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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.
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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.

1 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

et al., 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—via alteration of brain function—that cause the behav-

ioral traits.

2 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.

3 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.

4 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 geneH19 (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 (Pomc)

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 findingsmentioned 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.

5 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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6 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.



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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