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Abstract

Substance use disorders continue to impose increasing medical, financial and emotional burdens
on society in the form of morbidity and overdose, family disintegration, loss of employment and
crime, while advances in prevention and treatment options remain limited. Importantly, not all
individuals exposed to abused substances effectively develop the disease. Genetic factors play a
significant role in determining addiction vulnerability and interactions between innate
predisposition, environmental factors and personal experiences are also critical. Thus,
understanding individual differences that contribute to the initiation of substance use as well as on
long-term maladaptations driving compulsive drug use and relapse propensity is of critical
importance to reduce this devastating disorder. In this paper, we discuss current topics in the field
of addiction regarding individual vulnerability related to behavioral endophenotypes, neural
circuits, as well as genetics and epigenetic mechanisms. Expanded knowledge of these factors is of
importance to improve and personalize prevention and treatment interventions in the future.
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1. Introduction

Addiction is a chronic, relapsing disorder characterized by craving, compulsive drug use,
and loss of control over limiting drug intake. It has been estimated that, depending on the
substance, approximately 20-40% of people who experiment with drugs of abuse go on to
develop addiction (Van Etten and Anthony, 1999; Vsevolozhskaya and Anthony, 2016). This
individual vulnerability to addiction is a complex phenomenon influenced by behavioral,
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cellular, molecular and genetic contributors. Importantly, the ways in which these factors
interact remain to be established and harnessed into a framework. This will help identify
individuals and sub-populations at elevated risk in order to implement evidence-based
prevention strategies.

For decades, the “Nature vs. Nurture” debate has played a significant role in psychology and
behavioral sciences (Dick et al., 2010) including the field of addiction. Classically, the field
has been shaped by two main schools of thought. On one hand, researchers focused their
attention on genetic traits linked to addiction vulnerability with clinical studies
demonstrating that the presence of specific genetic markers and associated traits provides an
important contribution to the development of this pathological condition (Cloninger et al.,
1981; Goldman et al., 2005; Hart and Kranzler, 2015; Kendler et al., 2012; Kendler et al.,
1997b). Although debates currently exist regarding reproducibility of the findings from
small sample sizes in many human genetic studies as well as the need for genome-wide
association assessments, preclinical animal models have also provided multiple examples for
genetic links (Bubier et al., 2014; Crabbe, 2016; Rubinstein et al., 1997; Zhou et al., 2013).
For instance, in the alcohol field genetic selection was used to segregate vulnerability traits
in specific rat and mouse strains (Ciccocioppo, 2013). On the other hand, it is also clear that
the unfolding of clinical drug dependence is influenced by a number of additional elements
generically defined as “environmental factors” (Belcher et al., 2014; Goldman et al., 2005).
These factors include, for example, stress, lifestyle, education, and individual experiences
(Enoch, 2012). Further evidence for the role of the environment comes from twin adoption
studies demonstrating additional effect of environmental factors in identical genetic
backgrounds (Kendler et al., 2012; Kendler et al., 1997b; Lopez-Quintero et al., 2011).

As a result of this complexity, investigators have spent substantial efforts in trying to
discover specific genetic, molecular and behavioral traits that reliably identify vulnerable
subgroups within the general population. The contribution of genetics and environmental
factors has been examined for certain endophenotypes such as impulsivity and novelty
seeking (Belin et al., 2008; Kendler et al., 1997a; Kendler et al., 2003; Krueger, 1999; Tarter
et al., 2003) as well as individual differences in the way people respond to initial drug
exposure (de Wit and Phillips, 2012; Schuckit, 1980). Based on the individual constellation
of such factors, people could in theory be categorized as having low, moderate or high risk
for developing substance use disorders. Identifying at-risk individuals or populations could
significantly advance targeted prevention efforts and diminish the increasing prevalence of
substance use disorders. Additionally, targeted manipulations of risk-conferring molecular
and cellular impairments could, in the future, help to develop critically needed novel
treatments for substance use disorders and even to reduce the transition from occasional use
to pathological compulsive drug intake.

In this article, we highlight some of our recent approaches to investigate the complex
interplay between genetics and environmental factors that contribute to the range of
behavioral traits conferring addiction risk in individuals at the pathological end of the
spectrum. In addition, we discuss new molecular insights that provide a mechanistic link
between genetic and epigenetic regulation of discrete neuronal pathways underlying
individual variation of addiction-related phenotypes.
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2. Individual addiction vulnerability in genetically homogenous populations

In the last few years, with the development of epigenetics, the “Nature vs. Nurture”
dichotomy has been gradually dissipating (Traynor and Singleton, 2010; Weaver, 2007). It is
now clear that the environment can influence the expression of genetic traits and that
genome and epigenome interact with each other to shape endophenotypes (Crews et al.,
2014). This explains why individual variability can exist in otherwise genetically highly
segregated populations (Freund et al., 2013). We explored this phenomenon by looking at
alcohol abuse-related individual variability in genetically selected alcohol preferring
Marchigian Sardinian (msP) rats. This rat line was derived from Wistar rats by artificial
selection for high alcohol preference and excessive drinking over a period of more than 25
years (Ciccocioppo et al., 2006). The genetic pressure applied to this line for more than 80
generations has stably segregated alcohol abuse-related traits such as excessive drinking,
high motivation for alcohol consumption and high vulnerability to relapse (Ciccocioppo et
al., 2006; Ciccocioppo et al., 1999).

In a recent series of experiments comparing msP and Wistar rats, we analysed individual
data distribution in relation to operant alcohol self-administration and relapse to alcohol
seeking (Ayanwuyi et al., 2013; Cippitelli et al., 2008). As depicted in Figure 1A, msP rats
show increased self-administration of a 10% alcohol solution compared to Wistar rats, and
enhanced motivation for alcohol taking measured by progressive ratio schedule (Figure 1B).
Using a classical operant self-administration training-extinction/reinstatement paradigm we
also observed that, compared to Wistars, msP rats reach a higher level of relapse elicited by
re-exposure to cues previously paired with alcohol availability (Figure 1C). Intriguingly,
however, no differences were observed when relapse was elicited by delivering the
pharmacological stressor yohimbine (Figure 1D), emphasizing the complex nature of the
various mechanisms that can mediate relapse. Previously, we have shown that msP rats are
highly sensitive to stress and respond with freezing when exposed to foot-shock or
yohimbine (Ayanwuyi et al., 2013; Cippitelli et al., 2015; Hansson et al., 2006). This coping
behavior contrasts active lever responding and thus reduces stress-induced relapse rates in
these models. Differences in response to various types of stress might be important
contributors to relapse liability. In addition, analysis of the individual data points revealed a
high level of individual variability both in msP and Wistar rats (Figure 1).

The selection criteria applied to msP rats through generations were excessive home cage
drinking and high preference for 10% alcohol (Ciccocioppo et al., 2006). These two
phenotypic traits have been robustly segregated and all adult msP rats are highly
homogeneous in alcohol preference and intake. Remarkably, however, substantial individual
variability was observed when msP rats were monitored for alcohol intake under operant
self-administration condition (Figure 1A). This observation indicates that while genetic
pressure has successfully reduced individual vulnerability for the exact traits used to select
animals, individual differences persist for other, closely related behaviors (i.e. drinking
under operant condition). Consequently, genetic selection based on a specific addiction-like
trait does not necessarily determine the expression of other, closely related vulnerability
traits. For multifaceted psychiatric diseases like addiction, it is therefore debatable whether
innate vulnerability to develop the disorder can be effectively predicted based on the
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expression of one or a few phenotypic traits. In addition, despite the genotypic identity of a
homogeneous population, the trajectory to develop addiction-like traits can be subject to
individual variability. This finding recapitulates clinical observations from twin adoption
studies showing that, in addition to the genetic background, individual vulnerability to
develop addiction is influenced by subjective experiences and environmental factors
(Kendler et al., 2012; Kendler et al., 1997b; Lopez-Quintero et al., 2011). Epigenetic
regulation may represent the primary mechanism through which the environment can
regulate gene expression and function (Robison and Nestler, 2011). However, it is also worth
noting that in our experiments rats were maintained in as similar an environment as possible,
having been subjected to the same daily training, exposed to the same food and water, and
being handled by the same experimenter. Nevertheless, they developed marked individual
differences in alcohol taking. This may suggest that complex cellular and molecular factors,
including epigenetic regulation, resulting from minor environmental perturbations might
contribute to variability in addiction-related behavioral endophenotypes and the development
of individual vulnerability in homogeneous populations.

There are intriguing possibilities that deserve to be further explored. For instance, it would
be interesting to evaluate the social behavior of genetically heterogeneous animals and
measure potential correlations between social experience and the propensity to develop
addiction. At birth, a subset of individuals from a litter could be subjected to maternal
neglect or exposed to social isolation or variable levels of competition with other pups.
Similarly, during development individuals may gain different social status with some rats
being dominant and others submissive. Through epigenetic mechanisms these conditions
may heavily influence, for example, brain development, stress system function and hormonal
responses, which may then shape the expression of distinct endophenotypes (Brake et al.,
2004; Choi et al., 2009; Gerritsen et al., 2012; Green et al., 2010; Moffett et al., 2007;
Pruessner et al., 2004; Tyrka et al., 2009) and thereby influence addiction vulnerability.

3. Impulsivity, novelty seeking, reward sensitivity and other quantitative

traits in addiction vulnerability

A robust set of relationships between clinical addictions, risk for addictions and variation in
reward sensitivity, novelty seeking and impulsivity have been demonstrated in human
subjects and laboratory animal models alike (Belin et al., 2008; Ersche et al., 2013; Ersche et
al., 2012; Jentsch et al., 2014; Jentsch and Taylor, 1999; Jupp and Dalley, 2014; Kreek et al.,
2005; Perry and Carroll, 2008). The constructs of reward sensitivity and impulsivity are
intimately related in the sense that impulses are affective reward-anticipation states that drive
pursuit or consumption of reward. Experiences of novel contexts and stimuli can also serve
as reinforcers (Gancarz et al., 2012), and novelty seeking and preference may therefore
represent one manifestation of relatively heightened reward sensitivity or impulsivity.
Impulsivity is, in turn, a term referring to the propensity of an individual to exhibit a higher
than expected level of these behaviors, hypothetically resulting from either greater urgency
of the reward anticipation processes or compromised ability to engage in top-down
inhibitory control over impulsive feelings and actions in a context-appropriate way (Jentsch
and Pennington, 2014; Jentsch and Taylor, 1999).
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A large body of data supports the idea that heightened impulsivity and novelty seeking co-
occurs with problematic substance use. Some of the earliest evidence of this relationship
derives from the observations that people with substance use disorders endorse more of these
traits when completing personality questionnaires/inventories (Bardo et al., 2013; Belcher et
al., 2014; Ersche et al., 2012; Jentsch et al., 2014; Kreek et al., 2005; Moeller et al., 2001;
Terracciano and Costa, 2004; Verdejo-Garcia et al., 2008). Laboratory-based behavioral
measures (including the stop-signal reaction time, reversal learning and delay discounting
tasks) similarly reveal a heightened tendency to act impulsively or make impulsive choices
in substance users (Clark et al., 2006; Courtney et al., 2012; Ersche et al., 2008; Monterosso
et al., 2005). Thus, there are multiple manifestations of impulsive behavior and novelty
seeking that associate with problematic substance use and that could contribute directly to
the loss of control over drug intake that is a prominent characteristic of relapsing use
disorders (Tang et al., 2015).

Although there is evidence indicating that experience with alcohol or addictive drugs can, in
some circumstances, elicit diminished impulse control (Groman and Jentsch, 2013; Jentsch
et al., 2014; Lopez-Caneda et al., 2014), the association between impulsivity and addictive
behaviors also seems to run in the opposite direction — namely, a propensity for impulsivity
is a quantitative indicator of risk for developing a problematic pattern of substance use.
Longitudinal studies in human youth, particularly in those at high risk for drug/alcohol
abuse, indicate that heightened impulsive behavior precedes, and to some degree predicts,
the initiation of hazardous substance use (Bardo et al., 2013; Henges and Marczinski, 2012;
Nigg et al., 2004; Norman et al., 2011; Rubio et al., 2008; Schweinsburg et al., 2004).
Further evidence supporting this relationship is the heightened risk for addiction in people
affected by childhood onset externalizing disorders involving impulsive behaviors,
particularly attention deficit/hyperactivity disorder (Groman et al., 2009).

Controlled, prospective studies in animal models were instrumental in dissecting the
relationship between impulsive behaviors, novelty seeking/preference and substance use.
Studies of genetically heterogeneous animals have demonstrated that individual differences
in behavioral responses to novelty predict the magnitude of the reinforcing and/or rewarding
effects of drugs and alcohol (Arenas et al., 2016; Bardo et al., 2013; Belin et al., 2016;
Carroll et al., 2009; Deroche-Gamonet and Piazza, 2014). Similarly, a proclivity for
impulsive behavior is positively correlated with variation in the acquisition or escalation of
drug self-administration and/or the reinstatement of that behavior after extinction (Anker et
al., 2009; Dalley et al., 2007; Diergaarde et al., 2008; Diergaarde et al., 2012; Perry et al.,
2005; Perry et al., 2008). As these studies used outbred rodents, both genetic variation and
unique environmental exposures could contribute to the observed individual phenotypic
differences.

Phenotyping of inbred rodents represents a powerful approach for analyzing the degree to
which the observed association of two or more phenotypes (such as impulsivity and drug
taking) is due to genetic correlation — that is, whether a common set of alleles influence the
expression of both phenotypes, producing a pattern of phenotypic co-variation (Civelek and
Lusis, 2014). Because all subjects drawn from a particular inbred strain have, to the greatest
extent possible, the same genotypes, it is possible to observe genetic correlations between
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two or more phenotypes across a common panel of strains, even when those phenotypes are
measured in different subjects, by different research groups and/or at different times. Thus, a
genetic correlation between two or more phenotypes is revealed by a strain-level statistical
pattern of correlation between them. That said, it is also known that phenotype
measurements vary even within inbred and genetically homogeneous animals (Crabbe et al.,
1999). Clearly, non-genetic sources of variance (which include both environment and
experimental error) also need to be considered alongside genetic factors. Nonetheless, using
this approach, heritable variation in impulsive behavior has been shown to genetically
correlate with intravenous cocaine self-administration (Cervantes et al., 2013) and alcohol
intake (Loos et al., 2013) in recombinant inbred mice. Complementing these findings is the
observation that selective breeding for high alcohol intake also selects for heightened
impulsivity (Oberlin and Grahame, 2009). Both approaches reveal compelling evidence that
the association between impulsive and addiction-relevant behaviors likely results, at least in
part, from their co-heritability.

The neuroanatomical and molecular mechanisms that underlie impulsivity and addiction risk
remain incompletely understood, but the dopamine D2-like receptor in striatal circuitry
appears to be one functionally relevant determinant (Buckholtz et al., 2010b; Dalley and
Roiser, 2012; Groman and Jentsch, 2012; Jentsch and Pennington, 2014; London, 2016;
Volkow and Morales, 2015). Relatively low dopamine D2-like receptors have been
consistently linked with clinically-impairing substance use disorders (Koob and Volkow,
2010), and this molecular change is directly linked with heightened impulsivity and
impulsive behaviors in drug dependent people (Ballard et al., 2015; Kohno et al., 2015; Lee
etal., 2009; London, 2016; Robertson et al., 2015). Altered dopamine D2 signaling co-
varies with impulsivity in healthy humans as well (Buckholtz et al., 2010b) and low
dopamine D2-like receptor density in the forebrain has been correlated with impulsive
behaviors in hon-human primates (Groman et al., 2011), rats (Dalley et al., 2007) and inbred
mice (Laughlin et al., 2011). Thus, there appears to be a highly conserved relationship
between individual variation in D2-like receptor signaling in striatal circuits, impulsivity and
associated risk for addiction (Jentsch and Pennington, 2014). These findings indicate that
D2R signaling is a promising target for pharmacological or behavioral interventions aimed
at mitigating the vulnerability of some people to develop particularly problematic patterns of
substance use.

Until recently, little compelling data was available to link specific genetic variants to
dysregulated dopamine D2-like receptor signaling and to the associated problems with
impulse control and heightened addiction risk. To fill this gap in the literature, we employed
a panel of 51 recombinant inbred mouse strains derived from an intercross of the C57BI/6J
and DBA/2J parental strains (Williams et al., 2001). These subjects were screened for
heritable variation in impulsivity using an operant reversal learning task (Izquierdo and
Jentsch, 2012; Laughlin et al., 2011). In this paradigm, an action is paired with a specific
outcome and, after achieving a learning criterion, the contingencies are reversed. Successful
reversal learning depends on the subject's ability to stop, inhibit or change the initially-
trained responses, as well as to learn to overcome the learned irrelevance of the non-
reinforced behavior. As such, this paradigm is thought to be a measure of behavioral
flexibility with links to impulse control (Izquierdo and Jentsch, 2012). Using this approach,
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we identified a large-effect quantitative trait locus (QTL) on mouse chromosome 10 that
explained approximately 1/3 of the genetic variance in the reversal learning phenotype. This
QTL is syntenic to portions of human chromosomes 12 and 22. We further sought to identify
genes expressed from this QTL that exhibited a c/s-regulated pattern of expression (showing
that genetic variants within the QTL influenced expression) and heritable differences of
expression in certain brain regions that were genetically correlated with reversal learning
abilities (Gaglani et al., 2009; Overall et al., 2009; Rosen et al., 2009). Expression results
were derived from datasets stored in GeneNetwork.org (Illumina beadchip WG-6v1 assay).
These analyses identified Syn3, the gene encoding the synapsin 111 protein (Kao et al.,
1998), which belongs to a family of synaptic phosphoproteins acting to regulate the size of
the ready-releasable pool (Hilfiker et al., 1999). As assessed in our operant test (Laughlin et
al., 2011), Syn3relative expression in hippocampus, dorsal striatum, nucleus accumbens
(NACc) and neocortex is negatively correlated with impulsivity (striatal correlation shown in
Figure 2A). Interestingly, Syn3is expressed in dopaminergic neurons of the ventral
midbrain, where it plays a non-redundant role in governing the magnitude of action
potential-dependent dopamine release (Kile et al., 2010). Based on these results, we
hypothesized that genetic variation near the Syn3locus influences expression of the gene,
with low expression-associated alleles leading to relatively larger changes in synaptic
dopamine concentration in response to action potentials than do high expression-associated
alleles (Figure 2B). This excess of phasic, activity-dependent dopamine release could be a
neurochemical substrate of impulsivity and addiction risk, with the reduced availability of
D2-like receptors often correlated with impulsivity representing an apparent compensation
to the heightened presynaptic release. Notably, other states of heightened impulsivity and
addiction risk, including the adolescent developmental stage, have also been linked with
increased phasic dopamine release (Wong et al., 2013) suggesting that multiple biological
pathways that predispose for this neurochemical mechanism may quantitatively influence
impulsivity and substance use.

4. Genetic and epigenetic interface in discrete striatal pathways associated

with behavioral phenotypes of addiction vulnerability

A central goal of neurobiological research efforts over the past decades has been to delineate
the specific cells and pathways within complex neuronal circuits that transform genetically
encoded information to behavioral action conferring individual vulnerability to addiction.
Several neuronal circuits have been highly implicated in mediating addiction-related
behavioral traits with key areas of focus on the ventral midbrain dopaminergic projections,
ventral and dorsal striatum, medial prefrontal cortex, and extended amygdala (Koob and
Volkow, 2010). One particular hub that has maintained considerable attention in the field is
the striatum which integrates dopaminergic and glutamatergic input from the midbrain and
cortex to modulate emotion, motivation, reward, and goal-directed behavior (Everitt and
Robbins, 2013) and has been strongly implicated in addiction to various substances (Calipari
et al., 2016; Corbit et al., 2012; Egervari et al., 2017; Szutorisz et al., 2014; Wang et al.,
2014). Several human and non-human primate studies have documented that /» vivo
differences in striatal activity are correlated with individual differences in sensation- and
novelty-seeking (Abler et al., 2006; McClure et al., 2003; Montague et al., 2004), both
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behavioral traits that underlie substance use vulnerability (Belin et al., 2011; Belin et al.,
2008). In addition, individual differences in striatal dopamine release (Boileau et al., 2006;
Buckholtz et al., 2010a; Buckholtz et al., 2010b; Treadway et al., 2012) and /n vivo fMRI
BOLD signal (Beaver et al., 2006; Bjork et al., 2008) correlate with reward seeking and
impulsivity traits (see section 3).

The biochemical phenotypes of striatal neurons are well characterized. Both the nucleus
accumbens and the dorsal striatum consist predominantly of GABAergic medium spiny
neurons (MSNs) that can be subdivided into two major populations (Ena et al., 2011). While
these populations can not be distinguished based on cell morphology and are comprised by a
similar number of MSNs (Surmeier et al., 2007), they give rise to anatomically, functionally
and biochemically distinct pathways (Albin et al., 1989; Alexander and Crutcher, 1990;
Graybiel, 2000). One population of MSNs projects directly to the globus pallidus internus/
substantia nigra pars reticularis (GPi/SNpr) in the mesencephalon, thereby inhibiting basal
ganglia output, which in turn leads to increased activity in thalamocortical circuits. This
striatonigral or direct pathway expresses dopamine D1 receptors (D1R), prodynorphin
(PDYN) and substance P (Gerfen et al., 1990; Graybiel, 2000; Surmeier et al., 2007).
Analogous neurons of the ventral striatum project to the ventral tegmental area and medial
substantia nigra pars compacta forming the striatomesencephalic (SM) pathway. Another
subset of striatal MSNs project to the globus pallidus externus, which in turn projects to the
GPi/SNpr leading to its disinhibition. This striatopallidal (SP) or indirect pathway is
characterized by dopamine D2 receptor (D2R), proenkephalin (PENK) and adenosine A2A
receptor expression (Gerfen et al., 1990; Graybiel, 2000; Surmeier et al., 2007). Ventral
striatal SP neurons project to the ventral pallidum. Due to their distinct molecular and
anatomical characteristics, direct and indirect pathway MSNs contribute differentially to the
behavioral output of the ventral and dorsal striatum (Hikida et al., 2010; Kravitz et al.,
2012). In general, direct pathway activity seems to be more connected to positive
reinforcement and ‘Go’ behavior, while indirect pathway activity regulates negative
reinforcement and ‘No-Go’ behavior (Egervari et al., 2016; Frank et al., 2007; Hikida et al.,
2010; Hikida et al., 2013; Jutras-Aswad et al., 2012), both of which strongly influence
substance use disorders. Interestingly, selective genetic and optogenetic manipulation of
D1R or D2R expressing MSNs can shift the balance of direct and indirect pathway activity
and thereby affect rewarding properties of abused substances. Increased excitability of SM
neurons in the NAc, for example, increases cocaine reward, while increased excitability of
SP neurons desensitizes the rewarding effects of the drug (Lobo et al., 2010). More recently,
Neumeier and colleagues showed that inhibition of SM neurons using designer receptors
exclusively activated by designer drugs decreased, while inhibition of SP neurons increased
amphetamine-induced locomotor responses (Ferguson et al., 2011).

Individual differences in direct and indirect pathway activity in part underlie addiction-
related behavioral endophenotypes and contribute significantly to individual addiction
vulnerability (Ferguson et al., 2011; Hikida et al., 2010; Hikida et al., 2013; Kravitz et al.,
2012; Lobo et al., 2010). This contribution has been well documented both in human and in
translational animal models, especially in the case of the striatopallidal pathway. Striatal
D2R signaling, for example, is strongly linked to impulsivity and addiction risk (see section
3). In animal models, a series of studies using a visual attention task (5-choice serial reaction
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time task) documented that impulsive behavior, together with low D2 receptor availability in
the NAc, predicts escalation of drug intake (Dalley et al., 2007), frequency of relapse
following abstinence (Economidou et al., 2012) and continued responding for the drug
despite associated negative consequences (i.e. the delivery of punishers contingent on lever
pressing for the drug) (Everitt et al., 2008).

Human genetic studies have also significantly expanded our knowledge regarding
striatopallidal contribution to addiction vulnerability and underlying behavioral traits. For
example, carriers of the 7ag/A Al allele, exhibiting markedly decreased striatal D2R
expression (Ritchie and Noble, 2003; Stice et al., 2010), are significantly over-represented in
populations affected by substance use disorders (Lawford et al., 2000; Noble et al., 2000). In
addition, genetic variants of the PENK gene, showing enriched expression in SP neurons,
have also been shown to be associated with risk for opioid abuse (Comings et al., 1999;
Nikoshkov et al., 2008) and cannabis dependence (Jutras-Aswad et al., 2012). Intriguingly,
the link between PENK single nucleotide polymorphisms (SNPs) and cannabis dependence
was related to a strong synergistic interaction with neuroticism/anxiety temperamental trait:
a combination of the high-risk allele and high neuroticism trait resulted in a 9-fold increase
in cannabis dependence risk, while the high-risk allele with low neuroticism, or low risk
allele with high neuroticism manifested in about 1.3-1.8-fold increased risk (Jutras-Aswad et
al., 2012). Importantly, the same SNPs were related to PENK mRNA expression in the
striatum as well as the central amygdala, a key region regulating negative affect,
emphasizing the functional relevance of these variants (Jutras-Aswad et al., 2012). It is
important to note that not only does PENK genetically associate with cannabis dependence,
but exposure to THC (A9-tetrahydrocannabinol, the main psychoactive component of
marijuana) itself leads to long-lasting alterations in NAc Penk expression via epigenetic
mechanisms, which in turn contribute to enhanced opiate vulnerability (Tomasiewicz et al.,
2012). Thus, the complex interaction of genetics and drug exposure regulate the expression
of genes within specific neuronal circuits linked to addiction risk.

While the field has predominantly focused on the indirect striatal pathway, emerging data in
recent years emphasize the significant contribution of direct pathway-related impairments to
addiction vulnerability, as well. For example, rats with enhanced Pdyn levels in the NAc
exhibit increased vulnerability for alcohol intake and novelty seeking behavioral traits
(Guitart-Masip et al., 2006). Moreover, high responder rats to novelty stressor (exposure to
low-light, low-noise, novel environment) show enhanced drug self-administration and are
characterized by elevated NAc Pdyn mRNA expression (Lucas et al., 1998). In addition,
genetic variants in the 3" un-translated region (3’UTR) of the human PDYN gene were
shown to be associated with cocaine, alcohol and heroin use disorders (Clarke et al., 2012;
Clarke et al., 2009; Taqji et al., 2011; Yuferov et al., 2009). Interestingly, the 3'UTR variants
are in high linkage disequilibrium and comprise a haplotype block associated with striatal
PDYN mRNA levels as well as cocaine dependence and combined cocaine/alcohol co-
dependence (Yuferov et al., 2009). The association between 3’UTR variants and drug
addiction is particularly fascinating since this region of the gene was not previously
considered to have a functional role in regulating gene expression. It is now well
acknowledged that microRNAs, small non-coding RNAs of ~22 nucleotides, are an
important epigenetic mechanism that bind the 3" UTR of target mRNAs to regulate gene
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expression post-transcriptionally through affecting translation and mRNA degradation
(Ambros, 2004; Bartel, 2004).

Recently, we described a genetically influenced mMRNA-microRNA relationship between a
PDYN 3’UTR variant and miR-365 that contributes to certain behavioral endophenotypes
relevant to addiction vulnerability (Egervari et al., 2016). We found that rs2235749 and other
SNPs in high linkage disequilibrium with rs2235749 were associated with novelty seeking
and positive reinforcement based decision-making in humans. On the molecular level,
rs2235749 impaired the binding of miR-365 to the PDYN3’UTR. The disruption of
miR-365 binding directly increased PDYN mRNA levels /n vitro and the SNP was
associated with elevated PDYN expression in the NAc in post-mortem human brains
(Egervari et al., 2016). Strikingly, inhibiting miR-365 function in the NAc in a rat model
(using miRZip-365, a short oligonucleotide with complementary sequence to miR-365 that
essentially acts as a chemical sponge and prevents miR-365's binding to its endogenous
targets — Figure 3A) led to increased Pdyn mRNA in this region, and strongly affected
novelty seeking (Figure 3B) and reward learning (Figure 3C) phenotypes (Egervari et al.,
2016). These findings highlight a novel mechanism in which genetic variants of PDYN
disrupt its epigenetic regulation and thereby influence gene expression and the manifestation
of behavioral endophenotypes that contribute to addiction risk. Similar mechanistic studies
are of critical importance to expand knowledge about the underlying functional impairments
associated with genetic risk alleles that could help to identify specific molecular targets for
future treatment interventions.

5. Conclusions

Exposure to addictive substances does not trigger the same psychopathological progression
to substance use disorder in everyone. Rather, emerging evidence discussed in this review
points to a more complex model of addiction vulnerability in which genetically determined
and environmental factors interact at multiple levels of molecular, neuronal and circuit
organization (Figure 4)., On the genetic level, polymorphisms of genes related to multiple
components of the brain reward circuitry play a critical role. For example, variants of
reward-related genes have been shown to be associated with addiction vulnerability (Figure
4A). Importantly, many of these SNPs have been proven to be functionally relevant and
shown to underlie molecular impairments with respect to the synthesis and function of
endogenous opioid neuropeptides, dopamine and other neurotransmitters. These
relationships are often mediated by epigenetic mechanisms. For instance, as discussed in
Section 4, polymorphisms can affect DNA methylation or the binding of transcription
factors and regulatory microRNAs and thereby influence gene expression (Figure 4A).
Given that the expression levels of neurotransmitters and neuropeptides directly and
critically affect neuronal communication, these molecular differences can in turn result in
functional changes of the mesocorticolimbic circuitry (Figure 4B). The resulting circuit-
level alterations play an important role in the development of specific behavioral
endophenotypes (Figure 4C), such as impulsivity, novelty seeking or enhanced reward
sensitivity and diminished executive control, which can underlie an increased likelihood of
experimenting with abused substances or of developing a compulsive, habitual pattern of
substance use. These three major dimensions (genetic/molecular, circuit-level and
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behavioral) of vulnerability are strongly intertwined and together determine individual risk
for developing addiction (Figure 4). Importantly, exposure to drugs and other environmental
insults can further influence this complex system via dynamic epigenetic mechanisms.
Consequently, it is now acknowledged that multiple individual and environmental factors
contribute to substance use by way of underlying neuronal/molecular/epigenetic
mechanisms that induce the range of low to high risk addiction phenotypes.

This complex and multidimensional nature of addiction risk has long been an important
challenge for clinical prevention interventions and medication development.. Importantly,
significant advances based on preclinical research discussed above have now begun to
enable the dissection of discrete behaviors, neuroanatomical circuits and molecular
underpinnings driving individual differences in addiction-related behaviors. The
accumulating evidence reviewed here emphasizes the complex nature of addiction
vulnerability. Importantly, the different components (Figure 4) need to be integrated in
future preclinical models in order to expand neurobiological insights into addiction risk.

Although genetic and epigenetic complexities increase the challenge of delineating the
molecular mechanisms underlying novelty seeking, impulsivity, reward sensitivity and
multiple other behavioral traits linked to addiction, focused research attention on this topic is
essential considering the tremendous and increasing economic and emotional burden
addiction places on the individual, their families and society. The ability to identify at-risk
individuals could lead to targeted prevention solutions to counter the increasing prevalence
of substance use disorders. The fact that the long-term course of substance use disorders
often has its onset during adolescence or young adulthood also emphasizes the profound
impact of prevention strategies. Expanded neurobiological information about genetic and
epigenetic factors is also relevant for the development of novel treatments that would enable
targeted therapeutic manipulations of risk-conferring molecular and cellular impairments to
alleviate problematic drug use in specific subgroups. Overall, personalized prevention and
treatment interventions in the future are dependent on research today that delves deeper into
the complex interplay of genetic and epigenetic factors impacting individual addiction risk.
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Highlights
. Only a subset of people exposed to abused substances go on to develop
addiction
. Individual differences in vulnerability exist in highly homogenous
populations
. Key factors include behavioral phenotypes, genetics and epigenetics
. Knowledge of individual risk helps to target prevention and treatment efforts
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Figure 1. Individual differences exist in genetically highly homogeneous populations
Scatter plot depicting individual differences within alcohol preferring Marchigian-

Sardininan (msP) and Wistar rat populations in (A) operant alcohol self-administration
under fixed ratio condition, (B) break point under progressive ratio contingency, (C) relapse
to alcohol seeking elicited by exposure to environmental cues previously associated to
alcohol self-administration, and (D) relapse elicited by the pharmacological stressor
yohimbine (1.25 mg/kg, i.p.) in rats previously trained to self-administer 10% alcohol
solution.
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Figure 2. Syn3 impairments underlie heightened impulsivity and addiction risk
(A) Expression of Syn3in tissue from the striatum of 40 strains of BXD mice exhibits a

pattern of genetic correlation with reversal learning abilities. BXD strains demonstrating
relatively low Syn3expression in the striatum exhibit heightened impulsivity in the reversal
learning test. (B) Hypothetical mechanistic relationship between alleles influencing Syn3
expression and impulse control and addiction risk phenotypes. DA: dopamine.
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Figure 3. A genetically influenced microRNA-mRNA interaction affects novelty seeking and
reward learning

(A) Specific expression of miRZip-365 in nucleus accumbens striatonigral neurons results in
inhibition of miR-365's binding to its endogenous targets including Prodynorphin.
miRZip-365 leads to significant increases in (B) novelty seeking in Open Field and (C)
positive reinforcement-based decision making in fixed ratio and progressive ratio food self-
administration paradigms. PDYN: prodynorphin, * p<0.05, **p<0.01.
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Figure 4. Individual addiction vulnerability
High and low risk for developing substance use disorders is determined by a complex

interaction of (A) genetic/molecular factors (e.g. genetic variants affecting microRNA
binding and epigenetic regulation of gene expression), (B) neural pathways (e.g. changes in
direct and indirect striatal pathway activity), (C) behavioral endophenotypes (e.g. heightened
impulsivity and novelty seeking), and environmental factors. SNP: single nucleotide
polymorphism, 3’UTR: 3" untranslated region, miRNA: microRNA.
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