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Abstract

Rationale The mesolimbic dopamine system underlies the
ability of reward-related stimuli to control operant behavior.
Previous work has shown that amphetamine potentiates
operant responding for conditioned rewards (CRs).
Objectives Here, we asked whether the profile of this
amphetamine-produced potentiation changes with repeated
CR presentation, i.e., as the CR is being extinguished.
Methods Amphetamine (0-1.0 mg/kg, i.p.), administered
over four daily sessions using a Latin square design, dose-
dependently increased lever pressing for a ‘lights-off’
stimulus previously paired with food in rats.

Results The amphetamine-produced enhancement of
responding for CR was significantly modulated with
repeated CR exposure: it was strongest on day 1 and
became less pronounced in subsequent sessions whereas the
CR effect persisted. In further experiments, rats receiving
LiCl devaluation of the primary reward failed to show a
significant reduction in the amphetamine-produced en-
hancement of responding for CR.

Conclusions The nature of the dissociable effects of
amphetamine on responding for CR versus the CR effect
itself remains to be elucidated.
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Introduction

Reward-related learning depends on mesolimbic dopamine
(Beninger 1983; Carr and White 1986; Sutton and Beninger
1999; Everitt et al. 1999; Baldwin et al. 2002; Wise 2004;
Schultz 2006). Neutral stimuli repeatedly paired with
primary rewards such as food or with psychostimulant
drugs acquire incentive motivational properties, i.e., the
ability to elicit approach responses similar to those elicited
by the unconditioned stimuli (Bindra 1974; Robbins 1978;
Taylor and Robbins 1984; Sutton and Beninger 1999). Such
conditioned incentive stimuli can be shown to act as
conditioned rewards (CRs), for example animals learn to
press a lever that produces a stimulus previously paired
with reward (Mackintosh 1974).

Responding for CRs and the role of the mesolimbic system
are focal area of research because of their relevance to drug
addiction (Robbins 1978; Robbins and Koob 1978; Ranaldi
and Beninger 1993; Di Ciano et al. 2008; Wise 2009).
Psychostimulant drug addiction may be acquired through the
sensitization of reward processes mediated by the meso-
limbic dopamine system (Kelley 2004; Hyman et al. 2006;
Robinson and Berridge 2008). Thus psychostimulants
potentiate instrumental responding for natural rewards
depending on the reinforcement schedule (Slawecki and
Samson 1996), for brain stimulation reward (Gilliss et al.
2002) and for reward-predicting stimuli (Sutton and
Beninger 1999). Amphetamine selectively enhances nucleus
accumbens neuronal firing to a conditioned stimulus (CS)
paired with sucrose in a conditioned approach task (Wan and
Peoples 2008). On the other hand, CS extinction and
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unexpected reward omission are associated with a suppres-
sion in dopamine cell firing (Schultz et al. 1997; Pan et al.
2008) and dopamine antagonism results in extinction-like
behavior (Wise et al. 1978).

Augmentation of dopaminergic neurotransmission during
extinction should result in enhanced operant responding.
Consistent with this, amphetamine selectively enhances
responding for a reward-paired CS during extinction and this
effect is mediated by nucleus accumbens dopamine (Beninger
1983; Taylor and Robbins 1986; Cador et al. 1991; Sutton
and Beninger 1999). Responding for reward may be
subserved by multiple striatal regions and could in part be
independent of mesolimbic dopamine (Yin et al. 2008),
suggesting that responding for CR may in part have a
mesolimbic dopamine-independent component. For exam-
ple, dorsal striatum which is implicated in stimulus—response
(S-R) learning is also implicated in conditioned avoidance, a
behavior mediated by conditioned reinforcers, but appears
not to play a role in stimulant-produced enhancement of CR
responding (Koob et al. 1984; Kelley and Delfs 1991). The
mesolimbic dopamine-independent component of CR may
be revealed by independently assessing the timecourse of
responding for CR and of its enhancement by psychostimu-
lants. In one of the original demonstration of the psychos-
timulant enhancement effect, pipradrol-induced CR
enhancement was shown to vary depending on test day
(Robbins 1978).

In the current study we characterized the temporal
course of the amphetamine-produced enhancement of
responding for CR in the expectation that the effect of
amphetamine would change over the four testing days.
We found that the amphetamine enhancement showed a
time course markedly different from the time course of
responding for CR itself. In a second experiment, we
found no evidence of a reduction of the amphetamine-
produced enhancement of responding for CR by LiCl
devaluation of the food reward.

Method
Subjects

Male Wistar rats (N=87), obtained from Charles River, St.
Constant, QC, weighing between 200-250 g on arrival
were initially housed in pairs on a 12-h reversed light—dark
cycle (lights on at 1900 hour) at an average temperature of
21°C and humidity of 40-70%. Water and food (LabDiet
5001, PMI Nutrition Intl, Brentwood, MO) were freely
available. Rats were handled for about 1 min on each of
five consecutive days after arrival, after which they were
housed singly and daily food access was restricted to
maintain body weight at 85% of free-feeding levels. The
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experimental protocol was approved by the Animal Care
Committee at Queen’s University. The work followed the
“Principles of laboratory animal care” (http://www.nap.edu/
readingroom/books/labrats/). All rats were treated in full
compliance with the Animals for Research Act and relevant
guidelines set by the Canadian Council on Animal Care.

Apparatus

Initial lever training was conducted in four identical operant
chambers measuring 29%23 cm in floor space and 19 cm in
height, each placed in a dimly lit, sound-attenuated, and
ventilated wooden box. The walls of each operant chamber
were made of Plexiglas and the floor was parallel stainless-
steel bars (diameter 3 mm, spaced 1.0 cm apart). There was
a recessed food magazine in the center of the 29 cm wall
and a single operant lever (1.5x5.0x1.0 cm) 2.0 cm to the
right of the magazine. Both were elevated 6.0 cm above the
floor. Illumination was provided by two 2 W incandescent
lights elevated 10 cm above the floor. Subsequent Pavlovian
conditioning and CR testing was conducted in a different set
of four operant chambers, which were similar to the ones
described above except that the floor was a wire grid with
openings of 1.0 cm” and the chamber was equipped with two
levers each measuring 3.5 widex 0.5 c¢m thick and extending
2.5 cm into the chamber at a height of 2.5 cm above the
floor, centered in each side wall. Dustless precision food
pellets (45 mg) from Bio-serv (Frenchtown, NJ; product
number: F0021) were used as rewards. Experimental events
were controlled and recorded by a 6809 microcontroller
using custom made software and transferred to a Macintosh
computer for analyses.

Procedure

Behavioral testing was conducted daily between 1000 and
1800 hours during the dark phase of the circadian cycle.
The behavioral paradigm consisted of thee phases:

Operant training Food-restricted rats were habituated
for ~20 min to the operant chambers with food pellets
freely available in the food magazine. On the next day, rats
were trained to lever press for food in the same operant
chambers using standard shaping techniques. Food was
available on a fixed ratio 1 schedule, and all subjects were
trained until each rat achieved at least 30 lever presses in
30 min. This typically took 1-2 days. Subsequent sessions
were 30 min in duration. On the next day, rats were trained on
avariable interval 15 s, followed by 3 days of variable interval
30-s training. Rats in all the groups responded reliably.

Pavlovian conditioning During the 4-day Pavlovian condi-
tioning phase, rats were moved to the CR chamber where in
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each 60-min session they received 80 pairings of a 3-s
lights-off stimulus with food at a variable intertrial interval
of 45 s (range, 5-90 s). During the first conditioning session
each lights-off stimulus was terminated with the delivery of a
single food pellet. During the remaining three sessions, food
delivery occurred following a random 33% of the lights-off
stimulus. This procedure was employed because partial
pairing results in greater conditioned reward than continuous
pairing (Knott and Clayton 1966). The two levers were
retracted during the classical conditioning phase.

CR testing During the four test days, the two levers were
extended into the CR chamber. One lever (CR) produced a
3-s lights-off stimulus and the other (NCR) had no effect.
Responding was recorded over 30 min. Amphetamine
sulfate (USP; Rockvill, MD) was dissolved in saline daily
before each testing session and injected i.p. (0.0, 0.05, 0.5,
or 1.0 mg/kg; injection volume: 1 mlkg) immediately
before testing. This procedure was repeated three times in
three independent groups of rats in each case using a
different partial Latin square procedure (Table 1).

Two control groups received 80 presentations of the food
US or the lights-off CS alone (n=12 per group) during the
Pavlovian conditioning phase to test whether pre-exposure
to each of these cues alone may account for subsequent
lever pressing for the lights-off CS.

Reward devaluation Reward devaluation training took
place in the home cage immediately following Pavlovian
conditioning and was carried out in a subset of 27 rats.

Table 1 Design of the three Latin squares used to administer
amphetamine prior to CR testing sessions

Latin square Group” Amphetamine dose (mg/kg)
0 0.05 0.5 1.0
1 1 Day 1 Day 2 Day 3 Day 4
2 Day 2 Day 3 Day 4 Day 1
3 Day 3 Day 4 Day 1 Day 2
4 Day 4 Day 1 Day 2 Day 3
2 5 Day 1 Day 3 Day 2 Day 4
6 Day 2 Day 4 Day 3 Day 1
7 Day 3 Day 1 Day 4 Day 2
8 Day 4 Day 2 Day 1 Day 3
3 9 Day 1 Day 4 Day 3 Day 2
10 Day 2 Day 1 Day 4 Day 3
11 Day 3 Day 2 Day 1 Day 4
12 Day 4 Day 3 Day 2 Day 1

#The group factor was nested within Latin squares. Rat number per
group=3

Firstly, after each Pavlovian conditioning session, rats were
pre-exposed to an empty clay bowl (height, 6.5 cm;
diameter, 13 cm) for 1 h. The devaluation protocol itself
lasted 4 days: all rats received i.p. LiCl (20 ml/kg of 0.15 M
LiCl; Sigma-Aldrich, Oakville, ON) on days 1 and 3 and
saline on days 2 and 4. In the 15 min prior to injection, the
bowl was placed in the homecage. For rats in the
devaluation group, the bowl was filled with reward pellets
on LiCl days; for control animals, the bowl was filled with
pellets on saline days. Pellet consumption was measured for
each exposure. Devaluation training was followed by a day
off (day 5) and a single amphetamine (0.0 vs. 0.5 mg/kg)
CR test day (day 6).

Data analysis

The effect of amphetamine on CR and NCR lever presses
was analyzed with a two-way (dosexlever) repeated
measures analysis of variance (ANOVA). To correct for
violations of sphericity of the variance—covariance matrix,
degrees of freedom were adjusted using the Greenhouse-
Geisser procedure (Stevens 2002). Reward devaluation was
analyzed using a devaluationxamphetamine treatment x
lever mixed ANOVA.

Significant main effects were followed up by paired
samples ¢ tests or planned between subjects comparisons
where appropriate. To assess the combined effect of
amphetamine and testing day on CR and NCR lever
pressing, a dosexdayxlever ANOVA was used. Since
day-dose combinations were assigned using Latin squares,
the standard repeated measures ANOVA approach was not
appropriate. Lever presses on each lever could be grouped
by either day or dose; however, dose-day combinations
were unique to each rat, even though upon completion of
the experiment it had received all dose treatments. This
corresponds to a three-way within-subjects design with
dose and day but not lever balanced by means of Latin
squares. Sums of squares for this analysis were calculated
using formulas given in Winer et al. (1991) and proceeded
in two steps. In the first step, data were collapsed across
day and a three-way mixed ANOVA was calculated using
dose as the within-subjects variable. The between subject
variables were three different Latin squares used in three
different replications of the experiment and a grouping
variable nested in Latin squares. The grouping variable
refers to the treatment combinations in each row of the
Latin squares (see Table 1). In the second step, the
remaining sums of squares were calculated as described
by Winer et al. (1991) and combined yielding F statistics
for the effects of interest. Sums of squares used for this
analysis as well as all other statistics were calculated using
SPSS version 14.0 (Chicago, IL).
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Results
Ampehetamine-potentiated responding for CR

Animals pressed the CR lever more than the NCR lever. In
addition, as previously reported by a number of groups,
amphetamine had an inverse U-shaped effect on the number
of lever presses on the CR lever—lever presses were
augmented by the 0.5 mg/kg but not by the 0.05 or 1.0 mg/
kg doses (Fig. 1). These observations were confirmed by
a leverxdose (2x4) repeated measures ANOVA with a
Greenhouse-Geisser sphericity adjustment, which revealed a
significant leverxdose interaction [F(3, 105)=3.20; p<.05].
There were also significant effects of lever [F(1, 35)=50. 52;
p<.001] and dose [F(3, 105)=3.82; p<.05]. One-way
repeated measures ANOVA of dose for each lever revealed
a significant effect of dose on the CR lever [F(3, 105)=3.82;
p<.05]. Follow-up paired samples ¢ tests revealed that when
animals were injected with 0.5 mg/kg amphetamine CR lever
pressing was significantly higher than when animals were
injected with either vehicle [#(35)=2.73; p<.01] or 0.05 mg/
kg amphetamine [#(35)=2.02; p<.05]. The effect of dose on
the NCR lever was not significant.

The effect of dose on lever pressing for individual days
is shown in Fig. 2. The effect of amphetamine was most
pronounced on day 1, when 0.5 mg/kg produced the highest
levels of lever pressing. On days 2, 3, and 4, the effect of
amphetamine was progressively less apparent. These
observations were confirmed by a dosexdayxlever (4x
4x2) ANOVA (Winer et al. 1991) which revealed a
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Fig. 1 Mean number of lever presses (+SEM) for a ‘lights-off’
conditioned stimulus previously paired with food reward. Amphetamine
(0-1 mg/kg, i.p.) was administered immediately before testing sessions.
CR lever that produces the conditioned reward (‘lights-off” stimulus),
NCR inactive lever
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significant dosexdayxlever interaction [F(6, 224)=2.23;
p<.05]. Looking at each day individually collapsing across
replication, the dosexlever interaction was significant on
day 1 [F(3, 32)=3.25; p<.05] but not on days 2, 3, or 4.
The effect of lever was significant on each day [F(1, 32)=
27.48; p<.001on day 1; F(1, 32)=50.60; p<.001 on day 2;
F(1, 32)=23.55; p<.001, on day 3; F(1, 32)=51.73, p<.001
on day 4].

To assess whether some of the decrease in amphet-
amine’s ability to enhance CR responding may be due to
tolerance to amphetamine with repeated drug injections, we
broke down day-2 CR responding in rats receiving 0.5 mg/
kg amphetamine on that day by their day-1 amphetamine
history—0.0, 0.05, or 1.0 mg/kg. We found no systematic
relationship between day-1 amphetamine history and day-2
CR responding (0.0 mg/kg, 36.33+£16.70; 0.05 mg/kg,
53.67+29.87; 1.0 mg/kg, 33.00£15.52 (mean+SEM)).
Thus drug history is unlikely to account for the marked
decrease in amphetamine’s ability to enhance CR responding
with repeated testing.

Control experiments

Pre-exposure to the CS or the US alone did not differen-
tially affect pressing on the CR and NCR lever (Fig. 3).
These effects were confirmed by paired samples ¢ tests
comparing responding on the CR and NCR lever for each
group, which revealed that neither the US [#11)=0.035; p=
0.973] nor the CS [#(11)=1.75; p=.11] pre-exposed animals
pressed the CR lever significantly more. This contrasts with
the significantly higher number of lever presses on the CR
lever on the first day of testing for saline-treated rats pooled
from the experimental groups [#8)=2.75; p=0.025].

Reward devaluation

Stimulus-outcome (S-O) representations are sensitive to
outcome devaluation (Balleine 2001). To determine whether
an S-O representation plays a role in the amphetamine-
produced enhancement of CR, we tested whether primary
reward devaluation impairs the amphetamine enhancement.
LiCl injections markedly reduced number of pellets con-
sumed over the three devaluation days (Fig. 4a). This
impression was confirmed by a devaluationxexposure (2 x
3) mixed ANOVA which revealed significant main effects of
exposure [F(2, 50)=7.41; p<.01], devaluation [F(1, 25)=
66.20; p<.01] and an exposurexdevaluation interaction
[F(2, 50)=86.84; p<.01]. Next, we assessed the effect of
devaluation on the amphetamine enhancement of responding
for CR (Fig. 4b). The devaluation x amphetamine treatment x
lever mixed ANOVA revealed significant main effects of
lever [F(1, 23)=60.54; p<.001] and amphetamine treatment
[F(1, 23)=17.91; p<.01]. The devaluation main effect failed
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Fig. 2 Mean number of lever
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to reach statistical significance [F(1, 23)=2.77, p=0.11].  Discussion

We also noted a significant leverxamphetamine treatment

interaction [F(1, 23)=13.02; p<.01]. The devaluationx Pairing a lights-off stimulus with reward resulted in a
amphetamine treatment* lever interaction was not significant. ~ selective increase in responding for the lights-off stimulus.

@ Springer



896 Psychopharmacology (2011) 214:891-899
1007 ONCR A: Outcome devaluation
90 ECR 16 -
80 *
@ 70+ 14 -
g 60 R
= (22}
a 50+ E’ 12 4
& 40+ o
g g
a 304 £ 10
20 é (O saline
10 S 8- @ Lc
1 c
CS-US paired US-preexposure CS-preexposure 3 6 -
Condition =
a o,
Fig. 3 Mean number of lever presses (+SEM) on a lever producing
the lights-off-conditioned stimulus (CS) for animals which had
received pairings of the CS with food and for two control groups. 2
Left panel, CS-US paired animals (n=9) had previously undergone
pairings of the CS with food. These data were obtained by averaging 0- : : .
responses on day 1 of testing from saline-treated animals and are 1 5 3
provided for comparison. Middle panel, US-preexposed animals (n= Dav of sugar pellet access
12) had previously undergone presentations of the food unconditioned y garp
stimulus (US) in the absence of the CS. Right panel, CS-preexposed B: CR test
animals (n=12) had previously undergone presentations of the CS 250 -
without the food US. CR lever that produces the ‘lights-off” stimulus,
NCR inactive lever. *p<0.05
200 —
Neither CS nor US presentations alone differentially ’C\I;R
affected pressing on the CR vs. NCR lever. CS pre-
exposure appeared to decrease lever pressing on the CR § 150 -
lever, however this effect was nonsignificant and further- 3
more opposite in direction to what would be expected if the o
CR effect was due to CS pre-exposure. In previous % 100 4
experiments, negatively correlated presentations of the -
lights-off and US stimuli also did not differentially affect
CR vs. NCR responding (Beninger and Phillips 1980; 50 4
Hoffman and Beninger 1985). These results confirm that
the lights-off stimulus had become a conditioned reward.
A novel aspect of the study, implemented to enhance the 0-
learning effect, was that rats were pretrained to lever press Devaluation: LiCl Saline LiCl Saline
before conditioning. In a somewhat related procedure in  CRtest: Amph Amph Saline Saline

earlier work cited by Mackintosh (1974; p. 234), rats were
pretrained to press a lever for food and food reward was
signaled by a click. On a test of extinction where no food
was presented, a group that was reinforced with a click
showed higher responding than a group that was not
reinforced with a click. Since the latter group underwent
extinction in an environment more different from the
original training environment, lower responding on test
could be due to stimulus generalization decrement rather
than to CR in the group reinforced with a click in extinction
(Mackintosh 1974). In the current study however the CS
was not presented during the acquisition of lever pressing;
therefore an animal pressing the CR lever is faced with a
stimulus configuration that is more different from the initial
lever pressing acquisition than an animal pressing the NCR
lever. Thus, if anything, the foregoing arguments would
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Fig. 4 Effect of reward devaluation with LiCl on responding for
conditioned reward and its enhancement by amphetamine (Amph). a
Outcome devaluation. Two LiCl pairings reduced the mean (=SEM)
amount of sugar pellets consumed. Access to sugar pellets was either
on days 1 and 3 of the devaluation protocol and was followed by an
injection of 20 mL/kg of 0.15 M LiCl or on days 2 and 4 of the
devaluation protocol and was followed by an injection of saline. See
text for details. No injection was given on the third day of sugar pellet
access (day 5 of the devaluation protocol). b. CR test: mean (+SEM)
number of lever presses for a conditioned reward for animals that had
received reward devaluation with LiCl (‘Devaluation’). To assess the
effect of devaluation on amphetamine-produced enhancement of
responding for conditioned reward, 0.5 mg/kg of amphetamine was
injected immediately prior to test in some animals (‘CR test’). CR
lever that produces the ‘lights-off” stimulus, NCR inactive lever
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suggest decreased lever pressing on the CR lever—
something that we did not observe. Therefore we conclude
that in the current work, stimulus generalization decrement
may not account for the enhanced lever pressing on the CR
lever on extinction.

Amphetamine dose-dependently enhanced responding
for the CR (Fig. 1) as shown previously (Robbins et al.
1983; Mazurski and Beninger 1986; Ranaldi and Beninger
1993). When animals were re-tested with different doses of
amphetamine over several days they showed higher rates of
responding on the CR lever, however, amphetamine
potentiated lever-pressing on the CR reward lever on
day 1 but it showed no significant effect on subsequent
days (Fig. 2). A general motor stimulant effect of
amphetamine cannot account for the effect for the following
reasons: (1) lever pressing on the NCR lever was not
affected significantly, and (2) the effect of amphetamine
was only significant on the first day.

Previous work has shown that the enhancement of
responding for CR by amphetamine is dopamine-specific.
Thus dopamine but not norepinephrine depleting lesions in
nucleus accumbens disrupted amphetamine-produced en-
hancement of responding for CR (Cador et al. 1991).

Amphetamine could potentially increase CR responding
by enhancing attentional mechanisms; for example, more
focused attention to the CR lever may result in increased
responding. The CR vs. NCR lever discrimination on test
likely engages selective attentional mechanisms, whereby
attending to the relevant stimulus cues (e.g., left vs. right
lever) is a prerequisite for stimulus-outcome learning to
take place (Sutherland and Mackintosh 1971). Since both
prefrontal and nucleus accumbens dopamine receptor
activation with SKF 38393 enhances attentional processes,
the discrimination component of learning may be enhanced
by amphetamine in the CR paradigm (Chudasama and
Robbins 2004; Pezze et al. 2007). In fact, the hypothesized
inverted U-shaped relationship between dopaminergic
activation and attention fits well with the dose-response
curve obtained for the amphetamine-produced CR enhance-
ment in this and in previous studies (Ranaldi and Beninger
1993; Arnsten 1997; Zahrt et al. 1997; Granon et al. 2000)
(Figs. 1 and 2). However, higher nucleus accumbens SKF
38393 doses result in more impulsive responding in an
attentional task, which in the current paradigm might have
translated into more presses on either the NCR, the CR, or
both levers—an effect which we did not observe. More-
over, lesions of the nucleus basalis, a structure implicated in
attention, exaggerated rather than reduced amphetamine
enhancement of CR (Olmstead et al. 1998). Finally, it is not
obvious why repeated exposure may compromise atten-
tional processes whose gain is increased by amphetamine. It
appears therefore unlikely that the observed effect is due to
enhanced attentional mechanisms. Another alternative is

that the diminishing effects of amphetamine over days of
testing may be linked to the role of mesolimbic dopamine
in reward-related learning.

The psychological processes mediating conditioned re-
ward and its enhancement may be dissociable. The putative
dissociation may result from the concurrent operation of
differing reward processes driving CR responding, which may
extinguish at different rates and are differentially affected by
amphetamine. The S-O component may extinguish quickly as
the animal is initially deprived of an expected reward. Once
the outcome representation is extinguished, responding may
be driven by a S-R process that is independent of mesolimbic
dopamine, explaining why the enhancement disappears with
repeated testing. A hallmark of S-O responding is its
sensitivity to outcome devaluation (Ostlund and Balleine
2007). We carried out a second experiment to test whether a
S-O representation may play a role in the amphetamine
enhancement of CR using LiCl devaluation of the uncondi-
tioned reward. While we did not expect the CR response to
be affected significantly by devaluation based on previous
work (Parkinson et al. 2005), we reasoned that if the
amphetamine enhancement works on an S-O process, LiCl
devaluation may act to specifically reduce the amphetamine
enhancement. Consistent with Parkinson et al. (2005)
devaluation had no significant effect on responding for CR
when tested in amphetamine-free rats but contrary to our
expectation it also did not have a significant effect in
amphetamine-treated animals. Thus, the devaluation para-
digm failed to provide support for the idea that amphetamine
may preferentially act on an S-O representation and further
work is clearly necessary to elucidate the nature of the
representation specifically enhanced by amphetamine.

In a previous work, responding on the CR lever was found
to be insensitive to outcome devaluation with LiCl (Parkinson
et al. 2005). Thus, an S-R association may be sufficient to
maintain CR responding as we observed with repeated non-
reinforced CR exposures. These authors suggest that the CS
may elicit responding by evoking not only an US represen-
tation but also a general appetitive representation. However,
even though conditioned approach is enhanced by amphet-
amine (Wyvell and Berridge 2000; Wan and Peoples 2008),
in the present study the CR response became less
amphetamine-sensitive with repeated testing. Thus, our
results extend and qualify these conclusions and suggest
that a generalized appetitive representation is unlikely to
maintain CR responding as extinction progresses.

Devaluation studies have revealed that operant behavior
may be mediated by multiple representations of the US.
Limited CS-US pairings result in the CS activating
perceptual processes normally activated by the food;
extended training on the other hand results in a loss of this
specific US representation and activates computations that
are independent of the perceptual representations and
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evaluative processes dependent on that perceptual repre-
sentation (Holland 2008). Our results may reflect a shift
from one type of processing to the other across testing
sessions as the CS is represented repeatedly without the US
(i.e., being extinguished). However, our attempt to test this
explicitly produced inconclusive results.

A closer examination of the amphetamine dose-response
curve appears to support the interpretation that one reward
process extinguishes with repeated non-rewarded presentation
of the CS. Figure 2 gives some indication that repeated
testing shifted the peak of the amphetamine dose-response
function to the right. On day 1, 0.5 mg/kg was the most
effective amphetamine dose whereas on day 2 the most
effective dose appeared to be 1.0 mg/kg. This is similar to
previous results where the D2 antagonist pimozide shifted
the peak of the amphetamine dose-response curve to the
right, suggesting decreased reward with repeated non-
reinforced exposures; a higher dopamine activation was
necessary to maintain one aspect of the reward representa-
tion (Ranaldi and Beninger 1993). A second, S-R component
is potentially more resistant to extinction (the perseverance
of the CR effect across days), but less susceptible to
amphetamine enhancement because it may not be under the
control of mesolimbic dopamine (Balleine and Ostlund
2007). Further support for the idea that CR may involve
multiple reward systems comes from work showing that
nucleus accumbens amphetamine-produced enhancement of
responding for CR was disrupted by 6-OHDA lesions of the
nucleus accumbens, even though the CR effect itself was not
disrupted (Taylor and Robbins 1986). Consistent with this
idea 6-OHDA lesions of both nucleus accumbens and dorsal
striatum were necessary for disruption of conditioned
avoidance, a behavior mediated by conditioned reinforcers
(Koob et al. 1984). These anatomical observations to some
extent parallel the proposed roles of dorsolateral striatum vs.
dorsomedial striatum and nucleus accumbens in S-R and S-
O learning (Balleine and Killcross 2006; Balleine and
Ostlund 2007); however in a devaluation experiment, we
were unable to find evidence that a S-O representation drives
the amphetamine-produced enhancement of CR.

Responding for CR has implications for drug-seeking
behavior as the ability of psychostimulants to enhance the
motivational effects of reward-related stimuli may mediate
their incentive motivational properties (Taylor and Horger
1999; Kelley 2004; Hyman et al. 2006; Robinson and
Berridge 2008). Specifically, lever pressing can be main-
tained by a drug-paired CR and the same mesolimbic
structures have been implicated (Taylor and Robbins 1986;
Kelley and Delfs 1991; Di Ciano et al. 2008). Consistent
with this idea, psychostimulant sensitization enhanced both
responding for CR and its potentiation by intra-accumbens
amphetamine (Taylor and Horger 1999). However, parallels
between behaviors driven by food- and drug-paired stimuli
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may not always hold. For example, lever pressing for
cocaine may be reinstated up to a year after a single session
of access to cocaine and the same is not true of a highly
palatable food, although in that study the CS (white noise)
was continuously available during an initial cocaine self-
administration session (Ciccocioppo et al. 2004). Further
work assessing the temporal profile of responding for CR
supported by drug-paired stimuli is awaited.

Conclusions

This is the first report of amphetamine effects systemati-
cally investigated at distinct time points during the
extinction of responding for CR. We found that the
amphetamine-produced enhancement became less pro-
nounced with repeated testing whereas the CR effect itself
persisted longer. Furthermore, we found no evidence of a
reduction in the amphetamine enhancement of responding
for CR by outcome devaluation. These findings suggest that
dissociable reward processes may drive responding for CR,
on the one hand, and the effects of amphetamine on that
responding, on the other. Further work is needed to identify
the nature of those dissociable reward processes.
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