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Abstract
Exposure to psychostimulant drugs of abuse such as amphetamine can result in long-lasting
“sensitization” of reward-directed behavior, such that subjects display enhancements in behavior
directed by and toward rewards and reward-predictive cues (i.e. – “incentive sensitization”). The
purpose of these experiments was to determine the degree to which such sensitization resulting from
chronic amphetamine exposure influences both appetitive and consummatory food-motivated
behavior. Adult male Long-Evans rats received daily i.p. injections of d-amphetamine (2.0 mg/kg)
or saline vehicle for five consecutive days. This amphetamine exposure regimen produced lasting
sensitization to the acute locomotor stimulant effect of the drug. One month after drug exposure rats
were tested for instrumental responding (lever pressing) for food reward under various response
schedules. Two months after drug exposure, rats were tested for food consumption in a discriminative
Pavlovian context-potentiated eating task, involving pairings of one context with food and another
context with no food. Amphetamine-exposed rats showed significantly greater instrumental
responding for food reward than saline controls, particularly under conditions of high response ratios.
In the potentiated eating task, testing under conditions of food satiation revealed that amphetamine-
exposed rats ate significantly more than saline controls in the food-paired context. These experiments
demonstrate that amphetamine exposure can cause enduring increases in both appetitive and
consummatory aspects of natural reward-directed behavior. Such long-lasting incentive sensitization
could account in part for the propensity for relapse in drug addiction, as well as for reported
enhancements in non-drug reward-related behavior.
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1. Introduction
Societal problems associated with addiction include costs of physical and psychological
treatment, loss of productivity and social cohesion, crime, and accidents [1-3]. In addition,
there is growing recognition that drug addiction can result in a range of cognitive and behavioral
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alterations that can far outlast the period of drug use and may contribute to relapse [4-9]. Animal
models of addiction have shown that chronic administration of psychostimulant drugs in
particular can cause a variety of long-lasting alterations in drug-related behaviors. For example,
it is very well documented that repeated psychostimulant administration can lead to long lasting
enhancements (sensitization) of the locomotor stimulant response to these drugs [10-14].
Repeated psychostimulant administration can also enhance, or sensitize, behaviors motivated
by drug rewards (incentives). This “incentive sensitization” may contribute to addiction via
exaggerated drug “wanting” and motivation to pursue and use drug rewards [15-17].

Chronic exposure to psychostimulants is also associated with long-lasting increases in behavior
directed by and toward non-drug rewards, including sex [18-20], gambling [21,22], and food
[23-28]. However, with few exceptions [18] these effects of psychostimulant exposure have
been on appetitive (reward “seeking”) rather than consummatory (reward “taking”)
components of reward-directed behavior. Moreover, there are several reports that chronic
psychostimulant exposure can result in decreases in reward-directed behavior or anhedonia
[29-33]. The purpose of the experiments reported here was two-fold: first, to determine how
amphetamine exposure would affect both appetitive and consummatory components of
behavior, and second, to determine whether a regimen of exposure to the psychostimulant drug
amphetamine would cause lasting increases or decreases in reward-directed behavior.

2. Materials and Methods
2.1 Subjects

The subjects were male Long-Evans rats weighing 250-275 g upon arrival (Charles River
Laboratories, Wilmington, NC, USA). Rats were housed individually in a climate-controlled
vivarium (25° C) in the Department of Psychology at Texas A&M University. Rats had food
and water available ad lib (except as noted below) and were tested during the light cycle of a
12 hour light/dark schedule (lights on 0800-2000). Animal testing was conducted according
to the “Principles of Laboratory Animal Care” (National Academy of Sciences, USA) and met
all NIH and institutional animal care and use guidelines. Rats were allowed to acclimate to
vivarium conditions for at least one week before the start of amphetamine exposure.

2.2 Behavioral Apparatus
2.2.1 Instrumental Responding Task—Instrumental responding was assessed in four
identical standard rat behavioral test chambers (31 X 25 X 31 cm) with aluminum front and
back walls, acrylic side walls, and a floor composed of steel rods (0.4 cm diameter) spaced 1.1
cm apart, located in sound-attenuating cubicles (Coulbourn Instruments, Whitehall, PA, USA).
A recessed food delivery trough (4.1 X 3.2 cm) equipped with a photobeam to detect head
entries was located in the center of the front wall of the chambers (2.2 cm above the floor). A
standard response lever was placed above the food trough (9 cm above the floor). The chambers
were interfaced with a computer running Graphic State 3.01 software (Coulbourn Instruments),
which controlled stimulus deliveries and recorded data.

2.2.2 Potentiated-Eating Task—For the potentiated eating task, animals were exposed to
two novel contexts located in separate rooms. Context “A” was a large opaque chamber (49 ×
33 × 28 cm) and context “B” was a smaller translucent chamber (40 × 26 × 17 cm). Food pellets
were presented in 50 mL glass jars that were placed inside the chambers. Note that although
food consumption in rats is generally greater during the dark cycle, rats were tested during the
light cycle to avoid disruption of circadian rhythms by removing animals from a darkened
vivarium to lighted hallways and testing rooms [34,35].
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2.2.3 Locomotor assessment—Sensitization to the acute locomotor stimulant effects of
amphetamine was tested in 8 identical activity-monitoring chambers (Versamax System,
Accuscan Instruments, Columbus, OH, USA). Each chamber (40 × 40 × 30 cm) contained an
array of photobeams raised 0.5 cm above the floor to detect movement in the horizontal plane.
The activity chambers were connected to a computer running Versamap software (Accuscan
Instruments), which recorded photobeam breaks.

2.3 Drugs
D-Amphetamine sulfate was kindly provided by the Drug Supply Program at the National
Institute on Drug Abuse. Amphetamine was dissolved in 0.9% saline vehicle and all solutions
were administered intraperitoneally at a volume of 1 ml/kg. For treatment, rats (n=8/group)
were given injections of 2 mg/kg d-amphetamine (calculated as the weight of the salt) or saline
vehicle once daily in their home cage for 5 consecutive days.

2.4 Procedures
2.4.1 Instrumental Responding—Rats were food restricted to 85% of their free feeding
weight over the course of seven days prior to testing. One month after drug exposure rats were
given a single day of magazine training, followed by lever press shaping in the test chambers.
In these shaping sessions, rats were shaped to press the lever for immediate reward (a single
45 mg grain-based food pellet, TestDiet, Richmond, IN, USA) on an FR1 schedule until they
reached a criterion of 100 lever presses in a 30 minute session. Following shaping, lever
pressing was assessed using fixed ratio (FR) schedules (FR3, 10, 20, 40, 1, one schedule/day).
Test sessions in the fixed ratio task were also 30 minutes in length. After testing with the fixed
ratio schedules, instrumental responding was assessed using a progressive ratio schedule of
reinforcement, on which the number of lever presses required to earn a reward increased with
each successive reward earned (1, 4, 10, 20, 35, …) [36-38]. Rats were tested in the progressive
ratio task for four consecutive sessions. These sessions varied in length, ending only after an
hour with no reward delivery had passed (the breakpoint). Upon completion of these tasks, rats
were returned to an ad lib feeding schedule.

2.4.2 Potentiated-Eating Task—Two months after amphetamine exposure, rats were once
again food restricted to 85% of their free-feeding weight and trained in a discriminative
Pavlovian context-potentiated eating task, involving food-paired and -unpaired contexts [35,
39]. The order in which the instrumental and potentiated eating tasks were conducted was based
on availability of the experimental apparatus. Rats received eight daily 10 minute exposures
to a paired context (which contained 7g of food in the form of the same 45 mg grain-based
pellets used in the instrumental tasks) intermixed with eight equivalent exposures to an
unpaired context (without food) in a semi-random order. The identities of the paired and
unpaired contexts were counterbalanced across contexts A and B and drug condition. After
returning the rats to their free-feeding weights over the course of 7 days, the ability of the paired
and unpaired contexts to promote food consumption under satiated conditions was tested on
two consecutive days in a counterbalanced order. For these test sessions, rats were placed in
each context for a 10 minute free feeding session in the presence of 15 g of food. Food
consumption was assessed by weighing the food remaining at the end of each session.

2.4.3 Locomotor assessment—To determine whether the amphetamine exposure
regimen used in the previous experiments also produced locomotor sensitization, rats were
treated with amphetamine or saline (n=4/group) using the same treatment protocol described
above. One month after drug exposure, sensitization to the acute locomotor stimulant effects
of amphetamine was tested. Under red light and white noise, rats were placed in the activity
chambers for a 15 minute habituation period, after which they were briefly removed, injected
with amphetamine (2 mg/kg), and returned to the chambers for an additional 30 minutes.
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2.5 Data Analysis
Data analyses were conducted using SPSS 13.0. For instrumental responding, the number of
lever presses and the number of rewards received were analyzed separately for each FR
schedule using unpaired t-tests. The highest response ratio achieved in the progressive ratio
task across the four sessions was analyzed using a two-factor repeated measures ANOVA
(session X drug condition). During training and testing in the potentiated eating task, food
consumption was analyzed using two-factor repeated measures ANOVAs (Training: session
X drug condition; Testing: paired/unpaired context X drug condition). Performance in the
instrumental task was compared to performance in the potentiated eating task using Pearson's
partial correlations to factor out the effect of amphetamine exposure. In the test of locomotor
sensitization in the activity chambers, horizontal activity (number of photobeam breaks) was
collapsed into five minute bins across the 15 minutes before and 30 minutes after amphetamine
injections. Baseline activity data for the five minute bins just prior to amphetamine exposure
were analyzed using a two-tailed t-test. Data in each post-amphetamine bin were normalized
to baseline activity by calculating the percent change from baseline. These normalized values
were analyzed using a repeated measures ANOVA (bin X prior drug condition). In all cases p
values less than .05 were considered significant.

3. Results
3.1 Instrumental Responding

There were no differences in body weight between amphetamine and saline exposed rats either
immediately prior to or during food restriction in the instrumental responding task (unpaired
t-tests, ts(14) < .76, ps > .46). There was also no difference in the number of shaping session
required by the two groups to reach criterion (t(1,14) = .37, n.s.). On the lower fixed ratio
schedules of reinforcement (FR1, 3, and 10), amphetamine exposed rats did not differ from
saline controls in either their number of total responses or rewards earned (ts(14) < 1.06, ps > .
31). However, amphetamine exposed rats did show a robust increase in instrumental
responding under the higher fixed ratio schedules, with greater numbers of lever presses on
both the FR20 (t(14) = 3.04, p < .05) and FR40 (t(14) = 3.15, p < .01) schedules (Figure 1A).
Similar results were observed in analyses of the number of rewards earned under these
schedules (ts(14) > 2.65, ps < .02). On the progressive ratio schedule, a two-factor repeated
measures ANOVA (session X drug condition) revealed a significant main effect of drug
condition, such that across the four testing sessions amphetamine exposed rats achieved
significantly higher response ratios compared to saline controls (F(1,14) = 5.15, p < .05; Figure
1B), but no main effect or interaction involving session (Fs < 1.44, ps > .24). As expected,
similar results were obtained in comparisons of total lever presses (amphetamine M = 251.13,
SE = 64.79; saline M = 140.72, SE = 35.68 across the 4 days of testing, F(1,14) = 4.43, p = .05)
and number of rewards received (amphetamine M = 9.32, SE = 1.00; saline M = 7.38, SE = .
93 across the 4 days, F(1,14) = 3.47, p = .08).

3.2 Context Potentiated Eating
A 2-factor repeated measures ANOVA conducted on the data from training sessions (session
X drug condition) revealed that both saline and amphetamine exposed rats increased the amount
of food consumed across the 8 days of exposure to the paired context (F(1,7) = 13.77, p < .01),
but there were no differences between groups in the amount of food consumed during these
sessions (F(1,14) = .91, n.s.). In the test sessions, a two-factor repeated measures ANOVA
(paired/unpaired context X drug condition) revealed no main effect of pairing (i.e.- across
groups, rats did not eat more in the paired than the unpaired context) (F(1,14) = .003, n.s.).
Importantly, however, there was a significant main effect of drug condition (F(1,14) = 4.78, p
< .05), such that across both paired and unpaired contexts, amphetamine exposed rats ate
significantly more than saline controls during testing (Figure 2). There was also a trend toward
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an interaction between context and drug condition (F(1,14) = 3.04, p = .10). Planned
comparisons (both paired and unpaired t-tests) within pairing and drug conditions confirmed
that although neither saline nor amphetamine exposed rats differed in their food consumption
in the paired and unpaired contexts (ts(14) > 1.43, ps > .20), amphetamine exposed rats ate
significantly more than saline controls in the paired (t(14) = 3.14, p < .01), but not unpaired
(t(14) = 1.16, n.s.) context. Finally, significant partial correlations were obtained when
comparing total food consumed across both paired and unpaired test days in the potentiated
eating task and performance during sessions one (r = .53, p < .05) and two (r = .71, p < .01)
of the progressive ratio task, such that rats that ate more in the potentiated eating task also had
more lever presses in the instrumental tasks.

3.3 Locomotor Sensitization Test
There were no activity differences between groups during the 5 minute baseline period prior
to amphetamine administration (t(6) = 1.77, n.s.). Following acute amphetamine, a repeated
measures ANOVA (time bin X prior drug condition) revealed both a main effect of time bin,
such that activity increased across time (F(1, 6) = 26.55, p < .01), and a main effect of prior
drug condition (F(1, 6) = 6.97, p < .05), such that rats that received prior amphetamine exposure
displayed significantly greater activity compared to saline controls (Figure 3). These data
indicate that the amphetamine exposure regimen used in these experiments is sufficient to
induce locomotor sensitization.

4. Discussion
The results of these experiments demonstrate that exposure to the psychostimulant drug of
abuse amphetamine causes long lasting enhancements in both appetitive (“seeking”) and
consummatory (“taking”) components of behavior directed toward a natural reward (food).
Following one month of withdrawal, amphetamine exposed rats displayed higher levels of
instrumental responding for food reward than saline exposed controls (specifically under high
response ratio requirements), suggesting enhanced reward-directed motivation similar to that
directed toward drug-related rewards following drug use [19,26-28,40-42]. Furthermore, under
conditions of food satiation, amphetamine-exposed rats ate significantly more food than saline
controls in an environment previously associated with food. These findings suggest that
incentive sensitization resulting from repeated exposure to amphetamine similarly increases
both appetitive (reward seeking) and consummatory (reward taking) behavior. It should be
noted that the enhanced food consumption observed in the potentiated eating task was not likely
due to enhanced “liking” of the food reward, as repeated drug exposure does not appear to
enhance rewards' hedonic properties [25,43]. Because enhanced consumption was only
observed in the amphetamine exposed animals when tested in the food-paired context of the
potentiated eating task under satiation conditions (and not during presentation of the food
during the training sessions under conditions of food-restriction), it is perhaps more likely that
this enhancement was due to enhanced control of motivation and behavior by the reward-
associated context [23,44]. Consistent with this idea, prior amphetamine exposure has been
previously shown to have no effect on ad lib food consumption in a novel environment [27].

In a different group of rats, sensitization to the locomotor stimulant effects of acute
amphetamine was observed 1 month following exposure to amphetamine using a regimen
identical to that used for the instrumental and potentiated eating tasks. Although there was
considerable variance associated with the small group sizes used for this experiment, we have
shown previously in an experiment using larger group sizes that this amphetamine regimen
induces locomotor sensitization [45]. Furthermore, although the experimental design did not
afford the opportunity to directly address the relationship between incentive and locomotor
sensitization in the current study, the fact that the amphetamine exposure regimen used was
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sufficient to induce both locomotor sensitization and enhanced instrumental responding for
reward, at the same withdrawal timepoint [27,45,46], is consistent with the idea that both types
of behavioral alterations were mediated by the same set of neural adaptations, likely within the
mesoaccumbens dopamine pathway [46-49]. Because rats were tested in the potentiated eating
task two months after amphetamine exposure, it is possible that amphetamine's effects on this
task resulted from a separate set of neural alterations, as such alterations resulting from drug
exposure are known to be time-dependent [13,50,51]. However, the fact that locomotor
sensitization present at one month is reported to be stable for many months after [13], and the
fact that performance across the instrumental and potentiated eating tasks was correlated,
argues that amphetamine's effects on these two tasks were mediated through a common neural
mechanism.

Some research has found that psychostimulant (including amphetamine) withdrawal is
associated with decreased motivation for non-drug rewards, or anhedonia [29,30,32,33,36,
52]. However, we found no evidence for such decreased motivation resulting from
amphetamine exposure. A resolution to this potential conflict may be found in the fact that
anhedonia following drug administration is most commonly reported to occur within the first
few days of withdrawal, whereas incentive sensitization effects are more frequently reported
several weeks after drug exposure [10,11,13,29,31]. Notably, the decrease in motivation for
non-drug rewards that can result from chronic amphetamine exposure appears to dissipate after
a week of withdrawal [36,52], whereas sensitization resulting from amphetamine exposure
typically appears only after several weeks of withdrawal and may remain stable for weeks or
even years thereafter [13,51], suggesting that changes in reward motivation resulting from drug
exposure follow a biphasic time course.

Amphetamine administration can produce reductions in food intake and subsequent weight
loss, which might result in increased food intake during withdrawal [53]. However, it is unlikely
that direct amphetamine-induced changes in food intake account for the present results as there
were no differences in body weight between amphetamine exposed and control rats at the end
of the one month amphetamine withdrawal period, and the two groups ate similar amounts of
food during training sessions (when exposed to the paired context) in the potentiated eating
task. It is also conceivable that the increase in reward-directed behavior in amphetamine
exposed rats was a result of faster learning. Chronic amphetamine exposure can result in lasting
increases in evoked dopamine release [18,51], and increased activity at dopamine receptors
can enhance memory through actions on consolidation processes [54,55]. However, we found
no evidence for faster acquisition of lever-pressing in amphetamine exposed rats, as they
shaped at a rate similar to controls, and there were no differences in lever pressing under
conditions of low response ratios. There was no comparable measure of acquisition in the
potentiated eating task, and thus it is possible that amphetamine exposed rats ate more during
the test sessions because they had more strongly acquired the association between the paired
context and food availability. However, the fact that the context-potentiated eating effect was
not significantly greater in the amphetamine exposed group argues against enhanced learning
playing a significant role in amphetamine's effects in this task. It should be noted that in the
potentiated eating task we did not observe a potentiating effect of the paired context on food
consumption in either amphetamine exposed or saline control rats, suggesting that despite our
efforts, the two contexts were insufficiently discriminable to obtain a reliable potentiated eating
effect [35]. However, the fact that amphetamine exposure reliably enhanced food consumption
only in the paired context suggests a possible interaction between the effects of food-paired
contextual cues and amphetamine exposure.

The results of these experiments provide support for the concept of incentive sensitization,
defined as an augmented assignment of motivational value to rewards and reward-related cues
[14-16,40]. Incentive sensitization has gained support as a mechanism that could explain the
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progression from casual to compulsive drug use. In concordance with this idea, sensitizing
regimens of psychostimulant exposure result in subsequent increases in responding for drug
rewards in animal models [40,41,56-58], and a similar relationship between prior stimulant
exposure and subsequent drug use may exist in humans [59]. These experiments demonstrate
that prior amphetamine exposure causes long-lasting enhancements in behavior directed by
food reward. Amphetamine-induced neuroadaptations in brain systems underlying incentive
motivation may cause rewards to gain enhanced incentive value (i.e. - exaggerated reward
“wanting”, or incentive sensitization, perhaps equivalent to drug craving), leading to excessive
reward pursuit and consumption. Such lasting incentive sensitization could account in part for
the propensity for relapse in drug addiction, particularly in the presence of cues predictive of
drug reward. Given the strong overlap between the neural circuitry mediating drug and non-
drug rewards, it is not surprising that psychostimulant exposure results in similar increases in
responding for non-drug rewards [18,19,23,60]. Indeed, such effects may underlie some
components of pathological non-drug reward-related behaviors frequently observed in
addiction, such as excessive gambling [21,22]. A better understanding of the development and
expression of incentive sensitization could have considerable implications for the treatment of
drug addiction and co-morbid behaviors.
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Fig. 1.
Effects of amphetamine exposure (2 mg/kg/day × 5 days) one month earlier on instrumental
responding for food reward. (A) Effects of prior amphetamine exposure on instrumental
responding for food under fixed ratio schedules. Bars indicate number of lever presses under
each fixed ratio schedule. There were no differences in performance under the FR1, 3, and 10
schedules, but amphetamine exposed rats (filled bars) had significantly more lever presses
under the higher ratio schedules (FR20 and FR40) than saline exposed controls (open bars). *
p<.05 (B) Effects of prior amphetamine exposure on 4 sessions of testing under a progressive
ratio of responding for food reward. Data points indicate the highest response ratio achieved
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on each day. Amphetamine exposed rats achieved significantly higher response ratios
compared to saline controls.
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Fig. 2.
Effects of prior amphetamine exposure on context-potentiated eating. Bars indicate total food
consumed during each test session. Amphetamine exposed rats (filled bars) ate significantly
more than controls in the food-paired context. * p < .05.
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Fig. 3.
Horizontal locomotor activity in amphetamine exposed and saline control rats (in 5 minute
bins) during a 5 minute pre-drug baseline period (BL bin) and 30 minutes (bins 1-6) after an
amphetamine challenge injection (2 mg/kg). Amphetamine exposed rats displayed
significantly more locomotor activity in response to the amphetamine challenge than saline
controls.

Mendez et al. Page 14

Behav Brain Res. Author manuscript; available in PMC 2010 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


