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Abstract

Alcohol abuse is comorbid with abuse of many other drugs, some with similar pharmacology and
others quite different. This leads to the hypothesis of an underlying, unitary dysfunctional
neurobiological basis for substance abuse risk and consequences. In this review, we discuss
commonalities and distinctions of addiction to alcohol and other drugs. We focus on recent
advances in pre-clinical studies using rodent models of drug self-administration. While there are
specific behavioral and molecular manifestations common to alcohol, psychostimulant, opioid,
and nicotine dependence, attempts to propose a unifying theory of the addictions inevitably face
details where distinctions are found among classes of drugs. For alcohol, versus other drugs of
abuse, we discuss and compare advances in: 1) neurocircuitry important for the different stages of
drug dependence; 2) transcriptomics and genetical genomics; and 3) enduring effects. We note in
particular the contributions of behavioral genetics and animal models: discussions of progress
specifically relevant to treatment development can be found in the accompanying review (Karoly
et al, this issue).
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Introduction

Commonalities in the interoceptive states, behaviors and pathophysiologies associated with
dependence on alcohol, psychostimulant, and opioids (among other drugs) have been the
impetus for proposing unifying theories of addiction that have led to important discoveries
and ultimately shaped the trajectory of our field. Although unifying theories of addiction
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have aided clinical diagnosis, any unifying theory (e.g. psychomotor-stimulant, incentive-
sensitization, hedonic allostasis, aberrant learning, and fronto-striatal dysfunction) inevitably
cannot account for some behavioral and molecular features distinct to each class of abused
drugs. Ignoring such distinctions may limit scientific and therapeutic advances. We adopt
the framework of the hedonic allostasis model for convenience (Koob and Le Moal, 2008)
and because it emphasizes developmental changes during the course of addiction, but make
no attempt to compare the various unifying theories critically.

Some major commonalities are found in the existence of specific brain circuitry dedicated to
hedonic processes, which is based on early studies showing that electrical stimulation of
specific brain regions is rewarding in rats (Olds and Milner, 1954). Subsequent studies
showed that natural and drug rewards recruit similar brain circuitry, namely the
mesotelencephalic dopamine system (Koob and Volkow, 2010, Stuber et al., 2012).
Additionally, different pharmacological classes of abused drugs increase expression of
immediate early genes (i.e. c-Fos, Arc) and alter expression of proteins involved in long-
term adaptive changes (i.e. AFosB) in the same brain regions (Lobo et al., 2013, McClung et
al., 2004). Further, many studies implicate the same neurotransmitter systems (e.g.
glutamate, dopamine, GABA, CRF and other peptides, as well as immune function genes) as
mediators of behavioral responses to several classes of abused drugs (Koob and Volkow,
2010). Irrespective of the type of drug abused, there are similar hedonic states, feelings and
behaviors associated with each stage of drug dependence. For example, “liking” is
associated with the early “binge/intoxication” stage, where self-administration is postulated
to be maintained by rewarding consequences. Negative affect is associated with cycles of
acute and chronic drug abstinence leading to withdrawal, and feelings of “preoccupation/
anticipation” are associated with drug seeking behavior during the later stage of allostatic
dysregulation in the drug dependent state (Koob and Volkow, 2010).

We compare recent findings on the role of brain circuitry, gene expression, plasticity, and
genetic risk factors for different classes of drugs in the context of rodent models. We
highlight places where alcohol differs from other abused drugs. To keep the scope
manageable, we concentrate on comparisons of recently published studies using voluntary
drug self-administration. Consideration of similarities and differences specifically relevant
to development of novel pharmacotherapies is a focus of the accompanying review (Karoly
et al, this issue).

Brain Circuitry

The mesotelencephalic dopamine system has long been a focus for addiction researchers.
This system is comprised of the nigrostriatal, mesolimbic, and mesocortical pathways which
consists of DA cell bodies in the substantia nigra and ventral tegmental area (VTA) that
project to a number of regions, including the ventral striatum (nucleus accumbens (NAc)
core and shell subdivisions), dorsal striatum, amygdala (5 distinct sub-regions), and medial
prefrontal cortical regions (mPFC). There are a number of additional brain regions shown to
be important for alcohol and other drug intake, such as the ventral pallidum (\VVP), bed
nucleus of the stria terminalis (BNST), habenula (Hb), lateral septum, hippocampus (HIP),
and insular cortex (Koob and Volkow, 2010, Marchant et al., 2014, Volkow et al., 2004).
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Figure 1 illustrates brain regions important for cocaine (a), methamphetamine (b), alcohol
(c), heroin (d) and Nicotine (e) self-administration and drug-seeking behaviors. Table 1
provides additional information on the effects of region specific lesions, administration of
intracranial injections of pharmacological agents, and optogenetic- or Designer Receptors
Exclusively Activated by Designer Drugs (DREADD)- based activity manipulations on drug
taking and seeking behaviors. Notably, Figure 1 and table 1 are not comprehensive, as the
scope of this review is limited to recent studies that have further elucidated the importance
of specific striatal cell types, neuronal firing patterns, and neuronal projections in
reinforcing and drug-related behaviors.

Although there are similarities in the brain regions implicated in each stage of the addiction
cycle, the role of these regions can differ depending on the class of drug and the type of
paradigm employed. Together, the studies discussed in this section suggest that an
understanding of only dopamine reward cannot account for the reinforcing properties of all
abused drugs. Rather, studies point to the existence of multiple important inputs to the
ventral and dorsal striatum that play an important role in the development of dependence for
each class of drugs. Given some of the symptom commonalities during each stage of the
addiction cycle, it is not surprising that similar brain regions are involved in these particular
behaviors, regardless of the class of abused drug. The NAc plays a major role in pleasurable
feelings during binge-like use, while the amygdala is implicated in increased anxiety and
anhedonia during withdrawal. Cortical projections to the NAc are important for drug-
seeking behavior. It is possible that the differences in cortical brain regions engaged by each
class of drug during drug-seeking may reflect the different interoceptive effects of the drug,
as well as the cues associated with that psychological state.

The Role of Dopamine in Alcohol and Drug Self-Administration—Different
aspects of this circuitry are engaged during each of the three stages of addiction: binge/
intoxication, withdrawal/negative affect, and preoccupation/anticipation. The binge/
intoxication stage is associated with the acute reinforcing properties drugs of abuse,
including ethanol, cannabinoids, opiates, nicotine, amphetamine, and cocaine. Each these
abused drugs activates the mesolimbic dopamine system and increases levels of dopamine in
the striatum; however, different drugs effect this through different mechanisms (Di Chiara
and Imperato, 1988, Kornetsky and Esposito, 1979, Oleson and Cheer, 2012, Koob and
Volkow, 2010, Wang et al., 2014). Despite this commonality, activation of the midbrain
dopamine system is not critical for the reinforcing effects of all drugs. For example,
dopamine (DA) receptor blockade, as well as selective lesions of loci within the mesolimbic
DA system, results in decreased cocaine and d-amphetamine self-administration, but not that
of ethanol, heroin, or morphine (Koistinen et al., 2001, Koob and Le Moal, 2005, McGregor
and Roberts, 1993, Pettit et al., 1984). Further, blockade of dopamine receptors in the NAc
increases the reinforcing efficacy of nicotine (Laviolette and van der Kooy, 2003, Sun and
Laviolette, 2015).

The NAc is composed mainly of GABAergic medium spiny neurons (MSN) that are
differentiated by their enrichment in expression of dopamine receptor 1 (Drd1) or dopamine
receptor 2 (Drd2) as well as several other genes, and by their distinct projections through the
cortico-basal ganglia pathway (the direct and indirect pathways, respectively). Studies have
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uncovered opposing roles for these cell types and pathways in reinforcing behaviors.
Optogenetic stimulation of the striatal direct (D1 MSNs) pathway mimicked reward
(resulted in reinforcing behaviors), whereas stimulation of the indirect (D2 MSNs) pathway
mimicked punishment (reduced the probability of performing future actions) (Kravitz et al.,
2012). Additionally, both types of behavioral effects remained intact in the presence of
dopamine receptor antagonists. Sources of glutamate input to the striatum and their role in
alcohol and drug self-administration are discussed further below. Notably, similar cell-type
and pathway specific effects have been found for cocaine self-administration; alcohol and
other drugs have not been tested in a comparable way. Inhibition of D2-MSNs in the NAc
core using a pharmacogenetic approach (DREADDs) enhanced the motivation to obtain
cocaine, whereas optogenetic activation of D2-MSNs suppressed cocaine self-administration
(Bock et al., 2013).

Circuitry Controlling Binge Use and the Transition to Habitual Behaviors—The
transition to from binge use to addiction involves changes in mesolimbic regions that may
begin with a cascade of neuroadaptations from the ventral striatum to dorsal striatum and
orbitofrontal cortex and eventually dysregulation of the extended amygdala and cortical
regions (prefrontal and cingulate) (Koob and Volkow, 2010). Other recent studies have also
employed optogenetics and/or brain region specific delivery of various pharmacological
agents to better understand this circuitry in models of drug self-administration. Optogenetic
stimulation patterns can be used to mimic tonic and phasic patterns of DA firing with
significant behavioral relevance. For instance, tonic, but not phasic, stimulation of VTA
dopamine cells attenuated ethanol drinking in rats (Bass et al., 2013). It will be of interest to
determine whether these effects are specific to a particular projection region, such as the
ventral striatum (NAc) or mPFC. A study by Stefanik et al. (2013) suggests there may exist
a distinction here between alcohol and cocaine. Stefanik et al. (2013) found that optogenetic
inhibition of VTA neurons projecting to the NAc core abolished reinstated cocaine seeking.
Together, these studies further support that reducing DA mediated signaling reduces intake
of stimulants and introduce new evidence that increasing tonic firing of DA neurons
decreases ethanol intake. It has been recently noted that dopaminergic projections to the
NACc, but not the dorsal striatum, are capable of co-releasing glutamate under specific
conditions (Stuber et al., 2010). However, the specific role of glutamate release from DA
neurons in drug-related behaviors is currently understudied.

Frontal cortical and dorsal striatal regions have been implicated in the transition to
dependence. Recent studies with natural (sucrose pellet) and drug (alcohol and cocaine)
rewards have elegantly illustrated an important role for the shift in orbital frontal cortex and
dorsal medial striatum control of goal-directed behaviors to dorsal lateral striatum control of
habitual behaviors, which is of critical interest for research on the mechanisms mediating the
transition from abuse to dependence (Corbit et al., 2012, Gremel and Costa, 2013, Belin-
Rauscent et al., 2012, Murray et al., 2014). It has recently been discovered that
dopaminergic terminals in the dorsal striatum are capable of releasing GABA (Tritsch et al.,
2012). More studies are needed to understand how regional specific co-release of DA and
GABA influences specific circuits and their role in drug-related behaviors. Moving forward,
it will be important to determine whether there are distinct responses to different drugs for
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these regions. It would also be advantageous to identify pharmacotherapies that can
effectively enable normal goal-directed behavior without loss of control. Such a drug might
target drug-related maladaptive habits or the compulsive-like nature of drug self-
administration by increasing neuroplasticity, or by rendering the OFC/dorsal medial striatum
labile again.

Circuitry Underlying Negative Affect and the Aversive Effects Associated with
Alcohol and Drug Self-Administration—Regulation of alcohol and other drug intake is
thought to reflect a balance of the positive and negative affective properties of alcohol or
drugs of abuse, where increases in self-administration occur when rewarding effects of the
drug are of greater magnitude than the aversive effects (Davis and Riley, 2010). The
aversive and negative emotional states associated with alcohol and drug withdrawal are
thought to promote continued alcohol and drug abuse and engage the extended amygdala,
including the CeA and BNST. Withdrawal and negative affect are associated with reductions
in levels of synaptic mesolimbic DA, accumbal serotonin and dynorphin, and increased
amygdala CRF (Cui et al., 2013, Koob and Volkow, 2010). An important, but understudied,
feature in the development of dependence is an individual's loss of self-regulation by the
negative consequences of chronic alcohol and/or drug abuse. This is manifested by coming
to ignore the negative medical and social consequences of their abuse, as well as by a shift
toward increasing strength of motivation to reduce unpleasant consequences of withdrawal
during abstinence (i.e., self-medication). Recent research has attempted to model negative
consequences by seeking evidence of persistent self-administration in dependent animals
when punishment is explicitly associated with self-administration. The insular cortex and the
lateral habenula are implicated in mediating interoceptive states and processing aversive
information (learning to avoid negative outcomes), respectively. Seif et al. (2013) showed
that optogenetic inhibition of glutamatergic projections from either the medial prefrontal
(mPFC) or insular cortex to the NAc core specifically reduced alcohol intake that was paired
with aversive stimuli (foot shock or quinine adulterated alcohol solution) in both an operant
self-administration paradigm and two-bottle choice ethanol drinking. A major strength of
this study is that the authors use a paradigm of self-administration that models a major
symptom of dependence (continued use despite negative consequences). It will be important
to further study whether the same circuitry is engaged for intake of other drugs accompanied
by adverse consequences.

Matsumoto and Hikosaka (2007) identified the lateral Hb as a mediator of aversive-related
stimuli (Matsumoto and Hikosaka, 2007). This study generated great interest for addiction
researchers, since there was very little known about the brain processes important for
negative or aversive events related to drugs of abuse. Interestingly, chronic intermittent
alcohol (a procedure that produces escalated alcohol intake) results in reduced sensitivity to
the aversive effects of alcohol (Lopez et al., 2012). Both the medial and lateral Hb have been
implicated in mediating the aversive effects of alcohol, nicotine, cocaine, and morphine
(Friedman et al., 2010, Haack et al., 2014, Velasquez et al., 2014). Although Hb lesions do
not alter heroin self-administration, lesions or lidocaine-induced inactivation of the Hb can
increase ethanol intake and attenuate the aversive effects of ethanol (LHb), increase nicotine
self-administration (MHb), as well as prevent extinction of cocaine seeking (LHb)
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(Friedman et al., 2010, Fowler et al., 2011, Haack et al., 2014, Wang et al., 2009). Notably,
different LHb stimulation patterns can result in increased (low freguency stimulation),
unaltered (high frequency stimulation), or reduced (combined pattern of high and low
stimulations) cocaine seeking (Friedman et al., 2010). The ability to bi-directionally
modulate cocaine-seeking behaviors with different LHb stimulation patterns provides a
unique opportunity for testing novel therapeutics using ex vivo and in vivo electrophysiology
in animals with drug self-administration experience. More studies are needed to better
understand the role of this brain region in mediating the aversive effects of alcohol and other
drugs. Interventions at this stage would be extremely beneficial in harm reduction, a major
goal for alcohol research.

Circuitry Controlling Alcohol- and Drug-Seeking Behaviors—In animals that have
learned to acquire drug administration associated with a cue and have then extinguished
responding, reinstatement of drug self-administration behaviors (i.e., alcohol- or drug-
seeking) can be induced using priming (i.e., administering the drug to re-establish its
interoceptive effects), presentation of drug-associated cues (including context — see Figure
1), and/or inducing a presumed negative emotional state by a stressor. While there are a
number of studies examining the involvement of specific brain regions in drug-seeking, few
direct comparisons across drug classes can be made due to procedural differences in
methods used to induce reinstatement. The NAc shell is most consistently implicated in this
behavior across different classes of drugs (Marchant et al., 2014). Antagonism of dopamine
or glutamate receptors in the NAc shell reduces reinstatement responding for alcohol,
cocaine, and heroin (Bossert et al., 2007, Chaudhri et al., 2009, Fuchs et al., 2008, Xie et al.,
2012).

However, notable distinctions among drugs of abuse exist for the role of different brain
regions that project to the NAc in context-induced drug seeking across drug classes. There
are several studies of cocaine self-administration and seeking behavior, and only a few for
alcohol, that identify pathway specific behavioral effects for the role of mPFC sub-regions
in context-induced drug seeking. Dorsal (including prelimbic (PrL)) and ventral [including
infralimbic (IL)] mPFC regions provide glutamatergic input to the NAc core, whereas the
ventral mPFC provides glutamatergic input to the NAc shell (Brog et al., 1993, Sesack et al.,
1989). Chen et al. (2013) found marked reductions in PrL excitability in a rat model of
compulsive cocaine seeking, where optogenetic PrL stimulation decreased compulsive drug-
seeking behaviors. This finding was specific to a subgroup of rats that exhibited continued
cocaine seeking despite delivery of noxious foot shocks. In contrast, paradigms that do not
model drug seeking despite negative consequence indicate an opposite role for the PrL in
drug-seeking behaviors. Specifically, inactivation of the dorsal mPFC (including PrL)
resulted in reduced context-induced alcohol or cocaine seeking (Fuchs et al., 2005,
Willcocks and McNally, 2013). Additionally, inhibition of glutamatergic projections from
the PrL to the NAc core increased cocaine-seeking behavior (Stefanik et al., 2012).
Interestingly, pharmacological inactivation or optogenetic induction of long term depression
(LTD) in glutamatergic projections from the IL-to-NAc shell can reinstate cocaine seeking,
suggests opposite modulation of cocaine seeking by PrL-to-NAc core and IL-to-NAc shell
projections (LaLumiere et al., 2012, Peters et al., 2009, Ma et al., 2014). In contrast to
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findings for cocaine, inactivation of the ventral mPFC (including IL) reduced context-
induced reinstatement of heroin seeking (Bossert et al., 2007, 2011).

Another source of glutamatergic input to the NAc is the ventral HIP. Inactivation of the
ventral HIP reduces context-induced cocaine and heroin seeking (Bossert and Stern, 2014,
Lasseter et al., 2010). Additionally, theta burst stimulation of the ventral HIP reinstates
responding for cocaine (Vorel et al., 2001). Further, inactivation of the dorsal HIP and the
dorsal HIP-to-BLA projection reduces context-dependent reinstatement of responding for
cocaine (Fuchs et al., 2005, Fuchs et al., 2007). The role of ventral and dorsal HIP have not
been tested in comparable manner for alcohol. However, Marinelli et al. (2010) found that
blockade of opioid receptors in the BLA, but not dorsal HIP, reduced context-induced
reinstatement of alcohol seeking (Marinelli et al., 2010).

In summary, glutamatergic projections from the ventral and dorsal mPFC differentially
contribute to cocaine seeking; the HIP mediates cocaine and heroin seeking; and opioid
transmission in the BLA is an important mediator of context-induced alcohol seeking. These
recently published drug self-administration studies have been highlighted because drug-
seeking behavior could be compared across drug classes without the confounding influence
of drug-priming (for different classes of drugs) or stressors (which may differentially affect
the pathophysiological state associated with each type of drug abuse).

We described above the importance of specific dopaminergic and glutamatergic inputs to the
NACc in alcohol and drug-seeking behavior. The NAc projects to the VP, a region implicated
in alcohol and drug-taking and -seeking behaviors. For instance, lesions of the VP reduced
heroin and cocaine self-administration (Hubner and Koob, 1990) and optogenetic inhibition
of the NAc core projections specifically to the VP reduced the reacquisition of alcohol
relapse-like behavior (Khoo et al., 2015). Further, optogenetic inhibition of NAc projections
to the VP reduced cocaine relapse-like behaviors (Stefanik et al., 2013). Stefanik et al.
(2013) further interrogated this pathway and found that optogenetic inhibition of VTA
inputs to the NAcore reduced cocaine-plus-cue-induced reinstatement of cocaine seeking.
Furthermore, Mahler et al. (2014) found that DREADD-mediated inhibition of VP neurons
projecting to the VTA reduced cocaine-seeking behaviors. This work also revealed an
important role for the rostral VP in cue-induced cocaine seeking and the caudal VP in
cocaine-induced cocaine seeking behaviors, a sub-regional distinction previously
undescribed (Mahler et al., 2014). An obvious gap exists in the literature regarding the
importance of these circuits for other drugs of abuse (alcohol, methamphetamine, nicotine):
thus, much insight can be gained in future studies with other drugs of abuse by employing
context-induced drug-seeking paradigms.

Transcriptomics

Over the past 15 or so years, every aspect of high throughput measurement of gene
expression has rapidly evolved, including types of tissues collected (whole brain, brain
regions, cell types), types of RNA isolated, detection methods (differential display, serial
analysis of gene expression, microarray, whole transcriptome sequencing), and of course,
various statistical approaches for the analysis of large data sets. Furthermore, we continue to
identify new genes and characterize their functions at an astounding rate. This means that

Alcohol Clin Exp Res. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ozburn et al.

Page 8

genes identified in a study today may not have even been represented on an array or in a
functional category in a study published 5 years ago.

Another complication in the comparison of gene expression findings across classes of drugs
are the use of different species, strains, sexes, paradigms employed for drug experience,
brain region of interest, time of tissue collection after last drug experience, platform for
detection, and type of analysis employed. Much more work has been published using
alcohol than other drugs of abuse. Therefore, this section of the review will focus on a few
take-home messages from specific studies with alcohol thus far.

The first message is that different alcohol-drinking paradigms do not result in similar
patterns of gene expression, even when the different paradigms result in comparable intake.
Osterndorff-Kahanek et al. (2013) compared gene expression in the PFC of female
C57BL/6J mice using three different paradigms for voluntary consumption of a 20% ethanol
solution (for approximately one month): chronic continuous two bottle choice, two bottle
choice available every other day (chronic intermittent paradigm) and limited access to one
bottle of ethanol (Drinking In the Dark, or DID, paradigm). An unexpected finding from this
work is the distinct effects of the three alcohol paradigms on the PFC transcriptome. Total
ethanol consumption generally paralleled the relative amount of gene regulation; mice from
the chronic continuous access and chronic intermittent access groups had greater ethanol
consumption and a larger number of alcohol-regulated genes than the lower total intake DID
group. There were 531 differentially expressed genes identified in the PFC of mice from the
chronic continuous access group, 587 in the chronic intermittent group, and 445 in DID
group, with significant overlap of specific genes observed between chronic continuous and
chronic intermittent access groups. Studies by Rodd et al. (2008) and Bell et al. (2009) also
illustrate distinct changes in rat brain gene expression depending on the alcohol paradigm
employed (operant self-administration, multiple periods of scheduled (limited) access, and
continuous access) (Bell et al., 2009, Rodd et al., 2008). That apparently limited consilience
exists within a drug class suggests that it may be optimistic to expect firm conclusions from
comparisons across multiple classes of drugs. Interestingly, there are a few published studies
comparing the effects of different classes of abused drugs on gene expression from human
post-mortem tissue (Enoch et al., 2014; Li et al., 2012; Zhou et al., 2011). However, using
mouse models, Le Merrer et al (2012) examined expression levels of a set of approximately
100 mu-opioid receptor-dependent genes in the extended amygdala 4 weeks after
experimenter administered chronic morphine, nicotine, THC or alcohol. This study
identified 9 genes whose expression was changed in a similar pattern across all drugs of
abuse (including Pdel10a, discussed below). A meta-analysis or critical review of the
existing data collected from animals that self-administered different drugs would be useful
for identifying drug-specific, rather than drug-responsive, cellular adaptations. Such an
analysis could synthesize results from several studies (Jacobs et al., 2005, Cadet et al., 2014,
Fernandez-Castillo et al., 2012, Krasnova et al., 2013, Rodd et al., 2008, Yuferov et al.,
2005).

The second message is more positive. Collaborative efforts of researchers have led to the
successful identification of candidate genes for high alcohol intake, among other alcohol-
related traits. Using pharmacological or RNAI targeting strategies, genes identified by their
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altered expression in multiple studies with alcohol have been shown to affect alcohol self-
administration. Those genes include peroxisome proliferator-activated receptors (PPARS)
and other neuroimmune modulators, circadian genes, phosphodiesterase 4 and
phosphodiesterase 10a (Blednov et al., 2015, Blednov et al., 2014, Franklin et al., 2015,
Ferguson et al., 2014, Perreau-Lenz et al., 2012, Ozburn et al., 2013, Robinson et al., 2014,
Melendez et al., 2012, Logrip et al., 2014, Logrip and Zorrilla, 2014). Interestingly, PPARa
agonists also decrease nicotine self-administration and nicotine-induced reinstatement in rats
and monkeys, but did not alter food- or cocaine-reinforced operant behavior (Mascia et al.,
2011). Administration of the PPARY agonist, pioglitazone, decreased heroin self-
administration and reduced opioid-induced excitation of VTA DA neurons (via reduction of
presynaptic GABA release from the rostromedial tegmental nucleus) (de Guglielmo et al.,
2015). Many of the target genes identified and validated, such as PPARs, are regulated in a
circadian manner. Interestingly, PPARs are important for the integration of metabolic
processes with the molecular clock (Chen and Yang, 2014). Reduced expression and
function of circadian genes lead to increased alcohol (Clock and Per2) and cocaine (Clock),
but not nicotine (Clock) self-administration (Abarca et al., 2002, Bernardi and Spanagel,
2013, Ozburn et al., 2012, Ozburn et al., 2013, Parekh et al., 2015).

The third message is that transcriptomics is a powerful tool for advancing addiction
research, as well as for identifying basic biological processes. Transcriptomics has generally
been characterized as hypothesis generating. However, one often-overlooked point is that
these studies are critically important for building our foundational knowledge of cellular
processes. With advances in whole genome and transcriptome sequencing, new
transcriptional regulatory elements have been identified (e.g. eRNAs, piRNAs, SnoRNAS)
and transcriptional architecture and chromatin landscapes have been determined (Kim et al.,
2010, Koike et al., 2012, Zhang et al., 2014). Further, advances in whole transcriptome
sequencing allow for the identification of drug effects on the expression of not only protein-
coding genes but also particular splice variants, miRNAs, or IncRNAs (long noncoding
RNAS). Interestingly, recent studies have identified a role for piRNAs in memory,
epigenetics, and transgenerational inheritance (Lutejin et al., 2013; Landry et al., 2013). The
contributions of small RNA guided gene regulation to drug-related behaviors are not yet
known, but represent an attractive mechanism for the long-term behavioral changes
associated with alcohol and other drugs. In the future, to interpret a transcriptional
experiment it will be necessary to better understand the role of RNAs that are considered to
be the most important differentially expressed genes by differentiating them from simply
one differentially expressed gene in a long list.

The alcohol field has embraced a variety of genetic animal models (discussed further
below), and this genetic diversity allows for integration of genetics and gene expression,
also known as genetical genomics. The integration of phenotypic, genetic, and transcriptome
data sets has identified a number of behaviorally relevant genes (e.g. the role of Mpdz in
alcohol withdrawal as described in Kruse et al., 2014). There is much left to learn about the
effects of alcohol and other drug self-administration by interrogating the transcriptional
architecture and chromatin landscapes via the integration of whole genome sequencing,
RNA Seq, ChIP Seq, and DNA methylation data.
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Differences in lasting effects of alcohol and other drugs

Pharmacology and the inflammatory response—As described above (in other
paragraphs focused on anatomy, circuitry, behavior and transcriptomics) and in the
accompanying review by Karoly et al. (submitted), there are similarities in the
pharmacological and neurochemical long-term effects of abused substances, as well as
significant differences. Unfortunately, there are missing data that prevents direct
comparisons across abused substances and subsequent unifying conclusions on their
mechanism(s) of action. One recently described potential mechanism that appears to be
involved in multiple long-term drug effects is activation of the trace amine associated
receptor 1 (TAARL). As compared to its lack of direct effects at other biogenic amine
receptors, methamphetamine and many of its analogues are agonists at TAARL, as is
lysergic acid diethylamide (LSD). However, cocaine is not an agonist at the TAAR1, and
based on structure activity relationship studies, it is unlikely that heroin or ethanol directly
stimulate the receptor (Bunzow et al., 2001; Borowsky et al., 2001; Wainscott et al., 2007).
Consistent with this finding, there are behavioral effects of methamphetamine that are
consistent with chronic activation of the TAARL. Those effects are corroborated in knockout
mice, but effects on conditioned place preference in the knockout animals, for instance, do
not generalize to morphine (Achat-Mendes et al., 2012). Studies using selectively bred
methamphetamine high- and low-drinking mice (described below) indicate that TAAR1
activation confers sensitivity to the aversive effects of the drug, and Taarl knockout mice or
mice with a non-synonymous SNP that results in a non-functional receptor freely ingest the
drug as compared with animals with a functional receptor (Harkness et al., 2015).
Interestingly, in a similar 2-bottle choice paradigm involving ethanol instead of
methamphetamine, Taarl knockout mice drank more ethanol than wild-type mice, and were
more sensitive to its sedative-like effects (Lynch et al., 2013). TAARL1 receptors regulate
dopamine release in an autoreceptor-like manner (Lindemann et al., 2008; Revel et al., 2012;
Leo et al., 2014), and in vitro and ex vivo experiments suggest that TAARL regulates
dopamine transporter function (Xie et al., 2008). Thus, it is quite possible that TAAR1
represents a step upstream from common pharmacological mechanisms of drug abuse
involving dopamine. Long term consequences of TAAR1 stimulation are difficult to assess
because drugs that stimulate the receptor, such as the amphetamines, or the trace amines,
also alter the function of biogenic amine transporters. However, treatment of primary human
astrocytes in culture with methamphetamine increases TAAR1 expression and function, and
the effect on expression is increased by HIV-1 (Cisneros and Ghorpade 2014).

This latter finding involving astrocytes is important because of the potential role of the
inflammatory/immune response in the behavioral consequences of long-term drug abuse and
dependence. Long-term exposure to methamphetamine alters cytokine responses in animals
and human subjects (Loftis et al., 2011). In addition, the methamphetamine high- and low-
drinking mice differ in a number of inflammatory pathway markers (Wheeler et al., 2009).
Likewise, Toll like receptor (TLR) 2 knockout animals have an attenuated response to
morphine as measured by microglia activation and proinflammatory cytokine release (Zhang
et al., 2011). Evidence that cocaine is involved in a cytokine signaling response, however, is
either contradictory or suggests that the drug does not exert its effects directly through
alteration of cytokine activity (Chang et al., 1995; Fernandez-Espejo 2009). Nicotine, an
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immunosuppressant, may exert it effects via alteration of IL-1f3 expression, and long-term
exposure down regulates an initial IL-1p increase. Further, changes in the cytokine parallel
changes in resistance to proinflammatroy stimulation (Razani-Boroujerdi et al., 2011).
Ethanol's effects on cytokine release and on cytokine signaling responses are robust, and
speculation on mechanisms for the effects include possible involvement of TLR4 and high-
mobility group box 1 (HMGB-1) (reviewed in Crews and Vetreno, 2015).

Thus, long-term effects of a number of drugs of abuse could involve alterations in various
intermediates in the immune/inflammatory response, in the brain regions described in
various sections of this review. Interestingly, TAARL is expressed on lymphocytes (Nelson
et al., 2007), and the evidence involving astrocytes described above is complemented by
studies on TAARL's role in cytokine signaling via alteration of T cell gene expression and
function (Wasik et al., 2012; Panas et al., 2012; Babusyte et al., 2013). Because the immune
system responds to environmental stimuli, epigenetics may well play a central role in how
abused drugs affect this system.

Epigenetics—Alcohol and drug dependence are accompanied by long-term effects on
behavior. The stability of behavioral alterations associated with chronic abuse suggests
maladaptive neuroplasticity via epigenetic, transcriptional, electrophysiological, and
morphological mechanisms. Epigenetic modifications of chromatin structure are carried by
enzymes. One such class of enzymes is histone deacetylases (HDACs; a transcriptionally
silencing enzyme). Treatment with HDAC inhibitors results in significantly reduced
excessive alcohol intake in three different alcohol-drinking paradigms and reduced anxiety
in dependent animals (Sakharkar et al., 2012, Simon-O'Brien et al., 2014). HDAC inhibitors
have also been shown to reduce the reinforcing properties of and motivation for cocaine, but
not sucrose, as well as reinstatement of cocaine-primed drug-seeking (Romieu et al., 2011,
Romieu et al., 2008). While additional studies of the effects of HDAC inhibition on other
classes of drug self-administration may uncover class specific drug effects, HDAC inhibitors
have also been shown to enhance mood and cognition (Penney and Tsai, 2014).
Comprehensive reviews highlight the important role of epigenetics in abuse of alcohol
(Krishnan et al., 2014) and other drugs (Robison and Nestler, 2011; Walker et al., 2015).

Plasticity—During reinforcement learning, such as operant drug self-administration,
phasic dopamine bursts may induce long-lasting changes in striatal plasticity, including
long-term potentiation via D1 receptor activation and long-term depression via D2 receptor
activation. Under conditions of repeated alcohol or drug use, co-occurrence of striatal inputs
might change efficacy at corticostriatal and thalamostriatal synapses through glutamate
receptor—driven plasticity. For instance, Jeanes et al. (2014) observed low frequency-
induced long-term depression (LTD) of AMPA-mediated excitatory postsynaptic currents in
D1-MSNs that was absent after chronic intermittent ethanol (CIE) vapor exposure.
Interestingly, after CIE, LTD was observed only in D2-MSNs. These alterations in plasticity
recovered after 2 weeks of withdrawal from CIE. Kasenetz et al. (2010) found that cocaine
self-administration also suppresses LTD in the NAc. Some of the cocaine self-administering
rats progressively developed an addiction-like phenotype and these animals exhibited
permanently impaired LTD, whereas animals maintaining cocaine intake exhibit recovery of

Alcohol Clin Exp Res. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ozburn et al.

Page 12

LTD (Kasenetz et al., 2010). Moreover, low perseverance and motivation for cocaine
correlated with greater synaptic potentiation of glutamatergic inputs onto indirect pathway
D2-MSNs of the NAc (Bock et al., 2013). Together, these results suggest that alcohol
dependence and perseverant cocaine taking differentially alter long-lasting depression of
excitatory synaptic transmission in the NAc. However, it appears that this plasticity is
eventually restored during cocaine taking that is not perseverant in nature.

Behavioral Genetics and Animal Models

Alcohol research has long employed behavioral genetics tools in the form of rodent models.
For example, an early comprehensive review of genetic contributions to drugs of abuse
required 200 pages devoted to alcohol studies vs less than 100 pages to psychostimulants,
opioids, nicotine, and barbiturates/benzodiazepines combined (Crabbe and Harris, 1991).
The field of alcohol research remains distinguished from other abused substances by the
large number of rodent lines selectively bred to respond differentially to alcohol. A recent
compilation identified 20 pairs of rat or mouse lines selected mostly for high vs low drinking
traits, but also for sensitivity, tolerance, and withdrawal severity (Crabbe, 2014). The early
establishment of long-term, genetically stable animal models has allowed accumulation of
much useful information over the years. For example, knowledge of the consequences of
chronic drug use on gene expression is derived heavily from alcohol-selected rats and mice
(see above).

The use of genetic selection is not confined to alcohol, as lines of mice have been bred for
sensitivity to levorphanol and diazepam, but neither of these lines currently exist. Recently,
lines of rats have been directionally selected for high vs low nicotine intake, but these
animals have not yet been studied for other traits to date (Nesil et al, 2013). Tamara Phillips’
laboratory has been pursuing genetic contributions to methamphetamine self-administration
in mice derived from C57BL/6J x DBA/2J crosses through repeated selections for high
versus low voluntary drinking. Three sets of lines have been sequentially bred for 4-5
generations and several genetic correlates have been found in multiple pairs of these lines.
The genetic structure underlying methamphetamine risk have been explored with gene
mapping and network analyses (Eastwood et al, 2014: Eastwood and Phillips, 2014;
Harkness et al, 2015; Belknap et al, 2013). Interestingly, substance abuse researchers have
instead elected to select rats for extremes in traits thought to be comorbid with or
predisposing to substance abuse, such as or intake of the sweet tastant, saccharin (Carroll et
al., 2008). Rats selected for high saccharin intake (HiS), when compared with those selected
for LoS, have been examined for many cocaine-related behaviors consistent with cocaine
addiction liability (e.g., acquisition, maintenance, extinction, reinstatement) and generally
exhibit greater responding. Limited studies extend this difference to heroin and alcohol
(Gosnell et al., 2010;Carroll et al., 2008). Rats bred for differential response to novelty also
differ for other related traits and respond differentially to cocaine (Flagel et al., 2014) but do
not appear to have been tested for other drugs. Rats shown to have greater impulsive-like
behavior also acquire cocaine self-administration more readily; however, because these
studies are based on comparing high vs low scoring animals from a single generation, it
cannot be determined whether such differences are heritable (Perry et al., 2008;Broos et al.,
2012;Jupp et al., 2013).
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In contrast with alcohol studies, genetic studies of abuse of other substances have
concentrated heavily on the use of gene-targeted animals, usually knockout preparations.
Systematic studies with null mutants targeting multiple opioid and cannabinoid receptors
and peptides have shown effects on multiple drugs of abuse, including alcohol (Charbogne
et al., 2014). Similar catalogs of single-gene studies specifically targeting alcohol responses
have been published elsewhere (Crabbe et al., 2011; Bilbao, 2013). Such comparisons of
gene-derived effects on similar behaviors and physiological systems across multiple drugs of
abuse have proven valuable (Le Merrer et al., 2012). An older study systematically
compared the responses of reference populations (standard inbred mouse strains), to
multiple drugs of abuse in search of signs of genetic associations that could underly
polydrug sensitivity (Belknap et al, 2008). Data continue to accumulate in these reference
populations (for a recent excellent example, see Wiltshire et al, 2015), and much of it has
been contributed to the Mouse Phenome Database (www.phenome.jax.org), but to our
knowledge, there have been no recent large-scale systematic syntheses of data seeking
genetic commonalities of influence across drugs. Notably, a number of QTL studies for
alcohol drinking have revealed different QTLs for different measures of drinking
(acceptance, drinking, preference, DID, etc.). Additionally, there are relatively few similar
studies for other drugs of abuse. For more information related to this topic, refer to Crabbe
et al. (1999) and Crabbe et al. (1994). The continued development of new genetic
approaches, discussed above, should facilitate the extension of the early gene-by-gene and
drug-by-drug studies. We currently must rely on to systematic comparisons of genetic
influences across multiple drugs of abuse, further differentiating drug-specific
characteristics from more general responses.

Conclusions

Alcohol abuse is comorbid with abuse of many other drugs, some with similar
pharmacology and others quite different. For alcohol, versus other drugs of abuse, we
discussed advances in: 1) neurocircuitry important for the different stages of drug
dependence; 2) transcriptomics and genetical genomics; and 3) enduring effects. We note in
particular the contributions of behavioral genetics and animal models. Similarities generally
include the involvement of the mesotelencephalic system in self-administration behaviors,
lasting effects on neuronal plasticity, and some overlap in affected signaling pathways. The
distinctions are numerous, and often found in the details; even within a drug class (i.e.
different alcohol drinking assays result in distinct transcriptional profiles). The distinctions
highlight how each drug class differentially engages and alters neuronal activity (and
regulatory mechanisms) in specific cell types and projections during each stage of addiction.
In the future, acknowledging these differences may lead to more effective therapies.
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Figure 1.
Brain regions important for cocaine (a), methamphetamine (b), alcohol (c), heroin (d) and

nicotine (e) self-administration behaviors. Black-filled oval= manipulation of this brain
region is important for self-administration behaviors; Gray-filled oval= manipulation of this
brain region has no known effects on self-administration behaviors; Open oval=
manipulation of this region has not been tested in a similar manner; A line from one region
to another indicates a specific projection shown to be important for self-administration-
related behaviors. Abbreviations: BLa= basolateral amygdala; CeA= central amygdala;
EW= Edinger-Westphal nucleus; Hab= habenula; HIP= hippocampus; IL= infralimbic
cortex; LA= lateral amygdala; NAc= nucleus accumbens; PrL= prelimbic cortex; OFC=
orbital frontal cortex; VP= ventral pallidum; VTA= ventral tegmental area.
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