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Preclinical Evaluation of Pharmacotherapies
for Treatment of Cocaine and Opioid Abuse

Using Drug Self-Administration Procedures
Nancy K. Mello, Ph.D., and S. Stevens Negus, Ph.D.

Drug abuse is a major public health problem, and the
relationship between intravenous drug abuse and AIDS
underscores the need for more effective treatment
medications. Animal models of drug self-administration are
useful to systematically evaluate new treatment
medications and predict clinical efficacy. This review
summarizes the status of preclinical evaluations of
medications for treatment of cocaine and opiate abuse. The
basic drug self-administration methodology and the
rationale for experimental designs and outcome criteria are
described. Studies of the effects of dopamine or opioid
receptor agonists and antagonists as well as medications

KEY WORDS: Cocaine treatment; Heroin treatment; Opioids;
Substance abuse; Drug self-administration; Substance
abuse treatment

Opioid abuse and cocaine abuse are major public health
problems (NIDA 1995), and the development of more
effective medications for drug abuse treatment is a con-
tinuing challenge. Recently, a number of factors have
converged to make drug abuse treatment a highly visi-
ble national priority. The cocaine epidemic of the 1980s
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used clinically for other indications on drug self-
administration are critically examined. Where possible, the
degree of concordance between clinical and preclinical
studies of drug abuse treatment medications is discussed.
We conclude that drug self-administration models are
valuable for preclinical assessment of medication efficacy,
and we recommend some strategies to further improve
evaluation procedures. The discovery of more effective
medications for substance abuse treatment should be

facilitated by recent advances in behavioral science,

pharmacology, neurobiology and medicinal chemistry.
[Neuropsychopharmacology 14:375—424, 1996]

(Adams and Durell 1984; Kozel and Adams 1986) was
paralleled by an increased use of cocaine by opioid-de-
pendent and methadone-maintained patients (Kosten et
al. 1986, 1987; Cushman 1988; Condelli et al. 1991).
Methadone, the traditional treatment for opioid abuse
(Dole 1988), has not been as effective in reducing con-
current cocaine abuse (Kosten et al. 1986, 1987, 1989a).
Some patients begin or increase cocaine abuse during
methadone treatment (Cushman 1988; Chaisson et al.
1989; Condelli et al. 1991; Dunteman et al. 1992). There
is no uniformly effective pharmacological treatment for
cocaine abuse per se, and concurrent abuse of both co-
caine and opioids presents an even greater challenge for
the development of treatment medications (Rawson et
al. 1991; Halikas et al. 1993; Tutton and Crayton 1993;
Mendelson and Mello 1996).

The urgent need to develop new pharmacotherapies
is prompted in part by the link between intravenous use
of cocaine and heroin and the spread of AIDS. Intrave-
nous drug abuse and needle sharing have been esti-
mated to account for over 30 percent of all AIDS cases
and over 50 percent of AIDS cases in women (National
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Commission 1991; CDC 1993). Intravenous cocaine and
heroin abuse also may accentuate the risk for AIDS,
because each has direct immunosuppressive effects
(Donahoe and Falek 1988; Pillai et al. 1991). One ap-
proach to AIDS prevention is more effective drug abuse
treatment. Pharmacotherapies can provide treatment
for larger numbers of patients than would be possible
with nonpharmacological approaches and can also
enhance more traditional treatment methods such as
counseling and rehabilitation. These arguments were
summarized in a congressional staff report entitled
“Pharmacotherapy: A Strategy for the 90s” developed
by a committee chaired by Senator J. R. Biden (1989).
This report focused attention on the importance of de-
veloping improved pharmacotherapies for drug abuse
treatment and led to the establishment of the Medica-
tions Development Division at the National Institute on
Drug Abuse, National Institutes of Health.

With the impetus of congressional sanction and the
specter of an accelerating epidemic of AIDS associated
with intravenous drug abuse, scientific interest in phar-
macotherapies for drug abuse treatment has increased.
Investigators from a broad spectrum of disciplines are
now concerned with the development and evaluation
of new drug abuse treatment medications, and this
gathering momentum was reflected by the Plenary
Session of the American College of Neuropsychophar-
macology, of which this review was a part. Of course,
recognition of the value of pharmacotherapies for drug
abuse treatment is not new. The basic arguments were
clearly articulated by Dole and Nyswander (1965) in the
mid-1960s and federally endorsed in the 1973 National
Strategy for Drug Abuse Prevention published by the
White House Special Action Office for Drug Abuse
Prevention. Unfortunately, medical approaches to drug
abuse treatment were often met by a series of quasi-
moralistic objections as well as arguments for enhanced
law enforcement and interdiction of drug supplies. Ad-
vocacy for drug supply reduction strategies has per-
sisted undiminished since the early 1900s and continues
to command the greatest allocation of federal resources
devoted to reducing drug abuse (Musto 1973). This po-
litical emphasis has often obscured the real benefits of
methadone treatment for opioid dependence while ex-
aggerating its limitations.

The emerging consensus that more effective pharma-
cotherapies may reduce drug abuse and risk for AIDS
has stimulated interest in using preclinical models to
evaluate potential medications for drug abuse treat-
ment (Mello 1991, 1992; Balster et al. 1992; Spealman
1992; Woolverton and Kleven 1992). Animals will reli-
ably self-administer most drugs that are abused by
man, and it is reasonable to anticipate that medications
that decrease drug self-administration should be more
clinically effective than medications that do not change
or increase drug self-administration. Moreover, animal
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drug self-administration models offer some method-
ological advantages for the systematic evaluation of
new medications. Unlike clinical trials, compliance with
the treatment regimen is ensured, and there is no con-
founding influence of unreported polydrug abuse. The
effects of a new treatment medication on an ongoing
pattern of drug self-administration can be evaluated
quantitatively under controlled experimental condi-
tions. Accurate baseline measures of the daily dose and
patterns of drug self-administration can be determined
before, during, and after administration of the treat-
ment medication, whereas in clinical studies the drug
abuse history and the usual pattern of drug use are of-
ten unknown. It is also possible to monitor medication
safety during exposure to the abused drugs and to
detect any adverse side effects that compromise the
health of the animal. Finally, uncontrolled social factors
such as expectancy or placebo effects and peer pressure
cannot complicate the interpretation of data obtained in
animal models. Moreover, targeted preclinical trials are
more cost-effective than extensive clinical trials.

This review describes the use of animal models of
drug self-administration to evaluate potential medica-
tions for treatment of cocaine, opioid, and polydrug
abuse involving concurrent cocaine and opioid abuse.
We have selected these three forms of substance abuse
because of their prevalence and medical and social viru-
lence (Kreek 1987; DAWN 1993; Mendelson and Mello
1994; NIDA 1995). We have focused on the drug self-ad-
ministration model because it has been studied exten-
sively across a number of laboratories in several species
and appears to have clinical relevance. Where possible,
we have compared preclinical data with clinical evalua-
tions of established pharmacotherapies for drug abuse
treatment, but many medications examined in preclini-
cal studies have not been approved for clinical testing.
The validation of preclinical models for evaluation of
drug abuse treatment medications requires an ongoing
assessment of the concordance between preclinical
studies and outpatient studies. These interrelated pro-
cesses of validation and prediction are illustrated sche-
matically in Figure 1.

Drug self-administration models are especially valu-
able for evaluation of medications that substitute for or
antagonize the effects of cocaine and heroin. These medi-
cation strategies do not depend on any particular con-
ceptualization of the pathogenesis of drug abuse, and
the effects of antagonists and agonists on drug self-ad-
ministration can be interpreted in terms of pharmaco-
logical interactions with the target drug of abuse. How-
ever, in addition to pharmacological antagonists and
agonists, a wide range of medications approved for
other indications are often used clinically in substance
abuse treatment. For example, antidepressants such as
desipramine and fluoxetine have been used clinically
for the treatment of abuse of cocaine alone and com-
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bined cocaine and opioid dependence (Gawin and Kle-
ber 1984; Tutton and Crayton 1993; Mendelson and
Mello 1996). Insofar as a coexisting psychiatric disorder
may contribute to the initiation and perpetuation of
drug abuse, this strategy has potential clinical useful-
ness. Antidepressant medications also have been exam-
ined in preclinical models of cocaine self-administra-
tion, and these studies will be reviewed. A variety of
other medications ranging from anticonvulsants to
ibogaine also have been examined in animal models of
cocaine and opioid self-administration, and we discuss
the implications of these studies for medication devel-
opment. Finally, a number of the studies described in
this review were designed to analyze the pharmacologi-
cal mechanisms underlying the reinforcing effects of
abused drugs rather than to evaluate the effects of po-
tential treatment medications. Despite a different em-
phasis, results from these studies of drug interactions
often are very relevant to issues of treatment medica-
tion development.

This review is divided into four sections. The first
section describes the basic methods used to conduct
drug self-administration studies and the types of data
obtained. In this context, we examine the underlying as-
sumptions and the advantages and limitations of vari-
ous study designs for evaluating treatment medications.
The rationale for several criteria used to determine
treatment medication efficacy are critically examined.
The next two sections review illustrative preclinical
studies of the effects of drugs on the self-administration
of cocaine, opioids, and cocaine/opioid combinations.
We have attempted to provide a comprehensive, al-
though not exhaustive, summary of the basic preclinical
literature in tabular form. These tables summarize stud-
ies that examined drug effects on cocaine self-adminis-
tration (Tables 1-4) and opioid self-administration (Ta-
bles 5 and 6). Four categories of medication effects on
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Figure 1. Cross validation of preclinical
and clinical models. Validation of the effec-
tiveness of animal models for preclinical
evaluation of drug abuse treatment medica-
tions requires assessing the degree of con-
cordance between preclinical studies and
outpatient clinical studies. Eventually, the
preclinical model should enable users to
predict the potential effectiveness of new
pharmacotherapies. This interactive pro-
cess of cross-validation and prediction is es-
sential for refinement of the preclinical
model. From Mello NK (1992): Behavioral
Strategies for the Evaluation of New Phar-
macotherapies for Drug Abuse Treatment.
NIDA Research Monograph 119. Washing-
ton, DC: Government Printing Office, pp
150-154.

cocaine self-administration are summarized: dopamine
antagonists (Table 1); dopamine agonists and partial ag-
onists (Table 2); opioid antagonists, agonists, and mixed
agonist-antagonists (Table 3); and medications ap-
proved for other indications (Table 4). Two categories of
medication effects on opioid self-administration are
summarized in tabular form: opioid antagonists (Table
5), and opioid agonists and mixed agonist-antagonists
(Table 6). The effects of a diverse group of nonopioid
drugs on opioid self-administration are described in the
text. The implications of findings from this emerging
database for the design of optimal preclinical studies
for pharmacotherapy evaluation are discussed in the fi-
nal section of this review.

PRECLINICAL MODELS OF INTRAVENOUS
DRUG SELF-ADMINISTRATION

Drug Self-Administration: Basic Procedures

During the 1960s, several independent groups reported
the first studies showing that monkeys and rats surgi-
cally implanted with an intravenous catheter would
self-administer a wide range of opioids, stimulants, and
alcohol (Weeks 1962; Thompson and Schuster 1964;
Yanagita et al. 1965; Deneau et al. 1969). The procedures
currently used for drug self-administration studies are
similar across laboratories. A chronic intravenous cathe-
ter is surgically implanted into an accessible vein (usu-
ally a jugular or femoral vein) to permit infusion of a
drug solution. During drug self-administration ses-
sions, the subject acquires drug injections by emitting
some discrete response, such as pressing a response key
or a lever on an operant panel. The number and pattern
of responses required for each injection are specified by
the schedule of reinforcement, and the availability of
drug injections under this schedule of reinforcement is
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usually signaled by a stimulus, such as the illumination
of a stimulus light on or above the response key. Param-
eters such as the schedule of reinforcement, the volume
and duration of each injection, the duration and fre-
quency of drug self-administration sessions, and the
stimulus conditions in effect during drug self-adminis-
tration sessions are controlled by computers. In addi-
tion, alternative reinforcers such as food may be made
available. The dependent variables in drug self-admin-
istration studies are usually the number of injections
delivered or the rate of responding during each drug
self-administration session.

It is now well-established that animals will self-ad-
minister most drugs that are abused by man, and there
are many similarities in patterns of animal and human
drug self-administration (Mello 1979; Griffiths et al.
1980; Brady and Lukas 1984). For example, drug self-
administration procedures have been used to predict
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the abuse liability of novel compounds (Schuster and
Johanson 1974; Thompson and Unna 1977; Brady et al.
1987), and there has been consistently good concor-
dance between clinical and preclinical assessments of
the reinforcing effects of drugs (Griffiths and Balster
1979; Brady and Lukas 1984; Balster 1991). Similarly, in-
sofar as the goal of pharmacotherapy is to reduce drug
self-administration, this drug self-administration model
also should be useful for the evaluation of new treat-
ment medications (Mello 1992).

Drug self-administration studies have consistently
obtained an inverted U-shaped dose—effect curve relat-
ing the dose of drug delivered in each injection (the unit
dose) to some metric of drug self-administration behav-
ior, such as response rate or the number of injections de-
livered. There is an extensive literature indicating that
cocaine and opioid self-administration dose—effect curves
display the typical inverted U-shaped dose—effect curves

Figure 2. Number of injections/day or food
pellets/day delivered to rhesus monkeys when
different unit doses of cocaine or heroin were
available during drug self-administration ses-
sions. Abscissae: Unit dose cocaine in mg/kg/inj
(log scale) available during drug self-administra-
tion sessions. Left Ordinates: Number injections
delivered per day (open squares). Right Ordinates:
Number 1 gm food pellets delivered per day
(filled circles). Points above “Sal” show data from
days when saline was available during drug ses-
sions. Monkeys responded for food and drugs
under a second-order FR 4 (VR16:S) schedule.
Four food sessions were run daily from 6:00 to
7:00 AM., 11:00 AM. to noon, 3:00 to 4:00 P.M.,,
and 7:00 to 8:00 P.M. During each food session,
monkeys could earn up to 25 pellets, for a maxi-
mum of 100 pellets per day. Four drug sessions
were run daily from 7:00 to 8:00 A.M., noon to
1:00 P.M., 4:00 to 5:00 P.M., and 8:00 to 9:00 P.M.
During each drug session, monkeys could earn
up to 20 injections, for a maximum of 80 injec-
tions per day. The monkeys were initially trained
to self-administer a maintenance dose of 0.01 or
0.032 mg/kg/injection of cocaine and saline, and
each unit dose of cocaine or heroin was substi-
tuted for the maintenance dose for 5 to 10 con-
secutive days and until responding for injections
stabilized. Stability was defined as 3 consecutive
days during which the number of injections/day
was within 10% of the mean number of injections
per day. Each point shows mean data from the
last 3 days of each condition in 11 monkeys (fop
panel) or three monkeys (bottom panel). Brackets
show the SE. Adapted from Negus SS; Mello NK;
Lukas SE; Mendelson JH (1995a): Diurnal patterns
of cocaine and heroin self-administered in rhesus
monkeys responding under a schedule of multi-
ple daily sessions. Behav Pharmacol. 6:763-775.

e Aeq/sidlled
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under most conditions (Brady and Lukas 1984; Woods
et al. 1987). Similar dose—effect curves also were mea-
sured for simultaneous self-administration of cocaine
and heroin combinations in a primate model of poly-
drug abuse (Mello et al. 1995). Controlled clinical stud-
ies have usually found that increasing drug doses are
associated with increasing levels of drug self-adminis-
tration corresponding to the ascending limb of the
dose—effect curve in preclinical studies (see Griffiths et
al. 1980 for review; Lamb et al. 1991). Detailed explora-
tion of the effects of high doses has often been limited
by considerations of subject safety in clinical research.
In practice, the drug abuser seldom knows the purity or
the dose of the drug purchased, and the empirical dose—
effect curve may span a range from a mild subjective
high to a potentially lethal overdose.

An example of a dose-effect curve for cocaine and
heroin self-administration by rhesus monkeys is shown
in Figure 2. The cocaine dose—effect curve is character-
ized by an ascending limb (0.001-0.01 mg/kg/inj.), a
peak (0.01-0.032 mg/kg/inj.) and a descending limb
[0.032-0.1 mg/kg/inj. (see Figure 2, top panel)]. Along
the ascending limb, increasing unit doses of cocaine re-
sult in an increase in the number of injections delivered
until some peak number of injections per day is ob-
tained. Along the descending limb, further increases in
the unit doses of cocaine result in decreases in the num-
ber of drug injections. A similar dose—effect curve is
shown for heroin self-administration (Figure 2, lower
panel). The peak of the heroin dose-effect curve is at a
unit dose of 0.0032 mg/kg/inj., and the number of in-
jections decreases at higher unit doses. The shape of
these dose—effect curves reflects an interaction between
the self-administered drug’s reinforcing effects, which
tend to increase response rates, and other effects (such
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as sedation and stereotypies), which limit rates of oper-
ant responding. Thus, along the ascending limb, rein-
forcing effects predominate and response rates increase,
whereas along the descending limb, rate-decreasing ef-
fects predominate and response rates decrease. In con-
trast, food-maintained responding remains quite stable
during the ascending limb of the cocaine and the heroin
dose—effect curve and decreases during the descending
limb of the dose—effect curve.

The slopes of the ascending and descending limbs,
the magnitude and width of the peak, and the position
of the curve along the abscissa can vary as a function of
several parameters, including the schedule of reinforce-
ment, the drug available for self-administration, and
the behavioral history of the subject. An example of
how the cocaine dose—effect curve in rats can vary as a
function of schedule parameters such as the fixed ratio
requirement and the postinjection timeouts is shown in
Figure 3. Notice that lengthening the postinjection time-
out from 20 seconds to 2 minutes changed the position
of the ascending limb, peak, and descending limb of the
cocaine dose—effect curve. Thus, when postreinforce-
ment timeouts were brief, rats could rapidly self-ad-
minister many cocaine injections and a low unit dose
was at the peak of the dose—effect curve. When succes-
sive cocaine injections were separated by at least 2 min-
utes, higher unit doses were required to maintain re-
sponding. These data illustrate that the schedule of
reinforcement is an important determinant of baseline
drug dose—effect curves.

Evaluation of Medication Efficacy

Study Designs. The basic study design used for pre-
clinical evaluation of a potential pharmacotherapy is
similar to a single-blind, crossover trial in clinical re-

Figure 3. The effect of schedule require-
ments and postinjection timeout duration on
the cocaine self-administration dose-effect
curve. Saline and different unit doses of
cocaine are shown on the abscissa. The per-
cent of baseline control responding (total
cocaine injections per 3-hour session) is
shown on the left ordinate. Cocaine self-
administration maintained on a FR 5 to 20-sec
timeout (closed circles) and a FR 15 to 20-sec
timeout (open circles) represents the average of
eight and four rats, respectively. Cocaine self-
administration maintained on a FR 15 to
2-minute timeout (open squares) was deter-
mined in six or eight rats. Adapted and
reprinted with permission from Caine SB and
Koob GF (1994): Effects of dopamine Dy and

0 0.063 0.125 0.250
COCAINE DOSE (mg/kg/ini)

D, antagonists on cocaine self-administration
under different schedules of reinforcement in
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Possible Effects of Pharmacotherapy (ll4 A) on a Drug Dose-Response Curve (O)
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Figure 4. Medication effects on drug dose-response curve. Drug injections per day are shown on the ordinate and the drug
dose per injection is shown on the abscissa of each panel. Injections per day during saline-maintained responding are shown
above S on each abscissa. Open circles, drug dose—effect curve during saline control treatment; Solid squares, left panel, antago-
nism of the drug’s reinforcing effects and rightward shift in the drug dose-response curve. Solid diamonds, center panel,
depression of drug-maintained responding with no shift in the dose-response curve. Solid triangles, right panel, enhancement
of the drug’s reinforcing effects and leftward shift in the drug dose-response curve.

search. First, baseline drug self-administration patterns
are examined during placebo treatment with saline or a
vehicle control solution. Once drug self-administration
patterns are stable, the treatment medication is substi-
tuted for saline placebo treatment on a single occasion
or for several days. Placebo-control treatment is then re-
sumed, and the rate at which drug self-administration
returns to baseline control levels is measured. This se-
quence may be repeated several times using different
doses of the treatment drug or different treatment
drugs. It is important to study several doses of the treat-
ment medication to determine the range of doses over
which it is maximally effective.

Medication Effects on Drug Dose-Effect Curves. Usu-
ally, the effects of the treatment medications are first
evaluated on a dose of the abused drug that maintains
high levels of drug self-administration, that is, a reinforc-
ing dose on the ascending limb or the peak of the drug
dose—effect curve. If a treatment drug reduces self-ad-
ministration of a reinforcing dose of the abused drug,
this is one indication of potential treatment efficacy.
However, a treatment drug may have different effects at
higher and lower doses of the abused drug, so a com-
plete dose—effect curve should also be examined. Three
possible effects of a treatment medication on a theoreti-
cal cocaine dose-response curve are shown in Figure 4.

Antagonism. If the dose-response curve for cocaine is
shifted to the right during treatment, this suggests that
the medication is antagonizing the reinforcing effects of
cocaine. Higher doses of cocaine are required to main-
tain the same level of responding previously main-
tained by a lower dose of cocaine (Figure 4, left panel).

Depression. A second possibility is that the position
of the cocaine dose-effect curve may remain the same,

but there is an overall reduction in responding (Figure
4, center panel).

Enhancement. Alternatively, the cocaine dose-re-
sponse curve may be shifted to the left during treat-
ment. If lower doses of cocaine now maintain the same
level of responding as during saline control treatment,
these data suggest that the treatment medication is en-
hancing cocaine’s reinforcing effects (Figure 4, right
panel).

It is important to note that both leftward and right-
ward shifts in the dose-effect curve decrease self-ad-
ministration of some unit doses, but simultaneously in-
crease self-administration of other unit doses. Leftward
or rightward shifts, then, represent a change in the po-
tency of the self-administered drug. Only a downward
shift in the dose-effect curve involves a decrease in the
self-administration of all unit doses. From a treatment
perspective, medications that shift the cocaine or heroin
dose-effect curve downward may have the most gen-
eral therapeutic utility, because drug-taking behavior
decreases across a broad range of unit doses. Medica-
tions that simply alter the potency of the self-adminis-
tered drug and shift the dose—effect curve to the right
may be less satisfactory. It is apparent in Figure 4 (left
panel) that despite a rightward shift in the dose—effect
curve, the drug available for self-administration retains
its ability to maintain high rates of drug-taking behav-
ior and drug users may compensate for the change in
potency by changing the amount of drug used per occa-
sion or the rate of drug self-administration. This phe-
nomenon is illustrated in many of the studies we review,
in which treatment medication effects were evaluated
against a single unit dose of the self-administered drug
located on the descending limb of the dose—effect curve.
In these studies, an increase in drug self-administration



NEUROPSYCHOPHARMACOLOGY 1996-VOL. 14, NO. 6

often is taken as evidence that the underlying dose—ef-
fect curve has shifted to the right and that the treatment
medication has antagonized the reinforcing effects of
the self-administered drug. Although an increase in
drug self-administration may be interpreted as evi-
dence for antagonism, it is not a desirable goal for med-
ications that are to be used in the clinical treatment of
drug abuse.

Duration of Treatment. Treatment medications can be
given in single acute doses or chronically over days or
weeks. Pragmatic considerations, such as very limited
quantities of a new medication, may dictate the use of
an acute rather than a chronic treatment paradigm.
However, most medications are used clinically on a
chronic basis, and some pharmacotherapies require a
long exposure before treatment effects are evident
(Gawin and Ellinwood 1988; Gawin 1991). In preclinical
studies, repeated daily exposures to the medication
may be necessary to detect a suppressant effect on drug
self-administration. Chronic treatment offers several im-
portant methodological advantages over acute treatment
for preclinical evaluations. During chronic treatment, it
is possible to measure the persistence of treatment med-
ication effects and to determine whether an initial de-
crease in drug self-administration remains constant
over time. If a decrease in drug self-administration is
only transient, this could indicate that tolerance devel-
oped to the treatment drug effect. For example, chronic
administration of a treatment medication for as little as
8 to 10 days sometimes is sufficient to reveal tolerance
development in rhesus monkeys (Woolverton and Virus
1989; Kleven and Woolverton 1990b; Gold and Balster
1992; Negus et al. 1995b). In contrast, testing single
acute doses may lead to an erroneous conclusion of no
effect or may yield false positives because an initial de-
crease in drug self-administration may not be sustained.

Treatment Outcome Measures. The dependent mea-
sures used to assess treatment medication efficacy usu-
ally are the number of drug injections taken during a
period of drug availability and the rate of operant re-
sponding for drug injections. As we have seen in Fig-
ures 2 and 3, both behavioral measures are critically in-
fluenced by the schedule of reinforcement, the drug
dose per injection, and the cumulative dose acquired
over a session. The importance of the schedule of rein-
forcement in determining drug self-administration has
been extensively reviewed elsewhere, and discussion of
the many complex schedule permutations and the ef-
fects on operant behavior is beyond the scope of this re-
view (see Ferster and Skinner 1957; Dews 1958, 1981;
Kelleher and Morse 1968; Byrd 1981 for review). The ba-
sic building blocks of complex schedules are ratio
schedules where the animal is reinforced after emitting
some number of responses, and interval schedules
where the first response after a specitied interval has
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passed results in reinforcement. One fundamental dif-
ference between fixed-ratio and fixed-interval sched-
ules is the degree of control that the animal has over the
frequency of drug injections. For example, in a fixed-ra-
tio (FR) schedule of reinforcement, the interval between
successive drug injections is controlled by the animal’s
rate of response, and response rate and number of injec-
tions are likely to be highly correlated. In contrast, on a
fixed-interval (FI) schedule, the frequency of injections
is primarily determined by the reinforcement schedule,
not by response rates. The duration of the postreinforce-
ment timeout also influences the frequency of drug in-
jections (see Figure 3).

Most investigators have relied exclusively on only
one dependent variable and have not studied the corre-
lation between rate of operant responding and number
of drug injections. The issue is complicated by the fact
that drugs usually have a direct effect on rates of re-
sponding that is cumulative during the drug self-ad-
ministration session. Moreover, drugs from different
pharmacological classes may have different effects on
response rates. For example, stimulants such as cocaine
may increase rates of responding initially, whereas opi-
oids may decrease rates of responding. Although both
measures have limitations, the number of injections has
a consistent definition from laboratory to laboratory
whereas the definition of response rates may vary.
There is disagreement as to whether overall response
rate (including postreinforcement pauses), running rate
(time from the first response to acquisition of each rein-
forcer), or derivative measures (such as inter-response
times distributions) provide the most sensitive index of
operant response rates (Skjoldager et al. 1991). Al-
though response rate data during medication treatment
are often presented as percent of control rates, these
definitional and procedural differences complicate com-
parisons between laboratories. As research on preclini-
cal evaluation of treatment medications evolves, it is
likely that more attention will be directed toward inte-
grating information from these two dependent variables.

The number of drug injections is a sensitive measure
of medication efficacy (Mello et al. 1989, 1990b, 1992)
and shows good concordance with clinical trials (Mello
et al. 1990b, 1993c; Mello 1991). However, most labora-
tories limit the total number of drug injections available
per session to minimize the possibility of drug over-
dose. This safety precaution could impose an artificial
ceiling effect that would prevent detection of a medica-
tion-induced enhancement of drug self-administration
(Mello et al. 1990b). Because the effectiveness of chronic
treatment is defined in terms of a selective decrease in
drug self-administration, limiting the number of drug
injections is seldom a serious problem. Unlimited ac-
cess to some drugs has led to severe toxicity in rhesus
monkeys (Aigner and Balster 1978) so there is no practi-
cal alternative to restricted drug access.



382 N.K. Mello and S.S. Negus

80

60

* ¥
* %

40

¥ %

20

Cocaine Injections/Day —e—

NEURCPSYCHOPHARMACOLOGY 1996—VOL. 14, NO. 6

Figure 5. Butorphanol effects on
cocaine and food self-administration.
Nonselective effects of treatment with
an opioid mixed agonist-antagonist
analgesic, butorphanol, on cocaine and
food self-administration by rhesus mon-
keys. The effects of daily treatment with
saline or butorphanol (0.01 to 0.30 mg/
kg/day) on cocaine (solid circles) and
food self-administration (solid squares)
are shown. Saline treatment and each
dose of butorphanol were studied for
10 days. Each data point is the average
(= SE) of five subjects except for butor-
phanol (0.3 mg/kg), which is an aver-
age of four subjects. The statistical
significance of each change from the
saline treatment baseline is indicated by
asterisks (**, p < 0.01). From Mello NK;
Kamien ]B; Lukas SE; Drieze J; Mendel-
son JH (1993d): The effects of nalbu-
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Selectivity of Treatment Effects on
Drug Self-Administration

During preclinical evaluation of medication effects on
drug-taking behavior, the principal focus is on the abil-
ity of the medication to change drug self-administra-
tion. However, preclinical studies also provide an
opportunity to examine a medication’s adverse conse-
quences that may limit its clinical usefulness. In drug
self-administration studies, the adverse effects of a
medication usually are inferred from its effects on be-
haviors other than self-administration of the target drug
of abuse. For example, the effects of a medication on un-
conditioned behaviors such as posture or locomotor ac-
tivity as well as adverse effects such as convulsions or
extreme sedation can be observed and recorded.

The extent to which a treatment medication selec-
tively reduces drug self-administration is another im-
portant consideration. If the treatment medication re-
duces drug self-administration to a greater extent or for
a longer time than it reduces behavior maintained by
another reinforcer, this would suggest that the treat-
ment drug has selective effects on drug self-administra-
tion. Alternatively, if the treatment drug is sedating, this
could result in a parallel dose-dependent decrease in
the self-administration of both a drug and a nondrug
reinforcer such as food. An example of both a selective
and a nonselective decrease in cocaine self-administra-
tion during daily treatment with an opioid mixed ago-
nist-antagonist analgesic, butorphanol, is shown in Fig-

phine and butorphanol treatment on
cocaine and food self-administration by
rhesus monkeys. Neuropsychopharma-
cology 8:45-55. Reprinted with per-
mission.

0.3

ure 5. At the lowest dose of butorphanol (0.01 mg/kg/
day), cocaine self-administration decreased significantly,
but food self-administration remained slightly above
saline treatment levels. However, as treatment drug
doses were increased, there was a parallel decline in
both food and cocaine self-administration. This means
that the effects of the 0.03- to 0.3-mg/kg dose of butor-
phanol were not selective for cocaine, but rather re-
flected a general disruption of operant behavior.
Another strategy used to evaluate selectivity is to
compare the effects of the treatment drug on self-ad-
ministration of the target drug of abuse and self-admin-
istration of a drug from another pharmacological class.
If self-administration of the target drug is reduced and
self-administration of the comparison drug is not, then
it can be argued that the treatment drug is having a selec-
tive effect. An example of this approach is the evaluation
of potential treatment medications on cocaine and alfenta-
nil self-administration (Winger et al. 1992; Winger 1994).
Comparisons between two or more drugs from differ-
ent pharmacological classes also may clarify the mecha-
nisms by which the treatment medication reduces drug
self-administration (Winger et al. 1992). One problem in
interpreting data from studies that compare medication
effects on the target drug with an alternative drug or
with nondrug reinforcers is whether or not each has
equivalent reinforcing properties. However, determin-
ing the equivalence of reinforcers is a complex issue of
continuing debate that is beyond the scope of this review.
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Although medication-induced suppression of respond-
ing maintained by other reinforcers is undesirable, the
interpretation of medication effects on the self-adminis-
tration of an alternative reinforcer may be complicated
by the same considerations that influence interpretation
of medication effects on self-administration of the target
drug (i.e., the inverted U-shaped curve relating magni-
tude of the reinforcer to rates of self-administration be-
havior; see Figures 2 and 3). Furthermore, evaluating
medication effects on the self-administration of alterna-
tive reinforcers addresses only one dimension of the
many adverse effects that could be produced by a med-
ication. For example, a medication that produced a non-
selective suppression of operant behavior at doses that
produced no other toxic effects may have clinical utility
under some circumstances. Thus, an evaluation of the
selectivity of a medication in decreasing drug self-ad-
ministration is an important step in a more general pro-
cess of characterizing that medication’s adverse effects.

One final medication effect that can be directly as-
sessed in drug self-administration studies is the rein-
forcing effect of the medication itself. To evaluate a
medication’s reinforcing effects, it is substituted for co-
caine or heroin to determine the dose-range over which
it maintains operant behavior leading to its self-admin-
istration. Because reinforcing effects in preclinical stud-
ies are indicative of abuse liability in humans, the abil-
ity of a drug to reinforce behavior is usually considered
to be an adverse effect. However, in the clinical treat-
ment of drug dependence, medications are self-admin-
istered by the patient and medication delivery depends
on the patient’s active participation and cooperation. As
a result, medication-induced reinforcing effects may im-
prove patient compliance with the treatment regimen.
In addition, the relative costs associated with medi-
cation-induced reinforcing effects must be weighed
against the costs of continued abuse of the target drug.
Even if a medication produces reinforcing effects on its
own, it may still be valuable in the treatment of drug
dependence if it decreases self-administration of the tar-
get drug and produces fewer adverse effects than the
target drug.

Interpretation of Criteria for Medication Efficacy

From a clinical perspective, a decrease in drug self-ad-
ministration is the goal of treatment, and this is the cri-
terion of efficacy used in inpatient evaluations of new
medications (Meyer and Mirin 1979; Mello and Mendel-
son 1980; Mello et al. 1981; 1982). However, in preclinical
studies, this criterion has not been used consistently as
an index of potential medication effectiveness. Rather,
many investigators have interpreted an increase in drug
self-administration as evidence that the treatment med-
ication was antagonizing the reinforcing effects of co-
caine or heroin. This apparent contradiction in goals in
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the clinical and the preclinical treatment evaluation lit-
erature is based in part on the assumption that an effec-
tive treatment medication should make the abused
drug more like saline or like a lower dose of the abused
drug by antagonizing its reinforcing properties. Be-
cause substituting saline for cocaine or heroin may re-
sult in an initial increase in drug-maintained respond-
ing, a treatment that increases drug self-administration
may be classified as a potentially effective antagonist.
This criterion for medication effectiveness usually is ap-
plied in studies where one or more doses of the treat-
ment drug were administered on a single occasion
(acute treatment). However, an increase in drug self-ad-
ministration is not a desirable outcome in studies in
which the medication is administered repeatedly over
days or weeks (chronic treatment). In chronic treatment
studies, medication effectiveness is reflected in a sus-
tained decrease in drug self-administration. The saline
analogy remains relevant insofar as self-administration
of saline also decreases over several days of exposure.
Some investigators have measured the number of days
required for saline-maintained responding to decrease
to a low level and used this as the basis for determining
how long to evaluate each dose of a treatment medica-
tion (Woolverton and Virus 1989; Kleven and Woolver-
ton 1993).

If an initial increase in drug self-administration in
acute treatment studies was usually followed by a de-
crease in drug self-administration over time in chronic
treatment studies, then reconciliation of findings from
reports of acute and chronic treatment would be less
problematic. However, the inconsistencies in results ob-
tained with the same treatment medication in the same
species indicate the importance of these procedural dif-
ferences. This issue is further complicated by different
results obtained when cocaine or heroin doses are on
the ascending or descending limb of the dose—effect
curve (see Figure 4).

TREATMENT MEDICATION EFFECTS ON
COCAINE SELF-ADMINISTRATION

Clinical Treatment of Cocaine Abuse

Currently there is no uniformly effective clinical treat-
ment for cocaine abuse and dependence. Treatment is
complicated by the diversity of cocaine administration
patterns as well as concurrent abuse of opioids, alcohol,
and other substances. Often pharmacotherapies that ap-
peared to be effective with cocaine abusers were not ef-
fective with more severely ill persons who met DSM-III-R
criteria for cocaine dependence (see Mendelson and
Mello 1996 for review). Conversely, severely cocaine-
dependent men who also were heroin dependent ap-
peared more responsive to treatment with an opioid
mixed agonist-antagonist, buprenorphine, than opioid-
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dependent patients who used cocaine occasionally (see
Mello et al. 1993c for review). Although a wide range of
medications, including antidepressants, dopamine ago-
nists, antagonists and reuptake inhibitors, anticonvul-
sants and opioid agonists, antagonists, and mixed ago-
nist-antagonists have been studied in clinical samples,
the findings were often inconclusive (see Rawson et al.
1991; Halikas et al. 1993; Tutton and Crayton 1993; Men-
delson and Mello 1996 for review). Inconsistent diag-
nostic criteria for cocaine abuse and cocaine depen-
dence, as well as controversy over appropriate criteria
for treatment effectiveness, contribute to the discrepant
results in the clinical literature. Traditionally, total drug
abstinence has been the accepted standard for success
of treatment. Yet, this criterion is more stringent than is
applied in other areas of medicine. The clinical reality is
that most cocaine abusers and other substance abusers
continue to use some drugs during maintenance treat-
ment, but a 30% to 60% reduction in drug use may ben-
efit the patient, as well as society (see Mello and Men-
delson 1995; Mendelson and Mello 1996 for review).

Cocaine Self-Administration Dose-Effect Curves

Cocaine maintains behavior leading to its self-adminis-
tration under a wide range of experimental conditions
(Kelleher 1976; Spealman and Goldberg 1978; Griffiths
et al. 1979a; Spealman 1985; Winger 1988; Woods et al.
1987). Under some second-order schedule conditions,
monkeys responded for up to 1 hour for a single co-
caine injection (Goldberg et al. 1976). As shown in Fig-
ure 2, the dose—effect curve relating cocaine dose per in-
jection to either the number of drug injections per
session or response rate has a typical inverted-U shape
with intermediate doses maintaining more drug self-ad-
ministration behavior than either lower or higher doses.

Cocaine usually is classified as an indirect dopamine
agonist, and there is considerable evidence that co-
caine’s reinforcing effects are mediated in part through
its blockade of dopamine reuptake at presynaptic termi-
nals (see Dackis and Gold 1985; Ritz et al. 1987; Ritz et
al. 1988; Kuhar et al. 1988, 1991; Johanson and Fischman
1989; Spealman et al. 1992; Wise et al. 1995; Woolverton
and Johnson 1992 for review). A number of other struc-
turally distinct compounds that block dopamine re-
uptake are also reinforcing in animals (Woolverton et al.
1984; Winger and Woods 1985; Bergman et al. 1989). Co-
caine also blocks the reuptake of serotonin and nor-
epinephrine, but these appear to be less important for
its reinforcing effects.

Effects of Dopamine Antagonists on Cocaine
Self-Administration [Table 1]

The effects of dopamine antagonists on cocaine self-ad-
ministration have been examined by a number of inves-
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tigators, and the findings are often inconsistent (see Ta-
ble 1). These apparent inconsistencies reflect differences
in procedure and in interpretation of findings as well as
variations in the receptor specificity of the dopamine
antagonists studied. As appreciation of the complexity
of the dopamine system increased and compounds se-
lective for dopamine receptor subtypes became avail-
able, it became possible to study the effects of specific
D; and D, dopamine receptor antagonists on cocaine
self-administration.

Most of the early studies examined the effects of
compounds with nonspecific dopaminergic activity
such as chlorpromazine and haloperidol (Wilson and
Schuster 1972; Herling and Woods 1980; de la Garza
and Johanson 1982; Roberts et al. 1989). Often these
mixed dopamine antagonists increased rather than de-
creased stimulant self-administration. These findings
were interpreted as evidence for antagonism of co-
caine’s reinforcing properties because reducing the unit
dose of a reinforcing drug or substitution of saline also
results in an initial increase in rates of drug self-admin-
istration. Many of the early studies administered single
acute doses of nonselective dopamine antagonists and
did not evaluate treatment effects on alternative rein-
forcers such as food, so it was not possible to distin-
guish between rate altering effects of the treatment
drug and the enhancement or antagonism of the rein-
forcing effects of cocaine (Table 1). Examples of some
selected studies are described to illustrate how these re-
search methods have evolved.

One of the first studies of the effects of a selective Dy
antagonist (SCH 23390) and a selective D, antagonist
(pimozide) on the self-administration of cocaine and
piribedil (a direct D, agonist) by rhesus monkeys was
reported by Woolverton in 1986. Each dopamine antago-
nist was studied across a broad dose range, and the ef-
fects of single acute antagonist doses on a single rein-
forcing dose of cocaine or piribedil were evaluated. The
traditional efficacy criterion of changes in responding
similar to the effects of reducing the unit dose of co-
caine was used as the basis for interpretation of the
findings. Since the Dy antagonist resulted in dose-re-
lated decreases in cocaine and piribedil self-administra-
tion, this was interpreted as a nonspecific decrease in
rates of responding. The D, antagonist increased rates
of both cocaine and piribedil self-administration, and
because this effect was similar to the initial effects of
substituting saline for cocaine, these data were inter-
preted as evidence for blockade of each drug's reinforc-
ing effects. High doses of both dopamine antagonists
produced cataleptic effects (Woolverton 1986).

Subsequently, Woolverton and Virus (1989) reevalu-
ated the effects of the same Dy and D, dopamine antag-
onists on self-administration of cocaine and an alterna-
tive reinforcer, food, to determine the extent to which
the behavioral effects of these antagonists were specific



NEUROPSYCHOPHARMACOLOGY 1996-VOL.. 14, NO. 6

to cocaine (Woolverton and Virus 1989). Each antago-
nist was administered for the same number of sessions
(4-10) that were required for drug-maintained respond-
ing to decline after saline substitution, and data were
presented for the last 3 days of each treatment condi-
tion. Each antagonist was studied over a behaviorally
active but nontoxic dose range, and its effect on self-ad-
ministration of a single reinforcing dose of cocaine was
examined. Each session consisted of a sequence of food
availability for 15 minutes, a 15 minute timeout, cocaine
availability for 15 minutes, a 15 minute timeout, and
food availability for 15 minutes. Cocaine and food were
available under a FR30 schedule of reinforcement, and
there was a 2-minute timeout after delivery of each rein-
forcer to minimize any direct rate-reducing effects of co-
caine. Under these conditions, there was an antagonist
dose-related decrease in cocaine-maintained respond-
ing. However, these effects were not specific for cocaine,
because food maintained responding also decreased as
the antagonist dose increased. Moreover, the initial re-
ductions in both cocaine and food self-administration
were often followed by a return to baseline levels
during chronic antagonist treatment suggesting that tol-
erance may have developed to these dopamine antago-
nists (Woolverton and Virus 1989). These two pioneering
studies from the same laboratory have been described
in some detail because they illustrate the development
of more refined methods for examining the effects of
potential treatment drugs on cocaine self-administra-
tion. Although the investigators concluded that the de-
creases in cocaine self-administration after D; dopa-
mine antagonist administration did not reflect blockade
of cocaine’s reinforcing effects in both studies, the meth-
odological improvements in the second study made this
conclusion less open to alternative interpretations.

The complexity of Dy antagonist effects on cocaine’s
reinforcing properties was further illustrated in a study
in which both selective attenuation of cocaine’s rein-
forcing effects during SCH 23390 treatment and subse-
quent enhancement following treatment were observed
(Kleven and Woolverton 1990b). Because SCH 23390
has a relatively short duration of action, the effects of a
continuous infusion on cocaine and food-maintained
responding were evaluated in rhesus monkeys under
conditions similar to those in the Woolverton and Virus
study (1989). A range of doses of SCH 23390 was ad-
ministered chronically over 5 to 13 days, the same pe-
riod of time required for responding to decrease when
saline was substituted for cocaine. Baseline doses of co-
caine were available for 2 weeks or more between suc-
cessive treatments. SCH 23390 infusion produced a se-
lective decrease in cocaine-maintained responding in
two of the four monkeys. However, these effects dimin-
ished over the period of observation, and both cocaine
and food-maintained responding returned to pretreat-
ment baseline levels. Interestingly, after termination of
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SCH 23390, there was a persistent sensitization to the
reinforcing effects of cocaine that lasted for at least 2
weeks. Low doses of cocaine that did not maintain self-
administration before SCH 23390 treatment, became re-
inforcing, that is, the ascending limb of the cocaine
dose~response curve was shifted to the left (Kleven and
Woolverton 1990b).

With the development of longer-acting and more se-
lective dopamine antagonists, there has been additional
support for the hypothesis that the reinforcing proper-
ties of cocaine may be selectively reduced by antago-
nism of specific dopamine receptors (Bergman et al.
1990; Corrigall and Coen 1991a; Hubner and Moreton
1991; Bergman and Rosenzweig-Lipson 1992; Spealman
et al. 1992; Caine and Koob 1994). Bergman and co-
workers (1990) examined the effects of a long-acting D;
dopamine antagonist, SCH 39166, and of a D, antago-
nist, eticlopride, on cocaine self-administration in squir-
rel monkeys (Bergman et al. 1990). This study differed
from many previous reports in that dopamine antago-
nist effects were examined on an entire cocaine dose—ef-
fect curve rather than on a single reinforcing dose of
cocaine (see Table 1). Moreover, these Dy and D, antag-
onists were examined chronically over 5 days. This pro-
cedure permitted examination of whether or not the co-
caine dose-effect curve was shifted to the right,
suggesting antagonism of cocaine's reinforcing effects
by these dopamine antagonists (see Figure 4). Single
acute doses of the Dy antagonist SCH 39166 or the D,
antagonist eticlopride were studied at each point in the
cocaine dose-response curve. Responding for cocaine
was maintained on a second-order FR 30, FI 10 minute
schedule of reinforcement and no alternative reinforcer
was studied. As shown in Figure 6, SCH 39166 shifted
the ascending limb of the cocaine self-administration
dose—effect curve to the right in four of five monkeys,
suggestive of surmountable antagonism of cocaine’s re-
inforcing effects (Bergman et al. 1990). Comparable ef-
fects were obtained with eticlopride.

The authors concluded that these data were consis-
tent with antagonism at the level of dopamine receptors
(Bergman et al. 1990). However, there remains consider-
able disagreement as to the capacity of dopamine recep-
tor antagonists to antagonize competitively the rein-
forcing effects of cocaine (Roberts and Vickers 1984;
Caine and Koob 1994; Richardson et al. 1994; Winger
1994; Negus et al. 1996). In rats, low doses of the
dopamine D; receptor antagonists SCH 23390 (5 mcg/
kg) and SCH 39166 (10 mcg/kg), but not A69024, selec-
tively decreased cocaine self-administration without
decreasing responding for food maintained on a multi-
ple schedule (Caine and Koob 1994). Higher doses of
these D antagonists decreased both cocaine- and food-
maintained responding. When only cocaine-maintained
responding was examined, treatment with these three
D; antagonists, as well as the D, receptor antagonists
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eticlopride and spiperone, resulted in a dose-dependent
increase in cocaine self-administration. These changes
in cocaine self-administration were similar to the effect
of decreasing the cocaine unit dose, but response pat-
terns were different from those observed during saline
substitution. Only the D, antagonist raclopride had no
effect on cocaine self-administration under these condi-
tions (Caine and Koob 1994). Caine and Koob con-
cluded that “finally, it remains to be demonstrated con-
clusively that changes in self-administration behavior
produced by dopamine antagonists can be attributed to
changes in the reinforcing effects of cocaine indepen-
dent of changes in other behavioral effects of cocaine
(e.g., rate altering effects)” (Caine and Koob 1994, p. 217).

Similar conclusions were reached by Winger (1994)
after studying the acute effects of the Dy antagonist
SCH 39166, the D, antagonist eticlopride, and the
mixed D;/D; antagonist cis-flupenthixol on the ascend-
ing limb of the cocaine and the alfentanil dose—effect
curve in rhesus monkeys. Larger doses of these dopa-
mine antagonists were required to suppress rates of re-

sponding maintained by cocaine than by alfentanil, and
this was interpreted to suggest that cocaine antago-
nized the rate suppressant effects of these dopamine an-
tagonists. Winger concluded that “there is little evi-
dence to support the notion that DA antagonists acting
on either the Dy, the D, or both D;/D; sites produce a
competitive antagonism of the reinforcing effects of ei-
ther cocaine or alfentanil” (Winger 1994, p. 139).
Flupenthixol is a Dy /D, antagonist that produces an-
tidepressant effects clinically. Gawin and colleagues
(1989) have reported that chronic treatment with low
doses of flupenthixol decreases both cocaine craving
and cocaine use in “crack” cocaine smokers. Chronic
administration of cis-flupenthixol to rhesus monkeys
over 10 days occasionally resulted in a selective de-
crease in cocaine self-administration in comparison to a
saline treatment baseline with minimal effects on food
self-administration (Negus et al. 1996). Selective de-
creases in cocaine self-administration occurred at rela-
tively low doses of flupenthixol (0.0032 mg/kg); how-
ever, these effects were often transient and inconsistent
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across monkeys. Higher doses (0.032 mg/kg) tended to
reduce both cocaine and food-maintained responding.
Although dopamine D;/D, receptor activity may con-
tribute to cocaine’s reinforcing effects, cis-flupenthixol’s
inconsistent effects on cocaine self-administration in
rhesus monkeys suggest that it may have limited clini-
cal usefulness (Negus et al. 1996). However, in rats, flu-
penthixol decreased progressive ratio breakpoints for
cocaine (Richardson et al. 1994), suggesting an attenua-
tion of cocaine’s reinforcing effects.

(+)-A] 76 is a dopamine antagonist that is reported to
be selective for dopamine autoreceptors and is thought
to have weak stimulant effects and to increase dopa-
mine metabolism (Vanover et al. 1993). In rhesus mon-
keys, intermediate doses of (+)-A]J 76 increased cocaine
self-administration with a concomitant decrease in food
intake after the cocaine session. It was concluded that
the changes in cocaine self-administration following
acute administration of (+)-AJ 76 reflected at best a par-
tial blockade of cocaine’s reinforcing effects (Vanover et
al. 1993). In rats, acute treatment with (+)-AJ 76 had lit-
tle effect on progressive ratio breakpoints over a dose-
range of 1.88 to 15 mg/kg, but breakpoints were signifi-
cantly reduced at a high dose of 30 mg/kg (Richardson
et al. 1993). Because progressive ratio breakpoints often
are considered to be a sensitive measure of reinforcing
efficacy, these results were consistent with the interpre-
tation that (+)-AJ 76 antagonized cocaine’s reinforcing
effects. Moreover, because rats tended to increase rates
of responding for the first six cocaine injections, these
findings probably could not be attributed to sedation,
but no alternative reinforcer was studied.

In summary, dopamine antagonists have occasionally
been reported to antagonize the reinforcing effects of
cocaine and shift the cocaine dose-effect curve to the
right. However, these cocaine antagonist effects often
are inconsistent across subjects, transient, and accompa-
nied by unacceptable adverse side effects. Usually dopa-
mine antagonist effects are not selective for cocaine, and
behavior maintained by cocaine as well as by alterna-
tive reinforcers is decreased. Furthermore, these right-
ward shifts are small, and self-administration of some
unit doses of cocaine is increased, as shown schemati-
cally in Figure 4. An antagonist-induced increase in
cocaine self-administration is not an optimal clinical
outcome. Taken together, these findings predict that
dopamine antagonists may not have an ideal pharmaco-
logical profile for the treatment of cocaine abuse.

Effects of Dopamine Agonists and Partial Agonists
on Cocaine Self-Administration [Table 2]

The rationale for treatment of cocaine abuse with co-
caine-like drugs that have less abuse liability and fewer
toxic side effects than cocaine is similar to the rationale
advanced for the treatment of opioid dependence with
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opioid agonists and mixed agonist-antagonists. It also is
possible that cocaine-like drugs could increase compli-
ance with behavioral treatment interventions (Balster et
al. 1992). A number of dopamine agonists and partial
agonists have been shown to maintain responding lead-
ing to their self-administration. However, reinforcing
effects of treatment medications may be problematic be-
cause these may contribute to abuse liability as well as
facilitating compliance during chronic treatment.

Reinforcing Effects of Dopamine Agonists. The rein-
forcing effects of dopamine agonists and partial ago-
nists appear to reflect their relative selectivity for or effi-
cacy at dopamine receptors. For example, a partial D,
receptor agonist (SKF 38393) failed to maintain drug
self-administration by rhesus monkeys (Woolverton et
al. 1984), whereas a full Dy receptor agonist (SKF 81297)
was self-administered and its reinforcing effects were
attenuated by a D; antagonist (SCH 39166) (Weed et al.
1993). Other Dy agonists (SKF 82958) and (SKF 77434)
also were self-administered by rats (Self and Stein
1992). Dopamine agonists with activity at the D, recep-
tor (apomorphine, quinpirole, piribedil and bromocrip-
tine) are usually self-administered (Spealman et al.
1992). A dopamine agonist (7-OH-DPAT) with high af-
finity for D3 receptors was self-administered by co-
caine-trained rats (Caine and Koob 1993) and rhesus
monkeys (Nader and Mach 1996). Curiously, drug-na-
ive monkeys could not be trained to self-administer
7-OH-DPAT under the same conditions used to train co-
caine self-administration, which suggests that this Dj
agonist may have relatively low abuse liability (Nader
and Mach 1996). Despite accumulating evidence of the
importance of Dj, D,, and Dj receptors in cocaine’s re-
inforcing effects, their complex interactions, coupled
with the ongoing identification of additional dopamine
receptor subtypes, suggest that there is unlikely to be
any simple explanation of the mechanisms by which co-
caine maintains behavior leading to its self-administra-
tion (see Schwartz et al. 1992; Woolverton and Johnson
1992 for review).

The reinforcing properties of structurally dissimilar
drugs with mechanisms of action similar to those of co-
caine also have been examined. In one illustrative
study, cocaine self-administration was compared to be-
havior maintained by several drugs that act as indirect
dopamine agonists by inhibiting dopamine reuptake
(Bergman et al. 1989). Self-administration of bupro-
pion, GBR 12909, methylphenidate, and nomifensine by
squirrel monkeys was comparable to cocaine-main-
tained responding across the dose range studied (Berg-
man et al. 1989). These findings were consistent with
other reports that bupropion, methylphenidate, and
nomifensine were self-administered by rhesus monkeys
(Johanson and Schuster 1975; Winger and Woods 1985)
and that GBR 12909 was self-administered by squirrel
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monkeys (Howell and Byrd 1991). Each drug was similar
to cocaine in its rates and patterns of self-administra-
tion and yielded characteristic inverted U-shaped dose-
response curves with one exception. Mazindol was self-
administered by only half of the monkeys studied and
produced a number of toxic side effects, including pro-
fuse salivation, self-mutilation, and distress calls (Berg-
man et al. 1989). In contrast to these findings in squirrel
monkeys, mazindol was self-administered by rhesus
monkeys (Wilson and Schuster 1976). A recent compari-
son of GBR 12909 and cocaine self-administration in
rhesus monkeys found that GBR 12909 maintained
lower rates of responding at higher unit doses than co-
caine (Skjoldager et al. 1993).

Mansbach
and
Balster
1993

Caine and
Koob 1993

Katz and
Witkin
1992

Bergman
and Rosen-
Zweig-
Lipson
1992

Caine and
Koob 1993

Caine and
Koob 1995

monkey
monkey
monkey

Rhesus

Rat
Squirrel

Squirrel
Rat
Rat

response

decrease
rate

Decrease
response
rate

Decrease #
pellets

Small

Effects of Dopamine Agonists on Cocaine Self-Admin-
istration. Treatment with cocaine and other dopam-
ine agonists has consistently decreased cocaine self-ad-
ministration in animal models. However, these effects
often were not selective for cocaine when another rein-
forcer was available for comparison (see Table 2). For
example, the effects of mazindol, a dopamine and nore-
pinephrine reuptake inhibitor, were compared to those
of sertraline and fluoxetine, which inhibit the reuptake
of serotonin (Kleven and Woolverton 1993). Cocaine
and food self-administration were maintained on an FR
30 schedule. During treatment drug evaluations, each
monkey was maintained on the dose of cocaine that
was at or near the peak of its dose-response curve.
Mazindol (0.4-3.2 mg/kg/24 hr), sertraline (0.1-8.0
mg/kg/24 hr) or fluoxetine (0.4-3.2 mg/kg/24 hr) was
continuously infused through the second lumen of a
double-lumen catheter for the same number of sessions
required for responding to decrease after saline was
substituted for cocaine. Doses of test drugs were given
in an ascending order in the first monkey tested and
presented in an irregular order in the other monkeys.
Monkeys returned to saline-treatment baseline levels of
cocaine and food-maintained responding for 1 week or
more between successive doses of each treatment drug.
Each drug decreased cocaine self-administration in a
dose-related manner, but food self-administration also
decreased over the same dose range (Kleven and Wool-
verton 1993). Similar findings have been reported in
studies where cocaine was administered to monkeys
given access to cocaine self-administration (see Table 2).
The extent to which the nonselective effects of these
monoamine uptake inhibitors on cocaine and food self-
administration can be attributed to enhancement of the
aversive effects of cocaine or anorectic effects on food-
maintained behavior could not be determined with cer-
tainty from these data (Kleven and Woolverton 1993).

Results from studies of the selective dopamine re-
uptake inhibitor GBR 12909 have been inconsistent
across laboratories. Pretreatment with single doses of
cocaine (0.32-3.2 mg/kg) or GBR 12909 (0.32-3.2 mg/
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kg) had minimal and transient effects on cocaine self-
administration by rhesus monkeys (Skjoldager et al.
1993). The greatest suppression occurred during the
first 25 minutes of cocaine self-administration sessions,
consistent with the relatively short duration of action of
each compound. Moreover, doses that were effective in
altering cocaine self-administration were just slightly
below doses that had convulsant effects (Skjoldager et
al. 1993). Skjoldager and coworkers concluded that GBR
12909 enhanced cocaine’s rate decreasing effects but did
not modify its reinforcing effects (Skjoldager et al.
1993). In contrast, GBR 12909 was reported to decrease
cocaine self-administration in rhesus monkeys respond-
ing for food and cocaine under an FR 30 schedule dur-
ing sessions composed of alternating cycles of food and
cocaine availability (Glowa et al. 1995a). Under these
conditions, intermediate doses of GBR 12909 (1-7 mg/
kg IV) produced a selective decrease in the self-admin-
istration of unit doses of cocaine located on the peak
and descending limb of the cocaine dose-effect curve.
GBR 12909 was more effective in reducing self-adminis-
tration of lower rather than higher unit doses of cocaine
(Glowa et al. 1995a). In subsequent studies, the effects
of another dopamine reuptake inhibitor (GBR 12935) as
well as CFT, a long-acting cocaine analog and d-am-
phetamine were evaluated on cocaine and food self-ad-
ministration under similar conditions (Glowa et al.
1995b). Unlike GBR 12909, these compounds decreased
both cocaine- and food-maintained responding. Chronic
GBR 12909 (1.7 mg/kg) administration over 12 days re-
sulted in a selective and sustained decrease in cocaine
self-administration (Glowa et al. 1995b). Amantadine,
another dopamine reuptake inhibitor, failed to decrease
cocaine self-administration during chronic treatment
and did not maintain self-administration behavior in
baboons when substituted for cocaine (Sannerud and
Griffiths 1988).

Studies by Caine and Koob (1993, 1995) have examined
the effects of the D3 dopamine receptor-selective agonist
7-OH-DPAT in rats responding for cocaine under sev-
eral schedules of reinforcement (Caine and Koob 1993,
1995). Initial studies showed that concurrent adminis-
tration of cocaine and 7-OH-DPAT decreased cocaine self-
administration by rats (Caine and Koob 1993). Moreover,
the pattern of this decrease was similar to the pattern
produced by increasing the unit dose of cocaine. These
7-OH-DPAT-induced changes in cocaine self-adminis-
tration were interpreted as evidence that 7-OH-DPAT
increased the reinforcing effects of cocaine. Subsequent
studies also suggested that 7-OH-DPAT pretreatment
enhanced the reinforcing effects of cocaine (Caine and
Koob 1995). For example, one group of rats was trained
to respond for food and cocaine under a FR 5/Timeout
2-minute schedule during sessions composed of alter-
nating food and cocaine cycles. Pretreatment with 0.4-
mg/kg SC of 7-OH-DPAT produced a leftward shift in
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the cocaine dose—effect curve and decreased rates of re-
sponding maintained by food. In the 7-OH-DPAT pre-
treatment paradigm, the effects on cocaine self-adminis-
tration were critically dependent on the position of the
unit dose of cocaine on the cocaine dose-effect curve.
7-OH-DPAT pretreatment increased cocaine self-admin-
istration at doses on the ascending limb of the dose-
effect curve and decreased cocaine self-administration
at doses on the descending limb of the dose—effect curve.
Food-maintained responding was uniformly decreased
under both conditions (Caine and Koob, 1995).

Partial dopamine agonists, which function as antago-
nists at some doses, also decrease cocaine self-adminis-
tration by squirrel monkeys. For example, pretreatment
with single doses of the partial Dy selective agonist SKF
38393 shifted the ascending limb of the cocaine dose-re-
sponse curve to the right in comparison to saline control
treatment (Katz and Witkin 1992). SKF 38393 reduced
cocaine-maintained responding more than food-main-
tained responding in separate groups of monkeys,
which suggested that the effects of this D; dopamine
agonist were selective for cocaine (Katz and Witkin
1992). These data (Figure 7) are a model study of acute
treatment drug effects insofar as the effects of SKF
38393 were examined on the complete cocaine self-ad-
ministration dose-response curve, as well as on an al-
ternative reinforcer. A dopamine D agonist with lim-
ited agonist efficacy, SKF 75670, also resulted in a
rightward downshift (Bergman and Rosenzweig-Lip-
son 1992). This low-efficacy agonist was similar to the
D; antagonist SCH 39166 in reducing cocaine’s behav-
ioral effects on several measures (Bergman and Rosen-
zweig-Lipson 1992).

In summary, dopamine agonists and partial agonists
occasionally have been reported to decrease cocaine
self-administration. However, these effects may be ac-
companied by toxic side effects, including suppression
of the self-administration of other reinforcers. In addi-
tion, many dopamine agonists have reinforcing effects
that may contribute to their high abuse potential but
that may also facilitate patient compliance during treat-
ment. Finally, some dopamine agonists, such as 7-OH-
DPAT, may actually enhance the reinforcing effects of
cocaine. Partial dopamine agonists may present the
most promising profile for an effective medication with
minimal side effects, because they mimic some effects of
cocaine without producing the toxic effects of full
dopamine agonists or antagonists.

Effects of Opioid

Antagonists, Agonists, and

Mixed Agonist-Antagonists on Cocaine
Self-Administration [Table 3]

Interactions between cocaine and opioids are poorly
understood. Because cocaine’s reinforcing and discrimi-



NEUROPSYCHOPHARMACOLOGY 1996-VOL. 14, NO. 6 Evaluation of Treatments for Drug Abuse 395

1.0
120 1
o
100 - Z 081 saLnEe
E | FOOD §
S a0 x 0.67
a a
8 60 - (7]
E u g4
S 401 COCAINE 5
& 3 02
20 u- 3.0 SKF 38393
0~ - I T T T 00~ r — T T
cC 03 10 30 100 $30 100 300 100.0
SKF 38393 (mg/kg) COCAINE (jg/kg/inj)

Figure 7. Effects of the partial D; agonist SKF 38393 on behavior maintained by cocaine in squirrel monkeys. Left panel,
effects of SKF 38393 on responding maintained under a FR schedule of either cocaine injection (17 wg/kg/inj.) or food pre-
sentation (190 mg/presentation). Solid circles, cocaine-maintained responding. Each circle is the mean of four subjects with
typically two determinations at each dose. Open circles, food-maintained responding. Each point is the mean of two subjects
with typically two determinations at each dose. Points above C represent rates of responding during the control cocaine-
injection sessions that preceded test sessions for the subjects maintained on cocaine, and saline-control sessions for the sub-
jects maintained on food. The average control rates of responding (+ SE) were 3.87 (% 0.54) and 1.22 (= 0.33) responses per
second under the schedules of food presentation or cocaine injection, respectively. Right panel, effects of pretreatment with
saline or 3.0 mg/kg SK 38393 on the cocaine dose-effect curve. Cocaine doses per injection (pg/kg) are shown on the
abscissa and responses per second are shown on the ordinate. Solid circles, effects of cocaine dose/injection following pre-
treatment with saline. Each point is the mean of two subjects with typically two determinations at each dose.Open triangles,
effects of cocaine dose/injection following pretreatment with 3.0 mg/kg SKF 38393. Each point is the mean of two subjects
with typically two determinations at each dose. Open circle above S, average rate of responding maintained by saline injec-
tion. From Katz JL, Witkin JM (1992): Selective effects of the D; dopamine receptor agonist, SKF 38393, on behavior main-

tained by cocaine injection. Psychopharmacology 109:241-244. Reprinted with permission.

native stimulus effects are modulated by dopaminergic
neural systems, the effects of opioid agonists and antag-
onists on cocaine self-administration behavior are diffi-
cult to predict from what is known about the pharma-
cology of either class of drugs alone. Cocaine often is
abused concurrently with opioids, and the combined ef-
fects have been described anecdotally as enhancing the
positive subjective effects of opioids, and decreasing
aversive agitation produced by cocaine (Kosten et al.
1986, 1987; Rosen and Kosten 1991; Tutton and Crayton
1993). One controlled clinical study suggests that mor-
phine-cocaine combinations result in a unique profile of
subjective effects that differ from those of either drug
alone (Foltin and Fischman 1992). Opioid agonists, an-
tagonists, and mixed agonist-antagonists have been
used clinically to treat opioid abuse and polydrug
abuse involving cocaine, often with inconsistent results
(Rosen and Kosten 1991; Tutton and Crayton 1993; Men-
delson and Mello 1996). Methadone, a mu-selective ag-
onist, has not been consistently effective in reducing co-
caine abuse by opioid-dependent patients, and if opioid
abuse persists, cocaine abuse may increase during treat-
ment (Kosten et al. 1986, 1987, 1989a; Cushman 1988;
Chaisson et al. 1989; Dunteman et al. 1992). In early
clinical trials, a mu-selective antagonist, naltrexone, ap-
peared to be more effective than methadone in reducing

concurrent cocaine abuse, but lack of compliance by opi-
oid-dependent patients has limited naltrexone’s clinical
utility (National Research Council Committee on Clini-
cal Evaluation of Narcotic Antagonists 1978; Meyer and
Mirin 1979; Kosten et al. 1989b; Rosen and Kosten 1991).
An opioid mixed agonist-antagonist, buprenorphine,
appears to be more effective in reducing combined co-
caine and opioid abuse in severely drug-dependent pa-
tients (Gastfriend et al. 1993; Mello et al. 1993¢; Schot-
tenfeld et al. 1993; Mello and Mendelson 1996).

Opioid Antagonists. Opioid antagonists have had in-
consistent effects on cocaine self-administration in pre-
clinical studies (Table 3). Naltrexone, a mu-selective
opioid antagonist, has been studied with conflicting re-
sults in several species. In rats, acute pretreatment with
naltrexone resulted in no change (Ettenberg et al. 1982),
decreases (Corrigal and Coen 1991a), or increases (Carroll
et al. 1986) in cocaine self-administration. Chronic nal-
trexone treatment in rhesus monkeys selectively de-
creased cocaine self-administration in comparison to
food-maintained responding, but naltrexone’s effects
were not dose-related (Mello et al. 1990b). In a subse-
quent study, naltrexone had no effect on cocaine self-ad-
ministration in rhesus monkeys studied under similar
conditions (Mello et al. 1993b). The absence of robust ef-
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fects of naltrexone on cocaine self-administration is con-
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agonists can decrease cocaine’s reinforcing effects, per-
haps by inhibiting cocaine-related increases in extracellu-
lar dopamine (Glick et al. 1995). These drug self-admin-
istration data are consistent with evidence that kappa
agonists antagonize cocaine’s behavioral effects in rats
(Heidbreder et al. 1993, 1995; Crawford et al. 1995) as
well as cocaine’s discriminative stimulus effects in
squirrel monkeys (Spealman and Bergman 1992, 1994).

Delta agonists and cocaine have similar reinforcing
effects in drug self-administration procedures (Jenck et
al. 1987; Shippenberg et al. 1987; Devine and Wise 1994)
and similar neurochemical effects on extracellular dopa-
mine levels (Spanagel et al. 1990; Longoni et al. 1991).
However, the effects of delta-receptor selective agonists
on cocaine self-administration are unknown. Delta ago-
nists may be useful as maintenance drugs for cocaine
abuse, but no preclinical evaluations have been re-
ported at this time. Currently, two systemically active
delta agonists are available for study, BW373U86, which
has mu and delta activity, and SNC 80, a more selective
delta agonist (see Bilsky et al. 1995; Negus and Picker
1996 for review).

Opioid Mixed Agonist-Antagonists. These drugs have
both opioid agonist and antagonist effects, and bu-
prenorphine, butorphanol, and nalbuphine have been
evaluated in preclinical studies of cocaine self-adminis-
tration (see Table 3). Of these, only buprenorphine has
selective effects on cocaine-maintained responding across
a broad dose range. Buprenorphine is currently under
evaluation for the clinical treatment of opioid abuse (Se-
gal and Schuster 1995), and it combines the characteris-
tics of mu-opioid agonists such as methadone with
long-acting opioid-antagonist effects similar to those of
naltrexone. This combination makes buprenorphine
safer than opioid agonists alone because the risk for le-
thal overdose is minimized (Lewis et al. 1983, 1995). Bu-
prenorphine antagonizes the acute subjective and phys-
iological effects of opioids under many conditions, and
its agonist properties appear to increase patient compli-
ance (see Mello et al. 1993c; Mello and Mendelson 1995
for review).

In rhesus monkeys, daily buprenorphine treatment
(0.237-0.70 mg/kg/day) significantly reduced cocaine
self-administration below saline treatment baseline lev-
els with minimal effects on food self-administration
(Mello et al. 1989, 1990b). Food intake during the ses-
sion immediately after buprenorphine treatment was
not suppressed in comparison to saline treatment, and
animals did not appear sedated. We concluded that bu-
prenorphine treatment selectively reduced cocaine-
maintained responding but did not produce a general-
ized suppression of operant behavior (Mello et al. 1989;
1990b). These findings were subsequently confirmed
and extended in other laboratories (Carroll and Lac
1992; Carroll et al. 1992; Winger et al. 1992), as well as
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our own (Mello et al. 1990b, 1992, 1993a, 1993b). Recent
studies in rhesus monkeys indicate that buprenorphine
treatment modifies cocaine self-administration on both
the ascending and descending limbs of the cocaine
dose—effect curve. Daily buprenorphine treatment (0.10
mg/kg/day) shifted the cocaine dose-effect curve
(0.001-0.30 mg/kg/inj.) downward and approximately
1 log unit to the right with minimal effects on food-
maintained responding (Lukas et al. 1995; see Table 3).
Because the eventual clinical application of bu-
prenorphine for drug abuse treatment involves chronic
maintenance, we subsequently asked whether tolerance
developed to buprenorphine’s effects on cocaine-main-
tained responding. We examined the effects of 30 to 120
days of buprenorphine treatment (0.32 mg/kg/day) on
cocaine and food self-administration in six rhesus mon-
keys (Mello et al. 1992). As shown in Figure 8, during
the first 15 days of buprenorphine treatment, cocaine
self-administration decreased by 60 percent below the
saline treatment baseline level and remained sup-
pressed by 70 to 94 percent over the period of observa-
tion. Food-maintained responding was also signifi-
cantly suppressed at the beginning of buprenorphine
treatment, but it gradually returned to and significantly
exceeded saline treatment baseline levels. When saline
treatment was substituted for buprenorphine, cocaine
self-administration resumed, and food self-administra-
tion remained above pre-buprenorphine baseline levels
(Figure 8). The resumption of cocaine self-administra-
tion after buprenorphine treatment ended indicates that
the significant decrease in cocaine self-administration
was due to buprenorphine treatment and not to other
uncontrolled variables. These data indicate that toler-
ance did not develop to buprenorphine’s effects on co-
caine self-administration by rhesus monkeys during
100 to 120 days of daily treatment (Mello et al. 1992).
One implication of the finding that buprenorphine
can selectively reduce both opioid and cocaine self-ad-
ministration by rhesus monkeys is that it may be useful
for the treatment of polydrug abuse involving concur-
rent opioid and cocaine use. Recent clinical reports indi-
cate that buprenorphine significantly reduces both co-
caine and opioid abuse as well as needle use and needle
sharing by polydrug abusers who meet DSM-III-R crite-
ria for opioid and cocaine dependence (Gastfriend et al.
1993; Gastfriend et al. 1995; Schottenfeld et al. 1993; see
Mello et al. 1993¢; Mello and Mendelson, 1995). More-
over, in controlled clinical studies, buprenorphine re-
duced the positive subjective effects of speedball combi-
nations of cocaine and morphine (Foltin and Fischman
1995). Further studies of the concordance between clini-
cal and preclinical studies of buprenorphine’s effects on
polydrug abuse will be facilitated by the development
of a primate model of the simultaneous self-administra-
tion of heroin and cocaine, i.e., “speedballs”; (Mello et
al. 1995). Preliminary findings from ongoing studies
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suggest that buprenorphine significantly decreases low-
dose cocaine and high-dose heroin combinations more
effectively than it decreases speedballs containing high
doses of cocaine and low or high doses of heroin (Mello
et al. 1996a).

Effects of Other Medications on Cocaine
Self-Administration [Table 4]

In addition to compounds with primarily dopaminergic
or opioid activity, the effects on cocaine self-administra-
tion of a wide variety of other compounds with diverse
mechanisms of action also have been evaluated. The ef-
fects of medications that are used for other indications on
cocaine self-administration are summarized in Table 4.
For the most part, these medications did not selectively re-
duce cocaine self-administration at doses that did not con-
currently disrupt food self-administration or produce
severe side effects. These data are concordant with find-
ings from other behavioral models. The effects of a number
of compounds on cocaine-induced changes in locomotor
activity and schedule-induced responding as well as other
behaviors have recently been reviewed (see Witkin, 1994).

As noted earlier, before the development of com-
pounds selective for specific dopamine receptor sub-
types, clinically available medications with nonspecific
dopaminergic activity, used for the treatment of psycho-
sis, were examined in cocaine self-administration mod-
els. These compounds often increased cocaine self-ad-
ministration, and this was interpreted as evidence for
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antagonism of cocaine’s reinforcing properties (Wilson
and Schuster 1972; Herling and Woods 1980; Woolver-
ton and Balster 1981; de la Garza and Johanson 1982;
Roberts and Vickers 1984). More recently, the acute ef-
fects of chlorpromazine were reevaluated and compared
with the effects of two anti-anxiety drugs, buspirone and
gepirone. Gepirone had no effect on cocaine self-admin-
istration and decreased food self-administration (Gold
and Balster 1992). Acute administration of both chlor-
promazine and buspirone resulted in a dose-dependent
increase in cocaine self-administration with no change
in food self-administration (Gold and Balster 1992).
Subsequently, the effects of chronic treatment with bus-
pirone and gepirone were examined for 10 days. Nei-
ther buspirone nor gepirone had any consistent effects
on cocaine or food self-administration during daily
treatment (Gold and Balster 1992). This study illustrates
the importance of comparing acute and chronic treat-
ment regimens rather than drawing conclusions about
potential therapeutic efficacy on the basis of acute med-
ication administration.

An antidepressant, desipramine, has been used to
treat cocaine abuse and related affective disorders
(Gawin and Kleber 1984), but there remains consider-
able disagreement about the efficacy of desipramine
therapy based on subsequent clinical evaluations (Weiss
1988; Fischman et al. 1990; Halikas et al. 1993; Mendel-
son and Mello 1996). In rhesus monkeys, continuous in-
fusion of desipramine over 21 days or more had no
effect on responding maintained by cocaine or an alter-
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native reinforcer, food, at doses up to 10 times higher
than those used in clinical treatment of cocaine abuse
(Kleven and Woolverton 1990b). Similar findings were
obtained when daily doses of desipramine were given
to rhesus monkeys for periods of 5 to 30 days (Mello et
al. 1990a). Cocaine injections increased or did not change,
and food injections also increased or did not change.
These preclinical data are consistent with the clinical lit-
erature on desipramine treatment, where both stimulation
of cocaine use and inconsistent or incomplete attenua-
tion of cocaine abuse during desipramine maintenance
have been reported (see Mello et al. 1990a for review).

The antidepressant fluoxetine also has been used clin-
ically for the treatment of cocaine dependence in heroin
abusers (Pollack and Rosenbaum 1991; Batki et al.
1993). The initially encouraging reports have not been
confirmed in placebo-controlled double-blind trials
(Grabowski et al. 1995). Fluoxetine selectively reduced
cocaine self-administration with no change in food self-
administration in rats (Carroll et al. 1990b). Suggestive
evidence that fluoxetine may decrease cocaine’s rein-
forcing properties was shown by a progressive ratio
evaluation in which fluoxetine dose-dependently de-
creased the number of responses rats emitted for a sin-
gle dose of cocaine (Richardson and Roberts 1991).

The anticonvulsant carbamazepine has been used for
the clinical treatment of cocaine abuse with primarily
negative results (see Cornish et al. 1995; Kranzler et al.
1995; Montoya et al. 1995; Mendelson and Mello 1996
for review). Its clinical usefulness is limited by a num-
ber of adverse side effects ranging from dizziness, nau-
sea, and vomiting to aplastic anemia and agranulocyto-
sis (Mendelson and Mello 1996). The rationale for the
use of an anticonvulsant to treat cocaine abuse was
based on the observation that carbamazepine reduces
cocaine-induced seizures in a “kindling” model in rats
(Halikas et al. 1993; Post et al. 1993) and the assumption
that cocaine craving and withdrawal signs and symp-
toms may reflect a progressive increase in neuronal sen-
sitivity. Dietary carbamazepine over 5 days reduced co-
caine self-administration as well as administration of
food and a glucose saccharine solution (Carroll et al.
1990a). Seizures, convulsions, and apparent overdose
deaths were observed at the highest dose of carba-
mazepine in combination with cocaine. It was con-
cluded that the reduction in cocaine self-administration
probably reflected the toxic and aversive effects of this
compound (Carroll et al. 1990a). Similar conclusions
were reached by Sharpe and coworkers in 1992. In that
study, carbamazepine decreased both cocaine and food
self-administration at doses that did not induce severe
motor incoordination (Sharpe et al. 1992). The nonselec-
tive and toxic effects reported in these preclinical mod-
els are concordant with recent clinical evaluations (see
Mendelson and Mello 1996 for review).

Clozapine, an antipsychotic medication, appears to

Evaluation of Treatments for Drug Abuse 401

have affinity for dopaminergic, cholinergic, serotoner-
gic, and GABAergic receptor sites (Vanover et al. 1993).
Acute administration of clozapine to rhesus monkeys
increased response rates for cocaine at doses on the de-
scending limb of the cocaine dose-response function
without affecting the pattern of responding. This effect
was similar to decreasing the unit dose of cocaine, but
response patterns were not the same as those seen when
saline was substituted for cocaine. Although an alterna-
tive reinforcer was not available, the effects of clozapine
on food intake subsequent to cocaine self-administra-
tion was measured, and food intake was decreased in
two of the four monkeys at doses that increased cocaine
self-administration (Vanover et al. 1993). In rats, acute
clozapine treatment decreased cocaine self-administra-
tion (Roberts and Vickers 1984).

Ibogaine, an hallucinogen derived from the iboga
plant indigenous to Africa, is a recent addition to the list
of potential pharmacotherapies for cocaine abuse. There
has been considerable attention to ibogaine in the popu-
lar press, but controlled clinical trials have not been
conducted, and the anecdotal results reported to date
are, at best, inconclusive. In preclinical evaluations in
rats, acute administration of ibogaine decreased cocaine
self-administration (Cappendijk and Dzolijic 1993).
However, when ibogaine’s effects on cocaine-main-
tained responding were compared with its effects on
food, there was a nonselective decrease in both food
and cocaine self-administration (Dworkin et al. 1995).
These investigators suggested caution in the use of
ibogaine for clinical treatment of drug abuse because of
its adverse motor effects and evidence of cerebellar neu-
rotoxicity (Dworkin et al. 1995).

TREATMENT MEDICATION
EFFECTS ON OPIOID SELF-ADMINISTRATION

Clinical Treatment of Opioid Abuse
with Opioid Antagonists

It is reasonable to assume that a medication that antago-
nizes the subjective and physiological effects of opioids
would reduce opioid self-administration by humans
and animals. The compelling logic of this approach led
to the development of naltrexone, a prototypic long-act-
ing mu-opioid receptor antagonist (Blumberg and Day-
ton 1974). In controlled clinical trials, naltrexone re-
duced the subjective and physiologic effects of opioids
in opioid-dependent men (Martin et al. 1973b). Naltrex-
one also reduced heroin self-administration by heroin-
dependent men studied on a clinical research ward
(Meyer and Mirin 1979; Mello et al. 1981). When nal-
trexone was first introduced into clinical trials, it ap-
peared to be an ideal pharmacotherapy in terms of its
safety, absence of significant side effects, and capacity to
antagonize opioid effects for 24 to 48 hours (Martin et
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al. 1973b; Julius and Renault 1976; Verebey et al. 1976).
Yet, naltrexone proved to be relatively ineffective in
outpatient clinical trials, because it was difficult to re-
tain opioid-dependent patients in naltrexone treatment
programs (see National Research Council 1978; Meyer
and Mirin 1979; Schecter 1980 for review). Today, nal-
trexone is an effective treatment for highly motivated
opioid-dependent patients, usually medical profession-
als, who must remain opioid-free to retain clinical licen-
sure (Jaffe and Martin 1990). The failure of naltrexone as
a wide-scale treatment for opioid addiction is instruc-
tive for the development of future pharmacotherapies
for drug abuse treatment. Although naltrexone antago-
nized opioid effects, it had no positive mood-modulat-
ing effects, and it could be abruptly discontinued without
adverse consequences. It appeared that the pharma-
cological blockade of opioid effects, without other ago-
nist properties, was not an effective treatment for most
opioid-dependent patients, even in the context of a
multimodality treatment program.

Opioid Self-Administration Dose-Effect Curves

Experimental animals will self-administer a wide range
of opioid agonists, including morphine, heroin and co-
deine, and synthetic opioid analgesics such as alfenta-
nil, methadone and hydromorphone (Weeks and Col-
lins 1964; Woods and Schuster 1968; Woods and
Schuster 1970; Deneau et al. 1969; Downs and Woods
1974; Jones and Prada 1977, Sanchez-Ramos and
Schuster 1977; Harrigan and Downs 1978; Herling 1981;
Young et al. 1981; Mello et al. 1983; Negus et al. 1993b).
There are at least three major types of opioid receptors,
the mu-, delta-, and kappa-opioid receptors (Martin et
al. 1976; Lord et al. 1977, Mansour et al. 1987), and, for
the most part, the opioid agonists that have been used
to maintain opioid self-administration are selective for
mu receptors. In general, the dose-effect curve relating
dose per injection of these opioids to some metric of
drug self-administration (i.e., response rate, injections
per session) displays an inverted-U shape, with inter-
mediate doses maintaining more self-administration
behavior than either lower or higher doses (see Figure
2). As discussed earlier, the slopes of the ascending and
descending limbs of the dose—effect curve, as well as the
position of the dose—effect curve on the abscissa, can
vary dramatically as a function of several experimental
parameters, including the type of opioid serving as the
reinforcer and the schedule of drug delivery. As a result,
it is important to consider the underlying opioid dose-
effect curve when interpreting the results produced by
pretreatments with various potential treatment medica-
tions. The following discussion of test drug effects on
opioid dose-effect curves considers three types of po-
tential treatment medications: opioid antagonists, opi-
oid agonists and nonopioids.
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Effects of Opioid Antagonists on Opioid
Self-Administration [Table 5]

Opioid antagonists include such compounds as nalox-
one, naltrexone, nalorphine, and quadazocine, and the
effects of opioid antagonists on opioid self-administra-
tion have been extensively evaluated in preclinical
models of opioid abuse. Most of these studies have ex-
amined only a single unit dose of the opioid agonist
(Weeks and Collins 1964, 1976, Goldberg et al. 1971;
Woods et al. 1975; Griffiths et al. 1976; Killian et al.
1978a, 1978b; Ettenberg et al. 1982; Koob et al. 1984; Ne-
gus et al. 1993a). However, the effect of an opioid antag-
onist such as naltrexone on opioid self-administration
critically depends on the unit dose of opioid used to
maintain responding. For example, Weeks and Collins
trained morphine-dependent female rats to respond for
10-mg/kg/injection morphine under a FR 10 schedule
that was in effect 24 hours/day (Weeks and Collins
1964, 1976). Initial experiments revealed that decreasing
the unit dose of morphine resulted in an increase in the
number of injections per day, indicating that the 10-
mg/kg/injection unit dose was on the descending limb
of the morphine dose—-effect curve. Continuous infusion
for 24 hours with the opioid antagonists nalorphine
(0.006-1.0 mg/kg/hour; Weeks and Collins 1964) and
naloxone (0.056-0.56 mg/kg/day; Weeks and Collins
1976) produced a dose-dependent increase in the number
of morphine injections per day, an effect that mimicked
a decrease in the unit dose of morphine.

Harrigan and Downs (1978), in contrast, trained
rhesus monkeys to self-administer morphine (8.0 ug/kg/
injection), d-amphetamine (4.0 wg/kg/injection), and sa-
line on alternate days (3 days morphine, 2 days d-am-
phetamine, 2 days saline). The drug solutions were avail-
able under a FR 1 schedule of drug delivery during 15-
minute sessions every 4 hours (8 sessions per day). Under
these conditions, continuous infusion with the antago-
nist naltrexone (0.25-10.0 wg/kg/hour) for 4 weeks pro-
duced a selective and dose-dependent decrease in mor-
phine self-administration, an effect opposite to that
obtained by Weeks and Collins (1964, 1976). However,
in monkeys, the 8.0 pg/kg/inj. unit dose of morphine was
located at the peak of the ascending limb of the mor-
phine dose—effect curve, such that decreases in the unit
dose of morphine led to a decrease in morphine self-ad-
ministration (Harrigan and Downs 1978). Thus, in both
studies the effects of opioid antagonist treatment on mor-
phine self-administration mimicked the effects of decreas-
ing the unit dose of morphine. In addition, Harrigan and
Downs (1978) reported that naltrexone treatment did
not alter d-amphetamine self-administration, suggest-
ing that effects of naltrexone were selective for opioid
self-administration. Other studies also have reported a
selective effect of opioid antagonists on opioid self-ad-
ministration (Ettenberg et al. 1982; Winger et al. 1992).
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When evaluated against complete opioid agonist
dose—effect curves, opioid antagonists have been reported
to produce both rightward and downward shifts. Harri-
gan and Downs (1978) also evaluated the effects of con-
tinuous naltrexone infusion on the self-administration
of a range of morphine doses (2.0-625 pg/kg/injection).
Chronic infusion of a relatively low dose of naltrexone
(1 pg/kg/hour) produced an approximately two-fold
rightward shift in the morphine dose-effect curve and a
small (i.e., less than 10%) decrease in the maximum ef-
fect. Chronic infusion of a higher dose of naltrexone (10
ng/kg/hour) shifted the entire morphine curve down-
ward so that no dose of morphine maintained rates of
self-administration different from those maintained by
saline. As shown in Figure 9, similar results have been
obtained with chronic and continuous naltrexone infu-
sion on the dose—effect curve for heroin self-administra-
tion in rhesus monkeys (Harrigan and Downs 1981),
with low doses of naltrexone shifting the dose-effect
curve to the right and higher doses of naltrexone shift-
ing the heroin dose-effect curve rightward and down-
ward. Finally, Herling and Woods (1980) reported that
acute IM naltrexone injections produced rightward and
downward shifts in the dose—etfect curve for codeine
self-administration in rhesus monkeys. In contrast to
these effects of naltrexone, acute pretreatment with the
opioid antagonist quadazocine produced only parallel-
rightward shifts in the dose—effect curve for the self-ad-

Heroin Alone

+ 1 ug/kgfhr naitrexone
+ 5 ug/kg/hr naltrexone
+ 20 ug/kg/hr naltrexone

507
40
30

207

Injections

10
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ministration of alfentanil by rhesus monkeys (Bertalmio
and Woods 1987; 1989; Winger et al. 1992). It is not clear
whether these different results (ie., rightward vs.
downward shifts) reflect differences in the nature of the
antagonists or differences in the procedures used to
evaluate antagonist effects.

Naltrexone, quadazocine, and most antagonists that
have been evaluated for their effects on opioid self-ad-
ministration are selective for mu-opioid receptors. The
effects of mu-, delta-, and kappa-selective antagonists
on heroin self-administration were compared in rats
trained to self-administer 0.06 mg/kg/injection of her-
oin under a FR 5 schedule during daily, 3-hour sessions
(Negus et al. 1993a). Initial experiments indicated that
this unit dose of heroin (0.06 mg/kg/inj.) lay on the de-
scending limb of the heroin dose—effect curve. The mu-
selective antagonist B-funaltrexamine produced the ex-
pected, dose-dependent increases in heroin self-admin-
istration, and high doses of B-funaltrexamine produced
extinction patterns of responding. These effects resem-
bled the effects of decreasing the unit dose of heroin
and suggested that B-funaltrexamine antagonized the
reinforcing effects of heroin. The delta-selective antago-
nist naltrindole also produced a dose-dependent in-
crease in the self-administration of 0.06 mg/kg/inj. of
heroin; however, relatively high doses of naltrindole
were required to produce these effects, suggesting that
naltrindole may have increased heroin self-administra-

Heroin Alone

+ 4 mg/kg/day methadone
+ 12 mg/kg/day methadone
+ 24 mg/kg/day methadone

50 7
407
301
20

10

100

Unit Dose Heroin (mg/kg/inj)

Figure 9. Self-administration of heroin by rhesus monkeys during chronic infusion with either the opioid antagonist nal-
trexone (left panel) or the opioid agonist methadone (right panel). Abscissae: Unit dose in mg/kg/inj (log scale). Ordinates:
Injections during each access period. Monkeys responded for drugs under a FR 1 (continuous reinforcement) schedule with
15-minute access periods occurring every 4 hours. Each point in the left panel shows mean data from four monkeys. Each
point in the right panel shows data from one monkey. Adapted from Harrigan and Downs (1981): Pharmacological evalua-
tion of narcotic antagonist delivery systems in rhesus monkeys. NIDA Research Monograph 28. Washington, DC: Govern-

ment Printing Office, pp. 77-92.
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tion by acting at mu receptors. The kappa-selective an-
tagonist nor-binaltorphimine had no effect on heroin
self-administration (Negus et al. 1993b). These data
suggest that the reinforcing properties of heroin are pri-
marily mediated by mu-opioid receptors.

In summary, low doses of mu-selective opioid antago-
nists typically produce rightward shifts in opioid ago-
nist dose~effect curves. Higher antagonist doses may
produce further rightward shifts or may shift opioid
dose—effect curves downward. When the effects of an-
tagonists are evaluated against single unit doses of an
opioid agonist, either increases or decreases in opioid
self-administration may be observed depending on the
position of the agonist dose along the dose—effect curve.
These findings emphasize the importance of character-
izing the agonist dose—effect curve as a basis for inter-
preting the effects of test drugs. There is no evidence to
suggest that the effects of opioid antagonists on opioid
self-administration change appreciably during chronic
treatment, although this issue has not been examined
systematically. The effects of opioid antagonists on opi-
oid self-administration are usually selective in that opi-
oid antagonists are more effective in altering opioid
self-administration than in altering self-administration
of nonopioid reinforcers. Thus, opioid antagonists ap-
pear to alter opioid self-administration while producing
few other adverse effects. However, opioid antagonists
may precipitate opioid withdrawal signs and symp-
toms in people physically dependent on opioids.

Clinical Treatment of Opioid Abuse
with Opioid Agonists

Among the alternatives to opioid antagonists for treat-
ment of opioid dependence are opioid agonists and opi-
oid mixed agonist-antagonists. Opioid agonists such as
methadone and l-a-acetyl methadol (LAAM) produce
opioid-like subjective effects and attenuate responses to
heroin and other opioids (Dole and Nyswander 1965;
Jaffe and Senay 1971; Jaffe et al. 1972; Martin et al.
1973a; Judson and Goldstein 1979; Jones and Prada
1975; see Jaffe and Martin 1990 for review). Methadone
is the major pharmacotherapy available for drug abuse
treatment, and its clinical utility is well established
(Dole 1988). More recently, partial mu agonists or opi-
oid mixed agonist-antagonists such as buprenorphine
have been evaluated for treatment of opioid depen-
dence (see Rosen and Kosten 1991; Mello et al. 1993¢;
Segal and Schuster 1995 for review). Buprenorphine an-
tagonizes opioid effects but also has agonist properties
that make it more acceptable to patients than an opioid
antagonist such as naltrexone. Buprenorphine’s opioid
antagonist properties confer a greater margin of safety
than opioid agonists, [i.e., overdose did not occur at 10
times the analgesic dose (Banks 1979; Lewis et al. 1983)].
Buprenorphine has potent analgesic properties with
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minimal capacity to induce physiological dependence
in man (Jasinski et al. 1978; Houde 1979; Lewis, 1995).
Assessments of buprenorphine for treatment of opioid
abuse were first conducted in inpatient clinical studies
and subsequently in preclinical drug self-administra-
tion models. In 1978, Jasinski and coworkers reported
that buprenorphine antagonized the physiological and
subjective effects of morphine (60-120 mg/day) for up
to 29.5 hours in abstinent opioid-dependent men (Jasin-
ski et al. 1978). Subsequent inpatient studies indicated
that buprenorphine (8 mg/day SC) significantly re-
duced heroin self-administration by heroin-dependent
men who had abused heroin for almost 10 years (Mello
and Mendelson 1980; Mello et al. 1982).

In 1992 the first controlled outpatient comparison of
buprenorphine and methadone maintenance treatment
for opioid dependence was reported (Johnson et al.
1992). In a randomized, double-blind, parallel group
study, it was found that buprenorphine (8 mg/day SL)
was as effective as 60 mg/day of methadone and supe-
rior to 20 mg/day of methadone on two outcome mea-
sures: patient retention and opioid-free urines (Johnson
et al. 1992). During the first 2 weeks of treatment, opi-
oid-positive urines decreased more rapidly in buprenor-
phine-treated patients than in methadone-treated pa-
tients, but remained 47% and 56% opioid positive over
the 17 weeks of treatment. A subsequent comparison of
lower doses of buprenorphine (2 and 6 mg) with metha-
done (35 and 65 mg) found that methadone was supe-
rior in reducing opioid use and in treatment retention
(Kosten et al. 1993). Currently, buprenorphine is the only
opioid mixed agonist-antagonist that is being evaluated
for the treatment of opioid self-administration in large-
scale clinical trials. A significant reduction in opioid
self-administration has been reported in clinical studies
as well as preclinical evaluations. Recent preclinical and
clinical reports have indicated that buprenorphine also
reduces cocaine self-administration by rhesus monkeys
and concurrent cocaine abuse by opioid-dependent pa-
tients (Kosten et al. 1989a, 1989b; Mello et al. 1989,
1990b; Gastfriend et al. 1993; Schottenfeld et al. 1993).
These findings were discussed earlier in the section on
opioid effects on cocaine self-administration (see Mello
et al. 1993¢; Mello and Mendelson 1995 for review).

Effects of Opioid Agonists on Opioid
Self-Administration [Table 6]

Many studies since the mid-1970s have evaluated the
effects of opioid agonist treatments on opioid self-ad-
ministration (Weeks and Collins 1964; Griffiths et al.
1976; Jones and Prada 1977; Stretch 1977; Wurster et al.
1977, Harrigan and Downs 1981, Lukas et al. 1981;
Mello et al. 1983; Koob et al. 1986; Negus et al. 1992;
Winger et al. 1992; see Table 6). In an early study, Weeks
and Collins (1964) examined the effects of etonitazene,
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| day
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Jones and
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Prada
1977
Wurster et
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Food
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al. 1977

food
choices

See Table 3

heroin
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infusion
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day IV
0.1-1 mg/
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Wingeretal.
1992

Rhesus
monkey
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kg IV
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dose—effect

curve

(response
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Glick et al.
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15 min.
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Decrease #

Glick et al.
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Rat
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Water

Decrease #
injections

Morphine, 0.04
mg/kg

15 min.
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dose

kg IP

U50,488

deliveries
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morphine, codeine, and meperidine on morphine self-
administration by rats. Morphine-dependent female
rats were trained to respond to 10 mg/kg/inj. of mor-
phine, a unit dose on the descending limb of the mor-
phine dose-effect curve. Adding etonitazene (10 pg/
ml) to the rats’ drinking water for 24 hours decreased the
number of injections per day to approximately 30% of
control levels. Similarly, continuous infusion of mor-
phine, meperidine, or codeine (1-32 mg/kg/hour) for
24 hours produced a dose-dependent decrease in mor-
phine self-administration (Weeks and Collins 1964). Al-
though these data suggest that treatment with an opioid
agonist may alter the reinforcing effects of morphine,
the selectivity of these effects was not evaluated. It is
also possible that the opioid agonists may have pro-
duced a nonselective disruption of behavior that im-
paired the subjects’ ability to emit an operant response.
More recent studies have addressed this issue by em-
ploying procedures that examine test drug effects on
self-administration of both opioid and nonopioid rein-
forcers. For example, Griffiths, Brady, and colleagues
(Griffiths et al. 1976, 1981; Wurster et al. 1977) devel-
oped a choice procedure in which baboons selected
either food or a single heroin injection every 3 hours (to-
tal of eight daily trials). Chronic treatment with
continuous infusion of 8.4 to 20 mg/kg/24 hours of
morphine or 8.3 mg/kg/24 hours of methadone for up
to 14 days produced a sustained decrease in the number
of daily heroin choices and an increase in the number of
food choices. The finding that heroin self-administra-
tion decreased while food self-administration increased
indicates that the decrease in heroin self-administration
did not occur because the baboons were unable to re-
spond. Rather, these results suggest that continuous in-
fusion with either morphine or methadone selectively
decreased the reinforcing effects of heroin. Further-
more, these findings suggest that tolerance did not de-
velop to the opioid-induced decreases in heroin self-ad-
ministration during chronic opioid maintenance. This
last conclusion contrasts with a study by Jones and
Prada (1977) reporting that tolerance did develop
within 2 weeks to opioid-induced decreases in mor-
phine self-administration in dogs.

In a related study, the effectiveness of buprenorphine
and methadone in reducing the self-administration of
heroin (0.01-0.02) and dilaudid (hydromorphone; 0.02
mg/kg/inj.) by rhesus monkeys was compared (Mello
et al. 1983). Drugs and food were available in alternat-
ing daily sessions, and each drug or food delivery re-
quired an average of 64 responses under a second-order
FR 4 (VR16:S) schedule. Chronic daily administration of
the partial mu agonist buprenorphine (0.014-0.79 mg/
kg/day) for 6 to 8 months selectively decreased self-ad-
ministration of heroin and dilaudid while having little
effect on food self-administration. Again, these results
suggest that the decrease in opioid self-administration
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did not reflect a nonselective suppression of all behav-
iors, but rather a selective decrease in the reinforcing ef-
fects of the opioid agonist. Interestingly, chronic treat-
ment with methadone (0.179-11.86 mg/kg/day) did
not consistently decrease opioid self-administration in
this study, although food self-administration was sup-
pressed. The relative ineffectiveness of methadone in
this study may have resulted in part from the treatment
regimen in which methadone doses were gradually in-
creased over a period of 4 months. However, other
studies also have reported behavioral toxicity resulting
from administration of methadone doses that were suf-
ficient to decrease opioid self-administration (Jones and
Prada 1971; Harrigan and Downs 1981; see the follow-
ing sections in this review).

In all the studies discussed, the effects of opioid ago-
nists were evaluated on a single unit dose per injection
of the self-administered opioid. Other studies have ex-
amined the effects of opioid agonists on the self-admin-
istration of a range of opioid unit doses. For example,
Harrigan and Downs (1981) trained rhesus monkeys to
self-administer either heroin (0.25-64 pg/kg/inj.) or
morphine (2-625 pg/kg/inj.) under a FR 1 schedule
during 15-minute sessions occurring every 4 hours (to-
tal of eight sessions per day). Days during which an
opioid was available for self-administration alternated
with days during which either d-amphetamine or saline
was available. Figure 9 shows that continuous infusion
of methadone (4-24 mg/kg/day for at least 3 weeks)
decreased the self-administration of low to intermedi-
ate unit doses of heroin located on the ascending limb
or peak of the heroin dose-effect curve; however, self-
administration of high unit doses located on the de-
scending limb of the opioid dose—effect curve was not
decreased. Similar effects were obtained in experiments
examining the effects of chronic buprenorphine (0.48-
0.96 mg/kg/day) on morphine self-administration.
Overall, chronic treatment with methadone or bu-
prenorphine produced a downward shift in the opioid
dose—effect curves. Unfortunately, the effects of metha-
done and buprenorphine on d-amphetamine self-ad-
ministration were not reported, so it is not clear
whether these opioid agonists selectively decreased
opioid self-administration. However, the investigators
did note that doses of methadone that suppressed her-
oin self-administration produced “severe debilitation
and depression,” suggesting that the effects of metha-
done on heroin self-administration may have been non-
selective (Harrigan and Downs 1981).

In another study examining opioid agonist effects on
entire opioid dose—effect curves, Winger and coworkers
(1992) trained two groups of rhesus monkeys to re-
spond for either cocaine (1-100 wg/kg/inj.) or alfenta-
nil (0.03-3 pg/kg/inj.) under a FR 30 schedule. Each of
the two daily sessions was composed of four cycles, and
during each cycle either saline or one of several unit
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doses of drug was available for self-administration.
Thus, a complete dose—effect curve could be examined
during each daily session. Acute pretreatment with the
opioid agonists buprenorphine, heroin, and nalbuphine
all produced a dose-dependent downward shift in both
the alfentanil and cocaine dose—effect curves. Buprenor-
phine displayed a potency difference in producing
these effects, with doses as low as 0.003 mg/kg effec-
tively suppressing the alfentanil dose-effect curve,
whereas a dose of 3.2 mg/kg buprenorphine was re-
quired to suppress the cocaine dose—effect curve. Thus,
low doses of buprenorphine selectively decreased alfen-
tanil self-administration. Both nalbuphine and heroin,
in contrast, were equipotent and nonselective in de-
creasing alfentanil and cocaine self-administration. As
in the study by Harrigan and Downs (1981), lower unit
doses of alfentanil were sometimes more sensitive than
higher unit doses of alfentanil to the effects of opioid
agonist pretreatments.

For the most part, the opioid agonists that have been
evaluated for their effects on opioid self-administration
are selective for mu receptors, although compounds
such as buprenorphine and nalbuphine also bind with
high affinity to kappa- and delta-opioid receptors (e.g.
Wood et al. 1981). The effect of more selective kappa-
and delta-opioid receptor agonists on opioid self-ad-
ministration has received little attention, although rela-
tively low doses of the kappa agonist U50,488 (Koob et
al. 1986) and the delta agonist DPDPE (Negus et al.
1992) did not alter heroin self-administration in rats.
High doses of kappa and delta selective agonists do
suppress rates of responding maintained by other rein-
forcers such as food (e.g. Negus et al. 1993b), so it is rea-
sonable to predict that they would also decrease re-
sponding maintained by opioid agonists. Recently, two
kappa agonists, spiradoline and U50,488, have been re-
ported to produce dose-related (2.5 to 10 mg/kg) and
selective decreases in morphine self-administration by
rats (Glick et al. 1995). The effects of U50,488 on mor-
phine-maintained responding were fully antagonized
by the kappa antagonist norbinaltorphimine (10 mg/
kg) (Glick et al. 1995). A more thorough evaluation of
these compounds is warranted.

In summary, opioid agonists, and particularly mu-se-
lective opioid agonists, have generally been reported to
decrease opioid self-administration and to shift opioid
dose—effect curves downward. In some cases, the mag-
nitude of these decreases in drug self-administration
appears to depend on the unit dose of opioid-maintain-
ing behavior. Specifically, opioid agonist pretreatments of-
ten are more effective in decreasing self-administration
of lower unit doses located on the ascending limb or
peak of the opioid dose effect—urve than in decreasing
self-administration of higher unit doses located on the
descending limb of the dose-effect curve. Again, these
findings illustrate the importance of characterizing the
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agonist dose—effect curve as a basis for interpreting the
effects of test drugs. During chronic treatment, toler-
ance may develop to opioid-induced decreases in opi-
oid self-administration. In some studies, the effects of
opioid agonists on opioid self-administration have been
shown to be selective; in other cases, opioid agonist-in-
duced decreases in opioid self-administration are ac-
companied by decreases in the self-administration of
nonopioid reinforcers or by overt behavioral toxicity.
Interestingly, methadone, the drug most often used clin-
ically for the treatment of opioid dependence, has
proven to be a particularly toxic drug at doses that sup-
press opioid self-administration in animal models. The
partial mu-agonist buprenorphine, in contrast, has con-
sistently been reported to produce a selective suppres-
sion of opioid self-administration at doses that produce
few other behavioral effects.

Effects of Nonopioids on Opioid
Self-Administration

Opioid agonists and antagonists presumably alter opi-
oid self-administration by competing with the self-ad-
ministered opioid for opioid receptors. Compounds
that do not act directly on opioid receptors, but that
may nonetheless modulate opioid activity, also have
been evaluated for their effects on opioid self-adminis-
tration. For example, active immunization of rhesus
monkeys with a morphine/protein conjugate (mor-
phine-6-hemisuccinate-bovine serum albumin) induces
the production of antibodies that bind both morphine
and heroin and selectively shift the dose-effect curve
for heroin, but not for cocaine, to the right (Bonese et al.
1974). Moreover, the antibodies from immunized mon-
keys can be isolated and infused into non-immunized
monkeys to produce similarly selective effects on her-
oin self-administration (Killian et al. 1978b). Presum-
ably, these morphine antibodies function by binding
morphine or heroin in plasma and preventing the drug
from reaching receptors involved in self-administration.
In contrast to receptor antagonists, however, antibodies
display high selectivity for the antigen, and morphine
antibodies would not be expected to alter self-adminis-
tration of structurally distinct opioids such as metha-
done or alfentanil.

Other compounds that do not affect binding of the
self-administered opioid to the receptor may alter the
intracellular or intercellular consequences of opioid-re-
ceptor activation that culminate in reinforcement of
opioid self-administration behavior. At the intracellu-
lar level, for example, activation of mu-opioid recep-
tors has been demonstrated to inhibit the enzyme ade-
nylate cyclase and decrease intracellular levels of the
second messenger cAMP. This inhibition of adenylate
cyclase is mediated by guanine nucleotide binding pro-
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teins (G proteins) that functionally couple the opioid
receptor to the enzyme. These G proteins can be inacti-
vated by pertussis toxin, suggesting that pertussis
toxin may be able to block the effects of opioid ago-
nists. Consistent with this hypothesis, intracranial ad-
ministration of pertussis toxin into the nucleus accum-
bens was recently reported to produce a small
rightward shift in the dose—effect curves for both her-
oin and cocaine self-administration (Self et al. 1994).
Although pertussis toxin certainly is not a candidate
for the clinical treatment of opioid dependence, these
preliminary findings do suggest that drugs targeted at
intracellular signal transduction mechanisms may be
able to alter opioid self-administration.

At an intercellular level, it has been hypothesized
that the mesolimbic dopamine system forms a final
common pathway for the reinforcing effects of many
abused drugs, including opioids (Bozarth 1986; DiChi-
ara and Imperato 1988a). Several studies have tested
this hypothesis by examining the effects of dopamine
antagonists on opioid self-administration (Glick and
Cox 1975; Stretch 1977; Ettenberg et al. 1982; Van Ree
and Ramsey 1987; Gerber and Wise 1989; Higgins et al.
1994; Winger 1994). In general, dopamine antagonists
decrease opioid self-administration, but only at doses
that also produce overt sedation and decrease behavior
maintained by nonopioid reinforcers. These findings ar-
gue against a prominent role for dopamine in opioid
self-administration and suggest that dopamine antago-
nists will not be useful in the treatment of opioid abuse.

Other compounds reported to alter opioid self-ad-
ministration include the cholinergic antagonist atropine
(Glick and Cox 1975), the neuropeptide oxytocin (Ko-
vacs and Van Ree 1985), the hallucinogen ibogaine
(Glick et al. 1991; Dworkin et al. 1995), the calcium-
channel blockers isradipine and nimodipine (Kuzmin et
al. 1992), and the indirect serotonin agonist dexfenflu-
ramine (Higgins et al. 1993). However, these studies
used only a single unit dose of the self-administered
opioid. In addition, most of these studies did not dem-
onstrate selectivity, although ibogaine (Dworkin et al.
1995) and dexfenfluramine (Wang et al. 1995) were
found to produce a selective decrease in opioid self-ad-
ministration relative to food self-administration. Fi-
nally, the effects of chronic treatment with these drugs
are unknown, although Wang and coworkers (1995)
found that dexfenfluramine produced only a transient
decrease in heroin self-administration during chronic
dexfenfluramine treatment. As a result, additional re-
search is necessary to extend these provocative results
and further characterize the effects of these compounds
on opioid self-administration. Interestingly, the alpha,
adrenoreceptor agonist clonidine has not been evalu-
ated in a preclinical model of opioid abuse, although
this drug attenuates some signs of opioid withdrawal
and is one of the principal pharmacotherapies em-
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ployed in the treatment of opioid dependence (Charney
et al. 1986; Stine and Kosten, 1992; Gold 1993).

TOWARD IMPROVED PRECLINICAL MODELS
FOR MEDICATION EVALUATION

Preclinical studies of novel compounds are an im-
portant first step in identifying potentially effective
pharmacotherapies for eventual clinical evaluation and
suggesting promising directions for medications devel-
opment. Animal models of drug self-administration
simulate one basic behavioral endpoint of human drug
abuse that can be affected by pharmacotherapies. The
clinical relevance of this model is suggested by the de-
gree of concordance between clinical and preclinical
studies of drugs used for the treatment of opioid depen-
dence and polydrug abuse involving cocaine and opi-
oid dependence described throughout this review
(Mello 1991; Mello et al. 1993¢). However, many of the
compounds examined in preclinical studies are not ap-
proved for phase I clinical testing, and parallel clinical
and preclinical studies have not been conducted. Ac-
cordingly, the cross-validation of findings from clinical
and preclinical models is an ongoing process (see Fig-
ure 1). Many of the preclinical studies of pharmacologi-
cal antagonists considered in this review were origi-
nally designed to investigate mechanisms of drug
action rather than to predict treatment medication effi-
cacy. The degree of similarity of data obtained under
different experimental conditions has sometimes been
obscured by a great diversity of study designs and basic
procedures, as well as variations in criteria for interpre-
tation of medication efficacy.

Review of this complex literature has led us to con-
clude that several related methodological issues should
be considered in the design of future studies. An ideal
preclinical evaluation of potential treatment medica-
tions should include the determination of complete
dose—effect curves for the target drug of abuse and the
evaluation of chronic administration of several doses of
the treatment medication on several unit doses of the
abused drug. It is important to recapture baseline levels
of drug self-administration between each successive ex-
posure to the treatment medication to ensure that intra-
venous catheters are patent and that cumulative effects
of treatment drugs do not complicate the interpretation
of findings. In addition, the profile of interactions be-
tween the treatment medication and the abused drug
should be examined to identify possible toxic effects as
well as reinforcing effects of the drug combination. Al-
though some agonist effects appear to be important for
patient acceptance of a drug abuse treatment medica-
tion (Mello et al. 1993¢c; Mendelson and Mello 1996),
clinical usefulness may be limited if a pharmacotherapy
is highly reinforcing and likely to be abused. In addi-
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tion to these general considerations, several procedural
issues also have an important effect on the interpreta-
tion of data obtained.

Selectivity of Medication Effects

One of the challenges of preclinical medication evalua-
tions is to design a study that permits an unambiguous
assessment of the relative selectivity of medication ef-
fects on drug self-administration. Because a decrease in
drug self-administration may reflect sedation or toxicity
rather than a decrease in drug reinforcing efficacy, it is
important to evaluate treatment drug effects on re-
sponding maintained by an alternative reinforcer such
as food. Moreover, food should be available under the
same conditions as drug self-administration and mea-
sures of operant response-contingent food self-adminis-
tration are preferable to post-session food intake. Evalu-
ation of treatment medication effects on drug and food
self-administration in the same subject is preferable to
using different groups.

Treatment Medication Dose Range

Several doses of the treatment medication should be
studied to establish the range over which it is effective
and to ensure that behaviorally active doses are exam-
ined. An optimal design would evaluate the effects of
several doses of the treatment drug on the self-adminis-
tration of several unit doses of cocaine or heroin. How-
ever, the amount of experimental time and resources re-
quired to study all these dose conditions make it
impractical for an initial evaluation of new treatment
medications. A pragmatic alternative is to evaluate sev-
eral doses of the treatment drug in combination with
one reinforcing dose of cocaine or heroin that is on the
ascending limb of the dose-effect curve. If an alterna-
tive reinforcer is also studied to ensure that apparent
treatment effects do not reflect sedation or toxicity, this
more spartan paradigm can yield useful information.
The effects of the most promising treatment medica-
tions on the complete cocaine or heroin dose-effect
curve can be evaluated subsequently.

Stability of Medication Effects

Because clinical treatment of substance abuse involves
chronic administration of a pharmacotherapy, it is im-
portant to evaluate the stability of medication effects
over time in preclinical models of drug self-adminis-
tration. Medication-induced changes in drug self-ad-
ministration may not be reliably detected in a single
test session. Several days of observation are necessary
to determine whether treatment medication effects in-
crease or decrease over time. There have been many re-
ports of changes in medication effects during chronic
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administration on cocaine self-administration (Wool-
verton and Virus 1989; Kleven and Woolverton 1990b;
Gold and Balster 1992; Negus and Picker 1996; Negus
et al. 1995b) and opioid self-administration (Jones and
Prada 1977; Wang et al. 1995). Moreover, when several
drug self-administration sessions are run each day,
changes in drug-maintained responding do not always
occur during the first session after administration of
the treatment drug (Negus et al. 1995a). In clinical
medicine, some pharmacotherapies such as antide-
pressants require chronic exposure before effective re-
duction of symptoms occurs. Medications for drug
abuse treatment may also require repeated administra-
tion over time to become fully effective. Alternatively,
the development of tolerance to medication effects on
drug self-administration could compromise its clinical
usefulness.

It is also important to determine the degree to which
medication effects persist after treatment has been dis-
continued. In clinical practice, an ideal therapeutic out-
come would include enduring beneficial effects of the
treatment medication so that the patient could eventu-
ally become drug-free. In the preclinical model, the time
required for drug self-administration to return to base-
line levels is one measure of the persistence of treat-
ment medication effects. However, it is also possible
that chronic exposure to the treatment medication
might result in an increased sensitivity to the reinforc-
ing effects of the abused drug (Kleven and Woolverton
1990b). Redetermination of drug dose—effect curves at
the conclusion of treatment can discriminate between
these alternatives.

Drug Dose-Effect Curves

The importance of evaluating medication effects on
dose-effect curves for the abused drug has been em-
phasized throughout this review. The interpretation of
findings depends, in part, on the position of the unit
dose of cocaine or heroin on the drug dose—effect curve.
If the unit dose of cocaine or heroin is on the ascending
limb of the dose-effect curve (see Figure 4), a decrease
in drug self-administration during treatment is consis-
tent with a decrease in the drug’s reinforcing properties.
However, if the unit dose is on the descending limb of
the dose—effect curve, a decrease in drug self-adminis-
tration may reflect an interaction between the direct
rate-reducing effects of the abused drug and the treat-
ment medication. When the entire drug dose-effect
curve is examined, a competitive antagonist would shift
the ascending limb of the curve to the right. But, the ef-
fect of an antagonist on the descending limb of the
dose-effect curve would depend on whether or not the
rate-reducing effects of high doses of cocaine or heroin
were antagonized (see Woods et al. 1987 for review).
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Criteria of Medication Effectiveness

Careful attention to each of the issues described will de-
termine, in part, the appropriate criteria for treatment
efficacy. We have discussed the ambiguities of interpre-
tation that may result when efficacy is defined as an in-
crease in drug-maintained responding similar to that
observed during substitution of saline or a minimally
reinforcing low dose of the abused drug. However, it is
important to recognize that this problem occurs pri-
marily when the treatment drug is evaluated on only
one occasion. When chronic administration of the treat-
ment drug is evaluated, an initial increase in drug-
maintained responding may not be sustained. More-
over, equating high levels of saline self-administration
with drug medication efficacy ignores the fact that sub-
stitution of saline or very low doses of the abused drug
do not invariably result in an increase in injection-main-
tained responding. For example, after an animal has
been exposed to saline extinction procedures on multi-
ple occasions, the substitution of saline for cocaine or
heroin may be followed by a rapid decrease in saline
self-administration. This qualification is relevant to the
interpretation of findings from all acute treatment stud-
ies where increases in drug self-administration were in-
terpreted as evidence for antagonism of the drug’s rein-
forcing properties (see Tables 1-6).

It is intuitively obvious that a decrease in drug self-
administration is the goal of clinical treatment, but in
preclinical evaluations, medications may have different
effects depending on the position of the unit dose on the
drug self-administration dose—effect curve. For exam-
ple, antagonism of the reinforcing effects of cocaine or
heroin decreases the self-administration of some drug
doses (i.e., doses on the ascending limb of the dose—ef-
fect curve) while increasing self-administration of other
doses (i.e., doses on the descending limb; see Figure 4,
left panel). Although considerable experimental effort
has been devoted to analysis of the antagonist effects of
drugs, the clinical implications of the antagonist-related
increases in drug self-administration are somewhat
problematic. An ideal treatment medication would de-
crease drug self-administration across a wide range of
doses on both the ascending and descending limbs of
the dose—effect curve (see Figure 4, center panel). This
preclinical outcome corresponds to a decrease in hu-
man drug abuse. Moreover, because human drug abus-
ers seldom have accurate information about the purity
of illicit drugs, it is important to develop pharmacother-
apies that reduce drug self-administration across a
broad range of drug doses.

Awareness of the distinction between assessment of
treatment medication effects on drug self-administra-
tion and analysis of the pharmacological mechanisms of
drug interactions may help to reconcile some apparent
inconsistencies in the preclinical literature. Often, these
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may be sequential steps in the evaluation process; for
example, identification of a potentially effective treat-
ment medication may precede analysis of its pharmaco-
logical mechanisms of action. Alternatively, analysis of
pharmacological mechanisms of drug interactions may
identify compounds with specific receptor antagonist or
agonist activities that are promising candidates for pre-
clinical evaluation. However, it is important not to limit
the search for new treatment medications to a narrow
range of predictable agonist-antagonist interactions
within pharmacologically defined drug classes. Effec-
tive treatment of polydrug abuse involving drugs from
several pharmacological classes probably will require
less categorical approaches to medications develop-
ment. The availability of animal models of polydrug
self-administration should facilitate the evaluation of
the next generation of treatment medications (Mello et
al. 1995, 1996). Although many issues still remain to be
resolved, recent advances in and collaboration among
researchers in behavioral science, pharmacology, neuro-
biology, and medicinal chemistry provide a basis for the
discovery of more effective medications for substance
abuse treatment and relapse prevention.
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