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ABSTRACT 

Recent studies using brain imaging have begun to reveal the neural systems that 

underlie the response to drug cues in hum an addicts, however, little is known about how 

they are affected by perceived drug availability and degree of abstinence in the user. 

Using functional magnetic resonance imaging (fMRI) and a cue reactivity paradigm in 

cigarette smokers, we have investigated, for the first time, the neural correlates of 

expectancy a nd abstinence on the drug user' s response to stimuli associated with drug 

use. Exposure to smoking cues induced a subjective craving response and elicited 

activation of a distributed neural system involved in the cognitive and emotional 

processing of salient stimuli. We showed that in a state of anticipation to smoke, this 

neural response was heightened, notably in the prefrontal cortex, whereas it was absent 

during a state of non-expectancy. In addition, we showed that this cue-induced response 

was disrupted during acute withdrawal from smoking. 
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RESUMÉ 

Récemment des études d'imagerie cérébrales ont permis d'identifier, chez le sujet 

toxicodépendant, les substrats neurobiologiques impliqués dans la réponse aux stimuli 

préalablement associés à la prise de drogues (stimuli d'appétence); toutefois nous ne 

savons pas si ces substrats sont modulés par le degré de sevrage et l'éventuelle 

accessibilité de la drogue. Nous avons utilisé l'imagerie par résonance magnétique 

fonctionnelle (lRMf) et un paradigme de réactivité à des stimuli d'appétence (séquences 

vidéo de fumeurs), afin d'étudier, chez le fumeur, l'impact de l'anticipation et du sevrage 

sur la réponse neurobiologique d'appétence. La présentation des séquences vidéo de 

fumeurs augmenta la réponse subjective d'appétence (craving) toute en sollicitant 

l'activité d'une circuiterie neuronale que l'on croit impliquée dans le contrôle des 

processus émotionnels et motivationnels associées aux stimuli saillants. Nos données 

montrent que l'anticipation de fumer potentialise la réponse neurobiologique 

d'appétence, notamment dans le cortex préfrontal; inversement cette réponse est absente 

lorsque le sujet anticipait de ne pas fumer. De plus, nos résultats révèlent que le sevrage 

cancelle la réponse neurobiologique aux stimuli d'appétence. 
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INTRODUCTION 

1 Rationale 

Tobacco usage is the single largest preventable cause of mortality in the Western 

world, a ccounting for 20% 0 fa 11 premature d eaths (Balfour, 2002). Although s tudies 

show that 70% of smokers report a desire to quit (Benowitz, 1999), it has been shown 

that only about 20% ofthose who attempt to quit are successful for more than a year 

(Balfour et al., 2000). The addictive potential oftobacco lies in its principal psycho active 

component, nicotine, which promotes its use despite the harmful consequences (Balfour, 

2002). Like other drugs of abuse, nicotine dependence is associated with craving, which 

cigarette smokers claim is a major factor for both their continuation to smoke and their 

inability to quit (Altman et al., 1996). Of particular interest is the observation that 

exposure to drug-associated stimuli (e.g. sight of a cigarette, smell oftobacco smoke) is a 

powerful inducer of craving and drug use in addicted individuals. This same effect has 

been employed experimentally to investigate various features involved in the cycle of 

addiction. For example, use of the cue reactivity paradigm has revealed the important 

influence of two such factors on the course of drug addiction: the degree of abstinence 

and perceived drug availability. However, the impact of these factors on the underlying 

neural mechanisms of the response to drug cues remain poorly understood, and such a 

focus may prove important in the understanding and eventual treatment of addiction. 

Although work with animal models has provided many advances in the 

understanding of the neurobiology of cue-induced drug use, the complexity of addictive 

behaviour in humans requires research techniques that examine dependence directly in 

human subjects. Therefore, the use of non-invasive brain imaging techniques to 
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investigate the neural circuitry of nicotine addiction in cigarette smokers lS an ideal 

approach to this problem. 

2 Objectives 

The objective of this experiment was to use functional magnetic resonance 

imaging (fMRI) and a validated cue-reactivity paradigm to study the neural correlates of 

cue-induced nicotine craving in cigarette smokers. We manipulated the degree of 

expectancy to smoke and the degree of abstinence so as to determine the effects of these 

factors on the neural and subjective responses to conditioned eues. 

3 Hypothesis 

We hypothesized that III cigarette smokers, subjective self-reports of craving 

would increase in response to smoking stimuli when compared to neutral stimuli. 

Furthermore, we hypothesized that a state of expectancy to smoke and a state of non­

abstinence would result in reports of positive, appetitive craving whereas more negative, 

withdrawal-mediated craving would be reported during abstinence and in a state of non­

expectancy. Regarding the neural response to smoking stimuli, we proposed that 

exposure to smoking images (relative to neutral images) would lead to activity-related 

blood-oxygen-Ievel-dependent (BOLD) signal increases in limbic and frontal regions, 

reflecting a neural circuitry that responds to the conditioned motivational and emotional 

aspects of drug eues. We hypothesized that these activations would correlate with 

subjective reports of craving and that this neural response to eues would be preferentially 
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increased during expectancy to smoke, and disrupted during a state of acute abstinence 

from smoking. 

REVIEW OF LITERATURE 

1 Neurobiology of Nicotine Addiction 

It has been well established from animal studies that nicotine is the primary 

psycho active and addictive component of tobacco (Stolerman and Shoaib, 1991). It has 

been shown that when given intravenously in rodents, nicotine will support intracranial 

self-administration (Schaefer and Michael, 1986), promote conditioned-place preference 

(Vastola et a1., 2002), and increase locomotor activity (Schoffelmeer, 2002), similar to 

other drugs of abuse such as the psycho stimulants cocaine and amphetamine. Nicotine's 

actions on various cortical and subcortical regions of the brain are mediated by its 

binding to nicotinic acetylcholine receptors, thus modulating the release of 

neurotransmitter from dopaminergic, cholinergic, glutamatergic, serotonergic, and 

GABAergic nerve terminaIs (Alkondon, 2000; Mc Gehee et a1., 1995; Vidal and 

Changeux, 1993); however, it is its facilitation of dopamine (DA) release that is believed 

to be primarily responsible for its addictive potential (Balfour, 2002). Indeed, a common 

denominator shared by most drugs of abuse, including the opiates, alcohol, 

psychostimulants, and nicotine, is their ability to induce DA release in the nucleus 

accumbens (nAcc; Di Chiara and Imperato, 1988), an area involved in reward and 

motivation. Nisell et a1. (1994) used in vivo microdialysis techniques in rats to 

demonstrate that by infusing nicotine into the midbrain ventral tegmental area (VT A, 

origin of DA neurons to the nAcc) , dopamine release in the nAcc could be reliably 
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induced. Furthermore, evidence shows that by blocking either nicotine receptors in the 

VT A or dopamine receptors in the nAcc, the reinforcing properties of nicotine can be 

attenuated (Hildebrand et al., 1998). 

2 Drug Craving 

Craving is defined here as the desire for the previously experienced effects of a 

substance, such as those produced by nicotine. The importance in studying craving as a 

construct in drug addiction stems mainly from its common reference by drug addicts, 

who daim that it is a prime motivator for drug use (Anton, 1999). Classical 

conceptualizations of drug dependence have generally provided two main frameworks to 

describe the concept of craving: positive and negative reinforcement models. 

2.1 Positive Reinforeement Models of Craving 

Positive reinforcement models of drug abuse centre on the ability of drugs to act 

as incentives (positive reinforcers), and so maintain drug-seeking behaviour through their 

mental representation as rewards (Stewart et al., 1984). Within this framework, positive, 

or appetitive, craving is a conditioned emotional response characterized by the 

anticipation of the positive subjective state that has come to be associated with drug use 

(i.e. euphoria, elevated alertness, etc.). A main critique of this theory lies in a proposed 

dissociation between pleasure and drug use. According to the incentive-sensitization 

model of drug abuse (Robinson and Berridge, 1993), the progression from casual drug 

use to a state of drug dependence is paralleled by a shift in the user from drug-liking to 

drug-wanting. As such, they propose that tolerance develops to the pleasure associated 

with drug-taking, and thus the anticipation of these effects (i.e. positive craving) should 
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only be temporary. However, this view remains controversial in light of evidence from 

an animal study which shows that the increase in the motivational aspects of cocaine 

intake in rats over time coexists with an increase in the drug's rewarding effects (i.e. in 

the absence of tolerance; Deroche et al., 1999). Nonetheless, pharmacological 

intervention has been shown to be capable of decreasing the subjective effects of drugs, 

while not affecting either the urge for, or consumption of, the drug (Haney et al., 1998). 

Therefore, it would seem that positive craving cannot fully explain drug-seeking 

behaviour. 

2.2 Negative Reinforeement Models ofCraving 

In contrast to the positive, incentive driven model, negative reinforcement models 

of craving state that the primary motivation to take drugs is to prevent withdrawal 

symptoms. Negative c raving i s characterized b y the d esire t 0 t ake a d rug in 0 rder t 0 

relieve the aversive symptoms of withdrawal and is thought to reflect an unconditioned 

response to removal of the drug from the body (Koob and LeMoal, 1997). Nicotine 

withdrawal symptoms are both affective (i.e. anxiety, dysphoria, irritability, inability to 

concentrate) and somatic (i.e. sweating, tremors, weight gain) in nature, though clinical 

observations assert that the affective signs are more relevant to craving and present more 

of an obstacle to quitting (Markou et al., 1993). However, there exists substantial 

evidence contrary to this model, including the observation that craving often persists long 

after withdrawal symptoms have ceased (e.g. weeks for nicotine; Miyata and Yanagita, 

2001), that sorne highly addictive drugs (e.g. psycho stimulants) do not exhibit strong 

withdrawal symptoms (West and Gossop, 1994), and that craving can actually be induced 

by administration of the drug itself (i.e. in the absence of any withdrawal; Shaham et al., 
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2003). As such, factors other than the desire to relieve withdrawal symptoms must exist 

in order to explain drug use. 

2.3 Multifactarial Appraach ta Craving 

In response to critique for both the positive and negative reinforcement models of 

craving, a multifactorial approach was conceived so as to incorporate both theories into a 

unified model (Baker, 1987). In this framework, both models can coexist, though it is 

hypothesized that depending on contextual state, such as degree of abstinence, one form 

of craving will predominate over the other. The Questionnaire of Smoking Urges (QSU; 

Tiffany and Drobes, 1991), which assesses both negative (Factor 1) and positive (Factor 

II) reinforcement properties was created to test such hypotheses. Accordingly, Willner 

(1985) supported this model by showing that increasing abstinence from smoking could 

shi ft craving from a positive to a negative reinforcement contingency. Interestingly, the 

QSU was also shown to be sensitive to smoking-related cues, with a maximal effect 

during a non-abstinent state (Morgan et al., 1999), supporting the idea that craving during 

abstinence is less dependent on external cues and arises from an unconditioned 

homeostatic withdrawal response. This multifactorial model has provided a more 

realistic method to gauge craving, but remains limited by the ability to accurately 

measure subjective states across a wide range of contexts (Sayette et al., 2000). 

2.4 Cognitive Theory of Drug Use 

Despite the general acceptance that craving plays a key role in the persistence of 

drug use in addicts, sorne c1aim that such a link may be overstated. For example, 

empirical evidence suggests that drug craving is not a reliable predictor of relapse in drug 

addicts and that in experienced addicts drug use is commonly not preceded by craving 
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(Tiffany, 1999). Tiffany (1990) has proposed a cognitive processing model of drug use, 

in which drug use-related behaviour represents non-conscious, automatic processes that 

are independent of craving. In this framework, exposure to drug-associated cues or 

situations would be sufficient to trigger programmed drug-seeking behaviour, and 

craving (conscious, non-automatic processes) would only play a role when conflict exists, 

such as when the drug needs to be procured or if there is a conscious effort to remain 

abstinent. This theory would suggest that there may be more reliable indicators of drug­

seeking behaviour than craving, which may be revealed by investigating the underlying 

neural response to drug cues. 

3 Conditioned Drug Cues 

3.1 Cue-reactivity Paradigm 

Drug craving and use are influenced by a variety of internaI and external factors, 

such as degree of withdrawal, perceived availability, and stress, but perhaps most 

importantly, exposure to conditioned cues. Using the framework of c1assical 

conditioning, drug cues (conditioned stimuli, CS) are previously neutral stimuli or 

contexts that have been consistently paired with drug use, and upon exposure, induce a 

conditioned response (CR) in the drug user. It is thought, from everyday observations, 

that these cues (e.g. drug paraphernalia, drug use situations) are sufficient in both 

maintaining use and inducing relapse in addicts (Childress et al., 1993). However, this 

same phenomenon can be exploited c1inically in order to better understand the addiction 

process. As such, many experiments have employed the cue-reactivity paradigrn, in 

which drug users are exposed to conditioned stimuli via various methods (e.g. videos, 
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pictures, scripts) and their reactions are measured. Such measurable responses are 

generally either subjective (i.e. craving) or autonomic (i.e. heart rate, galvanic skin 

response, skin temperature) in nature. A meta analysis of cue reactivity across multiple 

drugs of abuse (e.g. cocaine, alcohol, opiates and nicotine) has demonstrated that 

conditioned cues are reliable inducers of these responses in an experimental setting 

(Carter and Tiffany, 1999), however cue-induced craving seems to be more robustly 

generated than cue-induced autonomie responses such as heart rate and sweating. In 

addition to studying the nature of addiction, the cue reactivity paradigm can also be 

employed to test and further investigate potential treatment methods (Drummond et al., 

1995). For example, the efficacy and mechanism of action of various pharmacological 

treatments for nicotine addiction has been studied using the cue reactivity paradigm (Le 

Foll et al., 2003; Brody et al., 2004). 

In addition to subjective and physiological measures of cue reactivity, it is also 

possible to study the behavioural (i.e. drug-seeking) response that drug cues elicit. In this 

regard, animal models have proved useful. For example, in a model of cue-induced 

relapse, reinstatement of cocaine self-administration was demonstrated when withdrawn 

rats, trained to lever press for the drug, were re-exposed to conditioned cues 

(Ciccocioppo et al., 2001). Another tool that has been used in animaIs to investigate the 

behavioural e lements of drug addiction is the progressive ratio (PR) schedule. In this 

method, animaIs trained to lever press for an addictive drug are required to increase their 

number of responses in order to obtain further infusions of the drug. Therefore, this can 

gauge the amount of work the animal is willing to do to receive the drug, and has 

provided a m eans tom easure the c ue-induced b ehavioural response in d rug addiction. 
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For example, using a PR schedule, Donny et al. (1999) showed that exposure to stimuli 

paired with drug self-administration significantly increased the time necessary for 

nicotine-dependent rats to undergo extinction of lever pressing. Although similar 

findings using the PR task have not reproduced such results in smokers (Morgan et al., 

1999), it is commonly believed that drug cues are a key inducer of relapse in cigarette 

smokers (Tiffany, 1990), cocaine users (Childress et al., 1988), alcoholics (Rohsenow et 

al., 1994), and heroin addicts (Childress et al., 1986). As such, drug cues seem to be 

capable of driving behaviours that both sustain drug taking and hinder attempts to abstain 

from drug use. 

3.2 Theories of eue Reactivity 

Similar to the theories posited to explain craving, theories of the response to drug 

cues are based on a c1assical conditioning paradigm. In this regard, the two main models 

of cue reactivity differ mainly in the nature of the CR that the CS (i.e. drug cues) evokes 

in the drug user. In the incentive-appetitive model (Stewart et al., 1984), it is proposed 

that drug cues induce a CR that reflects the positive, incentive properties of the drug and 

are therefore isodirectional to the effects of the drug. In contrast, in the withdrawal­

aversive model (Wikler, 1948; Siegel, 1983), drug cues induce a CR that is similar to the 

withdrawal state and opposite to that of the drug. Accumulated evidence seems to 

support the former theory. For example, a meta analysis of cue reactivity has shown that 

drug cues generally produce an increase in heart rate and sweat gland activity, an 

autonomic response that is similar to the physiological effects of many drugs (i.e. 

nicotine, cocaine and alcohol), thus supporting the incentive-appetitive model (Carter and 

Tiffany, 1999). However, this generalized CR to drug cues is counterdirectional to the 
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physiological effects of opiates, suggesting that the autonomic response may also be 

explained by general arousal, and not completely dependent on conditioning effects 

(Carter and Tiffany, 1999). Further research is necessary to adequate1y determine the 

mechanisms underlying the cue reactivity, as this could provide possible avenues for 

treatment. For example, under a classical conditioning paradigm, it is theoretically 

feasible to treat addiction using extinction therapy, in which the craving and drug-seeking 

reactions (CR) to drug cues (CS) could be removed by repeated unreinforced exposure to 

these stimuli (Drummond et al., 1995). 

3.3 Dopamine and eues in Drug Abuse 

The mesolimbic dopamine system consists of DA neurons of the midbrain VTA 

that project to various limbic regions of the brain (e.g. amygdala, hippocampus, nucleus 

accumbens, etc.), wherein they influence widespread functions, such as memory, emotion 

and motivation (Spanagel and Weiss, 1999). Accumulating evidence supports the notion 

that this system is central to the neurobiology of drug addiction, including the 

behavioural response to conditioned cues. Many insights into the neural correlates of cue 

reactivity have come from animal studies in which exposure to drug cues promotes self­

administration, often after a period of abstinence, thus simulating relapse. Interestingly, 

such studies have shown that this cue-induced response can be blocked by disrupting 

specific regions of the mesolimbic system (e.g. basolateral amygdala), either by specific 

lesions (Meil and See, 1997) or by infusion of dopamine receptor antagonists 

(Ciccocioppo et al., 2001). The role of the mesolimbic system was further elucidated in a 

hallmark electrophysiological study in monkeys which showed that DA neurons of the 

VTA fire in response to cues predictive of reward (Schultz et al., 1998). Based on these 
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findings, current dopamine-based theories of drug addiction (Schultz et al., 1998; 

Robinson and Berridge, 1993) highlight the relation between dopamine release and the 

perception of salient stimuli. These theories hypothesize that dopamine release acts as a 

learning signal that attributes environmental stimuli with incentive salience, the internaI 

representation of an object's reward value. Although such an effect is normally reserved 

for biologically significant rewards such as food, water and sex, the release of dopamine 

by drugs of abuse causes them to be labelled as rewarding, and by association, stimuli 

that are paired with drug use become secondary reinforcers and can motivate drug taking. 

In fact, animal work has demonstrated that drug-related cue exposure is capable of 

increasing DA release in the nAcc, in a manner akin to the drug itself (Fontana et al., 

1993). Similar evidence exists for humans, as blockade of dopaminergic activity with 

haloperidol has been shown to decrease cue-induced craving in cocaine us ers (Berger et 

al., 1996). According to the incentive-sensitization view of drug addiction (Robinson and 

Berridge, 1993), sustained DA release during chronic drug abuse causes long term 

neuroadaptations to brain reward systems, rendering them hypersensitive to drugs and 

drug eues. 

4 Brain Imaging Techniques 

Although the use of animal models has proved invaluable in laying down the 

mechanistic foundations of drug addiction, they remain limited in their face validity to 

the primarily hum an disorder. For example, the investigation of the neural correlates of 

subjective states such as craving and anticipation of drug use is not feasible in animal 

models and can only be explored using non-invasive methods in human subjects. As 
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such, the advent of brain imaging techniques has allowed for greater insight into the 

addictive process in humans. The two most commonly used brain imaging methods are 

functional magnetic resonance imaging (fMRI) and positron emission tomography (PET). 

4.1 Functional Magnetic Resonance Imaging 

Both fMRI and PET are based on the principle that a task-dependent change in 

neuronal a ctivity 1 eads t 0 a concomitant change in cerebral b lood flow (rCBF) in t hat 

region, which can be localized and measured by techniques unique to the method (Phelps, 

2000; Logothetis and Wandell, 2004). It is believed that an increase in (glutamatergic) 

neuronal activity induces an increase in blood flow to that area, thus supplying the 

oxygen and glucose necessary to fulfill the metabolic demands that accompany this 

activity. In fMRI, it is believed that the increase in neuronal firing (and therefore blood 

flow) leads to a proportional increase in regional oxyhemoglobin content of the blood 

(Heeger and Ress, 2002; Logothetis and Wandell, 2004). A difference between the 

paramagnetic properties of oxyhemoglobin and deoxyhemoglobin forms the basis of the 

fMRI signal. As regional oxygen influx exceeds its consumption, the resultant change in 

blood deoxyhemoglobin pro duces a blood-oxygen-level-dependent (BOLD) signal that 

can be measured by the scanner. 

Generally, brain imaging experiments consist of both a test condition (e.g. 

exposure to drug stimuli) and a neutral baseline condition (e.g. exposure to neutral 

stimuli). By measuring the difference in BOLD signal (i.e. neuronal firing) between the 

two cognitive states, combining the data for multiple subjects and translating the data into 

a standard stereotaxic space, the brain regions selectively activated by the test condition 

can be determined. 
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5 Brain Imaging of Drug Addiction 

5.1 Neurobiology of Nicotine in Humans 

The two most common brain imaging techniques used to study the neural systems 

involved in either the direct effects of drugs or their cues are PET and fMRI. Several 

imaging studies looking at the direct influence of nicotine in smokers have attempted to 

reveal the network mediating nicotine's effects on the brain (Rose et al., 2003; Stein et 

al., 1998; Domino et al., 2000a, 2000b). Taken together, these studies revealed a 

nicotine-induced increase in blood flow in the reticular formation, thalamus, nucleus 

accumbens .and frontal regions, with decreases found in the amygdala. Interestingly, 

there seems to be a significant, yet not complete, degree of overlap between the brain 

response to the drug and the brain response to stimuli associated with the drug. 

5.2 Neural Correlates ofCue-lnduced Drug Craving 

Although much research has been done conceming the effect of conditioned drug 

stimuli on the subjective and physiological aspects of drug addiction, only recently have 

brain imaging techniques allowed for the study of the neural correlates of cue reactivity. 

Numerous brain imaging studies have investigated the neurobiology of cue-induced 

craving for a number of drugs of abuse, including cocaine (Grant et al., 1996; Childress et 

al., 1999; Garavan et al., 2000; Bonson et al., 2002), a1cohol (Modell et al., 1995; George 

et al., 2001; Tapert et al., 2003), opiates (Sell et al., 2000; Daglish et al., 2001), and 

nicotine (Due et al., 2002; Brody et al., 2002). These studies suggest that drug cues 

activate a distributed neural network involved in the processing of the motivational, 

cognitive, and emotional aspects of salient stimuli. In the case of cigarette smokers 
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exposed to smoking stimuli, two imaging studies have recently been performed. In one 

study using PET (Brody et al., 2002), smoking cues induced activation of the anterior 

cingulate (ACC) and orbitofrontal cortex (OFC), with positive correlations found 

between cue-induced craving and metabolism in the OFC, dorsolateral prefrontal cortex 

(DL-PFC) and insula. In the other study, which used fMRI (Due et al., 2002), cigarette 

smokers had eue-induced activation of mesolimbic (VTA, amygdala, hippoeampus, 

dorsomedial thalamus) and visuospatial (DL-PFC, posterior parietal) pathways. As 

evident from these studies, ineonsistencies often exist regarding the brain areas activated 

by conditioned eues; however this likely reflects methodological differences such as the 

choice of imaging modality, stimulus presentation, and data analysis methods. Despite 

these differences, the are as most consistently highlighted in these imaging studies of cue­

induced craving eonsist of limbic and pre frontal cortical regions, inc1uding the OFC, 

ACC, DL-PFC, amygdala, and insula. In addition, neural activity in the OFC, DL-PFC, 

amygdala and insula was shown to positively correlate with subjective self-reports of 

cue-induced craving, indicating an active mesocorticolimbie system during craving. 

Interestingly, one cue-induced cocaine craving study (Wexler et al., 2001) revealed that 

activation in the ACC preceded the onset of craving and was exhibited in sorne subjects 

who did not crave. This suggests that the neural response to conditioned cues can also be 

independent of craving. 

5.2.1 Orbitofrontal Cortex 

The prefrontal cortex, which inc1udes the OFC, ACC, and DL-PFC, shapes goal­

directed behaviour by virtue of its ability to formulate a proper reaction in light of 

external stimuli, past experiences and current internaI drive state (Miller, 2000). As it 
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pertains to reward-driven behaviour, the OFC plays a key role within the pre frontal 

cortex information-processing network. The OFC receives input from various sensory 

modalities, limbic and prefrontal regions, as weIl as dopaminergic projections from the 

midhrain (Rolls, 2000). This makes the OFC ideally located to regulate reward learning 

processes. Reward learning involves the storage and continuous updating of the 

motivational value of external stimuli, a process that is affected by drug taking. For 

example, the finding that the OFC responds preferentially to drug cues (relative to neutral 

cues) confirms the salience that these previously neutral stimuli have acquired through 

their association with drug use. Aiso of great interest here is the ability of the OFC to 

incorporate CUITent reinforcement contingencies, such as internaI drive state and 

perceived availability of the reinforcer, into the neural representation of r eward for an 

object. This is illustrated by the effects of lesions to the OFC, which disrupt the ability to 

adapt behaviour when changing external circumstances demand it (e.g. social 

conventions; London et al., 2000). The OFC's ability to respond to changing internaI 

state is demonstrated by the observation that neurons in this region will fire in response to 

cues predictive of food when an animal is hungry, but will stop firing upon satiation 

(RoUs et al., 1989). This contextual processing ability of the OFC will likely have 

implications for its role in expectancy and withdrawal in drug addiction. 

5.2.2 Anterior Cingulate Cortex 

The anterior c ingulate is the most commonly r eported brain region involved in 

imaging studies of the response to drug cues and as such, may be important to the 

maladaptive state of addiction. Similar to the OFC, the ACC has connections with other 

prefrontal areas, limbic regions and receives dopaminergic input, implying a role in 
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reward-driven behaviour (Paus, 2001). Many theories have been proposed to explain the 

function of the ACC, inc1uding roles in emotional processing (Phillips et al., 2003), 

conflict detection in cognitive tasks (Carter et al., 1999), and general arousal (Paus, 

2001). So far, studies of drug cues have not been able to conc1usively provide support for 

any one theory in particular, though they do demonstrate that the ACC is a critical area 

involved in the processing of salient stimuli. Interestingly, the ACC is also closely 

connected with motor areas, demonstrating its role in mediating behavioural responses 

(Paus, 2001). Activation of the ACC in response to drug cues could represent a crucial 

interface by which these stimuli induce a drug-seeking response in the addicted 

individual. Interestingly, it has been proposed that this cue-induced activity in the ACC 

may be a neural correlate of the lack of impulse control that is such a trademark of drug 

addiction (Goldstein and Volkow, 2001). 

5.2.3 Dorsolateral Prefrontal Cortex 

The DL-PFC is a key executive centre of the brain implicated in working 

memory, wherein goal-directed information is manipulated and monitored for subsequent 

use (Petrides, 2000). The DL-PFC may function to coordinate and plan various cognitive 

tasks necessary for the behavioural response to salient stimuli, inc1uding those associated 

with drug use. As it pertains to drug use, the DL-PFC may be critical in manipulating 

multiple sources of information related to drug-seeking behaviour, such as the drug's 

availability, internaI drive state, and external cues associated with drug use. Consistent 

with its connections with the premotor cortex (Petrides and Pandya, 1999), the DL-PFC 

may be a key intermediate between the processing of goal-related information and the 

appropriate action to obtain the reward (Dehaene and Changeux, 2000). The degree of 
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motivation to obtain a reward may influence the DL-PFC by way of its connections with 

the OFC (Ongur et al., 2003). Supporting this is a recent study in monkeys showing that 

exposure to reward cues elicited firing of DL-PFC neurons in conjunction with neurons 

of the motor system, and that this response varied directly with the magnitude of the 

reward (Roesch and OIson, 2003). However, as the DL-PFC is a widespread area 

involved in various cognitive functions (Krawczyk, 2002), it is likely that it may have 

multiple roles in the response to conditioned drug cues. For example, in light of its role 

in the retrieval of episodic memory, it has been proposed that drug cue-induced activation 

ofthis area represents reactivation ofmemories associated with former drug use (Grant et 

al., 1996). 

5.2.4 Amygdala 

The amygdala is a region important in the emotional and motivational processing 

of discrete environmental stimuli, and as part of the mesolimbic system, is likely 

responsible for labelling drug cues with emotional significance (Meil and See, 1997). 

The amygdala has reciprocal connections with a wide array of brain areas, inc1uding 

frontal regions (i.e. ACC, OFC), ventral striatum, hypothalamus, sensory areas and 

dopaminergic midbrain (Price, 2003). Via these connections, the amygdala is central to 

the acquisition, storage and expression of emotional memory (LeDoux, 2000). As the 

amygdala is implicated in associating external stimuli with aversive or appetitive 

outcomes, the reaction of the amygdala to conditioned drug cues reflects their emotional 

valence as a result of pairing with drug use. Inhibition of the amygdala, normally 

mediated by the PFC, is important in preventing overexpression of these conditioned 

responses and may be deficient during drug abuse (Quirk and Gehlert, 2003). 
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6 Expectancy 

6.1 Raie of Expectancy in Naturai and Monetary Reward 

The response to environmental stimuli associated with reward is greatly 

dependent on contextual factors, such as whether the reward is in fact perceived as 

available. The neural correlates of expectancy to obtain a reward have been given special 

interest recently, as demonstrated by recent imaging experiments looking at both natural 

and monetary reward. In a study by O'Doherty et al. (2002), anticipation of a pleasant 

primary reward (glucose) preferentially activated the OFC, amygdala, VTA, and striatum. 

In studies involving expectation of monetary reward, similar areas were activated during 

the state of anticipation, including the ventral striatum (Breiter et aL, 2001; Knutson et 

aL, 2001), amygdala, (Breiter et aL, 2001) and OFC (Breiter et al., 2001). Taken 

together, it would seem that expectation of reward, whether natural or conditioned, 

involves activation of various regions of the mesocorticolimbic DA system. These data 

seem to support electrophysiological reports on the nature of DA neurons, which show 

that their firing reflects differences between the predicted outcome and the actual receipt 

of the reward (Schultz et aL, 1998). Involvement of the OFC in the expectation ofreward 

is consistent with its role in mediating the behavioural response to rewarding stimuli in 

light of the present circumstances (e.g. whether the reward is available or not). The OFC 

seems to be involved in both the expectancy and receipt of reward (although this may 

involve distinct sub-regions of the OFC; O'Doherty et al., 2002). This stands to reason as 

sensory information of both stimuli predictive of the reward, and the reward itself, should 

be necessary for efficient reward leaming in the OFC to occur. 
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6.2 RaIe of Expectancy in Drug Abuse 

As with stimuli predictive of natural reward, expectancy is an important 

modulator of the response to drug cues. For example, the impact of expectancy on cue­

induced craving has been studied in cigarette smokers (Droungas et al., 1995; Juliano and 

Brandon, 1998), in which it was shown that craving in response to smoking cues was 

greater when subjects were anticipating smoking, compared to when a cigarette was not 

available. In addition to the subjective response to smoking cues, autonomic responses 

such as salivation and sweating (Carter and Tiffany, 2001; Field and Duka, 2001) are also 

augmented w hen s mokers a re a nticipating a cigarette. A lthough t hese studies s uggest 

that subjective and physiological measures of cue reactivity are increased with perceived 

availability, the impact 0 f e xpectancy 0 n the neural c orrelates 0 ft he r esponse t 0 d rug 

cues has yet to be directly studied. However, a recent analysis of brain imaging studies 

of cue-induced drug craving suggests that expectancy may be associated primarily with 

the prefrontal cortex (Wilson et al., 2004). In this examination, it was revealed that those 

studies exhibiting activation of the DL-PFC and OFC were almost exc1usively those 

involving current drug users, in which the expectancy to use could be assumed. In 

contrast, those studies of drug users seeking treatment (who were presumably in a state of 

non-expectancy) did not involve activation of these prefrontal areas, suggesting that the 

PFC is central to the processing of drug cues in the context of expectancy. 

7 Abstinence 

Another aspect of the response to drug cues that remains poorly understood from 

a neural systems approach is abstinence. As with expectancy, abstinence from smoking 

28 



is an important factor in nicotine dependence (Solomon and Corbit, 1973). For example, 

it has been shown that craving during acute withdrawal is strongly linked to the severity 

of withdrawal symptoms and that alleviation of this craving occurs with smoking 

(Altman et al., 1996). Generally speaking, nicotine withdrawal symptoms begin after two 

hours of abstinence, peak between 24 and 48 ho urs , and can last for up to a month 

(Miyata and Yanagita, 2001). 

To investigate the response to smoking cues during abstinence, a modified Stroop 

task has been used, in which a smoker must name the colour of a word, meanwhile 

ignoring the word's semantic content (e.g. "cigarette", "lighter"). A longer delay in the 

response is considered to be a measure of the salience of the word's meaning (Williams 

et al., 1996). Studies using this protocol have yielded conflicting results regarding the 

effect of abstinence on cue reactivity, with evidence of greater response during 

abstinence (Gross et al., 1993), diminished response (Johnsen et al., 1997; Powell et al., 

2002) and no effect (Rusted et al., 2000). However, evidence from both animal work and 

imaging studies indicates that drug withdrawal m ay be associated w ith a disruption of 

neural systems involved in the response to salient stimuli. In the case of nicotine, it was 

shown that withdrawal in rats induced an increase in the threshold for intracranial self­

stimulation of reward systems (Epping-Jordan et al., 1998), indicative of a hypo­

dopaminergic state. Furthermore, imaging studies of various drugs of abuse have showed 

abnormal brain activity during withdrawal in various mesocorticolimbic regions, 

induding the ACC (van Dyck et al, 1994; Volkow et al., 1993), OFC (Volkow et al., 

1991), and striatum (Wu et al., 1997). These findings seem to suggest that the regions 
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implicated in the detection of, and response to, drug cues are impaired during acute 

withdrawal. 

In the present study, we sought to determine the effect of expectancy and acute 

withdrawal on the neural response to smoking cues in cigarette smokers. Although the 

importance of these two features of addiction has been recognized, little is known about 

their neural correlates. Using fMRI, we measured brain activity while subjects viewed 

videos altemating between scenes of people smoking and scenes of people getting their 

hair cut. We varied subjects' degree of expectancy to smoke as they viewed the stimuli, 

and tested them in two conditions, once after ovemight abstinence and once after a period 

of regular smoking. In addition, we measured the subjective aspect (craving) of cue 

reactivity during exposure to the cues. The following manuscript details the 

methodology, results and discussion ofthis experiment in full. 
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INTRODUCTION 

In drug addicts, exposure to drug-associated eues induces both subjective (i.e. 

craving) and behavioural (i.e. drug-seeking) responses, and is thought to play a 

significant role in the maintenance of the habit, as well as relapse in those attempting to 

quit (Abrams et al., 1988). Several functional brain imaging studies have now 

investigated the neural r esponse toc onditioned d rug eues in u sers 0 f v arious d rugs 0 f 

abuse, including cocaine (Grant et al., 1996; Childress et al., 1999; Garavan et al., 2000), 

alcohol (Tapert et al., 2003), opiates (Sell et al., 2000; Daglish et al., 2001), and nicotine 

(Due et al., 2002; Brody et al., 2002). Taken together, these studies reveal that 

conditioned eues elicit activation of a neural circuitry that may encode the motivational 

and emotional value that the drug has acquired, and are known to play a role in the 

planning and control of behavior. The brain regions that have been most commonly 

implicated in this network inc1ude the anterior cingulated (ACC), orbitofrontal cortex 

(OFC), dorsolateral prefrontal cortex (DL-PFC), amygdala, and insula (Wilson et al., 

2004). However, many factors that are believed to influence this neural response to drug 

eues, such as perceived drug availability and the user' s level of abstinence, have yet to be 

investigated. 

Examination of the effect of expectancy state on cue-induced craving has shown 

that smokers report greater urge to smoke when they are anticipating a cigarette, relative 

to when they are not (Droungas et al., 1995; Juliano and Brandon, 1998). This state of 

expectancy is believed to be associated with appetitive craving, characterized by the 

des ire for the positive aspects of drug use, such as euphoria and elevated alertness 

(Tiffany and Drobes, 1991). Although the neural correlates of this form of craving are 
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unknown, we predicted that cue-associated anticipation and planning of imminent drug 

use would be mediated by the pre frontal cortex, an executive brain region whose role in 

addiction is only beginning to be revealed (Wilson et al., 2004; Goldstein and Volkow, 

2002). For example, the OFC, a frontal area important in the processing and proper 

response selection to rewarding stimuli (Rolls, 2000), has been implicated in the 

expectation of monetary (Breiter et al., 2001), drug (Volkow et al., 2003) and primary 

(O'Doherty et al., 2002) reward in humans. 

Abstinence from chronic drug use is associated with an aversive form of craving, 

in which the drug is desired so as to alleviate uncomfortable withdrawal symptoms, such 

as dysphoria and anxiety (Tiffany and Drobes, 1991). It has been well established that 

nicotine withdrawal increases levels of craving (Shiffinan and Jarvik, 1976)), but reports 

of the effect of abstinence on attentional bias towards smoking cues have yielded 

conflicting results (Johns en et al., 2001; Gross et al., 1993). Although imaging studies 

have suggested that drug withdrawal is associated with regionalized decreases in brain 

activity (van Dyck et al, 1994; Wu et al., 1997), the neural correlates of cue reactivity 

during abstinence remain poorly understood. 

In the present study, we have used functional magnetic resonance imaging (fMRI) 

and a cue reactivity paradigm to determine how expectancy and abstinence modulate the 

neural response to smoking stimuli in cigarette smokers. 

METHODS 

Participants 
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Twenty healthy regular smokers (10 men and 10 women; mean age = 27, SD = 8) 

participated in this study, all smoking at least 15 cigarettes/day (mean = 22, SD = 6 

cigarettes/day). AlI subjects were recruited through McGilI University c1assified ads, or 

by word of mouth. Subjects gave written consent to the study, in accordance with the 

Montreal Neurological Institute Research Ethics Board, and were monetarily 

compensated upon completion of the study. The extent of the smoking habit was 

quantified using the Fagerstrom Test for Nicotine Dependence (Heatherton et al., 1991), 

in which a minimum score of 5 (out of a possible 10) was necessary for inclusion into the 

study. Exclusion criteria included any personal or familial DSM-IV Axis l disorder, 

neurological illness, previous head trauma, or history of drug abuse (other than nicotine). 

AlI subjects, with the exception oftwo, were right-handed. Data from one female subject 

was excluded due to ab normal brain MRI; therefore results are based on data from 

remaining 19 subjects. 

Stndy Design 

Each subject was scanned twice, once in an abstinent state (ABS) and once in a 

non-abstinent state (NON-ABS). The order of scans was randomized and counter­

balanced. The ABS scans required subjects to refrain from smoking for 12 hours prior to 

the scan whereas for the NON-ABS scans, subjects were told to smoke as per their 

regular habit. To minimize both association effects between scans and effect of 

variability in circadian or hormonal cycles on cue reactivity, all scans were performed in 

early aftemoon and were separated by approximately 4 weeks (mean = 30, SD = 5 days). 

Compliance with an abstinent state was verified using a carbon monoxide (CO) monitor 
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(Vitalograph, Buckingam, UK), which measures the amount of exhaled CO (in parts per 

million, ppm) as an indicator of the time since the last cigarette. A CO reading of less 

than 15 ppm indicated that subjects had been compliant with the abstinent state. Subjects 

were randomly assigned into either the expectant group (EXP) or the non-expectant 

group (NON-EXP). EXP subjects were told that they would be allowed to smoke a 

cigarette immediately after the scan, whereas NON-EXP subjects were told that they 

would have to abstain from smoking for three ho urs after the scan (compliance verified 

by CO measurement). Subjects in the EXP and NON-EXP groups did not differ 

significantly in number ofyears smoking, cigarettes/day, Fagerstrom test scores, or on 

any of the personality subscales of the Tri-Dimensional Personality Questionnaire (TPQ; 

Cloninger et a1., 1991). Subjects in the EXP group were on average slightly older than 

those in the NON-EXP group (EXP: 30, SD = 9; NON-EXP: 24, SD = 5). 

On the day of the experiment, prior to the scan, subjects either smoked a cigarette 

(NON-ABS scan) or were tested for compliance with a 12-hour abstinent state (ABS 

scan). The Profile of Mood States (POMS; McNair, 1992) was administered to pro vide a 

measure of each subject's mood. Subjects were then placed on the MRI scanner bed with 

their head secured using a vacuum bag to prevent movement throughout the scan. Ear 

plugs and h eadphones were administered s 0 as tom inimize noise distraction f rom the 

scanner. 

Stimulus Presentation 

Stimulus presentation and response input were coordinated using Media Control 

Function software (Digivox, Montreal). The behavioural paradigm is summarized in 
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Figure 1. Visual stimuli in video fonnat were projected onto a screen at the subjects' 

feet, and were viewable by means of a mirror mounted on the MRI head coi!. Six two­

minute videos, altemating between smoking (S) and neutral (N) content, were presented 

in the following order: N-S-S-N-N-S. Neutral stimuli consisted of people getting their 

hair cut, whereas smoking stimuli involved people engaged in smoking behaviour (i.e. 

lighting cigarettes, smoking while socializing, blowing smoke rings, etc.). These video 

stimuli had been validated in a previous study showing that the S videos reliably induced 

craving for cigarettes in a separate set of smokers (data not shown). Videos were 

controlled for degree 0 f facial exposure, m ovement and p hysical characteristics 0 fthe 

actors. Subjects responded to craving questionnaires projected on the screen using a 

computer mouse to slide a cursor to the appropriate point on a visual analog scale 

(ranging from 0 to 10). The seven-item questionnaire was given seven times: once before 

the stimuli (baseline) and once after each of the six videos. A one minute baseline target 

screen (white cross on a grey background) preceded the ons et of the videos and gave a 

pre-stimulus measure of resting brain activity. In addition, each video was preceded by a 

20 second target screen, which provided a distraction to minimize craving run-over 

between sessions as well as a cue-independent state to quantify any such run-over. 

Self-reports of craving 

Each video was followed by seven questions pertaining to various aspects related 

to craving. AlI questions were subjectively answered on a scale, ranging from 0 ("not at 

all") to 10 ("extremely"). The questions inc1uded: one general craving question ("1 am 

craving a cigarette right now"), two questions regarding positive aspects of craving ("A 
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cigarette would taste good right now" and "A cigarette would feel good right now"), two 

questions regarding the negative aspects of craving ("1 am feeling irritable right now" and 

"1 could think clearer if 1 could smoke a cigarette right now"), one question conceming 

the intention to smoke ("If it were possible, 1 would smoke a cigarette right now"), and 

one question gauging the subject's boredom during the previous video ("1 felt bored 

during the last video clip"). Questions 1 to 6 were based on items of the Questionnaire of 

Smoking Urges (Tiffany and Drobes, 1991). 

Imaging Parameters 

AlI imaging scans were carried out at the Montreal Neurological Institute using a 

1.5 Tesla Siemens Sonata MRI scanner. Each session began with the acquisition of a 

series of 160 high-resolution (lmm), T1-weighted sagittal images for anatomical 

localization 0 fthe functional data. Blood 0 xygen l evel d ependent (BOLD) functional 

MRI was employed to ob tain task-dependent neural activity, using a gradient-echo, echo­

planar imaging (EPI) sequence (TR, 4000 ms; pause after measurement, 400 ms; TE, 50 

ms; flip angle, 90°). Each session included one functional scan (approximately 21 

minutes long), in which 302 continuous acquisitions were taken. Each acquisition 

consisted of thirty-six T2*-weighted, contiguous slices (vox el size, 4 mm X 4 mm X 4 

mm) parallel to the anterior commissure-posterior commissure axis so as to allow for full 

brain coverage. 

fMRI Data Analysis 
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Functional images were blurred with a 6 mm full-width at half-maximum 

Gaussian filter and were corrected for motion and head drift using the fourth frame as 

reference (the first three were discarded as the BOLD signal had yet to reach steady 

state). Frames showing excessive movement were identified visually and exc1uded from 

the data set before statistical analysis. Functional BOLD data was analyzed using 

fmristat software (for full description of statistical method, see Monchi et a1., 2004; 

Worsley et a1., 2002; available at http://www.bic.mni.mcgill.caJusers/keith). Signal drift 

of first order linear extent was removed from the functional data. In order to combine 

multiple data sets, both functional EPI images and anatomical images were mapped into 

the standard stereotaxic space of Talairach and Toumoux using a customized algorithm 

(Collins et a1., 1994). For individual sessions, all 30 frames of BOLD data associated 

with each separate 2 minute video were averaged, then voxel-wise comparisons between 

adjacent neutral and smoking stimuli (runs) were performed (i.e. SI-NI, S2-N2, S3-N3), 

and then the three runs were averaged (SAVO-NAVO). Using the resulting effect and 

standard deviation effect images, statistical T maps were generated for multiple scans 

using a mixed effects linear model for the effects (as data) with fixed effects standard 

deviations taken from the previous analysis. To determine the overall effect of smoking 

stimuli on neural activity in cigarette smokers, data from all sessions and subjects were 

combined. The effects of expectancy (between-subject factor; EXP vs. NON-EXP) and 

abstinence (within-subject factor; ABS vs. NON-ABS) on this response were investigated 

by combining data across groups and across sessions, respectively. To determine how 

these states significantly differed from each other, subtractions between each state were 

also performed (i.e. EXP - NON-EXP; ABS - NON-ABS). T maps were thresholded for 
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statistical significance using the Bonferroni method/random field theory correction for 

multiple comparisons. A single voxel was deemed significant if its t-value exceeded 

4.95, based on a grey matter volume of 600 mm3
. Significance was also assessed on the 

basis of the spatial extent of consecutive voxels, such that a c1uster with volume >352 

mm3 andt > 3 wassignificant(p<0.05)whencorrectedformultiplecomparisons. In 

addition, certain regions were predicted a priori to show activation in response to 

smoking cues based on previous literature and were considered significant at a threshold 

ofp<O.OOl uncorrected. T hese predicted regions inc1uded frontal areas (DL-PFC and 

medial pre frontal cortex (mPFC), ACC, OFC), limbic system (dorsomedial thalamus, 

amygdala, hippocampus, parahippocampal gyrus, temporal pole, ventral striatum, ventral 

tegmental area), and visuospatial areas (primary and association visual cortices, posterior 

parietal cortex). F or a 11 a reas s howing s ignificant activation in the smoking - n eutral 

contrasts, as well as a priori regions, correlations between relative change in BOLD 

signal and craving scores were performed using the least squares linear regression 

method. A voxel-based correlation analysis was performed to determine functional 

connectivity for regions of interest. Peak voxels (from smoking - neutral t maps) were 

extracted and a brain-wide search was performed for areas whose BOLD signal covaried 

significantly with BOLD in that voxel. This was done for each expectancy group and 

abstinent condition separately, as well as for all subjects combined. 

Time courses of the BOLD signal for three regions (ACC, DL-PFC, medial 

temporal lobe/ventral pallidum (MTLlVP)) were performed by extracting the voxels 

shown to respond to smoking cues in the EXP group (for the ACC and DL-PFC) or 

NON-ABS session (for the MTLNP). AlI subjects' functional data was transformed into 

39 



Talairach space, and then combined to provide a temporal measure of the BOLD signal 

throughout the stimulus presentation sequence. In addition, BOLD signal values were 

extracted for these regions and relative change between neutral and smoking values was 

determined. 

RESULTS 

Subjective self-reports 

Abstinence from smoking significantly decreased self-reported baseline measures 

of mood and alertness on the POMS. Relative to their non-abstinent session, abstinent 

subjects reported increased anxiety (composed/anxious: ABS: mean=19.9, SE=1.8; 

NONABS: mean=26.4, SE=0.9; p=O.OOl), depression (elated/depressed: ABS: 

mean=21.9, SE=1.3; NONABS: mean=27.8, SE=l.O; p<O.OOl), fatigue (energetic/tired: 

ABS: mean=19.1, SE=2.0; NONABS: mean=24.1, SE=1.3; p=O.013), hostility 

(agreeable/hostile: ABS: mean=23.5, SE=1.6; NONABS: mean=30.3, SE=l.O; p<O.OOl), 

insecurity (confident/unsure: ABS: mean=23.0, SE=1.3; NONABS: mean=26.1, SE=0.7, 

p=0.007), and confusion (POMS clear/confused: ABS: mean=22.9, SE=1.9; NONABS: 

mean=28.9, S E=0.8; P =0.001). In addition, s ubjects craved cigarettes m ore a t b aseline 

when abstinent than when non-abstinent (ABS: mean=5 1. 1, SE=3.4; NONABS: 

mean=40.2, SE=3.1; p=0.02). However, there was no significant difference in baseline 

craving between expectancy groups when abstinence sessions were combined (EXP: 

mean=43.4, SE=3.2; NONEXP: mean=47.9, SE=3.8; p=0.36). A mixed ANOVA (cue X 

abstinence X expectancy) was performed on the craving self-reports following each video 

clip for each questionnaire item separately (see Table 1 for data and statistics). When 
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compared to the neutral videos, smoking videos were successful in significantly 

increasing subjective reports of general craving, a finding that was evident for each 

group-session separately (Figure 2B). Similar results were seen for positive and negative 

indices of craving, and intention to smoke, with the exception of boredom, in which the 

opposite effect was found (i.e. boredom greater d uring neutral videos). Relative to the 

non-abstinent state, subjects gave significantly higher reports of general craving when 

abstinent from cigarettes. A similar trend existed for other indices, with the exception of 

boredom, which did not differ between states. There was also a significant main effect of 

expectancy on reports of general craving and boredom, with non-expectant subjects 

reporting higher levels of these two indices than those subjects expecting to smoke after 

their scan. A significant interaction between abstinence and cue revealed that subjects' 

greater degree of irritability after smoking cues than neutral cues was higher during 

abstinence than non-abstinence from smoking. 

BOLD response to smoking stimuli 

Al! Subjects: 

Table 2 lists brain regions showing BOLD signal change between neutral (N) and 

smoking (S) stimuli for aU subjects and conditions combined. Relative to neutral stimuli, 

smoking stimuli induced activations in left ACC, mPFC, left medial OFC (mOFC), left 

posterior cingulate cortex (PCC), left anterior insula, right middle/superior temporal 

gyrus, bilateral precuneus, and left dorsomedial thalamus. The reverse subtraction 

disc10sed a wide array of regions activated by the neutral videos in comparison to the 

smoking videos. These areas inc1ude the premotor cortex, supplementary motor area, 
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posterior insula, and a large c1uster composed of areas of the postcentral sulcus, 

intraparietal sulcus, superior parietal lobule, superior and middle occipital gyri, fusiform 

gyrus and inferior temporal gyrus. These activations were aIl bilateral and robust, and 

were also present for both expectancy groups, both abstinence sessions, and were evident 

for every scanning run (i.e. S1-N1, S2-N2, S3-N3). 

Expectant vs. Non-Expectant: 

Regions activated by smoking stimuli differed between expectancy groups, as 

demonstrated in Table 3 and Figure 2A. In response to smoking stimuli (i.e. smoking -

neutral), subjects in the expectant state (both sessions combined) showed activation of 

frontal regions (bilateral ACC, bilateral mPFC, left PCC, left mOFC, and bilateral DL­

PFC), left anterior insula, right posterior parietal cortex, bilateral cuneus, left precuneus, 

and 1 eft d orsomedial thalamus. In s harp c ontrast, s ubj ects in the n on-expectant group 

showed activation solely in the right middle/superior temporal gyrus in response to 

smoking stimuli. When smoking cue-associated activation was contrasted between 

groups, the expectant group exhibited significantly higher activation of the left DL-PFC 

(i.e. EXP > NONEXP; Figure 3A), whereas there was greater activation of the right 

mOFC in the n on-expectant group (ie. N ONEXP > EXP). Figure 5 A shows the t ime 

course of the BOLD signal for the left ACC and DL-PFC regions for both the EXP and 

NON-EXP groups, demonstrating the difference in the preferential response to smoking 

cues during expectancy. Figure 5B illustrates this graphicaIly, in which a greater relative 

change in this BOLD signal (smoking vs. neutral) during an EXP condition is evident for 

the ACC and DL-PFC. 
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A significant positive correlation between general craving and BOLD response in 

the left DL-PFC was found for the EXP group (p=0.04), whereas a trend towards a 

negative correlation was found for the NON-EXP group (p=0.12; Figure 3B). Smoking 

cue-induced (i.e. smoking - neutral) BOLD signal in the left ACC (peak voxel: x=-4 

y=30, z=16) covaried positively with BOLD signal in the right midline thalamus (x=8, 

y=-12, z=4) for the EXP group (t=4.31, p<0.05), but not for the NON-EXP group 

(t=2.18, NS). 

Abstinent vs. Non-Abstinent: 

As with expectancy state, there was a large effect of abstinence on subjects' 

response to smoking stimuli (Table 4 and Figure 2A). Relative to neutral stimuli, 

abstinent smokers exposed to smoking cues (both groups combined) showed activation of 

the left ACC, though this was only statistically significant when uncorrected for multiple 

comparisons (i.e. as an a priori region). Smokers in a non-abstinent state also had 

activation of the left ACC, but, in addition, exhibited activation of the right PCC, left 

precuneus, right middle temporal gyrus, left dorsomedial thalamus and a region inc1uding 

parts of the right medial temporal lobe and ventral pallidum (MTLlVP, Figure 4). When 

abstinence states were contrasted, smoking cue-induced activation of the right MTLlVP 

was shown to be significantly greater during the non-abstinent state than during the 

abstinent state (Table 4 and Figure 5B). 
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Table 1. Cigarette smokers' subjective self-reports of various indices of craving for neutral and smoking stimuli, during 
each expectancy state and abstinence condition. 

EXPECTANT (n=10) NON-EXPECTANT (n=9) ALL 
SUBJECTS 

QUESTIONNAIRE ITEM ABS NONABS ABS NONABS (n=19X2) 

N S N S N S N S N S 

1 am craving a cigarette right now 5.7 6.9 4.2 5.1 6.1 7.5 4.9 6.4 5.2 6.5 

€* + C±0.6) C±0.6) C±0.6) C±0.5) C±0.5) C±0.5) C±0.7) C±0.7) C±0.3) C±0.3) 

A cigarette would feel good right 6.1 7.0 4.4 5.4 6.5 7.6 5.4 6.6 5.7 6.6 

now€ * C±0.6) C±0.6) C±0.7) C±0.7) C±0.5) C±0.5) C±0.7) C±0.7) C±0.3) C±0.3) 

A cigarette would taste good right 6.2 7.2 4.5 5.7 6.4 7.6 5.4 6.6 5.6 6.8 

now€ * C±O.4) C±O.4) C±0.6) C±0.7) C±0.5) C±O.4) (±0.7) C±0.7) C±0.3) C±0.3) 

1 am feeling irritable right now 5.1 5.5 3.5 3.8 5.2 5.9 4.0 3.9 4.4 4.8 

€*t C±0.8) C±0.8) C±0.6) C±0.6) C±0.7) C±0.8) C±0.8) C±0.8) C±O.4) C±O.4) 

1 could think more clearly if 1 had a 6.0 6.5 4.1 4.6 5.6 6.1 4.8 5.1 5.1 5.6 

cigarette right now € * (±0.7) C±0.7) C±0.6) C±0.6) C±0.7) C±0.8) C±0.8) C±0.8) C±O.4) C±O.4) 

If it were possible, 1 would smoke a 7.2 8.2 5.0 6.5 7.2 8.0 6.1 7.0 6.4 7.4 

cigarette right now € * C±0.5) C±0.5) C±0.7) C±0.7) C±0.5) C±0.5) C±0.8) C±0.7) C±0.3) C±0.3) 

1 felt bored during the last 4.6 3.3 5.1 3.5 6.1 4.2 5.6 3.8 5.3 3.7 

video clip € + C±0.7) C±0.5) C±0.8) C±0.7) C±0.7) C±0.6) C±0.8) (±0.9) (±0.4) (±0.3) 

N=Self-report measures associated with neutral stimuli; S= Self-report measures associated with smoking stimuli; Ali reports scored on a 
scale ranging from 0 ("not at ail") to 10 ("extremely"); Numbers in brackets denote standard error of the mean (SEM); €: Significant main effect 
of cue on self-report ("craving": F=94.5, p<O.001; "feel good": F=56.2, p<O.001; "tas te good": F=98.9, p<O.001; "irritable": F=5.1, p=O.027; 
"think clearer": F=14.1, p<O.001; "would smoke": F=78.7, p<O.001; "bored": F=35.5, p<O.001 ;df=1 ,58); *: Significant main effect of abstinence 
on self-report ("craving": F=34.0, p<O.001; "feel good": F=37.1, p<O.001; "taste good": F=35.0, p<O.001; "irritable": F=28.3, p<O.001; "think 
clearer": F=27.2, p<O.001; "would smoke": F=39.4, p<O.001; "bored": F=O.02, p=O.889 (NS); df=1 ,58); +: Significant main effect of expectancy 
on self-report ("craving": F=3.8, p=O.055; "bored": F=3.9, p=O.054; df=1 ,58); t: Significant interaction between abstinence and cue ("irritable": 
F(1,58)=4.8, p=O.033). 
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TABLE 2. Brain regions of significant BOLD signal contrasts between neutral and 
smoking videos for aIl subjects combined. 

Cluster Peak Voxel Cluster 

Region Size x y z t-Value p-Value 

(mm3
) 

Smoking> Neutral 

Anterior cingulate cortex (24/32) L 9184 -4 30 24 5.35 <0.001 

L -4 40 8 5.21 

Medial prefrontal cortex (9110) UR 0 56 22 4.52 

Posterior cingulate cortex (23) L 1712 -2 -16 36 4.27 <0.001 

Medial orbitofrontal cortex (11) L 288 -8 60 -14 4.07 0.032* 

Superior temporal gyms (21/22) R 2448 50 -34 2 4.93 <0.001 

Anterior insula (13) L 1000 -36 12 2 4.30 0.011 

Precuneus (7) L 968 -8 -58 36 4.60 0.013 

R 4 -58 36 3.64 

Dorsomedial thalamus L 336 -2 -6 6 4.56 0.022* 

Neutral > Smoking + 
Precentral gyms (6) UR 4136 -56 2 34 6.65 <0.001 

UR 5616 -26 -14 54 7.76 <0.001 

Posterior insula (13) UR 1376 -38 -6 16 5.94 0.002 

Intraparietal sulcus (40/7) UR 66092 -40 -45 58 Il.08 <0.001 

Postcentral sulcus (40/2) UR -58 -26 35 9.32 

Superior parietal lobule (7) UR -26 -61 59 8.07 

Superior occipital gyms (19) UR -22 -81 38 6.97 

Middle occipital gyms (19) UR -35 -81 10 5.99 

Fusiform gyms (37) UR -26 -52 -13 6.11 

UR Inferior temporal gyrus (37) UR -48 -68 -2 8.65 

Numbers in brackets refer to Brodmann's areas; L, Left; R, Right; +: An regions were bilateral, however, only 

coordinates and statistics shown for left side; * : p-Value uncorrected (a priori region of interest) 
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TABLE 3. Brain regions of significant activation in response to smoking stimuli (> 
neutral stimuli) for expectant (n=10) and non-expectant (n=9) groups, as weIl as for 
between grou~s. 

Cluster Peak Voxel Cluster 

Region Size x y z t-Value p-Value 

(mm3
) 

EXP (S>N) 

Anterior cingulate cortex (24/32) L 2688 -16 -8 26 4.82 <0.001 

L 15976 -4 30 16 5.82 <0.001 

L -10 24 30 5.61 

R 6 46 8 4.25 

Medial prefrontal cortex (9/10) LlR 0 58 20 4.88 

R 2 32 32 4.19 

Posterior cingulate cortex (23) L -4 -24 26 4.12 

Medial orbitofrontal cortex (11) L 464 -8 60 -14 4.11 0.009* 

Dorsolateral prefrontal cortex (8/9) Lt 248 -30 36 42 4.19 0.045* 

R 288 20 58 34 4.12 0.032* 

Posterior parietal cortex (39/40/7) R 1784 58 -56 24 4.41 <0.001 

Cuneus (17/18/19) R 1736 6 -74 32 4.07 0.001 

L -4 -74 26 3.65 

Precuneus (31) R 8 -58 22 3.24 

Anterior insula (13) L 416 -38 16 4 3.92 0.012* 

Dorsomedial thalamus L 312 -4 -6 6 4.40 0.027* 

NONEXP (S>N) 

Superior temporal gyrus (21/22) R 1888 54 -36 4 4.57 <0.001 

EXP> NONEXP (S>N) 

Dorsolateral prefrontal cortex (8/9) L 504 -40 34 38 4.52 0.007* 

NONEXP> EXP (S>N) 

Medial orbitofronta1 cortex (11) R 248 12 50 -20 3.82 0.044* 

S: BOLD signal associated with smoking stimuli; N: BOLD signal associated with neutral stimuli; Numbers in 
brackets refer to Brodmann's areas; L, Left; R, Right; *: p Value uncorrected (a priori region of interest); t : 
positive correlation between general craving and BOLD response (p=O.04). 
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TABLE 4. Brain regions of significant activation in response to smoking stimuli (> 
neutral stimuli) for abstinent (n=18) and non-abstinent (n=18) sessions, as weil as for 
between sessions. 

Cluster Peak Voxel Cluster p-

Region Size x y z t-Value Value 

(mm3
) 

ABS (S>N) 

Anterior cingulate cortex (32) L 424 -10 16 32 3.62 0.012* 

NON-ABS (S>N) 

Anterior cingulate cortex (24/32) L 4696 -2 28 18 4.57 <0.001 

Anterior cingulate cortex (24) L 640 -2 -16 38 3.66 0.003* 

Posterior cingulate cortex (23) R 928 10 -20 26 4.00 0.015 

MTLlventral pallidum R 1720 18 -10 -8 5.17 <0.001 

Dorsomedial thalamus L 248 -2 -8 6 3.75 0.045* 

Precuneus (31/7) L 864 -8 -58 36 3.94 0.022 

Middle temporal gyrus 21) R 728 50 -32 2 4.14 0.046 

NON-ABS > ABS (S>N) 

MTLlventral pallidum R 256 12 -2 -10 4.12 0.042* 

S: BOLD signal associated with smoking stimuli; N: BOLD signal associated with neutral stimuli; Numbers in 
brackets refer to Brodmann' s areas; L, Left; R, Right; *: p Value uncorrected (a priori region of interest); t : 
positive correlation between general craving and BOLD response (p=O.04); MTL, medial temporal lobe. 
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~ Baseline target screen (1 min.) 

• Video target screen (20 sec.) 

D Stimulus video (2 min.) 

~ Craving rating (1 min.) 

FIGURE 1. Stimulus presentation design showing altemation between smoking (S) 
and neutral (N) videos, with craving questionnaire following each video. 
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FIGURE 2. A, T maps showing neural response to smoking cues (relative to neutral cues) 
in each of the expectancy and abstinence conditions. Note the preferential response to 
smoking cu es during an expectant and non-abstinent state. B, Subjective self-reports of 
craving after neutral and smoking videos, in each of the expectancy states and abstinence 
conditions. Note the greater craving response to smoking cues and during an abstinent 
state. ABS, abstinent; NON-ABS, non-abstinent; EXP, expectant; NON-EXP, non­
expectant; * : p < 0.01. Error bars represent standard error (SE) of the mean. 
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FIGURE 3.4, T maps showing activation of the left dorsolateral prefrontal cortex 
(DL-PFC) in response to smoking cues (relative to neutral eues) during an 
expectant state. B, Correlations between BOLD signal in the left DL-PFC and self­
reports of general craving (smoking - neutral) during the expectant and non­
expectant states. Note the positive correlation during an expectant state (p=O.04) 
and the trend towards a negative correlation during a non-expectant state (p=O.12). 
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FIGURE 4. T maps showing activation of the right medial temporal lobe/ ventral 
pallidum (MTLlVP) in response to smoking eues (relative to neutral eues) during a 
non-abstinent state. 
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FIGURE 5. {{, Time courses of BOLD signal for anterior cingulate cortex (ACC), 
dorsolateral prefrontal cortex (DL-PFC) and medial temporal lobe/ ventral pallidum 
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signal during the smoking videos for the EXP but not the NON-EXP group in the ACC 
and DL-PFC, and for the NON-ABS but not the ABS condition in the MTL/VP. B, 
Graphs of relative BOLD signal change between smoking and neutral stimuli for ACC, 
DL-PFC and MTLlVP for each of the expectancy states and abstinence conditions. 
ABS, abstinent; NON-ABS, non-abstinent; EXP, expectant; NON-EXP, non-expectant. 
Error bars represent standard error (SE) of the mean. 



DISCUSSION 

In the present study, we have demonstrated that cigarette smokers exposed to 

smoking stimuli activate neural circuitry that is consistent with previous studies of cue­

induced drug craving and likely reflects the leamed motivational salience of the stimuli. 

Cigarette smokers responded to smoking stimuli with increased reports of various indices 

of craving, as well as activation of a distributed neuronal network, including the anterior 

(ACC) and p osterior c ingulate cortex (PCC), m edial p refrontal cortex (mPFC), m edial 

orbitofrontal cortex (mOFC), anterior insula, middle/superior temporal gyms, precuneus, 

and dorsomedial thalamus. However, we report here, for the first time, that the 

neurophysiological response to conditioned cues is strongly modulated by both perceived 

drug availability and level of abstinence. 

Based on the results shown here, we claim that expectancy is a crucial factor in 

determining the neural response to conditioned drug cues. Whereas a state of expectancy 

was associated with cue-induced activation of numerous cortical regions (ACC, mPFC, 

mOFC, dorsolateral prefrontal cortex (DL-PFC), PCC, anterior insula, posterior parietal 

cortex, cuneusl precuneus), and the dorsomedial thalamus (relay nucleus for the PFC), 

only the middle/superior temporal gyms was specifically activated by smoking cues in a 

non-expectant state. A notable finding of these data is the association of the prefrontal 

cortex (PFC) only with an expectant state. In light of its mainly executive functions, the 

expectancy-dependent activation of the PFC in response to smoking cues could represent 

the processing of cognitive and motivational aspects of stimuli only when they are 

perceived as relevant (i.e. available). 
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Although many PFC regions were selectively activated during an expectant state, 

only the DL-PFC showed cue-induced activation that was significantly greater during 

expectancy than non-expectancy. Although the executive role of the DL-PFC in planning 

and working memory has been well documented (Petrides, 2000), implication of a 

dysfunctional DL-PFC in pathological states such as drug addiction has only recently 

been addressed (Goldstein and Volkow, 2002; Wilson et al., 2004). A recent analysis of 

multiple cue-induced drug craving studies revealed that activation of the DL-PFC in 

response to drug cues was observed only in those studies using subjects not seeking 

treatment, in which their expectation to obtain and use the drug after the study could be 

assumed (Wilson et al., 2004). A possible explanation ofthis expectancy-dependent DL­

PFC response to drug cues is that during the course of addiction, the stimuli that reliably 

predict drug use also become associated with the user' s planning and expectation to 

obtain the drug, a process likely involving the DL-PFC. Thus, by me ans of a Pavlovian 

conditioning mechanism, a state of expectancy may itself act as a conditioned stimulus 

and work in concert with other drug cues to promote drug seeking. An alternative, 

though not necessarily mutually exclusive, explanation is that knowledge of drug 

availability could act as a gate for the processing of, and subsequent acting on, 

conditioned drug cues. In this model, the DL-PFC would mediate top-down processing 

of external stimuli (i.e. smoking cues) only when the reward they are associated with (i.e. 

nicotine) was seen as obtainable. 

If indeed the DL-PFC is a key neural substrate of expectancy, then it may serve as 

a useful therapeutic target for addiction. Supporting this notion was recent evidence 

showing that modulation of DL-PFC activity using repetitive transcranial magnetic 
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stimulation (rTMS) was sufficient to decrease the rate of smoking in cigarette smokers 

(Eichhammer et al., 2003). Interestingly, it was found that this intervention did not affect 

craving for cigarettes, suggesting that the DL-PFC may be more involved in the 

compulsive aspect of addiction, rather than in conscious craving. In the present study, we 

found a positive correlation between craving and BOLD response to smoking eues in the 

left DL-PFC, an effect that was only apparent during an expectant state. Although this 

could imply that the DL-PFC is implicated in craving, our results suggest that, rather than 

being an actuall ocus for craving, this executive region 1 ikely functions to incorporate 

multiple internaI (i.e. craving, perceived availability, motivation) and external (i.e. 

conditioned eues) factors into an appropriate response (i.e. drug-seeking or avoidance). 

Thus, treatment methods that modulate DL-PFC activity may not influence craving per 

se, but instead may be effective in dampening the behavioural response to drug eues, 

independently of craving. This would suggest that drug craving represents a motivational 

emotional state which is but one element influencing goal-directed behaviour, albeit 

pathologically. It should be noted that the activation of the DL-PFC seen here may also 

represent a resistance of drug-seeking behaviour, in which it must inhibit normal 

reflexive response to drug eues. The DL-PFC has been previously implicated in the 

inhibition of normal response tendencies to visual stimuli (Brass et al., 2001). 

Interestingly, this DL-PFC activity coexisted with activation in the precuneus and 

posterior cortex, two areas that were also activated by smoking eues in the present study. 

The ACC has been the most commonly reported brain region in imaging studies 

of cue-induced drug craving (11 of 19; Wilson et al., 2004), and in the present study 

showed the most widespread activation to smoking stimuli. In light of these previous 
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findings, evidence shown here of ACC activation following presentation of smoking 

stimuli suggests that this area may be an important neural correlate of the response to 

salient stimuli. This is in keeping with its functional connectivity, which inc1udes 

reciprocal projections with the PFC, limbic areas, motor regions and the dopaminergic 

midbrain (Paus, 2001). In the present study, the ACC response to cues was very strong 

during an expectant condition but only marginally significant during a state of non­

expectancy to smoke. Due to its extensive connections with other pre frontal areas such 

as the OFC and DL-PFC, the ACC may have the ability to process salient stimuli in light 

of their perceived availability. However, an examination of imaging studies of drug cue 

reactivity reveals that the presence of cue-induced ACC activation cannot be fully 

accounted for by methodological factors, such as the type of drug dependence, imaging 

modality or, notably, subjects' treatment status (i.e. perceived drug availability). 

Therefore, it is unlikely that the ACC activity seen here can be completely attributed to a 

state of expectation per se; rather it may reflect a more general role of this brain area in 

the regulation of attention and response selection to attended stimuli (Isomura et al., 

2003). As such, the greater ACC activity in the EXP state could represent the allocation 

of more attention to the smoking cues during a state of anticipation to smoke, in which 

the cues would hold more significance relative to a non-expectant state. Unlike other 

studies, the association between expectancy and cue-induced ACC activity seen here may 

have been exceptionally apparent because of the explicit instructions regarding cigarette 

availability given to the subjects. As such, the lower ACC activation to the smoking 

videos during a non-expectant state could reflect a conscious inhibition 0 f a normally 

automatic response to salient cues. 
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An alternative explanation, in keeping with the ACC's proposed role in conflict 

monitoring and inhibition of response tendencies (Kems et al., 2004; Carter et al., 1999), 

is that the expectancy-dependent ACC activation seen here represents the expectant 

subjects' conflict at not being able to immediately respond to the conditioned eues, in 

spite of having the perception of drug availability. Non-expectant smokers would not 

have experienced this conflict, as smoking was not an option, reflected by a relative 

absence of cue-induced ACC activation during this state. 

Other studies have suggested that the ACC plays a primary role in the regulation 

of arousal (Paus, 2000). Imaging experiments with humans have shown that activity in 

the ACC is modulated by the arousal state of the organism, from sleep to wakefulness, 

and this arousal-related activity covaries with that of the midline thalamus, part of the 

ascending reticular activating system (Paus, 2000). Interestingly, the present fMRI study 

provided evidence that such a process may contribute to the preferential attention given 

to drug eues in addiction. These results showed that smoking cue-induced ACC activity 

correlated positively with activity in a similar region of the midline thalamus implicated 

in other studies (Paus, 2000). Thus it would suggest that the ACC activity seen here may 

be a neural correlate of drug cue-induced increase in arousaI. Evidence of the ACC's 

ability to control autonomie functions such as heart rate, independently of cognitive task 

(Critchley et al., 2003), corroborate its key role in regulating arousal state. Interestingly, 

we showed that this regulation is influenced by contextual experience, in that we found 

significant correlations between smoking cue-induced ACC and midline thalamic activity 

only during a state of expectancy. This could reflect an anticipation-dependent regulation 

of arousal that promo tes the preparation of action only when it is relevant, such as during 
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the response to salient cues that signal an available reward. Consistent with this neuronal 

evidence of greater cue-induced arousal during an expectant state, subjects in this study 

reported lower degrees of boredom (i.e. increased arousal) during exposure to smoking 

cues (relative to neutral cues), and during a state of anticipation to smoke. As there is 

also e vidence 0 fan augmentation in c ue-induced a utonomic r esponse w ith e xpectancy 

(Carter and Tiffany, 2001; Field and Duka, 2001), it would seem that perceived 

availability can increase levels of arousal in response to drug cues, a process possibly 

mediated by the ACC. 

In the present study, a state of abstinence from smoking was associated with a 

remarkably blunted neural response to smoking cues throughout the brain, including the 

ACe. This effect was evident even during a state of expectancy, where activity in this 

region (and others) was greatest. This result may serve as evidence of a 

hypodopaminergic state during withdrawal, as the neural activity of the ACC, which 

receives extensive dopaminergic innervation (Paus, 2000), is believed to be greatly 

dopamine-dependent (Volkow et al., 2000). In addition to the present study, withdrawal­

induced decreases in ACC activity have also been shown in both methamphetamine 

(London et al., 2004) and opiate (van Dyck et al., 1994) withdrawn patients, suggesting 

that this effect is common among many drugs of abuse. Indeed, a dysfunctional ACC 

during withdrawal may disrupt normal attention and response selection processes and 

could explain the propensity towards relapse in abstinent drug users. 

The relative lack of neural activation specific to smoking stimuli during an 

abstinent state seen here supports previous findings of a diminished response to salient 

stimuli during acute withdrawal from nicotine (Powell et al., 2002). It has been proposed 
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that drug withdrawal results in an underactive mesolimbic dopamine system (Spanagel 

and Weiss, 1999), an idea that is supported in rodents, where spontaneous nicotine 

withdrawal was shown to decrease brain reward function (Epping-Jordan et al., 1998). A 

disrupted dopaminergic state during withdrawal could explain our finding that the ventral 

pallidal region was activated by smoking stimuli only in the non-abstinent state, and that 

this BOLD response was significantly greater during non-abstinence than during an 

abstinent state. The ventral pallidum (VP), which receives dopaminergic input from the 

midbrain (Klitenick et al., 1992), has been shown to be important in the conditioned 

response to psycho stimulants (Gong et al., 1997; Fletcher et al., 1998), though its role in 

the response to conditioned cues has not been well established. It is possible that 

withdrawal is associated with decreased functioning in this area, possibly due to 

diminished dopaminergic tone. Recent studies suggest that nicotine has a facilitatory 

effect on the dopaminergic response to salient stimuli (Rice and Cragg, 2004; Zhang and 

Sulzer, 2004). Accordingly, higher plasma levels of nicotine in the non-abstinent smokers 

could also explain the greater neural response to smoking cues in the non-abstinent state. 

The OFC is a key neural substrate in the processing of salient stimuli, as it 

integrates specific features of reward and determines the proper response based on 

CUITent circumstances (Breiter et al., 2001; Rolls, 2000). In the present study, we 

observed seemingly conflicting involvement of the mOFC in response to smoking cues. 

Whereas the left mOFC was activated during expectancy to smoke, activation of the right 

mOFC was significantly greater during astate ofnon-expectancy. Moreover, we showed 

that neural activity in certain regions was significantly greater for non-expectant subjects 

than for those expecting to smoke. These findings seem to contradict previous 
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observations of greater OFC involvement during a state of reward anticipation (Breiter et 

al., 2001; Knutson et al., 2001), though it is possible that methodological differences 

account for this incongruity. Interestingly, a possible explanation for this apparent 

discrepancy cornes from a study by Nobre et al. (1999), in which it was shown that 

breaches of expectancy selectively activated the OFC. This could reflect a state of 

reward leaming in which the presentation of a novel and conflicting reward contingency 

requires the processing of information related to the situation. However, as we 

experienced significant artifact-driven BOLD signalloss in the OFC areas reported here, 

caution should be taken in the interpretation of these findings. 

Consistent with their role in the processing of emotional stimuli, the activation of 

the insula (Damasio, 1999) and mPFC (Simpson et al., 2000) in response to smoking eues 

seen here could represent the emotional value that these previously neutral stimuli have 

acquired as a result of continuous pairing with nicotine and its pleasurable effects. 

However, whether the insula, where activation has been consistently reported in many 

previous studies of cue-induced drug craving (Garavan et al., 2000; Bonson et al., 2002; 

Sell et al., 2000; Brody et al., 2002), is involved in the underlying automatic processing 

of emotional stimuli or the actual conscious perception of craving itself (Bonson et al., 

2002) is presently unc1ear and requires further study. In addition, mPFC activity could 

also reflect subjects' monitoring of their own emotional reaction to the salient eues, as 

this region has been implicated in stimuli-induced self-referential thinking (Gusnard et 

al.,2001). Other regions, such as the precuneus and posterior cingulate, have also been 

implicated in cue-induced craving (Tapert et al., 2003) and may be involved in the 

conscious recall of drug-related experiences. 
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A surprising discovery ofthis study involved the strong and bilateral activation of 

a d istributed neural n etwork in r esponse t 0 the n eutral videos (N > S). Activation 0 f 

these regions (see Table 2) was consistent throughout all sessions, regardless of 

expectancy or abstinence state, and may be a consequence of observing tool 

manipulations during the neutral (haircut) videos. This interpretation is consistent with 

that of a previous imaging study which showed that observation of action, inc1uding the 

usage of tools, was sufficient to activate a similar network as seen here (Buc cino et al., 

2001). Although this result is likely unrelated to the response to conditioned cues, it 

serves to highlight the challenge of selecting appropriate control tasks in cognitive 

studies. 

An unexpected set of findings from this study related to the subjective self-reports 

of craving, and their interaction with expectancy, abstinence and the BOLD data. For 

example, we found no distinction between self-reports of positive and negative craving in 

association with various states of expectancy or abstinence. This would seem to refute 

our hypothesis stating that positive (appetitive) craving would be associated with astate 

of expectancy and non-abstinence and that negative (aversive) craving would b e more 

evident during non-expectant and abstinent states. In addition, the finding of greater 

craving during a non-expectant state than an expectant state was unexpected. However, 

this higher level of craving was not cue-dependent and so does not challenge previous 

studies showing that a state of expectancy is associated with greater cue-induced craving 

(Droungas, 1 995; Ju lian and Brandon, 1 998). The r eason for t hese d iscrepancies was 

possibly due to the limited sensitivity of the craving questionnaire in the novel scanning 

environment. The stress of the scanner (i.e. noise, enc10sed space, etc.) may have 
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resulted in the questions being interpreted in a primarily negative manner, an effect that 

would have been exacerbated during the non-expectant and abstinent states. 

Accordingly, self-reports of various indices of craving during these states were both 

greater and independent of the effect of the cue, indicating that abstinent and non­

expectant conditions are associated with a primarily unconditioned and aversive craving 

response. 

Discrepancies between the craving and neural responses to conditioned cues were 

also evident, and these challenge the interpretation of subjective reports in brain imaging 

studies. Abstinence from smoking, in addition to inducing a definite nicotine withdrawal 

syndrome, was associated with higher levels ofb oth baseline and cue-induced craving 

than a non-abstinent state. However, the BOLD response to smoking cues during 

abstinence was greatly diminished. 1 n k eeping w ith cognitive t heories 0 f c ue-induced 

craving (Tiffany, 1990), this apparent incongruity may reveal a fundamental difference 

between the two neural and subjective responses to drug cues. According to this the ory, 

craving reports are active, non-automatic interpretations of an internaI state whereas most 

neural responses to stimuli are generated by more automatic processes. The possibility 

that the abstinent and non-expectant states were characterized by reports of negative, 

unconditioned craving could explain this mismatch. This discrepancy could also explain 

why we found only a single positive correlation between regions activated by smoking 

cues (in the left DL-PFC) and the elicited craving, and only in the expectant state. This 

indicates that the neural activity that results from exposure to conditioned cues may be 

largely independent from the craving that is concomitantly reported. H owever, as the 

BOLD response cannot be considered as an indicator for all possible neural responses, 
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our results can not definitively establish such dissociation. In addition, as many other 

studies have found positive links between cue-induced brain activity and craving, it 

would seem that there is also a significant methodological basis for this incongruity. 

CONCLUSIONS AND FUTURE DIRECTIONS 

A formidable problem in the study of drug addiction is the determination of how 

complex human behaviour interacts with the multitude of changes that occur in the 

addict' s brain as a result of chronic drug use. In this regard, the drug user' s perception of 

drug availability reflects a cognitive judgement rooted in normal goal-driven planning 

processes that are made pathological by a hypersensitive and skewed motivational 

system. As drug-seeking behaviour is likely always associated with sorne degree of 

expectation to use, the full understanding of this process may be necessary for the 

development of successful addiction treatment. Contemporary theories place the 

prefrontal cortex at the core of the neural network responsible for guiding behaviour 

based on complex contextual factors. F urthermore, it is the capacity of the prefrontal 

cortex to transmit these intentions to actions that may make it a useful target for 

treatment. Perhaps by leaming how to disrupt the processes involved in the anticipation 

of drug use, drug addicts could avoid the cue-induced reflex of drug seeking and 

consumption. Indeed, the results of the present study seem to suggest that by being in a 

mind state of non-expectancy, the addict's conditioned neural response to drug cues can 

be inhibited. Future studies will be necessary to explore the neural systems involved in 

how expectancy influences actual drug seeking behaviour. For example, in this study, 

smokers were e xposed toc ues t hat were n ot a ctually predictive 0 f d rug u se and s 0, a 
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realistic measure of how drug cues can actually induce expectancy could not be 

formulated. By modifying the study design, future studies may build on the results 

shown here to further define the mechanisms by which expectancy modulates the 

response to drug cues. In one sense, future studies will likely benefit from employing a 

similar experimental paradigm as used here. By using cigarette smokers, we had the 

means to modulate both the subject's state of expectancy and abstinence that would not 

be ethically possible with other drugs of abuse. 

The evidence for a disruption of normal responding to salient stimuli seen in this 

study has definite implications for our conception of addiction. This would seem to 

imply that during acute withdrawal from a drug, addicts are actually less susceptible to 

cue-induced craving and drug seeking. Interestingly, the anhedonia experienced during 

withdrawal may have a similar underlying basis. However, it is probable that, like 

anhedonia, any such disturbance of the motivation system is temporary, as the danger of 

cue-induced relapse is very real in the long term. This remains one of the greatest 

obstacles to treatment in drug addiction, as the aberrant leaming processes that take place 

during chronic drug use lead to very firmly entrenched behaviours in the addict. 

However, despite this challenge, the ability to combine the experimental cue reactivity 

paradigm and b rain i maging techniques in h umans p rovides an excellent t 001 for b oth 

discovering the underlying mechanisms of drug addiction and testing the efficacy of 

potential treatment methods. 

Another important result from this study was the finding of dissociation between 

the smokers' subjective response to smoking stimuli and their neural response to the cues. 

For example, we found that smoking cue-associated craving reports were highest during 
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an abstinent and non-expectant state, though it was in this state that there was an actual 

absence of smoking cue-associated fMRI response. This suggests that one should take 

caution in the interpretation of subjective, emotional reports and how they relate to the 

actual underlying brain processes. Whether this is due to methodological issues, or 

whether there is an actual discrepancy between the magnitude of a subj ective report and 

coincident neural activity can not be conclusive1y ascertained from the data. However, in 

the present study, it is possible that the type of craving reported between conditions of 

maximal and minimal cue-induced neural activity (i.e. expectant, non-abstinent vs. non­

expectant, abstinent) was fundamentally different and therefore not actually reflective of 

a dissociation of subjective and neural responses to conditioned stimuli. 

In conclusion, this thesis demonstrated directly, for the first time, that the neural 

response to conditioned drug eues is greatly dependent on both the user's level of 

expectancy and degree of withdrawal. More specifically, the results showed that this 

response was augmented by a state of expectancy and diminished during withdrawal. 

These findings are important in that they increase our knowledge of the role of contextual 

factors in addiction, and will hopefully contribute to successful treatment strategies in the 

future. 
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