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Abstract
Cognitive changes in addicts and in animals exposed to addictive drugs have been extensively
investigated over the past decades. One advantage of studying addiction using cognitive paradigms
is that neural processing in addicts or drug-exposed animals can be compared to that in normal
subjects. Tests of cognitive flexibility that measure the ability to change responding to a previously
rewarded or punished stimulus are of potential interest in the study of addiction, because addiction
can itself be viewed as an inability to change responding to stimuli previously associated with drug
reward. One such test is reversal learning, which is impaired in cocaine addicts and animals that have
chronically self-administered or been exposed to cocaine. A circuit including orbitofrontal cortex,
basolateral amygdala and striatum subserves reversal learning. In rats that have been previously
exposed to cocaine, neurons in these regions show selective and distinctive changes in how they
encode information during reversal learning. These changes suggest that in these rats, orbitofrontal
cortex loses the ability to signal expected outcomes, and basolateral amygdala becomes inflexible in
its encoding of cue significance. These changes could explain cocaine-induced impairments to
cognitive flexibility and may have theoretical importance in addiction.
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The notion that addiction is a “brain disease” – that the brain of an addict has entered a
pathological state that is fundamentally different from that of a non-addict – was famously
promoted by Dr. Alan Leshner, former director of NIDA, in a Science article in the 1990’s
(Leshner, 1997). Much important research since that time has been driven by this conception,
and results have borne it out to such a degree that it has become a truism in the scientific
community. One of the implications of this idea is that an addict may learn and process
information differently than a non-addict. Such changes to cognitive function would be
expected to be long-lasting, and could in theory enhance ongoing vulnerability to relapse and
compulsive drug-taking. Thus they could provide an important underlying contribution to the
behavioral patterns that define addiction.
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The hypothesis that cognitive dysfunctions in addicts form an important part of the disease was
first prominently raised around the time of Dr. Leshner’s seminal paper. Several important
reviews suggested that deficits in response inhibition or in decision-making, particularly in
psychostimulant users, were mediated by disruptions to frontal cortical regions, and that such
deficits could contribute to some aspects of addiction (Jentsch and Taylor, 1999; Robbins and
Everitt, 1999; Rogers and Robbins, 2001). However, because most of the supporting evidence
at that time had been gathered in human addicts, it was impossible to conclude from these
correlational studies whether such deficits were drug-induced or whether they indicated a pre-
existing trait in those vulnerable to addiction.

Subsequent animal studies, to be reviewed below, have established that cognitive dysfunctions
are induced by chronic exposure to addictive drugs, particularly to psychostimulants. Like the
studies in human addicts, these studies have used cognitive tasks that have also been used to
study brain function in normal humans or animals. This approach has the advantage that it
allows abnormalities in the brains of addicts or drug-exposed animals to stand out against a
background of what is known about normal brain function, and thereby their relationship to
behavior to be better understood. Data that is derived from this approach complements that
derived from more traditional models of addiction, in which animals are trained to self-
administer drugs under various schedules and conditions. It is important to note, however, that
cognitive tests normally measure responding based on stimuli associated with natural rewards
rather than on drug rewards, and that therefore the extent to which abnormalities in addicts and
drug-exposed animals measured in such paradigms underlie actual drug-seeking and –taking
behaviour remains an open question (Schoenbaum and Shaham, 2008).

Paradigms designed to probe cognitive flexibility are of particular interest in the study of
addiction. Cognitive flexibility is a broad concept that refers to the ability to adapt one’s
cognitive representations, and hence behavior, to changing conditions. In particular, it includes
the ability to change encoding and responding to stimuli that have previously predicted the
availability of reward or punishment. On the face of it, addiction involves a disruption in this
ability; that is, addicts have difficulty in changing the drug-seeking and –taking responses that
are triggered by stimuli formerly associated with drug reward. Indeed, human cocaine and
alcohol addicts are impaired on gambling tasks and reversal learning tasks that probe cognitive
flexibility, and monkeys that have been passively exposed to cocaine also show deficits in
reversal learning when tested later, in the absence of drug (Bechara et al., 2002; Ersche et al.,
2008; Fillmore and Rush, 2006; Grant et al., 2000; Jentsch et al., 2002; Rogers et al., 1999;
Rogers and Robbins, 2001). In our lab, rats with previous experience either with self-
administration of cocaine or with passive cocaine injections, are abnormally slow to learn
reversals, even though they learn initial contingencies at a normal rate (Calu et al., 2007;
Schoenbaum et al., 2004). Other paradigms, such as those involving reinforcer devaluation,
also demonstrate that experience with psychostimulants disrupts the ability to change
responding to reward-associated cues when conditions have changed (Nelson and Killcross,
2006; Schoenbaum and Setlow, 2005).

What, then, is the neural basis for cocaine-induced disruptions to these forms of cognitive
flexibility? The areas of the brain involved in cognitive flexibility include many of the same
areas that have been found to exhibit long-lasting structural and functional changes in addiction
(Robinson and Kolb, 2004; Volkow and Fowler, 2000). This fact accords with the recent
conception of addiction as an associative learning disorder that co-opts brain areas and circuits
normally involved in learning about natural rewards (Di Chiara, 1999; Hyman and Malenka,
2001; Kelley, 2004; Robbins and Everitt, 1999). These areas include subcortical regions, such
as basolateral amygdala (ABL) and striatum, and prefrontal cortical regions such as
orbitofrontal cortex (OFC). We have found that each of these regions exhibits changed
encoding of cues and/or cue-outcome associations during reversal learning in rats chronically
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exposed to cocaine. Below, these changes, and their relationships to behavior, will be reviewed.
In keeping with the strategy for studying cognition in addicts outlined above, this review will
first discuss what is known about the neural basis of cognitive flexibility in several key brain
areas, before detailing the changes that occur after chronic cocaine exposure.

Cognitive Flexibility in Normal Animals
Long-standing evidence has implicated the OFC in cognitive flexibility. Thus, OFC damage
in many species causes severe reversal deficits while preserving a normal ability to learn initial
contingencies (Bohn et al., 2003; Brown and McAlonan, 2003; Chudasama and Robbins,
2003; Dias et al., 1996; Izquierdo et al., 2004; Jones and Mishkin, 1972; Kim and Ragozzino,
2005; Meunier et al., 1997; Rolls et al., 1994; Schoenbaum et al., 2002; Schoenbaum et al.,
2003a; Teitelbaum, 1964). In order to understand the role that OFC plays in cognitive
flexibility, it will be helpful to discuss some of the hypotheses that have been advanced to
explain it. One straightforward explanation is that OFC normally acts to inhibit prepotent
responding that has become inappropriate after reversal (Jones and Mishkin, 1972; Mishkin,
1964). Animals lacking OFC would therefore respond perseveratively after reversal simply
because they cannot inhibit the response that was well learned before reversal. However, even
within go, no-go reversal-learning paradigms, OFC-lesioned animals demonstrate an intact
ability to withhold responding during initial learning. For example, in our paradigm, OFC-
lesioned rats retain the normal ability to inhibit responding to a new odor cue that predicts
delivery of a bitter quinine solution. Only after the initial meaning of a cue is changed to its
opposite is the OFC-dependent learning deficit revealed. Furthermore, OFC-lesioned animals
are able to learn to inhibit responding in other settings, including simple extinction of
responding and inhibition of the prepotent tendency to select a greater quantity of food
(Chudasama et al., 2006; Gallagher et al., 1999; Izquierdo et al., 2004; Pickens et al., 2003).
Thus, the role of OFC in cognitive flexibility is more specific than simply conferring an ability
to inhibit responding per se.

A second account of the role of OFC in reversal learning is that it drives behavior according
to associative information representing the significance of a particular cue (Rolls et al., 1996;
Thorpe et al., 1983). Neuronal firing representing cue significance has been found in OFC, but
of course it has been found in other areas of the brain also (Paton et al., 2006; Saddoris et al.,
2005; Schoenbaum et al., 1999; Setlow et al., 2003; Stalnaker et al., 2007b). What makes OFC
special under this account, and the reason that it would be required for reversal learning, is its
ability to rapidly change its firing of cue significance when contingencies change. However,
recent evidence argues against this account. While OFC does contain some neurons that reverse
firing when the significance of cues is reversed (Critchley and Rolls, 1996; Rolls et al., 1996;
Schoenbaum et al., 1999), the population of cue-selective OFC neurons, taken as a whole, does
not do so. In fact, as shown in Figure 2, OFC neurons generally fail to track cue significance
across reversal. This situation contrasts with that in other brain regions, such as ABL, in which
associative encoding does tend to track cue significance across reversal (Paton et al., 2006;
Saddoris et al., 2005; Schoenbaum et al., 1999; Stalnaker et al., 2007b). Furthermore, we have
recently found that the rapidity of reversal learning is inversely related to the flexibility of cue-
selective encoding in OFC (Stalnaker et al., 2006). All of this evidence argues against the idea
that OFC is directly driving behavior in reversal learning, according to its encoding of cue
significance.

An alternative explanation for the importance of OFC to reversal learning, and to cognitive
flexibility more generally, lies in its ability to signal the value of an expected outcome, rather
than simply to drive behavior based on the associative history of a particular cue. Neuronal
recordings and functional imaging in OFC, in many species and in many paradigms, have
demonstrated that activity there tracks with and anticipates the value of rewarding or punishing
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outcomes (Blair et al., 2006; Dolan, 2007; Feierstein et al., 2006; Furuyashiki et al., 2008;
Gottfried et al., 2003; Hikosaka and Watanabe, 2004; O’Doherty et al., 2002; Roberts, 2006;
Roesch and Olson, 2004, 2005; Roesch et al., 2006; Schoenbaum et al., 1998; Schoenbaum et
al., 2003b; Tremblay and Schultz, 1999). Furthermore, an intact OFC is necessary for animals
to respond according to the current value of an anticipated outcome in Pavlovian reinforcer
devaluation paradigms (Gallagher et al., 1999; Izquierdo et al., 2004; Pickens et al., 2003). In
reversal learning, the encoding of expected outcomes could contribute to flexible behavior by
allowing the recognition, after reversal, that the values of outcomes do not match those
predicted by the preceding cues. Thus, without a signal from OFC indicating the value of
expected outcomes, it would be more difficult to recognize that conditions have changed and
that new learning and/or behavior is necessary. An OFC-dependent recognition of changed
conditions could thus drive reversals by facilitating learning of the new contingencies in other
areas of the brain, which themselves could influence behavior directly. Under this hypothesis,
OFC-lesioned animals would perseverate because they continue to encode the old
contingencies, or fail to encode the new ones, in other associative learning areas.

As a test of the hypothesis that OFC facilitates changes in associative encoding in other brain
regions, we recorded neural activity in ABL in rats with ipsilateral neurotoxic lesions of OFC,
as they learned and reversed 2-odor discrimination problems (Saddoris et al., 2005). In each
problem, one odor predicted the availability of sucrose solution, and the other odor predicted
the availability of aversive quinine solution. After reversal, the opposite contingencies were in
effect. Figure 3 shows the effects of reversal on the firing of cue-selective ABL neurons in
these rats, on which the influence of OFC would have been greatly diminished. The inflexibility
of associative encoding of cue significance is evident in the population histograms showing
that the populations that developed cue selectivity during initial learning failed to show
selectivity after reversal, and in the scatterplot which shows that there was no correlation
between cue-selectivity before and after reversal. Thus, as predicted, the removal of OFC input
created encoding in ABL that failed to track the cue significance when contingencies changed.

But is inflexible encoding in ABL actually retarding reversal, thereby causing the OFC-
dependent reversal deficit? To test this question, we created bilateral lesions of ABL in rats
with bilateral OFC lesions and then trained them on a series of reversal learning problems
(Stalnaker et al., 2007a). If the proximal cause of the deficits arising from OFC damage is
perseverative encoding in ABL, then removal of this encoding by lesions would remove the
deficit. If, on the other hand, OFC drives reversal of behavior directly, then creating the
additional lesions in ABL would have no effect on the original deficit or might even make the
deficit worse. As shown in Figure 4, the results matched the former prediction: rats with lesions
of only OFC were impaired on learning reversals, while rats with lesions of both areas
performed as well as controls. Bilateral lesions of ABL by themselves did not have any
significant effect either on initial learning or on reversal learning. These results of these two
studies taken together suggest that encoding in ABL becomes inflexible and therefore interferes
with normal reversal learning when input from OFC is eliminated. This is consistent with the
idea that OFC normally facilitates flexible encoding in ABL, and perhaps in other situations
in other brain regions, through its signalling of outcome expectancies.

Of course, ABL is not itself necessary for normal reversal learning, and, in the absence of OFC,
even hinders the rate of reversal learning. What then is the role of ABL in behavioral flexibility?
The answer to this question likely depends on the type of information required for flexible
responding. ABL seems to be particularly critical when flexible responding is based upon
knowledge of the associations between cues and outcomes. Many recording studies reveal that
ABL neurons respond to cues that have been associated with negative or positive outcomes
(Belova et al., 2004; Cain and Bindra, 1972; Fuster and Uyeda, 1971; Maren, 2000; Muramoto
et al., 1993; Nishijo et al., 1988; Quirk et al., 1995; Saddoris et al., 2005; Sanghera et al.,
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1979; Schoenbaum et al., 1999; Toyomitsu et al., 2002). Evidence suggests that this
information is encoded earlier in ABL than in OFC, and that ABL is necessary for the
significance of cues to be learned and encoded in other regions, such as OFC (Schoenbaum et
al., 1999; Schoenbaum et al., 2003b). For example, in Pavlovian reinforcer devaluation
paradigms, ABL is necessary for learning the association between a cue and an outcome in
order to enable later adjustments in responding to that cue when the value of the outcome
changes (Hatfield et al., 1996; Pickens et al., 2003). Therefore, cognitive flexibility may often
depend on ABL when the behavior is fundamentally dependent on acquisition of cue-outcome
associations. Importantly, this is not the case in reversals, because there are likely many
different types of associative information utilized in a reversal. Thus no one type of information
is necessary; instead the rate of reversal learning more likely reflects the type of involved
information that is most resistant to change – the bottleneck. The results of the experiment
reviewed above suggest that outcome-related information in ABL becomes this bottleneck in
OFC-lesioned rats.

The fact that rats with both OFC and ABL lesions can still learn reversals at a normal rate
demonstrates that other brain regions can support reversal learning, at least under some
conditions. One possibility would the striatum. There is considerable evidence that dorsolateral
striatum, in particular, is involved in encoding stimulus-response (S-R) associations, or habits
(Jog et al., 1999; Schmitzer-Torbert and Redish, 2004; Yin and Knowlton, 2006; Yin et al.,
2004), which could support reversal learning. In addition, lesions of some regions of the
striatum can impair reversal learning (Ferry et al., 2000; Ragozzino et al., 2002), and neurons
in both the dorsal and ventral striatum show cue-selective activity, some of which reverses its
selectivity during reversal learning (Setlow et al., 2003; Takahashi et al., 2007).

Information Processing in Orbitofrontal Cortex in Addiction
Many lines of evidence suggest that the structure and function of OFC is disrupted in users of
addictive drugs, both in response to drug-associated cues and in the context of cognitive
paradigms (Jentsch and Taylor, 1999; Schoenbaum et al., 2006; Schoenbaum and Shaham,
2008; Volkow and Fowler, 2000). Imaging studies in cocaine (Volkow et al., 1991) and
methamphetamine (Volkow et al., 2001) users reveal altered metabolism in the OFC and, in
cocaine users, abnormal neuronal activation in response to drug-associated cues (Volkow and
Fowler, 2000). In addition, human psychostimulant or poly-drug addicts and animals exposed
to psychostimulants display cognitive deficits that resemble those seen after OFC damage
(Bechara et al., 2001; Coffey et al., 2003; Ersche et al., 2008; Fillmore and Rush, 2006; Grant
et al., 2000; Jentsch et al., 2002; Roesch et al., 2007; Rogers et al., 1999; Schoenbaum et al.,
2004; Schoenbaum and Setlow, 2005).

As discussed above, an important contribution of OFC to cognitive flexibility may arise from
its ability to signal the value of expected outcomes. The question therefore arises as to what
extent the altered function of OFC in addicts reflects a specific disruption of this signalling, as
opposed to a more general hypofunction. To examine this question, we exposed rats to the
same regimen of cocaine exposure that we have found to disrupt reversal learning, and then
implanted recording electrodes in OFC. After recovery, we compared neural correlates in OFC
as rats learned and reversed a series of 2-odor discrimination problems in the absence of cocaine
(Stalnaker et al., 2006). Many aspects of neural activity were similar between cocaine-treated
rats and saline-treated controls. For example, the distribution of baseline firing rates did not
differ, nor did the percentage of cue-selective neurons that developed during initial learning,
and nor did the percentage of outcome-selective neurons that developed during initial learning.
Thus, at a gross level, the OFC continued to function normally after cocaine exposure.
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However, we discovered two marked differences between the two groups. In saline-treated
rats, many outcome-selective neurons became activated during cue sampling, thereby
signalling the predicted outcome as the rat sampled an odor. Sucrose-selective neurons would
tend to become activated by the odor that predicted sucrose, and quinine-selective neurons
would tend to become activated by the odor that predicted quinine. Cocaine-treated rats, in
stark contrast, failed to develop cue-selectivity that signalled the predicted outcome. Instead,
cue-selective activity in this population was just as likely to signal the unpredicted outcome
as the predicted outcome. We quantified this result by analyzing the distribution of cue-
selectivity indices for outcome selective neurons in each group. As shown in Figure 5, analysis
of these distributions showed that in saline-treated rats, the distributions were skewed towards
the appropriate cue for the outcome, while in cocaine-treated rats, the distributions were evenly
distributed across both cues. Thus chronic cocaine exposure caused OFC neurons to fail to
accurately signal the expected outcome during odor sampling in this task.

The second marked difference caused by cocaine exposure was a difference in the degree to
which cue-selective neural activity reversed after contingencies were reversed. Consistent with
the results of previous experiments, control rats showed a moderate level of plasticity, with
about 25% of cue selective neurons reversing their cue-selectivity across reversal. In contrast,
plasticity was actually greater in cocaine-treated rats, with about 34% of cue-selective neurons
reversing their cue-selectivity. However, plasticity in cocaine-treated rats showed an abnormal
relationship to performance. As mentioned earlier, in control rats, plasticity in OFC was
inversely proportional to reversal performance: the worse the performance, the more likely
cue-selective neurons were to reverse their selectivity. This provides evidence that OFC cue-
selectivity is not directly driving performance; instead, it seems to be responding to feedback
about performance. This was not true in the cocaine-treated rats; in this population, rats that
performed poorly on the reversals showed no evidence of reversal of encoding in OFC. These
results suggest that that cocaine-treated rats have lost the normal feedback mechanisms that
operate when outcomes do not match expectations, as happens when rats are slow to reverse
their performance in response to reversed contingencies.

These results provide a potential explanation for the behavioral deficits of the cocaine-treated
rats. They suggest that the failure of OFC of cocaine-treated rats to signal expected outcomes
at the time of cue sampling leads to a lack of feedback regarding the predictive relationships
of cues to outcomes. This lack of feedback could lead to slower reversal performance, as well
as to abnormal plasticity in cue-selectivity in OFC. In addition, a similar drug-induced neural
deficit in human drug users could lead to difficulty in changing drug-seeking behavior in
response to negative feedback – that is, to the mismatch between expectations of reward
triggered by drug-associated cues on the one hand, and the actual negative outcomes that occur
after drug use on the other.

Effects of Cocaine Exposure on Information Processing in Basolateral
Amygdala and Striatum

As described above, the flexibility of encoding of cue significance in ABL depends on the
integrity of OFC. Damage to OFC causes abnormally inflexible encoding in ABL, and the
resulting miscoding of the old associations during a reversal seems to be the proximal cause
of the reversal impairment caused by OFC lesions. Based on this evidence, one might expect
that encoding of cue significance in ABL might also be inflexible after drug exposure in addicts
and models of addiction. Indeed, evidence suggests that ABL becomes persistently and
abnormally responsive to drug-associated cues in addiction (Bonson et al., 2002; Carelli et al.,
2003; Childress et al., 1999; Ciccocioppo et al., 2001; Kilts et al., 2001). For instance, imaging
studies frequently reveal activations of amygdala during exposure to drug-associated cues that
elicit craving in addicts (Bonson et al., 2002; Childress et al., 1999; Kilts et al., 2001). In animal
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models, lesions or pharmacological manipulations of ABL, including those that block memory
reconsolidation, block cue-induced relapse, suggesting that memories stored in amygdala may
mediate relapse (Lee et al., 2005; Lee et al., 2006) (Fuchs et al., 2006; Kruzich and See,
2001; See et al., 2003). These memories are remarkably resistant to change, persisting long
into abstinence (Ciccocioppo et al., 2004; Lu et al., 2004), through extinction (Weiss et al.,
2001), and remaining unaltered even in the face of adverse outcomes or cues that represent
adverse outcomes (Deroche-Gamonet et al., 2004; Vanderschuren and Everitt, 2004). The
persistence and apparent invulnerability to change of these memories has been argued to
contribute to the lack of control that characterizes decision-making in addiction
(Vanderschuren and Everitt, 2005; Weiss, 2005).

These findings raise the question as to whether the persistence of these memories, which seem
to be encoded in ABL, is specific to drug-associated cues, or whether there exists a more general
persistence in the encoding of cue significance in ABL in drug users. To test this question, we
performed a similar experiment to the one described above for OFC, except that we recorded
in ABL (Stalnaker et al., 2007b). As we have reported previously in control rats (Saddoris et
al., 2005; Schoenbaum et al., 1999), ABL neurons in both groups rapidly developed selective
firing to each of the odor cues as the rats learned their predictive meaning. In controls, these
cue-selective populations tended to reverse their cue-selectivity after reversal, such that they
tracked the outcome predicted by the cue rather than the sensory features of the cue itself. In
contrast, in cocaine-treated rats, cue-selective neurons failed to reverse their cue-selectivity
after reversal. This pattern of activity was not related to the identity of the cue, because it was
not generally present at the beginning of recording sessions. Rather, it developed with initial
learning, and then failed to change in response to the change in contingencies after reversal.
The contrast between the flexibility in cue-selectivity in controls and the inflexibility in
cocaine-treated rats is illustrated by the population histograms and scatter plots shown in Figure
6.

Of course, the inflexibility of cue-selectivity in ABL in cocaine-treated rats is similar to that
observed after lesions of OFC. This is consistent with the hypothesis that cocaine-induced
disruptions to OFC outcome-expectancy signals might cause the inflexibility in ABL, thereby
causing inflexible behavior like that seen after OFC lesions. To test whether inflexible encoding
in ABL in cocaine-treated rats might be causing inflexible behavior, we performed another
experiment in which we first exposed rats to a regimen of cocaine injections, and then made
bilateral lesions to ABL (Stalnaker et al., 2007b), and finally tested rats on reversal learning,
again in the absence of cocaine. As discussed above, bilateral lesions of ABL eliminated OFC-
dependent reversal impairments. Remarkably, as illustrated in Figure 7, we found the same
effect in cocaine-treated rats: those with bilateral ABL lesions performed just as well as
controls, while those with sham lesions of ABL performed significantly worse. Thus, just as
in OFC-lesioned rats, encoding in ABL of cocaine-exposed rats seemed to be interfering with
the ability to learn reversals quickly. These results are consistent with the hypothesis that rigid
associative encoding in ABL after reversal is the proximal cause of the cocaine-induced
reversal impairment. Furthermore, it is possible that a similar mechanism could contribute to
the persistence of encoding of drug-associated cues in ABL that seems to play a central role
in relapse.

As described above, OFC and ABL are not the only brain regions that contribute to reversal
learning, or that one might expect to show important changes after chronic cocaine exposure.
Considerable theory and evidence suggests that the structure and function of both the dorsal
and ventral striatum is altered in addiction, and that changes there could contribute to the
compulsivity of drug-seeking in addiction (Belin and Everitt, 2008; Everitt and Robbins,
2005; Robinson and Berridge, 1993; Volkow et al., 1999; Volkow et al., 1997; Volkow et al.,
2006; Wyvell and Berridge, 2000). One hypothesis is that chronic exposure to
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psychostimulants causes an increase in the efficacy of habitual, S-R associative encoding in
dorsal striatum. Because behavior driven by S-R associations would be expected to be less
flexible than associative encoding involving representations of outcomes, such a change might
impair cognitive flexibility in addicts. We examined this question in the context of our reversal
paradigm by recording neural activity in ventral and dorsal striatum of cocaine-exposed rats
as they learned and reversed odor discrimination problems in the absence of cocaine (Takahashi
et al., 2007). Interestingly, we found that neither region displayed the persistent and inflexible
associative encoding that we observed in ABL after chronic cocaine. Encoding of cue
significance in ventral striatum was marginally less flexible in cocaine-treated rats than in
controls, but it was more remarkable for its absence. That is, while normal rats showed robust
cue-selectivity in ventral striatum during acquisition and reversal of a series of odor
discriminations, drug-treated rats showed very little, either before or after reversal. In
dorsolateral striatum, cue-selectivity in cocaine-treated rats was similarly flexible to that in
controls (Takahashi et al., 2007). This is illustrated for both regions in Figure 8. These results
suggest that cognitive inflexibility after cocaine exposure may arise more from a degradation
of outcome-related processing in OFC and ABL than from drug-induced changes to striatum.

Conclusions
The brain regions discussed in this review, particularly OFC, ABL and ventral striatum, are
all closely interconnected in a circuit that is integrally involved in learning and guiding behavior
based on positive and negative outcomes. Thus it is perhaps not surprising, in light of current
theories of addiction, that all three regions show marked and persistent changes after cocaine
exposure. What is remarkable, however, is that each of these regions shows selective and
different changes in information processing that are of potential theoretical importance. After
cocaine exposure, neurons in OFC show a very selective deficit in their ability to signal
outcomes at the time of cue sampling. We have suggested that this change could lead to a deficit
in recognizing the violations of expectations that would occur when conditions change and
hence learning and behavior need to be updated. Such a deficit would be consistent with the
rigid encoding of cue significance that occurs in ABL in these rats. It would also be consistent
with the abnormal relationship between cue-selectivity in OFC and behavior that occurs after
reversal in cocaine-treated rats. Finally, it could provide an explanation for both the cognitive
inflexibility seen in addiction, and also, at least potentially, for the loss of control over behavior
that constitutes the pathology of addiction. Going forward, it will be important to directly test
the manner and degree to which these changes influence drug-seeking and –taking behavior.
In addition, it would be desirable to test what kinds of manipulations might prevent these drug-
induced alterations, and whether preventing them would have therapeutic value in the treatment
of addiction. For the present, though, we would argue that the neural changes across these
regions draw a more complete picture of addiction as a brain disease.
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Figure 1.
Previous experience with cocaine, via either self-administration training (A), or non-contingent
injections (B), disrupts reversal learning. Self-administration training included 14 daily 3-hour
sessions, with 0.75 mg/kg cocaine-HCl per infusion and an average of 24 infusions per day,
and ended at least one month prior to behavioral testing on the go, no-go odor discrimination
task described in the text. Non-contingent injection regimen consisted of 14 once-daily IP
injections of 30 mg/kg cocaine-HCl, also ending at least one month prior to behavioral testing.
In testing, rats first showed retention of a previously learned odor discrimination, and then
acquired a reversal of that odor discrimination. Shown are average trials to criterion for two
(A) or three (B) serial retention/reversals. Error bars indicate SEMs. *, p < 0.01, compared to
controls. Data adapted from Calu et al., Learning & Memory 2007, and Stalnaker et al.,
Neuron, 2007.
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Figure 2.
Cue-selective neurons in OFC do not generally reverse their selectivity when contingencies
are reversed. Population response of neurons in OFC identified as cue-selective during
learning. Average activity per neuron is shown, synchronized to odor onset, before and after
reversal. The population response fails to reverse cue-selectivity. Inset scatterplot compares
the cue-selectivity indices before (X-axis) and after reversal (Y-axis) for all the cue-selective
neurons used to construct the population histograms. Blue and red symbols show data for “Odor
1 Selective” neurons and “Odor 2 Selective” neurons, respectively. The cue-selectivity indices
show no correlation. Cue-selectivity index was defined as (frO1 − frO2)/(frO1+frO2), where fr
= firing rate during cue-sampling, O1 = odor cue that predicted sucrose before reversal; O2 =
odor cue that predicted quinine before reversal. Data adapted from Stalnaker et al, European
Journal of Neuroscience, 2006.
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Figure 3.
Flexibility of associative encoding in ABL depends on input from OFC. Population response
of cue-selective neurons in ABL in control rats (A), or in rats with ipsilateral lesions of OFC
(B). Average activity per neuron is shown, synchronized to odor onset, before and after reversal.
Unlike the populations recorded in intact rats, the population response recorded in OFC-
lesioned rats does not reverse cue-selectivity. Inset scatterplot compares the cue-selectivity
indices before (X-axis) and after reversal (Y-axis) for all the cue-selective neurons used to
construct the population histograms. Blue and red symbols show data for “Odor 1 Selective”
neurons and “Odor 2 Selective” neurons, respectively. Again, in contrast to the inverse
correlation in intact rats, the cue-selectivity indices in OFC-lesioned rats showed no correlation,
indicating that ABL neurons in OFC-lesioned rats had lost their tendency to reverse. Data
adapted from Stalnaker et al., Nature Neuroscience, 2007 and Saddoris et al, Neuron, 2005.
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Figure 4.
Reversal impairments caused by OFC lesions are abolished by lesions of ABL. Bars show the
average number of trials (+SEM) required to retain and reverse a 2-odor discrimination problem
for controls, rats with OFC lesions, rats with OFC lesions combined with bilateral ABL lesions,
or rats with ABL lesions alone. As expected, OFC lesions impaired reversal learning. This
impairment was abolished by pre-training lesions of ABL. ABL lesions alone had no effect.
*, p < 0.05. Data adapted from Stalnaker et al, Neuron, 2007.
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Figure 5.
Cue-selectivity indices for neurons that developed outcome-expectant firing during the pre-
criterion block, firing differentially after the rat’s response, in anticipation of either sucrose or
quinine delivery. On the top row are shown the populations that developed quinine-expectant
firing, and on the bottom row are shown the populations that developed sucrose-expectant
firing. Red or blue bars represent neurons that were significantly selective for one or the other
of the two odors. In both quinine-expectant and sucrose-expectant populations, neurons in
control rats were more likely to develop cue-selectivity to the cue that predicted their preferred
outcome. Thus the distribution for quinine-expectant neurons is skewed to the left, and that in
sucrose-expectant neurons in skewed to the right. In contrast, in both populations in cocaine-
treated rats, neurons were equally likely to develop cue-selectivity to either cue. Thus, the
distributions are symmetrically distributed around zero. Cue-selectivity indices were calculated
from activity during odor sampling, using the same formula as in Figure 2. Data adapted from
Stalnaker et al., European Journal of Neuroscience, 2006.
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Figure 6.
Previous cocaine treatment causes inflexible encoding of cue significance across reversal.
Shown are population histograms before and after reversal for all neurons recorded in ABL
that were significantly selective for the sucrose-predictive cue (odor 1 selective) or the quinine-
predictive cue (odor 2 selective) during the post-criterion pre-reversal trial block. In saline-
treated rats, neurons in both populations reversed their cue-selectivity across reversal. In
contrast, in cocaine-treated rats, neurons that developed selectivity to the sucrose-predictive
cue during learning remained selective for the same cue after reversal, even though it now
predicted quinine. Neurons in cocaine-treated rats that developed selectivity to the quinine-
predictive cue during learning failed to reverse their selectivity after reversal, instead showing
a phasic response to both cues. Insets show a quantitative analysis of the flexibility of these
populations across reversal. Neurons in saline-treated rats showed a negative correlation
between their pre-reversal vs. post-reversal cue-selectivity indices; neurons in cocaine-treated
rats showed a positive correlation between the two. Data adapted from Stalnaker et al., Nature
Neuroscience, 2007.
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Figure 7.
Reversal impairments caused by cocaine exposure are abolished by lesions of ABL. Bars show
the average number of trials (+SEM) required to retain and reverse a 2-odor discrimination
problem for cocaine or saline-treated rats with either sham or ABL lesions. As expected,
previous cocaine exposure impaired reversal learning. This impairment was abolished by pre-
training lesions of ABL. ABL lesions alone had no effect. *, p < 0.05. Data adapted from
Stalnaker et al., Nature Neuroscience, 2007.
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Figure 8.
The effect of previous cocaine-treatment on cue selective populations in (A) ventral striatum
and (B) dorsal striatum. Average normalized firing rates to each odor cue, synchronized to
odor onset, are shown for cue-selective ventral striatum neurons and dorsal striatum neurons,
in controls and in cocaine-treated rats. Cue-selectivity is absent from the population in ventral
striatum after cocaine-treatment. Data adapted from Takahashi et al., Frontiers in Integrative
Neuroscience, 2007.
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