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ABSTRACT OF THE DISSERTATION 

 

The Effects of Parental Ethanol Exposure on Offspring Development 

by 

Kathleen Elizabeth Conner 

 

Doctor of Philosophy, Graduate Program in Neuroscience 
University of California, Riverside, June 2024 

Dr. Kelly J. Huffman, Chairperson 
 

Fetal alcohol spectrum disorders (FASD) describe the wide array of long-

lasting developmental abnormalities in offspring due to prenatal alcohol (ethanol 

[EtOH]) exposure via maternal gestational drinking. Our laboratory has identified 

many deleterious effects of prenatal ethanol exposure (PrEE) as well as paternal 

ethanol exposure (PatEE) prior to conception in a mouse model. Our results 

indicate that PrEE and PatEE can have substantial effects on the offspring 

including alterations in gross anatomy, neuroanatomy, gene expression, and 

behavior. In chapter 1, we show that PrEE can lead to craniofacial anomalies, 

decreased body weight and length, decreased brain weight and cortical length, 

as well as structural changes to the cortex and corpus callosum during 

embryonic development (E12.5, E14.5, E16.5, E18.5).  

To further explore potential heritable effects of PrEE, we investigated brain 

and behavioral development in the F1 (directly exposed), F2 (indirectly exposed) 

and F3 (non-exposed) generations in Chapter 2. All generations of PrEE 
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newborns had decreased body weights, brain weights, and neocortical lengths 

compared to controls, although there were no differences in brain to body weight 

ratios. Hippocampal CA3 was significantly thinner in all generations of PrEE mice 

compared to controls. PrEE resulted in a significant rate of agenesis or partial 

development of the corpus callosum in the majority of F1 cases, with a less 

frequent, non-significant, occurrence in F2 and F3 mice. Disrupted sensorimotor 

integration, motor control, and anxiety-like behavior persisted to at least the F2 

generation.  

In Chapter 3, we investigated the transgenerational effects of paternal 

EtOH exposure (PatEE) on offspring brain and behavioral development. We 

observed no differences between control and PatEE (F1 and F2) mice in 

measures of neocortical length. Abnormal patterns of Id2 and RZRβ gene 

expression were observed in the F1 generation but not the F2 at P0. Additionally, 

PatEE may generate sex-specific effects on offspring behavior that can last up to 

two generations after the sire’s initial exposure. 

We propose that the effects of drinking alcohol during pregnancy or prior 

to conception may be more serious than previously thought as transgenerational 

effects were observed in the offspring even though they never consumed alcohol 

themselves. 
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General Introduction 

Fetal alcohol spectrum disorders (FASD) describe a wide array of 

developmental anomalies that occur as a result of ethanol (EtOH) exposure 

during pregnancy (Hoyme et al., 2016). Children diagnosed with FASD can 

potentially experience a range of developmental abnormalities including growth 

retardation, central nervous system issues, altered facial morphology, abnormal 

behavior, and cognitive deficits. However, absence of diagnosis or misdiagnosis 

of FASD has been shown to occur frequently (Chasnoff et al., 2015), leading to a 

severe underestimation of the true prevalence of FASD. Incidence rates for 

FASD are currently estimated to be as high as 5% in the United States (May et 

al., 2018) with the highest prevalence in South Africa at 11.1% (Lange et al., 

2017).  

  The first health advisory issued by the National Institutes of Health (NIH) 

in June of 1977 (U.S. Food and Drug Administration, 1977) suggested a limit of 

two drinks per day for pregnant women and stipulated that consuming more than 

6 drinks per day could pose a significant risk to the developing fetus (Warren, 

2015). In July of 1981, the U.S. Surgeon General released a bulletin that advised 

women who are pregnant or considering becoming pregnant to not drink 

alcoholic beverages at all (FDA Drug Bulletin, 1981). However, warning labels on 

alcoholic beverages stating the dangers of consumption during pregnancy were 

not required until the passage of the Alcoholic Beverage Labeling Law in 1988, 

which mandated that these labels be placed on containers by 1989 (Warren, 
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2015). Similar recommendations were released by the U.S. Surgeon General in 

2005 reiterated the 1981 bulletin and are continued to be made by professional 

societies around the world. 

Despite warnings from the Centers for Disease Control (CDC) that no 

amount of alcohol is safe to consume during pregnancy (Green et al., 2016), the 

rates of alcohol consumption during pregnancy continue to remain high with 

about 14 percent of women reporting drinking alcohol at some point during 

pregnancy, most typically during the first trimester (Gosdin et al., 2022). 

Furthermore, about 5 percent of pregnant individuals reported binge drinking 

while pregnant (Gosdin et al., 2022). Additionally, the CDC reported that three 

out of four women who were actively trying to conceive did not stop drinking 

alcohol, posing a tremendous issue as a woman could get pregnant and not 

know for up to four to six weeks (Green et al., 2016).  

 

Background: PrEE, PatEE and the neocortex:  

The neocortex, the largest part of the human brain, facilitates emergent 

properties that mediate complex, higher order functions and behaviors. The 

neocortex relies on a tightly regulated temporal and spatial orchestration of 

genetic and environmental cues for proper development, a process that seems 

particularly susceptible to prenatal EtOH insult. Animal studies focusing on 

maternal EtOH exposure have found a plethora of atypical cortical phenotypes 

present in offspring including increased apoptosis (Ikonomidou  et al., 2000), 
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altered pyramidal cell morphology (Granato et al., 2003), modified development 

of anatomical regions or structures (Abbott et al., 2016), and atypical 

development of the intraneocortical circuitry (El Shawa et al., 2013). Human 

neuroimaging studies in children with FASD have also demonstrated 

abnormalities in neocortical development (Zhou et al., 2011), suggesting that 

irregular cortical phenotypes may underlie some PrEE-induced behavioral 

alterations. 

One aspect of neocortical development affected by PrEE is arealization, or 

the patterning, of neurons into functionally and spatially distinct areas (Dye et al., 

2011a, b). Specifically, PrEE results in aberrant intraneocortical connections 

(INCs), as well as altered expression of genes critical for proper patterning of the 

neocortex in mice (El Shawa et al., 2013).  

Development of INCs has been shown to be governed by expression of 

patterning genes, such as Id2 and RZRβ (Huffman et al. 2004), whose 

expression is highly regulated throughout development (Dye et al., 2011a; 

2011b). Functionally, Id2 is a helix–loop–helix transcription factor important for 

neural stem cell renewal and normal CNS development (Park et al., 2013), while 

RZRβ, a nuclear receptor, influences proper cortical structural patterning, 

including the development of the barrel cortex in primary somatosensory cortex 

(S1) (Jabaudon et al., 2012). Importantly, both genes are present within the 

murine cortex at embryonic and early postnatal ages and are expressed in 

distinct layer and area-specific patterns, suggesting their role in arealization 
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(Rubenstein et al., 1999; Dye et al., 2011a). In particular, Id2 and RZRβ 

expression boundaries have been implicated in the guidance of regional 

development of early intraneocortical (INC) connectivity (Huffman et al., 2004). 

PrEE alters the expression of these patterning genes, and others, providing a 

potential mechanism on how EtOH disrupts INC development (El Shawa et al., 

2013; Abbott et al., 2018). These changes in gene expression and connectivity 

could explain some of the behavioral effects observed in offspring with FASD. 

Recently, our laboratory has demonstrated that these phenotypes pass to 

second and third filial generations after an initial PrEE (Abbott et al., 2018), 

suggesting EtOH may have potent transgenerational effects. The second chapter 

will expand on these findings and discuss the transgenerational effects of PrEE 

on offspring neuroanatomy and behavior, while the first chapter will focus 

primarily on the development of embryonic neuroanatomy and gross anatomy.  

As the CDC announced the lack of safety of any alcohol use during 

pregnancy and with most research focusing on the effects of women’s drinking 

on their progeny, many individuals began to question why women were the only 

ones of concern when half of a baby’s DNA comes from the father. This poses 

the important question of: does a father’s alcohol consumption affect offspring 

brain and behavioral development? Although the teratogenic consequences of 

prenatal EtOH exposure (PrEE) are somewhat understood, much less is known 

about the impact of preconception paternal EtOH exposure (PatEE), despite a 

growing body of preclinical evidence indicating that offspring sired by males 
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exposed to EtOH prior to conception display altered brain and behavioral 

development similar to maternal-mediated prenatal EtOH exposure (Chang et al., 

2017; Chang et al., 2019; Finegersh and Homanics 2014; Jamerson et al., 2004; 

Kim et al., 2014; Meek et al., 2007; Rompala et al., 2016; Rompala et al., 2017). 

It has been reported that up to 75% of children with FASD have biological fathers 

who are alcoholics (Abel, 2004). Lemoine and colleagues (1968) were the first to 

describe cases in which children with characteristics of fetal alcohol syndrome 

were born to mothers who did not drink, but fathers were known alcoholics. 

Approximately 58% of adult men report drinking alcohol in the last 30 days (CDC, 

2020) with one study reporting that about 4.5% of men met the diagnostic criteria 

for alcohol dependence (Esser et al., 2014). Binge drinking also poses an issue 

as one in six US adults binge drinks around four times a month (~7 drinks per 

binge) resulting in approximately 17 billion total binge drinks consumed by adults 

annually (Kanny et al., 2018). Binge drinking behavior is more common in men 

(80% of all binge drinkers) and in younger adults aged 18-34 years, but more 

than half of the total binge drinks are consumed by those aged 35 and older 

(Kanny et al., 2018). This raises an important issue since many men consume 

alcohol and are unaware of the effects it may have on their sperm and future 

offspring as spermatogenesis occurs until very advanced ages (~95 years) 

(Dakouane et al., 2005).  

Several studies (Oldereid et al., 1992; Marshburn et al., 1989; Little et al., 

1986) have reported impotence rates ranging from 8% to 54% in males suffering 
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from chronic alcoholism compared to nondrinkers. Chronic alcohol exposure is 

associated with reduced seminiferous tubular diameter and germinal epithelium, 

fewer cells in ejaculate, increased morphologically abnormal sperm, and 

problems with sperm motility (Abel, 1983). It has been observed that male 

alcohol consumption one month before attempting in vitro fertilization (IVF) or 

gamete intrafallopian transfer (GIFT), independent of other covariates, increased 

the risk of miscarriage and failure of live birth (Klonoff-Cohen et al., 2003). 

Additionally, clinical research in humans has found associations among 

heavy paternal EtOH consumption and adverse developmental outcomes in 

offspring (reviewed in Finegersh et al, 2015; Xia et al., 2018; Zuccolo et al., 

2017), providing further support for the deleterious impact of paternal drinking. 

Specifically, children of alcoholic fathers have been shown to display lower birth 

weights (Abel, 2004; Little and Sing, 1987), increased risk of congenital defects 

(Zuccolo et al., 2017), cognitive impairments (Tarter et al., 1989), and altered 

reproductive development (Xia et al., 2018), suggesting PatEE may be more 

impactful on offspring development than previously thought. 

Rodent studies, using a variety of species, strains, and exposure 

paradigms, have generally reinforced this idea with studies dating back to over 

100 years ago (Stockard and Papanicolaou, 1918). Researchers have described 

various behavioral abnormalities (Abel, 1991; Abel and Lee, 1988; Hollander et 

al., 2019; Jamerson et al., 2004; Kim et al., 2014; Meek et al., 2007), as well as 

lower weights at birth (Bielawski et al., 2002), increased incidence of runts in 
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litters (Bielawski and Abel, 1997), smaller litter sizes (Liang et al., 2014; Meek et 

al., 2007), and congenital CNS anomalies (Lee et al., 2013). A decrease in pup 

size and weight were observed in both long term and acute alcohol exposure 

models (Abel, 1995; Abel, 2004; Adler, 1996; Bielawski and Abel 1997; Ceccanti 

et al., 2016, Cicero et al., 1994).  

Preclinical studies focusing on PatEE’s effects on the neocortex are 

sparse but have shown that affected offspring have increased cortical thickness 

(Jamerson et al., 2004) and altered expression and epigenetic regulation of the 

dopamine transporter in the frontal cortex (Kim et al., 2014). Importantly, to our 

knowledge, no study exists examining the effect of preconception paternal EtOH 

consumption on development of neocortical connections. We hypothesize that 

PatEE offspring could demonstrate abnormal neocortical development due to 

PatEE’s ability to disrupt normal development in the neocortex, as well as EtOH’s 

ability to modify INCs in the absence of direct exposure. 

In previous rodent models, PatEE has been shown to disturb gene 

expression in the brain (Finegersh and Homanics, 2014; Kim et al., 2014; Liang 

et al., 2014; Przybycien-Szymanska et al., 2014; Rompala et al., 2017) and liver 

(Chang et al., 2017, 2019) of offspring. Chapter 3 investigates if similar 

alterations in neocortical patterning genes occur due to PatEE and what some 

potential mechanisms for these changes are. Since many prenatal EtOH 

exposure phenotypes have been shown to pass transgenerationally (Abbott et 

al., 2018; Gangisetty et al., 2020; see review by Chastain and Sarkar 2017), we 
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investigated whether the observed phenotypes from preconception PatEE also 

persist into future generations beyond the F1 generation. To our knowledge there 

has been no research on the transgenerational effects of PatEE on the 

neocortex. Although research investigating the impact of PatEE is on the rise, it 

remains greatly understudied compared to models of FASD generated from 

EtOH exposure via maternal drinking. It is not known whether PatEE, like PrEE, 

results in a heritable condition. Thus, this study is of critical importance to reveal 

risks for future generations of alcoholic fathers.  

In summary, both prenatal exposure to alcohol and paternal exposure to 

alcohol prior to conception can cause a wide array of deleterious effects on 

offspring gross anatomy, neuroanatomy, and behavioral development. These 

effects can potentially be passed down to subsequent generations even if those 

offspring never drink themselves. Additionally, these changes may be mediated 

through damage to the neocortex. However, the spectrum of these effects 

remains largely unknown and the severity of them varies in each individual. Here, 

we will explore some of these changes more in depth as well as potential 

mechanisms for these changes.  
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Chapter 1: Effects of ethanol exposure on embryonic gross anatomy and  

neuroanatomy in a mouse model 

 

ABSTRACT 

Fetal alcohol spectrum disorders (FASD) describe a wide array of developmental 

anomalies that occur as a result of ethanol (EtOH) exposure during pregnancy. 

Children diagnosed with FASD can potentially experience a range of 

developmental abnormalities including stunted growth, central nervous system 

issues, altered facial morphology, abnormal behavior, and cognitive deficits. A 

mouse model was used to investigate the effects of prenatal ethanol exposure 

(PrEE) on gross anatomy and neuroanatomy at various stages during embryonic 

development (embryonic day (E)12.5, E14.5, E16.5, and E18.5). Experimental 

dams self-administered a 25% EtOH solution throughout the time of their 

gestation until designated experimental timepoints. Results from this experiment 

reveal altered gross and neuroanatomy, including decreased body weight, body 

length, brain weight, cortical length, and neocortical thinning due to in utero 

ethanol exposure at all stages investigated. Additionally, abnormal corpus 

callosum shape and callosal agenesis was observed in some PrEE cases at 

E16.5 and E18.5. This study will bring insight to the developmental trajectories of 

PrEE at various stages during gestation by providing information on the gross 

anatomical and neuroanatomical differences seen in children with FASD that 

may underlie atypical behavior exhibited in these individuals. 
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INTRODUCTION 

The Centers for Disease Control (CDC, 2024b) have issued warnings 

about the dangers of drinking during pregnancy. It is known that no amount of 

alcohol (regardless of type) is safe to consume during pregnancy and that it is 

dangerous to consume alcohol during any stage of pregnancy, including before a 

person knows they are pregnant. Despite these warnings, the rates of alcohol, or 

ethanol, consumption during pregnancy continue to remain high with 18.6% of 

pregnant women between the ages of 30 and 44 reporting that they drank during 

their pregnancy (Tan et al., 2015). Current research from the CDC indicates 

nearly 14% (or 1 in 7) of pregnant people reported drinking alcohol in the past 30 

days and roughly 5% (or 1 in 20) reported binge drinking in the past 30 days 

(CDC, 2024c). Prenatal ethanol exposure (PrEE) can lead to pregnancy 

complications or even result in miscarriage or stillbirth as well as a variety of 

long-lasting developmental abnormalities known as fetal alcohol spectrum 

disorders (FASD) (Hoyme et al., 2016). Incidence rates for FASDs are currently 

estimated to be as high as 5% in the United States (May et al., 2018) with some 

sub-populations as high as 7% (May et al., 2021) and the highest prevalence in 

South Africa at 11.1% (Lange et al., 2017). However, many cases go 

undiagnosed and incidence rates may be on rise as the amount and frequency of 

alcohol consumption increased during the COVID-19 Pandemic (Boschuetz et 

al., 2020).  
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 The most severe of the FASDs is fetal alcohol syndrome (FAS) in which 

the child has growth problems, abnormal facial features, and central nervous 

system issues that can range from neurological, functional, or cognitive deficits 

(CDC, 2024a; Astley and Clarren, 2000; Jones et al., 1973; U.S. Food and Drug 

Administration, 1977). In the United States, the prevalence of FAS reached 0.8% 

and partial FAS varied within four different regions from 0.8 to 5.9 percent (May 

et al., 2018). Instances of FAS may be higher if the baby is exposed to alcohol 

during the first trimester. This stage of development is critical as major organs 

systems such as the brain, spinal cord, heart and digestive systems are forming. 

Recent studies have reported 19.6% of pregnant women in the United States 

drank alcohol during the first trimester (England et al., 2020). Unfortunately, 

many women may not know that they are pregnant at this stage and may 

continue to drink alcohol. 

Previous work in our laboratory has documented many deleterious effects 

of PrEE via multilevel experiments in a novel CD-1 mouse model of FASD. For 

example, abnormal neocortical gene expression, altered neuroanatomy, and 

development of ectopic intraneocortical connections in postnatal mice were 

induced by PrEE (Abbott et al., 2016; El Shawa et al., 2013). Many of these 

phenotypes were passed to subsequent generations, as demonstrated in our 

transgenerational model of FASD (Abbott et al., 2018; Bottom et al.,2022; Perez 

et al., 2024, in preparation). 
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In the current study, we extended our research by investigating the effects 

of PrEE in embryonic mice. Our goal is to identify gross neuroanatomical 

phenotypes in PrEE and control offspring at different embryonic stages prior to 

birth (embryonic day (E) 12.5, E14.5, E16.5, E18.5) in our mouse model of 

FASD. By assessing areas within the rostral, middle, and caudal portions of the 

brain, we were able to map changes in neuroanatomy that occur in response to 

in utero exposure of EtOH that progress throughout murine development. 

 

MATERIALS AND METHODS 

Animal care. 

All studies were performed in accordance with protocol guidelines 

approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of California, Riverside. CD-1 mice that were initially purchased from 

Charles River Laboratories (Wilmington, MA/USA) were used for all experiments. 

All mice were housed in animal facilities at the University of California, Riverside 

that are kept at approximately 22°C on a standard 12 h light/12 h dark cycle. All 

efforts were made to minimize animal discomfort and usage in this study. 

 

Ethanol administration and breeding. 

P90 female mice were paired with P90 male breeders; the male was 

removed after detection of the vaginal plug and gestation day was set to 

embryonic day (E) 0.5. Female mice were then separated into control and 
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experimental groups and housed individually. Control mice (n =16) were provided 

with chow and water ad libitum throughout gestation until designated sacrifice 

day. Experimental mice (n = 10) were given chow and 25% ethanol (EtOH) ad 

libitum throughout their gestational period until the corresponding time period. 

See Figure 1.1 for an experimental timeline. 

 

Blood ethanol concentration. 

Blood ethanol concentration (BEC) of E18.5 embryos and dams resulting 

from treatment of 25% EtOH in water or water alone was determined using an 

alcohol dehydrogenase-based enzymatic assay. Immediately following embryo 

extraction and assessment of litter size, blood was extracted from the heart with 

a syringe. Blood samples were collected from both dams and embryos via 

cardiac puncture at the time of embryonic extraction.  

Samples of whole blood from dams were allowed to sit at room 

temperature for 30 minutes to allow clotting. After clotting, samples were 

centrifuged for 15 minutes at 4,000 x g at 4°C to obtain serum. Then 1 mL of 

alcohol reagent (Pointe Scientific; Canton, MI/USA) that was pre-heated to 30°C 

was mixed with 5µL of serum, reheated to 30°C and immediately assayed using 

a spectrophotometer.  

At E18.5, 50µL of the whole blood sample was deproteinized with 450µL 

trichloroacetic acid solution, mixed vigorously, then allowed to stand at room 

temperature for 5 minutes. The sample was then centrifuged at 4,000 x g for 5 
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minutes to obtain the supernatant. 1mL of alcohol reagent (Pointe Scientific; 

Canton, MI/USA) was heated to 30°C and 5µL of supernatant was added to the 

tube and incubated at 30°C for 5 minutes.  

All samples were analyzed in duplicate using a Nanodrop 2000 

spectrophotometer at 340 nm wavelength. An ethanol standard (100 mg/dL) was 

also reacted with alcohol reagent and heated to 30°C to create a BEC standard. 

For embryonic samples, a 1:10 dilution of this ethanol standard (100 mg/dL) was 

reacted with alcohol reagent and heated to 30°C to create the BEC standard. 

Test samples were then compared to the ethanol standard to quantitatively 

determine BEC levels. Differences between EtOH exposed and control dams 

were compared via t-test analyses with statistical significance set at p < 0.05.  

Samples were not taken from embryos that were younger than E18.5 as 

there is not enough blood to conduct a proper reaction. On average, mice have 

around 58.5 ml of blood per kg of body weight. Therefore, a mouse weighing 1.5 

g would have a total blood volume of approximately 58.5 ml/kg x 0.0015 kg = 

87.75 µL.  

 

Dam blood plasma osmolality measurements. 

Blood plasma osmolality was measured using an osmometer. Samples of 

whole blood were taken from the dams via cardiac puncture and allowed to sit at 

room temperature for 30 minutes to allow for clotting. After clotting, samples were 

then centrifuged for 10 minutes at 4,000 x g at 4°C to obtain serum. 
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Approximately 150mL of serum was loaded into a disposable sample tube and 

measured after the machine was properly calibrated. Experimental and control 

samples were then compared via t-test analyses with significance set to p < .05. 

 

Cesarean section and tissue preparation. 

Pregnant female mice from both groups were weighed on a balance then 

sacrificed via cervical dislocation when their gestation reached a designated time 

point of either E12.5, E14.5, E16.5, or E18.5. Immediately after, a postmortem 

cesarean section was performed on the mice and embryos were extracted and 

weighed individually on a standard analytical balance. For embryo extraction, the 

gravid uterus was removed and placed in phosphate-buffered saline (PBS), pH 

7.4, on ice. A small vertical incision was made in the uterine wall along the short 

axis of the uterine horn so that the implantation site where the fetus with its 

placenta was isolated. Then an incision of the anti mesometrial side of the 

uterine wall was made so that the fetal membrane was exposed. The fetal 

membrane was then removed with forceps, the umbilical cord was cut, and the 

placenta was removed so that the embryo was extracted. The process was 

repeated until all embryos were extracted. At E12.5, once the umbilical cord was 

cut and embryos were extracted, they were allowed to bleed out in PBS on ice. 

Embryos at time point E14.5 were placed in PBS on ice and immediately 

decapitated and allowed to bleed out. E16.5 and E18.5 embryos were 

anesthetized via hypothermia then transcardially perfused with 4% 
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paraformaldehyde (PFA) in 0.1M phosphate buffer, pH 7.4.  Litter sizes were 

recorded for all ages.  

 

Gross Anatomical Measurements. 

Images were taken of the embryo bodies for identifying differences in 

gross anatomical features. Body length was measured from crown to rump (see 

Fig. 1.4C for representative image of this technique) using an electronic 

micrometer in ImageJ (NIH). Images of facial features were taken at E18.5 to 

investigate changes in facial morphology. Brains were removed from the skull 

and weighed on an analytical balance. Then whole brains were imaged dorsally 

using a Zeiss (Oberkochen/Germany) Axio HRm camera attached to a dissecting 

microscope. Cortical lengths were then measured with an electronic micrometer 

using the dorsal whole brain images. Comparisons between EtOH and control 

brains were accomplished using t-test analyses and statistical significance was 

set at p < 0.05. After extraction, brains were postfixed in 4% PFA and designated 

for anatomical assays. 

 

Neuroanatomical measurements. 

To measure anatomical differences in cortical thickness, embryonic brains 

were cryoprotected in 30% sucrose solution for 3 days. Whole brains were then 

sectioned on a Leica cryostat at 40µm on the coronal plane, mounted on subbed 

slides, and stained for Nissl bodies. Brain slices were imaged using a Zeiss 
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microscope, then rostral, middle, and caudal regions were measured via 

electronic micrometer in ImageJ (NIH) by a trained researcher blind to treatment. 

In E18.5 Embryos measurements were taken from putative frontal, 

somatosensory, auditory, and visual regions. Regions were identified and 

confirmed using Kaufman’s Atlas of Mouse Development Supplement (Baldock 

et al., 2016). Electronic lines were drawn perpendicular to the cortical sheet from 

the most superficial layer I to the deepest region of layer IV to measure cortical 

thickness. Differences in cortical length were then determined via t-test analyses 

with statistical significance set to p < .05. 

 

Statistical Analysis. 

Experimental data were compared to controls to identify the effects of 

PrEE on embryonic development. All statistical analyses were completed using 

GraphPad Prism 10 (La Jolla, CA/USA). All data were analyzed using unpaired 

two-tailed t-tests comparing control and experimental groups within each 

individual age group. Statistical significance was set to p < 0.05 for all measures 

and all data was expressed as mean ± S.E.M. 

 

RESULTS 

BEC and osmolality.  

BECs were measured to confirm EtOH exposure and intoxication level in 

both dams and embryos at E18.5. We found an elevation of BEC in EtOH 
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exposed dams (M = 147.8 ± 3.605) compared to controls which had no 

detectable BEC level (Fig. 1.2B, p = 0.0018). Additionally, E18.5 embryos that 

were exposed to EtOH through gestation also had elevated BECs (M = 118.5 ± 

16.15) compared to controls which had no detectable BEC level (Fig. 1.2A, p < 

0.0001). Blood plasma osmolality was measured to confirm that dams were 

properly hydrated and no significant difference in this measure was observed 

between control (M = 312.5) and EtOH exposed (M = 311.0) dams (Fig 1.2C, p = 

.831).  

 

Gross embryo measurements. 

Differences in facial morphology between PrEE and control embryos were 

observed at all ages (Fig. 1.3). Microcephaly was observed in some cases of 

PrEE embryos at all ages. Furthermore, PrEE embryos exhibited smaller facial 

structures overall and in many cases appeared underdeveloped compared to 

their control counterparts. In PrEE mice the snout is shorter and there are deficits 

along the midline. Specifically, the nose appears smaller, and the philtrum is less 

pronounced in PrEE embryos compared to controls. Additionally, the eyes are 

consistently smaller in PrEE embryos especially at ages E14.5, E16.5 and E18.5 

(Fig1.3 B2,3,4).  

Although litter sizes were generally smaller in EtOH exposed mothers, no 

significant difference was observed in the number of pups per litter compared to 

controls (Fig 1.2D) and some implantation site failure was observed. Embryonic 
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body weights were significantly smaller at all ages (Fig. 1.4A). Specifically, on 

average E18.5 control embryos weighed 1.333g and PrEE embryos weighed 

1.224g (p < 0.0001). E16.5 controls weighed 0.7156g on average compared to 

PrEE embryos that weighed 0.5572g (p < 0.0001). E14.5 control embryos 

weighed 0.2734g and EtOH exposed weighed 0.2310g on average (p < 0.01). At 

E12.5, control embryos weighed 0.0889g and EtOH exposed weighed 0.0614g 

on average (p < 0.0001). In correspondence to embryonic weight, embryonic 

body lengths were also significantly smaller on average at all ages in PrEE 

embryos (Fig 1.4B, E12.5 control: 16.03mm , EtOH: 15.47mm, p = 0.0468; E14.5 

control: 18.63mm, EtOH: 15.62mm, p <0.0001; E16.5 control: 22.1mm , EtOH: 

20.0mm, p <0.0001; E18.5 control: 25.6mm, EtOH: 24.2mm, p = .0223).  

Brain weights were observed to be significantly smaller on average in 

PrEE embryos at all ages (Fig. 1.5, E12.5 control: 0.0088g, n = 6, PrEE: 0.0066g, 

n = 6, p = 0.0277; E14.5 control: 0.02621g, n = 16, PrEE: 0.01514g, n = 15, p 

<.0001; E16.5 control: 0.05447g, n = 84; PrEE: 0.04027g, p <.0001, n = 53; 

E18.5 control: 0.08383g, n = 48, PrEE: 0.07160g, n = 24, p <.0001).  

Cortical length was measured at each timepoint to analyze gross 

neocortical developmental abnormalities associated with PrEE. A significant 

reduction in cortical length was observed in PrEE embryos at all ages (Fig1.5, 

E12.5 control: 2.347mm, n = 7, PrEE: 2.101mm, n = 6, p = .0329; E14.5 control: 

3.068mm, n = 16, PrEE: 2.830mm, n = 15, p <.0001; E16.5 control: 4.150mm, n 
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= 38, PrEE: 3.632, n = 41, p <.0001; E18.5 control: 4.714mm, n = 48, PrEE: 

4.296mm, n = 24, p <.0001). 

 

Neuroanatomical Phenotypes. 

 Differences in neuroanatomical phenotypes in E12.5, E14.5, E16.5, and 

E18.5 embryos were observed in coronal sections of Nissl-stained brain tissue 

(Figs. 1.6, 1.7, 1.8, 1.9). Specifically, at E12.5 the lateral ventricles (LV) and the 

third ventricle (TV) are larger in PrEE mice compared to controls (Fig. 1.6). 

Additionally, the lateral ganglionic eminences (LGE), and medial ganglionic 

eminences (MGE) are smaller in PrEE mice at E12.5 (Fig. 1.6B). The choroid 

plexus (ChP) is also underdeveloped in PrEE embryos at E12.5 (Fig. 1.6B) and 

E14.5 (Fig1.7B). It was also observed that the ventricular zone is increased in 

PrEE embryos at E14.5 (Fig. 1.6). At E14.5, the lateral ventricles of PrEE mice 

continue to appear larger, extending further downward toward the ventral side of 

the brain compared to controls (Fig. 1.7C2). However, at E14.5 the LGE and 

MGE appear to recover in size and are comparable to controls (Fig. 1.7B). 

Additionally, a reduction in the piriform-amygdalar area (PAA) was observed at 

E14.5 and E16.5 in PrEE embryos. At 16.5, the lateral ventricles appear more 

collapsed than their control counterparts (Fig. 1.8B, C). However, the cerebral 

aqueduct (Aq) and the third ventricle (TV) are larger in PrEE embryos compared 

to controls at E16.5 (Fig 1.8C). Additionally, the hippocampus is reduced in 

volume in PrEE E16.5 embryos (Fig 1.8C). The corpus callosum extends further 
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down the midline in PrEE E16.5 embryos and in some cases, agenesis occurs 

(as shown in Fig 1.8B2). The lateral ventricles also appear smaller, while the 

cerebral aqueduct (Aq) is larger at E18.5 in PrEE embryos (Fig. 1.9A, B). The 

corpus callosum exhibited an unusual “U” shape at the midline in E18.5 PrEE 

embryos and agenesis occurred in some cases (Fig. 1.9B2). Additionally, 

agenesis was also observed in the anterior commissure (AC) at E18.5 (Fig 

1.9B2). 

 

Cortical measurements. 

To assess the effects of PrEE on cortical thickness development at E12.5, 

E14.5, E16.5, and E18.5, we measured from rostral, middle, and caudal regions 

in Nissl-stained coronal sections in control and PrEE embryos (Figs. 1.10, 1.11, 

1.12, 1.13). A significant decrease in thickness was observed in E12.5 PrEE 

mice compared to controls in rostral (Control: M = 0.211mm; PrEE: M = 0.157mm 

; p = 0.0134), middle (Control: M = 0.132mm; PrEE: M = 0.0885mm; p < 0.0001), 

and caudal (Control: M = 0.113mm; PrEE: M = 0.0874mm; p < 0.0003) cortical 

regions (Fig 1.10). Additionally, a significant reduction in cortical thickness was 

identified in E14.5 PrEE mice in comparison to controls in rostral (Control: M = 

0.281mm; PrEE: M = 0.164mm ; p < 0.0001), middle (Control: M = 0.190mm; 

PrEE: M = 0.113mm ; p < 0.0001), and caudal (Control: M = 0.187mm; PrEE: M 

= 0.109mm ; p < 0.0001) regions (Fig. 1.11). Cortical thickness was also 

significantly reduced in E16.5 PrEE mice compared to controls in rostral (Control: 
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M = 0.190mm; PrEE: M = 0.105mm ; p < 0.0001), middle (Control: M = 0.186mm; 

PrEE: M = 0.089mm ; p < 0.0001), and caudal (Control: M = 0.145mm; PrEE: M 

= 0.0723mm ; p < 0.0001) regions (Fig 1.12). A significant reduction in cortical 

thickness was observed in E18.5 PrEE mice compared to controls in putative 

frontal (Control: M = 0.751mm; PrEE: M = 0.653mm ; p = 0.0292), 

somatosensory (Control: M = 0.286mm; PrEE: M = 0.233mm ; p = 0.0188), 

auditory (Control: M = 0.251mm; PrEE: M = 0.210mm ; p = 0.0099), and visual 

(Control: M = 0.210mm; PrEE: M = 0.161mm ; p < 0.0061) regions (Fig. 1.13).  

Additionally, many PrEE cases also exhibited an unusual “U” shape of the 

corpus callosum (CC) near the midline at E18.5 (Fig. 1.14). Callosal agenesis 

was also observed in some PrEE cases at E18.5 and E16.5. 

 

DISCUSSION 

In this study, we demonstrate the effects of prenatal ethanol exposure 

(PrEE) on embryonic development. Our data highlight the effects of PrEE on fetal 

neuroanatomical development at ages E12.5, E14.5, E16.5 and E18.5. Facial 

morphology differences include microcephaly, a smaller snout and eyes, as well 

as changes in the midline including a smaller nose and less pronounced philtrum. 

Additionally, the body weights and lengths of PrEE embryos were significantly 

smaller at all ages. Additionally, reduced cortical lengths and thickness were 

found in PrEE embryos at all ages. Other studies from our lab investigate 

differences in newborn (P0) cortical thickness finding significant decreases in the 
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prelimbic, auditory, and visual cortices of F1 mice, compared to controls (Perez, 

2024, in preparation). In the current study, we observed increased ventricle size 

at E12.5 and E14.5 but decreased ventricle size at E16.5 and E18.5. The choroid 

plexus was also reduced in size in PrEE E12.5 embryos. The lateral and medial 

ganglionic eminences were also less prominent in PrEE embryos compared to 

controls in the earlier E12.5 stage. Additionally, there was a reduction in volume 

of the hippocampus at E16.5 in PrEE embryos. We also noted some cases of 

agenesis within the anterior commissure at E18.5. The anterior commissure is a 

white matter tract that connects the cerebral hemispheres across the midline. 

Additionally, we observed significant changes in corpus callosum morphology 

including an abnormal “U shape” at E18.5 and some cases of agenesis at E16.5 

and E18.5. Cases of callosal agenesis in P0 mice will be discussed further in 

chapter 2 showing that PrEE can disrupt callosal development in some cases for 

three generations suggesting transgenerational transfer of the phenotype.  

 

Facial dysmorphology 

Craniofacial dysmorphologies are more likely to occur if the mother drinks 

within the first 3 months of pregnancy (CDC, 2024b). In FASD, craniofacial 

dysmorphology is often characterized by a smooth philtrum, small upper lip 

vermilion, and short palpebral fissures (Del Campo and Jones, 2017). These 

facial features tend to become less prominent over time and can often disappear 

as the person ages (Astley & Clarren, 1995). In a study by Clarren and Smith 
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(1978) of 245 individuals with FAS, 80% showed these features as well as 

microcephaly and retrognathism. 

Since the 1980s, it has been known that even a single day of exposure to 

alcohol during pregnancy in mice (specifically E7) can result in the characteristic 

facial features seen in those with FAS (Sulik et al., 1981). This time period is 

consistent with mid-week three in human development. One study used 3D 

analysis and reported that children with FAS had a shallower philtrum by an 

average of 0.4mm compared to controls (Blanck-Labarsch et al., 2018). Mice 

aged E7 also displayed a reduction in the depth of the upper lip midline groove, 

indicating a deficient philtrum (Lipinski et al., 2012). This corroborates our current 

study’s findings as the philtrum was less pronounced, especially at E14.5 and 

E16.5.  Additionally, upper lip length changed in a time point specific manner as it 

increased at E7 but decreased at E8.5 relative to controls (Lipinski et al., 2012). 

Occasionally, people with FAS also have a cleft lip or cleft palate. Majewski 

(1981) reported that 7% of FAS children have cleft palates, while 39% have 

highly arched palates. 

Magnetic resonance imaging (MRI) studies have shown that shortened 

palpebral fissures are correlated with a reduction in cortical and corpus callosum 

thickness (Yang et al., 2011a; 2011b). Reduced palpebral fissure size is 

associated with ocular abnormalities in both humans and animals (Chan et al., 

1991; Hammond et al., 2011; Ribeiro et al., 2007). In the current study, embryos 

displayed reduced eye size. Additionally, up to 80% of individuals with FASD 
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may have pronounced epicanthal folds (larger than normal fold of skin near the 

inner corner of the eye) (Manning & Hoyme, 2007) or ptosis (drooping of the 

upper eyelids). 

Other facial anomalies correlated with FASD include railroad-track ears, 

anteriorly facing (upturned) nostrils, and midface hypoplasia (underdeveloped 

upper jaw, cheekbones, and eye sockets) (Del Campo and Jones, 2017). In a 

study of 415 Caucasian children who were exposed to alcohol during pregnancy, 

3-dimensional craniofacial images were taken at 12 months revealing that many 

differences were concentrated around the midface, nose, lips, and eyes (Muggli 

et al., 2017). As the effects of alcohol on the embryo become more severe there 

is typically a greater loss of facial midline structures. For example, the nostrils 

become more closely approximated and are smaller in size (Sulik, 2018) which 

was also the case for our study. The characteristically small and upturned nose 

observed in humans with FAS can also be accounted for by deficiencies in the 

medial nasal prominences (MNPs) which fuse to form the philtrum, medial upper 

lip, nasal tip, and columella (bridge of tissue that separates the nostrils at the 

base of the nose) (Sulik & Johnston, 1983). 

In mice, alcohol exposure at particular time points during pregnancy 

results in differing patterns of craniofacial features. Specifically, alcohol exposure 

on embryonic day 7 of pregnancy can result in exencephaly, cyclopia, 

mandibular hypoplasia, and cleft lip; whereas exposure on E8 resulted in 

maxillary hypoplasia associated with median cleft lip and cleft palate, and 
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sometimes mandibular hypoplasia (Lipinski et al., 2012; Webster et al., 1980). E7 

in mice corresponds to early in the third week of pregnancy in humans, a time 

where many women might not know they are pregnant (O’Leary-Moore et al., 

2011). 

Our research as well as other research in rodents and primate studies 

(Astley et al., 1999) provide evidence for alcohol-induced craniofacial 

malformations being induced early on in embryogenesis, consistent with 

alterations that appear in virtually all individuals with full blown FAS (Sulik et al., 

1981). It is important to note that the degree of severity for alcohol-induced 

craniofacial defects is widely variable among individuals with the most subtle 

defects being hard to distinguish from normal. Additionally, not all progeny 

exposed to alcohol in utero experience facial dysmorphology but still sustain 

other neuroanatomical, cognitive, or behavioral deficits. 

 

Gross anatomical differences due to PrEE 

Both human and animal studies have shown that PrEE can contribute to 

intrauterine growth retardation specifically in body length, weight, and head 

circumference (Carter et al., 2013). Children with FASDs often have lower birth 

weights or are shorter in stature than normal (at or below the 10th percentile) 

(CDC, 2024b). These deficits often persist through infancy and sometimes even 

into adulthood (Carter et al., 2013). Studies indicate that nutrients such as folic 
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acid (Xu et al., 2008), choline (Bottom et al., 2020; Thomas et al., 2009) and zinc 

(Keen et al., 2010) may have a protective effect over these differences.  

Previous studies in our laboratory found that PrEE newborn pups are 

significantly lighter in weight compared to controls and that this difference 

persisted for three generations of newborns even though the first filial generation 

(F1) were the only pups receiving direct exposure to EtOH (Abbott et al., 2018; 

Perez et al., 2024, in preparation). This reduction in body weight is known to 

persist until adulthood in mice (Abbott et al., 2016). These studies are consistent 

with our current results which show a reduction of body size and weight in PrEE 

embryos. In our current study we investigate these differences at ages E12.5, 

E14.5, E16.5, and E18.5. The earliest time point (E12.5) is equivalent to about 40 

days in human embryonic development, at which many individuals might not 

even realize that they are pregnant.  

In addition to reduced body size and weight, prenatal alcohol exposure 

can cause skeletal malformations including vertebral segmentation defects, large 

joint contractures (abnormal bending of joints), and scoliosis (curvature of the 

spine). Humans with FASD have lower bone mineral density (Young et al., 2022) 

and alterations in bone structural parameters at the growth plate and diaphysis 

(mid-section) which can contribute to increased risk of bone fractures (Parviainen 

et al., 2020). 

Sensory systems including the visual, auditory, and olfactory systems are 

also susceptible to the effects of prenatal alcohol exposure. Both conductive and 
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sensorineural hearing loss as well as developmental delays in auditory 

maturation are common in children with FAS (Church & Kaltenbach, 1997). 

Conductive hearing loss is the most common type of hearing loss which arises 

from problems in the middle ear. This can be caused by recurrent otitis media, an 

infection that causes fluid buildup behind the eardrum, which is commonly 

observed in children with FAS at rates ranging from 38% to 93% (Church & 

Kaltenbach, 1997). On the other hand, sensorineural hearing loss results from 

damage to hair cells within the cochlea, or damage to the vestibulocochlear 

nerve and is known to affect between 27% to 29% of the population of people 

diagnosed with FAS (Church & Kaltenbach, 1997). Hearing loss such as these 

may contribute to the speech and language difficulties seen in children with FAS. 

These deficits in the auditory system could also be due in part to ethanol insult 

on the medial geniculate nucleus (MGN). The MGN is a region of the thalamus 

that relays auditory information to the cerebral cortex serving as a filter to 

enhance the representation and perception of acoustic features within the 

auditory cortex (Bartlett, 2013). In the current study there was a reduction in the 

volume of the MGN in PrEE embryos at E16.5, which may contribute to auditory 

deficits later on. 

The visual system is also susceptible to the effects of prenatal alcohol 

exposure. Up to 90% of people with FAS may also experience vision problems 

(Strömland, 1987). These problems may include strabismus (misalignment of the 

eyes), or optic nerve hypoplasia (an underdevelopment of the nerve that causes 
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visual impairments that cannot be corrected with glasses). Additionally, coloboma 

iridis, a distinctive cleft in the iris giving the appearance of an elongated pupil 

within a U-shaped iris, is one of the key extensive eye malformations that can be 

found in individuals with FAS (Abdelrahman & Conn, 2009). Mice in our 

experiment exhibited smaller eyes when exposed to ethanol in utero and may 

also experience visual problems later in life, but more research is needed to 

explore these specific deficits. Furthermore, there is a reduction in the number of 

retinal ganglion cells and alteration in morphology exhibited in rodents with FASD 

(Dursun et al., 2011). The retinal ganglion cells project to the superior colliculus 

and dorsal lateral geniculate nucleus (dLGN). In addition to malformation of the 

eye itself, changes to the dLGN, a region in the thalamus responsible for relaying 

information from the retina to the visual cortex, may contribute to poor vision 

seen in children with FASD (Kerschensteiner & Guido, 2017). In our study, the 

lateral geniculate nucleus was smaller in PrEE embryos at E16.5. Similar effects 

were observed in another study from our lab in PrEE mice at P20 (Abbott et al., 

2016).  

Prenatal alcohol exposure can lead to impaired odor identification in 

children (Bower et al., 2013). Odor identification not only requires the detection of 

a certain odor but also the ability to name it, indicating that memory systems are 

also involved for odors that were smelled previously. It is known that many 

systems required for successful odor identification are affected by PrEE, 

including the orbitofrontal cortex, anterior and medial temporal lobes, 
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hippocampus, and limbic system (Jones-Gotman et al., 1997; Mattson et al., 

2001, 2010). The piriform-amygdalar area (PAA) was reduced in E14.5 embryos. 

The PAA lies adjacent to the cortical amygdalar nucleus and piriform cortex (PC) 

and receives olfactory bulb input while projecting to several regions of the 

amygdala (Swanson & Petrovich, 1998). The piriform cortex is also involved in 

memory and olfaction and is also known as the primary olfactory cortex as it is 

the first cortical area to receive olfactory information from the olfactory bulbs 

(Chee et al., 2022). Altered projections within the PAA and PC may contribute to 

the deficits in odor identification seen in those with FASD. 

 

Gross differences in neuroanatomy 

Cases of reduced head size and microcephaly have been described in 

many human studies. In one case of a baby born at 32 weeks gestation, the 

head circumference was 27cm at birth and the brain was microcephalic weighing 

only 140g (the average weight of an embryo at 25 weeks gestation) and did not 

grow for the following 6 weeks that the baby survived, which is far below the 

380g average normally seen at 38 weeks (Clarren et al., 1978). In rodents, 

microcephaly has also been observed in embryos exposed to alcohol at E7 

(Lipinski et al., 2012). Examination of embryos 24 hours after first ethanol 

exposure at E7 using scanning electron microscopy (SEM) showed a clear 

decrease in size in the neural plate, which was especially prominent in the 

forebrain area. Specifically, the forebrains of embryos exposed to alcohol at E7 
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appeared notably narrower and pointed towards the anterior end; these 

differences are often asymmetric (Sulik & Johnston, 1983). Deficits in neural 

plate formation during these initial stages can lead to irregularities in brain and 

eye development. In turn, the diminished size of the forebrain may also impact 

the induction of the olfactory placode (Jacobson, 1966). Olfactory placode 

placement greatly affects facial morphology. Reduced head size as well as 

narrower forebrains were observed in our current study. These differences are 

particularly noticeable in E12.5 and E14.5 brains (Figs. 1.3B1, 1.3B2, 1.5A2, 

1.5B2). Facial morphology appears to be affected by the changes mentioned 

above as the current study also reports changes within the midline around the 

nose, philtrum and eyes which could be due to deficits in neural plate formation. 

Although microcephaly is common in individuals with FAS, hydrocephalus 

is less common but can occasionally occur (Jarmasz et al., 2017). 

Hydrocephalus is a neurological disorder caused by the buildup of cerebrospinal 

fluid (CSF) in the ventricles of the brain. If left untreated hydrocephalus can be 

fatal. The choroid plexus (ChP) is a complex secretory tissue network 

responsible for producing CSF via ependymal cells that line the ventricles in the 

brain. Proper formation of the choroid plexus is essential for the formation and 

integrity of the central nervous system (CNS). Too little CSF impairs brain growth 

as CSF pressure is necessary for proper brain development (Desmond & 

Jacobson, 1977) while excess CSF can lead to hydrocephalus. The choroid 

plexus is first observed as a bilateral ridge at E11 with major morphological 
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development occurring between E11 and E14 (Sturrock, 1979). In the current 

study we observed underdevelopment of the choroid plexus at E12.5 and E14.5 

which could contribute to abnormal brain growth. 

The present study corroborates the results seen in humans as brain 

weight and size was reduced in PrEE embryos bringing further insight into how 

gross anatomy can be affected by PrEE through development. Reduced brain 

weight and gross cortical length of PrEE mice can persist into the F3 generation 

even though the F1 was the only generation receiving direct EtOH exposure 

through maternal intake (Abbott et al., 2018; Perez et al., 2024, in preparation).  

 

Neuroanatomical differences 

Anatomical irregularities in the human brain due to PrEE have been 

documented through various neuroimaging techniques as well as autopsy 

studies. MRI studies have shown reductions in white matter tracts (Archibald et 

al., 2001). Additionally, both white and gray matter in the parietal lobe were 

disproportionately reduced (hypoplasia) in FAS participants compared to controls 

(Archibald et al., 2001). MRI studies have also revealed structural changes in 

cortical areas such as reduced frontal, parietal, temporal and occipital lobe size 

(Archibald et al., 2001; Sowell et al., 2002) and alterations in subcortical areas 

including reduced basal ganglia (Mattson et al., 1996) and left-right hippocampal 

asymmetry (Riikonen et al., 1999). Furthermore, positron emission tomography 
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(PET) scans revealed decreases in metabolic rate in the thalamus and caudate 

nucleus compared to controls (Clark et al., 2000). 

The corpus callosum begins developing approximately around E15 and 

continues until P14 in rodents (Plachez & Richards, 2005). Abnormalities in the 

corpus callosum, ranging from agenesis (Astley et al., 2009), thinning (Clark et 

al., 2000), or hypoplasia (Boronat et al., 2017) to structural variability that can 

persist into adulthood (Bookstein et al., 2002, 2007) have been documented 

through neuroimaging studies. One structural anomaly strongly associated with 

PrEE is a hook-like appearance between the splenium and the long diameter of 

the arch in the corpus callosum (Bookstein et al., 2007). Although these effects 

were observed in humans, similar phenotypes were noted in our current study as 

the corpus callosum had an abnormal “U” or hook shape near the midline. 

Additionally, cases of callosal agenesis were observed in the current study as 

well. 

Autopsy studies also lend support to alcohol causing developmental 

changes which may ultimately be responsible for cognitive and behavioral 

changes observed in children later in life. Autopsies of embryos (stillborn or 

premature) revealed a severe reduction of brain weight with 10 cases falling in 

less than the 5th percentile (Jarmasz et al., 2017). Ectopic neurons in white 

matter were found in autopsied brains of children with FAS, with the most 

extreme case showing absence of the corpus callosum and anterior commissure 

(Clarren et al., 1978). Agenesis of the corpus callosum occurred in several 
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infants and partial agenesis to the posterior corpus callosum of a fetus was also 

observed (Jarmasz et al., 2017). Another study of a two-month-old PrEE baby 

revealed fusion of anterior structures (thalamus, septum, and caudate nucleus) 

as well as poorly developed optic tracts and absence of olfactory bulbs and tracts 

(Coulter et al. 1993). 

This abnormal neuroanatomical development of the corpus callosum and 

anterior commissure seen in humans is consistent with what we observed in the 

mice in this study as agenesis of both regions occurred at E18.5. This suggests 

that these developmental anomalies occur early on and persist as the child 

develops.  

Animal models provide more evidence for variation for neuroanatomy after 

PrEE. For instance, in rats the size of the corpus callosum is significantly 

reduced following prenatal alcohol exposure (Zimmerberg & Scalzi 1989). 

Reduction in the caudate putamen and ventricular enlargement were found in 

rats with PrEE (Mattson et al., 1994). O’Leary-Moore and colleagues (2011) 

reviewed changes in the mouse brain following a single day of PrEE during early 

fetal development using magnetic resonance imaging (MRI) revealing that timing 

of this teratogenic exposure is an important influence of brain malformation. 

Alcohol exposure on E7 mice is known to damage medial forebrain regions 

(Godin et al. 2010), basal ganglia, hippocampus, and anterior cingulate cortex, 

as well as cause hypoplasia or agenesis of the corpus callosum (Sulik and 

Johnston, 1982). Morphological changes induced by PrEE on E8 mice include 
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disproportionate volume reductions in the olfactory bulbs, hippocampus, and 

cerebellum while pituitary and septal regions are increased (Parnell et al. 2009). 

Acute PrEE at E9 resulted in cerebellar volume reduction, ventricle enlargement, 

and alterations in the shape of the cerebral cortex, hippocampus, and right 

striatum in mice (Parnell et al. 2013). PrEE E10 mice displayed enlarged 

ventricles and cortical volume reductions (O’Leary-Moore et al. 2010). This is 

consistent with our current findings in the current study as ventricles were 

enlarged at E12.5 and E14.5 and the hippocampal volume was decreased at 

E16.5 in PrEE mice. 

Additionally, the lateral ganglionic eminences (LGE), and medial 

ganglionic eminences (MGE) are smaller in PrEE mice at E12.5. Ganglionic 

eminences are transient structures present during embryonic development that 

function to guide cell and axon migration. These structures protrude into the 

lateral ventricles and guide the tangential migration of neural cells (Chen et al., 

2017). The MGE contributes to the production of GABAergic interneurons that 

migrate to the striatum and cerebral cortex as well as GABAergic projection 

neurons that migrate to the globus pallidus (Marín & Rubenstein, 2001). On the 

other hand, the LGE gives rise to interneurons and projection neurons in the 

striatum which migrate to populate the granule cell and glomerular layers of the 

olfactory bulb (Chen et al., 2017; Stenman et al., 2003). Improper migration of 

neurons from the eminences may contribute to sensory abnormalities in the 
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olfactory system in individuals with FASD, as well as differences in cortical 

thickness observed in PrEE mice at older embryonic ages as well as postnatally. 

Previous findings from our laboratory show neuroanatomical changes due 

to PrEE in mice at various ages. Specifically, thickening of the frontal cortex in 

newborn (P0), juvenile (P20), young adult (P50), thinning of the prelimbic cortex 

at P0 and P50 and thickening at P20 (Abbott et al., 2016) was observed. 

Additionally, thinning of somatosensory cortex was examined at P0 and P20, 

visual cortex thickening was observed at P0, and variation in auditory cortex was 

detected (thinning at P0 and P50, and thickening at P20) (Abbott et al., 2016). 

Subcortical variations were also observed as there was volume reduction in the 

dorsal lateral geniculate nucleus (dLGN) (P20) and Basal ganglia (P0) (Abbott et 

al., 2016). The CA3 of the hippocampus was also thinned at P0 and P20 but 

thickened at P50, and the corpus callosum was thinned at newborn and juvenile 

ages but thickened in early adulthood (Abbott et al., 2016). These variations 

coincide with the current findings of reduced hippocampal volume at E16.5, 

reduced cortical thickness in rostral, middle, and caudal brain sections at E12.5, 

E14.5, and E16.5 as well as reduced thickness in the putative frontal, 

somatosensory, auditory, and visual cortices at E18.5. 
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Mechanisms contributing to anatomical changes due to PrEE 

Neurodevelopmental disruptions 

Oxidative stress damages cellular components, including DNA, proteins, 

and lipids, leading to inflammation and cell death (apoptosis). Prenatal ethanol 

exposure is clearly damaging to the overall development of the central nervous 

system, but some groups have identified specific areas that are particularly 

sensitive to this teratogen. It has long been known that prenatal ethanol exposure 

results in apoptotic cell loss that leads to a decrease in volume in the following 

structures: cerebral cortex, amygdala, basal ganglia, corpus callosum, 

cerebellum, and the hippocampus (Archibald et al,. 2001, Autti-Rämö, 2002, 

Ikonomidou et al., 2000, Klintsova et al., 2007, Roebuck et al., 1998). This, in 

turn, can result in changes in observable behaviors associated with these areas. 

These effects can be potentially driven by deficits to neuronal progenitor cell 

proliferation due to alcohol exposure (Nixon & Crews, 2002). 

Reductions in white matter and other white matter abnormalities have 

been observed in offspring exposed to ethanol during gestation (Archibald et al., 

2001; Bookstein et al., 2002, 2007; Clarren et al., 1978) particularly at the midline 

in regions such as the cortex, cerebellum, and hippocampus (Matthews et al., 

2021). Three guidance cue families are responsible for guiding these neural 

pathways: Slit-Robo, Netrin-DCC, and Semaphorin-Neuropilin. These guidance 

cue systems are a crucial component of neurodevelopment as they attract and 

repulse axons to ensure that developing axons are directed to their appropriate 
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targets and form proper connections in the developing nervous system 

(Matthews et al., 2021).  

 In PrEE exposed rats, the area of the cortex that receives thalamocortical 

axons is thinner and the termination of these thalamocortical connections is 

abnormal (Minciacchi et al., 1993). Additionally, PrEE alters GABAergic and 

glutamatergic cell populations and glial cells that serve as guidepost cells for 

axons in the corpus callosum (Matthews et al., 2021). Guidepost cells are crucial 

for neural development, located strategically along the routes that axons travel, 

offering intermediate targets and directional signals that steer growing axons to 

their ultimate destinations. Guidepost cells can secrete or present guidance cues 

on their surfaces providing both a physical and chemical landmark for axonal 

growth. Lack of GABAergic guidepost cells can lead to corpus callosum agenesis 

as these provide a necessary structural mechanism for guidance (Matthews et 

al., 2021). Physical and behavioral deficits observed in those with FASD often 

coincide with changes in guideposts and guidance cue/receptor signaling 

(Matthews et al., 2021). 

One guidance receptor termed neuropilin 1 (NRP1), a receptor for the 

class III semaphorin guidance cue, plays an integral role in the development of 

the corpus callosum (Piper et al., 2009). This semaphorin signaling along with 

regulation by ephrin type-B receptor 1 (EphB1) and NRP1 mediates the midline 

formation of the corpus callosum (Mire et al., 2018). Additionally, Netrin-DCC is 

expressed at the cortical midline and directly attracts cingulate axons while 
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indirectly modulating the Slit-Robo repulsion of callosal axons (Fothergill et al., 

2014). DCC is expressed highly before axons cross the midline and is later 

downregulated post crossing as Robo1 takes over guidance (Fothergill et al., 

2014). Exposure to alcohol disrupts the functioning of these guidance molecules, 

contributing to changes in neuroanatomical structures and connectivity.  

 

Interference with Neurotrophic Factors 

Neurotrophic factors promote neuronal survival, growth, differentiation, 

and synaptic function. They also support axonal growth and guidance. Some 

common neurotrophic factors include brain-derived neurotrophic factor (BDNF), 

nerve growth factor (NGF), insulin-like growth factor (IGF-1), neurotrophin-3 (NT-

3), and glial cell line-derived neurotrophic factor (GDNF). PrEE can reduce 

expression of IGF-1 receptors (de la Monte & Wands, 2002) and downregulate 

BDNF mRNA (Light et al., 2001). Depletion of BDNF can lead to reduced 

dendritic spine complexity and apoptosis contributing to structural changes 

including underdevelopment of the corpus callosum and cerebellum (Kaufmann 

& Moser, 2000). Furthermore, reduced neurotrophic factors may increase 

neuronal apoptosis, further depreciating neuronal populations that contribute to 

callosal pathways (Gavrish et al., 2024). Deficiencies in neurotrophic factors can 

result in the congenital anomalies of the corpus callosum, such as hypoplasia or 

agenesis, observed in individuals with FASD (Gavrish et al., 2024).  
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Genetic and Epigenetic Changes 

Exposure to alcohol prenatally via maternal consumption could result in 

heritable epigenetic changes lasting generations (Abbott et al., 2018). 

Epigenetics refers to modifications within the genome that change gene 

expression without changing the sequence of DNA. These modifications include 

DNA methylation, acetylation, phosphorylation, ubiquitination, as well as histone 

modifications and changes to small noncoding RNAs (sncRNAs) (Kugel & 

Goodrich, 2012). These changes have been suggested to be the potential 

biomarker and mediator for the effects observed in prenatal ethanol exposures, 

in human and animal models. 

DNA methylation contributes to the regulation of embryonic development 

and cell programming early in life (Planques et al., 2021). Higher levels of 5-

methylcytosine (5mC) promote long-term silencing of genes, and more than 80% 

of CpG sites, in humans, exist in a silenced hypermethylated state (Morris & 

Monteggia, 2014). Clusters of CpG sites are typically referred to as CpG islands. 

These areas are usually methylated and highly conserved and about 70% of 

promoter regions contain CpG islands (Jang et al., 2017). CpG island 

methylation in promoter regions leads to the regulation of gene transcription 

through multiple mechanisms (Saxonov et al., 2006). For example, the CpG 

regions of two genes crucial for cortical patterning, Id2 and RZRβ, experience 

decreases in methylation due to prenatal ethanol exposure (PrEE) in a rodent 

model (Abbott et al., 2018). This effect can be observed well into the third filial 
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generation (F3). Moreover, decreased 5mC levels were observed in the CA1 of 

the hippocampus in humans at the early fetal stages (Jarmasz et al., 2019). 

Histones are highly basic proteins containing arginine and lysine residues 

that help package DNA into nucleosomes, the building blocks of chromatin. The 

N-terminal tails of histones are essential modulators of nucleosome structure and 

function (Lussier, Weinberg & Kobor, 2017) and are the main target of epigenetic 

modifications which include acetylation, methylation, phosphorylation, 

sumoylation, ubiquitination, proline isomerization, and ADP ribosylation (Bowman 

& Poirier, 2015; Kouzarides, 2007). These epigenetic processes can be affected 

by alcohol use potentially leading to changes in gene expression and 

neuroanatomy in individuals and their offspring. For example, PrEE may lead to 

epigenetic changes within histones including global decreases in histone 

methylation, and global increases in histone acetylation (Jarmasz et al., 2019). A 

study in rats showed that PrEE from embryonic day (E)7 to E21 led to decreased 

histone methylation in H3K4me2 and H3K4me3 and increased H3K9me2 within 

the hypothalamus of adult offspring (Govorko et al., 2012). This resulted in 

decreased Pro-opiomelanocortin (POMC) expression which could contribute to 

the disruption of the HPA axis and subsequent increase of stress hormone 

secretion (Govorko et al., 2012). Hypermethylation of POMC genes and its 

effects on the HPA axis have been observed in three generations passed on 

through the male germline (Gangisetty et al., 2022). This dysregulation of the 

HPA axis seen with PrEE contributes to hyper-stress response, mental 
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dysfunction, and impaired immune system response. Additionally, injections of 

ethanol in E7 mice resulted in increased H3K9me2 and decreased H3K27me3, 

and at E17 ethanol injections were followed by modest changes to H3K4me3. 

These effects on histone methylation are exhibited in mice with craniofacial 

dysmorphology and midline brain defects (Veazey et al., 2015) To combat the 

modifications made by alcohol exposure, the co-administration of choline may 

normalize these changes (Bekdash et al., 2013). 

MicroRNAs (miRNAs) are a type of non-coding RNA that silence genes 

via one of two distinct mechanisms: translational repression and mRNA 

degradation. These miRNAs can bind to messenger RNA (mRNA) and repress 

translation in the cytoplasm, thereby preventing production of proteins. Gene 

silencing can also occur via target mRNA cleavage and degradation. MiRNA acts 

as a guide by base pairing with a target mRNA, with the level of complementarity 

between miRNA and mRNA determining whether the translation inhibition 

mechanism (limited miRNA base pairing) or mRNA cleavage and subsequent 

degradation mechanism (extensive miRNA base pairing) will be used 

(MacFarlane & Murphy, 2010). Typically, these interactions between miRNA and 

the target mRNA occur at the 3’ untranslated regions of mRNA (O’Brien et al., 

2018). 

DNA methylation and histone modifications can occur through miRNAs 

and the expression of miRNAs can be modified through PrEE (Miranda, 2012). 

Some miRNAs are sensitive to ethanol exposure throughout development. For 
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example, miR-9 expression is increased by ethanol early in development 

(Balaraman et al., 2012) and decreased in later developmental stages (Wang et 

al., 2009) as well as adulthood (Pietrzykowski et al., 2008). MiR-9 is important for 

neural tube patterning (Leucht et al., 2008), neurogenesis in the telencephalon 

(Shibata et al., 2011), and early differentiation (Shibata et al., 2008). Ligand-

gated ion channel receptors such as GABAA and nicotinic acetylcholine 

(nAChRs) could potentially mediate some of ethanol’s effects on fetal miRNAs 

(Miranda, 2012). Ethanol may also regulate miRNA expression by epigenetic 

mechanisms since ethanol has been shown to alter methylation patterns in 

neural stem cells (Zhou et al., 2011). The first and second trimesters of gestation 

are a critical point during development because during this time neural stem cells 

produce the vast majority of adult neural stem cells. Even minor disruptions 

during this stage can be particularly dangerous as the rate of proliferation and 

maturation can amplify these effects causing changes in brain structure and 

function (Miranda, 2012). Additionally, many miRNAs that are sensitive to ethanol 

are located near CpG islands making them potential targets for epigenetic 

programming and DNA methylation (Miranda, 2012). 

 These epigenetic changes can result in significant structural and functional 

abnormalities in the brain of offspring exposed to alcohol during pregnancy, 

contributing to the cognitive and behavioral deficits observed in individuals with 

fetal alcohol spectrum disorders. 
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Conclusion 

Alcohol can affect the development of the baby's brain, leading to 

structural and functional abnormalities which can result in intellectual and 

learning difficulties, as well as behavioral problems. These behavioral problems 

include but are not limited to attention deficits (Burd, 2016), hyperactivity, 

impulsivity, and difficulties with social interactions (Thomas et al., 1998; 

Streissguth & O’Malley, 2000). Specifically, children with FASD may have 

difficulty interpreting social cues (Kelly et al., 2000), forming relationships, or 

regulating their emotions (Temple et al., 2019). In fact, children with FASD often 

experience low frustration tolerance which contributes to difficulties in ignoring 

teasing and bullying directed at them as well as making them less likely to avoid 

conflict overall (Streissguth & O’Malley, 2000). Additionally, children with FASD 

may experience developmental delays in speech and language (Hendrick et al, 

2019), cognition (Kodituwakku, 2009), and motor skills (Kalberg et al., 2006). 

In conclusion, this study illustrates the important finding that significant 

anatomical alterations can occur due to prenatal alcohol exposure. These effects 

can still occur even later on in the pregnancy (equivalent to the second and third 

trimester). Babies that are exposed to alcohol in utero are more likely to be born 

prematurely which contributes to additional health challenges for the child. 

Unfortunately, many of the effects of alcohol exposure are lifelong with no cure, 

and many effects spread to further generations even if the offspring never drink 

alcohol (Abbott et al., 2018; Perez et al., 2024, in preparation). Therefore, it is 
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important to abstain from alcohol throughout the duration of the pregnancy to 

ensure proper embryonic development. 
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FIGURES 

 

 

 
Figure 1.1. Experimental Timeline. After confirmation of conception, designated 
Embryonic day (E)0.5 females were randomly assigned to experimental or 
control groups. Control dams received water and experimental dams received 
25% EtOH from conception until the designated sacrifice day (either E12.5, 
E14.5, E16.5, or E18.5) where neuroanatomical experiments were performed. 
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Figure 1.2. Embryo BEC at E18.5, Dam BEC, Dam pOSM, Litter size.  
A. Embryos exposed to 25% EtOH (n = 3) had an average BEC of 118.5 ± 16.15 
mg/dL compared to controls (n = 3) which had a BEC of 0.0 ± 0.0 mg/dL at 
E18.5. B. Dams exposed to 25% EtOH (n = 4) had an average BEC of 147.8 ± 
3.605 mg/dL compared to controls (n = 4) which had a BEC of 0.0 ± 0.0 mg/dL at 
E18.5. C. No significant difference in average dam plasma osmolality (mOsm/kg) 
between EtOH-treated (n = 2) and control (n = 2) dams at E18.5. D. No 
significant difference in average litter size between control and PrEE. Statistical 
significance was set to p < 0.05 and all data was expressed as mean ± S.E.M. 
(**p < .01, ****p < .0001). 
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Figure 1.3. Facial morphology. Representative cases of facial morphology in 
control (A1-A4) and PrEE (B1-B4) mice. Scale bar, 2000μm. 
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Figure 1.4. Embryo Body weight, Embryo Body length. 
 A. Embryonic body weights were significantly less in PrEE on average at all time 
points (E12.5: control: n = 45, PrEE: n = 20; E14.5: control: n = 23; PrEE: n = 20; 
E.16.5 control: n = 37, PrEE: n = 14; E.18.5 control: n = 34, PrEE: n = 24). B. 
Embryo body length was significantly greater in controls (E12.5: control: n = 41, 
PrEE: n = 8; E14.5: control: n = 24; PrEE: n = 21; E.16.5 control: n = 54, PrEE: n 
= 14; E.18.5 control: n = 26, PrEE: n = 12). C. A representative image (at E14.5) 
of how body length was measured using an electronic micrometer. Statistical 
significance was set to p < 0.05 and all data was expressed as mean ± S.E.M. 
(*p < .05, **p < .01, ****p < .0001). 
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Figure 1.5. Dorsal views, Cortical length, Brain weight. Dorsal brain views 
and measurements. Dorsal brain views for control E12.5 (A1), E14.5 (B1), E16.5 
(C1), E18.5 (D1) and PrEE E12.5 (A2), E14.5 (B2), E16.5 (C2), E18.5 (D2) 
embryos. (A3-D3) Significant reductions in cortical lengths of PrEE embryos at all 
ages (E12.5 control: n = 7, PrEE: n = 6; E14.5 control: n = 16, PrEE: n = 15; 
E16.5 control: n = 38, PrEE: n = 41; E18.5 control: n = 48, PrEE: n = 24).(A4-D4) 
 Significant reduction in brain weights in EtOH-exposed embryos were found at 
all ages (E12.5 control: n = 6, PrEE: n = 6; E14.5 control: n = 16, PrEE: n = 15; 
E16.5 control: n = 84, PrEE: n = 53; E18.5 control: n = 48, PrEE: n = 24). 
Statistical significance was set to p < 0.05 and all data was expressed as mean ± 
S.E.M. (*p < .05, ****p < .0001). Scale bars, 2000μm.  
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Figure 1.6. Neuroanatomical phenotypes at E12.5. Representative images of 
rostral (A1, A2), middle (B1, B2), and caudal (C1, C2) regions in Nissl-stained 
coronal sections in control (n = 8) (A1, B1, C1) and PrEE (n = 8) (A2, B2, C2) 
embryos at E12.5. Lateral ventricles (LV) and the third ventricle (TV) are larger in 
PrEE embryos compared to controls. B. Lateral ganglionic eminences (LGE) and 
medial ganglionic eminences (MGE) are smaller in PrEE embryos. The choroid 
plexus is also underdeveloped in PrEE embryos compared to controls (B1). 
Scale bar 1000μm. 
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Figure 1.7.  Neuroanatomical phenotypes at E14.5. Representative images of 
rostral (A1, A2), middle (B1, B2), and caudal (C1, C2) regions in Nissl-stained 
coronal sections in control (n = 8) (A1, B1, C1) and PrEE (n = 9) (A2, B2, C2) 
embryos at E14.5. Lateral ventricles (LV) and the third ventricle (TV) are larger in 
PrEE embryos compared to controls. Lateral ganglionic eminences (LGE) (A, B) 
and medial ganglionic eminences (MGE) (B) are similar in size in PrEE and 
control embryos. The choroid plexus is smaller in PrEE embryos (B2) compared 
to controls (B1). C1, C2. The piriform-amygdalar area (PAA) is reduced in PrEE 
embryos compared to controls. Scale bar 1000μm. 
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Figure 1.8. Neuroanatomical phenotypes at E16.5. Representative images of 
rostral (A1, A2), middle (B1, B2), and caudal (C1, C2) regions in Nissl-stained 
coronal sections in control (n = 9) (A1, B1, C1) and PrEE (n = 8) (A2, B2, C2) 
embryos at E16.5. Motor cortex (MCx) is thinner in PrEE embryos (A2, B2) 
compared to controls (A1, A2). In PrEE embryos the somatosensory cortex 
(SCx) (B2), visual cortex (VCx) (C2) and auditory cortex (ACx) (C2) are smaller 
compared to controls. Lateral ventricles (LV) appear smaller in PrEE (B2, C2) 
compared to controls (B1, C1). C. The cerebral aqueduct (Aq) and the third 
ventricle (TV) are larger in PrEE embryos compared to controls. Lateral 
ganglionic eminences (LGE) (A, B) are similar in size in PrEE and control 
embryos. C1, C2. Volume of the hippocampus (H), medial geniculate nucleus 
(MGN), lateral geniculate nucleus (LGN), and piriform-amygdalar area (PAA) is 
reduced in PrEE embryos compared to controls. The corpus callosum exhibited 
agenesis in PrEE embryos (B2). Scale bar 1000μm. 
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Figure 1.9.  Neuroanatomical phenotypes at E18.5. Representative images of 
rostral (A1, A2), middle (B1, B2), and caudal (C1, C2) regions in Nissl-stained 
coronal sections in control (n = 9) (A1, B1, C1) and PrEE (n = 7) (A2, B2, C2) 
embryos at E18.5. In PrEE embryos the motor cortex (MCx) (A), somatosensory 
cortex (SCx) (B2), and visual cortex (VCx) (C2) are smaller compared to 
controls. B. Agenesis was observed in the anterior commissure (AC) and corpus 
callosum at E18.5 in PrEE embryos (B2). The cerebral aqueduct (Aq) (C) and the 
third ventricle (TV) (B) are larger in PrEE embryos compared to controls. Scale 
bar 1000μm. 
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Figure 1.10. Cortical thickness at E12.5. A significant decrease in thickness 
was observed in E12.5 PrEE mice (n = 8) compared to controls (n = 8) in rostral 
(A1, A2), middle (B1, B2), and caudal (C1, C2) cortical regions. (*p < .05, ***p < 
.001, ****p < .0001). Scale bar 1000μm. 
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Figure 1.11. Cortical thickness at E14.5. A significant reduction in cortical 
thickness was identified in E14.5 PrEE mice (n = 9) in comparison to controls    
(n = 8) in rostral (A1, A2), middle (B1, B2), and caudal (C1, C2) regions.       
(****p < .0001). Scale bar 1000μm. 
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Figure 1.12. Cortical thickness at E16.5. Cortical thickness was also 
significantly reduced in E16.5 PrEE (n = 8) mice compared to controls (n = 9) in 
rostral (A1, A2), middle (B1, B2), and caudal (C1, C2) regions. (****p < .0001). 
Scale bar 1000μm. 
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Figure 1.13. Cortical thickness at E18.5. A significant reduction in cortical 
thickness was observed in E18.5 PrEE (n = 7) mice compared to controls (n = 9) 
in frontal (A1, A2), somatosensory (B1, B2), auditory (C1, C2), and visual (D1, 
D2) regions of the cortex. (*p < .05, **p < .01). Scale bar 500μm. 
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Figure 1.14. Corpus Callosum at E18.5. Representative cases showing 
differences in corpus callosum shape and thickness in control (n = 9) (A) and 
PrEE (n = 7) (B, C) Embryos at E18.5. Specifically, an abnormal “U” shape was 
observed at the midline in PrEE mice (B, C). Additionally, some cases of CC 
agenesis were observed in PrEE mice (B). 
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Chapter 2: Transgenerational effects of prenatal ethanol exposure on 

offspring neuroanatomy and behavior in a mouse model of FASD 

 

ABSTRACT 

Fetal Alcohol Spectrum Disorders (FASD) encompass a range of 

biological and behavioral phenotypes in offspring exposed to ethanol via 

maternal consumption during pregnancy. In a series of studies, our laboratory 

has identified many deleterious effects of prenatal ethanol exposure (PrEE) in 

our FASD mouse model. In the first filial generation (F1) of exposed offspring, 

PrEE resulted in abnormal neocortical gene expression, ectopic intraneocortical 

connectivity, altered neuroanatomy, and disrupted behavior (El Shawa et al., 

2013; Abbott et al., 2016; Kozanian et al., 2018). Additionally, our results suggest 

that PrEE can induce phenotypic change in brain and behavior that passes 

transgenerationally (Abbott et al., 2018; Bottom et al., 2022) most likely from 

epigenetic modifications. In the current study, to further explore potential 

heritable effects of PrEE, we investigate brain and behavioral development in the 

F1 (directly exposed), F2 (indirectly exposed) and F3 (non-exposed) generations. 

Comparative analyses of body weight, brain weight, cortical length, and 

measures from selected thalamic nuclei, and subcortical structures were 

evaluated in control, F1, F2, and F3 PrEE newborn mice as well as behavior at 

wean age. All generations of PrEE newborns had decreased body weights, brain 

weights and neocortical lengths compared to controls, although there were no 
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differences in brain to body weight ratios. Control litters were bred alongside the 

F1-3 PrEE generations and, due to low variability, were collapsed into a single 

control group for analyses. Quantitative measures in F1, F2, and F3 newborn 

PrEE mice demonstrated altered thickness and subcortical volumes in some 

areas. Specifically, hippocampal CA3 was significantly thinner in all generations 

of PrEE mice when compared to controls. Additionally, PrEE resulted in a 

significant rate of agenesis or partial development of the corpus callosum in the 

majority of F1 cases, with a less frequent, non-significant, occurrence in F2 and 

F3 mice. Finally, we found that disrupted sensorimotor integration, motor control, 

and anxiety-like behavior persisted to at least the F2 generation. Our data 

suggest that PrEE can result in abnormal brain and behavioral development with 

heritable effects that persist transgenerationally to subsequent generations of 

offspring.  

 

INTRODUCTION 

Prenatal exposure to alcohol, or ethanol, can disrupt typical brain and 

behavioral development, and in humans, this can lead to the development of 

Fetal Alcohol Spectrum Disorders (FASD). The effects of prenatal ethanol 

exposure, or PrEE, on offspring are quite variable, with factors such as dosing, 

period of gestational exposure, and maternal tolerance playing key roles in the 

variability. Multiple studies have identified hallmarks of PrEE and FASD, 

including deficits in sensory-processing, behavior, motor learning, spatial 
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functioning, anxiety, and depression (Lemoine et al., 1968; Jones et al., 1973a; 

1973b; Kalberg et al., 2006; Hellemans et al., 2010a; 2010b). Previous studies 

from our laboratory, in a PrEE mouse model of FASD, have demonstrated a host 

of phenotypes in the directly exposed offspring (first filial generation, F1). 

Specifically, we have shown developmental abnormalities in neuroanatomy, 

neocortical gene expression, neocortical connections, and behavior due to in 

utero ethanol exposure (El Shawa et al., 2013; Abbott et al., 2016; 2018, 

Kozanian et al., 2018; Bottom et al., 2020; 2022). PrEE-induced neural 

phenotypes observed in young PrEE animals may be substrates for 

sensorimotor, perceptual, cognitive, and behavioral deficits observed in humans 

with FASD. 

It has been understood for some time that the consumption of alcohol 

during pregnancy increases the risk of complications or pregnancy loss (Aliyu et 

al., 2008; Strandberg-Larsen et al., 2008; Windham et al., 2015). Despite the 

CDC warning, which states that there is “no safe amount” of maternal alcohol 

consumption during pregnancy, incidence rates for FASD have been estimated 

to be around 5% in the United States (May et al., 2018), with some sub-

populations as high as 7% (May et al., 2021). Actual incidence rates may be 

higher in the US and globally due to low maternal reporting. The CDC’s most 

recent statistics on alcohol use during pregnancy showed that 1 in 7 mothers or 

14% drank at some point during their pregnancies, whereas in 2019, rates were 

lower with 1 in 9 mothers or about 11% drinking during pregnancy (CDC, 2022). 
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These data suggest an overall increase in alcohol consumption during pregnancy 

in recent years. This apparent rise in gestational drinking, coupled with the 

increase in alcohol use among American females during the COVID-19 

pandemic (Kerr et al., 2022) makes understanding the biological and behavioral 

effects of PrEE critical for health and well-being.  

Since Fetal Alcohol Syndrome, or FAS, was first described in the literature 

(Jones et al., 1973a), research efforts have focused on the F1 generation, the 

offspring directly exposed to alcohol while in utero, due to maternal consumption. 

Recently, however, we found that some of the phenotypes that characterize 

FASD in our mouse model were present in subsequent generations and that 

epigenetic modifications present in the brains of F1 offspring are likely playing a 

mechanistic role in the transgenerational inheritance of FASD-like phenotypes 

(Abbott et al., 2018; Bottom et al., 2022). To explore true transgenerational 

epigenetic change, filial generations must be extended beyond the directly 

exposed PrEE offspring. Any effects seen in the second generation (F2) would 

be considered intergenerational transmission, due to ethanol exposure of germ 

cells in the F1 animal (Gapp & Bohacek, 2018). Effects that persist to the third 

generation (F3) would represent true transgenerational transfer (Sarkar, 2015). 

Evidence is mounting for ethanol’s ability to modify epigenetic pathways, 

subsequently resulting in a heritable pathology. Work published in our laboratory 

has demonstrated that PrEE induces epigenetic modifications in mice (Abbott et 

al., 2018). Specifically, an upregulation of neocortical gene expression was 
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observed along with promoter specific hypomethylation of specific genes (RZRβ 

& Id2) in conjunction with an overall decrease in global DNA methylation (Abbott 

et al., 2018). DNA methyltransferase (DNMT) expression was also lower in the 

P0 cortex. In conjunction, we have begun to unpack the slew of behavioral 

impacts observed in F2 and F3 generations (Abbott et al., 2018; Bottom et al., 

2022). Notably, we reported the following alterations to behavioral phenotypes in 

peripubescent mice: abnormal sensorimotor processing, increased risk-taking 

behavior, and increased depressive-like behaviors that extend to the F3 

generation.  

In our current study, our goal was to extend upon the results reported in 

our previously published transgenerational PrEE research (Abbott et al., 2018; 

Bottom et al., 2022). To do this, we bred three generations of PrEE mice 

stemming from a single maternal ethanol exposure during pregnancy (the filial 

generation 0 dam). We bred control mice alongside each generation, to reduce 

the risk of confounds of breeding season or timing in our control data, and to 

produce alcohol naïve dams that recently gave birth for our cross fostering. We 

investigated whether PrEE could impact development of specific subcortical 

structures in offspring, beyond the directly exposed first generation. Additionally, 

using behavioral assays, we examined sensorimotor integration, motor control, 

and anxiety-like behavior as evaluated through the Suok test.  
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With rising alcohol consumption rates and relaxed views on drinking during 

pregnancy, we need to continue to deepen our understanding of the deleterious 

effects and heritability of FASD.  

 

MATERIALS AND METHODS 

Animal Care 

All breeding and experimental studies were administered after careful 

consideration of the protocol guidelines approved by the Institutional Animal Care 

and Use Committee at the University of California, Riverside. CD-1 mice used for 

breeding were purchased from Charles River Laboratories (Wilmington, 

MA/USA). We chose to perform our experiments with an outbred CD-1 mouse 

strain because these mice show superior resilience compared to inbred strains. 

Additionally, we have validated them as a model for prenatal ethanol exposure in 

our prior work (El Shawa et al., 2013) and as humans are outbred, they are a 

better model for human conditions such as FASD. Mice are housed in animal 

facilities located at the University of California, Riverside that are kept at 

approximately 22°C and are on a 12-hour light/dark cycle.  

 

Ethanol administration and breeding paradigm 

The goal of the breeding was to produce 4 groups of pups: 1) control 

offspring born from ethanol-naïve dams and sires 2) F1 offspring born from 

ethanol-exposed dams (F0) and ethanol-naïve sires, 3) F2 offspring born from 
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and ethanol-naïve dams and F1 sires, 4) F3 offspring born from and ethanol-

naïve dams and F2 sires.  

To generate control and F1 offspring: Ethanol-naïve P90 female mice 

were paired with ethanol-naïve P90 male just before the dark cycle. Conception, 

embryonic day (E) 0.5, was determined by the presence of a vaginal plug and the 

pregnant female was moved to a separate cage. Water and mouse chow were 

provided to control dams ad libitum. Beginning on E 0.5, female dams in the 

ethanol-exposed group (F0) were given 25% ethanol solution in water and chow 

ad libitum until birth, pregnant control females were given ad libitum food and 

water that was calorie matched with maltodextrin. After a selection of control and 

PrEE F1 newborn mice were removed and euthanized for neuroanatomical 

studies, all remaining pups were cross-fostered with ethanol-naïve dams on the 

day of birth P0 to control for potential ethanol in breastmilk in experimental dams.  

To generate F2/F3 offspring: F1 PrEE male offspring generated from F0 

ethanol-treated dams were paired with alcohol-naïve females to breed the F2 

generation. The subsequent generation (F3) was bred using F2 males paired 

with ethanol-naïve females. For the four conditions (Control, F1, F2, F3), 8-10 

litters were bred per condition for neuroanatomical and behavioral measures. 

Dam data and pup brain and body weights across generations were taken from 

additional litters bred in the laboratory for other experiments, so the number of 

cases are higher. A summary of the breeding paradigm can be seen in Figure 

2.1. 
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Dam Data 

Food intake, weight gain and litter size:  We measured food consumption each 

embryonic day to assess potential confounding differences in caloric intake 

between F1, F2, F3, and control dams. Mouse chow was weighed using a 

standard Fisher Scientific scale at the beginning of the active cycle and first thing 

in the morning, and the difference was calculated. Dam body weights were 

measured at conception, after detention of the plug which is during the light cycle 

and the day before birth, also during the light cycle, using a standard Fisher 

Scientific scale. The final weight gain was determined by subtraction. 

 

Blood serum processing and ethanol concentration measurement 

After control and ethanol-treated dams gave birth, pups were cross-

fostered, and dams were euthanized by cervical dislocation and whole blood 

samples were collected via cardiac puncture. This was done early in the daytime, 

during the light cycle. Whole blood was incubated at room temperature (RT) for 

15-20 minutes, then centrifuged for 15 minutes at 4,000G at 4°C in 1.5mL 

Eppendorf tubes to obtain serum. Serum was stored at 4°C and later used to 

quantify average blood ethanol concentration (BEC) using an alcohol reagent kit 

(Pointe Scientific; Canton, MI/USA). Briefly, 5μL of serum was combined with 

1mL proprietary reagents from Pointe Scientific. Following a short incubation 

period, absorbance was read at 340 nm on a nanodrop 2000 spectrophotometer 
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for each sample. Each sample was analyzed in duplicate and compared to an 

alcohol standard.  

This exposure paradigm is not designed to mimic any specific drinking 

habits observed in humans; however, it does produce an average BEC of around 

100-140 mg/dL at peak times of consumption (El Shawa et al., 2013) which is 

similar to 0.08% blood alcohol concentration, or BAC, in humans. Although this is 

a high sustained alcohol level in human standards, murine models demonstrate a 

greater ability to break down alcohol based on a much higher metabolic rate 

(Cederbaum, 2012). 

Dam data demonstrating the reliability of our PrEE model (El Shawa et al., 

2013; Abbott et al., 2016; Bottom et al., 2020) and our transgenerational PrEE 

model (Abbott et al., 2018; Bottom et al., 2022) have been published repeatedly. 

Dam data collected for the current project (Figs. 2. 2, 2.3) did not differ 

significantly from data presented previously in our transgenerational model. For 

instance, in Abbott and colleagues (2018), we reported no significant differences 

in food intake or hydration (blood plasma osmolality) in the control and F1-3 

dams. As expected, we found moderate BEC levels in ethanol-treated dams only, 

and zero BEC in ethanol-naïve dams (Fig. 2.2C). We did see consistent 

reductions in weight gains in F1-3 females when compared to control dams, 

however, this was correlated with a reduction in litter size for all three 

generations of PrEE offspring (see Fig. 2.3, Abbott et al., 2018).  
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Pup weights and brain tissue preparation 

 On the day of birth (Postnatal day (P) 0), control, F1, F2, and F3 pups 

were weighed. P0 pups to be used for neuroanatomical studies were euthanized 

via hypothermia and then transcardially perfused with 0.9% saline followed by 

4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. The brains were 

dissected from the skull, weighed, imaged, hemisected, and postfixed in 4% 

PFA.  

 

Anatomical measures 

 Hemisected, post-fixed brains were cryoprotected in a 30% sucrose in 

phosphate-buffered saline (PBS) solution overnight and then cut in the coronal 

plane into 40 µm thick sections on a Leica cryostat. Sections were then stained 

with cresyl-violet following the standard protocol for Nissl, cover-slipped with 

Permount and imaged using a Zeiss Axio high-resolution (HRm) camera 

connected to a ZeissDiscovery.V12 stereomicroscope (Oberkochen, Germany). 

The areas measured were selected using recognizable landmarks based on a 

Developing Mouse Brain Atlas (Paxinos et al., 2007). Sections were measured 

across all cases using an electronic micrometer in ImageJ (NIH, Bethesda, MD, 

USA). Thickness measurements included the corpus callosum and the CA3 

subregion of the hippocampus. Areal measurements included the dorsal lateral 

geniculate nucleus (dLGN), medial geniculate nucleus (MGN), ventral-posterior 

nucleus (VP) of the thalamus. 
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Behavior analyses 

 To evaluate behavioral phenotypes associated with transgenerational 

PrEE, we examined motor coordination, sensorimotor integration, and anxiety-

like behavior in P20 control, F1, F2, and F3 mice through the use of a behavioral 

assay called the Suok test. Prior to commencement of the behavioral test, all 

mice were acclimated to the dimly lit behavioral room for a minimum of one hour. 

Behavioral sessions were recorded using an HD web camera and saved on a 

local desktop computer for documentation and further analyses. The apparatus 

was cleaned with Virkon between trials to eliminate olfactory cues.  

The Suok test measures an animal’s ability to integrate sensory input and 

control motor output while also reporting on anxiety-like behaviors (Kalueff et al., 

2008; Glajch et al., 2012, El Shawa et al., 2013). The Suok apparatus was 

constructed in accordance with specifications published previously (Kalueff et al., 

2008). The apparatus consists of a smooth 2-meter-long aluminum rod, 3-

centimeters in diameter, elevated to a height of 20 centimeters. The rod is 

divided into 10-centimeter segments by colored markings and held in place 

between two clear acrylic walls. A 20-centimeter zone is marked at the center 

most point of the rod and serves as the placement location when starting the 

assay. At the start of the five-minute testing period, animals were placed on the 

center of the bar with the midline of the body parallel to the rod. Mice that fall off 

the apparatus are quickly placed back onto the rod in the position they fell from. 
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Several measures of behavior were observed and scored by trained observers: 

latency to leave the central zone, segments crossed, horizontal + vertical 

directed exploration, missteps, and falls. Reduced scores, with respect to control 

cases, signify a change in sensorimotor integration and motor coordination, while 

an increase in latency to leave center, decreases in exploration and grooming 

behaviors, and more instances of freezing behavior indicate anxiety-like 

behaviors. All time measures were documented with hand-held stopwatches and 

stereotyped behaviors were recorded during the test and verified using video 

recordings.  

 

Statistical Analyses 

All statistical analyses were completed using R (v4.1.2; R Core team, 

2021). Between-subjects tests were carried out using analysis of variance 

(ANOVA). Repeated measures tests were performed using multilevel models via 

the lme4 R package (v1.1.27.1; Bates et al., 2015). Planned comparisons and 

simple effect tests were conducted using the emmeans R package (v1.7.2) using 

Dunnett’s method to control for multiple comparisons between the control 

condition and the three treatment conditions and Bonferroni adjustments 

elsewhere (Dunnett, 1955; Lenth, 2022).  
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RESULTS 

Dam Measures 

In this study, we utilized our maternal ethanol self-administration paradigm 

to generate offspring prenatally exposed to ethanol, or F1 PrEE mice. In previous 

experiments, to ensure our exposure paradigm did not result in malnutrition or 

dehydration, we measured food and liquid intake, as well as blood ethanol 

concentration, blood plasma osmolality and dam weight changes throughout the 

pregnancy (El Shawa et al., 2013; Abbott et al., 2018; Bottom et al., 2020; 2022). 

No significant variation was detected in daily food or liquid intake consumption in 

our previous measures and those taken for the current study (Fig. 2.2A, B). 

Specifically, a one-way ANOVA failed to identify differences in the amount of 

food consumed per day by pregnant dams across the four conditions, 

𝐹𝐹(3,32)=0.24, 𝑝𝑝=0.8656. Likewise, planned comparisons between the dams 

carrying the control mice and those carrying each filial generation failed to yield 

significant differences between the daily food consumption of dams in the control 

condition (𝑀𝑀=7.75 g/day, 𝑆𝑆𝑆𝑆=1.34 g/day, 95% CI [6.63, 8.87]) and in the F1 

condition (𝑀𝑀=7.29 g/day, 𝑆𝑆𝑆𝑆=1.77 g/day, 95% CI [5.81, 8.77]), 𝑡𝑡(32)=0.62, 

𝑝𝑝=0.8417, the F2 condition (𝑀𝑀=7.29 g/day, 𝑆𝑆𝑆𝑆=1.28 g/day, 95% CI [6.38, 8.21]), 

𝑡𝑡(32)=0.64, 𝑝𝑝=0.8292, or the F3 condition (𝑀𝑀=7.18 g/day, 𝑆𝑆𝑆𝑆=1.59 g/day, 95% CI 

[6.04, 8.32]), 𝑡𝑡(32)=0.81, 𝑝𝑝=0.7390. Also, a one-way ANOVA failed to identify 

differences in the amount of liquid consumed per day by pregnant dams across 

the four conditions, 𝐹𝐹(3,32)=2.03, 𝑝𝑝=0.1297. Furthermore, planned comparisons 
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between the dams carrying the control mice and those carrying each filial 

generation failed to yield significant differences between the daily liquid 

consumption of dams in the control condition (𝑀𝑀=13.69 mL/day, 𝑆𝑆𝑆𝑆=0.70 

mL/day, 95% CI [13.10, 14.28]) and in the F1 condition (𝑀𝑀=12.34 mL/day, 

𝑆𝑆𝑆𝑆=0.99 mL/day, 95% CI [11.52, 13.17]), 𝑡𝑡(32)=2.29, 𝑝𝑝=0.0760, the F2 condition 

(𝑀𝑀=12.58 mL/day, 𝑆𝑆𝑆𝑆=1.21 mL/day, 95% CI [11.71, 13.45]), 𝑡𝑡(32)=1.99, 

𝑝𝑝=0.1401, or the F3 condition (𝑀𝑀=12.85 mL/day, 𝑆𝑆𝑆𝑆=1.51 mL/day, 95% CI 

[11.77, 13.93]), 𝑡𝑡(32)=1.50, 𝑝𝑝=0.3251.  

When measured at wean, EtOH exposed dams had greater blood ethanol 

concentrations (BEC; 𝑀𝑀=138.7 mg/dL, 𝑆𝑆𝑆𝑆=8.0  mg/dL, 95% CI [130.3, 147.1]) 

than control dams (𝑀𝑀=0.0 mg/dL, 𝑆𝑆𝑆𝑆=0.0 mg/dL, 95% CI [0.0, 0.0]), 𝑡𝑡(5)=42.48, 

𝑝𝑝<.001 (Fig. 2.2C). To ensure that the exposure paradigm did not result in 

dehydration, blood plasma osmolality (pOsm) was measured at wean (Fig. 2.2D). 

There was no evidence of a difference in blood plasma osmolality at wean 

between the EtOH exposed (𝑀𝑀=311.81 mOsm/kg, 𝑆𝑆𝑆𝑆=8.44 mOsm/kg, 95% CI 

[307.32, 316.31]) and the control dams (𝑀𝑀=313.07 mOsm/kg, 𝑆𝑆𝑆𝑆=6.82 mOsm/kg, 

95% CI [309.13, 317.01]), 𝑡𝑡(27.85)=0.4515, 𝑝𝑝=.6551. This suggests that our 

exposure paradigm did not induce dehydration in experimental dams.  

As previously reported (El Shawa et al., 2013; Abbott et al., 2018), this 

breeding paradigm results in a significant reduction in litter size for ethanol-

treated dams with litter sizes differing across the four conditions, 𝐹𝐹(3,35)=5.10, 

𝑝𝑝=0.0049 (Fig. 2.3A). Planned comparisons between the size of the control litters 
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and those of each filial generation showed greater litter sizes for the control mice 

(𝑀𝑀=11.70 pups, 𝑆𝑆𝑆𝑆=2.87 pups, 95% CI [9.65, 13.75]) than the F1 litters (𝑀𝑀=8.33 

pups, 𝑆𝑆𝑆𝑆=1.58 pups, 95% CI [7.12, 9.55]), 𝑡𝑡(35)=3.39, 𝑝𝑝=0.005, the F2 litters 

(𝑀𝑀=8.80 pups, 𝑆𝑆𝑆𝑆=1.87 pups, 95% CI [7.46, 10.14]), 𝑡𝑡(35)=3.00, 𝑝𝑝=0.0139, and 

the F3 litters (𝑀𝑀=8.70 pups, 𝑆𝑆𝑆𝑆=2.06 pups, 95% CI [7.23, 10.17]), 𝑡𝑡(35)=3.10, 

𝑝𝑝=0.0107. This is consistent with previous results obtained using this treatment 

paradigm (El Shawa et al., 2013; Abbott et al., 2016; Abbott et al., 2018; Bottom 

et al., 2022). Ethanol exposed dams gained less weight over the course of the 

pregnancy when compared to control dams (Fig. 2.3B). A one-way ANOVA 

identified differences in the dams’ gestational weight change across the four 

conditions, 𝐹𝐹(3,32)=4, 𝑝𝑝=0.0158. Additionally, planned comparisons showed 

differences between the gestational weight change of control dams (𝑀𝑀=24.39 g, 

𝑆𝑆𝑆𝑆=2.75 g, 95% CI [22.09, 26.69]) and the F1 dams (𝑀𝑀=18.15 g, 𝑆𝑆𝑆𝑆=5.21 g, 

95% CI [13.79, 22.51]), 𝑡𝑡(32)=2.72, 𝑝𝑝=0.0288, the F2 dams (𝑀𝑀=17.77 g, 𝑆𝑆𝑆𝑆=4.52 

g, 95% CI [14.54, 21.00]), 𝑡𝑡(32)=3.04, 𝑝𝑝=0.0131, and the F3 dams (𝑀𝑀=18.18 g, 

𝑆𝑆𝑆𝑆=5.24 g, 95% CI [14.43, 21.93]), 𝑡𝑡(32)=2.85, 𝑝𝑝=0.0209. This effect was related 

to litter size, as a dam with fewer pups would show a reduced weight gain. We 

demonstrate this by analyzing weight gain while controlling for litter size (Fig. 

2.3C). A one-way ANOVA failed to identify differences in the gestational weight 

change per pup by pregnant dams across the four conditions, 𝐹𝐹(3,32)=0.08, 

𝑝𝑝=0.9716. Additionally, planned comparisons between the dams carrying the 

control mice and those carrying each filial generation failed to yield significant 
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differences between the gestational weight change per pup in the control 

condition (𝑀𝑀=2.09 g, 𝑆𝑆𝑆𝑆=0.60 g, 95% CI [1.58, 2.59]) and in the F1 condition 

(𝑀𝑀=2.28 g, 𝑆𝑆𝑆𝑆=0.93 g, 95% CI [1.50, 3.06]), 𝑡𝑡(32)=0.48, 𝑝𝑝=0.9036, the F2 

condition (𝑀𝑀=2.18 g, 𝑆𝑆𝑆𝑆=0.90 g, 95% CI [1.54, 2.82]), 𝑡𝑡(32)=0.24, 𝑝𝑝=0.9761, or 

the F3 condition (𝑀𝑀=2.19 g, 𝑆𝑆𝑆𝑆=0.71 g, 95% CI [1.68, 2.69]), 𝑡𝑡(32)=0.27, 

𝑝𝑝=0.9707. 

 

Pup Measures 

Body weight, brain weight, and brain-body weight ratio were measured in 

newborn (P0) control, F1, F2, and F3 mice (Fig. 2.4). A one-way ANOVA 

identified differences in body weight at P0 among the four conditions, 𝐹𝐹(3, 271) = 

32.87, 𝑝𝑝<.001 (Fig. 2.4A). Additionally, planned comparisons provided evidence 

that the P0 control pups (𝑀𝑀=1.74 g, 𝑆𝑆𝑆𝑆=0.18 g, 95% CI [1.69, 1.79]) weighed 

more than the F1 mice (𝑀𝑀=1.49 g, 𝑆𝑆𝑆𝑆=0.18 g, 95% CI [1.46, 1.52]), 𝑡𝑡(271)=8.57, 

𝑝𝑝<.001, the F2 mice (𝑀𝑀=1.44 g, 𝑆𝑆𝑆𝑆=0.18 g, 95% CI [1.39, 1.49]), 𝑡𝑡(271)=8.94, 

𝑝𝑝<.001, and the F3 mice (𝑀𝑀=1.54 g, 𝑆𝑆𝑆𝑆=0.19 g, 95% CI [1.48, 1.60]), 

𝑡𝑡(271)=5.56, 𝑝𝑝<.001. These effects persist to P20, as reported previously 

(Bottom et al., 2022). Thus, the prenatal exposure of the F1 pups to EtOH 

affected the body weight of all three filial generations. 

Similarly, we identified differences in the weight of pups’ brains across the 

four conditions, 𝐹𝐹(3,99)=12.86, 𝑝𝑝<.001 (Fig. 2.4B). Planned comparisons 

between the control pups and each filial generation showed the brain weight of 
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the control pups (𝑀𝑀=0.103 g, 𝑆𝑆𝑆𝑆=0.0140 g, 95% CI [0.098, 0.108]) was greater 

than the PrEE pups: F1 pups (𝑀𝑀=0.088 g, 𝑆𝑆𝑆𝑆=0.0055 g, 95% CI [0.085, 0.090]), 

𝑡𝑡(99)=5.48, 𝑝𝑝<.001, F2 pups (𝑀𝑀=0.094 g, 𝑆𝑆𝑆𝑆=0.0114 g, 95% CI [0.090, 0.099]), 

𝑡𝑡(99)=2.93, 𝑝𝑝=0.012, and F3 pups (𝑀𝑀=0.087 g, 𝑆𝑆𝑆𝑆=0.0094 g, 95% CI [0.082, 

0.092]), 𝑡𝑡(99)=4.79, 𝑝𝑝<.001.These effects persist to P20, as reported previously 

(Bottom et al., 2022). These findings provide evidence that prenatal exposure of 

the F1 pups to EtOH affected brain weights across all three filial generations. 

 In addition to examining the raw brain and body weights, we computed the 

brain-body weight ratio for the pups in each condition (Fig. 2.4C). A one-way 

ANOVA identified differences in brain-body weight ratio at P0 between the four 

conditions, 𝐹𝐹(3,95)=3.51, 𝑝𝑝=0.0182. Planned comparisons between the control 

mice and each filial generation, however, failed to show significant differences 

between the brain-body weight ratio of the control mice (𝑀𝑀=0.059 , 𝑆𝑆𝑆𝑆=0.0080 , 

95% CI [0.056, 0.062]) and the F1 mice (𝑀𝑀=0.059 , 𝑆𝑆𝑆𝑆=0.0037 , 95% CI [0.057, 

0.060]), 𝑡𝑡(95)=0.19, 𝑝𝑝=0.9858, the F2 mice (𝑀𝑀=0.063 , 𝑆𝑆𝑆𝑆=0.0047 , 95% CI 

[0.061, 0.065]), 𝑡𝑡(95)=2.19, 𝑝𝑝=0.0818, or the F3 mice (𝑀𝑀=0.056 , 𝑆𝑆𝑆𝑆=0.0061 , 

95% CI [0.053, 0.060]), 𝑡𝑡(95)=1.41, 𝑝𝑝=0.3643. Taken together, these results 

suggest that although brain and body weights are reduced in the three 

generations of PREE mice, the brain and body weights are scaling together 

across the conditions. 
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Anatomical measures  

Analysis of anatomical measures identified additional changes in F1, F2, 

and F3 mice compared to controls on the day of birth. In addition to 

measurements in the neocortex, we assessed several nuclei of the thalamus, as 

well as CA3 in the hippocampus, to assess for anatomical phenotypes related to 

the ethanol exposure or transgenerational FASD (Fig. 2.5). A one-way ANOVA 

failed to find significant differences in the area of pups’ dorsal lateral geniculate 

nucleus across the four conditions, 𝐹𝐹(3,27)=0.40, 𝑝𝑝=0.7529 (Fig. 2.5A1-5). 

Planned comparisons between control mice and each filial generation likewise 

failed to show significant differences between the section areas of the control 

mice (𝑀𝑀=0.037 mm2, 𝑆𝑆𝑆𝑆=0.0102 mm2, 95% CI [0.028, 0.045]) and the F1 mice 

(𝑀𝑀=0.032 mm2, 𝑆𝑆𝑆𝑆=0.0073 mm2, 95% CI [0.026, 0.039]), 𝑡𝑡(27)=0.97, 𝑝𝑝=0.6374, 

the F2 mice (𝑀𝑀=0.036 mm2, 𝑆𝑆𝑆𝑆=0.0073 mm2, 95% CI [0.030, 0.043]), 𝑡𝑡(27)=0.13, 

𝑝𝑝=0.9938, or the F3 mice (𝑀𝑀=0.036 mm2, 𝑆𝑆𝑆𝑆=0.0105 mm2, 95% CI [0.028, 

0.045]), 𝑡𝑡(27)=0.11, 𝑝𝑝=0.9953. 

We similarly failed to find significant differences in the section areas of 

pups’ medial geniculate nucleus across the four conditions, 𝐹𝐹(3,24)=1.79, 

𝑝𝑝=0.176 (Fig. 2.5B1-5). Planned comparisons between the control mice and each 

filial generation likewise failed to show significant differences between the section 

areas of the control mice (𝑀𝑀=0.103 mm2, 𝑆𝑆𝑆𝑆=0.048 mm2, 95% CI [0.058, 0.15]) 

and the F1 mice (𝑀𝑀=0.098 mm2, 𝑆𝑆𝑆𝑆=0.022 mm2, 95% CI [0.077, 0.12]), 

𝑡𝑡(24)=0.29, 𝑝𝑝=0.9666, the F2 mice (𝑀𝑀=0.129 mm2, 𝑆𝑆𝑆𝑆=0.023 mm2, 95% CI 
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[0.110, 0.15]), 𝑡𝑡(24)=1.69, 𝑝𝑝=0.2471, or the F3 mice (𝑀𝑀=0.122 mm2, 𝑆𝑆𝑆𝑆=0.022 

mm2, 95% CI [0.100, 0.15]), 𝑡𝑡(24)=1.17, 𝑝𝑝=0.5172.  

We also failed to find significant differences in the section areas of pups’ 

ventral-posterior nucleus (VP) across the four conditions, 𝐹𝐹(3,27)=1.35, 𝑝𝑝=0.2792 

(Fig. 2.5C1-5). Planned comparisons between the control mice and each filial 

generation also failed to show significant differences between the section areas 

of the control mice (𝑀𝑀=0.25 mm, 𝑆𝑆𝑆𝑆=0.035 mm, 95% CI [0.22, 0.28]) and the F1 

mice (𝑀𝑀=0.28 mm, 𝑆𝑆𝑆𝑆=0.041 mm, 95% CI [0.25, 0.32]), 𝑡𝑡(27)=1.49, 𝑝𝑝=0.3345, 

the F2 mice (𝑀𝑀=0.28 mm, 𝑆𝑆𝑆𝑆=0.035 mm, 95% CI [0.25, 0.32]), 𝑡𝑡(27)=1.53, 

𝑝𝑝=0.3165, or the F3 mice (𝑀𝑀=0.25 mm, 𝑆𝑆𝑆𝑆=0.059 mm, 95% CI [0.20, 0.30]), 

𝑡𝑡(27)=0.19, 𝑝𝑝=0.9861. 

The CA3 region of the pups’ hippocampi was thinner in the three filial 

generations of the PrEE mice compared to the controls, 𝐹𝐹(3,25)=5.57, 𝑝𝑝=0.0046 

(Fig. 2.5D1-5). Planned comparisons between the control mice and each filial 

generation showed this reduction in CA3 thickness between the control mice 

(𝑀𝑀=0.107 mm, 𝑆𝑆𝑆𝑆=0.0187 mm, 95% CI [0.090, 0.124]) and the F1 mice 

(𝑀𝑀=0.088 mm, 𝑆𝑆𝑆𝑆=0.0099 mm, 95% CI [0.079, 0.097]), 𝑡𝑡(25)=2.68, 𝑝𝑝=0.0352, 

the F2 mice (𝑀𝑀=0.084 mm, 𝑆𝑆𝑆𝑆=0.0091 mm, 95% CI [0.076, 0.093]), 𝑡𝑡(25)=3.27, 

𝑝𝑝=0.0088, and the F3 mice (𝑀𝑀=0.081 mm, 𝑆𝑆𝑆𝑆=0.0125 mm, 95% CI [0.071, 

0.092]), 𝑡𝑡(25)=3.76, 𝑝𝑝=0.0026. Thus, CA3 appears to be thinner in all three filial 

generations relative to controls. 
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Control and all three generations of PrEE pups’ corpus callosa were 

examined for abnormalities (exemplar images from three cases per group—

Control, F1, F2, F3—are shown in Fig. 2.6). A 𝜒𝜒2 test found that the number of 

pups with typical corpus callosa varied among the four groups of mice, 

𝜒𝜒2(3)=10.513, 𝑝𝑝=0.0087 (Fig. 2.7). Because the number of pups in many of the 

cells was less than five, the 𝑝𝑝 value was computed via simulation. Three follow 

up tests were planned to compare each filial generation to the control pups. Only 

the F1 pups yielded a difference from the control pups, 𝜒𝜒2(1)=8.082, 𝑝𝑝=0.0345 

(Bonferroni adjusted). Prenatal exposure to ethanol via maternal consumption 

during pregnancy disrupts callosal development, and although we show 

significance only for the F1 generation, there were cases of agenesis in F2 and 

F3, and none in control, suggesting transgenerational transfer of the phenotype.  

 

Behavior 

Our behavioral analyses of results on the Suok test provided evidence of 

increased anxiety and reduced motor coordination starting in the first generation 

and continuing into the third generation (Fig. 2.8). Initial analyses included sex as 

a factor, but no main effects nor interactions with sex were significant. For the 

ease of exposition, the results in this section collapse over levels of sex. Using 

the Suok test, we evaluated correlates of both anxiety and motor development 

(sensorimotor integration and motor coordination) in a single assay. Behavioral 

analysis is examined 20 days after birth (P20). Significant differences were 
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observed between filial generations compared to controls. Increased latency to 

leave the center of the Suok bar suggests greater anxiety, and we identified 

overall differences between the four groups of mice in their latency to leave 

center, 𝐹𝐹(3,96)=10.45, 𝑝𝑝<.001 (Fig. 2.8A). Planned comparisons between the 

control mice and each filial generation provided evidence that the latency of the 

control mice (𝑀𝑀=3.93s, 𝑆𝑆𝑆𝑆=3.07s, 95% CI [2.64, 5.23]) was less than the F1 mice 

(𝑀𝑀=22.45s, 𝑆𝑆𝑆𝑆=12.72s, 95% CI [16.32, 28.58]), 𝑡𝑡(96)=2.85, 𝑝𝑝=0.015, and the F2 

mice (𝑀𝑀=31.06 s, 𝑆𝑆𝑆𝑆=33.94s, 95% CI [19.41, 42.72]), 𝑡𝑡(96)=4.84, 𝑝𝑝<.001, but the 

difference between the latency of the control mice and the F3 mice (𝑀𝑀=6.44s, 

𝑆𝑆𝑆𝑆=5.33s, 95% CI [4.08, 8.81]), did not reach significance, 𝑡𝑡(96)=0.40, 𝑝𝑝=0.933. 

 There were also differences in the number of exploratory behaviors 

between the four conditions, 𝐹𝐹(3,88)=6.91, 𝑝𝑝<.001 (Fig. 2.8B). Planned 

comparisons between the control mice and each filial generation identified fewer 

exploratory behaviors made by the F1 mice (𝑀𝑀=51.88 behaviors, 𝑆𝑆𝑆𝑆=11.89 

behaviors, 95% CI [45.77, 58.00]), 𝑡𝑡(88)=4.35, 𝑝𝑝<.001, the F2 mice (𝑀𝑀=59.97 

behaviors, 𝑆𝑆𝑆𝑆=11.60 behaviors, 95% CI [55.99, 63.96]), 𝑡𝑡(88)=3.15, 𝑝𝑝=0.0065, 

and the F3 mice (𝑀𝑀=59.06 behaviors, 𝑆𝑆𝑆𝑆=21.32 behaviors, 95% CI [47.70, 

70.42]), 𝑡𝑡(88)=2.77, 𝑝𝑝=0.019, relative to the control mice (𝑀𝑀=72.38 behaviors, 

𝑆𝑆𝑆𝑆=15.90 behaviors, 95% CI [65.66, 79.09]). 

There were also differences in the number of stereotyped 

rearing/grooming events among the four groups, 𝐹𝐹(3,88)=4.95, 𝑝𝑝=0.0032 (Fig. 

2.8C). Decreases in these behaviors are suggestive of increased anxiety. 
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Planned comparisons identified fewer rearing/grooming behaviors displayed by 

the F1 mice (𝑀𝑀=1.75 behaviors, 𝑆𝑆𝑆𝑆=0.94 behaviors, 95% CI [1.35, 2.15]), 

𝑡𝑡(88)=2.97, 𝑝𝑝=0.0109, and the F3 mice (𝑀𝑀=0.94 behaviors, 𝑆𝑆𝑆𝑆=0.77 behaviors, 

95% CI [0.53, 1.35]), 𝑡𝑡(88)=2.93, 𝑝𝑝=0.0122, relative to the control mice (𝑀𝑀=1.75 

behaviors, 𝑆𝑆𝑆𝑆=0.94 behaviors, 95% CI [1.35, 2.15]). This reduction did not hold, 

however, for the F2 mice (𝑀𝑀=1.57 behaviors, 𝑆𝑆𝑆𝑆=0.85 behaviors, 95% CI [1.28, 

1.86]), 𝑡𝑡(88)=0.78, 𝑝𝑝=0.7490. 

 We also identified differences in the number of missteps between the four 

conditions, 𝐹𝐹(3,83)=11.86, 𝑝𝑝<.001 (Fig. 2.8D). Planned comparisons between the 

control mice and each filial generation identified increases in the number of 

missteps made by the F1 mice (𝑀𝑀=22.29 missteps, 𝑆𝑆𝑆𝑆=7.46 missteps, 95% CI 

[18.46, 26.13]), 𝑡𝑡(83)=4.69, 𝑝𝑝<.001, the F2 mice (𝑀𝑀=23.09 missteps, 𝑆𝑆𝑆𝑆=10.17 

missteps, 95% CI [19.54, 26.64]), 𝑡𝑡(83)=5.72, 𝑝𝑝<.001, and the F3 mice (𝑀𝑀=18.80 

missteps, 𝑆𝑆𝑆𝑆=3.94 missteps, 95% CI [16.96, 20.64]), 𝑡𝑡(83)=3.52, 𝑝𝑝=0.0021, 

relative to the control mice (𝑀𝑀=9.69 missteps, 𝑆𝑆𝑆𝑆=4.84 missteps, 95% CI [7.11, 

12.27]). 

The number of falls from the bar in the Suok test differed across the four 

conditions, 𝐹𝐹(3,88)=7.54, 𝑝𝑝<.001 (Fig. 2.8E). Planned comparisons between the 

control mice and each filial generation found that the F1 mice (𝑀𝑀=4.65 falls, 

𝑆𝑆𝑆𝑆=3.33 falls, 95% CI [2.93, 6.36]), 𝑡𝑡(88)=4.48, 𝑝𝑝<.001, the F2 mice (𝑀𝑀=3.43 

falls, 𝑆𝑆𝑆𝑆=2.78 falls, 95% CI [2.47, 4.38]), 𝑡𝑡(88)=3.55, 𝑝𝑝=0.0018, and the F3 mice 
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(𝑀𝑀=3.25 falls, 𝑆𝑆𝑆𝑆=2.32 falls, 95% CI [2.01, 4.49]), 𝑡𝑡(88)=2.7, 𝑝𝑝=0.0234 all fell 

more than the control mice (𝑀𝑀=1.04 falls, 𝑆𝑆𝑆𝑆=1.40 falls, 95% CI [0.45, 1.63]). 

Segments crossed, a measure of the total distance traveled, differed 

among the four conditions, 𝐹𝐹(3,88)=2.73, 𝑝𝑝=0.0485 (Fig. 2.8F). Planned 

comparisons between the control mice and each filial generation, however, failed 

to show evidence of differences between the number of segments crossed by the 

control mice (𝑀𝑀=87.46 segments, 𝑆𝑆𝑆𝑆=24.57 segments, 95% CI [77.08, 97.83]) 

and the F1 mice (𝑀𝑀 = 98.53 segments, 𝑆𝑆𝑆𝑆=41.29 segments, 95% CI [77.30, 

119.76]), 𝑡𝑡(88)=0.98, 𝑝𝑝=0.629, the F2 mice (𝑀𝑀=80.00 segments, 𝑆𝑆𝑆𝑆=43.98 

segments, 95% CI [64.89, 95.11]), 𝑡𝑡(88)=0.79, 𝑝𝑝=0.7471, or the F3 mice 

(𝑀𝑀=108.69 segments, 𝑆𝑆𝑆𝑆=19.09 segments, 95% CI [98.51, 118.86]), 𝑡𝑡(88)=1.84, 

𝑝𝑝=0.1727. Data from this behavioral test suggests a heritability of behavioral 

phenotypes that persist beyond the directly exposed generation.  

 

Summary of findings 

All generations of mice stemming from the first, directly exposed 

generation, F1, demonstrated lower body weights, and brain weights compared 

to controls. Thickness and volumes of some subcortical structures in F1, F2, and 

F3 newborn PrEE mice were impacted by the initial exposure. Hippocampal CA3 

was significantly thinner in all generations of PrEE mice when compared to 

controls. Additionally, PrEE resulted in a significant rate of agenesis or partial 

development of the corpus callosum in the majority of F1 cases, with a less 
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frequent occurrence in F2 and F3 mice. Behavioral deficits were present in both 

the F1 and F2 PrEE generations but seemed to be rescued by F3. Our data 

suggest that PrEE can result in abnormal brain and behavioral development with 

heritable effects that persist transgenerationally to subsequent generations of 

offspring.  

 

DISCUSSION 

For 50 years, scientists have tried to understand how and why 

developmental trajectories are changed by maternal consumption of alcohol 

during pregnancy. In those 50 years, how we study FAS and FASD has evolved 

tremendously. Research began in the early 1970s with simple recognition of 

facial dysmorphology in babies born to alcoholic mothers (Jones & Smith, 1973a) 

and fetal alcohol science marched forward to include complex cognitive and 

behavioral assessments to elucidate systemic dysfunction in children with FASD 

(Kerns et al., 1997; Nestler et al., 1981). More recently, the use of molecular 

biological methods has helped us begin to uncover the underlying mechanisms in 

the brain that are disturbed by ethanol exposure during early development 

(Abbott et al., 2018). Over 5 decades, scientists unveiled the dangers of drinking 

during pregnancy, detailed the ways in which the developing brain can be 

damaged by ethanol and investigated ways to help prevent FASD through 

abstinence and supplements such as choline (Bottom et al., 2020). The recent 

discovery that FASD is a heritable condition that can pass transgenerationally 
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without additional, subsequent ethanol exposures (Abbott et al, 2018), and the 

likely role of epigenetics in this process, has presented new challenges to 

scientists in the field. Notably, studies in rats show significant deficits in Pro-

opiomelanocortin (POMC) neuronal functioning with altered levels of histone-

modifying proteins and DNA methyltransferase levels in POMC neurons which 

persist into the F2 and F3 generations through the male germline (Govorko et al., 

2012). Additionally, reduced Ifn-ɣ expression and increased promoter methylation 

of the Ifn-ɣ gene persisted in F2 and F3 male rats derived from the male germline 

(Gangisetty et al., 2020). However, both of these studies used an EtOH exposure 

window of embryonic day (E) 7 through 21. As these findings are relatively new, 

we do not know the full gamut of phenotypic variation that can stem from the 

initial F1 exposure, and how future generations are impacted in terms of brain 

and behavioral development. The current report continues our investigation of 

transgenerational phenotypes, expanding our knowledge of heritable changes 

that continue through familial lineages. To create ways to treat and improve the 

conditions of those with transgenerational FASD, we need to understand what 

neurological changes persist and what deficits carry over to non-exposed 

generations, and we need to better understand the epigenetic mechanisms that 

underlie the heritability of the disorder.  
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FASD phenotypes in humans and rodent models 

FASD in humans is truly a spectrum disorder. Depending on the severity 

and timing of the exposure, people can have very mild to severe phenotypes. 

Despite this variability, there are a few hallmark features of FASD that connect 

the most disparate cases. Typically, people with FASD display alterations in 

sensory processing (Jirikowic et al., 2020), fine motor skills (Jones et al., 2010) 

and risk-taking behavior (Furtado & Roriz, 2016). Additionally, in utero exposure 

to ethanol can cause delays in cognitive development that may include deficits in 

general intelligence, attention, motor function and coordination, as well as higher 

executive functions (Harms et al., 2014; Mattson et al., 2019). Research on 

humans with FASD is limited, so implementing the use of non-human models has 

been critical to the field of research. Murine models of FASD provide a tool to 

evaluate the biological and behavioral effects of PrEE, in a more controlled 

environment. Our laboratory has reported changes in neuroanatomical 

development, intracortical connectivity, gene expression, epigenetics, and 

behavior in our mouse model of FASD (El Shawa et al., 2013; Abbott et al., 2016; 

2018; Kozanain et al., 2018; Bottom et al., 2020; 2022). Many of the phenotypes 

observed in PrEE relate to what has been described in humans with FASD. 

Establishing comprehensive neurobehavioral, neuroanatomical, and molecular 

profiles in animal models of FASD is critical to the development of treatment and 

prevention strategies in humans.  
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PrEE’s impact on fetal growth and neuroanatomical development 

Several studies have demonstrated reduced body weights, brain weights, 

cortical lengths, cortical thinning, and other subcortical changes in humans with 

FASD, as well as rodent models (Zhou et al., 2011; Gautam et al., 2015; Abbott 

et al., 2018). Our findings in PrEE F1 mice here support previous reports and 

extend work into subsequent generations. Below we describe potential 

mechanisms underlying our findings PrEE mice and how these might be related 

to transgenerational FASD.  

 

Growth restriction:  

Although F1-3 dams tend to show smaller weight changes throughout 

pregnancy when compared to controls, this effect is likely to be linked to 

reduction in litter size as no differences were found when weight gain was 

assessed per pup, or by litter size. The F1-3 pups were also typically born 

smaller with smaller brains, however, the pup brain:body weight ratios across the 

conditions were not significantly different. Notably, F2 and F3 generation mice 

exhibit similar morphology to the F1 generation despite no significant difference 

in maternal nutrition as measured by food intake. This suggests a possible 

heritability of alcohol-related growth restriction that is not related to maternal food 

consumption. Epigenome alterations in the methylation of transcription factor 

promoter regions are heritable (Abbott et al., 2018; Almedia et al., 2020) and can 

potentially interfere with metabolism and IGF-2 levels during gestation (Almeida 
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et al., 2020). These metabolic effects may be responsible for the delays in growth 

metrics observed to those exposed to high levels of alcohol during pregnancy 

(Carter et al., 2016) and potentially a contributor to the transgenerational deficits 

in newborn brain and body weights we observed here. In summary, as the 

reductions in body weight, brain weight and cortical length are found in F2 and 

F3 generations, this suggests inter-and transgenerational transfer. 

Our data from our mouse model of FASD are consistent with alcohol-

related reductions in weight, height, weight-for-height/BMI, and head 

circumference in offspring born to women who consumed high doses of alcohol 

during pregnancy (Carter et al., 2013; 2016). It is thought that maternal ethanol 

consumption during pregnancy leads to alcohol-induced altered nutrient 

metabolism and malabsorption which, in turn, restricts fetal development (Naik et 

al., 2022). Also, insulin growth factors (IGF), especially IGF-1 and IGF-2 are 

critical to embryonic and fetal growth (Hellström et al., 2016; Kadakia & Josefson, 

2016). Because serum concentrations of IGF-1 and IGF-2 are reduced in 

children with FASD, it is possible that by interfering with IGF function, alcohol can 

slow fetal growth (Andreu-Fernandez et al., 2019). 

 

Smaller brain weights:  

The central nervous system anomalies documented in FASD range from 

cellular and molecular aberrations to gross structural brain abnormalities 

(Norman et al., 2009; Riley et al., 2004). Among the most consistent findings in 
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brain imaging studies of FASD is the reduction in overall brain volume (Mattson 

et al., 1998; Archibald et al., 2001; Willoughby et al., 2008; Norman et al., 2009). 

The reductions in volume are detected throughout the brain, with frontal, 

temporal, and parietal lobes showing the most significant effects in individuals 

with FASD as compared with controls (Archibald et al. 2001; Yang et al., 2011). 

In our study, F1-3 pups demonstrated reduced brain weights compared to 

controls. Taken together, results of decreased brain weights and shortened 

cortical lengths are consistent with these as well as our previous findings (Abbott 

et al., 2016; Abbott et al., 2018).  

 There are a few potential mechanisms to explain microcephaly in FASD. 

One hypothesis is that neural crest cells suffer apoptosis early on due to ethanol 

exposure, which results in smaller brains. This can occur when ethanol 

generates a caspase cascade which can induce cell death in neural crest cells 

often by disrupting folic acid (folate) function (Muralidharan et al., 2013). Another 

possibility is that functional brain metabolism is disrupted by ethanol exposure 

(Fagerlund et al., 2006). Specifically, N-acetylaspartate/choline (NAA/Cho) and 

NAA/creatine (NAA/Cr) ratios appear reduced in the frontal and parietal lobes, 

corpus callosum and other subcortical structures in humans with FASD. This is 

suggestive of a reduction in glial cell proliferation, which could account for some 

of the observed reduction in brain size from PrEE.  
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Hippocampal changes: CA3   

The hippocampus is a structure embedded deep within the temporal lobe 

that is important for learning and memory. Both human (Coles et al.,1991; 

Uecker and Nadel, 1996) and animal studies (Riley et al.,1984; Driscoll et al., 

1990) have documented poor performance on learning and memory tasks due to 

prenatal alcohol exposure. A human longitudinal study of young adults used MRI 

coupled with the Verbal Selective Reminding Memory Test and its nonverbal 

counterpart, the Nonverbal Selective Reminding Memory Test, found significant 

deficits in memory performance along with decreased hippocampal volume in 

individual exposed to alcohol in utero (Coles et al., 2011). Another MRI study of 

children with FAS showed hippocampal asymmetry; left hemisphere hippocampal 

volume was smaller than the right (Riikonen et al., 1999).  

Data from PrEE animal models show disruption in hippocampal 

development. For example, a study showed a decrease in dendritic arbor length 

and simplified dendritic branching within the hippocampal neurons of P14 PrEE 

mice (Davies & Smith, 1981). Additionally, decreases in hippocampal spine 

density and CA1/CA3 volumes have been documented in PrEE rodent models 

(Abel et al., 1983, Livy et al., 2003). Interestingly, pyramidal cell density was also 

reduced in the CA1 at all gestational ages, however CA3 pyramidal cell density 

was only reduced in animals treated with ethanol from P4-P9, the equivalent to 

the human third trimester (Livy et al., 2003). Therefore, the third trimester period 

in development may be a vulnerable time for alcohol exposure leading to altered 
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hippocampal development and memory deficits. Consistent with past research, 

our study showed a decrease in CA3 thickness in F1, replicating data from other 

laboratories. We discovered that this phenotype persists transgenerationally as 

well, with reduction in CA3 present in both the F2, and F3 generations. This 

suggests that there is a heritable component to hippocampal alteration due to 

PrEE in mice. In terms of potential molecular mechanisms, or epigenetic 

modifications that could lead to the transgenerational change, increases in gene 

expression of DNA methyltransferases, Dnmt1 and Dnmt3a, in the hippocampus 

of PrEE rats have been reported. (Lucia et al., 2019; Gangisetty et al., 2015). 

These data suggest that epigenetic modifications generated from the exposure 

may play a role in the presumed heritability of hippocampal damage in PrEE. 

More research is needed to investigate the molecular mechanisms by which 

PrEE may induce heritable change in the structure and potentially function of the 

hippocampus.  

 

Agenesis in corpus callosum:  

The corpus callosum is a large white matter tract that connects the two 

hemispheres of the brain and allows for interhemispheric communication. This 

region connects the primary motor cortices and is also responsible for various 

high level cognitive functions such as verbal learning, memory, attention, and 

visuospatial abilities (O’Neil, 2010; Huang et al., 2015). The total number of 

callosal fibers is fixed at birth but the structure will continue developing 
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throughout life in terms of redirecting fibers, myelination, and pruning (Vannucci, 

2017). The human corpus callosum begins developing during week five of 

gestation, which is after the time point neural crest cells are most vulnerable for 

developing into facial anomalies associated with FAS (O’Neil, 2010). This 

explains how central nervous system deficits, particularly those of the corpus 

callosum, can occur in children exposed to ethanol prenatally, even if facial 

phenotypes associated with FAS are not present. 

Some of the most prominent changes in the brain due to PrEE are 

alterations to the corpus callosum. Imaging studies include cases of complete 

corpus callosum agenesis (Riley et al., 1995; Johnson et al.,1996; Swayze et al., 

1997; Astley et al., 2009), partial agenesis and/or callosal thinning (Autti-Rämö, 

et al., 2002). In cases of partial or complete agenesis, the axons of the white 

matter tracts do not cross over but instead rest parallel to the hemispheres (Riley 

et al., 1995, O’Neil, 2010). These individuals experience severe deficits in motor 

control as well as executive functioning tasks such as decision making, and 

abstract thinking.  

In our study, F1 PrEE mice showed significantly altered corpus callosal 

development. Similar to human studies, our data show corpus callosum thinning, 

full or parietal agenesis, in the most anterior portions of the region as well as a 

variation in crossover location. These abnormal callosal phenotypes could 

potentially explain some of the sensorimotor coordination difficulties observed in 

PrEE mice. Although the malformed callosa was prominent and frequent in F1 
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PrEE mice brains, the occurrence was rare but present in the subsequent 

generations. This suggests that the phenotypes can persist to F3, but with less 

frequency.  

 

PrEE and behavioral development: transgenerational effects. 

Sensory and motor deficits: 

In humans with FASD, sensory processing difficulties such as visual, 

touch, body awareness, and planning are present during the peripubescent 

period (Hen-Herbst et al., 2020). Murine models of FASD often exhibit deficits in 

sensory and motor processing, social behaviors, motor learning, fear learning, 

spatial functioning and often show behavior associated with depression and 

anxiety (Kalberg et al., 2006; Hellemans et al., 2010ab; El Shawa et al., 2013; 

Kozanian et al., 2018). Errors in sensorimotor integration are common 

phenotypes in individuals with FASD and they are often used as diagnostic 

indicators using the Movement Assessment Battery for Children, second edition 

(MABC-2; Johnston et al., 2019). In our mouse model of FASD, PrEE mice slip 

(misstep) and fall significantly more than controls. This occurs in the absence of 

variable running rates (total segments crossed during the test did not differ 

across groups). Thus, these slips and falls are likely to be from sensorimotor 

integration errors rather than from increased speed of travel. Interestingly, these 

phenotypes persist to F2 and F3 generations, demonstrating transgenerational 

transfer. This is possibly related to the abnormal development of the corpus 



114 

callosum observed significantly in F1 PrEE mice and across generations in some 

cases in our results, as the corpus callosum is critical for bilateral coordination 

(Richmond & Fling, 2019).  

In addition to deficits in Suok performance, our past reports reported 

deficits in adhesive tape removal and accelerated rotarod performance, which 

evaluates motor skills and motor learning, respectively, with effects persisting to 

F3 (Bottom et al., 2022). From our previous work, we found alterations in both 

DNA methylation and neocortical generational and we posit that these epigenetic 

mechanisms may form the basis for the transgenerational effects (Abbott et al., 

2018). 

 

Anxiety: 

A hallmark of FASD in humans is increased incidence of anxiety and 

depression (Hellemans et al., 2010ab). These mental health problems can often 

be some of the most severe manifestations of FAS during adulthood (Lemoine et 

al., 2003). Socio-emotional anxious disturbances are common in humans with 

FASD. As with problems with sociality, this could be due to alterations in the 

amygdala, specifically reductions in volume of the basolateral complex (BLA) and 

basomedial nucleus (BMA) in adult F1 PrEE mice, which have been previously 

reported by our laboratory (Kozanian et al., 2018). The same study also showed 

an increase in cell packing density in the BLA, BMA, and central nucleus of the 

amygdala in the adult F1 PrEE mice. BMA neurons are involved in fear circuitry 
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as they are known to suppress fear-related freezing and help ameliorate elevated 

anxiety states (Adhikari et al., 2015). Another study found that PrEE during the 

rodent equivalent of the third trimester of human pregnancy can increase 

excitatory inputs to the BLA, leading to an increase in anxiety-like behaviors 

(Baculis et at., 2015). PrEE can also cause increased anxiety due to a 

dysregulation in functional connectivity between the BLA and anterior cingulate 

cortex (ACC) (Hwang & Hashimoto-Tori, 2022). Reduced excitation within the 

ACC could be a potential cause of anxiety in PrEE mice (Hwang & Hashimoto-

Tori, 2022). These are all potential mediators for the increased anxiety-like 

behaviors observed in our F1 PrEE mice.  

Our results show three behavioral markers for increased anxiety in our 

transgenerational PrEE model. F1 and F3 PrEE mice show decreased rearing 

and grooming, F1, F2 and F3 PrEE show decreased directed exploration, and F1 

and F2 mice show an increased latency to leave center when compared to 

controls. These findings demonstrate an increase in anxiety-like behaviors 

across generations. Likewise, we discovered a transgenerational thinning of CA3 

in the hippocampus that persists across all three generations. It is possible that 

this neuroanatomical phenotype is related to the behavioral phenotype of 

increased anxiety-like behaviors observed in our F1-3 generations, as the a2-

containing GABAA receptors (a2GABAARs) within the CA3 have been found to 

be involved in the suppression of anxiety (Engin et al., 2016).  
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PrEE in both preclinical and clinical models has also been known to cause 

dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, which plays a role 

in vulnerability to stress-related disorders such as anxiety (Haley et al., 2006; 

Wieczorik et al., 2015; Lam et al., 2019). The HPA axis is activated in response 

to stress and anxiety which causes the release of stress hormones such as 

corticosterone (CORT). In fact, one study showed increased CORT levels in 

PrEE mice after performing in the elevated plus maze, another test that can be 

used to detect anxiety-like behaviors in mice (Hwang and Hashimoto-Tori, 2022). 

Our model utilized the Suok test which revealed a decrease in exploratory 

behaviors and rearing/grooming events as well as an increase in latency to leave 

the center of the rod both of which are indicative of anxiety-like behaviors in 

rodents.  

 

Sociality: 

Characterization of FASD in humans has found that early, heavily 

exposed infants display higher levels of affective withdrawal, often observable in 

early infancy (Molteno et al., 2014). Additionally, emotional social withdrawal 

predicted poorer IQ ages 5 and 9 (Molteno et al., 2014). In extreme cases, adults 

with FASD exhibit social function at a level similar to a typically developing six-

year-old (Streissguth et al., 1996). Our F1 PrEE mice also show social 

dysfunction, as measured in our sociability test, and this effect persists to the F2 

generation. Specifically, F1 and F2 mice spent less time with a novel, social 
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mouse and spent more time in the empty chamber of the apparatus, possibly 

implicating that asocial behaviors from PrEE are heritable through the male 

germline to F2 progeny. There seems to be a step like improvement in sociality 

from F1 to F2 and F3. Notably, we did not observe any differences in F3 progeny 

compared to controls, implicating a recovery of asocial behaviors in F3. A key 

area that may modulate asocial behaviors could be the amygdala as it modulates 

social interactions in similar ways as it impacts anxiety (Amaral, 2003). As stated 

previously, PrEE has been shown to alter amygdalar volume and fear learning 

(Kozanian et al., 2018) and our data here shows that PrEE results in reduced 

thickness of the prelimbic area within neocortex in PrEE mice; thus, it is possible 

that amygdalar and prelimbic dysfunction might be mediating asocial behaviors in 

F1 and F2 mice. 

 

Heritability of FASD: potential mechanisms.  

In our current study, we found evidence for intergenerational and/or 

transgenerational transfer of several PrEE-related anatomical and behavioral 

phenotypes. One possible mechanism by which heritable phenotypes are being 

passed on is an alteration in epigenetic pathways. DNA methylation is a known 

mechanism that is involved in gene transcription silencing (Moore et al., 2013). 

Evidence suggests that alcohol exposure alters methylation profiles of mice when 

exposed in utero during neurulation (Liu et al., 2009), which may lead to some of 

the deficits observed in people with FASD. Additional work published by our 
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laboratory has shown that PrEE results in alterations in intraneocortical 

connectivity, upregulation of neocortical RZRβ and Id2 expression accompanied 

by promoter hypomethylation and decreased global DNA methylation levels 

across generations with suppressed DNMT expression (Abbott et al., 2018). Our 

data in our transgenerational FASD model suggest that changes in DNA 

methylation may alter transcription of select developmental genes pertinent to 

cortical development, leading to altered expression, ectopic neural connections, 

and neuroanatomical restructuring that together may lead to atypical and 

problematic behavior. As neocortical patterning is governed by gene expression 

in early development, PrEE-induced shifts in gene expression lead to overall 

distortion of the cortical map (Fukuchi-Shimogori et al., 2001; Huffman et al., 

2004; Dye et al., 2011, El Shawa et al., 2013; Abbott et al., 2018). If epigenetic 

modifications are generating shifts in gene expression, as we have hypothesized 

previously, then it follows that the origin of transgenerational transfer to F3 of 

neurobiological phenotypes is epigenetic in nature (Jirtle et al., 2007; Gapp et al., 

2017; Abbott et al., 2018; Bottom et al., 2022). Our results support the hypothesis 

that maternal consumption of alcohol during pregnancy has the potential to 

induce stable epigenetic alterations; thus, leading to the persistence of the F1 

PrEE phenotypes observed across three generations.  
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Study Limitations 

A possible limitation is that our study uses a transgenerational model 

where transmission occurs via the male germline. Other studies investigated the 

epigenetic effects of PrEE transmitted through the female germline but found that 

effects did not persist into the F2 or F3 generations (Gangisetty et al., 2020; 

Govorko et al., 2012). Further research is needed to investigate if the effects of 

PrEE can be transmitted through the female germline. Additionally, we did not 

investigate potential mechanisms for why changes in anatomy and behavior 

occur, which is the focus of additional ongoing research in our laboratory. 

Therefore, future studies will be used to explore potential molecular and 

epigenetic mechanisms of PrEE. 

Conclusions 

Recent reports from our laboratory have demonstrated both 

intergenerational and transgenerational transfer of phenotypes related to PrEE, 

which suggests a heritability of FASD (Bottom et al., 2022, Abbott et al., 2018). 

Here we extend our prior work to show how some neuroanatomical and 

behavioral phenotypes associated with PrEE and FASD are passed on 

transgenerationally from the directly exposed generation. Understanding crucial 

features of FASD and transgenerational FASD, as well as uncovering the 

molecular mechanisms that underlie the phenomena are critical to the 

development of prevention strategies and therapeutics for FASD in both 

preclinical and clinical settings. Finally, the collective research on FASD from our 
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laboratory and others provides further support for abstaining from alcohol 

consumption during pregnancy to protect offspring and subsequent generations. 
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FIGURES 

 

Figure 2.1. Breeding paradigm. Summarization of the breeding paradigm used 
to generate first, second and third generation FASD mice. Alcohol exposure 
occurs during pregnancy of the first filial (F) generation mice with 25% (v/v) 
ethanol consumed ad libitum. Breeding of second and third generation mice is 
done by pairing up first and second generation male mice with control, ethanol 
naive females, respectively.  
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Figure 2.2. Dam metrics at birth. Evaluation of maternal metrics at birth of 
pups. A. No significant difference in food consumption between control (n = 8), 
F1 (n = 8), F2 (n = 10), and F3 (n = 10) dams. B. No significant differences in 
liquid intake were observed between control (n = 8), F1 (n = 8), F2 (n = 10), and 
F3 (n = 10) dams. C. Dam blood ethanol concentration (BEC) in mg/dL at birth. 
Elevated BEC levels were detected for EtOH exposed dams (n = 12). D. Dam 
plasma osmolality (pOsm) in millimole per kilogram (mOsm/kg). No significant 
differences were observed between control (n = 14) and EtOH exposed dams (n 
= 16). Variations in dot opacity are due to overlap of individual dots. 
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Figure 2.3. Gestational metrics. A. Litter sizes at birth for F1 (n = 9), F2 (n = 
10), and F3 (n = 10) were significantly reduced compared to controls (n = 10). B. 
Gestational weight gain was significantly reduced in F1 (n = 8), F2 (n = 10), and 
F3 (n = 10) dams compared to controls (n = 8). C. No significant difference in 
weight change with respect to litter size for  control (n = 8), F1 (n = 8), F2 (n = 
10), and F3 (n = 10) dams. Data expressed as mean ± S.E.M. *p < 0.05. 
Variations in dot opacity are due to overlap of individual dots. 
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Figure 2.4. Pup metrics at birth. A. Significant decrease in F1 (n=110), F2 (n = 
58), and F3 (n = 45) body weights of offsprings at P0, compared to controls (n = 
62) at P0. B. Significant reductions in F1 (n = 28), F2 (n = 25), and F3 (n = 16) 
brain weights compared to controls (n = 34) were observed at P0. C. P0 Brain 
Weight/Body Weight (BrW/BdW) ratios were calculated for each experimental 
condition. No significant differences were observed between F1 (n = 28), F2 (n = 
25), and F3 (n = 16) ratios compared to controls (n = 34). Data expressed as 
mean ± S.E.M. *p < 0.05, **p<0.01, and ***p<0.001. Variations in dot opacity are 
due to overlap of individual dots. 
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Figure 2.5. Subcortical area and thickness measurements at P0. 
Representative Nissl-stained coronal sections of P0 mouse brain tissues for all 
experimental groups (Control, F1, F2, and F3). Cortical areas evaluated include 
the dorsal lateral geniculate nucleus (dLGN; A1–A5; n = 31), medial geniculate 
nucleus (MGN; B1–B5; n = 28), ventral pallidum (VP; C1–C5; n = 31), and CA3 
of the thalamus (D1–D5; n = 29). Significant decreases in thickness of CA3 were 
observed for F1, F2, and F3 mice, compared to controls. Data expressed as 
mean ± SEM. Images oriented dorsal (D) up and lateral (L) to the right. *p < 0.05 
and **p < 0.01. Scale bar, 1 mm. Variations in dot opacity are due to overlap of 
individual dots. 
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Figure 2.6. Corpus callosum development evaluation at P0. Three 
representative Nissl-stained coronal sections for each experimental group. 
Control (A1-3; n = 11), F1 (B1-B3; n = 7), F2 (C1-C3; n = 8), and F3 (D1-D3; n = 
9). We observed abnormalities in the development of the corpus callosum in F1, 
F2, and F3 progeny. Percent typical development was calculated for each 
condition and dramatic alterations were statistically significant only for F1 
progeny. White arrows indicate aberrant corpus callosum development. Images 
oriented dorsal (D) up and lateral (L) to the right. Scale bar, 1 mm. 
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Figure 2.7. Corpus callosum development chi-squared evaluation. Percent 
typical development of corpus callosum development was evaluated using a 𝜒𝜒2 
test. We found that the number of pups with typical development varied 
significantly between the four groups of mice (p = 0.0087). This effect was driven 
by F1 pups since they were significantly different from control pups (*p = 0.0345). 
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Figure 2.8. Sensorimotor integration and anxiety-like behaviors at P20. The 
Suok test behavioral assay performed on mice at twenty days old. Measures of 
anxiety: Latency to leave center zone (A) directed exploration (B), and 
rearing/grooming (C). Significant group differences were seen in the F1 & F2 
generation for latency to leave the center. Directed exploration showed altered 
behavior in all three generations of mice. Rearing/grooming showed altered 
behavior in the F1 & F3 generation. Motor Measures: missteps (D), falls (E), and 
segments crossed (F). F1 (n = 19), F2 (n = 34), and F3 (n = 22) mice made 
significantly more missteps and fell significantly more times than controls (n=24). 
Interestingly, no differences were observed in segments crossed. Data 
expressed as mean ± S.E.M. *p < 0.05, **p < 0.01, and ***p < 0.001. Variations 
in dot opacity are due to overlap of individual dots. 
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Chapter 3: Transgenerational effects of paternal alcohol consumption on 

offspring brain and behavioral development  

 

ABSTRACT 

Fetal alcohol spectrum disorders (FASD) describe the wide array of long-

lasting developmental abnormalities in offspring due to prenatal alcohol (ethanol 

[EtOH]) exposure via maternal gestational drinking. Although the teratogenic 

consequences of prenatal EtOH exposure are apparent, the effects of 

preconception paternal EtOH exposure (PatEE) are still unclear. In previous 

rodent models, PatEE has been shown to disturb gene expression in the brain 

(Finegersh & Homanics, 2014; Rompala et al., 2017) and liver (Chang et al., 

2017, 2019) of offspring. Our previous research suggests that PatEE can induce 

molecular changes and abnormal behavior in the offspring in the first filial 

generation (F1) (Conner et al., 2020). However, it is not known whether the 

effects of PatEE can be passed transgenerationally.  

In this study, we utilized a novel mouse model of PatEE where male mice 

self-administered 25% EtOH for 15-20 days prior to conception, generating 

indirect exposure to the offspring (F1) through the paternal germline. PatEE (F1) 

males were paired with EtOH naïve females to generate offspring for the second 

generation (F2). The impact of paternal ethanol exposure on newborn offspring 

neocortical development was evaluated using neuroanatomical and molecular 
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techniques at postnatal day (P) 0, as well as a battery of behavioral assays in 

pre- and peri-pubescent mice.  

We observed no differences between control and PatEE (F1 and F2) mice 

in measures of neocortical length. Abnormal patterns of Id2 and RZRβ gene 

expression were observed in the F1 generation but not the F2 at P0. Additionally, 

PatEE may generate sex-specific effects on offspring behavior that can last up to 

two generations after the sire’s initial exposure. 

Overall, these findings suggest that ethanol exposure in males prior to 

conception may induce long-lasting, transgenerational changes in the brain and 

behavior of offspring. This study provides additional insight into the biological 

mechanisms that potentially underlie atypical behavior observed in children of 

alcoholic fathers. 

 

INTRODUCTION 

Prenatal ethanol (EtOH) exposure (PrEE) can result in fetal alcohol 

spectrum disorders (FASD). This designation incorporates a variety of long-

lasting cognitive and behavioral deficits (Hoyme et al., 2016) and has incidence 

rates as high as 5% in the United States (May et al., 2018). Much less is known 

about the impact of preconception paternal EtOH exposure (PatEE), despite a 

growing body of preclinical evidence indicating that offspring sired by males 

exposed to EtOH prior to conception display–altered brain and behavioral 

development similar to maternal-mediated prenatal EtOH exposure (Chang et al., 
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2017, 2019; Finegersh & Homanics, 2014; Jamerson et al., 2004; Kim et al., 

2014; Meek et al., 2007; Rompala et al., 2016, 2017). Additionally, clinical 

research in humans has found associations among heavy paternal EtOH 

consumption and adverse developmental outcomes in offspring (reviewed in 

Finegersh et al., 2015; Xia et al., 2018; Zuccolo et al., 2017), providing further 

support for the deleterious impact of paternal drinking. Although research 

investigating the impact of PatEE is on the rise, it remains greatly understudied 

compared to models of FASD generated from EtOH exposure via maternal 

drinking.  

The neocortex, the largest part of the human brain, has many emergent 

properties that mediate complex, higher order functions and behaviors. The 

neocortex relies on a tightly regulated temporal and spatial orchestration of 

genetic and environmental cues for proper development, a process that seems 

particularly susceptible to prenatal EtOH insult. Animal studies focusing on 

maternal EtOH exposure have found a plethora of atypical cortical phenotypes 

present in offspring including increased apoptosis (Ikonomidou et al., 2000), 

altered pyramidal cell morphology (Granato et al., 2003), modified development 

of anatomical regions or structures (Abbott et al., 2016), and atypical 

development of the intraneocortical circuitry (El Shawa et al., 2013). Human 

neuroimaging studies in children with FASD have also demonstrated 

abnormalities in neocortical development (Zhou et al., 2011), suggesting that 
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irregular cortical phenotypes may underlie some PrEE-induced behavioral 

alterations.  

One particular aspect of neocortical development affected by prenatal 

EtOH exposure is arealization or the patterning of neurons into functionally and 

spatially distinct areas (Dye et al., 2011a, b). Specifically, prenatal EtOH 

exposure results in aberrant intraneocortical connections (INCs), as well as 

altered expression of genes critical for proper patterning of the neocortex in mice 

(El Shawa et al., 2013). Recently, we have demonstrated that these phenotypes 

pass to second and third filial generations after an initial prenatal EtOH exposure 

(Abbott et al., 2018), suggesting EtOH may have potent transgenerational 

effects. Despite a growing body of research on how PrEE impacts the neocortex, 

there is a paucity of data regarding how paternal EtOH exposure may alter 

cortical development. Preclinical studies focusing on PatEE’s effects on the 

neocortex are sparse but have shown that affected offspring have increased 

cortical thickness (Jamerson et al., 2004) and altered expression and epigenetic 

regulation of the dopamine transporter in frontal cortex (Kim et al., 2014). 

Importantly, to our knowledge, no study exists examining the effect of 

preconception paternal EtOH consumption on development of neocortical 

connections. Due to the ability of PatEE to disrupt normal development in the 

neocortex, as well as EtOH’s ability to modify INCs in the absence of direct 

exposure, we hypothesized that PatEE offspring could also demonstrate 

abnormal neocortical development. 
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Since many prenatal EtOH exposure phenotypes have been shown to 

pass transgenerationally (Abbott et al., 2018; Gangisetty et al., 2020; see review 

by Chastain and Sarkar 2017), we investigated whether the observed 

phenotypes from preconception PatEE also persist into future generations 

beyond the F1 generation. The goal of this study was to characterize the impact 

of a paternal binge of EtOH prior to conception on offspring cortical and 

behavioral development and to investigate if these effects spread 

transgenerationally after initial EtOH insult. Specifically, we analyzed neocortical 

thickness, gene expression, and development of INCs in newborn mice. We also 

examined behavioral effects of PatEE in pre- and peri-pubescent mice at ages 

P20 and P30 using a battery of assays. Results from this study suggest that the 

paternal environment before conception is critical for healthy offspring 

development. 

 

MATERIALS AND METHODS 

Animal Care 

All studies were conducted under research protocol guidelines approved 

by the Institutional Animal Care and Use Committee at UCR. CD-1 mice were 

initially purchased from Charles River Laboratories (Wilmington, MA). All subjects 

were housed in UCR animal facilities under a standard 12-hour/12-hour light/dark 

cycle. All efforts were made to minimize animal discomfort and the number of 

mice utilized. 
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EtOH Administration and Breeding 

Male mice, aged 3 to 6 months, were separated into control and EtOH-

exposed groups. Initially, experimental EtOH-treated male mice (n = 10) were 

provided a 25%EtOH in water solution, ad libitum, for 15 days and standard 

mouse chow (Fig. 3.1). Control males (n = 10) were provided ad libitum water 

and standard mouse chow. After the binge period, P90 female mice were paired 

with control or EtOH-treated sires at the beginning of the dark cycle for breeding. 

The day of conception was determined by the presence of a vaginal plug, after 

which males were removed from the dam’s cage. If no vaginal plug was 

observed, the male was returned to his home cage for continued treatment of 

EtOH or water for the remainder of the day and then placed back into the 

breeding cage at the start of the dark cycle. The average time to conception was 

3.5 days for EtOH sires and 2.8 days for control sires. Each group had a time to 

conception of 0 to 8 days with total length of treatment being 15 to 23 days. All 

pregnant female mice were housed individually and provided standard mouse 

chow and water ad libitum. All female dams were EtOH-naïve and did not have 

access to EtOH. The male germline was used to produce the next generation 

(F2). To do this, P90 F1 PatEE males were bred with EtOH-naïve P90 females. 

 

Sire Daily Intake and Blood EtOH Content Measurements 
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Daily measurements of food and liquid intake of male mice were recorded 

at 1,200 hours to assess confounding nutritional differences between EtOH-

exposed and control sires. Each male was provided 100 g of food, and the chow 

was reweighed daily at noon and replenished to 100 g. Daily liquid intake (25% 

EtOH in water or water alone) for F1 and control sires was measured using a 

graduated drinking bottle. Average daily values for food and liquid intake of 

experimental mice and weight gain were compared with control mice using t-test 

analyses. Also, body weights, in grams, were recorded for all mice at the 

beginning of exposure when the EtOH solution was provided and at the end 

when EtOH was removed, to eliminate weight gain differences as a potential 

confound. Blood EtOH concentration (BEC) of a separate subset of males, 

resulting from treatment of 25%EtOH in water (n = 7) or water alone (n = 7), was 

determined using an alcohol dehydrogenase–based enzymatic assay (Pointe 

Scientific, Canton, MI). Briefly, whole blood samples from a separate subset of 

males (n = 7) were collected via cardiac puncture after 20 days of treatment with 

25% EtOH in water. Blood samples from control males (n = 7) receiving only 

water treatment for 20 days were also collected and included in analysis as 

negative controls. Following collection at 1000h, whole blood samples were set 

at room temperature for 30 minutes to allow clotting. After clotting, samples were 

centrifuged for 10 minutes at 2,000 x g at 4°C to obtain serum. 5 µL of serum 

samples were mixed with 1 mL of alcohol reagent and assayed in duplicate 

immediately using a Nanodrop 2000 spectrophotometer at 340 nm wavelength. 
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An ethanol standard (100 mg/dL) was also reacted with alcohol reagent to create 

a BEC standard. BEC levels were quantitatively determined by comparing test 

samples with the ethanol standard.  

 

 

Pup Measurement and Tissue Preparation 

On the day of birth, P0, the litter sizes were recorded. Pups born to EtOH 

naïve dams bred with EtOH-treated sires were designated as PatEE F1 pups, 

while pups bred from PatEE F1 sires and EtOH naïve dams were designated as 

the PatEE F2 pups. Pups born to dams bred with water-treated sires were 

designated as controls. For each litter (n = 10, all groups), subsets of offspring 

were randomly designated for P0 analyses, P20 behavioral assessment, or P30 

behavioral assessment to reduce potential litter effects and ensure an even 

sampling for each experimental endpoint. Experimental/control subsets per litter 

were limited to 2 ± 2 pups for P0 endpoints, 5 ± 2 pups for P20 endpoints, and 6 

± 2 pups for P30 endpoints, depending on total litter size. Larger subsets were 

reserved for P20 and P30 behavioral assessment due to the statistical power 

needed for accurate sex-specific analysis; all efforts were made to limit three 

animals/per sex/per litter for each experimental endpoint. P0 pups used for dye 

tracing (see Conner et al., 2020), anatomy, and gene expression studies were 

weighed, sacrificed via hypothermia and exsanguination, and transcardially 

perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. 
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Due to the absence of distinguishing sexual characteristics at P0, the relative 

inaccuracy of using anogenital distances at this age (Greenham & Greenham, 

1977), and the absence of pigment in albino CD-1 mice (Wolterink-Donselaar et 

al., 2009), no sex differences were assessed at P0. Next, brains were removed 

from the skull and weighed. Dorsal views of whole brains were imaged using a 

Zeiss (Oberkochen, Germany) Axio high-resolution (HRm) camera attached to a 

dissecting microscope. Cortical lengths were measured with a digital micrometer 

in ImageJ (NIH, Bethesda, MD, USA) using dorsal whole-brain images. After 

postfixation in 4% PFA, brains were hemisected and hemispheres were 

designated for either anatomy, gene expression assays, or dye tracing. 

Designated subsets of each litter were kept with their mothers until P20 where 

they were either used immediately in behavioral analysis or were weaned until 

P30 where separate, alternate behavioral analyses took place. Some male 

PatEE F1 mice were used to generate the F2 generation. Offspring weights were 

documented at P0, P20, and P30 to assess for changes throughout 

development. 

 

Neuroanatomical Measurements 

For anatomical measurements of cortical and subcortical areas, P0 

hemispheres (PatEE F1: n = 8; PatEE F2: n =4; P0 control: n = 8) were 

cryoprotected in 30%sucrose solution for 1 to 3 days. Tissue was sectioned at 40 

µm on the coronal plane via Leica cryostat, mounted, and then stained for Nissl 
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substance. Brain sections were imaged using a Zeiss Axio Upright Imager 

microscope equipped with a Zeiss Axio HRm camera. To make comparisons 

between groups, strict matching of sections took place using the Paxinos 

developing mouse brain atlas (Paxinos et al., 2007) as a guide and a number of 

anatomical landmarks including corpus callosum, hippocampus, and subcortical 

structures. Due to the stringent nature of such section matching, individual cases 

were only included in quantitative analysis for particular cortical areas if they met 

the exact-match criteria. Once matched, regions of interest (ROIs) were 

measured using an electronic micrometer in ImageJ (NIH) by a trained 

researcher blind to treatment, as previously reported (Abbott et al., 2016). Briefly, 

cortical thickness measurements were determined from electronic lines 

perpendicular to the cortical sheet, drawn from the most superficial region of 

layer I to the deepest region of layer VI. Regions measured included putative 

frontal cortex, prelimbic cortex, auditory cortex, putative somatosensory cortex 

(S1), and putative visual cortex (V1). Additionally, measurements of the corpus 

callosum, CA3 of the hippocampus, and areal measurements of the amygdala 

were also taken. 

 

Gene Expression Assays 

Analysis of gene expression within P0 brain hemispheres was carried out 

via in situ RNA hybridization (ISH). Standard protocols for free-floating 

nonradioactive ISH were used to visualize neocortical Id2 and RZRβ gene 
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expression of P0 control and PatEE brains, as previously described (Dye et al., 

2011a, 2011b; El Shawa et al., 2013). Briefly, hemispheres were first embedded 

in gelatin–albumin and sectioned at 100 µm via vibratome. After hybridization to 

probes for Id2 and RZRβ synthesized from cDNA (gifts from John Rubenstein, 

UCSF; see Abbott et al., 2018 for details), sections were mounted in a 50% 

glycerol solution onto glass slides, coverslipped, and imaged using a Zeiss Axio 

HRm camera attached to a dissecting microscope. Anatomically matched ISH 

sections from PatEE and control P0 brains are presented to highlight the effects 

of altered gene expression of Id2 and RZRβ associated with PatEE.  

 

Behavioral Assays 

Behavioral assessment of PatEE and control offspring occurred via a 

battery of behavioral tests at pre- and peri-pubescence. All P20 control and 

PatEE mice were evaluated on the Suok assay, and P30 mice were tested on the 

accelerated rotarod (AR), forced swim test (FST), elevated plus maze (EPM), 

and 3-chambered sociability test. For P30 behavior, all mice were randomly 

assigned to 2 of 3 assessments on the day of behavioral testing to reduce 

handling and stress.  

The Suok assay was used to assess anxiety and sensorimotor integration 

(Kalueff et al., 2008). The apparatus consists of a smooth 2-meter-long aluminum 

rod, 3-centimeters in diameter, elevated to a height of 20 centimeters. The tube 

is divided into 10-centimeter segments by colored markings and held in place 
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between two clear acrylic walls. A 20-centimeter zone is marked at the center 

most point of the rod and serves as the placement location when starting the 

assay. At the start of each five-minute testing period, animals will be placed on 

the center of the bar with their body parallel to the rod. Mice that fall off the 

apparatus will be quickly placed back onto the rod in the position they fell from. 

Two measures of sensory motor integration, missteps and falls, will be evaluated. 

Anxiety-like behaviors including rearing/grooming events, directed exploration, 

and latency to leave the center of the bar will also be examined. 

 An accelerated rotarod (AR) (Ugo Basile; Gemonio, Italy) was used to 

assess motor ability, learning, and coordination (Buitrago et al., 2004; Rustay et 

al., 2003). A mouse will be placed on the rotarod, a cylindrical rod (3 cm 

diameter) that rotates and increases speed from 4 rpm to 40 rpm as time 

progresses, for five minutes. Each mouse will complete 4 trials with a ten-minute 

break in between each trial. Once the mouse falls off the rod the trial is over, and 

time is recorded. If the mouse lasts the full five minutes without falling, then it is 

given a full score of 300 seconds. 

The forced swim test (FST) was originally used to assess the effects of 

antidepressant drugs in the late 1970s (Porsolt et al., 1978) Therefore the forced 

swim test was used to screen for depressive-like behavior (Lucki et al., 2001) as 

well as active/passive coping styles. The apparatus consists of a clear acrylic 

cylinder, 30 cm tall by 13 cm in diameter, which will be filled with room-

temperature water to a height of 20 cm. Mice will be placed in the center of the 
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water and video recorded for 6 minutes. The first 2 minutes of swimming will be 

considered as an adaptive period and the last 4 minutes will be scored. Time 

spent immobile will be scored. Actively swimming/attempting to climb or floating 

immobile has been viewed as potential responses to this stressful environment. 

The mice could respond with a passive coping style (immobility) or an active 

stress-coping style (swimming/climbing). Animals that are immobile for greater 

periods of time signify hopeless behaviors, which are thought to be indicative of 

increased depression. The active stress coping has also been hypothesized to 

be related to hyperactivity (Commons et al., 2017; Conner et al., 2020; Armario, 

2021). FST was always reserved as the final test due to the high-stress nature of 

the test.  

Anxiety-like behavior (Hadley & Mithani, 1984) as well as risk taking 

(Macri et al., 2002) will be assessed using the elevated plus maze (EPM). The 

testing apparatus is plus “+” shaped and consists of four 5cm x 29.5cm arms, 

with two arms enclosed by 20cm high non-transparent walls. These arm types 

are arranged adjacently to one another on the apparatus in a manner that allows 

the mouse to travel directly across in a straight path to the same environment or 

the animal can turn to enter the opposing environment. Additionally, the 

apparatus is lifted 50 cm above the ground using stilts. mice were subjected to a 

single 10-minute trial on the EPM where the mouse was placed in the center of 

the apparatus and could move freely for the entire testing period. Video 

recordings were made for each session and the total number of entries and time 
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spent in closed and open arms was recorded. Anxiety-reduction and increased 

risk taking is defined by an increased duration of time spent in open arms, while 

total number of arm entries will be used as a measure of locomotor activity. 

Lastly, the 3-chambered sociability test was used to examine social 

interaction behavior or sociability (Yang et al., 2011). Apparatus design includes 

a clear Plexiglas chamber (610 mm long, 406 mm wide) with three rectangular 

areas divided evenly (203.3 mm long and 406 mm wide) by clear walls inside the 

box. During the test, two wire-mesh cups (to allow for visualization of what was 

inside) were placed on opposite ends of the chamber. Following a 10-minute 

acclimation trial and a 10-minute trial to assess natural side bias, social 

interaction is scored during a final 10-minute trial as the time the subject mouse 

spends in the chamber containing a novel target mouse compared to the 

chamber containing an empty cup (Yang et al., 2011). Novel target mice were 

docile, sex-matched, and of similar age. By comparing how much time the test 

mouse spends with the novel target mouse versus the empty cup, we gained 

insight into its social behavior (Nadler et al., 2004). Only mice who did not display 

significant side bias were included for final social behavior analysis. 

All behavioral analyses and scoring were accomplished by trained 

researchers blind to experimental condition. 
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Statistical Analysis 

All statistical analyses were completed using GraphPad Prism 10 (La 

Jolla, CA) and Jamovi (version 2.3.28). For all sire measurements, pup 

measurements, and P0 pup brain analyses (ISH, anatomy), a one-way ANOVA 

was used to compare results between control and experimental groups. In all 

behavioral measures except for P30 AR analysis, 2-way analyses of variance 

(ANOVAs; factors: sex and treatment) followed by Tukey’s post hoc test were 

used to assess group differences. For AR analysis, a 3-way repeated-measures 

ANOVA (factors: sex, trial, treatment) was used to directly examine potential sex 

differences and 3-way interactions. For all statistical measures, a p value of 

<0.05 was set for significance. All data are expressed as mean ± SEM. 

 

RESULTS 

Paternal Measurements 

To assess potential differences in liquid intake among EtOH-exposed and 

control fathers, we measured liquid intake daily for the length of exposure (Fig. 

3.3). We found no significant differences in daily liquid intake between control 

and EtOH-exposed sires (Fig. 3.3A, p = 0.560). We also found no significant 

differences in total weight gain during the exposure period between control and 

EtOH-exposed sires or in daily average food intake (Control: M = 7.38 ± 0.97, p = 

0.7748, EtOH-exposed: M = 5.49 ± 0.64, p = 0.1191). To confirm EtOH 

exposure, as well as measure the level of EtOH intoxication, we measured BECs 
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in 7 males exposed to 25% EtOH for 20 days, as well as 7 control males (Fig. 

3.3B). The 20-day exposure time point was chosen to measure BECs due to its 

near-average position in the 15 to 23-day exposure paradigm used. As expected, 

sires exposed to 20 days of 25%EtOH showed elevated BEC levels and control 

(water exposed) sires did not display any detectable BEC levels (Fig. 3.3B, **p < 

0.01). Overall, these results suggest that no disparity in liquid intake, food intake, 

or weight gain occurs due to EtOH exposure in sire mice and that sufficient levels 

of EtOH intoxication occur in male mice following a 20-day exposure period. 

 

P0 Pup Measurements 

Body weights were documented at P0 (Fig. 3.4A), P20 (Fig. 3.4B), and 

P30 (Fig. 3.4C) to assess gross anatomical differences between pups. 

Specifically, PatEE F1 mice weighed more than controls at P0 (Control: M = 

1.729g, F1: M = 1.841g, p = 0.0151) P20 (Control: M = 11.59g, F1: M = 15.96g, p 

< 0.0001) and P30 (Control: M = 22.19g, F1: M = 27.27g, p = 0.0001). At P0, 

PatEE F2 mice (F2: M = 1.653g, p = 0.0425) weighed less than controls, but 

PatEE F2 mice weighed more than controls at P20 (Control: M = 11.59g, F2: M = 

13.93g, p < 0.0001) and P30 (Control: M = 22.19g, F2: M = 27.08g, p < 0.0001). 

PatEE F1 mice were heavier than PatEE F2 mice at P0 (F1: M = 1.841g, F2: M = 

1.653g, p < 0.0001) and P20 (F1: M = 15.96g, F2: M = 13.93g, p = 0.0013) but 

no significant differences were observed at P30 (F1: M = 27.27g, F2: M = 27.08g, 

p = .9842). 
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 To examine the ability of PatEE to produce gross alterations in pup CNS 

development, we evaluated brain weights and total cortical lengths in control and 

PatEE F1 and F2 offspring at P0. No significant differences in cortical lengths 

(Fig. 3.5B, p = 0.3401) were observed between PatEE F1, F2, and control mice. 

No significant differences were present in newborn brain weights between 

controls and PatEE F1 mice; however, a significant reduction in brain weight was 

observed in PatEE F2 mice compared to controls (Fig. 3.5C, p = 0.0221). 

Additionally, due to EtOH’s ability to reduce overall litter sizes in CD-1 mice 

following maternal EtOH exposure (El Shawa et al., 2013), we measured control 

and PatEE litter sizes and found no differences in litter size due to PatEE 

(Control: M = 10.25, PatEE F1: M = 10.90, PatEE F2: M = 14.40, p = 0.1754). 

Overall, these results suggest that a moderate paternal exposure does not 

produce gross alterations in CNS development in pups at P0, as well as 

differences in litter size/viability in non-directly EtOH-exposed dams. 

 

Cortical Anatomical Measurements 

PatEE in rats has been shown to generate altered cortical thickness in 

P28 offspring (Jamerson et al., 2004). To assess the effects of a 15- to 23-day 

PatEE on cortical thickness development at P0, we measured from 5 distinct 

regions in Nissl-stained coronal sections in both control and PatEE mice (Fig. 

3.6). These regions included putative frontal, prelimbic, somatosensory, auditory, 

and visual cortices. No significant differences in cortical thickness were observed 
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in PatEE F1 or PatEE F2 mice compared to controls in the frontal cortex (Fig. 

3.6A, Control: M = 0.5197mm, PatEE F1: M = 6344mm, PatEE F2: M = 

0.5555mm, p = 0.2993), prelimbic cortex (Fig. 3.6B, Control: M = 0.7360mm, 

PatEE F1: M = 0.7356mm, PatEE F2: M = 0.7635mm, p = 0.8045), 

somatosensory cortex (Fig. 3.6C, Control: M = 0.6913mm, PatEE F1: M = 

0.8204mm, PatEE F2: M = 0.7300mm, p = 0.1356), auditory cortex (Fig. 3.6D, 

Control: M = 0.5403mm, PatEE F1: M = 0.5791mm, PatEE F2: M = 0.6133mm, p 

= 0.1205), or visual cortex (Fig. 3.6E, Control: M = 0.4643mm, PatEE F1: M = 

0.4950mm, PatEE F2: M = 0.5035mm, p = 0.5012). 

 Additionally, subcortical areas were measured to test for differences in 

anatomical structure. No significant differences were observed in corpus 

callosum thickness (Fig. 3.7A, Control: M = 0.4518mm, PatEE F1: M = 

0.4732mm, PatEE F2: M = 0.4538mm, p = 0.7878), CA3 of the hippocampus 

(Fig. 3.7B, Control: M = 0.1813mm, PatEE F1: M = 0.1813mm, PatEE F2: M = 

0.1795mm, p = 0.9981), and amygdala (Fig. 3.7C, Control: M = 0.1447mm, 

PatEE F1: M = 0.1342mm, PatEE F2: M = 0.1331mm, p = 0.4349) compared to 

controls (Fig. 3.7). Together, these results suggest that a moderate 15 to 23-day 

paternal EtOH exposure does not significantly impact cortical thickness, corpus 

callosum or CA3 thickness, or amygdala area in mice at P0. 
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Cortical Gene Expression Analyses 

Id2 and RZRβ are two genes important for neocortical patterning and 

arealization (Rubenstein et al., 1999). Previously, we demonstrated that cortical 

expression of these two genes is altered by maternal prenatal EtOH exposure at 

P0 (Abbott et al., 2018; El Shawa et al., 2013). Accordingly, we investigated 

expressions of Id2 and RZRβ in the neocortex to determine whether this 

patterning is affected by PatEE in mice at P0. Using ISH, we examined patterns 

of gene expression in P0 coronal hemisections via side-by-side analyses of 

anatomically matched sections from both control and PatEE brains (Fig. 3.8). In 

control mice, Id2 expression is highly complex, spanning multiple cortical layers 

including II/III, V, and VI (Fig. 3.8 A1-5). Additionally, a distinct boundary of the 

most superficial Id2 expression occurs in control mice at P0 (arrows, Fig. 3.8 A2-

3), which marks the border of absent lateral Id2 expression. In anatomically 

matched sections of PatEE mice, however, this border appears to be visually 

shifted to further lateral cortical regions (arrows, Fig. 3.8 B2- 3), and thus, Id2 

expression also extends further laterally compared to controls. This shift seen in 

F1 PatEE mice appears to be rescued in the F2 generation (Fig 3.8 C2-3). 

RZRβ expression in control animals is largely limited to cortical layer IV 

(Fig. 3.9 A 1-5). However, a typical border occurs that delineates an absence of 

expression in the medial cortical wall (arrow, Fig. 3.9 A3). In contrast, PatEE 

brains exhibit a medial shift in this boundary (arrow, Fig. 3.9 B3), and RZRβ 
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expression extends medially as a result. This shift seen in F1 PatEE mice 

appears to be rescued in the F2 generation (Fig 3.9 C2-3). 

 

P20 Behavioral Analysis 

To assess PatEE’s impact on behavioral development, we used a battery 

of behavioral tests at two ages in PatEE F1, F2, and control mice. At P20, we 

assessed behavior using the Suok test, a succinct behavioral test that can 

assess both sensorimotor integration/function and anxiety-like behavior (Kalueff 

et al., 2008). Two measures of sensory motor integration, missteps and falls, 

were evaluated during the singular 5-minute trial of the Suok. There was a 

significant main effect in treatment (F(2,101) = 5.475, p = 0.0055) when 

investigating falls. However, there was no significant difference in falls when 

comparing the sex of the animal (p = 0.4501) and no treatment x sex interaction. 

A 2-way ANOVA revealed a significant main effect of treatment for missteps, F(2, 

99) = 9.606, p < 0.0002, but no main effect of sex. Post hoc analyses revealed 

an increase in missteps in female PatEE F1 mice compared to female controls 

(Fig. 3.10B, p < 0.0195), as well as increased missteps for male PatEE F1 versus 

control males (Fig. 3.10B, p = 0.0444). Additionally, there was no sex x treatment 

interaction for missteps. There were no main effects of sex or treatment for falls 

and no sex x treatment interaction (Fig. 3.10A). Additionally, there was a 

significant main effect of treatment on segments crossed, F(2, 101) = 12.17, p < 

0.0001, and post hoc analyses revealed an increase in the number of segments 
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crossed in PatEE F1 versus control males (Fig. 3.10C, p = 0.0007) and PatEE F2 

versus control males (Fig. 3.10C, p = 0.0188). However, there was no significant 

difference in PatEE F1 or F2 females versus control females. Additionally, there 

was no main effect of sex for segments crossed and no sex x treatment 

interaction.  

Anxiety-like behaviors including rearing/grooming events, directed 

exploration, and latency to leave the center of the bar were also evaluated using 

the Suok test. Two-way ANOVAs revealed no significant main effects of sex 

(F(1,86) = 0.6838, p = 0.4106) or treatment (F(2,86) = 1.123, p = 0.3299) or sex x 

treatment interactions (F(2,86) = 0.3141, p = 0.7313) for rearing/grooming events 

(Fig. 3.10D). Directed exploration events also exhibited no significant main 

effects for sex (F(1,99) = 0.3660, p = 0.5466) and no treatment x sex interaction 

(F(2,99) = 0.0.5415, p = 0.5836, Fig. 3.10E). However, there was a significant 

main effect in treatment (F(2,99) = 13.28, p < 0.0001) for directed exploration 

with post hoc analysis revealing increased exploration in male F1 and F2 PatEE 

mice compared to controls (Fig. 3.10E). There was a main effect of treatment 

(F(2,96) = 5.533, p = 0.0053) in latency to leave center with post hoc analysis 

showing increased latency in female F2 mice compared to female F1 mice. 

However, there was no main effect of sex (F(1,96) = 0.5973, p = 0.4415) or 

treatment x sex interaction (F(2,96) = 1.729, p = 0.1830, Fig. 3.10F). Overall, 

results suggest that 15 to 23 days of PatEE can produce altered behavior at P20 
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in a sex-specific manner, including increased activity in males and perturbed 

sensorimotor integration in both males and females. 

 

P30 Behavioral Analysis 

We examined behavior at P30 in control and PatEE mice using several 

different tasks including the AR for motor learning (Rustay et al., 2003), FST for 

depressive-like behavior (Lucki et al., 2001), the elevated plus maze (EPM) for 

anxiety-like (Hadley & Mithani, 1984) as well as risk taking (Macri et al., 2002) 

behaviors, and 3-chambered sociability test for social behavior and interaction 

(Yang, et al., 2011; Figs. 3.11, 3.12).  

A 3-way repeated-measures ANOVA showed significant main effects of 

trial, F(3, 168) = 19.023, p < 0.001 with post hoc tests revealing an increase in 

amount spent on the rod between trial 1 and trials 2 (p <.001), 3 (p <.001), and 4 

(p <.001) indicating overall improvement in performance as trials went on. 

However, further analysis revealed that when comparing trial and treatment 

controls showed significant improvement in the amount of time spent on the rod 

between trial 1 and 2 (p = 0.002), whereas F1 (p = 0.835) and F2 (p = 0.647) 

PatEE mice did not show significant improvement between trials 1 and 2 

suggesting that motor learning may be acutely hindered due to PatEE. 

Furthermore, there was a trial x sex interaction, F(3, 168) = 2.898, p = 0.037, with 

post hoc analysis revealing that females performed better than males in trial 1 (p 

= 0.044) and trial 2 (p = 0.040) but not in trials 3 (p = 0.310) or 4 (p = 0.997). 
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Between subjects effects included a main effect of sex (F(1, 56) = 17.55, p < 

0.001) and a sex x treatment interaction (F(2, 56) = 3.81, p = 0.028). Overall, 

females performed better than males on the AR (p < 0.001). Tukey post hoc 

analysis revealed significant differences between male PatEE F1 mice and 

female PatEE F1 (p = 0.047), F2 (p = 0.006) and control (p = 0.034) mice. 

Additionally, differences between PatEE F2 males and control (p = 0.010), F1 (p 

= 0.023) and F2 (p = 0.001) females were observed (Fig 3.11A, B). 

In the FST, time spent immobile was used as a measure for depressive-

like behaviors (Fig. 3.12A) and a 2-way ANOVA revealed significant main effects 

of treatment (F(2,50) = 6.280, p = 0.0037) but no main effect of sex  (F(1,50) = 

0.8239, p = 0.3684) and no sex x treatment interaction (F(2,50) = 0.1130, p = 

0.8934).  

The elevated plus maze (EPM) was used to assess anxiety-like and risk-

taking behaviors by investigating time spent in the open arms (Fig. 3.12C). A 

main effect of treatment (F(2,31) = 21.48, p < 0.0001) on time spent in the open 

arms was observed. Post hoc analysis revealed a significant difference between 

control female (p = 0.0022) and PatEE F2 mice as well as between control male 

and PatEE F1 (p = 0.0039) and F2 (p = 0.0007) mice. However, no main effect of 

sex (F(1,31) = 0.2237, p = 0.2237) or treatment x sex interaction (F(2,31) = 

0.02971, p = 0.9708) was observed. Additionally, entries into the open and 

closed arms were recorded to investigate motor activity. There was a significant 

main effect of treatment on entries into the open arms (F(2,31) = 6.948, p = 
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0.0032) with post hoc tests revealing trends exhibiting increased entries in PatEE 

F1 (p = 0.0658) and F2 (p = 0.0540) mice compared to controls (Fig. 3.12D). 

Lastly, a 2-way ANOVA for the sociability test revealed no significant main 

effects of treatment or sex and no sex x treatment interaction between control 

and PatEE mice in the amount of time spent with the novel mouse (Fig. 3.12B), 

indicating social interaction abnormalities do not result from 15 to 23 days of 

PatEE in our model. Together, these data suggest that PatEE also generates 

behavioral abnormalities at P30, including sensorimotor and short-term motor 

learning impairments. 

 

DISCUSSION 

In this study, we demonstrate that paternal EtOH exposure can induce 

dramatic alterations in PatEE F1 offspring neocortical gene expression. 

Additionally, behavioral testing indicated that PatEE F1 and F2 male mice display 

increased activity, as well as impaired coordination and short-term motor learning 

abilities. Furthermore, female PatEE mice displayed deficits in sensorimotor 

integration. Increased risk-taking behavior was also observed in female and male 

PatEE F1 and F2 mice. Overall, these results suggest that 15 to 23 days of 

PatEE prior to conception can alter gross anatomical, neuroanatomical, and 

behavioral developmental trajectories in rodent offspring with changes potentially 

lasting to the second generation.  
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PatEE and General Offspring Development: Human and Rodent Models  

The deleterious effects of PatEE, while markedly understudied in 

comparison with PrEE via maternal EtOH consumption during pregnancy, have 

been examined for over 100 years (Stockard & Papanicolaou, 1918). Children of 

alcoholic fathers have been shown to display cognitive impairments (Tarter et al., 

1989) and lower birth weights (Little & Sing, 1987). They also have an increased 

risk of congenital defects (Zuccolo et al, 2017) and altered reproductive 

development (Xia et al., 2018), Rodent studies, using a variety of species, have 

corroborated these findings as lower birth weights (Bielawski et al., 2002), 

increased incidence of runts in litters (Bielawski and Abel, 1997), smaller litter 

sizes (Liang et al., 2014; Meek et al., 2007), and congenital CNS anomalies (Lee 

et al., 2013). However, some studies report that PatEE offspring have increased 

weight after weaning at P20 (Finegersh & Homianics, 2014) which could be due 

to epigenetic modifications that affect metabolism. In the current study, we report 

an increase in PatEE weight regardless of generation compared to controls at all 

ages, with the exception of a reduction in PatEE F2 weight at P0. We do not 

report any significant differences in litter size. 

Additionally, there were no significant changes in cortical lengths between 

PatEE F1, F2, and control mice at birth due to PatEE. However, brain weights in 

PatEE F2 mice were significantly lower compared to controls but no changes 

were observed in PatEE F1 mice compared to controls. These apparent 

differences may be related to the length or dosage of exposure, as some 
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previous studies were designed to encapsulate at least one cycle of 

spermatogenesis within sires (~35 days; Adler, 1996). However, duration of 

PatEE has not always predicted litter size alterations, as a 6-month exposure did 

not result in any significant differences in PatEE offspring litter size (Ceccanti et 

al., 2016). An alternative explanation is that differences could be species- and 

strain specific, as Ceccanti and colleagues (2016) also utilized the same strain 

used within our study (CD-1 mice). 

 

PatEE and behavioral development 

Children with FASD often have cognitive deficits including learning 

disabilities, poor judgment and reasoning, and problems with attention and 

memory which can persist into adulthood. Children of alcoholic fathers may also 

be susceptible to abnormal behavior and cognition. Studies have demonstrated 

effects on learning, including deficits in IQ (Ervin et al., 1984; Gabrielli and 

Mednick, 1983), visual–spatial skills, perceptual–motor skills (Pihl and Bruce, 

1994; Schandler et al., 1995), auditory–visual attention span (Tarter et al., 1989), 

and difficulties in abstraction and problem solving (Ervin et al., 1984). 

Additionally, PatEE has been shown to negatively impact various aspects of 

learning in rodent models. Specifically, PatEE impairs spatial learning 

performance in male rat offspring (Wozniak et al., 1991; Ledig et al., 1998). 

Offspring of PatEE mice exhibited dose-dependent learning and memory deficits 

(Liang et al., 2014). Previous studies on effects of chronic paternal ethanol 
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exposure suggest that children of alcoholic fathers are hyperactive and have 

reduced cognitive performance (Curley et al., 2011). Specifically, clinical findings 

indicate that attention-deficit/hyperactivity disorder (ADHD) incidence is 

increased in the children of alcoholic fathers (Knopik et al., 2005). Interestingly, 

ADHD prevalence in children prenatally exposed to EtOH via maternal 

consumption ranges between 49.4% and 94%, exhibiting the highest comorbidity 

in FASD patients (Bhatara et al., 2006; Fryer et al., 2007). This suggests that 

PatEE and PrEE may disrupt behavioral phenotypes in comparable manners. 

Studies in rodents corroborate these findings of hyperactivity as PatEE 

can cause expression of ADHD–like behavioral phenotypes, as assessed via 

increased activity and impulsivity measures (Kim et al., 2014; Ledig, et al., 1998). 

Specifically, Kim and colleagues (2014) found that male PatEE mouse offspring 

display increased open-field activity, suggesting that male offspring may be 

particularly prone to increased activity or hyperactive behaviors imparted by 

paternal drinking. Our current study found that PatEE male mice display 

increased activity, which may be reflective of a hyperactive phenotype, compared 

to male control mice as shown by increased segments crossed in the Suok test. 

However, rodent models have also reported hypoactivity in PatEE offspring 

(Abel, 1989), obscuring the push toward a unified PatEE behavioral phenotype. 

Impaired social behaviors have been widely described in both rodent 

(Hamilton et al., 2010) and human offspring (Thomas et al., 1998) due to PrEE. 

People with FASD may experience emotional and behavioral dysregulation 
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including symptoms of anxiety and depression, as well as aggressive-irritable 

and risk-taking behaviors (Mattson & Riley, 1998; Riley & McGee, 2005; 

Greenbaum et al., 2009). Deficits in fear acquisition (Kozanian et al., 2018) and 

increased anxiety-like behaviors (Madarnas et al, 2020) are also observed in 

PrEE mice. To our knowledge, no previous reports have examined social 

interaction or risk-taking behaviors in PatEE offspring; however, others have 

found increased aggression in PatEE male offspring (Meek et al., 2007).  

Lastly, anxiety-like and depressive-like behaviors were also assessed via 

the Suok and FST, respectively. In the Suok assay, no significant differences in 

exploration, except increased exploration in male F1 and F2 PatEE mice 

compared to controls were observed. There was an increase in latency to leave 

the center of the bar in female F2 mice compared to female F1 mice, indicating a 

potential increase in anxiety in F2 mice. However, no differences were found in 

PatEE mice compared with controls in depressive-like behavior, regardless of 

sex. A previous report indicated increased anxiety-like and depressive-like 

behaviors in mice offspring whose fathers were exposed to 4 weeks of EtOH 

exposure (Liang et al., 2014). However, alternate studies reported no differences 

in offspring basal anxiety levels due to PatEE (Beeler et al., 2019; Finegersh & 

Homanics, 2014; Rompala et al., 2017). Collectively, these results suggest that 

the impact of PatEE on rodent offspring anxiety-like and depressive-like 

behaviors is complex, and their manifestation may rely on multiple factors 

including sex, strain, treatment type, length, and dosage. 
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Although motor coordination and sensorimotor integration are consistently 

altered by maternal EtOH exposure in humans (Doney et al., 2014), much less is 

known of the impact of PatEE. Furthermore, one study found decreased balance 

in early postnatal rat pups due to PatEE (Jamerson et al., 2004). We report sex-

specific decreased sensorimotor integration and motor coordination at both P20 

and P30 due to PatEE. Specifically, we found that PatEE F1 female and male 

offspring show increased missteps in the Suok at P20. Additionally, overall 

improvement in performance on the AR was observed as trials went on in all 

groups regardless of sex or treatment. However, female mice performed better 

than male mice overall on the AR. Furthermore, controls showed significant 

improvement between trial 1 and 2, whereas F1 and F2 PatEE mice did not show 

significant improvement between trials 1 and 2 suggesting that motor learning 

may be acutely hindered due to PatEE. These results support the ability of PatEE 

to negatively impact various aspects of learning (Liang et al., 2014; Wozniak et 

al., 1991). Together, our data confirm the ability of PatEE to impact both learning 

in offspring and in general motor coordination and sensorimotor integration, 

further solidifying the negative impact of PatEE on offspring behavior. However, 

the sex and age-specific findings of the current study highlight the complexity of 

the outcomes that can result due to PatEE.  

Additionally, tactile sensitivity can also be affected by PrEE. Hyper-

responsiveness to mildly painful stimuli has been observed in rats (Rogers et al, 

2004). Additionally, high aversion responses to specific textures were seen in 
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PrEE primates (Schneider et al., 2008). However, no known studies have 

investigated PatEE’s effects on tactile sensitivity or dexterity. Because paternal 

alcohol consumption studies in both human and murine models are limited, more 

research is needed to investigate possible detrimental effects of PatEE on 

offspring development.  

 

Possible mechanisms involved in PatEE  

Several previous studies have examined potential mechanisms for 

transmission of PatEE’s harmful effects from sperm to offspring (reviewed in 

Rompala & Homanics, 2019). One potential mechanism could be alterations 

within the male reproductive system and changes in sperm morphology due to 

EtOH exposure. Chronic alcohol exposure is associated with reduced 

seminiferous tubular diameter and germinal epithelium. Seminiferous tubules are 

located within the testes, and are the specific location of meiosis, and the 

subsequent creation of male gametes (sperm). The germinal epithelium is also 

known as the wall of the seminiferous tubules. In addition to these changes in 

structure within the testes, morphological changes in sperm also occur due to 

chronic alcohol exposure. These can include curling of the tails which can lead to 

sperm motility problems (Abel, 1983). Additionally, changes to head structure 

including macrocephaly (Lwow, 2017), double headed sperm, sperm head 

breakage, and absence of the acrosome can occur. The acrosome is an 

organelle that develops over the anterior half of the sperm head which is 



169 

essential for fertilization. Release of the acrosomal contents is necessary for 

sperm entry and penetration of the zona pellucida (membrane surrounding the 

ovum). 

Because EtOH is a known disruptor of epigenetic regulation in both adult 

consumption (Cervera-Juanes et al., 2017) and prenatal exposure (Garro et al., 

1991) contexts, most research has focused on the potential mechanism of PatEE 

germ cell alteration as one that is epigenetically mediated. This hypothesis is 

supported by studies that have shown EtOH exposure alters DNA methylation 

(Bielawski et al., 2002), histone acetylation (Kim & Shukla, 2006), and small 

noncoding RNA profiles (Rompala et al., 2018) of rodent male sperm cells and/or 

testis. This is especially compelling considering human sperm cell DNA 

hypomethylation of typically hypermethylated imprinted genes is associated with 

EtOH consumption (Ouko et al., 2009). 

PatEE rodent model studies have examined this question of mechanism 

and have found various results revealing EtOH’s effect on spermatogenesis. For 

example, Liang and colleagues (2014) reported DNA methylation decreases at 

paternally imprinted genes in EtOH-exposed sire sperm. However, other studies 

have found no evidence for PatEE’s effects being mediated through epigenetic 

regulation of imprinted genes (Chang et al., 2017, 2019), suggesting other 

epigenetic mechanisms may underlie observed effects on offspring brain and 

behavior. Because small noncoding RNAs (sncRNAs), such as microRNAs, 

transfer RNA-derived RNAs, and mitochondrial small RNAs, are present in male 
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gametes (Krawetz et al., 2011), these have also been hypothesized to play a key 

role in PatEE. In fact, a recent study has confirmed that paternal exposure alters 

expression of several of these sncRNAs in male sperm (Rompala, et al., 2018). 

However, no known study has evaluated potential epigenetic effects within the 

neocortex. 

While the exact mechanisms and molecular players are still unclear, 

evidence points toward an epigenetically mediated alteration of EtOH-exposed 

sperm. We hypothesize that PatEE may cause sperm cell epigenetic 

dysregulation, which in turn may alter gene expression within offspring brain 

(such as in Id2 and RZRβ expression), resulting in altered cortical patterning and 

ectopic development of neocortical circuits ultimately underlying any abnormal 

behavior (Fig. 3.13). This study provides additional insights into the biological 

mechanisms that may underlie atypical behavior observed in children of alcoholic 

fathers.  

 

Significance of a study in PatEE 

The goal of this study is to characterize the impact of a paternal binge of 

EtOH prior to conception on offspring cortical development across generations. 

Specifically, we determined if paternal EtOH (alcohol) exposure affects gross 

anatomy and neuroanatomy of offspring across multiple generations. PatEE in 

humans has been associated with lower birth weights (Little and Sing, 1987), 

increased risk of congenital defects (Zuccolo et al., 2017), and altered 
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reproductive development (Xia et al., 2018), suggesting PatEE may be more 

impactful on offspring development than previously thought. A previous study in 

our lab was the first to investigate the effects of PatEE on the development of 

intraneocortical connections along with studies of cortical morphology (Conner et 

al., 2020). We also elucidated possible genetic mechanisms of action for paternal 

EtOH exposure across generations and examined the underlying mechanisms of 

how PatEE insults the neocortex. Previously, we demonstrated that cortical 

expression of Id2 and RZRβ genes is altered by maternal prenatal EtOH 

exposure at P0 (El Shawa et al., 2013; Abbott et al., 2018). Accordingly, we 

investigated expressions of Id2 and RZRβ in the neocortex to determine whether 

this patterning is affected by PatEE in mice at P0. Confirming whether altered 

gene expression due to PatEE contributes to developmental abnormalities in the 

neocortex is a novel and significant approach as well as a crucial priority due to 

the lack of information in the current literature. Finally, we investigated the 

transgenerational effects of paternal EtOH exposure on offspring behavior. We 

have shown previously that PrEE can result in transgenerational inheritance of 

exposure-related cortical phenotypes (Abbott et al., 2018), and suggest this 

disorganization in the neocortex may underlie behavioral alterations associated 

with FASD. We now know that PatEE, like PrEE, results in a heritable condition. 

Thus, this study is of critical importance to reveal risks for future generations of 

alcoholic fathers. This is a highly significant and innovative area of study, as little 

is known about the effects of paternal drinking on offspring development and how 
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epigenetics may play a role in transgenerational phenotypes. In conclusion, our 

data support the notion that the preconception paternal environment is more 

impactful on offspring development than previously thought and that paternal 

EtOH exposure may cause harmful consequences in offspring. 
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FIGURES 

 
 
Figure 3.1. Experimental Timeline for PatEE F1. Mating between EtOH-
exposed males and EtOH-naive females took place following a 15- to 23-day 
25% EtOH exposure in sires. Following gestation (~20 days), 3 subsets of pups 
from each litter were designated for either (1) sacrifice at P0 for anatomical 
experiments, (2) behavioral assessment at P20, or (3) weaned and assessed for 
behavior at P30.  
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Figure 3.2. PatEE Breeding Paradigm. P90 EtOH-treated sires were bred with 
an ethanol naive P90 female to produce the PatEE F1 generation. Males from 
the PatEE F1 generation were bred with EtOH naive females to generate the 
PatEE F2 generation.  
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Figure 3.3. Measurements of EtOH-exposed and control sires. 
Measurements of EtOH-exposed and control sires. (A) Average daily liquid 
intake of sires (ml/d). No differences present between control (n = 10) and EtOH-
exposed (n = 10) males. (B) BEC measurements in male sires after a 20-day 
exposure to 25% EtOH or water (control). Sires exposed to 25% EtOH (n = 7) 
had an average BEC of 125.6 mg/dl compared to controls (n = 7), which had a 
BEC of 0 mg/dl (****p < 0.0001).  
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Figure 3.4. Body weights. (A) At P0, PatEE F1 (n = 32) mice weighed more 
than controls (n = 67), PatEE F2 (n = 72) mice weighed less than controls. (B) At 
P20, controls (n = 40), weight less than PatEE F1 (n = 23) and PatEE F2 (n = 38) 
mice. (C) At P30, controls (n = 30), weight less than PatEE F1 (n = 13) and 
PatEE F2 (n = 38) mice. PatEE F2 mice weighed more than controls at P20 (B) 
and P30 (C).  
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Figure 3.5. P0 gross cortical measurements. (A) Representative P0 control 
brain indicating cortical length measurement. (B) Brain weights at P0 in control (n 
= 21), PatEE F1 (n = 19), and PatEE F2 (n =18) offspring. A significant difference 
in brain weight was observed between control and PatEE F2 mice, but not 
between control and PatEE F1 or PatEE F1 and PatEE F2 mice at P0. (C) 
Cortical lengths at P0 in control (n = 18), PatEE F1 (n = 23), and PatEE F2 (n 
=18) offspring. No differences are seen in P0 or cortical length between PatEE 
and controls. (*p = 0.05). 
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Figure 3.6. Cortical anatomy. Measurements of cortical anatomy in newborn 
(P0) mice. High-magnification coronal sections of Nissl-stained P0 hemisections. 
Measurements in cortical areas included putative frontal cortex (A1-3), prelimbic 
cortex (B1-3), primary somatosensory cortex (C1-3), primary auditory cortex (D1-
3) and primary visual cortex (E1-3). No significant differences were observed in 
any regions between control (n = 4) (A1-E1) PatEE F1 (n = 7) (A2-E2) and 
PatEE F2 (n =4) (A3-E3) mice. Images oriented dorsal (D) up, lateral (L) to the 
right. Scale bar, 1000 µm (A1-3), 500 µm (B–E). 
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Figure 3.7. Subcortical anatomy. Measurements of subcortical anatomy in P0 
mice were taken from Nissl stained hemisections. Measurements include corpus 
callosum (A1-3), CA3 of the hippocampus (B1-3), amygdala (C1-3). No 
significant differences were observed in any regions between control (n = 4) (A1-
C1), PatEE F1 (n = 7) (A2-C2), and PatEE F2 (n = 4) (A3-C3) mice in these 
regions. Images oriented dorsal (D) up, lateral (L) to the right. Scale bar, 1000 
µm. 
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Figure 3.8. Transgenerational neocortical gene expression of Id2 in P0 
mice. High magnification of 100-µm coronal sections following free-floating ISH 
with Id2 (control: A1-5, PatEE F1: B1-5, PatEE F2: C1-5) probes. Section 
through the parietal cortex where arrows (A2-3) denote the lateral boundary of 
the most superficial layer of Id2 expression in a control brain. Id2 expression 
extends further laterally in PatEE brains compared to controls as seen by 
comparing arrow locations (B2-3). This shift seen in F1 PatEE mice appears to 
be rescued in the F2 generation (C2-3). Sections oriented dorsal (D) up and 
lateral (L) to the right. Scale bar, 1000 μm. 
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Figure 3.9. Transgenerational neocortical gene expression of RZRβ in P0 
mice. High magnification of 100-lm coronal sections following free-floating ISH 
with RZRβ (control: A1-5, PatEE F1: B1-5, PatEE F2: C1-5) probes. Arrow in A3, 
medial boundary of RZRβ expression in control parietal cortex. In PatEE brains, 
this medial boundary for RZRβ has shifted medially (arrow in B3). This shift 
seen in F1 PatEE mice appears to be rescued in the F2 generation (C3). 
Sections oriented dorsal (D) up and lateral (L) to the right. Scale bar, 1000 μm. 
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Figure 3.10. Suok Assay at P20. Behavioral measures of Suok assay in age 
P20 mice. (A) No significant difference in falls regardless of treatment or sex. (B) 
Increase in missteps in female and male PatEE F1 mice compared to controls. 
(C) Significant main effect of treatment on segments crossed, and post hoc 
analyses revealed an increase in the number of segments crossed in PatEE F1 
and F2 males versus control males, but not for PatEE versus control females. No 
significant difference in rearing/grooming events (D), or latency to leave center 
(F). However, there was an increase in directed exploration events in male F1 
and F2 mice (E). (*p < 0.05, ***p < 0.001). 
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Figure 3.11. Rotarod at P30. Although all groups regardless of sex (A, B) 
showed an increase in performance throughout the trials, only control males (B) 
showed a significant difference between trial 1 and 2 (a), indicating a potential 
impairment in short-term motor learning in males due to PatEE. (B) Overall, male 
control mice performed better than PatEE F1 and F2 in trials 2 and 3 (b). 
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Figure 3.12. P30 Behavior: Forced Swim Test, Sociability, Elevated Plus 
Maze. (A) No significant difference in planned comparisons in the Forced Swim 
Test. (B) No significant differences were seen between control and PatEE F1 
mice, regardless of sex, in time spent with the novel mouse within the sociability 
test. (C) Significant difference between control female and PatEE F2 mice as well 
as between control male and PatEE F1 and F2 mice in time spent in open arms. 
(D) Increased open arm entries in PatEE F1 and F2 mice compared to controls 
with a trend (+) of increased entries specifically in male mice (**p < 0.01, ***p = 
0.001).  
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Figure 3.13. Summary figure. Paternal EtOH exposure model. Proposed model 
of how an EtOH-exposed sire’s sperm can be negatively affected by EtOH, which 
may lead to changes in offspring gene expression, intraneocortical connectivity, 
and behavior compared to the offspring of sires exposed to only water. We 
propose an initial epigenetic dysregulation in sperm may cause direct changes in 
expression patterns in genes (overlapping RZRβ and Id2 patterns) who govern 
connectivity within the cortex, which disrupts INC patterning (overlapping mixed 
cells in S1 and V1 in PatEE mice) and ultimately results in abnormal later-life 
behavior. 
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GENERAL CONCLUSION 

In a series of studies, our laboratory has identified many deleterious 

effects of prenatal ethanol exposure (PrEE) as well as paternal ethanol exposure 

(PatEE) in a mouse model. Overall, our results indicate that ethanol exposure 

during pregnancy (PrEE) or prior to conception (PatEE) can have substantial 

effects on the offspring. These effects can potentially be seen generations later in 

both types of exposure.  

 Our data suggest that PrEE can result in abnormal brain and behavioral 

development with heritable effects that persist transgenerationally to subsequent 

generations of offspring. Through these studies we have visualized changes in 

gross anatomy and neuroanatomy at various stages during embryonic 

development (E12.5, E14.5, E16.5, and E18.5) as well as in newborn (P0) mice. 

Specifically, hippocampal CA3 was significantly thinner in all generations of PrEE 

mice when compared to controls at P0. Additionally, PrEE resulted in a 

significant rate of agenesis or partial development of the corpus callosum in the 

majority of F1 cases, with a less frequent, non-significant, occurrence in F2 and 

F3 mice. These changes in neuroanatomy may contribute to the behavioral 

effects we observed due to PrEE including disrupted sensorimotor integration, 

motor control, and anxiety-like behavior which persisted until at least the F2 

generation.  

Likewise, PatEE resulted in significant impact on neocortical development, 

including abnormal patterns of gene expression within the neocortex at P0. 
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Additionally, PatEE mice exhibited a sex-specific increase in activity and 

sensorimotor integration deficits at P20, and decreased balance, coordination, 

and short-term motor learning at P30. Furthermore, increased activity and risk-

taking behaviors were observed at P30 suggesting that PatEE may generate 

long-lasting, sex-specific effects on offspring behavior. These results 

demonstrate that the developmental impact of preconception PatEE is more 

harmful than previously thought and provide additional insights into the biological 

mechanisms that may underlie atypical behavior observed in children of alcoholic 

fathers. We hypothesize that PatEE may cause sperm cell epigenetic 

dysregulation, which in turn may result in epigenetic and gene expression 

alterations within offspring brain (such as in Id2 and RZRβ expression), resulting 

in altered cortical patterning and ectopic development of neocortical circuits. 

These changes may contribute to behavioral alterations in PatEE offspring (Fig. 

3.12) 

We propose that the effects of drinking alcohol during pregnancy may be 

more serious than previously thought as transgenerational effects were observed 

in the offspring even though they never consumed alcohol themselves. We 

suggest that alcohol consumption by fathers prior to conception may have 

substantial yet unrecognized effects on the health and development of progeny. 

By promoting this research to the general public, we hope to change society’s 

views on drinking during pregnancy and drinking prior to conception.  

 




