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Abstract

Epigenetic mechanisms of paternal inheritance are an emerging area of interest in
our efforts to understand fetal alcohol spectrum disorders. In rodent models exam-
ining maternal alcohol exposures, different maternal genetic backgrounds protect
or sensitize offspring to alcohol-induced teratogenesis. However, whether mater-
nal background can mitigate sperm-inherited alterations in developmental pro-
gramming and modify the penetrance of growth defects induced by preconception
paternal alcohol exposures remains unaddressed. In our previous studies examin-
ing pure C57Bl/6J crosses, the offspring of alcohol-exposed sires exhibited fetal
growth restriction, enlarged placentas, and decreased placental efficiency. Here,
we find that in contrast to our previous studies, the F1 offspring of alcohol-exposed
C57Bl/6J sires and CD-1 dams do not exhibit fetal growth restriction, with male fe-
tuses developing smaller placentas and increased placental efficiencies. However,
in these hybrid offspring, preconception paternal alcohol exposure induces sex-
specific changes in placental morphology. Specifically, the female offspring of
alcohol-exposed sires displayed structural changes in the junctional and labyrinth
zones, along with increased placental glycogen content. These changes in placen-
tal organization are accompanied by female-specific alterations in the expression
of imprinted genes Cdknlc and H19. Although male placentae do not display overt
changes in placental histology, using RNA-sequencing, we identified programmed
alterations in genes regulating oxidative phosphorylation, mitochondrial function,

and Sirtuin signaling. Collectively, our data reveal that preconception paternal

Abbreviations: Ascl2, achaete-scute family BHLH transcription factor 2; Atp5e, ATP synthase F1 subunit epsilon; Atp51, ATP synthase membrane
subunit G; Atp5mf, ATP synthase membrane subunit F; Cdknlc, cyclin-dependent kinase inhibitor 1C; Cox7b, cytochrome C oxidase subunit 7B;
EIF2, eukaryotic translation initiation factor 2A; FASDs, fetal alcohol spectrum disorder; H19, hepatic transcript 19; microCT, microfocus computed,
X-ray tomography; Mt-Cytb, mitochondrially encoded cytochrome B; Mt-ND5, mitochondrially encoded NADH:Ubiquinone oxidoreductase core
subunit 5; Ndufa7, NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 7; PEG3, paternally expressed gene 3; Pgk1, phosphoglycerate
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carrier family 3 member 2; Tpbpa, trophoblast specific protein alpha; Untr6, untranscribed region of chromosome 6; Ywaz, monooxygenase/
tryptophan 5-monooxygenase activation protein zeta; Zfy1, zinc finger protein Y-linked.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology.

FASEB J. 2021,35:€22035.
https://doi.org/10.1096/1j.202101131R

wileyonlinelibrary.com/journal/fsb2 1of 16


www.wileyonlinelibrary.com/journal/fsb2
mailto:﻿￼
https://orcid.org/0000-0003-1631-2175
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mgolding@cvm.tamu.edu

THOMAS ET AL.

ﬂL?ASE‘BJOURNAL

KEYWORDS

1 | INTRODUCTION

The recent discovery of non-genetic mechanisms of pater-
nal inheritance has exposed a significant gap in our un-
derstanding of the developmental origins of disease. Work
across various species, including worms, flies, mice, and
humans, reveals that sperm harbor epigenetic informa-
tion that exerts a powerful influence on offspring growth
and development.'? These studies now prompt us to reex-
amine the exclusive role of acute maternal environmental
exposures in teratogenesis and more thoroughly consider
the influence of preconception paternal lifestyle choices
and exposure history.?

Despite the exclusive association of fetal alcohol spec-
trum disorders (FASDs) with maternal drinking, emerg-
ing research now indicates that paternal alcohol use is a
relevant factor in this debilitating condition. Preclinical
animal studies from multiple laboratories demonstrate
that male alcohol exposures before conception associate
with numerous behavioral, growth, metabolic, and phys-
iologic effects in the offspring.* Furthermore, these data
suggest that male alcohol use prior to conception is a sig-
nificant modifier of the teratogenic potential of alcohol
and a contributing factor to the enormous variation ob-
served in FASD phenotypes and incidence.’

Clinical studies demonstrate that maternal genetic
factors substantially modify offspring susceptibility to
or resistance against FASD phenotypes. For example,
maternal genetic vulnerabilities associated with alcohol
metabolism and thyroid function significantly modify
the penetrance and severity of FASD phenotypes.®’ In
further support of the importance of maternal genetic
factors in determining offspring susceptibility, reciprocal
crosses in mice reveal pregnancies carried in C57BL/6J
strain dams are highly susceptible to alcohol-induced
teratogenesis, while in contrast, F1 offspring carried in
other strains are resistant.>! Collectively, these studies
indicate that maternal genetics and the uterine environ-
ment have a critical influence on the severities of FASD
growth and morphological phenotypes. However, no

alcohol exposure transmits a stressor to developing offspring, that males and fe-
males exhibit distinct patterns of placental adaptation, and that maternal genetic
background can modulate the effects of paternal alcohol exposure.

developmental programming, fetal alcohol spectrum disorder (FASDs), genetic background,
mitochondrial disfunction, oxidative phosphorylation, paternal epigenetic inheritance,
placental adaptation, placental dysfunction, preconception exposure, RRID:IMSR_CRL:22,
RRID:IMSR_JAX:000664, RRID:SCR_002798

studies have yet examined the ability of maternal genetic
background or the uterine environment to modify the
penetrance of paternal epimutations influencing fetal
growth and development.

Emerging evidence indicates that altered maternal-
placental-fetal exchange and signaling mediate the
growth and metabolic phenotypes associated with ma-
ternal and paternal preconception alcohol exposures.'**?
However, these studies utilized inbred strains of mice and
rats. As humans are genetically diverse, an important
consideration is whether differences in maternal genetics
may sensitize or predispose offspring to altered paternal
epigenetic programming. Indeed, mouse studies examin-
ing the development of numerous genetic mutants reveal
that maternal genetic background significantly modifies
the penetrance of both growth restriction and embryonic
lethal phenotypes.'*™"® Significantly, these differing sen-
sitivities associate with strain-specific differences in the
histological organization of the placenta (reviewed in Ref.
[19]). Therefore, we sought to determine whether an al-
tered maternal genetic background protects or sensitizes
offspring to alcohol-induced alterations in the paternally
inherited epigenetic program.

CD-1 mice are an outbred strain exhibiting high fe-
cundity, used to study normal pregnancy and fetal devel-
opment. In contrast, C57Bl/6 mice are a commonly used
inbred strain with mediocre fertility, used as the back-
ground strain for transgenic and knockout mouse mod-
els. 202! Previously, we identified late-term fetal growth
restriction in the offspring of alcohol-exposed males,
which correlated with placental overgrowth and a signif-
icant decline in placental efficiency.'***** In these stud-
ies, we employed C57Bl/6] mice due to their consistent
levels of ethanol consumption using the Drinking In The
Dark model of exposure and behavioral evidence of in-
toxication.?* Compared to the C57BI/6] strain, CD-1 mice
exhibit higher fecundity, enhanced growth rates in late
gestation, increased litter sizes but similar placental ef-
ficiencies.*® Therefore, we sought to determine if the
more robust CD-1 maternal background would modify
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the growth and placental abnormalities observed in pure
C57Bl/6] crosses. We hypothesized that similar to studies
examining maternal genetic vulnerabilities to intrauter-
ine alcohol exposures, the genetic background of the dam
would modify the penetrance of growth defects induced
by alcohol-mediated errors in the paternally inherited
epigenetic program. Here, we find that the fetuses sired
by alcohol-exposed, C57Bl/6J males bred to CD-1 dams
do not display the previously described growth restriction
phenotypes. Surprisingly, male fetuses exhibit smaller pla-
centas, while the female offspring display significant alter-
ations in the architecture of the placental junctional zone,
increased amounts of placental glycogen, and altered im-
printed gene expression. These data reveal that precon-
ception paternal alcohol exposure transmits a stressor to
their progeny and that maternal genetic background can
modulate this effect. However, sex-specific differences in
placental adaptation ultimately determine how the phe-
notype manifests.

2 | MATERIALS AND METHODS

2.1 | Ethics
All experiments were conducted under AUP 2017-0308
and approved by the Texas A&M University IACUC.

2.2 | Animal husbandry and
preconception male alcohol exposure

This study utilized two strains of mice. Males were of a
C57BL/6J background (RRID:IMSR_JAX:000664), while
females were CD-1 (RRID:IMSR_CRL:22). We obtained
mice from the Texas A&M Institute for Genomic Medicine,
where they were housed using a 12-h light/dark cycle.
We maintained mice on a standard diet (catalog# 2019,
Teklad Diets, Madison WI, USA). Stress is a confounding
variable known to influence the male inherited epigenetic
program.” Therefore, we implemented additional animal
husbandry measures to improve animal welfare and re-
duce stress through enhanced shelter and environmental
enrichment.”®*” Specifically, we implemented colored
tunnels for males and igloos for females (catalog# K3322
and catalog# K3570, Bio-Serv, Flemington NJ, USA).

On postnatal day 83, we began acclimating adult males
to individual cages. Beginning on postnatal day 90, one
week later, we exposed males to either the control (water)
or 10% (wA) ethanol (catalog# E7023; Millipore-Sigma,
St. Louis, MO, USA) preconception treatments using the
Drinking in the Dark limited access model of voluntary
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exposure.”* We implemented the preconception treat-
ments beginning one hour after the initiation of the dark
cycle and ceased treatments after four hours of exposure.
To ensure identical handling conditions for control males,
we switched between two water bags. At the conclusion
of each week, we recorded the weight of each mouse (g)
and the amount of fluid consumed (g) and then calculated
weekly fluid consumption as grams of fluid consumed per
gram body weight.

After six weeks of treatment, we began breeding ex-
posed males to naive dams and continued the precon-
ception treatments over the four-week period required
to generate the offspring. We synchronized female repro-
ductive cycles using the Whitten method® and placed
a single naturally cycling female into the home cage of
the treated male. During breedings, we did not give the
males access to the preconception treatments. After six
hours, we confirmed matings by the presence of a vaginal
plug and returned the female mice to their original cages.
We rested males for 72 h, during which we resumed the
preconception exposures and then used them again in a
subsequent mating. We repeated this procedure until we
obtained the requisite number of pregnancies. To validate
our preconception treatment, we bred exposed males to
C57BL/6J dams to generate pure B6 offspring, which we
used to assay alcohol-induced changes in placental effi-
ciency, as described previously.” During this time, we
also bred exposed males to CD-1 dams to generate F1 hy-
brid offspring.

We subjected pregnant dams to minimal handling until
gestational day 10.5, when we calculated the change in dam
bodyweight between gestational day 0 and 10. We used a
bodyweight gain of approximately 1.8 g as confirmation of
pregnancy.”’ On gestational day 16.5, we euthanized preg-
nant dams by CO, asphyxiation and cervical dislocation.
We then dissected the female reproductive tract, excised
the gestational sac, and weighed fetal-placental tissues.
After assessing physiological measures, we either froze
collected tissues on dry ice and stored them at —80°C or
fixed them using 10% neutral buffered formalin (catalog#
16004-128, VWR, Radnor, PA, USA).

2.3 | Determination of plasma
alcohol levels

We isolated plasma from exposed males after two-weeks
of treatment and at the end of the four-hour exposure win-
dow. We measured male plasma alcohol concentrations
using an Ethanol Assay Kit (catalog# ECET100; BioAssay
Systems, Hayward, CA, USA) according to the manufac-
turer's protocol.
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2.4 | Determination of fetal sex

During fetal dissections, we removed the tail and isolated
genomic DNA using the HotSHOT protocol.*® Using the
GoTaq Green 2x Mastermix (catalog# M7128, Promega,
Madison, WI, USA), we used PCR to amplify the region of
the Y-chromosome encoding zinc finger protein Y-linked
(Zfy), or as a positive control, an untranscribed region
of chromosome 6 (Untr6), which provides a measure of
genomic background in ChIP assays examining tran-
scription factor binding.*" See Table 1 for a list of primer
sequences.

2.5 | RNA isolation and sequencing

We isolated total RNA from placentae using the RNeasy
Plus Mini Kit (catalog# 74134, Qiagen, Germantown, MD,
USA) according to the manufacturer's instructions. We
then randomized samples and used the Illumina mouse
TruSeq Stranded Total RNA kit (catalog# RS-122-2202,
[lumina, San Diego, CA, USA) to generate sequencing li-
braries, following the recommended protocol. Finally, we

TABLE 1 Sequence of the RT-qPCR primers used in this study

Determination of fetal sex

Zty AAGATAAGCTTACATAATCACATGGA
Untr6 CAGGCATGAACCACCATACC

RT-qPCR analysis

Reference genes

sequenced pooled libraries on an Illumina NextSeq 500
within the Texas A&M Institute for Genome Sciences and
Society Experimental Genomics Core.

2.6 | RNA isolation and RT-qPCR
analysis of gene expression

We isolated total RNA from gestational day 16.5 placen-
tae using the Qiagen AllPrep Kit (catalog# 80004; Qiagen,
Germantown MD, USA) according to the manufacturer's in-
structions. We assessed RNA purity and concentration using
a NanoDrop 2000 Spectrophotometer (Thermo Scientific,
Waltham, MA, USA). We then seeded approximately 1 ug
of isolated RNA into a reverse transcription reaction using
the High-Capacity cDNA Reverse Transcription Kit (cata-
log# 4368814; Thermo-Fisher, Waltham, MA, USA). We
brought the reaction mixture to 25°C for 10 min, 37°C for
120 min, and then 70°C for 5 min. Next, we determined rel-
ative levels of candidate gene transcripts using the Dynamo
Flash SYBR qPCR kit (catalog# F-415XL; Thermo-Fisher,
Waltham, MA, USA) according to the recommended pro-
tocol. Reactions were performed on a Bio-Rad CFX384.

CCTATGAAATCCTTTGCTGCACATGT
CAACATCCACACGTCCAGTG

Pgkl CTGACTTTGGACAAGCTGGACG GCAGCCTTGATCCTTTGGTTG

Ywhaz TTGATCCCCAATGCTTCGC CAGCAACCTCGGCCAAGTAA

Ppia AGATGCCAGGACCTGTATGCTT TGTGCCAGGGTGGTGACTTTA
Candidate genes

Slc22a18 TGATGTCCAGTGTGCTCCAT AGAGTTCGGGTCAATGGTTG

Slc2a3 GATCGGCTCTTTCCAGTTTG CAATCATGCCACCAACAGAG

Slc3a2 TGATGAATGCACCCTTGTACTTG GCTCCCCAGTGAAAGTGGA

Slc38a2 ACTCATACCCCACCAAGCAG CACAATCGCATTGCTCAGAT

Slc38a4 TGATTGGGATGTTAGTCTGAGG GGCCTGGGTTAAAATGTGTG

Tpbpa TGAAGAGCTGAACCACTGGA CTTGCAGTTCAGCATCCAAC

Cdknlc AACGTCTGAGATGAGTTAGTTTAGAGG AAGCCCAGAGTTCTTCCATCGT

H19 Fwd TGATGGAGAGGACAGAAGGGC CTTGATTCAGAACGAGACGGACT

mPeg3 Rev TTCTCCTTGGTCTCSCGGGC AAGGCTCTGGTTGACAGTCGTG

Ascl2 TGCCGCACCAGAACTCGTAG GCCTCGGTTGCTCCAGATC

Mt-ND5 CCTGGCAGACGAACAAGACAT GGCGAGGCTTCCGATTACTA

Mt-Cytb CAATCGTTCACCTCCTCTTCCT GAGCGTAGAATGGCGTATGC

Ndufb10 ATGCCAAGAACCGAACCTACTA CTCAGCCTCATAGATACACAGAACA

Mt-Col CAATAGTAGAAGCAGGAGCAGGAA GTTTAGGTTGCGGTCTGTTAGTAGT

Mt-Nd1 ATTCTAATCGCCATAGCCTTCCT TGGGTGTGGTATTGGTAGGGG
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Procedures for normalization and data handling are de-
scribed below; primer sequences are listed in Table 1.

2.7 | Placental histology and
glycogen assay

Microfocus computed, X-ray tomography (micro-CT)
allows 3D quantification of whole tissue samples with
high contrast and resolution, without sample destruc-
tion. Multiple laboratories have employed contrast-
enhanced micro-CT to characterize the growth and
morphology of early embryonic development in mice.****
In these previous studies, the authors could discriminate
specific morphological features of the conceptus, includ-
ing the different placental layers.’”” Using phosphotung-
stic acid to enhance tissue contrast, we employed the
recent refinements described by Lesciotto et al.* to iden-
tify changes in placental morphology between the control
and alcohol preconception treatments.

Briefly, we incubated half placentae in 5% phospho-
tungstic acid (w/v) dissolved in 90% methanol for four
hours and then held samples in 90% methanol overnight.
Subsequently, we incubated samples in progressive reduc-
tions of methanol (80%, 70%, 50%) each for one day and
then moved placentae into PBS with 0.01% sodium azide
for long-term storage. Finally, we imaged samples on a
SCANCO vivaCT 40 (SCANCO Medical AG Briittisellen,
Switzerland) using a 55 kVp voltage x-ray tube and 29 uA
exposure. The resulting microCT image voxel size was
0.0105 mm?, with a resolution of 95.2381 pixels/mm.

After scanning, we used the open-source medical
image analysis software Horos (Version 3.3.6; Nibble
Co LLC, Annapolis, Maryland, USA; https://horosproje
ct.org/) to measure placental features. In the 2D-viewer
feature, we scrolled through slices to a medial view imme-
diately around the maternal canal. Using sequential digi-
tal slices, we then measured area and volume in or across
slices to a depth of ~50 microns. After samples had been
imaged, we processed placentae for histological sectioning
and staining using the periodic acid Schiff stain (catalog#
ab150680; Abcam, Cambridge, MA, USA). We captured
images using an Olympus VS120 system. To measure pla-
cental glycogen, we used the Glycogen Assay Kit (catalog#
ab65620; Abcam, Cambridge, MA, USA).

2.8 | Informatic analysis

We performed quality control using MultiQC* on the
raw paired-end, total RNA sequence files and trimmed
Ilumina adapters with Trimmomatic® using the open-
source, web-based Galaxy server®’ (usegalaxy.org). Next,
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we used RNA STAR? to map the reads to the Mus mus-
culus reference genome (UCSC version GRCm39/mm39).
We determined read abundance for all genes followed by
annotation versus M27 GTF (GENCODE, 2020) through
the featureCounts function® with a minimum mapping
quality per read of 10. Next, we used the DEseq2 func-
tion*” with default parameters on the featureCounts files
to generate a PCA plot. We then used the Volcano Plot
function on DEseq?2 results to produce a graphical repre-
sentation of the log2FC gene expression levels for the top
25 significant genes. We exported differentially expressed
genes into the Ingenuity Pathway Analysis software pack-
age*! and conducted gene enrichment analysis. The se-
quence data can be obtained in the GEO database under
accession number GSE179973.

2.9 | Statistical analysis

To analyze offspring physiologic data, we collated the
measures for each fetus in Excel and derived the male and
female average values for each litter. To calculate placental
efficiency,” we divided fetal weight by placental weight,
then derived the male and female average for each litter.
We obtained measures of placental volume using Horos,
and placental glycogen levels using a Tecan Infinite 200
Pro M-Plex plate reader, then collated these data in Excel.
We then imported data into the statistical analysis pro-
gram GraphPad Prism 8 (RRID:SCR_002798; GraphPad
Software, Inc., La Jolla, CA, USA). We first identified outli-
ers using the ROUT test (Q = 1%) and then verified the nor-
mality of the datasets using the Shapiro-Wilk test. If data
passed normality (alpha = .05), we then employed either
an ANOVA, followed by a Sidak multiple comparisons test,
or an unpaired (two-tailed) t-test. If the data failed the test
for normality, we then used an unpaired, non-parametric
Mann-Whitney test. For RT-qPCR analysis of gene expres-
sion, we imported the replicate cycle threshold (Ct) values
for each transcript into Excel and normalized expression
to the geometric mean of two validated reference genes.*
These included transcripts encoding Phosphoglycerate
kinase 1 (Pgkl) and 3-monooxygenase/tryptophan
5-monooxygenase activation protein zeta (Ywhaz). We
then used the -AACT method* to calculate the relative
fold change for each biological replicate. After collating
datasets in Excel, we input the calculated values into the
statistical analysis program GraphPad Prism 8 and set the
statistical significance set at alpha = .05. Next, we identi-
fied and excluded outliers using the ROUT outlier test. We
then verified all datasets for normality using the Shapiro-
Wilk test. We then conducted a non-parametric unpaired
t-test or Mann-Whitney test. Data presented are mean +/—
standard error of the mean.


https://horosproject.org/
https://horosproject.org/
http://usegalaxy.org
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE179973
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3 | RESULTS

3.1 | CD-1 maternal background
modifies alcohol-induced errors in
paternal programming

Using the Drinking in the Dark model, we exposed post-
natal day 90 C57BL/6J males to either water or 10% etha-
nol for ten weeks. We then utilized these exposed males
to generate pure C57Bl/6J and hybrid CD-1 (maternal) X
C57Bl/6J (paternal) offspring (Figure 1A). During the pre-
conception exposure period, we did not observe any sig-
nificant differences in the weekly weight gain between the
alcohol and control treatment groups (Figure 1B). Using
Sidak’s multiple comparison test, we did not identify any
differences in weekly fluid consumption between the con-
trol and alcohol treatment groups (Figure 1C). At the end
of the four-hour exposure window, alcohol-exposed males
exhibited average plasma alcohol concentrations of 50
mg/dl (Figure 1D). After six weeks of treatment, we mated
exposed males to naive C57Bl/6J or CD-1 females of similar
age. We only used CD-1 females smaller than 35 g, the ap-
proximate weight of C57Bl/6] males after ten weeks of treat-
ment. Consistent with our previous studies examining pure
C57Bl/6] crosses,?> we did not observe any differences in
CD-1 maternal body weight relative to litter size (Figure 1E;
gestational day 16.5 shown) or the litter size (Figure 1F) be-
tween the alcohol and control preconception treatments.

Using a two-way ANOVA, we first contrasted patterns
in fetal-placental growth between male and female con-
ceptuses. For pure C57Bl1/6J and hybrid CD-1xC57Bl/6J
offspring, we identified sex differences, with male con-
ceptuses exhibiting increased gestational sac weights,
fetal weights, and crown-rump lengths compared to fe-
males (C57Bl/6J data not shown, hybrid CD-1xC57Bl/6]
Figure 2A-C). In contrast, although we identified sex dif-
ferences in pure C57BIl/6J crosses for all placental mea-
sures, hybrid CD-1xC57Bl/6J offspring did not exhibit sex
differences for placental diameter or placental efficiencies
(Figure 2D-F).

Our previous studies examining pure C57Bl1/6J crosses
identified growth restriction in both male and female fe-
tuses sired by alcohol-exposed males. In contrast, using
an ANOVA, we did not observe any impact of preconcep-
tion treatment on hybrid CD-1xC57Bl/6J gestational sac
weights, fetal weights, or crown-rump lengths (Figure 2A-
C). Consistent with our previous publications, pure
C57Bl/6J male offspring sired by alcohol-exposed males
exhibited increased placental weights (Figure 2D) and de-
creased placental efficiency (Figure 2F). In contrast, when
bred onto a CD-1 maternal background, the male prog-
eny of alcohol-exposed C57Bl/6] sires displayed decreased
placental weights (—7%, p < .05; Figure 2D), reduced

placental diameter (—5%, p < .01; Figure 2E), and a gen-
eral increase in placental efficiency (p = .088; Figure 2F).
Female fetuses did not exhibit significant changes in pla-
cental growth or efficiency (Figure 2D-F). Collectively,
these data reveal that maternal genetic background can
significantly modify phenotypic outcomes arising from
sperm-inherited alterations in epigenetic programming.

3.2 | Paternal alcohol exposure
induces sex-specific changes in
placental morphology

Given the reductions in placental weight and diameter
observed in the CD-1xC57Bl/6] male offspring of alcohol-
exposed sires, we focused on characterizing placental his-
tology between the preconception treatment groups. The
murine placenta consists of four distinguishable layers:
the chorion, labyrinth, junctional zone, and the maternal
decidua.*’ Micro-CT allows three-dimensional quantifica-
tion of whole tissue samples with high contrast and high
resolution, including discrimination of the different pla-
cental layers.*” Using phosphotungstic acid to enhance
tissue contrast, we employed the methods described by
Lesciotto et al.** to measure each of the placental layers be-
tween the control and alcohol preconception treatments.

We first compared placental histology between pure
C57BL/6J, pure CD-1, and hybrid CD-1xC57BL/6J off-
spring. Pure C57BL/6J placentae exhibit a reduced junc-
tional zone thickness compared to those derived from pure
CD-1 fetuses (Figure 3A). Overall, the placental histology
of F1 hybrid CD-1xC57BL/6] offspring appeared more
similar to the maternal CD-1 strain (Figure 3A). Using
these interstrain differences, we confirmed the ability of
enhanced tissue contrast micro-CT imaging to identify
discrepancies in placental morphology (Figure 3B). Using
this technique, we next examined hybrid CD-1xC57BL/6J
placentae to identify changes in histological organization
induced by preconception alcohol exposure.

Using micro-CT, we determined the median volume for
each placental layer (Figure 3C) and derived the proportion
of each layer to the total volume. Although placentae de-
rived from male fetuses of alcohol-exposed sires displayed an
overall reduction in both weight and diameter, we only ob-
served a proportional reduction in the volume of the chorion
(Figure 3D). In contrast, placentae derived from the female
offspring of alcohol-exposed sires displayed decreases in the
volume of the chorion and junctional zone (p < .05), an in-
crease in the volume of the labyrinth zone, and a modest (p
=.07) increase in the volume of the decidua (Figure 3D-G).
We observed a reduced ratio of the junctional zone relative to
the decidua and an increased Labyrinth to Junctional zone
ratio in female but not male placentae (Figure 3H-I). These
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FIGURE 1 Mouse model of preconception paternal alcohol exposure. (A) Graphic representation of the experimental paradigm.
Postnatal day 90, C57BL/6J males are exposed to 10% ethanol for 10 weeks (Pre-Gestational Day [PGD] 70), then bred to either naive CD-1
(top) or naive C57BL/6J dams (middle). We generated untreated, pure CD-1 offspring for inter-strain comparisons of placental histology
(bottom). Image generated using BioRender.com (B) Weekly paternal weights of C57BL/6J males over the 10-week exposure period (n = 41
control, 40 alcohol-exposed males). (C) Weekly fluid consumption compared between the 10% ethanol and control (water) preconception

treatments. (D) Plasma alcohol levels of alcohol-exposed males measured at the end of the four-hour exposure window (n = 6). (E) CD-

1 maternal weight normalized to litter size, measured on gestational day 16.5. (n = 9 control, 8 alcohol). (F) Litter size of hybrid CD-1

(maternal) X C57BL/6J (paternal) crosses compared between the preconception treatment groups. We used either a two-way ANOVA or a

t-test to identify differences between treatment groups. Error bars represent the standard error of the mean, ****p < .0001

observations indicate that the female offspring of alcohol-
exposed sires display broad alterations in placental histology.
Importantly, when we contrasted volumetric measures to
traditional measures examining the area of individual digital
slices, we were only able to identify differences in the junc-
tional zone (data not shown). Collectively, these observations
reveal that volumetric measures using enhanced tissue con-
trast micro-CT imaging is more sensitive in identifying differ-
ences in placental morphology.

3.3 | Female-specific changes

in placental glycogen content
between the offspring of control and
alcohol-exposed sires

Using micro CT, we observed a decrease in the proportional
volume of the junctional zone in the female offspring of
alcohol-exposed sires. This reduction may be caused by an
increase in glycogen cells, which are much larger and have a
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FIGURE 2 Influence of Maternal background on placental growth phenotypes induced by preconception paternal alcohol exposure.
Comparison of (A) gestational sac weight, (B) fetal weight, and (C) crown-rump length between hybrid CD-1xC57BL/61] litters sired by
alcohol-exposed and control males. Comparison of (D) placental weight, (E) placental diameter, and (F) placental efficiency in pure
C57BL/6J and hybrid CD-1xC57BL/6J offspring sired by control and alcohol-exposed males. We used a two-way ANOVA to contrast the
impacts of sex and preconception treatments, with sex differences indicated above the figures while treatment effects are demarcated directly
above the bar graphs. Pure C57BL/6]J offspring were derived from 9 control and 11 alcohol litters, while we derived hybrid CD-1xC57BL/6J
offspring from 11 control and 11 alcohol litters. Error bars represent the standard error of the mean, *p < .05, **p < .01, **p < .001
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FIGURE 3 Preconception paternal alcohol exposure induces sex-specific changes in placental architecture. (A) Comparison of placental
histology between pure C57BL/6J (left), pure CD-1 (right), and hybrid CD-1xC57BL/6J (middle) offspring. (B) MicroCT imaging of placentae
derived from pure C57BL/6J, pure CD-1, and hybrid CD-1xC57BL/6J offspring. (C) Schematic diagram depicting the layers of the murine
placenta. Volumetric analysis of the placental layers in hybrid CD-1xC57BL/6J offspring sired by control and alcohol-exposed males.
Volumes for the (D) chorion, (E) decidua, (F) junctional zone, and (G) labyrinth are expressed as a ratio of the total placental volume (male
n = 10 control, 19 alcohol; female n = 10 control, 20 alcohol, randomly selected across 5 different litters). Ratios comparing the proportional
volumes of the (H) junctional zone to decidua and (I) labyrinth to junctional zone between offspring sired by control and ethanol-exposed
males. We used a two-way ANOVA to contrast differences between sex and the preconception treatment groups. Error bars represent the
standard error of the mean, *p < .05, **p < .01, ***p < .001
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FIGURE 4 Sex-specific increases in placental glycogen in the offspring of alcohol-exposed males. We used the periodic acid Schiff stain

to contrast placental histology between the offspring of control (A, C) and alcohol-exposed (B, D) sires. (E) Colorimetric quantification of

placental glycogen between male and female offspring of control and ethanol-exposed sires (n = 5-6 placenta per treatment). We used a

two-way ANOVA to contrast differences between sex and the preconception treatment groups. Error bars represent the standard error of the

mean, *p < .05

lower nuclei density than surrounding cell types. This lower
nuclei density could induce hypoattenuated areas (nega-
tive space) in the microCT image. Therefore, we conducted
a standard histological examination, staining sections
with the periodic acid Schiff reagent. Here, we observed
an increase in glycogen staining in the female offspring
of alcohol-exposed sires but not in males (Figure 4A-D).
Using an enzyme-based colorimetric assay, and a two-way
ANOVA, we confirmed the increased placental glycogen
content of only the female offspring of alcohol-exposed sires
(Figure 4E). We did not observe any differences in placental
glycogen content between males and females.

3.4 | Female-specific alterations in
the expression of imprinted genes
and placental nutrient transporters

Alterations in imprinted gene expression modulate placen-
tal endocrine signaling by controlling the size of the gly-
cogen cell containing junctional zone.***’ Therefore, we
assayed the expression of select imprinted genes associated
with overt changes in placental histoarchitecture. We did
not detect any altered imprinted gene expression in male
placentae (Figure 5A). In contrast, female placentae exhib-
ited significant reductions in the maternally expressed genes

Cdknlc,HI9,and amodest decrease in Slc22a 18 (Figure 5C).
In contrast to these candidates, Ascl2, also located within
the Kenglotl imprinted gene cluster, was not differentially
expressed. Expression of the paternally expressed gene Peg3
was not different between the preconception treatment
groups. These data reveal that the expression of these can-
didate imprinted genes is selectively perturbed in the female
offspring of alcohol-exposed sires.

We next assayed the expression of growth and nutrient
supply genes known to function downstream of imprinted
genes,***** including system A family amino acid trans-
porters Slc3a2 and Slc38a2, as well as Trophoblast spe-
cific protein alpha (Tpbpa). Again, male placentae did
not display altered expression of any candidate genes
(Figure 5B). In contrast, females exhibited upregulation
of Slc3a2 and downregulation of Slc38a2 (Figure 5D). We
did not observe differences in Tpbpa expression in either
male or female placentae.

3.5 | Changes in placental gene
expression induced by paternal
preconception alcohol exposure

To better understand the basis of the observed growth
defects impacting male placentae, we isolated RNA and
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FIGURE 5 Preconception paternal alcohol exposure induces sex-specific changes in imprinted gene expression. Analysis of imprinted
gene expression in the (A) male and (C) female offspring of control and alcohol-exposed sires. Expression analysis of key nutrient
transporters between (B) male and (D) female offspring sired by control and ethanol-exposed males. Analysis of gene expression carried out
using RT-qPCR. Gene expression was normalized to transcripts encoding Pgkl and Ywhagz; (n = 8). Error bars represent the standard error

of the mean, *p < .05, **p < .01, **p < .001

conducted deep sequencing of the placental transcrip-
tome (n = 4). Principle component analysis failed to iden-
tify a clear separation between male placentae derived
from the offspring of control and alcohol-exposed sires
(Figure 6A). In total, we identified 431 differentially ex-
pressed transcripts, with 256 upregulated and 175 down-
regulated genes (Figure 6B,C). Gene Enrichment Analysis
using IPA identified alterations in the pathways regulat-
ing oxidative phosphorylation, mitochondrial function,
EIF2, and Sirtuin signaling (Figure 6C). We recently de-
scribed dysfunction of a similar set of pathways in the
brains of mice exposed to alcohol in utero,® suggesting
maternal and paternal alcohol exposures may program
similar outcomes. Consistent with our previous study,
we identified altered expression of several mitochondrial-
expressed transcripts and nuclear genes encoding mito-
chondrial enzymes (Figure 6D). Interestingly, some of
these candidate genes were also differentially expressed
in placentae derived from the female offspring of alcohol-
exposed sires (Figure 6E). These observations suggest
the offspring of alcohol-exposed fathers may exhibit pro-
grammed alterations in mitochondrial function and oxi-
dative phosphorylation.

4 | DISCUSSION

Multiple laboratories have demonstrated that exposing
male mice to a high-fat diet, protein restriction, drugs of

abuse, or stress before conception exert intergenerational
effects on offspring growth, glucose tolerance, addic-
tive behaviors, and stress responsivity.”! However, these
animal studies used inbred strains of mice, eliminating
the potential influence of maternal genetic and uterine
factors. Maternal factors are significant, particularly in
alcohol research, where reciprocal crosses in mice dem-
onstrate that maternal genetic background can protect
or sensitize offspring to alcohol-induced growth and
structural defects.* " Although previous studies have
examined differing crosses between mouse strains for
alcohol-induced, paternally inherited changes in offspring
behavior,? no studies have ever reported changes in fetal-
placental growth. Therefore, whether maternal back-
ground can modify paternal epimutations and influence
the penetrance of sperm-inherited growth defects remains
unexplored.

Here, we find that on gestational day 16.5, a CD-1 ma-
ternal background protects offspring from the growth re-
striction phenotypes observed in pure C57Bl/6] crosses.
However, alterations in placental physiology persist, with
the male offspring of alcohol-exposed sires displaying
smaller placentas, in opposition to the previously observed
increase.'*** Surprisingly, although female offspring did
not exhibit overt differences in placental growth, they
did display morphological changes in placental architec-
ture, suggesting that female offspring are not refractory
to alcohol-induced changes in the paternally inherited
developmental program. Thus, establishing how maternal
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FIGURE 6 RNA-sequencing analysis of male placentae identifies paternally programmed alterations of genes regulating oxidative
phosphorylation, mitochondrial function, and Sirtuin signaling. (A) Principle component analysis and (B) Volcano plot comparing the male
placental transcriptomic profile between the control and alcohol preconception treatments (n = 4). (C) Gene Enrichment Analysis of RNA-
seq datasets. Validation of identified candidate genes within the Oxidative Phosphorylation, Mitochondrial Dysfunction, and EIF2 Signaling
pathways between (D) male and (E) female offspring sired by control and ethanol-exposed sires. Analysis of gene expression carried out
using RT-qPCR. Gene expression was normalized to transcripts encoding Pgkl and Ywhaz (n = 8). Error bars represent the standard error of
the mean, *p < .05, **p < .01



THOMAS ET AL.

13 of 16

background modifies paternal intergenerational epigene-
tic inheritance will be an essential next step in determin-
ing how the epigenetic memory of paternal experience
influences offspring phenotype.

In previous studies using a rat model, maternal pre-
conception alcohol exposures induced an enlarged cross-
sectional area of the placental junctional zone and an
increased number of glycogen cells.” Interestingly, in
studies examining gene loss-of-function mutants, strain-
specific differences in placental physiology modify the
penetrance and severity of growth restriction and embry-
onic lethal phenotypes. For example, a hypomorphic allele
of the epidermal growth factor receptor that results in gene
loss of function presents with severe growth restriction
on a 129 background, while C57Bl/6 mice are resistant.*
Strain-specific differences in the abundance of tropho-
blast giant and glycogen cells within the junctional zone
appear to confer protection or sensitivity to this genetic
lesion." Similar placental adaptations are also observed in
rodent models of nutritional stress,**** which also exhibit
remodeling of the junctional zone, reducing the mass of
glycogen cells to adapt to the imposed nutritional defi-
cits.*® Therefore, dynamic changes in the junctional zone
represent a crucial component of placental physiology,
facilitating both adaptations to nutritional stressors and
resistance to embryonic growth defects.

A substantial body of evidence supports a role for im-
printed genes in controlling junctional zone differentia-
tion and function.’>>® For example, loss of Ascl2 induces a
loss of glycogen cells within the junctional zone, whereas
deletion of Phlda2 and EsxI associate with an expansion
of the junctional zone and an increase in total placental
glycogen content.'®**>7 The glycogen cells appear in the
junctional zone at mid-gestation and provide a store of
easily mobilizable energy, supporting the final stages of
fetal growth.*> Glycogen cell deficiencies and overabun-
dance both associate with strain-specific patterns of fetal
growth restriction.'®* Notably, the impacts of glycogen
cell dysfunction appear to spread from Phlda2 mutant
mice to neighboring wild-type fetuses, impacting pla-
cental growth and function within the entire litter.*’
Therefore, the glycogen cells of the junctional zone and
upstream regulatory pathways involving imprinted genes
play a critical role in the adaptability of the placenta. Our
identification of altered imprinted gene expression in fe-
male placentae supports this assertion and implies that
preconception alcohol exposures exert a lasting stress on
offspring development, one that necessitates placental
adaptation.

Interestingly, preconception paternal and precon-
ception maternal alcohol exposures both increase the
glycogen content of the junctional zone but only in fe-
male offspring.”® From our perspective, the changes in

FASE‘BJOURNAL

imprinted gene expression we observe are likely symp-
toms of altered developmental programming and not the
primary memory of alcohol exposure per se. Additional
mechanisms beyond the locus control region regulate im-
printed genes and the fact that only the female placentae
exhibit histological changes and altered imprinted gene
expression support this assertion. Although sporadically
described, placental adaptability appears different be-
tween male and female offspring.”®*® Therefore, we posit
that females are more adaptable, altering their placental
physiology to compensate for the paternally inherited
stressor. One limitation to our study and the work by the
Moritz group is that we each look at a single snapshot
in gestational time. Therefore, we acknowledge that this
female-specific signature is potentially also present in
males, albeit delayed. However, a lack of adaptability in
the male offspring during early life may explain the more
significant deficits we see in later life.”* As we and others
find that CD-1 males refuse to consume ethanol, even at
low percentages,60 a second limitation to our study is that
we were unable to conduct reciprocal crosses using this
voluntary model of exposure. Finally, a third limitation is
that we do not know if the modest changes in gene expres-
sion we identified using RNA-sequencing impact protein
expression and placental function or if these changes as-
sociate with long-term alterations in offspring health.

How the memory of preconception alcohol exposures
transmit through sperm and into early life remains an
open question. Identifying alterations in the expression
of genes regulating mitochondrial function and oxidative
phosphorylation is intriguing, especially given that we re-
cently identified this same signature in a maternal model
of alcohol exposure.” Epigenetic influences on mitochon-
drial function are an emerging area of interest in addic-
tion and cancer biology.** Importantly, mitochondrial
genome enriched small RNAs (mitosRNAs) are present in
sperm.®® Future studies will address whether this class of
ncRNA plays a role in transmitting the memory of alcohol
exposure to the offspring and if therapeutic interventions
targeting oxidative pathways influence the emergence of
the observed placental phenotypes.

Finally, our studies reveal that preconception paternal
alcohol exposures transmit a stressor that negatively in-
fluences offspring development but that maternal genet-
ics influence the manifestation and penetrance of these
phenotypes. These observations support the notion that
sperm-inherited epigenetic information strongly influ-
ences placental function and that paternal lifestyle can
impact embryonic development. Our work, combined
with other published studies,* indicates that we need to
expand health messaging around prepregnancy planning
to include the father and redress the stigma that FASDs
are exclusively the mother's fault.
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