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Individuals with a family history of alcohol dependence are at increased risk for all substance use 

disorders (SUDs).  Common genetic, morphological, and personality characteristics are thought 

to contribute to the greater addiction susceptibility among this population.  The identification of 

predictors of resilience to any SUD could improve our understanding of the etiology of addiction 

and guide future prevention and interventions efforts.  Aberrant dopaminergic transmission and 

frontostriatal circuitry have been identified in substance dependent individuals and their 

unaffected relatives in association with greater impulsivity.  Therefore, the current study sought 

to evaluate variation in the C957T polymorphism of the dopamine D2 receptor gene (SNP 

rs6277) and volume of the orbitofrontal cortex (OFC) and caudate nucleus as predictors of 

resilience to SUD among individuals at high familial risk and normal controls. Families with 

multiple cases of alcohol dependence, known as multiplex families, are ideal for studying 

disease-related genotypes and endophenotypes.  The present study included offspring from 

multiplex alcohol dependence families and control families who received annual clinical 

diagnostic assessments, MRI scans, and provided blood samples for genotyping.  Binary logistic 

mixed model regression analyses were conducted to quantify the relationships between genetic 

and morphological variation and SUD onset by age 20.  The results revealed a significant 

association between C957T variation and resilience in young adulthood (p = .046).  A risk by 
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gene interaction was also observed for OFC volume, such that among HR offspring only, DRD2 

genotype was a significant predictor of total OFC volume (p = .034).  The identification of 

mechanisms mediating the association between DRD2 variation and resilience to SUD could 

contribute to the development of future preventative interventions for high-risk individuals.   
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INTRODUCTION 

Alcohol and drug use disorders are prevalent neuropsychiatric conditions associated with a 

myriad of negative outcomes for affected individuals, their families, and communities (Hasin, 

Stinson, Ogburn, & Grant, 2007; Sullivan, 2007).  Based on epidemiological data from 2002, 

Hasin et al. (2007) estimated the lifetime prevalence of alcohol abuse and dependence at 17.8% 

and 12.5%, and the lifetime prevalence of drug abuse and dependence at 7.7% and 2.6%, 

respectively.  Alcohol and drug use disorders represent an enormous burden to society, leading to 

premature mortality (Mokdad, Marks, Stroup, & Gerberding, 2004; Neumark, Van Etten, & 

Anthony, 2000) increased rates of crime and incarceration (Volkow & Li, 2005), and massive 

annual costs to the healthcare system (Hasin et al., 2007).  A better understanding of the 

etiological mechanisms supporting the development and maintenance of these conditions is 

essential for designing effective prevention and intervention strategies. 

Alcohol and drug abuse and dependence, collectively referred to as substance use 

disorders (SUD), frequently co-occur (Hasin et al., 2007), and comorbidity significantly worsens 

the course of these disorders as well as their treatment prognosis (Ciraulo, Piechniczek-Buczek, 

& Iscan, 2003; Hasin et al., 2007; Rubio et al., 2008; Sullivan, 2007).  Additionally, alcohol and 

drug abuse share a number of biological correlates, including morphological, functional, and 

neuroreceptor abnormalities, particularly within the dopamine (DA) system (Volkow & Li, 

2005).  Based on their similar clinical presentation, high comorbidity, and common 

1 



neurobiological characteristics, alcohol and drug use disorders have been proposed to share some 

mutual etiological pathways.   

1.1 INTERGENERATIONAL TRANSMISSION OF RISK  

Offspring of male (Hill, Shen, et al., 2008; Marmorstein, Iacono, & McGue, 2009) and female 

(Hill, Tessner, & McDermott, 2011) alcoholics are significantly more likely to develop both 

alcohol and drug use disorders than the general population. Therefore, research with children 

from affected families offers a unique opportunity to investigate premorbid risk factors for the 

development of psychopathology.  The increased morbidity observed in this population is 

thought to result from a combination of genetic and environmental risk factors (Eiden, Edwards, 

& Leonard, 2007; Enoch, 2012; Hill, 2010; Hill, Steinhauer, Locke-Wellman, & Ulrich, 2009; 

Iacono, Malone, & McGue, 2003; Melchior, Choquet, Le Strat, Hassler, & Gorwood, 2011; 

Tessner & Hill, 2010).  However, the manner in which these factors interact to increase the 

likelihood of developing SUD remains to be fully elucidated.   

1.2 ENDOPHENOTYPES – INTERMEDIATE MARKERS OF RISK 

A variety of genes have been implicated in alcoholism risk, relating to a broad array of functions 

(Conner, Hellemann, Ritchie, & Noble, 2010; Hill, Hoffman, et al., 2008; Hill, Wang, et al., 

2011; Hill, Wang, et al., 2009; Hill, Weeks, Jones, Zezza, & Stiffler, 2012; Morozova, Goldman, 

Mackay, & Anholt, 2012; Tessner & Hill, 2010).  However, given the complex nature of 
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psychiatric disorders, it is unlikely that single genes will be identified that can substantially 

explain individual susceptibility to mental illness.  Therefore, much of the current research on the 

intergenerational transmission of risk has focused on intermediate phenotypes, or 

endophenotypes, that may be more directly related to variation in specific genes than the broader 

disease phenotype.  Identifying measurable components that mediate the link between genetic 

variation and psychiatric outcomes may be a more fruitful approach to improving our 

understanding of the processes underlying the etiology of mental illness than pursuing specific 

genetic antecedents to individual disorders (Gottesman & Gould, 2003).   

 Component processes of decision-making have been frequently targeted as potential 

endophenotypes for SUD, as maladaptive decision-making is thought to be a primary contributor 

to both the initiation and maintenance of problematic substance use (Lucantonio, Stalnaker, 

Shaham, Niv, & Schoenbaum, 2012; Tessner & Hill, 2010).  Impulsivity is one construct that is 

often implicated in poor-decision making and resultant risky behavior.  Prior research has shown 

that impulsivity is heritable (Anokhin, Golosheykin, Grant, & Heath, 2011), predictive of 

substance use onset (Lukasiewicz et al., 2008) and significantly more common among substance 

abusers (Noel et al., 2011; Verdejo-Garcia, Perales, & Perez-Garcia, 2007) and their families 

(Hill, Zubin, & Steinhauer, 1990). Specifically, twin studies have estimated that 44% of variation 

in impulsivity is attributable to genetic influences, as measured by the control subscale of 

multidimensional personality questionnaire (MPQ; Tellegen et al., 1988).  Therefore, a better 

understanding of the mechanisms underlying impulsive behavior could yield powerful insights 

into heritable etiological pathways to SUD.   

Extensive data suggests structural and functional deficits are present in alcohol and drug 

dependent individuals (Volkow & Li, 2005).  As first suggested by Hill et al. (2001), volumetric 
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aberrations may provide the structural underpinnings of behavioral characteristics that are typical 

of individuals with a family history of alcohol dependence.  Therefore, neural abnormalities have 

also been examined as possible mechanisms through which genetic variation influences the 

likelihood of developing these disorders.  Among high-risk (HR) offspring, morphological 

abnormalities have been reported in the amygdala (Benegal, Antony, Venkatasubramanian, & 

Jayakumar, 2007; Hill et al., 2001), cerebellum (Benegal et al., 2007; Hill, Wang, et al., 2011), 

orbitofrontal cortex (Hill, Wang, et al., 2009), superior frontal cortex, cingulate, 

parahippocampal gyri, and thalamus (Benegal et al., 2007).  Moreover, there is evidence that 

structural variation also has a substantial influence on patterns of functional brain activation 

(Hermundstad et al., 2013; Honey, Thivierge, & Sporns, 2010; Johansen-Berg, 2009; Lu et al., 

2009). 

Beyond improving our understanding of the etiology of these conditions, the successful 

identification of endophenotypes for SUD also has implications for the development of 

prevention and intervention efforts.  The discovery of measurable premorbid markers of 

vulnerability affords the opportunity to direct preventative efforts towards those at highest risk.  

Furthermore, uncovering modifiable characteristics that facilitate the disease process could 

unveil novel intervention targets to promote resilience among otherwise high-risk individuals.  

Thus, the discovery of endophenotypes for addiction has the potential to provide powerful 

insights into mechanisms supporting both risk and resilience.   

4 



1.3 INHIBITORY CONTROL 

Executive functioning refers to a constellation of capacities that enable a person to successfully 

engage in independent, purposive, self-directed, and self-serving behavior (Lezak, Howieson, 

Bigler, & Tranel, 2012).  Response inhibition is one facet of executive functioning that has a 

particularly significant impact on an individuals’ ability to adapt their behavior to changing 

circumstances (Barnes, Dean, Nandam, O'Connell, & Bellgrove, 2011).  Indeed, poor response 

inhibition, known alternatively as inhibitory control or effortful control, is considered a primary 

dimension of impulsivity (White, Lawford, Morris, & Young, 2009); it is robustly associated 

with risky, maladaptive behaviors, and has been reliably associated with substance use and abuse 

in both animal models and human populations (Izquierdo & Jentsch, 2012; Schulte, Muller-

Oehring, Sullivan, & Pfefferbaum, 2012; Verdejo-Garcia et al., 2007).  Thus, a better 

understanding of this trait may offer important insights into the pathophysiology of a common 

deficit across addictive disorders.  Similarly, proficiency in inhibitory control may constitute a 

powerful resilience factor (Nederhof et al., 2010) that could help protect against the development 

of SUD among HR individuals.   

1.3.1 Neurobiological basis of inhibitory control – orbitofrontal cortex 

The orbitofrontal cortex (OFC) has been implicated in affect, inhibition, and decision-making 

(Menzies et al., 2008).  In particular, evidence from both animal and human studies robustly 

supports the importance of this region for inhibitory control (Elliott & Deakin, 2005; Hill, 

Tessner, Wang, Carter, & McDermott, 2010; Izquierdo & Jentsch, 2012; Lawrence, Jollant, 

O'Daly, Zelaya, & Phillips, 2009; Price, 2007).  Congruently, both structural and functional 
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abnormalities in this region have been reliably reported in individuals with SUD (Alia-Klein et 

al., 2011; Cardenas et al., 2011; Dom, Sabbe, Hulstijn, & van den Brink, 2005; Ersche et al., 

2011; Moreno-Lopez et al., 2012), in association with inhibitory control deficits (Ersche et al., 

2011; Hill, Wang, et al., 2009).  Furthermore, volumetric variation in the OFC has also been 

shown to be a strong predictor of treatment response, highlighting the potential importance of 

obitofrontally-supported inhibition in resilience (Cardenas et al., 2011). 

1.3.2 Poor inhibitory control – cause or consequence? 

Despite findings that both neuropsychological and neurobiological markers of impaired 

inhibitory control are established correlates of addiction, the question remains of whether this 

characteristic represents a premorbid risk factor or a consequence of these disorders (Dawes et 

al., 2000).  In animal models, rats who exhibit poor inhibitory control have been found to be 

more vulnerable to addiction (Izquierdo & Jentsch, 2012), and prospective human research has 

found that disinhibitory pathologies (Dawes et al., 2000; Hill, Steinhauer, et al., 2009; Hill, 

Tessner, et al., 2011) and their biological correlates (Iacono et al., 2003) often precede and 

predict subsequent SUD. 

Additionally, Ersche and colleagues (2012) reported that non-abusing siblings of 

stimulant dependent individuals demonstrated inhibitory control deficits of a comparable 

magnitude to those of their affected siblings.  Congruently, Hill et al. (2009) reported volumetric 

abnormalities in the OFC of non-substance abusing HR offspring, in addition to those who had 

developed SUD, which correlated with diminished self-reported effortful control capacity.  

Taken together, these finding strongly suggest that deficient inhibitory control represents a 
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heritable premorbid risk factor for addiction, underlain by morphological abnormalities in the 

OFC, which may represent a potential target for intervention.   

1.4 NOVELTY SEEKING 

Novelty seeking (NS) is a heritable temperamental trait originally defined in the context of 

Cloninger’s psychobiological model of personality (Cloninger, Svrakic, & Przybeck, 1993).  An 

individual characterized by high NS displays a bias towards “frequent exploratory activity in 

response to novelty, impulsive decision making, [and] extravagance in approach to cues of 

reward” (Cloninger et al., 1993, p.  977).  High NS has been linked with greater impulsivity, 

deficient response inhibition as well as poor decision-making (Evren, Durkaya, Evren, Dalbudak, 

& Cetin, 2012; Lukasiewicz et al., 2008).  Individuals with both alcohol and drug 

abuse/dependence display high levels of novelty seeking compared to control subjects (Chen, 

Chen, Du, Fan, & Zhao, 2008; Lukasiewicz et al., 2008; Noel et al., 2011) and high NS predicts 

a higher quantity of drinking, greater severity of dependence, and significantly poorer treatment 

prognosis (Evren et al., 2012).   

1.4.1 Neurobiological basis of novelty seeking – the role of the caudate nucleus 

Despite the relevance of novelty seeking to addiction, there is a relative paucity of research on its 

neurobiological basis.  Since Cloninger’s (1993) original conceptualization, NS has been 

supposed to depend on dopaminergic functioning.  Indeed, dopaminergic gene variation has been 

found to predict individual differences in NS in some studies  (Benjamin et al., 2000; 
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Demetrovics et al., 2010; J. Li et al., 2011; Nyman et al., 2009), though some have not been able 

to replicate this relationship (Hill, Zezza, Wipprecht, Locke, & Neiswanger, 1999).  Specifically, 

there is evidence to suggest that D2 receptor availability in the striatum may influence variation 

in this characteristic (Bjork, Knutson, & Hommer, 2008; Cohen, Schoene-Bake, Elger, & Weber, 

2009; Gjedde, Kumakura, Cumming, Linnet, & Moller, 2010; Huang et al., 2010; Leyton et al., 

2002; Zald et al., 2008).   

The dopamine (DA) system has long been thought to play a crucial role in the 

pathophysiology of addiction (Volkow & Li, 2005).  In particular, DA D2 receptor abnormalities 

have been reported among current and past alcohol and drug users (Volkow & Li, 2005), as well 

as individuals at elevated risk for these conditions (Volkow et al., 2006).  Although the precise 

nature of dopamine’s contribution to the course of SUD remains unclear, variation within this 

system remains a primary candidate endophenotype for alcohol and substance abuse and 

dependence.   

The caudate nucleus is a structure within the striatum that plays an important role in a 

range of different functions, including the control of approach, attachment, and goal-directed 

behaviors, as well as the assessment of incentive salience (Grahn et al., 2008; Villablanca, 2010).  

Therefore, hypofunctionality of this structure could presumably result in lesser sensitivity to the 

potentially negative consequences of approach behaviors, as well as overvaluation of the positive 

salience of possible outcomes.  The caudate is also a rich source of dopaminergic projections to 

the cortex and is thought to be among the structures with the highest D2 receptor density, making 

it a vital contributor to the regulation of overall dopaminergic transmission in the brain (Kessler 

et al., 1993).   
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There is a growing body of literature demonstrating the importance of the caudate 

nucleus in alcohol and drug use disorders.  Evidence from both translational and human studies 

have demonstrated associations between structural and neurochemical abnormalities in the 

caudate and substance use (Johansson & Hansen, 2002), dependence (Moreno-Lopez et al., 

2012), and treatment prognosis (Wang et al., 2012).   

1.4.2 Novelty seeking – cause of consequence? 

There is a substantial body of literature supporting the notion that high novelty seeking 

represents a pre-existing risk factor for the development of psychopathology, not merely a 

correlate of substance use and abuse.  Both animal and human studies have demonstrated that 

individuals characterized by high NS display significantly greater susceptibility to substance use 

and abuse based on a variety of indices (Belin, Berson, Balado, Piazza, & Deroche-Gamonet, 

2011; Cummings et al., 2011; Pawlak, Ho, & Schwarting, 2008; Vidal-Infer et al., 2012).  

Furthermore, low NS was found to be protective among adolescents who were exposed to 

childhood family adversity (Fergusson & Lynskey, 1996).  Therefore, NS appears to be a 

premorbid trait that significantly impacts risk for subsequent psychopathology.   

Congruently, there is preliminary evidence to suggest that abnormalities in the caudate 

nucleus may also be present prior to the onset of psychopathology.  A recent study found 

childhood maltreatment to be associated with reduced caudate volume, in the absence of any 

psychiatric disorders (Dannlowski et al., 2012).  Because childhood abuse is one of the most 

robust predictors of later psychopathology, these finding suggest that caudal atrophy may 

represent an intermediate mediator of risk (Dannlowski et al., 2012).  Further, Hill et al. (in 

press) found smaller caudate volume among HR offspring with externalizing disorders.  Based 
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on the strong association between externalizing psychopathology and risk for SUD, these data 

further corroborate the contention that the caudate may play an important role in the etiology of 

addiction. 

1.5 RATIONALE FOR THE INTEGRATION OF NS AND INHIBITORY CONTROL 

IN A RISK MODEL FOR SUD 

Despite strong research support for the relationship between NS and alcohol dependence, some 

negative findings remain (Miettunen & Raevuori, 2012).  Thus, it may be the case that this trait 

is not sufficient to independently predict problematic drinking behavior.  Indeed, one study 

reported that NS was a significantly stronger predictor of outcome in subjects with at least one 

alcohol dependent parent than in controls with no family history (Grucza et al., 2006).  

Furthermore, studies of alcoholic individuals have found that high NS tends to co-occur with 

poor response inhibition and decision-making (Noel et al., 2011).  Thus, it may be the 

combination of novelty seeking with other familial risk factors that renders individuals most 

vulnerable to addiction (Evren et al., 2012). 

Poor decision-making and risky behaviors are especially common during adolescence, 

and this spike in impulsive behavior is thought to result in part from developmental variation in 

the brain (Blakemore & Robbins, 2012).  During this time, the systems supporting novelty 

seeking and inhibitory control are naturally unbalanced (Steinberg, 2010).  Whereas the capacity 

for impulse control increases with age in a linear fashion, sensation seeking appears to follow a 

quadratic developmental trajectory (Steinberg, 2010).  Therefore, middle adolescence is 

characterized by a convergence of high sensation seeking and low impulse control, which, 
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combined with environmental factors such as low parental supervision and the availability of 

drugs of abuse, substantially increases the likelihood that these individuals will engage in risky 

behaviors (Steinberg, 2010).  The co-occurrence of this surge in risky behaviors with this innate 

mismatch between these appetitive and inhibitory functions implies that variation in these 

characteristics may help to explain individual differences in addiction susceptibility across the 

lifespan.  Congruently, an optimal balance between novelty seeking and inhibitory control may 

represent a resilient phenotype that is protective against the development of SUD.   

1.6 RATIONALE FOR INTEGRATING THE OFC AND CAUDATE NUCLEUS 

INTO A MODEL OF DISEASE RISK 

Just as the combination of high NS and low inhibitory control is likely to be a stronger predictor 

of SUD outcome than either construct independently, an examination of the functional 

relationships between frontostriatal structures is likely to yield a more comprehensive 

understanding of related behaviors than a consideration of either structure in isolation.  Indeed, 

many researchers have shifted away from examining individual structures toward the study of 

neural circuits and their concomitant behavioral analogues  (Galvan et al., 2006; R. C. Gur, 

Gunning-Dixon, Bilker, & Gur, 2002; R. E. Gur et al., 2004). 

 For example, Gur and colleagues (2002) found that women displayed a greater ratio of 

OFC to amygdala volume, compared to their male participants.  These findings suggest that 

female subjects possess a greater amount of frontal tissue to regulate input from the amygdala, 

which may partially explain sex-differences in emotional regulation, and aggression in particular.  

Similarly, Galvan et al. (2006) found that whereas adolescents displayed a pattern of striatal 
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activation that closely resembled adults, their OFC activity paralleled childhood functioning.  

These data support the notion that poor decision-making in adolescence is reflective of a 

suboptimal developmental state in which appetitive systems are more developed than the control 

systems necessary to regulate them.  These findings strongly support the utility of examining the 

balance between systems to better understand behavior, as well as substantiating the importance 

of frontostriatal development in reward-based decision-making.   

1.6.1 Relationship between OFC and caudate nucleus 

There is evidence to suggest that interactions between the caudate nucleus and the OFC play an 

important role in regulating decision-making processes (Finger et al., 2011; Grahn et al., 2008; 

Semrud-Clikeman et al., 2000; Soriano-Mas et al., 2013).  Disruptions of connectivity between 

these regions have been shown to impact inhibitory control, reversal learning, as well as the 

assessment of response contingencies (Grahn et al., 2008).  There is evidence to suggest that the 

caudate regulates OFC activity via two dopaminergic signaling pathways with opposing effects 

(Colzato, van den Wildenberg, Van der Does, & Hommel, 2010).  According to this view, D1 

receptor-mediated neurotransmission supports reward-seeking actions, whereas D2 receptor 

activity facilitates the avoidance of non-rewarding actions (Colzato et al., 2010).  Thus, D2 

receptor activity in the caudate may contribute directly to the suppression of disadvantageous 

responses in favor of new adaptive strategies (Colzato et al., 2010; Grahn et al., 2008).   

Striatal D2 receptor density has been found to be positively associated with brain activity 

in the OFC (Ghahremani et al., 2012; Volkow et al., 2006) and response inhibition, providing 

further support for the notion that the caudate modulates “frontal” functioning through 

dopaminergic transmission (Ghahremani et al., 2012).  Therefore, there is likely to be an 
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interaction between OFC and caudate functioning in predicting SUD outcomes, both based on 

each structure’s involvement in complimentary appetitive and inhibitory processes, as well as 

their mutual regulatory influence via frontostriatal dopaminergic transmission. 

Extant literature has implicated abnormalities within this frontostriatal DA system in 

SUD.  Specifically, low D2 receptor availability has been reported in alcohol-preferring rodents 

(Swagell et al., 2012), and systemic D2 agonism has been shown to reduce alcohol consumption 

in this population (Dyr, McBride, Lumeng, Li, & Murphy, 1993; Swagell et al., 2012).  In human 

subjects, low D2 binding has been associated with greater drug reinforcing effects (Volkow et 

al., 1999), increased craving for alcohol (Heinz et al., 2005) and greater likelihood of relapse 

among recovering addicts (Swagell et al., 2012). 

1.7 FRONTOSTRIATAL ABNORMALITIES IN HR OFFSPRING 

Preliminary research in HR populations supports the suggestion that altered frontostriatal 

dopaminergic signaling may represent an important etiological pathway to SUD.  For example, 

one study found that whereas individuals without a family history of alcohol use disorders 

displayed deactivation in the ventral caudate during successful inhibition, HR subjects did not, 

reflecting a possible premorbid bias towards motivational responding among HR individuals 

(Heitzeg, Nigg, Yau, Zucker, & Zubieta, 2010).  Although a second study failed to detect group 

differences in striatal activity during a similar experimental paradigm (Bjork et al., 2008), Ivanov 

et al. (2012) found that HR children with ADHD displayed significantly greater activity in the 

caudate head, left OFC, as well as the left insula cortex during reward anticipation as well as 

greater left OFC activation upon reward receipt compared to children with ADHD who lacked a 
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family history of SUD.  Together, these findings suggest that greater sensitivity of frontostriatal 

reward circuitry may be a predisposing factor for the development of SUD.   

1.8 FRONTOSTRIATAL DOPAMINE TRANSMISSION AND RESILIENCE 

In an effort to identify factors that may protect individuals from developing SUD, a small 

number of studies have looked at whether there are certain neurobiological characteristics that 

distinguish HR individuals who are resilient to the development substance use problems from 

those who succumb.  Volkow and colleagues (2006) reported significantly greater striatal D2 

receptor availability among nonalcoholic HR offspring, which was positively correlated with 

metabolism in the OFC, compared to individuals without a family history of AUD.  Similarly, 

Heitzeg et al. (2008; 2010) reported distinct patterns of orbitofrontal activation among resilient 

children of alcoholics during successful inhibition and emotion processing, compared to affected 

offspring.  Together, these data suggest that hyperfunctionality of the frontostriatal dopamine 

system may represent a protective factor among individuals who are otherwise at high risk for 

SUD.   

1.9 GENETIC INFLUENCES 

By definition, endophenotypes are heritable characteristics (Gottesman & Gould, 2003).  The 

merit of the endophenotype concept lies in its ability to help bridge the gap between genotype 

and phenotype by uncovering specific etiological pathways to diseases with complex genetics.  
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Thus, in order to uncover viable endophenotypes for SUD, the aim is to identify mechanisms that 

are at least partially genetically determined.   

Although the current discussion has covered multiple phenotypes with various biological 

underpinnings, i.e. novelty seeking, poor response inhibition, frontostriatal structure, function, 

and neurochemistry, there is evidence to suggest that these characteristics tend to be inherited 

together.  Thus, there is reason to assume that this constellation of risk factors shares some 

genetic antecedents.  For example, in a strain of rats bred for high novelty seeking behavior, 

Flagel et al. (2010) reported a significantly higher degree of behavioral disinhibition, less overall 

striatal D2 mRNA, and greater sensitivity to D2 receptor agonism, compared to their low novelty 

seeking counterparts.  These findings robustly substantiate the idea that high novelty seeking and 

poor inhibitory control are genetically linked characteristics, which are partially mediated by 

dopaminergic functioning in the striatum.  Therefore, genetic determinants of D2 receptor 

function represent likely candidate precursors to this cluster of risky traits.   

Indeed, variation in the D2 receptor gene (DRD2) has been associated with risk for SUD 

in human subjects (Noble, 2003).  The C957T polymorphism (SNP rs6277) of the DRD2 gene is 

one source of D2 variation that has received substantial empirical attention (Hill, Hoffman, et al., 

2008).  Genotypic variation at this site, evidenced by a C/T substitution, has been found to 

explain 18% of the variance in striatal D2 receptor density (Hirvonen et al., 2004, 2005).  In 

vivo, the C/C genotype is associated with the lowest striatal D2 binding, T/T carriers exhibit the 

highest level of binding, whereas heterozygotes are characterized by intermediate D2 receptor 

expression (Hirvonen et al., 2004, 2005).   

Functionally, some authors have reported a positive relationship between the T/T variant 

and neurocognitive functioning in healthy individuals (Frank, Moustafa, Haughey, Curran, & 
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Hutchison, 2007; Rodriguez-Jimenez et al., 2006; Swagell et al., 2012; White et al., 2009).  

However, other findings indicate that T/T homozygotes display significantly worse behavioral 

inhibitory efficiency, as well as higher dysfunctional impulsivity (Colzato et al., 2010).  One 

hypothesized explanation for these discrepant findings posits that there may be a quadratic 

relationship between dopaminergic activity and performance, such that both excessive and 

deficient dopaminergic transmission may have disadvantageous effects (Colzato et al., 2010).   

C957T variation has also been linked with SUD outcome (Hill, Hoffman, et al., 2008; 

Swagell et al., 2012).  A case/control study detected an association between the C-allele and 

alcohol dependence, whereas a within-family linkage study found the T-allele to confer greater 

risk.  This discrepancy may be a further reflection of a non-linear relationship between D2 

receptor density and function.  Furthermore, Hirvonen et al. (2009) have reported opposing 

effects of C957T genotype on striatal and extrastriatal D2 receptor density, making it difficult to 

predict the behavioral consequences of allelic variation.  Additionally, interplay with the 

environment may be partially responsible for these inconsistencies.  Gene-by-environment 

interactions have been reported for reward sensitivity, delay discounting (White et al., 2009), as 

well as cigarette smoking (Perkins et al., 2008).  Thus, the result of C957T variation may be 

partially dependent on contextual factors. 

DA is critical for early brain development (Andersen, 2003), and there is reason to 

question whether functional variation in the C957T polymorphism may be associated with gray 

matter changes in the brain.  Studies have found that various other genes thought to influence the 

quantity of D2 receptors are related to volumetric variation (Chakravarty et al., 2012; Montag, 

Weber, Jentgens, Elger, & Reuter, 2010).  Although the relationship between C957T and 

morphology has not been studied, this polymorphism has been linked with neuropsychological 
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functions known to be closely related to brain volume, such as working memory (Ding, Qin, 

Jiang, Zhang, & Yu, 2012; Pangelinan et al., 2011; Xu et al., 2007).  Because morphology 

represents a phenotype that is more proximal to genetic variation than behavior, and 

comparatively less susceptible to environmental influences, elucidating the intermediate effects 

of C957T variation on brain volume may help disentangle some of the discrepancies in the 

current literature regarding the downstream effects of the DRD2 gene on psychopathology.   

The current study aimed to contribute to the growing literature on the underlying 

mechanisms of intergenerational transmission of risk for SUD.  Based on extant data 

demonstrating the importance of the frontostriatal dopamine system for adaptive decision-

making and substance use outcomes, it was hypothesized that morphological variation within 

this system might provide the ability to discriminate HR offspring who ultimately develop SUD 

from those who are resilient.  It was further hypothesized that variation within the rs6277 SNP of 

the DRD2 gene might influence both frontostriatal brain volumes and the likelihood of resilience 

to SUD in young adulthood.  By elucidating genetic, neurobiological, and behavioral markers of 

risk, it may be possible to unveil novel intervention targets to foster resilience among individuals 

at high risk for SUD. 
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2.0  METHODS 

2.1 SAMPLE 

2.1.1 Recruitment 

The sample included in the current analyses represents a subset of participants in an ongoing 

longitudinal study in which offspring from families with a high density of alcoholic members are 

compared with offspring from control families.  HR families were selected based on an adult 

proband pair of alcohol dependent brothers.  Targeted families were excluded if either member 

of the proband pair, or any first-degree relative, had a primary diagnosis of recurrent Major 

Depressive Disorder (MDD), Bipolar Disorder (BD), Primary Drug Dependence (PDD) or 

Schizophrenia by DSM-III criteria based on the Diagnostic Interview Schedule (DIS) (Robins, 

Helzer, Croughan, & Ratcliff, 1981).  Offspring of the proband pair and their siblings were 

eligible for the longitudinal follow-up.  Accordingly, not all HR offspring were the children of 

alcoholics though they had a significantly higher density of familial alcohol dependence through 

aunts, uncles and grandparents (an average of four first- and second-degree relatives).  Control 

families were selected for a proband pair of same-sex adult siblings.  Probands and their first-

degree relatives were free of any Axis I psychopathology according to the DIS.   
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 All offspring were eligible for participation in the MRI portion of the study.  Subjects 

were sent letters describing the adjunctive study procedures, and respondents were screened for 

the presence of ferromagnetic metal in or on their body.  Female subjects were also screened for 

pregnancy using Icon 25 hCG (Beckman Coulter, Fullerton, California) pregnancy kits. 

2.1.2 Offspring assessments 

Each child/adolescent offspring received an annual clinical assessment for DSM-III diagnoses 

using the Schedule for Affective Disorders and Schizophrenia (K-SADS) until age 19 (Chambers 

et al., 1985).  Thereafter, annual clinical follow-ups included the Composite International 

Diagnostic Interview (CIDI; Janca, Robins, Cottler, & Early, 1992) to determine the presence or 

absence of DSM-IV diagnoses and the CIDI-Substance Abuse Module (CIDI-SAM; Cottler, 

Robins, & Helzer, 1989) to measure the quantity, frequency and pattern of substance use.  

Interrater reliability for diagnostic instruments exceeded 90%.   

2.2 MEASURES 

Trail Making Test (TMT; Reitan, 1971; Tombaugh, 2004).  The Trail Making Test is a widely 

used neuropsychological test that consists of 2 parts, A and B, which has been shown to have 

adequate test-test reliability (Matarazzo, Wiens, Matarazzo, & Goldstein, 1974).  Part A 

measures the speed of cognitive processing whereas performance on Part B reflects executive 

functioning capacity (Sanchez-Cubillo et al., 2009).  The difference score (Trails B-A) is thought 

to be a relatively pure measure of cognitive control, and correlates with a variety of other tests of 
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executive control capacity (Chaytor, Schmitter-Edgecombe, & Burr, 2006; Sanchez-Cubillo et 

al., 2009).   

The Stroop Color and Word Test (Golden, 1978).  The Stroop Color and Word Test 

has been used in numerous studies to measure the effectiveness of focused attention and 

inhibitory control (Lezak et al., 2012).  This measure yields three scores based on the number of 

items completed on each of three stimulus sheets, and displays adequate test-retest reliability 

(Franzen, Tishelman, Sharp, & Friedman, 1987).  An Interference score, included in the current 

analyses, is thought to reflect the ability to inhibit overlearned or prepotent responses in the face 

of conflicting information (Savitz & Jansen, 2003).   

Multidimensional Personality Questionnaire (MPQ; Tellegen et al., 1988).  The MPQ 

is a self-report instrument that measures 11 primary personality dimensions and 3 higher-order 

factors along with 3 validity scales.  The current analyses included the primary trait dimension of 

Control.  Individuals with high scores on this scale describe themselves as reflective, cautious, 

careful, plodding, rational, sensible, level-headed, and liking to plan activities in detail.  Scales 

from the MPQ show high heritability based on studies of twins reared apart.  MPQ personality 

traits have been found to be reliable over time, with 30-day test-retest correlations ranging from 

.82-.92.  Previous studies have shown low Control Scale scores among alcohol dependent 

individuals (Hill, Zubin, & Steinhauer, 1990) and individuals with drug use disorders (McGue, 

Slutske, & Iacono, 1999). 

Tridimensional Personality Questionnaire (TPQ; Cloninger, 1987).  The TPQ is a self-

report instrument, which measures 3 dimensions: Harm Avoidance, Novelty Seeking and 

Reward Dependence.  The current analyses incorporated scores on the Novelty Seeking (NS) 

subscale.  An individual who has high scores on this dimension is thought to have a tendency 
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toward frequent exploratory activity and intense exhilaration in response to novel or appetitive 

stimuli (Cloninger, 1987).  The NS subscale has been shown to have high internal consistency 

(Miettunen et al., 2004) and good test-retest reliability (Kuo, Chih, Soong, Yang, & Chen, 2004). 

Diagnostic Interview Schedule (DIS; Robins et al., 1981).  The DIS is a highly 

structured interview that assesses alcohol dependence and other Axis I psychiatric diagnoses 

according to DSM-III criteria, which has demonstrated very good test-retest reliability. 

Kiddie-Schedule for Affective Disorders and Schizophrenia (K-SADS; Chambers et 

al., 1985).  The K-SADS is a semi-structured diagnostic interview that assesses current and prior 

episodes of psychopathology in children and adolescents according to DSM-III criteria, which 

has been demonstrated to have acceptable test-retest reliability.   

Composite International Diagnostic Interview (CIDI; Janca et al., 1992).  The CIDI is 

a fully structured interview that assesses the presence, severity, and treatment of psychiatric 

disorders according to both DSM-IV and International Classification of Disease (ICD) criteria, 

which has been shown to have good diagnostic concordance with clinical assessments.   

Composite International Diagnostic Interview-Substance Abuse Module (CIDI-

SAM; Cottler et al., 1989).  The CIDI-SAM is an expanded version of the substance abuse 

section of the CIDI that includes a more detailed assessment of the onset, symptomatology, 

consequences, and pattern of substance usage, including the quantity and frequency of use in the 

past 12 months.  This measure has been shown to have very good test-retest reliability. 

Four Factor Index of Social Status (Hollingshead, 1975). The Hollingshead Four 

Factor Index of Social Status is a measure of socioeconomic status based on education, 

occupation, sex, and marital status. SES scores were computed for each offspring at the time of 

study entry.   
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Drinking During Pregnancy (DDP) Questionnaire.  The DDP is a structured interview 

designed to assess the quantity and frequency drug and alcohol use during pregnancy, which was 

administered to mothers of high- and low-risk offspring at their first clinical assessment (Hill, 

unpublished).  Prior research has demonstrated retrospective reports of drinking during 

pregnancy to be reliable when compared to information obtained contemporaneously (Jacobson 

et al., 1991). 

Magnetic resonance imaging.  Subjects were scanned on a GE 1.5 Tesla scanner in the 

Department of Radiology MR Research Center.  T1-weighted, T2-weighted, and axial proton 

density images were obtained.  Regions of interest were drawn using BRAINS2 (Magnotta et al., 

2002), a program that uses a semiautomated segmentation approach to provide reliable and valid 

structural volumetric measurements.  Two raters who were blind to subject identity and risk 

group status traced the volumes of the OFC, caudate, and intracranial volume (ICV) according to 

the guidelines established by Lacerda et al. (2003) and Looi et al. (2008) (Hill, Wang, et al., 

2009).   

Genotyping.  DRD2 genotyping was completed in house by project technicians using 

SNP rs6277 analyzed on the Biotage PSQ 96MA Pyrosequencer (Biotage AB, Uppsala, 

Sweden).  An amplimer containing the polymorphism was generated by PCR in 96-well plates in 

a 50 uL total reaction volume, containing 10 ng of human genomic DNA; 1X GeneAmp® PCR 

Gold Buffer; 2.5 mM magnesium chloride; 200 uM dNTPs; 1 unit of AmpliTaq Gold™ taq 

polymerase; and 1 pmol of each of the unmodified forward primer 5’-

CACCACGGTCTCCACAGCA-3’ and the biotinylated reverse primer 5’-

GGGCATGGTCTGGATCTCAAA-3’.  Thermal cycling included 45 cycles at an annealing 

temperature of 60 degrees.  The Biotage workstation was used to isolate the biotinylated single 
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strand from the double strand PCR products.  The isolated product was then sequenced using the 

complimentary sequencing primer 5’-GGTCTCCACAGCACTC-3’.  At the polymorphic site, 

the minor allele was detected by the presence of a C nucleotide whereas the major allele was 

detected by the presence of a T nucleotide. 

2.3 DATA ANALYSIS 

In order to assess whether variation in the DRD2 gene and frontostriatal brain structure predict 

resilience to SUD, a series of mixed model regression analyses were performed to test each of 

the pathways depicted in Figure 1, labeled a-f.  Due to the nested nature of the current dataset, a 

family identifier was incorporated into each model as a random effects variable to account for 

the presence of multiple siblings from the same family.  Prior to testing the primary hypotheses, 

data were explored to assess the normality of the dependent variables, and an exploratory 

survival analysis was conducted to determine the age at which subjects would be classified as 

either resilient to, or affected by SUD.   
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Figure 1. Heuristic model of pathways of interest.  Labels a-f correspond to the statistical hypotheses 

tested. 

 

2.3.1 Statistical hypotheses 

2.3.1.1 Behavioral hypotheses 

• Greater total OFC volume will predict better performance on the Trail Making Test, the 

Stroop Color/Word Interference Task, and greater MPQ Control scores (a). 

• Greater total caudate volume will predict lower TPQ novelty seeking (b). 

2.3.1.2 Morphological hypotheses 

• Larger total volumes of the OFC (c) and caudate nucleus (d) will be associated with a 

greater likelihood of resilience in young adulthood.   
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• The relationship between OFC volume and resilience will vary as a function of caudate 

volume (e).   

2.3.1.3 Genetic hypotheses 

• Variation within the rs6277 SNP will be associated with OFC (f) and caudate (g) volume.   

• rs6277 variation will predict adolescent-onset SUD (h). 

2.3.2 Behavioral analyses 

In order to substantiate the presumed relationship between OFC morphology and inhibitory 

control (a) as well as that between caudate volume and NS (b), a series of generalized linear 

mixed model (GLMM) analyses were conducted, allowing for the inclusion of continuous 

predictor variables.  Outcome variables were tested in separate models and scores were included 

as continuous measures. 

Additionally, risk, intracranial volume (ICV), gender, age, and prenatal substance 

exposure were entered as covariates in each regression model.  Prior research has identified a 

variety of neurocognitive deficits among HR offspring that are thought to result from an array of 

biological and environmental factors that cluster within families with a high density of alcoholic 

members (Hill, 2010; Tessner & Hill, 2010).  Therefore, risk was included as a factor in an effort 

to isolate the variance attributable to OFC and caudate volume from the known effects of 

familial risk.  ICV was included to partial out the effects of the regions of interest from overall 

brain size. 

Because adolescence is known to be a time during when the brain is undergoing 

widespread regional developmental changes (Giedd et al., 2009), and specific regions appear to 
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progress at differing rates in males and females (Hedman, van Haren, Schnack, Kahn, & 

Hulshoff Pol, 2012), age and gender were also tested as covariates.  Finally, the possible 

influence of prenatal exposure was included in the statistical analysis plan, as it has been shown 

to impact morphology of both the OFC (Walhovd et al., 2007) and the caudate (Eckstrand et al., 

2012).  Covariates that failed to have a significant effect on the target variable were dropped 

from the final models to maximize power, with the exception of ICV.   

2.3.3 Defining resilience 

The decision of who to categorize as “resilient” is a complex one.  Because the sample was, on 

average, relatively young at the time that MRI and neuropsychological assessments were done, 

incomplete knowledge of their ultimate SUD status cannot be known (HR M=18.1 SD=4.2; LR 

M=17.6 SD=5.8).  Accordingly, it is not possible to determine whether those subjects who have 

not yet developed SUD will do so over the course of their lifetime.  However, though the sample 

is fairly young, the base-rate of SUD is relatively high due to the ascertainment schema used to 

select the original set of families. Consequently, an early onset of substance use disorder has 

already been seen (Hill, Steinhauer, et al., 2009; Hill, Tessner, et al., 2011).  Presently, 39% of 

the sample met criteria for SUD by the time of their last follow-up assessment, resulting in 

sufficient power to test the proposed hypotheses.  Furthermore, a robust literature has 

demonstrated that early onset of substance abuse drastically increases the risk for lifetime SUD 

(Grant & Dawson, 1997; Hill, Steinhauer, et al., 2009), and profoundly worsens the prognosis for 

treatment (Evren et al., 2012; MacPherson, Magidson, Reynolds, Kahler, & Lejuez, 2010; Nees 

et al., 2012).  Therefore, the identification of predictors of resilience among this population is of 

great clinical value.   
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Subjects in the larger cohort were enrolled between the ages of 8-13 years and have been 

followed to an average age of 24 years.  The sub-sample for which MRI data was available also 

included a predominantly younger group most of whom were enrolled under the age of 14 and 

have been followed at least until age 20. Nonetheless, there is some variation in the amount of 

time that participants have been followed as well as their age at their last clinical assessment.  

Therefore, in order to select a distinct time point to use as the threshold for resilience, an 

exploratory Kaplan-Meier (1958) survival analysis was conducted to determine the 25th, 50th, and 

75th percentile for age of SUD onset.  This information allowed for the creation of a data-driven 

bivariate definition of resilience that maximized the number of cases that could be included.  

Because half of the sample was recruited based on risk status, there were sufficient participants 

in both the resilient and affected categories to conduct the subsequent analyses.   

2.3.4 Morphological analyses 

Binary logistic mixed model regression analyses were conducted to explore the independent and 

interactive effects of OFC and caudate structure on SUD outcome.  Because HR offspring are 

significantly more likely to develop SUD than the general population (Hill, Steinhauer, et al., 

2009; Hill, Tessner, et al., 2011), all models predicting resilience included risk status as a factor 

to assess whether the study variables account for variance in outcome beyond the influence of 

family history.  Separate models were constructed to quantify the effects of OFC (c) and caudate 

(d) volume, as well as their interaction (e).  ICV, gender, age, and prenatal exposure were 

included as covariates. 
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2.3.5 Genetic analyses 

A final series of mixed models were constructed to measure the effect of DRD2 variation on the 

intermediate phenotype of frontostriatal brain structure, as well as the downstream clinical 

phenotype of resilience.  Additive and dominant models of genetic influence were tested.  For 

the dominant model, each subject was classified based on whether or not they possess any minor 

(C) alleles in the rs6277 SNP.  To address the effect of genetic variation on brain structure, linear 

mixed models were constructed with DRD2 as the predictor variable, covarying risk, ICV, age, 

gender, and prenatal exposure, with OFC (f) and caudate (g) volumes as separate continuous 

outcome variables. 

 Finally, to examine the influence of DRD2 variation on the likelihood of resilience in 

young adulthood (h), binary logistic mixed models were constructed with gene variation and risk 

status as predictors, covarying for gender.  The direction of the associations between rs6277 

variation and both morphology and outcome remains exploratory based on the conflicting 

literature in this domain.  Nonetheless, there is ample data to support the notion that an effect of 

this polymorphism is present.  All statistical analyses were conducted with IBM SPSS Statistics 

for Windows, Version 20.  Armonk, NY: IBM Corp. 
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3.0  RESULTS 

3.1 SAMPLE CHARACTERISTICS 

A total of 130 participants were included in the current analyses, including 71 HR subjects and 

59 low-risk (LR) individuals.  The HR and LR groups did not differ significantly in gender, scan 

age, age at study entry, age at last follow-up or length of clinical follow-up.  Based on mean 

levels of socioeconomic status (SES), subjects in the HR group had a significantly lower SES at 

the time of study entry. However, this may not represent a meaningful difference because the 

mean SES of both risk groups corresponds to the same Hollingshead social stratum, representing 

medium business, minor professional and technical workers. Nonetheless, SES was tested as a 

covariate and found to be non-significant in all of the subsequent analyses.  See Table 1 for 

sample characteristics.   
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Table 1. Sample Characteristics 

 

 
Note.  SES = socioeconomic status (Hollingshead Four Factor Index) 
aN=129; HR N=70, LR N=59. 
*p < .05, **p < .01. 
 
 
 
 Thirty-nine percent (N=51) of study participants met criteria for alcohol or drug abuse or 

dependence by their last follow-up assessment.  Table 2 presents outcome data on each substance 

use diagnosis for the entire sample as well as for each risk group.  As expected, HR offspring 

exhibited a higher incidence of substance-related pathology, with statistically significant 

disparities observed for every disorder except drug dependence.   
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Table 2. Lifetime Substance Use Diagnoses among High- and Low-Risk Participants 

 

 
Note.  SUD = substance use disorder. 
*p < .05, **p < .01. 
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3.2 BEHAVIORAL ANALYSES 

3.2.1 Task performance 

Summary statistics on participants’ performance on the MPQ Control subscale, TMT, Stroop 

Task, and TPQ novelty seeking subscale are presented in Table 3.  Significant differences 

between HR and LR participants were seen in temperament measures of inhibitory control and 

novelty seeking, with HR subjects characterized by lower self-reported inhibitory control 

capacity (t(90) = -3.333, p = .001) and higher novelty seeking (t(68) = 2.115, p = .038).  No 

significant risk-group differences in behavioral task performance were observed.   

 

 

 

Table 3. Mean Inhibitory Control and Novelty Seeking Scores among High- and Low-Risk Participants 

 

 
Note.  MPQ = Multidimensional Personality Questionnaire; TMT = Trail Making Test; TPQ = Tridimensional 
Personality Questionnaire. 
*p < .05, **p < .01. 
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3.2.2 Volumetric data 

Structural MRI data for the OFC, caudate nucleus and total ICV are summarized in Table 4.  As 

previously reported (Hill, Wang, et al., 2011), HR offspring had significantly larger total ICV 

than low-risk subjects (t(128) = 3.348, p = .001).  No other significant volumetric differences 

were observed between risk groups. 

 

 

Table 4. Volumetric Data for the Orbitofrontal Cortex, Caudate Nucleus and Total Intracranial 

Volume 

 

 
Note.  OFC = orbitofrontal cortex; ICV = intracranial volume. 
aN = 129; LR N = 58. 
*p < .05, **p < .01. 
 
 

3.2.3 Brain-behavior correlations 

Bivariate Pearson correlations were calculated to explore interrelationships within the behavioral 

measures as well as their associations with the brain volumes of interest.  As expected, 

significant intercorrelations were observed between the inhibitory control measures (MPQ 

Control, TMT, and Stroop), and a significant negative association between temperamental 

inhibitory control and novelty seeking was observed (r = -0.722, p = .000).  Additionally, a 
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significant correlation was found between total caudate volume and novelty seeking (r = 0.356, p 

= .002), such that larger volume of the caudate nucleus was associated with greater self-reported 

novelty seeking.  Correlation results are summarized in Table 5. 

 

 

Table 5. Inter-correlations between Impulsivity Measures and Frontostriatal Brain Volumes 

 

 
Note.  Pearson bivariate correlations.  MPQ = Multidimensional Personality Questionnaire; TMT = Trail           
Making Test; TPQ = Tridimensional Personality Questionnaire; OFC = orbitofrontal cortex. 
*p < .05, **p < .01. 
 
 

3.2.4 Regression analyses 

3.2.4.1 OFC volume and inhibitory control 

No main effect of total OFC volume on any of the inhibitory control measures was observed.  

Removal of individuals who met criteria for SUD prior to their MRI scan (N=17) did not change 

the pattern of results (data not shown).  The final models are summarized in Table 6. 
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Table 6. Regression Analyses of the Relationship between OFC Volume and Inhibitory Control 

 

 
Note.  Generalized linear mixed model analyses.  MPQ = Multidimensional Personality Questionnaire; TMT = Trail 
Making Test; OFC = orbitofrontal cortex; ICV = intracranial volume. 
*p < .05, **p < .01. 
 
 

3.2.4.2 Caudate volume and novelty seeking 

A highly significant association was observed between volume of the caudate nucleus and self-

reported novelty seeking (B = 1.541, p = .002).  Risk status was also a significant predictor of 

novelty seeking (B = 2.762, p = .031), but no significant risk by caudate interaction was found.  

These results remained significant when individuals meeting criteria for SUD prior to scanning 

were removed.  Model statistics are summarized in Table 7. 

 

 

Table 7. Regression Analysis of the Relationship between Caudate Volume and Novelty Seeking 

 

 
Note.  Generalized linear mixed model analyses.  TPQ = Tridimensional 
Personality Questionnaire; ICV = intracranial volume. 
*p < .05, **p < .01.
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3.3 MORPHOLOGICAL ANALYSES 

3.3.1 Defining resilience 

A Kaplan-Meier (1958) survival curve for age at SUD onset is presented in Figure 2.  The results 

showed that of the 51 individuals who had a SUD diagnosis by the time of their last follow-up 

assessment, 25.5% met criteria by age 17, 51.0% met criteria by age 18, and 78.4% met criteria 

at age 20.  Based on these data, absence of any SUD diagnosis by age 20 was selected as the 

criterion to categorize subjects as resilient to SUD.  The use of this timepoint allowed for the 

inclusion of the maximum number of SUD cases and minimal elimination of subjects with 

insufficient follow-up.   
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Figure 2. Kaplan-Meier survival analysis of SUD onset.  Highlighted data points correspond to the ages at 

which 25.5%, 51%, and 78.4% of those who would eventually meet criteria developed SUD. 

 

 

A subset of 94 subjects who had completed at least one young adult follow-up and made 

it to age 20 was included in subsequent analyses.  The subsample was characterized by an older 

mean scan age, older mean age at last follow-up, and longer length of follow-up compared to the 

full sample.  However, the subsample did not differ in any other demographic or morphological 

characteristics (See Table 8 for subsample characteristics).  
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Table 8. Summary Characteristics of Subsamples with Genetic and Clinical Follow-up Data and Comparisons to Full Dataset 

 
 

 
Note.  SES = socioeconomic status (Hollingshead Four Factor Index); OFC = orbitofrontal cortex; ICV = intracranial volume. 
aWhole Sample N = 129. 
*p < .05, **p < .01. 
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3.3.2 Associations between morphology and outcome 

Binary logistic regression models were constructed to quantify the associations between risk 

status, frontostriatal morphology, and resilience at age 20.  Risk status robustly predicted SUD 

outcome in young adulthood (B = 1.19, p = .009).  No association was observed between OFC or 

caudate volume and resilience, nor was there a significant moderation effect (Table 9).  Again, 

removal of individuals with SUD diagnoses prior to the MRI did not alter the patter of results. 

 

 

Table 9. Regression Analyses of Relationships between Frontostriatal Volumes and Resilience at Age 20 

 

 
Note.  Binary logistic mixed model analyses.  OFC = orbitofrontal cortex; ICV = intracranial volume. 
aVariables for total OFC volume and total caudate volume were multiplied to create interaction term. 
*p < .05, **p < .01.
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3.4 GENETIC ANALYSES 

3.4.1 Descriptive statistics 

Genetic data were obtained for a subset of 103 subjects (See Table 8).  Genotype frequencies are 

summarized in Table 10 for the entire subsample, as well as for each risk group.  No significant 

risk group differences in genotype frequency were observed (χ2(2) = 4.059, p = .131).   

In the absence of selection pressures, nonrandom mating, or other disturbing influences, 

the distribution of genotypes at a given locus should remain constant over generations, as defined 

by the Hardy-Weinberg equilibrium.  Because this sample is comprised of multiple members 

from 39 families, the observed genotype frequencies are known to be influenced by assortative 

mating.  Therefore, one member of each contributing family was selected at random to assess 

whether genotype frequencies were consistent with the Hardy-Weinberg equilibrium in the 

absence of familial influences.  The distribution of C957T genotypes in this randomly selected 

subsample did not depart from equilibrium (TT=15, CT=19, CC=5; χ2(1) = 0.07, p = .79).   
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Table 10. Genotype Frequencies 

 

 

 

3.4.2 DRD2 and morphology 

Effects of genotype on morphology were tested on both additive and dominant models of genetic 

influence, using linear mixed models.  Under the additive model, a significant effect of genotype 

(F(2, 91.13) = 4.313, p = .016), as well as a significant genotype by risk interaction (F(3, 67.6) = 

2.732, p = .05), was observed for total OFC volume.  No significant main effect of genotype on 

caudate volume was found (Table 11).  Consistent with previous analyses, the removal of 

individuals affected by SUD prior to their MRI scan did not alter the pattern of results.   
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Table 11. Regression Analyses of Additive Effect of DRD2 Gene Variation on Frontostriatal Morphology 

 

 
Note.  Linear mixed model analyses.  OFC = orbitofrontal cortex; ICV = intracranial volume. 
*p < .05, **p < .01. 
 
 
 
 

Follow-up analyses were conducted to examine the relationship between genotype and 

morphology within each risk group.  The results revealed a significant association between 

genotype and brain volume among HR participants only (F(2, 52.37) = 3.625, p = .034).  Among 

HR offspring, each additional C-allele was associated with greater total volume of the OFC 

(Figure 3).   
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Figure 3. Mean OFC volume by genotype and risk group.  Among HR offspring only, each additional C-allele 

was associated with greater OFC volume.  The error bars represent SEMs, and sample sizes for each group 

appear at the base of each column. 

 

 

 Due to the relatively low frequency of the CC genotype in our sample (14.6%), the 

relationship between genetic variation and frontostriatal brain volume was also tested on a 

dominant model of genetic influence, combining the CC and CT groups, to maximize statistical 

power.  The results were consistent with the previous analyses, with the C-allele associated with 

significantly greater volume of the OFC among HR offspring (F(1, 55.55) = 6.475, p = .014) 

(Table 12). 
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Table 12. Regression Analyses of Dominant Effect of DRD2 Gene Variation on Frontostriatal Morphology 

 

 
Note.  Linear mixed model analyses.  OFC = orbitofrontal cortex; ICV = intracranial volume. 
*p < .05, **p < .01. 
 
 

3.4.3 DRD2 and resilience in young adulthood 

Binary logistic mixed models were constructed to quantify the influence of DRD2 variation on 

the likelihood of developing an SUD diagnosis by age 20.  A subset of 86 individuals for whom 

both genetic and clinical follow-up data were available was included in these analyses (See Table 

8 for subsample characteristics).  The results of the additive model showed a significant 

influence of genotype (B = 2.202, p = .046), above and beyond the effect of risk group status (B 

= 1.411, p = .022) (Table 13).  In fact, the likelihood of resilience in young adulthood was found 

to increase in a linear fashion with each additional C-allele (Figure 4). 
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Table 13. Additive and Dominant Models of Effect of DRD2 Variation on Resilience to SUD at Age 20 

 

 
*p < .05, **p < .01. 
 
 
 
 

 
 
 

Figure 4. Percentage of resilient offspring by genotype.  The C-allele conferred an additive protective effect 

across risk groups.  Sample sizes for each group are presented at the base of each column. 
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4.0  DISCUSSION 

The aim of the current study was to identify neurobiological variants that promote resilience to 

SUD, in order to better understand the neural basis of risk for these conditions and to inform 

prevention and intervention efforts for individuals at high risk.  Based on the literature 

implicating impulsivity as a powerful premorbid predictor of both alcohol and drug abuse, 

genetic and structural characteristics associated with certain facets of impulsivity were evaluated.   

The results of these analyses revealed that the minor allele of the C957T polymorphism 

of the DRD2 gene had an additive protective effect, significantly increasing the likelihood of 

resilience to SUD in young adulthood across risk groups.  A gene by risk interaction was also 

observed for OFC volume, such that each additional C-allele was associated with greater OFC 

volume.  However, this effect was only observed among the HR offspring.  Additionally, larger 

volume of the caudate predicted greater self-reported novelty seeking behavior.  Future research 

is needed to uncover the mechanisms underlying the observed genetic effects, and to explore the 

clinical applications of these findings for HR populations. 
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4.1 BEHAVIORAL ANALYSES 

4.1.1 Caudate volume predicts novelty seeking 

An initial set of analyses was conducted to test whether volumetric variation in the frontostriatal 

structures under investigation had a significant influence on inhibitory control and novelty 

seeking in the current sample.  Consistent with the study hypotheses, bilateral caudate volume 

was found to be a significant predictor of self-reported novelty seeking behavior.  However, 

contrary to the original hypothesis, larger volumes were found to be associated with greater 

novelty seeking behavior.   

Although the direction of this association differs from the original study hypothesis, these 

findings do align with extant research reporting an association between larger caudate volume 

and increased impulsivity in both healthy (Ducharme et al., 2011) and pathological populations 

(Glenn, Raine, Yaralian, & Yang, 2010), including substance-abusing individuals.  For example, 

Churchwell et al. (2012) found that adolescents with co-occurring methamphetamine and 

cannabis abuse displayed increased striatal volume as well as greater novelty seeking compared 

to controls.  Additionally, larger caudate volumes have also been reported in cocaine-dependent 

individuals (Ersche et al., 2011; Jacobsen, Giedd, Gottschalk, Kosten, & Krystal, 2001), in 

association with impaired attentional control (Ersche et al., 2011).  The current findings add to 

the literature in suggesting that this characteristic pre-dates the onset of substance use pathology, 

and thus may contribute to risk for SUD.   

 Conversely, smaller volume of the caudate has also been reported in HR offspring with 

externalizing disorders (Hill et al., in press) and those exposed to childhood abuse (Dannlowski 
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et al., 2012).  Further, greater striatal D2 receptor density has been associated with lesser 

impulsivity in substance abusers (B. Lee et al., 2009) as well as healthy volunteers (Ghahremani 

et al., 2012).  Clearly, future studies are necessary to clarify the role of striatal volume and D2 

receptor density in human impulsivity and risk for SUD.   

4.1.2 No association between total OFC volume and inhibitory control 

Contrary to our predictions, we failed to detect a significant relationship between OFC volume 

and inhibitory control in the current dataset.  This may be partially attributable to the relatively 

smaller sample of individuals with behavioral data (See Table 3).  Alternatively, a previous 

analysis including a subsample of the offspring included in the current analysis identified a 

significant association between performance on the MPQ Control subscale and white matter 

volume in the right OFC (Hill, Wang, et al., 2009), whereas the current analyses focused on total 

OFC volume.  Similarly, prior studies showing a relationship between impulsivity and OFC 

volume reported specific associations with orbitofrontal gray matter (Gansler et al., 2011; A. K. 

Lee, Jerram, Fulwiler, & Gansler, 2011; Matsuo et al., 2009; Schilling et al., 2013).  Therefore, 

segmented volumes may be more influential in the determination of inhibitory control than 

variation in total OFC volume, and future analyses should separately explore the relationship 

between these inhibitory control measures and gray and white matter in the OFC.  

Further, differences in measurements of impulsivity may also have influenced these null 

findings.  Prior studies (Gansler et al., 2011; A. K. Lee, Jerram, Fulwiler, & Gansler, 2011; 

Matsuo et al., 2009; Schilling et al., 2013) have relied on different scales than those included in 

the current analyses (i.e. Barratt Impulsiveness Scale, Cloningers’ Revised Temperament and 
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Character Inventory Impulsiveness), and several of these studies reported specific associations 

between OFC volume and discrete facets of impulsivity, whereas the MPQ Control scale 

provides an estimate of overall impulsive behavior.  Therefore, the current measures may have 

been less sensitive to the effects of volumetric variation in the OFC.   

Additionally, a number of prior reports used voxel-based morphometry to measure the 

OFC, whereas the current study employed a manually-traced region of interest approach. Prior 

research has demonstrated that these methods can yield inconsistent findings regarding gray 

matter associations (Giuliani, Calhoun, Pearlson, Francis, & Buchanan, 2005).  Therefore, 

variation in imaging methodologies may have also contributed to our null findings regarding the 

importance of OFC volume to impulsivity.   Finally, a substantial proportion of the human 

literature demonstrating OFC involvement in impulsivity comes from studies of brain activity 

(Elliott & Deakin, 2005), rather than structural imaging.  Therefore, it may be the case that these 

aspects of inhibitory control are more closely related to functional or neurochemical alterations 

in this brain region.   

4.2 MORPHOLOGICAL ANALYSES  

Contrary to our predictions, we did not find a significant relationship between frontostriatal brain 

volumes and resilience in young adulthood.  It is possible that the time point selected for 

defining resilience could have contributed to this null finding.  Indeed, at age 20, these offspring 

have not yet reached the legal drinking age, so their use of both alcohol and drugs partially 

depends on the availability of these substances.  Therefore, environmental factors may have a 
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greater impact on these individuals’ behavior in this age range, which may have obscured the 

hypothesized relationships between morphology and SUD in our sample. 

4.3 GENETIC ANALYSES 

4.3.1 C957T genotype predicts OFC volume in HR offspring 

Linear mixed model analyses revealed that among HR offspring, the C-allele was associated with 

greater total volume of the OFC in an additive manner, such that each additional copy of the 

minor allele predicted greater regional volume.  Although to our knowledge this is the first study 

to examine the influence of C957T variation on morphology, these finding are consistent with 

prior work reporting that each additional C-allele is associated with greater cortical D2 receptor 

density (Hirvonen et al., 2009), and prior research has demonstrated positive correlations 

between measures of D2 receptor density and grey matter volume across multiple frontal cortical 

regions (Woodward et al., 2009).  Therefore, the current findings are consistent with the existing 

literature on the functional role of the C957T polymorphism.   

Given the importance of the OFC for affect, inhibition, and decision-making (Menzies et 

al., 2008), this effect may represent one mechanism by which C957T variation influences 

behavior.  Variation at this locus has been linked to an array of different outcomes, including 

SUD (Hill, Hoffman, et al., 2008; Swagell et al., 2012; Yang et al., 2008), other psychopathology 

(Davis et al., 2012; Lawford et al., 2005; Voisey et al., 2009; Whitmer & Gotlib, 2012), 

impulsivity and inhibitory control  (Colzato, van den Wildenberg, & Hommel, 2013; Colzato et 
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al., 2010), cognition (Rodriguez-Jimenez et al., 2006), learning (Frank et al., 2007), as well as 

personality (Montag, Bleek, Faber, & Reuter, 2012).  This observed effect on OFC volume may 

help to explain the diverse downstream functions associated with C957T variation.   

 Surprisingly, the effect of genetic variation on morphology was only seen among HR 

individuals.  Hirvonen et al. (2009) previously reported an association between C957T variation 

and extrastriatal D2 receptor density in a sample of healthy volunteers, so we had anticipated that 

this effect would also be present among LR individuals.  However, the prior study included only 

male participants with a substantially older mean age than our participants (28.7 ± 7.4 years) 

(Hirvonen et al., 2009), which may have contributed to the inconsistency.  Additionally, 

multiplex families are enriched for genes contributing to disease susceptibility.  It may also be 

the case that our failure to detect this effect is attributable to the relatively smaller sample of low-

risk participants with genetic data (HR N=61; LR N=42).  Future studies with larger samples are 

needed to clarify the nature of the relationship between C957T variation and OFC volume across 

risk groups.   

4.3.2 C957T variation predicts resilience in young adulthood 

We observed a significant association between genotype and risk for substance-related pathology 

by young adulthood, such that each additional C-allele conferred a greater likelihood of 

resilience at age 20, across both risk groups.  This finding extends prior work from our lab, 

which reported an association between the T-allele and risk for alcohol dependence (Hill, 

Hoffman, et al., 2008), showing that the protective effect of the C-allele extends across substance 

use disorders.   
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4.3.2.1 Supporting literature 

The current findings align with a number of prior studies reporting a protective effect of the 

minor allele.  Research examining the influence of C957T genotype on addictive behavior in the 

context of broader dopaminergic genetic variation has also implicated the T-allele in increased 

risk for substance abuse.  Conner et al. (2010) reported greater substance use among males 

carrying larger numbers of hypodopaminergic risk gene variants, including the T-allele of the 

C957T SNP.  Additionally, Wernicke et al. (2009) reported that homozygosity of a haplotype 

including the C-allele was overrepresented in never smokers compared to ever smokers.  Further, 

the major allele has also been implicated in risk for a number of other classes of 

psychopathology (Davis et al., 2012; Fan et al., 2010; Huuhka et al., 2008).   

4.3.2.2 Potential mechanisms of genetic effect 

Prior studies have demonstrated a relationship between C957T variation and impulsivity, 

reporting greater dysfunctional impulsivity and poorer inhibitory control among T/T carriers 

(Colzato et al., 2013; Colzato et al., 2010).  Greater impulsivity has also been linked to reduced 

volume of the OFC (Gansler et al., 2011; Hill, Wang, et al., 2009; A. K. Lee et al., 2011; Matsuo 

et al., 2009; Schilling et al., 2013) as well as higher risk for substance-related pathology (Forbes 

et al., 2009).  Therefore, the larger OFC volume observed among HR C-carriers in the current 

sample may represent one mechanism by which genotype influences outcome.   

Additionally, C957T variation has also been shown to impact neurocognitive functioning.  

Prior research has demonstrated an association between the major allele and poorer working 

memory performance (Markett, Montag, Walter, & Reuter, 2011), as well as greater 

susceptibility to nicotine-induced working memory deficits (Jacobsen, Pugh, Mencl, & 
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Gelernter, 2006).  T-carriers have also been found to exhibit poorer attention (Felten et al., 2012) 

and worse episodic memory performance (S. C. Li et al., 2013).  Therefore, C957T variation 

may impact risk for poor psychiatric outcomes via effects on various domains of cognitive 

functioning.  Collectively, these studies support the contention that the C-allele is protective 

against alcohol, nicotine, and drug use as well as other psychopathology, and this effect may be 

partially attributable to OFC-mediated reductions in various domains of impulsivity, and 

improved neurocognitive functioning. 

4.3.2.3 Opposing literature 

Conversely, a number of studies have implicated the C-allele in risk for alcoholism (Kraschewski 

et al., 2009; Ponce et al., 2008; Swagell et al., 2012), nicotine dependence (Voisey et al., 2012), 

schizophrenia (Betcheva et al., 2009; Hanninen et al., 2006; Hoenicka et al., 2006; Lawford et 

al., 2005; Monakhov, Golimbet, Abramova, Kaleda, & Karpov, 2008), PTSD (Voisey et al., 

2009), and poorer cognitive performance in a number of domains (Bolton et al., 2010; Colzato, 

Slagter, de Rover, & Hommel, 2011; Rodriguez-Jimenez et al., 2006; Xu et al., 2007).  

Substantial methodological variation exists within the literature, including populations sampled, 

study designs, inclusion criteria, and age of study participants.  Nonetheless, it is important to 

consider other factors that may be driving the divergent findings.   

Importantly, a number of studies have identified interactions between C957T variation 

and genetic variation at other loci (Markett et al., 2011; White et al., 2009) as well as 

environmental factors (White et al., 2009), indicating that analyses limited to this single SNP 

will likely be insufficient to resolve the discrepant findings on this topic.  HR individuals are 

thought to carry a variety of gene variants that contribute to their increased susceptibility to 
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substance use.  Thus, the current findings likely reflect interactions among a number of genes 

and environmental features, which have yet to be identified.  Future research should explore how 

C957T variation interacts with other risk factors to contribute to risk for psychopathology. 

4.4 STUDY LIMITATIONS AND FUTURE DIRECTIONS 

Although the current study had many strengths, including the use of a prospective, longitudinal 

study design, the inclusion of ultra-high-risk offspring with an unusually dense family history, 

and the examination of multimodal biological predictor variables, there were also several 

limitations.  The use of age 20 as our threshold for resilience may have contributed to our 

negative morphological findings, as individuals’ behavior during this stage of development may 

be more subject to confounding environmental influences.  Further, individuals who develop 

SUD beyond the age of 20 would be classified as resilient by the current definition, yet they may 

exhibit biological and personality characteristics that are more typical of the affected group.  As 

these offspring continue to be followed, future studies should examine whether frontostriatal 

brain structure would be a significant predictor of SUD outcome later in development.   

Additionally, although the current study included a large sample with volumetric data, 

scan age varied across the participants included.  Although scan age was not a significant 

covariate in any of the analyses, this may have introduced some confounding heterogeneity.  

Further, some affected individuals had their SUD onset prior to the time of their MRI scan, and 

drug and alcohol exposure are known to have widespread neurotoxic effects on gray matter in 

the brain.  Nonetheless, removal of individuals with pre-scan exposure did not alter the pattern of 
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results reported.  Additionally, behavioral and genetic data were only available for a subset of 

these participants, which limited our power to detect effects of these variables.  Future studies 

should include larger samples with less variability in scan age and prior substance exposure.   

The inclusion of a single candidate gene also limits our ability to interpret the observed 

association between DRD2 variation and resilience.  Recent studies have emphasized the 

importance of considering the additive effects of multiple gene variants (Derringer et al., 2010; 

Forbes et al., 2009; Nikolova, Ferrell, Manuck, & Hariri, 2011).  Further, due to the opposing 

effects of C957T variation on subcortical and cortical D2 receptor binding, it is not possible to 

discern whether lesser striatal receptor density or greater D2 availability in the frontal cortex is 

driving these effects.  Therefore, future studies using multilocus genetic analyses may help to 

clarify how variation in dopaminergic neurotransmission influences SUD outcomes.   

 Additionally, our findings may have been limited by the sole focus on structural 

variables.  A substantial literature has implicated variation in frontostriatal brain activity and 

white matter integrity in reward processing (Finger et al., 2011; Galvan et al., 2006; Ivanov, Liu, 

Shulz, et al., 2012; Yau et al., 2012), response inhibition (Heitzeg et al., 2010), emotional 

monitoring (Heitzeg et al., 2008), and delay-discounting (Peper et al., 2013).  Patterns of 

frontostriatal brain activation have also been shown to predict relapse among alcoholics (Heinz, 

Beck, Grusser, Grace, & Wrase, 2009), as well as treatment response in other psychiatric 

populations (Forbes et al., 2010).  Further, a number of studies have identified differences in 

task-related brain activation between controls and resilient individuals at high risk for SUD 

(Devito et al., 2013; Heitzeg et al., 2008; Heitzeg et al., 2010) as well as other psychiatric 

disorders (Frangou, 2011; Lisiecka et al., 2013), indicating that protective patterns of neural 

responding may mitigate other genetic risk factors.  Therefore, future studies should explore 
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whether measures of frontostriatal brain activation or connectivity may prospectively predict 

SUD outcomes. 

Finally, HR offspring are at greater risk for a variety of internalizing and externalizing 

disorders, and other psychiatric diagnoses further increase the likelihood of their developing 

SUD (Hill, Shen, et al., 2008; Hill, Tessner, et al., 2011).  Therefore, by limiting our definition of 

resilience to the absence of alcohol or drug use disorders, we may be including individuals 

affected by other conditions in our resilient group.  In the future, it will be important to test 

whether the protective effect of the C-allele of the C957T polymorphism extends across other 

psychiatric disorders.   

4.5 CONCLUSIONS 

This is the first study to report an association between DRD2 variation and resilience to any SUD 

by young adulthood.  A variety of mechanisms may account for this effect, including genetic 

effects on OFC volume, impulsivity, cognitive functioning, or reward processing as well as 

interactions with other genes and environmental factors.  Future studies should identify the 

factors mediating this association in order to elucidate pathways through which DRD2 gene 

variation impacts clinical outcomes.  The successful discovery of endophenotypes of risk for 

SUD has the potential to guide future prevention and intervention efforts and promote resilience 

among individuals at high risk.   
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