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Abstract
Chronic cocaine use has been proposed to induce long-lasting alterations in cognitive functions
dependent on the prefrontal cortex, and these alterations may contribute to the development of
addiction. However, the underlying cellular mechanisms remain largely unknown, in part because
of the lack of suitable animal models of cocaine-induced cognitive dysfunction that are amenable
to molecular manipulations. Here, we characterized the effects of repeated cocaine administration
on multiple aspects of cognitive function in C57BL/6 mice. Mice received 14 daily injections of
either cocaine or saline, followed by a drug-free period of 2 weeks. They were then assessed for (i)
cognitive flexibility in an instrumental reversal learning task; (ii) attentional function and response
inhibition in a three-choice serial reaction time task; and (iii) working memory in a delayed
matching-to-position task. Prior chronic exposure to cocaine resulted in impairments in reversal
learning and working memory. Although there were no effects on attentional function or response
inhibition, a shift in the pattern of errors committed was observed. These results indicate that prior
chronic cocaine exposure in mice induces long-lasting alterations in cognitive functions associated
with the prefrontal cortex.
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Introduction
Chronic use of drugs such as cocaine has been proposed to induce long-lasting alterations in
prefrontal cortical (PFC) function, leading to deficits in executive processes such as
inhibitory control and decision-making that may contribute to the development of addictive
behavior (Jentsch and Taylor, 1999; Volkow and Fowler, 2000; Everitt and Robbins, 2005;
Schoenbaum et al., 2006; Olausson et al., 2007). In support of this hypothesis, drug addicts
show reductions in PFC volume (Fein et al., 2002; Matochik et al., 2003), as well as
decreased PFC blood flow and glucose metabolism both at baseline and during cognitive
tasks (Volkow et al., 1988, 1991; Bolla et al., 2003, 2004). In addition, neuropsychological
tests have identified deficits in executive function in chronic psychostimulant users (Bolla et
al., 1998, 1999; Rogers et al., 1999; Bechara et al., 2001; Rosselli et al., 2001; Jovanovski et
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al., 2005; Fillmore and Rush, 2006; Verdejo-Garcia et al., 2006; Ersche et al., 2008). In
nonhuman primate and rat models of addiction, chronic exposure to cocaine impairs reversal
learning (Jentsch et al., 2002; Olausson et al., 2004; Schoenbaum et al., 2004; Calu et al.,
2007), a task that is sensitive to lesions of the orbitofrontal cortex (OFC) (Dias et al., 1996;
Chudasama and Robbins, 2003; McAlonan and Brown, 2003; Schoenbaum et al., 2003;
Boulougouris et al., 2007; Howell et al., 2007).

The molecular mechanisms underlying these persistent drug-induced alterations in cognitive
function are receiving increasing attention, and a number of proteins have been identified
that are differentially regulated after cocaine exposure (Nestler, 2004; Ron and Jurd, 2005;
Hyman et al., 2006). However, the evidence linking these candidate molecules to behavior is
frequently correlational, and there is a clear need for experiments that establish a causal role
for such candidates in mediating the behavioral effects of cocaine. Such experiments are
dependent on the availability of animal models suitable both for the assessment of
behavioral functions related to cocaine exposure and for the manipulation of target
molecules. Genetic manipulation of mice is one effective strategy commonly used for the
latter purposes. However, much of the prior work regarding the effects of chronic cocaine
administration on PFC-related cognitive behaviors has been performed using rats or
nonhuman primates, and little is currently known about the effects of chronic cocaine
exposure in mice.

The aim of this study was to characterize the effects of prior cocaine exposure on cognitive
flexibility, attentional function, inhibitory control, and working memory in C57BL/6 mice, a
strain that is widely used for genetic manipulation. Three behavioral tasks were used for this
purpose, including (i) reversal of a food-motivated instrumental response, (ii) a three-choice
serial reaction time task, and (iii) a delayed matching-to-position task. In each experiment,
mice received 14 daily injections of cocaine (30 mg/kg) or saline (vehicle), after training but
14 days before testing, on each of these tasks. The results presented here provide evidence
for persistent and selective cocaine-induced cognitive deficits in C57BL/6 mice, showing
that this mouse model can be used to explore the role of candidate proteins in these cocaine-
induced impairments.

Methods
Subjects

Male C57BL/6J mice were obtained from the Jackson Laboratory (USA) and were housed
under standard laboratory conditions. The C57BL/6J strain was chosen based on its
sensitivity to the rewarding effects of cocaine (Crawley et al., 1997) and its wide-spread use
as a background strain for knockout and transgenic mouse models. Mice were approximately
3 months of age at the beginning of the experiment. To avoid any effects of testing order, a
separate set of mice was used for each experiment [except for the progressive ratio (PR) test
and the assessment of body weight and baseline locomotor activity, which were performed
in the same group of animals as the instrumental conditioning experiment and the delayed
matching-to-position task, respectively]. All procedures were approved by the Yale
University Animal Care and Use Committee and followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Behavioral apparatus and testing conditions
Locomotor activity was assessed using the EthovisionPro Video Tracking System (Noldus
Information Technology, Leesburg, Virginia, USA). All subsequent experiments were
performed in behavior test chambers (Med Associates, St Albans, Vermont, USA) equipped
with a food magazine and pellet dispenser, house light, stimulus light, and, on the opposite
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wall, three nosepoke apertures. The pellet dispenser delivered food rewards (20 mg purified
dustless precision pellets, Bio-Serv, Frenchtown, New Jersey, USA) upon correct
completion of a reinforced trial. Before starting each experiment, mice were food restricted
to 85% free-feeding body weight. They were then given 2 days of magazine training, in
which food pellets were delivered on a fixed-time 15-s schedule after each entry into the
food magazine. Each training session lasted for 15 min or until 50 reinforcers were
delivered.

Drug administration
Cocaine hydrochloride was generously provided by the National Institute on Drug Abuse.
Mice received 14 daily intraperitoneal injections of saline or cocaine (30 mg/kg/day). This
dose of cocaine is widely used as the highest dose that can be administered chronically in
mice without adversely affecting the animals’ general health, as higher doses carry a
significant risk of cocaine-kindled seizures (Marley et al., 1991; Miller et al., 2000). For the
initial instrumental conditioning experiment, which was designed to test whether cocaine
exposure would facilitate the acquisition of a food-reinforced instrumental response, food
restriction and training began immediately after drug administration. For all subsequent
experiments, drug administration was followed by a 14-day drug-free period before testing,
to ensure assessment of persistent, rather than acute, effects of cocaine or of cocaine
withdrawal.

Locomotor activity
To determine whether the chronic cocaine exposure schedule used in this study affected
locomotor activity at the time of behavioral testing, that is, after 14 days of cocaine
administration and 14 days of withdrawal, mice (n=10 per group) were placed in a clear
plastic cage (15 × 26 cm) for 1 h, and total distance traveled was recorded using a video
tracking system.

Instrumental conditioning
To assess whether chronic cocaine administration influenced the acquisition of an
instrumental response, mice (n=8 for saline, n=6 for cocaine) were exposed to cocaine or
saline for 14 days as described above and were then trained to perform a food-reinforced
nosepoke response. For each of 14 daily 15-min training sessions, mice were placed in the
test chamber containing three illuminated apertures. For each mouse, one of these apertures
was designated as active (left, center or right) in a pseudo-randomized and balanced manner
for each treatment. A response in the active aperture (‘correct response’) resulted in delivery
of a food pellet, whereas a response in the other two apertures (‘incorrect response’) had no
effect. The first 10 rewards in each session were delivered on a fixed ratio-1 schedule; all
subsequent rewards were delivered on a variable ratio-2 schedule (i.e. 1, 2, or 3 correct
responses were required to obtain reinforcement). The number of correct and incorrect
responses was recorded as a measure of acquisition of the instrumental response.

Progressive ratio test
To assess whether the effects of chronic cocaine administration were because of a difference
in the motivation to respond for a food reinforcer, mice were subjected to a PR test after
acquisition of the food-reinforced nosepoke response as described above. In this test, the
reinforcement schedule was switched from a variable ratio-2 schedule to a PR schedule, in
which the ratio, defined as the number of correct responses required to obtain a food
reinforcer, was increased after delivery of each reinforcer. The ratio at any given time was
calculated as a function of the number of reinforcers obtained at that time using the formula
r = n(n + 1)/2 + 1 (where r is the ratio and n the number of reinforcers obtained), which
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results in the numerical series 1, 2, 4, 7, 11, 16, 22, 29 etc. The session was terminated when
a mouse reached break point, that is, when it made no nosepoke response at all for 5 min.
Data were recorded as the total number of correct and incorrect responses made during the
test, the total number of reinforcers obtained, and the current ratio at break point.

Reversal learning
Cognitive flexibility was assessed using an instrumental reversal-learning task.

Training—Acquisition of the instrumental response occurred exactly as detailed above for
instrumental conditioning.

Testing—On the basis of the data obtained from the acquisition phase, mice were divided
into two groups of equal performance (n=12 for saline, n=13 for cocaine). After cocaine
administration and a 14-day withdrawal period, they were retrained for 5 days on the
instrumental task. Subsequently, a reversal test session was performed in which the position
of the active aperture was switched. This session consisted of two phases: in the first 5 min,
the active aperture was the same as during acquisition. At the end of these 5 min, the
position of the active aperture was switched without any indication to the mice, and the test
was continued for an additional 15 min. During these 15 min, the number of responses at the
new active aperture (‘correct response’), at the previously active aperture (‘perseverative
response’), and at the previously and currently inactive aperture (‘incorrect response’) was
recorded. After the reversal test session, mice were retrained on the new active aperture for 4
daily 15-min sessions, and they were then subjected to a second reversal test and retrained
for another 4 days.

Three-choice serial reaction time task
This task was based on the five-choice serial reaction time task, developed originally to
measure attention in rats (Carli et al., 1983; Robbins, 2002) and then adapted for mice
(Greco et al., 2005).

Training—Initially, mice (n=9 per group) were trained to nosepoke in an illuminated
aperture to obtain a food reward. At the beginning of each trial, one of the three apertures
was randomly designated as the active aperture and illuminated for that trial. This aperture
remained illuminated until the mouse made a response in this aperture, upon which a food
reward was delivered. Once a mouse had obtained more than 40 rewards and more than 50%
correct responses in a 15-min session, training on the attentional component of the task
began. For this training, mice received daily 20-min sessions until they had acquired the
task. At the beginning of each trial, the mouse was required to perform a magazine entry to
initiate the trial, signaled by a light above the magazine. After a prestimulus period, a
stimulus was delivered by randomly illuminating one of the three nosepoke apertures, and
the mouse was required to make a response in the illuminated aperture to receive a food
pellet. Responses in the nonilluminated apertures, failure to respond during or within 5 s
after termination of the stimulus, and responses in one of the apertures before the onset of
the stimulus resulted in a 2 s timeout, during which the house light and all other lights were
turned off. After this timeout, a new trial was initiated as signaled by illumination of the
light above the magazine. At the beginning of training, the stimulus lasted for 60 s and the
prestimulus period lasted for 2 s. As mice acquired the task, the stimulus duration was
decreased and the prestimulus duration was increased until the final parameters of 1 s for the
stimulus duration and 5 s for the prestimulus duration were achieved.

Testing—Once all mice had acquired the task, a pretreatment test set was performed,
consisting of two separate tests to measure attention and response inhibition, respectively.
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(a) The attention test consisted of 80 trials in which the duration of the stimulus was varied
in a pseudorandom manner, lasting for 0.25, 0.5, 1, or 2 s. The duration of the prestimulus
period was invariant at 5 s. (b) The response inhibition test, conducted on a separate day,
consisted of 60 trials in which the duration of the prestimulus period was varied in a
pseudorandom manner, lasting for 5, 7.5, 10, or 20 s. The stimulus duration was invariant at
2 s. On the basis of these two pretreatment tests, mice were divided into two groups of equal
performance. After cocaine administration and withdrawal, mice were retrained for 5 days
on the basic task, and they were then subjected to the same attention and response inhibition
tests as previously. For the attention test, data were recorded as the percentage of trials per
stimulus duration in which a response was made in the illuminated aperture (‘correct
response’), in one of the two nonilluminated apertures (‘incorrect response’), or in which no
response was made within 5 s after termination of the stimulus (‘omission’). For the
response inhibition test, data were recorded as the percentage of trials per prestimulus
duration in which a response was made before stimulus onset (‘premature response’), after
stimulus onset in the illuminated aperture (‘correct response’) or nonilluminated apertures
(‘incorrect response’), or in which no response was made within 5 s after termination of the
stimulus (‘omission’).

Delayed matching-to-position task
Working memory was tested using a delayed matching-to-position task previously described
for mice (Estape and Steckler, 2002).

Training—Initially, mice (n=10 for saline, n=8 for cocaine) were trained to nosepoke as
described for the three-choice serial reaction time task, except that only the outer two
nosepoke apertures were used. Once a mouse had obtained more than 40 rewards and more
than 50% correct responses in a 15-min session, training on the working memory task
began. For this training, mice received daily 30-min sessions until they had acquired the
task. Each trial consisted of the following sequence of events: mice were required to initiate
the trial by making a response in the food magazine. This response initiated the ‘sample
phase’, in which the left or the right aperture was randomly designated as active for that trial
and illuminated. A nosepoke response in this aperture initiated the ‘delay phase’. During this
phase, none of the apertures was illuminated, and responding in any of the apertures or the
magazine had no programmed consequences. At the end of the delay phase, signaled by the
illumination of the stimulus light adjacent to the magazine, mice were required to make a
response in the reinforcer magazine to initiate the ‘choice phase’. In this phase, depending
on the training stage as described below, one or both of the outer two nosepoke apertures
were illuminated. A response in the active aperture resulted in delivery of a food pellet,
whereas a response in the inactive aperture or an omission resulted in a 2-s timeout with all
lights turned off. Delivery of the pellet or termination of the timeout was followed by a 20-s
inter-trial interval, after which the stimulus light adjacent to the magazine was illuminated to
signal initiation of the next trial.

On account of the complexity of this task, training was accomplished in three stages. In
stage 1, only the active aperture was illuminated during the choice phase and the delay phase
was set to 0 s. In stage 2, both outer apertures were illuminated during the choice phase, but
all other parameters remained as in stage 1. In stage 3, both outer apertures were illuminated
during the choice phase, and the delay phase was set to 2 s. Mice were advanced to the next
training stage when they had achieved a criterion of more than 75% correct and more than
30 trials per 30-min session.

Testing—After completion of all three training stages, a pretreatment working memory test
was administered, in which a variable delay length of 2, 5, 10, or 20 s was introduced. Mice
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were required to complete 15 trials at each delay length, that is, 60 trials total, the order of
which was randomized across the session. All other parameters were identical to the last
training stage. On the basis of this test, mice were divided into two groups of equal
performance. After cocaine administration and withdrawal, mice were retrained for 5 days
on the basic task, and they were then subjected to the same working memory test as
previously detailed. Data were recorded as the percentage of trials per delay length in which
a response was made in the illuminated aperture (‘correct response’), in the nonilluminated
aperture (‘incorrect response’), or in which no response was made within 5 s after
termination of the stimulus (‘omission’).

Statistical analysis
Group comparisons for instrumental conditioning and reversal learning were performed
using analysis of variance (ANOVA) with repeated measures for day and treatment. Group
comparisons for body weight, locomotor activity, and the PR test were performed using a
one-way ANOVA for treatment. Group comparisons for the attention and response
inhibition tests were performed using a two-way ANOVA for treatment and stimulus
duration (attention) or prestimulus duration (response inhibition). Group comparisons for the
working memory test were performed using a one-way ANOVA for treatment at the delay
relevant for working memory. Post-hoc analysis was performed using Scheffe’s test. All
data are expressed as mean ± SEM.

Results
Prior chronic exposure to cocaine enhances acquisition of a food-reinforced instrumental
response

In an initial experiment, chronic cocaine administration occurred before acquisition of the
operant conditioning task. This schedule of cocaine administration was found not to affect
general health, as assessed by monitoring body weight (Table 1). Across 14 days of training
on the operant conditioning task (Fig. 1), mice that had received prior exposure to cocaine
made significantly more correct responses than saline-exposed animals [treatment, F(1,12) =
6.10, P < 0.05; treatment × day interaction, F(13,156) = 1.59, P=0.09], indicating that prior
chronic cocaine exposure enhanced acquisition of a food-reinforced operant response. No
effect on responding at the incorrect apertures was observed [treatment, F(1,12) < 1;
treatment × day interaction, F(13,156) = 1.19, NS]. There are several potential explanations
for an enhancement in correct responses, including nonspecific increases in locomotor
activity, increases in incentive motivation, and increases in reward-related learning. Here,
the increase in correct responses was not accompanied by a significant increase in basal
locomotor activity (Table 1) or in motivation to respond for the food reward as assessed
using a PR test (Table 2). The observed effect is thus likely because of a specific
enhancement in a form of reward-related learning, and perhaps action-outcome learning in
particular. This finding is consistent with the notion that drugs of abuse augment the
function of the mesolimbic dopamine system, an effect thought to contribute to the
development of addiction (Jentsch and Taylor, 1999). A similar enhancement has been
described in rats (Olausson et al., 2006), but to our knowledge it has not previously been
shown in mice. To avoid this potentially confounding factor in the assessment of PFC-
dependent cognitive function, drug administration in all subsequent experiments occurred
after completion of training on the basic task.

Prior chronic exposure to cocaine impairs reversal learning without increasing response
perseveration

Cognitive flexibility was assessed using an instrumental reversal-learning task. No
differences were observed between groups on the 5-day retraining period before reversal,
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indicating that chronic cocaine exposure post-acquisition does not affect baseline
instrumental responding, at least when using the current protocol (Fig. 2). During reversal
testing, however, prior cocaine exposure impaired acquisition of the new correct response.
This impairment was statistically significant in the first reversal [treatment, F(1,23) = 4.50, P
< 0.05; treatment × day interaction, F(4,92) < 1] but not in the second reversal phase
[treatment, F(1,23) = 1.26, P=0.27; treatment × day interaction, F(4,92) = 1.80, NS]. No
significant effect of prior chronic cocaine exposure on perseverative responding at the
previously active aperture was observed during either reversal [first reversal: treatment,
F(1,23) = 1.40, NS; treatment × day interaction, F(4,92) < 1; second reversal: treatment,
F(1,23) = 2.02, NS; treatment × day interaction, F(4,92) < 1].

Prior chronic exposure to cocaine does not impair attentional function
Attentional performance was measured using a modified version of the five-choice serial
reaction time task (Greco et al., 2005). Mice were required to attend to a brief light stimulus
of variable duration (0.25–2 s duration) presented randomly in one of three apertures, and to
make a response in this aperture to obtain a food pellet (Fig. 3). Response accuracy, that is,
the number of correct responses versus incorrect responses and omission errors, can be used
as a measure of attentional function. The accuracy significantly decreased in all mice in a
stimulus duration-dependent manner [stimulus duration, F(3,48) = 33.74, P < 0.01], with
performance approximately 80% correct at the longest stimulus duration (2 s) and at almost
chance levels (approximately 35%) at the shortest stimulus duration (0.25 s). There was no
difference in correct responses between cocaine-exposed and saline-exposed mice at any
stimulus duration [treatment, F(1,16) < 1; treatment × stimulus duration interaction, F(3,48)
< 1], suggesting that prior chronic exposure to cocaine does not impair attentional function
as measured by this paradigm. However, saline animals made significantly more incorrect
responses [treatment, F(1,16) = 9.60, P < 0.01; treatment × stimulus duration interaction,
F(3,48) < 1], whereas cocaine animals made significantly more omissions [treatment,
F(1,16) = 4.47, P < 0.05; treatment × stimulus duration interaction, F(3,48) < 1].

Prior chronic exposure to cocaine does not increase impulsive responding
Response inhibition was assessed as the ability to inhibit an instrumental response for food
reinforcement until a go-signal was presented (Fig. 4). After initiation of a trial, mice were
required to withhold responding for a variable prestimulus period (5–20 s) until the visual
stimulus was presented in one of the apertures. The number of premature responses was
recorded as a measure of impulsivity. As expected, the number of premature responses
increased significantly with increasing prestimulus duration [prestimulus duration, F(3,48) =
56.73, P < 0.001]. Surprisingly, however, cocaine exposure resulted in a significant
decrease, rather than the expected increase, in premature responses [treatment, F(1,16) =
9.89, P < 0.01; treatment × prestimulus duration interaction, F(3,48) < 1]. In addition, an
increase in omissions was observed after cocaine exposure [treatment, F(1,16) = 4.72, P <
0.05]. There was no significant difference between saline-exposed and cocaine-exposed
mice in the number of correct [treatment, F(1,16) = 3.21, P=0.08; treatment × prestimulus
duration interaction, F(3,48) < 1] or incorrect [treatment, F(1,16) < 1; treatment ×
prestimulus duration interaction, F(3,48) < 1] responses.

Prior chronic exposure to cocaine impairs working memory performance
Working memory was tested using an operant-delayed matching-to-position task (Fig. 5).
Mice were required to retain the location of a previously illuminated nosepoke aperture
across a delay of 2–20 s, and to make a response in this aperture to obtain a food pellet. At
the shortest delay (2 s), both groups of mice performed at the same levels as during training
in the absence of any delay (approximately 70% correct), implying that this short delay
length did not impose a significant working memory requirement on the mice. Conversely,
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at the longest delays (10 and 20 s), both groups performed at chance levels (approximately
50% correct), suggesting that these trials overwhelmed the working memory capacity of the
mice. Therefore, data analysis was restricted to the intermediate delay (5 s) as being the only
delay length that placed a reasonable working memory demand on the mice. At this delay
duration, cocaine exposure resulted in a significant decrease in correct responses [treatment,
F(1,15) = 4.79, P < 0.05]. In addition, a significant increase in omissions was observed
[treatment, F(1,15) = 7.89, P < 0.05], although this finding should be interpreted with
caution because of the small number of omissions made (on average approximately one per
animal across 60 trials). No significant effect of cocaine exposure on incorrect responses
[treatment, F(1,15) =2.61, NS] was observed.

Discussion
This study aimed to characterize the effects of chronic cocaine administration in mice on
performance in a number of tasks related to prefrontal-associated cognitive function. Prior
chronic exposure to cocaine was found to impair reversal learning, possibly through a
mechanism that interferes with the acquisition of an alternate response rather than increasing
perseverative responding. Chronic cocaine exposure also impaired working memory
function at an intermediate delay length. No significant effects of the present cocaine
administration schedule on attentional function or impulsivity were observed as measured by
overall correct trials or premature responses, respectively. However, chronic cocaine
exposure consistently shifted the pattern of errors in the three-choice serial reaction time
task towards an increase in omissions accompanied by a decrease in other types of errors as
attentional demands increased.

An important aspect of this study was to assess how the effects of chronic cocaine exposure
on cognitive function in mice compare to prefrontal-associated deficits previously reported
in human cocaine addicts as well as nonhuman primates and rats. One of the most
reproducible findings in both humans and animal models of cocaine exposure has been a
deficit in cognitive flexibility, that is, the ability to alter responding in discrimination tasks
when reward contingencies are reversed (Jentsch et al., 2002; Olausson et al., 2004, 2007;
Fillmore and Rush, 2006; Calu et al., 2007; Ersche et al., 2008). On the basis of the
resemblance between these deficits and those observed after lesions of the OFC (Iversen and
Mishkin, 1970; Dias et al., 1996; Chudasama and Robbins, 2003; Schoenbaum et al., 2003;
Hornak et al., 2004; Izquierdo et al., 2004; Boulougouris et al., 2007; Howell et al., 2007), it
has been proposed that cocaine-induced alterations in OFC function may potentially play an
important role in addiction (Jentsch and Taylor, 1999; Volkow and Fowler, 2000;
Schoenbaum et al., 2006; Everitt et al., 2007; Olausson et al., 2007). Consistent with this
hypothesis, we found that prior chronic exposure to cocaine in mice selectively induced
deficits in the reversal phase of an instrumental response task, suggesting that cocaine in
mice, as in other species, may impair cognitive flexibility by disrupting OFC function. It
should be noted, however, that the pattern of deficits observed here was different from that
reported for other species (Jentsch et al., 2002; Olausson et al., 2004; Schoenbaum et al.,
2004), as the reversal learning impairment was associated with a decrease in correct
responses without a corresponding increase in perseverative responses. Mice may use a
different strategy to solve the task, resulting in a different pattern of behavior that may
reflect a specific deficit in encoding the reversed cue-outcome association. Subtle
methodological differences between our task and those used in rat, or dose-related
differences between species, may also be relevant to the observed results. In particular, the
task used here uses a spatial strategy to indicate a correct response, whereas other studies
have used visual (Jentsch et al., 2002; Olausson et al., 2004) or odor (Schoenbaum et al.,
2004; Calu et al., 2007) discriminations that may require different and/or more taxing
cognitive resources.
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Cocaine abusers have also been found to show deficits in performance and brain activation
patterns during tasks of attention, response inhibition and working memory (Bolla et al.,
1999; Rosselli et al., 2001; Hester and Garavan, 2004; Jovanovski et al., 2005; Verdejo-
Garcia et al., 2006; Tomasi et al., 2007; Verdejo-Garcia et al., 2007), functions associated
with the dorsolateral PFC in humans and monkeys and with the medial PFC in rodents
(Brown and Bowman, 2002; Uylings et al., 2003; Dalley et al., 2004). Consistent with these
reports, chronic exposure to cocaine in our study resulted in an impairment in working
memory at an intermediate delay length. In contrast, attention and response inhibition were
not affected by the current schedule of cocaine administration. Although this observation is
somewhat surprising in light of the studies in human addicts, our findings are consistent with
the limited existing information regarding the effects of prior chronic cocaine exposure on
these cognitive functions in previous animal models, in which effects on attentional
function, impulsivity, and set-shifting were found to be either transient or absent altogether
(Paine et al., 2003; Olausson et al., 2004; Dalley et al., 2005). One potential explanation for
the apparent discrepancy between findings in human drug addicts and in animal models may
be that certain aspects of the cognitive deficits induced by cocaine are more robust in
humans or may develop only after extended exposure to the drugs. This notion is consistent
with recent studies in rats showing that deficits in attention (Briand et al., 2008) and working
memory (George et al., 2007) developed only after extended, but not limited, access to self-
administered cocaine. Alternatively, it is possible that the deficits observed in human addicts
are not exclusively a consequence of drug exposure, but also include a preexisting condition
that increases the risk for drug taking and hence the transition to addiction. In support of this
hypothesis, impulsivity in rats has been shown to predict increased acquisition of cocaine
self-administration (Perry et al., 2005; Dalley et al., 2007).

An unexpected but consistent consequence of prior chronic cocaine exposure was a shift in
the pattern of errors committed. In both the attention test and the response inhibition test,
cocaine-exposed mice omitted more trials than saline-exposed animals, accompanied by a
decrease in incorrect responses (attention test) or a decrease in premature responses
(response inhibition test). As there was no significant effect on the percentage of correct
responses, one possible interpretation of these data is that cocaine-exposed mice were more
likely to omit a trial specifically when the correct response was unclear to them, whereas
saline-exposed animals were more willing to attempt a response that may be incorrect. This
effect may also potentially have contributed to the reversal-learning deficit described above.
Overall, it thus seems that after chronic cocaine exposure, mice were less likely to make a
response specifically when they were uncertain of receiving a reward. Nonetheless, this was
not because of a general decrease in reward-related learning or motivation, because chronic
cocaine exposure enhanced, rather than impaired, the initial acquisition of the instrumental
task as we have previously observed in rats (Olausson et al., 2006), and it did not
significantly affect performance on a PR test. Although the neural substrates underlying this
shift in the pattern of errors are currently unknown, it may provide a useful additional
measure in the assessment of cocaine-induced behavioral alterations.

In conclusion, chronic cocaine administration in C57BL/6 mice results in deficits in
cognitive functions associated with several distinct PFC areas. Further research aimed at
identifying regional sensitivity to the detrimental consequences of cocaine exposure and at
characterizing the contribution of preexisting PFC dysfunction to the development of
cognitive impairments in addicts is warranted. Moreover, the results presented here provide
an important basis for the use of transgenic mice to study the role of candidate molecules in
specific cocaine-induced cognitive impairments. Such studies will hopefully aid in
elucidating questions that are fundamental for understanding addiction.
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Fig. 1.
Acquisition of instrumental conditioning. After chronic cocaine administration, mice were
trained on an instrumental response task for 14 days. On each day, mice were tested for 15
min, and they were required to make a nosepoke response in one of three available
illuminated apertures to receive a food reward. Responses in the other apertures had no
effect. Data are presented as (a) number of correct responses and (b) number of incorrect
responses per 15-min session on each of the 14 days (mean ± SEM). †Significant effect of
treatment as determined by repeated-measures analysis of variance, *significant effect of
treatment identified by post-hoc analysis.
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Fig. 2.
Reversal learning. After acquisition of an instrumental task and cocaine administration, mice
were retrained for 5 days on the previously rewarded response and subsequently subjected to
a reversal-learning phase, in which the position of the active aperture was switched. Mice
were retrained on the new response for 5 days, and they were then subjected to a second
reversal and retraining. Results are presented as (a) number of correct responses, (b) number
of perseverative responses and (c) number of incorrect responses per 15-min session (mean
± SEM). †Significant effect of treatment as determined by repeated-measures analysis of
variance, *significant effect of treatment identified by post-hoc analysis.
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Fig. 3.
Attention. Attentional function was assessed after chronic cocaine administration using a
three-choice serial reaction time task. A brief visual stimulus of variable duration (2, 1, 0.5,
or 0.25 s) was presented in one of three nosepoke apertures. Mice were required to attend to
this stimulus and make a response in the corresponding aperture to receive a food reward.
Results are expressed as (a) percentage of correct responses, (b) percentage of incorrect
responses and (c) percentage of omissions at each of four stimulus durations (mean ±
SEM). †Significant effect of treatment as determined by two-way analysis of variance,
*significant effect of treatment identified by post-hoc analysis.
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Fig. 4.
Impulsivity. Impulsivity was measured after chronic cocaine administration using a three-
choice serial reaction time task. A brief stimulus in one of three nosepoke apertures was
preceded by a prestimulus period of variable duration (5, 7.5, 10, and 20 s). Mice were
required to withhold responding during this period and then make a correct response so as to
receive a food reward. Results are expressed as (a) percentage of premature responses, (b)
percentage of correct responses, (c) percentage of incorrect responses, and (d) percentage of
omissions at each of four prestimulus durations (mean ± SEM). †Significant effect of
treatment as determined by two-way analysis of variance.
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Fig. 5.
Working memory. Working memory was assessed after chronic cocaine administration
using a delayed matching-to-position task. Mice were presented with a visual stimulus in
one of two nosepoke apertures, and they were required to retain the correct location across a
delay period of 2, 5, 10, or 20 s. They were then required to make a response in the
previously indicated aperture to receive a food reward. Results are presented as (a)
percentage of correct responses, (b) percentage of incorrect responses, and (c) percentage of
omissions at each of four delay lengths (mean ± SEM). †Significant effect of treatment as
determined by one-way analysis of variance.
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Table 1

Body weight and locomotor activity

Saline Cocaine Statistics

Measure Mean ± SEM Mean ± SEM P value F value

Body weight (g) 28.9±0.7 28.3±0.4 0.45 <1

Distance traveled (cm) 8941.7±450.0 9041.4±811.7 0.92 <1

Data for body weight are presented as the average weight in grams across 14 days of injections and 14 days of withdrawal. Data for baseline
locomotor activity at the time of behavioral testing are expressed as centimeters traveled during a 1-h assessment period.
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Table 2

Motivation to respond for a food reinforcer

Progressive ratio
measure

Saline Cocaine Statistics

Mean ± SEM Mean ± SEM P value F value

Active pokes 1208.8±276.6 1778.5±640.1 0.41 <1

Inactive pokes 340.0±90.2 369.3±74.7 0.82 <1

Reinforcers 1 7.6±1.6 19.7±2.5 0.51 <1

Break point ratio 1 74.5±28.1 223.0±56.5 0.45 <1

Motivation was assessed using a progressive ratio task, in which the number of correct responses required to obtain a food reinforcer was increased
after delivery of each reinforcer. Results are expressed as the total number of correct and incorrect responses made during the test, the total number
of reinforcers obtained, and the current ratio at break point.
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