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Abstract

The potential impact of prenatal alcohol exposure (PAE) varies considerably among exposed
individuals, with some displaying serious alcohol-related effects and many others showing few or
no overt signs of fetal alcohol spectrum disorder (FASD). In animal models, variables such as
nutrition, genetic background, health, other drugs, and stress, as well as dosage, duration, and
gestational timing of exposure to alcohol can all be controlled in a way that is not possible in a
clinical situation. In this review we examine mouse models of PAE and focus on those with
demonstrated craniofacial malformations, abnormal brain development, or behavioral phenotypes
that may be considered FASD-like outcomes. Analysis of these data should provide a valuable tool
for researchers wishing to choose the PAE model best suited to their research questions or to
investigate established PAE models for FASD comorbidities. It should also allow recognition of
patterns linking gestational timing, dosage, and duration of PAE, such as recognizing that binge
alcohol exposure(s) during early gestation can lead to severe FASD outcomes. Identified patterns
could be particularly insightful and lead to a better understanding of the molecular mechanisms
underlying FASD.

IThis Invited Review is one of a selection of papers covering various aspects of fetal alcohol spectrum disorder (FASD).

corresponding author: Geoffrey G. Hicks (Geoff.Hicks@umanitoba.ca).
Geoffrey Hicks currently serves as a Guest Editor; peer review and editorial decisions regarding this manuscript were handled by
James Davie and Abraham Fainsod.

Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from RightsLink.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petrelli et al. Page 2

Keywords

fetal alcohol spectrum disorder (FASD); prenatal alcohol exposure (PAE); mouse models;
craniofacial and brain malformations; behavioral outcomes

Introduction

Clinical and experimental studies have clearly demonstrated that alcohol (ethanol)
consumption during pregnancy can produce a range of pervasive and long-lasting
developmental, neurobehavioral, neurobiological, and physiological impairments in the
offspring (Sokol et al. 2003; Chudley et al. 2005). The first paper describing the adverse
effects of prenatal alcohol exposure was published in 1968 by a French pediatrician, Paul
Lemoine, who noted facial abnormalities as well as a range of cognitive and behavioral
alterations in children of alcoholic parents (Lemoine et al. 1968). However, this work was
largely unrecognized, and it was not until the publications of Jones, Smith, and colleagues in
1973 that the effects of prenatal alcohol exposure gained widespread attention (Jones and
Smith 1973; Jones et al. 1973). These investigators reported growth deficiencies, cognitive
deficits, and facial dysmorphology similar to what Lemoine had described and coined the
term fetal alcohol syndrome (FAS) to describe this cluster of abnormalities. Since then,
thousands of clinical studies have confirmed and significantly extended these early findings,
describing numerous deficits in multiple domains, including neurocognitive, self-regulatory,
and adaptive function impairments (Streissguth et al. 1985; Spadoni et al. 2007; Sowell et al.
2008; Norman et al. 2009; Mattson et al. 2011; Bower et al. 2013). Studies utilizing animal
models of prenatal alcohol exposure began shortly after FAS was first identified and have
been critical in confirming that alcohol itself is a teratogen, mirroring and extending the
clinical work on behavioral, functional, and neurobiological effects of alcohol, and
elucidating the mechanisms underlying the adverse effects of alcohol (Sulik and Johnston
1983; Sulik et al. 1988; Parnell et al. 2009; Godin et al. 2010; Lipinski et al. 2012).

A variety of diagnostic guidelines have been developed over the years to assist clinicians in
recognizing and diagnosing children affected by exposure to alcohol in utero (Benz et al.
2009). Following the identification of FAS, Clarren and Smith (1978) introduced the term
suspected fetal alcohol effects (FAE) to describe partial expression of FAS, in recognition of
the fact that alcohol exposure results in a range of deficits and that facial features may not be
prominent. In 1980, Rosett (1980) proposed criteria specific for diagnosis of FAS based on a
review of 245 cases by Clarren and Smith (1978) and discussions of the Fetal Alcohol Study
Group of the Research Society on Alcoholism. These included pre- and post-natal growth
retardation, central nervous system (CNS) involvement, including neurological
abnormalities, developmental delay, and intellectual impairment, and a characteristic facial
dysmorphology. Like Clarren and Smith (1978), Rosett also noted that exposure to alcohol
results in a wide range of effects, with FAS at the far end of the spectrum. Sokol and
Clarren’s paper in 1989 (Sokol and Clarren 1989) built on this work with the goal of
providing “guidelines for use by investigators, care providers, and others that will enhance
comparability of results of clinical observations, scientific studies, and public health
reporting.” They supported continued use of the 1980 Fetal Alcohol Study Group guidelines
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with minor modifications (Rosett 1980). FAS was still defined by deficits in the 3 areas
listed above. ARBD was defined as “a term that connotes attribution of an observed
anatomic or functional outcome to the impact of alcohol.” In addition, they noted that the
term fetal alcohol effects (FAE) was not specific enough and was being misapplied by
clinicians, and recommended that it no longer be used. A major advance occurred in 1994,
when a committee convened by the Institute of Medicine was charged with conducting a
study of FAS and related birth defects to improve the understanding of available research
knowledge and experience in relation to tools and approaches for diagnosing FAS and
related disorders, as well as prevalence of FAS, surveillance systems, and prevention and
treatment programs. This committee built on previous diagnostic criteria, with minor
changes to try to resolve some of the issues causing confusion in the clinical and research
communities. They identified 4 alcohol-related clinical diagnostic categories (Stratton et al.
1996): fetal alcohol syndrome (FAS:evidence of characteristic craniofacial dysmorphology,
prenatal and postnatal growth restriction, and central nervous system (CNS)
neurodevelopmental deficits); partial fetal alcohol syndrome (pFAS: some but not all of the
characteristics features of FAS and confirmed maternal alcohol exposure); alcohol-related
neurodevelopmental disorder (ARND: evidence of CNS neurodevelopmental abnormalities
and (or) of a complex pattern of behavioral or cognitive abnormalities, and confirmed
maternal alcohol exposure); and alcohol-related birth defects (ARBD: one or more
congenital anomalies and confirmed maternal alcohol exposure), with the latter two
categories not mutually exclusive. However, this system did not specify clinical criteria by
which diagnoses could be assigned. To address this issue, Astley and Clarren developed the
FASD 4-digit diagnostic code (Astley and Clarren 2000), with the goal of developing
objective and quantitative scales to “operationalize” the IOM criteria. The code utilizes a 4-
point Likert scale (1 = absence of the feature, 4 = strong presentation of the feature) that
reflects the magnitude of expression of the 4 key diagnostic features of FAS: growth
deficiency, the FAS facial phenotype, central nervous system dysfunction, and gestational
exposure to alcohol. This system has been updated several times to enhance clarity and
specificity as well as to account for racial differences in facial features, and is now widely
used. The term fetal alcohol spectrum disorder (FASD) was first introduced around 2000 to
recognize more specifically the broad spectrum of effects that result from prenatal alcohol
exposure and was formalized in April 2004, when the National Organization on Fetal
Alcohol Syndrome brought the National Institutes of Health, the CDC, and the Substance
Abuse and Mental Health Services Administration, as well as additional experts in the field,
to develop a consensus definition of FASD: “FASD is an umbrella term describing the range
of effects that can occur in an individual whose mother drank alcohol during pregnancy,”
noting that, “These effects include physical, mental, behavioral, and (or) learning disabilities
with possible lifelong implications. The term FASD encompasses all other diagnostic terms,
such as FAS, and is not intended for use as a clinical diagnosis.” Three other diagnostic
guidelines are important to highlight. Hoyme and colleagues published updated clinical
guidelines for the diagnosis of FASD based on the evaluation of >10 000 children in clinical
settings and epidemiologic studies, together with studies funded by the National Institute on
Alcohol Abuse and Alcoholism, as well as the Collaborative Initiative on Fetal Alcohol
Spectrum Disorders, and the Collaboration on FASD Prevalence (Hoyme et al. 2016). These
authors kept the 4 original IOM diagnostic categories (FAS, partial FAS, ARND, ARBD) but
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provided more specific and rigorous criteria for each. A set of Canadian diagnostic
guidelines for FASD was proposed in 2005 (Chudley et al. 2005) and was recently updated
(Cook et al. 2016). Similar to the US guidelines, a large group of individuals, selected by the
Canada Fetal Alcohol Spectrum Disorder Research Network, and with broad expertise came
together to develop these guidelines. Input was also obtained from diagnostic centers across
Canada and multiple focus groups. Interestingly, the 2016 revision made FASD a diagnostic
term and indicated that making a diagnosis of FASD requires a multidisciplinary team and
involves a complex physical and neurodevelopmental assessment. As well, the diagnostic
categories were collapsed to two: (/) FASD with sentinel facial features and evidence of
impairment in 3 or more identified neurodevelopmental domains, with pre-natal alcohol
exposure either confirmed or unknown and (/) FASD without sentinel facial features, with
evidence of impairment in 3 or more identified neurodevelopmental domains, and confirmed
prenatal alcohol exposure. They also specify a category called “At risk for
neurodevelopmental disorder and FASD, associated with prenatal alcohol exposure,” which
may help to identify individuals who are at risk. Finally, the Diagnostic and Statistical
Manual, 5th edition, from the American Psychiatric Association, now includes
“neurobehavioral disorder associated with prenatal alcohol exposure (ND-PAE)” (American
Psychiatric Association 2013). ND-PAE was listed in the “Conditions for Further Study”
and also given as an example under “Other Specified Neurodevelopmental Disorder
(315.8)”. ND-PAE is proposed as a type of umbrella term and goes beyond physically based
diagnostic criteria to allow clinical assessment that encompasses the neurodevelopmental
and mental health symptoms associated with PAE (Kable et al. 2016). It can be diagnosed in
either the presence or absence of physical effects of PAE, requires confirmed gestational
exposure to alcohol, and includes symptoms in 3 domains, neurocognitive functioning, self-
regulation, and adaptive functioning, which adversely impact quality of life. Clearly, the
field is moving forward in terms of both recognizing the multiple adverse outcomes
associated with pre-natal alcohol exposure and developing diagnostic guidelines that can be
utilized effectively by physicians.

In addition to the formal diagnosis of an FASD, psychopathologies (e.g., anxiety, depression,
other mood disorders, and substance use disorders), often referred to as “secondary
disabilities,” are expressed at disproportionally higher rates in individuals prenatally exposed
to alcohol (Roebuck et al. 1999; O’Connor et al. 2006; Kodituwakku 2007, 2009; Mattson et
al. 2011; Riley et al. 2011; Kable et al. 2016), which increases the health risks of these
individuals as well as the emotional and financial cost to the individual, the family, and the
health care system (Stade et al. 2009). Interestingly, a wealth of animal data (reviewed in
Patten et al. 2014) suggest that these “secondary disabilities” may actually be primary
effects of alcohol itself, or at least have a primary component in terms of alcohol-induced
neurobiological alterations that increase vulnerability in these individuals. Overall, the
estimated incidence of FASD is thought to be approximately 1 in 100 live births, although
recent epidemiological studies indicate prevalence rates of combined FAS and pFAS of
1.1%-2.5%, and of the full FASD spectrum as high as 2%-5% in the US (May et al. 2009,
2013, 2014, 2015).

In this review we examine mouse models of PAE and focus on those with demonstrated
craniofacial malformations, abnormal brain development, or behavioral phenotypes that may
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be considered FASD-like outcomes. First, we provide a brief overview of FASD and the
clinical features of the disorder, which include the sentinel features as well as the secondary
disabilities associated with FASD. Second, we provide an in-depth assessment of factors that
may cause FASD, including dosage, duration, and timing of alcohol exposure, maternal
genetics, and maternal nutrition and metabolism, while also exploring the molecular
mechanisms of alcohol teratogenicity as found in seminal animal model PAE research.
Finally, the main focus of the review will be devoted to mouse models of PAE, specifically
focusing on the paradigms (dosage, duration, and timing of alcohol exposure) used, the
PAE-induced craniofacial and brain malformations, and behavioral outcomes observed, and
how these PAE mouse model phenotypes (malformations and outcomes) relate to the clinical
manifestations of FASD. This approach will allow recognition of patterns linking gestational
timing, dosage, and duration of PAE with FASD-like outcomes. The latter could be
particularly insightful and lead to a better understanding of the molecular mechanisms
underlying FASD as well as gaps in the literature related to our current understanding of
FASD.

Risk factors for alcohol teratogenicity and FASD

The potential impact of prenatal alcohol exposure varies considerably among exposed
individuals, with some infants displaying serious alcohol-related effects and others showing
few or even no overt signs of an FASD (Khoale et al. 2004). Therefore, it is important to
understand the variables that may increase or decrease the probability that PAE will produce
deleterious effects on fetal development. These factors include the gestational timing,
duration, and dose of alcohol (Astley et al. 1999), amount consumed per drinking session
(Khoale et al. 2004), genetic and epigenetic factors (Kaminen-Ahola et al. 2010&; Kleiber et
al. 2014; Lussier et al. 2015), maternal and fetal stress (Glavas et al. 2007; Uban et al. 2013;
Raineki et al. 2014), nutritional status (Weinberg 1984, 1985; Keen et al. 2010), and the
mother’s ability to metabolize alcohol, which are all known to be critically involved in
alcohol teratogenicity (Ramchandani et al. 2001; Riley et al. 2011).

Dose, duration, and timing of alcohol exposure

Early studies by Chernoff (1977), and Randall and Taylor (1979), utilizing animal models,
verified a positive correlation between maternal blood alcohol concentration (BAC) and
developmental malformations or deficits; a finding further validated by the seminal research
of West and colleagues (Pierce and West 19864, 19866, 1987; Pierce et al. 1989). The use of
varying alcohol treatment regimens in animal models has been critical for elucidating the
teratogenic effects of alcohol. Regimens may involve acute maternal administration (i.e., 1
or 2 doses) during critical periods of fetal development (Sulik et al. 1981; Godin et al. 2010;
Idrus and Napper 2012), trimester-equivalent fetal and (or) neonatal alcohol exposure (Bake
et al. 2012; Hamilton et al. 2012; Wagner et al. 2013; Jablonski and Stanton 2014),
intermittent binge-like exposure (Ramadoss et al. 2008; Sawant et al. 2013), or chronic
exposure throughout gestation through gavage, inhalation, or liquid diets (Lee et al. 2000;
Green et al. 2005; Igbal et al. 2005, 2006; Hellemans et al. 2010; Probyn et al. 2013; Uban et
al. 2013).
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Timing of alcohol exposure may be equally as important as BAC. In the early and
mid-1980s, Webster et al. (1980), as well as Sulik and colleagues (Sulik et al. 1981; Sulik
and Johnston 1983; Sulik and Schoenwolf 1985) demonstrated that the timing of alcohol
exposure was crucial to the development of craniofacial anomalies, a signature feature of
FAS in humans. In addition, the timing of exposure has major implications for brain
development. The teratogenic effects of alcohol may be particularly detrimental to CNS
development during critical periods of vulnerability, which include the first half or two-
thirds of the first trimester when brain and organ development are extremely rapid, and the
brain growth spurt that occurs in the third trimester in the human and in the early postnatal
period in rodents (Dobbing and Sands 1979; Bockhorst et al. 2008). Indeed, using a rat
model of PAE, early postnatal exposure to alcohol (third trimester equivalent) has
highlighted the enduring effects of PAE on neurogenesis, a process that continues
throughout life in select areas of the brain, most notably the dentate gyrus within the
hippocampus (Klintsova et al. 2007; Sliwowska et al. 2010). Nevertheless, PAE can impair
brain development throughout all stages of gestation, including effects on neurogenesis,
differentiation, and synaptogenesis (Dobbing and Sands 1979; West et al. 1994; Guerri
1998; Cudd 2005).

Genetics, maternal nutrition, alcohol metabolism

Various maternal factors act to increase the risk of alcohol’s deleterious effects in the
developing fetus. First, the presence of genetic polymorphisms of alcohol-metabolizing
enzymes may significantly increase or decrease alcohol’s deleterious effects in the fetus. For
example, maternal polymorphisms manifesting as increased alcohol dehydrogenase activity
and enhanced alcohol metabolism have been associated with a decreased incidence of
alcohol teratogenicity (Eriksson 2001; Jacobson et al. 2006). Second, inadequate maternal
nutrition may increase the risk of alcohol teratogenicity throughout fetal development.
Deficiencies in folic acid, iron, choline, zinc, and omega-3 fatty acid are associated with
alcohol-induced fetal growth restriction and neurobehavioral teratogenicity in postnatal
offspring (Thomas et al. 2010; Rufer et al. 2012; Idrus et al. 2013; Patten et al. 2013). Third,
the capacity of the maternal—fetal unit to metabolize alcohol may greatly affect the risk of
alcohol teratogenicity. The capacity for alcohol metabolism among pregnant women varies
up to 8-fold (from 0.0025 to 0.0200 g-dL~1-h~1), which may help to explain the variation in
phenotypic presentation of FASD following maternal consumption of similar doses of
alcohol (Burd et al. 2012). The capacity for alcohol metabolism also varies with age,
ethnicity, hormonal status, body composition and lean body weight, liver size, and food
intake (Ramchandani et al. 2001). Ultimately, the peak BAC achieved from maternal alcohol
consumption is critical to the risk of alcohol’s deleterious effects and depends on the rate of
drinking, gastric emptying, and phase | biotransformation, involving alcohol dehydrogenase
and cytochrome P450 2E1, as well as the nutritional status of the mother and whether
alcohol is consumed alone or with a meal (Ramchandani et al. 2001). In general, not
surprisingly, mothers of children with FASD consumed more alcohol and achieved a higher
BAC than mothers who consumed alcohol but did not give birth to a child with FASD
(Khoale et al. 2004).
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Mechanism of alcohol’s teratogenic effects

The toxic effects of alcohol on the embryo are well known. Alcohol readily crosses the
placental and blood-brain barriers and can thus affect developing fetal cells. Alcohol is
known to act on or modulate many different target molecules, and multiple mechanisms,
activated at different stages of development or at different dose thresholds of exposure,
probably contribute to the diverse phenotypes seen in FASD (Goodlett et al. 2005). In this
review, we will briefly highlight some of the major mechanisms shown to be involved in
mediating, at least in part, alcohol’s adverse effects.

Studies on non-mammalian species, where the organism develops outside the mother and
there are no effects of the placenta or the maternal environment, have provided unique
insights into the teratogenic effects of alcohol. While this work is largely outside the scope
of this review, it is noteworthy that studies utilizing C. elegans (Davis et al. 2008), and
chicken models (Pennington et al. 1983; Cartwright and Smith 1995) have revealed
important adverse effects of alcohol on craniofacial development, growth, the developmental
trajectory, reproductive maturity, and overall longevity, and have elucidated how the dose
and timing of alcohol exposure may contribute to outcomes. In support of the significance of
these findings in non-mammalian models is work on the effects of alcohol on mammalian
embryos. Studies have shown dose-dependent embryonic retardation of growth and
differentiation, with specific reduction in both DNA and protein content (Brown et al. 1979).
Consistent with these findings, data from in vivo studies have shown that alcohol exposure
in utero or in the early postnatal period (third trimester equivalent model) can reduce brain,
heart, and kidney weight in newborns, and can inhibit protein synthesis and decrease RNA
and (or) DNA content in the fetal and neonatal brain and other organs (Rawat 1975; Gallo
and Weinberg 1986). Alcohol-induced disruptions in the proliferation of stem cell
populations are another mechanism of alcohol’s actions on the fetus, leading to a reduction
in the generation of both new neurons and new glial cells (Miller 1992; Guerri et al. 1993,
2009; Guerri 1998). Neuronal cell damage and (or) cell death can also occur through both
programmed cell death (Ikonomidou et al. 2000) and inhibition or disruption of enzymes
that play a role in metabolism in neural tissue (Goodlett et al. 2005). Of particular interest to
both researchers and clinicians, there appear to be fairly large differences in the
susceptibility of different brain regions to alcohol, including the hippocampus, amygdala,
and cerebellum, depending on dose and timing of exposure, which could underlie at least
some of the behavioral alterations seen in FASD (Michaelis 1990; Guerri 1998; Spadoni et
al. 2007; Sowell et al. 2008). As well, alcohol exposure may result in a disorganized cortical
architecture, which could ultimately influence the pattern of communication in and across
regions involved in higher cognitive function (Clarren 1986; Spadoni et al. 2007; Sowell et
al. 2008).

Other mechanisms mediating alcohol’s adverse effects on neurobiological and
neurobehavioral outcomes include: nutritional deprivation or deficiencies (e.g., calories,
protein, zinc, folate, vitamin A); abnormalities in calcium signaling; altered prostaglandin
synthesis/degradation; placental dysmorphology/dysfunction; alcohol-induced circulatory
changes in placenta and (or) fetus; disrupted cell—cell interactions (cell adhesion);
interference with growth factors or other cell signaling mechanisms that mediate cell
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proliferation, growth, differentiation, migration, and maturation; oxidative stress and damage
by free radicals; disruption of neuronal development in specific cell populations (e.g.,
serotonergic neurons); alteration/disruption of endocrine balance and neuroendocrine
function (Michaelis 1990; Randall et al. 1990; West et al. 1994; Guerri 1998; Shibley et al.
1999; Goodlett et al. 2005; Bake et al. 2012; Uban et al. 2013; Wieczorek et al. 2015), and
increased neuroinflammation (Weinberg and Gallo 1982; Randall et al. 1987, 1989;
Weinberg and Bezio 1987; Taylor et al. 1988; Weinberg 1989, 1992, 1993; Lee et al. 1990,
2000; LeBel and Bondy 1991; Halasz et al. 1993; Henderson et al. 1995; Kotch et al. 1995;
Lee and Rivier 1996; Ramanathan et al. 1996; Gabriel et al. 1998; Bearer 20014, 20015,
Spong et al. 2001; Wilkemeyer et al. 2002, 2003; Zhang et al. 2005, 2012; Glavas et al.
2007; Gubitosi-Klug et al. 2007; Weinberg et al. 2008; Sari 2009; Dong et al. 2010; Bodnar
and Weinberg 2013; Dou and Charness 2014; Drew et al. 2015; Bodnar et al. 2016).

Of particular relevance to our research, it is known that the endocrine, immune, and nervous
systems exist within a complex interactive regulatory network (Besedovsky and del Rey
1996, 2007; Blalock and Smith 2007). Reciprocal expression of receptors for hormones,
neurotransmitters, and neuropeptides, and shared ligands underlie the bidirectional
communication that allows immune, endocrine, and neural cells to “speak a common
biochemical language” (Blalock and Smith 2007), and influence each other to maintain
homeostasis. PAE can exert teratogenic effects at all levels of this neuro—endo—immune
circuit. Indeed, alcohol-induced disruptions of HPA (hypothalamic—pituitary—adrenal)
activity and regulation, and thus the normal neuroendocrine—immune interactions, may
provide a route through which early life experiences, including prenatal alcohol exposure,
can have long term effects on both endocrine and immune function and thus contribute to
some of the long-term adverse effects of PAE, including metabolic, cognitive, and immune
dysfunction (McEwen and Stellar 1993). Together, this strong and extensive body of
research on mechanisms of alcohol’s teratogenic effects highlights the adverse and pervasive
outcomes of prenatal alcohol exposure and suggests possible directions for future PAE
research.

Mouse models of prenatal alcohol exposure

In animal models, variables such as nutrition, genetic background, health, other drugs, and
stress, as well as dosage, duration, and gestational timing of alcohol exposure can all be
controlled in a way not possible in the clinical situation (Becker et al. 1996). In this section
we examine mouse models of PAE and focus on those with demonstrated craniofacial
abnormalities, abnormal brain development, or behavioral phenotypes that may be
considered FASD-like outcomes. Animal models have significantly advanced our insight
into the multiple variables that may influence how alcohol affects the developing embryo
and fetus, including possible mechanisms that mediate alcohol’s adverse effects, and some
of the risk and resilience factors that play a role in the etiology of FASD.

Mouse models of PAE provide researchers with several advantages over other genetic animal
models. First, mouse models are biologically and genetically the closest animal model
available to study human genetics. Second, mouse models have well-developed genetic
engineering tools for genetic modeling. These advantages allow researchers to study PAE
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using genetically modified mice to assess specific contributions of genes, genetic variants, or
signalling pathways to the outcomes observed. Moreover, epigenetic signatures can be
extensively studied in mouse models of PAE compared with other animal models because
there is a wealth of non-PAE genetic data sets now available. Third, mice, specifically the
C57BL/6 strain, readily adapt to alcohol consumption ad libitum, allowing more reliable
alcohol dosing in chronic models and higher blood alcohol concentrations in the dams. Last,
craniofacial and brain development including morphology has been extensively
characterized in the mouse, providing researchers with a wealth of data to compare the
craniofacial and brain (developmental) malformations. For the purpose of this review, PAE
paradigms that include behavioral studies were sought out to highlight phenotypes observed
in the various mouse models of PAE.

The criteria for literature inclusion in this review were publications that used validated
(multiple publications using the same paradigm) and robust (reproducible and relevant
FASD-like phenotypes) models. Occasionally, PAE paradigms showing phenotypes
reminiscent of clinical features (or co-morbidities) of FASD are also highlighted. We first
examine mouse models of PAE based on gestational alcohol exposure (human trimester
equivalent): first trimester (gestational day [GD]0-10), second trimester (GD11-20), and
third trimester (PN1-10), in the context of alcohol dose and duration of exposure. Second, in
the context of gestation stage, we examine robust FASD-like phenotypes, including
craniofacial, physiological/brain, and behavioral phenotypes that reflect clinical features of
FASD observed in children. These analyses should provide a valuable tool for researchers
wishing to choose the PAE model best suited to their research or to investigate established
PAE models for FASD comorbidities. It should also allow recognition of patterns linking
gestational timing, dosage, and duration of PAE with FASD-like outcomes. The latter could
be particularly insightful and lead to a better understanding of the molecular mechanisms
underlying FASD.

It was also important to review the mouse models in the context of alcohol exposure, which
will allow alcohol-related phenotypes to be categorized by dosage, duration, and timing of
alcohol exposure and to correlate those findings to clinical FASD cases according to the
drinking patterns seen in pregnant (and unknowingly pregnant —if early first trimester)
women. A recent CDCP report has indicated that 10.2% of pregnant women consume
alcohol, and 3.1% of women binge drink throughout pregnancy (Tan et al. 2015). In an
Australian population based cohort study, 54% of pregnant women indicated drinking during
the first trimester (27%) and throughout pregnancy (27%). Moreover, 18.5% of women
binge drank prior to pregnancy recognition (usually in the first trimester of pregnancy)
(Muggli et al. 2016). In a systematic review and meta-analysis, the global prevalence of
alcohol use during pregnancy is 9.8%, and it is estimated that 1 in 67 women who consumed
alcohol during pregnancy would deliver a child with FAS (Popova et al. 2017). Based on
maternal drinking patterns, gestational exposure, and overall consumption of alcohol during
pregnancies, this review of mouse models of PAE is unique because it categorizes these
paradigms based on maternal alcohol consuming practices (dose, duration, and timing of
alcohol exposure).
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First trimester PAE

The first trimester equivalent in the mouse is considered to be from gestational day 0-10. It
starts at the moment of conception and includes the pre-implantation period, implantation
period, gastrulation, and the beginning of neurulation. First trimester mouse models of PAE
tend to use either an acute delivery of alcohol during the gastrulation—neurulation
developmental stages or chronic exposure to alcohol during the conception—gastrulation
stages. Maternal alcohol exposure during the first trimester is most often by oral gavage,
intraperitoneal (i.p.) injection, liquid diet, or voluntary ad libitum drinking. Both oral gavage
and i.p. injection can result in high BACs (>200 mg/dL) and are typically utilized for acute
exposure studies but have the disadvantage of being more stressful to the dam. Liquid diet
and ad libitum drinking generally result in low to moderate BACs (80-150 mg/dL), but
involve less handling and stress and are usually utilized for chronic exposure studies (Patten
et al. 2014). The majority of mouse strains (CD1, 129/SV, BALB/c, DBA, etc.) will not
consume alcohol voluntarily, at least not at a level that is pharmacologically relevant.
Interestingly, C57BL/6 strains prefer alcohol over water and are commonly used in ad
libitum drinking paradigms (Wabhlsten et al. 2006). This section will focus on chronic
exposures spanning the first trimester and acute exposures during gastrulation and early
neurulation. Chronic and acute exposures in the pre-implantation and implantation periods
are extensively reviewed elsewhere in this special issue.

Recent studies have utilized chronic first trimester exposure to alcohol spanning GD0-10.
Kaminen-Ahola et al. utilized a 10% v/ valcohol ad libitum drinking paradigm, with
exposure from GDO0.5 to 8.5 (pre-implantation period to late gastrulation/early neurulation),
as a chronic low—-moderate BAC model (Kaminen-Ahola et al. 20104, 20104). This
paradigm results in midfacial dysmorphologies, specifically a wider interorbital distance (the
distance between the eye sockets) and cranium width, with a shorter midface compared with
wild-type (WT) controls (Kaminen-Ahola et al. 20104). Moreover, at PN30, these mice
demonstrate premaxillary deviation of the midface (curved snout) and loss of the interfrontal
bone that is normally found between the maxillary and parietal bone regions of the cranium
in WT controls (Kaminen-Ahola et al. 20104). Furthermore, these PAE offspring
consistently exhibit a lower body weight and smaller skull size, suggesting intra-uterine
growth restriction and microcephaly compared with controls (Kaminen-Ahola et al. 20104,
20104). Interestingly, mid-facial and premaxillary malformations of the skull are seen in
individuals with FAS, where midfacial hypoplasia and premaxillary rotational effects are
common (Suttie et al. 2013). Intrauterine growth restriction, including small skull size (<3rd
percentile), are also common features of children with FAS (Astley et al. 2016).

Acute first trimester prenatal alcohol exposure studies are typically done at the gastrulation
and early neurulation developmental stages (GD7-9). Seminal research by Sulik and
colleagues has shown that a single acute dose of alcohol on each of these 3 days can produce
distinct and profound craniofacial malformations that are reminiscent of sentinel clinical
features of FAS (Parnell et al. 2009, 2013; Godin et al. 2010; Lipinski et al. 2012). Sulik and
colleagues used 2 doses of alcohol = 2.9 g/kg (4 h apart, i.p.) at gestational day 7.0 to model
an acute high BAC (Sulik and Johnston 1983; Godin et al. 2010). This single day binge
exposure model results in frontonasal prominence malformations: deficient medial nasal
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processes (closely set nostrils), abnormally longer maxillary processes (long upper lip),
abnormal/deficient pre-maxillary bone, eye malformations including anophthalamia,
microphthalmia, colobomas, and incidence of forebrain exencephaly (Sulik and Johnston
1983; Godin et al. 2010). Varying the timing of PAE exposures by plus or minus 4 h from
GD?7.0 results in a strikingly different craniofacial phenotypes. Incidence of frontonasal
prominence malformations in embryos assessed at GD14 was 59.6%, 44.4%, or 27%
compared with non-exposed controls, depending on whether the PAE occurred at GD7 — 4 h,
GD7.0 or GD7 + 4 h, respectively. Conversely, embryo resorption rates were 9.5%, 18.2%,
or 45.9% in the same PAE groups (Sulik and Johnston 1983). This study demonstrates that
early gastrulation window is very sensitive to the effects of PAE on craniofacial development
and viability.

Impact of acute GD7 PAE on frontonasal prominence abnormalities can be further
characterized at GD17. The frontonasal prominence is an early embryonic structure that
develops into the future forebrain and face, as directed first by retinoic acid and later on by
sonic hedgehog (SHH) during early neurulation (Carlson 2014). Abnormal frontonasal
prominence structure during embryogenesis is indicative of future forebrain and facial
abnormalities (DeMyer et al. 1964). GD17 embryos exhibited many craniofacial
malformations, including closely set nostrils, a long upper lip, and eye malformations, as
well as midfacial hypoplasia and clefting, cleft palate, and micrognathia (Godin et al. 2010;
Hong and Krauss 2012; Lipinski et al. 2012). At GD17, GD7 PAE embryos can exhibit
forebrain dysmorphologies reminiscent of holoprosencephaly (HPE): pituitary agenesis,
third ventricle dilation, reduction/loss of olfactory bulbs, reduction in cerebral cortex size,
and malformed lateral ventricles (DeMyer et al. 1964; Sulik and Johnston 1983; Godin et al.
2010). Magnetic resonance imaging (MRI) studies of adolescent mice (at PN45) found that
the anterior commissure was significantly reduced in PAE mice exposed at GD7 compared
with control mice. Moreover, the myelin content of the 3 largest white matter tract bundles
(the anterior commissure, corpus callosum, and hippocampal commissure) were
significantly reduced (Cao et al. 2014). These studies demonstrate that acute PAE at early
gastrulation is sufficient to induce developmental changes in brain and face structure as well
as grey matter and white matter tracts that continue well into adolescence. Interestingly,
Wieczorek et al. found, in an acute model of GD7 PAE, that PAE affects anxiety-like
behavior in a sexually dimorphic manner: PAE males showed increases in anxiety-like
behavior whereas females exhibited decreases in anxiety-like behavior (Wieczorek et al.
2015).

In addition to the ability to target alcohol exposure to a specific gestational period, another
advantage of the mouse for studies of FASD is the ability to take advantage of robust
transgenic mouse models to elucidate underlying developmental mechanisms of FASD at the
genetic level. Moreover, alcohol-sensitized transgenic mouse models allow reproducible
(and more severe) phenotypes elucidating pathways affected by targeted alcohol exposure.
Shhis an important gene required for proper craniofacial formation and growth.
Heterozygous/knock-out transgenic mouse models of Sh/and downstream Sh/ pathway
genes (Cdon, Ptch1, Gas1, and G/i2) have shown increased incidence of HPE (Roessler and
Muenke 2010). Interestingly, an acute dose of alcohol administered during late gastrulation—
early neurulation to a Sh#™~ pregnant female or a pregnant female heterozygous for one of
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the downstream SHH pathway genes increases the incidence and severity of HPE (Roessler
and Muenke 2010). PAE Cdor'~ offspring on a 129S6 background show a significant
increase in Alobar and Lobar HPE incidence compared with Cdor*/~ and WT PAE controls
(Hong and Krauss 2012) (Table 1). Moreover, there is a significant incidence of FASD-
related pathologies in PAE Cdor'~ offspring, including external midline defects, deficient
philtrum, shortened and fused pre-maxillary bone, and under-developed maxillary region
(Hong and Krauss 2012). In situ hybridization experiments on PAE Cdor™'~ GD10.25
embryos show reduced mRNA expression of G/iZ and Ptchl, both downstream SHH
pathway genes (Hong and Krauss 2012). PAE ShA*/~and G/i2*/~ (haplo-insufficient)
offspring show an increased incidence of FASD-related facial dysmorphology: medial facial
deficiency, reduced/loss of internasal distance, and loss of lip notch/longer philtrum
compared with haplo-insufficient and WT PAE controls (Kietzman et al. 2014) (Table 1).
Shh*!~ and Gli2*~ PAE embryos had a 3.2- and 6.6-fold increase, respectively, in the facial
dysmorphology score compared with WT littermates. Interestingly, for kA~ and Gli2t~
PAE embryos, the severity of HPE correlated with the severity of facial dysmorphology
(Kietzman et al. 2014). Similar observations were found in Rgh107~ and Raldhz™'~ mice,
linking aberrant retinoic acid signalling to the occurrence of midfacial defects (Niederreither
et al. 2002; Rhinn et al. 2011). Taken together, the use of transgenic mice in PAE models
allows for the identification of certain developmental genes and their downstream pathways
that may play a role in the mechanism of FASD. Moreover it allows researchers to study the
role of maternal/offspring genetics, as well as epigenetic signatures in alcohol’s effects and
thus the discovery of biomarkers and potential risk factors of FASD.

Data from studies of acute GD8 (late gastrulation) PAE show less severe frontonasal
prominence abnormalities than those seen in GD7 PAE. GD8-8.5 PAE craniofacial
malformations include: eye malformations (microphthalmia and colobomas), midfacial
hypoplasia, reduced snout width, shorter upper lip length, and micrognathia/mandibular
hypoplasia (Parnell et al. 2009; Lipinski et al. 2012). Interestingly, a craniofacial feature
characteristic of FASD that was seen in GD7 PAE embryos, a longer philtrum/upper lip
length, was no longer seen in GD8 or 8.5 PAE embryos. Instead, a shorter upper lip length
was seen, a feature that is more reminiscent of Di George Syndrome; a rare genetic disorder
that at one time some considered was associated with FASD (Sulik et al. 1986). GD8-8.5
PAE embryos also do not exhibit clefting or cleft palate malformations at these later ages, as
opposed to what was observed in GD7 PAE embryos.

Using MRI, Parnell et al. demonstrated that GD8 PAE embryos have an 8.2% reduction in
crown—rump lengths and a 25% reduction in total body volume (including a 19.5% smaller
brain volume) compared with controls (Parnell et al. 2009). By contrast, GD8 PAE embryos
studied at GD17 show a significant reduction in brain volume, with forebrain
dysmorphologies not in the form of HPE, but instead a reduction in olfactory bulbs, and in
hippocampus and cerebellum volumes, compared with the controls (Parnell et al. 2009). The
pituitary, septal region, and ventricles all were significantly larger in GD8 PAE embryos
compared with the controls, even though total brain volumes were reduced. However, GD8.5
PAE embryos studied at GD17 show a significant increase in volume of the olfactory bulb,
hippocampus, third ventricle, and pituitary regions compared with the controls (Lipinski et
al. 2012). These data suggest that late gastrulation PAE (GD8-8.5) produces a different
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craniofacial phenotype compared with early gastrulation PAE (GD7) when using the same
dose and acute duration.

Acute GD9 and GD10 PAE studies show negligible frontonasal prominence abnormalities
compared with GD7 and GD8 PAE embryos. Mouse models of early neurulation GD9-10
PAE show brain volume abnormalities compared with the controls but do not result in facial
dysmorphologies (O’Leary-Moore et al. 2010; Parnell et al. 2013). In their MRI studies,
Parnell and colleagues demonstrated that in contrast to GD7-8 PAE embryos, GD9-10 PAE
embryos have no statistically significant reduction in crown—rump length or total body
volume compared with their stage-matched controls (O’Leary-Moore et al. 2010; Parnell et
al. 2013). GD9-10 PAE embryos also have a significant reduction in total brain volume of
~13.6% compared with the stage-matched controls (O’Leary-Moore et al. 2010; Parnell et
al. 2013). These results provide support for the hypothesis that without facial
dysmorphologies, there are no severe brain abnormalities, although a reduction in brain
volume could still have an adverse impact (DeMyer et al. 1964; Sulik and Johnston 1983).
Moreover, the reduction in total brain volume in GD9-10 embryos was driven by changes in
specific brain regions only. GD9 PAE embryos studied at GD17 showed a significant
reduction in cerebellar volume of ~14%, whereas lateral, third, and fourth ventricles showed
a significant increase in volume and altered morphology compared with the controls (Parnell
et al. 2013). GD10 PAE embryos examined at GD17 exhibit a reduction in cerebral cortex
volume, a significant increase in third ventricle volume, and further alterations in
morphology in the lateral, third, and fourth ventricles compared with the controls (O’Leary-
Moore et al. 2010).

These data suggest that early neurulation PAE (GD9-10) predominantly results in changes
to brain volume but not in morphology. Brain regions affected in GD9 PAE embryos are
similar to those affected in GD8 PAE embryos; importantly, cerebellar reduction and
ventricular enlargement are both features seen in individuals with FASD (Spadoni et al.
2007). Furthermore, the ventricular enlargement seen in GD9-10 PAE embryos likely
indicates increased cerebrospinal fluid and a loss of neurons and glia at the cellular level, as
overall brain volumes remain the same. In addition, in GD9 PAE embryos the cerebral
cortex volume is reduced by ~5%; although not statistically significant, this suggests that
enlargement of the lateral ventricle affected development of the cortex (Parnell et al. 2013).
In addition, in GD10 PAE embryos the enlarged third ventricle likely affects the
development of the thalamus and hypothalamus, which are directly adjacent to the third
ventricle. It is commonly known that alcohol exposure in mice during early gestation causes
exencephaly, microcephaly, dilated ventricles, and various brain structure defects (Becker et
al. 1996). Similar findings are reported in individuals with FASD, whereby MRI studies
have shown reduced overall brain volume and dilated ventricles (Sowell et al. 2008).
Moreover, individuals with FASD who have sentinel feature(s) may have brain volumes 2
standard deviations smaller than the mean, which could possibly underlie the observed
impairments in cognition, learning and memory, anxiety, and attention deficits, culminating
in a lower 1Q (Spadoni et al. 2007). These changes in brain volume and morphology most
likely reflect changes at the cellular level. Indeed, PAE during early gestation modulates
neural progenitor cells, by inhibiting their proliferation and differentiation, and causing cell
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death in brain regions such as the hippocampus (Nixon and Crews 2002; He et al. 2005;
Tateno et al. 2005).

Recent studies have investigated the role of epigenetic modifications in mediating the
adverse effects of PAE (Haycock 2009; Ramsay 2010; Lussier et al. 2017). Mouse models of
PAE are being used to study global methylation patterns and identify specific genes
implicated in the brain abnormalities reported in FASD (Kaminen-Ahola et al. 20104;
Kleiber et al. 2012, 2013, 2014; Hill et al. 2014). Many of these studies have used robust
acute and chronic dosage paradigms discussed in this review. Using an acute GD9-11 early
neurulation (3.0 g/kg, gavage) model, Garro et al. (1991) demonstrated decreased Dnmt1
activity causing reduced global DNA methylation (using the whole embryo), indicating an
increase in active gene transcription compared with what typically occurs at GD11.
Furthermore, acute PAE at GD9 (5.8 g/kg, intragastric intubation) caused a decrease in /gf2
DNA methylation in the whole embryo, causing an increase in /gf2 expression at GD17
(Downing et al. 2011). Studies of chronic ad libitum alcohol consumption during the first
trimester (GD0.5-8.5, 10% W/ valcohol) have shown increased DNA methylation of
VimnZré64and OIfr110in male PN28 mice (Kaminen-Ahola et al. 20104), and decreased
DNA methylation of Vg/utZin male PN87 mice (Zhang et al. 2015). Taken together,
measurements of DNA methylation provides PAE researchers with new tools to help
elucidate the mechanisms of FASD.

Second trimester PAE (with or without first trimester exposure)

The second trimester in mice is from gestational day 11-20. It starts during neurulation,
includes organogenesis, and ends at birth. Second trimester PAE mouse models often use a
chronic alcohol exposure model or acute exposure to alcohol at specific second trimester
gestational time points. Maternal alcohol exposure during the second trimester is done using
a variety of methods, including oral gavage, i.p. injection, liquid diet, or ad libitum drinking
of alcohol.

Second trimester studies on PAE have assessed craniofacial malformations, brain
abnormalities, behavioral consequences, organ development, cerebral blood flow, and gene
expression in developing embryos (Anthony et al. 2010; Cui et al. 2010; Akers et al. 2011;
El Shawa et al. 2013; Shen et al. 2013). Anthony and colleagues utilized a 4.8% v/valcohol
liquid diet, administered from GDO to 19 as a 2-trimester chronic low—moderate model of
BAC. They observed marked midfacial dysmorphologies: a reduction in upper- and mid-
facial depth measurements in both C57BL/6J and C57BL/6N substrains. C57BL/6N mice
also showed a reduction in snout height and a narrowed bigonial line (width of mouth/lips)
(Anthony et al. 2010). In a follow-up study, researchers showed that a similar PAE paradigm
(4.2% vivalcohol, liquid diet model), but with a shorter PAE duration (GD7 to 16, again
overlapping part of the first trimester), produced a smaller skull volume and circumference
compared with controls at PN7 and PN21 (Shen et al. 2013). Interestingly, it is most likely
the exposure to alcohol during the first trimester (first to second trimester exposure
paradigm) that caused the craniofacial malformations present in these mice (Table 1). Mice
at PN7 exhibited a significant reduction in the parietal region of the skull, whereas
assessment at PN21 showed a significant reduction in frontal, parietal, occipital, and
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mandibular regions. Shen et al. observed that the cranium (frontal, parietal, occipital regions
of the skull) was more sensitive to PAE than the face (nasal and mandibular regions of the
skull). The study by Anthony et al. (2010), however, found significant reductions in length,
height, and width of the facial region using an earlier/longer PAE duration and slightly
higher alcohol concentrations. This suggests that earlier (extending back into the first
trimester) and (or) longer chronic PAE may produce FASD-like midfacial malformations,
and that cranium and brain abnormalities may be seen if the facial malformations are present
(DeMyer et al. 1964). Increasing the dosage of this chronic PAE paradigm results in
increased severity of the phenotype (Akers et al. 2011). A liquid diet of 10% v/ valcohol
resulted in a reduction in olfactory bulb, hippocampus (specifically the granule cell layer of
the dentate gyrus), and fourth ventricle volumes at P60 in offspring exposed from trimesters
1 through 3 (Akers et al. 2011); these regions are also affected in individuals with FASD
(Sowell et al. 2008). Moreover, these PAE mice had impaired odor discrimination, with
impaired ability to discriminate enantiomers R- and S-carvone compared with the controls
(Akers et al. 2011). Interestingly, neural precursor cells in the subependymal zone of the
olfactory bulbs appear to be the most affected (Akers et al. 2011). This study also found that
the basal forebrain, posterior anterior commissure, thalamus, and amygdala were larger in
PAE mice (Akers et al. 2011). Reduction in the olfactory bulbs and hippocampal volume are
consistent findings, using acute first trimester alcohol exposure and in clinical cases of
FASD. By contrast, increases in basal fore-brain, thalamus, and amygdala are not commonly
seen in mouse models of PAE or in clinical cases of FASD (Coulter et al. 1993; Parnell et al.
2009; Godin et al. 2010; Lipinski et al. 2012).

Cui et al. (2010), using 2 and 4 g/kg gavages on GD5 to 19 as a chronic high BAC model
extending into part of the first trimester, reported abnormal dendritic spines of pyramidal
neurons in the visual cortex. Not only was there a decrease in overall number of dendritic
spines in PN30 mice, but the remaining dendritic spines had an increased mean length and a
further reduction of synaptic vesicles compared with the controls (Cui et al. 2010).
Moreover, this dendritic spine phenotype was more severe in the 4 g/kg cohort compared
with the 2 g/kg cohort, suggesting that persistent high levels of alcohol exposure during the
first and second trimesters produces visual cortex abnormalities, in addition to the eye
malformations that are common in first trimester mouse models of PAE and found in
individuals with FAS (Coulter et al. 1993; Abdelrahman and Conn 2009; Godin et al. 2010).
Although this latter study did not investigate craniofacial malformations, brain
abnormalities, or behavioral deficits, it is possible that these may have occurred, at least to
some extent, given the high level of alcohol exposure and the extended exposure period. The
finding that acute alcohol exposure by gavage during the first trimester (as discussed above),
using comparable PAE doses but on only one day (during gastrulation), found multiple
FASD-like dysmorphologies highlights the importance of timing of exposure in the alcohol
effects that are observed.

Behavioral deficits associated with brain abnormalities are also seen in mouse models of
PAE, and are commonly found with chronic exposure. El Shawa et al. used 25% /v alcohol
in an ad libitum drinking model, with exposure from GDO to 19, as a chronic moderate BAC
model. Using CD1 mice, the study showed abnormal somatosensory and visual cortex
neuron development, specifically, significantly longer frontal cortex neurons projecting to an
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ectopically caudal position in visual cortex regions, as well as malformed cortical layers 1-
4, causing overlapping intraneocortical connections that appear disorganized (EI Shawa et al.
2013). A similar PAE paradigm, with the only variation being 18% (/) alcohol, showed
that cerebellar Purkinje cells presented decreased voltage-gated calcium currents and
increased firing rates (Servais et al. 2007). Moreover, PAE mice had an increased latency to
fall in rotarod testing, supporting the data indicating that ataxia and motor learning
impairments are primarily caused by increased Punkinje cell firing rates (Servais et al.
2007). An inhalation based, chronic GD12-19 and PN2-9 exposure paradigm, modeling
high (4.5 g/dL) BAC, demonstrated reductions in cerebellar Purkinje cells in lobules I1, 1V,
V, and X, with reductions in GABAergic cells only in lobule Il (Nirgudkar et al. 2016).
Furthermore, PAE mice exhibited a reduction in cerebellar volume, specifically in lobules I1,
IV, V, VI, VII, IX, and X, suggesting that cerebellar Punkinje cells are more sensitive to
alcohol than GABAergic cells (Nirgudkar et al. 2016). Conversely, Cuzon et al. used 2%
(nv) alcohol in an ad libitum drinking model, with exposure from GDO to 14.5, as a chronic
low BAC model. Using LHX6-eGFPand GAD67-GFP C57BL/6 mice to express GFP in
GABAergic cells (where GABA serves as a transmitter), the study showed that PAE
increases the density of GABAergic cells in the marginal, intermediate, and subventricular
zones of the cerebral cortex in GD14.5 embryos (Cuzon et al. 2008). Moreover, PAE caused
premature tangential migration of primordial GABAergic interneurons from the medial
ganglionic eminence to the marginal zone—cortical plate, intermediate, and subventricular—
ventricular zones (Cuzon et al. 2008). The data suggest that PAE drives medial ganglionic
eminence-derived GABAergic cells toward differentiation and causes increased numbers of
GABAergic neurons. It was later found that mice receiving the same paradigm exhibited
altered patterning of spontaneous GABA-mediated synaptic barrages and increased GABA-
mediated synaptic activity, while showing an increase in Cajal-Reizius cell numbers in
cortical layer | (Skorput and Yeh 2015). Similar PAE-induced frontal cortex neuron
abnormalities have been previously demonstrated in other mouse models implementing a
chronic liquid diet for PAE, including the loss of GABAergic neurons in an acute 3rd
trimester PAE paradigm (Skorput and Yeh 2015; Smiley et al. 2015; Abbott et al. 2016), in
parallel with the altered neuronal circuitry seen in individuals with FASD (Rema and Ebner
1999; Sowell et al. 2008). Importantly, at PN20 PAE, offspring show increased anxiety and
impaired gross and fine motor coordination (El Shawa et al. 2013). In a similar drinking
model of PAE using 10% (w/V) ad libitum, with exposure from GDO to 19 as a low-
moderate BAC paradigm study, PAE mice did not respond to an enriched environment with
enhanced neuronal progenitor survival or differentiation in the subgranular zone of the
dentate gyrus (Choi et al. 2005). In a follow-up study using the same PAE paradigm but
limiting alcohol exposure to 4 h per day, it was shown that post-mitotic neurons from PAE
mice housed in an enriched environment are not capable of survival in the dentate gyrus
(Kajimoto et al. 2013). Moreover, the neurogenesis deficit was associated with impaired
spatial pattern recognition and caused by dentate gyrus-mediated neuronal (learning)
impairments in these PAE mice (Kajimoto et al. 2013). Thus, while dosage of alcohol in the
PAE mouse paradigms discussed might vary, it appears that there are changes in brain
morphology and cellular differentiation at any dosage of alcohol exposure, although some
cell types are more resilient than others. Furthermore, abnormalities in forebrain/frontal
cortex structure as seen in these studies and in acute first trimester PAE studies can result in
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anxiety, learning deficits, and motor coordination impairments reminiscent of the altered or
impaired function seen in individuals with FASD (Rasmussen et al. 2008; Sowell et al. 2008;
Norman et al. 2009).

While impaired organ development, such as heart and skeletal alterations, may be seen in
individuals with FAS (at the most severe end of the FASD spectrum) (Hofer and Burd 2009;
Giliberti et al. 2013; Assadi 2014), mouse studies have typically not focused on this.
However, some first-to-second trimester models of PAE do show altered organ development,
including underdeveloped lungs and kidneys, cardiac anomalies, and gastrointestinal
abnormalities. A PAE study using acute exposure to 3.75 g/kg alcohol (resulting in high
BACs) from GD11.5 to 13.5 observed that GD18 embryos have reduced body weight and
lung weight as well as significantly reduced lung/body weight ratio compared with the
control embryos. Histological analysis of the lungs of these PAE embryos found that they
were developmentally immature (Wang et al. 2007). Interestingly, there were no craniofacial
malformations in these embryos, in contrast to those seen in some first trimester exposure
models. Another study using acute alcohol exposure, 3.0 g/kg, once daily by i.p. injection at
GD12.5-14.5, observed, using ultrasound, that PAE embryos had significantly reduced
arterial blood acceleration and velocity from the umbilical cord to the cerebral arteries.
Interestingly this effect was not due to a change in heart rate. Rather, each binge exposure
suppressed blood flow velocity for a minimum of 24 h (Bake et al. 2012). The reduction in
arterial blood flow to the brain and to other organs like the lungs, heart, and kidneys
compromises their development during organogenesis, which is a critical developmental
stage. Not only is a reduction in oxygen (causing hypoxia or hypoxic conditions) a worry,
but reduction in blood flow velocity carries other concerns like nutritional deficiencies
leading to further cellular stress and production of reactive oxygen species (ROS) (Wellen
and Thompson 2010).

Caldwell et al. used a liquid diet model with 5.0% (/) alcohol, ad libitum, with exposure
from GDO to GD19, as a chronic low—moderate BAC first-to-second trimester paradigm
(alcohol exposure via nursing during PN0-6). This exposure produced a depressive-like
phenotype in PN60-90 female mice (Caldwell et al. 2008), including increased immobility
in the Porsolt forced swim test and learned helplessness in the Coulbourn Habitest shuttle
box, consistent with findings in other recent studies (Hales et al. 2014; Landgraf et al. 2015).
The fact that Caldwell et al. did not find anxiety-like behavior may be due to the use of only
female mice for their study. As previously described, Wieczorek et al. found that PAE affects
anxiety-like behavior in a sexually dimorphic manner; PAE males showed increases in
anxiety-like behavior, whereas females exhibited a decrease in anxiety like behavior
(Wieczorek et al. 2015). Furthermore, mRNA transcript levels of BDNF (brain-derived
neurotrophic factor) were reduced in the medial frontal cortex and hippocampus, and BDNF
protein levels were reduced in the medial frontal cortex, suggesting a role for BDNF in
depressive-like behavior. Similar reductions in BDNF were seen post-mortem in the
hippocampi of clinically depressed and suicidal individuals (Martinowich et al. 2007;
Caldwell et al. 2008; Lee and Kim 2010; Autry and Monteggia 2012).

Depressive-like behavior in PAE mice and depression in clinical cases of FASD may be
linked to impaired glucocorticoid signalling, specifically, reductions in glucocorticoid
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receptors. In follow-up studies, again using a liquid alcohol diet (this time 10.0% v/ v
alcohol) ad libitum, from GDO to GD19 (alcohol exposure via nursing during PN0-6),
Caldwell and associates observed learning deficits in hippocampal- and frontal-cortex-
dependent tasks. Male PN40-50 PAE mice showed a decrease in delay and trace fear
conditioning; a hippocampal-dependent learning task (Brady et al. 2012). Similarly, male
PN90-120 PAE mice demonstrated slower reversal learning; a predominantly frontal cortex-
dependent task (Allan et al. 2014). Furthermore, these same mice had reduced
glucocorticoid receptor nuclear localization in the medial prefrontal cortex (Allan et al.
2014). Glucocorticoid-mediated gene transcription is facilitated through glucocorticoid
receptor signalling and is specifically required for adaptive and flexible decision-making
strategies during stressful situations, as well as for learning and memory (Diorio et al. 1993;
Matsubara et al. 2006). Glucocorticoid signalling also regulates the neuronal connections
between the medial prefrontal cortex, hippocampus and amygdala, and ultimately regulates
HPA-axis activation in response to stress by negative-feedback (Diorio et al. 1993;
Matsubara et al. 2006). Thus, downregulation of glucocorticoid receptors results in
exaggerated HPA-axis activity, resulting in an increase in glucocorticoid (corticosterone in
most rodents) hormone levels (Diorio et al. 1993). Reduced glucocorticoid receptor mMRNA
has been reported, post-mortem, in the cortex and hippocampus of brains from individuals
with major depressive disorder (Webster et al. 2002; Knable et al. 2004). Moreover,
glucocorticoid receptor mRNA is reduced in the lymphocytes of individuals with major
depressive disorder, both while they are depressed and during remission (Matsubara et al.
2006). A high incidence of mental health problems, including depression (~45%), is found
in children and adults with FASD (Rasmussen et al. 2008). It is noteworthy that postmortem
studies of brains from individuals with major depressive disorder and brains of PAE mice
show alterations in glucocorticoid receptor signalling in the cortex and hippocampus,
suggesting the possibility that alterations in glucocorticoid receptor function and thus in ivity
and regulation may underlie at least some of the mental health problems in individuals with
FASD.

These studies demonstrate that chronic first-to-second trimester PAE mouse models can
produce similar, but not as severe, craniofacial malformations or brain abnormalities as acute
exposure (GD7, 8, 8.5, 9) PAE models and compared to the first trimester exposure studies
of Sulik’s group (Parnell et al. 2009, 2013; Godin et al. 2010; Lipinski et al. 2012), nor do
those malformations resemble the FASD sentinel facial features. Furthermore, the brain
alterations seen tend to reflect changes in specific brain regions such as the olfactory bulbs,
hippocampus, and cerebral cortex (Akers et al. 2011; El Shawa et al. 2013; Abbott et al.
2016). Thus, the alterations produced by chronic first-to-second trimester PAE exposure may
resemble the types of alterations observed in FASD, rather than the more severe craniofacial
malformations normally observed in children with FASD with sentinel features (Chudley et
al. 2005; Cook et al. 2016). An advantage of using first-to-second trimester models of PAE
is that it allows researchers to study behavioral outcomes and possibly link them to the
structural deficits observed (Cui et al. 2010; El Shawa et al. 2013; Abbott et al. 2016).
Furthermore, acute second trimester PAE models allow researchers to study the effects of
alcohol exposure during organogenesis, and the effect of alcohol on organ development in
particular (Wang et al. 2007; Bake et al. 2012).
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Third trimester PAE (with or without first and (or) second trimester exposure)

The third trimester in mice is considered to be the 10 day period from postnatal day 1-10
(equivalent to the human third trimester comprising months 7-9) and includes
developmental events that occur during the third trimester of human pregnancy. Third
trimester PAE models use either chronic alcohol exposure or acute delivery of alcohol.
Alcohol exposure can occur through maternal alcohol exposure (suckling of the pups), by
oral gavage, i.p. injection, subcutaneous (s.c.) injection, or liquid diet. As well, alcohol may
be delivered directly to the pups, most often by oral gavage or i.p. injection.

Unlike the studies on first and second trimester PAE, there is a plethora of recent chronic
and acute third and first-to-third trimester studies of PAE in mice to assess brain
abnormalities, behavioral consequences, and changes in gene expression (Kleiber et al.
2011, 2013). Using a first-to-third trimester PAE paradigm, Kleiber et al. observed
significantly delayed developmental milestones (negative geotaxis, auditory startle, cliff
aversion, and air righting) in PAE offspring during the pre-weaning period when compared
to controls (Kleiber et al. 2011). Of relevance, delays in motor coordination, balance, and
muscle tone are common in infants with FASD (Staisey and Fried 1983; Kalberg et al.
2006). In addition, PN25-70 PAE offspring demonstrated anxiety-like behaviors in the open
field and learning and memory deficits in the Barnes maze when compared with the controls
(Kleiber et al. 2011). Whole brain tissue qPCR studies revealed a down-regulation of Glral
and GrinZc, involved in the glycine receptor complex and glutamate NMDA receptor
complexes, respectively (Kleiber et al. 2011). Interestingly, GR/INand GLRA gene family
subunits are down-regulated in individuals with schizophrenia and autism, respectively
(Marin 2012; Pilorge et al. 2016). These findings provide further evidence for a possible link
between PAE and neurodevelopmental/psychiatric disorders.

Data from PAE models also show pro-inflammatory signalling and abnormal neuronal
development in the hypothalamus, hippocampus, and cerebellum —brain regions known to
be affected in individuals with FASD (Volgin 2008; Coleman et al. 2012; Drew et al. 2015;
Smiley et al. 2015). Drew et al. administered 4.0 g-kg~1-day~ alcohol by oral gavage, in
pups from postnatal days 4-9, as a chronic high BAC third trimester alcohol exposure
model. They found upregulation of MRNA levels for the pro-inflammatory cytokines IL13
and TNFa in hippocampus, cerebral cortex, and cerebellum that reflects an alcohol-induced
activation of microglia in this PAE paradigm. This is significant, as both animal model and
clinical studies have shown that alcohol has a significant adverse impact on the
hippocampus, cerebral cortex, and cerebellum (Sowell et al. 2008; Parnell et al. 2009, 2013).
Moreover, recent studies suggest that microglia play a critical role in normal brain
development, including the neuronal synaptic function involved in refinement of brain
wiring and synaptic circuitry through synaptic pruning (Paolicelli et al. 2011). Microglia are
directly activated by alcohol through TLR2 and TLR4 signalling, triggering a cascade of
cytokine, ROS, and NO production (Fernandez-Lizarbe et al. 2013). Moreover, alcohol-
activated pro-inflammatory microglia have been shown to facilitate clearance of developing
hypothalamic and cerebellar (Purkinje) neurons following the apoptotic insult caused by
PAE (Kane et al. 2011; Boyadjieva and Sarkar 2013). Alcohol has also been shown to cause
microglial cell death as well as a decrease in intracellular levels of BDNF in hypothalamic
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neurons in vitro (Kane et al. 2011; Boyadjieva and Sarkar 2013). Taken together, PAE in the
third trimester is detrimental to the developing fetal brain, resulting in inflammation and
microglial activation that alter the normal course of brain development and produce
behavioral outcomes consistent with those seen in individuals with FASD.

Nitric oxide synthase (NOS) produces nNOS, one of 3 isoforms found almost exclusively
expressed in the central and peripheral nervous system (Forstermann and Sessa 2012). Itis a
key signalling molecule for normal synaptic plasticity in the brain. Karacay et al. used
alcohol doses of 2.2 or 4.4 g/kg, i.p, on PN4-9, in either 7Nos™~ knockout transgenic
offspring (on a C57BL/6 x 129S6 background) or WT controls. PAE nNos™~ offspring
showed a significant decrease in adult (PN110-120) brain weight and increased incidence of
microcephaly (Karacay et al. 2015). Moreover, 7Nos™~ mice demonstrated severe PAE-
induced cerebral cortex pyramidal neuronal loss compared with the WT controls, suggesting
abnormalities in brain wiring/connection (Karacay et al. 2015). Furthermore, there was a
significant increase in anxiety-like behavior, an impaired startle response, and impaired
learning and memory (Morris Water Maze) in PN85-90 mice; behavior outcomes that have
previously been observed in other PAE mouse models (Brady et al. 2012; Allan et al. 2014).
Increased anxiety and deficits in learning and memory have also been observed in children
with FASD (Clarke and Gibbard 2003). In comparison, only the 4.4 g/kg cohort of WT mice
experienced a decrease in body weight at PN9-10 and had learning and memory deficits
(Karacay et al. 2015). Taken together, normal nNos activity appears to have a protective role,
while nNos mutations worsen brain abnormalities and behavioral outcomes in the presence
of PAE when compared with the PAE WT controls. Interestingly, gene mutations (loss of
gene activity) in Baxand #PA (tissue plasminogen activator) protect the brain from alcohol
exposure in mouse models of PAE (Young et al. 2003; Noel et al. 2011).

Using a dose of 3 g/kg alcohol by oral gavage during the third trimester from days PN3-10
or PN3-20, Dursun et al. showed that PAE mice exhibit altered retinal ganglion cell
morphology and a decrease in the number of neurons in the ganglion cell layer and in the
dorsolateral geniculate nucleus, indicating that alcohol exposure during the third trimester
impairs development of the visual system (Dursun et al. 2011, 2013). Coleman et al.
observed a reduction in total brain volume (~5%), including a reduction in frontal cortex
neurons: parvalbumin GABAergic neurons (18%) and pyramidal neurons (15%) in PN82
mice, using an acute PAE model with an alcohol dose of 2.5 g/kg, s.c. on PN7, modeling
high BAC from exposure to alcohol during the third trimester. The hypothalamus,
hippocampus, cerebral cortex, corpus callosum, and amygdala were some of the 14 brain
regions significantly reduced in volume compared with those in the controls (Coleman et al.
2012). Using a similar dose of alcohol (2.5 g/kg; administered twice over a 2 h interval) PAE
paradigm, Smiley et al. observed a reduction in total brain volume (~10%), including in
frontal cortex neurons (parvalbumin and calretinin GABAergic neurons; ~30%) in PN72-89
mice (Smiley et al. 2015). In a follow-up study using the same PAE paradigm, adult PAE
mice exhibited hyper-activity in their home cages, reduced and fragmented slow-wave sleep,
and reduced slow-wave sleep duration (Wilson et al. 2016). Furthermore, PAE mice
exhibited impaired contextual fear conditioning memory that was significantly correlated
with slow-wave sleep fragmentation (Wilson et al. 2016). Interestingly, mice with
impairments in GABA, receptors (or their subunits) have learning and memory deficits,
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hyperactivity, and dysregulated sleep patterns, impairments reminiscent of mouse models of
acute third trimester PAE (DeLorey et al. 1998; Volgin 2008). While sleep disturbance
patterns have been a relatively well-known co-morbidity of FASD, sleeping problems in
children with FASD often goes undiagnosed, and can be associated with deficits in
emotional, behavioral, and cognitive function. Moreover, sleep problems are found to occur
in 50%—-80% and 70% of children with Autism Spectrum Disorder and ADHD, respectively
(Hanlon-Dearman et al. 2018). These studies show that acute exposure to alcohol during the
third trimester produces significantly reduced brain volumes, including a substantial loss of
GABAergic and pyramidal neurons in the developing cerebral cortex, reduced slow-wave
sleep, and hyperactivity. These observations are consistent with findings from the first and
second trimester of acute and chronic PAE models, suggesting that PAE exposure at any
time during gestation causes brain abnormalities that may be associated with abnormal brain
function (Sowell et al. 2008).

Mouse models: dosage, duration, and gestational timing of PAE and FASD-

like models

To provide an overview of the data from the numerous studies discussed in this review, we
color-coded FASD-like outcomes for the 3 general domains of craniofacial malformations,
brain abnormalities, and behavioral alterations, and then clustered them by the experimental
PAE model parameters of gestational timing, dose and duration of exposure (Table 1). We
hypothesized that this approach would reveal areas where the PAE models show particular
strength, and hopefully, generate new insights into the neurodevelopmental/neurobiological
processes underlying the alterations observed in FASD (Table 1).

Areas of PAE model strength become immediately obvious when evaluating the heat map,
which clusters the multiple robust PAE models, exposure timing, dosage, and duration of
alcohol insult described in this review. Severe craniofacial malformations, including facial
and eye dysmorphologies, are most robustly expressed using a first trimester acute PAE
paradigm. Impaired behavioral outcomes, including learning deficits and anxiety- and (or)
depression-like behavior are best studied using chronic third trimester PAE models. These
evaluations showing that acute PAE early in gestation causes the FAS facial phenotype and
that chronic PAE late in gestation causes the behavioral impairments that are consistent with
data from multiple PAE mouse model and FASD clinical studies, validating the efficacy of
the PAE mouse model heat map. In this regard, the analysis can be a tool for many
researchers to quickly assess and understand how any PAE model may best suit their own
research question. It also quickly reveals the gaps in our understanding of FASD-like
outcomes, such as the impairments seen in neurodevelopment compared with behavior.
From the heat map, it can be extrapolated that acute first-trimester PAE results in reduced
brain volume (microcephaly) and brain region abnormalities, yet very few studies using this
model performed behavioral assessments. Much of our research in mouse models of PAE
focuses on the craniofacial or brain malformations that underlie problematic behavior and
learning, yet few mouse studies focus on the spectrum of FASD co-morbidities, such as seen
in individuals with FASD. These obvious strengths and weaknesses identify immediate
avenues of opportunity for research initiatives that will have significant impact.
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Additional interesting patterns begin to emerge. Both acute and chronic first trimester
models of PAE clearly indicate that one of the most sensitive windows for craniofacial
malformations, the sentinel diagnostic and most recognizable features for FAS, is at early
gastrulation. This appears to recapitulate in mammalian models what has already been well-
demonstrated more broadly in other vertebrate models (Kot-Leibovich and Fainsod 2009;
Lovely et al. 2016). These PAE studies suggest that binge alcohol exposure(s) during early
gestation can lead to severe FASD outcomes. In humans, this would be the fourth-to-fifth
week of pregnancy —a point where most women may only begin to suspect they are
pregnant. Add to this that the majority of pregnancies are not planned and that binge
drinking is increasingly prevalent among youth, one must recognize that the major
prevention strategy —don’t drink if you are pregnant — will fail most Canadians. Education
and prevention messaging and strategies urgently need to be reassessed to incorporate this
reality about the timing of PAE and FASD outcomes.

A second and related pattern to emerge is that acute first-trimester PAE is associated with
severe craniofacial outcomes and correlates with developmental brain abnormalities. The 4-
digit code shows that craniofacial abnormalities correlate with brain malformations in
individuals with FASD, specifically individuals with FAS (Astley and Clarren 2001). In an
MRI study, individuals with FASD who had the most severe brain malformations (smaller
frontal lobes) also had increased risks for underlying structural abnormalities, and also
showed severe brain impairment (Astley et al. 2009). It is possible that seemingly disparate
neural crest and neuroectodermal cell lineage-derived outcomes may have common
developmental or signalling pathways. It should be mentioned that the sentinel features for
FASD are midline anomalies derived from the anterior frontal neural crest progenitor cells of
the frontonasal prominence region (early face and forebrain) (Johnston 1975). Therefore, it
is possible that the common developmental and (or) signalling pathways forming the
frontonasal prominence during early gestation are affected by binge alcohol exposure.

Another interesting observation from the heat map is that acute first-trimester PAE models
do not have any significant behavioral impairment. This most likely reflects the fact that
behavioral studies have not been performed in these models, as either the craniofacial
malformations were too severe and offspring may have been too impaired for testing, or
perhaps researchers assessing brain abnormalities were focused primarily on those and did
not do behavioral testing. Using the heat map as a tool, one would assume that if the
craniofacial and brain malformations are present in a mouse model, one would expect that
behavioral impairments would also be present (as per first-second and first-third trimester
phenotypic outcomes; Table 1). Moreover, one would expect the most significant adverse
outcomes in mouse models of PAE that phenocopy the craniofacial, brain, and behavioral
outcomes seen in children with FASD. To further develop robust behavioral PAE mouse
models, acute first-trimester models need to be tested for behavioral outcomes where
possible.

FAS phenotypes are also observed in chronic low BAC first trimester models of PAE
spanning conception to gastrulation stages, suggesting that the incidence of FASD may be
further influenced (synergistic with alcohol exposure) by genetic modulation, including
epigenetic methylation signatures in the offspring as well as maternal/offspring genetics and
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metabolism (Kaminen-Ahola et al. 20104). Having strong robust models of PAE can
facilitate the use of genetic models to interrogate candidate signalling pathways affected by
PAE. The models of PAE using transgenic mice outlined in this review serve as a
reproducible tool with which to demonstrate that transgenic Shh, GliaZ, Cdon, and nNos
mouse models can increase or prevent FASD-like outcomes: craniofacial malformations,
brain abnormalities, and behavioral deficits. This also demonstrates that the incidence and
severity of FASD may be further influenced by genetic modulation. The PAE transgenic
mouse models used in these studies also tend to examine the cellular changes that play a role
in the brain abnormalities and behavioral deficits that underlie FASD-like pathophysiology.
The link between brain abnormalities and behavioral deficits may lie in changes at the neural
cell level (Caldwell et al. 2008; Allan et al. 2014; Smiley et al. 2015). Changes in developing
neural cells can lead to changes in brain wiring and connections that are associated with
behavioral outcomes (Kleiber et al. 2011; EI Shawa et al. 2013; Allan et al. 2014; Karacay et
al. 2015).

Finally, examination of these patterns suggests that there are tools that could strengthen the
use and analysis of PAE models. For example, directly measuring the actual BAC in the
various models of PAE could allow much better assessment of outcomes and allow better
comparisons among PAE models. In addition, further research is needed to understand the
physiological relevance of BAC in the PAE models to increase our understanding of PAE in
pregnant women (Table 2). All of these tools will further allow researchers to choose a
specific PAE model with the respective dosage, duration, and gestational timing of alcohol
exposure relevant to their research questions. These PAE models will robustly, consistently,
and reliably demonstrate the craniofacial malformations, brain abnormalities, and behavioral
deficits associated with FASD-like outcomes. This will allow future research using mouse
models of PAE to further elucidate the etiology of FASD and discover more targeted
treatments and interventions for this disorder.
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Table 2

Mouse model of prenatal alcohol exposure (PAE) showing standardization of blood alcohol concentration
(BAC): variations in dosage depending on delivery or timing (liquid diet/ad libitum or gavage/intraperitoneal
injection) of alcohol exposure in mouse models of PAE.

PAEdosage  pAE dosage!  BAC (per day)*  BAC (per hour)¥  BAC (human)

4.2% viv 8.14 1480.00 61.67

4.8% Vv 9.30 1690.91 70.45

5.0% Vv 9.69 1761.82 7341 gomg/dL LDL™
10.0% uv 19.38 3523.64 14682 200 mg/dLAIBO ™™
25.0% viv 48.45 8809.09 367.05

2.0 g/kg 2.00 363.64 363.64 400 mg/dL AID HAA
2.2 g/kg 2.20 400.00 400.00

2.5 glkg 2.50 454,55 454,55

2.8 g/kg 2.80 509.09 509.09

2.9 g/kg 2.90 527.27 527.27

4.0 glkg 4.00 727.27 727.27

4.4 g/kg 4.40 800.00 800.00

Note: The purpose of this table was to standardize the PAE dosage paradigms using the most common PAE dosages discussed in this review. First,
PAE dosages were standardized to grams per kilogram of body weight (instead of volume of alcohol/distilled water). Mouse weight was
standardized to 0.025 kg (25 g). The PAE dosage was then divided by the amount of blood in the average mouse and provides theBAC equivalent
(per day). The BAC equivalent was then divided by the number of hours a day alcohol was provided using those paradigms (/v dosage paradigms
are ad libitum and all day voluntary drinking). As a result /v dosages were divided by 24 h where g/kg gastric gavage techniques were divided by
1 h to get the maximum blood alcohol concentration possible in that mouse model paradigm. As a result a 25% v/ valcohol dosage paradigm
mimics the 2.0 g/kg gastric gavage alcohol dosage paradigm using blood alcohol concentration per hour equivalent.

fStandardized to grams (g) of ethanol per kilograms (kg) of mouse weight (avg. mouse = 25 g).

’tTotaI amount of ethanol consumed over a 24 h period (chronic ad libitum paradigms are higher due to all day voluntary drinking compared with
binge acute paradigms (avg. mouse blood conc. = 1.375 mL). Units are mg/dL.

#Amount of ethanol approximately consumed per hour of the day (binge acute paradigms are administered by i.p., s.c., or oral gavage producing
high (peak) BACs as it is in the blood system for 1 hr (or 2) after exposure). Units are mg/dL.

*
Legal driving limit (LDL) in humans (0.08 or 80 mg/dL).
Ak
Alcohol induced black out (AIBO) in humans (200 mg/dL).

HokA

Alcohol induced death (AID) in humans (400 mg/dL).
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