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Abstract
Agonist replacement therapies are effective for managing substance abuse disorders including
nicotine and opioid dependence. The results of preclinical laboratory studies and clinical trials
indicate that agonist replacements like d-amphetamine may be a viable option for managing cocaine
dependence. This experiment determined the physiological and behavioral effects of cocaine during
d-amphetamine maintenance in seven cocaine-dependent participants. We predicted cocaine would
be well tolerated during d-amphetamine maintenance. We also predicted d-amphetamine would
attenuate the behavioral effects of cocaine. After 3–5 days of d-amphetamine maintenance (0, 15,
and 30 mg/day), volunteers were administered ascending doses of cocaine (4, 30, 60 mg, IN) within
a single session. Cocaine doses were separated by 90 minutes. Cocaine produced prototypical
physiological (e.g., increased heart rate, blood pressure, and body temperature) and subject-rated
(e.g., increased ratings of Good Effects) effects. During maintenance on the highest d-amphetamine
dose, the heart-rate increasing effects of cocaine were larger than observed during placebo
maintenance. These effects were not clinically significant and no unexpected or serious adverse
events were observed. d-Amphetamine attenuated some of the subject-rated effects of cocaine. These
results are concordant with those of previous preclinical studies, human laboratory experiments and
clinical trials, further suggesting that agonist replacement therapy may be a viable strategy for
managing cocaine abuse. Additional research in humans is needed to determine whether d-
amphetamine attenuates the effects of cocaine under different experimental conditions (e.g., higher
cocaine doses) and behavioral arrangements (e.g., drug self-administration or discrimination).
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1. Introduction
Cocaine abuse continues to be a public health concern. Data from the National Survey on Drug
Use and Health (NSDUH), for example, indicate that the number of Americans that had used
cocaine in the past month has remained relatively stable since 1994 (Substance Abuse and
Mental Health Services Administration, [SAMHSA], 2008a). Cocaine is still the most
frequently mentioned drug in emergency-room admissions (SAMHSA, Drug Abuse Warning
Network [DAWN], 2008b). In addition, the percentage of 12th, 10th and 8th graders that had
used cocaine in the past twelve months has remained stable since 2001 (Johnston et al.,
2007). Data from the Treatment Episode Data Set (TEDS) indicate that the percentage of
treatment admissions for cocaine dependence remained stable between 1995 and 2005
(SAMHSA, 2008c).

Because of persistent public-health concerns, identifying an effective pharmacotherapy for the
treatment of cocaine dependence has been a priority with the National Institute on Drug Abuse
(N.I.D.A.) for nearly three decades (Schuster and Snyder, 1990). Despite intense research
efforts, an effective pharmacotherapy for cocaine dependence has not yet been identified (e.g.,
de Lima et al., 2002; Vocci and Elkashef, 2005).

Agonist replacement therapies are effective for nicotine and opioid dependence (e.g.,
Henningfield, 1995; Ling et al., 1994; Silagy et al., 2004; Sofuoglu and Kosten, 2004). The
results of recent clinical trials suggest that agonist therapies (e.g., d-amphetamine) may also
be effective for cocaine dependence (for a review, see Castells et al., 2007). The premise of
this pharmacological approach is that treating patients with an agonist presumably will suppress
withdrawal and produce tolerance to the abuse-related (i.e., reinforcing or positive subjective)
effects of cocaine, thereby leading to the extinction of drug-taking and drug-seeking behavior
(Gorelick et al., 2004). In a seminal clinical trial, cocaine dependent patients (N = 128) were
randomly assigned to receive d-amphetamine (15 or 30 mg/day; N = 26 and 28, respectively)
or placebo (N = 40) for 25 weeks (Grabowski et al., 2001). During the fifth week, the d-
amphetamine dose was doubled. Patients maintained on higher d-amphetamine doses used
significantly less cocaine during the trial than patients maintained on either the low d-
amphetamine doses or placebo as determined by benzoylecgonine-free urines. These
investigators as well as others have replicated these results (Grabowski et al., 2004a, 2004b;
Shearer et al., 2003).

Consistent with these clinical findings, chronically treating animals with d-amphetamine
attenuates the behavioral effects of cocaine (Negus, 2003; Negus and Mello, 2003a, 2003b;
Peltier et al., 1996). In one study, for example, the effects of d-amphetamine maintenance
therapy on cocaine self-administration were assessed in rhesus monkeys using a progressive-
ratio schedule (Negus and Mello, 2003a). As expected, cocaine dose dependently increased
break points when the monkeys were maintained on saline. d-Amphetamine dose dependently
decreased responding for cocaine. Worth noting is that the highest dose of d-amphetamine
tested, 0.1 mg/kg/hour intravenously for 10 days (i.e., approximately 168 mg/day in a 70 kg
human), almost completely eliminated responding for cocaine. In another study, rats were
trained to discriminate cocaine (10 mg/kg) from saline (Peltier et al., 1996). Cocaine (1–17.8
mg/kg) dose-dependently increased drug-appropriate responding. Chronic administration of
subcutaneous d-amphetamine (0.32–3.2 mg/kg/12 hours) for seven days (i.e., approximately
45–90 mg/day in a 70 kg human) resulted in a significant rightward shift in the cocaine dose-
response curve (i.e., attenuation of the discriminative-stimulus effects of cocaine).

We are unaware of any published reports in which the physiological and behavioral effects of
cocaine were assessed under controlled laboratory conditions in humans maintained on d-
amphetamine. A recent translational review of medication development for opioid and
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stimulant dependence noted that human laboratory studies testing the effects of sustained-
release d-amphetamine on responses to cocaine were needed (Haney and Spealman, 2008).
The purpose of the present experiment was to assess the physiological and behavioral effects
of acute administrations of intranasal cocaine (4, 30 and 60 mg) in participants maintained on
varying doses of sustained-release d-amphetamine (0, 15 and 30 mg/day for 3–5 days). The
behavioral effects of cocaine were assessed using the Multiple-Choice Procedure, a putative
measure of drug reinforcement, as well as a battery of subject-rated drug-effect questionnaires.
We hypothesized that these cocaine doses would be well tolerated during d-amphetamine
maintenance. We also hypothesized that d-amphetamine maintenance would attenuate the
behavioral effects of cocaine.

2. Method
2.1. Subjects

Seven non-treatment seeking adult volunteers with recent histories of cocaine use (i.e., cocaine
positive urine at the time of initial screening) and meeting criteria for cocaine dependence as
determined by a computerized version of the Structured Clinical Interview for the DSM-IV
completed this within-subjects, placebo-controlled study. One additional subject was enrolled
but left the protocol for reasons unrelated to study procedures. Data from that individual were
not included in the analyses. The Institutional Review Board of the University of Kentucky
Medical Center approved this study, and volunteers gave their written informed consent prior
to participating. Volunteers were paid for their participation. Previous human laboratory studies
that determined the safety, tolerability and behavioral effects of cocaine during maintenance
on a putative agonist replacement therapy enrolled a similar number of volunteers (Collins et
al., 2006; Winhusen et al., 2006).

Prior to participation, all potential volunteers underwent a comprehensive physical- and
mental-health screening. The screening measures that were used included a medical-history
questionnaire, a general-health questionnaire, a mini-mental status examination, a drug-use
questionnaire, an over-the-counter drug-use questionnaire, the Drug Abuse Screening Test
(DAST) (Skinner, 1982), and the Michigan Alcohol Screening Test (MAST) (Selzer, 1971).
The maximum score on the DAST is 28. Scores of at least 5 suggest problematic drug use. The
maximum score on the MAST is 53. Scores of at least 6 suggest problematic alcohol use.

A psychiatrist (L.R.H. or his designee) interviewed and examined each potential subject and
deemed him or her to be appropriate for the study. Routine clinical laboratory blood chemistry
tests, vital signs assessment and an electrocardiogram were also conducted. Potential
volunteers with histories of serious physical disease or current physical disease, impaired
cardiovascular functioning, chronic obstructive pulmonary disease, seizure, head trauma or
CNS tumors, or current or past histories of serious psychiatric disorder (i.e., Axis I, DSM IV),
other than substance abuse or dependence, were excluded from participation. Volunteers had
to meet the following inclusion criteria: (1) self-reported recent cocaine use, (2) confirmation
of recent cocaine use by a positive urine screen for cocaine or benzoylecgonine during the
initial screening interview, and (3) fulfill diagnostic criteria for cocaine dependence on a
computerized version of the SCID. All volunteers were in good health with no contraindications
to stimulants.

Volunteers ranged in age from 33 to 49 years (mean: 42 years) and in weight from 63 to 93 kg
(mean: 74 kg). Five of these volunteers were male and two were females. Four volunteers
reported their race as African American, one reported his race as Caucasian, and two reported
being of mixed race. Volunteers scored between 5 and 8 (mean: 6) on the DAST. All volunteers
were current crack cocaine users, reported using cocaine 5–21 days (mean: 13) in the month
prior to screening, and tested positive for cocaine at admission. Six volunteers reported using
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marijuana 1–31 days in the month prior to screening (mean: 8.5), but none met diagnostic
criteria for cannabis dependence.

Six volunteers reported consuming alcohol (range of 0.25–30 beverages per week; mean: 8),
and scored between 0 and 8 (mean: 3) on the MAST. In addition, volunteers reported that they
consumed between 0 and 408 mg caffeine/day (mean: 66 mg) and 5 of the 7 volunteers reported
smoking tobacco cigarettes daily (range: 7–10 cigarettes per day; mean: 9 cigarettes). One
subject reported using a benzodiazepine once in the month prior to screening, while another
reported using an opioid once in the month prior to screening

2.2. General Procedures
Volunteers were enrolled as inpatients at the University of Kentucky Chandler Medical Center
General Clinical Research Center (GCRC) for up to 25 days and participated in one practice
and up to four experimental sessions. Volunteers were informed that during their participation
they would receive various drugs, administered orally or intranasally, that could include
placebo, d-amphetamine or cocaine. Volunteers were instructed that these medications could
be administered in combination. Other than receiving this general information, volunteers were
blind to the type of drug administered. Volunteers were told that the purpose of the study was
to determine how different drugs affect physiology, mood, and behavior. Other than this general
explanation of purpose, volunteers were given no instruction of what they were “supposed” to
do or of what outcomes might be expected.

On the day of admission to the GCRC, volunteers provided a urine sample that had to be
negative for all drugs other than cocaine or THC. Volunteers were then allowed to acclimate
to the GCRC for one day, during which they were observed for signs of drug or alcohol
withdrawal. No volunteer showed signs of withdrawal.

2.2.1. Practice Session—Following this acclimation period, volunteers completed one
practice session to familiarize them with experimental measures. Experimental medications
were not administered during this session.

2.2.2. Drug Maintenance Days—Drug maintenance began on the day immediately
following the practice session and continued throughout the protocol. Placebo or sustained
release d-amphetamine was administered orally at 0600, 1400, and 2200 h. After three to five
days of maintenance on placebo, volunteers completed the first experimental session as
described below and began maintenance on the subsequent condition the following day. Every
three to five days thereafter, volunteers completed an experimental session and then proceeded
to the next maintenance condition until study completion. The order of drug maintenance
conditions was constant across volunteers: placebo (lead in), 5 mg sustained release d-
amphetamine, 10 mg sustained release d-amphetamine, and placebo (washout) administered
three times per day. The total daily dose for each condition was 0, 15, 30 and 0 mg sustained
release d-amphetamine. The three to five day maintenance window was used to avoid
conducting experimental sessions on weekends, when medical coverage at the GCRC was
limited.

2.2.3. Experimental Sessions—Volunteers received the appropriate maintenance dose at
0600 h on the morning of all experimental sessions. Experimental sessions started at 0800 h
and lasted 6.5 h. Three intranasal cocaine doses were given each session in ascending order
1.5 h apart (4 [placebo], 30, and 60 mg). Volunteers completed all experimental measures prior
to drug administration and every 15 min for 1 h after each cocaine dose. In addition, 1 h after
each dose administration, volunteers completed the Multiple-Choice Questionnaire (described
below). Immediately after completing the Multiple-Choice form for the 60 mg cocaine dose,
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the lottery fulfillment procedure for the Multiple Choice Procedure was completed and the
condition selected by the subject (i.e., cocaine dose or money) was presented. Experimental
measures were completed every 15 minutes for 1 h following fulfillment of the Multiple Choice
Procedure regardless of what condition was selected.

Urine and expired breath samples were collected prior to each session to confirm drug and
alcohol abstinence, respectively. Volunteers occasionally tested positive for cocaine and
amphetamine, which was likely attributable to the administration of the experimental
medications. Volunteers tested negative for all other drug and alcohol use. Females received
urine pregnancy tests daily, which had to be negative for participation to continue.

2.2.4 Testing Room—The testing room for all sessions consisted of a table and chair for
the research assistant and nurse, a hospital bed for the subject, an Apple iBook laptop computer
(Apple Computer Inc., Cupertino, CA), and an automated ECG and blood pressure monitor
(Dinamap Pro 1000 Vital Signs monitor, Critikon Company L.L.C., Tampa, FL). A crash cart
was available in case of a medical emergency.

2.3. Physiological Measures
Heart rate, blood pressure, and oral temperature were recorded immediately prior to each
cocaine dose administration and at 15 min intervals thereafter for 1 h. Cardiac rhythmicity was
recorded throughout experimental sessions. If heart rate exceeded 130 beats per minute,
systolic blood pressure exceeded 180 mmHg, diastolic blood pressure exceeded 120 mmHg or
clinically significant ECG changes occurred following administration of cocaine at any point
during the experiment, participation was terminated. No subject was excluded from
participation for exceeding these parameters.

2.4 Subject-Rated Measures
Subject-rated questionnaires were administered on a microcomputer or using paper-and-pencil
forms in a fixed order. Volunteers completed all experimental measures prior to the initial
cocaine administration, immediately after cocaine administration, and every 15 min for 1 h
after each cocaine dose.

2.4.1. Drug-Effect Questionnaire—The Drug-Effect Questionnaire consisted of 20 items,
and has been shown to be sensitive to the acute effects of stimulants (Rush et al., 2003). Twenty
items are presented on the video screen, one at a time. Volunteers rated each item using the
computer mouse to point to and select among one of the five response options: Not at All, A
Little Bit, Moderately, Quite a Bit, and Extremely (scored numerically from 0 to 4,
respectively).

2.4.2. Stimulant-Sensitive Adjective-Rating Scale—The Stimulant-Sensitive
Adjective-Rating Scale consists of 21 items, and has been shown to be sensitive to the acute
effects of stimulants (Di Marino et al., 1998). Volunteers rated each item using a 5-point scale
identical to the one described above. Responses to individual items are summed to create a
composite score, with a maximum total score of 84.

2.4.3. Adjective-Rating Scale—This scale consists of 32 items that load into two subscales:
sedative and stimulant (Oliveto et al., 1992). Volunteers rated each adjective with a 5-point
scale similar to the one described above. The maximum total for each subscale is 64.

2.4.4. Visual Analog Scale—Ten items from the Drug-Effect Questionnaire were
completed using visual-analog scales. Volunteers rated each item by placing a mark along a
100 mm line that is anchored with “Not at All” on the left side and “Extremely” on the right
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side. The items rated were Active, Alert, Energetic; Euphoric; Talkative or Friendly; Good
Effects; High; Rush; Like Drug; Stimulated; Willing to Take Again; and Willing to Pay For.

2.4.5 Cocaine Craving Questionnaire—Volunteers completed a modified version of the
cocaine-craving questionnaire (Dudish-Poulsen and Hatsukami, 1997). Briefly, volunteers
rated how much they Wanted, Needed and Craved cocaine using a 5-point rating scale identical
to that described above. Responses to these three questions were summed to create a composite
craving score.

2.4.6. UKU Side Effects Scale—GCRC nursing staff also completed the Udvalg for
Kliniske UndersØgelser (UKU) Side Effects Rating Scale daily (Lingjaerde et al., 1987).
Although not analyzed statistically, side effects reported on these scales monitored regularly
by unit physicians did not lead to the discontinuation of any subject.

2.5. Multiple-Choice Procedure
The Multiple-Choice Procedure provides a contingency-based assessment of the monetary
value of each dose condition (Griffiths et al., 1993; Griffiths et al., 1996). In this procedure,
volunteers make a series of discrete choices between each intranasal drug dose they sampled
and ascending amounts of money. For each dose, there were eight choices, resulting in a total
of 24 choices per experimental session. Volunteers selected between a chance to receive the
dose that they had sampled 1 h previously (labeled as Drug 1 [4 mg cocaine], Drug 2 [30 mg
cocaine], or Drug 3 [60 mg cocaine]) from that day or a monetary value that would then be
applied to a purchase at a local grocery store. The monetary values were: US $0.10, 0.25, 0.50,
1.00, 2.00, 4.00, 8.00, and 16.00.

After receiving the final scheduled dose of intranasal cocaine (60 mg), volunteers randomly
selected one of their previous choices during that session in a lottery. This choice (drug or
money) was then presented to the subject. Regardless of the outcome, volunteers completed
experimental measures every 15 min for 1 h. This version of the Multiple-Choice Procedure
is different from that used previously because choices made were reinforced during each
session, as opposed to at the end of the entire experiment. Data from the Multiple-Choice
Procedure were analyzed as “crossover point” (i.e., the maximum dollar value at which
volunteers chose drug over money).

2.6. Drug Administration
All drugs were administered in a double-blind fashion. Sustained release d-amphetamine (5
and 10 mg t.i.d.; GlaxoSmithKline, Research Triangle, NC) doses were prepared by over-
encapsulating commercially available drug in a size-0 capsule. Cornstarch was then used to
fill the remainder of the capsule. Placebo capsules contained only cornstarch.

Cocaine doses (4 mg [placebo], 30, and 60 mg) were prepared by combining the appropriate
amount of cocaine HCl (Mallinckrodt, St. Louis, MO) with lactose to equal a total of 80 mg
powder. An active placebo (i.e., 4 mg cocaine) was used in an attempt to increase volunteer
“blindness”. Cocaine HCL (4 mg) produces nasal numbing, but no discernible blood levels
and is routinely used as the placebo dose in human laboratory studies involving intranasal drug
administration (e.g., Foltin and Fischman, 1988; Higgins et al., 1990, 1993; Javaid et al.,
1978).

During each administration, a nurse presented the subject with the powder, a mirror and a
standard razor blade. The subject was instructed to divide the powder into two even “lines”
and insufflate one line of powder through each nostril using a 65-mm plastic straw within 2
minutes.
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References below to cocaine alone pertain to those instances in which an active dose, 30 or 60
mg, was administered during maintenance on 0 mg d-amphetamine. References to placebo
pertain to sessions in which 4 mg cocaine (i.e., placebo) was administered during maintenance
on 0 mg d-amphetamine.

2.7. Data Analysis
Two volunteers completed only 3 experimental sessions (i.e., after maintenance on 0 [lead in],
15 and 30 mg d-amphetamine per day). The remaining volunteers completed all experimental
sessions. Data from experimental sessions following 0 (lead in) and 0 (wash out) mg d-
amphetamine maintenance for these 5 volunteers were compared to determine differences in
the cocaine dose-response curves as a result of d-amphetamine maintenance (e.g. sensitization
or tolerance). Because there were no systematic differences between the phases, data for these
5 volunteers from the two 0 mg d-amphetamine maintenance conditions were averaged for
subsequent analyses.

Data from the experimental sessions were analyzed as peak effect (i.e., the maximum score
observed following each cocaine administration) using a two factor repeated-measures
ANOVA with d-Amphetamine maintenance condition (0, 15, and 30 mg) and Cocaine dose (4
[placebo], 30 and 60 mg) as the factors (StatView, Cary, NC). If a significant effect of cocaine
was detected, post-hoc tests were conducted to compare each of the eight active drug conditions
with placebo (i.e., 4 mg cocaine during maintenance on 0 mg d-amphetamine). If a dose of
cocaine alone differed significantly from placebo, additional post-hoc tests were conducted to
compare the effects of these doses of cocaine alone and during maintenance on d-amphetamine.
Effects were considered significant for p ≤ 0.05.

3. Results
3.1. Physiological Measures

ANOVA revealed a significant effect of cocaine on heart rate, systolic pressure, and body
temperature (F2,12 values > 6.3, p < 0.02). Post-hoc comparisons revealed that 60 mg cocaine
alone increased heart rate, systolic pressure, and body temperature significantly above placebo
levels (Figure 1). Maintenance on 15-mg/day d-amphetamine increased baseline systolic
pressure (i.e., following the administration of 4 mg intranasal cocaine), while maintenance on
30-mg/day d-amphetamine increased baseline heart rate and temperature. The heart rate
increasing effects of 60 mg cocaine were significantly greater during maintenance on both
active doses of d-amphetamine relative to this dose of cocaine alone. d-Amphetamine
maintenance did not significantly alter the systolic pressure increasing effects of cocaine. d-
Amphetamine maintenance did not significantly alter the temperature-increasing effects of 60
mg cocaine. Worth noting is that while 30 mg cocaine alone failed to significantly increase
body temperature during maintenance on 0 mg d-amphetamine, it did so during maintenance
on both doses of d-amphetamine.

3.2. Drug-Effect Questionnaire
ANOVA revealed a significant effect of cocaine on six items on the Drug-Effect Questionnaire:
Any Effect; Good Effects; High; Like Drug; Willing to Pay For; and Willing to Take Again
(F2,12 values > 5.5, p < 0.05). For each of these items, both doses of cocaine alone increased
ratings significantly above levels observed with placebo (Figure 2). Maintenance on 30-mg/
day d-amphetamine increased baseline ratings of Willing to Pay For (i.e., following the
administration of 4 mg intranasal cocaine). Subject ratings of Good Effects, Willing to Pay
For, and Willing to Take Again following the administration of 30 and 60 mg cocaine were
significantly lower during maintenance on both doses of d-amphetamine relative to when these
cocaine doses were tested alone. Subject ratings of Like Drug following the administration of
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60 mg cocaine were significantly lower during maintenance on both doses of d-amphetamine
relative to when this cocaine dose was tested alone. Subject ratings of High following the
administration of 30 mg cocaine were significantly lower during maintenance on 15 mg/day
d-amphetamine relative to when this cocaine dose was tested alone. The dose-dependent effects
of cocaine on ratings of Any Effect were not altered to a significant degree by either d-
amphetamine maintenance condition.

3.3. Stimulant-Sensitive Adjective-Rating Scale
ANOVA revealed a significant effect of cocaine (F2,12 = 5.6, p < 0.02) on the Stimulant-
Sensitive Adjective-Rating Scale. Both doses of cocaine alone increased ratings significantly
above placebo levels (Table 1). Subject ratings following the administration of 30 and 60 mg
cocaine were significantly lower during maintenance on both doses of d-amphetamine relative
to when these cocaine doses were tested alone.

3.4. Adjective-Rating Scale
There were no significant effects on the Adjective-Rating Scale (Table 1).

3.5. Visual Analog Scale
ANOVA revealed a significant effect of cocaine on six of the items on the Visual Analog Scale:
Active, Alert, Energetic; Good Effects; High; Like Drug; Rush; and Willing to Pay For
(F2,12 values > 3.9, p < 0.05). Both doses of cocaine alone increased ratings of Good Effects,
High, Like Drug, Rush and Willing to Pay For significantly above levels observed with placebo.
Maintenance on 30-mg/day d-amphetamine increased baseline ratings of Willing to Pay For
(i.e., following the administration of 4 mg intranasal cocaine). Ratings of Good Effects were
significantly lower following the administration of 60 mg cocaine when volunteers were
maintained on either 15 or 30 mg/day d-amphetamine relative to when this cocaine dose was
tested alone. Ratings of Rush were significantly lower following the administration of 30 and
60 mg cocaine when volunteers were maintained on d-amphetamine (30 mg/day) relative to
when these cocaine doses were tested alone. The effects of cocaine on ratings of Like Drug,
High and Willing to Pay were not altered to a significant degree by either d-amphetamine
maintenance condition. Neither dose of cocaine alone increased ratings of Active, Alert,
Energetic significantly above placebo levels. Figure 3 shows the cocaine dose-response
function during maintenance of 0, 15, and 30 mg d-amphetamine for three measures: Good
Effects, Like Drug, and Willing to Pay For.

3.6. Cocaine Craving Questionnaire
Neither intranasal cocaine nor d-amphetamine maintenance significantly altered responses on
the Cocaine-Craving Questionnaire (Table 1).

3.6. Multiple-Choice Procedure
There were no significant effects on the Multiple-Choice Procedure (Table 1).

4. Discussion
The present study examined the acute physiological and behavioral effects of a range of doses
of intranasal cocaine (4 [placebo], 30 and 60 mg) in patients maintained on oral d-amphetamine
(0, 15 and 30 mg/day for 3–5 days). Intranasal cocaine increased heart rate, blood pressure,
and body temperature as a function of dose, and produced a constellation of positive subject-
rated drug effects (e.g., Good Effects). d-Amphetamine maintenance elevated baseline heart
rate and body temperature, and produced modest increases in a few subject-rated drug-effect
items. During maintenance on the highest d-amphetamine dose, the heart rate and temperature-
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increasing effects of cocaine were larger than observed during placebo maintenance. d-
Amphetamine maintenance attenuated some of the subject-rated effects of cocaine.

The results of the present experiment indicate that acute administration of intranasal cocaine
is safe and tolerable during oral d-amphetamine maintenance. Intranasal cocaine increased
heart rate, blood pressure and body temperature. While d-amphetamine maintenance
accentuated some of the physiological effects of cocaine (i.e., heart rate and body temperature),
the enhancement was not clinically significant and no unexpected or serious adverse events
were observed. The increased heart rate and body temperature observed with cocaine during
d-amphetamine maintenance may be attributable to elevated baseline values. The present
findings are concordant with those from previous human laboratory experiments that examined
the physiological effects of cocaine during maintenance on putative agonist replacement
therapies for cocaine dependence (e.g., Collins et al., 2006; Stoops et al., 2008; Walsh et al.,
2000; Winhusen et al., 2006). Given the relative safety and tolerability of the drug
combinations, future research should determine the effects of higher cocaine doses in
participants maintained on higher doses of d-amphetamine.

Intranasal cocaine produced prototypical subject-rated drug effects (e.g., increased ratings of
Good Effects). Worth noting is that the magnitude of the subject-rated effects of intranasal
cocaine alone was small, although they were significantly different from placebo. The effects
of cocaine alone on the Drug-Effect Questionnaire, for example, were less than 1.5 on a five-
point scale ranging from 0–4. The doses of intranasal cocaine tested in the present experiment,
4, 30 and 60 mg, produced maximum effects of approximately 1, 18 and 26 mm, respectively,
on a 100 mm visual-analog scale that assessed Good Effects.

The magnitude of the effect of cocaine alone observed in the present experiment was
comparable to those observed previously with similar doses administered by various routes
(e.g., oral, intranasal, intravenous and smoked) (e.g., Collins et al., 2006; Haney et al., 2005;
Lile et al., 2003; Oliveto et al., 1995; Rush et al., 1999; Stoops et al., 2007, 2008; Winhusen
et al., 2006). In one report, for example, the effects of intravenous cocaine (0, 16, and 48 mg/
70 kg) were assessed in participants with Attention Deficit/Hyperactivity Disorder (ADHD)
and histories of cocaine abuse (Collins et al., 2006). These doses produced maximum effects
of approximately 21, 29 and 33 mm, respectively, on a 100 mm visual-analog scale that
assessed Good Drug Effects. In another study, the effects of smoked cocaine (0, 6, 12, 25 and
50 mg) were assessed in participants with histories of cocaine abuse (Haney et al., 2005). These
doses of cocaine produced maximum effects of approximately 1, 7, 15, 30 and 45 mm,
respectively, on the 100 mm visual-analog scale that assessed Good Drug Effects.
Nevertheless, the present findings should be interpreted cautiously because of the small
magnitude effects with the doses of intranasal cocaine tested.

The reasons for the subject-rated effects of cocaine alone were small in magnitude are
unknown. One possible explanation is that the cocaine was administered intranasally to
participants that reported using drug primarily via inhalation (i.e., smoked crack). Future
research should determine whether the effects of intranasal cocaine are more robust in
participants that report insufflation as their preferred route of drug administration.

d-Amphetamine maintenance attenuated some of the subject-rated effects of cocaine. The
doses of amphetamine tested in the present experiment reduced responses to intranasal cocaine
by approximately 30–45 percent. The effects of d-amphetamine maintenance on responses to
cocaine are quantitatively similar to those observed previously in preclinical laboratory
experiments and initial clinical trials (Grabowski et al., 2004a, 2004b; Peltier et al., 1996). In
the earlier study, a preclinical experiment, cocaine (1–17.8 mg/kg) dose-dependently increased
drug-appropriate responding (Peltier et al., 1996). The highest dose of cocaine engendered
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approximately 90% drug-appropriate responding. The highest dose of cocaine engendered
approximately 60% drug-appropriate responding following chronic administration of d-
amphetamine (0.32 mg/kg/12 hours for seven days, s.c.). This dose of d-amphetamine is
equivalent to approximately 45 mg/day in humans. In a clinical trial, cocaine dependent patients
were randomly assigned to receive d-amphetamine (15 or 30 mg/day) or placebo for six months
(Grabowski et al., 2004a). During the first month of treatment, the proportion of
benzoylecognine positive urine screens was approximately 0.6, 0.43 and 0.48 in the groups
maintained on 0, 15 and 30 mg/day d-amphetamine, respectively (i.e., 20–28 percent
reduction). The d-amphetamine maintenance doses were then doubled (i.e., 0, 30 and 60 mg/
day). During the second month of treatment, the proportion of benzoylecognine positive urine
screens was approximately 0.56, 0.45 and 0.23 in the groups maintained on 0, 30 and 60 mg/
day d-amphetamine, respectively (i.e., 20–59 percent reduction). Future human laboratory
experiments should determine if maintenance on d-amphetamine (60 mg/day) might further
attenuate the subject-rated effects of intranasal cocaine.

The results of the present experiment are concordant with those from some previous
experiments that assessed the subject-rated effects of cocaine in participants maintained on
methylphenidate, another putative agonist replacement therapy (Collins et al., 2006; Winhusen
et al., 2006). In the first study, participants were maintained on 0, 60 and 90 mg/day
methylphenidate (Winhusen et al., 2006), while in the second study the maintenance doses
were 40 and 60 mg/day (Collins et al., 2006). Participants received intravenous injections of
cocaine (0, 20 and 40 mg [Winhusen et al., 2006]; 0, 16 and 48 mg [Collins et al., 2006]).
Cocaine produced prototypical subject-rated effects (e.g., Good Effects) that were generally a
function of dose. Methylphenidate maintenance significantly attenuated the effects of
intravenous cocaine on these measures. Worth noting is that the reduction in the effects
observed with methylphenidate in these previous studies was comparable to that observed with
d-amphetamine in the present study when potency differences are considered (i.e., d-
amphetamine is twice as potent as methylphenidate). Maintenance on 60 mg/day
methylphenidate reduced peak ratings of Good Effects observed following the administration
of 40–48 mg intravenous cocaine by approximately 50–57% on a visual-analog scale (Collins
et al., 2006; Winhusen et al., 2006). In the present experiment, peak ratings of Good Effects
on a visual-analog scale following the administration of 60 mg intranasal cocaine were reduced
by approximately 40% during d-amphetamine maintenance (30-mg/day) relative to placebo
maintenance.

As described above, volunteers rated a subset of items from the Drug-Effect Questionnaire
using 100-mm visual analog scales. Volunteers rated these items using a five-point and 100-
mm visual analog scale in an attempt to determine if drug effects might be more robust with a
different scale. Rating a subset of items using both a five-point and 100-mm visual analog scale
also provided a measure of internal validity. Across these two instruments, there was
considerable concordance between items that were affected by the administration of intranasal
cocaine (i.e., significant effects of cocaine were observed on ratings of Good Effects, High,
Like Drug, and Willing to Pay For with both the five-point and 100-mm visual analog scale).
However, the concordance between these two instruments was not absolute. Cocaine increased
ratings of Any Effect and Willing to Take Again on the five-point Drug-Effect Questionnaire,
but not on the Visual-Analog Scale. By contrast, cocaine increased ratings of Active, Alert,
Energetic and Rush on the Visual-Analog Scale, but not the five-point Drug-Effect
Questionnaire. Similarly, d-amphetamine maintenance attenuated cocaine-induced increases
in ratings of Like Drug and Willing to Pay For on the five-point Drug-Effect Questionnaire,
but not on the Visual-Analog Scale. The results must, therefore, be viewed cautiously because
of uncertainty regarding the internal validity of the present experiment.

Rush et al. Page 10

Drug Alcohol Depend. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



As noted above, despite intense research efforts, an effective pharmacotherapy for cocaine
dependence has not yet been identified (e.g., de Lima et al., 2002; Vocci and Elkashef, 2005).
The development of an effective pharmacotherapy for cocaine dependence has been limited,
in part, because of uncertainty regarding the subject-rated drug-effect items that might best
predict eventual clinical efficacy. In the present study the effects of intranasal cocaine alone
and during d-amphetamine on ratings of Good Effects were similar on both the five-point Drug-
Effect Questionnaire and 100-mm visual analog scale, suggesting good internal validity for
this particular item. Moreover, as described above, the results of previous studies that
maintenance on methylphenidate attenuated cocaine-induced increases in subject ratings of
Good Effects (Collins et al., 2006; Winhusen et al., 2006). The attenuation of cocaine-induced
increases in ratings Good Effects observed with d-amphetamine and methylphenidate is also
consistent with the results of clinical trials that suggest agonist therapies reduce cocaine use in
clinical trials (Grabowski et al., 2004a, 2004b). Thus, the results of human laboratory studies
and clinical trials suggest this subject ratings of Good Effects may be especially useful for
determining the initial efficacy of putative agonist replacement therapies for cocaine
dependence.

Cocaine failed to function as a reinforcer on the Multiple-Choice Procedure, a putative measure
of drug reinforcement. The most parsimonious explanation for this observation is that
insufficient doses of intranasal cocaine were tested. Whether higher doses of intranasal cocaine
might function as a reinforcer on the Multiple-Choice Procedure is unknown. Worth noting is
that in a previous study in our laboratory, oral cocaine (0, 50, 100, 200 and 300 mg) failed to
function as a reinforcer using a Multiple-Choice Procedure similar to the one used in the present
experiment (Rush et al., 1999). The average “cross-over point” following the administration
of placebo, 50, 100, 200 and 300 mg oral cocaine was $0.11, $0.33, $0.22, $2.11 and $2.33,
respectively. Peak plasma levels following the administration of oral cocaine are at least as
great as those observed following the same dose administered intranasally (Van Dyke et al.,
1978). The doses of cocaine tested in our previous study were, therefore, functionally much
higher than those tested in the present experiment. While the Multiple-Choice Procedure is an
efficient method for assessing drug reinforcement (Griffiths et al., 1993, 1996), additional
studies are needed to define the parameters under which it is useful for determining the initial
efficacy of putative pharmacotherapies for cocaine dependence.

At least four caveats of the present experiment warrant discussion. First, cocaine plasma
concentrations were not assayed during maintenance on placebo or d-amphetamine. Whether
d-amphetamine maintenance reduced the bioavailability of cocaine is unknown. Worth noting,
however, is that the cardiovascular effects of cocaine were greater during d-amphetamine
maintenance relative to placebo. Similarly, the dose-related effects of cocaine on subject ratings
of Any Effect, perhaps a non-specific measure of interoceptive drug effects, were not altered
by d-amphetamine maintenance. These observations suggest that d-amphetamine did not
significantly alter the bioavailability of cocaine. Regardless, future studies that examine the
effects of d-amphetamine maintenance on the behavioral effects of cocaine should assay drug
plasma concentrations. Second, a somewhat limited range of doses of intranasal cocaine was
tested in the present experiment. Future studies should determine if d-amphetamine
maintenance attenuates the behavioral effects of higher cocaine doses administered by different
routes. Third, the doses of d-amphetamine and cocaine were tested in ascending order for safety
purposes. As noted above, there were no systematic differences between the cocaine dose-
response functions during a lead-in (i.e., 0 mg d-amphetamine) and wash out (0 mg d-
amphetamine) phase. This observation suggests that d-amphetamine maintenance produced
neither sensitization nor tolerance to the physiological and behavioral effects of cocaine.
Nevertheless, future studies should administer both d-amphetamine and cocaine in a
randomized fashion. Finally, the attenuation of the behavioral effects of cocaine by d-
amphetamine was not an orderly function of dose. Maintenance on the low dose d-
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amphetamine, 15-mg/day, significantly attenuated some of the subject-rated effects of cocaine.
Increasing the maintenance dose of d-amphetamine to 30 mg/day did not result in additional
attenuation of the subject-rated effects of cocaine. The failure to observe a dose-related effect
with d-amphetamine is unknown but could be due to testing only a two-fold range of doses.
Future studies should test a wider range of doses of d-amphetamine.

In summary, the results of human laboratory studies, preclinical experiments, and initial
clinical trials suggest that agonist replacement therapy may be a viable strategy for the
management of cocaine dependence (see Castells et al., 2007 for a review; Grabowski et al.,
2001). Clinicians may, however, be reluctant to use amphetamine derivatives to manage
cocaine dependency because of their abuse potential. The viability of the agonist replacement
approach for cocaine dependence may hinge on identifying novel agonist replacement therapies
that have less abuse potential and are more acceptable to clinicians.
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Figure 1.
Peak effect dose-response functions for cocaine during maintenance on placebo (squares), 15
mg/day d-amphetamine (circles), and 30 mg/day d-amphetamine (triangles) for heart rate,
systolic blood pressure, and body temperature. X-axis: Intranasal cocaine dose. Data points
represent means for seven volunteers. Filled symbols indicate the data point differs
significantly from the placebo condition (i.e., 4 mg cocaine during maintenance on 0 mg d-
amphetamine. An asterisk indicates that the data point is significantly different from the
corresponding dose of cocaine during maintenance on 0 mg d-amphetamine). Unidirectional
error bars (S.E.M.) are shown for clarity.
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Figure 2.
Peak effect dose-response functions for cocaine during maintenance on placebo (squares), 15
mg/day d-amphetamine (circles), and 30 mg/day d-amphetamine (triangles) for subject ratings
of Any Effect, High, Good Effects, Like Drug, Willing to Pay For, and Willing to Take Again
from the Drug-Effect Questionnaire. X-axis: Intranasal cocaine dose. The range of possible
scores on these items is 0–4. Data points represent means for seven volunteers. Filled symbols
indicate the data point differs significantly from the placebo condition (i.e., 4 mg cocaine during
maintenance on 0 mg d-amphetamine). An asterisk indicates that the data point is significantly
different from the corresponding dose of cocaine during maintenance on 0 mg d-amphetamine.
Unidirectional error bars (S.E.M.) are shown for clarity.
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Figure 3.
Peak effect dose-response functions for cocaine during maintenance on placebo (squares), 15
mg/day d-amphetamine (circles), and 30 mg/day d-amphetamine (triangles) for subject ratings
of Good Effects, Like Drug, and Willing to Pay For from the Visual Analog Scales. X-axis:
Intranasal cocaine dose. The range of possible scores on these items is 0–100. Data points
represent means for seven volunteers. Filled symbols indicate the data point differs
significantly from the placebo condition (i.e., 4 mg cocaine during maintenance on 0 mg d-
amphetamine). An asterisk indicates that the data point is significantly different from the
corresponding dose of cocaine during maintenance on 0 mg d-amphetamine. Unidirectional
error bars (S.E.M.) are shown for clarity.
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