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Abstract

The purpose of this review is to illustrate the utility and value of employing human self-administration
procedures in medication development, including abuse liability assessments of novel medications
and evaluation of potential pharmacotherapies for substance use disorders. Traditionally, human
abuse liability testing has relied primarily on subjective reports describing drug action by use of
questionnaires; similarly, drug interactions between putative treatment agents and the drugs of abuse
have relied on these measures. Subjective reports are highly valued because they provide qualitative
and quantitative information about the characteristics of central and peripheral pharmacodynamic
effects as well as safety and tolerability. However, self-administration procedures directly examine
the behavior of interest — that is, drug taking. The present paper 1) reviews the most commonly used
human self-administration procedures, 2) discusses the concordance of subjective reports and self-
administration within the context of medications development for substance use disorders, focusing
primarily on illustrative examples from development efforts with opioid and cocaine dependence,
and 3) explores the utility of applying self-administration procedures to assess the abuse liability of
novel compounds, including “abuse deterrent” formulations (ADFs). The review will focus on opioid
and cocaine dependence because a rich database from both clinical laboratory and clinical trial
research exists for these two drug classes. The data reviewed suggest that drug-induced changes in
self-administration and subjective effects are not always concordant. Therefore, assessment of self-
administration in combination with subjective effects provides a more comprehensive picture that
may have improved predictive validity for translating to the clinical setting.
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1.0 Introduction

Recent epidemiological data reveal that opioid and cocaine dependence is an important area
of public health concern (SAMHSA, 2007a; World Health Report, 2005). For example, the
number of current heroin users in the U.S. more than doubled from 136,000 individuals in 2005
to 338,000 individuals in 2006. Please note that these values were obtained only from those
individuals residing in households and therefore are likely to be lower than the true incidence
of current heroin users. Of equal or greater concern is the increasing number of users of
prescription pain relievers for non-medical reasons (Comer and Ashworth, In press; Zacny et
al., 2003). An estimated 5.2 million people were currently using prescription pain relievers for
non-medical purposes in 2006, which was an increase from 4.7 million users in 2005, and 2.6
million users in 1999. Incidence rates for new initiation of illicit drug use also appear to be the
highest for prescription pain relievers compared to all illicit drugs, including marijuana, with
approximately 2.2 million new initiates among individuals aged 12 and older in 2006
(SAMHSA, 2007a). Correspondingly, data from the Drug Abuse Warning Network (DAWN,
2005) reveal that there were a total of 108 million emergency department visits, approximately
1.4 million of which were associated with drug misuse or abuse. Of these, heroin was involved
in approximately 11% of visits and non-medical use of prescription opioids was involved in
approximately 33% of visits. With regard to drug-related deaths, in 91% of the geographical
areas studied, more drug misuse deaths involved an opioid than any other drug. Although the
rates of past month cocaine use remained relatively stable in the U.S. between 2002 and 2006
(NSDUH, 2006), cocaine was involved in close to one in three drug misuse/abuse emergency
department visits (31%; DAWN, 2005). Worldwide, approximately 16 million people abuse
opiates and 14 million people use cocaine (World Drug Report, 2005). Thus, it is clear that the
treatment of opioid and cocaine dependence continues to be an area requiring a great deal of
attention.

In addition to prevention efforts, drug dependence can be reduced either by developing new
medications with limited abuse liability or by developing new more effective
pharmacotherapies. Assessment of the abuse liability of new compounds is an important
component in the drug development process. The likelihood of abuse is initially assessed by
examination of the chemical structure of the new compound compared to known drugs of abuse,
the in vitro receptor pharmacology of the compound, and the results of behavioral studies
conducted in laboratory animals. The latter studies often employ drug discrimination and drug
self-administration paradigms in order to determine the likelihood of abuse (Ator and Griffiths,
2003). The next major component in the assessment of the abuse liability of a new medication
is studies conducted in human research volunteers who are experienced with the effects of the
drugs in the same pharmacological class as the test compound and who have used the drugs
for non-medical purposes. The choice of this subject population is predicated on the belief that
it is this group that will most likely misuse the new medication and that they are known to be
sensitive to the euphoric effects of that drug class. The standard procedure in such studies is
to measure subjective ratings of drug “liking” and other self-report ratings of positive effects
produced by a test compound compared to a drug with known abuse liability. Typically,
placebo and several doses of the test compound and of the comparator drug are administered
to volunteers residing on an inpatient hospital unit. Studies are typically conducted in a well-
controlled environment in order to prevent unsanctioned drug use and control other extraneous
variables. In these studies, the adverse effects of the potential medication also are examined,
such as subjective ratings of negative effects, impairments in cognitive task performance, or
changes in physiological functioning, such as decreases in respiration or increases in blood
pressure. Details of the methods used to conduct these studies have been published recently in
several excellent reviews (Balster and Bigelow, 2003; Griffiths et al., 2003; McColl and Sellers,
2006; Preston and Walsh, 1998).
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These same methods have been applied to the evaluation of putative pharmacotherapies for
substance abuse disorders in order to determine whether the potential treatment agent can
modify the abuse liability profile of the targeted drug of abuse. In this case, subjective effect
measures are typically used to characterize the profile of action of the drug of abuse over a
range of doses, both in the presence and absence (ideally, under placebo-controlled conditions)
of the putative treatment agent. Although the data obtained from subjective effects batteries in
both abuse liability studies and drug-interaction studies for medications development can be
quite rich and yield critical qualitative and quantitative information, they can sometimes be
difficult to interpret. For example, some drugs produce increases in both positive and negative
subjective effects, and the balance of these effects may determine whether the drug will be
abused (Foltin and Fischman, 1991). However, the determination of the point at which the
positive effects outweigh the negative effects can be difficult to assess. The overall profile of
subjective responses for a pharmacologically well-characterized compound can be compared
to known drugs of abuse within that same pharmacological class in order to assess its abuse
liability (Preston and Jasinski, 1991), but the abuse liability of a pharmacologically novel
compound can be more difficult to assess in the absence of knowing the most suitable
comparator. In an effort to deter abuse, different formulations of new and existing medications
are being developed. Some examples of these new formulations include agonist-antagonist
combinations, modifications of the physical properties of tablets to hinder tampering, or the
addition of aversive agents, such as capsaicin or niacin. Standard approaches to abuse liability
testing of such “abuse-deterrent” formulations (ADFs) may not be applicable in some cases,
as described below.

The purpose of the present paper is first to summarize briefly the self-administration procedures
that are commonly used in human laboratory research. While measurements of subjective
effects are also critical to a comprehensive evaluation of the abuse liability of medications, the
utility of these measurements and the specific questionnaires most commonly used have been
reviewed recently and so will not be repeated here (Balster and Bigelow, 2003; Comer and
Zacny, 2005; Griffiths et al., 2003; McColl and Sellers, 2006; Preston and Walsh, 1998). By
contrast, a detailed review of the role of human drug self-administration procedures in abuse
liability testing and its predictive validity in terms of clinical trial outcomes has not been made
in recent years (although see Haney and Spealman, in press, and Panlilio and Goldberg,
2007 for comparisons of animal and human self-administration studies). We will then discuss
the importance of examining drug self-administration in the development of medications for
treating substance abuse and assessing the abuse liability of novel compounds for other medical
uses, including those formulations specifically designed to reduce abuse and diversion.

2.0 Self-administration Procedures

By traditional definition, a drug “serves as a reinforcer” if the behavior leading to its
consumption increases in probability over time (e.g., Foltin and Fischman, 1991; Skinner,
1966). For example, individuals tend to expend more effort accumulating money and locating
a specific drug dealer if the drug sold by that dealer is considered to be of good quality than if
it is considered to be of poor quality. The measurement of the increased behavior leading to
drug consumption is the key feature of most laboratory models of drug reinforcement. The
different types of procedures that have been used to measure drug taking by humans,
specifically, are summarized briefly below. For more detailed reviews of human models of
drug self-administration, please see Bigelow et al., 1976; Foltin and Fischman, 1991,
Henningfield et al., 1991; Schuster, 1975.
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2.1 Free Access Procedures

The most straightforward self-administration procedure is one in which participants have
unlimited or “free access” to a drug (e.g., Griffiths et al., 1986; Liguori et al., 1997; Mooney
etal., 2006; Richter etal., 2007; Spigaet al., 1998). These studies typically occur on an inpatient
unit where participants can be carefully monitored for adverse reactions to the drug, although
some studies have been conducted on an outpatient basis. For example, Griffiths and colleagues
(1986) allowed heavy coffee drinkers free access to either decaffeinated or caffeinated coffee
on alternating days while they were residing on an inpatient unit. Participants simply asked the
research staff for coffee when they desired it. Interestingly, the number of cups ingested was
relatively stable across days, suggesting that this procedure was relatively insensitive to
differences in the reinforcing effects of caffeinated versus decaffeinated coffee. When a
discrete-trial choice procedure was used (see description below), where participants were asked
to choose between caffeinated and de-caffeinated coffee, then a clear preference for caffeinated
coffee was found, but only when participants had been drinking caffeinated coffee for at least
one week prior to testing (i.e., participants were most likely tolerant to and/or physically
dependent on caffeine).

2.2 Verbal Choice Procedures

Another simple type of drug self-administration paradigm is one in which participants are given
a sample dose of drug and then later asked whether or not they would like to self-administer
the same dose, i.e., choice of a pill versus nothing. In separate sessions, participants are given
a sample dose of placebo and then later asked whether or not they would like to self-administer
the placebo. In this type of study, the operant behavior is a simple verbal response. That is,
participants are choosing whether or not to take the dose that is available to them during that
session, so when asked if they would like to take the dose again, they respond “yes” or “no.”
If participants choose the active dose on more occasions than they choose placebo across
sessions, then the active dose is considered to be a reinforcer. However, in this procedure,
placebo may be chosen often, making it difficult to demonstrate the reinforcing effects of the
active compound (i.e., a ceiling effect; Roehrs et al., 1997).

A more common approach is to use a discrete-trial choice procedure, whereby participants are
given a sample of Drug A and then, during a separate session, a sample of Drug B (e.g., de Wit
and Chutuape, 1993; Griffiths et al., 1980; Johanson and Uhlenhuth, 1980a, 1980b; Stern et
al., 1989). Typically, one of these drugs is placebo and the other is a dose of active drug.
Participants are instructed to attend to the effects produced by Drugs A and B and other
concurrent stimuli, such as the color of the pill, are used to facilitate the association between
the sample drug and the effects produced by that drug. During subsequent choice sessions,
participants are instructed to verbally indicate whether they would like to ingest Drug A or
Drug B. Typically, participants are given several choice opportunities, with 5 choice
opportunities being the most common. The number or percentage of choices of Drug A and
Drug B is then calculated. If the active drug is chosen significantly more often than placebo,
then the drug is considered to be a reinforcer.

An adaptation of this discrete-trial choice procedure is a money versus drug choice procedure
(e.g., Higgins et al., 1994; Mello et al., 1981; Stitzer et al., 1983), in which participants are
asked to choose between a dose of drug and a fixed amount of money. A third variant on the
money versus drug procedure is one in which the drug dose remains fixed while repeated
choices are made between the dose and varying amounts of money; thus yielding an estimate
of the value of the dose at the point where choice behavior changes (Donny et al., 2005; Walsh
et al., 2001). An advantage of a money versus drug choice procedure is that fewer sample
sessions are required (participants do not need to sample the money option because it has face
validity as a salient reinforcer). Also, participants have the opportunity to choose a reinforcer
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other than drug, which is similar to the choice conditions that drug users face in their natural
environments. However, there are two potential disadvantages of using money. First, money
values need to be determined a priori relative to the value of drug, and the value of the illicit
drugs can change over time as a function of the illicit marketplace. Second, due to differing
socioeconomic circumstances and histories, fixed values of money may have widely different
reinforcing efficacy between participants that can introduce an undesired noise factor (e.g., the
participant who chooses money exclusively because of need).

Although the above procedures are commonly used methods for examining the reinforcing
effects of drugs, one potential problem is that they can be time-consuming, involving multiple
drug administrations. In response to this limitation, a multiple-choice procedure (MCP) was
developed in an attempt to provide a quick and efficient estimate of the reinforcing effects of
a drug (Griffiths et al., 1993). As with the other procedures, participants generally are first
given doses of the test drug by the experimenter. They subsequently are asked to make a series
of choices on a questionnaire between either two doses of drug (Drug A versus Drug B, Drug
A versus Drug C, Drug B versus Drug C, etc.) or between drug and money (Drug A versus
$0.50, Drug A versus $0.75, Drug A versus $1, etc.) to reflect their hypothetical choice
preference. After the questionnaire is completed, one choice is selected randomly (often using
a lottery-like procedure) and given to the participant. As in the above procedures, the operant
behavior is a simple yes/no answer in response to the question of drug taking. Using this
procedure, Griffiths and colleagues (1993) demonstrated a pentobarbital dose-related choice
over money. In addition, larger doses of pentobarbital were chosen over smaller doses and over
placebo. Similar results have been reported for drugs from other pharmacological classes (e.g.,
Lile et al., 2004; Tancer and Johanson, 2003, 2007). These results demonstrate that the MCP
may be an efficient alternative to the more traditional self-administration procedures described
above. However, there are some disadvantages to the MCP. Although drug and money are
actually delivered during this procedure, which is similar to the traditional self-administration
procedures, the disadvantages are that only a single delivery of drug or money is made, and
there is often a substantial delay between the time that the choices are made and the time that
the reinforcer is actually delivered. In addition, the procedure is now sometimes used without
the lottery portion (Correia and Little, 2006), which essentially removes the component of
reinforcer delivery that sets the MCP apart from other questionnaires.

2.3 Non-verbal Operant Procedures

The second major type of self-administration procedure involves the use of non-verbal operant
responses that involves more effort than a simple verbal response. Participants are instructed
to make responses on a manipulandum (computer mouse, joy stick, bicycle, etc.) in order to
receive a drug. This type of study largely grew out of procedures developed in laboratory
animals during the early 1960’s (e.g., Deneau et al., 1969; Thompson and Schuster, 1964).
Soon thereafter, the study of drug self-administration via operant responding was initiated in
human research volunteers (Mendelson and Mello, 1966). One of the simplest operant
schedules is the fixed-ratio (FR) schedule, in which participants make a fixed number of
responses in order to obtain drug (e.g., Griffiths et al., 1976). For example, after every 200
responses on a manipulandum, participants receive a fixed amount of drug (FR200). A
“timeout” period, during which drug is unavailable, usually follows each drug delivery in order
to minimize the occurrence of adverse effects, and the maximum number of drug deliveries
that can be self administered is often imposed for safety reasons. The rate of responding for
drug, pattern of responding, number of drug deliveries, and amount of drug received are the
primary dependent variables. When the data are graphed as a function of dose and rate of
responding or number of infusions obtained, an inverted U-shaped dose-response curve is
sometimes found (e.g., Henningfield and Goldberg, 1983). The ascending portion of the dose-
effect curve is thought to reflect increases in the reinforcing effects of the drug, while the
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descending portion of the dose-effect curve reflects a combination of reinforcing effects and

other factors, such as behavioral incapacitation (inability to respond) or drug satiation. Due to
concerns about drug toxicity, human studies are generally limited to examining the ascending
portion of the dose-response curve.

A second type of operant schedule that is used to examine the reinforcing effects of drugs in
humans is the progressive-ratio (PR) schedule (Hodos, 1961; Hodos and Kalman, 1963; for
detailed reviews of PR schedules, see Arnold and Roberts, 1997; Rowlett, 2000; Stafford et
al., 1998). In this procedure, the number of responses required to receive each drug delivery
progressively increases, so that it becomes more and more difficult (i.e., more work is required)
to receive the same amount of drug. Oftentimes, the ratio value is increased logarithmically or
arithmetically after each drug delivery and the behavioral endpoint is the ratio value at which
responding stops. The maximum ratio value completed, which has been termed the “break
point value,” is generally the primary dependent variable in studies using PR schedules. A
fixed amount of time to complete each ratio value is allotted, and, as with FR procedures, a
limit is usually set on the maximum amount of drug that participants are allowed to self-
administer. The main advantage of the PR schedule over the FR schedule is that it can be used
to examine the relative reinforcing effectiveness or value of a range of different drugs and
doses without relying directly on response rates, which are sometimes difficult to interpret.
Drugs that maintain larger break point values are also drugs that are considered to have greater
abuse liability (Katz, 1990; Stafford et al., 1998).

3.0 Drug Self-administration and Medications Development for Drug
Dependence

The potential utility of self-administration procedures in human laboratory research has been
examined in the context of the development and evaluation of pharmacotherapies for the
treatment of various substance dependence disorders (e.g., O’Brien and Gardner, 2005;
Rukstalis et al., 2005; Stoops et al., 2007). These studies are germane to abuse liability testing
because they have been commonly employed to detect the ability of the putative
pharmacotherapy (typically as a pretreatment) to reduce the abuse liability of the targeted drug
of abuse. Moreover, these studies have often collected data using subjective effects batteries
(the standard approach to abuse liability evaluation; see above) concurrently with measures of
self-administration behavior, providing an opportunity to examine directly the relative
sensitivity and predictive validity of each, along with their concordance. Thus, review of these
studies can provide guidance from both experimental and conceptual viewpoints regarding the
potential strengths and weaknesses of self-administration procedures and their utility for abuse
liability evaluations. The studies described below focus on evaluation of pharmacotherapies
for opioid dependence, a condition for which effective treatments have been characterized in
the laboratory, and cocaine dependence, a condition for which there are presently no approved
pharmacological treatments.

3.1 Medications Development for Opioid Dependence

There are presently three agents marketed in many countries for the treatment of opioid
dependence—naltrexone, methadone and buprenorphine. The first two have been employed
for this purpose for approximately four decades, while the latter was initially approved for use
in France in 1996, and then subsequently introduced into other countries (including the United
States in 2002). For each of these medications, there are published studies from the human
laboratory on self-administration and subjective-effect measures available for examination. In
each case, the medication has been clinically proven and accepted as efficacious, and thus,
because a valid laboratory method should detect the significant behavioral/pharmacological
interactions between the treatment agent and the drug of abuse over the range of doses
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demonstrated to be clinically effective, the opioid pharmacotherapies provide an opportunity
to examine the sensitivity, specificity and potential validity of these approaches.

3.1.1 Naltrexone: Laboratory Evaluation of an Opioid Antagonist Treatment—
The clinical effectiveness of naltrexone is derived from its ability to competitively antagonize
mu opioid receptors and, thereby, block the effects of illicitly administered opioids. The
receptor pharmacology of this drug interaction is relatively straightforward, and thus,
maintenance of sufficient receptor blockade (by maintaining adequate plasma levels) can
provide protection against opioid abuse. Unfortunately, naltrexone is an unpopular treatment
approach: compliance is poor, drop-out is high, and its effective clinical use is quite
circumscribed (Kirchmayer etal., 2002; Sullivan etal., 2005). However, as a model medication,
it is outstanding because it produces few, if any, direct pharmacological effects of its own.

The first studies to examine the effects of naltrexone on opioid self-administration by humans
were conducted by Meyer and colleagues (Altman et al., 1976; Meyer et al., 1976). In these
pioneering studies, patients with a history of past treatment failures for heroin dependence were
recruited to participate while living on a closed research inpatient unit. An FR schedule was
employed that required responses (ranging from FR 300 to FR 2100) on a hand counter for
heroin (0.5 mg/unit dose). Patients cycled through a series of study phases that could include
initial detoxification to a drug-free status, acquisition of heroin self-administration (using a
dose escalation schedule over a period of days up to a maximum of 60 mg/day), methadone
detoxification, and heroin self-administration during maintenance on naltrexone. Eight
individuals completed the phases of the study required for evaluation of heroin self-
administration under “blocked” (i.e., naltrexone maintenance) and “unblocked” (i.e., drug-
free) status. Naltrexone maintenance (75 mg/day for most participants) produced a nearly
complete elimination of heroin taking in these difficult-to-treat patients.

Mello and colleagues (1981) also examined the effects of naltrexone on heroin self-
administration by humans. Individuals who were previously heroin-dependent participated as
inpatients while they were maintained on either oral placebo or naltrexone (50 mg/day, p.0.)
under double-blind conditions. Intravenous heroin (10 mg, i.v.), which could be obtained by
making 300 responses on a response button, was available four times per day during a 10-day
period of the study. A similar operant schedule was in place to provide an opportunity to earn
an alternate reinforcer, money. Daily intake of heroin was quite stable over the course of the
10-day treatment period for the group maintained on placebo; the average intake was about 35
mg heroin/day with individuals taking between 58 to 100% of the available heroin (40 mg/
day). In contrast, after the first day of active naltrexone treatment, heroin self-administration
was reduced to nearly zero for all of the participants and, over the 10-day period, this group
took only between 3 to 8% of the available doses and stopped working for the drug after taking
only one or two injections. This study, like the earlier one by Meyers and colleagues,
demonstrated that, in the presence of adequate opioid blockade, the abuse liability of heroin
was nearly completely suppressed as evidenced by an absence of self-administration behavior.

A more recent study examined a novel long-acting depot formulation (Depotrex®) of
naltrexone for its ability to alter heroin self-administration (0, 6.25, 12.5 and 25 mg, i.v.) using
a PR procedure in five heroin-dependent individuals who underwent detoxification prior to
naltrexone dosing (Sullivan etal., 2006). The depot formulation of naltrexone was administered
as a single injection previously shown to produce antagonism of heroin-induced effects for at
least four weeks (Comer et al., 2002). The findings by Sullivan and colleagues (2006) were
concordant with the earlier demonstrations that naltrexone administration produced nearly
complete suppression of heroin self-administration, reducing the average break-point value to
near zero (Figure 1; top panel). Moreover, subjective effect measures collected during the
sample sessions when test doses of heroin were experimenter-administered indicated that
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participants reported virtually no subjective response on measures predictive of abuse liability
(e.g., measures of drug liking and good drug effects) (Figure 1; bottom panel). As elimination
of naltrexone occurred from this long-lasting formulation, heroin self-administration recovered
to baseline levels, as did increases in subjective ratings of positive or euphoric drug effects
indicating a temporal correlation between these two outcomes.

3.1.2 Methadone: Laboratory Evaluation of an Opioid Agonist Treatment—The
first demonstration of the efficacy of methadone to suppress opioid self-administration in the
human laboratory was published more than three decades ago. Jones and Prada (1975)
examined a cohort of six federal prisoners who were incarcerated for narcotic-related offenses.
The participants were maintained first on placebo and then, after a 2.5 month period, they began
maintenance on oral methadone (from 5 mg escalating up to 100 mg per day over a 6-week
period). During each phase, participants were given the opportunity to work for
hydromorphone (4 mg, i.v.) three times weekly. The behavioral requirement for earning a drug
reinforcer was riding a stationary bicycle for a specified distance (5 or 10 miles). If only a
portion of the required distance was covered, participants received a hydromorphone infusion,
but the dose was proportional to the amount of the work completed. Maintenance on placebo
led to nearly 100% of the available hydromorphone being earned by these six individuals, and
none worked for saline infusions. Five of the six participants continued working for
hydromorphone at 50 mg methadone/day. During the first weeks of treatment with 100 mg/
day methadone, self-administration was reduced even further and was nearly completely
suppressed after three weeks of maintenance on this dose. Similarly, subjective effect reports
of “liking” in response to hydromorphone were reduced as a function of methadone
maintenance dose. This dose response function for methadone obtained under controlled
laboratory conditions corresponds closely with clinical trials reporting that methadone at doses
near 50 mg/day are less effective at reducing illicit opioid use compared to doses in the 100
mg range (e.g., see Faggiano et al., 2003 and also Strain et al., 1999 for review). Moreover,
the observation that a longer period of methadone stabilization (in this case, three weeks rather
than one) is consistent with clinical reports that the full therapeutic benefit of methadone
maintenance is commonly observed only after an extended period of maintenance (i.e., 3 to 4
weeks).

A more recent study employed a choice self-administration procedure to examine methadone
over a broader range of doses for its ability to suppress heroin self-administration (Donny et
al., 2005). Heroin-dependent volunteers were stabilized on 50, 100 and 150 mg per day of oral
methadone in ascending order during three separate outpatient periods. A 4-week inpatient-
testing period followed stabilization at each methadone maintenance dose. Participants were
given the opportunity to sample three doses of heroin (0, 10, or 20 mg, i.v. given in random
order at one dose per week) and were subsequently allowed seven opportunities to choose
between another injection of the assigned heroin dose and varying amounts of money (ranging
from $2 — $38). Choice for heroin injections was reduced in an orderly fashion as a function
of methadone maintenance dose (Figure 2; left panel), but near complete suppression was not
achieved until participants were maintenained on the highest methadone dose (150 mg).

Subjective measures related to the abuse liability of heroin were collected during each of the
sample sessions. Heroin-induced subjective effects, including “drug liking” and strength of
drug effect (Figure 2; right panel), were also reduced in a dose-dependent manner by
methadone. In contrast to the heroin self-administration data, the subjective effects of heroin
were largely suppressed by the intermediate dose of methadone (100 mg) and scores were
comparable to those observed during maintenance on 150 mg methadone. These findings
suggest that the subjective responses to heroin may be more readily attenuated by methadone
compared to self-administration behavior, which, in this case, required a larger dose, and that
concomitant collection of both outcome measures may yield differential estimates of efficacy.
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3.1.3 Buprenorphine: Laboratory Evaluation of a Partial Agonist Treatment—
Buprenorphine is a partial mu opioid agonist with demonstrated efficacy in reducing illicit
opioid abuse (e.g., Johnson et al., 1992; Ling and Wesson, 2003). Its unique therapeutic
advantages include a low risk for clinically significant respiratory depression, long duration of
action allowing less-than-daily dosing, and mild withdrawal symptoms upon cessation of use
(e.g., Amass et al., 1998; Jasinski et al., 1978; Strain, 2006; Walsh et al., 1995), all of which
are attributable, in part, to its partial agonist profile with less-than-maximal intrinsic activity
and its high lipophilicity (see Walsh and Eissenberg, 2003 for review). Buprenorphine is
marketed in a single drug formulation and also in combination with naloxone, which is intended
to deter illicit diversion to the parenteral route. If a patient uses the buprenorphine/naloxone
combination product sublingually, as prescribed, naloxone should have little pharmacological
effects because of its poor bioavailability by the sublingual route. However, if the opioid-
dependent patient uses the medication parenterally (e.g., intravenously, subcutaneously),
naloxone would elicit opioid withdrawal symptoms.

The ability of buprenorphine to alter heroin self-administration by humans was originally
examined using an operant procedure employing a second order schedule of reinforcement
(Mello et al., 1980, 1982). Heroin-experienced individuals, residing as inpatients, were given
the opportunity to work (in this case, button pressing) for either heroin (7 or 13.5 mg, i.v.) or
money after random assignment to maintenance on either buprenorphine (8 mg/day, s.c.) or
placebo. It was demonstrated that less than 30% of the available heroin was self-administered
in buprenorphine-maintained individuals compared to more than 90% in those maintained on
placebo.

One additional study examined buprenorphine in a solution formulation (prior to the
development of the marketed tablets) for its ability to alter opioid self-administration
(Greenwald et al., 1999). This outpatient study maintained volunteers on buprenorphine over
a range of sublingual doses (2, 4 and 8 mg, s.l. per day) and evaluated self-administration of
hydromorphone. The subset of patients who were successful in abstaining from heroin use
during the study exhibited little opioid self-administration in the laboratory. In contrast, those
patients for whom buprenorphine was not clinically effective in suppressing their illicit opioid
use demonstrated significant levels of hydromorphone self-administration in the laboratory.
The subjective effects of hydromorphone also differed between the two groups of patients.
These findings illustrate a concordance between findings in the laboratory and clinical
outcomes with respect to individual differences in therapeutic response.

The marketed preparations of buprenorphine alone (Comer et al., 2001; Greenwald et al.,
2002) and buprenorphine formulated in combination with naloxone (Comer et al., 2005) have
been examined for their efficacy in reducing opioid self-administration using a PR procedure.
Comer and colleagues (2001) demonstrated that buprenorphine maintenance was effective at
reducing intravenous heroin self-administration, with larger doses (16 mg/day) demonstrating
greater efficacy than smaller doses. In this case, the reduction in heroin self-administration
closely paralleled the reduction in positive subjective effects of “liking” and “good drug
effects,” but self-administration behavior was not completely suppressed even at the highest
dose. Using a different PR procedure, Greenwald and colleagues (2002) reported similar
findings indicating that larger doses of buprenorphine were more effective in suppressing
hydromorphone self-administration than smaller doses (16 vs. 2 mg/day), and this dose
difference was preserved when an alternate-day dosing schedule (with doubled doses of 32
and 4 mg/day) was employed. Finally, the self-administration of intranasal heroin was
examined as a function of treatment with the buprenorphine/naloxone combination product
using a progressive ratio procedure (Comer et al., 2005). Similar results were obtained whereby
larger doses of buprenorphine were more effective than smaller doses at suppressing heroin
self-administration with the lowest buprenorphine/naloxone dose (2.0/5 mg) being comparable
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to placebo. In this case, the subjective ratings in response to heroin were more uniformly
reduced by all active doses of buprenorphine in comparison to placebo, suggesting that the
subjective effects may be reduced by doses that do not significantly reduce self-administration.

In summary, each of the three medications proven effective for the treatment of opioid
dependence has also been demonstrated to suppress opioid self-administration in the laboratory
setting in concordance with their ability to suppress illicit opioid self-administration. These
studies employed an array of self-administration procedures including operant schedules with
substantial response requirements, choice procedures with and without alternate reinforcers,
progressive ratio procedures, and different opioid drugs of abuse and routes of administration,
thus demonstrating the robust sensitivity of the self-administration paradigm to detect
medication effects at doses in the clinically therapeutic range. The findings generally reveal
dose-related efficacy (where multiple doses are examined) and a concomitant decrease in
ratings of positive subjective effects in response to challenge with the drug of abuse. These
reductions are not always perfectly correlated with reductions in self-administration and, in
some cases, the subjective responses are significantly attenuated by doses that are less effective
at suppressing self-administration. This suggests that subjective effects may be more readily
modifiable than drug-taking behavior.

3.2 Medications Development for Cocaine Dependence

Extensive research efforts to develop an effective pharmacotherapy for the treatment of cocaine
dependence has been underway for nearly two decades in the United States. While,
unfortunately, no medications have been approved for this indication and none has proven
broadly effective from this extensive program, a large scientific body of data and knowledge
has emerged from this work. Cocaine has a more complex neuropharmacological profile of
action in comparison to the mu opioid agonists. Cocaine produces activity through numerous
neurochemical systems that may be altered differentially in response to acute versus chronic
exposure, and its primary neurochemical actions related to its abuse liability (i.e., inhibition of
neurotransmitter reuptake at monoaminergic sites) are not mediated through single receptor
interactions. Thus, from a pharmacological standpoint, it has been a tremendous challenge to
identify the correct biological target(s) for development of an efficacious treatment, and,
accordingly, agents from diverse pharmacological classes have been evaluated.

For the purposes of the present paper, an exhaustive review of all of the potential
pharmacotherapies that have undergone some clinical evaluation is unnecessary and is
available elsewhere (e.g., Vocci and Elkashef, 2005). Rather, this section will focus only on
those agents that have been evaluated in the human laboratory for both their ability to alter 1)
the subjective profile of cocaine, and 2) self-administration of cocaine (Table 1) under similar
dosing conditions. In many (but not all) cases, there is also at least one published clinical trial
using good randomized and controlled conditions available to provide some comparative
evidence on the potential clinical efficacy in a treatment population.

Table 1 includes agents representing a diverse range of pharmacological classes, including
antidepressants, anticonvulsants, antispasmodics, and a wide range of neuropharmacological
targets, including dopamine, GABA, glutamate, and mu and kappa opioid systems. Agents are
arranged within the table according to the outcomes for and concordance between the test
procedures. That is, the first three agents shown [flupenthixol (a dopamine D1/D2 receptor
antagonist and alpha adrenergic receptor antagonist), butorphanol (a partial opioid agonist at
mu and kappa receptors), and phenytoin (an anticonvulsant with an unknown mechanism of
action)] are those for which clinical studies demonstrated that pretreatment or maintenance on
the test agent failed to alter the subjective response to cocaine challenge and failed to alter
cocaine self-administration, thus demonstrating good concordance between the procedures
with these medications.
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The next six agents listed [desipramine (a tricyclic antidepressant), enadoline (a kappa opioid
receptor agonist), gabapentin (a nonselective GABA agonist), pergolide (a dopamine D1/D2
receptor agonist), ABT-431 (a selective dopamine D1 receptor agonist) and memantine (a low
affinity N-methyl-D-aspartate receptor antagonist)] are those for which some significant
alterations in the subjective response to cocaine (the direction of change is indicated by the
arrows) were observed in the absence of significant changes in self-administration behavior.
The dissociation between these two outcomes is not completely surprising. First, the controlled
nature of the laboratory setting and the careful construction of subjective effect measures are
designed to provide a sensitive assay of direct pharmacodynamic effects and drug interactions.
Thus, modest modifications in the subjective effects profile of the drug of abuse, in this case
cocaine, may lead to significant changes at doses which are below the threshold for those which
may produce changes in self-administration and/or clinically meaningful effects. This
suggestion is supported by examples from the opioid treatment field where the clinically
effective dose of the treatment agent is known. For example, while the daily therapeutic dose
of naltrexone is 50 mg, laboratory data reveal that significant reductions or blockade of opioid
agonist effects will occur at substantively smaller doses (i.e., subtherapeutic) than those needed
for effective clinical treatment (e.g., Walsh et al., 1996). This is also consistent with findings
from some preclinical studies, which report that a pretreatment agent may significantly alter
the discriminative stimulus effects of a drug (frequently likened to subjective effects in human
laboratory research) at doses that do not alter self-administration behavior (e.g., Barrett et al.,
2005; Filip et al., 2007). Thus, subjective effect measures may provide a more sensitive assay
of specific pharmacological interaction than self-administration behavior. However, because
itis unknown what magnitude of interaction is required to alter drug-taking behavior (the target
in medications development for substance abuse), it is also possible that this sensitivity may
lead to a higher rate of false positive findings (i.e., those medications which produce a positive
signal in the laboratory setting but fail in the clinic). Additionally, it is unknown, in the case
of cocaine, how the direction of interaction may impact drug-taking behavior. For example, it
is possible that a partial reduction in the euphoric effects of cocaine (rather than complete
blockade which has yet to be achieved by any agent) will lead to an increase, rather than a
decrease, in drug taking reflecting some compensation for the attenuated drug effect. There is
some support for this from laboratory findings (e.g., Walsh et al., 2001) and from some clinical
trials, which have reported increased rates of cocaine use in active versus placebo treatment
groups (e.g., Kampman et al., 2003).

The final group of compounds is that for which significant alterations in the subjective response
to cocaine and significant changes in cocaine self-administration behavior were concurrently
observed. In the case of baclofen, a GABARg receptor agonist, a reduction in self-administration
occurred only at the lowest dose of smoked cocaine tested (12 mg) and not at the larger doses
(25 and 50 mg), which are associated with greater abuse liability (Haney et al., 2006). Baclofen
also decreased subjective ratings of craving for cocaine and the amount participants were
willing to pay for cocaine, although other subjective ratings typically associated with abuse
liability such as drug liking and good drug effects were unaffected by baclofen. Thus, while
the findings were concordant between the two outcomes, the signal was relatively weak in that
areduction in self-administration was only found with the lowest dose of smoked cocaine and
only a subset of positive subjective responses was altered. Using an acute pretreatment
procedure and lower doses of baclofen than those used by Haney and colleagues (2006), Lile
etal. (2007) reported that baclofen did not significantly alter the subjective effects of intranasal
cocaine and it did not alter responding on the multiple choice procedure. In the case of
buprenorphine (Foltin and Fischman, 1994), the nature of the interaction between this partial
mu agonist and cocaine on the subjective effect measures was one of potentiation — that is, the
combination of the opioid agonist and cocaine produced a constellation of drug responses that
reflected the activity of both drugs and increased the magnitude of the response for measures
of their shared effects (e.g., ratings of “high”). Under the high dose conditions, buprenorphine
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reduced cocaine self-administration; however, participants were reported to be significantly
intoxicated from the drug combination. Thus, the observed reduction in self-administration
may reflect a compensatory change in drug taking in response to the increased euphoric and
impairing effects of the drug combination. This suggestion is complementary to the
compensatory changes described above for the case of reduced subjective effects. In the case
of ecopipam, a dopamine D1/D5 antagonist also known as SCH 39166, mixed results were
obtained across studies. Nann-Vernotica and colleagues (2001) reported that ecopipam, up to
maintenance doses of 100 mg, failed to alter the subjective effects of cocaine. In contrast,
Haney and colleagues (2001) reported that 100 mg ecopipam increased the reinforcing effects
of a small dose of smoked cocaine (12 mg) and it increased subjective ratings of “good drug
effect,” “high,” “stimulated,” and dose quality produced by a large dose of cocaine (50 mg).
Combined with the data collected in studies using laboratory animals (e.g., Kleven and
Woolverton, 1990), a possible explanation is that dopamine receptor supersensitivity occurred
following chronic administration of a D1/D5 antagonist, which mediated the increases in the
subjective and reinforcing effects of cocaine.

The final agent in the list is modafinil — one for which the findings are concordant across the
two paradigms and may be the best example of the desired profile of findings for a promising
agent. Although the receptor pharmacology of modafinil is not fully understood, it appears to
occupy both dopamine and norepinephrine transporters at therapeutic doses (Madras et al.,
2006). In this study, modafinil pretreatment significantly reduced the subjective response to
cocaine in the absence of producing unpleasant side effects and significantly reduced cocaine
self-administration in a dose-dependent fashion (Hart et al., 2008). These findings are in
agreement with a small-scale clinical trial that examined the efficacy of modafinil compared
to placebo in individuals seeking treatment for cocaine dependence and reported significant
reductions in cocaine use in the group treated with modafinil (Dackis et al., 2005).

3.3 Summary of Medications Development for Opioid and Cocaine Dependence

In summary, studies from the opioid literature examining medications of proven efficacy (i.e.,
naltrexone, methadone and buprenorphine) reveal that the subjective mood effects related to
abuse liability are reliably blunted and, at sufficient doses, completely blocked by treatment
with these therapeutic agents. Under conditions of adequate blockade of the euphoric effects
of the abused substance, comparable decreases in drug self-administration are observed. Across
the range of medications reviewed for the treatment of opioid dependence, this is true regardless
of the specific method employed for measuring self-administration. For example, fairly simple
choice procedures (drug versus no drug), choice procedures involving fixed versus changing
alternative reinforcers, behavioral arrangements requiring simple requirements, such as button
pressing or bicycle riding, and progressive ratio procedures alone or in combination with
alternative reinforcers yield concordant outcomes. Findings from research on medications
development for cocaine dependence, for which drugs of unknown potential clinical efficacy
have been evaluated, suggest that studies of subjective effect measures and self-administration
behavior may yield concordant outcomes under some conditions. However, a number of studies
also demonstrate that significant alterations in subjective responses to cocaine may occur in
the absence of changes in self-administration behavior (it is important to note that no studies
have reported the opposite dissociation — that is, changes in self-administration in the absence
of subjective effects measures). Findings from both the opioid and cocaine medications
development arenas indicate that subjective effects may be more readily modified at smaller
doses of the putative therapeutic agent compared to those required to alter self-administration
behavior.

The studies described above demonstrate that a good concordance exists between medications
that are effective in reducing the reinforcing effects of opioids and in reducing opioid use in
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clinical settings. Therefore, good external validity exists for the laboratory models of opioid
self-administration. However, there are currently no effective treatments for cocaine
dependence, so it is not possible to make definitive statements about the external validity of
cocaine self-administration procedures other than to note that virtually all of the medications
that have been ineffective in the laboratory are also ineffective in the clinic.

4.0 Direct Assessments of the Reinforcing Effects of Test Compounds

In addition to medications development for treating substance dependence, another use of the
self-administration procedure has been to evaluate the abuse liability of the treatment agents
themselves. When the receptor pharmacology of the compound is known, as is the case for
many opioids, the use of the self-administration paradigm is relatively straightforward as long
as attention is paid to certain experimental details. Because buprenorphine, a partial mu opioid
agonist, is one of the best characterized medications in terms of abuse liability testing, it will
be described in some detail here. The reinforcing effects of intravenously delivered
buprenorphine were examined in a series of studies in recently-detoxified human research
volunteers using a drug versus money PR choice procedure (Comer et al., 2002, 2005; Comer
and Collins, 2002). In all of these studies, i.v. buprenorphine was self-administered above
placebo levels. When buprenorphine was compared to the full mu opioid agonist methadone,
the reinforcing and subjective effects of the two medications were remarkably similar (Comer
et al., 2005).

When i.v. buprenorphine was compared to i.v. buprenorphine/naloxone in recently-detoxified
individuals, the breakpoint values for the two medications did not differ (Comer and Collins,
2002). In this study, however, the magnitude of the positive subjective responses produced by
the buprenorphine/naloxone combination was less than that of buprenorphine alone.
Interestingly, the buprenorphine/naloxone combination was self-administered even at doses
that produced no statistically significant increases in subjective responses. [Similar results (i.e.,
drug self-administration in the absence of changes in subjective responses) have been reported
for morphine (Lamb et al., 1991) and for cocaine (Martinez et al., 2004).] When participants
were asked why they self-administered buprenorphine/naloxone when they felt no measurable
subjective effects, they reported that they slept better that night or that they had less muscle
pain. In these studies with buprenorphine, all of the participants were detoxified from heroin
only 1-2 weeks prior to initiation of the experimental sessions and so they were still
experiencing some mild withdrawal symptoms. Based upon these self-reports, it appears that
participants were self-administering buprenorphine both for its positive subjective effects, i.e.,
positive reinforcement, and/or to alleviate subtle withdrawal symptoms, i.e., negative
reinforcement. In contrast to the results obtained in recently detoxified, heroin-dependent
individuals (Comer and Collins, 2002), a separate study conducted in individuals maintained
on divided doses of morphine showed that i.v. buprenorphine was not self-administered at any
of the doses that were tested, even those that produced increases in positive subjective responses
(Comer et al., in press). In these physically-dependent individuals, buprenorphine produced
positive subjective responses, but it also precipitated mild opioid withdrawal.

Clearly, because subjective responses and drug self-administration may be dissociable,
concurrent collection of both measures will yield a richer and more informative data set and
potentially improve the concordance between the laboratory and clinical outcomes.
Furthermore, it is important to note that the state of physical dependence, when dealing with
a drug class known to produce physical dependence, should be carefully controlled. And
finally, a comparator drug of known abuse liability (i.e., a positive control) should be included
in the assessment in order to make conclusions about the abuse liability of the test medication
relative to a drug with known abuse liability. For medications that are known to produce their
pharmacological effects through opioid receptors, the studies can be relatively straightforward.
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Abuse liability studies of other medications, for example those with actions at multiple receptor
systems, “first-in-class” compounds, or different formulations of existing medications can be
more challenging. Using the latter category as an example, the section below describes some
of these challenges and also offers some possible solutions.

5.0 Assessing Abuse-Deterrent Formulations

In response to the increased awareness of prescription medication tampering (Cone, 2006),
industry and academic scientists have begun to develop an array of novel abuse-deterrent
formulations designed to make the manipulation of modified-release formulations more
difficult for abusers and, thus, less attractive (Table 2). Most of these technologies either 1)
add one or more aversive agents, 2) add an antagonist, 3) make pills difficult to crush, 4) make
extraction difficult, 5) use pro-drugs, or 6) employ a combination of two or more of these
approaches. Only a selective review of abuse liability testing of abuse-deterrent formulations
will be made here, in part, because these studies have not yet been performed for some of the
strategies listed.

One general strategy for reducing abuse potential has been to develop formulations that deliver
the drug in a slow and controlled manner. For example, OxyContin® (controlled-release
oxycodone), given twice daily (BID), delivers the same daily dose of immediate-release
oxycodone administered four times daily (QID), but reaches a lower maximum concentration
(Cmax) and has a delayed time to maximum concentration (Tmax). While these features were
developed for patient convenience (need for less frequent dosing over the course of the day),
it is generally accepted that these pharmacokinetic properties (e.g., a slower onset of central
pharmacodynamic effects) result in a lower abuse potential (de Wit et al., 1993; Abreu et al.,
2001; Roset et al., 2001). Interestingly, however, the abuse liability of OxyContin® as
prescribed, has not been characterized experimentally. Although abuse of the intact tablet
occurs, drug abusers often tamper with these types of formulations to circumvent their
controlled-release properties, thereby converting them into high-dose, immediate-release
preparations providing for the self-administration of the entire dose and the opportunity to use
an alternate route of administration (Zacny et al., 2003).

The approach of adding an antagonist to an agonist as an abuse deterrent has been used for
several medications (e.g., pentazocine, tilidine, methadone, buprenorphine) and has been
studied using the standard approach of measuring subjective responses, as well as self-
administration procedures. For example, Suboxone® (sublingual tablets containing
buprenorphine combined with naloxone) was primarily developed because of concerns about
parenteral abuse of Subutex® (sublingual tablets containing buprenorphine). Given the low
sublingual bioavailability, but high parenteral bioavailability of naloxone, this approach is
primarily intended to deter intravenous and potentially intranasal abuse of buprenorphine.
Weinhold and colleagues (1992) compared the effects of intramuscular administration of
buprenorphine alone and buprenorphine in combination with naloxone in non-opioid-
dependent individuals who abuse heroin. The buprenorphine and naloxone in combination
reduced subjective and physiological effects, relative to buprenorphine alone, suggesting that
the combination would have lower abuse liability. A subsequent study conducted in recently-
detoxified, non-opioid-dependent heroin abusers also showed that the subjective effects of
parenteral (in this case, intravenous) buprenorphine and buprenorphine in combination with
naloxone differed significantly (Comer et al., 2002). However, the reinforcing effects, as
assessed by self-administration, of buprenorphine alone compared to the combination did not
differ in this study because both were able to alleviate some lingering, mild opioid withdrawal
symptoms. Overall, these studies suggest that buprenorphine in combination with naloxone
may have reduced abuse potential compared to buprenorphine alone in non-dependent heroin
abusers in the absence of withdrawal symptomatology.
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In individuals who are physically dependent on short-acting opioids, parenteral abuse of the
buprenorphine/naloxone combination is likely to be low because it induces opioid withdrawal
symptoms. For example, Stoller and colleagues (2001) reported that intramuscular
administration of the buprenorphine/naloxone combination precipitated opioid withdrawal
symptoms in individuals maintained on orally delivered hydromorphone. Interestingly, several
positive subjective ratings (“High,” “Good Effects,” “Liking”) increased at intermediate doses
of buprenorphine/naloxone, but these effects were not significantly different from placebo.
Intramuscular administration of buprenorphine alone did produce significant increases in
positive subjective responses under these experimental conditions. Mendelson and colleagues
(1999) further reported that intravenous administration of buprenorphine to morphine-
maintained individuals produced opioid agonist-like subjective effects and did not precipitate
opioid withdrawal, while the buprenorphine/naloxone combination precipitated opioid
withdrawal symptoms. Direct comparisons of the reinforcing effects of buprenorphine alone
compared to the buprenorphine/naloxone combination in individuals who are physically
dependent on short-acting opioids have not yet been conducted. Given the recent data showing
that i.v. buprenorphine alone had no reinforcing effects in morphine-maintained individuals
(Comer et al., in press) and the intriguing data with buprenorphine/naloxone in the study by
Stoller and colleagues (2001), such a study would be quite informative.

Abuse deterrent formulations that rely on the physical characteristics of the formulation, rather
than its pharmacological profile of action, present an interesting challenge for both human and
animal abuse liability testing. ADFs that alter the mechanical stability of tablets are designed
to prevent abuse via tampering with the intact tablets. As with the vast majority of ADFs under
development, these “tamper-resistant” products represent reformulations of currently marketed
compounds (e.g., oxycodone, morphine), the abuse liability profiles of which are usually well
established. Most of these reformulations are designed to provide a controlled and slow release
of medication. Simple measurements of subjective responses after administration of the intact
tablets can be made, but may not provide a valid assessment of the effectiveness of the tamper-
resistant mechanism. Measurements of subjective responses after administration of crushed
tablets that are provided by the investigators also may be insufficient because the abuse liability
of the medication contained within the crushed tablets typically is already known. In this
interesting situation, the crucial variable that needs to be assessed is the success of the tamper-
resistant mechanism. That is, participants need to be given the opportunity to tamper with the
ADF tablet and assessments need to be made of how difficult it is to extract the medication.
Drug self-administration procedures would be particularly useful complements to subjective
effects testing in examining the abuse liabilities of novel formulations that use mechanical
barriers to deter abuse.

Inaddition to pharmacokinetic studies and safety evaluations related to the excipients contained
in the new formulation, selecting the appropriate model to investigate the formulation’s
potential effect on abuse liability will largely be guided by the results of bench-top testing (e.g.,
testing the ability of the tablet to withstand heating, freezing, crushing, extractability in
common solvents, etc.), the abuse liability of the active compound, and knowledge of the
patterns of abuse and/or tampering of the currently marketed formulation (Grudzinskas et al.,
2006; Katz et al., 2007; Wright et al., 2006). In addition, it may be advisable, when feasible,
to conduct a study for each type of potential abuser relevant to the test compound. For instance,
some abusers chew controlled-release tablets, while others snort the crushed powder or inject
an extracted solution from the tablet. Three separate abuse liability studies with different
subject populations (chewers, snorters, injectors) would be needed in this case to obtain a
comprehensive picture of the abuse liability and bioavailability of the compound when
administered by each route. The development of several different types of abuse deterrent
formulations highlights the challenges presented to investigators, pharmaceutical companies,
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and federal regulatory agencies in assessing abuse liability, and, for some formulations,
underscores the need for measurements of both drug-taking behavior and subjective responses.

6.0 Conclusions

As reviewed above, drug self-administration paradigms have been used for decades to examine
the abuse liability of psychoactive drugs in infrahuman and, to a lesser extent, human studies.
There is generally good concordance between those drugs that are self-administered in
laboratory settings and those that are abused in the natural environment. Similarly, medications
effective at reducing drug self-administration in the laboratory generally reduce drug use in
clinical settings. The opioid system in particular is an outstanding example of the sensitivity
and validity of the model. Under most conditions, good concordance is found between the
reinforcing and subjective effects of drugs. However, this relationship is not always
straightforward. On the one hand, a large number of variables are known to affect drug taking
behavior, including the presence of competing reinforcers, the cost of the drug, the state of
physical dependence, and the behavioral demands placed upon individuals after drug self-
administration occurs. Unless carefully controlled in the experimental design, these variables
can make interpretations of the reinforcing effects of drugs difficult. On the other hand,
assessing the abuse liability of drugs based solely upon subjective effects questionnaires also
can be difficult, especially when a mixed profile of both positive and negative subjective effects
are produced or when drug interactions are under study in which both agents produce direct
effects on mood, as can occur in the case of medications development studies. Obtaining data
in both domains is especially important under certain circumstances, such as when examining
the abuse liability of medications that are designed specifically to reduce illicit use and
diversion. For practical reasons, assessment of some abuse deterrent formulations may not lend
themselves to sole reliance on subjective effect outcomes. The challenge in assessing these
newer formulations will be to design studies that will provide the most valid and reliable data.
In summary, concurrent assessment of direct subjective effects along with drug taking behavior
should yield a more comprehensive picture than either approach when used alone, and, as
illustrated above, can often clarify the underlying reasons for the observed changes in behavior
and, thus, inform clinical utility and practice.
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Figure 1.

Effects of a long-acting naltrexone formulation on the effects of heroin. For both panels, open
symbols represent data collected during the baseline period and closed symbols represent data
collected after administration of depot naltrexone. Error bars represent + 1 standard error of
the mean (S.E.M.). Asterisks indicate week difference from baseline at P < 0.01. Top panel
(A). Self-administration of heroin as a function of dose (0 to 25 mg) and study week. Data
points represent mean breakpoint for heroin. Maximum score = 2800. There was a significant
main effect of Study Week (P < 0.0005) and a significant Week by Heroin Dose interaction
(P < 0.005). Bottom panel (B). Mean peak VAS ratings of “Good drug effect” after
administration of heroin (0 to 25 mg) as a function of dose and study week. Data points represent
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mean peak ratings. Maximum rating = 100 mm. [Figure reproduced from Sullivan, et al.,
2006].
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Figure 2.

Effects of different maintenance doses of methadone on the effects of heroin. Left panel. Mean
total number of injections during the self-administration sessions. There were significant main
effects of Methadone Dose and Heroin Dose, as well as an interaction between Methadone and
Heroin Dose (P < 0.05). Right panel. Mean change from baseline visual analog rating of “How
strong is the drug effect?” There was a significant main effect of Methadone Dose (P < 0.05)
and a Methadone Dose by Heroin Dose interaction (P < 0.05). [Figure reproduced from Donny,
et al., 2005].
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Outcomes from drug interaction testing of putative pharmacotherapies against cocaine on subjective effect measures

and self-administration.

Test Agent Change in Change in Self-administration References

Subjective

Responses
Flupenthixol - - Evans et al., 2001
Butorphanol - - Walsh et al., 2001
Phenytoin - - Sofuoglu et al., 1999
Desipramine wn - Fischman et al., 1990
Enadoline i} - Walsh et al., 2001
Gabapentin ] - Hart et al., 2004
Pergolide 1 - Haney et al., 1998
ABT-431 ] - Haney et al., 1999
Memantine ! - Collins et al., 2006
Baclofen -1 1a Haney et al., 2006
Buprenorphine T ] Foltin & Fischman, 1994
Ecopipam - 1= Haney etal., 2001, Nann-Vernotica et

al., 2001

Modafinil 10 0 Hart et al., 2008

Arrows denote the direction of change whereby subjective response to cocaine on abuse liability measures was either increased (1), decreased (|) or no

change was observed ().
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Table 2

Abuse deterrent formulations that have been or are under development.

Page 27

Compound ADF Approach Source
oxycodone antagonist (naloxone) Heins, 2002
oxycodone sequestered antagonist* (naltrexone) Gorski, 2002

Kadian NT (morphine)

Oxycodone-NT
OxyNal (ELI-216)

Opioid, not disclosed

Remoxy (oxycodone)
PTI1-202 (opioid, not disclosed)
TQ-1017 (Tramadol OAD)

sequestered antagonist (naltrexone)

sequestered antagonist (naltrexone)
sequestered antagonist (naltrexone)

hard, non-crushable tablet

ORODUR,; hard-gel capsule
ORODUR hard-gel capsule
"SECUREL ™", resists crushing

Johnson et al., 2007

www.alpharma.com
www.elitepharma.com

Abstracts / Drug and Alcohol
Dependence 83S (2006) S84

www.paintrials.com
www.paintrials.com

www.theraquest.com

OxyADF (oxycodone) subtherapeutic amount of niaicin to cause flushing www.acurapharm.com
Vynase (lisdexamfetamine) Pro-drug www.shire.com
NRP290 (hydrocodone) Pro-drug www.shire.com

ADF = Abuse Deterrent Formulation

*
sequestered antagonist = the antagonist is sequestered within the core of the pill and theoretically is only released if product tampering occurs by crushing

or dissolving
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