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Abstract
Rationale To date, there is no medication specifically
approved for cocaine addiction. Agonist medications are
used clinically in the treatment of other addictions, which
suggests that this method of drug therapy could potentially
be successful in treating cocaine addiction as well.
Objective The objective of this study was to determine the
effect of extended D-amphetamine treatment on responding
on a progressive ratio (PR) schedule reinforced by cocaine.
Materials and methods Rats were trained to self-administer
cocaine (0.19, 0.38, 0.75, or 1.5 mg/kg/injection) or food
on a PR schedule. After stable baseline breakpoints (the
number of reinforcers earned in one session) were estab-
lished over 3 days, animals were implanted with osmotic
mini-pumps that continuously delivered D-amphetamine
(5 mg/kg/day) for a duration of either 7 or 14 days.
Breakpoints were then determined during and/or after this
treatment period.
Results Rats demonstrated dose-dependent decreases in
cocaine-reinforced responding over the D-amphetamine
treatment period. Breakpoints for doses of 0.75 mg/kg/
injection and below decreased significantly when compared

to baseline and remained decreased for up to 14 days after
mini-pump removal, whereas those for the highest dose of
cocaine remained unchanged. Additionally, D-amphetamine
treatment during a 14-day abstinence period from cocaine
self-administration had no effect on breakpoints when
tested the day after mini-pump removal.
Conclusions These data suggest that the reduction in cocaine-
reinforced responding after continuous D-amphetamine
treatment cannot be accounted for by tolerance alone.
Instead, the roles of learning and the interaction between
cocaine and D-amphetamine must be considered and
examined in future studies.
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mini-pump . D-Amphetamine . Progressive ratio

Introduction

Currently, there is no medication approved by the FDA for
the treatment of cocaine addiction (Preti 2007; Vocci et al.
2005); however, considerable effort continues to be directed
toward the development of a pharmacological intervention
to aid addicts in abstaining from cocaine use. A number of
drugs and novel immunotherapies have shown promising
results in clinical studies (O’Brien 2005; Vocci and
Elkashef 2005), and further confirmatory trials are under-
way (Karila et al. 2008; Preti 2007).

One strategy that has been proposed is an agonist-like,
replacement therapy for psychostimulant dependence
(Grabowski et al. 2004b; Shearer 2008). This approach
involves the use of a long-acting agonist with similar
actions to cocaine in order to decrease cocaine craving and
reduce cocaine use. This concept draws on studies showing
beneficial effects of methadone or levo-alpha-acetyl-
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methadol treatment in the control of opiate dependence
(Kreek and Vocci 2002) and the use of the nicotine patch to
help with tobacco smoking cessation (Fiore 2000). To date,
three double-blind randomized trials have provided promis-
ing clinical evidence that D-amphetamine may reduce
cocaine intake and/or craving in cocaine-dependent individ-
uals (Grabowski et al. 2001; Grabowski et al. 2004a; Shearer
et al. 2003).

Preclinical studies have helped to clarify that the route
and duration of D-amphetamine administration determines
whether increases or decreases in cocaine-reinforced
responding are observed. Repeated intermittent exposure
to psychostimulants such as D-amphetamine has been
shown to lead to increased locomotor activity, termed
behavioral sensitization (Kalivas and Stewart 1991). This
activity has been thought of as a manifestation of increased
sensitivity to the drug and may underlie certain aspects of
psychostimulant addiction (Robinson and Berridge 2001;
Wise and Bozarth 1987). Treatment regimens that produce
a sensitized locomotor response are also associated with
increases in cocaine self-administration reinforced on a
progressive ratio (PR) schedule (i.e., higher breakpoints),
suggesting that D-amphetamine treatment actually increases
the reinforcing strength of cocaine (Lorrain et al. 2000;
Vezina et al. 2002). Furthermore, acute D-amphetamine
treatment produces a leftward shift in the cocaine dose–
response curve in discrimination (Li et al. 2006) and fixed
ratio (Barrett et al. 2004) self-administration studies and
acts as a ‘priming’ stimulus to reinstate cocaine-reinforced
responding (Lynch et al. 1998; Schenk and Partridge 1999).
While rodent studies using acute IP treatments show an
augmentation of the reinforcing effects of cocaine, other
studies using different routes of administration or more
prolonged treatments have found that D-amphetamine
leads to a decrease in cocaine intake. For example, twice
daily SC injections for 7 days decreased responding for
cocaine in rats (Peltier et al. 1996). In monkeys, oral D-
amphetamine pretreatment decreased responding for a
sweetened cocaine fluid (Foltin and Evans 1999). Simi-
larly, both IM (Glowa et al. 1995) and IV (Mansbach and
Balster 1993) D-amphetamine pretreatment decreased
responding for IV cocaine. Thus, it appears that route
and duration of D-amphetamine treatment have substantial
influences on cocaine-reinforced responding and should
be considered when studying the therapeutic potential of
D-amphetamine.

Negus and Mello have examined the effect of slow IV
infusions of D-amphetamine on cocaine self-administration
in rhesus monkeys in order to test the hypothesis that
constant blood levels of D-amphetamine over a prolonged
period of time might have a therapeutic effect. They
showed that D-amphetamine treatment decreased not only
cocaine preference in a food-drug choice procedure (Negus

2003) but also cocaine self-administration reinforced under
PR or second-order schedules (Negus and Mello 2003a,
2003b). Food intake was only transiently decreased by this
treatment method (Negus and Mello 2003b), suggesting the
possibility that the effect on cocaine might be relatively
specific.

The present experiments were designed to adapt the
primate model used by Negus and Mello (2003a) to rodents,
and we confirm that slow delivery of D-amphetamine via
osmotic mini-pump for 7 or 14 days decreases cocaine-
reinforced responding under a PR schedule. To further
characterize this treatment effect, we also assessed cocaine-
reinforced responding in animals that had gone through a
14-day D-amphetamine treatment period in the absence of
cocaine self-administration.

Materials and methods

Animals

Male Sprague–Dawley rats (Harlan, Indianapolis, IN, USA)
weighing approximately 350 g at the start of the experi-
ments were used as subjects. Throughout the experiments,
rats were maintained on a reverse 12-h light/dark cycle
(lights on at 3 P.M.) with food and water available ad
libitum. All rats were habituated to this schedule for a
minimum of 3 days before entering the experiment.
Animals in the cocaine self-administration experiments
were housed individually in stainless steel custom-made
experimental chambers (30×30×30 cm), whereas animals
in the experiment using food as a reinforcer were pair-
housed in polycarbonate cages.

Surgery

Prior to the beginning of the study, rats in the cocaine
self-administration experiment were anesthetized via an IP
injection of ketamine (100 mg/kg) and xylazine (8 mg/kg)
and implanted with a chronically indwelling Silastic®
jugular catheter (CamCaths, Cambridgeshire, UK). The
catheter was connected to a plastic anchor that exited
through the skin on the dorsal surface in the region of the
scapulae. Tygon® tubing (enclosed by a stainless steel
protective tether) was used to connect the catheter with a
counterbalanced fluid swivel (Instech Laboratories, Ply-
mouth Meeting, PA, USA) mounted above the experimental
chamber. Tygon tubing also connected the swivel to an
infusion pump (Razel Scientific Instruments, Stamford,
Conn., USA). Animals were allowed 3–5 days to recover
from surgery before beginning self-administration. Catheters
were flushed daily throughout the experiments with
heparinized saline in order to maintain patency.
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After stable self-administration behavior was established
(as described in the experiments below), all animals were
implanted SC with an osmotic mini-pump (Alzet Model
2001, Durect, Cupertino, CA, USA; see Theeuwes and
Yum 1976) filled with D-amphetamine or saline. Briefly,
animals were anesthetized with a mixture of oxygen,
nitrogen, and halothane (4%) and ventilated during surgery
using halothane (1.5%). An incision in the skin was made
between the scapulae (rostral to the plastic catheter anchor),
and the mini-pump was inserted with the flow moderator
pointing rostrally. The wound was closed using nylon
sutures. The pump was removed 7 days later using the same
procedure. Animals receiving 14 days of treatment were
implanted with a second mini-pump, which was removed
after 7 additional days.

Behavioral training

Cocaine self-administration

Experiments were conducted 7 days per week, and each
daily session started at 10 A.M. The start of a session was
indicated by extension of a single active lever into the
experimental chamber. During training, cocaine (1.5 mg/kg/
injection) was available on a fixed ratio 1 (FR1) schedule of
reinforcement and was injected over approximately 4–5 s
(depending on body weight) upon depression of the lever.
Following each response, the lever was retracted and a light
was illuminated for a 20-s post-response time-out period.
Each training session lasted until 40 injections had been
self-administered within 6 h, at which time the lever was
retracted until the start of the next daily session. Self-
administration training was termed complete following five
consecutive daily sessions, during which the animal self-
administered all 40 injections while maintaining consistent
post-infusion pauses in responding between each of the
injections.

Food-reinforced responding

Rats were removed from their home cages to be tested
individually in experimental chambers (see above) 7 days
per week. The extension of a single lever signaled the
beginning of each session, and upon depression of this
lever, one 45 mg sucrose pellet (Noyes) was delivered
into a food hopper. The lever was then retracted, and a
light was illuminated for a 20-s time-out period. Rats
were trained to respond for sucrose pellets on an FR1
schedule, and training was considered to be complete
following five consecutive daily sessions, during which
the animal obtained 100 sucrose pellets within a 2-
h testing period.

PR schedule of reinforcement

The PR schedule has proved useful in the study of
treatments which might affect the reinforcing strength of
cocaine. Responding on a PR schedule is sensitive to
dose (0.19–1.5 mg/kg/inj), producing an ascending dose–
response curve (Ward et al. 2005), which can be shifted by
pharmacological, neurotoxic, and hormonal manipulations
(Negus 2003; Roberts et al. 1989a; Roberts et al. 1989b).
Following training, rats responded for cocaine or food
(sucrose pellets) under a PR schedule. Under these
conditions, delivery of the reinforcer was contingent upon
an increasing number of responses incremented through
the following ratio progression: 1, 2, 4, 6, 9, 12, 15, 20,
25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328,
402, 492, 603, etc. (Richardson and Roberts 1996).
Breakpoints were defined in the 6-h cocaine experiments
as the number of ratios completed (i.e., the number of
reinforcers delivered) before a 1-h period in which no
reinforcement was delivered. While animals typically reach
breakpoints for the highest dose of cocaine (1.5 mg/kg/inj)
within 3 h, pilot studies showed that animals normally
reached breakpoints for sucrose pellets (45 mg) within 30 to
60 min regardless of session length. For this reason, each
food-reinforcement session lasted only 2 h, and breakpoints
were defined as the number of ratios completed (i.e., the
number of sucrose pellets obtained) before a 15-min period
in which no reinforcement was delivered. In all cases,
animals reached their breakpoints before the end of the
session.

Experiment 1: Effect of 7 days of D-amphetamine treatment
on the dose/response curve for self-administered cocaine

The effect of 5 mg/kg/day SC infusion of D-amphetamine
via osmotic mini-pump on cocaine-reinforced responding
was investigated. After the training criterion was reached,
animals were assigned to one of four groups (N=8), each
having access to a different unit dose of cocaine (0.19, 0.38,
0.75, and 1.5 mg/kg/inj) for the remainder of the experi-
ment. Immediately following completion of a 3-day baseline
period on the PR schedule, during which self-administration
behavior did not vary by more than three breakpoints,
animals were implanted with an osmotic mini-pump as
described above (see “Surgery”). The mini-pumps were
filled with D-amphetamine at a concentration which would
result in the delivery of 5 mg/kg over 24 h, as determined
by each subject’s body weight at the time of implantation.
Following a 7-day treatment period (during which cocaine
self-administration took place), the mini-pump was re-
moved. Animals then completed daily PR testing for an
additional 7 days to monitor the effect of discontinuation of
D-amphetamine treatment on cocaine intake.
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Experiment 2: Effect of 14 days of D-amphetamine
treatment on cocaine self-administration

Experiment 2a: Cocaine self-administration
before, during, and after an extended D-amphetamine
treatment period (14 days)

This experiment extended experiment 1 by lengthening
both the treatment period and the post-treatment period
from 7 to 14 days and by incorporating saline mini-pump
control groups. After the completion of training, baseline
breakpoints on the PR schedule for either 0.75 or 1.5 mg/
kg/inj cocaine were established in four groups of rats as in
“Experiment 1”. All rats were then implanted with two con-
secutive 7-day mini-pumps containing either D-amphetamine
(0.75 group: N=9; 1.5 group: N=8) or saline (0.75 group:
N=10; 1.5 group: N=10). Breakpoints were evaluated
during this 14-day treatment period. During the post-
treatment period, rats self-administering 1.5 mg/kg/inj
cocaine were evaluated for 7 days (as in “Experiment 1”),
and rats self-administering 0.75 mg/kg/inj cocaine were
evaluated for 14 days.

Experiment 2b: Cocaine self-administration
before and after, but not during, a 14-day D-amphetamine
treatment period

Similar to “Experiment 2a”, two groups of rats (N=8) were
trained, and stable baseline breakpoints for 0.75 mg/kg/inj
cocaine were determined prior to the implantation of two
consecutive 7-day mini-pumps containing either 5 mg/kg/
day D-amphetamine or saline. During the 14-day treatment
period, rats remained in their home experimental chambers
where their catheters were flushed daily with heparinized
saline (to maintain patency), but they did not have access to
cocaine at this time. Cocaine self-administration resumed
the morning after the second mini-pump was removed, and
breakpoints for 0.75 mg/kg/inj cocaine were then evaluated
throughout a 14-day post-treatment period.

Experiment 3: Effect of continuous D-amphetamine
treatment on food-reinforced responding

The effect of 5 mg/kg/day SC infusion of D-amphetamine
on food-reinforced responding on a PR schedule was
investigated. Following training, baseline breakpoints rein-
forced by one 45 mg sucrose pellet on a PR schedule were
determined in two groups of rats (N=8). One group was
then implanted with D-amphetamine (5 mg/kg/day) mini-
pumps, and one group was implanted with saline mini-
pumps. All mini-pumps were replaced after 7 days, and the
subsequent mini-pumps were removed after an additional
7 days (see above). Breakpoints were assessed for 14 days

during the treatment period and 14 days after removal of
the second mini-pump.

Testing was conducted under conditions of 20-h food
deprivation. Following each daily food-reinforcement ses-
sion, rats were allowed unlimited access to rat chow for 2 h
before being returned to the home cage. This procedure
results in modest weight gain and a consistent deprivation
state during each daily test (Roberts et al. 1996). The
amount of food consumed as well as daily body weights
were recorded for each animal.

Drugs

Cocaine HCl was obtained from the National Institute on
Drug Abuse, Rockville, MD, USA. Cocaine was dissolved
in sterile 0.9% saline (containing heparin, 10 USP units/ml)
in concentrations of 0.625, 1.25, 2.5, and 5 mg/ml
(expressed as the salt) and passed through a microfilter. D-
Amphetamine sulfate (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in sterile 0.9% saline.

Data analysis

Conceptually, the final ratio (i.e., the response requirement
for the last obtained reinforcer) is the measure of interest;
however, final ratios taken from an exponential series
usually violate the assumption of homogeneity of variance
required of an analysis of variance (ANOVA; see Richardson
and Roberts 1996). A log transformation can be performed
on the final ratio values in order to conform to the
assumptions of parametric statistics. In essence, this
transformation simply yields values equivalent to the
ordinal values of the final ratios (i.e., the number of
reinforcers delivered). For this reason, the number of
injections or sucrose pellets (breakpoint) was used as the
dependent measure. All PR data were analyzed using a two-
way ANOVA with repeated measures (SYSTAT Software).
Paired t tests were used to analyze weight changes in each
group of animals. Values of p<0.05 were considered
statistically significant, and Bonferroni tests were used in
post hoc analyses.

Results

Animals acquired cocaine self-administration behavior
after an average of 6.8 (±0.6) days on an FR1 schedule
(data not shown).

Experiment 1 Figure 1a illustrates the effect of a constant
infusion of D-amphetamine (5 mg/kg/day) via an osmotic
mini-pump for 7 days on the cocaine dose–response curve.
The mean breakpoints during the 3-day baseline testing
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period were compared to the mean breakpoints of the final
3 days of D-amphetamine treatment in this analysis.
Repeated measures ANOVA revealed a significant effect
of cocaine DOSE [F(3, 28)=6.42, p<0.01] and D-amphet-
amine TREATMENT [F(1, 28)=24.7, p<0.001] as well as
a DOSE×TREATMENT interaction [F(3, 28)=4.40, p<
0.05] thus indicating that the effect of D-amphetamine

depended on the dose of cocaine self-administered. Inspec-
tion of Fig. 1a reveals that self-administration was greatly
reduced at the lowest dose tested and was unaffected at the
highest dose. Post hoc Bonferroni analysis confirmed a
significant difference at the 0.19 mg/kg/inj dose (p<0.001).

Figure 1b illustrates the effect of D-amphetamine mini-
pumps on cocaine self-administration over time. Repeated
measures ANOVA, including the last day of baseline and the
7-day treatment period, revealed a significant effect of
cocaine DOSE [F(3, 28)=5.86, p<0.01]. The main effect
of DAY was statistically significant [F(7, 196)=7.33, p<
0.001] as well as the DOSE×DAY interaction [F(21, 196)=
2.12, p<0.01], indicating that the magnitude of change
produced by 7 days of D-amphetamine depended on the unit
injection dose of cocaine. In agreement with Fig. 1a, Fig. 1b
suggests that the D-amphetamine mini-pump produced a
gradual decrease in breakpoints at the lower cocaine doses,
whereas responding reinforced by the highest dose of
cocaine (1.5 mg/kg/inj) was not significantly affected. In
the post-treatment recovery analysis, there was a significant
effect of DOSE [F(3, 28)=8.30, p<0.001] and DAY [F(7,
196)=9.02, p<0.001], but no interaction between the two
factors.

Experiment 2 Figure 2a depicts the effect of extended
treatment (14 days) with continuous D-amphetamine or
saline on responding for 1.5 mg/kg/injection cocaine.
Repeated measures ANOVA, including the last day of
baseline and the 14-day treatment period, failed to find
significant main effects of either TREATMENT or DAY,
but revealed a significant TREATMENT×DAY interaction
[F(14, 224)=2.58, p<0.01] for groups self-administering
1.5 mg/kg/inj cocaine. This is accounted for by the small
transient increase in breakpoints for the D-amphetamine
group on days 2–4 of the treatment period. There were no
significant findings in the post-treatment recovery analysis
for groups self-administering 1.5 mg/kg/inj cocaine.

Figure 2b shows the effect of a 14-day treatment period
with continuous D-amphetamine or saline on responding for
0.75 mg/kg/inj cocaine that occurred during and/or after the
treatment period. As expected, all four groups had
statistically similar baseline breakpoints. Repeated meas-
ures ANOVA, including the last baseline day and the 14-
day treatment period for groups self-administering cocaine
during the mini-pump treatment period, revealed a signif-
icant effect of mini-pump TREATMENT [F(1, 17)=28.72,
p<0.001]. The main effect of DAY was statistically
significant [F(14, 238)=8.68, p<0.001] as well as the
TREATMENT×DAY interaction [F(14, 238)=7.58, p<
0.001], indicating that breakpoints decreased more over
time in animals treated with D-amphetamine. Repeated
measures ANOVA during the post-treatment period for all
four groups of animals revealed a significant effect of GROUP

Fig. 1 Effect of a continuous 7-day infusion of D-amphetamine
(5 mg/kg/day) on the dose–response curve for cocaine self-administration
reinforced on a PR schedule. a Points represent the mean (±SEM)
breakpoints for cocaine averaged from a 3-day baseline period (open
circles) or the last 3 days of D-amphetamine treatment (closed
circles). Asterisk (*) indicates a significant difference from baseline.
b Points represent the mean (±SEM) breakpoints measured in groups
of animals (N=8) self-administering various doses of cocaine. Days
1–3 represent a baseline period. Shaded portion (days 4–10) indicates
the period during which the animals received a constant infusion of
D-amphetamine. Days 11–17 represent the post-treatment period. The
final ratio values corresponding to breakpoints are represented on the
right y axis
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[F(3, 28)=9.33, p<0.001] and a GROUP×DAY interaction
[F(39, 364)=2.17, p<0.001]. Inspection of Fig. 2b shows
that animals that did not self-administer cocaine while being
treated with D-amphetamine were unaffected by the D-
amphetamine alone as their breakpoints were similar to
those reached by animals that received saline mini-pumps.
Post hoc analysis revealed that post-treatment breakpoints
were significantly lower in animals that self-administered
cocaine while being treated with D-amphetamine.

Experiment 3 Figure 3 illustrates the effect of 14 days of
continuous D-amphetamine treatment on food-reinforced
responding on a PR schedule over time, as compared to
saline treatment. Repeated measures ANOVA, including the
final baseline day and the 14-day treatment period, found
significant main effects of both D-amphetamine TREAT-
MENT [F(1, 14)=7.98, p<0.05] and DAY [F(14, 196)=
2.16, p<0.05], but no significant TREATMENT×DAY
interaction [F(14, 196)=1.57, p<0.10], which indicates
that the D-amphetamine-treated animals consistently
reached higher breakpoints than the saline-treated animals
throughout the treatment period. Similarly, post-treatment
recovery analysis revealed main effects for TREATMENT
[F(1, 14)=5.37, p<0.05] and DAY [F(14, 196)=2.37, p<
0.01], but no significant TREATMENT×DAY interaction
[F(14, 196)=1.07, ns], indicating that breakpoints for D-
amphetamine-treated rats remained elevated above those for
saline-treated rats for 14 days after mini-pump removal.

Body weights before implantation and after removal of
the mini-pumps were compared. Paired t tests did not reveal
any change in weight as a result of 7 days of D-
amphetamine treatment for animals self-administering any
dose of cocaine in experiment 1. As shown in Table 1, the
baseline weights of D-amphetamine-treated animals self-
administering 0.75 mg/kg/inj cocaine or food for 14 days
did not significantly differ from their corresponding saline
control groups before mini-pump implantation. Paired t

Fig. 3 Effect of a continuous 14-day infusion of D-amphetamine
(5 mg/kg/day) or saline on food intake reinforced on a PR schedule.
Points represent the mean (±SEM) breakpoints measured in two
groups of animals (N=8) responding for 45 mg sucrose pellets on a
PR schedule. Days 1–3 represent a baseline period. Shaded portion
(days 4–17) indicates the period during which the animals received
either a constant infusion of D-amphetamine (closed circles) or saline
(open circles). Days 18–31 represent the post-treatment period. The
final ratio values corresponding to breakpoints are represented on the
right y axis

Fig. 2 Effect of a continuous 14-day infusion of D-amphetamine
(5 mg/kg/day) on cocaine self-administration reinforced on a PR
schedule. Points represent the mean (±SEM) breakpoints measured in
groups of animals self-administering either a 1.5 mg/kg/inj cocaine or
b 0.75 mg/kg/inj cocaine. Days 1–3 represent a baseline period.
Shaded portion (days 4–17) indicates the period during which the
animals received either a constant infusion of D-amphetamine (closed
symbols) or saline (open symbols). Days 18–31 represent the post-
treatment period. Circles and squares represent animals that self-
administered cocaine throughout the experiment, and triangles
represent animals that did not have access to cocaine during the 14-
day treatment period. The final ratio values corresponding to break-
points are represented on the right y axis
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tests revealed a significant increase in weight for animals
self-administering 0.75 mg/kg/inj cocaine regardless of
mini-pump treatment [D-amphetamine: t=−2.67, df=8, p<
0.05; saline: t=−5.34, df=9, p<0.001]. For animals
responding for food, there was a significant decrease in
weight only in animals treated with D-amphetamine [t=
4.27, df=7, p<0.01].

Discussion

The present experiments explored the effects of a slow
subcutaneous infusion of D-amphetamine, via osmotic
mini-pump, on cocaine self-administration reinforced under
a PR schedule. Breakpoints for only the lowest dose of
cocaine (0.19 mg/kg/inj) were significantly decreased by
7 days of D-amphetamine treatment. A trend was observed
with moderate doses, which failed to reach significance,
and the highest dose (1.5 mg/kg/inj) remained unaffected.
Extending the treatment period to 14 days significantly
decreased breakpoints for a moderately high dose of
cocaine (0.75 mg/kg/inj), but again, breakpoints for the
highest dose of cocaine remained unchanged. Moreover,
14 days of D-amphetamine treatment when animals did not
have access to cocaine had no effect on subsequent cocaine
self-administration.

The present experiments replicate, in rats, a phenomenon
reported by Negus and Mello (2003a) in rhesus monkeys
given extended treatment with D-amphetamine. In that
study, D-amphetamine (0.01–0.1 mg/kg/h) was delivered
every 20 min over 10 days using a double lumen IV catheter,
while subjects self-administered a single dose of cocaine
(0.032 mg/kg/inj) under a PR schedule. D-Amphetamine
treatment was shown to produce a dose-dependent decrease
in cocaine-reinforced responding. Negus and Mello (2003b)
also showed a greater reduction in responding for cocaine
doses on the low end of the dose–response curve during D-
amphetamine treatment using a second-order schedule, a

procedure that the authors consider to reveal similar
information about potential pharmacotherapies as PR (Negus
and Mello 2003a). Cocaine-maintained responding in both of
these studies appeared to progressively decrease over the D-
amphetamine treatment period, similar to findings in the
present study.

The results from the present study, as well as those from
the studies mentioned above (Negus and Mello 2003a,
2003b), raise a question as to how D-amphetamine
treatment leads to decreased cocaine self-administration in
animals. One possibility, suggested by Peltier et al. (1996),
is that extended exposure to D-amphetamine causes cross-
tolerance to the reinforcing effects of cocaine. In their
study, D-amphetamine was administered by a subcutaneous
injection (3.2 mg/kg) every 12 h for 7 days, and post-
treatment breakpoints for cocaine were reduced when
compared to baseline. These results are similar to those
from the present study; both sets of data showed that D-
amphetamine treatment produced the greatest effect at the
lowest unit injection dose of cocaine.

Strictly speaking, cross-tolerance implies that tolerance
to a specific effect of one drug has an impact on the same
effect of another drug. Neither of the studies mentioned
above (Negus and Mello 2003a; Peltier et al. 1996) nor the
present study specifically evaluated the reinforcing effects
of continuously delivered D-amphetamine, so any reference
to cross-tolerance is merely a speculation. Regardless, the
general idea of tolerance would not appear to completely
account for the data from the present study. If exposure to
D-amphetamine created tolerance to the reinforcing effects
of cocaine, one would expect all animals similarly treated
with the same amount of D-amphetamine to demonstrate
similar decreases in the reinforcing strength of the same
dose of cocaine. In “Experiment 2b”, animals that self-
administered cocaine during the treatment period showed
decreased breakpoints but animals that were not permitted
to self-administer cocaine during the treatment period did
not show a change in cocaine-reinforced responding when
subsequently assessed. Therefore, the explanation must
necessarily involve a combination between D-amphetamine
and cocaine. Intuitively, one would expect that the
combination of D-amphetamine plus self-administered
cocaine would create more tolerance than D-amphetamine
alone. While this explanation may apply to “Experiment
2b”, one would expect to see the greatest amount of
tolerance (i.e., greatest decrease in breakpoints) for animals
self-administering the most cocaine, which would be at the
highest dose. The results from “Experiment 2a” show that
this was not the case.

A cocaine injection can be thought of as a compound
stimulus having both positive and aversive properties, and
thus, its reinforcing strength reflects the net effect of these
competing features (Ettenberg 2004; Wheeler et al. 2008).

Table 1 Body weights of animals before and after extended treatment
with D-amphetamine or saline

Reinforcer Mini-pump treatment Body weight ± SEM (g)

Before After

Cocaine
0.75 mg/kg/inj

D-Amphetamine 386.2±8.0 399.0±6.1a

Saline 383.0±6.0 399.5±3.8a

Food D-Amphetamine 333.0±4.0 307.6±5.2a

Saline 330.6±6.0 335.0±5.7

Animals were weighed before and after the 14-day treatment period.
Data are represented as body weight (g) ± SEM.
a A significant difference from mean baseline weight for the group.
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Therefore, the observed reductions in breakpoints in the
present study might be explained by either a decrease in the
positive reinforcing effects (as mentioned above) or an
augmentation of anxiogenic or other limiting/aversive
effects, or a combination of the two. The gradual
diminishment of breakpoints observed during the D-
amphetamine treatment period appears to reflect the process
by which animals learn of a change in the net effect of
cocaine. If D-amphetamine treatment primarily enhanced
the aversive properties of self-administered cocaine in the
present study, one would expect the greatest enhancement
for the highest dose of cocaine. However, breakpoints for
1.5 mg/kg/inj cocaine did not decrease during the treatment
period. As with the concept of decreased reinforcing
strength mentioned above, this idea cannot fully explain
the treatment effect.

It is important to note that breakpoints for 0.75 mg/kg/inj
cocaine recovered only gradually after D-amphetamine
treatment and never fully reached baseline levels. This
could have important therapeutic implications. It is not
clear what factors control this recovery process, although it
is unlikely that it is simply the clearance of D-amphetamine,
which would occur in a few days. We speculate that the
long recovery process may have to do with negative
associative effects that diminish only slowly after D-
amphetamine is cleared.

Food-maintained responding has typically been assessed
in many studies investigating the therapeutic potential of D-
amphetamine as a pharmacotherapy for cocaine abuse
(Barrett et al. 2004; Negus 2003; Negus and Mello 2003a,
2003b). It was included in the present study to evaluate the
possibility that D-amphetamine might non-specifically
disrupt responding or perhaps produce stereotyped behavior
directed toward the lever. We chose to use 45 mg sucrose
pellets as a food reinforcer because in previous studies, we
have shown that they support similar baseline breakpoints
as the moderately high dose of cocaine reported here
(Roberts et al. 1996). Even though animals reached similar
baseline breakpoints for food and cocaine (0.75 mg/kg/inj)
in the present study, D-amphetamine treatment was found to
have opposite effects on food- and cocaine-reinforced
responding. These data, in combination with the body
weight data, add useful information on the effects of
extended treatment with D-amphetamine and suggest that
the present dose delivered via mini-pump is not debilitating
or overtly toxic. However, much has been written about the
problems associated with comparing cocaine- and food-
reinforced responding as a way to assess selectivity of a
potential pharmacotherapy (Barrett et al. 2004). While the
present food data is generally in agreement with the
observations of Negus and Mello (Negus 2003; Negus
and Mello 2003a, 2003b), we are reluctant to draw strong
conclusions about specificity. In light of the unanticipated

results of “Experiment 2b”, which imply the necessity of
the combination of D-amphetamine and cocaine self-
administration in reducing the reinforcing effects of
cocaine, it appears that the effect of D-amphetamine
treatment alone on food-reinforced responding is tangential
to the issue.

Further work is necessary to distinguish between the
contribution of a learned component versus other pharma-
cological interactions that might occur with simultaneous
cocaine and D-amphetamine administration (see Jayanthi
and Ramamoorthy 2005; Scarponi et al. 1999; Ukairo et al.
2007). Whatever the mechanism, cocaine self-administration
was shown here to be suppressed for up to 14 days after
mini-pump removal. To the degree that decreases in cocaine-
reinforced responding in rats apply to the development of
medications for cocaine addiction, it appears that there are
interactions between cocaine and D-amphetamine that could
be exploited.
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