg/kg i.p. diminished the response for heroin and cocaine, and aso for food,
suggesting a nonspecific confound. A 40 mg/kg i.p. dose of ibogaine sharply
reduced heroin self-administration in the absence of a significant effect on food
response, although the effect did not persist beyond 24 hours (118). Dworkin et
al. cited methodologic factors relating to differences in gender, strain, and
reinforcement schedule to explain the apparent discrepancy between their results
and other studies that reported persistent effects (29,31,119,121).

Noribogaine has also been reported to reduce cocaine and morphine self-
administration (124). The effect of noribogaine on drug self-administration
persisted for 2 days, after the response for water, which was initially suppressed
on the first day, had returned to baseline. Other iboga alkaloids have also been
reported to reduce morphine and cocaine self-administration in rats for a period
of aday or longer following asinglei.p dose (119). Some of the iboga alkaloids
tested in this study produced tremors, which typically occurred for a period of 2
to 3 hours, and were independent of persistent effects of drug self-administration.
An ibogaine congener, 18-methoxycoronaridine (18-MC) (45), reportedly
reduces in rats the self-administration of cocaine (120), morphine and alcohol
(125), and nicotine preference (75) without any apparent reduction in the
response for water.

B. AcuTk OpioiD WITHDRAWAL

Dzaljic et al. (28) administered ibogaine in a dose range of 4 to 16 pg intra-



14 KENNETH R. ALPER

cerebroventricularly to rats and observed a dose-dependent attenuation of
naloxone-precipitated withdrawal signs. This same group also found an
attenuation of morphine withdrawal signs in rats with 40 mg/kg ibogaine
administered i.p., and also horharman, an endogenously occurring hallucinogenic
beta-carboline and a structural relative of ibogaine (126). Glick et al. have
reported dose-dependent reduction of the signs of naltrexone-precipitated
morphine withdrawal in rats administered ibogaine at doses of 20, 40, or 80
mg/kg i.p (127) or 18-MC (128) at doses of 20 and 40 mg/kg i.p. Attenuation of
withdrawal signs was reported in morphine-dependent monkeys given 2 or 8
mg/kg ibogaine subcutaneously (129). In their chapter in this volume, Parker and
Siegel report that 40 mg/kg ibogaine administered i.p attenuated naloxone-
precipitated morphine withdrawal in rats, as well as withdrawal-induced place
aversion.

Sharpe and Jaffe (130) reported that ibogaine in dosages ranging between 5
and 40 mg/kg administered subcutaneously failed to attenuate nal oxone-precip-
itated withdrawal in rats, although they did find that one sign (grooming) was
reduced, and noted the possible effect of methodological issues such as morphine
exposure and withdrawal procedures, or the route of administration of ibogaine.
Popik et al. (58) and Layer et al. (56) found that ibogaine at doses ranging from
40 to 80 mg/kg i.p. reduced naloxone-precipitated jumping in morphine
dependent mice, although Francés et al. (69) found the opposite effect with 30
mg/kg ibogaine administered i.p. in mice. As pointed out by Popik and Skolnik
(39), the divergent results in morphine dependent mice might relate to ibogaine
having been given prior to the administration of naloxone in the studies by Popik
et al. (58) and Layer et al. (56), whereas ibogaine was administered after
naloxone in the study by Francés et al.

C. CONDITIONED PLACE PREFERENCE

Parker and Siegel review ibogaine and place preference in this volume.
Ibogaineis reported to prevent the acquisition of place preference when given 24
hours before amphetamine (131) or morphine (132). The effect of ibogaine on
blocking the acquisition of place preference was diminished across multiple
conditioning trials. Ibogaine given after morphine did not apparently attenuate
the expression of previously established morphine place preference (133).

D. LocOMOTOR ACTIVITY

Pretreatment with ibogaine and its principal metabolite, noribogaine reportedly
diminishes locomotor activation in response to morphine (74,112,113,124,134-
136). The effect of ibogaine in reducing locomotor activity in response to
morphine is reportedly greater in female than in male rats, probably reflecting the
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relatively greater bioavailability of ibogaine in females (135). The literature on
cocaine appears to be less consistent, with some reports of decreased locomotor
activation (87,137-139), and others reporting increases (127,137,140,141). This
apparent disparity may be related in part to the species of experimental animal
that was used, as Sershen et al. (137) report increased locomotor activity in
response to cocaine in the rat, with the opposite result in the mouse.

Stereotypy is a methodologic issue that might explain some of the disparate
results regarding ibogaine’s interaction with the locomotor response to cocaine.
Higher doses of stimulants can produce strereotypy, which could decrease the
amount of measured locomotion relative to an animal that is experiencing less
locomotor stimulation at a lower stimulant dose. Thus, the potentiation by
ibogaine of locomotor activity related to cocaine administration can result in less
measured movement in animals experiencing locomotor stimulation to the point
of stereotypy (110). Ibogaine pretreatment reportedly potentiates stereotypy in
rats receiving cocaine or methamphetamine (111,142).

E. DoraAMINE EFFLUX

Reductions in dopamine efflux in the NAc in response to morphine have been
reported in animals pretreated with ibogaine (113,115,134), noribogaine (124), or
18-MC (120,143). Similarly, reductions in dopamine efflux in the NAc in
response to nicotine have been reported in animals pretreated with ibogaine
(46,92) and 18-MC (42).

As with locomotor stimulation, methodological issues may have played a part
in apparently divergent results regarding ibogaine's effect on dopamine efflux in
the NAc in response to cocaine or amphetamine, which is reportedly increased as
measured by microdialysis (134), although the opposite result was observed in a
study on cocaine using microvoltammetry (139). Dosage is an additional consid-
eration that might influence ibogaine’s effect on dopamine efflux in the NAc in
response to cocaine, with alarger ibogaine dose reportedly producing an increase
and a smaller dose producing a decrease (144).

Dopamine efflux in response to cocaine may also depend on whether dopamine
measurements are made in the NAc core versus shell. Szumlinski et al. (111)
found that ibogaine pretreatment (given 19 hours earlier) abolished the sensitized
dopamine efflux in response to cocaine in the NAc shell in rats that had been
sensitized by repeated prior exposure to cocaine. The same ibogaine pretreatment
had no apparent effect on dopamine efflux in the NAc shell in response to “ acute”
(administered without prior cocaine exposure) cocaine. The authors noted a prior
study in their laboratory that found a potentiation by ibogaine pretreatment of
dopamine efflux in response to acute cocaine in which the position of the
recording probe spanned both the core and shell regions of the NAc (134). These
results indicate the possibility of a differential effect of ibogaine on dopamine
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efflux in response to cocaine between the NAc shell, which is thought to play a
relatively greater role in the motivational aspects of drugs of abuse, and the NAc
core, which, in turn, is thought to play arelatively greater role in motor behavior
(145). The authors suggested that the effect of ibogaine on reduced cocaine self-
administration may be mediated by the observed reduction in dopamine efflux in
response to cocaine in the NAc shell in cocaine-sensitized animals (111). On the
other hand, the enhancement by ibogaine preatreatment of locomotor activity
seen in response to acute or chronic cocaine administration may be mediated by
increased dopamine efflux in the NAc core. The observed increase in dopamine
efflux with ibogaine pretreatment in the NAc core in response to acute cocaine
(134) is consistent with such a formulation, although this group has yet to report
on the result of the same experiment in cocaine-sensitized animals.

Ibogaine and 18-MC reportedly decrease dopamine release evoked by nicotine
in the NAc of the rat (46,92). In the study by Benwell et al. (46), the decreased
NAc dopamine release following ibogaine was independent of any change in
locomotor activity, which was viewed as notable given the usual association
between NAc dopamine efflux and locomotor activity in response to nicotine.
The authors cited previous work in which a similar dissociation between NAc
dopamine efflux and locomotor activity in response to nicotine was produced by
treatment with NMDA antagonists, and they suggested that their findings might
be related to ibogaine’s NMDA antagonist activity.

IV. Evidence of Efficacy and Subjective Effectsin Humans

A. EvVIDENCE OF EFFICACY

1. Acute Opioid Withdrawal

One line of clinical evidence suggesting ibogaine's possible efficacy are the
accounts of the addicts themselves, whose demand has led to the existence of an
“informal” treatment network in Europe and the United States. Opioid
dependence is the most common indication for which addicts have sought
ibogaine treatment, which has been typicaly administered as a single dose.
Common reported features of case reports describing ibogaine treatment
(35,36,146-149) are reductions in drug craving and opiate withdrawal signs and
symptoms within 1 to 2 hours, and sustained, complete resolution of the opioid
withdrawal syndrome after the ingestion of ibogaine. These case studies appear
consistent with general descriptions of ibogaine treatment (33,34,150).

Alper et al. (32) summarized 33 cases treated for the indication of opioid
detoxification in nonmedical settings under open label conditions. These cases
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are a subset of those presented at the NIDA Ibogaine Review Meeting held in
March, 1995 (151). A focus on acute opioid withdrawa may offset some of the
methodological limitations of the informal treatment context because the acute
opioid withdrawal syndromeisaclinically robust phenomenon that occurs within
a relatively limited time frame and yields reasonably clear outcome measures.
Despite the unconventional setting and the lack of structured clinical rating
instruments, the lay “treatment guides’ who reported on the case series might
reasonably be expected to be able to assess the presence or absence of the
relatively clinically obvious and unambiguous features of opioid withdrawal.

The subjects in this series of cases reported an average daily use of heroin of
0.64 £ 0.50 g, primarily by the intravenous route, and received an average dose
of ibogaine of 19.3 £ 6.9 mg/kg p.o. (range of 6 to 29 mg/kg). Resolution of the
signs of opioid withdrawal without further drug seeking behavior was observed
in 25 patients. Other outcomes included drug seeking behavior without
withdrawal signs (four patients), drug abstinence with attenuated withdrawal
signs (two patients), drug seeking behavior with continued withdrawal signs (one
patient), and one fatality, possibly involving surreptitious heroin use (see Section
V1, “Safety”). The reported effectiveness of ibogaine in this series suggests the
need for a systematic investigation in a conventional clinical research setting.

In their chapter in thisvolume, Mash et al. report having treated more than 150
subjects for substance dependence in a clinic located in St. Kitts, West Indies. A
subset of 32 of these subjects was treated with a fixed dose of ibogaine of 800 mg
for the indication of opioid withdrawal. Physician ratings utilizing structured
instruments for signs and symptoms of opioid withdrawal indicated resolution of
withdrawal signs and symptoms at time points corresponding to 12 hours
following ibogaine administration and 24 hours after the last use of opiates, and
at 24 hours following ibogaine administration and 36 hours after the last use of
opiates. The resolution of withdrawal signs and symptoms was sustained during
subsequent observations over an interval of approximately one week following
ibogaine administration. Reductions of measures of depression and craving
remained significantly reduced one month after treatment (123). The authors
noted that ibogaine appeared to be equally efficacious in achieving detoxification
from either methadone or heroin. The reported efficacy of ibogaine for the opioid
withdrawal syndrome observed in the St. Kitts facility appears to confirm the
earlier impressions of the case study literature (32-36,146-150).

2. Long-Term Outcomes

There is very little data regarding the long-term outcomes in patients treated
with ibogaine. Lotsof (151) presented a summary of 41 individuals treated
between 1962 and 1993 at the NIDA |bogaine Review Meeting held in March
1995. The data consisted of self-reports obtained retrospectively, which are
essentially anecdotal, but apparently represent the only formal presentation of a
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systematic attempt to determine long-term outcomes in patients treated with
ibogaine. Thirty-eight of the 41 individuals presented in the summary reported
some opioid use, with approximately 10 of these apparently additionally
dependent on other drugs, mainly cocaine, alcohol, or sedative-hypnotics. The
use of tobacco or cannabis was not apparently assessed. Across the sample of 41
individuals, nine individuals were treated twice and one was treated three times
for atotal of 52 treatments. Theinterval of time following treatment was recorded
for which patients reported cessation of use of the drug or drugs on which they
were dependent. Fifteen (29%) of the treatments were reportedly followed by
cessation drug use for less than 2 months, 15 (29%) for at least 2 months and less
than 6 months, 7 (13%) for at least 6 months and less than one year, 10 (19%) for
a period of greater than one year, and in 5 (10%) outcomes could not be
determined.

B. SuUBJECTIVE EFFECTS

There appear to be common elements to experiences generally described by
patients treated with ibogaine. The “stages’ of the subjective ibogaine experience
presented below are a composite derived by the author from interviews with
patients and treatment guides, and general descriptions and case studies provided
by the literature (33-35,146,150). Ibogaine has generally been administered in
non-hospital settings, as a single p.o. dose, usualy given in the morning.
Vomiting isreportedly common and usually occurs relatively suddenly asasingle
episode in thefirst several hours of treatment. Patients generally lie still in aquiet
darkened room throughout their treatment, a practice that is possibly related to the
cerebellar effects of ibogaine, and because vomiting tends to be more frequent
with movement. Patients later in treatment often experience muscle soreness,
possibly due to reduced motor activity earlier in treatment, that resolves with
motion, stretching, or massage.

1. Acute

The onset of this phase is within 1 to 3 hours of ingestion, with a duration on
the order of 4 to 8 hours. The predominant reported experiences appear to involve
a panoramic readout of long-term memory (152), particularly in the visual
modality, and “visions” or “waking dream” states featuring archetypal
experiences such as contact with transcendent beings, passage along a lengthy
path, or floating. Descriptions of this state appear more consistent with the
experience of dreams than of hallucinations. Informants appear to emphasize the
experience of being placed in, entering, and exiting entire visual landscapes,
rather than the intrusion of visual or auditory hallucinations on an otherwise
continuous waking experience of reality. Ibogaine-related visual experiences are
reported to be strongly associated with eye closure and suppressed by eye
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opening. The term “oneiric” (Greek, oneiros, dream) has been preferred to the
term “hallucinogenic” in describing the subjective experience of the acute state.
Not al subjects experience visual phenomena from ibogaine, which may be
related to dose, bioavailability, and interindividual variation.

2. Evaluative

The onset of this phase is approximately 4 to 8 hours after ingestion, with a
duration on the order of 8 to 20 hours. The volume of material recalled slows. The
emotional tone of this phase is generally described as neutral and reflective.
Attention is till focused on inner subjective experience rather than the external
environment, and it is directed at evaluating the experiences of the acute phase.
Patients in this and the acute phase above are apparently easily distracted and
annoyed by ambient environmental stimuli and prefer as little environmental
sensory stimulation as possible in order to maintain an attentional focus on inner
experience.

3. Residual Simulation

The onset of this phase is approximately 12 to 24 hours after ingestion, with a
duration in the range of 24 to 72 hours or longer. There is a reported return of
normal allocation of attention to the external environment. The intensity of the
subyjective psychoactive experience lessens, with mild residual subjective arousal
or vigilance. Some patients report reduced need for sleep for several days to
weeks following treatment. It is not clear to what extent such reports might reflect
a persistent effect of ibogaine on sleep or a dyssomnia due to another cause.

V. Pharmacokinetics

A. ABSORPTION

Jeffcoat et al. (153) administered single oral doses of ibogaine of 5 mg/kg and
50 mg/kg to rats, and estimated oral biocavailabilities of 16 and 71% at the two
dosages, respectively, in females, and 7 and 43% in males. The dose-dependent
bioavailability was interpreted as suggesting that ibogaine absorption, and/or first
pass elimination, is nonlinear, and the greater bioavailability in females was
viewed as consistent with gender-related differences in absorption kinetics. Pearl
et al. (135) administered ibogaine at a dose of 40 mg/kg i.p. and found whole
brain levels at 1, 5, and 19 hours post-administration of 10, 1, and 0.7 uM in
female rats, and 6, 0.9, and 0.2 uM in male rats, respectively. In the same study,
brain levels of noribogaine at 1, 5, and 19 hours post-administration were 20, 10,
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and 0.8 pM in female rats, and 13, 7, and 0.1 uM and male rats respectively. In
addition to gender differences in bioavailability, the data also provide evidence
for the pharmacologic relevance of micromolar activities of ibogaine and
noribogaine measured in vitro (40,44).

Upton (154) reported on observations in rats given ibogaine in the form of oral
suspension, oral solution, or via IV or intraperitoneal routes, and also reviewed
data obtained in beagle dogs, cynomologous monkeys, and human subjects.
Absorption of the oral suspension in rats was noted to be variable and incompl ete.
Asinthe study cited above by Jeffcoat (153), peak levels and bioavailability were
greater in female than in male rats.

B. DISTRIBUTION

Hough et al. (51) administered 40 mg/kg ibogaine by the intraperitoneal and
subcutaneous routes and evaluated its distribution in plasma, brain, kidney, liver,
and fat a 1 and 12 hours post-administration. Ibogaine levels were higher
following subcutaneous versus intraperitoneal administration, suggesting a
substantial “first pass’ effect involving hepatic extraction. The results were
consistent with the highly lipophilic nature of ibogaine; ibogaine concentrations
at 1 hour postadministration were 100 times greater in fat, and 30 times greater
in brain, than in plasma. These authors suggested that the prolonged actions of
ibogaine could relate to adipose tissue serving as a reservoir with release and
metabolism to noribogaine over an extended period of time (51). The apparently
greater levels of ibogaine in whole blood versus plasma suggests the possibility
that platelets might constitute a depot in which ibogaine is sequestered (42). If
there is conversion of ibogaine to noribogaine in the brain, then the significantly
greater polarity of noribogaine relative to ibogaine could prolong the presence of
the more polar metabolite in the CNS after conversion from ibogaine (42).

C. METABOLISM

The major metabolite of ibogaine, noribogaine, is formed through demethy-
lation, apparently via the cytochrome P-450 2D6 (CYP2D6) isoform (155).
Consistent with first pass metabolism of the parent drug, noribogaine is
reportedly detectable in brain tissue within 15 minutes after oral administration
of 50 mg/kg ibogaine (44). Noribogaine is itself pharmacologically active and is
discussed in this volume by Baumann et al.

In pooled human liver microsomes, Pablo et al. identified two kinetically
distinguishable ibogaine O-demethylase activities which corresponded, respec-
tively, to high and low values of the apparent Michaelis constant (K pzpp) (155).
The low Ky, ibogaine O-demethylase activity was attributable to CY P2D6 and
accounted for greater than 95% of the total intrinsic clearance in pooled human
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liver microsomes. The authors noted that the apparent involvement of the
CYP2D6 suggests possible human pharmacogenetic differences in the
metabolism of ibogaine. “Poor metabolizers’ who lack a copy of the CYP2D6
gene (156) would be expected to have relatively less CY P2D6-catalyzed activity
to metabolize ibogaine to noribogaine. Consistent with such an expectation, a
subject identified as a phenotypic CYP2D6 poor metabolizer possessed only the
high K ibogaine O-demethylase activity, which had accounted for only a
small fraction of theintrinsic clearance. In another study, analysis of ibogaine and
noribogaine levels in human subjects yielded a distribution interpreted as
indicating three groups of rapid, intermediate, and poor metabolizers (157), a
pattern consistent with the observed pharmacogenetic polymorphism of CYP2D6
in human populations (156).

D. EXCRETION

Ibogaine has an estimated half-life on the order of 1 hour in rodents (158), and
7.5 hoursin man (Mash et al., thisvolume). Ibogaine and its principal metabolite,
noribogaine, are excreted viathe renal and gastrointestinal tracts. In rats, Jeffcoat
et al. (153) noted 60 to 70% elimination in urine and feces within 24 hours, and
Hough et al. (51) found plasma and tissue levels to be 10 to 20-fold lower at 12
hours versus 1 hour post dose.

Upton and colleagues (154) cited several pharmacokinetic issues of potential
concern based on their analysis of data obtained from rats. These include
evidence for presystemic clearance potentially resulting in low bioavailability
and interpatient variability, and saturable first pass clearance, which could also
generate intrapatient variability. The possibility of saturable systemic clearance
was also noted. Mash et al. (36) suggested the possibility of species or strain
differences in ibogaine metabolism and clearance rates and cited the rapid
elimination of ibogaine from the blood of primates, as opposed to rats or humans,
as an example.

In human subjects, 90% of a 20 mg/kg p.o. dose of ibogaine was reportedly
eliminated within 24 hours (36). Noribogaine is apparently eliminated signifi-
cantly more slowly than ibogaine, and observations in human subjects indicate
persistently high levels of noribogaine at 24 hours (36,79,123, Mash et al. in this
volume). The sequestration and slow release from tissues of ibogaine or
noribogaine and the slow elimination of noribogaine have been suggested to
account for the apparently persistent effects of ibogaine.
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V1. Safety

A. NEUROTOXICITY

1. Neuropathology

Multiple laboratories have reported on the degeneration of cerebellar Purkinje
cellsin rats given ibogaine at a dose of 100 mg/kg i.p. (159,160). However, the
available evidence suggests that the neurotoxic effects of ibogaine may occur at
levels higher than those observed to have effects on opioid withdrawal and self-
administration. Molinari et al. (161) found no evidence of cerebellar Purkinje cell
degeneration with 40 mg/kg i.p. administered as a single dose, which is reported
to reduce morphine or cocaine self-administration or morphine withdrawal in rats
(29,119,126,161). Xu et al. (162) evaluated biomarkers of cerebellar
neurotoxicity in rats treated with single doses of ibogaine of 25, 50, 75, and 100
mg/kg i.p. The biomarkers used in this study included the specific labeling of
degenerating neurons with silver, and Purkinje neurons with antiserato calbindin.
Astrocytes were identified with antisera to glial fibrillary acidic protein (GFAP),
amarker of reactive gliosis, a general response of astrocytes to CNS injury. The
25 mg/kg dosage was found to correspond to a no-observable-adverse-effect-
level (NOAEL). Heldey et al. (102) treated rats with 10 mg/kg ibogaine every
other day for 60 days and observed no evidence of neurotoxicity.

Regarding the question of neurotoxicity in brain areas outside the cerebellum,
O'Hearn and Molliver (163) have stated, “ Evidence of neuronal injury following
ibogaine administration in rats appears to be almost entirely limited to the
cerebellum.” While the cerebellum appears to be the brain region most vulnerable
to neurotoxic effects of ibogaine, some research has addressed the issue of
neurotoxicity in other brain regions. O’ Callaghan et al. (164) examined GFAPin
male and female rats exposed to either an “acute” regimen of ibogaine
administered at doses of 50, 100, or 150 mg/kg i.p. daily for 3 daysor a*chronic”
regimen of daily oral administration of 25, 75, or 150 mg/kg for 14 days. The
acute i.p. regimen produced elevations of GFAP in animals of either gender that
were not restricted to the cerebellum, and were observed in the cerebellum and
hippocampus at the 50 mg/kg dosage level, and in the cortex, hippocampus,
olfactory bulb, brain stem, and striatum at the 100 mg/kg level. The effect of the
acute ibogaine regimen on GFAP was no longer evident at 14 days with either
dosage in male rats, and was restricted to the cerebellum with the 100 mg/kg dose
in female rats. GFAP levels were examined at 17 days after the completion of the
chronic dosing regimen. No elevations of GFAP were found in any of the brain
regions examined at any of the dosages administered utilizing the chronic
regimen in males, and elevations of GFAP were found only in females, which
were restricted to the hippocampus with the 25 mg/kg dosage regimen and were
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present in the hippocampus, olfactory bulb, striatum, and brain stem with the 150
mg/kg dosage regimen.

O'Hearn et al. (159) found GFAP elevationsin the cerebellum only, and not the
forebrain of male rats administered 100 mg/kg doses i.p on up to 3 consecutive
days. Elevations of GFAP are relatively sensitive, but not specific to, neuronal
degeneration (162). Using a silver degeneration-selective stain as a histologic
marker of neurodegeneration, Scallet et al. (165) examined diverse brain regions
in rats and mice treated with single 100 mg/kg doses of ibogaine administered i.p.
and found evidence of neurodegeneration only in the cerebellum in rats, whereas
mice showed no evidence of neurodegeneration. In rats that received a dose of
ibogaine of 100 mg/kg i.p., neuronal degeneration was confined to the cerebellum
as revealed by staining with Fluoro-Jade, a recently developed sensitive and
definitive marker of neuronal degeneration (166,167).

Sensitivity to ibogaine neurotoxicity appears to vary significantly between
species. The monkey appears to be less sensitive to potential ibogaine
neurotoxicity than therat (36). Mash et al. observed no evidence of neurotoxicity
in monkeys treated for 5 days with repeated oral doses of ibogaine of 5 to 25
mg/kg, or subcutaneously administered doses of 100 mg/kg (36). Another species
difference in sensitivity is the mouse, which unlike the rat shows no evidence of
cerebellar degeneration at a 100 mg/kg i.p. dose of ibogaine (165).

2. Mechanisms of Neurotoxicity

Ibogaine’s cerebel lar toxicity could be related to excitatory effects mediated by
sigma, receptors in the olivocerebellar projection, which sends glutaminergic
excitatory input to cerebellar Purkinje cells, whose synaptic redundancy makes
them particularly vulnerable to excitotoxic injury (160). Sigma, agonists are
reported to potentiate the neuronal response to NMDA (95), and potentiation of
glutamatergic responses at Purkinje cells might lead to the observed
neurotoxicity. Sigma, agonists have also been shown to induce apoptosis, and
activation of sigma, receptors by ibogaine results in direct neurotoxicity via
induction of apoptosisininvitro cell culture systems (168,169). Elsewherein this
volume, Bowen discusses the effects of iboga alkaloids at sigma, receptors. It is
possible therefore that ibogaine’s neurotoxic effect on the highly sensitive
Purkinje neuronsis the result of combined direct neurotoxicity and excitotoxicity
due to the enhancement of glutamatergic activity, both effects being mediated by
sigma, receptors. The agonist activity of ibogaine at the sigma, receptor might
explain the apparent paradox of ibogaine-induced excitotoxicity, despite its
properties asan NMDA antagonist (42). The neurotoxic effects of iboga alkaloids
can apparently be dissociated from their putative effects on addiction, since
sigma, receptors appear not to be involved in the suppression of drug self-
administration. 18-MC, an ibogaine congener with relatively much less sigma,
affinity, reportedly produces effects similar to ibogaine on morphine and cocaine
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administration in rats, but has shown no evidence of neurotoxicity, even at high
dosages (42,75,120).

Ibogaine’s NM DA antagonist activity has been cited as arationale for a patent
for its use as a neuroprotective agent to minimize excitotoxic damage in stroke
and anoxic brain injury (170). In methamphetamine-treated mice, ibogaine is
reported to protect against hyperthermia and the induction of heat shock protein,
which are possible mediators of methamphetamine neurotoxicity (171). Binienda
et al. in this volume report an accentuation of delta amplitude in ibogaine
pretreated animal s given cocaine, and they suggest a“paradoxical” proconvulsant
effect resulting from the interaction of cocaine and ibogaine, similar to
interactions reported between cocaine and other noncompetitive NMDA
antagonists. However, ibogaine is reported to protect against convulsions
produced by electroshock (61), or the administration of NMDA (55). Luciano et
al. (148) did not observe EEG abnormalities in five human subjects during
treatment with ibogaine in the dosage range of 20 to 25 mg/kg. There is
apparently no reported human data on possible differences between the pre- and
post-ibogaine treatment EEG, or effects persisting into extended periods of time
after treatment.

3. Tremor

Ibogaine has been noted to produce tremor at dosages of 10 mg/kg i.p. in rats
(172) and 12 mg/kg s.c. in mice (173). Glick et al. (119) evaluated ibogaine and
several other iboga akaloids, and found that their effects on drug self-adminis-
tration and tendency to produce tremor were independent from one another.
Studies of structure-activity relationships of the iboga alkaloids indicate that the
tendency to cause tremor is enhanced by the presence of a methoxy group at
position 10 or 11 and is diminished or eliminated by the presence of a
carbomethoxy group at position 16 (173,174). Accordingly, tremors were not
produced in rats administered noribogaine, which differs from ibogaine with
respect to the absence of a methoxy group at position 10, at a dosage of 40 mg/kg
i.p. (124). Likewise, tremors were not observed in rats administered a dosage of
18-MC as high as 100 mg/kg. 18-MC differs from ibogaine with respect to the
absence of a methoxy group at position 10 and the presence of a carbomethoxy
group at position 16 (120).

4. QObservations in Humans

Concern over possible neurotoxicity led Mash et al. to quantitatively
investigate ibogaine's effects on postural stahility, body tremor, and appendicular
tremor in humans (36). In U.S. FDA safety trias, nine subjects receiving 1 and 2
mg/kg of ibogaine showed only a statistically insignificant increase in body sway
6 hours after taking ibogaine. Ten patients evaluated 5 to 7 days after receiving
doses of ibogaine ranging from 10 to 30 mg/kg showed no evidence of



1. IBOGAINE: A REVIEW 25

abnormality on quantitative measures of static or dynamic posturography or hand
accelometry, or on clinical neurologic exam.

A woman died in the United States in 1994 who had been previously treated
with ibogaine 25 days earlier (36). This woman had undergone four separate
treatments with ibogaine in dosages ranging from 10 to 30 mg/kg in the 15
months prior to her death. The cause of death was concluded to have been a
mesenteric arterial thrombosisrelated to chronic cellulitis, and arole for ibogaine
in causing the fatality was not suspected. Of interest with regard to concerns over
potential neurotoxicity, was the absence of any neuropathological abnormality
not associated with chronic IV drug use. Neuropathological examination reveal ed
only slight medullary neuroaxonal dystrophy and an old focal meningeal fibrosis,
which were explainable on the basis of chronic IV drug use (36). There was no
evidence of cytopathology or neurodegenerative changesin the cerebellum or any
other brain area, nor was there evidence of astrocytosis or microglial activation.

B. CARDIOVASCULAR EFFECTS

Glick et al. (45) found no changes in resting heart rate or blood pressure at a
dose of ibogaine of 40 mg/kg i.p., which has been used in that laboratory in drug
withdrawal or self-administration studies. Higher doses of ibogaine (100 and 200
mg/kg) decreased the heart rate without an effect on blood pressure, and 18-MC
had no apparent effect on heart rate or blood pressure at any of the above doses.
Biniedaet al. (90) found asignificantly decreased heart rate in rats given ibogaine
50 mg/kg i.p.

Mash et al. (175) reported on intensive cardiac monitoring in 39 human
subjects dependent on cocaine and/or heroin who received fixed p.o. doses of
ibogaine of 500, 600, 800, or 1000 mg. Six subjects exhibited some significant
decrease of resting pulse rate relative to baseline, one of whom evidenced a
significant decrease in blood pressure, which was attributed to a transient
vasovagal response. Monitoring revealed no evidence of EKG abnormalities
appearing or intensifying during ibogaine treatment. No significant adverse
events were seen under the study conditions, and it was concluded that the single
dose of ibogaine was apparently well tolerated. In their chapter in this volume,
Mash et al. comment further that random regression of vital signs showed no
changes across time or by dosage in opiate-dependent subjects. They did however
observe the occurrence of a hypotensive response to ibogaine in some cocaine-
dependent subjects, which was responsive to volume repletion.

C. FATALITIES

The LD50 of ibogaine is reportedly 145 mg/kg i.p. and 327 mg/kg intragas-
trically in the rat, and 175 mg/kg i.p. in the mouse (158).
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In June 1990, a 44 year-old woman died in France approximately 4 hours after
receiving a dose of ibogaine of about 4.5 mg/kg p.o. The cause of death was
concluded to have been acute heart failure in an autopsy carried out at the
Forensic-Medical Institute in Zurich (176). Autopsy revealed evidence of a prior
myocardial infarction of the |eft ventricle, severe atherosclerotic changes, and 70
to 80% stenosis of all three major coronary artery branches. This patient had a
history of hypertension, and inverted T waves were noted on EKG three months
prior to the patient’s death. The autopsy report concluded that the patients
preexisting heart disease was likely to have caused the patient’'s death, and it
specifically excluded the possibility of adirect toxic effect of ibogaine. The report
acknowledged the possibility that an interaction between ibogaine and the
patient’s preexisting heart condition could have been a contributing factor in the
fatal outcome.

The autopsy report, which included information obtained from the patient’s
family physician, and the psychiatrist who administered ibogaine, makes
reference to the possibility that the patient might have taken other drugs. The
autopsy report noted the presence of amphetamine in the enzyme immunocyto-
chemical (EMIT) assay of adialysate of the kidney tissue (urine was reported not
to be obtainable). This finding, however, was regarded as artifactual and possibly
attributable to a false positive EMIT result due to the presence of phenylethy-
lamine.

A fatality occurred during a heroin detoxification treatment of a 24-year-old
female in the Netherlands in June 1993. This incident was a significant factor in
the NIDA decision not to fund a clinical trial of ibogaine in 1995. The patient
received a total ibogaine dose of 29 mg/kg p.o. and suffered a respiratory arrest
and died 19 hours after the start of the treatment. Forensic pathological
examination revealed no definitive conclusion regarding the probable cause of
death (177) and cited the general lack of information correlating ibogaine concen-
trations with possible toxic effects in humans. The high levels of noribogaine
found in the deceased patient were possibly consistent with saturation of
elimination kinetics. However, the higher levels of noribogaine in heart, relative
to femoral blood, also suggested significant postmortem redistribution of
noribogaine. The potential artifact associated with a high volume of distribution
and postmortem release of drug previously sequestered in tissue (51,139,158)
limits the interpretability of postmortem levels of noribogaine.

Some evidence suggested the possibility of surreptitious opioid use in this
case, which was noted in the Dutch inquiry (178) and which is another source of
uncertainty in this fatality. There is evidence suggesting that the interaction of
opioids and ibogaine potentiates opioid toxicity (68,179). Anaysis of gastric
contents for heroin or morphine, which might have confirmed recent heroin
smoking, and analysis of blood for 6-monoacetyl morphine, a heroin metabolite
whose presence indicates recent use (180), were not performed. This incident
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underscores the need for the security and medical supervision available in a
conventional medical setting, and for completion of dose escalation studies to
allow systematic collection of pharmacokinetic and safety data.

In London, in January 2000, a 40-year-old heroin addict died after having
allegedly taken 5 g of iboga alkaloid extract 40 hours prior to his death (38, see
the chapter by Alper et al. in this volume). The extract was said to have contained
approximately five times the alkaloid content of the dried rootbark. The official
British inquest regarding this matter is still in progress as of the time of the
writing of this book.

D. ABUSE LIABILITY

The avail able evidence does not appear to suggest that ibogaine has significant
potential for abuse. The 5-HT,, receptor, the primary mediator of responding for
LSD and other commonly abused drugs classified as “hallucinogenic” or
“psychedelic,” does not appear to be essential to discriminability of the ibogaine
stimulus (84,96). Ibogaine is reportedly neither rewarding or aversive in the
conditioned place preference paradigm (132). Rats given either 10 or 40 mg/kg
ibogaine daily for 6 consecutive days did not show withdrawal signs (129).
Animals do not self-administer 18-MC, an ibogaine analog, in paradigms in
which they self-administer drugs of abuse (45). None of the consultantsto NIDA
in the 1995 Ibogaine Review Meeting identified the possible abuse of ibogaine as
a potential safety concern.

VII. Learning, Memory, and Neurophysiology

A. LEARNING, MEMORY, AND ADDICTION

Drug abusers may be viewed as having a disorder involving excess attribution
of salience to drugs and drug-related stimuli (181), which suggests the possibility
of arole of processes subserving learning and memory in the acquisition of the
pathological motivational focus in addiction (182-185). Learning, in the most
genera sense, can be viewed as the modification of future brain activity, of which
thought, motivation, consciousness, or Sensory experience are emergent
properties, on the basis of prior experience. This broad definition subsumes
everything from social behavior to learning to read, to the neuroadaptations of
drug tolerance and dependence.

Addiction can be argued to involve the pathological acquisition or “learning”
of associations of drug related stimuli with motivational states corresponding to
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valuation and importance (181,183,184). The pathological learning of addiction
differs from that of normal learning in at least two important respects. First, the
acquisition of drug salience in addiction does not involve learned associations
between drug-related external cues or internal representations, and the experience
of external events as they actually occur. Instead, the “imprinting” or “stamping
in” of drug incentives appears to involve alterations of neural plasticity in
processes that subserve motivation, memory and learning, resulting in neural
behavior that to a significant extent has escaped the constraint of validation by
experience with external reality (183-186). Dopamine and glutamate
transmission are thought to be involved in the modulation of neural plasticity of
both normal learning and the neuroadaptations of drug salience (184). Second,
drug-related “learning” does not apparently habituate (184). Unlike normal
learning, the drug stimulus appears to be experienced as perpetually novel and
continues to command attention and be attributed with salience unattenuated by
habituation (53,182).

B. EFFECTS OF IBOGAINE ON LEARNING AND MEMORY

Ibogaine appears to have significant effects on brain events involved in
learning and the encoding of drug salience. Ibogaine interacts significantly with
the NMDA receptor (39,58,179), which is involved in long term potentiation
(LTP), a process thought to be important in neural plasticity, memory, and
learning (182,184,187). Experiences apparently involving memory, such as
panoramic recall, are prominent in descriptions by individuals who have taken
ibogaine (14).

The observation of an effect of ibogaine on the expression of behavioral
sensitization to amphetamine, but not a conditioned place preference (188), raises
the interesting possibility of a relatively selective effect of ibogaine on the
pathological encoding of drug salience, distinguished from learning involving
non-drug incentives. lbogaine reportedly attenuates the acquisition of place
preference for morphine or amphetamine (131,132). A general effect of
interference with learning has been suggested (189), but studies on spatial
learning show an actual enhancement by ibogaine (102,190). Consistent with a
selective effect on neuroadaptations acquired from drug exposure are ibogaine's
effects on locomotor activity and dopamine efflux in the NAc, which are
relatively more evident in animals with prior experience with morphine (112,113)
or cocaine (111).

C. IBOGAINE AND THE EEG

Studies of animals treated acutely with ibogaine report a desynchronized EEG
with fast low amplitude activity, a state described as “activated” or “aroused”
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(89,90,191). Binienda et al. (90) noted a decline in delta amplitude and
interpreted this as consistent with activation of dopaminergic receptors. However,
observations on the interaction of atropine and ibogaine with respect to the EEG
suggest the involvement of ascending cholinergic input. Depoortere (191) found
that ibogai ne enhanced an atropine-sensitive theta frequency EEG rhythm in rats.
Schneider and Sigg (89) observed a shift toward high-frequency low-voltage
EEG activity following the administration of ibogaine to cats, and they noted that
this effect was blocked by the administration of atropine. Luciano et al. (148)
observed no changesin the visually evaluated EEG in humans administered 20 to
25 mg/kg ibogaine.

D. GOUTAREL’S HYPOTHESIS

The French chemist Robert Goutarel (14) hypothesized that ibogai ne treatment
involves a state with functional aspects shared by the brain states of REM sleep,
with important effects on learning and memory. During the REM state, there is
believed to be reconsolidation of learned information in a state of heightened
neural plasticity, with the reprocessing of previously learned information and the
formation of new associations (192,193). Goutarel suggested that a REM-like
state may be induced by ibogaine, which corresponds to a window of heightened
neura plasticity, during which there may be weakening of the pathological
linkages between cues and representations of the drug incentive and the motiva-
tional states with which they have become paired (14). Analogous to the
reconsolidation of learned information that is thought to occur during the REM
state (192,193), Goutarel theorized that the pathological learning of addiction was
modified during ibogaine treatment. He appears to have based his theoretical
formulation mainly on reports of the phenomenological experiences of awake
ibogaine-treated subjects that share features in common with dreams. Goutarel’s
hypothesisis speculative, but nonethel ess has an interesting apparent consistency
with the literature on the relationship of learning and addiction and the
physiologic function of the REM EEG state with regard to the consolidation of
learned information.

There is some evidence that may be viewed as consistent with Goutarel’s
hypothesis. Goutarel’s belief in a relationship of the ibogaine-treated EEG state
to that of REM is supported by studiesin animals treated with ibogaine that report
an apparently activated or desynchronized EEG state consistent with arousal,
vigilance, or REM sleep (90,191). The observation that ibogaine enhanced an
atropine-sensitive theta frequency rhythm (191) suggests the possible
involvement of ascending cholinergic input, which is an essential determinant of
EEG desynchronization during REM sleep (192). The possible reconsolidation of
learned information due to heightened plasticity during both the REM and
ibogaine-induced desynchronized EEG statesis suggested by the observation that
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EEG dyssynchrony is associated with an increased facilitation of Hebbian
covariance (194), which is believed to be an important determinant of the neural
plasticity involved in consolidation of learning and memory. Also, with regard to
apossible analogy of the REM and ibogaine induced brain states, some ibogaine
treatment guides have anecdotally mentioned that they have observed REM-like
eye movements in awake patients during treatments (195,196).

VIII. Anthropological and Sociological Perspectives

As discussed in various aspects by this volume by the Fernandezes, Frenken,
and Lotsof and Alexander, ibogaine’s use appears to involve distinctive
interactions of psychopharmacologic effects with set and setting in both the
subcultures of the United States and Europe, and the centuries older, sacramental
context of the use of iboga in Bwiti, the religious movement in West Central
Africa. In the Bwiti religious subculture, and arguably to some extent in the
European ibogaine subculture, there is the common attribute of a group of
initiates that seek to facilitate healing through the affiliation of the collective with
the individual. In both the African and U.S./European contexts, the ibogaine
experience has been attributed to serving the objective of facilitating personal
growth and change. Use of ibogaine in both contexts has been criticized as
involving the use of an “addictive’ or “hallucinogenic” agent, and it appears to
some extent to involve the formation of a subculture among individuals
confronted with marginalizing social circumstances such as colonialism, or the
state of addiction (197-199, see also Fernandez and Fernandez in this volume).

Galanter (200) identifies three important psychological featuresthat he regards
as descriptive of the process of charismatic groups or zealous self-help
movements such as 12-step programs that appear to also be relevant to Bwiti.
These three processes are group cohesiveness, shared belief, and atered
consciousness, such as that of religious ecstasy or insight to which the group can
attribute a new construction of reality in their life. An understanding of these
powerful behavioral influences could be useful in optimizing the clinical milieu
and interpersonal dynamics of present conventional treatment settings, or of
future treatment settings, if ibogaine or a congener should receive official
approval.

The application of ethnographic techniques to the analysis of the phenomeno-
logical features of the acute treatment experience could be informative from a
neuropsychiatric, as well as from a cultural perspective. For example, similar
subjective phenomena are frequently described in both ibogaine treatment and
near death experiences (NDES) (14,152,199,201) such as panoramic memory;
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calm, detached emotional tone; specific experiences, such as passage along along
path or floating; “visions’ or “waking dream” states featuring archetypal
experiences such as contact with transcendent beings; and the frequent attribution
of transcendent significance to the experience. Such shared features between
ibogaine and NDEs suggest a common transcultural phenomenology of
transcendent or religious experience or, alternatively, the possibility of a similar
subjective experience due to the influence of a common underlying neurobio-
logical mechanism such as NMDA transmission (202).

I X. Economic and Political Perspectives

A. EcoNoMIC INCENTIVES AND THE DEVELOPMENT OF IBOGAINE

The academic research community working in the public sector has a crucial
role in studying ibogaine as a paradigm for the development of new treatment
approaches. The strategy of relying on the pharmaceutical industry to underwrite
the cost of drug development works extremely well in many instances, but
appears to present some limitations with regard to the development of pharma-
cotherapy for addiction in general, and specifically ibogaine.

In the public sector, the major economic incentives for the development of
addiction treatment are the saved costs associated with preventing lost economic
productivity, medical morbidity, or crime. In the private sector, decisions are
based on weighing the expense of development against the expected profit, and
not the magnitude of saved economic or social costs. Owing to limited financial
incentives in the form of insurance reimbursements and a perceived lack of
“breakthrough” compounds, the U.S. pharmaceutical industry has not generally
viewed addiction as an attractive area for development (203), and expenditures
for the development of medications for addiction are small relative to those to
develop drugs for other indications. Ibogaine is particularly unattractive to
industry for several reasons:. its mechanism of action is apparently complex and
incompletely understood, it may present significant safety issues, it is a naturally
occurring alkaloid whose structure cannot itself be patented, and some of its use
patents are close to expiration.

Thereis arguably an important role for academic/public-sector development in
the case of a theoretically interesting drug with a limited profit potential and
significant developmental expense such as ibogaine. However, the entire annual
expenditures for medications development in NIDA, which accounts to about
90% of U.S. public sector spending on developing addiction pharmacotherapy, is
on the order of approximately $60 million, a fraction of the average cost of
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successfully developing a drug to market, which is estimated to exceed $300
million (204). Opportunities to fund research on ibogaine are limited by factors
that generally affect the development of other drugs to treat addiction: a limited
public sector budget in the presence of disproportionately low private-sector
expenditures on the development of pharmacotherapies for addiction relative to
other indications (203).

B. POLITICAL ISSUES

The chapter by Alper et al. in this volume describes the medical subculture of
theinformal ibogaine treatment scene and the political subculture of advocacy for
the development and availability of ibogaine. These scenes are a distinctive and
significant aspect of ibogaine’'s history, which arguably have impacted on
decisions regarding its development. From a clinical standpoint, the informal
treatment subculture has been an important source of information on human
experience with ibogaine (32).

From apolitical or historical standpoint, the informal treatment subculture has
viewed itself as aform of activism or civil disobedience on the part of its partic-
ipants seeking a treatment, despite a lack of official approval (34). Ibogaine has
been associated with a vocal activist subculture, which views its mission as
making controversial treatments available to a stigmatized minority group of
patients suffering from alife-threatening illness, and has utilized tactics intended
to engage the attention of the press (34). These confrontational media-oriented
tactics may well have provoked negative reactions at times, but may also have
influenced Curtis Wright, the former FDA ibogaine project officer, to write in
1995 that “. . . asignificant portion of the public we serve believes the drug merits
investigation” (205).

X. Conclusions

Evidence that supports the possible efficacy of ibogaine as a treatment for
addiction includes case reports in humans, and effects in preclinical models of
drug dependence. The case report evidence has mainly involved the indication of
acute opioid withdrawal, and there appears to be consistency between earlier
observations derived from informal treatment contexts (32-36,146-150) and more
recent work from a setting that appears to conform to a conventional medical
model (123, Mash et al. in this volume). The continued existence of informal
treatment scenes parallels case report evidence indicating possible efficacy.
Animal work has provided observations of attenuation of opiate withdrawal signs
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and reductions of self-administration of a variety of drugs including morphine,
cocaine, acohol, and nicotine. Preclinical models have also yielded evidence that
with respect to certain abused drugs, ibogaine may dampen responses that may
be associated with dependence, such as dopamine efflux in the NAc or locomotor
activation.

Ibogaine’'s pharmacologic profile includes interactions with multiple
neurotransmitter systems that could plausibly be related to addiction, including
NMDA, nicotinic, mu- and kappa-opioid, and serotonergic systems. The putative
efficacy of ibogaine does not appear fully explainable on the basis of interactions
with any single neurotransmitter system, or on the basis of currently utilized
pharmacologic strategies such as substitution therapies, or monoamine reuptake
inhibition. Ibogaine’'s effects may result from interactions between multiple
neurotransmitter systems, and might not be attributable to actions at any single
type of receptor. The apparently persistent effect of ibogaine has been suggested
to involve a long-lived metabolite. Some evidence suggests effects on second
messenger signal transduction, an interesting possibility that could conceivably
result from interactions between multiple neurotransmitter systems and produce
persistent effects lasting beyond the duration of occupancy at receptor sites. Work
with ibogai ne congeners suggests that other iboga alkal oids can be devel oped that
might minimize unwanted toxic, or possibly behavioral effects, while retaining
apparent efficacy in drug dependence. In summary, the available evidence
suggests that ibogaine and the iboga alkaloids may have efficacy in addiction on
the basis of mechanisms that are not yet known and which can possibly be
dissociated from toxic effects, and may present significant promise as a paradigm
for the study and development of pharmacotherapy for addiction.
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I. Introduction

Ibogaine, an alkaloid extracted from Tabernanthe iboga (Apocynaceae), is
being used in uncontrolled clinical trials as a long-acting treatment for opioid and
stimulant abuse, alcoholism, and smoking. In this laboratory, animal models have
been used to study ibogaine’s interactions with drugs of abuse, to investigate its
mechanisms of action, and to help develop an ibogaine derivative that will have
an improved safety profile. An outline illustrating the kinds of studies we have
conducted is shown in Table L. In this review, we will describe, in parallel, the
results of these studies with ibogaine and with 18-methoxycoronaridine (18-MC),
a novel iboga alkaloid congener.

The structures of ibogaine and 18-MC are shown in Figure 1. It is of interest

THE ALKALOIDS, Vol.56 Copyright © 2001 by Academic Press
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TABLE I. PRECLINICAL EVALUATION OF IBOGAINE AND 18-MC

Strategies Methods
Efficacy Animals
» Addiction (drug-self-administration) « Rats (Sprague-Dawley and Long-Evans)
» Dependence (opioid withdrawal) ¢ Ns =4-9 (usually 6)
Safety Route of administration
* Side effects ¢ i.p. and p.o. routes
» Pharmacokinetics
Mechanisms of action Techniques
 Receptor interactions « Intravenous and oral drug self-
« Effects on neurotransmitters administration, morphine withdrawal signs

« Cerebellar morphology, heart rate
and blood pressure, GCMS

 Radioligand binding, in vivo
microdialysis, locomotor activity

that the structure-activity relationships elucidated in the 1970s suggested that 18-
MC might have fewer side effects than ibogaine. Singbartl et al. (/) found that,
when injected intracerebrally, several iboga alkaloids caused tremors in mice.
Tremorigenic activity was increased by the addition of a methoxy group at
position 10 or 11 and was reduced or abolished by the addition of a carbomethoxy
group at position 16 (note that an alternative numbering scheme refers to these
positions as 12, 13, and 18, respectively). 18-MC has both of these non-
tremorigenic features (i.e., lacking ibogaine’s 10-methoxy group and having a
16-carbomethoxy group) and thus, in at least one respect, should be safer than
ibogaine.

Ibogaine has an active metabolite, noribogaine (2,3), and both ibogaine and
noribogaine appear to have multiple mechanisms of action in the nervous system.
18-MC also appears to have multiple targets. Table II shows the reported affinities
of ibogaine and noribogaine for several binding sites, as well as the affinities of
18-MC for these same sites. The evidence to date suggests that actions at several
of these sites may together mediate the putative antiaddictive effects of these

CO,CH,

Ihogaine (+)-18-Methoxycoronaridine

FIGURE 1. Structures of ibogaine and 18-methoxycoronaridine.
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TABLE II. INTERACTIONS OF 18-MC, IBOGAINE, AND NORIBOGAINE WITH THE
INDICATED TARGET SITES (VALUES ARE pM K;)

Site Ligand Tissue 18-MC Ibogaine Noribogaine
K opioid [’H]-U69593 Calf cortex 5.1+£0.50 22+0.10 0.61 £0.015
n opioid [*H]-DAGO Calf cortex 1.1 £0.30 20£0.15 0.68 + 0.016
4 opioid [3H]—DPDPE Calf caudate 3.5+ 0.05 >10 52 +0.64
Nociceptin [*H]-nociceptin Bovine cortex >100 >100 >100
NMDA [3H]—MK801 Bovine cortex >100 3.1+0.30 15+£2.0
D1 [*H]-SCH23390 Calf caudate >100 >10 >10
D2 [3H]—N—methy1— Calf caudate 16 + 0.60 >10 >10

spiperone
D3 [3H]—7—OH—DPAT Calf caudate 25+25 70+ 1.7 >100
M1 [*H]-pirenzepine Calf cortex 32+3 16+ 1.0 15+1.0
M2 [3H]—QNB Calf cortex >100 31+ 34 36 +3.7
5-HT1A [’H]-8-OH-DPAT Rat hippocampus 46+4.9 >100 >100
5-HT1B [3H]—serotonin Calf caudate >100 >100 >100
5-HT1C [3H]—mesulergine Calf cortex >100 >100 >100
5-HT1D [3H]—serotonin Calf caudate >10 >100 >100
5-HT2A [PH]-ketanserin Gf-6 cells 40+3.4 16 >100
5-HT2C [3H]—mesulergine J-1 cells >100 >10 >10
5-HT3 [’H]-GR-65,630 NG-108 cells 3.8 £ 0.067 2.6+0.23 >100
Sodium [3H]—BTX—B Bovine cortex 6.4 +0.68 3.6 £0.35 17+ 0.6
channel
Sigma 1 PH]-(+)- Calf caudate >100 25+0.6 11£17
pentazocine

Sigma 2 [’H]-DTG Calf hippocampus 13£1.2 04+0036 1913
GABAB [’H]-GABA Calf cortex >100 >100 >100
NE uptake [3H]—nisoxetine Bovine cortex >10 >100 39+1.5
5-HT uptake  [°H]-paroxetine Bovine brain stem >10 4.1+£0.83 0.57 £ 0.083

drugs. While most pharmaceutical development efforts focus on single
mechanisms of action, a drug capable of treating diverse addictions may, of
necessity, have to have multiple actions. Hence, as reviewed below, the peculiarly
broad efficacy of ibogaine and 18-MC may be precisely attributable to their
peculiarly complex pharmacology.

II. Behavioral and Neurochemical Methods

All subjects were naive female Sprague-Dawley (Taconic) or Long-Evans
(Charles River) rats, approximately 3 months old and weighing 230-250 g at the
beginning of an experiment. Rats were maintained on a normal light/dark cycle
(lights on/off at 0700 h/1900 h).

The intravenous self-administration procedure was described previously (4-6).
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The intravenous self-administration system consisted of polyethylene-silicone
cannulas constructed according to the design of Weeks (7), Instech harnesses and
commutators, and Harvard Apparatus infusion pumps (#55-2222). Responses on
either of two levers produced a 10 or 50 pl infusion of drug solution, 0.01 mg
(0.04 mg/kg) morphine sulfate, or 0.1 mg (0.4 mg/kg) cocaine hydrochloride,
respectively, in 0.2 to 1.0 second.

Nicotine was self-administered via the oral route using an operant procedure
previously described (8). Rats received nicotine (1.4 pg/pl of the base; 0.1 ml per
response) by pressing one lever and water by pressing another lever.

Locomotor activity was assessed using cylindrical photocell activity cages (60
cm, three crossing beams) interfaced to an IBM compatible computer (9).

The microdialysis procedures used to assess the effects of drug treatments on
extracellular levels of dopamine and its metabolites have been used extensively
in this laboratory (3,5,6,/0-14). Rats were implanted stereotaxically with guide
cannulae so that, when inserted, the tips of the dialysis probes would be located
in the intended brain areas (e.g., nucleus accumbens, striatum, medial prefrontal
cortex). All microdialysis experiments were carried out in freely moving animals.
Perfusate samples were analyzed by HPLC with electrochemical detection.

III. Opioid Interactions

The acute intraperitoneal (i.p.) administration of either ibogaine or 18-MC, 15
minutes prior to testing, dose-dependently decreased the self-administration of
morphine (4,6) in rats. As shown in Figure 2, although ibogaine and 18-MC were
about equally potent, 18-MC was more selective in that ibogaine, but not 18-MC,
acutely (on the day of treatment) depressed responding for a nondrug reinforcer
(water). The effects of ibogaine and 18-MC on morphine self-administration were
protracted; pretreatment with 40 mg/kg ibogaine or 18-MC had significant effects
for 24 and 48 hours, respectively (4-6). Although the acute effects of ibogaine on
morphine self-administration can be attributed to the induction of whole body
tremors, the protracted effects of ibogaine occur at times when the drug is
eliminated from the body and tremors are absent (4). 18-MC does not induce
tremors, but its effects on morphine self-administration also persist long after 18-
MC itself is eliminated (6,14).

Comparable effects of 18-MC on morphine self-administration were also
observed following oral treatment (/4), suggesting that 18-MC, like ibogaine,
will be pharmacologically active when given orally to humans. Furthermore, in a
recent study, oral 18-MC treatment (40 mg/kg) was found to produce a downward
shift in the entire dose-response relationship for self-administered morphine (13).
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Morphine Water
120+ 120-
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FIGURE 2. Comparison of acute effects of ibogaine and 18-MC on morphine self-administration and
on responding for water.

This indicated that 18-MC, and probably ibogaine as well (/5), decreases the
reinforcing efficacy of morphine. Prolonged access to opioids (/6), as well as to
stimulants (/7), has been shown to result in an “escalation” of drug intake such
that the drug becomes more reinforcing and the dose-response relationship is
shifted higher. Our results (/3) suggest that 18-MC may reverse this trend,
counteracting the neural adaptations produced by chronic drug administration.

Consistent with human anecdotal reports, the antiaddictive efficacies of both
ibogaine and 18-MC seem to increase with repeated treatment. Weekly or
biweekly injections of ibogaine (3-4 injections of 40 mg/kg, i.p.) can increasingly
suppress morphine intake for up to a week in some rats (4), and repeated daily
administration of low doses of 18-MC (e.g., 5 injections of 20 mg/kg, p.o.), while
having little or no effect on self-administration on day 1 of treatment, decreased
morphine intake by day 4 (/4). This suggests that rather than giving people
ibogaine or 18-MC in a single large dose, as is currently done for ibogaine, it
might be advisable, at least for reasons of safety, to give smaller doses repeatedly.

Ibogaine has been claimed to “suppress the multiple symptoms and physical
discomfort of narcotic withdrawal” (ENDABUSE™ product information).
Accordingly, we assessed the effects of ibogaine (/8) and 18-MC (/9) treatment
in an animal model of morphine withdrawal, in which signs of withdrawal were
induced in morphine-dependent rats by the acute administration of a p-opioid
receptor antagonist (naltrexone). Both ibogaine and 18-MC reduced the intensity
of several signs of morphine withdrawal. However, their effects were not
identical, suggesting that ibogaine and 18-MC may act via somewhat different
mechanisms.
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Ibogaine and 18-MC also differ with regard to their acute effects on morphine-
induced locomotion. Ibogaine decreased morphine’s efficacy to induce
locomotion, shifting morphine’s dose-response curve downward (9,15,20),
whereas 18-MC enhanced morphine’s potency, shifting its dose-response curve to
the left (2/). Ibogaine (40 mg/kg, i.p., 19 hours beforehand) also produced a
greater attenuation of morphine-induced (5 mg/kg, i.p.) locomotion in rats
previously (2-4 times) administered morphine (30 mg/kg, i.p.) compared to
acutely treated rats (9). Interestingly, however, 18-MC (40 mg/kg, i.p., 19 hours
earlier) blocked the expression of locomotor sensitization following chronic
morphine administration (27). The dose-effect curve of control rats sensitized by
chronic morphine administration was shifted to the left of control rats that did not
sensitize in response to chronic morphine, whereas the dose-effect curves of 18-
MC-pretreated sensitized and nonsensitized rats were virtually identical. Thus, it
appears that whereas ibogaine produces a greater effect on morphine-induced
locomotion in drug-experienced animals, compared to naive animals, 18-MC
masks, or possibly reverses, the alterations in behavior produced by chronic
morphine experience, apparently returning the animal to its initial nonsensitized
state.

Some of the effects of ibogaine appear to be at least partially mediated by a
combination of k-opioid agonist and NMDA antagonist actions. Thus, a
combination of a x-opioid antagonist (nor-binaltorphimine; norBNI) and an
NMDA agonist (NMDA) significantly antagonized the effect of ibogaine on
morphine self-administration, while neither norBNI nor NMDA alone had this

350 -
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| I 18-MC-pretreated
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FIGURE 3. Effects of 18-MC (40 mg/kg, 19 hours beforehand) on the sensitized dopamine response
to morphine (20 mg/kg, i.p.); morphine was administered daily for 5 consecutive days, and again (test
for sensitization), after a 3-day withdrawal period.
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effect (22). Other effects of ibogaine were also blocked by a combination of
norBNI and NMDA (22). These included ibogaine (40 mg/kg, i.p., administered
19 hours beforehand) inhibition of morphine-induced (5 mg/kg, i.p.) locomotor
stimulation and ibogaine inhibition of dopamine release in the striatum.
Comparable studies with 18-MC have not been conducted.

All addictive drugs (including opioids, stimulants, ethanol, and nicotine)
examined to date share an ability to enhance dopamine transmission in the
nucleus accumbens (23,24), a critical mediator of the “rewarding” or “incentive
motivational” effects of drugs (25,26). Consistent with their putative antiad-
dictive actions, ibogaine and 18-MC (40 mg/kg, i.p.) were both found to decrease
accumbal dopamine release during the first 3 hours after their administration
(6,10). Both compounds, administered 19 hours earlier, also blocked acute
morphine-induced (6,/0) increases in extracellular levels of dopamine in the
nucleus accumbens.

Like its effects on sensitized locomotor behavior, we have recently found that
18-MC (40 mg/kg, i.p., 19 hours earlier) similarly abolishes the sensitized
dopamine response to morphine in rats chronically administered morphine
(Figure 3). Again, the data suggest that 18-MC (and probably ibogaine)
counteracts or reverses the homeostatic disturbances that are a consequence of
repetitive opioid use.

IV. Stimulant Interactions

Acute Protracted
304
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FIGURE 4. Comparison of acute and protracted effects of ibogaine and 18-MC on cocaine self-
administration.
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The acute intraperitoneal (i.p.) administration of either ibogaine or 18-MC, 15
minutes prior to testing, dose-dependently decreased the self-administration of
cocaine (3,6) in rats. As shown in Figure 4, ibogaine and 18-MC were again about
equally potent; and similar to previous results with morphine, their effects on
cocaine self-administration were protracted, lasting for approximately 24 hours.
In contrast, 18-MC seemed to be approximately twice as potent as ibogaine in
decreasing oral nicotine preferences (/2), and recent work with an intravenous
nicotine self-administration paradigm suggests that 18-MC is at least twice as
potent in decreasing nicotine intake as in decreasing either morphine or cocaine
intake.

With respect to stimulant-induced locomotion, both ibogaine and 18-MC
augmented the expression of locomotor behavior in response to cocaine (27-30)
and amphetamines (3/,32). Ibogaine and 18-MC both shifted the dose-response
curve of acute cocaine-treated animals to the left of controls (30), indicating that
pretreatment with these agents renders an animal more sensitive to cocaine’s
acute locomotor effects (Figure 5). In an early study, ibogaine (40 mg/kg, i.p., 24
hours beforehand) attenuated the locomotor response to d-amphetamine (1.5
mg/kg, i.p.) in rats repeatedly administered d-amphetamine (4 x 1.5 mg/kg, every
other day) (34). More recently, pretreatment with ibogaine or 18-MC (40 mg/kg,
1.p., 19 hours earlier) was found to shift the inverted U-shaped dose-response
curves for locomotion in chronic cocaine-treated rats to the left of controls such
that iboga-pretreated rats displayed augmented locomotor activation at lower
cocaine doses (e.g., 5 and 10 mg/kg) (29,30) and lower levels of locomotor

Locomotion Stereotypy
0007 8017 Vehicle-pretreated
3500 70 I 18-MC-pretreated
30004 604
E 3
E 2500 ‘g 50+
Q
= 20004 2 40-
g g
g 1500 g 30
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500 —O— Vehicle-pretreated 4]
0 —&— 18-MC-pretreated 0
0 10 20 30 40 Chronic saline Chronic cocaine
Cocaine (mg/kg)

FIGURE 5. 18-MC (40 mg/kg, 19 hours before test doses of cocaine) shifted the chronic cocaine
locomotor dose-response curve to the left and enhanced the stereotypic response to cocaine (40
mg/kg); similar findings occurred with ibogaine.
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activation at higher cocaine doses (e.g., 20 and 40 mg/kg) (30), compared to
control animals (Figure 5). The locomotor-attenuating effects of iboga
pretreatment at higher cocaine doses can be attributed to the induction of
repetitive, species-specific behaviors (stereotypy), which can be physically
incompatible with locomotion (e.g., focused sniffing, grooming, gnawing).
Ibogaine and 18-MC (40 mg/kg, i.p., 19 hours earlier) promoted the expression
of high levels of cocaine-induced stereotypic behavior in both acute and chronic
cocaine-treated rats, compared to controls (Figure 5).

Virtually identical effects of ibogaine and 18-MC pretreatment were observed
for methamphetamine-induced stereotypy. This latter finding may possibly
account for the previously reported (32) attenuating effect of ibogaine on d-
amphetamine-induced locomotion in chronic d-amphetamine-treated rats.
Combined, these findings indicate that pretreatment with either ibogaine or 18-
MC will enhance rats’ sensitivity to the behavioral-activating effects of stimulant
drugs, and that this increase can be above and beyond the sensitization produced
by chronic stimulant administration alone.

Distinctions between ibogaine and 18-MC have been reported with respect to
some of their neurochemical effects. For one, acute ibogaine, as well as
noribogaine, increase extracellular levels of serotonin in the nucleus accumbens,
whereas 18-MC has no effect (33). Secondly, ibogaine pretreatment (19 hours
earlier) augments (27), whereas 18-MC has no effect on (/4), acute cocaine-
induced increases in extracellular levels of dopamine in the nucleus accumbens.
Curiously, however, both agents block acute nicotine-induced dopamine release

2500 - Chronic cocaine:
EZ7] Saline-pretreated
l [ I 15-MC pretreated

2000

:

Percent of baseline
1

5SS S R R R RS ]

d
420 .80 -40 0 40

Time (min)

FIGURE 6. Effects of 18-MC (40 mg/kg, 19 hours beforehand) on the sensitized dopamine response
to cocaine (15 mg/kg, i.p.); cocaine was administered daily for 5 consecutive days and, again (test for
sensitization), after a two-week withdrawal period.
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in the nucleus accumbens (/7,1/2). The studies with 18-MC have recently been
extended to animals sensitized by chronic cocaine and, interestingly, 18-MC
pretreatment blocked the sensitized dopamine response to chronic cocaine
(Figure 6). Although the effect of ibogaine pretreatment on cocaine-sensitized
levels of dopamine in the nucleus accumbens has not yet been assessed, the 18-
MC results suggest that different mechanisms may mediate the interactions of
ibogaine and related agents with the effects of acute versus chronic cocaine. The
data also suggest that the changes in nucleus accumbens dopamine are more
directly related to cocaine’s reinforcing or addictive property than to its
locomotor stimulant effects, since, as reviewed earlier, 18-MC decreased cocaine
self-administration, but enhanced both acute and chronic cocaine-induced
locomotor behavior.

V. Metabolism and Distribution of Ibogaine and 18-MC

Plasma and tissue levels of both ibogaine and 18-MC have been determined
using gas chromatography-mass spectrometry (/4,34). Both compounds have
short initial half-lives of 5 to 10 minutes and terminal half-lives of slightly over
100 minutes. Consistent with a two-compartment model of their elimination, both
ibogaine and 18-MC are highly sequestered in fat (/4,34). In absolute terms,
however, the fat levels of either ibogaine or 18-MC account for only a small
fraction of the administered dose (approximately 10%), suggesting that both
compounds are rapidly metabolized. Indeed, an active metabolite of ibogaine,
noribogaine, has already been well characterized both in vivo (e.g., 2,3) and in
vitro (e.g., 35,36). Although some investigators (37) consider noribogaine to be
the major determinant of ibogaine’s pharmacology in vivo, studies in this
laboratory (20) indicated that the elimination of noribogaine was also too fast for
it to be responsible for all of ibogaine’s prolonged effects. Recent work in this
laboratory has provided evidence that 18-MC also has metabolites, but it remains
to be determined whether they are active, and whether they contribute to the
protracted behavioral effects of 18-MC.

VI. Toxicity

Ibogaine induces whole body tremors at moderate doses (20-40 mg/kg) and
Purkinje cell loss in the cerebellum at high doses (=100 mg/kg) (38-40).
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However, 18-MC (40 mg/kg) is non-tremorigenic, and even multiple, high-dose
(100 mg/kg) injections of 18-MC fail to produce damage to cerebellar Purkinje
cells (6). The neurotoxic effect of ibogaine appears to be mediated by an agonist
action at sigma-2 receptors (4/). Consistent with this, 18-MC has a much lower
affinity than ibogaine for sigma-2 sites (Table II and ref. 42).

Anecdotal reports in humans indicate that ibogaine can slow heart rate.
Consistent with these reports, recent work in this laboratory showed that, in
awake and freely moving rats, high doses (100 and 200 mg/kg, i.p.) of ibogaine
decreased heart rate, without altering blood pressure. In contrast, even at 200
mg/kg (i.p.), 18-MC had no effect on either heart rate or blood pressure (/4).

Noribogaine has about a 10-fold higher affinity for the serotonin transporter
than ibogaine and, consistent with this, noribogaine is more potent than ibogaine
in raising extracellular levels of serotonin in the nucleus accumbens (2).
However, the efficacy of ibogaine to increase serotonin levels appears to be
substantially greater than that of noribogaine (33). Ibogaine may directly release
serotonin. Compared to its effects on the dopamine systems, these serotonergic
effects of ibogaine and noribogaine appear to be relatively short lasting,
dissipating within 3 hours. Similarly, while effects of ibogaine on tissue levels of
dopamine metabolites are still apparent on the day after administration (/5,43),
there are no effects on tissue levels of serotonin’s metabolite (43). Serotonin
would thus seem to have a role in mediating only the acute behavioral effects of
ibogaine. These might include its acute discriminative stimulus effect in rats
(44,45) and possibly its acute hallucinogenic effect in humans. 18-MC neither
inhibits the reuptake of (Table II), nor releases, serotonin (33) and, to the extent
that these actions are involved in ibogaine-induced hallucinations, it is predicted
that 18-MC will not be hallucinogenic.

VII. Mechanisms

Table II shows the results of a receptor screen comparing the binding affinities
of 18-MC, ibogaine, and its active metabolite, noribogaine. The binding profiles
for 18-MC are somewhat different from that of its parent compound. Similar to
results reported by others (cf. 46), our studies show that ibogaine and noribogaine
have low micromolar affinities for the k- and p-opioid receptors, the NMDA-
subtype of glutamate receptor, 5-HT3 receptors, sigma-2 sites, sodium channels,
and the serotonin transporter. In contrast, 18-MC has low micromolar affinities at
all three opioid receptors (K, p, and 8) and at the 5-HT3 receptor, and no affinity
at NMDA receptors, or the serotonin transporter (/4). For both ibogaine and 18-
MG, all of these receptor affinities are in the low micromolar range and therefore
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are not likely to be responsible for effects lasting 24 to 48 hours. However, some
of the differences between ibogaine and 18-MC might account for a potentially
higher therapeutic index for 18-MC. Ibogaine’s affinities at muscarinic (M1 and
M?2) receptors and at sodium channels, which are two to three times greater than
those of 18-MC, may mediate its tendency to lower heart rate. Ibogaine’s action
at sigma-2 sites has been linked to its neurotoxicity (42), and 18-MC has a 30-
fold lower affinity for this site. In addition, as suggested previously, the
hallucinogenic effect of ibogaine may be mediated via serotonin release, an effect
not produced by 18-MC (33). Lastly, in functional assays, ibogaine was reported
to be a noncompetitive antagonist at nicotinic receptors, possibly acting as an
open channel blocker (47,48). The latter, as well as preliminary data from this
laboratory, suggest that both ibogaine and 18-MC might have nanomolar
affinities for nicotinic channels—and this action could well contribute to
prolonged antiaddictive effects.

VIII. Discussion

Most drug development programs focus on single mechanisms of action, and
the development of pharmacotherapies for drug addiction has been no exception
to this practice. The use of methadone to treat heroin addiction and the use of
nicotine formulations (e.g., gum, patch, nasal spray) to treat smoking are
representative of a pharmacokinetic approach in which long-acting replacement
therapies are used to dampen both the “highs” and “lows” associated with the
short-acting addictive substances. This approach has limitations in that
replacement therapies maintain physical dependence and often have other
significant side effects as well. Newer, and still mostly experimental, approaches
to this problem have attempted to develop agents that should modulate or directly
interfere with the action of the abused drug. Representatives of such potential
therapies are dopamine transporter inhibitors, dopamine receptor agonists and
antagonists, GABA B receptor agonists, and partial p-opioid receptor agonists. In
general, treatments have been sought that are site specific, usually acting
selectively at a particular receptor or receptor subtype; and most often, treatments
are targeted to one particular addictive disorder.

Viewed in relationship to a “normal” pharmaceutical development program,
the proposed use of ibogaine, 18-MC, and possibly their metabolites, to treat
several varieties of drug addiction may appear, depending on one’s bias, to be
extraordinarily innovative or outrageously foolish. However, if the many
anecdotal reports of efficacy are ever substantiated in well-controlled clinical
trials, ibogaine will have taught us at least one important if not obvious truth—
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namely, that addiction is a multifaceted brain disorder, and that to be effective, a
treatment or treatments having multiple actions may be required. Certainly
science, rather than politics, should determine whether or not ibogaine will have
any clinical utility. Moreover, the apparent advantages of 18-MC, and perhaps
other congeners yet to be tested, have already highlighted the significance of
ibogaine’s discovery. If only because it is the prototype, ibogaine would still
merit a great deal of investigation.

The data reviewed here indicate that there are several ways in which ibogaine
and 18-MC could exert antiaddictive effects. Both compounds have affinities for
5-HT3 receptors, the manipulation of which has been reported to alter
amphetamine-induced euphoria in humans (49) and cocaine-induced locomotion,
cocaine discrimination, alcohol consumption, and morphine withdrawal signs in
rodents (50-54). These alkaloids also have similar affinities for p-and x-opioid
receptors, and other data (55-57) have indicated that p-antagonists and K-agonists
can modulate the self-administration of cocaine and morphine. However, as noted
earlier, the protracted antiaddictive effects of ibogaine and 18-MC are hard to
reconcile with their micromolar affinities for these receptors. In addition, both
ibogaine (/8) and 18-MC (/9) attenuate naltrexone-precipitated withdrawal
symptoms in morphine-dependent rats, findings that are inconsistent with p-
antagonist activity; and both ibogaine (58) and 18-MC have little or no analgesic
activity, findings that are inconsistent with p-agonist activity. Although NMDA
antagonist (59) and serotonergic (2) actions of ibogaine have been invoked to
explain ibogaine’s effects, it is noteworthy that 18-MC appears to have neither
action. The possibility that ibogaine and 18-MC have important actions at
nicotinic receptors requires further investigation.

The short-half lives of ibogaine and 18-MC strongly suggest that the pharma-
cological actions of both alkaloids are attributable to one or more active
metabolites; although noribogaine has been proposed (2,37) as the mediator of
ibogaine’s prolonged action, it would appear that noribogaine alone cannot
account for ibogaine’s effects since brain levels of noribogaine also decline
rapidly after ibogaine administration to rats (20). As both ibogaine and 18-MC are
deposited in fat (/4,34), it is possible that the slow release of these compounds,
or perhaps their metabolites, may contribute to their protracted effects.

In summary, although the pharmacology of ibogaine and 18-MC is complex,
the study of their pharmacology represents an entirely novel approach to the
development of pharmacotherapies for drug addiction. This approach will indeed
have proven its worth if 18-MC, or another structural congener, is eventually
found to be a safe and effective treatment for multiple forms of drug abuse. At the
very least, continued investigation of ibogaine and 18-MC should help us further
understand the neurobiology of addiction; and this, in the long term, may be a
prerequisite for developing optimal antiaddictive agents.
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IBOGAINE AS A GLUTAMATE ANTAGONIST:
RELEVANCE TO ITS
PUTATIVE ANTIADDICTIVE PROPERTIES
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II. NMDA Antagonist Properties of Ibogaine
III. Are the NMDA Antagonist Properties of Ibogaine Relevant to its Putative
Antiaddictive Properties?
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1. Overview

Beginning in the mid 1980s, Howard Lotsof (/-4) filed a series of patents
claiming that ibogaine, an alkaloid derived from Tabernanthe iboga, possessed
antiaddictive qualities. At the time, the concept that a single molecule could treat
dependence across classes of abused drugs (e.g., cocaine, nicotine, ethanol,
opiates) was viewed as radical, if not revolutionary. In the absence of rigorously
controlled, double-blind clinical trials, these claims have engendered skepticism
and controversy. During the past 5 to 7 years, the biomedical research community
has made a concerted effort to characterize the neurochemical actions of ibogaine
with the implicit understanding that such studies may provide insight into the
putative antiaddictive actions of this compound. In parallel with these
neurochemical studies, preclinical behavioral studies have established that
ibogaine can interfere with tolerance and dependence phenomena (reviewed in
reference 5).

If the dictum, “Clinical data trumps preclinical data” has merit, then the
pragmatist may legitimately question the value of such preclinical studies in the
face of anecdotal reports that ibogaine does possess antiaddictive properties.
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Certainly, there are many examples where safe and effective drugs have been
used for decades (e.g., benzodiazepines, NSAIDs) before a molecular mechanism
of action was evinced. However, in view of the safety concerns raised by both
preclinical and clinical reports (e.g., reference 6), and in the absence of controlled
clinical studies, basic research on ibogaine is clearly mandated.

Pharmacologically relevant concentrations (doses) of ibogaine can affect
several neurotransmitter systems (reviewed in reference 5). These multiple
actions pose the challenge of separating “wheat from chaff”—that is, discrimi-
nating those effects relevant to the putative antiaddictive properties of ibogaine
from epiphenomena. The majority of these “mechanism of action” investigations,
including work from our studies at the NIH, have focused on “traditional” targets,
such as ion channels, transporters, and the seven transmembrane superfamily of
transmitter receptors. Such studies have largely neglected a host of potential
intracellular targets that may either act independently, or in concert with,
extracellular targets to produce the antiaddictive properties described anecdotally
in the clinic and documented in preclinical studies. Absent these studies, there
remain sufficient in vitro and in vivo data to both formulate testable hypotheses
and create a diversity of opinion (clearly evident at the First International
Congress on Ibogaine) about the neurochemical processes responsible for these
antiaddictive actions. This contribution will overview data demonstrating that
pharmacologically relevant concentrations of ibogaine produce a blockade of N-
methyl-D-aspartate (NMDA) receptors, and relate the relevance of these findings
to its antiaddictive properties.

II. NMDA Antagonist Properties of Ibogaine

There is a striking similarity between the claims that have been made for
ibogaine and an emerging body of preclinical evidence that NMDA antagonists
interfere with tolerance and dependence phenomena to a wide variety of abused
drugs. This prompted us to determine if the basis for the apparent mimicry
between ibogaine and NMDA antagonists could be due to an identical locus of
action. In our initial studies, we examined the ability of ibogaine to inhibit
radioligand binding to native NMDA receptors from rat brain (7). Ibogaine
inhibited the binding of [*H]dizocilpine (MK-801) in a concentration-dependent
manner with a K; of ~1 uM. This inhibition by ibogaine reflected an increase in
the Ky of [*PHJMK-801 without striking changes in B,,,, characteristic of two
ligands acting at the same site (i.e., a competitive interaction). Subsequent
neurochemical studies from our laboratory and others confirmed that the apparent
affinity of ibogaine is in the low pM range using other radioligands acting at the
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same locus as MK-801 (e.g., [*'H]TCP) and NMDA receptors derived from a
variety of sources, including human brain (8-//). In contrast, ibogaine does not
remarkably affect radioligand binding to other members of the ionotropic
glutamate receptor family (i.e., kainate and AMPA receptors), nor does it inhibit
radioligand binding to the glutamate recognition site on NMDA receptors (7).
While the affinity of ibogaine for NMDA receptors is low relative to MK-801
(and other NMDA antagonists belonging to this same class such as TCP and
PCP), brain concentrations of the parent alkaloid are in the range of 1 to 10 yM
after administering pharmacologically relevant doses (i.e., doses capable of
interfering with tolerance and/or dependence phenomena) to rodents (/2).

Such neurochemical studies are valuable because they provide a mechanistic
link between ibogaine and a class of uncompetitive NMDA antagonists
(including MK-801, PCP, memantine, and ketamine) that has been extensively
characterized both in vitro and in vivo. Uncompetitive NMDA antagonists can be
envisioned as channel “plugs” (analogous to placing a cork in one end of a tube)
and exhibit a number of characteristic features including use (i.e., the channel
lumen must be open in order for such compounds to enter and bind) and voltage
(the “block” is relatively more efficient at hyperpolarized membrane potentials)
dependence. Because of the potential therapeutic applications of uncompetitive
NMDA antagonists, this class of compound has been extensively studied at all
levels of cellular organization (ranging from effects on single channel activity to
behavior). This “prior art” allows us to make predictions about the pharmaco-
logical actions of ibogaine that may be NMDA receptor-mediated, and provides
strategies to isolate and assess the contribution of this effect relative to its putative
antiaddictive actions.

While radioligand binding studies indicate that ibogaine acts as an
uncompetitive NMDA antagonist (i.e., acting at the same locus and by the same
mechanism as, for example, dizocilpine and phencyclidine), several independent
lines of investigation have provided compelling evidence that supports this
hypothesis. Thus, in electrophysiological studies, the inhibition of NMDA
responses by ibogaine exhibits the voltage and use dependence characteristic of
this class of compounds (8,/0,11). Further, there is very good agreement between
the estimated potencies of ibogaine obtained in neurochemical and electrophysi-
ological studies. For example, analysis of the NMDA receptor block using the
Woodhull equation permits a calculation of the K, of ibogaine as a function of
membrane potential. In cultured hippocampal neurons, the K, of ibogaine ranged
from ~8.6 uyM at 0 mV to ~2.3 uM at —60 mV (8).

The neuroprotective effects of NMDA antagonists are perhaps the best
described pharmacological actions produced by this class of compounds (/3).
These neuroprotective actions can readily be demonstrated in both simple
systems and whole animals using a variety of insults, ranging from glutamate-
induced cell death in primary neuron culture to animal models of focal ischemia.
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If the neurochemical and electrophysiological studies with ibogaine are pharma-
cologically meaningful, then like other NMDA antagonists, ibogaine should
protect against NMDA receptor-mediated neurotoxicity. To test this hypothesis,
we examined (8) the ability of ibogaine to prevent glutamate-induced death of
cerebellar granule neurons in primary culture. Many studies have shown that
activation of NMDA receptors is a necessary condition for glutamate-induced
death of these neurons, and as such, NMDA antagonists (including uncompetitive
antagonists such as MK-801) are effective in blocking this “excitotoxic” process.
In our hands, ibogaine decreased glutamate-induced neurotoxicity in a concen-
tration dependent manner with an ICsy of ~4.9 pM; this value closely
approximates the potency of ibogaine as an NMDA antagonist estimated by
neurochemical and electrophysiological techniques. By comparison, MK-801
was ~500-fold more potent, with an ICs, value of ~9.6 nM. At face value, a
neuroprotective action of ibogaine appears at variance with reports that this
alkaloid produces degeneration of cerebellar Purkinje neurons (/4,15). However,
it is unlikely that this latter action is a consequence of NMDA receptor blockade
since the prototypic uncompetitive NMDA antagonist, MK-801, does not
produce a similar effect (/6). Based on its side effect profile, it is unlikely that the
neuroprotective properties of ibogaine will be reduced to clinical practice.
Nonetheless, Olney (/7) has patented the use of ibogaine as a neuroprotective
agent!

III. Are the NMDA Antagonist Actions of Ibogaine Relevant to
Its Putative Antiaddictive Properties?

These in vitro data provide compelling evidence that ibogaine can act as an
NMDA antagonist. Further, ibogaine concentrations that are required to produce
this action are well within the range found in the rodent central nervous system
(12) at doses that affect both tolerance and dependence phenomena. This same
dose range of ibogaine can substitute as a discriminate stimulus in mice trained
to recognize the prototypic uncompetitive NMDA antagonist, MK-801 (8). These
findings, coupled with an emerging preclinical literature (/8-20) demonstrating
that NMDA antagonists interfere with tolerance and dependence phenomena to a
variety of abused drugs (7,8), indicate that it is this NMDA antagonist action that
is responsible, either wholly or in part, for the antiaddictive properties of
ibogaine. If ibogaine produces its antiaddictive actions via a voltage-dependent
block of NMDA receptors, then reversal of this block should reduce or abolish
these actions. One strategy that has been employed to relieve this block relies on
increasing brain concentrations of glycine (or a glycine-mimetic such as D-serine)
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at strychnine-insensitive glycine receptors. Glycine is a coagonist at NMDA
receptors. Due to the presence of specific transporters that appear colocalized
with NMDA receptors (21), it is unlikely that these strychnine-insensitive glycine
sites are saturated under physiological conditions (22). Thus, raising glycine
concentrations increases the probability of NMDA receptor-coupled channel
opening, which in turn increases the likelihood that ibogaine (and other channel
blockers) will dissociate from the binding site. This “unblocking” strategy has
been shown to reduce some of the pharmacological effects of dizocilpine and
phenyclidine (23-25).

It was demonstrated that like other NMDA antagonists, memantine (a low-
affinity, uncompetitive NMDA antagonist) blocks the expression of morphine
withdrawal in mice (/8). This is evidenced by a dose-dependent reduction in
naloxone-precipitated jumping in morphine-dependent animals. Parenteral
administration of glycine (at doses that significantly elevate brain glycine levels
[26]) blocked this action of memantine, but did not remarkably affect naloxone-
precipitated jumping when administered alone (/8). Similarly, this regimen of
glycine abolished the ability of ibogaine to reduce naloxone-precipitated jumping
(8). Clearly, it is not possible to extrapolate the importance of this single measure
of morphine withdrawal in mice to the complex phenomena associated with
opiate dependence in humans. Nonetheless, these data indicate that the NMDA
antagonist properties of ibogaine are responsible for its “antiaddictive actions” in
this measure.

This “unblocking” paradigm may be useful as a means of examining the
relative contribution of NMDA receptor blockade to a particular “antiaddictive”
property of ibogaine (or an ibogaine derivative). This issue transcends academic
minutiae because there are a number of NMDA antagonists that are in clinical use
with an established safety and side effect profile. For example, memantine has
been used in Europe to treat neurodegenerative disorders such as senile dementia
(27). Thus, if the putative antiaddictive properties of ibogaine are due to its
NMDA antagonist action, then there are established therapeutic alternatives. In
support of this hypothesis, the ability of a low affinity NMDA antagonist
(dextromethorphan) to attenuate opiate withdrawal and craving has already been
examined in a small, open clinical trial. In this study (28), six patients addicted to
heroin were detoxified using dextromethorphan. Two patients requested
methadone on the first day of the study, but the four patients completing the
study: “had a rapid and complete attenuation of signs, symptoms, and craving by
the fourth day of treatment.” Particular improvement in the alleviation of craving
was noted during the first 2 days (28). This report, while preliminary, is consistent
with preclinical data demonstrating that NMDA antagonists block the expression
of opiate withdrawal (/8,29). However, in view of the number of targets that can
be affected by pharmacologically relevant concentrations of ibogaine (5,9,30), it
may be argued that NMDA antagonists may only be effective in treating a subset



60 PHIL SKOLNICK

of abused drugs (or a subset of signs and symptoms), despite the striking
similarities between this class of compounds and ibogaine in preclinical studies.

Several ibogaine derivatives (3/) were synthesized in an attempt to relate the
potency of these compounds to the expression of morphine withdrawal in mice
(i.e., blockade of naloxone-precipitated jumping) and to NMDA receptor affinity.
All of these derivatives (including a number of coronaridine derivatives) were
less potent than ibogaine as NMDA antagonists in vitro. Notably, the K; values of
noribogaine, (*)-ibogamine, and (*)-coronaridine were ~5-fold lower than
ibogaine (i.e., 5 to 6 uM). At the highest “nontoxic” doses tested (80 mg/kg), none
of these compounds significantly reduced naloxone-precipitated jumping in
morphine-dependent mice. Limiting side effects, such as profound ataxia and
convulsions, prevented testing higher doses (i.e., 120 mg/kg) of several of these
alkaloids (e.g., noribogaine). At face value, it may be argued that this study
supports the hypothesis that the NMDA antagonist properties of ibogaine are
essential to its “antiaddictive” actions. However, in the absence of pharmaco-
kinetic data (e.g., brain levels of these alkaloids), these data may be considered
inconclusive. The affinity of noribogaine (also known as desmethylibogaine and
10-hydroxy-ibogamine) at NMDA receptors (K; of 5 to 6 pM) is noteworthy since
this compound appears to be the primary metabolite of ibogaine (30). If this
metabolite enters the central nervous system as readily as its parent, then the
NMDA antagonist action of noribogaine could also contribute to its pharmaco-
logical properties.

Glick and coworkers (32) have reported that addition of a methoxy moiety to
coronaridine results in a compound that lacks the tremorigenic properties of
ibogaine, but retains many of its putative antiaddictive properties in animals.
Thus, like ibogaine, 18-methoxycoronaridine has been reported to reduce
morphine and cocaine self-administration in rats (32), attenuate alcohol
consumption in alcohol-preferring rats (33), and reduce nicotine intake (34). It
has been reported that neither racemic 18-methoxycoronaridine nor its optically
active isomers (i.e., (+)- and (-)-18-methoxycoronaridine) possess NMDA
antagonist properties, but retain pM affinities for opioid (x, p, and §) receptors,
sodium channels, SHT-3 receptors, and sigma, sites (35). Because it seems
unlikely that ibogaine and 18-methoxycoronardine produce their antiaddictive
actions through different mechanisms, it may be concluded that one or more of
the neurochemical properties common to these closely related compounds are
necessary for these effects. However, following intravenous administration, 18-
methoxycoronaridine has a very short half-life (~5 to 10 minutes) (35). This
raises the possibility that it is not the parent alkaloid, but rather a metabolite of
18-methoxycoronaridine that is responsible for the observed antiaddictive
actions. Short of identifying an active metabolite(s), there are several experiments
that could be done to determine if administration of the parent compound
produces an NMDA antagonist. One simple experiment would be to determine if
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the ability of 18-methoxycoronaridine to interfere with morphine withdrawal can
be attenuated by glycine administration. This experimental strategy was
successfully employed to link the antiaddictive properties of ibogaine and
memantine to an NMDA antagonist action. Second, if rodents trained to
recognize MK-801 as a discriminative stimulus (8) also recognize 18-methoxy-
coronaridine at doses that interfere with tolerance/dependence phenomena, then
it is likely that a metabolite with NMDA antagonist properties is formed in vivo.
Such experiments are necessary to critically assess the contribution of NMDA
receptor blockade in the putative antiaddictive actions of 18-methoxycoro-
naridine. This compound appears to lack the tremorigenic actions of ibogaine
(32). However, in the absence of basic toxicological studies, the claim that 18-
methoxycoronaridine is nontoxic (32) must be viewed as premature.
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1. Introduction

Drug discrimination is a useful technique in the search for the mechanism of
action of psychotropic drugs. Perhaps its utility has been best demonstrated in
efforts to elucidate those neurotransmitter receptors involved in the mediation of
the perceptual effects of phenethylamine (DOM) and indoleamine (LSD)
hallucinogens (/).

As far as biological assays of pharmacological activity are concerned, drug
discrimination is relatively easy to understand. Specifically, the goal of such

THE ALKALOIDS, Vol.56 Copyright © 2001 by Academic Press
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studies is to produce drug-induced stimulus control. This condition is said to exist
when, in the presence of a stimulus, an animal subject emits a conditioned
response (2). An example of a conditioned response might be pressing a specific
lever when presented with a two-lever choice, or entering a specific arm of a two-
arm maze (T-maze). The stimulus (or discriminative stimulus) is the interoceptive
state produced by the drug used to establish stimulus control. To illustrate this by
way of example, assume that one wishes to establish stimulus control with drug
X. The discriminative stimulus will be the interoceptive cue, which is simply the
effect experienced by the subject after receiving drug X. In this case the subject
is a rat. However, pigeons, other rodents, and primates can also be used. The
subject, over several weeks, has been taught to press levers in a two-lever operant
chamber for a food reward in a process known as shaping. During this process,
the ratio of response to reward is gradually increased from 1 to 10 or more. Since
a certain fixed number of responses is required for a reward, this is known as a
fixed ratio schedule of reinforcement. If 10 responses are required for a reward,
then a fixed ratio of 10 (FR 10) is the schedule. Once the rat has mastered this, it
is time to establish stimulus control.

In order to accomplish this, the rat is trained with once daily sessions, which
alternate between drug and vehicle treatment. Thus, using a specific pretreatment
time (e.g., 15 minutes prior to the session), the training drug (drug X) or its
vehicle are given on alternating days. On days when drug X is given, only
responses on one lever (left or right) are rewarded. On vehicle days, only
responses on the other lever are rewarded. After a number of sessions the subject
will learn to press the drug appropriate lever only on those days when that drug
is administered. On vehicle days, the subject should only respond on the vehicle-
appropriate lever. Once the subject is responding reliably in a treatment-
appropriate manner, stimulus control is said to be present. Having established
stimulus control in a given subject investigations can begin regarding the receptor
interactions mediating the discriminative cue of drug X. Test drugs (drug Y) that
are known agonists or antagonists at certain receptors can be given during test
sessions. If these produce responses on the drug X-appropriate lever, then the test
drug is said to substitute for the training drug, alternatively, by convention, the
training drug stimulus is said to generalize to that of the test drug. This
terminology is often reversed by some authors resulting in confusion on the part
of the readers. If responding is on the vehicle-appropriate lever then no substi-
tution or generalization is present. Often there is an intermediate degree of
substitution or generalization (partial generalization) suggesting that the intero-
ceptive cues are similar, but not identical. Another test is that of antagonism. In
these tests, a drug with known receptor binding properties is given with the
training drug (e.g., drugs X and Y together). If responding is seen only on the
vehicle appropriate-lever then drug Y has antagonized the interoceptive cue
produced by drug X. Alternatively, responding on the drug X-appropriate lever
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would indicate absence of antagonism. During test sessions, rewards should not
be given and the session should be terminated after a fixed number of responses.
This is to minimize learning during the test session, which might confuse the
subjects. Furthermore, the subjects should only be tested every third or fourth day
(after they have demonstrated reliable treatment appropriate responding in the
prior two or three training sessions). Training doses, test doses, and pretreatment
times are usually based on reports of pharmacological effects of the drug in
question found in the literature.

Drug discrimination is a remarkably simple, yet elegant, technique. Using this
paradigm, investigators can often gain insight into the mechanism of action of a
given agent. The results of these studies can then be correlated with other studies,
such as receptor binding studies and second messenger assays.

Like other techniques, drug discrimination does have its shortcomings.
Because the interoceptive cue is what is being evaluated, other drug effects and
their specific mechanisms may not be accounted for. No technique is perfect.
Nonetheless, for studying drugs with psychotropic effects, drug discrimination
remains a powerful weapon in the arsenal of the behavioral pharmacologist.

II. Ibogaine in Drug Discrimination Studies

A. IBOGAINE AS A DISCRIMINATIVE STIMULUS

Before there was any evidence supporting the antiaddictive effects of ibogaine,
this agent was known first and foremost as a hallucinogen. Because of this, drug
discrimination seems well suited to the study of ibogaine. Knowledge of those
receptors involved in the ibogaine discriminative cue could contribute signifi-
cantly to our understanding of its mechanism of action, both as a hallucinogen
and possibly as a therapy for substance abuse conditions.

Figure 1a shows the dose-response effects ibogaine (@), harmaline (A), and
noribogaine (10-hydroxyibogamine) (M) in rats trained with 10.0 mg/kg ibogaine
as a discriminative stimulus. All drugs were administered i.p. 60 minutes before
testing. Each point represents one determination in each of 10 subjects unless
otherwise noted by the number of subjects completing the test over the number
of subjects tested. The EDs0 for ibogaine was 4.6 mg/kg.

Figure 1b shows the time course for the ibogaine-trained stimulus. Maximal
substitution was observed at a pretreatment time of 60 minutes (94%). Following
this, a time-dependent decrease in ibogaine-appropriate responding was
observed. (Modified from reference 3 with permission.)
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B. SEROTONERGIC AGENTS IN IBOGAINE-TRAINED RATS

The structural similarity between ibogaine and serotonin taken together with
the fact that the 5-HT,, receptor is the primary mediator of the discriminative
stimulus effects of the classical hallucinogens lysergic acid diethylamide (LSD)
and (-)-2,5-dimethoxy-4-methyl-amphetamine (DOM) (4-6) makes serotonergic
agents a natural starting point in the study of ibogaine.

Palumbo and Winter (7) were the first to look at ibogaine in drug discrimi-
nation studies. They found that ibogaine produced an intermediate level of
substitution in both LSD and DOM-trained subjects. This effect was blocked by
the 5-HT), antagonist pizotylene. The first report in which ibogaine was trained as
a discriminative stimulus was by Schecter and Gordon (8). These authors
observed an intermediate level of substitution by the 5-HT releasing agent fenflu-
ramine. This evidence suggested a possible role for serotonergic receptors in the
stimulus effects of ibogaine. Further investigations have revealed that the 5-HT, o
receptor plays a role, although this does not appear to be essential to the ibogaine-
induced discriminative stimulus. This is evidenced by the observation that both
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DOM and LSD produced intermediate levels of substitution for ibogaine that was
blocked by the 5-HT,, antagonist pirenpirone (9). The conclusion that this
component is nonessential stems from the fact that while pirenpirone blocked the
ibogaine-appropriate responding produced by LSD and DOM, it did not affect the
ibogaine-appropriate responding produced by ibogaine itself (9) (Figure 3). For a
detailed discussion of nonessential stimulus components, see reference /0.

A possible explanation for the differences in ibogaine-appropriate responding
produced by LSD illustrated above, compared to the work of Schecter and
Gordon (34.5% substitution) (8), could be accounted for by rat strain differences
and/or pretreatment time differences for ibogaine training (60 minutes vs. 30

Ibogaine Serotonin
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FIGURE 2. The dose response relationships for pirenpirone (75 minutes presession) in the presence of
LSD (@), DOM (A), and ibogaine (M) in rats trained to discriminate ibogaine (10.0 mg/kg, i.p., 60
minutes presession) from vehicle. The ratio adjacent to each of the points represents the number of
subjects completing the test session over the number of subjects participating in each test session.
From reference 9 with permission.

minutes, respectively).

In addition to 5-HT,, receptors, there is evidence for the involvement of the
5-HT,c receptor. In contrast, the 5-HT;, and 5-HT; subtypes do not appear to
play a major role in the ibogaine-mediated discriminative stimulus (/7).
Interestingly, the phenomenon observed with the 5-HT,, component is also seen
with the 5-HT,- component of the ibogaine cue. That is, involvement of the
5-HT,c receptor in the ibogaine-trained discriminative stimulus appears to be
nonessential. As illustrated in Table I, the 5-HT,c agonists MK 212 and mCPP
both produced intermediate levels of substitution, which were blocked by
metergoline, an agent that has antagonist properties at 5-HT,c receptors. In
contrast, the ibogaine-appropriate responding produced by ibogaine itself was not
affected by mesulergine (/0) or metergoline (/7).

These studies have demonstrated a role for 5-HT,, and 5-HT, receptors in the
ibogaine discriminative cue. A role for the 5-HT,, receptor is further supported
by biochemical studies, which provided evidence for in vivo occupancy of these
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TABLE 1.
% ibogaine-appropriate Rate

Drug treatment Responses (Responses/min) n/N
Ibogaine 94.0 14.3 10/10
Ibogaine (10 mg/kg) + 100.0 36.4 4/4
Metergoline (1.0 mg/kg)
MK 212 (0.3 mg/kg) + 10.0 16.1 7/8
Metergoline (1.0 mg/kg)** [79.6]*
mCPP (0.8 mg/kg) 23.8 13.0 6/8
Metergoline (1.0 mg/kg)** [76.4]*

The ratio n/N represents the number of animals responding (n) out of the number of animals tested (N). The %
ibogaine-appropriate responding produced by both mCPP and MK-212 alone is enclosed in brackets. Treatment
sessions were compared to immediately preceding ibogaine training sessions using Wilcoxon’s signed ranks test.

*Reflects significant differences from the ibogaine-treatment condition (p<0.05).

**Reflects significant differences between the drug alone and the drug + antagonist conditions as determined by
the Mann-Whitney Rank Sum test. Modified from reference 11 with permission.

receptors by ibogaine (/0). Although these receptor interactions are not essential
to the ibogaine stimulus, they provide a link between ibogaine and classical
hallucinogens such as LSD and DOM. This is further supported by a recent study
investigating the effects of monoamine reuptake inhibitors on the stimulus effects
of hallucinogens. Specifically, the DOM, LSD, and ibogaine discriminative cues
were all potentiated by the monoamine reuptake inhibitors fluoxetine,
venlafaxine, and fluvoxamine (/2). The exact mechanism for this is unknown at
present. Certainly, further insights into this area of study will enhance our
knowledge both of hallucinogens and of antidepressant medications, which are
commonplace in psychiatric practice.

C. BETA-CARBOLINE AGENTS IN IBOGAINE-TRAINED RATS

R, | 3
=N
R, N 1
H
CH,
6-Methoxyharmalan R, = OCH;.R,=H
Harmaline R, =H,R,=0CH,
Harmine R, =H. R, = OCH, &
THBC R,=H.R,=H, 1.2—H2
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One group of hallucinogens that has received little attention is the beta-
carboline (or Harmala) alkaloids group. Interestingly, these agents bear a strong
structural resemblance to ibogaine. Anecdotal reports suggest that the
tremorigenic and subjective effects of agents, such as harmaline and harmine, are
not unlike those of ibogaine (/3). Several of these alkaloids were tested in
ibogaine-trained rats (/0). The results are shown in Figure 3. Full generalization
was observed with 6-methoxyharmalan and harmaline, while partial general-
ization was seen with harmine, harmane, harmalol, and THBC
(tetrahydro-beta-carboline). No generalization was seen to 6,7-dimethoxy-4-
ethyl-B-carboline-3-carboxylate (DMCM) or norharmane.

Unfortunately, the mechanism of action of the harmala alkaloids remains
unknown. However, this is not the case for other beta-carbolines like DMCM.
This agent has inverse agonist properties at benzodiazepine sites (/4). We found
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FIGURE 3. Dose-response relationships for beta-carbolines in rats trained with 10.0 mg/kg ibogaine
as a discriminative stimulus. All agents were administered i.p., 60 minutes presession. The ratio
adjacent to each of the points is the number of subjects completing the test session over the number
of subjects participating in each test session. Where no ratio is shown, a ratio of 8/8 is implied.
Modified from reference 19 with permission.
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it interesting that the iboga alkaloid, tabernanthine, is reported to have benzodi-
azepine inverse agonist effects in rats (/5). Nonetheless, as shown above,
ibogaine itself did not generalize to DMCM. Likewise, in vitro work by Deecher
and colleagues (/6) showed ibogaine, as well as harmaline, to be without effect
on GABA-stimulated chloride uptake in the mouse brain.

The results of these studies with beta carbolines have implications regarding
the potential antiaddictive effects of ibogaine. In morphine self-administration
studies, Glick et al. (I17) showed that, unlike ibogaine, harmaline did not produce
a sustained decrease in morphine consumption by rats. If the self-administration
paradigm used by these researchers is an accurate model of substance abuse in
humans, then it appears that mimicry of the ibogaine discriminative stimulus is
not effective in predicting antiaddictive activity in light of the fact that harmaline
fully mimics ibogaine (3). Furthermore, norharmane, an agent that did not
substitute for ibogaine in the present study, attenuates naloxone-precipitated
withdrawal from morphine, as does ibogaine (/8). For further information on the
effects of beta carbolines in ibogaine-trained subjects, see reference /9.

Interestingly, recent work by Grella and colleagues (20) shows significant
harmaline-appropriate responding by the hallucinogen DOM (76%). These
observations, taken together with our findings (/0), support a role for the 5-HT,
receptor subtype in the stimulus effects of ibogaine and harmaline.
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FIGURE 4. Dose response relationships for DMT and MDMT in rats trained with ibogaine. Note that
* refers to statistically significant difference from vehicle condition (p<0.05) (Helsley, et al.,
previously unpublished data).
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D. TRYPTAMINERGIC HALLUCINOGENS IN IBOGAINE-TRAINED RATS

The tryptamines form another subgroup of indoleamine hallucinogens. As
shown in Figure 4, these agents appear to be less like ibogaine in terms of the
stimulus cues compared to the beta-carboline, indoleamine, and phenethylamine
hallucinogens, although weak partial generalization is seen with MDMT. A
possible explanation for this finding lies in the observation that the stimulus
effects of the tryptaminergic hallucinogen MDMT are mediated chiefly through
interactions with 5-HT 5 receptors (217, 22). These receptors do not appear to be
involved in the ibogaine stimulus (/7).

Figure 4 also shows dose response relationships for DMT and MDMT in rats
trained with ibogaine (10 mg/kg) as a discriminative stimulus. All agents were
administered i.p., 15 minutes presession. The ratio adjacent to each of the points
is the number of subjects completing the test session over the number of subjects
participating in each test session. Also next to each point is the response rate in
responses per minute.

E. NMDA ANTAGONISTS IN IBOGAINE-TRAINED SUBJECTS

NMDA antagonists are often classified as hallucinogens because of their
psychotomimetic effects. These agents occupy a binding site within a calcium
channel; in so doing they occlude the channel. This calcium channel is normally
gated by the excitatory neurotransmitter glutamate (for review of NMDA
antagonists, see reference 23). The best known of these agents is phencyclidine
(angel dust, PCP). This agent was originally marketed as an anesthetic agent, but
it was quickly removed from the market because of extreme psychotic reactions.
Interestingly, ketamine, another NMDA antagonist, is still used today as an
anesthetic. Emergence reactions are significantly milder than those seen with
phencyclidine and are usually easily controlled with benzodiazepines.

A possible role for ibogaine acting at NMDA receptors is supported by the
observation that ibogaine has appreciable affinity for this binding site (24,25).
Popik and associates investigated the effects of ibogaine on MK 801
(dizocilpine)-trained mice in a T-maze. These authors observed approximately
70% dizocilpine-appropriate responding at an ibogaine dose of 100 mg/kg (26).
Subsequent studies suggest that this interaction does not play a major role in the
stimulus effects of ibogaine at lower doses, as neither phencyclidine nor MK 801
produced significant substitution in ibogaine-trained subjects (27).
Correspondingly, ibogaine failed to substitute for phencyclidine in phencylidine-
trained rats and monkeys (28) and MK 801-trained rats (29). The most plausible
explanation for the contrast between these results and those of Popik, et al. would
be dose and species differences.
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F. Op10IDS IN IBOGAINE-TRAINED SUBJECTS

Ibogaine’s effects on addiction and withdrawal phenomena naturally lead to
questions regarding its effects on opiate systems. The results of drug discrimi-
nation studies with opioids in ibogaine-trained subjects are quite interesting.
Specifically neither mu- nor kappa-agonists substituted for ibogaine. No substi-
tution, but weak partial antagonism, was seen with the pure antagonist naloxone.
An intermediate level of substitution, but no significant antagonism, was
observed with naltrexone (55.6%) (27). Also, in rats trained with the kappa-
agonist U50,488, no substitution was seen with ibogaine (29). However,
significant generalization (60-70%) was observed with the mixed
agonist/antagonist compounds pentazocine, diprenorphine, and nalorphine (27).

Interestingly, the intermediate substitution produced by diprenorphine and
nalorphine was antagonized by naloxone (27). Although the implications of these
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FIGURE 5. The dose response relationships for s ligands in rats trained to discriminate ibogaine (10.0
mg/kg, i.p., 60 minutes presession) from water. All agents were administered i.p., 30 minutes
presession. The ratio adjacent to each of the points represents the number of subjects completing the
test session over the number of subjects participating in each test session. Taken from reference 27
with permission.
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results are not clear, they do suggest a role for opiate receptors in the mechanism
of action of ibogaine. Further studies will be necessary to clarify this.

G. SIGMA LIGANDS IN IBOGAINE-TRAINED RATS

In keeping with its unusual pharmacological profile, ibogaine has appreciable
affinity for sigma (o) receptors of the 6, subtype (30,37). Sigma receptors are a
relatively new discovery, and hence, compared to other receptors, little is known
about them. Thus, we are only beginning to characterize pharmacological agents
as agonists or antagonists at these receptors. Nonetheless, ibogaine appears
relatively selective for the ¢, subtype. Several sigma ligands were tested in
ibogaine-trained rats, and it was observed that nonselective sigma ligands (DTG,
(+)-3-PPP) produced intermediate levels of substitution (Figure 5), while the o,
selective agents (+)-SKF 10,047 and (+)-pentazocine failed to substitute (27).

Unfortunately no ©,-selective agents were available at the time of these
studies. Because we are still in the early stages in the study of the pharmacology
of these receptors, all that can be concluded from these studies is that sigma
receptors of the 6, subtype play a role in the ibogaine discriminative stimulus. As
more selective sigma ligands are discovered, the exact role of these receptors in
ibogaine’s mechanism of action will hopefully become more clear.

H. NORIBOGAINE

In radioligand binding assays, ibogaine shows remarkably low affinity for most
known receptors (micromolar vs. nanomolar) (32). This, taken together with the
observation that ibogaine’s pharmacological activity is relatively long lived,
suggests the possibility that a long-acting metabolite may mediate many of
ibogaine’s pharmacological effects; noribogaine (10-hydroxyibogamine) is
thought to be such an agent (33).

10-Hydroxyibogamine appears to be similar to ibogaine in its stimulus
properties, but it does not substitute completely for the parent compound, as
illustrated in Figure 1 (3). Zubaran and colleagues (29) observed similar results.
These authors also looked at brain levels of ibogaine and its metabolite.
Interestingly, they found the metabolite to be more potent than the parent
compound in eliciting ibogaine-appropriate responding with EDs, values of 1.98
and 4.51 mg/kg, respectively. Brain levels of noribogaine were similar at
behaviorally equi-effective doses of both agents (1.11 pg/g after administration of
the EDs, of 10-hydroxyibogamine and 1.23 pg/g after the EDs, of ibogaine).
These results suggest that the stimulus effects of ibogaine are mediated mainly by
10-hydroxyibogamine (29). Further studies will be necessary to confirm this.



4. DRUG DISCRIMINATION STUDIES WITH IBOGAINE 75

III. Summary

The results of the studies described here support the hypothesis that ibogaine
produces its effects via selective interactions with multiple receptors. It appears
that 5-HT,,, 5-HT,c, and o, receptors are involved in mediating the stimulus
effects of ibogaine. In addition, opiate receptors may also be involved. In
contrast, 6;, PCP/MK-801, 5-HTj3, and 5-HT 5 receptors do not appear to play a
major role.

Ibogaine’s hallucinogenic effects may be explained by its interactions with
5-HT,, and 5-HT, receptors, while its putative antiaddictive properties may
result from its interactions with G, and opiate receptors. Alternatively, the
possibility that ibogaine’s hallucinogenic properties underlie its antiaddictive
effects, as previously suggested (34), would support a role for 5-HT, receptors in
mediating the reported therapeutic effects of ibogaine.

Certainly many questions remain regarding ibogaine’s mechanism of action.
Although drug discrimination will be useful for answering some of those
questions, the true potential of this technique is realized when it is combined with
other techniques. The next few years promise to be fruitful with respect to our
understanding of this agent. Reasons supporting this belief include advances in
the study of sigma receptors, interest in ibogaine’s effects on second messenger
systems, and the development of ibogaine congeners such as 18-methoxycoro-
naridine (35).

In conclusion, the aforementioned studies should serve to guide further
endeavors. Pertinent questions have been generated: What is the role of sigma
receptors in the effects of ibogaine, especially with regard to addiction? How
does ibogaine affect opiate neurotransmission? What effects, if any, do the
Harmala alkaloids have on addiction phenomena? What is the mechanism of
action of harmaline? Can 10-hydroxyibogamine serve as a discriminative
stimulus and, if so, what receptor interactions mediate its stimulus effects? Does
the ibogaine-trained stimulus generalize to novel agents, including 18-methoxy-
coronaridine?
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1. Introduction

Drug addiction is a disease that affects millions of people worldwide (/). The
severity of the drug addiction problem, coupled with a lack of effective
medications, has prompted investigators to explore the plant kingdom as a source
of novel therapeutics. One example of a plant-derived compound with potential
utility in treating drug addiction is the indole alkaloid, ibogaine (2,3). Ibogaine is
found in the roots of the African shrub, Tabernanthe iboga. Historically, native
peoples of West Central Africa have used the root bark of this plant as a
sacrament in their rituals of initiation into adulthood (4). More recently, ibogaine
has gained a reputation as an “addiction interrupter,” based on findings in animals
and humans (reviewed in 5,6). In rats, acute administration of ibogaine (40
mg/kg, i.p.) produces long-lasting decreases in the self-administration of cocaine
and morphine (7-9, see Glick ef al. in this volume). Ibogaine also alleviates
symptoms of opioid withdrawal in morphine-dependent rats (/0,//) and heroin-
dependent human addicts (/2,13, see Alper et al. this volume). These promising
findings support the development of ibogaine as a pharmacological adjunct in the
treatment of substance use disorders.

Despite extensive investigation, the mechanisms underlying the antiaddictive
properties of ibogaine are not fully understood (/4,/5). Radioligand binding
studies show that ibogaine binds with low micromolar (uM) affinity to a number
of molecular targets in nervous tissue, resulting in a complex pharmacology (/6-
27). Some of these ibogaine binding sites include sigma-2 receptors (16,/7),
serotonin (5-HT) and dopamine (DA) transporters (/8-21), mu- and kappa-opioid
receptors (2/-24), and NMDA-coupled ion channels (25-27). Biodistribution
studies in rats demonstrate that brain concentrations of ibogaine range from 10 to

Ibogaine, R = CH, (Le Men-Taylor numbering) Serotonin (5-HT)
Noribogaine (10-Hydroxyibogamine)*, R = H

FIGURE I. Chemical structures of ibogaine, its O-demethylated metabolite (noribogaine), and the
neurotransmitter serotonin (5-HT).

* Noribogaine (10-hydroxyibogamine) has frequently been referred to as 12-hydroxyibogamine in the
biological and medical literature based on the Chemical Abstracts numbering system for the
ibogamine alkaloid skeleton.
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20 uM when measured 1 hour after acute administration of 50 mg/kg p.o. (27) or
40 mg/kg i.p. (28,29). Thus, the interaction of ibogaine with pM-affinity binding
sites may be functionally relevant in vivo. Few studies have been able to attribute
in vivo pharmacological effects of ibogaine to activation of specific binding sites.
In fact, there is speculation that the key to ibogaine’s antiaddictive potential is
related to the simultaneous activation of multiple neurotransmitter systems in the
brain (/4,15).

An intriguing aspect of ibogaine pharmacology is the long-lasting action of the
drug. In rats, a single administration of ibogaine elicits behavioral and
neurochemical effects that can last for days (7-9,18,30,31), even though the
biological half-life of the drug is only a few hours (32,33). Such observations
suggest the possibility that ibogaine is converted to a long-acting metabolite (7-
9). Mash et al. (19) and Hearn et al. (34) provided the first direct evidence for the
formation of a major ibogaine metabolite in vivo. These investigators used
sensitive analytical methods to identify an O-demethylated metabolite of
ibogaine, 10-hydroxyibogamine (noribogaine), in the blood and urine from
monkeys and humans treated with ibogaine. Figure 1 shows the chemical
structures of ibogaine, noribogaine, and the neurotransmitter serotonin (5-
hydroxytryptamine, 5-HT). The methoxy group at the 10-position of ibogaine is
converted to a hydroxyl group to form noribogaine. Note the presence of an
indole moiety in the structure of the iboga alkaloids and 5-HT. Subsequent
pharmacokinetic studies have demonstrated that ibogaine is converted to
noribogaine in rats (27,29).

Interestingly, as summarized in Table I, the in vitro pharmacology of
noribogaine differs significantly from that of ibogaine. For example, noribogaine
displays a higher affinity for 5-HT transporters (SERTs) and opioid receptor
subtypes when compared to ibogaine. A growing body of preclinical evidence
demonstrates that noribogaine is biologically active in vivo and undoubtedly

TABLE 1L
AFFINITIES OF IBOGAINE AND NORIBOGAINE AT SELECTED SITES
Ibogaine Noribogaine
Binding site (ref.) Radioligand? (K, uM) (K, uM)
Sigma-2 receptors (/6) [3H]—DTG 0.20 5.26
5-HT transporters (19) [125]]-RTI-55 0.55 0.04
DA transporters (19) [1257)-RTI-121 1.98 2.05
Mu-opioid receptors (24) [3H]—DAMGO 3.76 0.16
Kappa-opioid receptors (23) [3H]—U69,593 3.77 0.96
NMDA sites (21) [H]-MK-801 5.20 31.41

@ Specific details of the radioligand binding assays and the calculation of inhibitory constants, K;, are described
in the cited references in parentheses.
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contributes to the spectrum of effects produced by systemically administered
ibogaine (/9,35-41). The primary aim of this chapter is to review the comparative
neurobiology of ibogaine and noribogaine in rodent species. The chapter focuses
on data collected from the laboratories of the authors and attempts to integrate
these findings with the available literature on iboga alkaloids.

II. Pharmacokinetics

Pharmacokinetic studies carried out in the early 1970s showed that systemic
administration of ibogaine to rats and mice is followed by rapid distribution of the
drug into various organs, including brain, liver, and kidney (32,33). The same
studies determined the elimination kinetics of ibogaine from the brain and
reported a half-life of about 1 hour. More recently, a number of laboratories have
developed sensitive analytical methods to detect ibogaine in blood and other
tissues (34, 42-44). These methods generally involve organic extraction of tissue
samples, a derivatization procedure, and subsequent quantitation of ibogaine via
gas chromatography-mass spectroscopy (GC/MS). Using these GC/MS methods,
Hough et al. (28) examined the tissue distribution of ibogaine in rats after
administration of i.p. or s.c. injections. One hour after an i.p. injection of ibogaine
(40 mg/kg), tissue concentrations of the drug varied widely, ranging from 100
ng/ml in plasma to 10 pg/g in fat. These drug concentrations decreased nearly 10-
fold by 12 hours postinjection. In all instances, tissue levels of ibogaine were
greater after s.c. administration when compared to i.p. administration.

Findings from the work of Hough e al. indicate two possible mechanisms
whereby ibogaine could have long-lasting actions in vivo. First, the high concen-
tration of ibogaine in fat tissue suggests that fat can serve as a storage depot for
the drug. Under these circumstances, it seems feasible that small amounts of
ibogaine could be released from fat tissue into the circulation for extended
periods after a single dose. Second, the lower tissue concentrations of ibogaine
observed after i.p. administration suggest that ibogaine is extensively
metabolized when given by the i.p. route.

As mentioned previously, Mash and coworkers (/9,34) identified noribogaine
as the major metabolite of ibogaine in monkeys and humans. These investigators
postulated that noribogaine is formed via first-pass metabolism of ibogaine in the
liver. In agreement with this notion, Obach et al. (45) reported that ibogaine is O-
demethylated by cytochrome P450 enzymes in human liver microsomes in vitro.
In particular, cytochrome P450 2D6 appears to be the main isoform responsible
for ibogaine O-demethylase activity in humans. While noribogaine has been
identified in plasma and brain tissue from rats treated with ibogaine (27,29,41),
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FIGURE 2. Time-concentration profiles for ibogaine and its O-demethylated metabolite, noribogaine,
in rats. Male rats fitted with indwelling jugular catheters received i.p. ibogaine (40 mg/kg, i.p.) at time
zero, and blood samples were drawn at various times thereafter. Whole blood levels of ibogaine and
noribogaine were assayed using GC/MS. Data are mean + SEM for N = 6/group.

no study has determined the specific cytochrome P450 isoform(s) responsible for
formation of noribogaine in rats or other species.

In our laboratory, we have been interested in the pharmacokinetics and
metabolism of ibogaine in rats, because this animal species is the principal model
system used for evaluating the antiaddictive properties of ibogaine. With this in
mind, we carried out investigations to examine the metabolic conversion of
ibogaine to noribogaine in rats (46). Male rats were fitted with indwelling jugular
catheters and allowed one week to recover. On the morning of an experiment, rats
received an i.p. injection of ibogaine (40 mg/kg), and repeated blood samples
were withdrawn via the catheters at various times thereafter for 24 hours. Whole
blood samples were assayed for ibogaine and noribogaine using GC/MS methods
34).

Figure 2 shows that ibogaine is rapidly metabolized to noribogaine in rats, and
the maximal blood concentration of noribogaine exceeds that of ibogaine by more
than 2-fold. At 24 hours postinjection, blood levels of ibogaine are undetectable
whereas blood levels of noribogaine are in the range of 300 ng/ml. Thus,
noribogaine is present in the bloodstream at pharmacologically relevant concen-
trations for at least one day postinjection, long after ibogaine has been cleared.
Biodistribution studies in rats have shown that noribogaine readily penetrates the
blood-brain barrier and enters into the brain (2/,29,41). In fact, brain concen-
trations of noribogaine are equal to, or greater than, brain concentrations of
ibogaine after i.p. or oral administration of ibogaine (2/,29,41). These data
clearly show that noribogaine can contribute to the acute and long-lasting effects
of ibogaine administered systemically in rats.
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It should be mentioned that the concentrations of ibogaine and noribogaine in
rat blood shown in Figure 2 are much higher than the concentrations of these
alkaloids in rat plasma reported by others (28,29). This observation suggests that
ibogaine and noribogaine are sequestered in some cellular fraction of whole
blood. One possibility is that iboga alkaloids are taken up into blood platelets by
a process involving SERT sites present on platelet cell membranes. While this
hypothesis is speculative, Table I shows that both ibogaine and noribogaine have
significant affinity for SERT. The nature of the interaction between iboga
alkaloids and platelet SERTs has not been well characterized and deserves to be
studied.

Pearl et al. (29) have reported gender differences in responsiveness to
ibogaine, with females exhibiting a greater sensitivity to the effects of the drug.
These investigators also showed that female rats have significantly higher levels
of ibogaine and noribogaine in brain tissue after i.p. administration of ibogaine.
Thus, the enhanced ibogaine sensitivity in females may be due to pharmaco-
kinetic differences between sexes. In order to further assess the role of gender and
gonadal steroids on the kinetics and metabolism of ibogaine, we carried out an
investigation using groups of male and female rats with differing sex hormone
status (47). Five groups of rats were used: (1) intact sham-operated males, (2)
castrated males, (3) intact females prior to ovulation (i.e. in proestrus phase), (4)
intact females after ovulation (i.e., in diestrus phase), and (5) ovariectomized
females. All rats were fitted with indwelling jugular catheters at the time of sham
surgery or gonadectomy, and allowed one week to recover. In the intact female
groups, vaginal cytology was monitored to track the stage of the estrous cycle.
Preovulatory females were subjected to experimental testing during the proestrus
stage of the cycle, when circulating levels of endogenous estrogen are high.
Postovulatory females were tested the day after the estrus stage of the cycle when
levels of estrogen are lower. On the day of an experiment, rats received 40 mg/kg
1.p. ibogaine, and repeated blood samples were withdrawn via the catheters at
various times thereafter. Levels of iboga alkaloids in whole blood were assayed
by GC/MS.

Table II summarizes the effects of gender and gonadectomy on blood levels of
ibogaine and noribogaine after i.p. ibogaine injection. In all groups, ibogaine
concentrations in blood reach maximum within 10 to 12 minutes, whereas
noribogaine concentrations reach maximum between 1 and 3 hours postinjection.
Importantly, preovulatory females with high circulating estrogen display nearly
2-fold greater blood levels of ibogaine when compared to all other groups. This
observation supports the findings of Pearl et al., who showed female rats have
higher plasma and brain levels of ibogaine when compared to male rats (29).
Thus, it appears that estrogen increases the bioavailability of ibogaine, and this
effect may be mediated by enhanced absorption of the drug from the peritoneal
cavity into the circulation. In the castrated males and ovariectomized females,
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TABLE II.
EFFECTS OF GENDER AND GONADECTOMY ON THE KINETICS AND
METABOLISM OF IBOGAINE AND NORIBOGAINE IN RATS

Ibogaine Noribogaine
Condition/ AUC? Tmax AUC Tmax
Gender (ng*h/ml) (h) (ng*h/ml) (h)
Control Male 8350 + 243P 0.167 £0.010 27181 £ 2102 0.834 £ 0.074
Castrated Male 7983 £ 496 0.195 £ 0.028 11631 £ 1003* 1.667 £ 0.211*

Preovulatory Female 15898 + 939%* 0.195 +£0.028 34811 + 1948 3.000 + 0.447*
Postovulatory Female 8477 + 396 0.167 £0.010 30960 + 2246 2.780 £ 0.211%*
Ovariectomized Female 8933 £ 614 0.167 £0.010 15891 + 1805%* 3.330 £ 0.667*

& Area under the curve (AUC) and time to achieve maximal drug concentration (Tmax) were calculated using
PCNONLIN computer software.
Values are mean + SEM for N = 6 rats/group.
* =P < 0.05 with respect to sham-operated control males.

noribogaine concentrations are significantly lower than in the other groups. These
data suggest that gonadectomy decreases the metabolic conversion of ibogaine to
noribogaine. Taken together, the data demonstrate that the sex steroid modulation
of ibogaine kinetics and metabolism is complex. While elevations in estrogen can
increase bioavailability of ibogaine, removal of gonadal steroids impairs the
metabolism of ibogaine to noribogaine. Such gender differences in ibogaine
pharmacokinetics have important implications. First, caution should be exercised
when administering ibogaine to female animals or humans because females will
be more sensitive to the effects of the drug. Second, when interpreting data from
studies using female rats, it must be remembered that pharmacological effects of
ibogaine may be greater in females as compared to males for the same dose of
drug.

III. Neurochemical Mechanisms

A. EFFECTS ON DOPAMINE SYSTEMS

A large body of preclinical evidence shows that mesolimbic dopamine (DA)
neurons are involved in drug-associated reward processes (48,49). The
mesolimbic DA system in rodents consists of cell bodies residing in the ventral
tegmental area (VTA) that send axonal projections to numerous limbic forebrain
regions, most notably the nucleus accumbens (NAC) and prefrontal cortex (PFC).
Acute administration of abused drugs, such as morphine and cocaine, causes
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elevations in the concentration of extracellular DA in rat NAC (50,51).
Withdrawal from chronic exposure to these abused drugs, in contrast, results in
significant reductions in extracellular DA in the NAC (52,53). Thus, increased
synaptic DA is associated with the positive rewarding effects of drugs (i.e.,
euphoria), whereas decreased synaptic DA is associated with negative withdrawal
effects (i.e., dysphoria). Current theories of addiction suggest that both the
positive and negative effects of drugs are involved in the maintenance of a drug-
dependent state (54,55).

Because of the prominent role of DA in drug addiction, it seems conceivable
that the antiaddictive properties of ibogaine might be related to effects of the drug
on DA systems in the brain. Radioligand binding studies demonstrate that
ibogaine does not interact with DA receptor subtypes in vitro (20-22), thus
ibogaine is not a direct DA agonist or antagonist. A number of investigators have
shown that ibogaine binds with low pM affinity to DA transporter proteins
(DATs) labeled with the cocaine analogs [PH]JWIN-35,428 and [!25T|RTI-121 (/8-
21). In contrast, Broderick et al. (56) reported that concentrations of ibogaine up
to 100 uM do not affect DAT binding when transporters are labeled with the
piperazine analog [FH]JGBR12935. These apparently discordant results may be
explained by the findings of Vaughan (57), who showed that cocaine-like drugs
(i.e. phenyltropanes) and GBR-like drugs (i.e. phenylpiperazines) bind to
different regions of the DAT polypeptide. It seems plausible that ibogaine
exhibits selective affinity for a cocaine-binding domain located on DAT proteins.

DAT sites are important regulatory elements in the brain. Under normal
circumstances, DATs function to recapture released DA from the synapse and
transport it back into the intraneuronal cytoplasm (58,59). The DA uptake activity
of DAT is the principal mechanism for inactivating DA transmission. Mash et al.
(19, 21) demonstrated that ibogaine and noribogaine display low uM affinity for

TABLE III.
INHIBITORY POTENCY OF IBOGAINE AND NORIBOGAINE IN ASSAYS OF
TRANSPORTER BINDING AND MONOAMINE UPTAKE IN RAT BRAIN

Ibogaine Noribogaine

Assay® 1C5, (uM) 1C5, (uM)
[125]|RTI-55-labeled DA transporters (DAT) 11.83 +0.39P 4.17 £0.19
[125]|RTI-55-labeled 5-HT transporters (SERT) 3.85+0.21 0.18 £ 0.01
[3H]DA uptake rat caudate 10.03 £ 0.72 13.05+£0.72
[3H]5—HT uptake rat whole brain minus cerebellum 3.15+£0.10 0.33£0.02

3Binding assays used ['>’I]RTI-55 to label DAT and SERT sites in rat caudate membranes. DAT binding was
conducted in the presence of 50 nM paroxetine whereas SERT binding was conducted in the presence of 100 nM
GBR12935. Uptake assays were performed in synaptosomes prepared from rat brain.
Values are mean + SD expressed as ICs, values determined from three independent experiments each
performed in triplicate.
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DAT sites in human brain tissue (see Table I). In order to further explore the
interactions of iboga alkaloids with DATS, the effects of ibogaine and noribogaine
in assays measuring DAT binding and [*H]DA uptake in rat brain tissue
preparations were tested. As depicted in Table III, ibogaine and noribogaine are
low potency inhibitors of DAT binding when DAT sites are labeled with the
cocaine analog ['’IJRTI-55. More importantly, both iboga alkaloids block the
uptake of [H]DA into rat caudate synaptosomes with ICs, values in the range of
10 uM. These findings agree with the recent data of Wells er al. (60), who
reported that ibogaine inhibits [*H]DA uptake in rat striatal synaptosomes with an
IC5y of 20 uM. These same investigators showed that ibogaine does not evoke
appreciable release of preloaded [FH]DA from nervous tissue. It is noteworthy
that ibogaine and noribogaine possess similar 1Cs, values in assays measuring
inhibition of DAT binding and inhibition of [PH]DA uptake; this indicates that the
binding-to-uptake ratios for these alkaloids are close to one. We have previously
reported that drugs exhibiting binding-to-uptake ratios close to unity are pure
uptake blockers (67). According to this classification scheme, ibogaine and
noribogaine are low-potency DA uptake inhibitors in vitro.

There are a number of research methods available for studying DA
neurochemistry in vitro and in vivo. Sershen et al. have published an excellent
review (62, see Sershen et al. in this volume) summarizing the use of in vitro
perfusion techniques to assess the effects of ibogaine on [PH]DA release, so this
topic will not be discussed further here. For whole animal studies, two basic
neurochemical methods have been used to examine the effects of iboga alkaloids
on DA function in rodents: (1) measurement of DA and its metabolites, dihydrox-
yphenylacetic acid (DOPAC) and homovanillic acid (HVA), in tissue samples
from postmortem brain, and (2) measurement of DA and its metabolites in
extracellular fluid from living brain using in vivo microdialysis sampling. It is
important to realize that these two methods assess different aspects of DA
neuronal function. For example, the amount of DA in brain extracellular fluid is
presumably an index of synaptic DA that is, in turn, dependent on the combined
processes of DA cell firing, DA release, and DA reuptake. Additionally, the
amount of DA in extracellular fluid is a very small fraction of the total content of
DA in brain tissue. In the present discussion, the term “tissue DA” will be used
to designate DA levels measured in postmortem brain tissue, whereas the term
“dialysate DA” will be used to designate DA levels measured in microdialysis
samples.

It is well established that ibogaine administration causes dramatic changes in
the tissue levels of DA and its metabolites in rodent brain (/8,30,31), and these
changes are dose and time dependent. In our laboratory, the time-course effects
of ibogaine on DA metabolism in rats were examined (37). Groups of male rats
received 50 mg/kg i.p. ibogaine and were sacrificed at various times thereafter for
up to 24 hours. Brain regions were dissected, and tissue levels of DA, DOPAC,
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FIGURE 3. Time-course effects of ibogaine administration on postmortem tissue levels of DA and
DOPAC in rat caudate. Rats received saline or ibogaine (50 mg/kg, i.p.) at time zero, and groups of
rats (N = 6 per group at each time point) were sacrificed at various times thereafter. Tissue levels of
DA and DOPAC were assayed using HPLC-EC.

* =P < 0.05 compared to saline control at specific time points (37).

and HVA were assayed by high-pressure liquid chromatography with electro-
chemical detection (HPLC-EC). Figure 3 illustrates the time-course effects of
ibogaine on tissue DA and DOPAC in rat caudate. Ibogaine causes marked
decreases (~50% reductions) in tissue DA levels that last for at least 2 hours. The
acute reduction in tissue DA is accompanied by concomitant increases in tissue
levels of DOPAC and HVA (30,31). By 24 hours postinjection, DA levels return
to normal whereas metabolite levels are reduced significantly. The acute
stimulation of DA utilization evoked by ibogaine, as indicated by increased
DOPAC/DA ratios, has been observed in every rat brain region examined
including, PFC, hypothalamus, olfactory tubercle, and NAC (30,31,63-66). Thus,
ibogaine exerts a biphasic effect on DA utilization that is characterized by an
initial transient increase in metabolism followed by a more persistent decrease.
Given the dramatic effects of ibogaine on DA metabolism, it is surprising that
no studies have reported the effects of noribogaine on tissue levels of DA and its
metabolites. To address this issue, the effects of ibogaine and noribogaine on DA
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metabolism were compared in mice (65). Groups of male mice received ibogaine
or noribogaine (30 or 100 mg/kg, i.p.) and were sacrificed at 60 minutes postin-
jection. Brain regions were dissected, and tissue levels of DA, DOPAC, and HVA
were determined by HPLC-EC. Figure 4 depicts the effects of ibogaine and
noribogaine on tissue DA and DOPAC in mouse caudate. Similar to the effects of
ibogaine in rats, ibogaine and noribogaine produce dose-dependent reductions in
tissue DA in mouse caudate. Additionally, both drugs cause a parallel increase in
DOPAC over the same time course. Ibogaine and noribogaine are essentially
equipotent in their ability to stimulate DA metabolism in mice, and this property
of the iboga alkaloids appears similar between mice and rats.

The effects of ibogaine and noribogaine on extracellular DA levels have been
investigated extensively. Maisonneuve et al. (67) published the first study
examining the influence of ibogaine (40 mg/kg, i.p.) on dialysate DA in rat brain,
and their findings showed that ibogaine alters DA levels in a region-specific
manner. When examined 1 hour after ibogaine injection, dialysate DA levels are
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FIGURE 4. Dose-response effects of ibogaine and noribogaine on postmortem tissue levels of DA and
DOPAC in mouse caudate. Groups of male mice (N = 6 per group at each dose) received saline,
ibogaine, or noribogaine and were sacrificed 60 minutes later. Tissue levels of DA and DOPAC were
determined using HPLC-EC.

* =P <0.05 with respect to saline controls (65).
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increased in the frontal cortex, decreased in the caudate, and unchanged in the
NAC. Broderick et al. (68) used in vivo microvoltammetry to confirm that
ibogaine (40 mg/kg, i.p.) does not significantly alter extracellular DA levels in the
NAC of male rats. Similarly, Benwell et al. (66) observed that dialysate DA in rat
NAC is unchanged after ibogaine treatment. We have examined the acute effects
of i.v. ibogaine and noribogaine (1 and 10 mg/kg) on extracellular DA in the NAC
of male rats, and our findings show that neither drug significantly affects dialysate
DA (19,46). In apparent contrast to the above-mentioned results, Glick et al.
(15,35) reported that systemic administration of ibogaine, noribogaine, and other
iboga alkaloids (40 mg/kg, i.p.) produces a significant decrease in dialysate DA
in the NAC of female rats. Moreover, local infusion of high doses of ibogaine
(100-400 pM) through the dialysis probe reduces extracellular DA concentrations
in the NAC of both male and female rats (69,70). Taken together, the in vivo
neurochemical data indicate that systemic doses of ibogaine and noribogaine
have minimal effects on dialysate DA in the NAC of male rats, but the same
systemic doses produce significant decreases in dialysate DA in females. The
pharmacokinetic data discussed previously can explain the heightened sensitivity
of females to ibogaine. Because females have higher brain levels of ibogaine after
systemic injection, the effects of the drug on DA neurons are enhanced and mimic
the effects of local high-dose drug infusion.

The precise mechanisms responsible for the effects of ibogaine and
noribogaine on DA neurons are not clear. Any hypothesis attempting to explain
these effects must account for a number of contradictory pieces of information.
For example, iboga alkaloids bind to DAT sites with low uM affinity and block
[*H]DA reuptake in vitro (see Table III), yet these alkaloids do not uniformly
elevate extracellular DA in vivo as measured by microdialysis. Such findings
demonstrate a clear discrepancy between the in vifro and in vivo results. The
available data from rats show that ibogaine-induced changes in central DA
metabolism are not accompanied by elevations in extracellular DA levels in vivo.
To complicate matters even more, there appear to be species differences in some
dopaminergic actions of iboga alkaloids. Harsing et al. (7I) reported that
ibogaine stimulates release of preloaded [*H]DA from mouse striata, while Wells
et al. (60) showed that even high doses of ibogaine cause minimal [PH]DA release
from rat brain synaptosomes.

Staley et al. (21) have proposed that iboga alkaloids might promote a
“reserpine-like” redistribution of intraneuronal DA from vesicular to cytoplasmic
pools. While this hypothesis is purely speculative, there is evidence supporting
the concept. Reserpine is known for its ability to disrupt the vesicular storage of
monoamines, and the acute effects of ibogaine and noribogaine mimic the acute
effects of reserpine on DA metabolism: all three drugs cause a depletion of tissue
DA along with an increase in DOPAC and HVA (30,31,72). The effects of
reserpine, however, are irreversible and long lasting, whereas the effects of iboga
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alkaloids are reversible and transient. Ibogaine and noribogaine both display low
uM potency at vesicular monoamine transporters (VMAT) labeled with [!231]-
tetrabenazine (27). These intracellular transporter sites are crucial for the
accumulation of DA into synaptic vesicles. If iboga alkaloids interact with VMAT
to disrupt compartmentalization of DA within vesicles, then stored DA would be
redistributed into the cytoplasm. Under such circumstances, rapid metabolism of
transmitter by monoamine oxidase would account for the dramatic decrease in
tissue DA content and the parallel increase in acid metabolites.

Behavioral findings are consistent with the notion that iboga alkaloids might
impair vesicular storage of DA, at least transiently. Sershen et al. (/8) showed
that acute ibogaine pretreatment (40 mg/kg, i.p., -2 hours) blocks the locomotor
activity produced by cocaine, but not amphetamine, in mice. Similarly, Broderick
et al. (68) reported that ibogaine reduces cocaine-stimulated locomotion in rats.
More recently, Maisonneuve et al. (73) reported that pretreatment with either
ibogaine or noribogaine (40 mg/kg, i.p., -1 hour) significantly attenuates the
locomotor activity caused by cocaine administration in rats. It is well established
that cocaine-induced psychomotor stimulant effects are dependent on a reserpine-
sensitive vesicular pool of DA, whereas the effects of amphetamine are not (74).
Thus iboga alkaloids appear reserpine-like in their ability to distinguish between
two types of stimulants: DA reuptake blockers (i.e. cocaine) and DA releasers
(i.e. amphetamine).

Glick and Maisonneuve (/5) have proposed a neuronal circuit model that
describes how ibogaine-induced changes in DA transmission might contribute to
the antiaddictive properties of the drug. The neurochemical data reviewed above
are consistent with the notion that dysregulation of normal DA function by iboga
alkaloids renders DA neurons refractory to the effects of subsequently
administered drugs of abuse. More studies are needed to unravel the complex
mechanisms responsible for the dopaminergic actions of ibogaine and
noribogaine.

B. EFFECTS ON SEROTONIN SYSTEMS

5-HT is an important neurotransmitter in mammals, and abnormalities in 5-HT
function have been implicated in the etiology of psychiatric diseases including
depression, obsessive-compulsive disorder, and schizophrenia (75,76). In rodent
brain, neurons that synthesize and release 5-HT have their cell bodies located in
the brain stem raphe nuclei. In particular, 5-HT cells of the dorsal and median
raphe send axonal projections that ascend through the median forebrain bundle en
route to terminal fields in all regions of the forebrain, including the PFC, NAC,
and striatum. A number of studies have shown that pharmacological treatments
causing increased synaptic 5-HT can suppress drug-seeking behavior in rodents
trained to self-administer drugs of abuse (77,78). For instance, pretreatment with



92 BAUMANN ET AL.

the 5-HT selective reuptake inhibitor (SSRI), fluoxetine, decreases the self-
administration of stimulants like cocaine and amphetamine (79,80). Similarly, the
5-HT releasing agent, fenfluramine, reduces the self-administration of metham-
phetamine and heroin (8/,82). Other studies have shown that chronic exposure to
alcohol and cocaine causes a 5-HT deficit syndrome that may contribute to the
maintenance of a drug-dependent state (83-85). Thus, 5-HT neurons appear to
have an important modulatory role in drug-seeking behavior and the development
of drug addiction.

It seems reasonable to suspect that ibogaine exerts at least some of its effects
via interaction with 5-HT neurons. The iboga alkaloids are chemically related to
5-HT since these alkaloids contain an indole moiety as part of their chemical
structure (see Figure 1). In rodents, ibogaine administration causes tremors and
forepaw treading (7-9,86), behaviors that are hallmark signs of the so-called
“5-HT syndrome” initially described by Jacobs (87). While early radioligand
binding studies indicated that ibogaine does not interact with 5-HT receptors in
vitro (22,88), more recent data demonstrate that ibogaine displays low pM affinity
(~5-10 uM) for 5-HT, receptor sites labeled with ketanserin (20,89). In support
of the binding data, Helsley et al. (90,91, see Helsley et al. in this volume) used
a drug discrimination paradigm in rats to show that stimulus properties of
ibogaine are at least partially mimicked by 5-HT agonists with preferential
affinity for 5-HT,, and 5-HT, receptor subtypes. Collectively, such data suggest
that ibogaine can act as a low potency 5-HT, agonist in rats. The role of 5-HT,
sites in mediating the psychoactive properties of ibogaine in humans has not been
evaluated, and this topic deserves further study.

Mash et al. (19) used radioligand binding methods to show that iboga alkaloids
interact with SERT sites in the human occipital cortex. In their study, ibogaine
and noribogaine displaced ['2’I]RTI-55-labeled SERT binding with Ki values of
550 nM and 40 nM, respectively (see Table I). These data demonstrate that
ibogaine and noribogaine exhibit much higher affinity for SERTs when compared
to 5-HT receptor subtypes. Interestingly, Staley et al. (21) found that ibogaine and
noribogaine are significantly more potent at SERT sites labeled with cocaine
analogs (i.e., RTI-55) when compared to SERT sites labeled with SSRIs such as
paroxetine. Thus, similar to the results from DAT binding studies, iboga alkaloids
display selective affinity for a cocaine-binding site on SERT proteins. The signif-
icance of this finding is unknown but warrants investigation.

In order to evaluate the interaction of iboga alkaloids with SERTSs in greater
detail, the activity of ibogaine and noribogaine in assays measuring SERT
binding and inhibition of [*H]5-HT uptake in rat brain tissue preparations was
examined. As shown in Table III, ibogaine and noribogaine were observed to
inhibit ['?T|RTI-55 binding to rat SERT sites with ICs, values of 3.85 pM and
180 nM, respectively. While these ICs, determinations are slightly higher than
those observed in the human brain, all data agree that noribogaine has an approx-



5. NEUROPHARMACOLOGY OF IBOGAINE AND NORIBOGAINE 93

|-ﬁr Saline Ibogairﬂ

1004
=
£ 80
[=]
g "
= 604
S F‘@ 2
= 40
b t .
h 20+

0,

(|) 3I0 60 90 120 24 hr

. 507
g
S 404
5 a0 2
£
§ 204
101 T x

0..

T 1 |
0 30 60 90 120 24 hr
Time (minutes)

FIGURE 5. Time-course effects of ibogaine administration on postmortem tissue levels of 5-HT and
5-HIAA in rat caudate. Male rats received saline or ibogaine (50 mg/kg, i.p.) at time zero, and groups
of rats (N = 6 per group at each time point) were sacrificed at various times thereafter. Tissue levels
of 5-HT and 5-HIAA were assayed using HPLC-EC.

* =P < 0.05 compared to saline control at specific time points (3/).

imately 10-fold greater affinity than ibogaine for binding to SERT. The data in
Table III also show that ibogaine and noribogaine block [*H]5-HT uptake in rat
brain with ICs, values of 3.15 yM and 330 nM, respectively. These ibogaine
results are consistent with the recent findings of Wells et al. (60), who reported
that ibogaine inhibits [3H]5-HT uptake in rat brain synaptosomes with an ICs, of
2.5 uM. These same investigators showed that ibogaine does not stimulate the
release of preloaded [*H]5-HT from nervous tissue; indeed, ibogaine antagonizes
KCl-evoked release of [3H]5-HT. Taken together, the findings indicate that
ibogaine and noribogaine interact with SERT sites to inhibit 5-HT uptake and that
noribogaine is 10 times more potent. Therefore, iboga alkaloids appear to affect
5-HT neurons in vitro in a manner similar to SSRIs.

A number of investigators have examined the effects of ibogaine on 5-HT
neurotransmission in rodents (/8,31,66-68). Most studies have used one of two
methods to study 5-HT neurochemistry in whole animals: (1) measurement of 5-
HT and its metabolite, 5-hydroxyindoleacetic acid (5-HIAA), in postmortem
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FIGURE 6. Dose-response effects of ibogaine and noribogaine on postmortem tissue levels of 5-HT
and 5-HIAA in mouse caudate. Groups of male mice (N = 6 per group at each dose) received saline,
ibogaine, or noribogaine and were sacrificed 60 minutes later. Tissue levels of 5-HT and 5-HIAA were
determined using HPLC-EC.

* = P<0.05 with respect to saline controls.

brain tissue, or (2) measurement of extracellular 5-HT in living brain via in vivo
microdialysis. We assessed the time-course effects of ibogaine administration on
postmortem tissue levels of 5-HT and 5-HIAA in dissected rat brain regions (37).
Figure 5 shows that i.p. administration of ibogaine (50 mg/kg) produces an acute
and transient reduction in tissue levels of 5-HIAA and 5-HT in rat caudate, with
the decline in 5-HIAA being significantly more robust. In agreement with our
data, Benwell et al. (66) showed that ibogaine decreases tissue levels of 5-HIAA
in rat caudate and NAC. Thus, ibogaine produces a short-lived and modest
reduction in 5-HT metabolism, as indicated by a decrease in the ratio of 5-
HIAA/5-HT.

No published studies have assessed the effects of noribogaine on postmortem
tissue levels of 5-HT and 5-HIAA. With this in mind, the effects of ibogaine and
noribogaine on 5-HT metabolism in mouse caudate were compared. Figure 6
shows that administration of ibogaine or noribogaine, at a dose of 30 mg/kg i.p.,
significantly decreases 5-HIAA without affecting 5-HT. Curiously, this effect is
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lost as the dose of either drug is increased to 100 mg/kg. Sershen et al. (18)
demonstrated that i.p. administration of ibogaine to mice (40 mg/kg) produces a
reduction in cortical tissue 5-HIAA that lasts for at least 24 hours after treatment.
In general, the effects of iboga alkaloids on central 5-HT metabolism resemble
the effects of SSRIs. Fluoxetine, for example, produces a consistent decrease in
brain tissue 5-HIAA without affecting 5-HT (92). One notable exception to the
fluoxetine-like effect of ibogaine is found in the medial PFC of rats. Benwell et
al. (66) reported that ibogaine treatment (40 mg/kg, i.p.) causes a sustained
increase in tissue 5-HIAA in the medial PFC that lasts for 7 days. More studies
are needed to clarify the effects of acute ibogaine administration on 5-HT
metabolism in discrete rat brain regions, especially in subdivisions of the cerebral
cortex.

Broderick et al. (68) published the first study evaluating the effects of ibogaine
on extracellular 5-HT in vivo. These investigators used in vivo microvoltammetry
to show that ibogaine (40 mg/kg, i.p.) increases the concentration of extracellular
5-HT in rat NAC. We have used in vivo microdialysis methods to compare the
effects of i.v. ibogaine and noribogaine on dialysate 5-HT levels in rat NAC
(19,46). Our pharmacokinetic data show that metabolism of ibogaine to
noribogaine is dramatically reduced when ibogaine is administered by the i.v.
route (46). Thus, we used i.v. administration of ibogaine and noribogaine to
assess the effects of the drugs without the complication of first-pass metabolism.
In our experiments, indwelling jugular catheters and intracerebral guide cannulae
aimed at the NAC were surgically implanted into anesthetized male rats. One
week later, rats were subjected to microdialysis testing. Dialysate samples were
collected at 20-minute intervals, and the dialysate concentrations of 5-HT were
assayed using HPLC-EC. As depicted in Figure 7, i.v. injection of either ibogaine
or noribogaine (1 and 10 mg/kg) causes a significant elevation in extracellular 5-
HT in the NAC, and noribogaine is more potent in this regard. Ibogaine and
noribogaine appear to display similar efficacy in their ability to increase dialysate
5-HT, since the maximal effect of both drugs is comparable (i.e., two- to
threefold). The modest elevations in extracellular 5-HT produced by ibogaine and
noribogaine are fully consistent with the ability of these drugs to bind to SERT
sites and inhibit 5-HT reuptake.

In a recent publication, Wei et al. (93) reported that ibogaine and noribogaine
produce large increases in dialysate 5-HT in the caudate and NAC of females rats.
In their study, i.p. ibogaine (40 mg/kg) elicited a 20-fold increase in extracellular
5-HT in the NAC, whereas an equivalent dose of noribogaine caused an 8-fold
increase. The authors concluded that ibogaine is a 5-HT releaser and noribogaine
is a 5-HT uptake inhibitor. There are several caveats related to the findings of Wei
et al. that deserve comment. First, the authors used female rats in their studies
whereas other investigators have used males. The pharmacokinetic data described
above show that females are more sensitive to the effects of ibogaine because of
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FIGURE 7. Dose-response effects of ibogaine and noribogaine on extracellular 5-HT in rat nucleus
accumbens. After three baseline samples were collected, rats received i.v. injection of ibogaine,
noribogaine, or ethanol:saline (10%) vehicle. Dialysate samples were collected at 20-minute intervals.
Data are mean £ SEM for N = 7 rats/group expressed as a percentage of preinjection baseline.
Baseline concentration of dialysate 5-HT was 0.44 £ 0.08 nM.

* P < 0.05 relative to vehicle controls (46).

higher blood and brain levels of the drug, so data generated from female subjects
must be interpreted cautiously. Second, only one dose of drug was tested in the
Wei et al. study, precluding determination of dose-response effects. We (61), and
others (94), have assessed the dose-response profiles of 5-HT-releasing agents
and rarely observe such massive (i.e., 20-fold) elevations in extracellular 5-HT.
Finally, the results of Wei et al. are difficult to reconcile with the in vitro findings
of Wells et al. (60), who demonstrated that ibogaine does not release [*H]5-HT
from rat brain synaptosomes. One possible explanation for these discrepancies is
that an unidentified metabolite of ibogaine is formed after i.p. injection, and this
metabolite is a powerful 5-HT-releasing agent.

Based on the SERT binding data, [*H]5-HT uptake data, and the bulk of the in
vivo neurochemical data, we hypothesize that ibogaine and noribogaine are 5-HT
reuptake inhibitors with a mechanism of action similar to fluoxetine (67,92,94).
In addition, most evidence agrees that noribogaine is much more potent than
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ibogaine as an indirect 5-HT agonist. A number of questions remain to be
answered, however, with respect to the effects of iboga alkaloids on 5-HT
neurons. For example, it seems peculiar that ibogaine and noribogaine display
higher potency at SERT sites relative to DAT sites, yet the effects of the drugs on
DA metabolism are more robust. Stated more simply, why do iboga alkaloids
cause dramatic depletion of tissue DA, but not tissue 5-HT? Another important
question relates to why iboga alkaloids do not uniformly decrease 5-HIAA/5-HT
ratios in all regions of the brain. Further studies are needed to address these
issues.

C. EFFEcTS ON OPIOID SYSTEMS

Opioid drugs of abuse, such as heroin and morphine, elicit their effects by
binding to opioid receptors located in nerve cell membranes. Historically, three
subtypes of opioid receptors were identified on the basis of pharmacological data:
mu-, delta-, and kappa-opioid receptor subtypes (95). Recent advances in
molecular biology have demonstrated that mu, delta, and kappa receptors are
derived from three separate genes (96). Moreover, all three opioid receptors and
their gene transcripts are found in abundance within the mesolimbic neuronal
circuitry implicated in drug-seeking behavior and drug dependence (97,98). It is
well accepted that heroin and morphine are preferential mu-opioid receptor
agonists, and activation of mu receptors is associated with the positive
reinforcing effects (i.e., euphoria) of habit-forming opioids (99,/00). Activation
of kappa-opioid receptors, on the other hand, is associated with aversive effects
(i.e., dysphoria). Interestingly, mu agonist administration increases extracellular
levels of DA in the NAC whereas kappa agonists decrease extracellular DA in
this region (/01,/102). Thus, mood and behavioral effects of opioids may be
mediated, at least in part, via changes in DA transmission in the mesolimbic
system.

Substantial evidence indicates that ibogaine modulates opioid transmission.
For example, preclinical studies have shown that ibogaine can decrease morphine
self-administration (7,9) and reduce opioid withdrawal symptoms (/0,/1). The
opioid antagonist, naloxone, evokes a dramatic withdrawal syndrome when
administered to morphine-dependent rats—the constellation of naloxone-precip-
itated symptoms includes grooming, burying, teeth-chattering, diarrhea, and
wet-dog shakes. Ibogaine pretreatment reduces specific symptoms of naloxone-
precipitated withdrawal in morphine-dependent rats, whether ibogaine is
administered centrally (i.c.v.)(/0) or peripherally (i.p.)(//). Experiments in mice
have shown that ibogaine can decrease naloxone-precipitated withdrawal signs in
this species as well (26,27). Clinical experience demonstrates that ibogaine
administration alleviates the opioid withdrawal syndrome in human opioid
addicts (/2-14). Indeed, Lotsof (/03) initially filed patents for ibogaine as a



98 BAUMANN ET AL.

pharmacotherapy for narcotics addiction (Endabuse) based on the ability of the
drug to suppress opioid withdrawal symptoms in human heroin users. Alper et al.
(I3) recently collected data from a group of heroin addicts who received ibogaine
treatment in nonmedical settings for the purpose of rapid opioid detoxification. In
25 of 33 patients, ibogaine eliminated opioid withdrawal symptoms, and this
effect was sustained for 72 hours post-treatment. Finally, Mash et al. (104) have
provided pharmacokinetic evidence suggesting noribogaine is responsible for the
alleviation of opioid withdrawal in human patients treated with systemic
ibogaine.

The fact that ibogaine suppresses opioid withdrawal symptoms in diverse
animal species suggests that ibogaine and noribogaine might interact directly
with opioid receptors. Early radioligand binding studies reported that ibogaine
binds with low pM affinity (~ 2uM) to kappa-opioid receptors, but is inactive at
mu and delta sites (22). More recent work has demonstrated that ibogaine
displays low pM potency at mu-opioid receptors labeled with [FHIDAMGO and
kappa-opioid receptors labeled with [3H]U69,593 (20,23,24). Codd (105)
examined the effects of ibogaine on [*H]naloxone binding in mouse forebrain and
resolved two ibogaine binding sites with K; values of 130 nM and 4.0 pM. On the
basis of sodium shift experiments, this investigator postulated that ibogaine is an
opioid agonist that exhibits submicromolar affinity for mu-opioid receptors. Pearl
et al. (23) published the first study directly comparing the potencies of ibogaine
and noribogaine in opioid binding assays. Their findings showed that noribogaine
displays higher affinity than ibogaine for mu- and kappa-opioid receptors.
Additionally, noribogaine binds to delta-opioid sites with appreciable affinity
(~20 uM), whereas ibogaine does not. We recently compared the ability of
ibogaine and noribogaine to displace [PH]DAMGO binding to mu-opioid
receptors in rat thalamic membranes (24). The data demonstrate that ibogaine and
noribogaine display affinities for the mu receptor of 3.76 pM and 160 nM, respec-
tively. Other investigations have confirmed that noribogaine possesses much
higher affinity for kappa-opioid sites when compared to ibogaine (2/,27). In one
study, Layer et al. (27) found that noribogaine is 10 to 100 times more potent than
ibogaine at binding to kappa receptors, and this difference in potency is species
dependent. Collectively, the radioligand binding results show that ibogaine and
noribogaine bind to mu- and kappa-opioid receptors. Noribogaine is significantly
more potent in this respect, with the drug exhibiting submicromolar affinities for
mu and kappa subtypes under some binding conditions (see Table I).

It seems clear that iboga alkaloids can interact directly with opioid receptors,
but traditional binding methods cannot provide information on drug efficacy (i.e.,
the degree to which a drug can elicit functional responses). Opioid receptors are
linked to their intracellular transduction enzyme, adenylyl cyclase, via guanine
nucleotide-binding proteins (G-proteins) (96). Agonist binding to an opioid
receptor stimulates binding of GTP to G-proteins, thereby activating the G-
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proteins and leading to a cellular response. Antagonist binding to an opioid
receptor, in contrast, does not activate G-proteins and therefore does not lead to
a cellular response. The findings of Codd (/05) support the idea that iboga
alkaloids might function as mu-opioid agonists. To assess the efficacy of ibogaine
and noribogaine at mu-opioid receptors, we examined the effects of these drugs
in the [3S]GTPYS binding assay in rat thalamic membranes (24). In this assay,
opioid agonists stimulate [3S]JGTPYS binding to G-proteins, whereas opioid
antagonists do not. We observed that noribogaine stimulates [3>S]GTPYS binding
in a naloxone-reversible manner with an ECs, of 320 nM. Ibogaine, in contrast,
is inactive in this assay at concentrations up to 100 uM. The intrinsic activity of
noribogaine in the [3>S]GTPYS binding assay is comparable to the prototypical
mu-opioid agonist DAMGO, suggesting noribogaine displays properties of a full-
efficacy agonist at mu-opioid receptors.

The mu-opioid effects of noribogaine might explain the ability of systemically
administered ibogaine to block opioid withdrawal. Theoretically, noribogaine
could suppress opioid withdrawal by “substituting” for the addictive mu-opioid
drug during acute abstinence. Indeed, mu-opioid agonist substitution-type
medications, such as methadone and buprenorphine, are the most effective means
of opioid detoxification (/06). In addition, preliminary findings indicate that
noribogaine binds to mu-opioid sites in a persistent manner, with dissociation
rates in the range of days (/07). Thus, noribogaine appears to display a unique
profile of activity at mu-opioid receptors that includes low-affinity, pseudo-
irreversible binding, and full-agonist efficacy. One caveat to the aforementioned
hypothesis is that neither ibogaine nor noribogaine has significant analgesic
potency in vivo (36,37). This finding is not consistent with the mu-opioid agonist
actions of iboga alkaloids determined in vitro. On the other hand, noribogaine
pretreatment is able to enhance the analgesic potency of morphine in rats and
mice (36,37). The underlying basis for this peculiar finding is unknown, but it
may be related to the purported ability of noribogaine to enhance mu-opioid
receptor-mediated inhibition of adenylyl cyclase (108).

There is some data suggesting that the effects of ibogaine on DA neurons might
be mediated by kappa-opioid receptors in vivo. As mentioned previously, local
infusion of high-dose ibogaine (100 to 400 puM) into the NAC decreases
extracellular levels of DA (69,70). Reid et al. (70) reported that reductions in
dialysate DA levels produced by local infusion of ibogaine (100 pM) are reversed
by coinfusion of the nonselective opioid antagonist naloxone (1 pM) or the
kappa-opioid selective antagonist norbinaltorphine (1-10 uM). Glick et al. (109)
reported comparable findings in female rats. These investigators showed that i.p.
administration of norbinaltorphimine (10 mg/kg, i.p.) attenuates ibogaine-
induced decreases in extracellular DA in the NAC. Few studies have examined
the effects of receptor-selective opioid antagonists on the pharmacological
actions of ibogaine and noribogaine in vivo, and more studies of this type need to
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be carried out.

IV. Neuroendocrine Effects

Stress is a major factor contributing to the development of drug dependence
(110,111). Studies in rats have shown that various types of stressors can facilitate
acquisition of drug self-administration behavior (//2-114) and trigger relapse
during drug withdrawal (/15,/16). The effects of stress on drug-seeking behavior
appear to be mediated by hormones of the hypothalamic-pituitary-adrenal (HPA)
axis, particularly corticosterone (//7,118). It is well known that corticosterone is
secreted from the adrenal cortex in response to natural stressors or drugs of abuse.
Corticosterone, in turn, can facilitate acquisition of drug self-administration
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FIGURE 8. Time-course effects of ibogaine administration on circulating levels of corticosterone and
prolactin in rats. Male rats received saline or ibogaine (50 mg/kg, i.p.) at time zero, and groups of rats
(N = 6 per group at each time point) were sacrificed at various times thereafter. Plasma corticosterone
and prolactin were assayed using radioimmunoassay (RIA) methods.

* =P < 0.05 compared to saline control at specific time points (3/).



5. NEUROPHARMACOLOGY OF IBOGAINE AND NORIBOGAINE 101

behavior, similar to the effects of stress (//7,118). Reductions in circulating
corticosterone, produced by surgical adrenalectomy or inhibition of corticos-
terone biosynthesis, decrease drug self-administration behavior (//9,120).
Interestingly, corticosterone itself appears to have intrinsic reinforcing properties
because this hormone is readily self-administered under certain experimental
conditions (/21,122). Taken together, the preclinical data show that adrenal
corticosteroids are important biological substrates mediating the ability of stress
to influence the effects of abused drugs. Such findings may have clinical
relevance, since drug addicts and clinicians alike would agree that stressful life
events often contribute to relapse in human drug-dependent patients.

With reference to the preceding discussion, it seems pertinent to examine the
neuroendocrine effects of iboga alkaloids. We have evaluated the time-course
effects of ibogaine on the circulating levels of corticosterone and prolactin in rats
(31,63,64). As discussed above, corticosterone is a major stress hormone of the
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FIGURE 9. Dose-response effects of ibogaine and noribogaine on circulating corticosterone and
prolactin in rats. Male rats bearing indwelling jugular catheters received i.v. injection of ibogaine,
noribogaine, or ethanol:saline vehicle (10%), and blood samples were withdrawn via the catheters.
Data are mean + SEM expressed as peak plasma hormone levels for N = 7 rats/group. Peak hormone
secretion occurred at 30 minutes for corticosterone and at 15 minutes for prolactin.

* =P < 0.05 with respect to vehicle controls (46).
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HPA axis. Prolactin is a protein hormone synthesized in the anterior pituitary that
is also secreted in response to stress, but regulation of prolactin is independent of
the HPA axis (/23,/124). The data in Figure 8 show that i.p. ibogaine adminis-
tration (50 mg/kg) causes a sustained increase in corticosterone secretion that
lasts for at least 2 hours. This effect is normalized within 24 hours. Ibogaine also
elevates plasma prolactin, but this effect is short-lived, with hormone levels
returning to baseline by 2 hours postinjection.

The effects of i.v. ibogaine and noribogaine on neuroendocrine secretion in rats
were also compared. In these experiments, indwelling jugular catheters were
surgically implanted into anesthetized male rats (46). After one week of recovery
from surgery, rats received i.v. injection of ibogaine, noribogaine, or vehicle.
Repeated blood samples were withdrawn via the catheters, and plasma was
assayed for hormone levels by double-antibody RIA. Previous studies from our
laboratory have shown that the chronic-catheterized rat model allows for repeated
blood sampling with a minimum of stress to the animal (/25).

As shown in Figure 9, plasma corticosterone levels are significantly increased
after i.v. administration of ibogaine or noribogaine, but ibogaine is significantly
more potent as a stimulator of the corticosterone secretion. After a 1 mg/kg dose,
for instance, ibogaine elevates corticosterone whereas noribogaine does not.
Ibogaine and noribogaine produce comparable increases in circulating prolactin
that are seen only after the 10 mg/kg dose. The drug-induced hormonal effects
reported here are likely to be mediated via central pathways because i.c.v.
administration of ibogaine to rats causes elevations in circulating corticosterone
and prolactin similar to those observed after i.p. and i.v. administration
(Baumann, unpublished).

In our initial studies, we proposed that neuroendocrine effects of ibogaine
might be mediated by central 5-HT neurons based on the similar in vivo effects
of ibogaine and the 5-HT releaser, fenfluramine (37,63,125). However, the
neurochemical data reviewed above suggest that 5-HT neurons are not involved
in ibogaine-induced corticosterone secretion. The microdialysis data, for
example, show that i.v. ibogaine is less potent than i.v. noribogaine in its ability
to elevate extracellular 5-HT in the brain. Likewise, ibogaine has lower affinity
for SERT and lower potency at blocking 5-HT uptake when compared to
noribogaine. Thus, ibogaine is less potent as an indirect 5-HT agonist, but much
more potent as a stimulator of corticosterone secretion. The mechanisms
underlying the effects of iboga alkaloids on plasma corticosterone are unclear,
and they could be mediated by any number of targets, including NMDA-coupled
ion channels or sigma-2 receptors (see Table I). Similar to ibogaine, the noncom-
petitive NMDA antagonist, MK-801, is an activator of the HPA axis in rats (/26).
Ibogaine inhibits [PH]MK-801 binding in rat brain tissue and ibogaine mimics the
electrophysiological, neuroprotective, and discriminative stimulus properties of
MK-801 (25-27). Likewise, the prototypical sigma receptor drug phencyclidine
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(PCP) elevates plasma corticosterone (/27), and ibogaine displays
submicromolar affinity for sigma-2 binding sites (16,17). It also seems possible
that ibogaine-induced activation of the HPA axis may represent a nonspecific
stress response secondary to the adverse behavioral consequences of ibogaine
administration. Doses of ibogaine used in our studies cause tremors, forepaw
treading, and ataxia (see below). Interestingly, noribogaine administration does
not cause the same adverse behaviors as ibogaine, and noribogaine is less potent
as an activator of the HPA axis in rats.

The mechanisms responsible for prolactin secretion elicited by ibogaine and
noribogaine are not known, but may involve hypothalamic DA neurons (/23).
Under normal circumstances, secretion of pituitary prolactin is inhibited by tonic
release of DA from tuberoinfundibular DA (TIDA) neurons in the mediobasal
hypothalamus (/28). TIDA nerve terminals in the median eminence release DA
into the hypothalamic-hypohysial portal circulation in an endocrine fashion. DA,
in turn, binds to DA D2 receptors on pituitary lactotrophs to directly inhibit
prolactin secretion. The elevation of prolactin evoked by ibogaine and
noribogaine might be mediated by a reduction in extracellular DA levels in the
hypothalamus. Consistent with this proposal, ibogaine administration produces a
significant decrease in tissue levels of DA in rat hypothalamus (63). However, no
studies have examined the effects of iboga alkaloids on TIDA neuronal activity.
It is noteworthy that mu- and kappa-opioid receptor agonists produce significant
elevations in plasma prolactin, and this effect is mediated by suppression of DA
release from TIDA neurons (/29,/30). Thus, the prolactin-releasing effect of
ibogaine and noribogaine may involve activation of opioid receptors. No investi-
gators have examined the ability of receptor antagonists to reverse the endocrine
effects of ibogaine or noribogaine. Further studies are needed to determine the
specific receptor sites involved in mediating the neuroendocrine actions of iboga
alkaloids.

V. Adverse Consequences

A. BEHAVIORAL EFFECTS

Ibogaine is known to produce adverse behavioral effects in both humans and
animals. In humans, oral administration of ibogaine (5 to 25 mg/kg) produces
dizziness, nausea, vomiting, and motor incoordination that last for hours. Naranjo
et al. (131,132) reported that ibogaine evokes a hallucinogenic-like visual
experience that resembles a dream, but without loss of consciousness. The
neurobiological underpinnings of the so-called waking dream state are not
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known. In addition, the possible role of noribogaine in mediating specific aspects
of the ibogaine-induced visual experience have not been studied. Some investi-
gators have speculated that the psychoactive properties of ibogaine are important
for the antiaddictive effects of the drug, and this hypothesis deserves to be
investigated under controlled experimental conditions.

Administration of ibogaine to rats causes a spectrum of behaviors including
tremors, forepaw treading, and ataxia (7-9,86). These motor behaviors are
transient and resolve within the first few hours postinjection. Interestingly, the
receptor mechanisms responsible for these ibogaine-induced behaviors have not
been clarified. We have compared the effects of ibogaine and noribogaine on
various motor behaviors in rats (46). As discussed previously, i.v. drug adminis-
tration was used in these experiments because the i.v. route enables an assessment
of drug-induced effects without the complication of significant first-pass
metabolism. Rats received i.v. injection of ibogaine, noribogaine, or vehicle.
Animals were observed for 90 second intervals at various times thereafter, and
specific behaviors were scored using a graded scale: O=absent, 1=equivocal,
2=present, 3=intense (46,/25). Rats were given a single numerical score for each
behavior that consisted of the summed total for that behavior across all time
points.

The data in Figure 10 illustrate the effects of ibogaine and noribogaine on
tremors and forepaw treading. Ibogaine produces a dose-related increase in the
occurrence of tremors and forepaw treading; the ibogaine-induced tremorigenic
effect consists of fine tremors of the face, head, and neck, as well as prominent
shivering movements of the trunk. After the highest dose of ibogaine (10 mg/kg,
1.v.), most rats display abnormal postures, body sway, and a staggering-type
locomotion. In contrast to ibogaine, noribogaine does not elicit tremors or ataxia.
Noribogaine does cause a slight stimulation of forepaw treading, but it is much
less effective when compared to ibogaine. In addition, noribogaine increases the
incidence of penile erections, a behavior that is rarely seen after ibogaine
administration. It should be mentioned that behavioral effects elicited by both
drugs are transient, with rats appearing completely normal by 30 minutes postin-
jection. Our findings with i.v. ibogaine are fully consistent with prior reports
showing i.p. ibogaine elicits tremors and ataxia when administered to rats at
typical antiaddictive doses (i.e., 40 mg/kg). In agreement with the i.v. noribogaine
results, Glick et al. (35) demonstrated that i.p. noribogaine (40 mg/kg) is not
tremorigenic when administered to female rats. Thus, ibogaine and noribogaine
evoke quite different behavioral effects despite having similar chemical
structures.

It might be assumed that ibogaine-induced actions are mediated by central 5-
HT mechanisms because tremors and forepaw tapping are classic signs of the
5-HT behavioral syndrome (86,87,125). Irrespective of such similarities between
the behavioral effects of ibogaine and certain 5-HT drugs (see 86), the data
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FIGURE 10. Dose-response effects of ibogaine and noribogaine on tremors and forepaw treading.
Male rats bearing indwelling jugular catheters received i.v. injection of ibogaine, noribogaine, or
ethanol:saline vehicle (10%). Behaviors were scored at 2, 10, 20, and 30 minutes postinjection. Rats
were given a single numerical score that was the summed total for that behavior across all time points.
Data are mean + SEM for N = 7 rats/group.

* =P < 0.05 with respect to vehicle controls (46).

discussed herein indicate that 5-HT mechanisms are probably not involved in the
motor effects of ibogaine. Ibogaine is less potent than noribogaine as an indirect
5-HT agonist, yet ibogaine is more potent as a stimulator of tremors and forepaw
treading. It is tempting to speculate that ibogaine-induced motor effects might
involve NMDA-coupled ion channels or sigma-2 receptors. Ibogaine is signifi-
cantly more potent than noribogaine at these sites (/6,21,27, see Table I), possibly
explaining why ibogaine evokes more potent behavioral actions. Similar to
ibogaine, drugs that interact with sigma receptors (i.e., PCP) and NMDA sites
(i.e., MK-801) are known to cause forepaw tapping and ataxia in rats (/33,134).
The mechanisms underlying ibogaine-induced tremor remain to be determined.

B. NEUROTOXICITY

Probably the most serious impediment to the development of ibogaine as an
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antiaddictive medication is the reported neurotoxicity of the drug (/35-137, see
Molliver et al. in this volume). O’Hearn et al. (135,136) were the first to show
that single or multiple injections of ibogaine (100 mg/kg, i.p.) cause glial cell
proliferation and Purkinje cell degeneration in the rat cerebellar vermis. The
effects of ibogaine in rat cerebellum are consistent with a trans-synaptic excitoxic
lesion that involves sustained activation of the olivocerebellar pathway (/37).
O’Callaghan et al. (I138) examined the effects of ibogaine (100 mg/kg, i.p.) on
tissue levels of glial fibrillary acidic protein (GFAP) in dissected rat brain regions.
Increased expression of GFAP, a hallmark sign of astrogliosis, is a generic
indicator of neuronal injury in the brain. These investigators demonstrated that
ibogaine increases expression of GFAP in the cerebellum and in other brain areas
such as the striatum and hippocampus. Somewhat surprisingly, Scallet ez al. (139)
reported that ibogaine-induced cerebellar injury is observed in rats, but not in
mice. Sanchez-Ramos and Mash (/40) found no evidence for neurotoxic damage
in African green monkeys treated repeatedly with orally administered ibogaine (5
to 25 mg/kg). Thus, the neurotoxic effects of ibogaine appear to be species
dependent, suggesting extrapolation of toxicity data across species lines is ill
advised. No studies have systematically investigated the neurotoxic potential of
noribogaine, and such studies need to be carried out.

The neurotoxic effects of ibogaine are clearly dose related. For example,
Molinari et al. (/41) demonstrated that a single injection of the typical antiad-
dictive dose of ibogaine (40 mg/kg, i.p.) does not cause cerebellar damage in
female rats. Furthermore, repeated administration of lower doses of ibogaine (10
mg/kg, i.p.), given every other day for 60 days, does not affect Purkinje cell
number in male rats (142). Recently, Xu et al. (143) evaluated the dose-response
effects of single i.p. injections of ibogaine on markers of cerebellar neurotoxicity
in rats. In their study, ibogaine doses of 75 and 100 mg/kg produced evidence for
cerebellar damage in all rats tested. On the other hand, a dose of 25 mg/kg had no
effect. An ibogaine dose of 50 mg/kg produced no obvious Purkinje cell
degeneration, but it did increase cerebellar GFAP staining in one-third of the rats
studied. Collectively, the neurotoxicity data show that the margin of safety for
ibogaine administration in rats is very narrow, since therapeutic doses of the drug
(i.e., 40 mg/kg, i.p.) are very close to the minimum doses required for eliciting
cerebellar damage (i.e., 50 mg/kg, i.p.).

The mechanism underlying ibogaine-evoked neurotoxicity is not known.
Vilner et al. (144, 145) have provided evidence that sigma-2 receptors might be
involved in the neurotoxic effects of ibogaine (see Bowen et al. in this volume).
These investigators examined sigma-2 receptor-mediated cytotoxicity in human
SK-N-SH neuroblastoma cells cultured in vitro. Incubation of neuroblastoma
cells with sigma-2 drugs, including ibogaine, causes dose- and time-dependent
morphological changes that are characterized by loss of processes, detachment,
and ultimately cell death. The same sigma-2 ligands produce elevations in
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intracellular Ca** concentrations in neuroblastoma cells that may be causally
linked to cytotoxicity. Interestingly, noribogaine is not toxic to neuroblastoma
cells in culture, consistent with the lack of affinity of noribogaine for sigma-2
receptors (16, Table I). The exact relationship between sigma-2 cytotoxicity in
vitro and ibogaine-induced cerebellar degeneration in vivo remains to be
established. One caveat to the sigma-2 receptor hypothesis of ibogaine
neurotoxicity relates to the effects of the beta-carboline compound, harmaline.
Harmaline causes cerebellar neurotoxicity in rats analogous to the effects of
ibogaine (/35-137), but harmaline has little affinity for sigma-2 binding sites
(16). More studies are needed to determine the precise mechanisms responsible
for the neurotoxic effects of iboga alkaloids. In particular, direct comparisons of
the neurotoxic potential of ibogaine, noribogaine, and other iboga alkaloids need
to be carried out.

VII. Conclusions

The data reviewed in this chapter show that ibogaine interacts with multiple
neurotransmitter systems known to modulate drug addiction (see Table I). The in
vivo pharmacological activity of ibogaine is further complicated by the metabolic
conversion of ibogaine to its active O-desmethyl metabolite, noribogaine, in rats,
monkeys, and humans (/9,21,29,34,41,46). After ibogaine administration to rats
(40 mg/kg, i.p.), concentrations of noribogaine in blood and brain tissue are equal
to, or exceed, the levels of ibogaine itself. Moreover, noribogaine has a much
longer biological half-life than ibogaine, with pharmacologically relevant
concentrations of noribogaine persisting in the bloodstream for at least one day
after ibogaine treatment. These findings suggest the possibility that noribogaine
contributes to the antiaddictive properties of systemically administered ibogaine.
Moreover, noribogaine might be the active compound mediating the long-term
actions of ibogaine. Indeed, Glick et al. (35) have shown that ibogaine and
noribogaine are equipotent in their ability to produce long-lasting reductions in
the self-administration of cocaine and morphine in rats.

Gender and gonadal steroid hormones can influence ibogaine pharmacoki-
netics and metabolism in rats and possibly other species (29). When ibogaine is
administered to female rats during the preovulatory phase of the reproductive
cycle (i.e., high estrogen levels), concentrations of ibogaine in blood and brain
tissue are much higher than those of similarly treated males (see Table II). We
speculate that elevated levels of circulating estrogen enhance the absorption of
ibogaine from peripheral compartments into the bloodstream. Such gender-
dependent alterations in ibogaine pharmacokinetics may serve to explain the
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heightened sensitivity of female rats to the neurochemical, behavioral, and
neurotoxic effects of ibogaine (29,138).

Perhaps the most dramatic neurochemical effects produced by iboga alkaloids
are on DA metabolism in the brain. Ibogaine and noribogaine are equipotent in
their ability to evoke a transient stimulation of DA metabolism that is charac-
terized by profound depletion of tissue DA (~50% reduction) in mesolimbic,
mesocortical, and mesostriatal terminal projection areas (/8,30,31,63-65). The
reserpine-like depletion of DA is short-lived, but this effect could have long-term
consequences. For example, dysregulation of DA function produced by ibogaine
and noribogaine may alter the responsiveness of DA neurons to the effects of
subsequently administered drugs of abuse. Consistent with this notion, ibogaine
pretreatment can block the drug-induced elevations in extracellular DA in rat
NAC normally produced by cocaine, morphine, and nicotine (66-68). Thus,
alterations in DA transmission may represent a common mechanism underlying
the ability of iboga alkaloids to suppress the self-administration of diverse types
of addictive drugs.

Ibogaine and noribogaine bind to SERT sites and inhibit 5-HT uptake in vitro;
noribogaine is at least 10 times more potent than ibogaine in this regard (/9,2/,
see Table III). The blockade of 5-HT uptake afforded by ibogaine and
noribogaine leads to elevations in extracellular 5-HT in the NAC in vivo. The
serotonergic actions of iboga alkaloids resemble the actions of SSRIs such as
fluoxetine. It seems plausible that fluoxetine-like effects of ibogaine, and
especially noribogaine, might contribute to the antiaddictive properties of
systemically administered ibogaine. Elevations in synaptic 5-HT could help to
prevent relapse by alleviating withdrawal-associated depression, reducing drug
craving, and decreasing the impulse to use drugs (/46-/48). In addition,
elevations in synaptic 5-HT may enhance the mu-opioid activity of noribogaine,
similar to the dual mechanism of action of the novel opioid, tramadol (/49,150).
Such 5-HT-opioid synergism could contribute to the ibogaine-induced
suppression of opioid withdrawal symptoms that has been observed in heroin-
dependent subjects.

Emerging evidence shows that ibogaine and noribogaine interact with opioid
receptors in the brain, and noribogaine has much higher affinity at mu-, delta-,
and kappa-opioid receptor subtypes (2/-24,27). Recent findings suggest that
noribogaine displays a unique profile of activity at mu-opioid receptors including
low affinity, persistent binding, and full agonist efficacy. Thus, noribogaine may
function as a methadone-like substitution medication that attenuates opioid
withdrawal symptoms via direct agonist actions at mu-opioid receptors. The
possible role of delta- and kappa-opioid receptors in mediating the antiaddictive
properties of ibogaine and noribogaine is largely unexplored. It is noteworthy that
kappa opioid agonists have been considered as potential pharmacotherapies for
stimulant addiction based on a growing body of preclinical literature (/5/,152).
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The collective findings suggest that noribogaine might be superior to ibogaine
as an antiaddictive medication, due to the higher affinity of noribogaine at SERT
sites and multiple opioid receptor subtypes. In addition, noribogaine appears to
exhibit a superior side-effects profile when compared to ibogaine. Ibogaine
causes tremors and ataxia in rats, whereas noribogaine does not. Possibly because
noribogaine does not produce adverse behavioral effects, noribogaine is less
potent as a stimulator of the HPA axis. A lack of sigma-2 receptor activity may
render noribogaine free from the cerebellar toxicity associated with ibogaine.
Thus, based on the data reviewed in this chapter, we propose that noribogaine
may be a more effective and safer alternative to ibogaine as a candidate for
medication development. Future studies should examine the antiaddictive
potential of ibogaine and noribogaine in drug-dependent human patients under
well-controlled experimental conditions.
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1. Introduction

Ibogaine, the principal alkaloid of Tabernathe iboga, has been studied for the
past 100 years. Early in the past century (1900) it was isolated in crystalline form
and was later marketed in Europe as the mild stimulant “Lambareéne” (8 mg
tablet). There was renewed interest in indole alkaloids with the discovery of
reserpine, and the structural similarity of ibogaine to serotonin was the basis for
Dhahir’s 1970s thesis studies (/). However, the hallucinogenic properties of
ibogaine had moved the FDA to ban its use in the United States. The renewed
interest in ibogaine in the past 10 years is related to its putative antiaddictive
properties. Several review articles have been published recently describing the
historical and pharmacological perspective of ibogaine (2-4).
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Unfortunately, the reports of ibogaine’s antiaddictive effects have been termed
“anecdotal” for the past 10 to 15 years, and although there have been over 150
publications related to its purported effects and action, clinical trials have not
been forthcoming. There have been concerns related to its hallucinogenic effects
and possible cerebellar toxicity (5-9). The First International Conference on
Ibogaine brought together the addict, the researcher, and grant-funding source, in
the hope of reviewing the current findings and status of ibogaine in the treatment
of substance abuse.

Our own studies focused on the behavioral and biochemical effects of ibogaine
related to cocaine administration and pharmacological responses. Our results
suggest that ibogaine can act at multiple sites and that attempts to focus on one
site as the primary site of action can be misleading. Interaction at several sites is
more than likely to be important for its antiaddictive properties. In addition to
being an overview of these studies, this chapter attempts to demonstrate that to
understand the action of ibogaine one must also consider the multifaceted
pharmacology of the drugs of abuse themselves. Most recent conceptual views
accept that drugs of abuse involve multiple neural mechanisms. Any given
behavior is likely to be influenced by a number of neurotransmitter systems, and
transmitter systems do not work independently, but rather interact with one
another by stimulating, inhibiting, or modulating each other. Various brain
structures and components, receptors, and neurotransmitters are involved. Their
participation in the reward mechanism is not the same for all drugs of abuse.
Genetic risk factors in drug abuse have also been identified. The action of
ibogaine could be an important paradigm for further characterizing the action of
drugs of abuse.

It is also important to recognize that there are multiple and complex behavioral
responses associated with acute and chronic drug administration, and that there
are different behaviors associated with drug initiation, maintenance, withdrawal,
and extinction. Each of these responses is probably mediated by a different neural
mechanism and varies with different drugs, and therefore it is not surprising that
a number of varied receptor type agonists and antagonists appear to have some
remediation of a particular drug response. A therapeutic approach that targets
more than one system is possibly more efficacious, if addiction is a multifactorial
disease. This chapter will describe findings that indicate support for the use of
ibogaine, its metabolite, and/or ibogaine-related compounds in the treatment of
addiction, based on their ability to target relevant multiple neurotransmitter sites
appropriate for the drug of abuse examined. Because of the multiple components
of reward systems, a “dirty” drug like ibogaine that affects multiple neurotrans-
mitter systems should not be excluded from consideration. Indeed, it is a likely
positive attribute.



6. CHARACTERIZATION OF MULTIPLE SITES OF ACTION 117

II. Issues Related to Ibogaine in the Treatment of Drug Dependence

Although the results have been discrepant at times, in the majority of studies,
ibogaine has been proposed to have antiaddictive properties, modifying
behavioral effects of various drugs and their self-administration in rodent models.
Based on radioligand binding and other in vivo/in vitro studies, and several
behavioral assays, to characterize its effects, ibogaine has been reported to have
affinities to at least the dopamine and serotonin transporters, and to the
glutamatergic (NMDA), sigma, kappa- and mu-opioid, and nicotinic acetyl-
choline receptors (see the references listed later in Table I). This raises the
question of whether the action of ibogaine at a single site relates to its antiad-
dictive properties, or whether multiple sites are implicated in its action.
Alternatively, ibogaine’s affinity to ligand binding sites may not necessarily
indicate the functionally relevant site.

A. DOPAMINE AS A PRIMARY SITE OF
DRUG-MEDIATED RESPONSES

Despite the pronounced involvement of dopamine in stimulant drug-mediated
behavioral effects, it is important to recognize that many of the addictive drugs
have affinity to multiple neurotransmitter sites; for example, cocaine is not a
selective dopamine reuptake inhibitor. Cocaine also binds and inhibits the uptake
of serotonin and norepinephrine, with equal potency. “Knockout” models of
rodents missing dopamine reuptake transport still self-administer cocaine (/0,11).
We should also recognize that the neurobiology associated with addictive
behaviors (cognition, reward, withdrawal, craving, sensitization) involve
multiple neurotransmitter systems and their interactions. For example, serotonin
transmission and the subsequent activation of serotonin receptor(s) (numbering
14 serotonin receptor subtypes) have a strong modulatory role, either stimulatory
or inhibitory, in dopaminergic neurotransmission. Although nicotine and cocaine
both increase dopamine, their actions are not similar, and we recently reported
that selective neurotransmitter antagonists can block response to one and not the
other (/2).

It needs to be considered that although the prevailing theory is that elevated
extracellular dopamine is the primary mediator of cocaine’s reinforcing effects,
this has been challenged by the finding that in mice lacking the dopamine
transporter who still self-administer cocaine (/0,/1), cocaine has no effect on
dopamine levels, further supporting the involvement of other neurotransmitter
systems in drug behavior. Serotonin, acting through many receptors can modulate
the activity of neural reward pathways and thus the effects of various drugs of
abuse. Mice lacking one of the serotonin-receptor subtypes, the 5-HT , receptor,
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display increased locomotor responses to cocaine, and they are more motivated
to self-administer cocaine (/3). In mice in which the beta-2 subunit of the
nicotinic receptor is lacking, the normal increase in dopamine after nicotine
injection is not seen, and nicotine fails to be self-administered, but cocaine is self-
administered (/4), showing differences between nicotine and cocaine reward
mechanisms.

B. IBOGAINE AND ITS METABOLITE AND ACUTE
VERSUS LONG-TERM EFFECT

There are other issues to consider; for example, what is the importance of
ibogaine’s acute versus long-lasting effects on transmitter functioning? Why and
how does ibogaine produce its long-lasting effect? Is it just slow release of a
metabolite from lipid stores or long-term block/conformational change in some
receptor? Understanding apparent gender and genetic differences in behavioral
responses to and metabolism of drugs and ibogaine is also of importance. The
issue of increased sensitivity of females to ibogaine has been raised. Female
rodents have a higher brain level of ibogaine after administration (/5), and female
mice show increased locomotor responses to cocaine (/6). Gender differences
were also observed in kappa-opioid and NMDA-mediated dopamine release (/6)
and in human reactions to nicotine and cocaine. In humans, genetic differences in
nicotine metabolism have been observed (/7).

The data and discussions presented emphasize the importance of investigating
the interaction of multiple neurotransmitter systems and multiple neuronal
pathways in the mediation of drug-induced behaviors, with differences among the
various drugs of abuse justifying the use of drugs that target multiple sites in
protocols for drug-dependence treatment. The difficulties in devising appropriate
therapy are compounded by genetic and sex variations in drug responsiveness.

C. SINGLE OR MULTIPLE SITES OF ACTION OF IBOGAINE

Ibogaine has been suggested to inhibit the physiological and psychological
effects of a number of drugs of abuse: heroin, morphine, amphetamine, cocaine,
alcohol, and nicotine. This suggests a common site(s) of action of the drugs of
abuse and that of ibogaine, or that ibogaine acts at some common pathway(s),
secondary to the initial site of drug action, that affects some common behavior
associated with addictive drugs. Alternatively, ibogaine may act at multiple sites
one or more of which may “coincidentally” involve a common site of action of
several addictive drugs. As studies move away from the simplistic approach
based on the notion that a drug acts at only one specific site and that drug
behaviors involve individual neural systems, to one that explores more complex
multiple interactive neural systems, we will be able to better understand the



6. CHARACTERIZATION OF MULTIPLE SITES OF ACTION 119

action of ibogaine and that of drugs of abuse.

III. Effect of Ibogaine on Drug-Induced Behavior

Initial studies of the effects of ibogaine on drug self-administration behavior in
animals were received with some skepticism, as were the varied case reports on
human experiences. Early NIDA-funded projects did not find any effects of
ibogaine in rodent models, or the effects consisted of nonspecific inhibition of
overall activity, for example, inhibition of food consumption at high doses.

Dworkin et al. (18) found suppression of responding to cocaine or heroin at 60
minutes after treatment with high doses of ibogaine, but responding to food was
also suppressed, suggesting nonspecific effects. No long-term effects were seen,
except at the 80 mg/kg dose with 60-minute pretreatment, where cocaine self-
administration was suppressed at 48 hours. The literature is also mixed on
ibogaine reduction of naloxone-precipitated morphine withdrawal; in some cases
it blocked expression of withdrawal, or it had no effect (/9-22). Locomotor
activity is reportedly either inhibited or enhanced after stimulant drugs such as
cocaine and amphetamine (23-25).

Clearly, the initial behavioral responses to ibogaine (high dose) were disruptive
to overall behavior and could not be clearly interpreted, but some long-term
effects have been suggestive of antiaddictive properties (24-29). It is not known
why there was such variability in results. Species and sex differences, and
treatment protocols have been suggested. Possibly the batches (pure or semisyn-
thetic extract) of ibogaine were somewhat different. However, the potency of
samples of ibogaine obtained from Sigma Chemical Company or NIDA appears
to have been similar (30), which would suggest that there are no significant
differences between batches of ibogaine.

IV. Binding Site Activity

There have been a number of studies reporting on the “affinity” of ibogaine and
some analogs to known receptor systems utilizing a radiolabeled ligand that has
specificity for a binding site of a particular receptor site. These affinities have
been reviewed elsewhere (2,4,37). Additionally, in vitro assays to measure
functional changes, for example, transmitter release or channel blockade, have
been used to assess the site of action of ibogaine (3,25). The most recent addition
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is the report that ibogaine has affinity to the nicotinic-acetylcholine receptor
(32,33). These results are summarized in Table 1.

Clearly, the diversity of potential interactions of ibogaine can be inferred from
these binding site affinities. However, a question to be asked is how does the
binding site affinity of ibogaine relate to its pharmacological action? Although
ibogaine has affinity to the kappa-opioid receptor, it was concluded that it does
not produce such an action by interacting directly with multiple opioid receptors.
Ibogaine injected 10 minutes before the opioid drugs did not modify the antinoci-
ceptive actions of morphine, kappa-opioid agonist U-50,488H, or delta-opioid
agonist DPDPE. However, the metabolite of ibogaine enhances the antinoci-
ception of morphine, but not of U-50,488H or DPDPE. Thus, it was concluded
that that there is an interaction of ibogaine with the mu-opioid receptor following
its metabolism to noribogaine (34).

Brain levels of ibogaine or its metabolites have been estimated to be in the
micromolar range, sufficiently high to affect those systems showing affinities in
the low micromolar range. However, ibogaine is metabolized very rapidly, raising
the question of a long-lasting metabolite (that would also have to be at a
sufficiently high level to affect some receptors) (35). Since the half-life of
ibogaine is relatively short, how this would relate to its long-term effects is not

TABLE 1.
REPORTED SITES OF ACTIVITY OF IBOGAINE FROM BINDING AND FUNCTIONAL ASSAYS:
MULTIPLE NEUROTRANSMITTER SITES

Receptor Systems Binding Aassays Functional Assays
DA (36,39,40) (25,41-45)
(receptors/transporter)
5-HT (36,39,40,46) (42,45-52)
(receptors subtypes/transporter)
NMDA (39,40,53-58) (16,53,58-61)
Kappa-opioid (39,40) (16,51,60,62)
Mu-opioid (39,63) (34,64,65)
Sigma (1 and 2) (54,66,67) 68,69)
Na* Channel (40)
Muscarinic (40)
Nic-ACh (32,33,70,71)
Adrenergic (40) (72)
Purinergic (73)
Neuropeptides (74-76)
Early genes (77)

Receptor/neurotransmitter system sites showing binding affinities (in the range of levels reached by ibogaine) for
ibogaine or metabolite(s) and suggested sites of action based on functional assays, for example, in vitrol/in vivo
transmitter release, isolated tissue contractions, discriminative stimulus, and anticonvulsant efficacies (indicated
references).
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clear. Possibly a long-lasting metabolite, for example, noribogaine (10-hydroxy-
ibogamine), is present, or its slow release from lipid depots may play a role
(4,36,37).

Are there long-lasting changes in any of these receptor systems or second
messenger systems to account for its long-lasting effects? Such studies have not
been conducted. Again, ibogaine itself has several pharmacological effects, for
example, its stimulatory or hallucinogenic effects, in addition to, or part of, its
antiaddictive properties, that each may involve single or multiple interactions at
several neurotransmitter sites. Alternatively, ibogaine or its metabolite may act to
alter the receptor, similarly to metaphit, a proposed phencyclidine receptor
acylator (38). It is still unclear how one or two doses of ibogaine can produce
such long-lasting effects.

Even the depot release of a metabolite(s) is difficult to accept as having
profound and long-lasting effects (effects reported to last for months in humans).
Most rodent studies have not been conducted beyond a duration of one week. One
could also speculate that the long-lasting effect(s) of ibogaine ‘“restores”
neurotransmitter interactions back to some pre-drug, pre-craving, or pre-
withdrawal level, resulting from its diversified effects on multiple
neurotransmitter systems, somewhat similar to the diversified effects of electro-
convulsive therapy (ECT) in the treatment of depression unresponsive to standard
antidepressant therapy. Although unknown, the mechanism of action is thought to
result from distinct combinations of neuropeptide and neurotransmitter changes
and changes in gene expression in selected neuronal populations (78-81). For
example, a single electroconvulsive shock (ECS) pretreatment suppresses the
inhibition of dopamine release mediated by kappa-opioid receptors, suggesting
that a single ECS treatment modifies the sensitivity of the kappa-opioid receptors
located on the presynaptic dopamine terminals in the rat striatum (82). The
simultaneous action of ibogaine at multiple sites induces a major resetting of
transmitter interactions, and there is no need for it to be present long term. Effects
of ibogaine on changes in second messenger systems and gene expression need
to be examined as mechanisms of its long-lasting effects.

A. RELEVANT SITE OF ACTION

There have been a number of studies attempting to determine which
neurotransmitter system is most affected by ibogaine or a metabolite that relates
to its antiaddictive property. The dopamine transporter is a target for cocaine; we
reported affinity of ibogaine for the transporter in the low micromolar range. This
affinity, however, is ten times higher (weaker) than that of cocaine (29). The
studies of Popik et al. (57,58) indicated that the NMDA receptor plays a major
role, whereas Glick’s (25) laboratory suggest a strong involvement of both the
kappa-opioid and NMDA receptor (60). Helsley et al. (69) reported some
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interaction with the sigma-2 and opiate receptors, while the NMDA antagonist
activities do not play a major role in the ibogaine discriminative stimulus. Their
later studies also suggest multiple interactions and a role of the 5-HT,_ receptor
in ibogaine discriminative stimulus (47). The antagonist action of ibogaine at the
nicotinic receptor may be involved in reducing nicotine preference and action at
the serotonin transporter affecting alcohol consumption (25). Mah et al. (71)
suggested that ibogaine at an initially high concentration acts at multiple sites and
then, after metabolism to lower levels, has a selective action at the nicotinic
acetylcholine receptor to inhibit catecholamine release. We also reported that
ibogaine can block cocaine-mediated effects on serotonin transmission and block
the kappa-opioid inhibitory effect on dopamine and serotonin release (62). Mash
et al. (36,83) have suggested involvement of the serotonin transporter and
NMDA receptor site in the action of ibogaine and its metabolite (noribogaine).
Noribogaine has an affinity to the serotonin transporter 50-fold more potent than
to the dopamine transporter (36). However, studies with the ibogaine congener,
18-methoxycoronaridine (18-MC), suggested that the serotonin system might not
be essential for 18-MC antiaddictive action, although the serotonin system may
be involved in the action of ibogaine and its metabolite (52). The NMDA receptor
and D1 dopamine receptor are suggested to be involved in the release of
neurotensin by ibogaine, and that neurotensin may contribute to the interaction of
ibogaine and the dopamine system (75).

Clearly, complex interactions occur, each probably related to some different
aspect of drug-induced behavior. Whether the dopamine system is the final
common denominator—that is, can ibogaine act at some site(s), the final action
of which is to reduce drug-induced changes in dopamine release without affecting
overall dopaminergic responses?—is far from understood.

V. Functional Activity

Binding to a specific site suggests sites of action, but does not indicate
functional activity. The functional effects of ibogaine were studied in our
laboratory by utilizing an in vitro perfusion technique that enabled us to study
mechanisms of regulation and modulation of dopamine transmitter release
processes. The results are summarized in Table II.

At the nerve terminal level, ibogaine added in vitro released dopamine from the
cytoplasmic pool (43). This release was not subject to presynaptic autoreceptor
regulation (dopamine D2 antagonist sulpiride-stimulated dopamine release is not
affected) (50,43). Cocaine as a reuptake blocker increases the level of dopamine;
this response was not affected by ibogaine. However, the cocaine-induced
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increase in serotonin level (reuptake blockade?) was blocked by ibogaine. The
NMDA-mediated dopamine release was partially inhibited by ibogaine (61). The
kappa-opioid agonist-induced inhibitions of dopamine and serotonin release were
both blocked by ibogaine pretreatment (5/). The sigma agonist-stimulated
dopamine release was inhibited 50% by ibogaine (6/). A strong serotonergic
component of ibogaine’s effects was also reported, involving both the reuptake
transporter and 5-HT,, receptor, increasing the exchange of dopamine for
serotonin via the dopamine transporter and inhibition of serotonin 5-HT,,
agonist-mediated inhibition of dopamine release (3,57). The studies of Mah et al.
(71) showed that ibogaine also blocks the nicotinic receptor-mediated stimulation
(acetylcholine) of catecholamine (norepinephrine) release in bovine chromaffin
cells. This is also supported by microdialysis studies showing attenuation of
nicotine-induced dopamine release (84,85). Glick’s (25) in vivo studies also show
stimulation with amphetamine or cocaine and block with nicotine or morphine of
dopamine release by ibogaine (Table II, bottom). Utilizing other methods,
Broderick et al. (26) and French et al. (90) suggested either a decrease or no
effect of ibogaine on cocaine-mediated dopamine increase. Our results show a
number of interactions of ibogaine with various neurotransmitter systems that can
regulate dopamine release. It is interesting that although many of the studies were
conducted with the addition of ibogaine to an in vitro preparation, most showed
the same effect when animals were treated in vivo with ibogaine and tissue
responses tested later in vitro. Since the tissue preparation is extensively washed
in the latter experiments, it is unlikely that ibogaine or its metabolite is present
during the release portion of the study. This could be suggestive of some receptor
conformational change that is long lasting, beyond the period of exposure to
ibogaine or the “resetting” ability.

From studies over the past 10 years, it is clear that ibogaine can act at different
neural sites (via neurotransmitters and ion channels), which can modulate
terminal dopamine release (Table II and Figure 1). Figure 1 is a model of a
dopamine terminal, which is offered to diagrammatically represent these multiple
interactions on presynaptic terminal dopamine responses. Receptor-induced
stimulation (4) or inhibition (-) of dopamine release is shown. There are also
interactions/modulation between different receptors; for example, the kappa-
opioid receptor is inhibitory on the NMDA and acetylcholine receptors,
inhibitory and excitatory on the serotonin system, and can inhibit calcium
channels. Ibogaine effects on these receptor responses are indicated. In most
cases, ibogaine inhibits (—) these receptor-mediated excitatory or inhibitory
responses. The resultant effects of ibogaine on drugs that increase extracellular
dopamine level are indicated on the right. The responses are either further
stimulated by ibogaine (cocaine and amphetamine) or inhibited by ibogaine
(nicotine and morphine). The literature is mixed on the effect of ibogaine on
cocaine-mediated increase in dopamine.
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VI. Stimulant Drug Actions/Behaviors

Psychostimulants act predominantly to elevate brain dopamine, either by their
ability to release dopamine, as is the case for amphetamine, or by blockade of the

TABLE II.
SUMMARY OF EFFECTS OF IBOGAINE ON [°’H]DOPAMINE AND [PH]SEROTONIN RELEASE:
In Vitro PERFUSION AND BRAIN MICRODIALYSIS STUDIES ON
REGULATION OF TRANSMITTER RELEASE

[*H]Dopamine [*H]Serotonin
Control Ibogaine Control Ibogaine
In Vitro Studies
DA autoreceptor T Increase No effect
(electrical-evoked)
(Sulpiride)
DA transporter T Increase No effect T Increase Block
(electrical- evoked)
(Cocaine)
NMDA receptor T Increase Partial
(basal) (NMDA) inhibition
Kappa-opioid receptor { Inhibit Block d Inhibit Block
(electrical-evoked)
(U-62066)
Sigma receptor T Increase Inhibit 50%
(electrical-evoked)
(pentazocine)
Serotonin transporter T Increase TT Increase
(basal) (serotonin)
Serotonin 5-HT, receptor T Increase Block
(basal) (CGS-12066A)
Nicotinic receptor T Increase Block
(acetylcholine) (Norepinephrine
release in

chromaffin cells)

In Vivo Studies

Cocaine T Increase 1 Increase
{ Inhibit,
no effect

Amphetamine T Increase TT Increase

Morphine T Increase Block

Nicotine T Increase Block

Summary of in vitro studies on the effect of ibogaine on electrical stimulation or drug-induced release of
dopamine and serotonin release in the presence of selective neurotransmitter system agonists/antagonists
(3,1643,50,51,61,62) and in vivo brain microdialysis studies examining drug-induced changes in dopamine level
(25-28,37,85-90).
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FIGURE 1. REPORTED MULTIPLE SITES OF ACTION OF IBOGAINE ON DOPAMINERGIC FUNCTION. The
effect of ibogaine on stimulatory and inhibitory modulation of dopamine terminal release by sigma,
NMDA, kappa-opioid, 5-HT, and ACh receptor agonists, and the effect of ibogaine on the increase in
dopamine level after stimulant drug administration. The above figure represents a dopamine terminal
showing inhibitory (-) and stimulatory (+) interactions of multiple neurotransmitter systems that
modulate dopamine release (from Table II). Dopamine release is under excitatory (+) modulation by
agonists to the sigma (6/), NMDA (67), ACh (32), and 5-HT (3,57) receptors or inhibitory (-)
modulation by kappa-opioid agonists (57), and also 5-HT (57). There are interactions/modulation
between receptors; the kappa-opioid system interacts with the NMDA, 5-HT, and ACh receptors, and
calcium channels (5/,/6). The effect of ibogaine on these receptor system interactions is shown
(predominantly inhibition or blockade, except some stimulation of 5-HT function) (see Table II). Also
indicated are the stimulatory and inhibitory effects of ibogaine on dopamine release (43) and
extracellular level after stimulant drugs (right side) (25). Terminal DA release is subject to inhibitory
@ auto- and @ heteroreceptor feedback control and @ reuptake. Updated from Sershen et al. (3).

reuptake transporter, as in the case of cocaine. The elevation of dopamine
resulting from release or reuptake inhibition is thought to be the basis of the
rewarding effects of stimulant drugs. However, some direct reuptake blockers are
not self-administered, for example, mazindol, suggesting that either other sites of
action are also involved, or that there are different sites on the dopamine
transporter which, depending on the conformational sites that are occupied, might
determine the potential for self-administration. Stimulant drugs can also act at
other neurotransmitter systems. As mentioned earlier, dopamine transporter
knockout studies raise questions as to whether the dopamine transporter is solely
responsible for self-administration. However, caution should be taken with
interpretation of these studies because they do not take into consideration
compensatory changes that occur during development in the knockout animal.
The final common pathway may be dopamine, but most likely other pathways
are also involved in different drug-induced behaviors. The pathways indicated in
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Figure 1 are all affected in some way by ibogaine and are briefly discussed in this
chapter. Another important area for future studies will be changes in gene
expression as involved in the long-term effects of drugs and ibogaine action.

In addition to targeting the dopamine transporter directly, a number of studies
have attempted to target neurotransmitter sites that can modulate the
dopaminergic response, in an effort to attenuate the stimulant drug-induced
increase in dopamine. Glutamate antagonists (MK-801) can antagonize cocaine
stimulant responses (9/). The inhibitory neurotransmitter GABA, elevated by
administering gamma-vinyl-GABA, can also attenuate effects of cocaine in
increasing extracellular dopamine (92,93).

In addition to stimulating the dopamine reward system, stimulant drugs
produce other behaviors. Sensitization-tolerance are behavioral responses
generally observed with repeated stimulant administration, either an enhanced
response to subsequent exposure as in the case of sensitization, or less of a
response, requiring more drug to produce a similar behavioral response as in the
case of tolerance. The dopamine receptor exists as several subtypes; some of
them, the D1 and D4 dopamine receptors, have been implicated in sensitization,
either its initiation or maintenance. Other neurotransmitter systems can alter this
process, for example, the serotonin, NMDA, and kappa-opioid receptors (94).
With craving/reinforcing effects of drugs, the dopamine, serotonin, glutamate,
opioid, GABA, and cAMP systems have all been implicated. Drug withdrawal
symptoms have been associated with a transmitter depletion response after
removal of a drug. Implicated in this behavior are the dopamine and serotonin
systems, excitatory amino acids (NMDA), and interactions with nitric oxide
(NO), and cGMP.

Behavioral studies involving diverse drugs of abuse suggest that ibogaine may
affect multiple neurotransmitter systems which are involved in the modulation of
dopaminergic responses to stimulants:

Opioid Withdrawal: Noribogaine has been shown to have a lower affinity than,
but an increased intrinsic activity over, buprenorphine as a mu-agonist. In
addition, it was reported that noribogaine has weak intrinsic activity (partial
agonist) or antagonist actions at kappa-opioid receptors; together suggesting that
the ability of ibogaine to inhibit opiate withdrawal symptoms may be explained
by a mixed mu- and kappa-opioid receptor profile and an affinity for the serotonin
transporter of the active metabolite noribogaine (65). Pablo and Mash (65) also
suggested that the capacity for noribogaine to reset multiple opioid receptors and
the serotonin transporter mechanism may explain the reportedly easy transition
after only a single dose of ibogaine following the abrupt discontinuation of
opiates.

Drug Discrimination: Drug discrimination studies with ibogaine did not show
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substitution with mu- or kappa-opioid receptor agonists, although sigma-2
receptors may be involved (69). At low doses of ibogaine, NMDA receptor
antagonists did not show any substitution. For the metabolite noribogaine,
NMDA antagonists did not show substitution in discriminative effects (95).

Cocaine and Morphine Self-Administration: Ibogaine effects on both the
kappa-opioid and NMDA receptor have been shown to be involved in its effects
on cocaine self-administration (25).

Alcohol Consumption: Rezvani et al. (96,97) reported that ibogaine reduces
alcohol consumption, although mechanisms involved were not determined. It was
found that the novel, nontoxic ibogaine analog 18-methoxycoronaridine also
reduces alcohol consumption (96). Although, Glick and Maisonneuve suggested
that the serotonergic effects of ibogaine might mediate some of the shorter-lasting
effects of ibogaine, for example, effects on alcohol intake (25), they also report
that 18-methoxycoronaridine had no effect on the serotonin transporter (52). The
opioid antagonist naltrexone and serotonin uptake inhibitor fluoxetine have been
used for treatment of alcohol abuse. Rezvani (98) has shown that combination
therapy (naltrexone, fluoxetine, and a TRH analogue (TA091)) reduces ethanol
intake in rats. Opioid antagonists in combination with isradipine (Ca** channel
blocker) showed sustained effects in reducing cocaine and alcohol intake (99).
The kappa-opioid receptor appears to mediate inhibition of dopamine release via
a decrease in calcium conductance (/00). The action of ibogaine at the kappa-
opioid receptor may be mediated by this effect. Acamprosate for the treatment of
alcohol abuse is thought to act at the NMDA receptor and to reduce calcium
fluxes through voltage-dependent channels (/07). It is also thought to inhibit
GABA B receptors (/02). Interestingly, ibogaine has been reported to act at all
these sites.

These results suggest that stimulant drugs have multiple actions and
behaviorial effects, and that targeting sites that can modulate dopamine responses
is one approach to treatment development. Such sites may be involved directly in
modulating the dopaminergic response or act via other neurotransmitters.

VII. Current Non-Ibogaine Drug Treatment Protocols

Further support for a multiple-site-target approach to drug treatment
development can be inferred from recent treatment protocols tested against
different behaviors associated with drug use. With cocaine abuse, a variety of
approaches have been proposed, depending on the behavior being studied. The
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dopaminergic, serotonergic, GABAergic, opioid, and excitatory amino acid
receptors have received the most attention. For example, treatment for cocaine
addiction has focused on the dopamine transporter, developing drugs that can
bind to the receptor without elevating synaptic dopamine. Dopamine knockout-
mouse studies have suggested the importance of the serotonin system (/0,13).
Cocaine is also a serotonin and norepinephrine uptake blocker.

The development of effective pharmacotherapy of substance abuse and
dependence considers specific drug-related behaviors, for example, medication
for the withdrawal syndromes. Treatment must also consider craving, especially
early during the withdrawal period. Effective anticraving medication has been
limited. The opioid antagonists have been tested, since the opioid receptors are
associated with the reward pathways. Methadone and other long-lasting opiates,
such as buprenorphine or levo-alpha-acetylmethadol (LAAM), induce tolerance
to the effects of opiates (/03). Naltrexone is used to block the euphoria that
occurs when opiates are administered (/04). The euphoria component for drug
behavior has also been targeted by the use of calcium channel blockers;
verapamil reduces the subjective effects of morphine in humans (/05). Attempts
at maintenance therapy have used such drugs as amantadine, bromocriptine, and
methylphenidate that act to release dopamine (/06). The use of dopamine
antagonists is based on the premise that stimulant drug euphoria appears to be
mediated by a rapid increase in dopamine; blockade of specific dopamine
receptors may change stimulant effects. Studies have suggested that dopamine
receptor subtypes play a role in the reinforcing effect of cocaine. In general, the
D1 and D2 antagonists can maintain cocaine responding, whereas D1 and not D2
agonists have been reported to block cocaine self-administration. However,
chronic dopamine antagonist treatment may lead to receptor supersensitivity and
enhanced responses to stimulants (/07).

Dopamine hypofunction and depletion occurring during stimulant withdrawal
have been the basis for dopamine agonist (or drugs that release, block reuptake,
or inhibit dopamine metabolism) treatment. A recent review of preclinical trials
by McCance (/08) suggested that agonist-type treatments have low efficacy
against stimulant dependence. Cocaine-type antagonists such as mazindol to
block dopamine reuptake; carbamazepine, an anticonvulsant, to block kindling;
and naltrexone, an opioid antagonist to block some of the opiate pathways
involved in reinforcing effects of cocaine had no effect. However, fluoxetine to
block serotonin reuptake had some effectiveness. A D1 antagonist (SCH22390)
and an NMDA antagonist (dextrophan) have some effect in animal models.

Studies of antagonism of the different serotonin receptor subtypes have yielded
mixed results. Many of the serotonin drugs are also thought to treat depression,
anxiety, and obsessive-compulsive behaviors that may underlie cocaine abuse. A
number of studies have examined the effects of altering serotonin levels, for
example, with L-tryptophan (serotonin precursor) or specific serotonin reuptake
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inhibitors (SSRI, a class of antidepressants) such as sertraline. Serotonin reuptake
inhibitors have been reported to decrease cocaine self-administration, but may
also decrease food-maintained behavior. Continuous cocaine administration
induces tolerance to its behavioral effects (/09,/10) and a functional down-
regulation of accumbens 5-HTj; receptors. Agonists at the 5-HT}, receptor partly
generalize to cocaine in drug-discrimination experiments (///) and enhance the
reinforcing effects of cocaine (//2). Mice lacking the 5-HT, receptor consume
more ethanol than controls (/3). Undoubtedly, one or more of the 5-HT receptor
subtypes could appear as a key component in drug dependence.

Since there has been association of anxiety with cocaine use, GABAergic
agents have been tested. Anticonvulsants have also shown some clinical or
anecdotal effectiveness. The blockade of the NMDA glutamate receptors in the
nucleus accumbens appears to reduce the reinforcing effects of cocaine. As
reviewed recently (//3), to date none of the medications have singly been
accepted as efficacious for treating cocaine abuse. This may be because there are
several different aspects to the problem of cocaine abuse, each potentially
treatable by different medications (/13).

Since it has been shown that the neural systems involved are complex in drug
behaviors, it is surprising that strategies for drug treatments have not, until
recently, targeted multiple sites.

VIII. Conclusions

Ibogaine has a history of at least 100 years from its discovery and isolation in
the early 1900s. Its use in Africa for ritual ceremonies may well extend before
this. Its use as a mild stimulant was not much noticed, but its reported psychedelic
properties in the 1960s gave it renewed interest. Although banned by the FDA,
ibogaine has had a curious attraction over the past 20 to 30 years, suggesting it
may have antiaddictive properties. While concerns have been raised regarding
potential neurotoxicity and hallucinogenic properties, such concerns must be
weighed against the devastating morbidity associated with drug dependence.
Case reports in humans and animal data indicating significant potential would
appear to argue in favor of the further development of ibogaine, especially in
view of the high cost of the disorder that it is intended to treat. The possibility of
a novel treatment of drug addiction deserves attention, and studies have to go
beyond the anecdotal.

The primary aims of our studies were to examine ibogaine in rodent models to
see whether there is any validity to its use, and how it works, and also to enhance
our understanding of mechanisms that are involved in drug dependence. That
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ibogaine works can be further suggested from the reported summary of results of
a subset of patients treated in nonmedical settings for acute opioid withdrawal
with ibogaine between 1962 and 1993; these case studies appeared to provide
some evidence for the efficacy of ibogaine in acute opioid withdrawal (//4).
Maybe further studies with ibogaine would give suggestions for the development
of other drug-treatment protocols.

Our current understanding of dopaminergic function and response suggests
that there are many complex modulatory influences on dopamine release, and that
many neural systems are involved in the different behaviors associated with drug
dependence. These modulatory regulations can be both stimulatory and
inhibitory. Certain drugs, for example, stimulants like amphetamine and cocaine,
unlike opioids like morphine, may act at some of the same sites, but also at
different sites. Clearly, drug abuse is a complex behavioral and neurobiological
process that lends itself to complex treatment protocols. Maybe what we learn
from the action of ibogaine will lead us in the direction of new treatment
approaches.
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1. Introduction

A. IBOGAINE: CHANGES IN PROGRAMS OF GENE EXPRESSION
AND SIGNAL TRANSDUCTION

Drug addiction may not be mediated by one neurochemical pathway and brain
structure, but by a complex interaction of programs of gene expression with
specific signal transduction pathways and environmental factors. The putative
antiaddictive effect of ibogaine may result from the restoration of altered or
disrupted programs of central and peripheral neuroadaptative processes involving
programmed genes and their associated signaling mechanisms. As discussed in
this chapter, because the pharmacotherapy of drug addiction has been largely
disappointing, it is now more important than ever to consider new hypotheses.
One new hypothesis being explored is that both the peripheral and central actions
of abused substances contribute to drug addiction. It is suggested that an effective
therapeutic agent for addiction may be obtained only when both peripheral and
central actions of the processes contributing to addictions are considered. There
is evidence from animal studies, and from anecdotal human studies, that the
alkaloid ibogaine, and perhaps its metabolites, alter or regulate gene expression
and signal transduction pathways and restore altered neuroadaptive processes
arising from the loss of control due to drug addiction. We and others have
observed that treatment with cocaine influences the regulation of certain genes in
the brain, as indicated by the activation and inhibition of the expression sequence
tags (ESTs) that have been isolated. The behavioral data presented here supports
the notion that ibogaine restores the behavioral and neurogenetic alterations
resulting from exposure to cocaine.

The recent advances in neurobiology have enabled the complex biological
mechanisms underlying drug and alcohol addiction to be investigated at the
cellular and molecular levels (/). Abused substances exert biological effects by
interacting with cell membranes and receptors, and modify the function of
proteins, which regulate signal transduction, intracellular pathways, and gene
expression. Adaptation to the effects of abused substances is known to constitute
a major determinant of the development of increased tolerance, withdrawal
syndrome, and dependence. Thus, important targets for alcohol and other abused
substance include second messengers, gene transcription factors, transmitter and
voltage-regulated ion channels, GTP-binding proteins, and metabolizing
enzymes (/). It is hoped that this research focus will identify important molecules
for the development of drug and alcohol addiction, as this will certainly lead to
identifying genes that are most critical in mediating addiction. A consideration of
the contribution of environmental factors to addictions should not be underes-
timated. However, to develop novel pharmacologic therapies for treating or
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preventing drug abuse, addiction, craving, or withdrawal symptoms when an
individual is attempting to quit, we must first identify neural substrates and
understand the mechanism by which abused drugs act at these target sites.

The involvement of coordinated programs of gene expression appears to be
critical for many brain functions, including long-term memory and drug addiction
(2). As shown in Figure 1, the cascade of intracellular signals mediated by
receptors interacting with G proteins initiates the communication between
extracellular signals and the nucleus to trigger specific patterns of gene
expression (3). We have assumed that the initiation of compulsive drug use may
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FIGURE 1. THE CAMP SIGNAL TRANSDUCTION PATHWAY. Schematic representation of the route
whereby ligands at the cell surface interact with, and thereby activate, membrane receptors (R) and
result in altered gene expression. Ligand binding activates coupled G-proteins (G), which, in turn,
stimulate the activity of the membrane-associated adenylyl cyclase (AC). This converts ATP to cAMP,
which causes the dissociation of the interactive tetrameric protein kinase A (PKA) complex into the
active catalytic subunits (C) and the regulatory subunits (R). Catalytic subunits migrate into the
nucleus where they phosphorylate (P) and thereby activate transcriptional activators such as
Ca2*/cAMP response element binding protein (CREB), cAMP response element modulator (CREM),
and activating transcription factor (ATF). These then interact with the cAMP response enhancer
element (CRE) found in the promoters of cAMP-responsive genes to activated transcription.
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involve the binding of the drug to a receptor resulting in activation or inhibition
of the cAMP-dependent pathway. This will ultimately influence the transcrip-
tional regulation of various genes through distinct promoter responsive sites (4).
The cAMP-responsive element binding protein (CREB), the first CRE-binding
factor to be characterized (5), is a transcription factor of general importance in
both neuronal and other cells (3). CREB phosphorylation on Ser-133 promotes
the activation of genes with an upstream CRE element (6). CREB phosphory-
lation and downstream gene expression can, in principle, be regulated by protein
kinases under the control of cAMP (7), Ca2*+ (8-11), or both (/2). Alteration of
CREB function specifically affects long-term synaptic changes and long-term
memory, while sparing short-term changes (8, /3-16). Thus, the final transcrip-
tional response to cAMP is the outcome of a complex interplay of nuclear targets
activated by signal transduction events. In a stress model of anhedonia, our
preliminary data (not shown) indicate a decrease in CREB phosphorylation. This
is of significance and tremendous importance as anxiety and stress factors play a
major role in the precipitation and maintenance of drug-seeking behavior (/7).
Our preliminary data (/8) are supported by the growing consensus that genes
influence behavior in both humans and animals, along with complex interactions
with the environment. However, because any behavioral trait is likely to be
affected by many genes acting in concert, the attempts to pin down which genes
influence which behavior have proven difficult. Recent advances in genetic
studies of human disease have linked some genes to some aspects of human
biology, behavior, or disease. It is therefore timely that the tools are now available
to discover the programs of gene expression that make the individual vulnerable
to drug dependency.

Experience in life, and encounters with pain or pleasure, may leave indelible
impressions. The pleasurable experience from abused drugs may cause a change
in the programs of gene expression. The nature and consequences of addictive
disorders and other CNS disturbances may appear to be aberrant programs of
gene expression, suggesting that the CNS of the drug-dependent individual may
be “locked” into programs that no longer respond to appropriate external circum-
stances. The intensity of the pleasure or experience may be irreversible, and one
cannot forget the pleasure because the rate of firing of neurons during the
experience has been altered from the normal pattern of neuronal firing. The extent
of dependency and the loss of control and the ultimate loss of plasticity—that is,
incomplete loss or partial loss—may allow for reconditioning and regaining of
control. Willpower to quit addiction may be difficult to mimic in the laboratory
so as to study its mechanism and rate limiting facets. It appears that interference
with the dopamine system may not restore the altered function and plasticity in
drug dependence. The initial trigger or switch that leads to changes in programs
of gene expression may be different for the different drugs of abuse.
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B. GENETIC MARKERS AND SIGNALING PROTEINS IN ADDICTION

Over the years, significant effort has been made to uncover valid genetic
markers for the risk of drug and alcohol addiction. It is now recognized that drug
and alcohol dependence is a chronic brain disease and a long-lasting form of
neuronal plasticity. At the cellular and molecular level, there is a growing body
of evidence that substances that cause addiction affect hormones and neurotrans-
mitter-activated signal transduction leading to short-term changes in regulation of
cellular functions and long-term changes in gene expression.

Complex, but defined, processes are emerging for the mechanisms leading to
the development of drug tolerance and dependence arising from adaptations in
post-receptor signaling pathways with the accompanying transcriptional
regulators. This may initiate a cascade of altered programs of gene expression
that underlie the long-term consequences of withdrawal and relapse that leads to
drug seeking behavior. The number of post-receptor events shown in Tables I and
IT underscores the complexity of the processes leading to drug and alcohol
dependence. Numerous studies have therefore demonstrated that chronic drug
administration drives the production of adaptations in post-receptor signaling by

TABLE 1.
SIGNAL TRANSDUCTION PATHWAYS POSSIBLY ASSOCIATED WITH
SUBSTANCE ABUSE AND PUTATIVE IBOGAINE EFFECTS

Post-Receptor Mediated Signal Transduction

Ca2+ signaling ions and other receptor and voltage operated channels
« K*,Na*, Ca®+ (P, T, N and L-types) ions
* (Na*K)-ATPase alpha-subunit

G protein-mediated signal transduction

* cAMP signal transduction

* Phosphorylation of adenylyl cyclase

* cAMP-PKA-PKC systems

* CREB-dependent gene transcription

» API transcription factor gene expression (IEGs, c-fos, fos B, jun-B and
e c-jun, zif 268, krox-20.

Poly-phosphoinositide (PI) signaling pathway
Post-transcriptional palmitoylation of GsOl
Peripheral phospholipase D activit

Lipid peroxidation

Microtubule associated protein

Nuclear transcription factors
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TABLE II.
CANDIDATE GENES POSSIBLY REGULATED BY ABUSED SUBSTANCES
AND PUTATIVE IBOGAINE EFFECTS

Neurotransmitters and hormones, receptor gene expression
AMPA, NMDA, mGluRS, GABAA, dopamine, serotonin, dynorphin, mu-
and kappa-opioid, beta endorphin, enkephalin and substance P, NGFI-§3,
cannabinoid receptor 1, CART peptide, Orphan receptor 1, corticotrophin-
releasing factor gene, nitric oxide, cholecystokinin, a-2a-adrenoceptor,
HSP-72, RGS2, and RGS3, mitochondrial 12 SINA

Monoamine transporter genes

Metabolizing enzyme genes
Angiotensin converting enzyme, Arginine vasopressin, tyrosine
hydroxylase, tryptophan hydroxylase, monoamine oxidase, glutamyl
transpeptidase, liver 3-galactoside 0.2, 6-sialyl transferase, trytophan
pyrrolase, hepatic cytochrome P450-dependent microsomal monoxy-
genase system, mitochondrial NADH dehydrogenase, alcohol
dehydrogenase, aldehyde dehydrogenase

a tangled, but precise, web of signal transducers. The G protein-mediated signal
transduction pathway may be crucial in the pathophysiology of drug dependency,
so that actions involving G proteins may be candidate markers in the addiction
process. The activity of the adenylate cyclase enzyme in the signal transduction
pathway of many of the G protein coupled receptors appears to be involved in
drug-seeking behavior. Furthermore, brain region-specific changes in multiple
signaling pathways of activator protein (AP-1 transcription factor changes in
gene expression in c-fos, fosB, jun-B, and c-jun) have also been linked to a long-
lasting form of neuronal plasticity associated with drug and alcohol dependence.
Receptor and voltage operated channels and G-protein-mediated phospho-
inositide and protein kinases are among the other signal transduction pathways
that may underlie the clinical manifestations of drug/alcohol dependence,
tolerance, withdrawal, and addiction.

C. IBOGAINE: BEYOND DOPAMINE IN THE NUCLEUS ACCUMBENS

The problem of drug addiction continues to affect modern society with severe
consequences. Despite extensive research efforts, the neurobiological
mechanisms responsible for compulsive and uncontrollable drug use remain
poorly understood (27). Therefore the long-term use of ingestion of psychostim-
ulants, like cocaine and amphetamines, narcotics like heroin, benzodiazepines
like diazepam, and the recreational use of alcohol, nicotine in smoking, and
cannabinoids in marijuana may cause addiction with craving and withdrawal
syndrome acting as a deterrent from cessation from drug and/or alcohol use. For
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many years, the central dopamine hypothesis of reward and reinforcement in drug
addiction has been associated with elevated dopamine levels in the nucleus
accumbens (Acb), which has therefore been suggested as the central and final
common neuroanatomical target for abused drugs in the brain (22-26). As
discussed recently (27), if the dopamine hypothesis of reward and the Acb brain
structure associated with reinforcement were all but proven, then manipulation of
the dopamine system should provide medications for drug and alcohol addicts in
the clinic. But since pharmacological treatment of drug and alcohol addiction has
largely been disappointing, new therapeutic approaches and hypothesis are
needed. Although, it has been previously recognized that the reward centers in the
brain consist of multiple systems and neuroanatomical sites, emerging data have
started to challenge the dopamine hypothesis of reward involving the Acb
circuitry (28). The studies in normal and cocaine addicts using positron emission
tomography (PET) are associated with metabolic abnormalities in the
orbitofrontal cortex and the striato-thalamic-orbitofrontal circuit, which has now
been postulated as a common mechanism underlying drug and alcohol addiction
(28,29). Furthermore, there are other dopamine independent mechanisms
involving other neurotransmitters like glutamate (30,37), y-aminobutyric acid
(GABA), dynorphin, serotonin (5-HT), and cholecystokinin (CCK), in the Acb
and in other brain regions like the frontal cortex, hippocampus, locus coerulus,
lateral hypothalamus, or the periaqueductal gray, that are potential neural
substrates for the rewarding properties of psychostimulants, benzodiazepines,
barbiturates, opiates, and phencyclidine hydrochloride (PCP) (32). Since the
usefulness in treating any addiction with dopaminergic agents has been limited
(33,34), one emerging potential, yet controversial, therapeutic agent is ibogaine,
an indole alkaloid isolated from the bark of the African shrub, Tabernanthe iboga.

Ibogaine is used by some African societies in high doses during initiation
ceremonies and rituals, and in low doses to combat hunger and fatigue. In
Western cultures, new claims indicate that a single dose of ibogaine eliminates
withdrawal symptoms and reduces drug cravings for extended periods of time
(35). The mechanism of action associated with the ability of ibogaine to block
drug-seeking behavior is currently incompletely understood, and a number of
studies suggest that ibogaine has a broad spectrum of action on multiple systems
(36,37). 1t is speculated that this broad spectrum of activity on opiate, serotonin,
dopamine, choline, glutamate, N-methyl-D-aspartate (NMDA), sigma,
noradrenegic, monoamine transporters, neurotensin, kappa-opioid, and other
hormonal systems may, in part, contribute to the putative antiaddictive properties
of ibogaine. As it is now doubtful that the mesolimbic dopamine acts by directly
producing feelings of pleasure or euphoria (38), we have to move beyond the
nucleus accumbens and dopamine hypothesis of reward. In place of the dopamine
hypothesis, our working hypothesis is that the molecular events that underlie the
development of compulsive drug-seeking behavior involve multiple brain sites
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and systems in drug reinforcement. These molecular switches lead to neuroplastic
alterations in specific signal transduction systems that turn on/off subsets of genes
that precipitate the behavioral manifestations of loss of control and compulsive
drug or alcohol use. Alcohol and abused drugs turn on the switch, and
withdrawal, craving, or relapse turns off the switch that creates the neuroadaptive
addiction cycle. It is therefore possible that ibogaine, through its multiple actions,
can restore the hedonic homeostatic dysregulation caused by drug and alcohol
abuse (39). In these continuing studies we are using in vivo and in vitro systems
to study the effects of cocaine and other abused substances and to determine
whether these effects can be blocked by ibogaine.

II. In Vitro Action of Cocaine on Ca?* and
Protein Kinase C Signaling

As discussed below, ibogaine was shown to block some of the actions of
cocaine in vivo. While an intact organism is desirable for studying in vivo effects,
the in vitro system is also valuable in exploring the mechanism of action in
isolated preparations. Thus, a number of investigators have used PC-12 cells to
study the effects of alcohol, but not that of cocaine on cell function (40-42). It was
demonstrated that chronic alcohol exposure increases protein kinase C (PKC)
activity and regulation of Ca?* channels in PC12 cell lines. The PC 12 clonal cell
line of neural crest origin possesses the ability to secrete dopamine and other
neurotransmitters that are known to be affected by cocaine. These cells are
coupled to the second messenger systems necessary for signal transduction in
response to a variety of stimuli. PKC consists of a family of closely related
isoforms, which differ in their localization and pharmacological properties. It is a
major mediator of transducing signals to the interior of the cell, and it is activated
in vivo by Ca?* and diacylglycerol. The activity and translocation of PKC has
been implicated in a number of cellular and neuronal functions. Previous studies
have therefore suggested a role of PKC in the modulation of ethanol effects on
receptor function in cells of central nervous origin. The aim of the present study
was to determine the activity and expression of PKC isoforms, along with
changes in Ca* levels following incubation of PC 12 cells with cocaine. While
alcohol-induced increases in PKC levels have been associated with the up-
regulation of Ca?*, we demonstrate the ability of cocaine to disrupt signal
transduction of PC 12 cells.

The treatment of PC 12 cells with cocaine (0.01-3.0 mM) modified the activity
and expression of the PKC isoforms and increased the intracellular levels of Ca?*
in the cells. SDS-PAGE and Western blotting analysis of the PC 12 cell
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FIGURE 2. ToTAL ACTIVITY OF PROTEIN KINASE C (PKC) (TOP PANEL) AND THE DIFFERENTIAL
ExpPRESSION OF PKC Isororwms. For the PKC activity, the PC 12 cells were treated with or without
cocaine for 6 days, and the total activity in the homogenates was analyzed as described. The
immunoblotts derived from Western analysis were scanned and quantified, and the expression of the
PKC isoforms presented in arbitrary units in shown in the lower panel.
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homogenates with antibodies against PKC o, B, v, 9, €, and { after incubation
with doses of cocaine are shown in Figure 2. The spectrum of the effects of
increasing doses of cocaine varied according to the isoforms. At doses up to 7.0
mM, cocaine was lethal to the PC 12 cells and inhibited the expression of all the
isoforms examined (data not shown). There was inhibition of the expression of
PKCo at low dose of 0.01 mM and increased expression at higher doses (0.1-3.0
mM) of cocaine. Immunoblotting with the anti-PKCP antibody detected an 80-
kDa protein, whose expression increased as the dose of cocaine increased. While
the expression of PKCS also increased with increasing doses of cocaine, the
expression of PKCy and PKCe decreased with increasing doses of cocaine, with
the expression of PKCC remaining significantly unchanged. The incubation in the
presence or absence of the antigenic peptides allowed identification of the PKC
isoforms by the occurrence of immunolabeled bands, which were not seen when
antigenic control peptide was present. Interestingly, the total activity of PKC
increased with increasing concentrations of cocaine and declined with concen-
trations above 3.0 mM when compared to PC 12 cells that were not exposed to
cocaine, as shown in Figure 2. The levels of Ca?* in the PC 12 cell homogenates
with or without incubation with cocaine were measured using fura-2 and
analyzed with the SPEX AR-CM fluorometer. The Ca** levels significantly
increased with increasing concentrations of cocaine in the PC 12 cells compared
to the controls, as shown in Table III. These data, therefore, confirm that the
antibodies used can detect PKCs a, B, v, 6, €, and ( in the PC 12 cells, and show
that cocaine differentially affects the expression of the subtypes of protein kinase
C.

These results demonstrate the ability of cocaine to affect the activity and
expression of PKC isoenzymes in PC 12 cells. The effect of cocaine was dose
dependent and specific for the different isoforms of PKC. The differential
expression of PKC isoforms was accompanied by increased total PKC enzyme
activity and Ca®* levels. These effects of cocaine in the expression and activity of
PKC in the PC 12 cells share some similarities and differences with the results
previously obtained with ethanol in PC 12 cells (42). It was demonstrated that

TABLE III.
[ CA2+]1 MEASUREMENTS IN PC 12 CELLS USING FURA-2
Treatment A[Ca2+]i nM % Control
Control 43705 100
0.01 mM cocaine 349.30 £ 25 799
0.10 mM cocaine 270.40 £ 19 619
1.00 mM cocaine 19273.00 £ 2001 44103

3.00 mM cocaine 21137.00 + 1998 48368
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chronic ethanol exposure increased the levels of PKCS and € and PKC-mediated
phosphorylation in cultured neural cells (40,42). The results obtained indicated
that, like alcohol, cocaine increased the levels of PKC9, but, unlike alcohol,
increasing doses of cocaine decreased the expression of PKCe. Furthermore, a
number of studies have suggested a role of PKC in the modulation of alcohol
effects on receptor function in cells of CNS origin, and the basis of some of these
pharmacological effects may be related to the PKC-derived transduction
mechanisms (4/,45,46). PKC activity has also been linked with tolerance to the
effects of alcohol (42) and morphine (47). In the CNS, alcohol and cocaine are
known to disrupt a number of hormonal and neurotransmitter systems, including
dopaminergic mechanisms that may be associated with compulsive alcohol and
drug use and relapse. Since not all the physiological actions of the multiple
dopamine systems can be explained by the modifications of the cAMP-dependent
pathway, some studies have suggested an involvement of the inositol phosphate-
generating system (48). There is increasing experimental evidence for the
existence of cross-talk or interaction between multiple signal transduction
systems (40,48) in the action of drugs that modulate the dopamine system,
including psychostimulants like amphetamine. The data obtained in this study
suggest some role of PKC in the effects of cocaine and lend further support to the
probable existence of cross-talk between multiple signal transduction systems.
It is known that PKC is a soluble enzyme in its active state, and translocation
to the plasma membrane is required for its activation by Ca?* and phospholipids
(49). However, not all PKC isoenzymes are calcium dependent. It was not
surprising that the levels of Ca®* were increased by the treatment with cocaine,
because any one or a combination of the following mechanisms can be speculated
to be involved: (1) by increasing Ca%* channels as reported for ethanol (42); (2)
by inhibition of the plasma membrane Ca>* ATPase pump, endoplasmic reticulum
Ca?* pump, mitochondrial Ca* uptake; and/or (3) due to the stimulation of the
release of Ca>* from internal storage by opening intracellular Ca** channels.
Cocaine may also activate phospholipase C, which hydrolyzes phosphoinositol
biphosphate (PIP2) yielding inositol triphosphate (IP3) and diacylglycerol
(DAG), which, in turn, promotes translocation of PKC to the membrane,
enhancing activation. The IP3 can release Ca** from internal storage sites and
thus increase intracellular Ca?*([Ca2*];). The high levels of Ca%* may also
stimulate Ca>* dependent proteases to degrade membranes and inhibit translation
and transcription. Some or all of these proposed mechanism may be implicated in
cocaine-induced apoptosis, observed at higher doses of cocaine. Although the
mechanisms by which cocaine increases Ca®* levels remain to be established, it
is attractive to speculate that just like alcohol, cocaine may also increase the
number and function of Ca* channels in the neural PC 12 cell line (42). Of
course, cocaine may also be acting by mechanisms independent of the voltage-
dependent Ca influx. In summary, this part of the study showed that cocaine
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differentially altered the expression of PKC isoforms accompanied by increased
levels of Ca* and total PKC activity. It is suggested that the differential
expression of PKC isozymes may demonstrate distinct roles of PKC isoforms in
the actions of cocaine. Thus, the PC 12 cell model may be exploited to further
understand the neurobiology of cocaine’s action in neural systems. We are
currently looking at the effects of ibogaine on a number of signaling pathways.
Some experimental evidence appears to suggest that ibogaine’s action on signal
transduction is more robust when that signal has been altered by abused
substances. For example, ibogaine was reported to potentiate the inhibition of
adenylyl cyclase by serotonin (50). The mechanism by which ibogaine and
noribogaine elicited a concentration-dependent increase in receptor-mediated
inhibition of adenylyl cyclase activity is unclear. Since ibogaine and noribogaine
did alter adenylyl cyclase activity, the enhanced inhibition of enzyme activity
appears to represent functional antagonism (50).

III. Effects of Ibogaine on the Action of Cocaine In Vivo

For many years, the powerful reinforcing effects of psychostimulants,
including cocaine and other abused drugs, have been linked to the mesocorti-
colimbic dopamine system and its connections (22-26). Although dopamine is
still thought to play a critical role in motivation and reward, it is doubtful that the
mesocorticolimbic dopamine acts directly as the brain reward center (38).
However, it is now conceptualized that rather than signaling pleasure as
previously thought, the neurotransmitter dopamine may be released by neurons to
highlight significant stimuli (38). The neurobehavioral effects of cocaine may be
linked to a number of factors, including the route of administration, the dose of
cocaine, the environmental cues, and the co-administration of other substances,
including alcohol. It is unlikely that the overall neurobehavioral effects of cocaine
are due to a single neurotransmitter action in one pathway in the central and
peripheral nervous system. It is more likely that they are the result of the effects
on multiple systems. The broad spectrum of action of ibogaine, therefore, makes
it attractive to investigate whether it will functionally block an in vivo action of
cocaine that is linked to emotionality/stress, which may be a factor in drug
dependency.

The acute and subacute effects during treatment and withdrawal from ibogaine
on the performance of ICR mice in the elevated plus-maze test did not show any
clear dose-response profile of action following the acute administration of
ibogaine, as shown in Figure 3. The data obtained following treatment with
ibogaine, or the combination with cocaine, were compared to the effect of
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FIGURE 3 THE ACUTE AND SUBACUTE EFFECTS DURING TREATMENT AND WITHDRAWAL (W/D) FROM
IBOGAINE (TOP PANEL), AND THE INFLUENCE OF IBOGAINE ON COCAINE WITHDRAWAL IN THE

ELEVATED PLUS-MAZE TEST SYSTEM. The time spent in the open arms (sec) of the plus-maze

following the 5-minute test session is shown. Following withdrawal from cocaine (1.0 mg/kg),

ibogaine (2.5 mg/kg) was administered daily for 4 days accompanied by daily testing.

Significant differences from vehicle-treated animals are indicated as *p<0.05 or +p<0.05 (one-way

ANOVA followed by Dunnet’s test).
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vehicle-treated control mice. While the decrease in time spent in the enclosed
arms at the lowest dose of 1.0 mg/kg may indicate an antiaversive action, the 2.5
mg/kg dose induced an aversive action in the open arms characterized by a
decrease in the time spent in these arms. Ibogaine at the doses used had no
significant effect on the time spent in the central platform. The number of entries
into the open and closed arms was reduced only at the 2.5 mg/kg dose acutely
(data not shown). At the highest dose of ibogaine used, the time spent and number
of entries into the open and enclosed arms and the central platform were not
different from controls. The repeated treatment of mice with ibogaine induced
aversive and antiaversive behavior to the open arms on day 4 and day 13, respec-
tively. An antiaversive behavior of mice injected with a 5-mg/kg dose was also
recorded on day 10, as shown by the reduced time spent in the enclosed arms.
This subacute treatment with ibogaine did not affect the time the animals spent in
the central platform. Following withdrawal from the 14-day treatment with
ibogaine, there were no differences in the time spent and number of entries into
the open arms, enclosed arms, and central platform in comparison to control
animals, as shown in Figure 3.

The influence of ibogaine (2.5 mg/kg) on cocaine withdrawal in the plus-maze
test showed that on withdrawal from 1.0 mg/kg cocaine, an intense aversion into
the open arms was blocked by ibogaine (see Figure 3). The data obtained add to
the growing evidence that ibogaine, its congeners, and perhaps its metabolites,
may have value in the treatment of drug and alcohol dependency. This conclusion
is supported by other animal and human anecdotal and clinical evidence (37).
Although there are some negative data, a number of animal studies indicate that
ibogaine reduces some of the behavioral manifestations associated with cocaine
administration and withdrawal (37). For example, in a study with mice, ibogaine
reduced cocaine consumption in a drinking preference model (57). In another
study, ibogaine did not reduce the withdrawal manifestations following naloxone-
precipitated withdrawal in morphine-dependent mice (52). In rats, ibogaine has
been shown to decrease morphine self-administration (53,54), reduce the severity
of withdrawal induced by naloxone (53,55), and decrease intravenous cocaine
self-administration (56). The effect of ibogaine on alcohol consumption was also
investigated in animals, and it was demonstrated that ibogaine and one of its
metabolites, noribogaine, reduces alcohol consumption in a number of alcohol-
preferring rat lines (57-59). There are suggestions that the use of ibogaine in the
treatment of drug and alcohol abuse be viewed with some degree of caution (60)
because of its hallucinogenic properties and perhaps toxicity, but it is difficult to
ignore the balance of evidence now emerging from animal and human data. In a
preliminary study of seven individuals addicted to opiates, three who had at least
1.0 gm ibogaine, had remained drug free for 14 weeks (67). Therefore, there is
some merit in the further investigation of the value of ibogaine in drug and
alcohol dependence, which may form a template for the development of novel
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compounds for substance abuse pharmacotherapy.

While the neuronal and molecular basis for the putative antiaddictiive
properties of ibogaine, its congeners, and its metabolites are incompletely
understood, it has been postulated that these ibogaine-like compounds may be
countering the multiple actions of abused substances (59). Most abused
substances are known to have effects and interactions with one or multiple
systems, including activation of gene expression and signal transduction,
serotonin, dopamine, GABA, glutamate, noradrenergic, opiates, and hormones,
particularly stress hormones (59). Because of the promiscuity of action of
ibogaine, it is not surprising that it has shown promise preclinically and in the
clinic. Thus, several approaches including pharmacological, histochemical,
biochemical, behavioral, radioligand binding, toxicological, spectrometry,
synthesis, and more recently molecular biology and genetics have been used to
probe the action of this alkaloid. Overall, consensus data support the multiple
effects of ibogaine. There is increasing interest in the genetic and signaling
molecules that are important in the multiple actions of ibogaine. It appears that
ibogaine may be restoring the intricate interactions within and between signaling
pathways that are disrupted by abused substances. Intriguingly, because of the
tangled web of cellular signaling mechanisms, there is no doubt that the more we
know about signal transduction, the more we realize that more has yet to be
discovered (62). Therefore, as hypothesized above, ibogaine may be switching
off a subset of genes that have been turned on by alcohol and abused drugs. One
transduction cascade that has been associated with the chronic administration of
opiates or psychostimulants is the cAMP signal transduction pathway, which
leads to CREB phosphorylation and downstream gene expression that, in
principle, can be regulated by protein kinases (63,64).

IV. Expression of Genes Regulated by Ibogaine Using
c¢DNA Microarray Analysis

Microarray technology has been described as a minirevolution in science and
medicine and holds tremendous potential in unraveling programs of expression in
normal and disease states (/9,20). Because of its relative simplicity and power, it
has been referred to as the new frontier in gene discovery and expression analysis
and can be used to study programs of gene expression and profiling gene
expression patterns of many genes in a single experiment. Microarray analysis
has already been used in a number of laboratories to answer different kinds of
research questions relating to gene expression (/9,20). This study utilizes
commercially available Atlas mouse cDNA expression arrays on which 588
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mouse cDNAs have been immobilized. Two Atlas arrays are used, along with the
reagents needed to make the cDNA probes. These cDNA probes are prepared
from RNA isolated from the brains of mice that have been treated with cocaine,
or ibogaine, or vehicle control groups. The expression levels of these known
genes following the treatment in the three groups can then be compared and
analyzed. It must be recognized that this technology has its limitations, and this
study did not involve the detailed preparation of the DNA arrays, but only uses
the commercially available arrays. Examples of differential gene expression
patterns in two groups using cDNA expression arrays are presented in Figure 4,
while Tables I and II list the putative genes and signaling molecules regulated by
abused drugs/alcohol and ibogaine. Further research is required to characterize
the most important genes regulated by ibogaine. Two different technologies, both
with tremendous potential application in ibogaine research, human disease,
biology, and behavior, are the use of gene-targeting approaches and differential
display polymerase chain reaction (DDPCR). We have used the DDPCR
procedure and obtained some preliminary data. Our preliminary DDPCR data

. : = :
s - [ ]
' |
L £
¥ : 3t :
it
: ® :
5 T
s 3
"
(] t #
$: :
[ : -\ .
" ¥

L

FIGURE 4. DIFFERENTIAL GENE EXPRESSION PATTERNS IN Two GROUPS USING CDNA EXPRESSION
ARrrAYs. Example of differential gene expression patterns with subtle changes that can be detected
during data analysis. Putative changes observed following administration of a number of abused
substances may be normalized by treatment with ibogaine.
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may suggest that abused substances are involved in the regulation of certain
genes in the brain. If ibogaine reverses the action of cocaine on gene expression
in the brain, as it does on cocaine-induced behaviors, characterization of the ESTs
we have obtained may lead to the isolation and identification of genes induced or
inactivated by ibogaine. Targeted gene disruption and gene manipulation
technologies have been applied to neuroscience research. A number of novel
genes have recently been identified and cloned, but the regulation of their
expression is unknown. Homologous recombination enables the study of the
physiological consequences of the absence of a specific gene. Recently, the
function of a number of genes was studied by invalidating their genes. Once the
complete genes activated or inactivated by ibogaine are known, then the
functions of the genes can be analyzed by homologous recombination.

V. Conclusions

It is currently recognized that addiction is a chronic relapsing brain disease
(65), for which behavioral and effective treatment is urgently needed.
Unfortunately, effective drug-abuse treatment continues to be elusive, and the
efficacies of new treatments for drug and alcohol addiction have been largely
disappointing. The discovery that ibogaine, an emerging, controversial, potential
treatment for alcohol and drug addiction, along with the recognition that the
mesocorticolimbic dopamine may not, after all, underlie the reward pathway as
previously hypothesized, may facilitate and aid rapid progress in substance-abuse
research beyond the nucleus accumbens and dopamine hypothesis of reward. As
reported recently, since ibogaine’s excitatory effect on ventral tegmental area
neurons was not long lasting, nor does it persistently alter cocaine- or morphine-
induced changes in dopamine neuron impulse (66), it was concluded that other
mechanisms must be explored to account for the proposed antiaddictive
properties of ibogaine. For the in vitro studies, it was reported that cocaine
disrupts signal transduction in PC 12 cells by altering the expression and activity
of PKC isoforms and Ca?* levels. Since cocaine differentially altered the
expression of PKC isoforms accompanied by increased levels of Ca?* and total
PKC activity, it remains to be determined if ibogaine will block the effects of
cocaine on the expression of PKC isozymes and activity. For the in vivo studies,
it was demonstrated acutely that ibogaine induced an aversive behavior in the
ICR mice in the plus-maze test. Ibogaine did not by itself precipitate withdrawal
anxiogenesis in the mouse model, but it reversed the withdrawal aversions caused
by cessation from cocaine administration. Therefore, it was concluded that if
anxiety or stress is a factor in drug dependency, then the antiaddictive property of
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ibogaine in vivo may be associated with modifying the CNS neurotransmission
that may be involved in anxiety. The ability of ibogaine to alter drug-seeking
behavior may thus be due to the combined actions of the parent drug and
metabolite at key pharmacological targets that modulate the activity of drug-
reward circuits. Thus, further studies are required to establish the efficacy of
ibogaine and the design of ibogaine-like compounds for substance treatment that
lack the toxicity and hallucinogenic profile of ibogaine. Finally, the mapping of
the human genome will enable us to identify all the potential gene products that
could be involved in addictions and the action of ibogaine.
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1. Introduction

Ibogaine, is a naturally occurring, psychoactive indole alkaloid derived from
the roots of the rain forest shrub Tabernanthe iboga. Indigenous peoples of
Western Africa use ibogaine in low doses to combat fatigue, hunger, and thirst,
and in higher doses as a sacrament in religious rituals (/). The use of ibogaine for
the treatment of drug dependence has been based on anecdotal reports from
groups of self-treating addicts that the drug blocked opiate withdrawal and
reduced craving for opiates and other illicit drugs for extended time periods (2-
4). Preclinical studies have supported these claims and provided proof-of-concept
in morphine-dependent rats (5,6). While ibogaine has diverse CNS effects, the
pharmacological targets underlying the physiological and psychological actions
of ibogaine in general, or its effects on opiate withdrawal in particular, are not
fully understood. Pharmacological treatments for heroin addiction currently
employ two treatment strategies: detoxification followed by drug-free abstinence
or maintenance treatment with an opioid agonist. Because agonist maintenance
with methadone usually has the goal of eventual detoxification to a drug-free
state, the use of medications to facilitate this transition is a clinically important
treatment strategy. Anecdotal reports suggest that ibogaine has promise as an
alternative medication approach for making this transition (4). Ibogaine has an
added benefit to other detoxification strategies in that the treatment experience
seems to bolster the patient’s own motivational resources for change.

There have been few reports of the effects of ibogaine in humans. Anecdotal
accounts of the acute and long-term effects of ibogaine have included only a
small series of case reports from opiate and cocaine addicts with observations
provided for only seven and four subjects, respectively (2,3). A retrospective case
review of 33 ibogaine treatments for opioid detoxification in nonmedical settings
under open label conditions has suggested further that the alkaloid has amelio-
rative effects in acute opioid withdrawal (4). However, objective investigations of
ibogaine’s effects on drug craving, and the signs and symptoms of opiate
withdrawal, have not been done in either research or conventional treatment
settings. Ibogaine is a drug with complex pharmacokinetics and an uncertain
mechanism of action with regards to its alleged efficacy for the treatment of
opiate dependence. Ibogaine is metabolized to noribogaine, which has a pharma-
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cological profile that is different from that of the parent drug. We report here that
ibogaine is effective in blocking opiate withdrawal, providing an alternative
approach for opiate-dependent patients who have failed other conventional
treatments. Identifying noribogaine’s mechanism of action may explain how
ibogaine promotes rapid detoxification from opiates after only a single dose.

II. Identification of a Primary Metabolite
of Ibogaine

Our group developed an analytical method for quantifying ibogaine in blood
samples from rats, primates, and humans (7,8). Using fullscan electron impact
gas chromatography/mass spectrometry (GC/MS), a primary metabolite, 12-
hydroxyibogamine (noribogaine) was detected for the first time in blood and
urine samples. The analytical procedure involved a solvent extraction under basic
conditions with Ds-ibogaine as an internal standard. Urines taken from dosed
monkeys and humans were extracted under strongly basic conditions, extracts
were evaporated, reconstituted, and analyzed by GC/MS in full scan electron
impact ionization mode. Analysis of the resulting total ion chromatograms
revealed a peak identified as ibogaine by comparison with an authentic standard.
All samples were found to contain a second major component eluting after
ibogaine. Similar spectral characteristics of this peak to ibogaine’s spectrum
defined it as an ibogaine metabolite, which is formed by the loss of a methyl
group (Figure 1). The site for metabolic demethylation of ibogaine was the

Ibogaine, R = CH; (Le Men-Taylor numbering)
Noribogaine (10-Hydroxyibogamine)*, R =H
*Noribogaine has frequently been referred to as 12-hydroxyibogamine

in the biological and medical literature, based on the Chemical Abstracts
numbering system for this alkaloid skeleton.

FIGURE 1. MOLECULAR STRUCTURES OF IBOGAINE AND NORIBOGAINE. Ibogaine undergoes O-
demethylation to form 12-hydroxyibogamine (noribogaine).
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methoxy group, resulting in the compound 12-hydroxyibogamine (noribogaine).
The identity of the desmethyl metabolite was confirmed using an authentic
standard of noribogaine (Omnichem S.A., Belgium) and gave a single peak at the
same retention time and with the same electron impact fragmentation pattern as
the endogenous compound isolated from monkey and human urine (7).

III. Cytochrome P450 Metabolism and
Genetic Polymorphisms

Ibogaine, like most CNS drugs, is highly lipophilic and is subject to extensive
biotransformation. Ibogaine is metabolized to noribogaine in the gut wall and
liver (Figure 2, schematic). Ibogaine is O-demethylated to noribogaine primarily
by cytochrome P4502D6 (CYP2D6). An enzyme kinetic examination of ibogaine
O-demethylase activity in pooled human liver microsomes suggested that two (or
more) enzymes are involved in this reaction (8). In this study, ibogaine was
incubated with a set of microsomes derived from cell lines selectively expressing
only one human cytochrome P450 enzyme and with a series of human liver
microsome preparations, characterized with respect to their activities toward
cytochrome P450 enzyme selective substrates to estimate the relative contri-
butions of the various P450 enzymes to the metabolism of ibogaine in vitro. The
enzyme CYP2D6 showed the highest activity toward the formation of
noribogaine, followed by CYP2C9 and CYP3A4 (9).

Depending on whether a particular isoenzyme is present or absent, individuals
are classified as extensive or poor metabolizers. The influence of genetic
polymorphisms on the biotransformation of ibogaine under in vivo clinical
conditions has been examined in recent studies (9). The results demonstrate that
there are statistically significant differences in the two populations with regard to
Cmax and ty, (elim) and area under the curve (AUC) of the parent drug and
metabolite, indicating that the disposition of ibogaine is dependent on
polymorphic CYP2D6 distribution (Table 1). Since some of the CNS activity may
be the result of noribogaine, the CYP2D6 phenotype may prove to be an
important determinant in the clinical pharmacology of ibogaine. Many CYP2D6
substrates are subject to drug interactions. In considering the potential patient
population who might benefit from ibogaine, many of these patients may have
taken other medications (prescription and/or illicit), increasing the potential for
serious adverse drug interactions.
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FIGURE 2. TIME COURSE OF WHOLE BLOOD CONCENTRATIONS OF IBOGAINE AND NORIBOGAINE
AFTER ORAL ADMINISTRATION TO DRUG-DEPENDENT VOLUNTEER. Pharmacokinetics of ibogaine and
noribogaine over the first 24 hours after oral dose in a human subject. Data shown are from a represen-
tative male subject (wt/wt, extensive metabolizer). Values for parent drug and desmethyl metabolite
were measured in whole blood samples at the times indicated. Open squares indicate ibogaine concen-
trations and shaded squares indicate noribogaine concentrations. SK, St. Kitts, W.I., Subject Code.

TABLE 1.
PHARMACOKINETIC PARAMETERS OF IBOGAINE AND NORIBOGAINE IN
HuMAN EXTENSIVE AND POOR METABOLIZERS (CYP2D6)

*Extensive Metabolizers *#+Poor Metabolizers
Ibogaine
tnax Nl 1.70 £ 0.15 2.50 £ 1.04
C haxeng/ml 737+ 76 896 + 166
AUC,_,hr,ng « hr/ml 3936 £ 556 11471 £ 414
t)p.hr 7.45 £ 0.81 NQ
Noribogaine
tnax Nl 6.17 £ 0.85 3.17 £ 1.36
C haxeng/ml 949 + 67 105 + 30
AUC, ,;hr,ng + hr/ml 14705 + 1024 3648 * 435
typ,hr NQ NQ

* N =24 (10.0 mg/kg), 16 males and 8 females
**N =3, 3 males (10.0 mg/kg)
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IV. Ibogaine Pharmacokinetics

Pharmacokinetic measurements have been obtained from human drug-
dependent patient volunteers who had received single oral doses of ibogaine
(Table 1; Figure 2). Figure 2 illustrates the pharmacokinetic profile of ibogaine
and the metabolite following oral doses of the drug in a representative male
subject. Table 1 shows that CYP2D6 mediated metabolism of ibogaine resulted
in high levels of noribogaine in blood, with Cmax values in the same range as the
parent drug. The time required to eliminate the majority of absorbed ibogaine
(>90%) was 24 hours post-dose (Figure 2). The pharmacokinetic profiles
measured in whole blood demonstrate that the concentrations of noribogaine
measured at 24 hours remained elevated, in agreement with previous findings
(10). The still elevated concentrations of noribogaine in blood at 24 hours after
drug administration limited the quantitation of the terminal half-life of the
metabolite. Noribogaine was measured in CYP2D6 deficient subjects, but at
concentrations that were markedly lower than for the extensive metabolizers.
Conversion of the parent to noribogaine in CYP2D6 deficient subjects may reflect
the metabolic contribution of other cytochromes (CYP2C9, CYP3A4). The
concentration of noribogaine measured at 24 hours post-dose in the subject in
Figure 2 was in the range of 800 ng/ml, similar to the peak concentration of
ibogaine that was measured in this representative subject. Pharmacokinetic
measurements in human volunteers administered oral doses of ibogaine showed
that the area under the curve (AUC) for the parent compound was approximately
three-fold less than for the active metabolite (Table 1). Thus, noribogaine reaches
sustained high levels in blood after a single administration of the parent drug.

Since the metabolite has been shown in radioligand binding assays to have
higher affinities for certain CNS targets, it can be estimated that the contribution
of the metabolite to the total pharmacodynamic profile of ibogaine is significant.
To display in vivo activity, it is necessary for CNS drugs to reach the brain. Since
it is difficult to study these processes in humans, it is common to study the
penetration of a CNS active drug into the brains of laboratory animals. The
concentrations of ibogaine and noribogaine have been measured in rat brain
following both oral and intraperitoneal (i.p.) administrations (//,/2). The signif-
icance of micromolar interactions of ibogaine and noribogaine with various
radioligand binding sites was related to the concentration of parent drug and
metabolite in brain (Table 2). Regional brain levels of ibogaine and noribogaine
were measured in rat cerebral cortex, striatum, brainstem, and cerebellum at 15
minutes, 1 and 2 hours postdrug administration. We have shown that ibogaine is
rapidly detected in brain following oral administration. The metabolite was
detected at the earliest time point (15 minutes), consistent with first pass
metabolism of the parent drug (/7). Administration of ibogaine (40 mg/kg i.p., 50
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TABLE 2.
PHARMACOKINETIC PARAMETERS OF IBOGAINE AND NORIBOGAINE IN
MALE RAT (SPRAGUE-DAWLEY)

*Whole Blood *Brain **Brain
40 mg/kg i.p. 40 mg/kg i.p. 50 mg/kg p.o.
Ibogaine
tnaxo NI 0.10£0.03 1.00 £ 0.14 1.00 £ 0.21
Chaxong/ml or 3859 + 789 3782 £ 418 5210 + 480
ng/g [uM] [11.2 £2.3] [11.0 £ 1.2] [15.1 £ 1.4]
AUC, ng ¢ hr/ml or 10636 + 341 22098 + 922 NQ
ng/g [uM ¢ hr] [30.7 £ 1.0] [63.9 £2.7]
typ.hr 2.38 £ 0.50 11.05 £ 1.15 NQ
Noribogaine
tnaxo NI 2.40 £ 0.04 2.00 £ 0.16 2.00 £0.28
Chaxong/ml or 7265 + 953 3236 £ 514 3741 + 423
ng/g [uM] [21.9 £ 2.9] [9.8 = 1.6] [11.3 + 1.3]
AUC, ng ¢ hr/ml or 96920 + 741 38797 = 324 NQ
ng/g [uM ¢ hr] [292.0 £ 2.2] [117.9 £ 1.0]

NQ, not quantifiable

Noribogaine t, not quantifiable

* Noncompartmental pharmacokinetic analysis over a 24 hr. period

*# Noncompartmental pharmacokinetic analysis over a 2 hr. period

Data represent the average values from individual animals (n = 4) assayed in duplicate.

mg/kg p.o.) in rodents resulted in levels of ibogaine and noribogaine that ranged
from 10 to 15 pM and 10 to 12 pM, respectively. The results demonstrate that
noribogaine reaches significant concentrations in brain following both routes of
administration in rodents. Thus, the concentrations of noribogaine in brain may
activate processes that cause the desired effects of suppressing opiate withdrawal
signs and diminishing drug craving.

V. Setting and Study Design

We have had the opportunity to describe the clinical experience of a series of
patients undergoing opiate detoxification with ibogaine. The study was conducted
in a 12 bed freestanding facility in St. Kitts, West Indies. The treatment program
had a planned duration of 12 to 14 days and stated goals of: (1) safe physical
detoxification from opiates, (2) motivational counseling, and (3) referral to
aftercare programs and community support groups (twelve-step programs).
Subjects were self-referred for inpatient detoxification from opiates (heroin or
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methadone) and met inclusion/exclusion criteria. All individuals were deemed fit
and underwent treatment following a physician’s review of the history and
physical examination. Participants did not have histories of stroke, epilepsy, or
axis I psychotic disorders. Results of the electrocardiogram and clinical
laboratory testing were within predetermined limits. All subjects signed an
informed consent for ibogaine treatment. Overall, the sample of 32 patients was
predominately male (69%) and white (82%), with a mean age of 33.6 years and
a mean length of addiction of 11.1 years.

All participants met DSM-1V criteria for opioid dependence and had positive
urine screens at entry to the study. Participants were assigned to fixed-dose (800
mg; 10 mg/kg) of ibogaine HCl under open-label conditions. Subjects were
genotypyed for the CYP2D6 alleles (*2, *4, *5 and wt alleles), as described
previously (/3). On admission, participants were administered the Addiction
Severity Index (/4) and received structured psychiatric evaluations before and
after ibogaine treatment (SCID I and II). In cases where the participant’s
responses were deemed questionable due to intoxication or withdrawal signs,
portions of all interviews were repeated later, as necessary. Additional
information about substance use history and past/current medical condition(s)
was gathered and later cross-referenced for accuracy through a separate compre-
hensive psychosocial assessment.

VI. Physician Ratings of Withdrawal

Two physicians rated as present or absent 13 physical signs typically
associated with opiate withdrawal, based on a 10-minute period of observation
(14,15). The Objective Opiate Withdrawal Scale (OOWS) data were analyzed
from three assessments performed during the period spent in the clinic under
medical monitoring, given that those points in relation to ibogaine administration
were highly comparable among all patients. The attending physician performed
the first assessment following clinic admission an average of 1 hour before
ibogaine administration and 12 hours after the last dose of opiate. A psychiatrist
without knowledge of the admitting OOWS score performed the second
assessment an average of 10 to 12 hours after ibogaine administration and 24
hours after the last opiate dose. The attending physician performed the third
assessment 24 hours following ibogaine administration and 36 hours after the last
opiate dose. Physician’s ratings were subjected to repeated measures analysis of
variance (ANOVA) with treatment phase (pre-ibogaine, post-ibogaine, and
program discharge) as the within-subjects factor.
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VII. Subjects’ Self-Report of Withdrawal Symptoms

The Opiate-Symptom Checklist (OP-SCL) was developed for the present study
as a subtle assessment of withdrawal symptoms, given that many subjects’ verbal
reports about withdrawal experience were generally exaggerated, both in number
and severity of symptoms. Each of the 13 items that comprises the OP-SCL scale
were taken from the Hopkins Symptom Checklist-90, with the criteria for
selection based on whether it appeared in two other self-report withdrawal
questionnaires, the Addiction Research Center Inventory (/6) and the Subjective
Opiate Withdrawal (/7) scales. Subjects also completed a series of standardized
self-report instruments relating to mood and craving at three different time points
during the study within 7 to 10 days after the last dose of opiate. Subjects were
asked to provide ratings of their current level of craving for opiates using
questions from the Heroin Craving Questionnaire (HCQN-29) (/8). Self-reported
depressive symptoms were determined by the Beck Depression Inventory (BDI)
(19). Subjects’ scores were subjected to repeated measures analyses of variance
across treatment phase (pre-ibogaine, post-ibogaine, and discharge) as the within-
subjects factor for the total score from the OP-SCL, BDI, and the HCQN-29.

VIII. Acute Detoxification and Behavioral Outcomes

Physical dependence on opiates is characterized by a distinctive pattern of
signs and symptoms that make up the naturalistic withdrawal syndrome. The
physical dependence produced by an opiate is assessed usually by discontinuation
of opioid treatment (spontaneous withdrawal) or by antagonist-precipitated
withdrawal. All of the subjects identified opiates as one of the primary reasons for
seeking ibogaine treatment and demonstrated active dependence by clinical
evaluation, objective observations, and positive urine screen. Physician ratings
demonstrate that ibogaine administration brings about a rapid detoxification from
heroin and methadone (Figure 3A). The post-ibogaine OOWS rating obtained 10
to 12 hours after ibogaine administration and 24 hours following the last opiate
dose was significantly lower than the rating obtained 1 hour prior to ibogaine
administration and 12 hours after the last opiate dose. At 24 hours after ibogaine
administration and 36 hours after the last opiate dose, the OOWS rating was
significantly lower than the pre-ibogaine rating. The blinded post-ibogaine
ratings between doctors agreed well item for item and were not significantly
different from one another in terms of the mean total OOWS score (mean = 1 SD,
N = 32). These objective measures demonstrate the effects of ibogaine on opiate
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withdrawal assessed in this study. Objective signs of opiate withdrawal were
rarely seen and none were exacerbated at later time points. The results suggest
that ibogaine provided a safe and effective treatment for withdrawal from heroin
and methadone. The acute withdrawal syndrome in addicts dependent on heroin
begins approximately 8 hours after the last heroin dose, peaks in intensity at 1 to
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FIGURE 3. SCORES ON THE OBJECTIVE OPIATE WITHDRAWAL SCALE. (a) The effects of single-dose
ibogaine treatment on opiate withdrawal signs at three physician-rated assessment times (12, 24, and
36 hours after the last dose of opiate). Average data are shown (mean £ 1 SD, N = 32). *P < .05. (b)
The effects of single-dose ibogaine on patients self-report Opiate-Symptom Checklist (OP-SCL). The
OP-SCL was developed for the present study as a subtle assessment of patients’ subjective complaints
based on 13 items selected from the Hopkins Symptom Checklist rated for intensity from O to 4. The
maximum score attainable for the OP-SCL was 42.

*p<.05.
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2 days, and subjective symptoms subside within 7 to 10 days. Self-reports of
withdrawal symptoms shortly after recovery from ibogaine treatment (< 72
hours) were significantly decreased from the pre-ibogaine rating obtained 12
hours after the last use of opiates and were comparable to the level of discomfort
reported at program discharge approximately one week later (Figure 3B). Thus,
for subjects undergoing ibogaine detoxification, all of the subjects were
successful during the detoxification process and many were able to maintain
abstinence from illicit opiates and methadone over the months following detoxi-
fication (data not shown). Perhaps the most important observation was the ability
of a single dose of ibogaine to promote a rapid detoxification from methadone
without a gradual taper of the opiate. These preliminary observations of ibogaine
treatment suggest that methadone withdrawal was not more difficult than heroin
withdrawal following ibogaine detoxification. As discussed below, we suggest
that the long-acting metabolite noribogaine may account for the efficacy of
ibogaine treatment for both heroin and methadone withdrawal.

Craving is thought to be an important symptom contributing to continued drug
use by addicts. Opiate-dependent subjects report increased drug craving during
the early stages of withdrawal (20). We have previously reported that subjects
undergoing opiate detoxification reported significantly decreased drug craving for
opiates on five measures taken from the HCQN-29 scales at 36 hours
posttreatment. These five measures inquired about specific aspects of drug
craving, including urges, as well as thoughts about drug of choice or plans to use
the drug. Questions are asked also about the positive reinforcing effects of the
drug or the expectation of the outcome from using a drug of choice or the
alleviation of withdrawal states. Perceived lack of control over drug use was
included, since it is a common feature of substance-abuse disorders and is most
operative under conditions of active use, relapse, or for subjects at high risk. The
results demonstrated that across craving measures, the mean scores remained
significantly decreased at program discharge (/0). BDI scores were also signifi-
cantly reduced both at program discharge and at 1-month follow-up assessments
(10). Heroin craving is known to be dramatically reduced depending on the lack
of availability of the abused drug in a controlled setting. Thus, more meaningful
studies of ibogaine’s ability to suppress heroin craving require further investi-
gations done under naturalistic conditions.

IX. Cardiovascular Changes and Side Effects of Ibogaine

Ibogaine has a variety of dose-dependent pharmacological actions, which may
not be relevant to its effectiveness for opiate detoxification and diminished drug
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cravings, but may influence considerations for safety. However, toxicological
studies in primates have demonstrated previously that ibogaine administration at
doses recommended for opiate detoxification is safe (27/). The FDA Phase 1
Pharmacokinetic and Safety investigations by our group have not advanced in the
United States due to a lack of funds to support clinical investigations of ibogaine
in patient volunteers. However, we have had the opportunity to obtain additional
safety data in drug-dependent subjects under controlled conditions in human
studies conducted in St. Kitts, West Indies. For these subjects, baseline screening
included a medical evaluation, physical examination, electrocardiogram, blood
chemistries, and hematological workup, as well as psychiatric and chemical
dependency evaluations. In some cases, more extensive evaluations were done to
rule out cardiac risk factors and to exclude subjects for entry to the study. The
recognition of the cardiovascular actions of ibogaine date back to the 1950s,
when the CIBA Pharmaceutical Company investigated ibogaine as an antihyper-
tensive agent. Ibogaine at doses used for opiate detoxification may lower blood
pressure and heart rate when the drug reaches peak concentrations in blood. In
contrast, the opiate withdrawal syndrome is associated with increases in pulse,
systolic and diastolic blood pressures, and respiratory rate.

Our observations of the safety of ibogaine have not been limited to opiate-
dependent subjects. To date, we have evaluated ibogaine’s safety in more than
150 drug-dependent subjects that were assigned to one of three fixed-dose
treatments under open label conditions: 8, 10, or 12 mg/kg ibogaine. Adverse
effects were assessed by clinician side-effect ratings and open-ended query. To
date, no significant adverse events were seen under these study conditions. The
most frequent side effects observed were nausea and mild tremor and ataxia at
early time points after drug administration. Random regression of vital signs
(respiration rate, systolic and diastolic blood pressures, and pulse) revealed no
significant changes across time or by treatment condition for opiate-dependent
subjects. However, a hypotensive response to ibogaine was observed in some
cocaine-dependent subjects, which required close monitoring of blood pressure
and which was responsive to volume repletion. Comparison of pre- and postdrug
effects demonstrated that blood cell count, neurotrophil levels, and sodium and
potassium levels were in the normal range. There were no significant changes
from baseline seen on liver function tests. No episodes of psychosis or major
affective disorder were detected at posttreatment evaluations. Intensive cardiac
monitoring demonstrated that no electrocardiographic abnormalities were
produced or exaggerated following ibogaine administration in subjects that were
not comorbid for any cardiovascular risk factors. These preliminary results
demonstrate that single doses of ibogaine were well tolerated in drug-dependent
subjects. These preliminary observations are encouraging, but they do not
diminish the possibility that ibogaine may have other medical risks not ordinarily
associated with opiate withdrawal or with the use of tapering doses of methadone.
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However, we anticipate, based on our clinical experience from offshore studies,
that any potential adverse cardiovascular responses can be well managed within
routine clinical practice.

X. Mechanism of Action

While the precise mechanism(s) underlying the expression of opiate
withdrawal signs and symptoms are not fully understood, and may be different
between humans and laboratory animals, the cellular and behavioral changes
resulting from withdrawal and that have motivational relevance to drug-seeking
behavior may involve the same neural circuits as those that participate in opiate
dependence. Ibogaine and its active metabolite noribogaine act on a number of
different neurotransmitter systems in the brain that may contribute to ibogaine’s
ability to suppress the autonomic changes, objective signs, and subjective distress
associated with opiate withdrawal. However, we have speculated that the actions
of noribogaine at mu-opioid receptors may account in part for ibogaine’s ability
to reduce withdrawal symptoms in opiate-dependent humans (22). For example,
the desmethyl metabolite noribogaine has been shown to be a full agonist at the
mu-opioid receptor (Table 3). This pharmacological activity, coupled with the

TABLE 3.
INHIBITORY POTENCY OF IBOGAINE AND NORIBOGAINE
Ibogaine Noribogaine Pharmacodynamic

IC5o(uM) nh IC5o(uM) nh Action
Serotonergic
5-HT Transporter 0.59 £0.09 0.8 0.04 £ 0.01 0.76 Reuptake
(RTI-55) Blocker
Opioidergic
Mu (DAMGO) 11.0£0.9 1.0 0.16 £ 0.01 0.99 Agonist
Kappa 1 25.0+0.6 1.1 42+03 1.05 Partial
(U69593) Agonist (?)
Kappa 2 238 +7.1 1.0 923+9.2 1.03 Partial
(I0XY) Agonist (?)
Glutaminergic
NMDA 52+0.2 0.9 314+54 1.1 Channel
(MK-801) Blocker

The values represent the mean + SE of the ICs, value (uM) from 3-4 independent experiments, each performed
in triplicate. nh, Hill slope
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long duration of action may produce a self-taper effect in opiate-dependent
patients.

The relative contributions of the parent and metabolite to the pharmaco-
dynamic effects have yet to be established with precise certainty. Results from
animal studies indicate that opiate withdrawal is associated with hyperactivity of
the noradrenergic system and with changes in a variety of other neurotransmitter
systems (23). Pharmacological agents may have differential effects on different
components of opiate withdrawal. In addition to affecting mu-opioid receptors in
the brain, noribogaine also has affinity at kappa-opioid receptors and the
serotonin transporter (8). Indirect serotonergic agonists have been shown to
attenuate neuronal opiate withdrawal (24). The 5-HT releaser d-fenfluramine and
the 5-HT reuptake blockers fluoxetine and sertraline reduce the withdrawal-
induced hyperactivity of locus ceruleus neurons. We have demonstrated
previously that noribogaine elevates serotonin concentrations in brain by binding
to the 5-HT transporter (Table 3) (8). Dysphoric mood states associated with
opiate withdrawal may be a contributing factor for relapse, since addicts often
experience drug craving in conjunction with dysphoric mood states (20). An
action at the 5-HT transporter may explain the antidepressant effects seen
following ibogaine administration in human opiate-dependent patients (/0).
Clinical studies have previously suggested that patients who abused opiates may
have been self-medicating their mood disorders, indicating a possible role for
endogenous opiates in major depression (25). Dysphoria and drug craving
reportedly persist in opiate addicts even after detoxfication from opiates has been
completed. Thus, noribogaine’s effects at multiple opioid receptors and the 5-HT
transporter may explain the easy transition following only a single dose of
ibogaine in humans following abrupt discontinuation of opiates. These
observations suggest that noribogaine may have potential efficacy for use as a
rapid opiate detoxification treatment strategy. Recognition of the different
components (autonomic changes and the objective signs versus subjective signs,
dysphoric mood, and drug craving) may suggest the need for a medication
strategy that targets multiple neurotransmitter systems for the treatment of opiate
withdrawal and for relapse prevention. The identification of noribogaine’s mix of
neurotransmitter receptors and neurotransporter binding sites provides additional
support for medications targeted to different aspects of the opiate withdrawal
syndrome.

Opiate agonist pharmacotherapy with buprenorphine is a new alternative to
methadone maintenance for the treatment of opiate dependence (20).
Noribogaine has some pharmacologic similarities to the mixed agonist-antagonist
analgesic buprenorphine. Buprenorphine and noribogaine both act as mu
agonists. Compared to buprenorphine’s high affinity partial agonist profile,
noribogaine has lower receptor affinity, but increased intrinsic activity over
buprenorphine as a mu agonist. Behavioral and physiological evidence suggest
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that buprenorphine has kappa antagonist effects in addition to its action as a
partial mu agonist. Noribogaine binds to kappa receptors, but acts as a partial
agonist (Table 3). Both drugs have a long duration of action due to the slow rates
of dissociation from opiate receptor sites. Thus, ibogaine’s ability to inhibit opiate
craving may be accounted for by the mixed mu- and kappa-opioid profile of the
active metabolite noribogaine.

XI. Conclusion and Future Directions

Pharmacological treatments for opiate dependence include detoxification
agents and maintenance agents. New experimental approaches have also been
tried to reduce the time it takes to complete the process of detoxification or to
further reduce persisting subjective reports of dysphoria and opiate craving.
Ibogaine treatment is a novel approach that has similarities with other detoxifi-
cation pharmacotherapies, including substitution with a longer-acting opiate (e.g.,
methadone or buprenorphine). However, ibogaine appears to be a prodrug with
the beneficial effects residing in the active metabolite noribogaine. Thus, it would
be useful to demonstrate that noribogaine alone is effective in detoxification of
heroin-dependent and methadone-maintained patients. If noribogaine alone is
safe and effective in open label studies, a randomized, double-blind study
comparing noribogaine to clonidine-naltrexone detoxification would be justified.
This clinical study would demonstrate whether noribogaine is more effective and
has fewer adverse hemodynamic effects. Based on its spectrum of pharmaco-
logical activities, we suggest that noribogaine should also be considered as an
alternative to methadone maintenance.

A pharmacological approach for the compliance problem has been the
development of depot formulations that might be injected as infrequently as once
a month. The long-acting pharmacokinetics of noribogaine suggests that the drug
may, in fact, persist in the body for weeks to months. Thus, future development
of depot noribogaine preparations may provide an optimal therapeutic approach
for treating intractable opiate abusers. Another approach would be to combine a
noribogaine taper with naltrexone. This approach may provide a means to shorten
the time needed to initiate opiate antagonist therapy. Previous studies have also
suggested the need for combination pharmacotherapies, such as antidepressants
with buprenorphine (20). Interestingly, noribogaine has a pharmacological profile
that includes actions on both serotonin and opiate systems in the brain. Although
not discussed in this report, ibogaine provides an approach for the treatment of
abuse of multiple substances including alcohol and cocaine. Many opiate-
dependent patients abuse multiple drugs and alcohol. Thus, ibogaine and its
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active metabolite noribogaine represent two additional pharmacological
treatments for opiate dependence. However, clinical studies are needed to
demonstrate whether they will become viable alternatives for treating opiate
dependence in the future. It remains to be seen if the politics surrounding this
controversial treatment approach will limit the promise for future development of
either ibogaine or noribogaine.
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1. Introduction

Ibogaine, one of the naturally occurring indole alkaloids found in the shrub
Tabernanthe iboga of central Africa, has been shown to have psychotropic
effects, and was initially used for its hallucinogenic properties (/,2). Anecdotal
reports of heroin and cocaine addicts suggested that taking ibogaine decreased
drug craving, with the effects lasting for several months (3,4). This has been
supported in several animal studies where ibogaine has been shown to reduce
self-administration of both morphine and cocaine (5-8). On this basis, there has
been interest in investigating ibogaine for its potential in treating drug abuse (9).

However, ibogaine has also been shown to have negative effects in animal
studies that might potentially limit its clinical utility in humans. These effects
include production of tremors and neurotoxicity (/,2). Specifically, treatment of
rats with ibogaine at 100 mg/kg in one to three doses was found to cause
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activation of microglia and astrocytes and loss of Purkinje cells in the parasagittal
zones of the cerebellar vermis (/0,//). Harmaline was found to have similar
effects. The receptor sites through which ibogaine mediates its antiaddictive and
neurotoxic effects are not known with certainty, since it interacts with low affinity
at a number of neurotransmitter and transporter sites including NMDA-
glutamatergic and kappa- opioid receptors (/,2). Current evidence indicates that
ibogaine and other iboga alkaloids might produce some of their neurotoxic
effects by interaction with sigma-2 receptors.

II. Sigma Receptors

A. GENERAL CHARACTERISTICS AND FUNCTIONS

Sigma receptors are membrane proteins that bind several psychotropic drugs
with high affinity (/2). They were initially proposed to be related to opioid
receptors (/3) and then confused with the phencyclidine binding site on the
NMDA -glutamatergic receptor ionophore. Sigma receptors, as defined today, are
unique binding sites, with a pharmacological profile unlike any other known
neurotransmitter or hormone receptor (/4). Initial interest in sigma receptors
came mainly from their high affinity for typical neuroleptic drugs, such as
haloperidol, and their potential as alternative targets for antipsychotic agents
I5,16).

Two major subclasses of sigma receptors have been identified. These have
been termed sigma-1 and sigma-2, and they are differentiated by their pharmaco-
logical profile, function, and molecular size (/7,/8). Both subtypes have high to
moderate affinity for typical neuroleptics, with haloperidol exhibiting the highest
affinity for both sites. However, sigma-1 receptors exhibit high affinity for (+)-
benzomorphans, such as (+)-pentazocine, whereas sigma-2 receptors have low
affinity for the (+)-benzomorphans. The (-)-isomers of benzomorphans do not
strongly differentiate the two sites. Photoaffinity labeling revealed a molecular
weight of 25 kDa for sigma-1 receptors and of 18- 21.5 kDa for sigma-2 receptors
17,19).

Sigma receptors are widely distributed throughout the brain, but occur in
particularly high density in the motor regions. These include cerebellum,
brainstem, motor nuclei, and substantia nigra (/2). Sigma receptors are also
found in high density in many tissues outside of the nervous system. Sigma
receptors are present in endocrine, immune, and reproductive tissues (20). Both
subtypes are expressed in high density in the liver and kidney (/9). In addition,
both subtypes of sigma receptors are found to be expressed in very high density
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in tumor cell lines derived from various tissues (2/). These include neurob-
lastomas, glioma, melanoma, and carcinoma cell lines of breast, prostate, and
lung. Furthermore, the expression of sigma receptors in tumor cell lines increases
when the cells are in a state of rapid proliferation (22), and tumor tissue has been
found to express a higher density of sigma receptors than surrounding normal
tissue (23). High sigma receptor expression in tumor cell lines and up regulation
during rapid cell growth suggests a possible role of sigma receptors in cell growth
and proliferation.

No endogenous functional ligand (agonist) for sigma receptors has been
conclusively identified. There is evidence for the existence of sigma receptor
binding substances in brain and tissue extracts (24,25), and for depolarization-
induced release of a substance(s) from brain tissue slices that occupies sigma
receptors (26). Progesterone has affinity for sigma-1 receptors (27) and certain
neurosteroids have been shown to exhibit modulatory effects via sigma receptors
(28). This has led to the proposal that certain steroids may be endogenous ligands
for the sigma receptors.

The sigma-1 receptor has been cloned in guinea pig, mouse, rat, and human,
and shown to be a novel protein with > 90% species homology (29-32). The
sigma-1 protein is unrelated to any known receptor family. The protein sequence
has substantial homology to the fungal sterol biosynthetic enzyme, A%’-sterol
isomerase (29). This has suggested a role of sigma-1 receptors in sterol
metabolism, particularly in that of neurosteroids (33). However, the protein
exhibits no enzymatic activity and is unrelated to the mammalian A®’-sterol
isomerase (34). Thus, the relevance of sigma-1 receptors to sterol metabolism is
not yet clear. In light of the affinity of progesterone and some neurosteroids for
sigma-1 receptors, it is possible that the homology represents a steroid binding
activity. No information on the structure of the sigma-2 receptor is available at
present.

Some of the functions attributed to sigma-1 receptors include: (1) modulation
of synthesis and release of dopamine (35,36) and acetylcholine (37), (2)
modulation of NMDA-type glutamatergic receptor electrophysiology (38), (3)
modulation of NMDA-stimulated neurotransmitter release (39,40), (4)
modulation of muscarinic receptor-stimulated phosphoinositide turnover (4/), (5)
neuroprotective and antiamnesic activity (42), (6) modulation of opioid analgesia
(43), and (7) alteration of cocaine-induced locomotor activity and toxicity (44).

Less is known about the functions of sigma-2 receptors in the brain. As
mentioned above, sigma receptors are highly expressed in regions of the brain
that regulate posture or that are involved in motor control (/2). Microinjection of
sigma ligands into motor regions of the brain induces marked alterations in
movement and posture. Microinjections of typical neuroleptics, as well as
selective sigma ligands into the rat red nucleus, induces an acute dystonic
reaction (45). Microinjection of sigma ligands into the facial nucleus, or spinal
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trigeminal nucleus oralis, produced orofacial dyskinesias (vacuous chewing and
facial tremors) in rats (46). Unilateral microinjection of sigma ligands into the
substantia nigra results in contralateral circling (47). These effects on motor
behavior and posture were described by a pharmacological profile generally
consistent with mediation by sigma-2 receptors (47,48). These results suggest
that sigma-2 receptors might be involved in the regulation of motor behavior and
may contribute to some of the motor side effects of typical antipsychotic drugs,
particularly tardive dyskinesias and acute dystonias (/2,49).

B. SiGMA-2 RECEPTORS AND CELL DEATH

Results from some of the brain microinjection studies described above
suggested that some sigma ligands might be neurotoxic. Reduced haloperidol (a
major haloperidol metabolite and a potent sigma ligand) and the cyclohexane
diamine, BD614, caused extensive gliosis and loss of magnocellular neurons in
and around the injection site (50,57). Further investigation in vitro revealed that
some ligands were cytotoxic to tumor cell lines of both neuronal and nonneuronal
origin (e.g., SK-N-SH neuroblastoma and C6 glioma), as well as to primary
cultures of rat central nervous system (e.g., cerebellar granule cells, cortical
neurons, superior cervical ganglion cells) (52-54). Sigma ligands initially caused
damage to cell processes, followed by a loss of processes, assumption of a
spherical shape (“rounding”), and detachment from the surface. Continued
exposure to sigma compounds ultimately resulted in cell death. The effect was
dose dependent, with higher doses causing morphological changes and death at
shorter time periods. In primary cultures, effects could be seen in relatively low
doses (1 to 3 uM) for the most active compounds, with effects occurring over a
course of up to 21 days with some cultures. This confirms the chronic nature of
the effect, where the effective dose decreases as the period of exposure increases.

Detailed assessment of the pharmacology of this effect indicated the
involvement of sigma-2 receptors. Compounds binding to both sigma-1 and
sigma-2 sites, such as haloperidol, were active, whereas sigma-1-selective
compounds such as (+)-pentazocine and compounds, which lack significant
sigma affinity, but which are agonists or antagonists at other receptors, were
inactive (52-54). Sigma-2 receptor specificity was confirmed using the sigma-2-
selective ligands CB-64D and CB-184 (55), which were quite potent at producing
cytotoxicity. Thus, chronic activation of sigma-2 receptors results in morpho-
logical changes and cell death.

Cell death may occur by either necrosis or apoptosis (56-58). Necrosis is
thought to result from physical or chemical injury to the cell. It is typified by cell
swelling, destruction of cytoplasmic organelles, and loss of membrane integrity,
and is not controlled by a genetic program. Necrosis in tissues is accompanied by
an inflammatory response. Apoptosis (or programmed cell death) can result from
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various and specific developmental or environmental stimuli. It is typified by cell
shrinkage, membrane blebbing and cytoplasmic boiling, chromatin condensation,
and nuclear DNA fragmentation, all with maintenance of membrane integrity
(58). In tissues, apoptotic cells are removed by macrophages or adjacent
epithelial cells, without generating an inflammatory response. Apoptosis is a
highly regulated process, involving several signaling pathways, transcription
factors, proteolytic enzymes (caspases), nucleases, and other intracellular
molecules that both promote and prevent the death of the cell (56,58). Induction
of apoptotic cell death or dysregulation of apoptosis plays a key role in several
physiological and pathological processes (57). These include development,
immune responses, carcinogenesis and tumor progression, hypoxia, viral
infection, and degenerative disorders. Furthermore, many cytotoxic agents cause
cell death via apoptosis.

The mode of cell death induced by sigma-2 ligands in various cell types was
found to be apoptotic (59,60). Treatment of SK-N-SH neuroblastoma cells or
breast tumor cell lines with sigma-2 agonists, including CB-64D and CB-184,
caused inversion of phosphatidyl serine, DNA fragmentation, and nuclear
condensation, as measured by annexin-V binding, TdT-mediated dUTP nick-end
labeling (TUNEL), and bisbenzimide (Hoechst 33258) staining, respectively. All
of these are known hallmarks of apoptosis (58). Similar results were observed
using primary cultures of rat cerebellar granule cells (59). Treatment of cells with
sigma-1 selective ligands (e.g. (+)-pentazocine) produced no change in the cells.
Thus, activation of sigma-2 receptors subsequently activates the cellular
machinery, which results in programmed cell death.

C. S1GMA-2 RECEPTORS AND CALCIUM SIGNALING

The ability of sigma ligands to induce morphological changes and apoptosis
led to an investigation of the signaling mechanisms that are utilized by sigma-2
receptors. It is well established that calcium plays a role in cytotoxicity and that
alterations in cell calcium levels play a role in the induction of apoptosis in
various cell types (6/-63). Thus, the ability of sigma receptors to modulate
intracellular calcium was investigated using indo-1-loaded human SK-N-SH
neuroblastoma cells. Sigma receptor ligands from various structural classes
produced two types of increases in intracellular (cytosolic) calcium concentration
([Ca*t]i) (64,65). Sigma receptor-inactive compounds structurally similar to the
most active sigma ligands produced little or no effect. Mediation of the effect on
[Ca**]i by sigma-2 receptors was strongly indicated by (1) the high activity of the
sigma-2-selective ligand CB-64D, (2) the greater activity of CB-64D ((+)-
isomer) over CB-64L ((-)-isomer), and (3) the very low activity of the
sigma-1-selective (+)-benzomorphans, (+)-pentazocine, (+)-SKF-10,047, and
dextrallorphan (65).
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The two types of rise in [Ca**]i produced by sigma-2 receptor ligands were
distinguishable both temporally and by source (65). The compounds all produced
an immediate, dose-dependent, and transient rise in [Ca**]i, which usually
returned to near baseline within 7 to 10 minutes. This transient rise in [Ca**]i
occurred in the absence of extracellular calcium and was virtually eliminated by
pretreatment of cells with thapsigargin. Thus, sigma-2 receptors stimulate a
transient release of calcium from the endoplasmic reticulum. Prolonged exposure
of cells to sigma receptor ligands resulted in a latent and sustained rise in [Ca**]i.
This sustained rise in [Ca**]i was affected neither by removal of extracellular
calcium nor by thapsigargin pretreatment. This indicates that sigma-2 receptor
ligands also induce release of calcium from mitochondrial stores or from some
other calcium store that is insensitive to thapsigargin, such as golgi apparatus.
These findings indicate that sigma-2 receptors may utilize calcium signals in
producing cellular effects.

The fact that production of a rise in [Ca**]i, changes in cellular morphology,
and induction of apoptosis all have the same pharmacological profile suggests
that these processes are linked, and that sigma-2 receptors coordinate the events
leading to apoptotic cell death. In view of the ability of sigma-2 receptors to
induce cytotoxicity, and in light of the lack of information regarding the receptor
sites(s) that might mediate ibogaine-induced neurotoxicity, we investigated
whether ibogaine might interact with sigma receptors. /boga alkaloids were
found to interact selectively with sigma-2 receptors and to induce a rise in
intracellular calcium levels, morphological changes, and apoptosis (66-71).

III. Binding of Ihoga Alkaloids to Sigma Receptors

Table I shows the binding affinities of ibogaine and various related iboga
alkaloids at sigma-2 receptors. Sigma-1 receptor affinities are given in the
following text. Sigma-1 receptors were labeled with the sigma-1-selective probe,
[*H](+)-pentazocine, in guinea pig brain membranes (72). Sigma-2 receptors
were labeled with [P H]DTG using rat liver membranes, in the presence of dextral-
lorphan to mask binding to sigma-1 sites (/9). Ibogaine exhibited moderate
affinity for sigma-2 sites (K; = 201 + 24 nM), but had very low affinity for sigma-
1 receptors (K, = 8,554 £ 1,134 nM), resulting in 43-fold selectivity for sigma-2
sites over sigma-1. Mach et al. (67) obtained similar results with ibogaine.
Although the affinity of ibogaine for sigma-2 receptors is only moderate, this is
none the less quite significant, since ibogaine generally has much lower affinity
for other neurotransmitter receptors studied thus far (73-78). Although there is
variation across studies, ibogaine is reported to bind with K; values in the range
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of 1 - 15 uM to subtypes of muscarinic cholinergic, oi-adrenergic, kappa-opioid,
ionophore site of NMDA-glutamatergic receptor, as well as the dopamine and
serotonin transporters. Ibogaine is reported to be inactive (K; > 100 uM) at
serotonergic, dopaminergic, metabotropic glutamatergic, benzodiazepine, V-
aminobutyric acid,, and cannabinoid receptors. Furthermore, ibogaine turns out
to be one of the rare sigma-2-selective ligands, since most compounds binding to
sigma receptors either interact selectively with sigma-1 sites or bind to both sites
with high affinity (/7-19, 65). Interestingly, in addition to ibogaine, all of the
ibogaine analogs shown in Table I also have a low affinity for sigma-1 receptors.

For discussion of the structure-activity relationships for affinity at sigma
receptors, ()-ibogamine will be considered as the parent compound for those
shown in Table I. (+)-Ibogamine has an unsubstituted indole moiety, with a
sigma-2 K; = 137 + 13 nM and sigma-1 K, = 1,835 + 131 nM. A methoxy group
in the 10-position (ibogaine) did not markedly change the sigma-2 affinity, but
decreased the sigma-1 affinity (K; = 8,554 + 1,134 nM). A methoxy group in the
11-position (tabernanthine) produced little change in sigma-2 affinity, and only a
small decrease in sigma-1 affinity (K, = 2,872 £ 37 nM), resulting in 14.8-fold
selectivity for sigma-2 receptors. An O-t-butyl group in the 10-position also did
not dramatically change the sigma-2 receptor affinity or the sigma-1 affinity (K
= 4,859 *+ 682 nM), resulting in 20-fold selectivity for sigma-2 sites. Thus, the

TABLE L
AFFINITIES OF IBOGAINE AND RELATED INDOLE ALKALOIDS AT SIGMA-2 RECEPTORS

Alkaloid R, R, R; R, Sigma-2 K; (nM)
(+)-Ibogamine H H H H 137+ 13
Ibogaine OCH; H H H 201 £ 24
Tabernanthine H OCH; H H 194 £ 10
10-7-Butoxy-ibogamine O-t-Bu H H H 247 + 26
Noribogaine OH H H H 5,226 + 1,426
(+)-Coronaridine H H CO,CH; H >100,000
(+)-MC H H CO,CH;4 OCH; 8,472 £ 1,237

Portions adapted from data in Bowen et al. (66). Sigma-1 receptor affinities are given in the text. Ibogaine was
purchased from Sigma Chemicals (St. Louis, MO). See acknowledgments section for sources of other alkaloids.
Alkaloids here and throughout the text without stereochemical designation are derived from natural ibogaine and are
(-)-enantiomers.
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presence or position of the methoxy group on the aromatic ring of the indole
moiety is not critical for sigma-2 affinity. Furthermore, the size of the substituent
appears not to be critical since the O-#-butyl group is just as well tolerated at the
sigma-2 receptor as the methoxy group. However, a phenolic hydroxyl group in
the 10-position (noribogaine) results in a 38-fold loss of binding affinity at sigma-
2 receptors and an 8-fold loss of affinity at sigma-1 receptors (K; = 15,006 + 898
nM). Thus, a phenolic hydroxyl group appears not to be tolerated in the sigma-2
receptor binding site.

The effect of substitution in the saturated ring system was also examined. The
presence of a carbomethoxy group in the 16-position (()-coronaridine) resulted
in complete loss of sigma-2 receptor binding affinity and a 20-fold loss in sigma-
1 affinity (K; = 35,688 £ 2,858 nM) compared to (+)-ibogamine. Addition of a
methoxy group at the 18-position of the 16-carbomethoxy analog, (+)-18-
methoxycoronaridine ((£)-MC), led to a marked improvement of sigma-2 binding
affinity compared to (£)-coronaridine, but was still of low affinity. Compared to
(£)-ibogamine, (+)-MC had 62-fold lower sigma-2 binding affinity. (£)-MC had
slightly improved sigma-1 binding affinity (K, = 28,687 + 283 nM) compared to
(£)-coronaridine, but had 16-fold lower sigma-1 affinity compared to (1)-
ibogamine. Thus, a carbomethoxy group at the 16-position is not tolerated in the
sigma-2 receptor binding site. All of these analogs had a very low affinity at
sigma-1 sites.

IV. Effect of Iboga Alkaloids on Intracellular Cytosolic Calcium

As described above, we have shown that sigma-2 receptors mediate a rise in
cytosolic calcium levels (64,65). In view of the sigma-2 binding affinity of
ibogaine and its analogs, we investigated whether iboga alkaloids could affect the
levels of intracellular calcium in human SK-N-SH neuroblastoma cells. Human
SK-N-SH neuroblastoma cells were loaded with Indo-1 calcium indicator dye,
and [Ca**]i of individual cells was measured using the fluorescence ratio at 410
nm/485 nm (65).

The iboga alkaloid being tested was added to Indo-1-loaded SK-N-SH neurob-
lastoma cells, and the change in [Ca**]i was monitored for about 10 minutes.
Ibogaine produced a dose-dependent rise in [Ca**li. The calcium levels began to
rise almost immediately after addition of the alkaloid to the cells. Table II shows
the effect of 100 UM of various iboga alkaloids on [Ca**]i. The percent increase
in [Ca**]i was calculated by determining the peak level of [Ca**]i relative to the
starting basal level. In addition to ibogaine, (+)-ibogamine and 10-7-butoxy-
ibogamine also produced a rise in [Ca**]i. Noribogaine, (+)-coronaridine, and
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TABLE IIL.
EFFECT OF IBOGAINE AND ITS ANALOGS ON [CA**]1
Percentage increase in [Ca**]i
Alkaloid (100 uM) above basal at 100 uM
Ibogaine 40.5+2.0
(£)-Ibogamine 102 + 14
10-#-Butoxy-ibogamine 100 + 6.4
Noribogaine 0+0
(£)-Coronaridine 00
(£)-MC 50£05
THAP (150 nM)/Ibogaine 00
THAP (150 nM)/(+)-Ibogamine 00

(£)-MC had little or no effect on [Ca**]i. This pharmacological profile is
consistent with mediation by sigma-2 receptors, since only those iboga alkaloids
with significant sigma-2 affinity (Table I) are active at increasing [Ca**]i.

To determine the source of calcium contributing to the iboga alkaloid-induced
rise in [Ca**]i, SK-N-SH neuroblastoma cells were pretreated for 10 minutes with
150 nM thapsigargin (THAP) to deplete the store of calcium in the endoplasmic
reticulum. Table II shows that thapsigargin-pretreatment completely eliminated
the rise in [Ca**]i produced by ibogaine and (+)-ibogamine. These results show
that, like other sigma-2 receptor ligands, such as CB-64D and BD737 (64,65),
ibogaine and related iboga alkaloids that have sigma-2 receptor affinity act as
sigma-2 receptor agonists to gate calcium from the endoplasmic reticulum.
Whether or not iboga alkaloids also produce a latent, sustained, and thapsigargin-
insensitive rise in [Ca**]i, like that produced by other sigma-2 agonists on
long-term exposure, was not examined.

V. Effect of Iboga Alkaloids on Cellular Morphology and
Induction of Apoptosis

As mentioned above, sigma-2 receptors were found to mediate morphological
changes and apoptotic cell death in a number of cell types, including tumor cell
lines and primary cultures of neuronal cells (52-54,59,60). The ability of iboga
alkaloids to cause cytotoxicity was examined in vitro using rat C6 glioma cells
and human SK-N-SH neuroblastoma cells. The cytotoxic effect of iboga
alkaloids was also examined in primary cultures of rat cerebellar granule cells.

Cells were exposed to various concentrations (3 to 30 uM) of ibogaine or its
analogs and the morphology of the cells examined by phase contrast microscopy.
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The morphological state was given a score after the indicated time of exposure.
Scoring of cell morphology was similar to that described previously (52): N,
normal cells; A, loss or damage to cell processes; B, initial stages of cell
rounding; C, complete rounding with or without detachment from substratum; D,
cell death with presence of cell debris. Effects on rat C6 glioma cells and human
SK-N-SH neuroblastoma cells are shown in Tables III and IV. The sigma-2
receptor-active compounds, ibogaine, (+)-ibogamine, and 10--butoxy-ibogamine
produced dose- and time-dependent changes in cellular morphology. In C6
glioma cells, 30 uM ibogaine produced significant changes in cell morphology
within 72 hours. 10-#-Butoxy-ibogamine was more potent, producing significant
morphology changes within 24 hours and cell death within 72 hours of exposure.
In SK-N-SH cells, 30 uM (£)-ibogamine and 10-#-butoxy-ibogamine induced cell
death within 72 hours of exposure, with ibogaine producing significant cell
rounding by this time point. Again, 10-z-butoxy-ibogamine was most potent,
producing significant morphological change in as little as 6 hours at 30 uM,
followed by (+)-ibogamine, and then ibogaine. Effects on rat cerebellar granule
cells are shown in Table V. In cerebellar granule cells, 10-z-butoxy-ibogamine
produced significant changes in cells within 72 hours at a concentration of 10 uM
and induced cell death by 10 days at 30 uM. Ibogaine at a concentration of 30 uM
induced cell rounding by 10 days.

Iboga alkaloids lacking sigma-2 affinity did not exhibit cytotoxic effects in
these cells. Noribogaine and (£)-MC failed to produce any effect on cells. (£)-
Coronaridine was inactive in C6 glioma cells at 30 uM, but did produce
morphologic effects in SK-N-SH neuroblastoma cells at 30 puM. However, (+)-
coronaridine-induced toxicity was distinct from that produced by the other iboga
alkaloids and other sigma-2 receptor ligands. This alkaloid caused the appearance
of abundant intracellular bodies with a granular appearance (indicated by “gran”
in Table IV), which did not occur with the other iboga alkaloids or with other
sigma-2 receptor agonists such as CB-64D and BD737. In addition, harmaline, an
indole alkaloid that is also sigma receptor-inactive (66), caused morphological
changes similar to those of (£)-coronaridine (not shown). Thus, these effects of
(£)-coronaridine and harmaline on neuroblastoma cells appear not to be mediated
by sigma-2 receptors and are due to some other mechanism.

DNA fragmentation is one hallmark of apoptotic cell death (58). DNA
fragmentation occurring during apoptosis can be detected by incorporating
fluorescein-12-dUTP at the 3-OH DNA ends using the enzyme, terminal
deoxynucleotidyl transferase (TdT). TUNEL (TdT-mediated dUTP Nick-End
Labeling) was previously used to detect sigma-2 receptor-induced apoptotic cell
death in both SK-N-SH neuroblastoma cells and cerebellar granule cells (59).
SK-N-SH neuroblastoma cells were treated with a 100 uM concentration of
various iboga alkaloids for 24 to 72 hours and then prepared for TUNEL staining
and analysis by fluorescence microscopy. Treatment of SK-N-SH neuroblastoma
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TABLE III.
EFFECT OF IBOGA ALKALOIDS ON RAT C6 GLIOMA CELLS

Time of exposure

Alkaloid Concentration 6 hours 24 hours 48 hours 72 hours
Ibogaine 30 uM N N N A-B
10-z-Butoxy-ibogamine 30 uM N A-B B-C C-D
Noribogaine 30 uM N N N N
(2)-Coronaridine 30 yM N N N N

TABLE IV.

EFFECT OF IBOGA ALKALOIDS ON HUMAN SK-N-SH NEUROBLASTOMA CELLS

Time of exposure

Alkaloid Concentration 6 hours 24 hours 48 hours 72 hours
Ibogaine 10 utM N N N A
30 pM N N A-B B-C
(+)-Ibogamine 10 pM N N N A
30 pM N A B-C C>D
10-r-Butoxy-ibogamine 10 pM N A A A-B
30 pM A-B B-C C D
Noribogaine 30 uM N N N N
()-MC 30 pM N N N N
(£)-Coronaridine 10 uM N N N-A A
(gran) (gran)
30 pM N A-B B-C B-C
(gran) (gran) (gran)
TABLE V.

EFFECT OF IBOGA ALKALOIDS ON RAT CEREBELLAR GRANULE CELLS

Time of exposure

Alkaloid Concentration 1 day 3 days 7 days 10 days
Ibogaine 3 uM N N N N
10 yM N N N A
30 uM N A A-B B>C
10-t-Butoxy-ibogamine 3 uM N A A A-B
10 yM A A>B A-B B-C
30 M A-B B-C B<C C-D
Noribogaine 3 uM N N N N
10 uyM N N N N
30 M N N N A-B
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cell cultures with 100 uM ibogaine (48 hours), (£)-ibogamine (24 hours), and 10-
t-butoxy-ibogamine (24 hours) resulted in TUNEL-positive cells, indicating
apoptotic cell death. Treatment with 100 UM noribogaine for 72 hours failed to
produce any TUNEL-staining cells, consistent with no change in morphology
relative to untreated controls as observed above (Table IV). Similarly, TUNEL-
positive cells were evident after treatment of rat cerebellar granule cells with 30
UM ibogaine (72 hours), (£)-ibogamine (48 hours), and 10-#-butoxy-ibogamine
(48 hours). No TUNEL-positive cells were present after treatment with 30 uM
noribogaine for up to 7 days. Thus, consistent with the profile for production of
morphological changes, only those iboga alkaloids with affinity for sigma-2
receptors produced DNA fragmentation and apoptotic cell death.

VI. Summary and Discussion

The specific receptor sites at which ibogaine interacts to produce neurotoxicity
in vivo have not yet been delineated with certainty, and the exact relevance of the
cytotoxicity of ibogaine as demonstrated in vitro with regard to administration of
the drug in vivo is not clear. O’Hearn and Molliver (79) have proposed an indirect
toxicity model for ibogaine-induced cerebellar toxicity whereby acute adminis-
tration of ibogaine (100 mg/kg, i.p., once) activates neurons in the inferior olive,
resulting in sustained release of glutamate from climbing fiber synapses onto the
Purkinje cells. This results in excitotoxic degeneration of the Purkinje cells in the
cerebellum. This notion is strongly supported by the observation that ablation of
the inferior olive abolishes the neurotoxic effect of an acute dose of ibogaine (79).
Furthermore, ibogaine can potentiate neuronal glutamatergic activity, as
evidenced by its ability to slightly increase the electrophysiological response to
NMDA in the CA, region of the rat dorsal hippocampus (80). This enhancing
effect was proposed to be mediated via a sigma-2 receptor-related site (80).
Interestingly, an effect of ibogaine involving glutamate might appear paradoxical,
since ibogaine has been shown to be a noncompetitive antagonist at the NMDA-
glutamatergic receptor (75,8/) and thus would be expected to have
neuroprotective activity in models of glutamate-induced excitotoxicity. It is
possible, however, that glutamatergic receptors other than the NMDA-type
contribute to the cerebellar excitotoxicity. Also, the redundancy of the synaptic
input onto Purkinje cells could make them exquisitely sensitive to glutamate-
induced neurotoxicity (79).

It at first appears unlikely that sigma-2 receptors are solely responsible for the
highly selective Purkinje cell toxicity produced by ibogaine, since harmaline,
which lacks sigma-2 affinity (66), produces the same effect (/7). The most
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parsimonious explanation for this is that ibogaine and harmaline both act at some
other site to activate the olivocerebellar projection. However, it remains possible
that ibogaine and harmaline act through different mechanisms to activate the
same pathway, with ibogaine acting at sigma-2 receptors and harmaline acting
through a different site (see below).

Based on the in vitro results currently described, an additional model to
consider is one where ibogaine causes activation of sigma-2 receptors and results
in a direct cytotoxic effect on neuronal and/or glial cells through an apoptotic
mechanism. It is possible that this direct neurotoxicity combines with excito-
toxicity due to enhanced response to glutamate, both effects being mediated by
sigma-2 receptors. In conjunction with the greater vulnerability of Purkinje cells
to excitotoxic injury, this could result in the cerebellar degeneration caused by
ibogaine. This would also explain the apparent paradox of ibogaine-induced
excitotoxicity, despite ibogaine’s properties as an NMDA-glutamatergic
antagonist. Furthermore, it was observed in the in vifro model that harmaline also
caused cell morphology changes, but these effects were clearly distinct from the
effects produced by ibogaine and other sigma-2 receptor agonists. This suggests
that harmaline and ibogaine act via different mechanisms in vitro, and might do
S0 in vivo.

Whereas the climbing fiber model accounts for the specificity of ibogaine
toxicity for cerebellar Purkinje cells, the direct toxicity model would apply to any
ibogaine-induced cytotoxicity that might be observed in other brain regions or in
peripheral tissues due to the wide tissue distribution of sigma-2 receptors (/9-217).
Such widespread cytotoxicity of ibogaine has not yet been reported in the brain
or the periphery. No significant pathological effects were observed in liver,
kidney, heart, or brain following chronic treatment of rats with ibogaine (10
mg/kg for 30 days or 40 mg/kg for 12 days, i.p.) (82). However, it should be noted
that the neurotoxic effect of ibogaine is reported to be highly dependent on dose,
whereby a single dose that is effective at reducing morphine and cocaine self-
administration (40 mg/kg, i.p.) does not produce cerebellar neurotoxicity in the
rat (83). Also, chronic administration of a behaviorally active dose of ibogaine
(10 mg/kg, i.p., every other day for 60 days) failed to produce loss of cerebellar
Purkinje cells in rats (84). Thus, it is conceivable that an acute dose of ibogaine
higher than that used by O’Hearn and Molliver (79), a different route of adminis-
tration, or a chronic paradigm at a dose greater than 40 mg/kg might produce
widespread, direct toxicity to rat brain neurons as well as to peripheral tissues
expressing high densities of sigma-2 receptors such as rat liver and kidney (/9).

Noribogaine has been shown to be the major ibogaine metabolite in humans
and results from O-demethylation (85, 86). Interestingly, noribogaine lacks
affinity for sigma-2 receptors (Table I), produces no effects on [Ca**]i (Table II),
and is devoid of cytotoxicity in vitro (Tables III-V). Therefore, after adminis-
tration of a dose of ibogaine, O-demethylation to noribogaine would eliminate the
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sigma-2 receptor binding affinity and therefore would abolish its potential
cytotoxicity. This could have important implications for the treatment of drug
abusers with ibogaine, since subjects with a low level of hepatic O-demethylase
activity (“slow metabolizers”) might be more susceptible to the potential
cytotoxic effects of ibogaine than “rapid metabolizers.” Differences in the rate of
ibogaine demethylation could also explain the observed species differences in
sensitivity to the neurotoxic effects of ibogaine. For example, ibogaine clearly
produces neurotoxicity in rats at a dose of 100 mg/kg (/0,11,79), but no
neurotoxicity was observed in African green monkeys after treatment for 5 days
with repeated doses of either 25 mg/kg (p.o.) or 100 mg/kg (s.c.) of ibogaine (9).
Furthermore, no cerebellar degeneration or degeneration in any other brain area
was observed on postmortem neuropathological examination of a female patient
who had received four doses of ibogaine ranging from 10 to 30 mg/kg over a 15-
month period (9). Thus, ibogaine may be neurotoxic in rodents, but not in
primates, and this could conceivably be due to differences in its rate of
conversion to the much less cytotoxic metabolite, noribogaine. This notion
deserves further study.

Another implication of these findings is that it appears possible to dissociate
the neurotoxic effects from the beneficial effects of iboga alkaloids. In rats,
noribogaine (40 mg/kg) has effects similar to ibogaine in suppressing morphine
and cocaine self-administration, but does not have the tremorigenic effects of an
equal dose of ibogaine (also, see below) (87). 18-Methoxycoronaridine (MC) is
a synthetic analog of ibogaine (88). MC suppresses morphine and cocaine self-
administration. However, rats treated with up to 100 mg/kg MC showed no
evidence of cerebellar neurotoxicity (88). This absence of in vivo neurotoxicity
with MC is consistent with the lack of sigma-2 receptor binding affinity, lack of
effect on [Ca**]i, and lack of cytotoxicity in vitro (Tables I, II, and 1V). Thus,
sigma-2 receptors appear not to be involved in the positive effects of ibogaine and
may specifically contribute to the neurotoxic effects. It should be possible to
develop synthetic ibogaine analogs that have low sigma-2 receptor affinity and
low neurotoxicity, but that remain potent at blocking drug self-administration.
This could be accomplished by incorporating hydroxyl groups on the aromatic
ring of the indole moiety, as in noribogaine, or by making substitutions at the 16-
position of the saturated ring system, as in the case of MC.

Sigma-2 receptors may contribute to other toxic effects of iboga alkaloids.
Ibogaine and some of its congeners are known to cause tremors with marked
ataxia in both mice and rats (89-97). Singbartl and colleagues (89,90) have
examined the structure-activity relationships for the tremorigenic effect of a
number of iboga alkaloids. They found that a carbomethoxy group had a clear
negative effect on tremorigenic activity, and that an aromatic methoxy group
enhanced, whereas a hydroxyl group decreased, tremorigenic activity. They
concluded that due to this defined structure-activity relationship, indole
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TABLE VL
TREMORIGENIC STRUCTURE-ACTIVITY RELATIONSHIP
AND SIGMA BINDING AFFINITIES OF IBOGA ALKALOIDS

Sigma-2
Tremors K; (nM) or
(EDs, *predicted
Alkaloid R, R, R, R, umol/kg s.c.) affinity
Ibogaine OCH; H H H 34.8 201
Tabernanthine H OCH; H H 4.5 194
Ibogaline OCH; OCH; H H 7.6 High"
Iboxygaine OCH, H H OH 80.4 High"
Noribogaine OH H H H 176 5,226
Voacangine OCH,4 H CO,CH,4 H Inactive Low"
Conopharyngine OCH; OCH; CO,CH;, H Inactive Low"
Voacristine OCH, H CO,CH,4 OH Inactive Low"

Adapted from data in Singbartl and colleagues (89,90) and Bowen et al. (66).

derivatives must interact with a specific receptor site for the generation of tremors
(90).

In view of the high density of sigma receptors in brain motor control regions,
and the effects of sigma-2 receptor ligands on movement and posture (/2,45-49),
it is interesting to note that the pharmacological profile for the tremorigenic effect
of iboga alkaloids is also consistent with mediation by sigma-2 receptors. Table
VI shows the structure-activity relationship for tremors described by Singbartl
and colleagues (89,90), along with the observed sigma-2 binding K, value, or a
prediction of whether or not the alkaloid would exhibit high or low sigma-2
binding activity based on the structure-activity relationship described in Table I.
The sigma-2 receptor-active alkaloids, ibogaine and tabernanthine, both produced
tremors. The iboga alkaloids iboxygaine and ibogaline are predicted to have good
sigma-2 affinity, since the position of the aromatic methoxy group does not affect
sigma-2 binding activity. Both of these alkaloids had tremorigenic activity.
Noribogaine, which has very weak sigma-2 binding affinity due to the presence
of a phenolic hydroxyl group, also had relatively weak tremorigenic activity.
Table I shows that a carbomethoxy group at the 16-position, greatly reduces or
eliminates sigma-2 receptor binding affinity. All of the iboga alkaloids that have
a carbomethoxy group at the 16-position (voacangine, voacristine, and
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conopharyngine) were all inactive at producing tremors. Furthermore, Glick and
colleagues have shown that MC is devoid of tremorigenic activity (88). Thus, the
tremorigenic activity of iboga alkaloids, like the neurotoxic effect, is consistent
with binding to sigma-2 receptors.

Further study will be needed in order to determine whether sigma-2 receptors
contribute to the neurotoxic and/or tremorigenic effects of ibogaine and other
iboga alkaloids observed in vivo. As pointed out earlier, harmaline, a B-carboline
indole alkaloid structurally related to ibogaine, but devoid of sigma-2 binding
affinity (66), also causes cerebellar neurotoxicity and tremors (//, 79). This
suggests that sigma-2 receptors do not explain all of the neurotoxic actions of
these indole alkaloids and that other receptor sites may also be involved.
However, as relatively selective sigma-2 receptor ligands, iboga alkaloids may
serve as templates on which to design selective agonists and antagonists for
further study of sigma-2 receptor function. Designing ibogaine derivatives that
lack sigma-2 receptor affinity may result in effective and nontoxic agents for the
treatment of drug abuse.
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1. Introduction

Ibogaine, a psychoactive indole alkaloid, is derived from the root bark of the
tropical shrub Tabernanthe iboga. The powdered root bark of 7. iboga is used for
medicinal and religious purposes in the Bwiti cult in Gabon (/). Anecdotal
reports and published studies in laboratory animals have indicated that ibogaine
may reduce the craving for cocaine (2,3). Ibogaine is also reportedly effective in
the blockade of morphine self-administration and decreasing the signs of opiate
withdrawal (4). Worldwide social and medical problems of substance abuse make
evaluating the efficacy of potential compounds exhibiting antiaddictive properties
of prime importance. However, in animal studies, ibogaine administration has
been associated with neurotoxic side effects. Observations from several labora-
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tories, including our own, of ibogaine’s neuronal cytotoxicity in rats, have raised
the question of whether treatment of substance dependence with ibogaine may
also lead to ibogaine-induced neurotoxicity (5-7)

Interactions have been reported between ibogaine and many neurotransmitter
systems, (i.e., dopaminergic, serotonergic, opioid, glutamate, nicotine,
noradrenergic, and cholinergic, reviewed by Popik and Skolnick [8]). Thus far, it
is not completely understood how those interactions contribute to ibogaine’s
putative antiaddictive effects. The involvement of the dopaminergic system is
described in publications from multiple laboratories (9-17). Acute in vivo
response to ibogaine has been reported to involve a decrease in striatal and
cortical dopamine concomitant with an increase in dopamine metabolites, 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), and
dopamine turnover (/7). Increased or decreased dopamine levels in specific brain
regions have been seen, together with increased or decreased motor activity after
amphetamine or cocaine administration and ibogaine pretreatment (/2,13).

A complex ibogaine interaction with other neurotransmitter receptor sites has
been suggested to have modulatory effects on the dopamine system. For example,
it has been speculated that ibogaine’s action as an NMDA antagonist (/4),
together with kappa-opioid agonist and nicotinic antagonist effects, underlies the
ibogaine modulatory effect (/5). Other complex interactions have also been
proposed to explain the mechanisms of ibogaine’s therapeutic actions. Recently,
neurotensin, a neuromodulator peptide, has been suggested to be an important
intermediary in ibogaine’s apparent antiaddictive actions against cocaine’s
stimulation of the dopaminergic system (/6).

The chemical structure of ibogaine is similar to serotonin (5-HT) and
melatonin. Several in vitro and in vivo studies indicated that the serotonergic
system plays a role in ibogaine actions (/0,1/3,19). In fact, acute behavioral
responses (tremor, ataxia) in rats to ibogaine, particularly at high doses (/7),
resemble a stereotyped behavioral response observed after central serotonergic
stimulation (/8). Ibogaine was also reported to increase extracellular 5-HT
concentration in rat striatum and nucleus accumbens (/9,20). The 5-HT-like
response to ibogaine may result from a direct action of ibogaine on 5-HT
receptors and/or ibogaine-induced increase in 5-HT level.

II. Electroencephalography and Ibogaine

Electroencephalography (EEG) is a technique applied in the assessment of
spontaneous electrocerebral activity using either scalp (surface) electrodes, or in
the case of the electrocorticogram (ECoG), from electrodes implanted in specific
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brain regions. Electrocerebral activity represents local action potentials and
widespread excitatory and inhibitory postsynaptic potentials. The ECoG records
an average of synchronous, widespread postsynaptic potentials arising in
vertically oriented pyramidal cells of the upper layers of the cerebral cortex (27).
EEG synchrony is reduced (desynchronization) by arousal and cognitive activity.
On the other hand, reduced vigilance (drowsiness, sleep) increases synchrony.
Transitory hypersynchronous cortical activity may also be elicited by afferent
stimuli (evoked potentials), and pathological epileptiform discharges.

Rapid advances in computer technology during the past 20 years have allowed
expansion of quantitative EEG analysis in neuroscience, as well as clinical
neurology. Among the variety of techniques in this field, frequency (spectral)
analysis provides a sensitive tool for time-course studies of different compounds
acting on particular neurotransmitter systems. Frequency data are often analyzed
as the power spectrum, measured as total power in microvolts-squared divided by
frequency or over a particular power band.

The complex nature of ibogaine actions on neurotransmitters and neuromodu-
lators in the cerebral cortex may have both an inhibitory and stimulatory effect on
the neuronal firing reflected as the bioelectric neuronal activity and recorded as
the EEG (22). We previously applied electroencephalography and spectral
analysis to characterize the ECoG profiles in rats anesthetized with isoflurane and
exposed to ibogaine or to one of two other NMDA receptor antagonists, MK-801
or phencyclidine (PCP). While some features of the neurochemical response to
all three compounds were similar, a distinctly different EEG response to each
treatment was observed (23). Recently, to extend our research on ibogaine
neurotoxicity assessment, we aimed to analyze the effects of ibogaine/cocaine
interaction on electrocerebral activity in conscious rats (24).

A. EEG StUuDY

Three-month-old, male, Sprague-Dawley rats of the Charles River cesarean
delivered (CD) strain were used in this study. Bipolar stainless steel electrodes
were implanted above the somatosensory cortex, 3 mm laterally from the sagittal
fissure, 1 and 4 mm posterior to the bregma. They were referenced to a ground
electrode placed in the dorsal neck. The ECoG was recorded via a tether and
swivel system at least one week after implantation. During recording, the animals
remained in a microdialysis bowl placed inside a Faraday cage. Amplified signals
were rectified to pass frequencies of 1-40 Hz and processed with LabView
software (National Instruments, Austin, Texas). The power spectra obtained by
use of Fast Fourier Transformations were divided into 1.25-4.50 Hz (delta), 4.75-
6.75 Hz (theta), 7.00-9.50 Hz (alpha,), 9.75-12.50 Hz (alpha,), 12.75-18.50 Hz
(beta;), and 18.75-35.00 Hz (beta,) frequency bands. Following the recording of
the 30-minute baseline ECoG in the morning, rats were either injected intraperi-
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toneally (i.p.) with cocaine alone (20 mg/kg.) or pretreated i.p. with ibogaine (50
mg/kg), followed an hour later by cocaine (20 mg/kg).

B. RESULTS AND COMMENTS

Administration of cocaine was accompanied within 10 to 15 minutes after the
injection by increased stereotypical behavior (hyperactive sniffing, chewing) and
locomotor stimulation that lasted throughout the 60 minute recording. On the
other hand, treatment with ibogaine alone produced tremors and ataxia.
Administration of cocaine following ibogaine led to locomotor activity, but less
than that observed after only cocaine.

Analysis of the ECoG in rats injected with ibogaine revealed a significant
increase in total power (1-40 Hz) during first 30 minutes postinjection (Figure 1).
A power increase in the theta frequency band lasting for approximately 10
minutes was observed. The total power was again significantly activated
throughout the 60 minute recording when cocaine was injected after ibogaine
pretreatment (Figure 1). Administration of cocaine alone was associated only
with a significant power increase in the alphal frequency band during the first 30
min. postinjection (Figure 2). However, when cocaine was injected after ibogaine
pretreatment, the alphal increase was maintained throughout recording. In
addition, ibogaine/cocaine treatment resulted in a significant power increase in
the delta and theta bands (Figure 3).

Studies have indicated that the alteration of ECoG patterns observed after
cocaine administration appear to be related to increased release of dopamine in
the striatum and prefrontal cortex (25,26). However, besides the dopaminergic
effect of cocaine, (i.e., inhibition of dopamine reuptake), serotonergic effects of
cocaine administration have also been reported (reviewed by Sershen et al. [10]).
Ibogaine administered intraperitoneally is reported to markedly increase
extracellular 5-HT in the nucleus accumbens and striatum (/9,20). Activation of
5-HT receptors has been shown to the increase power in the alpha; band (27). The
spectral patterns obtained after ibogaine/cocaine treatment in our study, mainly
showing increased power in the low frequency bands and enhancement of power
in the alpha; band, appear to indicate the contribution of the serotonergic system
in the ibogaine-mediated response to cocaine.

Although no behavioral convulsive effects of cocaine injected after ibogaine
were found, the enhancement of power observed in low frequency bands after the
ibogaine/cocaine treatment may suggest that ibogaine at high dose decreases the
threshold for cocaine-induced seizures. This effect seems to be contradictory to
the fact that ibogaine was shown to be a neuroprotectant due to its NMDA
noncompetitive antagonist action, suggesting that ibogaine should suppress
seizures. However, a similar effect exerted by two other NMDA noncompetitive
antagonists was reported earlier by other investigators. Ketamine and MK-801,
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tested for their antiepileptic activity, induced a paradoxical enhancement of
electrographic seizures that preceded suppression of status epilepticus (28). IBO,
like MK-801, stimulates corticosterone release (29) and corticosterone has been
shown to increase susceptibility to seizures (30).

III. Other Studies on Ibogaine Neurotoxicity
at FDA/NCTR

A. NEUROCHEMISTRY

Although ibogaine has been known to produce effects on multiple neurotrans-
mitter systems, the neurochemical basis of ibogaine’s effects is still poorly
understood. Several reports have suggested that acute administration of ibogaine
alters the extracellular concentration of dopamine and its metabolites in different
regions of the rat and mouse brain (9,12). However, we have reported that
pretreatment with ibogaine failed to alter either the spontaneous activity of
ventral tegmental dopamine neurons, or the response of these dopamine neurons
to morphine or cocaine (31). The excitatory effects of ibogaine on ventral
tegmental dopamine neurons are not long lasting, nor does ibogaine persistently
alter cocaine- or morphine-induced changes in dopamine neuronal impulse
activity.

In our collaborative time course study reported earlier (//), adult, male, CD
strain Sprague-Dawley rats were treated with a single injection of ibogaine (50
mg/kg, i.p.). They were sacrificed at 15, 30, 60, 120 minutes, and 24 hours later
by decapitation. Trunk blood was collected and brains were dissected into
different regions. We have shown that acute injection of ibogaine produced a
significant increase in blood plasma prolactin levels within 15 and 30 minutes.
While prolactin was observed to return to the control level by 120 minutes
(Figure 4a), the corticosterone concentration that increased within 15 minutes
returned to the control level by 24 hours after ibogaine treatment (Figure 4b).
Besides neuroendocrine alterations, ibogaine produced significant changes in
monoamine neurotransmitter systems. A single injection of ibogaine produced a
significant reduction in the dopamine concentration in the striatum after 30, 60,
and 120 minutes. Dopamine levels returned to control values after 24 hours. The
dopamine metabolites (DOPAC and HVA) increased significantly within 15
minutes after ibogaine administration and remained elevated up to 120 minutes.
While HVA returned to the control level, DOPAC concentration decreased to
below control values 24 hours after ibogaine administration. In the frontal cortex,
the concentration of dopamine decreased 30 minutes after ibogaine injection and
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returned to control values within 60 minutes (Figures 5a and b).

The endocrine profile observed in our ibogaine study resembles those obtained
with the administration of other 5-HT releasing agents, such as fenfluramine (32).
Our data suggest that ibogaine effects, like fenfluramine, might be mediated via
stimulation of the serotonergic system. Ibogaine administration elicits a
serotonergic-like syndrome, such as tremors and forepaw treading, and
interactions between ibogaine and serotonergic system have been reported
(11,13). In addition, the affinity of ibogaine for the 5-HT transporter is higher than
for the dopamine transporter (/0). Ibogaine produced time-dependent changes in
the dopamine system, which also have been reported by several laboratories,
including ours (9-12,15). However, these effects do not involve ibogaine binding
to dopamine receptors (/3,/9). Ibogaine displays different dopamine transporter
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FIG. 4. EFFECTS OF SALINE (I ML/KG, I.P.) OR IBOGAINE (50 MG/KG, I.P.) ON PLASMA PROLACTIN (A)
AND CORTICOSTERONE (B) IN ADULT MALE RATS. Trunk blood was collected immediately before
and at 15, 30, 60, 120 and 1440 minutes (24 h) after ibogaine administration. Data represent mean *
S.E.M. of n=4-8 rats/group.

#p<0.05 compared to saline treated group (Adopted from Ali et al.[11]).
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FIG. 5. EFFECTS OF IBOGAINE (50 MG/KG, 1.P.) ON DA, DOPAC AND HVA CONCENTRATION IN THE
STRIATUM (A) AND FRONTAL CORTEX (B) OF ADULT MALE RATS. Rats were sacrificed (n=4-8 rats/
group) immediately before and at 15, 30, 60, 120 and 1440 min (24 hr) after ibogaine administration.

Values are expressed as % of control of the data pooled from saline-treated rats at all time points
(n=20).
#p<0.05 with respect to time zero control (Adopted from Ali ez al.[1]]).

binding affinity depending on the radioligand used to label these sites. Therefore,
different domains may be present on the dopamine transporter protein that binds
to ibogaine.

The neurochemistry/neurobiology of ibogaine is complex, and the binding of
ibogaine to the multiple target sites in the central nervous system, and the coacti-
vation of multiple transmitter systems, probably accounts for the diverse actions
of this alkaloid, including its putatively antiaddictive effects.

B. NEUROHISTOLOGY

In addition to a structural resemblance to 5-HT, ibogaine is closely related
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structurally to harmaline, a tremorigenic agent known to produce neurotoxic
damage to the cerebellum. This observation led O’Hearn and Molliver (/7) to
evaluate the neurohistology of the rat cerebellum following acute exposure to 100
mg/kg ibogaine, i.p. As with harmaline, they observed a loss of Purkinje neurons
in the cerebellar vermis, as indicated by several neurohistological biomarkers:
argyrophilic degeneration, loss of calbindin immunoreactivity, astrocytosis, and
microgliosis. Efforts by other laboratories failed to obtain any evidence for the
neurotoxicity of ibogaine in nonhuman primates (33). However, the methods
used in those studies were primarily conventional hematoxylin and eosin (H and
E) staining of paraffin sections, rather than the more specialized techniques of
O’Hearn and Molliver.

Both the nature and the extent of ibogaine neurotoxicity, as well as its efficacy,
must be understood in order that the risks and benefits can be appropriately
balanced to provide the necessary information for regulatory decisions regarding
the therapeutic use of ibogaine in humans. Therefore, our research group at
FDA/NCTR replicated the initial observations of O’Hearn and Molliver (6,17),
using their specialized neurohistological methods, which included degeneration-
selective silver-staining of dead (argyrophilic) neurons, as well as several
immunohistochemical approaches. We sought to eliminate, as much as possible,
the controversy that had been generated during the early 1990s regarding their
initial observations of ibogaine neurotoxicity. Just as O’Hearn and Molliver had
reported, we also observed that a single i.p. dose of 100 mg/kg ibogaine produced
“patches” of dead cerebellar Purkinje neurons (6). These “patches” comprised
clusters of perhaps five to eight adjacent, or nearly adjacent, neurons that had died
and become argyrophilic within a week after the ibogaine injection (6). Similar
sized “patches” were observed by using antisera to reveal the enhanced presence
of glial fibrillary acidic protein (GFAP; an astrocyte-specific protein) (6,/7). As a
third method to identify neuropathology, we highlighted the appearance of
normal cerebellar Purkinje neurons by immunostaining the dense deposits of
calbindin contained in each cell body. IBO treatment (100 mg/kg) resulted in
similar “patches,” each again about five to eight neurons long, where no
calbindin-immunoreactive neurons could be observed (6,/7). Our data thus
strongly supported the initial report of ibogaine neurotoxicity (/7), using
essentially the same treatment and evaluation approaches (6). A third independent
evaluation by Molinari et al. (7), using degeneration-selective silver-staining, has
also confirmed the occurrence and character of ibogaine neurotoxicity in the rat
cerebellum following 100 mg/kg, i.p., but not after a lower dose of 40 mg/kg, i.p.

Finally, our own recent dose-response study once again replicated the several
previous observations of ibogaine neurotoxicity one week following doses of 100
mg/kg i.p. and additionally evaluated doses of 75, 50, and 25 mg/kg in female
rats. This investigation also demonstrated the dose-response relationship, for each
of the three different neuropathological techniques, by which ibogaine produced
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signs of Purkinje cell damage. A dose of 25 mg/kg was the highest level at which
no observable adverse effects (NOAEL) of ibogaine occurred in any of the rats
evaluated by any of the techniques in our study. The most sensitive procedures
seemed to be immunohistochemistry for GFAP in the cerebellar cortex and the
silver stain for degenerating axons in the deep cerebellar nuclei. Both of these
methods detected the effects of 50 mg/kg ibogaine in the same two rats (out of a
total of six) that were tested at this dose. Clearly neurotoxic effects of ibogaine
were apparent in all six rats dosed with either 75 mg/kg or 100 mg/kg of ibogaine.
However, the degenerating “patches” of Purkinje neurons were narrower, and
fewer of their degenerating axons (as projections terminating in the deep
cerebellar nuclei) could be observed in the 75 mg/kg compared to 100 mg/kg rats
34).

As mentioned previously, ibogaine shows a close structural resemblance to
melatonin and 5-HT, whose receptors are widely distributed in the cerebellum,
and throughout the entire brain. We were interested in exploring other
histological biomarkers, such as c-fos, to comprehensively demonstrate the
localization of brain cells activated by ibogaine (35,39). These data on regional
c-fos responses may be compared to the effects of ibogaine on EEG described
above. Previously, localization of c-fos activation has been compared to EEG
findings for the convulsant neurotoxicants such as kainic acid and domoic acid
(36,37). Under control conditions, only scattered and occasional neuronal nuclei
express immunoreactive c-fos, an early-immediate gene product, located
throughout the brain. However, stimuli resulting in the generation of neuronal
action potentials have been shown to effectively initiate c-fos expression (38).
Indeed, in our studies, exposure to 100 mg/kg of IBO evoked a widespread
pattern of c-fos expression that served to indicate the specific regions of the brain
that were most affected by ibogaine (39).

We believed that mapping the locations of c-fos activation might afford further
insight into both the therapeutic and neurotoxic actions of ibogaine, so that the
two might be dissociated. Intact excitatory input to the Purkinje neurons is
required for the neurotoxic action of either harmaline or ibogaine (/7). This may
be demonstrated by using systemic injections of the neurotoxicant 3-aminopy-
ridine to lesion the inferior olive, which provides the climbing fibers that ascend
from the brainstem and innervate the Purkinje neurons. Under these circum-
stances, neither harmaline nor ibogaine can effectively produce cerebellar
neurotoxicity (/7). It was interesting to note that c-fos in the nuclei of the inferior
olivary neurons was greatly increased following ibogaine exposure (39, and see
Figure 6). Patches of cerebellar Purkinje neurons and their nearby granule cells
also were strongly stimulated to express c-fos (39). Thus, it is likely that
ibogaine’s excitation of this pathway, which contains endogenous glutamate
and/or aspartate, each capable of causing “excitotoxic” neurotoxicity, is sufficient
to explain the loss of Purkinje neurons that was observed.
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However, many other regions of the rat brain, where no neurotoxicity can be
observed, are also induced into increased c-fos expression by ibogaine (39, and
see Figures 6 and 7). These especially include neurons located throughout the rat
neocortex, as well as the granule cells of the dorsal blade of the hippocampal
dentate gyrus, and the pyramidal neurons of the hippocampal CAl region.
Ibogaine’s strong activation of c-fos in the hippocampus may well relate to its
induction of the EEG theta rhythm, as we previously observed (24), since theta
rhythms are thought to arise from the hippocampal CA1 region in rats (40).

FiG. 6. A.and B. Ibogaine-induced c-fos restricted mainly to layer II of the mouse cortex, but, in the
rat, considerable c-fos activation occurs throughout the deeper cortical layers, as well. C. Ibogaine
induces many c-fos-immunoreactive neuronal nuclei in the inferior olive. These neurons project
excitatory climbing fibers to innervate the Purkinje neurons of the cerebellum.
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The paraventricular nucleus (PVN) of the hypothalamus is also highly
activated by ibogaine (39, and see Figure 7b). The PVN is an important neurose-
cretory nucleus and regulator of the pituitary. Since its parvocellular neurons
contain nearly all of the hypothalamic neuropeptide corticotrophin-releasing
hormone (CRH), the effects of ibogaine on neuroendocrine functions, such as
corticosterone release, may thus be explained. These additional effects of
ibogaine outside the cerebellum may also be relevant to its psychoactive and

&

FI1G. 7. Activation of c-fos occurs within the hippocampus, primarily in CA1 pyramidal neurons (A)
and in neurons of the dorsal blade (db) of the dentate granule cells (C). Fig. 7B. Demonstrates that c-
fos is strongly activated in the thalamus and in the hypothalamic paraventricular nucleus (pvn) as
well. Abbreviations: CA, cornu ammonis; f, fornix; sm, stratum moleculare; vb, ventral blade; DG,
dentate gyms. (Ibogaine treated).
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therapeutic actions.

As we have argued elsewhere (39), it appears likely that, in rats, an excitatory
projection from the deep layers of the neocortex to the neurons of the inferior
olive activate their climbing fibers sufficiently to cause excitotoxic damage to the
Purkinje neurons that they innervate. This contention is based on the observation
that, in mice, ibogaine at 100 mg/kg, i.p. was a completely ineffective
neurotoxicant. The only obvious difference in the intensity and pattern of c-fos
activation in the mouse, compared to rat, was the striking lack of activation of the

FiG. 8. A. Survey view of the paravermal region of the cerebellum of a rat exposed to ibogaine
reveals the patchy distribution of Fluoro-Jade positive degenerating Purkinje cells. B. High magnifi-
cation view of Fluoro-Jade positive Purkinje cells reveals both cellular and dendritic degeneration
while granule cells (lower right) are not labeled.
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deeper cortical layers, despite a prominent band demarking a strong excitation of
layer 2. These differences between mice and rats may relate to different concen-
trations of ibogaine-related receptors in their deeper cortical neurons. For more
optimal prediction of potential human neurotoxic responses to ibogaine, it might
be informative to know if they are more “rat-like” or “mouse-like” in this regard.

In addition to verifying the cerebellar neuropathology using the aforemen-
tioned methods of Molliver and O’Hearn, a recently developed marker of
neuronal degeneration was also used to validate the previous findings. This
marker was Fluoro-Jade, which has been shown to localize neuronal degeneration
following a wide variety of insults (47). This fluorescent tracer confirmed the
existence of small patches of degenerating Purkinje cells. A survey view reveals
the patchy appearance of Fluoro-Jade positive cells of the paravermal region of
the cerebellum (Figure 8a), while a higher magnification view of these regions
reveals the shrunken cytoplasm and extensive dendritic labeling (Figure 8b).

One of the more surprising aspects of ibogaine pathology is the relatively
restricted pattern of neuronal degeneration observed. This pattern seen with
ibogaine does not obviously correlate with that of neurotoxicants known to act
via a specific transmitter system. For example, it is not similar to the distribution
of neuropathology commonly associated with either NMDA agonists, which
typically involves limbic system degeneration, or NMDA antagonists, which
typically involves retrosplenial cortex degeneration (42,43). Likewise, there is
little similarity to the pattern of degeneration that is observed following dopamine
agonists, such as the degeneration in the parietal cortex and midline thalamus
seen with methamphetamine, or the pattern that is observed following dopamine
toxicants, such as degeneration of neurons of the substantia nigra and dorsal
medial thalamus induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)(44-47). Inhibitors of oxidative respiration also resulted in a differential
pattern of neuronal degeneration. For instance, 3-nitropropionic acid (3-NPA)
results in neuronal degeneration within the basal ganglia, medial thalamus, and
deep nuclei of the cerebellum (48,49). 5-HT agonists may result in a pattern of
degeneration most similar to that produced by ibogaine. For example, the 5-HT
agonist d-fenfluramine is capable of inducing degeneration of cerebellar Purkinje
neurons, as well as neuronal degeneration within frontal cortex and medial
thalamus (44). This raises the question as to why ibogaine treatment does not also
result in degeneration of forebrain structures with a robust serotonergic
innervation. One possible explanation is that, like d-fenfluramine, hyperthermia
may be necessary to potentiate forebrain degeneration. Another possible
explanation would be that serotonergic input to glutaminergic forebrain nuclei
was not as damaging as the serotonergic input to the aspartate-containing neurons
of the brainstem inferior olive.
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IV. Conclusions

Anecdotal reports and published studies in laboratory animals have suggested
antiaddictive properties of ibogaine. Ibogaine, like many other indole alkaloids,
has hallucinogenic as well as stimulant properties. So the question arose whether
treatment of substance addiction with ibogaine may also lead to ibogaine-induced
neurotoxicity.

We used electrophysiological, neurochemical, and neurohistological tools to
evaluate neurotoxicity of ibogaine. Electrophysiological studies suggest that
ibogaine stimulates monoaminergic neurons and may lower the threshold for
cocaine induced electrographic seizures. Ibogaine interacts with several
neurotransmitter-binding sites, produces significant alterations in neurotrans-
mitter concentrations in different regions of the brain, and also induces immediate
early genes (c-fos and erg-1). A single injection of ibogaine produces a spectrum
of effects that includes elevation of plasma prolactin and corticosterone, short and
long-term effects on dopamine neurotransmission, and modest transient effects
on 5-HT. Neuropathological studies reveal that ibogaine administered at high
doses produces selective neuronal degeneration. Therefore, we conclude that
ibogaine might have potential utility for the treatment of drug addiction, but may
also be neurotoxic at high doses, and that more studies are needed to elucidate the
apparently complex mechanism of action of this drug.
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