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Abstract 

Title of dissertation: Effect of cocaine exposure on estimates of reward value and 

neurobiological correlates 

Federica Lucantonio, Doctor of Philosophy, 2013 

Dissertation directed by: Geoffrey Schoenbaum  

 Drug addiction is characterized by an inability to correctly adapt behavior in a 

changing environment. The orbitofrontal cortex (OFC) is implicated in such adaptive 

responding by signaling information about expected outcomes. Several studies have 

shown that this function may be disrupted by drug-induced neuroadaptations in OFC. 

A recent study has demonstrated that the OFC is also crucial for integrating 

information to imagine novel outcomes. This ability to signal an outcome never before 

received is fundamental for interpreting reality and make adaptive decisions in the 

present, but also for learning when those imagined outcomes are not received to 

improve decision-making in the future.  

Here, I explored whether cocaine exposure may alter this function. To address this 

question, I trained animals to self-administer cocaine, and then tested their 

performance in a Pavlovian over-expectation task. This task consists of three phases: 

conditioning, compound training, and extinction testing. In conditioning, rats are 

trained that several cues predict reward. Subsequently, in compound training, two of 

the cues are presented together, still followed by the same reward. Typically, this 



results in increased responding to the compound cue. Subsequent test trials with the 

cues by themselves reveal a reduction in conditioned responding to the compounded 

cues. I found that prior cocaine self-administration impaired both the ability of 

imaging new likely outcomes and learning when those outcomes turned out to be 

incorrect.  

These data are consistent with a drug-induced disruption of OFC’s role in outcome 

signaling but might also be explained in other ways. To test the hypothesis more 

directly, I recorded single unit activity in the OFC of cocaine-experienced rats.  

Consistent with the hypothesis, OFC signaling in cocaine-exposed animals did not 

reflect a real-time integration of the cue-evoked expectations for reward, necessary to 

generate novel estimates about future outcomes.  

These results are consistent with proposals that cocaine disrupts the normal ability of 

networks in OFC to signal estimates about future outcomes, normally used for both 

adjusting current behavior and driving learning.  Such deficit results in inflexible 

behavior and impaired learning and it may account for the complex pattern of 

maladaptive behaviors associated with drug abuse.   
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1 Introduction 

1.1 Introduction 

  The goal of decision making is to choose the optimal course of action 

from potential options. To accomplish this, humans and animals must constantly 

update and integrate information about the value of current and potential actions and 

future states in reference to current needs. In many psychiatric disorders, including 

drug addiction, this complex process is disrupted. In particular, according to the 

American Psychiatric Association’s Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV-TR) or the World Health Organization’s International 

Classification of Diseases (ICD-10), the criteria for substance dependence include 

several direct and indirect references to impaired decision making. These criteria 

include pursuing drug use at the cost of other important and valued life activities, an 

inability to control or cut down drug use despite an explicit desire to do so and using 

larger amounts of drugs or using them over a longer period than intended. These 

criteria suggest that those who are addicted lose control over drug use because they are 

unable to incorporate the negative health and social consequences of drug seeking and 

drug taking into their decision making. 

Consistent with this idea, over the last decade several theories have attempted 

to explain drug addiction as a failure of the biological decision making system (Redish 

et al., 2008) (See section 1.1.1 for a detailed discussion). Although each theory 
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highlights different aspects of drug addiction and different alterations that may 

contribute to altered decision making, a common theme running through these theories 

is that abnormal decision making reflects changes in function of or interaction between 

two decision-making systems: a flexible planning or cognitive control system, usually 

associated with prefrontal cortical regions, and a rigid habit system, often associated 

with subcortical regions including, in particular, parts of the basal ganglia and 

amygdala (Cardinal et al., 2002). 

Here, we build on these ideas to test the specific hypothesis that in cocaine 

addiction there is a drug-induced disruption of the mechanisms used to generate 

representations of the specific consequences of an act often fail. This failure leads to 

an inability to utilize information about outcomes to guide decisions in the present and 

a corresponding difficulty in learning from unexpected or changing outcomes to 

improve decision making in the future.  We propose that this failure results, in part, 

from long-lasting drug-induced neuroadaptations in the orbitofrontal cortex (OFC) that 

prevent this area from deriving accurate predictions about expected outcomes. Indeed, 

several studies have demonstrated that the OFC is one important substrate for rapidly 

emerging and enduring alterations resulting from psychostimulant exposure 

(Lucantonio et al., 2012). 

To test our specific proposal, we will record single unit activity in the OFC 

during the over-expectation task in rats after cocaine self-administration. This task can 

address whether the signaling of outcome information by OFC, which is necessary for 

changing associative representations when outcomes differ from expectations, may be 

altered by cocaine exposure.  
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Our hypothesis links drug-induced cognitive dysfunction to specific 

neurophysiological changes in OFC, leveraging an understanding of the specific 

informational contributions made by OFC to both decision making and learning in a 

well controlled cognitive task. Thus, our hypothesis attempts to go beyond a 

phenomenological description of the effects of cocaine exposure on cognition—

namely, a loss of inhibitory control or an inability to make good decisions—and 

instead aims to isolate underlying reasons, at the level of information processing, for 

these effects.  

 

1.1.1 Related addiction theories 

Several important theories have previously been advanced to explain decision-making 

deficits in addiction. These hypotheses can be grouped into two main classes. The first 

class proposes that a drug-induced deficit in prefrontal cortical function results in a 

loss of control over behavior. Jentsch and Taylor showed that primates chronically 

exposed to cocaine are impaired in inhibiting responding to conditioned and 

unconditioned stimuli, and they proposed that these effects could contribute to 

addiction (Jentsch and Taylor, 1999). Related ideas and experimental evidence have 

been advanced by Everitt et al. (Everitt et al., 2008), Bechara (Bechara, 2005) and 

Volkow and colleagues (Volkow and Fowler, 2000). A large body of evidence 

supports the notion that chronic exposure to addictive drugs, particularly 

psychostimulants, can cause hypofunction in prefrontal cortical areas and concomitant 

cognitive dysfunctions (see main text). Many have made the argument that these 
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cognitive dysfunctions could contribute to addiction, although direct evidence of this 

link is not often shown. Volkow has specifically implicated the OFC in these effects 

(Volkow and Fowler, 2000), and Damasio and Bechara have suggested that an OFC-

linked deficit in predicting future outcomes, possibly pre-existing, could explain some 

aspects of addiction (Bechara, 2005).  

The second class of related theories, which are not exclusive of prefrontal dysfunction 

theories, includes those that postulate a drug-induced shift from goal-directed behavior 

based on action-outcome associations to habitual behavior based on stimulus-response 

(S-R) associations. Both Robbins and Everitt (Robbins and Everitt, 1999) and Jentsch 

and Taylor (Jentsch and Taylor, 1999) have suggested that such a shift could explain 

the loss of control over drug-seeking behavior that is seen in addiction. Some evidence 

supports the idea that psychostimulant exposure can result in stronger S-R associations 

and a reduction in the efficacy of goal-directed mechanisms in controlling behavior. 

For example, Robbins and Everitt have pointed to a shift from frontal to striatal or 

ventral striatal to dorsal striatal control in models of addiction (Robbins and Everitt, 

1999).  

 

 

 

 

1.2 Motivation 

Drug addiction places a considerable social and economic burden on society: 

estimates of the total overall costs of substance abuse in the United States, including 
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productivity and health- and crime-related costs, exceed $600 billion annually. Despite 

the strong impact of this disease on our society, the mechanism that leads to addiction 

remains a key, unanswered question and pharmacotherapy is at an early stage of 

development. The current prevailing theories hold that addiction can be defined as the 

continued making of maladaptive choices despite negative health and social 

consequences. The desire to understand what drives this failure of decision-making in 

drug addiction is a major factor that motivates the work described in this dissertation. 

Determining the neurobiological substrates of impaired decision-making and related 

processes underlying the progression from recreational drug use to drug addiction may 

lead to novel therapies to prevent or ameliorate this pervasive and devastating brain 

disorder. 

 

 

 

 

 

1.3 Structure of the thesis 

The dissertation is organized as follows: 

  In Chapter 2, I review previous work on the role of the OFC in adaptive 

behaviour and the effect of cocaine on OFC structure and function. 
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 In Chapter 3, I report on experimental findings regarding the role of cocaine 

exposure in modulating estimates of reward value. 

 In Chapter 4, I report on experimental findings concerning the effect of cocaine 

exposure on signalling in the OFC about estimates of reward value. 

 Chapter 5 provides summary and future directions for further studies aimed at 

understanding the nature of cocaine-dependent OFC neuroadaptations and 

possible behavioural and neurobiological implications using different classes of 

drugs of abuse.   
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2 Background 

2.1 Introduction 

According to theoretical accounts, decisions are based on predictions of the 

value or utility of outcomes expected to result from a potential action. These values 

can vary with many different factors, such as the kind of reward or punishment 

expected, its magnitude, and the probability of its occurrence. Besides guiding 

decision-making as it occurs, information about expected outcomes can also be 

compared to actual outcomes to facilitate learning in a changing environment. In this 

chapter, I first review data from our own and other studies that consistently 

demonstrate the involvement of the OFC in both of these functions. Then, I focus on 

the effects that cocaine has on the structure and function of OFC and how these drug-

induced neuroadaptations may be linked to the impaired decision-making that 

characterizes cocaine addiction.  

 

2.2 The orbitofrontal cortex 

 On September 13, 1848, a dynamite explosion in Vermont, U.S., threw an iron 

bar through the head of a 25 year old man, named Phineas Gage. He reported extensive 

damage to the orbital and midline prefrontal regions and a dramatic shift of his 

personality toward  erratic, inflexible, stimulus-bound behavior (Damasio et al., 1994) 
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(Harlow, 1868). This accident was the start of the exploration of the human frontal 

lobes in general and of the OFC in particular. Since then, the OFC has been 

extensively studied, and it has been usually associated with adaptive, flexible 

behaviour in the face of changing contingencies and unexpected outcomes.   

 In the next paragraph, I will focus on the anatomy of the OFC in both human,  

non-human primates and rats. Then, I will cover the functions of the OFC, including 

studies ranging from rodent or monkey physiology to neuroimaging in humans.  

 

2.2.1   The orbitofrontal cortex: anatomy 

 The OFC is located in the paralimbic belt of the hemispheres, which is a ring of 

cortical areas that links association neocortex with the limbic system (Fig. 2.1). Due to 

this location, among all prefrontal components, the OFC is also the most complex. 

Indeed, paralimbic areas have heterogeneous inputs, heterogeneous outputs, and 

heterogeneous functions.  

 The OFC has no strict boundaries, but it includes a set of loosely defined areas 

in the prefrontal regions that overlie the orbits. Anteriorly, it merges into lateral 

prefrontal association cortex. Posteriorly, it blends with two other members of the 

paralimbic belt: the insula (laterally) and the cingulate complex (medially). 
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* Source of image (Everitt and Robbins, 2005) 

 

Figure 2.1 Key connectivities of the OFC in the limbic circuitry in human brain. 

 (a) Abbreviations: OFC, orbitofrontal cortex; AMG, amygdala; Hipp, hippocampus; VS, 

ventral striatum; DS, dorsal striatum; GP, globus pallidus; Thal, thalamus; mPFC, medial 

prefrontal cortex; AC, anterior cingulate. 

  

 

 

 The posterior orbital surface also contains the olfactory nuclei and the piriform 

cortex, making it a crucial part of the olfactory system. The posterior and lateral parts 
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of the OFC are within the amygdaloid sphere of influence, whereas its medial part 

displays a close affiliation with the hippocampus.  

 In primates, including humans, the OFC comprises an agranular region 

caudally at the junction with the insular cortex and septal nuclei, a dysgranular zone in 

the middle, and a granular region close to the frontal pole (Barbas and Pandya, 1989).  

 In rodents, the OFC is composed exclusively of agranular cortical areas, but 

despite this considerable variation in the amount of granular versus agranular cortex of 

the OFC across species, similarities in the position and connections suggest that the 

OFC is relatively comparable across species (Uylings and Vaneden, 1990, Petrides, 

1994). Indeed, Rose and Woolsey (Rose and Woolsey, 1948) proposed that equivalent 

areas may be recognized in different species based on connections, rather than by 

'stratiographic analogy' (Cayal, 1988). They proposed to define the prefrontal cortex 

through its connections with the mediodorsal thalamic nucleus (MD). Indeed, the 

defining granular layer of the primate prefrontal cortex reflects thalamic input and MD 

is reciprocally connected with the OFC in both rats and monkeys (Krettek and Price, 

1977).   

 A scheme of the critical brain regions and connections that are consistent 

across species is presented in Figure 2.2. 
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* Source of image (Roesch and Schoenbaum, The orbitofrontal cortex, Oxford University Press, 2006) 

 

Figure 2.2 Anatomical relantionships of the OFC in rat and monkey. 

 (a) Based on the connections with mediodorsal thalamus, amygdala and striatum, the orbital 
and agranular insular areas in rat prefrontal cortex are homologous to primate orbitofrontal 
cortex.  In both species, orbitofrontal cortex receives conspicuous input from sensory cortices, 
associative information from amygdala and outputs to the motor system through striatum.   

Abbreviations: AId, dorsal agranular insula; AIv, ventral agranular insula; c, central; m, 
medial; ABL, basolateral amygdala; rABL, rostral basolateral amygdala; CD, caudate; NAc, 
nucleus accumbens core; VP, ventral pallidum; LO, lateral orbital; VO, ventral orbital, 
including ventrolateral and ventromedial orbital regions.   
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As you can see from the picture, the OFC has numerous connections with other 

cortical areas, particularly from temporal and insular cortices, with limbic structures, 

such the amygdala and the hippocampus, and with several subcortical structures, 

including the ventromedial striatum, the medial thalamus, hypothalamus and midbrain  

(Amaral and Price, 1984, Barbas, 1988, Ray and Price, 1993).  

 As mentioned before, the projections from the MD thalamus to the OFC define 

the homologous region in rodents of the primate orbitofrontal region (Leonard, 1969, 

Ongur and Price, 2000, Schoenbaum and Setlow, 2001). In particular, these 

projections come from the medial and central segments of the MD in rats, and from the 

medially-located magnocellular division of the primate MD. They receive direct 

afferents from the amygdala, the medial temporal lobe, and the ventral 

pallidum/ventral tegmental area, and olfactory input from the piriform cortex (Krettek 

and Price, 1977, Ray and Price, 1992).  

 In addition, in both rats and primates, there are reciprocal connections between 

the OFC and the basolateral amygdala, a region thought to be involved in affective 

aspects of learning (Kluver, 1939, LeDoux et al., 1990, Holland and Gallagher, 1999),  

efferent projections to ventral striatum, one of the key areas involved in processing 

reward in the brain (Groenewegen et al., 1987, Haber et al., 1995, Everitt and Robbins, 

2005), and strong connections to the dorsal striatum, a region demonstrated to be 

critical for the development of compulsivity (Schilman et al., 2008).  
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2.2.2   The orbitofrontal cortex: role in adapting behavior 

 Evidence that the OFC has a functional role in guiding behavior comes from 

experiments in which decisions are especially dependent on momentary information 

regarding outcome predictions, such as Pavlovian reinforcer devaluation. In this task, a 

neutral cue is paired with the delivery of an appetitive food outcome (reward), 

resulting in the formation of associations between the cue and the sensory and 

motivational representation of the outcome. Subsequently, when the outcome is 

devalued by pairing the reward with lithium-chloride (to-induce nausea) or by 

satiation, the conditioned response to the reward-predicting cue decreases. This 

decrease occurs immediately and despite the fact that the cue is never explicitly paired 

with the devalued reward, thus it is not new learning. Rather, it requires the animal to 

use the cue to evoke a representation of the outcome and its new value and use this 

new information to guide behavior. Importantly, rats and monkeys with OFC lesions 

fail to show any effect of devaluation on cue-evoked or conditioned responding in this 

procedure, despite normal conditioning and devaluation of the outcome (Gallagher et 

al., 1999, Izquierdo et al., 2004). That is, OFC-lesioned animals will continue 

responding in anticipation of a devalued outcome, despite behavior indicating that the 

outcome is no longer desirable (Fig.2.3 A-B). Notably OFC plays a particularly critical 

role in the final test phase, in which previously acquired information about the 

association between the cue and the food and the food and illness or satiety must be 

integrated to guide the response (Pickens et al., 2003, West et al., 2011).  
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* Source of image (Lucantonio et al., 2012) 

 

Figure 2.3 The role of orbitofrontal cortex in changing conditioned responding as 
a result of reinforcer devaluation.  

 (a) Changes in Pavlovian conditioned responding in sham and OFC-lesioned rats after 
reinforcer devaluation. Rats were trained to associate a light cue with food. Subsequently, the 
food was devalued by pairing it with LiCl-induced illness and response to the cue was assessed 
in a final probe session. Rats with OFC lesions fail to show any effect of devaluation on 
conditioned responding (percentage of time in food cup), despite normal conditioning and 
devaluation of the food reward. (b) Changes in discriminative responding in sham and 
orbitofrontal-lesioned monkeys after reinforcer devaluation. Monkeys were trained to 
associate different objects with different food rewards. Subsequently, one food was devalued 
by overfeeding and then discrimination performance was assessed in a probe test. The figure 
illustrates a difference score comparing post- and pre-satiation bias; OFC-lesioned monkeys 
fail to bias their choices away from objects associated with the satiated food. (c) Changes in 
BOLD signal in human orbitofrontal cortex after reinforcer devaluation. Subjects were 
scanned during presentation of odors of different foods. Subsequently, one food was devalued 
by overfeeding and then subjects were rescanned. Subjective appetitive ratings of the odor 
(top) and BOLD response to the odor-predicting cue in orbitofrontal cortex (bottom) decline 
for satiated but not nonsatiated foods.   
*P < 0.05; **P < 0.01. Adapted from (Gallagher et al., 1999, Pickens et al., 2003, Izquierdo et 
al., 2004). 
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 Other examples that support the role of the OFC for guiding behavior on the 

basis of specific information about expected outcomes come from Pavlovian-to-

instrumental transfer (Ostlund and Balleine, 2007), conditioned reinforcement (Pears 

et al., 2003, Burke et al., 2007), second-order schedule behaviours (Cousens and Otto, 

2003), delayed-discounting (Mobini et al., 2002, Winstanley et al., 2004), and even 

tasks that require counterfactual reasoning (Camille et al., 2004). Each of these 

procedures arguably requires subjects to generate an on-line representation of the task 

to calculate the current value of a particular outcome that can be expected. 

 In addition to guiding behavior based on information about expected outcomes, 

OFC also influences learning in response to changes in these outcomes. Historically 

this has been most apparent in reversal learning tasks. In these tasks, subjects learn to 

associate different cues (typically two) with different probabilities of reward and 

punishment; after learning, the cue-outcome associations are reversed such that each 

cue now predicts the other outcome. Many studies in rats, mice, primates and humans 

have implicated the OFC in reversal learning (Jentsch et al., 2002a, Fellows and Farah, 

2003, Izquierdo et al., 2004, Schoenbaum et al., 2007), showing that OFC-lesioned 

animals reverse associations much more slowly than their intact counterparts (Fig.2.4). 
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* Source of image (Lucantonio et al., 2012) 

 

Figure 2.4 The role of orbitofrontal cortex in reversal learning. 

 (a) Rats were trained to sample odors at a central port and then respond at a nearby fluid well. 
In each odor problem, one odor predicted sucrose and a second quinine. Rats had to learn to 
respond for sucrose and to inhibit responding to avoid quinine, and then the odor-outcome 
associations were reversed. Shown is the number of trials required by controls and OFC-
lesioned rats to meet a 90% performance criterion. OFC lesions have intact retention of a 
previously learned discrimination, but impaired reversal learning. (b) Group mean errors to 
criterion for initial learning and nine serial reversals in object reversal learning in monkeys 
with bilateral OFC lesions. OFC-lesioned monkeys are specifically impaired in reversal 
learning. (c) Initial stimulus-reinforcer association learning and reversal learning performance 
in subjects with damage to the ventromedial prefrontal region and in controls. Initial learning 
and reversal performance is expressed as trials before the learning criterion is met. Subjects 
with lesions make more than twice as many errors as healthy controls in the reversal phase of 
the task. *P < 0.05; **P < 0.01. Adapted from (Fellows and Farah, 2003, Izquierdo et al., 
2004, Schoenbaum and Shaham, 2008). 
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However, reversal impairments are difficult to interpret. The tasks are typically 

complex and potentially confound impaired learning (i.e., the acquisition of the new 

information or extinction of the old) and performance (i.e., the use of the new 

information), since expectations are violated at the same time that animals are asked to 

use the new information to guide behavior. We have recently used a Pavlovian over-

expectation task (Kremer, 1978) to provide a more direct test of whether outcome 

expectancies signaled by OFC contribute directly to learning. In the first stage of this 

experiment, several cues are separately paired with reward. In the second stage, two of 

these cues are presented together, in compound, followed by the same reward. This is 

the “overexpectation” stage in which, presumably, the rat expects additional reward to 

follow the compound cue, and has to adjust its predictions in light of the fact that only 

the normal amount of reward is delivered. In a subsequent probe test in which each cue 

is presented alone (without reward), subjects typically show reduced conditioned 

responding to the previously compounded cues. Bilateral inactivation of OFC in rats 

during the compound training phase prevents this normal reduction in conditioned 

responding during the later probe test, suggesting that OFC is essential for learning 

(Fig. 2.5) (Takahashi et al., 2009b).  Notably, we are not suggesting that this is an 

additional function of OFC; rather the same OFC-dependent signal regarding expected 

outcomes that is important for guiding behavior after devaluation may be utilized by 

downstream areas to generate prediction errors to facilitate learning in 

overexpectation. Consistent with this idea, summation--the increased responding in the 

compound phase, showing that the rat combines the predictive value of the two cues--

is also abolished by OFC inactivation. 
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* Source of image (Takahashi et al., 2009) 

Fig. 2.5 Effect of OFC inactivation on changes in behavior after over-expectation. 

Top and bottom rows of plots indicate control and OFC-inactivated groups, respectively.  (A) 
Percentage of responding to food cup during cue presentation across 10 days of conditioning. 
(B) On left, percentage of responding to food cup during cue presentation across 4 days of 
compound training.  On right, red and blue bars indicate average normalized percentage 
responding to A1/V1 and A2, respectively. (C) Percentage of responding to food cup during 
cue presentation in the probe test. Line graph shows responding across the eight trials and the 
bar graph shows average responding in these eight trials. Red, blue, and white colors indicate 
responding to A1 or A1/V1, A2, and A3 cues, respectively (*p < 0.05; **p < 0.01). Error bars 
= SEM. Adapted from (Takahashi et al., 2009b). 
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 Indeed, the value judgment required for summation is conceptually similar to 

that underlying devaluation effects in that it requires the animal to integrate existing 

representations to derive a new, estimated value. In both cases, this reference value has 

not been experienced directly as a consequence of the cue.  

 By contrast, OFC inactivation in these same rats had no effect on extinction 

learning when reward was simply omitted (Burke et al., 2009). Such extinction does 

not require summation of expectancies across multiple cues and thus can be 

accomplished by relying only on values of the individual cues.  

Data such as these suggest that OFC is critical to learning due to a role in 

signaling information relevant to the derivation of the values of expected outcomes, 

which in turn will be used to generate prediction error signals. This idea is consistent 

with recent results from our lab showing that OFC is necessary for unblocking of 

learning, but only when unblocking is driven by a change in outcome identity (ie 

banana pellets to grape) but not when it is driven by a change in value (ie 2 banana 

pellets to 3 banana pellets) (McDannald et al., 2011). Moreover, it may also account 

for recent evidence from a three choice reversal learning task showing that OFC-

dependent deficits reflect an inability to accurately assign credit for errors to the cue 

that was selected (Noonan et al., 2010). In this study, a careful analysis of the choice 

pattern of the animals showed that while OFC-lesioned monkeys still recognized errors 

in reward prediction and changed behavior accordingly, they were unable to use their 

own choices to constrain the spread of effect of the errors. This result shows that OFC 
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lesions leave intact some prediction error signaling but that the residual capacity is not 

well constrained by information about what actions were recently taken.  

 The data described above support the notion that OFC functions to guide 

behavior that is based on the value of an expected reward or punishment, and in 

addition contributes to learning when expected outcomes change. 

 

2.2.3     The orbitofrontal cortex: neurophysiology 

Animal and human studies demonstrate that neurons in the OFC represent 

primary reinforcers and distinguish between rewarding and punishing outcomes 

(Thorpe et al., 1983, O'Doherty et al., 2001b, Liu et al., 2007). These neurons encode 

details concerning the sensory properties of rewards, such as visual, olfactory, and 

gustatory aspects (Rolls and Baylis, 1994), the size or timing of an upcoming rewards 

(Wallis and Miller, 2003, Roesch and Olson, 2005, Sul et al., 2010), as well as the 

magnitude of more abstract rewards and penalties such as money (Breiter et al., 2001, 

O'Doherty et al., 2001a). Notably OFC neurons are also activated in the anticipation of 

the receipt of such outcomes in the near future (Schoenbaum et al., 1998, Tremblay 

and Schultz, 1999, Hikosaka and Watanabe, 2004, Padoa-Schioppa and Assad, 2006); 

this neural activity appears to reflect the unique value of specific outcomes that are 

expected. For example, anticipatory neural activity in OFC corresponds to the 

preference for the particular reward relative to others available, reflecting the animal’s 

motivational state (Tremblay and Schultz, 1999), and activity in OFC changes when 
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the value of an outcome is reduced by satiety (Critchley and Rolls, 1996). Similar 

results have been obtained in humans fMRI studies where BOLD activity in OFC is 

correlated with the anticipation of expected outcomes, and changes in outcome value 

(O'Doherty et al., 2000, Gottfried et al., 2003) (Fig.2.3 C).   

Moreover, signals about expected outcomes are compared to actual outcomes 

to generate teaching signals which are necessary for learning (Rescorla, 1972).  

Evidence in support of the implication of the OFC in such learning comes from a 

recent study in our lab in which we recorded single unit activity in the OFC while 

animals were performing in a Pavlovian over-expectation task (Takahashi YK, 

Lucantonio F, Haney RZ, Chang CY and Schoenbaum G, Society for Neuroscience, 

2011). As I mentioned before, we have demonstrated that the OFC is necessary for 

learning in this task, where teaching signals are crucially dependent on information 

about expected outcomes (Takahashi et al., 2009b). Interestingly, we also found that 

neural activity in OFC reflected a real-time integration of the cue-evoked expectations 

for reward.  Thus, OFC neurons exhibited increasing activity to the reward-predictive 

cues across training.  Firing in these neurons increased immediately when two cues 

were presented in compound and then declined across compound training sessions, 

consistent with encoding of reward expectancies rather than the sensory properties of 

the combined cue.   Activity also declined spontaneously on the first trial after 

compound training, when these cues were again presented in isolation.  These results 

are consistent with the proposal that activity in OFC reflects a real-time prediction or 

estimate regarding likely future rewards and that this signalling about expected 

outcomes become important for updating associative representations in other brain 
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regions in the face of unexpected outcomes. Indeed, in animals where this signalling 

was absent, a clear impaired learning has been reported.  

In conclusion, the OFC might contribute to the signalling of prediction errors 

by providing a source of information about the expected outcome value; this 

information could then be used to compute prediction errors in other brain areas, such 

as the ventral tegmental area  (Hollerman and Schultz, 1998, Schultz, 1998, Bayer and 

Glimcher, 2005, Roesch et al., 2007a). This function would explain why OFC is 

crucial for behavioural flexibility under conditions of changing contingencies and why 

damage to this area leads to behavioral inflexibility.  

 

2.3 The orbitofrontal cortex in drug addiction 

The data described above support the notion that OFC functions to guide 

behavior that is based on the value of an expected reward or punishment, and in 

addition contributes to learning when expected outcomes change. Below I discuss the 

implications of this idea to understanding the significance of structural and functional 

changes to the OFC that are associated with cocaine addiction. 
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2.3.1   Cocaine-induced neuroadaptations in the 

orbitofrontal cortex 

 Results from many neuropharmacological studies in animal models indicate 

that neuronal activity in the mesocorticolimbic dopamine system (which comprises 

cell bodies in the ventral tegmental area that project to several brain areas, including 

the medial and orbital prefrontal cortex, nucleus accumbens and amygdala) underlies 

cocaine-seeking behaviours (Wise, 2004). On the basis of these studies, an influential 

hypothesis is that cocaine addiction is due to drug-induced neuroadaptations in these 

circuits (Nestler, 2002, Wolf et al., 2004, Everitt and Robbins, 2005, Kalivas and 

O'Brien, 2008). These neuroadaptations have been hypothesized to cause 

hypersensitivity to cocaine-associated cues (Everitt and Wolf, 2002), impulsive 

decision making (Jentsch and Taylor, 1999, Volkow and Fowler, 2000), abnormal 

habit-like behaviours (Deroche-Gamonet et al., 2004, Vanderschuren and Everitt, 

2004) and persistent relapse vulnerability (Shaham and Hope, 2005). Over the last 

decade, investigators have demonstrated causal roles of specific cocaine-induced 

neuroadaptations in cocaine reward (Nestler, 2001), escalation of cocaine intake (Im et 

al., 2010) and relapse to cocaine seeking (Lu et al., 2005b). In contrast, evidence 

linking specific cocaine-induced brain neuroadaptations with an inability to use 

information about consequences or long-term outcomes to control cocaine use—a core 

feature of addiction—has been slower to develop. Here, I argue that this core feature 

of addiction is due, in part, to cocaine-induced neuroadaptations in OFC at the 

molecular, structural, functional and circuit organizational levels. 
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 At the structural level, several studies have reported a decrease in gray matter 

concentration in the OFC of cocaine (O'Neill et al., 2001b, Franklin et al., 2002b, 

Ersche et al., 2011) and methamphetamine (Thompson et al., 2004) users (Fig. 2.6 B). 

Gray matter volume reduction in OFC of cocaine users has been correlated with 

greater duration of cocaine dependence and greater compulsivity of drug use, as 

assessed with the Obsessive Compulsive Drug Use Scale (OCDUS) (Ersche et al., 

2011). The OCDUS measures general craving and motivational drive to use drugs, 

suggesting that drug-induced adaptations in the OFC may also underlie the increase of 

the motivational effects of drugs and drug-related cues over time. In addition, 

structural abnormalities in frontal white matter have been found, including decreases 

in frontal white matter integrity among psychostimulant users (Volkow et al., 1988, 

O'Neill et al., 2001a, Lyoo et al., 2004). 

 This drug-associated reorganization has also been identified using functional 

neuroimaging. Studies have shown a general decrease in glucose metabolism, which is 

considered a marker of neuronal function, throughout the brain of psychostimulant 

users (Fig. 2.6 A). This reduction is particularly apparent in the frontal cortex during 

acute cocaine use (London et al., 1990, Volkow et al., 1990). During early periods of 

drug abstinence, circuits including the OFC are hypermetabolic. This hypermetabolism 

is correlated with the intensity of spontaneous craving (Volkow et al., 1991). In 

contrast, during protracted withdrawal, the OFC is hypoactive in cocaine (Volkow et 

al., 1993, Adinoff et al., 2001) and methamphetamine (Volkow et al., 2001b, Kim et 

al., 2005) users. Moreover, in cocaine and methamphetamine users, the degree of this 
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hypometabolism has been shown to correlate with decreased dopamine D2 receptors in 

striatum (Volkow et al., 2001a). 

 The results from these human studies indicate that OFC structure and activity 

are altered in cocaine and methamphetamine users, but these data cannot distinguish 

whether changes in OFC function are induced by psychostimulant use (or even 

exposure) or represent a preexisting condition. This issue has been addressed in studies 

using animal models. For example, a focal structural analysis of the dendritic 

morphology in OFC and medial prefrontal cortex (mPFC) in rats revealed a profound 

effect of psychostimulants on the spine density in these areas after prolonged 

withdrawal from noncontingent or contingent drug exposure (Kolb et al., 2004) (Fig. 

2.6 C). Interestingly, chronic amphetamine or cocaine exposure increases dendritic 

length and spine density in mPFC (and nucleus accumbens) but decreases these 

measures in OFC (Crombag et al., 2005). Chronic exposure of rats to cocaine has also 

been shown to result in accumulation of the transcription factor ΔFosB in both mPFC 

and orbitofrontal regions after 18 to 24 h of withdrawal from the drug (Winstanley et 

al., 2007). 

 Overall, these data suggest that the OFC is one important substrate for rapidly 

emerging and enduring alterations resulting from psychostimulant exposure. However, 

these results do not address the underlying relevance of the psychostimulant-induced 

changes to behaviors that are relevant to addiction. Given the large number of degrees 

of freedom available in any study of the effects of drugs on molecular or other markers 

across an entire neural circuit, it is critical that a drug-induced change be linked to 

behavior. According to our present understanding of OFC function, such alterations in 
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OFC could cause long-lasting impairments to the ability of OFC to support outcome-

guided decision-making, as well as learning that results from comparing expected 

outcome to actual outcomes. In the next section, we review behavioral and 

neurophysiological data that directly support this hypothesis. 
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* Source of image (Volkow and Li, 2004; Franklin et al. 2002; Crombag et al., 2005) 

Figure 2.6 Cocaine-induced neuroadaptations within OFC at the structural and 
functional levels. 

 

A. Images of the brain in a healthy control and in an individual addicted to cocaine. The 
images were obtained with positron emission tomography and [18F]fluoro-2-deoxyglucose to 
measure glucose metabolism, which is a sensitive indicator of damage to the tissue in the 
brain. Note the decreased glucose metabolism in the OFC. B. On the left, whole brain 
renderings showing regions of decreased gray matter density (p < .01) in the cocaine-
dependent group relative to the control group. From left to right: left and right sagittal, 
posterior, and anterior, right and left side, and ventral and dorsal views of regions showing 
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decreased gray matter density. On the right, sagital slices through the midline show continuous 
deficits in gray matter extending from the ventromedial orbitofrontal (VMOC) cortex through 
the anterior cingulate (AC) region. C. On the right, mean (± SEM) spine density (the number 
of spines/10 μm) on apical and basilar dendrites of pyramidal neurons in the medial and 
orbitofrontal cortices in the amphetamine self-administration (red bars), sucrose-reward 
training (orange bars) or in untreated control groups (white bars). (* or Ɨ, significant difference 
at p<0.05). On the left, brain regions (shaded areas) and neuronal types analyzed for alterations 
in spine density as a function of past experience with amphetamine or sucrose taking. 
Abbreviations: CA1, CA1 field of the hippocampus; DG, dentate gyrus; Nacc, nucleus 
accumbens (shell); MPC, medial prefrontal cortex (Cg3); OFC, orbital frontal cortex (AID); a, 
apical dendrites; b, basilar dendrites. Adapted from Paxinos and Watson (1997).  Adapted 
from (Franklin et al., 2002b, Volkow and Li, 2004, Crombag et al., 2005). 
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2.3.2   Drug-induced alterations of orbitofrontal cortex-

dependent behaviors 

 A growing number of studies demonstrate that reversal learning is impaired 

after psychostimulant exposure . Jentsch, Taylor and colleagues (Jentsch et al., 2002a) 

were the first to demonstrate this effect. Monkeys were given experimenter-

administered cocaine for 14 days (2 or 4 mg per kilogram body weight per day, 

intraperitoneally) and then tested in an object discrimination and reversal task, 9 and 

30 days after withdrawal from cocaine. These monkeys acquire the discriminations 

normally but make many more errors than controls in acquiring the reversal learning 

task (Fig. 2.7 A). The same results were obtained in monkeys allowed to self-

administer cocaine 4 days per week for 9 months and tested in a reversal task after a 

72-hour withdrawal period on a weekly basis (Porter et al., 2011). This basic finding 

has since been replicated in rats, mice and humans. For example, we have found 

similar deficits in rats tested on an odor discrimination reversal task after withdrawal 

from either noncontingent or self-administered cocaine (Schoenbaum et al., 2004, Calu 

et al., 2007b) (Fig. 2.7 B). Other studies have found deficits after cocaine exposure in 

mice trained on an instrumental reversal task and after methamphetamine exposure in 

rats trained on a visual discrimination task (Krueger et al., 2009, Izquierdo et al., 

2010). These findings have been extended to human cocaine or polydrug users tested 

on a probabilistic reversal task (Fillmore and Rush, 2006, Ersche et al., 2008) (Fig. 2.7 

C).  
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* Source of image (Lucantonio et al., 2012) 

 

Figure 2.7 Effect of cocaine on reversal learning.  

 (a) Rats were trained to self-administer cocaine (0.75 mg kg−1 per infusion, 4 hours per day 
for 14 days) and then tested on the same odor discrimination reversal task used in Figure 2a, 
after approximately 3 months of withdrawal from the drug. Cocaine self-administration has no 
effect on retention but impairs reversal learning. (b) Incorrect responses in monkeys exposed 
to noncontingent cocaine (4 mg kg−1, once daily for 14 d) or saline in a reversal task. 
Compared with controls, cocaine-treated monkeys show similar acquisition but impaired 
discrimination-reversal learning. (c) Consecutive incorrect responses immediately after the 
change in reward contingencies in chronic cocaine users. Cocaine users show response 
perseveration to the previously rewarded stimulus. *P < 0.05; **P < 0.01. Adapted from  
(Jentsch et al., 2002a, Ersche et al., 2008, Schoenbaum and Shaham, 2008). 
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 Additionally, subjects addicted to methamphetamine (Grant et al., 2000, 

Bechara et al., 2001) show impaired performance on the Iowa Gambling Task, a task 

in which correct choices of cards necessitates reversal of previously learned 

associations between card decks and rewards, consistent with reversal learning 

deficits. Thus, whereas exposure to psychostimulants does not impair basic learning 

abilities, it does seem to cause a specific deficit in the ability to adjust behavior in 

response to changes in established associations. This pattern of results closely mirrors 

that seen with OFC lesions or inactivation. Notably, in animal models, these deficits 

typically persist for weeks and even months after the last drug exposure and are 

therefore appropriately positioned for a critical role in drug relapse and other long-

term behavioral issues that define drug addiction. 

 Besides reversal learning, a striking parallel exists in several other procedures 

between the behavioral effects of OFC lesions or inactivation and the long-lasting 

effects of chronic psychostimulant exposure. For example, cocaine-experienced rats 

show a deficit identical to that seen in OFC-lesioned rats in the Pavlovian reinforcer 

devaluation task described earlier (Fig. 2.8) (Schoenbaum and Setlow, 2005b). These 

rats show normal conditioning and taste aversion learning, and they also extinguish 

conditioned responding normally in the absence of the food reward; however, they fail 

to change their conditioned responding in response to devaluation of the food. 

Similarly, amphetamine-sensitized rats show no devaluation effect in an instrumental 

reinforcer devaluation task (Nelson and Killcross, 2006).  
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* Source of image (Lucantonio et al., 2012) 

 

Figure 2.8 Effect of cocaine on changes in conditioned responding as a result of 
reinforcer devaluation in rats.  

 

Rats were trained in the same task described in Figure 1a. Shown is the mean percentage of 
time spent in the food cup during presentation of the food-predicting cue after devaluation, in 
the extinction probe test. Red bars, devalued groups; blue bars, non-devalued groups. During 
the devaluation test, cocaine-exposed rats fail to change conditioned responding as a result of 
previous devaluation of the food reward. *P < 0.05. Adapted from (Schoenbaum and Setlow, 
2005b). 
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 Although instrumental devaluation deficits may be linked to striatal or medial 

prefrontal dysfunction, dorsal striatal regions implicated in this effect receive strong 

input from orbitofrontal areas (Voorn et al., 2004), and normal performance in this 

setting has recently been shown to be affected by OFC lesions (C.M. Gremel & R.M. 

Costa, Soc. Neurosci Abst. 682.684/GG658, 2009). These results suggest that cocaine 

exposure may induce changes in OFC or related areas that disrupt the normal ability of 

these circuits to represent and use information about expected outcomes, particularly 

when deriving the appropriate value requires access to a model of how the task works. 

 More evidence that psychostimulant exposure causes an inability to guide 

behavior on the basis of specific information about expected outcomes can also be 

found in studies using other behavioral procedures sensitive to OFC dysfunction. Thus, 

chronic exposure to psychostimulants has been reported to increase impulsive choice 

in human cocaine users (Coffey et al., 2003, Kirby and Petry, 2004, Heil et al., 2006) 

and in rats exposed to cocaine (Roesch et al., 2007b, Simon et al., 2007) and tested in 

delay discounting tasks. 

Table 1 summarizes the main effects of different experimental procedures on OFC-

dependent deficits in drug-treated animals. 
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Abbreviations: EA, experimenter-administered; SA, self-administered; IP, intraperitoneal injection; SC, 

subcutaneous injection. 

Table 1. Effect of different experimental procedures on OFC-dependent deficits 
in drug-treated animals. 
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2.3.3   Drug-induced alterations of orbitofrontal cortex-

neurophysiology 

 All of the behavioural effects outlined in the previous paragraph do not 

necessarily require changes in OFC. Effects of systemic drugs, even if they resemble 

those of brain lesions, may be due to alterations in other parts of the circuit that simply 

mimic the lesion’s effects. However, exposure to psychostimulants has been shown to 

affect activity of single units recorded in OFC in awake, behaving rats. For example, 

rats sensitized to amphetamine show enhanced activity in OFC neurons recorded 

during instrumental behavior, particularly in categories of neurons that seem to be task 

responsive (Homayoun and Moghaddam, 2006). These results suggest a general 

overactivation of OFC, which could potentially distort and obscure the representation 

of associative information crucial to OFC-mediated behaviors such as reward 

devaluation and reversal learning. 

 In addition, we have shown that signalling of outcome expectancies by OFC 

neurons is directly affected by cocaine exposure, even when recording is conducted 

several months after withdrawal from the drug. These expectancies are evident in the 

selective firing activity of OFC neurons during sampling of cues that predict the 

delivery of sucrose reward or quinine punishment (Thorpe et al., 1983, Schoenbaum et 

al., 1998). During learning, distinct populations of neurons in OFC respond selectively 

to one or the other outcome. At the point at which rats show behavioral evidence of 

having learned the contingencies, a subset of these outcome-selective neurons begin to 

fire selectively for the odor that predicts their preferred outcome (Schoenbaum et al., 
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1998). This pattern of neural activity seems to reflect a representation of the expected 

outcome at the time of cue sampling, which could be used to guide decision-making 

and to recognize violations of expectations when contingencies change. OFC neurons 

recorded in rats exposed to the same regimen of cocaine that we have found to disrupt 

OFC-dependent reversal learning and reinforcer devaluation fail to develop these 

neural correlates at the time of odor sampling (Stalnaker et al., 2006a). 

 Moreover, it has been demonstrated that OFC neurons selectively process 

cocaine-associated environmental cues (Baeg et al., 2009), consistent with a role in 

mediating reward expectation. Moreover, enhanced drug-related cue reactivity has 

been found in OFC and this pattern of sustained activation is consistent with a role in 

mediating behavioral effects of discrete cues in relapse (Wilcox et al., 2011). 
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2.4    Summary 

 As outlined in DSM-IV, maladaptive decision-making is a hallmark of 

addiction to cocaine and other drugs of abuse. Here, I have reviewed recent findings to 

support the proposal that such maladaptive decision making in people addicted to 

cocaine may be due, at least in part, to cocaine-induced changes in OFC function. 

Behavioral impairments in cocaine-addicted humans and cocaine-experienced animals 

are reminiscent of behavioral deficits caused by damage to OFC, and there is good 

evidence that cocaine exposure alters structural and neurophysiological markers of 

OFC function, including critical correlates that we believe underlie OFC-dependent 

behaviors. 

 Evidence suggests that OFC is critical for humans and animals to derive 

estimates regarding the values of expected outcomes for the purposes of guiding 

behavior and facilitate learning. Loss of this function causes the behavior of some 

humans and laboratory animals who have been exposed to psychostimulants to become 

more rigid and inflexible.  

 It is worth noting that decision-making impairments are important both in the 

early stages of cocaine addiction in mediating and facilitating initial maladaptive 

responses to cocaine exposure and in supporting drug-taking when drugs are taken 

intermittently. In addition, such impairments may also persist and interfere with the 

success of therapies designed to promote long-term abstinence. Most of the drugs-

induced changes to OFC function reported here were detected several weeks after drug 

exposure, whereas Kantak and colleagues (Kantak et al., 2005) did not observe any 
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impairment in OFC-dependent behavior in cocaine-experienced rats when testing was 

conducted without any withdrawal period. These data suggest that changes in OFC 

function develop over time or with repeated bouts of intermittent use, as typically 

occur in humans. Consistent with this idea, several studies have demonstrated the 

involvement of the OFC in cocaine seeking or relapse after re-exposure to cocaine-

related cues in both humans and laboratory animals even after long periods of 

abstinence (Fuchs et al., 2004, Lasseter et al., 2009). Thus OFC dysfunction may be 

most strongly linked to the long-term behaviors that define cocaine addiction and not 

to the immediate effects of the drug.  
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3 The role of cocaine self-administration in modulating 

estimates of reward value 

3.1 Introduction 

 In the previous chapter, I have reviewed evidence that the OFC is critical to 

signaling information about expected outcomes (Schoenbaum et al., 2009), signaling 

that has been shown to be specifically sensitive to disruption by a history of exposure 

to cocaine (Stalnaker et al., 2006b). Moreover, we have learned that appropriate 

signaling of expectations regarding likely outcomes is essential in the process of 

learning (Takahashi YK, Lucantonio F, Haney RZ, Chang CY and Schoenbaum G, 

Society for Neuroscience, 2011). Essentially, expected outcomes are compared to 

actual outcomes and a mismatch between these two values results in teaching signals - 

prediction errors - that are thought to drive new learning, which then suppresses or 

modulates expression of the original information (Rescorla and Wagner, 1972).   

Failure to appropriately signal outcome expectancies would result in weak, partial or 

impaired learning, when outcomes change, since such a failure would weaken (or even 

reverse) the sign of the resultant error signal.  Thus, drug-induced dysfunction in the 

normal brain circuits mediating signaling of these outcome expectancies could result in 

impaired learning under some conditions.    To address this hypothesis, we trained rats 

to self-administer cocaine using a common procedure that is utilized in animal studies 
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to model phenomena such as relapse and reinstatement (Lu et al., 2005a, Calu et al., 

2007a, Caprioli et al., 2009).  Control rats were trained to self-administer sucrose.  

Several weeks after the end of this training, these same rats were tested in a Pavlovian 

over-expectation task (Lattal and Nakajima, 1998).  As mentioned before, this task 

allows one to independently assess learning driven by summation and over-expectation 

versus that induced by simple reward omission and hence assess the ability of cocaine 

experienced animals to manifest learning which is crucially dependent on information 

about expected outcomes. 

 

3.2 Materials and Methods 

          3.2.1 Animals 

 27 male Long-Evans rats (Charles River Labs) weighing 250-275 g upon 

arrival were housed individually and placed on a 12 hour light/dark schedule (lights on 

at 7:00 A.M.).  All rats were given ad libitum access to food except during testing 

periods.  During behavioral testing, rats were food deprived to 85% of their baseline 

weight.  Water was freely available throughout the experiments.  All testing was 

performed between 9:00 A.M. and 5:00 P.M., 7 days/week and was conducted at the 

University of Maryland School of Medicine in accordance with University and NIH 

guidelines. 
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                3.2.2 Surgery 

 Subjects were anaesthetized with ketamine (100 mg/ kg, i.p., Sigma) and 

xylazine (10 mg/kg, i.p., Sigma) and implanted with chronic i.v. jugular catheters.  A 

silastic catheter was inserted into the right jugular vein and passed subcutaneously to 

the top of the skull, where it was attached to a modified 22-gauge cannula (Plastics 

One) and mounted to the rat’s skull with dental cement.  Carprofen (0.1 mg/kg, s.c., 

Pfizer) was given after surgery as an analgesic.  Rats recovered for 7-10 days before 

starting behavioral testing.  During the recovery and self-administration training, 

catheters were flushed every day with sterile 0.9% saline + the antibiotic Gentamicin 

(0.08 mg/mL, BioSource International). 

 

      3.2.3 Procedures 

   3.2.3.1  Self-administration 

 Following recovery from surgery, the rats were allowed to self-administer 

cocaine-HCl (0.75 mg/kg/infusion; n= 16), or sucrose (10% w/v; n = 11) for 14 

consecutive days.  Procedures were similar to those used in prior experiments (Caprioli 

et al., 2009). 

 Rats were trained in standard sized behavioral chambers purchased from 

Coulbourn Instruments (Allentown, PA), each enclosed in a sound-resistant shell.  

Each chamber was equipped with two 4 cm levers.  The two levers were on opposite 

walls and 8 cm from the grid floor.  For drug self-administration, silastic tubing 
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shielded with a metal spring extended from each animal’s intravenous catheter to a 

liquid swivel (Instech Laboratories, Plymouth Meeting, PA, USA) mounted on an arm 

fixed outside of the operant chamber.  Tygon tubing extended from the swivel to an 

infusion pump (Med Associates Inc, St Albans, VT, USA) located adjacent to the 

external chamber.  For sucrose training, a dipper was recessed in the center of one end 

wall. Entries were monitored by photobeam. 

 Rats were trained to self-administer cocaine-HCl under an FR1 schedule of 

reinforcement, such that every press on the active lever delivered a 4s infusion of 

cocaine.  “Priming” injections were never given.  Daily SA sessions lasted 3 h, with 

15-min timeout periods after each hour.  Each session began with the insertion of the 

active lever.  Each infusion was accompanied by the retraction of the active lever and 

followed by a 40-sec timeout period.  Pressing on the inactive lever had no 

programmed consequences.  At the end of each session the active lever was retracted. 

The number of cocaine infusions was limited to 20/h to prevent overdose.  After 20 

infusions, the active lever was retracted for the remainder of the hour.   For sucrose 

self-administration, procedures were the same as those for cocaine self-administration, 

except that rats were shaped to retrieve sucrose, and active lever presses resulted in the 

insertion into the chamber recess of a dipper containing a 0.05 mls of a 10% sucrose 

solution for 4 sec. 

  3.2.3.2  Over-expectation 

 Three weeks after the end of self-administration training, all rats underwent 

Pavlovian over-expectation training.  This occurred in the same type of chambers used 
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for cocaine or sucrose self-administration.  However, a food cup was recessed in the 

center of one end wall.  Entries were monitored by photobeam.  A food dispenser 

containing 45 mg sucrose pellets (plain, banana-flavored, or grape-flavored; Bio-serv, 

Frenchtown, NJ) allowed delivery of pellets into the food cup.   White noise or a tone, 

each measuring approximately 76 dB, was delivered via a wall speaker.  Also mounted 

on that wall were a clicker (2 Hz) and a 6-W bulb that could be illuminated to provide 

a light stimulus during the otherwise dark session.   

 Procedures were identical to those described previously (Takahashi et al., 

2009a).  Briefly, rats were shaped to retrieve food pellets, then they underwent 10 

conditioning sessions.  In each session, the rats received eight 30-sec presentations of 

three different auditory cues (A1, A2, and A3) and a visual cue (V1).  Cues were 

presented in a blocked design in which the order was counterbalanced; V1 consisted of 

a cue light, and A1, A2 and A3 consisted of a tone, clicker, or white noise 

(counterbalanced).  Two differently flavored sucrose pellets (banana and grape, 

designated O1 and O2, counterbalanced) were used as rewards.  V1 and A1 terminated 

with delivery of three pellets of O1, and A2 terminated with delivery three pellets of 

O2.  A3 was paired with no food.   After completion of the 10 days of conditioning, 

rats received four consecutive days of compound conditioning in which A1 and V1 

were presented together as a 30-sec compound cue terminating with three pellets of 

O1, and V1, A2, and A3 continued to be presented as before.  Cues were again 

presented in a blocked design, with order counterbalanced.  For each cue, there were 

12 trials on the first three days of compound conditioning and six trials on the last day 

of compound conditioning.  One day after the last compound conditioning session, rats 
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received a probe test session consisting of eight non-reinforced presentations of the 

three auditory cues, with the order mixed and counterbalanced. 

 The primary measure of conditioning to cues was the percentage of time that 

each rat spent with its head in the food cup during the 30-sec CS presentation, as 

indicated by disruption of the photocell beam.  We also measured the percentage of 

time that each rat showed rearing behavior during the 30-sec CS period.  To correct for 

time spent rearing, the percentage of responding during the 30-sec CS was calculated 

as follows: % of responding = 100 * ((% of time in food cup) / (100 – (% of time of 

rearing)).  Normalized percentage of responding during presentation of cues A1/V1 

and A2 in each compound training session = 100 * ((% of responding to cue in 

compound training session) / (% of responding to corresponding auditory cue in the 

last day of conditioning session)).   

 

   3.2.4  Data analysis and statistics 

 Data were recorded by Coulbourn GS2 software and processed in Matlab. 

These data were analyzed by ANOVAs using STATISTICA software with Tukey 

HSD post-hoc testing when appropriate (p < 0.05).  
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    3.3  Results 

 Rats were trained to self-administer cocaine, or sucrose under a fixed-ratio 1 

(FR1) 40-sec timeout schedule of reinforcement for three hours per day for fourteen 

daily sessions. Lever presses on the active lever led to reward delivery while presses 

on the inactive lever were not reinforced.  Rats all groups responded at high rates on 

the active lever compared to the inactive lever across sessions (Fig. 3.1).  ANOVA’s 

revealed significant main effects of session on lever pressing (cocaine: F 13, 390 = 9.65, 

p ˂ 0.01; sucrose: F 13, 260 = 3.92, p < 0.01) and lever (cocaine: F 1, 30 = 454.35, p ˂  

0.01; sucrose: F 1, 20 = 23.89, p < 0.01) and reward delivery (cocaine: F 13, 195 = 56.03, 

p ˂ 0.01; sucrose: F 13, 130 = 1.93, p < 0.05).  

 After self-administration training and  three weeks of withdrawal, these rats 

underwent training in the Pavlovian over-expectation task.  This task assesses 

extinction in response to increases in reward expectations versus omission of reward.  

Training began with 10 days of conditioning, in which cues were paired with flavored 

sucrose pellets (banana and grape, designated as O1 and O2, counterbalanced).  

Responding at the food cup was used as a measure of conditioning. Three unique 

auditory cues (tone, white noise and clicker, designated A1, A2, and A3, 

counterbalanced) were the primary cues of interest.  A1 served as the “over-expected 

cue” and was associated with three pellets of O1. A2 served as a control cue and was 

associated with three pellets of O2.  We have shown elsewhere that these flavored 

pellets are equally preferred but discriminable (Burke et al., 2008); different flavors 

were used to prevent generalization between the over-expected and control cues.   A3 

was associated with no reward and thus served as a CS-. 
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Figure 3.1 Sucrose and Cocaine Self-Administration.   

Number of reinforcements and responses on the active and inactive lever during sucrose (A), 
and cocaine (B) self-administration.  Error bars = SEM. 
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 Rats in both groups progressively increased responding to A1 and A2 versus 

A3 across sessions (Fig. 3.2 A).  A three-factor ANOVA (group x cue x session) 

revealed significant main effects of cue and session (cue: F 2, 50 = 58.93, p < 0.01; 

session: F 9, 225 = 4.18, p < 0.01), and a significant interaction between cue and session 

(F 18, 450 = 13.28, p < 0.01); however, there was no significant main effect nor any 

interactions involving group (F's < 0.73, p's > 0.48). Moreover, sucrose and cocaine 

rats learned to respond to A1 and A2 equally, as indicated by the lack of statistical 

effects of either cue or group in an analysis restricted to these two cues (F's < 0.64, p's 

> 0.19).  

 Rats were also trained during the initial 10-d period to associate a visual cue 

(cue light) with three pellets of O1.  V1 was to be paired with A1 in the compound 

phase to induce over-expectation; a non-auditory cue was used in order to discourage 

the formation of compound representations. Rats in both groups showed similar 

responding to V1 in all phases. ANOVA’s (group x session) during initial and 

compound training showed significant main effects of session during initial 

conditioning (F 9, 225 = 10.14, p < 0.01) and compound training (F 3, 75 = 8.59, p = 

0.01). There were neither significant main effects nor any interactions involving group 

(F's < 2.02, p's > 0.11).   

 After conditioning, the rats underwent four days of compound training. These 

sessions were the same as those described above for conditioning, except that A1 was 

presented in compound with V1. Rats in both groups maintained elevated responding 

to A1+V1 and A2, compared to A3 (Fig. 3.2 B, left).  A three-factor ANOVA (group x 

cue x session) revealed a significant main effect of cue (F 2, 50 = 110.57, p < 0.01).  
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While there were no effects involving group on the raw response rates (F's < 1.48, p's 

> 0.23), when responding during the four compound training sessions was compared to 

that during the last conditioning session, there was a significant increase in responding 

to A1/V1 cue in the sucrose (F 1, 10 = 9.58, p < 0.05), but not in cocaine group (F 1, 15 = 

3.02, p = 0.10).  Notably this increase was specific to the A1/V1 compound cue; 

neither group showed any change in responding to A2 (sucrose: F 1, 10 = 0.76, p = 0.40; 

cocaine: F 1, 15  = 4.45, p = 0.22). When response rates during compound training were 

normalized to the last day of training; there was a significant difference between 

A1/V1 and A2 in the sucrose (F 1, 10 = 5.16, p < 0.05), but not in cocaine group (F1, 15 = 

0.07, p = 0.79) (Fig. 3.2 B, right). 

 After compound training, the rats underwent a probe test, in which A1, A2 and 

A3 were presented without the sucrose pellet reinforcement.  Rats in both groups 

showed elevated responding to A1 and A2, compared to A3, and this responding 

extinguished across the session (Fig. 3.2 C).  Consistent with this impression, a 3-

factor ANOVA (group x cue x trial) revealed significant main effects of and 

interactions between cue and trial (cue: F 2, 50 = 42.62, p < 0.01; trial: F 7, 175 = 21.06, p 

< 0.01); cue x trial: (F 14, 350 = 1.74, p < 0.05), and post-hoc comparisons showed that 

responding to A1 and A2 during the probe session was significantly higher than 

responding to A3 in both groups (p’s < 0.05).  Notably responding to A1 and A2 also 

declined in both groups across the probe session, and there was neither main effect nor 

any interaction with group in this rate of decline (p’s < 0.05),  indicating that 

extinction of responding as a result of reward omission in the probe test was 

unaffected by prior self-administration of cocaine. 
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 However, in addition to these effects, which were similar between groups, rats 

in the sucrose group also showed less responding to A1 than to A2 in the probe test 

(Fig. 3.2 C, bar graphs; sucrose: F 1, 20 = 7.06, p < 0.05).  This extinction of responding 

as a result of the prior over-expectation in compound training was not evident in rats in 

the cocaine group, which responded at similarly high levels to these two cues (Fig. 3.2 

C, bar graphs; F 1, 30 = 0.03, p = 0.85). Importantly, this difference in responding 

between A1 and A2 in the sucrose group was evident on the first trial in the probe test, 

reflecting a significant and spontaneous decline in responding to A1 when it was 

presented without the V1. This was evident in a comparison of responding to A1 and 

A2 on this first trial versus responding on the final day of conditioning (Fig. 3.2 C, line 

plots).  This comparison revealed that responding to A1 declined significantly on the 

first trial of the probe test in the sucrose group (F 1, 10 = 6.04, p < 0.05), but not the 

cocaine group (F 1, 15 = 0.37, p = 0.55), while responding to A2 did not change 

significantly in any group (F’s < 1.67, p's > 0.21).  
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Figure 3.2 Effect of sucrose and cocaine self-administration on extinction in 
response to over-expectation versus reward omission.   

Top and bottom rows of plots indicate sucrose and cocaine groups, respectively.  (A) 
Percentage of responding to food cup during cue presentation across 10 days of conditioning. 
(B) Percentage of responding to food cup during cue presentation across 4 days of compound 
training.  Red and blue bars on the right indicate average normalized percentage responding to 
A1+V1 and A2, respectively. (C) Percentage of responding to food cup during cue 
presentation in the probe test. Line graph shows responding across the eight trials and the bar 
graph shows responding in these eight trials. Top and bottom rows show data from sucrose and 
cocaine groups, respectively. Red, blue, and white colors indicate responding to A1 or A1+V1, 
A2, and A3 cues, respectively (*p < 0.05; **p < 0.01). Error bars = SEM. 
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   3.4  Summary on the effects of cocaine self- 

 administration on estimates of  reward value 

  Here, we used a Pavlovian over-expectation task to explore the effect of 

cocaine on learning that is crucially dependent on information about expected 

outcomes.  

 Rats were trained to self-administer cocaine or sucrose under a fixed-ratio 1 

(FR1) 40-sec timeout reinforcement schedule for 3 hours per day for 14 daily sessions. 

After cocaine or sucrose self-administration training and a three-week withdrawal 

period, rats were trained in a Pavlovian over-expectation task. This task allows one to 

independently assess extinction driven by increases in reward expectations versus that 

induced by typical reward omission. In the first stage of an over-expectation 

experiment, several cues are separately trained as signals for reward. In the second 

stage, two of these cues are presented in compound followed by the same reward. 

Subsequent test trials with the cues by themselves typically reveal a reduction in 

conditioned responding to the compounded cues (i.e. extinction). This effect is thought 

to reflect extinction induced by violation of summed expectations for reward during 

compound training.  

 Interestingly, we found that cocaine-experienced rats failed to show either 

summation or extinction in response to over-expectation but exhibited normal 

extinction in response to reward omission.  We suggest that drug use may promote this 

maladaptive behavior by impairing the integration of existing simple associative 

representations, which is necessary in the compound phase in order to create the new 
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outcome prediction that is the basis of both summation and extinction in over-

expectation. The specificity of these effects may have implications for understanding 

how particular brain circuits are modified by exposure to addictive drugs. 

 

    3.5  Discussion 

 In this experiment, we found that self-administration of cocaine resulted in 

deficits in extinction learning not observed in controls trained to self-administer a 

natural reinforcer, sucrose.   

 This deficit was mechanistically specific in that it was selective to behavior and 

learning that required the integration of prior reward expectancies.  Thus cocaine-

experienced rats showed normal acquisition of conditioned responding during training, 

normal maintenance of conditioned responding during compound training, and normal 

extinction in the probe test; however they failed to exhibit evidence of summation in 

response to the compound cue, and they failed to show evidence of extinction as a 

result of over-expectation at the start of the probe test.  These two deficiencies suggest 

a selective inability to integrate prior knowledge to generate a novel prediction in 

response to compound cue delivery.  This capacity has been closely linked to 

orbitofrontal function and its modulation of downstream learning mechanisms, both in 

this specific setting (Takahashi et al., 2009a) and more generally (Schoenbaum and 

Esber, 2010). Thus our results confirm a variety of studies that implicate drug-induced 

orbitofrontal dysfunction in addiction (Maas et al., 1998, Childress et al., 1999, Rogers 

et al., 1999, Goldstein et al., 2001, Franklin et al., 2002a, Jentsch et al., 2002b, 
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Schoenbaum and Setlow, 2005a, Calu et al., 2007a, Harvey et al., 2009, Mendez et al., 

2010, Goldstein and Volkow, 2011).  Further, they illustrate that this dysfunction can 

be expected to disrupt not only adaptive or flexible behavior, as typically assumed, but 

also learning.  Specifically these results indicate that learning will be disrupted or 

facilitated to the extent that inferred predictions are involved in the underlying error 

signaling.  In the current example, learning is impaired because inference is necessary 

for recognition that there is less reward than predicted on compound trials.  These 

results have important implications for understanding the particular brain circuits that 

are modified by exposure to addictive drug.  By understanding these circuits, it may be 

more feasible to design therapeutic approaches that effectively target or cater to the 

learning requirements of the remaining, more functional circuits.  
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4 The role of cocaine self-administration in modulating 

the signaling of reward value 

4.1 Introduction 

 In the previous chapter, we have seen that self-administration of cocaine 

resulted in deficits in extinction learning in the Pavlovian over-expectation task when 

that learning was dependent on the integration of prior reward expectancies, not 

observed in controls trained to self-administer a natural reinforcer, sucrose.  Learning 

in this task is dependent on OFC, due to real-time integration of the cue-evoked 

expectations for reward in OFC during the critical learning phase (Takahashi et al, 

Neuron, 2009, Takahashi YK, Lucantonio F, Haney RZ, Chang CY and Schoenbaum 

G, Society for Neuroscience, 2011). Here, we explored whether cocaine exposure 

alters this signal in OFC neurons. We recorded single-unit activity in OFC neurons in 

all phases of the over-expectation task in rats with prior experience self-administering 

either sucrose or cocaine. 
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4.2 Materials and methods 

4.2.1 Animals 

 20 male Long-Evans rats (Charles River Labs) weighing 250-275 g upon 

arrival were housed individually on a 12 hour light/dark schedule (lights on at 7:00 

A.M.).  All rats were given ad libitum access to food except during testing periods.  

During behavioral testing (self-administration and over-expectation training), rats were 

food deprived to 85% of their baseline weight, by giving 10 g of pellets each day until 

the desired weight was reached and then maintained at 85% with 20 g of pellets per 

day.  Water was freely available throughout the experiments.  All testing was 

conducted at the University of Maryland School of Medicine and the National Institute 

on Drug Abuse Intramural Research Program in accordance with University and NIH 

guidelines. 

4.2.2 Surgery 

 Rats underwent two separate surgical procedures: chronic i.v. jugular 

catheterization and unilateral OFC electrode implantation. For catheterization, rats 

were anaesthetized with ketamine (100 mg/ kg, i.p., Sigma) and xylazine (10 mg/kg, 

i.p., Sigma) and implanted with chronic i.v. jugular catheters first.  A silastic catheter 

was inserted into the right jugular vein and passed subcutaneously to the back, where it 

was attached to a modified 22-gauge cannula (Plastics One) and fixed to the rat’s back 

with sutures.  Carprofen (0.1 mg/kg, s.c., Pfizer) was given after surgery as an 
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analgesic.  Rats recovered for 7-10 days before starting behavioral testing.  During the 

recovery and self-administration training, catheters were flushed every day with sterile 

0.9% saline + the antibiotic Gentamicin (0.08 mg/mL, BioSource International).  

 For electrode implantation, rats were positioned in a stereotax under isoflurane 

anesthesia.  Using aseptic techniques, drivable bundles of 10 25-um diameter FeNiCr 

recording electrodes (Stablohm 675, California Fine Wire) were implanted unilaterally 

in OFC (3.0 mm anterior and 3.2 mm lateral to bregma, 4.2 mm ventral to the brain 

surface). 

 

4.2.3 Histology 

 At the end of the study, rats were deeply anesthetized and then the final 

electrode position was marked by the passage of a current through each microwire to 

create a small iron deposit.  The rats were then perfused with 4% PFA and potassium 

ferrocyanide solution to visualize the iron deposit.  The brains were removed from the 

skulls and processed for histology using standard techniques. 
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4.2.4 Procedures 

4.2.4.1  Self-administration 

 Following recovery from catheterization, the rats were allowed to self-

administer cocaine-HCl (0.75 mg/kg/infusion in 120 µl; n= 8), or sucrose (10% w/v in 

0.04 ml; n = 12) for 14 consecutive days for 3 hours per day. Cocaine hydrochloride 

(NIDA, Bethesda, MD) was dissolved in sterile 0.9% saline. Procedures were similar 

to those used in prior experiments (Caprioli et al., 2009). 

 Rats were trained in standard behavioral chambers purchased from Coulbourn 

Instruments, each enclosed in a sound-resistant shell.  Each chamber was equipped 

with two 4 cm levers.  The two levers were on opposite walls and 8 cm from the grid 

floor.  For drug self-administration, silastic tubing shielded with a metal spring 

extended from each animal’s intravenous catheter to a liquid swivel (Instech 

Laboratories, Plymouth Meeting) mounted on an arm fixed outside of the operant 

chamber.  Tygon tubing extended from the swivel to an infusion pump (Med 

Associates Inc) located adjacent to the external chamber.  For sucrose training, a 

dipper was recessed in the center of one end wall. Entries were monitored by 

photobeam. 

 Rats were trained to self-administer cocaine-HCl under a fixed ratio 1 (FR1) 

schedule of reinforcement, such that every press on the active lever delivered a 4sec 

infusion of cocaine.  “Priming” injections were never given.  Daily SA sessions lasted 

3 h, with 15-min timeout periods after each hour.  Each session began with the 
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insertion of the active lever.  Each infusion was accompanied by the retraction of the 

active lever and followed by a 40-sec timeout period.  Pressing on the inactive lever 

had no programmed consequences.  At the end of each session the active lever was 

retracted. The number of cocaine infusions was limited to 20/h to prevent overdose.  

After 20 infusions, the active lever was retracted for the remainder of the hour.   For 

sucrose SA, procedures were the same as those for cocaine SA, except that rats were 

shaped to retrieve sucrose, and active lever presses resulted in the insertion into the 

chamber recess of a dipper containing a 0.05 ml of a 10% sucrose solution for 4 sec. 

 

4.2.4.2  Over-expectation 

 Three weeks after the end of self-administration training, rats began Pavlovian 

over-expectation training.  Training was conducted in aluminum chambers 

approximately 18 inches on each side with sloping walls narrowing to an area of 12 X 

12 inches at the bottom.  A food cup was recessed in the center of one end wall.  

Entries were monitored by photobeam.  Two food dispensers containing 45 mg sucrose 

pellets (banana- or grape-flavored; Bio-serv) delivered pellets to the food cup.  White 

noise or a tone, each measuring approximately 76 dB, was delivered via a wall 

speaker.  A clicker (2 Hz) and a 6W bulb were also mounted on that wall.  

 Rats were shaped to retrieve food pellets, and then underwent 12 conditioning 

sessions.  In each session, the rats received eight 30 s presentations of three different 

auditory stimuli (A1, A2 and A3) and one visual stimulus (V).  Each session consisted 
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of 8 blocks, and each block consisted of 4 presentation of a cue.  The order of cue-

blocks was counterbalanced and randomized.  For all conditioning, V consisted of a 

cue light, and A1, A2 and A3 consisted of a tone, clicker or white noise, respectively 

(counterbalanced).  Two differently flavored sucrose pellets (banana and grape, 

designated as O1 and O2, counterbalanced) were used as rewards.  A1 and V 

terminated with delivery of three pellets of O1, and A2 terminated with delivery of 

three pellets of O2.  A3 was paired with no food.   

 After completion of the 12 days of conditioning, rats received a single session 

of compound probe (CP).  During the 1st half of the session, the simple conditioning 

continued, with 6 trials each of 4 cues, in a blocked design, with order 

counterbalanced. During the 2nd half of the session, compound training began with 6 

trials of concurrent A1+V presentation, followed by delivery of the same reward as 

during initial conditioning.  A2, A3 and V continued to be presented as in simple 

conditioning, with 6 trials each stimulus.  These cues were also presented in a blocked 

design with order counterbalanced. After the compound probe, rats received 3 days of 

compound training sessions (CP2 – CP4) with 12 presentations of A1+V, A2, A3 and 

V.   

 One day after the last compound training, rats received a single extinction 

probe session (PB).  During the 1st half of the session, the compound training 

continued with 6 presentations of A1+V, A2, A3 and V. During 2nd half of the session, 

rats received eight non-reinforced presentations of A1, A2 and A3, with the order 

mixed and counterbalanced. In some rats, the electrode was then moved to a new 

location, and the rats repeated days 11 and 12 of conditioning and then underwent two 
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additional rounds of over-expectation training in order to acquire additional data.  Data 

from the initial and subsequent rounds of conditioning, compound and extinction 

training were not statistically different and thus are discussed together in the text. 

 The primary measure of conditioning to cues was the percentage of time that 

each rat spent with its head in the food cue during the last 20-sec conditioned stimulus 

(CS) presentation, as indicated by disruption of the photobeam.  We also measured the 

percentage of time that each rat showed rearing behavior during the last 20-sec CS 

period.  To correct for time spent rearing, the percentage of responding during the last 

20-sec CS was calculate as follows: % of responding = 100*([% of time in food 

cup])/[100 – (% of time of rearing)]). 

 

4.2.4.3  Single unit recording 

 Neural activity was recorded using two identical Plexon Multichannel 

Acquisition Processor Systems (Dallas, TX), interfaced with training chambers 

described above.  After amplification and filtering, waveforms (> 2.5:1 signal-to-

noise) were extracted from active channels and recorded to disk by an associated 

workstation with event timestamps.  Units were stored using Offline Sorter software 

from Plexon Inc (Dallas, TX), using a template matching algorithm.  Sorted files were 

processed in Neuroexplorer to extract unit timestamps and relevant event markers and 

analyzed in Matlab (Natick, MA). 
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 Prior to each session, wires were screened for activity. Active wires were 

selected for recording, and the session was begun.  If fewer than 4/8 wires were active, 

then the electrode assembly was advanced 40 or 80 um at the end of the session.  

Otherwise the electrode was kept in the same position between sessions within a single 

round of over-expectation training.  After the extinction probe test, ending a round of 

training, the electrode assembly was advanced 80 um regardless of the number of 

active wires in order to acquire activity from a new group of neurons in any 

subsequent training.   

 

4.2.4.4  Data analysis and statistics 

 Firing activity in the last 20 s of each CS was compared to activity in the last 

20 s of the pre-CS period by t-test (p < 0.05). Neurons with significantly higher 

activity during at least one of the 4 cues were defined as “cue-responsive” as described 

in the main text.  Normalized firing rate was calculated by dividing the average firing 

rate during the last 20 sec of CS by the average firing rate in the last 20 sec of pre-CS 

period.    

 

4.3  Results 

 Rats were trained to self-administer cocaine or sucrose under a fixed ratio 1 

(FR1) 40-sec timeout schedule of reinforcement for three hours per day for fourteen 
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days. Lever presses on the active lever led to reward delivery while lever presses on 

the inactive lever were not reinforced.  Rats in both groups demonstrated changes in 

rate of reinforcement and active versus inactive lever presses during self-

administration training consistent with learning.  ANOVA’s (session x lever) showed 

significant main effects of session (cocaine: F 13, 182 = 4.99, p ˂ 0.01; sucrose: F 13, 286 = 

21.18, p < 0.01) and lever (cocaine: F 1, 14 = 177.03, p ˂ 0.01; sucrose: F 1, 22 = 135.73, 

p < 0.01) as well as significant lever by session interactions (cocaine: F 13, 182 = 12.83, 

p ˂ 0.01; sucrose: F  13, 286 = 24.34, p < 0.01).  Separate ANOVA’s also showed 

significant effects of session on the number of reinforcements in cocaine (F 13, 91 = 

37.8, p ˂ 0.01) and sucrose groups (F 13, 143 = 1.91, p = 0.033).  

 Three weeks after the end of self-administration training, we began recording 

single-unit activity from OFC in these rats during Pavlovian over-expectation (Fig. 4.1 

A).  This task was identical to that used in the prior study except that the transition 

points between simple conditioning and compound training and between compound 

training and the extinction testing were compressed into two “probe” sessions.  This 

was done to allow us to examine firing in single-units across these transition points, 

without any question as to whether we were recording from the same neurons.   
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Figure 4.1 Task design and recording sites. 

A. Shown is the task design and experimental timeline. A1, A2 and A3 are auditory cues (tone, 
white noise and clicker, counterbalanced).  V is a visual cue (a cue light).  Two differently 
flavored sucrose pellets were used as reward (banana- or grape-flavored sucrose pellets, 
represented by solid or empty circles, counterbalanced). Training began with 12 conditioning 
sessions (CD1 – CD12) in which each cue was presented 8 times. A1 and V cues were paired 
with the same reward (3 pellets), and A2 were paired with the other reward (3 pellets).  A3 
was paired with no reward.  After completion of the last conditioning session, rats underwent a 
single compound probe session (CP1) followed by 3 compound training sessions (CP2 – CP4).  
During the 1st half of the compound probe session (CP 1/2), rats continued to receive simple 
conditioning.  During the 2nd half (CP 2/2), rats began compound training in which A1 and V 
were presented together as a compound (A1+V), followed by delivery of the same reward (3 
pellets).  A2, A3 and V continued to be presented as in simple conditioning. During the 
compound training sessions (CP2 – CP4), rats received presentations of A1+V, A2, A3 and V. 
After the completion of last compound training session, rats underwent a single extinction 
probe session (PB).  The first half of the session (PB 1/2) consisted of further compound 
training.  During the 2nd half of the session (PB 2/2), rats received eight non-reinforced 
presentations of A1, A2 and A3 with the order mixed and counterbalanced.  B. Location of 
recording sites in OFC.  Boxes indicate approximate location of recording sites in each rat, 
taking into account any vertical distance traveled during training and the approximate lateral 
spread of the electrode bundle. 

 

 

All other data come from sessions separated by at least a day; we will not make any 

claims about whether we are recording the same neurons across days. 
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 Training began with simple conditioning, during which cues were paired with 

flavored sucrose pellets (banana and grape, designated as O1 and O2, 

counterbalanced).  We have shown elsewhere that these flavored pellets are equally 

preferred but discriminable (Burke et al., 2009).  Three unique auditory cues (tone, 

white noise and clicker, designated A1, A2, and A3, counterbalanced) were the 

primary cues of interest.  A1 served as the “over-expected cue” and was associated 

with three pellets of O1. A2 served as a control cue and was associated with three 

pellets of O2.  A3 was associated with no reward and thus served as a CS-.  Rats were 

also trained to associate a visual cue (cue light, V) with three pellets of O1.  V was to 

be paired with A1 in the compound phase to induce over-expectation; therefore a non-

auditory cue was used in order to discourage the formation of compound 

representations.  

 Rats of both groups developed conditioned responding and phasic neural 

responses to the cues predictive of reward across sessions (Fig. 4.2).    A 3-factor 

ANOVA (session X cue X group) comparing conditioned responding during cue 

presentation demonstrated significant main effects of both cue and session (cue: F 3, 64 

= 11.42, p < 0.01; session: F 11, 704 = 25.99, p < 0.01), as well as a significant 

interaction between them (F 33, 704 = 5.27, p < 0.01).  However, there was neither a 

significant main effect nor any interactions with group (F's < 0.32, p's > 0.80).  Post-

hoc testing also showed that there were no differences in responding to A1 and A2 at 

any point in training in either group. 

This increase in conditioned responding to the cues paired with reward was paralleled 

by an increase in the proportion of single units responding to the cues in both groups 



 

65 
 

(Fig. 4.2).  In the sucrose group, cue-evoked activity was present in 20% of OFC 

neurons recorded in the first two sessions of conditioning. This included 8% that 

increased firing to at least one of 4 cues and 12.5% that suppressed firing.  The 

proportion of neurons that showed a phasic increase in firing grew steadily across 

conditioning, reaching 50% by the last two conditioning sessions. In cocaine group, 

the scenario was similar: cue-evoked activity was present in 35% of OFC neurons 

recorded in the first two sessions of conditioning, including 10% of neurons that 

increased firing to at least one of 4 cues and 25% of neurons that suppressed firing, 

and the proportion of neurons that showed a phasic increase in firing grew across 

conditioning, reaching 45% by the last two conditioning sessions, a proportion similar 

to that seen in sucrose group.  A 2-factor ANOVA (session X group) comparing the 

number of cue-selective neurons across conditioning days demonstrated significant 

main effect of session (F 11, 198 = 10.06, p < 0.01), but neither significant main effect 

nor any interaction of group (F's < 3.63, p's > 0. 08).  Interestingly, the proportion of 

neurons that suppressed firing did not change substantially as the rats learned across 

training sessions in either group.  Thus, all subsequent analyses of associative 

encoding were conducted on the population of neurons that showed excitatory phasic 

responses to the cues.  
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Figure 4.2 Conditioned responding and cue-evoked activity increased during 
simple conditioning.   

 

A. Plot illustrating increase in conditioned responding and proportions of neurons that were 
cue-responsive across sessions in sucrose group. B. Plot illustrating increase in conditioned 
responding and proportions of neurons that were cue-responsive across sessions in cocaine 
group.  

Lines indicate percentage of responding to each of the 4 cues during conditioning.  Red 
diamond: A1, Blue square: A2, green circle: A3, yellow triangle: V.  Bars indicate percentage 
of cue-responsive neurons within each pair of sessions. The proportion of neurons that 
increased firing (white) grew significantly across conditioning (chi-square test), whereas 
proportion of neurons that decreased firing (black) did not change.  **p < 0.01, *p < 0.05.   

 

 

 

 After conditioning, rats were trained in a compound probe session (CP in Fig. 

4.1 A). This single session consisted of additional conditioning (CP 1st half) followed 

by compound training (CP 2nd half), in which A1 and V were presented concurrently 
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(A1+V) followed by the same reward as initial conditioning.  A2, A3 and V were 

presented throughout. As expected, rats in sucrose group showed a significant increase 

in responding to A1+V (Fig. 4.3 A, inset, ANOVA, F 1,22 = 4.29, p < 0.05).  Consistent 

with the hypothesis that cocaine exposure impairs the ability to integrate the predictive 

history of the individual cues to generate a novel prediction about reward, this effect 

was not evident in cocaine animals (Fig. 4.4 A, inset, ANOVA, F 1,14 = 1.31, p = 0.27). 

Notably, the increased responding to A1+V in sucrose group was specific to the 

compound cue; neither group showed any change in responding to A2 control cue 

between two phases (Fig. 4.3 A and 4.4 A, inset; p values > 0.36).  

 We recorded 58 neurons in the sucrose group and 131 neurons in the cocaine 

group during the compound probe session.  These populations included 33 in the 

sucrose group (57% of total number of neurons) and 71 in the cocaine group (55% of 

total number of neurons) that exhibited an excitatory phasic response to at least one of 

the cues during the conditioning phase.  Consistent with the proposal that OFC is 

critical to the integration of expectancies that underlies increased responding to the 

compound cue, summation at the start of compound training in sucrose group was 

accompanied by a sudden increase in the phasic neural response to the compound cue 

in these neurons.  This was evident in the population response, which was similar for 

A1 and A2 during the conditioning phase, but increased selectively to A1+V at the 

start of compound training (Figs. 4.3 B-D).  A 2-factor ANOVA (cue X phase) 

revealed significant main effects of cue (F 1,64 = 12.52, p < 0.01) and phase (F 1,64 = 

19.66, p < 0.01), and a significant interaction between cue and phase (F 1,64 = 27.14, p 

< 0.01) (Fig. 4.3 D), and direct comparisons showed that firing to A1+V in compound 
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phase was significantly greater than that to A1 in conditioning phase (F 1,32 = 56.4, p < 

0.01), whereas firing to A2 cue did not change (F 1,32 = 0.25, p = 0.61) (Fig. 4.3 D).   

 This normal effect of compounding the cues on neural firing in OFC was 

completely absent in cocaine-experienced rats (Figs. 4.4 B-D); the population response 

to A1 did not change when it was compounded.  A 2-factor ANOVA (cue X phase) 

revealed neither main effects nor any significant interaction on firing in OFC (Fig. 4.4 

D, p values > 0.62). 

 The contrasting effect of compounding the two cues between sucrose and 

cocaine groups was also evident in the index scores, capturing the change in firing in 

each cue-responsive neuron to each cue between conditioning and compound training 

in the probe session (Figs. 4.3 E-F and 4.4 E-F).   In sucrose group, the distribution of 

these index scores shifted significantly above zero for A1 (Fig. 4.3 E; Wilcoxon 

signed-rank test, p < 0.01), but not for A2 (Fig. 4.3 F; p = 0.22).  By contrast, in 

cocaine group the distribution of the summation index scores did not shift  or either 

cue (A1: Fig. 4.4 E, Wilcoxon signed-rank test, p = 0.83; A2: Fig. 4.4 F, p = 0.37).  

Notably, the increase in firing to the A1 when it was part of the compound cue in 

sucrose group was directly correlated with the increase in conditioned responding 

shown by the rat in that session (Fig. 4.3 G), confirming that neural summation in OFC 

predicted behavioral summation in sucrose animals.  By contrast, no correlation was 

found between the A1 summation index and the conditioned responding in cocaine 

animals (Fig. 4.4 G). 
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 Importantly the spontaneous increase in firing to the A1+V compound, 

observed in sucrose-trained rats, was not simply a reflection of the increased sensory 

input associated with the sudden combination of the two cues, but rather seemed to 

reflect the elevated expectations of reward.  This was evident in a comparison of the 

activity to A1 and A2 in OFC neurons recorded in the compound probe test versus that 

in neurons recorded in the same locations in later compound sessions (CP2 – CP4; see 

Fig. 4.3 G for n’s).  The ratio of activity to A1 versus A2 during conditioning (CP 1st 

half) was approximately 1, indicating that OFC neurons fired equally to these cues.  

This ratio increased significantly in the compound phase of the probe (CP 2nd half) 

when A1 and V were presented together (Fig. 4.3 G, ANOVA, p < 0.01). However 

rather than being maintained in subsequent compound sessions, as would be expected 

if it were a sensory phenomenon, the ratio gradually decreased (Fig. 4.3 G, ANOVA, p 

< 0.01), returning to near unity by the last compound session. In cocaine group, the 

ratio of activity to A1 versus A2 did not change significantly from the end of 

conditioning or across compound sessions (Fig. 4.4 G, p values > 0.28).  
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Figure 4.3 Conditioned responding and cue-evoked activity summated at the start 
of compound training in sucrose group.  

 

 A.  Conditioned responding as a percentage of time in the food cup during each of the 4 cues 
during the compound probe (CP) and 3 days of compound training (CP2 – CP4).  Red 
diamonds indicate A1 in CP 1/2 phase, and A1+V in CP 2/2 and CP2 – CP4 phases.  Blue 
squares, green circles and yellow triangles indicate A2, A3 and V. Red and blue bars in the 
inset indicate the change in responding to A1 (red) and A2 (blue) from the first half to the 
second half of CP. * p < 0.05. Error bars = S.E.M. B and C. Population responses of 33 cue-
responsive neurons to A1 (B) and A2 (C) during 28 compound probe sessions. Shown are 
normalized firing rates of all cue-responsive neurons.  Dark and light red indicate population 
response to A1 in the 1st half of the session and population response to A1+V in the 2nd half, 
respectively.  Dark and light blue indicate population responses to A2 in the 1st half and 2nd 
half of the session, respectively. Gray shadings indicate S.E.M.  Gray bars indicate a period of 
cue presentation. D. Average normalized firing to A1 (red) and A2 (blue) in the first and 
second half of the compound probe session.  Average normalized activity was calculated by 
dividing average firing during the last 20 sec by average firing during the last 20 sec of pre CS 
period E and F. Distribution of summation index scores for firing to A1 (E) and A2 (F) in the 
compound probe. The summation index was computed as the average normalized firing of 
each neuron in the 2nd half minus that in the 1st half of the session.  Black bars represent 
neurons in which the difference in firing was statistically significant (t-test, p < 0.05).  The 
numbers in each panel indicate results of a Wilcoxon signed-rank test (p) on the distribution 
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and the average summation index (u). G. Correlation between neural summation index scores 
and behavioral summation index scores during the compound probe session. The behavioral 
summation index was computed in each session by subtracting % responding to A1 during 1st 
half of the session from that to A1+V during the 2nd half.  H. Line plot indicates the ratio 
between normalized firing to A1+V and A2 during each compound training session (CP – 
CP4).  N’s indicate number of cue-responsive neurons in each session. A1/A2 ration increased 
significantly in the compound phase of the probe, and then gradually decrease (ANOVA, **p 
< 0.01, *p < 0.05). Error bars = S.E.M.   
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Figure 4.4 Conditioned responding and cue-evoked activity did not summate at 
the start of compound training in cocaine group.   

 

A.  Conditioned responding as a percentage of time in the food cup during each of the 4 cues 
during the compound probe (CP) and 3 days of compound training (CP2 – CP4).  Red 
diamonds indicate A1 in CP 1/2 phase, and A1/V in CP 2/2 and CP2 – CP4 phases.  Blue 
squares, green circles and yellow triangles indicate A2, A3 and V. Red and blue bars in the 
inset indicate the change in responding to A1 (red) and A2 (blue) from the first half to the 
second half of CP. * p < 0.05. Error bars = S.E.M. B and C. Population responses of 71 cue-
responsive neurons to A1 (B) and A2 (C) during 28 compound probe sessions. Shown are 
normalized firing rates of all cue-responsive neurons.  Dark and light red indicate population 
response to A1 in the 1st half of the session and population response to A1/V in the 2nd half, 
respectively.  Dark and light blue indicate population responses to A2 in the 1st half and 2nd 
half of the session, respectively. Gray shadings indicate S.E.M.  Gray bars indicate a period of 
cue presentation. D. Average normalized firing to A1 (red) and A2 (blue) in the first and 
second half of the compound probe session.  Average normalized activity was calculated by 
dividing average firing during the last 20 sec by average firing during the last 20 sec of pre CS 
period. E and F. Distribution of summation index scores for firing to A1 (E) and A2 (F) in the 
compound probe. The summation index was computed as the average normalized firing of 
each neuron in the 2nd half minus that in the 1st half of the session.  Black bars represent 
neurons in which the difference in firing was statistically significant (t-test, p < 0.05).  The 
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numbers in each panel indicate results of a Wilcoxon signed-rank test (p) on the distribution 
and the average summation index (u). G. Correlation between neural summation index scores 
and behavioral summation index scores during the compound probe session. The behavioral 
summation index was computed in each session by subtracting % responding to A1 during 1st 
half of the session from that to A1/V during the 2nd half.   H. Line plot indicates the ratio 
between normalized firing to A1/V and A2 during each compound training session (CP – 
CP4).  N’s indicate number of cue-responsive neurons in each session. A1/A2 ration did not 
increase significantly in the compound phase of the probe, or in the subsequently sessions. 
Error bars = S.E.M.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

74 
 

 After compound training, the rats were tested in an extinction probe session 

(PB in Fig. 4.1 A).  This single session consisted of additional compound training (PB 

1/2) followed by extinction training (PB 2/2), in which A1 and the other auditory cues 

were presented alone and unreinforced. During the compound training, both groups 

continued to exhibit elevated responding to the cues predictive of reward (Fig. 4.5 A 

and 4.6 A); responding to A1+V and A2 did not differ statistically in either group (p 

values > 0.27).   However, in the sucrose group, when A1 was separated from V at the 

start of extinction, rats showed a sudden and selective decline in responding, which 

persisted throughout extinction (Fig. 4.5 A).  A 2-factor ANOVA (cue X trial) 

comparing conditioned responding to the cues during extinction revealed significant 

main effects of cue (F 2,33 = 36.10, p < 0.01) and trial (F 7,231 = 14.23, p < 0.01), and a 

significant interaction (F 14, 231 = 2.52, p < 0.01).  Post-hoc comparisons revealed 

significantly less responding to A1 than A2 (p < 0.01). Importantly, the reduction in 

responding to A1 is evident from the first trial of the test, as demonstrated by 

comparing the conditioned responding to A1+V during the compound training and the 

conditioned responding to A1 during the first trial of the test (t-test; t(11) = -2.54, p < 

0.05).   

 By contrast, in the cocaine group, rats continued to respond at similarly high 

levels to both A1 and A2 at the start of the probe test (Fig. 4.6 A), and the conditioned 

responding to A1V during the compound training did not change when A1 was 

separated from V at the start of extinction (t-test; t(7) = -1.69, p = 0.13).  On the other 

hand, these rats did extinction as a result of reward omission.  A 2-factor ANOVA (cue 

X trial) comparing conditioned responding to the cues during extinction revealed a 
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significant main effect of cue (F 2, 18 = 13.81, p < 0.01) and trial (F 7,126 = 22.41, p < 

0.01) and a significant interaction (F 14, 126 = 6.46, p < 0.01).   

 We recorded 96 neurons in the sucrose group and 128 neurons in the cocaine 

group during the compound probe session, including 50 in the sucrose group and 69 in 

the cocaine group exhibiting an excitatory phasic response to at least one of the cues. 

In both groups, firing in response to A1+V and A2 was similar during the compound 

phase, (PB 1/2, Figs. 4.5 B-D and 4.6 B-D). However, in the sucrose group, the firing 

spontaneously declined at the start of extinction training to A1 but not to A2 (PB 1T, 

Figs. 4.5 B-D).  A 2-factor ANOVA comparing average firing to A1 and A2 (cue X 

phase) revealed significant main effects of cue (F 1,98 = 8.86, p < 0.01) and phase (F 1,98 

= 104.54, p < 0.01) and a significant interaction between them (F 1,98 = 18.12, p < 

0.01) (Fig. 4.5 D).  Furthermore, a direct comparison revealed a significant reduction 

of firing on the 1st trial of the probe phase compared to firing in the compound phase 

for A1 (F 1,49 = 217.45, p < 0.01), but not for A2 (F 1,49 = 0.17, p = 0.68). In the 

cocaine group, a 2-factor ANOVA (cue X phase) revealed neither significant main 

effect of cue and phase nor any significant interaction between them (Fig. 4.6 D, p 

values > 0.71). 

 Similar effects were evident in the distribution of index scores comparing firing 

of each neuron to A1 and A2 at the end of compound training versus the 1st trial in 

extinction.  In the sucrose group, the distribution of these scores was shifted 

significantly below zero for A1 (Fig. 4.5 E; Wilcoxon signed-rank test, p < 0.01) but 

not for A2 (Fig. 4.5 F; p = 0.37).  Consistent with the hypothesis that this activity is 

important to behavior, the decline in firing in OFC to the A1 cue on the 1st trial of 
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extinction was directly correlated with reduced responding shown by the rat to A1 in 

that session (Fig. 4.5 G , left). Furthermore, reduced behavioral responding to A1 was 

also inversely correlated with neural summation measured earlier in the first 

compound training session (Fig. 4.5 G, right). Thus, the stronger the signalling of 

novel summed expectancies for reward during compound training in a given rat, the 

weaker responding to the A1 cue was at the start of extinction training. By contrast, in 

cocaine group, the distribution of the over-expectation index scores did not shift for 

either cue (A1: Fig. 4.6 E, Wilcoxon signed-rank test, p = 0.11; A2: Fig. 4.6 F, p = 

0.36), and no correlation was found with behaviour (Fig. 4.6 G).  
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Figure 4.5 Conditioned responding and cue-evoked activity spontaneously 
declined at the start of extinction training in sucrose group.   

 

A. Conditioned responding as a percentage of time in the food cup during each of the 4 cues 
during the extinction probe (PB).  Bar graph shows average responding during extinction trials 
only.  Red indicates A1+V in PB 1/2, and A1 in the line plot and bar graph.  Blue, green and 
yellow indicate A2, A3 and V, respectively. ** p < 0.01. Error bars = S.E.M.  B and C. 
Population responses of 50 cue-responsive neurons to A1 (B) and A2 (C) during 28 extinction 
probe sessions. Shown are normalized firing rates of all cue-responsive neurons.  Light and 
dark red indicate population response to A1+V in the 1st half of the session and population 
response to A1 in the 2nd half, respectively.  Light and dark blue indicate population responses 
to A2 in the 1st half and 2nd half of the session, respectively. Gray shadings indicate S.E.M. 
Gray bars indicate a period of cue presentation.  D. Average normalized firing rate to A1 (red) 
and A2 (blue) in the extinction probe session. Average normalized activity was calculated by 
dividing average firing during the last 20 sec by average firing during last 20 sec of pre CS 
period. E and F. Distribution of over-expectation index scores for firing to A1 (E) and A2 (F) 
in the extinction probe. The over-expectation index was computed as the average normalized 
firing of each neuron on the 1st trial in the 2nd half minus the 1st half of the session.  Black bars 
represent neurons in which the difference in firing was statistically significant.  The numbers 
in each panel indicate results of a Wilcoxon signed-rank test (p) on the distribution and the 
average over-expectation index (u).  G. Correlation between behavioral over-expectation  and 
neural over-expectation, and between behavioral over-expectation and neural summation. The 
neural summation index was computed as in Fig.3. The neural over-expectation index was 
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computed for each neuron by subtracting normalized firing to A1+V during 1st half of the 
extinction probe session from that to A1 on 1st trial in the 2nd half of the session. The 
behavioral over-expectation index was computed in each session by subtracting % responding 
to A1/V during 1st half of the extinction probe session from that to A1 on 1st trial in the 2nd half 
of the session. 
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Figure 4.6 Conditioned responding and cue-evoked activity did not spontaneously 
decline at the start of extinction training in cocaine group.  

 

A. Conditioned responding as a percentage of time in the food cup during each of the 4 cues 
during the extinction probe (PB).  Bar graph shows average responding during extinction trials 
only.  Red indicates A1+V in PB 1/2, and A1 in the line plot and bar graph.  Blue, green and 
yellow indicate A2, A3 and V, respectively. ** p < 0.01. Error bars = S.E.M.  B and C. 
Population responses of 47 cue-responsive neurons to A1 (B) and A2 (C) during 28 extinction 
probe sessions. Shown are normalized firing rates of all cue-responsive neurons.  Light and 
dark red indicate population response to A1+V in the 1st half of the session and population 
response to A1 in the 2nd half, respectively.  Light and dark blue indicate population responses 
to A2 in the 1st half and 2nd half of the session, respectively. Gray shadings indicate S.E.M. 
Gray bars indicate a period of cue presentation.  D. Average normalized firing rate to A1 (red) 
and A2 (blue) in the extinction probe session. Average normalized activity was calculated by 
dividing average firing during the last 20 sec by average firing during last 20 sec of pre CS 
period. E and F. Distribution of over-expectation index scores for firing to A1 (E) and A2 (F) 
in the extinction probe. The over-expectation index was computed as the average normalized 
firing of each neuron on the 1st trial in the 2nd half minus the 1st half of the session.  Black bars 
represent neurons in which the difference in firing was statistically significant.  The numbers 
in each panel indicate results of a Wilcoxon signed-rank test (p) on the distribution and the 
average over-expectation index (u). G. Correlation between behavioral over-expectation and 
neural over-expectation, and between behavioral over-expectation and neural summation. The 
neural summation index was computed as in Fig. 4.  The neural over-expectation index was 
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computed for each neuron by subtracting normalized firing to A1+V during 1st half of the 
extinction probe session from that to A1 on 1st trial in the 2nd half of the session. The 
behavioral over-expectation index was computed in each session by subtracting % responding 
to A1+V during 1st half of the extinction probe session from that to A1 on 1st trial in the 2nd 
half of the session. 
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    4.4 Summary on the effects of cocaine self-  

 administration in modulating signaling of reward value 

 Rats previously trained to self-administer cocaine failed to learn in response to 

changes in expected outcomes in a Pavlovian overexpectation task. In particular, they 

failed to show summation during compound training and also failed to show the 

spontaneous reduction in responding to the compounded cue in the later probe test. 

Interestingly, we also found that in cocaine-experienced animals OFC neurons 

increased firing to the reward-predictive cues across training but the firing in these 

neurons did not increase when the two cues were presented in compound, nor did it 

decline across compound training sessions. Moreover, no spontaneous decline was 

found in the activity of OFC neurons during the non-reinforced presentations of the 

cues in the probe test of cocaine-experienced rats.  Thus, neural activity in OFC rats 

did not reflect a real-time integration of the cue-evoked expectations for reward in 

cocaine-experienced rats.  This failure was related to the behavior of the rats, who 

failed to show summation or learning.  These results are consistent with the proposal 

that cocaine disrupts the normal ability of networks in OFC to signal estimates about 

future outcomes.  This disruption may result in maladaptive behavior and impaired 

learning in both drug-experienced rats, monkeys and humans. 
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4.5 General discussion 

 In these studies, we found that cocaine-experienced rats were unable to 

integrate reward expectations to drive learning and this deficit has been linked to a 

cocaine-induced orbitofrontal dysfunction. These results support a model of cocaine-

induced decision-making deficits in which cocaine exposure causes a critical loss of 

encoding of outcome expectancies in the OFC, necessary to guide behavior and 

facilitate learning. 

 This model is consistent with data from addicts  and animal models of 

addiction showing alterations in OFC and in OFC-dependent tasks (Lucantonio et al., 

2012). Indeed, the OFC seems to be a good candidate for enduring drug-induced 

alterations, and a strong parallelism exists between the effects of OFC lesions or 

inactivations on OFC-dependent tasks and the effects of drugs of abuse on those 

behaviours (see Chapter 2 for details).  

 Interestingly,   the effect of cocaine treatment on over-expectation did not 

reflect a general learning impairment, as acquisition of conditioned responding was 

normal. Thus sucrose- and cocaine-treated rats both acquired a conditioned response to 

the food cup at the same rate and of the same intensity. Moreover, the same rats which 

were unable to extinguish responding driven by over-expectation were able to 

extinguish responding when the actual reward was omitted. This finding shows that 

cocaine-experienced animals did not suffer from a general inability to inhibit 

responding.  It is important to remark that extinction learning in response to reward 

omission contrasts with extinction driven by overexpectation in that the former does 
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not require the integration of reward expectancies that is necessary for the latter. This 

subtle deficit in one but not another form of extinction learning provides potential 

insight into the puzzling inability of addicted humans to effectively extinguish drug-

taking in complex, real-world environments, which are far more likely to involve the 

integration—and estimation—of predictions from a variety of sources. Hence, these 

findings may have important implications for understanding the neural circuitry 

critical to the loss of behavioral control that characterizes addiction and for developing 

potential therapies. 
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5 Future directions 

 The methodology and the experimental results presented here have merely 

brought to the surface the potential of studying the role of outcome signalling and 

integration of outcome expectancies in addiction.  

 Interesting scopes for further research can be described as 1) using the 

modelling framework presented here but considering a different class of drugs of 

abuse, such as the opiates 2) developing in vitro neurophysiological approaches to 

identify specific mechanisms underlying information processing abnormalities in 

orbitofrontal regions 3) addressing whether the drug-induced changes to the encoding 

properties of the OFC are similar in both drug and nondrug settings 4) drawing 

conclusions based on increasingly sophisticated models with the aim of developing a 

strategy for therapeutic interventions. 

 The following considerations may offer some directions for the development of 

a research strategy that can apply the findings of the present thesis. 

 Starting from the assumption that psychostimulants and opioids are 

behaviorally and neurobiologically distinct, an important question remains to 

answer. What would happen if an opiate, such as heroin, was used as the self-

administered drug?  

We know that chronic morphine and psychostimulants have different effects on 

the spine density in the orbitofrontal and medial prefrontal cortices after 
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prolonged withdrawal from the drugs (Robinson and Kolb, 1997, Kolb et al., 

2004, Robinson and Kolb, 2004). Amphetamine exposure increases spine 

density and dendritic length in medial prefrontal regions and nucleus 

accumbens, but decrease spine density in orbital regions (Crombag et al., 

2005), whereas chronic morphine exposure causes an opposite pattern: 

increased spine density in orbitofrontal cortex and decreased spine density  

medial prefrontal cortex (Robinson et al., 2002). These data suggest that some 

but not other drug-induced neuroadaptations in the orbitofrontal cortex are 

likely independent of the drug class.  Based on this evidence, it will be 

extremely interesting to study whether a core function of the orbitofrontal 

cortex – integrating outcome predictions - is impaired by one class of drug but 

entirely preserved in the face of the other. 

 What type of mechanisms can account for the OFC-dependent deficits seen 

with cocaine exposure?  

For example, serotoninergic tone in the orbitofrontal cortex is critical for 

normal performance in devaluation and reversal learning procedures (Izquierdo 

et al., 2012, Groman et al., 2013). Psychostimulants, particularly cocaine, 

strongly impact serotoninergic systems. This suggests that the effects of 

cocaine may be linked to long lasting changes in serotonergic modulation of 

orbitofrontal networks.  While speculative, it should be possible to explore this 

idea using in vitro neurophysiological approaches to identify whether  

information processing abnormalities in orbitofrontal regions are associated 

with serotoninergic changes.  
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 While the changes in encoding properties described here were demonstrated 

during associative learning for nondrug outcomes, similar changes could also 

play a role in drug-seeking behavior itself. It will be extremely interesting to 

test the effects of the drug-induced modifications in drug settings. 

 In conclusion, the findings illustrated here may have some important 

implications for the development of more specific therapeutic strategies in 

individuals abusing psychostimulants and opioids. 
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