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ABSTRACT 
 

 One of the most frequently reported deficits seen in individuals with Fetal 

Alcohol Spectrum Disorder (FASD) is impairments in learning and memory, which is 

likely attributed to the teratogenic effects of ethanol on the developing hippocampus. 

TGF-β (transforming growth factor-β), hedgehog and Wnt signaling pathways have been 

identified as high probability candidate pathways associated with brain deficits seen in 

FASD. Increasing evidence indicates that ethanol may induce changes in DNA 

methylation that could alter transcription regulating factors within signaling pathways 

critical in brain development. The purpose of this study was to test the hypotheses that 

prenatal ethanol exposure during i) the first trimester-equivalent period, or ii) throughout 

the entire gestational period induces changes in DNA methylation and alters the 

transcription/translation of TGF-β1, SHH (sonic hedgehog) and Wnt3a within the 

developing hippocampus. Pregnant Dunkin-Hartley-strain guinea pigs were assigned to 

one of three groups: ethanol (4 g/kg maternal body weight), isocaloric-sucrose/pair-

feeding, or no treatment. Embryonic telencephalon tissue (which gives rise to the 

hippocampus) and fetal hippocampus were collected at gestational day (GD) 23 or GD 

65, respectively. GD 23 ethanol-exposed and nutritional control embryos exhibited 

decreased crown-rump and head lengths. GD 65 ethanol-exposed fetuses exhibited 

decreased body and brain weights compared with the control groups. Ethanol exposure 

during the first trimester-equivalent period, but not during the entire gestational period, 

resulted in an increase in global DNA methylation. First trimester-equivalent ethanol 

exposure did not alter TGF-β1, SHH and Wnt3a gene expression within the GD 23 

telencephalon. However, ethanol exposure throughout the entire pregnancy led to an 
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increase in the expression of all three genes within the GD 65 hippocampus. No change 

in TGF-β1 protein was seen in the hippocampus of ethanol-treated fetuses. Post-

translationally modified (ptm) SHH, but not unmodified SHH protein, was decreased in 

the hippocampus of ethanol-exposed fetuses. A decrease in unmodified, but not ptm 

Wnt3a protein, was observed in both ethanol-exposed and nutritional control 

hippocampus. These results suggest that prenatal ethanol exposure may affect 

hippocampal development through alterations in i) DNA methylation as shown at early 

gestation and ii) the expression of transcription regulating factors, especially SHH, as 

shown at term.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   iv	  

CO-AUTHORSHIP 
 
 The research described in this thesis was conducted by Yvonne Sondy under the 

supervision of Dr. James Reynolds. Treatment of pregnant guinea pigs from GD 2 to GD 

65, determination of blood ethanol concentration on GD 65, and extraction of the brain 

and dissection of the hippocampus on GD 65 were done by Amy Hewitt. The first draft of 

this thesis was written by Yvonne Sondy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   v	  

ACKNOWLEDGEMENTS 
 

 First and foremost, I would like to thank my supervisor Dr. James Reynolds for 

extending his wisdom, valuable guidance and patience. I am grateful for the opportunity 

that I have been given to further my education. Thank you to my committee members Dr. 

Jim Brien and Dr. Terence Ozolinš for their ongoing support and their wise suggestions 

in order to point me in the right direction. Thank you to the Tayade lab for their 

assistance in RNA work and laser capture microdissection. 

 To my friends in Rm 549, thank you for filling my days with laughter and 

enjoyment, not to mention torment for my concocted words/phrases or anything else that 

you may have found humourous. Nonetheless, I appreciate you guys taking the time to 

listen to me vent and to provide advice. To Holly and Natalie, you guys are the best! 

You’ve been there for me in high school and throughout both undergraduate and graduate 

school. Your continued friendship and support means the world to me. 

 To my mom and dad, who never doubted me, who gave me the courage to reach 

my full potential and who pushed me to be the best that I can be. The journey has been 

long, and there is more to come, but you have been there ever step of the way. I am 

grateful to have you as my parents and as my biggest supporters. To my beloved Dexter, 

thank you for all of the bear hugs and kisses. You are the best dog I could ever ask for.  

 To Broc, you have been my rock throughout my Master’s. Thank you for putting 

up with my rants about my experimental failures and my piercing screams of joy when 

science worked. During the moments I was feeling discouraged, thank you for keeping a 

positive outlook and assuring me that I have what it takes to succeed. I’m very lucky to 

have you. “Home is whenever I’m with you.” 



	   vi	  

TABLE OF CONTENTS 
 

Abstract                           ii 
 
Co-Authorship                  iv 
 
Acknowledgements                  v 
 
Table of Contents                              vi 
 
List of Tables                  ix 
 
List of Figures                  x 
 
List of Abbreviations                  xi 
 
Chapter 1 Introduction                           1 
 
 1.1 Statement of the Research Problem             1 
 
 1.2 Fetal Alcohol Spectrum Disorder (FASD)            2 
 
 1.3 Maternal Risk Factors in FASD              3 
 
 1.4 Teratogenic Effects of Ethanol on Brain Development           6 
 
 1.5 Hippocampus                7 
   
  1.5.1 Hippocampal Structure              7 
   
  1.5.2 Development of the Hippocampus            7 
   
  1.5.3 Teratogenic Effects of Ethanol on Hippocampal Development       10                             
                           
   1.5.3.1 Animal Studies             10 
    
   1.5.3.2 Clinical Studies             11 
  
 1.6 Ethanol Teratogenesis and Neurodevelopmental Signaling Pathways            12 
   
  1.6.1 Transforming Growth Factor-Beta 1 (TGF-β1)                                12 
   
  1.6.2 Sonic Hedgehog (SHH)              16 
   
  1.6.3 Wnt3a                           19 
  



	   vii	  

 1.7 Ethanol Teratogenesis and Epigenetics                        21 
   
  1.7.1 DNA Methylation              23 
   
  1.7.2 Teratogenic Effects of Ethanol on DNA Methylation             26 
  
 1.8 Animal Model for Ethanol Teratogenesis             27 
  
 1.9 Hypotheses and Objectives              28 
 
Chapter 2 Methods                            30 
  
 2.1 Experimental Animals               30 
  
 2.2 Ethanol Treatment Regimens              30 
   
  2.2.1 First Trimester-Equivalent Gestational Period           30 
   
  2.2.2 Three Trimester-Equivalent Gestational Period          32 
  
 2.3 Laser Capture Microdissection (LCM)             32 
  
 2.4 Global DNA Methylation Assay              33 
  
 2.5 Quantitative Real-Time PCR (qRT-PCR)             35 
  
 2.6 Immunoblotting                37 
  
 2.7 Statistical Analysis               38 
 
Chapter 3 Results                 39 
  
 3.1 Maternal Blood Ethanol Concentration (BEC)            39 
  
 3.2 Embryonic/Fetal Physical Characteristics            39 
   
  3.2.1 GD 23 Embryo               39 
   
  3.2.2 GD 65 Fetus               39 
  
 3.3 Global DNA Methylation                          42 
  
 3.4 TGF-β1, SHH and Wnt3a Gene Expression            44 
   
  3.4.1 GD 23 Embryo               44 
   



	   viii	  

  3.4.2 GD 65 Fetus               44 
  
 3.5 TGF-β1, SHH and Wnt3a Protein Expression            47 
 
Chapter 4 Discussion                 50 
  
 4.1 General Discussion                          50 
  
 4.2 Future Directions                63 
 
Chapter 5 Summary and Conclusions               66 
  
References                  68 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

 
 
 
 
 
 
 
 

 
 
 



	   ix	  

LIST OF TABLES 
 
Table 1. List of primers and qRT-PCR conditions                        36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   x	  

LIST OF FIGURES 
 

Figure 1. Coronal section of the adult mouse hippocampus             8 
 
Figure 2. TGF-β1 signaling pathway                          14 
 
Figure 3. SHH signaling pathway               17 
 
Figure 4. Wnt3a canonical signaling pathway             20 
 
Figure 5. Schematic representation of epigenetic regulation of gene transcription          24 
by DNA methylation         
 
Figure 6. H&E stained sagittal section of the GD 23 embryo           34 
 
Figure 7. Effects of prenatal ethanol exposure on crown-rump length and          40 
head length of  the GD 23 guinea pig embryo 
 
Figure 8. Effects of prenatal ethanol exposure on body weight, brain weight                  41 
and hippocampal weight of the GD 65 guinea pig fetus     
 
Figure 9. Effects of prenatal ethanol exposure on global DNA methylation                    43 
levels in the GD 23 guinea pig embryonic telencephalon and GD 65 guinea pig   
fetal hippocampus           
 
Figure 10. Effects of prenatal ethanol exposure on TGF-β1, SHH and Wnt3a                45 
gene expression in the GD 23 guinea pig embryonic telencephalon                        
 
Figure 11. Effects of prenatal ethanol exposure on TGF-β1, SHH and Wnt3a         46 
gene expression in the GD 65 guinea pig fetal hippocampus             
 
Figure 12. Effects of prenatal ethanol exposure on TGF-β1, SHH and Wnt3a         48 
protein expression in the GD 65 guinea pig fetal hippocampus                         
   

 
 
 
 
 
 
 
 
 
 
 
 



	   xi	  

LIST OF ABBREVIATIONS 
 
ADH: alcohol dehydrogenase 
ANOVA: analysis of variance 
APC: adenomatous polyposis coli 
ARND: Alcohol-Related Neurodevelopmental Disorder  
Axin: axis inhibition protein 
Bad: Bcl-2 associated death promoter 
Bcl-2: B-cell lymphoma-2 
BEC: blood ethanol concentration 
BLAT: BLAST-like alignment tool 
BMI: body mass index 
BMP4: bone morphogenetic protein 4 
CA: cornu ammonis 
cDNA: complementary deoxyribonucleic acid 
CK: casein kinase  
CNS: central nervous system 
CpG: cytosine-phosphate-guanine 
Ct: threshold cycle 
CVLT: California Verbal Learning Test  
CYP2E1: cytochrome P450 2E1 
DG: dentate gyrus 
DM: dentate migration 
DNA: deoxyribonucleic acid 
DNMT: DNA methyltransferase 
ECL: enhanced chemiluminescence 
EM: emission 
EX: excitation 
FAS: Fetal Alcohol Syndrome 
FASD: Fetal Alcohol Spectrum Disorder 
Fz: frizzled 
Gadd45a: growth arrest and damage-induced protein 45 alpha 
GCL: granule cell layer 
GD: gestational day 
GNAS: Gnas complex locus 
GS: glycine-serine 
GSK3β: glycogen synthase kinase-3β 
GusB: beta-glucuronidase 
H: histone 
H&E: hemotoxylin and eosin 
HDAC: histone deacetylase 
HRP: horseradish peroxidase 
ICF syndrome: immunodeficiency-centromeric instability-facial anomalies syndrome 
IQ: intelligence quotient 
LAP: latency associated peptide 
LCM: laser capture microdissection 



	   xii	  

LRP: low-density lipoprotein receptor-related protein 
LTBP: latent TGF-β-binding protein  
LTP: long-term potentiation 
Lys: lysine 
MBD: methyl-binding domain  
MeCP: methyl-CpG-binding protein  
MF: mossy fibre 
mRNA: messenger ribonucleic acid 
miRNA: micro-inhibitory ribonucleic acid 
MSX1: msh homeobox homolog 1  
NIAAA: National Institute on Alcohol Abuse and Alcoholism  
Pax6: paired box gene 6 
PCL: pyramidal cell layer 
PD: postnatal day 
pFAS: partial Fetal Alcohol Syndrome  
PTCH: patched 
Ptm: post-translationally modified 
qRT-PCR: quantitative real-time polymerase chain reaction 
RIN: RNA integrity number 
RIPA: radioimmunoprecipitation 
RT: reverse transcription 
SAM: S-adenosyl methionine 
SC: schaffer collateral 
SDS: sodium dodecyl sulfate 
SEM: standard error of the mean 
SHH: sonic hedgehog 
SGZ: subgranular zone 
Smad: small mothers against decapentaplegic 
SMO: smoothened 
SUFU: suppressor of fused 
TCF/LEF: transcription factor/lymphoid enhancer-binding factor  
TGF-β: transforming growth factor-β 
v/v: volume/volume 
Wnt: wingless-type MMTV (mouse mammary tumour virus) integration site family 
w/v: weight/volume 
β: beta 
Δ: delta 



	   1	  

CHAPTER 1: INTRODUCTION 
 
1.1 Statement of the Research Problem 
 
 Ethanol (alcohol) is currently the most frequently used recreational drug in 

society, and its consumption by women, particularly of reproductive age, is a major 

public health concern [Canadian Alcohol and Drug Use Monitoring Survey 2011, Health 

Canada]. Maternal drinking during pregnancy can result in a wide variety of adverse 

developmental outcomes, collectively referred to as Fetal Alcohol Spectrum Disorder 

(FASD) [Barr and Streissguth, 2001]. Alteration in central nervous system (CNS) 

function is the most debilitating aspect for individuals with FASD, who often display 

various behavioural and cognitive deficits [Guerri, 1998]. The incidence of FASD is 

estimated to be as high as 2-5 per 100 live births in Canada and the United States [May et 

al., 2009], and prenatal ethanol exposure continues to be the leading cause of intellectual 

disability in the Western world [Stratton et al., 1996]. Many affected individuals need 

ongoing support from health, education, social services, child welfare, and housing 

systems, which are estimated to incur a cost of $5.3 billion annually in Canada [Stade et 

al., 2009]. Two common reported patterns of ethanol consumption during pregnancy 

include drinking during the first trimester and throughout the entire pregnancy [Ethen et 

al., 2009]. One of the most frequently reported deficits observed in FASD individuals is 

impaired learning and memory, particularly in terms of verbal learning and verbal and 

spatial recall [Mattson et al., 1996; Uecker and Nadel, 1996]. The hippocampus is one of 

the key brain structures associated with learning and memory, and has also been shown to 

be particularly sensitive to the deleterious effects of prenatal ethanol exposure including 

reductions in size and cell number, delayed neurogenesis, decreases in dendritic 
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arborization, and impairments in synaptic plasticity [Barnes and Walker, 1981; Davies 

and Smith, 1981; Ferrer et al., 1988; Hoff, 1988; Perez et al., 1991; Coulter et al., 1993; 

Miller, 1995]. Brain development, including processes such as neurogenesis, neuronal 

migration, differentiation, survival, axonal growth and synaptogenesis, are under the 

control of a number of transcription regulating factors.  Previous studies have suggested 

that prenatal ethanol exposure is associated with altered signaling by members of the 

transforming growth factor-β (TGF-β) [Miller, 1993; Liesi, 1997; Luo and Miller, 1999; 

Lindsley et al., 2003; Ikonomidou et al., 2000; Kumada et al., 2006], hedgehog [Ahlgren 

et al., 2002; Li et al., 2007; Yelin et al., 2007], and Wnt (wingless-type MMTV 

integration site family) [Vangipuram and Lyman, 2012; Singh et al., 2009] families of 

transcription regulating factors. The mechanism by which ethanol alters the expression 

and/or functional activity of transcription regulating factors is not known. However, there 

is increasing evidence that ethanol can induce changes in the epigenome, in particular via 

alterations in DNA methylation, at critical stages of embryonic and fetal development 

[Garro et al., 1991; Liu et al., 2009; Zhou et al., 2011]. The overall goal of this thesis 

research was to investigate the effects of prenatal ethanol exposure on DNA methylation 

and the expression of TGF-β1, SHH (sonic hedgehog) and Wnt3a transcription regulating 

factors in the hippocampus of the embryonic (first trimester-equivalent period) and term 

fetal (third trimester-equivalent period) guinea pig.  

 

1.2 Fetal Alcohol Spectrum Disorder (FASD)  

 FASD is a collective term used to describe a wide range of cognitive, 

neurobehavioural and physical abnormalities produced by in utero ethanol exposure 
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resulting from maternal consumption of ethanol during pregnancy. According to the 

Canadian guidelines, several diagnostic subgroups including FAS (Fetal Alcohol 

Syndrome), pFAS (partial FAS) and Alcohol-Related Neurodevelopmental Disorder 

(ARND) fall under the umbrella of FASD [Chudley et al., 2005]. Confirmation of 

maternal ethanol consumption during pregnancy is required for diagnosis under the 

FASD spectrum. Children with FAS are recognized by their growth deficiency, CNS 

dysfunction, and three characteristic facial abnormalities including short palpebral fissure 

length, smooth philtrum, and thin upper lip. Children that lack the characteristic facial 

abnormalities and growth deficiency but have ethanol-induced CNS dysfunction are 

classified under the ARND subgroup. A diagnosis of pFAS constitutes 2 of the 3 

characteristic craniofacial abnormalities and CNS dysfunction. Disruption in brain 

development and function are the most debilitating aspects of FASD, often manifesting as 

intellectual, neurological, and behavioural abnormalities [Carmichael-Olsen et al., 1998]. 

Children diagnosed with FASD frequently exhibit deficits in learning and memory, but 

may also show dysfunction in executive functions, social communication, attention, and 

sensory-motor skills, and display symptoms of depression and anxiety [Mattson and 

Riley, 1998].  

 

1.3 Maternal Risk Factors in FASD  

 The risk of FASD is multi-dimensional due to the wide variety of factors that 

influence the likelihood of a child being diagnosed with FASD. The link between 

maternal ethanol consumption during pregnancy and its teratogenic effects was first 

described in the mid-1970s [Jones and Smith, 1973]. However, no one was fully aware of 
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how much prenatal exposure to ethanol was necessary to cause FASD. Evidence gathered 

to date suggests that the most significant factors contributing to the variability in the 

occurrence of FASD include the quantity, frequency and timing of ethanol consumed 

[May, 1995]. Binge drinking has been shown to have the most detrimental effect on fetal 

development since it produces the highest blood ethanol concentration (BEC) [Abel, 

1998; Livy et al., 2003; Pierce and West, 1986; West and Goodlett, 1990]. According to 

the National Institute on Alcohol Abuse and Alcoholism (NIAAA), binge drinking is 

defined as consuming four or more drinks in the span of 2 hours [NIAAA, 2004]. It has 

been shown that populations with a high rate of bring drinking are correlated with a 

greater number of babies being born with FASD [May et al., 1983; Urban et al., 2008; 

Viljoen et al., 2005]. Populations that consume ethanol in a more moderate pattern, that is 

consuming lower amounts over an extended period of time, are associated with a lower 

incidence of FASD [May et al., 2006]. Drinking during pregnancy is quite common 

within society. Approximately 30% of women report drinking at least once during 

pregnancy [Ethen et al., 2009]. Approximately 8% of women have reported to binge 

drink on at least one occasion during pregnancy [Ethen et al., 2009]. The most common 

pattern of ethanol use during pregnancy is drinking during the first trimester. This is 

because approximately 50% of pregnancies are unplanned. In fact, 7% of women have 

reported binge drinking at least once during this first trimester period [Ethen et al., 2009].  

However, most women abstain from ethanol consumption once they realize that they are 

pregnant. Despite evidence demonstrating the adverse effects of prenatal ethanol 

consumption, some women continue to consume ethanol after recognizing pregnancy. 

Approximately 3% of pregnant women report drinking throughout the entire pregnancy 
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[Ethen et al., 2009].  

 

 Drinking during different periods of gestation will produce various anatomical 

and CNS defects [Hoyme et al., 2005; Stratton et al., 1996; Sulik, 2005; Sulik et al., 

1981]. For example, the critical period of vulnerability for ethanol to impact midline 

facial features (palpebral fissure length, philtrum, upper lip) that are used in the diagnosis 

of FAS is between the 6th and 9th week of gestation [May and Gossage, 2011]. However, 

the quantity, frequency and timing of ethanol exposure that may severely affect one child 

may affect another child to a lesser extent or not at all. Therefore, additional individual 

maternal characteristics need to be considered such as maternal age, gravidity and parity. 

The older a drinking pregnant woman is and the more pregnancies and children she has 

had, the greater chance she will give birth to a more severely affected child compared to 

other women who drank in a similar fashion [Jacobson et al., 1996; May et al., 1983]. 

Body mass index (BMI) reduces the risk of FASD because it reduces the BEC and thus 

ethanol exposure to the developing fetus [May and Gossage, 2011]. Nutritional studies 

have also observed a correlation between nutritional intake and severity of FASD. A 

lower intake of riboflavin, calcium, zinc and B vitamins increases the damage caused by 

prenatal ethanol use [May et al., 2004; Tamura et al., 2004]. Both ethanol metabolism 

and genetic polymorphisms can also be a factor in FASD development. Studies have 

shown that mothers who gave birth to children with FASD were less likely to have the 

protective genetic variants of alcohol dehydrogenase (ADH), including ADH1B*2 and 

ADH1B*3 (associated with a higher rate of ethanol metabolism), and more likely to have 

the normal ADH variant of ADH1B*1 [Jacobson et al., 2006; Vilijoen et al., 2001; 
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Warren and Li, 2005]. In general, there are many maternal risk factors that can interact 

with one another to influence risk for and severity of FASD. More detailed and accurate 

studies are needed to define what drinking patterns in pregnant women from specific 

populations lead to FASD. Therefore, the appropriate message to send to the public is 

that women should avoid drinking any ethanol when pregnant. 

 
 
1.4 Teratogenic Effects of Ethanol on Brain Development 
 
 As previously stated, the most debilitating aspect of prenatal ethanol exposure is 

CNS injury, which can manifest as intellectual, neurological and behavioural 

abnormalities. Ethanol is considered to be one of the most common substances that affect 

the developing brain [Guerri et al., 2009]. Autopsies were the first to provide information 

about brain abnormalities that surfaced in humans diagnosed with FASD. Autopsies have 

shown widespread damage including microencephaly, agenesis of the corpus callosum 

and anterior commissure, errors in migration, CNS disorganization, and abnormalities in 

the basal ganglia, hippocampus, pituitary gland, optic nerve, cerebellum and brain stem 

[Jones and Smith, 1973, 1975; Clarren et al., 1978, 1986; Coulter et al., 1993]. MRI 

studies have shown volume reductions in the cranial, cerebral and cerebellar vaults 

[Mattson et al., 1992, 1994, 1996b; Archibald et al., 2001; Autti-Rämö et al., 2002]. 

Moreover, some brain regions appear to be more sensitive to the teratogenic effects of 

ethanol, especially the basal ganglia, corpus callosum, cerebellum and hippocampus 

[Riley and McGee, 2005].  
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1.5 Hippocampus  

1.5.1 Hippocampal Structure 

 The hippocampus is a limbic system structure in the dorsal region of the 

telencephalon and lies within the medial temporal lobe of the brain. Its main function is 

to control the formation of memories and learned behaviours, in addition to regulating 

emotional behaviours [El-Falougy and Benuska, 2006]. The hippocampus has two major 

cellular subfields: Ammon’s horn or cornu ammonis (CA) and the dentate gyrus (DG) as 

illustrated in Figure 1. The CA can be further subdivided into CA1 and CA3 cellular 

regions based on the architectural properties of the glutamatergic excitatory pyramidal 

neuron, which is the dominant cell type in the CA. The CA2 region refers to the 

transitory region between CA1 and CA3 [Tole et al., 1997]. The CA1 is mostly 

composed of relatively small and tightly packed pyramidal neurons. The CA3 region 

refers to the inwardly curving aspect of the cornu ammonis as it enters the dentate gyrus. 

The CA3 consists of pyramidal cells that are much larger and denser than those found in 

the CA1 region. The DG is mostly composed of granular neurons with mossy fibres and 

is separated from the CA1 region by the hippocampal sulcus. The granule cells receive 

excitatory glutamatergic input from the entorhinal cortex via the perforant pathway and 

then send excitatory, glutamatergic afferents to the CA3 region. CA3 neurons then 

synapse with the CA1 region via the excitatory, glutamatergic Schaffer 

commissural/collateral pathway [Amaral and Witter, 1995; Freund and Buzsaki, 1996]. 

 

1.5.2 Development of the Hippocampus 

 Hippocampal development begins by the early second trimester-equivalent period, 
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Figure 1. Coronal section of the adult mouse hippocampus. The pyramidal cell layer 
(PCL) is subdivided into the CA1 and CA3 regions while the CA2 is the transitory 
region. The dentate gyrus is made up of the granule cell layer (GCL) and subgranular 
zone (SGZ). The arrows depict the first (DM1) and second (DM2) dentate migration. 
The GCL axons synapse onto the CA3 pyramidal cells via mossy fibres (MF). CA3 
neurons synapse with the CA1 regions via the Schaffer collateral (SC) pathway. 
Modified from Lagali et al. [2010]. 
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which corresponds to GD (gestational day) 10.5 in the mouse. During this time, the 

dorsal midline of the telencephalon begins to invaginate [Hasenpusch-Theil et al., 

2012]. By GD 12.5, the neuroepithelial tissue of the invaginated dorsal midline gives 

rise to the choroid plexus, the cortical hem which acts as an organizer for hippocampal 

development [Mangale et al., 2008], and the progenitor zone of the hippocampal 

primordium [Hasenpusch-Theil et al., 2012]. Neurons of the hippocampal regions will 

arise from these progenitors such that the progenitors close to the cortical hem will 

give rise to the DG neurons and the progenitors further away will form the CA 

neurons [Hasenpusch-Theil et al., 2012]. CA3 pyramidal neurons synapse with CA1 

pyramidal neurons via Schaffer collaterals. The dendrites of the CA3 pyramidal cells 

continue to mature during postnatal life with spine formation [Seress and Ribak, 

1995]. The spines receive input from the axons of the dentate gyrus granule neurons, 

called mossy fibres, the primary cell layer of the dentate gyrus [Amaral and Dent, 

1981]. Two cellular migrations of granule cell precursors contribute to the 

development of the granular cell layer as shown in Figure 1. The first dentate 

migration directly contributes cells to the growing granular cell layer. The second 

dentate migration occurs between the pyramidal cell layer and the forming granular 

cell layer. It later gives rise to granule cells that migrate to the inner portion of the 

granular cell layer and the subgranular zone [Altman and Bayer, 1990]. The granule 

cells in the subgranular zone hold significance because they continue to be generated 

in the adult hippocampus and are a source of adult neural stem cells [Altman and Das, 

1965]. 
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1.5.3 Teratogenic Effects of Ethanol on Hippocampal Development 
 
 As previously stated, one of the most common brain deficits observed in FASD 

individuals is impaired learning and memory [Mattson et al., 1996; Uecker and Nadel, 

1996]. Due to the hippocampus’ substantial involvement in memory function and 

synthesis and retrieval of learned information [Devinsky and D’Esposito, 2004], many 

researchers have targeted the hippocampus when studying the teratogenic effects of 

prenatal ethanol exposure. An abundance of previous clinical and animal-based research 

has provided significant information about the role of the hippocampus in FASD 

development.   

 

1.5.3.1 Animal Studies 
 

 Studies have reported significant reductions in pyramidal cell numbers within the 

CA1 and CA3 regions and granular cells following prenatal ethanol exposure [Barnes and 

Walker, 1981; Perez et al., 1991; Wigal and Amsel, 1990]. Studies have indicated that the 

reduction in cell populations is due to decreases in neuronal generation or proliferation 

rather than cell death [Miller, 1995]. Prenatal ethanol exposure can also cause abnormal 

branching of mossy fibres such that the fibres from the dentate gyrus invade the CA3 

region [West and Hodges-Savola, 1983]. Dendritic arborization may be decreased in 

hippocampal pyramidal neurons as a consequence of prenatal ethanol exposure [Davies 

and Smith, 1981; Perez et al., 1991; Ferrer et al., 1988]. Changes in the neurochemical 

and electrophysiological properties of neurons due to ethanol have also been observed. 

For example, ethanol exposure can lead to a reduction in glutamate binding [Farr et al., 

1988] and changes in muscarinic cholinergic receptors [Kelly et al., 1989]. Prenatal 
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ethanol exposure was also shown to impair synaptic plasticity in the hippocampus [Hoff, 

1988; Sutherland et al., 1997]. Deficits in synaptic plasticity and thus efficacy are 

correlated with deficits in long-term potentiation (LTP), which models learning and 

memory function within the hippocampus [Bellinger et al., 1999]. More specifically, 

research done in our lab demonstrated the chronic prenatal ethanol exposure in the guinea 

pig impaired LTP in CA1 neurons [Richardson et al., 2002]. Deficits in spatial learning 

and memory in rodents prenatally exposed to ethanol are consistent with the behavioural 

effects of hippocampal damage, thereby supporting the hypothesis that damage to the 

hippocampus from prenatal ethanol exposure may contribute to the impairments in 

learning and memory seen in FASD [Abdollah et al., 1993; O’Keefe and Nadel, 1978; 

Tanaka, 1998; Uecker and Nadel, 1996].  

 

1.5.3.2 Clinical Studies 

 Several recent studies using neuroimaging techniques have shown that children 

with FASD have abnormalities in both the size and structure of the hippocampus 

[Riikonen et al., 1999, 2005; Autti-Ramo et al., 2002; Astley et al., 2009; Nardelli et al., 

2011]. Children prenatally exposed to ethanol performed more poorly on tests involving 

visual-spatial and verbal memory and learning. For instance, Mattson and Riley [1998] 

reported that children with FASD displayed difficulty on immediate recall of words, 

delayed recall and cued recall on the California Verbal Learning Test (CVLT).  Olson et 

al. [1998] and Uecker and Nadel [1996] showed that children with FASD had significant 

difficulties in recalling spatial locations and completing mazes, which involves 

visuospatial competency. Hippocampal volume was also correlated with verbal and 
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spatial delayed recall [Willoughby et al., 2008]. In addition, Olson et al. [1998] also 

found that children with FASD were less accurate in comprehending reading passages 

compared with children with similar IQs. Hippocampal volumes were shown to increase 

with age in the control group as expected but not in children with FASD. This indicates 

that prenatal ethanol exposure may lead to long-term impairments in hippocampal growth 

that could account for the deficits in various memory and learning functions [Willoughby 

et al., 2008]. 

 

1.6 Ethanol Teratogenesis and Neurodevelopmental Signaling Pathways 

 Extensive experimental evidence has shown that ethanol affects many cellular 

processes critical for proper brain development. These processes include neurogenesis, 

gliogenesis, migration, synaptogenesis, myelination, proliferation, differentiation, cell 

apoptosis and cell survival [Phillips, 1989; Miller, 1993; Miller and Robertson, 1993b; 

Miller, 1996; Liesi, 1997; Zhou et al., 2002; Lindsley et al., 2003; Zhou et al., 2005; 

Kumada et al., 2006]. Ethanol can simultaneously or sequentially interfere with 

transcription regulating factors within signaling pathways controlling these critical 

processes within the brain, including the hippocampus. Considering the number of 

signaling pathways that could be involved in the teratogenic effects of ethanol, this thesis 

focuses on three transcription regulating factors of major signaling pathways that are 

important for normal brain development, including the hippocampus, and that have been 

implicated in the development of FASD. 

 
 
1.6.1 Transforming Growth Factor-Beta 1 (TGF-β1)  
 
 TGF-β1 is a multifunctional cytokine of the TGF-β signaling pathway that plays a 
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major role in embryonic development. The N-terminal peptide is the prodomain, known 

as the latency associated peptide (LAP), whereas the C-terminal comprises the mature 

protein. TGF-β1 is secreted as a latent complex composed of the active TGF-β1 form 

covalently bound to LAP, which is bound to a latent TGF-beta-binding protein (LTBP). 

Extracellular serine proteases cleave the LTBP and release the active ligand from LAP 

[Massagué, 1998; Annes et al., 2003]. The active form is a homodimer built out of two 

peptides each in size of 12.5  kDa, which are linked through disulfide bonds [Bottner et 

al., 2000, Dennler et al., 2002]. TGF-β1 binds to the type II serine/threonine kinase 

receptor complex that leads to dimerization with the type I receptor and phosphorylation 

of the glycine-serine (GS) domain (Figure 2). Phosphorylation of the GS domain 

activates the C-terminal kinase domain, which phosphorylates and thereby activates the 

Smad (Small mothers against decapentaplegic) receptors (Smad2 and Smad3). The 

phosphorylated Smads dimerizes with Smad4 and the complex transloctates to the cell 

nucleus where it exerts its function as a transcription regulating factor [Massagué, 1998; 

Massagué and Wotton, 2000].  

 

 TGF-β1 is produced by both glial and neuronal cells and regulates important 

cellular processes such as neural migration, proliferation, apoptosis, cell differentiation, 

and process outgrowth [Vivien et al., 1998; Jones et al., 1998; Miller and Luo, 2002]. 

Altered TGFβ1-regulated signaling can lead to abnormal brain development, including 

microencephaly and migratory defects, which are frequently observed in animal models 

of prenatal ethanol exposure [Powrozek and Miller, 2009; Siegenthaler and Miller, 2004]. 

For example, TGF-β1 knockout mice showed an increase in the number of apoptotic  



 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 2. TGF-β1 signaling pathway. TGF-β1 binds to the type II receptor complex that 
leads to dimerization with the type I receptor and phosphorylation of the glycine-serine 
(GS) domain. The downstream Smad (Small mothers against decapentaplegic)-mediated 
signal transduction is induced to initiate gene transcription. Modified from Kandasamy et 
al. [2011]. 
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neurons, a reduction in presynaptic integrity, and widespread microgliosis [Brionne et al., 

2003]. Studies have also shown an importance in TGF-β1 signaling within the 

hippocampus in which a decreased level correlates with reduced neurogenesis 

[Graciarena et al., 2010]. Thus, this evidence points to the significance of the endogenous 

TGF-β1 system as a key modulator of the developing brain, including the hippocampus. 

A role of TGF-β1 in neurological disorders has been suggested in many clinical studies 

and tested in animal models. The TGF-β1 signaling pathway within the hippocampus is 

altered in autism [Vargas et al., 2005], schizophrenia and bipolar disorder [Benes, 2007]. 

Recently, new evidence has come to light suggesting TGF-β1 involvement in FASD. For 

example, a study using a computational candidate gene selection and prioritization 

method highlighted TGF-β signaling pathway as a primary candidate pathway for FASD 

development [Lombard et al., 2007]. Since ethanol has been shown to affect the 

processes controlled by TGF-β1, it is reasonable to conclude that ethanol can affect TGF-

β1 signaling. For example, ethanol can inhibit cortical cell proliferation, induce migratory 

defects, alter axonal and dendritic growth, and induce apoptosis [Miller, 1993; Liesi, 

1997; Luo and Miller, 1999; Lindsley et al., 2003; Ikonomidou et al., 2000; Kumada et 

al., 2006]. More specifically, ethanol has been shown to diminish neurons from parts of 

the memory systems of the developing brain [Farber and Olney, 2003]. These ethanol-

induced effects could be mediated by the TGF-β1 pathway that results in long-term CNS 

dysfunction associated with FASD. Indeed, previous studies have suggested that prenatal 

ethanol exposure can affect TGF-β1 expression within the developing CNS including the 

embryonic meningeal layer [Wang and Bieberich, 2010], and in both the fetal and mature 

cortex [Miller, 2003].  
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1.6.2 Sonic Hedgehog (SHH) 
 
 SHH is a fetal morphogen of the Hedgehog signaling pathway that plays a central 

role in embryogenesis [Hammerschmidt et al., 1997; Nybakken and Perrimon, 2002]. The 

45 kDa SHH precursor undergoes cleavage to produce a 19 kDa N-terminal product and a 

25 kDa C-terminal product [Porter et al., 1996]. The 19 kDa protein undergoes covalent 

modification by addition of palmitate and cholesterol, and is then transported to the cell 

membrane for secretion to perform its signaling functions [Feng et al., 2004]. Once 

secreted, it initiates signal transduction by binding to the Patched (PTCH) receptor 

(Figure 3). The association of SHH with PTCH disinhibits the signal transducer, 

Smoothened (SMO), which in turn activates GLI transcription factors by uncoupling 

them from Suppressor of Fused (SUFU), the negative regulator of GLI. GLI then 

translocates to the nucleus to regulate the expression of target genes [Stone et al., 1996; 

Ding et al., 1999].  

 
 
 During brain development, SHH regulates cell proliferation, migration, 

differentiation, cell survival, axonal guidance and neural patterning [Rowitch et al., 1999; 

Thibert et al., 2003; Charron et al., 2003; Sims et al., 2009]. It also plays a role in the 

adult nervous system, particularly in hippocampal neurogenesis [Breunig et al. 2008; Lai 

et al., 2003].  It is well known that SHH is important in ventral patterning of the 

telencephalon, but recent evidence suggests that SHH signaling is required for proper 

development and maintenance of the dorsal telencephalon, which includes structures such 

as the hippocampus  [Rash and Grove, 2007]. It is clear that alterations in SHH signaling 

result in the impairment of many critical processes that are important for brain 



	   17	  

   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.  SHH signaling pathway. SHH binds to the Patched (PTCH) transmembrane 
protein, which inhibits the Smoothened (SMO) transmembrane protein in the absence of 
SHH. In the presence of SHH, SMO is disinhibited and initiates the downstream GLI-
mediated signal transduction to activate target genes. Modified from Goodman [2003]. 
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development, and which have been suggested to play a role in the brain injury of FASD.   

One of the more severe phenotypes that arises from mutations in SHH is 

holoprosencephaly, a disorder in which the forebrain of the fetus fails to divide in 

order to form the bilateral cerebral hemispheres [Wallis and Muenke, 2000]. 

Holoprosencephaly is one of the more severe manifestations of prenatal ethanol exposure 

observed in human embryos and in animal models of FASD [Wallis and Muenke, 2000; 

Ronen and Andrews, 1991; Siebert et al., 1991; Coulter et al., 1993; Croen et al., 2000; 

Belloni et al., 1996]. In addition, there appears to be a correlation between SHH signaling 

and motor skills. SHH regulates the production of progenitor motor neurons [Roelink et 

al., 1994]. Approximately 90% of individuals with FASD have delayed motor 

development and/or impaired fine- and gross-motor skills [Loser et al., 1999; Kyllerman 

et al., 1985; Connor et al., 2006]. In addition, prenatal ethanol exposure can induce 

defects in neural crest-derived structures (which give rise to craniofacial features) that are 

developmentally regulated by SHH signaling [Wada et al., 2005]. In terms of 

hippocampal development, a decrease in SHH results in a reduction of neural progenitors 

and induces hippocampal hypoplasia [Rallu et al., 2002; Machold et al., 2003; Huang et 

al., 2007]. Collectively, this evidence indicates that there is significant overlap between 

developmental defects attributed to SHH mutations and defects attributed to prenatal 

ethanol exposure. In fact, the hedgehog signaling pathway received a highly significant 

ranking among the pathways believed to be key players in ethanol-induced brain deficits 

[Lombard et al., 2007]. Exposure to ethanol has been shown to affect both SHH signal 

transduction and expression in the embryo suggesting that SHH signaling may be an early 

target in ethanol teratogenicity within the developing brain [Ahlgren et al., 2002; Li et 
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al., 2007; Yelin et al., 2007]. 

 
 
1.6.3 Wnt3a 
 
 Wnt3a is a glycoprotein in the Wnt signaling pathway that plays an essential role 

in neural development. Prior to secretion, the 37 kDa Wnt3a is glycosylated and 

palmitoylated in order to be tethered to the membrane [Komekado et al., 2007]. The best 

characterized Wnt3a signaling mechanism is the Wnt/β-catenin canonical pathway 

(Figure 4). In the absence of Wnt3a signaling, the destruction complex, composed of 

GSK3β (glycogen synthase kinase-3β), CK1 (casein kinase 1), and the scaffolding 

proteins APC (adenomatous polyposis coli), Axin1 and Axin2, phosphorylates β-catenin 

in order to target it for ubiquitination and proteolytic degradation. Post-translationally 

modified Wnt3a co-interacts with the LRP (low-density lipoprotein receptor-related 

protein) receptor and the G-protein-coupled receptor called Frizzled (Fz) in order to 

initiate downstream signaling. The Wnt3a-LRP-Fz complex inhibits the destruction 

complex, thus promoting the activation and translocation of β-catenin to the nucleus 

where it acts on members of the TCF/LEF family to form a transcriptional signaling 

complex to activate target genes involved in cell cycle regulation, proliferation and 

differentiation [Huang and He, 2008].                                                                       

 

 Our interests are focused on Wnt3a, in particular, because of its crucial role in the 

development of the hippocampus and its continuing function during postnatal life and 

adulthood [Lee et al., 2000]. During brain development, Wnt3a establishes the medial-

lateral patterning of the dorsal telencephalon, which includes the hippocampus [Furuta et  
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Figure 4. Wnt3a canonical signaling pathway. In the absence of Wnt3a, the destruction 
complex ((GSK3β (glycogen synthase kinase-3β), CK1 (casein kinase 1), and the 
scaffolding proteins APC (adenomatous polyposis coli), Axin1 and Axin2) 
phosphorylates β-catenin in order to target it for proteolytic degradation. In the presence 
of Wnt3a, LRP (low-density lipoprotein receptor-related protein) receptor and Frizzled 
co-interact in order to initiate β-catenin downstream signaling. Modified from Fodde and 
Brabletz [2007]. 
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al., 1997; Grove et al., 1998; Lee et al., 2000]. It is a principal regulator of hippocampal 

neurogenesis by increasing proliferation of stem/progenitor cells within the 

subgranularzone of the dentate gyrus [Lie et al., 2005]. As previously stated, the dentate 

gyrus is one of the very few regions of the CNS that continues to produce neural stem 

cells during adult life, thereby highlighting Wnt3a’s importance in hippocampal function. 

Wnt3a mutant mice are missing the hippocampus and molecular analysis shows that there 

is a significant decrease in cell division within the hippocampal neuroepithelium [Lee et 

al., 2000]. Findings indicate that prenatal exposure to ethanol can alter Wnt3a expression 

within the developing fetal brain [Vangipuram and Lyman, 2012] and within the 

hippocampus of adult rats [Singh et al., 2009]. Given Wnt3a’s importance in 

hippocampal development and its continued function during postnatal life, ethanol may 

function as a teratogen through impairments in Wnt3a signaling.  

 

1.7 Ethanol Teratogenesis and Epigenetics 

 Due to the complex and diverse nature of FASD, the mechanisms of ethanol 

teratogenesis are likely multi-faceted. FASD is thought to be caused by the deregulation 

of various developmental pathways and interactions. It has been suggested that there is a 

“causal fan out” from the primary insults at the molecular and cellular levels to the 

deficits seen at the clinical level [Haycock, 2009]. Extensive evidence has pointed to a 

role of oxidative stress in ethanol teratogenesis [Abel and Hannigan, 1995]. The 

metabolism of ethanol via CYP2E1 induces the production of reactive oxygen species, 

including superoxide radical anion and hydroxyl radical, thereby resulting in cellular 

damage [Lu and Cederbaum; 2008]. Antioxidants, such as vitamin E, have been shown to 
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reduce cell loss within the hippocampus but did not decrease spatial learning deficits 

caused by prenatal ethanol exposure [Marino et al., 2004]. This suggests the involvement 

of other molecular mechanisms in ethanol teratogenesis leading to the deficits in 

hippocampal-dependent tasks.  

 

 Epigenetic factors may play a role in the mechanism of ethanol teratogenesis such 

that they may explain the complex phenotypes associated with FASD and the persistence 

of these characteristics into adulthood arising from prenatal ethanol exposure [Haycock, 

2009]. Epigenetic mechanisms have three important properties: 1) they affect cell 

function through changes in gene expression; 2) they are heritable because they are 

replicated and transmitted to daughter cells during mitosis; and 3) their origin is under the 

control of the cell environment [Arney and Fisher, 2004]. Thus, epigenetic mechanisms 

may function as mediators connecting the genome to environmental exposures such as 

prenatal ethanol exposure. Since these changes are heritable, they can persist long after 

the disappearance of the environmental stimulus, which highlights its importance as one 

of the mechanisms leading to FASD development. Epigenetics is a phenomenon that 

affects gene expression without altering the underlying genomic sequence. Epigenetic 

processes are linked to the chromatin structure, which is defined as a complex of DNA 

and histone proteins [Haycock, 2009]. At the molecular level, there are three groups of 

epigenetic mechanisms. These comprise DNA methylation, modification of the histones, 

and non-coding or interference RNAs including microRNAs (miRNAs) [Groom et al., 

2011].   
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1.7.1 DNA Methylation 

 DNA methylation is considered to be the most stable epigenetic mark, therefore 

allowing its changes to be long-lived [Cedar and Bergman, 2009]. This makes DNA 

methylation a prime candidate for studying the long-term effects of prenatal ethanol 

exposure. DNA methylation modifies DNA by methylating cytosine bases at the 5’-

carbon position in CpG dinucleotide residues where a cytosine nucleotide resides next to 

a guanine nucleotide, separated by a phosphate group. Some regions of the genome, 

especially promoter regions of genes, are rich in CpGs; these regions are known as CpG 

islands. Within mammals, 60-90% of CpG sites are methylated, while the majority of the 

unmethylated residues reside in CpG islands within gene promoters [Bird, 2002]. 

Methylation of CpG sites within these islands plays an important role in regulating the 

transcription of genes. DNA methylation typically leads to a repression in gene 

transcription and is catalyzed by a family of DNA methyltransferases (DNMTs) that 

include de novo (DNMT3a and DNMT3b) and maintenance methyltransferases 

(DNMT1) [Bestor, 2000; Robertson and Wolffe, 2000]. Methylation of CpGs leads to the 

recruitment of methyl-CpG-binding proteins (MeCPs). The binding of MeCPs recruits 

nuclear corepressors and histone deacetylases (HDACs), which cause a condensation of 

chromatin structure to make the promoter regions less accessible to transcription factors 

[Klose and Bird, 2006]. The mechanism of DNA methylation is shown in Figure 5. 

 

 DNA methylation is crucial for proper prenatal development. During embryonic 

development, the mammalian genome undergoes profound reprogramming of DNA 

methylation within germ cells. At fertilization, both maternal and paternal gamete 
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Figure 5. Schematic representation of epigenetic regulation of gene transcription by 
DNA methylation. Transcription is activated in the presence of unmethylated CpGs, 
which allows the DNA to uncoil from histones to make the promoter regions more 
accessible to gene transcription machinery. Methylation of CpGs leads to the recruitment 
of methyl-CpG-binding proteins (MeCPs). The binding of MeCPs recruits histone 
deacetylases (HDACs), which causes a condensation of chromatin structure to make the 
promoter regions less accessible to transcription factors thereby repressing transcription. 
Modified from Ushijima [2010]. 
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methylation patterns are erased by a genome-wide demethylation event. During the 

implantation period when gastrulation is occurring, de novo methylation occurs in which 

methylation patterns are newly established and different from the patterns in the parental 

genomes [Tang and Ho, 2007]. Global de novo methylation is needed for pluripotency, 

initiation of embryonic gene expression and early lineage determination in the embryo, 

which are crucial for early organogenesis [Jaenisch, 1997]. Following implantation, the 

genome can undergo additional changes, but these events are of a tissue- and gene-

specific nature [Cedar and Bergman, 2012]. There is substantial evidence to suggest that 

changes to DNA methylation are subtle and not all-or-nothing responses, which can result 

in changes in gene expression. This phenomenon would correlate with the complex 

phenotypes resulting from prenatal ethanol exposure [Ramsay, 2010]. DNA methylation 

has been implicated in the development and cellular function of the brain through the 

regulation of neuronal differentiation, migration and cell survival [Zhou et al., 2011; 

Golshani et al., 2005; Hutnick et al., 2009]. Human genetic studies have indicated that 

abnormal DNA methylation is associated with many neurological disorders, including 

Rett syndrome [Amir et al., 1999; Robertson and Wolffe, 2000], ICF syndrome [Hansen 

et al., 1999], and fragile X syndrome [Sutcliffe et al., 1992]. For example, mutations of 

MeCP2 have been found in 80% of Rett syndrome patients [Amir et al., 1999], and 

mutation in the DNMT3b gene have been found in 60% of ICF syndrome patients 

[Hansen et al., 1999]. Most interestingly, mutations within the methyl-binding domain 

(MBD) of the MeCP1 lead to impairments in spatial learning and reduction in long-term 

potentiation (LTP) in the hippocampus [Zhao et al., 2003]. DNMT inhibitor studies have 

shown that hippocampal LTP can be blocked [Levenson et al., 2006; Nelson et al., 2008] 
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and that memory formation can be inhibited [Miller and Sweatt, 2007] indicating that 

DNA methylation may play a significant role in proper hippocampal function. 

 

1.7.2 Teratogenic Effects of Ethanol on DNA Methylation 

 The adverse effects of prenatal ethanol exposure on DNA methylation during 

development are beginning to be recognized [Haycock, 2009]. Some of the behavioral 

changes induced by ethanol exposure, including changes in learning and memory, have 

been shown to involve mechanisms of DNA methylation [Weaver et al., 2004; Miller and 

Sweatt, 2007]. One of the earliest studies to demonstrate a direct link between prenatal 

ethanol exposure and changes in DNA methylation is a study by Garro et al. [1991], in 

which the investigators found that acute administration of ethanol to pregnant mice at 

mid-gestation resulted in global hypomethylation in the fetus. The authors also noted that 

DNA methyltransferase activity was lowered in fetuses harvested from ethanol-fed dams. 

Ethanol can also induce hypermethylation, specifically in neural progenitor cells derived 

from embryonic stem cells, which can lead to the subsequent depression of neural stem 

cell growth [Hicks et al., 2010]. Futhermore, Liu et al. [2009] reported a greater than 10-

fold increase in the number of genes with hypermethylation on chromosomes 10 and X in 

ethanol-exposed mouse embryos with a neural tube defect compared to embryos without 

a neural tube defect. In addition, this study showed methylation changes in promoter 

regions of genes critical in mechanisms of cell cycle regulation, growth and apoptosis. 

Most relevantly, DNA hypermethylation was seen in the hippocampus of rat pups 

exposed to ethanol during the third-trimester equivalent period [Otero et al., 2012]. These 

studies show that DNA methylation is susceptible to the alteration (both increased and 
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decreased) by ethanol, and that changes in the pattern of DNA methylation might alter 

gene expression thereby contributing to the developmental abnormalities seen in FASD.  

 

 Numerous studies examining animal models of alcoholism and adult alcoholics 

have provided possible explanations as to how ethanol can alter DNA methylation. 

Ethanol has been shown to disrupt the methionine-homocysteine cycle [Barak et al., 

1987; Finkelstein et al., 1974; Halsted et al., 1996]. Within the methionine-homocysteine 

cycle, the methionine amino acid is a precursor to S-adenosyl methionine (SAM), which 

serves as a methyl donor for DNA methylation. The demethylated SAM is further 

processed to homocysteine, which is converted to methionine. Ethanol can disrupt the 

methionine-homocysteine cycle by affecting the activity of enzymes required for the 

metabolism of methionine, thereby affecting the methylation status of the genome [Barak 

et al., 1993; Lieber, 1988; Lu et al., 2000]. Ethanol can also reduce the absorption of 

folate, a key player in the regeneration of methionine from homocysteine, which can 

subsequently affect methylation [Halsted et al., 2002; Naughton et al., 1989]. 

 
 
1.8 Animal Model for Ethanol Teratogenesis 
 
 The guinea pig was used as the animal model for our study due to a number of 

advantages offered in this model to study the effects of prenatal ethanol exposure. 

Prenatal development of the guinea pig resembles human development more so than 

other common rodent models including its trimester-equivalent gestation [Martensson, 

1984]. The brain growth spurt, which is characterized by a dramatic increase in brain 

weight and accelerated synaptogenesis, is a prenatal event in both the human and guinea 
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pig but occurs postnatally in the rat and mouse [Dobbing and Sands, 1979]. Moreover, 

the guinea pig placenta resembles the human placenta more closely than other rodent 

species, thereby closely mimicking the maternal-placental-fetal unit in humans 

[Bakardjiev et al., 2004]. In addition, the pharmacokinetics of ethanol in pregnant guinea 

pigs are well established with measured maternal ethanol blood concentrations 

corresponding to those shown in pregnant women who consume ethanol [Clarke et al., 

1986; Kvigne et al., 2003]. 

 
 
1.9 Hypotheses and Objectives 
 
 Literature review of TGF-β1, SHH and Wnt3a as well as DNA methylation 

demonstrates the pivotal role of these factors in regulating proper brain development, 

including the hippocampus. In addition, the literature strongly indicates that these factors 

are likely candidates for mediating the teratogenic effects of ethanol leading to the 

development of FASD. The impact of prenatal ethanol exposure on these molecular 

mechanisms during the first trimester and throughout the entire pregnancy, when ethanol 

consumption is common, has not been elucidated. 

 

 Thus, the overall goal of this thesis research was to test the following hypotheses. 

Maternal ethanol administration during the first trimester-equivalent period or throughout 

the entire pregnancy in the guinea pig: 

1) Induces global changes in DNA methylation in the developing hippocampus. 

2) Induces changes in TGF-β1, SHH and Wnt3a gene and protein expression in the 

developing hippocampus. 
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The objectives of this thesis research were to: 
 

1) Measure changes in the physical characteristics of the GD 23 embryo and the GD 

65 fetus as a result of prenatal ethanol exposure. 

2) Quantify global DNA methylation changes in the developing hippocampus that 

occur in response to first trimester-equivalent ethanol exposure or chronic 

ethanol exposure throughout gestation. 

3) Quantify changes in gene expression of TGF-β1, SHH and Wnt3a in the 

developing hippocampus. 

4) Quantify changes in protein expression of TGF-β1, SHH and Wnt3a in the 

developing hippocampus. 
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CHAPTER 2: METHODS 
 
2.1 Experimental Animals 
 
  Nulliparous female Dunkin–Hartley-strain guinea pigs (Charles River Canada 

Inc., St. Constant, QC), body weight between 550 and 650 g, were bred with male guinea 

pigs using an established procedure [Elvidge, 1972]. Gestational day (GD) 0 was defined 

as the last day of full vaginal-membrane opening, where term is approximately GD 68. 

Pregnant animals were housed in separate cages at 23 °C ambient temperature, 12-h 

light/dark cycle, with lights on at 07:00 h and off at 19:00 h. All animals were cared for 

according to the principles and guidelines of the Canadian Council on Animal Care, and 

the experimental protocol was approved by the Queen's University Animal Care 

Committee.  

 
 
2.2 Ethanol Treatment Regimens 
 
2.2.1 First Trimester-Equivalent Gestational Period 
 
 On GD 2, pregnant guinea pigs were randomly assigned into one of three 

treatment groups: no treatment (ad libitum access to food and water), isocaloric-

sucrose/pair-feeding (sucrose), or ethanol. Each pregnant animal in the ethanol group 

received oral administration of 4 g ethanol/kg maternal body weight as an aqueous 

ethanol solution (30%, v/v, prepared in tap water), 5 days/week, and had ad libitum 

access to food and water (Purina Guinea Pig Chow 5025, Ren's Supplies, Oakville, ON). 

In the isocaloric-sucrose/pair-fed group, each pregnant guinea pig was paired to an 

ethanol-treated pregnant animal and received isocaloric-sucrose (42% w/v, prepared in 

tap water), food in the amount consumed daily by the ethanol-treated dam, and water. 
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Aqueous ethanol or sucrose solution was administered into the oral cavity, followed by 

swallowing, in two equally divided doses, given 2 hours apart starting at 10:00 h from 

GD 2 to GD 22. It has been previously shown that this ethanol regimen, administered 

throughout gestation, can produce structural and functional deficits in the CNS of the 

guinea pig with minimal maternal and fetal death [Nash et al., 2007; Hewitt et al., 2011; 

Dobson et al., 2012]. Also, this ethanol regimen in the guinea pig can produce a peak 

maternal blood ethanol concentration similar to that achieved in the human following a 

binge-type drinking episode [Webster et al., 1983]. On GD 15, 100 µL of blood were 

collected from an ear blood vessel of each pregnant guinea pig. Samples were taken 1 h 

after the second divided dose of ethanol since maximal maternal blood ethanol 

concentration (BEC) appears to be attained at this time [Clarke et al., 1986]. Maternal 

blood was stored at -80°C until analyzed for BEC using an established gas-liquid 

chromatographic procedure [Steenaart et al., 1985]. On GD 23, pregnant dams were 

anesthetized with halothane and euthanized by decapitation. Embryos were excised and 

then extracted from the extraembryonic membranes using a Leica MZ 125 dissecting 

microscope (Leica Microsystems Inc., Bannockburn, IL). The crown-rump length and 

head length were measured, and then the embryo was embedded in Tissue-Tek O.C.T. 

cryoprotectant embedding compound (Electron Microscopy Science, Hatfield, PA), snap-

frozen on dry ice and stored at -80°C for future analysis. In total, 12 embryos from 3 

dams in the ethanol-treated group, 11 embryos from 3 dams in the sucrose-treated group 

and 14 embryos from 4 dams in the ad lib group were analyzed. 
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2.2.2 Three Trimester-Equivalent Gestational Period 
 
 On GD 2, pregnant guinea pigs were randomly assigned into one of three 

treatment groups: no treatment (ad lib), isocaloric-sucrose/pair-feeding (sucrose), or 

ethanol. Pregnant animals were treated in a similar manner as described above, with the 

exception that the treatment period was from GD 2 to GD 65. On GD 65, animals were 

euthanized at 1 hour after the last divided dose by subcutaneous injection of ketamine (50 

mg/kg maternal body weight)/xylazine (5 mg/kg maternal body weight) followed by 

decapitation. Maternal blood was collected and stored at -80°C until analyzed for blood 

ethanol concentration. The litter of each pregnant animal was delivered by Caesarean 

section, and the fetuses were euthanized via decapitation. The brain of each fetus was 

excised, and the hippocampi were dissected using the fimbria and anterior commisures of 

the fornix as visual landmarks [Cooper and Schiller, 1975]. Body weight, brain weight 

and hippocampal weight were measured for each fetus before the tissues were frozen in 

liquid N2, and stored at − 80 °C until analysis. In total, 10 fetuses from 4 dams in the 

ethanol-treated group, 8 fetuses from 3 dams in the sucrose-treated group and 8 fetuses 

from 2 dams in the ad lib group were analyzed.  

 
 
2.3 Laser Capture Microdissection (LCM) 
 
 LCM was used to extract small amounts of tissue from the telencephalon 

(precursor to forebrain structures including the hippocampus) of the GD 23 embryo. 

Using a cryostat, 7 µm-thick frozen sagittal sections were cut and mounted on PEN 

membrane glass slides (Applied Biosystems, CA). To maintain consistency between 

samples, the cerebellar plate, nasal region and optic region were used as landmarks as 
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shown in Figure 6. The sections were stained using an H&E (hemotoxylin and eosin) 

staining protocol obtained from Dr. Chandra Tayade (Department of Biomedical and 

Molecular Sciences, Queen’s University). The telencephalon was microdissected using 

the PALM Robo Microlaser System (Carl Zeiss Microimaging, Munich Germany). 

 

2.4 Global DNA Methylation Assay 
 
 Genomic DNA was extracted from laser capture microdissected GD 23 

telencephalon and GD 65 hippocampus using the QIAamp DNA Micro Kit according to 

the manufacturer’s instructions (Qiagen, Mississauga, ON). One change in the protocol 

included re-eluting the column with the original eluent and incubating it at room 

temperature for 1 minute to increase DNA concentration. The 5-methylcytosine content 

(methylated DNA) was measured using a MethylFlash Methylated DNA Quantification 

Fluorometric Kit (Epigentek Group Inc., Brooklyn, NY), following the manufacturer’s 

instructions. Briefly, 40 ng DNA was added to a 96-well plate. Methylated DNA was 

detected using capture and detection antibodies and quantified fluorometrically by 

measuring and reading relative fluorescence units (RFU) on a fluorescence microplate 

reader at 530EX/590EM nm. The amount of methylated DNA was proportional to the 

fluorescence intensity measured. A standard curve was prepared using varying amounts 

of methylated DNA to ensure accuracy and precision of the assay. Negative controls were 

used to verify that no fluorescence was emitted without the presence of methylated DNA. 

Duplicate analysis of each sample analyzed was carried out. 

 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. H&E stained sagittal section of the GD 23 guinea pig embryo. The red box 
highlights the telencephalon that underwent laser capture microdissection.  
 
 
 
 
 
 
 
 
 

 
 
 

Cerebellar plate 

Nasal chambers 

Telencephalon 

Optic region 



	   35	  

2.5 Quantitative Real-Time PCR (qRT-PCR)  
 
 Total RNA was extracted from laser capture microdissected GD 23 telencephalon, 

using the Arcturus PicoPure RNA Isolation Kit (Life Technologies, Carlsbad, CA) and 

from GD 65 hippocampus, using the RNeasy Mini Kit (Qiagen, Mississauga, ON) 

according to the manufacturer’s protocol. A reverse transcriptase PCR was performed to 

convert mRNA transcripts to cDNA. The Omniscript RT Kit (Qiagen, Mississauga, ON) 

was used for laser capture microdissected GD 23 samples according to the 

manufacturer’s instructions, using 100 ng-300 ng RNA per 20 µl reaction. The First-

Strand cDNA Synthesis Kit (GE Healthcare, Baie d'Urfé, QC) was used for GD 65 

hippocampal samples according to the manufacturer’s instructions, using 1500 ng of 

RNA per 15 µl reaction. Quantitative real-time PCR (qRT-PCR) was carried out with the 

SsoFast Evagreen Supermix (Bio-Rad, Hercules, CA) in a final volume of 20 µl reaction 

buffer as per the manufacturer’s instructions. QRT-PCR primers, each used with a final 

concentration of 500 nM, were designed using IDT SciTools (Coralville, IA) and 

confirmed using BLAT (UCSC Genome Bioinformatics, Santa Cruz, CA). Primer3 

software ((http://frodo.wi.mit.edu/ cgi-bin/primer3/primer3_www.cgi) was used to verify 

that primers spanned exon-exon junctions. Primer sets were purchased from ACGT Corp 

(Toronto, ON) and are listed in Table 1. QRT-PCR was performed using the CFX96 

Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA) and the following 

cycling program: enzyme activation for 30 sec at 95ºC, 40 cycles of denaturation for 10 

sec at 95ºC and annealing/extension (conditions listed in Table 1), and melt curve for 5 

sec/step at 65°C-95°C (in 0.5°C increments). A melt curve was used to confirm the 

amplification of one product. Negative template controls (cDNA substituted for RNase- 
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Table 1. List of primers and qRT-PCR conditions 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Primer Set Conditions Product Size (bp) 
TGF-β1 
 

F- GACTACTATGCCAAGGAGGTG 
R- CAACAGAGGGTCAGGCAC 

Annealing/Extension:  
63ºC for 5 sec 

144 

SHH 
 

F- ACTCCGAGCGATTTAAGGAAC 
R- GCCAGGGCATTTAATTTGTCC 

Annealing/Extension:  
60ºC for 10 s 

124 

Wnt3a 
 

F- GATGACCCAAGTAGTGCAGAG 
R- GGATGCCCACCTTCACAC 

Annealing/Extension: 
60ºC for 10 s 

292 

GusB 
 

F- ACCAGCCACTACCCCTATG 
R- CGTTGCCGAAGCTCTCAG 

Annealing/Extension:  
same as genes of interest 

115 
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free water) were included in parallel. The threshold cycle (Ct) value for each gene was 

normalized to the Ct value of beta-glucuronidase (GusB). Relative mRNA expression 

was calculated by the following formula: 2-ΔΔCt where ΔCt = Cttarget gene - Ctreference gene and 

ΔΔCt = ΔCttreated - ΔCtcontrol. Each experimental sample was analyzed in duplicate.  

 
 
2.6 Immunoblotting 
 
 GD 65 hippocampal tissue was homogenized in radioimmunoprecipitation (RIPA) 

lysis and extraction buffer (Thermo Fisher Scientific, Rockford, IL), supplemented with 

Halt protease inhibitor cocktail (Thermo Fisher). Proteins were collected in supernatant 

by centrifugation at 16000 x g for 30 min at 4ºC. Samples containing 30 µg of protein 

were separated by electrophoresis on precast 12% SDS-polyacrylamide gels (Thermo 

Fisher). Proteins were transferred to nitrocellulose membranes (Thermo Fisher), blocked 

with 5% (w/v) skim milk for 1 hour, and probed with anti-TGFβ1 (ab647), anti-SHH 

(ab50611), or anti-Wnt3a (ab28472) primary antibody (Abcam, Cambridge, MA) 

overnight at 4ºC using concentrations of 8 µg/mL, 4.6 µg/mL or 3 µg/mL in 2% (w/v) 

milk, respectively. Membranes were incubated with either anti-mouse or anti-rabbit HRP-

conjugated secondary antibodies (#32430, #32460; Thermo Fisher Scientific) for 1 hour 

at room temperature in 0.5% (w/v) milk. Proteins were visualized by chemiluminescence 

detection (ECL Plus, GE Healthcare, Baie d'Urfé, QC). Nitrocellulose membranes were 

incubated with stripping buffer [0.2 M glycine, 0.1% SDS, 0.1% Tween 20 (pH 2.2)] at 

room temperature for 2 x 10 minutes and reprobed for β-actin (ab6276), using a 

concentration of primary antibody of 0.72 µg/mL in 5% (w/v) milk, as a loading control. 

Quadruplicate analysis of each sample was carried out. Densitometric analyses of western 
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blot chemiluminescence x-ray films (Thermofisher) were performed using ImageJ 

densitometry software (National Institutes of Health, Bethesda, MD) and normalized 

against β-actin. 

 
 
2.7 Statistical Analysis 
 
 Previous investigation of the effects of prenatal ethanol exposure on various 

outcomes in the guinea pig, including body and brain growth restriction, has 

demonstrated that within-litter variability is of a similar magnitude to between-litter 

variability [Brien et al., 2006]. Therefore, data are presented as group mean ± SEM of the 

individual fetuses in each treatment group. Data were analyzed using GraphPad Prism 5 

(GraphPad Software Inc., San Diego, CA). Individual data points that were more than 

two standard deviations above or below the group mean were excluded from the analysis 

in order to eliminate outliers. Parametric analysis was performed using one-way analysis 

of variance (ANOVA) followed by Newman-Keuls post-hoc test for a statistically 

significant F statistic, with p < 0.05. Bartlett’s test was performed on groups of data 

before parametric analysis to test for homogeneity of variance among the experimental 

groups. Non-parametric data were analyzed by first transforming them into logarithmic 

values in order to eliminate heterogeneity of variance of the data, followed by one-way 

ANOVA and post-hoc Newman-Keuls test. If not possible to eliminate heterogeneity of 

variance, non-parametric data were analyzed using the Kruskal-Wallis test followed by 

Dunn’s Multiple Comparison post-hoc test. Two groups of data were considered to be 

statistically different when p < 0.05.  
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CHAPTER 3: RESULTS 

3.1 Maternal Blood Ethanol Concentration (BEC) 

 Binge-like drinking of alcoholic beverages typically results in a BEC over 200 

mg/dL [Anderson et al., 2012]. In this study, the oral ethanol regimen produced a 

maternal BEC at 1 hour after the second divided dose of 255 ± 90 mg/dL on GD 15 for 

animals treated with ethanol from GD 2 to GD 22 and 228 ± 23 mg/dL on GD 65 for 

animals treated from GD 2 to GD 65. These maternal BEC values are similar to other 

studies using this ethanol regimen in the pregnant guinea pig [Nash et al., 2007; Dobson 

et al., 2012].  

 

3.2 Embryonic/Fetal Physical Characteristics 

3.2.1 GD 23 Embryo 

 Crown-rump length and head length measurements are presented in Figure 7. 

There was a statistically significant effect of maternal treatment on crown-rump length 

(F(2, 34) = 4.80, p < 0.05) (Figure 7A). Post-hoc analysis demonstrated that ethanol 

treatment (p < 0.05) and sucrose treatment (p < 0.05) decreased crown-rump length 

compared with the ad lib group. Similarly, there was a statistically significant effect of 

maternal treatment on head length (F(2, 34) = 5.27, p < 0.05) (Figure 7B). Post-hoc 

analysis revealed that ethanol treatment (p < 0.05) and sucrose treatment (p < 0.05) 

decreased head length compared with the ad lib group. 

 

3.2.2 GD 65 Fetus 

 Body, brain and hippocampal weight measurements are presented in Figure 8. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7. Effects of prenatal ethanol exposure on crown-rump length (A) and head length 
(B) of the GD 23 embryo. The data are presented as group mean ± SEM of the embryos: 
ad lib (n = 14 embryos, 4 dams), sucrose (n = 11 embryos, 3 dams), ethanol (n = 12 
embryos, 3 dams). *Statistically different between maternal treatment groups (p < 0.05).  
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Figure 8. Effects of prenatal ethanol exposure on body weight (A), brain weight (B) and 
hippocampal weight (C) of the GD 65 guinea pig fetus. The data are presented as group 
mean ± SEM of the fetuses: ad lib (n = 8 fetuses, 2 dams), sucrose (n = 8 fetuses, 3 
dams), ethanol (n = 10 fetuses, 4 dams). *Statistically different between maternal 
treatment groups (p < 0.05); **Statistically different between maternal treatment groups 
(p < 0.01); ***Statistically different between maternal treatment groups (p < 0.0001). 
[Body weight, brain weight and hippocampal weight data were collected by Amy 
Hewitt]. 
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There was a statistically significant effect of maternal treatment on fetal body weight 

(F(2, 23) = 6.04, p < 0.01) (Figure 8A). Post-hoc analysis demonstrated that maternal 

ethanol treatment decreased fetal body weight compared with both the ad lib (p < 0.05) 

and sucrose groups (p < 0.01). There was a statistically significant effect of maternal 

treatment on fetal brain weight (F(2, 22) = 82.56, p < 0.0001) (Figure 8B). Post-hoc 

analysis demonstrated that maternal ethanol treatment decreased fetal brain weight 

compared with both the ad lib (p < 0.0001) and sucrose groups (p < 0.0001). There was a 

statistically significant effect of maternal treatment on fetal hippocampal weight (F(2, 23) 

= 6.89, p < 0.01) (Figure 8C). Post-hoc analysis revealed that both ethanol treatment (p < 

0.01) and sucrose treatment groups (p < 0.05) had decreased fetal hippocampal weight 

compared with the ad lib group. 

 

3.3 Global DNA Methylation 

 Global DNA methylation levels of GD 23 embryonic telencephalon and GD 65 

fetal hippocampus are presented in Figure 9. There was a statistically significant effect of 

maternal treatment on global DNA methylation levels in the GD 23 telencephalon (F(2, 

30) = 5.36, p < 0.05) (Figure 9A). Post-hoc analysis demonstrated that prenatal ethanol 

treatment increased global DNA methylation compared with both the ad lib (p < 0.05) 

and sucrose groups (p < 0.05). There was no effect of maternal treatment on global DNA 

methylation levels in the fetal hippocampus on GD 65 (Figure 9B). 

 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Effects of prenatal ethanol exposure on global DNA methylation levels in the 
GD 23 guinea pig embryonic telencephalon (A) and GD 65 guinea pig fetal hippocampus 
(B). The percent of global methylated genomic DNA extracted from the telencephalon or 
hippocampus was determined by an ELISA-based fluorometric assay specific for 
methylated DNA. Data from ethanol and sucrose treatment groups were expressed as a 
percent compared to the mean of ad lib group. The data are presented as group mean 
± SEM of the embryos/fetuses: GD 23 ad lib (n = 12 embryos, 4 dams), GD 23 sucrose (n 
= 10 embryos, 3 dams), GD 23 ethanol (n = 11 embryos, 3 dams), GD 65 ad lib (n = 7 
fetuses, 2 dams), GD 65 sucrose (n = 7 fetuses, 3 dams), GD 65 ethanol (n = 7 fetuses, 4 
dams). *Statistically different between maternal treatment groups (p < 0.05). 
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3.4 TGF-β1, SHH and Wnt3a Gene Expression 

3.4.1 GD 23 Embryo 

 The qRT-PCR data for TGF-β1, SHH and Wnt3a mRNA levels are presented in 

Figure 10. There was no change in TGF-β1 gene expression in the telencephalon in 

response to maternal treatment (Figure 10A). Moreover, there was no effect of maternal  

treatment on SHH gene expression (Figure 10B). Similarly, maternal treatment did not 

cause a change in Wnt3a gene expression in the telencephalon on GD 23 (Figure 10C). 

 
 
3.4.2 GD 65 Fetus 
 
 The qRT-PCR data for TGF-β1, SHH and Wnt3a mRNA levels are presented in 

Figure 11. There was a statistically significant effect of maternal treatment on TGF-β1   

gene expression in the GD 65 hippocampus (F(2, 21) = 5.96, p < 0.01) (Figure 11A). 

Post-hoc analysis revealed that maternal ethanol treatment increased TGF-β1 compared 

with both the ad lib (p < 0.01) and sucrose groups (p < 0.05). There was a statistically 

significant effect of maternal treatment on SHH gene expression (F(2, 21) = 7.15, p < 

0.01) (Figure 11B). Post-hoc analysis demonstrated that ethanol treatment increased SHH 

gene expression compared with both the ad lib (p < 0.01) and sucrose groups (p < 0.01). 

Similarly, there was a statistically significant effect of maternal treatment on Wnt3a gene 

expression in the hippocampus of the GD 65 fetus (F(2, 21) = 8.06, p < 0.01) (Figure 

11C). Post-hoc analysis showed that maternal ethanol treatment increased Wnt3a gene 

expression compared with both the ad lib (p < 0.01) and sucrose treatment groups (p < 

0.01).  

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Effects of prenatal ethanol exposure on TGF-β1 (A), SHH (B) and Wnt3a (C) 
gene expression in the GD 23 guinea pig embryonic telencephalon. TGF-β1, SHH and 
Wnt3a mRNA expression was determined by qRT-PCR. The threshold cycle (Ct) value 
for each gene was normalized to the Ct value of GusB. Data from ethanol and sucrose 
treatment groups were then compared to the mean of the ad lib group. The data are 
presented as group mean ± SEM of the embryos: TGF-β1 ad lib (n = 6 embryos, 3 dams), 
TGF-β1 sucrose (n = 3 embryos, 2 dams), TGF-β1 ethanol (n  = 5 embryos, 3 dams), 
SHH ad lib (n = 6 embryos, 3 dams), SHH sucrose (n = 4 embryos, 2 dams), SHH ethanol 
(n = 6 embryos, 3 dams), Wnt3a ad lib (n = 6 embryos, 3 dams), Wnt3a sucrose (n = 4 
embryos, 2 dams), Wnt3a ethanol (n = 7 embryos, 3 dams). 
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Figure 11. Effects of prenatal ethanol exposure on TGF-β1 (A), SHH (B) and Wnt3a (C) 
gene expression in the GD 65 guinea pig fetal hippocampus. TGF-β1, SHH and Wnt3a 
gene expression was determined by qRT-PCR. The threshold cycle (Ct) value for each 
gene was normalized to the Ct value of GusB. Data from ethanol and sucrose treatment 
groups were then compared to the mean of the ad lib group. The data are presented as 
group mean ± SEM of the fetuses: ad lib (n = 8 fetuses, 2 dams), sucrose (n = 8 fetuses, 3 
dams), ethanol (n = 8 fetuses, 4 dams). *Statistically different between maternal 
treatment groups (p < 0.05); **Statistically different between maternal treatment groups 
(p < 0.01). 
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3.5 TGF-β1, SHH and Wnt3a Protein Expression 

 Since there were changes in TGF-β1, SHH and Wnt3a expression at the mRNA 

level in the GD 65 hippocampus, we sought to examine whether these changes were 

concordant at the protein level. Immunoblot data for TGF-β1, SHH and Wnt3a protein 

expression in the hippocampus of the GD 65 fetus are presented in Figure 12. TGF-β1 

protein immunoblotting showed a strong signal with a molecular weight of 12.5 kDa 

when compared to a protein ladder run in parallel. There was no effect of maternal 

treatment on TGF-β1 protein expression in the hippocampus on GD 65 (Figure 12A). 

SHH protein immunoblotting resulted in strong signals with molecular weights of 23 kDa 

and 27 kDa when compared to a protein ladder run in parallel. The antibody used to 

probe for SHH protein recognizes both the native (unmodified) and the post-

translationally modified (ptm) forms of the protein, which is a common observation in 

immunoblotting studies looking at SHH expression that has been previously reported in 

literature [Gao et al., 2011; Heal et al., 2011; Coulombe et al., 2004]. SHH protein is 

modified by covalent bonding to palmitate and cholesterol, which is crucial for the 

biogenesis, cellular trafficking and functionality of this protein [Mann and Beachy, 

2004]. There was no effect of maternal treatment on unmodified SHH protein expression 

in the hippocampus on GD 65 (Figure 12B). However, there was a statistically significant 

effect of maternal treatment on ptm SHH protein expression in the GD 65 hippocampus 

(F(2, 21) = 3.68, p < 0.05) (Figure 12B). Post-hoc analysis revealed that maternal ethanol 

treatment decreased ptm SHH protein expression compared with the sucrose group (p < 

0.05). Similarly, the anti-Wnt3a primary antibody used in this study detects two protein 

bands attributed to the ptm and unmodified forms of this signaling molecule [Gao et al., 



 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 12. Effects of prenatal ethanol exposure on TGF-β1 (A), SHH (B) and Wnt3a (C) protein expression in the GD 65 guinea pig 
fetal hippocampus. TGF-β1, SHH and Wnt3a protein expression were determined by immunoblotting. Each immunoblot contained 
quadruplicate measurements for one hippocampal sample in each treatment group. Each band was normalized relative to β-actin. Data 
from ethanol and sucrose groups were then compared to the mean of the ad lib group. The data are presented as group mean ± SEM of 
the fetuses. A = ad lib (n = 8 fetuses, 2 dams), S = sucrose (n = 8 fetuses, 3 dams), E = ethanol (n = 8 fetuses, 4 dams). *Statistically 
different between maternal treatment groups (p < 0.05); **Statistically different between maternal treatment groups (p < 0.01).
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2011; Verras et al., 2008]. Wnt3a is known to undergo post-translational modification, 

including glycosylation and palmitoylation, which are essential to its signaling ability and 

are necessary for secretion [Komekado et al., 2007]. Wnt3a protein immunoblotting 

resulted in strong signals with molecular weights of 37 kDa and 40 kDa when compared 

to a protein ladder run in parallel. There was a statistically significant effect of maternal 

treatment on unmodified Wnt3a protein expression in the GD 65 hippocampus (F(2, 21) 

= 6.50, p < 0.01) (Figure 12C). Post-hoc analysis revealed that ethanol treatment (p < 

0.05) and sucrose treatment (p < 0.01) decreased unmodified Wnt3a protein expression 

compared with the ad lib group. There was no effect of maternal treatment on ptm Wnt3a 

protein expression in the hippocampus on GD 65 (Figure 12C). 
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CHAPTER 4: DISCUSSION 
 
4.1 General Discussion 
 
 This thesis research examined some of the possible underlying mechanisms of 

ethanol teratogenicity leading to the development of FASD. The goal of this study was to 

determine the effects of prenatal ethanol exposure during the first trimester-equivalent 

period or throughout the entire pregnancy in the developing hippocampus of the guinea 

pig on 1) DNA methylation and 2) TGF-β1, SHH and Wnt3a gene and protein 

expression. The crown-rump length and head length of the GD 23 embryo following first-

trimester exposure was decreased in both the maternal ethanol and sucrose treatment 

groups. Prenatal ethanol exposure during the entire gestational period resulted in 

decreased body weight and brain weight in the GD 65 fetus. A reduction in hippocampal 

weight was seen in both the ethanol and sucrose treatment groups. Ethanol exposure 

during the first trimester, but not during the entire gestational period, resulted in an 

increase in global DNA methylation. First trimester-equivalent ethanol exposure did not 

alter TGF-β1, SHH and Wnt3a gene expression in the GD 23 telencephalon. In contrast, 

ethanol exposure throughout the entire pregnancy led to increased expression of all three 

genes within the GD 65 hippocampus. Prenatal ethanol exposure during the entire 

gestational period did not alter TGF-β1 protein expression. Unmodified SHH protein 

expression was not changed; however ptm SHH protein expression decreased in response 

to maternal ethanol treatment. Unmodified Wnt3a, but not ptm Wnt3a, protein expression 

was decreased in the maternal ethanol and sucrose treatment groups. Comparisons 

between published research regarding the mechanisms of ethanol teratogenicity and the 

findings from this thesis research are discussed below. 
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 The ethanol regimen that was used (4 g ethanol/kg maternal body weight/day, 5 

days/week) was able to mimic the BEC values as well as various growth restriction 

phenotypes commonly seen in the human situation. The peak BEC of the pregnant guinea 

pigs measured on GD 15 and GD 65 were expected based on previous studies that have 

used a similar binge-drinking regimen (4 g ethanol/kg maternal body weight in 2 equally 

divided doses) and achieved values ranging from 200 mg/dL to 300 mg/dL [Catlin et al., 

1993; Abdollah and Brien, 1995; Butters et al., 2000; Gibson et al., 2000; Hewitt et al., 

2011]. In addition, these values mimic the clinical situation in which pregnant women 

who binge-drink achieve a blood ethanol concentration higher than 200 mg/dL [Kvigne et 

al., 2003]. Embryos of the maternal ethanol and sucrose treatment groups had decreased 

head length and crown-rump length at the end of the first trimester-equivalent period, 

which suggests a nutritional effect of ethanol to reduce embryonic growth. Ethanol 

consumption and insufficient nutritional intake are typically closely associated with one 

another. For instance, higher rates of FASD are seen in countries where malnutrition is 

prevalent [May et al., 2000]. Undernutrition is an important factor for FASD because 

adequate nutrition is crucial for supporting fetal growth and maintaining maternal health 

[Dreosti, 1993]. Shorter first-trimester crown-rump lengths are associated with later risks 

including increased preterm birth, small size for gestational age at birth, low birth weight 

and accelerated growth rates in early childhood [Mook-Kanamori et al., 2010]. 

Interestingly, rapid growth in infancy has been found to be associated with cardiovascular 

disease and type 2 diabetes in adulthood [Leunissen et al., 2009]. In our study, we also 

observed that fetuses prenatally exposed to ethanol throughout the entire gestational 

period had lower body weights and brain weights, demonstrating ethanol’s teratogenic 



	   52	  

effect on growth. These results are consistent with previous findings in the guinea pig and 

in the rat, in which chronic maternal ethanol intake during gestation restricts body growth 

and produces microencephaly, as indicated by a decrease in brain weight [Schapiro et al., 

1984; Henderson et al., 1979; Kimura et al., 1996]. It is not surprising that brain growth 

restriction can occur when ethanol is consumed throughout the entire pregnancy because 

of the overlap with the brain growth spurt during the third trimester-equivalent period, 

thereby demonstrating that this period of gestation is very vulnerable [Byrnes et al., 

2001]. In addition, a significant decrease was seen between both the ethanol and sucrose 

treatment groups and the ad lib group in terms of hippocampal weight, again 

demonstrating that a deficiency in nutrition can play a role in brain growth restriction. 

This is consistent with other studies that have shown that the hippocampus is particularly 

vulnerable to malnutrition, in which growth and maturation are adversely affected [Lee et 

al., 1999]. In summary, it is likely that the undernutrition associated with maternal 

ethanol administration is the most likely explanation for the decrease in crown-rump 

length and head length in the GD 23 embryo as well as the hippocampal weight in the 

GD 65 fetus. Therefore, these physical measurements cannot be used as evidence for an 

ethanol teratogenic effect. Nonetheless, the teratogenic effects of ethanol can be shown 

by analyzing both body and brain weights and by further looking into the molecular 

changes in the brain of the embryo/fetus as demonstrated in Figures 9-12. 

 
 
 Numerous studies have examined the DNA methylation profiles of promoter 

regions within specific genes of interest, thereby providing a more in-depth analysis of 

the mechanisms of ethanol teratogenicity [Downing et al., 2011; Liu et al., 2009]. 
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However, analyzing the overall methylated status of the genome can provide valuable 

information that may be missed in studies limited to specific genes whose methylated 

state may not represent most of the methylation changes in the genome. This study is the 

first to show that embryos prenatally exposed to ethanol during the first trimester-

equivalent period had significantly higher global DNA methylation levels in the 

telencephalon (precursor to forebrain structures including the hippocampus). Previous 

studies have offered conflicting evidence with respect to the impact of prenatal ethanol 

exposure on DNA methylation in the CNS. For example, a recent publication by Otero et 

al. [2012] is consistent with our results and showed that prenatal ethanol exposure during 

the third trimester-equivalent period increased global DNA methylation levels in both the 

hippocampus and prefrontal cortex of postnatal rats. In addition, our finding is consistent 

with another study in which pregnant mice treated with ethanol from GD 0.5 to 8.5 

(equivalent to first trimester) led to an increase in DNA methylation and subsequent 

transcriptional silencing of the Agouti viable yellow gene, a reporter whose expression is 

very closely linked to its epigenetic state, in the offspring [Kaminen-Ahola et al., 2010]. 

This study is significant because it was one of the first to show that ethanol can affect the 

phenotype in postnatal life by altering the epigenome in early gestation. However, some 

studies have reported a hypomethylated state after ethanol exposure, which contradicts 

our present findings [Garro et al., 1991; Haycock and Ramsay, 2009]. Garro et al. [1991] 

treated pregnant mice with ethanol from GD 9-GD 11 and observed a decrease in both 

DNMT and global DNA methylation in whole mouse embryos. Haycock and Ramsay 

[2009] exposed mouse embryos to ethanol during the preimplantation period and 

observed hypomethylation in placental tissue. Together, these results suggest that in utero 
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ethanol exposure can have differential effects on DNA methylation depending on the type 

of tissue analyzed. Changes in DNA methylation carry many implications including a 

reduction in learning and memory function as a result of gene dysregulation [Liu et al., 

2009b]. Multiple studies on neurological disorders such as Rett syndrome have made the 

connection between abnormal DNA methylation and brain deficits [Amir et al., 1999; 

Robertson and Wolffe, 2000]. We have demonstrated that DNA methylation in the 

embryonic telencephalon is susceptible to the effects of ethanol during early 

development, a time when the embryo is undergoing rapid genome-wide epigenetic 

reprogramming. However, the mechanism by which ethanol alters the epigenome, 

specifically DNA methylation, is not known. Particular emphasis should be placed on 

understanding the effect of alcohol on the methyl donor pathway, including DNMT, in 

order to understand ethanol’s effect on the epigenome. One study has pointed to an 

increase in DNMT activity in the postnatal rat hippocampus after chronic prenatal ethanol 

exposure [Perkins, published dissertation from University of South Carolina]. Another 

study that analyzed global methylation in patients with alcoholism observed a correlation 

between elevated homocysteine, and increased global DNA methylation in peripheral 

blood cells [Bönsch et al., 2004]. Together with the results of the present study, these 

data support the theory that prenatal ethanol exposure can increase global DNA 

methylation in the embryo that may result in changes in the expression of transcription 

regulating factors (and other structural or functional proteins) and thus alter brain 

development. 

 
 
 In contrast to the observed maternal ethanol-induced increase in DNA 
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methylation in the embryonic telencephalon at the end of the first trimester-equivalent 

period, there was no change in global DNA methylation in the fetal hippocampus at the 

end of the third trimester-equivalent period of gestation. The mechanism(s) by which 

changes to the epigenome induced by ethanol early in embryonic development (GD 23, 

first trimester-equivalent period) are mitigated later in development (GD 65, third 

trimester-equivalent period) remain to be elucidated. One possible explanation for this 

result is the presence of DNA repair mechanisms to demethylate DNA [Choi et al., 2002; 

Jost et al., 2001; Gong et al., 2002]. Recent evidence has pointed to the role of Gadd45a 

(growth arrest and DNA-damage-inducible protein 45 alpha), a nuclear protein involved 

in DNA demethylation whereby it recruits DNA repair machinery to a site of 

hypermethylation to promote DNA demethylation and erase methylation marks to relieve 

epigenetic silencing [Barreto et al., 2007]. Nonetheless, changes in DNA methylation that 

occur relatively early in embryonic development and are repaired at a later time point 

may cause sustainable damage during a period that overlaps with genome-wide de- and 

remethylation as well as organogenesis. In addition, many studies have pointed to a role 

of ethanol in inducing both hypo- and hypermethylation of genes, which may explain 

why a change at the global level was not observed. For example, Liu et al. [2009] showed 

that mouse embryos exposed to ethanol had both increases and decreases in DNA 

methylation, where 1,028 genes had an increase in DNA methylation and 1,136 genes 

had a decrease in DNA methylation; these genes are important in mediating embryonic 

development, cell cycle, growth and apoptosis. Our results do not exclude the possibility 

that DNA methylation is altered at specific target genes. Therefore, future studies should 

include examining the methylation state of specific genes important in brain 



	   56	  

development, using bisulfite sequencing or methylated DNA immunoprecipitation. 

 
 
 To further investigate the mechanisms of ethanol teratogenicity, this thesis 

research focused on three transcription regulating factors. In this study, prenatal ethanol 

exposure did not alter the expression of TGF-β1, SHH or Wnt3a genes in the GD 23 

telencephalon, indicating that these genes may not be targeted by ethanol during the first 

trimester-equivalent period. In contrast, a maternal ethanol-induced increase in the 

expression of all three genes was observed in the GD 65 fetal hippocampus of the guinea 

pig, indicating that the duration and timing of prenatal ethanol exposure may be critical in 

affecting the expression of these transcription regulating factors. Another interpretation 

of the results is that cells in different stages of growth and development within the 

telencephalon may have different sensitivity to ethanol. It has previously been shown that 

the ventricular (consisting of dividing progenitors) and subventricular (consisting of basal 

progenitors) zones of the telencephalon are differentially affected by prenatal ethanol 

exposure [Miller, 1989]. Therefore, it is possible that ethanol-induced changes in the GD 

23 telencephalon were not detected because alterations in gene expression were not 

globally affected. 

 

 Because there was a maternal ethanol-induced change in the expression of TGF-

β1, SHH and Wnt3a at the mRNA level in the GD 65 fetal hippocampus, we further 

looked into whether these changes were reflected at the protein level. Interestingly, 

despite an increase in TGF-β1 gene expression, no change in TGF-β1 protein expression 

was observed. Few studies have looked at the effect of ethanol on TGF-β1. One study 
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showed an elevation in TGF-β1 mRNA levels in the developing neurons of newborn rats 

that were exposed to a binge drinking dose of ethanol from PD (postnatal day) 2 to PD 6 

[Sarkar et al., 2007]. Similarly, the addition of ethanol to hypothalamic cell culture 

increased TGF-β1 gene expression [Chen et al., 2006]. However, none of these studies 

looked at the protein level. It has been proposed that the TGF-β1-regulated apoptotic 

pathway is activated by ethanol and stimulates apoptosis by changing the expression of 

pro- and anti-apoptotic proteins [Sarkar et al., 2007]. These investigators showed ethanol-

induced increased Bad (pro-apoptotic) and reduced Bcl-2 (anti-apoptotic) levels, which 

suggest the possibility that chronic ethanol exposure can induce neuronal apoptosis by 

increasing TGF-β1. The half-life of mature TGF-β1 protein is quite short (~ 2 min) 

[Kaminska et al., 2005], which may explain why an increase was not seen in our study. 

Another explanation for why we did not see a concomitant increase in protein is that 

TGF-β1 may be extensively post-transcriptionally regulated so that changes at the mRNA 

level may not necessarily be transferred to the protein level [Martin et al., 2011]. 

Disparities in TGF-β1 expression at the level of mRNA and protein have previously been 

demonstrated [Tang et al., 1998; Derynck et al., 1985]. Not seeing a change in TGF-β1 

protein indicates that it may not be a mediator in the teratogenic effects of ethanol in the 

term fetal hippocampus. However, it is possible that ethanol may exert its teratogenic 

effects via TGF-β1 in other brain tissues, including the cerebral cortex and hypothalamus 

[Miller, 2003; Kuhn and Sarkar, 2008]. One study that has specifically looked at changes 

in proteins in response to prenatal ethanol exposure has shown that proliferative zones 

within the developing cerebral wall of the rat fetus are differentially affected such that 

TGF-β1 is elevated in the ventricular zone and decreased in the subventricular zone 
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[Miller, 2003]. As exposure to ethanol inhibits many TGF-β regulated processes, it is 

possible that other members of the TGF-β signaling pathway can interact with ethanol 

[Miller and Luo, 2002]. Genes such as MSX1 (Msh homeobox homolog 1), BMP4 (bone 

morphogenetic protein 4) and GNAS (Gnas complex locus) have been identified as top-

ranked genes within the TGF-β signaling pathway that may contribute to FASD 

development [Lombard et al., 2007].  

 
 
 Despite a maternal ethanol-induced increase in SHH gene expression in the GD 

65 fetal hippocampus, we did not observe similar changes in SHH at the protein level. 

The increase in SHH gene expression was opposite to the findings of other studies that 

examined the effects of ethanol exposure and reported a decrease in the expression of 

SHH within the prechordal mesendoderm in fetal mice [Aoto et al., 2008], chick embryos 

[Ahlgren et al., 2002], mouse embryos [Higashiyama et al., 2007], zebrafish embryos [Li 

et al., 2007] and in the ventral brain and hypothalamus of zebrafish embryos [Blader and 

Strähle, 1998]. However, one study observed an overexpression of the SHH gene in the 

rostral areas, including the prechordal plate of Xenopus embryos [Yelin et al., 2007]. 

Collectively, these data indicate that the teratogenic effects of ethanol are likely to be 

tissue-, time- and dose-dependent. None of the studies noted above examined whether 

changes at the SHH mRNA level occurred concurrently with changes at the protein level. 

In our study, there was no ethanol-induced change in unmodified SHH protein 

expression, but there was a significant decrease in ptm (active) SHH expression. This 

suggests that prenatal ethanol exposure may inhibit the post-translational modification of 

SHH protein without interrupting the translation of SHH mRNA as shown in a study by 
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Mao et al. [2009]. This study used a rat hepatic stellate cell line to demonstrate that 

ethanol exposure did not disrupt SHH mRNA translation in the endoplasmic reticulum 

but prevented the entry of SHH protein into vesicles, which transport ligands from the 

Golgi apparatus to the plasma membrane, causing a deficiency of SHH protein secretion 

from the cell. The maturation of SHH protein takes place in the Golgi apparatus, where it 

is subjected to proteolysis and lipid modifications [Mao et al., 2009]. Cholesterol plays a 

crucial role in SHH signaling and is needed for the association between SHH protein and 

plasma membrane to transduce signaling for proper activity [Edison and Muenke, 2004; 

Guizzetti and Costa, 2007]. Past findings support the theory that ethanol affects 

cholesterol-dependent post-translational modification of SHH protein [Li et al., 2007]. 

Mutations in genes involved in cholesterol synthesis, such as those seen in Smith-Lemli-

Optiz syndrome, can lead to brain deficits similar to those found when SHH signaling is 

dysregulated [Gaoua et al., 2000]. In fact, ethanol has been shown to inhibit an enzyme 

important in the synthesis of cholesterol [Polo et al., 2003].  A decrease in SHH protein 

can lead to disruption in many developmental processes critical for normal brain growth 

[Rowitch et al., 1999; Thibert et al., 2003; Charron et al., 2003; Sims et al., 2009]. For 

example, a deficiency in SHH signaling can lead to hippocampal hypoplasia [Huang et 

al., 2007]. Dysregulation of SHH signaling could have profound implications on the 

brain growth spurt, especially in terms of synaptogenesis, thereby leading to an alteration 

in neuronal circuitry and an adverse effect on hippocampal-dependent tasks [Mitchell et 

al., 2012]. Several downstream transcriptional targets are known to be affected as a result 

of downregulation in SHH. For example, lower level of SHH protein leads to an increase 

in Pax6 (paired box gene 6) expression [Zhang and Yang, 2001]. Pax6 is a transcription 
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factor that plays an important role in CNS development, including neuronal specification, 

axonal projection and neuroblast migration, and is prevalent in neuronal progenitor cells 

committed to the glutamatergic neuronal fate [Götz et al., 1998; Simpson and Price, 

2002; Osumi et al., 1997; Kroll and O’Leary, 2005]. One study has shown that Pax6 is 

upregulated in the brain of rats prenatally exposed to ethanol, and that this was associated 

with enhanced excitatory neuronal differentiation [Kim et al., 2010]. This hyperexcitable 

state could be related to the high prevalence of seizures witnessed in those with FASD, 

which may have long-term consequences on memory and learning [Bell et al., 2010]. The 

ethanol-induced increase in SHH gene expression in the GD 65 fetal hippocampus is 

intriguing since the effect is not translated to the protein level. One possible explanation 

for this result could be the presence of a feedback system in response to declining ptm 

SHH protein. Additionally, ethanol has been shown to epigenetically modify genes that 

are critical in mediating neurodevelopment [Liu et al., 2009]. However, given that no 

change in unmodified SHH protein was observed, it is likely that SHH transcription and 

translation are independently regulated. A significant increase in SHH mRNA, but 

different outcomes at the protein level, suggest that there is tight translational regulation, 

which underscores SHH’s importance as a signaling molecule. Nonetheless, our findings 

indicate that prenatal ethanol exposure can disrupt SHH signaling in the term fetal 

hippocampus, thereby leading to the disruption of many developmental processes critical 

for normal brain growth and function. 

 

 This study demonstrated that prenatal ethanol exposure throughout pregnancy 

increased Wnt3a gene expression in the GD 65 fetal hippocampus without showing 
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similar effects at the protein level. Very few studies have looked at Wnt3a gene changes 

after ethanol exposure. Of the two studies that looked at Wnt3a mRNA expression, 

conflicting results were reported. Most similar to our results, Kleiber et al. [2012] 

reported an increase in Wnt3a mRNA transcripts in the adult brain of mice prenatally 

exposed to ethanol. Singh et al. [2009] reported a delayed increase in Wnt3a mRNA 

expression in adult rat neural progenitor cells in contrast to controls that showed an 

earlier increase. However, this study used an ex vivo approach, in which cells were 

cultured after being extracted from the hippocampus, which may account for the 

dissimilar results. Despite changes at the Wnt3a mRNA level, none of these studies 

looked at the expression of Wnt3a at the protein level. In terms of the results of this thesis 

research, in contrast to transcript levels, there was a decrease in unmodified Wnt3a 

protein in both the nutritional control (sucrose) and ethanol treatment groups, suggesting 

a possible nutritional effect of ethanol rather than a direct ethanol toxic effect. 

Vangipuram and Lyman [2012] found a decrease in Wnt3a protein expression in neural 

stem cells isolated from fetal human brains that were subsequently treated with ethanol, 

although the impact of undernutrition was not determined. In addition, an in vitro method 

was used, and exposure of these cells to ethanol was at much higher concentration than 

would occur in vivo. A change in Wnt3a protein expression in both the ethanol and 

sucrose treatment groups of this thesis research could be attributed to the sensitivity of 

the Wnt signaling pathway to glucose, suggesting that this pathway responds to the 

concentration of nutrients [Anagnostou and Shepherd, 2008]. In this manner, a decrease 

in nutritional intake could decrease Wnt3a protein expression. Interestingly, the current 

study did not show an ethanol-induced change in ptm Wnt3a protein expression even 
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though a decrease was seen in unmodified Wnt3a protein, indicating that modifications in 

the Golgi apparatus may not occur with either ethanol exposure or nutritional deficit. Our 

findings also suggest that transcription and translation of Wnt3a are independently 

regulated and that ethanol targets Wnt3a at the transcriptional level without transferring 

its effects to the protein level, either by targeting the epigenome or through the generation 

of reaction oxygen species [Liu et al., 2009; Abel and Hannigan, 1995]. Given that there 

was no ethanol-induced change in the expression of ptm Wnt3a, this suggests that Wnt3a 

signaling may not be a mediator of the teratogenic effects of ethanol in the hippocampus. 

However, further research of other targets in the Wnt signaling pathway is warranted 

because of its crucial importance in normal hippocampal development. For example, 

altered GSK3β (glycogen synthase kinase3β), a key component of the Wnt signaling 

pathway, has been implicated in ethanol-induced neurotoxicity [Luo, 2009].  

 

 In addition to demonstrating the teratogenic effects of ethanol at the molecular 

level, this thesis research has indicated an apparent disconnect between TGF-β1, SHH 

and Wnt3a mRNA and protein expression from qRT-PCR and immunoblotting analyses, 

respectively. In the GD 65 hippocampus, the increases in TGF-β1, SHH and Wnt3a 

mRNA expression in response to chronic prenatal ethanol exposure are not reflected at 

the protein level. Therefore, mRNA level by itself may not be a predictor of protein 

expression [Guo et al., 2008]. However, both mRNA and protein expression analyses are 

important for providing a more detailed and comprehensive understanding of 

mechanisms of ethanol teratogenicity. 
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4.2 Future Directions 
 
 Based on the results of this thesis research, future studies looking at the molecular 

mechanisms of ethanol teratogencity should focus on the following key areas: 

 

1) In this thesis, the n values for qRT-PCR analysis in the GD 23 telencephalon were low 

due to RNA degradation issues. Although laser capture microdissection allows for precise 

microscopic isolation, a major drawback of this technique is RNA degradation, which has 

a profound impact on gene expression quantification [Goldsworthy et al., 1999]. Partial 

RNA degradation was confirmed when random samples were analyzed using the Agilent 

2100 Bioanalyzer (Richardson Laboratory, Queen’s University) to calculate the RIN 

(RNA Integrity Number). Modifications to the protocol should include freezing the tissue 

samples in RNAlaterTM to help preserve RNA integrity [Keating et al., 2008]. In addition, 

it has been suggested that the absence of water decreases endogenous RNA activity, thus 

mitigating RNA degradation [Fend et al., 1999]. Possible strategies for circumventing 

this issue include using argon or cresyl violet and eosin Y (for fixing and staining) to 

avoid tissue rehydration [Clément-Ziza et al., 2008]. Future research should further 

investigate the expression of TGF-β1, SHH and Wnt3a genes at the end of the first-

trimester equivalent period, using these technical suggestions, to verify the results of this 

thesis. 

 

2) Further investigation in our guinea pig animal model is needed in order to determine 

whether maternal ethanol administration only during the first-trimester equivalent period 

with a dose of 4 g/kg maternal body weight/day is capable of inducing similar types and 
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degrees of brain injury and behavioural deficits in guinea pig offspring as has been shown 

for chronic ethanol exposure throughout gestation. Experiments assessing hippocampal 

function can be employed using the guinea pig after first trimester-equivalent prenatal 

ethanol exposure. Well-established behavioural experiments include the Morris water 

maze, which measures spatial learning and memory. Previous data from our laboratory 

demonstrated that ethanol administration throughout the entire pregnancy led to deficits 

in task acquisition in the Morris water maze [Richardson et al., 2002]. However, future 

studies should examine neurobehavioural function using our first trimester-equivalent 

ethanol regimen in the pregnant guinea pig. 

 

3) The epigenetic status of histones also warrants study due to their major contribution to 

gene transcription and their crucial role in development. Histone modifications can cause 

chromatin to assume various states of compaction and folding, which affects the 

accessibility of transcription factors to gene promoter regions [Haycock, 2009]. Histone 

acetylation and methylation have been shown to play an important role in the 

transcriptional regulation of neural differentiation of embryonic stem cells, and both 

histone acetylation and methylation have been implicated in the stability and plasticity of 

developing neuronal circuits, which underly cognitive functioning [Fagiolini et al., 2009; 

Balasubramaniyan et al., 2006]. Prior research has highlighted the likely importance of 

histone modifications in the mechanism of ethanol teratogenesis. For example, an 

ethanol-induced increase in acetylation has been observed at H3 Lys9, Lys18, and Lys23 

in the rat frontal cortex, mouse lung and rat hepatocytes, respectively, which are 

correlated with a transcriptionally permissive state [Pascual et al., 2009; Wang et al., 
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2010; Kim and Shukla, 2005]. Ethanol can decrease methylation at H3 Lys9 and increase 

methylation at H3 Lys4 in rat hepatocytes, which are both correlated with a 

transcriptionaly permissive state [Pal-Bhadra et al., 2007]. Future investigations will be 

important to further elucidate the role of histone modifications in ethanol CNS 

teratogenicity. 

 

4) In addition to the three genes studied in this thesis research, there are many more genes 

that have been postulated as mediators of ethanol teratogenicity, including BMP4 

[Lombard et al., 2007] GSK3β [Luo, 2009], Reelin [Levenson et al., 2008] and BDNF 

(brain-derived neurotrophic factor) [Pezawas et al., 2004]. Therefore, future research 

should include global gene expression studies using microarray analysis. This study 

should be followed up by examining gene-specific modifications to the genome using 

techniques such as bisulphite sequencing for those genes that have been altered by in 

utero ethanol exposure. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 
 
 This thesis research tested the hypotheses that maternal ethanol administration 

during the first trimester-equivalent period or throughout gestation in the pregnant guinea 

pig using a high-dose, binge-type ethanol administration paradigm induces in the 

developing hippocampus (i) global changes in DNA methylation and (ii) changes in 

TGF-β1, SHH and Wnt3a gene and protein expression. 

 

 Data described herein provide important and novel information about the prenatal 

effects of in utero ethanol exposure at time points clinically relevant in today’s society. A 

decrease in various physical measurements was seen including a) head and crown-rump 

lengths in the GD 23 embryo and b) body, brain and hippocampal weights of the GD 65 

fetus, suggesting an ethanol or nutritional effect of growth restriction. An increase in 

global DNA methylation in the telencephalon, the precursor to forebrain structures 

including the hippocampus, at the end of the first-trimester equivalent period suggests 

that changes in gene expression via alterations in DNA methylation may be an underlying 

mechanism of ethanol CNS teratogenesis. While this research did not show a change in 

global DNA methylation levels in the fetal hippocampus at the end of the third trimester-

equivalent period, this may suggest that telencephalon brain development during the early 

prenatal period is more sensitive to the teratogenic effects of ethanol in terms of DNA 

methylation. Nonetheless, the downstream effects, as a result of alterations in DNA 

methylation patterns due to ethanol, may persist throughout development and into the 

postnatal period. In order to further shed light on the ethanol teratogenic phenotype at the 

molecular level, our study focused on three signaling molecules that are part of major 
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regulatory pathways critical in brain development- TGF-β1, SHH and Wnt3a. Each of the 

genes has been implicated in the development of FASD; however, no studies to our 

knowledge have looked at the effects of prenatal ethanol exposure on these genes in the 

developing hippocampus. No ethanol-induced change in the expression of these three 

genes was seen in the telencephalon on GD 23, although a higher n value is needed for 

verification. In contrast, an ethanol-induced increase in the expression of each of the 

three genes was seen in the GD 65 hippocampus, suggesting that duration and/or timing 

of ethanol exposure may be important factors that impact these transcription regulating 

factors. Moreover, immunoblotting experiments demonstrated that ethanol itself may not 

affect TGF-β1 and Wnt3a at the protein level, suggesting that transcription and 

translation could be independently regulated. In addition, this research showed that 

chronic prenatal ethanol exposure can lead to a loss of functionally active SHH protein, 

perhaps, through impaired cholesterol modification. The observed alterations in SHH 

may have an adverse impact on normal brain development, including the hippocampus, 

thereby contributing to deficits seen in children with FASD.  

 

 This thesis research provides insight into the molecular mechanisms by which 

prenatal ethanol exposure injures the developing hippocampus. By identifying 

mechanisms through which in utero ethanol exposure causes molecular changes leading 

to morphological and functional changes in the brain, effective treatments can be 

developed to ameliorate the brain deficits of FASD. 
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