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Abstract

Prenatal alcohol exposure is a major, preventable cause of behavioral and cognitive deficits in 

children. Despite extensive research, a unique neurobehavioral profile for children affected by 

prenatal alcohol exposure remains elusive. A fundamental question that must be addressed is how 

genetic and environmental factors interact with gestational alcohol exposure to produce 

neurobehavioral and neurobiological deficits in children. The core objectives of the NeuroDevNet 

team in fetal alcohol spectrum disorders is to create an integrated research program of basic and 

clinical investigations that will (1) identify genetic and epigenetic modifications that may be 

predictive of the neurobehavioral and neurobiological dysfunctions in offspring induced by 

gestational alcohol exposure and (2) determine the relationship between structural alterations in 

the brain induced by gestational alcohol exposure and functional outcomes in offspring. The 

overarching hypothesis to be tested is that neurobehavioral and neurobiological dysfunctions 

induced by gestational alcohol exposure are correlated with the genetic background of the affected 
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child and/or epigenetic modifications in gene expression. The identification of genetic and/or 

epigenetic markers that are predictive of the severity of behavioral and cognitive deficits in 

children affected by gestational alcohol exposure will have a profound impact on our ability to 

identify children at risk.

The term fetal alcohol syndrome (FAS) was introduced over 30 years ago as a diagnosis for 

children who exhibit the classic triad of central nervous system dysfunction, growth 

deficiency, and characteristic craniofacial dysmorphology resulting from maternal 

consumption of excessive amounts of alcohol during pregnancy. The most debilitating aspect 

of prenatal alcohol exposure is central nervous system injury, which can manifest as 

intellectual, neurologic, and behavioral abnormalities. Although FAS is believed to occur in 

approximately 1 to 3 per 1,000 live births in North America, gestational alcohol exposure at 

levels lower than those that result in the full syndrome produce a wider range of 

neurobiological and neurobehavioral abnormalities. The full spectrum of adverse effects, 

which includes several diagnostic subgroups, is collectively referred to as fetal alcohol 

spectrum disorders (FASDs). Recently published estimates suggest that FASD may occur as 

frequently as 2 to 5 per 1,00 live births,1 making this a public health problem of epidemic 

proportion.

The brain is the principal target organ for alcohol teratogenesis, and the brain injury of 

FASD is by far the most common and serious part of the condition. Animal experimentation 

has shown that alcohol more often produces neurochemical and structural changes 

throughout the brain rather than gross malformations. In the human, these changes may go 

undetected for many years until the child reaches an age when normal functions should be 

maturing but are impaired. The consequences of prenatal alcohol exposure can then manifest 

in a wide variety of mild to moderate brain dysfunctions in processes, such as learning and 

memory, executive function, social communication, attention, and sensory-motor skills. 

Childhood depression, anxiety, and other mental health conditions are also common and 

might be either manifestations of the primary brain alterations or may be secondary to the 

neurobehavioral/neurobiological alterations that occur. The combination of these functional 

deficits leads to severe adaptive problems at home, at school or work, and in society. A 

recent study that examined key cost components (direct costs: medical, education, social 

services, and out-of-pocket costs and indirect costs: productivity losses) estimated that the 

total adjusted annual cost associated with FASD in Canada is $5.3 billion.2

Although many neurobehavioral deficits have been described, a unique neurobehavioral 

profile for FASD remains elusive. Importantly, the sometimes wide variability in the 

phenotypic presentation of children affected by gestational alcohol exposure has led to the 

realization that alcohol-induced teratogenic outcomes are most likely determined by a 

combination of genetic and epigenetic modifications interacting with environmental 

influences. For example, in a study involving 16 alcohol-exposed twin pairs,3 concordance 

of diagnosis was reported for 5 of 5 monozygotic twin pairs, but discordance of diagnosis 

was reported for 7 of 11 dizygotic twin pairs. Animal models have clearly established that 

the genetic background of the mother has a major influence on ethanol teratogenesis but that 

maternal-fetal interactive effects also play a significant role.4
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Polymorphisms in alcohol metabolizing enzymes have been suggested to have a significant 

impact on the risk for FASD. The primary enzyme responsible for ethanol metabolism, 

alcohol dehydrogenase (ADH), exists as 3 distinct isozymes encoded by 3 members of the 

ADH family: ADH1A, ADH1B, and ADH1C. Moreover, 3 functionally important 

polymorphisms exist for ADH1B and 2 for ADH1C, which affect the binding affinity for 

substrate and the maximum rate of alcohol metabolism. For example, variations in the 

alcohol dehydrogenase gene (ADH1B) have been reported to confer either increased or 

decreased likelihood of developing FASD.5–8 Clearly, more studies are needed to clarify the 

role of variability in alcohol metabolism on the occurrence of FASD and to test the 

contribution of other gene products. FASD is a complex and multifactorial set of disorders, 

and many other genes are likely to play critical roles in the susceptibility to ethanol 

teratogenesis. Thus, a fundamental issue in the search for effective therapeutic interventions 

in FASD is to understand how genetic and environmental factors interact with gestational 

alcohol exposure to produce neurobehavioral and neurobiological deficits in children.

Epigenetics refers to genome information not encoded in the DNA sequence, with the best 

understood consequence of epigenetic marks being the control of gene expression. 

Epigenetic mechanisms that influence gene expression include DNA methylation and/or 

changes in chromatin structure and are vital in controlling how genes interact with the 

environment.9 DNA methylation is a very stable and accessible epigenetic mark and, 

therefore, the most suitable for population-based epigenetic studies. Given the extensive 

crosstalk between different chromatin marks, DNA methylation can also serve as a marker 

for general alterations of epigenetic modifications at a given gene promoter.

Investigation of possible epigenetic mechanisms as mediators of alcohol's adverse effects on 

the fetus provides another promising approach for understanding the FASD phenotype.10,11 

Epigenetic mechanisms refer to changes in genome information caused by stable but 

possibly reversible alterations that do not involve changes in the underlying DNA sequence. 

Because of the dynamic nature of the interaction, epigenetic mechanisms provide an 

attractive concept as mediators connecting the genome to environmental signals and 

exposure. The overarching hypothesis to be tested by the NeuroDevNet team in FASD is that 

neurobehavioral and neurobiological dysfunctions induced by gestational alcohol exposure 

are correlated to the genetic background of the affected child and/or epigenetic 

modifications in gene expression.

Studies conducted by members of the FASD research team have investigated deficits in 

executive function,12–14 structural brain imaging,15,16 and saccadic eye movements17 in 

children with FASD. The program of studies to be performed by NeuroDevNet will use 

these novel methodologies in a much larger cohort of children by undertaking a multisite 

study across Canada. Coupled with extensive neurobehavioral testing and genetic/epigenetic 

analyses, a powerful and unique dataset will be generated that can be mined for interactions 

between environmental and genomic factors that contribute to adverse outcomes in children 

affected by prenatal alcohol exposure.

The core objectives of the NeuroDevNet Team in FASD is to create an integrated research 

program of basic and clinical investigations that will (1) identify genetic and epigenetic 
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modifications that may be predictive of the neurobehavioral and neurobiological 

dysfunctions induced by gestational alcohol exposure (these would be potential biomarkers 

of risk and thus would be a major advance in the field) and (2) determine the relationship 

between structural alterations in the brain induced by gestational alcohol exposure and 

functional outcomes or genetic groupings in children with FASD relative to control subjects.

 Research Plan

 Clinical Studies

Each FASD diagnostic clinic within the network that agrees to participate in the research 

program will identify male and female children ages 5 to 18 years with confirmed 

gestational alcohol exposure. Willing participants will complete a standardized battery of 

psychometric tests that will assess multiple central nervous system domains (eg, executive 

function, working memory, and language and math skills). A similar-sized age- and sex-

matched control group of typically developing children will be recruited from the same 

geographic regions and will also be given the same standardized tests. Buccal swabs and 

saliva samples will be taken for the examination of physiological, genetic, and epigenetic 

markers; novel neurobiological testing involving saccadic eye movements will be performed; 

and refined and expanded brain-imaging analysis will be performed.

 Physiological analysis

The hypothalamic-pituitary-adrenal (HPA) axis is known to be highly susceptible to 

programming during fetal and neonatal development.18 Data indicate that prenatal exposure 

to ethanol is an early environmental insult that can program the offspring HPA axis such that 

HPA tone is increased throughout life, as reflected by higher basal and poststress cortisol 

concentrations in 13-month-old infants.19 Similarly, Haley et al20 reported that prenatal 

alcohol exposure was associated with greater cortisol reactivity, a negative affect, and an 

elevated heart rate. Of relevance, these effects differed in boys and girls, with girls showing 

greater changes in heart rate and negative affect than boys and boys showing greater changes 

in cortisol than girls. Altered HPA development and regulation is thought to be a risk marker 

for cognitive deficits21 and socioemotional adjustment.22 Members of our team have 

recently shown that the cortisol awakening response may serve as a useful index of 

adrenocortical reactivity in young children, possibly signaling a disturbance in physiological 

regulation.23 In the current study, we will examine the cortisol circadian rhythm as a 

measure of basal HPA regulation and reactivity by collecting and assaying saliva samples 

collected from children in the morning (cortisol awakening response) and at bedtime.

 Genetic Analysis

In the candidate gene approach, the genetic determinants of risk for FASD can best be 

studied using a candidate-gene strategy based on the existing knowledge of biological 

mechanisms of action. This approach has the advantage of focusing resources on a 

manageable number of gene mutations and polymorphisms that are likely to be important. 

Candidate gene-association studies remain the most practical approach to complex, 

multifactorial disorders, such as FASD, which are most likely characterized by relatively 

weak genotype-phenotype associations.
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For single nucleotide polymorphism (SNP) identification and selection, the selection of 

SNPs for genotyping will be prioritized based on published literature implicating functional 

relevance in FASD. An initial list of 90 to 100 genes mined from published literature24 will 

serve as the starting point. SNPs with haplotype tagging potential will also be favored, and 

we focus on SNPs with reasonable allele frequency (≥30%) in the population. Regulatory 

SNPs will be targeted by using bioinformatics tools that predict promoter elements in 

genomic sequence as well as areas of strong cross-species conservation.

After the finding of a positive or borderline association with candidate gene SNPs, selected 

patient samples will be chosen for sequencing to identify the putative causal variant in the 

associated genomic regions. Sequencing will be directed to the open reading frame as well 

as to conserved potentially regulatory genomic regions. This will allow us to detect any 

additional polymorphisms that would be informative for follow-up association testing in the 

full patient population. We will be able to search an associated region for causal 

polymorphisms and ultimately to follow-up the findings by molecular validation. The 

primary objective of the FASD candidate-gene analysis will be the identification of genetic 

determinants that may be predictive of the severity of brain dysmorphology and dysfunction 

in children with FASD.

 Epigenetic Analysis

The aim of this component of the study is to decipher the circuitry between the genome, the 

epigenome, and the environment, specifically as it relates to the long-term regulation of 

transcriptional programs associated with prenatal alcohol exposure. The integration of 

epigenome data from human subjects and the rodent models (see later) is central to the 

strategy used and will allow for the identification of salient changes relevant to brain 

development in the etiology of FASD.

Using buccal cells obtained from children enrolled in this study, we examine fluctuations in 

DNA methylation, with the aim of distinguishing signature epigenome profiles in children 

with FASD compared with children in our control sample. Such a signature might not only 

be helpful in understanding the molecular etiology of FASD but also might serve as a tool 

for early perinatal diagnosis of FASD. DNA methylation will be measured by a mixture of 

unbiased array-based approaches and more extensive quantitative measurements of 

candidate gene promoter regions. The latter will include a specific panel of genes involved in 

regulating the HPA axis and general stress response, genes involved in neuropeptides 

hormone activity and key neurotransmitter systems (eg, serotonin and dopamine), and genes, 

such as NR2B and α-synuclein, whose DNA methylation is altered in subjects with alcohol 

dependency. Moreover, we will examine genes involved in protein synthesis, turnover and 

folding, cellular metabolism, and signal transduction pathways, all of which are critical 

during development.25,26 To examine the potential circuitry between genetic variation and 

epigenetic marks, we also include in this panel promoter regions of genes that might 

predispose to FASD, drawn from the set interrogated in the genotype analysis.

Reynolds et al. Page 5

Semin Pediatr Neurol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Imaging Studies

Three main brain abnormalities that are commonly associated with FASD are small head 

(and brain) relative to body size, thin corpus callosum, and underdeveloped cerebellum.27–29 

However, these brain abnormalities are insufficient to explain the range of deficits observed 

in these children. Indeed, conventional magnetic resonance imaging (MRI) is often 

interpreted clinically as unremarkable or nonspecific, which implies that standard imaging 

techniques are insensitive. Quantitative imaging has been more sensitive at documenting the 

brain regions that may be most susceptible to gestational alcohol exposure.30 Volumetric 

assessment of 3-dimensional T1-weighted MRI scans have shown that white-matter volume 

appears to be disproportionately reduced in individuals with prenatal alcohol exposure31,32 

with alterations in the corpus callosum (the largest white-matter tract that connects the 2 

cerebral hemispheres) as the most frequently reported findings.33 Deep gray-matter 

structures, such as the basal ganglia, have exhibited volume reductions.34,35 Studies of the 

hippocampus, which is important for memory, have been more variable; 1 study reported 

asymmetry in subjects with FASD,36 whereas another suggested that the hippocampus was 

spared.31 Imaging studies have also shown abnormalities in both brain function35,37 and 

metabolism.38,39 Cortical thickness was greater in the bilateral temporal, bilateral inferior 

parietal, and right frontal regions of subjects with heavy prenatal exposure, perhaps 

reflecting either reduced cortical thinning as expected in healthy development or less cortical 

infiltrating myelination from adjacent white matter.40 The cingulate gyrus, both white and 

gray matter, has also been shown to be reduced in youths with heavy prenatal alcohol 

exposure.41 Because there has been only 1 study on regional cortical thickness using 

advanced processing tools in children with FASD and a handful of inconsistent studies on 

the deep brain structures, such as the hippocampus (most likely a consequence of small 

sample size), these 2 areas warrant further investigation.

White matter may be more sensitive to alcohol-induced brain injury in the fetus because 

glial cells, which both guide the structural development of the brain and myelinate axons, 

appear to be particularly vulnerable to alcohol toxicity.42 An excellent method of measuring 

the white matter is diffusion tensor magnetic resonance imaging (DTI),43 which permits the 

virtual dissection of specific white-matter tracts (ie, the wiring) in the living brain44–47 and 

provides quantitative parameters, such as fractional anisotropy (FA) and mean diffusivity 

that can be compared between subjects.48 DTI may provide a more sensitive measure of 

tissue microstructure than conventional MRI. Mean diffusivity is a measure of the bulk water 

diffusion, whereas FA measures the degree of water diffusion directionality, an indirect 

measure of structural integrity (eg, linked to axonal packing and degree of myelination).49 

DTI studies of FASD in children and young adults have shown diffusion abnormalities in the 

corpus callosum.50–53 However, given the variety of neurologic and cognitive deficits 

associated with FASD, other brain regions are likely to be affected and warrant investigation. 

A whole-brain, voxel-based analysis of children and adolescents with FASD showed 

anisotropy reductions in the splenium of the corpus callosum and right lateral temporal 

lobe.54 In a study conducted by FASD team members of children with FASD,15 tractography 

and region of interest analysis revealed much more widespread diffusion abnormalities than 

all earlier studies, namely, in 7 of 10 white-matter tracts and 3 of 4 deep gray-matter 

structures. Children with FASD showed a decrease in total brain volume relative to controls 
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with a greater percent reduction of white matter than gray matter. Children with FASD also 

showed below-average performance on neuropsychological tests, with particular deficits in 

working memory, quantitative concepts, vocabulary, and executive functioning measures; 

however, the diffusion parameters averaged over entire tracts did not correlate with any of 

the cognitive tests in this small group.15 When a voxel-by-voxel–based analysis was used, 

correlations between math ability and white-matter FA were found in several regions, 

notably the intraparietal sulcus.16 Nonetheless, a larger cohort of children with FASD is 

needed to establish the exact relationship between structural alterations in the brain and 

neurobehavioral and cognitive deficits. Furthermore, there are no studies relating specific 

brain abnormalities observed using MRI with epigenetic traits; this is important because it is 

presumed that not all individuals are affected the same by similar maternal alcohol use.

 Saccadic Eye Movements

The measurement of eye movement control is a powerful tool for assessing sensory, motor, 

and cognitive function. Saccades are rapid eye movements that bring new visual targets onto 

the fovea of the retina (the region of highest visual acuity). They can be generated 

volitionally or automatically in response to sensory stimuli that appear suddenly. The 

specific regions of the brain responsible for the voluntary control of saccades such as the 

frontal cortex, basal ganglia, and brainstem centers are well understood.55

Studies conducted in our laboratories and by others have shown that deficits in eye 

movement control can be measured with a high degree of sensitivity in children with 

neurodevelopmental disorders, including attention-deficit hyperactivity disorder, FASD, and 

autism spectrum disorders.17,56–58 Our team has developed approaches to measure eye 

movements in both structured and unstructured tasks (eg, watching video clips). Recent 

technological advances for the tracking and recording of eye movements use remote camera 

assemblies that allow for substantial movement of the subject's head without the loss of the 

eye-tracking signal. These setups allow for more natural, free-viewing sessions in which the 

subject performs eye movement tasks or simply watches video clips projected onto a liquid 

crystal display monitor. Saccadic eye movement data are collected automatically, and the 

data are used to quantify performance deficits and to create behavioral patterns based on the 

salience model of Itti and Koch.59 The primary hypothesis driving this project is that there is 

sufficient predictive information in the performance of eye movement tasks to objectively 

identify meaningful groupings of children with FASD.

 Animal Studies

 Mouse

The study of FASD genetics is greatly hampered by multiple issues, the prime one of which 

is that exposure levels are intrinsically variable and the maternal influence is typically 

difficult to assess. Here, the use of mouse models is particularly valuable in terms of being 

able to use standardized gestational timing of exposure and dose of ethanol and for assessing 

the maternal component. Furthermore, animal models, particularly rodent models, of FASD 

have been well explored and represent viable and developmentally relevant approaches to 

understanding various aspects of FASD.
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It is well established that the C57BL/6J strain of mice is very sensitive, whereas the DBA/2J 

strain is relatively resistant to ethanol teratogenesis.4 From these parental strains, a set of 

recombinant inbred mouse lines have been created by inbreeding progeny from a C57BL/6J 

X DBA/2J F2 intercross.60 This set of mice (termed BXD recombinant inbred lines), which 

has recently been expanded to include approximately 80 lines, has become a powerful tool 

for studies of complex trait genetics. This is because the genetic variation in BXD mice is 

between lines rather than between animals, and, therefore, the BXD panel serves as a genetic 

reference population. With the expansion of this reference panel to over 80 lines, it 

represents the largest cohort and provides the most power in identifying the genetic 

architecture of complex traits.

The BXD panel of mice has been shown to have the capability to detect quantitative trait loci 

for a variety of traits related to brain function.61 The strength and simplicity of this approach 

is that each of the lines has been extensively genotyped, and, therefore, the work that needs 

to go into the phenotype-to-genotype correlation is simply obtaining the phenotypic read 

out. Members of the FASD team have shown that extensive cell death occurs in widespread 

regions of the C57BL/6J brain after both prenatal and postnatal ethanol administration, 

whereas the DBA/2J brain exhibits attenuated cell death. Using experimental and 

bioinformatics approaches, we will test the hypothesis that specific genes are associated with 

ethanol teratogenesis.

 Rat

The ability to ask parallel questions and to obtain parallel measures in human and animal 

studies is a critical strength of this network. In the rat model, as in the mouse model 

described previously, one has unique control of conditions not possible in human studies, 

including the dose and timing of alcohol exposure, maternal variables, genetic variables, and 

the pre- versus postnatal environment.62 In addition, one can obtain parallel measures of 

epigenetic markers in buccal epithelium, blood, and brain to determine how closely 

measures in peripheral compartments reflect central changes.

Animals exposed to alcohol prenatally will be tested in adulthood on a broad battery of 

behavioral tests focusing on tasks that reflect primarily cognitive and executive (prefrontal 

cortex) functions, domains known to be altered by prenatal exposure to alcohol and parallel, 

in many respects, domains targeted in the neuropsychological testing to be carried out in the 

children.

To link the animals and clinical studies, blood samples, buccal swabs, and brains will be 

collected from all experimental groups for analyses of gene-expression profiles and 

epigenetic markers. The power of this design is that we can directly test the hypothesis that 

changes in gene expression detected in blood lymphocytes (the typical source in many 

human studies) and buccal epithelium (the human source in the studies in this proposal) are 

related to changes occurring in key brain structures believed to be especially sensitive to the 

teratogenic effects of prenatal alcohol exposure. Brain areas to be dissected for these initial 

studies will include the hippocampus, hypothalmus, amygdala, and prefrontal cortex.
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 Anticipated Impact and Significance

The approaches undertaken in the NeuroDevNet FASD project will allow us to build the 

translational link between the animal data and the human studies, which will provide the 

basis for improved identification and diagnosis of FASD and for the development of targeted 

interventions, including novel therapies. These studies reflect the strong integration of basic 

and clinical investigations that form the foundation of NeuroDevNet. The identification of 

genetic and epigenetic markers that are predictive of the severity of behavioral and cognitive 

deficits in children affected by gestational alcohol exposure will have a profound impact on 

our ability to identify children at risk. Early and accurate diagnosis of a child with FASD 

remains a substantive clinical challenge, and there is a clear need to develop new approaches 

that can be used to mitigate the brain injury on a population basis. Established animal 

models will be used to confirm the role of candidate genes suggested from the human 

studies and will be used to identify markers in buccal epithelial cells that are reflective of 

alterations in gene expression in the brain.

NeuroDevNet will generate new knowledge that will form the basis for evidence-based 

treatments to mitigate the neurobehavioral and neurobiological disturbances in FASD and, 

thus, the life-time burden on the individual, family, and society. A key deliverable of 

NeuroDevNet will be knowledge translation to clinicians and other health care professionals 

concerning the potential impact of early therapeutic interventions on long-term outcome for 

children affected by FASD. These interventions will ultimately be evaluated over the long-

term to assess their impact on the health of each individual child and, thus, the direct and 

indirect cost savings associated with early diagnosis of FASD can be determined for Canada.
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