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a b s t r a c t

While alcohol use disorder (AUD) is a highly heritable condition, the basis of AUD in families with a
history of alcoholism is difficult to explain by genetic variation alone. Emerging evidence suggests that
parental experience prior to conception can affect inheritance of complex behaviors in offspring via non-
genomic (epigenetic) mechanisms. For instance, male C57BL/6J (B6) mice exposed to chronic intermit-
tent vapor ethanol (CIE) prior to mating with Strain 129S1/SvImJ ethanol-naïve females produce male
offspring with reduced ethanol-drinking preference, increased ethanol sensitivity, and increased brain-
derived neurotrophic factor (BDNF) expression in the ventral tegmental area (VTA). In the present study,
we tested the hypothesis that these intergenerational effects of paternal CIE are reproducible in male
offspring on an inbred B6 background. To this end, B6 males were exposed to 6 weeks of CIE (or room air
as a control) before mating with ethanol-naïve B6 females to produce ethanol (E)-sired and control (C)-
sired male and female offspring. We observed a sex-specific effect, as E-sired males exhibited decreased
two-bottle free-choice ethanol-drinking preference, increased sensitivity to the anxiolytic effects of
ethanol, and increased VTA BDNF expression; no differences were observed in female offspring. These
findings confirm and extend our previous results by demonstrating that the effects of paternal pre-
conception ethanol are reproducible using genetically identical, inbred B6 animals.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Twin and adoption studies suggest that alcoholism has a heri-
tability of ~50% (Prescott & Kendler, 1999; Young-Wolff, Enoch, &
Prescott, 2011; Ystrom, Reichborn-Kjennerud, Aggen, & Kendler,
2011). Indeed, genome wide association studies (GWAS) have
identified several DNA variants associated with a family history of
alcoholism, suggesting a significant role for genotype in deter-
mining risk for AUD. However, despite the abundant evidence that
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alcoholism is highly heritable, to date, identified genetic variants
account for only a small fraction of AUD heritability (Treutlein &
Rietschel, 2011). While this may be due to technical and experi-
mental limitations, it is also possible that alternative biological
mechanisms may mediate and explain this “missing” AUD
heritability.

Remarkably, many recent studies have found that paternal
experience in rodents can drive inheritance of complex phenotypes
in offspring. For example, exposing male mice to a high-fat diet,
cocaine, or stress prior to conception has intergenerational effects
on glucose tolerance, cocaine preference, or stress responsivity,
respectively (Chen et al., 2016; Rodgers, Morgan, Bronson, Revello,
& Bale, 2013; Vassoler, White, Schmidt, Sadri-Vakili, & Pierce,
2013). The results from paternal exposure studies are provocative
as the inherited phenotypes must be mediated through the
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germline rather than factors such as in utero physiology that are
difficult to control with maternal perturbations. Furthermore, as
many of these studies have been performed with animals on an
identical genetic background, inheritance cannot be due to trans-
mission of DNA variants across generations. Instead, inherited
behavioral phenotypes are hypothesized to be governed through
epigenetic mechanisms, defined here as environmentally-induced
changes to non-genomic factors such as DNA methylation, his-
tone modifications, or small noncoding RNAs that are transmitted
by the paternal germline at fertilization (Bohacek &Mansuy, 2015).
Thus, studying animal models of experience-driven epigenetic in-
heritance may have major implications for elucidating novel
mechanisms that contribute to the heritability of a wide range of
human health conditions such as AUD.

Indeed, several studies have demonstrated that paternal pre-
conception exposure to alcohol leads to developmental and
behavioral alterations in offspring (see Finegersh, Rompala, Martin,
& Homanics, 2015 for review). Expanding on this literature, we
previously investigated if paternal ethanol exposure affects ethanol
preference and sensitivity. We found that adult male mice exposed
to chronic intermittent ethanol (CIE) vapor prior to mating with
ethanol-naïve females produced male offspring with attenuated
ethanol-drinking behavior, increased sensitivity to the anxiolytic
effects of ethanol, and increased brain-derived neurotropic factor
(BDNF) gene expression in the ventral tegmental area (VTA)
(Finegersh & Homanics, 2014). Furthermore, we found that
paternal CIE (E)-sired males exhibit blunted acute and chronic
stress-related phenotypes (Rompala, Finegersh,&Homanics, 2016).
These results have major implications for AUD heritability, as they
show that chronic exposure to ethanol prior to conception directly
influences the inheritance of ethanol- and stress-related behaviors
in offspring.

While these effects of paternal CIE are consistent with the surge
of recent findings that show paternal experience can shape the
behavioral phenotype of offspring, it is largely unknown whether
such intergenerational phenotypes are reproducible and sustained
across various mouse strains. Indeed, changes in breeding strategy,
such as the use of intercrossing vs. outcrossing, have been shown to
greatly affect the penetrance of paramutations in rodents (Yuan,
Oliver, Schuster, Zheng, & Yan, 2015). As humans have a diverse
genetic make-up, establishing whether models of intergenerational
epigenetic inheritance are maintained across various rodent strains
will be important for determining the translational implications of
such findings.

Our previous two studies utilized CIE-exposed C57BL/6J (B6)
male sires mated with Strain 129S1/SvImJ females to produce
hybrid F1 male offspring that exhibited altered ethanol- and stress-
related behaviors (Finegersh & Homanics, 2014; Rompala et al.,
2016). In the current study, we tested the hypothesis that the ef-
fects of paternal CIE on ethanol- and stress-related behaviors would
generalize to male offspring on an inbred genetic background. To
this end, B6 males were exposed to CIE and mated with ethanol-
naïve B6 females to produce genetically identical F1 offspring for
assessment of ethanol-drinking behavior, sensitivity to acute
ethanol injection and acute HPA axis responsivity. Our results
confirm that paternal CIE produces decreased ethanol-drinking
behavior and increased ethanol sensitivity in inbred males of the
next generation. Conversely, we did not see an effect of paternal CIE
on HPA axis responsivity in male offspring. These results indicate
that many, but not all effects of paternal preconception ethanol
exposure are reproducible on inbred B6 animals.

2. Materials and methods

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. Eight-week-old, ethanol-
naïve, specific pathogen free B6 and Strain 129S1/SvImJ mice were
purchased from the Jackson Laboratory (Bar Harbor, ME). Unless
otherwise specified, mice were group-housed in individually
ventilated micro-isolator cages under 12 h light/dark cycles and
had ad libitum access to food and water.

2.1. Chronic intermittent vapor ethanol exposure (CIE)

The CIE paradigm used tomodel paternal preconception ethanol
exposure was modified only slightly from previously published
methods (Finegersh & Homanics, 2014; Rompala et al., 2016).
Briefly, group-housed 8-week-old B6 male mice were exposed to
vapor ethanol (E) or room air control conditions (C) for 8 h/day
(0900 to 1700), 5 days/week (MondayeFriday) for 6 weeks. Sires
were weighed weekly and blood ethanol concentrations (BECs)
were measured following the final exposure of each week.
Following the 5th week of exposure, each male mouse was mated
with one 8-week-old Strain 129S1/SvImJ female for two nights for
the purpose of eliminating mature sperm that were not exposed to
ethanol during all stages of spermatogenesis.

Immediately after the final ethanol exposure, E- and C-exposed
males were bred in the home cage of two 8-week-old ethanol-naïve
female B6 mice for 48 h to produce F1 male and female offspring.
Each C-sired and E-sired mouse was only used for one experiment
(i.e. there was no repeated testing of any one mouse). For all ex-
periments, no more than two mice of the same sex were used per
litter. Offspring body weight measurements in Fig. 2 were only
recorded from mice used in the two-bottle free choice and acute
ethanol injection experiments.

2.2. Two-bottle free-choice ethanol-drinking

Two-bottle, free-choice ethanol-drinking behavior was per-
formed as previously described (Finegersh & Homanics, 2014).
Briefly, at 8 weeks of age, ethanol-naïve male and female E- and C-
sired B6 offspring were single-housed and habituated for 1 week to
two ball-bearing sipper-fitted 25-mL falcon tubes filled with water.
Following habituation, one tube was filled with ethanol at esca-
lating concentrations of 3, 6, 9,12, and 15%, with each concentration
tested for 4 days. Tube position and cages were changed every 4
days. Male mice used in the two-bottle free-choice drinking ex-
periments were derived from six E-sired litters and eight C-sired
litters. Female mice were derived from eight E-sired litters and
eight C-sired litters.

2.3. Two-bottle free-choice saccharine and quinine drinking

Following testing at 15% ethanol, and a 1-week washout period
where only water was available, mice were tested for saccharin and
quinine preference at two concentrations each with a 1-week
washout between tastants to control for sweet and bitter taste
preferences, respectively.

2.4. Acute ethanol injection and successive elevated plus maze,
open field, and accelerating rotarod tests

Eight-week-old male and female E- and C-sired B6 offspring
were tested on the elevated plus maze, open field, and accelerating
rotarod tasks all on the same day and in succession 10, 20, and
35 min, respectively, following an acute intraperitoneal injection of
0.9% saline (0.02mL/g body weight) or 1.00 g/kg ethanol (0.02mL/g
of 5% ethanol in saline) as previously described (Finegersh &
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Homanics, 2014). Male mice used were derived from 10 E-sired
litters and seven C-sired litters for both saline and ethanol treat-
ments. Female mice used in this experiment were derived from
six E-sired litters and five C-sired litters for both saline and ethanol
treatments.

2.5. Brain tissue processing and reverse transcriptase-quantitative
polymerase chain reaction (RT-qPCR)

Tissue was collected from 8-week old behaviorally naïve E- and
C-sired male mice. Mice were sacrificed between 1200 and 1600 h
during the light cycle. Brains were dissected and frozenwith dry ice
before being sectioned with a Microm HM 550 cryostat (Thermo
Scientific; Waltham, MA). Using a 1-mm diameter micropuncher,
three 300 micron thick tissue punches were collected from the VTA
(approximately �5.2 to �6.1 mm, relative to bregma) (Paxinos &
Franklin, 2001) into Trizol (Ambion, Grand Island, NY). Tissue was
then lysed with a dounce homogenizer for RNA extraction using
phenol-chloroform separation. Samples were further processed for
RT-qPCR by DNAse I (Ambion) treatment, followed by final purifi-
cation with RNA Clean and Concentrator (Zymo Research, Irvine,
CA) and elution into 14-mL nuclease free water. Reverse transcrip-
tion of RNA was performed with the iScript cDNA Synthesis Kit
(BioRad Laboratories; Hercules, CA) according to manufacturer's
protocol. The cDNA product was diluted 1:10 before qPCR using
BioRad SYBR Green Fluorescent Master Mix and a BioRad iCycler.
Oligo sequences were: brain derived neurotropic factor (BDNF)
exon IX Forward (F): 50-AGC CTC CTC TAC TCT TTC TGC TG-30 and
BDNF exon IX reverse (R): 50-GTG CCT TTT GTC TAT GCC CCT G; b-
actin F: 50-CGT TGA CAT CCG TAA AGA CC-30 and R: 50-AAC AGT CCG
CCT AGA AGC AC-30. Threshold cycle values for each gene were
normalized within sample to b-actin and then between groups for
computation of delta delta cycle threshold (DDCt) to calculate fold-
change in mRNA expression. Due to limited animal availability, we
restricted this experiment to male offspring. E- and C-sired males
used in this experiment were derived from four E-sired litters and
four C-sired litters.

2.6. Acute restraint stress and measurement of plasma
corticosterone (CORT)

Eight-week-oldmale E- and C-sired offspringwere subjected to a
15 min restraint stress exposure. All animals were tested between 3
and 5 h after lights-on (1000e1200 h). Briefly, mice were restrained
in conical plastic tubes with several air hole perforations near the
animal's head and an opening for the tail. After the 15 min restraint,
each mouse was returned to its home cage. Tail blood (<10mL) was
collected with heparin-coated capillary tubes (Drummond, Broo-
mall, PA) at time points 0, 15, 30, and 90 min from the onset of re-
straint. Blood samples were centrifuged for 10 min at 4500�g to
separate plasma for measurement of CORT with an enzyme
immunoassay (Enzo Life Sciences, Farmingdale, NY). Samples were
diluted 1:40 and run in duplicate. The correlation coefficient for
duplicate measures in our assay was r ¼ 0.99. The reported sensi-
tivity of this kit for detecting CORTconcentrations ranges from 0.032
to 20 ng/mL. Due to limited animals available, we restricted this
experiment to male offspring. Male mice used in this experiment
were derived from eight E-sired litters and nine C-sired litters.

2.7. Statistical analysis

Behavioral and HPA axis responsivity experiments were
analyzed using two way ANOVAs with or without repeated mea-
sures where appropriate. For ANOVA results reaching statistical
significance (p < 0.05), post-hoc pairwise comparisons were made
using Fisher's LSD test. For rt-qPCR results, analysis was performed
using Student's t-test.

3. Results

3.1. Paternal preconception CIE exposure

B6 males were exposed to CIE or room air conditions for 6
weeks. The average BEC (Fig. 1A) across all weeks of paternal CIE
was 180.2 ± 14.7 mg/dL (mean ± S.E.M.). There was a significant
effect of time on sire body weight (F(5,110) ¼ 92.6, p < 0.001; Fig. 1B)
but no effect of ethanol exposure or ethanol exposure � time
interaction. These results indicate that animals gained weight and
there was no difference in body weight between E-sires and C-sires
over the course of the exposure period.

3.2. Paternal CIE reduces post-weaning body weight selectively in
B6 male offspring

There was a significant effect of age (F(4,128) ¼ 1177, p < 0.001)
and sire (F(1,32) ¼ 9.93; p < 0.01; Fig. 2A) on male offspring body
weight indicating that E-sired males weighted significantly less
than C-sired males. Fisher's LSD post-hoc test revealed that E-sired
males had significantly decreased body weight at postnatal weeks
4e5 (p < 0.05), 6e7 (p < 0.01) and 8 (p < 0.001) vs. C-sired males.
Analysis of female offspring body weights revealed a significant
effect for age (F(4,180) ¼ 650.7, p < 0.0001; Fig. 2B), but no effect of
sire and no age � sire interaction.

3.3. Paternal CIE reduces ethanol-drinking behaviors selectively in
male offspring

E- and C-sired adult male and female offspring were tested for
ethanol-drinking behavior in a two-bottle choice test at sequential
ethanol concentrations of 3, 6, 9, 12, and 15% (w/vol) for 4 days
each. Analysis of ethanol preference in males revealed a significant
effect of ethanol concentration (F(19,266) ¼ 3.165, p < 0.001) with no
effect of sire, and a significant sire � ethanol concentration inter-
action (F(19,266) ¼ 1.8, p < 0.05; Fig. 3A); Fisher's LSD post-hoc
analysis revealed significantly reduced ethanol preference during
3 days each at the 3 and 6% ethanol concentrations (p < 0.05 and
0.01). In addition, there was a significant effect for ethanol con-
centration (F(19, 266) ¼ 46.57, p < 0.001) and sire (F(1,14) ¼ 5.8,
p < 0.05; Fig. 3B) with no ethanol concentration � sire interaction
for ethanol consumption. Fisher's LSD post-hoc analysis of ethanol
consumption over individual days revealed significantly reduced
ethanol consumption by E-sired vs. C-sired males on a single day
each of 9% and 15% ethanol concentrations (p < 0.05). There was no
effect of ethanol concentration, sire, or ethanol concentration� sire
interaction on total fluid intake (Fig. 3C).

In contrast to males, female offspring showed no effect of
ethanol concentration, sire, or ethanol concentration � sire inter-
action on ethanol preference (Fig. 3D). For ethanol consumption,
there was a significant effect of ethanol concentration
(F(19,266) ¼ 26.84, p < 0.001) with consumption increasing at higher
concentrations, but no effect of sire or ethanol concentration � sire
interaction (Fig. 3E). Finally, there was no effect of ethanol con-
centration, sire, or ethanol concentration � sire interaction on total
fluid intake (Fig. 3F).

3.4. Paternal CIE does not affect offspring drinking preference for
sweet and bitter solutions

Following a 1-week washout period, male and female offspring
were tested in a two-bottle choice paradigm with saccharine or



Fig. 1. Paternal preconception CIE exposure. (A) Mean blood ethanol concentrations (BEC) are shown for E-sires. (B) There was no effect of CIE on the body weights of E-sires vs.
C-sires (n ¼ 12 for E_sires; n ¼ 12 for C_sires). Data presented as mean ± SEM. Note: Error bars in panel B are obscured by the data points.
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quinine, controlling for preference of sweet and bitter tastants,
respectively. In males, there was no effect of tastant concentration,
sire, or their interaction on saccharin or quinine preference
(Fig. 4AeB). In female offspring, no effect of concentration, sire, or
their interaction was observed for saccharin preference (Fig. 4C).
For quinine preference, therewas no effect for concentration or sire,
but there was a significant concentration � sire interaction (F(1,
14) ¼ 7.17, p < 0.05; Fig. 4D); Fisher's LSD post-hoc test revealed
increased quinine preference at the 0.033 mM concentration for E-
sired vs. C-sired females (p < 0.05).
3.5. Paternal CIE increased sensitivity to the anxiolytic effects of
ethanol selectively in male offspring

Both male and female offspring were assessed for sensitivity to
an acute low dose of ethanol (1.0 g/kg) or saline in a sequential
3-test behavioral battery (elevated plus maze, open field, rotarod).
Ten minutes following ethanol or saline injections, mice were
assessed for exploratory behavior of open and closed arms on the
elevated plus maze. For male offspring, there was a significant ef-
fect of treatment (F(1, 40) ¼ 8.226, p < 0.01) and a treatment � sire
interaction (F(1,40) ¼ 5.358, p < 0.05) on percent time spent in the
open arms (Fig. 5A); Fisher's LSD post hoc analysis revealed that E-
sired males showed a significant increase in open arm time vs.
saline-injected E-siredmales (p< 0.001) and vs. ethanol-injected C-
Fig. 2. Paternal CIE reduces body weight selectively in male offspring. (A) B6 E-sired male
(B) B6 E-sired females (n ¼ 23) showed no significant difference in body weight vs. C-sire
*** ¼ p < 0.001. Note: Error bars in panel B are obscured by the data points.
sired males (p < 0.01). For open arm entries (Fig. 5B), there was an
increase with ethanol treatment (F(1, 41) ¼ 6.53, p < 0.05) but no
effect of sire or treatment � sire interaction; Fisher's LSD post hoc
tests revealed significantly increased open arm entries in E-sired vs.
C-sired males after ethanol injection (p < 0.05). For total arm en-
tries, there was a significant increase with ethanol treatment
(F(1,41) ¼ 37.74, p < 0.001, Fig. 5C), but no significant effect for sire or
sire � treatment interaction.

Testing of female offspring on the elevated plus maze revealed a
significant increase in open-arm time following ethanol treatment
(F (1, 22) ¼ 15.11; p < 0.001, Fig. 5D), but no effect of sire or
sire � treatment interaction. For open arm entries, there was a
significant increase with ethanol treatment (F (1, 22) ¼ 8.805,
p < 0.01, Fig. 5E), but no effect of sire and no treatment � sire
interaction. For total arm entries, there was a significant increase
with ethanol treatment (F(1,22) ¼ 6.832, p < 0.05; Fig. 5F), but no
effect for sire or sire � treatment interaction.

Five minutes after the elevated plus maze (i.e., 20 min following
ethanol or saline injection), mice were examined during a 10-min
open field test for ethanol-induced locomotor activity. For males,
there was a significant increase in distance traveled in the open
field test following ethanol treatment (F(1,40) ¼ 16.84, p < 0.001;
Fig. 6A), but no effect of sire and no treatment� sire interaction. For
females, there was no effect of treatment, sire, or treatment � sire
interaction (Fig. 6B).
s (n ¼ 19) showed decreased body weight vs. C-sired males (n ¼ 15) at ages 4e8 weeks.
d females (n ¼ 24). Data presented as mean ± SEM. * ¼ p < 0.05, ** ¼ p < 0.01, and



Fig. 3. Paternal CIE attenuates ethanol-drinking behavior selectively in male offspring. (A) E-sired males (n ¼ 8) showed reduced ethanol preference and (B) ethanol con-
sumption over multiple days of the two-bottle choice test vs. C-sired males (n ¼ 8). (C) There was no difference in total fluid intake for E-sired vs. C-sired males. (D) E-sired (n ¼ 8)
and C-sired (n ¼ 8) females showed no significant difference in ethanol-drinking preference, (E) ethanol consumption, or (F) total fluid intake. Data presented as mean ± SEM.
* ¼ p < 0.05. # ¼ p < 0.01.
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Five minutes following the open field test (i.e., 35 min following
ethanol or saline injection), mice underwent five trials on an
accelerating rotarod test to assess basal motor coordination and
ethanol-induced ataxia. Males showed a significant improvement
in time spent on the rotarod over the five trials (F(4,156) ¼ 10.83,
p < 0.001; Fig. 6C), but no effect of treatment or trial � treatment
interaction. Similarly, female mice showed a significant effect for
trial (F(4,88) ¼ 9.04, p < 0.001; Fig. 6D), with no effect for treatment
or interaction.

3.6. Paternal CIE increases BDNF gene expression in the VTA of male
offspring

Comparing adult E- and C-sired male offspring, we found that
BDNF gene expression was increased in the VTA of E-sired vs.
C-sired males (t(6) ¼ 2.94, p < 0.05; Fig. 7A). In addition, when
comparing E- and C-siredmales for acute CORT responses to 15min
restraint stress, there was an effect for time of measurement, re-
flected by a sharp increase in corticosterone levels at 15 and 30 min
from the onset of restraint stress (F(3,45) ¼ 110.2, p < 0.001; Fig. 7B).
However, there was no effect for sire and no sire� time interaction.

4. Discussion

We report here that paternal preconception chronic ethanol
exposure imparts decreased ethanol-drinking preference at low
concentrations, increased sensitivity to the anxiolytic effects of
ethanol, and increased BDNF gene expression in the VTA to adult
male offspring. Whereas our prior study illustrated that E-sired F1
offspring on a Strain 129S1/SvImJ x B6 hybrid genetic background
exhibited altered ethanol-related behaviors (Finegersh &
Homanics, 2014), the current study extends those observations
and demonstrates the same intergenerational phenotype using
genetically identical, inbred B6 animals. Furthermore, the male
offspring-specific intergenerational effects of paternal CIE are also
consistent with our prior two studies (see Finegersh & Homanics,
2014 or Rompala et al., 2016 for discussion of sex-specific effects
of paternal CIE). There is an increasing emphasis from the National
Institutes of Health for investigators to demonstrate that significant
findings are in fact reproducible. Moreover, there is some concern
that high profile epigenetic inheritance studies are vulnerable to
reporting results with inflated statistical significance (Francis,
2014). Therefore, our results show that intergenerational effects
of paternal CIE on ethanol-related behaviors inmale offspring are in
fact reproducible and also observable on an inbred genetic
background.

The consistent results between this study and the study of
Finegersh & Homanics, 2014 are remarkable considering the
various dissimilarities between the two maternal mouse strains
used. Strain 129 and B6 mice differ on measures of stress reactivity
(van Bogaert, Groenink, Oosting, Westphal, van der Gugten, &
Olivier, 2006), taste perception (Bachmanov, Tordoff, &
Beauchamp, 1996), and two-bottle choice ethanol-drinking
(Rhodes et al., 2007). Moreover, Strain 129 and B6 dams provide
different levels of maternal care (Gabriel & Cunningham, 2008),
and each strain differentially regulates the maintenance of pater-
nally inherited methylation at intracisternal A particles in utero
(Rakyan et al., 2003). Therefore, despite the heterogeneous
behavioral and epigenetic profile of these two mouse strains, our
findings demonstrate a reproducible effect for paternal CIE on
ethanol-related behaviors in male offspring.

While our finding that paternal CIE confers an attenuated
ethanol-drinking phenotype to male offspring was originally
unanticipated given the tendency for alcoholism to run in families,
the outcome is similar to other recent paternal preconception
studies in rodents. For instance, male mice exposed to chronic
cocaine or stress were found to sire offspring with decreased
cocaine preference and blunted stress responsivity, respectively



Fig. 4. Effects of paternal CIE on offspring saccharin and quinine preference. In control tests for (A) saccharin and (B) quinine drinking preference, there was no significant
difference for E-sired (n ¼ 8) vs. C-sired males (n ¼ 8). In females, (C) saccharin preference was not different for E-sired (n ¼ 8) vs. C-sired (n ¼ 8) groups, but E-sired females did
have greater (D) quinine preference specifically at the 0.03 mM concentration. Data presented as mean ± SEM. * ¼ p < 0.05.

G.R. Rompala et al. / Alcohol 60 (2017) 169e177174
(Rodgers et al., 2013; Vassoler et al., 2013). Therefore, it is possible
that paternal CIE promotes the inheritance of reduced ethanol
preference, protecting male offspring against excessive ethanol
consumption.

While we have replicated our previous finding that paternal CIE
reduces ethanol-drinking preference selectively in male offspring,
it is worth noting certain limitations. For instance, both the current
study and our results from Finegersh& Homanics, 2014 only report
effects of paternal CIE on ethanol-drinking preference in male
offspring at the lower ethanol concentrations tested (primarily 3%
and 6%). It is unclear whether this effect is specific to low con-
centrations of ethanol or the sequence of concentrations tested
(ascending from 3% to 15%). In addition, althoughwe have observed
sex-specific effects of paternal CIE, it is conceivable that effects on
female offspring are confounded or masked by factors such as
estrus cycle (Meziane, Ouagazzal, Aubert, Wietrzych, & Krezel,
2007) or altered tastant sensitivity as reflected by our present
finding of reduced quinine preference in E-sired females (Fig. 4).
Thus, to further define the ethanol-drinking phenotype in E-sired
offspring, additional experiments and drinking paradigms need to
be considered (e.g., drinking in the dark, operant self-
administration). Likewise, alternative paternal preconception
ethanol exposure models may be necessary, as it is unknown
whether paternal voluntary ethanol consumption would have the
same intergenerational effects as our forced vapor exposure that
produces higher BECs and HPA stress axis activation (Rivier, 2014).

In addition to decreased ethanol-drinking preference, and again
consistent with our original findings from Finegersh & Homanics
(2014), we found that E-sired male offspring exhibited height-
ened sensitivity to an anxiolytic dose of ethanol in the elevated plus
maze. Decreased subjective response to ethanol is associated with
increased risk for AUD (Schuckit & Smith, 1996; Schuckit, 1985),
suggesting that ethanol sensitivity is inversely associated with
AUD. This would suggest that increased ethanol-sensitivity in E-
sired males is consistent with the reduced ethanol-drinking
behavior phenotype. However, we did not find an effect for paternal
CIE on basal or ethanol-induced locomotor activity and motor co-
ordination. Hence, only a subset of ethanol-induced behavioral
measures is affected in E-sired male offspring. One notable limi-
tation to these experiments is the timing of the behavioral battery
and fixed sequence of experiments. The elevated plus maze was
conducted 10 min after ethanol or saline injection and then
sequentially followed by the open field test (20 min post injection)
and accelerating rotarod (35 min post injection). As a result, we
cannot rule out that the intergenerational effect of paternal CIE
exclusively in the elevated plus maze may have been due to the
timing and/or sequence of experimentation.

In addition to altered intergenerational ethanol-related behav-
iors, there was a significant increase in BDNF gene expression in the
VTA of E-sired males, in accordance with our previous findings
(Finegersh & Homanics, 2014). Expression of BDNF in various brain
regions has been found to mediate alcohol drinking behavior in
rodents (Pandey, 2016). Indeed, innate BDNF expression is
increased in the VTA of alcohol-avoiding rats (Raivio, Miettinen, &
Kiianmaa, 2014). Infusion of BDNF into the VTA is sufficient to shift
conditioned place preference for alcohol from a dopamine-
dependent to dopamine-independent behavior (Ting et al., 2013).
Thus, mechanisms governing ethanol motivation may differ be-
tween ethanol-sired and control male mice, and BDNF may be an
attractive target for further elucidating the neurobiological sub-
strates involved.

Lastly, we did find that some of the effects of paternal CIE on
male offspring varied with maternal strain. First, contrary to our
findings in Finegersh&Homanics (2014) that paternal CIE increases



Fig. 5. Paternal CIE increases sensitivity to acute ethanol selectively in male offspring. (A) In the elevated plus maze, following an acute injection with 1 g/kg ethanol, E-sired
males (n ¼ 11) spent more time in the open arm (% of total time) and made more (B) open arm entries (% of total entries) vs. C-sired males (n ¼ 10). (C) ethanol injection increased
total arm entries, but there was no difference between E- and C-sired males. There was no difference between E-sired and C-sired males for all elevated plus maze measures
following saline injection (n ¼ 12 for E-sired; n ¼ 11 for C-sired). (D) There was no difference between E-sired (n ¼ 6) and C-sired (n ¼ 6) female mice for time in the open arm, (E)
open arm entries, or (F) total arm entries following acute ethanol injection. Saline-treated E-sired and C-sired females (n ¼ 7 for E-sired; n ¼ 7 for C-sired) did not differ across all
measures in the elevated plus maze. Data presented as mean ± SEM. * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001.
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postweaning body weight in hybrid male offspring, in the present
study, there was a small, but significant reduction of postweaning
body weight in E-sired male offspring on an inbred background.
However, this outcome is not surprising, given that many paternal
ethanol exposure studies have found either increased or decreased
offspring body weight using different rodent strains or exposure
paradigms (Knezovich & Ramsay, 2012; Ledig et al., 1998; Mankes
et al., 1982). The second inconsistency between studies is the
absence of an effect of paternal CIE on acute HPA axis responsivity
in F1 inbred male offspring, counter to our published findings
showing that paternal CIE produced stress hyporesponsivity phe-
notypes in F1 hybrid male offspring (Rompala et al., 2016).
Indeed, the different outcome may be due to aforementioned
differences between B6 and Strain 129 dams. For instance, varia-
tions in maternal behavior, as seen with B6 and Strain 129 dams,
has a significant effect on adult HPA axis responsivity in adult
offspring (Caldji, Diorio, & Meaney, 2000). Thus, additional exper-
iments, such as employing a cross-fostering strategy, may be
necessary to determine whether the strain-dependent effect of
paternal CIE on body weight and intergenerational HPA axis
responsivity is explained by differences in maternal biology or
maternal care.

Between this study and the results from Finegersh & Homanics
(2014), we have established a reproducible model of paternal pre-
conception ethanol exposure that stably affects ethanol-drinking
behavior and ethanol sensitivity selectively in male offspring. This
model will facilitate future experiments attempting to identify the
causal mechanisms in sperm that drive heritable changes in com-
plex ethanol-related behaviors. Along with the paternal genome,
sperm transmit epigenetic mechanisms including, but not limited
to, DNA methylation, histone modifications, and small noncoding
RNAs to the oocyte at fertilization (Schagdarsurengin & Steger,
2016; Rando, 2016). Small noncoding RNAs are an attractive
mechanism for epigenetic inheritance as recent studies have shown
they can be transmitted from the somatic cells of the central ner-
vous system to the germline (Devanapally, Ravikumar, & Jose,
2015), possibly through exosome signaling (Cossetti et al., 2014;
Sharma et al., 2016). Moreover, paternal experience such as
chronic stress alters sperm miRNA expression (Gapp et al., 2014;
Rodgers et al., 2013), and injection of the most altered miRNAs
into fertilized oocytes from normal donor mice can recapitulate the
intergenerational effects of paternal stress in adult progeny
(Rodgers, Morgan, Leu, & Bale, 2015). In addition, other studies
have shown that paternal experience alters DNA methylation (Dias
& Ressler, 2014; Finegersh & Homanics, 2014; Govorko, Bekdash,
Zhang, & Sarkar, 2012) and histone modifications (Siklenka et al.,
2015; Vassoler et al., 2013) in sperm, although technical limita-
tions have complicated the identification of a causal role for these
mechanisms in epigenetic inheritance of paternal experience. The
germline function of such mechanisms will likely become more
delineated with the advancement of novel technologies for tar-
geted chromatin remodeling such as zinc-finger protein or CRISPR/
Cas systems (Thakore, Black, Hilton, & Gersbach, 2016).

In summary, paternal preconception ethanol exposure confers
reduced ethanol-drinking behavior, increased sensitivity to
ethanol, and increased BDNF gene expression in the VTA to male
offspring. The evidence for these intergenerational phenotypes is
robust, as we have now observed effects of paternal CIE on both
hybrid and inbred male offspring. Identifying heritable epigenetic
mechanisms that confer resistance to excessive ethanol-drinking



Fig. 6. No effects of paternal CIE on exploratory behavior or accelerating rotarod performance after acute ethanol injection. (A) E-sired (ethanol, n ¼ 11; saline, n ¼ 12) and C-
sired (ethanol, n ¼ 10; saline, n ¼ 11) male mice performed similarly in the open field test following an acute ethanol injection. In the accelerating rotarod task, (B) E-sired (ethanol,
n ¼ 5; saline, n ¼ 7) and C-sired (ethanol, n ¼ 6; saline, n ¼ 7) females responded similarly to acute ethanol in the open field test. (C) C-sired males (ethanol, n ¼ 10; saline, n ¼ 11)
and E-sired males (ethanol, n ¼ 11; saline, n ¼ 12) did not show a significant effect for ethanol injection on rotarod performance. (D) There was no effect of ethanol on rotarod
performance in C-sired females (ethanol, n ¼ 6; saline, n ¼ 7) or in E-sired females (ethanol, n ¼ 6; saline, n ¼ 7). Data presented as mean ± SEM. *** ¼ p < 0.001.

Fig. 7. Paternal CIE increases BDNF mRNA expression VTA of male offspring. (A) There was a significant increase in BDNF mRNA expression in the VTA of E-sired males vs. C-sired
males (n ¼ 4/4, C-sired, E-Sired). (B) No difference in corticosterone levels was observed between groups following 15 min of acute restraint stress (shaded bar) (n ¼ 9/8, C-sired,
E-sired). Data presented as mean ± SEM. * ¼ p < 0.05.
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behavior has major implications for the development of novel AUD
prevention and treatment strategies. Therefore, future studies will
aim to identify sperm-borne epigenetic mechanisms with a causal
role in intergenerational ethanol-related behaviors.
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