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Fetal Alcohol Spectrum Disorders (FASD) represent a wide range of  

developmental conditions caused by in utero ethanol exposure. Today, FASD 

affects nearly 1% of the total population, a number likely to be underestimated. 

Cognitive, perceptual and behavioral deficits following prenatal ethanol exposure 

arise from underlying neurobiological damage in developing brain structures, 

including the neocortex, which is involved in higher level cognitive and behavioral 

function. Current research indicates that alcohol-mediated alterations to 

epigenetic function could underlie some aspects of FASD, and that these 

changes may be heritable (Govorko et al., 2012; Bekdash et al., 2013). To 

determine the impact of prenatal ethanol exposure (PrEE) on functional 

organization of the neocortex, we first generated an FASD mouse model in CD-1 

mice. Preliminary work with this model demonstrated a correlation between gross 

anatomical changes, and altered gene expression patterns of RZRβ, Cad8 and 
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Id2 at birth along with extensive disruption in neocortical targeting within the 

neocortex of PrEE offspring (El Shawa et al., 2013; Abbott et al., in review). We 

extend these findings transgenerationally, identifying numerous stable 

modifications transmitted via the male germline to unexposed offspring including 

significant upregulation of RZRβ and Id2, as well as downregulated ephrin A5 

expression in cortex. Associated with this change was a significant decrease in 

global DNA methylation levels in cortex. Absolute methylation levels of CpG 

islands in promoter regions of RZRβ and Id2 revealed significant 

hypomethylation in PrEE mice and their offspring. These assays established a 

strong inverse correlation between gene expression and DNA hypomethylation. 

Expression of DNMTs 1, 3A and 3B was suppressed in PrEE cortex, providing 

further insight into possible points at which ethanol perturbs DNA methylation, 

ultimately resulting in altered gene transcription. The anatomical and behavioral 

phenotype described in the first generation PrEE mice were also observed in the 

subsequent generations. These alterations in brain development could be 

responsible for cognitive, sensorimotor and behavioral deficits seen in our model 

and children with FASD and may generate phenotypes in the offspring of 

exposed humans. Thus, understanding the epigenetic means by which this 

phenotype is generated may reveal novel targets for therapeutic intervention of 

FASD. 
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General Introduction 
 
Fetal alcohol spectrum disorders (FASD) is an umbrella term used to describe a 

broad range of physical, neurobehavioral, and cognitive irregularities arising from 

in utero alcohol exposure. The fetal alcohol spectrum disorders can be 

subdivided into several diagnostic groups including pFAS (partial FAS), Alcohol-

Related Neurodevelopmental Disorder (ARND) and FAS (Fetal Alcohol 

Syndrome) (Chudley et al., 2005). Phenotypic markers of FAS include CNS 

dysfunction, growth deficiency, and each of the three highly stereotyped facial 

abnormalities: a thin upper lip, smooth philtrum and short palpebral fissure 

length. The less severe classification of pFAS is used for children possessing 

CNS dysfunction and two out of three craniofacial abnormalities, while ARND 

diagnoses are reserved for individuals expressing CNS dysfunction without 

growth deficiencies or facial abnormalities. Exposure rates that may produce 

profound FAS-level effects in one individual may produce little or no effect in 

another. To determine what maternal characteristics are correlated with this 

variability, researchers have documented the effect of maternal gravidity, parity, 

BMI, diet, and age amongst numerous other measures. Findings have indicated 

that increased maternal age, gravidity and low BMI are all positively correlated 

with increased severity of FASD symptoms in offspring (May et al., 1983; 

Jacobson et al., 1996; May and Gossage, 2011). Complimenting these findings, 

nutritional studies have revealed that insufficient dietary intake of zinc, B12, 
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niacin, calcium, riboflavin, choline, folate and other methyl group donors can also 

increase the damage inflicted via maternal alcohol consumption (Institute of 

Medicine, and National Academy of Sciences USA, 1998; May et al., 2004; 

Tamura et al., 2004; Jensen et al., 2007). While these findings have proven 

fruitful in combating the effects of ethanol exposure, both individual physiological 

subtleties and consumption patterns amongst specific subpopulations require 

further attention to develop directed treatment programs.  

 

Behavioral manifestations of FASD are a consequence of altered 

neurodevelopment and vary widely among affected individuals not exhibiting 

physical indications. Such children may exhibit hyperactivity, attention, memory 

and behavioral problems, difficulty with judgment and reasoning, and learning 

disabilities (www.nofas.org), and may have impaired brain function that leads to 

delayed motor development, poor coordination and somatosensory function 

resulting in diminished motor skill performance, and increased reaction time and 

response latency (Streissguth et al., 1984; Lopez-Tejero et al., 1986; Carmichael-

Olsen et al., 1998; Burd et al., 2003; Connor et al., 2006). Children diagnosed 

with FASD will also frequently exhibit attention deficits, impaired sociability, 

reduced learning and memory, and a significant increase in symptoms of anxiety 

and depression (Mattson and Riley, 1998). These cognitive and behavioral 

changes are correlated with a number of neocortical abnormalities including 
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delayed P300 spike firing in the parietal cortex and abnormal activation of 

dorsolateral prefrontal cortex during working memory tasks (Kaneko, 1996a, b; 

Connor and Mahurin, 2001). Additionally, recent work from our laboratory has 

demonstrated a correlation between deficits in sensorimotor integration, ectopic 

intraneocortical (INC) projections and disrupted gene expression within the 

neocortex following prenatal exposure to ethanol (El Shawa et al., 2013).  

 

The Neocortex and FASD 

During development, the cerebral cortex arises from the most anterior portion of 

the neural plate of the embryonic ectoderm, eventually developing into three 

distinct regions: the neocortex, archicortex and paleocortex. The neocortex, a 

radial-layered structure with each of its six layers exhibiting distinct connectional 

and functional properties, is a complexly organized brain structure responsible for 

integration of the senses, language, cognition, emotion, and precise motor 

control, abilities that are sometimes disrupted in humans with FASD. Laminar 

organization of the neocortex is patterned into six radially organized strata. 

Tangentially, the neocortex undergoes developmental division into functionally 

distinct areas through a process termed arealization (O’leary, 1989; O’leary and 

Sahara, 2008; Rakic, 1988; Rash and Grove, 2006; Sur and Rubenstein, 2005). 

The resulting areas of unique cyto- and chemoarchitecture provide a foundation 

for the emergence of an intricate neural network comprised of tightly organized 
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intraneocortical connections (INCs), the development of which is thought to be 

regulated by specific cortical gene expression patterns (Huffman et al., 2004; Dye 

et al., 2011a; 2011b). Appropriate areal patterning of neocortex is critical to 

normal development, and disruption of organizational mechanisms, including 

epigenetic modification from something like maternal ethanol consumption during 

pregnancy, can result in developmental disorders where higher-order processes 

are severely impaired (Beckmann, 1999; Gillberg, 1999; Dawson et al., 2005; 

Pardo et al., 2005; Johansson et al., 2006; Nagarajan, 2006).  

Early forebrain development and patterning 

During embryogenesis, the developing nervous system relies of molecular 

signals to identify rostral vs. caudal and dorsal vs. ventral. Patterning centers 

within specific rostral, caudal, dorsal or ventral locations secrete signaling 

molecules including Fgf8, Wnt, Bmps and Shh that impart positional information 

and direct regional growth of the brain (Shimamura and Rubenstein, 1997; 

Rubenstein et al., 1999; Ragsdale and Grove, 2001; O’Leary and Nakagawa, 

2002; Ohkubo et al., 2002; Assimacopoulos et al., 2003; Garel et al., 2003; 

Grove and Fukuchi-Shimogori, 2003). Current research suggests intrinsic 

regulation of early forebrain patterning by three patterning centers. Fgf8, secreted 

by the rostral patterning center (RPC) interacts with Shh expressed by a ventral 

patterning center (VPC) and the dorsal patterning center (DPC), which expresses 

Wnts and BMPs (Shimamura and Rubenstein, 1997; Crossley et al., 2001; 
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Shimogori et al., 2004; Sur and Rubenstein, 2005; Storm et al., 2006).   

 

Neocortical development and patterning 

After polarization of the developing forebrain, the process through which the 

cortex is subdivided into specialized primary sensory and motor areas is referred 

to as neocortical arealization. The mechanisms underlying arealization have 

been a topic of debate over the past 25 years. In a now classic model of 

neocortical development, Rakic (1988) outlined his Protomap Hypothesis, which 

suggested that cortical areas are specified early in development by molecules 

within the proliferative zone of the neuroepithelium. Initial data supporting the 

protomap theory suggest that early cortical patterning is achieved through the 

complex interaction of both cellular and molecular mechanisms (reviewed by: 

Grove and Fukuchi-Shimogori, 2003; Sur and Rubenstein, 2005; Mallamaci and 

Stoykova, 2006; Rash and Grove, 2006; O’Leary, Chou and Sahara, 2007; 

O’Leary and Sahara, 2008; Hoch et al., 2009), including the expression of a 

coarsely graded areal pattern within the emergent cortical plate and cortical 

progenitor zone (Nakagawa et al., 1999; Rubenstein et al., 1999). Since Rakic 

first proposed his idea, scientists have reached a consensus that the ‘molecular 

mechanisms’ involved in neocortical patterning is graded or regional gene 

expression. Studies that highlight ways that gene expression contributes to 

developmental patterning provide support for the Protomap Hypothesis (Rakic, 
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1989) and suggest that intrinsic signals within developing cortex do regulate key 

features of arealization.  At first this was thought to occur via thalamic input with 

the notion being that the expression patterns of certain genes played attractive 

axon targeting roles.  Thus, it was thought that graded gene expressed provided 

a guidance cue for thalamocortical afferents. However, research from the 

Rubenstein laboratory, using a Gbx2 gene knock out mouse, demonstrated that 

thalamic input was not necessary for proper establishment or maintenance of 

areal gene expression or intraneocortical connections, further affirming the 

predominant role of intrinsic patterning mechanisms in early regionalization of the 

cortex during embryogenesis (Miyashita-Lin et al., 1999; Nakagawa et al., 1999, 

Huffman et al., 2004).   

 

Despite a wealth of data supporting the Protomap hypothesis, the current 

consensus is that activity-dependent mechanisms, such an input from the 

sensory registers, plays an equally important role in arealization.  This model, 

established through ablation and transplantation research,  is referred to as the 

Protocortex Hypothesis.  This model, first described by Dennis O’Leary in 1989, 

suggests that thalamocortical afferent input is required for the generation of area-

specific cytoarchitecture and function (Wise and Jones, 1978; Dehay et al., 1991; 

Olearly et al 1989; Rakic et al., 1991; Schlaggar and O’Leary, 1991; Gitton et al., 

1999). To address these complexities, a broad range of research has been 
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conducted using a variety of approaches in an attempt to the resolve the 

Protomap vs. Protocortex debate and the current consensus in the field of 

developmental neuroscience is that neocortical arealization results from an 

interaction of intrinsic, activity-independent (Protomap) and extrinsic, activity-

dependent (Protocortex) mechanisms.  This dissertation examines how a toxin 

(ethanol) can alter intrinsic patterning in cortex via disruption in gene expression. 

!
 

Gene expression and it’s role in neocortical patterning 

As described above, the process of arealization is driven initially by graded 

expression of several known genes, including COUP-TFI, which in turn regulate 

expression of other transcription factors (Id2, RZRβ and Tbr1), cell adhesion 

molecules (Cad6 and Cad8) and axonal guidance molecules (EphrinA5), 

confining expression into both regional, and layer specific patterns (Miyashita-Lin 

et al., 1999; Bishop et al., 2000, 2002; Mallamaci et al. 2000; Zhou et al., 2001). 

Consequently, secretion of these molecules could be involved in the broad 

regulation of axon-axon connections as well as intraneocortical, thalamocortical, 

and corticothalamic connectivity. Below we will discuss the developmental 

relevance of key genes acting downstream from patterned gene expression 

established during regionalization. 

 

COUP-TFI: COUP-TFI is an orphan nuclear receptor expressed by both 
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progenitors and CP neurons in a bi-directional gradient: high posterior-lateral to 

low anterior-medial. By manipulating these gradients with either loss-of-function 

or gain-of-function mutants, researchers gathered evidence suggesting a 

coordinating role for COUP-TFI in cortical patterning, laminar fate, and 

neurogenesis via the modulation of MAPK/ERK, AKT and beta-catenin signaling 

(Faedo et al., 2008). In gain-of-function experiments, increased COUP-TFI 

expression within rostral and dorsal cortical progenitor cells organized caudal and 

ventral fates, respectively, while also suppressing the number of progenitor cells 

and increasing early-born neurons.  Cortical deletion of COUP-TFI resulted in 

significant compression of sensory areas and an expansion of frontal areas, 

which proceed to overtake most of the neocortex (Armentano et al., 2007; Faedo 

et al., 2008). Together, these findings suggest COUP-TFI expression is central to 

the regulation of regional specification through the repression of frontal/motor 

area identities, the specification of sensory area identities, and the guidance of 

cell proliferation and differentiation. The far-reaching effect of COUP-TFI in 

regionalization makes it an attractive target for study in our PrEE model, as 

alterations here could be responsible for a large number of effects. 

  

Id2: Id2 is part of a family of genes involved in the regulation of cellular 

differentiation via the negative control of helix-loop-helix genes (Kadesch et al., 

1993). Id2 exhibits high levels of expression in layer V of the caudal neocortex, 
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complimentary to that of Tbr1, which is highly expressed in the rostral neocortex 

(Bulfone et al., 1995). Building on these findings, a battery of anatomical assays 

identifying known areal boundaries was conducted. Data from cytochrome 

oxidase staining (CO), immunoreactivity for serotonin, and Nissl staining were 

compared to Id2 expression, and demonstrated that layer 5 Id2 expression marks 

the transition from sensory to motor areas (Rubenstein et al., 1999). Preliminary 

research by our laboratory with PrEE mice has demonstrated an expansion of 

layer III/IV Id2 expression in parietal cortex, an area showing correlative 

dysregulation of INC projections (See preliminary data below). 

 

Cad8: Cadherin 8 (Cad8) is a member of a classic type-II cell-cell adhesion 

family, functioning via a selective homophilic interaction, joining cells expressing 

similar Cad proteins (Suzuki et al., 1991; Murphy-Erdosh et al., 1995). In the 

developing neocortex, a number of different cadherins are regionally expressed, 

delineating areal boundaries (Redies, 1995; Redies and Takeichi, 1996). The 

cadherin-associated proteins β-catenin and αN-catenin are localized within the 

synaptic junction of many neurons, forming symmetrical adhesion structures that 

link presynaptic and postsynaptic membranes (Uchida et al., 1996). This pattern 

of localization, combined with the finding that the cortex exhibits area-specific 

expression patterns of different cadherins with the same cadherins expressed in 

the associated thalamic nuclei suggest a role in the selective association of 
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neurons and network formation, with Cad8 performing this function within the 

visual cortex (Suzuki et al., 1997). Preliminary data generated by our lab 

suggests ethanol exposure in utero could interfere with proper expression of 

Cad8, as indicated by the lateral expansion of the Cad8 expression domain 

observed in PrEE mice (see preliminary data below). 

 

Lhx2: The expression of the Lhx class of Lim homeodomain proteins has been 

implicated in the control of cortical hem development. Shaped by Bmp2 and 

Bmp4 expression in the roof plate at E12.5, Lhx2 is excluded from the cortical 

hem, showing expression in a high-to-low posterior-medial to anterior-lateral 

gradient within the cortical ventricular zone (Monuki et al., 2001). Knockout 

studies eliminating the substantial expression of Lhx2 at this developmental time 

point (E12.5) causes premature cessation of proliferation and a dramatic 

reduction of size in the neocortex, with a commissural expansion of the hem, 

suggesting that Lhx2 is critical to proper boundary formation between the hem 

and cortical ventricular zone, in addition to guiding their fates (Porter et al., 1997; 

Bulchand et al., 2001; Monuki et al., 2001). Multiple experiments in work by 

Mangale et al. (2008) with conditional Lhx2 knockout mice, which sidestep the 

lethality encountered in traditional knockout mice, further defined two primary 

roles for Lhx2 in development. Firstly, Lhx2 functions as a selector gene during 

an early critical period, working cell-autonomously to specify cortical identity while 
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suppressing the medial fate of the cortical hem and the lateral fate of the 

antihem. Secondly, by cloning and embedding Lhx2-/- cells into a wild type cortex 

Mangale et al. were able to demonstrate a role as a hippocampal organizer 

(Mangale et al., 2008). Numerous irregularities have been reported in hippocampi 

of animals exposed to ethanol prenatally, some of which suggest genetic 

regulation may be impaired (Patten et al., 2013; Tunc-Ozcan et al., 2013). As 

such, the influence of PrEE on Lhx2 expression is of considerable interest. 

 

RZRβ: RZRβ is an orphan nuclear receptor related to retinoid and thyroid 

hormone receptors, with high levels of expression in layer IV of the cerebral 

cortex (Schaeren-Wiemers et al., 1997). Recent work by Jabaudon et al. (2013) 

has demonstrated a functional role for RZRβ in regulation of areal patterning 

during cortical development. Employing immunocytochemistry techniques, they 

were able to demonstrate a progressive increase in RZRβ expression by neurons 

in layer IV of the somatosensory cortex during barrel formation. Additionally, by 

stimulating overexpression of RZRβ during development of the cortex, Jabaudon 

et al. were able induce periodic clustering of neurons into structures with 

characteristics similar to that of barrels receiving thalamocortical input. From 

these data the authors suggest that RZRβ contributes to cytoarchitectonic 

patterning of layer IV neurons into barrels within the somatosensory cortex both 

via a cell-intrinsic mechanism, and, possibly through activity-dependent 
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regulation of expression by TCAs (Jabaudon et al., 2013). Recent work in our 

laboratory has demonstrated a dramatic shift in RZRβ expression in both rostral 

and caudal parietal cortices of PrEE mice. The lateral cortical expansion in 

response to ethanol observed could possibly underlie sensorimotor deficits we 

report at P20 (see preliminary data below). 

 

Ephrin-A5: Ephrin-A5 is a ligand associated with the Eph family of receptor 

tyrosine kinases, which has been shown to, as a whole, serve as topographic 

labels in numerous extra- and intracortical circuits within the brain (O’Leary and 

Wilkinson, 1999; Bolz et al., 2004; Pasquale, 2005; Egea and Klein, 2007). 

Ephrin A5 in particular can function as a repulsive cue within the thalamocortical 

system acting on projections from the ventral posterior (VP) nuclei of the 

thalamus destined for S1. Co-mutual gradients of EphA4 in the VP and Ephrin A5 

in S1 underlie intra-areal organization/topography of S1 via an expression level 

homogeny paradigm: areas of high EphA4 in the VP will form connections with 

areas of high Ephrin A5 expression in S1, whereas areas of low EphA4 will form 

connections with areas of low Ephrin A5 expression (Vanderhaeghen et al., 

2000; Yun et al., 2003). Ephrin A5 also contributes to interareal topography 

through graded expression in the telencephalon, which guides projections of 

specific thalamic nuclei to the proper cortical area (Dufour, 2003). Evidence has 

also been generated for Ephrin A5 that suggests it also functions as an attractive 
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cue. Initial experiments demonstrated that layer VI axon collateral formation 

could be induced by Ephrin A5 expression, with later experiments showing that it 

could also induce collateral formation in TCAs, promoting terminal 

thalamocortical arborization in layer IV (Castellani et al., 1998; Mann et al., 2002; 

Uziel et al., 2008). In 2013 Sheleg et al. demonstrated an interesting link between 

ephrin-A5 deficiency and altered sensorimotor and monoaminiergic development. 

Using a knockout mouse model, they demonstrated through an extensive battery 

of sensorimotor tests and western immunoblotting that Ephrin A5 null mutants 

exhibited significantly increased motor activity in both social and non-social 

conditions, developmental delays and decreased regional levels of monoamines, 

similar to that seen in individuals diagnosed with certain developmental disorders 

(Sheleg et al., 2013). The critical role Ephrins play in axonal pathfinding warrants 

further investigation into their possible function in the extensive aberrant INC 

projections in PrEE mice recently reported by our laboratory (see preliminary 

data below). 

 

Epigenetic modification and FASD 

Epigenetics is a term used to describe heritable changes in gene expression that 

are not caused by changes in DNA sequence, but rather how the sequence is 

read. DNA methylation and histone modification (Figure 1), two types of 

epigenetic modification, regulate a number of critical developmental events 
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including stem cell maintenance, germ cell imprinting, cell fate, and tissue 

patterning (Bartolomei, 2003; Cheng et al., 2005; Kiefer, 2007; Meshorer, 2007; 

Surani et al., 2007). Epigenetic modifications have a broad range of effects: they 

act to regulate the expression of individual genes, thereby shaping 

developmental patterns; they underlie tissue specific changes; and they play a 

role in the maintenance of cellular memory, contributing to developmental 

stability (Cavalli, 2006; Kiefer, 2007). Furthermore, numerous developmental 

disorders including autism, Rett Syndrome and Fragile X syndrome are 

associated with atypical epigenetic modification in response to aversive 

environmental stimuli (Zhao et al., 2007). 

 

DNA methylation, which modulates gene expression and chromosomal structure, 

is the most widely studied epigenetic modification (Miranda and Jones, 2007). 

Methylation is accomplished through the activity of DNA methyltransferase 

(DNMT), which facilitates covalent addition of a methyl group from S-adenosyl-L-

methionine (SAMe) to the fifth carbon position of cytosine bases that are followed 

by guanine (CpG dinucleotide), usually contributing to gene silencing (Smith et 

al., 1992). Methylation of the cytosine residue of the CpG dinucleotide is critically 

important in X-chromosome inactivation, embryogenesis, and genomic imprinting 

(Kafri et al., 1992; Riggs and Pfeifer, 1992; Falls et al., 1999; Kiefer, 2007). Areas 

densely populated with groups of CpG repeats are termed CpG islands and are 
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generally located in the promoter region of the 5’ flanking region of numerous 

tissue-specific genes, these repeats act as the substrate for DNA methylation 

(Bird et al., 1987; Gardiner-Garden and Frommer, 1987; Larsen et al., 1992; 

Takai and Jones, 2002).  Methylation status of CpG dinucleotides, which 

contributes directly to the expression level of the target sequence, serves as a 

site of teratogenic action by ethanol. Here, ethanol causes inhibition of folate-

mediated methionine synthesis, thereby disrupting s-adenosyl methionine 

mediated methylation via an inhibition of methionine synthase and methionine 

adenosyl transferase (Mason and Choi, 2005). These changes affect numerous 

methyl donor groups and generate long-lasting alterations to DNA methylation 

profiles and downstream gene expression patterns (Mason and Choi, 2005; 

Green et al., 2007; Haycock and Ramsay, 2009; Liu et al., 2010; Laufer et al., 

2013).  

Histone proteins assemble into a core around which DNA is wrapped, forming a 

nucleosome, the basic building block of chromatin (Kornberg and Lorch, 1999). 

Gene transcription is regulated, in part, by the accessibility of chromatin to 

transcriptional factors and RNA polymerases, and the efficiency with which they 

can bind DNA (Smith, 1991; Jenuwein and Allis, 2001). One condition underlying 

this binding efficiency is the modification state of the core histone proteins (H2A, 

H2B, H3 and H4), which can be altered through acetylation, methylation, 

phosphorylation, and ubiquitylation, thereby changing histone-DNA and histone-
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histone linking probability (van Holde, 1988; Smith, 1991; Strahl and Allis, 2000). 

Acetylation level, in particular, has been implicated in the regulation of gene 

expression, and is modulated via the enzymatic action of histone 

acetyltransferases (HATs) and histone deacetylases (HDACs) (Strahl and Allis, 

2000; Tsankova et al., 2007; Chandramohan et al., 2008). Increasing the amount 

of HAT activity will acetylate lysine residues, “relaxing” the chromatin structure, 

permitting increased transcription factor binding to the DNA and commiserate 

increases in gene expression (Smith, 1991; Stahl and Allis, 2000). Conversely, 

HDACs remove acetyl groups, driving the condensation of chromatin, thereby 

reducing gene transcription (Dokmanovic and Marks, 2005; Xu et al., 2007). 

Adult animals exposed to a chronic prenatal ethanol exposure paradigm exhibit 

decreased histone activation marks including acetylation and methylation within 

POMC neurons of the hypothalamus (Bekdash et al., 2013). Treatment with the 

methyl group donor choline reverses some of the associated dysfunction, 

including altered gene expression and histone methylation, suggesting that 

chromatin remodeling is a possible mechanism by which PrEE achieves its 

deleterious effects (Maclennan et al., 1995; Ishii et al., 2008). 

 

Choline supplementation and PrEE 

One carbon metabolism is a biosynthetic pathway that uses folic acid as a 

substrate for the generation of the methyl group donor SAMe, a critical 
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intermediary required for a number of epigenetic mechanisms including 

methylation of DNA and histone, as well as numerous physiological processes 

involved in neurodevelopment in mammals (Kim et al., 2009; Robertson and 

Wolffe, 2000). Proper choline levels are required for normal fetal growth and 

brain development in mammals (Zeisel, 2006).  Choline deficiency causes a 

range of neurodevelopmental deficits including altered neuronal differentiation, 

migration and survival, as well as neural tube defects (Fischer et al., 2002; 

Craciunescu et al., 2003; Shaw et al., 2004; Zeisel, 2006; Zeisel, 2011). 

Furthermore, choline deficiency modulates DNA and histone methylation and 

gene expression in tissue-specific manner within the brain (Kovacheva et al., 

2007; Davison et al., 2009; Mehedindt et al., 2010). Two recent studies have 

established a therapeutic role for dietary choline supplementation in both prenatal 

and early postnatal ethanol exposure paradigms, where it attenuated some of the 

detrimental effects on learning and memory (Thomas et al., 2007, 2010). One 

mechanism by which choline achieves these restorative effects is through the 

normalization of SAMe levels, and therefore, methylation (Olthof and Verhoef, 

2005). In the presence of ethanol, folate metabolism is inhibited, which impairs 

downstream transmethylation reactions and SAMe levels. This inhibition causes 

a metabolic shift to choline and it’s intermediary, betaine, in the generation of 

methionine from homocysteine prior to the production of SAMe. Supplementation 

with choline helps to meet the increased demand this creates. The requirement 
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of choline for proper physiological function, methylation and general 

neurodevelopment supports our belief that gestational choline supplementation 

will be an effective treatment for the attenuation of detrimental effects we have 

observed in our mouse model of FASD.  

 

Furthered understanding of the mechanisms by which PrEE impacts neocortical 

organization is of critical importance to the fields of human health and 

developmental neurobiology. PrEE mediated disruptions in brain development 

have been characterized (Chen et al., 2003; Guerri et al., 2009; O’Leary-Moore 

et al., 2011), however the extent to which ethanol disrupts development has yet 

to be defined. By conducting a quantitative genetic and epigenetic analysis of 

cortical alteration in PrEE mice, and exploring dietary methods to reverse these 

deviations, we will accomplish two goals: identification of a new point of 

teratogenicity underlying the phenotype, and provide a possible dietary 

intervention to reverse these changes. We will examine regional expression 

levels of 6 genes involved in areal patterning, methylation levels of these genes 

and histone modification state, and assess the efficacy of treatment with choline, 

a methyl group donor.  

 

Preliminary data generated by our laboratory showing a PrEE-induced shift in the 

development of INCs and a corollary alteration in gene expression revealed a 
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possible mechanism by which prenatal ethanol exposure can drive a cascade of 

changes culminating in the cognitive and behavioral phenotypes. By extending 

these findings and developing a more complete, and quantitative, profile of 

changes to gene expression gradients, including transcript level and epigenetic 

modification status we will provide novel information on how ethanol exposure 

impacts cortical gene expression during development, with a strong potential 

impact for human health.  
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!
Chapter 1: Anatomical and transcriptional changes in 
mouse brain following prenatal ethanol exposure.  
 
Introduction 

Fetal alcohol spectrum disorders (FASD) describe a continuum of neurological, 

behavioral and physical abnormalities caused by prenatal exposure to ethanol 

(PrEE). Humans with FASD exhibit stereotyped neurological, craniofacial, 

skeletal and cardiovascular deficits (Jones et al., 1973; Clarren et al., 1978). 

Fetal Alcohol Syndrome, or FAS, represents the most severe form of FASD 

where the child is significantly impaired from the exposure. Epidemiological data 

documenting the extent of FAS in the western world suggest an incidence rate of 

0.5-3.0 cases per 1,000 births (Stratton et al., 1996). However, the rates of the 

spectrum, where all levels of exposure-related deficits are included, are believed 

to be much higher (Stratton et al., 1996). Despite the prevalence of FASD, how 

PrEE impacts brain development is not completely documented and the 

mechanisms that lead to altered behavior in FASD are not fully understood. 

Identification of brain regions susceptible to the effects of in utero ethanol 

exposure will provide critical insight that can be applied to future diagnoses and 

treatments in people suffering from FASD. 

 

Groups, such as the Collaborative Initiative on Fetal Alcohol Spectrum Disorders 

(CIFASD), which organize multidisciplinary research from a broad group of 
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clinical and behavioral investigators, have put forth efforts generating significant 

support for links between PrEE and anatomical irregularities in the brain.  

Widespread reductions in brain volume have been identified by several groups 

using human brain imaging studies (Archibald et al., 2001; Lebel et al., 2008; Li 

et al., 2008; Willoughby et al., 2008; Norman et al., 2009; Lebel et al., 2011).  

The neocortex, specifically the parietal, parieto-occipital, temporal and frontal 

lobes, seem to be particularly affected by PrEE (Riikonen et al., 1999; Archibald 

et al., 2001; Sowell et al., 2002). Cortex-specific thinning has been reported in 

middle frontal, inferior occipital and paracingulate areas (Zhou et al., 2011), while 

thickening has been reported in inferior parietal, anterior frontal and orbital frontal 

cortex of subjects exposed prenatally to ethanol (Sowell, et al. 2002a; Sowell et 

al., 2002b; Yang et al., 2011).  Furthermore, MRI studies in humans have 

revealed abnormalities in corpus callosum, with high variability in structural form 

persisting into adulthood (Bookstein et al., 2002; 2007), reduced overall size of 

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

(Riikonen et al., 1999). Work in rodent models of FASD report similar, albeit 

generalized, changes. For example, whole brain volume, as well as cortical 

volume, surface area and thickness were reduced in PrEE animals when 

compared to controls (El Shawa et al., 2013; Leigland 2013). 
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Although studies in rodent models of FASD have reported gross regional 

volumetric changes, fine-scale cortical changes throughout development have 

not been fully investigated. Thus, the current study assessed cortical as well as 

subcortical abnormalities across whole brain at birth (P0). Our general 

hypotheses stated that PrEE would induce sensory area-specific alterations to 

developmental cortical thinning. By assessing multiple locations throughout the 

brain at early development we were able to map changes in the neuroanatomy of 

mice exposed to ethanol in utero. 

 

Methods 

Animal care 

The University of California, Riverside Institutional Animal Care and Use 

Committee (IACUC) approved all experimental procedures. Ten-week-old 

Female CD-1 mice were bred with non-sibling males, and housed alone for the 

entire gestational period following confirmation of a vaginal plug (gestational day, 

GD, 0.5). Dams were weight-matched, separated into ethanol-treated and control 

groups, and provided ad libitum access to standard mouse chow. Upon birth, 

post-natal day (P) 0 mice were euthanized as described below. 
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Ethanol Administration 

Ethanol administration and determination of blood ethanol concentration levels 

were carried out as described previously (El Shawa et al., 2013). Dams received 

either 25% EtOH in water (experimental), or an isocaloric maltodextrin solution 

(control). Both solutions were available ad libitum alongside standard mouse 

chow for the entirety of gestation.  

 

Daily dam intake and gestational weight gain measurements. 

Daily measures of food and liquid intake were recorded at 0900 to monitor for 

possible confounding nutritional variance between experimental and control 

dams. Dams were provided with 200g of standard lab chow on GD 0.5. Food was 

reweighed daily at 0900 using a standard Fisher Scientific scale, with average 

daily values for food intake computed from all measures across gestation (GD 

0.5–19.5). Liquid (25% ethanol-in-water or an isocaloric maltodextrin in water 

solution) intake was measured daily using a graduated drinking bottle, with 

average daily values calculated from all measures across gestation (GD 0.5–

19.5) and compared using t test analyses. Maternal weight gain was measured 

using a standard Fisher Scientific scale. Average gestational weight gain was 

calculated by subtracting dam starting body weight on GD 0.5 from body weight 

on GD19.5. Daily intake measures were recorded for 48 control dams and 54 

EtOH-exposed dams. 
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Dam plasma osmolality measurements.  

Plasma osmolality was recorded to determine if ethanol-induced dehydration, a 

potential confound in experimental dams, was present. Whole blood samples 

were taken from dams at GD 18.5 and added to ice-cold centrifuge tubes 

containing EDTA and centrifuged at 4°C/1100 g for 5 min, obtaining a clear 

supernatant. A Vapro 5520 vapor pressure osmometer (Wescor) was then used 

to measure blood plasma osmolality. Variation in plasma osmolality between 

control and ethanol-exposed dams was computed using t test analyses. 15 

replicates were obtained for each treatment group. 

 

Dam BEC measurements.  

Dam blood ethanol content (BEC) was determined enzymatically. Blood samples 

were collected from control and ethanol-treated dams at two time points: mid- 

(GD 9) and late-gestation (GD 19) at 0700. 0.2 ml of whole blood was collected 

via cardiac puncture and mixed with 1.8 ml of 6.25% trichloroacetic acid and 

centrifuged for 2 min at 2000 rpm to obtain supernatant. The sample was then 

mixed with an alcohol reagent (A7504-39; Pointe Scientific) and absorbance 

measured immediately using a Nanodrop ND-1000 Spectrophotometer at 340 nm 

wavelength. Samples were analyzed in duplicate and compared to an alcohol 

standard to determine blood ethanol concentration. Untreated dams were 
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employed as negative controls. Variance in BEC between experimental and 

control dams was computed using t test analyses. n = 6 for control dams at GD9 

and 19,  n = 11 for GD9 EtOH-exposed and n = 12 for GD19 EtOH-exposed. 

 

Tissue Processing 

Pups from ethanol-exposed and control dams were sacrificed and brains 

collected at P0. Body and brain weights were recorded at each time point. 

Following transcardial perfusion with 0.9% saline and 4% paraformaldehyde 

(PFA, pH: 7.4), brains were extracted, post-fixed and cryoprotected overnight in a 

4% PFA, 30% sucrose solution. Tissue was then cryosectioned at 30μM in the 

coronal plane and mounted onto glass slides. Sections were stained following the 

standard protocol for Nissl Staining and imaged using Zeiss bright field 

microscopy coupled with a Zeiss Axiocam linked to a PC.  

 

Anatomical Measures 

Gross dorsal views of P0 control and PrEE brains were imaged using Zeiss 

microscopy and imaging. For anatomical measures, regions of interest in 

individual tissue sections were measured across all cases using an electronic 

micrometer in ImageJ. Cortical thickness measures in sections stained for Nissl 

substance were taken along a line perpendicular to the cortical sheet extending 

between the most superficial portion of layer I to the deepest portion of layer VI. 
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These included prelimbic (PL), frontal cortex (FC), primary auditory cortex (A1), 

primary somatosensory cortex (S1) and primary visual cortex (V1). Corpus 

callosum (CC) thickness was measured from the midline region. Measures of 

hippocampal subfield thickness were taken in CA3. Measures of basal ganglia 

(BG) were limited to caudate putamen, globus pallidus, and ventral palladium. 

BG and dorsal lateral geniculate nucleus (dLGN) volumes were calculated from 

serial sections (P0 PrEE n = 14; P0 Control n = 14).  See Table 1 for a list of 

abbreviations. 

 

Analysis of cell packing density 

Cell nuclei were counted in the PL, FC, A1, S1, V1, BG and dLGN in order to 

quantify cell packing density within these regions. Bright-field Z-stack images of 

30μM thick coronal sections stained for Nissl were collected and analyzed using 

the ITCN plugin for ImageJ. An electronic ROI was first drawn over the selected 

region, and cell nuclei number was quantified. Volumetric measurements were 

made by calculating the distance between top and bottom sections of the stack, 

and then multiplied by ROI area (P0 PrEE n = 14; P0 Control n = 14).   

 

In situ hybridization 

Gene expression assays were conducted using non-radioactive free-floating in 

situ RNA hybridization. DIG-labeled RNA probes against Cadherin 8, Id2 and 
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RZRβ were used to determine patterns of expression in a minimum of 5 

replicates of PrEE and control mice using established protocols previously 

employed by this lab (Shimamura et al., 1994; Dye et al., 2011a, 2011b). Briefly, 

hemispheres reserved for hybridization were rehydrated through a methanol 

series, embedded in gelatin-albumin and sectioned in the coronal plane at 100 

μm using a vibrating microtome. Following hybridization, all sections were 

mounted in glycerol onto glass slides, coverslipped and imaged. In normal 

development these genes have expression boundaries that correlate with 

developing areal borders, and are involved in axonal guidance during 

development of INCs. These data were reconstructed in a coronal section where 

expression patterns of all three genes in typical control and PrEE cases were 

overlaid to aid in interpretation of the in situ hybridization data (see Figure 5 E1, 

E2). Gene expression within specific, highlighted regions of neocortex of control 

and PrEE mice was analyzed (see Figure 6). Transcript density was measured 

with ImageJ software and statistically analyzed to assess group differences. 

First, raw images were converted to a binary format and adjusted to a 

standardized threshold. A region of interest (ROI) was then electronically drawn 

over areas of either the rostral or the caudal parietal cortex. Transcript signal 

presence was then measured, and reported as area fraction of total ROI. This 

technique was recently described in detail by Dye et al. (2012). 
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Statistical Analyses 

Two sample t-tests assuming unequal variance were used to establish significant 

differences in all measures. For data displayed as percent change, mean 

baseline corrected control was set as 100%, with experimental measures 

expressed as percent variation from that mean.  

 

Results  

Dam measures 

Multiple dam measures were recorded to map out the effects generated by our 

ethanol exposure paradigm (Figure 2). To ensure our exposure paradigm did not 

cause malnutrition or dehydration, which could confound our findings, measures 

of blood plasma osmolality were taken in addition to daily measures of food 

intake, liquid intake and dam weight. No significant variation was detected in daily 

food consumption (Figure 2A; control 5.19 ± 0.17 g/day; EtOH-exposed 4.78 ± 

0.20 g/day; P = 0.16), though a significant reduction in weight gain over the 

entirety of gestation was observed (Figure 2B; control 27.63 ± 0.96 g; EtOH-

exposed 24.18 ± 1.17 g; P < 0.05). The reduced weight gain correlated with 

reduced litter size in EtOH-exposed dams (Figure 2C; control 11.25 ± 0.47 pups; 

EtOH-exposed 9.20 ± 0.60 pups; P < 0.05). Liquid intake remained unchanged 

when comparing experimental and control dams (Figure 2D; control 6.48 ± 0.25 
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ml/day; EtOH-exposed 6.55 ± 0.20 ml/day; P = 0.81). Measures of blood plasma 

osmolality revealed no significant variance in hydration between treatments 

(Figure 2E; control 308.2 ± 1.77 mosm/kg; EtOH-exposed 309.2 ± 1.65 mosm/k; 

P = 0.68). 

 

Blood ethanol content was measured at two gestational timepoints: GD9 and 

GD19. EtOH-exposed dams had, as expected, significantly elevated BEC levels 

at both GD9 (Figure 2F; control 0.00 ± 0.0 mg EtOH/dl; EtOH-exposed 104.4 ± 

1.21 mg EtOH/dl; P < 0.0001) and GD19 (Figure 2F; control 0.00 ± 0.0 mg 

EtOH/dl; EtOH-exposed 135.2 ± 4.12 mg EtOH/dl; P < 0.0001) when compared 

to controls. 

 

Sub-neocortical measures in PrEE and control mice 

Dorsal lateral geniculate nucleus 

Examination of dLGN size at birth revealed a significant overall reduction in size 

in PrEE mice compared to non-exposed controls (Figure 3, compare A1 with A2; 

A3, control 100 ± 1.767 % and PrEE 92.99 ± 0.7395 %; P < 0.05).  
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Basal ganglia 

When compared to controls, the basal ganglia in the brains of newborn PrEE 

mice were reduced in size (Figure 3, compare B1 with B2; B3, control 100 ± 

1.894 % 88.38 ± 1.501 %; P < 0.01).  

 

Hippocampus  

The CA3 region of the hippocampus was significantly thinner at birth in PrEE 

mice when compared to age-matched controls (Figure 3, compare C1 with C2; 

C3, control 100 ± 5.353% and PrEE 84.38 ± 3.917 %, P < 0.05).  

 

Corpus Callosum  

Significant differences in midline callosal thicknesses were observed between 

PrEE and control brains during early development, where PrEE mice had a 

significantly thinner CC at P0 (Figure 3, compare D1 with D2; D3, control 100 ± 

1.844 % and PrEE 91.85 ± 1.430 %, P < 0.01). 

 

Regional cortical thickness differences in PrEE and control mice  

Ethanol exposure throughout gestation caused significant thinning of PL (Figure 

4, compare A1 with A2; A3, control 100 ± 2.711 % and PrEE 93.46 ± 1.129 %, P 

< 0.05) and auditory cortex in P0 PrEE brains, when compared to P0 control 

tissue (Figure 4, compare D1 with D2; D3, control 100 ± 1.433 % and PrEE 84.74 
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± 1.277 %, P < 0.0001). Significant thickening of frontal cortex (Figure 4, 

compare B1 with B2; B3, control 100 ± 2.231 % and PrEE 117.1 ± 4.023 % P < 

0.001) and somatosensory cortex (Figure 4, compare C1 with C2; C3, control 

100 ± 1.412 % and PrEE 109.9 ± 1.310 %, P < 0.0001) was observed in PrEE 

mice, when compared to controls, at P0. Visual cortex thickness was significantly 

altered in P0 PrEE brains, with in utero ethanol exposure causing appreciable 

thickening of V1 at birth (Figure 4, compare E1 with E2; E3, control 100 ± 0.8511 

% and PrEE 120.0 ± 1.305 %, P < 0.0001), when compared to controls.  

 

Cell packing density 

To determine if altered cortical thickness observed in PrEE mice was generated 

by varied total cell number or degree of compaction, cell nuclei packing density 

was measured in the FC, PL, A1, S1, and V1 of PrEE mice and controls at P0 

(table 2). Regional cell packing density in cortex did not significantly differ at any 

of the locations measured. Thus, the varied region-specific volumetric changes in 

cortical thickness are not simply caused by a change in cell packing density. 

 

Qualitative Gene Expression  

At P0, patterned gene expression within neocortex has been implicated in 

neocortical development as well as arealization, with graded or regional 

expression correlating with developing areal boundaries (Dye et al. 2011a). Using 
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in situ hybridization we investigated the effect of PrEE on three of these genes: 

RZRβ, Cad8 and Id2.  

 

RZRβ: In P0 control mice, an altered RZRβ expression gradient is observed in 

rostral sections (through caudal frontal cortex), with a noted absence in the most 

medial areas (Figure 5A1 left arrow). In this same section, lateral expression is 

shown to be moderate (Figure 5A1 right arrow). Rostral sections of parietal 

cortex show very light expression medially (Figure 5B1, left black arrow) and 

moderate to strong expression along the lateral border of the cortex, where 

putative rostral somatosensory cortex is located (Figure 5B1, black right arrow). 

Contrasting these findings, PrEE mice exhibit greater RZRβ expression in rostral-

medial cortex (compare Figure 5A2 PrEE left arrow with Figure 5A1 control left 

arrow).  Also, the lateral expression at this level is greater in the PrEE brains 

compared to controls (compare Figure 5A2 PrEE right arrow with Figure 5A1 

control right arrow). Additionally, a higher level of transcript in medial cortex is 

found in more caudal sections of the PrEE brain, in rostral parietal cortex 

(compare Figure 5B2 PrEE left black arrow with Figure 5B1 control left black 

arrow).  The medial boundary of high RZRβ expression typically correlates with 

the developing medial border of somatosensory cortex in controls (see white 

arrow in Figure 5B1; for review see Dye et al. 2011a); this RZRβ boundary has 

shifted in PrEE neocortex (compare Figure 5B1 and 5B2 white arrows) 
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suggesting a disorganization of normal cortical development. The region of 

increased RZRβ expression located laterally in PrEE brains corresponds to 

somatosensory cortex and suggests a disruption of normal patterning (compare 

Figure 5B2 PrEE right black arrow with Figure 5B1 control right black arrow).  In 

normal mice, cells projecting to visual cortex at P0 are typically within RZRβ 

positive zones, as RZRβ expression at this age corresponds with putative visual 

cortex and is anti-correlated with motor cortex (see Dye et al 2011a, for review).  

In PrEE cortex, abnormal RZRβ expression within the boundaries of developing 

somatosensory motor cortex correlated with an area that sends abnormal 

projections to the putative visual cortex in our dye tracing studies (see El Shawa 

et al., 2013 Figs. 3, 6).  Atypical gene expression may generate the PrEE-related 

disruption in INC development, as the two processes have been linked in a 

previous report (Huffman et al. 2004). Quantification of RZRβ transcript density 

within regions of interest (ROI, boxed in Figure 6A1, B1) revealed a significant 

increase (P<0.001) in area fraction in PrEE mice in both rostral (Figure 6A2: 

control 9.09±0.51%, PrEE 39.44±0.32%; p<0.001), and caudal (Figure 6B2: 

control 7.87±0.24%, PrEE 46.01±3.32%; p<0.01) sections of the putative motor 

and somatosensory cortex. 

 

Cad8: Cadherin8 (Cad8) is strongly expressed in developing frontal/motor cortex 

in control mice (Dye et al. 2011a).  Typically, regions of strong RZRβ and Cad8 
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expression do not overlap in this neocortical region at P0.  However, we found a 

lateral extension of Cad8 expression in our PrEE cortices (compare Figure 5 C1 

and C2 arrows marking the lateral edge of Cad8 expression). These patterns of 

RZRβ and Cad8 expression overlap slightly in the PrEE cortex (compare Figure 

5 B2 white arrow and C2 black arrow) demonstrating a disorganization of normal 

patterning.  The shift in Cad8 expression is also documented statistically in our 

density measures, showing increased transcript in our PrEE ROI (boxed in Figure 

6 C1)  (Figure 6. C2, control 45.15±3.21%, PrEE 67.45 ± 2.00%; p<0.05). 

 

Id2: In addition to abnormalities in RZRβ and Cad8 expression, we found some 

differences in Id2 expression in PrEE neocortex. In control P0 mice, developing 

cortical layers 3 and 4 are negative for Id2 expression in rostro-medial cortex 

(Figure 5 D1, arrow).  However, PrEE mice show an extension of the lateral Id2 

positive zones within these layers (Figure 5 D2, arrow).   The shift in Id2 

expression is also documented statistically in our density measures, showing 

increased transcript in our PrEE ROI (boxed in Figure 6 D1; Figure 6 D2, control 

8.48±0.82%, PrEE 40.19±3.70%; p<0.001). 

 

Discussion  

In this report we describe structural and transcriptional abnormalities in PrEE 

mice at postnatal days 0. By detailing developmental changes in the patterning 
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and neuroanatomy of PrEE mice, we gain a more complete understanding of 

ethanol’s impact on the trajectory of cortical thinning, nuclear size, structural 

features and underlying gradients of gene expression during early development. 

Furthermore, correlated changes to gene expression patterns in the same 

animals suggests that PrEE-derived alterations to these gradients may underlie 

some commonly observed cognitive and behavioral impairments observed in 

children with FASD. 

 

Extra-Neocortical brain structures altered by PrEE 

Commensurate with PrEE induced changes in brain size and cortical thickness, 

widespread extra-neocortical abnormalities have been detected in both mice 

exposed to ethanol during gestation and children with FASD, with neuroimaging 

studies revealing the largest variation residing in BG, CA3 regions of the 

hippocampus and the CC (Niccols, 2007; Derauf et al., 2009; Norman et al., 

2009; Godin et al., 2011). As such, these regions, along with the dLGN, were 

investigated in our model. 

 

dLGN: Our data demonstrate a reduction in the size of dLGN in P0 PrEE mice 

when compared to control.  We believe this change is two-fold: the reduction in 

the dLGN in the PrEE animals may result from altered expression of ephrin A5 in 

the nucleus, as its development is linked to the expression (Dye et al., 2012).  
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We also suggest that PrEE, in addition to disrupting other developmental 

programs, induces a developmental delay.  

 

Basal Ganglia: We observed decreased volume of the PrEE BG at P0, which is 

consistent with reductions seen in humans. Human measures of BG volume 

typically corroborate this finding, revealing an overall reduction during early 

postnatal and adolescent periods (Mattson et al., 1996; Godin et al., 2011). Basal 

ganglia function has been previously implicated in motivational, cognitive and 

affective functions (Devinsky and D’Esposito, 2004). Our data demonstrates an 

increase in both anxiety-like behavior and deficits in motor function in PrEE mice 

at P20 (El Shawa et al., 2013), behaviors associated with BG function. This 

suggests that perturbations in early development may be sufficient for the 

generation of long-lasting behavioral consequences. 

 

Hippocampus: Clinical investigations have established a distinct association 

between gestational ethanol consumption and learning and memory deficits in 

exposed offspring (Willford et al., 2004). Owing to this vulnerability even 

moderate levels of ethanol exposure during development are sufficient to reduce 

hippocampal CA1 and CA3 pyramidal cell number, and alter dendritic 

morphology. In the present report, stereological analysis of the CA3 region of 

hippocampus revealed a reduction in CA3 thickness at P0 in PrEE mice. It is 
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likely that the early reduction detected at P0 results from a combination of factors 

including reduced neurogenesis, synaptogenesis and decreased cell and spine 

density (Tarelo-Acuna et al., 2000; Livy et al., 2003; Cullen et al., 2014).  

 

Corpus Callosum: Midline callosal hypoplasia was detected at P0, consistent with 

previous studies in both human and mouse that demonstrate an association 

between prenatal ethanol exposure and shape abnormalities with volumetric 

changes in the CC (Livy and Elberger, 2008; Gautam et al., 2014). Research 

conducted in humans with FASD suggests that alterations to the corpus callosum 

could be associated with deficits in executive function (Bookstein et al., 2002).  

 

PrEE and cortical thickness 

Prenatal ethanol exposure disrupts the normal cortical developmental trajectory, 

beginning with a significant thickening of FC, S1 and V1 and thinning of PL and 

A1 at P0 (Figure 4). The observation of reduced developmental cortical thinning 

during a time related to ‘early childhood’ in children and a maintained 

perturbation during early adulthood (Kozanian, 2015) in our model is reminiscent 

of variation seen in humans with FASD. For example, these changes mark an 

alteration to an essential developmental process thought to be broadly driven by 

arealization, and in particular, the refinement of neuronal networks, white matter 

myelination and synaptic pruning (Sowell et al., 2004; Shaw et al., 2008; Treit et 
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al., 2014). The process of cortical thinning, beginning in early development and 

carrying through to adulthood, proceeds at varying rates dependent upon brain 

region, with frontal and prelimbic regions thinning at lower rates in humans 

(Tamnes et al., 2010). The persistence of thickened FC in PrEE mice throughout 

early development is stereotaxically consistent with dysregulated intraneocortical 

connections previously reported by our laboratory (El Shawa et al., 2013). The 

failure to prune these aberrant connections may be involved in delayed cortical 

thinning, with these alterations potentially underlying the impaired coordination 

and increased anxiety we observed in P20 PrEE mice (El Shawa et al., 2013). 

Further evidence demonstrating the dysfunctional impact of inhibited FC thinning 

can be found in human studies which have demonstrated that FC thickness 

during development is increased in individuals with both attention 

deficit/hyperactivity disorder and FASD when compared to those suffering from 

FASD alone, a finding they attribute to immature brain development (Fernández-

Jaén et al., 2011).  

 

Prenatal ethanol exposure disrupts the processing of sensory input at multiple 

levels of the nervous system. One area altered by PrEE is the V1 cortical 

retinotopic map, which is the recipient of projections from the dLGN. Studies 

show a lack of connectional and electrophysiological refinement in response to 

prenatal ethanol exposure in V1 (Lantz et al., 2014). Somatosensory and auditory 
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information show similar multi-leveled processing deficits ranging from thalamic 

defects, to altered cortical pyramidal cell morphology and function (Church et al., 

1997; Mooney et al., 2010; Church et al., 2012; De Giorgio and Granato, 2015). 

Taken together, these findings suggest that impaired higher-order cortical 

processing and integration of auditory, somatosensory and visual information 

may contribute to balance and motor control impairments in our mouse model of 

FASD. 

 

Cortical thickness is influenced by a number of factors including cytoarchitecture, 

organization and overall cell number (Dunty et al., 2001; Miller, 1988). Analysis of 

cell packing density in the present study revealed no significant change amongst 

treatments (Table 2). This suggests that the maintenance of cortical thickness in 

PrEE animals occurs independently of cell packing density of specific cortical 

populations. Instead, it is probable that these changes occur at least partially 

through a comprehensive change in cell number, possibly generated via up/down 

regulation migration or proliferation pathways, which maintain cortical cell 

packing density despite altered cortical thickness. 

  

Gene Expression 

A pronounced extension of RZRβ into medial regions of cortex was observed in 

PrEE mice (Figure 5). Typically, RZRβ is expressed in a low caudo-lateral to high 
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rostral cortical gradient, regulating neuronal development in neocortex via 

differential expression in somatosensory cortical areas, with distinct increases in 

layer IV barrel cortex during barrel formation (Dye et al. 2011a). RZRβ regulates 

patterning via a cell-intrinsic mechanism, contributing to development of layer IV 

neurons into somatosensory barrels (Jabaudon et al., 2012). Altered expression 

of RZRβ, particularly extension of its boundary of expression, could underlie both 

the anatomical abnormalities observed and the impaired sensorimotor integration 

described by El Shawa et al (2013).  

 

Id2 shows a similar shift in expression domain, particularly within layer 1/2 and 

3/4 (Figure 5). This change is inversely complimented by a mild extension of the 

lateral Cad8 expression boundary in PrEE mice. Typically Id2 exhibits strong 

layer 2/3 expression in rostral cortex, with a rapid decline in intermediate 

neocortex (Bishop et al., 2002). This change in expression marks the boundary 

between somatosensory and motor areas. Id2 has been implicated in cell 

sensitization by affecting the chromatin structure of selected genes, modulating 

cell proliferation (García-Trevijano et al., 2013). By influencing epigenetic 

modification of chromatin structure Id2 can induce an open chromatin state, 

permitting increased transcription (García-Trevijano et al., 2013).  

 

Changes in gene expression reported in this study may be caused by altered 
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DNA methylation, an epigenetic modification that cells use to mediate gene 

expression (Moore et al., 2013), cell differentiation, and embryonic development 

(Monk et al., 1987; Feng and Fan, 2009). Methylation occurs at the fifth position 

of cytosine and is driven by three conserved enzymes, DNA methyltransferase 1 

(DNMT1), DNMT3A, and DNMT3B, which together are responsible for its 

deposition and maintenance, a function required for normal development (Li et 

al., 1992; Okano et al., 1999). Methyltransferase activity can be modified by 

exposure to ethanol; chronic exposure to ethanol is associated with reduced 

DNMT3B mRNA expression and hypermethylation in adults (Bönsch et al., 

2006). Embryonic exposure to ethanol has been shown to alter DNA methylation 

patterns at neurulation, with increased methylation of genes on chromosome 10 

and X correlating with an increase in neural tube defects (Liu et al., 2009). 

Furthermore, ethanol exposure impacts methyl donors (Mason and Choi, 2005), 

highlighting a possible mechanism by which ethanol, through methylation, can 

drive downstream epigenetic modifications and alter gene expression, as we 

have seen in this study (Haycock, 2009). 

Chapter summary 

 We report alterations to developmental cortical thinning across functionally 

diverse regions of cortex, and altered development of extra-neocortical 

structures, with correlative alterations to gene expression. The observed group of 
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PrEE-induced alterations is consistent with documented human patterns of birth 

defects present at early developmental stages. By extending our findings to 

include patterned gene expression, we identify possible intrinsic mechanisms by 

which PrEE interrupts proper cortical cytoarchitecture and development, 

alterations that could underlie the anatomical phenotype presented here. 

Additionally, as chromatin structure plays a critical regulatory role in transcription, 

and chromatin state is partially regulated by Id2, it is possible that modification to 

its expression could have far-reaching developmental effects.  
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Chapter Two:  Transgenerational Conveyance of PrEE-
Derived Cortical Dysregulation and Behavioral 
Impairments. 
 
Introduction 

Fetal Alcohol Spectrum Disorders (FASD) represent a wide range of adverse 

developmental conditions generated in response to in utero alcohol exposure 

affecting between 2 and 5% of the total population (Hoyme et al., 2005; May et 

al., 2014). The range of cognitive, perceptual and behavioral deficits observed 

following prenatal ethanol exposure are caused by underlying neurobiological 

damage in developing brain structures, including the neocortex, a part of the 

brain involved in higher level cognitive and behavioral function (El Shawa et al., 

2013). Current animal models of FASD suggest that detrimental alterations 

generated via prenatal ethanol exposure (PrEE) are, in part, precipitated by 

modifications to the epigenome (Govorko et al., 2012, Laufer et al. 2013, Kleiber 

et al., 2014).  

 

Epigenetic modifications including alterations to DNA methylation patterns and 

histone methylation/acetylation serve as a point of teratogenic interaction for 

ethanol during development, where it can generate permanent and widespread 

changes to gene expression (Renthal and Nestler, 2009; Govorko et al., 2012). 

Altered DNA methylation in response to PrEE has been described in distinct 

brain regions and cell types, including hippocampal tissue and 
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proopiomelanocortin (POMC) neurons of the hypothalamus and (Bekdash et al., 

2013; Marjonen et al., 2015). These alterations can be meiotically heritable and 

thus transmitted across generations, effecting gene expression in individuals not 

directly exposed to ethanol (Govorko et al., 2012). These model data are 

supported by epidemiological studies that report transgenerational conveyance of 

numerous human diseases including Prader-Willi, Angelman, and Beckwith-

Wiedemann syndrome (Adams, 2008). Evidence suggests alcohol-related 

diseases can also be transferred across generations: grandchildren descendant 

from maternal grandmothers who reported alcohol abuse exhibit higher rates of 

both major depressive disorders that are co-morbid with alcohol use disorders 

and FASD (Kvigne et al., 2008; Olino et al., 2008) 

 

To determine the impact of prenatal ethanol exposure (PrEE) on functional 

organization of the neocortex, we first generated an FASD mouse model in the 

CD-1 strain. Preliminary work with this model demonstrated a correlation 

between sensorimotor integration deficits at postnatal day (P) 20 with aberrant 

targeting of motor/sensory intraneocortical connections (INCs), altered 

neocortical gene expression of RZRβ, Cad8 and Id2 at birth, and a prolonged 

disruption of cortical developmental thinning, which persisted into early adulthood 

(El Shawa et al., 2013; Abbott et al., in review). Here we extend those findings 

and present evidence that PrEE generates transgenerationally stable DNA 
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hypomethylation within the neocortex that is strongly correlated to increased 

expression of genes critical for proper brain development. Changes to 

methylation are also correlated with reduced expression of DNMT1, 3A and 3B, 

three methyltransferases responsible for DNA methylation. Additionally, we 

demonstrate a persistent alteration to intraneocortical connections (INC), with 

numerous atypical projections from frontal cortex in experimental mice. 

Behaviorally, these changes manifest themselves as transgenerationally stable 

reductions in sensorimotor function, as well as increased anxiety and depressive-

like states.  

 

Methods 

Mouse Colony 

All breeding and exploratory studies were performed in strict agreement with 

convention rules sanction by the Institutional Animal Care and Use Committee 

(IACUC) at the University of California, Riverside. CD1 mice initially acquired 

from Charles River Laboratories were used for all experiments. P90 female mice 

were matched with male breeders; upon confirmation of vaginal plug, the male 

was removed from cage, and the time was set as gestational day (GD) or 

embryonic day (E) 0.5. The time to conception ranged between 0-5 d with an 

average time of 3 d. Timed pregnant female mice were then matched by weight, 

housed independently, and separated into two groups, control and experimental. 
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The day of pup conception was viewed as P0. Pups from ethanol-treated dams 

were cross fostered with control dams upon birth to prevent postnatal ethanol 

exposure and avoid possible confounding physiological and behavioral changes 

of the original mom. Pups from control dams were also cross fostered to account 

for any changes 

 

Dam Ethanol Administration 

Experimental, ethanol-treated dams were given a 25% ethanol solution in water 

once the vaginal plug was detected (GD 0.5) to the day of birth (GD 19.5). 

Methods for generating the PrEE mouse model have been previously described 

(El Shawa et al. 2013). Briefly, experimental dams were provided ad libitum 

access to 25% ethanol in-water solution and standard mouse chow, while control 

dams received ad libitum access to water and standard mouse chow.  

 

Dam measures 

Daily measures of liquid and food intake were recorded to eliminate confounding 

nutritional variations between control and experimental groups. On GD 0.5, each 

pregnant dam was provided a feeding bowl with 30 g of standard mouse chow, 

which was reweighed, using a standard Fisher Scientific scale, and replenished 

to the 30 g start point at noon everyday. A graduated drinking bottle was used to 
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measure liquid (25% ethanol in water or water alone) intake. Gestational weight 

gain of control and experimental dams was measured daily.  

 

Dam blood ethanol concentration and plasma osmolality    

Maternal blood ethanol content (BEC) resulting from self-administration of a 25% 

ethanol in water solution or water only was determined enzymatically. Samples of 

blood were drawn from control and ethanol-treated dams during two different 

gestational time points, mid-gestation (GD 9) and late-gestation (just before live 

birth, GD 19) between 0900 and 1200 h. After 0.2 mL of whole blood was 

collected, it was mixed immediately with 1.8 mL of 6.25% trichloroacetic acid and 

centrifuged for 2 min at 2000 rpm to obtain supernatant. The sample was then 

mixed with an alcohol reagent (A7504-39; Pointe Scientific) and assayed using a 

Nanodrop ND-1000 Spectrophotometer at 340nm wavelength. Samples were 

analyzed in duplicate and blood ethanol concentrations were determined by 

comparing experimental absorbance at 340nm to the alcohol standard. Pregnant 

non-ethanol-treated dams were used as negative controls to insure proper assay 

analysis. Differences in BEC between control and ethanol-treated dams were 

computed using t test analyses. Also, to consider and rule out ethanol-induced 

dehydration, a possible confound in experimental dams, we measured dam 

plasma osmolality. At GD 18.5, whole blood samples taken from control and 

ethanol-exposed dams were added to ice cold tubes and centrifuged at 4°C/1100 
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g for 10 min, obtaining a clear supernatant. We then used a Vapro 5520 vapor 

pressure osmometer (Wescor) to measure blood plasma osmolality. 

 

Pup measures  

On the day pups were born, both experimental and control pup litter sizes were 

recorded and pups were weighed individually using a Fisher Scale. Brains of 

newborn pups used in gene expression studies were immediately extracted after 

birth and the neocortex was removed and carefully separated into rostral and 

caudal sections using a tissue matrix. We measured the body and brain weight 

for control and experimental pups using a Fisher Scale. Cortical lengths were 

measured using a micrometer. ANOVA was used to assess group differences.  

 

Cell counts  

Fluorescence microscopic images of control and experimental from P0 brains 

injected with DiI and DiA in the putative visual and somatosensory cortices, 

respectively, were used for cell counts. Only stereotaxically identical sections 

were compared. ImageJ (NIH) was used to visualize each cell after images were 

converted to binary format. Cells that were labeled within the cortex, upper 

subplate, and intermediate zone were separated by electronically placing bins in 

each area. Cells in which 50% or more of the cell body was located were added 

to the bin and counted.  
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RT-qPCR 

Total RNA from rostral and caudal regions of neocortex was isolated using the 

AllPrep DNA/RNA Mini Kit according to the manufacturer’s protocol (Qiagen, 

Valencia, CA). cDNA was reverse transcribed from total RNA, and quantitative 

reverse transcription PCR was run in triplicate using the SensiMix one step kit 

(Bioline, Luckenwalde, Germany) according to the manufacturer’s instructions 

using primers directed against ID2, RZRβ, CAD8, LHX2, EphA7, and EphrinA5. 

Primers used to detect changes in DNMT expression were obtained from Qiagen 

(Catalog numbers: DNMT1, PPM03685E; DNMT3A, PPM04769G; DNMT3B, 

PPM03690A). Relative quantification of RT-qPCR data was performed according 

to Pfaffl (Pfaffl, 2001), with changes in target gene expression normalized to beta 

actin.  Primer pair sequences are listed in table 3.  

 

Genomic imprinting on Id2 and RZRβ 

Total DNA from rostral and caudal regions of neocortex was isolated using the 

AllPrep DNA/RNA Mini Kit according to the manufacturer’s protocol (Qiagen, 

Valencia, CA), and prepared for promoter methylation analyses with the Epitect 

Methyl II DNA Restriction Kit (Qiagen, Valencia, CA) following manufacturer’s 

instructions. For qPCR-based analyses of promoter methylation for Id2 and 

RZRβ for each sample, the following Epitect qPCR Methyl Promoter Primers 
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were used: Id2, catalog number EPMM102413-1A; RZRβ, catalog number 

EPMM105704-1A. Percent promoter methylation for Id2 and RZRβ promoters 

was calculated for each sample according to manufacturer’s instructions (Qiagen, 

Valencia, CA).  

 

Global methylation and hydroxymethylation 

5-mC and 5-hmC levels were measured in DNA isolated from rostral and caudal 

cortex using Methylflash methylated and hydroxymethylated kits (Epigentek, 

Brooklyn, NY, USA) per the manufacturer’s instructions. The level of 5-mC and 5-

hmC in tissue samples are reported as the amount of methylated and 

hydroxymethylated cytosine relative to the genomic content of cytosine. Briefly, 

100 ng and 200 ng of DNA, for 5-mC and 5-hmC respectively, were bound to well 

plates treated to have high affinity for DNA. Methylated and Hydroxymethylated 

fractions of DNA were visualized using detection antibodies and absorbance 

measured at 450 nm on a Victor 2 plate reader. The absolute quantification of 5-

methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC) was calculated 

using a standard curve. 

 

Behavioral analyses 

Suok Test 

There are various behavioral and cognitive deficits in both humans and 
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nonhuman mammals that are associated with PrEE. By using two behavioral 

assays: the ledge test and the Suok test, we were able to assess sensorimotor 

integration function and anxiety in adult PrEE mice. The Suok apparatus was 

constructed, and testing performed in accordance with specifications published 

previously (Kalueff et al., 2008; El Shawa et al. 2013). Animals were placed in the 

center of a 2m long aluminum rod and allowed to explore the apparatus for 5 

minutes. Any animals that fell were immediately placed back on the rod in the 

same orientation. Trained researchers recorded measures of motor function 

including falls and missteps, as well as measures of anxiety-like behavior: 

directed exploration, grooming, latency to leave center and risk assessment.  

 

Ledge test 

After the Suok test, animals were immediately introduced to the ledge test. 

Experimental procedures were outlined and performed previously (El Shawa et 

al. 2013). Animals were placed on a vertically stabilized sheet of acrylic 50 cm 

long by 30 cm high, with a thickness of 0.7 cm. Time to fall was measured, with a 

maximum time of 60s assigned for remaining atop the apparatus for the entire 

testing period, or successfully traversing the ledge and returning to the starting 

position.  
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Rotarod 

Motor ability, learning, and coordination were tested using an Accelerated 

Rotarod. Animals were placed on a rotating bar that accelerated from 4 – 40 

rpm/min for 5-minute trials.  All mice underwent 4 trials (one every 30 min), and 

latency to fall was measured within each session. If the animal was successful in 

maintaining its position on rotating rod without falling for the entire duration, a 

maximum score of 5 minutes was assigned. This testing paradigm evokes strong 

activation of the prefrontal cortex, allowing us to investigate the early phases of 

motor learning (Hikosaka et al., 2003; Rustay et al., 2003). 

 

Forced swim test 

The forced swim test was used to analyze depression-like behavior. The 

apparatus consists of a clear acrylic cylinder, 30 cm tall by 13 cm in diameter, 

which was filled with room-temperature water to a height of 20 cm. Mice were 

placed in the center of the water and were timed to swim and video recorded for 

6 minutes. The first 2 minutes of swimming were considered as an adaptive 

period and the last 4 minutes were scored. Time spent mobile was scored. 

Animals that were immobile for greater periods of time signified hopeless 

behaviors, which are thought to be indicative of increased depression.   

 

 



53 

 

Results 

General characteristics of ethanol-induced changes to brain and body 

One-way ANOVA was used to compare the effect of F1 PrEE on pup body 

weight, brain weight and cortical length across F1, F2 and F3 generations to 

determine transgenerational stability of gross alterations generated by prenatal 

ethanol exposure (Figure 7). Pup body weight was significantly reduced across 

all generations of PrEE animals when compared to controls [F (3, 191) = 39.90, P 

< 0.0001]. Post hoc comparisons with Tukey’s HSD revealed that mean control 

body weight was significantly different from PrEE animals and their descendants 

(control, 1.765 ± 0.024g; F1, 1.516 ± 0.015g, MD = 0.249, P < 0.0001; F2, 1.479 

± 0.023g, MD = 0.286, P < 0.0001; F3, 1.652 ± 0.016g, MD = 0.113, P < 0.01). 

Brain weight in experimental animals was also significantly reduced across all 3 

generations when compared to controls [F (3, 68) = 12.42, p < 0.0001]. Post hoc 

comparisons revealed that the most significant deviations from control animals 

occurred in the F1 and F3 generations (control, 0.105 ± 0.003g; F1, 0.088 ± 

0.004g, MD = 0.018, P < 0.0001; F2, 0.095 ± 0.003g, MD = 0.010, P < 0.05; F3, 

0.085 ± 0.004g, MD = 0.021, P < 0.0001). Additionally, reductions to cortical 

length were also noted in all experimental groups [F (3, 46) = 9.024, P < 0.0001] 

with the most apparent changes generated in F1 animals (control, 4.189 ± 
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0.087mm; F1, 3.781 ± 0.048mm, MD = 0.408, P < 0.0001; F2, 3.971 ± 0.042mm, 

MD = 0.218, P < 0.05; F3, 3.909 ± 0.046mm, MD = 0.280, P < 0.05). 

 

Dye labeling experiments 

Sensory intraneocortical connections (INCs) provide the connectional framework 

for sensorimotor integration in mammalian cortex. Disruption of this network has 

been previously implicated in altered behavior in PrEE mice (El Shawa et al., 

2013). To determine if altered INC targeting persisted transgenerationally we 

placed DiA and DiI crystals within putative S1 and V1 (Figure 8, A and A#), 

respectively, of experimental and control mice. Analysis of dye labeling within 

rostral cortical areas of experimental mice revealed ectopically labeled cells 

arising from a DPL in putative V1 of experimental animals (Figure 8B-E), with 

counts confirming a significant increase [F (3,34) = 6.022, P < 0.001]. Post hoc 

analysis reported significant variance in labeled cells in all experimental groups, 

when compared to controls  (Figure 8F; control, 0.0 ± 0.0; F1, 55.5 ± 12.64, MD = 

-55.5, P <0.01; F2, 43.0 ± 12.87, MD = -43.0, P <0.05; F3, 51.6 ± 12.1, MD = -

51.6, P <0.01). Caudal regions of visual and retrosplenial cortices contained 

ectopically labeled cells arising from a dye placement location (DPL) within 

putative S1 of all experimental animals, indicating a direct connection between 

the two areas, a condition not present in controls (Figure 8B#-E#). Cell counts 

within these areas of cortex revealed a significant increase [F (3,20) = 13.76, P < 
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0.0001] of labeled cells in F1, F2 and F3 generations when compared to controls 

(Figure 8F#; control, 0.0 ± 0.0; F1, 225.2 ± 20.79, MD = -225.2, P <0.0001; F2, 

199.8 ± 41.46, MD = -199.8, P <0.001; F3, 192.2 ± 31.33, MD = -192.2, P 

<0.001).  

 

Gene expression 

Patterned gene expression at P0 is required for guiding arealization of the 

neocortex, with precise gene expression gradients conferring initial areal identity 

(O’Leary and Sahara, 2008). To determine the effect of PrEE on graded gene 

expression, and the persistence of these alterations across generations we 

performed quantitative reverse transcription PCR (RT-qPCR). 

 

RT-qPCR 

RNA expression levels of six developmentally critical genes; Ephrin A5, Eph A7, 

Cad8, Id2, Lhx2 and RZRβ was quantified for all groups in rostral and caudal 

areas of the cortical sheet (Figure 9). Compared to controls, ephrin A5 was 

significantly downregulated [F (3,32) = 32.01, P < 0.0001] in caudal cortices of F2 

and F3 animals, though not in F1 animals (Figure 9A). Significantly increased [F 

(3,32) = 176.8, P < 0.0001] Id2 expression was detected in rostral cortex, with F2 

and F3 animals exhibiting 34.4 and 6.7-fold increases, respectively, with no 

change in F1(Figure 9E). All experimental conditions displayed significant 
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upregulation of Id2 within caudal regions of cortex when compared to controls 

(Fold increase: F1, 12.9; F2, 34.28; F3, 22.2; P < 0.0001). RZRβ expression was 

significantly upregulated in rostral and caudal cortices [F (3,31) = 79.96, P < 

0.0001]. Post hoc analysis revealed significantly increased expression in F1, F2 

and F3 rostral cortex (Figure 9F; Fold increase: F1, 4.7; F2, 6.1; F3, 7.6; P < 

0.001), while only F2 and F3 caudal cortex showed an increase in RZRβ 

expression when compared to controls (Figure 9F; Fold increase: F2, 5.4; F3 

11.32; P < 0.0001). PrEE did not evoke significant alterations to Eph A7, Cad8 or 

Lhx2 expression in directly exposed animals, or their offspring (Figure 9B-D). 

 

PrEE downregulates DNMT expression 

DNA methyltransferases (DNMTs) are responsible for both de novo methylation 

(DNMT3A and 3B) and continued maintenance of methylation status (DNMT1) of 

DNA. We observed a significant reduction in cortical expression of DNMT1, 3A 

and 3B in F1 PrEE animals (Figure 10A-C; F1: DNMT1, 0.48 ± 0.03, [F (3, 16) = 

72.09, P < 0.0001]; DNMT3A, 0.46 ± 0.02, [F (3, 16) = 113.9, P < 0.0001]; 

DNMT3B, 0.49 ± 0.03, [F (3, 16) = 25.96, P < 0.0001]), with no significant change 

persisting transgenerationally into F2 and F3 mice (Figure 10A-C; F2: DNMT1, 

1.06 ± 0.05, P = 0.82; DNMT3A, 1.03 ± 0.04, P = 0.95; DNMT3B, 0.82 ± 0.09, P 

= 0.13; F3: DNMT1, 1.03 ± 0.05, P = 0.97; DNMT3A, 1.02 ± 0.06, P = 0.99; 

DNMT3B, 1.05 ± 0.05, P = 0.96). 
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DNA methylation 

Methylation of C5 of cytosine, 5-methylcytosine (5mC) is thought to be 

incompatible with active transcription when occurring near regulatory regions of 

genes, either by directly modulate transcription factor binding or recruiting co-

repressor complexes via 5mC-binding proteins (Klose and Bird, 2006; Smith and 

Meissner, 2013). Additionally 5-hydroxymethylcytosine (5hmC), an oxidized 

product of 5mC, is also thought to modulate transcription and is of particular 

importance during neuronal development (Szulwach et al., 2011; Mellen et al., 

2012; Bachman et al., 2014). To determine if PrEE in the F1 generation was 

sufficient for the genesis of transgenerationally stable modifications to these 

epigenetic marks we quantified global 5mC and 5hmC, and promoter-specific 

5mC levels in the neocortex 

 

Global 5mC and 5hmC in rostral and caudal neocortex 

A colorimetric ELISA-like assay was used to quantify 5mC (%) levels in rostral 

and caudal neocortex of P0 animals, revealing a significant reduction of DNA 

methylation in experimental animals [F (3,32) = 14.69, P < 0.0001] (Figure 11A). 

The significant hypomethylation generated in response to PrEE in F1 animals 

persisted into F2 and unexposed F3 animals (Figure 11A; control, 0.76 ± 0.01 %; 

F1, 0.57 ± 0.05 %, MD = 0.19, P <0.05; F2, 0.50 ± 0.04 %, MD = 0.27, P <0.01; 
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F3, 0.49 ± 0.07 %, MD = 0.27, P <0.01). Measures in caudal cortex revealed a 

similar pattern of significant hypomethylation in experimental animals, an effect 

that persisted across generations (Figure 11A; control, 0.73 ± 0.02 %; F1, 0.52 ± 

0.05 %, MD = 0.22, P <0.05; F2, 0.54 ± 0.04 %, MD = 0.20, P <0.05; F3, 0.42 ± 

0.07 %, MD = 0.31, P <0.001).  

 

Global hydroxymethylation (5hmC %) quantification was performed to determine 

the possible involvement in PrEE-related developmental dysfunction (Figure 

11B). Interestingly, global hydroxymethylation analysis showed that PrEE mice 

had significantly higher levels of DNA methylation compared to control animals in 

both rostral and caudal areas of cortex [F (3,32) = 9.710, P < 0.0001], with post 

hoc analysis revealing that increase was limited to the F1 generation, and did not 

persist into later generations (Figure 11B; Rostral cortex: control, 0.073 ± 0.009 

%; F1, 0.141 ± 0.01 %, MD = -0.07, P <0.01; F2, 0.105 ± 0.008 %, MD = -0.03, P 

= 0.23; F3, 0.104 ± 0.007 %, MD = -0.03, P <0.001; Caudal cortex: control, 0.093 

± 0.012 %; F1, 0.149 ± 0.007 %, MD = -0.06, P <0.01; F2, 0.119 ± 0.013 %, MD 

= -0.03, P = 0.43 ; F3, 0.118 ± 0.019 %, MD = -0.03, P = 0.43). 

 

As expected, the ratio between hydroxymethylated and methylated DNA in both 

regions of cortex was disturbed in PrEE mice (Figure 11C), as well as their 

descendants (with a noted maintenance of control-like ratios in F2 caudal cortex). 
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A disproportionate change in the percentage of methylated DNA appears to be 

driving most of the observed variation (Figure 11C; Rostral cortex: F1, P < 0.01; 

F2, P < 0.05; F3, P < 0.05; Caudal cortex: F1, P < 0.05; F2, P = 0.37; F3, P < 

0.01). 

 

Analyses of promoter region methylation by MSP 

RT-qPCR analysis of a panel of genes needed for proper cortical development 

revealed significant upregulation of Id2 and RZRβ transcription in PrEE mice and 

their offspring. As promoter methylation status is thought to modulate 

transcription we analyzed promoter region-specific methylation of these two 

genes. Quantification of methylation at the Id2 promoter region in samples from 

rostral and caudal neocortical regions revealed significant reductions in 

experimental animals, when compared to controls [F (3,32) = 34.32, P < 0.0001], 

an effect that persisted into unexposed F3 animals (Figure 12A; Rostral cortex: 

control, 0.150 ± 0.016 %; F1, 0.080 ± 0.023 %, MD = 0.07, P <0.01; F2, 0.026 ± 

0.005 %, MD = 0.14, P < 0.0001; F3, 0.030 ± 0.007 %, MD = 0.12, P <0.0001; 

Caudal cortex: control, 0.157 ± 0.026 %; F1, 0.028 ± 0.006 %, MD = 0.13, P 

<0.0001; F2, 0.031 ± 0.006 %, MD = 0.13, P < 0.0001 ; F3, 0.029 ± 0.008 %, MD 

= 0.13, P < 0.0001). Methylation of RZRβ promoter region followed a similar 

pattern of hypomethylation, with significant reductions across all experimental 

generations in both rostral and caudal regions of cortex (Figure 12B; Rostral 
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cortex: control, 0.086 ± 0.013 %; F1, 0.023 ± 0.05 %, MD = 0.06, P <0.01; F2, 

0.029 ± 0.010 %, MD = 0.06, P < 0.01; F3, 0.022 ± 0.007 %, MD = 0.06, P <0.01; 

Caudal cortex: control, 0.130 ± 0.018 %; F1, 0.055 ± 0.016 %, MD = 0.08, P 

<0.001; F2, 0.030 ± 0.007 %, MD = 0.10, P < 0.0001; F3, 0.030 ± 0.011 %, MD = 

0.10, P < 0.0001). 

 

A Pearson correlation coefficient was calculated to determine the interaction 

between promoter region methylation and RNA expression. There was a strong 

negative correlation between promoter methylation and RNA expression in both 

Id2 and RZRβ (Table 4). 

 

Behavioral analyses 

Sensorimotor integration, coordination, motor learning, anxiety-like and 

depressive-like behaviors were measured in control, F1, F2 and F3 mice to 

determine if PrEE was sufficient for the production of transgenerationally stable 

phenotypic alterations.  

 

The Accelerated Rotarod testing paradigm employed for this study allowed for 

the assessment of coordination and the preliminary stages of motor learning 

(Figure 13A). Two-way repeated measures ANOVA revealed significant variation 

across trials [F (3,90) = 21.43, P < 0.0001], with Tukey’s post hoc analysis 
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showing that the predominant source of variation was in F1 animals during trials 

1 and 2 (P < 0.05 and P < 0.01, respectively).  

 

Anxiety-like behavior, as measured by latency to leave center during testing on 

the Suok apparatus (Figure 13B), was significantly increased [F (3,52) = 7.30, P 

< 0.001] in the F1 and F2 generations, but did not persist to F3 (control, 0.95 ± 

0.11s; F1, 6.57 ± 0.73s, P <0.01; F2, 6.39 ± 1.48s, P <0.001; F3, 3.88 ± 0.58s, P 

= 0.16). Stereotyped cephalo-caudal grooming behavior, thought to be indicative 

of low anxiety (Figure 13C), showed a significant decrease in all experimental 

animals when compared to controls [F (3,53) = 4.817, P < 0.01], suggesting 

increased anxiety (control, 1.57 ± 0.27; F1, 0.62 ± 0.21, P <0.05; F2, 0.63 ± 0.15, 

P <0.01; F3, 0.71 ± 0.19, P < 0.05). Two measures of sensorimotor integration, 

missteps and falls, were evaluated during the Suok test (Figure 13D and E). One-

way ANOVA of the number of missteps determined that there was a significant 

variance between groups [F (3,52) = 5.72, P < 0.01], with all experimental 

animals performing notably worse than controls (control, 2.29 ± 0.32; F1, 5.54 ± 

0.53, P <0.01; F2, 4.88 ± 0.66, P <0.05; F3, 4.69 ± 0.75, P < 0.05). Falls, 

considered to reflect a more severe loss of sensorimotor integration, were 

increased [F (3,53) = 5.653, P < 0.01] relative to controls in all experimental 

conditions (control, 0.50 ± 0.14; F1, 2.85 ± 0.61, P <0.01; F2, 2.00 ± 0.30, P 

<0.05; F3, 2.14 ± 0.48, P < 0.05).  
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The final measure in our behavioral battery was of depressive-like behavior, 

recorded as time spent immobile in the forced swim test (Figure 13F). 

Quantification of the results revealed significant variation [F (3,37) = 9.777, P < 

0.0001] between control and experimental animals. Tukey’s multiple comparisons 

confirmed that PrEE generated significantly increased depressive-like behavior, 

and that it persisted transgenerationally (control, 156.7 ± 4.7s; F1, 207.4 ± 3.2s, 

P <0.001; F2, 180.7 ± 4.5s, P <0.05; F3, 202.0 ± 9.6s, P < 0.001). 

 

Pearson product-moment correlations between sensorimotor, anxiety and 

depressive marks are presented in table 5. Significant correlations were 

observed between grooming and latency to leave center (P < 0.01), grooming 

and falls (P < 0.01), grooming and missteps (P < 0.01), falls and missteps (P < 

0.01), falls and FST (P < 0.01), falls and Rotarod performance (P < 0.01), and 

missteps and Rotarod performance (P = 0.05). 

 

Discussion 

In the present study we demonstrate that prenatal ethanol exposure induces 

numerous transgenerationally persistent alterations including decreased body 

weight, brain weight and cortical length, atypical cortical connectivity, down- and 

upregulated RNA expression, decreased DNMT expression, global 
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hypomethylation and promoter-specific hypomethylation of Id2 and RZRβ. 

Behavioral testing indicated that PrEE causes stable increases in anxiety- and 

depressive-like behaviors, as well as reduced sensorimotor integration and fine 

motor coordination across generations. The finding that maternal consumption of 

ethanol during pregnancy can generate a wide array of transgenerationally stable 

cortical and behavioral dysfunction, which persists via the male germline to 

unexposed offspring, is both novel and compelling. These data support, and 

extend transgenerationally, earlier work by this laboratory and others that 

suggest disruption of proper cortical development and function via PrEE possibly 

underlies the behavioral dysfunction observed in model organisms and children 

with FASD (Holmes et al., 2012; El Shawa et al., 2013; Pickering et al., 2015).  

 

INC Development 

Abnormal development of intraneocortical connections (INCs) in response to 

PrEE is characterized by two distinct sets of transgenerationally stable ectopic 

projections: a group of cells that send projections from frontal/prelimbic cortex 

toward putative visual cortex, and a second group spanning retrosplenial cortex 

and visual cortex  that project to putative S1. This loss of modality-specific 

connectivity differs from normal developmental modulations in cortical 

connectivity as these patterns of connectivity are not present at any 

developmental time point in control animals (Dye et al., 2011a, b). These 
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changes are reminiscent of global functional changes observed in children with 

FASD, which is believed to relate to reduced cognition in children with FASD in 

cognitive function (Wozniak et al., 2013). The population of ectopically labeled 

cells in frontal cortex correlates with a region of abnormal cortical gene 

expression, altered levels and distribution of glucocorticoid receptors (current 

chapter, Allan et al., 2014), and abnormal cortical thinning (Treit et al., 2014). As 

this population of cells is sending aberrant projections to primary visual cortex, it 

is possible that this input contributes to visual acuity deficits, compounding 

recently reported dysfunctional visual cortex response patterns (Lantz et al., 

2014, 2015). Ectopically labeled cells in far caudal regions of cortex generated 

from a somatosensory area DPL are found in PrEE mice and their unexposed 

offspring. These aberrant projections occur in a region that undergoes numerous 

other changes in response to ethanol, including alterations to the somatotopic 

map and reduced dendritic spine density in pyramidal neurons (Oladehin et al., 

2007; Xie et al., 2010; De Giorgio et al., 2015). These findings are consistent with 

parietal dysfunction seen in children diagnosed with FASD (Woods et al., 2015). 

The persistent alterations to cortical circuitry observed in our model may govern 

certain aspects of the sensorimotor deficits also reported here, and those present 

in children with FASD. 
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Gene expression  

Here we provide evidence for a transgenerational effect of PrEE on ephrin A5, 

Id2 and RZRβ gene expression in two regions of cortex (Figure 3). Id2, a potent 

transcription factor required for normal development (Park et al., 2013), and 

RZRβ, which functions in cytoarchitectural patterning of neocortex during 

development, and is critical for somatotopic mapping (Jabaudon et al., 2012), are 

both strongly upregulated. Ephrin A5, which is important for axonal guidance, is 

downregulated in caudal regions of cortex of F2 and F3 generation mice, but 

absent in exposed F1 animals. A similar absence was seen in rostral Id2 and 

caudal RZRβ expression in F1 animals, with significant upregulation in 

subsequent generations. It is possible that an acute effect of ethanol exposure in 

F1 animals is masking more long term, transgenerationally stable changes to 

transcription. As these genes have strong roles in guiding neocortical connectivity 

and patterning it is possible that altered expression levels underlie the ectopic 

labeling observed in rostral and caudal neocortical areas. 

 

We observed a significant reduction of DNMT1, 3A and 3B mRNA expression in 

PrEE cortex when compared to controls.  Inappropriate downregulation of 

DNMT3A and DNMT3B could generate de novo methylation errors at normally 

methylated CpG sites, which would then be erroneously copied by DNMT1, 

resulting in inappropriate maintenance following cell division. By multiplying this 
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across multiple rounds of cell division, it is possible that progressive global 

hypomethylation could be generated. Furthermore, it is possible that initial 

disruption of methyltransferase expression via PrEE plays a role in the 

transgenerationally stable hypomethylation observed in PrEE mice. 

 

DNA methylation 

Global methylation is reduced in both rostral and caudal cortical regions in 

response to PrEE, an effect that persists transgenerationally, while increased 

hydroxymethylation is only present in rostral cortex of F1 animals. Loss of global 

methylation is thought to be associated with increased differentiation potential in 

stem cells during embryonic development (Hajkova et al., 2002). The ratio 

between 5mc and 5hmc is perturbed via PrEE across generations. Alterations to 

this ratio are thought to be involved in the balance between lineage commitment 

and pluripotency (Ficz et al., 2011). The developmental health implications of this 

relationship, particularly with regard to FASD, is presently unknown and will 

require a greater understanding of the role of DNA hydroxymethylation at the 

genomic level to move forward. 

 

DNA methylation levels were quantified via MSP, revealing that PrEE induced 

consistent hypomethylation of CpG-rich sites adjacent to the transcription start 

site of Id2 and RZRβ across generations, exhibiting a strong negative correlation 
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with expression. Sites queried for methylation status in Id2 and RZRβ are both 

located close to the CCAAT box, which is required for transcriptional activation. 

CpG methylation upstream of the CCAAT box can effectively impede 

transcription factor binding to the CCAAT sequence (Deng et al., 2001). A study 

by Govorko et al (2012) found that PrEE generated transgenerational 

suppression of Pomc gene expression, which was associated with 

hypermethylation. These data offer further support to previous findings that 

suggest increased gene expression is associated with low promoter methylation 

(Kass et al., 1997; Capel et al., 2007). Thus, hypomethylation of these areas in 

PrEE animals and their offspring has the potential to drive increased expression, 

though further analyses of methylation/demethylation of these promoter domains 

will need to be conducted to determine functional implications.  

 

Transgenerational behavioral dysfunction 

In utero ethanol exposure generated sensorimotor integration deficits, and 

increased anxiety-like and depressive-like behaviors that persisted across 

generations. Moderate correlations were found between measures of anxiety and 

sensorimotor integration, and measures depression and sensorimotor integration. 

Children with FASD display numerous secondary disabilities including depression 

and anxiety, which are often associated with motor deficits (Hellemans et al., 

2010, 2010). Children exposed to a combination of alcohol, tobacco and 
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marijuana prenatally exhibit a similar correlation between interhemispheric motor 

coordination and anxiety/depressive symptoms (Willford et al., 2010). These 

findings may suggest that deficits in sensory processing impair the ability of PrEE 

mice and their offspring to adaptively respond to their environments, increasing 

anxiety and depression. 

 

Chapter summary 

We provide evidence for widespread PrEE induced cortical dysfunction that is 

transmitted across three generations, via the paternal germline, to offspring never 

exposed to ethanol. Hypomethylation of CpG islands near the promoter regions 

of RZRβ and Id2 correlated significantly with upregulated transcription of these 

genes in neocortex. Abnormal INC development in rostral and caudal cortical 

areas accompanies these changes. The neurobehavioral consequence of these 

alterations is impaired sensorimotor integration accompanied by increases in 

anxiety-like and depressive-like behaviors. The mechanisms by which these 

deficits are transmitted through the paternal germline have not yet been defined, 

and are the focus of current studies. The data presented here suggest that PrEE 

induced alterations to DNA methylation alongside other modifications to the 

epigenome could be responsible for transgenerational alterations to gene 

expression. Furthermore, altered transcription, which upsets gene gradients 

necessary for proper cortical development, could underlie abnormal development 
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of the intraneocortical network. The novel transgenerational behavioral, 

anatomical, genetic and epigenetic effects of PrEE demonstrated here should be 

strongly considered when assessing the long-term effects of fetal alcohol 

exposure on developmental processes and behavior in humans. 
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!
General Conclusions 
 
This dissertation presents an analysis of a broad group of developmental 

changes generated in response to prenatal ethanol exposure. These alterations 

persist transgenerationally, carried through the paternal germline, into unexposed 

offspring. By expanding our model to include analysis of epigenetic modifications 

occurring during development we have identified a novel mechanism by which 

these heritable changes are generated, and maintained, following PrEE. The 

identification of these novel alterations and interactions between them could open 

up new lines of therapy for the treatment, and prevention of FASD. 

 

The range of cognitive, perceptual and behavioral deficits observed following 

prenatal ethanol exposure are caused by underlying neurobiological damage to 

developing brain structures, including the neocortex. This structure regulates 

numerous high-order operations including fine motor control and sensory 

integration. Proper neocortical function and specificity is achieved through the 

development of an intricate network of intraneocortical connections (INCs), 

whose development is partially regulated by intrinsic cortical gene expression 

(Huffman et al., 2004; Dye et al., 2011a, 2011b). The organization of INCs is 

perturbed extensively following PrEE; cells from far rostral regions of cortex send 

projections that terminate in putative visual cortex, possibly reflecting a defect in 

occipital patterning, and cells in far caudal regions of cortex send aberrant 
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projections to putative somatosensory cortex (El Shawa et al., 2013).  The 

apparent lack of navigational specificity observed does not reflect an acceleration 

or delay of development, rather a unique phenotype that is not observed in 

control animals of any age. We also detected gross changes in cortical thickness 

in these regions of cortex at P0, suggesting that our altered connectional 

phenotype could play a role in developmental cortical thinning. Indeed, MRI-

based studies in children with FASD found a strong correlation between 

connectional abnormalities and deviations in regional cortical volume (Sowell et 

al., 2008; Treit et. al, 2014). The finding that these projections were grossly 

altered, and persist transgenerationally, suggests that modification to the 

underlying gradients of gene expression had likely also occurred, as deviations to 

patterned gene expression in cortex is well known to elicit broad changes in 

cortical connectivity (Huffman et al., 2004).  

 

The panel of genes selected for study presently, while diverse in function, all play 

a role in cortical development. By determining both the changes to patterns of 

expression, via ISH, and level of transcription, via RT-qPCR, we gain a more 

complete insight into the effect of PrEE on transcriptional regulation in the cortex. 

The most significant interactions were found between PrEE and RZRβ, ephrin A5 

and Id2 expression.  
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The dramatic upregulation of Id2, and correlated hypomethylation is a significant 

finding that may have far reaching effects and warrants a more thorough 

investigation. The importance of this discovery lies in the range of roles that Id2 

plays. Included amongst these functions, Id2 plays a role in the regulation of cell 

proliferation, senescence, cell cycle control, apoptosis, angiogenesis and 

metastasis (Norton et al., 2000; Lasorella et al., 2001; Yokota and Mori, 2002; 

Uzinova and Benezra, 2003; Fong et al., 2004; Coma et al., 2010). More recently 

it has been proposed that Id2 is involved in cell priming, a process by which cells 

from varying tissues are sensitized, allowing a strong, complete response to 

biological or chemical signals (García-Trevijano et al., 2013). The effect of 

priming via Id2 is thought to be highly sensitive to the cell microenvironment, 

exacting its priming effect via the induction of an open chromatin structure 

(Norton et al., 2000; Lasorella et al., 2001; Fong et al., 2004; Coma et al., 2010; 

García-Trevijano et al., 2013). Furthermore, chromatin structure is directly 

influenced by DNA methylation, which working together, can regulate 

transcription (Kang et al., 2015). Work in this dissertation has demonstrated 

significant transgenerationally stable hypomethylation of Id2 DNA, suggesting the 

possibility of a novel Id2-mediated pathway by which PrEE could be impacting 

cortical development. A thorough investigation of downstream transcriptional 

events, translation and cofactor recruitment/association will be necessary to 

determine the undoubtedly complex role ethanol plays in Id2 function. 
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The neocortex of PrEE mice offspring had downregulated Ephrin A5 expression 

in caudal cortex at P0. Although the nature of the relationship between PrEE and 

Ephrin A5 expression in caudal cortex remains unknown, the degradation of 

incoming activity to occipital/visual cortex may initiate abnormal cortical activity 

leading to abnormal expression of Ephrin A5 at this age.  Indeed, numerous 

deficits in visual processing have been described in models of PrEE,  including 

retinal defects, microphthalmia and widespread apoptosis in the developing 

visual system during synaptogenesis (Tenkova et al., 2003; Stenkamp et al., 

2009; Muralidharan et al., 2015). Global, and promoter-specific changes to 

methylation described in the present work also open up the possibility that 

hypermethylation of CpG islands in the promoter region of ephrin A5 are driving 

the observed downregulation.  

 

Hypomethylation of CpG islands in the promoter regions of Id2 and RZRβ, along 

with global alterations to 5mc and 5hmc is correlated with increased transcription, 

an effect that persists across generations. CpG island methylation in the 

promoter region has been demonstrated to regulate transcription in distinct tissue 

types (Choi et al., 2005; Meissner et al., 2008; Mohn et al., 2008; Moore et al., 

2013). We propose that PrEE is altering transcription across generations, in part, 

by altering methylation patterns. We further propose that one mechanism by 
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which DNA methylation patterns are being altered is through the downregulation 

of DNA methyltransferases. These heritable changes are first generated with the 

initial ethanol insult during gestations where DNMT1, 3A and 3B function is 

perturbed. By impairing de novo methylation by DNMT3A and 3B we initiate a 

flawed DNA methylation program that is maintained by DNMT1, and passed 

along to successive, unexposed generations.  

 

The work outlined in this dissertation provides insight into one effect of PrEE on 

the epigenome, and the transgenerational consequences of these changes. By 

further developing our understanding of the mechanisms by which PrEE alters 

the epigenome we will gain a more complete understanding of how ethanol 

impacts development, information which may help with the prevention and 

treatment of FASD.  

 

 

 

 

 

 

 

!
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Tables and Figures: 
 
Table 1. List of abbreviations. Abbreviations listed for structures identified in 
figures and text. 
 

Table 1  
Abbreviation Structure 
A1 Primary auditory cortex 
BG Basal ganglia 
CA3 Cornu ammonis region 3, hippocampus 
CC Corpus callosum 
dLGN Dorsal lateral geniculate nucleus 
DPL 

Dye placement location 
FAS Fetal alcohol syndrome 
FASD Fetal alcohol spectrum disorders 
FC Frontal cortex 
P Postnatal day 
PL Prelimbic cortex 
PrEE Prenatal ethanol exposure 
S1 Primary somatosensory cortex 
V1 Primary visual cortex 
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Table 2. Cell packing density. Regional cortical cell packing densities measured 
in PrEE and control mice. 30µM coronal sections stained with cresyl violet were 
analyzed using the ICTN plugin for ImageJ.  Data are presented as mean cells x 
103/mm3  ± s.e.m. No significant changes in cell packing density between 
experimental and control animals were detected.  
 
 
 
 
 
Table 2  
Cortical cell packing density in PrEE and control mice expressed in cells x 103/mm3 as mean ± 
s.e.m.  
  

 
 

PL dFC S1 A1 V1 

Con PrEE Con PrEE Con PrEE Con PrEE Con PrEE 

P0 101.4 
± 3.1 

100.5 
± 1.9 

102.6 
± 3.8 

100.6 
± 2.7 

115.5 
± 1.1 

111.7 
± 1.4 

104.7 
± 2.4 

103.1 
± 2.0 

121.0 
± 1.8 

119.6 
± 2.3 

 
 

Note: PL, prelimbic cortex; dFC, dorsal frontal cortex; S1, primary somatosensory cortex; A1, 
primary auditory cortex; V1, primary visual cortex. 
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Table 3. List of primer sequences. Primers for RT-qPCR were designed to span 
exon-exon boundaries to prevent amplification of gDNA. Primer efficiency was 
determined using a standard curve. Primers that did not fall between 95-100% 
efficiency were redesigned. 
 

 

Table 3. RT-qPCR primer sequences 
Target Forward primer Reverse primer 
β Actin CCATCATGAAGTGTGACGTGG GTCCGCCTAGAAGCATTTGCG 
Cad8  TGCACCTGAGTTCCTCAATGGAC ATAATGGCTGTTTCAGGCTCAATG 
EphA7 TTGGAAGAAGGCACTGTGGT TAGGTTTTGGTGCCTGGAAA 
Ephrin A5 CTACATCTCCTCTGCAATCCCA GGCTGACTCATGTACGGTGT 
Id2 ACATCAGCATCCTGTCCTTGCAG AAGGTCCATTCAACGTGTTCTCC 
LHX2 CTGCCGAGGGCTCACGAAG AGAGAACCGCCTGTAGTAGTCT 
RZR β GGGCTGGGAGCTTCATGACTAC GAAGAATCCCTTGCAGCCTTCAC 
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Table 4. Correlation of DNA methylation and RNA expression. Pearson 
correlations between DNA methylation and RNA expression were calculated for 
Id2 and RZRβ in cortical tissue. A strong, and significant, negative correlation 
between DNA methylation and RNA expression was identified in control and 
experimental groups for both id2 and RZRβ. Ten replicates were obtained for 
each condition. (*P < 0.05). 
 

 

Table 4. Pearson correlations of methylation/expression 

 Control F1 F2 F3 

Id2 M/E -0.688* -0.651* -0.621* -0.634* 

RZRβ M/E -0.692* -0.634* -0.711* -0.664* 
Note: *P<0.0.5, two-tailed, N=10. M/E, DNA promoter region  
methylation and RNA expression correlation.  
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Table 5. Correlations of behavioral performance.  Pearson correlations were 
calculated between measures of anxiety, depression and sensorimotor 
integration. A moderate, significant, correlation was found between grooming and 
latency to leave center, two measures of anxiety. Grooming was also significantly 
correlated with both falls and missteps, two measures of sensorimotor 
integration. Falls were significantly correlated with missteps, depressive-like 
behavior (measured on FST) and motor learning/balance performance 
(measured on Accelerated Rotarod). Missteps were correlated with motor 
learning/balance performance. (*P < 0.05, **P < 0.01). 
 

 

Table 5. Pearson correlations of behavioral performance 

 Weight LC Groom Falls Missteps FST 
Weight       
LC -0.071 

     Groom 0.124 -0.382** 
    Falls 0.070 0.113 -0.426** 

   Missteps -0.027 0.114 -0.351** 0.401** 
  FST 0.103 0.233 -0.299 0.428** 0.226 

 Rotarod -0.074 -0.294 0.205 -0.503** -0.360* -0.280 
Note: *P<0.05, **P<0.01, two-tailed, N=45. LC, latency to leave center; FST, Forced 
Swim Test. 
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Figure 1. Basic modifications of the epigenome. Epigenetic modifications regulate 
gene activity without modifying DNA sequence. The two most well studied 
modifications to the epigenome are DNA methylation and histone tail 
modifications. These modifications can be divided into two broad categories: 
activating and inactivating marks, distinctions that are made based on the 
modifications impact on transcription. DNA methylation of CpG islands in the 
promoter region of genes as well as certain histone modifications including  
trimethylation of H3K9 and H3K27 is typically associated with inactivation. These 
modifications cause chromatin to condense, packing nucleosomes tightly, limiting 
the accessibility of DNA to transcription factors, reducing expression. Histone tail 
modifications including monomethylation of H3K4 and H3K27, and acetylation of 
H3K9 and H3K14 promote slackening of chromatin increasing accessibility of 
DNA to transcription factors, increasing expression. 
 

 

 

 

 

 



81 

Figure 2. Measurements in ethanol (EtOH)-exposed and control dams. Black 
bars, EtOH-exposed dams; White bars, control dams. A, No significant 
differences were detected in average dam food intake. (EtOH-exposed, N = 24; 
control, N = 26). B, Average gestational weight gain (g). EtOH-exposed dams (N 
=12) gained significantly less weight during gestation when compared with 
controls (N =14; *P <  0.05). C, Average litter size. Gestational exposure to EtOH 
resulted in significantly reduced litter size in experimental cases (N =11) when 
compared with controls (N =10; *P = 0.05). D, No significant difference was 
detected in average dam liquid intake between control and experimental dams 
(EtOH-exposed, N = 24; control, N = 26). E, No significant difference was 
detected in average dam plasma osmolality (mosm/kg) between control and 
experimental dams (EtOH-exposed, N = 15; control, N = 15). F, Average dam 
blood ethanol content (mg/dl) at GD9 and GD19. EtOH-exposed dams (GD9 N = 
11, GD19 N = 12) had elevated BEC levels compared to untreated controls (GD9 
N = 5, GD19 N = 7; ***P < 0.001, ****P < 0.0001). On average, pregnant dams 
consumed 1.64 ml/day of 100% ethanol in a diluted solution.  
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Figure 3. Anatomical volume and thickness measures in P0 PrEE and control 
mice. Panels are low magnification images of representative Nissl-stained 30µM 
coronal sections in control (top row) and PrEE mice (middle row). Outlines and 
arrows indicate area of measure. Significant reductions were detected across all 
regions investigated: dLGN (A3; n = 8, P < 0.05), basal ganglia (B3; n = 8, P < 
0.01), CA3 pyramidal layer thickness (C3; n = 8, P < 0.01) and corpus callosum 
(D3; n = 8, P < 0.05). Data is expressed as mean percent of baseline corrected 
control ± S.E.M. Dorsal (D) up, lateral (L) to the right. Scale bars = 500 µM. 
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Figure 4. Cortical thickness measures in P0 PrEE and control mice. 
Representative 30µM Nissl-stained coronal sections in control (top row) and 
PrEE mice (middle row). Arrows indicate area of measure. A significant reduction 
was detected in prelimbic (A3; n=15, P < 0.05) and auditory cortices (D3; n=15, P 
< 0.0001). PrEE mice exhibited significantly thicker dorsal frontal (B3; n=15, P < 
0.001), somatosensory (C3; n=15, P < 0.0001) and visual cortices  (E3; n=15, P 
< 0.0001). Data is expressed as mean percent of baseline corrected control ± 
S.E.M. Dorsal (D) up, lateral (L) to the right. Scale bars = 500 µM. 
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Figure 5. Neocortical expression of RZRβ, Cad8, and Id2. Coronal sections (100 
µm) of P0 control and PrEE brain hemispheres following free-floating 
nonradioactive in situ hybridization with a probe against RZRβ (A1, A2, B1, B2), 
Cad8 (C1, C2) or Id2 (D1, D2). A1, Section through a caudal region of frontal 
cortex where left arrow denotes low medial cortical expression of RZRβ and a 
right arrow denotes moderate lateral expression in a control case. A2, Section 
through a caudal region of frontal cortex where left arrow denotes moderate 
medial cortical expression of RZRβ and a right arrow denotes high lateral 
expression in a PrEE case. B1, Section through a rostral region of parietal cortex 
where left black arrow denotes low medial cortical expression of RZRβ, a white 
middle arrow denotes the medial boundary of RZRβ expression, and a right 
arrow denotes moderate lateral expression of RZRβ in a control case. B2, 
Section through a rostral region of parietal cortex where left black arrow denotes 
moderate medial cortical expression of RZRβ, a white middle arrow denotes the 
shifted medial boundary of RZRβ expression and a right arrow denotes high 
lateral expression of RZRβ in a PrEE case. C1, Section through a rostral region 
of parietal cortex where black arrow denotes lateral boundary of Cad8 expression 
in a control case. C2, Section through a rostral region of parietal cortex where 
black arrow denotes a shifted lateral boundary of Cad8 expression in a PrEE 
case. D1, Section through a rostral region of parietal cortex where black arrow 
denotes an absence of Id2 expression within cortical layers 3 and 4 in a control 
case. D2, Section through a rostral region of parietal cortex where black arrow 
denotes an extension of the lateral Id2 expression within layers 3/4. E1, E2, 
Patterns of gene expression compressed onto a coronal reconstruction of control 
(E1) or PrEE (E2) brains. Patterned areas represent gene expression as follows: 
RZRβ, diagonal line area; Cad8, crossed line area; Id2, dotted area. Dark line, 
cortical outline. Sections oriented dorsal (D) up and lateral (L) right. A minimum of 
5 replicates were obtained for each gene and condition. 
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Figure 6. Analysis of neocortical expression of RZRβ, Cad8, and Id2. A1–D1. 
Region of interest of quantified gene expression overlaid on representative 
coronal brain illustrations corresponding to graphs below. A2–D2, Percentage 
area fraction of cells expressing RZRβ (A2, B2), Cad8 (C2), Id2 (D2) within the 
ROI of caudofrontal cortex (A2) and rostral parietal cortex (B2–D2). A sharply 
increased percentage of transcripts are observed in PrEE cases when compared 
with control animals. CC, corpus callosum; CP, caudoputamen; CTX, cortex; LSr, 
lateral septal nucleus; Box, ROI. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 7. Average birth body weight, brain weight, and cortical length in PrEE 
and control P0 mice. A, Average pup body weight (g). PrEE F1 (n = 90), F2 (n = 
38) and F3 pups (n = 25) had significantly lower birth weights compared with 
controls (n = 42). B, Average pup brain weight (g). PrEE F1 (n = 19), F2 (n = 20) 
and F3 pups (n = 20) had significantly lower brain weights at birth compared to 
controls (n = 23). C, Average pup cortical length (mm). PrEE F1 (n = 16), F2 (n = 
15) and F3 pups (n = 10) had significantly lower cortical lengths compared with 
controls (n = 13). (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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Figure 8. Analysis of rostral cortex INCs from visual cortex DPLs and caudal 
cortex INCs from somatosensory cortex DPLs. A-A# , Illustrations showing DPL 
(dot) and plane of section (dotted line). B-E, DAPI stained coronal sections (100 
µm) of P0 hemispheres following DiI DPL in putative visual cortex in 
representative control (B) F1 (C), F2 (D) and F3 (E) cases. B#-E# , DAPI stained 
coronal sections (100 µm) of P0 hemispheres following DiI DPL in putative 
somatosensory cortex in representative control (B#) F1 (C#), F2 (D#) and F3 (E#) 
cases. C-E# , Arrows indicate ectopic retrogradely labeled cells. Dorsal (D) up and 
lateral (L) right. Scale bar, 500 µm. F-F#  Labeled cell counts in rostral and caudal 
cortex. Rostral cortex (F) of F1, F2 and F3 PrEE animals had significantly more 
labeled cells resulting from a putative visual cortex DPL than controls. . Caudal 
cortex (F#) of F1, F2 and F3 PrEE animals had significantly more labeled cells 
resulting from a putative somatosensory cortex DPL when compared to controls. 
(*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 9. Log2 normalized relative quantification of Ephrin A5, Eph A7, Cad8, 
Lhx2, Id2 and RZRβ expression across 3 generations using RT-qPCR. (A) 
Significant downregulation of Ephrin A5 expression was found in caudal cortex of 
F2 and F3 mice. (B-D) PrEE did not induce significant changes in Eph A7, Cad8 
or Lhx2 expression when compared to controls. (E) Strong upregulation of Id2 
was detected in rostral cortex of F2 and F3 mice, as well as caudal cortex of F1, 
F2 and F3 mice, when compared to controls. (F) Strong upregulation of RZRβ 
was detected in rostral cortex of F1, F2 and F3 mice, as well as caudal cortex of 
F2 and F3 mice, when compared to controls. Five biological replicates were 
obtained for each experimental condition. (***P < 0.001, ****P < 0.0001). 
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Figure 10. Log2 normalized relative quantification of DNMT1, 3A and 3B 
expression across 3 generations. (A-C) RT-qPCR revealed significant 
downregulation of DNMT1 (A), DNMT3A (B) and DNMT3B in PrEE mice 
compared to controls. F2 and F3 mice descended from PrEE males showed no 
significant change from controls. Five biological replicates were obtained for each 
experimental condition. (****P < 0.0001). 
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Figure 11. Global DNA methylation and hydroxymethylation in rostral and caudal 
cortical tissue. Colormetric assay was used to determine percent 5mc and 5hmc 
of total DNA in rostral and caudal regions of cortex. (A) Both rostral and caudal 
cortical global 5mC levels were significantly reduced in PrEE F1, F2 and F3 mice 
when compared to controls (n = 5 for each group). (B) Global 5hmc levels were 
significantly increased in rostral F1 cortex, when compared to controls. PrEE did 
not generate transgenerational changes to 5hmc levels. (n = 5 for each group).  
(C) Ratio of 5hmc to 5mc, is significantly increased in PrEE F1-F3 rostral cortex 
when compared to controls. In caudal regions of cortex F1 and F3 animals show 
a significant increase in 5hmc/5mc ratio. (*P < 0.05, **P < 0.01, ****P < 0.0001). 

 



92 

Figure 12. Methylation of CpG sites in the promoter region of Id2 and RZRβ. 
Methylation specific PCR was used to determine promoter region methylation of 
two genes, Id2 and RZRβ, that were strongly upregulated. (A) CpG island 
methylation in the Id2 promoter region of both rostral and caudal cortical tissue 
from PrEE F1-F3 animals was significantly reduced when compared to controls. 
(B) CpG island methylation in the RZRβ promoter region of both rostral and 
caudal cortical tissue from PrEE F1-F3 animals was significantly reduced when 
compared to controls. Five biological replicates were obtained for each 
experimental condition. (***P < 0.001, ****P < 0.0001). 
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Figure 13. Behavioral measures in PrEE F1, F2 and F3 P30 mice. Motor function 
and learning, assayed using the Accelerated Rotarod (A), revealed significant 
reductions in F1 performance in trials 1 and 2. Significant group differences were 
found in measures of anxiety on the Suok apparatus: (B), Latency to leave center 
and (significant reductions in F1 and F2 animals) and (C), Stereotyped 
rearing/grooming (significant reductions in F1-F3 compared to controls). 
Significant group differences were also found in tests of motor coordination and 
sensorimotor integration: (D), Missteps and (E), Falls. In both measures, PrEE 
F1, F2 and F3 mice showed decreased motor coordination and sensorimotor 
integration compared with controls. Depressive-like behavior, measured as time 
spent immobile in the forced swim test (F), revealed significant increases in F1, 
F2 and F3 animals compared to controls. (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001). 
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