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PURPOSE. This study aims to determine the impact of preconception paternal alcohol
consumption (PPAC) on retinal function and morphology in PPAC-offspring. Fetal alcohol
spectrum disorder (FASD)–related ocular defects caused by maternal alcohol exposure
has been well investigated, but the influence of PPAC on offspring eyes remains unknown.

METHODS. Adult C57BL/6J male mice were exposed to either 10% ethanol or water
(control) for six weeks and bred to naïve females. Dark-adapted retinal light responses
at two, four, and six months old were assessed using electroretinography (ERG) for the
offspring born to PPAC and control males. The thicknesses of whole retinas and different
retinal layers of the control and PPAC-offspring were analyzed at two and six months old.

RESULTS. Some PPAC-offspring had only one developed eye. ERG a- and b-wave
amplitudes were reduced in PPAC-offspring compared to controls, with a more
pronounced effect in females. PPAC had significant effects on inner retinal function. At
two months old, there was a significant thinning of the retinal inner nuclear and inner
plexiform layers in PPAC-offspring. At six months old, the retinal thickness and ERG
amplitudes were similar between both treatment groups.

CONCLUSIONS. This study provides pioneering evidence that PPAC contributes to
FASD-related ocular defects including negative impacts on retinal light responses and
retinal thinning in young adult offspring. Thus the adverse impact of paternal alcohol
consumption prior to conception on their offspring (from childhood to early adulthood)
should be considered as seriously as the maternal contribution to FASD.

Keywords: preconception paternal alcohol consumption, fetal alcohol spectrum disorder,
ocular defects, microphthalmia, electroretinography, retinal morphology

Fetal alcohol spectrum disorder (FASD) is a spectrum
of alcohol-related developmental disorders negatively

affecting 1% to 5% of the population in Western coun-
tries.1 FASD-related disabilities, especially neurodevelop-
mental disorders, annually cost the US over 4 billion dollars.1

While FASD caused by maternal drinking during pregnancy
and nursing has been investigated intensively, 75% of FASD
children have alcoholic biological fathers,2 and more males
than females in the US are heavy drinkers.3 In a large-
scale clinical study with only 3% of the mothers reporting
alcohol consumption, 40.4% of FASD-children had paternal
alcohol-exposure,4 which clearly demonstrates that FASD-
birth defects are associated with preconception paternal
alcohol consumption (PPAC). Hence, PPAC is an emerging
contributor to the teratogenic effects of FASD.5–8

More than 90% of FASD children have ocular abnor-
malities,9 making the eye a sensitive indicator of alcohol

toxicity. FASD associated ocular defects exhibit a spec-
trum of phenotypes including external eye malformations,
microphthalmia, optic nerve hypoplasia, short palpebral
fissure, uveal coloboma, blepharoptosis, increased retinal
vessel tortuosity, coloboma, strabismus, retinal dysmorphia,
reduced visual acuity, abnormal light responses, and other
visual impairments.10–13 Ocular development is susceptible
to teratogenic stressors such as alcohol and neurotoxicants,
and developmental delays, impaired neural cell differentia-
tion, and increased retinal cell loss are observed in alcohol-
mediated ocular defects.14 In utero exposure to ethanol
causes significant deficits in rod photoreceptor sensitivity
to light in rats, which affects dark adaptation.15 However,
the influence of PPAC on the development and health of the
offspring remains understudied,7,16 and the contribution of
PPAC in FASD-associated ocular abnormalities is unknown.
Hence, the purpose of this study is to provide new evidence

Copyright 2025 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Downloaded from iovs.arvojournals.org on 02/10/2025

mailto:gko@cvm.tamu.edu
https://doi.org/10.1167/iovs.66.2.16
http://creativecommons.org/licenses/by-nc-nd/4.0/


PPAC Adversely Impacts Neural Retina in Offspring IOVS | February 2025 | Vol. 66 | No. 2 | Article 16 | 2

on the adverse contributions of PPAC to ocular abnormali-
ties with a focus on retinal physiology and morphology in
the offspring.

Our team previously established a mouse model
for PPAC17–23 that mimics male binge drinking behav-
ior during their circadian active phase (the night/dark
phase for mice).17,18,21,22,24 The males given alcohol for
6 weeks prior to mating with non-alcohol females have
offspring with developmental defects including dysfunc-
tional placentae, fetal growth restriction, delayed fetal
gestation, suppressed immune responses,19,21,25 abnormal
cholesterol metabolism,26 microcephaly, and abnormal cran-
iofacial formations.22 As growth deficiency, facial dysmor-
phology, and microcephaly are often observed in chil-
dren with FASD,27–29 these data strongly support that PPAC
contributes to FASD. Based on our previous observation that
PPAC contributes to microcephaly22 and microphthalmia36 in
their offspring, we hypothesized that PPAC not only causes
microphthalmia but also functional deficiencies of the neural
retinas in PPAC-offspring. In this study, we investigated the
influence of PPAC on adult offspring retinal physiology
and morphology by measuring the retinal light responses
via electroretinograms (ERGs) and changes in thicknesses
of various retinal layers up to 6 months old. We further
analyzed the differential influences of PPAC on male and
female offspring, as well as on central versus peripheral reti-
nal thicknesses. This is the first study of PPAC-associated
adverse effects on retinal light responses and morphology
of the offspring.

MATERIALS AND METHODS

Animals

All animal experiments complied with the Institutional
Animal Care and Use Committee (IACUC) protocols (AUP
#2020-0211, #2020-0286) of Texas A&M University and
the Association of Research in Vision and Ophthalmol-
ogy (ARVO, Rockville, MD, USA) guidelines for the Use
of Animals in Ophthalmic and Vision Research. Adult
male and female C57BL/6J mice (Strain#:000664 RRID:
IMSR_JAX:000664) were obtained from the Jackson Labo-
ratory (Bar Harbor, ME, USA). The colony used for this
study was housed at the Texas Institute of Genomic
Medicine (TIGM, Texas A&M, College Station, TX, USA)
under temperature- and humidity-controlled conditions, on
a reverse 12-hour light/dark cycle (lights off at 8:30 am) with
ad libitum access to a standard chow (catalog# 2019, Teklad
Diets, Madison,WI, USA) and water. To minimize stress, shel-
ter tubes for males and igloos for females (catalog# K3322
and catalog# K3570, Bio-Serv, Flemington, NJ, USA) were
placed in their home cages.

Preconception Paternal Ethanol Exposures

The preconception paternal ethanol treatments were
described previously (Fig. 1A).17,18,21,22 Briefly, three-months
old male mice were randomly assigned to either control
(water only) or experimental (10% w/v ethanol; catalog#
E7023; Millipore-Sigma, St. Louis, MO, USA) groups. Male
mice were first acclimated to individual housing conditions
for one week. After which, we used a modified version of the
“Drinking in the Dark”model of voluntary alcohol consump-
tion.30 Three hours into the dark phase, their home cage
water bottles were replaced with either water (control) or

10% ethanol (experimental group) for four hours daily for six
weeks (preconception period), encompassing one complete
spermatogenic cycle in male mice.21,22,31 Water bottles of
control and ethanol-treated males were exchanged concur-
rently to ensure identical handling and stress. Males were
then bred to naïve three-month-old females whose repro-
ductive cycles were first synchronized21,22,32 while maintain-
ing the male preconception treatments. A female was placed
into a male’s home cage immediately after the daily expo-
sure window. Six hours after confirmed mating (presence of
a vaginal plug), females were returned to their original cages.
The offspring from control or paternal ethanol-exposed (P-
Ethanol) groups were collected at various postnatal ages for
further analyses.

In Vivo Electroretinogram (ERG)

The in vivo ERG recordings of retinal light responses
were performed as described previously.33,34 Mice were
dark adapted for at least three hours and anesthetized
with an intraperitoneal injection of Avertin (2% 2,2,2-
tribromoethanol, 1.25% tert-amyl alcohol; Fisher Scientific,
Pittsburgh, PA, USA) solution (12.5 mg/ml) at a dosage of
500 μL per 25 g body weight. Pupils were dilated using a
drop of 1% tropicamide/2.5% phenylephrine mixture for five
minutes. Mice were placed on a heating pad to maintain the
body temperature at 37 °C. The ground and reference elec-
trodes were placed on the tail and under the cheek skin,
respectively. A thin drop of Goniovisc (Hub Pharmaceuticals,
Rancho Cucamonga, CA, USA) was applied on the cornea to
keep it moist, and a threaded recording electrode conjugated
to a mini contact lens (Ocuscience, Henderson, NV, USA) was
positioned on the cornea. All preparatory procedures were
done under dim red light, which was turned off during the
recording. A portable ERG device (OcuScience) was used to
measure dark-adapted ERG recordings at light intensities of
0.1, 0.3, 1, 3, 10, and 25 cd • s/m2. Responses to four light
flashes were averaged at lower light intensities (0.1, 0.3, 1.0,
and 3.0 cd • s/m2), while only one light flash was applied for
higher intensities (10 and 25 cd • s/m2). The low pass filter
cutoff was at 150 Hz (OcuScience). A one-minute recovery
period was programmed between different light intensities.
The amplitudes and implicit times of the ERG a- and b-wave
were analyzed using ERGView 4.4 software (OcuScience).

Ocular Tissue Processing and Retinal
Morphometrics

Eyes from two- and six-months old offspring were collected
for retinal morphometrics. After euthanasia, mice eyes were
excised and prepared as previously described.35 Briefly, eyes
were fixed with 4% paraformaldehyde overnight, washed
PBS (0.1 M, pH 7.3), post-fixed in 70% ethanol, and further
processed for paraffin-embedded sagittal sectioning at 4 μm.
The eye sections from both control and P-Ethanol groups
were mounted on the same slide. Sections selected for
retinal morphometrics were collected closest to the optic
nerve head to ensure consistency across all samples and
were stained with hematoxylin and eosin after deparaffiniza-
tion to visualize retinal morphology. Because retinal thick-
ness is not homogenous, we selectively chose the central
and peripheral areas for measurements. All experimental
groups were measured in the same manner. Images of one
central (adjacent to the optic nerve head) and two periph-
eral retinal areas (equidistant [to the left and right] from the
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FIGURE 1. The PPAC experimental model and a representative photograph of a PPAC-offspring mouse with a missing eye. (A) A schematic
diagram of the PPAC experimental treatment model. Three-month-old (3M) males were given either water (control) or 10% ethanol (four
hours per day) for six weeks before breeding with naïve females (three months old). After confirmed mating with the presence of a vaginal
plug, females were returned to their own cages. (B) Few PPAC-offspring mice were born with one eye, and in this case, the left eye was
fully developed, but the right eye (arrow) was missing or recessed within the eye socket.

central) per section were captured using a Nikon Eclipse
E400 microscope (Nikon Instruments Inc., Melville, NY, USA)
under identical magnification (×4 and ×40). Retinal thick-
ness was quantified for various retinal layers: outer nuclear
layer (ONL), outer plexiform layer (OPL), inner nuclear layer
(INL), and inner plexiform layer (IPL), by an individual
blind to the sample identities. Image J (National Institutes of
Health, Bethesda, MD, USA) software was used to quantify

these measurements. Data from three sections of the same
eye were averaged as n = 1, and each group had at least two
eyes from three mice (n = 6).

Statistical Analyses

All data are presented as mean ± standard error of mean
(SEM). The factors taken into consideration were paternal
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treatment group, sex, and age. Student’s t-test was first used
to determine the statistical difference between males and
females of the same age and treatment. If statistical differ-
ences were observed at a particular age, then the data for
males and females were analyzed independently. If not,
then data from both sexes were combined for further anal-
yses. Two-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test for unbalanced n was used for statisti-
cal comparison. Throughout, P< 0.05 was regarded as statis-
tically significant. Origin 9.0 was used for statistical analyses
and graph plotting (OriginLab, Northampton, MA, USA).

RESULTS

Preconception Paternal Alcohol Consumption
(PPAC) Causes Gross Anatomical Changes in the
Offspring

Microphthalmia is common among newborns and young
children diagnosed with FASD.13 We previously demon-
strated that offspring from PPAC male mice have smaller
ocular sizes compared to controls.36 In our previous and
current PPAC studies, occasionally, mice born to PPAC males
from different litters had one eye (Fig. 1B) unlike the
control offspring born with two normal eyes. The “miss-
ing eyes” of these PPAC-offspring never fully developed,
which shows a paternal contribution to microphthalmia
in offspring subjected to preconception alcohol exposure.
Data from PPAC-offspring with one eye was excluded from
the following studies, because the frequency of single-eye-
offspring occurrence was low, and we aimed to compare
potential differences between both eyes for each experimen-
tal condition.

PPAC Affects the Retinal Light Responses in the
Offspring

Some altered facial features in FASD patients might improve
over time,37 because their appearances would look normal
by middle age. However, cases of reported myopia persist
throughout adulthood.38 We examined whether there was a
potential deficit in retinal function in PPAC-offspring, and
whether these functional deficits would persist into adult-
hood. At two, four, and six months old, the dark-adapted reti-
nal light responses of the control and PPAC-offspring mice
were recorded by ERG.

We first compared the ERG responses from the left and
right eyes within each experimental group for all age groups
at different light intensities and found no statistical differ-
ences, so ERG recordings from both eyes were averaged for
every mouse as n = 1. Overall, at two months old (Figs.
2A1, 2A2), PPAC-offspring (P-Ethanol) had smaller ERG a-
and b-wave amplitudes at the highest stimulating light inten-
sity (25 cd.s/m2) compared to the control (Control; two-way
ANOVA: treatments and sexes; P < 0.05), and there was
no sex difference (N.S.) in retinal light responses. At four
months old (Figs. 2B1, 2B2), the PPAC-offspring exhibited
smaller ERG a- and b-wave amplitudes than the controls at
all stimulating light intensities and females had significantly
smaller light responses compared to males in both treatment
groups (P < 0.05; two-way ANOVA: treatments and sexes).
At six months old (Figs. 2C1, 2C2), there was no statisti-
cal difference between PPAC-offspring and the control nor
males compared to females, even though PPAC-offspring had

smaller ERG a- and b-wave amplitudes at all stimulating light
intensities. We did not observe any statistical differences
in ERG a- and b-wave implicit times between the control
and PPAC-offspring in all ages (ERG waveforms shown in
Figs. 2A3, 2B3, and 2C3).

As we observed a sex difference in retinal light
responses in 4-months old offspring, we further indepen-
dently analyzed the ERG responses in males (Fig. 3) and
females (Fig. 4) for both treatment groups (PPAC-offspring
versus controls) across all ages at three different stimulat-
ing light intensities (0.1, 3, and 25 cd • s/m2) using two-way
ANOVA (treatments and ages). In males, aging had a signifi-
cant impact on the retinal light responses, as the six-month-
old mice (6M) had lower ERG responses than two- or four-
month-old (2M or 4M) in both control and PPAC-offspring
(P < 0.05). Interestingly, PPAC did not appear to have an
impact on the photoreceptor light responses, as there was
no statistical difference (N.S.) between PPAC-offspring and
the control measured by ERG a-waves at three different
stimulating light intensities (Figs. 3A1, 3B1, 3C1), but PPAC
significantly decreased the inner retinal light responses as
measured by ERG b-waves at higher stimulating light inten-
sities (3 and 25 cd • s/m2; P < 0.05). There was no cross-
interaction between the treatments and ages meaning PPAC
did not affect or worsen the aging effects in retinal light
responses, and aging did not cause PPAC-offspring to have
smaller retinal light responses.

As for female mice (Fig. 4), PPAC had a significant impact
on the retinal light responses in the offspring (P-Ethanol)
compared to the controls (Control) in all three stimulating
light intensities (P < 0.05). Aging had some impacts on all
female mice regardless of the treatments, since all 2 months
old female mice had significantly higher ERG a- and b-wave
amplitudes than the 4 or 6 months old (P < 0.05). There
was no cross-interaction between the treatments and ages,
so PPAC did not impact the aging effects, and aging did
not worsen PPAC-caused smaller retinal light responses of
females.

Overall, it appears that PPAC might adversely impact
female offspring (P-Ethanol/ Female; Fig. 4) more than
male offspring (P-Ethanol/Male; Fig. 3). At all light inten-
sities, ERG a- and b-wave amplitudes were smaller in PPAC-
female offspring than the control females (Fig. 4), whereas
PPAC-male offspring only had significantly smaller ERG b-
wave amplitudes compared to the male controls only at the
higher stimulating light intensities (Fig. 3). Interestingly, in
males, the ERG a- and b-wave amplitudes recorded from the
6 months old mice were smaller than those recorded from
the two- and four-month-old mice irrespective of treatments,
whereas the a- and b-wave amplitudes recorded at both four
and six months were similar in females. Thus aging might
have differential impacts on retinal light responses in males
versus females devoid of the PPAC influence. There was no
statistical difference of ERG a- and b-wave implicit times
between PPAC and control offspring, as well as males versus
females across all light intensities (two-way ANOVA; data not
shown), suggesting that PPAC did not impact the offspring
in the response times to light flashes.

PPAC Affects Retinal Thicknesses in the Offspring

As microphthalmia is characteristic of some FASD children,13

we next examined whether the histological features of the
neural retina were altered by PPAC. We measured the total
neural retinal thickness (from the outer/inner photoreceptor
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FIGURE 2. PPAC decreased retinal light responses in their offspring. Dark-adapted ERG responses with a series of light flashes (0.1, 0.3, 1,
3, 10, and 25 cd • s/m2) were recorded in control and PPAC-offspring mice at two (A1 and A2), four (B1 and B2), and six (C1 and C2)
months old. Each group has three to 10 mice (n = 3–10) as denoted in each panel. (A1 and A2) At two months old, the ERG a- and b-wave
amplitudes are significantly lower in PPAC-offspring mice (P-Ethanol) than the control mice (Control). *: indicates a statistical difference (P
< 0.05) between the control and P-Ethanol at 25 cd • s/m2 light intensity. There is no statistical difference (N.S.) between male and female
mice. (A3) Representative ERG waveforms recorded from two months old mice at 25 cd • s/m2 light intensity. Black line: control; red line:
P-Ethanol. (B1 and B2) At four months old, there is a statistical difference between male and female mice (#: P < 0.05). (B3) Representative
ERG waveforms recorded from four-month-old mice at 25 cd • s/m2 light intensity. Black line: control; red line: P-Ethanol. (C1 and C2) At six
months old, there is no statistical difference among the four groups. (C3) Representative ERG waveforms recorded from six-month-old mice
at 25 cd • s/m2 light intensity. Black line: control; red line: P-Ethanol. Two-way ANOVA (factor a: light intensities; factor b: four experimental
groups), P < 0.05.
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FIGURE 3. The effect of PPAC on retinal light responses of male offspring-mice. Dark-adapted ERG recordings of male mice across two,
four, and six months old at 0.1 (A1 and A2), 3 (B1 and B2), and 25 (C1 and C2) cd • s/m2 light intensities were further analyzed using
two-way ANOVA (factor a: age; factor b: control vs. PPAC-offspring; P < 0.05). (A1 and A2) At 0.1 cd • s/m2 light intensity, there is no
statistical difference (N.S.) between the control and PPAC-offspring mice (P-Ethanol) in ERG a-wave (A1) and ERG b-wave (A2). There is an
age difference (&) between two, four, and six months old (2M, 4M, and 6M) in both ERG a- (A1) and b- (A2) waves. (B1 and B2) At 3 cd •
s/m2, there is a statistical difference between the control and PPAC-offspring (P-Ethanol) in ERG b-wave (B2). There is an age difference (&)
between two, four, and six months old in both ERG a- (B1) and b- (B2) waves. (C1 and C2) At 25 cd • s/m2, there is a statistical difference
between the control and PPAC-offspring (P-Ethanol) in ERG b-wave (C2). There is an age difference (&) between two, four, and six months
old in both ERG a- (C1) and b- (C2) waves.
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FIGURE 4. The effect of PPAC on retinal light responses of female offspring-mice. Dark-adapted ERG recordings of female mice across
two, four, and six months old at 0.1 (A1 and A2), 3 (B1 and B2), and 25 (C1 and C2) cd • s/m2 light intensities were further analyzed
using two-way ANOVA (factor a: age; factor b: control vs. PPAC-offspring; P < 0.05). (A1 and A2) At 0.1 cd • s/m2 light intensity, there
is a statistical difference (asterisk) between the control and PPAC-offspring mice (P-Ethanol) in ERG a-wave (A1) and ERG b-wave (A2).
There is an age difference (&) between two, four, and six months old (2M, 4M, and 6M) in ERG b-wave (A2) but not a-wave (A1; N.S.). (B1
and B2) At 3 cd • s/m2, there is a statistical difference between the control and PPAC-offspring (P-Ethanol) in both ERG a- (B1) and b-
(B2) waves. There is an age difference (&) between two, four, and six months old in both ERG a- (B1) and b- (B2) waves. (C1 and C2) At
25 cd • s/m2, there is a statistical difference between the control and PPAC-offspring (P-Ethanol) in ERG a- (C1) and b- (C2) waves. There
is an age difference (&) between two, four, and six months old in both ERG a- (C1) and b- (C2) waves.
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FIGURE 5. The effect of PPAC on the morphology of the retinal layers. Mouse retinal sections (4 μm) from two (2M) and six months old (6M)
of the control (Control) and PPAC-offspring mice (P-Ethanol) were processed for hematoxylin and eosin (H&E) staining, and the thickness
of various retinal layers were measured. The central (A1, B1, C1, D1, and E1) and peripheral (A2, B2, C2, D2, and E2) retinas were
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concurrently analyzed. Two-way ANOVA (factor a: Control vs. P-Ethanol; factor b: 2M vs. 6M) with P < 0.05 was used for statistical analysis.
Three sections of the same eye were averaged because n = 1, and each group had at least two eyes from three mice (n = 6). (A1 and A2)
There is a statistical difference between Control and P-Ethanol (pound sign), as well as age (asterisk) in the total retinal thickness measured
from the central (A1) and peripheral (A2) retina. (A3) Representative photographs of H&E-stained retinal sections taken from the peripheral
retinas of the Control and P-Ethanol mice at six months (6M) old. Scale bar: 50 μm. (B1 and B2) There is no statistical difference (N.S.)
between Control and P-Ethanol in the central ONL (B1), but it is significant (pound sign) in the peripheral ONL (B2). There is a statistical
difference of the ONL measured in the central (B1) and peripheral (B2) retina between ages (asterisk). (Insert) A representative retinal
section with labeled ONL, OPL, INL, IPL, and the ganglion cell layer (GCL). (C1 and C2) Although there is a statistical difference in OPL
between two and six months old (asterisk), there is no statistical difference between Control and P-Ethanol in central (C1) and peripheral
(C2) OPL. (D1 and D2) There is a statistical difference in INL between Control and P-Ethanol (pound sign) and between two and six months
old (asterisk) measured in the central (D1) and peripheral (D2) retina. (E1 and E2) There is a statistical difference in IPL between Control
and P-Ethanol (pound sign) in the central (E1) but not peripheral (E2) retina. There is a statistical difference in IPL between two and six
months old (asterisk) measured in the central (E1) and peripheral (E2) retina.

segment to the retinal nerve fiber layer) and various retinal
layers (Fig. 5). There was no statistical difference between
males and females, so we combined the data from both sexes
for each treatment group. The total retinal thickness was
statistically different between PPAC-offspring and controls
in central (Fig. 5A1) and peripheral (Fig. 5A2) retinal areas
(P < 0.05). There is a significant difference in retinal thick-
ness between two- and six-month-old mice (P < 0.05).

We further measured the central and peripheral retinal
layers including ONL (Figs. 5B1, 5B2), OPL (Figs. 5C1, 5C2),
INL (Figs. 5D1, 5D2), and IPL (Figs. 5E1, 5E2).When compar-
ing the thicknesses of different retinal layers between the
two- (2M) and six-month-old (6M) mice, aging caused signif-
icant retinal thinning in all layers measured in controls
(Control) and PPAC-offspring (P-Ethanol; P < 0.05). In
the central retina, PPAC elicited significant changes in the
INL and IPL layers of its offspring (P-Ethanol) compared
to the control (Figs. 5D1, 5E1; P < 0.05). In the periph-
eral retina, PPAC elicited statistical differences in the ONL
and INL compared to the control (Figs. 5B2, 5D2; P <

0.05). It appears that PPAC had more impacts in the inner
retina (INL and IPL) than the outer retina (ONL and OPL)
of the offspring. However, there was no statistical differ-
ence between the control and PPAC-offspring of 6 months
old mouse retinas in either the total thickness or the
thickness of various layers. There was no cross-interaction
between treatments and aging. Thus aging might have
stronger effects on retinal thinning than PPAC throughout
mid-adulthood.

DISCUSSION

This is the first study that investigates the effect of PPAC
on neural retinal function and morphometrics of PPAC-
offspring mice. Microphthalmia is a commonly reported
gross ocular defect in FASD9,11,13 and has since been listed
as a diagnostic criterion of FASD.39 Although microph-
thalmia can manifest either unilaterally or bilaterally,40,41

we previously reported that there is a strong tendency for
the right eyes to be smaller than the left in PPAC-offspring
mice,22 bearing resemblance to the microphthalmia pheno-
type frequently observed in the right eyes of FASD mice after
in utero exposure to alcohol.42 The underlying mechanism of
such asymmetry and pronounced susceptibility of the right
eyes in FASD mice43,44 remains unknown. In this study, we
observed a few adult PPAC-offspring mice (Fig. 1) with a
single eye, in which one eye was not fully developed and
was recessed in the eye socket. The occurrence of single-
eyed PPAC-offspring mice was infrequent (fewer than one
pup per two or three litters), so we did not include these
mice in the following studies (Figs. 2–5).

PPAC appears to have more adverse impacts on female
offspring retinal light responses than the male offspring
(Figs. 2–4). In male mice, while there was an age-dependent
difference in retinal light responses, PPAC did not have
a significant impact on the photoreceptor light responses
(ERG a-waves; Figs. 3A1, 3B1, and 3C1). But in female mice,
PPAC adversely affected the photoreceptor light responses
in PPAC-offspring compared to the control (Figs. 4A1,
4B1, 4C1). PPAC significantly decreased inner retinal light
responses (ERG b-waves) when the light intensities were at
mesopic (3 cd • s/m2) and photopic (25 cd • s/m2) condi-
tions in PPAC-male offspring (Figs. 3B2, 3C2), but in females,
PPAC elicited a decline in ERG b-waves even under scotopic
(0.1 cd • s/m2) conditions (Figs. 4A2, 4B2, 4C2). Thus PPAC
adversely affects the inner retinal physiology (shown in ERG
b-wave) more than the photoreceptors in the offspring of
both sexes. Interestingly, in our morphological analyses of
the various retinal layer thicknesses, it appears that PPAC has
more impacts in the inner retina (INL and IPL) than the outer
retina (ONL and OPL) of the offspring. This observation
echoes previous reports that the inner retina might be more
vulnerable or sensitive to environmental insults45,46 than the
outer retina. There was a sex difference in PPAC-elicited
impacts on their offspring shown in our ERGs. This result
points to the possibility that females might be more suscep-
tible to prenatal and perinatal alcohol stress than males. As
previously reported, female FASD children show profound
cognitive impairment and dysmorphia compared to males at
age seven.47

In FASD patients, the neural retina is the most suscepti-
ble tissue to the negative impact of ethanol among other
FASD-associated ocular abnormalities.13 Neurogenesis of
the neural retina is critical for the development of the
whole eye.14,48–50 As a teratogen, direct exposure to ethanol
affects the morphogenesis of optic vesicles thus interferes
with neural retina formation.51 However, unlike most FASD
mouse studies in which the pregnant mice or pups had
direct alcohol-exposure, the PPAC-offspring mice were never
exposed to ethanol in utero or postnatally. We previously
showed that the sperms of ethanol-exposed male mice have
epigenetic modifications,52,53 resulting in PPAC-fetuses with
smaller placenta21,25,52 and abnormal liver metabolism.54

Here, we have further unveiled that PPAC not only impacts
the fetus and early development but transcends into adult-
hood.

In conclusion, we have demonstrated in this study that
PPAC has adverse impacts on offspring during early devel-
opment18,19,22–25,36,52,55 and in adulthood. Paternal drinking
prior to conception could cause congenital ocular defects in
children and to a larger extent, craniofacial dysmorphia and
growth deficits. As we showed that PPAC negatively affects
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the retinal light responses of its offspring even in early adult-
hood, it implies that PPAC could cause vision problems in
their school-age children to young adults and impact their
learning and early career development. Hence, FASD is not
only linked to maternal alcohol use, and the health-advisory
warning of the negative impacts of alcohol consumption
should be broadened to include both parents and extended
to preconception paternal alcohol consumption.
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