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ABSTRACT

Lile, Joshua A.

AN ANALYSIS OF THE PHARMACOLOGICAL VARIABLES THAT DETERMINE
THE REINFORCING EFFICACY OF DRUGS ACTING AT CENTRAL
MONOAMINE SYSTEMS

Dissertation under the direction of Michael A. Nader, Ph.D., Professor of Physiology and
Pharmacology

The study of drugs as reinforcing stimuli has demonstrated that the variables that
determine drug-taking behavior are similar between animals and humans. While it is
understood that drug self-administration is controlled by numerous factors, there are
pharmacological attributes of a drug that determine its ability to function as a reinforcer.
In Chapter 1, data from animal models that evaluated the reinforcing and
rewarding effects of monoamine agonist drugs tested as candidate treatments for cocaine
addiction were compared to their abuse liability in humans and to their efficacy as
therapeutics for cocaine addiction. Results from preclinical studies were highly predictive
of abuse liability in humans, but not of their potential as medications. In particular, the
results from self-administration studies emphasized the abuse potential of drugs acting at
the dopamine (DA) system..
Because of the involvement of DA in the behavioral effects of cocaine, it has been
proposed that high-affinity DA transporter (DAT) inhibitors with a slow-onset and long
duration of action may have potential as pharmacotherapies for cocaine addiction. These
drugs can decrease cocaine self-administration, but may also have significant reinforcing
effects of their own. In Chapter 2, the reinforcing strength of PTT, a drug with these
vii

pharmacological properties, was compared to cocaine using a choice procedure and a
progressive-ratio (PR) schedule in rhesus monkeys. PTT was a less efficacious reinforcer
than cocaine under both conditions. However, the underlying pharmacological properties
that resulted in differences in the reinforcing efficacy of drugs were not evident.
In Chapter 3, the pharmacological determinants of the reinforcing efficacy of
several cocaine and methylphenidate analogs that differed in their pharmacokinetic and
pharmacodynamic profiles were investigated using a PR schedule in rhesus monkeys.
Under the conditions of this experiment, it appeared that pharmacokinetic variables were
less important than the relative blockade of DAT and serotonin transporters (5-HTT) in
the strength of these drugs to maintain responding.
Overall, these results indicate that monoamine reuptake inhibitors with a range of
pharmacological properties can exhibit reinforcing effects, and, as it pertains to DAT and
5-HTT inhibition, there is an orderly interaction between these systems that impacts drug
reinforcement.
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CHAPTER I

INTRODUCTION:
THE ABUSE LIABILITY AND THERAPEUTIC POTENTIAL OF DRUGS
EVALUATED FOR COCAINE ADDICTION AS PREDICTED BY ANIMAL
MODELS
Joshua A. Lile1 and Michael A. Nader1,2

The following manuscript was submitted to Current Neuropharmacology, July 2002.
Stylistic variations are due to requirements of the journal. J. Lile performed the literary
research and prepared the manuscript. Dr. M. Nader acted in an advisory and editorial
capacity.
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PREFACE
One strategy that is being pursued in an effort to develop a therapy for cocaine
abuse and dependence is the use of drugs with a similar mechanism of action as cocaine.
Several series of monoamine reuptake inhibitors that differ from cocaine in their
pharmacological profile have been synthesized as potential agonist treatments.
Preclinically, these drugs are being evaluated in animal models of cocaine addiction, and,
in addition, are being used a means of investigating the pharmacological properties of
psychostimulants that result in their abuse liability. The purpose of the experiments of
this dissertation was primarily concerned with the latter use of these novel drugs.
In the studies described here, the efficacy of several cocaine and methylphenidate
analogs to maintain self-administration was compared on the basis of their
pharmacokinetic and pharmacodynamic properties. In addition to the conclusions that can
be drawn from these experiments regarding the variables that determine drug
reinforcement, it is possible that the results from these experiments may provide
information on their use as medications for cocaine addiction. Drugs that are abused by
humans also typically maintain self-administration in animals. Therefore, the results from
the types of studies undertaken as part of this dissertation may also offer predictions on
the abuse liability of potential cocaine pharmacotherapies, an important consideration.
Accordingly, one goal of the literature review in Chapter 1 was to compare the available
data in animals and humans concerning the abuse potential of monoamine agonists that
have been evaluated as candidate medications for cocaine addiction.
The results from the experiments described here could also be indicative of the
efficacy of novel monoamine reuptake inhibitors as therapeutics. Drug addiction is
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characterized, in part, by the continued use of the drug despite the adverse consequences.
Continued drug use may be driven by the positive reinforcing effects of the drug, the
alleviation of a dysphoric state (negative reinforcement), due to either a pre-existing
condition or drug abstinence, or some combination of the two. It could be hypothesized
that drugs that function as reinforcers (either through positive or negative mechanisms) in
animal models may substitute in humans for the primary drug of abuse. Thus, the other
goal of the literature review in Chapter 1 was to determine if results from animal models
that evaluated the abuse liability of monoamine agonists tested as medications for cocaine
addiction were predictive of their therapeutic efficacy.
In addition to the information concerning the clinical relevance of the drug selfadministration paradigm, the review in Chapter 1 also provides a thorough evaluation of
the effectiveness of agonist substitution therapy for cocaine abuse and dependence.
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ABSTRACT
One strategy in the search for a pharmacotherapy for cocaine abuse and
dependence has been to use drugs with a similar mechanism of action as cocaine, or
agonist substitution therapy. Research has indicated that cocaine’s behavioral effects are
primarily a result of its blockade of the dopamine (DA), serotonin (5-HT) and
norepinephrine (NE) transporters. Therefore, drugs that act either directly or indirectly at
these monoamine systems have been investigated for their potential as replacement
medications for cocaine addiction. The intent of this review was to present data from
animal models that assessed the reinforcing effects of these monoamine agonists using
drug self-administration, and the rewarding effects, using the conditioned place
preference paradigm. Those data were then compared to the abuse liability of these drugs
in humans and to their efficacy as therapeutics for treating cocaine abuse and dependence
to determine if the animal models were predictive of these drugs’ effects in humans.
Fourteen drugs with a primary mechanism of action at either the DA, 5-HT or NE
systems were identified that had been tested as potential treatments for cocaine addiction
and had also been evaluated in either the self-administration or conditioned place
preference paradigms in animals. From these comparisons, it was concluded that the
animal models were, in general, predictive of the abuse liability of these monoamine
agonists in humans. There did not, however, appear to be a predictive relationship
between the reinforcing and conditioned rewarding effects of these monoamine agonists
and their ability to affect the desired treatment outcomes for cocaine addiction.
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I. Introduction
At the turn of this century, approximately 1.2 million Americans reported using
cocaine at least once per month [195]. While the current percentage of cocaine users is
not as high as for other illicit drugs, cocaine addiction results in considerable health and
financial losses that exceed other drugs. Over the course of an 8-year period (1988-1995),
an average of 47 billion dollars per year was spent on the purchase of cocaine in this
country [207], the highest of any illicit drug. In one year’s time (1992) the total economic
cost in the U.S. due to illegal substance abuse was calculated to be nearly 100 billion
dollars [taken from the National Institute on Drug Abuse website; www.nida.nih.gov,
2002], reflecting a 50% increase above the estimate from 1985. One of the primary
contributors to this expansion in drug-related expenses was reported to be the continued
cocaine epidemic. With respect to the health consequences of cocaine use, cocaine was
the most frequently mentioned illicit substance in drug-related emergency room visits for
the year 2000 [196]. Additionally, in 1995, individuals seeking treatment for cocaine
dependence comprised the largest number of admissions (38.3% of 1.9 million) to
publicly funded substance abuse treatment facilities [taken from the United States
Department of Health and Human Services, Substance Abuse and Mental Health Services
Administration website; www.samhsa.gov, 2002). With no accepted pharmacotherapy for
cocaine addiction available, treatment centers have relied primarily on psychosocial and
rehabilitation approaches, which have long-term success in only a limited population of
users. It is thought that the addition of a drug therapy to these behavioral treatments is
necessary to increase the success rate for treatment of cocaine abuse and dependence
[113].
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Several strategies have been attempted in the search for pharmacological adjuncts
for the treatment of drug addiction. For example, in opiate abusers receptor-selective
antagonists such as naltrexone have been administered in an effort to block the acute
effects of the drug. In individuals with alcoholism, aversion therapy with disulfiram
(Antabuse), an irreversible inhibitor of hepatic aldehyde dehydrogenase, has been used to
punish drug-taking behavior. Ingestion of alcohol in the presence of disulfiram results in
elevated levels of acetaldehyde causing nausea and other aversive symptoms. Another
approach has been to use drugs with a similar mechanism of action to the drug of abuse,
also known as agonist substitution therapy, which is the focus of this review. Agonist
substitution therapy such as methadone for heroin addiction and the various nicotine
delivery systems for cigarette smokers has proved beneficial for users seeking treatment.
Success in these treatment groups has provided the impetus for the investigation of drugs
that share pharmacological properties with cocaine [106] as one of the strategies for
developing an effective pharmacotherapy for cocaine addiction.
Research in animals and humans has indicated that cocaine’s behavioral effects
are primarily a result of its actions at the monoamine transporters. Cocaine binds to the
dopamine (DA), serotonin (5-HT) and norepinephrine (NE) transporters with
approximately equal affinity, preventing the reuptake of these monoamines. While it
appears that the majority of the behavioral pharmacology of cocaine can be attributed to
its blockade of the dopamine transporter (DAT), there is evidence for the involvement of
serotonin and norepinephrine transporter (5-HTT and NET, respectively) inhibition as
well. For example, nearly a quarter of a century’s worth of research has demonstrated that
increased synaptic DA mediates the reinforcing effects of cocaine and other
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psychostimulants [114, 213]. However, there are data suggesting that modulation of
central 5-HT and NE systems can also influence cocaine’s reinforcing effects, although to
a lesser extent [77, 130, 186, 200]. It has been proposed that an ideal therapy should
prevent any physiologically-based abstinence symptoms, including cocaine craving,
normalize physiological functions disrupted by drug use and be targeted to a specific site
of action that has been affected by the drug [113]. Drugs that act in a manner similar to
cocaine fulfill the last of these criteria, and a number of drugs that act either directly or
indirectly at these monoamine systems are being investigated for their effects in treatment
outcomes related to the remaining guidelines.
In an effort to understand the neurobiological mechanisms of drug addiction,
animal models are used as an experimental preparation to study the human condition.
With animal models of any human condition, it is assumed that there are physiological
and behavioral similarities between humans and laboratory animals that would allow for
extrapolations to be made. There are three general categories of animal models of human
diseases: predictive, isomorphic and homologous. Predictive animal models do not
resemble the human condition in terms of etiology or symptoms, but the results are
predictive of clinical outcome. Animal models that are considered isomorphic resemble
the symptoms and clinical outcome of the human condition, but are artificially produced.
In a homologous model, the disease state in animals emulates the human disorder in its
etiology, symptoms and prognosis. The drug self-administration (SA) paradigm is based
on principles of operant conditioning [191] and is an example of an isomorphic model.
The conditioned place preference (CPP) paradigm is based on the principles of Pavlovian
conditioning and is an example of a predictive model. Both paradigms have provided
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valuable information regarding the abuse liability of drugs in humans [68, 90, 173, 192].
One purpose of the present article was to extend these findings by determining if there is
concordance between data from animals and humans concerning the abuse liability of
monoamine agonists tested as substitution therapies for cocaine abuse and dependence. In
this review, animal studies that have assessed the reinforcing (from SA studies) and
rewarding (from CPP studies) effects of these drugs were compared to the actual
prevalence of their use and potential for abuse in humans.
There is currently a disagreement with respect to the factors that control the
initiation and maintenance of drug use. There are those who place more importance on
the alleviation of a dysphoric state (negative reinforcement), due to either a pre-existing
condition or abstinence from drug use, while others emphasize the positive reinforcing or
appetitive properties of drugs [84]. Nevertheless, it is likely that both the positive effects
as well as the abatement of some form of negative affect are involved in continued drug
use. It could therefore be hypothesized that drugs that function as reinforcers (either
through positive or negative mechanisms) or act as appetitive stimuli in animal models
may substitute in humans for the primary drug of abuse. The second intent of this review,
then, was to determine if the results from preclinical abuse liability assessments of
monoamine agonists were also predictive of their therapeutic efficacy in cocaine abuse
and dependence. As noted above, despite a variety of pharmacological approaches to treat
cocaine abuse and dependence, none have proven widely or consistently efficacious.
However, there have been positive reports in controlled clinical trials and reports of
success in limited patient populations with some of the agonist drugs that act at central
monoamine systems. Therefore, the results from clinical trials with monoamine agonists
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were collected in an attempt to determine if any of the drugs (or classes of drugs) tested
appeared more efficacious at treating cocaine abuse and dependence. These consolidated
results were then compared to the data generated in animal models.

II. Selected Drugs
Fourteen drugs with a primary mechanism of action at dopaminergic, serotonergic
or noradrenergic central systems were identified that had been evaluated as potential
treatments for cocaine abuse and dependence and had also been tested in animal models
of abuse liability. Data regarding abuse liability in humans was found for 11 of the 14
drugs; it was assumed that the remaining 3 drugs had little or no abuse liability due to the
absence of epidemiological or case report data concerning their misuse. Drugs with a
primarily dopaminergic action included the DA precursor, l-dopa (Sinemet), the
monoamine oxidase type B isozyme (MAOB) inhibitor, l-deprenyl (Selegiline; Eldepryl),
the DA-releasing agents, amantadine (Symmetrel), diethylpropion (Dospan, Tenuate) and
d-amphetamine (Adderal, Dexedrine), the DAT inhibitors, bupropion (Wellbutrin,
Zyban), mazindol (Sanorex) and methylphenidate (Ritalin), and the DA D2 agonist,
bromocriptine (Parlodel). The drugs acting at the serotonergic system included the 5HT1A partial agonists, buspirone (Buspar) and gepirone and the 5-HTT inhibitors,
fluoxetine (Prozac) and imipramine (Tofranil). The only noradrenergic drug that met the
search criteria was the tricyclic NET blocker, desipramine (Norpromin).
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III. Description of Comparisons Between Clinical and Preclinical Data
III.A. Abuse Liability Assessment in Laboratory Animals
III.A.1. Overview
In this review, results from studies that used drug self-administration (SA) and
conditioned place preference (CPP) methodologies were collected for comparison with
data concerning the abuse liability of these drugs in humans and their efficacy as
therapeutics for cocaine addiction. Methods that have been used to assess the
pharmacological properties of drugs relevant to their abuse have also included measures
of pharmacological equivalence, tolerance, the capacity for physical dependence,
toxicity, performance impairment and the discriminative stimulus effects [9]. In
particular, drug discrimination studies have frequently been used as a predictor of abuse
potential. However, while this procedure is useful in classifying drugs according to their
pharmacological profile, it is unclear to what extent the interoceptive cue produced by a
drug is related to its abuse liability [153], and so was not included in this review. None of
these measures alone is likely to be sufficient to fully describe the abuse potential of a
drug. Furthermore, there are a number of non-pharmacological factors, such as chemical
properties of the drug, marketing, sociocultural and other chance factors that can
contribute to the likelihood that a drug will be abused [9]. Nevertheless, results from SA
and CPP studies in experimental animals have proven to be valid predictors of the
likelihood of recreational use for many drugs and were therefore chosen as a preclinical
measure of abuse liability for the purposes of this review. A summary of the SA and CPP
studies that evaluated the abuse liability of the monoamine agonists listed above is shown
in Table 1.
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III.A.2. Self-Administration
Positive reinforcement is defined as the ability of a stimulus (e.g., a drug) to
increase the likelihood of the behavior that immediately preceded its presentation [176].
In a commonly used type of drug self-administration paradigm, responses on an operant
manipulandum (e.g., a lever) are initially maintained by the delivery of a stimulus having
known reinforcing effects (e.g., cocaine) under any of a number of schedules of
reinforcement. A test drug can then be substituted for the stimulus that previously
maintained responding in order to assess the reinforcing effects, if any, of the test drug.
The drug is considered reinforcing if it maintains significantly greater levels of
responding compared to when the drug vehicle was substituted. In addition to simple
substitution studies, the reinforcing effects of drugs can be evaluated using choice
procedures, in which two drugs, two doses of a drug, or a drug and a non-drug reinforcer
are made available for self-administration as alternatives to each other. In the studies
reviewed here, both substitution and choice procedures were used, and responding was
maintained by fixed-ratio (FR), fixed-interval (FI) or progressive-ratio (PR) schedules of
drug delivery. Under the FI and FR schedules, reinforcer delivery is contingent upon the
completion of an operant response following a particular time interval (FI) or a set
number of responses (FR). For the PR schedule, the number of required responses
increases for successive reinforcer delivery, either across or within the experimental
session. For additional information on self-administration methodologies, see reviews by
Balster and Lukas [10], Johanson and Schuster [94] and Woolverton and Nader [220].
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III.A.3. Conditioned Place Preference
While the SA paradigm is used as a measure of the reinforcing effects of drugs,
CPP can be said to assess the rewarding properties of drugs. The term rewarding refers to
the appetitive nature of a drug stimulus as opposed to the ability of these drugs to
increase the probability of a given behavior, as it is unclear what class of behaviors are
being strengthened [12]. Under the conditions of the CPP paradigm, a stimulus is
repeatedly paired with one of two distinct environmental contexts. Following this
contextual conditioning, the animals are then given unrestricted access in a drug-free
state, and the relative time spent in each environmental context is measured. A variety of
stimuli have been shown to condition a place preference, including many drugs
commonly abused by humans [192]. In a recent review of CPP, Bardo and Bevins [12]
noted that while it appears that CPP and SA are not isomorphic measures of drug reward,
they may provide complementary information with respect to drug-taking behavior. For
example, lysergic acid diethylamide (LSD), a hallucinogen well known for its
recreational use in humans, does not function as a reinforcer in animals (W. E.
Fantegrossi, personal communication, 2002) but does condition a place preference [147].
A full discussion of the basis for conditioned place preference and a comparison with the
self-administration procedure are beyond the scope of this review, however, the authors
direct the reader to several thorough discussions on these topics [12, 79, 192].

III.A.4. Selection Method
PubMed (www.pubmed.gov), a MEDLINE search engine, and Scirus
(www.scirus.com), a MEDLINE and WorldWideWeb search engine, were used to
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compile references for this review. Searches were conducted using the following terms:
self-administration, reinforce (-ing, -ment), rewarding, conditioned place preference,
abuse liability, abuse potential and were limited to publications in English that contained
data from animal subjects. The publications located with the initial search were then
scanned for further related references. Although the focus of this review is related to
candidate treatments for cocaine abuse and dependence, studies that used d-amphetamine
as a reference or baseline drug instead of cocaine were included because of the similar
behavioral profile of these two psychostimulants.

III.B. Abuse Liability Assessment in Humans
III.B.1. Overview
Different sources of data were combined in order to estimate the abuse liability of
drugs that have been tested as pharmacotherapies for cocaine addiction. These sources
consisted of data related to the potential of these drugs to be abused as well as data
regarding the prevalence of their abuse and are summarized in Table 2. Studies that were
designed specifically to evaluate the propensity of these drugs to be misused were found
for 6 of the 14 reviewed drugs. Of the various methods that have been used to ascertain
abuse liability in humans, procedures that assessed the reinforcing effects and subjective
effects of the drugs reviewed here will be discussed. There is a brief description of these
methods below; however, there have been several informative reviews published on the
use of these measures for the assessment of abuse liability [47, 48, 78].
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III.B.2. Self-Administration
Drug abuse has been defined, in part, as the use of a drug for non-medical
reasons. Thus, the ability of a drug to maintain self-administration when available under
controlled experimental conditions is likely the best predictor of its abuse liability. Selfadministration studies in humans are typically carried out using either free-access
conditions or choice procedures, and often utilize response contingencies according to the
schedules of reinforcement described above. Additionally, the ability of the drug to
function as a reinforcer is similarly defined as the level of drug intake during active drug
versus placebo conditions. These types of studies have demonstrated that drugs used for
recreational purposes from a variety of pharmacological classes will maintain selfadministration under controlled laboratory conditions [78].

III.B.3. Subjective Effects
The evaluation of the subjective effects of a drug has proven to be an effective
means of predicting its abuse liability [48]. In these studies, the subjective response to
drug administration is measured and compared to either placebo or the subjective state
prior to drug administration. These results can then be directly compared to the subjective
response to known drugs of abuse. A short description of the instruments used to assess
the subjective effects in the papers surveyed for this review is given below.
The Addiction Research Center Inventory (ARCI) is a true or false questionnaire
that is subdivided along 4 dimensions of subjective experience based on the effects of
specific drugs or classes of drugs. The morphine benzedrine group (MBG) scale is
described as being a measure of the euphoric properties of a drug. The pentobarbital,
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chlorpromazine and alcohol group (PCAG) scale is considered to be a measure of
sedation. The lysergic acid diethylamine (LSD) scale is considered a measure of somatic
and dysphoric effects of a drug. Finally, the benzedrine group scale and d-amphetamine
(BG-A) scale are used as a measure of stimulant effects. There are several different
variants of the ARCI that have been used since its initial development, including an
abbreviated “ARCI short-form”, a version that contains the addition of the amphetamine
(A) scale and a modified version that used a 7-point rating scale for each item instead of
true/false.
The Single-Dose Questionnaire (SDQ) was designed to measure the subjective
response to a drug in experienced users. This questionnaire is used to determine the
presence or absence of an active drug, identify it, report on any symptoms and rate the
drug in terms of “liking”.
The Profile of Mood States (POMS) is a questionnaire which requires the subject
to rate their current mood state according to a list of adjectives that can be ranked on a 5point scale ranging from “not at all” to “extremely”. The 65-adjective version has been
divided into 6 mood clusters: anxiety, depression, anger, fatigue, vigor and confusion. A
72-item version has also been developed that is more sensitive to stimulant rated effects.
In addition to these standardized questionnaires, some investigators have chosen
to design their own instruments for measuring subjective effects. These novel
questionnaires consist of a number of adjectives or phrases designed to describe the
subject’s present affective state and are usually rated using ordinal scales such as Visual
Analog Scales (VAS) and Likert Scales, interval scales (e.g., 1-10), or some form of a
nominal ranking (e.g., yes/no, true/false). Visual Analog Scales are 100-mm lines
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anchored at both ends by opposing labels such as “not at all” and “extremely”. Likert
scales are, in general, 5- or 7-point scales consisting of labels ranging from “disagree” to
“agree”. For these scales, subjects are instructed to either place a mark along the
continuum of the line (VAS) or select an answer (Likert, interval, nominal) indicating
how they feel regarding that particular descriptor.
Several of the drugs reviewed here have not been evaluated for abuse potential
under experimental conditions specifically designed to assess subjective effects.
However, various studies were found that described one or more subjective effects of
these drugs associated with their use. The publications that contained subjective reports
of euphoria were included in this review in an effort to present all of the available data
regarding the abuse potential of the drugs that have been investigated as
pharmacotherapies for cocaine addiction. The inclusion of these publications in this
review, we believe, is justifiable based on the concordance that has been established
between subjective reports of euphoria and the likelihood that a drug will be abused [86].

III.B.4. Epidemiological Data
The incidence of misuse of the monoamine agonist drugs presented here was also
used as an indicator of abuse liability. Data concerning the prevalence of the use of these
drugs were taken from primarily two sources. The first source was in the form of case
reports submitted by physicians for publication that detailed the illicit use of a prescribed
drug in one or more patients. While relatively unstructured, the importance of case
reports in detecting abuse liability has been emphasized previously [175], and were
therefore included in this review. Additional information was taken from the
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epidemiological data collected by the Drug Abuse Warning Network (DAWN) for 1997
[193] and the National Household Survey on Drug Abuse (NHSDA) for 1999 [194]. The
DAWN provides estimates on the number of emergency room admissions for problems
induced by or related to the non-medical use of a legal drug or any use of an illegal drug.
These estimates include all persons over the age of six years and are based on a
representative sample of short-stay, general hospitals from major cities around the U.S.
The NHSDA collects data regarding the prevalence and correlates of drug use in the U.S.
in the civilian, non-institutionalized population aged 12 years and older. There have been
criticisms of the reliability and validity of the data collected by these methods [6, 103].
However, because those data were included here, in part, with several other sources, and
were used to determine if a particular drug had any incidence of use and not to
characterize the extent of abuse solely on these reports, the authors refer to these
statistics, but recognize their limitations. In combination with the studies that assessed the
abuse liability of the drugs presented here, these data on the prevalence of use were used
as the basis against which the findings from preclinical studies could be compared.

III.B.5. Selection Method
In collecting references related to the abuse liability in humans of monoamine
agonist drugs that have been tested in clinical trials for cocaine addiction, the scientific
search engines, PubMed and Scirus were used. A search for the following terms limited
to publications in English and in humans was conducted: self-administration, reinforce (er, -ment), abuse, misuse, euphoria and subjective effects. The publications located with
the initial search were then scanned for further related references. In addition, raw data
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from the DAWN (1997) and NHSDA (1999) databases were taken from the SAMHSA
website (www.samhsa.gov/oas/oas.html). As described above for the preclinical studies,
although the focus of this review is related to candidate treatments for cocaine abuse and
dependence, studies that used d-amphetamine as a reference or baseline drug instead of
cocaine were included because of the similar behavioral profile of these two
psychostimulants.

III.C. Treatment Efficacy for Cocaine Abuse and Dependence
III.C.1. Overview
Data from preclinical models of drug abuse were also compared to the results
from publications that described the efficacy of monoamine agonists as treatments for
cocaine abuse and dependence. Table 3 presents a summary of the studies that were
identified as having assessed the therapeutic effects of these drugs. The studies that are
reviewed here include clinical trials, case reports and experiments in which the effects of
cocaine were tested in combination with a test drug. The latter studies typically enlisted
cocaine users that were not seeking treatment, whereas the former were conducted in
patients enrolled in treatment programs or seeking the assistance of a physician. These
studies differed across a number of variables, including patient population, trial design,
(controlled or open-label), treatment duration, medication dose and setting (inpatient or
outpatient). The primary dependent measures reported in these publications reflected a
range of treatment outcomes and are summarized briefly below. Specific dependent
measures varied across studies, but for the purpose of this review were grouped into
several generalized categories: treatment retention, cocaine use, abstinence symptoms
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(including craving), global assessment, self-report and changes in the effects of cocaine
following use or experimental administration. For this review, a drug was considered to
have therapeutic efficacy if there was a significant beneficial change in one or more of
the treatment outcomes for a given study, with minimal side effects. The instruments
used to measure these treatment outcomes consisted of standardized, validated scales as
well as novel devices created specifically for that particular study. A full listing and
description of the instruments used in each study was too extensive to be covered here,
however, several of the more traditional and often-used ones are mentioned as examples.

III.C.2. Treatment Outcome
Retention was considered the continued compliance and attendance of the patients
in the different treatment groups. Descriptive statistics were generally used to describe
patient retention in the study. Changes in cocaine use were detected with plasma or urine
screening, self-reported use, and self-reported dollar amount spent on cocaine over a
given period of time. Plasma and urine were typically screened for benzoylecgonine
(BE), the primary metabolite of cocaine. Cocaine use was reported by subjects using
scales such as the Quantative Cocaine Weekly Inventory to evaluate use in terms of the
frequency of use, the quantity of drug used and the amount of money spent on purchasing
cocaine. Abstinence symptoms include depression, anxiety, fatigue, anger or hostility and
craving for cocaine, although emergence of these symptoms appears to depend on the
severity of use as well as the treatment setting in which abstinence is initiated [53, 116,
202]. Alterations in the magnitude or the presence of these symptoms was assessed with a
wide variety of subject- and observer-rated scales that were specific for a particular
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dimension of cocaine abstinence or encompassed a range of symptoms. For example,
scales have been designed that were often used to estimate changes in symptoms
specifically related to depression (Beck Depression Inventory, BDI; Hamilton Depression
Scale, HAM-D), anxiety (Beck Anxiety Inventory, BAI), and craving (Cocaine Craving
Scale, CCS). In addition, diagnostic instruments were sometimes used that made a global
evaluation of changes in abstinence symptoms. These included the POMS, ARCI, the
Global Assessment Scale (GAS), the Brief Psychiatric Rating Scale (BPRS) and the
Symptom Checklist-90 (SLC-90). Changes in the subjective response to cocaine when
administered in combination with the candidate medication were typically assessed using
the standard approaches described in the section on the abuse liability of monoamine
agonists in humans, in addition to a number of novel instruments. Although the
physiological interaction between the agonist treatment and cocaine were also
investigated in the cocaine challenge studies, those data were not presented here. Finally,
several scales have been developed that measure more than one type of treatment
outcome with a single instrument, such as the Yale Quantitative Cocaine Inventory (QCI)
that evaluates craving, cocaine use and the quality of the cocaine high while receiving
medication.

III.C.3. Selection Method
References related to the efficacy of monoamine agonists at treating cocaine
abuse and dependence were collected using the scientific search engines, PubMed and
Scirus. A search, limited to studies in humans and published in English, was conducted
using combinations of the terms: cocaine, abuse, addiction, dependence, treatment,
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agonist, (pharmaco-) therapy and substitution. The publications located with the initial
search were then scanned for further related references.

IV. Summary of Comparisons Between Preclinical and Clinical Data
IV.A. Overview
The following comparisons between the preclinical and clinical data collected are
not meant to be complete discussions of all of the data concerning the abuse liability and
therapeutic efficacy of these monoamine agonists. Instead, these brief summaries were
intended to provide a concise synopsis that related the overall findings from the available
studies in an effort to identify the predictive validity, if any, of the animal models that are
discussed here. It is likely that any relationship that existed between the clinical and
preclinical studies would be imperfect. In fact, this was expected, considering the many
other factors that can contribute to the abuse liability or therapeutic efficacy of a drug in
an individual. The intent, then, was to discern trends in the data suggesting that the results
from animal studies that measured the reinforcing and conditioned rewarding effects of
drugs were predictive of the abuse liability of those drugs in humans or the efficacy of
those drugs as medications for cocaine addiction.

IV.B. DA-selective Drugs
IV.B.1. DA Precursors
IV.B.1.a. l-dopa. The catecholamine precursor, l-dihydroxyphenlalanine (l-dopa;
Sinemet), is prescribed in Parkinson’s disease patients in an effort to increase cerebral
concentrations of DA. In addition to its well-documented therapeutic effects, l-dopa has
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also been reported to produce euphoria in Parkinson’s patients [27, 137, 177, 180] (Table
2). These findings are consistent with the results from a study by Katajamaki et al. [102]
using conditioned place preference (Table 1). The reports of euphoria in Parkinsonian
patients are from a relatively homogenous population, however, and limit the conclusions
that can be drawn about the abuse liability of l-dopa in the general public. On the other
hand, the abuse of l-dopa in this population illustrates how nonpharmacological factors
such as availability can influence the extent of abuse. The rewarding effects of l-dopa
demonstrated in the study by Katajamaki and colleagues, however, were not predictive of
the clinical efficacy of l-dopa as a treatment for cocaine abuse and dependence. Initial
attempts at use with l-dopa as a substitution therapy in open trials appeared promising
[162, 215], but a controlled inpatient study in 30 patients with primary cocaine
dependence indicated that l-dopa was not significantly more effective than placebo [216]
(Table 3).

IV.B.2. MAOA Inhibitors
IV.B.2.a. l-deprenyl. The selective and irreversible monoamine oxidase type B
isozyme (MAOB ) inhibitor, l-deprenyl (Selegiline; Eldepryl), is also prescribed for
Parkinson’s disease, and has been evaluated as a treatment for major depression and
Alzheimer’s disease [123, 185]. There is some contention about the mechanism by which
l-deprenyl produces its therapeutic effects [223]. Nonetheless, it appears to indirectly
increase synaptic DA levels and for this reason l-deprenyl has been evaluated for its
potential for abuse and as a treatment for cocaine addiction. When substituted for cocaine
in rhesus monkeys [212], l-deprenyl did not function as a reinforcer, but facilitated the
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acquisition of conditioned place preference when administered to mice [222] (Table 1).
These inconsistent results concerning the abuse liability of l-deprenyl may reflect the
assertion that these two procedures are measures of fundamentally different behavioral
processes [12]. Perhaps in keeping with the animal data, there are case reports describing
“arousal” and “mood elevation” as a result of l-deprenyl treatment in Parkinson’s patients
[41, 118] (Table 2). However, the general consensus in the literature is that l-deprenyl has
little to no abuse liability [60, 172]. Three studies have been published regarding the
effects of l-deprenyl on intravenous cocaine challenge (Table 3). In two of these cocaine
challenge experiments, l-deprenyl decreased the subjective response of “high” [13, 139]
and “stimulated” [139] following cocaine administration, at a dose of 10 mg per day. In
contrast, another study showed no effect of l-deprenyl on the physiological or subjective
effects of experimental cocaine administration [72]. Currently, the National Institute on
Drug Abuse is undertaking a multi-site controlled clinical trial to evaluate the efficacy of
l-deprenyl, which will hopefully clarify the potential of this drug as a pharmacotherapy
for cocaine abuse and dependence.

IV.B.3. DA Releasers
IV.B.3.a. d-amphetamine. In addition to its effects on DA reuptake and release, damphetamine (Adderal, Dexedrine) is also a potent indirect agonist of 5-HT and NE
receptors. The ability of d-amphetamine to maintain behavior contingent upon its
presentation has been well documented in animals and humans. Furthermore, it is often
used as a standard against which the potential for misuse of a given drug can be
compared. Because of its similar behavioral effects to cocaine, but its prolonged duration
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of action, d-amphetamine is being considered as an agonist substitution therapy. A recent
report by Grabowski and colleagues [64] demonstrated a significant difference in
benzoylecgonine-positive urines following treatment with a sustained-release preparation
of d-amphetamine compared to placebo in cocaine-dependent subjects (Table 3).
IV.B.3.b. amantadine. Of the 9 pharmacological agents with a primarily
dopaminergic mechanism of action, only the DA-releaser, amantadine (Symmetrel)
showed no indication of abuse potential. When made available for self-administration in
baboons, a range of amantadine doses did not maintain responding significantly greater
than vehicle-maintained responding [168] (Table 1). However, like some of the other
drugs discussed here, this drug was only tested in a single study, therefore it is difficult to
draw definitive conclusions regarding its abuse liability. Consistent with the preclinical
data, there were no incidences of amantadine abuse found on Medline or Cirius, and no
mention of the presence of amantadine during emergency room admissions as reported by
the DAWN [193]. Because amantadine has been used previously for Parkinson’s disease
and to treat influenza A, it seems likely that if this drug had a significant propensity for
misuse, there would be documented cases available. In addition to its other clinical uses,
amantadine has been evaluated in numerous controlled clinical trials as a cocaine
pharmacotherapy [5, 55, 57, 75, 76, 97, 100, 107, 110, 141, 190, 203, 225], with
equivocal results overall (Table 3).
IV.B.3.c. diethylpropion. In contrast with the minimal abuse capacity of
amantadine, it is evident that the anorectic diethylpropion (Dospan, Tenuate), which also
releases DA from synaptic terminals, has the potential for misuse. Several preclinical
studies have documented the reinforcing [62, 69, 71, 91, 93] and conditioned rewarding
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effects [156] of this drug (Table 1). In a study by Jasinski et al. [88], diethylpropion was
shown to have subjective effects similar to d-amphetamine (Table 2). In addition, it was
reportedly misused by 0.1% of the population surveyed for the NHSDA [194], rates
comparable to the 0.2 % that purportedly used d-amphetamine for non-medical purposes.
Furthermore, there are case reports documenting the misuse of diethylpropion [95, 210]
(Table 2). Alim and colleagues [3, 4] investigated the efficacy of diethylpropion under
inpatient conditions in cocaine users seeking treatment (Table 3). In an initial open-label,
dose run-up study, diethylpropion appeared promising; administration of increasing doses
affected subjective ratings of craving and mood state [3]. However, a controlled study did
not confirm a significant benefit of diethylpropion compared to placebo [4]. It appears
that the observed therapeutic effects in the open label study were not the result of
diethylpropion treatment, but were instead consistent with a reduction in craving and
improvement in mood states that are observed in cocaine users following hospitalization
[202]. As it pertains to the strategy of substitution therapy, diethylpropion, like l-dopa,
has abuse liability but possessed equivocal therapeutic efficacy as a cocaine
pharmacotherapy.

IV.B.4. DAT Inhibitors
IV.B.4.a. bupropion. A positive relationship has been demonstrated between the
behavioral potency of psychostimulants to maintain self-administration in laboratory
animals and their affinity for DAT [21, 160, 209]. In keeping with that relationship, the
DAT blocker bupropion (Wellbutrin, Zyban) functions as a reinforcer when made
available for self-administration [21, 117, 187] and has also been shown to facilitate the
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conditioning of place preference [143] (Table 1). In humans, the potential for abuse is
less clear (Table 2). In a recent study by Cousins et al. [33], bupropion was reported to
produce euphoria when tested for its effects on cigarette smoking. Additionally, a recent
case report by McCormick [129] described the abuse of bupropion by a teenager. Data
from the NHSDA [194] revealed that 0.2 % of those surveyed had misused bupropion,
similar to the percentage of d-amphetamine rates of use. Furthermore, it is the author’s (J.
A. L.) personal experience that some individuals prescribed Zyban for the purposes of
smoking cessation will crush and snort it for its euphoric and stimulant effects.
Nevertheless, it is evident from a number of studies explicitly designed to assess the
behavioral effects of bupropion that it does not share subjective stimulus properties with
d-amphetamine [66, 74, 131, 149, 150], which implies that this DAT inhibitor does not
have robust psychomotorstimulant effects. In addition, bupropion does not have robust
therapeutic effects in addicted cocaine users. As an agonist treatment, bupropion
appeared useful in an initial open-label study [125], however further controlled
examination of bupropion’s therapeutic effects produced negative results [81, 126, 142]
(Table 3).
IV.B.4.b. mazindol. Like bupropion, mazindol (Sanorex) is an inhibitor of DA
reuptake that also does not share subjective effects with d-amphetamine, but instead is
described as dysphoric by human subjects [28, 29] (Table 2). This is one of the few
instances where the preclinical findings (Table 1) that mazindol functions as a reinforcer
[21, 159, 211] and as an appetitive stimulus [101] do not coincide well with the human
data. It should be noted however, that in the self-administration studies mazindol
maintained responding in only half of the squirrel monkeys tested [21]. Further, mazindol
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maintained lower break-points than cocaine under a progressive ratio schedule [159],
indicative of lower reinforcing efficacy. These data would suggest that mazindol may
have weak reinforcing effects, consistent with the results from studies in humans. When
given in combination with challenge doses of intravenous cocaine, mazindol did not alter
the magnitude or the profile of the subjective response to cocaine [154] and was not
shown to be effective in 2 of 3 controlled clinical studies for cocaine [20, 87, 124, 182]
(Table 3).
IV.B.4.c. methylphenidate. Methylphenidate (Ritalin) is currently, and most
frequently prescribed for the treatment of attention deficit and hyperactivity disorder
(ADHD). Neurochemically, methylphenidate is similar to cocaine; its affinity at DAT
and onset of action are nearly identical to cocaine, but methylphenidate dissociates from
DAT at a much slower rate [198]. For these reasons, methylphenidate would appear to be
an appealing candidate as a cocaine agonist therapy. However, for these same reasons,
there is also some concern regarding its potential for diverted use. A comprehensive
review of the abuse liability of methylphenidate was published recently by Kollins et al.
[108]. In this review, the authors presented abuse liability data in animals and humans as
well as data regarding the actual prevalence of methylphenidate misuse and abuse. From
their survey of the literature, Kollins and colleagues concluded that methylphenidate “is
not benign with respect to abuse potential”. In humans, methylphenidate has been shown
to have amphetamine-like subjective effects, including euphoria, and is reported to have
reinforcing effects under controlled laboratory conditions, consistent with the outcome
from self-administration and CPP studies [108]. Initial studies with methylphenidate as a
candidate medication for cocaine abuse and dependence appeared promising, particularly
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in patients with pre-existing ADHD [104, 105]. However, controlled studies revealed that
methylphenidate was not widely successful [51, 65, 161] and has even been reported to
exacerbate craving in abstinent cocaine users [42] (Table 3).

IV.B.5. DA D2 Receptor Agonists
IV.B.5.a. bromocriptine. Initial interest in the use of bromocriptine (Parlodel) as a
therapeutic for cocaine addiction was in response to the DA depletion hypothesis [36].
According to this theory, craving and the negative mood states associated with
discontinued cocaine use is the result of a depletion of DA concentrations in the brain due
to chronic reuptake inhibition, and thus less neuronal DA available for release.
Bromocriptine, a DA D2 receptor agonist, was initially hypothesized to be beneficial with
the thought that it would stimulate post-synaptic DA receptors in place of the depleted
dopamine. The DA D2 receptor has been actively researched for its involvement in
psychostimulant abuse and is clearly involved in mediating the effects of these drugs. For
example, dopamine D2 agonists themselves are self-administered by laboratory animals
[e.g., 24, 219]. Furthermore, DA D 2 -selective agonists shift the cocaine selfadministration dose-effect curve leftward, consistent with an enhancement of the
reinforcing effects of cocaine [e.g., 23, 24], while DA D2 antagonists decrease the
reinforcing effects of cocaine [e.g., 22, 135]. Like other DA D2 agonists, bromocriptine
functions as a reinforcer when made available for self-administration to rats and rhesus
monkeys [214, 219], and induces CPP in rats [80] (Table 1). There have not been any
studies specifically examining the abuse liability of bromocriptine in humans. A thorough
search of the literature revealed a single report of bromocriptine abuse [163], suggesting
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that while this drug can have reinforcing effects in humans, in agreement with the results
from animal studies, the prevalence of its abuse is low (Table 2). There has been
extensive research regarding the use of bromocriptine as an treatment for cocaine use and
dependence, including numerous controlled clinical trials [35, 37, 40, 44, 56, 57, 112,
188, 190] as well as experiments designed to assess its effects when given in combination
with cocaine [85, 115, 155] (Table 3). While many of these studies appeared
encouraging, bromocriptine has not proven to be consistently efficacious at treating
cocaine abuse and dependence. Moreover, the incidence of undesirable side effects may
have limited bromocriptine use, despite any therapeutic advantanges.

IV.C. NE-selective Drugs
IV.C.1. NET Inhibitors
IV.C.1.a. desipramine. The abuse potential of the tricyclic antidepressant,
desipramine (Norpromin), has been tested preclinically in only a single study. In that
study, Papp [146] found that desipramine did not condition a place preference when
administered in rats (Table 1). Consistent with this limited animal data, there were no
published incidences of diverted desipramine use that were found. There were reports
from the DAWN [193] network of 401 mentions of desipramine in emergency room
admissions, however, this comprised only 0.1% of the total drug-related ER admissions.
There have been a large number of clinical trials that have assessed the potential of
desipramine as an adjunct in cocaine users seeking treatment [7, 17, 26, 49, 52, 54, 73,
96, 107, 109, 111, 141, 203, 206, 224]. Like all of the drugs that have been tested for this
purpose, there have been positive and negative results. Desipramine, though, has proven
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successful in a number of trials with respect to at least one of the treatment outcome
variables (Table 3). Moreover, a meta-analysis by Levin and Lehman [121], showed that
desipramine was significantly effective at promoting abstinence from cocaine use
although it had no effect on a number of other dependent measures. As it pertains to
substitution therapy, the preclinical indication of little to no abuse liability is in contrast
to desipramine’s (limited) efficacy as a cocaine pharmacotherapy.

IV.D. 5-HT-selective drugs
IV.D.1. 5HT1A Receptor Partial Agonists
IV.D.1.a. buspirone. Buspirone (Buspar) is an anxiolytic drug that differs from
traditional anxiolytics in that its mechanism of action is thought to be via an interaction
with the 5-HT1A receptor subtype as opposed to the benzodiazepine binding site of the
ionotropic gamma-aminobutyric acid (GABAA) receptor. Because of the propensity for
misuse of benzodiazepine anxiolytics, buspirone has been thoroughly evaluated in
animals and humans for its potential for abuse. Buspirone does not maintain selfadministration when made available to rhesus monkeys or baboons under various
schedule conditions [11, 70], whereas the results from CPP experiments in rodents have
been inconsistent (Table 1). Studies by Ali and Kelly [2] and Matsuzawa et al. [128]
showed that buspirone was ineffective at conditioning place preference, while a study by
Neisewander [138] demonstrated CPP following administration of buspirone. In yet
another study, File [46] reported that buspirone was only partially effective at inducing
CPP. Taken together, the preclinical experiments with buspirone suggest that abuse of
this drug would be unlikely. Human studies with buspirone have assessed its behavioral
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effects in a variety of subject populations, including healthy individuals [43, 167],
recreational sedative users [31], non-dependent multiple drug users [174], alcoholics [67]
and abstinent alcoholics [30]. The data concerning the abuse liability of buspirone in
humans support the observations from animal research (Table 2). Overall, buspirone has
been shown to have sedative effects, but unlike the benzodiazepines, does not appear to
have positive subjective effects and may result in dysphoric mood states at higher doses.
A single study was found that had evaluated the therapeutic efficacy of buspirone in
cocaine abstinence (Table 3). In that study, Giannini and colleagues [58] reported that the
buspirone-treated cocaine users scored lower on the Brief Psychiatric Rating Scale
compared to controls and while not significant, tended to have less benzoylecgoninepositive urines.
IV.D.1.b. gepirone. Assessments regarding the abuse liability of gepirone
mirrored the findings with buspirone (Table 1). When available for self-administration in
rhesus monkeys, gepirone did not maintain responding significantly greater than vehicle
[8]. Further, gepirone administration conditioned a place preference under the identical
experimental conditions that buspirone induced CPP [138]. While there were not any
studies identified that directly assessed the likelihood of gepirone abuse in humans,
Balster [8] judged the potential for diverted use to be low based on the data from its
closely-related congener, buspirone (Table 2). In contrast to the positive results from the
Giannini study [58] with buspirone, gepirone treatment groups did not differ from
placebo across a variety of outcome measures [89] (Table 3). Buspirone, unlike gepirone,
has actions as a DA antagonist, which may explain their differences in clinical efficacy,
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although additional studies will be required to reveal actual distinctions between these
drugs.

IV.D.2. 5-HTT Inhibitors
IV.D.2.a. fluoxetine. Suprisingly, there is very little preclinical data on the abuse
liability of the widely prescribed selective serotonin reuptake inhibitor (SSRI), fluoxetine
(Prozac). The only self-administration data found were from a preliminary study in
monkeys showing that fluoxetine did not function as a reinforcer [218]. Like buspirone,
the conditioned rewarding effects of fluoxetine have not been consistent across
experimental conditions (Table 1). Fluoxetine did not induce CPP in mice [157], but did
facilitate acquisition of CPP in rats in three other studies [32, 183, 184]. These results
indicate that fluoxetine may have weak rewarding properties under some conditions. In
support of this presumption, there have been a few reports of the misuse of fluoxetine
taken both intranasally and intravenously [61, 144, 208] (Table 2). Furthermore, the
DAWN reported that there were just over 10,000 fluoxetine mentions in drug-related ER
admissions in 1997, approximately equivalent to the number of cases in which damphetamine was involved [193]. However, given the freqency of its use as an
antidepressant compared to the limited incidence of abuse in humans and the inconsistent
findings from the animal studies, fluoxetine does not appear to be a drug that is likely to
be abused to a large extent. Despite two open-label trials that indicated efficacy at
decreasing cocaine use and craving [14, 152] and a controlled, challenge study that
demonstrated a diminished subjective response to cocaine following fluoxetine

34

administration [201], controlled clinical trials in cocaine users seeking treatment have
been unsuccessful [15, 34, 63, 171] (Table 3).
IV.D.2.b. imipramine. When the conditioned rewarding effects of imipramine
(Tofranil) were evaluated, it did not produce CPP in rats [145, 146] and, in fact,
conditioned a place aversion. Additionally, imipramine did not maintain selfadministration in baboons when substituted for cocaine [117], a profile consistent with
the findings from abuse liability evaluation of tricyclic antidepressants like desipramine
(Table 1). The animal data are in agreement with the apparent low abuse liability of
imipramine in humans. There were no reports of imipramine diversion found, although
there was a small percentage (0.3%) of drug-related ER admissions in which imipramine
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their effects in humans. Fourteen drugs with a primary mechanism of action at either the
DA, 5-HT or NE systems were identified that had been tested as potential treatments for
cocaine addiction and had also been evaluated in either the self-administration or
conditioned place preference paradigms in animals. From these comparisons, it was
concluded that, in the majority of cases, the animal models were predictive of the abuse
liability of these monoamine agonists in humans. There did not, however, appear to be a
predictive relationship between the reinforcing and conditioned rewarding effects of these
monoamine agonists and their ability to affect the desired treatment outcomes for cocaine
addiction.
In the animal studies presented here, each of the DA-selective drugs tested in CPP
(all except amantadine) appeared to possess appetitive stimulus properties and most of
the DA-selective drugs made available for self-administration (all except l-dopa)
functioned as reinforcers. These findings are consistent with other studies demonstrating
the reinforcing and rewarding properties of DA-selective drugs [1, 80, 122, 136, 204,
219]. In agreement with what has been reported previously [68, 90, 173, 192], there was a
good concordance between the results from abuse liability assessments in laboratory
animals and the potential for misuse or abuse in humans. Furthermore, of all the
monoamine agonists reviewed, the DA-selective drugs also appeared to have the greatest
potential for abuse. Administration of many of these drugs in humans resulted in reports
of euphoria and subjective effects similar to d-amphetamine. Together, these data are in
agreement with the extensive literature that implicates increased extracellular
concentration of DA in the rewarding and reinforcing effects of drugs having
psychomotor stimulant properties. In fact, it has been demonstrated that all drugs that are
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abused by humans elevate extracellular DA, although the mechanism by which this
occurs differs across drugs [119]. The ability of dopaminergic drugs to function as
reinforcers or as appetitive stimuli did not, however, appear to be predictive of their
efficacy at treating cocaine abuse and dependence. Of the 50 peer-reviewed studies and
case reports that evaluated DA-selective drugs for their efficacy as treatments for cocaine
addiction, there was an approximately equal percentage of instances in which the
therapeutic was deemed efficacious for at least one dependent measure compared to when
there was no effect.
The single drug acting on the central NE systems that met the selection criteria for
this review was the tricyclic antidepressant, desipramine, which has a high affinity for
NET. There has been a great deal of clinical research evaluating the therapeutic efficacy
of desipramine in cocaine abuse and dependence, but very little data from human or
animal research concerning the abuse liability of desipramine. While there is evidence
that central noradrenergic systems contribute to the discriminative stimulus and
subjective effects of psychostimulants [92, 165, 178], the ability of NE to mediate
reinforcing and rewarding effects is unclear. Although it is generally reported that NE has
little involvement in these effects, there are data that both support and conflict with this
supposition and are not sufficient to ascertain a definitive relationship. The estimation of
desipramine’s lack of abuse potential was consistent across animals and humans and is
also in agreement with a prior study demonstrating that the NET inhibitor nisoxetine and
the α1 receptor agonist, methoxamine, did not maintain responding when made available
for self-administration [158, 217]. In contrast, it is evident from preclinical and clinical
data that the selective NE α2 receptor agonist, clonidine has the potential for misuse [170,
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205, 221]. Thus, it appears that the NE system may contribute to the reinforcing and
rewarding effects of cocaine and other drugs, possibly via the NE α2 receptor, although
blockade of NET alone is probably not sufficient to produce these effects. Further
research is warranted to gain a better understanding of the behavioral effects of drugs
mediated by NE. As a therapeutic, desipramine was reported as efficacious along at least
one treatment outcome in 12 of the 17 studies presented here, and was reported to be
significantly effective at promoting cocaine abstinence in a meta-analysis by Levin and
Lehman [121]. This limited efficacy of desipramine as a therapeutic is the opposite of
what would be predicted by the negative preclinical data obtained in the CPP paradigm,
further suggesting that the reinforcing or rewarding effects of a drug are not likely to
predict its efficacy as a medication for cocaine addiction.
The results from studies investigating the reinforcing and rewarding effects of 5HT-selective drugs that have been evaluated as potential medications for cocaine
addiction were also not as straightforward as the findings with dopaminergic drugs. In
contrast to what has been observed with the DA-selective drugs, there were conflicting
animal data regarding the potential for misuse of 5-HT selective drugs. In animals, the 5HT1A partial agonists buspirone and gepirone did not maintain self-administration, and
when paired with a distinct environmental context, failed to condition a place preference
in some, but not all studies [2, 8, 11, 46, 70, 138]. Findings from CPP studies with the 5HTT inhibitor fluoxetine, were equally inconsistent; fluoxetine facilitated the acquisition
of CPP in 3 out of the 4 studies that it was tested [32, 157, 183, 184]. In a preliminary
study, fluoxetine did not function as a reinforcer in monkeys [218], consistent with what
has been found with other inhibitors of 5-HT transport that have been made available for

38

SA [59, 82, 197]. In contrast, 3,4-methylenedioxymethamphetamine (MDMA; ecstacy)
and the methylenedioxy analogues 3,4-methylenedioxyamphetamine (MDA) and 3,4methylenedioxy-N-ethylamphetamine (MDE) are believed to act primarily at 5-HTT and
5-HT receptors, but maintain responding when made available for self-administration
[18, 45, 71, 169]. Likewise, administration of 5-HT-selective agonists has resulted in
both positive and negative results in CPP studies [192].
These inconsistencies regarding the reward-related effects of serotonergic drugs
extend to the human literature as well. Of the drugs reviewed here, the 5-HT1A partial
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that additional research is necessary to elucidate the influence of 5-HT on the behavioral
effects of psychostimulants.
The concordance that exists between the results from animal models of the
reinforcing and rewarding effects of certain drugs and their recreational use in humans
has been previously reported [68, 90, 173, 192]. The comparisons presented here further
support the predictive validity of these animal models regarding abuse liability.
Nonetheless, while the results from self-administration and conditioned place preference
studies in animals appear to be good estimates of the likelihood for misuse of certain
drugs in humans, a few inconsistencies have been demonstrated. For example, in addition
to the present review, others have pointed out that the DAT blocker, mazindol, does not
appear to have robust psychostimulant effects in humans although it maintains selfadministration and conditions a place preference [166]. Some discussion for this was
presented here, however, an imperfect relationship between the findings regarding abuse
liability in animal models and humans is not unexpected. As pointed out previously, there
are numerous factors, both pharmacological and non-pharmacological, that contribute to
the actual prevalence of a drug’s abuse potential [9].
One issue that should be addressed is the data that were used here as an indicator
of abuse liability in humans. For the purposes of this study, any positive report of misuse
or the potential for misuse from a range of sources was considered to be an indicator of
the capacity for abuse. The authors recognize that given the rates of production and
appropriate use of the drugs discussed here, the incidence of diversion for many of these
drugs is exceedingly small. Furthermore, in order to accurately determine a drug’s abuse
liability for the purposes of regulating its production, distribution and use, multiple and
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repeated assessments are necessary. However, the intent of this report was to simply
describe the results from the animal literature that pertained to the reinforcing and
rewarding effects of these monoamine agonists and determine if there were analogous
nominal findings in humans. In that respect, the comparisons made here demonstrate a
number of similarities in drug-maintained behavior between animals and humans.
Moreover, the discrepancies between the apparent potential for misuse and the actual
prevalence of misuse further illustrate how factors other than the inherent
psychopharmacological properties of a drug can influence drug-taking behavior.
It is generally accepted that there is currently no clinically effective
pharmacotherapy for cocaine abuse and dependence. Nonetheless, it was the intent of the
authors to provide a thorough review of the clinical literature concerning the utility of
monoamine agonist therapies in an attempt to reveal trends suggestive of therapeutic
success with a particular drug or class of drugs. However, there appeared to be an equal
lack of consistent efficacy with drugs selective for the DA, 5-HT and NE systems. There
were both positive and negative reports with candidate medications for cocaine abuse and
dependence acting at each of the monoamine systems, but none of these drugs or drug
classes appeared to have an obvious advantage or a significant percentage of success over
the others. This is in contrast to the results obtained with these drugs in abuse liability
assessments, in which the DA-selective drugs were more likely to have the potential for
misuse. Thus, while the results from self-administration and conditioned place preference
studies in animals offered nominal predictive information regarding the abuse potential of
monoamine agonists in humans, they were not accurate estimates of the therapeutic
efficacy of those drugs as treatments for cocaine addiction.
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There are several other preclinical models of cocaine abuse and dependence,
however, that likely provide better predictive value with regards to the potential of
candidate medications. Pretreatment with DA, 5-HT and NE drugs can be evaluated for
their effects on cocaine self-administration under a variety of schedule conditions.
Recently, there has been a shift in focus towards modeling “drug seeking” in addition to
evaluating the effects of potential treatments on drug-maintained responding under
simple schedules. The use of second order schedules and the reinstatement paradigm, for
example, have allowed for an investigation of the importance of conditioned stimuli in
drug addiction [151, 179]. Additionally, the ability of drugs to reverse the heightened
stimulus threshold required for intracranial self-stimulation that results from chronic
cocaine exposure, considered to be a model of the post-cocaine anhedonia typically
experienced in abstinent users, may provide an estimation of therapeutic potential [127].
It would be beneficial to assess the predictive validity of these types of animal studies by
making comparisons similar to those presented in this review.
Although inconsistent, there are examples of efficacy with agonists at the DA, 5HT and NE systems as medications for cocaine abuse and dependence. It is evident that
there is at least some form of neuroadaptive change in each of these systems following
chronic cocaine intake [16, 19, 50, 83, 120, 132, 133, 134, 148, 181, 199]. Because the
dysregulation of each system could mediate different aspects of cocaine addiction, a more
appropriate treatment strategy may be to use mixed-action drugs that target more than
one type of neurotransmitter. Several open studies and one controlled clinical trial were
found that have attempted this approach using a combination of monoamine agonists.
Notably, in a double-blind, placebo-controlled trial, Giannini and Billet [56]
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demonstrated that bromocriptine and desipramine, when administered together, were
more effective at alleviating cocaine withdrawal symptoms than bromocriptine alone or
placebo. Other combinations that have proven successful in open trials include
phentermine and fenfluramine [98, 99], pemoline and fenfluramine [164] and a stepwise
detoxification program that included amantadine, tyrosine, tryptophan, l-dopa,
bromocriptine and desipramine [189]. Moreover, although d-amphetamine was listed
with the DA-selective compounds, it is, in fact, a potent releaser of all three monoamines
and could thus be considered a mixed-action treatment. The recent success with damphetamine as a cocaine pharmacotherapy [64] further supports the continued
development of medications directed at the DA, 5-HT and NE systems. Still, there are
also negative findings with mixed-action or combined drug treatments. Kampman and
Volpicelli [99] reported that detrimental effects were observed following administration
of methylphenidate and fluoxetine. Furthermore, mazindol inhibits the reuptake of 5-HT
and NE in addition to its effects at DAT and can also be considered a mixed-action drug.
Results from clinical studies investigating the potential of mazindol as a medication for
cocaine addiction, however, were much less promising than the initial findings with damphetamine [20, 87, 124, 154, 182].
There are data that suggest that NE and 5-HT can influence the reinforcing and
rewarding effects of cocaine and other drugs. However, it is evident that DA is the
neurotransmitter primarily involved in mediating these effects for cocaine and other
psychostimulants. In contrast, the results from clinical studies that have evaluated
monoamine agonists as candidate medications for cocaine addiction indicate that each of
these neurotransmitter systems is important with respect to the long-term consequences
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of cocaine use. Further research is necessary in the continued investigation of the specific
mechanisms by which cocaine exerts its behavioral effects and to determine the extent
that DA, 5-HT and NE reuptake inhibition is involved both acutely and chronically.
Several series of cocaine analogs with varied affinities and selectivities for monoamine
transporters have been developed that allow for the systematic study of their involvement
[25, 38, 39]. Additionally, the synthesis of compounds that target the receptor subtypes of
the central DA, 5-HT and NE systems with even greater specificity will advance our
understanding of the down-stream mediators of increased synaptic concentrations of
these monoamines. These selective drugs, along with better characterized compounds,
can be studied in animal models of drug abuse, and in humans as well, in an effort to
understand the neurobiological basis for addiction and to screen for potential therapeutics
for cocaine abuse and dependence. Finally, the data collected from the preclinical and
clinical studies should then be compared, as was done here, and used to identify animal
models that are accurate predictors of the human condition and as a guide to modify
existing procedures and aid in the development of novel strategies.
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SA
SA
SA
SA

rhesus monkeys
rhesus monkeys
rhesus monkeys
baboons

SA
CPP

squirrel monkeys
rats

CPP

rats

NET blocker

5-HTT blocker

desipramine

fluoxetine

SA
CPP
CPP
CPP

rhesus monkeys
rats
mice
rats

CPP

SA

rats
rats

SA

rhesus monkeys

D2 agonist

bromocriptine

methylphenidate

multiple

SA and CPP

SA

CPP

rats
beagle dogs

SA

rats
SA

SA

squirrel monkeys

rhesus monkeys

SA

baboons

CPP

SA

baboons

rats

SA

SA

SA and CPP

rats

baboons

multiple

CPP

mice

DAT blocker

DAT blocker

mazindol

e

DAT blocker

DA releaser

diethylpropion

bupropion

DA releaser

DA releaser

amantadine

d-amphetamine

SA

rhesus monkeys

3 compartment

2 compartment

2 compartment

FR 10

2 compartment

2 compartment adjoined by tunnel

FR 1

FR 10/10-s TO

2 compartment

2nd order FI 10-min (FR 10 or 30:S)

across-session PR

FR 1

3 compartment

FR 10

2nd order FI 10-min (FR 10 or 30:S)

FR 80 or 160/3-h TO

2 compartment

across-session PR/3-h TO

choice/FR 5/30-min TO

FR 10

unlimited access/FR 1

FR160, 3-h TO

FR 50

FR 80 or 160, 3-h TO

2 compartment

multiple dosing procedure/FR 30

2 compartment

100 mg/kg /

Dose

2.5-10 mg/kg, i.p.

10 mg/kg, i.p.

1-5 mg/kg p.o.

0.03-0.3 mg/kg/inj

10 mg/kg p.o.

0.01-10 mg/kg, i.p.

0.3-3.0 mg/kg/inj

30-fold range

10 mg/kg, i.p.

0.03-0.3 mg/kg/inj

0.0225-0.18 mg/kg/inj

0.05-0.2 mg/kg/inj

10 and 50 mg/kg, i.p.

0.075-3.0 mg/kg/inj

0.1-3.0 mg/kg/inj

0.1-1.0 mg/kg/inj

10-40 mg/kg i.p.

0.1-10.0 mg/kg/inj

0.5 and 1.0 mg/kg/inj

0.01-3.0 mg/kg/inj

0.5 mg/kg/inj

0.1-10.0 mg/kg/inj

2.0 mg/kg/inj

0.32-32 mg/kg/inj

10 and 25 mg/kg, i.p.

0.001-1.0 mg/kg/inj

MAO inhibitor

CPP

Procedure

selegiline

rats

SA or CPP
30 mg/kg entacopone, i.p.

DA precursor

l-dopa/

Subject

entacapone

Mechanism

Drug

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

CPP

no effect

CPP

not SR

CPA

CPP

S

S

S

CPP

S

S

S

CPP

S

S

S

CPP

S

S

S

S

S

S

R

not S

S and CPP

R

b,c

R

CPP

not S

CPP

Result

Preclinical abuse liability assessment of monoamine agonists tested as potential treatments for cocaine abuse and dependence

Table 1

183

157

32

218

146

80

214

219

see 108

101

21

159

176

143

187

21

117

156

69

93

93

91

71

62

168

222

212

102

Reference

a
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partial 5-HT1A

partial 5-HT1A

buspirone

gepirone
3 compartment

FR 10

2 compartment

3 compartment

2 compartment

3 compartment

FR30/3-h TO

FR10

2 compartment

2 compartment

FR 80 or 160/3-h TO

3 compartment

1.0 and 3.0 mg/kg, s.c.

3-300 mg/kg/inj

1.0 and 2.0 mg/kg, i.p.

0.5-2.0 mg/kg, i.p.

0.25-1.0 mg/kg, i.p.

1.0 and 3.0 mg/kg, s.c.

0.1-3.2 mg/kg/inj

0.003-0.3 mg/kg/inj

10 mg/kg p.o.

10 mg/kg p.o.

0.1-5.6 mg/kg/inj

2.5-10 mg/kg, i.p.
R

R

R

CPP

not S

no effect

no effect

conflicting

CPP

not S

not S

R

CPA

CPA

not S

CPP

138

8

128

2

46

138

70

11

146

145

117

184

R

R

Drugs tested in SA studies were described as either reinforcing (S ) or not reinforcing (not S )

administration

Non-standard abbreviations: CPP, conditioned place preference; FI, fixed-interval; FR, fixed-ratio; PR, progressive-ratio; S, stimulus; SA, self-

CPP

rats

CPP

rats

SA

CPP

rats

rhesus monkeys

SA

baboons

CPP

SA

rhesus monkeys

CPP

CPP

rats

rats

CPP

rats

mice

SA

CPP

baboons

rats

e

See Kollins et al., 2001 for a detailed listing of the animal studies that have investigated the abuse liability of methylphenidate

The reinforcing effects of d-amphetamine have been demonstrated in a number of species across a range of conditions

no effect

Drugs tested in CPP studies were described as CPP (produced a conditioned place preference), CPA (produced a conditioned place aversion) or

d

c

b

a

5-HTT blocker

imipramine

(cont.)

5-HTT blocker

fluoxetine

Table 1 (continued)
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DA releaser

DA releaser

DAT blocker

amantadine

diethylpropion

bupropion

d-amphetamine

DA releaser

MAO inhibitor

l-deprenyl

b

Mechanism

DA precursor

Drug

l-dopa/carbidopa

trial for efficacy

effects on smoking
case report

male teenager

subjective and physiological effects

assessment of behavioral,

subjective and physiological effects

assessment of behavioral,

subjective and physiological effects

assessment of behavioral,

subjective and physiological effects

assessment of behavioral,

subjective and physiological effects

self-report

subj measures

subj measures

subj measures

subj measures

subj measures

subj measures

self-report

survey
assessment of behavioral,

subj measures

urine screen

self-report

self-report

self-report

subjective measures

case report

review

in Parkinson’s disease

cigarette smokers

healthy individuals

mixed-substance users

healthy individuals

stimulant abusers

healthy individuals

drug-dependence clinic

pts of St Guiles

healthy prisoners

bizarre behavior

hospitalized for

NA

Parkinson’s pts

Parkinson’s pts

Parkinson’s pts

case report

self-report

case report

former alcoholism

Parkinson’s pt w/

self-report

case report

Parkinson’s pts

Measure
self-report

case report

Publication type

Parkinson’s pts

Subject

Results

varied

150 and 300 mg

100 mg

100-400 mg

100 and 200 mg

100-400 mg

50 and 100 mg

NA

misuse

euphoria

low abuse liability

low abuse liability

low abuse liability

low abuse liability

low abuse liability

misuse

similar to
d-amphetamine

100-400 mg p.o.

misuse

abuse liability

arousal

mood elevation

euphoria

euphoria

stimulant-like

euphoria

150-600 mg s.c./

NA

10 mg

10 mg

varied

varied

varied

varied

Dose

a

129

33

150

131

74

66

149

210

88

95

abuse liability

no apparent

118

41

180

177

137

27

Reference

Abuse liability assessment in humans of monoamine agonists tested as potential treatments for cocaine abuse and dependence

Table 2

69

c

partial 5-HT1A

partial 5-HT1A

buspirone

gepirone

subjective measures,

case report
case report

pt w/ anorexia nervosa
former substance abuser

assessment of subjective

alcohol-dependent pts

assessment of discriminative

healthy individuals

NA

moderate alcohol users

abstinent alcoholics

effects and abuse liability

drug users

The abuse potential of d-amphetamine has been established across a range of conditions

review

based on buspirone

drug choice,
subj measures

and subjective effects

subj measures

subj measures

subj measures

subj measures

subj measures

self-report

self-report

self-report

self-report

assesement of reinforcing

subjective effects and abuse liability

assessment of physiological and

stimulus and subjective effects

assessment of pharmacological

nondependent

and physiological measures

assessment of subjective measures

recreational sedative users

NA

case report

i.v. drug user

case report

multiple

drug choice /
subj measures

assessment of behavioral,

subj measures

subjective and physiological effects
self-administration, drug discrimination

Non-standard abbreviations: pts, patients; subj, subjective

5-HTT blocker

imipramine

assessment of behavioral,
subjective and physiological effects

NA

5 mg

15 mg

10 and 15 mg

10 and 20 mg

10-40 mg

10 and 40 mg

varied

varied

20 mg

varied

varied

0.5-2.0 mg

0.5 and 2.0 mg

See Kollins et al., 2001 for a detailed listing of the human data regarding the abuse liability of methylphenidate

b

a

5-HTT blocker

fluoxetine

NA

stimulant user

D2 agonist

NET blocker

multiple

healthy individuals

healthy individuals

DAT blocker

desipramine

c

DAT blocker

bromocriptine

methylphenidate

mazindol

Table 2 (continued)
not similar to

low abuse liability

low abuse liability

low abuse liability

low abuse liability

low abuse liability

low abuse liability

low abuse liability

misuse

misuse

misuse

misuse

abuse liability

dysphoria

d-amphetamine

8

43

30

167

174

67

31

abuse liability

no apparent

61

208

144

abuse liability

no apparent

163

see 108

29

28

70

DA precursor

MAO inhibitor

DA releaser

DA releaser

l-deprenyl

d-amphetamine

amantadine

of action

Mechanism

l-dopa

Drug

No

coc users

A, B, C

Yes
Yes

coc users

Yes
Yes
Yes
Yes
Yes

Yes

coc users
MMT coc users
MMT coc users
MMT coc users
MMT coc users

coc users

MMT coc users

non-depressed

depressed vs.

A, B, C

Yes

coc users

A, B, C, E

A, B, C

B, C, E

A, B, C

A, B, C

A, B, C

C

C

Yes

coc users

A, B, C, F

A, B, C

A, B, C

C

C

C, D

C

F

F

Measure

c

Efficacy

Yes

Yes

b

coc users

MMT coc users

Yes

No

coc users

No

Yes

coc users

coc users

Yes

coc users

coc users

Yes

treatment?

Seeking

coc users

Subject

controlled

controlled

controlled

controlled

controlled

controlled

controlled

controlled

controlled

controlled

controlled

open

controlled

controlled

controlled

controlled

controlled

open

open

Design

4 week

12 week

12 week

12 week

12 week

10.5 day

12 week

12 week

30 day

single day

10 day

6 week

12 week

4 day

1 week

2 day

single day

single day

prescribed

Duration

d

Treatment

outpatient

outpatient

outpatient

outpatient

outpatient

100 mg t.i.d.

buprenorphine or MMT

maintained on either

300 mg p.o. s.i.d.,

200 mg s.i.d. or b.i.d.

300 mg t.i.d.

200 mg q day

100 mg b.i.d
(supplemented)

outpatient

300 mg s.i.d.

200 mg b.i.d.

2.5 mg q.i.d.

300 mg q day

(supplemented)

2.5 mg b.i.d

optional increase to b.i.d.

200 mg s.i.d. w/

7.5-30 mg b.i.d.

10 mg q day

10 mg q day

10 mg q day

25 mg carbidopa

100 mg q.i.d /

25 mg carbidopa

250 mg b.i.d. /

10 or 25 mg carbidopa

100 mg b.i.d. or t.i.d. /

Dose

a

(day program)

outpatient

outpatient

outpatient

outpatient

outpatient

outpatient

outpatient

inpatient

inpatient

inpatient

inpatient

inpatient

not reported

Setting

Evaluation of monoamine agonists as treatment for cocaine abuse and dependence

Table 3

No

Yes

No

No

No

Yes

Yes

No

No

No

Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes

Efficacy

e

97

141

76

110

107

5

225

203

57

55

190

75

64

139

13

72

216

215

162

Reference

71

bromocriptine

D2 agonist

methylphenidate DAT blocker

Yes

MMT coc users

Yes
Yes
Yes
Yes

coc users
coc users
coc users

Yes

coc users

coc users

Yes

coc users

Yes

Yes

coc users

coc users

Yes

coc users

Yes

Yes

coc users

Yes

coc user
coc users

Yes

No

coc users
coc users

Yes

MMT coc users

No

coc users

DAT blocker

Yes

MMT coc users

mazindol

Yes

coc users

DAT blocker

bupropion

Yes

Yes

coc users

MMT coc users

Yes

coc users

DA releaser

Yes

diethylpropion

coc users w/ severe
withdrawal symptoms

DA releaser

(continued)

amantadine

C, E

C

A, B, C, F

C

C

C

B, C

A, B, C, E

C

B, F

B, F

F

A, B, C, F

A, B, C

D

B, C, F

C

A, B, C, E, F

A, C

B, C

C

C

A, B

open

open

controlled

controlled

controlled

controlled

controlled

controlled

controlled

open

open

open

controlled

controlled

controlled

open

controlled

multicenter

controlled,

controlled

open

controlled

dose run-up

open label,

controlled

6-20 day

3 day

10 day

99 days

2 day

6 trials

2 day/5 day

11 week

30-min PTx

prescribed

prescribed

prescribed

6 week

12 week

2-h PTx

28 days

3 week

12 week

28 day

8 week

2 week

4 week

4 week

Table 3 (continued)

inpatient

inpatient

outpatient

outpatient

inpatient

inpatient

outpatient

outpatient

inpatient

outpatient

outpatient

outpatient

outpatient

outpatient

inpatient

outpatient

inpatient

outpatient

inpatient

outpatient

inpatient

inpatient

outpatient

0.625-1.875 mg t.i.d.

2.5 mg b.i.d.

(supplemented)

2.5 mg b.i.d

0.625 mg q.i.d.

1.25 mg

0.625 mg q day

60 mg q day

20 mg sustained release/

5 mg plus

20 mg sustained release

5 mg plus

20 mg

varied

varied

15 mg t.i.d.

2 mg s.i.d.

1 mg s.i.d.

1 and 2 mg

1-3 mg q day

100 mg t.i.d.

100 mg t.i.d.

100 mg t.i.d.

100 mg t.i.d.

mg q day

75 (sustained release)

25, 50, 75,

75 mg q day

100 mg t.i.d

Yes

No

Yes

Yes

Yes

Yes

No

No

No

No

Yes

Yes

No

No

No

Yes

No

Yes

No

Yes

No

Yes

Yes

44

188

190

56

37

35

161

65

42

51

105

104

182

124

154

20

142

126

81

125

4

3

100

72

desipramine

(cont.)

bromocriptine

NET blocker

D2 agonist

A, B, C

Yes
Yes
No
Yes
Yes

coc users
coc users
coc users
coc users
depressed vs.

Yes
Yes
No
Yes

MMT coc users
MMT coc users
coc users
schizophrenic
Yes
Yes
Yes

coc users
coc users
MMT coc users

coc users

Yes
Yes

MMT coc users
adolescent coc user

MMT coc users

non-depressed

A, C

Yes

A, B, C

A, B, C, E

A, B, C, E

A, B, C

B, C

A, B, C

A, B, C

C

A, B, C, E

A, B, C

A, B, C

F

B, C

A, B, C

Yes

B, C

coc users

Yes

coc users

D

C

MMT coc users

No

coc users

C

F

Yes

coc users

C
C, D

Yes

No

coc users

coc users

No

Yes

coc users

coc users

controlled

controlled

controlled

open

controlled

controlled

controlled

open

controlled

controlled

controlled

controlled

controlled

open

open

open

open

controlled

controlled

controlled

controlled

controlled

controlled

outpatient
outpatient

prescribed
12 week

inpatient and

outpatient

outpatient

outpatient

outpatient

outpatient

inpatient

outpatient

outpatient

outpatient

outpatient

inpatient and

outpatient

outpatient

outpatient

outpatient

outpatient

inpatient

inpatient

inpatient

inpatient

inpatient

outpatient

2 week and

12 week

12 week

6 to 8 week

12 week

12 week

prescribed

12 week

12 week

12 week

4-5 week

6 week

prescribed

8 week

12 week

prescribed

3 week

2-h PTx

1 week

2-h PTx

2-h PTx

30 day

Table 3 (continued)

MMT or buprenorphine

maintained on either

150 mg s.i.d.,

100 mg b.i.d.

300 mg q day

100-150 mg q day

150 mg q day

150 mg q day

200 mg q day

200 mg q day

250-300 mg q day

150 mg s.i.d.

100 mg b.i.d.

max 350 mg q day

2.5 mg/kg q day

variable

75-200 mg q day

200 mg q day

variable

5 mg b.i.d.

1.2 and 2.5 mg i.v.

1.25 mg b.i.d.

2.5-1.25 mg

2.5 mg i.v.

2.5 mg q.i.d.

Yes

No

No

Yes

Yes

No

Yes

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

No

No

No

Yes

Yes

Yes

141

73

26

224

109

110

107

96

7

225

203

49

54

206

111

52

17

40

155

112

115

85

57

73

Yes

Yes
Yes

coc users
cocaine users w/ major

A, B, C, E

A, B, C

A, B, C

A, B, C, E

A, B, C, E

A, B, C

A, B, C

controlled

controlled

controlled

controlled

controlled

controlled

controlled

controlled

controlled

open

open

12 week

30 day

12 week

12 week

12 week

12 week

12 week

12 week

4 week

9 week

prescribed

outpatient

outpatient

outpatient

outpatient

outpatient

outpatient

outpatient

outpatient

inpatient

outpatient

outpatient

Studies in which subjects were not seeking treatment (No) are cocaine challenge studies

Non-standard abbreviations: coc, cocaine; MMT, methadone maintenance treatment; PTx, pretreatment

Yes

Yes

coc users
coc users

Yes

coc users

disorder

depressive disorder

cocaine users
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140
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152

e

Yes indicates a significant effect on at least one treatment outcome

PTx denotes a drug pretreatment

efficacy; F. Self-report of efficacy)

Outcome measures (A. Treatment retention; B. Cocaine use; C. Abstinence symptoms; D. Change in effects of cocaine; E. Global assessment of
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ABSTRACT
The present series of experiments was undertaken to investigate the variables that
influence the reinforcing efficacy of psychostimulants. The time of onset for dopamine
transporter (DAT) occupancy of the long-acting, high-affinity DAT blocker, PTT, was
measured using an ex vivo binding assay in rodents, and was determined to be
significantly longer than for cocaine (30 versus. 2 min). To assess the reinforcing efficacy
of PTT relative to cocaine, a discrete-trials drug-drug choice procedure (n=3) and a
progressive-ratio (PR) schedule (n=4) were used in rhesus monkeys. Cocaine (0.003-0.56
mg/kg/injection) and PTT (0.003-0.03 mg/kg/injection) maintained responding greater
than saline under the PR schedule. Maximal breaking points were significantly higher for
cocaine compared to PTT. A separate group of monkeys prepared with double-lumen
catheters was allowed to choose between cocaine (saline, 0.03-0.3 mg/kg/injection) and
PTT (saline, 0.01, 0.03 mg/kg/injection). Under these conditions, PTT was not preferred
over saline. When saline or 0.01 mg/kg/injection PTT was available as alternatives to
cocaine, the highest dose of cocaine maintained greater than 80% choice. When 0.03
mg/kg/injection PTT was the alternative to cocaine, cocaine choice declined to
approximately 50% and total cocaine intake was decreased by ~70% at the highest
cocaine dose. These results suggest that the reinforcing efficacy of PTT is less than
cocaine in non-human primates. Data from studies with PTT indicate that slow-onset,
long-acting DAT inhibitors can decrease cocaine self-administration while not
functioning robustly as reinforcers, and support the further investigation of these drugs as
treatment for cocaine addiction.
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INTRODUCTION
Although cocaine is an indirect, nonselective monoaminergic agonist, it is thought
that dopamine (DA) reuptake inhibition is primarily involved in the reinforcing effects of
cocaine and other psychostimulants (Wise, 1998). The DA system has therefore been
targeted for therapeutic development in the treatment of psychostimulant abuse, and
drugs that bind to dopamine transporters (DAT) are being tested as possible agonist
substitution therapies (Grabowski et al., 2001). Animal models offer a systematic means
to evaluate potential compounds for their effects on psychostimulant self-administration,
and studies in non-human primates have provided encouraging data concerning
pharmacotherapy development (Howell and Wilcox, 2001). Decreases in cocaine selfadministration, for example, have been documented following pretreatments with longacting DA reuptake inhibitors (Glowa et al., 1996; Nader et al., 1997; Howell et al.,
2000).
With respect to the use of DAT blockers as candidate agonist therapies, the abuse
liability of these types of compounds must be considered in addition to their ability to
decrease psychostimulant intake. A positive relationship has been reported between the
affinity of drugs for DAT and their potency to maintain responding (Ritz et al., 1987;
Bergman et al., 1989; Wilcox et al., 1999). In drug self-administration studies, DAT
inhibitors, such as ß-CIT, CFT and RTI-113, function as reinforcers in non-human
primates (Spealman et al., 1991; Weed et al., 1995; Howell et al., 2000). PTT is a high
affinity, DAT-selective inhibitor, with 10-fold higher affinity at DAT and 50-fold greater
inhibition of DA reuptake compared to cocaine (Bennett et al., 1995). In all studies of
self-administration conducted with PTT in monkeys, response rates were lower and more
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variable than those maintained by cocaine (Nader et al., 1997; Birmingham et al., 1998;
Lile et al., 2000).
Although PTT has high affinity at DAT, it is possible that the low, variable rates
of responding maintained by PTT were due to its kinetic profile. For example, a drug’s
duration of action appears to influence the rate that it is self-administered (Winger et al.,
1975; Panlilio and Schindler, 2000). PTT has a long duration of action in neurochemical
and behavioral assays (Hemby et al., 1995; Porrino et al., 1995; Nader et al., 1997),
which likely resulted in long inter-injection intervals, and thus low rates of selfadministration. Additionally, a drug’s onset of action has been shown to determine the
rate at which it maintains responding (Balster and Schuster, 1973; Panlilio et al., 1998).
Therefore, one intent of the present study was to measure PTT’s rate of onset to occupy
DAT to determine if it was different from cocaine (Experiment 1).
While rates of responding are indicative of a drug's potency to maintain selfadministration, response rates are not a measure of the strength of a drug to function as a
reinforcer (Woolverton and Johanson, 1984). One method frequently used to assess the
efficacy of a reinforcing event is a progressive-ratio (PR) schedule (Hodos and Kalman,
1963). Under PR schedules, reinforcement is contingent upon the completion of
successively increasing ratio sizes; the number of responses necessary for reinforcement
is systematically increased until the animal stops responding (termed its “breaking point”;
BP). This schedule has been used to compare the reinforcing efficacy of cocaine to other
psychostimulants (Stafford et al., 1999). Using a PR schedule, Roberts et al. (1999) found
a correlation between the ratio of serotonin transporter (5-HTT) to DAT binding affinity
and the reinforcing efficacy of several cocaine analogs, including PTT. In fact, PTT was
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found to maintain higher BPs than cocaine, but lower overall response rates, consistent
with PTT’s long duration of action compared to cocaine.
Because PTT's prolonged duration of action clearly impacted response rates,
another goal of this study was to compare the reinforcing efficacy of PTT to the shortacting psychostimulant cocaine in primates under conditions where interpretation of the
data is less dependent on rate of responding (Experiments 2 and 3) (Katz, 1990). In
Experiment 2, a PR schedule similar to the one used by Roberts et al. (1999) was used to
assess the reinforcing efficacy of PTT and cocaine. In Experiment 3, these findings were
extended using another behavioral evaluation of reinforcing efficacy, a drug-drug choice
paradigm. In this procedure, the reinforcing efficacy of two drugs or doses of a drug are
directly compared by making one drug solution available as an alternative to another for
self-administration (Johanson and Schuster, 1975; Woolverton and Johanson, 1984).
Furthermore, the present study allowed for a comparison of BP measures with drug
choice, in an effort to validate both measures of reinforcing efficacy.

METHODS
Experiment 1. Ex Vivo DAT binding
Subjects and Apparatus
Male Sprague-Dawley rats weighing between 250-300 grams were used. They
were initially housed in groups of three in plastic cages and with a 12:12 light:dark cycle
(lights on at 06:00). Food and water were available ad libitum.
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Procedure
DAT binding was studied ex vivo using methods similar to those previously
published using mice (Scheffel et al., 1991; Stathis et al., 1995; Gatley et al., 1999).
Drugs were given i.v. via a surgically-implanted catheter. For surgery, rats were
anesthetized with pentobarbital (50 mg/kg, i.p.) and a femoral catheter was implanted
using standard techniques. The exteriorized tip of the catheter was sealed by heating.
After surgery, animals were housed individually for 48 h and then used experimentally.

ED50 determination. To establish relative potency for DAT occupancy, injections
of various doses of PTT were given before [3H]CFT to permit maximum (or equilibrium)
binding of PTT to DAT. Initially, catheterized rats were placed in a plastic restrainer and
injected i.v. (0.4 ml/rat/10 s) with 3 µmol/kg PTT. This dose was selected based upon
preliminary studies with PTT and the in vitro potency ratio between cocaine and PTT. At
various time points after drug injection (0.5-30 min), rats were injected intravenously
with [3H]CFT (86 Ci/mmol; PerkinElmer Life Sciences, Boston, MA) 10 µCi/rat over 10
s. Because preliminary studies showed that the striatal/cerebellar ratio (S/C) of [3H]CFT
reached a maximum 45 min after injection of [3H]CFT, rats were decapitated at this time
point. After decapitation, brains were removed, and the striatum (high DAT density) and
the cerebellum (no DAT, non-specific binding) were dissected. Striatum and cerebellum
were weighed and placed into separate 5 ml glass vials. Solvable (10 µl/mg tissue) was
added and the vial was allowed to sit for 24 h at room temperature. After 24 h, glacial
acetic acid (1 µl/mg tissue) was added, and 200 µl of the tissue solution was immediately
pipetted into each well of 24-well scintillation plates (3-6 wells/sample). Microscint-20
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cocktail (1000 µl) was then added to each well and the plate was sealed. This preparation
was allowed to sit for 4 h to further solubilize tissue and reduce chemiluminescence of
the microscint-20 cocktail. Radioactivity was then counted. A complete dose-response
function was then determined for PTT using the time point at which the decrease in
[3H]CFT was maximal. The ED50 value was calculated for reduction in [3H]CFT binding.

Time course determination. To establish the rate of onset of DAT binding, an
injection of a selected dose of PTT was given at the time point at which [3H]CFT was
asymptotic. The decrease in binding was measured at various time points after drug
injection and compared to the same points after saline injection (Stathis et al., 1995).
Specifically, saline or the ED50 dose of PTT was given 45 min after injection of [3H]CFT.
Animals were decapitated at various time points (30 s-120 min) after injection of test
drug.

Experiments 2 and 3. Comparison of the reinforcing efficacy of PTT and cocaine
Subjects
Six individually-housed adult male rhesus monkeys (Macaca mulatta), served as
subjects. Monkeys R-1242, R-1253 and R-1272 were experimentally-naive at the
beginning of training under the choice procedure. At the completion of the choice study,
monkey R-1272 was trained under the PR schedule. Monkey R-1248 had previously selfadministered cocaine under both fixed-interval (FI) and fixed-ratio (FR) schedules.
Monkey R-1286 had previously self-administered PTT and two other long-acting cocaine
analogs. Monkey R-1322 had a history of pretreatments with HD-23, another long-acting

80

cocaine analog, on a baseline of self-administered food and cocaine under FR schedules.
Monkeys R-1248 and R-1322 began training on the PR schedule immediately following
the completion of prior experiments; R-1272 and R-1286 were drug abstinent for
approximately 1 year before training under the PR schedule. Subjects weighed between 9
and 14 kg under free-feeding conditions. Their body weights were maintained at
approximately 90-95% of free-feeding weights by supplemental feeding of Lab Diet high
protein monkey diet (100-150 g/day; PMI Nutrition International Inc., Brentwood, MO).
Monkeys were weighed approximately once a month and if necessary, their diet was
adjusted to maintain stable weights. In addition, they were given fresh fruit or peanuts at
least 3 days/week. Monkeys lived in a temperature- and humidity-controlled colony
room; lighting was maintained on a 0600:2000 on:off schedule. Environmental
enrichment was provided as outlined in the Animal Care and Use Committee of Wake
Forest University Non-human Primate Environmental Enrichment Plan.

Apparatus
Monkeys were individually housed in sound-attenuating cubicles (91 cm3; Plas
Labs, Lansing, MI). The front wall of each cubicle was constructed of Plexiglas to allow
the monkey visual access to the laboratory. For the choice study (Experiment 3), the front
wall was covered with a drape during the session. In an effort to increase environmental
enrichment, the monkeys in the PR study (Experiment 2) were trained to respond during
sessions while uncovered to allow for uninterrupted visual access to other animals. Each
cubicle was equipped with two response levers (BRS/LVE, Beltsville, MD) and one
(Experiment 2) or two (Experiment 3) peristaltic infusion pumps (Cole-Parmer Co.,

81

Chicago, IL) for delivering drug infusions at a rate of approximately 1.5 ml/10 . Above
each lever were two sets of jeweled stimulus lights. For Experiment 2, the four lights
above each lever were covered with alternating red and white lens caps. For Experiment
3, the four lights above the left lever (lever 1) were covered with white lens caps, while
two lights above the right lever (lever 2) were covered with alternating red and green lens
caps. Each animal was fitted with a stainless-steel restraint harness and spring arm
(Restorations Unlimited, Chicago, IL) that was attached to the rear of the cubicle.
Experimental events were controlled and counted by a Macintosh II computer and
associated interfaces.

Surgery
Each animal was anesthetized with a combination of ketamine (15 mg/kg, i.m.;
Fort Dodge Animal Health, Fort Dodge, IA) and butorphanol (0.05 mg/kg, i.m.; Fort
Dodge Animal Health) and a chronic indwelling venous catheter was surgically
implanted under sterile conditions. The proximal end of the catheter was inserted into a
major vein (internal jugular, external jugular, femoral or brachial), terminating in the
vena cava. The distal end of the catheter was threaded subcutaneously and exited through
a small incision between the scapula on the back of the animal. The catheter was
contained within the spring arm and attached to an infusion pump. For Experiment 3, a
double-lumen silicone catheter (Ronsil Rubber Products, Blackstone, VA) was used and
each lumen was attached to a separate infusion pump (Pumps 1 and 2). Antibiotics (25
mg/kg Kefzol; Cefazolin sodium, Marsam Pharmaceuticals, Inc., Cherry Hill, NJ) were
administered prophylactically for 7 days starting on the day of surgery.
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For monkeys in Experiment 2, a two-component modification of the typical
single-lumen catheter was used. The proximal end of the catheter was composed of a
"hydrocoat" coated polyurethane catheter and the distal end consisted of a Broviac central
venous silicone catheter with “Surecuff” tissue ingrowth cuff and "Vitacuff"
antimicrobial cuff (Bard Access Systems, Salt Lake City, Utah). The distal end of the
catheter was threaded subcutaneously to the back of the monkey to the point that the
“Surecuff” tissue ingrowth cuff was positioned 3-5 cm below the skin exit site and the
antimicrobial "Vitacuff" was approximately 1 cm below the skin exit site. The remainder
of the catheter exited the body through a small incision in the skin and was connected to a
single infusion pump. The two catheters were connected by a 20-gauge steel connecting
pin. Antibiotics (Kefzol, 30 mg/kg) were administered prophylactically 1 h prior to
surgery. In addition, topical antibiotic ointment (1% chloramphenicol, Allergan, Irvine,
CA) was applied post-surgery to the surgical sites.

Procedure
Experiment 2: PR schedule. Before the beginning of each test session, the catheter
was flushed for approximately 20 s with the concentration of drug available for selfadministration. We have calculated that this infusion duration is sufficient to fill the
catheter with the drug solution available for that session without administering a
significant amount of drug to the animal. All experimental sessions were conducted 6-7
days/week. Because session length was determined by individual session performance
(see below), monkeys were fed at approximately 10:00 AM each day and sessions began
at 2:00 PM, allowing for a maximum of a 20-h session. The next morning, each monkey's
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catheter was flushed with heparinized saline (100 U/ml) to help prevent clotting and the
animals were fed.
Monkeys were initially trained to respond under an FR 50 schedule of cocaine
(0.03 mg/kg/injection) presentation with a 10-min time out (TO) following each
injection. Following acquisition of self-administration, a PR schedule was introduced.
For one animal, the baseline dose of cocaine was increased to 0.1 mg/kg/injection
because the 0.03 mg/kg/injection dose of cocaine did not maintain stable responding
under the PR schedule. For all monkeys, the first injection of cocaine was delivered after
50 responses, followed by a 10-min TO. The next ratio requirement was determined from
the exponential equation used by Richardson and Roberts (1996):
ratio = 5 * exponent(SR# * 0.2) - 5
For these studies, the first ratio requirement (i.e., 50 responses) corresponds to the
12th value given by this equation and was followed by the given progression of ratio
values (62, 77, 95,117, 144, 177, 218, 267, 328, 402, 492, 602, 737, 901, 1102, 1347,
1646, 2012, 2458, 3004, 3670, 4484, 5478, etc.). The breaking point was defined as the
final ratio completed when 2 h had elapsed without an injection delivered. In all cases,
the BP was reached within the 20-h session limit.
When the breaking point for 0.03 or 0.1 mg/kg/injection cocaine was stable
(±20% of the mean number of injections for three consecutive sessions, with no trends in
responding), saline was substituted for cocaine for at least 5 sessions and until the
number of injections received declined to less than 20% of baseline. Following a return to
the baseline cocaine dose, a cocaine (0.003-0.56 mg/kg/injection) and a PTT (0.003-0.03
mg/kg/injection) dose-response curve was determined in each monkey. All doses were
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tested in random order and there was a return to baseline between test doses. Doses of
PTT were chosen based on previous behavioral studies with this drug in non-human
primates from our laboratory. The minimum number of sessions that each dose was
available for self-administration was individually determined and based upon the number
of sessions required for responding to decline to less than 20% of baseline when saline
was available. When 0.03 mg/kg/injection PTT was available, experimental sessions
were conducted every other day to prevent drug accumulation.
Determination of the PTT dose-response curve revealed that it was characterized
as a steep inverted-U shaped function of dose, whereas the cocaine dose-response curve
was generally a monotonically increasing relationship between dose and BP. In an
attempt to determine if the highest dose of PTT (0.03 mg/kg/injection) possessed
unconditioned aversive effects or if the lower BPs at the highest PTT dose was the result
of the direct effects on responding, an additional experimental manipulation was
conducted. The starting ratio value was increased by one progression of the ratio values
across consecutive sessions and was continued until the BP no longer increased as
starting ratio increased over three consecutive sessions. Additionally, the ability of saline
to maintain increasingly larger initial response requirements was assessed as a control.

Experiment 3: Cocaine-PTT Choice. Before the beginning of the session, each
lumen of the double-lumen catheter was flushed for approximately 20 s with the
concentration of drug available for self-administration. As noted above, we have
calculated that this infusion duration is sufficient to fill the catheter with the drug solution
available for that session without administering a significant amount of drug to the
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animal. Sessions typically began at 9:00 AM and were conducted 5-7 days/week.
Sessions lasted 7 h or until 30 trials were completed. The catheter lumens were flushed
with heparinized saline (100 U/ml) after the session to help prevent clotting and the
monkeys were fed at least 30 min later.
This drug-drug choice procedure has been described in detail elsewhere
(Woolverton and Johanson, 1984). Briefly, monkeys were initially trained to choose
between saline and cocaine (0.03 mg/kg/injection) under a discrete-trials choice
procedure. The beginning of a trial was signaled by the illumination of the four white
stimulus lights above lever 1 (the "switching" lever) and either the red or green stimulus
lights above lever 2 (the "drug" lever). Five consecutive responses (FR 5) on lever 1
switched the stimulus lights above lever 2 from red to green or vice versa. The red or
green stimulus above lever 2 signaled the availability of different drugs or concentrations
(initially saline or 0.03 mg/kg/injection cocaine) contingent upon lever 2 responses. To
assure that monkeys were exposed to each stimulus condition at the beginning of each
trial, a minimum of three consecutive stimulus switches was required. If a lever 2
response was made before at least 3 stimulus switches, the minimum switch requirement
was reset. The first response on lever 2 after the three-switch minimum had been
completed "locked in" a choice; this response extinguished the white lights above lever 1
and responding on lever 1 no longer had any consequence. Completion of 29 additional
responses (1 "lock in" response + 29 additional responses = total ratio value of 30; FR 30)
on lever 2 within 10-min (limited hold, LH) resulted in a 10-s injection. A 10-min TO
followed completion of a trial, during which time the stimulus lights associated with the
chosen drug solution flashed (on-off cycle of 1 s), all other lights were extinguished and

86

responding had no programmed consequences. If the response requirement was not
completed within the 10-min LH, all stimulus lights were extinguished for the duration of
the TO. After the 10-min TO, a new trial began with the illumination of the white lights
above lever 1 and the lights above lever 2 that had been illuminated when the last trial
terminated.
After stable choice performance, dose-response functions for the combinations of
each drug (saline; cocaine, 0.01-0.3 mg/kg/injection; PTT, 0.01 and 0.03 mg/kg/injection)
were determined in random order. When choice was deemed stable (at least 5 consecutive
sessions and ± 15% of the mean for the last 3 consecutive sessions, with no trends in
performance), one of two manipulations was made: either one of the drug doses was
changed or the stimulus conditions were reversed (i.e., which color light was associated
with which reinforcer). Frequency of drug choice greater than 80% was defined as a drug
preference. Typically, when a preference was observed, the stimulus conditions were
reversed to ensure that choice was based upon the drug stimulus rather than a color
preference. The minimum number of sessions for a condition was individually
determined and based upon the number of sessions that were required for preference to
return following a stimulus reversal.

Data Analysis
Experiment 1: Ex vivo binding. The striatal to cerebellar ratio (S/C) was
calculated. Data were normalized to S/C–1 so that complete inhibition of binding
approached zero. Transporter occupancy was calculated using the equation: % occupancy
= (A-x/A-B) X 100 (Gatley et al., 1999). In this equation, A and x are S/C measured after
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injection of radioligand alone and drug plus radioligand, respectively. B is the S/C
measured after a high dose of cold GBR 12909, a selective DAT ligand, which is
assumed to reflect 100% occupancy of the transporter. The difference between B and 1.0
presumably reflects differences in non-specific binding. ED50 values (the dose of
competing drug displacing one-half of the specific binding) were calculated using
iterative curve fitting (Prism 3.0, Graphpad, San Diego, CA). Time course data for
inhibition of binding by PTT were converted to percent of control with saline
pretreatment data using the same time points as control. Data for PTT were compared to
saline control groups using a two-way ANOVA followed by adjusted Bonferroni t-tests;
p<0.05 was considered statistically significant.

Experiment 2: PR schedule. The primary dependent variables were number of
drug injections, breaking points and drug intake in mg/kg. A separate mixed model was
fit for each dependent variable using monkey as a random effect to account for variations
in responding between animals (SAS 8.0, SAS, Cary, NC). Post-hoc multiple
comparisons were performed using a Tukey-Kramer adjustment. Mean inter-infusion
intervals were compared for the doses of PTT and cocaine that maintained peak BPs by ttest assuming unequal variances. Data are the mean values from the last three sessions
that each drug was available for self-administration. For all analyses, p<0.05 was
considered statistically significant.

Experiment 3: Cocaine-PTT Choice. The primary dependent variables were
percent cocaine choice, total number of trials completed and cocaine intake. The data
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analyzed were from the last three sessions for each comparison. Because there were doses
of cocaine that were not tested in every monkey, the data were subdivided into two nonmutually exclusive categories for analysis. The first of these subsets compared PTT at the
0.01, 0.03 and saline levels to cocaine at 0.1 and 0.3. The second subset compared PTT at
0.01 and 0.03 to cocaine at 0.03, 0.1, and 0.3. A mixed model was used to compare the
two drugs at their various levels for each dependent variable, using monkey as a random
effect to account for the variation between monkeys (SAS 8.0). Post-hoc multiple
comparisons were performed using a Tukey-Kramer adjustment to get a pairwise
comparison of the drug-dose interaction. For all analyses, p<0.05 was considered
statistically significant.

Drugs
(-) Cocaine HCl, provided by the National Institute on Drug Abuse (Bethesda,
MD), was dissolved in sterile saline. (±) PTT fumarate was synthesized according to the
procedure described by Davies et al. (1993) and dissolved in sterile saline. Drug
concentrations were calculated according to the salt form.

Results
Experiment 1: Ex vivo binding
Data regarding the maximum DAT occupancy and rate of onset for cocaine under
these conditions have been reported elsewhere (Woolverton et al., submitted). The
maximum decrease in [3H]CFT binding by PTT was seen when PTT was given 10 min
before [3H]CFT (data not shown). When various doses of PTT were administered at this
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pretreatment time, PTT inhibited the binding of [3H]CFT in a dose-related manner with
an ED50 value for PTT of 1.82 µmol/kg (compared to 8.82 µmol/kg for cocaine). When
the ED50 dose of PTT was given at various times before sacrifice, DAT occupancy was
significant beginning at the 30-min time point (compared to 2 min post-injection for
cocaine; Figure 1).

Experiment 2: PR schedule
The training dose of cocaine maintained self-administration in monkeys exposed
to daily PR cocaine self-administration sessions, with at least 10 injections received per
session. Initial substitution of saline for either 0.03 mg/kg/injection cocaine (R-1248, R1286 and R-1322) or 0.1 mg/kg/injection cocaine (R-1272) resulted in low levels of
responding in all monkeys (range of 0-6 saline injections; Figure 2). On average, 6.5
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BPs for cocaine ranged from 602-3004 responses, corresponding to a range of 13-21
injections received before the ratio requirements failed to be completed.
When PTT (0.003-0.03 mg/kg/injection) was substituted for the baseline dose of
cocaine, one dose of PTT functioned as a reinforcer (Figure 2B) and the resulting doseeffect curves were represented as an inverted-U shape. There was a significantly greater
mean number of PTT injections self-administered compared to saline for the 0.01
mg/kg/injection dose of PTT (Figure 2B open circles). Maximum BPs for 0.01
mg/kg/injection PTT ranged from 144-1102 responses, corresponding to a range of 6-16
injections. The mean BP maintained by 0.01 mg/kg/injection PTT was significantly lower
than the average BP for the dose of cocaine that maintained the highest final completed
ratio (0.3 mg/kg/injection; Figure 2, open circles). The inter-injection interval for this
dose of PTT was 31.67 min (± 2.48; S.E.M.), almost twice as long as the inter-injection
interval for 0.3 mg/kg/injection cocaine [18.01 ± 0.59 min; t152=5.47; p<0.001]. In
monkey R-1286, PTT did not function robustly as a reinforcer, although it did maintain
responding above saline levels at the 0.003 and 0.0056 mg/kg/injection doses. However,
this animal also completed fewer response requirements for the two highest doses of
cocaine tested compared to the other three monkeys. Gross observable behavior during
substitution of the 0.03 mg/kg/injection dose of PTT included stereotypy (R-1272) and
hyperactivity (all monkeys).
The results from increasing the starting ratio value required for the first injection
of 0.03 mg/kg/injection PTT or saline are reported in Table 1 as the mean (S.E.M.)
estimated by the mixed model used for analysis. Increasing the starting ratio value
required for 0.03 mg/kg/injection PTT saline resulted in a significantly larger BP for
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PTT, but did not affect PTT intake or the number of injections received. There were no
significant increases in BP for saline or the number of self-administered saline injections.

Experiment 3: Cocaine-PTT Choice
The maximum number of trials available per session was 30. For monkey R-1242,
when the lowest cocaine dose (0.03 mg/kg/injection) was tested as an alternative to
saline, less than three trials were completed during the experimental session. At all other
cocaine doses tested as alternatives to saline, between 25-30 trials were completed per
session in each monkey (Figure 3A). When choice was between saline and PTT (0.01 or
0.03 mg/kg/injection), the maximum number of trials completed was not greater than 15.
For sessions in which at least 5 trials were completed, the frequency of choice for PTT
and saline was approximately equal (Figure 3B)
In general, when monkeys were given a choice between cocaine and saline, the
0.1 and 0.3 mg/kg/injection cocaine doses were preferred to saline (Figures 3 and 4). In
all monkeys, the highest dose of cocaine maintained at least 80% preference over saline
(Figures 3 and 4). When the low dose of PTT (0.01 mg/kg/injection) was available as an
alternative to the majority of cocaine doses, cocaine choice was not altered (Figure 4,
triangles). However, group mean preference for the 0.03 mg/kg/injection dose of cocaine
was significantly increased to greater than 50% when 0.01 mg/kg/injection of PTT was
the alternative (Figure 4, Group panel, triangles). This change resulted from an increase
in cocaine preference for monkeys R-1242 and R-1272 under these conditions, while
choice for 0.03 mg/kg/injection cocaine decreased in monkey R-1253 (Figure 4,
triangles). When a higher (0.03 mg/kg/injection) PTT dose was available as an alternative
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to cocaine, cocaine choice decreased to ~50% at the 0.1 and 0.3 mg/kg/injection cocaine
doses (Figure 4, circles).
When intermediate-to-high cocaine doses were available (0.1 or 0.3
mg/kg/injection), the number of trials completed was not changed by availability of the
0.01 mg/kg/injection PTT (Figure 5, triangles). However, when a lower cocaine dose
(0.03 mg/kg/injection) was the alternative to 0.01 mg/kg/injection PTT, the total number
of trials completed by R-1242 increased from zero when saline was the alternative to
approximately 20 trials per session. At the higher PTT dose (0.03 mg/kg/injection), the
total number of trials completed per session decreased to less than 15 trials at all cocaine
doses (Figure 5, circles).
Average cocaine intakes for the different dose combinations are shown in Figure
6. When saline was the alternative to cocaine, daily cocaine intake (mg/kg/session)
increased in a dose-related manner (Figure 6, squares), with a mean intake of
approximately 7.5 mg/kg/session when the highest dose of cocaine was studied.
Availability of 0.01 mg/kg/injection PTT versus. cocaine did not significantly reduce
cocaine intake compared to when saline was available (Figure 6, triangles). In contrast,
when 0.03 mg/kg/injection PTT was available as the alternative to cocaine, significant
decreases in cocaine intake at the 0.1 and 0.3 mg/kg/injection doses were observed,
resulting in downward shifts in the cocaine dose-response curve (Figure 6, circles). When
the highest dose of cocaine was available as a choice to 0.03 mg/kg/injection PTT, total
cocaine intake averaged 1.6 mg/kg/session (Figure 6, bottom right panel, circles).
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DISCUSSION
The present study was undertaken to further investigate the variables that
influence the reinforcing efficacy of psychostimulants. In Experiment 1, the onset of
action of the high affinity DAT blocker PTT was measured in rodents using an ex vivo
binding assay and was found to differ considerably from cocaine. In Experiments 2 and 3,
the reinforcing strength of PTT and cocaine were compared with the two most frequently
used procedures for determining relative reinforcing efficacy, progressive-ratio (PR)
schedules and choice studies (Katz, 1990). Monkeys responding under an exponentiallyincreasing, within-session PR schedule received significantly more injections and had
higher breaking points maintained by cocaine compared to PTT. When concurrently
available under a mutually-exclusive, drug-drug choice paradigm, PTT was not preferred
over saline and cocaine was chosen over the dose of PTT that maintained peak BPs under
the PR schedule. The findings from these two measures of reinforcing efficacy are in
agreement, and suggest that PTT is less efficacious at maintaining responding relative to
cocaine. When a higher PTT dose, representing the descending limb of the dose-response
curve under the PR schedule, was available as a choice to cocaine, cocaine preference
decreased to approximately 50%, suggesting that self-administered PTT attenuated the
reinforcing effects of cocaine.
Pharmacokinetic variables have previously been shown to influence the rate of
drug self-administration and the strength of a drug to maintain responding. In particular,
the duration of action and the onset of action can significantly impact the reinforcing
effects of a drug. For example, it appears that as a drug’s duration of action increases, the
interval separating injections increases as well (Winger et al., 1975; Panlilio and
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Schindler, 2000). Consistent with this relationship, PTT, which has a longer half-life than
cocaine, maintains lower rates of responding in rats (Roberts et al., 1999) and monkeys
(Nader et al., 1997; Birmingham et al., 1998; Lile et al., 2000; present study, Experiment
2) across a range of conditions.
However, there are data suggesting that duration of action does not affect a drug’s
efficacy as a reinforcer under PR (Panlilio and Schindler, 2000; Ko et al., 2002) and
choice (Johanson and Schuster, 1975) conditions. In agreement with these studies,
Roberts et al. (1999) reported that PTT maintained higher BPs compared to cocaine when
studied under PR schedules in rodents, indicating that the longer half-life of PTT did not
influence its reinforcing efficacy. In contrast, we found that the final ratio requirements
completed for PTT were significantly less than for cocaine in non-human primates and
PTT was not preferred over saline under choice conditions. There are several possible
reasons for these discrepant findings. One possibility is that duration of action impacted
the reinforcing effects of PTT in monkeys to a larger degree than in rodents. This is
unlikely, because in a subsequent study using the identical PR schedule, a series of
cocaine and methylphenidate analogs differing in duration of action were compared and
differences in reinforcing efficacy were not related to duration of action (Lile et al.,
2002).
A second possibility for the differences in results may be due to the direct effects
of PTT on response rates. It was apparent that under the PR conditions PTT had
substantial rate-decreasing effects in the monkey that may have artificially reduced its
BP. Consistent with this possibility, an experiment designed to attenuate some of the ratedecreasing effects of a high dose of PTT, resulted in higher BP values (see Experiment
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2). Stafford et al. (1998), in their review on variables that impact measures of reinforcing
efficacy, pointed out “satiety”, disruption in operant responding and unconditioned
aversive effects as possible reasons for decreases in performance at higher drug doses.
These direct effects of PTT on ongoing behavior, in particular satiety, may have also
impacted the results from the drug-drug choice studies, in which the total trials completed
when the high dose of PTT was studied were decreased by at least 50%. Taken together,
these results further support the supposition that while not directly dependent on rate of
responding, PR and choice performance are measures of reinforcing efficacy that are, to
some degree, contaminated by the direct effects of drugs (described as "multiply
determined" by Katz, 1990).
The onset of action, or the interval between a response and the delivery of a
reinforcing stimulus, has also been shown to influence the rate at which that stimulus
maintains responding. For example, as this interval is lengthened, rates of drug selfadministration tend to decrease (Beardsley and Balster, 1993). Similarly, lower rates of
responding resulted when the infusion duration for contingent cocaine injections was
increased (Balster and Schuster, 1973; Panlilio et al., 1998), which could be considered
analogous to delaying the onset of action of cocaine. In Experiment 1, the onset of DAT
occupancy for PTT was determined to be much longer than cocaine, which may also have
contributed to its low rates of self-administration. Data from a recent study by Winger
and colleagues (2002) in rhesus monkeys responding under a PR schedule suggested that
delays in onset of action can affect the strength of drug reinforcers as well. Consistent
with these findings, PTT was less efficacious as a reinforcer in the present study under
both choice and PR conditions. Interestingly, in the Roberts et al. (1999) study, PTT
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maintained higher BPs than cocaine, despite its prolonged rate of onset to bind DAT.
While the reasons for this are not clear, it is possible that rodents are less sensitive to the
delay to reinforcement as a determinant of the reinforcing efficacy of a drug stimulus
compared to monkeys.
In addition to the kinetic variables described above, the pharmacodynamic
properties of a drug also contribute to its reinforcing effects. Cocaine binds with
approximately equal affinity to DAT, 5-HTT and the norepinephrine transporters (NET),
preventing the reuptake of these three monoamines. As noted in the Introduction,
blockade of DA reuptake is thought to be primarily responsible for mediating the
behavioral effects of psychostimulants (Wise, 1998). It has also been proposed that
increased serotonin (5-HT) receptor activation acts as a negative modulator of the
reinforcing effects of psychostimulants (but see Walsh and Cunningham, 1997).
Although there is less information available on the interactions of psychostimulants with
the norepinephrine system, it appears that blockade of NET is not a major determinant of
cocaine’s reinforcing effects (Woolverton, 1987; Mello et al., 1990). In the study by
Roberts et al. (1999), a positive relationship was demonstrated between the reinforcing
efficacy of a series of cocaine analogs and the ratio of their affinity for 5-HTT/DAT;
however, no relationship was observed in the present study. Monoamine transporter
binding values for the phenyltropanes were calculated using rodent tissue, so DAT and 5HTT affinity of these drugs may be different in monkeys. However, binding data
comparing the selectivity and affinity of the monoamine reuptake inhibitor GBR 12909 in
rat and monkey striatum demonstrated similar affinity ratios between the species (Dutta
et al., 2001). It is also possible that differences in the relative activation of DA versus 5-
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HT systems in the rodent versus. the primate brain may have affected the reinforcing
effects of PTT (Loh and Roberts, 1990; Richardson and Roberts, 1991). Further research
to investigate the role of monoamine transporter selectivity in mediating the reinforcing
efficacy of psychostimulants, with emphasis on comparing across species, is clearly
warranted.
Non-contingent PTT has previously been shown to decrease cocaine selfadministration when administered as a pretreatment (Nader et al., 1997). The present
findings extend these results by showing that self-administered PTT significantly
decreased cocaine intake under choice conditions. It has been proposed that compounds
having some cocaine-like behavioral and neurochemical properties, but with a different
pharmacokinetic profile, would be desirable as potential medications for cocaine abuse
(Howell and Wilcox, 2001). To that extent, the experiments presented here were
undertaken in an effort to understand the properties of a drug that contribute to it’s abuse
liability and to further investigate the potential for indirect DA agonists as medications
using non-human primate models of drug use. Studies with the phenyltropane PTT have
demonstrated that a high-affinity DAT inhibitor with a protracted rate of onset and offset
can maintain less self-administration than cocaine across a range of environmental
conditions, as well as decrease cocaine intake. These findings support the continued
investigation of monoamine reuptake inhibitors in an effort to develop an efficacious
pharmacotherapy for the treatment of cocaine abuse and dependence.
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Figure 1. Time course of DAT occupancy by PTT in rats. PTT (1.82 mol/kg)
was given 45 min after [3H]CFT and rats were sacrificed at the indicated time
points. Each point represents the S/C of radioactivity after [3 H]CFT + PTT,
calculated as a percentage of the same ratio when [3H]CFT followed by saline
injections with the identical sacrifice times. Each point is the mean of 3-5 rats and
vertical lines are the S.E.M. Asterisks (*) indicate a statistically significant
difference above saline controls: * p<0.05, *** p<0.001.
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Figure 2. The number of injections received (left ordinate) and final ratio
requirement completed (breaking point, BP; right ordinate) when (A) cocaine
(0.003-0.56 mg/kg/injection) or (B) PTT (0.003-0.03 mg/kg/injection) was
substituted for the training dose of cocaine (0.03 mg/kg/injection for R-1248, R1322 and R-1286; 0.1 mg/kg/injection for R-1272). "sal" denotes BP and number
of injections self-administered when saline was substituted for cocaine. Filled
symbols represent the mean (± S. D.) of the last 3 sessions under each condition
for individual animals. Open circles represent the group mean (± S. E. M.) as
estimated by the model used for analysis. Asterisks (*) indicate a statistically
significant difference in the group mean number of drug injections received
compared to saline: ** p<0.01, *** p<0.001. The 0.01 and 0.56 mg/kg/injection
doses of cocaine were not included in the analysis due to incomplete data for R1272. Dagger symbols (†) indicate a statistically significant difference (p<0.05)
between the the group mean maximum number of injections maintained by
cocaine and PTT.
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Figure 3. Total number of trials completed when cocaine (left panel, closed bars;
0.01-0.3 mg/kg/injection) or PTT (right panel, closed bars; 0.01, 0.03
mg/kg/injection) was presented as an alternative to saline (open bars). Data are
the mean of the last three days that a dose combination was available and
represent individual animals. ND = not determined.
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Figure 4. Percentage of trials in which cocaine (0.01-0.3 mg/kg/injection) was
chosen for self-administration when presented as an alternative to saline
(squares), 0.01 mg/kg/injection PTT (triangles) or 0.03 mg/kg/injection PTT
(circles) under a discrete-trials choice procedure. Panels labeled R-1242, R-1272
and R-1253 represent individual animal data and are the mean (±S.D.) of the last
three sessions a drug combination was available. Data in the Group panel are
the estimated mean (±S.E.M.) of the last three days a drug combination was
available for all monkeys as estimated by the model used for analysis. The
dashed line denotes no preference (i.e., 50% choice). Asterisks (*) indicate that
the group mean percent cocaine choice was significantly different from 50%
(95% CI of the least square means did not contain 0.5). Dagger symbols (†)
indicate a statistically significant difference from when saline was an alternative:
†††

p<0.001. Double-dagger symbols (‡) indicate a statistically significant

difference in cocaine choice when cocaine was an alternative to 0.01
mg/kg/injection PTT compared to 0.03 mg/kg/injection PTT: ‡‡‡ p<0.001.
.
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Figure 5. Total number of trials completed during an experimental session in
which cocaine (0.01-0.03 mg/kg/injection) was made available for selfadministration as an alternative to saline, 0.01 mg/kg/injection PTT or 0.03
mg/kg/injection PTT. Panels labeled R-1242, R-1272 and R-1253 represent
individual animal data and are the mean (±S.D.) of the last three sessions a drug
combination was available. Data in the Group panel are the estimated mean
(±S.E.M.) of the last three days a drug combination was available for all monkeys
as estimated by the model used for analysis. Asterisks (*) indicate a statistically
significant difference from when saline was an alternative: ** p<0.01, *** p<0.001.
Dagger symbols (†) indicate a statistically significant difference from when
cocaine was an alternative to 0.01 mg/kg/injection PTT compared to 0.03
mg/kg/injection PTT: ††† p<0.001.
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Figure 6. Cocaine intake (mg/kg/session) as a function of cocaine dose when the
alternative was saline, 0.01 mg/kg/injection PTT or 0.03 mg/kg/injection PTT. All
other details are as in Figure 5.
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Numbers in bold indicate a statistically significant difference (p<0.001) between group mean of the final ratio completed

Stable BP with increasing initial response requirements

Initial stable BP determination

for analysis

Data are the mean (±S.E.M.) of the last three days of availability in four animals as estimated by the mixed model used

Final Ratio Completed (BP)
Number of Injections Received
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0.03 mg/kg/injection PTT
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ABSTRACT
This study was undertaken to investigate the pharmacological variables that
influence the reinforcing strength of psychostimulants. Rhesus monkeys (n=9) responded
under a within-session, exponentially-increasing progressive-ratio (PR) schedule of
cocaine reinforcement. When responding was stable, a series of cocaine and
methylphenidate (MP) analogs that varied in their pharmacokinetic and
pharmacodynamic properties were substituted for cocaine. These drugs were divided
according to their duration of action (short: cocaine; moderate: MP, HDMP-28 and
HDMP-29; long: HD-23 and HD-60) and selectivity for dopamine transporters (DAT)
and serotonin transporters (5-HTT) (DAT-selective: MP; 5-HTT-selective: HDMP-29
and HD-60; non-selective: HDMP-28 and HD-23). The long-acting, DAT-selective
cocaine analog, PTT, has been evaluated under identical conditions and was included for
comparison. When made available for self-administration, the mean number of injections
was significantly greater than saline for each drug with the exception of HDMP-29. The
rank ordering of the peak BPs was: cocaine = MP = HDMP-28 ≥ HD-60 ≥ PTT ≥ HD-23
> HDMP-29. The potency to maintain peak BP was primarily related to DAT affinity. In
addition, these data suggest that there is a range of DAT affinity in which responding is
maximally maintained. However, there appeared to be an inhibitory influence of 5-HTT
binding on the potency and efficacy relationships to DAT affinity. Finally, these data
indicate that duration of action does not influence the reinforcing efficacy of
psychostimulants. Overall, these findings place more emphasis on the pharmacodynamic
properties of psychostimulants in determining their reinforcing efficacy in non-human
primates.
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While the illicit use of psychomotor stimulants such as cocaine and the various
amphetamine derivatives has remained stable over the last several years (U.S.
Department of Health and Human Services, SAMHSA, 2002), an effective
pharmacotherapy has yet to be developed to assist those seeking treatment. An
understanding of the pharmacological properties that mediate the abuse liability of these
drugs will result in a better understanding of addiction and assist in the design of
treatments for psychostimulant abuse and dependence. Animal models of drug selfadministration have allowed for the systematic assessment of the determinants of drugreinforced behavior. While these studies have yielded an abundance of information on the
neurobiology of psychostimulant use, the complex interaction of the variables that
influence the reinforcing strength of these drugs are still not fully understood.
One pharmacological attribute common to psychostimulants is an increase in
synaptic dopamine (DA) as a result of their administration. The involvement of the DA
system in mediating the reinforcing effects psychostimulants (and perhaps all other drugs
of abuse) has been established in numerous studies and across a wide range of
experimental conditions (Wise, 1998; Leshner and Koob, 1999). Moreover, a positive
relationship has been demonstrated between the potency of psychostimulants to maintain
responding and their binding affinity for dopamine transporters (Ritz et al., 1987; Wilcox
et al., 1999). However, there are recent reports of compounds with significant DAT
affinity that have weak reinforcing effects compared to cocaine (e.g., Lile et al., 2000;
Woolverton et al., 2000), indicating that pharmacological properties other than the ability
to block DAT are necessary for a drug to exhibit robust reinforcing effects.
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A number of commonly abused psychostimulants, including cocaine and many of
the amphetamine derivatives, also bind with high affinity to the serotonin and
norepinephrine transporters (5-HTT and NET, respectively). It has been proposed that
increased serotonin (5-HT) neurotransmission acts as a negative modulator of the
reinforcing effects of psychostimulants, (Ritz and Kuhar, 1989; Loh and Roberts, 1990;
Richardson and Roberts, 1991). However, there are relatively few data concerning the
influence of 5-HT reuptake inhibition on drug-maintained responding, especially in nonhuman primates, and fewer studies regarding the reinforcing efficacy of compounds
selective for 5-HTT. In general, drugs that block 5-HTT do not maintain selfadministration (Gold and Balster, 1991; Vanover et al., 1992), although there are
exceptions to this (Fantegrossi et al., 2002). There is even less information available on
the interactions of psychostimulants with the norepinephrine system. However, research
suggests that while blockade of NET is involved in cocaine’s discriminative stimulus
effects, it is not a primary determinant of its reinforcing effects (Woolverton, 1987; Mello
et al., 1990; Spealman, 1995).
In addition to the pharmacodynamic variables described above, kinetic properties
such as a drug’s onset and offset of action may be important determinants of reinforcing
effects. Using N-methyl-d-aspartate (NMDA) antagonists, Winger et al. (2000) reported
that onset of action had a significant influence on drug-maintained responding. In
contrast, a study that compared the reinforcing effects of several opiates with different
half-lives indicated that duration of action did not influence their efficacy as reinforcers
(Ko et al., 2002) when compared using progressive-ratio (PR) schedules. One purpose of
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the present study was to extend these findings to psychostimulants to determine if a
similar relationship between pharmacokinetic factors and reinforcing efficacy existed.
Responding under PR schedules has been used as an index for evaluating the
relative strength of a reinforcing event (Hodos and Kalman, 1963). Under this schedule,
reinforcement is contingent upon the completion of successively increasing ratio sizes;
the number of responses necessary for reinforcement is systematically increased until the
animal stops responding (termed its “breaking point”; BP). With regard to drug
reinforcement, breaking points have been used to compare the reinforcing efficacy of
cocaine to other psychostimulants in non-human primates (Risner and Silcox, 1981;
Winger and Woods, 1985; Stafford et al., 2001). In addition, it has been suggested that
PR schedules could provide a “framework in which the neuropharmacological substrates
of drug reinforcement may be investigated and interpreted” (Stafford et al., 1998). In the
present study, the role of pharmacological variables in determining the reinforcing
efficacy of psychostimulants was evaluated by comparing BPs maintained by cocaine,
methylphenidate and several methylphenidate analogs (HDMP-28 and HDMP-29) and
metabolically stable cocaine analogs (HD-23 and HD-60) based on their pharmacokinetic
and pharmacodynamic profiles.

METHODS
Subjects
Nine adult male rhesus monkeys (Macaca mulatta), served as subjects. Monkeys
R-1254, R-1347 and R-1362 were experimentally-naive at the beginning of training
under the PR schedule. Monkey R-1241 had previous cocaine self-administration

120

experience under a fixed-interval (FI) schedule. Monkey R-1248 had previously selfadministered cocaine under both FI and fixed-ratio (FR) schedules and cocaine and PTT
under identical conditions to those employed here. Monkeys R-1286 and R-1322 also had
self-administered cocaine and PTT under identical conditions to the ones used in the
present experiment. Monkeys R-1268, R-1322 and R-1326 had a history of pretreatments
with HD-23 on a baseline of self-administered food and cocaine under FR schedules.
Monkeys R-1268 and R-1286 previously had PTT, HD-23 and HD-31 (WF-31; 2-ßpropanoyl-3ß-(4-(2-propenyl)phenyl)-tropane), a serotonin-selective reuptake inhibitor,
made available for self-administration under an FR schedule. Monkeys R-1241, R-1248,
R-1254, R-1268 and R-1322 began training on the PR schedule immediately following
the completion of prior experiments; R-1272, R-1286 and R-1326 were drug abstinent for
approximately 1 year before training under the PR schedule. Subjects weighed between 9
and 14 kg under free-feeding conditions. Their body weights were maintained at
approximately 90-95% of free-feeding weights by supplemental feeding of Lab Diet high
protein monkey diet (100-150 g/day; PMI Nutrition International Inc., Brentwood, MO).
Monkeys were weighed approximately once a month and, if necessary, their diet was
adjusted to maintain stable weights. In addition, they were given fresh fruit or peanuts at
least 3 days/week. Monkeys lived in a temperature- and humidity-controlled colony
room; lighting was maintained on a 0600:2000 on:off schedule. Environmental
enrichment was provided as outlined in the Animal Care and Use Committee of Wake
Forest University Non-human Primate Environmental Enrichment Plan.
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Apparatus
Monkeys were individually housed in sound-attenuating cubicles (91 cm3; Plas
Labs, Lansing, MI). The front wall of each cubicle was constructed of Plexiglas to allow
the monkey visual access to the laboratory. Mounted on the Plexiglas wall were two
response levers (BRS/LVE, Beltsville, MD), with two sets of jeweled stimulus lights
covered with alternating red and white lens caps above each lever. In addition, cubicles
were equipped with peristaltic infusion pumps (Cole-Parmer Co., Chicago, IL) for
delivering drug infusions at a rate of approximately 1.5 ml/10 s. Each animal was fitted
with a stainless-steel restraint harness and spring arm (Restorations Unlimited, Chicago,
IL) that was attached to the rear of the cubicle. Experimental events were controlled and
counted by a Macintosh II computer and associated interfaces.

Surgery
Each animal was anesthetized with a combination of ketamine (15 mg/kg, IM;
Fort Dodge Animal Health, Fort Dodge, IA) and butorphanol (0.05 mg/kg, IM; Fort
Dodge Animal Health, Fort Dodge, IA) and a chronic indwelling venous catheter was
surgically implanted under sterile conditions. A two-component modified version of the
typical single-lumen catheter was used. The proximal end of the catheter was composed
of a "hydrocoat" coated polyurethane catheter and the distal end consisted of a Broviac
central venous silicone catheter with “Surecuff” tissue ingrowth cuff and "Vitacuff"
antimicrobial cuff (Bard Access Systems, Salt Lake City, Utah). The proximal end of the
catheter was inserted into a major vein (internal jugular, external jugular, femoral or
brachial), terminating in the vena cava. The distal end of the catheter was threaded
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subcutaneously to the back of the monkey to the point that the “Surecuff” tissue ingrowth
cuff was positioned 3-5 cm below the skin exit site and the antimicrobial "Vitacuff" was
approximately 1 cm below the skin exit site. The remainder of the catheter exited the
body through a small incision in the skin between the scapula on the back of the animal
and was threaded through the spring arm to where it was connected to the infusion pump
and associated hardware. The two catheter components were connected by a 20-gauge
steel connecting pin. Antibiotics (Kefzol, 30 mg/kg, i.m.) were administered
prophylactically 1 h prior to surgery. In addition, topical antibiotic ointment (1%
chloramphenicol, Allergan, Irvine, CA) was applied post-surgery to the surgical sites.

Procedure
Before the beginning of each test session, the catheter was flushed for
approximately 20 s with the concentration of drug available for self-administration. We
have calculated that this infusion duration is sufficient to fill the catheter with the drug
solution available for that session without administering a significant amount of drug to
the animal. All experimental sessions were conducted 7 days/week. Because session
length was determined by individual session performance (see below), monkeys were fed
at approximately 10:00 AM each day and sessions began at 2:00 PM, allowing for a
maximum of a 20-h session. The next morning, each monkey's catheter was flushed with
heparinized saline (100 U/ml) to help prevent clotting and the animals were fed.
Monkeys were initially trained to respond under an FR 50 schedule of cocaine
(0.03 mg/kg/injection) presentation with a 10-min TO following each injection.
Following acquisition of self-administration, a PR schedule was introduced. For two
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animals (R-1241 and R-1268), the baseline dose of cocaine was increased to 0.1
mg/kg/injection because the 0.03 mg/kg/injection cocaine did not maintain stable
responding under the PR schedule. For all monkeys, the first injection of cocaine was
delivered after 50 responses, followed by a 10-min TO. The next ratio requirement was
determined from the exponential equation used by Richardson and Roberts (1996):
ratio = 5 * exponent(SR# * 0.2) – 5
For these studies, the first ratio requirement (i.e., 50 responses) corresponded to
the 12th value given by this equation and was followed by the given progression of ratio
values (62, 77, 95, 117, 144, 177, 218, 267, 328, 402, 492, 602, 737, 901, 1102, 1347,
1646, 2012, 2458, 3004, 3670, 4484, 5478, 6692, 8174, etc.). The breaking point (BP)
was defined as the final ratio completed when 2 h had elapsed without an injection
delivered. In most cases, the BP was reached within the 20-h session limit. There was an
exception to this in monkey R-1362 at the highest dose of methylphenidate tested (0.3
mg/kg/injection); on the first day of substitution, the session length was approximately 30
h and the animal received 24 infusions of 0.3 mg/kg/injection methylphenidate. When
responding had stabilized, however, session lengths were within the 20-h session limit.
When the breaking point for 0.03 or 0.1 mg/kg/injection cocaine was stable
(±20% of the mean number of injections for three consecutive sessions, with no trends in
responding), saline was substituted for cocaine for at least 5 sessions and until the
number of injections received declined and stabilized to less than 20% of baseline.
Following a return to baseline, various doses of cocaine (0.003-0.56 mg/kg/injection),
HD-23 (0.0003-0.003 mg/kg/injection), HD-60 (0.001-0.3 mg/kg/injection), HDMP-28
(0.003-0.1 mg/kg/injection), HDMP-29 (0.01-0.3 mg/kg/injection) and methylphenidate
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(0.003-0.3 mg/kg/injection) were each made available for self-administration. Each drug
was tested in 4 animals. All doses were tested in random order and there was a return to
baseline between test doses. The minimum number of sessions that each dose was
available for self-administration was individually determined and based upon the number
of sessions required for responding to decline to less than 20% of baseline when saline
was available. Various points in the cocaine dose-response curve were redetermined over
the course of the experiment.

Data Analysis
The primary dependent variable was the number of self-administered drug
injections of each cocaine or methylphenidate analog. A separate mixed model was fit for
each drug (including cocaine as a comparison) using monkey as a random effect to
account for variations in responding between animals. A Dunnett’s post-hoc test was
performed to compare each drug dose to saline. Next, a mixed model was used for a
between drug comparison of the peak number of drug injections of all drugs tested. Posthoc multiple comparisons were performed using a Tukey-Kramer adjustment for pairwise comparisons. Finally, a multiple regression analysis was used to relate the
logarithms of the relative behavioral potency of these drugs to maintain peak BPs with
the logarithms of the relative concentrations to inhibit radiolabeled ligand binding for
DAT and 5-HTT. For all analyses, p<0.05 was considered statistically significant. Data
are the mean values from the last three sessions that each drug was available for selfadministration. Baseline cocaine data (0.03 or 0.1 mg/kg/injection) in the cocaine doseresponse curve presented in each figure represent the three sessions preceding the BP
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determination for each dose of cocaine and each dose of that cocaine or methylphenidate
analog.

Drugs
The selected cocaine and methylphenidate analogs were chosen based on their
pharmacodynamic and pharmacokinetic properties. The affinity of each of these drugs for
DAT and 5-HTT as determined by displacement of [125I]RTI-55 binding in rat striatal
membranes and [3H]paroxetine binding in rat frontal cortex membranes, respectively, are
shown in Table 1. Data for PTT, which were obtained under identical conditions, have
been recently published (Lile et al., 2002), and are included here for comparison
purposes. These compounds have been divided according to their selectivity for DAT and
5-HTT into three categories: DAT selective (PTT and MP), 5-HTT selective (HD-60 and
HDMP-29) and mixed action (cocaine, HD-23 and HDMP-29). In addition, they have
been further sub-divided into three categories based on their duration of action: short
(cocaine), moderate (MP, HDMP-28 and HDMP-29) and long (HD-23, HD-60 and PTT).
The cocaine analogs PTT, HD-23, and HD-60 differ from cocaine by their lack of ester
linkages (Davies et al., 1993), allowing them greater metabolic stability and thus a longer
duration of action at the transporter (Bennett et al., 1998) and for their behavioral effects
(Nader et al., 1997; Daunais et al., 1998). Based on the highly conserved structural
similarities to methylphenidate, it is thought that the MP analogs, HDMP-28 and -29
share MP’s longer plasma half-life and longer duration of behavioral effects than cocaine
(Volkow et al., 1995).
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(-) Cocaine HCl and (±) methylphenidate HCl were provided by the National
Institute on Drug Abuse (Bethesda, MD). HD-23 fumarate and HD-60 fumarate were
synthesized according to the procedure described by Davies et al. (1993); the synthesis of
HDMP-28 fumarate and HDMP-29 HCl have not been published. Drug concentrations
were calculated according to the salt form; all drugs were dissolved in sterile saline.
Doses of cocaine and HD-23 were chosen based on previous behavioral studies in nonhuman primates from our laboratory (Nader et al., 1997; Lile et al., 2000).
Methylphenidate doses were chosen based on previously published self-administration
studies in rhesus monkeys (Johanson and Schuster, 1975). For the remaining cocaine and
methylphenidate analogs, doses were chosen based on their affinity for DAT and 5-HTT,
and on pilot data obtained during substitution in the first of the four monkeys to be tested
with that particular drug.

RESULTS
The training dose of cocaine maintained stable self-administration in monkeys
responding under the PR schedule. Initial substitution of saline for either 0.03
mg/kg/injection cocaine (R-1248, R-1254, R-1286, R-1322, R-1326, R-1347 and R-1362)
or 0.1 mg/kg/injection cocaine (R-1241 and R-1268) resulted in low levels of responding
in all monkeys (range of 0-6 saline injections; Figure 1). On average, 5.6 sessions (range:
4-9) of saline availability were required for the number of saline injections to stabilize
below 20% of the mean number of injections maintained by the baseline dose of cocaine.
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Non-selective DAT and 5-HTT inhibitors
Cocaine (0.003-0.56 mg/kg/injection) functioned as a reinforcer in each monkey
(Figure 1), and the resulting dose-response curves were characterized by an inverted-U
shape. When cocaine data were combined from all animals, statistical analysis indicated
that the mean number of self-administered cocaine injections at each dose of cocaine was
significantly greater than the number of saline injections received [F6,596=75.36; p<0.001;
followed by post-hoc comparisons] (Figure 1, open circles). Maximum mean BP for
cocaine was approximately 1646 responses, corresponding to an average of 18 injections
received at the 0.3 mg/kg/injection dose. Individual animal maximum BPs at this dose
ranged from 492-8174 responses, corresponding to a range of 12-26 injections received
before the ratio requirements failed to be completed. At the highest doses of cocaine
tested (0.3 and 0.56 mg/kg/injection), food consumption was disrupted in some animals.
When substituted for the baseline dose of cocaine, the non-selective DAT and 5HTT reuptake inhibitor, HDMP-28 (0.003-0.1 mg/kg/injection), functioned as a
reinforcer in all four animals tested (Figure 2B). One of the monkeys (R-1362) was
removed from the study due to catheter-related complications and was only tested at the
0.01 mg/kg/injection dose of HDMP-28. At this dose, the maximum number of injections
self-administered was 14, corresponding to 737 responses completed before the BP was
reached. For the remaining three animals, the group mean number of HDMP-28
injections self-administered at all but the lowest dose tested was significantly greater than
the number of self-administered saline injections [F10,173=28.21; p<0.001; followed by
post-hoc comparisons] (Figure 2B, open circles). The highest BP maintained in
individual monkeys ranged from 402-2012 responses (11-19 injections) at the 0.03 dose
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of HDMP-28. The mean BP at this dose of drug was approximately 737 responses,
corresponding to 14 injections delivered before the response requirements were no longer
completed. The maximum group mean number of 0.03 mg/kg/injection HDMP-28
injections was significantly lower than the peak number of cocaine injections received at
the 0.3 mg/kg/injection dose (Figure 2, open circles). At the highest dose of HDMP-28
tested, changes in gross observable behavior included hyperactivity in monkey R-1347
and a decrease in appetite in R-1254.
HD-23 (0.0003-0.003 mg/kg/injection), a non-selective and extremely highaffinity, long-acting cocaine analog, maintained stable self-administration in 2 of 4
monkeys when substituted for cocaine. The mean number of injections maintained by the
0.001 mg/kg/injection doses of HD-23 for all four monkeys was significantly greater than
that maintained by saline [F10,229=74.92; p<0.001; followed by post-hoc comparisons]
(Figure 3B, open circles). The maximum group mean BP maintained by HD-23 was 218
responses (range of 62-1102 responses), corresponding to 8 injections (range of 2-16
injections) at the 0.001 mg/kg/injection dose. The mean number of injections that was
maintained by this dose of HD-23 was significantly less than the peak number of
injections maintained by cocaine (Figure 3, open circles). For two of the monkeys (R1241 and R-1322), HD-23 did not function as a reinforcer when responding was allowed
to stabilize. In monkey R-1322, when HD-23 was initially substituted for the baseline
cocaine dose, responding was maintained for the first few days of availability at a
maximum of 15 injections at the 0.0017 mg/kg/injection dose corresponding to 901
responses before the BP was reached (data not shown). HD-23 self-administration then
decreased and stabilized to levels that were not different from saline. This decline in
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responding was different than the pattern of responding typically seen when saline was
substituted for the baseline dose of cocaine, which was characterized by a rapid drop in
the number of self-administered injections. In monkey R-1241, HD-23 did not maintain
responding at any point during substitution of the four doses of this analog. For the two
monkeys in which HD-23 functioned as a reinforcer (R-1326 and R-1248), hyperactivity,
stereotypy and decreases in appetite were noted at the 0.0017 (R-1326) and 0.003 (R1326 and R-1248) mg/kg/injection doses.

DAT-selective inhibitors
The DAT-selective piperidine derivative, methylphenidate (MP; 0.003-0.3
mg/kg/injection), maintained self-administration in all 4 animals tested. The group mean
number of MP injections received was significantly greater than saline-maintained
responding at all but the lowest dose tested [F10,253=34.07; p<0.001; followed by post-hoc
comparisons] (Figure 4B, open circles). The maximum group mean BP for MP
(approximately 1102 responses) was maintained by the 0.03 mg/kg/injection dose and
corresponded to 16 injections of MP at this dose. The maximum BPs for individual
monkeys ranged from 328-3670 responses, corresponding to a range of 10-22 MP
injections received before the animal failed to complete the response requirement. The
group mean number of MP injections maintained by 0.03 mg/kg/injection was not
significantly different from the peak number of injections maintained by cocaine (Fig 4,
open circles). A decrease in appetite was observed at the 0.03 mg/kg/injection dose of
MP in monkey R-1347 and at the 0.3 mg/kg/injection dose in monkey R-1326. In
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addition, hyperactivity was also seen at the 0.3 mg/kg/injection dose of MP in monkey R1326.

5-HTT-selective inhibitors
The 5-HTT-selective methylphenidate analog, HDMP-29 (0.01-0.3
mg/kg/injection), functioned as a reinforcer in two of the four monkeys (R-1286 and R1322), but varied in the potency to maintain peak self-administration between these two
animals (Figure 5B). The group mean number of injections maintained by cocaine for
these four monkeys was significantly greater than saline; HDMP-28, however, was not
significantly different from saline at any dose [F10,244=40.67; p<0.001; followed by posthoc comparisons] (Figure 5B, open circles). The maximum BP maintained by HDMP-29
in individual animals ranged from 77-267 responses, corresponding to a range of 3-9
injections of HDMP-29. The only obvious change in behavior was an increased latency to
consume chows in some monkeys at the highest dose tested.
The metabolically stable 5-HTT-selective cocaine analog, HD-60 (0.003-0.3
mg/kg/injection), functioned as a reinforcer in all four monkeys when substituted for the
baseline dose of cocaine (Figure 6B). The group mean number of HD-60 injections
received at the 0.03 and 0.1 mg/kg/injection doses was significantly greater than saline
[F10,235=39.69; p<0.001; followed by post-hoc comparisons] (Figure 6B, open circles).
The peak BPs for HD-60 (range of 402-2012 responses) for each animal were maintained
by the 0.1 mg/kg/injection dose, corresponding to a range of 11-19 injections received
before the BP was reached. The maximum mean BP for the group was maintained by the
0.1 mg/kg/injection dose of HD-60 and was approximately 737 responses, which
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corresponded to 14 injections. The group mean number of injections maintained by this
dose of HD-60 was significantly less than the average number of 0.3 mg/kg/injection
cocaine injections received (Figure 6, open circles). There were no noticeable changes in
gross observable behavior at any dose of HD-60.

Between drug comparisons
The long-acting, DAT-selective cocaine analog, PTT, was recently evaluated
under identical conditions (Lile et al., 2002) and was included here for comparison. When
PTT was made available for self-administration under the PR schedule, a significant
number of injections were self-administered at the 0.01 mg/kg/injection dose and
maximum BPs ranged from 144-1102 responses (corresponding to a range of 6-16
injections). The group mean peak number of self-administered drug injections in
descending order for each of the monoamine reuptake inhibitors, including PTT, was as
follows: cocaine, 18; MP, 16; HDMP-28, 14; HD-60, 14; PTT, 12; HD-23, 8; and
HDMP-29, 4. There was a statistically significant difference in the peak number of
injections maintained by the 7 drugs [F6,98 = 37.96; p<0.001]. Post-hoc comparisons
revealed that the peak number of injections of cocaine, MP and HDMP-28 was not
significantly different from one another; MP, HDMP-28, HD-60 and PTT injections did
not differ significantly; and the mean number of self-administered injections of PTT and
HD-23 was not different. The maximum number of injections of HDMP-29 received was
significantly lower than for every other drug. The rank ordering of the peak BPs for these
seven drugs based on these analyses was as follows: cocaine = MP = HDMP-28 ≥ HD-60
≥ PTT ≥ HD-23 > HDMP-29.
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Behavioral potency
These data were also analyzed using a multiple regression analysis to relate the
logarithms of the relative behavioral potency of these drugs to maintain peak BPs with
the logarithms of the relative concentrations to inhibit radiolabeled ligand binding for
DAT and 5-HTT. Binding affinity at DAT accounted for a significant proportion of the
variance in the potency of these drugs to maintain peak BPs [R2=0.75], whereas 5-HTT
affinity alone did not [R2=0.07]. Adding 5-HTT data into the model containing DAT
binding affinity data significantly [p<0.05] changed the estimation of the outcome. When
both 5-HTT and DAT binding affinity data were included in the model, a significant
increase in goodness of fit was found [R2=0.94].

DISCUSSION
A progressive-ratio (PR) schedule was used to compare the reinforcing strength of
a series of cocaine and methylphenidate analogs based on their pharmacokinetic and
pharmacodynamic differences. In the present study, six drugs were evaluated. For
comparison, we have also included PTT, which was evaluated under identical conditions
(Lile et al., 2002). In terms of their duration of action, these drugs varied from short
(cocaine), to moderate (MP, HDMP-28 and HDMP-29) to long (HD-23, HD-60 and
PTT). Their order of potency at DAT was HD-23 > PTT = HDMP-28 = HD-60 > MP =
cocaine > HDMP-29. With the exception of HDMP-29, the mean number of selfadministered injections of all drugs was significantly greater than saline, but varied in
their maximum efficacy to maintain responding. The rank ordering of the mean peak
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breaking points (BPs) for these seven drugs was: cocaine = methylphenidate (MP) =
HDMP-28 ≥ HD-60 ≥ PTT ≥ HD-23 > HDMP-29. These data suggest that duration of
action does not systematically influence the reinforcing efficacy of psychostimulants. As
for pharmacodynamic considerations, there was a positive relationship between the
affinity of these drugs for DAT and their potency, but not their efficacy, to maintain selfadministration. However, the potency of these drugs to maintain peak BPs was best
accounted for by affinity at both DAT and 5-HTT. These pharmacological comparisons
also suggest that there is a range of DAT affinity under which maximal responding is
maintained, which also appeared to be modulated by 5-HT reuptake inhibition.
Two pharmacokinetic variables that have been investigated for their effects on
drug reinforcement are onset and offset of action (Balster and Schuster, 1973; Panlilio
and Schindler, 2000). The peak number of injections maintained by the cocaine,
methylphenidate and their analogs did not differ on the basis of their duration of action.
These results extend what has been demonstrated previously with opiates to
psychostimulants (Ko et al., 2002). It is possible, however, that the onset of action
influenced the relative reinforcing efficacy of these compounds (Winger et al., 2002).
Cocaine and MP, which maintained the highest BPs of the seven drugs, enter the CNS
quickly and bind to DAT within a few minutes of intravenous administration (Volkow et
al., 1995). In contrast, PTT and HD-23, which take up to 30-60 min to attain significant
DAT binding (Lile et al., 2002; W. L. Woolverton, personal communication, 2002), were
not as efficacious as reinforcers compared to cocaine and MP. Although there are no
direct kinetic data for the remaining compounds, there is some evidence that the onset of
action was also not a determinant of the reinforcing strength of these drugs. Log P values
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for PTT (3.5), HD-23 (4.5) compared to cocaine (2.7) (S. R. Childers, personal
communication, 2000) suggest that these analogs may not enter the CNS as quickly as
cocaine, in agreement with their increased latency to bind DAT as measured by an ex
vivo binding assay. However, HD-60, which also has a Log P value suggestive of a
longer onset of action (3.3) maintained qualitatively similar self-administration compared
to MP. While these data do not directly address the influence of a drug’s onset on its
reinforcing effects, they suggest that under the present conditions differences in onset of
action do not significantly influence measures of reinforcing efficacy.
In the present study, there were three pharmacodynamic variables that were
considered: DAT affinity, 5-HTT affinity and the relative affinity between these
transporters. Multiple regression analysis revealed that the potency of cocaine, MP and
their analogs that maintained the peak BP was primarily related to DAT affinity,
confirming the results from several other studies (Ritz et al., 1987; Bergman et al., 1989;
Wilcox et al., 1999). The efficacy of the cocaine and MP analogs to maintain selfadministration also appeared to be related to their affinity at DAT. However, this
relationship was not described by a linear function. Instead, there seemed to be a range of
DAT binding affinity at which maximal responding was maintained, in that the
compounds with the highest and lowest DAT affinity supported the least amount of
behavior. At one extreme, HD-23 maintained the lowest mean BPs that were still
significantly different from saline, but had the highest affinity for DAT. It has been
proposed that some drugs exhibit a “functional maximum reinforcing effect” which is
limited by the direct, disruptive effects on behavior (Wilcox et al., 2000) and may be
attributable to high levels of DA activity. Disruptive effects resulting from a complete
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and long-lasting inhibition of DA reuptake may impose a ceiling on the reinforcing
efficacy of HD-23. Consistent with this hypothesis, a previous study demonstrated that
administration of HD-23 to rodents resulted in more intense stereotypy and larger
increases in locomotor behavior than cocaine (Daunais et al., 1998). At the other end of
the spectrum, HDMP-29 failed to support BPs greater than saline, which could be due to
an inability to increase synaptic DA concentrations to the extent necessary to produce
reinforcing effects.
Recently, Czoty and colleagues (2002) suggested that cocaine-induced increases
in extracellular DA may be antagonized by administration of drugs that enhance 5-HT
activity. Consistent with this hypothesis, the multiple regression analysis indicated that a
model containing both DAT and 5-HTT affinity data better accounted for the variation in
potency to maintain self-administration between drugs, which appeared to be due to an
opposing influence of increased 5-HTT binding. For example, DAT affinities for PTT,
HDMP-28 and HD-60 are similar; however, these drugs differ in their relative selectivity
of 5-HTT to DAT. Consistent with the hypothesis that increased central 5-HT levels are a
negative modulator of DA activity, the potency of these drugs to maintain peak levels of
responding varied by 1/2 log units based on their 5-HTT binding affinity. Likewise,
cocaine and MP differ primarily in their affinity at 5-HTT (302 versus >10,000 nM), and
the dose of cocaine that maintained peak BPs was 1.0 log unit less potent than MP. There
was also an indication that increased 5-HT activity influenced the range of maximally
effective DAT affinity in a manner analogous to its effects on the potency relationships
described above. To expand upon the previous example, PTT was more potent at
supporting self-administration than the two other compounds with comparable DAT
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affinity, but was less efficacious as a reinforcer, maintaining lower mean BPs and selfadministration at fewer doses than HD-60 and HDMP-28. The disruptive effects on
behavior that are presumably produced by the potent blockade of DA reuptake may be
diminished by increased 5-HT activity, resulting in a greater “functional maximum
reinforcing effect” for HD-60 and HDMP-28 compared to PTT.
Previously, Roberts et al. (1999) evaluated the reinforcing efficacy of a series of
cocaine analogs that included the three cocaine analogs compared here (PTT, HD-23 and
HD-60) using rats responding under a similar PR schedule. The conclusion from that
study was that reinforcing efficacy was determined by an interaction between the
inhibition of DAT and 5-HTT, in agreement with the present results. However, there was
significant variance in the nature of that relationship and in the reinforcing effects of
these three cocaine analogs between rats and monkeys in the two studies. In rodents, PTT
maintained higher BPs than cocaine, and HD-23 and cocaine were approximately equally
efficacious as reinforcers. In monkeys, however, PTT and HD-23 maintained
significantly lower BPs than cocaine. Interestingly, the 5-HTT-selective cocaine analog,
HD-60, functioned robustly as a reinforcer in monkeys, but did not maintain selfadministration at any dose in rats. Unfortunately, a detailed discussion of the
neurochemical and behavioral variation between rats and monkeys that may underlie
these differences is beyond the scope of this paper (but see Lile et al., 2002 for a limited
discussion). Nonetheless, these differences highlight the importance of using multiple
species when studying the complex interaction between drugs and behavior.
The exact pharmacological mechanisms by which psychostimulants differ in their
strength as reinforcers are not completely clear. However, the results from this study
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place more emphasis on the relative blockade of DA and 5-HT transporters at
determining the reinforcing strength of these drugs than their pharmacokinetic properties.
These data provide additional information about the neuropharmacological substrates of
behavior reinforced by psychomotor stimulants, and have further implications concerning
drug addiction in humans as well. The drastic differences between the behavioral effects
of cocaine analogs in rats and monkeys that were observed under similar conditions
provide a clear example of the importance in studying multiple species when using
animal models to make predictions regarding the human condition. With respect to the
potential use of monoamine reuptake inhibitors as a substitution therapy for cocaine
abuse and dependence, these results suggest that psychostimulants with a range of
pharmacodynamic and pharmacokinetic properties can still be expected to have
significant reinforcing effects. This, however, should not necessarily be taken as a
negative aspect of this class of drugs, but instead could be considered beneficial in that it
may aid in compliance to initiate and continue drug treatment.
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Figure 1. Number of injections received (left ordinate) and final ratio requirement
completed (breaking point, BP; right ordinate) when various doses of cocaine
(0.003-0.56 mg/kg/injection) were substituted for the training dose of cocaine
(0.03 mg/kg/injection for R-1248, R-1286, R-1322, R-1326, R-1347 and R-1362
and 0.1 mg/kg/injection for R-1241 and R-1268). "sal" denotes BP and number of
injections self-administered when saline was substituted for the baseline dose of
cocaine. Panel A represents the group mean (± S. E. M.) for the last three
sessions under each condition as estimated by the model used for analysis.
Panel B represents the mean (± S. D.) for individual animals. Symbols for
individual animals are used consistently in all figures. Asterisks (***) indicate a
statistically significant difference (p<0.001) in the group mean number of drug
injections received compared to saline.
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Figure 2. Number of injections received (left ordinate) and final ratio requirement
completed (breaking point, BP; right ordinate) when (A) cocaine (0.003-0.56
mg/kg/injection) or (B) HDMP-28 (0.003-0.1 mg/kg/injection) was substituted for
the training dose of cocaine. "sal" denotes BP and number of injections selfadministered when saline was substituted for cocaine. Filled symbols represent
the mean (± S. D.) of the last 3 sessions under each condition for individual
animals. Open circles represent the group mean (± S. E. M.) as estimated by the
model used for analysis. Asterisks (*) indicate a statistically significant difference
in the group mean number of drug injections received compared to saline: *
p<0.05, ** p<0.01, *** p<0.001.
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Figure 3. Number of injections received (left ordinate) and final ratio requirement
completed (breaking point, BP; right ordinate) when (A) cocaine (0.003-0.56
mg/kg/injection) or (B) HD-23 (0.0003-0.003 mg/kg/injection) was substituted for
the training dose of cocaine. All other details are as in Figure 2.
.
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Figure 4. Number of injections received (left ordinate) and final ratio requirement
completed (breaking point, BP; right ordinate) when (A) cocaine (0.003-0.56
mg/kg/injection) or (B) methylphenidate (0.003-0.1 mg/kg/injection) was
substituted for the training dose of cocaine. All other details are as in Figure 2.
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Figure 5. Number of injections received (left ordinate) and final ratio requirement
completed (breaking point, BP; right ordinate) when (A) cocaine (0.003-0.56
mg/kg/injection) or (B) HDMP-29 (0.01-0.3 mg/kg/injection) was substituted for
the training dose of cocaine. All other details are as in Figure 2.
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Figure 6. Number of injections received (left ordinate) and final ratio requirement
completed (breaking point, BP; right ordinate) when (A) cocaine (0.003-0.56
mg/kg/injection) or (B) HD-60 (0.003-0.3 mg/kg/injection) was substituted for the
training dose of cocaine. All other details are as in Figure 2.
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Table 1
Pharmacokinetic and pharmacodynamica profile of cocaine and methylphendiate
analogs selected for self-administration under the PR schedule

Compound

Selectivity

5-HT KI (nM)

cocaine
MP
HDMP-28
HDMP-29
PTT
HD-23
HD-60

Mixed action
Dopaminergic
Mixed action
Serotonergic
Dopaminergic
Mixed action
Serotonergic

302
>10,000
26.8
2.5
131
0.4
0.1

a

b

DA IC50 (nM)
173
164
11.1
465
8.2
0.1
15.8

c

5-HTT/DAT Duration of action
1.8
61
2.4
0.005
16
3.3
0.006

d

-moderate
moderate
moderate
long
long
long

DAT and 5-HTT binding affinity data for cocaine and cocaine analogs have been
published previously in Bennett et al. (1995). Data for methylphenidate (MP) and
MP analogs were obtained via personal communication with S. R. Childers,
2002

b

Ki values for cocaine and MP analogs at displacing [3H]paroxetine binding in rat
frontal cortex membranes

c

IC50 values for cocaine and MP analogs at displacing [125I]RTI-55 binding in rat
striatal membranes

d

Duration of action as compared to cocaine
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CHAPTER IV

DISCUSSION

“The behavioral mechanism responsible for compulsive drug seeking is the principle of
reinforcement.”
-Travis Thompson (1984)

The principle of reinforcement, as originally established by B. F. Skinner (1938),
states that a reinforcing stimulus increases the subsequent probability of the response that
precedes its presentation. The study of drugs as reinforcing stimuli using selfadministration procedures has allowed researchers to systematically investigate the
variables that regulate drug-taking behavior. An extensive literature has indicated that the
variables that modify drug self-administration are similar between humans and laboratory
animals (Griffiths et al., 1980), and as such, animal models have been accepted as a
means of studying human drug use. These studies have demonstrated that drugs function
like other reinforcing stimuli and have emphasized the role of the contingency
relationship between the behavior and the stimulus as a primary determinant of a drug’s
reinforcing effects (c.f. Johanson, 1978). Other factors, such as the behavioral and
pharmacological history of the animal (e.g., Nader and Mach, 1996; Nader, 1998; Lile et
al., 2000a), the prevailing environmental circumstances (e.g., Morgan et al., 2002) and
the concurrent presence or absence of other drugs (e.g., Thompson and Schuster, 1964)
also are recognized as influences of the reinforcing effects of a drug (Stafford et al.,
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1998). Finally, while it is understood that drug-taking is a behavioral phenomenon, it is
clear that there are pharmacological properties of drugs that determine their ability to
function as a reinforcer, all other conditions being relatively equal (Johanson, 1978). The
focus of the experiments performed as the basis of this dissertation, and of the following
discussion, is concerned with the latter of these variables. The studies described here
were undertaken to investigate the pharmacological properties that determine the
reinforcing efficacy of monoamine reuptake inhibitors in non-human primate models of
drug use.
The reinforcing efficacy of a stimulus can be considered its “strength” to increase
the likelihood of the behavior that resulted in its presentation (Skinner, 1938). The
continued investigation of the variables that determine the strength of a drug stimulus to
maintain self-administration behavior will lead to a greater understanding of illicit drug
use and may aid in the development of treatment for drug abuse and dependence. For
many schedules of reinforcement typically used to study drug self-administration,
response rate is the dependent variable. However, rates of responding are determined by
several factors, only one of them being the effectiveness of the reinforcer (Johanson,
1976). Therefore, for the purpose of comparing the reinforcing efficacy between drugs,
the use of procedures in which the dependent measure is not directly related to rate is
required (Katz, 1990).
In Chapter 2, the two most frequently used methods to evaluate relative
reinforcing efficacy, choice procedures and progressive-ratio (PR) schedules, were
described. The use of these two procedures to compare the reinforcing strength of cocaine
and another local anesthetic, procaine, in monkeys provides a clear example of the
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necessity of schedules under which interpretation of the data are less dependent on rate.
When available under a fixed-ratio schedule, procaine was self-administered at higher
rates than cocaine (Ford and Balster, 1977). However, procaine maintained lower
breaking points (BPs) than cocaine when compared under a PR schedule (Woolverton,
1995; Wilcox et al., 2000) and was not chosen over cocaine across a large range of doses
under choice conditions (Johanson and Aigner, 1981).
The conclusions that can be made from the data generated by these two
procedures regarding relative reinforcing efficacy appear to be in agreement. For
example, as cocaine dose is increased, there is a dose-dependent increase in preference
under the choice paradigm and higher BPs are attained under the PR schedule. However,
as was noted in Chapter 2, these procedures are contaminated to some degree by nonspecific effects at higher drug doses. Under the PR schedule, this is reflected in the
descending limb of the dose-response curve. In the choice procedure, this may result in
the completion of fewer trials per session, as was seen in Chapter 2 when the high dose of
PTT was available. While the underlying mechanisms for these non-specific effects on
behavior are not known, they are likely determinants (albeit limiting ones) of a drug’s
reinforcing efficacy (see Chapters 2 and 3; also Wilcox et al., 2000).
The results from studies that have compared cocaine to other psychostimulants
under both choice and PR conditions have also been consistent. In addition to procaine,
the reinforcing efficacy of diethylpropion, methylphenidate and PTT have been compared
to cocaine using choice procedures and PR schedules in non-human primates. Like
procaine, the efficacy of diethylpropion as a reinforcer was determined to be less than
cocaine using both procedures (Johanson and Schuster, 1976; Griffiths et al., 1978).
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When methylphenidate was made available for self-administration as an alternative to
cocaine, drug choice was maintained by the higher dose of drug available, indicating that
these two drugs were equally efficacious at maintaining choice behavior (Johanson and
Schuster, 1975). Consistent with the findings from the choice study, the number of selfadministered injections of methylphenidate (Chapter 3) was not significantly different
than the number of injections of cocaine received when available under a PR schedule.
In Chapter 2, the results from the choice and PR experiments suggested that the
reinforcing efficacy of PTT was less than cocaine, again demonstrating concordance
across the two procedures. However, further discussion is warranted regarding the
conclusions drawn from the choice experiment. Under the choice procedure, when
cocaine and PTT were made available as alternatives to saline, cocaine choice increased
in a dose-dependent manner, whereas neither dose of PTT was chosen over saline.
Therefore, PTT was not considered to have functioned as a reinforcer, and lead to the
conclusion that under choice conditions, the reinforcing efficacy of PTT was less than
cocaine. When the high dose of PTT was made available as an alternative to cocaine,
however, cocaine choice at every dose decreased to approximately 50%. Equivalent
choice behavior could be interpreted as PTT and cocaine having similar reinforcing
efficacy, although it appears that this is not the case. It would be expected that if PTT and
cocaine were equally efficacious as reinforcers, the higher dose of PTT would be chosen
to the exclusion of lower doses of cocaine, as was seen in the methylphenidate and
cocaine choice study by Johanson and Schuster (1975). There are several hypotheses as
to why this did not occur when PTT and cocaine were concurrently available.
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The lack of a change in PTT preference with decreases in cocaine dose may be
due to behavioral disruption following PTT administration, such that choice performance
was random (i.e., 50%). One way in which a disruption of behavior would be evident
under this paradigm would be a loss of stimulus control or perseveration such that the
animal was not making a choice between stimulus lights, but was instead chaining the
behavioral sequences (i.e., completing the minimum switch 3 or FR 15 and then
completing an FR 30). This would result in choice performance alternating between
cocaine and PTT each trial. For one monkey (R-1242), a cumulative response recorder
was used to monitor performance during sessions in which 0.1 mg/kg/injection cocaine
and 0.03 mg/kg/injection PTT were chosen on approximately 50% of the trials. The
pattern of drug self-administration under these conditions during a representative
experimental session was: C, C, P, C, P, C, P, P, P, P, P, C, C, P (where C = 0.1
mg/kg/injection cocaine and P = 0.03 mg/kg/injection PTT), indicating that the animal
was actively choosing between the discretely-colored stimulus lights and not simply
making the minimum number of switches.
The influence of PTT on cocaine preference may also be a result of PTT's long
duration of action and cocaine-like discriminative stimulus effects. Previously, we had
shown that in monkeys trained to discriminate cocaine from saline, PTT substituted for
cocaine for up to 8 h, and in one animal up to 24 h, following a single intramuscular
injection (Nader et al., 1997). Thus, it is possible that following a choice trial in which
PTT was chosen, cocaine-like discriminative stimulus effects disrupted or influenced
future choice trials such that the animals were not able to associate which stimulus
condition is paired with which drug solution, resulting in a choice preference of 50%. The
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results from previous choice studies with diethylpropion and methylphenidate, however,
suggest that this does not accurately account for the decrease in cocaine choice at every
dose. Diethylpropion and methylphenidate also have long durations of action (Beckett
and Stanojcic, 1987; Volkow et al., 1995) and share discriminative stimulus effects with
cocaine (Wood and Emmett-Oglesby, 1988), but appear to have been accurately
discriminated from cocaine when made concurrently available under choice conditions
(Johanson and Schuster, 1975; Johanson and Schuster, 1976).
A more congruous explanation, and the one that was presented in Chapter 2, is
that the strength of PTT as a reinforcer is less than cocaine, but the concurrent presence
of self-administered PTT functioned to decrease the reinforcing efficacy of cocaine. Noncontingent PTT has previously been shown to decrease cocaine self-administration when
administered as a pretreatment (Nader et al., 1997). A reduction in the reinforcing
efficacy of cocaine would explain the equivalent preference for a compound that did not
maintain choice over saline, as well as the decline in cocaine intake and total number of
completed trials observed at all doses. This could be considered analogous to the
equivalent choice behavior that is seen when lower doses of cocaine are available as an
alternative to saline. These lower doses of cocaine are presumably less efficacious as
reinforcers than higher drug doses (Johanson, 1976), and are possibly below some
threshold necessary to maintain robust choice behavior.
Although this is an extremely interesting finding, and one which has important
implications concerning the development of a pharmacotherapy to treat cocaine
addiction, it was not the aim of the study, nor was it the measure that the choice
procedure was designed to assess. Thus, while the conclusions from the choice and PR

163

experiments were similar, the interpretation of the results from the choice experiment was
not as straightforward as with the PR schedule. In addition, from a practical standpoint,
the choice procedure is more time-consuming and technically more difficult to conduct
compared to the use of PR schedules. Therefore, in an effort to maximize the use of a
resource as valuable as non-human primates, it was decided to continue these studies
using the PR schedule. A further advantage of using this schedule over the choice
procedure is the larger available literature concerning PR schedules that could be used for
comparison with the results from these experiments.
The exact pharmacological properties that determine the reinforcing efficacy of
drugs across different pharmacological classes, in particular, psychostimulants, are not
fully understood. As discussed in Chapters 2 and 3, some aspects of a drug’s kinetic
profile have been shown to affect its reinforcing effects. A recent study using three Nmethyl-d-aspartate (NMDA) antagonists with different onsets of action demonstrated an
inverse relationship between onset of action and BP in rhesus monkeys responding under
a PR schedule (Winger et al., 2002). These data are consistent with data in humans that
have demonstrated more intense subjective effects following rapid, compared to slow
administration of cocaine (Abreu et al., 2001). In addition, there is evidence that the route
of administration (intravenous or smoked versus insufflated), influences cocaine’s
subjective experience (Volkow et al., 2000), as well as the progression to dependence and
latency to seek treatment (Gorelick, 1998). With respect to the more rapid development
of cocaine dependence, it appears that cocaine was functioning as a more efficacious
reinforcer based on route of administration (and thus rate of onset) in that the probability
of drug-taking behavior was increased following intravenous and smoked cocaine.
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The role of onset of action in mediating the reinforcing efficacy of
psychostimulants in animals has yet to be completely resolved. As described in Chapter
3, it was inferred from available data regarding the onset of PTT and HD-23 to occupy
dopamine transporters (DAT), and the Log P values for PTT, HD-23 and HD-60, that
onset was not the primary determinant of their efficacy as reinforcers in non-human
primates. The time of onset for DAT occupancy by the cocaine analog, HD-60, is
currently being evaluated using the ex vivo binding assay described in Chapter 2. If, in
fact, the inference from the Log P values is correct and the onset of action for HD-60 is
significantly longer than cocaine and methylphenidate, it would suggest that this
pharmacokinetic variable is less important in determining the reinforcing efficacy of
monoamine reuptake inhibitors. Although there are no studies designed specifically to
compare the relative reinforcing efficacy of psychostimulants based on this kinetic
variable, the slow onset DAT blockers, PTT (Chapter 2), HD-23 (W. L. Woolverton,
personal communication. 2002) and GBR-12909 (Kelley and Lang, 1989) have been
shown to maintain BPs equal to or greater than cocaine in rats (Roberts, 1993; Roberts et
al., 1999). Considering the reports regarding the differential effects of cocaine in humans
when onset was varied, it would be expected that this pharmacokinetic factor would be a
significant determinant of the reinforcing efficacy of these analogs. It is possible that the
onset of action was not a significant factor under the conditions of these studies because
there are distinct environmental cues (i.e., stimulus lights) repeatedly paired with the
delivery of a drug injection. A similar explanation has been proposed for the reinforcing
effects of alcohol and the taste cues associated with its consumption (Meisch, 2001).
However, this would still not account for the differences between the results from studies
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in animals with monoamine reuptake inhibitors and NMDA antagonists, in which drug
injections were signalled. Clearly, further research on this subject is warranted.
There are converging data, however, from different pharmacological classes and
across species that indicate the offset of action does not significantly influence the
efficacy of a drug to maintain responding. The data presented in Chapter 3 are consistent
with the results from a previous study with opiates in rhesus monkeys (Winger et al.,
2002) responding under a PR schedule which showed that duration of action did not
affect reinforcing efficacy. To our knowledge, this is the first study to systematically
evaluate the effects of duration of action on the reinforcing strength of psychostimulants.
There are, though, other examples of indirect monoamine agonists with protracted rates
of offset that function as efficacious reinforcers. As noted above, methylphenidate and
cocaine were shown be equally effective at maintaining self-administration in rhesus
monkeys under choice conditions (Johanson and Schuster, 1975). Additionally, the longacting, DAT-selective reuptake inhibitors, BTCP, a phencyclidine derivative, and GBR
12909 (Kelley and Lang, 1989; Deleuze-Masquefa et al., 2000) maintained BPs at least
as high as cocaine under a PR schedule in rodents (Roberts, 1993; French et al., 1995;
Martin-Fardon and Weiss, 2002). Methamphetamine is a good example of a drug with a
long duration of action (Riviere et al., 1999) that also maintains high BPs in rhesus
monkeys (unpublished observations) and is widely abused in humans. Although the data
regarding the importance of a drug’s onset are not definitive, together it appears that
under these conditions, the pharmacokinetic profile of monoamine reuptake inhibitors is
less of a determinant of their reinforcing efficacy than other variables.

166

From the results of the present studies, it was concluded that the
pharmacodynamic profile of these analogs primarily account for differences in their
reinforcing efficacy. It has been suggested that for drugs acting directly at a specific
receptor subtype, the intrinsic efficacy of the agonist is an important determinant of that
drug’s efficacy to maintain self-administration. For example, Winger et al. (1996)
compared the reinforcing strength of alfentanil, a full µ opioid agonist, and nalbuphine, a
partial µ opioid agonist, in rhesus monkeys and found that alfentanil maintained higher
BPs. It is evident that increased synaptic DA mediates the reinforcing efficacy of
psychostimulants. For example, range of DA D1 and D2 antagonists have been shown to
decrease, (Hubner and Moreton, 1991; Richardson et al., 1994; Roberts and Ranaldi,
1995) whereas DA D2-like agonists increase, cocaine-maintained BPs (Roberts and
Ranaldi, 1995). A relationship between intrinsic receptor efficacy and reinforcing
strength has also been demonstrated with DA D1 agonists (Weed et al., 1997), but not DA
D2 agonists (Woolverton and Ranaldi, 2002) in rhesus monkeys responding under a PR
scehdule. The accuracy of this hypothesis notwithstanding, it is not apparent what
pharmacodynamic variations in transporter blockers or monoamine releasing agents,
which do not interact directly with a receptor, are associated with differences in their
strength to maintain self-administration.
Although a correlation has been established between DAT affinity and the
potency of psychostimulants to maintain self-administration (Chapter 3; Ritz et al., 1987;
Bergman et al., 1989; Wilcox et al., 1999), the exact role of DAT blockade in the
reinforcing strength of these drugs has not been elucidated. One possibility is that there is
a direct relationship between DAT binding affinity and reinforcing efficacy, however,
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there are examples of drugs with a greater affinity at DAT than cocaine that have weak
reinforcing effects (Chapters 2 and 3; Woolverton et al., 2001). It has been suggested that
different ligand binding domains on DAT may result in variations in the behavioral
effects of high affinity DAT blockers (see Katz et al., 1999), and may also be a
mechanism by which psychostimulants differ in their reinforcing efficacy, although these
hypotheses have yet to be empirically determined. Wilcox et al. (2000) postulated that the
reinforcing efficacy of a series of local anesthetics in rhesus monkeys responding under a
PR schedule was a function of their ability to inhibit DA reuptake in monkey caudate.
However, while the BPs maintained by the local anesthetics differed considerably, DA
inhibition was similar across drugs. As outlined in Chapter 3, when cocaine and
methylphenidate analogs, with over a thousand-fold span in potency for DAT, were
compared on the basis of their strength as reinforcers, it appeared that there was a range
of DAT affinity in which maximal responding is maintained. Future studies could
investigate this hypothesis by comparing several preferential DA reuptake inhibitors that
varied primarily in their affinity at DAT.
Cocaine and a number of other psychostimulants also act at serotonin transporters
(5-HTT). It has been proposed that increased synaptic 5-HT levels, resulting from either
blockade or reversal of 5-HTT, negatively modulate the reinforcing effects of these
drugs. As it relates to reinforcing efficacy, administration of l-tryptophan, a 5-HT
precursor (McGregor et al., 1993), and fluoxetine, a selective 5-HT reuptake inhibitor
(SSRI) (Richardson and Roberts, 1991), decreased cocaine-maintained BPs in rodents. In
addition, direct administration of 5-HT reduced self-administration of d-amphetamine in
rodents responding under a PR schedule as well (Fletcher et al., 2002). The opposing

168

influence of 5-HT on the reinforcing efficacy of these psychostimulants could be
accounted for in several ways (e.g., direct effects on operant behavior or 5-HT as a
punishing stimulus). However, recent data collected by Czoty and colleagues (2002)
provide a more plausible explanation. In that study, an attenuation of cocaine-induced
increases in extracellular DA in the caudate nucleus of squirrel monkeys was
demonstrated following administration of fluoxetine, and the direct, nonselective 5-HT
agonist, quipazine (Czoty et al., 2002). Because these same doses of fluoxetine and
quipazine also decreased response rates maintained by cocaine, it was hypothesized that
the antagonism of cocaine’s reinforcing effects was due to a suppression of DA levels via
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Woolverton, 1992; Howell and Byrd, 1995). In contrast, one of the two 5-HTT-selective
drugs tested here, HD-60, functioned robustly as a reinforcer in all four monkeys in
which it was tested (Chapter 3). Similarly, the S(+) isomer of MDMA, which exerts
preferential activity at 5-HTT (Battaglia et al., 1988), was recently shown to function as a
reinforcer in rhesus monkeys (Fantegrossi et al., 2002). Further, under the conditions of
some binding assays, cocaine has been shown to have a higher affinity for 5-HTT
compared to DAT (Richelson and Pfenning, 1984; Ritz et al., 1987). The ability of these
latter drugs to maintain self-administration, however, is likely still related to their ability
to significantly increase synaptic DA levels. In support of this, S(+)MDMA has been
shown to elevate DA in the striatum as measured by in vivo microdialysis (Hiramatsu and
Cho, 1990). In addition, while HD-60 is considered to be 5-HT-selective, with a 100-fold
greater affinity for 5-HTT versus DAT, it does bind with high affinity at DAT, which
probably accounts for its robust reinforcing effects. In fact, although 5-HT appears to
have an opposing influence on extracellular DA levels, it may actually facilitate a drug’s
reinforcing effects in cases where long-lasting and extensive blockade of DAT results in
non-specific effects on behavior. This was suggested in Chapter 3 as a mechanism to
explain differences in the self-administration of HDMP-28 and HD-60 compared to PTT.
Conversely, for a drug like HDMP-29, which is highly selective for 5-HTT, but has only
a moderate affinity for DAT, the negative modulation of DA activity by 5-HT may
prevent the increase in synaptic DA concentrations to the extent necessary for reinforcing
effects. Therefore, it seems that 5-HT may have a bi-directional influence on selfadministration behavior, in further support of the notion that the reinforcing efficacy of a
drug is determined by multiple, ongoing variables.
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As noted in Chapters 2 and 3, there were differences in the relative reinforcing
efficacy of cocaine and the three metabolically-stable cocaine analogs tested (PTT, HD23 and HD-60) between rats and monkeys. One explanation that could account for the
variations between species is the schedule parameters that were used in the two studies.
Although the progression of ratio values was identical, session lengths were a set value in
the Roberts et al. study, whereas in the PR schedule used in the present experiments,
sessions ended when an animal failed to complete a ratio requirement within 2 h.
Previous studies have shown that as duration of action increases, the interval separating
injections increases as well (Chapter 2; Roberts et al., 1999; Panlilio and Schindler,
2000). In the Roberts et al. study, the session lengths were extended to account for
potentially longer inter-injection intervals. It is possible that higher BP values would have
been obtained with these drugs in the present studies if no limited hold criterion (i.e., 2h
without an injection) was scheduled and the session lengths were extended. However, it
seems unlikely that such drastic differences in the behavior maintained by these
compounds between species can be accounted for by this single parameter. We have
previously evaluated PTT and HD-23 in non-human primates under various schedules of
reinforcement (see Lile et al., 2000b), access conditions (Lile et al., 2000a) and the
pharmacological history of the animal (Lile et al., 2000a). In all cases, PTT and HD-23
possessed weak reinforcing effects compared to cocaine. In contrast, both of these
tropanes robustly maintain self-administration in rats across a range of conditions
(Roberts et al., 1999; D. C. S. Roberts, personal communication). Thus, it appears that
differences in the reinforcing effects of these tropanes between animal species are not a
function of drug self-administration parameters.
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As discussed here and in Chapter 3, it also seems unlikely that pharmacokinetic
differences underlie the variations in the reinforcing efficacy of the cocaine analogs
between species, although, for now, differential sensitivity to the rate of onset of these
drugs can not be ruled out. Based on the importance of the relative blockade of DAT and
5-HTT as determinants of the reinforcing efficacy of monoamine reuptake inhibitors, it is
possible that differences in the activity of these systems or the result of that activation
account for the variation in their self-administration between species. There are a number
of aspects in which these species may vary with respect to DAT and 5-HTT blockade that
span multiple levels of analysis and could manifest as differences in reinforcing efficacy.
As an example, in Chapter 3 it was hypothesized that PTT was less efficacious as a
reinforcer compared to HD-60 and HDMP-28 due to its high affinity and greater
selectivity for DAT compared to 5-HTT. Because of the involvement of DA in the
control of motor systems, it is possible that a complete and long-lasting blockade of DA
reuptake by PTT resulted in direct effects on operant behavior that limited its reinforcing
efficacy in monkeys, consistent with the non-specific effects that are typically seen at
higher doses of psychostimulants. In fact, self-administration of the highest dose of PTT
was associated with the largest increases in stereotypic and locomotor behavior observed
in the monkeys compared to all of the other drugs tested. Although administration of PTT
has also been shown to increase locomotor behavior and stereotypy in rodents (Hemby et
al., 1995; Porrino et al., 1995), they may be less sensitive to these effects with respect to
their control of self-administration behavior. Consistent with these potential differences
in sensitivity, the behavioral potency of PTT and cocaine under similar PR schedules
were at least 1.0 log units different between rodents and monkeys.
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This disparity between the strength of these drugs to maintain self-administration
underscores the importance of using multiple species when investigating the complex
interaction between drugs and behavior, particularly when the conclusions from these
studies are used as a basis for decisions regarding human drug addiction. Although the
use of non-human primates to model the human condition was emphasized, the use of
multiple animal species in preclinical research should not be understated. By comparing
data across different types of experimental subjects, an understanding of the dimensions
across which species do or do not vary can be obtained, which can then be used to design
future experiments. Additionally, while there are some variations between species with
respect to drug-taking behavior, there are still many overriding aspects of those behaviors
and their controlling variables which humans, non-human primates, and rodents share.
For example, results from studies using both rodents and monkeys have indicated that
psychostimulants with a wide range of pharmacokinetic and pharmacodynamic properties
have reinforcing effects. As it relates to the present set of experiments, and was discussed
in Chapter 1, one strategy in developing a pharmacotherapy for cocaine abuse is the use
of drugs with a similar mechanism of action as cocaine, but with a distinct
pharmacological profile. Several series of monoamine reuptake inhibitors that vary in
their chemical and pharmacological properties have been developed as potential
medications for cocaine addiction (Carroll et al., 1991; Davies et al., 1994; Deutsch et al.,
2001). Based on the concordance in drug-taking behavior that has been demonstrated
between laboratory animals and humans across a range of pharmacological classes (c.f.
Chapter 1), research with non-human primates and rodents suggests that these drugs have
abuse potential in humans (Chapters 2 and 3; Roberts, 1993; Roberts et al., 1999; Howell
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et al., 2000; Stafford et al., 2001). Expectations of the abuse liability of novel compounds
are critical for decision-making concerning their use in humans, especially in individuals
with a history of substance abuse and/or dependence.
In conclusion, the experiments described here have focused on several
pharmacological variables that underlie the ability of drug stimuli to maintain selfadministration. These studies have emphasized pharmacodynamic factors as a substantial
contributor to the strength of psychostimulants as reinforcers. In particular, this research
has confirmed a primary role for increased synaptic DA as a determinant of the
reinforcing efficacy of these drugs. In addition, it is evident from these data that the
blockade of 5-HT reuptake also has an influential role in their strength as reinforcers in
non-human primates. However, these data also suggest that, because the efficacy of a
drug to maintain self-administration is multiply determined, increased 5-HT activity can
have a dual impact on reinforcement. Overall, the experiments undertaken as the basis for
this dissertation have provided further insight into the mechanisms by which monoamine
reuptake inhibitors, such as cocaine, vary in their reinforcing efficacy. With respect to the
development of potential medications for cocaine addiction, the results from these studies
indicate that slow-onset, long-acting monoamine reuptake inhibitors may still have the
potential for misuse. Taken with the results from clinical studies with monoamine
agonists, however, these data suggest that manipulations of the ratio of DAT and 5-HTT
binding may yield mixed-action compounds with a more suitable therapeutic profile.

174

REFERENCES
Abreu ME, Bigelow GE, Fleisher L and Walsh SL (2001) Effect of intravenous injection
speed on responses to cocaine and hydromorphone in humans.
Psychopharmacology (Berl) 154:76-84.
Beckett AH and Stanojcic M (1987) Re-evaluation of the metabolsm and excretion of
diethylpropion in non-sustained and sustained release formulations. J Pharm
Pharmacol 39:409-415
Bergman J, Madras BK, Johnson SE and Spealman RD (1989) Effects of cocaine and
related drugs in nonhuman primates. Self-administration by squirrel monkeys. J
Pharmacol Exp Ther 251:150-155.
Carroll FI, Lewin AH, Abraham P, Parham K, Boja JW and Kuhar MJ (1991) Synthesis
and ligand binding of cocaine isomers at the cocaine receptor. J Med Chem
34:883-886.
Czoty PW, Ginsburg BC and Howell LL (2002) Serotonergic attenuation of the
reinforcing and neurochemical effects of cocaine in squirrel monkeys. J
Pharmacol Exp Ther 300:831-837.
Davies HML, Saikali E, Huby NJS, Gilliatt VJ, Matasi JJ, Sexton T and Childers SR
(1994) Synthesis of 2β-acyl-3β-aryl-8-azabicyclo [3.2.1] octanes and their
binding affinities at dopamine and serotonin transport sites in rat striatum and
frontal cortex. Journal of Medicinal Chemistry 37:1262-1268.
Deleuze-Masquefa C, Michaud-Dutreilh M, Vignon J and Kamenka JM (2000) 1-[1-(2Benzo[b]thiopheneyl)cyclohexyl]piperidine hydrochloride (BTCP) yields two
active primary metabolites in vivo. Identification and quantification of BTCP
primary metabolites in mice plasma, urine, and brain and their affinity for the
neuronal dopamine transporter. Eur J Pharm Sci 9:345-354.
Deutsch HM, Ye X, Shi Q, Liu Z and Schweri MM (2001) Synthesis and pharmacology
of site specific cocaine abuse treatment agents: a new synthetic methodology for
methylphenidate analogs based on the Blaise reaction. Eur J Med Chem 36:303311.
Fletcher PJ, Azampanah A and Korth KM (2002) Activation of 5-HT1B receptors in the
nucleus accumbens reduces self-administration of amphetamine on a progressiveratio schedule. Pharmacol Biochem Behav 71:717-725.
Ford RD and Balster RL (1977) Reinforcing properties of intravenous procaine in rhesus
monkeys. Pharmacol Biochem Behav 6:289-296.

175

French ED, Lopez M, Peper S, Kamenka JM and Roberts DC (1995) A comparison of the
reinforcing efficacy of PCP, the PCP derivatives TCP and BTCP, and cocaine
using a progressive ratio schedule in the rat. Behav Pharmacol 6:223-228.
Gold LH and Balster RL (1991) Evaluation of nefazodone self-administration in rhesus
monkeys. Drug Alcohol Depend 28:241-247.
Gorelick DA (1998) The rate hypothesis and agonist substitution approaches to cocaine
abuse treatment. Adv Pharmacol 42:995-997.
Griffiths RR, Bigelow GE and Henningfield JE (1980) Similarities in animal and human
drug-taking behavior, in Advances in Substance Abuse (Mello NK ed) pp 1-90,
JAI Press, Inc.
Griffiths RR, Brady JV and Snell JD (1978) Progressive-ratio performance maintained by
drug infusions: comparison of cocaine, diethylpropion, chlorphentermine, and
fenfluramine. Psychopharmacology (Berl) 56:5-13.
Hiramatsu M and Cho AK (1990) Enantiomeric differences in the effects of 3,4methylenedioxymethamphetamine on extracellular monoamines and metabolites
in the striatum of freely-moving rats: an in vivo microdialysis study.
Neuropharmacol 29:269-275.
Howell LL and Byrd LD (1995) Serotonergic modulation of the behavioral effects of
cocaine in the squirrel monkey. J Pharmacol Exp Ther 275:1551-1559.
Howell LL, Czoty PW, Kuhar MJ and Carrol FI (2000) Comparative behavioral
pharmacology of cocaine and the selective dopamine uptake inhibitor RTI-113 in
the squirrel monkey. J Pharmacol Exp Ther 292:521-529.
Hubner CB and Moreton JE (1991) Effects of selective D1 and D2 dopamine antagonists
on cocaine self-administration in the rat. Psychopharmacology (Berl) 105:151156.
Johanson CE (1976) Pharmacological and environmental variables affecting drug
preference in rhesus monkeys. Pharmacological Rev 27:343-355.
Johanson CE (1978) Drugs as Reinforcers, in Contemporary Research in Behavioral
Pharmacology (Blackman DE and Sanger DJ eds) pp 325-390, Plenum
Publishing Corporation.
Johanson CE and Aigner T (1981) Comparison of the reinforcing properties of cocaine
and procaine in rhesus monkeys. Pharmacol Biochem Behav 15:49-53.
Johanson CE and Schuster CR (1975) A choice procedure for drug reinforcers: cocaine
and methylphenidate in the rhesus monkey. J Pharmacol Exp Ther 193:676-688.
176

Johanson CE and Schuster CR (1976) A comparison of cocaine and diethylpropion under
two different schedules of presentation, in Cocaine and Other Stimulants
(Ellinwood EH and Kilbey MM eds) pp 545-570, Plenum Publishing Corporation,
New York.
Katz JL (1990) Models of relative reinforcing efficacy of drugs and their predictive
utility. Behav Pharmacol 1:283-301.
Katz JL, Izenwasser S, Kline RH, Allen AC and Newman AH (1999) Novel 3alphadiphenylmethoxytropane analogs: selective dopamine uptake inhibitors with
behavioral effects distinct from those of cocaine. J Pharmacol Exp Ther 288:302315.
Kelley AE and Lang CG (1989) Effects of GBR 12909, a selective dopamine uptake
inhibitor, on motor activity and operant behavior in the rat. Eur J Pharmacol
167:385-395.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HM and Nader MA (2000a) Selfadministration of two long-acting monoamine transport blockers in rhesus
monkeys. Psychopharmacology (Berl) 152:414-421.
Lile JA, Morgan D and Nader MA (2000b) First- versus last-session substitution: an
evaluation of the reinforcing effects of cocaine and the cocaine analogue 2βpropanoyl-3β-(4-tolyl)-tropane. Exp Clin Psychopharmacol 8:424-433.
Martin-Fardon R and Weiss F (2002) BTCP is a potent reinforcer in rats: Comparison of
behavior maintained on fixed- and progressive-ratio schedules. Pharmacol
Biochem Behav 72:343-353.
McGregor A, Lacosta S and Roberts DCS (1993) l-tryptophan decreases the breaking
point under a progressive ratio schedule of intravenous cocaine reinforcement in
the rat. Pharmacol Biochem Behav 44:651-655.
Meisch RA (2001) Oral drug self-administration: an overview of laboratory animal
studies. Alcohol 24:117-128.
Morgan D, Grant KA, Gage HD, Mach RH, Kaplan JR, Prioleau O, Nader SH,
Buchheimer N, Ehrenkaufer RL and Nader MA (2002) Social dominance in
monkeys: dopamine D2 receptors and cocaine self-administration. Nat Neurosci
5:169-174.
Nader MA (1998) The influence of behavioral and pharmacological history on the
reinforcing effects of cociane in rhesus monkeys. NIDA Res Mono 169:26-55.

177

Nader MA, Grant KA, Davies HML, Mach RH and Childers SR (1997) The reinforcing
and discriminative stimulus effects of the novel cocaine analog 2-β-propanoyl-3β-(4-tolyl)-tropane (PTT) in rhesus monkeys. J Pharmacol Exp Ther 280:541550.
Nader MA and Mach RH (1996) Self-administration of the dopamine D3 agonist 7-OHDPAT in rhesus monkeys is modified by prior cocaine exposure.
Psychopharmacology (Berl) 125:13-22.
Panlilio LV and Schindler CW (2000) Self-administration of remifentanil, an ultra-short
acting opioid, under continuous and progressive-ratio schedules of reinforcement
in rats. Psychopharmacology (Berl) 150:61-66.
Porrino LJ, Davies HML and Childers SR (1995) Behavioral and local cerebral metabolic
effects of the novel tropane analog, 2β-propanoyl-3-β-(4-tolyl)-tropane. J Pharm
Exp Ther 272:901-910.
Richardson NR and Roberts DCS (1991) Fluoxetine pretreatment reduces breaking points
on a progressive ratio schedule reinforced by intravenous cocaine selfadministration in the rat. Life Sci 49:833-840.
Richardson NR, Smith AM and Roberts DC (1994) A single injection of either
flupenthixol decanoate or haloperidol decanoate produces long-term changes in
cocaine self-administration in rats. Drug Alcohol Depend 36:23-25.
Richelson E and Pfenning M (1984) Blockade by antidepressants and related compounds
of biogenic amine uptake into rat brain synaptosomes: most antidepressants
selectively block norepinephrine uptake. Eur J Pharmacol 104:277-286.
Ritz MC, Lamb RJ, Goldberg SR and Kuhar MJ (1987) Cocaine receptors on dopamine
transporters are related to self-administration of cocaine. Science 237:1219-1223.
Riviere GJ, Byrnes KA, Gentry WB and Owens SM (1999) Spontaneous locomotor
activity and pharmacokinetics of intravenous methamphetamine and its metabolite
amphetamine in the rat. J Pharm Exp Ther 291:1220-1226.
Roberts DCS (1993) Self-administration of GBR 12909 on a fixed ratio and progressive
ratio schedule in rats. Psychopharmacology (Berl) 111:202-206.
Roberts DCS, Phelan R, Hodges LM, Hodges MM, Bennett B, Childers S and Davies
HML (1999) Self-administration of cocaine analogs by rats. Psychopharmacology
(Berl) 144:389-397.
Roberts DCS and Ranaldi R (1995) Effect of dopaminergic drugs on cocaine
reinforcement. Clin Neuropharmacol 18 S1:84-95.

178

Skinner BF (1938) The Behavior of Organisms. Appleton-Century-Crofts, New York.
Stafford D, LeSage MG and Glowa JR (1998) Progressive-ratio schedules of drug
delivery in the analysis of drug self-administration: a review.
Psychopharmacology (Berl) 139:169-184.
Stafford D, LeSage MG, Rice KC and Glowa JR (2001) A comparison of cocaine, GBR
12909, and phentermine self-administration by rhesus monkeys on a progressiveratio schedule. Drug Alcohol Depend 62:41-47.
Thompson T (1984) Behavioral mechanisms of drug dependence., in Advances in
Behavioral Pharmacology (Barrett JE ed) pp 1-45, Academic Press, Inc., New
York.
Thompson T and Schuster CR (1964) Morphine self-administration, food-reinforced, and
avoidance behaviors in rhesus monkeys. Psychopharmacologia 5:87-94.
Vanover KE, Nader MA and Woolverton WL (1992) Evaluation of the discriminative
stimulus and reinforcing effects of sertraline in rhesus monkeys. Pharmacol
Biochem Behav 41:789-793.
Volkow ND, Ding YS, Fowler JS, Wang GJ, Logan J, Gatley JS, Dewey S, Ashby C,
Liebermann J, Hitzemann R and et al. (1995) Is methylphenidate like cocaine?
Studies on their pharmacokinetics and distribution in the human brain. Arch Gen
Psychiatry 52:456-463.
Volkow ND, Wang GJ, Fischman MW, Foltin R, Fowler JS, Franceschi D, Franceschi M,
Logan J, Gatley SJ, Wong C, Ding YS, Hitzemann R and Pappas N (2000) Effects
of route of administration on cocaine induced dopamine transporter blockade in
the human brain. Life Sci 67:1507-1515.
Weed MR, Paul IA, Dwoskin LP, Moore SE and Woolverton WL (1997) The
relationship between reinforcing effects and in vitro effects of D1 agonists in
monkeys. J Pharmacol Exp Ther 283:29-38.
Wilcox KM, Paul IA and Woolverton WL (1999) Comparison between dopamine
transporter affinity and self-administration potency of local anesthetics in rhesus
monkeys. Eur J Pharmacol 367:175-181.
Wilcox KM, Rowlett JK, Paul IA, Ordway GA and Woolverton WL (2000) On the
relationship between the dopamine transporter and the reinforcing effects of local
anesthetics in rhesus monkeys: practical and theoretical concerns.
Psychopharmacology (Berl) 153:139-147.

179

Winger G, Hursh SR, Casey KL and Woods JH (2002) Relative reinforcing strength of
three N-methyl-d-aspartate antagonists with different onsets of action. J
Pharmacol Exp Ther 301:690-697.
Winger G, Woods JH and Hursh SR (1996) Behavior maintained by alfentanil or
nalbuphine in rhesus monkeys: fixed-ratio and time-out changes to establish
demand curves and relative reinforcing effectiveness. Exp Clin Psychopharmacol
4:131-140.
Wood DM and Emmett-Oglesby MW (1988) Substitution and cross-tolerance profiles of
anorectic drugs in rats trained to detect the discriminative stimulus properties of
cocaine. Psychopharmacology (Berl) 95:364-368.
Woolverton WL (1992) Cocaine self-administration: pharmacology and behavior. NIDA
Res Monogr 124:189-202.
Woolverton WL (1995) Comparison of the reinforcing efficacy of cocaine and procaine
in rhesus monkeys responding under a progressive-ratio schedule.
Psychopharmacology (Berl) 120:296-302.
Woolverton WL, Hecht GS, Agoston GE, Katz JL and Newman AH (2001) Further
studies of the reinforcing effects of benztropine analogs in rhesus monkeys.
Psychopharmacology (Berl) 154:375-382.
Woolverton WL and Ranaldi R (2002) Comparison of the reinforcing efficacy of two
dopamine D2-like receptor agonists in rhesus monkeys using a progressive-ratio
schedule of reinforcement. Pharmacol Biochem Behav 72:803-809.

180

SCHOLASTIC VITA

JOSHUA A. LILE

BORN:

EDUCATION:
Fall 1997-Fall 2002

Fall 1993-Spring 1997

December 3, 1975
Louisville, KY, USA

Wake Forest University School of Medicine
Ph.D., Pharmacology
Dissertation Title: An Analysis of the Pharmacological
Variables that Determine the Reinforcing Efficacy of Drugs
Acting at Central Monoamine Systems
Advisor: Michael A. Nader
University of Kentucky
B.S., Biology
Graduated Magna Cum Laude, with Departmental Honors
in Biology, inducted into Golden Key National Honor
Society

TEACHING EXPERIENCE:
Spring 2002
Course Co-director and Laboratory Instructor
Anatomy and Physiology II
Guest Faculty, Winston-Salem State University
Fall 2001

Course Co-instructor and –director
Behavioral Pharmacology
Wake Forest University School of Medicine

PROFESSIONAL MEMBERSHIPS:
1998-present
American Society for Pharmacology and Experimental
Therapeutics
1998-present
College on Problems of Drug Dependence
2001-present
European Behavioral Pharmacology Society
1998-2001
Society for Neuroscience
1998-present
Western North Carolina Society for Neuroscience

181

HONORS AND AWARDS:
2002
Travel Award
American Society for Pharmacology and Experimental
Therapeutics, New Orleans, LA
Proctor and Gamble
2001
Travel Award
First Joint Meeting of the European Brain and Behaviour
Society and European Behavioural Pharmacology Society,
Marseilles, France
Behavioral Pharmacology Society
1999
Travel Award
Boston 1999, The First Congress of The Behavioral
Pharmacology Society and The European Behavioural
Pharmacology Society, Boston, MA
National Institute on Drug Abuse
1997-1998
Graduate Fellowship
Department of Physiology and Pharmacology, Wake Forest
University School of Medicine

GRANTSMANSHIP:
1999-2002

1998-1999

Individual Predoctoral National Research Service Award
funded by the National Institute on Drug Abuse, entitled:
The role of monoamine transporters in monkey models of
cocaine abuse
National Institute on Drug Abuse Predoctoral Training
Fellowship

BIBLIOGRAPHY:
Journal Articles
Lile JA, Morgan D, Birmingham AM, Davies HML and Nader MA. Effects of the
dopamine reuptake inhibitor PTT on cocaine-seeking and food- and cocainemaintained responding in rhesus monkeys. In preparation for submission for
publication in Psychopharmacology.
Lile JA, Davies HML and Nader MA The role of duration of action and selectivity for
monoamine transporters in the reinforcing efficacy of psychostimulants in rhesus
monkeys. In preparation for submission for publication in J Pharmacol Exp Ther.
Lile JA and Nader MA The abuse liability and therapeutic potential of drugs evaluated
for cocaine addiction as predicted by animal models. Submitted to C u r
Psychopharmacol, July 2002.
Lile JA, Morgan D, Birmingham AM, Davies HML and Nader MA. The reinforcing
efficacy of the dopamine reuptake inhibitor PTT as measured by a progressive182

ratio schedule and a choice procedure in rhesus monkeys. J Pharmacol Exp Ther,
in press.
Lile JA, Davies HML and Nader MA (2002) The role of duration of action and selectivity
at monoamine transporters in determining the reinforcing efficacy of
psychostimulants, in NIDA Research Monograph: Problems of Drug Dependence
2002, Proceedings of the 64th Annual Scientific Meeting (Harris L ed), in press.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HML and Nader MA (2000) Selfadministration of two long-acting monoamine transport blockers in rhesus
monkeys. Psychopharmacology 152:414-421.
Lile JA, Morgan D and Nader MA (2000) Single vs. multiple session substitution: an
evaluation of the reinforcing effects of cocaine and the cocaine analog 2βpropanoyl-3β-(4-tolyl)-tropane. Exp Clin Psychopharmacol 8 (Special Issue):424433.

Abstracts
Lile JA, Davies HML, Birmingham AM and Nader MA (2002) Reinstatement of cocaineseeking behavior following administration of two long-acting monamine reuptake
inhibitors in rhesus monkeys. FASEB Journal 16:A194.
Lile JA, Davies HML and Nader MA (2001) Differences in self-administration of longand short-acting psychostimulants under a progressive-ratio schedule. Behav
Pharmacol 12(S1):S60.
Lile JA, Davies HML and Nader MA (2001) Long and strong: the effects of cocaine
analogs under a PR schedule and on cocaine-maintained behavior in rhesus
monkeys. Drug Alcohol Depend 63(S1):S92.
Lile JA, Roberts DCS, Morgan D, Phelan R, Davies HML and Nader MA (2000) Preclinical evaluation of 2β-propanoyl-3β-(2-naphthyl)-tropane (WF-23) in rats and
rhesus monkeys. Drug Alcohol Depend 60(S1):S128.
Morgan D, Roberts, DCS, Lile JA, Moore T, Nader SH, Davies HML and Nader MA
(2000) reinforcing efficacy of cocaine, d-amphetamine and the tropane analog
PTT in rats and rhesus monkeys. Drug Alcohol Depend 60(S1):S154.
Lile JA, Morgan D and Nader MA (1999) Single vs. multiple session substitution: an
evaluation of the reinforcing effects of cocaine and the cocaine analog 2βpropanoyl-3β-(4-tolyl)-tropane. Behav Pharmacol 10(S1):S58.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HML and Nader MA (1999)
Evaluation of the reinforcing effects of two novel cocaine analogs in cocainenaive rhesus monkeys. NIDA Res Monogr 180:256.
183

Prioleau O, Nader SH, Lile JA, Grant KA, Mach RH, Gage HD, Kaplan JR, Ehrenkaufer
R, Morgan D and Nader MA (1999) PET imaging of dopamine D2 receptors in
group-housed monkeys: effects of social rank and cocaine. NIDA Res Monogr
179:107.

PRESENTATIONS:
Lile JA, Davies HML and Nader MA (2002) The role of duration of action and selectivity
at monoamine transporters in mediating the reinforcing efficacy of
psychostimulants in rhesus monkeys. Oral presentation at Problems of Drug
Dependence 2002: College on Problems of Drug Dependence 64th Annual
Scientific Meeting. Quebec City, Quebec, Canada.
Lile JA, Davies HML, Birmingham AM and Nader MA (2002) Reinstatement of cocaineseeking behavior following administration of two long-acting monamine reuptake
inhibitors in rhesus monkeys. Poster presentation at Experimental Biology 2002,
New Orleans, LA.
Lile JA (2002) Investigation of the neurobiology of substance abuse. Oral presentation
for the Wake Forest Universtiy School of Medicine, Department of Physiology
and Pharmacology Graduate Recruitment Seminar. Wake Forest University
School of Medicine, Winston-Salem, NC.
Lile JA, Davies HML and Nader MA (2002) Comparison of the reinforcing efficacy of
cocaine and methylphenidate analogs. Oral presentation at Wayne State
University, Detroit, MI.
Lile JA, Davies HML and Nader MA (2001) Assessment of the reinforcing efficacy of
short- and long-acting psychostimulants in rhesus monkeys" Oral presentation at
the Wake Forest University School of Medicine/Emory University Neuroimaging
and Behavioral Pharmacology Symposium. Wake Forest University School of
Medicine, Winston-Salem, NC.
Lile JA, Davies HML and Nader MA (2001) Differences in self-administration of longand short-acting psychostimulants under a progressive-ratio schedule. Poster
presentation at The First Joint Meeting of The European Brain and Behaviour
Society and The European Behavioural Pharmacology Society. Marseille, France.
Lile JA (2001) What makes science good. Oral presentation of the paper A choice
procedure for drug reinforcers: cocaine and methylphenidate in the rhesus
monkey by Chris E. Johanson and Charles R. Schuster to the International Study
Group Investigating Drugs as Reinforcers. Scottsdale, AZ.
Lile JA, Davies HML and Nader MA (2001) Long and strong: the effects of cocaine
analogs under a PR schedule and on cocaine-maintained behavior in rhesus
184

monkeys. Oral presentation at Problems of Drug Dependence 2001: College on
Problems of Drug Dependence 63rd Annual Scientific Meeting. Scottsdale, AZ.
Lile JA and Nader MA (2001) The role of monoamine neurotransmitter systems in
stimulant abuse treatment. Oral presentation for the Wake Forest University
School of Medicine Physiology and Pharmacology Department Student Seminar
Series. Wake Forest University School of Medicine, Winston-Salem, NC.
Lile JA and Nader MA (2000) Agonist substitution as a strategy for stimulant abuse
treatment. Oral presentation at the Wake Forest University School of
Medicine/Emory University Neuroimaging and Behavioral Pharmacology
Symposium. Emory University/Yerkes Primate Center, Atlanta, GA.
Lile JA, Roberts DCS, Morgan D, Phelan R, Davies HML and Nader MA (2000) Preclinical evaluation of 2β-propanoyl-3β-(2-naphthyl)-tropane (WF-23) in rats and
rhesus monkeys. Oral presentation at Problems of Drug Dependence 2000:
College on Problems of Drug Dependence 62nd Annual Scientific Meeting. San
Juan, Puerto Rico.
Morgan D, Roberts, DCS, Lile JA, Moore T, Nader SH, Davies HML and Nader MA
(2000) Reinforcing efficacy of cocaine, d-amphetamine and the tropane analog
PTT in rats and rhesus monkeys" Poster presentation at Problems of Drug
Dependence 2000: College on Problems of Drug Dependence 62nd Annual
Scientific Meeting. San Juan, Puerto Rico.
Lile JA, Birmingham AM, Morgan D, Freedland CS, Sinnott RS, Moore T, Nader, SH
Davies HML and Nader MA (2000) Behavioral evaluation of cocaine analogs
having differential affinities and selectivities for monoamine transporters. Oral
presentation for the Wake Forest University School of Medicine Physiology and
Pharmacology Department Student Seminar Series. Wake Forest University
School of Medicine, Winston-Salem, NC.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HML and Nader MA (1999) The
reinforcing effects of PTT and WF-23 before and after a cocaine history. Oral
presentation at the Wake Forest University School of Medicine/Emory University
Neuroimaging and Behavioral Pharmacology Symposium. Wake Forest
University School of Medicine, Winston-Salem, NC.
Lile JA, Morgan D and Nader MA (1999) Single vs. multiple session substitution: an
evaluation of the reinforcing effects of cocaine and the cocaine analog 2βpropanoyl-3β-(4-tolyl)-tropane. Poster presentation at Boston 1999: The First
Congress of the Behavioral Pharmacology Society and The European Behavioural
Pharmacology Society. Boston, MA.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HML and Nader MA (1999)
Evaluation of two novel tropane analogs in cocaine-naïve rhesus monkeys. Poster
185

presentation at Problems of Drug Dependence 1999: College on Problems of
Drug Dependence 61st Annual Scientific Meeting. Acapulco, Mexico.
Lile JA (1999) The importance of animal research in biomedical sciences. Oral
presenation for the Wake Forest University School of Medicine Community Tour.
Winston-Salem, NC.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HML and Nader MA (1999) The
effects of cocaine exposure on the self-administration of two monoamine
transport blockers. Oral presentation at the 6th Annual North Carolina Governor's
Institute on Drug and Alcohol Abuse. Greensboro, NC.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HML and Nader MA (1998) The
role of monoamine transporters in mediating the reinforcing effects of cocaine.
Oral presentation for the Wake Forest University School of Medicine Physiology
and Pharmacology Department Student Seminar Series. Wake Forest University
School of Medicine, Winston-Salem, NC.
Lile JA, Morgan D, Freedland CS, Sinnott RS, Davies HML and Nader MA (1998) The
role of monoamine transporters in monkey models of cocaine abuse. Oral
presentation at the Wake Forest University School of Medicine/Harvard Medical
School Symposium on Behavioral Pharmacology. McClean Hospital, Harvard
Medical School, Belmont, MA.
Prioleau O, Nader SH, Lile JA, Grant KA, Mach RH, Gage HD, Kaplan JR, Ehrenkaufer
R, Morgan D and Nader MA (1998) PET imaging of dopamine D2 receptors in
group-housed monkeys: effect of social rank and cocaine. Poster presentation at
Problems of Drug Dependence 1998: College on Problems of Drug Dependence
60th Annual Scientific Meeting. Scottsdale, AZ.

186

