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Stress-related psychiatric disorders such as major depression are strongly associated
with alcohol abuse and alcohol use disorder. Recently, many epidemiological and
preclinical studies suggest that chronic stress prior to conception has cross-generational
effects on the behavior and physiological response to stress in subsequent generations.
Thus, we hypothesized that chronic stress may also affect ethanol drinking behaviors in
the next generation. In the first cohort of mice, we found that paternal preconception
chronic variable stress significantly reduced both two-bottle choice and binge-like
ethanol drinking selectively in male offspring. However, these results were not replicated
in a second cohort that were tested under experimental conditions that were nearly
identical, except for one notable difference. Cohort 1 offspring were derived from
in-house C57BL/6J sires that were born in the animal vivarium at the University of
Pittsburgh whereas cohort 2 offspring were derived from C57BL/6J sires shipped directly
from the vendor. Therefore, a third cohort that included both in-house and vendor born
sires was analyzed. Consistent with the first two cohorts, we observed a significant
interaction between chronic stress and sire-source with only stressed sires that were
born in-house able to impart reduced ethanol drinking behaviors to male offspring.
Overall, these results demonstrate that paternal preconception stress can impact ethanol
drinking behavior in males of the next generation. These studies provide additional
support for a recently recognized role of the paternal preconception environment in
shaping ethanol drinking behavior.

Keywords: stress, ethanol, intergenerational, ethanol drinking, epigenetics

INTRODUCTION

Over the last several years, there has been a burgeoning interest in epigenetic inheritance; that
is, the transfer of acquired traits from parent to child via nongenomic germline mechanisms.
For instance, several epidemiological findings suggest that preconception stress affects offspring
development and stress sensitivity (Bowers and Yehuda, 2016). This hypothesis is supported
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by wide-ranging preclinical studies illustrating that the paternal
preconception environment imparts diverse behavioral
phenotypes to offspring as recently reviewed in Chan et al.
(2018). As these studies are largely carried out with isogenic mice
or rats, the intergenerational effects are unlikely to be explained
by genetic variation. Therefore, additional studies are needed to
elucidate novel epigenetic mechanisms of inheritance with major
human health implications.

Several animal models of early life and chronic stress
including maternal separation (Franklin et al., 2010), social
defeat (Dietz et al., 2011), social isolation (Pisu et al., 2013) and
chronic variable stress (Rodgers et al., 2013) have been found
to directly influence complex neurobehavioral phenotypes in
offspring. In addition, paternal chronic corticosterone (CORT)
exposure increases anxiety-related behaviors in offspring (Short
et al., 2016) and many of these paternal stress exposures alter
hypothalamic-pituitary-adrenal (HPA) axis function in offspring
(Dietz et al., 2011; Pisu et al., 2013; Rodgers et al., 2013; Gapp
et al., 2016).

As with paternal preconception stress, there have been several
paternal preconception ethanol exposure studies in rodents
which have found a wide range of physiological and behavioral
effects in offspring (for review see Finegersh et al., 2015).
Recently, we discovered that paternal chronic ethanol vapor
exposure blunted HPA axis responsivity in male offspring
(Rompala et al., 2016), similar to the cross-generational effects
of chronic stress (Rodgers et al., 2013). Given that ethanol
directly engages the HPA axis (Rivier, 2014), it is conceivable that
ethanol and stress act through convergent mechanisms to impart
intergenerational phenotypes.

Notably, the same paternal ethanol exposure that blunts stress
responsivity (Rompala et al., 2016), also confers reduced ethanol
drinking and increased ethanol behavioral sensitivity selectively
to male offspring (Finegersh and Homanics, 2014; Rompala
et al., 2017). Thus, if the HPA axis-engaging mechanisms of
ethanol underlie the effects of paternal ethanol exposure, other
forms of chronic stress may similarly be able to influence
intergenerational ethanol drinking behaviors. Indeed, chronic
stress promotes ethanol drinking behavior (Becker et al., 2011),
but the cross-generational relationship between paternal chronic
stress and ethanol drinking behavior remains unexplored.

Given the high prevalence and societal costs associated with
alcohol use disorder (Rehm et al., 2009; Haberstick et al.,
2014), the potential for paternal preconception environment
to causally affect intergenerational ethanol-related behaviors
warrants further investigation. Thus, the current study examined
the hypothesis that paternal chronic variable stress impacts the
ethanol drinking phenotype of the next generation. Here, we
discover a novel effect of paternal stress on offspring ethanol
drinking behavior and underscore the crucial role of sire
pre-stress environment in the manifestation of intergenerational
phenotypes.

MATERIALS AND METHODS

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

conducted in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

Animals
Seven-week-old, C57BL/6J (B6) and Strain 129S1/SvImJ (Strain
129) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). Animals at Jackson Laboratory were
weaned into group-housing by sex at 10–20 animals/cage.
Animals from different litters were mixed together at weaning
such that cage-mates include siblings and non-siblings. Upon
arrival at the University of Pittsburgh, unless otherwise
specified, specific pathogen-free mice were group-housed
to 3–4 mice/cage in individually ventilated micro-isolater
cages under 12-h light/dark cycles (lights on at 07:00) and
had ad libitum access to food (irradiated 5P76 ProLab
IsoPro RMH 3000 (LabDiet, St. Louis, MO, USA)) and
water.

Establishing Sire Cohorts for Paternal
Chronic Variable Stress
For generation of in-house sire colony: B6 male mice purchased
from Jackson Laboratory were habituated 6 weeks before
breeding for 1 week to purchased 8-week-old B6 females
(habituated 1 week) to produce the in-house colony cohort
from the University of Pittsburgh (PITT). For rearing and
weaning of eventual in-house-sires: after the 1 week breeding
period, male breeders were removed and each pregnant female
was moved to individual housing. At 3 weeks post-natal,
eventual in-house-sires were weaned to four males per cage
before the onset of chronic stress at 8 weeks postnatal.
For vendor-born and -shipped (JAX)-sires: B6 male mice
purchased at 7 weeks of age were habituated for 1 week
to the animal vivarium before chronic stress or control
treatment.

Paternal Preconception Chronic Variable
Stress
Eight-week-old adult male B6 group-housed mice were exposed
to 6 weeks of chronic variable stress or control conditions.
The chronic variable stress exposure was based on published
methods (Rodgers et al., 2013, 2015). Briefly, chronic variable
stress consisted of daily exposure to one of seven stressors (each
described below) on a randomized schedule with each stressor
utilized at least once per 7 days and six times in total. For both
control and stress exposure groups, body weights were measured
and cages were changed simultaneously and weekly at the same
time of day (09:00–11:00).

Novel Object Exposure
Thirty glass marbles (10 mm diameter) were placed in the home
cage for 12 h during the dark cycle.

Saturated Cage Bedding Overnight
At the onset of the dark cycle, ∼200–600 ml (depending on the
amount of bedding in the cage) of autoclaved water (∼23◦C) was
applied to the home cage. The exposure was terminated at the
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onset of the light cycle when the home cage was changed and
mice were gently dried with a towel and then briefly (∼5 min)
the open cage was placed under a heat lamp.

White Noise Overnight
From the onset to the termination of the dark cycle
(12 h ± 30 min), home cages were moved to sound-controlled
chambers in an animal behavior room (same room each
exposure) fitted with a ventilation fan and computer-operated
speakers programmed with Audacity 2.2.1 software to emit
continuous 100 db white noise.

Multiple Cage Changes
Throughout the 12 h light cycle, home cages were changed
3–5 times at randomized time points.

Constant Light Exposure
Home cages were placed in an air-controlled and ventilated
fan-equipped clear plexiglass chamber with room lights left on
from the onset to the termination of one dark cycle.

Restraint Stress
Animals were restrained for 15 min between 3 h and 5 h after
lights-on (10:00–12:00). Mice were restrained in 50 ml conical
plastic tubes (VMR, Radnor, PA, USA Cat# 525–0158) with
several air hole perforations near the animal’s head. All mice
in the group-housed cage were restrained within the home cage
simultaneously in a fume hood.

Predator Odor Exposure
The predator odor exposure was performed in the home cage
within a fume hood with the cage cover removed. All stress-
treatment cages were exposed simultaneously for 15 min with
3 × 3 inch article towel strips soaked with 1 mL of fox urine
(Tink’s Red Fox-Pr, Tink’s, Covington, GA, USA; Cat# W6245)
placed just outside each cage, flanking each length-wise side of
the cage.

Breeding Scheme and Offspring Rearing
Following the final chronic variable stress exposure, mice were
pair housed with purchased 8-week-old B6 females for 2 weeks.
This 2-week period was chosen to: (a) control for any effects of
acute stress prior to breeding on maternal care for the offspring;
and (b) allow eventual sires to purge older sperm that matured
prior to the onset of chronic stress exposure. Plasma CORT levels
were measured 1 week following the final stressor and 2 h before
the start of the dark cycle (17:00) using the CORT ELISA kit
(Cat# ADI-900-097; Enzo Life Sciences, Farmingdale, NY, USA).
After the 2-week post-stress period, all males were moved to
housing with two stress-naïve Strain 129 8-week-old females for
48 h before males were removed and pregnant dams were single-
housed for rearing of stress (S) and control (C)-sired offspring.
Offspring were weaned at 3 weeks postnatal and group-housed
(3–4/cage) with same sex littermates of the same treatment
group. Importantly, for all behavioral testing, at least one and no
more than two mice of the same sex were examined per litter and
per sire.

Twenty-Four Hour, Two-Bottle Free Choice
Drinking Behavior
Eight-week-old adult mice were single-housed for 1 week while
habituating to two 25 ml sipper tubes filled with autoclaved
water. Sipper tubes were designed by fitting ball-bearing sippers
(Cat# TD-99; Ancare Corp, Bellmore, NY, USA) into modified
25 ml polystyrene serological pipets (Cat# 357525; Corning
Incorporated, Corning, NY, USA) and securing the fit with
heat-shrink and parafilm. After the 1 week habituation, ethanol
drinking behavior was assessed by filling one tube with ethanol.
Consumption of ethanol and water was measured daily, and the
position of the ethanol and water tubes was rotated each day.
Ethanol concentrations started at 3% (w/vol) and was increased
every 4 days to 6, 9, 12 and 15% successively. Cages were changed
and animals were weighted every 4 days when the ethanol
concentrations were adjusted. After the final day of ethanol
drinking, there was a 1-week washout period, during which mice
had access to two sipper tubes filled with water. After the washout
period, one tube was filled with 0.06% (g/ml) saccharin (Cat#
240931; Sigma-Aldrich, St. Louis, MO, USA) and two bottle
consumption was measured on each of the four trial days. After
the final trial, there was another 1-week washout before one tube
was filled with 0.06 mM quinine (Cat# 145904; Sigma-Aldrich,
St. Louis, MO, USA) and two bottle consumption was measured
on each of the four trial days. Tube positions were rotated daily.

Drinking in the Dark Assay
The drinking in the dark assay was performed based on published
methods (Thiele et al., 2014). For four nights, single-housed mice
were habituated in the home cage to one 25 ml sipper tube
filled with water that replaced their regular water bottle 2 h into
the animal’s dark cycle. After the final habituation trial, sipper
tubes were filled with 20% (w/vol) ethanol and consumption was
measured for 2 h training trials over three consecutive days and
for 4 h in a test trial on the final day.

To examine blood ethanol concentrations (BEC) immediately
following the test trial, ≤10 µL tail vein blood was collected
from each animal using heparin-coated capillary tubes (Cat#
1-000-3200-H; Drummond, Broomall, PA, USA). Tail blood
was centrifuged at 2,000× g for 10 min and plasma was
stored at −80◦C prior to being measured for ethanol (mg/dL)
using an AM1 Analox Ethanol analyzer (Analox Instruments,
London, UK).

Hypothalamic-Pituitary-Adrenal (HPA) Axis
Responsivity
During the animal’s light cycle between 10:00 and 13:00, single-
housedmice were restrained for 15min inmodified 50ml conical
tubes with the cone endings removed and an aperture added to
the cap for the tail. Tail blood was collected with heparin-coated
capillary tubes (Drummond) at time points 0, 15, 30 and 90 min
from the onset of restraint stress. Plasma was collected from
blood by centrifugation at 2,000× g for 10min. CORT levels were
measured in plasma using CORT ELISA kit (Enzo Life Sciences).
Using 5 µL of plasma, samples were prepared and analyzed in
duplicate on a 96-well plate following manufacturer’s protocol.
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Statistical Analysis
Saccharin and quinine drinking preference were analyzed
using two-way unpaired Student’s t-test. Because body
weights and ethanol drinking behaviors are known to differ
between sexes, male and female (Tambour et al., 2008) results
were analyzed separately. Body weights, two-bottle choice
ethanol drinking, drinking in the dark, and BEC results were
analyzed with two or three-way (i.e., paternal stress × sire
source × ethanol concentration or trial number) repeated
measures analysis of variance (ANOVA). Drinking in the
dark results were analyzed with two-way repeated measures
ANOVA by averaging the three 2h trials to produce two
conditions for trial length (2 and 4 h). Litter size results were
analyzed using Student’s t-tests or two-way ANOVA (factors
of paternal stress and sire source). Significant interactions
were further analyzed using Fisher’s least significant difference
(LSD) post hoc tests. Basal CORT levels were compared
using two-way ANOVA (factors of paternal stress and sire
source) and HPA axis responsivity was assessed using repeated
measures two-way ANOVA (factors of paternal stress and
time point). All data are presented as mean ± standard error
of the mean. All analyses were performed with GraphPad

Prism 6 (GraphPad Software, La Jolla, CA, USA) or Statistica
v10 (TIBCO Statistica, Palo Alto, CA, USA) software.

RESULTS

Paternal Preconception Chronic Variable
Stress
Adult B6 male mice were either exposed to 6 weeks (1 week
longer than the spermatogenic cycle of mice (Jones, 1999)
of chronic variable stress or control conditions. To control
for the acute effects of stress and to purge older sperm
that may have matured prior to the chronic stress exposure
(Rodgers et al., 2013), males were caged with one B6 female
for 2 weeks immediately following chronic stress or control
treatment. Immediately following this 2 week mating period,
each male was caged for two nights with two stress-naïve
Strain 129 breeder females to produce stress (S)-sired and
control (C)-sired male and female offspring (Figure 1A). Strain
129 females were utilized to remain consistent with previous
studies examining intergenerational effects of stress and ethanol
exposures (Rodgers et al., 2013; Finegersh and Homanics, 2014;

FIGURE 1 | Intergenerational effects of paternal preconception chronic stress. (A) Experimental timeline. Eight-week-old male mice were exposed to 6 weeks of
chronic variable stress or control conditions. Two weeks after chronic variable stress or control conditions, males were bred with stress-naïve Strain 129 females for
two nights to produce male and female stress (S)-sired and control (C)-sired offspring. (B) Significantly reduced body weights in S-sires vs. C-sires (N = 8/group).
(C) No effect of paternal stress on litter sizes (N = 6–7/group). (D) Increased body weight at 8 weeks postnatal in S-sired vs. C-sired male offspring
(N = 17–20/group). (E) Increased body weight at 8 weeks postnatal in S-sired vs. C-sired female offspring (N = 19/group). ∗p < 0.05, ∗∗p < 0.01. Error bars in
panels (B,D,E) are obscured by symbols.
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Rompala et al., 2016). See Supplementary Table S1 for a
complete summary of all experimental cohorts in the current
study.

Analysis of sire body weight prior to mating revealed
significant main effects of week of exposure (F(6,42) = 4.63,
p < 0.01) and chronic stress on body weight (F(1,7) = 63.16,
p < 0.001; Figure 1B), but no week of exposure × chronic
stress interaction. Post hoc analysis revealed that chronic stress
reduced body weights at weeks 4 (p < 0.05), 5 (p < 0.01) and 6
(p < 0.01) of exposure. There was no effect of paternal stress on
litter size (Figure 1C). There was a significant effect of postnatal
age on body weights for both male (F(1,35) = 476.30, p < 0.001)
and female (F(1,36) = 302.90, p < 0.001) offspring with no main
effect of paternal stress. However, there was a significant paternal
stress × postnatal age interaction for both male (F(1,35) = 8.12,
p < 0.01, Figure 1D) and female (F(1,36) = 4.62, p < 0.05;
Figure 1E) offspring body weight. Post hoc analysis revealed
that stress did not affect body weigh at 3 weeks postnatal, but
increased S-sired male (p < 0.05) and female (p < 0.01) weights
at 8 weeks postnatal.

Paternal Stress Reduces Ethanol Drinking
Preference in Males
Adult S-sired and C-sired animals were examined for ethanol
drinking preference in a two-bottle free choice test at sequential
ethanol concentration of 3, 6, 9, 12 and 15% (w/vol) for
4 days at each concentration. In males, there was a significant
main effect of paternal stress on ethanol drinking preference

(F(1,35) = 37, p < 0.001; Figure 2A). Post hoc tests revealed that
paternal stress reduced ethanol preference at 3% (p < 0.001),
6% (p < 0.01), and 9% (p < 0.001) ethanol concentrations.
There was a significant effect of paternal stress on ethanol
consumption (F(1,14) = 11.24, p < 0.01, Figure 2B) and post hoc
tests revealed significant reductions at 9% (p < 0.001) and
12% (p < 0.01) ethanol concentrations. There was no effect
or paternal stress on total fluid intake (p > 0.05, Figure 2C).
There was a significant effect of ethanol concentration on ethanol
consumption (F(4,56) = 38.77, p < 0.001) and total fluid intake
(F(4,56) = 12.72, p < 0.001). There was no interaction between
paternal stress × ethanol concentration for ethanol preference,
ethanol consumption, or total fluid intake. For female offspring,
there was no effect of paternal stress on ethanol preference
(p > 0.05, Figure 2D) or ethanol consumption (p > 0.05;
Figure 2E), but there was a significant effect of paternal stress
on total fluid intake (F(1,14) = 8.59, p < 0.05; Figure 2F).
Post hoc tests revealed that paternal stress significantly reduced
total fluid intake at all ethanol concentrations in S-sired females
(p< 0.05). There was a significant effect of ethanol concentration
on ethanol preference (F(4,56) = 5.81, p < 0.001), ethanol
consumption (F(4,56) = 34.59, p < 0.001) and total fluid intake
(F(4,56) = 2.60, p < 0.05). There was no significant effect of
paternal stress × ethanol concentration on ethanol preference,
ethanol consumption, and total fluid intake. There was no
effect of paternal stress on male or female drinking preference
for saccharin or quinine tastants (p > 0.05; Supplementary
Figures 1A,B).

FIGURE 2 | Paternal stress reduces ethanol drinking behavior in males. For male offspring (N = 8/group), paternal stress significantly reduced (A) ethanol preference
and (B) ethanol consumption and had no effect on (C) total fluid intake. For female mice (N = 8/group), there was no effect of paternal stress on (D) ethanol
preference or (E) ethanol consumption, and a significant reduction in (F) total fluid intake. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Each data point represents the daily
average calculated from four 24h trials.
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FIGURE 3 | Paternal stress reduces binge-like ethanol consumption in males. (A) Reduced ethanol consumption in the drinking in the dark assay in S-sired males
compared to C-sired males (N = 8/group). (B) No effect of paternal stress on ethanol consumption in females (N = 8/group). ∗∗p < 0.01.

Paternal Stress Reduces Binge-Like
Ethanol Drinking in Males
The effects of paternal stress on ethanol drinking behavior
were further assessed using the drinking in the dark model for
‘‘binge-like’’ ethanol consumption (Thiele et al., 2014). In this
assay, animals have access to 20% ethanol in 2 h training trials
conducted over three consecutive days followed by a final 4 h
test trial day. There was a significant effect of trial on ethanol
consumption in male (F(3,39) = 17.15, p < 0.001) and female
offspring (F(3,42) = 14.18, p < 0.001). In male offspring, there
was a significant attenuating effect of paternal stress on ethanol
consumption (F(1,13) = 13.12, p < 0.01; Figure 3A). Post hoc tests
revealed that chronic stress reduced ethanol consumption during
the 4 h test trial (p< 0.01). In female offspring, there was no effect
of paternal stress on ethanol consumption (p > 0.05; Figure 3B).
There was no paternal stress × trial interaction for either sex.

No Effect of Paternal Stress on HPA Axis
Responsivity
Previous studies found that paternal preconception chronic
variable stress suppressed acute restraint stress-induced CORT

levels in male and female offspring (Rodgers et al., 2013, 2015).
Similarly, we previously reported that paternal preconception
chronic ethanol exposure reduced HPA axis responsivity,
but only in male offspring (Rompala et al., 2016). In the
present study, there was a significant effect of time from
onset of 15 min of acute restraint stress on CORT levels for
males (Figure 4A; F(3,42) = 88.18, p < 0.001) and females
(Figure 4B; F(3,36) = 55.73, p < 0.001), but there was no effect
of paternal stress or paternal stress × time interaction for
either sex.

No Effects of Paternal Stress in Offspring
of Sires Procured From Vendor
A second study was conducted on an independent cohort of
animals in an attempt to replicate the results reported above.
All experimental conditions were identical to the first cohort
study, except for one seemingly unimportant difference. The
first cohort of paternal stress sires was the second generation
of an in-house colony, housed within the animal vivarium at
the University of Pittsburgh School of Medicine from birth
(see Figure 1C). In the follow-up second cohort, sires were
born with the vendor (The Jackson Laboratory (JAX), Bar

FIGURE 4 | No effect of paternal chronic stress on hypothalamic-pituitary-adrenal (HPA) responsivity in offspring. No effect of paternal stress on (A) male
(N = 8/group) or (B) female (N = 8/group) corticosterone (CORT) levels at 0, 15 30 and 90 min from the onset of 15-min restraint stress (represented by shaded bar).
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FIGURE 5 | Paternal chronic stress with vendor (JAX)-shipped sires. (A) Sires were shipped from JAX at 7 weeks postnatal to the animal vivarium before being
exposed to chronic stress from 8 weeks to 14 weeks postnatal and, at 16 weeks, were bred to Strain 129 females to produce JAX S-sired and C-sired male and
female offspring. (B) No effect of chronic stress on sire body weight (N = 16/group). (C) No effect of paternal stress on litter sizes (N = 13–14/group). (D) No effect of
paternal stress on body weights of JAX-sired males (N = 39–50/group) or (E) JAX-sired females (N = 29–51/group). Error bars are obscured in panels (B,D,E).

Harbor, ME, USA) and shipped to the animal vivarium 1 week
prior to the onset of chronic stress or control conditions
(Figure 5A).

In this second cohort of JAX-born sires, we observed
a significant effect of week of exposure on body weight
(F(6,206) = 46.38, p < 0.001), but no effect of stress and no
stress × week interaction for body weight (Figure 5B). There
was no effect of paternal stress on litter size (Figure 5C).
For offspring from JAX sires, there was an effect of postnatal
age on body weight for male (Figure 5D; F(1,104) = 556,
p < 0.001) and female (Figure 5E; F(1,96) = 427.3, p < 0.001)
offspring, but no effect of paternal stress or paternal
stress × postnatal age interaction for male or female offspring
body weight.

As in the initial cohort, the effect of paternal stress on
two-bottle free choice ethanol drinking behavior in JAX-sired
offspring was examined. There was a significant main effect
of ethanol concentration for both sexes on ethanol preference
(males: F(4,72) = 8.86, p < 0.001; females: F(4,72) = 9.46,
p < 0.001), ethanol consumption (males: F(4,72) = 8.15,
p < 0.001; females: F(4,72) = 38.65, p < 0.001) and total
fluid intake (males: F(4,72) = 4.43, p < 0.01; females:
F(4,72) = 6.07, p < 0.001). However, there was no effect of
paternal stress and no paternal stress × ethanol concentration

interaction for male (Figures 6A–C) or female (Figures 6D–F)
ethanol preference, ethanol consumption, or total
fluid intake.

In the drinking in the dark assay (Figure 7), there
was a significant effect of trial on male (F(3,48) = 17.68,
p < 0.001) or female offspring (F(3,48) = 17.68, p < 0.001).
However, there was no effect of paternal stress and no
paternal stress × trial interaction for ethanol consumption
in either sex.

Intergenerational Effects of Paternal
Stress Are Dependent on Source of Sires
As reported above, we observed cohort-dependent effects
of paternal preconception stress on ethanol preference and
consumption. The experimental conditions between cohorts
were nearly identical except for one notable exception: whereas
cohort 1 offspring were derived from in-house sires born in
the animal vivarium at the University of Pittsburgh (PITT),
cohort 2 offspring were derived from JAX-shipped sires.
Therefore, a third cohort that included both PITT and JAX
sires was used to directly test the hypothesis that the effect
of paternal preconception stress on offspring ethanol drinking
were dependent on sire source. Only adult male offspring
were studied due to cohort size limitations and the absence
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FIGURE 6 | No effect of JAX-sire paternal stress on offspring ethanol drinking. No effect of paternal stress on ethanol preference, ethanol consumption and total fluid
intake of (A–C) males (N = 10/group) or (D–F) females (N = 10/group) in the two-bottle, free choice drinking assay.

of ethanol phenotypes in females in either of the first two
cohorts.

For sire body weights, there was a significant main effect
of sire source (F(1,5) = 24.33, p < 0.001), there was no sire
source × stress interaction and there were no week of exposure
interactions with paternal stress or sire source. Therefore,
PITT and JAX cohorts were examined separately. For both
PITT (Figure 8A) and JAX sires (Figure 8B), there were

significant effects of week of exposure (PITT: F(5,90) = 15.35,
p < 0.001; JAX: F(5,70) = 51.73, p < 0.001), chronic stress
(PITT: F(1,18) = 6.9, p < 0.05; JAX: F(1,14) = 54.07, p < 0.001),
and week of exposure × chronic stress (PITT: F(5,90) = 5.01,
p < 0.001; JAX: F(5,70) = 2.86, p < 0.05) on body weights.
Post hoc analysis revealed significantly reduced body weights
at weeks 3 (p < 0.05), 4 (p < 0.01), 5 (p < 0.001) and
6 (p < 0.01) for PITT S-sires vs. C-sires and reduced body

FIGURE 7 | No effect of JAX sire paternal stress on binge-like ethanol drinking. No effect of paternal stress with JAX sires on ethanol consumption of (A) males
(N = 9–10/group) or (B) females (N = 10/group) in the drinking in the dark assay.
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FIGURE 8 | Comparing the effects of stress on in-house colony (PITT) vs. JAX-shipped sires. (A) Stress significantly reduced sire body weights in PITT and (B) JAX
sires (N = 8–10/group). (C) Significant increase in basal CORT levels in JAX S-sires compared C-sires (N = 8–10/group). (D) Significant effect of paternal stress on
litter sizes (N = 8–14/group). (E) No effect of paternal stress on body weights at three and 8 weeks postnatal (N = 7–19/group). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
Error bars are obscured by data points in panels (A,B).

weights at weeks 2 (p < 0.05), 3 (p < 0.01), 4 (p < 0.001)
5 (p < 0.001) and 6 (p < 0.01) for JAX S-sires vs.
C-sires.

To examine the effect of chronic stress on basal CORT levels
(i.e., in the absence of an acute stressor) in sires 1 week after
the final chronic variable stress exposure, there was no effect of
chronic stress, but a significant effect of sire source (F(1,32) = 6.0,
p< 0.05; Figure 8C) and a trending effect of chronic stress× sire
source (F(1,32) = 3.9, p < 0.06). Post hoc analysis of the chronic
stress × sire source interaction trend (p < 0.06) revealed that
chronic variable stress significantly increased plasma CORT
levels in JAX S-sires vs. JAX C-sires (p < 0.05), but not PITT
S-sires vs. PITT C-sires.

There was a significant main effect of paternal stress on
litter size (F(1,36) = 5.83, p < 0.05; Figure 8D) and no
effect of sire source and no paternal stress × sire source
interaction. Post hoc test revealed significantly reduced litter
size in PITT S-sired vs. C-sired offspring (p < 0.05). For
offspring body weights, there was no effect of paternal stress,
sire source, paternal stress × sire source interaction and no
postnatal week interaction with paternal stress or sire source
(Figure 8E).

Paternal Chronic Stress Reduces Two
Bottle, Unlimited Access Ethanol
Consumption Selectively in PITT-Sired
Offspring
In a two-bottle free choice ethanol drinking test, there was
a significant interaction of paternal stress × sire source on
both ethanol preference (F(1,39) = 5.68, p < 0.05) and ethanol
consumption (F(1,39) = 5.36, p < 0.05). Therefore, the effects
of paternal stress with both PITT-born and JAX-shipped sires
were analyzed separately. For PITT-sired male offspring, there
was a significant effect of ethanol concentration (F(4,68) = 3.03,
p < 0.01; Figure 9A) and no effect of paternal stress
or paternal stress × ethanol concentration interaction on
ethanol preference. There was a significant effect of ethanol
concentration (F(4,68) = 14.95, p < 0.001), paternal stress
(F(1,17) = 4.66, p < 0.05) and paternal stress × ethanol
concentration (F(4,68) = 3.22, p < 0.05; Figure 9B) on
ethanol consumption. Post hoc analysis revealed reduced ethanol
consumption at 12% (p < 0.05) and 15% (p < 0.001)
ethanol concentrations in PITT S-sired males compared to
Pitt C-sired males. There was a significant effect of ethanol
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FIGURE 9 | Paternal stress reduces ethanol drinking selectively in PITT S-sired offspring. (A) No change in ethanol preference of PITT S-sired male offspring.
(B) Significant reduction in ethanol consumption in PITT S-sired male offspring. (C) No effect of paternal stress on total fluid intake in PITT sired male offspring. No
effect of paternal stress on ethanol preference (D) or consumption (E) in JAX-sired male offspring. (F) Significant reduction in total fluid intake in JAX S-sired male
offspring (N = 12/JAX groups and 7–12/PITT groups). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p > 0.001.

concentration (F(4,68) = 3.86, p < 0.01), but no effect of
paternal stress or paternal stress × ethanol concentration on
total fluid intake for PTT-sired offspring (Figure 9C). For
male offspring of JAX-shipped sires, there was no effect of
paternal stress or paternal stress × ethanol concentration on
ethanol preference (Figure 9D). There was a significant effect
of ethanol concentration (F(4,88) = 33.87, p < 0.001), but not
paternal stress or paternal stress × ethanol concentration on
ethanol consumption (Figure 9E). For total fluid intake, there
were significant effects of ethanol concentration (F(4,88) = 3.42,
p < 0.05), paternal stress (F(1,22) = 9.20, p < 0.01) and
paternal stress × ethanol concentration (F(4,88) = 2.80, p < 0.05;

Figure 9F). Post hoc analysis revealed a significant increase in
total fluid intake at ethanol concentrations of 6, 9, 12 and 15%
for S-sired vs. C-sired males (p < 0.05 for 6 and 9%, p < 0.01 for
12%, p < 0.001 for 15%).

Paternal Chronic Stress Reduces
Binge-Like Ethanol Consumption
Selectively in PITT-Sired Offspring
In the drinking in the dark assay, there was a significant effect of
paternal stress (F(1,38) = 7.05, p < 0.05), paternal stress × sire
source (F(1,38) = 4.65, p < 0.05), and paternal stress × sire

FIGURE 10 | Sire-source dependent paternal stress reduces binge-like ethanol drinking. (A) Significant effect of paternal chronic variable stress on ethanol
consumption in PITT-sired offspring. (B) No effect of JAX pre-stress sire conditions on ethanol consumption. (C) Significant effect of paternal chronic stress on blood
ethanol concentrations following the 4-h drinking in the dark test trial for PITT, but not JAX S-sired vs. C-sired male offspring (N = 7–12/group for PITT-sired males
and 12/group for JAX-sired males). ∗p < 0.05, ∗∗∗p < 0.001.
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source × trial (F(1,38) = 5.75, p < 0.05) on ethanol consumption
(Figure 10). Again, the mice from PITT and JAX-shipped
sires were analyzed separately. For male offspring from PITT
sires, there was a significant effect of trial (F(3,51) = 27.48,
p < 0.001), paternal stress (F(1,17) = 10.91, p < 0.01) and paternal
stress × trial (F(1,17) = 6.12, p < 0.05; Figure 10A). Post hoc
analysis revealed significantly reduced ethanol consumption
during the 4-h test in PITT S-sired vs. C-sired males (p < 0.001).
For male offspring from JAX sires, there was a significant
effect of trial (F(3,63) = 42.40, p < 0.001), but no effect of
paternal stress or paternal stress × trial on ethanol consumption
(Figure 10B).

When we examined BECs immediately following the 4-h test
trial, there was no effect of paternal stress or sire source, but
there was a significant paternal stress × sire source interaction
(F(1,26) = 4.78, p < 0.05; Figure 10C). Post hoc analyses revealed
reduced BECs for S-sired vs. C-sired male offspring from PITT
sires (p < 0.05) and no difference in BECs for S-sired vs. C-sired
male offspring from JAX sires.

DISCUSSION

In the present study, we found that paternal preconception
chronic variable stress exposure attenuated ethanol drinking
behavior selectively in male offspring. This intergenerational
effect was specifically imparted by sires born within the in-house
colony; there was no effect of paternal stress on offspring
ethanol drinking when sires were born and shipped from
the vendor during adulthood. Overall, the present results
support the hypothesis that chronic preconception stress imparts
unique ethanol drinking phenotypes to male offspring, although
this intergenerational effect is dependent on the pre-stress
environment of sires.

Paternal chronic variable stress significantly reduced ethanol
drinking behavior in two distinct ethanol drinking paradigms,
the two-bottle choice ethanol drinking test with continuous
access (Figures 2, 9) and the limited access drinking in
the dark test that models binge-like drinking (Figures 3,
10). The reduction in two-bottle choice ethanol drinking
in stress-sired males, as well as the increase in adult body
weight, were strikingly similar to the intergenerational effects
of paternal chronic intermittent ethanol exposure (Finegersh
and Homanics, 2014; Rompala et al., 2017). As in those
studies, reduced ethanol drinking behavior was selective to
male offspring and specific to ethanol, as water, saccharine,
and quinine drinking were unaltered. This is consistent with
previous studies with paternal ethanol exposure where only
male offspring exhibited the reduced ethanol preference and
consumption in the two-bottle choice test (Finegersh and
Homanics, 2014; Rompala et al., 2017).While many other studies
have found sex-specific intergenerational effects (Vassoler
et al., 2013a,b)—either affecting just males or females—the
mechanisms remain to be elucidated. It is worth noting that
there were effects of paternal stress on total fluid intake in the
two-bottle choice test for PITT-sired females (Figure 2F) as well
as JAX-sired stress males (Figure 9F). Future studies are needed
to further explore these phenotypes as differences in total fluid

intake may be affected by relevant stress-related factors such
as single-housing during the behavioral testing period (Scalera,
1992).

It is unclear exactly how chronic variable stress and chronic
intermittent ethanol exposure impart similar intergenerational
effects on ethanol drinking behavior. Each chronic variable
stressor in the present study, as well as ethanol exposure,
significantly increases CORT levels (Lee and Rivier, 2003;
Willner, 2017). Moreover, both chronic stress and ethanol
exposures reshape glucocorticoid receptor expression
throughout the central nervous system (Vendruscolo et al.,
2012; Guidotti et al., 2013; Willner, 2017). Fittingly, chronic
variable stress and chronic intermittent ethanol exposures have
similar effects on HPA responsivity to acute restraint stress in
the next generation (Rodgers et al., 2013; Rompala et al., 2016),
although the present study failed to reproduce the results from
Rodgers et al. (2013; discussed below). As CORT facilitates
ethanol drinking behavior in rodents (Fahlke et al., 1994, 1996;
Fahlke and Eriksson, 2000), HPA axis hyporesponsivity may
contribute to intergenerational ethanol drinking behavior in
both paternal exposure paradigms. Thus, further study of these
two unique sire exposures may be advantageous for identifying
shared heritable epigenetic alterations in the offspring brain that
drive reduced intergenerational ethanol drinking behavior.

The other major finding was the dependence of
intergenerational ethanol drinking behaviors on the
environment of the sire prior to chronic stress exposure
during adulthood. Specifically, while all studies utilized B6 sires
that were originally sourced from JAX, some sires were the first
generation of an in-house colony whereas others were born at
JAX and shipped 1 week prior to the onset of chronic variable
stress. Remarkably, in-house (i.e., PITT) stressed-sires imparted
reduced ethanol drinking behaviors to male offspring, while
there were no intergenerational effects observed in offspring of
JAX stressed-sires (Figures 9, 10). This finding suggests that
PITT and JAX sires differentially responded to chronic variable
stress. Supporting this notion, 1 week following chronic stress
exposure, basal CORT levels were increased in JAX sires, but
not in PITT sires. Relatedly, paternal preconception social defeat
stress differentially affects offspring CORT and social behavior
depending on whether sires were determined to be susceptible
or resilient to social defeat (Dietz et al., 2011). Thus, differences
in the sire environment such as shipping immediately prior
to chronic stress may have shaped resilience or vulnerability
to stress that, in turn, imparted disparate ethanol drinking
behaviors to offspring.

There is an extensive literature directly examining the
effects of animal shipping history. For instance, shipping
stress increased blood pressure for up to 3 weeks after
shipping in mice (Hoorn et al., 2011). Moreover, mice shipped
at 6 weeks old vs. 12 weeks old showed reduced sexual
behavior and CORT in adulthood (Laroche et al., 2009; Ismail
et al., 2011). Finally, shipping during adolescence has been
found to alter drug sensitivity and several metabolic and
immunological measures (Bean-Knudsen and Wagner, 1987;
Wiley and Evans, 2009). The present study expands on this
work by demonstrating that cross-generational phenotypes
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are also potentially impacted by shipping stress. In addition
to shipping stress, minor differences in the postnatal and
adolescent environment may also shape adult physiology. For
instance, HPA axis responsivity was found to vary between
animal vendors (Turnbull and Rivier, 1999; Pecoraro et al.,
2006; Olfe et al., 2010). Furthermore, vendor history plays a
causal role in shaping the fecal microbiota of mice (Ericsson
et al., 2015), and microbiota alterations influence stress-related
behaviors (Foster and McVey Neufeld, 2013). Thus, future
studies will need to directly examine PITT vs. JAX sires for
various predisposing adaptations in stress physiology that may
predict chronic variable stress vulnerability and intergenerational
phenotypes.

Surprisingly, there was no effect of paternal chronic variable
stress on male and female offspring HPA axis responsivity, in
contrast to what has previously been reported (Rodgers et al.,
2013). Due to mouse number limitations, HPA axis responsivity
was examined in mice that 2 weeks prior underwent the drinking
in the dark test. Thus, it is possible that the effects of paternal
chronic variable stress on HPA axis responsivity were masked by
the preceding behavioral experience. In addition, in the present
study, B6 sires were bred with Strain 129 females to produce
B6 × Strain 129 hybrid offspring. In Rodgers et al. (2013) both
sires and breeder females were on a B6 × Strain 129 mixed
background. Therefore, the effects of chronic variable stress may
differ between B6 and B6 × 129 males given the differences in
stress responsivity between these two strains (van Bogaert et al.,
2006; Chan et al., 2017). Moreover, B6 and Strain 129 females
exhibit different levels of maternal care (Champagne et al., 2007).
Therefore, direct comparison between the present study and
Rodgers et al. (2013) must be carefully considered.

Although the effects of paternal chronic stress mirror those
of paternal chronic ethanol exposure on ethanol drinking
behavior in the next generation (Finegersh and Homanics,
2014; Rompala et al., 2017), the phenomenon of attenuated
intergenerational ethanol drinking behavior is surprising given
the high heritability associated with alcohol use disorder
(Verhulst et al., 2015). Nevertheless, similar ‘‘resilient’’-like
phenotypes have been reported following paternal cocaine
exposure and paternal chronic stress where offspring exhibited
reduced cocaine seeking behavior and stress responsivity,
respectively (Rodgers et al., 2013; Vassoler et al., 2013b). Thus,
it is possible that the paternal environment may have an
unappreciated buffering role in the heritability of psychiatric
disease and addiction. Conversely, no single model of stress
or drug exposure can fully model complex human pathologies
and, therefore, the heritable effects of paternal preconception
environment may be sensitive to the exposure paradigm. For
instance, one recent study found that paternal cocaine could
both significantly increase or decrease cocaine taking in male
offspring, depending on whether the paternal preconception
exposure was voluntary or involuntary, respectively (Le et al.,
2017). Overall, more studies are needed to fully appreciate
how the paternal environment affects intergenerational ethanol
drinking behavior.

Many studies have implicated germline epigenetic alterations
in the intergenerational effects of paternal preconception

environment. For instance, postnatal maternal separation and
chronic variable stress alter several spermmicroRNAs in rodents
(Rodgers et al., 2013; Gapp et al., 2014) and alterations in
sperm miRNA were recently reported in adult men exposed
to early life stress (Dickson et al., 2018). Remarkably, in
Rodgers et al. (2015) chronic variable stress with mice increased
nine microRNAs in sperm that, when injected into normal
fertilized embryos, recapitulated the intergenerational effects
of paternal stress on HPA axis responsivity. Whether the
same microRNAs are enriched in stressed PITT or JAX
sires in the present study is unknown. Notably, chronic
intermittent ethanol vapor exposure does not affect any of
the nine stress-enriched miRNAs (Rompala et al., 2018).
Thus, other small noncoding RNA types in sperm, such as
tRNA-derived small noncoding RNAs (Chen et al., 2016;
Sharma et al., 2016), or alternative epigenetic mechanisms
such as DNA methylation and histone modifications are
more likely to underlie intergenerational ethanol drinking
behaviors.

In summary, the present study expands the rapidly growing
number of effects associated with paternal preconception stress
to include reduced ethanol drinking behavior. These results
suggest the interwoven mechanisms of stress and ethanol extend
across generations. By illuminating the significance of paternal
preconception environment on ethanol drinking behavior,
these findings have important implications for determining
familial risk of addiction disorders with complex behavioral
symptomology.
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