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Abstract (Lay Abstract):

Fetal Alcohol Spectrum Disorder is caused by maternal consumption of alcohol during
pregnancy, and the clinical term given to children with birth defects, behavioral difficulties, and
cognitive impairments. It can be associated with other co-morbidities which include heart defects,
malocclusions, hearing loss, and immune deficiencies. Vitamin A Deficiency (retinoic acid
deficiency) is caused by maternal deficiency of Vitamin A (retinol) (and consequently its active
metabolite retinoic acid), and is the clinical term given to babies/children who present with
(night) blindness, craniofacial malformations, brain aberrations and many of the FASD co-
morbidities like heart defects, malocclusions, and immune deficiencies to name a few. The
linking of these two streams of research lies in the family of enzymes both pathways share to
convert their respective metabolites: ethanol to acetic acid and Vitamin A (retinol) to retinoic
acid. The Vitamin A hypothesis suggests that during a binge exposure of alcohol the family of
enzymes required to convert retinol to retinoic acid instead converts ethanol to acetic acid,
causing the craniofacial malformations, brain aberrations, and co-morbidities present in both
disorders. This paper will present a genetically modified mouse that biochemically mimics
retinoic acid deficiency producing the craniofacial malformations and brain aberrations

comparable to those found in PAE mouse models and clinical FASD outcomes.



Chapter 3:
Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

List of Figures:

Gsc:Cyp26A1-eGFP Gene Targeting Design and Mouse Derivation

Gsc:Cyp26A1-eGFP is expressed in Embryoid Bodies induced with
Activin A and Fibroblast Growth Factor (FGF)

Gsc:Cyp26AL1 E8.5 embryos have a Reduction in Retinoic Acid
Activity/RARE-LacZ expression

GSC:Cyp26A1 E8.5 embryos have aberrations in retinoic acid
dependent embryonic patterning

E9.5-11.5 Gsc:Cyp26A1 embryos show no distinct changes in
RARE-LacZ patterning

GSC:Cyp26A1 E10.5 embryos have aberrant neural crest cell
migration in the developing cranial nerves of branchial arches

Gsc:Cyp26A1 E18.5 embryos have fetal alcohol syndrome
(FAS)-like craniofacial malformations

GSC:Cyp26A1 P60 mice have severe craniofacial malocclusions

GSC:Cyp26A1 P60 mice have a wider cranium compared to WT
Littermates

Figure 3.10: Adult Gsc:Cyp26AL1 brains have smaller anterior commissure volume

Supplemental Figure 3.1: Blinded Analysis of Gsc:Cyp26A1 Mice Demonstrate

FAS Phenotype Evident in F1 Generation

Supplemental Figure 3.2: Craniofacial measurements used for E18.5 embryo

facial analysis

Supplemental Figure 3.3: GSC:Cyp26A1 P60 mice have large upper incisors,

but do not have any length or height variations in the
cranium or mandible regions

Page #:.
56

58

60

62

63

64

66

69

70

72

86

87

88



List of Tables:

Chapter 2: Page #:
Table 2.1: FASD-Like Outcomes in PAE Mouse Models: Craniofacial Malformations, 45

Brain Aberrations, and Behavioral Deficits seen in PAE Mouse Models
varying the Dosage, Duration, and Gestational Timing of Alcohol Exposure

Table 2.2: PAE Rodent Model BAC Standardization: Variations in dosage depending 46
on delivery method (Liquid diet/ab libitum or gavage/l.p.) of alcohol
exposure in PAE mouse models

Chapter 3:
Table 3.1: Gsc:Cyp26A1 P60 Mice Have Severe Craniofacial Malocclusions 68
Supplemental Table 3.1: The 4 craniofacial measurements (means) in the 7 85

Gsc:Cyp26A1 E18.5 Embryo Litters Compared to WT
Littermate Embryos



Chapter 1:  Introduction

This thesis is in partial fulfillment of the Master’s degree program in the Department of
Biochemistry and Medical Genetics at the University of Manitoba. The title of my thesis is:
“Retinoic Acid Deficiency During Gastrulation Induces Craniofacial Malformations in

Mouse Resembling Fetal Alcohol Syndrome.”

Fetal Alcohol Spectrum Disorder (FASD) is the most common cause of neurodevelopmental
impairments in the western world, with a prevalence of 1-2% in Canada (Cook et al., 2016;
Popova et al., 2016). FASD is currently understood as an umbrella of related disorders, caused
by maternal consumption of alcohol (Prenatal Alcohol Exposure — PAE) during pregnancy.
Comprising approximately 10% of all FASD cases, FASD with sentinel facial features is the
most clinically severe form of FASD exhibiting the strongest manifestations of the disorder
which include: craniofacial sentinel features and malformations, brain aberrations, and
behavioral deficits as well as other co-morbidities (Chudley et al., 2005). The less clinically
severe form, FASD without Sentinel facial features do not have the visual clinical manifestations
of the disorder and is neurodevelopmental and behavioral in nature, thus 90% of FASD cases are
almost invisible and under diagnosed (Chudley et al., 2005; Rasmussen et al., 2008). There are
many risk factors for FASD that include: PAE, maternal age, nutritional deficiencies, lower

education and employment, and genetic factors (Jones KL, 2011). Unfortunately, the mechanism



by which alcohol causes FASD currently remains unknown and there is currently no known cure
for the disorder. In this thesis | explore new insights into the molecular etiology of FASD and the
role of alcohol-associated perturbation of the Vitamin A / retinoic acid pathway in early

gastrulation.

The Vitamin A Hypothesis is one of the several theories of Fetal Alcohol Spectrum Disorder
(FASD) etiology. The Vitamin A theory postulates that alcohol exposure results in retinoic acid
deficiency, and when this occurs at an early critical time-point during development, it causes the
malformations associated with the spectrum disorder (Yelin et al. 2005; Yelin et al. 2007; Kot-
Leibovich and Fainsod 2009). Deficiency at early gastrulation is considered a particularly
sensitive window as this is during a developmental process when the two germ layers (endoderm
and ectoderm) become three germ layers (endoderm, mesoderm, and ectoderm). During
gastrulation, endodermal cells directs ectodermal lineage cells to fold inwards to produce the
neural fold (containing neural crest cell lineage) and paraxial mesoderm (containing mesoderm
cell lineage) to develop in between the endodermal and ectodermal lineages a cellular process
called epithelial to mesenchymal transition (Carlson BM 2014). This process is driven by
retinoic acid (RA) and perturbations in neural crest cell induction at this developmental stage can

explain the craniofacial and brain malformations seen later in FASD (Carlson BM 2014).

During an alcohol exposure the alcohol dehydrogenase and aldehyde dehydrogenase enzymes
actively work to remove the teratogens from the cell. Acetaldehyde is a known teratogen to the
cell and has been previously shown to be involved in ROS production, DNA damage, and cell
death (Zakhari and Hoek, 2015). Ethanol is first oxidized to acetaldehyde and then to acetic acid
by alcohol dehydrogenase (ADH, ADH1A1) and aldehyde dehydrogenase (ALDH, ALDH1A?2)

enzymes, respectively. During an acute ethanol exposure alcohol and aldehyde dehydrogenase



enzymes become overwhelmed, and as a result ADH1A and ALDH1A family member enzymes
aide the cell remove the teratogens. Unfortunately, Vitamin A pathway enzymes retinol
dehydrogenase (RDH, ADH4) and retinaldehyde dehydrogenase (RLDH, ALDH1A1-3) are
alcohol pathway family member enzymes (Yelin et al., 2005; Kot-Leibovich and Fainsod, 2009;
Sharon et al., 2011; Shabtai et al., 2016). In this manner, ethanol competitively inhibits RLDH
enzymes to actively convert the ethanol pathway substrates, and consequently, causing retinoic

acid deficiency.

Retinoic acid deficiency has been known to cause developmental malformations in newborn
babies for over a century although it has never been cemented as a cause of FASD. Vitamin A
Deficiency / Hypovitaminosis A is a clinical term given to newborns that present with the
disorder and clinical features including: blindness, impaired immune function, and birth defects
to name a few (Humphrey, West and Sommer, 1992; Huerta et al., 2002; Goez, Scott and Hasal,
2011). Retinoic acid deficiency has also been studied extensively in animal models, specifically
in rodents models where retinol, retinoic acid, and B-carotene deficiency outcomes have been
studied producing results similar to those seen in clinical assessments (White et al., 1998;
Clagett-Dame and Knutson, 2011). Over the past few decades researchers have begun studying
knockout (KO) models for enzymes in the RA pathway, specifically Rdh10, Raldhl, 2, 3, as well
as direct transcriptional targets including retinoic acid response elements (RARES): Rara, f, y
and Rxro, f3, y subtypes (Rhinn et al. 2011; Niederreither et al. 2003, Niederreither et al. 2002). It
should be noted that approximately 3% of the entire genome is under control of retinol/retinoic
acid by RARE-dependent transcriptional activity (Balmer and Blomhoff, 2002; Paschaki et al.,

2013).



RA pathway knockout mouse models have shown a variety of developmental malformations
including: arrested development due to impaired organogenesis (Rdh10 KO and Raldh2 KO),
nasal and optic abnormalities including altered neuronal differentiation in forebrain (Raldh3 KO),
growth deficiency, vertebral abnormalities, male sterility (Rara KO), growth deficiency,
vertebral abnormalities, ocular abnormalities, and locomotor defects (Rarfs KO), growth
deficiency, vertebral abnormalities, and male sterility (Rary KO) (Luo et al., 1995; Niederreither
et al., 2002; Clagett-Dame and Knutson, 2011; Rhinn et al., 2011). Interestingly, when two or
more Rar-subtypes are knocked out in mice, a more extreme aberrant developmental phenotype
is observed including craniofacial malformations, heart flow tract defects, and lung, thymus, and
thyroid hypoplasia (Kam et al., 2012; Rhinn and Dolle, 2012). This indicates that there is overlap
among Rar- and Rxr- subtype transcriptional targets and that multiple Rar- or Rxr- subtype KOs
produce a phenotype similar to Raldh2 KOs (Szanto et al., 2004).. Rxra KO embryos have heart
outflow tract defects, myocardial hypoplasia, and ocular defects, Rxr8 KO mice have abnormal
sertoli cells and male sterility, Rxry KO mice have behavioral and depression-like defects
(Szanto et al., 2004; Rhinn and Dolle, 2012). When Rdh/Raldh and Rar KO phenotypes are
taken into consideration it becomes compelling to consider that the Vitamin A hypothesis may be

a legitimate cause of FASD.

PAE mouse models recapitulate clinical FASD outcomes including craniofacial malformations
(sentinel facial features), brain aberrations, and behavioral deficits. The variation in gestational
timing, dosage, and delivery of PAE directs the type of FASD outcomes in mouse models. Early
gestation acute intraperitoneal PAE causes severe craniofacial malformations, whereby late
gestation chronic liquid diet PAE causes brain aberrations (Godin et al. 2010; Allan, Goggin, and

Caldwell 2014). Using these robust PAE model paradigms one can observe reproducible PAE



phenotypes including: craniofacial malformations, ocular defects including microphthalmia,
medial facial cleft, midfacial hypoplasia, cleft palate, micrognathia, reduced snout width,
reduced head circumference, smaller brain volume, growth deficiency, general behavioral and
depression-like defects, increased anxiety, impaired fine motor coordination, and aberrant
cortical neuron development (Scott E. Parnell et al. 2009; Lipinski et al. 2012; Caldwell et al.
2008). Many of these PAE phenotypes are found in Rdh/Raldh , Rar, and Rxr KO mouse models
previously described, and moreover, these phenotypes are derived from cell lineages/tissues that
form during early development. It is specifically the mesodermal and neural crest cell lineages
from which these developmental aberrations form and it is retinoic acid during late gastrulation
and early neurulation that directs cell lineage proliferation and migration patterns in the
developing embryo. This is the reasoning for the Vitamin A Hypothesis and why it is believed

retinoic acid deficiency is one of the causes of FASD.

A research group in Israel led by our colleague and collaborator Abraham Fainsod has shown
that ethanol exposure at developmental stage 11 (early gastrulation) in Xenopus produces the
most severe craniofacial malformations, microcephaly and axial defects compared to ethanol
exposure at any other developmental stage. Moreover, Fainsod et al. found that when a retinoic
acid synthesis inhibitor (DEAB) is provided to Xenopus at developmental stage 11, the same
severity of craniofacial malformations, microcephaly, and axial defects are achieved (Yelin et al.
2005; Yelin et al. 2007). Furthermore, ethanol exposure and retinoic acid inhibitor deficits can be
rescued and restored to normal development by Vitamin A (retinol) supplementation during
development (Kot-Leibovich and Fainsod 2009; Yelin et al. 2007). The deficits seen in Xenopus
are comparable to those observed in PAE mouse models and in humans with FASD. Fainsod’s

research has shown the molecular etiology between the ethanol and retinol (retinoic acid)



pathways. More importantly, Fainsod is able to rescue the FASD-like outcomes in Xenopus
using Vitamin A supplementation, proving the FASD - Vitamin A hypothesis in a vertebrate
model. In order to establish RA deficiency as an etiology of clinical FASD, a mammalian model
system, a mouse model (closest to a human) must demonstrate the reduction or prevention of
FASD outcomes (craniofacial and neurodevelopmental malformations) using Vitamin A

supplementation.

To this end, we engineered a genetic mouse model designed to biochemically mimic the reduced
RA levels (due to acute ethanol exposure), at the right time, early gastrulation, and in the right
place, the node (Spemann Mangold organizer). To biochemically mimic the alcohol-induced RA
deficiency in vivo, we genetically engineered a mouse expressing Cyp26A1-eGFP from the
endogenous Goosecoid (Gsc) promoter. The Gsc promoter dictates spatial-temporal expression
to the node at the start of gastrulation. Cyp26A1 degrades endogenous RA in these cells,
mimicking the reduced RA levels induced by acute alcohol exposure and dysregulating the
induction of neural crest cells. An exogenous Green Fluorescent Protein (eGFP) cDNA was
placed downstream of the Cyp26A1 cDNA as a visual reporter for the activation of the Cyp26A1
expression cassette. Hence, the mouse model is named Gsc:Cyp26A1. My thesis will
characterize the craniofacial and neurodevelopmental malformations observed in the
Gsc:Cyp26A1 mouse model and establish retinoic acid deficiency at gastrulation as a likely or

potential major etiological factor in the clinical presentation of FASD.



Chapter 2:  Effects of Prenatal Alcohol Exposure: Insights into FASD using
PAE Rodent Models

Foreword

The goal of this review paper to is to describe the past few decades of robust and reproducible
PAE mouse models. Moreover, the dosage, duration, and gestational timing of these PAE
paradigms will be taken into consideration and mouse models will be assessed for the full
spectrum of FASD-like outcomes. Prenatal Alcohol Exposure (PAE) is a medical condition in
pregnant women who consume alcohol during pregnancy, even without knowledge of pregnancy
during early first trimester. PAE is known to cause birth defects and neurodevelopmental
abnormalities, and is one of the requirements for diagnosis of Fetal Alcohol Spectrum Disorder
(FASD). Therefore a diagnosis of FASD requires PAE, but PAE does not assure an FASD
outcome. Mouse models of PAE are not considered models of FASD for the same reason that
PAE does not assure the full, or partial, spectrum of outcomes: craniofacial malformations, brain
aberrations, and behavioral deficits as seen in clinical FASD outcomes. The aim of this review is
to identify robust and reproducible PAE mouse models that do result in FASD-like phenotypes,

and in this regard, better reflect a clinically relevant FASD mouse model.
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Introduction

Clinical and experimental studies have clearly demonstrated that alcohol (ethanol) consumption
during pregnancy produces a range of pervasive and long-lasting developmental,
neurobehavioral and physiological impairments (Chudley et al., 2005; Sokol, Delaney-Black, &
Nordstrom, 2003). The umbrella term fetal alcohol spectrum disorder (FASD) is currently a non-
diagnostic term used to describe the postnatal structural and functional defects produced by
prenatal alcohol exposure (PAE), and encompasses four alcohol-related clinical diagnostic
categories defined by the Institute of Medicine (Stratton et al., 1996): fetal alcohol syndrome
(FAYS), partial fetal alcohol syndrome (pFAS), alcohol-related neurodevelopmental disorder
(ARND), and alcohol-related birth defects (ARBD) (Koren, Nulman, Chudley, & Loock, 2003;
Sokol et al., 2003). A diagnosis of FAS, with or without confirmed maternal ethanol
consumption during pregnancy, requires the presence of three principal features: characteristic
craniofacial dysmorphology, prenatal and postnatal growth restriction, and central nervous
system (CNS) neurodevelopmental deficits (K. L. Jones, Smith, Ulleland, & Streissguth, 1973).
Individuals that lack some of the characteristic facial features, but present with some of the other
diagnostic criteria, may be diagnosed with pFAS if there is confirmed maternal ethanol
consumption (Stratton, Howe, & Battaglia, 1996). A diagnosis of ARBD requires confirmed
maternal ethanol consumption and one or more congenital anomalies, including cardiac, skeletal,
renal, ocular, and auditory, or malformations and dysplasias (Stratton et al., 1996). ARND is the
most difficult diagnosis to make, since children present with normal growth and structural
development, but display a complex pattern of behavioral and/or cognitive abnormalities induced

by confirmed maternal alcohol consumption (Hoyme et al., 2005; Stratton et al., 1996). In
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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
(Kodituwakku, 2007; O'Connor et al., 2002; O'Connor & Paley, 2006; Roebuck, Mattson, &
Riley, 1999), which increases the health risks of these individuals as well as the emotional and
financial cost to the family and health care system (Stade et al., 2009). Overall, the estimated
incidence of FASD is thought to be approximately 1 in 100 live births, although recent

epidemiological studies indicate prevalence rates as high as 2-5% (May et al., 2009).

1. 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 no
overt signs of an FASD (Khaole, Ramchandani, Viljoen, & Li, 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 exposure (Astley, Magnuson, Omnell, & Clarren, 1999), amount consumed
per drinking session (Khaole et al., 2004), genetic and epigenetic factors (Kaminen-Ahola et al.,
2010; Mantha, Laufer, & Singh, 2014), maternal and fetal stress (Weinberg & Bezio, 1987;
Weinberg, 1989), nutritional status (Keen et al., 2010; Weinberg, 1985), and alcohol metabolism
capacity of the mother, factors which are all known to be critically involved in alcohol

teratogenicity (Ramchandani, Bosron, & Li, 2001; Riley, Infante, & Warren, 2011).

1.1 Dose, Duration, and Timing of Alcohol Exposure
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Studies by Chernoff (1977), and Randall and Taylor (1979), verified a positive correlation
between maternal blood alcohol concentration (BAC) and developmental malformations, a
finding further validated by the seminal research of West and colleagues (Pierce and West,
1986h, West et al., 1987, West et al., 1989, Pierce and West, 1986a). The use of varying alcohol
treatment regimens in animal models has been critical in elucidating alcohol’s teratogenic effects.
Regimens may involve acute maternal administration (i.e., 1-2 doses) during critical periods of
fetal development (Godin et al., 2010; Idrus & Napper, 2012; Sulik, Johnston, & Webb, 1981),
trimester-equivalent fetal and/or neonatal alcohol exposure (Bake, Tingling, & Miranda, 2012; G.
F. Hamilton, Boschen, Goodlett, Greenough, & Klintsova, 2012; Murawski, Jablonski, Brown, &
Stanton, 2013; Wagner, Klintsova, Greenough, & Goodlett, 2013), intermittent binge-like
exposure (Ramadoss, Wu, & Cudd, 2008; Sawant et al., 2013), or chronic exposure throughout
gestation (Green et al., 2005; K. G. Hellemans, Verma, Yoon, Yu, & Weinberg, 2008; Igbal et
al., 2005; Igbal, Brien, Kapoor, Matthews, & Reynolds, 2006; Probyn et al., 2013; Uban,

Comeau, Ellis, Galea, & Weinberg, 2013).

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 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 can have major implications for brain development. The teratogenic effects of
alcohol may be particularly detrimental to CNS development during critical periods of
vulnerability, such as during the brain growth spurt, which occurs in the third trimester in the
human and in the early postnatal period in the rat and mouse (Dobbing & Sands, 1979).

Nevertheless, PAE can impair brain development throughout all stages of gestation, including
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effects on neurogenesis, differentiation, and synaptogenesis (Cudd, 2005; Dobbing & Sands,
1979; Guerri, 1998; West, Chen, & Pantazis, 1994). Indeed, using a rat model of PAE, early
postnatal alcohol exposure 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).

1.2 Genetics, Maternal Nutrition, Alcohol Metabolism

Various maternal factors act to increase the risk of alcohol teratogenicity in the developing fetus.
Firstly, the presence of genetic polymorphisms of alcohol-metabolizing enzymes may
significantly increase or decrease the risk of alcohol teratogenicity 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 et al., 2001); Jacobson et al., 2006). Secondly, inadequate maternal nutrition may
increase the risk of alcohol teratogenicity throughout fetal development. Deficiencies in various
nutrients, including folic acid, iron, choline, and omega-3 fatty acids, are associated with
alcohol-induced fetal growth restriction and neurobehavioral teratogenicity in postnatal offspring
(Fuglestad et al., 2013; Idrus, Happer, & Thomas, 2013; Patten, Brocardo, & Christie, 2013;
Rufer et al., 2012; Thomas, Idrus, Monk, & Dominguez, 2010; Wainwright et al., 1990; L. L.
Wang et al., 2009). Thirdly, the ability and extent 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 eightfold (from 0.0025 to 0.02 g/dl/h), which may help to explain
the variation in phenotypic presentation of FASD following maternal consumption of similar

doses of alcohol (Burd, Blair, & Dropps, 2012). The capacity for alcohol metabolism in pregnant
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women varies with age, ethnicity, hormonal status, body composition and lean body mass, 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 teratogenicity and depends on the
rate of drinking, gastric emptying, and phase | biotransformation, involving alcohol
dehydrogenase and cytochrome P450 2E1, as well as whether the mother is in a fed or a fasted
state (Ramchandani et al., 2001). In general, however, 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 (Khaole et al., 2004).

1.3 Mechanism of Alcohol’s Teratogenic Effects

Direct toxic effects of alcohol on the embryo are well known. Alcohol readily crosses the
placental and blood-brain barriers and can thus act directly on developing fetal cells. However, in
mammals it is likely that interactions between direct and indirect (maternally-mediated) effects
of alcohol are responsible for its adverse effects (Randall, Ekblad and Anton, 1990). Moreover,
as alcohol is known to act on or modulate many different target molecules, 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, Horn and Zhou, 2005). In this
review we will describe the major direct and indirect mechanisms underlying alcohol
teratogenicity, and provide examples of some of these mechanisms. An indirect mechanism,
endocrine imbalance, will be discussed at greater length, as this is the focus of research in our

laboratory.
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1.3.1 Direct Teratogenic Effects

Studies have provided abundant evidence that alcohol can have direct effects on fetal growth and
development. 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. For example, using Caenorhabditis
elegans (C. elegans), a microscopic nematode worm, Davis et al (Davis, Li and Rankin, 2008)
showed that chronic exposure to alcohol during larval development temporarily delayed physical
growth, slowed development, delayed the onset of reproductive maturity, and decreased both
reproductive fertility and longevity. Similarly, acute embryonic exposure of C. elegans eggs to
high concentrations of alcohol at different stages of development resulted in a lower probability
that exposed eggs would hatch into larval worms, at least at some stages. For worms that did
hatch, many displayed distinct physical dysmorphologies. Studies in chicks have similarly
revealed direct adverse effects of alcohol on the fetus. Pennington et al. (Pennington et al., 1983)
reported dose-response effects of alcohol on suppression of the rate of cell division in embryonic
tissue, resulting in fewer cells/embryo for a given time in gestation. Interestingly, it was
suggested that the suppression in cell division may be related to alcohol-induced changes in the
metabolism of the prostaglandins, which are naturally produced hormone-like fatty acids known
to be involved in a wide range of biological processes, including the regulation of blood pressure,
metabolism and immune response (see further discussion on prostaglandins below). Cartwright
and Smith (Cartwright and Smith, 1995) used a chick model to study mechanisms underlying the
craniofacial abnormalities observed in FAS. A single alcohol exposure was shown to result in a

range of craniofacial abnormalities, depending on dose and timing of exposure. This work
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provided important evidence indicating that the timing of alcohol exposure relative to stage of

development could account, in part, for the variations in craniofacial defects observed in FAS.

Importantly, direct effects of alcohol on mammalian embryos have also been observed. For
example, Brown et al (Brown, Goulding and Fabro, 1979) showed that rat embryos grown in
culture media containing alcohol displayed dose-dependent embryonic retardation of growth and
differentiation, with specific reduction in both DNA and protein content. Consistent with these
findings, data from in vivo studies have shown that both acute and chronic alcohol exposure in
utero can inhibit protein synthesis and decrease RNA and DNA content in the fetal and neonatal
brain (Rawat, 1975). Similarly, Gallo & Weinberg (Gallo and Weinberg, 1986) reported that
prenatal and early postnatal alcohol exposure can reduce brain, heart and kidney weights in
newborns due to direct effect on protein and/or DNA content. Alcohol-induced disruptions in the
proliferation of stem cell populations are another example of the direct actions of alcohol on the
fetus, leading to a reduction in the generation of both new neurons and new glial cells (Miller,
1992; Guerri et al., 1993). 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, Horn and Zhou, 2005). Importantly,
extensive changes in organ weight, although not detrimental in and of themselves, may be
indicative of altered functioning that could potentially increase vulnerability to later
diseases/disorders. Of particular interest to both researchers and clinicians, are the fairly large
differences in the susceptibility of different brain regions to alcohol, depending on dose and
timing of exposure. The hippocampus, amygdala and cerebellum show particular sensitivity to
inhibition of protein synthesis by alcohol, resulting in decreased numbers of mature neurons.

Furthermore, prenatal exposure to alcohol can result in a disorganized cortical architecture,
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which ultimately influences the pattern of communication in and across regions involved in
higher cognitive function. This suggests one possible mechanism by which prenatal alcohol
exposure might produce cognitive deficits in children with FASD (Clarren, 1986). Similarly,
alcohol-induced changes in function of the hippocampus and cerebellum are known to be
involved in the behavioral alterations that occur in FASD (Michaelis, 1990; Guerri, 1998).
Whether the latter changes are due to direct or indirect effects of alcohol remains to be

determined.

1.3.2 Indirect Teratogenic Effects

Numerous secondary or indirect mechanisms mediating the adverse effects of alcohol on
neurobiological and neurobehavioral outcomes have been demonstrated in animal models and in
vitro studies. These include: nutritional deprivation or deficiencies (e.g., calories, protein, zinc,
folate, vitamin A); abnormalities in calcium signaling; altered alcohol-prostaglandin interactions;
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 proliferation, growth, differentiation, migration and
maturation; oxidative stress and free radical damage; disruption of neuronal development in
specific cell populations (e.g. serotonergic neurons); and disruption of endocrine balance
(Randall, Ekblad and Anton, 1990; West, Chen and Pantazis, 1994; Guerri, 1998; Shibley,
Mcintyre and Pennington, 1999; Goodlett, Horn and Zhou, 2005). Here we will discuss several
of these indirect mechanisms, and then present an in-depth discussion of one of these —

disruption of endocrine balance.
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Alcohol effects on prostaglandins

Seminal work by Carrie Randall’s group (Randall, Anton and Becker, 1987; Randall et al., 1989)
has shown that prostaglandins may play a role in mediating the adverse effects of alcohol. Acute
alcohol exposure stimulates prostaglandin synthesis, and prostaglandin degradation is impaired
following chronic alcohol exposure. If abnormally high levels occur due to such disruption of the
balance between synthesis and degradation, prostaglandins themselves may increase fetal
mortality during development. Randall’s work in a mouse model shows that inhibition of
prostaglandin synthesis can attenuate some of the deficits induced by prenatal alcohol exposure.
Thus, for example, treatment of pregnant mice with low dose aspirin, which inhibits
prostaglandin synthesis, attenuated the effects of prenatal alcohol exposure on fetal mortality and
reduced the incidence of birth defects by 50%. Clearly, prostaglandins do not mediate all of
alcohol’s effects on fetal growth and development. However, the data reveal one potential
mechanism that could contribute to at least some of alcohol’s adverse effects, and suggest one

possible direction for the development of therapeutic interventions.

Alcohol-induced disruption of cell-cell interactions or cell adhesion

Cell adhesion molecules (CAMs) are proteins that aide in cell-cell binding and facilitate
interaction between nerve cells and their surrounding environment, both of which are critical in
normal development of the nervous system. One such CAM is the L1 cell adhesion molecule, a
member of the immunoglobulin superfamily (Ramanathan et al., 1996; Bearer, 2001a, 2001b;
Wilkemeyer et al., 2002; Gubitosi-Klug, Larimer and Bearer, 2007). When L1 binds to neurons,
it activates cell signaling cascades that mediate functions such as cell-cell adhesion, outgrowth of

nerve cell processes, and neuron migration. Children with mutations of the gene for L1 may
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show mental retardation and a variety of brain lesions similar to those in children with FAS.
Research has shown that alcohol can inhibit the functions of L1 and that antagonists that prevent
alcohol inhibition may be neuroprotective. In vivo studies have tested the effects of two small
peptides secreted by glial cells: SALLRSIPA (SAL), an active fragment of activity-dependent
neurotrophic factor (ADNF); and NAPVSIPQ (NAP), an active fragment of activity-dependent
neuroprotective protein. The data demonstrated that NAP and SAL are extremely potent and
effective antagonists of alcohol inhibition of L1 adhesion. Ongoing work is examining the
therapeutic potential of NAP and SAL in attenuating adverse effects of prenatal exposure to
alcohol on the ability of nerve cells to interact appropriately with each other or with their

environment.

Alcohol and oxidative stress

Data have shown that, in addition to its ability to antagonize alcohol inhibition of L1, NAP may
also be a potential therapeutic treatment for the oxidative stress associated with alcohol exposure
(Sari, 2009). Oxidative stress (interaction of high levels of free radicals or reactive oxygen
species with molecules within the cell) is a known mechanism of alcohol-induced cellular injury,
and has been shown to play a role in alcohol teratogenesis (LeBel and Bondy, 1991; Kotch, Chen
and Sulik, 1995). Fetal tissues generally have lower activities and levels of oxidative defences
than adult tissues, and thus the fetus is highly sensitive to oxidative stress, especially early in
gestation. Oxidative stress in the fetus can cause a wide range of problems, from structural
malformations to embryonic death, through effects of free radicals on cell membranes,
cytoskeleton, mitochondria and membrane protein receptors (Henderson et al., 1995).

Interestingly, Spong et al (Spong et al., 2001) found that treatment with NAP and SAL in
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combination prevented fetal death and growth restriction in a mouse model of FAS. Protection
from the toxic effects of alcohol appeared to result from blockade of induction of free radicals by
alcohol. Further support for this possibility comes from the work of Sari and colleagues (Sari,
2009) who showed that prenatal alcohol-induced cell death is mediated in part through
mitochondrial dysfunction. Administration of NAP together with alcohol to pregnant mice on
embryonic day 7 reversed alcohol-induced changes in mitochondrial pathways and thus blocked
the increased cell death resulting from alcohol-induced oxidative stress. Moreover, Wilkemeyer
et al (Wilkemeyer et al., 2002) suggest the possibility that loss of L1-mediated cell-cell adhesion
may also be linked to oxidative injury through induction of programmed cell death triggered by
loss of contact of nerve cells with each other or with their environment. The possibility that NAP
could be utilized as a therapeutic agent against the oxidative stress associated with alcohol
exposure is a very exciting translational outcome of this basic research on the mechanisms of

alcohol’s actions on the embryo.

Disruption of endocrine balance

Alcohol has long been known to alter endocrine function in the adult organism. Studies in both
humans and animal models, involving acute administration of alcohol or chronic alcohol
consumption, have demonstrated effects of alcohol on secretory activity of the adrenal, ovaries,
testes and thyroid, as well as on secretion of numerous pituitary hormones, including growth
hormone, prolactin, vasopressin, adrenocorticotropin and the gonadotropic hormones (reviewed
in (Weinberg, Nelson and Taylor, 1986; Weinberg, 1993; Weinberg J, 1993)). Furthermore, it
has been shown that alcohol can act directly on the endocrine glands themselves as well as (or in

addition to) having an action on central aspects of hypothalamic-pituitary function. Interestingly,



20

much of what is known of alcohol-related effects on endocrine function comes from male
subjects. It is only relatively recently that studies in clinical settings and with animal models of
alcoholism have begun to include female subjects. Even fewer studies have examined the effects

of alcohol exposure on endocrine function during pregnancy.

We know that alterations in both maternal and offspring endocrine function are among the
physiological abnormalities produced by maternal alcohol intake. Whether alcohol-induced
endocrine imbalances contribute to the etiology of FASD is unknown, but it is certainly a
possibility (Anderson, 1981). The effects of alcohol on interactions between the pregnant female
and fetus are complex (Rudeen and Taylor, 1992; Weinberg, 1993, 1994; Weinberg J, 1993), and
both direct and indirect effects of alcohol on fetal development are known to occur. Alcohol
readily crosses the placenta, and can therefore act directly on developing fetal cells and tissues,
including those related to endocrine function. In addition, because the pregnant female and fetus
constitute an interrelated functional unit, disruption of the normal hormonal interactions between
the pregnant female and the fetus by alcohol can indirectly alter the development of fetal
metabolic, physiological and endocrine functions. Alcohol intake can also affect the female’s
ability to maintain a successful pregnancy, resulting in miscarriage or, if the fetus is carried to

term, possible congenital defects.

Using a rat model, research in our laboratory has focused on the effects of maternal alcohol
consumption on the maternal and offspring hypothalamic-pituitary-adrenal (HPA) axis, an
endocrine system involved in multiple metabolic functions and in the ability to respond
appropriately to stressors. A particular focus has been on fetal programming. Fetal or early
programming refers to the concept that early environmental or non-genetic factors, including

pre- or perinatal exposure to stress, drugs or other toxic agents, can permanently organize or
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imprint physiological and behavioral systems and increase vulnerability to illnesses or disorders
later in life (Bakker, Bel and Heijnen, 2001; Welberg and Seckl, 2001; Matthews, 2002). The
HPA axis is highly susceptible to programming during fetal and neonatal development (Welberg
and Seckl, 2001; Matthews, 2002), and data suggest the possibility that ethanol-induced
disruption of the reciprocal interconnections between the maternal and neonatal HPA axes may
provide a common pathway for fetal programming by a number of different agents (Angelucci et
al., 1985). We have been examining the hypothesis that alcohol-induced fetal programming of
HPA activity sensitizes neuroadaptive mechanisms that mediate HPA activity and regulation,
resulting in hyper-reactivity to subsequent life stressors, and, in turn, increased vulnerability to

ilinesses including mental health disorders such as depression, anxiety and addiction.

2 Rodent Models of Prenatal Alcohol Exposure

Clinical studies over the past 40 years have demonstrated that FASD results from maternal
alcohol consumption during pregnancy. Prenatal Alcohol Exposure is a clinical term that simply
records in the patient history admission or evidence of alcohol consumption during the
pregnancy. It is a prerequisite fact for the diagnosis of FASD in a child; however, it’s clear that
PAE alone does not result in FASD for most children. The term PAE in animal models is quite
different — it refers specifically to an experimental condition where the variables of dosage,
duration and gestational timing can be controlled. In this review we examine rodent PAE models
and focus on those with demonstrated craniofacial, aberrant brain development, and behavioral

phenotypes that may be considered FASD-like outcomes.

FASD is a complex disorder, expected to involve multiple pathways in the developing embryo

and fetus. Consequently, the etiology of the disorder remains unknown. Rodent models of PAE
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have significantly advanced our insight over the past 10 years regarding this conundrum. The
body of research determining the dosage of alcohol (Randall and Taylor 1979; Pierce and West
1986; Bonthius, Goodlett, and West 1988), duration (whether acute or chronic) and the
gestational timing of alcohol exposure (Anthony et al., 2010; Godin et al., 2010b; Lipinski et al.,
2012; Parnell et al., 2013) is now beginning to have a depth of collective outcomes that
supersede the high degree of variation often associated within individual PAE models. Moreover,
well established PAE models with reproducible phenotypes now allow the examination of other
risk factors, such as maternal genetics and offspring epigenetics (Kaminen-Ahola, Ahola, Maga,
et al., 2010), maternal nutrition (Keen et al., 2010), maternal metabolism (Burd, Blair and
Dropps, 2012), and maternal and offspring stress (Weinberg, 1989; Alberry and Singh, 2016).

Each play an additive role in the etiology of FASD.

In this review will examine PAE mouse models firstly based on gestational alcohol exposure
(mouse gestation equivalent): first trimester (GD0-10), second trimester (GD11-20), and third
trimester (PN1-10), taking into context the alcohol dosage and duration used. Next, we will
overlay robust FASD-like phenotypes, including craniofacial, physiological/brain, and
behavioral phenotypes observed in PAE mouse models that reflect FASD clinical features in
children. Analysis of these data should provide a valuable tool for any researcher wishing to
choose the best-suited PAE model in their research or to investigate established PAE models for
FASD comorbidities. It should also allow patterns to be recognized 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.
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First Trimester PAE

The first trimester equivalent in mice comprises gestational days 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 PAE mouse models tend to use either an acute delivery
of alcohol during the gastrulation-neurulation developmental stages, or a chronic exposure to
alcohol during conception-gastrulation stages. Maternal alcohol delivery during this trimester is
most often performed by oral gavage, intraperitoneal (ip) injection, liquid diet, or volunteer ab
libitum drinking. Both oral gavage and ip injection are considered high BAC alcohol exposure
(>200mg/dl) and usually performed for acute exposure studies. Liquid diet and ab libitum
drinking are considered low to moderate BAC alcohol exposure (80-150mg/dl) and are usually
performed for chronic exposure studies (Patten, Fontaine and Christie, 2014). The use of ab
libitum drinking for alcohol exposure studies is commonly only seen when working with C57BI6
mouse strains as these mice prefer alcohol over water (Wabhlsten et al., 2007). 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 preimplantation and implantation

periods are extensively reviewed in elsewhere in this special issue.

There are a limited number of publications documenting chronic first trimester prenatal alcohol
exposure studies spanning GDO0-10. Kaminen-Ahola et al. utilize a 10% v/v ethanol, ab libitum
drinking model, from GDO0.5 to 8.5 as a chronic low-moderate BAC first trimester alcohol
exposure study (Kaminen-Ahola, Ahola, Flatscher-Bader, et al., 2010; Kaminen-Ahola, Ahola,
Maga, et al., 2010). Chronic ab libitum alcohol consumption during the pre-implantation period
to late gastrulation/early neurulation demonstrates midfacial dysmorphologies, specifically a

wider inter-orbital distance (the distance between the eye sockets) and cranium width, while
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having a shorter midface compared to WT controls (Kaminen-Ahola, Ahola, Maga, et al., 2010).
Moreover, these mice at PN30 demonstrate pre-maxillary 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, Ahola, Maga, et al., 2010). These PAE
offspring also consistently exhibit a smaller weight and skull size, suggesting intrauterine growth
restriction and microcephaly, compared to control mice (Kaminen-Ahola, Ahola, Flatscher-
Bader, et al., 2010; Kaminen-Ahola, Ahola, Maga, et al., 2010). Interestingly, midfacial and pre-
maxillary malformations of the skull are seen in FASD, specifically FAS patients in whom
midfacial hypoplasia and premaxillary rotational effects are common (Suttie et al., 2013).
Intrauterine growth restriction, including small skull size (<3 percentile), are common features

of children with FAS (Astley, Bledsoe and Davies, 2016).

Acute first trimester prenatal alcohol exposure studies typically encompass the gastrulation and
early neurulation developmental stages (GD7-9). Seminal research performed by Sulik and
colleagues have shown that a single acute dose of alcohol on each of these 3 days can produce
distinct and profound craniofacial malformations in some embryos that are reminiscent of
sentinel clinical FAS features (Lipinski et al. 2012; Godin et al. 2010; Parnell et al. 2013; Parnell
et al. 2009). Sulik et al. used 2.9 g/kg ethanol (2 doses, 4 h apart, i.p.) at gestational day 7.0 to
model an acute high BAC PAE (Sulik and Johnston 1983; Godin et al. 2010). This single day
binge model exposure produces frontonasal prominence malformations: deficient medial nasal
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 exencephally (Sulik and Johnston, 1983;

Godin et al., 2010b). Varying the timing of the PAE dosage plus or minus 4 h from GD7.0
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results in a strikingly different phenotype; frontonasal prominence malformations in embryos
assessed at GD14 were 59.6%, 44.4% or 27%, depending on whether the PAE occurred at GD7-
4h, GD7.0 or GD7+4h, respectively. Conversely, observed embryo reabsorption rates were 9.5%,
18.2% or 45.9% in the same PAE groups (Sulik and Johnston, 1983). This study demonstrates
that PAE at early gastrulation is a very sensitive window for craniofacial development and

viability.

Impact of acute GD7 PAE on the 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 firstly by retinoic acid and later on by SHH during
early neurulation (Carlson B 2014). Abnormal frontonasal prominence structure during
embryogenesis is indicative of future forebrain and facial aberrations (DeMyer W, Zeman W,
1964). GD17 embryos exhibited many craniofacial malformations, including closely set nostrils,
a long upper lip, eye malformations as well as midfacial hypoplasia and clefting, cleft palate, and
micrognathia (Godin et al., 2010b; Hong and Krauss, 2012; Lipinski et al., 2012). GD7 PAE
embryos at GD17 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 (Godin et al. 2010a, DeMyer W, Zeman W
1964; Sulik and Johnston 1983). MRI studies at PN45 adult mice, found that the anterior
commissure was significantly reduced in GD7 PAE mice compared to control mice. Moreover,
the myelin content of the 3 largest white matter tract bundles, anterior commissure, corpus
callosum, and hippocampal commissure, were significantly reduced (Cao et al., 2014). These

studies demonstrates that acute PAE at early gastrulation is sufficient to induce developmental
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changes to brain structure and grey matter and white matter tracts that continue well into

adulthood.

Development of robust PAE models with reproducible phenotypes allows one to take advantage
of transgenic mouse models as a way to elucidate the underlying developmental mechanisms of
FASD at the genetic level. Sonic Hedgehog, SHH, is an important gene required for proper
craniofacial formation and growth; heterozygous/knock-out transgenic mouse models of Shh and
downstream Shh pathway genes (Cdon, Ptchl, Gasl, and Gli2) have shown incidence of HPE
(Roessler E, 2010). Interestingly, an acute ethanol dose administered at late gastrulation-early
neurulation to a pregnant Shh*’~ (or a downstream pathway gene) female, increases the incidence
and severity of HPE (Roessler E, 2010). PAE Cdon™ transgenic offspring on 12956 background
show a significant increase in Alobar and Lobar HPE incidence compared to Cdon™ and WT
PAE controls (Hong and Krauss, 2012)(Table 1). Moreover, there is a significant incidence of
FASD related pathologies in PAE Cdon™ offspring; these features include: external midline
defects, deficient philtrum, shortened and fused pre-maxillary bone, and underdeveloped
maxillary region (Hong and Krauss, 2012). In situ hybridization experiments on PAE Cdon™
GD10.25 embryos show reduced mRNA expression of Glil and Ptchl, both downstream Shh
pathway genes (Hong and Krauss, 2012). PAE Shh*'" and Gli2*" (haploinsufficient) transgenic
offspring show an increased incidence of FASD related facial dysmorphology: medial facial
deficiency, reduced/loss internasal distance, and loss of lip notch/longer philtrum compared to
haploinsufficent 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 facial dysmorphology score compared
to WT littermates. Interestingly, Shh*" and Gli2*" PAE embryos had incidence of HPE in which

the severity of HPE correlated to the severity of facial dysmorphology (Kietzman et al., 2014).
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Similar observations were found in Rdh10” and Raldh2” mice, linking aberrant retinoic acid
signaling as a cause of midfacial defects (Niederreither et al., 2002; Rhinn et al., 2011). Taken
together, the use of transgenic mice in PAE models allows for the interpretation of the role that
certain developmental genes and their downstream pathways may play in the mechanism of
FASD. Moreover, it allows researchers to now study the role of maternal/offspring genetics, as

well as epigenetic signatures to discover biomarkers and potential risk factors of FASD.

Acute GD8 PAE studies (late gastrulation) 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. (Lipinski et al. 2012; Parnell
et al. 2009). Interestingly, an FASD craniofacial dysmorphology feature 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 in GD8.5 PAE embryos, 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 in older embryos, as seen in GD7 PAE embryos.

Using Magnetic Resonance Microscopy Imaging, Parnell et al. demonstrated that GD8 PAE
embryos have a 8.2% reduction in crown-rump lengths and a 25% reduction in total body
volume (including a 19.5% smaller brain volume) compared to non-PAE control (Parnell et al.
2009, Godin et al. 2010). Although microcephaly is not specifically stated in the paper, the latter
finding is indicative of microcephaly. Brain volume region changes exhibited in GD8 and GD8.5
PAE were quite different to those of GD7. GD8 PAE embryos studied at GD17 show: a

significant reduction in brain volume; forebrain dysmorphologies, not in the form of HPE, but
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instead reduction in olfactory bulbs; and a reduction in hippocampus and cerebellum volumes,
compared to non-PAE controls (Parnell et al. 2009). The pituitary, septal region, and ventricles
all were significantly larger in GD8 PAE embryos compared to non-PAE controls, even though
total brain volumes were reduced. GD8.5 PAE embryos studied at GD17 show a significant
increase in volume of olfactory bulb, hippocampus, third ventricle, and pituitary regions
compared to non-PAE controls (Lipinski et al., 2012). These data suggest that late gastrulation
PAE (GD8-8.5) does not produce as severe an FASD-like craniofacial phenotype compared to
early gastrulation PAE (GD7) when using the same dosage concentration and acute duration in

studies.

Acute GD9 and 10 PAE studies show negligible frontonasal prominence abnormalities compared
to GD7 and GD8 PAE embryos. Early neurulation GD9-10 PAE mouse models show brain
volume aberrations compared to non-PAE controls, but do not produce facial dysmorphologies
(Parnell et al. 2013; O’Leary-Moore et al. 2010). In MRI studies Parnell et al. demonstrated that
GD9-10 PAE embryos have no statistically significant reduction in crown-rump length nor total
body volume compared to non-PAE stage-matched controls, unlike GD7-8 PAE embryos
(Parnell et al. 2013; O’Leary-Moore et al. 2010). GD9-10 PAE embryos have a significant
reduction in total brain volume ~13.6% compared to non-PAE stage-matched controls (Parnell et
al. 2013; O’Leary-Moore et al. 2010). These results reinforce the theory that without facial
dysmorphologies, there are no severe brain aberrations (DeMyer W, Zeman W, 1964; Sulik and
Johnston, 1983). Even though there was significant change in total brain volume in GD9-10
studies only certain regions of the brain exhibited significant change in volume and/or
morphology. GD9 PAE embryos studied at GD17 show a significant reduction in cerebellar

volume ~14%, and lateral, third, and fourth ventricles show a significant increase in volume and
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altered morphology compared to non-PAE 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 showed altered morphology in lateral, third, and fourth ventricles

compared to non-PAE controls (O’Leary-Moore et al. 2010).

These data suggest that early neurulation PAE (GD9-10) predominantly results in changes to
brain volume and morphology, rather than loss of complete brain regions as seen in GD8 PAE.
Cerebellar reduction and ventricular enlargement are both features seen in clinical FASD
outcomes (Spadoni et al., 2007). Furthermore, the ventricular enlargement in both GD9-10 PAE
embryo studies indicates that brain region morphology is being affected, most likely further
showing a loss of neurons and glia at the cellular level. Ventricular regions are devoid of cellular
material and instead hold cerebral spinal fluid, enlargement of these regions indicates a loss of
neural cell lineages, as the overall brain volumes remain the same in GD9-10 PAE models. In
GD9 PAE embryos the cerebral cortex volume is reduced by ~5%; although not significant, this
demonstrates that regions adjacent to ventricles, in this case the lateral ventricle was enlarged,
affect the cortex (Parnell et al., 2013). In GD10 PAE embryos the enlarged third ventricle likely
affected the changes in morphology of the thalamus and hypothalamus regions found directly
adjacent to the third ventricle. These brain volumetric and morphological changes demonstrate
that early neurulation PAE modulates neural cell progenitor lineages by apoptosis and epigenetic

mechanisms that change brain structure at later developmental stages and into adulthood.

Most recently, the popularity of DNA modification (methylation) experiments in PAE studies
have increased dramatically in an attempt to elucidate the genetic pathways/mechanisms of
FASD. PAE mouse model studies are being performed to study global methylation patterns and

identify specific genes currently implicated with FASD brain aberrations (Hill et al. 2014;
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Kaminen-Ahola, Ahola, Maga, et al. 2010). Many of these methylation studies have used robust
acute and chronic dosage paradigms already covered in this review. Garro et al. have shown in
their GD9-11 (early neurulation) gavage model that global DNA methylation and Dnmt1 activity
is down in the whole embryo, showing that there are more genes actively transcribing than there
should be at GD11. Acute GD9 PAE (5.8g/kg, intragastric intubation) causes a decrease in 1gf2
DNA methylation in the entire embryo, causing an increase in Igf2 expression in older GD17
embryos. Chronic ad libitum first trimester PAE studies (GD0.5-8.5, 10% v/v ethanol) show
increased DNA methylation of Vmn2r64 and OIfr110 in PN28 male mice and decreased DNA
methylation of Vglut2 in PN87 male mice. Taken together, the use of DNA methylation provides

PAE researchers new tools to help elucidate the mechanisms of FASD.

Second Trimester PAE

The second trimester in mice comprises gestational days 11-20. It starts during neurulation,
includes organogenesis and ends at birth. Second trimester PAE mouse models tend to more
often use a chronic alcohol exposure or an acute delivery of alcohol at specific second trimester
gestational timepoint. Maternal alcohol exposure delivery during this trimester is most often

performed by oral gavage, i.p., liquid diet and ad libitum drinking.

Second trimester PAE studies typically use robust first-to-second trimester chronic PAE models
and acute PAE second trimester models to assess craniofacial malformations, brain aberrations,
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; EI Shawa, Abbott
and Huffman, 2013; Shen et al., 2013). Anthony et al. utilize a 4.8% v/v ethanol, liquid diet

model, from GDO to 19 as a chronic low-moderate BAC first-to-second trimester alcohol
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exposure study. This chronic liquid diet model of alcohol exposure from conception to birth
produced midfacial dysmorphologies, specifically, a reduction in upper- and mid- facial depth
measurements in both C57BI6 sub-strains of mice (BJ6 and BN6). B6N mice also show 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% v/v ethanol,
liquid diet model, from GD7 to 16) but using a shorter PAE duration compared to the original
study produced a smaller skull volume and circumference compared to controls in PN7 and 21
mice (Shen et al., 2013). PN7 mice exhibited a significant reduction in the parietal region of the
skull, whereas PN21 mice exhibited a significant reduction in frontal, parietal, occipital, and
mandibular regions of the skull. Shen et al. observed that the cranium (frontal, parietal, occipital
regions of the skull that cover the brain) had been more sensitive to PAE compared to the face
(nasal and mandible regions of the skull). Anthony et al.’s study however saw significant
reductions in length, height, and width of the embryos facial (face) region using an earlier/longer
PAE duration and slightly higher alcohol concentration. This suggests that earlier (and/or longer)
chronic PAE exposure produces FASD-like midfacial malformations, and that cranium (skeletal)
and brain aberrations will be seen if the facial malformations are present (DeMyer W, Zeman W,
1964). Increasing the dosage in this chronic PAE model results in increased severity of the
phenotype. A 10% v/v ethanol liquid diet model demonstrates a reduction in olfactory bulb,
hippocampus (specifically the granule cell layer of the dentate gyrus region), and fourth ventricle
region volumes at P60 in PAE alcohol exposed offspring. These regions are also affected in
individuals with FASD (Akers et al., 2011). Moreover, PAE mice have impaired odor
discrimination, not having the ability to discriminate enantiomers R- and S-carvone compared to

controls. Interestingly, neural precursor cells in the subependymal zone of the olfactory bulbs
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seemed to be the most affected by the alcohol exposure (Akers et al., 2011). The study also
found that the basal forebrain, posterior anterior commissure, thalamus, and amygdala are larger
in size in PAE exposed mice (Akers et al., 2011). Reduction in the olfactory bulbs and
hippocampus volume is consistent with acute first trimester PAE mouse models and clinical
FASD diagnosis. However, increases in basal forebrain, thalamus, and amygdala are not
commonly seen in PAE mouse models or in clinical FASD cases (Lipinski et al. 2012; Parnell et

al. 2009; Godin et al. 2010; Coulter et al. 1993).

Cui et al. use a 2g/kg and 4g/kg, gavage, GD5 to 19 chronic high BAC alcohol exposures to
produce aberrant dendritic spines of pyramidal neurons in the visual cortex. Not only is there a
decrease in overall number of dendritic spines in PN30 adult mice, but the remaining dendritic
spines have an increased mean length and a further reduction of synaptic vesicles compared to
non-PAE controls (Cui et al., 2010). Moreover, these dendritic spine phenotypes were more
severe in the 4g/kg cohort compared to the 2g/kg cohort and suggest that persistent alcohol abuse
during the first and second trimester produce visual cortex aberrations, in addition to eye
malformations that are common in first trimester PAE mouse models and found in individuals
with FAS (Coulter et al., 1993; Abdelrahman and Conn, 2009; Godin et al., 2010a). Although
this study did not investigate craniofacial malformations, brain aberrations or behavioral deficits,
it is likely that the research groups have seen these dysmorphologies to some degree. Acute
gavage first trimester studies (evaluated earlier in this review) use comparable PAE doses on
only one day (during gastrulation) and those studies achieved a plethora of FASD-like

dysmorphologies.

Behavioral deficits due to cellular brain aberrations are also seen in PAE mouse models,

commonly found in chronic exposures spanning two or more trimesters. ElI Shawa et al. use a 25%
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v/v ethanol, ab libitum drinking model, from GDO to 19 as a chronic low-moderate BAC first-to-
second trimester alcohol exposure study. Using CD1 mice, the study shows aberrant
somatosensory and visual cortex neuron development, specifically, significantly longer frontal
cortex neurons projecting to an ectopically caudal position in visual cortex regions (El Shawa,
Abbott and Huffman, 2013). These PAE induced frontal cortex neurons aberrations have been
previously demonstrated in other chronic liquid diet PAE mouse models and aberrant neuronal
circuitry is common in FASD patients (Sowell et al. 2008; Rema and Ebner 1999; Zhou et al.
2005). Frontal cortex aberrations have been observed in PAE mouse brains, specifically,
malformed cortical layers 1-4, causing overlapping intra-neocortical connections that appear
disorganized. PN20 PAE offspring further show increased anxiety and impaired gross and fine
motor coordination (EIl Shawa, Abbott and Huffman, 2013). Abnormalities in forebrain/frontal
cortex structure, as seen in this study and in acute first trimester PAE studies, produce anxiety
and motor coordination behavioral impairments similar to the impaired executive function seen

in FASD patients (Norman et al., 2009).

Impaired organ development is commonly seen in FASD patients (Assadi 2014; Gilberti et al.
2013; Hofer and Burd 2009), but poorly examined in rodent PAE models. Despite a paucity of
research in FASD comorbidities, some first-to-second trimester PAE models do show
underdeveloped lungs and kidneys, cardiac anomalies, and gastrointestinal abnormalities. An
acute PAE study using 3.75g/kg, from GD11.5 to 13.5 observed that GD18 PAE embryos have
reduced body weight and lung weight. Moreover, lung/body weight ratio in PAE embryos is
significantly reduced compared to non-PAE embryos, and upon histological analysis the lungs of
PAE embryos are developmentally immature (Wang et al., 2007). Interestingly, the exclusive

second trimester acute high BAC alcohol exposure study did not produce craniofacial
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malformations as seen in early GD PAE exposures, as noted by researchers of the study. In
another acute PAE study using 3.0 g/kg, by ip injection (1X day) at GD12.5-14.5, it was
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. 2013). The reduction in arterial blood flow to the embryos
brain and to other organs like the lungs, heart, and kidneys compromises their development at a
critical stage of development (organogenesis). 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 ROS production

(Wellen and Thompson, 2010).

These studies demonstrate that first-to-second trimester PAE mouse model produce similar, but
not as severe craniofacial malformations or brain aberrations compared to acute GD7, 8, 8.5, and
9 PAE models. First-to-second trimester PAE models produce craniofacial malformations that
are more IGR-like than those categorized as sentinel FASD features (Anthony et al., 2010; Shen
et al., 2013). Furthermore, the brain aberrations seen tend to reflect changes in specific brain
regions of the body like olfactory bulb or hippocampus (Akers et al., 2011; EI Shawa, Abbott
and Huffman, 2013). Chronic first-to-second trimester PAE models aberrations may better
resemble pFAS, ARBD and ARND, which lack the severe craniofacial malformations normally
observed in FAS cases (Chudley, 2005). An advantage of using first-to-second trimester PAE
models is that it allows researchers to study behavioral outcomes and possibly link them to the
structural deficits observed (Cui et al., 2010; EI Shawa, Abbott and Huffman, 2013).

Furthermore, acute second trimester PAE models allow researchers to study the effects of
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alcohol exposure during organogenesis and ethanol’s effect on organ development in particular

(Wang et al. 2007; Bake et al. 2013).

Third Trimester PAE

The third trimester in mice comprises a 10 day period from postnatal day 1-10. It starts after birth
and involves the beginning of the weaning period, when lungs, brain and endocrine system (HPA
Axis) finish developing. Third trimester PAE mouse models tend to more often use chronic
alcohol exposure or an acute delivery of alcohol at specific third trimester gestational stages
(time points). Maternal alcohol exposure delivery for this trimester is most often performed by

oral gavage, i.p. injection, liquid diet and ab libitum drinking.

Most research groups choose to use robust first-to-third trimester chronic PAE models to assess
brain aberrations, behavioral consequences, and gene expression in mice that encompass the
whole spectrum of development (Caldwell et al. 2008; Kleiber, Wright, and Singh 2011; Kleiber
et al. 2013). Unlike first and second trimester PAE studies, there is a plethora of recent third and
first-to-third trimester PAE studies. The PAE studies chosen for this section are those with the
most interesting findings and include evidence of FASD-like outcomes. Caldwell et al. utilize a
5.0% vl/v ethanol, ab libitum drinking model, from GDO to PN6 as a chronic low-moderate BAC
first-to-third trimester alcohol exposure study. Chronic liquid diet model of alcohol exposure
from conception to PN6 produced a depressive-like phenotype in PN60-90 female mice
(Caldwell et al., 2008). Mice demonstrated increased immobility in the Porsolt forced swim test
and learned helplessness in the Coulbourn™ Habitest© shuttle box, both behavioral outcomes
are consistent with depressive-like behavior in recent behavioral studies (Hales et al., 2014;

Landgraf et al., 2015). The mice did not exhibit immobility during the open activity test which is
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indicative of anxiety and commonly associated with depression in FASD patients (Williams and
Smith, 2015). Interestingly, the contrary results observed by Caldwell et al. may reflect the use
of only female mice in their study. Wieczorek et al. found in an acute GD7 PAE model 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, BDNF (brain-derived neurotrophic factor) mRNA transcript levels are
reduced in the medial frontal cortex and hippocampus, while protein levels were reduced in the
medial frontal cortex, suggesting a role in depressive-like behavior, as seen in post-mortem
hippocampi of clinically depressed and suicidal cases (Martinowich, Manji and Lu, 2007;

Caldwell et al., 2008; Lee and Kim, 2010; Autry and Monteggia, 2012).

Depressive-like behavior in PAE mice and in clinical cases is found to be linked to impaired
glucocorticoid signaling, specifically, reductions in glucocorticoid receptors. In follow-up studies
using a 10.0% v/v ethanol, ab libitum drinking model from GDO to PN6 as a chronic low-
moderate BAC first-to-third trimester alcohol exposure study, Caldwell and associates observed
learning deficits in hippocampal and frontal cortex dependent tasks. PAE PN40-50 male mice
show a decrease in delay and trace fear freezing, including fewer correct arm entries in the radial
arm maze task, and all hippocampal-dependent learning tasks (Brady, Allan and Caldwell, 2013).
PAE PN90-120 male mice demonstrate a slower learning-response in reversal learning task, a
predominantly frontal cortex-dependent learning task (Allan, Goggin and Caldwell, 2014).
Furthermore, PN90-120 male mice have reduced glucocorticoid receptor nuclear localization in
the medial prefrontal cortex (Allan, Goggin and Caldwell, 2014). Glucocorticoid-mediated gene
transcription is facilitated using glucocorticoid receptor signaling and specifically required for

adaptive and flexible decision making strategies during stressful situations and for learning and
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memory (Diorio, Viau and Meaney, 1993; Matsubara et al., 2006). Glucocorticoid signaling
facilitated by glucocorticoid receptors 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, Viau and Meaney, 1993; Matsubara et al., 2006).
Therefore, a decrease in Glucocorticoid receptors results in an exaggerated HPA-axis activity,
resulting in an increase in cortisol levels (Diorio, Viau and Meaney, 1993). Reduced
glucocorticoid receptor mRNA has been reported in the cortex and hippocampal brain regions of
major depressive disorder post-mortem brains (Webster et al., 2002; Knable et al., 2004)
Moreover, glucocorticoid receptor mRNA is reduced in lymphocytes of patients with major
depressive disorder, both while suffering from depression and during remission (Matsubara et al.,
2006). High incidence depression (~45%) and Panic Disorder (~21%) is found in children and
adults with FASD (Rasmussen et al., 2008), suggesting that the effects on the glucocorticoid
receptor and ultimately on the HPA-axis are epigenetic in origin. Taken together, clinical

research on major depressive disorder post-mortem brains show a decrease in mMRNA
glucocorticoid receptor expression in the cortex and hippocampus regions. These are the same
regions in which PAE mouse models show a decrease in glucocorticoid receptor nuclear

localization.

Offspring of PAE models show slowed neurodevelopment as well as learning and memory
deficits in adulthood. Using a similar first third trimester PAE paradigm, Kleiber et al. observed
significantly slower developmental milestones (negative geotaxis, auditory startle, cliff aversion,
and air righting) in PAE offspring when compared to non-PAE controls. Delays in motor
coordination, balance and muscle tone is common in infants with FASD (Fried, 1983; Kalberg et

al., 2006). PN25-70 PAE offspring demonstrate anxiety-like behaviors in open field activity
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assessments and learning and memory deficits in the Barnes maze test when compared to non-
PAE controls (Kleiber, Wright and Singh, 2011). Whole brain tissue gPCR studies revealed a
down-regulation of Glral and Grin2c, involved in the glycine receptor complex and glutamate
NMDA receptor complexes, respectively. Interestingly, Glra and Grin gene family sub-units are
downregulated in patients with depression, schizophrenia and recently autism (Pilorge, Fassier,
le Corronc 2016), providing a further link between PAE and neural developmental/psychiatric

disorders.

PAE models show pro-inflammatory signaling and aberrant neuronal development in the
hypothalamus, hippocampus and cerebellum, brain regions known to be affected in clinical
FASD studies. Research groups are using third trimester chronic and acute PAE studies to assess
brain aberrations, behavioral consequences, and gene expression in mice (Volgin, 2008;
Coleman et al., 2012; Drew et al., 2015; Smiley et al., 2015). In a chronic high BAC third
trimester alcohol exposure study using a 4.0 g/kg ethanol dose (per day), by oral gavage, from
postnatal day 4-9, Drew et al. found pro-inflammatory cytokines 771 and Tnfa mRNA levels
upregulated in hippocampus, cerebral cortex, and cerebellum. This PAE paradigm activates
microglia to a pro-inflammatory stage causing a further change in microglial morphology in
these same brain regions where pro-inflammatory cytokines are expressed. This is significant
considering the hippocampus, cerebral cortex, and cerebellum were some of the most affected
brain regions in various PAE mouse models and FASD clinical studies (Sowell et al. 2008;
Parnell et al. 2013; Parnell et al. 2009). Recent studies suggest that microglia in an uninjured
brain are required for proper neuronal synaptic function involved in refinement of brain wiring
and synaptic circuitry through synaptic pruning (Paolicelli et al., 2011). Microglia are directly

activated by ethanol through TIr2 and TIr4 signaling in microglia, triggering a cascade of
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cytokines, ROS, and NO production (Fernandez-Lizarbe et al. 2013). Moreover, ethanol
activated pro-inflammatory microglial have been shown to modulate hypothalamus and
cerebellum brain regions facilitating the removal of developing hypothalamic and cerebellar
(Purkinje) neurons due to the apoptotic insult cause by PAE (Boyadjieva et al. 2013; Kane et al.
2011). Ethanol has also been shown to cause microglial cell death and also causes a decrease in
intracellular levels of Bdnf in hypothalamic neurons in vitro (Boyadjieva et al. 2013; Kane et al.
2011). Taken together, PAE in the third trimester is detrimental to the developing fetal brain,
producing inflammation and microglial activation that alter the normal course of brain circuitry

and produce behavioral outcomes consistent with those seen in clinical FASD diagnosis.

Nitric Oxide Synthase (NOS) produces nNOS, one of three isoforms found almost exclusively
expressed in the central and peripheral nervous system (Forstermann and Sessa, 2012). It is a key
signaling molecule for proper synaptic plasticity in the brain. Karacay et al. studied a varying
dose 2.2 g/kg or 4.4 g/kg of ethanol, by ip injection, using chronic PN4-9 administration with
either a nNos”" knockout transgenic pregnant female or WT control. PAE nNos™ offspring on
C57BI6x129S6 background show a significant decrease in body weight at PN9-10 and adulthood
mice and increased incidence of microcephaly (Karacay, Mahoney, Plume, 2015). Moreover,
nNos™ mice demonstrated severe PAE induced cerebral cortex pyramidal neuronal losses
compared to WT controls, suggesting brain wiring/connection aberrations (Karacay, Mahoney,
Plume, 2015). Furthermore, there is a significant increase of anxiety-like behavior, impaired
startle response, and impaired learning and memory (Morris Water Maze), in PN85-90 mice,
behavior outcomes that have previously been observed in PAE mouse models and clinical FASD
cases (Brady, Allan, and Caldwell 2013; Allan, Goggin, and Caldwell 2014; Clarke and Gibbard

2003). In comparison, only the 4.4 g/kg cohort of WT mice experienced a decrease in body
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weight at PN9-10 and had impaired learning and memory deficits (Morris Water Maze) (Karacay,
Mahoney, Plume, 2015). Taken together, normal nNos activity seems to have a protective role,
while nNos mutations worsen brain aberrations and behavioral outcomes in the presence of PAE
when compared to PAE WT controls. Interestingly, Bax and tPA (tissue plasminogen activator)
gene mutations (loss of gene activity) protect the brain upon alcohol exposure in PAE mouse

models (Young et al., 2003; Noel, Norris and Strickland, 2011).

Coleman et al. have observed a reduction in total brain volume (~5%), including reduction in
frontal cortex neurons, parvalbumin GABAergic neurons (18%) and pyramidal neurons (15%),
in PN82 mice, using an acute PAE model, 2.5 g/kg ethanol dose, by back-injection (sub-
cutaneous), at PN7, producing high BAC third trimester alcohol exposure. The hypothalamus,
hippocampus, cerebral cortex, corpus callosum, and amygdala were some of the 14 brain regions
significantly reduced (the olfactory bulb and cerebellum were reduced but did not reach
significance for the study) compared to non-PAE controls (Coleman et al., 2012). Using a
similar PAE paradigm, Smiley et al. have observed a reduction in total brain volume (~10%),
including reduction in frontal cortex neurons, parvalbumin and calretinin GABAergic neurons
(~30%), in PN72-89 mice (Smiley et al., 2015). These studies show that an acute exposure to
ethanol during third trimester produces significantly reduces brain volume, including a
substantial loss of GABAergic and pyramidal neurons in the developing cerebral cortex. The
observations have been previously seen in first and second trimester acute as well as chronic
PAE, implying that PAE exposure at any time during gestation causes brain aberrations that will

inevitably cause abnormal brain function (Sowell et al., 2008).
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2.1 Rodent Models: Dosage, Duration, and Gestational Timing of PAE and FASD-like
models

PAE rodent model publications have recently reached a critical level, where the experimental
parameters of exposure, such as varying dosage, duration, and gestational timing are well enough
practiced that the wide array of FASD-like outcomes can be robustly, repeatedly and reliably
demonstrated. To analyze the data (Appendix: Table 1), we color-coded FASD-like outcomes
within the three general scopes of craniofacial malformations, brain aberrations, and behavioral
phenotypes, and then clustered them by the experimental PAE model parameters of gestational
timing, dosage and duration. We hypothesized this approach may reveal patterns of PAE model
strength, and hopefully, generate new insights to understanding the neurodevelopmental

processes underlying FASD (Table 1).

Areas of PAE model strengths become immediately obvious. Severe craniofacial malformations
are most robustly expressed using a first trimester acute PAE paradigm. Aberrant behavioral
outcomes are best studied using chronic third trimester PAE models. In this regard, the analysis
also becomes 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 paucity in our
understanding of FASD-like outcomes, a clear separation of neurodevelopment and behavioral
studies, for example. It further reveals that much of our research in rodent models is biased by a
social perception that FASD is a disorder founded in craniofacial or brain malformations that
underlie problematic behavior and learning. Consequently, a large spectrum of FASD
comorbidities clearly evident in other animal models of PAE and in FASD children and adults is
ignored. These obvious strengths and weaknesses identify immediate avenues of opportunity for

research initiatives that will have significant impact.
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Some other interesting patterns begin to emerge. Both acute and chronic first trimester PAE
models 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 the mammalian models what has already been well demonstrated in
other animal models (Kot-Leibovich and Fainsod 2009; Lovely et al. 2016). These PAE studies
suggest that a single acute PAE can lead to severe FASD outcomes. In humans, this would be the
fifth week of pregnancy — a point where most women may only beginning to suspect they are
pregnant. Add to this that the majority of pregnancies in Canada are not planned and that binge
drinking is increasingly prevalent among Canadian youth, and one must recognize that the
largest prevention strategy — don’t drink if you are pregnant — will fail most Canadians.
Education and prevention messaging and strategies need to urgently be reassessed to incorporate

this reality about the timing of PAE and FASD outcomes.

A second and related pattern to emerge is that the acute PAE in gastrulation, which is associated
with severe craniofacial outcomes, seems to correlate with developmental brain abnormalities.
This suggests that seemingly disparate neural crest and neuroectodermal cell lineage-derived
outcomes may have common developmental or signaling pathways. FAS phenotypes are also
observed in chronic low BAC first trimester PAE models spanning conception to gastrulation
stages, suggesting that incidence of FASD may be further influenced (additive to alcohol
exposure) by genetic modulation, including offspring epigenetic methylation signatures,
maternal/offspring genetics and metabolism (Kaminen-Ahola, Ahola, Maga, et al., 2010). It is
interesting that having strong robust PAE models show a pattern of the successful use of genetic
models to interrogate candidate signaling pathways affected by PAE. PAE models outlined in

this review using transgenic mice serve as a reproducible tool to demonstrate that Shh, Glia2,
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Cdon, and nNos transgenic mouse models can sensitize or prevent FASD-like outcomes related
to craniofacial malformations, brain aberrations, and behavioral deficits. This also demonstrates
that incidence and severity of FASD may be further influenced (additive to alcohol exposure) by

genetic modulation.

Missing in acute PAE at gastrulation and early neurulation is any pattern of behavioral
aberrations in offspring. This may simply reflect that such studies have not been performed or
perhaps phenotypic variation in this PAE model prevents behavioral changes from experimental
significance(Godin et al. 2010; Scott E. Parnell et al.2009; O’Leary-Moore SK et al. 2010).
Regardless, lack of behavioral aberrations is inconsistent with FASD in children, and this is an

area that needs to be explored in rodent PAE models.

The genetic patterns observed in genetic knock-out/transgenic PAE mouse models also
encourage further examination of cellular changes that may underlie FASD-like pathophysiology.
Linking brain aberrations with behavioral deficits may lie in changes at the neural cell level
(Caldwell et al., 2008; Allan, Goggin and Caldwell, 2014; Smiley et al., 2015). Furthermore,
changes in developing neural cells can lead to alterations in brain wiring or connections
associated with the behavioral outcome observed in these models (Kleiber, Wright and Singh,
2011; El Shawa, Abbott and Huffman, 2013; Allan, Goggin and Caldwell, 2014; Karacay,
Mahoney, Plume, 2015). Studying these behavior outcomes using these genetic knock-
out/transgenic PAE mouse models will allow researchers to further elucidate the

molecular/cellular mechanisms of (brain/behavior) FASD outcomes.

Finally, an examination of these patterns suggests tools which could strengthen the use and

analysis of PAE models. For example, directly measuring the actual blood alcohol concentration
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in the various PAE models would allow much better assessment of outcomes, and in
comparisons between PAE models. Secondly, further research is needed to understand the
physiological relevance of BAC in the PAE models so as to create better models for PAE in
pregnant women (Table 2). All these tools will further allow researchers to choose a respective
PAE model with varying dosage, duration, and gestational timing of alcohol exposure. These
PAE models will robustly, repeatedly and reliably demonstrate the craniofacial malformations,
brain aberrations, and behavioral deficits associated FASD-like outcomes, thus allowing future
PAE rodent model research to better elucidate the etiology of FASD and discover a possible

cure(s) or treatment for the disorder.
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Table 2.1: FASD-Like Outcomes in PAE Mouse Models: Craniofacial Malformations, Brain
Aberrations, and Behavioral Deficits seen in PAE Mouse Models varying the Dosage, Duration,
and Gestational Timing of Alcohol Exposure.

Exposure Paradlgm Model Effects
A Cranlofaclal Behavloral Referen
Lewel Treatment Tlime Specles g€ Sex v eference
Assessment
2.99/kg
A (oxiday) Ip | GD7 |Mousecs7BI6| GD14 | MIF (Sullk et al. 1981)
A 29/kg |\ | Gp7 |Mousecstris| b1z | MiF (GodIn et al. 2010)
@x/day) | P i
A 29/kg | 10| g7 | Mouse 12986 | GD10-19 | MIF (Hong and Krauss 2012)
(x/day) | P 9
gl A 2909 |\l Gp7 |MousecsTris| PN4s | MiF (Cao et al. 2014)
2 (2X/day)
o
o 2.99/kg Mouse C57BI6
x
I_: A @xiday) Ip GD7 Shh & GII2 4/~ GD 17 M/F (Kletzman et al. 2014)
[
k7] 2.99/kg GD7
ol A 1 Mouse C57BI6|  GD17 M/F Lipinskl et al. 2012
E (@xiday) | [“cps U )
= 2.89/kg
E A (ZlX/day) Ip GD 8 [Mouse C57BI6 GD17 M/F (Parnell et al. 2009)
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@x/day) | P :
A 29/kg |\ | Gp10 |Mousecs7Ris| GD17 | MIF (O’Leary et al. 2010)
@x/day) | P Ty etal
10% v/v GDO - (Kamlnen-Ahola et al.
c AbL M C57BI6| PD21-30 | M/F
EtOH 85 ouse 2010)
10% v/v GDO - (Kamlnen-Ahola et al.
c fon |APL| g5 |MousecsrBis| GD165 | M/F 2010)
4.2% v/ PN7
c *VV'1 | b |GD7-16 | Mouse C57BI6 MIF (Shen et al. 2013)
— EtOH
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0,
c | Y%VYNV 1 b |eDo-19|Mouse csBis|  PNEO | MIF (Akers et al. 2011)
5 EtOH
i 4.8%
é c ;g\;‘/v LD |GD0-19|Mouse c57B16|  GD17 | MIF (Anthony et al. 2010)
=
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c LD Mouse CD1 PO-P20 | M/F . . El Shawa et al. 2013
2 EtOH 19 ( )
~
[]
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]
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g 129SVJ x
= c 44g/kg | P | PN4-9 C57Bl6 PD85-90 | M/F (Karacay et al. 2016)
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(1X/day) ouse (Drew et al. )
10% v/v GDO-
C EtOH LD PNG Mouse C57BI6 | PN 90-150 M (Brady et al. 2012)
.
[]
0, -
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Abbreviations:
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Table 2.2: PAE Mouse Model BAC Standardization: Variations in dosage depending on delivery
or timing (Liquid diet/ad libitum or gavage/i.p.) of alcohol exposure in PAE mouse models.

PAE Dosage PAE DosageT BAC (per day) & BAC (per hr) 1% BAC (Human)
4.2% viv 8.14 1480.00 61.67
4.8% viv 9.30 1690.91 70.45
5.0% viv 9.69 1761.82 73.41 80mg/dL. LDL*
10.0% v/v 19.38 3523.64 146.82 200mg/dL AIBO**
25.0% viv 48.45 8809.09 367.05
2.0 g/kg 2.00 363.64 363.64 400mg/dL AID***
2.2 glkg 2.20 400.00 400.00
2.5 g/kg 2.50 45455 454.55
2.8 glkg 2.80 509.09 509.09
2.9 g/kg 2.90 527.27 527.27
4.0 g/kg 4.00 727.27 727.27
4.4 g/kg 4.40 800.00 800.00

t  Prenatal Alcohol Exposure (PAE) Dosage: Standardizedto grams (g) of ethanol per kilograms (kg) of mouse mass (avg. mouse = 25g). Units: g/kg

$ BloodAlcohol Concentration (BAC): Total amount of ethanol consumed over a 24 hour period (chronic ad libitum paradigms are higher due to
all day voluntary drinking comparedto binge acute paradigms (avg. mouse blood conc. = 1.375mL). Units: mg/dL

¥ BloodAlcohol Concentration (BAC): 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 an hour (or two) after exposure). Units: mg/dL

*  Legal Driving Limit (LDL) in humans (0.08 or 80mg/dL)

**  Alcohol Induced Black Out (AIBO)in humans(200mg/dL)

*** Alcohol Induced Death (AID) in humans (400mg/dL)

The purpose of this table was to standardize the PAE dosage paradigms, using the most
common PAE dosages discussed in this review. Firstly, PAE dosages were standardized to
g/kg (instead of volume of alcohol/distilled water). Mouse mass was standardized to
0.025kg (25g). The PAE dosage was then divided by the amount of blood in the average
mouse and provides the Blood Alcohol Concentration Equivalent (per day). The blood
alcohol concentration equivalent was then divided by the amount of hours a day alcohol
was provided using those paradigms (v/v dosage paradigms are ad libitum and all day
voluntary drinking. As a result v/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/v alcohol dosage paradigm mimics the
2.0g/kg gastric gavage alcohol dosage paradigm using blood alcohol concentration per hour
equivalent.
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Chapter 3:  Retinoic Acid Deficiency during Gastrulation Induce Craniofacial
Malformations in mouse resembling Fetal Alcohol Syndrome

Foreword

Our Gsc:Cyp26A1 mouse model was designed to biochemically mimic alcohol-induced retinoic
acid deficiency in the Node during early gastrulation. It is a developmental time point when
retinoic acid is required for induction of the neuroectoderm and neural crest cells, cellular
signaling, differentiation and subsequent craniofacial development. This chapter is to be
published as a research paper describing the characterization of our Gsc:Cyp26A1 mouse model
and testing the hypothesis that retinoic acid deficiency (Vitamin A deficiency) at early
gastrulation results in FASD-like outcomes in a mammalian model system. FASD is the most
common neurodevelopmental disorder in Canada is caused by maternal consumption of alcohol
during pregnancy. Craniofacial malformations, brain aberrations, and behavioral deficits are
observed in individuals with FASD. Maternal Vitamin A deficiency (retinoic acid deficiency)
during pregnancy has also caused craniofacial malformations, brain aberrations, and behavioral
deficits reminiscent of those seen in FASD. Here we establish that retinoic acid deficiency in
early gastrulation results in craniofacial malformations and brain aberrations that phenocopy
PAE induced malformations seen in robust mouse models and developmental aberrations that
model FASD outcomes in humans. This work is the first evidence defining a molecular etiology
of FASD in a mammalian system. The impact of this work is significant as it establishes solid in
vivo evidence that (pre-) treatment with Vitamin A is likely to reduce or prevent FASD outcomes

in humanes.
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Abstract

Fetal Alcohol Spectrum Disorder (FASD) is caused by maternal consumption of alcohol during
pregnancy affecting 2-5% of the population in Western countries. We have recently determined
that acute ethanol exposure overwhelms the aldehyde metabolic enzymes that would normally
convert retinaldehyde to retinoic acid (RA). We showed that alcohol exposure during
gastrulation reduces RA levels at a time critical for embryogenesis which drives the future
craniofacial malformations associated with FAS. Here we describe an early gastrulation directed

RA deficiency model genetically designed to biochemically mimic acute alcohol exposure by

expressing Cyp26A1-eGFP from the endogenous Goosecoid (GSC) promoter. Gsc™/¥P26At

embryos exhibit a reduction of retinoic acid levels during gastrulation and aberrant neurofilament
patterning during nervous system formation. Moreover, Gsc*"“*?°A! E18.5 embryos have FASD

Sentinel-Like craniofacial phenotypes, while adult Gsc*/c¥P%6At

mice can develop severe
craniofacial maxillary malocclusions reminiscent of early gestation prenatal alcohol exposure.
Taken together, this RA deficiency model results in developmental changes in neural lineage
induction/proliferation, migration patterning, and craniofacial malformations that can be further

studied in the context of the molecular etiology of FASD in a mammalian system and support the

connection between alcohol exposure and reduced RA signaling.

[Keywords: Retinoic acid, Vitamin A deficiency, Fetal Alcohol Spectrum Disorder (FASD),

Craniofacial Malformations, Hindbrain Development, Malocclusion]
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Introduction

Fetal Alcohol Spectrum Disorder (FASD) is caused by maternal consumption of alcohol during
pregnancy. It is the most common cause of neurodevelopmental disorders in children, affecting
approximately 1-2% of the population in Canada, United States and Europe (Chudley et al., 2005;
Popova et al., 2016). FASD with Sentinel Facial Features (FAS) is the most severe form of

FASD and has an incidence of 0.146% worldwide (14.6 per 10000 people) (Popova et al., 2017).
There is currently no treatment or cure for FASD, nor is the etiology of the disorder known.
Many researchers believe that alcohol dosage (Randall and Taylor 1979; Pierce and West 1986;
Bonthius, Goodlett, and West 1988), duration of the alcohol exposure whether acute or chronic,
and gestational timing (Anthony et al., 2010; Godin et al., 2010b; Lipinski et al., 2012; Parnell et
al., 2013) are important determinants of the induction and severity of the disorder. Other risk
factors, such as, maternal genetics and offspring epigenetics (Kaminen-Ahola, Ahola, Maga, et
al., 2010), maternal nutrition (Keen et al., 2010), maternal metabolism (Burd, Blair and Dropps,
2012), maternal and offspring stress (Weinberg, 1989; Alberry and Singh, 2016) each to some
respect contributes to the severity of FASD outcomes following prenatal alcohol exposure (PAE).
Currently, the clinical assessment of FASD includes: FASD with Sentinel facial features and
FASD without Sentinel facial features, where Sentinel facial features are distinct craniofacial
malformations caused by prenatal alcohol exposure (Cook et al., 2016). Due to their high
specificity, these sentinel facial features are used in the clinical diagnosis of FASD, along with
neurobehavioral examination and maternal alcohol history (Astley and Clarren, 1996). In general,
the severity of facial malformations correlates with the severity in brain defects, specifically

forebrain dysmorphologies (DeMyer W, Zeman W, 1964). This holds true for FASD, as
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individuals with sentinel facial features tend to have more severe brain aberrations and
consequently neurobehavioral anomalies (Chudley et al., 2005; Cook et al., 2016). In order to
study a multifaceted disorder like FASD, researchers must start by using an animal model that
can replicate the most severe form of the disorder with high penetrance. Secondly, the model
should take into consideration that the craniofacial malformations (sentinel facial features) are in
many instances of neural crest cell lineage origin (Carlson, 2014). Ideally, the model should test
a developmental hypothesis well founded in the literature. In this regard, we based our model on
the Vitamin A competition hypothesis (Kot-Leibovich and Fainsod, 2009). This hypothesis
suggests that ethanol exposure competitively inhibits to oxidation of retinol (Vitamin A) and
retinaldehyde by the appropriate dehydrogenases (DH) that would normally convert retinol to
retinoic acid (RA). This occurs because the ethanol clearance and RA production pathways share
some of the same dehydrogenase enzymes and the cell shifts to the removal of the impending
teratogens, ethanol and acetaldehyde, rather than synthesizing retinoic acid. Unfortunately,
retinoic acid is required during early embryogenesis to direct proper neural crest cell patterning

and many other developmental processes (Carlson, 2014).

Retinoic acid, one of the biologically active metabolites of Vitamin A, is a diffusible lipophilic
molecule that regulates over 3% of genes in the mammalian genome directly (through Retinoic
Acid Response Elements, RARES) and indirectly (by downstream RA target genes) (Balmer and
Blomhoff, 2002; Paschaki et al., 2013). All-trans Retinoic Acid (ATRA) is required for proper
spatial temporal signaling during development, specifically rostral-caudal differentiation
(formation) and patterning, and migration of the neural crest and mesoderm cell lineages during
gastrulation (Rhinn and Dolle, 2012). Analysis of Vitamin A-deficient quail embryos

demonstrated that ATRA regulates anteroposterior (AP) patterning of the neural plate (Halilagic
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et al., 2007). Furthermore, ATRA is required for proper migration of neural crest cell lineages
from the hindbrain into the frontonasal prominence and branchial arch regions (Bohnsack and
Kahana, 2013). The retinaldehyde dehydrogenase family of enzymes (Raldhl, 2, and 3) are
responsible for the oxidation of retinol to retinoic acid (Kam et al., 2012). During gastrulation,
Raldh2 (Aldh1a2) is the major enzyme family member performing this conversion. Retinoic acid
levels are tightly regulated by synthesizing and controlling enzymes like Raldh2, Rdh10 and
Dhrs3, but are also controlled from catabolizing enzymes like cytochrome P450 26 subfamily of
enzymes (Cyp26Al, Cyp26B1, and Cyp26C1) that catalyze reactions that convert RA into polar
metabolites (4-hydroxy- and 4-oxo-RA) rendering them biologically inactive (Ross and
Zolfaghari, 2011). Cyp26ALl in particular metabolizes the ATRA, 9-cis-RA, and 13-cis-RA
isoforms and prevents inappropriate cell signaling in certain cell populations or in regions like

the tail bud of the developing embryo (Pennimpede et al., 2010).

The Vitamin A competition hypothesis predicts that perturbations in RA signaling should result
in FASD-like phenotypes. Raldh2 deficient mouse embryos show the extreme effects of Vitamin
A (retinoic acid) deficiency in a developing mammalian organism (Niederreither et al. 1999;
2000; 2003). Raldh2 deficient embryos exhibit defective forebrain and optic development, a
region where Raldh2 expression is required for proper retinoic acid patterning and frontonasal
prominence development (Ribes et al., 2006). Loss of retinoic acid also results in cell death and
abnormal craniofacial neural crest distribution that contribute to frontonasal prominence defects
(Ribes et al., 2006). Retinoic acid is considered a master signaling regulator during development,
perturbation of retinoic acid causes changes to multiple developmental cell signaling pathways
which include; homeobox genes (HOX), fibroblast growth factor (FGF), sonic hedgehog (SHH),

and paired box genes (PAX). All these pathways are involved in frontonasal prominence
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development (Ribes et al., 2006; Kam et al., 2012; Rhinn and Dolle, 2012; Cunningham et al.,
2015). Retinoic acid synthesis (RDH10) and retinoic acid receptor gene (RARa/y) knockout
mice, both causing RA deficiency, show aberrations in cranial neural crest cell lineages,
craniofacial malformations, and cranium/skeletal defects (Lohnes et al., 1994; Rhinn et al., 2011,
Kam et al., 2012; Rhinn and Dolle, 2012). Prenatal alcohol exposure murine models exhibit
similar aberrations in cranial neural crest cell lineages, craniofacial malformations, and
cranium/skeletal defects (Dunty Jr., Zucker, and Sulik 2002; Lipinski et al. 2012; Godin et al.

2010; Anthony et al. 2010)

We have previously shown in a Xenopus FAS model, that a single exposure to alcohol during
early gastrulation is sufficient to induce the developmental defects associated with FASD
Sentinel facial features (Yelin et al. 2005; 2007). Moreover, supplementation of retinoic acid by
Vitamin A or retinaldehyde addition in the Xenopus model was sufficient to rescue the
developmental defects associated FASD Sentinel facial features (Yelin et al., 2005; Kot-
Leibovich and Fainsod, 2009). Acute ethanol exposure overwhelms the aldehyde metabolic
enzymes that would normally convert retinol (Vitamin A) to retinoic acid (RA) (Kot-Leibovich
and Fainsod, 2009). We hypothesize that ethanol exposure reduces RA levels during critical
developmental stages, i.e. early gastrulation, and this aberration induces the craniofacial
malformations associated with FAS. We chose to test this hypothesis directly in a mammalian
system by designing a genetic model that would biochemically mimic the reduced RA levels due
to acute ethanol exposure, at the right time, early gastrulation, and in the right place, the
Spemann Mangold organizer. To create this model, we inserted a Cyp26Al-eGFP expression
cassette into exon 2 of the endogenous Goosecoid (Gsc) gene. The Gsc promoter dictates spatial-

temporal expression to the embryonic organizer at the start of gastrulation in mouse embryos.
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Cyp26A1 degrades the endogenous RA in these cells, biochemically mimicking the alcohol-
induced competitive inhibition of Raldh2 and resulting in RA-deficiency and perturbation of

neural crest cell lineage induction, proliferation, and migration.

Results

+/Cyp26Al

Generation of Gsc transgenic mice

The mouse Gsc gene is encoded by three exons and is expressed in the embryonic organizer
(node) during gastrulation (Blum et al., 1992). Gsc-null (homozygous) mice are neonatal lethal
due to palate malformations making the pups unable to suckle milk from the dame (Rivera-pérez
et al., 1995). Gsc heterozygous mice are viable, without palate malformations and
indistinguishable (morphologically) from their WT littermates (Rivera-pérez et al., 1995). To

take advantage of that well studied transgenic mouse, Gsc*C¥P26AL

transgenic knock-in mouse
strains were constructed using the same targeting site used to create the Gsc-null mutations in
Behringer’s model. We constructed a donor template with approximately 500bp homology arms
flanking the Cyp26A1-eGFP cassettes into exon 2 of a Gsc allele (Fig. 1A). Two heterozygous
GscOYP2AL strains on a C57BL/6N background were constructed differing by the translation

+/Cyp26AL(G12) otrain contains an T2A-

element used for Cyp26A1 cDNA expression. The Gsc
Cyp26A1-T2A-eGFP cassette and the Gsc /P41 strain contains an IRES-Cyp26A1-T2A-
EGFP cassette. It is expected that the T2A construct would be more efficiently translated
(Cyp26A1l) than the IRES construct (Kim et al., 2011). Thereby, generating models that may

differ in the level of RA deficiency (Fig. 1B). The constructs were sequence validated across all

junctions and functional elements (Fig. 1C) and correct targeting of Gsc was confirmed by
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Southern blot analysis (data not shown). Gsc“**?*A mice were later mated with C57BL/6N Cre-
recombinase mice (REF) to delete the downstream [-actin promoter driven Puro antibiotic

selection marker cassette (Fig. 1B). Gsc*/©YP20AL

mice should express Cyp26A1 in the definitive
endoderm at early gastrulation, resulting in retinoic acid deficiency and subsequent perturbation

of neural crest cell induction.

GscOP2AL mice are born fully viable, but at reduced frequency compared to WT litter mates,
0.66:1 (n=351) and 0.88:1 (n=233) for Gsc"CYP?ALCL2) gng GscCYPZALH girains, respectively
(Fig. 1D). The reduced frequency observed for the G12 strain supports the expectation that the
T2A-translated Cyp26A1 may be more RA-deficient and leads to more severe phenotypes,
compared to the H4 strain. That there is a difference between the two otherwise exactly the same
strains suggest the Gsc:Cyp26AL is biologically active in vivo and a strong likelihood of
discernable phenotypes in the majority of embryos remaining. The appearance of reabsorption
sites at E8.5 in Gsc"®YP?AL pregnancies suggests that some heterozygous mutants die during
early-mid gastrulation (data not shown). Male to Female progeny numbers in Gsc*/€¥P26A1

mutants and WT littermates in both strains were obtained at an expected frequency of near 1:1

(Fig. 1D).
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Figure 3.1. Gsc:Cyp26Al-eGFP Gene Targeting Design and Mouse Derivation. (A)
The Gsc:Cyp26A1-eGFP cassette was targeted to exon 2 of the endogenouse Gsc gene
by homologous recombination. (B) Cyp26A1 was used to catabolize RA and all RA
isoforms in cells expressing Gsc. eGFP is a co-expressed fluorescent marker used to
identify these cells in in vitro and in vivo studies. The cassette was constructed with
two cyclin T2A peptide-bond-skipping translation elements to translate both the
Cyp26A1 and eGFP gene products as individual proteins when the Gsc promoter was
activated. Neomycin is a mammalian selection marker for gene targeting, which was
later removed in vivo by crossing with a Cre mouse. The G12 strain uses a T2A
translational element for Cyp26A1. The H4 strain uses an IRES translational element
for Cyp26A1. (C) All targeting steps in ES and C57BL/6N mice were sequence
validated to ensure correct recombination events and intact functional elements. (D)
F1 Gsc:Cyp26A1 mice were born healthy, but at reduced frequency, as compared to
WT littermates.
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+/Cyp26A1

Activin A induces eGFP expression in Gsc embryoid bodies

To validate that expression of Cyp26A1-eGFP is under the control of the Gsc promoter we
performed embryoid body assays with and without Activin A and FGF. Gsc is specifically
expressed in the definitive endodermal germ layer of the developing embryo. To induce Gsc
expression in vitro, embryoid bodies (EB) assays were used to replicate the early developmental
cell signaling interactions required to initiate definitive endoderm induction. Activin A is a well-
established inducer of Gsc gene expression, particularly during embryo and embryoid body
differentiation (Blum et al., 1992; Soto-Gutiérrez et al., 2007). Gsc/®?*A! embryonic stem cells
were cultured under embryoid body assay conditions, with or without 100 ng/mL Activin A and
100 ng/mL FGF-2 for 5 days, as described (Soto-Gutiérrez et al., 2007). Gsc*'P**A! embryoid
bodies treated with Activin A and FGF-2 clearly expressed eGFP, compared to embryoid bodies
without Activin A and FGF, or embryoid bodies from WT ES cells (Fig. 2A). This demonstrates
eGFP is inducibly expressed in cells under conditions that induce the Gsc promoter. To confirm
our embryoid body assay does initiate definitive endoderm induction, we performed

immunohistochemistry using Sox17 as a marker for definitive endoderm. Gsc*CYP2AL

_embryoid
bodies with Activin A and FGF-2 supplementation show definitive endoderm marker (Sox17)
expression, the cell lineage where Goosecoid is actively expressed during early gastrulation (Fig.

2B).



WT Gsc:Cyp26A1

Activin A + + -
FGF-2

Sox 17

Figure 3.2. Gsc:Cyp26A1-eGFP is Expressed in Embryoid Bodies Induced
with Activin A and Fibroblast Growth Factor (FGF). (A) Embryoid body
(EB) formation was used to generate definitive endoderm germ cells in
vitro. Activin A and FGF-2 was used to induce Gsc gene expression,
including Cyp26A1-eGFP expression from the targeted Gsc allele. Results
clearly demonstrate Gsc:Cyp26A1-eGFP is inducible under these conditions
by eGFP expression in Activin A treated cells (middle panels), but not in
untreated or EBs generated from wild-type ES cells. (B) Sox17
immunocytochemistry was performed on embryoid bodies to confirm
definitive endoderm cell induction.
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E8.5 Gsc/™PAL RARE-Lac-Z embryos show reduced RA activity

*+Cyp26AL mice were crossed

To functionally validate our Gsc:Cyp26A1-eGFP cassette in vivo, Gsc
with RARE-hsp68-lacZ transgene mice and E8.5 embryos were assessed for RA activity
patterning by LacZ expression (Rossant et al. 1991). Gsc/“P*A1 _RARE-LacZ embryos have a
marked reduction of RARE-LacZ expression in the frontonasal prominence region (developing
forebrain) of the embryo compared to WT littermates (Fig. 3A-B). This data indicates Cyp26A1-
induced RA deficiency is indeed generated in vivo. In addition, the patterning of the RARE-LacZ
activity in the frontonasal prominence was altered compared to WT RARE-LacZ embryos (Fig.
3A-B, arrowheads). The frontonasal prominence region develops into the face, neck and brain,
all of which require tightly regulated retinoic acid expression (Bohnsack et al., 2010, Rhinn et al.
2012). Perturbations in retinoic acid signaling in the frontonasal prominence region will have
developmental consequences for proper craniofacial morphogenesis (Ribes et al. 2005). In some
cases, we observed Gsc*/“P*A1 _RARE-LacZ embryos with severely reduced LacZ expression in
the frontonasal prominence (Fig. 3C, arrowheads). These embryos with severely perturbed LacZ
expression/retinoic acid activity may represent the embryos we assume would be reabsorbed.
RARE-LacZ expression was not affected in the somites, lateral mesoderm derivatives, and trunk

region of E8.5 GscCYP2AL

embryos compared to their WT siblings (Fig. 3 D-E), indicating that
the effects of Gsc:Cyp26A1-eGFP are only seen in tissues derived from cells where the

Cyp26ALl cassette was activated.
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Figure 3.3. Gsc:Cyp26A1 E85 Embryos Have a Reduction in Retinoic Acid
Activity/RARE-LacZ Expression. (A-C) Gsc:Cyp26A1*"~ mice were crossed with
RARE-LacZ"*mice containing a transgene reporter for intracellular RA levels.
Gsc:Cyp26A1*"~ x RARE-Lac-Z"~ embryos demonstrate both a reduction in Retinoic
Acid activity/RARE-LacZ expression (B and C, lighter blue X-gal staining) in the
frontonasal prominence region (Neural Crest Cell derived lineage; black arrow). WT
littermate embryos (Gsc:Cyp26A1*"* x RARE-Lac-Z"") develop proper frontonasal
prominence formation and RA normal levels (A). This data shows Gsc:Cyp26Al
embryos have reduced retinoic acid activity in tissues known to express Gsc.. (D-E)
Patterns of RARE-Lac-Z activity in Gsc:Cyp26A1"~ x RARE-Lac-Z*~ embryos are
normally expressed in non-Gsc-transcribed tissues (E) compared to WT siblings (D).
All embryos were gathered at E8.5 (A-E). The RARE-LacZ mouse has a Retinoic Acid
Response Element (RARE) fused to a LacZ (B-galactosidase) reporter gene.
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8.5 Gsc embryos have morphological and developmental aberrations

E8.5 Gsc“PPALRARE-LacZ embryos not only show a reduction in RARE-LacZ expression in
the frontonasal prominence region but this induced RA deficiency also results in observable
malformations in the developing frontonasal prominence (forebrain region) compared to
wildtype littermates (Fig. 4 A-B). The majority of E8.5 Gsc"/“*P?*A! embryos share a common

phenotype (Fig. 4 C-D); however, some E8.5 Gsc"<¥P?°A!

embryos have malformations with
varying degrees of severity in addition to being developmentally delayed (E7.75-8.0 in some
cases, as determined by size, not turned and a smaller number of somites; Fig. 4 E-F). Normally
embryos delayed more than one embryonic day would undergo reabsorption, mostly likely the

reason why in the Gsc*/YP2eAt

transgenic model, the Mendelian frequency was not 1:1 (Flores et
al., 2014). E8.5 Gsc /P21 embryos also have malformed, non-bilateral frontonasal prominence
lobes compared to WT littermates (Fig. 4C and F, Fig. 3B, arrowheads). Gross morphological
malformations were not seen in the heart, somites, lateral mesoderm, or trunk of (similar sized)
GscCYP2AL E8 5 embryos compared to WT Littermates.

Developmentally regulated RA activity returns to normal expression by E9.5-11.5 Gsc*/c/P%6AL

embryos

Reduced RA activity should not be detectable after E9.0 as both, the Gsc-driven cassette
expression and residual Cyp26A1 mRNA and protein will no longer be present (Tay et al., 2010).
RA activity, as measured by RARE-LacZ expression, should exhibit a normal pattern in
Gsc©P2A embryos. E9.5-11.5 Gsc“YP?ALRARE-lacZ embryos do indeed show normal RA
+/Cyp26A1

activity patterns, indicated that the Gsc:Cyp26ALl is not expressed. Surprisingly, Gsc

embryos do not show overt signs of development malformations (Fig. 5A-F), nor a reduction of
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size in the frontonasal prominence region at E9.5 (Fig. 5A-B), as was previously seen at the E8.5
timepoint. Gsc“*?*A! embryos appear have normal RARE-lacZ expression patterns at the E10.5
and E11.5 timepoints, compared to WT littermates (Fig. 5C-F). The normal RARE-lacZ pattern
suggests that RA signaling is back to normal by E9.5, but it does not rule out downstream effects
and outcomes resulting from earlier perturbations that may be expressed at either the cellular

level or later in development.

Wild-Type Littermate Gsc:Cyp26A1
A C E

¢ 9 v
B D F
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Figure 3.4. GSC:Cyp26Al E8.5 Embryos Have Aberrations in Retinoic Acid
Dependent Embryonic Patterning. Gsc:Cyp26A1 embryos (C-D) show changes in
morphology of the frontonasal prominence region (blue stained region in forebrain)
compared to WT siblings (A-B). In rare cases (~1 in 20 embryos) Gsc:Cyp26Al
embryos have a frontonasal prominence region devoid of RA activity, a severely
malformed craniofacial region, and are slightly developmentally delayed (E-F).
These are tissues neural crest cell in origin and will make the future face and
forebrain.
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Gsc:Cyp26A1l

Wild-Type Littermate

Figure 3.5. E9.5-11.5 Gsc:Cyp26A1 Embryos Show No Distinct Changes in RARE-LacZ
Patterning. E9.5-11.5 Gsc:Cyp26A1 embryos (A, C, and E) no longer show distinct changes
in embryonic patterning, gross morphology and intensity of RARE-LacZ expression
compared to WT littermates (B, D, and F).

GscPAL E10.5 Embryos show aberrant cranial nerve patterning

Developmental effects resulting from RA deficiency at gastrulation can been at later stages of
brain development. Previous studies showed that perturbation of retinoic acid during gastrulation
can cause malformations in the developing cranial nerves, specifically cranial nerves V thru XII
(Niederreither et al. 2003). Gsc /"t embryos show either a complete loss of the X cranial
nerve, a loss of the dorsal root of the IX cranial nerve, slender dorsal root fibers, or a fusion of
the IX"to X™ cranial nerves when compared to WT littermates (Fig. 6A-D). Gsc /A E10.5
embryos show decreased overall staining of nerve fibers in the cranial nerves and hindbrain

regions, specifically cranial nerves V11, VIII, IX, and X (Fig. 6A-D). Gsc®*?A1 E10.5 embryos
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have slender dorsal root fibers innervating the frontonasal prominence and branchial arch regions

in cranial nerves V-XII when compared to WT littermates (Fig. 6B and D). Additionally,

GscP2AL E10.5 embryos show asymmetric abnormalities in cranial nerve patterning when

comparing the right and left sides of the same embryo.

Wild-Type Littermate Gsc:Cyp26A1

I

Figure 3.6. GSC:Cyp26Al1 E10.5 Embryos Have Aberrant Neural Crest Cell
Migration in the Developing Cranial Nerves of Branchial Arches. GSC:Cyp26Al
E10.5 embryos show a dysregulated cranial nerve patterning in the developing
forebrain and branchial arches derived from the neural crest cell lineage mitigated by
retinoic acid induced Hox genes (B and D). GSC:Cyp26A1 E10.5 embryos have
decreased neural crest cell migration in cranial nerves V (black arrows), VII, VIII, X,
XI, and specifically 1X (red arrows). WT Littermates demonstrate proper cranial nerve
patterning in the developing forebrain and branchial arches; the cranial nerves are
migrating as expected (A and C). Notice that cranial nerve V does not innervate the
optic vesicle in either of the Gsc:Cyp26A1 embryos, but correctly innervates the optic
vesicle in WT littermate embryos (black asterisk). These result demonstrate that the
GSC:Cyp26A1 model results in aberrant neural crest cell proliferation and migration.




65

GscP2AL E18.5 Embryos have FASD Sentinel-Like Craniofacial Phenotype

We demonstrate that E18.5 Gsc*“P?At embryos develop an FASD sentinel feature craniofacial

+/Cyp26A1

phenotype. Moreover, Gsc mice have an 88% penetrance of FASD craniofacial

phenotypes (Supp. Fig. 1). Scanning Electron Microscopy analysis of GscCyP2eAL

embryos
identified comparable prenatal alcohol exposure (FASD Sentinel-like) craniofacial
malformations as found in previous PAE models (Anthony et al., 2010)(Godin et al. 2009).
GscOP2AL empryos had a larger philtrum-lip length ratio compared to WT littermates (sign.= 2
litters, trend.= 4 litters) (Fig. 7A and C). Gsc"®*A! embryos had a smaller bigonial line length
compared to WT littermates (sign.= 2 litters, trend.= 3 litters) (Fig. 7B and C). Gsc /P24
embryos had a smaller whisker pad length compared to WT littermates (sign.= 4 litters, trend.= 1
litters) (Fig.7B and C). Gsc“P?*A1 embryos had a smaller frontal snout area compared to WT
littermates (sign.= 2 litters, trend.= 4 litters) (Fig. 7D). The mean for each of the 4 craniofacial
measurements for both Gsc"/?*A and WT littermates in each individual litter are shown in
(Supp. Table 1). 4 craniofacial measurements (Supp. Fig. 2): philtrum-lip ratio, bigonial line,
whisker pad length and frontal snout area were found to exhibit significant differences in nearly
all litters (N=7 litters; n=69 embryos). The other 5 measurements: midfacial depth, lowerfacial
depth, neck to edge of mandible, and side snout area were trending in some of the 8 litters
examined (Supp. Table 2 ). We assessed many other craniofacial measurements that may be
linked to neural crest development, but found no trending patterns between Gsc/“*?°A and WT
Littermate embryos. It should be noted that taking advantage of the SEM imaging it was possible
for the first time to measure the frontal and side snout areas of the E18.5 embryos, this

measurement was not possible in 2D craniofacial analysis.
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Figure 3.7. Gsc:Cyp26Al1 E18.5 Embryos Have Fetal Alcohol Syndrome (FAS)-like
Craniofacial Malformations. (A) Gsc:Cyp26A1 E18.5 Embryos have a less defined, flatter
maxillary formation resulting in a larger philtrum/philtrum-lip ratio compared to WT
littermates (red arrow length/yellow arrow length). For comparison, WT littermates E18.5
embryos have a more defined, normal protruding maxillary formation resulting in a smaller
philtrum/philtrum lip ratio. (B) Gsc:Cyp26A1 E18.5 embryos have a narrower bigonial line
width (red dashed line, asterisk marks the comparative length of Gsc:Cyp26A1 bigonial
line width on a WT sibling). The orange overlay defines a smaller snout area in
Gsc:Cyp26Al E18.5 embryos. For comparison, WT E18.5 embryos have a wider bigonial
line width and larger snout area. (C) Craniofacial measurements for individual embyros of
a representative litter are shown. Observed differences for each phenotype reach
significance within almost all of the 8 litters examined. *P<0.05
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GscP2A pg0-75 mice have high incidence of Craniofacial Maxillary Malocclusions

+/Cyp26A1

We demonstrate that Gsc mice developed severe postnatal craniofacial maxillary

malocclusions (Fig. 8). Gsc*/cYP2oAt

mice (n=10; ages 8-10 weeks), WT littermates (n=4; ages 8-
10 weeks), and C57BL6/N In House Colony (University of Manitoba) malocclusion mice (n=3;
ages 4-10 weeks) had all undergone MicroCT analysis. The WT littermates and C57BL6/N
House (University of Manitoba) Colony malocclusion mice were used as negative controls for
the experiment, respectively (Table 1). We demonstrate that craniofacial malocclusions and pre-
maxillary twisting is not found in the WT littermate cohort (O malocclusions; n=120, Table 1).
Incidence of craniofacial malocclusions in C57BL6/N colonies are 0.04% (Jax Laboratory) and
0.32% (C57BL6/N In House Colony, University of Manitoba), (Table 1). Gsc /" mouse
cohort had a 12.5% overall incidence of craniofacial malocclusions and pre-maxillary twisting
between the G12 and H4 strains (11 malocclusions; n=88) (Table 1; Fig. 8). Gsc*“*?Al mice
developed maxillary malocclusions as a result of the premaxillary (nasal) bone twisting (Twigg

+/Cyp26A1

et al., 2009). When comparing the cranium measurements of Gsc mice to control cohorts,

WT littermate and C57BL6/N In House Colony malocclusion mice, Gsc®??A! demonstrated a

HICYP26AL mice have a

significant increase in the overall width of the cranium. P60-75 Gsc
significantly wider nasal, frontal, and interparietal bone measurements (p<0.05) compared to WT
littermate mice and a trending result compared to C57BI6/N In House Colony malocclusion mice
(Fig. 9A). Gsc’“P?Al mice have a significantly wider L-R anterolateral bone measurement
(p<0.01), compared to WT littermate mice and a trending result compared to C57BL6/N In
House Colony malocclusion mice (Fig. 9A). We followed up the initial cranium MicroCT width
and length measurements with 11 Maxillary and Mandible Length measurements, using the same

+/Cyp26A1

three cohorts of mice (Supplemental Fig. 2). Gsc mice have a significantly larger upper



68

incisor height (p<0.001), as expected compared to WT littermate mice due to the maxillary
malocclusion (Supplemental Fig. 3). Gsc*” mutant mice have not been documented to develop
craniofacial maxillary malocclusions at P60 to 75 (Rivera-pérez et al., 1995). Nor do vitamin
Alretinoic acid deficient P60-75 mouse models show craniofacial maxillary malocclusions as
seen in our model. Interestingly, first-trimester PAE mice were shown to have wider cranium
measurements (a trending result) compared to non-PAE mice (Kaminen-Ahola, Ahola, Maga, et
al., 2010). Moreover, Gsc"®?*AL craniofacial malocclusions and pre-maxillary twisting
phenotypes resemble the pre-maxillary twisted snouts of first-trimester PAE mice (Kaminen-
Ahola, Ahola, Maga, et al., 2010). Taken together, the increased incidence and severity of

+/Cyp26A1

craniofacial malocclusions in Gsc mice is a true phenotype when compared to WT

littermates and C57BL6/N In House Colony malocclusion mice.

Table 3.1: Gsc*/©¥P26A1 pg0 Mice Have Severe Craniofacial Malocclusions

Gsc*/CvP26A1 % WT Littermates* | C57BI6 In House Colonyt
G12 | 7/44 (15.9%) 0/70 (0.0%)

11/3733 (0.32%)
H4 4/44 (9.1%) 0/50 (0.0%)

Total | 11/88 (12.5%) 0/120 (0.0%) 11/3733 (0.32%)

* C57Bl6 Background T University of Manitoba C57Bl6 Mouse Facility (House) Colony



WT Littermate Gsc:Cyp26A1

..

Figure 3.8. GSC:Cyp26A1 P60 Mice Have Severe Craniofacial Malocclusions.
GSC:Cyp26Al P60 mice (Panel B, Top View) demonstrate a curvature in the
maxillary process (specifically the pre-maxillary component) when compared to
WT littermates (Panel A, Top View). GSC:Cyp26A1 P60 mice (Panel B, Bottom
View) do not have a curvature of the mandibular component, the mandible is
straight when compared to the skull as seen in WT littermates (Panel A, Bottom
View). The curvature to the maxillary component can be seen to impact the
natural grinding of the incisors, ultimately causing a severe malocclusion in
Gsc:Cyp26A1 mice (Panel B, Front View); the incisors grind normally in WT
littermate mice (Panel A, Front View).
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Figure 3.9. GSC:Cyp26A1 P60 Mice Have a Wider Cranium Compared to WT Littermates. (A)
GSC:Cyp26A1 P60 mice show a statistically significant wider cranium in all 4 major skull
region width measurements (Nasal Bone, L-R Anterolateral Frontal Bone, Frontal Bone, and
Intraparietal Bone Widths). GSC:Cyp26A1 P60 mice exhibit the greatest statistical significance
in the L-R Anterolateral Frontal Bone width measurement, this is the fusion point between the
maxillary and pre-maxillary components of the cranium and where the curvature originates
causing the malocclusions. (B) GSC:Cyp26A1 P60 mice do not demonstrate any statistically
significant longer cranium in any of the 4 major skull region length measurements.
Interestingly, the intraparietal bone length measurement was shorter, but only trending
compared to WT littermates (B - Intraparietal Bone Length). *P<0.05, **P<0.01
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GscP2A1 p180 mice have Reduced White Matter (Axonal) Bundle Volumes

100uM Magnetic Resonance Imaging of 180 day Gsc*/¥P%At

adult mice and cage matched
wildtype littermates has shown significant changes in volume of the Anterior Commissure
bundle tract (Fig. 10). Gsc"“YP?°A1 G12 strain mice particularly exhibit a reduction in Anterior
Commissure bundle tract volume compared to WT Littermates in two litter pairs G12 and G9 by
31% and 34%, respectfully. Gsc“P?*A1 H4 strain mice exhibit an increase in Anterior
Commissure bundle tract volume compared to WT Littermates in litter pair H6 by 4%.
GscOYP2AL strain mice also have an increase in Corpus Callosum bundle tract volume compared
to WT littermates in all three litter pairs G12, G9, and H6 by 7%, 6%, and 3%, respectfully.
Hippocampal volume was increased in all three Gsc"/“YP?%A! mice litter pairs G12, G9, and H6
compared to WT littermates, by 2%, 8%, and 3%, respectfully. Total Brain, Corpus Callosum,
and Hippocampus regions showed trending but not significant differences in volume between

GscOP%AL mice and WT littermates. Anterior Commissure bundle tract volume is different

among the Gsc:Cyp26A1 strains, producing a severe result in the G12 strain.
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CC Volume (mm®)  7.01 7.52 7% CC Volume (mm3)  7.77 7.54 3%
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ACVolume (mm?) | 146 112 | 31%  ACVolume(mm?) 128 133 4%

Figure 3.10. Adult Gsc:Cyp26A1 Brains Have Smaller Anterior Commissure Volume.
An MRI study was performed on three 180-day Gsc:Cyp26A1 and WT female littermate
pairs. Sequential 100uM MRI scans of the brain for each of the mice was performed and
analysis was blinded to genotype in each pair. Volume plot is used as a visual aid to
reflect changes in brain region volume between mouse litter pairs (not to scale). 100uM
MRI section shows reduction in anterior commissure area (red trace) in litter pair #l1
mice. Tables contain volume measurements and percent changes within each litter pair.
Reduction in anterior commissure volume is highlighted with red box. TB: Total Brain,
HP: Hippocampus, CC: Corpus Callosum, AC: Anterior Commissure. Gsc:Cyp26Al
Females: G9-2, G12-2, and H6-1. WT Littermates: G9-1, G12-1, and H6-2.
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Discussion

It is has been shown that retinoic acid deficiency in a mammalian model causes developmental
malformations in neural crest cell migration and proliferation (Niederreither et al., 2003).
Furthermore, prolonged gestational retinoic acid deficiency causes a plethora of malformations
including: limb deformities, organogenesis aberrations, and craniofacial/brain malformations, to
name a few (Sulik KK, Cook CS, 1988; Cunningham, Zhao and Duester, 2011; Lee et al., 2012).
Here we provide evidence that our Gsc:Cyp26A1 mouse model demonstrates craniofacial
malformations and developmental brain aberrations due to spatial-temporal reduction of retinoic
acid at gastrulation. Interestingly, alcohol exposure during gastrulation causes similar migration
and proliferation aberrations in neural crest cell lineages in mouse models (Dunty Jr., Zucker and
Sulik, 2002). It has been demonstrated in Xenopus models using biochemical evidence that
alcohol competes for the retinaldehyde dehydrogenase 2 (Raldh2) activity, which reduces
retinoic acid formation and expression of retinoic acid for downstream pathway signaling during
gastrulation (Kot-Leibovich and Fainsod, 2009). There is high incidence of malformations such
as microcephaly and reduced axial length, and craniofacial defects in embryos exposed to
ethanol (Yelin et al., 2005, 2007). These same malformations are also seen in embryos deficient
for retinoic acid during gastrulation, resembling the phenotypic anomalies in embryos exposed to
ethanol and in individuals affected by FASD (Kot-Leibovich and Fainsod, 2009). The Xenopus
studies provide evidence that early molecular changes to the retinoic acid synthesis pathway
would biochemically mimic exposure to ethanol at gastrulation, making this a useful model

system for studying FASD.



74

We demonstrate that retinoic acid perturbation during early gastrula causes defective patterning
in cranial and hindbrain nerves. The glossopharyngeal cranial nerve (IX) in particular seems to
be the most affected in Gsc:Cyp26A1 embryos, as many of the embryos have no dorsal root and
a reduction in ventral fibres. Furthermore a few of the embryos had fused 1X-X cranial nerves,
whereby cranial nerve IX buds ventrally from the X cranial nerve. These Gsc:Cyp26A1 aberrant
glossopharyngeal nerve phenotypes are reminiscent of Nkx 2.2 and Nkx 2.9 knock-out mice,
which show reduction/loss of dorsal root fibers and IX/X cranial nerve fusion (Pabst et al., 2003;
Jarrar et al., 2015). These aberrant glossopharyngeal nerve phenotypes are further reminiscent of
early gastrulation alcohol exposed embryos which also show reduction/loss of dorsal root fibers
and IX/X cranial nerve fusion (Dunty Jr., Zucker and Sulik, 2002). Nav2 knock-out mice also
exhibit reduction/loss of dorsal root fibers and 1X/X cranial nerve fusion in 60% of offspring
(McNeill et al. 2010), comparable to those glossopharyngeal nerve phenotypes found in
Gsc:Cyp26A1, Nkx 2.2, Nkx 2.9, and PAE embryos. Nav2 is an atRA-responsive gene and is
tightly regulated by RA expression, moreover it is required for proper neurite outgrowth in
murine and human neuroblastoma cell models (Muley et al., 2008; McNeill et al., 2010). The
loss of RA signaling in our Gsc:Cyp26A1 model may cause downstream genes like Nav2 to be
perturbed and result in reduced neurite outgrowth, specifically in the neural crest derived
glossopharyngeal dorsal root nerves. The role of RA in neural crest cell migration and
proliferation is further elucidated in Hoxa3 null embryos, as those embryos share similar
glossopharyngeal nerve phenotypes to Nav2 knock-out embryos. Hoxa3 null embryos exhibit
both the reduction/loss of dorsal root fibers and 1X/X cranial nerve fusion (Watari et al., 2001).
Hoxa3 is a direct downstream RA target and is involved in regulating cell migration in the dorso-

ventral direction at rhombomeres 5 and 6 (R5 and 6). The glossopharyngeal (1X) nerve is derived
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from R6 (Watari et al., 2001). Taken together, RA deficiency during early gastrula stages is
sufficient to dysregulate RA downstream gene cascades in cranial nerve migration and

proliferation/outgrowth resulting in phenotypes seen in PAE models.

Our Gsc:Cyp26A1 mouse model demonstrates that perturbation of RA production at gastrulation,
causes craniofacial malformations which resembles mouse prenatal alcohol exposure
phenotypes. It has been well documented that PAE causes craniofacial malformations including
microcephaly in murine models and in FASD individuals, but what might not be as common are
craniofacial malformations caused by maternal Vitamin A deficiency (RA deficiency) whereby
microcephaly is a common phenotype (Clagett-Dame and Deluca, 2002). Although not as well
documented, prenatal Vitamin A deficiency causes craniofacial malformation in newborns and
resembles the defects seen in FASD newborns. Vitamin A deficiency in murine models has not
been well studied especially retinoic acid deficiency at early gastrulation. Gsc:Cyp26Al RARE-
LacZ expression demonstrated that RA expression in the frontonasal prominence at E8.5 was
perturbed compared to WT littermates. Although it known that Gsc is no longer expressed after
E6.8 until E10.0, it demonstrates that RA deficiency at early gastrulation did indeed cause a
dysregulation in the retinoic acid downstream gene cascade and caused the craniofacial

malformations and cranial nerve aberrations observed in our Gsc:Cyp26A1 mouse model.

We further demonstrate using scanning electron microscopy that E18.5 Gsc:Cyp26A1 embryos
did indeed have a statistically significant: larger philtrum to lip ratio, a smaller frontal nasal area,
and a smaller bigonial width within their respective litters compared to wild-type littermates.
This is the first time a retinoic acid deficiency model has been assessed for craniofacial
malformations using scanning electron microscopy, but it demonstrated similarities to

craniofacial malformations in PAE models (Sulik and Johnston, 1983; Anthony et al., 2010). A
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smaller bigonial width has been shown to be a significant measurement in models where ethanol
was administered chronically starting at gastrulation (E7.0) and acutely during gastrulation (E7.0
and E8.5) (Anthony et al. 2010; Lipinski et al. 2012, respectively). With the bigonial width
measurement being statistically significant in our study we demonstrated that retinoic acid
deficiency at gastrulation does indeed resemble a PAE phenotype. Additionally our study found
two other statistically significant measurements; philtrum to lip ratio and frontal snout area to
further demonstrate changes in maxillary formation in E18.5 Gsc:Cyp26A1 embryos. The
Philtrum to Lip ratio measurement takes into consideration that the length of the philtrum over
the length of the bottom of the nose to the top of the mandible (Lip) (ratio) is larger in
Gsc:Cyp26ALl than in wild-type littermates. Even though the philtrum length measurement is not
larger in Gsc:Cyp26ALl than wild-type littermates as seen in other PAE models (Sulik and
Johnston 1983; Parnell et al. 2009; Lipinski et al. 2012), the maxillary region in the E18.5
Gsc:Cyp26A1 embryos is affected. Particularly, the maxillary region is narrower and longer in
Gsc:Cyp26A1 embryos as seen in PAE models (Sulik and Johnston 1983; Parnell et al. 2009),
and the maxillary region is where midface hypoplasia occurs in FASD individuals (Moore et al.,
2002; Naidoo et al., 2006). One of our initial experiments was to bin Gsc:Cyp26A1 x WT
(C57BI6) littermates as either being mutant (Gsc:Cyp26A1) or normal (WT littermate) in a
blinded arrangement where genotypes would not be known till at the time of weening. We found
qualitatively, that 88% of our Gsc:Cyp26A1 PN1 mice had a discernable craniofacial phenotype
compared to their WT littermates. In order to capture this discernable craniofacial phenotype, as
a smaller snout (face) region in mice we choose to take an area measurement to replicate our
findings in a quantitative manner. The frontal snout area measurement further demonstrates that

the entire snout region of Gsc:Cyp26A1, which includes the maxillary region (and mandible
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region) is smaller when compared to wild-type littermates. This phenotype is seen in other early
gastrulation PAE models whereby the overall area of the affected embryos snout (and cranium)
is smaller when compared to non-affected littermates (Sulik and Johnston 1983; Godin et al.
2010). Our model fully demonstrates that the snout (and cranium) area changes are in fact due to
retinoic acid deficiency and dysregulation in the cascade of downstream RA responsive genes.
This will be the first ever model of FAS (due to retinoic acid deficiency) to assess the behavioral

deficits we have observed in our Gsc:Cyp26A1 model.

Gsc:Cyp26A1 mice exhibit maxillary malocclusions which resemble those of early gastrulation
prenatal alcohol exposure mice. It has been well documented that Vitamin A deficiency causes
maxillary malocclusions in murine models and in humans (as VAD), but what might not be
commonly reported are maxillary (dental) malocclusions, a known and usually overlooked co-
morbidity caused by maternal PAE (Streissguth, Clarren and Jones, 1985; Popova et al., 2016).
In mice, prenatal alcohol exposure prior to and at early gastrulation causes maxillary
malocclusions, but more specifically a curvature of the premaxillary region of the cranium in
adult mice (>P30) (Kaminen-Ahola, Ahola, Maga, et al., 2010). We demonstrate that
Gsc:Cyp26A1 mice develop analogous maxillary malocclusions to those early gastrulation PAE
model mice in Kaminen-Ahola et al.’s study, moreover our model also exhibits increases in
cranium width as seen with the PAE mice in their study. It can be suggested by this data that our
early gastrulation retinoic acid deficiency model is quite similar to an early gastrulation PAE
model. Unfortunately many PAE studies do not study adult mice for craniofacial malformations,
including maxillary studies focused on maxillary and pre-maxillary regions during development
and into adulthood we would find higher incidences of craniofacial malformations in murine

models.



78

Gsc:Cyp26A1 mice further exhibit brain volume changes, specifically a decrease in volume of
the anterior commissure bundle tract, a phenotype seen in PAE mouse models (Higashiyama et
al., 2007; Cao et al., 2014) (Fig. 10). The anterior commissure bundle tract has also been
affected in clinical FASD cases, usually presenting in more clinically severe FAS cases (Coulter
et al., 1993). It has been well documented that PAE causes brain volume, brain region
morphology/shape, and neuronal cell changes in murine models and in humans (as FASD)
(Godin et al. 2010; Parnell et al. 2009; El Shawa, Abbott, and Huffman 2013; Cui et al. 2010;
Allan, Goggin, and Caldwell 2014), but there are virtually no papers that demonstrate brain
aberrations due to only maternal Vitamin A or retinoic acid deficiencies during pregnancy
(Clagett-Dame and Deluca, 2002). There have been studies in murine models that show Vitamin
A deficiency but this is usually secondary effect to another teratogen, an example being alcohol
(Feltes et al., 2014). Interestingly there has been a medical case report demonstrating a reduction
in retinol and retinyl-esters levels in blood serum of PAE newborns (Goez, Scott and Hasal,
2011). Our model serves as the first enzymatic metabolizing model of retinoic acid deficiency at
early gastrulation. The links between retinoic acid deficiency and PAE at gastrulation are quite

interesting allowing for future sensitized Gsc™/¥P?6A!

studies. Taken together, our data provide in
vivo evidence that strongly supports retinoic acid deficiency as a major molecular etiology of
craniofacial malformations and brain aberrations associated with FASD outcomes. The findings
suggest Vitamin A supplementation may significantly reduce or prevent FASD outcomes in
children with PAE. Further studies exploring the protective effects of Vitamin A in PAE mouse

models will need to be done before a therapeutic clinical application of Vitamin A can be

performed. This mammalian model of FAS will be the first to test FAS behavioral deficits,
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leading to more effective prevention strategies and reducing the burden of this disorder on

children, their families, and society.

Methods

+/Cyp26A1

Generation of Gsc mouse as a novel transgenic mammalian model

Gsc targeting and genotype analysis. We isolated a (size kb) Gsc genomic clone from a mouse
C57bl6 genomic library using a 5’ complementary DNA probe. The targeting construct
contained 18kb of genomic DNA with a T2A-Cyp26A1-T2A-eGFP-LOX-hBacP-ATK/NEO-
LOX (G12) or IRES-Cyp26A1-T2A-eGFP-LOX-hBacP-ATK/NEO-LOX (H4) cassette inserted
in an antisense orientation using U5 and D3 homologous recombination sites located in the
second exon of the Gsc gene. This construct disrupts the Gsc coding sequence after aa355,
deleting the homebox region downstream of the insertion site. After electroporation in ES cells
and positive/negative selection, eight targeted cell clones were identified, ES cells were
genotyped by Southern-blot analysis using Nsil restriction site and 3° Cyp26A1 probe that
hybridizes to a 9.3kb (G12, T2A) and 9.8kb (H4, IRES) for the targeted allele. Mouse ear punch,
embryonic yolk sac, and embryonic tail DNA was genotyped by PCR using 2 primers: a sense
primer located in exon 1 and an antisense primer located in exon 2 of Cyp26A1, producing 2
amplification products. The first PCR product for the mutant allele creates an amplification
product ~460bp representing Cyp26A1 cDNA that is present only in the transgene. The second
PCR product creates an amplification product ~750bp for both endogenous Cyp26A1 alleles,

considered a WT allele band.
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Embryoid body assay

GscOP2AL cells from both strains G12 and H4 were used for the embryoid body (EB)
experiments. Parental C2 embryonic stem cells were used as controls for the EB experiments.
Cells were thawed from frozen (1,000,000 cells/per vial) stocks and plated in 2 wells (of a 6 well
plate) at approximately 500,000 cells per well on an adherent layer of MEFs. When cells
achieved a confluency of 80% approximately 48 h post-plating, the cells were passaged to a
10cm adherent cell culture plate on an adherent layer of MEFs. When cells achieved a
confluency of 80%, the cells were trypsinized from the 10cm plate and washed by centrifugation
twice with 5mL DMEM. Cells were then split over 2-10cm adherent cell culture plates (in
approximately 10mL of medium) for a 1 h incubation period without a MEF adherent layer, to
obtain only ES cells and remove any remaining MEFs from the cell suspension. Cell suspensions
were then collected after the 1 h incubation period and cells are washed by centrifugation with
5mL DMEM. Cells were then counted and diluted to a concentration of 50,000 cells/per mL in
DMEM. 50,000 cells (ImL) were placed in each well of a ultra-low density attachment 6 well
plate and supplemented with 100ng/mL of Activin A and 100ng/mL of Basic Fibroblast Growth
Factor (FGF-2). A 6 well plate would normally have 2 wells for each the C2, G12, and H4 lines,
only one of those wells would be supplemented with Activin A and FGF-2, the other would be a
control). The plate would be placed in an incubator at 5% CO, and 37°C. Media was changed
daily for 5 days as per Nature protocol (Soto-Gutierrez et al., 2007). EBs in ultra-low density
plate would be moved to glass bottom cell culture chambers prior to imaging for fluorescent
eGFP expression to reduce additional background signal (from plastics). Fluorescent Microscopy
imaging was performed on a Leica MZ16FA stereozoom microscope with an eGFP Fluolll filter

changer, a 1X optical lens and 1.2 MP Leica DC500.
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Embryo dissection and fixation

A pregnant female mouse (either WT (female) mated with Gsc:Cyp26A1 (male) or
Gsc:Cyp26ALl (female) mated with WT (male)) on day E8.5, 9.5, 10.5, 11.5 or 18.5 dpc (days
post coitum) was sedated using Isofluorane anesthetic and subsequently sacrificed using cervical
dislocation. The abdomen was washed with 70% ethanol and the abdominal cavity was dissected
and uterine horns exposed. Uterine horns were then removed using surgical scissors and washed
in sterile PBS in a 10cm cell culture plate. Each embryo was dissected from the uterine wall and
placenta, yolk sacs with embryo were removed for days E8.5, E9.5, E10.5, and E11.5 using fine
(55) forceps in sterile PBS. The yolk sac was then removed from around the embryo, care was
taken to not damage the embryo, but remove as much of the yolk sac as possible to use as
genomic DNA for genotyping. This was difficult for E8.5 and E9.5 embryos as the yolk sac
attaches to the truck of the embryo that is only a few cell layers thick at this point in
development. For 18.5 dpc embryos, each embryo was dissected from the uterine wall and
placenta, using fine surgical scissors and (5) forceps in sterile PBS. Approximately ~0.5cm of
the latter portion of the embryo’s tail was taken as genomic DNA for genotyping. E8.5-E11.5
dissected embryos were each placed in a well of a 4-well cell culture dish in approximately
0.5mL of chilled sterile PBS (placed at 4°C for no longer than 2 h until fixation). A Dissection

Microscope (Leica MZ6) was used to dissect the E8.5-11.5 embryos from the yolk sacs.

E8.5-11.5 embryos were then fixed overnight (12-16 h) in freshly prepared (<24h) 4%
paraformaldehyde at 4°C. After overnight fixation E8.5-11.5 embryos were placed in 0.5mL
sterile PBS at 4°C until used for experiments or imaging purposes. E18.5 dissected embryos
were each placed in a 15mL conical tube in approximately 5SmL of a 2% paraformaldehyde-2%

glutaraldehyde mixture solution for fixation (required for SEM imaging, Section 2.11). E18.5
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embryos were kept in the fixation mixture solution until SEM imaging (usually performed within
1-2 weeks), if the fixation solution darkened within 2-3 days, the 2% paraformaldehyde-2%
glutaraldehyde fixation mixture was changed (occasionally occurred due to large amount of

amniotic fluid in the conical tubes during fixation).

RARE-LacZ embryo expression assay

A pregnant female Gsc:Cyp26A1 mouse mated with male RARE-LacZ mouse on day E8.5, 9.5,
10.5, 11.5 dpc (days post coitum) was sedated using Isofluorane anesthetic and subsequently
sacrificed using cervical dislocation. Embryos at their respective dpc were dissected from the
dams as per “embryo dissection section” above. After dissection E8.5-11.5 embryos were then
processed using a B-galactosidase staining protocol (obtained from the Rivera lab; University of
New Mexico, and adapted from the original Behringer lab protocol). Embryos in sterile PBS at
4°C were placed in a fixation solution (0.2% Glutaraldehyde, 2% Formalin, 5mM EGTA and
2mM MgCl; in 0.1M Phosphate buffer pH 7.3) for a specific amount of time depending on their
dpc (10’ > E8.5-9.5, 15° - E10.5-12.5). Embryos were then removed from the fixation buffer
and placed in a rinse solution (0.1% Na-deoxycholate, 0.2% IGEPAL, 2mM MgCl, in 0.1M
Phosphate buffer pH 7.3) for 3 consecutive — 30 minute rinses. Embryos were then stained
overnight at 37°C in a X-gal stain (Img/mL X-gal, 5mM Potassium ferricyanide, 5mM
Potassium ferrocyanide in 0.1M Phosphate buffer pH 7.3). Embryos were washed 3 consecutive
times in Sterile PBS to remove yellow coloration from X-gal staining. Embryos were then
photographed and stored in 70% ethanol for 2 months. Stereo Microscopy imaging was
performed on a Leica MZ16FA stereozoom microscope with a 1X optical lense and 1.2 MP

Leica DC500 or 6MP Zeiss Axiocam 512 Color camera.
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Whole-mount immunohistochemistry

A pregnant female mouse (either WT (female) mated with Gsc:Cyp26A1 (male) or
Gsc:Cyp26ALl (female) mated with WT (male)) on day E10.5 dpc was sedated using Isofluorane
anesthetic and subsequently sacrificed using cervical dislocation. Embryos at E10.5 dpc were
dissected from the dams as per “embryo dissection section” above. After dissection E10.5
embryos were then processed using a Whole mount Immunohistochemistry staining protocol
(obtained from the Marzban lab; University of Manitoba). The whole mount technique allows
embryos to be fixed in their normal structural (3D) confirmation while allowing the tissue to
become semi-transparent, allowing for staining using immunological techniques (IHC). This is
different than standard (2D) IHC that uses tissue sections ranging from 5um to 100um in
thickness and staining using immunological techniques. Whole mount Immunohistochemistry
(IHC) neurofilament (cranial nerve) staining was performed as described (Marzban et al. 2008,
Joyner and Wall 2008). The whole mount IHC neurofilament antibody used was a Goat Anti-
Mouse IgG with HRP conjugate (AP308P; EMD Millipore). Stereo Microscopy imaging was
performed on a Leica MZ16FA stereozoom microscope with a 1X optical lens and 6MP Zeiss

Axiocam 512 Color camera.

Scanning Electron Microscopy, Micro-CT and MRI imaging

Scanning Electron Micrography (SEM) was performed on the FEI Quanta 650 FEG a variable
pressure field emission scanning electron microscope for high-resolution imaging (SE, BSE)
with low-vacuum capabilities. Fixed E18.5 embryos as per “embryo dissection section” above
were used for SEM to gather craniofacial measurement analysis. E18.5 embryo (SEM)

craniofacial measurements were adapted from Anthony et al. 2010 and Lipinski et al. 2012
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publications. SEM parameters: Detection Unit: LFD, Magnification: 25X, HV: 15.00kV,
Chamber Pressure: 60Pa, Spot: 5.0. Embryos were not left in the unit for more than 15 minutes,
nor were they imaged more than 2 times, non-consecutively (only subjected to changes in
pressure twice). Micro Computed Tomography (MicroCT) was performed on the SkyScan 1176
X-ray microtomography system equipped with a large format 11 megapixel x-ray camera.
Dead/non-fixed P60-75 mice were used for MicroCT to gather craniofacial measurements and
assess malocclusions. P60-75 mouse craniofacial measurements were adapted from Kawakami
and Yamamura 2008 and De Carlos et al. 2012. Micro CT Parameters: Resolution: 9um and HV:
50kV. Magnetic Resonance Imaging (MRI) was performed on the Bruker 7T MRI scanner
system. Dead/transcardially perfused (with a 1:10 mixture buffered formalin) P180 mice and
later immersed in buffered formalin for 72 h were used for MRI to assess brain aberrations. MRI
scan parameters: matrix size=256 x 256 x 256, FOV = 2.56 x 2.56 x 2.56 mm3, flip angle = 0°,

scan time= 12.5-13 h.



Supplemental Table 3.1: The 4 craniofacial measurements
(means) in the 7 Gsc:Cyp26A1 E18.5 Embryo Litters Compared
to WT Littermate Embryos

Craniofacial Measurement

Gsc:Cyp26A1l

WT Littermate

Bigonial Line Length 3.35mm 3.43mm
Whisker Pad Length 4.49mm 4.63mm .
: Litter 21
Philtrum to Lip Ratio 0.638 0.622
Frontal Snout Area 501546 AU 558264 AU
Craniofacial Measurement | Gsc:Cyp26A1 | WT Littermate
Bigonial Line Length 3.18mm 2.8mm
Whisker Pad Length 4.27mm 3.69mm .
; ] - Litter 34*
Philtrum to Lip Ratio 0.67 0.65
Frontal Snout Area 442818 AU 438684 AU
Craniofacial Measurement | Gsc:Cyp26Al | WT Littermate
Bigonial Line Length 2.99mm 2.99mm
Whisker Pad Length 3.94mm 4.17mm )
- - - Litter 35
Philtrum to Lip Ratio 0.711 0.725
Frontal Snout Area 394769 AU 407715 AU
Craniofacial Measurement | Gsc:Cyp26Al | WT Littermate
Bigonial Line Length 3.31mm 3.52mm
Whisker Pad Length 4.38mm 4.62mm )
: - - Litter 38
Philtrum to Lip Ratio 0.701 0.66
Frontal Snout Area 472383 AU 545156 AU
Craniofacial Measurement | Gsc:Cyp26A1 | WT Littermate
Bigonial Line Length 3.09mm 3.14mm
Whisker Pad Length 3.89mm 4.15mm .
. - - Litter 48
Philtrum to Lip Ratio 0.727 0.708
Frontal Snout Area 396576 AU 434033 AU
Craniofacial Measurement | Gsc:Cyp26A1 | WT Littermate
Bigonial Line Length 3.06mm 3.23mm
Whisker Pad Length 4.07mm 4.05mm .
. - - Litter 41
Philtrum to Lip Ratio 0.674 0.518
Frontal Snout Area 423971 AU 443939 AU
Craniofacial Measurement | Gsc:Cyp26A1 | WT Littermate
Bigonial Line Length 3.70mm 3.68mm
Whisker Pad Length 4.58mm 4.62mm
. - - Litter 16
Philtrum to Lip Ratio 0.491 0.507
Frontal Snout Area 555161 AU 564516 AU

*Only one Gsc:Cyp26A1 Embryo in Litter 34
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Genotype

Normal FAS Normal FAS Assessed
Phenotype

b 31 14 0 2 15

100% (14/14) of wild-type mice were assessed as a normal Cranial Facial
phenotype.

88% (15/17) of mutant mice assessed had a discernable FAS phenotype.

Supplemental Figure 3.1: Blinded Analysis of Gsc:Cyp26A1 Mice Demonstrates FAS
Phenotype Evident in F1 Generation. A blinded assessment was performed on 6 litters
of mice (n=31) to determine the phenotype and whether an F1 generation pup (P1) was
indeed FAS-like or WT using the FAS criteria. After Weaning (P21), mice were
genotyped and results compared to the assessment made by the laboratory technician.
100% of mice assessed as WT were all genotyped WT (14/14), while 88% of mice
assessed phenotypically as FAS, were genotyped as Gsc:Cyp26Al1-eGFP (15/17).
Therefore, the Gsc:Cyp26al-eGFP mouse model has an 88% phenotypic penetrance of
FAS.



Position Craniofacial Feature
1 Philtrum-Lip Ratio
Bigonial Line
Whisker Pad
Snout Area
Midfacial Depth
Lowerfacial Depth
Neck to Edge of Mandible
Side Snout Area

00 N O U B W N

Supplemental Figure 3.2: Craniofacial Measurements Used for E18.5
Embryo Facial Analysis (adapted from Anthony et al., 2010 and Lipinski et al.
2012). Gsc:Cyp26A1 and WT littermate E18.5 embryo SEM frontal and side
view pictures were used for quantitative measurements, including the snout
and side snout areas.
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Supplemental Figure 3.3. GSC:Cyp26A1 P60 Mice Have Large Upper Incisors, But Do
Not Have Any Length or Height Variations in the Cranium or Mandible Regions.
GSC:Cyp26A1 P60 mice had only one statistical significant length or height measurement.
It was the upper incisor height, which was expected due to the twisted snout that resulted
in a maxillary malocclusion and longer incisors. Therefore, this measure actually served as
an internal control for the length and height measurements. Trending results in the inferior
incisor axis, posterior cranial height and mandible axis were observed in Gsc:Cyp26Al
mice. Interestingly, Gsc:Cyp26A1 mice had a distinctively larger trending anterior
mandible height compared to WT mice. ***P<0.001
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Chapter 4:  Conclusion: Significance and Future Directions

The Gsc:Cyp26ALl transgenic mouse is the first known model demonstrating RA deficiency as a
major etiology of FASD-like outcomes in a mammalian model. We have provided strong
evidence that the Gsc:Cyp26A1 transgenic mouse is a robust model demonstrating the long-term
developmental effects of retinoic acid deficiency at early gastrulation. The similarities in FASD-
like outcomes found between PAE mouse models in the literature and the Gsc:Cyp26A1l
transgenic model is remarkable. The craniofacial malformations observed in the Gsc:Cyp26A1l
mouse model also recapitulate of the defects found in Fainsod’s Xenopus studies of alcohol
exposure during early gastrulation. Our mouse model produces similar phenotypic outcomes that
are also found in Vitamin A Deficiency (VAD / RA deficiency) mouse models at gastrulation.
The similarities in craniofacial malformations between PAE, VAD, and the Gsc:Cyp26A1 mouse
models suggests that reduced levels of RA during gastrulation drives FASD-like phenotypes.
Moreover, RA catabolism or competitive inhibition of Raldh2 by ethanol, and the resulting drop

in RA production can alone explain the FASD-like outcomes.

PAE mediated retinoic acid deficiency may be the underlying mechanism of cranial NCCs
survival and migration impairments and subsequent craniofacial malformations. There have been
many studies that demonstrate that RA teratogenicity, either RA excess or deficiency at
gastrulation, causes craniofacial malformations (Abu-Abed et al., 2001; Kam et al., 2012; Lee et
al., 2012). As previously described, PAE at gastrulation also cause craniofacial malformations
reminiscent of those found in RA teratogenicity studies. Retinoic acid is required for proper
survival and migration of neural crest cells (NCCs), specifically the prosencephalon and

mesencephalon cranial neural crest cells which ultimately form the bone, cartilage, and
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peripheral nerves of the developing face(Bronner and LeDouarin, 2012; Gong, 2014; Chawla et
al., 2016). The rhombencephalon cranial neural crest cells form the pharyngeal arches in the
developing embryo, which form parts of the future larynx, pharynx, thymus, lungs, and heart
(Bronner and LeDouarin, 2012; Gong, 2014; Chawla et al., 2016). RA Teratogenicity at early
developmental time points will cause altered cellular signaling and impact the survival and
migration of these NCCs. Moreover, the epigenetic signatures in these NCCs and progenitor
stem cell lineages will also be impaired, affecting future cell types. Thus, RA deficiency at
gastrulation affects the NCCs that will form the future craniofacial and thoracic regions in a
developing embryo. E8.5 Gsc:Cyp26A1 embryos show impaired RA expression and cellular
signaling in the developing forebrain (prosencephalon) region, where cranial NCCs will form the
bone, cartilage, and peripheral nerves of the developing face. Moreover, E10.5 Gsc:Cyp26A1
embryos show impaired patterning in cranial nerves V thru XI, which are derived from cranial
NCCs and ectodermal placode cells. Furthermore, E18.5 Gsc:Cyp26A1 embryos demonstrate
significantly smaller facial measurements (Bigonial Line, Whisker Pad, Frontal Snout Areas)
compared to WT Embryos, suggesting altered cellular signaling and impact on the survival of
cranial NCCs. Interestingly, the phenotypes observed in Gsc:Cyp26A1 E8.5, 10.5 and 18.5
embryos were already established in PAE mouse model studies where alcohol was provided to
dams at early gastrulation or throughout pregnancy. As hypothesized, this suggests that PAE
mediated retinoic acid deficiency may be the underlying mechanism of cranial NCCs survival

and migration impairments and craniofacial malformations.

Establishing the Gsc:Cyp26A1 RA deficiency model as an in vivo model of FASD opens up the
possibility to assess whether changes in epigenetic signatures of PAE/FASD-like outcomes and

downstream ethanol/retinoic acid affected signaling pathways may be clinically relevant as
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FASD biomarkers. The observed craniofacial malformations in the Gsc:Cyp26A1 model suggest
that mice have underlying aberrant cellular signaling and epigenetic remodeling in craniofacial
tissues. Gsc:Cyp26A1 P60 (adult) mice also have a high incidence of craniofacial malocclusions.
Moreover, these malocclusions are caused by a curvature of the maxillary component of the skull,
derived from cranial NCCs from the forebrain (prosencephalon) (Bronner and LeDouarin, 2012).
The Gsc:Cyp26A1 model is the first known RA deficiency model at early gastrulation to show
incidence of maxillary malocclusions. Intriguingly, this suggests that the maxillary
malocclusions might be due to epigenetic modulation, as the snout does not fully develop until
well after weaning. Interestingly, Kaminen-Ahola et al’s PAE paradigm using a chronic EO.5-
E8.5, ad libitum (voluntary), 10% v/v alcohol exposure shows a maxillary malocclusion in P30
(adolescent) mice that is reminiscent of those observed in the Gsc:Cyp26A1 model. The PAE
paradigm encompasses the early gastrulation period (E6.5-7.0), suggesting that PAE mediated
retinoic acid deficiency may be the underlying mechanism of maxillary malocclusions
(Kaminen-Ahola, Ahola, Maga, et al., 2010). Moreover, Kaminen-Ahola et al. ’s PAE study
showed that epigenetic changes were found in agouti mice, further suggesting that retinoic acid
deficiency may cause epigenetic changes to some degree as seen in this PAE paradigm
(Kaminen-Ahola, Ahola, Maga, et al., 2010). The Gsc:Cyp26A1 model of retinoic acid
deficiency (mimicking alcohol exposure) at early gastrulation demonstrates PAE model
phenotypes. PAE/FASD researchers were once not able to gather reproducible data from these
types of PAE questions due to the varying dosage, duration, and gestational timing of alcohol
exposure in PAE mouse models. The Gsc:Cyp26A1 mouse provides a testable robust, reliable,

and reproducible model, demonstrating FASD-like outcomes.
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The Gsc:Cyp26A1 model provides substantial craniofacial FASD-like outcomes, but the model
is also capable of studying embryonic development and viability. The Gsc:Cyp26A1 model was
created to biochemically mimic alcohol exposure and much thought and planning went into the
use of Cyp26A1 and its enzymatic activity. An early design concern was the level of expression
of Cyp26A1. We needed enough Cyp26AL1 to produce a phenotype, but needed to balance a
tipping point of overexpression that might lead to non-viable mice. Two Gsc:Cyp26ALl lines
(G12 and H4) were constructed as a strategy to “fine tune” Cyp26A1 expression levels with
phenotypic outcomes. One line (G12) utilizes a T2A (self-cleaving peptide regulation) element
that is more efficient in producing (Cyp26A1) protein compared to an IRES (translation
initiation regulation) element that is used in the other line (H4) (Kim et al. 2011). One would
expect a 1:1 (WT:Gsc:Cyp26A1) ratio for offspring (in WT x Het matings), yet Gsc:Cyp26A1l
G12 line and H4 line are 1:0.66 and 1:0.88, respectively. This experimental observation supports
the prediction that Cyp26A1 activity varies between lines; and luckily, we are in the “sweet zone”
for Cyp26A1-induced RA deficiency — not to little, not too much. That there is some embryonic
lethality in the Gsc:Cyp26A1 model suggests that RA deficiency at early gastrulation can induce
a severe phenotype causing embryonic lethality. Assessments of litters gathered for E8.5 and
E10.5 experiments show that embryos arrest at or just after E8.5. Early embryo lethality in both
PAE and VAD (retinoic acid deficiency) mouse models is well documented and suggests that
retinoic acid deficiency at gastrulation may be one of the mechanisms causing this phenotype
(Sulik, Johnston and Webb, 1981; Sulik and Johnston, 1983; Niederreither et al., 2000; Rhinn et
al., 2011; Rhinn and Dolle, 2012). Interestingly, heavy or binge alcohol exposures during the
first trimester (of pregnancy) has a significantly increased risk of spontaneous abortion

(miscarriage) in humans (Bailey and Sokol, 2011). Cell signaling at pre-gastrulation requires
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defined RA concentrations, so much so that during blastocyst development (E3.5-5.5, pre-
implantation) embryonic Cyp26A1 and Cyp26C1 are expressed, stopping maternally derived
(extracellular) RA from entering the blastocyst (Kam et al., 2012). Embryonic RALDH
transcripts do not express in the developing embryo until E7.5, while RARE-LacZ studies further
demonstrate RA is detected at E7.5 in posterior tissues (Rossant et al., 1991; Haselbeck,
Hoffmann and Duester, 1999). Therefore RA levels in the developing embryo are fixed (after
pre-implantation) throughout the pre-gastrulation and early gastrulation (E6.5-7.5) windows.
When our Gsc:Cyp26A1 transgenic mouse model activates during Gsc expression from E6.4-
E6.9 (early gastrulation) (Blum et al., 1992). Gsc mediated Cyp26A1 expression causes retinoic
acid deficiency during a window in which there is no exogenous or endogenous sources of RA in
the embryo due to the Cyp26A1/C1 and RALDH mechanisms in place to regulate RA during
pre- and early gastrulation. Taken all together, the Gsc:Cyp26A1 model is capable of studying
embryonic development and viability using the two lines with varying Cyp26Alexpression while

suggesting that RA deficiency at gastrulation is a cause of embryonic lethality (stillbirths).

The Gsc:Cyp26A1 model is also well positioned to further study the RA signaling pathways that
are impaired during PAE. New experimental questions can now we addressed; like whether
supplemental ethanol exposure causes increased teratogenicity, or whether Gsc:Cyp26A1 mice
have brain and behavioral deficits, or more importantly, can Vitamin A supplementation be used

as a preventative treatment for FASD.

i) Sensitized PAE study. Our hypothesis predicts, if this is truly modeling an alcohol-induced
mechanism, our Gsc:Cyp26A1 embryo model will be hypersensitive to PAE. If true, we should
observe increased impairment of RA mediated signaling pathways at early gastrulation, and

more severe expression of FASD-like phenotypic outcomes. These studies will underscore that
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acute alcohol exposure during early gastrulation does mediate RA deficiency and is a major

etiology of FASD.

ii) Vitamin A supplementation reduces or prevents FASD-like outcomes in Gsc:Cyp26A1 and
PAE mice. Our hypothesis predicts that Vitamin A supplementation to the pregnant dam will
reduce or prevent FASD-like outcomes following PAE. Our collaborator Dr. Abraham Fainsod
has performed ethanol exposure paradigms in Xenopus, observing the most severe FASD-like
craniofacial outcomes when ethanol exposure occurs at stage 11 (gastrulation) compared to other
developmental time points (Yelin et al. 2005, 2007). Moreover, Vitamin A supplementation of
ethanol exposed Stage 11 tadpoles rescues the FASD-like outcome, producing a normal adult
tadpole (Yelin et al.2005, 2007). Furthermore, when Stage 11 tadpoles were subjected to a
retinoic acid synthesis inhibitor (DEAB), the adult tadpoles produced FASD-like craniofacial
outcomes (Yelin et al. 2007) — directly linking the PAE and RA deficiency outcomes by the
same mechanism. Mouse models which impair RA synthesis (RDH10, RALDHL, 2, 3), RA
response elements (RARs, RXRs), cause RA deficiency (VAD) and all produce FASD-like
craniofacial outcomes to some degree. Unfortunately, due to the cellular importance of RA many
of these mouse models produce severe outcomes and in most cases embryo lethality occurs. This
is a phenotype seen in the Gsc:Cyp26A1 model, but it is also common in heavy or binge alcohol

exposures during the first trimester in humans (Bailey and Sokol, 2011).

iii) Assessment of behavioral deficits. FASD with sentinel facial features is the most severe form
of the disorder, including brain and behavioral deficits. Reduction in white matter volume of the
anterior commissure of E180 Gsc:Cyp26A1 mice suggests (fore)brain development is affected,

indicating structural neuroectoderm-derived development may also be affected, in addition to the

NCC-derived craniofacial abnormalities we have observed. Intriguingly, anterior commissure
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volume has already been shown to be significantly reduced by 23% in an acute E7.0, I.p. PAE
paradigm (Cao et al., 2014). This same phenotype suggests that PAE mediated RA deficiency
has a role in brain deficits seen much later in development. It will be very interesting to assess
Gsc:Cyp26A1 mice for learning, memory, and cognition impairments. Coupled with the
penetrance of FASD-like outcomes in our Gsc:Cyp26A1 mice (>90% affected) these results will
be the first to describe FASD-like behavior deficits and would be the first full spectrum model

of . FASD. Behavioral experiments to consider using adult mice starting at P60 include: Open
Field Test to test for general locomotor activity and anxiety-like behavior; Elevated Plus Maze to
test for anxiety —like behavior; Novel Object Test to test for learning and memory impairments;
Olfactory Discrimination Test to test for olfactory impairments; and Morris Water Maze to test
for spatial learning, memory, and cognition. In addition, live MicroCT and MRI imaging and
IHC analysis can be undertaken to more fully assess underlying structural deficits, particularly in

specific brain regions (hippocampus and hypothalamus) controlling this behavior.

In summary, FASD is the leading cause of neurodevelopmental abnormalities in Canadian
children. FASD with sentinel facial features (FAS) produces the full spectrum of outcomes:
craniofacial malformations, brain aberrations, and behavioral deficits. We have reviewed all PAE
mouse model paradigms and identified those that best recapitulate these FASD-like outcomes in
mice, taking into consideration alcohol dosage, duration, and gestational timing. We then
engineered Gsc:Cyp26A1 mice taking into consideration Dr. Fainsod’s Vitamin A Hypothesis
and its experimental validation in Xenopus studies. Our studies here strongly support the
hypothesis that retinoic acid deficiency at early gastrulation is an underlying mechanism of
FASD-like outcomes in a mammalian model. Taken together, our data provide in vivo evidence

that strongly supports retinoic acid deficiency as a major molecular etiology of craniofacial



malformations and brain aberrations associated with FASD. Vitamin A supplementation may
significantly reduce or prevent FASD outcomes in children with PAE, reducing the burden of

this disorder on children, their families, and society.
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