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1. Introduction

Drug abuse impacts critical brain regions resulting in reward-
seeking and craving, drug dependence, withdrawal, and alter-
ations in both anxiety and learning and memory (Koob and Volkow,
2009). Clinical findings document familial patterns of drug use and
dependence (Nielsen et al., 2012). Genome-wide association
studies (GWAS) have identified a number of genes, chromosomal
regions, and allelic variants likely to contribute to drug addiction,
however not all inherited information is present in DNA sequence.
Recently chemical alterations in the genome not related to DNA
sequence variations have been identified following drug exposure
and these epigenetic modifications may contribute to drug abuse
and dependence across familial generations (Hughes, 2014). Spe-
cifically, several phenotypic consequences of drug exposure are
found across multiple generations of offspring, despite no previous
exposure to drug and no allelic or chromosomal variation (Skinner,
2008). Thus, epigenetic modifications could provide a mechanism
underlying the longevity of psychiatric conditions such as drug
abuse both within, as well as across generations (Nielsen et al.,
2012).

The focus of this review is to discuss phenotypic variation
(behavior, neurochemical, and structural) in offspring of drug-
exposed parents and grandparents in animal models. Inheritance
of behavioral changes will be limited to outcomes that measure
drug response and reward sensitivity in animals. In addition,
epigenetic modifications of gene regulation in response to or
mediating the effects of drugs of abuse will be discussed. Finally,
the transmission of epigenetic changes through the germ line as a
mechanism that may underlie transgenerational inheritance will be
reviewed.

2. Epigenetics

In an attempt to rectify the vast differences in use of the term
epigenetics, Adrian Bird proposed a definition that encompasses
both the chemical mechanisms as well as the necessity for inheri-
tance: epigenetics is “the structural adaptation of chromosomal
regions so as to register, signal or perpetuate altered activity states”
(Bird, 2007). Therefore, these chromosomal modifications can be
sudden or accumulate over time in response to exposure to a
stimulus and is, nevertheless, inherited in the absence of the signal
or event that initiated the change (Bird, 2007). In addition, chemical
alterations to the genome, also referred to as the epigenome when
including the DNA packaging, can ultimately change the functional
expression of genes (Bird, 2002). Epigenetic inheritance occurs by
persistence of the modifications through several generations of cell
division or animals (Bird, 2007).

Cellular epigenetic modifications in response to the environ-
ment include chromatin remodeling and DNA methylation
(Skinner, 2011; Daxinger and Whitelaw, 2012). Further explanation
of these modifications can be found in Box 1. There is some

evidence that expression of a class of small noncoding RNAs known
as micro RNAs (miRNAs) can transmit phenotypes to the next
generation (Rassoulzadegan et al., 2006). While miRNAs have been
implicated in the inheritance of stress (Gapp et al., 2014; Rodgers

Box 1
Epigenetic Modifications.

Chromatin Remodeling and Histone Modifications

Histone complexes contain an amino (N) terminal tail that
can undergo modifications; these modifications
“condense” or “relax” the state of DNA wrapped around the
histone. Modifications include acetylation, methylation,
phosphorylation, ubiquitylation, and SUMOylation, how-
ever for the purposes of this review only acetylation and
methylation will be discussed.

Acetylation

Acetylation of histone tail relaxes chromatin and allows for
gene transcription. For example acetylation of histone 3
(AcH3) and acetylation of lysine 14 of histone 3 (aceH3K14)
are both correlated to increased transcription of target
genes.

Methylation

Histone methylation can cause gene activation or repres-
sion depending on the residue undergoing modification.
Histone 3 lysine 4 trimethylation (H3K4me3) causes the
activation of gene transcription while histone 3 lysine 9
dimethylation (H3K9me2) association with a gene is corre-
lated to repression of that gene.

For a thorough review on epigenetic inheritance mecha-
nisms and specifically theories on histone modification
transmission through DNA replication see (Martin and
Zhang, 2007).

DNA methylation

DNA methylation regulates transcription by acting directly
on the genome. In the past research has suggested that the
presence of methyl groups suppresses gene expression,
however this is not always the case. DNA methyl-
transferases (DNMTs) catalyze the addition of a methyl
group onto a cytosine nucleotide that is usually positioned
next to a guanine nucleotide (CpG). Methyl groups are
donated by S-adenosyl methionine (SAM); therefore, the
addition of a methyl onto the cytosine converts the cytosine
to 5-methylcytosine. Gene regulation via DNA methylation
is achieved through CpGs in the regulatory regions (pro-
moters, enhancers, insulator) of genes.
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etal., 2013), there is no evidence to suggest miRNA mediated effects
of drug exposure on offspring. It is quite complex to establish a
mechanism of inheritance that could account for altered behaviors,
biochemical responses, and cellular morphology in the offspring of
FO exposed parents. Therefore, within each drug class epigenetic
changes of interest within the animal exposed will be discussed as
well as any evidence of generational inheritance of chemical
modifications to the genome.

3. Epigenetics across generations

Epigenetic transgenerational inheritance is defined as “germ-
line-mediated inheritance of epigenetic information between
generations in the absence of direct environmental influences that
leads to phenotypic variation” (Skinner, 2011). In contrast, multi-
generational phenotypes are those derived from direct exposure to
the drug. Thus, if drug exposure occurs in FO males or females prior
to pregnancy, the germ cells, which go on to produce the F1 gen-
eration are also “exposed”. Therefore, phenotypes found in FO and
F1 animals are multigenerational and only those present in F2
animals are considered transgenerational as these F2 animals are
the first generation whose cells have not been exposed to drug
(Fig. 1, top).

In contrast, if FO mothers are exposed to drug during pregnancy,
the somatic and germ cells of the F1 offspring receive direct
exposure to the drug in utero (Fig. 1, bottom). Since the germ cells of
the F1 offspring are exposed to drug and the F2 offspring originate
from these exposed germ cells, then the FO parents, F1 and F2
offspring are all exposed to the drug (Skinner, 2008). In this case, FO,
F1, and F2 phenotypes are multigenerational and only phenotypes
observed in the F3 generation and beyond are transgenerational
(Fig. 1).

4. Gamete development and reprogramming
Germline reprogramming events may directly facilitate epige-

netic inheritance across generations. Genome wide DNA methyl-
ation reprogramming occurs at two time points in early embryonic
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Fig. 1. Multigenerational and Transgenerational Phenotypes Following Drug
Exposure. Paternal or maternal exposure paradigms are used as a model for inheri-
tance in rodents. FO males or females exposed to drug prior to mating produce F1
offspring with multigenerational phenotypes and F2 offspring with transgenerational
phenotypes (top). FO females exposed to drug during pregnancy produce F1 and F2
offspring with multigenerational phenotypes and F3 offspring with transgenerational
phenotypes (bottom).

development. Both reprogramming events are well understood in
mice. First, genome-wide DNA demethylation occurs post-
fertilization in the zygote to erase gamete epigenome methylation
in order to promote cellular totipotency in the developing embryo.
However, at this time genomic imprints, methylation on imprinted
genes such as H19 and Igf2, remain intact. Later, a second major
reprogramming event occurs in the germ line where paternal and
maternal somatic programming is erased from most genes,
including imprinted genes. Parent-specific imprints are subse-
quently imposed in the germ line and DNA methylation across the
genome occurs through the action of DNA methyltransferases (for a
complete review see Daxinger and Whitelaw, 2012). During these
periods of reprogramming, exposure to a challenge that increases
or decreases the activity of the epigenomic machinery may lead to
alterations in DNA methylation. Embryonic reprogramming sug-
gests that epigenetic modifications to the DNA made in response to
drug exposure may be lost, however, there is evidence that some
methylation marks escape complete erasure. The best known
example is that of imprinted genes, whose methylation marks are
retained in the developing embryo (Bartolomei, 2009). In addition
there is growing evidence that non-imprinted genes and repetitive
genomic elements escape complete loss of methylation patterning
following reprogramming events (Lane et al., 2003; Orozco et al.,
2014). The retention of genomic methylation patterns in sperm of
exposed parents and brains of offspring may occur following
generational stress (Franklin et al, 2010) or drug-exposure
(Govorko et al., 2012).

Histone acetylation and methylation, although not as well
described as DNA methylation, may also be subject to epigenetic
mechanisms of modulation by drug exposure. Although the vast
majority of histones are replaced by protamines during spermato-
genesis, not all histones are lost and sperm DNA retention within
histones has been discovered in both humans and mice (Bench
et al, 1996; Gatewood et al, 1987; Hammoud et al., 2009).
Furthermore, DNA methylation retention in sperm may be due to
the association of DNA to histones. There is an enrichment of his-
tone bound sperm DNA at loci of imprinted genes and develop-
mentally important genes that retain methylation marks in the
embryo (Hammoud et al., 2009; Wykes and Krawetz, 2003).

Histone variants as well as the presence of histone methyl-
transferases have been identified in mature oocytes and differential
acetylation and methylation has been implicated in oocyte devel-
opment (Wang et al,, 2014a). In addition, histone marks in the
oocyte can be transmitted across generations (Gaydos et al., 2014).
Therefore the genome content in sperm and oocytes along with
chemical modifications are potential carriers of epigenetic
information.

5. Inheritance of drug exposure

Substance abuse is influenced by a genetic component (Kendler
et al.,, 2003; Tsuang et al., 1998), with heritability estimates ranging
from 45% to 79% (Agrawal and Lynskey, 2006; Kendler et al., 2003;
Tsuang et al., 2001). Individuals with a family history of drug abuse
have an 8-fold increase in the likelihood of drug use, suggesting
familial transmission of substance abuse disorders (Merikangas
et al., 1998). The heritability of substance abuse varies depending
on drug class, although polymorphisms altering gene expression
and function are associated with drug-taking susceptibility and
resilience across all substances of abuse (Goldman et al., 2005).

While genetics plays a role in variation of drug initiation and
dependence, progress in identifying genetic factors that are
responsible for addiction risk across most drug classes has been
modest. The contribution of other factors that are involved in
addiction susceptibility must account for the prevalence of drug use
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disorders. Indeed, in addition to the genetic information carried in
the DNA sequence; offspring also receive epigenetic information
from parents in the form of chemical modifications of DNA and
associated histones. These modifications (see Box 1) can signifi-
cantly alter gene expression. In the following sections, we will
discuss the specific epigenetic modifications (if known) that are
associated with multi- and transgenerational inheritance of
phenotype for each drug class.

5.1. Alcohol

The effects of alcohol are mediated through several neuro-
transmitter systems. Alcohol directly reduces glutamate signaling
at the N-methyl-p-aspartate (NMDA) receptor and enhances
gamma amino butyric acid receptor (GABA) signaling at the GABAp
receptor. In addition alcohol mediates increased dopamine and
opioid release. Genetic variation in GABRA2, the gene encoding for
the alpha 2 subunit of the GABAa receptor has been associated with
alcohol dependence in humans and alcohol response in animals
(Demers et al., 2014). In addition, polymorphisms in alcohol de-
hydrogenase and aldehyde dehydrogenase are associated with
alcohol consumption; both genes encode for enzymes responsible
for metabolism of alcohol. Interestingly, variation in alcohol dehy-
drogenase and dopamine receptor or dopamine transporter genes
has been found to epistatically influence alcohol dependence
(reviewed in Demers et al., 2014). Finally, there is evidence to
suggest that genetic variation in serotonin, opioid, and other neu-
romodulatory systems can affect alcohol use (reviewed in Kreek
et al., 2004).

Clinical reports have provided evidence of inherited drug use
behavior in individuals whose parents engage in alcohol con-
sumption. Episodic drinking in both parents and heavy paternal
drinking is correlated with early onset of drinking and amount of
alcohol consumed in offspring (Vermeulen-Smit et al., 2012). The
heritability of alcohol dependence is well-studied with estimates
ranging from 40% to 70% (Agrawal and Lynskey, 2008; Enoch and
Goldman, 1999; Nieratschker et al., 2013). Thus, genetics explains
some but not all alterations in neurochemical response to alcohol.

The behavioral effects of alcohol are well studied as well as the
consequences of parental alcohol use on fetal development. Spe-
cifically, FO mothers exposed to alcohol during pregnancy produce
offspring with neurodevelopmental deficits (Lam et al., 2000) and
alcohol-exposed FO fathers produce several generations of
offspring with developmental and physiological deficits (Friedler,
1996). Inheritance models in animals have identified changes in
reward behavior, neurochemical signaling, and brain morphology
in F1 offspring of FO fathers exposed to alcohol (summarized below
and in Table 1). However, to date, no work has described the neu-
robehavioral effects on offspring of FO alcohol-exposure in mothers
prior to conception.

5.1.1. Behavioral, neurochemical, and structural changes in
offspring of alcohol-exposed parents

Paternal alcohol exposure alters reward directed behaviors in
offspring. Specifically, when FO fathers are exposed to alcohol, male
F1 offspring show increased sensitivity to amphetamine (Abel,
1993) and alcohol (Finegersh and Homanics, 2014). As amphet-
amine and alcohol modulate dopamine signaling in the mesolimbic
pathway, these results suggest that alcohol mediates functional
changes in neuronal dopamine response across generations.
However, alcohol exposed FO fathers appear to pass different
phenotypes to their sons and daughters. FO alcohol-exposed fathers
produce F1 female offspring with increased sensitivity to
amphetamine (Abel, 1993) but not alcohol (Finegersh and
Homanics, 2014).

In addition to drug response, cognitive behaviors implicated in
drug abuse and dependence have been assayed in F1 offspring of FO
fathers exposed to alcohol (Abel and Tan, 1988; Kim et al., 2014;
Meek et al., 2007; Wozniak et al.,, 1991). Decreased fear and
increased aggression is found in F1 mice from FO fathers exposed to
acute alcohol prior to mating (Meek et al., 2007). In addition, FO
alcohol-exposed fathers produce F1 male offspring with deficits in
attention and increased impulsivity (Kim et al., 2014). Learning and
memory in F1 animals are differentially affected by FO alcohol
exposure based on the cognitive task being assayed and the animal
species tested. FO male mice exposed to alcohol produce F1
offspring with enhanced passive avoidance learning (Abel and Lee,
1988) while, in rats, female F1 offspring of FO alcohol-exposed fa-
thers perform worse in a passive avoidance learning task (Abel and
Tan, 1988). However, learning deficits are found in both mice and
rat F1 offspring of FO alcohol-exposed father in working memory
(choice point task in the T-maze) (Abel and Lee, 1988) and spatial
learning (radial arm maze) (Wozniak et al., 1991).

Alcohol also mediates changes in offspring within several
neurotransmitter systems that include dopamine, acetylcholine,
and opioids. Alcohol-exposed fathers produced F1 offspring with
decreased dopamine transporter (DAT) expression in the cortex
and striatum (Kim et al., 2014) and hyperactivity in F1 male
offspring of FO alcohol-exposed fathers is attenuated by increased
levels of acetylcholine through administration of the cholinesterase
inhibitor physostigmine (Abel, 1994). In addition, alcohol exposure
in FO male rats during puberty decreases beta-endorphin, a primary
endogenous ligand for opioid receptors, in the hypothalamus of F1
male offspring (Cicero et al., 1990) and FO females exposed to
alcohol during pregnancy produce F1 males with decreased POMC
(the gene that codes for beta-endorphin and melanocortin)
expression in the arcuate nucleus. In addition, this effect is trans-
mitted to F2 and F3 offspring through the paternal line (Govorko
et al,, 2012). Endocrine signaling from the hypothalamus is essen-
tial for stress response and plays a critical role in the acquisition of
drug addiction (Koob and Volkow, 2009). Thus, these neurochem-
ical changes may establish a multi- and transgenerational vulner-
ability to drug use in offspring of alcohol-exposed fathers.

In addition to behavioral and neurochemical phenotypes, FO
fathers exposed to alcohol produce F1 offspring with altered brain
morphology. Cortical thickening is found in F1 offspring of FO fa-
thers exposed to alcohol before or during mating (Jamerson et al.,
2004). Specifically, alterations in thickness are found in cortical
sections I and V. Layer I receives projections from pyramidal cells of
other cortical layers and layer V contains pyramidal cells. Conse-
quently, the structural effects on these layers suggest alterations in
pyramidal cell density and construction of the cortex. However, in
another study no differences were found in pyramidal cell density
of areas CA1 and CA3 in the hippocampus of offspring derived from
FO fathers exposed to alcohol (Zajac et al., 1989). Therefore, addi-
tional research must be done to better understand the change in
neuronal morphology in F1 offspring of FO fathers exposed to
alcohol.

5.1.2. Alcohol exposure and changes to the epigenome

Alcohol exposure produces a variety of epigenetic modifications
and related gene expression changes in brain reward regions
(Robison and Nestler, 2011). Epigenetic modifications have been
identified within the FO generation of animals exposed to alcohol.
In addition, evidence of multi- and transgenerational epigenetic
changes in animals will be discussed.

Chronic alcohol use upregulates long-term repeat (LTR)
transposons through a decrease in methylation (Ponomarev
et al., 2012). LTR transposons are transposable elements (TEs)
that are typically silenced by the presence of DNA methylation
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Table 1
Multigenerational and Transgenerational phenotypes of FO drug exposure.
Drug FO exposure Generation  Sex of Phenotype Species  Source
affected offspring
affected
Behavior Alcohol Paternal F1 Both Increased sensitivity to amphetamine Rat Abel, 1993
Paternal F1 Male Reduced alcohol intake and increased behavioral =~ Mouse Finegersh and
response to alcohol Homanics, 2014
Paternal F1 Both Decreased fear and increased aggression Mouse Meek et al., 2007
Paternal F1 Male Decreased attention and increased impulsivity Mouse Kim et al., 2014
Paternal F1 Both Enhanced passive avoidance learning and Mouse  Abel and Lee, 1988
deficits in T-maze
Paternal F1 Female Deficits in passive avoidance learning Rat Abel and Tan, 1988
Paternal F1 Both Deficits in radial arm maze learning Rat Wozniak et al., 1991
Paternal F1 Male Hyperactivity attenuated by physostigmine Rat Abel, 1994
treatment
Morphine Maternal F1 Both Increased morphine sensitization (locomotor) Rat Byrnes, 2005
Maternal F1, F2 Male Decreased locomotor response to Rat Byrnes et al., 2013
D1/D2 agonist
Cocaine Paternal F1 Male Resilience to cocaine self-administration Rat Vassoler et al., 2013b
Maternal F1 Male Increased sensitivity to cocaine Rat Sasaki et al., 2014
Paternal F1 Female Learning deficits Mouse He et al., 2006
Paternal F1 Both Increase in depression-like phenotype, Mouse Killinger et al., 2012
no change
in anxiety or learning and memory
CB1/CB2 Maternal F1 Male Increased morphine CPP Rat Byrnes et al., 2012
agonist
(WIN 55, 212-12)
Maternal F1 Female Increased morphine sensitization (locomotor) Rat Vassoler et al., 2013a
A9-THC Both parents  F1 Both Increased heroin self-administration Rat Szutorisz et al., 2014
exposed and and enhanced heroin withdrawal
mated
together
Nicotine Maternal F1, Both Hyperactive, decreased attention Mouse  Zhu et al, 2014
F2, F3
Neurochemical  Alcohol Paternal F1 Both Decreased DAT in cortex and striatum Mouse Kim et al., 2014
Paternal F1 Male Decreased beta-endorphin in hypothalamus Rat Cicero et al., 1990
Maternal F1, Both Decreased POMC expression in arcuate nucleus Rat Govorko et al., 2012
F2, F3
Morphine Paternal F1 Female Increased beta-endorphin in hypothalamus Rat Cicero et al., 1991
Maternal F1 Male Increased kappa-opioid receptor in response to Rat Byrnes et al.,, 2013
D1/D2 agonist in nucleus accumbens
Maternal F1, F2 Male Increased D2 receptor in response to D1/D2 Rat Byrnes et al., 2013
agonist in nucleus accumbens
Maternal F1, F2 Male Decreased quinpirole induced cortiscosterone Rat Byrnes et al., 2013
Cocaine Maternal F1 Male Increased D1 receptor in medial prefrontal Rat Sasaki et al., 2014
cortex
A9-THC Maternal F1 Female Increased Oprm1 in nucleus accumbens Rat Vassoler et al., 2013a
Both parents  F1 Both Decreased expression of cannabinoid, Rat Szutorisz et al., 2014
exposed and dopamine, and glutamate receptors,
mated reduced NMDA binding and enhanced
together LTD in the dorsal striatum
Structural Alcohol Paternal F1 Both Cortical thickening Rat Jamerson et al., 2004
Physiological Paternal F1 Both No change in pyramidal cells of hippocampus Rat Zajac et al., 1989
Morphine Paternal F1 Both Decreased hippocampal LTP Rat Sarkaki et al., 2008
Maternal F1 Both Decreased hippocampal LTD Rat Sarkaki et al., 2008
Paternal F2 Both Decreased synaptophysin Rat Vyssotski et al., 2011

and have been increasingly implicated in epigenomic regulation
(Pray, 2008; Slotkin and Martienssen, 2007). Interestingly
methylation marks on TEs are stable in gametes and strongly
implicated in inheritance (Whitelaw et al., 1999). In addition,
chronic alcohol use upregulates gene expression networks
composed of gene sequences rich in CG repeats and down-
regulates gene expression networks composed of low CG repeats
(Ponomarev et al., 2012). CG-rich genes involved in synaptic
transmission, specifically glutamatergic transmission, are heavily
upregulated in the cortex of alcoholics (Ponomarev et al., 2012).
Alcohol decreases the activity of DNA methyltransferase 1
(DNMTT1), which donates methyl groups to nucleotide residues,
thereby providing a possible mechanism for this regulation
(Ponomarev et al., 2012). However, alcohol may also mediate

reduced methylation through its regulation of the methyl donor
cycle. Rats exposed to chronic ethanol have reduced production
of the methyl donor S-adenosylmethionine (SAM) and hypo-
methylation of the entire genome in the liver (Lu and Mato,
2005). Although the same effect has not been found in neurons
or gametes, alcohol may mediate methylation changes through
similar signaling.

Imprinted genes appear especially vulnerable to epigenetic
modification mediated by alcohol exposure. Demethylation is
detected at the locus of imprinted gene H19 in gametes of male
alcoholics (Ouko et al., 2009). In addition, changes in H19 methyl-
ation have been identified in rodent models of multigenerational
alcohol exposure. Specifically, FO mothers exposed to alcohol dur-
ing pregnancy produce F1 male offspring with decreased
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methylation at CpGs in H19 in sperm and F2 male offspring with
deceased methylation at H19 in brains (Stouder et al., 2011).
Hypomethylation at H19 produces alterations in strict imprinting
patterns (Knezovich and Ramsay, 2012; Stouder et al., 2011), that
normally escape complete methylation erasure during steps of
developmental reprogramming. While this suggests transmission
of aberrant methylation from F1 sperm to F2 somatic cells in
offspring, a second study found hypomethylation at H19 in F1
offspring but no alteration in sperm of alcohol-exposed FO fathers
(Knezovich and Ramsay, 2012).

Alcohol increases and decreases DNA methylation in non-
imprinted genes and both multigenerational and transgenera-
tional epigenetic inheritance of such changes have been found. FO
alcohol exposure decreases methylation at the brain derived neu-
rotrophic factor (BDNF) exon IV promoter in the sperm of exposed
males. This reduction of methylation is also measured at the exon
IV promoter of BDNF in the ventral tegmental area (VTA) of F1
offspring (Finegersh and Homanics, 2014). Consequently, associ-
ated with the decrease in BDNF methylation, increased exon IV
transcripts are found in the VTA (Finegersh and Homanics, 2014). In
contrast, increased methylation is found in the promoter region of
DAT and decreased mRNA and protein expression of the dopamine
transporter in the cortex and striatum of F1 offspring of FO fathers
exposed to alcohol (Kim et al., 2014). Alcohol-mediated decrease in
DNMTT1, as was discussed with alcohol-mediated regulation of LTRs
and CpG dense regions, is thought to also mediate hyper-
methylation of DAT in the cortex and striatum of F1 offspring (Kim
et al., 2014). Finally, FO females exposed to alcohol during preg-
nancy produce F1 male offspring and F2 and F3 offspring with
increased POMC methylation in the arcuate nucleus. Interestingly,
F1 sperm also has an increase in POMC methylation (Govorko et al.,
2012). Therefore alcohol produces differential methylation changes
depending on the gene target.

Alcohol can also mediate chromatin remodeling in the animal
exposed though histone methylation and acetylation. Upregulation
of CG-rich genes following alcohol exposure is correlated with
increased levels of trimethylation of histone 3 at lysine 4
(H3K4me3) in the promoters of the same genes within a generation
(Ponomarev et al., 2012). In addition, some of the genes that are
upregulated promote trimethylation at histone 3 which therefore
increases H3K4me3 (Ponomarev et al., 2012). This suggests an
interaction between alcohol-mediated DNA methylation and
chromatin remodeling. In addition to methylation changes on the
histone, genome wide histone acetylation is increased following
alcohol administration (Ghezzi et al., 2013). In a rat model of
alcohol addiction, decreased histone deacetylase (HDAC) activity
and an increase in the acetylation of histones H3 and H4 is found in
the amygdala (Pandey et al., 2008). Thus alcohol may change the
expression of genes through histone methylation and acetylation
within the animal being exposed, however unlike DNA methyl-
ation, no studies have been conducted to determine if these
changes are also found in offspring.

5.1.3. Gametes and the effects of alcohol

Alcohol exposure is detrimental to mammalian reproduction in
both males and females. The oocyte is sensitive to the effects of
alcohol; parthenogenic activation occurs in oocytes bathed in
alcohol through intracellular oscillations of free calcium ions
(Cuthbertson, 1983). Thus, in female animals alcohol use affects
puberty, disrupts menstrual cycling, and alters reproductive func-
tion (Emanuele et al., 2002). In addition, chronic alcohol con-
sumption has detrimental effects on male reproductive hormones
and sperm quality (Muthusami and Chinnaswamy, 2005). While a
direct effect of alcohol on gametic gene expression has not been
found, direct or indirect exposure of the gametes to alcohol does

decrease fertility. Therefore, it is confirmed that gametes are
receptive to the effects of alcohol exposure.

5.2. Opioids

Opioids such as morphine and heroin are powerful analgesics
that act on membrane bound Gj-protein coupled receptors; mu-,
kappa- and delta. Opioid receptors are distributed throughout the
central nervous system and mediate both the rewarding and
analgesic properties of this drug class. Genetic vulnerability for
opiate abuse is between 43% and 60% (Ho et al., 2010). The most
thoroughly studied genetic association being the A118G single
nucleotide polymorphism in the mu opioid receptor gene, OPRM1.
A complex relationship has been characterized between the A118G
polymorphism and the prevalence of opioid abuse in patients (Dick
and Agrawal, 2008). However, genetics does not completely explain
the inheritance of altered phenotypes in several generations of
offspring following initial drug exposure. Recent work has shown
that altered morphine response is transmittable to offspring of
morphine exposed parents (Byrnes, 2005; Byrnes et al., 2013).
Physiological and structural changes in the brains of offspring of
morphine-exposed parents have also been characterized (Byrnes
et al,, 2013; Cicero et al., 1991; Sarkaki et al., 2008; Vyssotski,
2011) (Table 1).

5.2.1. Behavioral, neurochemical, and structural changes in
offspring of opioid-exposed parents

Opioid exposure in FO parents changes offspring response to
drug administration (Byrnes, 2005; Byrnes et al., 2013). Female FO
rats exposed to morphine during adolescence give birth to
offspring with altered development of morphine and dopamine-
mediated locomotor sensitization. Both male and female F1
offspring from female FO rats exposed to morphine prior to preg-
nancy have significantly increased locomotor activity in response to
morphine (Byrnes, 2005). In addition, male F1 offspring show
attenuated locomotor sensitization to the dopamine receptor 1 and
2 (D1/D2) agonist quinpirole (Byrnes et al., 2013). Interestingly, this
phenotype is transmitted through the maternal line as F1 female
rats derived from FO morphine exposure also produce F2 male
offspring with attenuated locomotor sensitization to the D1/D2
agonist quinpirole (Byrnes et al., 2013)

Neuroadaptations in dopamine signaling may explain why
response to drug challenges are different in F1 male and female
offspring and male F2 offspring of morphine-exposed FO mothers.
FO morphine-exposed mothers produce male F1 offspring with
increased D2 receptor mRNA expression in the nucleus accumbens
(NAc) in response to chronic D1/D2 agonist exposure. The same
changes are found in F2 male offspring of F1 females from FO
morphine-exposed mothers (Byrnes et al., 2013). Therefore, dopa-
mine response is altered due to parent drug history and the tra-
jectory of offspring drug response is shaped accordingly due to
these changes in dopamine reward circuitry which are implicated
in drug addiction (Wise, 1998).

The endogenous opioid system is also altered in F1 offspring of
FO morphine-exposed males and females. Specifically, morphine-
exposed fathers produce F1 female offspring with increased beta-
endorphin in the hypothalamus and increased circulating serum
cortiscosterone levels (Cicero et al., 1991). Similar changes have
been found in additional generations. Morphine-exposed FO
mothers produce male F1 and F2 offspring (through the maternal
line) with decreased quinpirole induced cortiscosterone (Byrnes
et al., 2013). Dopamine and opioid interactions are also altered in
offspring of morphine-exposed FO mothers. Female FO rats exposed
to morphine during adolescence produce male F1 offspring with
increased kappa opioid receptor mRNA expression in the NAc
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following chronic D1/D2 agonist exposure (Byrnes et al., 2013).
Thus, multi- and transgenerational effects of morphine exposure
can be seen as changes in opioid neuroadaptations in response to
D1/D2 agonist exposure in offspring.

Physiological changes in offspring of morphine-exposed parents
have also been identified. Alterations in hippocampal synaptic
plasticity have been found in the F1 offspring of FO morphine-
exposed males and females mated together (Sarkaki et al., 2008).
Synaptic plasticity is essential to the process of learning and
memory as well as learned behaviors that include drug abuse
(Hyman et al., 2006). Long-term potentiation (LTP) and long-term
depression (LTD) reflect increases and decreases in synaptic
strength, respectively. Decreased LTP is found in the hippocampus
of F1 offspring of FO morphine treated fathers. In contrast, FO
morphine-exposed mothers produce F1 offspring with decreased
LTD in the hippocampus but intact hippocampal LTP (Sarkaki et al.,
2008). These findings suggest that morphine mediates physiolog-
ical changes that result in impaired synaptic plasticity in the hip-
pocampus of F1 offspring.

Finally, transgenerational effects on cellular morphology have
been observed following morphine exposure, suggesting parental
morphine use can change neuronal structure. Decreased synapto-
physin is found in the brains of F2 offspring derived from
morphine-exposed FO male rats (Vyssotski, 2011). As synaptophy-
sin expression is associated with the density of nerve terminals,
decreased synaptic connections exist in the F2 male brains of FO
morphine-exposed fathers.

Together these studies demonstrate that morphine exposure
can impact behavior, biochemical signaling, synaptic plasticity, and
neuronal structure across multiple generations. While behavioral
and biochemical effects are observed in F1 generations, extension
of modifications in cellular morphology out to the F2 offspring in-
dicates a transgenerational inheritance of morphine-exposure.

5.2.2. Opioid exposure and changes to the epigenome

To date no definitive modification to the epigenome has been
identified that could explain transgenerational inheritance of
morphine exposure, however there have been reports of epigenetic
modifications following morphine exposure within a single gen-
eration. For example, histone modifications have been measured in
the NAc and other brain regions following exposure to morphine in
animals (Maze and Nestler, 2011; Sun et al, 2012). Morphine
reward and sensitization in mice following chronic morphine
administration has been correlated with global levels of histone 3
lysine 9 dimethylation (H3K9me2) in the NAc (Sun et al., 2012).
Because H3k9me?2 is typically associated with repression of tran-
scription, decreased H3k9me?2 results in increased gene expression
(Rice and Allis, 2001), and this gene expression may mediate the
rewarding effects of morphine.

Histone methylation of long-interspersed nuclear (LINE-1) ret-
rotransposons is decreased in the NAc of mice following direct in-
jection of morphine to the area (Sun et al., 2012). LINE-1 elements
are repetitive DNA sequences that make up a large portion of
genomic DNA (~20%) (Prak and Kazazian, 2000). The mobilization,
integration, and regulation of these elements have been charac-
terized in several brain regions (Singer et al., 2010) and alterations
in LINE-1 expression through epigenetic mechanisms have been
implicated in drug addiction within the user (Maze et al., 2011; Prak
and Kazazian, 2000). Interestingly, transgene mobilization and
expression through epigenomic release from silencing were some
of the first epigenetic changes to be implicated in transgenerational
inheritance (Daxinger and Whitelaw, 2012). While LINE-1 expres-
sion is associated with morphine use in somatic cells, it is not
known if LINE-1 expression is altered in the germ cells of FO

morphine-exposed parents and if this is maintained in the brains
and gametes of F1 offspring or future generations.

Histone acetylation is also altered in response to morphine
exposure. In rats, exposure to morphine increases acetylation of
histone H3 lysine 14 (aceH3K14) in the NAc (Sheng et al., 2011) and
basolateral amygdala (Wang et al., 2014b), a region critically
involved in stimulus—reward associations (Everitt et al., 1999).
Histone acetylation is associated with transcriptional activation
(see Box 1). While these modifications have been found within a
generation, there is no evidence of altered histone acetylation in
offspring following parental morphine exposure.

In addition to methylation and acetylation modifications of
histones, morphine exposure induces methylation changes on
DNA directly (Nielsen et al., 2008; Chorbov et al., 2011; Doehring
et al., 2013; Trivedi et al., 2014). Morphine modulates cellular
oxidative stress and methyl group donation through the antioxi-
dant glutathione and the methyl donor SAM, respectively (Trivedi
et al., 2014). Consequently, as the redox state of the cell impacts
methylation events, DNA methylation changes can occur following
morphine exposure. Just as LINE-1 seems to be vulnerable to
histone methylation changes following morphine exposure, the
transposable element exhibits decreases in methylation after
morphine administration. Hypomethylation at LINE-1 retro-
transposons has been identified in leukocytes of chronic heroin
users (Doehring et al., 2013) and in neuronal cell lines (Trivedi
et al, 2014); consequently, LINE-1 mRNA expression increases
(Trivedi et al., 2014). In contrast, increased CpG methylation has
been reported in lymphocytes, blood, and sperm of chronic heroin
users in the promoter region of the OPRM1 gene (Chorbov et al.,
2011; Nielsen et al., 2008). Thus, morphine administration can
lead to both increased and decreased DNA methylation in a gene-
dependent manner in the individual user. To date no studies have
determined if these chemical modifications are inherited by
offspring.

5.2.3. Gametes and opioid receptors

Localization of the mu opioid receptor as well as endogenous
expression of beta-endorphin in the male reproductive tract
suggests that paternal gametes are receptive to endogenous and
exogenous opioids (Albrizio et al., 2006). Mu-, kappa- and delta
opioid receptors are present in oocytes, most likely for mediating
oocyte maturation (Agirregoitia et al., 2012). Thus the presence of
opioid receptors on gametes not only maintains proper function
and development, but may mediate transgenerational
inheritance.

5.3. Cocaine

Cocaine increases dopamine by binding to the dopamine
transporter and blocking the reuptake of dopamine into the pre-
synaptic cell. The resulting increase in dopamine in the NAc is
associated with the rewarding effects of cocaine (Wise, 1998).
Cocaine use heritability is 44% based on Vietnam Era Twin Registry
studies (Tsuang et al., 1996). Inter-individual differences such as
baseline dopamine signaling (Volkow et al., 1999) and allelic vari-
ation in genes including dynorphin and dopamine beta-
hydroxylase (DBH) (LaForge et al., 2000) have been correlated
with risk of cocaine use and abuse. However, as genetics accounts
for less than 50% of heritability for cocaine use, other factors likely
contribute to cocaine use and abuse across generations. Current
research has identified multigenerational effects on behavior,
neurochemical signaling (Table 1), and the epigenome following
cocaine administration in animal studies.
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5.3.1. Behavioral and neurochemical changes in offspring of
cocaine-exposed parents

In utero exposure to cocaine is well-studied; in animals cocaine
exposed offspring show behavioral, biochemical, and structural
alterations in the brain (Vassoler et al., 2014). While, there are
currently no reports on the transgenerational inheritance of
cocaine exposure there is evidence of multigenerational effects.

Studies employing FO parental cocaine exposure have found
changes in behavior in F1 male and female offspring. For example,
F1 male offspring of FO cocaine-exposed fathers find cocaine less
rewarding; male rats acquire self-administration more slowly and
administer less drug, while F1 female rats are not affected (Vassoler
et al., 2013b). In addition, male F1 offspring of FO mothers exposed
to cocaine prior to pregnancy are more sensitive to the psycho-
motor effects of cocaine administration (Sasaki et al., 2014). How-
ever, contrasting results have been reported for behaviors that may
influence drug abuse in offspring derived from paternal cocaine
exposure; some have found learning deficits in female F1 offspring
of FO fathers exposed to cocaine (He et al., 2006) while others
report no learning effects in either male or female F1 offspring of FO
cocaine-exposed fathers (Killinger et al., 2012). While these results
demonstrate some multigenerational effects of cocaine exposure,
examination of these phenotypes in the F2 generation will deter-
mine transgenerational inheritance.

In addition to changes in behavior, alterations in neurotrans-
mitter systems have been found in F1 offspring of FO cocaine-
exposed mothers. Specifically, FO cocaine-exposed mothers pro-
duce F1 male offspring with increased D1 receptor expression in
the medial prefrontal cortex (mPFC) (Sasaki et al., 2014). An in-
crease in the number of dopamine receptors in the mPFC could
cause enhanced cocaine response due to the ability of these re-
ceptors to activate the mesocortical dopamine pathway and activity
at the D1 receptor mediates the psychomotor response to cocaine
in rodents (Steketee and Kalivas, 2011; Xu et al., 1994).

5.3.2. Cocaine exposure and changes to the epigenome
Multigenerational changes in histone 3 acetylation (AcH3),
commonly associated with chromatin remodeling and increased
transcription of target genes has been identified in response to
cocaine exposure. FO fathers that self-administer cocaine have
increased AcH3 in the testes and greater AcH3 association with
exon IV of BDNF in sperm (Vassoler et al., 2013b). F1 offspring of
these fathers also show increased AcH3 association with exon IV of
BDNF and increased transcription of BDNF in the mPFC (Vassoler
et al, 2013b). BDNF and its modulation through chromatin
remodeling has been implicated in both chronic and generational
cocaine exposure (Kumar et al., 2005; Sasaki et al., 2014; Vassoler
et al,, 2013b). Functional antagonism of increased BDNF in the F1
male offspring of FO cocaine-exposed fathers increases cocaine self-
administration to that of control animals (Vassoler et al., 2013b).
Thus epigenetic changes can occur across generations and suggest
that chromatin remodeling in response to drug use may be an
important mechanism of inheritance and cocaine response. Addi-
tional evidence supports that drug reinforcement may converge on
a common epigenetic pathway. Like morphine (Sun et al., 2012),
direct cocaine exposure in mice reduces H3K9me2 in the NAc and
these changes mediate cocaine preference and cellular plasticity
(Maze et al,, 2010). However, multigenerational or transgenera-
tional inheritance of this modification has not been examined.
Epigenomic machinery, specifically methyl-CpG binding protein
(MeCP2) and DNA methyltransferase 3a (DNMT3a), are altered
within a generation following exposure to cocaine. Increased
expression of MeCP2 is found after cocaine self-administration
(Host et al., 2011); MeCP2 acts as a repressor or activator of tran-
scription when it binds to the promoter region of a target gene

(Chahrour et al., 2008). MeCP2 is involved in learning and memory
and therefore may be implicated in drug abuse behaviors (Feng and
Nestler, 2010). Cocaine stimulation of MeCP2 also represses the
transcription of two small non-coding RNAs, miR-212 and miR-312
(Im et al., 2010). Decreased transcription of these miRNAs releases
BDNF from miRNA transcriptional repression resulting in increased
BDNF (Im et al., 2010) which has been shown to mediate cocaine
use (Sadri-Vakili et al., 2010).

DNA methylation can be altered following cocaine exposure
through regulation of DNA methyltransferase 3a (DNMT3a)
(LaPlant et al., 2010). While, DNMT3a regulates cocaine response it
is also important in modulating de novo methylation of differen-
tially methylated regions of paternal imprinted genes and some
repetitive elements in male germ cell development. For example,
DNMT3a is responsible for methylation of both the imprinted gene
H19 and the repetitive element LINE-1 (Kato et al., 2007). Similar to
morphine, cocaine alters levels of the antioxidant glutathione that
can lead to impaired methylation of the genome (Lee et al., 2001).
Thus, cocaine mediates changes in the activity of molecules
responsible for the methylation status of DNA. However, it remains
to be determined if these changes are found in F1 and subsequent
generations of offspring.

Although little has been published on transgenerational changes
in DNA methylation following cocaine exposure, DNA methylation
is altered in F1 offspring with in utero exposure to cocaine. FO
mothers exposed to cocaine during pregnancy produce F1 offspring
with altered global patterns of hippocampal DNA methylation.
These changes seem to be functionally significant as they are
accompanied by corresponding alterations in gene transcription
(Novikova et al., 2008).

5.3.3. The effects of cocaine on gametes

Testes contain high affinity binding sites for cocaine (Sweet and
Murdock, 1987), exceeded in number only by the brain (Mulé and
Misra, 1977). In addition, the presence of DAT protein in sperm
has been characterized and dopamine signaling is implicated in
sperm viability, mobility, and capacitation (Ramirez et al., 2009).
Interestingly, cocaine remains bound to human sperm at traceable
levels for up to 24 h, and there is history of concern for cocaine
transmission via “piggybacking” on sperm to the oocyte (Cone et al.,
1996; Yazigi et al., 1991). Although cocaine presence in early em-
bryonic development is known to be detrimental, the more likely
process of transmission of phenotypes associated with cocaine
exposure from FO father to F1 offspring is through the epigenetic
mechanisms previously discussed. Thus, changes in DNA methyl-
ation, and chromatin state in sperm could be an important mech-
anism for transgenerational inheritance of behavioral
consequences of cocaine exposure. To date, it is unclear if oocytes
have binding sites for cocaine and therefore, any maternally-
derived effects of cocaine exposure may be due to indirect mech-
anisms within the oocyte.

5.4. Marijuana

The active component in marijuana, A9-tetrahydrocannabinol
(A9-THC), is responsible for the drug's biological effects. A9-THC
binds to and activates Gj-coupled cannabinoid type 1 and 2 (CB1
and CB2) receptors throughout the central nervous system. A meta-
analysis of cannabis initiation and problematic cannabis use among
twins suggest that the heritability of cannabis initiation is 40—48%
and chronic problematic use is 51-59% depending on gender
(Verweij et al., 2010). However, higher genetic associations for
cannabis use have been found in female twin studies (Kendler and
Prescott, 1998).
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Polymorphic variation in the gene that codes for cannabinoid
receptor 1 (CNR1) has been implicated in marijuana craving during
times of abstinence and withdrawal (Demers et al., 2014). In
addition, polymorphic variation in CYP2C9, a member of the cyto-
chrome family of enzymes responsible for the metabolism of A9-
THC, results in greater active metabolite and heightened sensi-
tivity to the sedative effects of marijuana (Sachse-Seeboth et al.,
2008). More recently clinical studies suggest an interaction be-
tween genetics and epigenetics that alters response to marijuana
use. In adolescents homozygous for the catechol-o-
methyltransferase (COMT) Val'%/1>8Met polymorphism, methyl-
ation at the promoter of this gene is associated with lower risk of
marijuana use (van der Knaap et al., 2014). Greater methylation at
the promoter of COMT reduces expression of the enzyme. In
addition the homozygous Met/Met genotype is associated with
decreased enzyme activity. Together these changes result in
decreased degradation of COMT substrates such as dopamine.
Therefore, individuals with hypermethylation and the poly-
morphism have increased dopamine levels. Conversely, low brain
dopamine results in an attenuated reward system that manifests
into anhedonia. It is hypothesized that substance use is an attempt
to alleviate this unfavorable anhedonic state (Markou and Koob,
1991; Volkow et al, 2010). Hence, Met/Met individuals with
hypermethylation may be less vulnerable to substance abuse due to
increases in dopamine. While genetic interactions explain some of
the risk for marijuana use, other factors must also affect adminis-
tration in individuals. Currently, multigenerational effects of
cannabinoid exposure have been identified (Table 1).

5.4.1. Behavioral and neurochemical changes in offspring of
cannabinoid-exposed parents

Endocannabinoid and opioid systems closely interact as
cannabinoid exposure can cause cross-sensitization to the effects of
opioids in dopaminergic neurons (Pistis et al., 2004). To date,
studies have only examined the consequence of cannabinoid
exposure on morphine response in offspring. Response to
morphine administration is altered in F1 offspring of mothers
exposed to the CB1/CB2 receptor agonist WIN 55, 212-2. Specif-
ically, FO mothers exposed to WIN 55, 212-2 during adolescence
produce male offspring with increased morphine conditioned place
preference (Byrnes et al., 2012) and female offspring with increased
morphine locomotor sensitization (Vassoler et al., 2013a). There-
fore, both drug response and reinforcement is altered in the F1
offspring of WIN 55, 212-2-exposed mothers. In addition, male and
female rats exposed to A9-THC and then mated together produce
F1 offspring that show increased motivation to self-administer
heroin as well as enhanced withdrawal behaviors during periods
of opioid withdrawal (Szutorisz et al., 2014). Therefore, while cross-
sensitization between cannabinoids and opioids has been identi-
fied in the individual user (Cadoni et al.,, 2001), the studies dis-
cussed above are the first examples of cross-sensitization of
cannabinoids and opioids across a generation for reinforcement,
drug response, and self-administration. These results suggest
multigenerational effects of cannabinoid use; altered response to
morphine and heroin occurred exposure to CB1/CB2 agonist or A9-
THC. However, no data is available for these phenotypes in the F2
generation. In addition, no studies have examined the effects in F1
or F2 offspring of FO fathers exposed to cannabinoids.

Multigenerational alterations in gene expression and neuro-
transmission have been found following exposure to cannabi-
noids. FO females exposed to CB1 agonist produce F1 female
offspring with increased Oprm1 expression in the NAc (Vassoler
et al, 2013a). Male and female rats exposed to A9-THC and
then mated together produce offspring with decreased expression
of cannabinoid, dopamine, and glutamate receptors, reduced

NMDA binding and enhanced LTD in the dorsal striatum
(Szutorisz et al., 2014). Further analysis of these systems is
necessary to determine if any of these phenotypes are inherited
in additional generations.

5.4.2. Cannabinoid exposure and changes to the epigenome

There is currently no evidence of multi- or transgenerational
epigenetic changes following marijuana exposure. However, acti-
vation of the immediate early gene FosB occurs following direct A9-
THC administration (Fiirst et al., 2013; Porcella et al., 1998). Cocaine
activation of FosB has been correlated to increased histone 4 acet-
ylation in the promoter region of the gene (Kumar et al., 2005) and
A9-THC may mediate similar chromatin remodeling and gene
activation. Indeed, A9-THC causes genome wide changes in histone
methylation (Yang et al., 2014) although other histone modifica-
tions, including acetylation, have not been thoroughly explored.
Changes in DNA methylation have not been examined following
exposure to marijuana.

5.4.3. Gametes and cannabinoid receptors

CB1 receptors and the endogenous endocannabinoid ananda-
mide are expressed in the ovaries and uterine endometrium (Bari,
2011). Endocannabinoid signaling has been implicated in oocyte
maturation, ovulation, and fertility signals (Battista et al., 2012). In
addition, cannabinoid receptor localization has been characterized
in testes (Schuel et al., 2002) and sperm (Aquila et al.,, 2010).
Furthermore, anandamide analog administration alters the PI3K/
Akt cell survival pathway in sperm (Aquila et al., 2010). Further
research is required to identify the direct or indirect epigenetic
changes caused by marijuana administration in gametes.

5.5. Nicotine

Nicotine is the active ingredient in tobacco and is responsible for
the positive experience associated with tobacco use. Nicotine binds
to nicotinic acetylcholine receptors (nAChRs) which are pentameric
ligand-gated ion channels (Benowitz, 1999). The relative contri-
bution of genetic influence is 44% for smoking initiation and 75% for
nicotine dependence (Vink et al., 2005). Work from human GWAS
as well as animal research identified several neurotransmitter
systems that may play a role in the likeliness of nicotine use and
dependence. Genetic variation in dopamine receptor 2 and 4 (DRD2
and DRD4) have been associated with smoking behavior. In addi-
tion, genetic variation in the dopamine transporter gene, SLC6A3,
has been associated with smoking behavior and is also known to
interact in an allele-specific epistatic manner with DRD2 allele
expression. Allelic variation in genes that regulate norepinephrine
(DBH and MAOA) and serotonin (5HTTLPR and TPH) have also been
implicated in nicotine use (reviewed in Lerman and Berrettini,
2003). In addition, polymorphic variation in the gene that codes
for choline acetyltransferase (ChAT) (Ray et al., 2010) as well as
variation in the primary enzyme that metabolizes nicotine CYP2A6
and gene clusters coding for nicotinic acetylcholine receptor
(nAChR) subunits (Demers et al., 2014) have been associated with
sensitivity to nicotine, tobacco use, and success for smoking
cessation. However, association studies have suggested that genetic
predisposition accounts for less than half of the likelihood of
smoking initiation and three-fourths of nicotine dependence (Vink
et al., 2005). Therefore, environmental influence, including epige-
netic modifications, may account for remaining risk. Recent evi-
dence suggests the transgenerational inheritance of behavior and
multigenerational neurochemical changes following parental
nicotine exposure (Table 1).
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5.5.1. Behavioral and neurochemical changes in offspring of
nicotine-exposed parents

While no studies have examined drug response and reward
behavior in F1 or F2 offspring from FO nicotine-exposed parents,
there is evidence that nicotine exposure can cause multigenera-
tional changes in cognition and dopamine in offspring. Zhu and
colleagues found that F1 male and female offspring of FO mothers
exposed to nicotine during pregnancy are hyperactive with
decreased attention. In addition, this phenotype is transmitted to
F2 offspring and F3 offspring through the maternal line (Zhu et al.,
2014). Hyperactivity in the F2 offspring is attenuated by
methylphenidate-induced dopamine increase (Zhu et al., 2014),
thereby implicating a hypodopaminergic state as the mechanism
by which nicotine alters offspring response. Thus, FO maternal
exposure to nicotine during pregnancy produces transgenerational
changes in behavior and multigenerational changes in dopamine
signaling (Zhu et al., 2014). Studies have examined additional
neurochemical changes following exposure to nicotine, however,
these are only found in offspring of FO mothers exposed to nicotine
during pregnancy (Zhu et al., 2012; Yochum et al., 2014). To date, no
neurochemical changes have been identified in animals not directly
exposed to nicotine.

5.5.2. Nicotine exposure and changes to the epigenome

The epigenome is vulnerable to modification by nicotine expo-
sure. Global DNA methylation patterns in leukocytes are similar
between non-smoking offspring and non-smoking fathers, while
there are differences in methylation if offspring are smokers and
fathers are non-smokers (Hillemacher et al., 2008). In addition,
nicotine-induced variation in DNA methylation has been identified
in several genes implicated in drug abuse. For example, nicotine
exposure is associated with DNA methylation changes in the gene
coding for monoamine oxidase A (MAOA), a key enzyme in the
metabolism of dopamine and other monoamines. Decreased
methylation of the MAOA promoter is found in the blood and
lymphoblasts of current smokers (Philibert et al., 2010). This
modification may be mechanistically important, as it has been
proposed by Zhu and colleagues that nicotine induced hypo-
methylation of MAOA decreases dopamine synthesis in animals
exposed to nicotine in utero (Philibert et al., 2010; Zhu et al., 2012).
Chronic nicotine administration produces an increase in expression
of DNMT1, resulting in methylation of glutamate decarboxylase
(GAD67), and reduced GAD67 mRNA (Satta et al., 2008). Conse-
quently, changes in GAD67 mRNA can influence cortical GABAergic
signaling. In addition, evidence that methylation and expression of
GAD67, a gene implicated in the phenotype of patients with
schizophrenia, is modulated by chronic nicotine administration
suggests that the co-morbidity that exists between the disorder
and smoking addiction may have an epigenetic basis. Interestingly,
DNA methylation has been associated with multigenerational
exposure to nicotine. FO mothers exposed to nicotine during
pregnancy produce F1 offspring with increased methylation at
BDNF in blood (Toledo Rodriguez et al., 2010) and decreased BDNF
mRNA and protein in the frontal cortex (Yochum et al., 2014). As
discussed previously, decreases in levels/activity of BDNF has been
implicated in the self-administration of drugs including cocaine
(Sadri-Vakili et al., 2010), as well as methylphenidate (Cadet et al.,
2014) and alcohol (Jeanblanc et al., 2012).

In addition to changes in DNA methylation, nicotine can
remodel chromatin through histone modifications. Following
nicotine administration in mice there is an increase in the acety-
lation of histone H3 in the striatum (Levine et al.,, 2011) and a
decrease in H3K9me2 at promoter regions of target genes (Chase
and Sharma, 2013). Taken together, these studies suggest that
nicotine reduces epigenetic histone marks that promote a

restrictive genomic state, thereby opening normally repressed
genes to enhanced transcription.

5.5.3. Gametes and nicotinic receptors

Nicotine mediated increase in the production of cholesterol,
triglycerides, phospholipids and free fatty acids in the testes can be
blocked by administration of the nAChR antagonist mecamylamine
suggesting binding sites for both drugs in the testes (Kavitharaj and
Vijayammal, 1998). Indeed, the mRNA of subunits that compose the
pentameric nAChR (i.e. a7, 29, o3, o5, and B4) are expressed in
sperm (Kumar and Meizel, 2005). Furthermore, functional nAChRs
have been found in sperm (Kumar and Meizel, 2005). Acetylcholine
mediated spikes in calcium through o7 homomeric receptors oc-
curs in the sperm head during the acrosomal reaction (Bray et al.,
2005). Finally, nicotine, likely acting on nAChRs has detrimental
effects on sperm viability. Maternal smoking has been linked to
male offspring infertility through gonadal toxicity (Ratcliffe et al.,
1992). While it is well-established that nicotine exposure pro-
duces reproductive challenges in females and the early developing
embryo (Omotoso et al., 2013), nicotine binding has not been
identified in oocytes therefore inheritance through the maternal
line may be through indirect effects of nicotine exposure.

6. Conclusion and Perspectives

Although the idea that parental experience can influence
behavior in offspring is not new, an understanding of drug-
mediated changes to the epigenome may provide an avenue to
identify mechanisms of transgenerational inheritance in drug
addiction. While stress (Franklin et al., 2010) and diet (McGowan
et al, 2008) have long been examined as environmental chal-
lenges that impact the behavior and physiology of future offspring,
drug abuse remains to be thoroughly examined for the same fea-
tures. Several instances of multigenerational inheritance has been
reported across drug types, however there is a deficit of studies that
examine transgenerational inheritance of phenotypes following FO
exposure to drugs of abuse (Table 1). To date, transgenerational
phenotypes have only been reported following parental exposure
to morphine (Byrnes et al., 2013; Vyssotski, 2011), alcohol (Govorko
et al., 2012), and nicotine (Zhu et al., 2014).

This review has examined changes in behavior, neurochemical
signaling, and cellular structure found in the F1 and F2 offspring of
drug-exposed parents. While some studies have implicated
epigenetic inheritance of these phenotypes, fewer have identified
epigenetic transgenerational inheritance. In addition, alterations to
the epigenome in response to drug-exposure have been discussed
but no evidence of a specific mechanism for transgenerational
epigenetic inheritance of drug exposure has been determined.
While there are some common players that are epigenetically
modified following drug exposure, such as BDNF and DNMT1, a
complex epigenomic network may be uniquely mediated by
different classes of drugs of abuse. Identifying novel changes made
to the epigenome in response to drug helps to select candidate
genes to examine in future generations. The inheritance of these
changes can then be identified and characterization of the func-
tional relevance of epigenetic changes in offspring can be
determined.

In translating research, drug exposure and epigenetic regulation
of the genome becomes quite complex. Animal studies allow for
careful control over the environment and drug exposure variables.
Thus, such studies can provide the best evidence of the existence of
multigenerational and transgenerational inheritance of drug abuse
and the possible epigenetic mechanisms that may underlie these
phenotypes. Thus, future studies aimed at identification of func-
tional epigenetic modifications following drug in the somatic and
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germ cells of FO, F1, and F2 animals after FO drug exposure are
critical.

The scope of current work in transgenerational drug inheritance
should focus on extending observations of behavioral phenotypes
to F2 and F3 generations and molecular analysis to include brains of
offspring and gametes of parents. With advancements in tech-
niques to evaluate epigenetic changes to the genome the field of
drug abuse and inheritance is promising. Future work may start to
identify the vulnerability of individuals to epigenomic inheritance
of drug abuse and provide evidence for mechanisms of genomic
regulation through drug exposure.
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