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Alcohol use disorder (AUD) is prevalent and associated with significant mortality and 

socioeconomic costs globally. Despite the tremendous burden of AUD, mechanisms of alcohol 

(ethanol) action that underlie the development of AUD are still not known. This dissertation 

addresses the role of epigenetic modifications in heritability of AUD and mechanisms of ethanol 

by testing three distinct hypotheses: 1) paternal ethanol exposure regulates ethanol drinking and 

ethanol-related behavior in offspring; 2) acute ethanol induces conserved changes to histone 

modifications at model gene promoters in the cerebral cortex; 3) chronic intermittent vapor 

ethanol and withdrawal induce dynamic changes in gene regulation via discrete histone 

modifications in accumbal dopamine 1 receptor positive medium spiny neurons. To test these 

hypotheses, this dissertation developed new models for studying heritability of ethanol drinking 

using paternal vapor ethanol exposure and epigenetic modifications in a neuronal subtype using 

fluorescence activated cell sorting. The results presented in this thesis provide evidence for 

epigenetic effects of ethanol in mediating heritability of ethanol drinking and sensitivity to 

ethanol selectively in male offspring as well as ethanol-induced gene regulation in the cerebral 

cortex. Additionally, they set up future studies of ethanol’s epigenetic mechanisms in neuronal 

subtypes, which will increase sensitivity of current assays to detect cell-specific changes in gene 

regulation. These results are expected to have important implications for the development of 

drugs that target epigenetic modifying enzymes for treatment of AUD. 
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Andrey Finegersh, Ph.D. 

University of Pittsburgh, 2014
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1.0  INTRODUCTION 

1.1 ALCOHOL USE DISORDER AND ITS HERITABILITY 

The Diagnostic and Statistical Manual of Mental Disorders, 5th edition, (DSM-V) classifies 

pathological alcohol consumption under a single entity known as alcohol use disorder (AUD) 

[1]. AUD is diagnosed by a range of criteria related to tolerance to the subjective effects of 

alcohol, severity of withdrawal symptoms, and impairment of psychosocial functioning. AUD is 

a chronically relapsing disorder and its etiology is complex, overlapping with other substance use 

disorders. Initially, alcohol use is impulsive and characterized by positive reinforcement that 

converts to compulsive use with increasing negative reinforcement, the development of 

tolerance, and escalation of alcohol drinking. Ultimately, there is loss of control of alcohol 

drinking and the development of a negative emotional state, which makes it challenging to 

overcome alcohol use (for review, see [2]). 

 AUD is a major public health concern and associated with substantial costs to both 

individuals and society. In the United States, alcohol consumption contributes to $223 billion in 

societal costs annually [3]. Excluding accidents and homicides by people under the influence of 

alcohol, alcohol contributes to 1% of deaths annually in the United States [4]. This places 

alcohol use as the third leading modifiable factor contributing to death after tobacco use and poor 

diet and physical activity [5]. Despite its tremendous burden and ubiquitous use, there are few 
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available pharmacological treatments for AUD and relapse rates are ~50% three years after onset 

of treatment [6,7]. These issues demonstrate the urgency for developing novel agents for 

treatment of AUD and uncovering potential biomarkers associated with its risk. 

 The lifetime prevalence of AUD is 30% in the United States [8], highlighting the 

significant genetic and environmental differences that are likely among such a large cohort. This 

diversity is further complicated by the wide spectrum of alcohol consumption among humans, so 

that rate and quantity of alcohol consumed are not considered in DSM-V criteria for AUD [1]. 

Heterogeneity has made drug development for AUD challenging, since factors promoting 

pathological alcohol consumption are likely to be complex and varied between subjects. Despite 

this diversity, twin and adoption studies consistently find that AUD has a heritability of ~50% 

[9-11], indicating transmission of risk alleles from parents to offspring independent of 

environment. Heritability of AUD is comparable to other common, complex human diseases 

with significant gene-environment interactions like diabetes and major depressive disorder 

[12,13]; though, notably, it is lower than the ~75% heritability reported for nicotine dependence 

[14]. The discovery of AUD heritability has allowed researchers to search for specific gene 

polymorphisms associated with alcohol consumption. 

Early candidate gene studies for AUD risk identified alcohol metabolism genes as 

modifiers of alcohol consumption. Nineteen aldehyde dehydrogenase (ALDH) and seven alcohol 

dehydrogenase (ADH) genes are present in the human genome and involved in metabolizing 

endogenous and ingested alcohols. Polymorphisms inactivating the ALDH2 gene have been 

found almost exclusively in Asian populations and are associated with decreased risk for 

developing AUD [15-17]. ADH1 and ADH7 single nucleotide polymorphisms (SNP) have been 

associated with alcohol metabolism and consumption in European and African populations 
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[18,19]. These associations underlie the mechanism of action of disulfiram, one of the three FDA 

approved drugs for treatment of AUD. Disulfiram inhibits ALDH and leads to an accumulation 

of acetaldehyde, an ethanol metabolism intermediate associated with “hangover” symptoms. By 

associating alcohol consumption with an aversive reaction, disulfiram decreases alcohol 

consumption and reduces rates of relapse [20]. This example illustrates the potential of 

identifying variants protective for AUD for the development of pharmaceuticals to treat AUD. 

Studies of larger populations have been less successful at identifying risk alleles for 

AUD. One recent genome-wide association study (GWAS) did not identify any SNPs 

significantly associated with alcoholism risk and estimated that all of the SNPs studied 

accounted for only 0.1% of the genetic risk for developing alcoholism [21]. Other groups have 

found SNPs significantly associated with AUD using GWAS but later failed to replicate their 

results [22,23]. More recent meta-analyses and expanded studies have identified novel SNPs 

significantly associated with AUD [24,25], though differences in the SNPs discovered between 

studies suggest they may not be meaningful across the entire population. “Missing heritability” is 

a recent concept that refers to the failure of GWAS to uncover risk alleles for diseases with high 

heritability. While technical issues and the contribution of rare genetic variants may be masking 

these alleles [26], it is also possible that heritable variants outside the DNA sequence, known as 

“epi-alleles,” may be contributing complex phenotypes like AUD.  
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1.2 EPIGENETICS 

1.2.1 Epigenetic regulation of gene expression 

Epigenetics refers to a broad group of modifications to DNA and RNA structure without a 

change in nucleotide sequence. These mechanisms are the primary drivers for regulating gene 

expression, so that a single genome can give rise to the hundreds of cell lineages within an 

organism. The ability of epigenetic mediators to interact at several points along the genome 

makes them vital to normal cell function and aberrant epigenetic programming has been 

implicated in the development of cancer [27], addiction [28], and other human diseases. 

Epigenetic modifications are also mitotically and meitoically heritable [29], contributing to their 

role in development and heritability of phenotypes. With the sequencing of the human genome, 

there is now a shift toward mapping of the “epi-genome” to better understand the role of 

epigenetic modifications in disease [30]. 

In eukaryotes, DNA is condensed around a core of eight histone proteins into a nucleic 

acid-protein complex known as chromatin (Fig. 1). The functional unit of chromatin is the 

nucleosome, which consists of a single histone octamer and the ~147 bp of DNA that wrap 

around it. Histone octamers consist of homo- and heterodimers of four subunits, H2A, H2B, H3, 

and H4, with all but H4 encoded by multiple genes to generate histone subunit variants [31]. All 

histone proteins are rich in basic amino acids that carry a net positive charge within the cell, 

imparting a strong affinity for the negatively charged DNA phosphodiester backbone.  

The affinity between histones and DNA is critical for regulation of gene expression and is 

altered by covalent modifications to histone N-terminal tails [32]. For example, acetylation of 

lysine residues neutralizes the positive charge on lysine’s ammonium group, reducing its affinity 
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for DNA; weaker histone-DNA interactions increase accessibility of DNA to transcription 

factors, which recruit RNA polymerase to initiate transcription [33]. Methylation of lysine’s 

ammonium group can promote or repress gene expression depending on its location on the 

histone subunit N-terminal tail [34]. It is important to note that histone modifications are rapidly 

reversible and catalyzed by a diverse group of histone modifying enzymes, so that they are a key 

mechanism of cellular adaptation to the environment [32]. However, their role in gene regulation 

is complex, as recent studies have identified over 100 post-translational modifications to histones 

and the function of most of these is unknown [35]. Combinatorial approaches are only recently 

emerging to study how modifications interact with one another to alter gene expression [36].  

 

Figure 1. Epigenetic regulation of gene expression 

DNA (blue strand) wraps around a histone octamer to form the nucleosome. Chromatin 

condensation is promoted by histone and DNA methylation (Me) via DNA methyltransferases 

(DNMT), lysine methyltransferases (e.g., EZH2), and histone deacetylases (HDAC). These 

modifications are reversible and an open chromatin conformation is induced by histone acetylation 

(Ac) via histone acetyltransferases (HAT), which weaken histone-DNA interactions to promote 

transcription factor binding, recruitment of RNA polymerase, and transcription. 
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 The primary covalent modification to DNA in vertebrates is the methylation of cytosine 

preceding guanine (CpG dinucleotide). CpG dinucleotides occur much less frequently 

throughout the genome than would be expected by chance, most likely due to deamination of 

methylcytosine to thymine [37]. However, near transcriptional start sites of most mammalian 

genes, the density of unmethylated CpG dinucleotides is increased at regions known as “CpG 

islands” [38,39]. CpG islands show tissue specific patterns of methylation and only ~8% are 

hypermethylated in most cell types, with methylation associated with gene silencing [40]. DNA 

methylation is also a key mechanism for repression of retroviral elements in the genome [41]. 

The role of DNA methylation outside of CpG islands, at intra- and intergenic regions that 

account for 98% of CpG dinucleotides in the genome, is less clear. One recent study proposed 

that many of these form lower-density CpG islands with tissue-specific patterns of methylation 

[40]. Recent evidence is also emerging that intragenic methylcytosine may promote gene 

expression (for review, see [42]). Therefore, while DNA methylation is primarily associated with 

gene silencing, it may also play a role in transcription. 

DNA methylation at CpG islands represents a more stable mechanism of transcriptional 

repression than histone modification. Several studies have shown that nucleosome repression, 

through histone methylation and induction of the polycomb repressive complex, precedes DNA 

methylation and that DNA methylation may “lock” gene promoters into a repressive state [42-

44]. Timing of DNA methylation during development also supports this idea. The de novo DNA 

methyltransferases, DNMT3a and DNMT3b, are highly expressed following genome-wide 

demethylation of the early embryo [45]. These enzymes are also present in adult somatic tissue; 

however, the rate of de novo DNA methylation is much slower after embryogenesis, on the order 

of weeks to months [46,47]. Slow induction of de novo DNA methylation may represent a 
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cellular mechanism to maintain transcriptional plasticity. This idea is further supported by the 

lack of a well-defined mechanism for active demethylation in adult somatic tissue [48]. Ten-

eleven translocase (TET) enzymes have recently been proposed to mediate active demethylation 

by oxidation of 5-methylcytosine to 5-hydroxymethylcytosine (5-hmC) [49], and this process is 

necessary for early embryo development [50]. However, while 5-hmC is present in the brain and 

other tissues [51], its function is still unclear. While DNA methylation appears to be mostly fixed 

in adult tissue, more research is necessary to identify how DNA methylation and demethylation 

are induced in terminally differentiated cells and whether they represent normal homeostatic 

mechanisms for altering gene expression or are vestiges of early developmental programming. 

1.2.2 The role of epigenetic modifications in drug addiction 

This section summarizes general epigenetic mechanisms of drugs of abuse; a more detailed 

discussion of ethanol-induced epigenetic modifications is included in Section 1.3.2.  

 Epigenetic modifications are emerging as critical regulators of drug-related behaviors in 

rodent models. These studies developed from research implicating drug use in widespread 

changes in gene expression and activation of transcription factors (for review, see [52]). Focus 

has shifted from manipulating drug-induced transcription factors, like cAMP response element 

binding protein (CREB) and activator protein 1 (AP-1), to studying how these proteins interact 

with chromatin modifying enzymes to alter gene expression. Studying these epigenetic 

modifications is especially attractive because drug-induced priming of gene promoters may 

underlie long-lasting changes to neurons and glia that promote drug use [53]. 

 While drugs of abuse possess distinct mechanisms, all alter the mesolimbic pathway that 

supplies dopamine to the nucleus accumbens (NAc) and nearly all activate the AP-1 complex in 
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NAc [54,55]; moreover, there is converging evidence that histone modifications play a critical 

role in this modulation. This idea has been especially relevant for acute cocaine exposure, which 

is associated with increased histone acetylation and decreased histone methylation in NAc 

[53,56,57]. Interestingly, both chronic cocaine and morphine decrease dimethylation of lysine 9 

on histone subunit H3 (H3K9me2) and also decrease expression of the histone lysine methyl-

transferase G9a in NAc [53,58]. Additional evidence comes from studies using histone 

deacetylase (HDAC) inhibitors to modify drug-related behaviors. Systemic administration of the 

HDAC inhibitor sodium butyrate enhances locomotor sensitization to ethanol, cocaine, and 

morphine [56,59] and blocks anxiety-related behaviors during ethanol withdrawal [60]. Histone 

methyltransferases also appear to play a role in drug sensitivity and show cell-type specificity. 

Modulation of G9a in subpopulations of NAc neurons alters cocaine sensitization and reward as 

well as gene expression that varies between different dopamine receptor neuronal subtypes [61]. 

These studies highlight the potential for modulating drug-induced histone modifications for 

altering drug-related behaviors. 

 Studies of drug-induced effects on DNA methylation are more limited, potentially due to 

the slow induction of this chromatin modification. However, several studies have focused on 

interactions between methyl CpG binding protein 2 (MeCP2) and drug administration. MeCP2 is 

a transcriptional repressor that binds hypermethylated DNA and has recently been implicated in 

maintenance of neuronal plasticity [62]. Mice with a truncated form of MeCP2 were found to be 

more sensitive to ethanol and consume less ethanol in a continuous drinking paradigm [63]. This 

finding parallels a study showing knockdown of MeCP2 in the dorsal striatum decreases cocaine 

intake [64]. Other studies have found changes in DNA methylation at specific gene promoters 

after cocaine, ethanol, and opioid use [65-67], though these results have been more challenging 
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to associate with a behavior. Therefore, while studies are still limited, modulating enzymes 

associated with methylated DNA appears to affect drug consumption in rodents. 

 While ethanol, cocaine, and opioid exposure have all been associated with differential 

expression of hundreds of genes across multiple brain regions [53,57,68-70], drug-induced 

epigenetic modifications that regulate changes in gene expression are only recently emerging. It 

remains to be seen whether a uniform set of chromatin modifying enzymes regulate the structural 

and cellular changes that underlie addiction. 

1.2.3 Intergenerational inheritance 

This section summarizes the field of intergenerational inheritance; a more detailed discussion of 

the potential role of paternal ethanol on offspring behavior is included in Section 1.3.4.  

 Improved tools to study epigenetic modifications and a search for epi-alleles to explain 

missing heritability of complex phenotypes has led to the discovery of heritable epigenetic 

modifications that contribute to offspring phenotype. This idea is especially intriguing because of 

widespread environmentally-induced epigenetic modifications, some of which may become 

encoded in the germ line (for review, see [71]). New insights into how these epi-alleles escape 

epigenetic reprogramming during early embryogenesis and primordial germ cell development are 

emerging [29,72,73]. In particular, whole genome analysis of DNA methylation has identified 

large regions of the genome around intracisternal A particles (IAP) and imprinted genes that 

retain DNA methylation even as neighboring regions are demethylated [29,74,75]. Small RNAs 

retained in gametes are also emerging as mediators of epigenetic inheritance [71,76,77]. While 

detailed mechanisms of epigenetic inheritance are still developing, a large group of rodent 
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studies have now shown that environmental perturbations can produce phenotypic alterations in 

subsequent generations via inheritance of epigenetic modifications. 

 Early experiments of environmentally-induced epigenetic inheritance in rodents arose 

from epidemiological studies in humans, which show that parental and grandparental nutritional 

status can influence metabolism and longevity of offspring [78-80]. Rodent studies built on these 

findings and allow for rigorous control of genetic background while manipulating environmental 

parameters. Additionally, early studies utilized maternal exposures, which may be especially 

powerful because of effects on in utero development and offspring rearing long after exposure 

has stopped. Maternal obesity appears to have the most pronounced effect of parental nutritional 

changes, with metabolic changes in offspring present through three generations [81,82]. 

Interestingly, both small RNAs and DNA methylation have been proposed to mediate these 

effects [82-84]. Maternal reproductive toxins alter offspring development as well. Administering 

the antiandrogenic pesticide vinclozolin to gestating female rats during primordial germ cell 

development in utero results in male offspring with impaired fertility for three subsequent 

generations [85]. Preconception maternal ethanol exposure may also act as a teratogen, as 

offspring of these dams show an increased rate of skull deformities and changes in DNA 

methylation at an IAP regulating coat color [86]. 

 Paternal exposures provide a more direct way of studying epigenetic inheritance, since 

sires are not present during offspring rearing and in vitro fertilization can eliminate any 

contribution of the sire apart from its germ cell. An early study found that paternal low protein 

diet after weaning was associated with aberrant gene expression and DNA methylation at several 

metabolically relevant loci in offspring [87]. Paternal fasting and high fat diet have both been 

associated with altered glucose metabolism in offspring [88,89]. Paternal folate deficiency was 
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recently found to influence offspring brain development, including levels of methylated cytosine 

[90]. Interestingly, perturbations to the paternal environment may influence maternal investment 

in offspring care, a concept termed maternal provisioning. For example, offspring of sires 

exposed to social enrichment were licked and nursed more frequently than those of sires raised in 

isolation [91]; along these lines, some paternal effects on offspring phenotypes disappear after in 

vitro fertilization [92]. 

 Studies have now extended beyond preconception nutritional exposures to study how 

manipulations of parental behavior alter offspring development. An early study noted that 

maternal licking behavior during the early postnatal period programs offspring behavior across 

generations and is associated with changes in DNA methylation at the glucocorticoid receptor 

promoter [93,94]. Paternal exposures have been especially prominent in mediating behavioral 

effects in offspring. Paternal chronic stress altered sperm miRNA content and led to blunting of 

the hypothalamic-pituitary-adrenal (HPA) axis in offspring [95]. Paternal olfactory fear 

conditioning enhanced response to conditioned odors in offspring and decreased methylation of 

an olfactory receptor [96]. Sires exposed to social defeat stress had offspring that displayed 

increased anxiety-like behaviors [92]. Studies are now identifying mechanisms of paternal 

exposures on offspring phenotypes. A recent study injected sperm miRNAs from males exposed 

to early life stress in the form of maternal separation and found increased depression-like 

behaviors in offspring [77]. While mechanisms that underlie most effects of paternal exposure on 

offspring behavior are still unknown, they raise questions about whether transmission of epi-

alleles in humans can modify risk for psychiatric disease. 

 Parental exposure to drugs of abuse has now been found to alter drug-induced behavior 

and drug consumption in offspring. Adult offspring derived from dams exposed to pre-
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conceptional morphine had enhanced behavioral sensitivity to morphine and other behavioral 

alterations [97]. Male offspring of cocaine-exposed sires surprisingly displayed a cocaine-

resistance phenotype and increased expression of BDNF in the prefrontal cortex [98]. Studies 

have now extended to cross-drug interactions. Parental methamphetamine exposure enhanced 

cocaine-induced locomotion and reward as well as altered DNA methylation in offspring brains 

[99]. Parental tetrahydrocannabinol (THC) exposure was associated with increased heroin-

seeking and altered heroin withdrawal in offspring [100]. It remains to be seen whether these 

drugs are acting on common pathways to modulate drug-induced signaling in offspring or if their 

effects are specific. Considering complex pathways that regulate drug intake, including roles for 

memory, learning, stress, and reward pathways, it may prove difficult to identify a single 

mechanism driving altered drug preference in offspring following a parental exposure. 

1.2.4 Epigenetic programming during spermatogenesis 

This section summarizes epigenetic modifications in sperm; a more detailed discussion of 

ethanol-induced effects on the male reproductive axis is included in Section 1.3.3.  

 Epigenetic modifications during spermatogenesis are highly plastic and regulated by 

coordinated induction of DNA methylation, histone modifications at developmentally important 

loci, and small RNAs. These systems interact to produce a cell with a compact and 

transcriptionally silent nucleus, minimal RNA content, and a paternal imprinting pattern. 

However, while sperm have historically been viewed as passive carriers of genetic information, 

recent studies have demonstrated the importance of sperm-encoded epigenetic modifications for 

offspring development. 
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 Condensation of sperm chromatin in mammals involves replacement of nearly all (95-

99%) histones with highly basic protamines [101]. In general, protamines facilitate nuclear 

condensation by tightly binding DNA, which provides more efficient delivery of genetic material 

and may protect DNA from damage [101]. Retained histones in mature sperm were largely 

ignored until recently, when it was discovered that histone subunit H3 methylated at either lysine 

4 and/or 27 was associated with several loci important for early embryogenesis [102]. A later 

study took an unbiased approach to characterizing sperm chromatin by measuring DNase 

sensitivity across the genome; regions with higher DNase sensitivity, indicating less compaction 

and therefore likely occupancy by a histone rather than a protamine, were enriched in CTCF 

binding sequences [103]. These observations led to a recent study on the role of histone 

modifications in regulating gene expression in embryos. Perturbing protamine incorporation into 

the sperm nucleosome by blocking poly-ADP riboslyation caused aberrant histone retention and 

altered expression of hundreds of genes in two-cell embryos [104]; this study supports the idea 

that sperm histones are potential mediators of epigenetic inheritance. While mechanisms for 

selecting histone vs. protamine occupancy within the sperm genome are still unknown, 

modifying this process affects offspring gene expression and may lead to altered phenotypes. 

 The paternal genome undergoes specialized encoding of DNA methylation during 

spermatogenesis. In primordial germ cells, DNA is actively demethylated and de novo re-

methylated by DNMT3 enzymes to establish parental imprinting patterns and pluripotency [74]. 

After primordial germ cell development, DNA methylation patterns are maintained during 

spermatogenesis by DNMT1 with limited de novo methylation occurring postnatally [105]. 

While not as plastic as primordial germ cell development, DNA methylation during postnatal 

spermatogenesis is vital to sperm and offspring development. In rodent sires, systemic inhibition 
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of DNA methylation by 5-azacytidine resulted in decreased sperm count, infertility, and a 30-

fold increase in the number of abnormal preimplantation embryos [106]. The role of DNA 

methylation in sperm extends beyond transcriptional repression. Hypomethylated regions of the 

sperm genome are enriched in transcription factor binding sites and mark promoters of genes 

expressed in early embryogenesis [102,107]. Therefore, changes to DNA methylation in sperm 

can affect offspring development and locus-specific effects have begun emerging [108,109]. 

 Sperm RNAs have gained significant attention for their role in gametogenesis and, more 

recently, offspring development. Because the mass of RNA in oocytes (~1 ng per cell) dwarfs 

that of sperm (~10 fg per cell) [110], particular attention has been paid to small noncoding RNA 

(sncRNA) that have regulatory functions beyond serving as a template for translation. Studies 

have now identified tens of thousands of distinct populations of sncRNAs in spermatozoa, 

comprised of miRNAs, piRNAs, tRNAs, and other sequences [111,112]. piRNAs are critical for 

silencing of retrotransposable elements during primordial germ cell development and 

spermatogenesis [113,114]. Studies of epigenetic inheritance have specifically focused on the 

role of miRNAs for modifying offspring development. While an early study found only a 

minimal contribution of sperm miRNAs to zygotes [115], others have found a role for specific 

miRNAs in embryo cleavage [116] and offspring phenotypes [76]. Recent studies have found a 

more general role of altered sperm miRNA populations in heritability of paternally transmitted 

phenotypes [77,95]. Therefore, while sncRNA populations in sperm are complex and only 

recently studied, altering their composition can affect offspring phenotypes. 
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1.3 ETHANOL AND EPIGENETICS 

1.3.1 Ethanol-induced gene expression 

Despite decades of research, a definitive mechanism of ethanol that underlies its addictive 

potential has yet to be uncovered. In particular, ethanol is known to modify several 

neurotransmitter receptors; however, understanding how these receptor systems interact to 

promote AUD has proven challenging (for review, see [117]). A novel strategy for uncovering 

potential mechanisms of ethanol is to study its effects unrelated to its ability to bind neuro-

transmitter receptors. In particular, ethanol alters gene expression in several organ types, 

including brain [118,119], liver [120], and intestine [121]. Gene expression studies have focused 

on networks of genes that may be important in mediating adaptive responses to ethanol; 

however, identifying those genes also permits study of epigenetic modifications that may be 

conserved across gene promoters after ethanol exposure. Studying transcription factors or 

chromatin modifying enzymes that mediate these effects could represent a more robust approach 

to uncovering mechanisms of ethanol that promote AUD. 

 In humans, AUD is associated with differential expression of genes in the amygdala, 

cortex, and hippocampus [119,122-124]. These changes drive neuronal and glial adaptations to 

repeated ethanol exposure that are thought to incentivize further ethanol consumption [125].  

Several whole genome expression studies of AUD using the frontal cortex have now shown 

widespread, though relatively modest (~50%), changes in expression of thousands of genes 

[118,122,124,126]. They have also identified several networks altered by chronic alcohol 

consumption, including genes involved in myelination and neurodegeneration that may underlie 

white matter loss due to AUD [119,124]. While informative, technical issues, like quality of 
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post-mortem tissue and donor history, have made it difficult to compare datasets; for example, 

one study used RNA-seq and found only a few dozen differentially expressed genes in the 

hippocampus of adults with AUD [123]. Studies are now moving past simply identifying genes 

and utilizing whole genome data to uncover mechanisms of gene regulation, including measuring 

miRNA expression and GC content of differentially expressed genes [122,127]. 

 Technical challenges in human studies are overcome using rodent models, where animals 

are tested together and alcohol exposure can be controlled. In rodents, a single, binge-like 

exposure to ethanol is also associated with up- and down-regulation of genes in the cortex, 

nucleus accumbens, and ventral tegmental area [68,69,128]. Changes in gene expression are also 

associated with compensatory changes in miRNA regulation [129], suggesting post-translational 

mechanisms that may also underlie escalation of ethanol drinking. Gene expression microarrays 

have also been used to identify genes conferring altered preference for ethanol between different 

strains [128,130]. These studies have culminated in the identification of a mutation in a 

metabotropic glutamate receptor that confers increased alcohol preference in rats [131]. While 

rodent studies have had greater success identifying genes that confer risk for alcohol drinking 

compared to human gene expression analyses, few have examined mechanisms of ethanol-

induced gene regulation. 

1.3.2 Ethanol-induced epigenetic modifications in the brain 

Studies are emerging on epigenetic mechanisms that regulate ethanol-induced changes to gene 

expression. Two studies using post-mortem tissue from people with AUD identified altered 

distribution of histone trimethylation in the hippocampus and cortex, which corresponded to 

gene expression changes in these regions [122,123]. Additionally, dysregulation of miRNAs, 
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retrotransposable elements, and DNA methylation have been discovered in similar post-mortem 

tissue [122,127]. Research has now extended to using pharmaceuticals with epigenetic 

mechanisms for treatment of AUD. The HDAC inhibitor valproic acid has been studied as a 

potential therapeutic and was found to reduce relapse rates [132] and alcohol drinking [133] in 

small cohorts of patients. While still limited, these studies suggest a role for epigenetic 

modifications in the maintenance of AUD. 

Histone Modifications Brain Region Role Reference 

H3K9ac and H3K9me2 
Primary 

Neuronal Cell 
Culture 

↑H3K9ac and ↓H3K9me2 underlie 
↑NR2B expression after CIE 

Qiang et al. 
[134] 

H3K9ac, H3K4me3, 
andH3K27me3 Amygdala 

Chronic ethanol alters histone 
modifications at prodynorphin and 

pronociceptin promoters 

D'Addorio 
et al. [135] 

pan-H3 acetylation and 
H3K4me3 Hippocampus 

Chronic ethanol alters histone 
modifications at Bdnf exons in 

hippocampus 

Stragier et 
al. [136] 

pan-H3 and H3K9 
acetylation 

Central Nucleus 
of Amygdala 

Histone acetylation underlies ethanol 
preference differences between P and 

NP rats 

Moonat et 
al. [137] 

pan-H3 and H4 
acetylation 

Prefrontal 
Cortex 

Histone acetylation underlies  
conditioned place aversion extinction 

in adolescents vs. adults 

Pascual et 
al. [138] 

pan-H3 and H4 
acetylation 

Medial Nucleus 
of Amygdala 

Histone acetylation underlies 
tolerance to the effects of ethanol 

Sakharkar 
et al. [139] 

pan-H3 and H4 
acetylation 

Central Nucleus 
of Amygdala 

Histone acetylation underlies ethanol-
induced anxiolysis and withdrawal-

induced anxiety 

Pandey et 
al. [60] 

pan-H3 and H4 
acetylation 

Ventral 
Tegmental Area 

Altered histone modifications at gene 
promoters following 9 day chronic 

vapor ethanol and withdrawal 

Shibasaki et 
al. [140] 

Table 1. List of histone modifications altered by ethanol in the brain 

  

 Rodent studies of ethanol-induced epigenetic modifications have focused on specific 

brain regions important for regulating ethanol-related behavior (Table 1). Acute ethanol has now 
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been associated with increased histone acetylation in the central nucleus of the amygdala [60], 

altered histone modifications at the prodynorphin and pronociceptin promoters in the amygdala 

[135], and altered expression of histone modifying enzymes in the striatum and prefrontal cortex 

[141]. Chronic ethanol consumption was recently associated with increased expression of Bdnf in 

the hippocampus and ethanol-induced histone modifications at the Bdnf promoter [136]. 

Modulating histone modifications appears to have a dramatic effect on ethanol-related behaviors. 

Systemic administration of the HDAC inhibitor sodium butyrate blocked ethanol-induced 

behavioral sensitization, indicating histone deacetylation plays a critical role in the neuroadaptive 

response to ethanol administration [142]. Systemic HDAC inhibition also blocked the effects of 

ethanol withdrawal by reducing anxiety-like behaviors and increasing expression of Bdnf, Arc, 

and Npy in the amygdala [60,139,143,144]. Specific HDACs are being implicated in regulating 

ethanol drinking and withdrawal. A recent study pointed to HDAC2 expression in the amygdala 

as a critical regulator of ethanol preference and anxiolytic response to acute ethanol [137]. All of 

these studies provide evidence that ethanol-induced histone modifications in the brain are critical 

regulators of ethanol-related behaviors and consumption in rodents. 

 Despite emerging evidence for the role of histone modifications in mediating the effects 

of ethanol, only the HDAC2 studies have attempted to correlate changes in gene expression with 

ethanol-induced changes to histone modifying enzymes. Additionally, there have been no 

unbiased, genome-wide studies of histone occupancy after ethanol exposure using a rodent 

model. These studies will provide mechanistic insight into the well-established effects of ethanol 

on gene expression; additionally, they could identify networks of transcription factors induced by 

ethanol based on DNA sequences associated with altered histone modifications.  
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1.3.3 Ethanol-induced epigenetic modifications in gametes 

Ethanol has notable effects on the male reproductive axis, including altering how epigenetic 

modifications are programmed in germ cells. In humans, research has mainly focused on 

potential effects of alcohol consumption on fertility. In general, while moderate alcohol 

consumption has limited effects on fertility parameters [145,146], several studies have noted 

abnormalities in sperm morphology among men with AUD and/or high alcohol consumption (for 

review, see [147]). The effects of chronic alcohol on fertility are thought to be mediated in part 

by central hypogonadism in men with AUD, leading to decreased circulating testosterone levels 

and altered testicular physiology [148,149]. Additionally, spermatogenesis may be especially 

susceptible to aberrant one carbon metabolism after chronic alcohol use, in particular alcohol-

induced deficits in s-adenosylmethionine (SAM) [150,151], though no studies have examined 

DNA methylation in spermatocytes of men with AUD. A recent study in men with moderate 

alcohol consumption found a trend for hypomethylation of paternally imprinted genes in those 

who consumed alcohol compared to those who did not drink alcohol [152]. No studies have 

examined whether RNA and histone modifications are altered by AUD in spermatocytes, which 

will yield further information on potential effects on offspring development. 

 Rodent studies have focused on mechanistic aspects of ethanol-induced effects on the 

reproductive axis. In particular, studies are able to use a range of ethanol exposures that are 

difficult to replicate in humans. Two weeks of ethanol injections were found to decrease sperm 

counts and plasma testosterone as well as increase oxidative stress in mice [153]. Increased 

oxidative stress has been associated with global DNA hypomethylation in human sperm [154], 

suggesting a role for oxidative stress in ethanol’s effects on sperm DNA methylation. Ethanol 

gavage 3 times per week for nine weeks in rats was associated with decreased expression of 
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DNMT1 in sperm [155]. Studies have focused on the effect of ethanol consumption on DNA 

methylation at heavily methylated, imprinted regions in sperm that are resistant to genomewide 

demethylation. One study did not find changes in sperm one week after ethanol exposure but 

noted significant hypomethylation at paternally imprinted regions in the offspring of ethanol-

exposed sires [156]. Another study found hypomethylation at one of these paternally imprinted 

regions in sperm after four weeks of ethanol treatment [157].  

1.3.4 Effects of paternal ethanol exposure on offspring 

The effects of ethanol on multiple aspects of the male reproductive axis discussed in Section 

1.3.3 suggest that ethanol is altering sperm development. Moreover, as emerging evidence points 

to a role of the sperm epigenome and microenvironment in offspring development (see Section 

1.2.3), these ethanol-induced effects on sperm development are likely to have implications for 

children of men with AUD. There are several studies that support an association between fathers 

with AUD and changes across multiple cognitive domains in their offspring. These have shown 

increased risk for psychiatric disorders [158,159], decreased performance on measures of 

intelligence [160], personality changes [160,161], and increased incidence of attention deficit 

hyperactivity disorder (ADHD) [162] in children of men with AUD. Some of these effects are 

specific to fathers who had active AUD compared to those who were in remission [159]. 

Physiological deficits in offspring of alcoholic fathers have also been noted, including 

electroencephalographic changes [163], neuroimaging findings [164], and decreased intracranial 

volumes [165]. In particular, decreased amplitude of the P300 event related potential (ERP) has 

been associated with AUD and shows evidence for inheritance [163,166]. While these results are 

confounded by social and environmental factors associated with being raised by a father with 
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AUD, they also raise the possibility that acquired changes to male gametes are being transmitted 

to offspring. 

 Based on human studies that show a role for paternal ethanol on offspring development, 

rodent studies have used controlled alcohol exposures to study these effects in depth. Most of 

these animal studies have been undertaken from a fetal alcohol syndrome (FAS) perspective, 

which posits that parental ethanol use induces a spectrum of morphological and cognitive deficits 

in offspring. In rodents, paternal ethanol induces physiological abnormalities in offspring in the 

absence of maternal ethanol exposure, including low birth weight [155,167], increased number 

of runts [155], altered organ weights [167,168], thickening of layers of the cerebral cortex [169], 

and low testosterone levels [170]. Several behavioral abnormalities have also been noted, 

including decreased spatiotemporal learning [171], decreased novelty seeking behavior [167], 

increased immobility on the forced swim test [172], and decreased grooming [173]. More recent 

studies have found decreased open arm entries on the elevated plus maze [157] and increased 

impulsivity [174] in offspring of ethanol-exposed sires. One of these groups found altered 

expression of DNMT1 and MeCP2 in brains of paternal ethanol-sired offspring [174], suggesting 

potentially widespread epigenetic abnormalities in these animals. While these effects are varied, 

it is important to note that animals show deficits in some but not all behaviors, suggesting 

paternal ethanol affects discrete neurobiological pathways. Moreover, conserved changes in 

behavior across multiple animals would be challenging to explain by random mutations in the 

sperm genome. Unfortunately, gene-specific alterations in mice sired by alcohol-exposed fathers 

are still lacking, though improved methodology to study epigenetic modifications may lead to 

their identification in the future.  
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Despite the range of effects reported for paternal ethanol exposure on offspring, no 

groups have studied its effects on ethanol-induced behaviors or ethanol drinking. With the 

emergence of several groups reporting intergenerational inheritance of drug seeking behavior, it 

is possible epi-alleles account for the heritability of AUD. 
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1.4 HYPOTHESIS AND SPECIFIC AIMS 

Despite its ubiquitous use and access, knowledge of basic neurobiological mechanisms of 

ethanol remains limited, delaying the development of pharmacological treatments for alcoholism. 

Moreover, GWAS has accounted for only a fraction of a percent of the heritability of AUD, 

delaying identification of individuals at high risk for alcohol dependence. To test the hypothesis 

that epigenetic modifications contribute to neurobiological mechanisms of ethanol and 

heritability of AUD, I developed three specific aims:  

• Specific Aim 1 tests the hypothesis that paternal preconception ethanol exposure alters 

ethanol consumption and response to ethanol in offspring. 

• Specific Aim 2 tests the hypothesis that conserved histone modifications regulate 

ethanol-induced gene expression in the cerebral cortex. 

• Specific Aim 3 develops a method for studying histone modifications in a neuronal 

subtype in vivo and tests the hypothesis that chronic intermittent vapor ethanol and 

withdrawal induce dynamic changes in gene regulation via discrete histone modifications 

in accumbal dopamine 1 receptor positive medium spiny neurons. 
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2.0  PATERNAL ETHANOL ALTERS OFFSPRING BEHAVIOR 

Adapted from: Finegersh A, Homanics GE (2014) Paternal Alcohol Exposure Reduces Alcohol 
Drinking and Increases Behavioral Sensitivity to Alcohol Selectively in Male Offspring. PLoS 
ONE 9(6): e99078. [175] 

2.1 INTRODUCTION 

Although the heritability of AUD is estimated to be ~50% among men [9], the genetic basis for 

this disease is poorly understood despite considerable scientific investment. Like many other 

complex, polygenic diseases, DNA sequence variations are associated with risk of acquiring 

AUD [24,25]; however, these variants account for a tiny fraction of the total risk [23].  

 Emerging evidence from several converging fields has reinvigorated the idea that 

inheritance of acquired characteristics, “epigenetic inheritance,” is an adjunct to traditional 

modes of genetic inheritance. In rodent studies in which genetics and environment can be 

rigorously controlled, it is now established that environmental perturbations can produce 

phenotypic alterations in subsequent generations without further exposures. For example, in 

isogenic rodents, exposure to stress [77,95], endocrine disruptors [85], high fat diet [89], low 

protein diet [87], and olfactory fear conditioning [96] all result in phenotypic changes in 

subsequent generations. There is also a growing literature on intergenerational effects of drugs of 

abuse. Adult offspring derived from dams exposed to morphine prior to conception displayed 
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enhanced behavioral sensitivity to morphine and other behavioral alterations [97].  Male 

offspring of cocaine-exposed sires surprisingly displayed a cocaine-resistance phenotype [98]. 

Finally, prenatal exposure to ethanol was associated with transgenerational effects on POMC 

expression that was inherited through the male germ line [176]. 

A number of studies support the idea that parental ethanol exposure prior to mating can 

alter the phenotype of offspring. In rodents, paternal preconception ethanol exposure induced 

developmental abnormalities including altered organ weights including brain [168,177], 

thickening of cortical layers [169], and decreased testosterone levels [170]. Paternal ethanol 

exposure also induced numerous behavioral abnormalities, including decreased grooming 

behavior in response to novelty or water immersion [173], altered spatial learning [167], 

decreased novelty seeking [171], and decreased immobility in a forced swim test [172]. These 

changes did not appear to be related to stress or undernutrition associated with ethanol exposure. 

The studies cited above led us to hypothesize that ethanol drinking behavior and 

neurobiological sensitivity to ethanol are due in part to paternal ethanol exposure prior to 

conception. To test this hypothesis in a model system that was free from confounding genetic 

and environmental influences, adult male mice were chronically exposed to ethanol (or control 

conditions) and subsequently mated to ethanol naïve females. Adult offspring were tested for 

ethanol drinking on the two bottle choice test and drinking in the dark assays as well as a range 

of ethanol-induced and basal behaviors. 
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2.2 MATERIALS AND METHODS 

2.2.1 Animals 

All experiments were approved by the Institutional Animal Care and Use Committee of the 

University of Pittsburgh. Eight-week-old, ethanol-naïve, specific pathogen free C57BL/6J and 

Strain 129Sv/ImJ mice were purchased from Jackson Laboratory (Bar Harbor, ME) and used to 

generate the F1 generation of offspring as described below. Mice were group-housed under 12 

hour light/dark cycles and had ad libitum access to food and water. 

2.2.2 Paternal ethanol exposure 

Vapor ethanol inhalation was used because it allows for ad libitum access to food and water, no 

stress-inducing injections or gavage, and animals remaining in their home cage. Two identical 

custom-built vapor chambers were used (16” x 16” x 24” constructed from 0.5” plexiglass) to 

deliver either room air or vaporized ethanol. Flow rate, vaporization temperature, and exposure 

time were optimized to achieve consistent blood ethanol concentrations (BEC) without the use of 

pyrazole. Room air was flowed into two heated Erlenmeyer flasks at a rate of 8 L/min; one flask 

received ethanol at a rate of ~250 μl/min while the other flask received no ethanol. Air from the 

ethanol and control flasks flowed into separate chambers so that only one chamber received 

vaporized ethanol. 

 Male C57BL/6J mice were placed in vapor chambers from 08:00 to 16:00 for 5 

consecutive days/week for at least 5 weeks. Five weeks of exposure was chosen because it 

represents a complete cycle of murine spermatogenesis [178]. Temperature of the chambers was 
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monitored daily and averaged 78˚ F at the end of 8 h of exposure. Mice were weighed at the 

beginning of each week and blood was collected from the tail vein at the end of each week. Total 

ethanol in plasma was measured using an Analox ethanol analyzer (AM1, Analox Instruments, 

London, UK). 

2.2.3 Breeding scheme and offspring rearing 

Immediately following the final day of exposure, male mice were removed from group housing 

and housed with two eight-week-old, ethanol-naïve Strain 129Sv/ImJ female mice. Strain 

129Sv/ImJ females were chosen because they do not erase epigenetic marks at intracisternal A 

particles (IAPs) in offspring in utero while C57BL/6J females do erase these marks [108]. After 

48 hours, males were removed from the females’ cages. Strain 129xC57 F1 hybrid offspring 

were reared normally and weighed weekly beginning at 3 weeks of age. All offspring used in 

behavioral experiments were at least 8 weeks of age. 

2.2.4 Isolation of motile sperm DNA 

Male mice were group housed and exposed to vapor ethanol or room air for an additional 3 days 

following mating. This additional exposure was done so that ethanol-induced epigenetic marks 

were not lost during this time period and that the effects of ethanol withdrawal on gene 

expression and epigenetic processes would not affect germ cells. Sixteen hours following 

exposure, the cauda epididymis was dissected from the testes and placed into 4 ml of 1% bovine 

serum albumin (BSA) in PBS. Sperm and DNA were extracted using a double swim up assay as 

previously described [179]. Briefly, several longitudinal cuts were made through the cauda 
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epididymis using a scalpel and the tissue in 1% BSA was collected into a 15 ml conical tube. The 

tissue was incubated for 30 minutes at 37˚ C and the top 2 ml of liquid was collected into a new 

15 ml conical tube, which was incubated for an additional 15 minutes at 37˚ C. The top 1 ml 

containing motile sperm was collected and used for analysis. Sperm were pelleted at 6000 rpm 

for 5 min at 4˚ C, resuspended in sperm lysis buffer with proteinase K [179], and incubated at 

50˚ C overnight. DNA was extracted using a phenol-chloroform-isoamyl alcohol extraction and 

an ethanol precipitation and eluted in 100 μl TE buffer. 

2.2.5 Isolation of RNA and DNA from the VTA and mPFC 

Adult offspring were sacrificed by cervical dislocation and the brain extracted and placed into an 

ice cold adult mouse brain slicer matrix with 1 mm coronal section slice intervals (Zivic 

Instruments, Pittsburgh, PA). Razor blades were inserted starting at the rostral end through the 

midbrain. The ventral tegmental area (VTA) was collected on the first slice where the hippo-

campus wrapped around the midbrain as the region medial to the substantia nigra. The medial 

profrontal cortex (mPFC) was collected on the first two consecutive slices where the cortex was 

first visible. These structures were collected, flash frozen in liquid nitrogen, and stored at -80˚ C. 

RNA and DNA were extracted using Trizol (Life Technologies, Carlsbad, CA) according to the 

manufacturer’s protocol. RNA was purified using the RNeasy mini kit with DNase digestion 

(Qiagen, Valencia, CA) and eluted in 30 μl water. DNA was eluted in 100 μl TE buffer. 
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2.2.6 Bisulfite sequencing 

Bisulfite treatment was carried out using the EZ DNA Methylation-Gold Kit (Zymo Research, 

Irvine, CA) according to the manufacturer’s protocol. Briefly, 20 μl of DNA in TE buffer was 

treated with sodium bisulfite, desulphonated, and eluted in 10 μl of water. Bisulfite-treated DNA 

was used as a template for a nested PCR reaction. Primer sequences used are summarized in 

Table 1. PCR conditions for the outside reaction were: 4 min at 94˚ C, 2 min at 55˚ C, and 2 min 

at 72˚ C repeated once then 1 min at 94˚ C, 2 min at 55˚ C, and 2 min at 72˚ C repeated 35 times. 

The outside reaction was used as a template for the inside reaction, whose conditions were: 4 

min at 94˚ C, then 1 min at 94˚ C, 2 min at 55˚ C, and 2 min at 72˚ C repeated 35 times, then 7 

min at 72˚ C. The inside PCR reaction was run on a 1.2% agarose gel and a ~300 bp product 

excised and gel purified using the Purelink Quick Gel Extraction kit (Life Technologies) 

according to the manufacturer’s protocol. Gel-purified PCR products were cloned into a TOPO 

TA vector (Life Technologies) according to the manufacturer’s protocol and transformed into 

TOP10 competent cells (Life Technologies). Cells were plated onto LB agar plates with 

ampicillin. Individual colonies were selected and grown overnight separately in LB with 

ampicillin, then plasmids were purified using the QIAprep Spin Miniprep Kit (Qiagen) according 

to the manufacturer’s protocol. 

 Plasmids were checked for the presence of an insert using an EcoRI digestion. Those 

with an insert were sent for sequencing (Genewiz, South Plainfield, NJ). After sequencing, trace 

files and the original BDNF exon IXa CpG island, IG DMR, or H19 DMR sequence were loaded 

into CpGviewer, an automated bisulfite sequencing analysis program that detects the methylation 

status of potentially methylated cytosines [180], and results were used for analysis. At least two 
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separate bisulfite treatments for each animal’s tissue were performed and at least four animals 

per group were used for analysis. 

 

Table 2. Primer sequences for bisulfite sequencing reactions 

2.2.7 Reverse Transcription Quantitative PCR (RT-qPCR) 

300 ng of RNA was converted into cDNA using reverse transcriptase (RT) (Bio-Rad, Hercules, 

CA). Reactions were carried out in duplicate for each gene. SYBR green fluorescent master mix 

(Bio-Rad) was added to each well and visualized using a Bio-Rad iCycler. All primers were 

optimized for 90% to 110% efficiency at the following conditions: 10 min at 95˚C followed by 

40 cycles of 30 s at 95˚C, 1 min at 60˚C, and 30 s at 72˚C. Primer sequences used are 

summarized in Table 2. Threshold cycle (Ct) values were calculated for each well and duplicate 

values averaged. The difference between specific genes and β-actin (ΔCt) was calculated for 

each animal and normalized to the average of room air sired offspring (ΔΔCt). Fold change over 

room air sired offspring was calculated for each animal using the following formula: 2-ΔΔCt. 

Amplicon Forward primer (5'-->3') Reverse primer (5'-->3') 

BDNF exon IV CAGGAGTACATATCGGCCACCA GTAGGCCAAGTTGCCTTGTCCG 
BDNF exon Ixa AGCCTCCTCTACTCTTTCTGCTG GTGCCTTTTGTCTATGCCCCTG 
Dlk1 GGCCATCGTCTTTCTCAACA ATCCTCATCACCAGCCTCCT 
β-actin TCATGAAGTGTGACGTTGACATCCGT CCTAGAAGCATTTGCGGTGCACGATG 

Table 3. Primer sequences used for RT-qPCR experiments on offspring 
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2.2.8 Forced Swim Test 

Mice were tested for their performance on the forced swim test, which correlates with anxiety- or 

depression-like behaviors in rodents [181]. Mice were placed into a standard 1000 mL beaker 

filled to 900 mL with 26˚ C tap water. The water level was 10 cm above the bottom of the beaker 

before the mouse was placed into the beaker. Swimming behavior was scored for latency to 

immobility and total immobility after the first 2 minutes for 4 minutes. Immobility was defined 

as a cessation in swimming behavior for greater than 5 seconds. After testing, mice were quickly 

dried with paper towels and placed under a heat lamp for half an hour, then returned to their 

home cage. 

2.2.9 Grooming behavior 

One week following testing for the forced swim test, mice were randomly divided into two 

groups and tested for basal and induced grooming behaviors. For basal grooming, mice were 

removed from their home cage and singly housed in an empty cage. After acclimating to the new 

cage for 15 minutes, grooming behavior was measured for 5 minutes and scored for latency to 

groom, frequency of grooming episodes, and duration of grooming. For induced grooming, mice 

were also acclimated to single housing in a new cage for 15 minutes. Then, they were placed on 

top of the new cage and gently sprayed twice with water on the dorsal surface from a distance of 

~2 inches. They were placed back in their cage and scored for latency to groom, frequency of 

grooming episodes, and duration of grooming over 5 minutes. 
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2.2.10 Two bottle choice 

The two bottle choice test was used to assess the effect of paternal ethanol exposure on ethanol 

preference and consumption. Mice were acclimated to individual housing with food available ad 

libitum for one week. After one week, water bottles were replaced with two modified 25 ml 

polystyrene serological pipets (Thermo Fisher, Waltham, MA) fitted with ball bearing sipper 

tubes and filled with drinking water. Every 4 days, mice were weighed, total volume consumed 

measured by reading volume markers on the tubes, and tubes were removed, washed, and 

replaced. After 4 days of drinking water, tubes were replaced with one tube containing a 3% 

(w/v) ethanol solution and the other containing drinking water. This was immediately followed 

by 4 days each of a choice between 6%, then 9%, then 12%, and then 15% ethanol solutions and 

drinking water. The position of the ethanol tube was changed every 4 days, and there were no 

mice exhibiting a side preference for either tube position. A subset of mice was also tested for 

their preference for saccharin (0.033% and 0.066% w/v) then quinine hemisulfate (0.03 and 0.06 

mM) following 15% ethanol solution. There was a 1 week washout period between ethanol, 

saccharin, and quinine tastants where both tubes contained water. Quantity of ethanol, saccharin, 

quinine, and water consumed was calculated for each mouse (g/kg/day or ml/kg/day) and 

preference was calculated as a ratio of solution consumed over total volume consumed. All 

solutions were also placed in an empty cage for 4 days to determine evaporation and spillage 

estimates, which were subtracted from the total volume consumed of each solution for each 

mouse. 
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2.2.11 Elevated plus maze, open field, and accelerating rotarod 

Offspring were tested for their performance on three consecutive behavioral tests after a single 

intraperitoneal injection with either 1 g/kg ethanol (0.02 ml/g body weight of 5% ethanol in 0.9% 

saline) or 0.02 ml/g 0.9% saline. Prior to injection, mice were individually housed with no food 

or water for 1 hour. 

 The elevated plus maze was used to assess the effect of paternal ethanol exposure on 

basal anxiety-like behavior and ethanol-induced anxiolysis. Ten minutes after injection, mice 

were place in the center of an elevated plus maze facing an open arm. Sessions were video 

recorded for 5 minutes and manually scored for number of arm entries and time spent in each 

arm; arm entries were defined as all four limbs within an arm. At the conclusion of the elevated 

plus maze assay, mice were returned to individual housing. 

 The open field test was used to assess the effect of paternal ethanol exposure on basal and 

ethanol-induced locomotor activity. Five minutes after the conclusion of the elevated plus maze 

(20 minutes post-injection), mice were placed in the corner of a 43.2 x 43.2 x 30.5 cm open field 

box with a white floor and clear plexiglass walls (Med Associates Inc., St. Albans, VT). The 

open field box was placed in a sound attenuating cubical (Med Associates Inc.) and illuminated 

by a 1W bulb and a small fan provided a low level of background noise. Movement was tracked 

using infrared beam sensors over a 10 minute trial. 

 The accelerating rotarod test was used to assess the effect of paternal ethanol exposure on 

basal motor coordination and ethanol-induced ataxia. Five minutes after the conclusion of the 

open field test (35 minutes post-injection), mice were habituated to the rotarod (Ugo Basile, 

Italy) for 30 seconds at 5 rpm. Then, the rotarod was accelerated from 5 to 50 rpm over 180 
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seconds. The amount of time mice remained on the accelerating rotarod was measured for 5 

separate trials spaced 60 seconds apart. 

2.2.12 Drinking in the dark assay 

The drinking in the dark assay is a model of scheduled, limited access ethanol consumption that 

produces elevated BECs in high drinking mouse strains [182]. In this assay, offspring were 

singly housed for one week before testing with ad libitum food and a standard water bottle. 

Beginning on Monday each week, the water bottle was replaced with one 25 ml polystyrene 

serological pipet 3 hours after onset of the dark cycle. For Monday, Tuesday, and Wednesday, 

mice had access to the solution for 2 hours; on Thursday, mice had access to the solution for 4 

hours. At the end of the time period, total volume consumed measured by reading volume 

markers on the tubes and the standard water bottle was placed back in the cage. This experiment 

was completed first with water, then 10% ethanol solution in water the following week, then 

20% ethanol solution in water the following week. Therefore, there was a 3 day washout period 

between each solution. All mice were weighed and cages changed at the beginning of the week. 

2.2.13 Ethanol metabolism 

The rate of ethanol clearance was determined to assess the effect of paternal ethanol on ethanol 

metabolism. Mice were injected with 3.5 g/kg ethanol i.p. (0.02 ml/g of 17.5% ethanol in 0.9% 

saline). Blood was collected by tail nick at 60 minutes and 240 minutes post-injection. Total 

ethanol in plasma and standards was measured using an Analox ethanol analyzer.  
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2.2.14 Statistical analysis 

Behavioral experiments were analyzed using a Student’s t-test, χ2 test, and two-way ANOVA 

with or without repeated measures where appropriate. For ANOVAs, post-hoc pairwise 

comparisons were made using the Fisher’s LSD test. For analysis of DNA methylation, groups 

were analyzed using the Mann Whitney U test. For RT-qPCR data, groups were analyzed using a 

Student’s t-test. Data from mice that differed by 2 SDs from the mean were considered outliers 

and excluded from analysis. All data are presented as mean +/- standard error bars. 

2.3 RESULTS 

2.3.1 Paternal ethanol exposure 

This chronic intermittent vapor ethanol exposure paradigm induces dependence [183] and 

increases voluntary ethanol drinking [184]. Blood ethanol concentrations (BEC) were measured 

weekly on the final day of ethanol exposure and averaged 147.1 +/- 7.52 mg/dl (mean +/- SEM) 

(Fig. 2B). Sires were weighed at the beginning of each week and there was a significant effect of 

time on sire weight over the course of five weeks (F(4,200) = 54.50, p < 0.0001) but no significant 

effect of treatment or interaction, indicating generally normal weight gain among ethanol 

exposed sires (E-sires) compared to control sires (C-sired) (Fig. 2C). 
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Figure 2. Chronic vapor ethanol exposure 

 (A) 8-week-old C57BL/6J mice were exposed to ethanol vapor or room air for 8 hours/day, 5 

days/week, for 5 weeks and immediately housed with 2 ethanol-naïve Strain 129Sv/ImJ females 

for 48 hours; after mating, they were re-exposed for 3 days and motile sperm was collected. (B) 

Blood ethanol concentrations showed limited variability across 5 weeks and averaged 147.1 +/- 

7.52 mg/dl (mean ± SEM) (n = 25). (C) There was no difference in weight gain between ethanol 

(E-sires) (n = 25) and room air (C-sires) (n = 27) exposed sires during the 5 weeks of exposure. 

2.3.2 Ethanol exposure hypomethylates the IG DMR in motile sperm 

Alcohol consumption was found to decrease DNA methylation of paternally imprinted regions in 

motile sperm [152]; therefore, these regions were studied following the chronic vapor ethanol 

exposure in this study. There was a ~5% reduction in DNA methylation at the intergenic (IG) 

differentially methylation region (DMR) in sperm (p < 0.001), which regulates expression of 

Dlk1 from the paternal chromosome [185] (Fig. 3A,C); however, there was no difference in 

DNA methylation of the H19 DMR, which regulates expression of Igf2 from the paternal 

chromosome [186] (Fig. 3B,D). These results suggest locus-specific changes to DNA 

methylation in motile sperm following chronic ethanol exposure. 
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Figure 3. Ethanol decreases DNA methylation of the IG DMR in motile sperm 

DNA methylation at the intergenic (IG) and H19 differentially methylated regions (DMR) were 

measured in motile sperm using bisulfite sequencing. (A,C) DNA methylation is significantly 

reduced at the IG DMR in motile sperm of ethanol-exposed sires relative to room air controls. 

(B,D) There is no change in DNA methylation of the H19 DMR following ethanol exposure. Each 

circle represents a potentially methylated cytosines in the DMR; filled circles are methylated and 

unfilled circles are unmethylated. Each block of rows represents sequenced colonies from a single 

independent animal. n = 6-7/group. Data presented as mean ± SEM. *p < 0.0001. 

 

2.3.3 Paternal ethanol increases male offspring weight in 129xC57 offspring 

Immediately following the 5th week of exposure, each sire was mated to 2 ethanol-naïve Strain 

129Sv/ImJ females for 48 hours; there was no significant difference in the number of offspring 

sired or litter size from E-sires compared to C-sires (Fig. 4A-B). For body weight of male 

offspring, there was a significant effect of time (F(3,297) = 900.7, p < 0.0001) and sire exposure 
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(F(1,99) = 17.35, p < 0.0001) but no interaction of time and treatment; post-hoc analysis revealed 

that E-sired male offspring weighed more than C-sired male offspring at four (p < 0.01), five (p 

< 0.001), and six weeks (p < 0.01) of age (Fig. 4C). For body weight of female offspring, there 

was a significant effect of time (F(3,258) = 508.3, p < 0.0001), but no effect of sire exposure or 

interaction between time and treatment (Fig. 4D). 

 

Figure 4. Litter characteristics of ethanol-exposed sires 

(A) There were no differences in number of litters, number of male and female offspring, or (B) 

number of offspring per litter between E- and C-sires. (C) E-sired male offspring (n = 40) gained 

significantly more weight after weaning at 3 weeks and maintained increased weight through week 

6 compared to C-sired male offspring (n = 61) (p < 0.001). (D) There was no significant difference 

in weight between E- (n = 43) and C-sired (n = 45) female offspring. Note: Error bars in C and D 

are obscured by the data points), **p < 0.01, ***p < 0.001. 

2.3.4 Paternal ethanol on forced swim test behavior 

Mice were tested forced swim behavior based on studies showing an effect of paternal ethanol on 

this assay [172,187]. There was a significant effect of sex on latency to immobility (F(1,31) = 

17.04, p < 0.001) as well as a trend for sire exposure (F(1,31) = 3.10, p = 0.08) and a trend for an 

interaction between sex and sire exposure (F(1,31) = 3.46, p = 0.07) (Fig. 5A); post-hoc analysis 
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revealed E-sired females had increased latency to immobility compared to C-sired females (p < 

0.05). There was a near-significant trend for an effect of sex on total immobility (F(1,31) = 4.03, p 

= 0.053) but no effect of sire exposure or interaction between sex and sire exposure (Fig. 5B). 

 

Figure 5. Paternal ethanol on forced swim test behavior 

(A) Female offspring of sires exposed to ethanol (E-sired) had significantly increased latency to 

immobility compared to control-sired female offspring (C-sired); there were no significant effects 

between E- and C-sired male offspring. (B) There were no significant effects between E- and C-

sired offspring on total immobility. n = 9/group; *p < 0.05. 

2.3.5 No effect of paternal ethanol on grooming behavior 

There were no significant effects of sex or sire on basal grooming or induced grooming 

following misting with water, suggesting no effect of paternal ethanol on grooming (Fig. 6). 

 

Figure 6. No effect of paternal ethanol on grooming behavior 

There was no effect of paternal ethanol on (A) basal or (B) induced grooming. 
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2.3.6 Paternal ethanol reduces ethanol consumption in male offspring 

Offspring were tested for ethanol preference and consumption versus water using a standard two 

bottle choice drinking paradigm. Singly-housed mice were tested sequentially for consumption 

of 3%, 6%, 9%, 12%, and 15% ethanol (w/v%) for 4 days each. For ethanol preference in male 

offspring, there was an effect for sire exposure (F(1,32) = 7.22, p < 0.05) but not for ethanol 

concentration and no interaction between sire exposure and concentration; post-hoc analysis 

revealed E-sired male offspring had significantly decreased preference for 3% (p < 0.05), 6% (p 

< 0.05), and 9% (p < 0.05) ethanol solutions compared to C-sired male offspring (Fig. 7A). For 

ethanol consumption, there was a significant effect of sire exposure (F(1,32) = 6.63, p < 0.05) and  

 

Figure 7. Paternal ethanol on two bottle free choice ethanol drinking 

Offspring were tested for ethanol consumption vs. water on a 2 bottle, free choice drinking assay. 

(A) E-sired male offspring (n = 17) had significantly decreased preference for ethanol compared to 

C-sired male offspring (n = 17) as well as (B) decreased ethanol consumption and (C) no change 

in total volume consumption per body weight. There were no significant differences between E-

sired female offspring (n = 12) and C-sired female offspring (n = 12) on (D) ethanol preference, 

(E) ethanol consumption, or (F) total volume consumed. *p < 0.05, **p < 0.01. 
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ethanol concentration (F(4,128) = 27.82, p < 0.0001) but no interaction; post-hoc analysis revealed 

E-sired male offspring consumed significantly less of 9% (p < 0.05) and 12% (p < 0.01) ethanol 

solutions compared to C-sired male offspring (Fig. 7B). There was no effect of sire exposure, 

ethanol concentration, or interaction on total volume consumed (Fig 7C). 

 For females, there was an effect of ethanol concentration on preference (F(4,88) = 4.84, p 

< 0.01; Fig. 7D), consumption (F(4,88) = 67.63, p < 0.0001; Fig. 7E), and total volume 

consumed (F(4,88) = 4.01, p < 0.01; Fig. 7F).  However, there were no effects of sire exposure 

and no interaction of sire exposure with concentration on any parameter measured. 

 

Figure 8. Paternal ethanol on two bottle choice saccharin and quinine drinking 

There were no significant differences between E- (n = 11) and C-sired (n = 10) male offspring on 

(A) quinine drinking or (B) saccharin drinking; there were also no significant differences between 

E- (n = 6) and C-sired (n = 5) female offspring on (C) quinine drinking or (D) saccharin drinking. 

 

 To investigate if any observed changes in ethanol drinking behavior were influenced by 

alterations in taste perception, mice were tested for preference of quinine or saccharin versus 

water in a similar two bottle choice assay. No effects of sire exposure, concentration, or 
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interaction were observed for males consuming quinine (Fig. 8A) or saccharin (Fig. 8B) or for 

females consuming quinine (Fig. 8C) or saccharin (Fig. 8D). 

2.3.7 No effects of paternal ethanol on the drinking in the dark assay 

Offspring were tested for their ethanol consumption on a scheduled, limited access assay, where 

they had access to ethanol for 2 hours (days 1 through 3) or 4 hours (Day 4). There were no 

significant effects of sire exposure or an interaction between sire exposure and time in either 

male or female offspring on this assay (Fig. 9). 

 

Figure 9. Paternal ethanol on ethanol drinking in the dark 

Offspring were tested on a scheduled, limited access drinking model. There were no significant 

differences in (A,D) water, (B,E) 10% ethanol, or (C,F) 20% ethanol in male or female offspring. 

n = 6-9/group 
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2.3.8 Paternal ethanol effects on the elevated plus maze 

A separate group of ethanol naïve offspring were tested for performance on the elevated plus 

maze (EPM) 10 minutes after treatment with 1 g/kg ethanol or saline i.p.. For male offspring, 

there was a significant effect of treatment (F(1,20) = 5.50, p < 0.05) and sire exposure (F(1,20) = 

7.95, p < 0.05) as well as a significant interaction between treatment and sire exposure (F(1,20) = 

7.21, p < 0.05) on percent time spent in open arms; post-hoc analysis revealed E-sired male 

offspring treated with ethanol spent significantly more time in the open arms compared to those 

treated with saline (p < 0.01) as well as C-sired male offspring treated with ethanol (p < 0.001) 

(Fig. 10A). There was also a significant interaction between treatment and sire exposure (F(1,20) = 

4.97, p < 0.05) on percent of open arm entries relative to total arm entries; post-hoc analysis 

revealed E-sired male offspring treated with ethanol had a significantly greater percent of open 

arm entries compared to those treated with saline (p < 0.01) as well as C-sired male offspring 

treated with ethanol (p < 0.01) (Fig. 10B). These results demonstrate that although basal levels of 

anxiety-like behavior did not differ between groups, male mice born to ethanol-exposed sires 

were more sensitive to the anxiolytic effect of ethanol. 

There was also a significant effect of treatment (F(1,20) = 5.91, p < 0.05) but not sire 

exposure on total arm entries; post-hoc analysis revealed E-sired male offspring treated with 

ethanol made significantly more arm entries compared to those treated with saline (p < 0.05) as 

well as C-sired male offspring treated with ethanol (p < 0.01) (Fig. 10C). These results 

demonstrate that although basal levels of locomotor activity on the EPM did not differ between 

groups, male mice born to ethanol-exposed sires were more sensitive to the stimulatory effects of 

ethanol compared to male mice born to sires that were not exposed to ethanol. 

 43 



For female offspring, there was no significant effect of treatment or sire exposure and no 

interactions for percent time spent in open arms (Fig. 10D). There was a significant effect of 

treatment (F(1,22) = 4.56, p < 0.05) but no effect of sire exposure or interaction on number of open 

arm entries (Fig 10E). There was no significant effect of treatment or sire exposure and no 

interactions for total arm entries (Fig. 10F). 

 

 

Figure 10. Paternal ethanol on the elevated plus maze assay 

Offspring were tested for ethanol-induced anxiolysis by testing performance on an elevated plus 

maze 10 minutes after i.p. injection of 1 g/kg ethanol or saline. (A) E-sired male offspring spend 

greater time in open arms after treatment with ethanol compared to C-sired male offspring and E-

sired male offspring treated with saline; E-sired male offspring treated with ethanol also have (B) 

increased percent of open arm entries and (C) total arm entries relative to C-sired male offspring 

and E-sired male offspring treated with saline. There were no significant differences between E- 

and C-sired females treated with ethanol or saline on (D) time spent in open arms, (E) percent 

open arm entries, or (F) total arm entries. n = 6-7/group, *p < 0.05, **p < 0.01, ***p < 0.001. 
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2.3.9 No effect of paternal ethanol on open field performance 

Five minutes after the completion of the EPM (i.e., 20 minutes after treatment with either 1 g/kg 

ethanol or saline), the same mice were placed in an open field activity monitor and distance 

traveled was measured for 10 minutes. For male offspring, there was a trend for treatment (F(1,24) 

= 3.152, p = 0.09) but no effect of sire exposure or interaction on distance traveled (Fig. 11A). 

For female offspring, there was no significant effect for treatment, sire exposure, or interaction 

on distance traveled (Fig. 11B). 

 

Figure 11. Paternal ethanol on open field performance 

Offspring were tested for locomotor activity in an open field 20 minutes after i.p. injection of 1 

g/kg ethanol or saline. There were no significant differences among (A) E- and C-sired male 

offspring or (B) female offspring after treatment with ethanol. n = 7-8/group. 

2.3.10 Paternal ethanol effects on accelerating rotarod 

Five minutes after completion of the open field test (i.e., 35 minutes after treatment with 1 g/kg 

ethanol or saline), the same mice were tested on five consecutive trials for their ability to remain 

on an accelerating rotarod. For E-sired male offspring, there was a significant effect of trial 

(F(4,56) = 5.93, p < 0.001), a  trend of treatment (F(1,14) = 3.21, p = 0.09), and a significant 

interaction between trial and treatment (F(4,56) = 2.86, p < 0.05); post-hoc analysis revealed E-

sired male offspring treated with ethanol performed significantly better on the 5th trial compared 
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to those treated with saline (p < 0.01) (Fig. 12A). For C-sired male offspring, there was a 

significant effect for trial (F(4,56) = 3.48, p < 0.05) but not treatment or interaction of trial with 

treatment (Fig 12B). 

 For E-sired and C-sired female offspring, there were no significant effects of trial, 

treatment, or interaction between trial and treatment (Fig. 12C,D). 

 

Figure 12. Paternal ethanol on accelerating rotarod performance 

Offspring were tested for performance on an accelerating rotarod 35 minutes after i.p. injection of 

1 g/kg ethanol or saline. (A) E-sired male offspring treated with ethanol performed significantly 

better on the 5th trial compared to those treated with saline. There are no significant differences 

associated with ethanol treatment in (B) C-sired male offspring, (C) E-sired female offspring, or 

(D) C-sired female offspring. n = 7-8/group, *p < 0.05. 

2.3.11 Paternal ethanol effects on ethanol clearance rates 

To ensure that differences observed on behavioral assays were not confounded by changes in 

ethanol pharmacokinetics, offspring were tested for the rate at which ethanol was cleared from 
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the venous circulation. There was no significant effect of sire exposure on ethanol clearance in 

males or females (Fig. 13). 

 

Figure 13. Paternal ethanol on ethanol clearance rates 

Ethanol metabolism was measured after i.p. injection of 3.5 g/kg ethanol in saline. There were no 

significant differences in blood ethanol levels 60 minutes and 240 minutes after ethanol treatment 

between E- and C-sired (A) male or (B) female offspring. n = 4-5/group. 

2.3.12 Increased Bdnf expression in VTA of E-sired offspring 

To determine if paternal ethanol exposure leads to changes in gene expression in offspring, Bdnf 

and Dlk1 expression was measure in the VTA and mPFC of offspring. Bdnf is a known regulator 

of ethanol drinking behavior [188-190] whose expression is up-regulated in the mPFC of male 

offspring of cocaine-exposed sires [98]. Dlk1 is expressed from the paternal chromosome and 

regulated by methylation at the IG DMR, which was decreased in motile sperm following 

ethanol exposure in this study; Dlk1 has important roles in neurogenesis [191] and adipogenesis 

[192]. The VTA was chosen because Dlk1 is enriched in this region but has limited expression in 

other regions of the brain [193,194]; Bdnf expression is also enriched at the VTA relative to 

other brain regions [195]. Bdnf exon IXa expression was studied because it is invariably 

expressed with all Bdnf mRNA sequences while Bdnf exon IV is an activity-associated splice 

variant that was increased in male offspring of cocaine-exposed sires [98,196,197]. In the VTA, 

there was increased expression of Bdnf exon IXa but not Bdnf exon IV or Dlk1 in E-sired male 
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offspring (Fig. 14A); there were no differences in gene expression between E and C-sired female 

offspring in the VTA (Fig 14B). Expression of Bdnf exons IV and IXa was also measured in the 

mPFC to study whether changes in expression generalized to another brain structure and to test 

potential similarities between E- and cocaine-sired male offspring. There were no significant 

differences in Bdnf expression between E- and C-sired offspring in the mPFC (Fig. 14C,D). 

 

Figure 14. VTA and mPFC gene expression 

Expression of Bdnf and Dlk1 were measured in the VTA and mPFC of 129xC57 offspring. (A) E-

sired male offspring had significantly increased expression of Bdnf exon IXa but not Dlk1 or Bdnf 

exon IV in the VTA relative to C-sired males. (B) There were no significant differences in Bdnf or 

Dlk1 expression between E- and C-sired females in the VTA. There were no significant 

differences between (C) male and (D) female E- and C-sired offspring in expression of Bdnf exons 

IV and IXa. n = 5-6/group. 

2.3.13 Paternal ethanol regulates DNA methylation at the Bdnf exon IXa promoter 

DNA methylation of the Bdnf exon IXa promoter regulates its expression [198,199]; therefore, it 

is possible that ethanol exposure alters DNA methylation at the Bdnf exon IXa CpG island in 
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sperm and that this epigenetic mark is inherited by male offspring and maintained in the VTA. 

Ethanol exposure significantly decreased DNA methylation of the Bdnf exon IXa promoter in 

motile sperm (Fig. 15A,D) as well as in the VTA of E-sired male offspring (Fig. 15B,E). 

Surprisingly, E-sired female offspring also had decreased DNA methylation at the Bdnf exon IXa 

promoter (Fig. 15C,F).  

 

Figure 15. DNA methylation at the Bdnf exon IXa promoter 

Based on increased expression of Bdnf exon IXa in the VTA of E-sired offspring, DNA 

methylation was measured in sires and offspring VTA. (A,D) Ethanol exposure was associated 

with decreased methylation at the Bdnf exon IXa promoter in motile sperm. Decreased 

methylation was maintained in the VTA of both (B,E) male and (C,F) female offspring. (A-C) 

Each circle represents one of the 17 potentially methylated cytosines in the Bdnf exon IXa 

promoter; filled circles are methylated and unfilled circles are unmethylated. Each block of rows 

represents sequenced colonies from a single independent animal. (D-F) Quantification of bisulfite 

sequencing. n = 4-7/group, *p < 0.05, ***p < 0.001 
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2.4 DISCUSSION 

The results in this aim indicate that ethanol drinking behavior and sensitivity to the behavioral 

effects of ethanol may be epigenetically transmitted through the male lineage. Using isogenic 

mice, these studies demonstrate that exposure of sires to ethanol prior to mating increases 

sensitivity to the anxiolytic and motor effects of ethanol and reduces ethanol preference and 

consumption in male offspring on the two bottle drinking assay.  E-sired male offspring also 

weighed significantly more than C-sired males after weaning, suggesting potential metabolic 

effects of paternal ethanol exposure. An increase in Bdnf expression in the VTA of male but not 

female offspring was also found, which was associated with ethanol-induced changes to DNA 

methylation of the Bdnf promoter in motile sperm as well as the VTA in offspring. While no 

behavioral or gene expression changes were observed in female offspring, they retain 

hypomethylation at the Bdnf promoter in the VTA, though methylation at this region was much 

more variable than compared to males. Notably, no differences were observed in several other 

behavioral assays, suggesting a specific effect of paternal ethanol on ethanol consumption when 

measured using a free choice continuous access drinking paradigm as well as on ethanol-induced 

anxiolysis. 

 One particularly striking feature of the study presented here is how closely the results 

parallel those observed following paternal cocaine [98] and maternal preconception morphine 

[97,200]. Vassoler et al. (2013) demonstrated that consumption of cocaine by sires imparted a 

cocaine resistant phenotype that was restricted to male offspring and females were 

phenotypically normal. The study also found changes in Bdnf expression in the brain in male 

offspring of cocaine-exposed sires. These similarities raise important questions about how drugs 

of abuse with distinct mechanisms of action produce a phenotype of drug resistance in male 
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offspring. One explanation is that both are acting on a common pathway important for encoding 

and maintaining epigenetic marks in germ cells that ultimately control gene expression in brains 

of offspring. The work of Vassoler et al. (2013) implicates cocaine-induced changes in 

posttranslational histone modifications that ultimately influence brain expression of Bdnf in 

male, but not female offspring, as a causative contributor to the observed phenotype. In this 

study, there was increased Bdnf exon IXa expression in only male offspring but DNA 

methylation changes at the Bdnf exon IXa promoter were found in both male and female 

offspring. This result suggests that while ethanol-induced changes to DNA methylation may be 

inherited by both sexes, these changes are not the primary driver of the observed changes in Bdnf 

exon IXa expression. Additional studies are needed to establish a causal role of increased Bdnf 

exon IXa expression in the VTA on ethanol-induced behavioral changes observed in male 

offspring. 

 While this study did not establish causality, Bdnf expression in the VTA regulates drug 

sensitivity, preference, and stress responses (for review, see [201]), indicating it could mediate 

several aspects of our paternal ethanol phenotype. In particular, increased Bdnf expression in the 

striatum, of which a major component is derived from the VTA [202], is associated with 

decreased ethanol consumption [188-190]. Increased Bdnf expression in the VTA also sensitizes 

rodents to the effects of cocaine [203] and amphetamine [204] and decreases morphine 

preference [205]. These studies support increased expression Bdnf in the VTA as contributing to 

decreased ethanol preference and increased sensitivity to drugs of abuse. While studies of VTA-

derived Bdnf on drug-related behaviors support its role in this phenotype, studies of stress 

signaling are more difficult to reconcile. In particular, social defeat stress increases Bdnf 

expression in the VTA and knocking out Bdnf expression in the striatum is associated with stress 
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resilience [206,207]. Moreover, increasing Bdnf expression in the VTA blocks the 

antidepressant-like effects of electroconvulsive therapy [208]. These studies imply that increased 

VTA-derived Bdnf may increase basal stress or depression-like behavior, though this was not 

noted in our EPM or forced swim studies. However, the role of VTA-derived Bdnf in stress and 

depression-like behaviors is not clear cut, as one study noted that treatment with the 

antidepressant fluoxetine increased expression of Bdnf in the VTA [209]. Therefore, studies of 

VTA-derived Bdnf are inconclusive for a general effect on anxiety and stress-related behaviors, 

though effects on specific behaviors have been noted. These studies also highlight the difficulty 

in studying a nonspecific neurotrophic factor, like Bdnf, in behavior and attributing a causal 

effect of increased VTA-dervied Bdnf in our phenotype. 

 Sexually dimorphic effects in offspring have been noted by several studies of 

environmental perturbations in parents [87,89,95,96,98,176]. One explanation for sex-specific 

effects is the influence of the estrous cycle on behavior by daily variation in hormone levels. 

Previous studies have shown that the estrous cycle influences ethanol consumption in female 

rodents [210,211], so that endocrine variation may be masking the effects of paternal ethanol in 

female offspring. Of importance, Bdnf expression is altered by circulating estrogens [212-214], 

so that the estrous cycle may also be masking the effects of hypomethylation at the Bdnf 

promoter on its expression in the VTA. If the estrous cycle was masking the effects of paternal 

ethanol exposure, ovariectomizing females to attenuate the influence of circulating estrogens 

may reveal behavioral and molecular effects of paternal ethanol in female offspring. An 

alternative explanation for lack of an effect in females is that the critical ethanol-induced 

epigenetic modifications in gametes are being passed through the Y chromosome. While the Y 

chromosome contains only ~100 genes across mammals, several of these were found to have 
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critical roles in gene regulation aside from those involved in sex-determination [215]. Therefore, 

we expect future experiments to study expression and epigenetic regulation of these genes. 

 Decreased ethanol preference and consumption for E-sired male offspring is in apparent 

conflict with the familial nature of alcoholism observed in humans. Based on observations in 

human populations that sons of alcoholics have increased risk for alcoholism [216], the initial 

hypothesis of this study was that rodent E-sired offspring would consume more ethanol. While 

the discrepancy between the findings in this study and human studies could simply reflect 

species differences, experimental design issues may also play a role. Whereas humans 

voluntarily consume high quantities of ethanol, this study used forced ethanol exposure via vapor 

inhalation. It is also possible that in genetically heterogenous human populations, genetic 

influences on drinking behavior mask the epigenetic effects of paternal ethanol exposure.  Lastly, 

the effects in this study were observed in a free choice drinking assay and there was no 

difference in ethanol drinking on the scheduled, limited access drinking in the dark assay. 

Considering the range of factors regulating ethanol consumption on these assays, including 

memory, learning, and stress associated with social isolation, it is possible that paternal ethanol 

induces behavioral changes that are specific for particular ethanol drinking paradigms. Other 

behavioral tests of rodent drinking behavior, such as stress-escalated ethanol consumption or 

reward based drinking are necessary to identify specific mechanisms of paternal ethanol of 

ethanol drinking. 

 While the ethanol drinking data are in conflict with human studies, paternal ethanol 

exposure also increased sensitivity to the anxiolytic and motor enhancing effects of ethanol in 

male offspring. In humans, increased sensitivity to the subjective effects of ethanol is associated 

with decreased risk of developing alcoholism [216]. Notably, in this study, increased sensitivity 
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to ethanol in E-sired male offspring was associated with decreased ethanol consumption. 

Heritability of ethanol sensitivity on motor tests has also been noted in humans. Of note, static 

ataxia (body sway) after ethanol consumption shows heritability and is associated with a sexually 

dimorphic pattern of inheritance [217]. Compared to C-sired male offspring, E-sired males were 

more sensitive to low dose ethanol enhancement of motor coordination on the accelerating 

rotarod assay and to locomotor stimulation (and anxiolysis) on the elevated plus maze but not on 

the open field assay. The discrepancy between the elevated plus maze and open field locomotor 

results was likely due to the ethanol dose and timing, since several studies have reported 1 g/kg 

ethanol did not induce changes in locomotion on the open field assay [218-220]. It is also notable 

that E-sired male offspring demonstrated subtle changes on the accelerating rotarod assay, with 

only the 5th trial reaching statistical significance compared to C-sired male offspring. This 

finding is more suggestive of an effect on motor learning than locomotor enhancement. These 

issues raise the possibility that paternal ethanol exposure affects discrete pathways to alter 

sensitivity to ethanol. There was also no effect of paternal ethanol exposure on ethanol 

metabolism in offspring, which is consistent with human studies of children of alcoholics [221]. 

These findings suggest that behavioral differences in E-sired offspring are being driven by 

neurobiological changes that alter sensitivity to ethanol to decrease drinking. 

 Ethanol exposure induced hypomethylation at two loci studied in motile sperm and 

hypomethylation at one of these, the Bdnf exon IXa promoter, was maintained in the VTA of E-

sired offspring. This finding is consistent with studies that show both maternal and paternal 

preconception ethanol exposure alter DNA methylation at imprinted loci in offspring [86,156]. 

While ethanol’s effects on DNA methylation in offspring are striking, ethanol is known to alter 

several epigenetic marks across tissue types and could act as a broader epimutagen in sperm. For 
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example, ethanol alters histone modifications in the amygdala, which contribute to its acute 

anxiolytic effects and withdrawal-induced anxiety [60,137]. miRNA regulation by ethanol has 

been shown to underlie changes in expression of BK channel splice variants [222]. Therefore, it 

is conceivable that ethanol induces multiple heritable epigenetic modifications in germ cells and 

these marks are maintained in the brain of offspring sired by alcohol exposed fathers. 

 This idea is especially intriguing considering epigenetic reprogramming during 

spermatogenesis is highly plastic. These changes include chromatin compaction by replacement 

of most histones with protamines, de novo DNA methylation and maintenance, and silencing of 

retrotransposable elements through numerous small regulatory RNAs [223]. As discussed 

previously, ethanol acts as an epimutagen in other tissues and may be affecting multiple 

epigenetic processes during spermatogenesis. A rodent study demonstrated chronic ethanol 

exposure decreases cytosine methyltransferase levels in the testes [155], which is consistent with 

decreased DNA methylation at the IG DMR and Bdnf exon IXa promoter in this study. A recent 

human study also demonstrated that ethanol consumption was correlated with decreased 

methylation of imprinted genes that are normally hypermethylated in human sperm [152]. 

Ethanol’s effects on DNA methylation in gametes are further supported by the observation that 

chronic ethanol alters methionine metabolism [224], which is critically involved in the function 

of cytosine methyltransferases [225]. Additional studies should expand on DNA methylation as 

well as begin to study ethanol-induced changes to retained histones and noncoding RNAs. 

 In conclusion, upon paternal ethanol exposure, ethanol likely functions as an epimutagen 

imparting long lasting effects on germ cells that ultimately impact the next generation. Prior 

rodent studies demonstrated an impact of paternal ethanol exposure on brain development and 

numerous basal behaviors. The results presented here demonstrate an effect on behavioral 
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sensitivity to ethanol, ethanol drinking behavior, and gene expression that is restricted to male 

offspring. If these rodent studies apply to humans drinking alcohol, the results have far reaching 

implications considering the large percentage of the human population that consume alcohol 

prior to procreation.   
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3.0  EPIGENETIC MECHANISMS OF ETHANOL IN THE CORTEX 

Adapted from: Finegersh A, Homanics GE (2014) Acute Ethanol Alters Multiple Histone 
Modifications at Model Gene Promoters in Cerebral Cortex. Alcohol Clin Exp Res 38: 1865-73. 
[226] 

3.1 INTRODUCTION 

AUD is associated with widespread changes in gene expression across multiple brain structures 

[118,119,122,123]. These changes underlie neuronal and glial adaptations to the environmental 

stress of repeated ethanol exposure and may contribute to the reinforcing effects of ethanol that 

incentivize further consumption [125]. In rodents, a single, binge-like exposure to ethanol is also 

associated with up- and down-regulation of genes in the cortex, nucleus accumbens, and ventral 

tegmental area [68,69,128]. Despite the importance of differential gene expression for ethanol 

action, mechanisms of gene regulation by ethanol are poorly understood. 

 Gene expression is regulated by epigenetic mechanisms, which include covalent 

modifications to histones and DNA [227]. These modifications alter affinity of histones for DNA 

to inhibit or promote transcription factor binding. In particular, modifications to histone N-

terminal tails, including acetylation and methylation of lysine residues, are catalyzed by a large 

group of histone modifying enzymes and represent a rapid, reversible method of chromatin 
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alteration [32]. These enzymes can be induced by drugs of abuse, like ethanol, to establish 

chromatin alterations that promote drug-seeking behavior and addiction [28]. 

 Recent evidence highlights the role of ethanol in inducing epigenetic disruptions and 

modulating histone modifying enzyme expression in the brain. Studies of patients with AUD 

have identified altered distribution of histone trimethylation in the hippocampus and cortex, 

which correspond to gene expression changes in these regions [122,123]. In rodents, acute 

ethanol is associated with increased histone acetylation in the central nucleus of the amygdala 

[60], altered histone modifications at the prodynorphin and pronociceptin promoters in the 

amygdala [135], and altered expression of histone modifying enzymes in the striatum and 

prefrontal cortex [141]; moreover, pre-treatment with the HDAC inhibitor sodium butyrate 

blocks ethanol-induced behavioral sensitization, indicating histone deacetylation plays a critical 

role in the neuroadaptive response to ethanol administration [142]. A recent study pointed to 

HDAC2 expression in the amygdala as a critical regulator of ethanol preference and anxiolytic 

response to acute ethanol, identifying a specific histone modifying enzyme in mediating ethanol 

action [137]. 

 While epigenetic effectors of ethanol are now seen as potential targets for the treatment 

of AUD, several important questions remain to be resolved. Of note, studies of acute ethanol 

have focused on epigenetic modifications at up-regulated genes; however, gene expression 

studies indicate both up- and down-regulation of genes in response to acute ethanol [68,69,128]. 

Moreover, while acute ethanol-induced histone modifications have been characterized in the 

amygdala using chromatin immunoprecipitation (ChIP) [135,137], no studies have examined 

broader effects of acute ethanol in the cerebral cortex (CCx). The CCx is a critical site of 

ethanol’s effect on GABAA receptor potentiation [228,229], motor control [230], and neuronal 
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toxicity [231,232]. Due to its sensitivity to ethanol and diversity of cell types, the CCx may be 

especially important for identifying general epigenetic effects of ethanol in the brain that will be 

useful for screening potential drug targets. Therefore, this study examines the effects of acute 

ethanol on multiple histone modifications at promoters of both up- and down-regulated genes in 

the CCx. 

 In this section, a single binge-like dose of ethanol (3 g/kg i.p.) known to produce 

sustained alterations in gene expression in mouse CCx [233] was used to study how acute 

ethanol alters histone acetylation and methylation at the promoters of three model up- and down-

regulated genes, global levels of those histone modifications, and the expression of histone 

modifying enzymes in CCx. 

3.2 MATERIALS AND METHODS 

3.2.1 Animals and Treatments 

 All experiments were approved by the Institutional Animal Care and Use Committee of 

the University of Pittsburgh and conducted in accordance with the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals. All experiments were performed using 

8-week-old, ethanol-naïve, specific pathogen free male C57BL/6J mice from the Jackson 

Laboratory (20 – 25 g). Mice were habituated to the University of Pittsburgh animal facility for 1 

week prior to initiation of experiments. Mice were housed under 12 hour light/dark cycles and 

had ad libitum access to food and water. 
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 All treatments were administered during the light cycle between 08:00 and 10:00. Mice 

were given i.p. injections containing 0.02 ml/g of either 15% ethanol solution in saline (3 g/kg 

ethanol) or saline alone. After injections, mice were individually housed for 6 hours with ad 

libitum access to food and water. 

 At 6 hours post-injection, mice were rapidly sacrificed by carbon dioxide asphyxiation 

and decapitated. The brain was immediately removed and placed on a petri dish on ice. The 

cerebellum was removed and cerebral hemispheres separated at midline. The olfactory bulbs 

were removed and the telencephalon (CCx) was carefully dissected from the diencephalon and 

midbrain. The hippocampus (HC) was dissected and removed from the CCx. The remaining left 

and right CCx and HC were flash frozen separately in liquid nitrogen. All experiments were 

performed using either the left or right CCx or HC.  

3.2.2 Reverse Transcription Quantitative PCR (RT-aPCR) 

 Total RNA was isolated using TRIzol according to the manufacturer’s protocol 

(Invitrogen), purified with DNase digestion (Qiagen), and 1 μg of RNA was synthesized into 

cDNA using reverse transcriptase (RT) (Bio-Rad). A no-RT reaction was used as a negative 

control. Reactions were carried out in duplicate for each gene. SYBR green fluorescent master 

mix (Bio-Rad) was added to each well and visualized using a Bio-Rad iCycler. All primers were 

optimized for 90% to 110% efficiency at the following conditions: 10 min at 95˚C (initial 

denaturation) followed by 40 cycles of 30 s at 95˚C (denaturation), 1 min at 60˚C (annealing), 

and 30 s at 72˚C (extension). Primer sequences for β-actin, Gad1, Mt1, Mt2, Egr1, Hdac2, 

Hdac11, Csrp2bp, and Kat2b are shown in Table 4. Threshold cycle (Ct) values were calculated 

for each well and duplicate values averaged. The difference between specific genes and β-actin 
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(ΔCt) was calculated for each animal and normalized to the average of saline-treated animals 

(ΔΔCt). Fold change over saline controls was calculated for each animal using the following 

formula: 2-ΔΔCt. 

3.2.3 Chromatin Immunoprecipitation (ChIP) 

Chromatin was isolated from the CCx using a standard protocol and reagents (Millipore EZ-

Magna ChIP). Briefly, the CCx was minced on a petri dish over ice using a razor blade. DNA 

was cross-linked to histones by incubating minced tissue in 1 ml of 1% formaldehyde in 

phosphate buffered saline (PBS) at 37˚ C for 10 minutes. The formaldehyde reaction was 

quenched using glycine and the tissue was washed 3 times in PBS with protease inhibitor 

cocktail (Roche #04693116001). Cell lysis buffer (Millipore) with protease inhibitor was added 

and nuclei pelleted. The nuclear pellet was incubated on ice in 500 μL nuclear lysis buffer 

(Millipore) with protease inhibitor to generate chromatin. Chromatin was sheered in an ice water 

bath using 4 bursts of 15 s at 35% output and 80% duty cycle on a Branson Sonifier S-250A. An 

aliquot of sheered, cross-linked DNA was removed and run on a 1.5% agarose gel to ensure the 

majority of DNA was between 200 and 600 bp. Chromatin was aliquotted and stored in dilution 

buffer (Millipore) with protease inhibitor at -80˚C until immunoprecipitation experiments. 

 For immunoprecipitation, chromatin in dilution buffer was thawed on ice and 2% of the 

volume was removed and saved as the input. The remaining chromatin was incubated at 4˚C 

overnight with antibody and Protein A/G magnetic beads (Millipore) with end-over-end rotation. 

The following antibodies were used for immunoprecipitation reactions: histone subunit H3 

acetylated at lysines 9 and 14 (H3K9,14ac) (Millipore, #06-559b), histone subunit H3 tri-

methylated at lysine 4 (H3K4me3) (Epigentek, #A-4033), and histone subunit H3 tri-methylated 
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at lysine 27 (H3K27me3) (Millipore, #17-622). IgG (Millipore, #PP64B) was used as a negative 

control. Antibodies were screened by assessing enrichment of the constitutively active gene, β-

actin, over the neuronally repressed gene, ε-globin; there was no difference in enrichment 

between ethanol and saline treated animals (Fig. S1) [234]. Antibodies were also validated by 

assessing binding to peptide arrays containing 46 histone modifications to the H3 N-terminal tail 

(Millipore #16-667); H3K27me3 and H3K4me3 antibodies bound to their stated histone 

modifications while the H3K9,14ac antibody bound H3K9ac but not H3K14ac (data not shown). 

After incubation, magnetic beads containing antibody-chromatin complexes were immobilized 

on a magnetic rack and washed once with low salt, high salt, and LiCl immune complex wash 

buffers and TE. Elution buffer (Millipore) with proteinase K was added and the complexes were 

incubated at 65˚C for 2 hours to elute enriched DNA. Immunoprecipitated and input DNA was 

purified using a ChIP DNA kit (Zymo Research) and eluted in 100 μL elution buffer. 

 For qPCR, 5 μL of immunoprecipitated or input DNA was used in each well and carried 

out in duplicate or triplicate for each primer pair. qPCR conditions were the same as reported in 

the RT-qPCR section and all ChIP-qPCR primers were optimized to perform at 90% to 110% 

efficiency. Primer sequences for promoter regions of β-actin, ε-globin, Gad1, Mt1, Mt2, Egr-1, 

Hdac2, and Hdac11 are listed in Table 4. Ct values were normalized to input DNA and a 

negative control region not enriched for the histone modification [235-237]. For H3K9,14ac and 

H3K4me3, ε-globin served as the negative control region; for H3K27me3, β-actin served as the 

negative control region. Data are presented as fold enrichment over saline controls. 
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Table 4. Primer sequences for qPCR experiments 

*TSS, Transcriptional Start Site 

3.2.4 RT-qPCR array 

A RT-qPCR array containing primers for 84 chromatin modifying enzymes was used to screen 

ethanol-induced gene expression changes according to the manufacturer’s protocol (SA 

Biosciences, #PAMM-085; full gene list shown in Supplementary Table 2). RNA was extracted 

and purified according to the RT-qPCR section, converted to cDNA, and 8.5 ng of cDNA used 

per well according to the manufacturer’s protocol. A total of 6 PCR arrays were used (3 saline-

treated and 3 ethanol-treated animals). qPCR conditions were 10 min at 95˚C (initial 

denaturation) followed by 40 cycles of 15 s at 95˚C (denaturation) and 1 min at 60˚C (annealing 

and extension). Ct values from each PCR array were normalized to the median Ct value of that 

array (median normalization). Median normalized Ct values were further normalized to the 
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average of saline controls (ΔΔCt) and fold change values calculated using the following formula: 

2-ΔΔCt. 

 Genes whose expression was changed >100% after ethanol treatment or had a p-value 

<0.1 and change in expression >25% were chose for validation by RT-qPCR using an additional 

6 mice per group. 

3.2.5 Western Blot 

 Histone lysates were extracted using the Qiagen Qproteome kit according to the 

manufacturer’s protocol and quantified using a Bradford assay. Twenty ug of histone lysate was 

loaded onto 4%-20% Novex Tris-glycine gel (Invitrogen) and transferred to a nitrocellulose 

membrane. Membranes were blocked in Odyssey buffer (LiCor Biosciences) and incubated 

overnight with primary antibodies. The following antibodies were used for Western blots 

according to the manufacturer’s protocol: histone subunit H3 (Santa Cruz Biotechnologies, #sc-

8654), H3K9ac (Cell Signal Technologies, #9671s), H3K14ac (Millipore, #07-353), H3K4me3 

(Epigentek, #A-4033), and H3K27me3 (Millipore, #17-622). After overnight incubation, 

membranes were incubated with secondary fluorescent antibodies according to the 

manufacturer’s protocol (LiCor Biosciences) and visualized using the Odyssey Infrared Imaging 

System (Licor Biosciences). The total intensity of each band was divided by the total intensity of 

histone subunit H3 and presented as a percent change relative to the average of saline controls. 

For CCx, A total of 6 animals per group were assessed on 2 separate membranes. For HC, a total 

of 3 animals per grouped were assessed on 2 separate membranes. Membranes were stripped 

four times using stripping buffer (LiCor Biosciences) between incubations with primary 

antibody. 
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3.2.6 Statistical Analysis 

 For RT-qPCR, ChIP-qPCR, and Western blot quantification, a two-tailed, unpaired t-test 

was used to compare the ethanol and saline treated groups.  Statistical significance was defined 

by a p-value < 0.05. All data are presented as mean +/- SEM. 

3.3 RESULTS 

3.3.1 Ethanol-induced histone modifications at down-regulated genes 

Genes down-regulated by acute ethanol exposure were identified using previously published 

microarray data [68,69,128] and the RT-qPCR array used in this study. Six hours after injection 

of 3 g/kg ethanol or saline there was significantly decreased expression of glutamic acid 

decarboxylase 1 (Gad1) (p < 0.05), Hdac2 (p < 0.05), and Hdac11 (p < 0.05) in the CCx of 

ethanol-treated compared to saline-treated mice (Fig. 16A).  

ChIP assays revealed changes to histone modifications at the Gad1 and Hdac2 promoters 

six hours after injection of 3 g/kg ethanol (Fig. 16B-D). There was a significant decrease in the 

association of the Gad1 and Hdac2 promoters with H3K9,14ac in the CCx of ethanol-treated 

compared to saline-treated mice (p < 0.05). There was also a paradoxical decrease in the 

association of the Gad1 promoter with H3K27me3 in the CCx of ethanol-treated compared to 

saline-treated mice (p < 0.05). We did not identify ethanol-induced changes in the association of 

either promoter with H3K4me3 or the association of the Hdac11 promoter with the studied 

histone modifications. 
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Figure 16. Ethanol-induced histone modifications at down-regulated genes 

Ethanol-induced histone modifications were studied at the model down-regulated genes, Gad1, 

Hdac2, and Hdac11. (A) Acute ethanol significantly decreased expression of Gad1, Hdac2, and 

Hdac11 ChIP-qPCR revealed that (B) the Gad1 and Hdac2 promoters had a significantly 

decreased association with H3K9,14ac, (C) no change in association of either gene with 

H3K4me3, and (D) that the Gad1 promoter has a significantly decreased association with 

H3K27me3. n = 6/group, *p < 0.05. 

3.3.2 Ethanol-induced histone modifications at up-regulated genes 

Metallothioneins are components of the cellular response to oxidative stress whose expression is 

robustly increased by ethanol exposure [69,128]. Early growth response 1 (Egr1) is an 

immediate early gene whose expression also increases following ethanol exposure [238]. Six 

hours after injection of 3 g/kg ethanol or saline there was significantly increased expression of 

metallothioneins 1 (Mt1) (p < 0.05), 2 (Mt2) (p < 0.01), and Egr1 (p < 0.05) in the CCx of 

ethanol-treated compared to saline-treated mice (Fig. 17A). 
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 ChIP assays revealed changes to histone modifications at the Mt1 and Mt2 but not Egr1 

promoters six hours after injection of 3 g/kg ethanol (Fig. 17B-D). There was a significant 

decrease in the association of the Mt1 promoter with H3K27me3 but not H3K9,14ac or 

H3K4me3 in the CCx of ethanol-treated compared to saline-treated mice (p < 0.05). There was a 

significant increase in the association of the Mt2 promoter with H3K4me3 but not H3K9,14ac or 

H3K27me3 in the CCx of ethanol-treated compared to saline-treated mice (p < 0.05). 

Surprisingly, there were no ethanol-induced changes in the association of model up-regulated 

gene promoters with H3K9,14ac.  

 

Figure 17. Ethanol-induced histone modifications at up-regulated genes 

Ethanol-induced histone modifications were studied at the model up-regulated genes, MT1, MT2, 

and Egr-1 (A) Ethanol exposure significantly increased expression of Mt1, Mt2, and Egr1. ChIP-

qPCR studies revealed (B) no changes in association of up-regulated genes with H3K9,14ac, (C) 

increased association of the Mt2 promoter with H3K4me3, and (D) decreased association of the 

Mt1 promoter with H3K27me3. n = 6/group, *p < 0.05, **p < 0.01. 
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3.3.3 Acute ethanol alters histone modifications in CCx 

To study whether acute ethanol alters global levels of the histone modifications assessed 

using ChIP, Western blot was performed on histone lysates generated from the CCx. There was a 

significant increase in global levels of H3K4me3 but no significant change in H3K9ac, 

H3K14ac, or H3K27me3 levels in the CCx six hours after injection of 3 g/kg ethanol compared 

to saline (Fig. 18). 

 

Figure 18. Histone modifications in CCx after acute ethanol 

Western blot was used to assess global levels of histone modifications; data were quantified from 

6 independent samples run across 2 separate gels. (A) Representative Western blot of ethanol and 

saline-treated animal histone lysates. (B) Quantification of protein levels normalized to total H3 

presented as percent change over saline controls. n = 6/group, *p < 0.05. 

3.3.4 Acute ethanol alters histone modifying enzyme expression 

To identify mechanisms of ethanol-induced changes to histone modifications, we used a RT-

qPCR array containing primers for all known HDACs as well as histone acetyltransferases 

(HAT), methyltransferases, and other enzymes involved in covalent modification of chromatin 

(full results in Appendix B). The RT-qPCR array demonstrated low variability between ethanol 

and saline-treated animals with few changes in the expression of chromatin modifying enzymes 
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associated with ethanol treatment in the CCx (Fig. 19A). This low power, screening assay 

revealed that Csrp2bp, Hdac2, Hdac11, and Kat2b met criteria for validation with an additional 

6 animals per group. 

 PCR validation revealed six hours after injection of 3 g/kg ethanol or saline there was 

significantly decreased expression of Hdac2, Hdac11, and Csrp2bp and a near-significant trend 

for increased expression of Kat2b in the CCx of ethanol-treated compared to saline-treated mice 

(Fig. 19B).  

 

Figure 19. Acute ethanol alters chromatin modifying enzyme expression in CCx 

(A) Volcano plot showing the p-value (y-axis) and fold regulation [log2(fold change)] (x-axis) of 

all 84 chromatin modifying enzymes with positions of Csrp2bp, Hdac2, Hdac11, and Kat2b 

indicated; vertical dashed lines indicate 25% change in expression and the horizontal dashed line 

indicates a p-value of 0.1 for ethanol-treated animals compared to saline controls. (B) PCR 

validation of Csrp2bp, Hdac2, Hdac11, and Kat2b. n = 9/group, *p < 0.05, **p < 0.01, #p = 

0.056. Note: Hdac2 and Hdac11 expression data is identical to that presented in Figure 16. 

3.3.5 Ethanol-induced epigenetic modifications in the hippocampus 

To study whether epigenetic modifications generalized to another brain structure, global levels of 

histone modifications and expression of chromatin modifying enzymes that were altered in CCx 
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were measured in HC from the same mice. Western blot results revealed a significant increase in 

global levels of H3K9ac and H3K14ac as well as a nonsignificant trend for an increase in 

H3K4me3 with no change in levels of H3K27me3 six hours after injection of 3 g/kg ethanol 

compared to saline (Fig. 20A,B). There were no significant differences in expression of Hdac2, 

Hdac11, Csrp2bp, or Kat2b in ethanol compared to saline-treated mice in the HC (Fig. 20C). 

 

Figure 20. Ethanol-induced histone modifications in the hippocampus 

Western blot was used to assess global levels of histone modifications; data were quantified from 

3 independent samples per ethanol and saline groups run across 2 separate gels. RT-qPCR was 

used to study expression of chromatin modifying enzymes (n = 9/group) (A) Representative 

Western blot of ethanol and saline-treated animal histone lysates. (B) Quantification of protein 

levels normalized to total H3 presented as percent change over saline controls. (C) Csrp2bp, 

Hdac2, Hdac11, and Kat2b expression was not altered in the HC in ethanol-treated compared to 

saline-treated mice.  *p < 0.05, #p = 0.0873. 

3.4 DISCUSSION 

These data demonstrate novel epigenetic mechanisms of ethanol-regulated gene promoters, 

which indicate a diverse pattern of histone modifications induced by acute ethanol. Of note, this 

is the first study to identify histone deacetylation at gene promoters in the brain following acute 

ethanol exposure. Altered expression of four histone modifying enzymes, Hdac2, Hdac11, 

Kat2b, and Csrp2bp, was also discovered as well as an increase in H3K4me3 throughout the 

 70 



CCx and at the Mt2 gene promoter. Finally, this study revealed increased histone acetylation in 

the HC with no change in expression of chromatin modifying enzymes that were altered in CCx, 

suggesting differences in ethanol-induced epigenetic changes between these structures. 

 Histone deacetylation at our model down-regulated gene promoters indicates that acute 

ethanol leads to recruitment of HDACs to a subset of gene promoters. This finding is surprising 

considering several studies show acute ethanol exposure is associated with decreased HDAC 

activity and expression [60,138,139,141]. However, there is also compelling evidence for histone 

deacetylation after acute ethanol exposure. In particular, down-regulation of genes by acute 

ethanol in the brain has been reported by several micro-array studies [68,69,128] and implies a 

role for HDACs in mediating the acute effects of ethanol. A recent study also revealed decreased 

acetylation of histone subunit H4 in the nucleus accumbens 4 hours after the onset of binge 

drinking [239]. These studies highlight the diversity of epigenetic mechanisms induced by acute 

ethanol and importance of characterizing ethanol-induced histone modifications at specific gene 

promoters. This is especially important since several studies have proposed a role for HDAC 

inhibitors for modulating ethanol consumption [60,137,139,239]. Future studies should expand 

on the current findings by studying both temporal and gene-specific effects of ethanol on histone 

acetylation. 

 Ethanol-induced epigenetic changes at two model up-regulated gene promoters were 

identified by this study. Notably, H3K4me3 was increased at the Mt2 promoter and H3K27me3 

was decreased at the Mt1 promoter. Ethanol-induced changes to these histone modifications have 

been reported previously [135]. However, surprisingly, there was no increase in H3K9,14ac at 

any of the model up-regulated gene promoters in this study. This finding was surprising, since 

several studies have found that acute ethanol increases histone acetylation in the brain 
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[60,137,139]. One explanation for no change in histone acetylation at these gene promoters is 

that they have returned to a baseline state. Importantly, Mt1, Mt2, and Egr1 expression has been 

shown to be elevated four hours following ethanol exposure [128], so that it is possible that the 

promoters are no longer active at the 6 hour time point studied in this paper. This finding 

highlights the dynamic nature of epigenetic gene regulation induced by ethanol and future 

studies should identify gene promoter states at multiple time points. 

 Increased levels of H3K4me3 have been reported in the cortex of patients with 

alcoholism [122] and the results in this study indicate that this occurs after a single ethanol 

exposure. Importantly, H3K4me3 exclusively marks active and poised promoters near 

transcriptional start sites [34,240], so that a global increase in this histone modification likely 

reflects ethanol-induced chromatin remodeling to promote gene expression. While the RT-qPCR 

array did not detect a change in expression of lysine methyltransferases or demethylases, these 

enzymes are regulated by post-translational modifications that could account for increased 

histone tri-methylation after ethanol exposure [34]. Further studies are needed to identify how 

ethanol induces tri-methylation of lysine 4 on histone subunit H3 without altering expression of 

histone methyltransferases. 

  The analysis of chromatin modifying enzyme expression following acute ethanol 

exposure identified two HDACs and two HATs whose expression is altered in the CCx. Notably, 

decreased expression of Hdac2 and Hdac11 after acute ethanol exposure has been reported in the 

striatum [141], indicating down-regulation of these genes is a fundamental neurobiological 

mechanism of ethanol. Hdac2 expression has been implicated in conferring preference for 

ethanol [137] and down-regulation promotes memory formation [241], so that decreased 

expression may be important for promoting further ethanol consumption. Differential expression 
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of Hdac11 was found to regulate ethanol drinking behavior [242], though specific mechanisms 

of Hdac11 in the brain have not been identified. Based on these findings and similar changes in 

expression in the striatum [141], studying ethanol-induced regulation of Hdac2 and Hdac11 will 

likely help elucidate mechanisms of ethanol-induced gene expression. 

 Changes in expression of two HATs in the CCx after ethanol exposure likely reflect 

competition between HAT complexes. Csrp2bp is a component of the ATAC complex, which 

acts as a HAT that regulates cell cycle progression [243]. Kat2b is a component of a HAT 

complex with CREB binding protein, which is critical for memory formation [244]. 

Interestingly, the ATAC complex was found to be mutually exclusive with a HAT complex 

containing Kat2b [245], so that inverse expression of Kat2b and Csrp2bp may reflect ethanol-

induced mechanisms that activate one HAT complex and repress the other. This idea is 

supported by studies indicating the importance of CREB for mediating ethanol action [246] and 

also suggest repression of the ATAC complex as a mechanism of ethanol. Studying how 

modulating the ATAC and CREB complexes affects ethanol consumption would further support 

the idea that ethanol induces reciprocal activation of these HAT complexes. 

 One important limitation of this study is that it analyzes one relatively short (80 - 120 bp) 

region of the gene promoter near the transcriptional start site (TSS) (Table 4). Importantly, the 

histone modifications studied are associated with differential states of the TSS, including 

H3K27me3 at poised and repressed genes, H3K4 methylation at poised and active genes, and 

H3K9ac at active genes [247]. Altering levels of these modifications at the TSS likely involves 

moving between repressed, poised, or active states and changes in gene expression. However, 

several of the genes studied did not have changes to these modifications at the TSS. As discussed 

above, this may reflect the dynamic nature of these modifications and negative feedback to a 
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baseline state following an ethanol-induced change in gene expression. Alternatively, it is 

possible that changes to histone modifications occur far from the TSS at regulatory regions that 

govern transcription factor binding to the gene promoter. These regions primarily function as 

enhancers, which recruit transcription factors to potentiate gene expression [248]. For example, 

metallothioneins have glucocorticoid, metal, and antioxidant response elements in their gene 

promoters, which can be bound by transcription factors to increase expression [249]. The Mt2 

gene also contains a consensus Egr1 binding sequence (5’-GCGGGGGCG-3’) near the TSS and 

the primers used for ChIP in this study spanned this region, though only changes in H3K4me3 

levels were noted (Fig. 17). Given the potential for transcription factor interactions with histone 

modifying enzymes at enhancers, tiling primer sequences across larger spans of differentially 

expressed gene promoters may have identified changes in histone modifications at regulatory 

elements further from the TSS. Additionally, genome-wide studies of histone interactions using 

ChIP-chip or ChIP-seq may identify changes to histone modifications at cis-acting regulatory 

elements that may be up to 1 Mb away from the TSS. 

 This study raises important points about studying epigenetic mechanisms of ethanol. It 

identified general mechanisms of acute ethanol on histone modifications and chromatin 

modifying enzyme expression as well as specific mechanisms at gene promoters using ChIP in 

the CCx. The findings indicate that changes seen on a global level do not generalize to all or 

even most gene promoters across the CCx. This is likely due to the dynamic nature of histone 

modifications and differences among neuronal subpopulations that influence ethanol-induced 

epigenetic changes, which limit the study’s ability to identify specific effects at gene promoters. 

It is also interesting that chromatin modifying enzymes whose expression was altered in CCx 

were not altered in HC, suggesting changes in CCx expression may be driven by a specific 
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region or population of cells. Recent work indicates that ethanol-induced epigenetic changes are 

different even between different subregions of the same brain structure [60,137,139,141], so that 

it is not unexpected ethanol-induced gene expression changes differ between CCx and HC. These 

issues may have precluded identification of a discrete pattern of ethanol-induced histone 

modifications shared by any of the six studied promoters. Future studies should examine 

additional time points of ethanol exposure as well as study neuronal subtypes by utilizing laser 

capture microdissection or fluorescence activated cell sorting. Lastly, since the current study 

utilized C57BL/6J male mice, it is of interest to determine if the results observed generalize to 

females and to mice of other genetic backgrounds. 

 In conclusion, this study introduces new epigenetic mechanisms of ethanol, including 

histone deacetylation at down-regulated gene promoters, increased global H3K4me3, and altered 

expression of histone modifying enzymes in the CCx following acute ethanol exposure. 
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4.0  NEURONAL SUBTYPE SPECIFIC ANALYSIS OF ETHANOL-INDUCED 

EPIGENETIC MODIFICATIONS 

4.1 INTRODUCTION 

In Section 3 of this dissertation, epigenetic effects of ethanol were revealed in CCx and HC. 

Those experiments relied on identifying model genes altered by acute ethanol and studying 

histone modifications at the promoters of those genes. While this study detected changes in 

histone modifications at several gene promoters, it may have been limited from detecting more 

by technical issues inherent to studying histone modifications in a complex tissue like the brain. 

 These issues relate to the ability to detect changes in RNA transcript levels vs. the ability 

to detect changes in histone modifications at gene promoters using ChIP. For instance, while a 

cell may produce hundreds of RNA molecules of the same transcript, it only contains two loci 

for those RNA sequences in the genome (excluding the potential contribution of copy number 

variation). Therefore, it may be difficult to detect changes in histone modifications at a specific 

gene promoter using chromatin made from millions of cells if only a few hundred cells are 

contributing to a detectable increase in RNA transcript number. This issue may be especially 

relevant in the brain, which is composed of hundreds of neuronal subtypes, glia, and other cell 

types with distinct transcriptional profiles [250]. Additionally, substantial loss of chromatin 

occurs during formaldehyde cross-linking, multiple cell lysis steps, and sonication that are 
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components of nearly all standard ChIP protocols, so that most protocols recommend using tens 

of millions of cells as input [251,252]. Some of these limitations are overcome using cell culture 

systems where histone modifications within a distinct cell type can be studied; however, this 

lacks complexity relative to whole animal models. 

 With new evidence emerging for cell-type specific transcriptional regulation by drugs of 

abuse [55,61,253], studying epigenetic modifications specific to these cell types would greatly 

improve understanding of drug-induced gene regulation. Additionally, studying a homogenous 

cell population with similar transcriptional profiles will likely increase the sensitivity of ChIP to 

detect changes in histone modifications at gene promoters. Several recent advances in methods to 

isolate neuronal subtypes in the brain have made this possible. In particular, laser capture 

microdissection allows for visualization and selection of cell types in brain tissue [254]. 

Fluorescence activated cell sorting (FACS) is now being applied to sorting cell types in the brain 

based on antibody-mediated or endogenous cell fluorescence. For this study, FACS was chosen 

to isolate a neuronal subtype because it allows for quantifiable sorting of live cells and collection 

of thousands of cells in a short time (~1 hour) for downstream analysis. 

Several recent studies have utilized FACS to identify transcriptional profiles of neuronal 

subtypes after drug administration. Many of these studies were made possible by the Gene 

Expression Nervous System Atlas project, which developed transgenic mice with promoter-

specific fluorescent proteins integrated into the genome using bacterial artificial chromosomes 

(BAC) [255]. Identification of neuronal subtypes using BAC transgenic strains is highly specific 

and these animals have been used in anatomical, electrophysiological, and optogenetic studies 

[255-257]. An early paper utilized BAC transgenic mice and FACS to identify transcriptional 

differences between dopamine D1 receptor (D1R) and dopamine D2 receptor (D2R) medium 
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spiny neurons (MSN) in the striatum [258]. Eric Nestler’s group expanded on this study by 

showing cocaine has differential effects on gene expression in D1R and D2R MSNs [259]; 

moreover, epigenetic mechanisms intrinsic to these cells were found to underlie how they 

respond to cocaine [61]. A recent study utilized BAC transgenic strains along with antibody-

mediated tagging of histone modifications to examine how cocaine alters histone modifications 

in D1R and D2R MSNs [260]. Other groups have used antibody-mediated FACS to study gene 

regulation induced by cocaine [261], opioids [262,263], and methamphetamine [264] in cellular 

subtypes. However, while antibody-based approaches allow for selection of a wider array of cell 

types compared to BAC transgenic strains, they also require fixing cells and have issues with off-

target binding of antibodies that may reduce their specificity. Though several groups have now 

used FACS to show neuronal subtype specific gene regulation by drugs of abuse, I did not 

identify any studies that utilized this approach for ethanol exposure. Additionally, while one 

group reported using antibody-mediated FACS to study chromatin in neurons [265], I did not 

identify reports of a ChIP protocol for use in neuronal subtype-specific BAC transgenic strains. 

This study utilized a commercially available BAC transgenic strain where the D1R 

promoter drives expression of tdTomato, a variant of the red fluorescent protein. This strain has 

been well-characterized with tdTomato expression restricted to D1R MSNs and no apparent 

behavioral differences relative to wild type mice [266]. D1R MSNs in the NAc are critical 

components of reward signaling, integrating dopaminergic inputs from the VTA and 

glutamatergic inputs from limbic structures to guide goal-directed behaviors [267]. Importantly, 

ethanol consumption potentiates the NAc in both rodents [268] and humans [269], suggesting 

this is a critical feature in the development of AUD. In particular, chronic ethanol exposure was 

found to hyperactivate the VTA and increase PKA activity, a downstream effector of the D1R, in 
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the NAc [270]. Studies have now specifically implicated the D1R in the NAc in mediating 

several effects of ethanol. A study utilizing D1R and D2R BAC transgenic strains found 

increased ΔFosB staining in D1R but not D2R neurons following ethanol exposure [55]. 

Knocking down or pharmacologically inhibiting D1R in the NAc leads to decreased ethanol 

consumption [271], blocked behavioral sensitization to ethanol [272], and reversal of ethanol-

induced changes to GABAA receptor-mediated tonic currents [273]. These studies indicate that 

ethanol preferentially modulates D1R MSNs, but studies are lacking on gene expression and 

chromatin regulation that may underlie mechanisms of ethanol in this cell type. 

Improved rodent models that better replicate some aspects of human drinking have 

recently been developed. In particular, Howard Becker’s group developed a chronic ethanol 

exposure model in mice that escalates ethanol drinking three days following vapor ethanol 

exposure [184,274,275]. The procedure relies on four cycles of vapor ethanol and withdrawal, 

which increases ethanol drinking in a limited access paradigm up to 80 hours following the final 

ethanol vapor session. Studies have recently implicated changes to glutamate levels and 

neurophysiology in the NAc induced by this paradigm [184,276]. Additionally, long-lasting 

effects of ethanol suggest changes in gene expression and chromatin remodeling also underlie 

drinking escalation. Based on research implicating D1R MSNs in mediating the effects of 

ethanol as well as changes in the NAc after chronic vapor ethanol exposure, we chose to study 

the effects of chronic intermittent vapor ethanol on gene expression and chromatin regulation in 

D1R MSNs of the NAc. This study tests the hypothesis that chronic ethanol exposure and 

withdrawal induces dynamic changes in gene regulation via discrete histone modifications in 

accumbal D1R MSNs. 
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4.2 MATERIALS AND METHODS 

A step-by-step protocol for NAc dissociation and RNA and ChIP protocols is provided in 

Appendix A. 

4.2.1 Animals and treatment 

All experiments were approved by the Institutional Animal Care and Use Committee of the 

University of Pittsburgh and conducted in accordance with the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals. Two heterozygous transgenic males 

containing a gene for the tdTomato fluorescent protein driven by the D1R promoter were 

purchased from the Jackson Laboratory (Stock #016204). These males were bred to isogenic 

C57BL/6J females and offspring were checked for the presence of the transgene with PCR after 

weaning. Male offspring that possessed the transgene were housed with their wild type 

littermates and used for all experiments. Mice were housed under 12 hour light/dark cycles and 

had ad libitum access to food and water. 

 Transgenic mice were used for experiments at 8-10 weeks of age. The experimental 

design is summarized in Fig. 21. Briefly, mice were weighed and injected with either 1 g/kg of 

10% ethanol solution in saline (0.01 ml/g) (ethanol-treated) or 0.01 ml/g saline (room air 

controls). Mice were immediately placed into one of two identical custom-built vapor chambers 

described in Section 2.2.2 that were used to deliver either room air or vaporized ethanol. Flow 

rate, vaporization temperature, and exposure time were optimized to achieve consistent BECs 

without the use of pyrazole. Room air was flowed into two heated Erlenmeyer flasks at a rate of 

7.5 L/min; one flask received ethanol at a rate of ~80 μl/min while the other flask received no 
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ethanol. Air from the ethanol and control flasks flowed into separate chambers so that only one 

chamber received vaporized ethanol. Mice were housed for 16 hours in the chambers from 17:00 

to 09:00. At the end of the first exposure, tail blood was collected and used to analyze BECs. 

From 09:00 to 17:00, mice were placed back onto a ventilated cage rack and only exposed to 

room air. 

 Injections and exposures were done on 4 consecutive nights and mice were sacrificed 

either immediately following the 4th exposure (chronic ethanol group) or 72 hours following the 

4th exposure (72 hour withdrawal) (Fig. 21); room air controls from both cohorts were included 

in this study. Any mouse that exhibited an anesthetic effect of ethanol intoxication was excluded 

from the experiment. 

4.2.2 PCR genotyping 

Tail snips (< 0.5 cm) were taken at the time of weaning and DNA was extracted using the 

DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s instruction. DNA was 

used for a PCR assay containing GoTaq HotStart Polymerase (Promega, Madison, WI), primers 

for the transgene and positive control region (20 μM), dNTPs (2.5 mM), 5x reaction buffer, and 

MgCl2 (2.5 mM). Primer sequences used were Transgene, F: 5’-CTT CTG AGG CGG AAA 

GAA CC-3’ and R: 5’-TTT CTG ATT GAG AGC ATT CG-3’, Positive control region, F: 5’-

CTA GGC CAC AGA ATT GAA AGA TCT-3’ and 5’-GTA GGT GGA AAT TCT AGC ATC 

ATC C-3’. PCR conditions were 3 min at 94˚ C, then 30 s at 94 ˚ C, 1 min at 59 ˚ C, 1 min at 72 

˚ C repeated 35 times, then 2 min at 72 ˚ C. PCR products were run on a 1.5% agarose gel. 

Transgenic animals were identified by the presence of two bands: a 750 bp band for the 

transgene and 324 bp band for the positive control region. 
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4.2.3 Dissociation of the nucleus accumbens into a single cell suspension 

Tissue dissociation was adapted from a previous report of FACS using BAC transgenic mouse 

strains [277]. The following reagents were made fresh before the start of each experiment. 

HABG: 200 μl of 50x B27 supplement (Life Technologies) and 25 μl of 100x Glutamax (Life 

Technologies) into 9.8 ml of Hibernate A cell culture media (Life Technologies). Papain 

dissociation buffer: 14 μl of 100x Glutamax (Life Technologies) into 5.5 ml Hibernate E cell 

culture media (BrainBits LLC, Springfield, IL). Papain: 5 ml of papain dissociation buffer into 

one vial containing 100 U of papain (Worthington Biochem, Lakewood, NJ). DNase: 500 μl of 

papain dissociation buffer into one vial containing 1000 U of DNase (Worthington Biochem). 

 Adult animals were sacrificed by cervical dislocation at the time points indicated (Fig. 

21). The brain was extracted and placed into an ice cold adult mouse brain slicer matrix with 1 

mm coronal section slice intervals (Zivic Instruments). The NAc was identified under a 

dissecting microscope as the region surrounding the anterior commissure; it was differentiated 

from the overlying dorsal striatum by its homogenous appearance relative to the striated 

appearance of the dorsal striatum. The NAc was placed into a small culture dish containing 1 mL 

HABG supplemented with 100 U/ml of RiboLock RNase inhibitor (Thermo Scientific, Waltham, 

MA). Tissue was cut into ~1 mm3 pieces using a scalpel. Tissue pieces were gentled aspirated 

using a cut 1 ml pipet tip and allowed to fall to the edge of the tip. The pipet tip was placed into 2 

ml of Papain supplemented with 110 μl DNAse that was pre-warmed to 37˚ C and the tissue 

pieces were allowed to gently fall into the Papain so that there was minimal transfer of HABG 

into Papain. Tissue pieces in Papain were covered in aluminum foil and incubated at 32˚ C with 

gentle rotation for 15 minutes. 
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After incubation in Papain and DNase, tissue pieces were collected with a cut 1 ml pipet 

tip and allowed to fall to the edge of the tip. The pipet tip was placed into 2 ml of HABG 

supplemented with 100 U/ml of RiboLock RNase inhibitor and the tissue pieces were allowed to 

gently fall into the Papain so that there was minimal transfer of Papain into HABG. The tissue 

pieces in HABG were covered with aluminum foil and incubated for 5 minutes at room 

temperature. Tissue pieces were triturated using a latex pipette bulb and autoclaved, cotton-

plugged Pasteur pipette that was fire-polished to a ~0.5 mm tip. For trituration, tissue pieces in 

HABG were sucked into the pipette and ejected over ~5 seconds until large tissue pieces were no 

longer visible, which usually took ~10 cycles of trituration. Care was taken to avoid air bubbles 

in the cell suspension. 

The dissociated cell suspension was passed through a 70 μm cell strainer (Fisher 

Scientific, Pittsburgh, PA) by aspirating 800 μl of solution at a time through a cut pipet tip and 

gently placing the tip over the cell strainer. After the cell suspension was strained, 5 ml of 

HABG supplemented with 100 U/ml of RiboLock RNase inhibitor was passed over the same cell 

strainer. Therefore, the total volume of the cell suspension was ~7 ml. The cell suspension was 

covered in aluminum foil and immediately transported for cell sorting. It is important to note that 

this process takes ~45 minutes from the time the animal is sacrificed to cell sorting. 

4.2.4 Fluorescence activated cell sorting of tdTomato+ cells 

Neurons were sorted in collaboration with the Rheumatology Flow Cytometry Core Facility at 

the University of Pittsburgh. Briefly, the dissociated cell suspension was sorted on a FACS 

ARIA II (Becton Dickinson Inc.) using an 85 μm nozzle with a pressure of 45 p.s.i. debris and 

doublets in the sample were excluded from sorting by gating for intact cells using forward and 
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side scatter profiles. tdTomato was excited by an argon-ion laser (488 nm) and detected using an 

emission spectra between 564 nm and 606 nm. Fluorescence gating thresholds were established 

by sorting wild-type animals that do not express tdTomato and isolating events that were above 

the highest detectable limit in wild type animals (Fig. 22). tdTomato+ and tdTomato- cells were 

separated using fluorescence gating and collected into two separate tubes. 

4.2.5 RNA extraction 

For RNA studies, cells were sorted directly into 750 μl of Trizol LS (Invitrogen). After sorting, 

volume of Trizol LS with sorted cells was measured and nuclease free water was added to bring 

the volume up to 1 ml. RNA was extracted using the RNeasy mini kit (Qiagen) according to the 

manufacturer’s protocol without DNase digestion and eluted in 30 μl of nuclease free water. 

4.2.6 RT-qPCR 

RNA was converted into cDNA using RT (Bio-Rad, Hercules, CA). Reactions were carried out 

in duplicate for each gene. SYBR green fluorescent master mix (Bio-Rad) was added to each 

well and visualized using a Bio-Rad iCycler. All primers were optimized for 90% to 110% 

efficiency at the following conditions: 10 min at 95˚C followed by 40 cycles of 30 s at 95˚C, 1 

min at 60˚C, and 30 s at 72˚C. Primer sequences used were β-actin, F: 5’-TCA TGA AGT GTG 

ACG TTG ACA TCC GT-3’ and R: 5’-CCT AGA AGC ATT TGC GGT GCA CGA TG-3’, 

D1R, F: 5’-GAA CCC AGA AGA CAG GTG GA-3’ and R: 5’-GCT TAG CCC TCA CGT TCT 

TG-3’, Glial Fibrillary Acidic Protein (GFAP), F: 5’-AGA AAA CCG CAT CAC CAT TC-3’ 

and R: 5’-TCA CAT CAC CAC GTC CTT GT. Threshold cycle (Ct) values were calculated for 
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each well and duplicate values averaged. The difference between specific genes and β-actin 

(ΔCt) was calculated for each animal and normalized to the average of room air sired offspring 

(ΔΔCt). Fold change over room air sired offspring was calculated for each animal using the 

following formula: 2-ΔΔCt. 

4.2.7 Native FACS-ChIP 

Reaction buffers were adapted from a previous report of low cell number ChIP [278]. To prevent 

histone deacetylation and protease activation during tissue dissociation for ChIP studies, all 

media and buffers were supplemented with 5 mM sodium butyrate and, beginning after papain 

treatment, all media and buffers were supplemented with cOmplete protease inhibitor cocktail 

(Roche, Basel, Switzerland). Cells were sorted directly into 250 μl of 2x micrococcal nuclease 

(MNase) buffer (100 mM Tris, pH 8.0, 2 mM CaCl2, 0.4% Triton X-100) and volume was 

measured and brought up to 500 μl by adding nuclease free water. MNase (New England 

Biolabs, Ipswich, MA) was diluted by adding 1 μl of MNase (2,000 gel units) to 500 μl 1x 

MNase buffer (50 mM Tris, pH 8.0, 1 mM CaCl2, 0.2% Triton X-100). For MNase digestion of 

chromatin, 15 μl of diluted MNase was added to sorted cells and cells were incubated in a 37˚ C 

heat block for 5 minutes. To stop the MNase digestion, 50 μl of 10x MNase stop buffer (110 mM 

Tris, pH 8.0, 55mM EDTA) was added to the cells. From this point, chromatin was kept on ice 

or in a 4˚ C room through immunoprecipitation. To lyse cells, 550 μl of ice cold 2x RIPA cell 

lysis buffer (280 mM NaCl, 1.8% Triton X-100, 0.2% SDS, 0.2% Na Deoxycholate, and 5 mM 

EGTA) was added. The solution was mixed by inverting the tube and the tube was left on ice for 

15 minutes. To remove cell debris, the tube was centrifuged at 4˚ C at 13,000 rpm for 10 

minutes. Chromatin was decanted into a new 1.5 ml Eppendorf tube and placed on ice. 
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 Chromatin was divided into two 400 μl aliquots for immunoprecipitation and one 200 μl 

aliquot used as input. For immunopreciptiation reactions, 22 μl of MagnaChIP Protein A/G 

magnetic beads (Millipore, Billerica, MA) were added to each tube. To one tube, 5 μl of an anti-

H3K27me3 antibody (#17-622, Millipore) was added and to the other tube 9 μl of an anti-

H3K18ac antibody (#9675, Cell Signaling Technology, Danvers, MA) was added. As a negative 

control for optimization experiments, nonspecific IgG antibody (#PP64B, Millipore) was also 

used.  The immunoprecipitation tubes were incubated at 4˚ C with gentle end-over-end rotation 

for 3.5 hours while the input tube was kept at 4˚ C with no rotation. After incubation, tubes were 

placed onto a magnetic rack and the supernatant was removed using a pipet. Magnetic beads 

were washed 3 times with 500 μl RIPA buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 140 mM 

NaCl, 1% Triton X-100, 0.1% SDS, 0.1% Na Deoxycholate) and 1 time with 500 μl TE buffer 

(10 mM Tris, pH 8.0, 1 mM EDTA); between washes, the beads were incubated for 5 minutes at 

4˚ C with gentle end-over-end rotation and the supernatant was removed using a pipet. 

 Following the TE wash step, magnetic beads were eluted in 200 μl elution buffer (50 mM 

NaCl, 20 mM Tris, pH 8.0, 5 mM EDTA, 1% SDS, 50 μg/ml proteinase K); for the input, 

proteinase K was added to a concentration of 50 μg/ml. The magnetic beads in elution buffer and 

input were incubated at 65˚ C with gentle rotation for 45 minutes. Following proteinase K 

digestion, tubes were briefly spun on a tabletop centrifuge and placed into a magnetic rack. The 

supernatant (200 μl) was transferred to a tube containing 10 μl 3 M Na Acetate and 1 ml buffer 

PB (Qiagen). DNA was purified using the Qiagen MinElute Reaction Cleanup Kit according to 

the manufacturer’s protocol and eluted in 14 μl nuclease free water.  

 ChIP DNA samples were quantified using a Qubit fluorometer (Life Technologies). For 

optimization of FACS-ChIP experiments using tdTomato+ neurons, samples were diluted to 30 
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μl and 5 μl were analyzed by ChIP-qPCR in duplicate for each primer set. qPCR conditions were 

the same as reported in the RT-qPCR section. Primer sequences used were: D1R promoter, F: 5’-

GCC TCT GGT TTC CTA CAC CC-3’ and R: 5’-AGG GAA AAG CAT GGT CGA GG-3’, 

GFAP promoter, F: 5’-ACA AAA GGC CTG GGT TGA CA-3’ and R: 5’-CTC TGG ATC TGG 

AAC TCG CC-3’, LINE1 5’ UTR, F: 5’-CCG GGA CTC CAA GGA ACT TA-3’ and R: 5’-

CCT CCT GGC CGA AGA AGA-3’. Ct values for antibodies were normalized to the input Ct 

value for each primer set. Data are present as fold enrichment over input DNA. 

4.2.8 RNA expression microarray 

RNA collected from chronic ethanol and room air controls (n = 7/group) as well as 72 hour 

withdrawal and room air controls (n = 4-5/group) was sent to Dr. R. Adron Harris’ lab at the 

University of Texas—Austin. RNA concentration and RNA integrity numbers (RIN) were 

determined on an Agilent Bioanalyzer using the Eukaryotic Total RNA Nano Series II kit 

(Agilent Technologies, Santa Clara, CA). The EpiCentre TargetAmp Pico 2-round amplification 

kit (Illumina, San Diego, CA) was used to amplify 180 pg of RNA. cRNA expression will be 

analyzed using the Illumina mouse WG6 v2 whole genome expression array. 

4.2.9 Statistics 

For RT-qPCR, a Student’s t-test was used to compare groups. For ChIP-qPCR, a two-way 

ANOVA with Bonferroni post-hoc testing was used to compare antibody enrichment. Statistical 

significance was defined by a p-value < 0.05. All data are presented as mean +/- SEM. 
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4.3 RESULTS 

4.3.1 Chronic intermittent ethanol exposure 

Mice were injected with either 1 g/kg ethanol or saline and exposed to vapor ethanol or room air, 

respectively, overnight for 4 consecutive days (Fig. 21). BECs were measured after the first 

exposure and averaged 231.7 +/- 12.7 mg/dl (mean +/- SEM). 

 

Figure 21. Chronic intermittent vapor ethanol exposure 

Chronic intermittent vapor ethanol exposure escalates ethanol drinking in a limited access drinking 

assay [274]. Mice were injected with either 1 g/kg ethanol or saline and placed into a chamber 

receiving either vapor ethanol or room air, respectively, for 16 hours. After 16 hours, all mice 

were placed back into a ventilated cage rack for 8 hours. Mice received four cycles of exposure 

over consecutive days and were either sacrificed immediately (chronic ethanol or room air) or 72 

hours following the final exposure (72 hour withdrawal or room air). 

4.3.2 FACS of tdTomato+ neurons 

Cells were sorted by their size based on forward and side scatter profiles to exclude debris and 

doublets; additionally, they were sorted based on tdTomato intensity (Fig. 22). A distinct group 

of cells with high tdTomato expression could clearly be discriminated using FACS. For RNA 

collection, there were no significant differences in average number of cells collected between the 

chronic ethanol (n = 7; 24143 +/- 2703, mean +/- SEM) and room air control (n = 7; 28429 +/- 
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3032, mean +/- SEM) groups as well as the 72 hour withdrawal (n = 5; 24900 +/- 3508; mean +/- 

SEM) and 72 hour room air control (n = 5, 35720 +/- 4580, mean +/- SEM) groups.  

 

Figure 22. FACS of D1R::tdTomato cells from BAC transgenic mice 

A dissociated neuronal suspension derived from the NAc of a BAC D1R::tdTomato transgenic 

mouse was sorted on a FACS Aria II. (A) Neurons were selected by Forward and Side Scatter 

profiles. Fluorescence gates were established by comparing tdTomato intensity in (B) wild type 

and (C) D1R::tdTomato mice. Purple cells were denoted as tdTomato+ and collected for analysis. 

4.3.3 RNA analysis 

Optimization of cell sorting indicated that the cell population was enriched in D1R with almost 

undetectable levels of GFAP; therefore, tdTomato+ cells likely represent D1R MSNs (Fig. 23). 

 RNA was collected from FAC-sorted neurons after ethanol or room air exposure and sent 

to Dr. R. Adron Harris’ lab at UT-Austin for whole genome expression analysis. There, it was 

quantified and assessed for quality using the Agilent Bioanalyzer. RNA integrity numbers (RIN) 

were used to determine RNA quality based on height of 28s and 18s ribosomal subunit peaks 

[279]. RIN values below 7 are associated with poor performance on gene expression microarrays 

[280]; importantly, all samples had RIN values greater than 7 (Fig. 24A). For the 24 samples 

collected for whole genome expression analysis, RNA recovery averaged 43.7 +/- 4.0 ng (mean 

+/- SEM) (range: 13.5 ng – 80.6 ng) with no differences between groups (Fig. 24A). There was a 
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near-significant trend for a correlation between cells collected and RNA yield (r = 0.38, p = 

0.06). In preparation for the Illumina mouse WG6 v2 whole genome expression array, 180 pg of 

RNA was amplified using the EpiCentre TargetAmp Pico 2-round amplification kit (Fig. 24B). 

All RNA has been amplified and is currently in queue for the whole genome expression array. 

 

Figure 23. tdTomato+ cells are enriched in D1R and lack GFAP expression 

Using RT-qPCR, tdTomato+ were found to have (A) 40-fold enrichment of the Dopamine D1 

receptor (n = 8/group) and (B) nearly undetectable expression of GFAP (n = 3/group). *p < 0.05. 

 

 

Figure 24. Example of FACS RNA analysis and amplification 

RNA was collected form FAC-sorted neurons following ethanol or room air exposure. (A) Agilent 

Bioanalyzer analysis of RNA indicated strong ribosomal peaks (dark bands) and RIN values above 

7. Lanes: A1 is a negative control (water), B1-E1 are D1R-derived RNA, F1 is a positive control 

(RNA derived from HeLa cells), G1 is a ladder, and H1-D2 are D1R-derived RNAs. (B) RNA 

(180 pg) from each sample was used for 2-step cRNA amplification in preparation for Illumina 

mouse WG6 v2 whole genome expression array; peak size of cRNA was ~600 bp across all 

samples; lanes are indicated above, where numbers correspond to the sample (CE = chronic 

ethanol; RA = room air; 72 = 72 hour ethanol withdrawal; RA72 = room air 72 hour withdrawal). 

 90 



4.3.4 Chromatin analysis 

Chromatin was collected from sorted tdTomato+ cells and digested using MNase. Chromatin 

was left in its native state and immunprecipitated immediately, so that there were no freeze-thaw 

cycles. Optimization using several antibodies revealed that anti-H3K18ac and anti-H3K27me3 

antibodies could be used to discriminate active and repressed gene promoters (Fig. 25). Notably, 

H3K18ac is enriched at actively transcribed gene promoters while H3K27me3 is a component of 

the polycomb repressive complex and associated with transcriptional repression [247]. To test 

enrichment of D1R MSNs, H3K18ac and H3K27me3 levels were measured relative to input at 

the D1R and GFAP promoters, which were enriched and repressed, respectively, based on RT-

qPCR analysis of this cell type (Fig. 23). Therefore, the D1R promoter should have high levels 

of histone acetylation and low levels of histone methylation while the GFAP promoter should 

have the opposite pattern. The long interspersed nuclear element (LINE1) 5’ UTR was used as a 

control that could be easily quantified, since there are ~500,000 loci for this retrotransposable 

element in the genome and it is normally associated with histone methylation [247,281]. 

 Using H3K18ac, H3K27me3, and nonspecific IgG antibodies, DNA quantity was 

assessed relative to input using qPCR. There was a significant interaction between histone 

modification and promoter regions studied (F(4,13) = 14.45, p < 0.0001) (Fig. 25). Bonferroni 

post-hoc testing revealed significantly increased levels of H3K27me3 relative to H3K18ac at the 

(n = 4; p < 0.001) and the GFAP promoter (n = 2; p < 0.05); conversely, there were increased 

levels of H3K18ac relative to H3K27me3 at the D1R promoter (n = 3; p < 0.05) (Fig. 25). 

Additionally, there were nearly undetectable levels of DNA relative to input using a nonspecific 

IgG antibody, indicating specificity for the histone modifications studied (Fig. 25). DNA was 

also quantified by the Genomics and Proteomics Core Laboratory at the University of Pittsburgh 
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using the Qubit fluorometer (Life Technologies) and could be detected in the input as well as 

anti-H3K18ac, and anti-H3K27me3 immunoprecipitations; no DNA was detected using the IgG 

antibody. These data indicate that ChIP can be used to discriminate active and repressed genomic 

regions in FAC-sorted neuronal subtypes with low variability between animals. 

F
o

ld
 E

n
ri

c
h

m
e

n
t

(o
v

e
r 

2
0

%
 i

n
p

u
t)

L IN
E 1

D 1  re
c e p to

r

G
F A P

Figure 25. ChIP using FAC-sorted tdTomato+ cells from BAC transgenic animals 

tdTomato+ cells were collected from D1R::tdTomato BAC transgenic mice and used to analyze 

histone occupancy at gene promoters. There was a significant increase in H3K27me3 levels 

relative to H3K18ac levels at the repressed retrotransposable element LINE1 (n = 4) and GFAP 

promoter (n = 2). Conversely, there was a significant increase in H3K18ac levels relative to 

H3K27me3 at the D1R promoter (n = 3). For the IgG antibody, there was nearly undetectable 

signal of LINE1 (n = 2), D1R (n = 1), or GFAP (n = 1) promoter regions, suggesting specificity of 

the H3K18ac and H3K27me3 antibodies.  *p < 0.05, ***p < 0.001 

4.4 DISCUSSION 

This section describes optimization of RNA extraction for whole genome expression and 

chromatin analysis in a neuronal subtype collected from a BAC transgenic mouse strain. Using 

FACS, ~25,000 tdTomato+ cells were collected from the NAc with minimal tissue processing 
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time (~45 min), providing sufficient RNA and chromatin for downstream analysis. Importantly, 

this may be the first description of a ChIP protocol for neuronal subtypes that were sorted by 

FACS using BAC transgenic strains. While results of ethanol-induced gene regulation in this cell 

type are pending, experimental validation shows that tdTomato+ cells have 40-fold enrichment 

of D1R relative to tdTomato- cells with nearly undetectable expression of GFAP, indicating cell 

type specificity for D1R MSNs. Despite low input for traditional chromatin studies, the ChIP 

protocol optimized in this study discriminated transcriptionally active and repressed regions on 

the basis of H3K18ac and H3K27me3 levels at gene promoters. Importantly, it showed elevated 

histone acetylation the D1R promoter in tdTomato+ cells, indicating cell type specificity at the 

level of chromatin. The discussion will be limited to experimental considerations and 

interpretation of potential effects of chronic intermittent ethanol exposure on this cell type. 

FAC-sorting of the NAc from D1R::tdTomato BAC transgenic mice was efficient, with a 

distinct population of cells with high tdTomato expression (Fig. 22). Gene expression and 

chromatin analysis of the D1R promoter in these cells confirmed that these are highly enriched 

D1R MSNs. While collection of ~25,000 tdTomato+ cells per sort is a substantial improvement 

over previous studies using BAC transgenic stains [258,259,277], this amount is much smaller 

than the total population of D1R MSNs in the NAc, suggesting considerable loss of neurons 

during tissue processing. Improving yields will likely require optimization of tissue trituration, 

which induces considerable mechanical stress on cells and is likely the greatest source of cell 

loss. Unfortunately, neuronal FACS studies are still limited, so there are no reports of how 

changing experimental parameters affects yield. Identifying optimal sorting conditions will 

improve downstream analysis by providing more input for RNA and chromatin studies. 
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The FACS protocol developed for this study was able to provide sufficient and high 

quality (RIN > 7) RNA for whole genome expression microarray analysis. This has been 

demonstrated previously [55,258,259]; however, it is notable that in this study, compared to 

other FACS whole genome expression studies, RNA yields for the majority of samples collected 

were sufficient for one-round amplification (> 25 ng input) (Fig. 24) [258,259,261]. While one- 

and two-round amplification generate gene expression levels that correlate well with one another 

[282], using one-round amplification increases the number of transcripts detected [282]. 

Therefore, since this study used a two-round amplification procedure, it may be limited to 

detecting changes in expression of highly expressed transcripts in D1R MSNs. Using an RNA 

collection kit optimized for elution in a small volume would have increased the concentration of 

sample collected, but it may have also reduced yield. Therefore, it is unclear whether changing 

the RNA collection protocol would allow for one-round amplification. While the current study is 

sufficiently powered to detect ethanol-induced changes in gene expression, further optimizing 

RNA collection may improve detection of gene transcripts by allowing for one-round cRNA 

amplification. 

The goal of this study is to examine the dynamics of ethanol-induced histone 

modifications with high sensitivity by using a specific cell type enriched by FACS. Our 

optimization experiments show that genomic regions with differential expression in D1R MSNs 

can be discriminated based on H3K18ac and K3K27me3 levels (Fig. 25). Importantly, this study 

demonstrates that histone modification levels are detectable with low variability after cell sorting 

using the current protocol. Therefore, we are poised to examine whether chronic intermittent 

ethanol exposure induces long-term changes to chromatin that could underlie its effect on 

ethanol drinking escalation [274]. Pending results from the RNA microarray will be used to 
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identify genes whose expression is altered by ethanol immediately and 3 days following 

exposure. Then, ChIP will be used to study the balance of H3K18ac and H3K27me3 at 

differentially expressed gene promoters. This method will uncover dynamic mechanisms of 

ethanol-induced gene regulation in D1R MSNs by identifying the time course of ethanol-induced 

epigenetic modifications. It will be especially interesting to identify long-term, ethanol-induced 

changes in chromatin despite no detectable changes in expression. Importantly, this is a proof of 

principle study, so that in the unlikely event we do not identify any ethanol-induced changes to 

levels of H3K18ac and H3K27me3 at gene promoters, this study appears to be the first to 

develop a ChIP protocol for highly specific BAC transgenic strains. Therefore, while D1R MSNs 

are clearly modified by ethanol and critical for goal-oriented behavior like ethanol drinking 

[267,273] our protocol is scalable to other cell types or histone modifications that may be more 

relevant for ethanol action. 

In conclusion, this section describes a method for isolating D1R MSNs with high 

specificity and studying whole genome expression using a microarray as well as histone 

modifications using ChIP. Future studies will identify the role of chronic intermittent ethanol and 

withdrawal on gene regulation in this cell type in vivo. 
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5.0  FINAL DISCUSSION 

5.1.1 Conclusions and significance 

Despite the well-studied effects of ethanol on gene expression, little is known about mechanisms 

by which ethanol alters chromatin to regulate gene promoters. Moreover, it is not known whether 

ethanol induces long-lasting effects on chromatin that are associated with changes in ethanol 

drinking and whether ethanol-induced epigenetic modifications are heritable. Therefore, the 

experiments in this thesis tested three distinct hypotheses related to identifying epigenetic effects 

of ethanol: 1) paternal ethanol exposure regulates ethanol drinking and ethanol-related behavior 

in offspring; 2) acute ethanol induces conserved changes to histone modifications at model gene 

promoters in CCx; 3) chronic intermittent vapor ethanol and withdrawal induce dynamic changes 

in gene regulation via discrete histone modifications in accumbal D1R MSNs. The results 

presented in this thesis provide evidence for epigenetic effects of ethanol in mediating both 

heritability of ethanol drinking and sensitivity to ethanol as well as ethanol-induced gene 

regulation in CCx. Additionally, they set up future studies of ethanol’s epigenetic mechanisms in 

neuronal subtypes, which will increase sensitivity of current assays to detect cell-specific 

changes in gene regulation. 

 Heritability of AUD has been extensively studied and several mutations in alcohol 

metabolizing enzymes are associated with risk for developing AUD [17-19]; however, GWAS 
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has failed to uncover genetic variants that explain more than a fraction of a percent of risk for 

AUD [21]. Therefore, searching for alternative explanations to explain missing heritability is an 

important step toward uncovering mechanisms of how risk for AUD is inherited. Importantly, 

dozens of studies have now uncovered metabolic and behavioral effects of parental 

environmental manipulations on offspring (presented in Section 1.2.3). Additionally, several of 

these have associated offspring behavioral changes with transmission of epi-alleles, which 

include altered histone modifications, DNA methylation, and/or sncRNA populations in gametes 

[77,96,98]. Considering epimutagenic effects of ethanol and reports of altered behavior in 

offspring of ethanol-exposed animals (presented in Section 1.3.4), it is not completely surprising 

that paternal ethanol exposure altered ethanol drinking and ethanol-related behaviors in offspring 

in this study. 

 To identify mechanisms mediating paternal ethanol’s effects on offspring, it is important 

to consider what is currently known about mechanisms of epigenetic inheritance. While the field 

is still relatively new, several potential mechanisms underlying epigenetic inheritance have been 

proposed in mammals. In particular, Wolf Reik’s group identified large regions of DNA 

surrounding IAPs, a type of retrotransposable element in mice, that escape genomewide 

demethylation during development [74]. Another recent study identified nearly 5,000 paternally 

imprinted DMRs in sperm that also retain their DNA methylation levels during genomewide 

demethylation [283]. DNA methylation at these regions can affect offspring phenotype. Two 

studies have found that DNA methylation patterns at gene promoters regulating coat color [109] 

and tail kinking [108] are inherited by offspring. Considering DNA methylation levels are 

maintained between cell divisions [42], these studies provide evidence for mitotic and meiotic 

heritability of this mark, which is a critical aspect of a modification that must survive rounds of 
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cell divisions following fertilization to be maintained in adult offspring. These features have led 

several groups to study how parental exposures alter the DNA methylation landscape in 

offspring [84,87,89,92,96]. This study also found a change in DNA methylation at the Bdnf 

promoter in sperm that was maintained in the brains of offspring. Therefore, it will be important 

to characterize DNA methylation at other genes whose expression is altered by paternal ethanol. 

 Other sources of epi-alleles in gametes are also important to consider. Sperm have a 

small population of RNAs (~10 fg/sperm) that appear to have an important role in development. 

Direct mechanisms of RNA-mediated epigenetic inheritance are emerging. One study identified 

an intronic insertion in the c-kit gene that led to a white tail and feet phenotype in mice, which 

was inherited even without inheritance of the intron; interestingly, the phenotype could be 

replicated by injecting RNA derived from the intronic insertion into the pronucleus [76]. A 

recent study of paternal stress also found that injecting sperm-derived miRNAs from stressed 

sires into an embryo could replicate its effect on offspring [77]. Semen is also a large source of 

cell-free RNAs that exist in vesicles and are stable up to 24 hours in solution [284], though their 

function is still unknown. Additionally, retained histones in sperm have a critical role in early 

offspring development [102,104]. However, several questions remain regarding heritability of 

sperm-derived RNAs and histones. Mainly, how is a small population of RNAs or retained 

histones transferred between rapid cell divisions in early development? The studies above 

suggest that they are and it will be important to characterize the effect of ethanol on sperm-

derived RNAs and retained histones, as they are likely to affect offspring development. 

 In Section 2 of this dissertation, paternal ethanol exposure was associated with decreased 

ethanol drinking and increased sensitivity to ethanol in male offspring using a mouse model. 

Chronic ethanol was also associated with a modest reduction in DNA methylation at the 
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paternally imprinted IG DMR and the Bdnf promoter in motile sperm as well as the Bdnf 

promoter in offspring VTA. These studies introduce the idea that parental ethanol consumption 

can alter ethanol-related behaviors in the next generation. While this finding is surprising, it is 

important to place its effect in context with its magnitude. The 2 bottle choice drinking 

experiment required a relatively large number of male offspring (n = 17/group) (Fig. 7) to 

uncover a statistically significant effect on ethanol preference and consumption. This finding 

suggests that penetrance or heritability of epi-alleles is much lower than 100%, which is also 

implied by analyzing individual clones used in bisulfite sequencing results that show some 

gametes have no changes to DNA methylation after ethanol exposure (Fig. 3 and Fig. 15). While 

it is possible that ethanol’s effects on DNA methylation in sperm are not necessary for its effects 

on offspring behavior, these results may also be explained by recent findings in humans. 

Specifically, variable inheritance of epi-alleles is supported by human studies of colorectal 

cancer, which indicate some but not all offspring inherit altered DNA methylation at a promoter 

region for a mismatch repair enzyme that confers risk for colorectal cancer [285]. Though 

mechanisms that underlie susceptibility to epigenetic inheritance are unknown, their impact on 

human behavior may be large even if the number of susceptible individuals is small. In reference 

to this study, the lifetime prevalence of AUD is 42% among men [8], so that if the results apply 

to humans at any level they are likely to have a meaningful impact on drinking behavior. 

 Another important aspect of the study presented in Section 2 of this dissertation is its 

potential to uncover biomarkers associated with resistance to ethanol consumption. Despite not 

identifying an increase in ethanol drinking in ethanol-sired offspring as hypothesized, studying 

mechanisms that decrease ethanol consumption in this cohort may have greater impact.  Notably, 

ethanol consumption among 129xC57 offspring in this study was variable – with some mice 

 99 



drinking nearly no ethanol and others drinking only ethanol versus water. More male offspring 

had low ethanol preference in the ethanol-sired group, which contributed to a group effect for 

decreased preference. The data hint at a mechanism that may protect some male offspring from 

high ethanol drinking. Ethanol-sired male offspring had increased Bdnf expression and both male 

and female offspring had a modest reduction in DNA methylation at the Bdnf promoter. While 

the findings between Bdnf expression and ethanol consumption are only correlative and DNA 

methylation changes are present in both sexes, several studies suggest Bdnf may be playing a role 

in this phenotype. Intra-VTA infusion of Bdnf enhances sensitivity to cocaine [203] and 

amphetamine [204] as well as decreases morphine seeking behavior [205]. Moreover, increased 

Bdnf expression in other brain regions is associated with decreased ethanol drinking [188-190]. 

A genomewide study of epigenetic reprogramming during early development suggests that DNA 

methylation at the Bdnf promoter remains relatively constant throughout this process [74]. These 

studies support a role for Bdnf in our phenotype, though it remains to be seen if epigenetic 

regulation of Bdnf plays a causative role. Establishing a causative role would likely require 

modulating Bdnf signaling, possibly through use of a TrkB receptor antagonist like ANA-12 

[98], and testing offspring on ethanol drinking and ethanol-related behavior assays.  

 Section 3 of this dissertation studied general mechanisms of ethanol that regulated gene 

expression in CCx and HC. The study was able to identify several epigenetic mechanisms of 

ethanol, including decreased expression of Hdac2 and Hdac11 (Fig. 19) and increased H3K4me3 

in CCx (Fig. 18) as well as increased histone acetylation in HC (Fig. 20). Additionally, despite 

decreased expression of HDACs, the study identified histone deacetylation at down-regulated 

gene promoters in CCx (Fig. 16), indicating that some HDAC activity is important for ethanol-

induced gene regulation. However, inability to identify conserved epigenetic mechanisms at gene 
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promoters indicates that acute ethanol has complex mechanisms, likely relying on cell-type and 

gene-specific specific induction of transcription factors across a range of secondary mechanisms. 

By highlighting the complexity of ethanol action, this study indicates that targeting chromatin 

modifying enzymes, including HDAC inhibitors, in treatment of AUD may have variable effects 

on ethanol-related behaviors. This idea is also indicated by published studies to date that show 

varied roles of HDAC inhibitors on ethanol drinking and behavioral sensitization [139,142-144] 

(presented in section 1.3.2). Finally, while the study did not identify a conserved ethanol-induced 

epigenetic program, it is possible that one may be discovered with larger-scale studies of histone 

modifications or in vitro studies of single cell types.  

 Based on challenges of studying a diverse tissue type at one time point in Section 3, we 

attempted to focus epigenetic studies of ethanol on a single cell type of the NAc in Section 4. 

This study required developing a novel ChIP protocol to study chromatin from a relatively small 

number of cells isolated by FACS. While several groups have reported studying gene expression 

from FAC-sorted neuronal subtypes, being able to use ChIP to study induction of histone 

modifications at gene promoters is potentially a major step toward understanding how neuronal 

subtypes adapt to their environment. Importantly, this type of dynamic, cell-specific data is being 

endorsed by the recently proposed NIH Brain Initiative [286], so that it may be relevant to 

several fields in neuroscience. It may be especially relevant for addiction research, since drugs of 

abuse modulate several neurotransmitter systems to program the brain into a state of drug-

seeking behavior [28]. Uncovering which of these is most sensitive to drug-induced gene 

regulation may allow for more targeted approaches to modify addictive behaviors. Since the 

ChIP protocol developed in this study is adaptable to potentially any BAC transgenic strain or 
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virally-transfected fluorescent protein reporter and histone modification, it has potential 

significance for uncovering a broad range of epigenetic mechanisms in neuronal subtypes. 

 Specific mechanisms that underlie the development of AUD are still unclear, potentially 

because ethanol consumption alters several neurotransmitter systems and interactions between 

these systems are complex [117]. Identifying ethanol-induced changes to neuronal subtypes may 

uncover which of these subtypes and adaptations are most relevant for ethanol action. As a proof 

of principle, Section 4 studied D1R MSNs in the NAc, which are potentiated by ethanol and 

involved in several ethanol-related behaviors (presented in Section 4); additionally, this study 

used a chronic intermittent vapor ethanol exposure that escalates drinking to identify ethanol-

induced gene regulation in D1R MSNs. While microarray and ChIP results are currently 

pending, optimization studies reveal that the current protocol for studying gene regulation in 

D1R MSNs is technically sound. Taking an unbiased approach by using a whole genome 

expression array may also be a hypothesis-generating experiment, since it could identify as yet 

unknown mechanisms of chronic ethanol important in D1R MSNs. Though this study is new and 

relatively limited in scope, developing tools for epigenetic analysis of neuronal subtypes in vivo 

has potential for improving understanding of ethanol action. 

 In conclusion, these three varied experimental sections revealed new roles of epigenetics 

in ethanol action and ethanol-related behaviors. While the significance of these effects is still not 

fully known, they introduce the idea that ethanol has diverse roles in regulating gene expression 

and these are enacted by several mechanisms at the level of chromatin. More focused studies that 

manipulate chromatin modifying enzymes while studying ethanol-related behaviors are 

necessary to identify which of these are most critical for ethanol action. 
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5.1.2 Future Directions 

This dissertation develops two distinct models. The first is a paternal alcohol model that studies 

heritability of AUD. The second is a cell-type specific model for studying ethanol-induced 

transcriptional regulation. Both of these models have a broad range of potential experiments to 

identify mechanisms of ethanol that are important for the development of AUD. 

 For the paternal alcohol model, questions surround both the molecular mechanisms and 

specific behavioral phenotype that underlies this effect. In particular, decreased ethanol 

consumption was noted at the beginning of a two bottle choice continuous access experiment 

when ethanol concentrations were low. However, there was no effect of paternal ethanol 

exposure on a limited access drinking in the dark experiment using solutions with a high ethanol 

concentration. Considering the complexity of this behavior and variability of individual mice in 

the experiment, it will be challenging to uncover specific mechanisms that regulate this effect. 

Changes to any one of several behavioral pathways could regulate this phenotype in mice – taste 

perception of alcohol, operant learning, stress associated with social isolation, or sensitivity to 

the effects of ethanol. Importantly, earlier studies found an effect of paternal ethanol on learning 

[171] and behaviors that are affected by stress, like grooming [173] and the forced-swim test 

[187]. While we did not see changes in basal behaviors in mice, other measures of stress, like 

measurement of corticosterone levels during a stressful paradigm, or learning may uncover 

effects on these measures in our model. Studying other operant models of ethanol preference or 

drinking, like the conditioned place preference test [287], may disentangle complex effects of 

paternal ethanol on neurodevelopment from a specific effect on ethanol preference. 

  Stress studies in ethanol-sired offspring may be especially important because of the 

previously identified effects of paternal stress on male offspring, which showed blunting of the 
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hypothalamic-pituitary axis and changes in several behavioral measures [77,95]. Additionally, 

considering ethanol exposure potentiates the hypothalamic-pituitary-adrenal axis and is a potent 

stressor [288], sires exposed to vapor ethanol may also experience chronic stress prior to mating. 

Stress experiments in offspring can be tied to ethanol-drinking and ethanol-related behaviors. For 

instance, mice escalate ethanol drinking under certain types of stress [289], so that the two bottle 

choice experiment may have detected an increase in ethanol drinking in the room air group 

following social isolation that was absent in ethanol-sired offspring. Therefore, exposing 

offspring to more potent stressors may reveal a greater difference between ethanol and room air 

sired groups on measures of drinking escalation. There was also a specific effect of paternal 

ethanol on ethanol sensitivity on the EPM; however, even this effect may be explained by 

blunting of a stress response following an ethanol injection rather than a change in sensitivity to 

ethanol-induced anxiolysis. Characterizing the corticosterone response after injection of 1 g/kg 

ethanol may reveal this effect, which could account for increased open arm entries in ethanol-

sired male offspring. Additional effects of pain sensitivity after ethanol injection may also play 

into changes in stress response. Importantly, ethanol stimulates nociceptor receptors in gut 

afferents [290], so that increased ethanol-induced anxiolysis in ethanol-sired male offspring may 

reflect decreased response to the noxious effects of an i.p. injection with ethanol. Using capsaicin 

in the control condition or another mode of ethanol exposure may reduce the potentially 

confounding effects of pain on measures of anxiety. These studies will be important components 

of fully characterizing ethanol drinking and ethanol-related behaviors in offspring of ethanol-

exposed sires. 

 There are several important studies related to other aspects of our paternal ethanol model. 

This study found decreased DNA methylation in sperm at the IG DMR and Bdnf promoter. It 
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will be important to characterize when these changes occur in sperm and how long they last by 

studying sperm at different time points of ethanol exposure. If changes to DNA methylation in 

sperm are found to underlie behavioral effects in offspring, they may be used as a biomarker for 

risk of inheriting ethanol-induced epigenetic modifications. Importantly, this type of biomarker 

can be tested non-invasively through sperm collection, so that our findings in rodent studies can 

also be tested in humans. While dams were only housed with sires for 2 days, it is possible that 

there is an effect of maternal provisioning, a change in maternal care related to exposure to a 

sire’s fitness [91,94]. Cross-fostering experiments will identify the contribution of this 

component to the phenotype. Finally, better characterizing the sperm epigenome following 

ethanol exposure, through studies of sperm RNA populations and histone modifications, may 

identify other epi-alleles contributing to this phenotype. 

 Another important step for uncovering mechanisms of paternal ethanol’s effects on 

offspring is studying changes in gene expression that underlie altered behaviors. Additionally, 

identifying altered genes that drive this phenotype may reveal genes that protect against high 

ethanol consumption. While this study identified increased Bdnf expression in the VTA of male 

offspring, several other changes are likely to exist considering the complexity of the phenotype 

presented. However, it is challenging to separate primary genes altered by a heritable epigenetic 

modification from those that have secondary changes in expression related to altering the 

primary gene. Whole-genome expression studies of offspring are an important future experiment 

that would identify networks of genes altered by paternal ethanol and key-in on affected 

pathways. These studies may also assist in establishing causation, since gene network analysis 

could identify which changes in expression are most robust and drive altered gene networks. 

Coupling these studies to DNA methylation analysis and/or miRNA expression analysis would 
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establish a mechanism by which altered gene expression is encoded in the genome. This type of 

analysis could also provide regions to screen in the F1 generation for potential transfer of 

epialleles to the F2 generation and the study of transgenerational effects. 

 In section 3, significant changes in global levels of histone modifications in CCx and HC 

following acute ethanol suggest broad epigenetic effects of ethanol. Unfortunately, a conserved 

program of histone modifications was not uncovered at the model gene promoters studied. 

Expanding this study to other histone modifications, like histone phosphorylation that was found 

to be altered by memory induction [291], may identify such an effect. Additionally, studying 

smaller brain regions affected by ethanol, like the NAc and VTA, or individual cell types may 

reduce background signal and increase sensitivity to identify histone modifications at gene 

promoters using ChIP. This type of study may also be done using in vitro cell culture 

experiments, where the effects of ethanol can be studied on a homogenous cell type in a very 

controlled environment. In vitro experiments would also separate primary effects of ethanol on 

histone modifications from secondary effects of altered neurotransmitter signaling that may be 

driving some ethanol-induced histone modifications in vivo. However, these in vitro findings will 

likely be challenging to replicate in vivo considering complexity of ethanol action. Therefore, 

while a gene-specific epigenetic program was not identified in CCx, one may be identified in the 

future by expanding histone modifications studied and changing other parameters of the 

experiment. 

 The model in Section 4 of this dissertation presents a more focused, cell-type specific 

method for studying ethanol-induced epigenetic regulation of gene expression. As described, this 

section is currently a proof of principle experiment to show that ethanol alters gene expression 

and histone modifications in D1R MSNs. However, if ethanol-induced effects are established in 
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this model, it can easily be adapted to mechanistic studies of behavior. Notably, variability in 

drinking escalation following chronic vapor ethanol exposure may be explained by epigenetic or 

transcriptional differences in key cell types. It would be especially interesting if mice resistant to 

drinking escalation failed to show expression of a relevant gene or epigenetic priming of a gene 

promoter activated by ethanol. Aside from epigenetic studies, microarray results on their own 

can be used to develop hypotheses about cell-type specific effects of ethanol. These can be 

investigated using cell-type specific knockdown of differentially expressed genes or developing 

integrated ethanol response networks by studying whole genome expression in multiple cell 

types. Finally, FACS and BAC technology allows for comparing multiple cell types within a 

single animal, so that cell types can be compared for their response to ethanol. A D1R vs. D2R 

study will be an important follow-up to this experiment, since these cell types appear to mediate 

different properties of ethanol [292,293]. All of these approaches will likely answer important 

questions regarding which cell types and genes are most critical for ethanol action.  

 In conclusion, this dissertation introduces several important aspects of epigenetic effects 

of ethanol by developing new models of ethanol-induced gene regulation; however, several 

important questions remain and the alcoholism field is only beginning to study specific 

mechanisms by which ethanol regulates gene expression. The future studies presented here will 

expand on the effects of ethanol on heritability of ethanol drinking behaviors and changes in 

histone modifications in the brain, providing more specific mechanisms that underlie the results. 

These will form the foundation to broader experiments on heritability of AUD and targeted 

approaches to modulate chromatin modifying enzymes to reduce the burden of AUD. 
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APPENDIX A 

DISSOCIATION AND FLUORESCENCE ACTIVATED CELL SORTING OF THE 

NUCLEUS ACCUMBENS AND DOWNSTREAM APPLICATIONS: RNA ISOLATION 

AND CHROMATIN IMMUNOPRECIPITATION 

Papain dissociation and cell sorting are adapted from Crook and Housman, 2012, PNAS, 109: 
7487. We are using the Drd1a:tdTomato mouse (Jax #016204) but this protocol can be used for 
any mouse expressing a fluorescent protein. 

 

Reagents and materials: 

• HABG (prepare fresh day of experiment):  
o 9.8 ml Hibernate A (Gibco # A12475-01) 
o 200 ul B27 (Gibco # 17504-044) 
o 25 ul Glutamax (Gibco #35050-061) 

• Papain dissociation buffer (prepare fresh day of experiment):  
o 5.5 mL Hibernate E (Brain Bits) 
o 14 ul Glutamax (Gibco #35050-061) 

• Papain (Worthington Biochemical #LK003176) 
• Trizol LS (Ambion #10296-028) 
• DNase (Worthington Biochem #LK003170) 
• Ribolock RNase Inhibitor (Fermentas #EO0381) 
• Sodium butyrate (Sigma, #B5887) 
• Protease Inhibitor Cocktail (Roche cOmplete, # 04693116001) 
• Magna ChIP protein A/G beads (Millipore, #16-663) 
• Micrococcal nuclease (New England Biolabs, #M0247S) 
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• Antibodies: anti-H3K18ac (#9675, Cell Signaling Technology), anti-H3K27me3 (#17-
622, Millipore), nonspecific IgG as a negative control (#PP64B, Millipore) 

• Aluminum foil 
• Rodent stainless steel brain matrix for 1 mm coronal slices (Zivic Instruments) 
• Pasteur pipets fire polished to a 0.5 mm opening 
• Surgical equipment: PBS, razors, scalpels, forceps, etc. 
• 15 ml and 50 ml RNase-free tubes 
• 70 ul cell strainer 
• Nuclease free 15 ml (Invitrogen, # AM12500) and 50 ml (#AM12501) conical tubes 
• Petri dishes 
• Small Tissue Culture Dish (Falcon #353001) 
• Dissecting microscope  
• Pipets and cut pipet tips 
• Nuclease free water, not DEPC-treated (Ambion, #AM9937) 
• RNeasy mini kit 
• RNase Zap (Ambion, # AM9780) 
• Qiagen MinElute Reaction Cleanup Kit 
• Magnetic tube rack (Millipore) 

Prepare ChIP reagents (These can be stored at room temperature for weeks): 

• 2x MNase buffer: 100 mM Tris, pH 8.0, 2 mM CaCl2, 0.4% Triton X-100 
• 1x MNase buffer: 50 mM Tris, pH 8.0, 1 mM CaCl2, 0.2% Triton X-100 
• 10x  MNase stop buffer: 110 mM Tris, pH 8.0, 55mM EDTA 
• 2x RIPA lysis buffer: 280 mM NaCl, 1.8% Triton X-100, 0.2% SDS, 0.2% Na 

Deoxycholate, and 5 mM EGTA 
• 1x RIPA wash buffer: 10 mM Tris, pH 8.0, 1 mM EDTA, 140 mM NaCl, 1% Triton X-

100, 0.1% SDS, 0.1% Na Deoxycholate 
• TE buffer: 10 mM Tris, pH 8.0, 1 mM EDTA 
• Elution buffer: 50 mM NaCl, 20 mM Tris, pH 8.0, 5 mM EDTA, 1% SDS, 50 μg/ml 

proteinase K 
• 3 M Na Acetate 

Prepare DNase, Papain, and HABG fresh on the day of the experiment: 

• DNase: add 500 ul Papain dissocation buffer to vial of DNase and invert to mix; store on 
ice 

• Papain: add 5 ml Papain dissociation buffer to vial of Papain and invert to mix; pipet 2 ml 
into 15 ml nuclease-free tube 
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o Incubate papain in 15 ml tube at 37 degrees C for ~20 minutes prior to 
dissociation 

• HABG: Pipet 1 ml HABG into Small Tissue Culture Dish and add 2.5 ul Ribolock (~100 
U/ml) 

Prepare surgical equipment: 

• Clean all equipment thoroughly with 70% EtOH 
• Incubate brain matrix on ice for at least 15 minutes 
• Place 4 razors in ice cold PBS for brain matrix 
• Cut ~1 cm off the tip of four 1 ml pipet tips using a clean razor blade 

Dissociation Protocol: 

1. Sacrifice mouse by cervical dislocation and decapitate using razor blade 
2. Extract whole brain from skull and place into chilled brain matrix 
3. Insert razor blades into matrix to generate 1 mm thick coronal slices (about 5 razor blades 

starting at the rostral end of the brain are sufficient to cover the full length of the NAc) 
4. Dissect NAc core from slices carefully; do not collect overlying caudate (caudate tissue 

appears striated under the microscope while NAc tissue is solid and greyish surrounding 
the anterior commissure) 

5. Place NAc pieces into 1 mL HABG supplemented with Ribolock (100 U/ml) and cut into 
~1 mm pieces 

6. Remove Papain from incubator and add 110 ul DNase to tube 
7. Use cut pipet tip to collect NAc pieces and place tip into incubated Papain – allow the 

tissue pieces to slowly fall into Papain and gently agitate the pipet tip to encourage them 
to leave the pipet; DO NOT pipet HABG directly into Papain, as the ions will inhibit 
dissociation 

8. Cover with aluminum foil and incubate in papain at 32 degrees C for 15 minutes with 
gentle rotation 

9. While dissociating, pipet 2 ml HABG into a 15 ml RNase-free tube; add 5 ul Ribolock 
(~100 U/ml), sodium butyrate to 5 mM (10 ul of 1 M stock), 200 ul of 10x protease 
inhibitor in PBS 

10. For ChIP only, prepare 250 ul MNase buffer supplemented with sodium butyrate to 5 
mM and protease inhibitor in a 15 ml RNase-free tube 

11. For RNA only, prepare 750 ul Trizol LS in a 15 ml RNase-free tube 
12. After 20 minutes, pipet tissue pieces from papain using a cut pipet tip and place tip into 

HABG supplemented with Ribolock; allow tissue pieces to slowly fall into HABG and 
agitate tip as necessary (you may have to repeat this a couple of times as tissue pieces are 
stickier in Papain) 

13. Cover tube with aluminum foil and incubate at room temperature for 5 minutes 

 110 



14. While incubating, fit a 70 um cell strainer over the top of a 50 ml RNase-free conical tube 
15. Triturate the tissue pieces using a fire polished Pasteur pipet with a small opening (~0.5 

mm) – pipet pieces up and down over 4 seconds about 10-20 times until there are no 
longer large visible pieces; the HABG should now appear cloudy 

16. Use a cut pipet tip to pipet the dissociated cell suspension in HABG (800 ul at a time) 
through the 70 um cell strainer and let solution filter 

17. Add ~5ml HABG supplemented with 10 ul Ribolock (~100 U/ml), sodium butyrate to 5 
mM (25 ul of 1 M stock), 500 ul of 10x protease inhibitor in PBS directly through the cell 
strainer so that the total volume is ~7 ml 

18. Cover tube with aluminum foil to prevent quenching of fluorescence and proceed directly 
to sorting; keep tube at room temperature 

Cell sorting: 

These parameters will change depending on the machine and type of fluorescent protein. Work 
with the flow cytometry core to get the best separation of fluorescent cells with highest yield. 
Using the FACS Aria II (Becton Dickinson) with an 85 μm nozzle and a pressure of 45 p.s.i, we 
have had success isolating neurons by setting the gates to side scatter (SSC) less than 150,000 
and forward scatter (FSC) greater than 50,000. Set gates for fluorescence by comparing wild type 
strain to fluorescent strain. Sort cells directly into Trizol LS (for RNA) or 2x MNase (for ChIP) 
to prevent degradation of RNA and chromatin, respectively. 

 

RNA isolation: 

1. Prepare an RNase free surface and clean pipets using an RNase inhibitor (we use RNase 
Zap) 

2. Centrifuge Trizol LS with cells at 200 g for a few seconds to bring down cells into Trizol 
3. Transfer Trizol LS with sorted cells to RNase free 1.5 mL eppendorf tube and check 

volume; add RNase free water to bring volume up to 1 ml 
4. Add 200 ul chloroform and shake vigorously for 15 seconds 
5. Allow tube to sit at room temperature for 2 minutes 
6. Centrifuge at 10,000 g for  8 minutes at 4 degrees C 
7. Transfer aqueous layer to a new tube (~550 ul) 
8. Add 1 volume of 70% EtOH to aqueous layer and mix by pipetting mixture 
9. Add 700 ul of solution to RNeasy mini column and centrifuge at 10,000 g for 1 minute at 

room temperature with slow acceleration 
10. Repeat this step with remaining solution 
11. Add 700 ul buffer RW1 and centrifuge at 10,000 g for 30s at room temperature 
12. Add 500 ul buffer RPE and centrifuge at 10,000 g for 30s at room temperature 
13. Repeat step 10 
14. Transfer to a new collection tube and centrifuge at 10,000 g for 1 minute at room 

temperature to remove residual ethanol 
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15. Transfer to an RNase free 1.5 mL eppendorf tube, add 30 ul RNase free water directly to 
the membrane, and incubate at room temperature for 2 minutes 

16. Centrifuge at 10,000 g for 1 minute at room temperature 
17. Store RNA at -80 degrees C until ready to use 
18. For RT-qPCR, this protocol used a 30 ul Bio-Rad RT reaction (23 ul RNA in water, 6 ul 

5x RT reaction buffer, 1 ul RT); 5 ul of this this reaction per well. This can be done for 
assessing expression of 3 genes in duplicate; diluting the final RT reaction can increase 
the number of detected genes, but will reduce signal. 

ChIP procedure: 

1. Sort cells directly into 250 μl of 2x MNase buffer supplemented with sodium butyrate to 
5 mM and protease inhibitor cocktail 

2. Centrifuge briefly at 100 g to bring any residual buffer to the bottom of the tube 
3. Collect 2x MNase buffer with sorted cells into a 1.5 ml nuclease free Eppendorf tube 
4. Bring volume up to 500 μl by adding nuclease free water (all steps are at room 

temperature at this point) 
5. Dilute MNase by adding 1 μl of MNase (2,000 gel units) to 500 μl 1x MNase buffer 
6. For MNase digestion of chromatin, add 15 μl of diluted MNase to sorted cells and cells 

and incubate in a 37˚ C heat block for 5 minutes 
7. To stop the MNase digestion, add 50 μl of 10x MNase stop buffer to the solution.  
8. From this point, chromatin is kept on ice or in a 4˚ C room 
9. To lyse cells, add 550 μl of ice cold 2x RIPA cell lysis buffer supplemented with sodium 

butyrate up to 5 mM and protease inhibitor cocktail  
10. Mixed by inverting the tube and leave on ice for 15 minutes  
11. To remove cell debris, centrifuge chromatin at 4˚ C at 13,000 rpm for 10 minutes 
12. Decant the supernatant into a new 1.5 ml Eppendorf tube and place on ice 
13. Chromatin volume should be ~1 mL at this point. Divide this volume into two 400 μl 

aliquots for immunoprecipitation (IP) and one 200 μl aliquot to be used as input  
14. For IP reactions add 22 μl of MagnaChIP Protein A/G magnetic beads to each tube 
15. Add antibodies to each IP tube (this will vary for each antibody and needs to be 

optimized). It may be challenging to quantify chromatin if it is divided into more than 2 
IP reactions; though this could be possible with a larger number of cells collected. For 
this experiment, 5 μl of an anti-H3K27me3 antibody was added to one tube and 9 μl of an 
anti-H3K18ac antibody was added to the other tube. It is also important to perform a 
negative control initially to ensure the ChIP reaction is specific, which can be done by 
adding 5 μl of nonspecific IgG antibody in place of one of the antibodies. 

16. Incubate the immunoprecipitation tubes at 4˚ C with gentle end-over-end rotation for 3.5 
hours; keep the input tube at 4˚ C with no rotation during this time 

 112 



17. After incubation, place IP tubes onto a magnetic rack and remove the supernatant using a 
pipet (be careful not to agitate the magnetic beads; no magnetic beads should be removed 
by the pipet tip with the supernatant at any point). 

18. Elute magnetic beads in 500 μl RIPA wash buffer and incubate at 4˚ C with gentle end-
over-end rotation for 5 minutes; after incubation, place tubes on the magnetic rack and 
remove supernatant as before 

19. Repeat the RIPA wash buffer step two more times (3 total washes in RIPA wash buffer), 
then wash the magnetic beads 1 time with 500 μl TE buffer (these may need to be 
optimized as well depending on the antibody, though these washes are sufficient to 
remove background using the antibodies in this study) 

20. Following the TE wash step, elute magnetic beads in 200 μl elution buffer 
21. For the input, add proteinase K to a concentration of 50 μg/ml  
22. Incubate the magnetic beads in elution buffer and input at 65˚ C with gentle rotation for 

45 minutes 
23. Following proteinase K digestion, briefly spin tubes on a tabletop centrifuge and place 

them into a magnetic rack 
24. Transfer the supernatant (200 μl) to a tube containing 10 μl 3 M Na Acetate and 1 ml 

buffer PB 
25. Purify DNA using the Qiagen MinElute Reaction Cleanup Kit according to the 

manufacturer’s protocol and elute in 14 μl nuclease free water 
26. For this study, DNA from IP reactions was quantified by the Pitt Genetics and 

Proteomics Core Lab using a Qubit Fluorometer; the amount of DNA recovered will 
depend on the number of cells collected but should be ~1 ng/ul for the input and 
H3K27me3 reactions and ~0.7 ng/ul for the H3K18ac reaction from ~20,000 cells; there 
should be no DNA detected using the nonspecific IgG antibody. 

27. Following IP reactions, levels of enrichment for a particular locus can be quantified using 
qPCR or other downstream quantitative application 

28. For this study, 16 ul of nuclease-free water were added to eluted DNA (14 ul) for a total 
of 30 ul. 5 ul of diluted DNA were used in each well as a template for a qPCR reaction. 
Therefore, 3 primer pairs were tested in duplicate, though this can be optimized 
depending on number of cells collected and antibody enrichment. 
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APPENDIX B 

EXPRESSION OF CHROMATIN MODIFYING ENZYMES IN THE CEREBRAL 

CORTEX FOLLOWING ACUTE ETHANOL 

Gene Fold Regulation p-value Gene Function 
Kdm1a -0.27 0.27 Lysine (K)-specific demethylase 1A 
Ash1l -0.30 0.33 Ash1 (absent, small, or homeotic)-like 
Atf2 0.17 0.80 Activating transcription factor 2 

Aurka 0.37 0.42 Aurora kinase A 
Aurkb 0.20 0.48 Aurora kinase B 
Aurkc -0.10 0.64 Aurora kinase C 
Carm1 -0.13 0.58 Coactivator-associated arginine methyltransferase 1 
Cdyl -0.30 0.35 Chromodomain protein, Y chromosome-like 
Ciita 0.03 0.93 Class II transactivator 

Csrp2bp -0.77 0.08 Cysteine and glycine-rich protein 2 binding protein 
Dnmt1 0.23 0.74 DNA methyltransferase 1 
Dnmt3a 0.20 0.36 DNA methyltransferase 3A 
Dnmt3b 0.20 0.77 DNA methyltransferase 3B 
Dot1l -0.20 0.26 DOT1-like, histone H3 methyltransferase 
Dzip3 0.00 0.96 DAZ interacting protein 3, zinc finger 
Ehmt1 0.10 0.94 Euchromatic histone methyltransferase 1 
Ehmt2 -0.30 0.33 Euchromatic histone lysine N-methyltransferase 2 
Esco1 -0.30 0.50 Establishment of cohesion 1 homolog 1 
Esco2 -0.43 0.21 Establishment of cohesion 1 homolog 2 
Hat1 -0.10 0.49 Histone aminotransferase 1 

Hdac1 0.27 0.52 Histone deacetylase 1 
Hdac10 0.13 0.40 Histone deacetylase 10 
Hdac11 -0.40 0.00 Histone deacetylase 11 
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Gene Fold Regulation p-value Gene Function 
Hdac2 -2.03 0.20 Histone deacetylase 2 
Hdac3 0.33 0.21 Histone deacetylase 3 
Hdac4 -0.10 0.51 Histone deacetylase 4 
Hdac5 -0.13 0.53 Histone deacetylase 5 
Hdac6 -0.30 0.16 Histone deacetylase 6 
Hdac7 -0.17 0.33 Histone deacetylase 7 
Hdac8 -0.80 0.22 Histone deacetylase 8 
Hdac9 -0.33 0.27 Histone deacetylase 9 
Kdm5b -0.23 0.33 Lysine (K)-specific demethylase 5B 
Kdm5c -0.10 0.61 Lysine (K)-specific demethylase 5C 
Kdm4a -0.10 0.50 Lysine (K)-specific demethylase 4A 
Kdm4c -0.03 0.92 Lysine (K)-specific demethylase 4C 
Kdm6b -0.37 0.27 KDM1 lysine (K)-specific demethylase 6B 
Kat2a -0.17 0.64 K(lysine) acetyltransferase 2A 
Kat2b 0.93 0.05 K(lysine) acetyltransferase 2B 
Kat5 0.83 0.17 K(lysine) acetyltransferase 5 
Mll3 -0.03 0.76 Myeloid/lymphoid or mixed-lineage leukemia 3 
Mll5 0.73 0.19 Myeloid/lymphoid or mixed-lineage leukemia 5 

Mysm1 -0.33 0.27 Myb-like, SWIRM and MPN domains 1 
Myst1 0.23 0.16 MYST histone acetyltransferase 1 
Myst2 0.03 0.91 MYST histone acetyltransferase 2 
Myst3 0.13 0.56 MYST histone acetyltransferase (monocytic leukemia) 3 
Myst4 -0.40 0.27 MYST histone acetyltransferase monocytic leukemia 4 
Ncoa1 -0.20 0.23 Nuclear receptor coactivator 1 
Ncoa3 0.10 0.95 Nuclear receptor coactivator 3 
Ncoa6 0.27 0.36 Nuclear receptor coactivator 6 
Nek6 -0.13 0.49 NIMA (never in mitosis gene a)-related expressed kinase 6 
Nsd1 0.10 0.36 Nuclear receptor-binding SET-domain protein 1 
Pak1 -0.10 0.60 P21 protein (Cdc42/Rac)-activated kinase 1 
Prmt1 -0.17 0.26 Protein arginine N-methyltransferase 1 
Prmt2 -0.23 0.46 Protein arginine N-methyltransferase 2 
Prmt3 -0.03 0.81 Protein arginine N-methyltransferase 3 
Prmt5 0.07 0.80 Protein arginine N-methyltransferase 5 
Prmt6 0.30 0.29 Protein arginine N-methyltransferase 6 
Prmt7 -0.10 0.65 Protein arginine N-methyltransferase 7 
Prmt8 0.13 0.72 Protein arginine N-methyltransferase 8 
Rnf2 -0.13 0.55 Ring finger protein 2 
Rnf20 -0.20 0.53 Ring finger protein 20 

Rps6ka3 -0.33 0.23 Ribosomal protein S6 kinase polypeptide 3 
Rps6ka5 0.17 0.43 Ribosomal protein S6 kinase, polypeptide 5 
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Gene Fold Regulation p-value Gene Function 
Setd1a 0.00 0.94 SET domain containing 1A 
Setd1b -0.03 0.85 SET domain containing 1B 
Setd2 -0.07 0.73 SET domain containing 2 
Setd3 0.10 0.82 SET domain containing 3 
Setd4 0.30 0.33 SET domain containing 4 
Setd5 0.20 0.61 SET domain containing 5 
Setd6 -0.13 0.65 SET domain containing 6 
Setd7 -0.07 0.70 SET domain containing (lysine methyltransferase) 7 
Setd8 0.20 0.77 SET domain containing (lysine methyltransferase) 8 
Setdb1 -0.03 0.88 SET domain, bifurcated 1 
Setdb2 0.27 0.27 SET domain, bifurcated 2 
Smyd1 0.20 0.15 SET and MYND domain containing 1 
Smyd3 0.00 0.99 SET and MYND domain containing 3 

Suv39h1 0.07 0.23 Suppressor of variegation 3-9 homolog 1 
Suv420h1 -0.23 0.31 Suppressor of variegation 4-20 homolog 1 

Ube2a 0.89 0.51 Ubiquitin-conjugating enzyme E2A, RAD6 homolog 
Ube2b 0.91 0.44 Ubiquitin-conjugating enzyme E2B, RAD6 homology 
Usp16 1.04 0.92 Ubiquitin specific peptidase 16 
Usp21 0.89 0.61 Ubiquitin specific peptidase 21 
Usp22 1.20 0.45 Ubiquitin specific peptidase 22 
Whsc1 1.14 0.40 Wolf-Hirschhorn syndrome candidate 1 

*Bold genes were validated using additional samples (Fig. 19) 

 

 

 116 



BIBLIOGRAPHY 

1. American Psychiatric Association (2013) Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition. Arlington, VA: American Psychiatric Publishing. 

2. Koob GF (2013) Theoretical frameworks and mechanistic aspects of alcohol addiction: 
alcohol addiction as a reward deficit disorder. Curr Top Behav Neurosci 13: 3-30. 

3. Bouchery EE, Harwood HJ, Sacks JJ, Simon CJ, Brewer RD (2011) Economic costs of 
excessive alcohol consumption in the U.S., 2006. Am J Prev Med 41: 516-524. 

4. Murphy SL, Xu J, Kochanek KD (2013) Deaths: final data for 2010. National vital statistics 
reports 61. 

5. Mokdad AH, Marks JS, Stroup DF, Gerberding JL (2004) Actual causes of death in the United 
States, 2000. Jama 291: 1238-1245. 

6. Moos RH, Moos BS (2006) Rates and predictors of relapse after natural and treated remission 
from alcohol use disorders. Addiction 101: 212-222. 

7. Schuckit MA (2009) Alcohol-use disorders. The Lancet 373: 492-501. 
8. Hasin DS, Stinson FS, Ogburn E, Grant BF (2007) Prevalence, correlates, disability, and 

comorbidity of dsm-iv alcohol abuse and dependence in the united states: Results from 
the national epidemiologic survey on alcohol and related conditions. Archives of General 
Psychiatry 64: 830-842. 

9. Prescott CA, Kendler KS (1999) Genetic and environmental contributions to alcohol abuse 
and dependence in a population-based sample of male twins. Am J Psych 156: 34-40. 

10. Young-Wolff KC, Enoch M-A, Prescott CA (2011) The influence of gene–environment 
interactions on alcohol consumption and alcohol use disorders: a comprehensive review. 
Clinical psychology review 31: 800-816. 

11. Ystrom E, Reichborn‐Kjennerud T, Aggen SH, Kendler KS (2011) Alcohol dependence in 
men: reliability and heritability. Alcoholism: Clinical and Experimental Research 35: 
1716-1722. 

12. Poulsen P, Kyvik KO, Vaag A, Beck-Nielsen H (1999) Heritability of type II (non-insulin-
dependent) diabetes mellitus and abnormal glucose tolerance–a population-based twin 
study. Diabetologia 42: 139-145. 

13. McGuffin P, Katz R, Watkins S, Rutherford J (1996) A hospital-based twin register of the 
heritability of DSM-IV unipolar depression. Archives of general psychiatry 53: 129. 

14. Vink JM, Willemsen G, Boomsma DI (2005) Heritability of smoking initiation and nicotine 
dependence. Behavior genetics 35: 397-406. 

15. Thomasson HR, Edenberg H, Crabb D, Mai X-L, Jerome R, et al. (1991) Alcohol and 
aldehyde dehydrogenase genotypes and alcoholism in Chinese men. American journal of 
human genetics 48: 677. 

16. Higuchi S, Matsushita S, Murayama M, Takagi S, Hayashida M (1995) Alcohol and 
aldehyde dehydrogenase polymorphisms and the risk for alcoholism. American Journal 
of Psychiatry 152: 1219-1221. 

 117 



17. Li D, Zhao H, Gelernter J (2012) Strong protective effect of the aldehyde dehydrogenase 
gene (ALDH2) 504lys (* 2) allele against alcoholism and alcohol-induced medical 
diseases in Asians. Human genetics 131: 725-737. 

18. Birley AJ, James MR, Dickson PA, Montgomery GW, Heath AC, et al. (2008) Association 
of the gastric alcohol dehydrogenase gene ADH7 with variation in alcohol metabolism. 
Human Molecular Genetics 17: 179-189. 

19. Bierut L, Goate A, Breslau N, Johnson E, Bertelsen S, et al. (2012) ADH1B is associated 
with alcohol dependence and alcohol consumption in populations of European and 
African ancestry. Molecular psychiatry 17: 445-450. 

20. Fuller RK, Branchey L, Brightwell DR, Derman RM, Emrick CD, et al. (1986) Disulfiram 
treatment of alcoholism: a Veterans Administration cooperative study. Jama 256: 1449-
1455. 

21. Heath AC, Whitfield JB, Martin NG, Pergadia ML, Goate AM, et al. (2011) A Quantitative-
Trait Genome-Wide Association Study of Alcoholism Risk in the Community: Findings 
and Implications. Biological Psychiatry 70: 513-518. 

22. Bierut LJ, Agrawal A, Bucholz KK, Doheny KF, Laurie C, et al. (2010) A genome-wide 
association study of alcohol dependence. Proceedings of the National Academy of 
Sciences 107: 5082-5087. 

23. Treutlein J, Rietschel M (2011) Genome-wide association studies of alcohol dependence and 
substance use disorders. Curr Psychiatry Rep 13: 147-155. 

24. Wang J, Foroud T, Hinrichs A, Le N, Bertelsen S, et al. (2013) A genome-wide association 
study of alcohol-dependence symptom counts in extended pedigrees identifies C15orf53. 
Molecular psychiatry 18: 1218-1224. 

25. Gelernter J, Kranzler H, Sherva R, Almasy L, Koesterer R, et al. (2013) Genome-wide 
association study of alcohol dependence: significant findings in African-and European-
Americans including novel risk loci. Molecular psychiatry. 

26. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, et al. (2009) Finding the 
missing heritability of complex diseases. Nature 461: 747-753. 

27. Rodríguez-Paredes M, Esteller M (2011) Cancer epigenetics reaches mainstream oncology. 
Nature medicine: 330-339. 

28. Robison AJ, Nestler EJ (2011) Transcriptional and epigenetic mechanisms of addiction. Nat 
Rev Neurosci 12: 623-637. 

29. Reik W (2007) Stability and flexibility of epigenetic gene regulation in mammalian 
development. Nature 447: 425-432. 

30. Bernstein BE, Stamatoyannopoulos JA, Costello JF, Ren B, Milosavljevic A, et al. (2010) 
The NIH roadmap epigenomics mapping consortium. Nature biotechnology 28: 1045-
1048. 

31. Doenecke D, Albig W, Bode C, Drabent B, Franke K, et al. (1997) Histones: genetic 
diversity and tissue-specific gene expression. Histochemistry and cell biology 107: 1-10. 

32. Smith E, Shilatifard A (2010) The chromatin signaling pathway: Diverse Mechanisms of 
recruitment of histone-modifying enzymes and varied biological outcomes. Mol Cell 40: 
689-701. 

33. Lee DY, Hayes JJ, Pruss D, Wolffe AP (1993) A positive role for histone acetylation in 
transcription factor access to nucleosomal DNA. Cell 72: 73-84. 

34. Black J, Van Rechem C, Whetstine J (2012) Histone lysine methylation dynamics: 
Establishment, regulation, and biological impact. Mol Cell 48: 491-507. 

 118 



35. Tan M, Luo H, Lee S, Jin F, Yang JS, et al. (2011) Identification of 67 histone marks and 
histone lysine crotonylation as a new type of histone modification. Cell 146: 1016-1028. 

36. Jenuwein T, Allis CD (2001) Translating the histone code. Science 293: 1074-1080. 
37. Schorderet DF, Gartler SM (1992) Analysis of CpG suppression in methylated and 

nonmethylated species. Proceedings of the National Academy of Sciences 89: 957-961. 
38. Gardiner-Garden M, Frommer M (1987) CpG islands in vertebrate genomes. Journal of 

molecular biology 196: 261-282. 
39. Bird A, Taggart M, Frommer M, Miller OJ, Macleod D (1985) A fraction of the mouse 

genome that is derived from islands of nonmethylated, CpG-rich DNA. Cell 40: 91-99. 
40. Illingworth R, Kerr A, DeSousa D, Jørgensen H, Ellis P, et al. (2008) A Novel CpG Island 

Set Identifies Tissue-Specific Methylation at Developmental Gene Loci. PLoS Biol 6: 
e22. 

41. Bourc'his D, Bestor TH (2004) Meiotic catastrophe and retrotransposon reactivation in male 
germ cells lacking Dnmt3L. Nature 431: 96-99. 

42. Jones PA (2012) Functions of DNA methylation: islands, start sites, gene bodies and beyond. 
Nature Reviews Genetics 13: 484-492. 

43. Kass SU, Landsberger N, Wolffe AP (1997) DNA methylation directs a time-dependent 
repression of transcription initiation. Current Biology 7: 157-165. 

44. Gal-Yam EN, Egger G, Iniguez L, Holster H, Einarsson S, et al. (2008) Frequent switching 
of Polycomb repressive marks and DNA hypermethylation in the PC3 prostate cancer cell 
line. Proceedings of the National Academy of Sciences 105: 12979-12984. 

45. Okano M, Bell DW, Haber DA, Li E (1999) DNA methyltransferases Dnmt3a and Dnmt3b 
are essential for de novo methylation and mammalian development. Cell 99: 247-257. 

46. Flatau E, Gonzales FA, Michalowsky LA, Jones PA (1984) DNA methylation in 5-aza-2'-
deoxycytidine-resistant variants of C3H 10T1/2 C18 cells. Mol Cell Biol 4: 2098-2102. 

47. Lorincz MC, Schübeler D, Goeke SC, Walters M, Groudine M, et al. (2000) Dynamic 
analysis of proviral induction and de novo methylation: implications for a histone 
deacetylase-independent, methylation density-dependent mechanism of transcriptional 
repression. Molecular and cellular biology 20: 842-850. 

48. Kohli RM, Zhang Y (2013) TET enzymes, TDG and the dynamics of DNA demethylation. 
Nature 502: 472-479. 

49. Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, et al. (2009) Conversion of 5-
methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. 
Science 324: 930-935. 

50. Inoue A, Zhang Y (2011) Replication-dependent loss of 5-hydroxymethylcytosine in mouse 
preimplantation embryos. Science 334: 194-194. 

51. Guo JU, Su Y, Zhong C, Ming G-l, Song H (2011) Hydroxylation of 5-methylcytosine by 
TET1 promotes active DNA demethylation in the adult brain. Cell 145: 423-434. 

52. Renthal W, Nestler EJ (2008) Epigenetic mechanisms in drug addiction. Trends in molecular 
medicine 14: 341-350. 

53. Maze I, Covington HE, Dietz DM, LaPlant Q, Renthal W, et al. (2010) Essential role of the 
histone methyltransferase G9a in cocaine-induced plasticity. Science 327: 213-216. 

54. Russo SJ, Dietz DM, Dumitriu D, Morrison JH, Malenka RC, et al. (2010) The addicted 
synapse: mechanisms of synaptic and structural plasticity in nucleus accumbens. Trends 
in neurosciences 33: 267-276. 

 119 



55. Lobo MK, Zaman S, Damez-Werno DM, Koo JW, Bagot RC, et al. (2013) DeltaFosB 
induction in striatal medium spiny neuron subtypes in response to chronic 
pharmacological, emotional, and optogenetic stimuli. J Neurosci 33: 18381-18395. 

56. Kumar A, Choi K-H, Renthal W, Tsankova NM, Theobald DE, et al. (2005) Chromatin 
remodeling is a key mechanism underlying cocaine-induced plasticity in striatum. 
Neuron 48: 303-314. 

57. Maze I, Feng J, Wilkinson MB, Sun H, Shen L, et al. (2011) Cocaine dynamically regulates 
heterochromatin and repetitive element unsilencing in nucleus accumbens. Proceedings 
of the National Academy of Sciences 108: 3035-3040. 

58. Sun H, Maze I, Dietz DM, Scobie KN, Kennedy PJ, et al. (2012) Morphine epigenomically 
regulates behavior through alterations in histone H3 lysine 9 dimethylation in the nucleus 
accumbens. The Journal of Neuroscience 32: 17454-17464. 

59. Sanchis-Segura C, Lopez-Atalaya JP, Barco A (2009) Selective boosting of transcriptional 
and behavioral responses to drugs of abuse by histone deacetylase inhibition. 
Neuropsychopharmacology 34: 2642-2654. 

60. Pandey SC, Ugale R, Zhang H, Tang L, Prakash A (2008) Brain chromatin remodeling: a 
novel mechanism of alcoholism. J Neurosci 28: 3729-3737. 

61. Maze I, Chaudhury D, Dietz DM, Von Schimmelmann M, Kennedy PJ, et al. (2014) G9a 
influences neuronal subtype specification in striatum. Nature neuroscience 17: 533-539. 

62. Na ES, Nelson ED, Kavalali ET, Monteggia LM (2013) The impact of MeCP2 loss-or gain-
of-function on synaptic plasticity. Neuropsychopharmacology 38: 212-219. 

63. Repunte‐Canonigo V, Chen J, Lefebvre C, Kawamura T, Kreifeldt M, et al. (2013) MeCP2 
regulates ethanol sensitivity and intake. Addiction biology. 

64. Im H-I, Hollander JA, Bali P, Kenny PJ (2010) MeCP2 controls BDNF expression and 
cocaine intake through homeostatic interactions with microRNA-212. Nature 
neuroscience 13: 1120-1127. 

65. Anier K, Malinovskaja K, Aonurm-Helm A, Zharkovsky A, Kalda A (2010) DNA 
methylation regulates cocaine-induced behavioral sensitization in mice. 
Neuropsychopharmacology 35: 2450-2461. 

66. Nielsen DA, Yuferov V, Hamon S, Jackson C, Ho A, et al. (2009) Increased OPRM1 DNA 
methylation in lymphocytes of methadone-maintained former heroin addicts. 
Neuropsychopharmacology 34: 867-873. 

67. Marutha Ravindran C, Ticku MK (2004) Changes in methylation pattern of NMDA receptor 
NR2B gene in cortical neurons after chronic ethanol treatment in mice. Molecular brain 
research 121: 19-27. 

68. Wolen AR, Phillips CA, Langston MA, Putman AH, Vorster PJ, et al. (2012) Genetic 
Dissection of Acute Ethanol Responsive Gene Networks in Prefrontal Cortex: Functional 
and Mechanistic Implications. PLoS ONE 7: e33575. 

69. Treadwell J, Singh S (2004) Microarray analysis of mouse brain gene expression following 
acute ethanol treatment. Neurochemical Research 29: 357-369. 

70. Loguinov A, Anderson L, Crosby G, Yukhananov R (2001) Gene expression following acute 
morphine administration. Physiological genomics 6: 169-181. 

71. Daxinger L, Whitelaw E (2012) Understanding transgenerational epigenetic inheritance via 
the gametes in mammals. Nature Reviews Genetics 13: 153-162. 

72. Mayer W, Niveleau A, Walter J, Fundele R, Haaf T (2000) Embryogenesis: demethylation of 
the zygotic paternal genome. Nature 403: 501-502. 

 120 



73. Howlett SK, Reik W (1991) Methylation levels of maternal and paternal genomes during 
preimplantation development. Development 113: 119-127. 

74. Seisenberger S, Andrews S, Krueger F, Arand J, Walter J, et al. (2012) The Dynamics of 
Genome-wide DNA Methylation Reprogramming in Mouse Primordial Germ Cells. 
Molecular Cell 48: 849-862. 

75. Lane N, Dean W, Erhardt S, Hajkova P, Surani A, et al. (2003) Resistance of IAPs to 
methylation reprogramming may provide a mechanism for epigenetic inheritance in the 
mouse. Genesis 35: 88-93. 

76. Rassoulzadegan M, Grandjean V, Gounon P, Vincent S, Gillot I, et al. (2006) RNA-mediated 
non-mendelian inheritance of an epigenetic change in the mouse. Nature 441: 469-474. 

77. Gapp K, Jawaid A, Sarkies P, Bohacek J, Pelczar P, et al. (2014) Implication of sperm RNAs 
in transgenerational inheritance of the effects of early trauma in mice. Nature 
neuroscience. 

78. Kaati G, Bygren LO, Edvinsson S (2002) Cardiovascular and diabetes mortality determined 
by nutrition during parents' and grandparents' slow growth period. European Journal of 
Human Genetics 10. 

79. Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, et al. (2008) Persistent epigenetic 
differences associated with prenatal exposure to famine in humans. Proceedings of the 
National Academy of Sciences 105: 17046-17049. 

80. Kaati G, Bygren LO, Pembrey M, Sjöström M (2007) Transgenerational response to 
nutrition, early life circumstances and longevity. European Journal of Human Genetics 
15: 784-790. 

81. Dunn GA, Bale TL (2011) Maternal high-fat diet effects on third-generation female body 
size via the paternal lineage. Endocrinology 152: 2228-2236. 

82. Zhang J, Zhang F, Didelot X, Bruce KD, Cagampang FR, et al. (2009) Maternal high fat diet 
during pregnancy and lactation alters hepatic expression of insulin like growth factor-2 
and key microRNAs in the adult offspring. BMC genomics 10: 478. 

83. Nguyen N, De Assis S, Yin C, Wehrenberg B, Hilakivi-Clarke L (2014) Maternal high fat 
diet during pregnancy induces similar miRNA changes in F1 generation male germ cells 
and F3 generation female mammary glands (LB309). The FASEB Journal 28: LB309. 

84. Vucetic Z, Kimmel J, Totoki K, Hollenbeck E, Reyes TM (2010) Maternal high-fat diet 
alters methylation and gene expression of dopamine and opioid-related genes. 
Endocrinology 151: 4756-4764. 

85. Anway MD, Cupp AS, Uzumcu M, Skinner MK (2005) Epigenetic transgenerational actions 
of endocrine disruptors and male fertility. Science 308: 1466-1469. 

86. Kaminen-Ahola N, Ahola A, Maga M, Mallitt K-A, Fahey P, et al. (2010) Maternal ethanol 
consumption alters the epigenotype and the phenotype of offspring in a mouse model. 
PLOS Genet 6: e1000811. 

87. Carone BR, Fauquier L, Habib N, Shea JM, Hart CE, et al. (2010) Paternally induced 
transgenerational environmental reprogramming of metabolic gene expression in 
mammals. Cell 143: 1084-1096. 

88. Anderson LM, Riffle L, Wilson R, Travlos GS, Lubomirski MS, et al. (2006) 
Preconceptional fasting of fathers alters serum glucose in offspring of mice. Nutrition 22: 
327-331. 

89. Ng SF, Lin RC, Laybutt DR, Barres R, Owens JA, et al. (2010) Chronic high-fat diet in 
fathers programs beta-cell dysfunction in female rat offspring. Nature 467: 963-966. 

 121 



90. Kim HW, Kim KN, Choi YJ, Chang N (2013) Effects of paternal folate deficiency on the 
expression of insulin‐like growth factor‐2 and global DNA methylation in the fetal brain. 
Molecular nutrition & food research 57: 671-676. 

91. Mashoodh R, Franks B, Curley JP, Champagne FA (2012) Paternal social enrichment effects 
on maternal behavior and offspring growth. Proceedings of the National Academy of 
Sciences 109: 17232-17238. 

92. Dietz DM, LaPlant Q, Watts EL, Hodes GE, Russo SJ, et al. (2011) Paternal transmission of 
stress-induced pathologies. Biological psychiatry 70: 408-414. 

93. Francis D, Diorio J, Liu D, Meaney MJ (1999) Nongenomic transmission across generations 
of maternal behavior and stress responses in the rat. Science 286: 1155-1158. 

94. Weaver IC, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, et al. (2004) Epigenetic 
programming by maternal behavior. Nature neuroscience 7: 847-854. 

95. Rodgers AB, Morgan CP, Bronson SL, Revello S, Bale TL (2013) Paternal stress exposure 
alters sperm microRNA content and reprograms offspring HPA stress axis regulation. J 
Neurosci 33: 9003-9012. 

96. Dias BG, Ressler KJ (2013) Parental olfactory experience influences behavior and neural 
structure in subsequent generations. Nat Neurosci 17: 89-96. 

97. Byrnes EM (2005) Transgenerational consequences of adolescent morphine exposure in 
female rats: effects on anxiety-like behaviors and morphine sensitization in adult 
offspring. Psychopharmacology 182: 537-544. 

98. Vassoler FM, White SL, Schmidt HD, Sadri-Vakili G, Pierce RC (2013) Epigenetic 
inheritance of a cocaine-resistance phenotype. Nat Neurosci 16: 42-47. 

99. Itzhak Y, Ergui I, Young J (2014) Long-term parental methamphetamine exposure of mice 
influences behavior and hippocampal DNA methylation of the offspring. Molecular 
psychiatry. 

100. Szutorisz H, DiNieri JA, Sweet E, Egervari G, Michaelides M, et al. (2014) Parental THC 
Exposure Leads to Compulsive Heroin-Seeking and Altered Striatal Synaptic Plasticity in 
the Subsequent Generation. Neuropsychopharmacology. 

101. Oliva R (2006) Protamines and male infertility. Human reproduction update 12: 417-435. 
102. Hammoud SS, Nix DA, Zhang H, Purwar J, Carrell DT, et al. (2009) Distinctive chromatin 

in human sperm packages genes for embryo development. Nature 460: 473-478. 
103. Arpanahi A, Brinkworth M, Iles D, Krawetz SA, Paradowska A, et al. (2009) 

Endonuclease-sensitive regions of human spermatozoal chromatin are highly enriched in 
promoter and CTCF binding sequences. Genome research 19: 1338-1349. 

104. Ihara M, Meyer-Ficca ML, Leu NA, Rao S, Li F, et al. (2014) Paternal Poly (ADP-ribose) 
Metabolism Modulates Retention of Inheritable Sperm Histones and Early Embryonic 
Gene Expression. PLoS genetics 10: e1004317. 

105. Trasler JM (2009) Epigenetics in spermatogenesis. Molecular and Cellular Endocrinology 
306: 33-36. 

106. Doerksen T, Trasler JM (1996) Developmental exposure of male germ cells to 5-
azacytidine results in abnormal preimplantation development in rats. Biology of 
reproduction 55: 1155-1162. 

107. Molaro A, Hodges E, Fang F, Song Q, McCombie WR, et al. (2011) Sperm methylation 
profiles reveal features of epigenetic inheritance and evolution in primates. Cell 146: 
1029-1041. 

 122 



108. Rakyan VK, Chong S, Champ ME, Cuthbert PC, Morgan HD, et al. (2003) 
Transgenerational inheritance of epigenetic states at the murine AxinFu allele occurs 
after maternal and paternal transmission. Proc Natl Acad Sci USA 100: 2538-2543. 

109. Morgan HD, Sutherland HG, Martin DI, Whitelaw E (1999) Epigenetic inheritance at the 
agouti locus in the mouse. Nature genetics 23: 314-318. 

110. Boerke A, Dieleman S, Gadella B (2007) A possible role for sperm RNA in early embryo 
development. Theriogenology 68: S147-S155. 

111. Krawetz SA, Kruger A, Lalancette C, Tagett R, Anton E, et al. (2011) A survey of small 
RNAs in human sperm. Human reproduction 26: 3401-3412. 

112. Peng H, Shi J, Zhang Y, Zhang H, Liao S, et al. (2012) A novel class of tRNA-derived 
small RNAs extremely enriched in mature mouse sperm. Cell research 22: 1609-1612. 

113. Carmell MA, Girard A, van de Kant HJ, Bourc'his D, Bestor TH, et al. (2007) MIWI2 is 
essential for spermatogenesis and repression of transposons in the mouse male germline. 
Dev Cell 12: 503-514. 

114. Di Giacomo M, Comazzetto S, Saini H, De Fazio S, Carrieri C, et al. (2013) Multiple 
epigenetic mechanisms and the piRNA pathway enforce LINE1 silencing during adult 
spermatogenesis. Molecular cell 50: 601-608. 

115. Amanai M, Brahmajosyula M, Perry ACF (2006) A Restricted Role for Sperm-Borne 
MicroRNAs in Mammalian Fertilization. Biology of Reproduction 75: 877-884. 

116. Liu WM, Pang RT, Chiu PC, Wong BP, Lao K, et al. (2012) Sperm-borne microRNA-34c 
is required for the first cleavage division in mouse. Proc Natl Acad Sci U S A 109: 490-
494. 

117. Trudell JR, Messing RO, Mayfield J, Harris RA (2014) Alcohol dependence: molecular and 
behavioral evidence. Trends in pharmacological sciences. 

118. Mayfield RD, Lewohl JM, Dodd PR, Herlihy A, Liu J, et al. (2002) Patterns of gene 
expression are altered in the frontal and motor cortices of human alcoholics. J Neurochem 
81: 802-813. 

119. Lewohl JM, Wang L, Miles MF, Zhang L, Dodd PR, et al. (2000) Gene expression in 
human alcoholism: Microarray analysis of frontal cortex. Alcoholism: Clinical and 
Experimental Research 24: 1873-1882. 

120. Deaciuc IV, Peng X, D'Souza NB, Shedlofsky SI, Burikhanov R, et al. (2004) Microarray 
gene analysis of the liver in a rat model of chronic, voluntary alcohol intake. Alcohol 32: 
113-127. 

121. Fleming S, Toratani S, Shea‐Donohue T, Kashiwabara Y, Vogel SN, et al. (2001) Pro‐and 
Anti‐Inflammatory Gene Expression in the Murine Small Intestine and Liver After 
Chronic Exposure to Alcohol. Alcoholism: Clinical and Experimental Research 25: 579-
589. 

122. Ponomarev I, Wang S, Zhang L, Harris RA, Mayfield RD (2012) Gene coexpression 
networks in human brain identify epigenetic modifications in alcohol dependence. J 
Neurosci 32: 1884-1897. 

123. Zhou Z, Yuan Q, Mash DC, Goldman D (2011) Substance-specific and shared transcription 
and epigenetic changes in the human hippocampus chronically exposed to cocaine and 
alcohol. Proc Natl Acad Sci USA. 

124. Liu J, Lewohl JM, Harris RA, Iyer VR, Dodd PR, et al. (2005) Patterns of Gene Expression 
in the Frontal Cortex Discriminate Alcoholic from Nonalcoholic Individuals. 
Neuropsychopharmacology 31: 1574-1582. 

 123 



125. Robinson TE, Berridge KC (1993) The neural basis of drug craving: An incentive-
sensitization theory of addiction. Brain Res Rev 18: 247-291. 

126. Lewohl JM, Wang L, Miles MF, Zhang L, Dodd PR, et al. (2006) Gene expression in 
human alcoholism: microarray analysis of frontal cortex. Alcoholism: Clinical and 
Experimental Research 24: 1873-1882. 

127. Lewohl JM, Nunez YO, Dodd PR, Tiwari GR, Harris RA, et al. (2011) Up-regulation of 
microRNAs in brain of human alcoholics. Alcohol Clin Exp Res 35: 1928-1937. 

128. Kerns RT, Ravindranathan A, Hassan S, Cage MP, York T, et al. (2005) Ethanol-responsive 
brain region expression networks: implications for behavioral responses to acute ethanol 
in DBA/2J versus C57BL/6J mice. J Neurosci 25: 2255-2266. 

129. Nunez YO, Truitt JM, Gorini G, Ponomareva ON, Blednov YA, et al. (2013) Positively 
correlated miRNA-mRNA regulatory networks in mouse frontal cortex during early 
stages of alcohol dependence. BMC Genomics 14: 725. 

130. Edenberg H, Strother W, McClintick J, Tian H, Stephens M, et al. (2005) Gene expression 
in the hippocampus of inbred alcohol‐preferring and‐nonpreferring rats. Genes, Brain and 
Behavior 4: 20-30. 

131. Zhou Z, Karlsson C, Liang T, Xiong W, Kimura M, et al. (2013) Loss of metabotropic 
glutamate receptor 2 escalates alcohol consumption. Proc Natl Acad Sci U S A 110: 
16963-16968. 

132. Brady KT, Myrick H, Henderson S, Coffey SF (2002) The use of divalproex in alcohol 
relapse prevention: a pilot study. Drug and alcohol dependence 67: 323-330. 

133. Salloum IM, Cornelius JR, Daley DC, Kirisci L, Himmelhoch JM, et al. (2005) Efficacy of 
valproate maintenance in patients with bipolar disorder and alcoholism: a double-blind 
placebo-controlled study. Archives of general psychiatry 62: 37-45. 

134. Qiang M, Denny A, Lieu M, Carreon S, Li J (2011) Histone H3K9 modifications are a local 
chromatin event involved in ethanol-induced neuroadaptation of the NR2B gene. 
Epigenetics 6: 1095-1104. 

135. D’Addario C, Caputi F, Ekström T, Di Benedetto M, Maccarrone M, et al. (2013) Ethanol 
induces epigenetic modulation of prodynorphin and pronociceptin gene Expression in the 
rat amygdala complex. Journal of Molecular Neuroscience 49: 312-319. 

136. Stragier E, Massart R, Salery M, Hamon M, Geny D, et al. (2014) Ethanol-induced 
epigenetic regulations at the Bdnf gene in C57BL/6J mice. Mol Psychiatry. 

137. Moonat S, Sakharkar AJ, Zhang H, Tang L, Pandey SC (2013) Aberrant histone 
deacetylase2–mediated histone modifications and synaptic plasticity in the amygdala 
predisposes to anxiety and alcoholism. Biol Psychiatry 73: 763-773. 

138. Pascual M, Do Couto BR, Alfonso-Loeches S, Aguilar MA, Rodriguez-Arias M, et al. 
(2012) Changes in histone acetylation in the prefrontal cortex of ethanol-exposed 
adolescent rats are associated with ethanol-induced place conditioning. 
Neuropharmacology 62: 2309-2319. 

139. Sakharkar AJ, Zhang H, Tang L, Shi G, Pandey SC (2012) Histone Deacetylases (HDAC)-
induced histone modifications in the amygdala: A role in rapid tolerance to the anxiolytic 
effects of ethanol. Alcoholism: Clinical and Experimental Research 36: 61-71. 

140. Shibasaki M, Mizuno K, Kurokawa K, Ohkuma S (2011) Enhancement of histone 
acetylation in midbrain of mice with ethanol physical dependence and its withdrawal. 
Synapse 65: 1244-1250. 

 124 



141. Botia B, Legastelois R, Alaux-Cantin S, Naassila M (2012) Expression of ethanol-induced 
behavioral sensitization is associated with alteration of chromatin remodeling in mice. 
PLoS ONE 7: e47527. 

142. Legastelois R, Botia B, Naassila M (2013) Blockade of ethanol-induced behavioral 
sensitization by sodium butyrate: Descriptive analysis of gene regulations in the striatum. 
Alcoholism: Clinical and Experimental Research 37: 1143-1153. 

143. You C, Zhang H, Sakharkar AJ, Teppen T, Pandey SC (2014) Reversal of deficits in 
dendritic spines, BDNF and Arc expression in the amygdala during alcohol dependence 
by HDAC inhibitor treatment. Int J Neuropsychopharmacol 17: 313-322. 

144. Sakharkar AJ, Zhang H, Tang L, Baxstrom K, Shi G, et al. (2014) Effects of histone 
deacetylase inhibitors on amygdaloid histone acetylation and neuropeptide Y expression: 
a role in anxiety-like and alcohol-drinking behaviours. Int J Neuropsychopharmacol: 1-
14. 

145. Dunphy B, Barratt C, Cooke I (1991) Male alcohol consumption and fecundity in couples 
attending an infertility clinic. Andrologia 23: 219-221. 

146. Pajarinen J, Karhunen PJ, Savolainen V, Lalu K, Penttilä A, et al. (1996) Moderate Alcohol 
Consumption and Disorders of Human Spermatogenesis. Alcoholism: Clinical and 
Experimental Research 20: 332-337. 

147. La Vignera S, Condorelli RA, Balercia G, Vicari E, Calogero AE (2013) Does alcohol have 
any effect on male reproductive function? A review of literature. Asian journal of 
andrology 15: 221-225. 

148. Gordon GG, Altman K, Southren AL, Rubin E, Lieber CS (1976) Effect of alcohol 
(ethanol) administration on sex-hormone metabolism in normal men. New England 
Journal of Medicine 295: 793-797. 

149. Pajarinen J, Karhunen P (1994) Spermatogenic arrest and ‘Sertoli cell‐only’syndrome—
common alcohol‐induced disorders of the human testis. International journal of 
andrology 17: 292-299. 

150. Hamid A, Wani NA, Kaur J (2009) New perspectives on folate transport in relation to 
alcoholism-induced folate malabsorption – association with epigenome stability and 
cancer development. FEBS Journal 276: 2175-2191. 

151. Kruman II, Fowler A-K (2014) Impaired one carbon metabolism and DNA methylation in 
alcohol toxicity. Journal of Neurochemistry 129: 770-780. 

152. Ouko LA, Shantikumar K, Knezovich J, Haycock P, Schnugh DJ, et al. (2009) Effect of 
alcohol consumption on CpG methylation in the differentially methylated regions of H19 
and IG‐DMR in male gametes—Implications for fetal alcohol spectrum disorders. 
Alcohol Clin Exp Res 33: 1615-1627. 

153. Jana K, Jana N, De DK, Guha SK (2010) Ethanol induces mouse spermatogenic cell 
apoptosis in vivo through over-expression of Fas/Fas-L, p53, and caspase-3 along with 
cytochrome c translocation and glutathione depletion. Molecular Reproduction and 
Development 77: 820-833. 

154. Tunc O, Tremellen K (2009) Oxidative DNA damage impairs global sperm DNA 
methylation in infertile men. Journal of Assisted Reproduction and Genetics 26: 537-544. 

155. Bielawski DM, Zaher FM, Svinarich DM, Abel EL (2002) Paternal alcohol exposure affects 
sperm cytosine methyltransferase messenger RNA levels. Alcohol Clin Exp Res 26: 347-
351. 

 125 



156. Knezovich JG, Ramsay M (2012) The effect of preconception paternal alcohol exposure on 
epigenetic remodeling of the h19 and rasgrf1 imprinting control regions in mouse 
offspring. Front Gen 3: 10. 

157. Liang F, Diao L, Liu J, Jiang N, Zhang J, et al. (2014) Paternal ethanol exposure and 
behavioral abnormities in offspring: Associated alterations in imprinted gene 
methylation. Neuropharmacology 81: 126-133. 

158. Pihl RO, Peterson J, Finn P (1990) Inherited predisposition to alcoholism: characteristics of 
sons of male alcoholics. J Abnorm Psychol 99: 291-301. 

159. Ozkaragoz T, Satz P, Noble EP (1997) Neuropsychological functioning in sons of active 
alcoholic, recovering alcoholic, and social drinking fathers. Alcohol 14: 31-37. 

160. Ervin CS, Little RE, Streissguth AP, Beck DE (1984) Alcoholic fathering and its relation to 
child's intellectual development: a pilot investigation. Alcohol Clin Exp Res 8: 362-365. 

161. Christensen HB, Bilenberg N (2000) Behavioural and emotional problems in children of 
alcoholic mothers and fathers. Eur Child Adolesc Psychiatry 9: 219-226. 

162. Knopik VS, Sparrow EP, Madden PA, Bucholz KK, Hudziak JJ, et al. (2005) Contributions 
of parental alcoholism, prenatal substance exposure, and genetic transmission to child 
ADHD risk: a female twin study. Psychol Med 35: 625-635. 

163. Ramsey SE, Finn PR (1997) P300 from men with a family history of alcoholism under 
different incentive conditions. J Stud Alcohol 58: 606-616. 

164. Cservenka A, Fair DA, Nagel BJ (2014) Emotional Processing and Brain Activity in Youth 
at High Risk for Alcoholism. Alcoholism: Clinical and Experimental Research: n/a-n/a. 

165. Gilman JM, Bjork JM, Hommer DW (2007) Parental Alcohol Use and Brain Volumes in 
Early- and Late-Onset Alcoholics. Biological Psychiatry 62: 607-615. 

166. Hesselbrock V, Begleiter H, Porjesz B, O'Connor S, Bauer L (2001) P300 event-related 
potential amplitude as an endophenotype of alcoholism--evidence from the collaborative 
study on the genetics of alcoholism. J Biomed Sci 8: 77-82. 

167. Ledig M, Misslin R, Vogel E, Holownia A, Copin J, et al. (1998) Paternal alcohol exposure: 
developmental and behavioral effects on the offspring of rats. Neuropharmacology 37: 
57-66. 

168. Abel EL (1993) Rat offspring sired by males treated with alcohol. Alcohol 10: 237-242. 
169. Jamerson PA, Wulser MJ, Kimler BF (2004) Neurobehavioral effects in rat pups whose 

sires were exposed to alcohol. Dev Brain Res 149: 103-111. 
170. Abel EL (1989) Paternal and maternal alcohol consumption: effects on offspring in two 

strains of rats. Alcohol Clin Exp Res 13: 533-541. 
171. Wozniak D, Cicero T, Kettinger III L, Meyer E (1991) Paternal alcohol consumption in the 

rat impairs spatial learning performance in male offspring. Psychopharmacology 105: 
289-302. 

172. Abel E, Bilitzke P (1990) Paternal alcohol exposure: paradoxical effect in mice and rats. 
Psychopharmacology 100: 159-164. 

173. Abel EL (1991) Paternal alcohol consumption affects grooming response in rat offspring. 
Alcohol 8: 21-23. 

174. Kim P, Choi CS, Park JH, Joo SH, Kim SY, et al. (2014) Chronic exposure to ethanol of 
male mice before mating produces attention deficit hyperactivity disorder‐like phenotype 
along with epigenetic dysregulation of dopamine transporter expression in mouse 
offspring. Journal of neuroscience research 92: 658-670. 

 126 



175. Finegersh A, Homanics GE (2014) Paternal Alcohol Exposure Reduces Alcohol Drinking 
and Increases Behavioral Sensitivity to Alcohol Selectively in Male Offspring. PloS one 
9: e99078. 

176. Govorko D, Bekdash RA, Zhang C, Sarkar DK (2012) Male germline transmits fetal 
alcohol adverse effect on hypothalamic proopiomelanocortin gene across generations. 
Biol Psychiatry 72: 378-388. 

177. Tanaka H, Suzuki N, Arima M (1982) Experimental studies on the influence of male 
alcoholism on fetal development. Brain Dev 4: 1-6. 

178. Adler ID (1996) Comparison of the duration of spermatogenesis between male rodents and 
humans. Mutat Res 352: 169-172. 

179. Li J-Y, Lees-Murdock DJ, Xu G-L, Walsh CP (2004) Timing of establishment of paternal 
methylation imprints in the mouse. Genomics 84: 952-960. 

180. Carr IM, Valleley EMA, Cordery SF, Markham AF, Bonthron DT (2007) Sequence analysis 
and editing for bisulphite genomic sequencing projects. Nucleic Acids Res 35: e79. 

181. Petit-Demouliere B, Chenu F, Bourin M (2005) Forced swimming test in mice: a review of 
antidepressant activity. Psychopharmacology 177: 245-255. 

182. Rhodes JS, Best K, Belknap JK, Finn DA, Crabbe JC (2005) Evaluation of a simple model 
of ethanol drinking to intoxication in C57BL/6J mice. Physiol Behav 84: 53-63. 

183. Becker HC, Hale RL (1993) Repeated episodes of ethanol withdrawal potentiate the 
severity of subsequent withdrawal seizures: an animal model of alcohol withdrawal 
“kindling”. Alcohol Clin Exp Res 17: 94-98. 

184. Griffin III WC, Lopez MF, Yanke AB, Middaugh LD, Becker HC (2009) Repeated cycles 
of chronic intermittent ethanol exposure in mice increases voluntary ethanol drinking and 
ethanol concentrations in the nucleus accumbens. Psychopharmacology 201: 569-580. 

185. Lin S-P, Youngson N, Takada S, Seitz H, Reik W, et al. (2003) Asymmetric regulation of 
imprinting on the maternal and paternal chromosomes at the Dlk1-Gtl2 imprinted cluster 
on mouse chromosome 12. Nat Genet 35: 97-102. 

186. Steenman MJ, Rainier S, Dobry CJ, Grundy P, Horon IL, et al. (1994) Loss of imprinting of 
IGF2 is linked to reduced expression and abnormal methylation of H19 in Wilms' 
tumour. Nat Genet 7: 433-439. 

187. Abel EL (1991) Alcohol consumption does not affect fathers but does affect their offspring 
in the forced swimming test. Pharmacol Toxicol 68: 68-69. 

188. Jeanblanc J, Logrip ML, Janak PH, Ron D (2013) BDNF‐mediated regulation of ethanol 
consumption requires the activation of the MAP kinase pathway and protein synthesis. 
Eur J Neur 37: 607-612. 

189. Jeanblanc J, He D-Y, Carnicella S, Kharazia V, Janak PH, et al. (2009) Endogenous BDNF 
in the dorsolateral striatum gates alcohol drinking. J Neurosci 29: 13494-13502. 

190. Logrip ML, Janak PH, Ron D (2009) Escalating ethanol intake is associated with altered 
corticostriatal BDNF expression. J Neurochem 109: 1459-1468. 

191. Ferrón SR, Charalambous M, Radford E, McEwen K, Wildner H, et al. (2011) Postnatal 
loss of Dlk1 imprinting in stem cells and niche astrocytes regulates neurogenesis. Nature 
475: 381-385. 

192. Nueda M-L, Baladrón V, Sánchez-Solana B, Ballesteros M-Á, Laborda J (2007) The EGF-
like protein dlk1 inhibits notch signaling and potentiates adipogenesis of mesenchymal 
cells. J Mol Bio 367: 1281-1293. 

 127 



193. Jensen CH, Meyer M, Schroder HD, Kliem A, Zimmer J, et al. (2001) Neurons in the 
monoaminergic nuclei of the rat and human central nervous system express FA1/dlk. 
Neuroreport 12: 3959-3963. 

194. Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, et al. (2007) Genome-wide atlas of 
gene expression in the adult mouse brain. Nature 445: 168-176. 

195. Conner JM, Lauterborn JC, Yan Q, Gall CM, Varon S (1997) Distribution of brain-derived 
neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: evidence 
for anterograde axonal transport. J Neurosci 17: 2295-2313. 

196. Aid T, Kazantseva A, Piirsoo M, Palm K, Timmusk T (2007) Mouse and rat BDNF gene 
structure and expression revisited. J Neurosci Res 85: 525-535. 

197. Martinowich K, Hattori D, Wu H, Fouse S, He F, et al. (2003) DNA methylation-related 
chromatin remodeling in activity-dependent BDNF gene regulation. Science 302: 890-
893. 

198. Roth TL, Lubin FD, Funk AJ, Sweatt JD (2009) Lasting Epigenetic Influence of Early-Life 
Adversity on the BDNF Gene. Biol Psychiatry 65: 760-769. 

199. Ma DK, Jang M-H, Guo JU, Kitabatake Y, Chang M-l, et al. (2009) Neuronal activity–
induced Gadd45b promotes epigenetic DNA demethylation and adult neurogenesis. 
Science 323: 1074-1077. 

200. Byrnes JJ, Babb JA, Scanlan VF, Byrnes EM (2011) Adolescent opioid exposure in female 
rats: Transgenerational effects on morphine analgesia and anxiety-like behavior in adult 
offspring. Behav Brain Res 218: 200-205. 

201. Nikulina EM, Johnston CE, Wang J, Hammer Jr RP (2014) Neurotrophins in the ventral 
tegmental area: Role in social stress, mood disorders and drug abuse. Neuroscience. 

202. Guillin O, Diaz J, Carroll P, Griffon N, Schwartz JC, et al. (2001) BDNF controls dopamine 
D3 receptor expression and triggers behavioural sensitization. Nature 411: 86-89. 

203. Horger BA, Iyasere CA, Berhow MT, Messer CJ, Nestler EJ, et al. (1999) Enhancement of 
locomotor activity and conditioned reward to cocaine by brain-derived neurotrophic 
factor. J Neurosci 19: 4110-4122. 

204. Wang J, Fanous S, Terwilliger EF, Bass CE, Hammer RP, Jr., et al. (2013) BDNF 
overexpression in the ventral tegmental area prolongs social defeat stress-induced cross-
sensitization to amphetamine and increases DeltaFosB expression in mesocorticolimbic 
regions of rats. Neuropsychopharmacology 38: 2286-2296. 

205. Koo JW, Mazei-Robison MS, Chaudhury D, Juarez B, LaPlant Q, et al. (2012) BDNF is a 
negative modulator of morphine action. Science 338: 124-128. 

206. Berton O, McClung CA, DiLeone RJ, Krishnan V, Renthal W, et al. (2006) Essential Role 
of BDNF in the Mesolimbic Dopamine Pathway in Social Defeat Stress. Science 311: 
864-868. 

207. Krishnan V, Han M-H, Graham DL, Berton O, Renthal W, et al. (2007) Molecular 
Adaptations Underlying Susceptibility and Resistance to Social Defeat in Brain Reward 
Regions. Cell 131: 391-404. 

208. Taliaz D, Nagaraj V, Haramati S, Chen A, Zangen A (2013) Altered Brain-Derived 
Neurotrophic Factor Expression in the Ventral Tegmental Area, but not in the 
Hippocampus, Is Essential for Antidepressant-Like Effects of Electroconvulsive Therapy. 
Biological Psychiatry 74: 305-312. 

 128 



209. Molteni R, Calabrese F, Bedogni F, Tongiorgi E, Fumagalli F, et al. (2006) Chronic 
treatment with fluoxetine up-regulates cellular BDNF mRNA expression in rat 
dopaminergic regions. International journal of neuropsychopharmacology 9: 307. 

210. Roberts AJ, Smith AD, Weiss F, Rivier C, Koob GF (1998) Estrous cycle effects on pperant 
responding for ethanol in female rats. Alcohol Clin Exp Res 22: 1564-1569. 

211. Ford MM, Eldridge J, Samson HH (2002) Microanalysis of ethanol self‐administration: 
Estrous cycle phase‐related changes in consumption patterns. Alcohol Clin Exp Res 26: 
635-643. 

212. Gibbs RB (1998) Levels of trkA and BDNF mRNA, but not NGF mRNA, fluctuate across 
the estrous cycle and increase in response to acute hormone replacement. Brain research 
787: 259-268. 

213. Spencer JL, Waters EM, Milner TA, Lee FS, McEwen BS (2010) BDNF variant Val66Met 
interacts with estrous cycle in the control of hippocampal function. Proceedings of the 
National Academy of Sciences 107: 4395-4400. 

214. Franklin TB, Perrot-Sinal TS (2006) Sex and ovarian steroids modulate brain-derived 
neurotrophic factor (BDNF) protein levels in rat hippocampus under stressful and non-
stressful conditions. Psychoneuroendocrinology 31: 38-48. 

215. Bellott DW, Hughes JF, Skaletsky H, Brown LG, Pyntikova T, et al. (2014) Mammalian Y 
chromosomes retain widely expressed dosage-sensitive regulators. Nature 508: 494-499. 

216. Schuckit MA, Smith TL (1996) An 8-year follow-up of 450 sons of alcoholic and control 
subjects. Arch Gen Psych 53: 202-210. 

217. Heath AC, Madden P, Bucholz K, Dinwiddie S, Slutske W, et al. (1999) Genetic differences 
in alcohol sensitivity and the inheritance of alcoholism risk. Psychol Med 29: 1069-1081. 

218. Lopez M, Simpson D, White N, Randall C (2003) Age‐and sex‐related differences in 
alcohol and nicotine effects in C57BL/6J mice. Addict Biol 8: 419-427. 

219. Blakley G, Pohorecky LA (2006) Psychosocial stress alters ethanol's effect on open field 
behaviors. Pharmacol Biochem Behav 84: 51-61. 

220. Bienkowski P, Koros E, Kostowski W, Danysz W (1999) Effects of N-methyl-D-aspartate 
receptor antagonists on reinforced and nonreinforced responding for ethanol in rats. 
Alcohol 18: 131-137. 

221. Newlin DB, Thomson JB (1990) Alcohol challenge with sons of alcoholics: a critical 
review and analysis. Psychol Bull 108: 383-402. 

222. Pietrzykowski AZ, Friesen RM, Martin GE, Puig SI, Nowak CL, et al. (2008) 
Posttranscriptional regulation of BK channel splice variant stability by miR-9 underlies 
neuroadaptation to alcohol. Neuron 59: 274-287. 

223. Jenkins TG, Carrell DT (2012) The sperm epigenome and potential implications for the 
developing embryo. Reproduction 143: 727-734. 

224. Purohit V, Abdelmalek MF, Barve S, Benevenga NJ, Halsted CH, et al. (2007) Role of S-
adenosylmethionine, folate, and betaine in the treatment of alcoholic liver disease: 
summary of a symposium. Am J Clin Nutr 86: 14-24. 

225. Niculescu MD, Zeisel SH (2002) Diet, methyl donors and DNA methylation: interactions 
between dietary folate, methionine and choline. J Nutr 132: 2333S-2335S. 

226. Finegersh A, Homanics GE (2014) Acute Ethanol Alters Multiple Histone Modifications at 
Model Gene Promoters in the Cerebral Cortex. Alcoholism: Clinical and Experimental 
Research 38: 1865-1873. 

227. Kouzarides T (2007) Chromatin modifications and their function. Cell 128: 693-705. 

 129 



228. Nestoros J (1980) Ethanol specifically potentiates GABA-mediated neurotransmission in 
feline cerebral cortex. Science 209: 708-710. 

229. Devaud LL, Smith FD, Grayson DR, Morrow AL (1995) Chronic ethanol consumption 
differentially alters the expression of gamma-aminobutyric acidA receptor subunit 
mRNAs in rat cerebral cortex: competitive, quantitative reverse transcriptase-polymerase 
chain reaction analysis. Mol Pharm 48: 861-868. 

230. Ziemann U, Lönnecker S, Paulus W (1995) Inhibition of human motor cortex by ethanol A 
transcranial magnetic stimulation study. Brain 118: 1437-1446. 

231. Chandler LJ, Newsom H, Sumners C, Crews F (1993) Chronic ethanol exposure potentiates 
NMDA excitotoxicity in cerebral cortical neurons. J Neurochem 60: 1578-1581. 

232. Harper C, Matsumoto I (2005) Ethanol and brain damage. Current Opinion in 
Pharmacology 5: 73-78. 

233. Pignataro L, Miller AN, Ma L, Midha S, Protiva P, et al. (2007) Alcohol regulates gene 
expression in neurons via activation of heat shock factor 1. J Neurosci 27: 12957-12966. 

234. Kurita M, Moreno JL, Holloway T, Kozlenkov A, Mocci G, et al. (2013) Repressive 
epigenetic changes at the mGlu2 promoter in frontal cortex of 5-HT2A knockout mice. 
Mol Pharm 83: 1166-1175. 

235. Zhao XD, Han X, Chew JL, Liu J, Chiu KP, et al. (2007) Whole-genome mapping of 
histone H3 Lys4 and 27 trimethylations reveals distinct genomic compartments in human 
embryonic stem cells. Cell Stem Cell 1: 286-298. 

236. Meyer KB, Maia A-T, O'Reilly M, Teschendorff AE, Chin S-F, et al. (2008) Allele-Specific 
Up-Regulation of FGFR2 Increases Susceptibility to Breast Cancer. PLoS Biol 6: e108. 

237. Yu M, Mazor T, Huang H, Huang H-T, Kathrein K, et al. (2012) Direct recruitment of 
polycomb repressive complex 1 to chromatin by core binding transcription factors. Mol 
Cell 45: 330-343. 

238. Bachtell RK, Ryabinin AE (2001) Interactive effects of nicotine and alcohol co-
administration on expression of inducible transcription factors in mouse brain. 
Neuroscience 103: 941-954. 

239. Warnault V, Darcq E, Levine A, Barak S, Ron D (2013) Chromatin remodeling — a novel 
strategy to control excessive alcohol drinking. Transl Psychiatry 3: e231. 

240. Schneider R, Bannister AJ, Myers FA, Thorne AW, Crane-Robinson C, et al. (2004) 
Histone H3 lysine 4 methylation patterns in higher eukaryotic genes. Nat Cell Biol 6: 73-
77. 

241. Guan J-S, Haggarty SJ, Giacometti E, Dannenberg J-H, Joseph N, et al. (2009) HDAC2 
negatively regulates memory formation and synaptic plasticity. Nature 459: 55-60. 

242. Wolstenholme JT, Warner JA, Capparuccini MI, Archer KJ, Shelton KL, et al. (2011) 
Genomic analysis of individual differences in ethanol drinking: Evidence for non-genetic 
factors in C57BL/6 Mice. PLoS ONE 6: e21100. 

243. Orpinell M, Fournier M, Riss A, Nagy Z, Krebs AR, et al. (2010) The ATAC acetyl 
transferase complex controls mitotic progression by targeting non-histone substrates. 
EMBO J 29: 2381-2394. 

244. Maurice T, Duclot F, Meunier J, Naert G, Givalois L, et al. (2007) Altered memory 
capacities and response to stress in p300/CBP-Associated Factor (PCAF) histone 
acetylase knockout mice. Neuropsychopharmacology 33: 1584-1602. 

 130 



245. Nagy Z, Riss A, Fujiyama S, Krebs A, Orpinell M, et al. (2010) The metazoan ATAC and 
SAGA coactivator HAT complexes regulate different sets of inducible target genes. 
Cellular and Molecular Life Sciences 67: 611-628. 

246. Moonat S, Starkman B, Sakharkar A, Pandey S (2010) Neuroscience of alcoholism: 
molecular and cellular mechanisms. Cellular and Molecular Life Sciences 67: 73-88. 

247. Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, et al. (2011) Mapping and 
analysis of chromatin state dynamics in nine human cell types. Nature 473: 43-49. 

248. Blackwood EM, Kadonaga JT (1998) Going the Distance: A Current View of Enhancer 
Action. Science 281: 60-63. 

249. Coyle P, Philcox JC, Carey LC, Rofe AM (2002) Metallothionein: the multipurpose protein. 
Cellular and Molecular Life Sciences CMLS 59: 627-647. 

250. Molyneaux BJ, Arlotta P, Menezes JRL, Macklis JD (2007) Neuronal subtype specification 
in the cerebral cortex. Nat Rev Neurosci 8: 427-437. 

251. Collas P, Dahl JA (2008) Chop it, ChIP it, check it: the current status of chromatin 
immunoprecipitation. Front Biosci 13: 929-943. 

252. Dahl JA, Collas P (2008) A rapid micro chromatin immunoprecipitation assay (ChIP). 
Nature protocols 3: 1032-1045. 

253. Cui Y, Ostlund SB, James AS, Park CS, Ge W, et al. (2014) Targeted expression of [mu]-
opioid receptors in a subset of striatal direct-pathway neurons restores opiate reward. Nat 
Neurosci 17: 254-261. 

254. Emmert-Buck MR, Bonner RF, Smith PD, Chuaqui RF, Zhuang Z, et al. (1996) Laser 
capture microdissection. Science 274: 998-1001. 

255. Gong S, Zheng C, Doughty ML, Losos K, Didkovsky N, et al. (2003) A gene expression 
atlas of the central nervous system based on bacterial artificial chromosomes. Nature 425: 
917-925. 

256. Valjent E, Bertran-Gonzalez J, Hervé D, Fisone G, Girault J-A (2009) Looking BAC at 
striatal signaling: cell-specific analysis in new transgenic mice. Trends in neurosciences 
32: 538-547. 

257. Durieux PF, Schiffmann SN, de Kerchove d’Exaerde A (2011) Targeting neuronal 
populations of the striatum. Frontiers in neuroanatomy 5. 

258. Lobo MK, Karsten SL, Gray M, Geschwind DH, Yang XW (2006) FACS-array profiling of 
striatal projection neuron subtypes in juvenile and adult mouse brains. Nat Neurosci 9: 
443-452. 

259. Lobo MK, Covington HE, Chaudhury D, Friedman AK, Sun H, et al. (2010) Cell Type–
Specific Loss of BDNF Signaling Mimics Optogenetic Control of Cocaine Reward. 
Science 330: 385-390. 

260. Jordi E, Heiman M, Marion-Poll L, Guermonprez P, Cheng SK, et al. (2013) Differential 
effects of cocaine on histone posttranslational modifications in identified populations of 
striatal neurons. Proceedings of the National Academy of Sciences 110: 9511-9516. 

261. Guez-Barber D, Fanous S, Golden SA, Schrama R, Koya E, et al. (2011) FACS identifies 
unique cocaine-induced gene regulation in selectively activated adult striatal neurons. 
The Journal of Neuroscience 31: 4251-4259. 

262. Fanous S, Guez‐Barber DH, Goldart EM, Schrama R, Theberge FR, et al. (2013) Unique 
gene alterations are induced in FACS‐purified Fos‐positive neurons activated during 
cue‐induced relapse to heroin seeking. Journal of neurochemistry 124: 100-108. 

 131 



263. Schwarz JM, Smith SH, Bilbo SD (2013) FACS analysis of neuronal-glial interactions in 
the nucleus accumbens following morphine administration. Psychopharmacology (Berl) 
230: 525-535. 

264. Liu QR, Rubio FJ, Bossert JM, Marchant NJ, Fanous S, et al. (2014) Detection of molecular 
alterations in methamphetamine‐activated Fos‐expressing neurons from a single rat 
dorsal striatum using fluorescence‐activated cell sorting (FACS). Journal of 
neurochemistry 128: 173-185. 

265. Jiang Y, Matevossian A, Huang H-S, Straubhaar J, Akbarian S (2008) Isolation of neuronal 
chromatin from brain tissue. BMC neuroscience 9: 42. 

266. Ade KK, Wan Y, Chen M, Gloss B, Calakos N (2011) An improved BAC transgenic 
fluorescent reporter line for sensitive and specific identification of striatonigral medium 
spiny neurons. Frontiers in systems neuroscience 5. 

267. Gore BB, Zweifel LS (2013) Genetic reconstruction of dopamine D1 receptor signaling in 
the nucleus accumbens facilitates natural and drug reward responses. The Journal of 
Neuroscience 33: 8640-8649. 

268. Brodie MS, Pesold C, Appel SB (1999) Ethanol Directly Excites Dopaminergic Ventral 
Tegmental Area Reward Neurons. Alcoholism: Clinical and Experimental Research 23: 
1848-1852. 

269. Boileau I, Assaad JM, Pihl RO, Benkelfat C, Leyton M, et al. (2003) Alcohol promotes 
dopamine release in the human nucleus accumbens. Synapse 49: 226-231. 

270. Ortiz J, Fitzgerald LW, Charlton M, Lane S, Trevisan L, et al. (1995) Biochemical actions 
of chronic ethanol exposure in the mesolimbic dopamine system. Synapse 21: 289-298. 

271. Bahi A, Dreyer J-L (2012) Involvement of nucleus accumbens dopamine D1 receptors in 
ethanol drinking, ethanol-induced conditioned place preference, and ethanol-induced 
psychomotor sensitization in mice. Psychopharmacology 222: 141-153. 

272. Abrahao KP, Quadros IMH, Souza-Formigoni MLO (2011) Nucleus accumbens dopamine 
D1 receptors regulate the expression of ethanol-induced behavioural sensitization. The 
International Journal of Neuropsychopharmacology 14: 175-185. 

273. Liang J, Marty VN, Mulpuri Y, Olsen RW, Spigelman I (2014) Selective modulation of 
GABAergic tonic current by dopamine in the nucleus accumbens of alcohol-dependent 
rats. Journal of Neurophysiology. 

274. Becker HC, Lopez MF (2004) Increased ethanol drinking after repeated chronic ethanol 
exposure and withdrawal experience in C57BL/6 mice. Alcoholism: Clinical and 
Experimental Research 28: 1829-1838. 

275. Lopez MF, Becker HC (2005) Effect of pattern and number of chronic ethanol exposures on 
subsequent voluntary ethanol intake in C57BL/6J mice. Psychopharmacology 181: 688-
696. 

276. Griffin Iii WC, Haun HL, Hazelbaker CL, Ramachandra VS, Becker HC (2014) Increased 
extracellular glutamate in the nucleus accumbens promotes excessive ethanol drinking in 
ethanol dependent mice. Neuropsychopharmacology 39: 707-717. 

277. Crook ZR, Housman DE (2012) Dysregulation of dopamine receptor D2 as a sensitive 
measure for Huntington disease pathology in model mice. Proceedings of the National 
Academy of Sciences 109: 7487-7492. 

278. Gilfillan GD, Hughes T, Sheng Y, Hjorthaug HS, Straub T, et al. (2012) Limitations and 
possibilities of low cell number ChIP-seq. BMC Genomics 13: 645. 

 132 



279. Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, et al. (2006) The RIN: an RNA 
integrity number for assigning integrity values to RNA measurements. BMC molecular 
biology 7: 3. 

280. Thompson KL, Pine PS, Rosenzweig BA, Turpaz Y, Retief J (2007) Characterization of the 
effect of sample quality on high density oligonucleotide microarray data using 
progressively degraded rat liver RNA. BMC biotechnology 7: 57. 

281. Sunami E, Vu AT, Nguyen SL, Giuliano AE, Hoon DS (2008) Quantification of LINE1 in 
circulating DNA as a molecular biomarker of breast cancer. Annals of the New York 
Academy of Sciences 1137: 171-174. 

282. Pease J (2011) Robust target labeling from small amounts of RNA for Illumina[reg] 
Expression BeadChip[reg] arrays. Nat Meth 8. 

283. Smith ZD, Chan MM, Mikkelsen TS, Gu H, Gnirke A, et al. (2012) A unique regulatory 
phase of DNA methylation in the early mammalian embryo. Nature 484: 339-344. 

284. Li H, Huang S, Guo C, Guan H, Xiong C (2012) Cell-Free Seminal mRNA and MicroRNA 
Exist in Different Forms. PLoS ONE 7: e34566. 

285. Hitchins MP, Wong JJ, Suthers G, Suter CM, Martin DI, et al. (2007) Inheritance of a 
cancer-associated MLH1 germ-line epimutation. New England Journal of Medicine 356: 
697-705. 

286. Insel TR, Landis SC, Collins FS (2013) The NIH brain initiative. Science 340: 687-688. 
287. Bozarth MA (1990) Evidence for the rewarding effects of ethanol using the conditioned 

place preference method. Pharmacology Biochemistry and Behavior 35: 485-487. 
288. Koob GF (2003) Alcoholism: allostasis and beyond. Alcohol Clin Exp Res 27: 232-243. 
289. Becker HC, Lopez MF, Doremus-Fitzwater TL (2011) Effects of stress on alcohol drinking: 

a review of animal studies. Psychopharmacology 218: 131-156. 
290. Trevisani M, Smart D, Gunthorpe MJ, Tognetto M, Barbieri M, et al. (2002) Ethanol elicits 

and potentiates nociceptor responses via the vanilloid receptor-1. Nature neuroscience 5: 
546-551. 

291. Gräff J, Woldemichael BT, Berchtold D, Dewarrat G, Mansuy IM (2012) Dynamic histone 
marks in the hippocampus and cortex facilitate memory consolidation. Nature 
communications 3: 991. 

292. Fish EW, DiBerto JF, Krouse MC, Robinson JE, Malanga C (2014) Different Contributions 
of Dopamine D1 and D2 Receptor Activity to Alcohol Potentiation of Brain Stimulation 
Reward in C57BL/6J and DBA/2J Mice. Journal of Pharmacology and Experimental 
Therapeutics 350: 322-329. 

293. Chen YW, Morganstern I, Barson JR, Hoebel BG, Leibowitz SF (2014) Differential Role of 
D1 and D2 Receptors in the Perifornical Lateral Hypothalamus in Controlling Ethanol 
Drinking and Food Intake: Possible Interaction with Local Orexin Neurons. Alcoholism: 
Clinical and Experimental Research 38: 777-786. 

 

 

 133 


	TITLE PAGE
	COMMITTEE MEMBERS
	ABSTRACT
	ABBREVIATIONS
	TABLE OF CONTENTS
	LIST OF TABLES
	Table 1. List of histone modifications altered by ethanol in the brain 17
	Table 2. Primer sequences for bisulfite sequencing reactions 30
	Table 3. Primer sequences used for RT-qPCR experiments on offspring 30
	Table 4. Primer sequences for qPCR experiments 63

	LIST OF FIGURES
	Figure 1. Epigenetic regulation of gene expression 5
	Figure 2. Chronic vapor ethanol exposure 36
	Figure 3. Ethanol decreases DNA methylation of the IG DMR in motile sperm 37
	Figure 4. Litter characteristics of ethanol-exposed sires 38
	Figure 5. Paternal ethanol on forced swim test behavior 39
	Figure 6. No effect of paternal ethanol on grooming behavior 39
	Figure 7. Paternal ethanol on two bottle free choice ethanol drinking 40
	Figure 8. Paternal ethanol on two bottle choice saccharin and quinine drinking 41
	Figure 9. Paternal ethanol on ethanol drinking in the dark 42
	Figure 10. Paternal ethanol on the elevated plus maze assay 44
	Figure 11. Paternal ethanol on open field performance 45
	Figure 12. Paternal ethanol on accelerating rotarod performance 46
	Figure 13. Paternal ethanol on ethanol clearance rates 47
	Figure 14. VTA and mPFC gene expression 48
	Figure 15. DNA methylation at the Bdnf exon IXa promoter 49
	Figure 16. Ethanol-induced histone modifications at down-regulated genes 66
	Figure 17. Ethanol-induced histone modifications at up-regulated genes 67
	Figure 18. Histone modifications in CCx after acute ethanol 68
	Figure 19. Acute ethanol alters chromatin modifying enzyme expression in CCx 69
	Figure 20. Ethanol-induced histone modifications in the hippocampus 70
	Figure 21. Chronic intermittent vapor ethanol exposure 88
	Figure 22. FACS of D1R::tdTomato cells from BAC transgenic mice 89
	Figure 23. tdTomato+ cells are enriched in D1R and lack GFAP expression 90
	Figure 24. Example of FACS RNA analysis and amplification 90
	Figure 25. ChIP using FAC-sorted tdTomato+ cells from BAC transgenic animals 92

	PREFACE
	1.0  INTRODUCTION
	1.1 ALCOHOL USE DISORDER AND ITS HERITABILITY
	1.2 EPIGENETICS
	1.2.1 Epigenetic regulation of gene expression
	1.2.2 The role of epigenetic modifications in drug addiction
	1.2.3 Intergenerational inheritance
	1.2.4 Epigenetic programming during spermatogenesis

	1.3 ETHANOL AND EPIGENETICS
	1.3.1 Ethanol-induced gene expression
	1.3.2 Ethanol-induced epigenetic modifications in the brain
	1.3.3 Ethanol-induced epigenetic modifications in gametes
	1.3.4 Effects of paternal ethanol exposure on offspring

	1.4 HYPOTHESIS AND SPECIFIC AIMS

	2.0  PATERNAL ETHANOL ALTERS OFFSPRING BEHAVIOR
	2.1 INTRODUCTION
	2.2 MATERIALS AND METHODS
	2.2.1 Animals
	2.2.2 Paternal ethanol exposure
	2.2.3 Breeding scheme and offspring rearing
	2.2.4 Isolation of motile sperm DNA
	2.2.5 Isolation of RNA and DNA from the VTA and mPFC
	2.2.6 Bisulfite sequencing
	2.2.7 Reverse Transcription Quantitative PCR (RT-qPCR)
	2.2.8 Forced Swim Test
	2.2.9 Grooming behavior
	2.2.10 Two bottle choice
	2.2.11 Elevated plus maze, open field, and accelerating rotarod
	2.2.12 Drinking in the dark assay
	2.2.13 Ethanol metabolism
	2.2.14 Statistical analysis

	2.3 RESULTS
	2.3.1 Paternal ethanol exposure
	2.3.2 Ethanol exposure hypomethylates the IG DMR in motile sperm
	2.3.3 Paternal ethanol increases male offspring weight in 129xC57 offspring
	2.3.4 Paternal ethanol on forced swim test behavior
	2.3.5 No effect of paternal ethanol on grooming behavior
	2.3.6 Paternal ethanol reduces ethanol consumption in male offspring
	2.3.7 No effects of paternal ethanol on the drinking in the dark assay
	2.3.8 Paternal ethanol effects on the elevated plus maze
	2.3.9 No effect of paternal ethanol on open field performance
	2.3.10 Paternal ethanol effects on accelerating rotarod
	2.3.11 Paternal ethanol effects on ethanol clearance rates
	2.3.12 Increased Bdnf expression in VTA of E-sired offspring
	2.3.13 Paternal ethanol regulates DNA methylation at the Bdnf exon IXa promoter

	2.4 DISCUSSION

	3.0  EPIGENETIC MECHANISMS OF ETHANOL IN THE CORTEX
	3.1 INTRODUCTION
	3.2 MATERIALS AND METHODS
	3.2.1 Animals and Treatments
	3.2.2 Reverse Transcription Quantitative PCR (RT-aPCR)
	3.2.3 Chromatin Immunoprecipitation (ChIP)
	3.2.4 RT-qPCR array
	3.2.5 Western Blot
	3.2.6 Statistical Analysis

	3.3 RESULTS
	3.3.1 Ethanol-induced histone modifications at down-regulated genes
	3.3.2 Ethanol-induced histone modifications at up-regulated genes
	3.3.3 Acute ethanol alters histone modifications in CCx
	3.3.4 Acute ethanol alters histone modifying enzyme expression
	3.3.5 Ethanol-induced epigenetic modifications in the hippocampus

	3.4 DISCUSSION

	4.0  NEURONAL SUBTYPE SPECIFIC ANALYSIS OF ETHANOL-INDUCED EPIGENETIC MODIFICATIONS
	4.1 INTRODUCTION
	4.2 MATERIALS AND METHODS
	4.2.1 Animals and treatment
	4.2.2 PCR genotyping
	4.2.3 Dissociation of the nucleus accumbens into a single cell suspension
	4.2.4 Fluorescence activated cell sorting of tdTomato+ cells
	4.2.5 RNA extraction
	4.2.6 RT-qPCR
	4.2.7 Native FACS-ChIP
	4.2.8 RNA expression microarray
	4.2.9 Statistics

	4.3 RESULTS
	4.3.1 Chronic intermittent ethanol exposure
	4.3.2 FACS of tdTomato+ neurons
	4.3.3 RNA analysis
	4.3.4 Chromatin analysis

	4.4 DISCUSSION

	5.0  FINAL DISCUSSION
	5.1.1 Conclusions and significance
	5.1.2 Future Directions

	APPENDIX A
	APPENDIX B
	BIBLIOGRAPHY



