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Previous Cocaine Exposure Makes Rats Hypersensitive to
Both Delay and Reward Magnitude
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Animals prefer an immediate over a delayed reward, just as they prefer a large over a small reward. Exposure to psychostimulants causes
long-lasting changes in structures critical for this behavior and might disrupt normal time-discounting performance. To test this hy-
pothesis, we exposed rats to cocaine daily for 2 weeks (30 mg/kg, i.p.). Approximately 6 weeks later, we tested them on a variant of a
time-discounting task, in which the rats responded to one of two locations to obtain reward while we independently manipulated the
delay to reward and reward magnitude. Performance did not differ between cocaine-treated and saline-treated (control) rats when delay
lengths and reward magnitudes were equal at the two locations. However, cocaine-treated rats were significantly more likely to shift their
responding when we increased the delay or reward size asymmetrically. Furthermore, they were slower to respond and made more errors
when forced to the side associated with the lower value. We conclude that previous exposure to cocaine makes choice behavior hyper-
sensitive to differences in the time to and size of available rewards, consistent with a general effect of cocaine exposure on reward
valuation mechanisms.
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Introduction
Animals prefer an immediate over a delayed reward, just as they
prefer a large over a small reward (Herrnstein, 1961; Evenden and
Ryan, 1996; Ho et al., 1999; Cardinal et al., 2001; Mobini et al.,
2002; Winstanley et al., 2004; Kalenscher et al., 2005). This time-
discounting function is evident in studies that ask subjects to
choose between a small reward delivered immediately and a large
reward delivered after some delay. Because the total length of
each trial is held constant, the optimal strategy is to always choose
the large reward. However, in all species tested thus far, normal
subjects fail to follow this strategy, instead biasing their choices
toward the small, immediate reward as the delay to the large
reward becomes longer. This pattern of behavior has been termed
“impulsive choice.”

In some situations, high levels of impulsivity (choosing imme-
diate over delayed outcomes) can be maladaptive, resulting in
suboptimal choices. One example is the behavior of drug addicts,
which is often characterized by impulsive, apparently ill-
considered choices that favor short-term gains. Such behavior
has been termed “myopia for the future” and has been proposed
to reflect persistent drug-induced changes in corticolimbic areas
(Jentsch and Taylor, 1999; Bechara et al., 2002). These circuits
include many of the same areas shown to be critical to making

choices about delayed rewards (Kheramin et al., 2002; Mobini et
al., 2002; Cardinal et al., 2004; Winstanley et al., 2004; Rudebeck
et al., 2006). Thus, decision-making deficits in addicts might re-
flect difficulties in discounting functions mediated by these cir-
cuits. Consistent with such speculation, it has been reported that
addicts show impairments in discounting tasks (Monterosso et
al., 2001; Coffey et al., 2003).

However, in humans, deficits may reflect a pre-existing con-
dition. Furthermore, because delayed-discounting tasks typically
confound time to and size of reward, it is not clear whether def-
icits reflect selective impairments in discounting functions, gen-
eral changes in reward valuation (e.g., size), or both. We have
recently shown that information regarding time to and size of
rewards is encoded by dissociable neural populations in the or-
bitofrontal cortex (Roesch et al., 2006). Furthermore, human
literature suggests that impulsivity can be broken down into these
two factors (Dawe et al., 2004).

To address these issues, we tested the long-term effects of
cocaine exposure on performance in a choice task in which rats
responded to one of two wells to receive reward. During testing,
we independently manipulated the time to reward or the size of
reward available in one well. We found that choice behavior of
cocaine-treated rats was significantly more sensitive to both ma-
nipulations than was the behavior of saline-treated controls.

Materials and Methods
Rats were tested at the University of Maryland School of Medicine in
accordance with the School of Medicine and National Institutes of
Health guidelines.

Subjects. Twenty-four male Long–Evans rats (300 –350 g), obtained
from Charles River Laboratories (Wilmington, MA) served as subjects.
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Rats were housed individually on a 12 h light/dark cycle with ad libitum
access to food and water except during testing when their access to water
was restricted to �30 min a day.

Cocaine sensitization. Cocaine sensitization was conducted as in previ-
ous experiments (Schoenbaum et al., 2004; Schoenbaum and Setlow,
2005; Burke et al., 2006; Stalnaker et al., 2006). Locomotor activity was
monitored using a set of eight Plexiglas chambers (25 cm on a side)
equipped with activity monitors (Coulbourn Instruments, Allentown,
PA). The day before the start of the treatment regimen, the rats were
placed into the activity chambers for 1 h and then divided into two
groups with similar activity levels. Over the next 14 d, one group (n � 14)
received daily intraperitoneal injections of 30 mg/kg cocaine HCl (20
mg/ml; National Institute on Drug Abuse); the other (n � 10) received
similar volume injections of a 0.9% saline. After each injection, rats were
monitored for 1 h.

Time-discounting choice task. Training in the time discounting task
began 6 weeks after sensitization. Before training, the rats were tested in
a place preference task, which was conducted in a different room, using
different training boxes, and training materials from the discounting
task. The discounting task was conducted in custom aluminum cham-
bers �18“ on each side with sloping walls narrowing to an area of 12 �
12” at the bottom. A central odor port was located above two fluid wells.
The odor port was connected to an air flow dilution olfactometer to allow
the rapid delivery of olfactory cues. Odors where obtained from Interna-
tional Flavors and Fragrances (New York, NY),

The task is illustrated in Figure 1 A, B. Trials were signaled by illumi-
nation of the panel lights. When these lights were on, a nosepoke into the
odor port resulted in delivery of an odor. One of two different odors was
delivered to the port on each trial, in a pseudorandom order. One odor
instructed the rat to go to the left to get a reward and a second odor
instructed the rat to go to the right to get a reward. Training proceeded
until average performance exceeded 75% for 2 d in a row. Once shaped to
perform this basic task, we introduced delays (1– 8 s) that preceded re-
ward delivery (6 d) and rewards of different sizes (1 d). These manipula-
tions were always varied in both wells simultaneously and allowed ani-
mals to become accustomed to them before testing without biasing
behavior in one direction.

After this initial training, rats were tested in two probe sessions, in
which we systematically increased either the time or the size of the reward
in one of the two wells (see Fig. 1). For these sessions, which occurred on
different days, a new odor was presented in pseudorandom sequence
with the other two. We will refer to these trials as “free choice” because
responding to either well led to reward. Trials involving odors 1 and 2 will
be referred to as “forced choice” because on these trials the rats had to
respond according to the previously acquired contingencies or no reward
would be delivered. This design allows us to control which well the ani-
mal was responding to by forcing the animal to sample both sides, while
at the same time determining the rat’s preference.

In the first session, we systematically increased the delay preceding
reward delivery while holding reward size constant (see Fig. 1 A). Both
wells initially produced a reward (1/20 ml of sucrose) after 500 ms. Then
the delay was increased in one well over 30 trial blocks until it reached
10 s. All rats began by responding more in one well than the other on
free-choice trials in the initial 30 trial block (�60%); the delay was ti-
trated in the preferred well. For example, if the rat chose more lefts than
rights (�60%) during the first 30 trials, then reward in the left well was
delayed.

In the second session, we systematically increased reward size while
holding delay constant (see Fig. 1 B). Both directions initially produced a
reward (0.05 ml bolus) after 500 ms. Then the reward size was increased
by 1 bolus every 50 trials up to a maximally possible reward of 5 boli.
Again rats began by responding more in one well than the other in the
initial trial block (�60%); reward was increased in the nonpreferred well.

Behavioral analysis. For each session, we examined choice rate, percent
correct, and reaction time. Choice rate is defined by the percentage of
choices made to the initially preferred side relative to the number of total
choices made on free-choice trials. Percent correct scores measure the
rate at which animals responded correctly on forced-choice trials. Reac-
tion times are defined as the time it took for the rat to exit the odor port

after odor sampling on forced-choice trials. Percent correct scores and
reaction times will be examined for both directions. That is, for those
responses made to the initially preferred side and those made to the
alternative side. For each measure, we will perform a two-factor ANOVA
with group (cocaine vs saline) and delay (short vs long) or size (big vs
small) as factors.

Results
Cocaine sensitization
Cocaine-treated rats exhibited increased locomotor activity after
injection of cocaine (day 14, mean, 247; SD, 128.7) as compared
with controls (day 14, mean, 40; SD, 36.2). A two-factor ANOVA
revealed significant effects of treatment (F(1,22) � 149.4; p �
0.00001) and session (F(14,308) � 3.83; p � 0.00001), and a signif-
icant interaction between them (F(14,308) � 6.27; p � 0.00001).
Post hoc testing showed a significant difference between groups
on every day ( p � 0.0001) except the pretreatment session (co-
caine, mean, 121; SD, 37.6; saline, mean, 122; SD, 43.8; p � 0.78).

Training on odor discrimination
There was no significant effect of cocaine treatment on acquisi-
tion of the left/right discrimination or on performance in the
sessions in which we manipulated delay or reward size simulta-
neously in both wells (Fig. 1C). This was confirmed by a two-
factor ANOVA, which revealed a significant main effect of session
(F(21,471) � 471; p � 0.0001) but no significant main effect nor
any interaction involving treatment (F values � 0.78; p values �
0.7472).

Cocaine-treated animals are hypersensitive to delay length
To assess the effects of delay on choice behavior, we systemati-
cally increased the length of the delay in the preferred well while
at the same time introducing a novel odor, which signaled that
the rats were free to respond at either well for reward. Choice
behavior on these free choice trials is illustrated in Figure 2A.
Cocaine-treated rats were more sensitive to the delay length,
shifting responding away from the preferred side on these trials as
the delay increased more quickly than saline-treated controls
(Fig. 2A). Importantly, there was no difference between groups
when delays were equal (Fig. 2A) (0.5 s) and both groups reduced
responding as the delay became longer (Fig. 2A) (1–10 s). Thus,
there appeared to be an effect of cocaine on sensitivity to short
delays rather than on the behavior or in perception of very pro-
longed delays. Consistent with this interpretation, a two-factor
ANOVA revealed significant main effects of treatment (F(1,215) �
8.32; p � 0.0043) and delay (F(10,215) � 12.37; p � 0.0001).

Cocaine-treated rats also showed increased sensitivity to de-
lays on forced-choice trials, exhibiting less accurate and longer
latency responses to the delayed well (Figs. 3, 4). Two-factor
ANOVAs of percent correct and reaction time on the delayed side
found significant main effects of treatment (percent correct,
F(1,204) � 7.79, p � 0.0058; reaction time, F(1,214) � 5.13, p �
0.0245) and delay (percent correct, F(10,204) � 9.19, p � 0.0001;
reaction time, F(10,214) � 2.75, p � 0.0033). These effects were
only observed on the delayed side; ANOVAs of percent correct
and reaction time on the nondelayed side found no significant
effects (F values � 1.64; p values � 0.2021). Cocaine-treated rats
did not differ from controls in any of these measures in the initial
trial block, before the delay was increased (t test; not significant).

Cocaine-treated animals are hypersensitive to reward size
To determine whether the altered sensitivity to discounted re-
ward reflected a more general change in sensitivity to reward
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value, we conducted a second probe test in which we made the
preferred well relatively less valuable by systematically increasing
the reward magnitude in the nonpreferred well. Effects are illus-
trated in Figure 2B. Although both groups shifted choices to the
larger rewards, cocaine-treated rats did so more rapidly, suggest-
ing that cocaine-treated animals were more sensitive to changes
in reward size (Fig. 2B). Consistent with this interpretation, a
two-factor ANOVA revealed significant main effects of treatment
(F(1,84) � 6.54; p � 0.0123) and reward size (F(4,84) � 5.73; p �
0.0004).

Cocaine-treated rats also exhibiting less accurate and longer
latency responses to the less-valued, small reward well (Figs. 3, 4).

Two-factor ANOVAs of performance at this well also revealed
significant main effects of treatment (F(1,74) � 4.77; p � 0.0321)
and reward (F(4,74) � 4.3; p � 0.0035). Analysis of reaction time
revealed a main effect of treatment (F(1,79) � 5.4; p � 0.0193) but
not of reward (F(4,79) � 1.36; p � 0.2552). ANOVAs on percent
correct and reaction time on the opposite side showed no effects
(F values � 2.23; p values � 0.1397). Cocaine-treated rats showed
no differences in any of these measures in the initial trial block (t
test; not significant).

Discussion
Addicts are generally described as impulsive, prone to poor deci-
sions that seem to maximize immediate reward over long term
benefit. This is reflected in reports that addicts are impulsive in
delay discounting tasks (Monterosso et al., 2001; Coffey et al.,
2003). This deficit may reflect persistent drug-induced changes in
areas that are critical for discounting delayed rewards. Consistent
with this proposal, we found that exposure to cocaine increased
the sensitivity of rats to delay and reward magnitude.

These results were obtained by pitting changes in delay and
reward magnitude against the initial bias of each animal. Impor-
tantly, this bias was present during performance of both delay
and reward blocks, and was unaffected by cocaine exposure.
Thus, cocaine treatment altered sensitivity to delay length and
reward size without affecting the strength of the initial well bias.

Notably, the difference between treatment groups became less
clear as trial blocks progressed. This may reflect the contribution
of neural circuits not affected by cocaine that compensate for
disrupted delay/reward processing, albeit at a slower rate. An-
other possibility is that cocaine-treated rats were initially more
flexible. This seems unlikely because studies have demonstrated
that animals chronically exposed to psychostimulants are actually
less flexible (Jentsch et al., 2002; Schoenbaum et al., 2004) and
more prone to forming habits (Nelson and Killcross, 2006). Still
another possibility is that cocaine-treated animals extinguished
response-reward contingencies faster than controls. If true, the
smaller number of delayed reward choices would result from
weaker representations of response-reward contingencies; however,

Figure 1. A, B, Choice task during which we varied delay length (A) and reward size (B). The
figure shows the sequence of events in each trial. C, One of two different odors was delivered to
the port on each trial. One odor instructed the rat to go to the left to get reward, and a second
odor instructed the rat to go to the right to get reward. C plots the percentage of correct scores
during learning. Error bars indicate SE.

Figure 2. A, B, Choice rate as expressed as the percentage of all choices made to the initially
preferred side during manipulations of delay length (A) and reward size (B). The p value reflects
the significance level for a main effect of group (cocaine vs saline) in a two-factor ANOVA taking
group and delay (or reward) as factors. Error bars indicate SE.
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cocaine-treated animals do not appear to extinguish any faster than
controls in other settings (Schoenbaum and Setlow, 2005).

Putting these alternative interpretations aside, these findings
address two important shortcomings in the literature. First, in
humans, it is unclear whether deficits in delay discounting tasks
are caused by drug exposure or whether they reflect a pre-existing
condition. Our results show that the deficit can be caused by
exposure to addictive drugs (Simon et al., 2006). Second, because
delayed-discounting tasks typically confound delay and reward
magnitude, it is not clear whether deficits reflect selective impair-
ments in discounting or more general changes in reward valua-
tion mechanisms or both. Although we cannot rule out indepen-
dent effects of cocaine on discounting and perception of reward
magnitude, the most parsimonious explanation of our results is
that cocaine exposure has a general effect on reward valuation
mechanisms.

Interestingly, hypersensitivity to delay and size would actually

counteract each other in normal discounting tasks. According to
our data, sensitized rats would be more motivated to respond for
the large reward and also show greater sensitivity to the delay,
leading to more or less impulsive behavior depending on what
combination of delays and reward sizes were tested (Kheramin et
al., 2002). Consistent with this, discounting behavior has been
somewhat variable (Logue et al., 1992; Charrier and Thiebot,
1996; Evenden and Ryan, 1996; Richards et al., 1999; Monterosso
et al., 2001; Bechara et al., 2002; de Wit et al., 2002; Coffey et al.,
2003; Paine et al., 2003; Cardinal et al., 2004; Simon et al., 2006).

Fundamentally, however, these data are consistent with the
prevailing notion that addicts are impulsive. Notably, a prefer-
ence for immediate over delayed rewards can also be caused by
acute administration of dopaminergic agents (Logue et al., 1992;
Charrier and Thiebot, 1996; Evenden and Ryan, 1996; Cardinal et
al., 2000; Wade et al., 2000). Thus, changes in delay sensitivity in

Figure 3. A–D, Percentage correct as expressed as the rate at which animals correctly re-
sponded on forced choice trials when either delay length (A, B) or reward size (C, D) varied. A,
Percentage correct as the delay became longer. B, Percentage correct as the delay on the other
side got longer. C, Percentage correct as the reward size on the other side got bigger. D, Per-
centage correct as the reward size got bigger on that side. The p value reflects the significance
level for a main effect of group (cocaine vs saline) in a two-factor ANOVA taking group and delay
(or reward) as factors. Error bars indicate SE.

Figure 4. Reaction times are defined by the time it took for the rat to exit the odor port after
odor sampling. A, Reaction time as the delay became longer. B, Reaction time as the delay on
the other side got longer. C, Reaction time as the reward size on the other side got bigger. D,
Reaction time as the reward size got bigger. The p value reflects the significance level for a main
effect of group (cocaine vs saline) in a two-factor ANOVA taking group and delay (or reward) as
factors. Error bars indicate SE.
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rats exposed to cocaine may be the result of increased sensitivity
to dopamine. According to recent proposals, phasic dopamine
reflects error signaling or unexpected reward (Hollerman and
Schultz, 1998; Waelti et al., 2001). Increased sensitivity of target
regions would amplify this signal, thereby causing cocaine-
treated rats to bias their choices toward more valuable rewards
(e.g., immediate or larger). Increased sensitivity could also affect
responses to tonic levels of dopamine that have been proposed to
signal the average rate of reward (Niv et al., 2005, 2006). As a
result, waiting for the delayed reward would be more costly, lead-
ing cocaine-treated rats to choose the immediate reward at
shorter delays. Such an effect would be consistent with evidence
that addicts remain sensitive to the costs of rewards (Carroll,
1993; Grossman and Chaloupka, 1998; Higgins et al., 2004; Re-
dish, 2004; Negus, 2005).

Finally, the finding that cocaine-treated rats are hypersensitive
to the relative value of different available outcomes is at odds with
recent reports that animals exposed to psychostimulants are in-
sensitive to the value of expected outcomes. For example, animals
exposed to psychostimulants are unable to modify conditioned
responding when the predicted food is devalued (Schoenbaum
and Setlow, 2005; Nelson and Killcross, 2006; Schoenbaum et al.,
2006a) or after reversal (Jentsch et al., 2002; Schoenbaum et al.,
2004). Similarly, addicts are slower to change their initial choices
in gambling tasks to avoid large penalties (Bechara et al., 2002).
These results suggest that exposure to psychostimulants makes
animals less sensitive to the value of expected outcomes.

One way to reconcile these results would be if drug-induced
changes in these circuits altered the dynamic range in which out-
comes could be effectively represented, thereby shifting neural
resources to representation of appetitive outcomes at the expense
of aversive outcomes. Such a shift would result in hypersensitivity
to relative differences in the value of a reward, while at the same
time diminishing the ability of animals to respond properly to
penalties. This explanation would be consistent with the studies
cited above and with recording studies, in which we found that
neurons in corticolimbic areas in cocaine-treated rats are less
responsive to cues that predict a quinine penalty but more re-
sponsive to cues that predict a sucrose reward (Calu et al., 2005;
Schoenbaum et al., 2006b; Stalnaker et al., 2006).
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