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Preface: Neuroscience for Addiction
Medicine: From Prevention to
Rehabilitation

It is estimated that a total of 246 million people, i.e., over 5% of the world’s adult
population, have used an illicit drug during the last year. Meanwhile, more than 10%
of these drug users are suffering from drug use disorders and the number of drug-
related deaths is estimated to be over 187,000 annually (UN Office of Drugs and
Crime, 2015). Adding disorders related to the nonpharmacologic or behavioral ad-
dictions such as pathological gambling, Internet and gaming addictions, overeating
and obesity, and compulsive sexual behaviors to the drug addictions comprises a
group of brain disorders that contribute as one of the major challenges for humankind
in the current millennium.

Addiction medicine has been regarded as a stand-alone specialty among other
medical professions in several countries; however, there are still serious concerns
regarding the availability and effectiveness of interventions in a wide range from pre-
vention to rehabilitation in addiction medicine. Accumulating pathophysiological
evidences for “Addiction as a Brain Disorder” during last 20 years is extending ex-
pectations from neuroscience to contribute more seriously in the routine clinical
practices during prevention, assessment, treatment, and rehabilitation of addictive
disorders. Neuroscience has made tremendous progress toward understanding basic
neural processes; however, there is still a lot of progress needed to be made in uti-
lizing neuroscience approaches in clinical medicine in general and addiction medi-
cine in particular.

The basic idea of a book to provide the current status of the field of neuroscience
of addiction with particular emphasis on potential applications in a clinical setting
was jumped out during meetings in the 2nd Basic and Clinical Neuroscience Con-
gress in October 2013 in Tehran with Professor Vincent Walsh, the Progress in Brain
Research, PBR, Editor in Chief. We, Martin and Hamed, started to work together for
a proposal to the PBR advisory board to compile a volume of reviews in June 2014 in
the Laureate Institute for Brain Research, Tulsa, OK. After receiving the green lights
from the PBR office, the invitations went out to the senior scholars in the field from
October 2014. We received overwhelming positive feedbacks from over 120 contrib-
utors from 90 institutes in 14 countries that ended up with 36 chapters in two volumes
in October 2015. During this 1 year of intensive efforts, all the chapters were peer
reviewed and revised accordingly to meet high-quality standards of the PBR and our
vision for the whole concept of the volumes. The first volume, PBR Vol. 223, is
mainly focused on the basic neurocognitive constructs contributing to pathophysio-
logical basis of pharmacological and behavioral addictions, and the second volume,
PBR Vol. 224, depicts the contribution of neuroscience methods and interventions in
the future of clinical practices in addiction medicine.

Xix
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The goal of these two volumes is to provide readers with insights into current
gaps and possible directions of research that would address impactful questions.
The fundamental question that is addressed in these volumes is “how can neurosci-
ence be used to make a real difference in addiction medicine”? To that end, we asked
the contributors to:

(1) review the recent literature with a time horizon of approximately 5-10 years,

(2) identify current gaps in our knowledge that contribute to the limited impact of
the area of research to clinical practice, and

(3) provide a perspective where the field is heading and how impactful questions can
be addressed to change the practice of addiction medicine.

We envision that both neuroscientists and clinical investigators will be the primary
audience of these two volumes. Moreover, the common interest of these individuals
will be the application of neuroscience approaches in studies to assess or treat indi-
viduals with addictive disorders. We think that these PBR volumes will provide the
audiences with most recent evidences from different disciplines in brain studies on
the wide range of addictive disorders in an integrative way toward “Neuroscience for
Addiction Medicine: From Prevention to Rehabilitation.” The hope is that the infor-
mation provided in the series of chapters in these two volumes will trigger new re-
searches that will help to connect basic neuroscience to clinical addiction medicine.

The Editors

Hamed Ekhtiari, MD,

Iranian National Center for Addiction Studies
Martin Paulus, MD,

Laureate Institute for Brain Research
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CHAPTER

Neuroscience of resilience
and vulnerability for
addiction medicine:

From genes to behavior
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Abstract

Addiction is a complex behavioral disorder arising from roughly equal contributions of genetic
and environmental factors. Behavioral traits such as novelty-seeking, impulsivity, and cue-
reactivity have been associated with vulnerability to addiction. These traits, at least in part,
arise from individual variation in functional neural systems, such as increased striatal dopa-
minergic activity and decreased prefrontal cortical control over subcortical emotional and mo-
tivational responses. With a few exceptions, genetic studies have largely failed to consistently
identify specific alleles that affect addiction liability. This may be due to the multifactorial
nature of addiction, with different genes becoming more significant in certain environments
or in certain subsets of the population. Epigenetic mechanisms may also be an important
source of risk. Adolescence is a particularly critical time period in the development of addic-
tion, and environmental factors at this stage of life can have a large influence on whether inher-
ited risk factors are actually translated into addictive behaviors. Knowledge of how individual
differences affect addiction liability at the level of genes, neural systems, behavioral traits, and
sociodevelopmental trajectories can help to inform and improve clinical practice.

Keywords

Addiction, Individual differences, Cue-reactivity, Impulsivity, Dopamine, Neural circuits,
Genetics

There is considerable variability in the likelihood of developing addiction upon
exposure to drugs of abuse. This is evidenced by the fact that over 90% of Americans
have used alcohol, but only 8-12% ever meet criteria for alcohol dependence
(Anthony et al., 1994). Determining what factors render certain individuals more
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susceptible to addiction has proven difficult to discern because of the array of vari-
ables involved. Over the past few decades, we have learned that there is a complex
interplay of genes and environment that govern the neurobiological and behavioral
processes relevant to addiction. However, there are, unquestionably, multiple algo-
rithms by which these factors may be combined to alter addiction liability. Below we
will briefly review findings from both human and animal studies that highlight some
of the behavioral, neural, and genetic variables believed to contribute to addiction
liability.

BEHAVIORAL TRAITS

Despite the oft-repeated adage that “there is no addictive personality,” there is a clear
association between addiction and certain personality traits. For example, clinical
studies have found that the trait known as neuroticism or negative emotionality is
associated with substance use disorders as well as depressive and anxiety disorders
(Kotov et al., 2010; Terracciano et al., 2008). The mechanisms underlying this as-
sociation are not well-characterized, but are thought to include increased stress sen-
sitivity (Ersche et al., 2012). Another personality trait associated with addiction is the
“externalizing” phenotype, characterized by novelty- and sensation-seeking behav-
ior, hypersensitivity to rewards, and insensitivity to punishment (Dick et al., 2013;
Hicks et al., 2013; Pingault et al., 2013). Evidence from animal models suggests that
the sensation-seeking trait may specifically increase the propensity to initiate and
continue drug use, as opposed to predisposing toward compulsive use that would
meet criteria for substance dependence (Belin et al., 2008; Deroche-Gamonet
etal., 2004; Piazza et al., 1989), and some human studies have substantiated this find-
ing (Ersche et al., 2013). Trait impulsivity, otherwise known as disinhibition or lack
of constraint, has perhaps the strongest evidence for an association with addiction.
In the animal literature, the transition to compulsive drug use can be predicted by
measures of impulsivity (Belin et al., 2008; Dalley et al., 2007); specifically the
inability to withhold a prepotent response (e.g., 5-choice serial reaction time task).
Similar tasks have been used with human subjects in the laboratory to assess
disinhibition or lack of constraint—and, in agreement with the rodent studies, these
studies have largely shown evidence for an association between trait impulsivity and
addiction (for review, see Verdejo-Garcia et al., 2008). Another addiction-related
trait is “cue-reactivity”’; perhaps not surprisingly, as relapse is most often triggered
by cues (e.g., people, places, paraphernalia) in the environment that have been
previously associated with the drug-taking experience. Indeed, both human studies
and animal models suggest that individuals for whom the cue attains incentive
motivational value or incentive salience are the individuals most likely to exhibit re-
lapse (e.g., see Carter and Tiffany, 1999; Janes et al., 2010; Rohsenow et al., 1990;
Saunders and Robinson, 2010, 2011). These different personality traits have not only
been associated with different phases of addiction but also with different types of
drugs of abuse. For example, cocaine addicts tend to be more impulsive than heroin
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addicts; whereas heroin addicts are more anxious than cocaine addicts (Bornovalova
et al., 2005; Lejuez et al., 2005, 2006). These data beg the question of whether
certain personality traits predispose an individual to a particular phase (e.g., initiation
vs. relapse) of addiction or type of drug (e.g., psychostimulants vs. opioids), or if
it is the drugs themselves—uvia alteration of brain function—that cause the behav-
ioral traits.

NEUROBIOLOGICAL FACTORS

Although it has been difficult to parse cause from consequence when it comes to elu-
cidating the neurobiological mechanisms underlying addiction, there is general
agreement as to what neurotransmitter systems and brain regions are involved.
All drugs of abuse share the ability to elevate dopamine transmission, either directly
or indirectly (Hyman et al., 2006). It is therefore not surprising that dopamine and the
mesocorticolimbic “reward” circuitry have been a primary focus of neuroscience re-
search related to addiction. The most consistent findings to emerge from imaging
studies of addicted patients are decreased dopamine type 2/3 (D2/3) receptor binding
capacity, particularly in the striatum, and decreased activity in prefrontal cortical
(PFC) areas that normally provide “top-down” executive control over striatal activity
(Volkow et al., 1993; Wang et al., 2012a). Decreased striatal D2/3 receptor binding
has also been reliably associated with novelty-seeking and impulsivity in both human
and animal studies (Buckholtz et al., 2010; Dalley et al., 2011; Leyton et al., 2002;
Zald et al., 2008), as has increased dopaminergic activity in the striatum at baseline
and in response to various stimuli in rats (Hooks et al., 1991; Piazza et al., 1991).
Further, human studies have shown that, in addition to lower levels of functional ac-
tivity in PFC areas, impulsive individuals exhibit decreased functional connectivity
between the PFC and subcortical structures, including the amygdala and ventral
striatum (Davis et al., 2013; Schmaal et al., 2012). Fewer studies have investigated
the neurobiological basis of “cue-reactivity,” though existing evidence from both
humans and animals suggests increased mesolimbic dopaminergic activity in
cue-reactive individuals (Flagel et al., 2011; Jasinska et al., 2014). Thus, a simplified
picture has emerged that individuals predisposed toward addiction are character-
ized neurobiologically by relatively high dopaminergic activity, coupled with
decreased “top-down” cortical control.

GENETICS

Twin studies have yielded heritability estimates of 30—70% for addiction (Agrawal
and Lynskey, 2008). Most of the genetic influences on substance use appear to be
shared across different classes of substances (Kendler et al., 2008; Tsuang et al.,
1998). However, the most robust findings from candidate gene and from genome-
wide association studies (GWAS) have been specific to certain classes of drugs.
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For example, polymorphisms affecting the function of the alcohol dehydrogenase
and aldehyde dehydrogenase are some of the oldest and most potent known genetic
risk/resilience factors for any psychiatric disorder, but these are genes that specifi-
cally affect alcohol metabolism and are therefore specifically related to alcohol use
disorders (Hurley and Edenberg, 2012). To our knowledge, the only other association
reliably and convincingly detected by both GWAS and candidate gene studies is that
of nicotine dependence with variants of nicotinic acetylcholine receptor (nAChR)
subunit genes (Bierut et al., 2008). Although genes affecting several other proteins
have been associated with addiction, including gamma-amino butyric acid (GABA)
receptors, opioid receptors, and cannabinoid receptors, these findings have been in-
consistent across studies and generally specific to one or a few substances (Hall et al.,
2013; Wang et al., 2012b). Even studies of genes involved in dopamine transmission
have yielded mixed results, despite the fact that augmentation of dopamine transmis-
sion in the ventral striatum is a mechanistic pathway common to all drugs of abuse
(Hyman et al., 2006). Difficulties in the replication of candidate gene findings do not
necessarily mean that the associations are invalid; instead, it may indicate that indi-
vidual genetic effects are limited to specific populations and endophenotypes. In-
deed, transgenic animal studies of candidate genes generally show much more
consistent and robust effects on drug-taking behaviors than human association stud-
ies would otherwise suggest. Thus, like most psychiatric disorders, addiction appears
to be highly heritable, but the multifactorial and polygenic nature of the disorder
makes specific gene associations very difficult to detect.

EPIGENETICS

Intriguingly, emerging evidence from the animal literature is implicating transge-
nerational epigenetic mechanisms as possible contributors to the heritability of ad-
dictive disorders (Vassoler and Sadri-Vakili, 2014; Yohn et al., 2015). Epigenetic
changes are experience-dependent chemical alterations to chromosomes that affect
gene expression. The most widely studied epigenetic markers are DNA methylation
and histone methylation and acetylation. Although there have been a number of stud-
ies demonstrating epigenetic modifications in response to drugs of abuse (for review,
see Renthal and Nestler, 2008), few, to our knowledge, have identified epigenetic
mechanisms that contribute to addiction vulnerability. Thus, for the purpose of this
chapter, we will focus on transgenerational epigenetic mechanisms, that is, those that
are retained throughout embryonic development, and thereby passed on from parent
to offspring. For example, exposure to alcohol causes several epigenetic changes to
be passed on to offspring and successive generations of rodents, including demeth-
ylation of the imprinted gene H/9 (Ouko et al., 2009), demethylation of the promoter
region of exon IV of the brain-derived neurotrophic factor (Bdnf) gene (Finegersh
and Homanics, 2014), increased methylation of the dopamine transporter (Dat) pro-
moter (Kim et al., 2014), and methylation of the pro-opioid melanocortin (Pomic)
promoter in the arcuate nucleus (Govorko et al., 2012). Remarkably, there are a
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number of common associations of these epigenetic changes, including increased
Bdnf expression in the ventral tegmental area (VTA), decreased DAT in the cortex
and striatum, decreased hypothalamic Pomc (Govorko et al., 2012), decreased fear
behaviors, increased aggression and impulsivity (Meek et al., 2007), and attention
deficits (Kim et al., 2014).

There is also evidence of transgenerational epigenetic changes induced by other
substances. For example, rats exposed to opioids have progeny that exhibit altered re-
sponses to dopaminergic agents (Byrnes et al., 2013; Vyssotski, 2011). Offspring of
dams exposed to nicotine are hyperactive and inattentive, and have increased methyl-
ation of the Bdnf promoter and decreased BDNF levels in the frontal cortex (Toledo-
Rodriguez et al., 2010; Yochum et al., 2014; Zhu et al., 2014). In contrast to changes
induced by other substances, the transgenerational effects of cocaine exposure may
actually be protective, as the progeny of cocaine-exposed rodents have increased
acetylated histone 3 associated with Bdnf exon IV, increased BDNF expression in
the medial prefrontal cortex, and reduced cocaine self-administration (Vassoler
et al., 2013). Though many mechanistic details for these effects remain to be discov-
ered, and all of the epigenetic findings mentioned here await further confirmation from
other groups, transgenerational epigenetic inheritance of risk may prove to be an im-
portant component of individual differences in vulnerability to addiction.

DEVELOPMENTAL FACTORS

Environmental factors and life experiences also play a large role in determining an
individual’s risk for developing an addictive disorder. Several studies have shown
that the younger a person is upon first exposure to drugs or alcohol, the higher their
risk of addiction, even after controlling for other variables (e.g., Chen et al., 2009;
Dawson et al., 2008; King and Chassin, 2007). Similarly, animal studies have shown
that exposure to stress, particularly in the prenatal or early childhood period, in-
creases the risk of addiction (Deminiere et al., 1992; Henry et al., 1995; Kippin
et al., 2008). Human imaging studies show that the adolescent brain is also partic-
ularly responsive to stressful stimuli (Gunnar et al., 2009; Stroud et al., 2009).
Human and animal studies have shown that stress very early in life will sensitize
the hypothalamic-pituitary-adrenal axis, such that later stress responses become ex-
aggerated (Higley et al., 1991; Liu et al., 1997; Tarullo and Gunnar, 2006). In addi-
tion, dopaminergic activity increases in the striatum and decreases in cortical regions
after early life stress in both humans and animals (Blanc et al., 1980; Brake et al.,
2004; Pruessner et al., 2004). Importantly, animal studies indicate that many of these
changes can be mitigated by increased maternal care or environmental enrichment
(Barbazanges et al., 1996; Plotsky and Meaney, 1993; Solinas et al., 2010). Genetic
studies in humans have shown that childhood experiences moderate the effects of
several genes on addiction, including polymorphisms in the serotonin transporter,
dopamine type 2 receptor, monoamine oxidase, and corticotrophin releasing hor-
mone receptor 1 (Bau et al., 2000; Bjork et al., 2010; Blomeyer et al., 2008). Thus,
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many genetic risk factors may only become relevant in the setting of known envi-
ronmental stressors such as parental divorce, migration, and comorbid psychiatric
illness; conversely, genetic influences may be reduced by protective environmental
factors such as marriage, religiosity, and parental involvement (Dick et al., 2007a,b;
Heath et al., 1989; Koopmans et al., 1999).

The contributions of genetic and environmental risk factors vary over the course
of development, and multiple lines of evidence from the human and animal literature
implicate adolescence as a critical period in the development of addictive disorders
(Adriani and Laviola, 2004; Belsky et al., 2013; Vrieze et al., 2012). As with most
psychiatric disorders, the onset of addictive disorders peaks in adolescence
(SAMSHA, 2014). Brain maturation takes place unevenly throughout the brain, with
basic motivational regions such as the striatum developing well before more cogni-
tive PFC regions that are involved in exerting control over appetitive urges (Dahl,
2008; Gogtay et al., 2004; Sowell et al., 2003). Dopaminergic activity throughout
the limbic system is increased during adolescence (McCutcheon et al., 2012;
Rosenberg and Lewis, 1994). In addition, glutamatergic connections between the
prefrontal cortex and subcortical structures, including the ventral striatum and amyg-
dala, are reduced in adolescents (Brenhouse et al., 2008; Cunningham et al., 2002).
Hence, the adolescent brain is sometimes described as a high-performance sports car
with faulty brakes. As might be expected based on these neurobiological character-
istics, adolescents are more impulsive and sensation-seeking than adults (Adriani and
Laviola, 2003; Adriani et al., 1998; Romer et al., 2009). They are also more likely to
engage in risky behaviors, including taking drugs more often and in larger quantities,
than adults (Merrick et al., 2004; SAMSHA, 2014; Steinberg, 2008).

It is interesting to note that risk-taking behavior may also serve important, adap-
tive functions for adolescents. The transition to independence requires stepping out-
side of one’s comfort zone in order to achieve a sense of competence in adult
situations. Risky activities such as substance use may contribute to social develop-
ment, as teens who experiment with drugs are more socially competent and accepted
by their peers than abstainers (Spear, 2000). Social aspects of the environment are
more emotionally salient for adolescents, and this sensitivity is reflected by increased
limbic activity in response to social cues (Choudhury et al., 2006; Monk et al., 2003;
Yang et al., 2003). Perhaps unsurprisingly, then, substance use and antisocial behav-
ior among peers is a strong risk factor for the development of addiction in adoles-
cence (Dick et al., 2007a,b; Harden et al., 2008). Hormonal influences are also
likely to play a role in addiction during this time period, as testosterone contributes
to synaptic pruning during adolescence (Nguyen et al., 2013). Women, though less
likely overall to develop addictive disorders, generally have a more severe and
treatment-resistant course of illness, more stress-related comorbidities, and faster
transitions to compulsive drug use than men, again highlighting the influence of hor-
mones on drug-taking behavior (Kuhn, 2015; Nguyen et al., 2013). These findings,
taken together, illustrate that adolescence is an extraordinarily sensitive time window
with regard to the development of addiction.
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CONCLUSION AND FUTURE DIRECTIONS

The information garnered from research into addiction vulnerability has the potential
to inform and improve treatment of addictive disorders in several ways. For instance,
there is considerable interest in using biomarkers to identify individuals who are at
high risk of developing addiction. Theoretically, information about a person’s dopa-
minergic activity, functional connectivity patterns, or even BDNF expression pat-
terns in the brain could be used to estimate risk, but currently none of these
indicators are sensitive or specific enough to serve as true biomarkers. Genetic in-
formation has the potential to be very informative, as heredity can account for up-
ward of 70% of an individual’s risk for addiction. However, other than a handful
of substance-specific genes, genetic studies have so far not been very successful
at consistently finding particular genotypes that contribute to addiction liability. Be-
cause of the multifactorial nature of addiction, future genetic studies may need to
focus on particular subpopulations, endophenotypes, or subtypes of addiction, in ad-
dition to better accounting for environmental modifiers of genetic risk, in order to
identify clinically relevant risk alleles. Emerging evidence from the animal literature
suggests that epigenomic association studies may also be useful for accounting for
the heritable portion of addiction vulnerability.

However, despite gaps in our knowledge of the specific genes and neural circuitry
involved in addiction liability, existing information is often enough to produce clin-
ically relevant estimates of an individual’s risk of developing an addictive disorder.
For example, we already know that an impulsive, sensation-seeking individual,
whose parents and grandparents suffered from addiction, who undergoes neglect
or other trauma at an early age, and who is surrounded by peers engaging in high-
risk substance use, is very likely to develop an addictive disorder. We can even pre-
dict with considerable confidence that the disorder will emerge sometime between
the ages of 12 and 25. The question then becomes, how do we use this information to
improve clinical outcomes? First, do no harm. In 2013, the leading cause of acciden-
tal death in the United States was drug overdose, and over 50% of the drugs involved
were prescription opioids and benzodiazepines (CDC, 2014, 2015). Prescribing phy-
sicians should make a concerted effort to limit access to drugs with addictive poten-
tial for individuals and relatives of individuals at high risk of developing addictive
disorders, because the vast majority of abused prescription drugs are prescribed ei-
ther to the user themselves or to a relative of the user (SAMSHA, 2014). Patients
should be educated about their own risk profile and that of their family members,
so that they can make informed decisions about the way they use potentially addic-
tive substances. Formal prevention programs aimed at adolescents have largely
failed to influence substance use rates, but parental behaviors often have a profound
effect on teenage substance use (SAMSHA, 2014). Thus, parents of adolescents who
are at high risk of developing addiction should be encouraged to take steps that are
known to reduce the risk of addiction, such as explicitly discouraging drug use, mon-
itoring the child’s peers and activities, actively involving themselves in the child’s
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FIGURE 1

Addiction vulnerability at multiple, interacting levels. High-risk drug use (red; black in the
print version) is potentiated by personality traits (green; light gray in the print version)
including impulsivity, novelty-seeking, and cue-reactivity. These personality traits, in turn,
reflect neurobiological traits (yellow; white in the print version) including increased
dopaminergic activity and decreased prefrontal cortical control over ventral striatal impulses.
Addictive drugs (purple; dark gray in the print version) directly affect this neural circuitry,
which is one driver of the cycle of addiction. Stress (black), acting through the hypothalamic
pituitary adrenal (HPA) axis, predisposes toward addictive behavior by enhancing
dopaminergic activity. Environmental factors (gray) affect vulnerability either through their
effects on stress, or via a more direct effect on the probability of drug use. Genetic
polymorphisms (blue; light gray in the print version) affect this system in a variety of ways.
“Drug-response genes” modulate the pharmacologic effects of drug use, while other genes
modulate dopaminergic activity, stress reactivity, or corticolimbic connectivity patterns.
Transgenerational epigenetic influences (orange; dark gray in the print version) may be
mediated by these same gene families, with most of the evidence so far implicating
dopaminergic genes and synaptic plasticity genes. Definitions of connectors: arrows indicate
one variable potentiating the other; lines terminating with a hash bar indicate an inhibitory
relationship; lines terminating with a circle indicate a positive association; double-hashed
lines indicate a relationship that can be either positive or negative, depending on the allele.
Abbreviations: 5-HTR, serotonin receptor; ADH, alcohol dehydrogenase; ALDH, aldehyde
dehydrogenase; BDNF, brain-derived neurotrophic factor; CB1R, cannabinoid type 1
receptor; COMT, catechol-O-methyl transferase; CRHR, corticotrophin-releasing hormone
receptor; D1R, dopamine type 1 receptor; D2R, dopamine type 2 receptor; DAT, dopamine
transporter; GABRA1, gamma-aminobutyric acid (GABA) receptor subunit alpha-1;
GABRA2, GABA receptor subunit alpha-2; HPA, hypothalamic-pituitary-adrenal; MAOA,
monoamine oxidase A; nAChR, nicotinic acetylcholine receptor; OPRM1, opioid receptor mu
1; PFC, prefrontal cortex; VTA, ventral tegmental area.
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homework and other activities, providing a stable family life, and involving the child
in religious activities.

Treatment of patients who already have addiction may also benefit from knowl-
edge of specific vulnerability factors. For example, personality traits associated with
addiction can, in some cases, be targeted by specific clinical interventions. To date,
few studies have taken this approach, but one indication of its potential utility is the
finding that, for individuals with addiction and comorbid attention deficit hyperac-
tivity disorder, treatment of their impulsivity with potentially addictive psychostimu-
lants paradoxically reduces their risk of relapse (Levin et al., 2007). Selective
serotonin reuptake inhibitors (SSRIs) have largely been disappointing as a treatment
for addiction (Nunes and Levin, 2004) but because they actually reduce the neurot-
icism trait (Tang et al., 2009), SSRIs might be useful in treating a subset of patients
for whom neuroticism is a primary driver of their addiction. Information about per-
sonality traits and other neurobiological factors might also be used to tailor specific
treatment interventions; for example, emphasizing stress reduction in individuals
with high neuroticism, or focusing more on identifying and avoiding cues for indi-
viduals with markers of excessive cue-reactivity. Sophisticated methods (e.g., opto-
genetics, designer receptors exclusively activated by designer drugs—DREADDs)
are being developed in rodents to directly manipulate the neural circuitry responsible
for individual differences in cue-reactivity and other behavioral traits, but because
many of these approaches involve genetic modification of neurons, they are many
years away from being available for clinical trials.

As research progresses, the multifactorial nature of addiction becomes even more
apparent. Yet, remarkably, as outlined above, there are a number of vulnerability fac-
tors that repeatedly appear in the literature, common to both human and animal stud-
ies, and linked at multiple levels of analysis (e.g., genetic and neurobiological; see
Fig. 1 for a simplified visual summary). Moving forward, the advent and accessibil-
ity of new technology (e.g., Saunders et al., 2015) will allow increasingly precise
analysis of the neurobiological factors contributing to addiction liability. For exam-
ple, chemogenetic approaches could be used to manipulate “top-down” cortical cir-
cuits in order to “switch” the behavioral phenotype of an animal from one that is
addiction-prone, to one that is addiction-resilient. A continuing challenge for the
field will be integrating this new knowledge with the other layers of genetic, epige-
netic, developmental, and environmental factors that interact in multiple ways with
this neural circuitry in order to determine an individual’s risk for addiction.
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Abstract

Neurotoxicity is considered as a major cause of neurodegenerative disorders. Most drugs of
abuse have nonnegligible neurotoxic effects many of which are primarily mediated by several
dopaminergic and glutamatergic neurotransmitter systems. Although many researchers have
investigated the medical and cognitive consequences of drug abuse, the neurotoxicity induced
by these drugs still requires comprehensive attention. The science of neurotoxicity promises to
improve preventive and therapeutic strategies for brain disorders such as Alzheimer disease
and Parkinson’s disease. However, its clinical applications for addiction medicine remain
to be defined adequately. This chapter reviews the most commonly discussed mechanisms un-
derlying neurotoxicity induced by common drugs of abuse including amphetamines, cocaine,
opiates, and alcohol. In addition, the known factors that trigger and/or predispose to drug-
induced neurotoxicity are discussed. These factors include drug-related, individual-related,
and environmental insults. Moreover, we introduce some of the potential pharmacological
antineurotoxic interventions deduced from experimental animal studies. These interventions
involve various targets such as dopaminergic system, mitochondria, cell death signaling, and
NMDA receptors, among others. We conclude the chapter with a discussion of addicted pa-
tients who might benefit from such interventions.
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INTRODUCTION

Neurotoxicity is defined as any adverse effect on the structure or function of the cen-
tral and peripheral nervous systems at the result of a diversity of biological, chemical,
or physical agents. Based on the location or the severity of neurotoxic damages, these
can be accompanied by neurocognitive deficits that impact various aspects of daily
life activities. Although neurotoxicity is a well-known contributory factor in some
neurodegenerative including Alzheimer’s disease and Parkinson’s disease, the im-
pact of drug-induced damage in addicted patients remains to be fully evaluated. Nev-
ertheless, the accumulated evidence suggests that drug-induced neurotoxicity is
mediated by activation of several neurotransmitter systems including dopamine
and glutamate that work in concert to damage the brain (Cadet et al., 2014). These
drug-induced damages can negatively impact various neurocognitive spheres that in-
clude memory, attention, decision-making, and executive functions (Cadet and
Bisagno, 2014). There is, at present, a burgeoning literature on the influence of these
cognitive deficits on social and psychological functioning. Nevertheless, much re-
mains to be done to provide a detailed hypothesis that might provide a link between
these drug-induced brain changes and treatment responses. Here, we provide a brief
review of the existing literature on the mechanisms of neurotoxicity consequent to
commonly abused drugs (amphetamines, cocaine, opiates, and alcohol). The chapter
also discusses identified predisposing factors, potentials for preventive, and thera-
peutic approaches, as well as future challenges to apply basic science knowledge
of drug-induced neurotoxic damage to clinical practice.

DRUG-INDUCED NEUROTOXICITY: MECHANISMS AND
PATHWAYS

During the past three decades, the efforts of several groups of investigators have led
to the identification of several cellular and molecular mechanisms of drug neurotox-
icity. This chapter presents the bases of toxicity produced by amphetamine, amphet-
amine derivatives, cocaine, and opiates.

OXIDATIVE STRESS

The increase in extracellular monoamines caused by drugs of abuse is thought to be
responsible for their addictive properties. Importantly, however, the increased dopa-
mine (DA) in the synaptic cleft might also be responsible for the neurotoxic damage
caused by several of these agents (Cadet and Brannock, 1998; Cadet et al., 2007).
In fact, this might provide a partial explanation for the original report of
methamphetamine-induced toxicity in brain regions with high monoaminergic content
(Gibb and Kogan, 1979). Dopamine by itself is neurotoxic both in vitro and in vivo
(Graham et al., 1978). It is easily oxidized via enzymatic and nonenzymatic mecha-
nisms and then induces oxidative stress (Cadet and Brannock, 1998). Amphetamine,
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amphetamine derivatives, cocaine, 3,4-methylenedioxy-methamphetamine (MDMA),
and opiates have all been reported to produce oxidative stress within the nervous
system (Yamamoto and Bankson, 2005). Active metabolites of dopamine and/or
related substances might cause oxidative stress by forming free radicals via the for-
mation of quinones and the generation of quinone cascades secondary to MDMA
metabolism (Lyles and Cadet, 2003). Cocaine exposure causes oxidative stress by
increasing H,O, concentration and decreasing catalase activity in rat prefrontal
cortex and striatum (Dietrich et al., 2005; Macédo et al., 2005). Cocaine also causes
decreased levels of antioxidants such as glutathione (GSH) or vitamin E (Lipton
etal., 2003; Poon et al., 2007). In contrast to the situation for the psychostimulants,
much less is known about opiate-induced oxidative stress. However, heroin has
been reported to decrease the activities of superoxide dismutase (SOD), catalase,
and glutathione peroxidase (GPx) in the mouse brain. Heroin exposure is reported
to increase oxidative DNA damage, protein oxidation, and lipid peroxidation
(Qiusheng et al., 2005; Xu et al., 2006). Finally, morphine was shown to reduce
fatty acid contents in spinal cord and brain by causing oxidative stress (Ozmen
et al., 2007).

APOPTOTIC PROCESSES

There is convincing evidence that some drugs of abuse can cause neuronal apoptotic
cell death. Cells undergoing apoptosis are characterized by morphological and bio-
chemical hallmarks that include cell shrinkage, chromatin condensation, and frag-
mentation into membrane-bound apoptotic bodies. Cell death is triggered by
intrinsic and extrinsic molecular pathways that include increased permeability of mi-
tochondrial membrane and activation of death receptors (Jayanthi et al., 2005).
Death pathways also involve activation of cysteine aspartic proteases (caspases)
and caspase-independent pathways (Kroemer and Martin, 2005). Experiments pub-
lished in the Cadet laboratory were among the first ones to show that amphetamine
and amphetamine derivatives could induce apoptosis in vitro and in vivo models
(Cadet et al., 2007). These observations have been extensively replicated (Cunha-
Oliveira et al., 2006; Dietrich et al., 2005; Oliveira et al., 2002). Amphetamine ex-
posure leads to caspase activation in various brain regions (Cunha-Oliveira et al.,
2006; Krasnova et al., 2005; Waren et al., 2007). Amphetamine exposure stimulates
mitochondrial pathways that lead to caspase activation. Mitochondria-dependent
death pathways involve the release of cytochrome c, decrease in mitochondrial po-
tential, and increased Bax/Bcl2 ratios (Imam et al., 2005; Krasnova et al., 2005;
Oliveira et al., 2003). Other studies have identified p53 as an important regulator
of p-amphetamine-induced cell death (Krasnova et al., 2005). MDMA can also in-
duce apoptosis in rat cortical neurons by activation of 5-HT2A receptors (Capela
et al., 2006). Exposure to cocaine can also activates biochemical mechanisms in-
volved in apoptosis without leading to morphological apoptotic characteristics
(Cunha-Oliveira et al., 2006; Dey et al., 2007; Imam et al., 2005; Mitchell and
Snyder-Keller, 2003; Oliveira et al., 2003). Interestingly, cocaine produces apoptosis
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in human neuronal progenitor cells by generating oxidative stress (Poon et al., 2007).
Opiates may also cause apoptosis in humans and in animal models (Cunha-Oliveira
et al., 2007; Hu et al., 2002; Mao et al., 2002; Tramullas et al., 2008). Heroin and
morphine cause caspase activation and cytochrome c release from mitochondria
(Cunha-Oliveira et al., 2007; Oliveira et al., 2003) as well as increased Bax/Bcl2
ratios (Cunha-Oliveira et al., 2007; Mao et al., 2002). Chronic heroin exposure upre-
gulates proapoptotic proteins (Fas, FasL, and Bad) in the cortex and hippocampus of
mice (Tramullas et al., 2008). Morphological hallmarks of apoptosis have also been
observed in vitro following exposure to heroin (Cunha-Oliveira et al., 2007; Oliveira
et al., 2002).

EXCITOTOXICITY

Excitotoxicity refers to cell death due to the toxic effects of excitatory amino acids.
This happens at the result of massive Ca”* influx secondary to the overactivation of
N-methyl-p-aspartate (NMDA) glutamate receptors. Methamphetamine induces
excitotoxicity by glutamate release and activation of glutamate receptors
(Yamamoto and Bankson, 2005). Administration of glutamate receptor antagonists
including MK-801 or dizocilpine reduces methamphetamine-induced neurodegen-
eration in different parts of the brain (Battaglia et al., 2002; Bowyer et al., 2001;
Chipana et al., 2008; Fuller et al., 1992; Golembiowska et al., 2003; Ohmori
et al., 1993; Sonsalla et al., 1989; Weihmuller et al., 1992). The neurotoxic effects
of opiates may also be mediated by activation of NMDA receptors (Mao et al.,
2002). Crack abuse may also lead to excitotoxic damage (Oliveira et al., 2011).
Amphetamine (Reid et al., 1997; Wolf et al., 2000) and cocaine (Williams and
Steketee, 2004) both increase extracellular glutamate concentrations in the nucleus
accumbens, ventral tegmental area (VTA), striatum, and prefrontal cortex. In addi-
tion, long-term cocaine exposure also influences glutamate functions in the VTA and
nucleus accumbens. These alterations include changes in synaptic plasticity (i.e.,
increasing the number of dendritic spines), changes in glutamate homeostasis, and
activation of postsynaptic glutamatergic signaling (Uys and Reissner, 2011). In
addition, cocaine increases intracellular Ca®* concentration in rat cortical neurons
(Cunha-Oliveira et al., 2010). This leads to the activation of several Ca2+-dependent
enzymes that cause degradation of proteins, phospholipids, and nucleic acids (Rego
and Oliveira, 2003). The adverse effects of alcohol may also involve hyperexcitabil-
ity during the process of alcohol withdrawal. This increase in glutamatergic trans-
mission may result from a combination of changes including increased NMDA
receptor activation, decreased GABA receptor activation, and enhanced function
of voltage-activated calcium channels (Dolin et al., 1987; Koppi et al., 1987,
Little et al., 1986; Lovinger, 1993; Skattebol and Rabin, 1987). Another important
aspect of alcohol withdrawal is thiamine deficiency (Martin et al., 1991). This vita-
min acts as a cofactor in several enzymatic reactions. In animal models, severe thi-
amine deficiency causes neurological symptoms such as convulsions. There is also
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evidence supporting the link between excitotoxicity and thiamine deficiency
(Langlais and Mair, 1990). Specifically, thiamine deficiency-induced neuronal loss
and convulsions are diminished by the administration of the NMDA receptor antag-
onist, MK-801, in experimental animals.

INVOLVEMENT OF OTHER BIOCHEMICAL MECHANISMS

In addition to the mentioned mechanisms, other biochemical pathways may also
serve as triggers of drug-induced neurotoxicity. For example, activation of microglia
can lead to the release of proinflammatory mediators that may compromise neuronal
viability (Domercq and Matute, 2004). In the case of drug toxicity, methamphet-
amine exposure leads to microglial activation that appears in conjunction with do-
paminergic toxicity in the dorsal striatum (Bowyer et al., 1994; Escubedo et al.,
1998; Guilarte et al., 2003; Thomas and Kuhn, 2005; Thomas et al., 2004a,b). Im-
portantly, the time course of methamphetamine-induced microglial activation ap-
pears to coincide or to precede methamphetamine toxicity, supporting the notion
of the involvement of microglial cells in methamphetamine toxicity (Thomas
et al., 2004b). Of clinical relevance is the fact human methamphetamine addicts
show widespread microglial activation in their brains (Sekine et al., 2008).

Hyperthermia is another proposed mechanism for methamphetamine neurotoxic-
ity both in humans (Kalant and Kalant, 1975) and rodents (Sandoval et al., 2000).
Hyperthermia may potentiate drug-induced dopamine and tyrosine hydroxylase de-
pletion by increasing oxidative stress (Lin et al., 1991; Omar et al., 1987). In general,
biochemical reactions are sensitive to temperature changes including those occurring
in the brain. An additional organelle that is involved in methamphetamine toxicity is
the endoplasmic reticulum (ER) (Jayanthi et al., 2004, 2009). Methamphetamine-
induced ER stress is thought to be the earliest factor leading to apoptosis in the mouse
brain after drug administration. Specifically, methamphetamine has been shown to
cause neuronal apoptosis through cross talks between ER and mitochondria-mediated
death cascades. This cross talk triggers both caspase-dependent and -independent
death pathways (Jayanthi et al., 2004) and appears to depend on activation of DA
D1 receptors (Jayanthi et al., 2009).

In the case of cocaine, administration of the drug produces increased synaptic
serotonin levels and changes in serotonin transporters (Cunningham et al., 1992;
Levy et al., 1994). Increased brain concentrations of serotonin can disrupt the
blood-brain barrier (BBB) (Sharma et al., 1990) and can cause hyperthermia
(Capela et al., 2009; Sharma, 2007). These findings are consistent with reports of
psychostimulant-induced hyperthermia (Hawkins and Davis, 2005; Hawkins
et al., 2004; Kousik et al., 2011; Lin et al., 1992; Monks et al., 2004; Sharma and
Ali, 2008). The issue of hyperthermia as adverse consequences of drug abuse is
of clinical relevance because they can impact the clinical course of patients who pre-
sent with drug intoxication after either suicidal attempts or accidental overdoses.
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DRUG-INDUCED NEUROTOXICITY: TRIGGERING AND
SUSCEPTIBILITY FACTORS

The neurotoxicity induced by drugs of abuse is primarily mediated by alterations in
several neurotransmitter systems. However, the severity of these neurotoxic effects
may be significantly affected by a variety of other factors as described below (Fig. 1).

DRUG-RELATED FACTORS

3.1.1 Active metabolites and adulterants

Neurotoxicity induced by drugs of abuse is influenced by the production of metabolites
that can cross the BBB. For example, the metabolism of cocaine results in the produc-
tion of neurotoxic compounds including benzoylecgonine, norcocaine, and cocaethy-
lene that have their own toxicity profiles (Milhazes et al., 2006; Nassogne et al., 1998).
Metabolism of the amphetamines can produce other active metabolites that are
known to impact neurotransmitter release or reuptake (Smoluch et al., 2014). Heroin
is metabolized to 6-monoacetylmorphine and morphine with potential neurotoxic
consequences (Hu et al., 2002; Mao et al., 2002). Adulterants also play a role in
drug-induced neurotoxicity including the toxicity of heroin that produces more toxicity
in PC12 cells depending on the level of the purity of drugs available to drug addicts
(Oliveira et al., 2002). Highly purified heroin produces less caspase activation than less
pure heroin (Cunha-Oliveira et al., 2007).

3.1.2 Polydrug abuse

The use of multiple drugs by addicts can also impact their clinical presentation and
the adverse consequences of the drugs used by these patients. In addition to their
drugs of choice (primary drug), addicts may use other substance to potentiate or at-
tenuate the behavioral of the primary drug. There are various patterns of polydrug

[ Oxidative stress ]—P [ Disturbance in physiological redox reactions within the cells ]

Underlying | [ Apoptotic processes ] b d [ Activation of intrinsic and extrinsic death signaling pathways ]

[ Excitotoxicity ] — [ Toxic effects of excitatory amino acids such as Glu and DA ]

Drug-induced
neurotoxicity

[ Drug related ]—P [ Active metabolites, polydrug abuse, substance withdrawal ]

Triggering  |_] [ Individual related ]—P[ Age, gender, i drug exp. ioxi status ]
factors

[ Environmental ]—b[ Chronic stress, e Wi diet ]

FIGURE 1

Drug-induced neurotoxicity at a glance: underlying mechanisms and triggering factors. Glu
and DA represent glutamate and dopamine, respectively.
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abuse (Connor et al., 2014) and the resulting effects of these combinations depend on
the biochemical cascades that are impacted by each one. For example, benzodiaze-
pines are known to influence the pharmacokinetics of opioids (Jones et al., 2012).
Diazepam acts as both a noncompetitive inhibitor of methadone metabolism
(Jones et al., 2012) and a competitive inhibitor of hepatic N-demethylation of meth-
adone (Jones et al., 2012). These interactions increase methadone concentration in
brain tissues and may therefore increase the neurotoxic profile of methadone.
Mephedrone, a methamphetamine analog, does not seem to cause neurotoxicity
by itself but increases the neurotoxicity of other drugs of abuse including metham-
phetamine, amphetamine, and MDMA.

3.1.3 Substance withdrawal

Long-term METH withdrawal sensitizes NMDA receptors to agonist exposure
(Smith et al., 2008). Mechanistically, METH withdrawal decreases Mg2+ blockade
of NMDA receptors and results in increased excitatory postsynaptic potentials
(Moriguchi et al., 2002), a phenomenon that may potentiate NMDA-induced neuro-
toxicity. Ethanol withdrawal also leads to neuronal hyperexcitability that manifests
as seizures during various intervals of alcohol withdrawal (Hoffman and Tabakoff,
1994; Lovinger, 1993).

ENVIRONMENTAL FACTORS

3.2.1 Chronic stress

Chronic stress can alter the neurochemical responses to drugs of abuse. For example,
drug-induced dopamine release increases in several brain regions following preex-
posure to stress (Hamamura and Fibiger, 1993; Kalivas and Duffy, 1989; Rouge-Pont
etal., 1995). Stressful events enhance rats tendency to self-administer drugs of abuse
(Covington and Miczek, 2001; Piazza and Le Moal, 1998), thereby increasing poten-
tial risks of drug-induced neurotoxicity. Chronic stress also increases the hyperther-
mic response to methamphetamine (Tata and Yamamoto, 2008). These data, taken
together, suggest long-term stress can potentiate the vulnerability of brain cells to the
neurotoxic effects of psychostimulants (Matuszewich and Yamamoto, 2004).

3.2.2 Ambient temperature

The neurotoxicity induced by several drugs of abuse including amphetamine, meth-
amphetamine, and 3,4-MDMA are affected by environmental temperature (Bowyer
and Holson, 1995; Bowyer et al., 2001; Miller and O’Callaghan, 1994). Even rela-
tively small variations in ambient temperature can significantly impact neurotoxicity
caused by the amphetamines. Specifically, it has been suggested that increasing the
environmental temperature following b-methamphetamine abuse is equivalent to in-
creasing the dose of the drug (Miller and O’Callaghan, 2003). Similar effects of en-
vironmental temperature have been reported for MDMA. In contrast, lowering
environmental temperature can provide substantial degree of protection (Johnson
et al., 2000). This phenomenon might play a significant role in clinical emergencies
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reported in places where young drug abusers meet to dance and take amphetamine-
like compounds (Chadwick et al., 1991; Randall, 1992).

3.2.3 Diet and nutritional supplies

Nutritional deficiencies may also impact drug toxicity. For example, selenium defi-
ciency potentiates methamphetamine-induced depletion of tyrosine hydroxylase im-
munoreactivity, DA, and its metabolites (Kim et al., 2000). Vitamin E deficiency
also enhances susceptibility to the neurotoxicity induced by p-MDMA in mice
(Johnson et al., 2002). Thiamine deficiency produces mitochondrial dysfunction,
glutamate excitotoxicity, and oxidative stress in different parts of the brain (Todd
and Butterworth, 1999, 2001). This is important because chronic alcoholic patients
commonly suffer from thiamine deficiency (Kopelman et al., 2009; Victor et al.,
1989) due, in part, to the fact that alcohol interferes with the intestinal absorption
of dietary nutrients.

INDIVIDUAL-RELATED FACTORS
3.3.1 The role of age

Drug-induced neurotoxicity varies in severity according to age (Teuchert-Noodt and
Dawirs, 1991). For example, brain amphetamine levels in old rats are twice as high as
the levels in young ones (Truex and Schmidt, 1980). In fact, older rats experience
greater methamphetamine neurotoxicity than younger animals (Krasnova and
Cadet, 2009). Older mice experience methamphetamine toxicity even after low doses
of the drug, whereas younger rodents show very little or no toxicity even at higher
doses (Miller et al., 2000).

3.3.2 The role of gender

A number of animal studies have reported that methamphetamine induces greater
neurotoxicity in males than females (Miller et al., 1998). MDMA also causes greater
lethality in male mice (Miller and O’Callaghan, 1995). In contrast, women are more
susceptible than men to the possible complications of alcohol abuse (Alfonso-
Loeches et al., 2013).

3.3.3 Gestational drug exposure

Prenatal exposure to methamphetamine increases the risk of neurotoxicity in off-
spring (Heller et al., 2001). The mechanism by which prenatal methamphetamine
exposure could potentiate drug-induced neurotoxicity is not well understood. Be-
cause methamphetamine toxicity is dependent on the functions of DAT and
VMAT-2 (Fumagalli et al., 1999), prenatal exposure to methamphetamine may de-
crease the ability of DAT VMAT-2 to maintain DA homeostasis in DA axon termi-
nals (Heller et al., 2001). Much remains to be done on this subject.

3.3.4 Antioxidant status

Cells contain various biochemical agents that serve to protect them against the toxic
effects of oxygen and it metabolites (Cadet and Brannock, 1998). These antioxidants
include GPx, catalase, and SOD that protect against the toxicity of hydrogen peroxide
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and superoxide radicals (Cadet and Brannock, 1998). Of relevance to this discussion,
mice deficient in GPx are more susceptible to the adverse effects of neurotoxins
(Zhang et al., 2000). Interestingly, neurons that survive in neurodegenerative diseases
express high concentration of SOD (Browne et al., 1999). The importance of the
balance between toxic prooxidants and innate antioxidant defense mechanisms has
been tested by genetic elimination and augmentation of these pathways. Downregula-
tion of Cu/Zn-SOD increases neuronal death both in vivo and in vitro (Kondo et al.,
1997; Troy et al., 1996). Also, deficiency in a-tocopherol (vitamin E) transport protein
produces neurodegeneration (Yokota et al., 2001). Increasing the expression of SOD
and GPx as well as using SOD mimetics has been reported to be neuroprotective
(Pineda et al., 2001; Pong et al., 2000). Importantly, mice with high levels of
CuZn-SOD are protected against the toxicity of methamphetamine and MDMA

(Cadet et al., 1994a,b).

DRUG-INDUCED NEUROTOXICITY: POTENTIAL PREVENTIVE

STRATEGIES

Although mechanisms underlying drug-induced neurotoxic effects are not perfectly
understood, pharmacologic approaches have been proposed for their prevention

Table 1.

Table 1 Potential Pharmacologic Interventions to Prevent Drug-Induced

Neurotoxicity

Antineurotoxic Interventions

Modulating dopamine system

Addressing oxidative challenge

NMDA receptor blockade
Antiapoptotic approach

Drug rotation approach

Anti-inflammatory approach

Thermoregulatory interventions

Pharmacologic Agents

Dopamine receptor agonists
Dopamine receptor antagonists
Artificial antioxidants

Natural antioxidants

NMDA receptor antagonists
Agents with antiapoptotic
property

Opioids

COX inhibitors

Barbiturates
Benzodiazepines

Drug Name

Pramipexole
Eticlopride
N-acetyl-L-cysteine
(NAC)

Ascorbic acid
(vitamin C), vitamin E
Memantine,
ketamine

Calpastatin,
minocycline
Methadone,
morphine,
hydromorphone
Ketoprofen,
indomethacin
Phenobarbital
Diazepam
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MODULATING BRAIN DOPAMINE LEVELS

As mentioned above, dopamine plays a pivotal role in mediating methamphetamine-
induced neurotoxicity by causing production of dopamine-related reactive oxygen
species (ROS) and oxidative stress. Agents decreasing brain dopamine levels such
as tyrosine hydroxylase inhibitor and a-methyl-p-tyrosine have indeed shown to ex-
ert protective effects against the neurotoxicity induced by methamphetamine in stria-
tal dopaminergic axons (Axt et al., 1990; Gibb and Kogan, 1979; Hotchkiss and
Gibb, 1980; Schmidt and Gibb, 1985; Thomas et al., 2008). Pramipexole, a dopamine
D,/D5 receptor agonist, may cause neuroprotection against methamphetamine-
induced toxicity by reducing dopamine turnover by stimulation of presynaptic dopa-
mine receptors or by increasing antioxidant and trophic properties of the brain (Hall
et al., 1996).

ADDRESSING OXIDATIVE CHALLENGE

Pretreatment with antioxidants such as N-acetyl-L-cysteine, ascorbic acid, and vita-
min E can protect against psychostimulant-induced neurotoxicity (De Vito and
Wagner, 1989; Fukami et al., 2004; Hashimoto et al., 2004; Wagner et al., 1985).
Increasing mitochondrial energy metabolism through pre- and posttreatment of mice
with L-carnitine that coordinates beta-oxidation in mitochondria C significantly at-
tenuates methamphetamine-induced production of the neurotoxin, 3-nitropropionic
acid in the striatum (Virmani et al., 2002). Formation of peroxynitrite production can
be inhibited by pretreatment with some selective antioxidants (selenium and mela-
tonin), several peroxynitrite decomposition catalysts, and selective neuronal nitric
oxide synthase inhibitors (Imam et al., 2001). Vitamin D has also been shown to exert
protection against methamphetamine toxicity (Cass et al., 2006). This is thought to
be mediated by upregulation of glial cell line-derived neurotrophic factor (Cass et al.,
2006). Vitamin D also enhances glutathione levels and suppresses the production of
inducible nitric oxide synthase (Cass et al., 2000).

ANTIAPOPTOTIC APPROACH

Preventing the activation of apoptotic processes may also be an effective approach
to protect against drug-induced neurotoxicity. For example, administration of the
dopamine type 1 receptor antagonist (SCH23390) attenuates the activation of Fas-
mediated cell death (Jayanthi et al., 2005). Melatonin, working as a direct free
radical scavenger, was shown to protect against methamphetamine-induced cell
death (Wisessmith et al., 2009). Melatonin reverses the methamphetamine-induced
decrease in mitochondrial function and phosphorylation of tyrosine hydroxylase
in dopaminergic-cultured cells (Suwanjang et al., 2010). It reduces induction of
Bax, caspase, and cell death in these neurons (Suwanjang et al., 2010). Desipramine
which is a monoamine uptake inhibitor that prevents methamphetamine toxicity
(Wisessmith et al., 2009). Calpastatin, an endogenous protease inhibitor, was also
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shown to reverse methamphetamine-induced activation of death pathways in dopa-
minergic cell lines (Chetsawang et al., 2012; Suwanjang et al., 2012).

NMDA RECEPTOR ANTAGONISM

Antagonism of NMDA receptors with ketamine or modulation of glutamate trans-
porter activity in spinal cord was shown to prevent opiate-mediated neurotoxicity
(Bruera and Kim, 2003). Memantine is another NMDA receptor antagonist with
well-known neuroprotective properties (Turski et al., 1991). Memantine is thought
to prevent the cellular damage following activation of NMDA receptors by gluta-
mate. This drug has also been approved in Europe as a therapeutic agent for
moderately severe to severe Alzheimer’s disease (Doraiswamy, 2002). In addition,
antagonism of metabotropic glutamate receptor 5 (mGluRS5) has been shown to pre-
vent the degeneration of dopaminergic neurons induced by methamphetamine in rats
(Golembiowska et al., 2003).

ROTATION IN DRUGS

Opioid rotation refers to a shift from one opioid to another with the aim of improving
therapeutic effectiveness or reducing adverse effects (Quigley, 2004; Thomsen et al.,
1999). It is a well-accepted clinical method for decreasing drug-induced neurotoxic
effects. Using equipotent therapeutic and nontoxic doses of other opioids can reduce
signs and symptoms of opioid toxicity. Previous studies propose that a variety of two
or three opioids are essential to reach satisfactory long-term effectiveness. Best re-
sults are obtained using morphine, hydromorphone, and methadone in majority of
cases (de Stoutz et al., 1995). For example, in a patient suffering from morphine-
induced neurotoxicity, it was observed that rotation to methadone, which is an opioid
with NMDA antagonistic properties, significantly reduces the morphine neurotoxic
effects (Tarumi et al., 2002). The mechanistic rationale for this approach is that opi-
oid metabolites are involved in the development of opioid-induced neurotoxicity,
and opioid rotation may allow for clearance of toxic metabolites while the analgesic
effect is maintained (de Stoutz et al., 1995).

ANTI-INFLAMMATORY APPROACH

Neuroinflammatory processes have been reported to be involved in neurotoxicity in-
duced by methamphetamine treatment. Cyclooxygenase (COX) is one of the main
inflammatory mediators that act as the rate-limiting enzyme in prostaglandin biosyn-
thesis. In recent years, there has been an increased interest in use of COX inhibitors
as a therapeutic approach to protect against neurodegeneration (Etminan et al., 2003;
Gasparini et al., 2004; Hoffmann, 2000; Mhatre et al., 2004). In this regard, several
anti-inflammatory agents including ketoprofen and indomethacin protect against
methamphetamine-induced microgliosis and neurotoxicity (Asanuma et al., 2003,
2004). In contrast, a recent study has suggested that COX-2-containing cells appear
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to undergo damage during the early stages of methamphetamine-induced neurotox-
icity and that the selective inhibition of this enzyme may actually be detrimental
rather than protective after exposure to toxic doses of methamphetamine (Zhang
et al., 2007). One possible reason for these discrepancies may be related to differ-
ences in methamphetamine metabolism among different animal species since the lat-
ter study was conducted in mice. Thus, it is important to conduct toxicity studies in
rodents that have more similar metabolic pathways to those observed in humans
(Caldwell et al., 1972; Yanagisawa et al., 1997).

THERMOREGULATORY INTERVENTIONS

Hyperthermia is considered to be an influencing factor in mediating methamphet-
amine neurotoxicity by facilitating ROS production and increasing dopamine oxida-
tion. Increase in body temperature can be attenuated by administration of dopamine
receptor antagonists (Albers and Sonsalla, 1995; Broening et al., 2005; He et al.,
2004). L-Lobeline, a nicotinic receptor ligand, has both temperature-dependent
and -independent neuroprotective effects against methamphetamine neurotoxicity.
These protective effects may be secondary to the fact that lobeline attenuates
methamphetamine-induced changes in dopamine release, hyperthermia, and the
long-term depletion of striatal dopamine and 5-HT content (Eyerman and
Yamamoto, 2005). There is also an evidence indicating that keeping animals in
low environmental temperatures or pretreatment with pharmacologic agents that pro-
duce hypothermia such as MK-801, diazepam, and phenobarbital reduces METH
neurotoxicity (Ali et al., 1994).

DRUG-INDUCED NEUROTOXICITY IN ADDICTION MEDICINE

Different populations with substance use disorders could be potential targets for neu-
roprotective interventions.

TREATMENT SEEKERS

Complete abstinence is not a reasonable and achievable goal for the first few weeks
of treatment (Shoptaw et al., 1994). High levels of compliance for medications and
dietary supplements may facilitate therapeutic plans for neuroprotection against
lapse-induced toxicity.

NONTREATMENT SEEKERS

There is a long-term interval between initiation of drug use, progression to substance
use disorder, and seeking treatment (Power et al., 1992). This interval could be a crit-
ical period to reduce harm of neurotoxicity by different educational and pharmaco-
logic interventions.
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RELAPSE-PRONE PATIENTS

Patients who receive residential abstinence-based treatment programs for a period of
time are vulnerable to lapses after their discharges from residential centers (Arbour
etal., 2011). A period of abstinence reduces the natural barriers against neurotoxicity
and reexposure to illicit drugs could have serious negative effects.

INTOXICATED PATIENTS DURING OVERDOSE OR BINGE EPISODES

Large doses of illicit drugs during overdose or binge drug use could activate multiple
pathways of neurotoxicity. Considering pharmacologic and nonpharmacologic (such
as reducing core body temperature) neuroprotective interventions within drug over-
dose management protocols could reduce harm and long-lasting brain sequelae
(Rolland et al., 2011).

CLIENTS SUFFERING FROM SEVERE DRUG WITHDRAWAL
SYMPTOMS

Approaches to treat potential neurological damage during alcohol withdrawal syn-
drome are often considered during the treatment of these patients (Adinoff, 1994).
However, neuroprotective approaches to other addicted patient populations are often
neglected. This needs to be remedied by development of medications that address
not only drug self-administration but also withdrawal-associated damage to the
brain.

CONCLUSION AND FUTURE DIRECTIONS

This review has focused on the published literature dealing with the toxic effects of
various licit and illicit drugs. This chapter suggests that the development of agents
that only address self-administration aspects of drug addiction may not be sufficient
to reduce neuropathological complications of these drugs. In reality, the clinical
course of addicted patients is intimately linked to the neurological functioning
of these patients and depends on the abused drugs in question. Therefore, the ad-
dition of neuroprotective agents in conjunction with antiaddictive therapies is war-
ranted in cases such as methamphetamine addiction that is accompanied by the
development of Parkinsonism in some older patients. Nevertheless, because drugs
of abuse appear to exert their neurotoxic effects through distinct molecular path-
ways, understanding the precise biochemical substrates for each agent is of para-
mount importance. Future studies are needed to develop strategies that might
improve the recovery of brain systems affected by repeated exposure to substances
of abuse.
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Abstract

In this chapter, we briefly review the basic biology of psychological stress and the stress re-
sponse. We propose that psychological stress and the neurobiology of the stress response play
in substance use initiation, maintenance, and relapse. The proposed mechanisms for this in-
clude, on the one hand, the complex interactions between biological mediators of the stress
response and the dopaminergic reward system and, on the other hand, mediators of the stress
response and other systems crucial in moderating key addiction-related behaviors such as en-
dogenous opioids, the sympathetic-adrenal-medullary system, and endocannabinoids. Excit-
ing new avenues of study including genomics, sex as a moderator of the stress response,
and behavioral addictions (gambling, hypersexuality, dysfunctional internet use, and food
as an addictive substance) are also briefly presented within the context of stress as a moderator
of the addictive process.

Keywords

Stress, Stress response pathways, Relapse, Emotions, Addictive behaviors, Hypothalamic-
pituitary-adrenocortical axis, Sympathetic-adrenal-medullary response, Addictive behaviors,
Cortisol

INTRODUCTION

The stress—addiction connection has been well established in the literature. The solid
foundation of research upon which the connection rests and multiple advances in the
fields of endocrinology, neuroimaging, computer science, and clinical practice have
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resulted in several new avenues of study relevant to stress and addiction. In this
chapter, we will review the basic psychology and biology of the stress response.
From there, we will review how stress may be a vulnerability factor for substance
use initiation, maintenance of continued substance use and, finally, relapse following
an attempt to quit chronic substance abuse. In addition to stress as a vulnerability
factor, we will also review other moderators of the addiction cycle. We briefly
review some of the newer forms of appetitive or “addictive” behaviors including
gambling, sex, and excessive internet use. This review will conclude with a model
of stress and addiction.

DEFINITIONS

Stress is an elusive, often overused, concept. Although “stress” has become the com-
mon cold of the twenty-first century evoked to explain an ever increasing array of
modern maladies, in this review, we will refer to “stress” as the lived, psychological,
and phenomenological experience. In contrast, the “stress response” will be used to
describe the physiological and neurophysiological changes that accompany the
stress experience. A “stressor” refers to the circumstance, encounter, environment,
or situation that evokes both “stress” and a “stress response” in an individual or
organism.

As with the concept of stress, “addiction” is a highly complex behavioral phe-
nomenon involving multiple components including behavioral, emotional, cogni-
tive, and physiological systems. Of particular importance are the symptoms of
withdrawal, negative affect, and craving that accompany abstinence (both acute
and prolonged), and the high produced by the consumption of the addictive sub-
stance. While a variety of stressors external to the addiction process may facilitate
initial experimentation, chronic use, or relapse, the withdrawal and negative affect
that accompanies withdrawal are in themselves an aversive and stressful experience
(Kassel et al., 2007). Use in response to negative affect will result in negative rein-
forcement (removal of an aversive stimulus) which, in turn, increases the probability
of subsequent use and, if repeated, chronic use. Positive reinforcement stems from
the high or the pleasure experienced in response to use of an addictive substance. The
Diagnostic and Statistical Manual-IV (American Psychiatric Association, 2000)
defined addiction or substance dependence as a “maladaptive pattern of substance
use leading to clinically significant impairment or distress” (American Psychiatric
Association, 2000). The current DSM 5 (American Psychiatric Association, 2014)
has redefined the definition of addiction to include both substance abuse and depen-
dence that occur along a natural continuum from mild to severe. Qualifying
for a diagnosis under this new system the words “addiction” and “dependence”
are avoided in favor of the more broad substance use disorders.

If indeed stress is a critical factor at all stages of the addiction cycle from
experimentation, to maintenance of chronic use, and to relapse upon attempted
cessation, then we should see evidence of a stress effect at all levels of analysis
from the macro (behavior) to the micro (cellular, genetic, and molecular). We would
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expect there to be a convergence of evidence from an analysis of such domains as
behavior, cognition, emotion, and physiology, both peripheral and central. Given
the wide range of analyses and the highly complex nature of each domain, support
for this supposition will necessarily be multidisciplinary, varied in methodologies,
and incremental.

STRESS RESPONSE SYSTEMS

Early in the twentieth century stress was viewed as a nonspecific physiological re-
sponse to demands placed on a body. This nonspecific response was studied in an-
imals, and later humans, with particular emphasis on changes in either the adrenal
cortex (Hans Selye) or the medulla (Walter B. Cannon (Hinkle, 1987)). Both Selye
and Cannon were interested in not only the multisystemic effects of stress, but they
were also among the first to coin terms and concepts still in use in the study of stress.

SYMPATHETIC-ADRENAL-MEDULLARY AXIS

Walter B. Cannon was the first to characterize the acute stress response as the “flight
or fight” response, or the automatic behavioral reaction induced, or so it was be-
lieved, by the production of adrenalin (later termed epinephrine) by the adrenal me-
dulla of an organism when faced with a threatening situation or foe. While Cannon’s
research was limited to sympathectomized animal preparations, we now know the
sympathetic-adrenal-medullary (SAM) axis stimulates the production of neurotrans-
mitters norepinephrine (NE) and epinephrine (EPI). The locus coeruleus is dense
with catecholamine neurons, and activation of these neurons increases sympathetic
nervous system (SNS) activity which is propagated via sympathetic preganglion
neurons. Stimulation of these neurons in turn stimulates the adrenal medulla to
release NE and EPI into circulation. These neurotransmitters activate receptors such
as smooth and cardiac muscles, other endocrine glands, the immune system, and
adipose tissue.

The study of SAM functions and emotional states got its start with Cannon’s an-
imal studies in 1911, but it was not until technological advancements in the 1950s
that allowed for the detailed study of negative emotions and catecholamines in hu-
man urine. Since that time the physiological consequences of emotion-induced SNS
arousal have been extensively studied, in particular, the effects of negative emotions
on cardiovascular functions (Goldstein and Kopin, 2008; Martens et al., 2008). This
early work led to the supposition that different emotional states have different cat-
echolamine profiles (Goldstein and Kopin, 2008). Some of these early conceptual-
izations, such as the differential catecholamine profile for anger directed inward as
opposed to outward, continue to play a role in the study of stress and addiction
(al’Absi and Bongard, 2006; al’Absi et al., 2007).
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HYPOTHALAMIC-PITUITARY-ADRENAL AXIS

In addition to the SAM system, others have focused on the hypothalamic-pituitary-
adrenal (HPA) axis. Hans Selye, often referred to as the father of stress studies, out-
lined a series of stages through which the challenged individual (animal or human)
goes through when faced with prolonged stress. He called this the general adaptation
syndrome (GAS) which consists of alarm, resistance, and exhaustion. Selye identified
the adrenal cortex with its production of mineralocorticoids and glucocorticoids as the
key mediators of the stress response. In the alarm phase, the cascade of events begins
with the detection of a threat and the production of corticotropin-releasing factor
(CRF) and vasopressin from neurons in the paraventricular nucleus (PVN). This
CREF is transported from the median eminence of the hypothalamus to the anterior
pituitary where it stimulates the production of proopiomelanocortin (POMC). POMC,
a relatively large precursor protein, is enzymatically cleaved into beta-endorphin
(B-endorphin) and adrenocorticotropic hormone (ACTH). The ACTH enters into
peripheral circulation and stimulates the cortex of the adrenal gland to produce gluco-
corticoids (cortisol in humans, corticosterone in rodents). Selye’s resistance phase
occurs when an organism seeks to reduce or eradicate the source of the threat or stress
that initiated the GAS. In both humans and animals, a variety of physically and
psychologically demanding behaviors are elicited during this phase. Many of these
attempts to cope with or eliminate the stressor during the resistance phase are either
unsuccessful, or in the case of substance use in humans, harmful. When coping and
resistance fail, the glucocorticoid production persists due to failure of the negative
feedback regulation of the system until physiological and emotional exhaustion
occurs. Selye was among the first to study extensively the wide range of negative
physiological consequences of stress during the exhaustion phase, including thymic
atrophy, gastric and duodenal ulcers, and even death. Contemporary researchers have
documented important negative impacts of CRF and cortisol on neuronal morphology
and functions all along the developmental trajectory (Buss et al., 2012; Lupien et al.,
2009). The timing of glucocorticoid exposure during development is an important
predictor of CNS morphology impact and it has been proposed that early exposure
to glucocorticoids increases the risk of later emotional and behavioral problems
(Lupien et al., 2009). Glucocorticoid production in response to threat is not, however,
universal nor is it necessarily detrimental. Cortisol plays a critical role in multiple
adaptive body functions and the absence, as well as the overproduction, of cortisol
is a clinical condition requiring intervention and treatment (Allolio, 2015). Selye
was also the first to distinguish individual differences in stress reactivity which
included “distress” or negative reactions and “eustress” or positive reactions.

THE INTEGRATION OF THE STRESS RESPONSE

The HPA and SAM systems do not act in isolation. Instead, there is a highly complex
and dynamic CNS system of integration. This system can be simplified into several
basic components, one of which includes arousal. All stressful situations begin with
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heightened arousal which moderates the behavioral response to the stress. Neuro-
physiologically, this requires the coordinated efforts of hypothalamic CRF and locus
coeruleus-derived NE systems. For example, neurons project bidirectionally be-
tween CRF-producing hypothalamic periventricular nucleus neurons to the brain
stem areas rich in NE including the locus coeruleus. Neurochemical and pharmaco-
logical studies using agonists and antagonists for both CRF and NE further support
the tight interconnection between these two regions (Dunn et al., 2004).

This dynamic relationship between the PVN and locus coeruleus is, in turn, in
dynamic relationship with other brain regions implicated in the process of addiction.
For example, the hypothalamic PVN receives input directly or indirectly from mul-
tiple regions including the prefrontal cortex, lateral septum, amygdala, hippocampus,
and the bed nucleus of the stria terminalis (BNST; Herman et al., 2002). Thus,
upstream brain regions implicated in emotions (limbic: septum, amygdala), decision
making (prefrontal cortex), memory (hippocampus), and stress (BNST) all relay sig-
nals capable of modifying activity within the PVN. In addition to CRF, these circuits
have their own mediators which include other neuromodulators and neurotransmit-
ters such as glutamate, GABA, substance P, NPY, dopamine, endogenous opioids,
endocannabinoids (eCBs), and serotonin (Fride et al., 2009; Herman et al., 2004;
Korte et al., 1991). A complete overview of cortical neuromodulators and neuro-
transmitters is beyond the scope of this review, but the curious reader may find
the reviews by Kavalali or Wang and Lupica helpful (Kavalali, 2015; Wang and
Lupica, 2014).

Likewise, the locus coeruleus receives afferent projects from peripheral inputs
(e.g., vagal and somatosensory afferents), the brainstem and higher cortical regions
such as the amygdala, hypothalamus, and prefrontal cortex. In turn, the locus coer-
uleus sends projects widely throughout the cortex, limbic system, thalamus, and
hypothalamus and the brainstem and it has been shown to modulate prefrontal cortex
independent of hypothalamic inputs (Chandler et al., 2014). Its functional targets
include regions mediating sleep—wake cycles, neuroendocrine functioning (includ-
ing the HPA), and autonomic, motor, and sensory functions. As an integrator of
the stress response, the locus coeruleus and noradrenergic inputs regulate many
broad behaviors as sleep, arousal, neuropathology, cognition, and pain modulation
(Van Bockstaele and Valentino, 2013).

In addition to complex dynamics of CRF and NE systems, other complex, distrib-
uted networks in the brain help to regulate the stress response. These include
serotonergic, endogenous opioid, and eCB systems. There is some evidence that
the LC-NE system response to stress is moderated by both CRF and endogenous opi-
oids. Social stress in rats results in persistent decrease in LC activation which is
moderated by endogenous p-opioid receptor functioning (Chaijale et al., 2013;
Curtis et al., 2012). Serotonin, like CRF, is increased by a variety of stress paradigms,
CRF signaling, or electrical stimulation of the PVN and stimulation of serotonin, in
turn, heightens both the HPA axis and the SAM system (Kondo et al., 2015). Finally,
eCBs have recently been shown to moderate the stress response. For example, the
eCB system (Di Marzo et al., 2005) consists of two endogenous ligands, AEA
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(N-arachidonylethanolamine anandamide) and 2-AG (2-arachidonoylglycerol).
Acute stress in humans leads to increased production and release of eCBs
(Dlugos et al., 2012). Likewise, eCBs may also act to regulate the stress-related
HPA axis activation (Hill and McEwen, 2010). The system is highly dynamic as
evident by the fact that CNS eCB signaling has been shown to regulate both the
activation and termination of stress through decreases in brain AEA and increases
in AG-1 (Steiner and Wotjak, 2008).

This overview suggests that the HPA and LC-NE systems are dynamically inter-
dependent and both systems, in turn, are affected by other stress-related systems
including serotonergic, endogenous opioid, and eCB systems. As we will see in sub-
sequent sections, each of these systems, in turn, moderate a variety of behaviors that
have been implicated or observed as a component of the addiction process.

COMMON PATHWAYS BETWEEN STRESS AND ADDICTION

There is evidence that, in many ways, the dynamic neurophysiology of the stress re-
sponse mirrors that of the neurophysiology evident in humans and animals who have
been chronically exposed to drugs of abuse. For example, both stress and addiction
share similar changes in behavior, similar neurophysiological changes in the HPA,
LC-NE, autonomic, and eCB systems, and similar risk profiles (sex, psychopathol-
ogy, etc.). Chronic social stress in animals and humans leads to increases in anxiety,
negative affect, and changes in sleep and eating (Adam and Epel, 2007; Akerstedt,
2006; Chida and Hamer, 2008), all of which are common in persistent substance
abuse. The same is true for disruptions in attention, concentration, memory, and de-
cision making (Het et al., 2005). From a neurophysiological perspective, there are
also many common pathways. As indicated above, both chronic social stress and
chronic exposure to drugs of abuse such as morphine leads to changes in LC-NE
functioning that appears to be dependent upon endogenous opioid functions
(Chaijale et al., 2013; Curtis et al., 2012). In general, though there is some variability
based on the chemistry of the abused substance, acute drug use also leads to increased
HPA and SNS functioning in much the same way as stress (al’Absi et al., 2008; Fox
et al., 2006; Hamidovic et al., 2010; Mick et al., 2013).

One common pathway that has received the most intense research attention is the
role of dopaminergic reward pathways in the brain. As stated above, drugs of abuse
heighten the activity of the HPA, SNS, and endogenous opioid systems in much
the same way as chronic stress. The behavioral effects are, in turn, moderated by
multiple neurobiological systems including the catecholamines: dopamine, NE,
and serotonin (Salamone and Correa, 2013). The HPA and dopaminergic systems
are interdependent (Boyson et al., 2014). Dopamine in particular has been linked
to the reward properties of drug use. For example, pharmacological studies have
shown that stress increases dopamine production via glucocorticoid receptor activa-
tion (Boyson et al., 2014). In particular, increased central CRF activity potentiates
N-methyl-p-aspartate receptor activity which, in turn, results in increased dopami-
nergic transmission (Marinelli, 2007). Support for the role of HPA activation in
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increasing dopaminergic activity has been evident in studies using a variety of meth-
odologies (Barrot et al., 2000; Graf et al., 2013). Through this research, critical CNS
reward pathways and structures have identified including the ventral tegmental area,
nucleus accumbens, and prefrontal cortex (Baik, 2013; Kringelbach et al., 2012;
Lawrence and Brooks, 2014).

In addition to the dopaminergic reward pathway, both stress and drugs of abuse
negatively impact the serotonergic pathway consisting of the raphe nucleus, striatum,
nucleus accumbens, and the entire neocortex. The effects of altered serotonergic
functioning are expressed as changes in mood, memory, sleep, and cognition; all
of which are evident in chronic stress states and drug abuse (Kirby et al., 2011;
Meerlo et al., 2008; Meneses, 2013).

STRESS AS A VULNERABILITY FACTOR FOR INITIATION
AND MAINTAINING SUBSTANCE ABUSE

DEVELOPMENTAL STUDIES IN ANIMALS

Evidence of developmental stress as a vulnerability factor has been provided for
nearly all substances of abuse, though this differs based on the timing of the stressor
(prenatal versus postnatal) and the developmental stage in which substance exposure
is tested. For example, maternal stress during gestation can be induced by a variety of
experimental paradigms including restraint stress, noise stress, and social stressors
using both rodents and nonhuman primates, each of which may produce different
outcomes (Nylander and Roman, 2013). This prenatal maternal stress leads to dis-
ruption in both basal and stress responsivity along multiple systems including the
HPA, dopamine, NE, acetylcholinergic, opioid, and eCB systems (Carboni et al.,
2010; Fride et al., 2009; Hausknecht et al., 2013). Neuroanatomical studies have
further verified that the ventral tegmental area, nucleus accumbens, and prefrontal
cortex show cellular and genetic changes consistent with the type of changes seen
in chronic substance use (Carboni et al., 2010; Hausknecht et al., 2013; Kippin
et al., 2008). Behaviorally, prenatally stressed offspring demonstrate an increased
likelihood of dysphoria and anxiety. When tested later in life for substance use
adoption, such prenatally stressed offspring more rapidly adopt a variety of abusive
substances including, among others, nicotine, cocaine, marijuana, alcohol, benzo-
diazepines, and amphetamines (Lakehayli et al., 2015; Reynaert et al., 2015;
Rokyta et al., 2008; Silvagni et al., 2008). Further, animals including rats and
nonhuman primates that are separated from their mother early in life demonstrate
HPA dysregulations, behavioral changes indicative of distress and persistent mood
disorder, and increased proclivity toward heightened use of addictive substances
(Brenhouse et al., 2013; Coplan et al., 2011). Some have suggested that prenatal
stress does not directly impact alcohol preference but instead alters the response
to alcohol consumption (Van Waes et al., 2011), though others do report that prenatal
stress affects preference for alcohol (Campbell et al., 2009).
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DEVELOPMENTAL STUDIES IN HUMANS

Although limited due to ethical restrictions, there is cross-sectional and quasi-
experimental support for a similar effect of early life stress and addiction in humans.
For example, chronic stress, in particular stress during early development, increases
the risk for psychopathology during adulthood, and, in turn, both chronic stress and
psychopathology are risk factors for the initiation, maintenance, and relapse of drug
abuse (Brenhouse et al., 2013; Enoch, 2011; Lovallo, 2013). Adverse childhood
events (abuse, neglect, separation, and loss during childhood) are associated with
early onset of substance use and increased risk of addiction (Banducci et al.,
2014; Heron et al., 2013; Hyman et al., 2006; Mason and Spoth, 2012). This has been
shown via large epidemiological studies (Heron et al., 2013), studies of drug-
dependent patients, psychiatry patients or dual diagnosis patients (Banducci et al.,
2014; Brensilver et al., 2013; Evren et al., 2013; Hyman et al., 2006; Kim et al.,
2013; Walsh and Cawthon, 2014), and subsequent case follow-up studies of children
with officially documented abuse (Macleod et al., 2013).

The likely mechanisms of early stress and addiction potential, similar to the animal
research, include dysregulations of the HPA axis and endogenous opioid functions
(Dai et al., 2007; Gianoulakis et al., 2005). The offspring of substance using parents
demonstrate hyporesponsiveness of cortisol and 3-endorphine in response to stress and
exaggerated [-endorphine in response to alcohol use (Mick et al., 2013). Significant
progress has also been made in identifying genetic vulnerability factors including
receptors for GABA A, dopamine r, acetylcholine, and serotonin (for review, see
Schuckit, 2014). Although as yet unclear, work with the dopamine and nicotinic
acetylcholine gene variants suggests an involvement of central reward systems while
the GABA and NPY gene variants suggest a direct or indirect involvement of affect
dysregulation as well. A full understanding of the complexity of multiple intercon-
nections between drug effect, reward, and affect is lacking.

STRESS AS A RISK FACTOR FOR RELAPSE

Once use becomes chronic and problematic, cessation or abstinence is often desired
but exceedingly difficult to achieve. For example, with tobacco smoking the success
rate following an attempted cessation is quite low with the majority (>80%) relaps-
ing within the first month of abstinence. One common explanation for smoking
relapse is stress (Cohen and Lichtenstein, 1990). Smoking relapse due to psychoso-
cial stress moves faster than relapse due to other explanations such as alcohol, eating,
or drinking (Shiffman et al., 1996). Various physiological markers of stress predict
relapse. For example, smokers who demonstrate an attenuated sympathetic and
HPA stress response during the first 24 h of relapse have an increased risk of relapse
status at 4 weeks postquit (al’ Absi, 2006; al’Absi et al., 2004, 2005; Ceballos and
al’Absi, 2006) as does heightened negative affect (al’Absi et al., 2004). Smokers
report significant craving, distress, anger, and physical symptoms during withdrawal
(Hughes and Hatsukami, 1986; Tiffany and Drobes, 1991). Likewise, craving or
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distress-induced relapse is a powerful negative reinforcement for persistent smoking
(Ahmed and Koob, 2005). Although this experience is psychologically stressful, the
seemingly counterintuitive attenuated response of those who relapse appears to be
related, at least in part, to CRF (Erb, 2007). It is important to recall that acute exposure
to nicotine induces a rise in HPA activity which, when chronic, leads to elevation of
HPA function. In time this may trigger the HPA’s negative feedback loop, of which
glucocorticoids and the activation of the glucocorticoid receptors are the central driver.
In addition to the HPA axis, catecholamines and glutamate within the nucleus accum-
bens and prefrontal cortex are induced by drug cues, drug use, and/or stress. These
factors are also related to negative affect and, in turn, addiction, impulsivity, or poor
decision making (Naqvi and Bechara, 2010). Here, we see the convergence of the
experience of stress, either exogenous or specific to the withdrawal experience,
negative affect, and executive cognitive skills working in concert to enhance an
addict’s risk for relapse during a cessation attempt (see Fig. 1).

Although we began this section using nicotine addiction as an example, it is im-
portant to point out that stress and abnormal cortisol responses have also been linked
to relapse with other substances cessation attempts including cocaine, opiates, alco-
hol, amphetamines, and marijuana (Fox et al., 2013; Hamidovic et al., 2010; Higley
et al., 2011; Sinha, 2011). With some abuse substances such as heroin, however, the
cortisol response is elevated rather than attenuated, especially in response to drug
paraphernalia cues (Fatseas et al., 2011). Regardless of the direction of the HPA
changes, there is abundant evidence that drug use is related to dysregulation
of the HPA axis, perhaps in concert with dysregulation in the emotional regulation,
central reward, and executive function systems.

STRESS AND BEHAVIORAL ADDICTIONS

For the first time, gambling disorder was added to the DSM 5 in 2013 due to its clear
addictive behavior patterns (Hasin et al., 2013). If, as we have argued above, psycho-
logical stress is a key factor in the initiation, maintenance, and relapse for all addic-
tions, then it would stand to reason that there should be evidence of such a stress and
addiction relationship among all behavioral, emotional, cognitive, and physiological
parameters of stress specific to gambling. This is, indeed, the case for many of these
parameters. For example, reported psychosocial stresses such as divorce, marital
strife, and a history of childhood abuse are more prevalent in samples of pathological
gamblers (PGs) (Black et al., 2012). Higher life stress at the time of treatment is one
of the strongest predicts PG relapse at 4 months posttreatment (Gomes and Pascual-
Leone, 2014). Although baseline cortisol may not be elevated with gambling
disorder, there are negative correlations with the length of pathological gambling
and cortisol, total gambling dysfunction, and distress over gambling behavior
(Geisel et al., 2015). Further, gambling-related behaviors increase with experimental
induction of a stress state, though not with all types of stressors (Steinberg et al.,
2011). Early research indicates that stress physiology, as measured by the HPA,
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FIGURE 1

A heuristic representation of the multiple roles of stress in the addiction process including
initiation, maintenance, and relapse is shown above. As described in the text, stress is a
vulnerability factor for both initiation and relapse, and dysregulation of the HPA axis and the
sympathetic nervous system work in concert to foster maintenance of addiction.

sympathetic, serotonergic, dopaminergic, and endogenous opioid systems, has been
linked to gambling behaviors, maintenance, and relapse (Blanchard et al., 2000;
Campbell-Meiklejohn et al., 2011; van den Bos et al., 2009). For PGs, basal circu-
lating NE, EPI, and dopamine are elevated and the act of gambling is an arousal state
(Meyer et al., 2004). In contrast to basal levels or gambling behaviors, the cortisol
response to gambling cues may be absent for PGs but not recreational gamblers
(Paris et al., 2010a,b). Finally, neuroimaging studies indicate that, like alcohol
addiction, pathological gambling is associated with abnormalities in the anterior
cingulate, ventral striatum, and prefrontal cortices (Koehler et al., 2013).

Other behaviors with addictive qualities (persistent and dysfunctional use or
behavior leading to clinically significant impairment or distress) include
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hypersexuality, internet use disorder, and noneating disordered excessive eating
(AKA “food addiction). While each of these have not yet risen to the level of in-
clusion in the DSM 5 as a substance use disorder, there is some recognition that each
of these have in common an escalating pattern of use leading to dysfunction. Further,
early evidence exists of a link between these potential behavioral addictions (pur-
ported sex addiction and internet use disorder) and dopamine, self-reported stress,
or the HPA axis dysregulation (Farre et al., 2015; Hou et al., 2012). Finally, there
is currently a large debate on whether or not there is a “food addiction” or
“eating addiction” that is distinct from the traditional eating disorders of anorexia
or bulimia exists (Rogers and Smit, 2000). Although still quite controversial, those
who support the notion of a food addiction point to its vulnerability to stress and the
dopaminergic reward system as supporting evidence of its distinction from other
eating disorders (Adam and Epel, 2007; Volkow et al., 2013).

MODERATORS OF THE STRESS EFFECTS ON THE
ADDICTION CYCLE

SEX

Differential sex effects are seen across a broad range of addiction types and at all
many levels of analysis. It has been proposed that estrogen mediates many of the
sex differences observed related to drug cue sensitivity, stress responsivity, and
the negative reinforcement properties of drugs (Bobzean et al., 2014). In addition,
there are sex differences in the HPA, emotional, and cognitive dysregulations with
most, if not all, addictions (Hildebrandt and Greif, 2013). Within the area of nicotine
addiction and smoking, elevated salivary cortisol collected in women during the
early abstinence phase predicted quicker relapse while the opposite was true for
men (al’Absi et al., 2015). Such sex differences do not appear to be exclusive to drug
addiction. For example, behavioral addictions such as gambling are also notable for
sex differences in HPA functioning. Studies of the HPA axis show hypoarousal in
female and hyperarousal in male gamblers (Franco et al., 2010). While both genders
show an increase in cortisol in response to gambling cues (film), with actual or mock
gambling males show a linear negative relationship between cortisol levels a decline
in performance but females have shown a curvilinear relationship where very low
responding or high responding (cortisol) leads to declining performance (Paris
et al., 2010a,b; van den Bos et al., 2009). There are, however, many unanswered
questions, particularly on other sex-dependent cofactors and their effects on other
neuromodulators (for an excellent review, see Bisagno and Cadet, 2014).

GENETICS

The genetics and epigenetics of addiction have progressed in multiple areas in the
study of specific addictive substances (Levran et al., 2012; McCarthy et al., 2012;
Ponomarev, 2013) and the common behaviors span all addictions such as craving,
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impulsivity, conditioning, or reward (Nestler, 2014). In parallel, the study of stress-
related genes or epigenetic factors has also made significant strides related to early
life stress and later risk of psychopathology (Lewis and Olive, 2014), stress across
the developmental spectrum, the regulation of the stress response, cognition, or re-
productive behavior (Gudsnuk and Champagne, 2012), social adversity and multiple
indicators of health and well-being, and stress in learning (Mifsud et al., 2011).
In contrast, limited studies have simultaneously examined the specific interaction
between stress and addiction. Notable exceptions include the study of transcription
factors such as Nur which is capable of acting as intermediate-early genes (Campos-
Melo et al., 2013), nuclear factor kappa-B (NF«xB) induction of innate immune genes
(Crews et al., 2011), and cAMP response element-binding protein (CREB) target
genes, specifically those that regulate brain-derived neurotrophic factor, CRF, and
dynorphin (Briand and Blendy, 2010). For example, both stress and drug abuse in-
crease NFxB transcription results in increases in brain inflammatory mediators
which, in turn, have been linked to widespread and persistent alterations in behav-
ioral factors reflective of the neurobiology of addiction such as frontal lobe excitabi-
lity, negative affect, behavioral flexibility, and loss of behavioral control (Crews
et al., 2011). Animal work has shown that Nur transcription factors are activated
by stress and that drugs of abuse may induce dopamine- and glutamate-dependent
Nur transcription in the striatum and nucleus accumbens, both of which display tol-
erance and sensitization (Campos-Melo et al., 2013). It has been proposed that CREB
may be a critical link controlling the link between reward circuits and the HPA axis
and it may therefore help to explain, in part, the complex interaction between stress
and drug abuse (Briand and Blendy, 2010). Finally, variants to the p-opioid receptors
have been identified as a potential gene mediating food addiction via reward, crav-
ing, and preference. Work in humans has shown that individuals who are AA or GG
homozygous for the A118G p-opioid receptor gene have enhanced hedonic respon-
siveness relative to heterozygous (GA) individuals which, in turn, predicts greater
propensity toward food-related addictive behaviors (Davis and Loxton, 2014).

DISCUSSION

As reviewed above, research on nicotine and alcohol addiction clearly indicates that
there are important sex differences in the pattern of addictive behaviors, relapse, and
stress neurobiology. There is a need for further clarity on sex differences in other
areas of addiction as well, particularly the newer areas of study such as gambling
disorder, internet use disorder, and hypersexuality. Much of this literature includes
males only and those that do include women fail to analyze for sex differences. Like-
wise, there are very few studies with non-Caucasian minority groups.

Some studies involving a direct comparison of addiction types have shown that
not all stressors affect addictions equally. For example, controllable and uncont-
rollable noise stress increase the desire for alcohol equally across alcoholics,
PGs, dually diagnosed participants, and controls while only uncontrollable noise
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increased the desire to gamble selectively within those with a history of pathological
gambling (Steinberg et al., 2011). How stressor characteristics interact with genetic
vulnerability is, as yet, understudied. Thus, further studies of the gene by environ-
ment interaction specific to stress and addiction are needed. Finally, further study
of stress resilience and coping will be important for informing future intervention
research.

CONCLUSION

The stress response has been shown to increase risk of initiation, maintenance, and
relapse of a variety of addictions. Evidence was presented in support of this proposal
utilizing all levels of analysis from the macro- (cross-sectional, population research)
to the micro-level (molecular, genetic, epigenetic research). The study of reward
systems in the brain and their interactions with HPA, sympathetic, eCB, and other
systems has taught us a great deal about the relationship between stress and addic-
tion. We propose the psychological stress and the biological stress response acts to
moderate the probability of initiation, maintenance, and relapse (see Fig. 1). As an
individual encounters stress-inducing environments, there are individual differences
that help to determine whether there is increased (high stress, right-hand path on
Fig. 1) or decreased (low stress, left-hand path on Fig. 1) probability of problematic
substance use. There are, however, other brain systems and moderators to explore. In
particular, we have only just begun to understand the gene by environment interac-
tions that occur within the context of stress and addiction. Likewise, there are a host
of behavioral, neuroendocrine, and cognitive differences between men and women
that have yet to be explored as potential moderators capable of accounting for sex
differences in stress and addiction. Finally, funding sources and the public are in-
creasingly demanding of reliable and efficient interventions, particularly in light
of the high treatment failure rates and the role that stress plays in relapse. To address
this gap future treatment-specific work, whether they include pharmacological or be-
havioral interventions, could benefit from further investigation of stress resilience.
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Abstract

The transition from recreational drug use to addiction can be conceptualized as a pathological
timeline whereby the psychological mechanisms responsible for disordered drug use evolve
from positive reinforcement to favor elements of negative reinforcement. Abused substances
(ranging from alcohol to psychostimulants) are initially ingested at regular occasions accord-
ing to their positive reinforcing properties. Importantly, repeated exposure to rewarding sub-
stances sets off a chain of secondary reinforcing events, whereby cues and contexts associated
with drug use may themselves become reinforcing and thereby contribute to the continued use
and possible abuse of the substance(s) of choice. Indeed, the powerful reinforcing efficacy of
certain drugs may eclipse that of competing social rewards (such as career and family) and lead
to an aberrant narrowing of behavioral repertoire. In certain vulnerable individuals, escalation
of drug use over time is thought to drive specific molecular neuroadaptations that foster the
development of addiction. Research has identified neurobiological elements of altered rein-
forcement following excessive drug use that comprise within-circuit and between-circuit neu-
roadaptations, both of which contribute to addiction. Central to this process is the eventual
potentiation of negative reinforcement mechanisms that may represent the final definitive cri-
terion locking vulnerable individuals into a persistent state of addiction. Targeting the neural
substrates of reinforcement likely represents our best chances for therapeutic intervention for
this devastating disease.
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INTRODUCTION

Drug addiction is a chronic disease that is often characterized by escalation of drug
intake over time and a pathological and compulsive drug-seeking behavior. Emerg-
ing conceptualizations of drug addiction (or substance use disorder; DSM-5, 2013)
have included a constantly evolving set of defining characteristics (Wise and Koob,
2014). However, the behavioral principle of reinforcement has remained as a central
feature of multiple diagnostic criteria. As such, a fundamental understanding of
reinforcement principles and protocols is essential to model both the psychological
and neurobiological processes separating initial drug use from the eventual develop-
ment of addiction in vulnerable individuals. An ongoing marriage of behavioral and
molecular techniques has driven a steady evolution of the “black box” working
model of human behavior by early psychologists toward the revelation of neurophys-
iological mechanisms linking stimulus processing to action. While drugs of abuse
represent powerful pharmacological agents that produce significant neuroadapta-
tions in the short-term, further clarification of the neuroadaptations that functionally
drive specific elements (e.g., positive vs. negative reinforcement) within the addic-
tion framework is crucial (Kalivas, 2005). Additionally, since addiction can be de-
scribed as an evolving disease whereby recreational drug sampling can quickly
transition to dependence, determining the precise brain circuitry changes associated
with each stage would prove beneficial for the development of new and more effec-
tive therapeutic strategies. A central question is whether reinforcement processes and
underlying neurobiological changes caused by early drug use are simply potentiated
in the addicted state, or whether there is a separate recruitment and potentiation of
additional reinforcement elements and circuitry that is indispensable for the addic-
tion process.

POSITIVE AND NEGATIVE REINFORCEMENT

The process of reinforcement is most commonly associated with positive reinforce-
ment, whereby the presence of a motivational stimulus augments or strengthens a
particular behavioral response. Although the antecedent stimulus can be generally
described as subjectively rewarding or hedonically positive, this is not a necessary
requirement for a stimulus to reinforce a response. Likewise, stimuli that are subjec-
tively rewarding are not automatically reinforcing. Consequently, it is important to
distinguish reward from reinforcement as psychological constructs and to investigate
their neurobiological mechanisms separately. Stimuli that do lead to response
strengthening (i.e., reinforcers) may produce either an increase in frequency or du-
ration of responding or a decrease in latency to respond, and an emphasis on mea-
suring such objective criteria is crucial to the study of reinforcement as originally
conceptualized by Skinner (1938). Neuroanatomical and neurochemical substrates
underlying the positive reinforcing effects of abused drugs have been elucidated over
the past few decades, with mesolimbic dopamine and endogenous opioid systems
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that mediate natural reward playing a central role (Corbett and Wise, 1980; Wise and
Bozarth, 1981; Yokel and Wise, 1975). Negative reinforcement is a special condition
associated with a strengthening of behavioral responses that terminate some ongoing
(presumably aversive) stimulus. In this case we can define a negative reinforcer as a
motivational stimulus that strengthens such an “escape” response. Historically, in
relation to drug addiction, this phenomenon has been consistently observed in
humans whereby drugs of abuse are self-administered to quench a motivational need
in the state of withdrawal (Wikler, 1952). It’s worth reiterating that both positive and
negative reinforcement always leads to an increase in organized behavior, and this
relationship stands in contrast to the concept of punishment, whereby behavioral ac-
tion is suppressed or terminated by a stimulus. Importantly, relationships between
stimulus and response are further complicated by timing and contingency.
A stimulus that acts as a negative reinforcer if presented before an action might
be expected to act as a punisher if presented at the same time as (i.e., made contingent
on) the response. As one example, electrical shock may act as an antecedent negative
reinforcer that facilitates a subsequent behavioral action to terminate shock delivery
(if this option is available), whereas any ongoing behavioral action conducted at the
exact time of delivery of the foot shock would be expected to be suppressed.

SECONDARY AND CONDITIONED REINFORCEMENT

An important dimension of reinforcement highly relevant to the addiction process
(and particularly relapse) is secondary reinforcement (Stewart, 1992). Secondary re-
inforcers (in many cases also considered conditioned reinforcers) likely drive the ma-
jority of reinforcement processes in humans. In the specific case of drug addition,
cues and contexts that are intimately and repeatedly associated with drug use will
often themselves become reinforcing, leading some to conceptualize addiction as
conditions of disordered reward learning and memory (Hyman et al., 2006;
White, 1996). In this regard conditioned reinforcers may act to precipitate or magnify
craving in withdrawal states, or alternatively to function at a subconscious level to
drive habitual relapse processes (Weiss, 2005; Wikler et al., 1971). A fundamental
piece of Robinson and Berridge’s incentive-sensitization theory of addiction posits
that the incentive value or attractive nature of such secondary reinforcement pro-
cesses, in addition to the primary reinforcers themselves, may persist and even be-
come sensitized over time in league with the development of drug addiction
(Robinson and Berridge, 1993). Indeed, this phenomenon may hold true for both pos-
itive and negative reinforcers (Goldberg and Schuster, 1970; Schulteis and Koob,
1996), and is likely associated with strengthened activity within specific subcortical
circuitry including the amygdala, ventral striatum, prefrontal cortex, and insular cor-
tex (Everitt et al., 1999; Paulus and Stewart, 2014; Peters et al., 2013; White and
Milner, 1992). Subjective craving precipitated by reexposure to (secondary) reinfor-
cing cues and contexts do not diminish but are in fact magnified over the course of
abstinence in human drug addicts (Gawin and Kleber, 1986), possibly in concert with
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the discounting of more noble and socially acceptable pursuits and secondary rein-
forcers such as those associated with family and career development. Such discount-
ing is reflected by multiple DSM-5 substance use disorder criteria (e.g., “important
social, occupational, or recreational activities are given up or reduced because of
substance use”) and has been described as a narrowing of behavioral repertoire. This
further underscores the need for preclinical development and testing of novel ther-
apeutics targeting secondary reinforcement mechanisms associated with drug
addiction.

MEASURING REINFORCEMENT IN ANIMAL MODELS

The foundations of behavioral analysis as a quantitative science began during Skin-
ner’s time as a graduate student at Harvard University where he originated the op-
erant conditioning chamber in the early 1930s to study response rate as a dependent
variable. Since then, operant self-administration protocols that mimic multiple ele-
ments of the addiction process and timeline (including drug discrimination, intake
escalation, and reinstatement of drug seeking) have been developed. In 1954, James
Olds and Peter Milner at McGill University also found that rats would readily press a
lever to obtain very small amounts of electric current directly into the brain (Olds and
Milner, 1954). Stimulation of specific brain areas (most notably the lateral hypothal-
amus and medial forebrain bundle) supports response rates of thousands of presses
per hour. The reinforcing properties of electrical stimulation (termed intracranial
self-stimulation, ICSS) outweigh virtually all “natural” rewards such as food, water,
and sex, while fluctuations in ICSS thresholds are now believed to reflect temporary
or persistent adjustments in hedonic or reward set point. For example, reinforcing
stimuli are entirely capable of substituting for electrical current in this procedure,
such that ICSS thresholds are lowered following acute administration of various
drugs of abuse ranging from cocaine to heroin (Simon et al., 1979). In addition, acute
abstinence from drugs of abuse, particularly following a history of excessive drug
exposure, reveals elevations in ICSS thresholds thought to represent hedonic deficits
associated with a motivational withdrawal state (Jang et al., 2013; Kenny et al.,
2006; Schulteis et al., 1995).

Another valuable extension of self-administration models of reinforcement is the
runway model of drug self-administration (Ettenberg, 2009). This procedure com-
bines the traditional operant lever pressing behavior with place conditioning, and
is capable of independently accessing positive reinforcement from antecedent moti-
vation. Ettenberg and colleagues have further used this technique to distinguish the
naturally composite “approach” versus “avoidance” conflict associated with cocaine
as a reinforcing stimulus. Interestingly, animals with a more extensive history of co-
caine self-administration exhibit heightened approach behavior and attenuated
avoidance of cocaine reward (Ben-Shahar et al., 2008).

Animal models of protracted and excessive exposure to drugs and alcohol that
display high construct and predictive validity for the human condition have been
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developed and are being intensively investigated. These models primarily employ
extended access to intravenous drug self-administration (Ahmed and Koob, 1998)
or chronic, intermittent exposure to dependence-inducing alcohol vapors (Gilpin
et al., 2008; Vendruscolo and Roberts, 2014). Such procedures have demonstrated
significant associations between excessive drug taking, somatic and motivational in-
dices of withdrawal, and persistent drug seeking (e.g., Ahmed et al., 2000), all critical
DSM-5 criteria for substance dependence. The powerful ability of contextual cues to
elicit drug-seeking (or relapse-like) behavior can be readily modeled in animals by a
simple reexposure to the specific environment where drugs or alcohol were self-
administered on previous occasions (Stewart et al., 1984). In this design, and
consistent with the reports of human craving described above, drug seeking in
animals increases time-dependently as the abstinence period progresses (Grimm
et al., 2001; Tran-Nguyen et al., 1998) a phenomenon that likely prolongs and po-
tentiates relapse propensity. Intermittent schedules of repeated abstinence between
drinking sessions also significantly increases alcohol self-administration in rodents
(Simms et al., 2008; Spanagel et al., 1996). In composite, behavioral methodologies
to study reinforcement and addiction in animals arguably represents the most valid
preclinical model of any psychiatric disorder available to neuroscientists (Edwards
and Koob, 2012). Data derived from these models have underscored the notion that
both drug exposure and withdrawal represent dynamic states characterized by pro-
found neuroadaptations that can exacerbate the progression of addiction but can also
be targeted for therapeutic intervention.

DRUGS OF ABUSE AND EMERGENT WITHDRAWAL
SYMPTOMS AS REINFORCERS

Research over the past several decades has successfully uncovered the neuroanatom-
ical sites and signaling processes in the brain where various drugs of abuse act to
facilitate their positive reinforcing effects. An abundance of work has implicated as-
cending monoamine signaling, with a particular emphasis on dopamine neurotrans-
mission, although many nondopamine systems also contribute directly or indirectly
to primary reward and reinforcement. Most notably, mesolimbic dopamine system
activation attributes incentive salience to environmental stimuli and facilitates
goal-directed behavior (Everitt et al., 2008; Robinson and Berridge, 1993; Self
and Nestler, 1995) with important contributions from the ventral tegmental area, nu-
cleus accumbens, and amygdala. Psychostimulant drugs (cocaine, amphetamines)
lead to a particularly strong activation of mesolimbic dopamine circuitry, while
dopamine-independent processes and neural substrates are additionally implicated
in opioid and alcohol reinforcement (Shippenberg and Koob, 2002). However, the
neurochemical mechanisms underlying the reinforcing effects of acute and/or lim-
ited drug and alcohol exposure contrast with the additional motivational circuitry
recruited following escalated drug use that most significantly manifests during with-
drawal to promote negative reinforcement (Edwards and Koob, 2013; Fig. 1).
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Recreational, limited intake Uncontrolled, excessive intake
Positive reinforcement Negative reinforcement

Mild Severe
Substance use disorder Substance use disorder

FIGURE 1

Reinforcement principles impact virtually all behavioral and neurobiological processes along
the addiction timeline, from initial use to escalation of intake and relapse behavior. However,
the transition from mild to severe substance use disorder is hypothesized to result from a
recruitment and potentiation of negative reinforcement mechanisms in particular.

Negative reinforcers in alcohol dependence

Dependence symptomatology in an animal model of alcoholism

Increased tremor Increased anxiety-like behavior Increased ICSS
Abnormal gait Increased depression-like behavior (Brain reward)
Enhanced startle Increased pain-like behavior thresholds

Somatic symtoms Motivational symptoms
of dependence of dependence

Macey et al. (1996) Valdez et al. (2003) Schulteis et al. (1995)
Roberts et al. (1996) Walker et al. (2010)

Roberts et al. (2000) Edwards et al. (2012)

Gilpin et al. (2008)

FIGURE 2

Somatic and motivational withdrawal symptoms that manifest during alcohol dependence
can represent potent negative reinforcers that promote excessive alcohol drinking.

Indeed, a universal response to both acute withdrawal and attempted protracted
abstinence from virtually all drugs of abuse in humans is the display of negative
affective symptomatology, and numerous animal models have reliably discovered
similar responses during drug and alcohol withdrawal, including increases in
anxiety-, depression-, and hyperalgesia-like behaviors (Edwards and Koob, 2012;
Edwards et al., 2012; Fig. 2).
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NEUROADAPTATIONAL INTERSECTIONS OF
REINFORCEMENT PROCESSES IN ADDICTION

The interplay of positive and negative reinforcement endemic to chronic drug expo-
sure and withdrawal has led to the development of an allostatic load model of brain
reinforcement systems to explain the more persistent changes in motivation associ-
ated with the transition to addiction (Koob and Le Moal, 2001). Here, addiction is
considered to result from chronic, intermittent cycles of signaling changes in brain
reward and antireward (or stress) circuitry that ultimately results in the potentiation
of negative emotional states (chronic irritability, somatic and emotional pain, dys-
phoria, and anhedonia; Egli et al., 2012) that serve as profound negative reinforcers.
This imbalance comes as a result of failed homeostatic mechanisms that normally act
to buffer reward and stress function. As such, this theory posits that the magnification
of negative reinforcement processes takes a predominating position over positive re-
inforcement in driving the compulsive seeking and use of drugs. At the neuroanatom-
ical level, the dysregulation of reinforcement systems is hypothesized to be regulated
by two distinct processes, contrasted as “within-system” neuroadaptations versus
“between-system” neuroadaptations (Koob and Le Moal, 2008).

Within-system neuroadaptations often act as opponent processes to a reinforcing
stimulus such as ingestion of a drug. For example, the primary signaling cascade
linked to the drug of abuse might itself adapt to limit the drug’s effects, while per-
sistence of such counterbalancing effects after termination of drug use would pro-
duce a significant somatic and/or motivational withdrawal response. Such a
within-system opponent neuroadaptation within a given motivational brain region
or circuit would therefore result in decreased reward neurotransmitter function over
time. For example, excessive drug use (in contrast to limited drug exposure) leads to
acute withdrawal deficits in dopamine levels and diminished reward function in re-
gions such as the ventral striatum that mediate the initial positive reinforcing effects
of abused drugs (Melis et al., 2005; Weiss et al., 1992). In a between-system neuroa-
daptation, brain regions or systems other than those involved in the initial positive
reinforcing effects of drugs are recruited (and often dysregulated) following chronic
activation. In this case, another distinct neural substrate is activated and exerts op-
posing actions to limit primary reward function. For example, the transition to esca-
lated drug and alcohol use in animal models is associated with the recruitment and
potentiation of numerous and diverse central brain stress systems that may magnify
negative reinforcement processes (Koob et al., 2014; Muschamp and Carlezon,
2013), particularly in combination with the reward deficits described above.

Indeed, a pathological interaction of brain stress and reward systems may repre-
sent a neurophysiological point of intersection between positive and negative rein-
forcement circuitry acting together to promote or maintain drug addiction. While
compromised mesolimbic dopamine levels are associated with anhedonia during
drug withdrawal, this condition may also set the stage for enhanced sensitivity to
reinforcing stimuli that elevate dopamine levels within this circuitry, including stress
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(Kalivas and Stewart, 1991; Lammel et al., 2014; Sorg and Kalivas, 1991). One key
mediator of central stress signaling, corticotropin-releasing factor (CRF), also di-
rectly activates dopamine terminals in the nucleus accumbens (Pan et al., 1995),
while drug-induced dopamine release in this area is reduced by CRF receptor block-
ade (Lodge and Grace, 2005). Conversely, mesolimbic dopamine promotes CRF
release (Kash et al., 2008) and CRF-driven behaviors within extended amygdala
areas (Meloni et al., 2006). Moreover, animal models of stress-induced relapse have
identified a circuitry link between the central amygdala and ventral tegmental area
(VTA) that is key to this phenomenon (McFarland et al., 2004). Adding to its sig-
naling properties to regulate amygdala function, CRF also drives VTA activity to
promote stress-primed reinstatement in cocaine-experienced animals (Wang et al.,
2005). Similar interactions between glucocorticoid and dopamine signaling exist
within reinforcement circuitry (Piazza et al., 1996), and corticosterone itself has been
demonstrated to be reinforcing (Piazza et al., 1993). Synergistic relationships be-
tween stress and dopamine systems may make individuals more sensitive to the rein-
forcing effects of drugs as well as expend more effort to obtain the drug of choice
(Ambroggi et al., 2009).

CONCLUSION AND FUTURE DIRECTIONS

According with the hypothesized transition from positive to negative reinforcement
processes driving excessive drug use (Fig. 1), attenuation of brain stress system over-
activation in individuals suffering from addiction may represent a valid therapeutic
strategy to reduce the impact of aberrant reinforcement on behavior. For example,
systemic and intracerebral administration of CRF receptor antagonists significantly
reduces drug withdrawal-induced behaviors, including conditioned behaviors and
withdrawal symptoms manifest during protracted abstinence (e.g., Heinrichs
et al., 1995; Overstreet et al., 2004; Stinus et al., 2005; Valdez et al., 2003). These
data strongly suggest that blockade of CRF signaling would prevent the ability of
negative affective conditions in withdrawal to serve as negative reinforcers pro-
moting relapse and reescalation of drug intake. At the preclinical level, CRF
receptor antagonists are therapeutically effective in animal models of excessive drug
use, where they block increased drug intake associated with extended access to
intravenous self-administration of cocaine, heroin, and nicotine (George et al.,
2007; Greenwell et al., 2009; Park et al., 2015; Specio et al., 2008). CRF receptor
antagonists also reduce excessive drinking in alcohol-dependent rats (Funk et al.,
2007), while further evidence at the clinical level suggests that antagonists with lon-
ger receptor residence rates might exhibit greater efficacy in reducing drinking
(Kwako et al., 2015). Importantly, CRF antagonism does not appear to alter drug
and alcohol intake in nondependent animals or the intake of natural rewards such
as sucrose or water. As such, these results provide substantial evidence for a specific
role of CRF receptors in the escalation of drug intake associated with negative rein-
forcement. This selectivity would suggest a robust and specific efficacy of this drug
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class to treat addictive disorders, with a critical feature lacking in existing medica-
tions such as naltrexone that suffers from substantial compliance issues (Swift et al.,
2011) due to its primary actions to reduce positive reinforcement mechanisms via
opioid receptor blockade.

Recent data have implicated additional central stress-regulated neuropeptides in
promoting escalation of drug intake and addiction-related symptomatology, such as
the endogenous dynorphin/kappa-opioid receptor system (Butelman et al., 2012). In
contrast to other endogeonous opioids, dynorphin likely plays a central role in neg-
ative reinforcement, as kappa-opioid receptor stimulation produces aversion and an-
hedonia in animal models as well as negative affect in humans (Mucha and Herz,
1985; Pfeiffer et al., 1986; Todtenkopf et al., 2004). Dynorphin inhibits dopamine
release and function, both at the origins and within the terminals of the mesolimbic
dopamine system, representing a within-system neuroadaptation that underlies the
aversive properties of dynorphin (Margolis et al., 2003; Spanagel et al., 1990).
Dynorphin signaling is potentiated by various drugs of abuse (e.g., Lindholm
et al., 2000; Spangler et al., 1993), and in turn, blockade of kappa-opioid receptors
by the antagonist norbinaltorphimine reduces drug and alcohol intake escalation se-
lectively in dependent (but not nondependent) animals (Walker et al., 2012; Wee and
Koob, 2010).

Finally, given its ability to attenuate the efficacy of conditioned reinforcers, the
employment of extinction therapy may represent a useful behavioral strategy to com-
bat relapse to drug and alcohol use in abstinent individuals. Extinction is the process
by which previously conditioned cues and/or contexts gradually lose their motiva-
tional impact following repeated presentation in the absence of the reinforcing stim-
ulus. Unfortunately, a metaanalysis of nine previous extinction therapy trials for drug
addiction failed to uncover a substantial or consistent benefit (Conklin and Tiffany,
2002), although the authors suggested that future trials should strongly consider bas-
ing their methodologies on what has been recently learned from preclinical models of
reinforcement learning. Additional design or treatment variables might incorporate
elements associated with known neuroadaptations resulting from extinction training
that are entirely distinct from the withdrawal process itself (Self et al., 2004). For
example, combinations of extinction therapy and traditional pharmaceutical ap-
proaches targeting endogenous opioid signaling (O’Brien et al., 1984) or glutamate
receptor systems (Myers et al., 2011) would appear to be one promising avenue for
maximizing treatment efficacy. Ultimately, future medical interventions for addic-
tion will need to factor in the inextricable link between the addiction process
and maladaptive changes in underlying positive and negative reinforcement
mechanisms.
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Abstract

The present chapter first argues how having a goal for procuring alcohol or other substances
leads to the development of a time-binding, dynamic, and goal oriented motivational state
termed current concern, as the origin of substance-related attentional bias. Next, it discusses
the importance of attentional bias in the development, continuation of, and relapsing to sub-
stance abuse. It further proceeds with a review of selective evidence from cognitive psychol-
ogy that helps account for making decisions about using an addictive substance or refraining
from using it. A discussion on the various brain loci that are involved in attentional bias and
other kinds of cue reactivity is followed by presenting findings from neurocognitive research.
Finally, from an interdisciplinary perspective, the chapter presents new trends and ideas that
can be applied to addiction-related cognitive measurement and training.
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INTRODUCTION

Attentional bias means that a person selectively attends to a certain category or cer-
tain categories of stimuli in the environment while tending to overlook, ignore, or
disregard other kinds of stimuli. For example, one person might selectively attend
to stimuli related to food (particularly food that is perceived to be particularly deli-
cious). Sexual stimuli might be particularly distracting for another person; fashion-
related stimuli might capture another person’s attention. Of greater relevance for the
present chapter is that certain other people are distracted by addiction-related stimuli.
The latter stimuli might be ones related to alcohol, another substance of abuse, or
some other form of addiction (e.g., gambling) (Fig. 1).

What do these different kinds of attentional bias mean, and how do they arise?
Often—if not always—the attentional bias is motivationally relevant, i.e., it is related
to the person’s goal-directed behavior. Formally, we define motivation as “the inter-
nal states of the organism that lead to the instigation, persistence, energy, and direc-
tion of behavior towards a goal” (Klinger and Cox, 2011, p. 4). How do such states
come about, and how do they give rise to attentional bias?

Motivation starts when a person is aware of incentives that he or she finds attrac-
tive. An incentive is defined as any object or event that could potentially change a
person’s affect in a positive way, either by enhancing positive affect or by reducing
negative affect. In addition to incentive, affect and affective change are, therefore,
key motivational constructs. Affect—which can be either positive or negative—is
the subjective component of an emotional response. Affective change is a change
in affect from its present state; it is the essence of what people are motivated to
achieve. People want to feel better than they currently do, either by increasing their
positive affect (e.g., joy, happiness, or satisfaction) or by decreasing their negative
affect (e.g., fear, boredom, or depression).

Of the many positive incentives that could potentially enhance a person’s positive
affect and the many negative incentives that could reduce the person’s negative af-
fect if they were removed, each person might set a goal of acquiring only a subset of
the positive incentives or a goal of getting rid of only a subset of the negative incen-
tives. In either case, a goal is formed from the moment that the person makes a com-
mitment to either obtain or to get rid of an incentive.

Why are some incentives but not others transformed into goals? Motivational
psychologists often rely on Value X Expectancy Theory (Bundorf et al., 2013;
Cox et al., 2015; Morone and Morone, 2014) to explain this outcome. According
to this theory, two primary variables determine whether an incentive is transformed
into a goal. They are (a) the value that the person attributes to the incentive (how
valuable to the person the affective change that the incentive would produce would
be) and (b) the person’s expected likelihood of actually being able to obtain the in-
centive if he or she puts forth the effort. Because the relationship between value and
expectancy is multiplicative, if either of them is zero (or near zero), a goal to pursue
the incentive will not be formed. For example, a person might imagine that becoming
a millionaire would bring about a very positive affective change, but the person
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Attentional bias (AB) is motivationally relevant.
Anticipated affective change is the essence of
what motivates people to achieve their goals.
When a person has a goal, he or she selectively
attends to stimuli in the environment that are
related to the goal.

AB affects cognitive processes involved in decision
making.

AB has shown promise for screening, diagnosis,
and predicting treatment outcomes.

Differential patterns of brain activation in response
to substance-related and other higher order goal
cues have important clinical implications.

AB plays an important role in the maintenance of
and relapsing to addictive behaviors.

Various cognitive methods have been used to
reduce AB.

Pharmacological interventions and brain
stimulation have shown beneficial effects on
substance-related AB.

Findings from other areas of research might help
improve assessments of and interventions for AB.
A person’s biological reactivity related to feelings of
craving can affect the AB.

Virtual lesion techniques might help to localize brain
areas involved in cue reactivity and AB.

Impairment in other brain loci and emotional
dysregulation might adversely affect AB
modification.
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Summary of the main topics that have been discussed in the present chapter.

might not actually try to become a millionaire because the expected chances of being

able to do so are virtually nil.

People, of course, vary widely with regard to the value that they attribute to using
addictive substances and their actual use of them. What are the factors that determine
the value of using these substances? To answer this question, we will use alcohol
consumption as an example; nevertheless, much of the discussion can be generalized
to use of other kinds of addictive substances.

One kind of variable that affects the value of drinking alcohol is each person’s
own biochemical reaction to alcohol (e.g., Dickson et al., 2006). Pharmacologically,
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some people react positively to drinking alcohol, and they experience few negative
consequences. Other people experience primarily unpleasant reactions, such as facial
flushing and nausea. Sociocultural and environmental factors also affect the value of
drinking alcohol (e.g., Dantzer et al., 20006). Societies differ widely in how they view
drinking alcohol and the extent to which they condone or prohibit it; thus, people
living in a particular society will be overtly or subtly reinforced for drinking in
the same manner as other people living in that society. Within each society, addi-
tional environmental factors—such as advertising alcohol and taxation on alcohol
and the extent to which drinking alcohol is promoted in a particular situation
(e.g., Hollingworth et al., 2006; Huckle et al., 2008; Paschall et al., 2014)—also
affect the value that people attribute to drinking alcohol.

Other characteristics of individuals themselves (other than each person’s bio-
chemical reactivity to alcohol) might affect the degree to which they value drinking.
Notable among these is each person’s personality characteristics (e.g., see Vrieze
et al., 2014) and the degree to which they are feeling stressed because of frustrations
in other areas of their lives (Demirbas et al., 2012).

As in the case of all goal pursuits, a person will form a goal of drinking alcohol or
using another addictive substance when both (a) the value that the person attributes to
using the substance (the expected desirable affective change) is high and (b) the per-
son’s expected chances of being able to actually achieve the desired change in affect
is high. When the goal is formed, the person is in a distinctive motivational state—
called a current concern (Cox et al., 2015; Klinger and Cox, 2011). This state lasts
from the moment that the commitment to the goal pursuit is first made until either the
goal is reached or the pursuit of the goal is relinquished. During this period, the goal
striving is reflected in the person cognitive processes (e.g., his or her thoughts, mem-
ories, attention, and even dreams). The construct current concern is presumed to re-
fer to latent goal-related brain processes, and recent neuroscientific research has
identified clues about how these processes are represented in the brain (Berkman
and Lieberman, 2009; Klinger and Cox, 2011; Kouneiher et al., 2009). For example,
expected satisfaction from goal attainments are mainly processed in amygdala and
with interactions with orbital prefrontal and anterior cingulate cortex; the interac-
tions among these structures help to determine anticipated goal outcomes, cue reac-
tivity, and response selections (Baxter et al., 2000; Murray, 2007). Later in the
chapter, we discuss how anterior cingulate cortex plays an important role in deter-
mining attentional bias for addiction-related cues. In any case when a person has a
goal of drinking alcohol, the person selectively attends to stimuli in the environment
that are related to procuring and imbibing alcohol. This process facilitates the goal
striving by increasing the person’s motivation to drink and his or her actual consump-
tion of alcohol.

Extensive research has been conducted on alcohol and other substance-related
attentional bias (e.g., Cox et al., 2006) and other kinds of cognitive biases (e.g., au-
tomatic action tendencies; Wiers et al., 2011) related to people’s goal of drinking
alcohol. In the following sections, we (a) briefly review this research, (b) describe
how dual process models help to account for decisions about whether or not to
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use an addictive substance, (c) discuss how various brain loci are involved in atten-
tional bias and other kinds of cue reactivity, and (d) suggest how findings from neu-
rocognitive research can be applied to cognitive training and future research.

CLINICAL RELEVANCE OF ATTENTIONAL BIAS: IS
ATTENTIONAL BIAS AND ARTIFACT OF IMPAIRED EXECUTIVE
CONTROL?

Substance abuse has adverse effects on the entire body, including the brain. It can
impair the brain’s prefrontal and frontal loci that are mainly responsible for executive
cognitive functions (ECF), including inhibition, task switching, sustained attention,
decision making, and planning (de la Monte and Kril, 2014; Terrett et al., 2014;
Vonmoos et al., 2014). Performance on measures of attentional bias and other im-
plicit cognition tasks requires the involvement of ECFs and working memory. For
example, on an addiction Stroop test (Cox et al., 2006), which measures attentional
bias for substance-related stimuli, the individual needs to inhibit the distracting fea-
ture of a stimulus (e.g., alcohol) and mentally switch to the experimental task
(responding to the color of the stimulus) and keep this task requirement continuously
in mind. As mentioned earlier, alcohol and other drugs of abuse adversely affect
higher order processes; therefore, the question is whether we can attribute longer la-
tencies on measures of attentional bias to the substance-related characteristics of the
stimuli. Or could longer latencies on addiction-related tasks simply result from im-
paired ECFs. Additionally, there are studies suggesting that other characteristics of
abusers, such as their impulsivity or poor inhibitory control, can also affect their per-
formance on attentional bias tasks (Liu et al., 2011).

Fadardi and Cox (2006) found that longer latencies on measures of attentional
bias were not a result only of poorer ECF. They tested alcohol abusers using general
cognitive measures and an alcohol-Stroop test. The results suggested that excessive
drinking sensitized the abusers’ attentional responsiveness to alcohol-related stimuli
to a degree that exceeded the drinkers’ ECF. In other words, the addiction-related
attentional bias was not an artifact of cognitive impairment that either preceded
or followed the alcohol abuse. A clinically valuable method would be able to
(a) screen clinical samples, (b) differentiate among various levels of problem sever-
ity, and (c) predict treatment outcome. In fact, several reviews suggest that implicit
measures of addiction-related cognitive biases have diagnostic and prognostic valid-
ity (Cox et al., 2006; Field and Cox, 2008; Leeman et al., 2014).

In a recent study, a cocaine version of the Stroop test and neuroimaging were used
to differentiate recreational users from abusers. Cocaine-dependent individuals
showed significantly larger attentional bias for cocaine words, but nonusers and rec-
reational users did not show the bias. Moreover, recreational users showed a distinc-
tive pattern of underactivation in prefrontal cortices, including orbitofrontal and
anterior cingulate during task performance compared to both dependent and control
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participants (Smith et al., 2014). Janes et al. (2010) used fMRI to assess brain activity
related to attentional bias for smoking-related stimuli on a Stroop test. They reported
that both measures predicted treatment outcome during an 8-week smoking cessation
period.

ATTENTION RETRAINING: A MULTIMODAL ACTIVITY

Evidence from cognitive neuroscience suggests that ignoring addiction-related stim-
uli requires increased activation of control networks and reduced processing in emo-
tion and reward regions of the brain. Although during attentional bias drug abusers
typically show increased activity in the regions associated with cognitive control
(i.e., lateral prefrontal and dorsal anterior cingulate), such increases seem to be in-
sufficient to overcome simultaneous increases in processing in the emotion/reward
regions (i.e., amygdala, insula, and striatum) (Hester and Luijten, 2014). In another
study (Janes et al., 2010), when heavy smokers were exposed to smoking-related
words, increased activation in the brain’s bilateral anterior insula and dorsal anterior
cingulate cortex were observed.

There are similarities in the brain regions that react to drug-related and drug-
unrelated stimuli. For example, Lorenz et al. (2013) reported that gamblers showed
stronger brain responses in medial prefrontal cortex (MPFC) during short presenta-
tions of gambling stimuli (i.e., attentional bias), but stronger brain responses in an-
terior cingulate gyrus and in lingual gyrus during long presentations of gambling
stimuli (i.e., cue reactivity). The authors also reported that in long presentations
of gambling-related stimuli (when participants’ task was to ignore them), stronger
brain responses were observed in right inferior frontal gyrus (associated with inhi-
bition processing), left orbitofrontal cortex, and ventral striatum.

What actually happens when there is increased activity in certain loci of the brain
in response to addiction-related stimuli? According to Franken (2003), a conditioned
drug stimulus produces increase in dopamine in the corticostriatal circuit, particu-
larly in the anterior cingulate gyrus, amygdala, and nucleus accumbens; the increase
serves to draw the person’s attention toward a drug-related stimulus. The process also
results in motor preparation and hyper-attentiveness for drug-related stimuli, which
ultimately promotes craving and perhaps relapse. An implication for treatment
would be to frequently expose abusers to dopamine-releasing stimuli but to prevent
them from taking the substance. This could gradually attenuate the dopamine-
releasing characteristic of the addictive stimuli.

It is interesting to note that such conditioned brain responses in abusive or heavy
drinkers are not limited to the brain’s maladaptive neural responses to addiction-
related stimuli; rather, anomalies can also be observed in the brain’s reactivity to other
kinds of stimuli. In an fMRI study, Thssen et al. (2011) exposed heavy drinkers to vi-
sual cues that were related to alcohol. Similar to the findings of other studies, parts of
the brain that are involved in emotional processing (i.e., insular cortex) and reward
circuitry (i.e., ventral striatum) showed greater activity in heavy drinkers than light
drinkers. When heavy drinkers were presented with visual stimuli that were related
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to their higher order life goals (such as those related to family, health, and finances)
they showed weaker responses in frontal areas than the light drinkers. They also
showed reduced activity in the cingulate cortex when exposed to attractive food stim-
uli. These findings suggest that heavy drinkers have difficulty forming socially desir-
able goals as an alternative to drinking alcohol. The combination of overactivation to
cues related to alcohol but underactivation to cues related to alternative, alcohol-
unrelated goals may have important clinical implications. These findings suggest that
interventions that decrease alcohol abusers’ hyperreactivity to alcohol-related stimuli
but increase their sensitivity to alternative goals might be beneficial.

ATTENTIONAL BIAS: THERAPEUTIC IMPLICATIONS

Given the potential role of attentional bias in continuation of and relapsing to addic-
tive behaviors, various methods have been used to reduce the bias (Field et al., 2014).
However, there are few double-blind clinical trials that report the effects of atten-
tional bias retraining on treatment outcomes or relapse prevention (Begh et al.,
2013). Nevertheless, among other methods for targeting addictive cognitions, such
as implicit interpretations or approach-avoidance response tendencies, attentional
bias modification has been the focus of much research (see Cox et al., 2014). As
Cox et al. (2014) discussed, practical applications of attentional retraining are being
developed; for example, a mobile phone application has been created to help people
with various types of addictive behaviors to overcome their attentional bias. Wiers
et al. (2015) used a modified version of the Alcohol Attention Control Training Pro-
gram for delivery over the Internet to help alcohol abusers decrease their attentional
bias. Finally, in an ongoing research project funded by the European Commission
called BRAINTRAIN and using fMRI technology (Linden et al., 2015), alcohol-
dependent participants are being trained to downregulate their brain reactions to
alcohol-related pictorial stimuli. In turn, the short- and long-term effects of the train-
ing on participants’ urges to drink alcohol and their alcohol consumption are being
assessed. The general principle used in various types of attentional retraining pro-
grams is to help abusers improve their brain’s inhibitory processes so that they
can more easily disengage their attention from environmental stimuli related to al-
cohol or other substances of abuse. The training programs help trainees to divert their
attention to alternative (usually neutral) stimuli while they try to ignore the emotion-
ally salient stimuli (e.g., the drug-related ones). However, could there be other more
nondirective methods that do not require much effort by the person to desensitize his/
her addiction-related attentional system?

PHARMACOLOGICAL INTERVENTIONS

Several studies have investigated the effectiveness of different kinds of medication
for substance abusers (for a review, see Luijten et al., 2013). Some of these studies
have employed fMRI to monitor neuronal activation in response to drug stimuli,

.
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which could provide information about specific brain—behavior modulations.
Machielsen et al. (2014) conducted a randomized controlled trial to compare the ef-
fectiveness of Clozapine with Risperidone in reducing subjective craving, attentional
bias, and brain activation in patients with both schizophrenia and cannabis use dis-
orders (CUDs). Although no differences between CUD and non-CUD patients’ be-
havior were observed, Clozapine-treated CUD participants showed greater
reductions in their subjective craving and in the activation of insula during the com-
pletion of a cannabis-related Stroop test.

There are likely multiple benefits of pharmacological interventions for substance
abuse (e.g., Nalteroxon, nicotine patches). There is evidence, for example, that an
intervention that helps to reduce alcohol or drug use increases in the abuser’s sense
of control (Leeman et al., 2014). Similarly, there is evidence that craving for a sub-
stance of abuse can be reduced by improving a person’s sense of control, whether
through a cognitive-behavioral intervention (e.g., Shamloo and Cox, 2014) or stim-
ulation of the brain’s dorsolateral prefrontal cortex (DLPC) using repetitive transcra-
nial magnetic stimulation (rTMS) (Mishra et al., 2010) and transcranial direct current
stimulation (tDCS) (Naylor et al., 2014).

NONINVASIVE BRAIN STIMULATION

There is consensus that stimulation of DLPC is associated with increases in cognitive
control (Leeman et al., 2014) and enhanced processing of emotional stimuli. Brunoni
et al. (2014) conducted a study with depressed participants who completed an emo-
tional Stroop test containing neutral, positive, and negative emotional words while
receiving active or sham tDCS. The results showed that participants receiving active
tDCS were better able to suppress their attentional bias for negative emotional words.
In arecent study, Clarke et al. (2014) used a combination of active or sham left tDCS
and attentional bias modification. They reported that the combination of active
tDCS and attentional bias modification led to greater reduction in attentional bias.

From Jansen et al.’s (2013) review of 17 studies using repetitive rTSM and tDCS
on left or right stimulation of DLPFC, the authors concluded that both methods
yielded a medium effect size for reducing craving for substances of abuse and for
palatable food. Considering the prior established association between craving and
attentional bias (Nikolaou et al., 2013), it would also be expected that noninvasive
brain stimulation (NIBS) would be effective in reducing attentional bias. Indeed, pre-
liminary findings suggest that using NIBS to reduce attentional bias and substance
use is effective. For instance, Meng et al. (2014) found that bilateral cathodal stim-
ulation of frontoparietotemporal areas significantly decreased both attention to
smoking-related cues and cigarette use. Additionally, Hoppner et al. (2011) found
preliminary support for the effectiveness of rTMS in reducing alcohol-related
attentional bias.
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CONCLUSIONS AND FUTURE DIRECTIONS

Evidence suggests that attentional bias plays an important role in sustaining addic-
tive behaviors. However, incorporating new findings from other areas of research
might help to improve assessment of attentional bias and interventions for it.
Field et al. (2014) reviewed the literature on attentional bias and concluded that it
is associated with subjective craving, and that moment-by-moment fluctuations in
attentional bias might precede relapse to substance use. One suggestion for future
research would be to investigate events and feelings that precede subjective craving
and attentional bias for substance-related stimuli. For example, portable devices
might allow substance abusers to measure and record momentary changes in their
attentional bias under various conditions and in various situations. The precision
of the measurement could be improved by recording the person’s biological reactiv-
ity prior to, during, and after feelings of craving. To this end, there would be various
methods to employ, e.g., experience sampling method, ecological momentary assess-
ment, ambulatory assessment, and day reconstruction method (see Trull et al., 2009).

Choi et al. (2015) used neuronavigation-guided rTMS to induce virtual lesions in
selected areas of the brain. With this technique, they reported that posterior temporal
lobe plays an important role in lexical decision making. It would be possible to use
the same technique to induce virtual lesions in the areas of the brain that presumably
play a role in attentional bias. This technique could have important implications for
precisely localizing the brain areas involved in cue reactivity and attentional bias,
and it might help in the development of new clinical interventions to reduce
unwanted attentional bias.

Each person’s attentional bias varies across time, and it might be difficult to gen-
eralize directly from laboratory data (e.g., obtained with fMRI) to applied situations
(e.g., when the person is experiencing craving or is about to relapse). Therefore, in
future research it would be more clinically relevant to assess attentional bias in nat-
ural settings using ecologically valid methods (e.g., experience sampling techniques)
(Field et al., 2014).

Although epidemiological studies have pointed to an increase in methamphet-
amine use in recent decades (UNODC, 2012), the majority of studies of attentional
bias and substance use have focused on alcohol or nicotine; a few studies have
addressed opiates and cocaine use; but methamphetamine use has not been consid-
ered. It would be beneficial in future research to research a wide range of substances
and their clinical implications.

Converging evidence from animal studies (George et al., 2012; Holmes and
Wellman, 2009) suggests that (a) impairment of prefrontal cortex (mPFC), which
is responsible for ECFs, and (b) overactivation of the central nucleus of the amygdala
is associated with excessive drinking and alcohol dependence. Similar findings have
been reported from neurological studies with alcohol abusers (Koob, 2009), indicat-
ing that impairment of the brain’s systems that are responsible for emotional
dysregulation are associated with poorer treatment outcomes in alcohol abuse.
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Therefore, attentional bias retraining under laboratory conditions might not benefit
alcohol-dependent people when they are in stressful situations. In other words, those
dependent on alcohol should perhaps receive some type of brain intervention prior to
receiving attentional bias modification.

Given the important role of attentional bias in addictive behaviors and the need
for interventions (both pharmaceutical and cognitive behavioral) to counteract the
bias, understanding the neural basis for successfully reducing the bias remains an
important, but as yet unanswered, question. In future research, methods such as
QEEG, ERP, or fMRI might be employed for brain mapping of cue reactivity to help
identify addictive dispositions at preclinical stages and to clarify the mechanisms
that underlie the development and maintenance of alcohol dependence or other types
of addictive behaviors.
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Abstract

Identifying effective pharmacological treatments for addictive disorders has remained an elu-
sive goal. Many different classes of drugs have shown some efficacy in preclinical models, but
the number of effective clinical therapeutics has remained stubbornly low. The persistence of
drug use and the high frequency of relapse is at least partly attributable to the enduring ability
of environmental stimuli associated with drug use to maintain behavioral patterns of drug use
and induce craving during abstinence. We propose that stimuli associated with drug use exert
such powerful control over behavior through the development of abnormally strong memories,
and their ability to initiate subconscious sequences of motor actions (habits) that promote
uncontrolled drug use. In this chapter, we will review the evidence suggesting that drugs of
abuse strengthen associations with cues in the environment and facilitate habit formation.
We will also discuss potential mechanisms for disrupting memories associated with drug
use to help improve treatments for addiction.
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INTRODUCTION
ROLE OF LEARNING AND MEMORY IN ADDICTION

Our brains are designed to learn. Learning about our environments and retrieving
accurate information from memory storage is critical to survival. All organisms to
some degree or another must learn where to find food, how to prepare it, how to find
shelter, and what predators to avoid. A variety of factors can influence how effec-
tively an individual acquires and stores new information, including availability of
attentional resources, motivation, and arousal. Drugs of abuse (at certain doses)
can positively affect all of these factors, increasing attention, motivation, and
arousal, so that the behaviors leading to drug use and the stimuli encountered during
drug exposure are strongly encoded. The ability of drugs of abuse to increase dopa-
mine signaling and the signaling of other neurotransmitter systems involved in learn-
ing and memory accounts for this oft-cited ability of drugs to “hijack” normal brain
systems (Abel and Lattal, 2001; Gipson et al., 2013; Milton and Everitt, 2012;
Nestler, 2013; Torregrossa et al., 2011).

During this period of initial drug use, memories surrounding drug use may be
forming and becoming exceptionally strong, but the drugs are used in a controlled
manner, and consumption is initiated with the goal of experiencing the reinforcing
effects of the drug. At this stage, individuals can readily refrain from drug use as
needed. However, with repeated use, the behaviors associated with consumption
can become automatic or habitual. Indeed, many experienced drug users describe
their drug-taking actions as “ritualistic.” Eventually, behaviors oriented towards
drug use become compulsive, such that use continues even if the individual no longer
feels that the drug is reinforcing or experiences adverse consequences.

Nevertheless, the majority of individuals suffering from an addiction eventually
recognize that they have a problem and will quit and abstain from use for some time.
Unfortunately, most individuals eventually relapse and ultimately endure multiple
cycles of abstinence and relapse throughout their lives. At this point, the strong mem-
ories about the people, places, and things (i.e., cues) associated with drug use can
induce craving or drug “wanting” that promotes relapse (Bossert et al., 2013;
Epstein et al., 2006; Torregrossa et al., 2011). Moreover, these cues may also initiate
the subconscious habitual behaviors associated with obtaining and taking drugs that
further increases the likelihood of relapse (Everitt and Robbins, 2005).

Therefore, the successful treatment of addictive disorders may require an ap-
proach that addresses neurobiological changes to learning and memory systems that
occurs as part of the addictive process. In this review, we will go over evidence sup-
porting the theory that drugs of abuse alter learning and memory, including Pavlov-
ian associative learning and habit formation. In addition, we will discuss factors that
may increase risk for drug-induced alterations in learning and memory. Finally, we
will describe possible approaches for treating addictive disorders by manipulating
learning and memory systems, and potential caveats to those approaches.
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DRUG-INDUCED ALTERATIONS TO LEARNING AND MEMORY
ASSOCIATIVE LEARNING

2.1.1 Clinical studies

One characteristic of addictive disorders is that substance use becomes more impor-
tant than relationships, work, or other activities. It has been hypothesized that this
shift in choice for drugs over natural rewards may be partially mediated by the com-
peting strength of drug-associated memories that overshadows memories associated
with other rewards. Therefore, one would predict that drug-associated memories are
either encoded more strongly or are retrieved more readily than other forms of mem-
ory. However, whether or not a new drug association forms a stronger memory than a
new memory for a natural reward has not been directly tested clinically. Neverthe-
less, several pieces of indirect evidence exist to suggest that this may true. For ex-
ample, in a study comparing brain response of cocaine-using individuals to controls
when confronted with a sexually arousing stimulus versus a cocaine stimulus the
cocaine-using individuals showed a greatly diminished response to the sexual stim-
ulus relative to controls, but showed robust brain activation when presented with a
cocaine-associated stimulus (Garavan et al., 2000). Thus, cocaine-associated mem-
ories may be so strong that they overshadow those of natural rewards.

Further support for the ability of drug-cue memories to overshadow other mem-
ories comes from studies examining the “overshadowing effect” in drug users. Over-
shadowing is a psychological phenomenon that occurs when learning about one cue
overshadows learning about another cue even when both cues are equally predictive
of reward. Drug users have been shown to exhibit overshadowing of neutral cues by
drug-associated cues, indicating that drug cues can interfere with learning about al-
ternative reinforcers (Freeman et al., 2012a,b). In addition, craving has been associ-
ated with the degree of attentional bias to drug-associated cues (Hogarth et al.,
2003a,b, 2006).

2.1.2 Preclinical studies

The clinical studies described above strongly support the hypothesis that drugs of
abuse engage associative learning processes that lead to the over valuation of
drug-associated cues. Substantial evidence also exists to suggest that similar phe-
nomena occur in animal models of addiction.

First, prior exposure to various drugs of abuse can facilitate subsequent associa-
tive learning about cues predictive of natural rewards, using Pavlovian approach,
conditioned reinforcement, and stimulus discrimination procedures (Hankosky
et al., 2013; Harmer and Phillips, 1998; Olausson et al., 2003, 2004a,b; Shiflett,
2012; Taylor and Horger, 1999; Taylor and Jentsch, 2001). In addition, drugs like
nicotine can enhance motivation to respond for presentation of visual cues (cf.,
Liu et al., 2007; Palmatier et al., 2007).
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Moreover, individual differences in innate associative learning ability also asso-
ciate with risk for addiction. For example, in previous studies we have found that
mice with high approach to a magazine delivering food reward specifically during
presentation of a predictive cue (high Pavlovian approach mice), have an impaired
ability to stop responding for alcohol when alcohol is no longer present (impaired
extinction), suggesting that these mice were innately more likely to form strong
memories about drug use (Barker et al., 2012). In addition, several studies from Fla-
gel and colleagues have demonstrated that rats that allocate their behavior towards
cues associated with food reward delivery (sign-trackers), as opposed to spending
their time interacting with the place of food delivery (goal-trackers), are at increased
risk for addiction-like behaviors (Flagel et al., 2008, 2009, 2010). Therefore, individ-
ual differences in appetitive associative learning may predispose individuals to form
strong drug-associated memories that promote the development of addiction.

TRANSLATING MEMORY TO ACTION

Both individual differences in associative learning and drug-induced enhancement of
associative learning circuits may promote the compulsive use and propensity to re-
lapse that characterizes addiction. However, even with the formation of strong drug-
cue memories, increased attentional bias and craving, ultimately the ability of cues to
stimulate drug seeking actions is critical to maintaining drug abuse. In other words, it
may be possible that environmental cues elicit strong drug memories, but with some
cognitive control it may be possible to inhibit drug taking. However, what if individ-
ual traits or chronic drug exposure increase the translation of memories into drug-
taking actions? Such effects would make abstaining from use even more difficult.

The ability of associative (i.e., Pavlovian) memories to invigorate actions aimed
at obtaining a reinforcer is studied experimentally using the Pavlovian-to-Instrumen-
tal Transfer (PIT) procedure. Similar to associative memory formation, preclinical
studies suggest that exposure to drugs of abuse promotes the expression of PIT.
For example, several studies have found that prior cocaine exposure, particularly
self-administered cocaine, can promote PIT for natural reinforcers, and that cocaine
cues can promote cocaine seeking (LeBlanc et al., 2012, 2013, 2014; Ostlund et al.,
2014). In addition, prior amphetamine exposure can also promote PIT (Shiflett,
2012; Wyvell and Berridge, 2001).

Fewer clinical studies have investigated whether or not PIT is enhanced in
chronic drug users. One recent report suggests that alcohol-dependent subjects dem-
onstrate greater PIT than healthy controls (Garbusow et al., 2014), and presentation
of cigarette packs can induce PIT in smokers (Hogarth et al., 2015). Interestingly,
plain, nonbranded packs, were not able to induce PIT in this study, suggesting that
features of a cue need to be consistent with their predictive relationship with drug
experience to induce PIT (Hogarth et al., 2015).

Additional clinical research is needed to fully elucidate the role of PIT-related
processes in the development of addiction. Moreover, we need to increase our
understanding of how individual differences in propensity for PIT may interact
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with drug exposure to promote addiction. For example, we have found that mice
with high trait PIT have facilitated habit formation and are more likely to prefer
an alcohol-paired environment even after being shocked in that environment
(Barker et al., 2014). These data suggest that innate differences in PIT may predict
one’s propensity to develop habitual or compulsive behavior. Further research
is needed to determine if innate traits and/or drug exposure promotes PIT and to
determine the neural substrates mediating the abilities of cues to potentiate drug-
taking actions.

HABIT FORMATION

Drugs of abuse not only promote associative learning processes, and the ability of
cues to invigorate actions, but may also promote the transition from goal-directed
actions to stimulus-response habits (Belin et al., 2013; Everitt and Robbins,
2005). Initially, learning to perform any action is guided by the outcome of that ac-
tion, which is often a reinforcer. However, with repetition or practice, behavior can
become habitual, where responses are induced by antecedent environmental stimuli
and are independent of their association with the outcome. Thus, habitual behaviors
continue even if the reinforcer is no longer valued, the action no longer predicts re-
inforcer delivery, or if the action prevents reinforcer delivery (Balleine and
O’Doherty, 2010). Thus, drug addiction is often conceptualized as a “bad habit” be-
cause drug use persists in the face of adverse consequences and is often triggered by
environmental stimuli (Barker and Taylor, 2014; Belin et al., 2013; Everitt and
Robbins, 2005; O’Tousa and Grahame, 2014; Robbins and Everitt, 1999). Moreover,
drugs of abuse stimulate dopamine release in critical prefrontal cortical and dorsal
striatal brain regions that are necessary for habit formation (Balleine and
O’Doherty, 2010; Barker et al., 2013; Coutureau and Killcross, 2003; Gourley
et al., 2013; Yin and Knowlton, 2006; Yin et al., 2006), allowing for the possibility
that drugs of abuse will strongly regulate both goal-directed actions and habitual re-
sponse strategies.

Indeed there is substantial preclinical evidence to suggest that drugs of abuse pro-
mote the formation of habit. For example, Dickinson and colleagues demonstrated
that a habitual response for an alcohol reinforcer or oral cocaine formed more quickly
than for a food reinforcer (Dickinson et al., 2002; Miles et al., 2003). More recently, a
study by Corbit and colleagues also found that alcohol habits form more rapidly than
a food habit (Corbit et al., 2012). In addition, chronic cocaine or amphetamine ex-
posure can promote habit formation for a nondrug reinforcer (Corbit et al., 2014;
LeBlanc et al., 2013; Nelson and Killcross, 2006, 2013; Nordquist et al., 2007). Even
brief exposure to cocaine in adolescence can promote the formation of habits later in
life (Hinton et al., 2014). Finally, studies have shown that while responding for co-
caine is initially goal-directed, cocaine seeking becomes habitual with sufficient
training (Olmstead et al., 2001; Zapata et al., 2010). However, it should be noted that
all of these studies have been conducted in males, and more research on the effects
of drugs of abuse on the circuitry regulating habits in females is warranted.
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For example, using a mouse model that allows dissociation of genetic versus gonadal
sex, we have found that genetic males are more likely to form habits for alcohol than
genetic females (Barker et al., 2010), but females are more likely than males to form
habits for food (Quinn et al., 2007).

In addition, other genetic and environmental factors may also influence habit for-
mation, and thus the progression to addiction. For example, studies in rodent models
have found that prior chronic stress or glucocorticoid exposure results in a more rapid
progression to habitual responding for food (Dias-Ferreira et al., 2009; Gourley et al.,
2012). Moreover, acute stress or acute glucocorticoid exposure +noradrenergic stim-
ulation in human subjects biases behavior toward habitual response strategies
(Schwabe and Wolf, 2009, 2010; Schwabe et al., 2010). Due to the fact that prior
stress exposure is a risk factor for developing addictive disorders, and that acute
stress is a strong driver of continued use and relapse after abstinence, it may be that
stress mediates increased risk and propensity to relapse through actions on corticos-
triatal habit circuitry (Guenzel et al., 2014; See and Waters, 2010; Sinha et al., 2011).

On the other hand, we have recently found that adolescents are resistant to form-
ing ethanol-seeking habits relative to adults, but nevertheless consume much more
ethanol (Serlin and Torregrossa, 2014). Adolescence is a known period of vulnera-
bility to developing substance use disorders, but our results suggest that this is not
due to premature habit development, but rather due to goal-directed reward seeking.
Nevertheless, exposure to drugs of abuse may promote habit development in adult-
hood, as has been shown for juvenile cocaine exposure (Hinton et al., 2014). Inter-
estingly, in the studies examining sex differences in habit formation mentioned
above, while we observed that genetic males formed ethanol-seeking habits faster
than genetic females, females consumed more ethanol in free access conditions
(Barker et al., 2010), indicating females may have had more goal-directed reward
seeking.

In addition, rats with high trait impulsivity that have been shown to exhibit many
addiction-like qualities, including compulsive responding for psychostimulants
(Belin et al., 2008; Dalley et al., 2007), nevertheless demonstrate a delay in the de-
velopment of behavioral control by dorsal lateral striatum dopamine systems
(Murray et al., 2014). Therefore, these animals either use different neural systems
to regulate compulsive drug seeking, or alternatively are highly goal-directed in their
drug seeking behavior. Indeed, drug seeking may involve both habitual and goal-
directed components, as one study has shown that cocaine seeking induced by
weakly associated contextual stimuli was habitual, but that cocaine seeking became
goal-directed in the presence of discrete cues strongly associated cocaine delivery
(Root et al., 2009). Similarly, we have found that habitual food seeking responses
(lever presses) become habitual with extended training, while food approach re-
sponses (food delivery port entries) remained goal-directed (Kimchi et al., 2009).
Moreover, one study found that an alcohol-paired context was sufficient to revert
otherwise goal-directed food seeking to habitual control, further indicating that drug
exposure and drug-associated cues can promote habitual response strategies (Ostlund
et al., 2010).
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Based on our current state of knowledge, drug addiction most likely involves both
highly goal-directed components involved in drug seeking, but that relapse after ab-
stinence or loss of control over use, such as in a binge, is due to reversion to habitual
behavior. Therefore, treatment strategies that can either reduce the ability of drug-
paired stimuli to induce habitual response patterns, or treatments that help individ-
uals regain cognitive control over their drug seeking may improve addiction therapy.

LEARNING AND MEMORY SYSTEMS AS ADDICTION
MEDICINE

OVERVIEW

As described above, cues associated with drugs of abuse can become strong drivers
of behavior and contribute to the development of addiction. Therefore, identifying
approaches that reduce the strength of drug-associated memories could aid in the
treatment of addiction at multiple levels. Interfering with the associative memories
directly, that is disrupting the associations between environmental cues and drug use,
is one strategy that has received increased attention over the past several years.
Traditionally, acquisition, consolidation, and retrieval have been considered the
three cornerstones of the learning and memory process. However, more recently,
research has examined what happens to memories during and after retrieval. First,
several studies have established that in the process of retrieving information
from long-term storage the memory becomes “destabilized.” That is, the molecular
mechanisms supporting the memory are reactivated and the memory becomes labile
and subject to disruption. Once the memory is destabilized, it is then restored, or
“restabilized” in long-term memory in a process termed reconsolidation, which
requires many of the same molecular mechanisms essential for initial consolidation
(Duvarci and Nader, 2004; Finnie and Nader, 2012; Nader et al., 2000; Taylor et al.,
2009; Tronson and Taylor, 2007). Every time a drug-associated memory is retrieved
and reconsolidated into long-term memory the reconsolidation process may also be
stronger resulting in progressively more invasive drug-associated memories with re-
peated use (Lee, 2008; Sara, 2000; Sorg, 2012; Tronson and Taylor, 2007; Tronson
et al., 2006). Ultimately, this may make drug-associated memories particularly dif-
ficult to disrupt, but amenable to pharmacological methods for inhibiting the recon-
solidation process. In addition, exposure to cues in the absence of drug, either
repeatedly or for a prolonged period of time, can lead to formation of a new
“extinction” memory. An extinction memory is a new memory that a cue is not as-
sociated with drug use, and this new memory interferes with the expression behaviors
associated with the original memory (Holmes and Quirk, 2010; Peters et al., 2009;
Quirk and Mueller, 2008; Taylor et al., 2009; Torregrossa and Taylor, 2012).
Pharmacological manipulations can affect all phases of memory, including ex-
tinction and reconsolidation processes, to either enhance or strengthen the memory
or to make it weaker or even forgotten. In the next sections, we will discuss some of
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the behavioral and pharmacological approaches that show promise for potentially
improving the treatment of addictive disorders.

RECONSOLIDATION

Several reviews have discussed the molecular mechanisms underlying the reconso-
lidation of memories, including memories associated with exposure to drugs of abuse
(Lattal and Wood, 2013; Milton and Everitt, 2010; Sorg, 2012; Taylor et al., 2009;
Torregrossa and Taylor, 2012). In this section, we will focus on clinically available
pharmacological agents with substantial supporting preclinical data supporting their
development as memory-based addiction treatments.

One of the most widely studied manipulations of reconsolidation, both preclini-
cally and clinically, is the inhibition of f-adrenergic receptors (BARs). Notably, the
clinically available BAR antagonist propranolol, administered systemically in ani-
mal models, can interfere with drug memory reconsolidation (Bernardi et al.,
2006; Milton et al., 2008). Therefore, propranolol has the potential to be a clinically
viable treatment for addiction. Indeed, one pilot clinical study in cocaine-dependent
subjects indicates that under certain conditions postretrieval propranolol can reduce
subsequent cocaine craving (Saladin et al., 2013). Several other clinical studies have
supported the potential utility of propranolol-induced disruption of reconsolidation
in fear-associated disorders, such as posttraumatic stress disorder (Soeter and
Kindt, 2011).

In addition to BAR antagonists, several other classes of compounds are approved
for use in humans and have demonstrated some ability to disrupt the reconsolidation
of drug-associated memories in rodent models. For example, the anxiolytic GABAa
receptor agonist midazolam can disrupt reconsolidation of a morphine conditioned
place preference memory (Robinson and Franklin, 2010; Robinson et al., 2011).
However, the efficacy of midazolam seems to be highly dependent on the strength
and age of the memory, and the physiological state of the animal, including being
morphine dependent or under stress (Bustos et al., 2010; Robinson and Franklin,
2010; Robinson et al., 2011). Therefore, midazolam may only be effective for very
weak and recent memories that are easily destabilized. Further, preclinical research
is needed to determine if midazolam is effective in drug self-administration models
and in clinically relevant situations, such as disrupting very strong and well-
established memories associated with drug use.

Finally, several studies have pointed toward the effectiveness of inhibiting the
mTOR signaling pathway with rapamycin to interfere with drug memory reconsoli-
dation (Barak et al., 2013; Lin et al., 2014; Shi et al., 2014). mTOR signaling
regulates protein translation, cell growth, and mitochondrial activity. Targeting com-
ponents of the mTOR signaling pathway has been of great clinical interest, and rapa-
mycin has been approved for use in humans for a number of years (Lamming, 2014).
Importantly, rapamycin can be given systemically postmemory reactivation to disrupt
reconsolidation allowing the possibility of using rapamycin as a targeted treatment for
maladaptive memory-based disorders (Glover et al., 2010; Mac Callum et al., 2013).
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As with any reconsolidation-based treatment for addiction, rapamycin would have to
be given after reactivation of the specific memories to be targeted in a controlled en-
vironment. To date, neither rapamycin, midazolam, or any other compound proposed
to disrupt reconsolidation has been tested clinically in the treatment of addiction, but
we anticipate a proliferation of these studies in the future given the availability of clin-
ically approved compounds.

EXTINCTION

In addition to reconsolidation disruption, drug-associated memories can also be
weakened through the process of extinction. Clinical studies have demonstrated that
extinction can reduce some of the conditioned physiological effects induced by drug
cues and reduces reported subjective levels of craving (Foltin and Haney, 2000;
O’Brien et al., 1993). However, clinical cue extinction approaches have generally
been ineffective (Conklin and Tiffany, 2002). Therefore, more recent research has
focused on potential pharmacological manipulations that might be used in conjunc-
tion with extinction to help individuals maintain abstinence. For example, much
attention has been given to enhancing the consolidation of extinction learning with
the cognitive enhancer p-cycloserine (DCS) (Davis et al., 2006; Myers and Carlezon,
2012).

DCS is a positive modulator of NMDA receptor signaling, acting as a partial
agonist at the glycine site of the receptor. DCS can enhance learning in a variety
of paradigms, including extinction of drug-associated memories (Botreau et al.,
2006; Nic Dhonnchadha et al., 2010; Paolone et al., 2009; Thanos et al., 2009,
2011; Torregrossa et al., 2010). DCS is safe to give clinically and has been assessed
in a number of studies in human subjects. DCS has proven effective in some anxiety
disorders, including specific phobias (Ressler et al., 2004), and has shown some
promise in reducing cue reactivity in smokers (Santa Ana et al., 2009). However,
the majority of clinical studies have not found DCS to be an effective adjunct to
extinction-based therapy, including studies in cocaine- and alcohol-dependent sub-
jects (Hofmann et al., 2012; Price et al., 2012; Watson et al., 2011). Nevertheless,
no clinical studies have yet administered DCS after the extinction sessions to assure
that individuals achieve significant levels of extinction learning prior to receiving this
memory-enhancing drug. Therefore, it is possible that in these studies competing
reconsolidation processes were also being enhanced by DCS treatment, masking any
potential benefit. Indeed, depending on the conditions DCS can either enhance
reconsolidation or enhance extinction (Lee et al., 2006). Therefore, careful design of
clinical studies is warranted. Preferably, other targets will be found for extinction en-
hancement that do not also possess the potential to strengthen memory reconsolidation.

To date the majority of other pharmacological agents tested for extinction enhanc-
ing effects are other cognitive enhancing agents also acting on the glycine site of the
NMDA receptor, such as p-serine, or AMPA receptor potentiators. D-serine is more
potent than DCS, and has been shown to facilitate extinction in a number of studies
(Hafenbreidel et al., 2014; Hammond et al., 2013; Kelamangalath and Wagner,
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2010). In addition, the AMPA receptor positive allosteric modulator PEPA also
produces cognitive enhancing effects and can facilitate the extinction of instrumental
cocaine seeking in a self-administration paradigm (LaLumiere et al., 2010, 2012).
In fear conditioning paradigms, the effects of PEPA are selective to extinction, not
enhancing the reconsolidation of fear memories (Yamada et al., 2009). Therefore,
PEPA may overcome the problem with DCS, that addictive memories may be unin-
tentionally strengthened through reconsolidation mechanisms. However, the ability
of PEPA to affect drug memory reconsolidation has not yet been tested.

Finally, another promising class of compounds that may selectively enhance ex-
tinction learning are histone deacetylase (HDAC) inhibitors. Gene expression is
tightly controlled by the regulation of chromatin in the nucleus. Chromatin consists
of DNA wrapped around histone proteins, and modification of histones by acetyla-
tion and methylation can condense or relax chromatin around specific genes to allow
transcription. Histone modifications are dynamic and are known to regulate learning
and memory processes. Histone acetylation generally creates a permissive gene tran-
scription state, and maintaining histone acetylation with HDAC inhibitors can en-
hance learning and memory (Jarome and Lubin, 2013; Lattal and Wood, 2013;
Lubin et al., 2011). Nonspecific HDAC inhibition with sodium butyrate given after
cocaine conditioned place preference extinction sessions facilitates extinction and
reduces subsequent reinstatement of preference induced by re-exposure to cocaine
(Malvaez et al., 2010). However, sodium butyrate can potentially enhance associa-
tive learning about cocaine (Itzhak et al., 2013; Raybuck et al., 2013), suggesting that
the administration of sodium butyrate would have to be closely monitored in clinical
settings. A more specific HDAC3 inhibitor, however, holds promise as a potential
extinction enhancing agent that can promote extinction and reduce reinstatement
of a conditioned place preference for cocaine (Malvaez et al., 2013). Future studies
in self-administration models will provide further evidence to support testing mod-
ulators of histone acetylation in clinical studies.

RESTORING GOAL-DIRECTED BEHAVIOR

Finally, it may be possible to interfere with the expression of habitual and compul-
sive drug use to help individuals maintain abstinence. Theoretically, reducing the
strength of cue-drug associative memories through either reconsolidation or extinc-
tion mechanisms will disrupt the ability of these cues to induce habitual patterns of
behavior (Fig. 1). However, little research has been conducted to directly test
whether or not memory manipulations interfere with habitual behaviors or if habit
memories are capable of disruption. To date, the majority of studies have assessed
drug place preference or operant self-administration under conditions that do not re-
sult in habit formation (Corbit et al., 2012; Economidou et al., 2009; Olmstead et al.,
2001; Zapata et al., 2010). Therefore, it is difficult to know if any of the manipula-
tions listed above are effective under conditions of habitual or compulsive drug seek-
ing. In addition, it is only possible to assess habit if the action-outcome contingency
or value of the outcome is disrupted. Thus, in animal studies where the value of the
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Model for reconsolidation interference as addiction medicine
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The destabilization—restabilization process in cocaine-cue memory reconsolidation.

A theoretical framework for the impact of prediction error on destabilization and
reconsolidation of a cocaine-cue memory and subsequent effects on drug seeking and
expression of habitual behaviors.

drug presumably remains high, restoration of goal-directed behavior might be pre-
dicted to increase rather decrease drug seeking. There is, therefore, a need for more
animal studies testing whether memory manipulations or manipulations targeting
habit circuitry can reduce drug seeking in models where the drug is associated with
adverse consequences (e.g., foot shock). One study has found that the cystine pro-
drug, n-acetylcysteine, which can promote extinction of drug seeking (Zhou and
Kalivas, 2008), and has demonstrated some clinical efficacy in addiction treatment
(cf., LaRowe et al., 2013; Mousavi et al., 2015), can also restore goal-directed food
seeking behaviors after cocaine exposure (Corbit et al., 2014). Additional studies are
needed to further explore the relationship between memory modulating agents and
the expression of habitual behaviors.

Few studies have explicitly tested whether or not restoring goal-directed behavior
can reduce drug seeking or treat addiction. However, using a compulsive drug seek-
ing model where rats are periodically punished for drug seeking with a foot shock,
Economidou and colleagues demonstrated that treatment with the norepinephrine re-
uptake inhibitor atomoxetine reduced compulsive cocaine seeking (Economidou
etal.,2009). In addition, systemic administration of the dopamine D2 receptor partial
agonist aripiprazole, also reduces compulsive cocaine seeking. Thus, activating D2
receptors may help reduce habitual or compulsive drug use and similar effects may
also be observed by antagonizing dopamine D1 receptors (Barker et al., 2013; Nelson
and Killcross, 2013). Unfortunately, clinical laboratory studies of smokers or cocaine
users have not found any therapeutic potential for D2 agonists or D1 antagonists
(Haney et al., 1998, 2001, 2011; Lofwall et al., 2014). However, it should be noted
that in these studies the value of cocaine or cigarettes was not explicitly manipulated,
so if goal-directed behavior was restored, individuals may have maintained or in-
creased goal-directed drug seeking. Therefore, any treatments aimed at interfering
with habitual behavior will have to be given in conjunction with explicit behavioral
treatment paradigms that emphasize the negative consequences of drug use.
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SPECIAL CONSIDERATIONS FOR MEMORY MANIPULATIONS
IN THE TREATMENT OF ADDICTION

OVERVIEW

The sections above described many examples of potentially clinically applicable
treatments for addictive disorders based on altering learning and memory systems.
However, all of these approaches rely on combining some sort of behavioral inter-
vention or laboratory manipulation with the administration of the therapeutic agent.
Treatments based on learning and memory cannot be given as a daily pill as is typical
for treatments of other chronic disorders. In some circumstances, this may be an ad-
vantage of memory-based treatments as concerns about medication compliance and
side effects induced by chronic use would be mitigated. However, memory-based
strategies do require substantial experimentation to determine the ideal conditions
for memory disruption, including duration of cue exposure, timing of medication,
frequency of intervention, to name a few. The sections below will briefly describe
some of the considerations that need to be addressed for the successful implemen-
tation of memory-based interventions as addiction medicine.

TARGETING DRUG MEMORY DESTABILIZATION MECHANISMS?

An additional possible approach would be to use behavioral methods to selectively
enhance memory destabilization to make a drug-cue memory more sensitive to sub-
sequent disruption by amnestic agents. As discussed above, according to theories of
reconsolidation, a drug-CS memory may become destabilized by a CS reminder
(memory reactivation). Destabilization pushes the CS to a labile state, in which
the memory is subject to modification prior to being restabilized. Memory destabi-
lization is a fundamental constraint in reconsolidation that has been only studied
within the context of nondrug memories. There has been little work to establish
the neurobehavioral triggers of cocaine memory destabilization, but conditions that
require new information to be integrated into the existing memory appear to be im-
portant (cf., Lee, 2009; Sevenster et al., 2013; Tronson and Taylor, 2013). Indeed,
we, and others, have recently hypothesized that a prediction error (PE) triggered
by a difference between predicted outcomes and the actual outcomes experienced
specifically engages destabilization (Exton-McGuinness et al., 2015). Expectancy-
based error correction processes are common to most theories of associative
learning, and are argued to be a factor in drug-associated learning mechanisms
(cf., Corlett and Taylor, 2013; Corlett et al., 2009; Tronson and Taylor, 2013). Inter-
estingly, cocaine use disorders have been associated with possible deficits in nega-
tive PE signals (Parvaz et al., 2015) and thus manipulating PE directly in addicts may
aid in abstinence. If, for example, memory destabilization could be enhanced,
amnestic agents could be used to more persistently or effectively block memory
restabilization. We hypothesize that behavioral interventions could be used to en-
hance PEs to render a CS-drug memory labile and subject to modifications to reduce
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the strength of the memory. We have previously shown that the strength of a cocaine-
cue memory can be reduced by administering an amnestic agent following reactiva-
tion of the cocaine-cue memory in the absence of the US, which may result in a
negative PE (Sanchez et al., 2010; Wan et al., 2014). Therefore, we hypothesize that
the ability to behaviorally induce and/or enhance the destabilization of cocaine-cue
memories through PE manipulation could be a key factor for the efficacy of subse-
quent or combined pharmacological therapies that aim to disrupt reconsolidation
process and weaken maladaptive drug memories (see Fig. 1).

MEMORY SPECIFICITY AND BOUNDARY CONDITIONS

One concern often expressed about using reconsolidation inhibitors to treat any dis-
order is the possibility that other important memories will also be disrupted. This is
certainly a valid concern, and any manipulation used to disrupt reconsolidation
should be thoroughly tested in animal models for memory specificity. However,
in general, reconsolidation disruption seems to be fairly specific to the manipulated
memory, with studies in fear conditioning demonstrating that protein synthesis inhi-
bition only disrupts reconsolidation of reactivated conditioned stimulus memories,
but not memories for other conditioned stimuli that were not reactivated (Debiec
et al., 2006). Moreover, we have seen similar effects for a cocaine-associated mem-
ory, where disruption of memory reconsolidation with PKA inhibition, did not affect
the ability of the rats to remember to press the lever in a test of cocaine-primed re-
instatement (Sanchez et al., 2010). In addition, several studies have indicated remote
or strongly encoded memories are harder to destabilize and are less subject to recon-
solidation disruption than newer memories (Bustos et al., 2009; Inda et al., 2011;
Raybuck and Lattal, 2014). Therefore, established biographical memories, for exam-
ple, may be unlikely to be destabilized and disrupted by reconsolidation
manipulations.

On the flip side, one could argue that memories associated with drugs of abuse are
often very strongly encoded, and are remote after years of use. Individuals may also
have many memories associated with drug use, such that a more generalized disrup-
tion of all drug memories would be desired. Future studies are certainly warranted to
address these issues in the addiction field.

PERSISTENCE OF EFFECTS

A critical potential limitation to reconsolidation and extinction manipulations is that
any positive effects that are observed are unlikely to be long lasting. Persistence of
effects is certainly a concern for extinction-based therapies, as extinction is known to
be a temporary phenomenon with the expression of the original memory returning
with time: a process known as spontaneous recovery, and with exposure to a context
not associated with extinction: a process known as renewal (Bouton et al., 2006;
Torregrossa et al., 2010, 2013). In addition, while reconsolidation disruption is the-
oretically a more permanent manipulation, the persistence of reconsolidation
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manipulations is often not assessed. Moreover, memories can easily be
re-established or new memories formed with re-exposure to the drug of abuse. There-
fore, successful addiction treatment may require multiple intermittent memory ma-
nipulation sessions to maintain abstinence, and to potentially address new memories
over time. Developing and implementing a maintenance treatment plan is likely to be
critical for the long-term success of memory-based therapies for addiction.

RESTORATION OF GOAL-DIRECTED DRUG SEEKING?

Finally, as mentioned above, efforts to inhibit habitual patterns of drug use or to
regain goal-directed control of behavior must be carefully considered. If individuals
do not perceive continued drug use as problematic, then enhancing goal-directedness
is likely to just maintain or even increase drug use. For example, adolescents
responding for alcohol display highly goal-directed motivation for much larger quan-
tities of alcohol than adults expressing habitual behavior (Serlin and Torregrossa,
2014). Therefore, manipulations aimed at disrupting habit in human subjects will
likely need to be conducted in conjunction either with agents that reduce the value
of drug use or behavioral therapies that emphasize the negative consequences of con-
tinued use. More research is needed to determine the effectiveness of these ap-
proaches. Nevertheless, reconsolidation- or extinction-based therapies that
interfere with stimulus-response associations may still help individuals refrain for
initiating use or engaging in uncontrolled use, such as in a binge.

CONCLUSIONS AND FUTURE DIRECTIONS

Considering the burden of addictive disorders on society and the scarcity of effective
treatments, new approaches for addiction medicine are certainly warranted. As
reviewed above, drugs of abuse produce profound effects on the brain’s learning
and memory systems that control motivated behavior (Jentsch and Taylor, 1999).
Identifying manipulations that can reverse the strong hold drug-associated memories
have on behavior could greatly improve rates of abstinence and help individuals
regain control over intake. Preclinical studies largely support the use of memory-
based approaches to treat addiction, and several clinical studies suggest the potential
utility of these treatment strategies. We argue that one novel approach would be to
enhance memory lability, by triggering memory destabilization, thereby rendering
cocaine-cue memories more sensitive to subsequent disruption by amnestic agents,
and consequently to persistently reduce relapse triggered by drug-cue memories.
Nevertheless, substantial research is still needed to determine the conditions under
which memory manipulations are most effective, how long these manipulations
maintain effectiveness, and to ensure that unintentional increases in drug memory
strength or goal-directed drug taking do not occur.
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Abstract

Drug craving is a dynamic neurocognitive emotional-motivational response to a wide range of
cues, from internal to external environments and from drug-related to stressful or affective
events. The subjective feeling of craving, as an appetitive or compulsive state, could be con-
sidered a part of this multidimensional process, with modules in different levels of conscious-
ness and embodiment. The neural correspondence of this dynamic and complex phenomenon
may be productively investigated in relation to regional, small-scale networks, large-scale net-
works, and brain states. Within cognitive neuroscience, this approach has provided a long list
of neural and cognitive targets for craving modulations with different cognitive, electrical, or
pharmacological interventions. There are new opportunities to integrate different approaches
for carving management from environmental, behavioral, psychosocial, cognitive, and neural
perspectives. By using cognitive neuroscience models that treat drug craving as a dynamic and
multidimensional process, these approaches may yield more effective interventions for addic-
tion medicine.
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CHAPTER 7 Neuroscience of drug craving for addiction medicine

Keywords
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INTRODUCTION

Substance use disorder as a brain disease is characterized by persistent drug-
seeking and drug-taking behaviors despite significant negative consequences in
physical, emotional, social, and occupational aspects of the individual’s life
(Shariatirad et al., 2013; Volkow et al., 2011). Drug craving is considered by many
researchers to be one of the main driving forces of drug-taking behaviors (Anton,
1999; Kassel and Shiffman, 1992; Robinson and Berridge, 1993). In spite of grow-
ing interest in craving which led to its consideration as one of the criteria for sub-
stance use disorders in DSM-5, there is a lack of consensuses about its definition
(Sayette et al., 2000) and underlying causes (Drummond, 2001). This controversy
may arise from insufficient understanding of the phenomenon. Common psycho-
logical perspectives describe craving as a subjective motivational state in which
an individual experiences an intense urge to engage in a behavior (here drug use),
especially when that behavior is not in accord with longer range interests and
goals. However, while the subjective state of wanting is important in most concep-
tions of craving, modern theorists have argued that it is only one component of
craving. The complete mental entanglement of craving can include a variety of
related phenomena such as memories (specific episodes of past use), positive ex-
pectancies, difficulties in concentration (on things other than the target of the
craving), heightened attention to substance-related stimuli, particular interpreta-
tions of physiological reactions that can occur in response to substance cues, and
actual automatic behavior associated with substance use (Maarefvand et al., 2013;
Tiffany, 1990).

The ambiguity of craving is not limited to its definition. Different interventions
such as mindfulness relapse prevention (Witkiewitz et al., 2005), attentional
bias modification (Cox et al., 2014; Field et al., 2014), pharmacological treat-
ments (Dackis et al., 2005; Johansson et al., 2006), and non-invasive brain
stimulation (NIBS) (Gorelick et al., 2014; Shahbabaie et al., 2014) designed to
manage craving and subsequently prevent relapse, target only some aspects of
drug craving. Moreover, there is little evidence regarding interactions between
these interventions and particular aspects of drug craving. Identification of these
interactions could point a way forward by suggesting complimentary interventions
that address distinct components of craving (a difficult task in real-life addiction
medicine settings).

In recent years, the methods of cognitive neuroscience are increasingly being used
to study cognitive processes underlying different psychiatric disorders including
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substance use disorders. Neuroimaging techniques, such as functional magnetic reso-
nance imaging (fMRI) and positron emission tomography, have been widely used to
identify neural correlates of craving (Ekhtiari et al., 2008; Tabatabaei-Jafari et al.,
2014). This naturally raises the question, “Do the advances of neuroscience provide
a bases from which to update existing models of drug craving, and to develop more
effective neurocognitive treatments for addiction medicine?”” (Ekhtiari, 2010).

MODELS OF DRUG CRAVING: FROM BEHAVIORAL TO
COGNITIVE PERSPECTIVES

Investigators from different perspectives have advanced conceptual accounts of the
nature of craving and its associated conditions, as well as its underlying causes. Most
of the models can be divided into two main categories: conditioning theories and
cognitive theories (Singleton and Gorelick, 1998). Conditioning theories consider
craving to be Pavlovian responses that occur as a result of continuous pairings of
the effects of a psychoactive substance in the brain with presented environmental
cues. These conditioned responses can result from repeated pairing of stimuli with
positive effects of substance use (appetitive, substance-like models) (Stewart et al.,
1984), or the alleviation of negative effects of withdrawal (compulsive, withdrawal-
like models) (Ludwig et al., 1974; Siegel, 1989), or can happen because of incentive
motivational features of a substance that sensitize the brain and subsequently change
the perception of cues and make the substance wanted (incentive-sensitization
model) (Robinson and Berridge, 1993).

In contrast, cognitive theories are based on the assumption that responses to
substance-related cues involve various cognitive processes. According to these the-
ories, craving either is mediated by beliefs and expectations about the positive effects
of substance use, such as pleasure, relaxation, or relief from negative effects of with-
drawal (cognitive — behavioral model) (Larimer et al., 1999), or considered as an
automatic cognitive processes elicited when substance use is impeded (cognitive
model of drug urges and drug use behavior) (Tiffany, 1990).

Conditioning theories have been influential in the development of cue-exposure
treatments, while cognitive theories have been the basis for other cognitive therapies
of substance use disorders (Drummond, 2001).

Although all these models have tried to explain the nature of craving, none of
them provide a complete explanation of the multidimensional phenomenon of crav-
ing. In recent years, neuroscience has identified associations between craving and
brain regions, networks, and cognitive functions. Building on these findings, an
extended explanation can be provided which takes into account varied components
of craving and links neural mechanisms to cognitive and behavioral functions and
environmental factors.
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NEUROCOGNITIVE BASIS OF DRUG CRAVING: REGION-
BASED PERSPECTIVE

In recent years, advances in neuroscience methodologies, and particularly in brain-
imaging techniques, have allowed better understanding of drug craving by linking
the processes involved in craving to certain brain pathways. There are about 200
functional neuroimaging studies, mainly fMRI, which investigated craving with
cue-reactivity paradigms among different populations with substance use disorders.
Cue-reactivity paradigms generally involve exposure of substance or stress/
emotional-related cues in block or event design during image acquisitions.

As it has been shown in Table 1, drug craving could be considered a multidimen-
sional phenomenon associated with a range of neurocognitive functions. The main
cognitive processes elicited during cue exposure can be categorized into six different
domains spreading from bottom-up perceptual processes to top-down regulatory
executive ones (Table 1). These processes involve a wide range of activities in
different subcortical and cortical regions and can be activated in different levels
based on various individualized factors such as severity and longevity of the disorder
and current status of drug use (e.g., recreational user, active user, treatment seeker or
abstinent) (Jasinska et al., 2014).

NEUROCOGNITIVE BASIS OF DRUG CRAVING:
NETWORK-BASED PERSPECTIVE

It has been shown that many cognitive functions result from the coordinated activa-
tions of different brain regions as a network, and therefore many neurological and
psychiatric diseases likely reflect abnormality in brain networks (Fox et al., 2012;
Lerman et al., 2014). Therefore, in order to better understand the neurocognitive ba-
sis of substance use disorder (and particularly of drug craving), we need to consider
links between craving phenomena and brain network activity. From a networks per-
spective, the integrity of network interactions and disrupted functional connectivity
between them can provide us with clues about the neurocognitive dysfunctions of
addiction, and potential targets for effective interventions.

There are various functional brain networks suggested to be involved in different
cognitive functions. Six well-known brain networks could explain the main cognitive
functions involved in the cue reactivity among drug users as follows (DeWitt et al.,
2015; Janesetal., 2015; Lerman et al., 2014; Potvin et al., 2015; Robbins et al., 2008;
Seo and Sinha, 2014).

STRIATAL-LIMBIC NETWORK

A common characteristic of most substance of abuse is their ability to increase extra-
cellular dopamine concentration in ventral striatum, amygdala, hypothalamus, and
orbitofrontal cortex which are innervated by dopaminergic projections from the ventral



Table 1 Cognitive Dimensions and Functions Associated with Cue-Elicited Drug Craving and Their Corresponding Brain Areas
Among People with Substance Use Disorders Based on Imaging Studies Using Cue-Reactivity Paradigms

Domain

Perception

Action and
motor
functions

Subdomains

Sensory processing
and perception

Object recognition
and classification

Sensory imagery

Interoception

Motor preparation
and imagery

Motor planning

Motor initiation and
execution

Habitual responses

Possible Related Regions

Middle occipital gyrus (Charboneau et al., 2013; Chase
et al., 2011), lingual gyrus (Engelmann et al., 2012; Park
et al., 2007), cuneus (Charboneau et al., 2013)

Inferior temporal cortex (Park et al., 2007), fusiform gyrus
(Due et al., 2002)

Primary and secondary sensory cortices (Kilts et al., 2001)

Insular cortex (Goudriaan et al., 2010)

Primary motor cortex (Smolka et al., 2006), premotor
cortex (Smolka et al., 2006), supplementary motor area
(Smolka et al., 2006), precuneus (Engelmann et al., 2012)

Inferior parietal lobule (Garavan et al., 2000), superior
parietal lobule (Garavan et al., 2000), posterior middle
temporal gyrus (Yalachkov et al., 2009), inferior temporal
cortex (Yalachkov et al., 2009)

Dorsal striatum (McClernon et al., 2009), primary motor
cortex (McClernon et al., 2009)

Dorsal striatum (Volkow et al., 2006), cerebellum (Wang
et al., 2013)

Possible Relations to Cue Reactivity

Enhanced activity in visual cortex is consistently
observed in studies using visual cues. Given top-down
influences over visual processing and evidence that
higher value targets recruit greater visual activation, it is
likely that cue value mediates this effect.

The users probably acquire an object recognition and
classification expertise for cues associated with their
substance of abuse. This expertise helps them to have
an efficient access to the semantic knowledge, which
may in turn enhance processing of substance cues.

Imagery carries the emotional qualities of the desired
event and also mimics expected pleasure or relief.
Continual elaboration of the imagery can elicit craving
and trigger mechanisms of substance use.

Interoceptive processes lead to perception of cue-
evoked conditioned feeling states, providing the
subjective feeling of drug craving.

Drug cues cause motor cortex activity, because the
resulting action is habitually overlearned. Also,
anticipation can act as a conditioned stimulus triggering
motor mechanisms related to drug administration.

Motor planning mechanisms link perception and action
by integrating sensory and motor signals which are the
processing of spatial representations for reaching and
grasping of drug-related objects and sensory guidance
of movements.

Regular exposure to drug-related cues can help the
development of automatized actions related to initiation
and execution of consuming drugs. These actions can
raise the probability of performing drug-taking actions
when addicts view drug-related cues.

Habitual response can be operationalized, as stimulus—
response links (often contrasted with response—
outcome links that serve value-based action) are
important in compulsive drug seeking and drug taking.

Continued



Table 1 Cognitive Dimensions and Functions Associated with Cue-Elicited Drug Craving and Their Corresponding Brain Areas
Among People with Substance Use Disorders Based on Imaging Studies Using Cue-Reactivity Paradigms—cont'd

Domain

Learning
and
memory

Attention

Executive
cognitive
control

Subdomains

Emotional memory
retrieval

Procedural memory
retrieval

Sensory attention

(mainly visual)

Attention shifting
(bias)

Goal setting, error
detection, and
monitoring

Execution of goal-
directed behavior

Self-referential
processing

Response inhibition

Possible Related Regions

Amygdala (Grant et al., 1996), hippocampus (Lou et al.,
2012)

Cerebellum (Wang et al., 1999), dorsal striatum (Volkow
et al., 2006)

Lingual gyrus (Engelmann et al., 2012), fusiform gyrus
(Engelmann et al., 2012), precuneus (Engelmann et al.,
2012)

Superior temporal gyrus (Luijten et al., 2011), superior
parietal cortex (Luijten et al., 2011), anterior cingulate
cortex (Luijften et al., 2011)

Anterior cingulate cortex (Goldstein et al., 2007)

Orbitofrontal cortex (Bonson et al., 2002), dorsolateral
prefrontal cortex (McBride et al., 2006)

Anterior cingulate cortex (Moeller et al., 2014), posterior
cingulate cortex (Mel'nikov et al., 2014), precuneus
(Mel'nikov et al., 2014)

Inferior frontal gyrus (Prisciandaro et al., 2014)

Possible Relations to Cue Reactivity

Drug-related cues can trigger retrieving of drug-
associated memories and their affective/motivational
value. This increases the degree of vulnerability of drug
users to relapse.

Procedural memories can contribute to learning and
formation of drug use behavior, which in turn will be
triggered by drug-related cues.

Drug-related cues can have effects like rare targets on
brain, which lead to activate brain systems important for
highlighting relevant and meaningful stimuli in the
environment.

Because of an enhanced early processing of drug cues,
the sensory representations of drug-related cues
activate and trigger robust attentional biases in drug
users. These biases can lead to decision-making and
motor responses that increase the chance of
drug-seeking behavior.

Substance users, as a group, exhibit deficits in the goal-
based attentional control, which includes checking error
behaviors (conflicts) and correcting actions. Goal-setting
processes and error detection and monitoring are
activated during cue exposure. Disrupted processing
can result in impulsive behaviors that lead to drug-taking
behaviors.

By integrating sensory inputs that are triggered by drug-
related cues, reward expectation and motivation, and
homeostatic signals about the current state and needs of
the person, the behavior for obtaining desired outcomes
will be selected and executed.

Substance users have deficits in appraising the
motivational significance of errors and self-referential
processing. This may reduce concern about negative
outcomes of behaviors, which can in turn lead them to
greater drug use.

Individuals with substance use disorders sometimes try
to inhibit their cravings when confronted with drug-
related cues.



Emotion

Motivation

Emotion generation

Emotion regulation

Prediction and
anticipation of
reward and
punishment
Appetitive
motivation

Amygdala (Courtney et al., 2015), limbic system (Courtney
et al., 2015)

Anterior cingulate cortex (Goldstein et al., 2007), inferior
frontal gyrus (Goldstein et al., 2007), medial orbitofrontal
cortex (Goldstein et al., 2007)

Orbitofrontal cortex (Goldstein et al., 2007), dorsolateral
prefrontal cortex (Muller-Oehring et al., 2013), posterior
cingulate cortex (Muller-Oehring et al., 2013)

Ventral striatum (David et al., 2007), amygdala (Brody
et al., 2002), orbitofrontal cortex (Brody et al., 2002)

Drug-related cues in environment are recognized as
immediate sources of pleasure and reward and increase
the arousal of substance users, and produce intense
positive and or negative emotions related to the
appetitive/aversive nature of craving.

Substance abusers try to control their emotions elicited
by exposure to drug cues or internal/external stressors.

The anticipation of receiving rewards and expectation of
availability of drug in the immediate future can be
activated in cue exposure and contribute to feelings of
craving.

Appetitive motivation toward drugs is created by
classical conditioning. Through associative (classical)
conditioning, abusers recognize drug cues as pleasant
stimuli. This enhanced motivation encourages addicts to
procure drugs and results in craving sensations and
drug-seeking responses.
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tegmental area (Hyman et al., 2006). This circuit originally responds to natural rewards
such as food or sex, but drugs of abuse can also activate reward processing in these
regions, establish reward-related memories, and promote the actions leading to the
reward (Everitt and Robbins, 2005). Also, it has been demonstrated that most midbrain
dopaminergic neurons show phasic firing following conditioned visual, auditory, and
somatosensory reward-predicting stimuli (Schultz, 2007) and the activity of the neu-
rons is briefly depressed by stimuli predicting the explicit absence of reward. There-
fore, the activity of this network in the presence of substance-related cues is in
accordance with classical conditioning theories of addiction. Activity within this
network triggers a pattern of physiological (e.g., increase in heart rate) and cognitive
(e.g., increase in attention) reactions, which can lead to drug seeking and taking.

SALIENCE NETWORK

The brain receives a continuous flow of exogenous and endogenous information.
Success in performing tasks which are beneficial for the individual’s survival and
well-being depends on the capacity to identify which stimuli merit the very limited
resources associated with attention. “Salience” refers to the outcome of this identi-
fication process (and is therefore intimately connected with attention, see below).
Increased prefrontal norepinephrine outflow has been reported in response to both
rewarding and aversive unconditioned stimuli with high motivational salience in an-
imals (Sara and Segal, 1991). In humans, the salience network (SN), which includes
the anterior cingulate cortex (ACC) and insula, has been suggested to play a critical
role in assessing the relevance of internal and external stimuli and integrating this
information to guide behavior (Seeley et al., 2007).

ACC has been shown to be activated by salient stimuli including reward-related
stimuli and also stimuli that elicit pain or negative affect (Shackman et al., 2011).
Furthermore, the insula integrates information from several sensory modalities
and is important for translating emotionally salient stimuli information into a guide-
line for goal-directed behavior (Cloutman et al., 2012).

In regard to drug dependence, drug-related cues and the internal states that are
generated by emotional/stressful cues tend to be experienced as highly salient
“internal and external stimuli,” as evidenced by the activity within the SN (Janes
et al., 2015). It has been shown that greater insula—ACC coupling at rest was signif-
icantly correlated with enhanced smoking cue reactivity in brain areas associated
with attention and motor preparation, including the visual cortex, right ventral lateral
prefrontal cortex, and the dorsal striatum (Janes et al., 2015). Moreover, a triple
network connectivity of SN with executive control network (ECN) and default mode
network (DMN) has been proposed, suggesting the role of SN in switching activity
between DMN and ECN based on attribution of saliency to internal or external stim-
uli (Menon, 2011). It has been suggested that in substance use disorders, the activity
of SN leads to allocation of attentional resources toward drug craving and thereupon
to a bias toward enhanced DMN activity and decreased ECN operations (Sutherland
et al., 2012).
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ATTENTION NETWORK

It has been shown that goal pursuit makes individual more sensitive to goal-related
cues and thus those cues get higher priority in cognitive processing, which entails
attentional bias (Hoelscher et al., 1981). In the case of substance use, there are biases
in attentional processing of substance-related stimuli because of their incentive
salience; hence, they can grab substance abusers’ attention. The extent of attentional
bias has been proposed to be highly correlated with the intensity of the subjective
feeling of craving and with the risk of relapse (Field and Cox, 2008).

From two neuronal networks that are thought to be specifically associated with
attentional processing, the ventral and the dorsal attention networks, the dorsal atten-
tional network (DAN) including regions of the dorsal and lateral frontal cortices, and
superior parietal lobule (Corbetta and Shulman, 2002) have been shown to be over-
active during drug cue exposure (Luijten et al., 2011). Neurophysiological studies
indicate that in addition to being recruited for top-down selection (Westerberg
et al., 2011), the DAN is modulated by the bottom-up distinctiveness of objects in
a visual scene (Corbetta and Shulman, 2002). Thus, the aforementioned hyperactiv-
ity during cue exposure could be the result of increased effort for top-down
regulation of attentional bias (Lubman et al., 2004). The hyperactivity of DAN which
seems to be functionally connected to regions of ECN (Dosenbach et al., 2007)
makes use of limited available attentional resources and subsequently interferes
with day-to-day life or employment of abstinence-oriented coping skills (Waters
et al., 2003).

DEFAULT MODE NETWORK

The DMN is a set of brain regions that exhibits strong low-frequency oscillations
coherent during resting state and is thought to be activated when individuals are
focused on their internal mental-state processes, such as self-referential processing,
interoception, autobiographical memory retrieval, or imagining future. DMN is
deactivated during cognitive task performance. The posterior cingulate cortex, pre-
cuneus, medial prefrontal, and inferior parietal cortices are thought to be parts of
DMN (Broyd et al., 2009).

Previous studies have suggested that DMN activation is positively correlated
with drug craving/withdrawal, while substance consumption suppresses activity of
DMN (Cole et al., 2010; Sutherland et al., 2012). Also, as it has been mentioned
earlier, DMN-SN-ECN coupling is disrupted in substance use disorders. Alterna-
tions in SN-DMN coupling appear to be related to drug craving, which may result
in difficulty in disengaging from self-centered thoughts associated with craving
(Lerman et al., 2014). Alternations in coupling between DMN-SN-ECN and more
specifically failure in suppressing the DMN activity can increase the error rates in
cognitive tasks (especially tasks involving inhibitory control) and can interfere with
goal-directed behaviors (Eichele et al., 2008). This can lead to higher vulnerability
of substance users to relapse in the presence of substance-related cues.
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MEMORY NETWORKS

The level of stimuli’s influence on attentional and motivational processes can de-
termine how individuals acquire and encode those stimuli and related information.
Drugs can positively modulate and engage attentional and motivational systems of
the brain; hence, drug-related information including drug-taking behaviors and
drug-related cues are strongly encoded. The activation of memory systems of
the brain during cue-induced craving has been observed from the very first imag-
ing studies (Grant et al., 1996). Drug-related memories contribute to the saliency
processing of the cues and associated feelings of craving within a spectrum from
appetitive (liking) to compulsive (wanting) feelings. Studies shed light on the im-
portance of two types of memory networks in substance abuse: emotional and
procedural.

During the period of initial substance use, memories of substance use are formed
and become strong, and drug-taking behaviors are initiated with the goal of
experiencing the reinforcing effects of the drug. The amygdala and hippocampus
play akey role in the conditioned reinforcing effects of drugs of abuse. The amygdala
is involved in emotional processing of discrete cues, while the hippocampus has a
major role in processing contextual cues and spatial learning (Selden et al., 1991).
The interaction of the amygdala and hippocampus is implicated in the mediation
of attention toward cues that are highly related to the formation of drug use memories
(Floresco et al., 2001), which in return can induce craving for drug of choice.

By contrast, dorsal striatum and cerebellum have been assumed to mediate pro-
cedural learning and habit formation in addiction (Miquel et al., 2009; Robbins et al.,
2008). Habits are products of stimulus-response learning in which reinforcers pri-
marily strengthen the stimulus—response associations. Constant confrontation with
drug-related cues and regular drug consumption facilitate formation of habits and
automatized actions. These actions can be triggered by substance-related cues and
increase the chance of drug abuse in people with substance use disorders
(Yalachkov et al., 2010).

EXECUTIVE CONTROL NETWORK

The ability to have cognitive control over impulses is a key process in self-regulating
healthy behavior. An important characteristic of substance use disorder is an atten-
uated top-down inhibitory control and an augmented bottom-up signal of appetitive
salience for drugs (Bechara, 2005). The ECN includes the lateral prefrontal and
parietal cortices and is thought to be involved in goal-directed behavior and cognitive
control. The ECN has been shown to have abnormal activity in substance use disor-
ders (Krmpotich et al., 2013; Sutherland et al., 2012). As we mentioned earlier, the
decreased ECN activity combined with less suppression of DMN activity in cue-
exposure events has been observed in imaging studies. This reduction in ECN activ-
ity is reflected in difficulty in executing top-down cognitive control over subjective
feeling of craving, which can lead to drug consumption (Lerman et al., 2014).
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5 NEUROCOGNITIVE MODEL OF DRUG CRAVING AS A DYNAMIC
PROCESS

A schematic of drug craving processing pipeline, beginning from external or internal
input stimuli, and ending with drug-taking behavior or successful abstinence, is
shown in Fig. 1. As can be seen in the model, the pathway of drug-craving processing
is activated by the environmental stimuli (E), which stand in a spectrum from inter-
nal/external emotional/drug-related cues. These cues elicit distinct yet collaborative
bottom-up and top-down attentional processes that generate attentional allocation
(A) to drug-relevant cues (Field and Cox, 2008). The focused attention toward cues
and retrieval of previous substance abuse-related memories then triggers saliency
evaluation processes (S) (Janes et al., 2015). Sensitized brain circuits attribute path-
ologically high level of salience to drug-associated cues. This salience can be
implicit or explicit, i.e., in the form of “unconscious wanting” or “conscious craving”
(Robinson and Berridge, 2008). Saliency evaluation can result in subjective feeling
of craving (in a spectrum from positive appetitive to negative compulsive states)
which drives ECN to take action for execution of drug-taking behavior or successful
effortful executive control that leads to abstinence.

With development of substance use disorder over time, a transition could happen
from recreational to habitual use of drugs, i.e., immediate rewards from drug intake
with appetitive craving fade and drug-taking behaviors become more compulsive or
habitual (Potenza et al., 2012).

Other than the feed-forward connections in this model, there are also several feed-
back connections; for example, a reciprocal excitatory interaction has been suggested
between craving and substance-related attentional bias, i.e., increase in craving makes
substance-related stimuli more salient and increase in focused attention toward these

Top-down Explicit Compulsive Control Abstinence
attention processing state
E - A " S ™ SC dial:C g4 R
Emotional/ Bottom-up Implicit Appetitive y
stress cues attention _ _processing state Execution y Drug use
l Output
g Emotiona]\

Procedural

FIGURE 1

A multimodular neurocognitive model for drug craving as a dynamic process. Abbreviations:
E, environment (internal or external); A, attentional processing; S, salience processing;
SC, subjective craving; EC, executive control; R, response.
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cues leads to more boosting of craving (Franken, 2003). Another feedback connection is
related to when drug use (e.g., first sips) acts as a multidimensional drug-related cue; in
this way, the pathway in Fig. 1 can also be considered as a cycle.

As mentioned before, traditionally craving has been seen as a subjective feeling
that could be elicited in external cue-exposure events or internal withdrawal cue ex-
periences. In contrast to traditional viewpoints, in the framework shown in Fig. 1,
craving is not just a subjective feeling, but it is a more complex process which
involves a dynamic cascade of cognitive functions that begin with exposure to cues
and end with behavioral executions. In this extended definition of craving, subjective
feeling of craving, from liking to wanting, is only a part of the whole drug-craving
process, and not the only player in the scene.

Another important aspect of this model is that each block in this figure could be
mainly attributed to a special network in the brain. The striatal-limbic network con-
tributes to bottom-up attentional processing, while dorsal attention network is acti-
vated during the top-down one. The saliency evaluation processing is done by SN,
which has interactions with memory network through memory retrieval processes.
During subjective feeling of craving, the DMN is activated and engages the subject
with internal processes including autobiographical drug-related memories and the
experience of wanting. Finally, ECN contributes to execution or control of behav-
iors. Interactions of different networks in this model can also be interpreted in the
form of imbalanced interaction between neural reward and control circuitry
(Karoly et al., 2013), in which striatal-limbic, default mode, salience and memory
networks are correlated with augmented neural reward circuits, while ECN and at-
tention network contribute to top-down control circuit. These interactions can predict
the final result of particular cue-exposure events. We will describe different interven-
tions using this network-based model in the next section.

NEUROCOGNITIVE INTERVENTIONS IN CRAVING-RELATED
PROCESSES

All the theoretical advancements and neuroscience findings in this field will be most
useful when they can be integrated and employed in treatment development. Current
evidence suggests the crucial need for more effective interventional approaches for
addiction therapy. Various interventional strategies for addiction treatment and re-
lapse prevention can be divided into three general categories:

l. Pharmacological interventions, which mostly target subcortical reward-related
circuits, specifically striatal network. Their ultimate goal is to eliminate bottom-up
impulses and emotions for drug intake using withdrawal reducers or to target
impaired executive control with cognitive enhancers (George and Koob, 2010;
Potenza et al., 2011). These interventions mostly block or mimic the reinforcing
effects of drugs, e.g., by affecting the same types of neurotransmitter receptors
as those affected by drugs, or target cognitive deficits in addicted individuals.
Various cognitive enhancers influence neurotransmitters such as glutamate,
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GABA, acetylcholine, and monoamines which modulate cognitive functions

such as attention and response inhibition in prefrontal cortex (Potenza et al., 2012).
These approaches have been fully discussed in other chapters of this volume
(Rezapour et al., 2015).

Il. Noninvasive transcranial electrical and magnetic stimulation techniques, which
can change the release of different neurotransmitters in various brain regions,
modify cortical excitability, and modulate the neuronal activity in a region or a
network of the brain (Ekhtiari and Bashir, 2010; Parkin et al., 2015). Therefore,
these techniques might be able to ameliorate the neuroadaptation induced by
chronic drug use and also affect the circuits which mediate addiction-related
cognitive processes such as decision-making and inhibitory control (see
Bellamoli et al., 2014 for a review). Existing and possible applications of this
category of interventions in addiction medicine have been addressed in another
chapter of this volume (Yavari et al., 2015).

ll. Cognitive-based (psychological) interventions, such as cognitive-behavioral
therapy and motivational enhancement/motivational interviewing, target both
reward and executive control processes. These interventions have various
pathogenic or healthy cognitive targets and strengthen frontal inhibitory and
executive control, and motivate patients for change (Konova et al., 2013).

Here, we divided main cognitive-based interventions in addiction medicine and in-
troduced their corresponding brain network targets within eight categories, which are
shown in Table 2 and explained in the following.

ENVIRONMENT ENGINEERING

The environment encompasses a wide range of components such as family and peer
relationships, exposure to different drug-associated, emotional- or stress-inducing
cues, and socioeconomic conditions. These environmental factors can be negative,
such as poor relationship with family members and friends, poverty, difficulties in
workplace, stressful conditions, and exposure to drug stimuli, or positive, such as good
family and peer relations and acceptable socioeconomic status (Sinha, 2001; Solinas
et al., 2010). Different types of drug-related cues (visual, auditory, smell, taste, tactile,
imaginary processes), negative emotional states (anger, anxiety, depression, emotional
distress, etc.), and different stressors (fatigue, hunger, etc.) can induce drug craving by
activating striatal-limbic network and thereby increasing subjects’ vulnerability to
drug taking and relapse (Sinha, 2001). Modifying life conditions of the patients is a
crucial part of their treatment. The first step in craving prevention during abstinence
is to reduce cue exposure and provides a clean and cue-free environment. One step
further would be to provide positive life experiences. These are the main goals pursued
by environment engineering interventions. The DAN, which has been shown to be
overactive during drug cue exposure (Luijten et al., 2011), and striatal-limbic network
which is activated by drug-related cues (Jentsch and Taylor, 1999) are affected by this
category of interventions.
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Table 2 Existing Cognitive Interventions Potentially Efficient on Drug Craving
with Their Target Brain Networks

No.

AN —

Intervention

Environment engineering (cue abstinence)
Goal setting and motivational enhancement
Behavioral activation (natural reward replacement)

Attention training
techniques

Mindfulness training

Reappraisal training

Memory
reconsolidation

Effortful active
suppression

Explicit attention training
Implicit attention training
Attentional bias modification
Meditation training

Psychoeducation for
metacognition

Interoceptive mindfulness
Mindful craving surfing/

acceptance

Stimulus Internal stimuli

reappraisal External
stimuli

Action and outcome reappraisal
Activating drug-related
memories, therefore making
them vulnerable

Modifying episodic drug-related
memories

Cue devaluation (recurrent cue
exposure)

Overwriting drug-related
memories

Modifying compulsive
behaviors (procedural
memories)

Shifting attention to another
subject (thought suppression)
Using motor control system for
effortful and voluntary
generation of opposing actions.

Target Brain
Networks

L, A
S, EC
L, S
A EC

S, EC

A S, M

EC, A

Abbreviations: L, striatal-limbic network; A, dorsal attention (top-down) network; S, salience network;
ECN, executive control network; D, default mode network; M, memory networks.

GOAL SETTING AND MOTIVATIONAL ENHANCEMENT

Motivational interviews and motivational enhancement interventions provide a wide
range of client-centered therapies in which patients set their own goals and manage
their motivation toward these goals. Counselors evoke patients’ intrinsic motivation
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to change, help them to explore and resolve ambivalence, and consolidate a personal
decision and plan for change (Miller and Rollnick, 1991; Smedslund et al., 1996).
These techniques develop a focus in a patient’s life other than their addiction and
improve their commitment to behavioral changes. Motivational interventions help
subjects to control their craving and maintain their abstinence by augmenting
self-referential processing, salience attribution to abstinence, and inhibitory control.
Positive effects of these interventions on craving could be attributed to salience
network and ECN (Ewing et al., 2011).

BEHAVIORAL ACTIVATION

Behavioral activation (BA) strategies have been widely employed as a major com-
ponent of treatment for depression and other mood disorders. Their goal is to increase
environmental reinforcement and improve patients’ mood and positive affect by en-
gaging them in valued and pleasant activities, such as physical exercising, focusing
on actions related to an important goal, learning new skills, and improving relation-
ship with other people. Modifying sleep and eating habits of patients is also impor-
tant in BA therapy (Hopko et al., 2003; Mazzucchelli et al., 2009). Using BA,
patients are asked to act “outside-in” rather than “inside-out” according to a defined
schedule and independent from their mood (Martell et al., 2013). BA, which targets
striatal-limbic and saliency networks, can be applied as a preventive and promi-
sing adjunct therapeutic approach for drug craving and addiction (MacPherson
et al., 2010).

ATTENTION TRAINING TECHNIQUES

Drug-related attentional bias is an important characteristic of people with drug use
disorder and is associated with addiction severity, craving, treatment outcome, and
relapse (Hekmat et al., 2011; Marhe et al., 2013; Schoenmakers et al., 2010).

Cognitive remediation strategies in general and attention training techniques in
particular usually employ computerized exercises to strengthen different aspects of
attention and reduce attentional bias toward drug cues. Attention training techniques,
which train subjects to disengage their attention from drug-related stimuli, have been
successfully employed in different studies and resulted in drug consumption de-
crease (Fadardi and Cox, 2009; Schoenmakers et al., 2010; Wiers et al., 2011).
The main target network in this category of interventions could be considered
attention network and ECN.

MINDFULNESS TRAINING

Mindfulness training and mindfulness-based therapies are systematic training of atten-
tion and self-regulation (Holzel et al., 2011). Mindfulness-based therapies have been
shown to reduce negative mood states such as stress and anxiety, increase positive
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emotion, and improve attention, self-control, self-regulation, and metacognitive
awareness. Therefore, they might normalize negative reinforcement processes in
substance-using individuals (e.g., stress-induced craving). Also, they might have pos-
itive effects on some addiction symptoms such as bingeing (Garland et al., 2014;
Potenza et al., 2012; Tang et al., 2007, 2010, 2013). Mindfulness-based therapies mod-
ify activation in different brain areas and networks (Table 2). For example, it has been
shown that they induce changes in ACC, insula, temporo-parietal junction, and fronto-
limbic circuits (Holzel et al., 2011). They also have been shown to induce changes in
white matter integrity in the tract which connects ACC to other brain structures (Tang
et al., 2010); these finding show that mindfulness-based therapies impact the attention
network and DMN (Holzel et al., 2011; Tang et al., 2013; Westbrook et al., 2013).
Considering the absence of prefrontal activation during mindful attention
(Westbrook et al., 2013), these interventions might act through reducing the reactivity
to drug cues rather than cognitive control enhancement.

REAPPRAISAL TRAINING

Reappraisal is a commonly used form of cognitive regulation for emotion/appetites
including drug craving. Reappraisal training provides the client with deliberate strat-
egies for reinterpreting the meaning of a stimulus, situation, action, or outcome,
usually in order to decrease its emotional/appetitive impact. Various explicit
cognitive coping strategies are employed in reappraisal to reduce the emotional/
appetitive impact of the craving-related situations. During reappraisal, patients try
to use propositional thinking to replace the self-defeating, craving-related thoughts
with more helpful ones (Beadman et al., 2015; Gross, 2002). Reappraisal can act at
different levels, i.e., subjects can consciously devaluate the internal drug-related
stimuli (e.g., hedonic or dysphoric experiences), devaluate external drug-related
stimuli (e.g., drugs, or people, places or things associated with drug use), use possible
harmful outcomes of the drug taking for reappraisal, or use cognitive reappraisal.
Cognitive reappraisal is a type of cognitive change that is used for allocating new
valuation processing. Target brain networks in reappraisal training could include
the salience network and ECN (Staudinger et al., 2009).

MEMORY RECONSOLIDATION

Memory is one of the most important cognitive functions affected by addiction. Path-
ological associative learning causes compulsive/impulsive drug use despite its
negative consequences. Therefore, memory can be considered an important interven-
tion target. Interventions in this category aim to modify the powerfully remembered
associations between conditioned drug-related cues and drug experience in the brain.
These conditioned drug memories can be interfered with at different levels; recurrent
cue exposure without the associated drug-taking response (unconditioned stimulus)
reduces conditioned responding (extinction). Imagination, written scripts, and live
exposure techniques can be used for exposing the patients to the stimuli associated
with their addictive behavior. This ultimately leads to behavioral desensitization
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(Kaplan et al., 2011; Volkow et al., 2004). What happens in extinction learning is not
just forgetting a conditional behavior, but is an active learning process which
diminishes the frequency or intensity of conditioned responses to drug cues and ac-
tively reduces the value or salience of drug-related cues and their emotional
responses (Kaplan et al., 2011). One step further is to not only extinguish but also
overwrite drug-related memories with other emotional memories, i.e., to develop
new patterns of healthy behaviors to replace conditioned drug-induced ones
(Bouton, 2004).

The major neural circuits affected by these interventions are considered to be
attention, memory, and salience networks.

EFFORTFUL ACTIVE SUPPRESSION

Two ends of craving management strategies can be considered “reappraisal” and
“effortful, active suppression.” The former acts on the initial phases of craving gen-
eration process with the main goal of decreasing appetitive experience, while the
latter acts on already elicited impulses with the main goal of decreasing behavioral
expression (Gross, 2002). In suppression, individuals purposefully try to prevent
drug and craving-related thoughts coming to mind. Using the suppression strategy
in dealing with drug craving is very common, yet has some disadvantages such as
lower levels of confidence and more depressive symptoms in patients who use these
strategy (Rogojanski et al., 2011). It might even increase responsivity to drug cues
(Beadman et al., 2015). The ECN is the key network in effortful active suppression.

CLINICAL IMPLICATIONS FOR AN INTEGRATIVE
NEUROCOGNITIVE MODEL OF CRAVING

Various pharmacological, cognitive, and NIBS interventions have been proposed to
manage craving and prevent relapse. In spite of their efforts to target some aspects of
drug craving, no existing treatment is completely effective (Dutra et al., 2008; Martin
and Rehm, 2012). Furthermore, there is little evidence regarding interactions of these
interventions and the possibilities for designing multiapproach interventions.
A neurocognitive model of craving may help address this gap in different ways:

1. Individualized treatment planning and monitoring: Drug-taking behaviors are
often considered the final output of drug craving, but the level of correspondence
of different underlying cognitive processes are different in each patient. Since
neural activity during cue exposure has been shown to be a predictor of relapse
following treatment (Janes et al., 2010; Jia et al., 2011), an integrative model
helps us to better understand the functional connectivity between several
networks and their cognitive processes involved in drug craving and substance
use disorders, and also to determine the neurocognitive target of treatments more
specifically. Furthermore, it provides us with an opportunity to use appropriate
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assessment tools for evaluating changes during and posttreatment and monitoring
the course of treatments in an individualized manner.

2. Integrated cognitive therapies: As described above, various cognitive therapies
target different processes and underlying networks. Identifying complimentary
combination of cognitive interventions seems a promising strategy for improving
treatment outcomes (Barrowclough et al., 2001; Cavallo et al., 2007).

A neurocognitive model can suggest novel ways to intelligently combine
different cognitive therapies such as cognitive remediation strategies, attentional
bias modifications, and reappraisal trainings with each other in a comprehensive
program to have a more effective psychotherapy package.

3. Multidimensional treatment interventions: A strategy to enhance the
effectiveness of different types of therapies is to combine them with one or more
adjuvant treatments. A neurocognitive model of craving would be able to suggest
novel ways to design multiapproach interventions. These multiapproach
interventions such as a combination of different pharmacological and cognitive
therapies can address weaknesses of each therapy and cover a range of craving
components. NIBS techniques including transcranial electrical and magnetic
stimulation (tES and TMS) are new emerging tools that have shown promise for
the treatment of different neuropsychiatric disorders (Lefaucheur et al., 2014;
Tortella et al., 2015). Several studies have employed a combination of cognitive
therapies and transcranial direct current stimulation (tDCS) (Brunoni et al.,
2014a; Segrave et al., 2014) and pharmacotherapy with tDCS (Brunoni et al.,
2014b) for the treatment of depression, in some cases yielding significant
therapeutic responses. Hence, NIBS techniques can be used combined with
pharmacological and cognitive therapies based on the integrative neurocognitive
mode, augmenting the positive impact of the primary interventions.

CONCLUSIONS AND FUTURE DIRECTIONS

It has been long assumed that the isolated operation of single brain areas generates
various functions in the brain (simplified structure—function mapping viewpoint).
Some of these isolated brain regions are connected through direct physical pathways
and form small networks in the brain. An example is the structural connectivity
between dorsolateral prefrontal cortex, as a reflective top-down system, and the
amygdala, as a reflexive bottom-up system, which specifically becomes imbalanced
in addiction. More recent evidence emphasizes the importance of interacting and dis-
tributed brain areas or large-scale brain networks for complex brain functions, such
as memory and language. Nodes of these networks might correspond to neurons,
populations of neurons, or anatomically isolated brain regions. These nodes can
be linked via structural (anatomical), functional (correlational), and/or effective
(causal) connections (Shafi et al., 2012). Development of neuroimaging techniques
and also powerful network modeling tools from graph theory and dynamical systems
have made it feasible to analyze the structure and function of brain networks (Sporns,
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2013). Finally, it has been suggested that various dynamic cognitive processes in the
brain, such as drug craving, emerge from the interaction and different levels of con-
tribution of these specialized large-scale networks; i.e., specific levels of contribu-
tion and interaction of different networks, such as DMN, SN, and ECN enable the
brain to generate different states and switch between them (Shafi et al., 2012). Each
of these four different viewpoints, regional, small-scale networks, large-scale net-
works, and brain states, which are schematically shown in Fig. 2, provides insights
into the brain function and can be employed for specific applications.

All these advances in cognitive neuroscience have enriched our knowledge of
brain function and raised serious hopes for an evolution in the understanding and
treatment of neuropsychological disorders and specifically substance use disorder.
Currently, addiction medicine is mostly focused on behavioral outputs, such as drug
abstinence and reducing high-risk behaviors in different therapeutic processes; but
research in recent years suggests that this approach is not able to cover all potentially
important aspects of addiction treatment. Attention to the cognitive roots of behavior
suggests an extended spectrum of interventions for addiction medicine. In light of
accumulated knowledge about addiction neurobiology, developing an integrative
model of drug craving can help us to reach more successful results in relapse preven-
tion and craving management. More future studies are needed to determine the in-
terventions based on this model and also suggest tools for evaluation and monitoring
of treatment outcomes.

Brain states

Weighted contribution of large-scale networks

FIGURE 2

Four levels of approach to the neural correspondence of drug craving. (1) Regional models,
(2) small-scale network models, (3) large-scale network models, and (4) brain state models
with weighted contribution of the large-scale networks. Brain activities related to different
cognitive components of drug craving can be studied in “Static” or “Time Variant and
Dynamic” modes in these levels. All these models are wrong in terms of depicting the
complete nature of this phenomenon, but they are all useful to make implications in addiction
medicine.
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Abstract

Historically, neuroscientific research into addiction has emphasized affective and reinforce-
ment mechanisms as the essential elements underlying the pursuit of drugs, their abuse,
and difficulties associated with abstinence. However, research over the last decade or so
has shown that cognitive control systems, associated largely but not exclusively with the fron-
tal lobes, are also important contributors to drug use behaviors. Here, we focus on inhibitory
control and its contribution to both current use and abstinence. A body of evidence points to
impaired inhibitory abilities across a range of drugs of abuse. Typically, studies suggest that
substance-abusing individuals are characterized by relative hypoactivity in brain systems un-
derlying inhibitory control. In contrast, abstinent users tend to show either normal or super-
normal levels of activity in the same systems attesting to the importance of inhibitory
control in suppressing the drug use urges that plague attempts at abstinence. In this chapter,
the brain and behavioral basis of response inhibition will be reviewed, with a focus on neu-
roimaging studies of response inhibition in current and abstinent drug abusers.

Keywords

Response inhibition, Addiction, Abstinence, Neuroimaging

INTRODUCTION

A defining characteristic of addiction is the loss of control over one’s behavior. It is
central to the diagnosis of a substance use disorder, it is characteristic of the all-too-
common relapses of abstinent users attempting to stay clean, and it is apparent when
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initial intentions to have just one drink escalate into a binge drinking session. Al-
though hedonic processes such as liking and craving may form the core motivation
to consume drugs, certain cognitive processes, such as attention and memory, likely
contribute to these drives whereas others, such as response inhibition, likely contrib-
ute to the individual’s efforts to resist these drives. For instance, Bechara’s cognitive
theory of addiction posits that the augmented bottom-up signal of appetitive salience
for drugs, in part, attenuates top-down inhibitory control (Bechara, 2005).

Cognitive control processes, also commonly referred to as executive functions,
are attentionally demanding, and consciously available, volitional processes that ini-
tiate a certain action or interrupt ongoing actions (Atkinson and Shiffrin, 1968;
Schneider and Shiffrin, 1977; Shiffrin and Schneider, 1977). Cognitive control takes
on many forms, including, but not limited to, attentional control and inhibitory con-
trol. Attentional control involves the interaction between perceiving environmental
cues and the allocation of perceptual processing resources (Norman and Shallice,
1985) whereas inhibitory control broadly refers to counteracting behaviors preced-
ing, accompanying, or resulting from cues. With regard to addiction, initiation of
drug cravings may involve mechanisms by which stimuli associated with previous
drug use are detected and processed (Grant et al., 1996; Hester et al., 2006), while
the inhibition of behavior may involve mechanisms related to monitoring and reg-
ulation (Forman et al., 2004; Kaufman et al., 2003). This chapter will focus on in-
hibitory control, largely operationalized as response inhibition, and its
contribution to substance abuse. Specifically, response inhibition will be considered
as a means to characterize substance use, abstinence, and recovery in substance-
dependent individuals.

RESPONSE INHIBITION TASKS

Inhibitory control is broadly conceptualized as the ability to suppress or countermand
a thought, action, or feeling. Many investigators study inhibitory control using care-
fully designed tasks like the stop-signal task, or the go/no-go task, that measure an
individual’s ability to suppress a prepotent motor response. During the stop-signal
task, subjects perform a primary task such as identifying with button-press responses
if a visually presented arrow (the target stimulus) points to the left or the right. On a
minority of trials, often one quarter of trials, a unique auditory or visual stimulus (the
stop-signal) follows the target and instructs the subject to countermand their re-
sponse. Task difficulty is manipulated by varying the delay between the target
and stop stimulus, such that the longer the delay the more difficult it is to inhibit
the response. By calculating how fast subjects respond on trials without a stop-signal
and the average stop-signal delay on trials in which they successful inhibit 50% of the
time, one can estimate the speed of the response inhibition process known as the stop-
signal reaction time (SSRT) (Logan and Cowan, 1984). During go/no-go tasks, sub-
jects are presented with a continuous stream of stimuli, the majority of which require
a button-press response (go trial), and a minority requiring no response (no-go trial)
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with the inhibitory demand being induced through the prepotency to respond even on
no-go trials. While both tasks are arguably very rudimentary examples of inhibitory
control, there is evidence, outlined below, that the neural circuitry subserving re-
sponse inhibition is also involved in other types of cognitive and emotional inhibi-
tion, thereby indicating that they may serve as reasonable probes for more complex
inhibitory demands, including those related to resisting drugs. As the neural circuitry
of response inhibition is relatively well understood and yields reliable and sensitive
behavioral measures of inhibitory ability, it has generated a significant number of
studies focused on the role of response inhibition in addiction (Luijten et al.,
2014; Smith et al., 2014).

THE NEUROBIOLOGY OF CONTROL

Neuroimaging research has identified the dorsolateral prefrontal cortex (dIPFC) as a
brain region critical for cognitive control. Evidence suggests the dIPFC is implicated
during dual-task coordination (D’Esposito et al., 1995; Mansouri et al., 2009), task
switching (Badre and Wagner, 2006; Dove et al., 2000; Sohn et al., 2000), memory
updating (Edin et al., 2009; Salmon et al., 1996), and response sequencing, monitor-
ing, and manipulation (Kim et al., 2013; Owen et al., 1996). This is consistent with
the human lesion literature implicating the frontal lobes in organizing, regulating,
and producing coherent behavior (Luria and Pribram, 1973; Stuss and Frank
Benson, 1987). Frontal lobe-damaged patients appear to lose important aspects of
autonomous cognitive control as evidenced by the loss of behavioral control to en-
vironmental contingencies (e.g., capture errors and utilization behaviors; Lhermitte,
1986). Although the focus of this review will be on prefrontal systems mediating
control, these systems operate in conjunction with extensive parietal, premotor, cin-
gulate, subcortical, and cerebellar networks. Further, despite the evidence implicat-
ing the frontal lobes in cognitive control, the assignment of specific frontal loci to
specific functions is far from resolved due, perhaps, to one of the defining charac-
teristics of the frontal lobes being their ability to flexibly adapt to task demands.
Dosenbach and colleagues suggest that different brain networks are involved in dis-
tinct aspects of control with the frontoparietal cortex implicated in initiating and
adapting behavior, while sustained stable task performance is associated with the an-
terior cingulate cortex (ACC), anterior insula, frontal operculum, and anterior pre-
frontal cortex (Dosenbach et al., 2007).

With a specific focus on inhibitory control, a body of research (lesion, transcra-
nial magnetic stimulation (TMS), and fMRI methodologies) implicates the right in-
ferior frontal cortex (rIFC) in motor response inhibition (Aron et al., 2003; Chambers
et al., 2006; Garavan et al., 1999, 2006). More broadly, the rIFC is one node of a
motor inhibition network which also includes the pre-supplementary motor area
(pre-SMA), and subthalamic nucleus (STN) (Aron et al., 2014). It is unclear about
the exact causal pathways of these regions (Duann et al., 2009; Neubert et al., 2010;
Swann et al., 2012), but research proposes that the STN receives input from both the
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rIFC and pre-SMA, and the STN inhibits motor activity at the basal ganglia (Aron
and Poldrack, 2006; Schmidt et al., 2013). Figure 1 shows a number of the main cor-
tical areas activated during response inhibition from the largest neuroimaging study
of the STOP task (Whelan et al., 2012). Human lesion studies provide converging
evidence that lesions in the right pre-SMA (Floden and Stuss, 2006; Nachev
et al., 2007) and the right inferior frontal gyrus (IFG) subregion pars opercularis im-
pair response inhibition (Aron et al., 2003, 2004, 2014). The first study using TMS
found that temporary deactivation of the right IFG pars opercularis selectively im-
paired the ability to stop an already initiated action, whereas the deactivation of the
same region did not affect physiological arousal or the ability to execute responses,
confirming the important role of the IFG in the regulation of response inhibition
(Chambers et al., 2006). In addition, Cai and colleagues showed that stimulation
of the right pre-SMA slowed the implementation of stopping (measured via SSRT)
but had no influence on modulation of response tendencies and suggested that this
region impairs stopping behavior through a specific disruption of response inhibition
(Cai et al., 2012). These studies are supported by the temporal and spatial precision
afforded by electrocorticography studies, which have found the rIFC responds prior
to successful inhibition (Swann et al., 2009, 2012). Recent studies suggest that this
may reflect a broader role for this region in detecting attentionally salient events
(Hampshire et al., 2010), although it may be the case that in order to evoke right
IFG activity, the salience of these events must be relevant to response control
(Dodds et al., 2011).

Although typically not activated in imaging studies of motor response inhibition,
there is considerable evidence of a role for the orbitofrontal cortex (OFC) in impulse
control. For example, OFC damage in a rodent model increases SSRT (Eagle et al.,
2008), while patients with lesion damage to the OFC show increased self-report and
cognitive measures of impulsivity and altered time perception relative to healthy
controls and non-OFC lesioned patients (Berlin et al., 2004). That said, many

FIGURE 1

Response inhibition on the STOP task produces robust activation in parietal and frontal
cortex, including bilateral inferior frontal gyrus.
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behaviors that appear impulsive might not be driven by a deficit in impulsivity per se.
For example, Torregrossa and colleagues argue that the most robust deficit in OFC-
damaged animals is in reversal learning. Seemingly impulsive behaviors, such as
perseverative responding, and failure to alter responding when rewards for a learned
behavior are devalued, may in fact reflect impairment in the ability to update the
value of an outcome, especially under changing circumstances (Torregrossa
et al., 2008).

There is evidence that regions implicated in motor inhibition and, in particular,
right frontal cortex, are involved in aspects of inhibitory control beyond response
inhibition. This includes the suppression of drug cravings elicited by a cocaine video:
brain activation in the rIFC was increased when inhibiting a craving response and
was negatively coupled with activation levels in the right nucleus accumbens
(Volkow et al., 2010). In a think/no-think paradigm, in which paired associates
are actively suppressed, activation in rIFC was associated with suppressing the sen-
sory components of memories (Depue et al., 2007). de Fockert and colleagues
showed that increasing working memory load increased activity levels in bilateral
inferior and middle frontal gyri while simultaneously increasing the distraction
caused by (and sensory processing of) irrelevant faces (de Fockert et al., 2001).
Hester and colleagues modified this paradigm to show that irrelevant drug stimuli
produced heightened activity in visual cortex in cocaine users relative to drug—naive
controls (Hester and Garavan, 2009). Critically, those users with the greatest levels
of activity in right prefrontal cortex showed the smallest behavioral interference
caused by the distracting drug stimuli. In a similar manner, a study of the ability
to ignore ecstasy-related stimuli produced greater occipital activation but reduced
right prefrontal activation in ecstasy users relative to controls (Roberts and
Garavan, 2013). Tabibnia and colleagues identified the rIFC in a number of inhib-
itory deficits of methamphetamine-dependent subjects (Tabibnia et al., 2011).
Results indicated lower gray matter in the rIFC in dependent subjects relative to
controls, and gray matter in this region was correlated with drug craving, response
inhibition performance, and a test of affect regulation. Finally, Behan and col-
leagues have recently shown that the rIFC is more active when subjects suppress
reward anticipation (Behan et al., 2015). Here, a novel task required subjects
to prepare for either a target to which they must respond as fast as possible to
receive a reward, or, a stop-signal indicating they should make no response.
A psychophysiological interaction analysis suggested the possibility of having to
inhibit, rather than respond quickly, produced activity increases in the rIFC, which
were correlated with activity decreases in the ventral striatum. Further, the rIFC
activity was adjacent to a distinct rIFC region associated with motor inhibition.
Combined, this brief review suggests that the rIFC may have a broad role in inhib-
itory processes that extend beyond motor inhibition. That said, there remains a lack
of a comprehensive theory relating the similarities and differences between the var-
ious types of inhibitory control to their neurobiological and psychological overlap.
Further research probing the multiple types of inhibitory control in the same sample
may be a valuable advance.
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RESPONSE INHIBITION AND DRUGS OF ABUSE

Substance using populations are characterized by deficits in response inhibition.
A recent meta-analysis (Smith et al., 2014) of 97 studies found evidence for impaired
response inhibition among those dependent on alcohol, cocaine, methamphetamine,
tobacco, and MDMA.

NICOTINE

Although findings in the literature are mixed, a recent meta-analysis found a small
but significant effect relating cigarette smoking to response inhibition deficits (Smith
et al., 2014). Results from neuroimaging investigations have generally found alter-
ations in the neural circuitry associated with response inhibition in smokers com-
pared to nonsmoking controls (de Ruiter et al., 2012; Luijten et al., 2013; Nestor
et al., 2011; but see Galvan et al., 2011). For example, Nestor et al. (2011) found
that smokers showed reduced activation compared to nonsmokers in a widely distrib-
uted network including the ACC, left IFG, bilateral inferior parietal lobules, and bi-
lateral insula. This is similar to the findings of de Ruiter et al. (2012) who found
reduced activation of the rostral ACC during inhibition in smokers.

One interesting line of research has examined the relationship between neural ac-
tivity during successful response inhibition and craving for cigarettes. Berkman et al.
(2011) demonstrated that subjects with greater task-related neural activity in nodes of
the response inhibition network (bilateral inferior frontal gyrus, SMA, putamen, and
left caudate) smoked less in response to subsequent, naturally occurring occasions of
cigarette craving. These results suggest that functioning in the circuitry underlying
motor inhibition translated to greater behavioral control in response to craving.
Further, these investigators found an inverse relationship between amygdala
activation during response inhibition and behavior, such that subjects with greater
amygdala activation had a stronger positive relationship between craving and smok-
ing behavior. These findings link altered patterns of neural activation with behavioral
constructs known to be critical in addiction. Further, as studies have reported hypo-
activation in the neural circuitry for response inhibition without differences in task
performance, this study underscores the potential utility of neuroimaging as a sen-
sitive measure of neurobiological alterations related to impulsive behavior. Finally,
there is considerable value in studies that link lab-based measures of neurobiological
function with assessments of inhibitory control in the real world. Real-world behav-
iors as assessed, for example, by mobile technologies, open up valuable opportunities
to relate the neurobiology of inhibitory control to avoid drug use in the natural
environment, which in many cases is laden with cues to use.

ALCOHOL

Alcohol abusers have increased commission error rates compared to nondrinkers or
social drinkers on go/no-go tasks (Kamarajan et al., 2005; Murphy and Garavan,
2011), and longer SSRTs on the stop-signal task compared to controls
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(e.g., Goudriaan et al., 2011; Lawrence et al., 2009; Rubio et al., 2007). However,
mixed results have been reported with a number of studies showing no
difference in response inhibition related to alcohol consumption (Li et al., 2009;
Papachristou et al., 2013; Schmaal et al., 2013). It has been suggested (Smith and
Mattick, 2013) that this may relate to sex differences, based on evidence that heavy
drinking may be preferentially associated with impaired response inhibition in fe-
males (Nederkoorn et al., 2009; Smith and Mattick, 2013; Townshend and Duka,
2005). That said, few studies have been sufficiently powered to specifically examine
sex differences in response inhibition related to alcohol consumption. Nonetheless,
Smith and colleagues reported an overall impairment in response inhibition in their
meta-analysis and suggested that a dose response relationship may exist between im-
paired response inhibition and drinking patterns (Smith et al., 2014). However, there
have been no systematic studies addressing this possibility.

Studies using functional neuroimaging to examine response inhibition in problem
drinkers are limited. Li and colleagues found no performance differences on SSRT
but lower activation in left dIPFC in alcohol-dependent patients (Li et al., 2009).
However, these subjects were all successfully abstinent in alcohol treatment at the
time of scanning, making it difficult to determine if activation patterns were related
to alcohol withdrawal or early recovery from alcohol dependence. Recent findings
have shown that alcohol-use disorders are associated with lower activation in the
IFG, insula, inferior parietal lobule, and ACC compared to controls (Claus et al.,
2013). When comparing heavy to light alcohol consumption in college drinkers,
the heavy drinkers showed impaired performance and altered patterns of neural ac-
tivity during response inhibition in areas including the ACC, portions of the frontal
lobe, hippocampus, and thalamus (Ahmadi et al., 2013). Structural neuroimaging ex-
periments have suggested that chronic alcohol abuse is associated with global vol-
ume reduction, cortical and subcortical gray matter reductions, and enlargement of
the ventricles. The volume loss in frontal, cerebellar, and subcortical regions are be-
lieved to play a critical role in individual differences related to task performance
(Chanraud et al., 2007; Scheurich, 2005; Sullivan, 2003). Therefore, as the neural
architecture supporting response inhibition deteriorates, behavioral inhibition capac-
ity is likely to suffer.

CANNABIS

Studies in both adolescent and adult cannabis users have found little evidence for
disrupted cognitive performance (Grant et al., 2012; Jager et al., 2010;
Schweinsburg et al., 2010; Tapert et al., 2007); however, see Moreno et al.
(2012). Interestingly, several studies have demonstrated that while there are incon-
sistent effects of cannabis use on inhibitory performance, there are neural differences
that can be detected via fMRI (Behan et al., 2014; Hester et al., 2009; Roberts and
Garavan, 2010; Schweinsburg et al., 2008; Tapert et al., 2007). For example, Roberts
and Garavan investigated neural activity using fMRI during response inhibition
in adolescent cannabis users and nondrug using controls. While users had equal per-
formance to control subjects, the users had increased activation in frontal and parietal
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regions during successful inhibitions. This pattern of activation was interpreted to
indicate increased neural resources required of the users to achieve performance
levels comparable to controls (Roberts and Garavan, 2010). Similar results were
found in a study of college students (cannabis users compared to nondrug users)
where there was equal task performance but increased activation in the right inferior
parietal lobule, the right putamen, and the supplementary motor area in the users
(Hester et al., 2009).

It is notable that the pattern of effects in cannabis users (comparable perfor-
mance but greater activation relative to controls) differs from the hypoactivity
associated with other drugs of abuse. Some evidence suggests that heavier use,
earlier onset, and greater cumulative cannabis consumption is associated with
smaller increases in activation in frontal and parietal regions compared to lighter
users or those who begin using later (Schweinsburg et al., 2008, 2010). Such find-
ings indicate that there may be an interaction of brain development and cannabis
exposure on brain function and may additionally suggest a compensatory mecha-
nism in heavy cannabis users (Jacobus et al., 2009). Another possibility is that the
increased activation of cannabis users may compensate for altered functional con-
nectivity between regions. Recently, Orr and colleagues showed increased intrahe-
mispheric and decreased interhemispheric resting-state connectivity in adolescent
heavy cannabis users (Orr et al., 2013). The same sample of adolescent users, when
performing a go/no-go task showed impaired performance but no regional activa-
tion differences relative to controls. Instead, the users showed increased connec-
tivity during the task between bilateral parietal lobes and left cerebellum, and
these same regions showed increased resting-state connectivity (Behan et al.,
2014). Although these results may suggest that atypical patterns of activation in
cannabis users may be related to differences in inter- and intrahemispheric connec-
tivity, the full set of results fails to offer a straightforward message. As cannabis is
the most commonly used illicit drug and the onset of use is common during the
sensitive adolescent neurodevelopmental period, it is important that the effects
of cannabis on neurocognitive function vis-a-vis inhibitory control be the subject
of further inquiry.

COCAINE

There is strong evidence that cocaine users have poorer response inhibition than
nonusers. This is observed in studies using the stop-signal task (Colzato et al.,
2007; Fillmore and Craig, 2002; Li et al., 2006; Morie et al., 2014; but see
Vonmoos et al., 2013) and in go/no-go tasks (Fernandez-Serrano et al., 2011;
Hester and Garavan, 2004; Hester et al., 2007; Kaufman et al., 2003; Lane et al.,
2007). A review by Spronk and colleagues calculated pooled effect sizes for both
SSRT on the stop-signal task and errors of commission on go/no-go tasks and found
a moderate pooled effect size (0.50) of cocaine user status on the stop-signal task
and a moderate to large (0.64) pooled effect size for errors of commission on the
go/no-go task (Spronk et al., 2013). fMRI studies have generally shown reduced
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neural activity in the PFC including rostral ACC and SMA (Hester and Garavan,
2004; Kaufman et al., 2003; Li et al., 2007).

Using independent component analysis on a stop-signal task, Elton and col-
leagues discriminated cocaine users from nonusers based on activity patterns decom-
posed into 11 components. Two of these components were specifically related to
stop-signal success, and cocaine users exhibited decreased activation in these net-
works compared to controls. One network comprised the bilateral IFG, angular gyri,
middle temporal, and posterior parietal gyri, and the other network comprised the
dIPFC, ventrolateral PFC, dorsomedial PFC, anterior insula, and middle temporal
gyrus (Elton et al., 2014).

MDMA/ECSTASY

A meta-analysis found that overall there is a small effect size on inhibitory errors in
heavy MDMA users compared to controls (Smith et al., 2014). Among individual
studies, there are several that reported no behavioral performance differences
(von Geusau et al. 2004; Quednow et al., 2006; Roberts et al., 2013; Roberts and
Garavan, 2010). However, two of these studies used neuroimaging and found altered
neural processing in MDMA users. For example, Roberts and colleagues found that
ecstasy/polydrug users showed altered EEG patterns suggestive of attentional or in-
hibitory deficits (Roberts et al., 2013). Similarly, Roberts and Garavan (2010) found
intact performance but increased activation in the response inhibition network (right
DLPFC, inferior frontal gyrus, and parietal lobule) in recreational ecstasy users.
Other studies of current MDMA users have reported moderately impaired behavioral
performance in response inhibition (Hoshi et al., 2007). Taken together, the available
literature suggests a small impairment in response inhibition associated with MDMA
use and altered neural processing in users with intact behavioral performance.

RESPONSE INHIBITION AND ABSTINENCE

Relapse is, in many regards, a defining characteristic of drug dependence. Successful
abstinence might be viewed within a framework whereby prefrontal cognitive sys-
tems seek to control biased attention and pathological behaviors. Hence, successful
abstinence may rest on the outcome of the antagonism between drug-wanting sys-
tems driven, for example, by ventral striatally mediated salience attribution systems
(Robinson and Berridge, 2003), and drug-denying systems governed by the prefron-
tal cortex (Goldstein and Volkow, 2002; Fig. 2).

There is, however, relatively little empirical data on the neurobiology of success-
ful abstinence despite its potential value for informing therapeutic interventions. The
extant literature has typically investigated short-term abstinence and has revealed
many persistent deficits, which, for example, for cocaine users, are more pronounced
in heavy users in lateral and medial prefrontal regions associated with cognitive
control (Bolla et al., 2003, 2004). Abstinent cannabis users show a similar pattern
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FIGURE 2

We hypothesize that abstinence relies upon recovery of prefrontal systems involved in
inhibitory control (regions such as the right IFG and OFC shown on the left). Vulnerability
to relapse may be reflected in reinforcement or salience systems (involving regions such
as the ventral striatum shown on the right). We hypothesize that relapse may arise from
lapses in the prefrontal regulatory systems.

of lateral and medial hypoactivity but have also been reported to show bilateral hip-
pocampal hyperactivity (Eldreth et al., 2004). There is, however, evidence to suggest
that prolonged abstinence will correct the general pattern of prefrontal hypoactivity
in users (see below) with, for example, cocaine abstinence reducing high-risk re-
sponses on a gambling task (Bartzokis et al., 2000). Structural MRI studies have
found reduced gray matter volume in prefrontal, orbitofrontal, and cingulate regions
in cocaine abstinent individuals (Fein et al., 2002; Matochik et al., 2003), which,
some argue, can last even with prolonged abstinence (Tanabe et al., 2009). Interest-
ingly, Connolly and colleagues found in a cross-sectional analysis that cocaine ab-
stinent individuals reached control-like levels of gray matter volumes in the
cingulate, insula, and dIPFC by 35 weeks of abstinence (Connolly et al., 2013).
During abstinence, impulse control might be important for suppressing drug-
seeking behaviors and drug cravings. Although subjective reports of craving often
prove to be poor predictors of subsequent abstinence, cognitive and neuroimaging
measures can sometimes do better (Griisser et al., 2004; Kosten et al., 2005). For
example, higher scores on a self-report measure of impulsivity (the Barratt Impul-
siveness Scale) have been shown to predict poorer treatment outcome (Moeller
et al., 2001; Patkar et al., 2004). With regard to brain predictors, unfortunately,
the neuroimaging literature on predicting relapse is small and has employed a variety
of tasks that were not necessarily designed to induce a craving response or to assess
the user’s ability to exercise inhibitory control over that response. Nonetheless, the
existing results do identify prefrontal systems, among other regions, as effective pre-
dictors of treatment outcome. For example, using a two-button prediction task, Pau-
lus and colleagues showed activation levels in prefrontal, temporal, and posterior
cingulate regions early in abstinence to predict subsequent relapse for methamphet-
amine users (Paulus et al., 2005). Griisser et al. (2004) found that activity in response
to alcohol-related stimuli in the putamen, ACC, and medial prefrontal cortex
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predicted relapse. In cocaine treatment-seeking individuals, fMRI error-related pro-
cessing (stop-error vs. stop-success) revealed blunted activity in the dorsal ACC pre-
dicted relapse in both sexes, while females exhibited reduced thalamic activity, and
males exhibited reduced insular activity (Luo et al., 2013). Although it does not fol-
low from these findings that behavioral measures of impulse control should also pre-
dict abstinence, the predictive value of prefrontal cortex suggests that regulatory
processes may be involved.

Given the important role that cognitive processes may play in avoiding relapse in
drug users and gamblers (Cox et al., 2002; Goudriaan et al., 2008; Passetti et al.,
2008; Waters et al., 2003), it may be the case that the best predictors of treatment
outcome are those that reflect cognitive control over drug urges rather than the drug
urges themselves. This is supported by a study by Brewer et al. (2008) who identified
cognitive control prefrontal regions, in addition to other subcortical and posterior
cingulate regions, as being the best predictors of treatment outcome in a
treatment-receiving sample of cocaine users. Further evidence for the assertion that
impulse control might contribute to successful abstinence arises from cross-sectional
research of abstinent former users using a go/no-go task. These studies show an ap-
parent reversal in activation patterns, such that prefrontal hypoactivity in current
users is paired with prefrontal hyperactivity in abstinent users. For example,
Connolly et al. (2012) showed that both short-term abstinent cocaine users (1-5
weeks) and long-term abstinent users (4—24 months) present with fMRI hyperactivity
in cognitive control regions relative to drug—naive controls. That is, the brain regions
involved in impulse control (e.g., right middle and rIFC), which are consistently
shown to be hypoactive in current users, show elevated activity in former users com-
pared to drug—naive controls. Subsequent studies have shown former users to be
either comparable in performance, fMRI activation levels, and motor-inhibition-
related ERP components to controls (Bell et al., 2014; Morie et al., 2014) or to show
elevated activation associated with successful inhibitions (Hester et al., 2013). The
latter study also revealed blunted activation in response to errors and punishments in
the former users suggesting some deficits may persist longer into abstinence.

Evidence for enhanced cognitive control contributing to successful abstinence is
also observed in former cigarette smokers (abstinent for 2 years). Using a go/no-go
task, current smokers showed reduced activity relative to controls in the dIPFC and
the ACC while the former smokers revealed greater inhibition- and error-related ac-
tivation in the ACC relative to the current smokers (Nestor et al., 2011). A recent
study in cigarette smokers highlighted behavioral effects of practicing self-control
(i.e., small acts of impulse control such as avoiding sweets were practiced over 2
weeks before quitting) which significantly improved abstinence rates; 27% in the
self-control group, relative to 12% in a control condition, were still abstinent 1 month
after quitting (Muraven, 2010).

TMS and tDCS have shown some efficacy in enhancing cognitive control. Jacob-
son and colleagues demonstrated faster SSRTs while stimulating the right inferior
frontal gyrus (Jacobson et al., 2011). Applying this technique to substance-abusing
individuals may prove fruitful. One study in alcohol detoxification found a single
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session of TMS over the rIFC facilitated cognitive control performance a week later
(Herremans et al., 2013). Similarly, pharmacological interventions targeting
cognitive enhancement in cigarette smokers have provided some support for the
facilitation of abstinence. Focusing on studies directly assessing response inhibition
performance, galantamine, a cholinesterase inhibitor, has reduced subjective
craving for cigarettes, while improving performance on a go/no-go task (Sofuoglu
et al., 2012). Another study suggests that the use of an NMDA partial agonist,
D-cylcoserine, attenuates subjective ratings of cigarette “stimulation” and
“relaxation,” while improving performance on a go/no-go task (Nesic et al.,
2011). Lastly, in a combined fMRI-pharmacological study of guanfacine, a norad-
renergic agonist, smokers exhibited reduced cigarette consumption. While no effect
was found on task performance, the fMRI results indicate guanfacine attenuated
dIPFC responses. The authors interpret this finding as a possible guanfacine-related
facilitation of cognitive efficiency.

In summary, the extant literature suggests compromised inhibitory control in ac-
tive users and normalized or enhanced control in abstinent users. If inhibitory control
is shown to be an important contributor to abstinence then this raises exciting pos-
sibilities for pharmacological or behavioral interventions. In time, neuroimaging
measures may enable us to predict who is most likely to abstain (e.g., related to
the integrity of the circuitry underlying inhibitory control) and, by tracking recovery
in this circuitry, give guidance on who is most at risk for subsequent relapse.

CONCLUSION AND FUTURE DIRECTIONS

The preceding review suggests that deficits in inhibitory control characterize sub-
stance dependence. There are, however, drug-specific effects that require further
elaboration (e.g., the mixed findings in cannabis users). The integration of functional
activation, functional connectivity, and brain structural data is important, but so too
is a much richer phenotypic characterization of the users including their drug use
histories (age of onset, polydrug use), mental health comorbidities, family and en-
vironmental influences, and so on. In reviewing the literature, there persists a lack
of a comprehensive understanding on how the various types of inhibitory control re-
late to one another, psychologically and neurobiologically. More assessments of
drug use and other types of inhibitory control (e.g., delaying gratification) or inhib-
itory control in reward-related contexts may yield new insights. It is a conundrum
that although different aspects of inhibitory control appear to be uncorrelated with
one another (e.g., self-report personality measures, impulsive choice, and impulsive
responding; Reynolds et al., 2006), drug users score highly impulsive on all. Com-
bining this with the evidence that inhibitory control is related to reward processes
such as drug-induced euphoria and drug self-administration (Cervantes et al.,
2013; Weafer and de Wit, 2013), suggests that more conceptual work is required
to integrate these constructs. Finally, as noted above, relating lab-based measures
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of inhibitory control to drug urges and craving in the natural environment is an im-
portant extension of the existing research.

With regard to abstinence, there are two questions of primary importance, and for
both, inhibitory control appears to be a central construct. First, to what extent does
inhibitory control predicts abstinence? This is important clinically (i.e., identifying
who is most likely to relapse can help in allocating interventions and additional ser-
vices) and also theoretically (i.e., the predictors of relapse give good guidance on the
mechanisms that may contribute in a causal manner to abstinence; Garavan et al.,
2013). Second, what is the time-course of recovery of inhibitory control and other
processes pertinent to addiction? One speculation is that certain processes (e.g.,
the incentive salience attributed to drugs and drug cues mediated by structures such
as the ventral striatum) may persist long after the cessation of use and may underlie
relapse risk. It may be the case that inhibitory control recovers to normal (or greater
than normal) levels relatively early in abstinence, and while inhibitory control exer-
cised over drug cravings and behaviors is essential to abstinence, relapse is highly
likely when this regulatory function becomes disrupted as happens, for example, un-
der stressful situations. Large sample, longitudinal studies of abstainers that assess
multiple functions at multiple time-points are required to fully elaborate the role that
inhibitory control contributes to avoiding relapse.
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Abstract

A core deficit in drug addiction is the inability to inhibit maladaptive drug-seeking behavior.
Consistent with this deficit, drug-addicted individuals show reliable cross-sectional differ-
ences from healthy nonaddicted controls during tasks of response inhibition accompanied
by brain activation abnormalities as revealed by functional neuroimaging. However, it is less
clear whether inhibition-related deficits predate the transition to problematic use, and, in turn,
whether these deficits predict the transition out of problematic substance use. Here, we review
longitudinal studies of response inhibition in children/adolescents with little substance expe-
rience and longitudinal studies of already addicted individuals attempting to sustain absti-
nence. Results show that response inhibition and its underlying neural correlates predict
both substance use outcomes (onset and abstinence). Neurally, key roles were observed for
multiple regions of the frontal cortex (e.g., inferior frontal gyrus, dorsal anterior cingulate cor-
tex, and dorsolateral prefrontal cortex). In general, less activation of these regions during re-
sponse inhibition predicted not only the onset of substance use, but interestingly also better
abstinence-related outcomes among individuals already addicted. The role of subcortical
areas, although potentially important, is less clear because of inconsistent results and because
these regions are less classically reported in studies of healthy response inhibition. Overall, this
review indicates that response inhibition is not simply a manifestation of current drug addic-
tion, but rather a core neurocognitive dimension that predicts key substance use outcomes.
Early intervention in inhibitory deficits could have high clinical and public health relevance.

Progress in Brain Research, Volume 223, ISSN 0079-6123, http://dx.doi.org/10.1016/bs.pbr.2015.07.007 1 65
© 2016 Elsevier B.V. All rights reserved.


http://dx.doi.org/10.1016/bs.pbr.2015.07.007

166

CHAPTER 9 Longitudinal studies of response inhibition in addiction
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INTRODUCTION

Drug addiction is a chronically relapsing disorder marked by dysregulated inhibitory
control, which may contribute to or exacerbate the addicted individual’s ability to
restrain drug-taking (Goldstein and Volkow, 2011; Kalivas and Volkow, 2005). Neu-
roimaging studies utilizing functional magnetic resonance imaging (fMRI) have con-
sistently identified abnormalities in brain function during response inhibition in
currently addicted individuals across multiple drugs of abuse (Luijten et al., 2014;
Smith et al., 2014). Nevertheless, an enduring problem of such cross-sectional stud-
ies is the inability to infer the direction of association. Longitudinal studies offer an
exciting opportunity to test whether core drug-relevant neurocognitive deficits (e.g.,
in response inhibition) predate the transition into and out of problematic drug use. In
this way, one can evaluate whether such deficits in drug addiction represent an epi-
phenomenon or an actual predisposing factor.

Accordingly, the goal of the current review is to examine the extent to which per-
formance- and/or neural-related decrements during tasks of inhibitory control pre-
cede the transition to drug use/addiction, and then whether such decrements
predict clinical outcomes when already addicted individuals seek treatment or
attempt to abstain. In particular, we seek to evaluate the hypothesis that impaired
response inhibition is not simply a concurrent symptom of drug addiction, but instead
a core neurocognitive dimension that predicts key substance use outcomes. We con-
centrate on longitudinal studies, largely those reported within the last 10 years, which
have examined prospective associations between inhibitory control and the depen-
dent variable of interest (drug use initiation or escalation, dependence, relapse, or
abstinence). Most of the fMRI studies reviewed here report the results of task-
induced activations (e.g., activity that occurs during a condition of response inhibi-
tion contrasted with activity during a condition of prepotent response). Other studies
used task-related functional connectivity (i.e., the covariation between the fMRI time
courses of a given voxel and other voxels in the brain), which offers a promising
complement to task-based activation studies. The main literature review itself is or-
ganized into two parts. Part 1 discusses adolescent longitudinal studies that use tasks
of inhibitory control to predict future drug use or transition into drug dependence.
Part 2 discusses adult longitudinal studies that use tasks of inhibitory control to pre-
dict clinical and treatment outcomes in already addicted individuals. We conclude
with a summary of findings and a discussion of future research directions.

We exclude from this review studies that involved passive exposure to
drug-related stimuli, studies that used tasks associated with the receipt of reward,
or studies that reported addiction-related abnormalities in brain structural integrity.
Reviews that address these important topics can be found elsewhere (e.g., Garavan
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etal., 2013; Heitzeg et al., 2015; Jasinska et al., 2014; note some overlap in currently
included studies with those from Heitzeg et al. (2015). This review also excludes
behavioral addictions (e.g., gambling, food, sex, or video games) and studies that
use event-related potentials, as more longitudinal studies in these fields are needed
before firm conclusions about prospective relationships can be drawn. Studies that
focus on family history (or other risk factors) as the main grouping variable are also
excluded (e.g., Hardee et al., 2014). Finally, for brevity and focus, we also exclude
tasks of inhibition that measure related constructs (e.g., error awareness; Hester et al.,
2009), or studies that incorporate pharmacological (Moeller et al., 2014; Schmaal
et al., 2013) or genetic (Filbey et al., 2012) modulation.

COMMONLY USED RESPONSE INHIBITION TASKS
IN DRUG ADDICTION

Three of the most commonly used inhibitory control tasks, in order from simplest to
most cognitively complex, include go/no-go tasks (Chambers et al., 2009), stop-
signal tasks (Aron et al., 2014; Verbruggen and Logan, 2008), and Stroop tasks
(MacLeod, 1991; Smith and Ersche, 2014). These tasks collectively measure a per-
son’s ability to modify or stop a behavior, particularly when the behavior may not be
optimal or advantageous, or is perceived as incorrect. In go/no-go tasks, participants
respond as quickly as possible to frequent go stimuli and inhibit responses to infre-
quent no-go stimuli. Correct nonresponses on no-go trials reflect the ability to exert
inhibitory control over behavior. In stop-signal tasks, the goal is to successfully in-
hibit (stop) an action that has already begun. Participants respond to an ongoing se-
quence of stimuli; on some (stop) trials, however, a signal is presented (e.g., a tone, a
change in stimulus display) after the stimulus onset that instructs participants to halt
their response on that trial. The paradigm is typically configured to find the inflection
point in which 50% of stop trials are unsuccessful relative to the mean reaction time;
the longer this stop-signal reaction time (SSRT), the worse the inhibitory control. In
Stroop tasks, participants must override a more automatic response tendency (read-
ing a word) and instead respond with a task-specific demand (responding to the ink
color of the word). Stroop tasks can be purely cognitive: in the classical color-word
Stroop, participants respond to the ink color of color words (e.g., “blue”) presented in
either the congruent font (blue font) or an interfering incongruent font (e.g., red font).
Stroop tasks can also be emotional: interference can be introduced by attentional bias
or current concerns of the individual. In the case of drug addiction, individuals can be
instructed to ignore the semantic content of drug-related words (e.g., “pipe”) and in-
stead respond to their font color; typically, the reaction time to drug words is longer
than for neutral words (e.g., “vase”), indicating impaired response inhibition (Cox
et al., 2006). An important caveat is that these tasks, while tapping into inhibitory
control, also depend on other executive, attentional, or emotional processing func-
tions. For example, some have argued that Stroop tasks tap into different higher-
order executive functions than go/no-go and stop-signal tasks, such as compulsivity
and impulsivity, respectively (Fineberg et al., 2014).
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All three of these tasks have reliably yielded activations in regions of interest
(ROIs)/networks known to be engaged during inhibitory control. These include
the inferior frontal gyrus (IFG), anterior cingulate cortex (ACC) (especially its
dorsal/motor subregion), middle frontal and superior frontal gyri (MFG/SFG)
[which includes the dorsolateral prefrontal cortex (DLPFC)], parietal lobe, and
pre-supplementary motor area (pre-SMA) (Bari and Robbins, 2013; Cieslik et al.,
2015; Fig. 1). Importantly, some of these same regions are consistently identified
as being disrupted in currently addicted individuals performing the tasks (for
recent, comprehensive reviews on this topic, see Luijten et al., 2014; Smith et al.,
2014). These studies and reviews in current drug dependence suggest pertinent
regions/networks to spotlight for longitudinal prediction (Fig. 1), which is the focus
of the remainder of this review.

dACC/pre-SMA

DLPFC

Parietal lobe

Substance
use
initiation

Drug
addiction

Baseline
response Treatment
inhibition outcome

FIGURE 1

Schematic of the current review. Response inhibition is associated with performance and
neural correlates of response inhibition (regions/networks include IFG, dACC/pre-SMA,
DLPFC, and parietal lobe), which together prospectively predict substance use initiation and
clinical/treatment outcomes. Blue arrows (gray in the print version) reflect concurrent
associations; red arrows (dark gray in the print version) reflect longitudinal predictions; skinny
black arrows are descriptive. Rectangles reflect measured variables; circles reflect latent
variables (i.e., variables defined by other measured variables, whether explicitly included in
the schematic or not). The broken text and arrows of the addiction circle signify implied
relationships (i.e., not the focus of the current review). IFG =inferior frontal gyrus,

dACC =dorsal anterior cingulate cortex, pre-SMA = pre-supplementary motor area,

DLPFC =dorsolateral prefrontal cortex.

Brain activation maps are adapted from a previous meta-analysis of response inhibition in health

(Cieslik et al., 2015) (with permission from Elsevier).
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PART 1: PROGRESSION INTO ADDICTION/PROBLEMATIC
SUBSTANCE USE (TABLE 1)

GO/NO-GO STUDIES

A moderately large sample of adolescents performed a go/no-go task during fMRI at
baseline and then again 18 months later. More left angular/supramarginal gyrus ac-
tivation and less ventromedial prefrontal cortex (vmPFC) activation to the no-go ver-
sus go trials at baseline predicted an increase in drug use occasions at follow-up (i.e.,
accounting for baseline drug use)—particularly in those who were already heavier
users (Mahmood et al., 2013). Another longitudinal fMRI study tested for changes
over the first year of college during an emotionally salient go/no-go task that
instructed participants to respond to alcohol cues compared with nonalcohol cues;
here, the dependent variable was task-related functional connectivity. Young adults
were scanned three times (summer, first semester, second semester). At the second
assessment (during which respondents reported an increase relative to the first as-
sessment in the negative consequences of alcohol use, such as losing consciousness
during drinking or performing poorly on an exam because of drinking), functional
connectivity was increased among a network of regions implicated in response in-
hibition and cognitive control (e.g., bilateral DLPFC, rostral ACC, dorsal ACC)
(Beltz et al., 2013).

Even more illuminating, however, are studies that begin tracking youth before
they have begun experimenting with addictive substances. In one study, an fMRI
go/no-go task was used at two study sessions to compare adolescents who were ini-
tially nondrinkers but later transitioned into heavy drinking against adolescents who
remained nondrinkers during both assessments. Adolescents who later transitioned
into heavy drinking showed less fMRI response to no-go versus go trials in the MFG,
parietal cortex, putamen, and cerebellum. Interestingly, these effects were reversed
at the second scanning session such that the adolescent heavy drinkers showed in-
creased fMRI activation in these regions (except in the putamen, where no group
differences were observed in the second session) (Wetherill et al., 2013). Results
were interpreted to indicate that the reduced fMRI activation before drinking could
reflect vulnerability, whereas the increased fMRI activation after drinking could re-
flect compensation. Another fMRI study investigated adolescents again with initially
very limited substance use experience, classifying them at follow-up into those who
transitioned to heavy use of alcohol versus those who remained nonusers. Similar
results were reported, whereby youth who later transitioned into heavy alcohol
use had less activation in multiple brain regions encompassing the IFG, DLPFC, pu-
tamen, middle temporal gyri, and inferior parietal lobules (Norman et al., 2011).
More recently, preteens (9—12 years) performed an fMRI go/no-go task at baseline;
4 years later, participants completed assessments of substance use, which were used
to create matched groups of substance users and nonsubstance users. In contrast to
the other studies, there were no significant fMRI differences between the groups dur-
ing successful no-go inhibition at baseline. Instead, nonusers showed increased



Table 1 Prediction of Drug Use Initiation

Study

Go/no-go tasks

Beltz et al. (2013)

Heitzeg et al.
(2014)

Norman et al.
(2011)

Mahmood et al.
(2013)

Wetherill et al.
(2013)

Participants
(Retention
Rate)

N=11(91.01%)

N=45
HC, n=19

NU, n=13
PU,n=13

N=38
HU: n=21

HC: n=17

N=80
HF, n=39

LF, n=41

N=40
HU, n=20

HC, n=20

Mean
Age
(SD)

18-19

10.9
a.1)
10.9
0.9
11.0
(1.0

13.9
0.9
13.4
©.7)

17.4
0.9
17.6
(1.0

14.7
a1
14.1
1.2

Sex:
M/F

5/6

15/4

10/3

10/3

11/10

8/9

28/11

30/11

11/9

11/9

Race

NR

100% C

~80% C

76% C

79% C

55% C,
20% H,
15%
multi, 5%
As, 5% A

Disorder Status

NR

Externalizing:
CBCL & YSR

Substance use:
CDDR & DSM-IV
Externalizing:
CBCL

CDDR

Substance use:
CDDR and
DSM-IV
Psychopathology/
externalizing:
CBCL, YSR, &
ASR

RI Task

Go/no-go
MRI

Go/no-go
MRI

Go/no-go
MRI

Go/no-go
MRI

Go/no-go
MRI

Time
Between
Assessments

T1-T2: 2
months
T2-T3: 3
months
T1-T2: ~4
years

T1-T2: 4.2
years

T1-T2:
18 months

T1-T2: 3+
years

Main
Results,
Behavioral

NS

RT: PU |
NU

NS

NS

NS group
difference;
RI T with
age

Main Results, Imaging

Task functional interconnectivity: T B DLPFC,
ACC over time

Contrast: failed Rl > correct RI; NU 1 PU: L MFG;
L MFG neg corr externalizing

Contrast: HU no-go <HC no-go: 1 L DLPFC,
L superior MFG, R IFG, B medial FG,

B paracentral lobules, pre-SMA, L ACC, L Put,
L MTG, RMTG, BIPL; 1 RIFG, L ACC, R MTG,
L IPL neg corr T2 CBCL attention problems

Contrast: no-go >go: HF users: | vmPFC pos
corr T2 Drug & Alc Sx

Contrast: HU no-go < HC no-go: T1: 1 B MFG,
IPL, L Put, L cerebellum; T2: | B MFG, R inferior
parietal lobule, L cerebellum; HU: 1 R MFG pos
corr T2 drinking



Stop-signal tasks

Fernie et al. (2013) N=287 (94.4%) 12-13 NR NR NR Stop-signal T1-T2: 6 1 SSRT pos NA
behavior months corr T2
T2-T3: 6 Drinking
months
T3-T4: 6
months
T4-T5: 6
months
Nigg et al. (2006) N=498 12-14 362/ 100% C Alc/drug use: Stop-signal T1-T2: ~3 1 SSRT pos NA
136 DDHQ behavior years corr T2
drinking &
drug
problems
Wong et al. (2010) | N=386 15-17 292/94 100% C DDHQ-Y & DISC Stop-signal Ti1-T2: 1 SSRTpos | NA
behavior ~3 years corr T2 Alc
T2-T3: Sx
~3 years
T3-T4:
~3years
T4-T5: ~3
years
Whelan et al. N=2650 NR ESPAD Stop-signal T1-T2: ~2 NR Contrast: failed RI: T R precentral
(2014) BD, n=115 14.62 4/66 fMRI years gyrus pos corr with T2 binge drinking
(0.39)
FBD, n=121 14.45 69/52
(0.40)
HC, n=150 14.53 70/80
0.43)
Stroop tasks
Peeters et al. N=347 (72.0%) 13.6 330/44 ~75% Alc quantity: cwStroop T1-T2: 6 Poor RI: Alc NA
(2013) 0.9 Dutch 14-item scale behavior; months approach
~25 non- Severity: CRAFFT approach- pos corr T2
Dutch avoidance Alc use
behavior

Notes: As, Asian; A, African American; Alc, alcohol; ASR, Adult Self-Report; B, bilateral; C, Caucasian; CBCL, Child Behavioral Checklist; CDDR, Customary Drinking and Drug Use Record; cwStroop, Stroop with classical color-word stimuli;
DDHQ, Drinking and Other Drug Use History Questionnaire; DDHQ-Y, Drinking and Other Drug Use History Questionnaire— Youth Version; DISC, Diagnostic Interview Schedule for Children; DLPFC, dorsolateral prefrontal cortex; ESPAD,
European School Survey Project on Alcohol and Drugs; FBD, future binge drinker; FH +, family history AUD positive; Fas, false alarms; FH —, family history AUD negative; H, Hispanic; HC, healthy control; HF, high frequency; HU, heavy user; IFG,
inferior frontal gyrus; IPL, inferior parietal lobe; L, left; LF, low frequency; MFG, middle frontal gyrus; MTG, middle temporal gyrus; neg corr, negative correlation; NA, not applicable; NR, not reported; NS, not significant; NU, nonuser; PFC,
prefrontal cortex; pos corr, positive correlation; PU, problem-user; Put, putamen, pre-SMA, pre-supplementary motor area; SSRT, stop-signal reaction time; R, right; R, response inhibition; Sx, symptoms; T, time; TRF, Teacher’s Report Form;
YAAPST, Young Adult Problems Screening Test; vmPFC, ventromedial prefrontal cortex; YSR, Youth Self-Report.
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activation relative to users during unsuccessful inhibition versus successful inhibi-
tion in the left MFG (DLPFC); DLPFC activation predicted outcome (group mem-
bership) over and above the effects of externalizing behavior (Heitzeg et al., 2014).
This different pattern of effects could be due to the different fMRI contrast (error-
related processing).

STOP-SIGNAL STUDIES

Four hundred ninety-eight children from 275 families from a high-risk, prospectively
followed cohort completed executive function measures in early and late adoles-
cence, with the goal of predicting lifetime drinking and drug-related ratings in late
adolescence; multilevel models controlling for various potential confounds showed
that poorer response inhibition (i.e., higher SSRT) predicted the onset of future drug
and alcohol use (Nigg et al., 2006). Moreover, in the same high-risk sample, poorer
response inhibition in late adolescence predicted alcohol-related problems in young
adulthood (e.g., driving while intoxicated or experiencing an alcohol-induced black-
out) (Wong et al., 2010).

A different research group similarly used a multiwave longitudinal study (five
assessments over 2 years) to test associations between the behavioral stop-signal task
and alcohol use in adolescents (Fernie et al., 2013). Data were analyzed using sophis-
ticated cross-lagged analyses, which enable investigation of the relationships be-
tween response inhibition at time 1 and alcohol use at time 2 while controlling
for cross-sectional associations between these variables at both time points and
for their stability over time. Results showed that stop-signal performance prospec-
tively predicted alcohol involvement, whereas the reverse association (alcohol in-
volvement predicting response inhibition) did not reach significance. These
analyses, which approximate causal relationships between variables in a nonexperi-
mental design, suggest that response inhibition in adolescence confers vulnerability
toward future substance use.

In an elegant, recent fMRI study, machine learning techniques were used to in-
tegrate multimodal self-report, structural and functional imaging, and genetics data
in service of predicting concurrent and future binge drinking in a large sample of
adolescents. In the longitudinal arm, fMRI activation in the precentral gyrus to re-
sponse inhibition failures predicted future binge drinking (Whelan et al., 2014).

STROOP STUDIES

Few studies have used Stroop tasks to predict emerging substance use problems. One
behavior-only study used a Stroop task to stratify adolescents into those with stronger
or weaker response inhibition (weaker response inhibition was defined as higher
incongruent >neutral response reaction time). The task itself was an approach-
avoidance paradigm that used stimuli depicting alcohol or soda, and participants
were instructed to either pull (approach) or push (avoid) a lever in response to the
stimuli. Results showed that greater alcohol approach tendencies (i.e., faster reaction
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time to pull the lever toward than push the lever away) predicted alcohol use at
6-month follow-up only in the adolescents with weaker Stroop-assessed inhibition
(Peeters et al., 2013).

PART 1 SUMMARY

These studies suggest that performance on tasks of response inhibition in adoles-
cence/young adulthood predicts future initiation into substance use. Despite some
exceptions (and although additional studies utilizing the Stroop task are needed),
the general pattern of results suggests underactivations during the response inhibition
trials in key inhibition-related regions in the individuals who would later become
substance users; an opposite (hyperactivation) pattern seemed to occur when exam-
ining response failure. The most consistent neural correlate of response inhibition
was the DLPFC, which is a core region in response inhibition but also in the imple-
mentation of cognitive control more generally (Egner et al., 2008; Kerns et al., 2004).
Other regions identified in multiple studies included the parietal cortex and the pu-
tamen. The precentral gyrus also deserves mention, given this region’s emergence in
a well-powered and well-controlled study (Whelan et al., 2014). These neural under-
activations during response inhibition in the individuals who would later develop
problematic drug use were typically observed in the absence of behavioral differ-
ences between the groups (Table 1). Lack of group differences on task performance
suggests that these fMRI differences are potentially marking abnormal neural activ-
ity (rather than, for example, an inability to perform the task). Taken together, inhi-
bition problems and associated aberrant brain response during the exertion of
inhibitory control appear to predate substance use.

PART 2: PREDICTION OF CLINICAL OUTCOME IN ALREADY
ADDICTED INDIVIDUALS (TABLE 2)

GO/NO-GO STUDIES

In an interesting study of smokers motivated to quit, fMRI during a go/no-go task
(successful no-go versus go events) was used to predict outcome via an experience
sampling method (a unique contribution to this literature); as part of these assess-
ments, participants responded eight times per day for 3 weeks about their craving
and cigarettes smoked (Berkman et al., 2011). The IFG, pre-SMA, and basal ganglia
were selected as ROIs. Results revealed a positive correlation between craving at one
time point and smoking at the next time point. Interestingly, this relationship was
moderated by all three ROISs such that individuals who had higher fMRI activations
in these regions to the no-go stimuli had a blunted correlation between craving and
smoking. This finding could suggest that enhanced neural response during response
inhibition reflects a greater capacity to exert top-down control over impulses
(e.g., craving) [although it should be noted that other studies have interpreted
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Study

Go/no-go tasks

Berkman
et al. (2011)

Prisciandaro
et al. (2013)

Participants
(Retention
Rate)

N=31

CD:
N=30 (ReL:

n=06; no-ReL.:

n=24)

Stop-signal tasks

Jakubczyk
et al. (2013)

Luo et al.
(2013)

Stroop tasks

Brewer et al.
(2008)

Carpenter
et al. (2012)

AD: N=254

CD: N=97
RelL: n=80

No-ReL:
n=17

CD: N=20

CD: N=25

Mean
Age
(SD)

46 (9.7)

(8.3)

48.4
8.7)

44.2
(10.2)

39.1
(7.5)

43.0
(7.9)

38.6
9.3)

37 (7.1)

Sex:
M/F

16/15

5/1

20/4

189/65

27/53

7/10

12/8

22/3

Race

52%
26% H
19% A
3% 0

83% A

83% A

29% C

67%

4% O

30% C
50% A
20% H

36% C
28% A

Abst
Length

NR

>72h

NR

2-4
weeks

28 days

14 days

Disorder
Status

>10 cig/
day

DSM-IV
for CD

DSM-IV
for AD
DSM-IV
for CD

DSM-IV
for CD

DSM-IV
for CD

Treatment
Status

Cessation
program

Outpatient

Inpatient

Inpatient

Outpatient

Outpatient

RI Task

Go/no-go
MRI

Drug no/
no-go fMRI

Stop-signal
behavior
Stop-signal
MRI

cwStroop
MRI

dStroop
behavior

Time
Between
Assessments

T1-T2: 4
weeks

T1-T2: 1 week

T1-T2:

12 months
T1-T2:

14 days
T1-T3:

30 days
T1-T4:
60 days
T1-T&:
90 days

NR

24 weeks

Main Results,
Behavioral

NS

NS

NS

NS

RT: 1

incong > cong
pos corr Tx
retention

RT: 1
drug > neutral

Main Results,
Imaging

Contrast:
no-go>go: 1 IFG,
BG, & pre-SMA

pos corr with
attenuation of
craving-smoking link
Contrast:
no-go>go: 1

B postcentral gyri pos
corr with urine+

NA

Contrast: stop
error > stop correct:
in female CD, |
thalamus & dACC
pos

corr relapse; in male
CD, | Linsula &
dACC pos corr
relapse

Contrast:

incong <cong; 1

R Put pos corr
urine — & longest
abst; R putamen,

L vmPFC & left

PCC pos corr longest
abst; | DLPFC pos
corr Tx retention

NA



Carpenter
et al. (2006)

Cox et al.
(2002)

Devito et al.
(2012)

Marhe et al.
(2013)

Mitchell et al.

(2013)

Moeller et al.

(2012b)

N=80
CD: n=45

MJ: n=25
HD: n=10

N=30

AD:

n=14 (ReL:
n=9;
No-ReL:
n=5)

HC: n=16

SUD: n=12

HC:n=12

CD: N=26

CD: N=15

HC:
N=15

CD:

N=15 (Tx-
seeking)

CD: N=13
(active users)

38.6
8.1
324
8.9
324
6.6)

37.3
(10.9)
37.2
(9.5)
31.0
(8.6)

38.7
©2)

39.0
(10.4)
40.0
(7.4

9.1)

425
(6.9

33/12

20/5

91

11/3

4/12

7/5

5/7

22/4

6/9

7/8

11/4

12/1

24% H
3% O

31%
24%
33%

NR

NR

NR

CD:
40%

66.7%

HC:
53%

47% A
53% A
33%C
13% 0O
77%A
8% C

15% O

NR

NR

NR

NR

NR

>3
weeks

DSM-IV
for CD/MJ

DSM-IV
for AD

DSM-IV
for SUD

DSM-IV
for CD

DSM-IV
for CD

DSM-IV
for CD

Qutpatient

Inpatient

RCT

Inpatient

Outpatient

Mix

inpatient/
outpatient

(Substance-
matched)
dStroop
behavior

dStroop
behavior

cwStroop
fMRI

dStroop
MR

cwStroop
MRI

dStroop
MRI

NR

AD: ~24 days
HC: ~28 days

T1-T2:
8 weeks

T1-T2: 3
months

T1-T2: 8-12
weeks

T1-T2: 6.4
(£1) months

pos corr Phase
I Tx and urine —
RT: InCD, 1
cocaine >
neutral pos corr
urine+ and
shorter Tx; in
MJ and HD, NS

RT: in AD RelL
but not non-
ReL, 1
alcohol >
neutral

RT: SUD<HC,
but | incong RT
in SUD at T2

RT: cocaine
> neutral

NS

RT: T2<T1
neutral

NA

NA

Contrast:

incong > cong
T2<T1

SUD<HC: | STN/
VTA, GP, thal &
hypothal

Contrast:

cocaine > neutral:

1 R dACC ROI pos
corr cocaine use
days

Measure: intrinsic
connectivity:

CD < HC: R caudate,
B OFC, IFG, insula,
thal, SN and VS; 1
connectivity in
Bthalamus, VS, & SN
neg corr abst during
Tx & pos corr urine+
Contrast: T2>T1;

1 B midbrain (VTA/
SN) &R thal, neg corr
simulated drug-
seeking

Continued
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Study

Verdejo-

Garcia et al.

(2012)

Worhunsky
et al. (2013)

Participants
(Retention
Rate)

HC: N=13

CD: N=131

CD: N=20

HC: N=20

Mean
Age
(SD)

39.6
(4.9)

33.9
(21.6)

38.6
©.3)
36.8
(8.9)

Sex:
M/F

1172

120/11

12/8

12/8

Race

69% A
23%C
8% 0O
NR

CD:
30%
C,
50% A,
20% O
HC:
70%
C,
30% A

Abst
Length

>15 days

NR

Disorder
Status

DSM-IV
for CD

DSM-IV
for CD

Treatment
Status

Therapeutic
community

Qutpatient

RI Task

cwStroop
behavior

cwStroop
MR

Time
Between
Assessments

T1-T2: 15-30
days

8 weeks
treatment

Main Results,
Behavioral

RT

incong >cong:
cocaine
+heroin
comorbid <
cocaine only;
RT trend pos
corr Tx
retention

RT: NS
Errors:
CD>HC

Main Results,
Imaging

NA

Measure: ICA: |
subcortical- & ventral
frontostriatal
networks pos corr
urine—; |
frontocingular
network pos corr

Tx wks

Notes: As, Asian; A, African American; Abst, abstinence; ACC, anterior cingulate cortex; AD, alcohol use disorder; ASR, Adult Self-Report; B, bilateral; BG, basal ganglia; C, Caucasian;, CBCL, Child Behavior Checklist; CD,
cocaine dependence; Cong, congruent; CDDR, Customary Drinking and Drug Use Record; cwStroop, Stroop with classical color-word stimuli; DDHQ-Y;, Drinking and Other Drug Use History Questionnaire-Youth Version;
DISC, Diagnostic Interview Schedule for Children; DLPFC, dorsolateral prefrontal cortex; dStroop, Stroop with drug-associated stimuli; GP, globus pallidus; H, hispanic; HC, healthy control; HD, heroin dependence; ICA,
independent components analysis; IFG, inferior frontal gyrus; Incong, incongruent; ITC, inferior temporal cortex; IRAP, Implicit Relational Assessment Procedure; L, left; Lent Nucl, lentiform nucleus; MFG, middle frontal
gyrus; MJ, Marijuana Dependence; MTG, middle temporal gyrus; neg corr, negative correlation; NA, not applicable; NR, not reported; No-ReL, nonrelapsers; NS, not significant; O, other race; PFC, prefrontal cortex; pre-
SMA, pre-supplementary motor area; Put, putamen; R, right; ReL, relapsers; RCT, randomized clinical trial; R, response inhibition; ROI, region of interest; R-SAT, Regulation— Revised Strategy Application Test; SFG,

superior frontal gyrus; STG, superior temporal gyrus,; SN, substantia nigra; STN, subthalamic nucleus; SUD, substance use disorder; T, time; Thal, thalamus; Tx, treatment; urine+, positive urine result; urine —, negative urine
result; vmPFC, ventromedial prefrontal cortex; VS, ventral striatum; VVTA, ventral tegmental area; YSR, Youth Self-Report.
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such enhanced activation as reflecting compensation (Wetherill et al., 2013)]. In a
secondary analysis of this study, the basal ganglia ROI (but not the other two ROIs)
predicted reduced smoking across 4 weeks (objectively measured by breath CO)
(Berkman et al., 2011).

In another fMRI study (this one using a more standard analysis methodology),
increased activation in a different region (the postcentral gyrus, to all no-go events
versus all go events) predicted treatment outcome 1 week later (positive cocaine
urine screen) (Prisciandaro et al., 2013). Important caveats of this study are that these
participants were also included in a treatment trial that administered p-cycloserine,
and they also completed a cue-reactivity task during the same scanning session.

STOP-SIGNAL STUDIES

In an fMRI study, a moderately sized cohort of treatment-seeking cocaine-dependent
individuals completed the stop-signal task and was followed over 3 months to predict
clinical outcome. Decreased activation in the dorsal ACC during error-related pro-
cessing (stop error versus stop success) predicted relapse in males and females (note
that males and females also exhibited some differential activations that predicted re-
lapse: decreased thalamus activation in females; decreased insula activation in
males) (Luo et al., 2013). In contrast, in a behavior-only study of treatment-seeking
alcohol-dependent individuals, the stop-signal task administered at baseline did not
predict 12-month outcome; instead, 12-month outcome was predicted by genetic var-
iation (type 2A serotonin receptor polymorphism) (Jakubczyk et al., 2013). Notable
differences between these studies include the use of fMRI and the length of the
follow-up period (3 versus 12 months).

STROOP STUDIES

In a behavior-only study examining the variables that predict treatment retention in a
therapeutic community, participants completed a battery of neuropsychological
measures including the color-word Stroop task. Better Stroop task performance (both
the standard inhibition measure and a second measure assessing switching) signifi-
cantly predicted better 3-month outcome, but these results did not survive the au-
thors’ correction for multiple comparisons (Verdejo-Garcia et al., 2012). Other
behavioral studies used emotional (drug) Stroop tasks. In an early study of alcohol
abusers, participants completed an alcohol Stroop task at baseline and then again 4
weeks later. Compared with control participants and alcohol abusers who completed
treatment, alcohol abusers who did not complete treatment had alcohol-related inter-
ference scores that increased from baseline to follow-up (Cox et al., 2002). A caveat
of this study is the small sample sizes in each group (n =15 participants who remained
abstinent or had a small lapse; n=9 participants who relapsed or failed to maintain
contact with a counselor). In another earlier study, treatment-seeking drug-addicted
individuals performed a drug Stroop task, with the stimuli content matched to the
participants’ particular substance problem (e.g., cocaine stimuli for individuals
addicted to cocaine) (Carpenter et al., 2006). Results showed that cocaine Stroop
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interference scores predicted more cocaine positive urines and shorter treatment du-
ration in the cocaine participants, but similar substance-specific analyses were not
significant in individuals in treatment for marijuana or heroin (but note smaller sam-
ple sizes in these latter two groups compared with the cocaine group). In contrast,
another study from the same lead author showed that drug Stroop interference scores
were positively correlated with a greater likelihood of continuing with treatment (en-
tering a Phase II, which included providing negative cocaine urine screens)
(Carpenter et al., 2012). This latter result could indicate that the interference scores
in this case were tapping into a hypervigilance toward the cocaine cues to sustain
commitment to the treatment process (Moeller and Goldstein, 2014). These conflict-
ing findings remain to be reconciled, but could include variability in the character-
istics of the participants (e.g., abstinence lengths) and/or the therapeutic context
(e.g., presence of a voucher system) (Carpenter et al., 2012).

A growing number of fMRI studies have used Stroop tasks to predict clinical out-
come in already addicted individuals. In one of the first studies of its kind,
20 treatment-seeking cocaine-dependent individuals performed an fMRI color-word
Stroop task prior to initiating treatment. Interestingly, higher behavioral Stroop in-
terference predicted better clinical outcomes (more weeks in treatment). Analysis of
the fMRI data showed that during interference trials (incongruent versus congruent),
higher activation of the vmPFC, posterior cingulate, and striatum predicted a longer
duration of self-reported abstinence (the striatum additionally predicted percent of
negative urine screens); and reduced activation of the DLPFC predicted treatment
retention (Brewer et al., 2008). In another study, a drug (cocaine) Stroop task was
administered to cocaine-dependent patients during their first week in detoxification
treatment and was used to predict cocaine use at 3-month follow-up. Dorsal ACC
activation to cocaine versus neutral words positively predicted future cocaine use
(i.e., relapse) (Marhe et al., 2013). Interestingly, the direction of correlation was op-
posite to the previous study, perhaps attributable to the task valence (emotionally
neutral in the former versus emotionally salient in the latter).

Other fMRI studies instead examined the predictive effects of task-related con-
nectivity during neutral Stroop tasks. In one study, 16 treatment-seeking cocaine-
dependent individuals and matched healthy controls completed an fMRI color-word
Stroop task (Mitchell et al., 2013). In addition to the behavioral Stroop predicting
abstinence [i.e., more interference at pretreatment correlated with better outcome,
supporting the study above (Brewer et al., 2008)], less functional connectivity among
the ventral striatum, thalamus, substantia nigra, right insula, and left hippocampus
predicted better clinical outcome (longer abstinence) (Mitchell et al., 2013). This
finding is somewhat difficult to interpret considering that the addicted individuals
had less connectivity among these regions overall than healthy controls. Neverthe-
less, this prospective finding within the addicted group is consistent with other work
showing that subcortical pathways in drug addiction are hyperconnected during
resting-state in association with a greater severity of dependence (Konova et al.,
2013); less hyperconnectivity of these subcortical structures, then, could be driving
the better treatment outcomes observed in this study. In contrast, however, in a
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second connectivity study of treatment-seeking cocaine-addicted individuals, inde-
pendent component analysis (ICA) was applied to fMRI data during color-word
Stroop interference (Worhunsky et al., 2013). Here, better clinical outcome (higher
numbers of negative cocaine urine screens) was predicted by greater engagement of a
subcortical network (encompassing the thalamus, striatum, amygdala, and hippo-
campus) and a “ventral frontostriatal” network (encompassing vmPFC, ventral stri-
atum, and subgenual/rostral components of the ACC). In contrast, more weeks in
treatment were associated with reduced engagement of a “frontocingular” network
(encompassing ACC, medial PFC, and insula). Thus, additional research is needed to
reconcile inconsistencies among the studies, especially with respect to the contribu-
tion of subcortical structures.

Other studies have used bookend (pre—post) fMRI sessions to examine neural
changes as a function of treatment and/or abstinence. In one study, substance-
dependent individuals underwent fMRI during a color-word Stroop task at baseline
and follow-up, with 8 weeks of computer-assisted cognitive behavioral therapy for
substance abuse in between the two scanning sessions; nonsubstance-using control
participants also completed the Stroop task following a similar time interval. At
follow-up, the treatment-seekers showed decreased interference-related fMRI signal
in multiple brain regions including the DLPFC, ACC, IFG, and a subcortical cluster
that encompassed the midbrain and subthalamic nucleus (Devito et al., 2012). In an-
other study, treatment-seeking cocaine-addicted individuals completed a drug Stroop
task at baseline and then again at a 6-month follow-up. Results showed that midbrain
fMRI signal increased during the entire task (to drug and neutral words) from base-
line to follow-up, and this enhanced midbrain response correlated with reduced
cocaine-related choice on a simulated drug-choice paradigm (Moeller et al., 2012b).

PART 2 SUMMARY

Here, many of the behavior-only studies used drug Stroop tasks, which yielded some-
what mixed/contradictory results in predicting clinical outcome in treatment-seeking
drug-addicted individuals. When inhibition tasks were combined with neuroimaging,
prediction was generally improved. Similarly to the initiation literature, these neu-
roimaging effects generally emerged in the absence of behavioral task effects (par-
ticularly for go/no-go and stop-signal tasks) (Table 2). In contrast, the Stroop tasks
were often associated with behavioral differences (between groups, assessment time
points, etc.) (Table 2), and therefore, one cannot rule out the possibility that differ-
ential fMRI activations are attributable to differential ability of individuals to per-
form the task. Despite this potential uncertainty, however, these imaging studies
were fairly consistent in showing that clinical outcome was prospectively predicted
by the DLPFC, dorsal ACC, IFG, and regions of the basal ganglia such as the stri-
atum and midbrain. In general, although with multiple exceptions, better clinical out-
come was predicted by decreased PFC activation but enhanced subcortical
activation. The predictive effect of subcortical activation could be attributable to
recovery of dopaminergic integrity with abstinence (Volkow et al., 2001).
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Nevertheless, it is important to replicate this subcortical effect in future work, both
because of the inconsistent direction of activation in these studies and because sub-
cortical activations are not as reliably reported during inhibitory control tasks in
healthy individuals.

Overall, better response inhibition and less activation during the exertion of in-
hibitory control predicted a better clinical outcome. As there is no a priori reason to
suspect that individuals with better response inhibition had a less severe addiction,
these studies suggest that better response inhibition helps individuals to refrain from
drug-taking when they are motivated to do so. An interesting variable to examine in
this regard, which was not routinely reported in these studies, is the number of quit
attempts during the course of the addiction. One could anticipate that individuals
with better response inhibition would have fewer quit attempts.

CONCLUSION AND FUTURE DIRECTIONS
PARADIGM CONSIDERATIONS

An important future direction is to test whether there are unique neural mechanisms
underlying the ability to exert inhibitory control in a drug-related context versus a
neutral context. Insofar as inhibitory control in drug-addicted individuals is antici-
pated to be lowest upon being confronted with drugs or drug-associated stimuli
(Goldstein and Volkow, 2011), such task designs could potentially explain unique
variance in drug use outcomes—particularly since neuropsychological impairments
in drug addiction, while pervasive, are generally mild in magnitude and may require
more sensitive neuropsychological probes for their detection (Goldstein et al., 2004,
2007; Moeller et al., 2009; Woicik et al., 2009). Although drug Stroop tasks have
been deployed to predict clinical outcome in addicted individuals as reviewed above,
these studies generally have not concurrently administered a standard color-word
Stroop task for direct comparisons (e.g., drug task minus matched neutral task).

Response inhibition paradigms could also benefit from designs that enable the
parametric correlation of trial-by-trial behavioral responses with the associated neural
signals for each individual. This type of design could help reduce concerns about in-
terpretation of the fMRI effects when there are also behavioral differences between
groups or longitudinal assessments. More broadly, another interesting direction would
be to directly contrast an inhibitory control task with another demanding cognitive task
(e.g., working memory) that engages similar neural circuitry (e.g., the DLPFC). In this
way, one could test whether any cognitively demanding task predicts future drug use,
or whether there are uniquely predictive aspects of response inhibition.

EXPAND STUDY INTO MORE ADDICTIONS

Another important direction is to expand the present literature into different drug
classes. Alcohol is overrepresented in studies examining the prediction of drug
use initiation, and cocaine is overrepresented in studies examining prediction of
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clinical outcome. For the former (prediction of initiation), the decision to focus on
alcohol use is justified, given the focus of these studies on adolescents and young
adults. Nevertheless, it will be important to expand this young adult longitudinal
literature into the misuse of opioid prescription medication, which has become a
paramount public health concern in recent years (Schrager et al., 2014). Moreover,
the recent legalization of marijuana in several states (e.g., Colorado and Washing-
ton) has increased concerns about underage use and misuse (Monte et al., 2015).
For the latter (prediction of outcome), it will be important to increase the number
of studies examining how response inhibition impacts clinical outcomes in other
addictions that have high public health implications (e.g., nicotine, alcohol, heroin,
methamphetamine). Beyond drug addiction, there is scant inhibitory control lon-
gitudinal research on behavioral addictions, such as gambling or internet/video
game addiction.

INDIVIDUAL DIFFERENCES

It is imperative to study addicted individuals with psychiatric comorbidities. Individ-
uals with comorbidities represent a majority of addicted individuals and are more
likely to have unmet treatment needs (Melchior et al., 2014). Another potential
modulatory variable is the presence of comorbid attention deficit/hyperactivity dis-
order (ADHD), which is associated with both the initiation of substance abuse and
impaired response inhibition (Lee et al., 2011); other externalizing symptomatology,
such as anger, could also be important to examine (Aharonovich et al., 2001).
Finally, sex differences may modulate response inhibition in drug addiction, as in-
dicated by one of the studies reviewed above (Luo et al., 2013). In further support,
in a study examining sex by substance dependence interactions on self-reported
impulsivity, female drug-addicted individuals exhibited the highest impulsivity of
all participant groupings (Perry et al., 2013). Women may also have greater difficulty
inhibiting drug use (e.g., smoking) following cue exposure (Doran, 2014).

UNDERLYING NEUROCHEMISTRY

The neurochemistry of these effects also remains to be uncovered, especially if these
results are to aid the development of innovative pharmacotherapies to treat drug ad-
diction. Dopamine is likely to play an important role, given its reported contribution
to higher-order cognitive functions that bear on self-regulation/response inhibition
inclusive of cognitive flexibility (Kehagia et al., 2010), exertion/sustaining effort
(Niv et al., 2007; Satoh et al., 2003), and motivation (Moeller et al., 2012a). Support-
ing the latter, in a preliminary sample of cocaine-addicted individuals and healthy
controls, we showed that dopamine D2 receptor availability, measured by positron
emission tomography (PET) with [1 1C]raclopride, correlated with fMRI midbrain re-
sponse to errors during the color-word Stroop task when cognitive resources were
presumably most depleted (during the final versus the first task repetition)
(Moeller et al., 2012a). In addition, studies administering the stop-signal tasks during
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PET with ['®F]fallypride in healthy individuals revealed correlations between SSRT
and D2/D3 receptor availability in the left OFC, right MFG, and right precentral gy-
rus (Albrecht et al., 2014) and the striatum (Ghahremani et al., 2012). Accordingly,
therapeutic agents that act on this system, such as the indirect dopamine agonist
methylphenidate, could be used to modulate the neural correlates of response inhi-
bition in drug addiction as indeed previously demonstrated (Goldstein et al., 2010; Li
et al., 2010; Moeller et al., 2014; Sofuoglu et al., 2013).

SUMMARY, LIMITATIONS, AND CLINICAL IMPLICATIONS

We reviewed behavioral and neuroimaging studies of response inhibition aiming to
predict longitudinal outcomes in substance abuse. We identified a larger number of
studies relevant to the prediction of clinical outcome than to the prediction of tran-
sition into substance abuse, underscoring a need for more studies that can detect
at-risk individuals before they transition to addiction. In particular, needed are
large-scale, comprehensive studies that can integrate and/or disentangle the influ-
ences of multiple and multimodal predictors related to response inhibition; the
creation of several collaborative imaging consortiums has begun to address this
crucial gap (Paus, 2010) (see results in the current review reported by Whelan
et al., 2014). These big data initiatives can also help resolve some of the inconsis-
tencies between studies, as small sample sizes are likely to represent a source of
increased variation; this concern is accentuated for the relapse prediction studies,
which as a whole had smaller sample sizes than the drug use initiation studies.
Another concern for these relapse prediction studies is the abstinence length at
the time of scanning: abstinence length was variable between the studies (ranging
from hours to weeks), and in many studies, this information was not reported
(Table 2). This variable could have crucial bearing on the capacity to exert inhib-
itory control (e.g., if one is studying participants who are experiencing acute
withdrawal symptoms and/or intense craving), or alternatively could be evidence
of individuals having already exerted inhibitory control (e.g., if one is studying
participants who have sustained abstinence for several weeks). Moreover, one
needs also to exercise a degree of caution when interpreting the results of studies
that retrospectively test for neuroimaging predictors (e.g., using the outcome, such
as relapse versus abstinence, as the basis of creating groups for a baseline neuro-
imaging analysis). This type of analysis can lead to overfitting that can inflate the
magnitude of the observed differences, a problem that has been well-articulated
elsewhere (Garavan et al., 2013).

Despite these concerns, results generally support the hypothesis that these tasks,
and their underlying neural correlates, predict important prospective outcomes. Be-
haviorally, better response inhibition generally predicted better outcomes. Neurally,
the general pattern of results was that frontal regions were less activated during the
exertion of inhibitory control in the individuals who would later become problematic
substance users. This finding of blunted frontal activation during response inhibition
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is also consistent with other externalizing psychopathologies, including ADHD
(Rubia et al., 2011) and intermittent explosive disorder (Coccaro et al., 2007). Inter-
estingly, however, less activation of similar frontal regions generally predicted better
clinical outcomes when the context was sustaining abstinence.

These results have important clinical implications. Although these results cannot
illuminate causal relationships between variables, longitudinal prediction constitutes
an improvement over cross-sectional studies and can support the important conclu-
sion that response inhibition deficits could be targeted for intervention to improve
future outcomes. These could include targeted cognitive—behavioral exercises, pos-
sibly in combination with pharmacotherapy and/or individualized neurofeedback.
These types of interventions can help address the vital public health goals of iden-
tifying the young individuals most likely to progress from recreational to problematic
substance use, and identifying the addicted individuals most likely to relapse after
beginning treatment or abstinence. Individuals with reduced inhibitory control could
be selected for additional therapeutic/interventional resources to produce better
drug-related outcomes.
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Abstract

Morbidity and mortality associated with tobacco smoking constitutes a significant burden on
healthcare budgets all over the world. Therefore, promoting smoking cessation is an important
goal of health professionals and policy makers throughout the world. Nicotine is a major psy-
choactive component in tobacco that is largely responsible for the widespread addiction to to-
bacco. A majority of the currently available FDA-approved smoking cessation medications act
via neuronal nicotinic receptors. These medications are effective in approximately half of all
the smokers, who want to quit and relapse among abstinent smokers continues to be high. In
addition to relapse among abstinent smokers, unpleasant effects associated with nicotine with-
drawal are a major motivational factor in continued tobacco smoking. Over the last two de-
cades, animal studies have helped in identifying several neural substrates that are involved in
nicotine-dependent behaviors including those associated with nicotine withdrawal and relapse
to tobacco smoking. In this review, first the role of specific brain regions/circuits that are in-
volved in nicotine dependence will be discussed. Next, the review will describe the role of
specific nicotinic receptor subunits in nicotine dependence. Finally, the review will discuss
the role of classical neurotransmitters (dopamine, serotonin, noradrenaline, glutamate, and
y-aminobutyric acid) as well as endogenous opioid and endocannabinoid signaling in nicotine
dependence. The nicotinic and nonnicotinic neural substrates involved in nicotine-dependent
behaviors can serve as possible targets for future smoking cessation medications.

Keywords

Glutamate, GABA, Nicotine withdrawal, Reinstatement, Opioids, Endocannabinoids, Seroto-
nin, Habenula, Nucleus accumbens, Interpeduncular nucleus
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Abbreviations
AMPA amino-3-hydroxy-5-methyl-4-isoxazolepropionate/kainate
CRF corticotropin-releasing factor

FAAH fatty acid amide hydrolase
GABA y-aminobutyric acid

ICSS intracranial self-stimulation
mGlu metabotropic glutamate
NAcc nucleus accumbens

nAChRs nicotinic acetylcholine receptors
NMDA N-methyl-p-aspartate

nor-BNI  norbinaltorphimine

PAMs positive allosteric modulators
VTA ventral tegmental area

INTRODUCTION

Currently, there are approximately 1.3 billion adult smoker’s worldwide, making
tobacco addiction one of the most prevalent addictions all over the world. Impor-
tantly, mortality attributed to tobacco smoking is estimated to rise to approxi-
mately 8 million by 2030 (WHO, 2011). Cessation of tobacco smoking can
reverse some of the adverse health outcomes associated with tobacco smoking
(Fagerstrom, 2002). Although a significant number of smokers are willing to quit,
few succeed without professional help. In fact, most smokers, who attempt to quit
on their own without professional help, will relapse within the first 6 months
(Hughes et al., 2004).

Nicotine is the major psychoactive component of tobacco smoke (Stolerman
and Jarvis, 1995). The effects of nicotine are mediated by neuronal nicotinic
acetylcholine receptors (nAChRs) and current first-line Food and Drug Administra-
tion (FDA)-approved smoking cessation medications such as varenicline and nicotine
replacement therapies target these nAChRs (Nides, 2008; Rennard and Daughton,
2014; see Table 1). However, these FDA-approved medications are not effective in
all smokers who express a desire to quit. Thus, to improve the overall smoking
cessation rates, it is imperative to identify neurobiological substrates that play a role
in continued nicotine seeking. In this review, the different phases of nicotine depen-
dence will be discussed. In addition, the review will describe specific neurobiological
substrates that play a role in continued nicotine seeking and may serve as targets for
new smoking cessation medications and improve quit rates among smokers.

PHASES OF NICOTINE DEPENDENCE

The reinforcing effects of nicotine play an important role in the initiation and main-
tenance of tobacco smoking in humans and nicotine seeking in animals. In humans,
nicotine intake through tobacco smoking produces a pleasurable rush, mild euphoria,
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Table 1 FDA-Approved Smoking Cessation Medications and Their Molecular
Mechanism of Action

Place in | Target Molecular Mechanism
Therapy | Receptor Drug of Action
First-line | Nicotinic Nicotine replacement Stimulation of nicotinic
products (gum, lozenge, acetylcholine receptors
patch, nasal spray, inhaler) (NAChRs)
Varenicline Partial agonist of 42 nAChRs
Nicotinic Bupropion Weak inhibitor of dopamine/
and noradrenaline uptake
nonnicotinic transporters, NAChR
antagonist?
Second- | Nonnicotinic | Clonidine a2-adrenergic agonist
line Nortriptyline Inhibitor of noradrenaline
uptake transporters

increased arousal, decreased fatigue, and relaxation (Henningfield et al., 1985). More
importantly, nicotine-dependent smokers, who quit smoking, experience unpleasant
affective effects such as depressed mood, anhedonia, dysphoria, anxiety, irritability,
difficulty in concentrating, and craving (Shiffman and Jarvik, 1976). In addition, some
smokers may develop mild “physical” or somatic withdrawal manifestations such as
bradycardia, insomnia, gastrointestinal discomfort, and weight gain (Hughes et al.,
1991). These unpleasant effects are mediated by nicotine-induced neuroadaptations
at distinct sites/nuclei in the brain (see below). Like in humans, withdrawal of nicotine
in nicotine-dependent animals produces somatic and affective disturbances (see
Table 2). Abstinent smokers often succumb to intense cravings and reinitiate smoking,
which is termed as relapse. Relapse often occurs in response to stress, nicotine/tobacco
smoke, and/or environmental stimuli associated with nicotine (Carmody, 1992). In
animals too, stress, nicotine and nicotine-associated cues, and contexts result in rein-
statement of nicotine seeking after a period of nicotine withdrawal and extinction
training (Shaham et al., 2003; Stoker and Markou, 2015; see Table 2). Overall, the
unpleasant effects associated with nicotine withdrawal and relapse play an important
role in continued nicotine seeking. A description of animal models used to study the
neurobiology of nicotine withdrawal and relapse to nicotine seeking in humans is
described in Table 2. The next sections will describe the advances in our understanding
of the neural mechanisms underlying the unpleasant effects of nicotine withdrawal
and relapse to nicotine seeking using animal models.

NEUROCIRCUITRY UNDERLYING THE DEVELOPMENT
OF NICOTINE DEPENDENCE
The reinforcing effects of nicotine are mediated by the mesocorticolimbic dopami-

nergic neurons, which originate in the ventral tegmental area (VTA) and project to
several cortical and subcortical sites including the prefrontal cortex (PFC),



Table 2 Animal Models Commonly Used to Assess Different Nicotine-Dependent Behaviors

Phase of
Nicotine
Dependence

Nicotine
withdrawal

Nicotine-
Dependent
Behavior

Somatic
withdrawal
effects

Affective
(anhedonia-
like state)

Model

Somatic signs of

nicotine withdrawal

Nicotine
withdrawal-
induced
anhedonia-like
state using

Description

Animals are first made
dependent on nicotine using
subcutaneously implanted
osmotic minipumps over a
period of time (7 days—4 weeks)
and then subsequently nicotine
withdrawal is induced by
removal of the osmotic pumps
(spontaneous withdrawal) or
administration of a nicotinic
receptor antagonist
(precipitated withdrawal).
Animals are observed for signs
of nicotine withdrawal.
Withdrawal effects are
compared between nicotine-
and saline-treated (control)
animals. The somatic signs
occurring as a result of nicotine
withdrawal are scored by an
independent observer

Animals are surgically
implanted with electrodes
directed at the medial forebrain
bundle/lateral hypothalamus.
Animals are subsequently

Data Interpretation

During withdrawal from
nicotine, nicotine-dependent
animals show somatic signs,
which include rearing, jumping,
wet-dog shakes, scratching,
front paw tremors, ptosis,
abdominal constrictions,
chewing, teeth chattering, and
piloerection. Nicotine-
dependent animals show more
pronounced and significantly
greater number of nicotine
withdrawal-associated somatic
signs compared to saline-
treated animals

Elevation of reward thresholds
compared to baseline in
nicotine-dependent animals
during nicotine withdrawal is
indicative of development of an

References
(Example)

Jackson
et al. (2013)

Epping-
Jordan et al.
(1998)



Affective
(anxiety-like
state)

intracranial self-
stimulation (ICSS)

Nicotine
withdrawal-
induced anxiety-
like state using the
elevated plus maze

trained to self-administer an
electric current to the brain over
a wide range of intensities.
Once the animals are trained, a
reward threshold is determined
for each animal. Reward
threshold is defined as the
minimum current that is
perceived as rewarding by the
animal. Animals are then made
dependent on nicotine using
osmotic minipumps as
described above. Reward
thresholds during nicotine
withdrawal are compared to
baseline reward thresholds of
the animals in a nicotine-
dependent state. Reward
thresholds are also compared
between nicotine- and saline-
treated animals

Animals are made dependent
on nicotine using osmotic
minipumps as described
above. Nicotine withdrawal is
induced either by administering
a nicotinic receptor antagonist
or by removing the nicotine
pumps. During withdrawal from
nicotine, animals are placed in
an elevated plus maze

aversive anhedonia-like state in
animals

During nicotine withdrawal,
nicotine-dependent animals
compared to saline-treated
animals spend significantly less
time in the open arm and
demonstrate fewer open arm
entries. Together, these
behaviors indicate the
development of an anxiety-like
state

Jackson
et al. (2009)

Continued



Table 2 Animal Models Commonly Used to Assess Different Nicotine-Dependent Behaviors—cont'd

Phase of
Nicotine
Dependence

Nicotine-
Dependent
Behavior

Affective
(generalized
aversion)

Model

Nicotine
withdrawal-
induced aversive
state using
conditioned place
aversion (CPA)

Description

consisting of two open arms
and two closed arms. Time
spent by the animals in the
open arm and number of entries
into the open from the closed
arm are compared between
animals withdrawing from
nicotine versus saline-treated
animals (control)

Animals are made dependent
on nicotine using
subcutaneously implanted
osmotic minipumps. Several
days after pump implantation
(at least 7 days; sometimes up
to 14 days), animals are
conditioned using two distinct
environments/compartments.
During the conditioning
procedure, animals are
pretreated with the nicotinic
receptor antagonist and placed
in one of the compartments.
During the next conditioning
session, animals are pretreated
with saline (control) and placed
in a distinct compartment. The
rationale behind this procedure
is that animals begin to

Data Interpretation

Nicotine-dependent animals
compared to saline-treated
animals spend significantly less
time in the compartment
associated with the nicotinic
receptor antagonist indicating
the development of CPA

References
(Example)

Jackson

et al. (2009)
and Shram
et al. (2008)



Relapse

Reinstatement
of nicotine
seeking

Cue-induced
reinstatement of
nicotine seeking

associate the aversive effects of
nicotine withdrawal induced via
administration of the nicotinic
receptor antagonist with the
specific compartment they are
confined to. The number of
conditioning sessions can vary
depending on the study. On the
test day, animals are given
access to both compartments,
and time spent by the animals in
the compartment associated
with the nicotinic receptor
antagonist is compared to the
time spent by the animals in the
saline-associated
compartment

In this model, animals are
surgically prepared with
intravenous catheters and are
trained using operant boxes to
self-administer nicotine by
pressing a lever (acquisition of
self-administration). Once the
animals have demonstrated
stable nicotine self-
administration behavior over
3-4 weeks, animals undergo
extinction training. During
extinction training, animals are
placed in the same operant
boxes with access to the lever,

Lever responding during the
cue-induced reinstatement
session is significantly greater
than lever responding during
the last day of extinction
training, indicating cue-induced
reinstatement of nicotine
seeking

D’Souza and
Markou
(2014)

Continued



Table 2 Animal Models Commonly Used to Assess Different Nicotine-Dependent Behaviors—cont'd

Phase of
Nicotine
Dependence

Nicotine-
Dependent
Behavior

Model

Stress-induced
reinstatement of
nicotine seeking

Description

but lever pressing does not
result in delivery of nicotine or
cues associated with nicotine.
Animals show decreased lever
responding during extinction
training. Finally, during the
reinstatement session, animals
are presented with cues
associated with nicotine and
the lever, which results in
increased lever responding
which is termed as
reinstatement of nicotine
seeking. Lever presses during
the reinstatement session
results in presentation of cues
associated with nicotine but no
nicotine delivery

In this procedure, the
acquisition of nicotine self-
administration and extinction
training are similar to that used
in the cue-induced
reinstatement procedure.
However, prior to the
reinstatement session, animals
are first subjected to stress

Data Interpretation

Lever responding during the
stress-induced reinstatement
session is significantly greater
than lever responding during
the last day of extinction
training, indicating stress-
induced reinstatement of
nicotine seeking

References
(Example)

Grella et al.
(2014) and Qi
et al. (2015)



Nicotine-induced
reinstatement of
nicotine seeking

using footshocks or yohimbine
(an a2-adrenergic antagonist)
and then placed in the operant
chamber with access to the
lever. Lever presses during the
reinstatement session results in
presentation of cues associated
with nicotine but no nicotine
delivery

In this procedure, the
acquisition of nicotine self-
administration and extinction
training are similar to that used
in the cue-induced
reinstatement procedure.
However, either prior or during
the reinstatement session,
animals are administered a
single injection of nicotine and
then given access to the lever.
Lever presses during the
reinstatement session results in
presentation of cues associated
with nicotine but no nicotine
delivery

Lever responding during the
nicotine-induced reinstatement
session is significantly greater
than lever responding during
the last day of extinction
training, indicating nicotine-
induced reinstatement of
nicotine seeking

Forget et al.
(2009)
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hippocampus, habenula, nucleus accumbens (NAcc), and amygdala (De Biasi and
Dani, 2011; Koob and Volkow, 2010; Picciotto and Mineur, 2014). The activity
of these mesocorticolimbic dopaminergic neurons is regulated by reciprocal gluta-
matergic projections from the PFC, amygdala, lateral hypothalamus, and habenula
(Grace et al., 2007; Watabe-Uchida et al., 2012). In addition, the mesocorticolimbic
dopaminergic neurons receive inhibitory y-aminobutyric acid (GABA) projections
from the NAcc, rostromedial tegmental nucleus, and local circuit GABA neurons
(Geisler and Zahm, 2005). The mesocorticolimbic dopamine neurons also receive
cholinergic afferents from the pedunculopontine tegmentum and lateral dorsal teg-
mentum (Jhou et al., 2009).

The withdrawal effects of nicotine are mediated by changes in dopamine levels in
mesocorticolimbic brain sites such as the NAcc. Withdrawal of nicotine decreased
dopamine levels in the NAcc compared to baseline in nicotine-dependent rats,
possibly due to increased expression of the dopamine uptake transporter
(Hadjiconstantinou et al., 2011; Hildebrand et al., 1998). Interestingly, the decrease
in NAcc dopamine levels after administration of the nAChR antagonist mecamyl-
amine to nicotine-dependent rats was more pronounced in adolescent rats compared
to adult rats, suggesting that the mesocorticolimbic dopamine system in adolescent
rats may be more susceptible to neuroadaptive changes compared to adult rats
(Natividad et al., 2009). Nicotine withdrawal also resulted in increased expression
of corticotrophin-releasing hormone mRNA in the mesocorticolimbic dopaminergic
neurons located in the posterior VTA (Grieder et al., 2014). Furthermore, the same
study showed that blockade of corticotropin-releasing factor (CRF) 1 receptors in the
posterior VTA in mice attenuated the unpleasant affective effects associated with
nicotine withdrawal. In addition to the mesocorticolimbic dopaminergic circuitry,
a significant body of evidence has described the role of the habenulo-interpeduncular
circuit in mediating the withdrawal effects of nicotine (Velasquez et al., 2014). In
fact, during nicotine withdrawal, GAB Aergic neurons in the interpeduncular nucleus
are activated by glutamatergic afferents from the medial habenula (Zhao-Shea et al.,
2013). In summary, above-described studies suggest that the mesocorticolimbic do-
paminergic neurons and the habenulo-interpeduncular circuit play an important role
in mediating the unpleasant affective symptoms associated with nicotine withdrawal.

Exposure to environmental cues and contexts among abstinent smokers can result
in intense cravings and reactivation of nicotine-associated memories leading to re-
lapse. Thus, associative learning between nicotine and environmental cues plays an
important role in the process of relapse (Stoker and Markou, 2015). As described
above, the mesocorticolimbic dopaminergic neurons from the VTA project to a
number of cortical and limbic nuclei, such as the PFC, amygdala, hippocampus,
and NAcc, that are involved in the process of learning between environmental cues
and nicotine, as well as emotional responses to nicotine-associated stimuli. Empirical
evidence supports a role for several cortical structures including the insular cortex,
medial PFC, hippocampus in the process of drug craving, and relapse (Koob and
Volkow, 2010). In addition, subcortical structures such as the NAcc core and
VTA, which receive excitatory inputs from the cortical structures described above,
are implicated in the reinstatement of nicotine seeking (Gipson et al., 2013;
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Grieder et al., 2014). In summary, even though several distinct brain nuclei/regions
are involved in the different nicotine-dependent behaviors, it must be emphasized that
these brain regions closely regulate each other and often form parts of overlapping
circuitries. We will now describe the role of specific neurotransmitters and receptors
in the above-described brain regions in nicotine withdrawal and reinstatement of nic-
otine seeking.

NEURAL SUBSTRATES UNDERLYING NICOTINE
DEPENDENCE

CHOLINERGIC NEUROTRANSMISSION AND NICOTINE
DEPENDENCE

The action of endogenous acetylcholine in the brain is mediated by neuronal
nAChRs, which are widely distributed in the brain. Neuronal nAChRs are excitatory
ligand-gated ion channels composed of five subunits, which come together to form a
functional receptor (Dani and Bertrand, 2007). Most of the neuronal nAChRs are het-
eromeric and composed of different isoforms of alpha (22—29) and beta (B1—-34) sub-
units. Heteromeric nAChRs have a lot of diversity and can vary in their
pharmacological responses based on the particular combination of alpha and beta
receptor subunits and differences in stoichiometry of nAChRs (Changeux, 2010;
Zoli et al., 2015). For example, the pharmacological response of a neuronal nAChR
having two a4 subunits and three B2 subunits [(04),(B2);] will be different from a
nAChR having three 4 subunits and two 2 subunits [(a4)3(B2),]. In contrast, some
neuronal nAChRs are homomeric and consist of five o7 subunits. Importantly,
chronic exposure of nicotine induces neuroadaptations in expression of nAChRs
resulting in either upregulation or downregulation of the nAChRs in different parts
of the brain (Colombo et al., 2013). Finally, the neuronal nAChRs exist as hetero-
receptors on presynaptic terminals of a number of neurotransmitters including dopa-
mine, serotonin, glutamate, and GABA and can alter the release of these
neurotransmitters when activated by nicotine/acetylcholine (Balfour, 2009). NAChR
subunits also play an important role in the reinforcing effects of nicotine. However,
the discussion of nAChR subunits mediating the reinforcing effects of nicotine is be-
yond the scope of this review, and the reader is referred to other scholarly work for a
discussion on this topic (D’Souza and Markou, 2011; Li et al., 2014; Picciotto et al.,
1998). In this review, we will mainly discuss the role of the nAChR subunits in the
withdrawal effects of nicotine and reinstatement of nicotine seeking.

Several specific nAChR subunits mediate the unpleasant somatic and affective
effects associated with nicotine withdrawal in nicotine-dependent animals. For ex-
ample, knockout of either the B4, a2, a5, or o7 subunits attenuated the somatic signs
of nicotine withdrawal in nicotine-dependent mice compared to their respective
wild-type counterparts (Jackson et al., 2008; Salas et al., 2004, 2009). The nAChRs
also mediate the unpleasant affective symptoms associated with nicotine withdrawal.
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Both systemic and intra-VTA administration of dihydrobetaerythroidine (DhBE), a
nAChR antagonist selective for the a4p2-containing nAChRs, elevated intracranial
self-stimulation (ICSS) thresholds in nicotine-dependent rats (Bruijnzeel and
Markou, 2004; Epping-Jordan et al., 1998; see Table 2). This DhBE-induced eleva-
tion of ICSS thresholds in nicotine-dependent rats suggests the development of nic-
otine withdrawal-induced anhedonia-like state in animals. Interestingly, mice
lacking either the B4 or o7 nAChR subunits showed delayed onset of nicotine
withdrawal-induced anhedonia-like state (Stoker et al., 2012a). In addition, pharma-
cological blockade of the a6 subunit-containing nAChRs attenuated the nicotine
withdrawal-induced anxiety and conditioned place aversion in mice, suggesting a
role for 06 subunit-containing nAChRs in the unpleasant affective effects of nicotine
withdrawal (Jackson et al., 2009). Overall, the data suggest that the unpleasant phys-
ical signs associated with nicotine withdrawal are mediated by the nAChRs that con-
tain either the B4, o2, oS5, or o7 subunits. Furthermore, the data suggest that the
unpleasant affective signs associated with nicotine withdrawal are mediated by
the nAChRs that contain the B2, B4, o4, a6, or o7 subunits.

The nAChRs are also involved in the reinstatement of nicotine seeking in ani-
mals, a putative model for relapse in humans. Administration of methyllycaconitine,
a selective antagonist of the a7-containing nAChRs, attenuated cue-induced rein-
statement of nicotine seeking in rats (Liu, 2014). NAChRs containing the o7 subunits
are often found as heteroreceptors on presynaptic glutamate terminals, and activation
of these a7-containing nAChRs increases glutamate release. A recent study has
shown that blockade of glutamatergic transmission via N-methyl-p-aspartate
(NMDA) receptors attenuated cue-induced reinstatement of nicotine seeking
(Gipson et al., 2013). Therefore, the decrease in cue-induced reinstatement of nico-
tine seeking due to blockade of the o7-containing nAChRs could be due to blockade
of release of other neurotransmitters such as glutamate. Varenicline, a partial agonist
at the a4p2-containing nAChRs, attenuated nicotine-induced, but not cue-induced,
reinstatement of nicotine seeking in rats (O’Connor et al., 2010). Taken together, data
from the above-described studies suggest that nAChRs with different subunit com-
positions may have a differential role in reinstatement of nicotine seeking. For ex-
ample, o7-containing nAChRs possibly mediate cue-induced reinstatement of
nicotine seeking, while the o4B2-containing nAChRs possibly mediate the
nicotine-induced reinstatement of nicotine seeking. Future studies using optoge-
netics and molecular biology tools are needed to identify the role of the nAChRs
in specific neural circuits that are involved in the different types of reinstatement
models described above (cue- vs. nicotine-induced reinstatement of nicotine seek-
ing). In another study, galantamine, an acetylcholinesterase inhibitor and a nonselec-
tive positive modulator of nAChRs, attenuated cue-induced reinstatement of nicotine
seeking (Hopkins et al., 2012). In summary, targeting specific nAChR subunits may
help alleviate unpleasant effects of nicotine withdrawal and prevent relapse among
abstinent smokers. Thus, medications targeting specific nAChR subunits may gen-
erate smoking cessation medications with better efficacy compared to currently ap-
proved FDA medications.
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GLUTAMATE NEUROTRANSMISSION AND NICOTINE DEPENDENCE

Glutamate is the major excitatory neurotransmitter in the mammalian brain, and its
action is mediated by fast-acting ionotropic and slow-acting G protein-coupled meta-
botropic receptors (Conn and Pin, 1997; Hollmann and Heinemann, 1994). The iono-
tropic receptors include NMDA, amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA), and kainate receptors. The metabotropic glutamate (mGlu) receptors are
classified into Group I (mGlul and mGlu5), Group II (mGlu2 and mGlu3), and
Group III (mGlu4, mGlu6, mGlu7, and mGlu8) receptors depending on their signal
transduction pathways, sequence homology, and pharmacological selectivity (Pin
and Duvoisin, 1995). Nicotine increases glutamate release by binding to excitatory
o7-containing nAChRs located on presynaptic glutamatergic terminals (Mansvelder
and McGehee, 2002).

It is hypothesized that chronic nicotine exposure leads to the development of a
hypoglutamatergic state, which is responsible for the unpleasant affective state as-
sociated with nicotine withdrawal (Markou, 2008). Consistent with this hypothesis,
blockade of glutamatergic transmission using either the AMPA receptor antagonist
(NBQX) or the mGlu5 receptor antagonist (MPEP) resulted in the elevation of ICSS
thresholds in nicotine-dependent rats, suggesting development of an anhedonia-like
aversive state (Kenny et al., 2003; Liechti and Markou, 2007). Interestingly,
nicotine-dependent mice lacking the mGlu5 receptor showed attenuated
anhedonia-like aversive state during nicotine withdrawal compared to their wild-
type counterparts (Stoker et al., 2012b). The difference in findings with respect to
the mGlu5 receptors between the pharmacological and genetic studies described
above could be attributed to neuroadaptations that are often seen in congenital
knockout mice. Overall, the data suggest that blockade of glutamatergic transmission
worsens the unpleasant affective effects associated with nicotine withdrawal and
thus reversal of nicotine-induced hypoglutamatergic state may help alleviate the un-
pleasant effects of nicotine withdrawal.

Interestingly, increased glutamate levels have been reported following exposure
to nicotine-associated cues in the core subdivision of the NAcc (Gipson et al., 2013).
Blockade of the NMDA-mediated glutamatergic transmission after systemic admin-
istration of ifenprodil, a NMDA receptor antagonist, attenuated cue-induced rein-
statement of nicotine seeking (Gipson et al., 2013). The same study also showed
that injections of a NMDA receptor antagonist selective for the NR2A subunit
(TCN-201) in the NAcc core attenuated cue-induced reinstatement of nicotine seek-
ing. In contrast to these findings, blockade of the NMDA receptors in the NAcc core
by the competitive NMDA receptor antagonist LY235959 increased cue-induced re-
instatement of nicotine seeking compared to saline control (D’Souza and Markou,
2014). The differential effects observed between the above-described studies could
be either due to selectivity of the different compounds (LY235959 vs. TCN-201) for
the different NMDA receptor subunits and/or the differential localization (synaptic
vs. extrasynaptic) of the NMDA receptors containing these different subunits. More
work will be required to determine the precise role of the NMDA receptors in the
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NAcc core in cue-induced reinstatement of nicotine seeking. Furthermore, cue-
induced reinstatement of nicotine seeking was attenuated following blockade of glu-
tamate transmission via manipulation of the mGlu5 and mGlu2/3 receptors
(Bespalov et al., 2005; Liechti et al., 2007). In addition to glutamate receptors,
the levels of synaptic glutamate are regulated by uptake transporter proteins such
as the cystine—glutamate antiporter (Nicholls and Attwell, 1990). N-acetylcysteine,
which binds to the cystine—glutamate antiporter and increases levels of extrasynaptic
glutamate levels, attenuated the cue-induced reinstatement of nicotine seeking
(Ramirez-Nino et al., 2013). These data support a role for the cystine—glutamate ex-
changer in the cue-induced reinstatement of nicotine seeking. It is hypothesized that
the increase in extrasynaptic glutamate transmission may help reverse the hypoglu-
tamatergic state induced by chronic nicotine exposure. In summary, several glutama-
tergic receptors described above can serve as targets for smoking cessation
medications. The mGlu receptors may be better targets for smoking cessation med-
ications compared to iGlu receptors, because the mGlu receptors subtly modulate
glutamate transmission, and it is hypothesized that manipulation of the mGlu recep-
tors will produce fewer side effects compared to the iGlu receptors (D’Souza and
Markou, 2012).

GABA NEUROTRANSMISSION AND NICOTINE DEPENDENCE

GABA is the major inhibitory neurotransmitter in the brain. The actions of endog-
enously released GABA are mediated by ionotropic (GABA, and GABA(¢) and
metabotropic (GABAg) receptors. Nicotine increases GABA neurotransmission
by binding to excitatory nAChRs located on presynaptic GABA neurons. Impor-
tantly, the nAChRs located on GABAergic neurons undergo rapid desensitization,
and chronic nicotine exposure is associated with decreased GABA transmission
(Mansvelder et al., 2002). Consistent with this hypothesis, systemic administration
of the GABAg agonist baclofen attenuated the somatic signs of nicotine with-
drawal in nicotine-dependent mice (Varani et al., 2014). In contrast, both the
GABAGg receptor agonist (CGP44532) and the GABAg receptor positive allosteric
modulator (PAM) (BHF177) elevated ICSS thresholds during nicotine withdrawal
in animals, indicating an exacerbation of the anhedonia-like aversive effects asso-
ciated with nicotine withdrawal (Vlachou et al., 2011b). Together, these data sug-
gest that the GABAg receptors play a differential role in somatic versus affective
manifestations of nicotine withdrawal. The differences between the studies could
be attributed to methodological differences (measurement of affective vs. somatic
signs) and differences in species (rats vs. mice) used in the above studies. Inter-
estingly, the GABAg receptor antagonist (CGP56433) also exacerbated the
anhedonia-like effects of nicotine withdrawal (Vlachou et al., 2011b). The similar
effects of the GABAg receptor agonist/PAM and GABAg receptor antagonist on
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the unpleasant affective effects associated with nicotine withdrawal could be due
to action of these compounds at the GABAg receptors located at differential sites
such as the presynaptic versus postsynaptic neurons. In addition, these effects
could also be explained by the differential action of these GABAg compounds
at different GABApg subunits such as the GABAg; versus GABAg,. Further work
will be required to fully understand the role of the GABAg receptors in the affec-
tive and somatic effects associated with nicotine withdrawal. Finally, both the
GABAGg receptor agonists (CGP44532) and the GABAg receptor PAM attenuated
cue-induced reinstatement of nicotine seeking (Paterson et al., 2005; Vlachou
et al., 2011a). Overall, the data suggest that the GABApg receptors can serve as
useful targets for smoking cessation medications.

ENDOGENOUS OPIOID SIGNALING AND NICOTINE DEPENDENCE

Endogenous opioids such as B-endorphin, met- and leu-enkephalin, and dynorphins
are also involved in the development of nicotine dependence (Berrendero et al.,
2010). The effects of B-endorphin, enkephalin, and dynorphin are mediated by three
different subtypes of opioid receptors, namely, the mu, delta, and kappa-opioid re-
ceptors, respectively (Lutz and Pfister, 1992). Nicotine increases endogenous opioid
neurotransmission by binding to nAChRs located on presynaptic terminals of neu-
rons containing opioid peptides (Hadjiconstantinou and Neff, 2011). Administration
of the nonselective opioid receptor antagonist naloxone, to nicotine-dependent rats
and mice, precipitated the somatic signs associated with nicotine withdrawal (Biala
et al., 2005; Malin et al., 1993). Naloxone also precipitated nicotine withdrawal in a
small group of nicotine-dependent smokers (Krishnan-Sarin et al., 1999). It is hy-
pothesized that this naloxone-precipitated nicotine withdrawal syndrome could be
mediated by binding of naloxone to nAChRs. In contrast, nicotine-dependent mice
lacking the mu-opioid receptors or preproenkephalin gene showed attenuated so-
matic signs of nicotine withdrawal as compared to their respective wild-type controls
(Berrendero et al., 2002, 2005). The discrepancy between these genetic and pharma-
cological studies described above could be due to compensatory changes in mice
lacking a specific protein during development. In contrast to the mu and delta opioid
receptors, blockade of the kappa opioid receptors using norbinaltorphimine (nor-
BNI) attenuated the unpleasant somatic and affective nicotine withdrawal signs in
nicotine-dependent animals (Jackson et al., 2010; Tejeda et al., 2012; but also see
Ise et al., 2002). Blockade of the kappa opioid receptors using nor-BNI attenuated
stress-induced, but not cue-induced, reinstatement of nicotine seeking (Grella
etal., 2014). In addition, naltrexone attenuated cue-induced reinstatement of nicotine
seeking in rats (Liu et al., 2009). Overall, opioid receptors may be useful targets for
alleviation of nicotine withdrawal symptoms and prevention of relapse among absti-
nent smokers.

.
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ENDOCANNABINOID SIGNALING AND NICOTINE DEPENDENCE

The effects of endogenous cannabinoids anandamide and 2 arachidonylglycerol are
mediated by the CB; and CB, cannabinoid receptors. Furthermore, the levels of en-
dogenous cannabinoids can be increased by inhibiting their degradative enzymes
such as fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase. Adminis-
tration of delta-9-tetrahydrocannabinol (THC), the primary active constituent of
marijuana, attenuated the somatic and affective signs associated with nicotine with-
drawal in rats (Balerio et al., 2004). Consistent with these studies, the FAAH inhib-
itor (URB597), which increases endogenous cannabinoid signaling, reduced nicotine
withdrawal-induced anxiety in rats (Cippitelli et al., 2011). However, knockout of
either the CB; or CB, receptors did not worsen expression of somatic nicotine with-
drawal signs as compared to their respective wild-type counterparts (Castane et al.,
2002; Ignatowska-Jankowska et al., 2013).

Blockade of the CB; receptors attenuated both cue- and nicotine-induced rein-
statement of nicotine seeking (Diergaarde et al., 2008; Forget et al., 2009). In con-
trast, reinstatement of nicotine seeking was also attenuated by increasing
endocannabinoid signaling via blockade of the anandamide transporter with
AM404 (Gamaleddin et al., 2013). It is not clear why the blockade of the CB; recep-
tors and increase in anandamide levels had similar effects on reinstatement of nic-
otine seeking. It is hypothesized that CB; receptor antagonists may act in
neurocircuits that express endocannabinoid ligands other than anandamide. In sum-
mary, the above data support a role for endocannabinoid signaling in nicotine depen-
dence, and the CB; receptors and anandamide transporter can serve as possible
targets for future smoking cessation medications.

ROLE OF OTHER NEUROBIOLOGICAL SUBSTRATES IN NICOTINE
DEPENDENCE

The role of monoamines such as dopamine, noradrenaline, and serotonin in nico-
tine dependence is discussed in Table 3. Several studies have reported a role for
other peptides such as melanocortin, orexin/hypocretin, galanin, CRF, neurokinins,
brain-derived neurotrophic factor, and alpha-peroxisome proliferator receptors in
nicotine withdrawal and nicotine seeking (Dao et al., 2014; Jackson et al., 2011;
Kivinummi et al., 2011; Plaza-Zabala et al., 2012, 2013). In addition, several sig-
naling molecules such as calcium/calmodulin-dependent protein kinases II and IV
and cyclic-AMP response element-binding protein are involved in nicotine-
dependent behaviors (Jackson and Damaj, 2009; Kivinummi et al., 2011). The dis-
cussion of these neuromediators/neuropeptides and signaling molecules is beyond
the scope of this review, and the reader is referred to other scholarly reviews
for a discussion on the above-described molecules (Barik and Wonnacott, 2009;
Brunzell and Picciotto, 2009; Jackson et al., 2014; Kenny, 2011; Picciotto and
Mineur, 2014).



Table 3 Role of Monoamines (Dopamine, Noradrenaline, and Serotonin) in Nicotine-Dependent Behaviors

Neurotransmitters

Dopamine

Serotonin

Noradrenaline

Nicotine-
Dependent
Behavior

Nicotine
withdrawal

Reinstatement of
nicotine seeking

Nicotine
withdrawal

Reinstatement of
nicotine seeking

Reinstatement of
nicotine seeking

Treatment

Weak inhibitor of dopamine
transporter (Bupropion)
Weak inhibitor of dopamine
transporter (Bupropion)

D4 antagonist (SCH23390)

D, antagonist (Eticlopride)
D3 antagonist (SB277011-A)
D4 antagonist (L-745870)

5-Hydroxytryptophan (serotonin
precursor)

Selective serotonin reuptake
inhibitor (SSRI)+5HT ;4 antagonist

BHT3 antagonist (Ondansetron)

5HT,a receptor antagonist
(M100907)

5HT, receptor agonist (Ro60-
0175)

oy Receptor antagonist (Prazosin)

f Blocker (Propranolol)

Effects on Behavior

Decreased nicotine withdrawal-induced
somatic signs

Reversed nicotine withdrawal-induced
elevation in ICSS thresholds
Decreased cue-induced reinstatement
of nicotine seeking

Decreased cue-induced reinstatement
of nicotine seeking

Decreased cue- and nicotine-induced
reinstatement of nicotine seeking
Decreased cue- and nicotine-induced
reinstatement of nicotine seeking
Decreased nicotine withdrawal-induced
somatic signs

Reversed nicotine withdrawal-induced
elevation in ICSS thresholds
Attenuated nicotine withdrawal-induced
CPA

Decreased cue- and nicotine-induced
reinstatement of nicotine seeking
Decreased cue- and nicotine-induced
reinstatement of nicotine seeking
Decreased cue- and nicotine-induced
reinstatement of nicotine seeking
Decreased cue-induced reinstatement
of nicotine seeking

References

Paterson

et al. (2007)
Paterson

et al. (2007)
Liu et al.
(2010)

Liu et al.
(2010)
Khaled et al.
(2010)

Yan et al.
(2012)
Ohmura

et al. (2011)
Harrison

et al. (2001)
Suzuki et al.
(1997)
Fletcher et al.
(2012)
Fletcher et al.
(2012)
Forget et al.
(2010)
Chiamulera
et al. (2010)

ICSS, intracranial self-stimulation; CPA, conditioned place aversion.
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CONCLUSION AND FUTURE DIRECTIONS

Nicotine is a highly addictive substance, and tobacco smoking is a major burden on
healthcare systems all over the world. In this review, several brain regions that play a
role in the development of nicotine dependence have been described. Furthermore,
this review has described both nicotinic and nonnicotinic neural substrates that play
a role in nicotine withdrawal and nicotine seeking. Currently, available FDA-
approved smoking cessation medications target neuronal nAChRs, which will con-
tinue to remain an important target for future smoking cessation medications. This
review has described the role of specific subunits of nAChRs that play an important
role in both nicotine withdrawal and seeking. Targeting these specific nAChR sub-
units may result in more efficacious smoking cessation medications compared to those
currently available. However, the wide distribution of nAChRs, existence of nAChRs
as heteroreceptors and autoreceptors, neuroadaptations in the functioning of nAChRs
(upregulation vs. downregulation) upon chronic nicotine exposure, and the difference
in pharmacological response of nAChRs to both nicotine and acetylcholine due to
nAChR stoichiometry, makes targeting nAChRs for the treatment of nicotine depen-
dence extremely challenging. Thus, in addition to nAChRs, it is imperative to look at
nonnicotinic neural substrates that play a role in the development of nicotine depen-
dence. Studies using animal models suggest an important role for other neurotrans-
mitters like dopamine, glutamate, GABA, serotonin, noradrenaline, and signaling
peptides such as opioids and endocannabinoids in the development of nicotine depen-
dence. It remains to be seen whether the promise of several neural targets obtained
from animal studies will result in the availability of clinically efficacious smoking
cessation medications. In summary, the challenge of reducing the burden of tobacco
smoking in society will require the discovery of new smoking cessation medications
and will involve targeting both nicotinic and nonnicotinic neural substrates.
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Abstract

Structural and functional neuroimaging studies indicate that heavy alcohol use during
adolescence may be neurotoxic to the brain. This chapter reviews the neuroimaging findings
in cross-sectional and longitudinal studies of adolescent heavy alcohol users. These youth
exhibit reductions in prefrontal, hippocampal, and cerebellar brain volume, decreased fronto-
parietal, and increased frontolimbic white matter integrity, as well as alterations in blood
oxygen level-dependent response during working memory, inhibitory control, verbal encoding,
decision making, and reward processing—some of which appear to differ between males and
females. Although some exist, additional longitudinal studies will significantly advance addic-
tion medicine by aiding prevention scientists and treatment providers to develop neurobiolo-
gically informed ways of strengthening neural networks prior to and after the onset of heavy
alcohol use, thereby promoting healthy cognitive functioning across the adolescent period.

Keywords

Alcohol, Adolescence, Brain volume, White matter, fMRI

INTRODUCTION

Human neuroscience research examining the impact of alcohol use on the brain has
made tremendous progress over the last 20 years. Advances in neuroimaging tech-
nology have allowed researchers to more carefully examine the effects of alcohol use
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on brain structure and brain functioning. This work has provided a better understand-
ing of the brain systems most susceptible to the neurotoxic effects of alcohol and
could ultimately be used to neurobiologically inform treatment and rehabilitation ef-
forts. Prevention scientists may also benefit from this research, as neuroimaging
studies may foster translational efforts focused on behavioral or cognitive interven-
tions that strengthen brain networks shown to be vulnerable to the effects of alcohol.
An important population of study in the field of neuroimaging and alcohol use is
adolescents. The significance and advantages of studying youth to inform addiction
medicine are multifold. First, adolescence is a time of protracted brain maturation
(Giedd et al., 1999; Gogtay et al., 2004), during which affective and reward-related
neurocircuitry, including the mesolimbic system, is believed to mature prior to top-
down regulatory brain regions, such as the prefrontal cortex (PFC; Mills et al., 2014;
Van Leijenhorst et al., 2010). The ongoing maturation of the adolescent brain renders
it particularly vulnerable to neurotoxic substances, such as alcohol. Second, adoles-
cence is a time of alcohol use initiation, with alcohol being the most widely used in-
toxicating substance among youth. According to the 2014 Monitoring the Future
Survey (Johnston et al., 2015), while rates of adolescent alcohol are at their lowest
since initiation of the survey, alcohol use still increases substantially between the
8th and 12th grades, such that over a quarter of youth have consumed alcohol by
8th grade, and two-thirds of youth have consumed alcohol by the end of high school,
with 50% reporting being drunk by this time. Even more concerning, 20% of
12th graders reported binge drinking (consuming five or more drinks in one setting)
in the 2-week period prior to the survey. Many risk factors for increased alcohol use
have been reported during adolescence, including age at first drink (Dawson et al.,
2008), elevations in sensation seeking (Macpherson et al., 2010), cumulative life
stress (Casement et al., 2015), family history of alcoholism (FHP; Lieb et al.,
2002), and externalizing and internalizing symptoms (King et al., 2004). Thus,
ongoing brain maturation, incidence of binge drinking, and risk factors for alcohol
abuse during adolescence are all important motives to study the consequences of
alcohol’s effects on brain structure and functioning during this developmental
period. In this chapter, we outline the major findings that have been reported through
neuroimaging studies of alcohol use during adolescence and summarize areas
of research that can inform addiction medicine. We also emphasize the need for
additional efforts for the study of sex differences in the consequences and risk factors
for alcohol abuse during adolescence, as well as longitudinal studies of within-subject
change in brain structure, functioning, and neurocognition in alcohol-using youth.

BRAIN VOLUME
HIPPOCAMPUS

The hippocampus is a brain region critical for encoding new memories and has been
shown to be vulnerable to the effects of alcohol in animal models (Broadwater et al.,
2014) and adults with alcohol use disorders (AUDs; Beresford et al., 2006), which
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makes it an important brain area of inquiry for research on alcohol’s neurotoxic ef-
fects during adolescence. Three studies of adolescents with AUDs have examined
hippocampal morphology (De Bellis et al., 2000; Medina et al., 2007; Nagel
et al., 2005). The first of these studies found that adolescents with AUDs had reduced
bilateral hippocampal volume compared with healthy controls, with longer duration
of alcohol use and earlier age of AUD onset related to smaller hippocampal volumes
(De Bellis et al., 2000). However, these findings were in a sample of AUD youth who
had comorbid psychiatric diagnoses, which could have confounded results, given
demonstrated hippocampal abnormalities in adolescents with psychopathology
alone, such as depression (Hulvershorn et al., 2011). A study thereafter in AUD
youth without comorbid psychiatric diagnoses also found reductions in hippocampal
volume, limited to the left hemisphere, and relative to controls (Nagel et al., 2005).
Interestingly, no “dose—response” relationship was found in this study, suggesting
only an association between the diagnosis of AUD and the hippocampal volume.
It is also possible that premorbid differences in hippocampal volume may have been
present between groups, prior to heavy alcohol consumption, suggesting reduced
hippocampal volume as a risk factor for AUDs in these adolescents. Finally, a sub-
sequent study replicated the findings of reduced left hippocampal volume in adoles-
cent alcohol users relative to controls or youth who used alcohol and marijuana
(Medina et al., 2007). This study also reported that increased right to left asymmetry
of the hippocampus in adolescent alcohol users was associated with the severity of
their alcohol abuse or dependence. Interestingly, while left to right asymmetry of the
hippocampus was related to verbal learning performance in controls, this relation-
ship was absent in alcohol users, suggesting a direct neurocognitive correlate of hip-
pocampal morphometry that is aberrant in alcohol-using youth.

Given the overlap of findings among these three studies, more work is needed to
confirm these results, with additional studies that focus on neurocognitive, alcohol
dose, and diagnostic severity relationships with hippocampal volume in alcohol-
using adolescents, as well as identification of premorbid risk-related abnormalities.
This appears to be a promising avenue of research for treatment studies that could
focus on improving memory encoding in adolescent alcohol users, or strengthening
memory functioning in youth at risk for future alcohol abuse.

FRONTAL LOBE

The PFC is one of the latest regions to undergo synaptic pruning and is responsible
for many higher-order executive functions that are developing during adolescence,
such as decision making, inhibitory control, working memory, selective attention,
and goal flexibility (for review, see Casey et al., 2000). Smaller overall PFC and
PFC white matter volumes have been demonstrated in youth with AUDs relative
to controls (De Bellis et al., 2005). Additionally, number of drinks in the largest
drinking episode was negatively correlated with PFC gray matter volume in these
youth. While gray matter volume reduction is characteristic of adolescent brain mat-
uration and may reflect normative synaptic pruning, excessive reduction may
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represent an atypical trajectory of brain development. It will be important for future
studies to find neurocognitive correlates of this reduction in overall PFC volume in
youth with AUDs and to determine whether these results translate to studies of heavy
alcohol-using teens who do not meet criteria for an AUD diagnosis.

Another study that examined PFC volume in adolescents with AUDs divided the
PFC into posterior, anterior dorsal, and anterior ventral regions to understand spe-
cific PFC subregions that may be more affected in adolescents with AUDs
(Medina et al., 2008). The authors found an interesting sex-by-group interaction,
such that adolescent females with AUDs showed reductions in PFC gray and white
matter volume relative to female controls, driven by reduced anterior dorsal and an-
terior ventral PFC volumes, while males with AUDs showed the opposite effect, such
that they had larger PFC gray and white matter volumes relative to male controls, in
the same subregions. This striking interaction draws attention to an important area of
inquiry in the study of alcohol use’s effects on the adolescent brain—that is, are there
sex differences in the effects that alcohol has on brain structure, or different neural
risk features for adolescent alcohol use between the sexes?

Another sex-by-group interaction, reporting contrary patterns to the study above,
was shown in a study examining PFC cortical thickness, one contributor to gray mat-
ter volume, in adolescent binge drinkers (Squeglia et al., 2012b). In this study, male
binge drinkers had reduced PFC cortical thickness relative to nondrinking male
controls, but female binge drinkers had thicker prefrontal cortices compared with
nondrinking female controls. Increased prefrontal cortical thickness in females
was significantly related to poorer performance on a variety of neuropsychological
tests, including tests of attention, visuospatial processing, and inhibitory control.
Future studies with larger sample sizes will be needed to carefully study these inter-
actions, which could have major implications for addiction medicine, as health care
providers may need to design sex-specific treatment programs for adolescent alcohol
abusers.

The orbitofrontal cortex (OFC) is another frontal lobe region implicated in addic-
tion, as it has structural and functional connectivity with reward-related brain re-
gions, such as the nucleus accumbens (NAcc). A volumetric analysis of this
region in a large sample of juvenile justice-involved adolescents found that recent
drinking frequency was negatively related to OFC volume (Thayer et al., 2012).
It is uncertain whether these would be long term, persisting effects, or if abstinence
from alcohol use may diminish some of these effects, suggesting potential recovery
of brain regions.

One longitudinal investigation of alcohol-using adolescents with neuroimaging
data at both baseline and after alcohol use initiation found that cortical thickness
in the right middle frontal gyrus showed significantly larger decreases in youth
who had started using alcohol versus those who had not begun using (Luciana
etal.,2013). No premorbid differences in frontal lobe cortical thickness were present
between alcohol users and nonusers, further substantiating the possibility of an
alcohol-related effect. It will be important for future longitudinal studies to continue
to dissociate premorbid differences from those related to alcohol-induced changes in
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brain development, particularly in groups matched over time for other potentially
confounding influences.

Another longitudinal study of current and future adolescent binge drinkers dem-
onstrated that ventromedial PFC and inferior frontal gyrus gray matter volume were
both smaller in current binge drinkers compared with controls, while smaller bilat-
eral superior frontal gyri volume was predictive of future binge drinking (Whelan
et al., 2014). These findings suggest that there may be dissociable regions of the
PFC reflecting vulnerability toward the consequences of alcohol use versus ability
to predict future onset of heavy use.

CEREBELLUM

A frequently reported site of alcohol-related brain damage in adults with AUDs has
been the cerebellum, and associated cerebellar motor deficits have been seen in this
population. In addition to its role in motor skills and balance, the cerebellum is also
integrated with frontal lobe circuitry, and frontocerebellar pathways are thought to be
critical to executive functioning (Schmahmann and Pandya, 1997). In a study by
De Bellis et al. (2005), where youth with AUDs had comorbid psychiatric disorders,
cerebellar volume was reduced in males with AUDs compared with controls—a find-
ing that was not present in females with AUDs. This then begs the question, is re-
duced cerebellar volume in males with AUDs related to motor or cognitive
deficits in those youth? Also, how much does the presence of other psychiatric dis-
orders account for these findings?

A study of cerebellar volume in binge-drinking youth without AUD diagnoses
found reduced cerebellar volume in binge drinkers relative to controls across both
male and female youth and reported a striking negative relationship between peak
number of drinks consumed in the past 3 months and cerebellar volume (Lisdahl
et al., 2013). This suggests a strong possibility, that in high doses, alcohol may have
a neurotoxic effect on the cellular architecture of the brain and that the cerebellum
should be a continued region of interest for future neuroimaging studies.

SUBCORTICAL STRUCTURES: BASAL GANGLIA, THALAMUS

Fewer studies in adolescent alcohol users have reported on brain morphometric
alterations of other brain regions, such as the basal ganglia and the thalamus. While
De Bellis et al. (2005) found no significant volumetric differences in the thalamus
between AUD youth and controls, a more recent study found that male youth with
AUDs and no comorbid psychiatric disorders had smaller thalamic volumes com-
pared with male controls, while female youth with AUDs had larger thalamic vol-
umes compared with female controls (Fein et al., 2013). This study was
conducted with voxel-based morphometry to measure gray matter density, while
the study by De Bellis et al. (2005) performed manual tracing of the thalamus. These
differences in methodology and the presence or absence of comorbidities could have
accounted for these discrepant findings. Further, the putamen is a motor structure of
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the basal ganglia implicated in habit formation, and this area showed the same sex-
by-group interaction as reported for the thalamus, suggesting that basal ganglia struc-
ture may also be affected by heavy alcohol use during adolescence (Fein et al., 2013).
A recent longitudinal study reported basal ganglia volume change in binge drinkers
in the caudate, such that greater number of days of alcohol consumption was corre-
lated with larger reductions of caudate volume (Squeglia et al., 2014). Other regions,
such as the left ventral diencephalon, brain stem, and left inferior and middle
temporal gyrus, also showed brain volume reductions in youth who initiated heavy
alcohol use, but correlations with alcohol use were not present for these regions.

Finally, a study of the NAcc, the major dopamine output region of the mesolimbic
pathway, showed that past 3-month drinking frequency was positively associated
with the volume of this region (Thayer et al., 2012). This finding stands in contrast
to previously observed volumetric reductions in executive functioning brain cir-
cuitry, such as the PFC and cerebellum, in drinking adolescents. This could indicate
that heavy alcohol use leads to increases in volume of reward-related areas, but re-
ductions in volume of cognitive control regions, thereby altering neurocircuitry in
both bottom-up and top-down brain systems.

INSULA

The insula is a structure that has also been the focus of addiction research, as it is
implicated in internal emotional and bodily states that could be relevant for proces-
sing feelings associated with pleasure derived from or craving associated with sub-
stance use (Chung and Clark, 2014). This structure was the focus of a longitudinal
investigation in adolescents, a majority of whom had used alcohol and marijuana and
were in a treatment program for substance use (Chung and Clark, 2014). A mediation
model found a significant indirect effect between insular white matter volume and
binge-drinking frequency at baseline and 1 year into the study that was mediated
through enhancement motives for alcohol use. This suggests that the insula may
be a particularly good target for future studies aimed at understanding the neural
correlates of motivations for alcohol use that are linked with internal states.

WHITE MATTER MICROSTRUCTURE
ALCOHOL

Diffusion tensor imaging is able to indirectly infer information about water diffusion
along axons, with more restricted diffusion thought to reflect greater anisotropic
movement of water molecules along white matter fiber tracts. Higher fractional an-
isotropy (FA) and lower mean diffusivity (MD) are usually indicators of greater ax-
onal integrity and myelination, with higher FA and lower MD values seen across
development as white matter matures. A number of studies have specifically focused
on the effects of alcohol on white matter integrity during adolescence, while others
have had more mixed samples of adolescent substance users, including multisub-
stance or substance use disorder (SUD) histories, such as regular comorbid marijuana
and tobacco use.
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In a study of binge-drinking adolescents, McQueeny et al. (2009) reported wide-
spread reductions in FA in many white matter tracts, including the superior longitu-
dinal fasciculus (SLF), corpus callosum, corona radiata, internal/external capsules,
commissural fibers, and the corticospinal tract. These results indicate that alcohol
may have global effects on white matter integrity that are not limited to specific
tracts. Many of the reductions in FA were related to greater prevalence of with-
drawal/hangover symptoms in these youth. However, two other studies of youth with
AUDs found higher FA in limbic tracts (Cardenas et al., 2013) and the corpus cal-
losum (De Bellis et al., 2008). The former study suggested that higher FA in white
matter tracts connecting reward and affect-related regions may be a risk marker for
drinking or perhaps greater integrity of these tracts reinforces alcohol use. In contrast
to those two studies, an investigation of juvenile justice-involved adolescents found
that youth with high scores on the Alcohol Use Disorders Identification Test had re-
duced FA in the SLF, which was related to higher impulsivity (Thayer et al., 2013).
Thus, it is plausible that lower FA may be present in white matter tracts involved with
regulatory functions, such as impulse control, while higher FA might be seen in
youth with AUDs in affect and reward-related connections, which could be driving
their propensity to consume alcohol.

One longitudinal investigation found that FA increased in the inferior fronto-
occipital fasciculus and dorsal caudate from baseline to follow-up in adolescents
who abstained from alcohol use for approximately 2 years, and this was driven by
decreases in radial diffusivity (diffusion of water perpendicular to the primary direc-
tion of diffusion along the white matter tracts; Luciana et al., 2013). These develop-
mental changes were not observed in the alcohol-using group, suggesting that white
matter maturation may have been blunted in these youth. It will be important to de-
termine the neurocognitive correlates of altered patterns of white matter maturation
during adolescence, especially with long-term continued alcohol use.

ALCOHOL AND MARIJUANA

Since a large proportion of adolescents use alcohol and marijuana, it becomes dif-
ficult to dissociate the effects of these substances on white matter integrity. In a study
of heavy alcohol and marijuana users compared with controls, widespread reductions
in FA were present across 10 different fiber tracts, including frontoparietal and tem-
poral lobe circuitry, in adolescent substance users compared with controls (Bava
et al., 2009). A few white matter tracts showed increased FA in users relative to con-
trols, and it is uncertain if these might be compensatory neuroadaptations due to
widespread reductions in white matter integrity among other regions. A follow-up
study in the same group of combined substance users and controls found that users
had poorer performance on processing speed, attention, and working memory that
were associated with lower FA in regions previously identified as having reduced
white matter integrity, such as the right inferior longitudinal fasciculus and superior
temporal lobe pathways (Bava et al., 2010). On the other hand, potential compensa-
tory changes might be present in occipital tracts where users had higher FA, which
was related to better visuomotor and verbal learning performance.

.
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A study by Jacobus et al. (2009) used a three-group design with binge drinkers,
combined binge drinkers and marijuana users, and controls, to better dissociate the
effects of different substances on white matter integrity. While binge drinkers had
reductions in FA relative to controls in many long-range association tracts, such
as the superior and inferior longitudinal fasciculi, these same reductions in combined
alcohol and marijuana users were not present when compared with controls. These
surprising findings suggest that while binge drinking may be damaging to white
matter integrity, the combined effects of using multiple substances are not always
additive and may have different consequences for the maturation of white matter
during adolescence.

In some contrast to the findings above, the same research group conducted a lon-
gitudinal study with 16 adolescents and found that those youth who became heavy
alcohol and marijuana users by the time of their second study visit, 3 years later, had
lower FA compared with their baseline line scan, a decrease not present in those who
only initiated heavy alcohol use (Jacobus et al., 2013b). These results should be inter-
preted with caution, as the sample size for this study was fairly small; however, the
within individual change may be more informative than the above-referenced cross-
sectional design.

A longitudinal study of a larger sample of adolescent alcohol and marijuana users
found that escalation of substance use over a 1.5-year period was predictive of MD in
white matter tracts at follow-up, such as the SLF (Bava et al., 2013). Another lon-
gitudinal study that followed a group of controls, binge drinkers, and combined binge
and marijuana users over 3 years found reduced FA at the third neuroimaging visit in
users compared with controls (Jacobus et al., 2013a). Both substance-using groups
showed reductions in FA over the 3-year period, so in this case, binge drinking alone
as well as combined alcohol and marijuana use appeared to compromise FA. It is
important to note that these youth were in emerging adulthood (ages 19-22) at
the time of the third scan, so discrepancies between this finding and other studies
(Jacobus et al., 2009) could have been due to the age of the participants at the time
of the scan, as the effects of binge drinking and marijuana use on white matter
microstructure may depend on brain maturity.

Sex differences in alcohol’s effects on white matter microstructure also merit at-
tention, but few studies have specifically examined these differences. One study,
which replicated former results suggesting reduced integrity of SLF white matter
in adolescent alcohol users, also found a significant sex-by-group interaction, such
that females with SUDs had lower FA in this tract than males with SUDs, while fe-
male controls had higher FA in this tract than male controls (Thatcher et al., 2010).
These results should be interpreted with caution due to relatively small sample sizes,
and specificity to alcohol is uncertain given overlapping abuse and/or dependence of
multiple substances, as well as diagnoses of externalizing and internalizing disorders
in the SUD youth. It will be important for future studies to examine sex differences in
binge drinkers or youth with AUDs with no other significant substance use or
psychopathology.
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BRAIN FUNCTION
WORKING MEMORY

The most frequently studied neurocognitive function in alcohol-using adolescents
using functional magnetic resonance imaging (fMRI) has been working memory,
an executive function that improves across development and engages frontoparietal
circuitry, which matures during this time period (Crone et al., 2006). Working
memory-related brain response in adolescents who met criteria for AUDs was first
examined by Tapert et al. (2004b) using a visual working memory task. No differ-
ences in behavioral performance were present, but increased parietal and decreased
cerebellar, occipital, and temporal activity were seen in youth with AUDs. Addition-
ally, many brain regions showed both positive and negative relationships between
alcohol consumption variables, such as number of drinks consumed and withdrawal
symptoms. However, a study that examined sex-by-group interactions, albeit using a
different task, found very different patterns of brain response between female and
male youth with AUDs, which could have been masked in the former findings.
For example, in bilateral superior frontal gyri, females with AUDs showed decreased
spatial working memory (SWM)-related brain response, while males showed posi-
tive brain activity in these regions (Caldwell et al., 2005). Yet, in other areas, such as
the superior temporal lobes, females with AUDs showed greater response relative to
males with AUDs or the female controls. These complex interactions suggest that
heavy alcohol use may exert its influence on brain response very differently between
the sexes and among brain regions. Another study of SWM-related brain response in
adolescent binge drinkers showed that female binge drinkers had reduced SWM-
related brain activity in frontal lobe areas, such as the superior frontal gyrus, com-
pared with female controls, but male binge drinkers only showed elevated activity
relative to male controls in half of the regions in which interactions were found
(Squegliaetal., 2011). These findings could indicate a female sensitivity to alcohol’s
neurotoxic effects when consumed in high quantities, especially since poorer atten-
tion and working memory scores were related to reduced response in frontal and
cerebellar regions.

Another study by Tapert et al. (2004a) included youth with varying alcohol ex-
perience and administered a questionnaire to examine self-reported effects of alcohol
during initial use of the substance. Higher number of drinks needed to experience
effects was both positively and negatively related to working memory-related brain
response in superior frontal and superior parietal regions, respectively, which were
among many regions correlated with this measure. These results suggest that differ-
ent brain regions may be engaged by youth with varying levels of response to alco-
hol’s effects and could help establish neural markers of risk in adolescents who report
low levels of response to alcohol or neural markers that are protective in youth who
report less drinks needed to experience subjective effects.

The first longitudinal study of brain response in heavy alcohol users during a
working memory task examined group differences in heavy alcohol users versus
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controls and also looked at baseline differences between these youth who later tran-
sitioned into heavy alcohol use versus those who continued to remain abstinent
across the 3-year period of the study. Greater frontoparietal activity was present
in heavy alcohol-using adolescents compared with controls, but at baseline, opposite
patterns were seen, such that in multiple regions, including the inferior parietal lobe,
brain response was lower in heavy drinkers compared with controls (Squeglia et al.,
2012a). It is possible that while normal neurodevelopmental trajectories are taking
place in healthy adolescents, altered neuromaturation in heavy alcohol users is lead-
ing to different patterns of brain response and that baseline neural phenotypes that
predict who goes on to use alcohol heavily may be very informative to preventing
heavy alcohol use in at-risk youth.

INHIBITORY CONTROL

Poor impulse control has been associated with alcohol abuse, and the neural corre-
lates of inhibitory control have been examined in adolescents who go on to use al-
cohol heavily. Using a longitudinal study design, Wetherill et al. (2013) examined
nogo versus go brain response in two groups of youth at baseline and 3 years later.
The controls remained low users, while the other group emerged into heavy drinking
by the time of the second study visit. Group-by-time interactions showed that at base-
line youth who later emerged into heavy alcohol use had lower middle frontal, infe-
rior parietal, and cerebellar tonsil brain activity, but higher brain response in these
regions at follow-up compared with controls. This complements other findings that
showed similar group-by-time interactions during a working memory task (Squeglia
et al., 2012a), which suggests overlapping patterns of brain activity during executive
functioning tasks at baseline and follow-up in youth who emerge into heavy alcohol
use. These results are also supported by another study of inhibitory control where
only baseline data were collected, but similar findings were seen showing less inhib-
itory control brain activity in PFC, parietal, and temporal regions in youth who later
emerged into heavy alcohol use compared with their peers (Norman et al., 2011).

VERBAL ENCODING

An fMRI study of binge-drinking youth showed increased frontoparietal activity
compared with controls during verbal encoding of word pairs, and no significant left
hippocampal activity while encoding words (Schweinsburg et al., 2010), a region
where volumetric reductions had been found previously in adolescents with AUD
(Nagel et al., 2005). The elevated frontoparietal response could indicate compensa-
tory changes in neural energetics or network efficiency in youth who use alcohol
heavily. Superior frontal and inferior parietal brain response was also elevated in
binge drinkers in a four-group design, with controls, users of alcohol or marijuana,
and adolescents who used both substances (Schweinsburg et al., 2011). Polysub-
stance users’ brain activity resembled that of controls, more so than use of either
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substance alone, suggesting that use patterns and types of substances used are impor-
tant considerations for future studies even when groups are matched on task
performance.

DECISION MAKING AND REWARD PROCESSING

Adolescent heavy alcohol use may be associated with immature decision-making
abilities that lead to maladaptive risk taking. The Iowa gambling task is a
decision-making task that has been used in an fMRI study of binge drinkers and
showed that heavy alcohol users make more disadvantageous decisions on the task
than nonusers (Xiao et al., 2013). Significantly, elevated insular and amygdalar re-
sponse was present in binge drinkers during the task compared to controls, and in-
sular response was positively related to drinking problems and urgency scores, a
measure of impulsive behavior driven by negative emotions. These findings, similar
to altered insular white matter volume in heavy alcohol users, may indicate that
bottom-up affect-driven decision making may be related to risky behaviors, such
as binge drinking.

A comparison of current binge drinkers and controls that identified brain areas that
best differentiated the two groups via a machine learning analysis found that ventro-
medial PFC and inferior frontal gyrus activity were reduced during reward anticipa-
tion and consumption in binge drinkers compared with controls (Whelan et al., 2014).
While bottom-up decision making-related brain activity may be enhanced, these find-
ings suggest that reward evaluation may be compromised in heavy alcohol users.

CONCLUSION AND FUTURE DIRECTIONS

A wealth of findings from structural (Tables 1 and 2) and functional (Table 3) neu-
roimaging studies of adolescent alcohol users indicates that a diagnosis of an AUD or
heavy alcohol use, in the absence of an AUD diagnosis, impacts brain volume, cor-
tical thickness, white matter microstructure, and brain activity. Reduced hippocam-
pal, PFC, and cerebellar volumes have all been reported in adolescent alcohol users,
while reward-related ventral striatal volumes have been shown to be increased. Sim-
ilarly, white matter integrity appears reduced in long-range association tracts con-
necting frontal and parietal regions, but increased in frontolimbic tracts. Working
memory-related and inhibitory control brain activity appears to be reduced prior
to heavy alcohol use in those who go on to binge drink, while being greater than
or at the level of controls in binge drinkers after heavy alcohol use. Binge drinkers
also show compensatory activity in frontoparietal regions during verbal encoding, in
the absence of hippocampal activity. Bottom-up emotion processing brain areas may
be hyperactive during affective decision making, while ventromedial PFC and infe-
rior frontal gyrus activity may be compromised during reward evaluation.

For many of these structural and functional brain imaging studies, sex-by-group
interactions are present, indicating a need for future research to examine these effects

.
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Table 1 Brain Volume and Cortical Thickness Findings in Adolescent

Alcohol Users

Structure

Hippocampus

Frontal lobe

Cerebellum

Thalamus

Study

De Bellis et al.

(2000)

Nagel et al.
(2005)
Medina et al.
(2007)

De Bellis et al.

(2005)

Medina et al.
(2008)

Squeglia et al.

(2012b)

Thayer et al.
(2012)

Luciana et al.
(2013)

Whelan et al.
(2014)

De Bellis et al.

(2005)

Lisdahl et al.
(2013)

De Bellis et al.

(2005)

Fein et al.
(2013)

Age
Range
(Years)

13.5-21.0

15-17

15-18

13-21

15-17

16-19

14-18

16-22 (at
follow-up)

14 year
olds

13-21

16-19

13-21

12-16

Population

N=12 AUD;
N=24C

N=14 AUD;
N=17C
N=16 A;
N=26 A+M,;
N=21C
N=14 AUD;
N=28C

N=14 AUD,
N=17C

N=29 binge;
N=30C

N=167 JJ
adolescents

N=30A;
N=25C

N=115 binge;
N=150C

N=14 AUD;
N=28C
N=46 Binge;
N=50C

N=14 AUD;
N=28C
N=64 AUD;
N=64C

Main Findings

|Land

R hippocampal
volume in A

1L hippocampal
volume in A

|L hippocampal
volume and R>L
asymmetry in A
|PFC and PFC white
matter volume in A,
correlated with
alcohol use

A females |avPFC
volume, A males
TavPFC volume

A females thicker

L PFC cortices,

A males thinner L PFC
cortices

OFC volume
negatively associated
with drinking
frequency

A 1R MFG cortical
thickness loss at
follow-up

A |bilateral vmPFC,
R inferior, and L MFG
volume

A males |volume

Peak binge drinks in
past 3 months
negatively related to
cerebellar gray matter

+—Between Aand C

A males |thalamus
volume; A females
Tthalamus volume
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Table 1 Brain Volume and Cortical Thickness Findings in Adolescent
Alcohol Users—cont’d

Age
Range
Structure Study (Years) Population Main Findings
Basal ganglia | Thayer et al. 14-18 N=167 JJ NAcc volume
(2012) adolescents positively associated
with past 3-month
frequency of drinking
Fein et al. 12-16 N=64 AUD; A males |putamen
(2013) N=64C volume; A females

Tputamen volume

Squegliaetal. | 15-21 (at | N=20 heavy More lifetime alcohol
(2014) follow-up) | drinkers; use negatively
N=20C associated with left
caudate volume
reduction in A

Insula Chung and 14-18 N =230 drinkers Enhancement

Clark (2014) (14 with AUD) motives for alcohol
use mediated the
relationship between
insula white matter
volume and
frequency of past year
binge drinking

A, alcohol users; A+ M, alcohol and marijuana users; AUD, alcohol use disorder; avPFC, anterior ventral
prefrontal cortex; C, controls; JJ, juvenile justice-involved adolescents; L, left; MFG, middle frontal gyrus;
NAcc, nucleus accumbens, OFC, orbitofrontal cortex; PFC, prefrontal cortex; R, right; vimPFC,
ventromedial prefrontal cortex; |, smaller or decreased; 1, larger or increased; «, no difference.

more closely to develop sex-specific prevention and treatment strategies for adoles-
cent alcohol abusers. Furthermore, while comorbid alcohol and marijuana use may
limit our understanding of alcohol’s specific actions on brain structure and function,
multigroup study designs can aid with interpretation.

Importantly, since a majority of the previous research has been cross-sectional, it
is possible that many differences observed between heavy alcohol users and controls
may be premorbid and present prior to the onset of heavy alcohol use. This sugges-
tion is already supported by longitudinal studies indicating baseline differences in
brain response between adolescents who do and do not go on to use alcohol heavily
(Norman et al., 2011; Wetherill et al., 2013). Furthermore, neuroimaging studies of
at-risk youth with a FHP have shown overlapping findings to those described in this
chapter. For example, volumetric studies have found smaller parahippocampal gray
matter density in FHP nonalcohol-abusing adults (Sjoerds et al., 2013), while smaller
hippocampal volume has been reported in multiple studies of alcohol-abusing ado-
lescents (De Bellis et al., 2000; Medina et al., 2007; Nagel et al., 2005). This begs the
question of whether premorbid risk-related difference in hippocampal volume may
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Table 2 White Matter Microstructure Findings in Adolescent Alcohol Users

White Matter
Microstructure

Alcohol

Alcohol
+marijuana

Study

De Bellis
et al. (2008)

McQueeny
et al. (2009)

Thayer
etal. (2013)

Luciana
et al. (2013)

Cardenas
etal. (2013)
Bava et al.
(2009)

Jacobus
et al. (2009)

Bava et al.
(2010)

Age
Range
(Years)

13.3-19.3

16-19

14-18

16-22 (at
follow-up)

Not
reported

16-19

16-19

16-19

Population

N=32 AUD;
N=28C

N=14 binge;
N=14C

N=125JJ
adolescents

N=30A; N=25C

N=50 AUD;
N=50C
N=36 A+M;
N=36C

N=14 binge;
N=14 B+M,;
N=14C

N=36 A+M,;
N=36C

Main Findings

A [MD, TFAIn
isthmus region of
corpus callosum;
TFAin rostral body
of corpus callosum
in A

A |FA across

18 white matter
tracts (i.e.,
association,
commissural,
projection fibers);
some associated
with hangover
symptoms and
BAC

High AUDIT group
have |FA in PCR,
R SLF; TFAin

R ACR

A |FA increase in
caudate and
inferior fronto-
occipital fasciculus
at follow-up

TFA in limbic white
matter tracts

IFAIn A+Min

10 regions (many
frontoparietal); TFA
in occipital, SLF,
internal capsule
IFAin A across
eight white matter
tracts (i.e., L SCR);
in 4 of these
polysubstance
users TFA than A

IFAin temporal
regions associated
with poorer
working memory,
processing speed,
attention; TFA
related to better
verbal learning and
visuomotor skills
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Table 2 White Matter Microstructure Findings in Adolescent Alcohol Users—

cont'd

White Matter
Microstructure

Study

Thatcher
etal. (2010)

Bava et al.
(2013)

Jacobus
et al.
(2013a)

Jacobus
et al.
(2013Db)

Age
Range
(Years)

14-18

17-22 (at
follow-up)

19-22 (at
follow-up)

19-22 (at
follow-up)

Population

N=24 adolescents
entering treatment;
N=12C

N=41 A+ M;
N=51C

N=17 binge;
N=21B+M;
N=16C

N =28 heavy alcohal;
N =28 heavy alcohol
+M

Main Findings

|FA in treatment
group in SLF;
females with SUD
|FA than males
with SUD;

C females TFA
than C males
IFAIn Ain

R corpus
callosum,
prefrontal thalamic
fibers, PCR; TMD
and RD in many
tracts, including
SLF, PCR,
prefrontal thalamic
fibers

IFAinAand A+M
across 14 white
matter tracts (i.e.,
corpus callosum,
ACR, SLF, UF,
SCR, internal
capsule)

|FA from baseline
to follow-up in A
+Min 12 tracts
(association,
projection,
interhemispheric
tracts); six tracts
TFA for A and |FA
for A+M

A, alcohol users; A+M, alcohol and marijuana users; ACR, anterior corona radiata; AUD, alcohol use
disorder; AUDIT, alcohol use disorders identification test; BAC, blood alcohol content; C, controls; FA,
fractional anisotropy; JJ, juvenile justice-involved adolescents; L, left; M, marijuana users; MD, mean
diffusivity; PCR, posterior corona radiata; PFC, prefrontal cortex; R, right; RD, radial diffusivity; SLF,
superior longitudinal fasciculus; SUD, substance use disorder; UF, uncinate fasciculus; |, smaller or
decreased; 1, larger or increased.
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Table 3 Brain Activity Findings in Adolescent Alcohol Users

fMRI

Working
memory

Inhibitory
control

Verbal
encoding

Study

Tapert et al.
(2004a)
Tapert et al.
(2004b)
Caldwell et al.
(2005)
Squeglia et al.
(2011)
Squeglia et al.
(2012a)
Norman et al.
(2011)
Wetherill et al.
(2013)

Schweinsburg
et al. (2010)

Schweinsburg
et al. (2011)

Age
Range
(Years)

15-17

15-17

14-17

16-19

12-16
(Study 2)

12-14
(baseline)

12-17
(baseline)
15-21
(follow-up)

16-18

16-18

Population

N =35 alcohol
users

N=15 AUD;
N=19C

N=18 AUD;
N=21C

N =40 binge;
N=55C

N=20 heavy
drinkers; N=20 C

N =21 transitioned
to heavy use;
N=17C

N =20 binge;
N=20C

N=12 binge;
N=12C

N =16 binge;
N=28 B+M;
N=8M; N=22C

Main Findings

Self-reported

response to alcohol
positively related to
superior and middle
frontal gyrus activity

A Tparietal activity,
lprecentral and
cerebellar response

A x sex interaction in
SFG; A females [than
A males or C females

A females |, A males
Tactivity across
frontal, cingulate,
temporal, cerebellar
cortices

TFrontal and parietal
activity from baseline
to follow-up in A, |inC
JActivation at baseline
in transitioners in
frontoparietal and
frontostriatal areas
during nogo

| Activation at baseline
in transitioners in
frontoparietal,
subcortical, cerebellar
regions during nogo;
Tactivation in
frontoparietal,
cerebellar regions at
follow-up

TActivation in R SFG,
bilateral posterior
parietal cortex,
lactivation in occipital
cortex during novel
encoding in A
lInferior frontal;
Tdorsal frontal and
parietal in A;
polysubstance users
resembled controls
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Table 3 Brain Activity Findings in Adolescent Alcohol Users—cont'd

Age
Range
fMRI Study (Years) Population Main Findings
Decision Xiao et al. 16-18 N=14 binge; TL amygdala and
making/ (2013) N=14C bilateral insula activity
reward in A during affective
decision making
Whelan et al. 14 year N=115 binge; JActivation in A'in
(2014) olds N=150C vmPFC, L IFG,

putamen, and
hippocampus during
reward anticipation;
lactivation in vmPFC,
L IFG, R hippocampus
during reward receipt

A, alcohol users; AUD, alcohol use disorder; B+M, binge drinkers and marijuana users; C, controls; IFG,
inferior frontal gyrus; L, left; M, marijuana users; R, right; SFG, superior frontal gyrus; vimmPFC,
ventromedial prefrontal cortex; |, smaller or decreased; 1, larger or increased.

have contributed to previous hippocampal findings in alcohol-using youth. Addition-
ally, numerous studies have reported reduced FA across white matter tracts critical
for subserving executive functioning, such as the SLF, in both heavy alcohol users
(Jacobus et al., 2013a; McQueeny et al., 2009; Thatcher et al., 2010) and FHP youth
compared with controls (Acheson et al., 2014; Herting et al., 2010), suggesting pre-
morbid white matter microstructure deficits may heighten vulnerability toward alco-
hol abuse. On the other hand, it is possible that some differences between groups
represent developmental delays in brain maturation in adolescent alcohol users or
that some of these changes are reversible over time if alcohol use ceases. Ongoing
longitudinal research studies are critical to answer these questions and inform the
addiction medicine prevention and treatment community about neural risk factors
for alcohol use as well as the consequences of heavy alcohol use on neural structure
and functioning. Additionally, studies that can provide direct neurocognitive corre-
lates of these structural or functional phenotypes can be helpful in identifying strat-
egies where interventions are necessary to aid healthy cognitive functioning and
brain maturation during adolescence.
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Abstract

Opiate addiction, similarly to addiction to other psychoactive drugs, is chronic relapsing brain
disease caused by drug-induced short-term and long-term neuroadaptations at the molecular,
cellular, and behavioral levels. Preclinical research in laboratory animals has found important
interactions between opiate exposure and stress-responsive systems. In this review, we will
discuss the dysregulation of several stress-responsive systems in opiate addiction: vasopressin
and its receptor system, endogenous opioid systems (including proopiomelanocortin/mu opi-
oid receptor and dynorphin/kappa opioid receptor), orexin and its receptor system, and the
hypothalamic—pituitary—adrenal axis. A more complete understanding of how opiates alter
these stress systems, through further laboratory-based studies, is required to identify novel
and effective pharmacological targets for the long-term treatment of heroin addiction.

Keywords

Stress, HPA axis, Vasopressin, V1b receptor, Dynorphin, POMC, Opioid receptor, Orexin,
Heroin addiction

Abbreviation

AVP arginine vasopressin

CPP conditioned place preference
CRF corticotropin-releasing factor

CRF-R1 CRF type I receptor
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eGFP enhanced green fluorescent protein
HPA hypothalamic—pituitary—adrenal
KOP-r kappa opioid receptor

MOP-r mu opioid receptor

NAc nucleus accumbens

nor-BNI  nor-binaltorphimine

POMC proopiomelanocortin

pPVN parvocellular division of PVN
PVN paraventricular nucleus

V1b AVP type 1b receptor

VTA ventral tegmental area

INTRODUCTION

Opiate addiction is a major global public health problem, and there is still a need for
alternative medications that could enhance the effectiveness of existing treatments
(e.g., methadone maintenance treatment) in reducing opiate abuse, manage with-
drawal, and prevent relapse. Addiction to heroin, a potent agonist at opioid receptors,
is often characterized by a drug user’s initial use resulting in tolerance and eventually
severe withdrawal symptoms during periods of abstinence. The reward pathways and
withdrawal symptoms, and the desire to avoid them often result in relapse and rees-
calation of drug use. The length of time a person spends in each of the different de-
veloping stages of opiate addiction varies by individual; stress plays a major role in
initiation, maintenance, and withdrawal, and elevates drug craving (Koob and
Kreek, 2007).

Recent studies in laboratory animals have implicated the dysregulation of several
brain stress-responsive systems and hypothalamic—pituitary—adrenal (HPA) axis in
the acquisition of opiate self-administration behaviors and progression toward opiate
dependence. For example, environmental stressors modulate the effects of drugs on
the acquisition of drug self-administration behavior, locomotor activity, and rein-
statement of self-administration after extinction (e.g., Breese et al., 2011; Heilig
et al., 2010; Koob and Kreek, 2007; Schank et al., 2012; Shalev et al., 2010;
Sinha et al., 2011; Spanagel et al., 2014). Atypical stress responsivity is one of
the critical factors influencing individual vulnerability to drug relapse. This review
will discuss the roles of four important systems to current addiction research.

The arginine vasopressin (AVP) system has been studied in neuroendocrinology
and drug addiction. The HPA axis in rodents is directly influenced by the AVP sys-
tem. This neuropeptide system is profoundly altered by opiates in rodent models,
which is discussed in detail in this review. Of interest is the impact of drugs of abuse,
such as heroin, alcohol, and cocaine, on AVP and V1b (AVP type 1b receptor) sys-
tem and their potential roles in taking and seeking behaviors. Specific brain areas
such as the medial amygdala, paraventricular nucleus (PVN) of the hypothalamus,
and anterior pituitary will be discussed as well as the functions of AVP and its
V1b receptors which have been identified and elucidated.
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The endogenous opioid systems include the proopiomelanocortin (POMC)/mu
opioid receptor (MOP-r) and dynorphin/kappa opioid receptor (KOP-r) systems.
The new data on potential roles of POMC and dynorphin in opiate-related
seeking behaviors and the control of the HPA axis will be discussed herein as the
second topic.

The third is the stress-responsive orexin (or hypocretin) system. Most of the lat-
eral hypothalamic orexin neurons coexpress dynorphin. Orexin has actions in
reward-related areas of the brain, such as the nucleus accumbens (NAc) and ventral
tegmental area (VTA) with implications in rewarding and addictive-like behaviors.

Finally, there is substantial evidence demonstrating that opiates alter the HPA
axis, and in turn the abnormal HPA activity may contribute to the development of
opiate addiction and relapse to drug use. In our discussion of the four systems, we
will provide an overview of recent research on opiate addiction, with specific em-
phasis on preclinical laboratory-based research to elucidate the neurobiology of opi-
ate addiction.

AVP AND V1B SYSTEMS

The two central G protein-coupled AVP receptor subtypes V1a and V1b are highly
expressed in the rat extended amygdala. The V1b receptors are expressed promi-
nently in the amygdala, hypothalamus, hippocampus, and anterior pituitary. Recent
studies suggest that increased AVP neuronal activity in the amygdala represents a
step in the neurobiology of stress-related behaviors in rodent models: (a) acute stress
increases extracellular AVP levels in the rat amygdala (Wigger et al., 2004) and
(b) activation of AVP V1b receptors underlies anxiety-like and depression-like be-
haviors (Griebel et al., 2002; Roper et al., 2011; Salome et al., 2006; Serradeil-Le
Gal et al., 2002).

In order to examine the role of AVP in heroin addiction, the expression of the
AVP gene in the rat amygdala and hypothalamus was studied after chronic intermit-
tent escalating-dose heroin or during early and late spontaneous withdrawal. AVP
mRNA levels expressed in the medial amygdala were increased during early heroin
withdrawal (Zhou et al., 2008a). To further study the AVP system in response to
stress, we designed experiments using unpredictable foot shock, a widely used stim-
ulus to elicit stress responses in rodents. Foot-shock stress was found to increase
AVP mRNA levels in the medial amygdala in rats trained to self-administer heroin
(in comparison with the nonshock rats self-administering heroin and the rats with
saline self-administration), suggesting that AVP sensitivity to stress is increased after
voluntary heroin exposure. It was also investigated whether blockade of central AVP
receptors (Vl1a or V1b receptor) would attenuate the reinstatement of heroin-seeking
behavior by foot-shock stress, and HPA hormonal responses to foot shock. The
selective V1b receptor antagonist SSR149415 (but not the relatively selective Vla
antagonist) dose-dependently attenuated foot shock-induced reinstatement of heroin
seeking and lowered foot shock-induced HPA activation (Zhou et al., 2008a).
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Additionally, increased AVP mRNA levels in the medial amygdala were also
found after acute withdrawal from chronic cocaine exposure (Zhou et al.,
2005). Together, these data suggest that stress-responsive AVP/V1b receptor sys-
tems in the medial amygdala may be critical components of the neural circuitry
underlying the effect of aversive emotional states, such as drug withdrawal, on
drug-seeking behavior (Brown and Lawrence, 2009; D’Souza and Markou,
2010; Zhou et al., 2008a).

Additionally, to investigate the involvement of AVP and V1b in alcohol drinking
behavior, we used genetically selected Sardinian alcohol-preferring (sP) rats
(Colombo et al., 2006), in collaboration with the Colombo laboratory at C.N.R. In-
stitute of Neuroscience at the University of Cagliari in Italy, and found that pharma-
cological blockade of V1b receptor reduced alcohol consumption in sP rats (Zhou
et al., 2011a). This is consistent with the observation that the selective V1b receptor
antagonist SSR149415 dose-dependently reduced excessive levels of alcohol self-
administration in alcohol-dependent Wistar rats (induced by chronic intermittent
alcohol vapor exposure) without affecting the limited levels of alcohol drinking in
nondependent rats (Edwards et al., 2012).

Interestingly, higher basal levels of AVP mRNA are found in the PVN of
Indiana alcohol-preferring and high-alcohol drinking rats, when compared to
alcohol-nonpreferring and low-alcohol drinking rats. Our recent studies on selec-
tively bred Sardinian alcohol-preferring versus Sardinian alcohol-nonpreferring
rats showed similar results: Sardinian alcohol-preferring rats display higher basal
AVP mRNA Ilevels in the PVN and medial amygdala than Sardinian alcohol-
nonpreferring rats, and voluntary alcohol consumption decreased the AVP mRNA
levels in both the PVN and medial amygdala of Sardinian alcohol-preferring rats
(Zhou et al., 2011a).

Earlier studies have shown that AVP in the parvocellular division of PVN
(pPVN) does not contribute to the acute stimulatory effects of cocaine on HPA ac-
tivity. However, we recently found persistent elevations of both peripheral plasma
ACTH levels and AVP mRNA levels in the pPVN of the rats after 14 days of pro-
tracted cocaine withdrawal, and V1b antagonists attenuated cocaine withdrawal-
induced HPA activation (Zhou et al., 2011b). Interestingly, in AVP-enhanced green
fluorescent protein (eGFP) transgenic mice, cocaine withdrawal increased the num-
ber of pPVN AVP neurons expressing GFP, further confirming that enhanced pPVN
AVP gene expression is associated with persistent elevations of basal HPA activity.
These results indicate that AVP and its receptor system are involved in chronic stress
and may be an attractive therapeutic target for treating anxiety and depressive symp-
toms associated with withdrawal from drugs of abuse. Hence, it may be important
to explore the value of both the V1b and V1a receptor antagonists in the management
of opiate, cocaine, or alcohol abuse and relapse (Bisagno and Cadet, 2014; Koob,
2008; Koshimizu et al., 2012; See and Waters, 2010). Also, though AVP is a potent
modulator of stress, further studies should clarify the specific involvement of
AVP and V1b receptor systems in relapse-like behaviors after chronic withdrawal
from drugs.
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ENDOGENOUS OPIOID SYSTEMS
POMC SYSTEMS

The POMC gene encodes a prohormone expressed at significant levels in the
pituitary or specific brain regions. Cell-specific posttranslational processing of
the POMC prohormone generates a variety of biologically active peptides. In the
pituitary, anterior lobe corticotrophs release ACTH, whereas intermediate lobe mel-
anotrophs further process POMC to produce N-acetylated forms of a-melanocyte-
stimulating hormone and B-endorphin. In the brain, a specialized population of
neurons in the hypothalamic arcuate nucleus expresses POMC, giving rise to
o-, B-, and y-melanocortins and the potent opioid peptide beta-endorphin (e.g.,
Cowley et al., 2001; Rubinstein et al., 1996). Beta-endorphin, primarily acting on
MOP-r, is mainly expressed in the hypothalamic POMC neurons, the principal clus-
ter of POMC/beta-endorphin neurons in the brain. It is known that activation of
MOP-r by beta-endorphin results in positive affective reactions and is rewarding
in rats, possibly by modulation of DA cells in the VTA and associated release of
DA in the NAc (e.g., Spanagel et al., 1991). Hence, it is hardly surprising that
beta-endorphin is involved in the motivational and affective actions of most drugs
of abuse. Dopamine D,-like receptors are involved in regulation of POMC gene ex-
pression in the hypothalamus (Zhou et al., 2004). The selective D, antagonist sulpir-
ide increased POMC mRNA levels in the hypothalamus, indicating that D,-like
receptors exert tonic inhibitory effect on hypothalamic POMC gene expression.
Blockade by a selective D;-like receptor antagonist SCH23390 had no effect on hy-
pothalamic POMC mRNA levels, suggesting a specific role for the D, receptors in
hypothalamic POMC expression.

Heroin, morphine, and other short-acting opiates regulate the activity of endog-
enous opioid systems. In rats, chronic intermittent heroin administration by experi-
menters (Zhou et al., 2013c¢) or chronic heroin self-administration (Zhou et al., 2015)
resulted in decreased POMC mRNA levels in the hypothalamus during acute (1 day)
withdrawal or after 9 days of withdrawal, respectively, suggesting a hypothesis that
long-term exposure to opiates leads to relative deficiency in beta-endorphin system
(Negus and Rice, 2009). In parallel, there is an upregulation of MOP-r mRNA ex-
pression levels after acute opiate withdrawal in NAc, caudate-putamen, and lateral
hypothalamus, indicating a compensatory increase in MOP-r biosynthesis due to the
less beta-endorphin (Le Merrer et al., 2009; Zhou et al., 2006). The presumed relative
deficiency in endogenous beta-endorphin (as reflected by decreased POMC mRNA
levels in the hypothalamus) could lead to a hyperactive HPA axis and corresponding
increases in hormone secretion during spontaneous opiate withdrawal. Indeed, in-
creases in HPA hormonal levels have been observed in rats during acute spontaneous
opiate withdrawal (Ignar and Kuhn, 1990; Martinez et al., 1990; Zhou et al., 2006).

POMC-derived peptides, especially beta-endorphin, are also distributed in the
dopaminergic mesocorticolimbic regions, including the NAc, VTA, and frontal cor-
tex. In addition to the arcuate nucleus, POMC mRNA has also been detected in the
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NAc and dorsal striatum at relatively low levels. Therefore, the demonstration of
POMC neuron distribution in the NAc region is an essential issue concerning the
neural networks containing POMC mRNA and derived peptides in the NAc. Using
POMC-eGFP transgenic mice in which POMC-expressing neurons were labeled
with eGFP and enhanced by immunohistochemistry procedures, we found that
POMC-eGFP-expressing neurons are present in modest amounts in the NAc core,
shell, and dorsal striatum of POMC-eGFP mice (Zhou et al., 2013a).

We also measured POMC mRNA levels in these two subdivisions of NAc and the
dorsal striatum of Sardinian alcohol-preferring (sP) rats exposed to 17-day alcohol
drinking and found that voluntary consumption of high amounts of alcohol by sP rats
was associated with increases in POMC mRNA levels in the NAc shell, but not NAc
core. This result suggests that voluntary alcohol drinking modulates POMC mRNA
expression in the POMC neuron populations in the NAc shell. The POMC neurons in
the shell are a region long considered to mediate processes of reward and reinforce-
ment (e.g., Di Chiara, 2002), and our results support their role in alcohol intake in this
model (Zhou et al., 2013a). Several studies have also demonstrated that alcohol, co-
caine, or cannabinoids are self-administered directly into the NAc shell, but not the
core (e.g., Rodd-Henricks et al., 2002). Therefore, the shell (not the core) may be the
region in which alcohol and other drugs of abuse contribute to reinforcing effects
mediated through the POMC neuronal activation. The potential involvement of
NAc POMC in heroin- or cocaine-related behaviors needs further investigation.

DYNORPHIN SYSTEMS

Activation of the dynorphin/KOP-r systems has been implicated in the negative rein-
forcement aspects of opiate, alcohol, and psychostimulant addictions (Bodnar, 2014;
Koob and Kreek, 2007). As there is more recent progress on the dynorphin/KOP-r
systems in alcohol research, we highlight some relevant findings below. In rats, acute
administration of KOP-r agonists attenuates alcohol self-administration and decreases
alcohol-induced conditioned place preference (CPP), while the selective KOP-r antag-
onist nor-binaltorphimine (nor-BNI) increased alcohol drinking in rats with high basal
levels of alcohol consumption. KOP-r agonists inhibit GABAergic synaptic responses
and alcohol effects in the central nucleus of amygdala and bed nucleus of the stria ter-
minalis (Li et al., 2012), which may be the mechanism by which these agonists can
modulate responses to alcohol and possibly other addictive drugs. Recently, KOP-r
antagonists have also been reported to attenuate alcohol-seeking behavior induced
by stress in mice (Sperling et al., 2010) and to reduce alcohol consumption in
alcohol-dependent rats (Walker and Koob, 2008).

Dynorphin and KOP-r systems in the NAc shell have been implicated in the mod-
ulation of drug escalation and seeking behaviors (Nealey et al., 2011; Schlosburg
et al., 2013; Zhou et al., 2013b). In fact, KOP-r antagonists administered in the shell
reduce alcohol consumption in alcohol-dependent rats (Nealey et al., 2011) as well as
escalation of heroin intake in dependent rats (Schlosburg et al., 2013). Interestingly,
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heroin seeking induced by stress is associated with increased dynorphin mRNA
levels in this region (Zhou et al., 2013b).

Laboratory studies in humans have found that yohimbine increased subjective
anxiety in normal subjects and drug craving in abstinent opiate addicts (Stine
et al., 2002). Yohimbine enhances central noradrenergic activity by acting as an an-
tagonist at alpha-2 adrenergic autoreceptors and reinstates heroin, methamphet-
amine, cocaine, alcohol, and food seeking. Of interest, the pretreatment with
KOP-r antagonist nor-BNI blocked the heroin-seeking behavior induced by food
deprivation stress (Sedki et al., 2015), or yohimbine stress (Zhou et al., 2013b),
and attenuated escalation of heroin taking (Schlosburg et al., 2013). In line with these
findings, blockade of KOP-r also attenuated naltrexone-precipitated withdrawal and
conditioned place aversion in morphine-dependent rats, suggesting that KOP-r acti-
vation is involved in opiate withdrawal, its aversive consequences, and probably con-
sequent relapse (Kelsey et al., 2015).

In tissue plasminogen activator (tPA, endogenous microglia activator) knockout
mice, basal levels of dynorphin (but not KOP-r or enkephalin) mRNA are increased
in the NAc (Maiya et al., 2009). It has been demonstrated that NAc dialysate dopa-
mine levels are decreased after stimulation of KOP-r ((Spanagel et al., 1990). On
the basis of this evidence, it has been hypothesized that increased basal levels of
dynorphin in the NAc may lead to altered dopaminergic signaling after drug expo-
sure. Indeed, cocaine-induced CPP and locomotor sensitization, as well as cocaine
withdrawal-induced stress responses (CRF mRNA increases in the amygdala), are
attenuated in tPA knockout mice (Maiya et al., 2009; Zhou et al., 2010). Our work
also indicates a potential involvement of microglial systems in regulation of NAc
dynorphin/KOP-r responsivity to drug reward, as tPA deletion resulted in a defi-
ciency of endogenous microglia activation (Maiya et al., 2009).

As mentioned above, we have learned a great deal from selective animal models
regarding POMC/MOP-r and dynorphin/KOP-r systems, focusing on the neurobiol-
ogy of heroin addiction. The MOP-r and KOP-r are attractive therapeutic targets for
treating opiate addiction.

OREXIN AND ITS RECEPTORS

The orexins are expressed in the lateral hypothalamus, perifornical area, and dor-
somedial hypothalamus, with extensive projections in the brain (de Lecea et al.,
1998). Orexin A acts at orexin type 1 and 2 receptors (OX1R and OX2R), and orexin
B acts on OX2R exclusively. Hypothalamic orexins are involved in the regulation of
sleep—wakefulness, arousal, feeding, and stress. Orexin receptor blockade in the
VTA after acute morphine administration, for example, attenuated an increase in ex-
tracellular dopamine levels in the NAc (Narita et al., 2006), and orexins and orexin
receptor interactions have been found to trigger morphine-motivated behaviors
(Harris et al., 2005; Sharf et al., 2010; Smith and Aston-Jones, 2012), suggesting that
orexins have a role in the modulation of drug reward and drug-seeking behaviors
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(Baimel et al., 2015; Boutrel et al., 2010; Calipari and Espana, 2012; Yeoh et al.,
2014), and OX1R antagonists could have medication potential in opioids of abuse
(Harris et al., 2005).

During the aversive state of acute opiate withdrawal, orexin neuronal activity and
mRNA levels are increased in the lateral hypothalamus, indicating that the increased
orexin neuronal activity could contribute to negative affective states in opiate with-
drawal (Georgescu et al., 2003). Because most of the lateral hypothalamic orexin
neurons coexpress the dynorphin gene (Chou et al., 2001), we examined levels of
both the orexin and dynorphin mRNAs in the lateral hypothalamus, and found that
orexin mRNA levels were increased in rat lateral hypothalamus, but the dynorphin
mRNA levels remain unaltered in the lateral hypothalamus in acute withdrawal from
chronic escalating-dose morphine (Zhou et al., 2006). To investigate whether this
observation held true with other drugs of abuse, we extended our research to cocaine.
We were primarily interested in investigating whether orexin or dynorphin mRNA
levels in rat lateral hypothalamus or medial hypothalamus (perifornical and dor-
somedial areas) are altered by acute cocaine withdrawal (Zhou et al., 2008b). Similar
to morphine withdrawal, acute withdrawal from chronic escalating-dose cocaine ad-
ministration also resulted in increased orexin mRNA levels in the lateral hypothal-
amus, but not the medial hypothalamus. In contrast to the opiate withdrawal, acute
cocaine withdrawal also increased the dynorphin mRNA levels in the lateral hypo-
thalamus (Zhou et al., 2008b). These results suggest that the orexin expression alter-
ation in response to drug withdrawal seems lateral hypothalamus-specific. Orexin
and dynorphin in the lateral hypothalamus may differentially contribute to the en-
hanced negative affective states in opiate and cocaine withdrawal.

Modafinil is a stimulant used to treat narcolepsy and other disorders involving
excessive sleepiness. Because of its long-acting stimulatory action on orexin, central
monoamine, and glutamate systems (Minzenberg and Carter, 2008), modafinil was
investigated as a potential “substitution” treatment for cocaine dependence, with-
drawal, and relapse. We employed Sprague—Dawley rats trained to self-administer
cocaine to explore whether chronic administration of modafinil (0, 25, or 50 mg/kg,
IP, twice daily) could alter spontaneous cocaine seeking observed during extinction,
and reinstatement of cocaine seeking precipitated by foot-shock stress (Leri et al.,
2009). In parallel, two additional experiments were performed to assess the effect
of cocaine sensitization (20 mg/kg x5 days) on the stimulatory and rewarding
(CPP) effects of modafinil (50 and 100 mg/kg). In the reinstatement study, it was found
that modafinil did not alter responding during extinction or during the test of reinstate-
ment induced by exposure to foot-shock stress. In the locomotion cross-sensitization
experiment, it was found that the stimulatory properties of modafinil were significantly
increased by chronic cocaine exposure, but cocaine sensitization did not enhance the
rewarding properties of modafinil. Finally, in all experiments, modafinil enhanced the
effects of cocaine exposure on elevations of orexin mRNA expression in the lateral
hypothalamus. Interestingly, it has been reported that cue-induced relapse could be
blocked by OX1 receptor antagonist SB334867 (Kallupi et al., 2010). Therefore, these
results in laboratory rats do not support the effectiveness of modafinil in preventing
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relapse to cocaine seeking caused by stress, and further suggest that modafinil may
have enhanced stimulatory properties in cocaine addicts. Moreover, the blockade of
orexin system rather than its activation could be an efficacious strategy for the treat-
ment of cocaine abuse and, because modafinil tends to enhance mRNA production of
orexin, it is possible that this drug may be a safe pharmacological approach only the
alleviation of cocaine withdrawal (Leri et al., 2009).

HPA AXIS

It has been reported that stress-induced elevation of HPA activity predicts relapse to
drug use and amounts of subsequent use (e.g., Sinha et al., 2006). Vulnerability to
drug abuse is enhanced by stress, and the HPA response to stress seems one of
the critical factors influencing individual vulnerability to drug abuse. The HPA axis
is a well-studied stress-responsive system in animals and humans. Stress, triggered
by internal or external stimuli, increases corticotropin-releasing factor (CRF) and
AVP, causing their release into the pituitary portal circulation from terminals of
hypothalamic PVN. Activation of CRF type I receptor (CRF-R1) and V1b stimulates
the release of the POMC peptides (Vale et al., 1981). Two major POMC gene
products are ACTH and beta-endorphin (39 and 31 amino acids, respectively).
Acting primarily on the adrenal cortex, ACTH releases corticosterone in rodents.
Glucocorticoids, which are essential for life in mammals, act in a negative feedback
mood by decreasing biosynthesis, release, and function of CRF and AVP in the
hypothalamus and of CRF-R1 and V1b receptors in the anterior pituitary. Glucocor-
ticoids also act to reduce the processing and release of POMC peptides in the anterior
pituitary.

In early studies, an acute opiate challenge had a stimulatory effect on plasma
ACTH and corticosterone release in opiate-naive mice and rats. After chronic opiate
administration from 1 to 2 weeks, however, the HPA axis was not activated by heroin
or morphine but rather it was suppressed (Zhou et al., 2008a, 2013c). Chronic expo-
sure to short-acting opiates acts as chronic stressor by virtue of the withdrawal that
occurs between every exposure, and it may alter the responsivity of the HPA axis, as
do many other stressors (e.g., Houshyar et al., 2003). Indeed, a low dose of heroin
challenge decreased ACTH levels in rats during chronic withdrawal after HPA hor-
monal levels returned to baseline, which is in contrast to the stimulatory effect of
acute heroin in opiate-naive animals (Zhou et al., 2013c). The effects of opiates
on HPA activity also depend on the presence or absence of external stressors, al-
though the mechanisms responsible for this interaction are not well understood. In
support of this concept, it was found that while either acute morphine or stress alone
increased ACTH levels as an independent stimulus, morphine decreases plasma
ACTH levels elevated by the stress (Zhou et al., 2013c). Together, animal studies
demonstrate that morphine, heroin, or other short-acting opiates reduce HPA activity
caused by stress, indicating that opioids act in a counter-regulatory role in modulat-
ing HPA stress responsivity under stress conditions.
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Recent findings demonstrated that in comparison with saline or water controls, an
abnormal HPA activity (including an enhanced dexamethasone—CRF response and
increased basal hormonal levels) was found in mice and rats during chronic alcohol
or cocaine withdrawal with an increased AVP mRNA level or a decreased CRF
mRNA level (Pang et al., 2013; Zhou et al., 201 1b). However, few studies have spe-
cifically addressed the involvement of AVP and V1b receptor systems in the HPA
modulation and relapse-like behavior after chronic withdrawal from long-term opi-
ate exposure, though AVP is a potent modulator of brain stress-responsive systems
and HPA axis.

Studies in animals and humans have also demonstrated that beta-endorphin and
dynorphin exert tonic inhibition and stimulation of HPA activity by acting on the
MOP-r and the KOP-r, respectively. For instance, beta-endorphin acting on the
MOP-r exerts tonic inhibition of CRF and then of the HPA axis in rodents. KOP-r
agonists stimulate plasma corticosterone levels in rats. The stimulatory effects of
the KOP-r agonists on the HPA axis were blocked by selective KOP-r antagonist
nor-BNI. Consistent with the evidence that dynorphin/KOP-r modulates stress
via the HPA axis, recent work further found that the yohimbine-induced or food
restriction stress-induced HPA activation was blunted by selective KOP-r antago-
nist nor-BNI, providing evidence that there is an involvement of endogenous
dynorphin/KOP-r system in modulation of HPA activity (Allen et al., 2013; Zhou
et al., 2013b).

CONCLUSION AND FUTURE DIRECTIONS

As shown in this review, there has been substantial progress in understanding how
exposure to drug of abuse interacts with stress-responsive brain systems in order to
regulate addictive behaviors. The endogenous opioid systems (including POMC/
MOP-r and dynorphin/KOP-r systems) clearly play a major role in heroin addiction,
and specific gene alterations may contribute to stress responsivity and may affect
vulnerability to develop heroin addiction and to relapse. Other stress-responsive sys-
tems mentioned above (including the vasopressin with its V1b receptors, orexin with
its receptors, and the HPA axis) are also potentially involved in opiate addiction. By
targeting multiple neurotransmitter pathways, combination medications are likely to
have enhanced efficacy over the traditional single-medication approach. Indeed, the
above-mentioned neurobiological studies have found supporting observations, given
that several stress-responsive systems are profoundly altered by chronic heroin ex-
posure. For example, though naltrexone is an available therapy for alcohol depen-
dence, this and other single-pathway targeted pharmacotherapies (e.g., acamprosate
on NMDA receptors) have only shown modest therapeutic value over placebo, indi-
cating a need for new compounds with greater efficacy (Miiller et al., 2014). Perhaps,
given the complexity of the interactions, a potential useful strategy may be to combine
compounds that target different neuropharmacological mechanisms (i.e., naltrexone
+acamprosate, or methadone +modafinil) (e.g., Heyser et al., 2003).
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Abstract

Alcohol addiction is one of the most common and devastating diseases in the world. Given the
tremendous heterogeneity of alcohol-addicted individuals, it is unlikely that one medication
will help nearly all patients. Thus, there is a clear need to develop predictors of response to
existing medications. Naltrexone is a mu opioid receptor antagonist which has been approved
in the United States for treatment of alcohol addiction since 1994. It has limited efficacy, in
part due to noncompliance, but many patients do not respond despite high levels of compli-
ance. There are reports that a mis-sense single-nucleotide polymorphism (rs179919 or A118G)
in the mu opioid receptor gene predicts a favorable response to naltrexone if an individual
carries a “G” allele. This chapter will review the evidence for this hypothesis. The data suggest
that the “G” allele has a complex role in alcohol addiction, increasing the rewarding valence of
alcohol. Whether the G allele increases risk for alcoholism and whether it predisposes to a
beneficial naltrexone response among alcohol-addicted persons must await additional research
with large sample sizes of multiple ethnicities in prospective clinical trials.
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CHAPTER 13 Opioid neuroscience for addiction medicine

INTRODUCTION: THE ROLE OF OPIOIDS IN ALCOHOL
REWARD

Ventral tegmental neurons release dopamine at nerve terminals in ventral striatum
and medial prefrontal cortex. Activation of this circuit is a common element of
abused drugs, including alcohol (e.g., Di Chiara and Imperato, 1988; for review
see Koob and Volkow, 2010). Thus, alcohol shares in common with nicotine, co-
caine, amphetamine, morphine, etc., this property of enhancing dopaminergic trans-
mission in ventral striatum and medial prefrontal cortex. Both animal model and
human studies are in agreement on this point (Boileau et al., 2003; Gilman et al.,
2008; Spanagel, 2009). This release of dopamine in the ventral striatum and medial
prefrontal cortex is partially enhanced by stimulation of mu opioid receptors (for
which endorphin is the primary ligand) located on inhibitory GABAergic interneu-
rons in the ventral tegmental area. The GABAergic interneurons inhibit the dopami-
nergic ventral tegmental neurons, whose activation signals reward. Thus, mu opioid
receptor agonists enhance the likelihood of ventral tegmental dopaminergic neuron
activation (and the experience of reward) by lessening the tonic inhibition of the as-
sociated GABAergic interneurons (Johnson and North, 1992; Spanagel et al., 1992;
Tanda and DiChiara, 1998).

Given this circuitry, it has been consistently shown that endogenous opioids play
a role in ethanol reinforcement in various animal paradigms. Endorphin elevations
after alcohol are seen in discrete reward regions of the hypothalamus (Popp and
Erickson, 1998), ventral tegmentum, and ventral striatum (Rasmussen et al.,
1998). It is important to note that endorphin-deficient rats continue to self-administer
alcohol, indicating that endorphin is not the sole mechanism of alcohol reward
(Grahame et al., 1998). The importance of mu opioid receptor activation as a mech-
anism for alcohol reward is underscored by the fact that alcohol consumption in
alcohol-preferring rats is persistently reduced after inactivating mu opioid receptors
in the ventral striatum (Myers and Robinson, 1999). Similarly, decreased alcohol
self-administration is observed in primates after pretreatment with opioid antagonists
(Altshuler et al., 1980). C57B1/6] mice, an inbred strain which prefers alcohol, have
increased endorphin release in the hypothalamus after alcohol administration
(De Waele et al., 1992). Alcohol-preferring rats have high levels of opioid gene
mRNA species in the hypothalamus, prefrontal cortex, and mediodorsal nucleus
of the thalamus (Marinelli et al., 2000), as well as increased mu opioid receptor den-
sity in the ventral striatum and medial prefrontal cortex.

CLINICAL STUDIES OF NALTREXONE IN ALCOHOLISM

The development of a substantial body of evidence, in the 1980s, that naltrexone (an
orally active mu opioid receptor antagonist) diminished alcohol self-administration
in animal models (Altshuler et al., 1980; Kiianmaa et al., 1983; Myers et al., 1986;
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Volpicelli et al., 1986) led to the first use of naltrexone in alcohol-addicted popula-
tions in a controlled clinical trial (Volpicelli et al., 1992), the promising outcome of
which was immediately confirmed in a second controlled clinical trial (O’Malley
et al., 1992). Naltrexone was found to reduce alcohol craving and relapse to heavy
drinking (operationally defined as five or more drinks/day for a man, four or more for
a woman), but did not reduce abstinence rates. On the basis of these two controlled
trials, naltrexone was approved by the FDA, in the absence of the usual pharmaceu-
tical industry interest.

In the intervening 20 years, there have been more than 30 clinical trials of nal-
trexone in alcohol addiction (for review, see Bouza et al., 2004; Pettinati et al., 2006;
Srisurapanont and Jarusuraisin, 2005). While the majority of these clinical trials
demonstrate efficacy of naltrexone in reducing risk for relapse to heavy drinking,
the effect size is small, with many patients having no benefit. This has resulted in
multiple reports in which the naltrexone arm outcomes are not significantly better
than the placebo arm outcomes (e.g., Krystal et al., 2001). This is an expected out-
come, given the tremendous heterogeneity of clinical alcohol addiction. It is likely
that important clinical characteristics, such as compliance, severity and duration of
alcohol addiction, comorbidity (both medical and psychiatric), and/or attendance at
psychosocial treatment, may influence outcomes.

In this situation, multiple investigators have attempted to define clinical charac-
teristics which might enhance the probability of naltrexone response. Some clinical
measures have shown promise in characterizing a naltrexone responder: high alcohol
craving (Chick et al., 2000; Monterosso et al., 2001; O’Malley et al., 2002) and
strong family history of alcohol addiction (Monterosso et al., 2001), but family his-
tory of alcohol addiction did not predict response to naltrexone in the combine mul-
ticenter trial (Capone et al., 2011). Alcohol addicts who experience greater euphoria
after alcohol may have a better response to naltrexone (Volpicelli et al., 1995).

A118G OPRM1 MIS-SENSE SINGLE-NUCLEOTIDE
POLYMORPHISM: MOLECULAR AND CELLULAR EFFECTS

A common mis-sense single-nucleotide polymorphism (rs1799971) in the first exon
of the mu opioid receptor gene, OPRM1, was described by Bergen et al. (1997),
A118G, or N40G, reflecting the fact that the A allele encodes asparagine, while
the minor G allele encodes aspartate. The A (asparagine) allele is thought to be
N-glycosylated (Huang et al., 2012), whereas this is not possible for the
G (aspartate) allele, as there is no free amino group. Subsequent study (e.g.,
Crowley et al., 2003; Gelernter et al., 1999; Szeto et al., 2001; Tan et al., 2003)
revealed large ethnic differences in allele frequencies (see Table 1).

This allele has been the subject of multiple molecular investigations to determine
its functional consequences, in terms of gene expression, protein translation, receptor
signaling, and receptor density. Initially, Bond et al. (1998) reported that the minor
“G” allele mu opioid receptor resulted in decreased affinity for binding to
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Table 1 Frequency of G Allele for A118G SNP in Ethnic Groups

Ethnic Group Frequency G (%) Ethnic Group Frequency G (%)
African 1 Korean 31
African-American 3 Chinese 35
Swedish 11 Malaysian 43
European-American 15 Indian 47
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FIGURE 1

Transcriptional and translational efficiency of the 118G allele is markedly limited, compared
to the A allele. *P<0.05; **P<0.01.

beta-endorphin, compared to the common “A” allele receptor. There was no change
in binding affinity for alkaloid ligands. This result has not been confirmed in subse-
quent investigations (Beyer et al., 2004; Ramchandani et al., 2011). In one such
study, transfected HEK293 cells (a fibroblastoid cell type) were used (Beyer
et al., 2004), but the 118G allele did not differ in binding affinity for beta-endorphin,
compared to 118A. Beyer et al. (2004) also reported that the 118G allele was not
different from the 118A allele in rate of desensitization, internalization, or resensi-
tization, but 118G had decreased transcription, compared to 118A. Ramchandani
et al. (2011) also did not report differences in kinetics of binding of beta-endorphin
to the 118G, compared to 118A. Mahmoud et al. (2011), using a whole-cell patch
clamp technique in acutely dissociated trigeminal ganglion neurons, reported that
morphine was fivefold less active at the “G” allele receptor form in activating a
Ca”* channel. There was no such difference for fentanyl. Zhang et al. (2005) con-
ducted allelic imbalance studies in postmortem human brain, revealing a marked de-
crease in 118G allele mRNA (see Fig. 1). In a second experiment, they showed
in vitro evidence of a marked decreased translation of the 118G mRNA (see
Fig. 4; Zhang et al., 2005).
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4 A118G OPRM1 MIS-SENSE SINGLE-NUCLEOTIDE
POLYMORPHISM: ANIMAL MODEL STUDIES

In the murine OPRM1 gene, there is no equivalent of the A118G naturally occurring
variation. A homologous variation (A112G, with the A allele encoding asparagines
and the G allele encoding aspartate, as in the human OPRM1 gene) was created by
bacterial artificial chromosome engineering and murine transgenic techniques by
Mague et al. (2009). They reported decreased transcription and translation of the
G allele in transgenic C57B1/6 mouse brain (see Fig. 2), a result congruous with
the human postmortem brain ex vivo results of Zhang et al. (2005), as well as the
in vitro results of Beyer et al. (2004). There was a blunted locomotor response to
morphine in the 112G mice, as well as decreased morphine conditioned place pref-
erence (CPP) in 112G female mice, the latter being a sexually dimorphic response,
with 112G males showing the expected CPP response to morphine.

Two other forms of transgenic mice were produced, using homologous recombi-
nation to replace the murine OPRM1 exon 1 with one of the two forms (118A and
118G) of human OPRMI1 exon 1 (Ramchandani et al., 2011). These investigators
conducted in vivo microdialysis experiments in the ventral striatum, demonstrating
that the 118G mice had the expected elevations in dopamine release after alcohol,
while the 118A mice had no significant increase over baseline (see Fig. 6). These
data suggest that the “G” allele conveys an increased rewarding valence to alcohol,
compared to the “A” allele (Fig. 3).

A mouse model for A118G

A C57B1/6J BAC was subject to site-directed mutagenesis to
create a A112G variant, homologous to the human A118G. LoxP-
mediated homologous recombination was used with the BAC to
create C57BI/6J with this variant. As with the human post-mortem
brain studies of A118G, the G allele in the mouse brain

reduces transcription and translation.
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FIGURE 2

A mouse homologue of the 118G allele also shows decreased transcriptional and translational
efficiency. *P<0.05; **P<0.01; ***P<0.001; TP<0.00001.

Mague et al. (2009).
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A mouse model for A118G
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FIGURE 3

In vivo microdialysis proves that a mouse homologue of the 118G allele confers increased
alcohol-induced dopamine release in the ventral striatum and presumably increased reward.
Ramchandani et al. (2011).

Animal models for A118G: Rhesus C77G

0 NaCl Monkeys were given
access to an ethanol
solution or vehicle in
daily 1-h sessions.
Genotype x treatment
interaction predicted
the effect of naltrexone
(NTX) on ethanol
preference.

Alcohol preference

T1CIC T1CIG

Genotype
FIGURE 4

The rhesus homologue of the 118G, 77G, is associated with increased alcohol consumption,
which is attenuated by naltrexone treatment.

Barr et al. (2010).

There have been several studies of a similar SNP in the rhesus monkey, the C77G,
which results in a homologous amino acid change, asparagine to aspartate (Barr et al.,
2007, 2010; Vallender et al., 2010). Both groups report that the G allele monkeys con-
sume significantly more alcohol than the CC monkeys. Further, both groups note that
naltrexone significantly decreases alcohol intake in the GG monkeys (Fig. 4).
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However, there is scant evidence that the G allele increases alcohol consumption
in the general population.

These reports, taken together, are consistent with the hypothesis that the 118G
allele (or its equivalent in mouse and primate) conveys a greater rewarding effect
of alcohol, a difference which is inhibited by naltrexone. These studies are remark-
ably consistent, given the species, paradigm, technical, and molecular engineering
differences among these studies.

A118G OPRM1 MIS-SENSE SINGLE-NUCLEOTIDE
POLYMORPHISM: HUMAN PHARMACOGENETIC STUDIES
OF ALCOHOL

There have been several pharmacogenetic reports of the A118G SNP in human lab-
oratory experiments involving alcohol (Ramchandani et al., 2011; Ray and
Hutchison, 2004, 2007; Ray et al., 2010; Setiawan et al., 2011). In a laboratory in-
vestigation of the A118G pharmacogenetics of alcohol reward, Ray and Hutchison
(2004, 2007) demonstrated that the G allele carriers experienced significantly greater
euphoria after standard oral doses of alcohol (while controlling for breath alcohol
concentration), compared to AA persons. Further, naltrexone significantly blunted
the euphoria in the G allele carriers and was without effect in the AA group
(see Fig. 5).

In agreement with this result, Ramchandani reported that G allele carriers had a
greater striatal release of dopamine after alcohol (using a raclopride PET scan

AGI/GG genotype

6 -—e—Placebo —=—NTX

p<0.01, genotype x medication x BAC

BAC=0.02 BAC=0.04 BAC=0.06
...But not in OPRM1 AA Homozygotes (Ray & Hutchinson, 2007)

4 4 ——Placebo —=—NTX i 4

A]A genotype
BAC=0.02 BAC=0.04 BAC=0.06

Alcohol
induced
high

o = N W

FIGURE 5

118G allele carriers have a greater euphoria response to alcohol, compared to
homozygous A persons; naltrexone blunts the alcohol-induced euphoria for 118G carriers,
but has no such effect in persons who are homozygous A.
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Alcohol-induced Euphoria & A118G

Individuals were given IV ethanol, during a PET scan with the
D2/D3 radioligand, raclopride. G allele carrier group (right panel)
had greater dopamine release (p<0.05) in striatum, compared to
the AA group

FIGURE 6

Raclopride positron emission tomograph (PET) scans reveal that 118G carriers have increase
ventral striatum alcohol-induced dopamine release, compared to persons who are
homozygous A.

Ramchandani et al. (2011).

technique), compared to AA participants (see Fig. 6). In a more naturalistic approach,
Ray et al. (2010) studied drinking habits of social drinkers over a 5-day period, an-
alyzing subjective responses to alcohol by A118G genotype. G allele carriers
reported more significantly more “vigor” less negative mood after drinking, com-
pared to the AA group. Similarly, Setiawan et al. (2011) studied the subjective re-
sponse to alcohol in social drinkers after a dose of naltrexone. Naltrexone
significantly decreased the ethanol-induced “euphoria” to a priming dose of alcohol
in subjects with the G allele, compared to AA participants.

Ashenhurst et al. (2012) found evidence for a OPRD1 SNP (rs4654327) influenc-
ing the response to naltrexone in the presence of alcohol, such that carriers of the
A allele at this locus reported greater naltrexone-induced blunting of alcohol stimula-
tion and alcohol craving compared to GG homozygotes. Further, TT homozygotes
reported lower naltrexone-influenced alcohol sedation as compared to carriers of
the C allele at the OPRK1 SNP, rs997917. These studies indicate that multiple opioid
receptors may influence the response of individuals to alcohol in the presence of nal-
trexone. The genetic complexity of the naltrexone—alcohol interaction is further illus-
trated by a human lab study of alcohol-dependent subjects, in which there was a
statistically significant increased stimulation and positive mood among OPRMI1
G allele carriers who were dopamine transporter (DAT) VNTR 10-10 homozygotes,
compared with other genotype groups (Ray et al., 2014). Lastly, in a neuroimaging
study of alcohol-dependent individuals, Schacht et al. (2013) reported a three-way
interaction between medication and A118G and DAT VNTR genotypes on ventral
striatum alcohol-induced activation, such that, among G allele carriers, DAT 10-10
homozygotes had less activation after naltrexone than 9-repeat-allele carriers.
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Taken together, these human laboratory studies of the A118G variant on effect of
alcohol are remarkably consistent, with the clear conclusion that the G allele permits
people to experience alcohol in a more rewarding manner, compared to AA individ-
uals. It is also notable that naltrexone is able to blunt this euphoria in G allele carriers,
but not in AA persons. This latter observation is consistent with subjective reports of
the effect of naltrexone in clinical trials for alcohol addiction, in which the medica-
tion attenuated alcohol-induced euphoria among responders (Volpicelli et al., 1995).

PHARMACOGENETIC STUDIES OF NALTREXONE CLINICAL
TRIALS FOR ALCOHOL ADDICTION

There have been multiple pharmacogenetic studies of naltrexone clinical trials for
alcohol addiction published in the last decade. The first such publication (Oslin
et al., 2003) was a retrospective analysis of three naltrexone trials of similar design,
two conducted at the University of Pennsylvania and one at the University of
Connecticut. Compliance was monitored by riboflavin testing and by pill counts.
Eighty-two patients (71 of European descent) who were randomized to naltrexone
and 59 randomized to placebo (all of European descent) in one of three randomized
placebo-controlled clinical trials of naltrexone were genotyped at the A, 3G
(Asn40Asp) and C, ;T (Ala6Val) SNPs in the mu opioid gene (OPRM1). The asso-
ciation between genotype and drinking outcomes was measured over 12 weeks of
treatment. For purposes of examining the pharmacogenetics of naltrexone response,
the analysis was limited to those subjects with well-defined outcome data who had at
minimum 6 weeks exposure to the medication. The primary drinking outcome con-
sidered was relapse to heavy drinking (>5 drinks in a single day for men or >4 drinks
for women). This definition of heavy drinking was the primary outcome for each of
the trials. The timeline follow-back method was employed (along with self-report) to
measure alcohol consumption (Sobell and Sobell, 1992). There was a significantly
greater proportion of naltrexone-treated subjects with the G allele variant who did
not return to heavy drinking (no relapse) compared to those with those homozygous
for the A allele (Wald=4.04, 1 df, OR=3.47 (95% CI: 1.03—11.67), and p =0.045;
see Table 2).

Table 2 A118G Genotype and Good Outcome in Naltrexone Studies of
Pharmacotherapy for Alcohol Addiction

Oslin et al. (2003) Anton et al. (2008)
Genotype at Naltrexone Placebo Naltrexone Placebo
A118G (%) (%) (%) (%)
G allele carriers 857 55 89° 54
Homozygous A 56 46 56 50

?p=0.04, odds ratio=23.5.
b5 =0.005, genotype medication interaction; odds ratio =5.8.
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This finding was confirmed in a larger multisite study of naltrexone, acampro-
sate, and placebo for alcohol addiction (Anton et al., 2008). Alcohol-addicted sub-
jects were treated for 16 weeks with 100 mg of naltrexone. All participants received
medical management alone or with combined behavioral intervention.

When considering only those patients receiving medical management alone,
there was an significant effect of naltrexone on “good outcome” among the 118G
carriers, while there was no such effect for the patients receiving naltrexone who
were homozygous A118 (see Table 2). However, there was no such effect in the nal-
trexone group receiving medical management with combined behavioral interven-
tion. The combined behavioral intervention was delivered by licensed behavioral
health specialists in up to 20 flexible participant need—adjusted 50-min sessions.
Combined behavioral intervention, an intensive and specific alcohol intervention,
may have compensated for the placebo effect, thereby suppressing the chances of
observing a main effect of naltrexone or a genetic interaction. The data presented
by Anton et al. (2008) are consistent with this thinking. A gene medication interac-
tion may be observable only in patients who can show obvious benefit from the med-
ication over placebo.

In a small Korean study of naltrexone in alcohol addiction (Kim et al., 2009),
subjects adherent to naltrexone treatment with one or two copies of the Asp40 allele
took a significantly longer time than the Asn40 group to relapse to heavy drinking
(p=0.014). Although not significant, the Asn40 group treated with naltrexone had a
10.6 times greater relapse rate than the Asp40 variant group. There was no effect on
abstinence.

In the Veterans Administration multisite study of naltrexone in alcohol addiction,
Gelernter et al. (2007) reported that the 118G allele did not predict outcome among
149 participants in the naltrexone group and 64 in the placebo group. There are sev-
eral possible explanations for this result. First, the efficacy of naltrexone is certainly
influenced by compliance, and the compliant population was defined as those who
opened the medication bottle a minimum of 50% of the time, so that medication com-
pliance was defined liberally. Second, it is likely that high levels of comorbidity in-
fluence response to naltrexone. The study population had substantial rates of
recurrent unipolar illness, antisocial personality, and anxiety disorders and had se-
vere alcohol addiction of long duration. These factors might overwhelm any genetic
predisposition to respond to naltrexone. Third, the study had limited power: for ex-
ample, there were only nine 118G carriers in the placebo group.

Coller et al. (2011) recently reported the results of a naltrexone and cognitive be-
havioral therapy trial in 100 Australian alcohol-addicted persons. They reported an
overall effect of naltrexone on relapse to heavy drinking, but no influence of the
A188G variants. The absence of a control group makes this study less ideal, as does
the small sample size, with 68 study completers.

Taken together, the A118G clinical trials in naltrexone treatment for alcohol ad-
diction remain promising, but there are clear unanswered question, including the in-
fluence of counseling, compliance, and comorbidity on outcome. Available depot
formulations of naltrexone may reduce noncompliance, but the influence of
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comorbidity and counseling may be more difficult to resolve. It will be necessary to
conduct pharmacogenetic alcohol addiction naltrexone trials, for which participants
are randomized by A118G genotype into the naltrexone or placebo arm to reduce
possible sources of bias. These trials should be characterized by:

(1) large size (at least ~100 persons per arm, including oversampling of G allele
carriers) to ensure adequate power;

(2) rigorous assessment of compliance;

(3) randomization stratified by genotype;

(4) careful assessment of comorbidity;

(5) modest psychotherapeutic intervention, so as to mirror “real world” clinical
practice.

Only one such study has been published which has these characteristics (Oslin et al.,
2015), and there was no influence of the G allele on outcome among those random-
ized to naltrexone.

CONCLUSION AND FUTURE DIRECTIONS

There are extensive data, across species, to suggest that the 118G form of the mu
opioid receptor is characterized by decreased transcription and translation. There
are convincing data, from murine, primate, and human laboratory studies, that the
118G (or its species-specific homologue) variant permits alcohol to have a greater
rewarding valence, leading to increased alcohol consumption. Further, the human
and rhesus data are equally convincing that naltrexone is able to blunt this greater
rewarding signal. Lastly, the possibility that A118G alleles can be used clinically
to identify alcohol-addicted persons with a greater probability to have a beneficial
response to naltrexone is a hypothesis that deserves testing on a large scale, with
the characteristics noted above.
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Abstract

Cocaine dependence is a difficult-to-treat, chronically relapsing disorder. Multiple scientific
disciplines provide distinct perspectives on this disorder; however, connections between dis-
ciplines are rare. The competing neurobehavioral decision systems (CNDS) theory posits that
choice results from the interaction between two decision systems (impulsive and executive)
and that regulatory imbalance between systems can induce pathology, including addiction.
Using this view, we integrate a diverse set of observations on cocaine dependence, including
bias for immediacy, neural activity and structure, developmental time course, behavioral
comorbidities, and the relationship between cocaine dependence and socioeconomic status.
From the CNDS perspective, we discuss established and emerging behavioral, pharmacolog-
ical, and neurological treatments and identify possible targets for future treatments. The ability
of the CNDS theory to integrate diverse findings highlights its utility for understanding co-
caine dependence and supports that dysregulation between the decision systems contributes
to addiction.
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INTRODUCTION

Cocaine is a powerful psychoactive and addictive substance. Approximately 15% of
cocaine users develop dependence within the first decade after initial use, with life-
time incidence of dependence estimated at 20% (Lopez-Quintero et al., 2011;
Wagner and Anthony, 2002). In some racial minorities, these estimates are even
higher (e.g., 35% lifetime incidence of dependence in African American users)
(Lopez-Quintero et al., 2011). Cocaine dependence is difficult to treat and is recog-
nized as a chronically relapsing disorder, in which affected individuals choose con-
tinued drug use despite negative consequences, and return to use after periods of
abstinence. Understanding the processes that undergird these choices is an important
undertaking for the science and treatment of this disorder.

A variety of scientific approaches have tried to understand and explain cocaine
dependence. Some have focused on molecular variables, such as pharmacological
action (Volkow et al., 1999); others have focused on demographics, including
age, race, and socioeconomic status (SES) (Lopez-Quintero et al., 2011; Palamar
et al., 2015). These multiple levels of analysis provide distinct perspectives on co-
caine dependence, but connections across levels have been rare. A thorough under-
standing of these multilevel phenomena, in our view, will require a scientific theory
or paradigm that not only can integrate observations across levels in a compelling
way, but can also suggest novel hypotheses. As Henri Poincaré noted in his classic
text, Science and Hypothesis (Poincaré, 1905), “Science is built up of facts, as a
house is built of stones; but an accumulation of facts is no more a science than a heap
of stones is a house (p. 157).”

The question we should ask is what would we want from such a theory that could
set the extant facts in order? At the very least, any such theory should integrate the
neuroscience of cocaine’s effects on the brain, developmental processes associated
with drug use initiation, the relationship of SES to cocaine use, and the high prev-
alence of certain comorbidities. Such a theory should also have the capacity to sug-
gest novel treatments and perhaps reveal mechanisms underlying established
treatments.

We have been involved with formulating a view, referred to as the competing
neurobehavioral decision systems (CNDS) theory (Bickel and Yi, 2008; Bickel
et al., 2007, 2012a) that has considerable integrative power. This view, consistent
with a broad array of dual-systems theories, suggests that choices result from the
interaction between the two decision systems and that those who are experiencing
addiction suffer from imbalance or dysregulation between these two systems.
In this chapter, we will examine cocaine dependence from the perspective of this
theory. To accomplish this, we will first give a brief synopsis of this theoretical
view and examine the evidence to support the dysregulation between the dual sys-
tems in individuals with cocaine dependence. Next, we will examine how this per-
spective provides insight on the relationship between cocaine dependence and
developmental life course, SES, and comorbidities. Finally, we will examine the
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implications of the CNDS perspective for existing and emerging approaches to
the treatment of cocaine dependence.

THE COMPETING NEUROBEHAVIORAL DECISION SYSTEMS
THEORY

Dual-systems models of decision-making have been discussed since Descartes and
have evolved to many variations and applications (Sanfey and Chang, 2008), partic-
ularly in the areas of self-control (Metcalfe and Mischel, 1999) and addiction
(Bechara, 2005; Goldstein and Volkow, 2002, 2011; Jentsch and Taylor, 1999). In
decision-making research, most models refer to the dual systems as System 1 and
System 2. System 1 refers to unconscious and automatic processes, requiring little
effort, while System 2 refers to conscious, controlled, and effortful processes
(Evans, 2008; Evans and Stanovich, 2013).

The CNDS theory is a dual-systems model that accounts for self-control failure
(Bickel et al., 2007, 2011a), has been directly applied to addiction (Bickel et al.,
2011a; Sofis et al., 2014) and emphasizes the relative control between impulsive
and executive decision systems. The impulsive system, comprised of the limbic
and paralimbic brain regions, and executive system, comprised of the prefrontal
and parietal cortices, are interdependent and compete for relative control during
decision-making (see Bickel et al., 2012a for pictorial representations). Normal func-
tioning results when the systems are in regulatory balance; however, when the two
systems are not in regulatory balance, pathology may result (Bickel et al., 2015).
Although worthwhile, systematic comparison of the CNDS theory and other dual-
systems models is beyond the scope of this chapter, thus we reserve such compari-
sons for future discussions.

Importantly, delay discounting is a behavioral measure of self-control that des-
ignates the relative strength of the competing decision systems (Bickel et al., 2012b;
McClure and Bickel, 2014). Delay discounting procedures measure future valuation
by asking participants if they would prefer a smaller, immediate amount of a com-
modity or a larger, delayed amount. The immediate amount is titrated until a point of
subjective equality (the indifference point) is determined. A hyperbolic function of-
ten best accounts for the fit of the indifference points across delays and is represented
by the equation (Mazur, 1987),

V=A/(1+kD),

where V is the subjective value of the reinforcer, A is the amount of the reinforcer, D
is the delay to receipt of the reinforcer, and & is a free parameter that serves as an
index of discounting (higher values of & indicate higher rates of discounting). Nic-
otine- (Bickel et al., 1999), alcohol- (Petry, 2001), cocaine- (Bickel et al., 2011b,
2014a; Heil et al., 2006), and heroin-dependent (Madden et al., 1997) individuals
discount future rewards more than controls. Higher rates of discounting, then, reflect



-
272

CHAPTER 14 CNDS theory of cocaine addiction

hyperactive control by the impulsive decision system, consistent with the bias for
immediate reward evident in addiction (Bickel et al., 2011a).

The study of neuroeconomics, which combines psychology, economics, and neu-
roscience (Bickel et al., 2011a), has provided confirmatory neural evidence for the
actions of the CNDS (described in the following sections). When participants com-
plete delay-discounting procedures in an MRI scanner, relative activity between the
executive and impulsive systems varies, dependent upon the choice being made. For
example, choices for the immediate and delayed reinforcer result in greater activity
in the impulsive and executive systems, respectively (McClure et al., 2004, 2007).
Moreover, when the reinforcer is delayed for both choices, the limbic system shows
no differential activation. Thus, activation of the impulsive decision system depends
on the presence of an immediate reinforcer (McClure et al., 2004).

THE IMPULSIVE DECISION SYSTEM

The impulsive decision system, comparable to System 1, is embodied in the limbic
(e.g., midbrain, amygdala, habenular commissure, and striatum) and paralimbic
(e.g., insula and nucleus accumbens) brain regions (Bickel et al., 2007). Habit for-
mation, emotional responding, and the acquisition of primary reinforcers to satisfy
biological needs (Bickel et al., 2013) are controlled by the impulsive decision
system.

As discussed above, imaging studies have confirmed that the impulsive decision
system is involved in the choice for immediate reinforcers in delay discounting.
Choice for immediate reinforcers (McClure et al., 2004) selectively activate the para-
limbic cortex and parts of the limbic system, including ventral striatum, medial orbi-
tofrontal cortex, medial prefrontal cortex, posterior cingulate cortex, and left
posterior hippocampus (McClure et al., 2004, 2007).

THE EXECUTIVE DECISION SYSTEM

The second decision system of the CNDS, comparable to System 2, is embodied in
the parietal lobes and portions of the prefrontal cortex, including the dorsolateral pre-
frontal cortex (Bickel et al., 2007). Some overlap of function in the decisions systems
exists for several areas of the prefrontal cortex, including the orbitofrontal cortex.
The cortical pathways of the executive decision system are responsible for planning,
memory, attention, and future valuation (Bickel et al., 2013). Neuroeconomic evi-
dence has demonstrated activation of the lateral prefrontal cortex and parietal lobe
during decision-making in delay discounting for monetary and primary reinforcers
(i.e., juice) regardless of delay, indicating the executive system is involved in all de-
cisions (McClure et al., 2004, 2007). Moreover, greater activation in the executive
system structures occurs during the more difficult choices requiring greater execu-
tive function.
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THE COMPETING NEUROBEHAVIORAL DECISION SYSTEMS
THEORY IN HEALTH AND ADDICTION

When regulatory balance is achieved between the impulsive and executive decision
systems, an individual is considered self-controlled and is likely to have no
dysfunction (Bickel et al., 2015). Conversely, hyperactive control by either the im-
pulsive or executive decision system can lead to pathological behavior. Many com-
binations of relative strength of each system are possible (Bickel et al., 2013).
Consider Fig. 1 that shows a continuum from low to high control by the impulsive
decision system on the y-axis and on the x-axis, low to high executive control. The
diagonal line represents regulatory balance between the two decision systems.
Shaded regions represent high risk for engaging in negative health behaviors.
The pathological decision-making strategies associated with these behaviors
emerge when control by the impulsive decision system overpowers control by
the executive decision system. For example, high impulsive system control coupled
with low or medium executive control results in greater relative control by the
impulsive decision system and can result in pathological decision-making (e.g.,
bias toward smaller, immediate over larger, delayed consequences) (Bickel
et al., 2011a, 2013).

Imbalance of the CNDS is evident in many disease states where individuals
have bias for immediate consequences over delayed, healthier choices. Hyper-
active control of the impulsive decision system results in patterns of behavior con-
sistent with obesity, legal and illicit substance use, and gambling problems.
Regulatory imbalance can also be a result of hyperactive control by the executive
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FIGURE 1

The relative control of the impulsive and executive decision systems, represented graphically.
The diagonal line represents regulatory balance between the systems. The shaded

regions indicate an imbalance between the two systems producing a bias for immediate
over delayed rewards.
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THE COMPETING NEUROBEHAVIORAL DECISIONS SYSTEMS
THEORY AND COCAINE

NEURAL EVIDENCE OF THE IMBALANCE OF DECISION SYSTEMS

Imbalance of the CNDS contributes to excessive discounting and addiction behav-
iors (Bickel et al., 2012b). Addiction occurs when the executive system is weak and
the hyperactive impulsive decision system drives choice (Bechara, 2005). Cocaine
use, via neuronal plasticity, promotes a transition in regulation from the prefrontal
cortices to the striatum leading to compulsive and habitual drug seeking (Everitt
et al., 2008). Advances in imaging have provided us with tools to examine the neural
evidence of this imbalance in cocaine addiction.

3.1.1 Hyperactivation of the impulsive system

The impulsive decision system is comprised of regions of the limbic system and re-
lated areas (McClure et al., 2004). One of these regions, the orbitofrontal cortex, is
associated with: (1) the reinforcing aspects of cocaine, (2) immediate choice prefer-
ences, and (3) craving and cocaine salience (Lucantonio et al., 2012; McClure et al.,
2004; Steinberg, 2007). Compared to healthy controls, cocaine addicts show in-
creased activation in limbic regions (i.e., the amygdala, anterior cingulate cortex,
and striatum) following exposure to cocaine cues (Childress et al., 1999; Garavan
et al., 2000). These increases in activation suggest regions responsible for drug crav-
ing and hyperactivation in craving states. Hyperactivation of the impulsive system in
cocaine users is also consistent with findings of acute withdrawal circuits becoming
hypermetabolic during spontaneous craving (Kalivas and Volkow, 2005; Lucantonio
et al., 2012). Moreover, hyperactivation of the medial orbitofrontal cortex and ante-
rior cingulate cortex (structures with impulsive functions) occurs following acute
methylphenidate administration in cocaine addicts (Wilcox et al., 2011), suggestive
of system over-activation following repeated stimulant administration (akin to sen-
sitization observed in animals) (Robinson and Berridge, 1993).

Interestingly, while hyperactivation and hypermetabolism of the limbic system
occurs under certain conditions, cocaine-dependent participants show an overall re-
duction in aspects of the impulsive decision system compared to healthy controls.
These reductions include decreased activation of the orbitofrontal cortex and cingu-
late gyrus (Volkow et al., 1993) and decreased gray matter volume of the amygdala
(Makris et al., 2004) and the ventromedial, orbitofrontal, anterior cingulate, and ante-
roventral insular cortices (Franklin et al., 2002). Although these findings may seem
counterintuitive from the viewpoint of CNDS (i.e., reduced function and structure of
the impulsive decision system in cocaine addicts), cocaine may prime the limbic re-
gions associated with cue salience and motivation, consistent with hyperactivation of
the impulsive decision system following drug administration and contributes to in-
creased craving and compulsive intake (Volkow et al., 2005). Consistently, acute
methylphenidate administration may normalize limbic activation by working simi-
larly to cocaine but with slower pharmacokinetics. That is, in cocaine addicts, acute
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methylphenidate increases activation in the anterior cingulate cortex during a cue-
reactivity task (Goldstein et al., 2010), restores response levels to normal after fa-
tigue in a Stroop task (Moeller et al., 2012), and increases resting-state functional
connectivity in limbic regions, including the anterior cingulate cortex (Konova
et al., 2013). Thus, hyperactivation of the impulsive decision system, as a conse-
quence of cocaine priming the system, weakens relative control of the executive sys-
tem and decreases self-control (Noel et al., 2013).

3.1.2 Hypoactivation of the executive system

In addition to hyperactivity of the impulsive system, drugs of abuse cause an inter-
ruption of the top-down processes required for self-control (Dalley et al., 2011). Neu-
ral evidence suggests that cocaine induces executive dysfunction. Although
hyperactivation may occur in some instances, as mentioned above, overall reductions
in signaling, glucose metabolism (Kalivas and Volkow, 2005), and structural volume
(Franklin et al., 2002) in both the impulsive and executive systems are observed after
cocaine use. Moreover, the degree of cocaine use is associated with both structural
and functional deficits in the executive system (Beveridge et al., 2008).

DEVELOPMENTAL PROCESSES AND COCAINE ADDICTION

3.2.1 Differential development
Evidence of differential development between the CNDS explains impaired self-
control in adolescents, as the two decision systems appear to differentially mature.
During the first half of adolescence (i.e., ages 10-15), dopaminergic activity in-
creases dramatically in brain areas associated with the impulsive decision system
(Sisk and Zehr, 2005), including a dramatic dopamine and dendritic synaptic over-
expression in the striatum (Andersen et al., 2000). Related to this overexpression, the
nucleus accumbens, an area of the impulsive decision system responsible for the re-
warding properties of stimuli, and orbitofrontal cortex display hyperactivation in
children and adolescents compared to adults in resting state (Galvan et al., 2006)
and when completing a monetary reward task (Ernst et al., 2005). Moreover, differ-
ential myelination between limbic and nonlimbic regions enhances activation in the
impulsive decision system (Galvan et al., 2006). As adolescents mature, the overex-
pression and hyperactivation of the impulsive system begins to prune to model an
inverted U-shaped function over time (Sisk and Zehr, 2005; Teicher et al., 1995).
That is, after the overexpression peaks, extra connectivity begins to decline while
the slower to mature executive decision system continues to develop.
Development of the executive decision system includes increases in parietal gray
matter volume (Sisk and Zehr, 2005) along with dramatic dopamine and dendritic
synaptic overexpression in the prefrontal cortex (Andersen et al., 2000). Gray matter
density development and myelination in the frontal and parietal cortices continues
into adulthood (Sowell et al., 2003), thus increasing relative control of the executive
over the impulsive decision systems with age.
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3.2.2 Related behaviors

The differential development of the two systems and inverted U-shaped curve of im-
pulsive decision system development is evident in self-control. Paralleling the over-
expression of dopamine and activation of the impulsive decision system, a drastic
increase in risky behavior is present in adolescence. Specifically, self-reported
sensation-seeking and risky sexual behavior increases drastically, peaks in early ad-
olescence, and declines as self-regulatory behavior begins to mature (Baams et al.,
2015; Steinberg, 2007; Steinberg et al., 2008).

Importantly, a longitudinal study modeled the imbalance of the CNDS and
reported that high rates of delay discounting and poor working memory (both mea-
sures of weak executive control) predicted greater subsequent initiation of drug use
(i.e., alcohol, marijuana, and tobacco) (Khurana et al., 2015). Using data from two
large national surveys (Substance Abuse and Mental Health Services
Administration, 2004, 2013), Fig. 2 highlights this increased vulnerability in adoles-
cents by illustrating the percentage of adolescents who used cocaine in the last
30 days by age group. Note, the percentage of use rapidly peaks in adolescence
and declines with increasing age.

SOCIOECONOMIC STATUS AND COCAINE ADDICTION

A widely demonstrated negative linear relationship exists between SES and illicit
drug use, health problems, and mortality. This monotonic gradient, describing the
relationship between SES and health status, extends from the lowest to the highest
ends of the socioeconomic spectrum. As a result, this relationship cannot be entirely
accounted for by poverty-induced deprivation or healthcare access (Adler and
Stewart, 2010). This gradient represents the health disparity in prevalence of
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FIGURE 2

Percentage of cocaine use in the past month, by age group. The results from the 2003 and
2013 National Survey on Drug Use and Health Surveys are presented. Percentage of use
increases with age, which then slowly dissipates over time.
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negative health behaviors (e.g., drug use, risky sexual behavior, and obesity) such
that a lower prevalence of disease states is observed in high-SES individuals and
a higher prevalence is observed in lower SES individuals. The greater the income
inequality within a society, the larger the health disparity (Banks et al., 2006). This
trend is apparent within the United States and is representative of the general trend
showing larger health disparities in countries with more income inequality
(Wilkinson and Pickett, 2011). Rates of mental illness, obesity, and substance use
are disease states strongly associated with SES inequalities (Pampel et al., 2010).

One measure included in SES, education level, contributes to the prevalence of
past year cocaine use and exemplifies this general trend in health disparities. In 2012,
2.4% of people who did not graduate from high school, while only 1.1% of college
graduates, used cocaine in the past year. This relationship between SES and cocaine
use began in the 1990s when risk perception of using cocaine increased and therefore
became less culturally acceptable. As a result, high-SES individuals were more likely
to discontinue cocaine use while low SES individuals continued use (Miech, 2008).
The increased prevalence of cocaine use among lower income individuals demon-
strates the negative socioeconomic gradient present across a wide variety of negative
health behaviors, including cigarette smoking (Hiscock et al., 2012), illicit drug use
(Buka, 2002), and obesity (Baum and Ruhm, 2009).

The CNDS theory can be used as a conceptual framework to explain the discrep-
ancy between the prevalence of negative health behaviors among individuals with
varying SES (Bickel et al., 2014b). The experiences associated with low SES, includ-
ing increased allostatic load and lack of resources (Haushofer and Fehr, 2014; Mani
et al., 2013), disrupt the development and regulatory balance between the impulsive
and executive decision systems (Bickel et al., 2014b; Noble et al., 2012). Exposure to
these environmental circumstances facilitates a biased decision-making process fa-
voring immediate over delayed, healthier consequences. This executive dysfunction
results from hyperactivation of the impulsive decision system and results in contin-
ued choice for immediate rewards, which perpetuates the disparity in negative health
behaviors, including cocaine use.

COMORBIDITIES WITH OTHER SUBSTANCE USE AND RISKY
SEXUAL BEHAVIOR

The CNDS theory also provides a framework for understanding the relationship be-
tween comorbid disease states and cocaine use. Regulatory imbalance of the systems
resulting from hyperactivity of the impulsive decision system may explain the pres-
ence of decision-making favoring immediate rewards (e.g., cocaine use and risky
sexual behavior) (Chesson et al., 2006; Johnson and Bruner, 2012) over delayed,
more healthy consequences. These decision-making processes are central to many
disease states, which contributes to the incidence of comorbidity (Bickel and
Mueller, 2009). Comorbid substance use, including tobacco (Budney et al., 1993;
Burling et al., 1996), alcohol (Bierut et al., 2008), marijuana (Narvaez et al.,
2014), and opiate use (Bierut et al., 2008), is common in cocaine users although
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few treatments intended for cocaine dependence take these comorbidities into ac-
count (Yoon et al., 2013).

THE CNDS AND COCAINE TREATMENT

The CNDS theory has been used previously to understand and categorize the effects
of various delay-discounting manipulations (Koffarnus et al., 2013). Here, we apply
a similar analysis to current and emerging treatments for cocaine dependence.

CONVENTIONAL TREATMENT FOR COCAINE DEPENDENCE

A number of therapies have been successfully used to treat cocaine dependence,
among which cognitive behavioral therapy (CBT) has the largest evidence base
(Carroll and Onken, 2005; Carroll et al., 2008; Maude-Griffin et al., 1998). However,
behavioral measures of executive dysfunction (e.g., poor Stroop performance) con-
sistently predict poor response to these treatments (Aharonovich et al., 2006;
Bleiberg et al., 1994; Moeller et al., 2001; Simpson et al., 1999; Streeter et al.,
2008; Worhunsky et al., 2013; Xu et al., 2010). Likewise, functional and structural
neuroimaging data, such as diminished prefrontal cortex activation and white matter
integrity, further implicate executive dysfunction in poor treatment response (Brewer
et al., 2008; Moeller et al., 2005; Worhunsky et al., 2013; Xu et al., 2010).

Many of these conventional treatments, including CBT, require a complex rep-
ertoire of executive skills (e.g., coping strategies or the ability to recognize dynamic
relapse cues and modify behavior accordingly), which are likely compromised in in-
dividuals demonstrating regulatory imbalance between decision systems. From the
viewpoint of the CNDS, a more promising approach would be to precisely target
areas of dysfunction to produce more uniformly efficacious treatment outcomes
compared to conventional treatment strategies (Bickel et al., 2012b). In the sections
that follow, we consider a number of treatments that may accomplish this goal.

TREATMENTS TO DECREASE CONTROL OF THE IMPULSIVE
DECISION SYSTEM

4.2.1 Contingency management

One of the most reliable treatments for cocaine and other substance dependence in
recent decades has been contingency management, a behavioral approach that ar-
ranges immediate delivery of monetary or other tangible reinforcers contingent on
physiologically verified drug abstinence (Higgins et al., 1991, 1994) (for review
and meta-analysis, see Lussier et al., 2006; Prendergast et al., 2006). This approach
rapidly reduces cocaine use (Robles et al., 2000) and maintains abstinence over long
periods of time (Poling et al., 2006; Rawson et al., 2002), even in the absence of con-
tinued treatment (Epstein et al., 2003; Higgins et al., 1995; Petry and Martin, 2002).
Moreover, contingency management for cocaine use may be implemented
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successfully at relatively low cost (Petry and Martin, 2002; Petry et al., 2004) and
may be paired with adjunctive therapies (e.g., CBT) (Epstein et al., 2003) to further
improve treatment outcomes.

As discussed previously, substance use may be viewed as an intertemporal choice
between immediate drug reinforcement and the temporally diffuse and distant out-
comes associated with drug abstinence (e.g., sustained physical and mental health
and attainment of occupational goals). Regulatory imbalance between decision sys-
tems may predispose individuals toward cocaine use by disproportionately weighting
the value of immediate drug reinforcement. With this in mind, the provision of ex-
trinsic, relatively immediate reinforcement for abstinence in contingency manage-
ment therapies may supplant the naturalistic, delayed outcomes of abstinence
(e.g., improved health and social function) that are otherwise insufficient to impact
behavior in those suffering from regulatory imbalance. In addition, cessation of co-
caine use during contingency management likely facilitates initial contact with these
naturalistic outcomes, perhaps contributing to continued abstinence following treat-
ment (Epstein et al., 2003; Higgins et al., 1995; Petry and Martin, 2002). Consistent
with these mechanisms, a recent study examining contingency management for opi-
oid abuse allowed participants to either redeem these earnings immediately at each
laboratory visit or accumulate their earnings in an account over the course of the
study (Bickel et al., 2010). Participants with the highest baseline rates of delay dis-
counting more frequently redeemed their earnings immediately than participants
with lower rates of delay discounting, demonstrating the selective importance of im-
mediate outcomes for participants with regulatory imbalance. Future studies should
be designed to determine whether a similar finding would be observed with contin-
gency management for cocaine dependence.

4.2.2 Medications

Currently no approved medication exists for stimulant addiction (Brackins et al.,
2011) and replacement therapies with stimulants for cocaine and methamphetamine
addiction have produced equivocal results (Moeller et al., 2008). However, the pos-
sibility remains that replacement agonist therapy may be a viable avenue to decrease
or buffer the hyperactivation of the impulsive decision system during or to prevent
crave states.

For example, dexamphetamine and methylphenidate are long-acting stimulants,
with similar mechanisms of action to cocaine (i.e., increases in extracellular dopa-
mine) and have shown positive results in reducing behaviors related to cocaine ad-
diction. In intravenous cocaine users, dexamphetamine reduced positive urine
samples for cocaine, self-reported use, craving, and criminal activity (Shearer
et al., 2003). Dexamphetamine maintenance also reduces choice preferences for im-
mediate cocaine over money (Rush et al., 2009). Likewise, methylphenidate reduces
reaction to cocaine cues and attenuates anterior cingulate cortex activation in
cocaine-dependent individuals (see review Mariani and Levin, 2012) without impair-
ing inhibitory control in a go/no-go task (Vansickel et al., 2008), offering a stimulant
agonist medication without over activating the impulsive decision system.
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Moreover, replacement therapies such as methylphenidate, dexamphetamine, and
atomoxetine are pharmacologically safe for maintenance therapy (Grabowski
etal., 1997; Rush et al., 2009; Stoops et al., 2008). Thus, the benefit of longer acting
agonist medications for use as partial agonist therapies offers a potential avenue to
buffer hyperactivation of the impulsive decision system in cocaine-dependent
individuals.

4.2.3 Neurotherapeutic stimulation

Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation tool
which enables us to selectively activate or inhibit populations of neurons by altering
the frequency and placement of cortical stimulation. When stimulation is delivered
repetitively, at frequencies known to induce long-term potentiation (LTP) or depres-
sion (LTD) of cortical activity, this technique is known as repetitive TMS (rTMS)
(Fitzgerald et al., 2006; Hoogendam et al., 2010; Thickbroom, 2007; Ziemann
etal., 2008). LTP of both behavioral and neural activity is possible by applying either
a single high frequency (e.g., 10 Hz) or an intermittent theta burst frequency to the
cortex. In contrast, transient LTD of behavioral and neural activity is possible by ap-
plying either a single low-frequency (e.g., 1 Hz) or continuous theta burst frequency
to the cortex. rTMS is an FDA-approved treatment for depression and is the only
noninvasive brain stimulation tool available for humans.

A growing body of substance dependence literature suggests that we may be able
to directly dampen limbic circuitry or amplify executive control circuitry in
substance-dependent individuals through rTMS. Consequently, rTMS has garnered
significant attention as an innovative tool for treating substance dependence from
both the National Institutes of Health and in the literature (Barr et al., 2011;
Bellamoli et al., 2014; Gorelick et al., 2014; Wing et al., 2013). In context with
the CNDS, several strategies could be used to develop treatments for substance de-
pendence, including altering the relative control of the impulsive and executive de-
cision systems.

The vulnerability to drug-related cues in treatment-seeking cocaine users is likely
sustained by high functional activity in the impulsive decision system (Ersche et al.,
2012; Moeller et al., 2010; Moreno-Lopez et al., 2012). Consequently, application of
low-frequency TMS, for example, applying LTD-like stimulation to the limbic sys-
tem may reduce sensitivity to cocaine and other substance cues. Given that the nu-
cleus accumbens is one of the primary brain regions involved in craving (Robinson
and Berridge, 1993) and the medial prefrontal cortex is that structure’s primary cor-
tical input, targeting the medial prefrontal cortex would be a method to modulate
nucleus accumbens activity among substance-dependent populations. Recent work
by Cho et al. (2015) demonstrated that LTP-like rTMS (i.e., 10 Hz) to the medial
prefrontal cortex in a group of healthy, nondrug-using individuals was associated
with a significant decrease in dopamine binding potential in the dorsal striatum,
reflecting a release of dopamine in these areas. Although they did not find a signif-
icant change in dopamine binding in the nucleus accumbens, LTP-like stimulation of
the medial prefrontal—striatal circuit increased delay discounting (a behavioral
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marker of executive dysfunction). This finding suggests that an LTD-like rTMS
strategy over the medial prefrontal cortex would attenuate activity in this neural cir-
cuit and may reduce drug craving and impulsive decision system control. Prior data
from our laboratory demonstrate that in cocaine users, continuous theta burst stim-
ulation to the frontal lobe selectively decreases activation in the medial prefrontal
cortex and nucleus accumbens (Hanlon et al., 2015). Given that craving for cocaine
is associated with an increase in striatal dopamine, decreasing the sensitivity of this
circuit through rTMS may be a valuable treatment strategy. Future research is re-
quired to determine whether stimulating this location is tolerable in substance-
dependent populations because medial prefrontal cortex stimulation has not been
widely pursued and is subjectively more painful than dorsolateral prefrontal
cortex rTMS.

TREATMENTS TO INCREASE CONTROL OF THE EXECUTIVE
DECISION SYSTEM

4.3.1 Neurocognitive training

Executive function deficits in chronic cocaine users are well established (Bolla et al.,
2000). Specifically, compared to healthy controls, cocaine-dependent individuals
demonstrate significant impairments of multiple measures of attention, visual and
spatial memory, language and sensory perception functions (Jovanovski et al.,
2005). This executive dysfunction is related to retention rates for relapse prevention
therapy in cocaine users (Aharonovich et al., 2003, 2006). Because functional and
regional overlap exists between executive function areas, including those involved
in making delay-discounting decisions for the delayed reinforcer (Bickel et al.,
2011c; Wesley and Bickel, 2014), training specific executive functions, such as
working memory, may increase executive decision system control leading to pro-
gram retention and a rebalance of the CNDS.

4.3.1.1 Working memory training

Of the impaired executive systems in cocaine addicts, working memory is an exec-
utive function mediated by the prefrontal cortex and is involved in goal-directed be-
havior (Miller and Cohen, 2001). Interestingly, following working memory training,
healthy participants demonstrate increases in prefrontal and parietal region activa-
tion (Olesen et al., 2004). Consistent with the CNDS theory, more activation in these
areas indicate increases in executive decision system functionality and is important
because greater frontoparietal activity occurs when participants choose larger
delayed rewards (McClure et al., 2004). In fact, we have demonstrated decreased de-
lay discounting of monetary rewards following working memory training in cocaine
addicts (Bickel et al., 2011c), thus providing support for this potential approach to
increase executive system functionality. In addition to working memory training, a
second potential treatment, episodic future thinking, shows beneficial executive neu-
rocognitive improvement capabilities.
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4.3.1.2 Episodic future thinking

Episodic future thinking is a form of prospection which involves mental simulation
of future events (Atance and O’Neill, 2001). Neural evidence demonstrates that fu-
ture thinking tasks activate frontal cortices (Okuda et al., 2003) associated with the
executive decision system. Moreover, goal-directed simulations activate the prefron-
tal cortex and associated regions (Gerlach et al., 2011). Behaviorally, episodic future
thinking decreases delay discounting, which is predicted by anterior cingulate cortex
activation (Daniel et al., 2013; Peters and Buchel, 2010). Thus, given that poor per-
formance of future thinking is associated with poor executive function (de Vito et al.,
2012), repetition of either working memory training or episodic future thinking may
increase control of the executive decision system, improve valuation of future re-
wards, and provide a valuable adjunct to cocaine cessation therapy.

4.3.2 Medications

Modafinil acts on several neurotransmitter systems including glutamate, GABA, and
dopamine. Similar to the previously proposed agonist therapies to decrease control of
the impulsive decision system, modafinil produces a similar mechanism of action to
cocaine (i.e., increases in dopamine) and produces protracted mild stimulant prop-
erties to promote wakefulness. Modafinil reduces activity in the ventral tegmental
area, an impulsive decision system brain region, and reduces self-reported craving
in response to cocaine cues (Goudriaan et al., 2013), indicative of an attenuation
of craving. Though modafinil has been investigated as an agonist replacement ther-
apy (i.e., to buffer hyperactivation of the impulsive decision system) with mixed re-
sults (Dackis et al., 2012; Hart et al., 2008), modafinil’s actions may be most
beneficial by activating the executive decision system. Modafinil promotes en-
hanced activation of the frontoparietal regions and reduced activation of the ventro-
medial prefrontal cortex (Schmaal et al., 2014), both regions associated with the
valuation of rewards. Behaviorally, modafinil increases several measures of working
memory and attention in cocaine users (Kalechstein et al., 2013). Modafinil reduces
delay discounting in alcohol-dependent participants compared to controls (Schmaal
et al., 2014), and importantly, modafinil does not impair inhibitory control in a go/
no-go task in cocaine-dependent individuals (Vansickel et al., 2008) offering another
stimulant medication that increases executive function without overactivating the
impulsive system.

Modafinil, alongside other medications, has been classified as a nootropic, or a
cognitive enhancer. Nootropics are reported to increase working and visual memory,
decision-making, and planning (Turner et al., 2004), indicating that pharmacological
interventions can improve executive decision system function and regulatory bal-
ance of the CNDS. Interestingly, improving deficits in neurotransmitter systems with
nicotine agonists, norepinephrine transporter inhibitors, or alpha-2 adrenergic ago-
nists, coincide with some improved attention, response inhibition, and working
memory (Sofuoglu, 2010). Evidence that these other systems modulate executive
function warrants further investigation into nootropics enhancing the executive de-
cision system to improve treatment outcomes. Moreover, the benefits of
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pharmacological treatments can provide a valuable adjunct therapy to behavioral in-
terventions such as contingency management or working memory training, allowing
for synergistic treatment.

4.3.3 Neurotherapeutic stimulation

Vulnerability to drug-related cues may be due to low functional activity in the ex-
ecutive decision system of substance-dependent individuals (Goldstein et al.,
2004; Kubler et al., 2005; Moeller et al., 2010) suggesting that an LTP-like rTMS
stimulation of the executive decision system (e.g., dorsolateral prefrontal cortex)
might enable better resistance against drug cues. To date, the vast majority of rTMS
studies in addiction have targeted the dorsolateral prefrontal cortex (Amiaz et al.,
2009; Camprodon et al., 2007; Eichhammer et al., 2003; Herremans et al., 2012,
2013; Hoppner et al., 2011; Li et al., 2013; Mishra et al., 2010; Politi et al., 2008;
Pripfl et al., 2014). While many of these studies demonstrated that LTP-like rTMS
stimulation to the dorsolateral prefrontal cortex can result in a significant reduction
of craving, the neurobiological mechanism is unclear. For example, in a comprehen-
sive review on the efficacy of rTMS for smoking cessation, Wing et al. (2013)
reported beneficial effects on tobacco craving following LTP-like rTMS on the dor-
solateral prefrontal cortex.

Neurotherapeutic stimulation is a developing area of research for treatment of
drug dependence. Future research needs to resolve two questions, which cortical lo-
cation should be targeted in order to maximally affect the circuitry associated with
regulatory balance between decision systems and what stimulation frequency should
be used. Identification of a single “optimal” protocol for all individuals or all drug
classes is not likely. For example, some individuals may benefit the most from a
treatment strategy that amplifies the executive decision system (e.g., 10 Hz dorsolat-
eral prefrontal cortex stimulation) while others may benefit most from a strategy that
attenuates the impulsive decision system (e.g., 1 Hz medial prefrontal stimulation).
Before moving forward with expensive and slow multisite clinical trials investigat-
ing the efficacy of rTMS as a viable treatment tool for addiction, exploration of these
combinations of frequencies and cortical targets to maximize potential impact should
be considered. TMS may provide a powerful new tool to use as an adjunct to behav-
ioral and pharmacotherapeutic addiction treatment. Given that no FDA-approved
pharmacotherapy for cocaine dependence exists, brain stimulation may be a partic-
ularly useful therapeutic technique.

CONCLUSION AND FUTURE DIRECTIONS

Integration of findings from multiple scientific disciplines and levels of analysis into
arobust conceptual system will permit and suggest experiments, and perhaps lead to
novel treatments for cocaine dependence. Scientific paradigms in the field of addic-
tion have continuously evolved and have had at least four major paradigm shifts in
the last hundred years (Bickel et al., 2013). The CNDS theory constitutes the most
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recent paradigm shift and is a valuable perspective for addiction research in two
ways. First, it stipulates that a fundamental contributor to the addiction process is
a dysregulation between the impulsive and executive decision systems. Second, it
identifies those two decision systems as targets for interventions.

In this chapter, we have shown that numerous observations could be integrated
when viewed from the perspective of the CNDS. Armed with that view, we connect
observations regarding the immediacy bias evident in addiction, neural activity and
structure, the developmental pattern associated with cocaine and other drug use vul-
nerabilities, the SES gradient of cocaine and other drug dependencies, and the pres-
ence of comorbidities. Such integration supports use of the CNDS theory to guide
treatment strategies.

For treatment of cocaine dependence, our view is that treatments or interventions
should be supported by a theoretical conceptualization. If the conceptualization of a
disorder changes, that change should force a reevaluation of the treatment efficacy.
The CNDS is a relatively new conceptualization and permits understanding of the
efficacy of existing treatments (e.g., CBT), but also suggests novel approaches
(e.g., rITMS) to either decrease activity in the impulsive decision system or increase
activity in the executive decision system. Efficacy of these novel approaches will, in
part, continue to test the CNDS and indicate the range of its relevance.

The CNDS, like many paradigmatic approaches, is an approximation of a more
complete paradigm. The examination and use of the CNDS in the treatment of co-
caine and other drug dependence disorders are not based on the ultimate value of the
theory, but rather its proximal utility in making new discoveries and assisting those
trapped by cocaine dependence. Whether the CNDS continues to provide new re-
search insights that contribute to treatment or will instead give way to an even more
robust perspective will await subsequent investigation. In either case, the continued
exploration and elaboration of this integrated view contributes to the science of ad-
diction, in general, and cocaine dependence in particular.
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Abstract

Abuse of amphetamine-type stimulants (ATS) poses a significant public health concern with
known neurotoxic and neurocognitive effects to the user. In this chapter, we seek to integrate
the latest research on ATS, particularly methamphetamine, by covering areas of pharmacol-
ogy, neurocognitive effects, and the treatment of ATS use disorders with the goal of advancing
the clinical neuroscience of ATS and highlighting avenues for future research.

Keywords

Amphetamine, Stimulants, Methamphetamine, Addiction, Clinical neuroscience, Treatment,
ATS use disorders

INTRODUCTION

Amphetamine-type stimulants (ATS), including amphetamine, dextroamphetamine
(p-amphetamine), methamphetamine, and amphetamine-like drugs such as methyl-
phenidate, have a long history of use in the United States (U.S.) and continue to pose
a significant public health concern in the U.S. and worldwide. Synthetic amphet-
amine was first popularized in the U.S. in the 1930s as an over-the-counter nasal de-
congestant and was used to reduce fatigue and suppress appetite during World War
IL. In the 1950s and 1960s, amphetamine was commonly prescribed as a medication
for depression and obesity, with approximately 31 million prescriptions filled in the
U.S. in 1967 (Anglin et al., 2000). Shortly thereafter, legislation was passed in
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attempt to restrict the availability of amphetamine, and medicinal use began to de-
cline (Gonzales et al., 2010); however, this reclassification of amphetamine to a more
restrictive schedule led to a surge in illicit manufacturing and use of methamphet-
amine. Furthermore, the relatively recent increase in attention deficit hyperactivity
disorder diagnoses has been accompanied by a resurgence of prescriptions for stim-
ulant medications with diversion of these medications a growing concern for the na-
tion (Rabiner, 2013). Despite multiple legislative attempts to limit public access,
illicit ATS use remains highly prevalent.

Currently, ATS are the second most commonly used class of illicit drugs world-
wide (UNODC, World Drug Report 2012); approximately 0.7% of the global pop-
ulation (33.8 million people) aged 15-64 years old reported using an ATS in 2010
(UNODC, World Drug Report 2013). In the U.S., estimates from 2013 suggest over
21.7 million people ages 12 years and older (8.3% of total responders) have used
ATS for nonmedical purposes in their lifetimes, 3.5 million people (1.3%) reported
past year use, and approximately 1.4 million (0.5%) of those identified as past month
users. Further, 12 million (4.7%) of the individuals surveyed reported lifetime use of
methamphetamine specifically, with approximately 440,000 (0.2%) of those identi-
fied as past month users (Substance Abuse and Mental Health Services
Administration (SAMHSA), 2013a). Importantly, these estimates appear to be grow-
ing both in terms of supply and demand (UNODC, 2013).

Subsequently, the prevalence of ATS use disorders is also on the rise. In 2012,
535,000 (0.2%) individuals were estimated to meet the Diagnostic and Statistical
Manual of Mental Disorders (4th ed., DSM-IV; American Psychiatric
Association, 1994) criteria of ATS abuse or dependence, a significant increase from
the 329,000 (0.1%) in 2011 (SAMHSA, 2013a). This increase was especially pro-
nounced among individuals aged 18-25 years, with 0.5% meeting criteria in
2012, up from 0.3% in 201 1. Furthermore, primary methamphetamine/amphetamine
treatment admissions were more likely than all drug treatment admissions combined
to receive long-term rehabilitation/residential treatment (16% vs. 7%) (SAMHSA,
2013b), suggestive of the exceedingly high costs associated with the treatment of
ATS use disorders and underscoring the need for more efficacious, cost effective,
and easily deliverable treatments.

Developing a greater understanding of the clinical neuroscience underlying the
consequences of ATS use is an important step toward the development of more ef-
ficacious treatments for ATS use disorders. This is especially important with respect
to medications development given the lack of any current FDA-approved medica-
tions for ATS dependence. Significant advances in preclinical and clinical research
have begun to identify the neurochemical pathways affected by ATS use and high-
light potential targets for intervention. Thus, knowledge of the pharmacological and
neurological adaptations associated with ATS use could lead to the development of
more efficacious medications and further inform psychosocial interventions for ATS
use disorders (Table 1).

Given that methamphetamine is the most frequently used ATS worldwide
(UNODC, 2013), and that studies of neurodegeneration, neurocognitive functioning,
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Table 1 Chapter Highlights

Amphetamine-type stimulants (ATS) are the second most commonly used class of illicit
drugs worldwide and the prevalence of ATS use disorders are on the rise

ATS have pervasive, and potentially long-lasting effects on the dopaminergic,
noradrenergic, serotonergic, and opioidergic neurotransmitter systems throughout the
brain and can result in detrimental effects to cognitive processes in heavy users

More efficacious treatment options, such as FDA-approved pharmacotherapies, are
greatly needed for ATS use disorders

Promising medications currently under study for the treatment of ATS use disorders include
oxytocin, bupropion, mirtazapine, topiramate, modafinil, and naltrexone

The integration of basic neuroscience and treatment development research could improve
clinical outcomes in ATS use disorders by facilitating targeted treatment approaches

and treatment most commonly target methamphetamine using populations, the ma-
jority of this chapter presents the current understanding of the clinical neuroscience
behind methamphetamine use and associated disorders, expanded to ATS more
broadly where applicable.

PHARMACOLOGY AND NEUROTOXICITY

As with most ATS, methamphetamine stimulates the release, and partially blocks the
reuptake, of newly synthesized catecholamines in the CNS (Cho and Melega, 2002).
Due to its structural similarity, methamphetamine interacts with the dopamine trans-
porter (DAT), noradrenaline transporter (NET), serotonin transporter (SERT), and
vesicular monoamine transporter-2 (VMAT-2) and reverses their endogenous func-
tion, thereby redistributing monoamines from storage vesicles into the cytosol. This
process results in the release of dopamine, noradrenaline, and serotonin into the syn-
apse, which then stimulate postsynaptic monoamine receptors (Cruickshank and
Dyer, 2009). Methamphetamine also attenuates the metabolism of monoamines
by inhibiting monoamine oxidase (Sulzer et al., 2005), further enabling the buildup
of excess monoamines in the synapse.

The monoamines released due to the presence of ATS act on the major noradren-
ergic, serotonergic, and dopaminergic pathways of the brain. The medial basal fore-
brain, the hippocampus, as well as the prefrontal cortex (PFC) represent
noradrenergic regions of interest for ATS effects, with various affected functions re-
lated to arousal, memory consolidation, and cognitive processing, respectively
(Berridge and Waterhouse, 2003). Affected serotonergic neurons are dispersed
throughout the brain, regulating diverse functions such as respiration, pain percep-
tion, sexual drive, reward, and higher-order cognitive processing (Hornung, 2003).
In the case of dopamine, methamphetamine activates the mesolimbic, mesocortical
circuit, and the nigrostriatal pathways, which have been related to the euphoric ef-
fects observed immediately after the ingestion of the drug (Homer et al., 2008).
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Although no differences in striatal dopamine release between amphetamine and
methamphetamine are observed (Melega et al., 1995), amphetamine is thought to
result in a slightly greater dopamine release in the PFC, which may be responsible
for the subtle differences between these drugs on behavioral tolerance and working
memory measures (Shoblock et al., 2003a,b).

Repeated exposure to moderate to high levels of methamphetamine has been re-
lated to neurotoxic effects on the dopaminergic and serotonergic systems, leading to
potentially irreversible loss of nerve terminals and/or neuron cell bodies (Cho and
Melega, 2002). Preclinical evidence suggests that b-amphetamine, even when ad-
ministered at commonly prescribed therapeutic doses, also results in toxicity to brain
dopaminergic axon terminals (Ricaurte et al., 2005). Although the precise mecha-
nisms remain unclear, the culmination of evidence suggests that the high level of
cytoplasmic dopamine released as a result of ATS use leads to the accumulation
of reactive oxygen species and severe oxidative stress on the neuron (Berman
et al., 2008). Furthermore, frequent use of methamphetamine has been associated
with reductions in striatal D,-receptor availability (Groman et al., 2012; Volkow
et al., 2001a), VMAT-2 density (Johanson et al., 2006), SERT density (Sekine
et al., 2006), and DAT site density (McCann et al., 1998; Villemagne et al., 1998;
Volkow et al., 2001b,c), with some markers (i.e., DAT density) showing improve-
ment following prolonged (greater than 12 months) abstinence (Volkow et al.,
2001b). Reduced markers of neuronal integrity and increased markers of glial con-
tent are also observed in chronic methamphetamine abusers, possibly indicating
the proliferation of glial cells following neural damage (Chang et al., 2007; Ernst
et al., 2000).

The potentiation of dopaminergic neurotransmission within the mesocorticolim-
bic circuit is thought to underlie the reinforcing properties of drugs of abuse, al-
though evidence is accumulating on a converging role of the endogenous opioid
systems in the establishment of reinforcement (Boutrel, 2008). In terms of neuroanat-
omy, endogenous opioid receptors are widely distributed throughout the CNS, with
differential distributions per opioid receptor type. Importantly, opioid receptors and
peptides are highly expressed in brain areas involved in reward and motivation, such
as the ventral tegmental area (VTA) and nucleus accumbens (NAcc) (Mansour et al.,
1995). Administration of classical exogenous opioids facilitates dopamine release in
the mesolimbic reward system by activating |- and 3-opioid receptors in the NAcc
(Hirose et al., 2005; Murakawa et al., 2004) and by decreasing GABA-inhibition via
p- and k-opioid receptors, which are mainly located on GABA interneurons in the
VTA (Bonci and Williams, 1997; Shoji et al., 1999). Many nonopioid drugs of abuse,
including ATS, are also known to interact with the endogenous opioid system (for a
review, see Trigo et al., 2010), and this interaction may mediate some of the reward-
ing properties associated with acute ATS use (Boutrel, 2008). For example, acute
amphetamine administration has been linked with increased B-endorphin levels in
the NAcc (Olive et al., 2001), increased striatonigral dynorphin-like immunoreactiv-
ity (Bustamante et al., 2002; Hanson et al., 1988), and changes in the endogenous
opioid mRNA expression in the striatum (Hurd and Herkenham, 1992; Smith and
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McGinty, 1994; Wang and McGinty, 1995). Further, preclinical data suggest that the
endogenous opioid system is involved in the induction and expression of
methamphetamine-induced behavioral (locomotor) sensitization (Chiu et al.,
2006), analogous to compulsive drug-seeking behavior in humans (i.e., drug craving;
Itzhak and Ali, 2002), through its modulatory actions of the mesolimbic dopamine
system (Ford et al., 2006).

In summary, methamphetamine and other ATS have pervasive and potentially
long-lasting effects not only on the dopaminergic system but also on noradrenergic,
serotonergic, and opioidergic neurotransmitter systems throughout the brain. It is
through the culmination of these complex neurochemical modulations that signifi-
cant behavioral and cognitive changes result.

NEUROCOGNITIVE EFFECTS

Many ATS are used therapeutically to improve attention and cognition; however, a
review of the literature suggests dosage, and route of administration is a key deter-
minant of the cognitive effects of these drugs (see Wood et al., 2014). Wood et al.
(2014) argue that cognitive effects of ATS, including prescription medications such
as p-amphetamine and methylphenidate, follow an inverted U dose-response curve,
such that high doses result in detrimental effects on cognitive processing in domains
such as learning and memory. In fact, a recent study of frequent recreational users of
D-amphetamine observed impairments in performance on executive functioning and
memory consolidation tasks, in addition to a trend toward reduced striatal DAT site
binding and a blunted hemodynamic response to methylphenidate challenge, when
compared to healthy controls (Schouw et al., 2013).

Chronic methamphetamine use, more specifically, has been associated with al-
terations across a broad spectrum of neurocognitive processes, although differenti-
ating preexisting deficits from methamphetamine-induced cognitive deficits poses
significant challenges (Dean et al., 2013), and concerns regarding the interpretation
of these discrepancies and their clinical significance have been raised (Hart et al.,
2012). The culmination of evidence acquired through various methodologies (e.g.,
preclinical, cross-sectional human, and brain imaging studies), however, supports
the assertion that methamphetamine abuse does indeed cause cognitive decline in
at least some individuals (i.e., individuals at the age of early-to-middle adulthood),
and that individual difference factors such as education level and genotype further
moderate this relationship (Dean et al., 2013). Cognitive domains including episodic
memory, complex information processing speed, executive functions (e.g., response
inhibition, novel problem solving), and psychomotor functions appear to be most af-
fected in individuals with methamphetamine use disorders, with smaller, yet signif-
icant, effects also observed on measures of attention/working memory, language, and
visuoconstruction (Scott et al., 2007).

A number of these cognitive discrepancies and other behavioral changes associ-
ated with methamphetamine abuse have been related to methamphetamine-induced
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alterations in neurotransmission, such as memory deficits and impaired psychomotor
coordination associated with reduced DAT site density (Volkow et al., 2001c), and
increased aggression associated with reduced SERT density (Sekine et al., 2006).
Further, preclinical evidence suggests D,-specific alterations of the dopaminergic
system may subserve some of the disturbances in learning observed with repeated
methamphetamine use. Specifically, using a reversal learning task and PET in a pre-
clinical sample of vervet monkeys given a chronic, escalating-dose regimen of meth-
amphetamine revealed associations between the change in response to positive
feedback and individual differences in the change in dopamine D,-like receptor
availability in the striatum, assessed pre- and postmethamphetamine regimen
(Groman et al., 2012).

Functional neuroimaging procedures have begun to identify region-specific alter-
ations in glucose metabolism and blood-oxygen-level-dependent measures of brain
activation associated with these potentially affected cognitive processes. For exam-
ple, glucose metabolism in the anterior and middle cingulate gyrus and the insula
was negatively correlated with error rates on an auditory vigilance task indexing
attentional processing in recently abstinent (4—7 days) methamphetamine abusers
(London et al., 2005). Evidence also suggests frontal and insular involvement in
learning and cognitive control changes associated with methamphetamine abuse.
On a color-word Stroop task administered during functional magnetic resonance im-
aging, methamphetamine abusers display reduced reaction time (RT) adjustments
and reduced PFC activity following conflict (i.e., incongruent) trials (Salo et al.,
2009, 2013), and reduced RT, increased error rate, and reduced activation of the right
inferior frontal gyrus (IFG), supplementary motor cortex/anterior cingulate gyrus,
and the anterior insular cortex during the incongruent condition (Nestor et al., 201 1).

Region-specific alterations in brain activation have also been observed on decision-
making tasks in methamphetamine abusers. Methamphetamine abusers displayed re-
duced activation in the right IFG and the left medial frontal gyrus during a two-choice
prediction task (where only 50% of the responses are reinforced with a correct response
outcome), and a decrease in dorsolateral PFC (dIPFC) and right orbitofrontal cortex
(OFC) activity in the active compared to control conditions, as opposed to the increase
of activation in these areas observed in the healthy controls (Paulus et al., 2002). In a
follow-up study using the same task, recently abstinent (average 25 days) individuals
with methamphetamine dependence displayed reduced activation of the OFC, dIPFC,
anterior cingulate cortex (ACC), and parietal cortex irrespective of the outcome, and
attenuation of specific “success-related” patterns of brain activation as compared to
healthy controls (Paulus et al., 2003). Furthermore, the degree of activation in the right
middle frontal gyrus, middle temporal gyrus, and posterior cingulate during the two-
choice prediction task in early remission (3—4 weeks abstinent) was predictive of re-
lapse during a 1-year follow-up (Paulus et al., 2005).

On a temporal discounting task indexing reward-related decision-making, con-
trasting “hard choices,” where roughly equivalent preference is obtained for the im-
mediate and delayed reward choices, and “easy choices,” in which the choices differ
dramatically in value and preference, revealed less activation in the precuneus, right
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caudate nucleus, ACC, and dIPFC in recently abstinent (2—-8 weeks) individuals with
methamphetamine dependence (Hoffman et al., 2008), and less activation of the left
dIPFC and right intraparietal sulcus in active methamphetamine abusers
(Monterosso et al., 2007), as compared to healthy controls. Furthermore,
methamphetamine-dependent individuals undergoing treatment display disrupted
risk-related processing, a component of decision-making, on the Risky Gains Task
in both the ACC and insula (Gowin et al., 2013).

In summary, ATS abuse is associated with specific task-related behavioral and
neural processing differences across a number of cognitive domains, which appear
to be moderated by dose, route of administration, and other individual difference var-
iables. Importantly, evidence is accumulating to suggest some of these differences
are associated with altered dopaminergic processing (Groman et al., 2012) and clin-
ically meaningful outcomes (Paulus et al., 2005), suggestive of a functional role for
these cognitive differences in the development and maintenance of methamphet-
amine addiction.

TREATMENT

At present, few effective options exist for individuals seeking treatment for ATS use
disorders, and to date, these options have been limited to psychosocial interventions.
A systematic review of cognitive and behavioral treatments as applied specifically to
methamphetamine use disorders concluded that good clinical outcomes are achieved
with cognitive behavioral treatment (CBT; with and without motivational interview-
ing [MI]) and contingency management (CM) therapies involving the systematic use
of reinforcement (Lee and Rawson, 2008). A number of caveats must be considered
when interpreting these conclusions, however, such as the durability of treatment ef-
fects (especially with respect to CM programs). Furthermore, the effectiveness of
psychosocial interventions is compromised by poor rates of treatment induction
and retention (Shearer, 2007), and methamphetamine-related cognitive deficits in
executive functioning, particularly those related to inhibitory control, have been hy-
pothesized to potentially render heavily cognitive-based treatments ineffective
(Baicy and London, 2007).

Given these important caveats of psychosocial interventions, and the heavy focus
on the neurobiology of methamphetamine dependence, attention has shifted to the
development of efficacious pharmacotherapies for methamphetamine addiction
(NIDA, 2005). At present, no medication is approved by the U.S. Food and Drug
Administration (FDA) for use in ATS use disorders. Numerous classes of medica-
tions are currently under study for methamphetamine use disorders, primarily in
small clinical trials (for a recent focused review, see Brensilver et al., 2013). Some
of the most promising medications include bupropion, mirtazapine, topiramate,
modafinil, and naltrexone.

Bupropion, commonly prescribed as an antidepressant or smoking-cessation
agent, is known to affect several biological targets. Widely described as a dopamine
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and norepinephrine reuptake inhibitor (Stahl et al., 2004), bupropion also acts as a
noncompetitive antagonist of several neuronal nicotinic acetylcholine (nACh) recep-
tors (Slemmer et al., 2000). Clinical use of bupropion has been associated with re-
duced use of methamphetamine among baseline light, but not heavy,
methamphetamine users (identified in a post hoc analysis; Shoptaw et al., 2008);
however, its precise mechanism of action remains unclear.

In a 12-week trial, mirtazapine, a noradrenergic and specific serotonergic antide-
pressant, combined with CBT/MI counseling has also been associated with signifi-
cant reductions in methamphetamine use (percent positive urines at the week
12 visit) in a sample of methamphetamine-dependent men who have sex with
men (Colfax et al., 2011). The clinical efficacy of this agent may be related to its
ability to enhance of the release of norepinephrine and 5-HT1A-mediated serotoner-
gic transmission (Anttila and Leinonen, 2001).

Topiramate, a sulfamate fructopyranose derivative and anticonvulsant, has been
associated with reductions in methamphetamine use in large multisite clinical trial;
however, no effects on total abstinence (negative urines during 6—12-week follow-
up) were observed (Elkashef et al., 2012). Further analysis of this data identified a
small subgroup of patients who exhibited consistent reductions of use or achieved
abstinence during follow-up which were associated with topiramate treatment. This
subgroup consisted of individuals who were more likely to have discontinued meth-
amphetamine use (i.e., have a negative last urine) during the week prior to random-
ization (Ma et al., 2013) suggesting that topiramate may function best for relapse
prevention. GABAergic modulation may be one possible mechanism underlying
the potential efficacy of topiramate for methamphetamine treatment. Topiramate
is known to facilitate GABAergic function via enhancement of inhibitory
GABA-mediated currents at nonbenzodiazepine sites on the GABA, receptor
(White et al., 2000). Topiramate also antagonizes glutaminergic activity through
an effect at kainate/alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid re-
ceptors (Gryder and Rogawski, 2003). Through these processes, topiramate is
thought to modulate cortico-mesolimbic dopaminergic activity (Johnson, 2004), po-
tentially stabilizing this activity and subsequently helping to prevent relapse or re-
duce methamphetamine use.

Cognitive-enhancing medications such as modafinil, an analeptic drug with
known cognitive-enhancing properties, have garnered recent attention given the
known cognitive deficits associated with chronic methamphetamine use (e.g.,
Ghahremani et al., 2011). Modafinil combined with CBT was associated with re-
duced methamphetamine use within a small sample of HIV+ gay men dependent
on methamphetamine (McElhiney et al., 2009), although recent trials have not found
strong support for a direct effect of modafinil on abstinence outcomes (e.g.,
Anderson et al., 2012; Heinzerling et al., 2010). The mechanism of action of mod-
afinil is complex, involving multiple neurotransmitter systems, but its potential ef-
fects on ATS use may be related to inhibition of catecholamine transporters (Madras
et al., 2006; Volkow et al., 2009), thereby increasing extracellular dopamine and nor-
epinephrine levels.
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Lastly, naltrexone, an opioid antagonist with greatest affinity for the p- and
k-opioid receptors in humans (Emmerson et al., 1994; Toll et al., 1998), has been
associated with reduced amphetamine use and greater abstinence rates in a sample
of amphetamine-dependent individuals (Jayaram-Lindstrom et al., 2008). Further,
amphetamine dependent patients with high levels of naltrexone (>2 ng/ml) in their
blood were 2.27 times more likely to be abstinent than patients with low naltrexone
blood levels (<2 ng/ml; Grant et al., 2010). Naltrexone-related reductions of cue-
induced craving and subjective responses to methamphetamine administration have
recently been observed in nontreatment seeking individuals with methamphetamine
use disorders (Ray et al., 2015), advancing naltrexone as a potential treatment for
methamphetamine addiction as well. The blockage of ATS-induced dopamine re-
lease in the mesolimbic dopamine system has been proposed as the neural mecha-
nism underlying naltrexone’s effects on craving and subjective reward
(Ashenhurst et al., 2012; Benjamin et al., 1993; Jayaram-Lindstrom et al., 2004;
Lee et al., 2005; Naleid et al., 2005; Widdowson and Holman, 1992) which may un-
derlie the observed attenuation of ATS use.

In summary, the clinically limiting caveats of psychosocial treatments have en-
gendered a strong interest in medication development for the treatment of ATS use
disorders. A number of medications are currently under study in clinical research for
the treatment of ATS use disorders, many with promising preliminary results. Pre-
clinical research is also continuously advancing novel pharmacological agents that
may progress to human trials for ATS use disorders. For example, oxytocin, a mam-
malian neuropeptide, has shown promise in reducing responding for intravenous
methamphetamine in rodent models (Carson et al., 2010; Cox et al., 2013), which
may one day translate to improved clinical outcomes associated with oxytocin
treatment in humans. Treatment development for ATS use disorders has been a
challenging enterprise, yet consistent with the addiction field broadly (Litten
et al., 2012), efforts to refocus the field toward medications with novel therapeutic
targets (e.g., the opioidergic system, cognitive enhancement) hold considerable
promise for these complex disorders.

CONCLUSION AND FUTURE DIRECTIONS

Ilicit ATS use continues to be highly prevalent despite numerous attempts to limit
public access to the drugs and their precursors. Methamphetamine in particular is the
most frequently used ATS worldwide and has the highest abuse potential, yet the
diversion of stimulant medications is also a growing concern. Through actions on
the brain’s major dopaminergic, noradrenergic, serotonergic, and opioidergic path-
ways, repeated use of ATS (especially methamphetamine) is associated with signif-
icant neurotoxic effects and neurocognitive deficits, with only a few of such effects
known to remediate following sustained abstinence. Thus, early identification of
problematic ATS use and effective treatment implementation is critical to successful
outcomes.
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Advances in the identification of the neural pathways affected by ATS use have
begun to highlight potential targets for intervention. The development of efficacious
pharmacologic interventions is most promising in this regard, particularly given the
profound neurochemical alterations associated with ATS use. Medications that act
on the dopaminergic, GABAergic, and serotonergic systems have shown promise
in reducing ATS use in clinical samples, and increasing evidence for the opioidergic
system’s role in the development of ATS use disorders has advanced pharmacologic
agents targeting this pathway as plausible treatments.

By integrating basic neuroscience into treatment development research, one may
elucidate how psychosocial and pharmacological interventions function to reduce
ATS use and for whom specific interventions may be most efficacious. For example,
the most effective medications may function via novel mechanisms such as enhanc-
ing the effectiveness of existent psychosocial interventions (e.g., via decreasing cog-
nitive impairment) and by targeting intermediate phenotypes of addiction (e.g.,
relapse prevention/craving) (NIDA, 2005). Further, current research suggests that
clinical outcomes may be improved by tailoring interventions to differences in pa-
tient presentation (e.g., heaviness of use, age of user, cognitive capability), some of
which effects may be driven by individual differences in dopaminergic processing.
Clinical neuroscience research is well positioned to address these questions and ul-
timately provide relief to thousands of individuals currently struggling to overcome
their addiction to these stimulating and reinforcing drugs.
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Abstract

Recent progress has been made in our understanding of nonsubstance or “behavioral”
addictions, although these conditions and their most appropriate classification remain
debated and the knowledge basis for understanding the pathophysiology of and treatments
for these conditions includes important gaps. Recent developments include the classifica-
tion of gambling disorder as a “Substance-Related and Addictive Disorder” in the Sth
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) and
proposed diagnostic criteria for Internet Gaming Disorder in Section 3 of DSM-5. This
chapter reviews current neuroscientific understandings of behavioral addictions and the
potential of neurobiological data to assist in the development of improved policy, preven-
tion, and treatment efforts.
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INTRODUCTION

While debated, the concept of nonsubstance or “behavioral” addictions has gained
traction as evidenced by the recent classification of gambling disorder as a
“Substance-Related and Addictive Disorder” in the Diagnostic and Statistical Man-
ual of Mental Disorders (5th edition) (DSM-5) and definition in Section 3 of DSM-5
of diagnostic criteria for Internet gaming disorder (IGD) (American Psychiatric
Association, 2013; Petry and O’Brien, 2013). These classification and inclusion ef-
forts have been informed by neuroscientific data. A current challenge exists in trans-
lating a neuroscientific understanding of these disorders into more effective
treatments. Behaviors that may involve excessive or problematic engagement in-
clude gambling, Internet use, and gaming. The following chapter reviews the current
neurobiological understanding of, and discusses treatment implications with respect
to, excessive and interfering patterns of gambling, Internet use, and gaming.

GAMBLING DISORDER

The reclassification of gambling disorder in the DSM-5 was based upon evidence of
clinical, neurobiological, and other similarities between substance-use and gambling
disorders (Potenza, 2006). Due to the recent classification and renaming of
“pathological gambling” (PG) in DSM-IV-TR to “gambling disorder” in DSM-5
(American Psychiatric Association, 2000, 2013; Potenza, 2014), this condition will
be referred to as gambling disorder in this chapter despite a majority of data emanat-
ing from studies of PG.

NEURAL FEATURES OF GAMBLING DISORDER

Phenomenological similarities between substance-use and gambling disorders have
been observed, leading to inclusionary criteria addressing tolerance, withdrawal, and in-
terference in major areas of life functioning for these conditions. Recently, there have
been various other reviews of neural function in gambling disorder (Leeman and
Potenza, 2012, 2013; Meng et al., 2014). The current review will describe recent findings
related to processes which may be beneficial for advancing treatment of this disorder.

NEUROCOGNITIVE FACETS

Neurocognitive measures allow for evaluation of possible dysfunction in a variety
of cognitive facets and offer insight in to potential underlying neural regions of impor-
tance in behavioral addictions (Potenza, 2014). The evaluation of patterns of dysfunc-
tion allows for comparisons to healthy comparison subjects, across substance-use
disorders, and various other populations of interest which allow for a more in-depth
understanding of similarities and differences between these groups (Choi et al.,
2014; Leeman and Potenza, 2012; Noél et al., 2013; Yan et al., 2014). Importantly,
evaluation of neurocognitive function in PG through neurocognitive tasks has provided
insight into the maintenance of this disorder (for review, see Brevers et al., 2013;
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van Holst et al., 2010). Together, these data inform potential approaches to the
identification of those at risk and the development of more effective treatments.

ELECTROPHYSIOLOGY

Electrophysiological studies involving electroencephalogram (EEG) data and tasks
designed to elicit event-related potentials (ERPs) offer insight into neural function
linked to sensory or cognitive processing. To date, these methods have not been ex-
tensively used within individuals with PG, with existing studies frequently using
gambling tasks, as described below.

Feedback-related negativity (FRN), an ERP component elicited through feedback
related to subject performance, has been evaluated. Healthy comparison subjects and
those with PG presented with similar FRN amplitudes in win and loss conditions;
however, in PG subjects, an additional FRN occurred earlier with latency and ampli-
tude correlated with severity of PG (Oberg et al., 2011). In PG, blunted P3 amplitude
and EEG power in theta-band activity were also found in response to high-risk scenar-
ios (Oberg et al., 2011). More recently, Lole and colleagues (2015) found attenuated
FRN and feedback-related positivity in response to losses and wins with no difference
in P3b amplitude in response to large and small rewards in PG. These data suggest
varied sensitivity to risk, reward, and loss in PG which can be evaluated through EEG.

During simulated blackjack, reward resulted in more positive reactivity in PG
compared to healthy comparison subjects during a window after the FRN (between
270 and 320 ms); a difference in positivity was found within PG subjects between re-
sponses to rewards and losses, with no differences in healthy comparison subjects
(Hewig et al., 2010). However, during varying loss conditions, PG subjects did not
show differences in reactivity during conditions of near or full losses during this same
window of activity, unlike healthy comparison subjects (Kreussel et al., 2013). When
comparing occasional gamblers and PG subjects during a blackjack task, reactivity in
these two groups differed in both low- and high-risk conditions during risk assessment,
and PG subjects presented with greater negativity during reward processing (Miedl
et al., 2014). Together, these studies differences in the electrophysiological brain cor-
relates of reward/loss processing and suggest a need for additional study of cue-related
craving effects on risk assessment, loss, and reward processing in PG.

FUNCTIONAL MAGNETIC RESONANCE IMAGING

Functional magnetic resonance imaging (fMRI) tasks offer insight into the neural
circuitry associated with different neuropsychological processes that may be targeted
in the treatment of gambling disorder. These tasks permit the evaluation of the neural
underpinnings of cognitive processes, such as decision-making or processing of
monetary rewards and losses (reviewed in Potenza, 2014). Data from fMRI studies
implicate similar brain regions in both substance and behavioral addictions (Leeman
and Potenza, 2013; Potenza, 2013). For example, several studies of monetary-reward
processing have identified blunted activation of the ventral striatum (VS) during
reward anticipation in gambling disorder (Balodis et al, 2012; Choi et al., 2012), res-
onating with findings in alcohol-, tobacco-, and cannabis-use disorders (reviewed in
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Balodis and Potenza, 2015). Below, we will highlight findings from fMRI recent
studies not covered in recent reviews.

In a recent study examining decision-making when varying risk and ambiguity,
healthy control participants but not those with PG showed greater striatal, insular,
and prefrontal cortical activations during decision-making under risk as compared
to ambiguity, and individuals with PG as compared to those without showed greater
striatal activation during betting as compared to “safe” choices (Brevers et al., 2015).
Using a different task, Miedl and colleagues demonstrated that processing delayed
rewards during decision-making involves widespread, bilateral activation in PG sub-
jects compared to left side activation of healthy controls. In addition, indifferent
compared to sure decisions elicited greater widespread activation in PG versus con-
trol subjects, where sure decisions for PG subjects only elicited activity in the inferior
parietal and superior temporal areas, and greater activity in the cingulate gyrus,
insula, and medial frontal gyrus in healthy control subjects (Miedl et al., 2015).
Together, findings suggest a complex relationship between striatal activation and
gambling disorder. It is likely that between-study differences in task design (e.g.,
delay-discounting vs. risky choice tasks) may relate to differences in findings.

Reward type may also impact neural reactivity. Monetary and erotic rewards
have been used in order to assess possible differences between reward types. VS ac-
tivation during reward anticipation for erotic stimuli was lower compared to mone-
tary rewards in PG subjects, and this activation was correlated to subjective ratings
for erotic but not monetary rewards in PG subjects (Sescousse et al., 2013). Posterior
orbitofrontal cortical activation was greater during reward outcome for PG subjects
for monetary gains (Sescousse et al., 2013). Differences based on reward type related
to stress systems as VS activation and cortisol levels were correlated in PG subjects
in response to monetary cues (Li et al., 2014).

fMRI tasks may model aspects of electronic-gambling machines including “near-
miss” events that occur when symbols on two of three reels match. These tasks may
relate more closely to specific gambling behaviors compared to other decision-making
tasks. During near-miss events, both cocaine-dependent and PG subjects showed
greater reactivity in ventrocortical and mesolimbic areas compared to those without
either diagnosis, with PG subjects having greatest reactivity (Worhunsky et al.,
2014). During a similar task, near-miss events elicited activity in the insula and right
inferior frontal gyrus, and increased theta-band oscillations in the right orbitofrontal
cortex (OFC) and insula (Dymond et al., 2014). These data suggest task content is also
relevant to activity when comparing across addictions. Therefore, future studies should
attempt to incorporate tasks which may be more ecologically valid.

Resting-state fMRI studies may offer valuable insight into functional brain
connectivity at rest. In PG subjects, the supplementary motor area and paracingulate
cortex show reduced connectivity at rest (Tschernegg et al., 2014). The right caudate
appears more involved and the hippocampus less involved in information integration
in PG versus control subjects (Tschernegg et al., 2014). These data suggest differ-
ences in PG and non-PG groups in networks involved in self-regulation and reward
processing.



3 Neural features of gambling disorder 315

STRUCTURAL MRI

Structural MRI allows for volumetric comparison of tissue structures across different
diagnostic groups. Using this method, comparisons between PG, substance-addicted
and nonaddicted groups may improve understanding of the neural structural under-
pinnings of various addictions. Recently, smaller left hippocampal and right amyg-
dalar volumes were found in PG versus control subjects (Rahman et al., 2014).
Regional volumes were related to behavioral inhibition scores grouping PG subjects
(Rahman et al., 2014). Additionally, problem-gambling subjects displayed similar
gray matter volumes as did subjects with alcohol use disorder: lower volumes in left
superior frontal cortex, bilateral precentral cortex, right insula, left thalamus, bilat-
eral superior parietal cortex, and right supramarginal cortex (van Holst et al., 2012).

DIFFUSION TENSOR IMAGING

Diffusion tensor imaging (DTI) may assess white matter integrity. To date, two stud-
ies have used DTI to study PG. In PG versus control subjects, lower fractional an-
isotropy (FA) was present in the right and left genu of the corpus callosum, a pattern
also seen in substance abuse (Yip et al., 2011). Lower FA in the corpus callosum was
also seen in an independent study which reported widespread lower FA in PG (Jousta
et al., 2011). Together, these studies suggest microstructural deficits present in PG
which appear not to be accounted for by neurotoxic effects of substances.

NEUROCHEMISTRY

Preclinical, ligand-based imaging, and molecular genetic research methods may all
be used to inform understanding of the role of different neurotransmitters systems in
PG (reviewed in Potenza, 2013). In this section, we will focus on recent findings
from human ligand-based and genetic studies, with an emphasis on dopamine and
serotonin (5-HT). For a discussion of findings from pharmacological treatment stud-
ies conducted in gambling disorder, see Section 5.2.

The role of dopamine in PG remains poorly understood. Dopamine has been im-
plicated in substance addictions and reward processing, among other behaviors. Pos-
itron emission tomography (PET) permits study of neurochemical and metabolic
measures. As reviewed in Potenza (2013), data from PET studies using [11C]-
raclopride suggest that individual differences in dopamine release and D,/; receptor
availability are related to individual differences in clinical features of PG, such as
positive urgency (Clark et al., 2012) and task performance (Linnet et al., 2012) or
subjective experiences during gambling tasks (Jousta et al., 2012).

There have been two recent PET studies using the Ds-preferring radioligand
[''C]-(+)-propyl-hexahydro-naphtho-oxazin (Boileau et al., 2013, 2014). While no
significant differences in D5 receptor availability were found between individuals
with and without PG (Boileau et al., 2013, 2014), significant decreases in receptor
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binding subsequent to amphetamine challenge were observed among individuals
with PG (Boileau et al., 2014).

Problem-gambling severity has been linked to the serotonin system (reviewed in
Leeman and Potenza, 2013; Potenza, 2013). A positive association between seroto-
nin 1B receptor availability and problem-gambling severity (Potenza, 2013) and a
genetic link between serotonin 2A receptors and PG have been reported; see genetic
studies, below (Wilson et al., 2013).

The relationship between dopamine and serotonin and their complementary roles
in value-adaptation and loss-chasing may be relevant to PG (Campbell-Meiklejohn
et al., 2011). Other neurotransmitter systems (e.g., opioid, cannabinoid, glutamate)
require consideration in PG.

GENETICS

Polymorphisms in genes encoding for dopamine-related moieties, including DRD]
Ddel, DRD2 Taq I A, and DRD4 (exon III), have been reported, although negative
results have also been reported (reviewed in Leeman and Potenza, 2013). Studies
also suggest genes coding for the serotonin transporter, SHTTLPR, and MAO en-
zymes (e.g., MAO-A, MAO-B) may contribute to PG (reviewed in Leeman and
Potenza, 2013). An association between the C/C genotype of the 5-HT-2A receptor
gene and PG has also been reported recently (Wilson et al., 2013). Below, we review
findings from recent genetic studies, focusing on findings not covered in recent re-
views (Gyollai et al., 2014; Leeman and Potenza, 2013; Yau et al., 2014).

While candidate gene studies often fail to replicate, genome-wide association
studies (GWASs) have arguably shown more consistency, although few have been
performed in PG (one reported to date). GWAS data collected in a community-based
Australian twin sample identified six single-nucleotide polymorphisms (SNPs) as re-
lated to disordered gambling, four of which the authors interpreted as “theoretically
relevant,” although none reached genome-wide significance (Lind et al., 2012). Iden-
tified SNPs included rs8064 100, located downstream of metallothionein 1X (MTIX),
previously implicated in alcohol and drug dependence (Lind et al., 2012).

Genetic contributions have been found to relate to the age of onset of gambling
but not age of onset of drinking in males; however, in females, genetic contributions
link to onsets of both behaviors (Richmond-Rakerd et al., 2014). Conversely, twin
studies suggest nondisordered gambling engagement is equally influenced by family
environmental factors in men and women (Slutske and Richmond-Rakerd, 2014).
Recently, shared environmental and genetic factors have been linked to the age of
gambling initiation predicting gambling behavior later in life (Slutske et al., 2014).
Taken together, these findings suggest a complicated relationship between genetic
contributions, environmental influences, sex, and gambling behaviors and disorders.

Twin studies offer valuable insight into relative genetic and environmental con-
tributions to PG and co-occurring disorders. The Vietnam Era Twin Registry has
demonstrated that PG shares genetic factors with both obsessive-compulsive classes
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(Scherrer et al., 2015) and drug addictions (Xian et al., 2014), with environmental
contributions less important for the overlap between PG and stimulant dependence.
These findings suggest the need to identify specific genetic factors involved in these
relationships and determine the extent to which these may represent appropriate tar-
gets for behavioral or pharmacological interventions in subgroups of individuals
with PG.

TREATMENT OF GAMBLING DISORDER

Treatment of PG involves both pharmacological and nonpharmacological methods,
as reviewed elsewhere (Yip and Potenza, 2014). Though various treatments exist,
individuals with PG are often unlikely to seek treatment, and those that do have high
dropout rates, highlighting the need for enhanced efforts to get individuals into treat-
ment settings and maintain their attendance (Rash and Petry, 2014).

BEHAVIORAL TREATMENT

Two recent manuscripts have reviewed nonpharmacological therapies for PG
(Cowlishaw et al., 2012; Rash and Petry, 2014). Cognitive behavioral therapy
(CBT) has arguably the greatest support, with one CBT treatment adapted from that
demonstrating efficacy in the treatment of substance-use disorders and another
focused on targeting irrational cognitions. As compared to CBT for substance addic-
tions, CBT for PG may also target financial problems and financial management.
Other approaches that have shown efficacy in the treatment of PG involve imaginal
desensitization, motivational enhancement, and brief interventions like those that
show efficacy in the treatment of substance-use disorders. Mindfulness-based
approaches for PG have also been proposed and are beginning to be investigated.
Active ingredients of these therapies and biological mechanisms relating to their
efficacies have been proposed, and further research is needed to investigate how
these treatments work and for whom they might work best (Potenza et al., 2013).

PHARMACOLOGICAL TREATMENT

Serotonin selective reuptake inhibitors, dopaminergic agents, mood stabilizers, glu-
tamatergic agents, opioid-receptor antagonists, and other drugs have been investi-
gated in the treatment of PG (reviewed in Bullock and Potenza, 2012; Yip and
Potenza, 2014). Arguably, the most consistent results are from studies of opioid-
receptor antagonists (naltrexone, nalmefene), with four randomized clinical trials
(RCTs) showing varying degrees of efficacy. However, the effect size of opioid-
receptor antagonists in the treatment of PG may be modest (Bartley and Bloch,
2013), although the medication may be most helpful for specific subgroups (those
with familial histories of alcoholism or strong gambling urges). Treatment algo-
rithms have been proposed (Bullock and Potenza, 2012) largely based on
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co-occurring disorders (e.g., lithium in the treatment of individuals with PG and
co-occurring bipolar-spectrum disorders) and willingness to take pharmacother-
apies. For individuals less willing to consider pharmacotherapies, n-acetyl cysteine,
a dietary supplement with glutamatergic properties, may represent an important
therapeutic possibility. Recently, in a placebo-controlled RCT of n-acetyl cysteine
in individuals with PG and nicotine dependence in which all participants received
a behavioral therapy for gambling involving CBT, motivational, and imaginal-
desensitization components, active n-acetyl cysteine was superior to placebo with
respect to reducing smoking during treatment and reducing gambling behaviors at
follow-up (Grant et al., 2014). These findings raise the intriguing possibility that
n-acetyl cysteine may lead to greater durability of gambling-related behavioral ther-
apies, perhaps augmenting a “sleeper” effect that has been described for CBT in the
treatment of substance-use disorders. However, this and other aspects of how behav-
ioral and pharmacological therapies may be used conjointly in the treatment of PG
warrant additional investigation.

PROBLEMATIC INTERNET USE AND IGD

The extent to which Internet use may be considered the focus of a disorder has been
debated, with some contending that the Internet may represent a vehicle for other
behaviors (e.g., gambling) that constitute the true diagnostic focus (Petry and
O’Brien, 2013). Additionally, if considered a disorder, debate exists regarding the
extent to which problematic Internet use (PIU) may represent an addiction or not.
Given these debates, we will use the term PIU in this review although other terms
(e.g., Internet addiction) have been used in the literature. PIU may be conceptualized
as involving the excessive or poorly controlled urges and behaviors relating to Inter-
net use that lead to subjective distress and/or interference in major areas of life func-
tioning. It is a heterogeneous construct that may include a multitude features relating
to sexual, social networking, and gaming behaviors. Currently, IGD is included in
Section 3 of the DSM-5 as this was determined to need more research, despite being
considered the most well studied and interfering type of Internet use at the time of
DSM-5 deliberations (Petry and O’Brien, 2013).

NEURAL FEATURES OF PIU
NEUROCOGNITIVE FACETS

Few neurocognitive studies have been used to assess PIU and IGD; however, differ-
ences in impulsivity have been noted. High urgency, a facet of impulsivity, has been
shown to relate to PIU (Billeux et al., 2011). Higher self-reported impulsivity was
also found in IGD and alcohol use disorder (AUD) compared to healthy controls
and GD (Choi et al., 2014). Interestingly, IGD, AUD, and healthy controls displayed
less compulsivity than did GD on a set-shifting task (Choi et al., 2014). Additional



7 Neural features of PIU 319

neurocognitive differences have been observed (see following sections). Together,
these data suggest differences between IGD and healthy populations as well as be-
tween IGD and other behavioral addictions, and these may be important consider-
ations for treatment development (Dong and Potenza, 2014).

ELECTROPHYSIOLOGY

Resting-state EEG studies are used to evaluate intrinsic neural activity which is not
elicited through a task. In a PIU population, lower absolute beta-band and greater
absolute gamma-band activities related to disorder severity and impulsivity mea-
sures (Choi et al., 2013). In those with comorbid depression, increased theta and de-
creased alpha-band power was found compared to nondepressed individuals with
PIU where nondepressed individuals presented with decreased delta- and beta-band
power compared to depressed individuals (Lee et al., 2014). These resting-state data
suggest these neurobiological differences may be markers for PIU.

Studies evaluating ERP activity, such as a Go/No-Go or Stroop task, may reflect
facets related to impulsivity and error processing. In a Go/No-Go task, N2 amplitude
was lower in PIU and P3 amplitude was larger with a longer latency, and decreased
activity in conflict detection was observed compared to healthy comparison subjects
(Dong et al., 2010). Relative to healthy comparison subjects, an incorrect response
during the No-Go condition elicited a decreased amplitude of error-related negativity
in individuals with IGD which was associated with impulsivity assessed via task per-
formance and self-report (Littel et al., 2012). Similarly, during Stroop performance,
decreased medial frontal negativity, greater reaction times, and response errors
were found during incongruent trials in the PIU group to the healthy comparison
subjects (Dong et al., 2011). Together, these studies suggest differences in impulsiv-
ity which may be evaluated through ERP tasks, and which may relate to deficits in
conflict processing and have implications for treatment development (Dong and
Potenza, 2014).

FUNCTIONAL MRI

Reward circuitry, cognitive control, cue reactivity, and craving fMRI tasks have im-
plicated some similar brain regions in PIU and substance-use disorders (reviewed in
van Rooij and Prause, 2014; Yau and Potenza, 2015; Yau et al., 2012). In particular,
mesolimbic and cortical regions relating to reward/motivation and behavioral control
may contribute to the pathophysiology of PIU. A recent meta-analysis found subjects
with IGD showed abnormal activation of the medial frontal, medial temporal, and
cingulate gyrus regions in response to a range of cognitive tasks (Meng et al., 2014).

Studies of functional connectivity may provide insight into how brain regions in-
teract in circuits. Resting-state MRI has been used to investigate task-independent
functional connectivity between regions of the mesolimbic system. Graph-
theoretical approaches have identified connectivity in limbic regions including the
amygdala, the insula, and dorsolateral prefrontal cortex (dIPFC) correlated with
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features of PIU and IGD (Ko et al., 2015; Wang et al., 2015). Similarly, less func-
tional connectivity in executive-control networks was observed among individuals
with IGD compared to control subjects (Dong et al., 2015). These brain networks
have been implicated in substance addictions and may contribute to the development
and maintenance of addictive behaviors. Altered connectivity between regions of the
default-mode network has also been observed among individuals with PIU, and de-
gree of connectivity was related to PIU severity (Wee et al., 2014).

STRUCTURAL MRI

Several studies have also investigated structural abnormalities that may relate to PIU.
Reduced regional gray matter volume has been observed in key nodes of executive-
control networks (e.g., frontoinsular cortex, anterior cingulate cortex, dIPFC, and
posterior parietal cortex) in association with greater PIU severity (Li et al., 2015).
Furthermore, these differences correlated with performance on the Stroop task
and may, therefore, reflect reduced inhibitory control and cognitive efficiency. De-
creased cortical thickness (Hong et al., 2013) has also been observed in regions of the
executive-control network among individuals with PIU.

In light of the recent DSM categorization changes relating to conditions with ad-
dictive potential, comparing PIU and substance-abusing populations may provide in-
sight into the most appropriate categorization of PIU. Commonalities and differences
exist between the two groups and a better understanding of this can help improve
diagnosis (Yau et al., 2012). For example, among both IGD and alcohol-dependent
populations, negative functional connectivity between the dIPFC and the OFC and
positive connectivity between the dIPFC and the ACC have been observed (Han
et al., 2015). However, subjects with IGD showed negative connectivity between
the dIPFC and regions of the temporal lobe, and the striatum, whereas alcohol-
dependent subjects had positive connectivity. Kim and colleagues (2015) recently
found increased regional homogeneity in the posterior cingulate cortex in both
IGD and alcohol-dependent individuals; however, regional homogeneity appeared
selectively reduced in the superior temporal gyrus in IGD.

DIFFUSION TENSOR IMAGING

DTI studies have suggested poorer white matter integrity in PIU, although not con-
sistently (Yau et al., 2012). In one study of adolescents, lower FA was observed in the
OFC, corpus callosum, cingulum, inferior fronto-occipital fasciculus, corona radiata,
and internal and external capsules, with FA measures in the genu of the corpus
collusum inversely correlating with measures of anxiety and those in the external
capsule relating inversely correlating with PIU severity (Lin et al., 2012).
A separate study found lower white matter density in the inferior frontal gyrus,
insula, amygdala, and anterior cingulate in IGD subjects relatively to control subjects
(Lin et al., 2015).
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NEUROCHEMISTRY

Several neurotransmitter systems may contribute to PIU. Of these, the dopaminergic
system has arguably received the most research attention. Years of problematic gam-
ing was negatively correlated with D,-like receptor availability in the striatum and
IGD subjects showed decreased glucose metabolism in the OFC, insula, and limbic
regions (Tian et al, 2014). In a separate study, dopamine transporter expression in the
striatum was significantly lower in individuals with PIU compared to healthy control
subjects (Hou et al., 2012).

Beyond the dopaminergic system, other neurochemical systems have shown dif-
ferences which may underlie PIU. Recently, lower levels of N-acetyl aspartate
(NAA) and cystolic, choline-containing compound (Cho) levels were observed in
the medial temporal cortices of IGD patients. Additionally, lower levels of NAA
and Cho in the right frontal cortex were also seen, and the NAA was inversely related
to Young Internet Addiction Scale scores and perseverative responses during the
Wisconsin Card Sorting Task (Han et al., 2014). Further study of the underlying neu-
rochemical differences among individuals with PIU is needed in order to guide treat-
ment development efforts.

GENETICS

Genetic mechanisms underlying PIU are poorly understood and currently only pre-
liminary studies exists. As with disordered gambling, relationships between PIU and
the Taq1 A1 allele of the DRD?2 gene (Han et al., 2007) and homozygosity of the short
allelic variant of the 5-HTTLPR gene (Lee et al., 2008) have been associated with
PIU. However, these studies warrant replication and verification in larger samples,
and other approaches (twin and GWAS studies) warrant undertaking.

TREATMENT

Few interventions have been systematically tested for PIU or IGD. Treatment strat-
egies may be particularly important for adolescents and young adults given high
prevalence estimates among these age groups (Spada, 2014).

BEHAVIORAL TREATMENT

Behavioral treatments have yet to be systematically studied in the context of PIU.
Preliminary studies of CBT adapted for PIU (and more specifically in certain studies
of IGD and problematic Internet pornography viewing) has demonstrated prelimi-
nary positive benefits (Twohig and Crosby, 2010; Wolfling et al., 2014; Young,
2013). Such CBT approaches aim to help individuals examine emotional motives
and identify problematic cognition that may prompt them to engage excessively
in online activities. As with disordered gambling, individuals are encouraged to
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explore alternative ways to satisfy those needs (e.g., developing other recreational
pursuits) and to correct maladaptive thinking patterns. Family therapies involving
increased socialization efforts have also been examined in PIU (Liu et al., 2015),
with preliminary reports of possible treatment-related changes in striatal responsivity
(Han et al., 2012). Other behavioral interventions (e.g., solution-focused brief ther-
apy, mindfulness-based interventions) may also be helpful given the proposed addic-
tion model of PIU but their efficacy has yet to be studied directly.

PHARMACOLOGICAL TREATMENT

Psychostimulants, opioid-receptor antagonists (e.g., naltrexone), antiepileptics, an-
tipsychotics (e.g., olanzapine), antidepressants (e.g., bupropion), and glutamate-
receptor antagonists have explored in treatments for PIU (reviewed in Camardese
et al., 2012; Przepiorka et al., 2014; Winkler et al., 2013). Successful treatment
may link changes in specific domains (e.g., depression, cognitive flexibility), and
as in PG, comorbidity may be important to consider (Przepiorka et al., 2014). Al-
though many pharmacotherapies have been explored in the treatment of PIU,
placebo-controlled RCTs of significant size and duration are largely lacking, and
as is the case with PG, no medications have approval by the U.S. Food and Drug
Administration (FDA) with an indication for treating PIU or IGD.

FUTURE DIRECTIONS

While much research has been conducted recently on PG, PIU, and IGD, many re-
search gaps exist, with arguably greater gaps and controversies for Internet-related
behaviors and disorders. For example, research criteria for IGD have only recently
been proposed, and these do not cover other forms of Internet use (e.g., social net-
working, pornography viewing) that might be problematic for individuals (Rehbein
and Moble, 2013). Additionally, the absence of agreed-upon criteria for PIU has led
to marked variations in reported prevalence estimates and assessment of public
health impacts (Petry and O’Brien, 2013). While treatment development efforts
for PG have led to the availability of efficacious behavioral therapies for PG, such
studies are at earlier stages for PIU. For PG, PIU, and IGD, no pharmacotherapy trials
have led to the availability of medications with FDA indications for the disorders.
With respect to prevention efforts, healthy levels of engagement in gambling, gam-
ing, and Internet use remain discussed and/or debated. In these efforts, potentially
vulnerable individuals should be considered, especially youth. Other factors should
also be considered; for example, most studies of PG, PIU, and IGD have focused on
males, and sex differences warrant consideration, particularly for specific Internet-
related behaviors like social networking. Additionally, health disparities related to
race/ethnicity should also be considered. In this context, neurobiological findings
should be used to inform advancement of policy, prevention, and treatment efforts
relating to behavioral addictions.
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Abstract

Contributing factors to obesity have been identified, yet prevention and treatment efforts have
had limited long-term success. It has recently been suggested that some individuals may ex-
perience an addictive-like response to certain foods, such as losing control over consumption
and continued consumption despite negative consequences. In support, shared biological and
behavioral features seem to exist between “food addiction” and traditional substance-use dis-
orders. “Food addiction” may be another important contributor to obesity. The current chapter
reviews existing literature regarding neural systems implicated similarly in obesity and addic-
tion, discusses unique considerations for addictive-like eating, and proposes directions for fu-
ture research regarding “food addiction” as an emerging construct for addiction medicine.
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INTRODUCTION

As obesity rates continue to rise, increased attention has been given to mechanisms
associated with overeating behaviors. It has been proposed that an addictive-like
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FIGURE 1

Shared neural systems in obesity and addiction and unique features for addictive-like eating
and traditional addictive disorders.

process may underlie problematic eating for some individuals (Gearhardt et al.,
2009b), although this point has been debated (Ziauddeen et al., 2012). Significant
behavioral overlap exists between obesity and addictive disorders (particularly for
some groups like those with Binge Eating Disorder; Gearhardt et al., 2011b), such
as a loss of control over consumption and continued consumption despite negative
consequences (Gearhardt et al., 2009a). The following chapter will review literature
regarding shared neural systems in traditional addictive disorders and obesity (see
Fig. 1), discuss differentiating factors of addictive-like eating, and offer essential
next steps in neuroimaging research for “food addiction.”

SHARED NEURAL SYSTEMS: REWARD DYSFUNCTION

Dopamine (DA) is a main catecholamine neurotransmitter implicated in reinforce-
ment- and reward-related processes, such as motivation and craving. Food and drugs
of abuse both increase DA signaling in the mesolimbic dopaminergic system (Heinz
etal.,2004; Wang et al., 2002). Consumption of high-sugar or high-fat food results in
DA release in the striatum in animals (Avena et al., 2009) and humans, with the
amount released correlating with meal pleasantness ratings (Small et al., 2003)
and energy density (Ferreira et al., 2012). In humans, consumption of palatable food
is associated with increased activation in the reward-related circuitry, including the
dorsal- and ventral striatum and orbitofrontal cortex (OFC; Stice et al., 2013a).
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Likewise, all addictive drugs lead to DA release in the striatum and associated meso-
limbic regions (Kalivas and O’Brien, 2008).

Utilizing functional magnetic resonance imaging (fMRI), previous research has
observed parallels in neural responsivity to food/drug cues and intake between obe-
sity and substance-use disorders (Tang et al., 2012). Obese versus lean humans show
greater responsivity of brain regions associated with reward (e.g., striatum, amyg-
dala, OFC) and attention (e.g., anterior cingulate cortex, ACC) to pictures of
high-fat/sugar foods (versus control stimuli; Martin et al., 2010; Stice et al.,
2010b) and to pictorial cues that signal impending palatable food receipt (Ng
et al.,, 2011; Stice et al., 2008). Similarly, humans with, versus without,
substance-use disorders show greater activation of reward regions (e.g., VT A, amyg-
dala) and attention regions (e.g., ACC) to drug-related cues (Due et al., 2002; Myrick
et al., 2004).

One distinct feature of addictive disorders is the transition from initially
consuming drugs of abuse for their reinforcing properties to compulsive, habitual
self-administration (Everitt and Robbins, 2005). Consuming drugs of abuse or highly
palatable foods for hedonic effects (liking) activates the ventral striatum, whereas
habitual, compulsive self-administration (wanting) appears to differentially impli-
cate dorsal striatal regions (Everitt and Robbins, 2005; Volkow et al., 2006).

One proposed mechanism underlying the transition from “liking” to “wanting” is
incentive sensitization (Robinson and Berridge, 1993). This explanation suggests
that chronic consumption of addictive substances or highly palatable foods may re-
sult in sensitization of the DA system and increased salience of drug- and food-
specific cues for some individuals (Berridge, 2009). In support, animal experiments
indicate that firing of striatal and ventral pallidal DA neurons initially occurs in re-
sponse to receipt of a novel palatable food, but that after repeated pairings of palat-
able food intake and cues that signal impending receipt of that food, DA neurons
begin to fire in response to reward-predictive cues and no longer fire in response
to food receipt (Tobler et al., 2005). In humans, midbrain and medial OFC activity
in response to milkshake receipt positively correlated with subsequent ad libitum
milkshake consumption, and BOLD response in the ventral striatum during exposure
to food images positively correlated with later snack consumption (Lawrence et al.,
2012; Nolan-Poupart et al., 2013). Healthy weight adolescents who were eating be-
yond basal metabolic needs (per objective measures) versus those who were not
showed greater BOLD response during cues predicting impending palatable food re-
ceipt in regions that encode reward (striatum), salience (precuneus), and visual pro-
cessing and attention (visual and anterior cingulate cortices; Burger and Stice, 2013).
These latter data suggest that overeating, even if it has not yet resulted in excess
weight gain, may be accompanied by elevated responsivity to food-predictive cues
in reward and attentional regions. For persons susceptible to these neuroplastic
changes, sensitization to relevant cues can trigger “wanting” and potentially lead
to addictive-like consumption.

Reactivity in brain regions associated with reward appraisal like the striatum,
amygdala, and OFC may be indicative of the incentive salience for drug and food
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cues, where increased salience is associated with propensities for obesity and unsuc-
cessful abstinence in addictive disorders (Tang et al., 2012). In support, elevated
striatal response to monetary reward related prospectively to substance-use onset
over a 1-year follow-up (Stice et al., 2013b) and elevated responsivity of reward re-
gions (striatum, amygdala, OFC) to palatable food images (Demos et al., 2012), pal-
atable food commercials (Yokum et al., 2014), cues that predict palatable food image
presentation (Yokum et al., 2011), and palatable food receipt (Geha et al., 2013) re-
lated prospectively to future weight gain. Further, individual differences observed in
animal models provide insight to certain characteristics that may predict who will
sensitize to food cues. Individuals who exhibit greater motivation to engage with
cues that predict a drug or food reward, an indication of increased incentive salience
(so-called sign trackers), than to elements of reward receipt like the location of re-
ward delivery (so-called goal trackers) appear to be at greater risk for sensitization
(Flagel et al., 2009). Thus, while sensitization appears to contribute to continued
overconsumption of palatable foods, greater engagement with food-predictive cues
may predict which individuals will sensitize.

It has also been hypothesized that a reward deficiency may predispose some in-
dividuals to develop compulsive overeating or drug-taking behavior (Blum et al.,
2014). In some forms of obesity and addictive disorders, individuals may be moti-
vated to consume highly palatable food or drugs of abuse to compensate for dimin-
ished DA receptor availability (Koob and Le Moal, 2001). Consistent with the
reward deficiency theory, adults with versus without alcohol, cocaine, heroin, and
methamphetamine dependence show reduced striatal D2-like receptor availability
and sensitivity (Volkow et al., 2001; Wang et al., 1997) and lower D2-like receptor
density may increase risk for relapse after treatment (Heinz et al., 2004). Further, low
striatal D2-like receptor availability in primates relates prospectively to increased
future drug self-administration (Nader et al., 2006). Likewise, obese versus lean
adults show lower striatal DA D2-like receptor availability (de Weijer et al.,
2011; Volkow et al., 2008), although two other studies found no significant group
differences (Eisenstein et al., 2013; Haltia et al., 2007), with differences across stud-
ies possibly attributable to small sample sizes, differences in degrees of obesity, dif-
ferent radioligands used, or other factors. Obese versus lean adults show lower
capacity of nigrostriatal neurons to synthesize DA (Wilcox et al., 2009) and less
striatal responsivity to tastes of high-fat/sugar beverages (Babbs et al., 2013; Stice
et al., 2008). Obese versus lean rats likewise have lower basal DA levels and
D2-like receptor availability and less ex vivo DA release in response to electrical
stimulation in the nucleus accumbens and dorsal striatum (Geiger et al., 2009;
Thanos et al., 2008).

It is unknown whether hypoactivation in reward circuitry in response to acute ad-
ministration may be a cause or consequence in either addictive disorders or obesity as
prolonged overconsumption of drugs and rewarding food may decrease striatal DA
availability. Animal experiments show that regular substance use reduces striatal
D2-like receptors (Nader et al., 2006) and sensitivity of reward circuitry (Kenny
et al., 2006), and humans with cocaine abuse show blunted DA release in response
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to stimulant drugs relative to nonaddicted comparison subjects (Volkow et al., 2005)
and tolerance to the euphoric effects of cocaine (O’Brien et al., 2006). Chronic co-
caine use has been associated with downregulated dopaminergic responses to both
cocaine and food cues (Tomasi et al., 2015). These data imply that substance use
contributes to the downregulated reward circuitry observed in the cross-sectional
studies. Similarly, prospective human (Stice et al., 2010a) and experimental animal
studies (Geiger et al., 2009; Johnson and Kenny, 2010; Thanos et al., 2008) indicate
that overeating may contribute to reward region hyporesponsivity during food con-
sumption. Further, studies have suggested that individuals vulnerable to substance
use (Stice et al., 2013b) and obesity (Stice et al., 2011; Verbeken et al., 2012)
may initially exhibit hyperresponsiveness in reward-related brain regions to rewards
in general. This hyperresponsiveness may increase motivation to seek out highly re-
warding, palatable foods and these individuals may appear to be hyporesponsive to
reward after neuroplastic changes associated with chronic overeating behavior have
occurred.

SHARED NEURAL SYSTEMS: IMPULSIVITY

Another domain implicated in both obesity and addictive disorders is an executive-
control deficiency, often evident by impulsive behavior. Obese individuals and per-
sons with addictions appear to favor short-term rewards of food or drug instead of
long-term health benefits (e.g., weight reduction in obesity; Mole et al., 2014). In
decision-making tasks, obese women not only make more impulsive decisions than
healthy women (Davis et al., 2010), but also exhibit decreased activation in
executive-control brain regions (e.g., middle frontal gyri, medial prefrontal cortex
[PFC]) during decision-making processes (Kishinevsky et al., 2012; Stoeckel
et al., 2013). Similar patterns of impulsive decision-making coupled with diminished
activation in executive-control regions have also been observed in addictive disor-
ders (MacKillop et al., 2011), and decreased inhibitory-control activation may be
predictive of relapse (Paulus et al., 2005). Similarly, Kishinevsky and colleagues
(2012) observed that diminished activity in executive-control structures related to
future weight gain.

One proposed explanation for this potentially maladaptive decision-making
process is abnormal striato-cortical connectivity similarly observed in addictive
disorders (Hanlon et al., 2011; Liu et al., 2009) and obesity (Garcia-Garcia et al.,
2013; Tomasi and Volkow, 2013). In this dysfunctional connection, brain structures
implicated in reward appraisal (e.g., OFC, ventromedial PFC) may be capable of
overwhelming inhibitory-control regions (e.g., dorsolateral PFC) to result in impul-
sive decision-making (Weygandt et al., 2013; Zhang et al., 2015). Additionally, re-
cent studies observed lower brain volumes in the OFC in obese women (Shott et al.,
2014) and a lack of synchronicity between the OFC and PFC in fasted obese men
(Zhang et al., 2015), providing further evidence that diminished inhibitory control
may lead to overeating in obesity (Zhang et al., 2015) in a manner akin to compulsive
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drug-taking in addictive disorders (Ma et al., 2010). For some obese individuals, food
cues may activate regions associated with reward salience, and the executive-control
neural system may be inefficient at suppressing the drive to seek certain foods.
Though neuroimaging research should continue to examine deficits in striato-
cortical connectivity in obesity, it appears likely that deficits in executive-control
neural circuitry may similarly contribute to impulsive decision-making in obesity
and addiction.

SHARED NEURAL SYSTEMS: EMOTION DYSREGULATION

In both addiction and obesity, neural systems underlying emotion-regulation pro-
cesses seem to be impaired. Strong emotional states frequently precipitate drug
use and overeating behavior, which may suggest that some individuals utilize
addictive substances and highly palatable foods to compensate for deficient
emotion-regulation processes (Singh, 2014; Sinha and Jastreboff, 2013). Notably,
existing research has observed that humans typically consume foods high in fat
and/or refined carbohydrates in response to emotional states like stress or negative
affect, which may be particularly relevant for the development of obesity (Morris
et al., 2014).

Similar to addictive disorders, negative affect appears to implicate neural systems
associated with increased craving and compulsive consumption in obesity (Sinha and
Jastreboff, 2013). Jastreboff and colleagues (2013) found that obese, compared to
lean, individuals exhibited greater activity in striatal regions when exposed to stress
and highly palatable food cues, relative to neutral-relaxing cues, and increased ac-
tivation of the dorsal striatum in response to stress and food cues was related to stron-
ger food cravings. This suggests that emotional states may activate brain regions
associated with habitual behavior, like the dorsal striatum, which motivates certain
obese individuals to consume highly palatable foods (Jastreboff et al., 2013).
Coupled with increased activation in reward motivation structures, Tryon et al.
(2013) observed that chronic stress was associated with less prefrontal activation
in response to high-calorie food cues, and this pattern of activation related to greater
consumption of high-calorie foods. Collectively, it appears that emotional states may
be related to neural activation subserving increased craving and diminished inhibi-
tory control in obesity, which is also observed in addictive disorders (Sinha, 2008).

SUMMARY OF SHARED NEURAL SYSTEMS

Overlapping neural systems appear to be implicated in both obesity and addictive
disorders, including reward dysfunction, executive-control deficiencies, and emo-
tion regulation. The existing neuroimaging data suggests that addictive-like mech-
anisms may contribute to obesity for some individuals. Thus, exploration of the
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“food addiction” construct may be clinically useful for understanding overeating be-
havior and informing intervention approaches for certain individuals with obesity.

DIFFERENCES BETWEEN OBESITY AND ADDICTIVE
DISORDERS

While existing neuroimaging studies have observed similarities between obesity and
substance-use disorders, important differences exist between “food addiction” and
traditional addictive disorders. Notably, food is necessary for survival. However,
many highly palatable foods are not in their natural state and have instead been pro-
cessed with added amounts of potentially rewarding ingredients like fat and refined
carbohydrates (Gearhardt et al., 201 1a). Similar to the word “drug” which includes
addictive (e.g., cocaine) and nonaddictive (e.g., aspirin) substances, future research
is warranted to examine whether foods in a natural state (e.g., banana) are equally
implicated in problematic, addictive-like eating behavior as highly processed foods
(e.g., pizza).

Similarly, the current conceptualization of “food addiction” differs from traditional
addictive disorders because an addictive agent in certain foods and the “dose” that may
increase certain foods’ addictive potential has not been investigated (Ziauddeen and
Fletcher, 2013). For drugs of abuse, an addictive agent has been defined (e.g., ethanol
in alcohol, nicotine in cigarettes) and high concentrations of those ingredients are
linked to an increased addictive potential (Henningfield and Keenan, 1993). In con-
trast, although highly processed foods have been hypothesized to be most likely im-
plicated in addictive-like eating due to high levels of fat and/or refined carbohydrates
(Gearhardt et al., 2011a), it has not been examined whether specific food attributes
(e.g., sugar content) may be capable of triggering an addictive-like response in certain
individuals; however, there are preliminary data suggesting that sugar more effectively
recruits reward and gustatory regions compared to fat (Stice et al., 2013a). Addition-
ally, no previous research has evaluated whether a particular “dose” or quantity of the
“addictive” food attribute would increase the abuse potential of an “addictive” food
(Ziauddeen et al., 2012). For example, if future studies indicate that sugar may be im-
plicated in “food addiction,” a threshold may be set to describe the concentration of
sugar that significantly elevates a food’s addictive potential (e.g., 30% calories from
sugar). Further, specific sugars may differentially elicit brain responses that may as-
sociate differentially with appetite and reward pathways and lead to addictive patterns
of eating (Page et al., 2013). However, unlike drugs of abuse, certain foods may have
multiple addictive agents, like fat and sugar, which may both increase the food’s ad-
dictive potential, but perhaps through different mechanisms.

Another difference that may exist between “food addiction” and substance-use
disorders is the presentation of withdrawal symptoms. Although limited, preclinical
literature suggests that dieters may experience headaches and psychological preoc-
cupation with food (Gearhardt et al., 2009a), but it is unlikely that individuals with
“food addiction” would experience severe, life-threatening physiological withdrawal
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symptoms if highly processed foods were removed from their diet (Ziauddeen et al.,
2012). Consequently, “food addiction” may vary from traditional addictive disorders
like opioid-dependence that produce acute physiological withdrawal symptoms,
such as vomiting and sweating. On the other hand, removing certain foods from
the diet may be more likely to trigger psychological withdrawal symptoms like anx-
iety. Such psychological features are experienced by a subset of individuals with
pathological gambling (or gambling disorder) and are included in a withdrawal-
related inclusionary criterion for the condition (American Psychiatric Association,
2013). Although withdrawal appears to manifest differently across addictive disor-
ders, no previous research has examined whether withdrawal symptoms involving
psychological states may contribute to addictive-like eating behavior.

Although “food addiction” is less likely to be associated with life-threatening with-
drawal symptoms, there may be severe risks associated with “food addiction” that are
not relevant in substance-use disorders. Unlike substance-use disorders, many individ-
uals are exposed to highly processed foods within the first year of life (Fox et al., 2004).
If certain foods have addictive potential, exposure to these foods during critical devel-
opmental periods may contribute to the onset of persistent, lifelong obesity for some
people (Epstein et al., 1985). Unlike drugs of abuse that are illegal, expensive, or age-
restricted, highly processed foods are easily accessible and affordable in our modern
food environment. In this respect, “food addiction” may be considered a greater threat
than substance-use disorders because there are fewer societal restrictions on the con-
sumption of highly processed foods. Thus, while “food addiction” may not be associ-
ated with severe physiological withdrawal, it may pose a unique risk in infancy and
childhood due to early first exposure that may increase its severity.

DIFFERENCES BETWEEN ADDICTIVE DISORDERS

Though premature acceptance of “food addiction” has been cautioned against due to
inconsistencies with other addictive disorders (Ziauddeen and Fletcher, 2013;
Ziauddeen et al., 2012), it is important to note differences that exist among addictive
disorders included in the DSM-5 (American Psychiatric Association, 2013). Notably,
the characteristics required for a substance to be considered addictive have changed
over time. As previously mentioned, alcohol and opioid dependence may trigger in-
tense physiological withdrawal symptoms (Leshner, 1997; Skinner and Allen, 1982),
whereas cocaine and nicotine dependence appear more likely to produce psycholog-
ical symptoms like involving anxiety and irritability (Brower and Paredes, 1987,
Weddington et al., 1990). Additionally, the inclusion of the behavioral addiction
gambling disorder in the DSM-5 reflects a shift away from physiological withdrawal
as a necessary component of addiction (American Psychiatric Association, 2013).
Importantly, regardless of whether the symptoms are physical or psychological,
the experience of withdrawal appears to increase the probability of relapse across
addictive disorders (Kenford et al., 2002; Ray, 1961). Thus, a key, shared component
of withdrawal within addiction may involve the increased chance of relapse associ-
ated with experiencing withdrawal symptoms. In this respect, it will be important for
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future research to examine whether individuals with “food addiction™ experience
withdrawal symptoms that may trigger addictive-like eating behavior.

Another difference that exists within addictive disorders is the experience of in-
toxication. Some drugs of abuse, such as heroin, may result in intoxication where the
individual enters a mind-altered state and may behave recklessly or break the law
(Inciardi, 1979). Other examples of heroin intoxication symptoms are unpredictable
mood swings, risky behavior, and breathing problems. However, other substances
like nicotine may not trigger similar intoxication symptoms and allow individuals
to function while using the drug. For example, it is often legal to smoke cigarettes
while at work or operating a vehicle. Although nicotine does not produce acute neg-
ative consequences due to intoxication in the same way heroin does, prolonged nic-
otine use often leads to long-term negative health consequences like coronary heart
disease, stroke, lung cancer, and emphysema (US Surgeon General, 1982). In behav-
ioral addictions like pathological gambling or gambling disorder, the negative con-
sequences may not manifest in acute intoxication, but rather in long-term outcomes
like loss of money and familial stress. Similarly, while certain foods are likely inca-
pable of triggering intoxication, long-term negative consequences may be associated
with chronic addictive-like eating behavior, such as obesity, heart disease, and dia-
betes (Bray, 2004). In summary, while addictions vary in their degree of intoxication,
individuals with addictive disorders share a characteristic of continued behavioral
engagement in the addictive process despite negative consequences.

If certain foods are identified as “addictive,” it is unlikely that all individuals who
consume these foods will develop addictive-like eating behavior. In traditional addic-
tive disorders, a small fraction of individuals who use addictive substances or engage
in addictive behaviors develop dependence (Anthony et al., 1994). Applying this logic
to addictive-like eating behavior, it would follow that only a subset of individuals who
are exposed to potentially “addictive” foods would later develop “food addiction.”
Additionally, overconsumption of “addictive” foods would likely not lead to
addictive-like eating behavior for all individuals. This is similarly observed in addic-
tive disorders, where a larger percentage of individuals overconsume drugs of abuse
than develop dependence (Dawson et al., 2004; Hasin et al., 2007). Further, it is
unlikely that clinically significant symptoms of addictive-like eating would occur
exclusively in obesity, and symptoms have been observed across a range of body mass
indexes (Gearhardt et al., 2011c). Thus, subtyping may be one fruitful avenue that
emerges from examining whether an addiction perspective can be applied to problem-
atic eating behavior for some individuals. This may increase the efficacy of treatment
and prevention efforts for obesity and for disordered eating more generally.

FUTURE DIRECTIONS IN FOOD ADDICTION RESEARCH

One important gap in the existing literature on “food addiction” is the examination of
which foods are most likely associated with addictive-like eating. An addiction
framework suggests that an addictive agent in some foods would interact with indi-
vidual vulnerabilities to result in “food addiction.” It follows that identifying whether
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certain foods or food attributes (e.g., specific sugars) may be capable of triggering an
addictive-like process is essential to evaluating this perspective. Further, a drug of
abuse has a greater addictive potential when a high “dose” of an addictive agent
is rapidly absorbed by the system (Verebey and Gold, 1988). In our modern food
environment, many highly processed foods contain added fat and/or refined carbo-
hydrates (like white flour and sugar) in quantities exceeding what is found in natu-
rally occurring foods. Akin to addictive disorders, the way in which these ingredients
are absorbed in the body may also contribute to a food’s addictive potential. Foods
that have been processed by adding fat and/or refined carbohydrates while simulta-
neously stripping nutrients that slow digestion, like fiber and water, may have an el-
evated addictive potential. For example, a highly processed food, like chocolate
cake, with added amounts of fat and rapidly absorbed refined carbohydrates may
be expected to have a greater addictive potential than an apple, which contains nat-
ural sugars, but fiber and water to slow digestion. In highly processed foods, the in-
creased concentration of rewarding ingredients coupled with the rapid rate that
refined carbohydrates are absorbed may contribute to an increased abuse potential.
In support, Schulte et al. (2015) found that highly processed foods were most likely to
be associated with addictive-like eating behaviors, particularly for individuals who
endorsed symptoms of “food addiction.” Future studies should examine whether
these highly processed foods are capable of producing neuroplastic changes in the
brain, akin to those associated with consumption of drugs of abuse. Demonstrating
that certain foods are capable of changing neural systems in a similar manner as ad-
dictive substances would provide further support for the validity and unique explan-
atory power of “food addiction” for some individuals with obesity.

A potential avenue to investigate how certain foods may change reward-related
circuitry may involve examining neural mechanisms across the lifespan. Interest-
ingly, childhood-onset obesity typically persists into adulthood (Epstein et al.,
1985). Similarly substance-use disorders that emerge during early adolescence also
often last throughout one’s life (Chen et al., 2009). One potential explanation is that
similar changes in reward mechanisms may be occurring, resulting in chronic addic-
tive responses. While hypoactive reward-responsiveness may motivate obese indi-
viduals to seek highly rewarding food in adulthood (Blum et al., 2006), recent
research has suggested that obese children actually exhibit greater functional connec-
tivity between reward-related brain regions, including the left lateral OFC, and
executive-control structures, such as the left ventromedial prefrontal cortex
(Black et al., 2014). Increased input from reward neural systems to regions of
cognitive control may make obese children particularly responsive to food cues
(Bruce et al., 2010). However, no previous studies have examined reward-related
neural mechanisms in infancy that may predispose certain individuals to become
obese as children. Given the existing literature, it is uncertain whether increased
functional connectivity between reward and executive-control regions may represent
a cause or consequence of obesity in children. This is an essential area to explore,
since children are exposed to highly rewarding food at young ages. If certain foods
may be associated with addictive-like eating behaviors, it is possible that marketing
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restrictions may help decrease potential risks that some children have to develop
“food addiction” and persistent obesity.

Finally, applying an addiction perspective to problematic eating behavior for
some obese individuals may increase treatment options and efficacy. Behavioral
treatments for addictive disorders that focus on craving management and relapse pre-
vention may be adapted for the treatment of addictive-like eating behaviors. Phar-
macological approaches may also be relevant. For example, naltrexone and
buproprion, which are used for the treatment of addictive disorders, also appear to
be a successful intervention technique for obesity (Greenway et al., 2010). Addition-
ally, neurobiological treatments, such as neurofeedback, have recently been explored
as a treatment method for substance-use disorders. This technique uses real-time
fMRI (rtfMRI) feedback to help individuals reduce cue-induced craving (Sokunbi
et al., 2014). For example, individuals are first shown a substance-relevant cue
(e.g., cigarette) and receive feedback about increased brain activity in regions asso-
ciated with craving, like the ACC. Next, the patient is asked to reduce activity in this
region and self-report craving for the substance. The existing literature suggests that
neurofeedback may be an effective technique for reducing craving for addictive sub-
stances, including nicotine (Li et al., 2013) and opiates (Dehghani-Arani et al., 2013).
Since craving appears to be implicated in both substance-use disorders and “food
addiction,” neurofeedback may be a useful treatment tool for obese individuals
reporting addictive-like eating behavior.

CONCLUDING REMARKS

Obesity appears to share common neural systems with traditional addictive disor-
ders, suggesting that an addictive-like process may contribute to problematic eating
behavior for some obese individuals. If certain foods are identified as “addictive,”
treatment and prevention efforts that adopt an addiction framework would likely
be efficacious for the subtype of obese individuals endorsing “food addiction.” How-
ever, future research is needed to determine whether an addiction perspective is clin-
ically useful to explain some forms of obesity. Important next directions may involve
investigating if certain foods can produce neuroplastic changes in the brain, charac-
terizing the potentially addictive agents in these foods, looking longitudinally at
changes in reward mechanisms, and examining whether treatments developed for
drug addiction translate to effective interventions for food addiction.
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