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Abstract

Over the past twenty years there has been an increasing recognition within the substance abuse
research field that substance use disorders (SUDs) are usefully conceptualized within a
developmental framework. That is, initiation of substance use in adolescence and escalation to
substance abuse in early adulthood are strongly age-graded, with the relevant behavioral risk and
protective factors manifesting early in development, often prior to substance use onset. In this
chapter we review a program of research that seeks to provide a behavioral genetic perspective on
the development of SUDs. The Minnesota Center for Twin and Family Research (MCTFR)
undertakes longitudinal research on families including twins, adopted siblings and non-adopted
siblings spanning early adolescence through early adulthood. A total of nearly 10,000 individuals
in 2500 families have participated in MCTFR research. We review findings from the MCTFR to
establish four general features of the development of SUDs informed by behavioral genetic
research: 1) Both general and specific processes contribute to the aggregation of SUDs in families;
2) genetic contributions to SUD risk appear to be primarily at the general factor level, although the
contribution of the general factor appears to decrease with age; 3) SUD risk is manifested before
initiation of substance use in terms of elevated levels of externalizing psychopathology and
personality characteristics indicative of low self-control; and 4) the genetic factors that contribute
to SUD risk appear to be numerous with very small phenotypic effects, making them difficult to
identify.

Introduction

One of the most important findings to emerge from the addictions research field over the
past 20 years involves the recognition of the developmental nature of substance use
disorders (SUDs) (Masten, Faden, Zucker, & Spear, 2008). That is, trajectories of substance
use that end in a SUD are strongly age-graded, with substance use typically beginning in
early to middle adolescence, escalating to regular and problematic use in late adolescence,
and progressing to the onset of a SUD in early adulthood. The impact of the relevant risk
and protective factors are similarly conditioned by age. For example, indicators of SUD risk
can be observed well before substance use initiation (Caspi, Moffitt, Newman, & Silva,
1996), and normative developmental transitions constitute critical periods both for the onset
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of problematic substance use (e.g., the college years) as well as for its desistence (e.g., in
early adulthood).

Here we describe a program of research that has contributed to the emerging developmental
perspective on SUDs. A unique feature of this research is its behavioral genetic basis. We
begin by describing the research context and then proceed to discussing four important sets
of findings that have emerged from this program of research: 1) SUDs are highly comorbid,
2) there are both genetic and environmental contributions to the familial transmission of
SUDs, 3) early to middle-adolescence is a critical period in the development of SUDs, and
4) it has been very difficult to identify the specific genetic variants that underlie the
heritability of SUDs.

The Research Context: The Minnesota Center for Twin and Family
Research

The Minnesota Center for Twin and Family Research (MCTFR) was established in 1990
when David Lykken and a team of researchers initiated a cross-sequential study of a sample
of male adolescent twins. Over the nearly 25 years of its existence, the MCTFR has
ascertained and assessed a total of nearly 10,000 individuals in approximately 2500 nuclear
families. While the scope and range of MCTFR research has expanded over the years, the
core mission of the MCTFR — to explore the origins of substance use disorders using
longitudinal, family-based research designs — has not.

Figure 1 provides a schematic of the basic sampling unit used in the MCTFR studies, a
nuclear family consisting of a pair of twins or siblings, first assessed in adolescence, and
their rearing parents, who in many but not all cases were also their genetic parents. The
families are distinguished by the relationship between the offspring, who are either
monozygotic (MZ) twins, same-sex dizygotic (DZ) twins, full biological siblings, or non-
genetically related but reared-together adopted siblings. Table 1 provides a brief overview of
the three studies that constitute the core of the MCTFR. All of the studies implemented an
intensive, day-long, in-person assessment that included substance use and SUDs, mental
health disorders, individual-level risk factors including personality and cognitive ability, and
environmental risk and protective factors including peers, family functioning, and life stress.
Briefly, the Minnesota Twin Family Study (MTFS) is a longitudinal study of two cohorts
(initially assessed at a target age of either 11 or 17 years) of MZ and like-sex DZ twins.
These twins were ascertained from Minnesota state birth records and so are broadly
representative of that US state. Additional details concerning the MTFS sampling design can
be found in lacono et al. (1999). The Sibling Interaction and Behavior Study (SIBS) is a
longitudinal study of adoptive and non-adoptive families. Adoptive families were
ascertained through records of adoption at three large adoption agencies in Minnesota, while
non-adoptive families were ascertained through Minnesota records of birth. Additional
details concerning the SIBS sampling design can be found in McGue et al. (2007). The
Enrichment Study (ES) is a longitudinal study of a cohort of twins initially assessed at age
11. The ES broadly follows the ascertainment and assessment methods used in the MTFS
with one significant difference. The ES sample was ascertained to over-represent twins who
are at increased risk for developing a SUD by virtue of being high on a measure of
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externalizing psychopathology. Additional details concerning the ES sampling design can
be found in Keyes et al. (2009).

Figure 2 provides a conceptual overview of the longitudinal follow-ups in the MCTFR
studies, while Table 2 gives descriptive information about participants at each wave of
assessment. Offspring follow-ups were targeted to occur every 3-4 years, at key transition
points during the lives of young people. Follow-up of the initial participants has been
generally high across the multiple waves of assessment, yielding a rich developmental
dataset.

Substance Use Disorders: Specific and General Effects

One of the most salient features of SUDs is that they rarely occur in isolation. Individuals
with a SUD typically abuse more than one substance (Martinotti et al., 2009) and often have
other, non-substance related mental health problems (R. F. Krueger, 1999). MCTFR
research has helped to explicate the comorbid nature of SUDs in several important ways.
Here we highlight two. First, we have shown that SUDs are associated not only with mental
health and substance abuse problems but also with extremes of normal-range variation in
personality. Second, SUD comorbidities can be largely accounted for by a limited number of
broad underlying dimensions of risk.

The Contribution of Personality to the Development of SUDs

While the notion that there exists a configuration of personality characteristics that uniquely
determines SUD risk (i.e., the ‘addictive personality’) has been soundly rejected (Sutker &
Allain, 1988), it is widely recognized that personality factors make important contributions
to the development of SUDs (Cloninger, 1987; Kreek, Nielsen, Butelman, & LaForge,
2005). In an early MCTFR cross-sectional study (McGue, Slutske, Taylor, & lacono, 1997)
we showed that alcoholics differed from non-alcoholics in two broad dimensions of
personality. First, alcoholics, and especially early-onset alcoholics, are consistently lower in
personality indicators of Constraint, a broad dimension of personality that reflects the ability
to inhibit predominant behavioral responses. Second, alcoholics are consistently higher in
personality indicators of Negative Emotionality, a broad dimension of personality that
reflects the tendency to experience psychological distress and negative mood states.

To establish the temporal sequencing underlying the association of SUDs with personality,
we subsequently investigated whether personality factors predicted new SUD cases between
the ages of 17 and 20 (Elkins, King, McGue, & lacono, 2006). Consistent with our cross-
sectional results, both Constraint and Negative Emotionality were associated with incident
cases of nicotine dependence, alcohol abuse/dependence, and illicit drug abuse/dependence.
As with the cross-sectional findings, the magnitude of effect was greater for Constraint than
for Negative Emotionality. Although these longitudinal findings cannot unambiguously
establish the causal basis for the association of personality factors with SUD risk, they do
show that the association cannot be due entirely to the onset of SUDs leading to personality
deviations.
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Research on normative personality development provides insight into why Constraint and
Negative Emotionality are associated with SUD risk. Both these personality factors change
normatively during the transition from adolescence to young adulthood. Specifically, levels
of Constraint typically increase while Negative Emotionality typically decreases over this
period. This developmental pattern has been labeled the “maturity principle” (Caspi,
Roberts, & Shiner, 2005), as the normative changes in personality that occur increase the
likelihood that young adults will become productive contributors to society with stable and
satisfying relationships with others. Thus delayed attainment of developmental milestones in
early adulthood may be a risk factor for the development of an SUD. To explore this
question further, we investigated how normative personality changes during the transition to
early adulthood were related to risk of an alcohol use disorder (AUD) (Hicks, Durbin,
Blonigen, lacono, & McGue, 2012). Consistent with the maturity principle hypothesis, we
observed decreases in Negative Emotionality and increases in Constraint from late
adolescence to early adulthood regardless of AUD status. The magnitude of these changes
did, however, depend on AUD status, as AUD desistence between ages 17 and 24 was
associated with greater rates of personality maturation while AUD persistence was
associated with lower rates of personality maturation.

In Hicks et al. (2012) we further showed that the personality characteristics that predict
AUD onset and course were evident by age 11, well before the vast majority of individuals
in the sample had initiated substance use. In another prospective investigation aimed at
identifying the early behavioral indicators of SUD risk, we showed that the initiation and
progression of substance use in middle adolescence were both associated with age-11
externalizing and internalizing psychopathology (King, lacono, & McGue, 2004). Moreover,
the magnitude of the association was markedly stronger for indicators of externalizing than
internalizing. Although this study did not explicitly deal with personality, we had shown in
earlier research that personality indicators of Constraint map specifically on externalizing
psychopathology, while personality indicators of Negative Emotionality map specifically on
internalizing (R.F. Krueger, McGue, & lacono, 2001). Thus in aggregate, MCTFR
personality research has shown that: 1) two dimensions of personality are associated with
SUD onset and course; 2) these personality deviations predate substance use initiation; 3)
the strength of association is consistently stronger for one of the dimensions (Constraint)
than the other (Negative Emotionality); and 4) these two dimensions of personality map onto
the externalizing and internalizing dimensions of psychopathology, respectively.

The Dimensional Basis for SUD Comorbidity

Building on a model of psychopathology that has emerged from more than 30 years of
research with childhood disorders (Achenbach & Edelbrock, 1978), addictions researchers
have shown that the comorbidities involving common mental disorders and SUDs can be
accounted for by the existence of underlying continuous dimensions of risk. Two underlying
dimensions have been posited. First, and most prominently in the SUD research field, is
externalizing psychopathology. In a MCTFR study, Krueger et al. (2002) showed that the
associations among multiple quantitative indicators of substance dependence, antisocial
behavior and the personality trait of (low) Constraint could be accounted for by a single
underlying dimension of risk, labeled externalizing psychopathology. Similar evidence for
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the existence of a continuously distributed dimension of externalizing risk that could
account for SUD associations has been reported by several other groups including Young et
al. (2000), Vollebergh et al. (2001), and Kendler et al. (2003).

Left unaccounted for by this research on the latent dimension of externalizing
psychopathology are the comorbidities of SUDs with inter nalizing psychopathology and
related personality traits. These latter comorbidities appear to arise indirectly. That is, the
comorbidities of SUDs with internalizing forms of psychopathology such as depression and
anxiety disorders are due to a higher-order correlation that exists between externalizing and
internalizing psychopathology. This model is illustrated in Figure 3.

Figure 3 also serves to highlight one critical feature of latent dimensional model of SUDs:
Although SUDs are included as part of the externalizing spectrum, SUDs cannot be reduced
to externalizing psychopathology. That is, each SUD is hypothesized to be a manifestation
of two factors. The first, or general factor, is due to the loading of externalizing on SUD
risk. It is this general factor that accounts for the features of SUDs that are shared with other
disorders and with personality. The second, or specific factor, is due to aspects of SUD risk
that are not accounted for by the common factor and so help to distinguish one specific SUD
from the others as well as from other mental health problems. The notion that there are both
common and specific processes that underlie SUD risk has provided a very valuable
framework for evaluating alternatives models of the origins of SUDs (lacono, Malone, &
McGue, 2008; Young, Rhee, Stallings, Corley, & Hewitt, 2006).

The Familial Nature of SUDs

A second salient feature of SUDs is that they aggregate in families. Indeed, among
psychiatric disorders SUDs have one of the highest rates of familial transmission. For
example, Merikangas et al. (1998) reported an 8-fold increase in risk of a drug use disorder
among the first-degree relatives of index cases with a drug use diagnosis as compared to
controls. While family studies have consistently documented the familial nature of SUDs, it
is important to recognize that these studies alone cannot resolve the separate contributions of
genetic and environmental factors to the intergenerational transmission of SUDs.
Genetically-informed studies are needed. The Merikangas et al. (1998) study also serves to
highlight a second question to emerge from family research on SUDs; namely, to what
extent does the familial transmission of SUDs owe to general versus specific processes.
Merikangas et al. (1998) reported that alcoholism in the index case was not associated with
an increased risk of a drug use diagnosis in relatives, suggesting specificity in familial
transmission. Alternatively, other family studies of SUDs have reported evidence consistent
with general transmission processes (Rounsaville et al., 1991) as well as both general and
specific processes (Bierut et al., 1998). MCTFR research has helped to characterize general
and specific processes in the familial transmission of SUDs as well as estimate the genetic
and environmental contributions to these processes.

The Inheritance of SUDs, General and Specific Processes

Figure 4 gives findings from a biometric analysis of multiple indicators of disinhibited
psychopathology from the older cohort of the MTFS by Krueger et al. (R. F. Krueger et al.,
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2002). The phenotypic associations among quantitative measures of adult antisocial
behavior, conduct disorder, alcohol dependence, drug dependence, and the personality trait
of constraint (reverse scored) could be accounted for by a single general externalizing factor.
Significantly, the externalizing factor is highly heritable (a2 =.81), suggesting that
individuals inherit a general liability to engage in externalizing behavior but how that
liability is manifested, e.g., as drug abuse, antisocial behavior, or low constraint, depends on
phenotype-specific factors. That is, from 39% (for adult antisocial behavior) to 78% (for low
constraint) of the variance in the specific phenotypes is not accounted for by the general
factor. Although much of the phenotype-specific variance is environmental in origin,
implying that the specific phenotypic manifestations are largely environmentally shaped,
13% of the phenotypic variance in both alcohol dependence and drug dependence was
attributed to specific genetic factors. Consequently, while these findings imply that much of
the genetic liability for SUDs is attributable to the inheritance of general externalizing, there
are genetic factors that also convey specific risk to either alcohol or drug abuse.

These findings were recently extended in an analysis utilizing all MCTFR participants
assessed on five facets of externalizing behavior: nicotine, alcohol consumption, alcohol
dependence, illicit drugs, and non-substance related behavioral disinhibition (Hicks, Schalet,
Malone, lacono, & McGue, 2011). The general factor accounted for a large portion of the
variance on each of the individual indicators (ranging from 71% for illicit drugs to 81% for
behavioral disinhibition). As was the case with the earlier study by Krueger et al. (2002),
genetic influences on each of the individual indicators were attributable largely to the
heritability of the general factor. Nonetheless, there was evidence for phenotypic-specific
genetic effects, which accounted for approximately 10% of the variance on each of the
indicators.

The analyses by Krueger et al (2002) and Hicks et al. (2011) were based primarily on twins
or other intragenerational relative pairs, raising the question as to whether the
intergenerational, parent-offspring transmission of externalizing disorders can also be
accounted for by the transmission of the general factor. Utilizing the MTFS sample of 17-
year old twins and their biological parents, Hicks et al. (2004) investigated the
intergenerational transmission of four indicators of externalizing psychopathology; namely,
symptom counts of: conduct disorder, adult antisocial behavior, alcohol dependence and
drug dependence. Consistent with analyses based on twins alone, the intergenerational
transmission of the four externalizing indicators could be accounted for by a general factor,
which was highly heritable (estimate of 80%).

Genetic and Environmental Contributions to the Intergenerational Transmission of SUDs

The SIBS sample, which includes both adopted and non-adopted families, provides a unique
opportunity to investigate genetic and environmental contributions to the intergenerational
transmission of SUDs. The study by Keyes et al. (2008) on parent-offspring similarity for
smoking provides a useful illustration. There is a large epidemiological literature showing
that parents who smoke are more likely to have offspring who smoke than parents who do
not smoke (Leonardi-Bee, Jere, & Britton, 2011). What is unclear, however, is whether
parent-offspring similarity for smoking reflects environmental mechanisms, genetic
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mechanisms, or both. In SIBS, we found significant parent-offspring resemblance for
smoking in both adopted (odds ratio [OR] = 1.68) and non-adopted (OR=4.17) families. The
significant parent smoking effect in adopted families implicates environmental mechanisms
of transmission. The greater effect among non-adopted (i.e., biological) than adopted
families implicates genetic mechanisms as well.

Parental smoking is associated with other indicators of externalizing behavior in addition to
offspring smoking, although most of the relevant research showing this is based specifically
on the effects of maternal smoking during pregnancy (Fergusson, Woodward, & Horwood,
1998). Nonetheless, the association of parent smoking with multiple indicators of offspring
externalizing raises the possibility that parent smoking effects may be the result of the
generalized transmission of externalizing psychopathology rather than a specific
environmental consequence of having a smoking parent. Consistent with the previous
literature, in non-adopted families we found parent smoking to be significantly associated
with multiple indicators of offspring externalizing, including symptoms of disruptive
childhood disorders, delinquency, and permissive attitudes towards antisocial and aggressive
behavior. In adopted families none of these associations with other indicators of offspring
externalizing were significant. These results when combined with those on parent smoking
suggest that parent smoking effects reflect two alternative pathways to risk (Figure 5): 1) an
environmentally mediated pathway whereby parent smoking specifically increases risk of
offspring smoking; and 2) a genetically mediated pathway whereby parent smoking is
associated with multiple indicators of externalizing psychopathology.

The Developmental Nature of SUDs

Most individuals initiate their use of substances in adolescence, usually starting with either
alcohol or nicotine. There is, however, marked variability in the age of that initial experience
(Johnston, O'Malley, Bachman, & Schulenberg, 2006). Normatively, initiation is followed
by rapid escalation in substance use, which peaks in late adolescence through the early 20s
and begins to decline in the late 20s (Chen & Kandel, 1995). Because of their longitudinal
structure, the MCTFR samples are uniquely positioned to inform developmental models of
SUDs. Figure 6 shows that normative developmental patterns of substance use are evident in
the MCTFR and help to differentiate individuals who develop an SUD from those who do
not. In this section we highlight two specific contributions of MCTFR research to
developmental models of SUDs.

The association between early substance use and adult substance abuse

In a highly cited study, Grant and Dawson (1997) reported that rate of alcoholism in middle-
age adults was substantially higher among individuals who had initiated their alcohol use
prior to age 15 as compared to those who had waited to first try alcohol until they were older
than 20. Subsequent research by the same research team similarly showed that early nicotine
use was associated with nicotine dependence (B F Grant, 1998) and early drug use with drug
dependence (B. F. Grant & Dawson, 1998).

Figure 7 illustrates two alternative models for the association of early adolescent substance
use with adult SUDs. In Model A, early substance use is hypothesized to have a causal
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effect on risk of developing an SUD in adulthood. This effect may be direct, as might result,
for example, because adolescents are susceptible to drinking excessively due to their
diminished sensitivity to the negative and heightened sensitivity to the positive
consequences of drinking (Cha, Li, Wilson, & Swartzwelder, 2006; Maldonado, Finkbeiner,
& Kirstein, 2008). The causal effect may also be an indirect, a consequence of the effect of
early substance use on course of neurological (Spear, 2013) and social (Dewit, Adlaf,
Offord, & Ogborne, 2000) development in adolescence. Under Model B, the association
between early substance use and adult SUD risk is non-causal. It is hypothesized to arise
because early substance use and an SUD are both indicators of externalizing, albeit at
different developmental stages. In this case, the correlation between the two indicators is a
consequence of the longitudinal stability of externalizing.

We investigated the basis for the association of early adolescent problem behavior with adult
mental health and SUDs in the older cohort of the MTFS (McGue & lacono, 2005). Five
indicators of problem behavior before the age of 15 (alcohol use, nicotine use, illicit drug
use, police contact, and sexual intercourse) were each significantly associated with five
different clinical disorders in adulthood (nicotine dependence, alcohol abuse/dependence,
illicit drug abuse/dependence, antisocial personality [ASPD], and major depression). Early
alcohol use, for example, was not only associated with an adult alcohol use disorder, it was
also associated with elevated rates of nicotine dependence, an illicit drug use disorder,
ASPD and major depression. Alternatively, risk of alcohol use disorder was elevated not
only among early drinkers but also among early smokers, early sexual initiators, etc. We
confirmed the generality of the association between the early indicators and adult disorders
by showing that a general factor of early adolescent problem behavior, which loaded on each
of the five early indicators, was correlated .75 with a general factor of adult externalizing,
which loaded on all of the disorders other than major depression.

The study thus provides support for the general process indicated in Model B of Figure 7.
The study also provided evidence in support of Model A. That is, we found evidence for
substance-specific effects in addition to the general process. For example, the association
between adolescent smoking and adult nicotine dependence could not be accounted for
entirely by a correlation between the two general factors. The portion of early smoking that
was not accounted for by the general factor (i.e., the residual) was correlated with the
residual for nicotine dependence. To further explore the question of specificity of effects and
especially whether those effects are consistent with causality, we used the cotwin control
(CTC) design in the study by Irons et al. (submitted). One of the greatest challenges facing
substance use researchers is the drawing of strong causal inferences from the analysis of
observational data only. Twin studies can help meet this challenge. Specifically, comparing
outcomes within twin pairs discordant for exposure (here early substance use) can
approximate the alternative outcomes that are the basis for causal inference under the
counterfactual model (McGue, Osler, & Christensen, 2010). The logic of the CTC design is
easiest to see with MZ twins discordant on exposure. Within discordant pairs, the twin who
is unexposed is matched to the exposed twin on genetic background and rearing
environment and so provides an approximation to what the exposed twin would have looked
like if he or she had not been exposed (i.e., the counterfactual). The strength of the CTC
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design is that the unexposed twin controls for confounders regardless of whether those
confounders are directly measured in the study.

In Irons et al. (submitted), within MZ twin pairs discordant for alcohol use before age 15,
the early using twin drank more and was more likely to use other drugs at age 24 than the
non-early using twin. This observation is consistent with early alcohol use having a causal
effect on adult outcomes, strengthening the inference by showing an early-drinking effect
even when genetic and the environmental factors shared by MZ twins are taken into account.
Thus MCTFR research provides support for both of the models described in Figure 7. Early
substance use appears to be associated with mental and substance abuse problems in
adulthood both because it is an indicator of general externalizing behavior and because early
use appears to have a causal influence on later outcomes.

Developmental changes in the contribution of genetic and environmental factors to
substance use outcomes

One of the most consistent findings to emerge from the behavioral genetic literature is that
genetic and environmental contributions to individual differences in behavior are not fixed
but rather can change across development. In particular, for many traits the importance of
genetic factors appears to increase with age as the contribution of shared environmental
influences declines (Bergen, Gardner, & Kendler, 2007). The decline in shared
environmental influences can be attributed to the diminishing impact of the rearing home.
The increase in genetic influences can be attributed to individuals gaining greater control
over the environments they experience and exerting that control in a way that is consistent
with, and so amplifies the phenotypic effect of, their underlying genetically influenced
dispositions.

In Derringer et al. (2007) we showed that the heritability of substance use involvement
increased from .10 at age 11, to .53 at age 14, to .66 at age 17 in males. In females the
comparable values were .12, .24 and .41. As with other behavioral genetic studies of
substance-related phenotypes (Rose, Dick, Viken, & Kaprio, 2001), we find that the
contribution of genetic factors to individual differences in substance use increases with age.
It is useful to ask how the changing pattern of genetic influences relates to the general and
specific processes that underlie substance use and abuse. In a subsequent study of the co-
occurrence of symptoms of alcohol, marijuana and nicotine dependence, we found that the
relative contribution of genetic factors at the general factor level declined continuously and
markedly between age 14 and 29, while the contribution of non-shared environmental
factors increased with age (Vrieze, Hicks, lacono, & McGue, 2012). Taken together, these
two studies indicate that the importance of substance-specific factors increases with age as
genetic contributions at the general factor level decline.

A well-studied polymorphism in the aldehyde dehydrogenase (AL DH2) gene provides a
useful illustration of the shifting pattern of specific genetic influences with age. Two
enzymes contribute to the metabolism of ethanol. In the first step, ethanol is converted to
acetaldehyde by the enzyme alcohol dehydrogenase (ADH), and in the second acetaldehyde
is converted to acetate by ALDHZ2. Since most of the dysphoric effects associated with
drinking are associated with acetaldehyde levels, genes that code for a fast version of ADH
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or a slow version of ALDH2 should be protective against drinking heavily. Consistent with
this expectation, a mutation that results in an inert version of ALDHZ2, and which occurs
only in East Asians, is associated with markedly reduced rates of alcoholism (Luczak, Glatt,
& Wall, 2006).

Most of the relevant research on the protective variant in the gene coding for ALDH2 is
based on adults, however. Irons et al. (Irons, lacono, Oetting, & McGue, 2012) used a
sample 356 adopted East Asians from SIBS to explore how the specific effect of ALDH2 on
drinking shifted with age. The sample had been assessed multiple times spanning
adolescence through early adulthood. In adolescence, there was little evidence of a
protective effect of the deficient version of the ALDH2 enzyme. Beginning at about age 19
and increasing through the mid-20s, however, the ALDH?2 allele became increasingly
protective.

Identifying the Specific Genetic Variants that Underlie SUD Risk

The heritability of SUDs implies that there are inherited differences in the DNA sequence
that contribute to SUD risk. Identifying these variants would greatly advance our
understanding of the biological basis of addiction and provide insights into developing
effective interventions. Gene-identification for complex phenotypes such as SUDs has,
however, been difficult and progress slower than initially anticipated. Failure to replicate
initially promising reports has been the norm for behavioral and non-behavioral phenotypes
alike (loannidis, Ntzani, Trikalinos, & Contopoulos-loannidis, 2001). Nonetheless, some
progress has been made with candidate-gene studies of substance related phenotypes, with
replicable associations reflecting both general (e.g., the effect of GABA system variants on
multiple indicators of externalizing psychopathology) and specific (e.g., ALDH2 and
alcoholism) processes being reported (McGue & Irons, 2013).

Recently an alternative to the standard candidate-gene approach has emerged. Rather than
assay one or a small number of genes, as is typical in a candidate-gene study, in a
genomewide association study (GWAS) the whole genome is assayed by genotyping
500,000 or more common SNP (single nucleotide polymorphism) variants. Since the
inception of this strategy in 2007, GWAS has resulted in the identification of thousands of
genetic variants for hundreds of medically relevant phenotypes (Visscher, Brown,
McCarthy, & Yang, 2012). GWAS has also been successful in identifying genetic variants
underlying behavioral phenotypes, most notably schizophrenia (Ripke et al., 2013).

More than 8000 MCTFR participants have been genotyped on more than 500,000 SNP
markers(Miller et al., 2012) and GWAS analyses completed on multiple indicators of
externalizing psychopathology and substance abuse including separate measures of use/
abuse of alcohol, nicotine, and illicit drugs (McGue et al., 2013). To control for the testing
of multiple SNP markers, the accepted p-value threshold in a GWAS is 5x1078. At this
threshold none of the more than half million SNPs was significantly associated with any of
the multiple indicators of externalizing psychopathology. Although the failure to find
significant associations in a sample of several thousand individuals may seem surprising, it
is consistent with the emerging picture of the genetic architecture of complex phenotypes,
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such as substance related phenotypes. Specifically, the past 7 years of GWAS research has
revealed that most complex phenotypes are characterized by two features. First, the
phenotypic effect of any particular genetic variant is likely to be very small. For example,
for quantitative traits, it is rare to see variants that account for as much as 0.3% of trait
variance, and most have much smaller phenotypic effects than that. Reliable detection of
variants that account for such a small percentage of variance will require massive sample
sizes, especially given the GWAS standard of p < 5x1078. As a consequence, human
geneticists have established consortia whose goal is to achieve very large sample sizes, in
many cases 100,000 or more, in order to detect these small effects. In light of this finding,
the failure to identify any variants in the MCTFR is not unexpected.

The second feature of the genetic architecture of complex phenotypes is essentially a
corollary of the first. For any given phenotype, the number of relevant genetic variants is
likely to number in the hundreds or more likely thousands. Even with large sample sizes,
consortia have been able to identify only a small proportion of the expected number of
relevant variants. In schizophrenia, for example, a combined sample of 21,000 cases and
38,000 controls identified 22 specific genetic associations (Ripke et al., 2013). Of greater
relevance here, in the tobacco consortia a combined sample approaching 100,000 yielded a
few significant associations (Thorgeirsson et al., 2010). Similarly, a meta-analysis of GWAS
of alcohol consumption totaling nearly 50,000 individuals reported one significant
association (Schumann et al., 2011). As a consequence, known variants from GWAS
account for only a small percentage of heritable variance for most phenotypes. Most of the
genetic variance remains missing (Manolio et al., 2009).

Developmental Models of Substance Use Disorders Informed by Behavioral

Genetic Research

Behavioral genetic research has established several key features of the development of
SUD:s. First, we can distinguish the separate contributions of general and specific factors to
the development of SUDs. General risk is conveyed by a general disposition towards
externalizing or disinhibitory psychopathology. It manifests early in life, prior to substance
use onset, as childhood disruptive disorders, personality characteristics marked by low self-
control, and multiple indicators of adolescent problem behavior. The general disinhibitory
process increases risk for all SUDs; contributions at the specific level serve to distinguish
risk of one SUD from another. Support for the existence of specific processes comes from
the observation that early substance use in adolescence appears to increase risk of the
comparable SUD in adulthood over and above its serving as an indicator of externalizing
psychopathology. Research on ALDH2 further suggests that the specific reaction individuals
have to a substance may be an important contributor to substance-specific risk.

Second, behavioral genetic research indicates that SUDs are moderately heritable. The
heritability of SUDs owes largely to the heritability of the common factor. Nonetheless, the
heritable contribution of the general factor to SUD risk appears to shift with age. In
adolescence a greater proportion of SUD variance is attributable to the general factor than in
adulthood, when substance-specific genetic influences appear to grow in importance.
Finally, it appears that the genetic diathesis underlying SUD risk is attributable to hundreds
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or maybe even thousands of genetic variants each of which has a very small effect on SUD
risk. Detecting these variants will require very large sample sizes.

One feature of the genetic epidemiology of SUDs that we have not specifically commented
on here concerns the contribution of gene-environment interaction (GXE) to SUD risk. As
reflected by the diathesis-stress model, GXE is thought to play a fundamental role in the
development behavioral and substance use disorders. That is, individuals are thought to
inherit some level of vulnerability (i.e., the diathesis), but whether that vulnerability
manifests as a disorder will depend on the environment they are exposed to (i.e., the
stressor). Individuals who inherit a low level of vulnerability are relatively insensitive to the
environment, they have low risk of the disorder regardless of the environment they are
reared in. Alternatively, individuals who inherit a high level of vulnerability have
heightened sensitivity to the environment. They are unlikely to develop the disorder if they
experience a protective environment but highly likely to experience the disorder if reared in
a provocative environment.

Research from the MCTFR has shown that genetic effects on externalizing
psychopathology, including SUDs, are consistently stronger in a high-risk versus a low-risk
environment, indirectly supporting the diathesis-stress model of SUDs (Hicks, South,
DiRago, lacono, & McGue, 2009). Direct support would require that we are able to directly
assay genetic risk at the DNA sequence level. As discussed previously, we have not yet
identified many of the specific genetic variants that influence SUD risk, even though
progress is being made. Until we know more about the genetic diathesis, it will be difficult
to rigorously evaluate GXE contributions to the development of SUDs.
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Figure 1.
The basic sampling unit used in Minnesota Twin Family Research, consisting of a sibling or

twin pair, initially assessed in adolescence, and their rearing parents.
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Conceptual overview of the Minnesota Twin Family Research longitudinal design.
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Offspring assessments are timed to coincide with major transitions in the life of a young
person. Parents provide an additional observation in mid-life. MTFS = Minnesota Twin
Family Study, SIBS = Sibling Interaction and Behavior Study, ES = Enrichment Study.
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Figure 3.
Mapping substance use disorders onto the dimensions of internalizing and externalizing

psychopathology. Model based on findings from Krueger (1999), Vollebergh et al. (2001),
and Kendler et al.(2003). Figure reproduced with permission from McGue and Irons (2013).
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Biometric latent model of externalizing psychopathology. The associations among the five
observed phenotypes can be accounted for by a single externalizing factor with variance
apportioned as 81% to additive genetic factors (a2), 0% to shared environmental factors (c2),
and 19% to nonshared environmental factors (e2). Based on findings from Krueger et al. (R.

F. Krueger et al., 2002).

Nebr Symp Motiv. Author manuscript; available in PMC 2015 November 25.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

McGue et al.

ADOPTIVE FAMILIES NON-ADOPTIVE FAMILIES

Parent
Smoking

Environmentally
Mediated —*
Pathway

Environmentally
Mediated —*
Pathway

Figure5.

Page 20

The effect of parent smoking in adoptive and non-adoptive families. In adoptive families,
parent smoking is associated only with offspring smoking, implicating an environmentally
mediated pathway that is specific to smoking. In non-adoptive families, parent smoking is
also associated with other indicators of offspring externalizing, implicating a genetically

mediated general pathway. Figure reprinted from Keyes et al. (2008), with permission.
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Figure®6.
Quantity-frequency drinking index as a function of age in the Minnesota Twin Family Study

longitudinal samples. The index is scaled to have a standard deviation of 1.0. The lines
represent the lowess-averaged trajectories for those who met lifetime criteria for Alcohol
Dependence (cases) versus those who did not. The trajectories show that individuals who
develop Alcohol Dependence tend not only to start drinking earlier but also accelerate more
rapidly in their drinking in adolescence.
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Figure7.
Alternative models linking early substance use in adolescence with risk of a substance use

disorder (SUD) in adulthood. Model A hypothesizes a causal influence of early substance
use, while Model B hypothesizes that early substance use is associated with adult SUD
because both are indicators of externalizing psychopathology.
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Table 1

A brief overview of the Minnesota Center for Twin and Family Research (MCTFR) studies

Study

Year Twin/Sibling

Started  Pairs Longitudinal Design

Minnesota Twin Family Study (MTFS) 1990

Sibling Interaction and Behavior Study

(SIBS)

Enrichment Study (ES)

Two cohorts (initial age of 11
or 17) followed every 3-4
years through age-29

897 Monozygotic
485 Dizygotic

Cross-sectional sample first

1998 408 Adopted assessed in adolescence and
209 Full Biological ~ followed twice through early
adulthood
1999 300 Monozygotic First assessed at age-11 and

199 Dizygotic followed at ages 14 and 17
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Characteristics of participants in longitudinal studies at the Minnesota Center for Twin and Family Research.
Each cell gives the number of relevant participants, their average age at that assessment, and the percentage of

intake participants completing that assessment

MTFS 11-Year-Old

MTFS 17-Year-Old

ES SIBS
Assessment Cohort Cohort _ . _ o
(N=761families  (N=626familiesy ~ (N=499families)  (N=617families)
Offspring Assessments:
1527 1252 998 1232
Intake 11.7 175 11.9 14.9
(100%) (100%) (100%) (100%)
1409 1111 930 1158
Follow-up #1 14.8 20.7 15.1 18.3
(92%) (89%) (93%) (94%)
1325 1167 913 1128
Follow-up #2 18.2 24.7 17.9 22.4
(87%) (93%) (91%) (92%)
1339 1168
Follow-up #3 215 29.6
(88%) (93%)
1332
Follow-up #4 253
(87%)
1321
Follow-up #5* 29.3
(87%)*
Parent Assessment:
761 626 497 613
Intake - Mothers 393 443 1.4 166
744 595 439 549
Intake - Fathers 418 16.2 433 282
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