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Abstract

Background: Paternal alcohol abuse is a well-recognized risk factor for the development of an 

alcohol use disorder (AUD). In addition to genetic and environmental risk factors, heritable 

epigenetic factors also have been proposed to play a key role in the development of AUD. 

However, it is not clear whether epigenetic factors contribute to the genetic inheritance in families 

affected by AUD. We used reciprocal crosses of the alcohol-preferring (P) and -nonpreferring 

(NP) rat lines to test whether epigenetic factors also impacted alcohol drinking in up to two 

generations of offspring.

Methods: F1 offspring derived by reciprocal breeding of P and NP rats were tested for 

differences in alcohol consumption using a free-choice protocol of 10% ethanol, 20% ethanol, and 

water that were available concurrently. In a separate experiment, an F2 population was tested for 

alcohol consumption not only due to genetic differences. These rats were generated from inbred P 

(iP) and iNP rat lines that were reciprocally bred to produce genetically identical F1 offspring that 
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remained alcohol-naïve. Intercrosses of the F1 generation animals produced the F2 generation. 

Alcohol consumption was then assessed in the F2 generation using a standard two-bottle choice 

protocol, and was analyzed using genome-wide linkage analysis. Alcohol consumption measures 

were also analyzed for sex differences.

Results: Average alcohol consumption was higher in the F1 offspring of P vs. NP sires and in the 

F2 offspring of F0 iP vs. iNP grandsires. Linkage analyses showed the maximum LOD scores for 

alcohol consumption in both male and female offspring were on chromosome 4 (Chr 4). The LOD 

score for both sexes considered together was higher when the grandsire was iP vs. iNP (5.0 vs. 

3.35, respectively). Furthermore, the F2 population displayed enhanced alcohol consumption when 

the P alleles from the F0 sire were present.

Conclusions: These results demonstrate that epigenetic and/or non-genetic factors mapping to 

rat chromosome 4 contribute to a transgenerational paternal effect on alcohol consumption in the P 

and NP rat model of AUD.
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alcohol-preferring and alcohol-nonpreferring rats; epigenetic; paternal alcohol exposure; 
transgenerational

Introduction

Alcohol use disorder (AUD) is a complex disease attributable to both genetic and 

environmental factors, with an estimated heritability of about 50% in twin studies (Verhulst, 

Neale, & Kendler, 2015). The lifetime odds for children of alcoholics to develop AUD are 

2.5 times higher than that of individuals without an alcoholic parent (Yoon, Westermeyer, 

Kuskowski, & Nesheim, 2013). While previous studies provided evidence for a genetic 

contribution to AUD and AUD-related diseases (Enoch & Goldman, 2001; Reilly, Noronha, 

Goldman, & Koob, 2017; Schuckit, Goodwin, & Winokur, 1972; Slutske, Ellinsgon, 

Richmond-Rakerd, Zhu, & Martin, 2013), recent evidence suggests that epigenetic factors 

may also contribute to the inheritance of AUD (Gapp & Bohacek, 2018; Gapp et al., 2014). 

Results from recent genome-wide association studies (GWAS) indicate that the genetic 

heritability of AUD is significantly lower than previous epidemiological studies. Despite 

considerable effort and large sample sizes (>274,000 individuals), GWAS studies have 

yielded inconsistent results, with the exception of a consistent role of alcohol-metabolizing 

genes, such as ADH1B and ALDH2 (Kranzler et al., 2019; Sanchez-Roige et al., 2019a,b) ; 

Walters et al., 2018). Therefore, the disparate results between twin studies and GWAS 

studies suggest that heritable factors other than genetic variants likely play an additional role 

in the inheritance of AUD (Chastain & Sarkar, 2017).

Paternal alcohol exposure has long been recognized as a risk factor in the development of 

AUD in offspring. Preclinically, several paternal-associated alcohol exposure-induced 

behavioral, epigenetic, and physiological changes have been identified in offspring. Two 

examples of this are attention deficit hyperactivity disorder (ADHD) and increased anxiety- 

and depression-like behavior (Kim et al., 2014; Liang et al., 2014). These psychiatric 

disorders are strongly correlated with the development of AUD (Walters et al., 2018) and 
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similarly have a strong genetic underpinning (Castillo-Carniglia, Keyes, Hasin, & Cerdá, 

2019; Evangelou et al., 2019; Palmisano & Pandey, 2017). While previous studies strongly 

suggest a role for epigenetics in AUD, isolating specific epigenetic factors is a difficult task 

(Chastain & Sarkar, 2017).

Alcohol-preferring (P) and alcohol-nonpreferring (NP) rat lines were developed using 

bidirectional selective breeding for high and low alcohol preference and consumption. The 

selection criteria for P rats were an average intake greater than 5 g ethanol/kg body 

weight/day (g/kg/day) and a preference ratio greater than 2:1 (v/v) of 10% (v/v) ethanol vs. 

water consumed (Bell et al., 2012, 2016). For NP rats, the criteria were an intake of less than 

1.5 g/kg/day intake and a preference ratio of less than 0.2:1 (Bell et al., 2012, 2016). 

Notably, P rats are considered a valid rodent model of AUD (Bell et al., 2012; McBride, 

Rodd, Bell, Lumeng, & Li, 2014). Following the successful divergence and plateau of 

alcohol consumption in each of the selected lines, brother-sister mating was initiated at the 

30th generation of selection to develop the inbred strains (iP and iNP). After 20 generations 

of inbreeding, an F2 generation was created from reciprocal crosses of iP and iNP rats, 

which was used in our previous quantitative trait loci (QTL) study (Bice et al., 1998; Carr et 

al., 1998). A strong QTL for alcohol consumption was found on rat chromosome 4 (Chr 4, 

95% confidence interval is located between 54.8 and 105 Mb) that included several genes 

that had been linked to AUD in humans, such as NPY and SNCA, among others (Bice et al., 

1998; Li, Lumeng, & Doolittle, 1993). In addition, alcohol consumption has also been found 

to result in epigenetic changes in specific genes implicated in AUD, including the dopamine 
transporter (DAT) (Kim et al., 2014), as well as Npy and Bdnf (Lomazzo, König, Abassi, 

Jelinek, & Lutz, 2017; Palmisano & Pandey, 2017). Therefore, there is increasing evidence 

suggesting that epigenetic factors also contribute to the transmission of AUD across 

generations. We used the P and iP rats, and their nonpreferring counterparts, to test the 

hypothesis that epigenetic factors contribute to the heritability of alcohol consumption over 

subsequent generations.

In the present study, reciprocal crosses of selectively bred P and NP rats (Pmale × NPfemale 

and NPmale × Pfemale) revealed that increased alcohol drinking levels in F1 rats were 

associated with the paternal P genotype. Next, in a separate experiment, we utilized linkage 

analysis to determine whether this paternal effect was transgenerational by comparing the 

effects of alcohol consumption between F2 rats bred from F0 iP and iNP progenitors. We 

then analyzed associations between genetic markers on rat Chr4 and alcohol consumption in 

the F2 rats. Our results demonstrate that both genetic and non-genetic factors contribute to 

alcohol drinking behavior of offspring in progeny of P and NP rats, likely due to alcohol-

induced epigenetic changes.

Materials and methods

Animals

The alcohol-preferring P and alcohol-nonpreferring NP rat lines were developed by mass 

selection from a closed colony of Wistar [Wrm: WRC(WI)BR] rats at the Walter Reed Army 

Institute of Research, Washington, D.C., United States. Bidirectional selection has continued 

at the Indiana University School of Medicine. Because the P and NP rats were generated 
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from a closed colony through mass selection, evidence suggests that the frequency of genetic 

and non-genetic contributions related to alcohol consumption were fixed in early generations 

(Grahame, 2000; Hoffman et al., 2014). Selection of breeders in this study followed the 

standard protocol that has been used since the early selection of P and NP rat lines, which 

starts with a 4-day acclimation period of forced drinking of 10% ethanol followed by free 

choice of 10% ethanol and water (Li, Lumeng, McBride, Waller, & Murphy, 1986; Murphy 

et al., 1986). In this study, the protocol was modified following the 4-day forced drinking, 

with free choice of three-bottle access to water, 10% ethanol, and 20% ethanol, available 

concurrently. Standard rat chow was available ad libitum. The procedures performed herein 

were approved by the Indiana University School of Medicine Institutional Animal Care and 

Use Committee.

Alcohol consumption of F1 rats from reciprocal breeding

P and NP rats, at generation 72, were bred to generate F1 rats (Fig. 1A). Both male and 

female offspring from reciprocally bred Pmale × NPfemale (4 breeding pairs) and NPmale × 

Pfemale (3 breeding pairs) (n = 10 male and n = 10 female offspring per group) were used for 

this experiment. Following the acclimation period of 4 days (forced choice of 10% ethanol; 

i.e., the sole fluid), the F1 rats received continuous concurrent free-choice three-bottle access 

to 10% (v/v) ethanol, 20% (v/v) ethanol, and water for 8 weeks (Rodd et al., 2009). The 

water bottle was always presented on the left front side of the cage next to the food hopper. 

Due to the size of the water bottle and the cage configuration, it was not possible to switch 

the position of the water bottle with the ethanol drinking tubes. The positions of the two 

ethanol tubes on the right front side of the cage were randomly changed each day, and fluid 

intakes were recorded to the nearest 0.1 g by weighing the water and ethanol bottles before 

and after each 24-h period. Alcohol consumption was calculated as g of ethanol/kg body 

weight per day. Rat body weights were recorded twice weekly. Student’s t tests were 

performed to test for differences in alcohol consumption between P- and NP-sired F1 rats. 

Alcohol consumption data and weekly measurements of total alcohol consumption were 

analyzed by repeated-measures ANOVA. A mixed-model ANOVA was used to analyze 

differences in weekly alcohol intake of 10% vs. 20% ethanol concentrations. Results were 

considered statistically significant when p was <0.05.

F2 animal breeding and alcohol consumption measurement

In previous work, reciprocal crosses of inbred iP and iNP rats were performed to generate 

genetically identical F1 rats. These F1 rats were crossed to generate F2 progeny for a 

genome-wide screen for QTLs influencing alcohol consumption and preference (Bice et al., 

1998). Inbreeding of the P and NP lines started at the 30th generation of selection, and 

experiments occurred after 20 generations of inbreeding. Multiple breeding pairs of F0 

iPmale × iNPfemale and iNPmale × iPfemale rats were used to generate F1 rats. F1 sister and 

brother mating occurred only within the same paternal genotype (i.e., intercross) group; that 

is, only F1 rats from an iP sire were mated to each other. Similarly, only F1 rats from an iNP 

sire were mated to obtain the F2 population. The F0 and F2 rats were tested for alcohol 

consumption using the same protocol described above, while the F1 rats remained alcohol-

naïve (Li et al., 1993).
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Genome-wide linkage analysis

QTL Cartographer (v1.17) was used to conduct linkage analyses (Basten, Weir, & Zeng, 

1994, 2002). This program uses a dynamic algorithm to map QTL on a linkage map using 

interval mapping methods. We included 137 previously identified microsatellite markers in 

our analyses (Bice et al., 1998). Three genome-wide linkage analyses were performed: i) all 

F2 animals (N = 381); ii) F2 offspring of iP grandsire only (N = 198); and iii) F2 offspring 

of iNP grandsire only (N = 183). Since the number of F2 offspring from iP and iNP 

grandsires differed, a permutation test was performed using the same number of F2 rats from 

an iP grandsire to rule out the possibility that the observed differences in LOD scores were 

due to different sample sizes. Linkage analysis was performed on 183 randomly selected F2 

rats from an iP grandsire, and this procedure was repeated 5000 times to calculate the 

average maximum LOD scores and 95% confidence intervals.

Association of grandsire P allele with F2 alcohol consumption

Mean alcohol consumption scores were compared for each genetic marker using ANOVA. 

For each genetic marker, mean alcohol consumption scores were compared for the respective 

three genotype groups (P/P, P/NP, NP/NP) using ANOVA. For F2 rats, the independent 

variables examined included grandsire genotype as well as genetic markers on Chr4. 

Microsatellite markers included D4Rat21, D4Mgh24, D4Rat29, D4Mit7-Npy, D4Rat33, 
D4Rat35, D4Rat51, D4Rat55, D4Mgh18, D4Mgh27, D4Mgh19, D4Mit27, and SNPs 

including Sspo (Chr4: 78097074, G/A), Snca (Chr4; 90880297, G/A), and Fam190a (Chr4: 

91374226, C/T). SNP marker information, genotyping data from exome sequencing, and 

data processing were described previously (Zhou et al., 2013). For each marker, a two-factor 

ANOVA was performed to determine main effects of grandsire and genotype as well as 

grandsire × genotype interactions. One-factor ANOVAs were then performed, followed by 

independent t tests using GraphPad Prism v8.

Results

Paternal genotype affects alcohol consumption in F1 progeny

We measured alcohol consumption over the course of 8 weeks in the F1 generation offspring 

from multiple families of reciprocal crosses of selectively bred P and NP rats (Fig. 1A; by 

convention, the male genotype is listed first in the cross). We found that the average daily 

alcohol consumption was higher in the offspring from P vs. NP sires (mean ± SEM: 6.94 ± 

0.60 vs. 5.08 ± 0.25, p = 0.008; Fig. 1B). When the offspring were analyzed for sex 

differences, the results showed that female offspring consumed significantly more alcohol 

when the sire was P vs. NP (7.45 ± 0.93 vs. 4.82 ± 0.29 g ethanol/kg/day; p = 0.039). Male 

offspring of P sires also trended toward higher alcohol consumption compared to the 

offspring of NP sires, but the difference did not reach statistical significance (6.42 ± 0.78 vs. 

5.31 ± 0.398 g ethanol/kg/day; p = 0.672) (Fig. 1C). Weekly measurements of total alcohol 

consumption also showed the same trend of higher alcohol drinking in male and female 

offspring of P vs. NP sires (Fig. 1D). Since both 10% and 20% ethanol were present, a 

mixed ANOVA of the ethanol concentration was performed. When comparing each group, 

we found an increased drinking preference related to ethanol concentration. The data 

revealed significant main effects of sire genotype (p = 0.002) and sex (p = 0.042) in the 
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consumption of 20% ethanol. In addition, we observed a trend for an interaction between 

sire genotype × sex (p = 0.107). No significant interactions were observed for either sire 

genotype or sex in the consumption of 10% ethanol. Together, these data indicate that non-

genetic factors contribute to alcohol consumption in the F1 offspring, which is consistent 

with a paternal effect that was most pronounced in female offspring of P sires.

Grandsire genotype affects alcohol consumption in the F2 population

To determine whether this observed paternal effect was epigenetic in nature, we analyzed 

alcohol consumption data from a previous QTL study that included 384 F2 rats derived from 

reciprocal crosses of iP and iNP lines. These data were particularly useful in addressing this 

question because the F1 generation was not only genetically identical but was also alcohol-

naïve. Fig. 2A depicts the breeding design that was utilized in generating the F2 rats. 

Reciprocal crosses of the iP and iNP lines produced F1 offspring that were heterozygous for 

P and NP alleles at all loci. Additionally, because intercrosses were performed at the F1 

generation, the P alleles in the F2 rats could be traced back to the founder male or female in 

the F0 generation (Fig. 2A). Furthermore, because the F1 generation was alcohol-naïve, this 

breeding design controlled for the direct effects of alcohol on the male or female gamete. 

Therefore, this breeding design allowed us to test the hypothesis that heritable epigenetic 

factors play a role in alcohol consumption.

The F2 offspring of iP grandsires consumed more alcohol (3.56 ± 0.140 g/kg/day, mean ± 

SEM) than F2 offspring of iNP grandsires (2.94 ± 0.125) (p = 0.0009). This finding 

remained significant when the F2 animals were analyzed by sex; alcohol consumption was 

higher in both males (3.24 ± 0.159 vs. 2.55 ± 0.150) (p = 0.002) and females (3.90 ± 0.228 

vs. 3.28 ± 0.188) (p = 0.036) when the grandsire was an iP compared to an iNP, respectively 

(Fig. 2B). Similar to previously published data on these F2 animals (Carr et al., 1998), our 

F2 data showed that alcohol consumption levels were not normally distributed when it was 

segregated by the F0 sire. The distribution was shifted, in that more rats drank lower levels 

of alcohol in their respective population whether the grandsire was iP or iNP (median levels 

were 3.46 vs. 2.47 g/kg/day, respectively) (Fig. 2C). This result is consistent with previous 

findings (Bell, Rodd, Engleman, Toalston, & McBride, 2014). We found that a higher 

percentage of both F2 males and females consumed ≥5 g/kg/day when the grandsire was iP 

vs. iNP (Fig. 2D). Due to the mating scheme, F2 rats would inherit the same P alleles 

whether they were descended from F0 iP males or females (i.e., iP grandsire group). These 

results indicate that inheriting the iP allele from the grandsire exerted a larger effect on 

ethanol consumption, than that observed when inheriting the iP allele from the granddam. 

Moreover, because the F1 generation did not consume alcohol, these results suggest that 

alcohol drinking in the F0 generation (which were tested for ethanol consumption to select 

the breeding pairs) likely altered epigenetic factors that were transgenerationally inherited 

by the F2 generation mainly through the male germline.

Genome-wide linkage analysis detects differences between F2 populations bred from iP 
and iNP grandsires

Having observed the F2 drinking differences between iP and iNP grandsire groups, we next 

screened for the linkage of a paternal effect on alcohol consumption between iP vs. iNP 
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grandsires using the previously published microsatellite markers within the rat Chr4 QTL 

region (Bice et al., 1998). This analysis included 381 F2 rats (198 from an iP grandsire and 

183 from an iNP grandsire), and linkage was performed using alcohol consumption scores 

for the entire population and for each group separately. A locus on Chr4 showed strong 

linkage signals in all three analyses. The average maximum LOD score for rats with an iP 

grandsire was 5.07 (95% CI: 4.08–6.05), and the average maximum LOD score for rats with 

an iNP grandsire was 3.35 (Fig. 3). The chromosome location of QTL with LOD >2 in iP 

grandsire was from 0 to 27.86 centimorgan (cM), while the location in the iNP grandsire 

was from 5.76 to 29.87 cM; additionally, the peak LOD scores for each group were in 

different locations (Fig. 3). The magnitude of these scores indicated that the dissimilar 

sample sizes were not the driving force for the different LOD scores between rats with iP vs. 

iNP grandsires. Other suggestive QTLs for the observed effect included regions on Chr2 

with LOD >0.5 (maximum LOD of iP grandsire = 0.7, iNP grandsire = 2.1), which was 

located between 39.17 and 73.62 cM for the iP grandsire group and between 57 and 125.44 

cM for the iNP grandsire group, as well as regions on Chr18 with LOD >0.5 (maximum 

LOD for iP grandsire = 3.6, iNP grandsire = 0.6), which was located between 20 and 50.13 

cM for the iP grandsire group and between 53.13 and 58 cM for iNP grandsire group. 

However, due to the low LOD scores, these regions were not analyzed further. Therefore, 

these results indicated that multiple genomic regions are likely linked to a paternal effect on 

offspring drinking in the F2 population. Additionally, this finding provides evidence that 

both genetic and transgenerational epigenetic factors contribute to the disparate alcohol 

drinking associated with the Chr4 QTL.

Effect of grandsire genotype on mean alcohol consumption scores for the alleles in the rat 
Chr4 QTL

Because linkage analysis detected the highest LOD scores for the paternal effect on rat 

chromosome 4, we asked whether genetic variants localized to the Chr4 region were 

associated with this effect on alcohol consumption. Importantly, the Chr4 region was also 

identified in the earlier QTL analysis of iP and iNP F2 animals to have the strongest linkage 

with alcohol consumption and alcohol preference (Bice et al., 1998). Fine mapping of rat 

Chr4 had been performed previously using microsatellite markers and other genetic variants 

identified from whole exome sequencing in the same F2 population (n = 384 rats) (Bice et 

al., 1998; Zhou et al., 2013). We used these same markers to calculate the relative 

contribution of the F2 Chr4 allelic genotype and the grandsire effect on alcohol 

consumption. The F2 population was categorized based on the F0 grandsire, and alcohol 

consumption was compared based on the F2 genotype for a given locus (i.e., P 

homozygotes, P/NP heterozygotes, and NP homozygotes). For the majority of markers used 

in this study, F2 rats showed higher average alcohol consumption when they were either 

homozygous or heterozygous for P alleles in the iP grandsire group, compared to F2 rats 

who inherited a P allele from an F0 female (i.e., NPmale × Pfemale).

Table 1 depicts previously published microsatellite markers and more recently identified 

missense mutations within the rat Chr4 QTL region (Bice et al., 1998; Zhou et al., 2013). 

When analyzing the mean F2 alcohol consumption scores from the descendants of F0 iP vs. 

iNP grandsires, there were significant genotype effects (p < 0.0001) for eight of the Chr4 
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markers listed in Table 1. The magnitude of the genotype effect diminished toward more 

distal markers of the rat Chr4 QTL examined (i.e., D4Rat55, D4Mgh19, and D4Mit27). 

These data showed that the association between the grandsire’s genotype and the offspring’s 

allelic marker for the Chr4 QTL was consistent with a potential gene dosage effect(s). For 

instance, F2 animals homozygous for the P allele had the highest mean drinking scores, 

whereas F2 animals homozygous for the NP allele had the lowest mean drinking scores, 

with heterozygous rats having intermediate drinking scores (Table 1). Importantly, this effect 

was pronounced at the Snca marker, consistent with previous findings that showed Snca is 

differentially expressed in the hippocampus of the brain between iP and iNP rats (Liang et 

al., 2003).

Discussion

In the present study, we sought to determine whether epigenetic effects contribute to the 

disparate alcohol drinking observed between the alcohol-preferring (P) and alcohol-

nonpreferring (NP) rats. First, using a reciprocal breeding design of P and NP rats, we found 

that the offspring (F1) of P × NP crosses (sire is indicated first) showed increased alcohol 

consumption compared to offspring of NP × P rats. A similar finding was also observed in 

the F2 generation of reciprocally bred inbred iP and iNP rats, where the F1 generation was 

genetically identical as well as alcohol-naïve. Next, separate linkage analyses for F2 

offspring of P and NP grandsires showed that the LOD score of F2 rats for alcohol 

consumption on Chr4 from P grandsires was higher than that of F2 rats from an NP 

grandsire. Together, these findings demonstrate that epigenetic factors interact with genetic 

effects on Chr4 to increase alcohol consumption in P rats.

While other studies have demonstrated paternal effects following exposure to toxins, such as 

benzopyrene and dioxins (Viluksela & Pohjanvirta, 2019; Zhang, Yang, Lv, Li, & Qiang, 

2019), our findings are the first to show that alcohol drinking leads to similar 

transgenerational effects in a well-established rodent model of AUD. Because the F1 rats 

were not exposed to alcohol, the differences observed in the F2 population are likely due to 

alcohol exposure in their respective grandsires. Alcohol consumption is known to alter 

epigenetic modifications that affect expression of genes important in AUD (Biermann et al., 

2009; Bönsch, Lenz, Kornhuber, & Bleich, 2005; Downing et al., 2011; Zhang & Gelernter, 

2017). Epigenetic effects could be linked to genetic markers by different mechanisms 

including changes in DNA methylation, expression of noncoding RNAs, or chromatin 

structure. These changes can be heritable when carried via the germline to the offspring, 

potentially through multiple generations, following exposure of the parent (F0 generation) to 

environmental factors, such as psychological stress, exposure to toxins, poor nutrition, drugs 

of abuse, and alcohol (Chastain & Sarkar, 2017; Levin et al., 2019; Lucas & Watkins, 2017). 

For example, a recent study found that pre-conception cigarette smoke exposure in male 

mice induced paternally mediated, heritable epigenetic changes that affected frontal cortical 

neurodevelopment in their offspring; these authors proposed that the mechanism involved 

altered DNA methylation of the sperm epigenome (Murphy et al., 2020). Similar findings in 

humans were also observed for the effects of pre-conception paternal smoke exposure 

(Jenkins et al., 2017). Furthermore, evidence also suggests that heritable epigenetic factors 
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in the sperm play a role in offspring alcohol consumption in animal models (Chastain & 

Sarkar, 2017; Finegersh, Rompala, Martin, & Homanics, 2015).

Heritable epigenetic factors in the sperm genome have been hypothesized to transmit 

acquired phenotypes to offspring via a phenomenon called epigenetic germline inheritance 

(Bohacek & Mansuy, 2015; Finegersh et al., 2015). Importantly, such epigenetic factors have 

been shown to modulate gene expression networks and modify brain plasticity (Godino, 

Jayanthi, & Cadet, 2015; Renthal & Nestler, 2008). Furthermore, previous studies observed 

alcohol-induced epigenetic changes in the sperm, and it was hypothesized that these changes 

contributed to the observed changes in alcohol sensitivity (Liang et al., 2014). Because the 

observed effect on alcohol consumption in our study was passed on from the F0 to the F2 

generation along the male germline, the mode of inheritance would be consistent with a 

transgenerational effect of alcohol on the germline (Jirtle & Skinner, 2007; Skinner et al., 

2018; Skinner, Manikkam, & Guerrero-Bosagna, 2010). Notably, recent findings suggest 

that alcohol induces changes in sperm small noncoding RNAs, which are currently thought 

to be likely mediators of intergenerational inheritance (Rompala et al., 2018).

We focused on the Chr4 region because linkage analysis detected the highest LOD scores, 

using alcohol consumption measurements, from F2 iP grandsire or iNP grandsire rats 

separately (Fig. 3). This region was previously fine-mapped using microsatellite markers and 

other genetic variants in the same F2 population (n = 384 rats). This fine-mapping study 

identified Sspo as a candidate gene in this region because of non-synonymous mutations 

(Zhou et al., 2013). Other genes within this linkage region have been reported to be 

regulated by epigenetic factors. For example, epigenetic alterations of Cntnap2 and Snca 
have been associated with psychiatric disorders (Bönsch et al., 2005; Foroud et al., 2007; 

Mahurkar et al., 2016; Matsumoto et al., 2010; Schaafsma et al., 2017). Epigenetic changes 

that alter neuropeptide Y (NPY) expression have been suggested to contribute to the 

difference in alcohol consumption between iP and iNP rats (Lomazzo et al., 2017; 

Palmisano & Pandey, 2017). For example, alcohol exposure increased DNA methylation in 

the NPY promoter, leading to persistent downregulation of NPY expression (Palmisano & 

Pandey, 2017). Therefore, persistent downregulation of NPY expression due to the effects of 

alcohol exposure might lead to differences in alcohol drinking in both F1 and F2 rats.

Previously, grandparent-influenced alcohol preference had been mapped to mouse Chr2 

using a congenic strain that had a QTL for alcohol consumption (Lesscher, Kas, van der 

Elst, van Lith, & Vanderschuren, 2009). These findings support the notion that genetic and 

epigenetic factors can affect alcohol consumption in the same genomic region, potentially 

acting through a common mechanism (e.g., gene dosage). In contrast to our findings of 

increased alcohol consumption in the offspring of high-alcohol drinking sires, other studies 

have found that alcohol exposure to sires resulted in a protective effect of reduced alcohol 

consumption in their offspring. Rompala and colleagues found a paternal effect on increased 

alcohol sensitivity and decreased consumption in the offspring in mice that were passively 

exposed to ethanol vapor (Rompala, Finegersh, Slater, & Homanics, 2017). However, 

ethanol vapor is also known to be a stressor that could have separate effects from alcohol 

exposure on the phenotype. The dual exposure of the sires to two stressors simultaneously 

may explain their finding of increased sensitivity of the offspring to alcohol. Beeler and 
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colleagues also reported a protective effect (i.e., reduced drinking in certain settings) in mice 

following paternal voluntary oral ethanol consumption (Beeler, Nobile, & Homanics, 2019). 

This study used inbred mice that were not selectively bred for alcohol consumption, and 

alcohol consumption was measured after a behavioral task, which may have complicated the 

interpretation of the data. Explanations for the observed differences in offspring alcohol 

consumption phenotypes following paternal alcohol exposure likely include species and 

strain differences as well as differences in experimental procedures. Nevertheless, all of 

these studies support the conclusion that paternal alcohol exposure affects offspring alcohol 

consumption.

Reciprocal breeding of the selectively bred P and NP rats, and the inbred iP and iNP rats, 

resulted in divergent drinking in their respective F1 and F2 progeny that was consistent with 

selection for an alcohol preference. For instance, the F1 generation arising from reciprocal 

breeding of F0 sires with the P genotype displayed greater alcohol consumption than those 

with a paternal NP genotype. In contrast, the potential effect of the dam on generational 

selection was inconsistent with selection, such that the F1 rats from dams of the NP 

genotype displayed increased alcohol consumption, while offspring from dams of the P 

genotype displayed decreased alcohol consumption (Fig. 1). Therefore, we propose that the 

effect on offspring alcohol consumption observed in our study is consistent with a paternal 

mode of inheritance. While the observation that offspring drinking behavior followed that 

predicted from the paternal genotype, this observation does not rule out a role for the 

maternal genotype. Epigenetic effects induced by the pre-, neo-, and post-natal environment 

undoubtedly play a role in determining the progeny’s behavior (Brancato et al., 2018; Fleten 

et al., 2012; Nagamachi et al., 2018; Purcell et al., 2011), including ethanol intake. It would 

be interesting to dissect differences between P and NP rat maternal care, milk composition, 

and intrauterine environments.

In summary, we present evidence for a paternal effect on ethanol consumption that appears 

to be the result of ethanol-associated epigenetic changes in P and NP rats, which is a well-

established model of AUD. Future studies using increased sample size and marker density 

may allow finer mapping resolution that could identify the genes involved in the observed 

paternal effect and their potential epigenetic regulation. Future studies will focus on how the 

potential transmission of epigenetic changes in the sperm from F0 P rats might alter 

genomic and/or biochemical changes in reward-related brain regions (e.g., nucleus 

accumbens, amygdala) of the offspring. Unlike genetic changes, epigenetic alterations can 

be reversible with positive environmental stimuli (Mitchell, Schneper, & Notterman, 2016; 

Yeshurun & Hannan, 2019), which can be as simple as increased paternal physical activity 

(Denham, O’Brien, Harvey, & Charchar, 2015; McPherson, Owens, Fullston, & Lane, 2015; 

Murashov et al., 2016; Short et al., 2017; Yeshurun & Hannan, 2019). Therefore, further 

study of these alcohol-induced changes could lead to the development of more effective 

preventive and therapeutic strategies.
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Fig. 1. 
A) Representation of P and NP selective breeding paradigm and reciprocal breeding scheme 

for F1 ethanol consumption study. B) Average ethanol intake comparisons between F1 

offspring of P × NP and NP × P reciprocal crosses; sire is indicated first (mean ± SEM). C) 

Average ethanol intake comparison between male and female F1 offspring of P × NP and NP 

× P reciprocal crosses (mean ± SEM). D) Weekly ethanol intake of male and female 

offspring of P × NP and NP × P reciprocal crosses (mean ± SEM). * and ** represent p < 

0.05 and p < 0.01, respectively.
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Fig. 2. 
A) Representation of F2 generation. Inbred P (iP) and iNP F0 reciprocal breeding paradigm 

used to generate F1 and the F1 × F1 breeding scheme used to produce the genetically diverse 

F2 generation. B) Ethanol intake comparisons between male and female F2 offspring derived 

from iP × iNP reciprocal crosses (mean ± SEM). C) Histogram depicting the percentages of 

F2 rats within iP- and iNP- grandsire-derived groups at distinct levels of average ethanol 

intake (g/kg/day). D) Pie charts depicting the percentages of rats within each group 

possessing high (≥5), moderate (1.5–4.9), and low (<1.5) average ethanol intake (g/kg/day). 

* and ** represent p < 0.05 and p < 0.01, respectively.
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Fig. 3. 
Multipoint LOD scores on rat Chr4 computed for alcohol consumption from iP-derived, 

iNP-derived, and combined F2 groups.
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