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Abstract

Substance addiction can be a chronic relapsing disorder. While different drugs of
addiction have different primary molecular targets, it has been demonstrated that
many share the common action of being able to increase dopamine within hard-
wired reward circuitry. While this effect is widely conceived as a primary factor
driving initial drug use, long-term adaptations within this hard-wired neural
circuitry underlie the transition from drug use to drug dependence. Significantly,
these neuroadaptations are responsible for triggering recurrent drug relapse in
people recovering from addiction, even when following periods of long-term
abstinence. While there is no animal model of addiction that can fully emulate
the human condition, some animal models do permit the investigation of specific
elements of drug addiction, particularly those involving the reward system and
its role in drug-seeking behavior. Neuroimaging methods now also permit us to
test hypotheses of addiction derived from such animal models, allowing the field
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of neuroscience to examine neural components of drug abuse and dependence in
humans. These neuroimaging procedures permit neuroscientists to test hypoth-
eses in humans at different stages of the addiction cycle, particularly with a view
to developing better treatments.

Introduction

Substance addiction is often defined as a chronic, relapsing disorder characterized
by (1) compulsion to seek and take the substance, (2) loss of control in limiting
substance intake, and (3) the emergence of a negative emotional state (e.g., dys-
phoria, anxiety, irritability) reflecting a motivational withdrawal syndrome when
access to the substance is prevented (defined as Substance Dependence by the 4th
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) of
the American Psychiatric Association). Individuals meeting such criteria are those
commonly described in clinical and neuroscience literature; however, many people
do not enter such a chronic relapsing pattern and recover without treatment.
Although drugs of addiction (e.g., alcohol, amphetamines, cocaine, nicotine) have
varying pharmacological profiles, their ability to activate the mesocorticolimbic
system is known to mediate their acute reinforcing effects (Koob and Volkow
2010). With chronic drug use, however, it is proposed that long-term
neuroadaptations within this same mesocorticolimbic circuitry underlie the transi-
tion from drug use to drug dependence and relapse to drug use during abstinence.

Animal models have been critical in developing theories regarding the evolution
of addiction. The positive-reinforcing effects of drugs of abuse (i.e., their ability to
induce a conscious feeling of pleasure) have been widely conceived as a primary
factor behind continued drug use and eventual drug dependence (Koob and Volkow
2010). Both positive and negative reinforcement theories additionally provide some
insight into both the initiation (i.e., pleasure) and maintenance (i.e., withdrawal
avoidance) of compulsive drug use (Cami and Farre 2003; Koob and Volkow
2010). Such theories, however, are unable to account for the resumption of drug-
seeking and drug-taking behaviors (i.e., relapse) following protracted periods of
abstinence. Chronic drug use has been proposed to result in a pathological shift in
the hedonic set point of the drug user (Koob and Le Moal 1997). This state of
dysregulation within evolutionary hard-wired brain reward systems is proposed to
ultimately lead to a loss of control over drug use; that is, drug abuse produces
a disequilibrium within brain reward circuitry that cannot be biologically
maintained without using the substance of addiction.

An alternative theory is that addiction involves the development of “incentive
sensitization” (Berridge 2009; Berridge and Robinson 1998; Berridge et al. 2009;
Robinson and Berridge 2000). The chronic use of drugs is theorized to produce
alterations in neural systems involved in the motivation and reward for natural
appetitive reinforcers (e.g., food, water). Drug abuse is thought to induce
a hypersensitive state to the drug and drug-associated stimuli (e.g., people, places,
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and objects associated with the substance). This ultimately leads to a shift from drug
“liking” to drug “wanting,” whereby there is an ensuing compulsion to seek out and
use the substance at any cost.

Additional theories view the persistent nature of addictive behaviors as
ingrained drug habits in the form of aberrant stimulus response learning (Everitt
and Robbins 2005; Volkow et al. 2006a; Wise 2002) and alterations in prefrontal
cortical activity that reduce behavioral control and decision-making skills (Bechara
2005; Goldstein and Volkow 2002). Although each of these theories contributes its
own unique perspective to the evolution of addiction, it is likely that there is
significant overlap in these concepts. Furthermore, in humans, initial drug use
probably involves a complex interaction between various components (i.e., biolog-
ical, sociological, economic, legal, and cultural) that, in some individuals, produce
substance addiction.

Pharmacology of Major Drugs of Dependence

Understanding the pharmacology of drugs of abuse is vital to improving the
prevention and treatment of addiction (Nutt and Lingford-Hughes 2008;
Lingford-Hughes et al. 2010). Drugs of abuse are commonly classified into major
categories (Feltenstein and See 2008) that include narcotics (e.g., opiates such as
heroin), cannabinoids (e.g., marijuana), depressants (e.g., alcohol), and stimulants
(e.g., nicotine, amphetamines, cocaine). While these substances all produce feel-
ings of pleasure and relieve negative emotional states, they also possess highly
diverse behavioral effects due to their varied neuropharmacological profiles in the
brain. The mesocorticolimbic dopaminergic system is a key target for all substances
of abuse. Modulation of the dopaminergic system may occur directly, as in the case
of stimulants that block the dopamine transporter (DAT) in the nucleus accumbens
(e.g., cocaine) or stimulate dopamine release (e.g., amphetamine). It may also be
indirect, by increasing dopaminergic neuronal firing via disinhibition of inhibitory
gamma amino butyric acid (GABA) interneurons in the ventral tegmental area (e.g.,
alcohol, opiates, nicotine) (see Everitt and Robbins 2005).

A key modulator of mesolimbic dopaminergic function is the endogenous
endorphin system. It is the major target for the opioid drugs such as morphine
and heroin, and it has long been implicated in processes such as interpersonal
bonding (e.g., mother-child), love, and reward. Opiates reduce anxiety and induce
euphoria and sedation (Heishman et al. 2000; Hill and Zacny 2000) by activating
opioid receptors of which there are three subtypes: the mu opioid receptor (mOR),
kappa opioid receptor (kOR), and delta opioid receptor (dOR). The activity of
opiates at the mOR subtype underlies their abuse potential. The mOR is located in
a variety of brain regions, including the cerebral cortex, thalamus, hippocampus,
locus coeruleus, ventral tegmental area (VTA), nucleus accumbens (NAcc)/ventral
striatum (VS), and the amygdala. Opiates mediate their reinforcing effects directly
in the NAcc at the mOR and indirectly through mOR inhibition of GABA function
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on dopaminergic cells in the VTA, thereby increasing firing of dopamine VTA
projections to the NAcc. Recent findings from human brain imaging studies suggest
that addiction is associated with alterations within the endorphin system and that
the craving, distress, and dysphoria found in early alcohol and drug abstinence are
associated with alterations in mOR (see section “Neuroimaging Studies in Addic-
tion” below).

Emerging research also suggests that the kOR subtype may play a role in
addiction, particularly the experience of negative emotional states during drug
withdrawal (Bruijnzeel 2009). Stimulation of kOR inhibits dopamine release in
the striatum, with chronic administration of drugs of abuse shown to increase the
release of dynorphin in this region. This suggests that the chronic abuse of sub-
stances (not just opiates) may have an enduring effect at the kOR subtype.

Cannabinoids induce feelings of euphoria, disinhibition, relaxation, and analge-
sia (Curran et al. 2002). Delta-9-tetrahydrocannabinol (or THC) is the principal
psychoactive constituent of cannabis and exerts its central effects via the cannabi-
noid 1 receptor (CB;). CB; receptors are highly expressed in the cerebral cortex,
hippocampus, striatum, amygdala, and cerebellum (Herkenham et al. 1991; Tsou
et al. 1998). CB, receptors are also located in the VTA and NAcc, where they
modulate dopaminergic firing (D’Souza et al. 2008; Huestis et al. 2007; Hunault
et al. 2008). The presence of the CB; receptor in the hippocampus is believed to
underlie the effects of cannabinoids on memory.

Alcohol also induces euphoria, relaxation, and disinhibition, while reducing
stress and anxiety (Koob 2004). The reinforcing effects of alcohol likely arise
from its interaction with numerous neurotransmitter systems in the brain. Two
key systems involved are opiate and GABA (the brain’s major inhibitory neuro-
transmitter). Alcohol increases endogenous endorphin release and modulates
GABA and GABAGg receptors to increase dopamine levels (Koob 2004; Sullivan
et al. 2011; Tang et al. 2003). Stimulation of GABA results in anxiolysis and
sedation, which are major drivers for alcohol abuse in humans (Sieghart 2006).
Tolerance to alcohol involves adaptations in the GABA system as well as excitatory
glutamatergic N-methyl-p-aspartate (NMDA) receptors, making the GABA system
less responsive and increasing NDMA receptor activity. In the absence of alcohol,
these adaptions lead to a hyperexcitable brain, resulting in signs and symptoms of
alcohol withdrawal that include tremor, fits, and delirium tremens.

While tobacco use is not associated with significant psychological and social
impairment typical of other types of addiction, it is the leading cause of preventable
death in developed countries (Benowitz 2008; Mathers and Loncar 2006; Peto et al.
1996). Nicotine is the main addictive component in cigarettes (Benowitz 2009;
Gray et al. 1996; Mansvelder and McGehee 2002) and acts on nicotinic acetylcho-
line receptors (nAChRs) in the brain, including those in the VTA, that modulate
dopaminergic cell firing (Grady et al. 2010; Klink et al. 2001; Wooltorton et al.
2003; Drenan et al. 2010; Mameli-Engvall et al. 2006). The high-affinity o4p2
subunit of the nAChR appears to be crucial to the positive-reinforcing and cogni-
tive-enhancing effects of nicotine (Lippiello et al. 2006; Patterson et al. 2009).
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Positron emission tomography (PET) studies in humans have demonstrated that
smoking produces dopamine release in the VS (Brody et al. 2004). Furthermore,
research in humans, investigating the effects of smoking on o432 nAChRs, has
shown that smoking a full cigarette results in more than 88 % o432 subunit receptor
occupancy, an effect which is accompanied by a significant reduction in cigarette
craving (Brody et al. 2006). These PET research findings corroborate the value of
medications that specifically target the a4B2 subunit of nAChRs (Gonzales et al.
2006; Jorenby et al. 2006) in reducing relapse in smokers attempting to quit.

Psychostimulants, such as cocaine and amphetamines, directly increase the
concentration of dopamine in mesocorticolimbic brain regions (Kuhar et al. 1991;
Wise 1996). Cocaine is a reuptake inhibitor that binds to the presynaptic dopamine
transporter (DAT) (Amara and Kuhar 1993; Woolverton and Johnson 1992) that
moves dopamine from the synapse back into presynaptic nerve terminals. By
blocking the DAT, cocaine inhibits the reuptake of dopamine, increasing dopami-
nergic levels and amplifying its reinforcing effects. Amphetamines also block the
DAT but directly trigger dopamine release as well (Rudnick and Clark 1993). The
increase in dopamine produced by psychostimulants correlates with the resulting
“high” that people experience (Volkow et al. 1999). While the pharmacological
effects of psychostimulants also increase levels of serotonin and norepinephrine in
the brain (Howell and Kimmel 2008; Rudnick and Clark 1993; Sora et al. 2009), it
is primarily their effects on dopamine at the NAcc that underlie their abuse
potential. Ecstasy or MDMA, another amphetamine-type drug, primarily targets
the serotonergic system by blocking serotonin reuptake, producing a different set of
euphoric experiences.

Animal Models of Addiction

There are a variety of increasingly sophisticated animal models that have provided
invaluable insights into both the neurobiology of addiction and the pharmacological
actions of drugs of abuse (Feltenstein and See 2008; Heidbreder 2011; Yahyavi-
Firouz-Abadi and See 2009). Models that have particularly served to elucidate
important neurobehavioral mechanisms in addiction include intracranial self-
stimulation (ICSS), conditioned place preference (CPP), behavioral sensitization,
and self-administration paradigms. Furthermore, these models, particularly those
involving self-administration, have also proved beneficial in examining the neuro-
biology and neuropharmacology of drug relapse.

Knowledge about brain regions important for reward originally began with
research in rodents by Olds and Milner, who found that rats would expend a great
deal of effort to electrically stimulate areas of the brain that form part of a reward
circuit (Olds and Milner 1954). Additional evidence suggested that the rewarding
effects of ICSS activated a dopamine projection from the VTA to the NAcc, via
a pathway known as the medial forebrain bundle (Heimer and Van Hoesen 2006;
Wise 2005). Drugs of abuse have been observed to decrease ICSS thresholds; that
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is, the reinforcing properties of addictive drugs reduce the amount of brain stimu-
lation required by the animal. Animal research has also revealed that the more
addictive a substance is, the greater its ability to reduce the ICSS threshold. This
model can be used to evaluate the abuse potential of different drugs. The ICSS
model has also served as a unique experimental tool to assess alterations in the basal
hedonic state of an animal following chronic drug exposure. In contrast, withdrawal
from all major drugs of abuse produces an increase in ICSS thresholds; that is, the
effects of drug withdrawal on reward circuitry increase the amount of brain
stimulation required by the animal to overcome this state.

The CPP model utilizes the classical (Pavlovian) conditioning paradigm in
which an animal learns associations between a conditioned stimulus (CS) and
unconditioned stimulus (UCS). A CS (e.g., neutral object) is repeatedly paired
with an UCS (e.g., drug), until the CS on its own comes to elicit the same response
as the UCS. In the CPP model, an animal is exposed to an apparatus consisting of
two neutral environments. These environments can differ in terms of a number of
stimulus modalities, including color, texture, odor, and lighting (Bardo and Bevins
2000). One environment is paired with drug administration (CS+), while the other is
paired with the administration of a control substance, usually saline (CS-). After
anumber of conditioning sessions, the animal (now in a drug-free state) is permitted
free access to the environments of the apparatus, during which their preference for
the two environments is measured (e.g., by frequency of entry into and the time
spent in the environments). In accordance with the principles of classical condi-
tioning, because the drug condition has reinforcing effects, the animal shows
a significant preference for the drug-paired (CS+), over the saline-paired (CS—),
environment.

Experimental studies show that various drugs of abuse (e.g., amphetamines,
cocaine, heroin, nicotine) typically induce CPP for the drug-paired environment
(Pastor et al. 2012; Sticht et al. 2010; Thorn et al. 2012), suggesting a role for
classical conditioning in the acquisition of drug use behavior. The CPP model,
however, possesses a number of limitations, including the method of drug admin-
istration (e.g., experimenter administered) that fails to model human drug use (i.e.,
self-administration), the potential confound of novelty on the day of testing,
difficulties in generating dose—response curves, and the model being limited to
use in rodents.

Behavioral sensitization involves a progressive increase in the motor stimulatory
effects of a drug with repeated and intermittent administration. The development of
behavioral sensitization has been hypothesized to represent the shift from drug
“liking” to drug “wanting” that has been hypothesized to underlie compulsive drug
use in humans (Berridge 2009; Berridge and Robinson 1998; Berridge et al. 2009;
Robinson and Berridge 2000). The phenomenon of behavioral sensitization has
been demonstrated for a variety of drugs of addiction, such as amphetamines
(Degoulet et al. 2009), cocaine (Burger and Martin-Iverson 1994), and nicotine
(Kosowski and Liljequist 2005). It may potentially model elements of drug
craving and relapse in humans (Vanderschuren and Kalivas 2000). Although
useful for studying several aspects of drug-induced neuroplasticity, the behavioral
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sensitization model, like CPP, is limited because animals never experience contin-
gent drug self-administration, a hallmark of human addiction.

The most widely accepted animal model of drug abuse and addiction is the self-
administration paradigm. During this operant conditioning procedure, the animal
presses a lever (i.e., the operandum), which triggers the delivery of a reward (e.g.,
cocaine). Animals can be trained to perform a variety of different operant behaviors
(e.g., nose pokes) in order to receive the drug after varying amounts of attempts.
Like humans, animals will readily make operant responses in order to self-
administer most drugs of abuse, including opiates, cannabinoids, alcohol, nicotine,
amphetamines, and cocaine (Feltenstein and See 2008; Heidbreder 2011; Yahyavi-
Firouz-Abadi and See 2009). Furthermore, studies almost universally demonstrate
that animals will preferentially respond on a reinforced (i.e., active), rather than
anon-reinforced (i.e., inactive) operandum. This suggests that like humans, animals
are able to rapidly discriminate between responses that elicit the delivery of drug
and nondrug rewards.

While a variety of species and routes of drug administration can be used, most
animal studies of addiction involve the use of rodents or nonhuman primates. Drugs
of abuse are typically self-administered intravenously, via a chronic indwelling
catheter, or orally. The abuse potential of different compounds in humans is well
predicted by animal intravenous self-administration models. This suggests that this
paradigm mimics human abuse with greater ecological validity than repeated
experimenter-delivered administration (e.g., intraperitoneal, subcutaneous). There-
fore, the drug self-administration model appears to possess reasonable face, con-
struct. and predictive validity for examining the neuropharmacological profiles of
drugs that are readily abused by humans.

Craving and the recommencement of drug seeking and drug taking following
drug abstinence are significant features of addiction (Sinha and Li 2007; Volkow
et al. 2002a, 2006b). Factors believed to contribute to drug craving and relapse
include exposure to conditioned drug cues, negative mood states, and stress.
These triggers have been examined using animal models of relapse that employ
an “extinction-reinstatement” approach. In the “extinction-reinstatement
model,” animals are allowed to self-administer a drug (e.g., cocaine) for
prolonged periods of time, mimicking chronic drug use in humans. The animals
then undergo extinction training in which the previously reinforced behavior
(e.g., pressing a lever) fails to elicit drug delivery. These animals are then
exposed to small amounts of the previously administered drug (called drug
priming) or environmental stressors (e.g., foot shock) to test the reinstatement
of drug self-administration after extinction. Research has shown that condi-
tioned cues, drug priming, and stress are all powerful triggers for the reinstate-
ment of drug-seeking behavior, as indexed by an increase in a behavior
previously paired with a drug (Shaham et al. 2003). The reinstatement of drug
self-administration is believed to model relapse to drug use in humans. The
application of the reinstatement model has also proved useful in examining the
neural circuitry underlying drug relapse (Kruzich et al. 2001; Kruzich and See
2001; Weiss et al. 2000).
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Neuroimaging Studies in Addiction
Studies Using Positron Emission Tomography (PET)

PET imaging directly assesses neurotransmitter systems in the brain by using
a radioactive tracer that recognizes a particular target. There are a number of well
characterized tracers for some neurotransmitter systems of interest in addiction
(e.g., dopaminergic system), but not for others (e.g., glutamate). This limits the
utility of PET investigations.

Dopamine

Cocaine and methamphetamine (or “crystal meth”) increase dopamine levels in
ways that can be measured by an increase in the displacement of PET tracers that
bind to dopamine (D,, receptors (e.g., [''Clraclopride). The increase in dopamine
produced by stimulants in healthy volunteers is dose-related and reflects the “high”
that people experience (Volkow et al. 1999). These findings, supported by earlier
animal studies, showed that drugs of addiction increase dopamine in the NAcc. This
led to the view that dopamine release was a necessary, perhaps even sufficient
condition, for drugs to have addictive potential. Recent work, however, has cast
doubt on this. Heroin and other opioids, nicotine, and cannabis do not appear to
produce detectable increases in dopamine (Bossong et al. 2009; Brody et al. 2004;
Daglish et al. 2008; Stokes et al. 2009).

In cocaine- and alcohol-dependent individuals, amphetamine- or methylpheni-
date-stimulated release of dopamine, particularly in the ventral striatum, is blunted
compared with healthy volunteers (Martinez et al. 2005). This finding challenges
the theory of sensitization, which would predict increased dopamine levels in
addicted individuals. Cocaine-dependent individuals also reported a reduced
“high” and blunted change in dopamine levels that predicted the choice for cocaine
over money (Martinez et al. 2007; Volkow et al. 1997).

The dopamine receptor, however, may play a key role in addiction propensity.
Low levels of dopamine receptors are associated with a greater rewarding effect of
stimulants (Volkow et al. 1999), while high levels are possibly protective in
alcoholism (Volkow et al. 2006a). The use of stimulants (e.g., cocaine and meth-
amphetamine) has been shown to lower dopamine receptor numbers (Dagher et al.
2001; Heinz et al. 2004; Lee et al. 2009; Volkow et al. 2001). Similarly, in alcohol
dependence, lower striatal D,/3 receptor availability has been reported (Volkow
et al. 1996; Martinez et al. 2005). However, there is no evidence of reductions in
D3 receptor availability in cannabis dependence (Sevy et al. 2008) or use (Stokes
etal. 2012). A recent study has shown that DAT availability is significantly reduced
in the striatum of long-term cannabis users and cigarette smokers (Leroy et al.
2011), suggesting that disturbances in dopamine functioning is associated with
chronic use. Daglish et al. 2008 were also unable to detect lower striatal D;;
receptor levels in methadone-maintained, opioid-addicted individuals.
Martinez and colleagues did report a reduction in recently abstinent heroin-addicted
individuals (Martinez et al. 2011), suggesting that the level of striatal D,/; receptors
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may depend on whether opioid dependent individuals are free of or maintained on
opioid drugs.

Opioid System

In cocaine addicted individuals, regional brain mOR levels remained elevated in the
anterior frontal/cingulate cortex during 12 weeks of abstinence (Gorelick et al.
2005). These regions are strongly implicated in “top-down’ cognitive regulation of
impulses and behavior. Elevated mOR levels in the medial frontal and middle
frontal gyri prior to psychosocial treatment were significantly associated with
greater cocaine use during treatment (Ghitza et al. 2010). This study also found
that elevations in mOR levels in the anterior cingulate cortex (ACC), medial
frontal, and insular cortices correlated with a shorter duration of cocaine abstinence.
Significantly, mOR binding was a more powerful predictor of treatment outcome
than baseline drug and alcohol use.

The endogenous opioid system plays a significant role in alcohol dependence,
as indicated by the efficacy of opiate antagonists (e.g., naltrexone) in
pharmacotherapeutic trials (Lingford-Hughes et al. 2012a). Several studies have
reported an increased availability of mOR in striatal regions in abstinent alcoholics
(Heinz et al. 2005; Williams et al. 2009; Weerts et al. 2011). A similar increase
in mOR availability has been found in abstinent opioid-dependent individuals
(Williams et al. 2007). An increased availability of mOR has been demonstrated
in addiction to a number of pharmacologically different substances of abuse and
therefore may be involved in the vulnerability to and perpetuation of drug taking
after abstinence.

GABA

Several studies have shown that GABA binding is lower in abstinent alcohol-
dependent patients (Abi-Dargham et al. 1998; Lingford-Hughes et al. 1998) or its
function reduced (Lingford-Hughes et al. 2005). The reduction in GABA binding
may be the result of the downregulation of GABA in order to reduce the impact of
sedative drugs on the GABA system. Individuals at risk of alcoholism, and addic-
tion in general, may have preexisting reduced levels of GABA activity. The o
subtype of the GABA,4 receptor is highly expressed in brain regions that regulate
emotion and reward, such as the ventral striatum, and a reduction in these receptors
is found in persons with alcoholism (Lingford-Hughes et al. 2012b).

Studies Using Functional MRI (fMRI)

fMRI exploits the fact that the magnetic properties of blood change as oxygen is
removed. These changes can be detected using an MRI measure known as the
Blood-Oxygen-Level-Dependent (BOLD) signal while a person performs
a behavioral task (e.g., reward learning). The BOLD response represents the change
in oxyhemoglobin to deoxyhemoglobin ratio in venous blood. The strength of this
signal in a brain region (e.g., ventral striatum) indicates the relative level of
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oxygenated to deoxygenated blood at that location. Because neuronal activity
requires oxygen, the BOLD signal is believed to indirectly reflect neuronal activity
at that location during the psychological process being studied.

The use of behavioral assays that specifically tap into the neural circuitry on
which drugs of abuse act allows fMRI neuroscientists to explore differences and
similarities between the long-term effects of different drugs. The cognitive domains
that have been under investigation in recent years, and which have provided some
insight into the addicted brain, comprise memory, planning and impulse control,
and more subjective experiences such as empathy (see below).

Drug-Related Stimuli

The production of strong emotional and cognitive responses to drug-related stimuli,
referred to as cue reactivity, is a common and clinically important feature of drug
addiction. Studies have investigated the neural correlates of cue reactivity and
craving using cue-exposure techniques, which are ethically less challenging than
giving drugs of abuse to addicted individuals. In particular the reactivity of neural
reward circuits to drug-related cues has been widely studied to test whether there is
an “overvaluation” of drug reinforcers, as has been hypothesized (Goldstein and
Volkow 2002). Understanding how this system operates is important because drug-
related cues may increase attentional bias and expectancy of drug delivery in both
current and abstinent drug users. Such studies may potentially identify neural
mechanisms and inform treatment development by providing potential cognitive
or pharmacological targets (Muraven 2010; Schoenmakers et al. 2010; Shoptaw
et al. 2008; Franklin et al. 2011; Goldstein et al. 2010).

fMRI studies have identified common brain regions (e.g., amygdala, OFC, and
VS) that are involved in cue reactivity and craving elicited by drug-related cues in
drug-using populations. We describe studies in nicotine addiction to illustrate how
such imaging and reactivity has clinical relevance. Greater reactivity to smoking-
related images has been reported in the insula and dorsal ACC (dACC) in those
nicotine-dependent women who relapsed (Janes et al. 2010). The importance of the
insula, which integrates interoceptive (i.e., bodily) states into conscious feelings
and decision-making processes involving uncertain risk and reward, has recently
emerged with evidence that damage to the insula disrupts nicotine addiction (Naqvi
and Bechara 2008). Another study revealed that extinction-based smoking cessa-
tion treatment attenuated responses to smoking cues in the amygdala, and the same
attenuation pattern in the thalamus predicted which smokers remained abstinent
(McClernon et al. 2007). Concerning the impact of medication, varenicline has
been shown to reduce responses in the VS and medial OFC to smoking-related cues
as well as subjective craving (Franklin et al. 2011).

Imaging with alcohol-related cues has shown activation of similar brain areas.
For instance, heavy drinkers show significantly greater activations in the dorsal
striatum (DS) than social drinkers, and light drinkers show higher cue-induced
activations in the VS and prefrontal areas than heavy social drinkers (Vollstadt-
Klein et al. 2010). Detoxified alcoholics have less activation in the VS during the
anticipation of nondrug rewards than healthy controls but increased VS activation
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in response to alcohol-associated cues (Wrase et al. 2007). This finding suggests
that mesolimbic activation in alcoholics (and addiction as a whole) is biased toward
the processing of alcohol, as opposed to conventional reward cues, supporting the
hypothesis of a reward deficiency syndrome. Various medications such as naltrex-
one (mOR antagonist), ondansetron (serotonin SHT; receptor antagonist), and
aripiprazole (D,; partial agonist) all reduce VS activation in response to alcohol-
related cues in non-treatment-seeking alcoholics (Myrick et al. 2008, 2010).

In abstinent heroin addicts and cocaine abusers, salient drug-related cues have
been shown to result in activation in the ACC in all participants, but PFC activation
was only seen in those that experienced craving (Wexler et al. 2001). The study by
Daglish et al. (2001) also revealed that ACC activation increased, rather than
decreased, with the duration of abstinence. This finding may support the long-
held belief that addiction can be an enduring process involving long-term adapta-
tions in various circuits. It has been suggested that increased activity in the OFC
reflects a hypersensitivity to reward (Bolla et al. 2003), whereas reduced activity in
ACC reflects hyposensitivity to punishment (Garavan and Stout 2005).

As with medications to treat alcoholism, medications used to treat opiate
addiction, such as methadone and buprenorphine, have been shown to reduce
responses in the insula and hippocampus to salient drug cues (Langleben et al.
2008; Mei et al. 2010). It appears however that activity in the OFC does not
dissipate after medication, the impact and clinical implications of which requires
further study.

The development of a conditioned, cue-induced neural attentional bias in
response to drug-predictive stimuli is accompanied by craving in different drug-
using populations. This bias may be implicit in maintaining addictive behaviors and
provoking drug relapse among users attempting to remain abstinent. Significantly,
functional brain imaging procedures have been shown to reliably measure the effect
of neural responses to drug-related stimuli on drug relapse. This may be important
when testing the effects of medications on these responses. Future research may
improve treatment outcomes in addiction medicine by identifying neural signatures
that predict relapse.

Reward Processing

Reward is a central driver of incentive-based learning that elicits appropriate
responses to stimuli and shapes the development of goal-directed behaviors. Moti-
vational theories of drug use make different predictions about how drug use may
differentially recruit brain areas, such as the VS, in response to rewards (Bjork et al.
2008). The reward deficiency syndrome (RDS) and the allostatic hypotheses (AH),
for example, both postulate that addiction is the result of a deficit in dopamine
motivational circuitry for nondrug rewards and that only drugs of abuse are able to
normalize dopamine at the VS (Blum et al. 2000; Koob et al. 2004). This may
induce reflexive, conditioned responses to drug cues and diminish responses to cues
that signal nondrug rewards. Alternatively, the “impulsivity hypothesis™ of addic-
tion suggests that persons who are vulnerable to, or suffering from, addiction
have an excessive approach and reduced inhibitory control over their behavior
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(Bechara 2005; Bickel et al. 2007). This hypothesis is supported by longitudinal
studies which have shown that both poor self-control and high novelty seeking in
childhood are significant predictors of substance use in adolescence (Ding et al.
2004; Masse and Tremblay 1997; Myers et al. 1995) and addiction in later life
(Fergusson et al. 2007).

Substance-dependent persons exhibit both impulsive and reward-centered
choice behavior, and those with alcohol, cocaine, heroin, and nicotine dependence
have an increased preference for small immediate over larger delayed rewards
(Bechara et al. 2001; Bickel and Marsch 2001; Bjork et al. 2004; Heil et al. 2006;
Reynolds and Fields 2011; Robles et al. 2011). This suggests that individuals who
are both prone to, and engage in, chronic substance use have some combination of
reward hypersensitivity and deficient inhibitory control (Bechara 2005; Bickel et al.
2007; Solomon and Corbit 1974). Assessing neural responses to nondrug rewards in
substance abusers has particular value in evaluating these hypotheses and
establishing patterns of reward functioning in addiction.

As described above, significantly lower numbers of D, receptors or released
dopamine have been found in the striatum of people addicted to alcohol, cocaine,
and methamphetamine (Martinez et al. 2005, 2007, 2009, 2011; Volkow et al.
2004). While this evidence is consistent with the RDS and AH, there is less
consistent evidence in heroin, nicotine, or opioid addiction. It is not easy to
determine whether the impairment precedes or follows addiction. Those at risk of
initiating substance abuse may be hyporesponsive to nondrug rewards due to
deficient dopamine functioning in the striatum which is overcome by taking drugs
of abuse that enhance dopamine levels.

Most fMRI studies in addiction have attempted to examine reward sensitivity
using the Monetary Incentive Delay (MID) task (Knutson et al. 2001). The MID
task allows researchers to measure brain activation while a person anticipates and
receives monetary reward and punishment. The person first views a brief visual cue
indicating the type of reward trial they will participate in. This is followed by
a short delay after which the person responds to a target stimulus and does or does
not receive a reward depending on their response to the target. Significantly, fMRI
BOLD responses during the MID delay period correlate with dopamine release in
the VS (Schott et al. 2008), appearing to substantiate its sensitivity to dopamine
reward functioning.

In alcoholism, support for the RDS/AH is demonstrated by blunted VS responses
during reward anticipation compared with nonalcoholics (Beck et al. 2009; Wrase
et al. 2007). However, alcoholics did not differ from nonalcoholics during reward
anticipation, but they did differ in their responses to reward outcomes (Bjork et al.
2008), a finding more consistent with the impulsivity hypothesis. In cannabis-using
populations, there is support for both hypotheses. Greater activation in the VS has
been shown in cannabis users than drug-naive controls during reward anticipation,
consistent with the impulsivity hypothesis (Nestor et al. 2010). By contrast, Van
Hell and colleagues found that cannabis users had significantly less activation in the
VS compared to non-cigarette smokers, but not cigarette smokers (van Hell et al.
2010), thereby supporting the RDS/AH.
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Greater activation in the left and right VS, right caudate, and right insula has
been shown in treatment-seeking cocaine-addicted individuals using the MID (Jia
et al. 2011). Notably, some neural responses predicted treatment success with
activation during reward anticipation in the bilateral thalamus and right caudate
negatively associated with cocaine-negative urinalyses and activation in the left
amygdala and parahippocampal gyrus correlated negatively with treatment reten-
tion. These findings suggest that in treatment-seeking cocaine-addicted persons,
impulsive corticolimbic reward circuitry for nondrug rewards may be a neural
biomarker that predicts treatment outcome (Jia et al. 2011). (Goldstein et al.
2007a) have also reported dysfunctional PFC activation during instrumental tasks
in cocaine-addicted persons (Goldstein et al. 2007b). Finally, it has also been shown
that in cigarette smokers, neural responses in the VS during reward anticipation are
significantly lower than in control subjects (Peters et al. 2011). This has also been
observed during the receipt of delayed rewards in this population (Luo et al. 2011).

The concepts of reward and impulsivity are both important in eliciting appro-
priate responses to stimuli and shaping the development of goal-directed behaviors.
Since the empirical findings to date are consistent with both hypotheses, future
research on the processing of nondrug rewards in addiction will need to address
a potential disparity in neural responses in different types of addictions. In doing so,
brain imaging research of reward processing in substance abusers may be able to
delineate neural responses that are contingent upon the substance of abuse, the
treatment-seeking status of the individual, and the duration of their abstinence.

Cognitive Control and Decision-Making

Flexible goal-directed behavior requires an adaptive cognitive control system for
organizing and optimizing processing (Ridderinkhof et al. 2004a, b). Evidence from
cognitive neuroscience is beginning to converge on the different contributions of
the PFC in cognitive control. This convergence of evidence may identify potential
biomarkers of compromised cognition that predict both the initiation and continu-
ation of drug abuse. Since addiction is by definition continued drug use and
recurrent drug relapse in the face of serious negative consequences, decrements
in cognitive inhibitory control may be a core feature of the disease.

Laboratory tests of cognitive inhibitory control usually involve a person with-
holding a habitual motor response or ignoring the presentation of irrelevant
stimuli while continually updating information and monitoring one’s performance.
The processes of cognitive inhibitory control and monitoring have consistently
been shown to involve the PFC and ACC (Carter et al. 1998; Garavan et al. 1999,
2002; Ullsperger and von Cramon 2001). If the ability to inhibit and monitor one’s
behavior is important in the development and maintenance of addiction (Garavan
and Stout 2005), then brain imaging assessments of cognitive inhibitory control
may identify deficits in both behavior and brain functioning.

Dysfunctional activity in the PFC including ACC and OFC of different drug-
using (i.e., alcohol, cannabis, cocaine, heroin, methamphetamine and nicotine)
individuals has been shown in fMRI studies using tests of cognitive inhibitory
control and monitoring when compared with demographically matched drug-naive



1012 A. Lingford-Hughes and L. Nestor

individuals (Volkow et al. 2007; Garavan et al. 2008; Goldstein et al. 2004, 2010;
Hester and Garavan 2004; Kaufman et al. 2003). Importantly, it has been shown
that severe global cognitive impairment makes cocaine-addicted individuals less
amenable to behavioral treatments (Aharonovich et al. 2003, 2006). This under-
scores the need to uncover biomarkers of cognitive control in addiction to inform
rehabilitation programs for individual substance abusers.

Error monitoring has also been shown to be impaired in substance using
populations, for example. Reduced functioning in the ACC when cannabis users
are required to indicate their awareness of errors (Hester et al. 2009) or in chronic
heroin users during error monitoring (Forman et al. 2004). Notably, previous
research in early cocaine and methamphetamine abstinence has shown cortical
neural deficits during verbal and visuospatial (Kubler et al. 2005) working memory
(Moeller et al. 2010; Tomasi et al. 2007), conflict resolution (Nestor et al. 2011a)
and decision-making processes (Hoffman et al. 2008; Monterosso et al. 2007).
These findings support the notion that disruptions in prefrontal circuits are impor-
tant for general, flexible, goal-directed behavior. Interestingly one study has shown
that ex-smokers who had been abstinent for a year or more had increased lateral
PFC activation compared with both smokers and nicotine naive participants (Nestor
et al. 2011b). Increased lateral PFC activation may be an important characteristic of
successful abstinence in former smokers.

To assess decision-making in individuals with substance dependence, studies
have used the Iowa Gambling Task (IGT) (Bechara et al. 1994). On this task
patients with damage to the ventromedial prefrontal cortex (VMPFC) appear to
be oblivious to the future consequences of their actions (i.e., myopia for the future),
appearing only to be guided by their immediate prospects. Subsequent neuroimag-
ing studies in healthy participants using the IGT have shown increased activation in
the VMPFC, ACC, parietal/insular cortices, amygdala, and striatum during the
actual decision-making component of the task (Ernst et al. 2002; Matthews et al.
2004; Verney et al. 2003). All of these regions are known to be affected by drugs of
abuse. This had led to the “somatic-marker” hypothesis in which decision-making
depends on the neural substrates that regulate homeostasis, emotion, and feeling
(Verdejo-Garcia and Bechara 2009). According to this model, there should be a link
between alterations in processing emotions in substance abusers and their impair-
ments in decision-making.

There is some support for this hypothesis. For example, after 3 weeks absti-
nence, cocaine abusers have greater activation during performance of the IGT in the
right OFC and less activation in the right DLPFC and left medial PFC than a control
group (Bolla et al. 2003). These results suggest that cocaine abusers show persistent
functional abnormalities in prefrontal neural networks involved in decision-making
that may undermine attempts to remain abstinent. In a similar study, after 4 weeks
of abstinence cannabis users, particularly heavy users (53-84 joints/week), had
greater activation in the left cerebellum and less activation in the right OFC and
DLPFC than controls (Bolla et al. 2005). These preliminary findings suggest that
prefrontal neural deficits in heavy cannabis users are manifested in decrements in
decision-making.
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Other studies have examined patterns of regional brain activation in abstinent
drug users during decision-making. Imaging patterns in methamphetamine abusing
individuals performing the two-choice prediction task have shown decreased acti-
vation of the OFC, DLPFC, insular, and inferior parietal cortices (Paulus et al.
2003). These patterns of brain activation were strong predictors of relapse. Here
activation patterns in the right insular, posterior cingulate, and temporal cortex
obtained in early recovery correctly predicted 90 % of subjects who did not relapse
and 94 % of subjects who did (Paulus et al. 2005).

Summary

Our knowledge about how drugs affect brain functioning and neural circuits in
abuse and dependence has substantially increased in the last few decades due to
developments in neuroimaging. Animal studies have improved in their complexity
to better reflect what happens in man. In human and animal studies, the mesolimbic
dopaminergic system has continued to receive much attention, and evidence sug-
gests that hypofunctioning in this system is involved in vulnerability to drug liking
for naive users and also to relapse in addicted individuals. The role of other
neurotransmitter systems is receiving more attention, and the importance of opioid
and GABAergic systems, for instance, is recognized and has led to improvements in
clinical treatment. Psychological constructs of behaviors such as reward processing,
decision-making, and impulsivity have been widely studied in substance use and
abuse with impairments generally described. Challenges for the future include
using our knowledge and neuroimaging to bring psychological and pharmacolog-
ical theories closer together so that the interplay between the impact of the drugs
and/or their psychological or pharmacological treatment on underlying psycholog-
ical processes is clearer.
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