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Abstract——Cocaine use disorder is a persistent
public health problem for which no widely effective
medications exist. Self-administration procedures, which
have shown good predictive validity in estimating the
abuse potential of drugs, have been used in rodent,
nonhuman primate, and human laboratory studies to
screen putative medications. This review assessed the
effectiveness of the medications development process
regarding pharmacotherapies for cocaine use disorder.
The primary objective was to determine whether data
from animal and human laboratory self-administration
studies predicted the results of clinical trials. In addition,
the concordance between laboratory studies in animals
and humans was assessed. More than 100 blinded,
randomized, fully placebo-controlled studies of putative
medications for cocaine use disorder were identified. Of
the 64 drugs tested in these trials, only 10 had been
examined in both human and well-controlled animal

laboratory studies. Within all three stages, few studies
had been conducted for each drug and when multiple
studies had been conducted conclusions were some-
times contradictory. Overall, however, there was good
concordance between animal and human labora-
tory results when the former assessed chronic drug
treatment. Although only seven of the ten reviewed
drugs showed fully concordant results across all three
types of studies reviewed, the analysis revealed several
subject-related, procedural, and environmental factors
that differ between the laboratory and clinical trial
settings that help explain the disagreement for other
drugs. The review closes with several recommendations
to enhance translation and communication across
stages of the medications development process that
will ultimately speed the progress toward effective
pharmacotherapeutic strategies for cocaine use
disorder.

I. Introduction

Development of pharmacotherapies for cocaine use
disorder has been a priority for the National Institute
on Drug Abuse for at least three decades (Schuster and
Snyder, 1989). As part of this process, behavioral
laboratory measures have been adopted for screening
putative medications. These methods include self-
administration and, to a lesser extent, drug discrimina-
tion techniques in humans and nonhuman animals, as
well as subjective ratings in humans. These procedures
were largely developed to study the behavioral pharma-
cology of abused drugs, particularly to predict the abuse
potential of new compounds. Whether these behavioral
measures demonstrate predictive validity regarding

efficacy in treating cocaine use disorders has been a
topic of debate, although self-administration measures
appear to be the best screening tool (Mello and Negus,
1996; Comer et al., 2008; Haney and Spealman, 2008).

This review was undertaken partly to determine the
predictive validity of animal and human laboratory
efforts to develop medications for cocaine use disorder
with respect to the results of clinical trials. In addition,
the review was conceived as a way to evaluate the
medications development process. At the outset, it was
presumed that this process follows a rational “pipeline”
moving from nonhuman animals (particularly nonhuman
primates and rodents) to human laboratory studies to
clinical trials. We found that this was rarely the case. Of

ABBREVIATIONS: ADHD, attention-deficit hyperactivity disorder; 5-HT, 5-hydroxytryptamine (serotonin); FDA, Food and Drug
Administration; FI, fixed interval; FR, fixed ratio; GABA, y-aminobutyric acid; PR, progressive ratio; SAMHSA, Substance Abuse and

Mental Health Services Administration.
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the 64 medications identified from more than 100 blinded,
randomized, fully placebo-controlled clinical trials, only
10 had also been tested in both nonhuman primate and
human laboratory self-administration studies (Fig. 1;
Table 1). By encouraging standardization of procedures
and relevant dependent variables across laboratories and
recommending increased communication and cooperation
across preclinical and clinical settings, we believe this
review will enhance the effectiveness of the medications
development process for cocaine use disorder.

A. Epidemiology of Cocaine Use Disorder

Cocaine use is an unrelenting public health concern.
Data from the National Survey on Drug Use and Health
indicate that approximately 1.5 million Americans over
12 years of age report current (i.e., past month) cocaine
use, making cocaine the most widely used illicit stimu-
lant in the United States [Substance Abuse and Mental
Health Services Administration (SAMHSA), 2014].
Importantly, the SAMHSA estimates, which do not
include indigent and incarcerated populations, may
vastly underestimate the actual number of cocaine
users (Caulkins et al., 2015a,b). Nearly one million of
those who reported use met cocaine abuse or depen-
dence criteria in 2013. Despite prevention and in-
tervention efforts, the prevalence of cocaine use and
cocaine use disorders has remained relatively stable
(SAMHSA, 2014), in part because there are currently
no medications approved by the US Food and Drug
Administration (FDA). The stable prevalence of prob-
lematic use (i.e., meeting use disorder criteria) indi-
cates that novel approaches are necessary to help
treatment seekers to achieve and maintain abstinence.
Moreover, an important ramification of the passage
of the Affordable Care Act will be a large influx of
people with substance use disorders into the treatment

setting—perhaps as many as 40 million (McLellan and
Woodworth, 2014). Novel, effective medications to
meet this need are currently lacking.

Chronic cocaine use produces persistent changes in
vasculature that increase the likelihood of myocardial
infarction, hypertension, atherosclerosis, and stroke
(Daras et al., 1994; Mouhaffel et al., 1995; Brecklin
and Bauman, 1999; Lange and Hillis, 2001; Patrizi
et al., 2006; Lucena et al., 2010). Cocaine use disorder
also increases risks for other health issues, including
cigarette smoking, comorbid psychologic disorders, and
acquiring and spreading sexually transmitted infec-
tions (Rounsaville et al., 1991; Budney et al., 1993;
Van Tieu and Koblin, 2009). For example, after control-
ling for any history of injection drug use, the lifetime
prevalence of HIV is more than 20-fold higher among
current cocaine users relative to individuals not
reporting current use (SAMHSA, 2014). Altogether,
estimates have placed the economic cost of illicit drug
use in the United States at more than $190 billion
dollars annually (National Drug Intelligence Center,
2011). Research that identifies promising therapies for
cocaine use disorder will have significant public health
implications by reducing the prevalence of cocaine
use and associated social, legal, and medical issues
(Greberman and Wada, 1994). A substantial amount of
research has been conducted to develop pharmacother-
apies to manage stimulant use disorders and their
attendant health and societal concerns, but a widely
effective treatment remains elusive.

B. Pharmacology of Cocaine

A great deal of preclinical research has elucidated the
mechanisms that mediate the abuse-related effects of
cocaine. The primary pharmacological effects of cocaine
are produced through its binding to, and inhibition of
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Fig. 1. Categorization of the drugs identified by the searches for this review according to whether the drugs had been studied in both human and
nonhuman primate (NHP) laboratory studies, only in one species, or in neither.
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TABLE 1
Published studies included in this review

Symbols indicate that the studies were interpreted as providing positive (+) or negative (-) results regarding the suitability of the drug as a
pharmacotherapy. Under Laboratory Animal Studies, studies using rodent subjects are indicated by italics.

Drug Laboratory Animal Studies

Human Laboratory Studies

Clinical Trials

Drugs that Target
Monoamine
Transporters
D-Amphetamine (—)Mansbach and Balster, 1993

(+)Negus, 2003

(+)Negus and Mello, 2003a

(+)Negus and Mello, 2003b

(—)Barrett et al., 2004

(+)Chiodo et al., 2008

(+)Czoty et al., 2010

(+)Czoty et al., 2011

(+)Banks et al., 2013

(—)Thomsen et al., 2013 (acute)

(+)Thomsen et al., 2013 (chronic)

(+)Banks et al., 2015

Methylphenidate (=)Hiranita et al., 2009
(—)Czoty et al., 2013

Modafinil (+)Newman et al., 2010

Desipramine (=)Mello et al., 1990a

Amantadine (—)Sannerud and Griffiths, 1988

Drugs that Facilitate
GABA Function
Baclofen (+)Roberts et al., 1996

(+)Roberts and Andrews, 1997

(+)Shoaib et al., 1998

(+)Brebner et al., 2000a

(+)Brebner et al., 2000b

(=)Barrett et al., 2005

(—)Weerts et al., 2005

(—)Filip et al., 2007

Tiagabine (—)Weerts et al., 2005

Drugs that Target
Other Mechanisms
Buspirone (—)Gold and Balster, 1992

(—)Bergman et al., 2013

(+)Mello et al., 2013

(—)Czoty and Nader, 2015

(—)John et al., 2015

Buprenorphine (+)Mello et al., 1989

(+)Mello et al., 1990b

(=)Carroll and Lac, 1992
(—)Carroll et al., 1992

(+)Mello et al., 1992

(+)Mello et al., 1993a
(+)Mello et al., 1993b
(+)Lukas et al., 1995

Progesterone (+)Mello et al., 2011

(+)Rush et al., 2010

(+)Collins et al., 2006

(+)Hart et al., 2008
(—)Verrico et al., 2014

(—)Fischman et al., 1990

(—)Collins et al., 2003

(—)Lile et al., 2004a
(+)Haney et al., 2006

(—)Lile et al., 2004b

(—)Bolin et al., 2015

(+)Foltin and Fischman, 1994

(+)Foltin and Fischman, 1996

(—)Reed et al., 2011

(+)Grabowski et al., 2001
(+)Shearer et al., 2003
(+)Schmitz et al., 2012
(+)Levin et al., 2015

(—)Grabowski et al., 1997
(+)Schubiner et al., 2002
(—)Levin et al., 2007
(+)Dackis et al., 2005
(—)Anderson et al., 2009
(—)Dackis et al., 2012
(—)Schmitz et al., 2012
(—)Schmitz et al., 2014
(+)Kampman et al., 2015
(—)Karila et al., 2016
(+)Gawin et al., 1989
(—)Campbell et al., 2003
(—)Kampman et al., 1996
(+)Shoptaw et al., 2002
(=)Kampman et al., 2006

(+)Shoptaw et al., 2003
(—)Kahn et al., 2009

(—)Winhusen et al., 2005
(—)Winhusen et al., 2007

(—)Moeller et al., 2001
(—)Winhusen et al., 2014

(+)Schottenfeld et al.,
1993

(—)Schottenfeld et al.,
1997

(+)Montoya et al., 2004

(—)Schottenfeld et al.,
2005

(—)Yonkers et al., 2014

function of, neuronal transporters for the monoamine
neurotransmitters dopamine, serotonin (5-HT), and
norepinephrine (e.g., Koe, 1976). The normal function
of these transporters is to terminate neuronal commu-
nication by transferring released neurotransmitter
from the extracellular space (i.e., the synapse) back
into neurons. Thus, the immediate effect of cocaine’s

pharmacological action is to increase extracellular
monoamines and prolong their interaction with pre-
and postsynaptic receptors. It is this potentiation
of neurotransmission that is understood to be re-
sponsible for cocaine’s psychomotor stimulant effects
(e.g., Johanson and Fischman, 1989). Brain dopamine
transporters have been implicated in these effects to a
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greater extent than cocaine’s actions on 5-HT or nor-
epinephrine systems (Ritz et al., 1987; Koob and
Volkow, 2010). For example, studies in laboratory
animals have demonstrated that drugs that selectively
block dopamine transporters are self-administered
and produce cocaine-like interoceptive stimulus effects
(Bergman et al., 1990; Balster et al., 1991; Roberts
1993; Katz et al., 2000). Dopamine receptor agonists
maintain self-administration in monkeys (Woolverton
et al., 1984; Weed and Woolverton, 1995; Grech et al.,
1996; Sinnott et al., 1999), and antagonism of these
receptors can attenuate cocaine self-administration
(Woolverton and Virus, 1989; Bergman et al., 1990;
Nader et al., 1999; Xi et al., 2005). Conversely, in-
creased 5-HT function appears to attenuate the effects
of cocaine (Czoty et al., 2002; Rothman et al., 2005;
Howell and Cunningham, 2015). Considering the pri-
mary involvement of dopamine in the abuse-related
behavioral effects of cocaine, it is unsurprising that brain
dopamine transporters and receptors have been targeted
frequently in the development of pharmacotherapies
for cocaine use disorder (e.g., Davies et al., 1993;
Carroll et al., 1999; Grabowski et al., 2004; Heidbreder
and Newman, 2010). In addition, drugs have been
developed to indirectly modulate the effects of cocaine
through 5-HT, glutamate and y-aminobutyric acid (GABA)
and other systems (e.g., Cousins et al., 2002; Johnson,
2005; Negus et al., 2007; Bubar and Cunningham, 2008;
Kalivas and Volkow, 2011; Shorter and Kosten, 2011;
Liet al., 2013).

C. Development of Medications for Other Drug
Use Disorders

An overarching theme of this review is that develop-
ment of medications for cocaine use disorder will prog-
ress most efficiently by using a “pipeline” approach.
With this approach, promising candidates are identified
in the animal laboratory and subsequently studied in
the human laboratory. These data are then used to
prioritize candidate drugs for clinical trials. Before
examining drugs that have been studied in the context
of cocaine use disorders, it is worthwhile to consider
development of currently approved medications for
treating other drug use disorders. In this section, we
briefly describe studies of naltrexone for alcohol use
disorder, buprenorphine for opioid use disorder, and
varenicline for cigarette smoking. Although the ap-
proval process may not have involved laboratory data
for these specific drugs, evidence documenting concor-
dance between clinical and laboratory studies strength-
ens the rationale for a “pipeline” approach.

Naltrexone has been approved by the FDA for treat-
ing alcohol use disorder since 1994, largely based on two
clinical trials demonstrating that treatment with nal-
trexone significantly reduced alcohol drinking relative
to placebo (O’Malley et al., 1992; Volpicelli et al.,
1992). More recent work has supported these findings,

537

demonstrating the efficacy of long-lasting “depot”
naltrexone formulations for reducing drinking (Kranzler
et al., 2004). Early research in monkeys demonstrated
that naltrexone maintenance slightly increased intrave-
nous alcohol self-administration over the first 5 days
of treatment, but significantly reduced alcohol self-
administration relative to saline maintenance during
days 5-15 (Altshuler et al., 1980). More recent work
has replicated this finding in rodents (Bienkowski et al.,
1999; Middaugh et al., 2000) and monkeys (Rodefer et al.,
1999; Williams et al., 2001). Human laboratory self-
administration research published after FDA approval
showed that naltrexone treatment reduced alcohol self-
administration (Davidson et al., 1999) and increased
latency to drink alcohol (Davidson et al., 1996).

Buprenorphine development and approval for treating
opioid use disorder followed a similar progression. One of
the earliest human self-administration studies demon-
strated that maintenance on 4 or 8 mg of buprenorphine
significantly reduced heroin self-administration rela-
tive to placebo (Mello and Mendelson, 1980). These data
were followed by a study in monkeys showing that
buprenorphine treatment selectively reduced opioid
(heroin or hydromorphone) self-administration without
reducing food intake (Mello et al., 1983). Follow-
ing these systematic laboratory demonstrations that
buprenorphine could reduce opioid self-administration,
clinical trials showed that buprenorphine effectively
reduced opioid use (Johnson et al., 1992, 1995), ulti-
mately leading to the approval of buprenorphine for
treating opioid use disorder by the FDA in 2002.

The FDA’s approval of varenicline for cigarette smok-
ing in 2006 was supported by preclinical work showing
that varenicline reduced nicotine self-administration in
rats (Rollema et al., 2007) and clinical trials indicating
that varenicline was more effective than placebo and
bupropion for promoting smoking cessation (Gonzales
et al., 2006; Jorenby et al., 2006). Human laboratory
studies published after approval showed that chronic,
but not acute, varenicline treatment significantly re-
duced cigarette self-administration in the laboratory
(Stoops et al., 2008; Perkins et al., 2010).

Collectively, these studies demonstrate that labora-
tory self-administration models can be used to screen
medications using a “pipeline” approach. Human labo-
ratory studies were largely conducted after medication
approval, likely reflecting regulatory hurdles for study-
ing potential medications for drug use disorders (i.e., the
need for drugs to be FDA-approved before administra-
tion to humans), as well as the more recent development
of laboratory drug self-administration measures in hu-
mans (see Moeller and Stoops, 2015). Although these
drugs may not have been tested specifically according to
our suggested order (e.g., conducting laboratory research
in both nonhuman animals and humans before progress-
ing to a clinical trial), the laboratory results demonstrate
that self-administration procedures generate outcomes
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consistent with those of clinical trials. The use of
laboratory screening with naltrexone, buprenorphine,
and varenicline, as well as the predictive validity of
laboratory self-administration methods, shows that
using a proposed “pipeline” development approach
may more effectively identify treatments for cocaine use
disorder. Thus, laboratory self-administration measures
can and should be used to predict treatment efficacy
before the conduct of more expensive and labor-intensive
clinical trials.

II. Methods of Assessing
Medication Effectiveness

A. Animal Laboratory Studies

Although a variety of procedures have been used in
the preclinical laboratory to study the abuse-related
effects of drugs (e.g., drug discrimination, conditioned
place preference, locomotor activity, etc.), the standard
for studying abuse potential has been drug self-
administration. This technique relies on operant condi-
tioning and delivery of drug, typically as an intravenous
injection, under some schedule of reinforcement. All
schedules of reinforcement are based on the relation-
ship between prevailing environmental stimuli predic-
tive of drug availability (i.e., discriminative stimuli), a
required response and the consequent stimulus that
is delivered (Skinner, 1938). Although the dependent
variables are the same across multiple procedures
(e.g., rates of responding, numbers of injections, drug
intake), proper interpretation of results of drug self-
administration studies depends on careful consider-
ation of the particular schedule of reinforcement used.
This section briefly describes procedures designed to
assess two different endpoints used in the animal
laboratory to predict a medication’s effectiveness.

1. Attenuation of the Reinforcing Effects of Cocaine.
Under most schedules of reinforcement, the rate of
responding or reinforcer delivery is the primary de-
pendent variable. Under such schedules, delivery of
a stimulus (e.g., a drug injection) occurs after either a
certain number of responses have been emitted (ratio-
based schedules) or when a response is made after a
certain amount of time has elapsed (interval-based
schedules). For example, under a fixed-ratio 50 schedule
(designated FR 50), the stimulus is delivered after every
50th response, whereas under a 300-second fixed-
interval schedule (designated FI 300 second), the
stimulus is delivered when a response is made
after 300 seconds have elapsed. The drug injection is
operationally defined as a reinforcer if the amount of
responding leading to its presentation is significantly
greater than the amount of responding that occurs when
the consequent stimulus is an injection of the drug’s
vehicle (typically saline or sterile water). FR and FI
schedules are the most commonly used in the study of
drug reinforcement.

Czoty et al.

One variation of this design is a second-order sched-
ule. In this procedure, responding according to one
schedule (e.g., FR) results in brief presentation of a
stimulus (e.g., a light). Completion of this schedule
constitutes a unitary response under another schedule
of reinforcement (e.g., a FI), completion of which is
reinforced by drug delivery accompanied by a longer
presentation of the same stimulus. For example, under
aFI 300(FR 50:S) schedule, the light (“S” for “stimulus”)
is illuminated briefly after every 50th response (i.e., FR
50). The first FR 50 completed after 300 seconds have
elapsed (i.e., the FI) results in delivery of the drug
injection and a sustained illumination of the light.
The advantages of second-order schedules in specific
applications have been enumerated previously (e.g.,
Schindler et al., 2002; Di Ciano and Everitt, 2005). For
example, because a great deal of responding occurs
before presentation of drug, such schedules have been
used as a model of drug “seeking.”

Under FR, FI, or second-order schedules, when rates
of responding or reinforcement are plotted as a function
of the self-administered dose, the relationship is repre-
sented by a biphasic (inverted U-shaped) function (e.g.,
Pickens and Thompson, 1968). Injection of vehicle or
very low doses of drug maintains low rates of behavior;
responding increases up to a maximum as the available
drug dose increases. This dose range defines the ascend-
ing limb of dose-effect function. Further increases in the
available dose produce dose-dependent decreases in
rates of behavior and constitute the descending limb
of dose-effect function. Although response rate and
number of drug injections decrease on the descending
limb as unit dose increases, total drug intake often
increases over the entire range of doses.

The value of FR schedules lies in the ability to
determine unambiguously whether a drug has reinforc-
ing effects—that is, whether the drug injection in-
creases the probability of occurrence of the behavior
that led to its delivery. Whether a particular drug dose
functions as a reinforcer can easily be determined by
comparing response rates (or numbers of injections)
during availability of that dose to response rates (or
numbers of injections) when vehicle is available. This
information has proven critical when the purpose of
the experiment is to demonstrate whether a drug is
likely to be abused by humans.

Some ambiguity is introduced when an FR schedule
of reinforcement is used to determine whether a drug
decreases cocaine self-administration. In the present
context, if administration of a test drug before avail-
ability of a reinforcing dose of cocaine results in rates of
responding that are not different from responding when
saline is available, one possible interpretation is that
the test drug blocked the reinforcing effects of cocaine.
Under an FR schedule, a more detailed mechanistic
interpretation is complicated by the fact that multiple
drug effects can influence the location and slope of the
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dose effect curve. A drug-induced decrease in respond-
ing maintained by a certain dose of cocaine may arise
because the pretreatment drug caused that cocaine dose
to resemble a lower or higher dose on the curve. Subjects
might respond less because they are satiated, because
higher doses have aversive effects, or because high
doses of some drugs can produce effects such as seda-
tion or motor stereotypies that are incompatible with
making responses. Consequently, the interpretation of
self-administration data under FR or FI schedules is
complicated by the integration of these effects into a
single response-rate measure (see Zernig et al., 2004).

The ultimate behavioral mechanism by which a
potential medication decreases cocaine use is of great
importance. If cocaine use decreases because a phar-
macotherapy causes sedation, emesis, or aversion,
undesirable side effects would be expected in patients
that would likely decrease compliance. If a medication
potentiates the effects of cocaine (observed under an
FR schedule as a decrease in response rates main-
tained by descending-limb doses), it is likely that
the drug would also potentiate toxic effects, such as
cardiovascular or seizure-inducing effects. Only med-
ications that reduce the positive reinforcing effects of
cocaine without producing undesired effects on be-
havior or health are likely to be successfully imple-
mented in the clinic. Data from FR or FI schedules are
ambiguous in this regard.

Ascribing drug-induced reductions in cocaine self-
administration to a decrease in cocaine reinforcement
as opposed to other mechanisms described above is
critical. For this reason, a criterion for inclusion in this
review is that a study in laboratory animals assessed
behavioral selectivity. The majority of studies have
accomplished this by studying the effects of putative
medications on schedule-controlled responding main-
tained by cocaine as well as a non-drug reinforcer
(typically food) under identical conditions. In this re-
view, we considered that a drug produced selective
reductions in cocaine self-administration (Table 2) only
when at least one dose of the drug significantly de-
creased rates of cocaine-maintained responding and
lacked significant effects on food-maintained respond-
ing. If a study showed that a test drug reduced both
cocaine- and food-maintained responding over the same
dose range, it was scored as a negative result. One
caveat that remains even with this control assessment
is that an effect could appear selective if responding
maintained by the non-drug reinforcer is more difficult
to attenuate than responding maintained by drug (that
is, if the non-drug stimulus is a stronger reinforcer).
When comparing cocaine injections to food pellets, this
would seem to be a minor concern. Nonetheless, some
studies have taken the innovative step of attempting
to equate the reinforcing strength of the drug and non-
drug reinforcers or of examining drug effects on a range
of magnitudes of the non-drug reinforcer (e.g., different
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TABLE 2
Effect of reviewed drugs on cocaine taking
Parentheses indicate the number of studies showing significant (and, in animal
studies, selective) reductions in cocaine taking (numerator) out of total reviewed
studies (denominator).

Animal Human linical
Drug Laborataory Labl;raatlory CTria?:
Drugs that Target
Monoamine Transporters
D-Amphetamine 4(9/12) 4(1/1) U(4/4)
Methylphenidate —(0/2) 4(1/1) —(1/3)
Modafinil 4(1/1) <(1/2) —(2/7)
Desipramine —(0/1) —(0/1) <=(1/2)
Amantadine —(0/1) —(0/1) —(1/3)
Drugs that Facilitate
GABA Function
Baclofen <=(5/8) <(1/2) <=(1/2)
Tiagabine —(0/1D) —(0/1) —(0/2)
Drugs that Target
Other Mechanisms
Buspirone —(1/5) -(0/1) —(0/2)
Buprenorphine U(6/8) U(2/2) <(2/4)
Progesterone U(1/1) —(0/1) —(0/1)

U, Drug selectively reduced cocaine taking in majority of reviewed studies. <,
Drug had mixed effects on cocaine taking across reviewed studies. —, Drug had no
selective effect on cocaine taking in majority of reviewed studies.

concentrations of liquid food in water; Barrett et al.,
2004; Thomsen et al., 2013).

2. Attenuation of the Reinforcing Strength of Cocaine.
Whereas FR and FI schedules provide qualitative
information regarding whether a drug serves as a
reinforcer, it is often of greater relevance to determine
how a potential pharmacotherapy alters the reinforcing
strength of cocaine, a quantitative measure. Changes in
the reinforcing strength of cocaine (sometimes called
“reinforcing efficacy”) can be more unambiguously de-
termined using more complex behavioral procedures.
Two general approaches used to provide such quantita-
tive information are progressive-ratio (PR) schedules
and choice procedures.

A progressive-ratio schedule is similar to an FR
schedule, except that the response requirement for
delivery of successive reinforcers increases according
to a predefined equation (Hodos, 1961). For example,
the first drug injection might be delivered after 50 re-
sponses, the second after an additional 100 responses,
the third after an additional 200 responses, and so on. In
addition to assessing whether a drug functions as a
positive reinforcer, PR schedules provide a measure of
how many responses a subject will make to receive a
drug injection before they cease responding. PR sched-
ules have proven very useful in preclinical drug self-
administration research (Richardson and Roberts,
1996; Stafford et al., 1998; Rowlett, 2000). The primary
dependent variable under PR schedules is the break
point, defined as the final response ratio requirement
completed either after a predetermined period of time
without a drug injection or the at end of an experimental
session. Because break point is not a continuous vari-
able, the actual number of drug injections delivered is
typically used to analyze and plot the data (i.e., number
of injections is plotted as a function of the available drug
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dose). Dose-effect functions under PR schedules pro-
duce a monotonic increase in responding over a wider
range of doses compared to FR and FI schedules.
However, because the dependent measure is still a
rate of behavior that integrates both reinforcement-
dependent and -independent effects, there is a unit drug
dose that produces maximal responding. Further in-
creases in unit drug doses generate less responding,
resulting in an inverted U-shaped dose-response curve.

Another complex schedule of reinforcement adds a
second, simultaneously active schedule that results
in delivery of a different reinforcer. For example,
responding on one lever may result in delivery of a drug
injection, whereas responding on a second lever results
in delivery of food. Because both schedules of reinforce-
ment are concurrently active, the term for this type of
schedule is a concurrent schedule of reinforcement. The
two schedules can be of any type and need not be the
same (e.g., an FR:FI schedule). Such a schedule is also
called a choice procedure because the subject can choose
to respond for either reinforcer.

Although underutilized, choice procedures have
made important contributions to the understanding of
drug self-administration, owing in large part to the
translational value of this procedure (Johanson, 1975;
Bergman and Paronis, 2006; Banks and Negus, 2012).
The primary dependent variable under a choice pro-
cedure reflects the distribution of responding across the
two alternatives. Thus, choice procedures uniquely en-
compass the fundamental clinical reality that drug use
disorder represents a choice to allocate time, effort, and
resources toward obtaining drug to the exclusion of other
potential reinforcers in the environment such as food,
employment, family, or other enjoyable activities (e.g.,
Kalivas and Volkow, 2005). When percent drug choice is
plotted as a function of unit drug dose, the dose-effect
function generates a monotonic increase in choice for
drug over the alternative reinforcer, up to a maximum of
100% drug choice. Larger unit drug doses typically
maintain exclusive choice for drug and only at the largest
doses that suppress responding is it not possible to
determine percent drug choice.

Beyond simply determining whether a putative med-
ication completely blocks the reinforcing effects of
cocaine, PR schedules and choice procedures can be
used to determine the extent to which a drug reduces
cocaine self-administration. This information goes be-
yond what is provided by self-administration proce-
dures that characterize drugs according to response
rates under FR or FI schedules of reinforcement. In the
context of medications development, data from these
procedures may be more useful in that they can show
whether a potential pharmacotherapy would be expected
to reduce cocaine use, even if it may not completely
eliminate self-administration. Moreover, choice proce-
dures quantify the extent to which a candidate med-
ication promotes reallocation of from drug-maintained
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responding to responding maintained by an alternative
reinforcer.

B. Human Laboratory Studies

Two measures have been used to predict pharmaco-
therapeutic efficacy in the human laboratory: subjective
ratings and drug self-administration. Efficacy of a
potential medication is evaluated by administering
cocaine in combination with acute doses of the putative
pharmacotherapy, or, more preferred, after a mainte-
nance regimen with the pharmacotherapy. Medications
shown to attenuate the effects of cocaine on these
outcomes (e.g., those that reduce “liking” of cocaine or
number of cocaine doses earned) are considered to be
worthy of further investigation.

1. Attenuation of the Subjective Effects of Cocaine.
Subjective ratings are typically collected through
responses on visual analog, true/false, or Likert-type
ratings scales. Information is usually collected for groups
of similar items, then scored as single measures (e.g.,
good effects or rush) or as multiple ratings grouped into a
single scale (e.g., the Stimulant subscale of the Adjective
Rating Scale; Oliveto et al., 1992). In general, the likeli-
hood that a stimulant will be abused has been attributed
to its ability to produce positive subjective effects (e.g.,
like drug; Johanson et al., 1983; Fischman and Foltin,
1991). Although subjective ratings can be rapidly and
easily assess abuse potential and the efficacy of poten-
tial interventions (Griffiths et al., 2003), these methods
have been criticized as an indirect measure of drug
taking (Katz, 1990) and for significant variability across
subjects due to variations in interpretation across time
and individuals (Kelly et al., 2003). Perhaps the most
important criticism is that subjective ratings can produce
false positives when used to screen putative pharmaco-
therapies (Comer et al., 2008; Haney and Spealman,
2008). The use of multiple subjective ratings items, with
most studies including 10 to 20 individual subjective
ratings, also complicates interpretation because differ-
ent effects may be observed across questions or responses
to these items may covary (Bolin et al., 2013; Strickland
et al., 2014). Using many subjective ratings can also
increase the likelihood of false-positive conclusions.

2. Attenuation of Cocaine Self-Administration.
Self-administration methods evaluate the reinforcing
effects of drugs and represent a more direct assessment
of naturalistic drug taking in humans than subjective
ratings. This approach frequently provides a single
outcome with purportedly better predictive validity for
intervention efficacy (Comer et al., 2008; Haney and
Spealman, 2008). Although a number of behavioral
arrangements and schedules of reinforcement have
been used in a manner comparable to that described
above for laboratory animals, subjects typically first
sample a dose of drug and are then given the opportu-
nity to work to earn that dose, or portions of that dose,
again (for a review, see Jones and Comer, 2013).
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Unlike in the animal laboratory, in humans the
reinforcing effects of cocaine have predominantly been
evaluated using choice procedures wherein subjects
choose between cocaine and some alternative reinforcer
such as food or money (Hart et al., 2000; Stoops et al.,
2010, 2012a; Vosburg et al., 2010; Walsh et al., 2010). As
described above, the use of choice procedures is thought
to best model the natural ecology wherein drug users
make choices between taking drugs and engaging in
behaviors maintained by alternative behaviors. Choice
procedures also model abstinence reinforcement treat-
ment (Higgins et al., 2004) and allow for a determina-
tion of not only behavioral selectivity but can provide
evidence of reallocation of behavior (e.g., subjects
allocate choices to the alternative instead of cocaine).
In this regard, choice procedures may be particularly
advantageous because responding maintained by drug
and an alternative reinforcer occurs at the same time in
the same subject. The noted predictive validity and
single outcome (e.g., number of drug choices, break point
within a choice context) usually provided by self-
administration measures, along with the direct compar-
ison afforded between findings with laboratory animals
and humans with these measures, led to inclusion of
human laboratory studies of the reinforcing effects of
cocaine in this review rather than subjective effects.

C. Clinical Trials

Clinical trials of medications for managing cocaine
use disorder have used a number of outcomes to indicate
efficacy, but abstinence from cocaine use and retention
in treatment have been used most frequently (for
reviews, see Donovan et al., 2012; Carroll et al., 2014).
Complete abstinence from cocaine use for a specified
period of time during a clinical trial is frequently the
primary outcome and is best verified with biochemical
analysis (e.g., quantitative or qualitative urine testing
for the cocaine metabolite benzoylecgonine). This mea-
sure can be expressed as either percentage of urine
samples that are indicative of use or dichotomously as
abstinent/nonabstinent. Results can also be expressed
quantitatively as the level of benzoylecgonine in urine.
Retention in treatment is usually defined as patient
attendance at scheduled clinic visits and/or time to
dropout from a protocol. Retention does not directly
measure the traditional primary variable of interest
(drug use), but it is linked to improved treatment
outcome (Simpson et al., 1999; Ciraulo et al., 2003;
Carroll et al., 2014).

Ratings scales that assess global functioning and
quality of life can indirectly indicate drug use and have
been used to evaluate treatment success (Ghitza et al.,
2007; Donovan et al., 2012; Carroll et al., 2014). Self-
reported cocaine use with standardized tools like the
Timeline Follow Back questionnaire can also be valu-
able (Preston et al., 1997; Preston et al., 2002). New
target outcomes, such as reductions in drug use, were
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recently proposed as potential indicators of success.
However, questions about the extent to which reductions
in cocaine use result in clinically meaningful changes
have prevented widespread adoption of these indicators
in clinical trials for cocaine use disorder (Winchell et al.,
2012; Carroll et al., 2014; McCann et al., 2015; Kiluk
et al., 2016). Cocaine abstinence, verified as observation
of urine samples testing negative for cocaine metabo-
lites, thus remains the standard for demonstrating
treatment efficacy in clinical trials. For these reasons,
results of urine screening were selected as the primary
clinical trial outcome to be considered in this review.

D. Variables Affecting Translation

The preceding sections describe differences in the
variables typically used to assess the effectiveness of
a putative medication across the animal laboratory,
human laboratory, and clinical trial environment.
Most animal studies use FR schedules of reinforcement
and report medication effects on rates of drug self-
administration, whereas most human laboratory stud-
ies use choice schedules and report medication effects
on proportion of drug choices. Many other parameters
and variables also influence the ability to translate from
one setting to the others. Differences between humans
and nonhuman animals, as well as between laboratory
and clinical settings, create obstacles to standardizing
procedures and measures across all experimental envi-
ronments. However, attention to these variables when
designing experiments can clearly enhance translation;
specific examples will be highlighted below during
discussion of individual drugs.

1. Medication Type. Investigators working in dif-
ferent environments often have different reasons for
selecting drugs to study. Preclinical research in animals
has tended to focus on the development of novel com-
pounds rather than investigation of older, well-known
compounds. This may occur because an older drug has
already been deemed ineffective in clinical trials.
However, as illustrated below, clinical data are often
limited to one or two trials in distinct subject groups.
Premature dismissal of a drug based on limited clinical
data may discourage preclinical researchers from
investigating that drug or similar compounds under
different conditions. In addition, preclinical researchers
frequently use pharmacologically selective drugs to test
hypotheses related to specific mechanisms of action.
Drugs used for this purpose often have not been approved
for use in humans, limiting the ability to assess whether
animal data translate to the human laboratory or clinical
population. Conversely, clinical trials often favor more
established drugs, already approved for other indica-
tions, that are of less interest to preclinical researchers
investigating biologic targets.

2. Medication Dose. Even when a drug can be
studied in humans, regulatory concerns may limit how
much of a drug can be given to human subjects (see
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Negus and Henningfield, 2015); drugs can typically be
safely tested at higher doses and with more varied
routes of administration in animals than in humans.
One example is lisdexamfetamine, a pro-drug for
D-amphetamine that showed positive results in non-
human primates (Banks et al.,, 2015) but negative
results in a subsequent clinical trial (Mooney et al.,
2015). Although this discordance appears to indicate a
lack of predictive validity of the nonhuman primate
study, Mooney and colleagues noted that the doses that
could be administered in their trial were limited to those
used to treat attention-deficit hyperactivity disorder
(ADHD). They suggested that higher doses, which have
been safely used in humans, were likely to be necessary
to produce positive results. Thus, even when scientific
interests align, regulatory issues such as those related
to preparing an Investigational New Drug application
can reduce the likelihood of preclinical and clinical
researchers collaborating to study the same drug.
Comparison of results between animal and human
laboratory studies and clinical trials should include an
assessment of whether poor concordance may reflect a
failure to test equivalent dose ranges in animals and
humans.

3. Treatment Regimen. A critical difference between
the experimental designs of typical laboratory studies
and clinical trials is the duration of drug treatment.
Acute drug treatments are common in laboratory
animal studies, whereas chronic or at least repeated
drug treatment regimens predominate in the human
laboratory and clinical trials. Studies have shown that
drugs can have different or even opposite effects after
acute versus chronic administration; preclinical studies
could provide an early indication that tolerance to the
therapeutic effects or sensitization to toxic effects of
a drug is likely to occur. In this review, we consider
preclinical studies that examine both acute and chronic
administration of putative medications and highlight
instances of disagreement. The results indicate that
characterizing the effects of chronic drug treatment in
animal studies is a critical step in evaluation of a
potential pharmacotherapy. Poor concordance may re-
flect comparison of acute drug effects in preclinical
studies to chronic drug effects in clinical trials.

4. Contingencies Associated with Medication
Administration. Consideration of experimental pa-
rameters such as the drug under study, duration of
treatment, and dose ranges tested are likely to en-
hance translation of findings from animal models.
Other characteristics of laboratory and clinical studies
in humans may be more difficult to incorporate into
animals. One consideration is the extent to which
administration of the medication is contingent on the
subject’s behavior. In the laboratory, medications are
taken voluntarily by human subjects but are adminis-
tered noncontingently to animal subjects by the ex-
perimenter (excepting some oral drug administration
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procedures). In both cases, however, investigators can
be certain that the medication has been administered.
Outpatient clinical trials represent a third scenario, in
which medications are administered by the subjects
but compliance is not assured, underreported, and
often overestimated (see King and Pryce, 2014). Al-
though this issue has not received much attention as
an important variable that may influence translation,
whether drug taking is voluntary or noncontingent
may alter the response to the drug. Low compliance
may lead to the false negative conclusion that a drugis
ineffective.

5. Inclusion of Behavioral Treatments. Finally, it
should be noted that behavioral interventions, includ-
ing contingency-management approaches and cognitive
behavioral therapy, are a valuable part of treatment
and may interact positively with medications; nearly all
clinical trials include some form of psychotherapy.
However, there is no correlate of psychotherapy in-
cluded in laboratory studies.

In summary, there are a number of factors that can
hinder translation between animal and human labora-
tories and clinical trials. Some of these can be addressed
when designing laboratory studies to enhance the
strength of translation to the clinical setting. Overall,
concordance of translational studies is likely to be
greatest when comparing effects of the same doses of
the same drug administered using a chronic regimen.
Other factors, such as the incorporation of behavioral
interventions, will require continued development of
animal and, in some cases, human laboratory models.

E. Study Selection

For this review, articles reporting results of clinical
trials were initially identified through PubMed searches
and review of references within identified articles. Only
blinded, randomized, fully placebo-controlled studies
were included for review. Next, for each of the 64 drugs
identified through this search, we identified published
journal articles that tested the ability of the drugs to
reduce cocaine-self administration in the nonhuman
primate or human laboratory. Human laboratory studies
met criteria only if they included both a placebo cocaine
and pharmacotherapy condition. When possible, human
laboratory studies and clinical trials were limited to
populations that did not have diagnosed comorbidities
(e.g., co-occurring alcohol and cocaine use disorder). It
is worth noting that a number of studies were excluded
because they only included opioid-dependent cocaine
users. Two exceptions were made such that studies of
amphetamine or methylphenidate in cocaine users
with ADHD and studies of buprenorphine in opioid-
dependent cocaine users were included. Studies in
monkeys only qualified if they included an assessment
of behavioral selectivity (typically, examination of
drug effects on food-maintained responding, see sec-
tion II.A.1). For the 29 drugs that had been studied in
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either or both settings, we next identified published
studies in rodents that included an assessment of
behavioral selectivity and included these in our as-
sessment. In the final analysis, there were 10 clinically
tested drugs for which we identified articles that met
criteria in both animal and human laboratories. These
10 drugs served as the basis for our assessment of
concordance across experimental settings.

In addition to self-administration, drug discrimina-
tion techniques and subjective effects measures have
played a role in assessing the abuse potential of drugs.
Initially we planned to include data from studies using
these techniques in this review, but this approach was
abandoned for several reasons. First, of the 10 drugs
we identified as having been tested in both animal
and human laboratories, only one had been tested
in a cocaine discrimination experiment in humans—
tiagabine, which did not affect the discriminative
stimulus effects of cocaine (Lile et al., 2004b)—and
none had been tested in monkeys. Moreover, only four
of the other drugs tested in nonhuman primates only or
humans only had been studied in a cocaine discrimi-
nation experiment. Thus, there were insufficient data
available to include drug discrimination or subjective
effects studies in this review. Second, previous reviews
have concluded that subjective effects are not a reliable
indicator of medication efficacy (Comer et al., 2008;
Haney and Spealman, 2008). Third, as described above
(section II.C), clinical trials do not use attenuation of
subjective or discriminative stimulus effects of cocaine
as an outcome.

II1. Putative Medications Assessed in the Animal
and Human Laboratory

This section describes the results of our search for
drugs that have been tested in both humans and ani-
mals in the laboratory setting as well as in clinical tri-
als for treatment of cocaine use disorder. As described
above, animal studies were only included if an assess-
ment of behavioral selectivity was conducted. Clinical
trials were only included if they were blinded, random-
ized, and fully placebo controlled. The 10 drugs that
were found to fit these criteria were grouped according
to their pharmacological mechanisms of action. We first
describe each study, indicating whether the results
represent positive or negative data with respect to the
potential of the drug as a medication. These findings are
collated in Table 1. Next, for each drug in each setting,
we determined an overall conclusion as to whether the
available data indicated that the drug produced
significant and selective decreases in cocaine self-
administration. If >50% of the studies with the drug
were positive (Table 1), it was scored as decreasing
cocaine self-administration. Otherwise (<50%), it
was scored as having no selective effect on cocaine
self-administration in that setting. In some instances
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an equal number of studies supported either conclu-
sion (i.e., = 50%). In these cases, we identified the
result of that drug in that setting as “mixed.” These
determinations are summarized in Table 2. Finally, we
used these determinations to assess the extent of
concordance across the three experimental settings:
the animal laboratory, the human laboratory, and
clinical trials. We operationally defined results as
“concordant” when the determination was the same
across the three settings. In this framework, a “mixed”
result neither supported nor prevented a claim of
concordance. Rather, concordance was based on results
scored as positive or negative.

A. Drugs Targeting Monoamine Transporters

1. D-Amphetamine. Among putative medications
that target monoamine transporters, D-amphetamine
has been the most widely studied in laboratory animals.
The findings of these studies are remarkably consistent
in demonstrating that chronic p-amphetamine treat-
ment can attenuate the reinforcing effects of cocaine
under a variety of conditions. Regarding acute treat-
ment, an early study used rhesus monkeys whose
responding was reinforced by either food or cocaine
(0.01 or 0.033 mg/kg per infusion) in separate compo-
nents of the same behavioral session (i.e., a “multiple
schedule”; Mansbach and Balster, 1993). Both food- and
cocaine-maintained behavior were decreased by acute
injections of D-amphetamine (0.1-1 mg/kg, i.v.). Sub-
sequent experiments in rodents reported similar results
of acutely administered D-amphetamine. In groups of
rats self-administering cocaine (0.03—-1.0 mg/kg per
injection) or liquid food (3-100% Ensure in water)
under an FR 5 schedule (Barrett et al., 2004), acute
D-amphetamine (1.8 mg/kg, i.p.) shifted the cocaine
dose-response curve to the left and increased respond-
ing when low concentrations of food were available.
In a later study using a food-cocaine choice procedure
(Thomsen et al., 2013), D-amphetamine (0.32-0.56 mg/kg,
i.p.) did not significantly alter overall responding but
produced increases in choice of cocaine (0.03-1.0 mg/kg
per injection). Taken together, these data indicate that
acute D-amphetamine either increases or does not
affect cocaine self-administration at doses that do not
alter food-maintained responding.

Studies of the effects of chronic pD-amphetamine
treatment on cocaine self-administration produced op-
posite results. Negus and Mello demonstrated that
chronic treatment with p-amphetamine (0.01-0.1 mg/kg
per hour, i.v., for 7-28 days) decreased cocaine, but not
food, self-administration under a second-order schedule,
a PR schedule and a food-drug choice procedure (Negus,
2003; Negus and Mello, 2003a,b). The latter results have
been replicated in studies designed to extend these
results to other monoamine-releasing drugs (Banks
et al., 2013, 2015) and have been extended to rats
choosing between food and cocaine (Thomsen et al.,
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2013), in which rats received 0.1 or 0.32 mg/kg per hour,
s.c. via implanted osmotic pumps. Rodent studies also
replicated the ability of chronic D-amphetamine (5 mg/kg
per day, s.c. via osmotic pump for 14 days) to selectively
decrease cocaine versus food pellet self-administration
under a PR schedule (Chiodo et al., 2008). In subsequent
nonhuman primate studies using a PR procedure
designed specifically to mimic clinical conditions of
cocaine use and treatment, continuous infusion of intra-
venous D-amphetamine (0.01-0.1 mg/kg per hour over
several weeks) similarly produced long-lasting de-
creases in cocaine self-administration, whereas other
measures designed to assess potential side effects of
D-amphetamine (including disruption of food-maintained
responding and observation of agitation or increased
locomotion) were unaltered or only transiently affected
(Czoty et al., 2010, 2011).

One human laboratory experiment that met review
criteria assessed cocaine reinforcement in subjects
receiving D-amphetamine (Rush et al., 2010). In
that study, nine cocaine-dependent subjects received
D-amphetamine (0 and 40 mg/day) for 3-5 days.
Conditions were tested in a counterbalanced fashion.
During five experimental sessions under each mainte-
nance condition, subjects first sampled placebo (i.e.,
4 mg intranasal cocaine) identified as Drug A. Subjects
sampled a second intranasal drug dose (4, 10, 20, or
30 mg cocaine) identified as Drug B. Subjects then
made six discrete choices between Drug A and Drug B.
All doses of cocaine were chosen significantly more
times than placebo during both maintenance condi-
tions (i.e., placebo and p-amphetamine). Choice of
the 20 mg dose of cocaine was significantly lower during
D-amphetamine maintenance relative to when this co-
caine dose was tested during placebo maintenance.

Clinical trial results suggest that amphetamine
isomers are effective for treating cocaine dependence
(Grabowski et al., 2001; Shearer et al., 2003; Schmitz
et al., 2012; Levin et al., 2015). In the seminal trial,
cocaine-dependent subjects were randomly assigned to
receive D-amphetamine (15 or 30 mg/day; n = 26 and
28, respectively) or placebo (n = 40) for 25 weeks
(Grabowski et al., 2001). During the fifth week, the
D-amphetamine dose was doubled. Subjects main-
tained on the higher p-amphetamine dosing regimen
(30/60 mg/day) used significantly less cocaine during
the trial than subjects maintained on either the lower
dosing regimen (15/30 mg/day) or placebo as determined
by benzoylecgonine-free urines. In the next study, de-
pendent cocaine injectors were assigned to placebo (n =
14) or 60 mg/day pD-amphetamine (n = 16) for 14 weeks
(Shearer et al., 2003). In the p-amphetamine mainte-
nance group, the percent of cocaine-positive urines
decreased from 94% at baseline to 56% by the end of the
trial. In contrast, the percent of cocaine-positive urines
in the placebo maintenance group remained stable at
approximately 79% from the beginning to the end of
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the study. In a recent trial, cocaine-dependent sub-
jects were assigned to placebo (n = 16) or 60 mg/day
D-amphetamine (n = 22) for 16 weeks (Schmitz et al.,
2012). Two other conditions were tested in this study:
modafinil (see below) and modafinil combined with
D-amphetamine (not reviewed). D-Amphetamine main-
tenance decreased the proportion of cocaine-positive
urine samples provided by subjects across the trial.
Finally, Levin et al. (2015) found that extended-release
mixed amphetamine salts (60 and 80 mg), combined
with cognitive behavioral therapy, were effective in
reducing cocaine use in a population of individuals
with comorbid cocaine use disorder and ADHD.

2. Methylphenidate. The dopamine/norepinephrine
uptake inhibitor methylphenidate has been evaluated
as a potential cocaine pharmacotherapy in one rodent
study and one nonhuman primate study. In rats, acute
administration of methylphenidate (3.2-32 mg/kg by
mouth) progressively shifted the dose-response curve
for cocaine self-administration to the left, indicating an
increase in the potency of cocaine as a reinforcer
(Hiranita et al., 2009). Those doses of methylphenidate
did not affect food-reinforced responding. In monkeys
(Czoty et al., 2013), effects of chronic treatment with
methylphenidate were examined under the same con-
ditions as was D-amphetamine described above (Czoty
et al., 2011). Initially, methylphenidate was delivered
via constant intravenous infusion (0.003-0.056 mg/kg
per hour); doses were increased at approximately 2-week
intervals if no effect on cocaine self-administration was
observed. Cocaine self-administration was decreased by
approximately 50% in one monkey after 2—4 weeks of
treatment with the highest dose, but the experiment was
discontinued in two other subjects because of adverse
health and behavioral effects such as agitation,
heightened aggression, and a marked disruption in
food-maintained responding. These effects dissipated
almost immediately upon cessation of intravenous
administration of methylphenidate and were not pre-
sent in other monkeys who received methylphenidate
orally (1.0-9.0 mg/kg twice a day), with the exception
of some mild disruption of the pattern of food-maintained
responding. Despite lacking overt effects on health and
behavior, oral methylphenidate had equivocal effects on
cocaine self-administration. During treatment, cocaine
self-administration decreased 30-50% in two monkeys
but increased in two other subjects.

Only one study assessed the effects of methylpheni-
date on cocaine reinforcement in humans (Collins et al.,
2006). In that study, cocaine-dependent subjects with
comorbid ADHD (N = 7) were maintained on methyl-
phenidate (0, 40, and 60 mg/day for 4 or 5 days). The
reinforcing effects of intravenous cocaine (0, 16, and
48 mg) were assessed using a choice procedure wherein
subjects sampled a dose of cocaine and were then given
five opportunities to choose between it and a $2.00
token. Subjects chose the 48 mg cocaine dose four of five
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times, on average, during placebo maintenance. Main-
tenance on 60 mg/day methylphenidate significantly
reduced choice of the 48 mg cocaine dose to approxi-
mately two of five choices.

The clinical trial results with methylphenidate are
largely negative. Methylphenidate was tested in what
was most likely the first trial to evaluate “agonist
replacement” for cocaine use disorders with a double-
blind, placebo-controlled, randomized design (Grabowski
et al., 1997). In that study, 24 cocaine-dependent sub-
jects were randomly assigned to receive placebo or
methylphenidate (5 mg immediate-release plus 20 mg
sustained-release formulations) daily. The two groups
had similar levels of benzoylecgonine-positive urines in
the trial, approximately 40%. Two trials tested methyl-
phenidate as a putative agonist replacement therapy
in cocaine-dependent subjects with comorbid ADHD
(Schubiner et al., 2002; Levin et al., 2007), which is a
comparable population to that used in the one human
laboratory study in which methylphenidate reduced
cocaine self-administration (Collins et al., 2006). In
the earlier trial, 48 subjects were randomly assigned
to placebo or methylphenidate in a 12-week protocol
(Schubiner et al., 2002). The methylphenidate dose was
titrated upward to a target dose of 90 mg/day. The
placebo- and methylphenidate-treated groups did not
differ in terms of cocaine use as verified by drug urine
testing. In the more recent trial, 48 subjects were
randomly assigned to placebo or methylphenidate over
14 weeks (Levin et al., 2007). The methylphenidate dose
was titrated upward to a target dose of 60 mg/day.
Methylphenidate-treated individuals demonstrated a
significant decrease in the probability of providing a
cocaine-positive urine sample during the trial relative to
their placebo-treated counterparts.

3. Modafinil. Modafinil was evaluated in rhesus
monkeys self-administering cocaine under a second-
order schedule of reinforcement (Newman et al., 2010).
In that study, chronic treatment with 10 mg/kg modafinil
did not affect cocaine- or food-maintained responding.
Chronic treatment with a higher dose of modafinil (32
mg/kg per day, i.v., for 5-10 days) selectively decreased
self-administration of low and intermediate doses of co-
caine, but self-administration of higher cocaine doses and
food was unaffected. Testing of 56 mg/kg/day dose was
terminated because of behavioral toxicity (stereotypies
and decreases in food-maintained responding).

Two human laboratory studies have evaluated mod-
afinil as a putative pharmacotherapy for cocaine use
disorder using self-administration methodology (Hart
et al., 2008; Verrico et al., 2014). In the earlier study,
the reinforcing effects of smoked cocaine (0, 12, 25, and
50 mg) were assessed in eight subjects maintained on
modafinil (0, 200, and 400 mg/day for 7 days; Hart et al.,
2008). Subjects first sampled the available cocaine
dose and then made five choices between receiving
another drug dose and $5.00. As expected, cocaine
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choices increased as a function of dose. Cocaine choices
were decreased during maintenance on both doses of
modafinil. In the more recent experiment, the reinforc-
ing effects of intravenous cocaine (0 or 20 mg) were
assessed in 16 subjects maintained on placebo or mod-
afinil (200 mg/day) for 5 days (Verrico et al., 2014).
Subjects first sampled the available cocaine dose and
then made five choices between another drug dose and
$1.00. Cocaine was chosen to a greater degree than
placebo, and although modafinil reduced the number of
cocaine choices relative to placebo maintenance, this
effect did not reach statistical significance.

Seven double-blind, placebo-controlled, randomized
clinical trials have investigated modafinil for managing
cocaine dependence (Dackis et al., 2005, 2012; Anderson
et al., 2009; Schmitz et al., 2012, 2014; Kampman et al.,
2015; Karila et al., 2016). In the earliest trial (Dackis
et al., 2005), cocaine-dependent subjects were randomly
assigned to receive 400 mg modafinil per day (n = 30) or
placebo (n = 32) for 8 weeks. The modafinil-treated
subjects provided significantly more benzoylecgonine-
free urines than the placebo-treated participants. A
12-week multisite trial then compared placebo (n = 72)
and modafinil [200 (n = 69) and 400 mg (n = 68);
Anderson et al., 2009]. The initial analysis showed little
difference between placebo and either dose of modafinil
in terms of biologically verified cocaine abstinence
across the trial. Post hoc analyses, however, showed
that modafinil increased cocaine abstinence in subjects
who did not have a history of alcohol dependence. In the
third trial, 210 subjects were randomized to placebo (n =
75), 200 mg/day modafinil (n = 65), or 400 mg/day
modafinil (n = 70) combined with cognitive behavioral
therapy for 8 weeks (Dackis et al., 2012). Although
modafinil did not reduce cocaine use in the overall
sample relative to placebo, post hoc analyses revealed
that men receiving 400 mg/day modafinil tended to have
greater levels of cocaine abstinence than those maintained
on placebo. In more recent trials, cocaine-dependent
participants received either placebo or 400 mg/day of
modafinil for 16 weeks (Schmitz et al., 2012) or 12 weeks
(Schmitz et al., 2014). Relative to placebo, modafinil
maintenance increased the proportion of cocaine-positive
urines across one trial (Schmitz et al., 2012) but did not
change the proportion of cocaine-positive urines in the
other trial (Schmitz et al., 2014). Most recently, the
observation in the Anderson et al. (2009) trial that
modafinil showed positive effects in those without a
history of alcohol dependence was investigated directly
(Kampman et al., 2015). That 8-week trial specifically
excluded individuals who were dependent on alcohol.
The main finding was that 300 mg modafinil was
superior to placebo in increasing abstinence. In the
most recent trial (Karila et al., 2016), 29 cocaine-
dependent men were treated with a descending-dose
regimen of modafinil (400 mg/day x 26 days, then
300 mg/day x 30 days, then x 200 mg/day for 31 days),
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and abstinence was assessed over the subsequent 10
weeks. Significantly more dropouts and positive urine
samples were observed in the modafinil- compared with
the placebo-treated group.

4. Desipramine. Mello and colleagues (1990a) stud-
ied the effects of 5 days of treatment with the norepi-
nephrine uptake inhibitor desipramine (0.56-10.0 mg/kg
per day) on responding maintained by cocaine injections
or food pellet deliveries. Lower desipramine doses (up
to 1.78 mg/kg per day) increased self-administration in
most monkeys. Higher doses produced less consistent
effects; only one subject showed a selective decrease in
cocaine versus food self-administration. One study
evaluated the influence of desipramine on the reinforcing
effects of cocaine in humans (Fischman et al., 1990). In
that study, the reinforcing effects of intravenous cocaine
(0, 8, 16, and 32 mg) were first evaluated using a drug
versus placebo choice in six cocaine-using subjects. Those
individuals were then maintained on desipramine
for 3—4 weeks. The maximum desipramine dose was
350 mg/day, but doses varied across subjects such that
stable blood levels of desipramine (between 80 and
150 ng/ml) were maintained for 2 weeks. After achiev-
ing stable desipramine blood levels, the cocaine self-
administration dose response curve was redetermined.
During baseline testing, active cocaine doses were
chosen to a greater degree than placebo, with subjects
allocating approximately 5 or 6 choices (out of 7) to the
8, 16, or 32 mg doses. Desipramine maintenance did
not change allocation of drug choices.

Two studies meeting inclusion criteria for this review
evaluated desipramine for managing cocaine use disor-
der (Gawin et al., 1989; Campbell et al., 2003). In the
first study, which lasted 6 weeks, cocaine-dependent
subjects were assigned to receive placebo (n = 24) or
2.5 mg/kg desipramine daily (Gawin et al., 1989).
Subjects who received desipramine were more likely
to achieve abstinence for longer periods, as verified by a
combined use indicator of a cocaine-negative urine
sample and self-report of no cocaine use, than subjects
assigned to receive placebo. In the more recent study,
cocaine-dependent subjects were maintained on placebo
(n = 50) or desipramine (n = 49) in an 8-week trial
(Campbell et al., 2003). The desipramine dose started at
50 mg/day and was titrated up to 200 mg/day. Groups
did not differ in their ability to sustain cocaine abstinence
or in proportion of cocaine-positive urine samples.

5. Amantadine. Chronic intravenous administra-
tion of amantadine (10 or 32 mg/kg per day) did not
alter self-administration of cocaine (0.32 mg/kg per
injection) under an FR schedule in baboons (Sannerud
and Griffiths, 1988). There is also one study that
evaluated the influence of amantadine on the reinforc-
ing effects of cocaine in humans (Collins et al., 2003). In
that study, the reinforcing effects of smoked cocaine
(0, 12, 25, and 50 mg) were evaluated in a drug-versus-
money ($5.00) choice procedure in 10 cocaine-using
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subjects after 5 days of maintenance on placebo or
200 mg/day amantadine. Active cocaine doses were
chosen over money to a greater degree than placebo, with
subjects allocating approximately four or five choices
(out of 5) to the 12, 25, or 50 mg doses. Amantadine
maintenance did not change allocation of drug choices.

Three prospective trials have tested the efficacy of
amantadine for treating patients with cocaine use
disorder (Kampman et al., 1996, 2006; Shoptaw et al.,
2002). In the earliest study, cocaine-dependent subjects
were assigned to placebo (n = 30) or 300 mg/day
amantadine (n = 31) for 4 weeks (Kampman et al., 1996).
The proportion of urine samples indicating cocaine use
was not significantly different across groups, with 57.5%
of samples being positive in the placebo group and 49.6%
of samples being positive in the amantadine group when
counting missing samples as positive. In the next study,
cocaine-dependent subjects were assigned to receive
placebo (n = 35) or 200 mg/day amantadine (n = 34) for
18 weeks (Shoptaw et al., 2002). Amantadine mainte-
nance increased the probability that subjects would
provide a cocaine-negative urine sample, with statisti-
cally significant differences observed at a priori compar-
ison time points (i.e., weeks 8 and 16). In the most recent
study, 199 cocaine-dependent subjects with severe
withdrawal symptoms were assigned to receive pla-
cebo, 300 mg/day amantadine, 100 mg/day propranolol
or combined amantadine and propranol for 10 weeks
(Kampman et al., 2006). There was no difference between
the amantadine-treated and the placebo-treated groups
on cocaine use outcomes. Taken together, the results are
equivocal. Differences in the subjects’ severity of cocaine
use may have played a role in the discrepancy.

6. Summary. When viewed in light of relevant
experimental and subject factors, largely consistent re-
sults have been found in nonhuman and human labora-
tory studies and clinical trials regarding the effectiveness
of drugs that target monoamine transporters to reduce
cocaine self-administration (Table 2). The only human
laboratory study of D-amphetamine reported results
similar to those of rodent and nonhuman primate labora-
tory studies and several clinical trials that all support the
effectiveness of chronic b-amphetamine to decrease co-
caine use. Although three animal studies did not show
that reductions in self-administration were selective for
cocaine (versus food) self-administration, all three of
those studies examined acute D-amphetamine treat-
ment, whereas all studies that showed positive results
involved chronic D-amphetamine administration. Thus
it is clear that the predictive validity of these animal
models, at least with respect to D-amphetamine, is
critically dependent on chronic treatment with the
putative medication.

Data with methylphenidate that may appear equiv-
ocal at first glance are reconciled when the ADHD
status of subjects is considered. Results were negative
in rats (Hiranita et al., 2009), rhesus monkeys (Czoty
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et al., 2013), and a clinical trial in subjects without
comorbid ADHD (Grabowski et al., 1997). When tested
in an ADHD population, however, more encouraging
results were found in the only human laboratory study
(Collins et al., 2006) and one of two clinical trials (Levin
et al., 2007). The effects of modafinil were positive in the
one preclinical study in monkeys and one study in
humans. Four of the six reviewed clinical trials reported
negative results, although in some cases positive results
were found in subsets of the subjects based on sex or
history of alcohol dependence. Likewise, negative re-
sults were found with the norepinephrine uptake
blocker desipramine in laboratory studies in nonhuman
primates and humans and in one of two clinical trials
(Campbell et al., 2003). However, positive results were
seen with lower doses of desipramine in the other
clinical trial (Gawin et al., 1989). Finally, negative
results with amantadine were reported in monkey and
human laboratory studies as well as two of three clinical
trials.

Taken together, results with b-amphetamine (when
administered chronically) and amantadine are clearly
consistent across settings; negative results with
desipramine have been found in all but one study and
apparent discrepancies with methylphenidate can
largely be explained when ADHD status is taken into
consideration. Only modafinil resulted in clearly dis-
cordant conclusions across settings. However, as noted
above, recent data suggest that the effectiveness in
clinical trials may require the absence of lifetime
alcohol dependence: if true, this would bring clinical
trial results more in line with the only nonhuman
primate study conducted to date (Newman et al.,
2010). Moreover, investigators have enumerated other
reasons for the discordance across clinical trials that
may affect translation. For example, differences in
medication compliance rates and motivation to quit
may influence results. In addition, it is important to
note that the effective dose in monkeys (32 mg/kg per
day, equal to 2240 mg/day in a 70-kg human) was
much higher than the highest dose studied in human
laboratory studies or clinical trials, 400 mg, which is
less than 6 mg/kg per day) and that the effects in the
nonhuman primate study were relatively small and
were not dose-dependent.

B. Drugs that Facilitate y-Aminobutyric
Acid Function

1. Baclofen. Drugs described in the preceding sec-
tion directly interact with the neurobiological sub-
strates of cocaine, monoamine transporters. Another
strategy for development of medications for cocaine use
disorder has been to target neurotransmitter systems
that indirectly modulate brain monoamine function. To
this end, drugs that enhance the function of GABA, the
ubiquitous and primary inhibitory neurotransmitter in
the brain, have been examined in rodents and monkeys
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self-administering cocaine. Roberts et al. (1996) exten-
sively studied the effects of baclofen and other GABAg
agonists on cocaine self-administration in rats; several
publications fit the inclusion criteria for this review. In
the earliest study, acute baclofen (1.25-5.0 mg/kg)
produced a downward/rightward shift in the cocaine
self-administration dose-effect curve determined under
a PR schedule. Food-maintained responding was not
affected significantly. Subsequent studies replicated
this effect and its behavioral selectivity and extended
the conditions under which it is observed to an FR 1
schedule (Brebner et al., 2000a) and a discrete-trials
procedure in which rats were presented with an oppor-
tunity to self-administer one cocaine injection under an
FR 5 schedule at 30-minute intervals, 24 hours per day,
for several weeks (Roberts and Andrews, 1997). The
same effect was found when baclofen (56 ng) was deliv-
ered directly into the ventral tegmental area (Brebner
et al., 2000b). Other investigators reported a similar
antagonism of cocaine reinforcement by baclofen with-
out disruption of food-maintained responding under
varied conditions including a multiple FR 5 schedule
of food (45-mg pellet) and cocaine (0.66 mg/kg per
infusion) delivery (Shoaib et al., 1998). In that study,
2.5-10.0 mg/kg baclofen was effective acutely and
2.55.0 mg/kg baclofen was effective after 35 days of
treatment. In two other studies, baclofen was found to
decrease both cocaine- and food-maintained respond-
ing at similar doses. Barrett and colleagues (2005)
reported that baclofen (1.85.6 mg/kg) decreased self-
administration of a range of cocaine doses (0.033.2 mg/kg
per injection) under an FR 5 schedule, but also
decreased self-administration of a range of concentra-
tions of liquid food (3-100% Ensure in water). Sub-
sequently, Filip and colleagues (2007) demonstrated
that self-administration of cocaine (0.5 mg/kg per
injection) and food (sweetened milk) were reduced by
baclofen when made available under an FR 5 schedule.
It is likely that the ability to vary the magnitude of food
consumption in the latter studies explains the differ-
ences in behavioral selectivity of the effect of baclofen
(see Barrett et al., 2004, 2005 and Thomsen et al., 2013
for discussion). It also interesting to speculate that the
use of a liquid versus solid food reinforcer may have
affected results. Although the difference in the effects
of solid versus liquid food reinforcement per se has not
been examined, it is a fundamental tenet of behavioral
pharmacology that the effects of drugs on behavior can
vary according to the stimulus that maintains that
behavior (e.g., McKearney, 1976; Barrett, 1976).

In contrast to the extensive studies in rats, only one
published study examined the ability of GABAg re-
ceptor agonists to decrease cocaine self-administration
in nonhuman primates (Weerts et al., 2005). Baboons
self-administered a relatively low dose of cocaine (0.032
mg/kg) or food pellets. The GABAg agonists baclofen
(0.1-1.7 mg/kg, i.m.) and CGP44532 (0.1-1.0 mg/kg,
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i.m.) produced dose-dependent decreases in both cocaine-
and food-maintained responding. The lack of behavioral
selectivity of effects across reinforcers suggests that the
observed decreases in cocaine self-administration may be
related to factors other than an attenuation of the
reinforcing effects of cocaine.

Two studies have tested the influence of baclofen
administration on the reinforcing effects of cocaine in
humans (Lile et al., 2004a; Haney et al., 2006). In the
earlier study, seven cocaine-using subjects first received
acute doses of oral baclofen (0, 10, 20, or 30 mg; Lile
et al., 2004a). Approximately 90 minutes later, 4 mg
(active placebo) or 45 mg intranasal cocaine was
administered. The reinforcing effects of the cocaine
doses were evaluated using the Multiple-Choice Pro-
cedure. This procedure is a contingency-based ques-
tionnaire in which subjects make a number of choices
between a drug dose, in this case 4 or 45 mg intranasal
cocaine after pretreatment with baclofen, and a range
of money values (i.e., $0.25-$64.00). The highest value
at which a subject chooses drug over money for any
given dose condition is termed the “crossover point.”
One of the choices made by the subject is selected at
random and delivered later. The active cocaine dose
increased crossover point relative to placebo cocaine.
The average crossover point was $6.48 for cocaine and
$0.35 for placebo across baclofen pretreatment condi-
tions. Baclofen did not change this outcome. In the
more recent study, 10 cocaine-dependent subjects re-
ceived 0, 30, and 60 mg oral baclofen for 7 days (Haney
et al., 2006). Midway through and at the end of the
maintenance period for each baclofen dose, the rein-
forcing effects of smoked cocaine (0, 12, 25, and 50 mg)
were determined using a drug-versus-money choice
procedure. All active doses of cocaine were chosen over
money to a greater degree than placebo, with subjects
generally making near maximal choices for the 12, 25,
and 50 mg doses across baclofen maintenance condi-
tions. However, 60 mg/day baclofen significantly re-
duced choice of the 12 mg cocaine dose relative to
placebo maintenance (to approximately three out of
five choices). As observed with animal experiments
with pD-amphetamine, human laboratory results with
baclofen clearly indicate different effects of acute and
chronic administration.

Two clinical trials evaluated baclofen for managing
cocaine use disorder, with mixed results (Shoptaw et al.,
2003; Kahn et al., 2009). In the earlier study, cocaine-
dependent subjects were randomly assigned to receive
baclofen (60 mg/day; n = 35) or placebo (n = 35) for 16
weeks (Shoptaw et al., 2003). Although initial analyses
indicated no significant difference between those
assigned to placebo and baclofen, a subsequent longitu-
dinal analysis showed that those individuals main-
tained on baclofen were significantly more likely to
provide benzoylecgonine-free urine samples relative to
those maintained on placebo across the length of the
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trial. In the more recent trial, “severely” dependent
cocaine users were assigned to placebo (n = 80) or 60 mg/
day baclofen (n = 80) for 8 weeks (Kahn et al., 2009).
Baclofen did not change the number of cocaine non-use
days, verified by benzoylecgonine urine testing, relative
to placebo.

2. Tiagabine. Acute administration of the GABA
uptake inhibitor tiagabine (0.1-1.0 mg/kg, i.m.) pro-
duced similar effects to baclofen in the nonhuman
primate study described above (Weerts et al., 2005).
There is one report in humans describing two experi-
ments that tested the effects of tiagabine administra-
tion on the reinforcing effects of cocaine (Lile et al.,
2004b). In the first experiment, four cocaine-using
subjects received acute doses of oral tiagabine (0 and
4 mg) in combination with doses of oral cocaine (0, 25,
50, 100, and 150 mg). In the second experiment, six
cocaine-using subjects received acute doses of oral
tiagabine (0 and 8 mg) in combination with doses of
oral cocaine (0, 25, 50, 100, and 150 mg). The reinforcing
effects of each cocaine dose combined with tiagabine
were evaluated using the multiple-choice procedure. A
statistically significant effect of cocaine dose was ob-
served for crossover point in the data from the 8 mg,
but not the 4 mg, tiagabine group. Cocaine increased
crossover point on the multiple-choice procedure. For
example, the crossover point for the high cocaine dose
was $22.00. Tiagabine (8 mg) reduced crossover point
for this dose to $11.00, but this effect did not reach
statistical significance.

Two clinical trials evaluated the efficacy of tiagabine
for treating cocaine use disorder, and the results of
these two studies are concordant (Winhusen et al., 2005,
2007). In the first trial, conducted using the Cocaine
Rapid Efficacy Screening Trial model, subjects were
randomized to receive placebo (n = 17) or 20 mg/day
tiagabine (n = 17) for 10 weeks (Winhusen et al., 2005).
Tiagabine showed a trend to decrease quantitative
levels of benzoylecgonine in urine samples, but this
effect did not reach statistical significance when com-
pared with placebo (P = 0.17). In the second trial,
subjects were also randomized to receive placebo (n =
70) or 20 mg/day tiagabine (n = 71) but for 12 weeks
(Winhusen et al., 2007). The tiagabine group did not
differ from their placebo-treated counterparts, either in
proportion of cocaine non-use days, verified by urinal-
ysis, or quantitative benzoylecgonine levels in urine.

3. Summary. Conclusions regarding the promise of
baclofen as a putative pharmacotherapy for treating
cocaine use disorder are similar across animal, human
laboratory, and clinical studies in that all three settings
have produced mixed results. Acute baclofen treatment
in rodents produced positive results (i.e., a selective
decrease in cocaine versus food self-administration)
only in the laboratory that used food pellets as a
reinforcer but not in two others where liquid food
was used. Baclofen did not selectively decrease cocaine
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self-administration in monkeys. Thus we concluded
mixed findings as 5 of 8 studies showed that baclofen
reduced cocaine self-administration (Table 2) similar to
studies in the other two settings. The two human
laboratory studies produced opposite results and the
results of clinical trials were also mixed, perhaps based
on the extent of cocaine use of the subjects. In addition,
because of the relatively short duration of action of
baclofen and documented side effects (e.g., Brebner
et al., 2002; Bowery, 2006), it is tempting to speculate
that experimental parameters, such as dose, duration of
treatment, and drug pretreatment times (in acute
experiments), may contribute to the discordant results
obtained with baclofen. The tiagabine results are more
clearly concordant, showing no differential effects on
cocaine taking observed as a function of tiagabine
treatment across nonhuman primate and human labo-
ratory and clinical trial research (Lile et al., 2004b;
Weerts et al., 2005; Winhusen et al., 2005, 2007).

C. Drugs Targeting other Mechanisms

1. Buspirone. Buspirone is clinically available as an
anxiolytic with effects attributed to its ability to func-
tion as a 5-HT;5 receptor partial agonist. In an early
study in rhesus monkeys, acute administration of
buspirone (0.1 and 0.3 mg/kg, i.v.) increased cocaine
self-administration under an FR 10 schedule without
affecting food-maintained consumption (Gold and
Balster, 1992). This was interpreted as encouraging
because the effects were similar to those of a D2 receptor
antagonist. However, tolerance developed to the effect
when it was administered over 10 days. In addition to
its serotonergic effects, buspirone can block D2-like
dopamine receptors, with some selectivity for the Ds
and D4 subtype versus the Dy subtype (Bergman et al.,
2013). In the early 2010s, this selectivity generated
interest in buspirone as a tool to test hypotheses related
to the utility of D3 receptor antagonists as medications
for substance abuse (e.g., Heidbreder and Newman,
2010). Bergman et al. (2013) studied buspirone’s effects
on cocaine self-administration using a three-component
procedure. In the first and third components, food
pellets were self-administered under an FR 30 schedule
for 5 minutes. These were separated by 5-minute time-
out periods from a 100-minute middle component
during which monkeys self-administered cocaine under
an FR 60 schedule. Acute buspirone treatment (0.1-
0.32 mg/kg) decreased cocaine self-administration in
all monkeys. However, doses necessary to produce this
effect decreased food-maintained responding in the
first component by 100% in two monkeys and by 20—40%
in two other subjects. In contrast, selective effects of
buspirone were observed in monkeys self-administering
cocaine under a second-order schedule of reinforcement
(Mello et al., 2013). In that study, intravenous infusion of
buspirone 23 hours per day for 7-10 days shifted the
cocaine self-administration dose-effect curve downward.
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In more recent studies using a food-drug choice pro-
cedure, buspirone (0.03-0.056 mg/kg, i.v. acutely or
0.03-0.3 mg/kg, i.m. for 5 days) was ineffective overall
in altering food-cocaine choice. One study was con-
ducted in group-housed cynomolgus monkeys and one
involved rhesus monkeys (Czoty and Nader, 2015;
John et al., 2015, respectively). Interestingly, in the
former study, buspirone decreased cocaine choice in
socially dominant monkeys, suggesting that the effi-
cacy of buspirone might be enhanced in enriched
environments. However, decreases in overall respond-
ing were observed, particularly early in the session
(as in Bergman et al., 2013), indicating a lack of
behavioral selectivity of the effect. In the latter study
in rhesus monkeys (John et al., 2015), buspirone was
unequivocally ineffective in decreasing cocaine self-
administration. In addition to the difference in sched-
ules of reinforcement (FR and second-order versus a
concurrent FR-based choice procedure), daily cocaine
intake may have played a role in the discrepant results
across these studies; monkeys self-administered much
less cocaine each day under the choice procedure (see
John et al., 2015).

One study tested the effect of buspirone maintenance
on cocaine self-administration in humans (Bolin et al.,
2015). In that study, nine subjects who met criteria for
cocaine abuse or dependence were maintained on O or
30 mg/day oral buspirone in counterbalanced order for
3 days. The reinforcing effects of intranasal cocaine (0,
15, and 45 mg) were then tested under each of these
conditions using a forced drug versus money ($0.25)
choice procedure wherein each reinforcer was available
under concurrent, independent PR schedules (see
Stoops et al., 2010). The active cocaine doses were
chosen over money to a greater degree than placebo.
There was no effect of buspirone maintenance condi-
tion on cocaine choice.

Two clinical trials evaluated the efficacy of buspirone
for treating cocaine use disorder (Moeller et al., 2001,
Winhusen et al., 2014). In the earlier study, cocaine-
dependent subjects were randomized to receive placebo
(n = 18) or 45 mg/day buspirone (n = 17) for 12 weeks
(Moeller et al., 2001). The two groups did not differ in
percent of cocaine negative urines nor did they differ in
semiquantitative levels of cocaine metabolites in urine
samples. In the second study, which lasted 16 weeks
and was designed to evaluate the ability of buspirone to
prevent cocaine relapse, subjects were first admitted to
an inpatient treatment unit to achieve cocaine absti-
nence. While on the unit, subjects were randomized to
receive placebo (n = 27) or 60 mg/day buspirone (n = 35;
Winhusen et al.,, 2014). There were no differences
between the groups assigned to receive placebo or
buspirone in their ability to maintain cocaine absti-
nence after discharge from the inpatient unit or in the
number days using cocaine after discharge from the
inpatient unit.
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2. Buprenorphine. Based on the safety and effec-
tiveness of the mixed-action opioid receptor modulator
buprenorphine in treating opiate use disorder and
evidence of interactions between opioid and dopaminer-
gic systems, buprenorphine was evaluated as a poten-
tial pharmacotherapy for cocaine use disorder. An
initial study in rhesus monkeys showed that 0.40 and
0.70 mg/kg per day, i.v. suppressed self-administration
of cocaine for at least 30 days under a second-order
schedule of reinforcement (Mello et al., 1989). Although
food-maintained responding was also affected, the de-
crease in reinforcement frequency was much smaller,
normalized over time, and was determined to be “un-
likely [to be] biologically significant.” Next, these inves-
tigators compared the effects of buprenorphine and
the mu opiate receptor antagonist naltrexone on self-
administration of cocaine (0.05 mg/kg per injection) or
food pellets under a second-order schedule (Mello et al.,
1990b). Drugs were administered intravenously over 1
hour each day for at least 15 consecutive days. Both food
and cocaine self-administration were reduced on the
first session of treatment with buprenorphine (0.237—
0.7 mg/kg per day). Over time, tolerance developed
to the suppression of food-reinforced responding in
most subjects under most conditions, whereas the
effects on cocaine self-administration were sustained
or increased. Moreover, cocaine self-administration
remained suppressed for several weeks after termina-
tion of buprenorphine treatment. The orderly dose- and
time-dependent effects of buprenorphine contrasted
with those of naltrexone, which were lower in magni-
tude and less consistent. Subsequent studies from this
laboratory and others extended these encouraging data
to other cocaine doses and routes of administration
(i.e., smoked cocaine base; Carroll et al., 1992), although
the effect of buprenorphine (0.03-0.8 mg/kg per day,
i.m. for 5 days) on smoked cocaine base was not found to
be behaviorally selective. In addition, it was shown that
tolerance did not develop to effects of buprenorphine
on cocaine self-administration for up to 120 days of
treatment, that intermittent buprenorphine treatment
(i.e., every 48 or 72 hours) was less effective than daily
treatment, and that buprenorphine’s partial agonist
effects at mu opioid receptors were likely responsible for
its ability to decrease cocaine self-administration (Mello
et al., 1992, 1993a,b; Lukas et al., 1995). In studies that
followed, the efficacy of buprenorphine to reduce cocaine
self-administration was extended to self-administration
of cocaine-heroin combinations (i.e., “speedball”; Mello
and Negus, 1998, 2001, 2007). One study in rodents met
inclusion criteria for this review (Carroll and Lac, 1992).
In that study, responding under an FR 4 schedule was
reinforced with injections of self-administered cocaine
(0.1-0.4 mg/kg, i.v.) or presentations of 0.01 ml of a
glucose + saccharin solution. Buprenorphine (0.1-0.4
mg/kg) was given once daily for 5 days. In combination
with lower cocaine doses, buprenorphine substantially
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reduced the number of infusions delivered on the first
day of treatment. Tolerance developed gradually to this
effect over days 2—5. The same doses of buprenorphine
also reduced intake of the glucose + saccharin solution,
although, unlike the effect on cocaine self-administration,
the reduction of glucose + saccharin intake developed pro-
gressively over the 5 days of buprenorphine treatment.

Two experiments have evaluated whether buprenor-
phine maintenance could alter the reinforcing effects of
cocaine in humans (Foltin and Fischman, 1994, 1996).
In the earlier study, seven subjects with histories of
cocaine and opioid use who were not physically de-
pendent on opioids were treated with 0, 2, or 4 mg of
sublingual buprenorphine (Foltin and Fischman, 1994).
Subjects then sampled two intravenous cocaine doses
(i.e., 4 and 8 mg/70 kg, 8 and 16 mg/70 kg, or 16 and
32 mg/70 kg) and made four choices between those
two doses and token alternative reinforcers that were
exchangeable for inpatient unit privileges. After pre-
treatment with placebo, subjects made a similar num-
ber of choices between the high cocaine dose and
the tokens. Subjects rarely chose the low dose. Both
buprenorphine pretreatment doses significantly de-
creased high cocaine dose choices in the 16 and 32 mg/
70 kg condition. Subjects reallocated their behavior to
choose tokens over high cocaine doses relative to placebo
pretreatment. In the second experiment, 12 opioid-
dependent cocaine users were maintained on 8 mg/day
sublingual buprenorphine (Foltin and Fischman, 1996).
Subjects then made six choices between individual
intravenous cocaine doses (16, 32, and 48 mg/70 kg)
and $5.00. Because subjects were opioid dependent, a
placebo buprenorphine condition could not be tested.
Instead, cocaine self-administration was compared be-
tween buprenorphine maintenance and methadone
maintenance periods. Buprenorphine significantly
decreased choice of the 16 and 32 mg doses, but not
the 48 mg dose, relative to when subjects were main-
tained on methadone.

We identified four trials that evaluated sublingual
buprenorphine in individuals diagnosed with cocaine
use disorder (Schottenfeld et al., 1993, 1997, 2005;
Montoya et al., 2004). A number of other studies
evaluated the effects of buprenorphine on cocaine
use in opioid-dependent subjects, but these studies
were excluded because they did not explicitly enroll
individuals meeting diagnostic criteria for cocaine use
disorder (e.g., Strain et al., 1994a,b; Petitjean et al.,
2001). As with one of the human laboratory studies
described above, because those enrolled in these trials
were opioid-dependent, no placebo comparison could
be included for ethical reasons. Instead, different
doses of buprenorphine were compared with one
another or to methadone. As such, no conclusions can
be made about whether buprenorphine is different
from placebo. Nonetheless, a comparison between
methadone and buprenorphine can yield important
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information about treating cocaine use disorder in
individuals physically dependent on opiates, given the
high comorbidity between these disorders.

In the first study, 30 cocaine- and opioid-dependent
subjects received ascending daily doses of buprenor-
phine (2, 4, 8, 12, and 16 mg, doses varied across
individual subjects) for 21 days at each dose (Schottenfeld
et al., 1993). The buprenorphine dose was then tapered.
During the taper, the proportion of cocaine-positive
urines was lower than during the dose escalation period,
with similar effects across doses. In the next study,
116 opioid-dependent cocaine abusers were randomly
assigned to receive 4 or 12 mg/day buprenorphine or 20
or 65 mg/day methadone for 24 weeks (Schottenfeld
et al., 1997). None of the treatment groups differed in
rates of cocaine use. The third study evaluated 2, 8, or
16 mg/day buprenorphine or 16 mg buprenorphine
every other day in 200 cocaine and opioid-dependent
subjects (Montoya et al., 2004). Urine toxicology
testing revealed significantly reduced benzoylecgonine
concentrations in the subjects randomized to 8 or 16 mg
buprenorphine daily. The 16 mg/day buprenorphine
group also displayed significant reductions in the
number of cocaine-positive urines during withdrawal
from opioid maintenance. The most recent trial
compared maintenance on 12-16 mg buprenorphine
to maintenance on 65-85 mg methadone in 162
individuals assigned to contingency management or
performance feedback using a 2 x 2 factorial design
over 24 weeks (Schottenfeld et al., 2005). Subjects
assigned to methadone, regardless of behavioral
therapy platform, were significantly more likely to
provide cocaine-negative urines and achieved longer
consecutive periods of abstinence from cocaine than
their buprenorphine-treated counterparts.

3. Progesterone. Over the past several decades, a
great deal of data has indicated that men and women
differ in sensitivity to the abuse-related effects of cocaine
(e.g., Lynch, 2006; Greenfield et al., 2010). In particular,
observations that women are less sensitive to cocaine
during the luteal phase of the menstrual cycle, when
concentrations of the steroid hormone progesterone are
high, have led to the hypothesis that progesterone may
have efficacy in reducing cocaine abuse. Although exper-
iments in monkeys have not provided strong evidence
for differences in the reinforcing effects of cocaine across
the menstrual cycle (Mello et al., 2007; Cooper et al.,
2013), one study examined exogenous administration of
progesterone (Mello et al., 2011). In that study, acute
doses of progesterone (0.1, 0.2, and 0.3 mg/kg, i.m.)
produced downward shifts in the dose-response curve
for intravenous cocaine self-administration under an
FR 30 schedule in female rhesus monkeys without
affecting food self-administration.

One human laboratory study evaluated the influence
of progesterone on cocaine self-administration in hu-
mans (Reed et al., 2011). In that study, 10 female cocaine
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users completed a total of three inpatient admissions
during 1) a normal follicular phase of their menstrual
cycle, 2) a normal luteal phase of their menstrual cycle,
and 3) a follicular phase of their menstrual cycle in which
150 mg oral micronized progesterone was administered
twice daily for at least 1 day before cocaine testing.
During cocaine challenge sessions, subjects smoked 0,
12, 25, or 50 mg cocaine, then had five opportunities to
self-administer the sampled dose at a cost of $5.00 per
dose. Cocaine was self-administered to a greater de-
gree than placebo regardless of menstrual cycle phase
and progesterone pretreatment.

One clinical trial met review criteria examining the
efficacy of progesterone for treating cocaine dependence
(Yonkers et al., 2014). In that study, postpartum women
with cocaine use disorder were randomized to receive
placebo or 100 mg oral micronized progesterone twice
daily for 12 weeks. The two groups did not differ in the
proportion of cocaine-positive urine samples across the
trial, although women assigned to receive progesterone
self-reported less weekly cocaine use than those assigned
to receive placebo.

4. Summary. With the exception of one study in
nonhuman primates (Mello et al., 2013), agreement
was found across studies with buspirone. At least four
studies in monkeys under multiple conditions including
a FR schedule, a second-order schedule and a choice
procedure reported that effects of buspirone on cocaine
self-administration were absent, nonselective, or tran-
sient; these data are consistent with the only human
laboratory study and two clinical trials. Similarly, re-
garding buprenorphine good concordance was found
between the positive results of nonhuman primate and
human laboratory self-administration studies. Impor-
tant caveats to this conclusion include the fact that
the positive results, all obtained in one laboratory,
did not extend to another laboratory which examined
smoked (versus intravenous) cocaine and also studied
buprenorphine’s effects in rodents. Moreover, the posi-
tive laboratory results were not consistent with the mixed
clinical trial outcomes. It should be reiterated, however,
that assessment of concordance of buprenorphine results
is complicated by the fact that subjects in the human
laboratory study and clinical trials were opioid dependent
and that, for ethical reasons, a placebo condition was not
included in those trials. Finally, progesterone decreased
cocaine self-administration in monkeys but not in a
human laboratory study. Progesterone also failed to
decrease urine samples indicative of cocaine use in a
clinical trial, although women reported less cocaine use.

IV. Conclusions and Future Directions

A. Overarching Findings Regarding the Medications
Development Process

Laboratory research in animals and humans is an
important part of the process of developing medications
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to treat human disease. Presumably, a more specific
function of laboratory research is to serve as a “pipeline”
to guide decisions regarding which drugs and doses to
test in clinical trials, which methods of assessment to
use, and which endpoints to track as indicators of
success or failure. These are not trivial considerations
given the tremendous time and expense involved in
conducting such trials. Optimizing clinical trials in this
manner seems particularly important in developing
pharmacotherapies for conditions that currently lack
FDA-approved medications such as cocaine use disor-
der. This review was undertaken to assess the pre-
dictive validity of nonhuman primate and human
laboratory studies that tested putative medications for
cocaine use disorder relative to clinical trials and to
each other. Our premise was that a drug that decreased
cocaine self-administration in the laboratory should
demonstrate positive results in clinical trials (Mello and
Negus, 1996; Comer et al., 2008; Haney and Spealman,
2008). By using this approach, we were also able to assess
the extent to which the “pipeline” approach has been
implemented and whether attempts have been made to
translate laboratory findings to the clinic as well as the
extent to which compounds showing clinical effectiveness
have been examined in the laboratory.

We identified over 100 blinded, fully placebo-
controlled studies using PubMed searches. For the most
part, we excluded studies that involved subjects that
were dependent on more than one substance or had
comorbid psychiatric conditions. Two exceptions were
studies examining studies of amphetamine or methyl-
phenidate in cocaine users with ADHD and studies
of buprenorphine in opioid-dependent cocaine users.
These searches identified 64 drugs given alone or in
combination across the clinical trials that fit review
criteria (see Fig. 1). Next, we searched for published
articles that assessed these drugs’ ability to selectively
decrease cocaine self-administration in the nonhuman
primate or human laboratory and, subsequently, the
rodent laboratory.

Strikingly, of the 64 drugs tested in clinical trials, 35
had not been assessed in either monkey or human
laboratory studies in the context of selectively reducing
cocaine self-administration. Nineteen drugs were stud-
ied in only one of the species (6 only in humans and 13
only in monkeys). Thus this review was based on the
remaining 10 drugs. Four of these drugs (and three of
the “monkey only” drugs) have been examined in rodent
studies that met review criteria, and those data are
included in the evaluation of the translational capabil-
ity of these models. That so few drugs have been
examined across all levels of analysis indicates that
translation of preclinical findings to clinical trials using
a “pipeline” approach is the exception rather than the
rule. The results also indicate that there are few
instances of “reverse translation” (i.e., laboratory studies
of drugs for which clinical data have been generated).
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There are several likely reasons for the dearth of
compounds that have been examined at all three stages
of the medications development process. As mentioned
in section II.D, the rationale for selecting drugs to test
can differ in preclinical laboratories and clinical trials.
Advances in molecular biology and medicinal chemistry
over the past three decades have enabled the develop-
ment of extremely pharmacologically selective drugs,
which are useful for testing specific hypotheses relating
to the mechanisms of action of abused drugs and
potential pharmacotherapies. These tools have proven
useful in preclinical research that aims to identify
specific receptor systems that can be targeted to de-
crease cocaine self-administration. Older drugs that act
at a broad range of targets are less suitable for this
purpose. Conversely, human laboratory studies and
clinical trials with new, more selective drugs cannot
easily be conducted because of the need for evidence of
safety in humans and for sufficient dosing information
and quantities of drug to conduct such trials. In
addition, preclinical researchers are often hesitant to
study drugs that have already been tested in the clinic.
Because clinical work has occurred, the apparent
significance of studying the drug in the laboratory is
lessened. Finally, the urgency to find an effective
medication can lead to drugs being moved to clinical
trials too quickly, without the support of preclinical
data. In light of these considerations, it is perhaps not
surprising that few drugs tested in the laboratory are
examined in clinical trials and vice versa.

B. Concordance

In addition to determining the extent to which pre-
clinical and clinical studies of medications for cocaine
use disorder inform each other, an important goal of this
review was to assess concordance between laboratory
results in animals and humans, as well as to assess the
predictive validity of these data with respect to the
results of clinical trials. An initial finding was that, even
when a drug had been studied in monkeys, humans,
and clinical trials, there were few published studies
in each setting (Table 1). The generally low number
of published articles we identified complicates a
clear understanding of the concordance of these stud-
ies, necessitating a determination of “mixed” results
for some drugs across some settings (Table 2). Spe-
cifically, there are only two drugs (baclofen and
buprenorphine) for which there was more than one
study available for review at every level of analysis.
Thus we (along with the scientific community) are
forced to draw conclusions based on extremely limited
data collected under varying conditions. The concern
extends to clinical trials as well. For example, we found
only one clinical trial with progesterone (Yonkers
et al., 2014). It is important to note that for many
medications, clinical trials yielded mixed results,
forcing us to base conclusions on the conclusions of
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the majority of studies (Table 2). Thus the risk of false
negatives in our analyses (i.e., a premature determi-
nation that conclusions about drugs do not agree
across animals/humans/clinical trials) is high. For
example, if a drug decreased cocaine choice in the
human laboratory but did not decrease cocaine self-
administration under an FR schedule in monkeys, we
concluded that it had different effects in the two
species. However, if the drug were to be tested in a
choice procedure in monkeys it may have similar
effects to those in humans. An important extension
of this concern is that the therapeutic potential of a
compound could be overestimated, leading to further
testing of a drug that is doomed to fail. Conversely, the
risk exists that a drug that might eventually be found
to be an effective pharmacotherapy may be dismissed
prematurely based on limited evidence. It is concern-
ing that critical decisions to pursue or abandon devel-
opment, testing, and approval of specific drugs are
currently based on a limited amount of data.

1. Concordance across Animal Laboratory, Human
Laboratory, and Clinical Trials. Overall, seven of the
ten medications (D-amphetamine, amantadine, baclofen,
tiagabine, buspirone, desipramine, and buprenorphine)
showed concordant results, although it should be noted
that the latter two drugs showed mixed results in clinical
trials (Table 2). That this proportion is not higher is
disheartening, considering that previous reviews sug-
gested that drug self-administration measures are the
best way to screen potential medications for drug use
disorders (Mello and Negus, 1996; Comer et al., 2008;
Haney and Spealman, 2008). It is important to note
that those reviews included findings with opioids, for
which FDA-approved medications have been developed
(i.e., methadone, buprenorphine, and naltrexone). With-
out an FDA-approved medication for cocaine use disor-
der, we must rely on clinical trial findings. This task was
complicated by the observation that, for six of the ten
drugs, discordant findings were reported across clinical
trials (Table 2).

A closer look at the data for drugs that did not show
concordance (methylphenidate, baclofen, and proges-
terone) often revealed differences in specific experimen-
tal parameters that may have played a role in the
disagreement. For example, concordant results were ob-
served between the human laboratory study and the clini-
cal trial that demonstrated efficacy of methylphenidate
for cocaine use disorder in ADHD-diagnosed cocaine
users that used the same dose (i.e., 60 mg/day; Collins
et al., 2006; Levin et al., 2007). Studies that failed to
demonstrate efficacy in this population used different
doses (e.g., Schubiner et al., 2002). Thus, when the
results of experiments with methylphenidate are viewed
according to treatment dose and ADHD diagnosis, the
concordance of results across species increases. As an-
other example, there appears to be a critical influence of
alcohol on the ability of modafinil to reduce cocaine use
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(see section III.A.3). Thus it is possible that, in some
cases, apparent discordance may result from the imple-
mentation of different experimental parameters rather
than poor predictive validity of the models themselves.
Importantly, there were no cases under which animal
and human laboratory studies were concordant with
each other but not with clinical trials. Rather, clini-
cal trials were concordant with animal results for
methylphenidate and with human laboratory results for
modafinil and progesterone. This provides evidence to
suggest that clinical trials might be warranted only if
both animal and human laboratory studies suggest
effectiveness.

One encouraging result of this review is that the
medication that appears to show the most efficacy for
treating cocaine use disorder, D-amphetamine, pro-
duced the strongest concordant results across rodent,
nonhuman primate, and human laboratory studies as
well as clinical trials. Every experiment that tested
chronic pD-amphetamine treatment found decreases in
cocaine self-administration/use. Lessons should be taken
from the methodologies used to assess D-amphetamine
for managing cocaine use disorders across these three
types of studies to develop more predictive assays.
For example, the p-amphetamine data clearly demon-
strate the importance of studying chronic treatment;
the three reviewed studies that used acute treatment
reached opposite conclusions to the majority that
studied chronic treatment. Particularly valuable in
this regard is the Thomsen et al. (2013) study, which
examined both acute and chronic treatment. With so
few studies to review, and with those studies using
different procedures, adopting a more unified screening
process will be necessary to make stronger conclusions
about the concordance of animal laboratory, human
laboratory, and clinical trial outcomes.

2. Concordance between Animal and Human
Laboratory Studies. In assessing the concordance of
animal and human laboratory data, we found similar
consistency of results (Table 2). Comparable conclu-
sions were drawn for seven of the ten drugs reviewed
(pD-amphetamine, desipramine, amantadine, baclofen,
tiagabine, buspirone, and buprenorphine) in animal and
in human laboratory studies. Regarding two of the drugs
that did not show similar results (methylphenidate
and modafinil), some caveats exist. Comparison of
effects of methylphenidate across species appeared to
be complicated by the ADHD status of the human
subjects. Results in monkeys and rodents were largely
negative (Hiranita et al., 2009; Czoty et al., 2013),
whereas methylphenidate reduced cocaine choice in
the laboratory in cocaine abusers with comorbid ADHD
(Collins et al., 2006). No human laboratory study has
been conducted in cocaine abusers without ADHD;
thus it is unknown if an experiment in this population
would be more concordant with the results in labora-
tory animals. Regarding modafinil, the two human
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studies arrived at opposite conclusions (Hart et al.,
2008; Verrico et al., 2014), and only one study has been
conducted in nonhuman primates (Newman et al.,
2010). Progesterone was the only drug to show clearly
different effects in monkeys and humans, although the
comparison is limited to only one study in each. In
summary, concordant results between animal and
human laboratory studies were found for seven of the
ten drugs included in this review. For two drugs for
which conflicting data were obtained (methylphenidate
and modafinil), experimental factors were identified that
may have played a role in the discrepant results.

3. Concordance between Nonhuman Primate- or
Human-Only Studies and Clinical Trials. As depicted
in Fig. 1, of the 64 drugs identified during our searches,
there were 19 drugs that had been studied in the
laboratory either in nonhuman primates (and, in some
cases, rodents) or humans but not both. Thus they did
not meet the main criterion to be included in the review.
Nonetheless, the concordance of these laboratory stud-
ies and clinical data are worth examining (Table 3).
Although clinical trial results with lisdexamfetamine
were negative (Mooney et al., 2015), the authors of the
study conceded that they were limited in the doses that
could be tested, and anticipated that future studies
with higher doses would generate positive results to
match the only nonhuman primate study (Banks et al.,

2015). Thus it is premature to draw any conclusions
regarding the concordance of preclinical and clinical
lisdexamfetamine data.

Of the remaining 18 drugs, predictions of laboratory
data regarding the potential clinical utility of the drug
matched the results of the clinical trial(s) for 11 drugs
(Table 3). Concordant negative data were found for
fluoxetine, gabapentin, gepirone, mazindol, pergolide,
propranolol, quetiapine, sertraline, and venlafaxine.
Data for naltrexone were mixed, and data for metham-
phetamine were, on the whole, positive across clinical
trials and laboratory studies. Discordant conclusions
were reported for the other seven drugs (citalopram,
bupropion, disulfiram, lithium, phenytoin, ritanserin,
and varenicline). As with the comparisons discussed
above, a greater number of studies under a wider variety
of conditions might lead to enhanced concordance.

Methodological details may explain some of the
apparent discordance between laboratory and clinical
trial data for some of these drugs. Human laboratory
studies administered bupropion and phenytoin acutely
(Sofuoglu et al., 1999; Stoops et al., 2012b), whereas
clinical trials gave medications chronically (Crosby
et al., 1996; Shoptaw et al., 2008). The only clinical trial
to meet inclusion criteria for disulfiram (i.e., the only
one not conducted in opioid-maintained patients)
showed positive results (Carroll et al., 2004), unlike

TABLE 3
Published studies of drugs that were not tested in both animal and human laboratories
Symbols indicate that the studies were interpreted as providing positive (+) or negative (—) results regarding the suitability of the drug as a

pharmacotherapy. Under Laboratory Animal Studies, studies using rodent subjects are indicated by italics.

Drug Animal Laboratory Studies Human Laboratory Studies Clinical Trials
Citalopram (—)Howell et al., 2007 none (+)Moeller et al., 2007
(—)Hiranita et al., 2009
Bupropion none (+)Stoops et al., 2012b (—)Shoptaw et al., 2008
Disulfiram none (—)Halile et al., 2012 (+)Carroll et al., 2004
Fluoxetine (=)Carroll et al., 1990 none (—)Grabowski et al., 1995
(—)Kleven and Woolverton, 1993 (—)Batki et al., 1996
(—)Howell et al., 2007
Gabapentin none (—)Hart et al., 2004 (—)Berger et al., 2005
(—)Hart et al., 2007a (—)Bisaga et al., 2006
(—)Hart et al., 2007b
Gepirone (—)Gold and Balster, 1992 none (—)Jenkins et al., 1992
Lisdexamfetamine (+)Banks et al., 2015 none (—)Mooney et al., 2015
Lithium (+)Woolverton and Balster, 1979 none (—)Gawin et al., 1989
Mazindol (—)Kleven and Woolverton, 1993 none (—)Stine et al., 1995
(—)Mansbach and Balster, 1993
Methamphetamine (+)Negus et al., 2007 none (+)Mooney et al., 2009
(—)Banks et al., 2011
(+)Kohut et al., 2015
Naltrexone (+)Mello et al., 1990b none (—)Schmitz et al., 2001
(—)Hemby et al., 1996 (+)Schmitz et al., 2014
(—)Stromberg et al., 2002
Pergolide none (—)Haney et al., 1998 (—)Focchi et al., 2005
(—)Malcolm et al., 2000
Phenytoin none (—)Sofuoglu et al., 1999 (+)Crosby et al., 1996
Propranolol (—)Goldberg and Gonzalez, 1976 none (—)Kampman et al., 2001
Quetiapine (—)Brutcher and Nader, 2015 none (—)Tapp et al., 2015
Ritanserin (+)Meert et al., 1991 none (—)Johnson et al., 1997
(—)Howell and Byrd, 1995 (—)Cornish et al., 2001
Sertraline (—)Kleven and Woolverton, 1993 none (—)Winhusen et al., 2005
Varenicline (—)Gould et al., 2011 none (+)Plebani et al., 2012
Venlafaxine none (—)Foltin et al., 2003 (—)Ciraulo et al., 2005
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the only human laboratory study (Haile et al., 2012). In
the latter study, however, although 250 mg per day
disulfiram did not decrease choice of cocaine versus
saline, follow up analysis indicated that, when calcu-
lated on a milligram per kilogram basis, disulfiram dose
was negatively correlated with cocaine choices. Regard-
ing ritanserin, clinical trial data are negative but
laboratory data are mixed. However, it should be noted
that the study that showed positive effects of ritanserin
(Meert et al., 1991) was conducted in rats and used a
procedure very different from that of the vast majority
of studies in this review. Meert et al. (1991) reported
that rats’ preference for an oral cocaine solution (versus
water) was reversed by ritanserin without changing
total fluid intake, whereas ritanserin increased intra-
venous cocaine self-administration in squirrel monkeys
(Howell and Byrd, 1995). Finally, citalopram was
found to be ineffective in selectively reducing self-
administration in one rodent study (Hiranita et al.,
2009) and one monkey study (Howell et al., 2007), but
reduced cocaine-positive urines in the only clinical
trial (Moeller et al., 2007). It is important to note that
the clinical trial found citalopram to be effective when
combined with contingency management—an aspect
not incorporated into animal laboratory studies.
Taken together, the conclusions from studies with
these drugs largely mirror the conclusions from the
group of 10 drugs that were tested in all three settings.
Specifically, generally good agreement was found with
clinical trials, some clear explanations exist for discor-
dance, and the scarcity of published data point to the
need for a greater number of laboratory studies and
clinical trials to enhance our ability to assess translation.

C. Laboratory versus Clinical Endpoints

A critical area of departure between preclinical
studies and clinical trials is the selection of endpoints
used to quantify effectiveness of putative medications.
Animal and human laboratory studies use an array of
dependent measures to assess whether a potential
pharmacotherapy changes the quantity of drug used.
On the other hand, clinical trials typically compare
cocaine-positive urine tests across medication- and
placebo-treated groups. This difference in experimental
design leads to divergent definitions of success in the
laboratory versus the clinic that undoubtedly compli-
cates the translation of findings. In preclinical studies,
reduction of cocaine intake by a putative medication
represents a positive result. It is not necessary that
cocaine self-administration be completely eliminated.
In contrast, the reliance on qualitative urine screens
renders clinical trials able to measure changes only in
the general frequency and not the quantity of cocaine
use. In fact, it is also possible for frequency of drug use
to be reduced without affecting the number of positive
urine screens. The recent trial of progesterone (Yonkers
et al., 2014) provides an intriguing example. Although
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progesterone- and placebo-treated subjects submitted
cocaine-positive urines at the same rate, self-reported
use was lower and time to relapse was longer in those
that received progesterone. These data suggest that the
progesterone treatment produced meaningful improve-
ments despite similar results of urinalysis.

The reliance on total abstinence has historically been
attributed to the requirements of the FDA for develop-
ment of new medications. It is intuitive, however, that a
significant reduction in drug use is likely to have
beneficial consequences even in the absence of complete
cessation. This understanding is reflected in the en-
dorsement by the FDA of “percent subjects with no
heavy drinking days” as a meaningful endpoint in trials
for medications for alcohol use disorder (FDA, 2006; see
Falk et al., 2010). More recently, some have called for a
similar approach in trials of medications for cocaine use
disorders (Winchell et al., 2012; McCann et al., 2015;
Kiluk et al., 2016). As elucidated by McCann et al.
(2015), the critical hurdle to adopting such measures is
a clear demonstration that reductions in drug use lead
to clinically measureable benefits to the patient and a
determination of the extent of reduction necessary to
produce measureable improvements.

D. Behavioral Phenotypes as Predictors of
Clinical Efficacy

Researchers at all levels of the medications develop-
ment process would likely agree that there will be no
single medication that is universally effective in treat-
ing cocaine use disorder. The ability to identify subpop-
ulations of patients in whom a particular medication is
likely to be effective would be a critical advance in
treatment. One encouraging conclusion that can be
drawn from the findings of this review is that such
phenotypes are likely to exist with respect to a number
of subject characteristics and drug use variables. This
section highlights some clinical variables that emerged
from the present analysis as being potentially influential.

1. Psychiatric Comorbidity. As discussed above (sec-
tion IV.B.2), there appear to be differences in the effec-
tiveness of methylphenidate to reduce cocaine use
depending on whether the individual has been diag-
nosed with ADHD. Such a diagnosis could lead a
clinician to consider methylphenidate as part of a
treatment strategy. This approach has not been gen-
erally successful in patients dually diagnosed with
cocaine dependence and major depressive disorder. A
2005 review and meta-analysis did not find evidence
for prescribing antidepressants to reduce cocaine use
in dually diagnosed patients, although few published
studies were available for review (Torrens et al., 2005).
More recently, positive results have been found in de-
pressed cocaine abusers using sertraline (Oliveto et al.,
2012; Mancino et al., 2014), but not venlafaxine (Raby
et al., 2014). Taken together, these results raise the
possibility that comorbid psychiatric disorders may
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influence the efficacy of specific medications for co-
caine use disorder.

2. Severity of Cocaine Use or Withdrawal. Severity of
cocaine use also likely contributes to medication efficacy.
Baseline number of cocaine-positive urine drug tests as
well as scores on the Cocaine Selective Severity Assess-
ment predict treatment outcome (Kampman et al., 2002;
Ahmadi et al., 2006). The influence of drug use severity
on medication efficacy in the present review is exem-
plified when evaluating the discordant results for
amantadine (e.g., Shoptaw et al., 2002; Kampman
et al., 2006). Shoptaw and colleagues demonstrated
the efficacy of amantadine (200 mg/day) for reducing
cocaine use; however, this was not observed with
prospectively enrolled subjects with high scores on the
Cocaine Selective Severity Assessment, in whom a
higher dose was used (300 mg/day; Kampman et al.,
2006). This indicates that drug use severity must be
considered when selecting enrollment criteria. Similarly,
Kampman et al. (2001) demonstrated a greater effective-
ness of propranolol in cocaine users with more severe
withdrawal symptoms. Thus is it possible that attention
to heterogeneity in cocaine use and in symptomatology
may help identify medications with effectiveness in
subpopulations of cocaine users.

3. Polysubstance Abuse. In individuals diagnosed
with substance use disorders, polysubstance abuse is
common. For example, up to 90% of cocaine abusers also
abuse alcohol (Helzer and Pryzbeck 1988; Grant and
Harford 1990; Kampman et al., 2013). Despite this
clinical reality, most animal laboratory studies involve
subjects who have never been exposed to more than one
drug. Similarly, humans who are dependent on multiple
substances are typically excluded from clinical studies.
It is reasonable to conclude that the behavioral phar-
macology of cocaine and/or potential pharmacotherapies
is altered by a history of exposure to other psychoactive
substances. Clinical trial data with modafinil suggest
that the drug may be effective in reducing cocaine use
in individuals without a history of heavy alcohol use/
dependence (Anderson et al., 2009; Kampman et al.,
2015). This raises the intriguing possibility that the
effectiveness of a treatment to reduce cocaine use may
be modulated by the kinds and quantity of use of other
substances.

4. Other Factors. In addition to those mentioned
above, many other variables can influence the ability of
drugs to decrease cocaine self-administration in the
laboratory and in the clinic. The clinical trial with
buspirone (Winhusen et al., 2014) points to the impor-
tance of a subject’s sex. In that trial, there was no
statistically significant effect of buspirone treatment on
the ability of subjects to maintain abstinence. When
men and women were compared, however, it was
revealed that the probability of maintaining abstinence
until the end of the trial was slightly but not signifi-
cantly better for men who received buspirone versus
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placebo (21% versus 13%, respectively) but significantly
worse for women who received buspirone versus placebo
(18% versus 33%, respectively). Greater attention to
sex as a critical biologic variable is likely to enhance
the conclusions of studies of putative medications for
cocaine use disorder in the laboratory and the clinic. In
recognition of this fact, in June 2015 the NIH an-
nounced its expectation that sex be considered as an
important variable in study designs (http:/grants.nih.
gov/grants/guide/notice-files/NOT-OD-15-102.html).

E. Overall Conclusions and Recommendations

A strikingly low proportion of drugs that have been
tested in clinical trials for treatment of cocaine use
disorder have also been tested in well-controlled ani-
mal and human laboratory studies. As such, it can be
concluded that a demonstration of good therapeutic
potential in animal or human laboratory studies is
rarely part of the rationale for testing a drug in a
clinical trial. Conversely, it is apparent that few pre-
clinical researchers study drugs that have already been
tested in clinical trials. Despite this lack of a trans-
lational “pipeline” approach, the studies reviewed here
indicate generally good correspondence between animal
and human laboratory studies in predicting drugs’
ability to decrease cocaine self-administration. Similar
concordance was also observed between laboratory and
clinical trial results.

Although the predictive power of laboratory studies is
not perfect, the concordance is certainly better than
what has been observed when using subjective effects to
evaluate the efficacy of putative medications (Mello and
Negus, 1996; Comer et al., 2008; Haney and Spealman,
2008). Moreover, where discordant results were ob-
served across settings, a closer examination of subject
characteristics, regimens of drug treatment (i.e., dose/
duration), and dependent variables used to assess
treatment success revealed clear differences between
preclinical and clinical studies that may have contrib-
uted to inconsistent results. We close the review with
some recommendations that may lead to enhanced
translation and, ultimately, more efficient and success-
ful identification of efficacious treatments for cocaine
use disorder.

First, preclinical researchers should take into account
subject characteristics noted above, including sex and
polysubstance use. The important modulatory effect of
sex on cocaine reinforcement is well-documented (e.g.,
Lynch, 2006) but seldom investigated directly. Investi-
gators should ensure that their experiments are appro-
priately powered and that statistical approaches are
appropriately selected to detect sex differences. The
effect of other licit and illicit substances on cocaine use
has received even less attention. However, those studies
that have modeled polysubstance abuse in animals have
identified drug interactions that can enhance cocaine
reinforcement (e.g., Mattox et al., 1997; Mello et al.,
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2014; Czoty, 2015). Severity of cocaine use (in terms of
duration or total lifetime doses) could also be incorpo-
rated as an independent variable, particularly in animal
laboratory studies where pharmacological variables
can be easily controlled. Other subject factors, such as
comorbid psychiatric conditions, will require creativity
in model development in animals, but would be more
readily incorporated into human laboratory studies and
clinical studies. Although this additional stratification
would require recruitment of a larger number of subjects,
human laboratory studies would directly inform clinical
trials as to which comorbid psychiatric disorders are
worthy of consideration.

Second, we strongly agree with previous reviews on
the topic (e.g., Haney and Spealman, 2008) in conclud-
ing that concordance is greatly enhanced when studies
across laboratories use similar experimental parame-
ters. Specifically, the data reviewed here and elsewhere
advocate that animal researchers adopt the parameters
and research designs used in the human laboratory to
whatever extent is possible. For example, predictive
validity is enhanced in studies that assess medication
effects on cocaine self-administration rather than other
endpoints such as cocaine discrimination, subjective
effects, reinstatement of extinguished responding, con-
ditioned place preference or other cocaine-induced
behaviors. Assessment of chronic administration of
putative pharmacotherapies (rather than acute) also
emerged as a critically important procedural variable.
In addition, we advocate for assessment of selectivity
of medication effects—an inclusion criterion of this
review—as a critical experimental feature to reduce
false-positive conclusions. Although there are many
schedules of reinforcement available to measure cocaine
self-administration, procedures that require the subject
to choose between drug and an alternative reinforcer
appear to be the most translational. Choice procedures,
which have been adapted for use in animal and human
laboratories (Comer et al., 2008; Banks and Negus,
2012; Thomsen et al., 2013; Moeller and Stoops, 2015),
reflect a critical aspect of the disorder in that drug
abusers choose to allocate their time and resources
toward procuring and using drugs and away from other
commodities and activities that could serve as rein-
forcers. A greater effort to test potential medications
using similar methods across laboratories will help to
clarify whether results in preclinical and clinical set-
tings support the same conclusions. Researchers are
currently working to build such models to enhance
translation across species (e.g., Foltin et al., 2015). We
encourage continued prospective development of these
models, particularly with respect to dependent mea-
sures used to assess the success or failure of a medica-
tion, subsets of patients who might respond to different
medications and replication of results of the relatively
small number of studies we were able to include in this
review.
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Third, the reviewed data suggest that drugs should be
tested under multiple conditions in laboratory studies
in animals and humans before a determination is made
regarding the likelihood of clinical effectiveness. "Con-
ditions" in this case can include any procedural, subject,
drug, or environment-related factors. The majority of
drugs included in the present review have been exam-
ined in only one or two studies at most levels of analysis
(Table 1). Studying a drug under a limited set of condi-
tions (for example, only in male subjects or only under
an FR schedule) enhances the likelihood of misleading
conclusions and greatly hampers the ability to use the
existing preclinical framework as a “pipeline” to filter
drugs with potential clinical efficacy.

Fourth, laboratory studies and clinical trials diverge
in the primary dependent variables used to assess
medication success or failure. We advocate that clinical
researchers should transition away from strict reliance
on positive-versus-negative urine screens as the sole
measure of medication efficacy. Indeed, the process of
developing alternative outcome measures has already
begun (Kiluk et al., 2016). Furthermore, we encourage
the perspective that reducing cocaine use can be a
meaningful clinical endpoint. Determining what extent
of reduction of drug use is necessary to yield real
benefits, and the point in treatment when that occurs,
is a formidable task (see Kiluk et al., 2016). Preclinical
researchers are well-positioned to assist in this area. By
identifying biomarkers of the behavioral and physio-
logic processes that are adversely affected by cocaine, it
will be possible to assess the extent and speed of
recovery of these variables when cocaine intake is
decreased, but not eliminated. Full recovery of a bio-
marker in the absence of total abstinence may endorse
that measure as a potentially useful endpoint of clinical
trials.

Fifth, the overarching conclusions of this review also
suggest ways that the efforts of researchers to enhance
translation can be supported by funding agencies. Pre-
clinical study of drugs that have already been clinically
tested should be supported as necessary steps to un-
derstanding the basis for reported clinical success or
failure (“reverse translation”) rather than unnecessary
confirmation of clinical data. Similarly, efforts to repli-
cate and extend preclinical data should be viewed as
vital rather than duplicitous by both funding agencies
and editors of scientific journals. The NIH recently
expressed a commitment to enhancing the rigor and
reproducibility of research findings (http:/www.nih.
gov/science/reproducibility/principles-guidelines.htm)
that has been embraced by the major scientific publish-
ing companies (Nosek et al., 2015). In addition, inves-
tigators in both the laboratory and clinic should be
supported in their efforts to determine the extent of
reduction of drug intake necessary to achieve clinically
meaningful effects and the physiologic and behavioral
measures that can best serve as biomarkers in this
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endeavor. To facilitate this process, we recommend that
National Institute on Drug Abuse convenes a round-
table of animal laboratory, human laboratory, and clini-
cal researchers to discuss and refine the process of
evaluating medications at each level as well as the
process of prioritizing drugs for testing.

Sixth, we believe that the “pipeline” approach advo-
cated in this review will clarify strategies that should be
used to identify effective pharmacotherapies. However,
steps are required by the scientific and healthcare
communities to ensure this information affects drug
abuse treatment and policy. For example, Table 2
identifies seven drugs that decreased cocaine use in
at least one clinical trial. None of these are approved
for clinical use, and the extent of off-label use of such
drugs is unknown. Thus there is clearly another
critical step: the translation of data from clinical trials
to use in treatment. What evidence, at the level of
clinical trials, is necessary to hasten the FDA approval
process and, subsequently, willingness of physicians to
prescribe a drug? To the extent that such drugs are
prescribed, treatment data should be collected and used
to assess and refine laboratory and clinical research. In
some cases, even drugs found to be effective at all levels
of analysis will face significant political and economic
obstacles (regarding pD-amphetamine, see Negus and
Henningfield, 2015). Developing strategies to ensure
that drugs that emerge from the “pipeline” can over-
come such obstacles and make a meaningful impact on
treatment will require the creativity and cooperation of
scientists, physicians, and makers of policy.
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