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Abstract 

 

Addiction can be conceptualized as a learning disorder as addicts are unable to regulate behavior 

associated with drug reward. Reward related learning has traditionally been associated with dopamine 

transmission in subcortical structures. Recent findings indicate however that the orbitofrontal cortex 

(OFC) in particular is able to modulate dopamine levels in subcortical structures, regulating reward 

value as well as choice behavior by providing information on the value of stimuli. Therefore the OFC is 

thought to be dysfunctional in addiction as addicts overvalue reward despite long term negative 

consequences. This review discusses structural and functional abnormalities of the OFC in addiction 

and in alcoholism in particular, as problematic consumption of alcohol is much more common than is 

problematic consumption of other substances. Furthermore, in an attempt to elucidate potential causal 

relations, genetic contributions to (alcohol) addiction and its predisposing factors are discussed, as 

well as animal studies on addiction and the OFC.   
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1 Introduction 

 

Worldwide, many people suffer from substance related disorders, i.e. displaying physiological and/or 

psychological symptoms as a consequence of consuming brain altering substances. Clinicians define 

substance abuse by detecting the presence of at least one specific symptom indicating that substance 

use has interfered with the person’s life, i.e. on the occupational, emotional or social level. When this 

is accompanied by tolerance for and/or withdrawal from a substance, an individual is diagnosed as 

being substance dependent (American Psychiatric Association, 2000). Whatever criteria are applied in 

order to try and distinguish degrees of severity, all substance related disorders seem to share one 

feature: the use of the substance is continued despite an individual’s (knowledge of) persistent or 

recurrent physical or psychological problems that are likely to have been caused or exacerbated by 

the substance. For that reason, substance related disorders are regarded as a psychiatric disorder 

involving inappropriate emotional and behavioral responses to stimuli. Obviously, this description 

applies to disorders other than substance related disorders as well, such as obsessive compulsive 

disorder and antisocial personality disorder (London et al., 2000), the latter often being found to be 

comorbid with substance related disorders (Sadock and Sadock, 2003). In addition to this apparent 

behavioral similarity, these disorders seem to share a common neurophysiological substrate as well, 

as the orbitofrontal cortex (OFC) is implicated in all of them. With regard to substance related 

problems, the OFC is hypothesized to be dysfunctional, causing an individual to overestimate drug 

reward and underestimate negative consequences. Therefore interest in the OFC as a potential neural 

substrate of addiction has recently increased, complementing long established views that addiction is 

being mediated by dopamine transmission in brain reward circuitry, traditionally thought to comprise 

subcortical structures as the ventral tegmental area and striatum and projecting mainly to limbic areas. 

This thesis aims to review literature on subcortical and cortical networks associated with reward 

related learning in addiction as well as their interaction, focusing specifically on the orbitofrontal cortex 

and its structural and functional abnormalities in addiction and alcoholism in particular. In addition, 

genetic studies as well as animal research attempting to reveal direct relationships between the OFC 

and addiction are being discussed. As alcohol is relatively easy to obtain compared to other (illicit) 

drugs, problematic consumption of alcohol is much more common than is problematic consumption of 

other substances, affecting as much as 10% of the Dutch population between the ages of 16 and 69 

(Netherlands Institute of Mental Health and Addiction, 2003). In addition, it causes relapse to be a 

more prominent issue in alcoholism than in other substance dependence disorders. Therefore 

elucidation of abnormalities of reward related behavior in alcoholics might also provide insight for 

therapeutic implications, hopefully offering (recovering) alcoholics support in tackling their reward bias.  

 

 

2. Dopamine and reward related learning 

 

2.1 Dopamine release in the ventral tegmental area signals reward expectancy 

According to Schultz et al. (1997) learning is driven by changes in the expectations about future 

salient events, such as rewards and punishments. The extent to which an organism is able to adapt its 
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behavior to its environment is determined by its ability to predict events. This ability enables the 

organism to consider different options and eventually choose one that might result in food, while 

avoiding one that might lead to danger. Predictions can therefore be used to improve the choices an 

animal makes in the future, increasing choices leading to reward. Objects, physical states as well as 

behavioral acts can all be considered rewards, provided that a positive value has been ascribed to 

them by an organism. The function of reward can be described according to the behavior elicited, as 

appetitive or rewarding stimuli induce approach behavior and aversive or non-rewarding stimuli result 

in avoidant behavior. Rewards can also function as positive reinforcers, increasing the frequency of 

behavioral reactions during learning and maintaining these appetitive behaviors after learning. The 

reward value attributed to a stimulus is not a static, intrinsic property of that stimulus; rather, different 

appetitive values are assigned to a stimulus as a function of the internal state of the animal at the time 

of the stimulus encounter and as a function of their experience with the stimulus.  

Information concerning rewarding events has long been thought to be processed by dopaminergic 

projections from the ventral tegmental area (VTA) and the substantia nigra (SN), mainly targeting the 

striatum (nucleus accumbens) and frontal cortex. As these structures are involved in motivational and 

goal-directed behavior, reward-dependent learning is thought to be mediated by midbrain 

dopaminergic activity. Primate research has demonstrated that dopamine (DA) neurons respond with 

short, phasic activations when monkeys were presented with various appetitive stimuli. However, after 

repeated pairings of visual and auditory cues followed by rewards, DA neurons changed the time of 

their phasic activation from just after the time of reward delivery to the time of cue onset. Moreover, 

when the reward was not delivered at the appropriate time after the onset of the cue, DA neurons were 

depressed below basal firing rate at the time that the reward should have occurred. The DA signal is 

thus not only used to learn and store predictions, but also to influence the choice of appropriate 

actions: greater than baseline DA activity conveys that the action performed is ‘better than expected’, 

whereas activity below baseline means ‘worse than expected’. Thus, DA responses provide the 

information to implement a simple behavioral strategy: (learn to) take actions correlated with increased 

DA activity and avoid actions correlated with decrease in DA activity. Schultz et al. suggest a 

connection exists between DA axons projecting to the striatum and the cortex, as synapses at 

dendritic spines of these axons receive excitatory input from the cortex. They hypothesize this to be a 

site where the DA signal exerts its influence on behavioral choices. 

  

2.2 Dopamine release in the nucleus accumbens underlies reward related learning 

Because of its role in reward-related behavior and learning, DA has often been implicated in drug use, 

abuse and dependence. Di Chiara (1999) even suggests drug addiction to be a DA-dependent 

associative learning disorder. This hypothesis is based on the observation that DA has been found to 

be essential for stimulus-reward learning, i.e. the process by which a stimulus acquires motivational 

value, based on predictive association with reward. This value can either be positive or negative, 

depending on the predicted consequences (i.e. rewarding or aversive) and is the expressed by the 

ability of the stimulus to act in a subsequent instrumental test as a positively reinforcing one. 

Furthermore, motivational stimuli can be categorized as primary or secondary depending on their 
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value being either genetically predetermined or acquired by learning of their predictive association with 

primary stimuli. The role DA plays in acquisition is illustrated by the fact that in the shell of the nucleus 

accumbens (NA), DA release does not respond to secondary stimuli but does to primary stimuli and 

only when learning still has to take place. In contrast, DA release in the NA core and the prefrontal 

cortex is not suppressed by learning and a response to secondary stimuli is acquired, which confirms 

that these areas are involved in expression (incentive and secondary responding) rather than 

acquisition.  

It is the relation of addictive properties of drugs to stimulation of DA transmission in the NA shell that 

Di Chiara regards as the mechanism underlying drug addiction. Although drugs, like conventional 

reinforcers (natural rewards), stimulate DA transmission in the NA shell, they differ in that drug-

induced stimulation is not subject to habituation or satiation. This resistance of drug induced DA 

transmission to adaptive modulation would allow drugs to increasingly activate DA transmission in the 

shell as a result of repeated self-administration. Maladaptive modulation of DA release is thought to 

impair phasic activation of DA transmission in the NA shell meant to subserve reward related learning. 

Di Chiara hypothesizes that as a result of the repetitive stimulation of DA transmission by self-

administering drugs, stimuli associated to drug reward acquire excessive motivational value and 

subsequently the power to control behavior in the way typical of addiction. 

This contradicts the results of Schultz et al., who did find DA neurons to respond to secondary stimuli 

(e.g. auditory and visual cues). Moreover, the DA units repeatedly responded without habituating to 

stimuli unless new predictive stimuli were introduced. This discrepancy is probably the result of 

different methodologies: Schultz et al. performed extracellular recording of firing of putative DA 

neurons in the ventral tegmentum, whereas Di Chiara performed microdialysis, which unlike single unit 

recording studies, allows study of the properties in specific terminal areas. Furthermore, Di Chiara 

mentions evidence of DA units not exclusively responding to rewards or appetitive stimuli but also to 

generically salient novel stimuli. Therefore he argues the shifts in responsiveness of DA units to be 

secondary to the sensory or motivational salience of stimuli and thus compatible with changes in DA 

responsiveness observed by microdialysis in the prefrontal cortex and NA core rather than NA shell. 

  

2.3 Dopamine release in alcoholism 

With regard to alcohol addiction specifically, dopaminergic mechanisms are also implicated, acting 

amongst others on the NA. Koob et al. (1998) describe the neurocircuitry involved in the acute 

reinforcing action of alcohol, the focal point being the reward system that involves both the midbrain, 

where the dopaminergic system starts, the basal forebrain, NA, and amgdala (figure 1). Koob et al. do 

not explicitly propose a functional distinction of the NA as Di Chiara did, they do note however that in 

general, drugs of abuse preferentially activate different components of the limbic system and 

extrapyramidal motor system termed the “extended amygdala”, comprising the medial aspect (i.e. 

shell) of the nucleus accumbens, the bed nucleus of the stria terminalis, and the central nucleus of the 

amygdala. These structures share a cytoarchitectural similarity and project mainly to the lateral 

hypothalamus, thereby forming a circuit responsible for brain stimulation reward and perhaps, as 

speculated by Koob et al., reward in general. With respect to alcohol, there is significant evidence for 

the contribution of DA release to acute alcohol reinforcement as well as alcohol withdrawal. Rats show 
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increased DA release in the NA in anticipation of alcohol consumption, and this is more pronounced in 

alcohol-preferring rats than in unselected Wistar rats. This suggests that DA release can be enhanced 

independently of actual alcohol self-administration and thus presumably as a result of the anticipation 

of reinforcement. This supports the role of DA release in the NA both in association with motivational 

processes and with genetically determined alcohol preference (Weis et al., 1993).  

 

Figure 1.  Sagittal rat brain section illustrating a drug (cocaine, amphetamine, opiate, nicotine, and alcohol) neural 

reward circuit. The red lines bear relevance to the current discussion, indicating the projection of the mesocorticolimbic DA 

system. This system originates in the ventral tegmental area (VTA) and projects to the nucleus accumbens (N Acc.), olfactory 

tubercle, ventral striatal domains of the caudate-putamen (C-P), and amygdala. Adapted from Koob et al., 1992 

 

In humans too, evidence exists that a family history of alcoholism poses a significant risk factor for the 

development of alcohol and other drug use disorders. This family history effect, and evidence of 

positron emission tomography (PET) studies showing that drugs of abuse alter mesolimbic DA activity 

in particular in the striatum, led Munro et al. (2006) to perform a PET study investigating differences in 

the striatal DA system of nonalcoholic offspring from families with alcohol-dependent individuals 

compared to nonalcoholic subjects without a family history of alcohol dependence. Family history of 

alcoholism showed a significant effect neither on baseline striatal DA levels nor on amphetamine-

induced DA release. Differences in subjective effects of amphetamine in family history positive 

subjects and family history negative subjects failed to show as well. Munro et al. attributes both 

physiological and psychological negative findings to the fact that amphetamine was used instead of 

alcohol, as induction of DA by other psychoactive drugs does not necessarily generalize. An 

explanation for the absence in differences in striatal DA release not mentioned by Munro et al. 

however, is firstly the possibility that DA release may not be a critical genetic component involved in 

alcoholism, or more importantly that it might be an indirect effect, thus due to a possible modulating 

effect of other (DA releasing) structures on the striatum.  

This possibility of structures modulating striatal DA release is actually considered and investigated by 

Volkow et al. (2007). They agree that the value of rewards (both natural rewards and drugs) is 

associated with DA increases in the NA but add that this value varies as a function of context, and 
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suggest this context dependency of rewards to be mediated by the prefrontal cortex (PFC), as is the 

preoccupied high value that drugs acquire in addiction (the overexcessive motivational value as 

mentioned by Di Chiara). Therefore Volkow et al. stress the relevance of prefrontal cortical efferents to 

the ventral tegmental area on the one hand, as they play a key role in regulating the firing of DA cells, 

and to the NA on the other, as they are involved in regulating DA release. Accordingly, they 

hypothesize the PFC to regulate the value of rewards by modulating DA increases in the NA. In 

addicted subjects regulation would be disrupted. Indeed control subjects, but not detoxified alcoholics, 

showed a negative association between metabolism in orbitofrontal cortex, cingulate gyrus and 

dorsolateral prefrontal cortex and MP-induced changes in DA. After normalization the correlation 

remained significant for the OFC, indicating a regionally specific effect. No correlation between 

prefrontal metabolism and DA changes was found in alcoholics suggesting regulation of DA cell 

activity by prefrontal efferents to be disrupted. In addition alcoholics showed decreased DA cell activity 

in the ventral striatum, which may represent loss of prefrontal regulation of DA mesolimbic pathways. 

Since DA cells in the VTA, partly by projecting to the NA, modulate reinforcing responses to nondrug 

reinforcers, decreased DA cell activity could bring about the reduced sensitivity to nonalcohol rewards 

observed in alcoholics. Therefore blunted DA increase in the ventral striatum is thought to be 

associated to the reduced rewarding responses to MP. Volkow et al. elaborate by suggesting that DA 

abnormalities may underlie the anhedonia experienced by alcoholics and as such contribute to their 

risk for abuse as they will try to compensate for this deficit. Surpisingly, Volkow et al. do not address 

the sensitivity to alcohol rewards. They stress the excessive motivational value drugs acquire in 

addicts and think this process to be mediated by prefrontal efferents to limbic and midbrain structures, 

but conclude by explaining the relevance and involvement of these projections in nondrug rewards. 

With respect to both studies assessing striatal DA release discussed above, the most straightforward 

criticism is why they aimed to model striatal DA release in (family of) alcoholics without using alcohol. 

The failure of elevated levels of DA to occur could very well be explained by the use of drugs other 

than those a subject is addicted to. Moreover, the choice for a stimulant (such as amphetamine and 

MP) as opposed to a depressant (such as alcohol) obscures the interpretation of the results even 

more. Where psychostimulants inhibit the firing activity of DA neurons indirectly by increasing DA onto 

somatodendritic or terminal DA autoreceptors, non-psychostimulants directly increase the firing activity 

of DA neurons (Di Chiara, 1999). This difference in physiological effect is even more detrimental to the 

validity of these studies. Finally, subjective responses are obviously affected by the use of drugs other 

than the drug of choice, which can explain the rewarding responses to be higher in the control 

subjects in both studies (recognized by Munro et al. as well).   

 

 

2.4 Neurocircuitry of reward related learning: interaction of subcortical and 

 cortical structures 

 

Concluding from the studies discussed so far, the traditional view that addiction is mainly associated 

with subcortical structures needs to be expanded and include cortical structures as well, since the 

interaction of subcortical and prefrontal structures in particular appears to be involved in addiction. 
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Schultz et al. (1997) already speculated that a coupling mechanism exists between local cortical 

activity and DA projections from the striatum and VTA, implying a role for the cortical structures to 

maintain DA levels at baseline in subcortical structures. Furthermore, Di Chiara stresses the interplay 

of the NA shell and the NA core with the PFC to enable associative learning. The emphasis on a role 

for the PFC is not surprising given the neural basis of instrumental responding: the contingency 

between behavior and a reinforcing outcome (reward related learning) involves a circuit comprised of 

subcortical and cortical structures. The role of these structures in emotion and motivation are 

extensively reviewed by Cardinal et al. (2002), providing a simplified schematic diagram illustrating 

components of the limbic corticostriatal loop and the relationships between regions of the prefrontal 

cortex, amygdala, and ventral striatum (figure 2). For reasons of clarity, hippocampal structures are 

not shown although both the NA and (basolateral) amygdala receive information from hippocampal 

structures required for conveying increasingly complex information about environmental stimuli.  

Cardinal states that the motivational drive for behavior is provided by the NA, proposing a functional 

distinction similar to Di Chiara (1999). The NA shell is thought to mediate some of the motivational 

impact of unconditioned stimuli (primary reinforcers). The NA core modifies ongoing behavior by 

adding to it learned motivation, an effect amplified by dopaminergic innervation of the NA, and in 

addition promotes the selection of actions leading to delayed rewards. Cardinal et al. are inconclusive 

about which afferents convey specific information about the value of delayed reinforcers to the NA 

core, but hypothesize the basolateral amygdala (BLA) and orbitofrontal cortex to be involved as they 

are both associated with the assessment of reward value and probability. 

 

 

Figure 2.  

The limbic corticostriatal loop 

(thick lines) and relationships 

between regions of the 

prefrontal cortex, amygdala, and 

ventral striatum.  

Abbreviations: 

OFC, orbitofrontal cortex; 

mPFC, medial prefrontal cortex; 

ACC, anterior cingulated cortex; 

BLA, basolateral amygdala; 

CeA, central nucleus of the 

amygdala; VTA, ventral 

tegmental area; SNc, substantia 

nigra pars compacta; AcbC, 

nucleus accumbens core; 

AcbSh, nucleus accumbens 

shell; VP, ventral pallidum; MD, 

mediodorsal.  

Adapted from Cardinal et al., 

2002. 
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Incoming sensory information on a conditioned stimulus is used by the basolateral amydala (BLA) to 

retrieve the current emotional or motivational value of the predicted unconditioned stimulus. It can use 

this information on value to influence instrumental choice behavior, but it can also control simple 

conditioned responses through the central nucleus of the amygdala (CeA). The CeA can also learn 

simple stimulus–response associations independently of the BLA, and probably plays an important 

role in regulating the dopaminergic innervation of the limbic corticostriatal loop. 

On the cortical level, several prefrontal regions engage in instrumental behavior. The insular cortex is 

required for the memory of specific sensory properties of a stimulus. The instrumental incentive value 

(the goal status) of that stimulus is retrieved by this information. The orbitofrontal cortex (OFC) and the 

basolateral amygdala (BLA) interact in order to influence choice behavior by providing information 

about the value of stimuli and reinforcers. The medial prefrontal cortex (mPFC) detects instrumental 

action–outcome contingencies, and thus conveys information about how to obtain valued goals. 

Among others, the function of the anterior cingulate cortex (ACC) is to correct errors in ongoing 

responses in situations where several environmental stimuli predict outcomes of different value, 

preventing responding to unrewarding stimuli. 

 

 

3 Frontal functions and reward related behavior 

 

Despite the shift of focus on subcortical structures involved in (alcohol) addiction to subcortical-cortical 

interaction, a hypothesis still receiving extensive support is the ‘frontal lobe hypothesis of alcoholism’. 

The term was coined ever since Tarter (1976) postulated that the frontal lobes were particularly 

susceptible to the toxic effects of alcohol.  

 

3.1 Executive function 

One of the studies contributing to this view is a PET study by Dao-Castellana (1998), investigating 

frontal dysfunction in neurologically normal chronic alcoholic subjects. The rationale for this study was 

provided by neuropsychological and imaging studies suggesting a specific impairment in frontal lobe 

structures and related behavior, such as executive functioning and disinhibited behavior. Dao-

Castellana found hypometabolism in the mediofrontal PFC of alcoholics, which correlated with 

decreased verbal fluency and increased amount of time necessary to perform the interference 

condition of the Stroop task. Metabolism in the left DLPFC was decreased too, which Dao-Castellana 

linked to the increasing number of errors on Stroop task. Although anticipated, no abnormalities were 

found in the orbitofrontal cortex. Since the regional metabolic abnormalities affected the limbic-related 

mediofrontal areas in particular, Dao-Castellana et al. speculated that alcoholics possibly suffer from 

an anterior limbic dysfunction, instead of an exclusively frontal impairment. 

 

3.2 Affective processing 

Despite the fact that Dao-Castellana, as well as others, refined the ‘frontal lobe hypothesis’ of 

alcoholism, Uekermann et al. (2005) still chose to concentrate on the frontal cortex. Specifically, they 

investigated the function of the OFC in emotional processing in alcoholics, as it is supposed to be 
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critical for emotional regulation. As Uekermann et al. assumed prefrontal regions to be particularly 

vulnerable to the effects of alcohol, they expected OFC function in alcoholics to be compromised, 

resulting in an inability to correctly judge emotional content in an ambiguous situation. Such an inability 

would contribute to the interpersonal problems often experienced by alcoholics. Alcoholics were 

indeed impaired on processing of affective information, especially in situations not providing additional 

cues enabling correct interpretation. Uekermann et al. suggest the OFC to be the neural substrate 

underlying this deficit, but do not provide any explicit evidence that supports this claim. The OFC might 

be implicated in emotional regulation, but their study fails to address any evidence reporting OFC 

dysfunction to be responsible specifically for the deficits found in their own study, neither in alcoholics 

nor healthy individuals. In addition, no measure of OFC dysfunction (e.g. neuroimaging) is applied, 

and therefore no actual OFC dysfunction is objectified. Thus, in spite of the relationship making sense 

in theory, this study is ‘affirming the consequent’: Uekermann et al. first state that if the OFC is 

lesioned, then affective processing is impaired, but subsequently claim that the objectified affective 

processing deficits indicate OFC dysfunction, i.e. making a converse error. 

 

3.3 Personality 

3.3.1  Personality and reward sensitivity 

A more fruitful investigation on prefrontal structures and the OFC in particular is that on its association 

with impulsivity. As discussed earlier, the OFC is thought to be involved in the modulation of DA 

release in the ventral striatum, which is associated with reward; in addition the OFC is thought to 

influence choice behavior by providing information about the value of stimuli and reinforcers. Therefore 

it may play an important role in reward related behavior, and its dysfunction may result in maladaptive 

behavior with regard to rewards, e.g. abnormal sensitivty to salient stimuli. Indeed, in an event-related 

potential (ERP) study by Martin and Potts (2004), the tendency of subjects to choose immediate small 

over delayed larger rewards was associated with an ERP component localized to the OFC. This 

anterior P2 (P2a) component was enhanced when a stimulus was motivationally relevant. Since the 

OFC is a cortical target of the VTA, and as discussed before, the projections of the VTA to the ventral 

striatum and OFC appear to be of particular importance for reward processing, Martin and Potts 

suggest the P2a to reflect activity in the OFC projection of the VTA DA reward system. They even 

consider the P2a to act as an index of the integration of motivational information (including expected 

reward) with perceptual representation in order to identify relevant items, similar to the feature 

detection mechanism proposed by Schultz et al. (1997). Indeed P2a was found to respond to reward 

prediction in a way consisitent with DA single-unit studies; the P2a response was largest to non-

predicted reward and smallest when a reward was not delivered. In addition, this effect was more 

pronounced in impulsive individuals, indicating they may be more sensitive to reward signals. Although 

this study applied a weak group separation (median split of unscreened individuals), the fact that a 

difference occurred between these groups nevertheless suggests a discrepancy that may become 

even more pronounced when comparing healthy individuals and clinical populations.  
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3.3.2  Personality, reward sensitivity and addiction 

Indeed, although its relation to OFC function is not firmly established yet, substance dependent 

individuals are thought to be more impulsive than normal controls. In particular, addictive disorders are 

thought to reflect a dysregulation of the ability to evaluate potential reward against harm from drug 

self-administration. Therefore personality characteristics such as impulsivity and abnormal reward 

sensitivity have been associated with substance abuse. Franken et al. (2004) addressed this 

relationship by applying the theory of Gray (1970) to alcohol and drug abuse. In Gray’s view two basic 

brain system control behavior and emotions: the aversive or behavioral inhibition system (BIS) is 

activated by conditioned stimuli associated with punishment or the termination of reward, and the 

appetitive or behavioral approach system (BAS) is activated by stimuli associated with reward or 

termination of punishment in order to guide the organism to appetitive stimuli. BIS and BAS therefore 

represent the two extremes of the continuum of expression of motivational value as discussed by Di 

Chiara (1999). According to the theory of Gray, high BAS sensitive persons are more prone to engage 

in approach behavior and experience positive affect in situations with reward related stimuli. Therefore 

high BAS sensitivity is implicated in pathological approach behavior, such as drug abuse. When 

Franken et al. compared BAS and BIS levels of clinically referred drug addicts and alcoholics to those 

of healthy controls, all group effects found were the result of differences between the control group 

and the drug addicts. High levels of the BAS subscales drive and fun seeking as observed in drug 

addicts but not alcoholics make sense in that these subdimensions are related to risk taking and 

novelty seeking, behavior that is associated with illegal acquisition and use of drugs. Alcohol use is a 

legal activity and as such may not require specific individual characteristics. 

 

3.3.3 Personality, craving and addiction 

Franken (2002) did however find elevated BAS sensitivity in alcoholics in an earlier study, more 

specifically a relationship between BAS drive scores and alcohol craving. As high BAS sensitivity is 

reflected in the engagement in goal-directed efforts and the experience of positive feelings when a 

person is exposed to cues that predict reward, individual levels of BAS sensitivity may explain 

individual differences observed in cue reactivity and craving levels. Subjects with high BAS levels 

indeed experienced more strong desires and intentions to drink alcohol and expected more relief from 

negative states through drinking alcohol (negative reinforcement) during exposure to alcohol related 

cues, than subjects with low BAS levels. Both studies by Franken are thus supportive of the 

personality theory of Gray, predicting a relationship between BAS and substance use. 

 

3.3. Personality and drug of choice 

Le Bon et al. (2004) investigated the relation between personality factors and substance abuse as well 

and even attempted to link certain personality characteristics to a particular drug, in this study alcohol 

and heroin. According to Le Bon et al., drug users are characterized in general by sensation seeking 

and novelty seeking, or “the seeking of novel, intense and complex forms of sensation and experience 

and the willingness to take risks for the sake of such an experience” (Zuckerman 1994); impulsivity, 

defined by DSM-IV-TR (APA, 2000) as “failure to resist an impulse, drive, or temptation to perform an 

act that is harmful to the person or others” and decreased harm avoidance, which can be defined as 
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the decreased “tendency toward an inhibitory response to signals of aversive stimuli leading to 

avoidance of punishment and nonreward” (Cloninger, 1987). Upon comparison, heroin and alcoholic 

patients deviated in same directions from healthy controls, but differences showed heroin patients to 

be more interested by novelty and more self-assured than their alcoholic counterparts. Le Bon et al. 

attributed this to the fact that alcohol is a legal drug and heroin is not, which makes heroine users 

more prone to ignore laws and rules, i.e. behave antisocially. Furthermore, as alcohol is more often 

used than illegal drugs to reduce stress, alcoholics might be more avoidant of danger and less 

‘responsible’ than other substance users.  

Summarizing, frontal (dys)function is thought to be associated with addiction and probably contributes 

to some extent to substance dependence and its symptoms. It cannot, however, fully account for the 

development or maintenance of addiction, neither can the mesolimbic/midbrain systems as discussed 

in the previous section: the mechanism underlying addiction is most likely to involve both cortical and 

subcortical structures. The studies in this section as well as the previous section do however point to 

one cortical structure playing a central role: the orbitofrontal cortex. As Volkow et al. (2007) reported, 

the OFC appears to modulate the DA release in the NA, thereby modulating reward value. Cardinal et 

al. (2002) mention the influence of the OFC on choice behavior as it is thought to provide information 

on the value of stimuli, together with the amygdala. Martin and Potts (2004) found activity in the OFC 

projection of the VTA DA reward system that responded to reward sensitivity and impulsivity, 

personality characteristic typical of addicts. The notion of Schoenbaum et al. (2006) provides a proper 

conclusion: within the prefrontal region, the OFC is distinguished by its unique pattern of connections 

with crucial subcortical associative learning structures, such as the basolateral amygdala and the NA. 

By means of these connections the OFC is optimally positioned to use associative information to 

project into the future, and to use the value of perceived or expected outcomes to guide decisions. 

The loss of this particular signal may underlie the various aspects of maladaptive behavior that is 

typically observed in drug addicts. 

In order to investigate the precise role of the OFC in drug addiction, and alcoholism in particular, its 

(dys)function in relation to the reward learning system will be discussed, as well as its involvement in 

components of addiction as craving and decision-making. The issue whether changes in OFC function 

are induced by drug exposure or represent a preexisting condition that predispose individuals to drug 

addiction, will be addressed by discussing the results of diverse animal studies. 

 

 

4 Structural abnormalities of the reward system 

 

4.1 Structural abnormalities of the reward system in alcoholism 

Makris et al. (2008) investigated what they refer to as the ‘extended reward and oversight system’ or 

‘reward system’, comprising subcortical regions as the amygdala, hippocampus, NA, basal forebrain, 

VTA and hypothalamus, mediating reward functions, and cortical areas important for modulation and 

oversight, such as the dorsolateral prefrontal, orbitofrontal, temporal pole, subcallosal and cingulated 

cortices, parahippocampal gryi and insula. According to Makris et al., drug abuse can be considered 

reinforced behavior and circuitry involved in that behavior is a central component of this network. They 
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hypothesized alcoholism to structurally alter frontolimbic relationships within the reward network. As a 

matter of fact, alcoholics showed increased intracranial volume and total cerebral volume when 

compared to normal controls, whereas the volume of their total reward network was significantly 

decreased due to volumetric decreases in the right dorsolateral prefrontal cortex (DLPFC), right 

anterior insular lobule, right NA and left amygdala. More specifically, topological analyses revealed 

decreased volume of the basolateral central nuclear groups of amygdala, a structure which Cardinal et 

al. (2002) noted to interact with the OFC in order to influence choice behavior by providing information 

on the value of stimuli and reinforcers. The finding that deficits were localized to the right DLPFC, right 

anterior insula and right NA, according to Makris et al., are supportive of the right hemisphere 

hypothesis as well as the frontal hypothesis of deficits in alcoholism. However, at the time of this 

study, knowledge regarding cerebral dominance and lateralization of the reward function was limited, 

but with respect to the OFC there appears to be an effect of laterality (to be discussed later). No OFC 

abnormalities were reported however. 

 

4.2 Structural abnormalities of the OFC in addiction 

Tanabe et al. (2008) argue that a pathological occupation of the cortico-striatal-limbic circuit mediating 

reward behavior is underlying substance dependence, comparable to Makris’ concept of the extended 

reward and oversight system. On the behavioral level this is expressed as abnormal goal-directed 

behavior, thought to be mainly mediated by the PFC. This observation formed the rationale for an 

earlier study by Tanabe et al. (2007) in which prefrontal brain activity in addicts during decision-making 

was assess by using a modified version of the Iowa Gambling task (IGT), simulating uncertainty and 

reward of real-life decision-making. Since the IGT was originally developed to test impaired decision-

making in patients with ventral medial PFC (VMPFC) lesions, Tanabe et al. extended the results of the 

previous study by demonstrating increased grey matter volume of the bilateral medial OFC in control 

subjects compared with addicts, the most significant increase being in the right medial OFC. A modest 

negative significant correlation between medial OFC volume and avoidance of disadvantageous 

decisions was also observed across groups (mainly driven by control subjects). Because of the 

prolonged abstinence of the participating addicts in comparison to previous studies, the reduced 

medial OFC grey matter might reflect long-term adaptations within the reward-learning circuit 

underlying pathological decision-making behavior in substance dependence. 

 

4.3 Structural abnormalities of the OFC in individuals at risk for alcoholism 

Hill et al. (2008) investigated laterality in alcoholics, already addressed briefly by Makris et al. (2008), 

but rather than taking into account the whole reward network this study specifically looked into OFC 

laterality in offspring from multiplex alcohol dependent families (high risk offspring). The rationale for 

this comparison is the fact that neurodevelopmental changes in decision-making and socio-emotional 

functioning are accompanied by changes in brain morphology that differs by hemisphere. In tasks 

involving response selection and inhibition, greater involvement of the right than left ventrolateral PFC 

(VLPFC) is observed, whereas in children and adolescents displaying suboptimal response inhibition, 

this is related to insufficient recruitment of the right VLPFC. In addition, left VLPFC patients perform 

well on the Gambling Task whereas right side-lesioned patients perform as poorly as bilaterally 
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damaged patients. When compared to low risk offspring (from control families), high risk offspring 

showed decreased right/left OFC volumes. In addition, white matter (WM) ratios positively correlated 

with the Control scale score from the Multidimensional Personality Questionnaire (MPQ), in which the 

higher end of the scale indicates a careful and cautious approach to life whereas the lower end 

reflects acting without much thought and impulsivity. This indicates that reduced OFC WM may be 

related to greater impulsivity. Furthermore, although different susceptibility genes have been 

implicated in alcohol dependence etiology and in central nervous system growth, Hill et al. were 

interested in testing genes that may have both functions. Variation of the 5-HTT and BDNF gene, 

implicated in grey matter morphometry as well as behavioral effects of alcohol consumption and 

impulsivity, were associated with volume of the OFC in the right hemisphere. Hill et al. concluded that 

their results provide an empirical model: developmental change in right OFC volume is influenced by 

the interaction of 5-HTT and BDNF genes, leading to developmental change in impulsive behavior. 

With maturation, WM volume of the OFC increases, resulting in increasing behavioral control. This 

model suggests that the reduced volume of the right OFC seen in high risk offspring has implications 

for behavioral disinhibition and therefore for the development of substance use disorders. 

In conclusion, structural studies of the reward system and of the OFC in relation to this reward system 

yield inconsistent results. The OFC seems to show structural deformities in addiction, at least in 

addicts dependent on two or more different drugs. Although individuals at risk for alcoholism are 

thought to be genetically predisposed to OFC abnormalities, diagnosed alcoholics do not show any 

OFC abnormalities when assessed as a component of the reward network. These inconsistencies can 

be explained by several factors. The subjects in the study by Tanabe et al. included individuals using 

alcohol, but since every subject was dependent on at least 2 substances, it is impossible to 

differentiate effects of different substances on the OFC. Therefore it remains unclear whether alcohol 

use could be related to OFC deformities. Moreover, as acknowledged by Makris et al., studies 

comparing brain volumes of alcoholics and non-alcoholic controls yield variable results, which may be 

due, amongst other reasons, to the varying length of abstinence in different studies. In their own study, 

mean length of abstinence in years was 5.9 with a standard deviation of 10.4 years and the subjects in 

the study by Tanabe et al. dependent on alcohol had a mean length of 3.2 years and an SD of 8.3 

years, reflecting rather wide ranges. Since Makris et al. found the length of abstinence to correlate 

positively with reward related volumes, this may apply to the OFC too, which may explain the disparity 

in results. The studies do seem to agree that if there is any abnormality to be observed, it involves the 

right hemisphere. In addition, the studies by Hill et al. and Tanabe et al. share the view that the OFC is 

responsible for behavioral control. A dysfunctional OFC results in lack of control which makes an 

individual more prone to (continuance of) substance abuse. The studies do however report 

correlations on structural abnormalities in relation to behavioral tests. Investigating the ‘real time‘ 

contribution of the OFC to behavioral paradigms, i.e. by (functional) neuroimaging, may elucidate this 

putative relationship. 

 

 

 



 16 

5 Craving 

 

5.1 Integrative function OFC in craving 

5.1.1 Overvaluing reward as a result of orbitofrontal dysfunction 

Craving is an extensively investigated component of addiction and can be conceptualized as a  

multidimensional phenomenon associated with a strong desire to consume a reinforcing or rewarding 

drug (Myrick et al., 2004) and is linked, according to London et al. (2000) to a compulsive drive (i.e. 

motivational state) to use drugs. They reviewed activity in the OFC and its connections during craving 

in order to support their theory that addictive disorders reflect a dysregulation of the ability to evaluate 

potential reward against harm from drug self-administration, as a result of OFC dysfunction. They 

found the emotional response of craving to be generated by the OFC, that interprets sensory 

information about external and internal stimuli, and by the amygdala, to which the OFC connects and 

where the motivational value of a stimulus is assessed and the response is subsequently identified as 

craving, similar to what Cardinal et al. (2000) suggested. They elaborate by distinguishing cue-elicited 

and drug-induced craving because despite findings suggesting that activation of the OFC is common 

to both types of craving, drug-related cues activate the amygdala and medial temporal lobe, simulating 

direct effects of cocaine, whereas other regions (e.g. NA), presenting no significant change in cue 

activation studies, show direct pharmacological effects of cocaine. This might be the result of the drug 

itself acting as a primary reinforcer and drug-related cues as secondary reinforcer as distinguished by 

Di Chiara (1999). Therefore London et al. conclude that the OFC is implicated in craving but that its 

exact involvement in inducing craving is complicated by methodological issues: whether craving is 

induced by cocaine administration or elicited by conditioned stimuli as a result of repetitive drug use 

might involve different regions and processes, users however perceive both types of craving as a drive 

to obtain and consume more drugs. Differentiating the neurobiological substrates associated with 

these states is complex and may have implication for therapeutic interventions. 

 

5.1.2 Abnormal drive and compulsive behavior as a result orbitofrontal dysfunction 

Volkow and Fowler (2000) postulate that since the OFC is involved in drive and compulsive repetitive 

behavior, its abnormal activation could explain the compulsive drug self-administration in addiction, 

even with tolerance to pleasurable drug effects and in presence of adverse effects. This implies that 

pleasure per se is not enough to maintain compulsive administration. Rather, Volkow and Fowler 

argue that areas critical for reward, such as the NA and the amygdala, may be crucial for initiating 

drug self-administration, but a state of addiction would require additional disruption of circuits involved 

with compulsive behavior and drive (i.e. OFC). They therefore propose a model stating that repeated 

exposure to drugs of abuse disrupts function of the striato-thalamo-orbitofrontal circuit. According to 

this model, a conditioned response occurs when an addict is exposed to drug(-related stimuli) that 

activate this circuit, resulting in an intense drive to get drugs (i.e. craving) and compulsive self-

administration (loss of control). Thus, drug-induced perception of pleasure is thought to be important 

for the initial stage of drug self-administration. With chronic self-administration however, pleasure per 

se cannot account for compulsive drug intake; rather dysfunction of the striato-thalamo-orbitofrontal 

circuit does. The pleasurable response is however required for the conditioned association of the drug 
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to elicit an activation of the OFC on subsequent exposure. Once activated, the OFC causes the urge 

to get drugs, despite the presence of conflicting cognitive signals. Once the drug is taken, the DA 

activation that occurs during intoxication keeps striato-thalamo-orbitofrontal circuit activated, which 

sets a pattern of activation that results in perseveration of the behavior (i.e. drug administration) and 

which is consciously perceived as loss of control. Support for the modulatory role of the OFC is 

provided by evidence that during withdrawal, the OFC is hypoactive in proportion to levels of DA 

receptors in striatum. Moreover, after using or during craving, the OFC appears to hypermetabolic in 

proportion to intensity of craving. Since cocaine addicts also show striatal reductions in DA release 

and receptors, Volkow and Fowler speculate that the result thereof is decreased activation of reward 

circuits, which eventually lead to hypoactivity of the cingulate gyrus and may contribute to that of the 

OFC. For alcoholics, it has not been determined yet whether OFC hypometabolism during 

detoxification is related to decrements in DA receptors (in a later study, Volkow did establish a 

relationship between orbitofrontal activity and the magnitude of metylphenidate induced DA increases 

in the ventral striatum but not DA receptor availability [Volkow et al., 2007]. Baseline receptor 

availability was however found to be decreased in alcoholics, which may shed light on this issue as it 

implies that detoxified alcoholics do show decreased DA receptor levels although this was not linked to 

a hypoactive OFC). 

Following the work of Volkow and Fowler, Dom et al. (2005) performed a meta-analysis to assess the 

functionality of the OFC in people with substance use disorders. In addition to decision-making in 

addictive behaviors (to be discussed later), they too investigated the role of the OFC in craving by 

reviewing imaging studies on cue reactivity, and studies of the brain at rest. Cue reactivity studies 

yielded conflicting results, reporting OFC activation as well as activation of several other areas as a 

result of either different cue exposure designs, participants’ status of drug use (e.g. occasional or 

dependent) and status of treatment (for addicts not seeking treatment actual drug use after the 

experiment is more likely to be realized than for those seeking treatment). Priming dose effects (‘drug 

probing’) did reveal robust OFC activation in response to drug administration and subjective 

experience of craving. The actual conscious experience is linked to the OFC and ACC, whose 

distinctive roles still need to be differentiated. Furthermore, inductive cues caused activation too crude 

to allow distinction between activation due to conditioned drug craving and activation associated with 

accompanying features, such as psychophysiological arousal. The brains of drug-dependent patients 

at rest showed involvement of OFC when compared to healthy controls. Metabolic studies revealed 

OFC hyperactivation after early withdrawal and hypofunctionality after withdrawal/long term 

abstinence, consistent with the notion of Volkow and Fowler (2000). Structural studies revealed 

smaller volumes and decreased GM density in OFC as well as disruption of WM integrity, which is 

indicative of disrupted connectivity of the OFC. The decrease in OFC volume, metabolism and 

functionality were associated with decreased DA receptor density in people with substance abuse 

disorder. Affected areas were DA projections from the NA to the cingulate gyrus, PFC and OFC, 

contributing to what Koob and Le Moal (1997) termed ‘hedonic homeostatic dysregulation’, suggested 

to be caused by suppression of DA neurotransmission in withdrawal. Addicts seek drugs that activate 

DA systems in order to re-establish ‘hedonic homeostasis'. Taken together, Dom et al. regard their 
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findings supportive of the model proposed by Volkow and Fowler (2000), suggesting a network of 

memory, drive, reward and control, in which exposure to drug or drug-related cues activates memory 

of expected reward, resulting in hyperactivation of reward and motivational circuits while activity in 

cognitive control system decreases. The OFC is thought to play an important role in this brain circuit 

mediating goal-directed behavior, as its dysfunction leads to compulsive drug-seeking and relapse.  

 

5.2 Orbitofrontal involvement in alcohol craving 

With respect to alcohol craving specifically, Myrick et al. (2004) studied differences in brain activity in 

response to alcohol cues in alcoholics and social drinkers. An earlier study (George et al., 2001) 

showed that alcoholics, as a group, had greater relative increases in brain activation in the anterior 

thalamus and left DLPFC during alcohol-specific taste and visual cues, whereas social drinkers did not 

have any alcohol-cue specific brain activation. The current study aimed to replicate those results while 

in addition acquiring real time self reported craving ratings. After a sip of alcohol and while viewing 

alcohol cues as compared to beverage cues, alcoholics reported increased craving compared to social 

drinkers and showed increased activity in the PFC and anterior limbic regions compared to social 

drinkers. Moreover, in alcoholics, a correlation between craving ratings and activity in left nucleus 

accumbens, anterior cingulate and left OFC was found, consistent with the findings of Dom et al. 

(2005) and Koob and Moal (1997). Based on these findings, Myrick et al. distinguish the following 

anatomical structures and associated functions in alcoholism: the NA and VTA mediate reward, the 

cingulate assesses salience of emotional and/or motivational information, and the insula handles 

higher cognitive processing. The OFC is thought to be crucial in craving, as it processes information 

on reinforcing stimulus properties. It remains unclear however, whether activation of the OFC is due to 

the positive expectation of reward (craving), or to the attempt to resist craving (inhibition). 

What is quite regrettable is that Myrick et al. do not try to relate their results to DA activityas it may 

shed light on the issues raised by Volkow et al. (2007) and Munro et al. (2006). Their findings that 

subjects (at risk for) alcoholism show decreased subjective responses to psychostimulant drugs may 

be valid to a lesser extent than when they would have used alcohol. Myrick et al. did use alcohol and 

alcoholics did report increased subjective responses which were found to correlate with OFC activity. It 

would have been interesting if these results could be linked to DA activity too, in particular since 

Volkow et al. (2007) suggested the OFC to regulate the DA increase and as such assessing reward 

value, an ability obviously impaired in craving. Nevertheless, it should be noted that the subjects in the 

Myrick et al. study were non-treatment seeking alcoholics as opposed to abstinent alcoholics in the 

study by Volkow et al., which may not only differentially affect physiological processes but also 

subjective responding to drugs and drug-related cues. In addition, Myrick et al. should have separately 

studied drug-induced and cue-induced craving, instead of providing their subjects with a sip of alcohol 

and then comparing their rating of alcohol-related and non-related cues, in order to disentangle the 

different circuits underlying the different states of craving. 

Summarizing, with respect to craving for substances in general, the OFC appears to be critical for 

adaptive behavior, as its dysfunction results in overvaluing rewards and a subsequent abnormal drive 

for and compulsive behavior towards drug reward. This emphasizes its integrative function as well as 

its regulating or monitoring function in processing of rewards. Because of its anatomical connections to 
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association areas involved in sensory processing, the limbic system, those regions of the prefrontal 

cortex dealing with executive function and subcortical nuclei, the OFC is optimally adapted to 

incorporate physical as well as emotional aspects into a stimulus-object. Based on that and on the 

estimation of potential reward, motivational value is determined. If this potential reward is known to be 

associated with negative consequences, the OFC is thought to correct the motivational-directed 

behavior in order to protect an individual from potential harm. In case of drug addiction, the regulating 

function of the OFC would be compromised, resulting in the inability to evaluate potential reward 

against harm from drug self-administration, hence overvaluing reward and causing compulsive drive to 

obtain the drug. This dysfunction would be brought about by discontinuous DA activation of the striato-

thalamo-orbitofrontal circuit secondary to drug self-administration. Exposure to drugs or drug-related 

cues activates memories of expected rewards, thereby causing hyperactivation of reward and 

motivational circuits while activity in circuits governing cognitive control is attenuated. This network 

may be implicated in alcohol craving in particular too, as cues elicited activation in the NA, VTA, insula 

and AC and real time craving ratings correlated with activation in the left NA, AC and left OFC. 

Obviously, craving does not have to be substance specific and can be considered to be a general 

state, implying that the same substrates could underlie craving for different drugs. Furthermore, 

revealing the networks involved in craving is complicated by methodological issues, such as the 

apparent differentiation of activated structures when craving is drug-induced or cue-induced, despite 

subjects not reporting any difference in subjective experience. In addition, as noted by Makris et al. 

(2008), the activation of the OFC in craving could either be the result of reward expectancy or of 

inhibition of craving, which depends mostly on the state a subject is in at that moment. 

 

 

6 Decision-making 

 

6.1 Myopia for the future 

The tendency of addicts to be more sensitive to reward is not only reflected in their personality, as 

discussed earlier, but also in their decision-making patterns. Amongst others, Bechara and Damasio 

(2002) conducted several studies investigating decision-making in addicted subjects. Using the (Iowa) 

Gambling Task (GT), they discovered some addicts show decision-making deficits similar to patients 

with bilateral ventromedial (VM) prefrontal cortical damage, which is characterized by choices that 

bring them immediate benefit, even if these choices were coupled with negative future consequences. 

Therefore they argued that addiction to substances may be associated with malfunction of VM 

cortices. Indeed, whereas the decision-making profiles and skin conductance responses (SCR)of one 

subgroup of addicts was indistinguishable from normal controls, another subgroup showed impaired 

performance on the GT (preferring immediate reward at high cost over delayed reward and smaller 

penalties) and also decreased anticipatory SCR, resembling VM patients. Taking into account that the 

decision-making impairment in addicts may extend beyond VM cortices including other components of 

a neural system for decision-making such as the amygdala, Bechara and Damasio suggested that 

addiction may be associated with dysfunctioning VM cortices. Normal controls show anticipatory SCR 

before making a risky choice, which is thought to help bias or modulate selection of actions. Such a 
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somatic signal (as indexed by SCR) does not however generate a behavioral response itself as it can 

always be overruled by conscious deliberation. This explains the normal performance of some addicts 

on the GT: decision-making deficits are present, but triggered only when these subjects are exposed 

to drug-related cues. The dichotomy between impaired and non-impaired addicts may reflect a critical 

distinction between two types of addicts: those with normal VM function, likely to overcome addiction 

when costs of action are raised, and those with VM dysfunction who find themselves unable to quit. 

But, as Becahara and Damasio note, mechanisms undetected by GT could be at play as well, leading 

to loss of behavioral control over substance taking. Decision-making impairment in VM patients 

manifests itself as insensitivity to future consequences (positive and negative), such that their behavior 

is always guided by immediate contingency. Bechara and Damasio mention the possibility that the 

underlying mechanism of decision-making impairment in SDI is different, because in addicts the 

hypersensitivity to reward is especially prominent. This is thought to be the result of a dysfunctional 

OFC, in the sense that a hyperactive OFC would be functionally equivalent to a VM lesion, thus 

triggering a decision-making impairment (as the medial OFC constitutes a major part of the VM PFC). 

A hyperactive OFC may relate to a body state giving rise to conscious feelings of craving and an 

intense drive to seek drug reward, precluding somatic signals related to future punishment from 

exerting any bias on choice and thus on behavior. 

 

6.2 Myopia for the future vs. hypersensitivity to reward 

Subsequently, Bechara et al. tested the hypothesis that hypersensitivity to reward observed in addicts 

might account for their ‘myopia’ for the future, i.e. the inability to incorporate the risk of negative future 

consequences in the decision-making process (Bechara et al., 2002). A variant GT was used, 

featuring immediate punishment and delayed reward as opposed to immediate reward and delayed 

punishment, as in the original GT. This experiment yielded three subpopulations of addicts, in which 

behavioral choices, reward SCR, punishment SCR and anticipatory SCR (for positive and negative 

outcomes) were either identical to normal controls (non-impaired), identical to VM patients (impaired 

on original and variant IGT), or distinct from either controls or VM patients (impaired on original but not 

on variant IGT). The latter group is thought to be hypersensitive to reward, in that the presence or 

prospect of receiving reward dominates their choice and behavior. Bechara et al. integrate these 

results into models of addiction that suggest that substance-taking may be related to two processes. 

The first relates to abnormal activity in the extended amygdala system, resulting in exaggerated 

processing of incentive values of substance-related stimuli, which is supported by the finding of 

exaggerated reward SCR. The other process involves abnormal activity of the PFC to inhibit 

substance seeking action associated with immediate reward. This abnormality can arise as a result of 

two different processes: in one, the abnormality appears to be consistent with VM patients. In the 

other, it reflects unbalanced activity within the amygdala-ventral striatum versus orbitofrontal/VM 

cortex-insular cortex, the circuit necessary for processing somatic states induced by primary and 

secondary inducers. Primary inducers are (conditioned) stimuli innately set as pleasurable or aversive, 

and when present in the immediate environment, automatically trigger a somatic response. The 

amygdala is a critical component of this system. Secondary inducers are generated by recall or 

thought, and elicit a somatic response when brought to memory. The VM cortex is a critical substrate 
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in this system. Thus, the decision-making impairment and behavioral myopia for the future associated 

with hypersensitivity to reward in addicts may arise from either strong somatic responses generated by 

primary inducers of reward and weak somatic responses generated by secondary inducers of 

punishment; or from strong somatic responses generated by secondary inducers of reward and weak 

somatic responses from primary inducers of punishment. These unbalanced activities within the 

amygdala and OFC-insular cortex systems are inter-related. On the one hand, a hypoactive OFC-

insular system when a decision with possible punishment is being considered can be the indirect 

consequence of a hypoactive amygdala for processing punishment: when representations of somatic 

states for punishment in the insular cortex are weak, somatic responses in anticipation of punishment 

will be weak too, which is supported by poor anticipatory SCR generated by addicts in original GT. On 

the other hand, a hyperactive OFC-insular cortex when pondering could be the result of a hyperactive 

amygdala. Generation of higher reward SCR leads to the formation of stronger representations of 

feeling state of reward in the insular cortex and associated sensory cortices, resulting in stronger 

emotional responses (somatic states) when anticipating reward. This is supported by elevated 

anticipatory SCR in a subgroup of addicts in relation to decks with large reward in the variant GT. 

Summarizing, dugs can trigger somatic states which then participate in two functions: providing 

substrate for feeling (perceived as craving) or providing a substrate for biasing decisions and driving 

behavior to seek drugs. 

 

6.3 The somatic-marker model of addiction 

Verdejo-García et al. elaborated on the model by Bechara et al. by proposing a somatic marker model 

of addiction (Verdejo-García et al., 2006). The somatic marker hypothesis (SMH) states that the 

process of decision-making depends on neural substrates regulating homeostasis, emotion and 

feeling (Damasio, 1994). According to Verdejo-García the neural systems for somatic state action in 

addiction is firstly the amygdala-ventral striatum system, involved in drug stimulus-reward learning and 

the control of drug-related cues over behavior. The somatic signals then ascend and exert influence 

on cognition at the level of the lateral OFC and dorsolateral prefrontal regions. Similar to Becahara et 

al., Verdejo-García et al. distinguish two functions of somatic state feedback: either providing a 

substrate for feeling the emotional state through the somatosensory cortices and insula, or providing a 

substrate for biasing decisions through motor effector structures such as the striatum, the ACC and 

adjacent cortices. According to the SMH, addiction is a condition in which the person becomes unable 

to choose according to long-term outcomes. Choices based on long-term outcomes rather than short-

term ones require pain signals triggered by thoughts about future negative consequences of seeking 

drugs to dominate those triggered by immediate rewarding consequences of consuming the drug. This 

is thought to be due to either a dysfunctional VMPFC system, critical for processing somatic states 

from secondary inducers and therefore acting as a reflective system, which loses its ability to process 

and trigger somatic signals associated with future prospects in addiction. Another possibility is 

hyperactivity in the amygdala system for processing somatic states from primary inducers. This 

system is more impulsive and in addiction its activity becomes altered in such a way that it diminishes 

the somatic impact of natural reinforcers but exaggerates the somatic impact of obtaining drugs. Thus 

drugs acquire properties of triggering a bottom-up somatic bias through the amygdala that modulate 
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top-down goal-driven attentional resources (VMPFC) necessary for normal functioning of the reflective 

system, which exerts the control that enables an individual to resist the urge to seek drugs.  

 

6.4 Orbitofrontal activation during decision-making in addiction 

6.4.1. Neuroimaging of decision-making in addicts 

The studies discussed above illustrate the broad implication of the OFC in defective decision-making 

in addiction. Nevertheless none of them actually investigated orbitofrontal functioning. While reviewing 

the relationship between substance use disorders and the OFC, London et al. (2000) note that despite 

the observation of behavioral alterations associated with OFC lesions in substance abusers, they fail 

to show impairments on classic neuropsychological tests tapping frontal lobe function. Since the GT 

was developed particularly for patients with lesions of the ventromedial portion of the OFC, 

administering this task to addicts would provide evidence for the hypothesis that they suffer from a 

functional deficit of the OFC. GT scores do appear to be nearly 50% lower in addicts than controls, 

however not as low as vmOFC patients. In contrast to these GT results, performance on the 

Wisconsin Card Sorting Task, which is sensitive to lesions of the DLPFC but not of the OFC, did not 

differ between addicts and controls. Although imaging studies demonstrate that successful GT 

performance requires anatomical integrity as well as adequate metabolic activity of the vmOFC, 

London et al. stress that these studies do not preclude participation of other brain regions in complex 

decision-making, especially regions with anatomical connections with the vmOFC (e.g. amygdala). 

Dom et al. (2005), who reviewed imaging studies on orbitofrontal involvement in decision-making of 

addicts too, concluded the OFC dysfunction of addicts manifests itself in particular when outcomes are 

uncertain. He found that in addition to the right OFC other prefrontal structures are activated in 

decision-making too, albeit to a lesser extent. Therefore Dom et al. wondered whether OFC activation 

reflects compensation for its intrinsically weaker performance or for the weaker performance of other 

prefrontal structures such as the DLPFC. 

 

6.4.2 Decision-making, (orbito)frontal involvement and genes in alcoholism  

The reviews discussed above certainly emphasize the (direct) contribution of the OFC to decision-

making in addiction, specifically to the bias selection toward immediate rewards. In search of the 

neurobiological mechanism underlying this immediate reward bias, Boettiger et al. (2007) investigated 

the so called ‘hot’ and ‘cold’ systems involved in decision-making. The ‘hot’ system is proposed to 

generate impulsive choices in presence of proximate reward and is therefore thought to be comprised 

of limbically associated regions. This system is thus dominated by emotion and overvalues immediate 

reward. In contrast, ‘cold’ fronto-parietal regions are active during all decisions between sooner and 

later reward and are therefore assumed to discount at constant rate over time. By means of fMRI and 

a modified delay-discounting task, Boettiger et al. compared immediate reward bias and the 

magnitude of BOLD signal during decision-making in healthy controls and abstinent alcoholics in order 

to identify the brain areas involved in the cognitively mediated bias towards either immediate or 

delayed reward. Activity in the dorsolateral prefrontal cortex (DLPFC), posterior parietal cortex (PPC) 

and anterior parahippocampal gyrus (PHG; connected to amygdalar regions) was found to to be 

associated with deciding whether to choose now or later, and this activation was most pronounced in 
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subjects least willing to wait, whereas the activity in the right lateral OFC was greatest in subjects most 

likely to select the larger, delayed reward. Direct comparison of the normalized decision-making 

revealed that activity in these ‘Now’ and ‘Later’ regions of interest differed significantly for abstinent 

alcoholics and controls. In addition, as basal frontal DA levels have been found to be inversely related 

to frequency of impulsive choices, and acute elevation of DA levels reduces immediate reward bias in 

humans, Boettiger et al. assessed genotype at the Val158Met polymorphism of the COMT gene since 

it plays a significant role in regulating frontal DA. A main effect of COMT genotype on impulsive choice 

ratio was demonstrated, independent of alcohol abuse history. More specifically, the 158 Val/Val 

genotype predicted the DLPFC and the PPC to be hyperactive when individuals were making 

subjective decisions, suggesting that genotype at the COMT 158 locus is indicative of impulsive choice 

behavior. Therefore Boettiger et al. distinguish functional activity in the DLPFC, PPC and PHG from 

that in the lateral OFC, as the first is thought to reflect proximate outcome comparisons and the latter 

outcome comparisons that are more temporally distant. The eventual selection bias of an individual is 

determined by the relative strength of immediate vs. long-term choice outcomes. Summarizing, the 

hypothesis that hyperactivity of the ‘hot’ limbic system in relation to a ‘cold’ reason circuit underlies 

immediate reward bias was rejected, as regional activation patterns did not separate along limbic and 

non-limbic structures. A more feasible explanation is that immediate reward bias results from neural 

activity representing proximate outcome comparisons that exert more influence on choice than does 

activity representing outcome comparisons that are further apart in time, as such suppressing the 

ability to anticipate a larger reward. 

As discussed earlier, Hill et al. also (2008) established a link between alcoholism, impulsive decision-

making and genes, although the genes investigated in that study were thought to indirectly affect OFC 

functionality by causing structural abnormalities. In contrast, Boettiger et al. relate their findings directly 

to DLPFC and PPC function as a result of genetic variation in DA metabolism, but not to OFC function, 

complicating direct comparison of the findings. In addition, Boettiger et al. fail to draw conclusions 

based on between group comparisons. Despite comparing activity in the regions of interest found as a 

result of Now or Later choices, no post hoc analyses were done to try and reveal more specific 

differences that could reflect the crucial difference between alcoholics and controls. 

In conclusion, the decision-making of addicted individuals is characterized by preferring immediate 

rewards despite aversive future consequences. This maladaptive decision-making pattern in 

experimental contexts is significant for addiction because it may reflect real life decision-making 

deficits contributing to the persistence of addiction. The OFC is heavily implicated in this decision-

making process as it is related to the ventromedial PFC, presumed to be critical for adequate 

Gambling Task performance. However, as pointed out by Bechara et al., performance on the GT by a 

subgroup of addicts can be distinguished from typical VMPFC patient performance, implying that brain 

areas besides the VMPFC and OFC are involved. This parallels the predicament presented by Dom et 

al.: does OFC activation reflect compensation for its own (intrinsically) weaker performance or for the 

weaker performance of other (prefrontal) structures? This issue stresses the importance of studying 

the OFC as a component of the network, as did Boettiger et al., thereby contributing to a plausible 

solution for the predicament of Dom et al. (2004), as it revealed hyperactivity of other prefrontal 
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structures related to immediate reward whereas the OFC was activated when reward was delayed. 

This does however not explain how activity may shift when the OFC becomes dysfunctional, as is 

thought to be the case in addiction. Finally, a link can be established with regard to the function of the 

OFC in craving and in decision-making. Obviously, (maladaptive) decision-making is often triggered by 

feelings of craving. As the somatic marker hypothesis implies, a hypoactive amygdala and OFC could 

reduce the impact of (thoughts about) punishment, leaving (thoughts about) reward to dominate 

feelings, whereas a hyperactive amygdala and OFC will amplify (thoughts about) reward causing 

biased decision-making towards reward. The distinction between OFC activity being above or below 

baseline was addressed in studies about craving too. In these studies, OFC hyperactivity was 

associated with drug use, craving and early withdrawal, whereas long term withdrawal and abstinence 

was related with OFC hypoactivity. This makes sense in that during early withdrawal, fighting the urge 

to consume drugs is likely to be most difficult, leaving an addict thinking about drug reward despite 

knowing it is not an option, as OFC hyperactivity is suppressing conflicting cognitive signals. As an 

individual has been abstinent for a longer time, the feelings about drugs and associated reward are 

probably still present, but now feelings about negative consequences of drugs are ‘allowed’ to 

compete, limiting the impact of drug reward to feelings upon which the individual (ideally) does not act. 

 

 

7 Animal research: addressing the causality issue 

 

Schoenbaum and Shaham (2008) introduce their review on the role of OFC in addiction by noting that 

despite results from clinical studies indicating OFC dysfunction in drug addiction, these data cannot 

distinguish whether changes in OFC function are caused by drug exposure or by a condition 

predisposing individuals to drug addiction. Animal models are unique in that they enable investigation 

of causality, although obviously the validity of these animal models will always be subject to debate. 

They do however provide suggestions for research in both healthy and pathological human 

populations. 

 

7.1 Orbitofrontal cortex and decision-making 

As described above the OFC is frequently implicated in (maladptive) decision-making in human 

addicts, but often on theoretical grounds. Recently, neuroimaging has facilitated the efforts to establish 

direct links between decision-making and OFC function in humans. Animal studies offer this 

opportunity as well, and are even more advantageous because they enable the administration of 

addictive drugs in a controlled manner against a relatively fixed genetic and environmental 

background. According to Schoenbaum et al. (2006), the human ability to form expectations about the 

value of impending events underlies much of our motivation and behavior. Two functions in particular 

depend on these expectations; the guidance of immediate behavior in order to pursue goals and avoid 

harm, and the comparison of actual outcomes to facilitate learning and therefore adapt future 

behavior. This integrative process generates a signal that can be described as an outcome 

expectancy, i.e. an internal representation of the consequences likely to follow specific behavior. 

Disruption of this signal may result in decision-making going awry and an inability to learn from 



 25 

negative consequences. Schoenbaum et al. argue that the OFC is principally responsible for 

generating and using outcome expectancies, and that drug-induced changes in the OFC lead to the 

disruption of outcome expectancy and thus contribute to the decision-making deficits in addicts. In 

both rats and primates, neural activity in the OFC increases when rewards or punishments are 

predicted, providing an ongoing signal of the value of impending events (the expectation of an animal, 

based on experience, of likely outcomes). For this reason, OFC damage shows when appropriate 

responses cannot be selected by means of simple associations but instead require outcome 

expectancies which have to be integrated over time or compared to alternative responses. This 

inability is very well demonstrated by reinforcer devaluation tasks, which provide a direct measure of 

the ability to manipulate and use outcome expectancies to guide behavior. Rats with OFC lesions 

performing this task show a normal ability to extinguish their responses within a test session, indicating 

that the deficit does not reflect a general inability to inhibit conditioned responses. Rather, the OFC 

has a specific role in controlling conditioned responses according to internal representations of the 

new value of an expected outcome. In addition, OFC lesioned rats show neurophysiological changes 

in downstream regions consistent with the loss of outcome expectancies, such as disrupted outcome-

expectant firing normally observed in basolateral amygdala. Also, without OFC input, neurons of 

basolateral amygdala are found to become cue-selective more slowly, in particular during reversal, 

demonstrating that outcome expectancies facilitate learning in other structures, especially when 

expectations are violated as they are in reversals. With respect to the decision-making deficits 

observed in human drug addicts, Schoenbaum et al. wonder whether they reflect a pre-existing 

vulnerability to addiction or that they are the result of long term drug induced neuroadaptations. Animal 

studies find the OFC to be the only corticolimbic regions showing evidence of decreased synaptic 

plasticity after drug exposure. Furthermore, rats treated with cocaine learned discriminations at the 

same rate as saline-treated controls, but were unable to acquire reversals of the discriminations as 

rapidly as controls. That is, they did not show the normal spontaneous reduction in response to 

predictive cues. This pattern is actually similar to that of the OFC lesioned rats, and thus consistent 

with the inability to signal the value of the expected outcome. This inability would account for the 

predisposition of addicts to constantly seek drugs despite their awareness of impending negative 

consequences, because it diminishes their ability to integrate predictive information into their decision-

making, possibly impairing their ability to learn from negative consequences. Schoenbaum et al. thus 

do not establish direct causal relations, rather they conclude that drug-induced changes to the OFC-

dependent signal on the value of expected outcome are a major contributor to the transition from 

normal goal-directed behavior to compulsive habitual behavior. 

 

7.2 Orbitofrontal cortex, genes and impulsivity 

Impulsive personality profiles have been associated with addiction but not so much with orbitofrontal 

involvement however. Winstanley (2007) does so by studying parallels between brain circuitry and 

neurochemical systems implicated in drug dependence and impulsive behavior. She describes two 

categories of behavioral paradigms to assess impulsivity: in delay-discounting, subjects choose 

between a small immediate reward and a larger delayed reward, providing an index of impulsive 

decision-making. Using this paradigm, animals have been shown to initially prefer the larger reward 
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but as the time of delivery of the reward increases, the smaller reward is preferred. The other 

paradigm measures impulsive action, defined as the inability to withhold from making a response as 

indexed by e.g. five-choice serial reaction time task (5CSRT). This task provides an index of motoric 

impulsivity by measuring premature responses. Animals with OFC lesions show increased numbers of 

premature responses as well as perseverative responses on the 5CSRT. Moreover, animals that were 

innately more impulsive on the 5CSRT also self-administered more cocaine. Acute cocaine 

administration produces cognitive impairments on the 5CSRT: the number of premature responses 

and omissions increases, whereas accuracy of target detection and the number of completed trials 

decrease. In contrast, after chronic cocaine administration these changes fail to occur (i.e., cognitive 

tolerance). Winstanley argues that the effects of OFC lesions and hypoactivity bear substantial 

resemblance to the effects of long term drug use on performance on impulse control paradigms, 

integrating them into the following theoretical framework: chronic cocaine use causes enhanced OFC 

stimulation and subsequently recruitment of inhibitory processes to bring activation back to the optimal 

level. As soon as one withdraws from cocaine intake, drug induced stimulation of the OFC is 

discontinued leaving these inhibitory processes, initially counteracting overstimulation (and as such 

maintaining OFC function), to diminish OFC activity below the optimal level, causing cognitive 

deficiency. The mechanism thought to underlie these processes is induction of ∆FosB, a variant of the 

transcription factor FosB, changing the rate at which regulatory regions of genes are transcribed. 

∆FosB is only expressed in the striatum and the OFC at high levels after chronic rather than acute 

administration of a variety of abused substances. Wistanley found that the acute detrimental effect 

cocaine has on 5CSRTas well as on delay-discounting paradigms was reduced as a result of over-

expression of ∆FosB in the OFC, whereas cocaine induced cognitive tolerance to these acute effects 

was counteracted when the expression of ∆FosB was blocked. This suggests enhanced ∆FosB 

expression in the OFC as a result of cocaine use to be an adaptive process initiated by the brain to 

protect itself from overstimulation by repeated cocaine use. In conclusion, Winstanley provides a 

theoretical mechanism of how repeated activation of the OFC leads to long-term inhibition of the OFC 

and how both processes are fundamental to the development of addiction: neuronal activity in the 

OFC is enhanced as a result of acute cocaine administration. When administration is continued, 

∆FosB will be over-expressed in an attempt to balance overstimulation as the over-expression triggers 

regional inhibitory processes. Increased ∆FosB expression would then regulate neural networks in the 

OFC to make up for the acute effects of cocaine intake. Therefore normal behavioral performance on 

OFC-dependent tasks would be preserved in spite of repeated drug administration on the one hand, 

while on the other manifesting a deficit only when exposure suddenly ceases. 

 

7.3 Orbitofrontal cortex and candidate genes for alcohol preference 

One of the principal objectives of animal studies on substance use is to investigate its genetic 

determinants. More specifically, researchers seem particularly interested in the progression from 

casual nondependent substance use to the dependent state. Tabakoff et al. (2008) argues this 

transition to be dose-dependent and therefore aimed to identify genetic elements that influence the 

amount of nondependent alcohol drinking by animals. To that end they performed a genomic analysis 

on three types of animal populations known to show substantial variation in alcohol consumption, 
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examining the proportion of variance in alcohol consumption among strains explained by gene 

expression. Results drew attention to the olfactory regions of the mouse brain, including the olfactory 

bulb, olfactory tubercle, and piriform cortex as regions of relatively high expression levels for many of 

the candidate transcripts. Some transcripts also showed high levels of expression in the limbic system 

(NA, striatum, hippocampus, lateral habenula, amygdala). Tabakoff et al. provide a simplistic view of 

functional importance of the brain regions accommodating these differentially expressed candidate 

genes: they are involved in odor detection and discrimination. Besides functions, their regional 

localization and the aspects of neuronal migration, differentiation, and synaptic reorganization are 

integrated by Tabakoff et al. by discussing their contribution to olfactory learning processes. Plasticity 

in the piriform cortex has been implicated in the learning of odor discrimination. In addition, during 

acquisition of odor discrimination, integration of activity of the olfactory bulb and electrophysiologic 

activity in the ventral hippocampus takes place, implicating the hippocampus and the piriform cortex in 

odor discrimination learning. The role of perception of flavor, involving taste, olfaction, and 

chemosensory information, is discussed as having an influence on initial alcohol consumption. 

Individual and strain differences in the ability to discriminate tastes, in addition to consequences of 

consumption, have been suggested to affect the level of alcohol consumption displayed by mice and 

rats and support for the role of olfactory system in alcohol preference in animals and humans keeps 

accumulating. Even though alcohol may be consumed for its postingestive reinforcing effects, the two-

bottle-choice voluntary alcohol consumption phenotype in mice forming the basis of this study includes 

a significant orosensory component. The findings of Tabakoff et al. shed new light on the role of the 

OFC in addiction, as it emphasizes the olfactory regions residing in the OFC (as established by e.g. 

Zatorre et al., 1992) and their role in associative learning. This implies a more direct role for the OFC 

than suggested by other studies as they assign a modulating role to the OFC in assessing (expected) 

reward magnitude whereas the current study points to a direct role for the OFC in olfactory associative 

learning. This difference in contribution of the OFC to the process of addiction could be due to the 

different stages of addictions studies: the current study focuses on initial alcohol consumption, prior to 

the transition of casual alcohol consumption to addiction whereas the majority of studies address the 

impact of the OFC on perpetuation of the addicted state. 

 

7.4 Orbitofrontal-dependent learning and addiction 

As mentioned earlier, according to Schoenbaum and Shaham (2008) the unique advantage of animal 

studies is the means to directly address the causality issue of alcoholism and brain dysfunction. 

Therefore they aim to disentangle cause and effect by discussing animal studies investigating the 

effect of drug exposure on orbitofrontal-dependent learning and on neuronal structure and activity in 

the OFC. As discussed before, reversal learning is an example of behavior based on active 

representation of the value of expected outcome, and this behavior is thought to be promoted by a 

circuit that includes the OFC. Indeed, as demonstrated by imaging studies, the OFC plays a major role 

in reversal learning in humans. Furthermore, the role of OFC in gambling tasks, as investigated by 

numerous studies, is largely accounted for by the reversal learning that is inherent to the design of 

most gambling tasks. Reinforcer devaluation studies are well suited to demonstrate the specific 

impairment brought about by OFC lesions, as animals are left unable to use the representation of an 
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outcome’s current value to mediate their behavior, specifically when responding to conditioned cues. 

As a result, behavior becomes mainly driven by habits since it is not longer influenced by the value of 

expected outcome. Repeated exposure to drugs induces alterations in neuronal and molecular 

function in the OFC, which probably bring about the observed impairments in OFC-mediated 

behaviors in drug-experienced lab animals, as well as the habitlike response patterns characterizing 

the behavior of addicts and drug-experienced animals. This loss of control over drug seeking is 

thought to reflect drug-induced changes in particular brain circuits and the subsequent effect on 

learned behaviors mediated by these circuits, comprising prefrontal regions, the amygdala and the 

striatum in rats. Moreover, the processing of learned information in these brain areas is altered by drug 

exposure. This is supported by findings that cocaine exposure disrupts outcome-guided behavior that 

depends on the OFC: cocaine exposure induces OFC-dependent reversal learning deficits of similar 

magnitude as learning deficits induced by OFC lesions, as OFC neurons no longer signal the expected 

outcomes appropriately. This supports Schoenbaum and Shaham’s hypothesis that as a result of drug 

exposure an animal loses its ability to make adaptive decisions since this relies on appropriate 

outcome signaling by the OFC, which is compromised by drug exposure. Even more so, these results 

suggest that abnormal OFC function observed in addicts reflects drug-induced changes rather than or 

in addition to pre-existing OFC dysfunction. They conclude their review by addressing some issues 

concerning the studies discussed, which obviously apply to animal studies in general. First, one must 

take into account existing changes in OFC function as a result of previous drug exposure when 

assessing the role of the OFC in drug seeking behavior. Effects in animals with a history of drug self-

administration must be interpreted with caution. Second, most animal models of drug self-

administration and relapse may not be sufficiently representative to determine the role the OFC in 

human drug addiction. Apart from its main function (adjusting behavior in order to meet expectations) 

the OFC appears to play a significant role in detecting changes in expected outcomes and react 

accordingly. As the ability of the OFC to correctly signal delayed outcomes is disrupted by drug 

exposure, it may underlie the inability of addicts to forgo the short term and immediate reward of drug 

use. 

Summarizing, the notion that animal studies elucidate mechanisms of cause and effect is not 

supported by the studies described above. Schoenbaum et al. conclude both their reviews by arguing 

OFC dysfunction to be primarily drug induced and even genetic studies, such as the one by Tabakoff 

et al. indirectly acknowledge the impact of external factors, such as learning. An organism can carry 

genes predisposing it to addiction but learning must to take place for addiction to develop. To that 

extent, the development of addiction will also always be subject to the nature vs. nurture debate. This 

is clearly demonstrated by Winstanley’s study, in which genetic alterations as a result of drug 

exposure influence performance on OFC-dependent tasks. Obviously, several parallels can be drawn 

between animal studies and studies in which human subjects participate, as their results correspond to 

a large extent. Animal studies also find the OFC to be of significant value in the signaling of reward 

expectancy, to be dysfunctional in maladaptive decision-making in addicts, and to be related to 

impulsive behavior in general. As mentioned earlier, animal studies do provide clues as to what 

mechanisms should be more closely investigated in human addicts. For instance, Winstanley suggests 
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the transcription factor ∆FosB to compensate for OFC hyperactivation as a result of drug exposure, 

thereby regulating normal cognitive performance. Therefore the cessation of drug exposure leads to 

overcompensation, leaving the OFC hypoactive. This functional differentiation of OFC activity is also 

discussed with respect to craving and decision-making and may be brought about by ∆FosB too, 

illustrating that there are still a lot of bridges to build between animal studies and studies involving 

human addicts. 

 

 

8. Conclusion 

 

Traditionally, addiction is associated with motivation as drugs can be regarded as rewards. When a 

positive value is attributed to drugs and/or their postingestive effects, the prospect of drugs induces, 

and on the longer term, increases approach behavior, i.e. drugs start to act as positive reinforcers. For 

that reason, addiction can be conceptualized as a learning disorder as addicts appear unable to 

control their approach behavior. The processing of reward and thus reward related behavior has 

always been thought to be related to dopamine (DA) transmission in subcortical structures. 

Reinforcers stimulate DA transmission in the nucleus accumbens (NA) and DA stimulation in the 

ventral tegmental area (VTA) acts to influence the choice of appropriate actions. Therefore reward 

related learning is thought to be associated with phasic DA transmission. In contrast to natural 

reinforcers, DA transmission induced by addictive drugs is not affected by habituation or satiation. As 

a result DA transmission is increasingly activated, impairing the natural phasic activation of DA 

transmission underlying reward related learning. This causes stimuli associated with drug reward to 

acquire excessive motivational value resulting in the inability to control behavior. Whereas views like 

these state that subcortical structures fully account for the development of addiction, other lines of 

research attribute addictive behavior exclusively to cortical areas. Frontal (dys)function in particular is 

thought to be associated with disinhibited behavior and personality characteristics implicated in 

addiction. A current consensus however has arisen, recognizing that neither cortical prefrontal nor 

subcortical mesolimbic and/or midbrain structures can solely underlie the development or maintenance 

of addiction. This view is supported by findings on cortical structures maintaining DA levels at baseline 

in subcortical structures, as well as the interplay of subcortical regions with prefrontal structures 

required for associative learning. Consequently, recent investigations focus on the interaction of 

subcortical and prefrontal structures. The VTA and striatum remain subcortical structures of interest 

while with respect to cortical structures, interest in the orbitofrontal cortex (OFC) has increased as it 

modulates DA release in the NA, thereby regulating reward value as well as choice behavior by 

providing information on the value of stimuli, together with the amygdala. The conclusion that can be 

drawn from these findings, as well as the implication they provide, is that the investigation of structures 

involved in addiction should focus on networks instead of sole structures. This is even more plausible 

given that addiction is a multi faceted behavioral phenomenon and therefore most likely to engage 

several different brain areas. 

Assessing the OFC as a component of a larger network yields some inconsistent results however. 

Addicts dependent on two or more different drugs show structural deformities, and individuals at risk 
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for alcoholism are thought to be genetically predisposed to OFC abnormalities whereas diagnosed 

alcoholics do not show any OFC abnormalities. These discrepancies are due to the fact that 

differentiating effects of multiple substances on the OFC is virtually impossible, and that the length of 

abstinence of addicts in different studies varies to a large extent. Apart from structural variations, 

functional significance of the OFC has been assessed in several aspects of addiction. OFC 

dysfunction appears to correlate with lack of control, causing an individual to be more prone to 

(continuance of) substance abuse. This putative relationship is elucidated by studying ‘real time‘ 

contributions of the OFC to behavioral aspects constituting addictive disorders, such as overvaluing 

rewards and the subsequent abnormal drive for and compulsive behavior towards drug reward, i.e. 

craving. Its role in craving illustrates a crucial characteristic of the OFC, i.e. its integrative function in 

processing of rewards as its anatomical connections enable it to integrate physical and emotional
 

attributes of a stimulus-object, subsequently establishing motivational
 
value based on estimation of 

potential reward. Negative values cause the OFC to correct the motivational-directed behavior in order 

to protect an individual from potential harm. This regulatory function is compromised in drug addicts, 

disabling them to evaluate potential reward against harm from drug self-administration, hence 

overvaluing reward and causing compulsive drive to obtain the drug. Exposure to drugs or drug-

related cues causes hyperactivation of reward and motivational circuits, whereas activity in circuits in 

charge of cognitive control is diminished. This network and its presumed dysfunction is implicated in 

alcoholism too, since craving is not a substance specific phenomenon but a general state, which 

implies the same substrates could underlie craving for different drugs. The investigation of craving is 

complicated by methodological issues as well, as drug-induced craving differs from cue-induced 

craving, although subjects do not experience any difference. In addition, OFC activity in craving can be 

due either to reward expectancy or to inhibition of craving, depending on the treatment status of 

subjects. Another widely investigated aspect of addiction is decision-making as that of addicts is 

characterized by preferring immediate rewards despite aversive future consequences, reflecting real 

life decision-making deficits contributing to the persistence of addiction. The OFC is implicated 

because it is related to the ventromedial PFC (VMPFC), which is presumed to be critical for adequate 

decision-making as indexed by Gambling Task performance. Differences in performance between 

addicts and patients with VMPFC lesions imply however that brain regions besides the VMPFC and 

OFC are involved, in addition raising questions as to whether OFC activation reflects compensation for 

its own weaker performance or an attempt to compensate for the weaker performance of other 

structures. These issues once again stress the importance of studying the OFC as a component of a 

network. In that regard, the networks underlying craving and decision-making in addicts may be 

identical to some extent: in decision-making, a hypoactive OFC would reduce the impact of 

punishment, resulting in reward to dominate feelings, whereas a hyperactive OFC would increase 

reward value, causing biased decision-making towards reward. With respect to craving, OFC 

hyperactivity is associated with craving during drug use and early withdrawal, whereas OFC 

hypoactivity is related to long term withdrawal and abstinence. These findings can be integrated since 

during early withdrawal, fighting the urge to consume drugs is likely to be most difficult. An addict will 

keep thinking about drug reward, as OFC hyperactivity is suppressing conflicting cognitive signals. 



 31 

When abstinent for a longer time, feelings about drugs and associated reward will still be present, but 

now feelings about negative consequences of drugs are considered too, diminishing the impact of 

drug reward to feelings to such an extent that the (detoxified) addict (ideally) does not act on them 

anymore. To support these speculations, functional activity of the OFC in decision-making needs 

further investigation, e.g. by having addicts and normal controls perform decision-making paradigms 

while acquiring functional MRI scans at different time points, i.e. during the addicted state, early 

withdrawal and long term withdrawal. Findings of such studies might aid the development of cognitive 

therapies for substance abuse that focus on strengthening the neural representations of long-term 

outcomes that may aid in decision-making during recovery. Moreover, high frequency repetitive 

transcranial magnetic stimulation aimed at the dorsolateral prefrontal (rather than the orbitofrontal 

cortex itself) has been found to modulate extrastriatal DA modulation in the OFC (Cho & Strafella, 

2009), suggesting that in the future TMS may be used as a treatment tool to tackle addiction. The 

functional distinction of OFC hyperactivity vs. hypoactivity has been demonstrated in animal studies 

too, illustrating that these studies provide clues as to what mechanisms should be more closely 

investigated in human addicts. Moreover, animal studies should theoretically facilitate the 

disentanglement of cause and effect in addiction. As such it might have given rise to the increasing 

interest in the contribution of genetics to the addicted state, both in animals and humans. This line of 

research holds promise for revealing factors predisposing an individual to addiction, such as genes 

affecting quantity of alcohol intake in mice, as well as factors putting an individual at risk for addictive 

behavior, such as family studies investigating genes determining OFC volume, but also genetic 

components of impulsivity and decision-making. The majority of studies remain inconclusive, or can 

only speculate,40 

with regard to the matter of causality in the process of addiction as it will always be the joint result of 

genes and environment, and as such, will always be subject to the nature vs. nurture debate. 
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