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Abstract

Rationale: Repeated amphetamine (AMPH) exposure is known to cause long-term changes in
AMPH-induced locomotor behavior (i.e., sensitization) that are associated with similarly long-lasting
changes in brain function. It is not clear, however, if such exposure produces long-lasting changes
in a cognitive behavior that, in humans, is hypothesized to contribute to addiction.

Objectives: To examine whether repeated AMPH exposure induces both locomotor sensitization
and alters impulsive choice in a delay-discounting task.

Methods: Adult, male Sprague-Dawley rats (n = 29) were pre-treated with 3.0 mg/kg AMPH or
saline every other day for 20 days, and were then trained to lever press for small, immediately
delivered food reinforcement or larger reinforcements delivered after delays. We subsequently
assessed the effects of acute AMPH (0.1-2.0 mg/kg) on delay-discounting. Lastly, we tested for long-
lasting effects of pre-treatment by giving an AMPH challenge (3.0 mg/kg) one week after the final
delay-discounting session.

Results: Repeated AMPH produced sensitization to the drug's stereotypy-inducing effects, but did
not alter acquisition or baseline behavior in the delay-discounting task. Following acute AMPH,
impulsive choice and other measures of delay-discounting were altered, but to a similar extent in
both saline- and AMPH-pretreated groups. The AMPH challenge, given ~3 months after the last
pretreatment injection, revealed sensitization was still evident.

Conclusions: Our results suggest that one behavioral consequence of repeated AMPH exposure
— sensitization — does not overlap with another potential outcome — increased impulsivity.
Furthermore, the neuroadaptations known to be associated with sensitization may be somewhat
distinct from those that lead to changes in impulsive choice.
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Introduction

While the locomotor effects and cellular adaptations that result from repeated amphetamine
(AMPH) exposure have been well characterized (e.g., Robinson and Becker 1986; Seiden et
al. 1993; Robinson and Kolb 1997, 1999; Lu and Wolf 1999), the long-term consequences of
such exposure on measures of cognitive function are not as well established. For instance, a
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number of clinical studies have demonstrated impairments in decision-making (Rogers et al.
1999; Ersche et al. 2006), concentration and attentional control (Deller and Sarter 1998;
McKetin and Mattick 1998), and working memory (Ornstein et al. 2000). However, most of
these impairments were observed shortly after cessation of drug administration (< three days),
thereby leaving the possibility that they were influenced by acute withdrawal effects rather
than more long-term, drug-induced neuroadaptations that might persist well beyond drug
withdrawal. Also, the results observed in clinical studies may be influenced by the existence
of polydrug abuse, varied duration and frequency of drug use and/or abstinence, and co-morbid
psychiatric disorders (Khantzian 1985; Levin and Kleber 1995; Rosselli and Ardila 1996).

Recent studies using animal models, which offer an advantage of control over many of these
variables, have provided further insights into the long-term effects of repeated AMPH exposure
on cognition. For example, rats that exhibit behavioral sensitization have been shown to have
deficits in tasks measuring attentional set-shifting (Fletcher et al. 2005), sustained visual
attention (Fletcher et al. 2007), pre-pulse and latent inhibition (Tenn et al. 2003, 2005), and,
in primates, working memory (Castner et al. 2005). Rats that self-administered AMPH over
five different cycles of five days each, which were interspersed with a nine day drug-free period
when they were tested in a five-choice serial reaction time task, exhibited deficits in
visuospatial attention and no significant effects on perseverative (compulsive) or premature
(impulsive) responding compared to yoked, saline-infused controls (Dalley et al. 2005). The
changes in attentional performance recovered within five days of the withdrawal period, but
reappeared following a two-month abstinence period and acute treatment with 0.8 mg/kg
AMPH. Impulsive responding was attenuated by this dose of AMPH in the group of rats with
AMPH self-administration experience.

Another task used to assess impulsive behavior in an operant reinforcement context is delay-
discounting. In this paradigm, the apparent value of reward can be shifted by manipulating the
time delay between a required response and the delivery of an expected reinforcement
(Evenden and Ryan 1996). Specifically, small, immediately delivered reinforcements become
more valuable than those that are large, but presented following a delay (Monterosso and Ainsle
1999). Thus, in this paradigm, choices of small reinforcements are taken to reflect impulsive
behavior. Although increased impulsivity is considered to be characteristic of individuals who
abuse drugs (e.g., Jentsch and Taylor 1999; Coffey et al. 2003; Kirby and Petry 2004; Heil et
al. 2006; Hoffman et al. 2006; Verdejo-Garcia et al. 2007), there have been relatively few
studies that have directly addressed the role of repeated psychostimulant exposure in altering
impulsive choice behavior. Those that have (e.g., Richards etal. 1999; Paine et al. 2003; Roesch
etal. 2007; Simon etal. 2007) suggest that chronic treatment with methamphetamine or cocaine
increases impulsivity. However, a recent study by Winstanley et al. (2007) showed that
repeated cocaine treatment did not alter baseline levels of impulsive choice. While this study
was extensive, details about cocaine-induced locomotor activity (e.g., whether or not
behavioral sensitization was observed) were not reported.

In the current study, we examined whether one behavioral consequence of repeated AMPH
exposure—behavioral sensitization—overlaps with another potential outcome—impulsive
choice. Because the delay-discounting task requires rats to be well-trained before responding
becomes stable, any observed effects of AMPH pretreatment on task behavior are not likely
to be due to disruptions caused by short-term withdrawal effects. After 40 daily sessions in the
task, we examined whether acute treatment with saline (vehicle) or AMPH (0.1-2.0 mg/kg)
just prior to delay-discounting test sessions altered subsequent task behavior. Lastly, rats in
both the saline and AMPH pretreatment groups were given a challenge injection of AMPH
(3.0 mg/kg) to determine if long-lasting changes in locomotor activity were evident. This
challenge test occurred approximately 3 months after the last injection in the open-field.
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Male Sprague-Dawley rats (n = 32), bred in our animal facility from stock rats obtained from
Harlan (Indianapolis, IN), were housed individually starting at ~2 months of age and were 3-4
months old (315-450 g) at the start of experiments. They were maintained on a 12:12 h light:
dark cycle (lights on at 0800) with experimental sessions conducted between 0900 and 1800
h. Rats were handled five times for 15 min intervals prior to being used in experiments. With
the exception of periods when rats were undergoing operant training and testing, food was
available ad libitum. Water was always available ad libitum. All experimental procedures were
approved by the IACUC at the University of Illinois, Urbana-Champaign and were consistent
with the Principles of Laboratory Animal Care (NIH Publication no. 85-23).

Locomotor activity was measured in an open-field chamber that consisted of a transparent,
Plexiglas box (40.6 x 40.6 x 40.6 cm) surrounded by photobeams (Coulbourn Instruments;
Allentown, PA). Each apparatus was connected to a computer operating software (TruScan,
v. 2.01; Coulbourn Instruments) that recorded all horizontal and vertical beam breaks (100 ms
sampling rate). The horizontal beam breaks, or coordinate changes, were converted into
ambulatory distance (cm). The chambers were individually contained inside sound-attenuating
cubicles (76 x 80 x 63 cm). Each cubicle contained a speaker (76 mm dia.) fixed to one wall,
two ceiling-mounted white lights (4 W) for dim illumination, and a ceiling-mounted camera
between the two lights.

Operant behavior was monitored in standard operant conditioning chambers (Coulbourn
Instruments). One wall of the chamber contained two retractable levers that were positioned
on either side of a centrally located food trough. Infrared detectors were used to monitor head
entries into the food trough. White cue lights were located above each lever. A white houselight
was located near the top of the chamber on the opposite wall.

Repeated saline or AMPH treatment

Prior to starting the 20-day, intermittent injection procedure, rats were first habituated to the
open-field testing and injection procedures. Specifically, they were brought to the testing room
and, following a 20-min acclimation period during which they remained in their home cages,
were placed in the open-field arena for 30 min. They were then removed, injected with saline
(1 ml/kg, i.p.), and returned to the arena for 60 min. On the next day (i.e., treatment day 1), the
same procedure was repeated except half of the rats (n = 16) received saline and the remainder
were given AMPH (3.0 mg/kg, i.p.; n = 16). Beginning on treatment day 2 and continuing
every other day until treatment day 9, rats were brought to the laboratory, injected with saline
or AMPH, and allowed to behave for 60 min in an acrylic tub (46 x 25 x 22 cm) lined with
hardwood bedding. These tubs and bedding, which were identical to those used for the rat's
home cage in the animal colony, were used as a means to provide multiple injection
environments and thereby minimize context-dependent sensitization (Robinson and Becker
1986; Badiani and Robinson 2004). On treatment day 10, the open-field testing procedure used
on treatment day 1 was repeated. Thus, rats received a total of 10 saline or AMPH injections
over the course of 20 days, with automated (i.e., photobeam) activity measures obtained on the
first and final injection days. The intermittent-dosing procedure was adapted from previous
studies that showed impairments in object recognition memory (Bisagno et al. 2003; Belcher
et al. 2006) and the development of behavioral sensitization (Robinson et al. 1985; Robinson
and Becker 1986). Furthermore, pilot studies revealed that rats given AMPH using this
procedure exhibited progressive increases in focused stereotypy that persisted for at least one
month after treatment.
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Delay-discounting behavior

Following their last test in the open-field arena, rats were placed on food restriction and
maintained at 85% of their free-feeding weight. One week later, they were trained to respond
on either of two independently available levers for a 45-mg food pellet (Bio-Serv; Frenchtown,
NJ) on a fixed ratio schedule (FR1) of reinforcement during overnight sessions (2100 to 0900
hours). After they displayed approximately equal responding on both levers, rats were moved
to the next training phase (1-h sessions, between 0900 and 1700 h). Trials began with levers
retracted, and the food trough illuminated by a cue light. A nosepoke into the trough resulted
in the extension of one randomly selected lever, with a subsequent lever press response
reinforced by delivery of a food pellet. After 3-4 days of training at this stage, 14 saline pre-
treated and 15 AMPH pre-treated rats began the final stage of training. Three rats (n = 2 and
1 from the saline and AMPH pre-treated groups, respectively) failed to complete the first two
training stages within 15 sessions and were thus removed from the study. Two different cohorts
of rats were trained on the task, with the second cohort responding for a different formulation
of food pellet then the first (Bio-Serv products F0042 and F0021, respectively) at the end of
training. This switch was made because of pellet feeder clogging problems that developed
towards the end of the second cohort's training. Statistical analysis of behavioral performance
within cohort two following this switch, and between cohorts one and two, revealed no
significant change in task performance.

Training in the delay-discounting task was done in daily, 100 min sessions that consisted of
five blocks of 12 trials. Each trial lasted 100 s and began with the illumination of the house
light and cue light located in the food trough. Rats were required to nosepoke into the trough
within 10 s, whereupon a single lever would be presented randomly and a response was
reinforced with food pellet delivery. The amount of food delivered was pre-assigned to a lever,
such that responses on one (e.qg., left side lever) resulted in reinforcement that was large (four
pellets) but delayed in delivery, and responses on the other (e.g., right side lever) resulted in
an immediately delivered small reinforcement (one pellet). Assignment of reward magnitude
to levers was counterbalanced across groups, but remained consistent for each rat. After a lever
response, the house light turned off, the levers retracted, and the cue light above the lever was
illuminated until food was delivered. If the rat either failed to nosepoke within 10 s or respond
on the presented lever, the trial was recorded as an omission. On omission trials, the levers
remained retracted and the chamber was returned to an intertrial interval (ITI) state until the
beginning of the next trial. After completing or omitting the first two forced-choice trials (which
served as exemplars for the each block), 10 free-choice trials were presented where both levers
were extended. Delays for the delivery of large rewards increased with each block of trials (0,
10, 20, 40, and 60 seconds, respectively). Each animal participated in one session per day, for
a minimum of 40 training sessions.

Following the last training session, the effects of AMPH on task behavior were assessed by
administering rats injections of vehicle (saline; 1 ml/kg, i.p.) or AMPH (0.1, 0.3, 0.6, 1.0, and
2.0 mg/kg, i.p.) 5 min before they were placed in the operant conditioning chamber for a test
session. Injections were given over eight consecutive daily sessions in the order of
VDDVDDVD (V = vehicle; D = drug). The order of drug doses was chosen based on a Latin
square design, with a particular order assigned to each rat randomly. The exception to this was
the 2.0 mg/kg dose of AMPH, which was administered during the last session because pilot
studies suggested this dose produced significant motor impairments that potentially could
influence task performance in subsequent sessions.

Open-field behavior retest

After the final session in the delay-discounting task, rats were given access to food ad
libitum. After one week, all rats were re-tested in the open-field with a challenge injection of
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3.0 mg/kg AMPH. The same procedures used during the initial open-field behavioral tests were
followed, including the time of day experiments were performed.

d-Amphetamine sulfate was obtained from Sigma-Aldrich (St. Louis, MO). It was dissolved
in sterile saline (0.9% NaCl), and dosages were calculated based on the weight of the salt. All
injections were given at a volume of 1 ml/kg.

Data Analyses

Results

Data were imported into a relational database (SQL Server 2005 Developer, Microsoft; Seattle,
WA) and analyzed using SAS 9.1 (SAS Institute, Inc.; Cary, NC) or SigmaStat 3.5 (Systat
Software, Inc.; San Jose, CA). All graphs show group means + SEM. The effects of saline or
AMPH on open-field behavior were analyzed using two-way, mixed factor ANOVA, with
group as the between-subjects factor and treatment day as the repeated measure. Because 3.0
mg/kg AMPH tends to produce stereotyped patterns of behavior (i.e., repetitive head
movements or sniffing), we also used a semi-quantitative scoring method (adapted from Gulley
et al. 2004) to describe observed behavior. Raters blind to treatment conditions scored 30 sec
segments of video taken every 5 min of the 60 min post-injection period. For each segment,
the duration (0-30 sec) and intensity (1 —mild; 2 —moderate; 3 — intense) of focused stereotypy
were recorded and these scores were then multiplied to give a single value (ranging from 0-90).
These data were analyzed using three-way, mixed factor ANOVA with time and treatment day
as within-subjects factors and group as the between-subjects factor. Follow-up analyses of
significant interactions were performed with one- or two-way ANOVA and Holm-Sidak post-
hoc tests.

For analysis of delay-discounting behavior, several measures were used. Choice behavior was
represented as mean choice of the large reinforcer for free-choice trials only. The progression
of task performance across sessions was assessed by obtaining these data during early
acquisition (sessions 1-3), training midpoint (18-20), and stable baseline (sessions 41, 44, and
47). The stable baseline period encompassed the three sessions during which rats were given
saline injections before they began the task. Data were analyzed with two-way repeated-
measures ANOVA (treatment condition x delay). Data from tests of the acute effects of AMPH
on task performance were analyzed using multifactorial ANOVA with treatment condition as
a between-subjects factor and dose and delay as within-subjects factors. When appropriate,
Holm-Sidak post-hoc tests were performed. Missing values were excluded from analysis. In
cases where the assumption of sphericity was violated in repeated measures ANOVA, a
multivariate analysis was used instead. In all tests, p values less than 0.05 were considered
significant.

Locomotor behavior

As expected, 3.0 mg/kg AMPH had robust effects on locomotor activity (Fig. 1). We observed
significant main effects of group [F(1,936) = 174, p<.001], treatment day [F(2,936) = 61.5, p<.
001], and time [F(11,936) = 2.58, p<.01], along with a group x treatment day interaction [F
(2,936) = 255, p<.001] and a three-way interaction [F(22,936) = 6.01, p<.001]. In the AMPH-
pretreated group, the first drug exposure produced a significant increase in ambulation,
compared to rats given saline (Day 2, Fig. 1A). After repeated AMPH treatment (10 injections;
Day 20), however, ambulatory distance was significantly reduced compared to their first
AMPH treatment day. This reduction, which was first apparent at 20 min following injection
and became statistically significant at 45 min post injection, was due to the onset of focused
stereotypy. As shown in Fig. 1B, the first exposure to AMPH led to increases in stereotypy
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that became maximal at ~50 min following injection. After repeated exposure, rats in the
AMPH pretreatment group exhibited maximal stereotypy by 30-min post injection. Mixed-
factor ANOVA of these data revealed significant main effects for group [F(1,924) = 1420, p<.
001], treatment day [F(2,924) = 217, p<.001], and time [F(11,924) = 44.8, p<.001], with a
group x treatment day interaction [F(2,924) = 33.2, p<.001], and a three-way interaction [F
(22,924) = 2.06, p<.001].

One week after they finished testing in the delay-discounting task (see below), rats were re-
tested in the open-field arena. During these tests, which occurred ~ 3 months after their last
open-field test session (i.e., treatment day 20), rats in both groups were injected with 3.0 mg/
kg AMPH in the open-field arena. Rats in the saline pretreated group exhibited significant
increases in both ambulation and stereotypy compared to their last saline test session (Fig. 1A
and B). These effects were not significantly different from those observed in AMPH pretreated
rats following their first AMPH injection, but it was different from drug-induced behavior in
the AMPH pretreated group at re-test. In the AMPH-pretreated rats, there was no significant
difference in ambulation at re-test compared to treatment day 20. Stereotypy was actually
enhanced after the ~ 3 month time lapse between injections of this AMPH dose, with scores
reaching maximal values earlier in the 60 min post-injection time period (Fig. 1B).

Delay-discounting behavior

As shown in Fig. 2, prior exposure to AMPH did not alter delay-discounting behavior. There
were no significant differences between saline and AMPH treatment groups during the early
phase of task acquisition (sessions 1-3), at the midpoint of training (sessions 18-20), and during
baseline (sessions 41, 44, and 47). Rats in both groups did exhibit a robust sensitivity to delay
by reducing their responding on the large reward lever as the delay increased to a maximum
of 60 s. The main effect of delay was significant at all three training stages [acquisition: F(4,24)
= 4.33, p<.01; midpoint: F(4,24) = 22.0, p<.001; and baseline: F(4,24) = 73.5, p<.001]. As
shown in Fig. 2A, the sensitivity to delay was apparent at the earliest stages of task acquisition,
although it was not as pronounced during the 0-20 s delays compared to later sessions (Fig 2B
and C). The number of trial omissions was relatively low, with rats in saline and AMPH pre-
treatment groups omitting a total of 0.376 £ 0.114 and 0.196 + 0.11 trials, respectively, across
all delays during the midpoint sessions. This small group difference was not statistically
significant, and neither were the small group differences in trial omissions at acquisition [saline:
1.18 £ 0.39; AMPH: 0.97 + 0.38] and baseline [saline: 0.31 + 0.09; AMPH: 0.16 £ 0.09].

When AMPH was administered 5 min before the start of the task, it induced a dose-dependent
change in choice behavior [dose: F(5,810) = 20.7, p<.001)] that varied as a function of delay
[dose x delay: F(4,810) =117, p<.001], but was not significantly different in saline and AMPH
pretreated rats. Subsequent analysis of AMPH effects in the different treatment groups with
two-way ANOVA and post-hoc analysis revealed that the 2.0 mg/kg AMPH significantly
decreased choice of the large reward at the 0 and 10 s delays for saline pretreated rats and the
0, 10 and 20 s delays for those pretreated with AMPH (Fig. 3A-B). The number of trial
omissions (Fig. 3C) and latencies to nosepoke or lever press (Fig. 4), in contrast, were increased
over a wider range of AMPH doses and there were differential effects in the pretreatment
groups. For omissions, we observed significant main effects of group [F(1,810) = 4.19, p<.05],
dose [F(5,810) = 155, p<.001], and a group x dose interaction [F(5,810) = 50.3, p<.001].
Pairwise comparisons revealed that the 1.0 and 2.0 mg/kg doses were significantly different
from vehicle, and the 2.0 mg/kg dose produced the most robust effect. The effects of the highest
dose were most pronounced in the AMPH-pretreated group.

The latency to nosepoke for presentation of levers, as well as to respond on a lever, was
increased by AMPH to a similar extent in both groups (Fig. 4A). There were significant main
effects of dose for both measures [nosepoke latency: F(5,22) = 3.68, p<.01; lever press latency:
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F(5,16) = 3.53, p < .05], with the 2 mg/kg dose increasing latency to the greatest extent
compared to vehicle injections. The number of nosepoke responses that rats made during
periods when food pellets were not available—during 1TIs and during delays following
responses on the large reward lever—were decreased by all doses of AMPH (Fig. 4B and C).
For nosepoke responses during ITIs and delays, only the main effects of dose were significant
[ITls: F(5,23) = 8.64, p<.001; delays: F(5,23) = 4.37, p<.01]. More specifically, all doses of
AMPH reduced the number of nosepoke responses compared to vehicle sessions. This effect
tended to be greater in AMPH-pretreated rats, but the main effect of group and the group x
dose interaction were not significant. Also, the saline-pretreated group made more nosepoke
responses during 1TIs than the AMPH-pretreated group after vehicle and the highest tested
doses of AMPH (Fig. 4B), although this effect was not statistically significant.

Discussion

Repeated exposure to 3.0 mg/kg AMPH produced robust changes in AMPH-induced locomotor
activity in an open-field arena that was evident following 10 injections in 20 days. This
treatment did not, however, alter baseline choice behavior in a delay discounting task. There
were subtle effects on task performance when AMPH was given prior to the sessions, but these
were likely due to motor disruptions produced by the higher doses and may be a reflection of
the higher sensitivity to AMPH's locomotor effects that were observed in the open-field for
this group. When rats in the AMPH pretreatment were given an AMPH challenge in the open-
field after the conclusion of their final delay-discounting session—a procedure that occurred
~3 months after their last injection in the open-field—the sensitization to AMPH's stereotypy-
inducing effects was still evident and slightly enhanced. Rats in the saline pretreatment group
exhibited AMPH-induced behavior that was not significantly different from that observed in
the AMPH pretreatment group following their first drug injection. Taken together, these
findings suggest that the long-lasting locomotor effects of repeated, intermittent AMPH
exposure can be dissociated from effects on delay-discounting behavior. Furthermore, our
results suggest that the neuroadaptations that resulted from repeated AMPH exposure, which
are known to be associated with sensitization (Robinson and Berridge 2000), do not cause
enduring deficits in the aspects of cognition that the delay-discounting task requires. It is not
clear from the current study if the observed dissociation is specific to the dosing procedure
used, but it is notable that previous studies using similar AMPH treatment schedules have
reported a reduction in subsequent structural plasticity and forms of new learning (Kolb et al.
2003; Briand et al. 2005), as well as impairments in object recognition memory (Bisagno et
al. 2003; Belcher et al. 2006).

With respect to the long-lasting sensitization that was observed in AMPH pretreated rats, it
should be noted that these rats received an additional cumulative dose of 4.0 mg/kg AMPH
across the 8 days of drug and vehicle testing in the delay-discounting task. The saline pre-
treated group also had this same level of exposure, however, and their response to AMPH
challenge was no different from that seen in AMPH pretreated rats after their first drug
exposure. Thus, this additional exposure to AMPH is unlikely to account for the persistence
of sensitization. Similar long-lasting changes in AMPH-induced behavior have been observed
previously (Segal and Mandell 1974; Klawans and Margolin 1975; Kolta et al. 1985; Robinson
and Becker 1986).

To our knowledge, no published studies have described the effects of chronic AMPH exposure
on delay-discounting behavior in an animal model, but several have examined other
psychostimulants (Richards et al. 1999; Paine et al. 2003; Roesch et al. 2007; Simon et al.
2007; Winstanley et al. 2007). While most of these reports suggested that repeated
psychostimulant exposure increases impulsive decisions, the most extensive study to date
(Winstanley et al. 2007) reported no baseline impairments in impulsive choice in rats exposed
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repeatedly to cocaine (15 mg/kg, i.p., for 21 days). Unfortunately, they did not report locomotor
behavior, or more specifically, if behavioral sensitization was observed. As for the remaining
studies, there are key factors that differ between each of them and ours. In the studies by
Richards et al. (1999) and Paine et al. (2003), drug treatment began after training in the task
was completed and injections were given following daily delay-discounting sessions.
Interestingly, Paine et al. (2003) reported that increased impulsive choice in rats was only
observed in association with behavioral sensitization (i.e., on day 7 of cocaine treatment; 15
mg/kg, 3 injections/day for 14 days), and choice behavior returned to baseline levels on
subsequent days even though sensitization persisted or was enhanced. In a study by Simon et
al. (2007) that utilized chronic treatment with a high dose of cocaine (30 mg/kg daily for 14
days), cue lights did not remain illuminated during the delay periods that occurred following
responses on the large reward lever. The absence of cues has previously been shown to decrease
rat's choices of the large reward lever (Cardinal et al. 2000), which is what the authors reported.

Simon et al. (2007) also observed a reduction in the number of nosepoke responses into the
food trough during the delay periods prior to reward delivery. Interestingly, we did not observe
this difference during vehicle sessions. At all tested doses of AMPH, however, we did find this
effect. This is likely a separate construct from impulsive choice (Evenden 1999) and has been
referred to as impulsive action. A few studies have addressed the influence of chronic AMPH
exposure on impulsive action, and a task commonly used to test this characteristic is differential
reinforcement of low rates of responding. Using this task, increased impulsive action was
observed in AMPH-treated rats immediately following treatment (5.0 mg/kg for 9 days), but
this only persisted for 9 days after the cessation of drug exposure (Peterson et al. 2003). Once
again, these findings suggest that impulsive behavior is only transiently altered by repeated
AMPH exposure.

In the present study, injections of 0.1-1.0 mg/kg AMPH had subtle effects on choice behavior
in both pre-treatment groups. The 2.0 mg/kg dose increased the number of omissions and
latencies to both nosepoke and lever press, with the AMPH-pretreated group exhibiting
significantly more omissions than the saline-pretreated group. There are several reports
indicating that acute AMPH treatment either dose-dependently reduces (Cardinal et al. 2000;
deWitetal. 2002; Winstanley et al. 2003; vanGaalen et al. 2006), increases (Evenden and Ryan
1996; Cardinal et al. 2000), or has little to no effect (Uslaner and Robinson 2006) on impulsive
choice in a delay-discounting paradigm. It is unclear why the results of these various studies
are somewhat equivocal, but differences in baseline choice behavior have been shown to
influence the effects of AMPH on delay discounting. For example, Winstanley et al. (2003)
have suggested that AMPH decreases impulsive choice in rats that tend to have higher levels
of impulsive choice before drug treatment. A recent study (Barbelivien et al. 2008), which
systematically examined the interaction between baseline choice behavior and AMPH's effects
on delay discounting, revealed that AMPH significantly decreased impulsive choice in rats
with a “medium” basal level of impulsive choice and had no significant effect in those with
either low or high baseline levels. In the present study, our sample was not sufficiently large
to appropriately analyze sub-populations of rats with diverse choice behavior at baseline, but
we did note a trend for AMPH to decrease impulsive choice most in rats with high to medium
baseline levels, and an opposite effect in animals with low baseline levels of impulsive choice.

While current theories of drug addiction suggest that heightened impulsivity is a common
characteristic of individuals who abuse drugs (Jentsch and Taylor 1999; Lyvers 2000;
Goldstein and Volkow 2002; Bechara 2005), it is not clear whether this is a major contributing
factor to the development of addiction or if it is caused by repeated drug exposure. Our study
in rats suggests that increased impulsive choice is not an inevitable consequence of repeated,
intermittent exposure to AMPH. Instead, it supports the notion that, at least in rats, a high
degree of impulsivity is more likely a pre-existing trait that is potentially amplified by exposure
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to drugs (Bechara 2005; Dalley et al. 2007). Similarly, evidence from clinical studies (Ersche
et al. 2008) suggests that repeated drug exposure does not lead to generalized effects: chronic
cocaine use was associated with perseverative responding, whereas chronic amphetamine use
was not. Taken together, these studies and our results underscore the importance of avoiding
generalization between drugs of abuse and ensuing changes in behavior and the brain.
Furthermore, our study suggests that the neuroadaptations that are known to be associated with
the long-lasting expression of behavioral sensitization (Robinson and Berridge 2000) may not
have wide-ranging consequences for other behaviors that are considered to be associated with,
or characteristic of, addiction. Rather, there may be a unique or potentially overlapping set of
drug-induced neuroadaptations that lead to heightened impulsivity.
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Figure 1.

Locomotor activity (ambulatory distance; A) or stereotypy rating (B) after acute AMPH or
saline (Day 2), repeated AMPH or saline (Day 20), and the AMPH challenge given at the
conclusion of the operant behavior phase of the study. AMPH was always given at a dose of
3 mg/kg (i.p.). Shown in the AMPH group are the data from 12 of 15 subjects tested because
technical problems resulted in the loss of data from three subjects. **p<.01, Day 2 compared
to Day 20 within the AMPH group; ##p<.01, between group comparison on Day 2; +++ p<.
001, challenge compared to Day 2 and Day 20 within the SAL group; *** p<.001, challenge
compared to Day 20 within the AMPH group; ###p<.001, between group comparison on
challenge
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Figure 2.

Choice behavior for rats in the saline (SAL; n=14) and AMPH (n=15) pretreatment groups for
early acquisition (sessions 1-3; A), training midpoint (sessions 18-20; B), and at stable baseline
(vehicle sessions 41, 44, and 47; C).
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Figure 3.

The effects of AMPH (0.1-2.0 mg/kg) on delay-discounting behavior in rats pretreated with
saline or AMPH. Shown are the mean choice of the large reward for the saline (SAL; A) and
AMPH (B) pretreated groups across delays. (C) Shown are the number of omissions as a
function of delay for the SAL (open symbols) and AMPH (filled symbols) pretreatment groups.
For enhanced presentation clarity, only the highest doses of AMPH are included. *** p<.001,
compared to vehicle at the same delays; ###p<.001, collapsed across delay
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Figure 4.

Dose-response curves showing the effects of AMPH (0.1-2.0 mg/kg) on (A) latency to
nosepoke for the initiation of a trial (NP) and to choose a lever (LP), and (B) the total number
of nosepoke responses during ITIs (B) and delays (C). **p<.01 and *** p<.001, compared to

vehicle (V)
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