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ABSTRACT 

Maternal consumption of alcohol during pregnancy is associated with alterations in fetal 

development that negatively impact the offspring causing neurochemical and 

neurobehavioural dysfunction termed fetal alcohol spectrum disorders; the most severe 

outcome is fetal alcohol syndrome.  Changes in maternal and fetal hypothalamic-

pituitary-adrenal (HPA) axis activation, induction of cytochrome P450 2E1 (CYP2E1) 

enzyme activity and alterations in micronutrient status, including folate, following 

chronic ethanol exposure (CEE) are key contributors to the neuroendocrine and 

neurobehavioural effects observed in offspring.  This study tested the following 

hypotheses: Maternal consumption of ethanol throughout pregnancy can: alter maternal 

and fetal HPA axis function and induce CYP2E1 enzyme activity in the third-trimester-

equivalent; decrease folate status in the maternal-fetal unit, which can be mitigated by 

folic acid supplementation; and cause neurobehavioural deficits in offspring at low-

moderate dose of maternal ethanol consumption.  These hypotheses were tested in the 

guinea pig, a well established model of ethanol neurobehavioural teratogenicity.  CEE 

had no effect on maternal HPA axis function at any gestational day (GD).  Fetal cortisol 

was unaffected by CEE, but did increase with gestational age in both CEE and control.  

CEE increased maternal and GD 65 fetal liver CYP2E1 enzyme activity. Maternal 

supplementation with folic acid did not mitigate CEE fetal growth restriction, but did 

increase maternal red blood cell (RBC) folate at term.  At term, maternal supplementation 

prevented the CEE-induced decrease in fetal liver folate, did not affect fetal RBC folate, 

and did not mitigate the nutritional-deficit-induced decrease in fetal hippocampal folate.  

Maternal consumption of 5% (v/v) ethanol decreased offspring birth weight, increased 
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spontaneous locomotor activity, increased preference for ethanol, and delayed learning on 

day two of Morris water maze testing in young adult offspring.  These data indicate that, 

in the guinea pig: there is a threshold blood ethanol concentration for HPA axis 

activation; CEE can induce CYP2E1 in the GD 65 fetus; folic acid supplementation is not 

protective in this model of CEE; and low-moderate CEE can cause neurobehavioural 

perturbations in offspring.    
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Statement of the research problem 

Maternal consumption of ethanol (alcohol)1 during pregnancy can cause injury to the 

developing embryo/fetus that can manifest as fetal alcohol spectrum disorders (FASD).  

The most debilitating and persistent teratogenic effect of chronic prenatal ethanol 

exposure (CPEE) is central nervous system (CNS) dysfunction, which can manifest as 

cognitive and behavioural deficits in the exposed offspring.  Several animal models have 

implicated the hypothalamic-pituitary-adrenal (HPA) axis, generation of reactive oxygen 

species (ROS) by cytochrome P450 2E1 (CYP2E1) metabolism, and folate deficiency as 

key mechanisms of ethanol neurobehavioural teratogenicity.  The overall goal of this 

thesis research was to investigate in a guinea pig animal model the effects of CPEE on 

HPA axis function and CYP2E1 enzyme activity in the third-trimester-equivalent 

maternal-fetal unit, and the effects of CPEE on folate status in the maternal-fetal unit 

with or without folic acid supplementation.  A moderate-dose ethanol exposure paradigm 

was evaluated for comparison with the high-dose ethanol regimen to induce ethanol 

neurobehavioural teratogenicity.  

 

Chapter 1: General introduction 

Ethanol, present in alcoholic beverages, is the most widely used psychoactive drug 

in our society as reported by the Canadian Alcohol and Drug Use Monitoring Survey 

(CADUMS) which found that 77% of Canadians over the age of 15 report drinking 

 

1 The terms ethanol and alcohol are used interchangeably throughout this thesis. 
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alcohol in the past year (Health Canada, 2010).  Due to its’ high polarity, ethanol is 

miscible in water and able to readily cross cellular membranes thereby affecting many 

cell types and cellular processes.  

 

1.1 Ethanol pharmacology and teratogenicity 

Ethanol (alcohol) is absorbed by the gut and distributed in body water and adipose 

tissue, albeit to a lesser degree (Bruckner & Warren, 2001).  Recent studies have 

demonstrated that, in the CNS, ethanol acts on a variety of receptors, ion channels, and 

signalling pathways including NMDA-glutamate, γ-aminobutyric acid A (GABAA), 

glycine, 5-hydroxytryptamine-3 (5-HT3), and neuronal nicotinic acetylcholine (nACh) 

receptors, as well as L-type Ca2+ channels and G protein-activated K+ channels (Harris, 

1999; Harris et al., 2008; Krystal et al., 2006; Spanagel, 2009; Vengeliene et al., 2008).  

Ethanol modulation of the activity of these signalling molecules results in the acute 

behavioural effects of ethanol ranging from disinhibition at low blood ethanol 

concentrations and progressing to sedation, hypnosis, and even death at very high blood 

alcohol concentrations.   

 

Ethanol teratogenicity was first described decades ago and is characterized by the 

ability of ethanol to induce malformations in the developing embryo or fetus (Lemoine et 

al., 1968; Clarren & Smith; 1978).  Since then, animal and clinical data have shown that 

the developing brain is the most vulnerable organ system to prenatal ethanol exposure, 

particularly specific regions of the brain such as the hippocampus (Barnes & Walker 

1981, Bonthius & West, 1991; Livy et al., 2003) and cerebellum (Bauer-Moffett & 
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Altman, 1977; Bookstein et al., 2006; Parnell et al., 2009).  This central nervous system 

(CNS) injury, which can manifest as behavioural and intellectual deficits in offspring, is 

the most debilitating of all of the observed teratogenic effects.  The pathogenesis of 

ethanol CNS teratogenicity involves multifaceted mechanisms, including altered 

glutamate-NMDA receptor signaling (reviewed in Kimura et al., 2000), alteration in gene 

expression (reviewed in Alfonso-Loeches & Guerri, 2011), oxidative stress and ensuing 

free-radical damage (reviewed in Alfonso-Loeches & Guerri, 2011), neuroapoptosis 

involving caspase-3 activation (reviewed in Alfonso-Loeches & Guerri, 2011), HPA axis 

programming (reviewed in Weinberg et al., 2008), and micronutrient deficiencies, 

including folic acid (reviewed in Cohen-Kerem & Koren, 2003).  

 

1.1.1 Fetal alcohol spectrum disorders  

Maternal ethanol consumption during pregnancy can produce several teratogenic 

effects in the developing fetus that manifest as birth defects in postnatal life, and the 

central nervous system is a key target.  Fetal alcohol spectrum disorders (FASD) is an 

umbrella term used to encompass several diagnostic subgroups that range in 

symptomatology and include alcohol-related birth defects (ARBD), alcohol-related 

neurodevelopmental disorder (ARND), partial fetal alcohol syndrome (pFAS), and fetal 

alcohol syndrome (FAS) (Stratton et al., 1996; Koren et al., 2003; Streissguth et al., 

1991).  The diagnostic criteria used to gauge severity involve assessment of physical, 

cognitive, behavioural and learning abilities of the child.  In 1996, the Institute of 

Medicine defined the diagnostic criteria for each of the categories listed above.  For a 

FAS and pFAS diagnosis, there must be confirmed maternal alcohol exposure, growth 
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retardation, and neurodevelopmental abnormalities of the CNS (Stratton et al., 1996).  

The characteristic facial anomalies must all be present for a FAS diagnosis whereas some 

of the facial anomalies must be present for a pFAS diagnosis (Stratton et al., 1996).  As 

the name suggest, an ARBD diagnosis reflects confirmed maternal alcohol exposure and 

one or more congenital defects, including malformations and dysplasias of the heart, 

bone, kidney, visual, or auditory systems (Stratton et al., 1996).  The ARND diagnostic 

criteria include confirmed maternal alcohol exposure, CNS neurodevelopmental 

abnormalities and/or complex pattern of behavioral or cognitive deficits (Stratton et al., 

1996). 

 

Children affected by FASD often display deficits in learning and memory, 

attention, executive function and manifest hyperactive behaviour (Steinhausen et al., 

1993; Steinhausen & Spohr, 1998; Abel & Hannigan, 1995; Clarren & Smith 1978; 

Guerri et al., 2009; Schenker et al., 1990).  Generally, these are lasting behavioural 

changes that persist throughout the lifetime of the individual.  By the time the individual 

diagnosed with an FASD reaches adolescence and early adulthood, (s)he is at higher risks 

for substance use problems and impaired peer relationships, often having poor judgment 

and poor decision making. These adverse outcomes have serious life consequences, 

leading to problems in school and at home, and frequent contact with law enforcement.  

 

Even though the teratogenic effects of alcohol on the developing fetus were first 

described decades ago (Lemoine et al., 1968; Jones & Smith, 1973), alcohol use during 

pregnancy is still quite common.  It is estimated that 12% of pregnancies have some 
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alcohol exposure (Floyd et al., 2009).  In the United States, as many as 5% of newborns 

display prenatal alcohol-induced injury (May et al., 2009) and it is estimated that 1% of 

babies born in Canada have FASD (PHAC, 2003), although this problem is not limited to 

North America.  Estimates obtained from an Italian cohort suggest that between 2.3 to 

4.1% of all children present with a FASD (May et al., 2006) and a study conducted in 

Israel showed 14.1% of women reported drinking during pregnancy (Senecky et al., 

2011). A recent study that examined the direct and indirect costs associated with FASD, 

including medical, education and social services, and loss of productivity, estimated that 

the total annual cost in Canada is $5.3 billion (Stade et al., 2009), thereby illustrating the 

economic burden of FASD to Canadians.   

 

1.1.2 Experimental animal models of ethanol teratogenicity 

In the human, FASD is a term developed to encompass the various presentations 

of ethanol teratogenicity.  This large variety of clinical presentations of FASD occurs due 

to multiple contributing factors, including the large differences in gestational timing and 

dosage regimen of ethanol exposure (West et al., 1989; Astley et al., 1999; Sulik, 2005), 

genetic background (McCarver et al., 1997; Warren & Li, 2005), maternal nutritional 

status (Keen et al., 2010), and concurrent use of other drugs (Shor et al., 2010), among 

many others.  The development of animal models to mimic various manifestations of 

FASD allows for more control over several of these contributing factors, thus providing 

insight into specific molecular mechanisms involved in ethanol teratogenicity. 

 

There are several animal models of ethanol teratogenicity involving different 
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animal species, ethanol dosage regimens and routes of administration, and gestational 

timing of ethanol exposure.  Ethanol can be delivered to the pregnant animal in several 

ways including inhalation, gavage, oral administration, intraperitoneal (i.p.) injection, 

intravenous (i.v.) infusion and voluntary consumption.  The ethanol dosage regimen 

depends on the experimental animal model due to biological differences between species.  

For example, the gag reflex that is not present in the rat but is in guinea pigs, which 

precludes oral gavage as a route of ethanol administration in the guinea pig.  The ethanol 

dosage regimen can include ethanol administration acutely (1-2 doses) during critical 

periods of fetal development (Sulik et al., 1981), during one particular period of gestation 

(Byrnes et al., 2001; Simon et al., 2008), throughout gestation in a binge-type model 

(Abdollah et al., 1993; Maier et al., 1996), or chronically via maternal consumption 

throughout gestation (Allan et al., 2003; Kleiber et al., 2011).  The ethanol dosage 

regimen and route of administration are dictated by the animal model, the targeted period 

of gestation, and the experimental questions to be addressed.  These animal models have 

allowed for in-depth investigation of the various phenotypes and presentations of FASD.  

 

Generally, rodents are quite useful to study ethanol teratogenicity as they have a 

shorter period of gestation than larger mammalian species, such as sheep and non-human 

primates, which allows for the generation of more data over a shorter period of time.  The 

biochemical and behavioural phenotypes of FASD can be reproduced in animal models 

and experimental parameters can be easily controlled and manipulated.  Rodents differ in 

the length of gestation (mouse and rat: ~ 21 days; guinea pig: ~ 68 days), the number of 

offspring (mouse and rat: ~ 10 or more; guinea pig: average 3-4) and the period of 
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fetal/neonatal development when the brain growth spurt (BGS) occurs (mouse and rat: 

postnatal life; guinea pig: prenatal life).  In some circumstances, sheep and non-human 

primates may be used due to the advantages inherent with each species.  When compared 

to rodent models of ethanol teratogenicity, sheep and non-human primates have trimester-

equivalent-gestations that are much longer (sheep: ~ 20-21 weeks; primates: 23-24 

weeks), give birth to a smaller number of offspring (primates: 1-2; sheep: 1-4), and the 

BGS is a prenatal event (Dobbing & Sands, 1979), all of which more closely resemble 

the human.  These species, especially non-human primates, allow for the study of 

complex behaviours and social development in offspring, which proves to be another 

advantage when examining the developmental outcomes and behavioural consequences 

of chronic prenatal ethanol exposure (CPEE), via maternal ethanol administration. 

Pregnant sheep and its fetus can be catheterized and instrumented under surgical 

anesthesia, recovered from surgery, and then studied for the real-time effects 

(biochemical, neurochemical, cellular, molecular and electrophysiological) of maternal 

ethanol administration on the developing fetus, especially different brain regions, during 

the third-trimester-equivalent of gestation, parturition and early neonatal life.  

 

The development of the CNS in the human and various other mammalian species 

can be divided into developmental stages (Alling, 1985). In humans, the BGS is a 

perinatal event that begins in the third trimester of gestation and continues into early 

postnatal life (Guerri, 1998; Maier et al., 1997).  In the mouse and rat, the BGS occurs 

postnatally, whereas it is a prenatal event in the guinea pig.  This period of brain 

development is characterized by substantial growth and neuronal proliferation, 
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synaptogenesis, dendritic arborization, protein synthesis and increased brain weight 

(Dobbing & Sands, 1979; Guerri, 1998).  The developing brain may be especially 

sensitive to the teratogenic effects of ethanol during the BGS (Guerri, 1998; Maier et al., 

1997; West et al., 1994), as this period of neurogenesis and rapid neuronal growth and 

maturation has increased susceptibility to pathological and chemical insults (McDonald 

& Johnston 1990).  

 

The route of ethanol administration (inhalation, gavage, forced oral 

administration, i.p. injection, i.v. infusion and voluntary consumption) to the maternal-

fetal unit varies across animal models and dictates the subsequent distribution of ethanol 

throughout maternal and fetal tissues (Clarke et al., 1985).  In the third-trimester-

equivalent pregnant guinea pig, i.p. injection of ethanol into the mother results in blood 

and tissue ethanol concentrations and a time-course profile that differ from the 

pharmacokinetics of ethanol for oral administration (Clarke et al., 1985).  In the pregnant 

guinea pig, oral administration of ethanol, whereby the ethanol solution is placed into the 

oral cavity and the animal is allowed to swallow it, produces a pharmacokinetic profile 

similar to that in the pregnant human (Clarke et al., 1985; Brien et al., 1983; Idanpaan-

Heikkila et al., 1972).  

 

This thesis research used the guinea pig as the animal model due to its similarities 

to the human, including the trimester-equivalent gestation, maternal-fetal cortisol 

gradient (Dalle & Delost, 1976; Campbell & Murphy, 1977), hemomonochorial placenta 

(Martensson, 1984), and the prenatal BGS (Dobbing & Sands, 1979).  This thesis 
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research involved using two chronic oral ethanol regimens: 4g ethanol/kg maternal body 

weight/day and an artificially sweetened 5% (v/v) aqueous ethanol solution.  In the first 

regimen, the ethanol solution was administered into the oral cavity of the pregnant guinea 

pig followed by swallowing and was given in two equally divided doses, two hours apart 

from gestational day (GD) 2 onward.  This model mimicked high-dose binge-drinking, 

which occurs in a portion of the clinical population.  In the second regimen, a bottle 

containing artificially sweetened 5% aqueous ethanol solution was placed on the animal’s 

home cage and provided the only source of drinking fluid.  The pregnant animal was 

allowed access to the sweetened ethanol solution for 24 hours per day throughout 

gestation.  This model was employed to mimic low- to moderate-dose maternal drinking.  

With these regimens, the fetus was exposed to ethanol, via its distribution across the 

placenta from the maternal blood circulation, and was likewise exposed to any ethanol 

metabolites (e.g. acetaldehyde) formed in the mother, during intrauterine growth and 

development, including the BGS.   

 

1.1.3 High-dose versus moderate-dose maternal ethanol administration  

A large proportion of research has focused on high-dose maternal ethanol 

administration during gestation, which produces maternal and fetal blood ethanol 

concentrations (BEC) of 150 mg/dL or higher (Richardson et al., 2002; Iqbal et al., 2004; 

Iqbal et al., 2005; Durson et al., 2006; Boehme et al., 2011; Gil-Mohapel et al., 2011; 

Brocardo et al., 2011; Zink et al., 2011).  These types of maternal ethanol exposure 

regimens consistently produce brain and body growth restriction in the fetus/offspring 

(Iqbal et al., 2006a; Iqbal et al., 2006b; Butters et al., 2000; Gibson et al., 2000; 
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Klintsova et al., 2007) and induce hyperactivity (Butters et al., 2000; Gibson et al., 2000) 

and cause learning impairments in postnatal offspring (Berman & Hannigan, 2000; 

Richardson et al., 2002; Iqbal et al., 2006b).  These experimental paradigms of a binge-

drinking model of ethanol exposure represent a subset of the human population that 

continues to drink heavily throughout the entire pregnancy. These binge-drinking models 

generally result in decreases in maternal food consumption, and caloric and micronutrient 

intake, which most likely contribute, at least in part, to the ethanol-induced teratogenic 

effects in the exposed offspring (Lan et al., 2009; Titterness & Christie, 2008).  

 

More recently, focus has shifted towards a more moderate maternal ethanol 

regimen (less than 100 mg/dL BEC) to mimic casual drinking during pregnancy, as it is 

considered that this exposure paradigm reflects the type of prenatal ethanol exposure that 

many individuals with a FASD have experienced (Conry, 1990; Streissguth et al., 1990, 

1991, 1994; Whaley et al., 2001).  In the rat, moderate CPEE had no effect on maternal 

weight gain, litter size or pup birth weight (Savage et al., 2002; Hamilton et al., 2010), 

but decreased apical dendritic spines and dendritic length in the agranular insular cortex, 

altered social behaviour during adulthood (Hamilton et al., 2010) and impaired neuronal 

migration and survival (Aronne et al., 2011).  There was no effect of moderate CPEE on 

offspring performance in the standard fixed-hidden-platform version of the Morris water 

maze where the platform remained in the same location throughout testing.  There were, 

however, deficits when the task became more challenging using the one-trial-learning, 

moving-platform design of the Morris water maze (Savage et al., 2002).  

 



11 

 

The vervet monkey (Chlorocebus sabeus) model of volitional drinking, in which 

pregnant females were given access to a 10% (v/v) aqueous ethanol solution (maximum 

of 3 g ethanol/kg body weight) or aqueous isocaloric-sucrose-control solution for four 

hours a day/four days a week, beginning on gestational day 89 (term, about 165 days), 

produced no change in the layer volume or total number of neurons and glia in the lateral 

geniculate nucleus (LGN; divided into M (layers 1-2) and P (layers 3-6) subdivisions) of 

infant offspring (Papia et al., 2010).  However, there was decreased neuronal soma size in 

the M subdivision of CPEE offspring, which was not observed in control offspring (Papia 

et al., 2010), and a 35% decrease in neurons in the frontal cortex of CPEE offspring 

compared to controls (Burke et al., 2009).  In a rhesus monkey model of moderate CPEE, 

in which pregnant females drank 0.6 g ethanol/kg body weight/day, using a 6% (v/v) 

aqueous alcohol solution sweetened with NutraSweet (NutraSweet Co., Chicago, 

IL) (300 mg/100 ml), offspring were tested in a non-matching-to-sample task (NMS) that 

required the offspring to learn that the non-matching object concealed the reward.  The 

acquisition phase of the NMS task required the animals to learn and remember the object 

seen immediately before the trial, and CPEE offspring required more trials to reach 

criterion in this phase of the NMS task (Schneider et al., 2001).  

 

The effects of low to moderate prenatal ethanol exposure, via volitional maternal 

ethanol consumption, have not been studied in the pregnant guinea pig.  One of the 

objectives of this thesis research was to develop a model of volitional maternal ethanol 

consumption and to determine neurobehavioural effects, including hyperactivity, altered 

ethanol preference and impaired learning and memory, in the exposed offspring.  The 
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guinea pig is a well established model of CPEE for the study of neurobehavioural 

teratogenic effects in the offspring.  

 

1.1.4 Ethanol neurobehavioural teratogenicity 

As discussed previously, prenatal exposure to ethanol can alter brain structure and 

organization on a variety of levels and also can negatively impact cognitive and 

behavioural function.  In most cases, these ethanol neurobehavioural teratogenic effects 

present without the craniofacial dysmorphology, a principal feature of FAS.  In a variety 

of animal models of ethanol teratogenicity, including the guinea pig, hyperactivity and 

learning deficits are very robust and reproducible consequences of CPEE (Blanchard et 

al., 1987; Abdollah et al., 1993; Gibson et al., 2000; Spear-Smith et al., 2000; Nash et 

al., 2007; Thomas et al., 2010).   

 

The effects of ethanol on the exposed offspring can be measured using a variety 

of testing paradigms that probe learning and memory such as the Morris water maze, 

delay fear conditioning, trace fear conditioning, and the delay non-match to place radial 

arm maze task.  The Morris water maze task involves placing the animal into a pool of 

opaque water containing an escape platform hidden below the water surface (Morris, 

1981). The animal uses visual cues, such as coloured shapes placed on the testing-room 

walls around the pool, to orient itself and find the escape platform.  The time taken to 

locate the escape platform is recorded, and a decrease in escape latency is interpreted as 

an improvement in learning and memory.  Fear conditioning requires rodent conditioning 

chambers with grid floors, shock sources and stimulus generators, and some form of 
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recording equipment to measure fear responses such as freezing behaviour (Curzon et al., 

2009).  Fear-conditioning procedures typically utilize a single, intense foot shock, for 

example, which results in a long-term (months) memory of the spatial environment or 

conditioned stimulus associated with the foot shock.  The radial arm maze consists of 

several equidistantly spaced arms that radiate out from a central platform (Olton & 

Samuelson, 1976).  A container with a food reward can be placed at the end of each arm, 

but the contents are not visible from the central platform.  The animal is placed in the 

middle of the maze and is allowed to explore the arms of the maze and consume the food 

rewards. The task probes spatial working memory in the animal, since an error is scored 

if the animal enters an arm that had previously been explored.  Spontaneous alternation 

testing can also probe aspects of learning and memory.  The maze is in the shape of a Y 

(Y-maze) or T (T-maze) where the animal is placed at the bottom of the stem (start box) 

and one of the two other arms (test arms) is blocked off (reviewed in Lalonde, 2002).  

The animal must enter the open arm and consume the food reward, following which it is 

removed from the test arm and placed back into the start box.  The barrier to the second 

test arm is removed and the animal must remember which arm has already been entered.  

In the spatial lever pressing task, the animals are placed in an operant box where the 

animals have a choice of two levers, one to the right and one to the left of the center food 

trough (Zimmerberg et al., 1989).  Subjects are tested on an alternation test which 

required the animal to alternate left and right responses to receive a reward.   

 

Several studies have demonstrated the effects of CPEE on learning and memory, 

which show impaired task acquisition or inability to learn the task.  CPEE delays 
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development of spontaneous alternation behaviour in adult rat offspring (Thomas et al., 

2010), which has been associated with performance deficits in the radial arm maze task 

(Omoto et al., 1993; Reyes et al., 1989), T-maze task (Lochry et al., 1985; Nagahara & 

Handa, 1997; Zimmerberg et al., 1991), and spatial lever response task (Zimmerberg et 

al., 1989).  CPEE offspring show deficits in stationary-platform and moving-platform 

versions of the Morris water maze task (Blanchard et al., 1987; Gianoulakis, 1990; Kim 

et al., 1997; Richardson et al., 2002; Christie et al., 2005; Iqbal et al., 2006b; Nash et al., 

2007; Wang et al., 2009; Thomas et al., 2010), which can be mitigated by non-spatial 

pre-training for the stationary-platform version and by voluntary exercise for the 

matching-to-place version (Iqbal et al., 2006b; Christie et al., 2005; respectively).   

 

In children with FASD and animal models of ethanol teratogenicity, prenatal 

exposure to ethanol can increase anxiety-like behaviour in postnatal life (Ogilvie & 

Rivier, 1997; Dursun et al., 2006).  In animal models, the behavioural manifestations of 

this increased anxiety have been shown as more time immobilized in a forced swim test 

(Brocardo et al., 2011), less time spent in the open arm of the elevated plus maze 

(Vaglenova et al., 2008; Brocardo et al., 2011), and less exploratory behaviour in an 

open-field-test novel environment (Zhou et al., 2010).  The elevated plus maze is used to 

measure anxiety and consists of two open arms (consisting of only a floor), and two 

enclosed arms (consisting of a floor and side walls), with an open roof, arranged such that 

the two open arms were opposite to each other (Pellow et al., 1985). The maze is elevated 

off the ground.  CPEE offspring exhibit an altered HPA set point (Rivier, 1996), 

hyperresponsive HPA axis and altered corticosterone response following a stressful 
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stimulus (Lee & Rivier, 1996; Taylor et al., 1982, 1986, 1984; Weinberg, 1988, 1992; 

Weinberg et al., 1996; Glavas et al., 2007), which may explain, in part, the increased 

anxiety-like behaviours.  Increased impulsivity is quite prevalent in the FASD clinical 

population (Nanson & Hiscock, 1990; Kodituwakku et al., 2001) and can also be 

observed in the animal models as seen in CPEE guinea pig offspring, which show 

disinhibition deficits in a Go/No-Go paradigm (Olmstead et al., 2009), which is used to 

assess the ability of the animal to sustain attention and to control its response.  Under 

certain conditions or stimuli, the animal performs an action (Go) and under different 

stimuli, refrains from performing an action (No-Go). 

 

Prenatal ethanol exposure has been associated with increased risk of abuse of 

ethanol, nicotine and other psychoactive drugs in adult life (Streissguth et al., 2004; Alati 

et al., 2006).  Prenatal exposure to ethanol has been found to be a predictor of drinking 

pattern, including the number of drinks consumed per occasion, age of first intoxication, 

ethanol dependence, and negative consequences of ethanol use at 14 and 21 years of age 

(Baer et al., 1998; Baer et al., 2003).  In rat models of ethanol teratogenicity, maternal 

ethanol administration on gestational days (GD) 17-20 produces higher volitional ethanol 

intake in offspring in early postnatal life (Arias & Chotro, 2005a, 2005b; Chotro & Arias, 

2003; Dominguez et al., 1998; Molina et al., 1995) and in adolescence (Chotro & Arias, 

2003).  
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1.2 Mechanism of ethanol teratogenicity 

1.2.1 Known and proposed mechanisms 

Chronic maternal consumption of ethanol during human pregnancy can result in 

teratogenicity in the offspring, including pre- and post-natal growth restriction, CNS 

dysfunction and craniofacial dysmorphology, which are the principal features of FAS 

(Jones & Smith, 1973; Clarren & Smith, 1978), the most severe manifestation of FASD 

(Chudley et al., 2005; Hoyme et al., 2005).  The most prevalent of the functional birth 

defects appears to be neurobehavioural dysfunction (Chudley et al., 2005; Hoyme et al., 

2005), with persistent cognitive and behavioural challenges in the affected offspring 

(Abel & Hannigan, 1995; Clarren & Smith, 1978; Guerri et al., 2009; Schenker et al., 

1990).  In the developing brain of various animal models of ethanol teratogenicity, the 

hippocampus is a key target site (Barnes & Walker, 1981; Bonthius & West, 1991; 

Kimura et al., 2000; Livy et al., 2003).   

 

These ethanol-induced CNS teratogenic effects are observed in various 

experimental animal models, including the mouse, rat, guinea pig, and a non-human 

primate (Chlorocebus aethiops sabeus), and manifest as decreased brain weight (Maier et 

al., 1996; Gibson et al., 2000; Byrnes et al., 2001; McGoey et al., 2003; Bailey et al., 

2004; Nash et al., 2007), body weight (Iqbal et al., 2004; Wigal & Amsel, 1990; Iqbal et 

al., 2006a; Thomas et al., 2010), number of frontal cortical neurons, and increased 

number of interstitial neurons in frontal white matter in prenatally exposed 2 year old 

vervet monkey (Chlorocebus aethiops sabeus) offspring (Burke et al., 2009) and altered 

glutamate signaling in young (PD 11-13) and adult guinea pig offspring (Butters et al., 
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2000; Iqbal et al., 2006a), and GABA signaling in cultured rat neural progenitor cells 

(Kim et al., 2010), the late gestation rat fetus (Maier et al., 1996) and adult rat offspring 

(Zhou et al., 2010), and adult guinea pig offspring (Iqbal et al., 2004; Bailey et al., 2004; 

Hayward et al., 2004).  CPEE increases neuroapoptosis in the fetal brain (Farber et al., 

2010), including the fetal hippocampus (Green et al., 2005), a particularly vulnerable 

brain region, thereby causing a loss of CA1 pyramidal neurons in the neonate (Wigal & 

Amsel, 1990; Gibson et al., 2000; McGoey et al., 2003) that persists throughout postnatal 

life (Abdollah et al., 1993).  In contrast, there is decreased neurogenesis and cell 

proliferation in the adult dentate gyrus following CPEE (Redila et al., 2006) and altered 

topography of mossy fibres in the CPEE adult hippocampus (West et al., 1981).  CPEE 

causes perturbations in hippocampal glutamate signalling, N-methyl-D-aspartate 

(NMDA) receptor number and activation, and nitric oxide synthase (NOS) expression 

and enzymatic activity (reviewed in Kimura et al., 2000).  This glutamate - NMDA 

receptor - NOS signalling pathway is important for learning and memory (Hawkins et al., 

1994; Medina & Izquierdo, 1995; Zhuo et al., 1993), behavioural regulation (Jaffrey & 

Snyder, 1995) and brain development (Kandel & O’Dell, 1992; Lee & Juchau, 1994; 

McDonald & Johnston, 1990). Thus, the CPEE-induced perturbations in this signalling 

pathway could result in dysfunction of the postnatal hippocampus. 

 

Maternal consumption of ethanol is known to be teratogenic, and the mechanism 

of ethanol neurobehavioural teratogenicity is multifaceted, and remains to be fully 

elucidated (Abel & Hannigan, 1995; Goodlett et al., 2005; Guerri et al., 2009; Kimura et 

al., 2000; Riley & McGee, 2005; West et al., 1994). There is substantive evidence 
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suggesting that the HPA axis plays a major role in some cellular and behavioural 

consequences of CPEE (Reviewed in Weinberg et al., 2008).  Other research suggests 

that oxidative stress plays a major role in the cellular demise and neuronal loss that  

contributes, in part, to ethanol neurobehavioural teratogenicity  (reviewed in Brocardo et 

al., 2011) and that maternal supplementation with folic acid and other antioxidants may 

mitigate some of these effects of oxidative stress (reviewed in Cohen-Kerem & Koren, 

2003).  The effects of low-to-moderate-dose ethanol exposure on the developing fetus 

and offspring have similar but, arguably, more subtle neurobehavioural effects compared 

with high-dose CPEE (Savage et al., 2002).  This thesis research utilized the guinea pig 

animal model to elucidate further the role of these mechanisms in ethanol 

neurobehavioural teratogenicity in the third-trimester-equivalent and postnatal periods. 

 

1.2.2 The HPA axis 

The HPA axis is a multi-step neuroendocrine system that responds during periods 

of emotional and physiological stress (Figure 1-1).  The HPA axis responds to a stress 

stimulus and conveys this information to peripheral organ-systems and various brain 

regions in order to coordinate a response by the whole organism.  This response occurs 

via other neuroendocrine and neurotransmitter pathways, including the hypothalamic-

pituitary-gonadal (HPG) axis and the autonomic nervous system (ANS), to regulate 

several bodily functions including digestion, the immune system, mood and emotion, and 

energy storage and expenditure. 



 
 

 

Figure 1-1 Schematic representation of the hypothalamic-pituitary-adrenal (HPA) axis.  
The hypothalamus perceives the initial stress signal and stimulates the release of 
corticotropin releasing hormone (CRH) by the hypothalamus.  CRH stimulates the 
anterior pituitary to release adrenocorticotropic hormone (ACTH), which stimulates the 
synthesis and secretion of cortisol from the adrenal gland.  Cortisol binds to 
glucocorticoid receptors (GR) and mineralocorticoid receptors (MR) to produce a wide 
range of physiological effects.  Cortisol binds to GR and, to a lesser extent, MR in the 
hippocampus, hypothalamus, and pituitary gland in a negative feedback loop that 
suppresses the secretion of CRH and ACTH.  In certain conditions, e.g. periods of 
chronic stress, high levels of circulating cortisol exerts stimulatory effects (positive 
feedback) causing upregulation of GRs and MRs.  GR, glucocorticoid receptor; MR, 
mineralocorticoid receptor; PVN, paraventricular nucleus; CRH, corticotropin-releasing 
hormone; ACTH, adrenocorticotropic hormone. 
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1.2.2.1 Anatomy and physiology of the guinea pig HPA axis 

When a stressful stimulus is perceived, there is a chain of events that occurs and 

ultimately cortisol, the predominant glucocorticoid in the human and guinea pig, is 

released into the blood circulation.  As depicted in Figure 1-1, the hypothalamus is a key 

brain structure that perceives the initial stress signal.  Following this, corticotropin 

releasing hormone (CRH) is released by the hypothalamus and stimulates the anterior 

pituitary to release the polypeptide hormone, adrenocorticotropic hormone (ACTH).  

ACTH stimulates the synthesis and secretion of cortisol from the adrenal cortex.  Cortisol 

can act on virtually all cells of the body by binding to glucocorticoid receptors (GR) and 

mineralocorticoid receptors (MR) to produce a wide range of physiological effects.  

Cortisol acts on the HPA axis via its binding to GR and, to a lesser extent, MR in the 

hippocampus, hypothalamus, and pituitary gland in a negative feedback loop that 

suppresses the secretion of CRH and ACTH. 

 

1.2.2.2 Development and maturation of the guinea pig HPA axis 

The guinea pig HPA axis is similar in nature to the human HPA axis; cortisol is 

the predominant adrenocorticosteroid (glucocorticoid), and 11ß-hydroxysteroid 

dehydrogenase type 2 (11ß-HSD2) is present in the placenta (Campbell & Murphy, 1977; 

Dalle & Delost, 1976; Sampath-Kumar et al., 1998).  Throughout pregnancy, the cortisol 

concentration is higher in the mother than in the fetus, and the transfer of cortisol from 

the mother across the placenta into the fetus is tightly regulated by placental 11ß-HSD2.  

In the guinea pig placenta, 11ß-HSD2 is responsible for the biotransformation of cortisol 
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to cortisone, which is inactive, thus protecting the embryo/fetus from excessive exposure 

to cortisol in the maternal blood.  It is not until late in the third-trimester-equivalent of 

gestation, when the activity of this enzyme decreases in the placenta, that cortisol in the 

maternal blood circulation distributes more readily across the placenta into the fetal 

circulation in higher concentrations and acts to increase lung surfactant that is necessary 

for proper maturation of the fetal lungs (Dalle & Delost, 1979; Sampath-Sumar et al., 

1998; Dalle et al., 1983; Ward, 1994).  Glucocorticoids (GCs) also have important and 

lasting effects on the developing brain, including regulation of various neurotransmitters 

(Meaney et al., 1996; Leret et al., 2007) and neurogenesis in the hippocampus 

(Kanagawa et al., 2006; McEwen, 2001). 

 

Throughout gestation, cortisol is crucial for proper fetal development, including 

the ontogeny of tissues and organs, promoting cellular differentiation, acting during late 

gestation to stimulate surfactant production by the fetal lungs, and control of brain 

development (Meaney et al., 1996; Liggins, 2000).  During the third-trimester-equivalent 

of gestation, the fetus is undergoing functional development of many organ systems, 

including activation of the HPA axis whereby cortisol is produced by the fetus 

(Anderson, 1981; Matthews, 1998; Matthews, 2000; Matthews et al., 2002). Until this 

period of gestation, the fetal HPA axis is not functional, and the fetus relies on cortisol 

distributed across the placenta from the mother to carry out any necessary physiological 

functions, including organ-system development. 
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1.2.2.3 Effect of ethanol on HPA axis function 

In adult mammalian species, including the human, ethanol readily diffuses across 

the placenta from the maternal blood circulation into the fetal circulation and directly 

affects fetal cells and developing organ systems, including the HPA axis (Weinberg et al., 

2008).  Ethanol can stimulate the HPA axis, with resultant increased concentration of 

cortisol (corticosterone for rat and mouse) in the systemic circulation (Cicero, 1981; 

Guaza et al., 1983; Jenkins & Connolly, 1968; Noth & Walter, 1984; Rivier et al., 1984).  

Chronic ethanol exposure (CEE)-induced stress during the third-trimester-equivalent of 

gestation when the fetus is undergoing substantive functional development, including 

activation of the HPA axis (Anderson, 1981; Matthews, 1998; Matthews, 2000; Matthews 

et al., 2002; Weinberg et al., 2008), may play an important role in ethanol teratogenicity 

(Anderson, 1981).   

 

In the near-term pregnant guinea pig, CEE activates the maternal and fetal HPA 

axis, leading to increased maternal and fetal plasma adrenocorticotropic hormone 

(ACTH) and cortisol concentrations, which are temporally related to increased 

glucocorticoid receptor (GR) mRNA expression in the fetal hippocampus (Iqbal et al., 

2006). Furthermore, CEE increases fetal hippocampal glutamate release in response to 

high concentration of dexamethasone, a selective GR agonist (Iqbal et al., 2006). The 

CEE-induced activation of the HPA axis in the maternal–fetal unit may play a role in the 

CEE-enhanced sensitivity of the fetal hippocampal excitatory glutamate signaling 

pathway to glucocorticoids.  
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Children with FASD often show elevated resting and/or stress-induced salivary 

cortisol concentration (Ramsay et al., 1996; Jacobson et al., 1999; Haley et al., 2006).  In 

rat models of ethanol teratogenicity, this increased HPA axis activity is also observed in 

offspring (Taylor et al.,1984; Weinberg et al., 1996; Lee et al., 2000; Glavas et al., 2007; 

Weinberg et al., 2008), indicating that CPEE can program the HPA axis.  In human 

offspring, CPEE can increase cortisol concentration, (Jacobson et al., 1999; Ramsay et 

al., 1996), responsiveness to a stress stimulus (Haley et al., 2006; Jacobson et al., 1999), 

and depressive and anxiety-like behaviours in adulthood (Brunton & Russell, 2010; 

Brocardo et al., 2011).  The increased cortisol concentration and altered affective 

behaviours can occur in a sexually dimorphic manner (Weinberg, 1988, 1992; Lee & 

Rivier, 1996; Osborn et al., 1998; Brunton & Russell, 2010; Hellemans et al., 2010a), 

such that males and females are differentially affected.  For example, CPEE female 

offspring show increased basal cortisol levels compared with males (Hellemans et al., 

2010a) and show an enhanced response to acute stress, including acute restraint test and 

swim stress, as compared with male offspring (Taylor et al., 1988; Weinberg, 1988; 

Kelly et al., 1991; Taylor et al., 1982; Weinberg et al., 1986).  In contrast, CPEE males 

show HPA hyperresponsiveness in response to prolonged restraint or cold stress 

(Weinberg, 1992; Kim et al., 1999). 

 

1.2.2.4 Consequences of developmental programming of HPA axis function 

The HPA axis is vulnerable to developmental programming during fetal life as a 

consequence of exposure to exogenous agents, including drugs, or pathophysiologic 

insult, such as undernutrition, which can result in HPA axis hyperresponsiveness in 
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postnatal life (Bakker et al., 2001; Kapoor et al., 2008; Matthews et al., 2002; Sapolsky, 

2003; Welberg & Seckl, 2001).  Chronic stimulation of the HPA axis can cause 

dysregulation of hormonal and neurotransmitter systems, including the adrenergic 

component of the autonomic nervous system (McEwen, 2003).  In several animal models, 

fetal exposure to elevated concentration of adrenocorticosteroid hormone can slow 

growth, impair normal development of the brain, and perturb many other physiological 

systems, including the cardiovascular and renal systems (Langley-Evans, 1997; Wadhwa 

et al., 2004; Williams et al., 1995; Wintour et al., 2003).  The GR and MR in the 

hippocampus can also be affected, such as increased GR mRNA and GR and MR protein 

content, which can alter the negative feedback loop shown in Figure 1 (Iqbal et al., 2006; 

Setiawan et al., 2007).  In the rat, long-term exposure to elevated corticosterone can 

decrease hippocampal size, produce hippocampal cell loss and impaired memory, and 

increase the risk of stress, depression and anxiety disorders (Hellemans et al., 2010b).  

Exposure to elevated glucocorticoids during the BGS, a period that also involves 

development of the fetal HPA axis, could cause lasting perturbations of brain 

development and subsequent behaviour. 

 

As discussed above, the consequences of developmental programming of the 

HPA axis are varied and long lasting.  Human and experimental animal literature 

demonstrates that CPEE is one mechanism by which HPA axis activity can be 

programmed.  The ability of the mother to respond to physiological or psychological 

stress, produce GCs and provide hormonal signalling to the fetus is known, but it is not 

clearly understood exactly how and when the fetus can interpret the maternal hormonal 
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signalling, respond and signal back to the mother.  One of the objectives of this thesis 

research was to investigate the effects of CPEE on maternal and fetal ACTH and cortisol 

plasma concentrations in the third-trimester-equivalent period when the fetal brain is 

undergoing substantive functional development, including the HPA axis.  

 

1.2.3 Cytochrome P4502E1 and reactive oxygen species 

The cytochromes P450 (CYPs) are a superfamily of hemoproteins that catalyze 

the oxidative metabolism (biotransformation) of many endogenous and exogenous 

compounds and account for about 75% of the metabolism of all drugs (Guengerich, 

2008).  These enzymes are abundant in the endoplasmic reticulum and mitochondria in 

the liver, and are also found in other tissues including the intestine, kidney, placenta, lung 

and brain (Montoliu et al., 1995; Renaud et al., 2011).  CYP enzymes, involved in the 

metabolism of xenobiotics, facilitate the conversion of parent compound into hydrophilic 

molecules that are more easily excreted in urine or bile. Drug metabolism is catalyzed 

primarily by phase I (oxidation, reduction, or hydrolysis) and/or phase II (conjugation) 

enzymes.  Phase I metabolism, via CYP oxidation, can bioactivate otherwise inactive 

compounds (prodrugs), metabolize compounds into inactive or toxic metabolites, and in 

this process, reactive oxygen species (ROS) are formed (Correia, 2004).  Following 

repeated exposure to substrates, CYP enzyme activity can be induced, thus enhancing the 

rate of substrate metabolism, leading to a decrease in substrate action, an increase in 

metabolite formation and the potential for subsequent toxicity (reviewed in Lin & Lu, 

1998).  CYP expression is regulated by several nuclear receptors, including the pregnane 

X receptor (PXR), constitutive androstane receptor (CAR), glucocorticoid receptor (GR), 
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farnesoid X receptor (FXR), and vitamin D receptor (VDR) (Pascussi et al., 2000, 2001; 

Urquhart et al., 2007). 

 

The activity of CYP is dependent on the co-factors, nicotinamide adenine 

dinucleotide phosphate reduced form (NADPH) and molecular oxygen.  Microsomal 

drug oxidation requires CYP, CYP reductase, NADPH, and molecular oxygen. As 

depicted in Figure 1-2, the CYP catalytic cycle involves binding of the substrate to the 

active site of the enzyme, in close proximity to the heme group, forming a CYP-drug 

complex.  An electron provided by NADPH, via CYP reductase, reduces the heme group 

from the ferric to the ferrous state, which is necessary to bind molecular oxygen.  A 

second electron is transferred from CYP reductase and/or cytochrome b5.  The O-O bond 

is cleaved, substrate oxygenation occurs, and finally, an oxidized product is released 

(Estabrook, 1996; Correia & Oritz de Montellano, 1993). 

 

Highly reactive oxygen non-radical species (hydrogen peroxide) and oxygen-

centered radical species containing an unpaired electron (superoxide radical anion, 

hydroxyl radical), formed from the reduction of molecular oxygen, can cause oxidative 

damage to macromolecules (Woods et al., 1998; Grisham, 1992; Halliwell & Gutteridge, 

2000).  To maintain cell homeostasis, the body’s natural defence mechanism involves 

free-radical scavengers and antioxidants, including superoxide dismutase, catalase, 

glutathione peroxidase, vitamins E and C, to inactivate reactive oxygen species (ROS) 

and prevent oxidative damage to cellular macromolecules, including deoxyribonucleic 

acid (DNA), proteins and lipids. 
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1.2.3.1 Oxidative biotransformation (metabolism) of ethanol  

Alcohol dehydrogenase (ADH) and cytochrome P450 2E1 (CYP2E1) are two 

enzymes that are primarily responsible for the oxidative metabolism of ethanol, resulting 

in the production of acetaldehyde (reviewed in Lieber, 2004; Wu et al., 2006).  Oxidative 

stress, resulting from an imbalance between the formation and degradation of ROS, 

appears to play a role in ethanol-induced toxicity in a number of organ systems, including 

the liver and brain (Morimoto et al., 1994; Montoliu et al., 1995; Mari & Cederbaum, 

2001).  Ethanol can increase ROS by various mechanisms, including changes in 

intracellular redox state (decrease in the NAD+/NADH ratio during ADH-catalyzed 

oxidation of ethanol), production of acetaldehyde, damage to mitochondria, direct effects 

on membranes caused by hydrophobic ethanol interactions, induction of CYP2E1, 

mobilisation of iron, effects on antioxidant enzymes and biochemicals, particularly 

mitochondrial and cytosolic glutathione (GSH), and one-electron oxidation of ethanol to 

the reactive,1-hydroxyethyl radical (Cederbaum, 2001).  There is interplay of these 

different mechanisms, and it is likely that several of them contribute to the ability of 

ethanol to induce a state of oxidative stress (Jimenez-Lopez & Cederbaum, 2005). 

 

Direct mechanisms of ethanol-induced oxidative stress involve mitochondrial-

respiration-dependent production of free radicals, including hydroxyl and hydroxyethyl 

radicals, which react with various cellular components, and the indirect mechanisms   



 

Figure 1-2 Cytochrome P450 cycle in drug oxidation.  The CYP enzyme active site binds 
the substrate, in close proximity to the heme group, forming a CYP-drug complex.  An 
electron provided by NADPH, via CYP reductase, reduces the heme group from the 
ferric to the ferrous state, which is necessary to bind molecular oxygen.  A second 
electron is transferred from CYP reductase and/or cytochrome b5.  The O-O bond is 
cleaved, substrate oxygenation occurs, and finally, an oxidized product is released.  P450 
– Fe3+, CYP enzyme; RH, parent drug; e-, electron; O2, oxygen; H+, proton; ROH, 
oxidized metabolite. 
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include decreased intracellular antioxidant capacity, such as GSH peroxidase (Cohen-

Kerem & Koren, 2003).  The hydroxyl and hydroxyethyl radicals react with lipids, DNA, 

and proteins, resulting in the formation of peroxyl radicals and the degradation of these 

macromolecules, and this state of increased oxidative stress is linked to cell apoptosis 

(Green et al., 2005; Jacobson, 1996; Ramachandran et al., 2001; Rathinam et al., 2006; 

Watts et al., 2005). 

 

CEE can cause induction of CYP2E1 activity in adult liver microsomal and 

mitochondrial subcellular fractions, which can increase ROS production (Morimoto et 

al., 1994; Mari & Cederbaum, 2001; Robin et al., 2005; Bai & Cederbaum, 2006).  

Oxidative stress, resulting from the oxidative metabolism of ethanol and formation of 

ROS, is a potential mechanism of CEE-induced injury in the developing fetus (Ferreira & 

Willoughby, 2008; Koop, 2006; Cohen-Kerem & Koren, 2003).  Mouse embryos co-

treated with ethanol and the antioxidant enzyme, superoxide dismutase, showed 

diminished superoxide radical anion generation, lipid peroxidation, cell death, and 

dysmorphogenesis than embryos treated with ethanol alone (Kotch et al., 1995). These 

data support the role of ROS in ethanol teratogenicity (Kotch et al., 1995). 

 

Dysfunction of mitochondria has long been implicated in cellular demise, as these 

organelles are responsible for the generation and release of ROS in the cell (Kroemer et 

al., 1997; Hirsch et al., 1997).  In addition to the direct effects of ROS on 

macromolecules, the electron-transport-chain complexes are quite sensitive, and their 

function can be compromised following exposure to ROS, leading to decreased 
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mitochondrial energy production, further increased ROS and, ultimately, ROS-induced 

cell death (Devi et al., 1994; Lemasters & Nieminen, 1997).  

 

1.2.3.2 Vulnerability of the fetus and fetal hippocampus to oxidative stress 

The fetus lacks the ability, both enzymatic (catalase, superoxide dismutase, GSH 

peroxidase, and GSH-S-transferase) and non-enzymatic (GSH, vitamins A, C and E), to 

efficiently detoxify ROS (Henderson et al., 1999), thereby making the fetus more 

vulnerable to oxidative damage than the adult (Gerdin et al., 1985; Mariucci et al., 1990, 

Devi et al., 1996).  In the human, hepatic CYP2E1 and other CYPs are expressed in the 

liver and placenta (Hakkola et al., 1998) during early fetal development, which indicates 

that fetal biotransformation of maternally ingested xenobiotics that distribute across the 

placenta, including ethanol, may play a role in their teratogenicity via the formation of 

toxicologically active metabolites (Hakkola et al., 1998). In the rat, there are conflicting 

reports whether CEE does or does not produce transplacental induction of microsomal 

CYP2E1 in the fetal liver (Carpenter et al., 1997; Wu & Cederbaum, 1993). 

 

Oxidative metabolism of ethanol, catalyzed by CYP2E1, can cause cellular 

damage in the mother, via ROS, and also in the fetus, in which antioxidant capacity has 

not yet fully developed (Wu et al., 2006; Henderson et al., 1999).  Animals prenatally 

exposed to ethanol have decreased content of key intracellular antioxidants, such as GSH, 

in the fetal liver (Henderson et al., 1995) and brain (Henderson et al., 1995; 

Ramachandran et al., 2001; Brocardo et al., 2011, Green et al., 2006).  This suggests that 

not only is ethanol able to reach the fetus after maternal administration, but that the fetus 
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has the capacity to metabolize these compounds, at least in late gestation.  This would 

lead to an increase in ROS during a time when the protective cellular defenses have not 

yet developed to help detoxify the fetal compartment, causing an imbalance in the 

formation and degradation of ROS.  These effects of CPEE and ROS in the fetus are 

long-lasting.  In early postnatal (Smith et al., 2005) and adult rat offspring (Dembele et 

al., 2006; Petrov et al., 1992), CPEE decreased total GSH (GSH and GSSG) content and 

increased oxidative damage to proteins and lipids in the hypothalamus, hippocampus and 

cerebellum (Dembele et al., 2006; Smith et al., 2005; Petrov et al., 1992).  In the guinea 

pig, CPEE decreased mitochondrial GSH content in the term fetal and neonatal 

hippocampus (Green et al., 2006) concurrent with increased mitochondrial-directed 

apoptosis in the term fetal hippocampus (Green et al., 2005).  

 

The oxidative metabolism of ethanol, via CYP2E1, in both the maternal liver and 

fetal liver may play an important role in ethanol teratogenicity.  Functional fetal CYP2E1 

that can oxidize ethanol in the fetal liver could contribute to ROS-mediated cellular 

damage in the fetal compartment during the third-trimester-equivalent of gestation, when 

there is rapid development of organ systems including the BGS.  The effects of CEE on 

CYP2E1 activity in liver microsomal and mitochondrial fractions in the maternal-fetal 

unit during the third-trimester-equivalent of gestation have yet to be elucidated.     

 

1.2.4 Folic acid and DNA synthesis 

Folic acid, vitamin B9, is a synthetic form of folate (biologically active) that is 

essential for human growth and development (Beaudin & Stover, 2007).  Folate is a 
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required coenzyme in one-carbon transfer reactions and is essential for thymidylate and 

purines synthesis, precursors required for nucleic acid synthesis (Ulrich et al., 2010; 

Zeisel, 2009).  Folate also is required for production and maintenance of new cells and in 

DNA repair and methylation (James et al., 1994; Blount et al., 1997; Zeisel, 2009).  In 

amino acid metabolism, folate coenzymes (Figure 1-3) are responsible for donating a 

methyl group to homocysteine, thereby forming methionine.  Methionine is an important 

amino acid that can be converted to S-adenosylmethionine (SAM), a methylating agent 

that is involved in the methylation of DNA, RNA, proteins, phospholipids, and 

neurotransmitters (Kruschwitz et al., 1994; Locksmith & Duff, 1998; Hall & Solehdin, 

1998; Clarke & Banfield, 2001).  Appropriate control of methylation status of DNA is 

required for normal embryonic development (Li et al., 1992).   

 

As depicted in Figure 1-3, dihydrofolate reductase (DHFR) is responsible for 

reducing folic acid to folate, folate to dihydrofolate (DHF) which is subsequently reduced 

to tetrahydrofolate (THF).  THF is needed for the synthesis of both purines and 

pyrimidines, which are the building blocks for nucleic acid synthesis.  Methylene-THF is 

formed from THF by serine hydroxymethyltransferase, which adds a methylene group 

from one-carbon donors (e.g., formaldehyde, serine, or glycine).  Methyl-THF (MTHF) 

can be formed following the reduction of methylene-THF by methylenetetrahydrofolate 

reductase (MTHFR).  In red blood cells, MTHF accounts for 40-50% of the total folate 

polyglutamates, which are transported across cellular membranes and are used in one-

carbon metabolism (Shane, 1989; Stanger & Wonisch, 2012). 
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1.2.4.1 Folic acid and nutritional requirement for growth 

Pregnancy is a period of rapid growth; thus, the requirements for many 

micronutrients, including folate, are increased (Baker et al., 1981).  Inadequate 

micronutrient intake is especially problematic during pregnancy, given the increased need 

that is required for fetal growth.  Folate deficiency in pregnancy has been associated with 

increased adverse reproductive outcomes, including neural tube defects (NTD), preterm 

delivery, low birth weight and restricted growth (Whiteside et al., 1968; Martin et al., 

1967; Tchernia et al., 1982; Malinow et al., 1998).  Maternal intake of folic acid during 

the periconceptual period has been shown to decrease the occurrence of NTD (Czeizel & 

Dudas, 1992; Medical Research Council, 1991).  Folic acid has been added to a variety of 

foods, which has decreased the occurrence of NTD and other complications of folate 

deficiency in pregnancy (Centers for Disease Control and Prevention, 2004; Berry et al., 

2000).   

 

The recommended daily dose of folic acid varies with age and pregnancy status, 

but the folate recommended dietary allowance (RDA) for the non-pregnant adult is 400 

µg/day (Institute of Medicine and Committee, 1998).  The RDA increases to 600 µg/day 

for a pregnant woman due to the increased demands of the fetus.  During pregnancy, the 

nutritional demands of the developing fetus take priority at the expense of the mother.  

Folate is actively transported by folate receptor α and reduced folate carrier (RFC) across 

the placenta from the mother to the fetus, as is seen by higher folate concentration in cord 

blood compared with maternal blood (Ek, 1980; Yasuda et al., 2008), although this does 

not occur when maternal folate stores (primarily in the liver) are already decreased  



  

 

Figure 1-3 Folate metabolism.  Dihydrofolate reductase (DHFR) is responsible for 
reducing both folate to dihydrofolate (DHF), and subsuquently DHF to tetrahydrofolate 
(THF).  Methylene-THF is formed from THF by serine hydroxymethyltransferase, which 
adds a methylene group from one-carbon donors.  Methyl-THF (MTHF) can be formed 
following the reduction of methylene-THF by methylenetetrahydrofolate reductase 
(MTHFR).  DHFR, dihydrofolate reductase; NAD+, nicotinamide adenine dinucleotide 
(oxidized); NADH, nicotinamide adenine dinucleotide (reduced); NH4

+, ammonium; 
CO2, carbon dioxide. 
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(Blocker et al., 1989).  Throughout pregnancy, maternal folate stores tend to decrease, 

but this is not solely due to the increased folate demand of the fetus.  During pregnancy, 

there is increased blood volume, increased folate catabolism and clearance, decreased 

folate absorption and, in some cases, inadequate folate intake (Chanarin, 1969; Tamura & 

Picciano, 2006). 

 

Several investigations indicate that folic acid supplementation is needed to 

prevent detrimental effects, including NTD, in the developing fetus, as most pregnant 

women are not obtaining sufficient amount of folate from their diet.  While some 

investigators suggest that daily intake of 4-5 mg folic acid would provide greater benefit 

(Centers for Disease Control and Prevention, 1991; MRC Vitamin Study Research 

Group, 1991; Bar-Oz et al., 2008; Goh & Koren, 2008), other researchers suggest that 

there is no added benefit to the fetus with the higher folic acid daily dose (Daly et al., 

1995).  Furthermore, rigorous study has yet to prove that the increased plasma folate 

concentration is safe.  A recent study in mice has shown that a 10-fold increase in 

maternal plasma folate concentration can produce toxicity in the developing mouse 

embryo, including embryonic developmental delay and growth restriction (Pickell et al., 

2011).  In the human, maternal red blood cell (RBC) folate concentration of 0.9 μM is 

associated with decreased incidence of NTD (Daly et al., 1995) and has been proposed 

for optimal fetal development and postnatal outcomes (Goh & Koren, 2008). 
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1.2.4.2 Effects of ethanol on folate disposition   

Alcoholic patients have decreased RBC and serum folate, as ethanol has a 

negative impact on folate absorption, distribution and metabolism in the body (Wu et al., 

1975; Glória et al., 1997; Halsted et al., 2002; Hamid et al., 2007b; Tamura & Halsted, 

1983; Muldoon & McMartin, 1994).  The decrease in folate status observed in alcoholic 

patients is likely due to a combination of inadequate nutrition, decreased folate 

absorption, via the RFC in the intestine, and altered distribution primarily involving the 

liver (Hoyumpa, 1986; Villanueva et al., 2001; Hamid et al., 2007a).  Little is known 

whether and by which mechanism chronic maternal ethanol consumption during 

pregnancy alters folate status in the maternal-fetal unit. 

 

Maternal health is crucial for normal fetal development, and micronutrient status 

in the maternal-fetal unit is of particular importance, as micronutrient deficiencies prior 

to and throughout pregnancy are associated with poor prenatal and postnatal outcomes 

(Doyle & Rees, 2001; Rees et al., 2005a; Rees et al., 2005b).  In the mouse, CPEE-

induced folate deficiency in the fetus and decreased the function of various cellular 

proteins, including serine/threonine protein phosphatase, COP9 signalosome complex and 

nucleoside diphosphate kinase B, that are essential for CNS development; this effect was 

reversed by maternal folic acid supplementation (Xu et al., 2008).  Furthermore, the 

teratogenic effects of ethanol are potentiated in folate-deficient pregnant mice (Gutierrez 

et al., 2007).  
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As seen in alcoholics, consumption of ethanol during pregnancy can not only 

affect folate disposition in the maternal-fetal unit by decreasing the intestinal absorption 

of folic acid in the mother, but it can also induce oxidative stress as discussed previously.  

CEE increases oxidative damage in several maternal and fetal tissues, including the fetal 

brain (Davis et al., 1990; Henderson et al., 1995; Kotch et al., 1995; Heaton et al., 2002; 

Shirpoor et al., 2009).  In the rat, CEE increased GSH reductase in the mother and 

offspring, as well as increased two measures of oxidative stress, lipid peroxidation and 

amount of carbonyl groups in proteins, in the liver and pancreas of the offspring (Cano et 

al., 2001).  This CPEE-induced oxidative stress was mitigated by concurrent folic acid 

supplementation throughout pregnancy, potentially due to the ability of folate to scavenge 

free radicals (Cano et al., 2001; Joshi et al., 2001).  

 

Folic acid is required for methylation reactions involving DNA, RNA, proteins and 

neurotransmitters (Urlich et al., 2010; Balion & Kapur, 2011; Zhu, 2002; Selhub, 2002).  

Ethanol ingestion during pregnancy could decrease folate status in the maternal-fetal unit, 

thereby contributing, at least in part, to ethanol teratogenicity.  Maternal supplementation 

with folic acid could mitigate CEE-induced folate depletion in the maternal-fetal unit.  In 

addition, folic acid may act as an antioxidant and counteract oxidative stress induced by 

CEE. 

 

1.3 Research rationale, hypotheses and objectives  

The pathogenesis of ethanol teratogenicity appears to be multi-faceted, including 

the three mechanisms discussed in this thesis involving the HPA axis, CYP2E1, and 
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folate status in the maternal-fetal unit.  The impact of CEE on the HPA axis and CYP2E1 

activity in the maternal-fetal unit during the third-trimester-equivalent of pregnancy has 

not been fully elucidated.  The effect of CEE on folate status in the maternal-fetal unit 

during gestation and especially during the third-trimester-equivalent is not fully 

understood, let alone the outcome of folic acid supplementation during CEE.  A guinea 

pig model of moderate CPEE, via volitional maternal consumption of ethanol, is needed 

to investigate neurobehavioural teratogenicity produced by this ethanol regimen that may 

reflect a frequent pattern of human exposure.  The guinea pig was the laboratory animal 

used in this thesis research, as it has pharmacokinetics of ethanol in the maternal-fetal 

unit (Brien & Clarke, 1988) and brain development, including the brain growth spurt 

(Dobbing & Sands, 1979), that are more similar to the human than other rodent species. 

The guinea pig has a trimester-equivalent pregnancy, maternal-fetal cortisol gradient 

(Campbell & Murphy, 1977; Dalle & Delost, 1976), and hemomonochorial placenta 

(Martensson, 1984) that also are similar to the human.  

 

The overall goal of this thesis research was to test the following hypotheses. Chronic 

ethanol exposure (CEE) throughout pregnancy:  

• Alters maternal and fetal HPA axis function and induces CYP2E1 enzyme activity 

during the third-trimester-equivalent.  

• Causes folate deficiency in the mother and fetus, which can be mitigated by 

maternal folic acid supplementation.  

• Causes neurobehavioural deficits in offspring produced by maternal consumption of 

moderate-dose ethanol.  
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The objectives of this thesis research were to:   

• Determine the effects of CEE on maternal and fetal HPA axis function in the third-

trimester-equivalent of gestation. 

• Determine the effects of CEE on CYP2E1 enzyme activity in the maternal-fetal unit 

during the third-trimester-equivalent.  

• Determine the effects of CEE alone or with concurrent folic acid supplementation 

on folate status in the maternal-fetal unit at term. 

• Develop a guinea pig model of volitional maternal consumption of moderate-dose 

ethanol. 

• Determine neurobehavioural effects of volitional maternal consumption of 

moderate-dose ethanol in exposed offspring.  
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Chapter 2: Differential effects of chronic ethanol exposure on cytochrome 

P450 2E1 and the hypothalamic–pituitary–adrenal axis in the maternal–fetal 

unit of the guinea pig 
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2.1 Introduction 

Chronic ethanol exposure (CEE), via maternal consumption of ethanol, can 

produce teratogenicity, manifesting as a broad spectrum of structural and functional birth 

defects and abnormalities in postnatal offspring, collectively termed fetal alcohol 

spectrum disorders (FASD) (Koren et al., 2003; Streissguth et al., 1991). CEE-induced 

brain injury appears to be the most debilitating manifestation of FASD, with persistent 

cognitive and behavioural challenges (Abel & Hannigan, 1995; Clarren & Smith 1978; 

Guerri et al., 2009; Kimura et al., 2000; Schenker et al., 1990).  

 

The mechanism of ethanol teratogenicity appears to be multi-faceted (Abel & 

Hannigan, 1995; Goodlett et al., 2005; Guerri et al., 2009; Kimura et al., 2000; Riley & 

McGee, 2005; West et al., 1994). CEE-induced stress during the third-trimester-

equivalent of gestation when the fetus is undergoing functional development, involving 

activation of the hypothalamic–pituitary–adrenal (HPA) axis (Anderson, 1981; Matthews, 

1998; Matthews, 2000; Matthews et al., 2002; Weinberg et al., 2008) and oxidative stress 

due to increased reactive oxygen species (ROS) formation via cytochrome P450 2E1 

(CYP2E1)-catalyzed oxidation of ethanol (Bondy & Naderi, 1994; Henderson et al., 

1995), may play important roles in ethanol teratogenicity. 

 

In adult mammalian species, including the human, ethanol can stimulate the HPA 

axis, with resultant increased concentration of cortisol/corticosterone in the systemic 

circulation (Cicero, 1981; Guaza et al., 1983; Jenkins & Connolly 1968; Noth & Walter, 

1984; Rivier et al., 1984). CEE during pregnancy can produce dysfunction of the 
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maternal–fetal unit, manifesting as direct and indirect (via maternal and placental actions) 

effects on the fetus (Brien & Smith, 1991; Smith et al., 1991), which can result in 

teratogenic effects that manifest and persist in postnatal life (Goodlett et al., 2005; Guerri 

et al., 2009; Weinberg et al., 2008; West et al., 1994). The HPA axis is vulnerable to 

developmental programming during fetal life as a consequence of exposure to exogenous 

agents, including drugs, or pathophysiologic insult, which can result in HPA axis-induced 

stress in postnatal life (Bakker et al., 2001; Kapoor et al., 2008; Matthews et al., 2002; 

Sapolsky, 2003; Welberg & Seckl 2001). CEE during pregnancy can program the fetal 

HPA axis, resulting in hyperresponsive HPA axis function and consequent stress in 

postnatal life (Weinberg et al., 2008). In the near-term pregnant guinea pig, CEE 

activates the maternal and fetal HPA axis, leading to increased maternal and fetal plasma 

adrenocorticotropin hormone (ACTH) and cortisol concentrations, which are temporally 

related to increased glucocorticoid receptor (GR) mRNA expression in the fetal 

hippocampus (Iqbal et al., 2006a). Furthermore, CEE increases fetal hippocampal 

glutamate release in response to high concentration of dexamethasone, a selective GR 

agonist (Iqbal et al., 2006a). The CEE-induced activation of the HPA axis in the 

maternal–fetal unit may play a role in the enhanced sensitivity of the fetal hippocampal 

excitatory glutamate signalling pathway to glucocorticoids. Ethanol, in high 

concentration, can be metabolized by cytochrome P450 2E1 (CYP2E1) in several organ-

systems, including the brain (Montoliu et al., 1995), with greatest capacity in the liver 

that is localized primarily in the microsomal subcellular fraction (Mari & Cederbaum, 

2001; Morimoto et al., 1994). CEE leads to induction of CYP2E1 enzyme activity in 

adult liver microsomal and mitochondrial subcellular fractions (Bai & Cederbaum, 2006; 



43 

 

Mari & Cederbaum, 2001; Morimoto et al., 1994; Robin et al., 2005). Oxidative stress 

resulting from the formation of reactive oxygen species (ROS), including superoxide 

radical anion and hydrogen peroxide, during CYP2E1-catalyzed biotransformation of 

ethanol (Ferreira & Willoughby, 2008; Koop, 2006) is a potential mechanism of CEE 

induced injury in the developing fetus (Cohen-Kerem & Koren, 2003). Increased ROS 

leads to peroxidation of lipids, DNA, and proteins, and this state of oxidative stress is 

likely linked to cell apoptosis (Green et al., 2005; Jacobson, 1996; Ramachandran et al., 

2001; Rathinam et al., 2006; Watts et al., 2005). The fetus is more sensitive to oxidative 

stress than the adult (Gerdin et al., 1985; Mariucci et al., 1990) due, at least in part, to its 

lack of robust enzymatic and non-enzymatic capacity to detoxify ROS (Henderson et al., 

1999). CEE can decrease the content of glutathione (GSH), the key intracellular 

antioxidant, in the fetal liver (Henderson et al., 1995) and brain (Henderson et al., 1995; 

Ramachandran et al., 2001). In the term pregnant guinea pig, CEE decreases 

mitochondrial GSH content in the developing hippocampus (Green et al., 2006) 

concurrent with increased mitochondrial-directed apoptosis in this brain region (Green et 

al., 2005). In the human, hepatic CYP2E1 and other cytochromes P450 (CYPs) are 

expressed in the liver and placenta (Hakkola et al., 1998) during early fetal development, 

which indicates that fetal biotransformation of maternally ingested xenobiotics that 

distribute across the placenta, including ethanol, may play a role in their teratogenesis via 

the formation of toxicologically active metabolites (Hakkola et al., 1998). In the rat, there 

are conflicting reports whether CEE does or does not produce transplacental induction of 

microsomal CYP2E1 in the fetal liver (Carpenter et al., 1997; Wu & Cederbaum, 1993), 

respectively. 
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In the present study, we tested the hypothesis that CEE, via chronic maternal 

ethanol administration, increases CYP2E1 expression and HPA axis activity in the 

maternal–fetal unit during the third-trimester-equivalent of gestation. Three third-

trimester-equivalent gestational ages were studied in the pregnant guinea pig (term, about 

gestational day (GD) 68), viz, GD 45 (start of third-trimester-equivalent), 55 and 65, 

when the fetus is functioning and is undergoing rapid organ-system development (Sisk, 

1976). CYP2E1 activity in maternal and fetal liver was determined as a marker of ROS 

formation and oxidative stress in the maternal–fetal unit, with the liver serving as an 

index of the brain in the fetus, in which brain CYP2E1 is present (unpublished 

observations from our laboratory). Maternal and fetal plasma free cortisol and ACTH 

concentrations were measured as indices of HPA axis activity. The guinea pig was 

selected for this study, as its in utero development is more similar to the human than 

other rodent species in regard to: its trimester-equivalent pregnancy and prenatal organ-

system development (Nishimura & Shiota, 1977) including the brain growth spurt 

(Dobbing & Sands, 1979); maternal–fetal cortisol concentration gradient (Campbell & 

Murphy, 1977; Dalle & Delost, 1976); and hemomonochorial placenta (Martensson, 

1984). Furthermore, determination of liver CYP2E1 in both the microsomal and 

mitochondrial fractions was conducted to resolve the discrepancy about CEE 

transplacental induction of fetal liver microsomal CYP2E1 (Carpenter et al., 1997; Wu & 

Cederbaum, 1993) and to elucidate whether CYP2E1 is present in fetal liver 

mitochondria and inducible by CEE, in view of mitochondrial-directed apoptosis and 

oxidative stress as an initiating event (Green et al., 2005; Green et al., 2006). 
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2.2 Methods 

2.2.1 Experimental animals, drugs and chemicals 

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). GD 0 was defined as the last day of 

full vaginal-membrane opening. Pregnant animals were singly housed in plastic cages at 

23°C ambient temperature, 12-h light/dark cycle, with lights on at 0700 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. All drugs and chemicals used in this study were reagent-grade 

quality and were obtained from several commercial sources. 

 

2.2.2 Chronic treatment regimens 

On GD 2, pregnant guinea pigs were randomly assigned to one of two treatment 

groups: ethanol or isocaloric-sucrose/pair-feeding. Each pregnant animal in the ethanol 

group received oral administration of 4 g ethanol/kg maternal body weight (n = 12) as an 

aqueous ethanol solution (30% v/v, prepared in tap water) and had ad libitum access to 

food (Purina Guinea Pig Chow5025, Ren's Supplies, Oakville, ON). In the isocaloric-

sucrose/pair-fed group, each pregnant guinea pig (n = 12) was paired to an ethanol-

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

and food in the amount consumed daily by the ethanol-treated animal. The treatment 

groups had ad libitum access to water. Each treatment was given daily starting on GD 2 

and was continued until GD 45, 55 or 65. The daily maternal treatment was administered 
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as two equally divided doses into the oral cavity with subsequent swallowing, with the 

first dose given in the morning (10 am) and the second dose administered 2 h later. The 

stress associated with this oral route of administration was similar for the two treatment 

groups. Pregnant animals were euthanized at 2 h after the last divided dose of ethanol or 

sucrose by subcutaneous injection of ketamine (50 mg/kg maternal body weight)/xylazine 

(5 mg/kg maternal body weight) followed by decapitation. Fetuses were delivered 

immediately by caesarean section, weighed, identified by sex, and decapitated. Maternal 

and fetal trunk blood samples were collected in ice-cold beakers, coated with aqueous 

sodium citrate (38%, w/v) as an anticoagulant. Aliquots of the maternal blood samples, 

collected at 2 h after the last divided dose of ethanol, were analyzed for ethanol 

concentration. The remaining maternal blood and fetal blood samples were centrifuged at 

4000 x g at 4°C for 10min. Plasma was collected and frozen at −80°C until analysis for 

free cortisol and ACTH concentrations. The brain of each fetus was excised, and the 

hippocampi were dissected, frozen in liquid N2, and stored at −80°C until analysis. 

Maternal and fetal livers were excised, frozen in liquid N2, and stored at –80°C until 

analysis. 

 

2.2.3 Blood ethanol concentration (BEC) 

Maternal BEC was determined by a gas–liquid chromatographic procedure using 

headspace-gas analysis (Steenaart et al., 1985). 
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2.2.4 Maternal and fetal plasma free cortisol concentration 

Maternal and fetal plasma samples were analyzed for free (unbound) cortisol 

concentration by enzyme immunoassay (EIA). A 200 μl plasma sample was filtered using 

a Microcon YM-3000 Da centrifugal filter unit (Millipore, Bedford, MA) and centrifuged 

at 13,000 x g for 100 min at 4°C. The filtrate contained unbound cortisol without large 

plasma proteins, and the retentate on the filter contained ACTH. The filtrate was diluted 

in assay buffer (1:4 for maternal and fetal samples at GD 45 and GD 55, and 1:10 for 

maternal and fetal samples at GD 65) before cortisol concentration was determined by 

EIA (Salimetrics LLC, State College, PA), in accordance with the manufacturer's 

instructions, with absorbance at 450 nm measured using a microplate reader. Analysis of 

each sample was conducted in triplicate. 

 

2.2.5 Maternal and fetal plasma ACTH concentration 

The retentate of each filtered plasma sample containing ACTH (4900 Da) was 

removed from the Microncon YM-3000 Da filter by centrifugation at 1000 x g for 3 min 

at 4°C. Aqueous trifluoroacetic acid (0.1%, v/v) was added to the retentate followed by 

mixing and then centrifugation at 3000 x g for 5 min at 4°C. The supernatant was diluted 

in assay buffer (1:10), and ACTH concentration was determined by enzyme-linked 

immunosorbant assay (Bachem Laboratories, San Carlos, CA), in accordance with the 

manufacturer's instructions, with absorbance at 450 nm quantified using a microplate 

reader. Analysis of each sample was conducted in duplicate. 
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2.2.6 Maternal and fetal liver CYP2E1 enzymatic activity 

Each maternal and fetal liver was homogenized in 10 mM phosphate buffer with 

0.25 M sucrose and 2 mM EDTA (15% w/v), sonicated, and centrifuged at 3500 x g for 

10 min at 4°C. The supernatant was centrifuged at 12,000 x g for 20 min at 4°C, and the 

mitochondrial pellet was resuspended in 500 μl of 10 mM phosphate buffer containing 

0.25 M sucrose and homogenized. This supernatant was centrifuged at 104,000 x g for 60 

min at 4°C, and the microsomal pellet was resuspended as described above. The protein 

concentration in the microsomal and mitochondrial subcellular fractions was determined 

using the biuret method (Gornall et al., 1949).  

 

CYP2E1 enzymatic activity was determined using a procedure based on the 

oxidation of 4-nitrophenol (4-NP) to 4-nitrocatechol (4-NC) (Reinke & Moyer, 1985). 

The reaction mixture contained tissue protein (2 mg/ml), 4-NP (500 μM) as the substrate 

in 40 μl of distilled-water solution, which was diluted to a total volume of 180 μl with 

100 mM phosphate buffer (pH 7.4). The reaction was initiated by the addition of 20 μl of 

10 mM NADPH-phosphate-buffer solution following pre-incubation at 37°C for 10 min. 

Disulfiram (1mM) was used as a selective CYP2E1 inhibitor, and equal volume of 

phosphate buffer was added in place of the NADPH solution for background absorbance 

determination. The reaction mixture was incubated for 30 min at 37°C; the reaction was 

stopped by adding 80 μl of 0.6 M perchloric acid; and the mixture was centrifuged at 

13,000 x g for 12 min at 4°C. The reaction product, 4-NC, was quantified by high-

performance liquid chromatography with UV–visible spectrophotometric detection 

(Duescher & Elfarra, 1993; Elbarbry et al., 2006). Chromatographic separation was 



49 

 

conducted at room temperature with a reverse-phase C18 column (Supelcosil LC-18, 15 

cm x 4.6 mm, 5-μm particle size; Supelco Canada Inc., Oakville, ON) and aqueous 

mobile phase containing 22% (v/v) acetonitrile and 0.1% (v/v) trifluoroacetic acid (pH 

3.0, adjusted with triethylamine) with a flow rate of 1.0 ml/ min. Absorbance of 4-NC 

was measured at 350 nm. 

 

2.2.7 Statistical analysis 

Each pregnant animal and its litter in the ethanol and isocaloric-sucrose/pair-fed 

treatment groups were the units of analysis in this study. The data are presented as group 

mean ± SEM of the maternal value or of the average littermate value of the litter of the 

individual pregnant animals in the two treatment groups at each of the three gestational 

ages (1–5 fetuses per litter in each of the 4 litters of each treatment group at each age), 

and were analyzed using Graph Pad Prism 5 (GraphPad Software Inc., San Diego, CA). 

Maternal BEC data were analyzed by one-way ANOVA. Fetal body weight and 

hippocampal weight, maternal and fetal plasma ACTH and free cortisol concentrations, 

and maternal and fetal liver CYP2E1 activity were analyzed by two-way ANOVA 

(maternal treatment and gestational age as the independent variables) followed by post-

hoc analysis for a statistically significant F statistic (p < 0.05) using Student's t-test with 

Bonferroni correction for multiple comparisons. Two groups of data were considered to 

be statistically different when p < 0.05. 
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2.3 Results 

2.3.1 Maternal BEC 

The chronic oral ethanol regimen produced maternal BEC at 2 h after the daily 

dose of 122 ± 17 mg/dl on GD 45, 124 ± 26 mg/dl on GD 55, and 108 ± 33 mg/dl on GD 

65. The maternal BEC values for CEE were not different across the three gestational 

ages. 

 

2.3.2 Fetal body weight and fetal hippocampal weight 

There was a gestational-age-dependent increase in fetal body weight (F(2,18) = 

89.24, p < 0.05), but no effect of maternal treatment (Fig. 2-1A). Fetal hippocampal 

weight increased with gestational age (F(2,18) = 84.25, p < 0.05). CEE, compared with 

isocaloric-sucrose/pair-feeding, decreased fetal hippocampal weight (F(1,18) = 6.21, p < 

0.05); post-hoc analysis revealed that this occurred at GD 65 (p < 0.05) (Fig. 2-1B). 

 

2.3.3 Plasma free cortisol and ACTH concentrations 

There was a gestational-age-dependent increase in maternal free plasma cortisol 

concentration (F(2,15) = 43.32, p < 0.05), but no effect of maternal treatment (Fig. 2-2A). 

There was no effect of treatment or gestational age on maternal plasma ACTH 

concentration (Fig. 2-2B). There was a gestational-age-dependent increase in fetal plasma 

free cortisol concentration (F(2,18) = 55.71, p < 0.05), but no effect of maternal treatment 

(Fig. 2-2C). For fetal plasma ACTH concentration, there was no effect of maternal 

treatment, but there was a significant effect of gestational age (F(2,17) = 44.59, p < 0.05) 

(Fig. 2-2D); post-hoc Bonferroni analysis revealed that plasma ACTH concentration  



 

 

Figure 2-1 Fetal body weight (A) and fetal hippocampal weight (B). There was a 
gestational-age-dependent increase in fetal body and fetal hippocampal weights in both 
the CEE and isocaloric-sucrose/pair-fed control groups (p < 0.05). CEE decreased fetal 
hippocampal weight at GD 65 compared with isocaloric-sucrose/pair-fed control (p < 
0.05, *). Data are presented as group mean ± SEM of the average littermate values of 
each of 4 litters at each gestational age (2–5 fetuses per litter in the CEE group and 1–5 
fetuses per litter in the control group).  
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was increased at GD 55 compared with GD 45 (t20 = 3.72, p < 0.05) and GD 65 (t20 = 

2.99, p < 0.05). However, at this gestational age (GD 55), the fetal plasma free cortisol 

concentration remained very low (Fig. 2-2C). 

 
2.3.1 Maternal liver CYP2E1 enzymatic activity 

CEE, compared with isocaloric-sucrose/pair-feeding, increased CYP2E1 activity 

in the maternal liver microsomal fraction (F(1,18) = 70.12, p < 0.05) and mitochondrial 

fraction (F(1,18) = 62.62, p < 0.05) across the three gestational ages (Fig. 2-3A and 2-3B, 

respectively). There was a gestational-age-dependent decrease in maternal liver 

mitochondrial CYP2E1 activity (F(2,18) = 26.34, p < 0.05) (Fig. 2-3B). Post-hoc analysis 

demonstrated that, at GD 65, both the CEE and isocaloric-sucrose/pair-fed groups had 

less enzymatic activity compared with GD 45 and GD 55. 

 

2.3.2 Fetal liver CYP2E1 enzymatic activity 

For fetal liver microsomal CYP2E1 activity (Fig. 2-3C), there was gestational-age 

dependent increase (F(2,18)=73.01, p < 0.05), effect of maternal treatment (F(1,18) = 

7.13, p < 0.05), and interaction between these two variables (F(2,18) = 15.92, p  < 0.05), 

which involved CEE-induced increased enzymatic activity at GD 65 (t6 = 10.27, p < 

0.05). For fetal liver mitochondrial CYP2E1 activity (Fig. 2-3D), there was gestational-

age-dependent increase (F(2,16) = 46.60, p < 0.05) and interaction between maternal 

treatment and gestational age (F(2,16) = 21.45, p < 0.05), which involved CEE-induced 

increased enzymatic activity at GD 65 (t6 = 3.73, p < 0.05). 

 



 

 

Figure 2-2 Maternal and fetal plasma free cortisol concentrations (A and C, respectively) 
and maternal and fetal plasma ACTH concentrations (B and D, respectively). There was a 
gestational-age-dependent increase in each of maternal and fetal free cortisol 
concentrations (A and C) in both the CEE and isocaloric-sucrose/pair-fed control groups 
(p < 0.05). Fetal plasma ACTH concentration (D) was increased in the CEE group at GD 
55 compared with GD 45 and 65 (p < 0.05, *). Data are presented as group mean ± SEM 
of the average littermate values of each of 4 litters at each gestational age (2–5 fetuses per 
litter in the CEE group and 1–5 fetuses per litter in the control group). 
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Figure 2-3 Maternal and fetal liver CYP2E1 enzymatic activity in the microsomal (A and 
C, respectively) and mitochondrial (B and D, respectively) fractions. CEE increased 
CYP2E1 activity in the maternal liver microsomal (A) and mitochondrial (B) fractions at 
each gestational age compared with isocaloric-sucrose/pair-fed control (p < 0.05, *). 
There was a gestational-age-dependent decrease in maternal liver mitochondrial CYP2E1 
activity (B) in both the CEE and isocaloric-sucrose/pair-fed groups (p < 0.05). There was 
a gestational-age-dependent increase in fetal liver CYP2E1 activity in the microsomal (C) 
and mitochondrial (D) fractions of both the CEE and isocaloric-sucrose/pair-fed groups 
(p < 0.05). CEE increased fetal liver CYP2E1 activity in the microsomal (C) and 
mitochondrial (D) fractions at GD 65 compared with isocaloric-sucrose/pair-fed control 
(p < 0.05, *). Data are presented as group mean ± SEM of the average littermate values of 
each of 4 litters at each gestational age (2–5 fetuses per litter in the CEE group and 1–5 
fetuses per litter in the control group). 
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2.4 Discussion 

Ethanol teratogenicity involves multiple organ-systems, for which brain injury 

appears to be the most debilitating manifestation. The hippocampus of the developing 

brain is a target of ethanol teratogenicity, based on studies in the rat (Barnes & Walker, 

1981; Livy et al., 2003; Pierce & West, 1986), guinea pig (Abdollah et al., 1993; Gibson 

et al., 2000; Green et al., 2005; McGoey et al., 2003) and human (Riikonen et al., 1999; 

Willoughby et al., 2008). The pathogenesis of ethanol teratogenicity is complex, 

involves multiple cellular–molecular mechanisms, and is not fully understood (Goodlett 

et al., 2005; Guerri et al., 2009; Kimura et al., 2000; Riley & McGee, 2005; West et al., 

1994). During the third trimester of human gestation, the fetus is functional and is 

undergoing rapid development of organ-systems, including the brain growth spurt, in 

preparation for postnatal life. Repeated fetal stress resulting from CEE and involving 

over activation of the HPA axis and oxidative stress due to induction of CYP2E1 in the 

maternal–fetal unit may play an important mechanistic role in ethanol teratogenicity 

occurring in late gestation. The current study tested the hypothesis that CEE, via maternal 

administration of a teratogenic ethanol regimen, increases CYP2E1 activity and HPA axis 

activity in the maternal–fetal unit during the third-trimester-equivalent of gestation. This 

hypothesis was tested in the guinea pig. 

 

In this study, the chronic maternal ethanol regimen produced maternal BEC of 

108–124 mg/dl at 2 h after the last daily dose. In our previous study of the effects of CEE 

on the HPA axis in the near-term maternal–fetal unit, using the 4 g ethanol/kg maternal 
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body weight regimen, the maternal BEC was 281 mg/dl at 1 h after the last daily dose 

(Iqbal et al., 2006a). In a study of the pharmacokinetics of ethanol in the third-trimester- 

equivalent pregnant guinea pig for acute oral administration of 4 g ethanol/kg maternal 

body weight in four divided doses, the maximal maternal and fetal BECs were similar 

and occurred at 1.5 h after the last divided dose, and the estimated ethanol metabolic rate 

was about 15 mg/dl/h (Clarke et al., 1986). It would appear that the difference in the 

maternal BEC values of the current and previous CEE studies could be due to different 

rate of ethanol absorption from the gastrointestinal tract together with a limited amount of 

ethanol biotransformation during the 1-h interval. In the present study, CEE decreased 

fetal hippocampal weight in the late-gestation fetus, but did not affect fetal body weight 

during the third-trimester-equivalent of gestation. These data demonstrate the 

vulnerability of the developing hippocampus to CEE even at relatively low maternal 

BEC. There was no apparent effect of CEE on the HPA axis in the mother or the fetus 

during the third-trimester-equivalent period, as there was no change in maternal or fetal 

plasma free cortisol and ACTH concentrations compared with control. At GD 55 plasma 

ACTH was elevated compared with both GD 45 and GD 65. However, the concentration 

of plasma cortisol at GD 55 was still very low. These data suggest that in the fetal guinea 

pig ACTH production in the pituitary matures prior to fetal cortisol production in the 

adrenals, as has been suggested for the human (Gitau et al., 2001). 

 

In our previous study, activation of the maternal and near-term fetal HPA axis 

occurs for chronic maternal ethanol administration with maternal BEC of 281 mg/dl at 1 

h after the last daily dose (Iqbal et al., 2006a). The data of this study and our current 
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investigation indicate that, for CEE, the response of the HPA axis in the mother and fetus 

is dependent on the ethanol concentration in the maternal–fetal unit. In the third-

trimester-equivalent pregnant sheep that has similar organ-system development including 

the brain growth spurt, cortisol synthesis and metabolism, and ethanol pharmacokinetics 

compared with the human and guinea pig (Brien & Clarke, 1988; Brien & Smith, 1991; 

Clarke et al., 1988), 3-day-per-week ethanol administration during a 4-week period 

produces dose-dependent stimulation of the HPA axis in both the mother and the fetus, in 

which the threshold BEC is about 220 mg/dl (Cudd et al., 2001). 

 

CEE, with this teratogenic ethanol regimen, increased CYP2E1 activity in the 

mitochondrial and microsomal fractions of the maternal liver at the three third-trimester-

equivalent gestational ages. Although there was an ontogenic increase in CYP2E1 

activity in the mitochondrial and microsomal fractions of the fetal liver during the third-

trimester-equivalent, CEE only increased mitochondrial and microsomal CYP2E1 

activity at GD 65, with potentially increased reactive oxygen species formation and 

resultant oxidative stress during near-term fetal life. Preliminary data indicate that, in the 

near-term fetal hippocampus, CYP2E1 protein is present based on immunoblot analysis, 

and the HPLC assay is being modified to improve the sensitivity for measuring 

enzymatic activity. If CEE induces CYP2E1 throughout the near-term fetus, including the 

hippocampus, then a prooxidant (increased CYP2E1-derived reactive oxygen species)–

antioxidant (depleted mitochondrial GSH content) imbalance could result in intracellular 

oxidative stress, consequent DNA damage, protein degradation and lipid peroxidation, 

and ultimately cell demise. In the human, the developing fetus can metabolize several 
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xenobiotics via CYPs, including ethanol by CYP2E1 (Hakkola et al., 1988). The data of 

the present study in the guinea pig demonstrate that CEE increases near-term fetal liver 

microsomal CYP2E1 activity, which is consistent with the data of the study 

demonstrating transplacental induction of microsomal CYP2E1 in near-term fetal rat liver 

for maternal ingestion of an ethanol-containing liquid diet that was available 16 h each 

day throughout gestation and that produced peak maternal BEC of 100 mg/dl (Carpenter 

et al., 1997). In the investigation demonstrating no transplacental induction of CYP2E1 

in term fetal liver, the pregnant rats had 24-h access to an ethanol-containing liquid diet 

starting on GD 9 (term, about GD 22), for which there was no reported maternal BEC 

(Wu & Cederbaum, 1993). Therefore, it would appear that transplacental induction of 

fetal hepatic CYP2E1 in late gestation requires CEE, via maternal ethanol ingestion, 

throughout gestation starting on GD 1/2. Moreover, the current study shows for the first 

time mitochondrial CYP2E1 activity in fetal liver during the third-trimester-equivalent 

and that CEE-induced increase of CYP2E1 activity occurs in the mitochondrial fraction 

as well as the microsomal fraction of both the maternal liver and near-term fetal liver. 

These data advance our understanding of fetal hepatic mitochondria as an important 

target in ethanol teratogenicity (Green et al., 2006; Henderson et al., 1999; 

Ramachandran et al., 2001; Ramachandran et al., 2003). 

 

In conclusion, these data demonstrate that, in the pregnant guinea pig, this 

teratogenic CEE regimen increases liver CYP2E1 activity, without affecting HPA axis 

function, in the maternal–fetal unit in the third-trimester-equivalent, especially during 

near-term gestation. The CEE-induced increase in liver CYP2E1 activity and potential 



59 

 

oxidative stress in the maternal–fetal unit may play a role in the pathogenesis of ethanol 

teratogenicity. 
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Chapter 3: Chronic ethanol exposure and folic acid supplementation: fetal 

growth and folate status in the maternal and fetal guinea pig 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

 
3.1 Introduction 

Chronic maternal consumption of ethanol during pregnancy can result in 

teratogenicity in the offspring, including pre- and post-natal growth restriction, central 

nervous system (CNS) dysfunction and craniofacial dysmorphology, which are the 

principal features of fetal alcohol syndrome (Jones & Smith, 1973; Clarren & Smith, 

1978), the most severe manifestation of fetal alcohol spectrum disorders (Chudley et al., 

2005; Hoyme et al., 2005). Neurobehavioural dysfunction appears to be the most 

persistent and deleterious manifestation of ethanol teratogenicity (Chudley et al., 2005; 

Hoyme et al., 2005), and the hippocampus is a key target site in the developing brain 

(Barnes & Walker, 1981; Bonthius & West, 1981; Livy et al., 2003). In ethanol 

teratogenicity in the guinea pig, the hippocampus is a particularly vulnerable brain 

region, in which loss of CA1 pyramidal neurons is observed first in the neonate (McGoey 

et al., 2003) and persists throughout postnatal life (Abdollah et al., 1993). 

 

Folic acid, vitamin B9, is a water-soluble vitamin that plays a vital role in one 

carbon-transfer reactions in purine, thymidylate and S-adenosylmethionine (SAM) 

biosynthesis, ultimately leading to deoxyribonucleic acid (DNA) synthesis and DNA 

methylation, respectively (Bailey & Gregory, 1999). Humans do not have the capacity to 

synthesize folic acid or folate metabolites and must obtain this vitamin from dietary 

sources or supplementation (Hamid et al., 2007). Maternal folate requirement increases 

during pregnancy due to proliferation of cells in the placenta and fetus (McArdle & 

Ashworth, 1999). Normal gestational folate status is maintained by healthy maternal diet 
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together with folic acid supplementation (Chanarin et al., 1968, Goh & Koren, 2008). 

Maternal red blood cell (RBC) folate concentration decreases during pregnancy in 

response to increasing demand for folate by the placenta and developing fetus (Bruinse & 

van den Berg, 1995; Takimoto et al., 2007).  Fetal RBC folate is higher than maternal 

RBC folate, especially near term, indicating that there is a mechanism(s) to transfer folate 

from the mother to the fetus against a concentration gradient (Ek, 1980; Tamura et al., 

1980). Fetal folate status is dependent on maternal folate status, and the fetus does not 

have preferential access to maternal folate stores when maternal folate status is decreased 

(Blocker et al., 1989). 

 

Ethanol can adversely affect folate disposition in the body by altering folate 

absorption, distribution and excretion (Hamid et al., 2007; Tamura & Halsted, 1983; 

Muldoon & McMartin, 1994). Furthermore, RBC and serum folate concentrations are 

decreased by 35–80% in alcoholic patients (Wu et al., 1975; Halsted et al., 2002), 

probably due to a combination of inadequate dietary folate intake and disrupted folate 

absorption and distribution (Hoyumpa, 1986). The impact of maternal consumption of 

ethanol during pregnancy on folate disposition in the mother and the fetus is not clearly 

understood. 

 

Deficient maternal nutrient status before conception and throughout pregnancy 

can result in poor prenatal and postnatal outcomes (Doyle & Rees, 2001; Rees et al., 

2005a; Rees et al., 2005b). In the mouse, fetal folate deficiency resulting from prenatal 

ethanol exposure can decrease the function of various cellular proteins that are essential 
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for CNS development; this dysfunction can be reversed by maternal folic acid 

supplementation (Xu et al., 2008). Furthermore, in the mouse, deficient maternal folate 

status can potentiate the teratogenic effects of ethanol (Gutierrez et al., 2007). Low 

concentrations of methanol have been found in a variety of alcoholic beverages (Sprung 

et al., 1988), and elevated concentrations of the toxicologically active metabolite, formic 

acid, have been found in the cerebrospinal fluid of human alcoholics (Kapur et al., 2007). 

Moreover, in rat hippocampus slice culture, folic acid (1 μM) can protect against 

neurotoxicity produced by formic acid (Kapur et al., 2007). In a recent review, it has 

been recommended that, in the human, an approximate maternal RBC folate 

concentration of 0.9 μM is optimal for fetal development and postnatal outcomes (Goh & 

Koren, 2008). 

 

This study tested the hypothesis that maternal folic acid supplementation, using a 

regimen that targets 0.9 μM maternal RBC folate, mitigates chronic ethanol exposure 

(CEE)-induced decreased fetal body weight, brain weight and hippocampus weight, and 

altered folate status in the mother and fetus. The guinea pig is a well-established animal 

model for the study of ethanol teratogenicity (Cudd, 2005) including biochemical and 

molecular mechanisms of developmental brain injury (Kimura et al., 2000). The guinea 

pig was utilized in this study due to its trimester-equivalent gestation, extensive prenatal 

organ-system development (Nishimura et al., 1977) including the brain growth spurt 

(Dobbing & Sands, 1979), and hemomonochorial placenta (Mårtensson, 1984), which are 

more similar to the human than is the case for other rodent species. 
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3.2 Materials and methods 

3.2.1 Experimental animals, drugs and chemicals 

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. Pregnant animals were singly housed in 

plastic cages at 23°C ambient temperature, 12-h light/dark cycle, with lights on at 07.00 

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. Guinea pig food (Purina Guinea Pig Chow 5025) 

was obtained from Ren’s Supplies (Oakville, ON). Vodka (Smirnoff brand, 40% ethanol 

(v/v)) was used as the alcoholic-beverage source of ethanol and was purchased from the 

Liquor Control Board of Ontario. All other drugs and chemicals were reagent-grade 

quality and were obtained from several commercial sources. Vodka was diluted with tap 

water to give a 30% (v/v) aqueous ethanol solution. Sucrose was dissolved in tap water to 

give a 42% (w/v) aqueous solution. Folic acid (pteroyl-l-glutamic acid, Sigma–Aldrich, 

Oakville, ON) was dissolved in aqueous 25 mM sodium bicarbonate vehicle to give a 2 

mg/mL (2 g/L) solution, which was protected from light and was used for the 2 mg folic 

acid/kg maternal body weight regimen. This regimen was selected based on a preliminary 

folic acid dose-maternal and fetal folate concentration study (Jefkins et al., 2009). 
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3.2.2 Chronic treatment regimens 

On GD 2, guinea pigs were randomly assigned to one of six oral treatment 

groups: ad libitum access to food and administration of vehicle for folic acid (ALV; 

n = 3); ad libitum access to food and 2 mg folic acid/kg maternal body weight/day 

(ALFA; n = 4); ad libitum access to food, 4 g ethanol/kg maternal body weight/day 

and vehicle for folic acid (EV; n = 4); ad libitum access to food, 4 g ethanol/kg maternal 

body weight/day and 2mg folic acid/kg maternal body weight/day (EFA; n = 4); 

isocaloric-sucrose/pair-feeding and vehicle for folic acid (SV; n = 4); and isocaloric-

sucrose/pair-feeding and 2 mg folic acid/kg maternal body weight/day (SFA; n = 4). Each 

pregnant animal in the EV and EFA groups received oral administration (intubation into 

the oral cavity followed by volitional swallowing) of 3 g ethanol/kg maternal body 

weight/day for the first five days of treatment, followed by 3.5 g ethanol/kg maternal 

body weight for one day, and then 4 g ethanol/kg maternal body weight/day for the 

remainder of the treatment period. In the SV and SFA groups, each pregnant guinea pig 

was paired to an EV or EFA pregnant animal, respectively, and received sucrose 

isocaloric to the administered daily ethanol dose and food in the amount consumed daily 

by the ethanol-treated animal. Pregnant animals in the six treatment groups had ad 

libitum access to water. In each group, treatment began on GD 2 and was given for five 

consecutive days followed by two days of no treatment each week throughout gestation 

(term, about GD 68). This chronic ethanol regimen reliably produces neurobehavioural 

teratogenicity in the guinea pig (Nash et al., 2007). The oral administration of folic acid 

or vehicle occurred at 08.00 h, 2 h before ethanol or isocaloric-sucrose administration in 

an attempt to insure maximum absorption of folate. The ethanol or isocaloric-sucrose 
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regimen was administered as two equally divided doses into the oral cavity with 

subsequent swallowing, with the first dose given at 10.00 h and the second dose 

administered 2 h later. The ad libitum (ALV and ALFA) pregnant guinea pigs were 

handled in a similar manner to the ethanol (EV and EFA) and isocaloric-sucrose (SV and 

SFA) pregnant animals to ensure that the stress associated with oral administration was 

comparable across the six treatment groups. 

 

Maternal blood was obtained from an ear vessel on GD 18, 40 and 65. An aliquot 

of each blood sample was placed into a heparinized microhematocrit tube (Fisher 

Scientific, Whitby, ON) and sealed with Critoseal® (Fisher Scientific, Whitby, ON). The 

sealed tube was centrifuged in a microhematocrit centrifuge for 15 min, and the 

hematocrit was determined. The remainder of each blood sample was placed into a pre-

cooled EDTA-coated vial (Becton, Dickinson and Company, Franklin Lakes, NJ) and 

stored at −80°C until analyzed for red blood cell (RBC) folate concentration. 

 

On GD 65, pregnant animals were euthanized at 1 h after the last divided dose of 

ethanol, isocaloric-sucrose or handling (ALV and ALFA) by subcutaneous injection of 

ketamine (50 mg/kg maternal body weight)/xylazine (5 mg/kg maternal body weight) 

followed by decapitation. For each pregnant animal, fetuses were delivered immediately 

by caesarean section, weighed, identified by sex, and decapitated. Maternal and fetal 

blood samples (mixed venous and arterial) were collected. For each blood sample, an 

aliquot was placed into a pre-cooled EDTA-coated vial, and stored at −80 °C until 

analyzed for RBC folate concentration; a second aliquot was treated with 38% (w/v) 
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aqueous sodium citrate (anticoagulant) and then analyzed for blood ethanol concentration 

(BEC) by an established gas–liquid chromatographic procedure using headspace-gas 

analysis (Steenaart et al., 1985). The removal of the guinea pig brain has been described 

previously by Mühlethaler et al. (Mühlethaler et al., 1993). The bones covering the fetal 

brain and spinal cord were broken, and the broken bones and dura were removed. The 

exposed brain was cut in the front at the level of the olfactory bulbs, and in the back at 

the level of the cervical spine. The brain was isolated from the skull by severing the 

different cranial nerves, the carotid, hypothalamic and vertebral arteries, and the spinal 

cord (Mühlethaler et al., 1993). The brain of each fetus was weighed and was then placed 

in cold 20mM phosphate-buffered saline. The brain was placed on an ice cold Petri dish 

and the cerebellum was removed. The brain was cut in the sagittal plane along the 

midline to separate each cerebral hemisphere, and the midbrain structures were dissected 

away to expose the hippocampus. The fimbria and anterior commisures of the fornix 

were used as visual landmarks to identify the location of the hippocampus (Cooper & 

Schiller, 1975). The hippocampus was gently separated from the overlying cerebral 

cortical tissue and then weighed, frozen in liquid nitrogen, and stored at −80ºC until 

analyzed. Maternal liver and fetal liver were excised, rinsed in ice-cold 20 mM 

phosphate-buffered saline, frozen in liquid nitrogen, and stored at −80ºC until analyzed. 

 

3.2.3 Red blood cell (RBC) and tissue folate concentrations 

RBC, liver and hippocampus folate concentrations were determined by a two step 

competitive binding immunoassay with chemiluminescence detection, using the DxI 800 

Access® Immunoassay System (Beckman Coulter Inc., Fullerton, CA). Individual 
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maternal and fetal blood samples were removed from the freezer and thawed at room 

temperature for approximately 15 min with gentle horizontal mixing and protected from 

light. Each maternal blood sample was mixed, and then a 25 µL aliquot was added to 500 

µL of RBC folate lysing agent (Beckman Coulter Inc.) and then gently mixed. The lysing 

agent is composed of ascorbic acid to hemolyze the red blood cells and convert the folate 

polyglutamic acid forms present in red cells to the monoglutamic acid form predominate 

in serum. Each fetal blood sample was inverted and diluted 2-fold using S0 calibrator 

reagent (Beckman Coulter Inc.), and a 25 µL aliquot was added to 500 µL of RBC folate 

lysing agent. Individual frozen maternal and fetal liver samples were weighed and then 

thawed as described above. Each sample was homogenized in a glass tube with a glass 

pestle using saline solution to give a 10% (w/v) homogenate. Maternal liver homogenate 

was diluted with saline to produce a 0.5% (w/v) homogenate and further diluted 2-fold 

using S0 calibrator reagent. Fetal liver homogenate was diluted with saline to produce a 

1% (w/v) homogenate. A uniform suspension was prepared for all tissue homogenates 

by trituration using a 26-gauge needle prior to adding to the lysing agent. A 25 µL aliquot 

of each diluted maternal or fetal liver homogenate was added to 500 µL of RBC folate 

lysing agent. Liver sample dilution was required to ensure that the measured folate 

concentration was in the linear range of the folate standard curve. Individual frozen 

hippocampus samples were weighed, thawed and then homogenized in a glass tube with a 

glass pestle using a 6.4 mM sucrose–saline solution to produce a 33% (w/v) homogenate. 

A uniform suspension of each homogenate was prepared by trituration using a 26-gauge 

needle, and then a 25 µL aliquot was added to 500 µL of RBC folate lysing agent. Each 

blood or tissue sample was incubated at room temperature, protected from light, for a 
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minimum of 90 min and then two 250 µL aliquots were used for duplicate determination 

of folate concentration. 

 

Samples and quality-control standards were transported, protected from light, to 

the Kingston General Hospital Core Laboratory and were analyzed on the DxI 800 

Access® Immunoassay System within 30 min following the incubation period. The lower 

limit of sensitivity of the assay was 1.1 nmol/L, and the between-day coefficient of 

variation was 19% at 6.9 nmol/L and 9.8% at 29.7 nmol/L. Maternal and fetal RBC and 

liver, and fetal hippocampus folate concentrations were calculated by correcting for 

blood-sample hematocrit, tissue homogenate concentration, and blood or tissue 

homogenate dilution in the final 250 µL aliquot that was analyzed. RBC, liver or 

hippocampus folate concentration was expressed as µmol/L or nmoL/g tissue, 

respectively. 

 

3.2.4 Statistical analysis 

Previous investigation of ethanol teratogenicity in the guinea pig has 

demonstrated that within-litter variability in fetal body weight and brain weight, and 

meconium fatty acid ethyl esters, a biochemical measure of prenatal ethanol exposure, 

is of similar magnitude to between-litter variability (Brien et al., 2006). In view of this, 

the data are presented as group mean ± SEM of the pregnant animals and fetuses in each 

treatment group, in which the fetuses were from paired litters of the maternal ethanol and 

isocaloric-sucrose/pair-fed treatment groups. The data were analyzed using GraphPad 

Prism 5 (GraphPad Software Inc., San Diego, CA) or PASW Statistics 18 (SPSS Inc., 



70 

 

Chicago, IL). Maternal and fetal BEC data were analyzed by two-way ANOVA 

(independent variables: biological unit (maternal or fetal) and maternal supplementation 

(folic acid or vehicle)), followed by post-hoc analysis for a statistically significant F 

statistic (p < 0.05) using Student’s t-test with Bonferroni correction for multiple 

comparisons. Fetal body weight, brain weight, and hippocampus weight, maternal and 

fetal liver, and fetal RBC and hippocampus folate concentrations were analyzed by two-

way ANOVA independent variables: maternal treatment (ethanol, isocaloric-sucrose/pair-

feeding or ad libitum) and maternal supplementation (folic acid or vehicle), followed by 

post-hoc analysis for a statistically significant F statistic (p < 0.05) using Student’s t-test 

with Bonferroni correction for multiple comparisons or Newman–Keuls test. Statistical 

interactions between the independent variables of maternal treatment (ethanol, isocaloric-

sucrose/pair-feeding or ad libitum) and maternal supplementation (folic acid or vehicle) 

are described when statistically significant (p < 0.05). Maternal RBC folate concentration 

data were analyzed by three-way MANOVA (independent variables: gestational age, 

maternal treatment and maternal supplementation), followed by post-hoc analysis for a 

statistically significant F statistic (p < 0.05) using Student’s t-test with Bonferroni 

correction or multiple comparisons. Two groups of data were considered to be 

statistically different when p < 0.05. 

 

3.3 Results 

3.3.1 Maternal and fetal BEC 

The chronic oral ethanol regimen produced maternal BEC at 1 h after the second 

divided dose on GD 65 of 277 ± 16 mg/dL (60 ± 4 mmol/L) and 280 ± 38 mg/dL (61 ±  
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mmol/L) for the ethanol-vehicle for folic acid (EV) and ethanol–folic acid (EFA) groups, 

respectively, which were not statistically different. These maternal BEC values are very 

similar to the data reported in our first study using this chronic oral ethanol regimen 

(Nash et al., 2007). The fetal BEC produced by this maternal ethanol regimen was 225 ± 

10 mg/dL (49 ±  2 mmol/L) and 207 ±  9 mg/dL (45 ± 2 mmol/L) for the EV and EFA 

groups, respectively, which were not statistically different. Furthermore, there was no 

statistical difference between the maternal and fetal BEC data for each of the EV and 

EFA groups. 

 

3.3.2 Pregnancy outcome 

The pregnancy outcome data are presented in Table 3-1. There was a statistically 

significant effect of maternal treatment (F(2,15) = 70.23, p < 0.05) on average daily food 

intake throughout pregnancy; post-hoc analysis demonstrated that ethanol (E) and 

isocaloric-sucrose/pair-feeding (S) by design as the nutritional control had lower daily 

food consumption compared with ad libitum (AL) control (p < 0.05). There was a 

significant effect of maternal treatment (F(2,15) = 57.45, p < 0.05) on maternal body 

weight at GD 63. Post-hoc analysis revealed that E and S treated mothers weighed 

significantly less than the AL mothers (p < 0.05). Fetal resorption was only observed in 

the EV and EFA groups and was of low incidence. There was a statistically significant 

effect of maternal treatment (F(2,15) = 33.3, p < 0.05) on litter size; post-hoc analysis 

revealed that E decreased litter size compared with S and AL (p < 0.05). The percentage 

of male and female littermates was quite variable across the six experimental groups. 



72 

 

There was one SV animal that was not pregnant and therefore we excluded the EV 

treated paired animal and litter from all subsequent analyses. 

 
 

3.3.3 Fetal body weight, brain weight and hippocampus weight 

The fetal body, brain and hippocampus weight data are presented in Fig. 3-1. 

There were statistically significant effects of maternal treatment (F(2,66) = 16.27, p < 

0.05) and FA supplementation (F(1,66) = 5.01, p < 0.05), and an interaction between 

these factors (F(2,66) = 7.89, p < 0.05) on fetal body weight (Fig. 3-1A). Post-hoc 

analysis demonstrated that, for FA supplementation, E and S treatment decreased fetal 

body weight compared with AL (p < 0.05), and the interaction involved decreased fetal 

body weight for the SFA, but not SV, group compared with the AL groups (p < 0.05). 

There was a statistically significant effect of maternal treatment (F(2,66) = 46.81, p < 

0.05) and an interaction between maternal treatment and FA supplementation (F(2, 66) = 

4.37, p < 0.05) on fetal brain weight (Fig. 3-1B). Post-hoc analysis revealed that E 

treatment decreased fetal brain weight compared with S and AL (p < 0.05), and the 

interaction was driven by decreased fetal brain weight for the SFA, but not SV, group 

compared with the AL group (p < 0.05).  

 

There was an overall growth restriction observed for the brain weight to body 

weight ratios in the E treated animals (p = 0.05, Fig. 3-1D). There was a statistically 

significant effect of maternal treatment (F(2, 66) = 19.7, p < 0.05) on fetal hippocampus 

weight (Fig. 3-1C). Post-hoc analysis revealed that E treatment decreased fetal 

hippocampus weight compared with AL (p < 0.05), and with both AL and S groups, in 



 

Table 3-1 Pregnancy outcome data. The number of pregnant guinea pigs is reported in 
parentheses and fetal resorption is reported as the number of occurrences. All other data 
are presented as group mean ± SEM of the pregnant animals or fetuses of each 
experimental group. ALV: ad libitum and vehicle for folic acid, SV: isocaloric-
sucrose/pair-feeding and vehicle for folic acid, EV: ethanol and vehicle for folic acid, 
ALFA: ad libitum and folic acid, SFA: isocalorio-sucrose/pair-feeding and folic acid, and 
EFA: ethanol and folic acid.  

 

* Statistically different for E compared with AL p < 0.05. 
# Statistically different for S compared with AL p < 0.05. 

73 

 



 

 

Figure 3-1 Fetal body weight (A), fetal brain weight (B), fetal hippocampus weight (C), 
fetal brain to body weight ratio (D) and fetal hippocampus weight to body weight ratio 
(E). The data are presented as group mean ± SEM of the fetuses of each experimental 
group with fetuses from paired litters for SV and EV, and for SFA and EFA, respectively: 
ALV (13 fetuses), SV (10), EV (7), ALFA (16), SFA (14), and EFA (12). *Statistically 
different for E compared with AL p < 0.05. +Statistically different for E compared with S 
and AL p < 0.05. #Statistically different for S compared with AL p < 0.05. 
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the vehicle- and FA-treated groups, respectively. There was no effect of maternal 

treatment or FA supplementation on the hippocampus weight to body weight ratios (Fig. 

3-1E). 

 

3.3.4 Maternal and fetal RBC and liver, and fetal hippocampus folate concentrations 

The folate concentration data are presented in Fig. 3-2 (maternal and fetal RBC) 

and Fig. 3-3 (fetal liver and hippocampus). There was a statistically significant effect of 

FA supplementation (F(1,16) = 19.72, p < 0.05), and an interaction between gestational 

day and FA supplementation (F(2,32) = 3.51, p < 0.05) on maternal RBC folate 

concentration (Fig. 3-2A). Post-hoc analysis revealed that maternal RBC folate 

concentration was decreased in the V treatment group at GD 65 compared with GD 18 

and GD 40 (p < 0.05). The interaction was driven by the fact that maternal RBC folate 

concentration at GD 65 was not decreased in the FA supplementation group. There was 

no effect of maternal treatment or FA supplementation on fetal RBC folate concentration 

at GD 65 (Fig. 3-2B). When maternal RBC folate at GD 65 was compared with fetal 

RBC folate, there was a statistically significant effect of FA supplementation (F(1,57) = 

4.62, p < 0.05) and unit (maternal vs fetal; F(1,57) = 60, p < 0.05) and an interaction 

between FA supplementation and unit (F(1,57) = 12, p < 0.05). The fetal RBC folate was 

higher than maternal RBC folate for both V and FA (p < 0.05). The interaction was 

driven by the fact that FA supplementation prevented the gestational-age-dependent 

decrease in maternal RBC folate that occurred in the V groups, but did not affect fetal 

RBC folate. 



 

 

Figure 3-2 Maternal (A) and fetal (B) red blood cell (RBC) folate concentration. The 
data are presented as group mean ± SEM of the pregnant guinea pigs (n = 3 or 4) in each 
experimental group or of the fetuses of each experimental group with fetuses from paired 
litters for SV and EV, and SFA and EFA, respectively: ALV (6 fetuses), SV (6), EV (6), 
ALFA (6), SFA (8), EFA (8). (Horizontal bar) Statistically different for FA compared 
with V, p < 0.05. 
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There was no effect of maternal treatment or FA supplementation on maternal 

liver folate concentration at GD 65 (data not shown). However, there was a statistically  

significant interaction between maternal treatment and FA supplementation (F(2,36) = 

25.12, p < 0.05) on fetal liver folate concentration at GD 65 (Fig. 3-3A). Post-hoc 

analysis demonstrated that the interaction involved decreased fetal liver folate 

concentration for the EV group compared with the ALV group (p < 0.05), which did not 

occur with FA supplementation. 

 

There was a statistically significant effect of maternal treatment (F(2,34) = 26.08, 

p < 0.05) on fetal hippocampus folate concentration (Fig. 3-3B). Post-hoc analysis 

revealed that E and S treatments decreased fetal hippocampus folate concentration 

compared with AL (p < 0.05).  



 

 

Figure 3-3 Fetal liver (A) and fetal hippocampus (B) folate concentrations. The data are 
presented as group mean ± SEM of the fetuses of each experimental group with fetuses 
from paired litters for SV and EV, and SFA and EFA, respectively: ALV (6 fetuses), SV 
(6), EV (6), ALFA (6), SFA (8), EFA (8). *Statistically different for E compared with AL 
p < 0.05. #Statistically different for S compared with AL p < 0.05. 
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3.4 Discussion 

This study tested the hypothesis that maternal folic acid supplementation, using a 

regimen that targets 0.9 µM maternal RBC folate, mitigates chronic ethanol exposure 

(CEE)-induced decreased fetal body weight, brain weight and hippocampus weight and 

altered folate status in the mother and fetus. Folic acid is an essential vitamin with 

antioxidant capacity (Cano et al., 2001), and it plays a vital role, via one-carbon transfer 

reactions, in DNA synthesis, DNA methylation and amino acid metabolism, especially 

during pregnancy in the proliferating cells of the placenta and fetus (McArdle & 

Ashworth, 1999; Goh & Koren, 2008). Chronic ethanol consumption disrupts folate 

disposition, including absorption and metabolism, which often compromises the folate 

status of the individual (Halsted et al., 2002). The impact of maternal consumption of 

teratogenic doses of ethanol on folate disposition in the mother and fetus is not clearly 

understood; however, deficient maternal folate status can potentiate the teratogenic 

effects of ethanol (Gutierrez et al., 2007). 

 
CEE decreased fetal body weight, brain weight, hippocampus weight, and the 

brain to body weight ratio (Fig. 1A–D, respectively), and maternal FA supplementation, 

in a regimen (2 mg/kg maternal body weight/day/5 days/week) that produced maternal 

RBC folate concentration of 600, 632 and 635 nM, at GD 18, 40 and 65 respectively in 

the EFA group (Fig. 2A), did not mitigate these teratogenic effects. Conversely, in the 

rat, maternal FA supplementation during gestation can prevent the body growth 

restriction in the offspring of CEE dams (Cano et al., 2001). Although it is conceivable 

that maternal supplementation with a higher FA regimen would attenuate or prevent the 
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CEE-induced decreased fetal body weight, brain weight and hippocampus weight, the 

finding in this study that FA supplementation decreased fetal body and brain weights in 

the SFA group compared with the ALFA control indicates that there is possibly a safety 

issue with the 2mg FA/kg maternal body weight/day/5 days/week regimen. 

 

Maternal RBC folate concentration decreased approximately 30% as pregnancy 

progressed (Fig. 2A). This gestational-age-dependent decrease in maternal RBC folate 

also occurs in human pregnancy; however, the decrease is of lower magnitude, about 

10% (Qvist et al., 1986; Ek, 1981; Bruinse & van den Berg, 1995). The gestational-age-

dependent decrease in maternal RBC folate was mitigated by FA supplementation (Fig. 

2A). The maternal RBC folate values at GD 65 in the E, S and AL treatment groups 

supplemented with FA compared with V can be attributed to the fact that the majority of 

RBCs present in the circulation at the start of gestation would have turned over, and new 

RBCs formed during erythropoiesis would have been exposed to higher folate 

concentration produced by supplementation (Ek, 1980; Smith et al., 1985). There was no 

effect of CEE on maternal RBC folate at the three gestational ages studied. 

There was no effect of CEE or FA supplementation on fetal RBC folate at GD 65 (Fig. 

2B). In contrast to these findings, pregnant mice receiving 20% ethanol-derived calories 

showed decreased maternal RBC folate (El Banna et al., 1983). These data indicate that a 

higher ethanol dosage regimen may be required to deplete maternal and fetal RBC folate 

in the guinea pig. 
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In the present study, comparison of maternal RBC folate and fetal RBC folate at 

term demonstrated that fetal RBC folate is higher than maternal RBC folate, which is 

consistent with previous studies indicating that folate is transferred from the mother to 

the fetus against a concentration gradient (Ek, 1980; Tamura & Picciano, 2006). This 

fetal RBC folate-maternal RBC folate gradient in the guinea pig is consistent with the 

findings of other studies comparing maternal and fetal RBC folate in the Cebus albifrons 

non-human primate (Blocker et al., 1989) and the human (Ek, 1980). 

 

Maternal liver folate was not affected by maternal treatment or FA 

supplementation (data not shown). In contrast, CEE decreased term fetal liver folate, and 

this effect was mitigated by FA supplementation (Fig. 3A). Other studies in the rat and 

monkey have shown that CEE decreases liver folate stores [Hoyumpa, 1986]. Fetal 

hippocampus folate, at term, was decreased by each of maternal E and S treatment 

compared with AL for V supplementation (Fig. 3B). CEE and S decreased maternal daily 

food intake throughout pregnancy which is reflected in a decrease in maternal body 

weight in these animals at term (GD 63) but this did not affect maternal RBC folate. The 

CEE-induced decrease in fetal hippocampus folate appears to be due primarily to this 

nutritional effect rather than a direct action, as indicated by the isocaloric-sucrose/pair-

feeding data. Supplementation with FA did not attenuate or prevent the decreased fetal 

hippocampus folate produced by CEE or isocaloric-sucrose/pair-feeding. In this study, 

maternal RBC folate was not reflective of folate concentration in the fetal compartment 

and fetal RBC, liver, and hippocampus tissues were differentially affected by maternal 

treatment and FA supplementation. The data of this study should be interpreted with 
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caution, in view of the single high-dose ethanol regimen and the single maternal folic 

acid regimen that did not quite achieve the targeted RBC folate concentration. Moreover, 

only term fetal outcomes were evaluated in a limited number of subjects. Future studies 

in larger cohorts will be necessary to confirm these observations as well as to evaluate the 

impact of FA supplementation on postnatal outcomes resulting from prenatal ethanol 

exposure. 

 

3.5 Conclusions 

The data of this study indicate that maternal FA supplementation, with a daily 

dose of 2mg/kg maternal body weight, did not mitigate the gross markers of ethanol 

teratogenicity in the term fetal guinea pig. Maternal supplementation with this FA 

regimen increased maternal RBC folate at term, prevented the CEE-induced decrease of 

term fetal liver folate, did not affect maternal liver folate or fetal RBC folate at term, and 

did not mitigate the nutritional deficit-induced decrease of term fetal hippocampus folate. 

The data of this study in the guinea pig indicate that FA supplementation has differential 

effects in the mother and the fetus, which depend on the chronic maternal treatment (E, S 

or AL) and the tissue parameter being measured (weight, folate; maternal or fetal; body 

or brain; RBC, liver or hippocampus). These data illustrate the complexity of using 

nutritional supplementation to mitigate ethanol teratogenicity. 
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Chapter 4: Maternal ethanol consumption by pregnant guinea pigs causes 

neurobehavioral deficits and increases ethanol preference in offspring 
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4.1 Introduction 

 Chronic prenatal ethanol exposure (CPEE), via maternal consumption of alcoholic 

beverages during pregnancy, can produce a broad spectrum of behavioural and cognitive 

deficits in offspring, including problems with learning and memory, attention, executive 

functioning, visuospatial abilities and emotional management (Steinhausen et al., 1993; 

Steinhausen et al., 1998). These deficits, resulting from prenatal ethanol exposure, are 

collectively termed fetal alcohol spectrum disorders (FASD). Although the adverse 

effects from prenatal ethanol exposure have been known for decades (Clarren & Smith, 

1978; Koren et al. 2003), it is estimated that FASD may occur as frequently as 1 in 100 

live births (PHAC, 2003), although recent epidemiological studies suggest prevalence 

rates as high as 2-5% (May et al., 2009), making this a public health problem of epidemic 

proportion.  

 

Several animal studies have shown that CPEE, via high dose ethanol exposure, 

produces marked effects in the developing fetus including brain and body growth 

restriction (Butters et al., 2000; Iqbal et al., 2006a), reduced cell proliferation in the 

hippocampus (Redila et al., 2006), and impaired neurogenesis (Klintsova et al., 2007). 

There are lasting neurobehavioural alterations in offspring which manifest as increased 

locomotor activity (Butters et al., 2000; Gibson et al., 2000) and deficits in spatial 

learning and memory (Berman & Hannigan, 2000; Livy et al., 2003; Iqbal et al., 2006b; 

Klintsova et al., 2007). More recently, focus has shifted towards the effects of low to 

moderate ethanol consumption on the developing fetus. Some studies suggest that 

moderate prenatal ethanol exposure does not affect fetal growth (Varaschin et al., 2010) 
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but still causes alterations in social behaviours (Savage et al., 2010) as well as learning 

and memory deficits in the exposed offspring (Savage et al. 2002). Others have found 

that both ethanol dose and timing of exposure has a profound impact on behaviours, such 

as trace fear conditioning and ethanol consumption, measured in postnatal life (Hunt et 

al., 2009; Chotro & Arias, 2003; Domínguez et al., 1996, 1998; Molina et al., 1995). 

There are many factors that contribute to the variety of results observed in the animal 

literature which include the animal model used (mouse, rat, guinea pig, sheep), the timing 

of exposure (critical period of development and amount of daily access), route and 

amount of ethanol administration (intubation, liquid diet, volitional), and the tool used to 

assess the neurobehavioural effects of prenatal ethanol exposure.  Several studies in our 

lab have used a high ethanol dose binge model in the guinea pig to examine the effects on 

growth, offspring behaviour, and various neurochemical aspects of FASD which led us to 

explore the effects of a lower ethanol dose in the same animal model. 

 

CPEE is also considered to be an important risk factor for abuse of ethanol, 

nicotine and other psychoactive drugs by offspring. Spear and Molina (2005) postulated 

that the use of ethanol in preadolescence or adolescence is a consequence of earlier 

exposure to the pharmacological effects of ethanol, most notably during prenatal life. In 

the first comprehensive study, the relative importance of prenatal ethanol exposure and 

family history of alcoholism for predicting ethanol use was assessed (Baer et al., 1998). 

Prenatal ethanol exposure was found to be a  predictor of drinking patterns, including the 

average number of drinks consumed per occasion, age of first intoxication, ethanol 

dependence, and negative consequences of ethanol use at 14 and 21 years of age (Baer et 
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al., 1998; Baer et al., 2003). Similarly, in a study of adoptees, prenatal ethanol exposure 

was found to be a risk factor for abuse of ethanol, and that the impact of prenatal ethanol 

exposure on the development of drug abuse disorders is independent of genetic and other 

environmental factors (Yates et al., 1998). The neurobiological mechanisms that underlie 

this CPEE-induced increased risk for ethanol abuse are not clearly understood. 

 

The objective of this study was to test the hypothesis that prenatal exposure to 

ethanol, via maternal consumption of an aqueous ethanol solution, induces 

neurobehavioural deficits and increases ethanol preference in offspring. This hypothesis 

was evaluated in the guinea pig because the pharmacokinetics of ethanol in the maternal-

fetal unit (Brien & Clarke, 1988) and brain development, including prenatal brain growth 

spurt (Dobbing & Sands, 1979) are more similar to the human than other rodent species. 

The guinea pig has a trimester-equivalent pregnancy, maternal-fetal cortisol gradient 

(Campbell & Murphy, 1977; Dalle & Delost, 1976), and hemomonochorial placenta 

(Martensson, 1984) that are similar to the human.  

 

4.2 Methods 

4.2.1 Experimental animals 

Female nulliparous Dunkin-Hartley-strain guinea pigs (500-600g; Charles River 

Canada, St. Constant, QC) were mated with males of the same strain using an established 

protocol (Elvidge, 1972). Gestational day (GD) 0 was defined as the last day of full 

vaginal-membrane opening (term, ∼ GD 68). Vaginal-membrane status, body weight and 

general health were monitored daily throughout gestation. Animals were housed in 
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separate cages with a 12-h light/12-h dark cycle with lights on at 0800 h, at an ambient 

temperature of 23oC. Offspring were weighed and monitored for general health daily, 

and at postnatal day (PD) 15-22, were weaned from their mothers, separated by sex and 

housed with offspring of the same maternal treatment group and same sex. 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. 

 

4.2.2 Chronic treatment regimens 

Before mating, female guinea pigs were given 24-h access to either water 

sweetened with sucralose (1g/L) (n=18) or an aqueous ethanol solution sweetened with 1 

g/L sucralose (n=18). To acclimatize the animals to consuming aqueous ethanol solution, 

the concentration of ethanol was increased in a stepwise manner every three days starting 

at 0% (v/v) on day one and ending at 5% (v/v) on day 30. During this time, food was 

available ad libitum. After the animals had stabilized their consumption of the 5% (v/v) 

ethanol solution (approximately day 43-44), they were mated, during which time there 

was free access to both water and their respective treatment solution. The females were 

separated from the males on GD 1-2, and thereafter, had ad libitum access to food and 

their treatment solution, sucralose-sweetened 5% aqueous ethanol or sucralose-sweetened 

water. To minimize any potential withdrawal effect, after parturition (PD 0), the ethanol 

and water solutions were diluted to a concentration of 0.5 g/L sucralose with or without 

2.5% (v/v) ethanol. On the following day, the treatment solutions were diluted again to 

0.25 g/L sucralose with or without 1.25% (v/v) ethanol. On PD 3, the treatment solutions 
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were replaced with water. All offspring underwent spontaneous locomotor activity testing 

on PD 10. Following weaning, one group of offspring was used for Morris water maze 

testing and a separate group of offspring was used for ethanol preference testing. When 

possible, male and female offspring from each litter were studied in the experiments and 

data were combined in the analysis. 

 

4.2.3 Spontaneous locomotor activity  

 Spontaneous locomotor activity was measured in postnatal offspring using an 

open-field apparatus (480 mm × 480 mm) equipped with two banks of infrared beams to 

measure movement in the horizontal and vertical planes, and a software-driven data 

acquisition system (TSE Actimot, Scientific Products and Equipment, Concord, Ontario). 

Testing was carried out in a quiet room with ambient lighting and occurred between 12 

pm and 5 pm. Animals were tested on PD 10 (pre-weaning) for a period of 30 min, since 

we have consistently observed increased spontaneous locomotor activity in prenatal 

ethanol-exposed guinea pig offspring at this developmental time point (Abdollah et al., 

1993; Catlin et al., 1993; Butters et al., 2000; Gibson et al., 2000).  

 

4.2.4 Morris water maze 

The Morris water-maze test of spatial learning was adapted for guinea pigs 

(Dringenberg et al., 2001), based on an established method (Morris, 1981). The maze 

consisted of a pool (1.8-m diameter) filled with water that was made opaque by adding 

non-toxic white paint. All water-maze testing was conducted in the afternoon between 1 

pm and 5 pm. A variety of coloured 2 dimensional shapes were attached to the walls of 
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the pool and 3 dimensional objects were hung above the shapes. These visual cues 

remained stationary throughout the testing period. Offspring from each litter of each 

treatment group were randomly selected to undergo Morris water maze or ethanol 

preference tests.  

  

In the moving platform version of the Morris water maze (McAdam et al., 2008), 

the hidden platform is moved to a new location every second day of testing. Each animal 

received 2 blocks of 2 trials per day (4 trials in total), with an inter-block interval of 2 

min. On each trial, the animal was placed in the pool at a different location, representing 

the four cardinal compass points around the pool. A maximum of 45 s was allowed for 

the animal to find and mount the hidden platform. If an animal failed to locate the 

platform within 45 s, it was manually placed on the platform for 15 s before 

commencement of the next trial. The dependent measure was time (s) to locate and 

mount the hidden platform on each trial. Testing began on approximately PD 60 for each 

animal, and lasted for eight consecutive days (four different platform locations). 

 

4.2.5 Ethanol preference  

Beginning at PD 40-45, individual animals were tested for ethanol preference 

using a two-bottle-choice paradigm. Food and water were removed from the animals’ 

home cage 2 h prior to testing. Thereafter, each animal was weighed and transferred to a 

testing cage. Food and two drinking solutions were placed in standard water bottles in the 

testing cage and left for 2 h with ad libitum access. The drinking solutions were 

comprised of water, and the other was an unsweetened aqueous ethanol solution. The 
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concentration of ethanol in the aqueous solution was raised in a stepwise manner, starting 

at 0% (v/v) on testing days 1-3 and increased by 0.3% every three days to a final 

concentration of 3% (v/v) at 30 days of testing. The side of the cage on which each bottle 

was placed was switched each day to control for a side bias by the animal. The volume of 

each solution and amount of food consumed during the 2-h testing period were recorded 

daily. Ethanol preference was measured as the (i) total dose of ethanol (g/kg body 

weight) at each ethanol concentration and (ii) highest peak ethanol dose consumed (g/kg 

body weight) in a single session during the 2-h testing period. Each animal was returned 

to its home cage at the end of the testing session.    

 

4.2.6 Statistical analysis 

The data are presented as group mean ± standard error of the mean (S.E.M), where 

littermate was the unit of analysis, with the exception of the pregnancy outcomes, 

maternal death and spontaneous abortion, which are reported as the number of 

occurrences. Pregnancy outcome variables, birth weight, and peak ethanol intake (g/kg) 

were compared between the two treatment groups by Student’s t-test for unpaired data. 

Morris water maze data were analysed using a repeated measures two-way analysis of 

variance (ANOVA) with maternal treatment as a between-subject factor and day as a 

within-subjects factor. Spontaneous locomotor activity and ethanol preference were 

compared using two-way ANOVAs with maternal treatment as a between-subjects factor 

and time (in 5-min bins) or concentration of ethanol solution as within-subjects factors. 

Post-hoc tests were performed using a Bonferroni correction for multiple comparisons. 
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Statistical analysis was performed using Prism 5 (GraphPad Software, San Diego, CA) 

with statistical significance set at p < 0.05. 

 

4.3 Results  

4.3.1 Pregnancy outcome 

 The pregnancy outcome data are presented in Table 4-1. The ethanol drinking 

mothers consumed an average daily dose of 2.3 ± 0.1 g/kg maternal body weight 

throughout pregnancy (range 1.8 – 2.8 g ethanol/kg maternal body weight). There was no 

difference in food consumption (g food/kg maternal body weight) between the two 

maternal treatment groups. There was no difference in the number of offspring or their 

sex distribution between the two chronic maternal treatment groups. In the chronic 

maternal ethanol group, there was one spontaneous abortion, one stillborn fetus, and three 

instances each of perinatal and adolescent death. In the sucralose-control group, there 

were two stillborn fetuses and two instances of perinatal death. Chronic maternal ethanol 

consumption decreased offspring birth weight (t119 = 2.48, p < 0.05) compared to the 

sucralose-control group.  

 

4.3.1 Spontaneous locomotor activity 

 Two-way ANOVA demonstrated a significant effect of maternal treatment (F 

(1,406) = 6.92, p < 0.05) and time in apparatus (F (5,406) = 6.78, p < 0.05) on time spent 

moving at PD 10 (Fig. 4-1). CPEE offspring spent more time moving in the 30 min test 

compared to the sucralose control offspring although the locomotor activity of both 

groups declined over the 30 min test period. 



Table 4-1 Pregnancy outcomes for guinea pigs that consumed 5% aqueous ethanol (n = 
16 litters) or sucralose solution (n = 17 litters) throughout gestation. 
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Figure 4-1 Maternal ethanol consumption increased spontaneous locomotor activity in 
postnatal day 10 offspring. Chronic prenatal ethanol exposure offspring spent more time 
moving compared with sucralose controls (p <0.05) and both maternal treatment groups 
decreased time moving during the 30-min test period (p < 0.05). The data are presented 
as group mean ± standard error of the mean of the offspring of each experimental group. 
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4.3.2 Morris water maze performance 

 Two-way ANOVA demonstrated a significant effect of day (F (7, 264) = 23.45, p 

< 0.05) and an interaction between day and maternal treatment (F (7, 264) = 2.68, p < 

0.05) on the average time to reach the platform across the four different platform 

locations (Figure 2A). Bonferonni post-hoc analysis revealed that the interaction was 

driven by the fact that the sucralose offspring showed significant improvement in 

performance of the task on the second day of testing (*, p < 0.05, Figure 2B), whereas the 

CPEE offspring did not exhibit an improvement in performance on the second day of 

testing.  

 

4.3.1 Ethanol preference 

 In the two-bottle-choice experiment, CPEE offspring had higher ethanol 

preference, as demonstrated by the dose of ethanol consumed across the different 

concentrations of aqueous ethanol solution, starting on PD 40 and ending on PD 70 

(Figure 4-3A). There was no effect of gender on the dose of ethanol consumed in either 

treatment group, and therefore, the data for male and female offspring were combined for 

subsequent analysis. Two-way ANOVA revealed statistically significant main effects of 

chronic maternal treatment (ethanol versus sucralose control) (F (1,270) = 7.89, p < 0.05) 

and concentration of aqueous ethanol solution (F (8,270) = 13.78, p < 0.05, Figure 4-3A). 

Similarly, CPEE offspring consumed a larger peak dose of ethanol in a single session (t29 

= 2.1, p < 0.05, Figure 4-3B) during the 2-h limited access period as compared to 

sucralose control offspring. 



  

Figure 4-2 Effect of maternal ethanol consumption during pregnancy on offspring 
performance in the Morris water maze test. Both treatment groups improved in task 
acquisition [escape latency, (s), p < 0.05], (Fig. 4-2A) over time albeit not at the same 
rate. Latency to locate the platform declined in the sucralose offspring after day 1 of 
testing (*, p < 0.05) whereas there was no difference between days 1 and 2 in escape 
latency in the chronic prenatal ethanol exposure (CPEE) offspring (Fig. 4-2B). There was 
no difference in task performance between the two groups on day 1 of testing. The data 
are presented as group mean ± standard error of the mean of the offspring of each 
experimental group. 
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Figure 4-3 Maternal ethanol consumption throughout pregnancy increased the dose of 
ethanol consumed by offspring in a limited-access, two-bottle choice paradigm, starting 
on postnatal day (PD) 40 and ending on PD 70. Offspring of the chronic maternal ethanol 
intake group demonstrated increased ethanol preference compared with sucralose 
controls, as measured by (Fig. 4-3A) ethanol intake (ethanol g/kg body weight) in the 2-h 
availability period (p < 0.05), and (Fig. 4-3B) the peak dose of ethanol (ethanol g/kg body 
weight) consumed in a single 2-h availability period (*, p < 0.05). 
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4.4 Discussion  

 In this study, consumption of a 5% (v/v) aqueous ethanol solution by the pregnant 

guinea pig induced neurobehavioural teratogenicity in offspring, as manifested by growth 

restriction at birth, increased spontaneous locomotor activity, impaired task acquisition in 

a moving platform version of the Morris water maze, and an increased preference for 

drinking aqueous ethanol solution in a two-bottle-choice paradigm. Based on a previous 

study conducted in the guinea pig (Gauthier et al., 2005), maternal consumption of the 

5% aqueous ethanol solution, with an average daily dose of 2.3 g ethanol/kg maternal 

body weight, would be expected to produce a peak blood ethanol concentration of 

approximately 50 mg/dL. In comparison, the high-dose, binge-type maternal ethanol 

regimen (4 g ethanol/kg maternal body weight administered as two divided doses given 

two hours apart) routinely produces blood ethanol concentrations between 200 and 300 

mg/dL (Catlin et al., 1993; Abdollah & Brien, 1995; Bailey et al., 1999; Kimura et al., 

1999; Butters et al., 2000; Gibson et al., 2000). Thus, the ethanol regimen used in the 

current study is considered to be a model of moderate ethanol exposure.  

 

In this study, CPEE offspring had decreased birth weight and increased 

spontaneous locomotor activity compared with control offspring. Growth restriction and 

hyperactivity are classical features of ethanol teratogenicity in all mammalian species, 

including the human (Driscoll et al., 1990) and are reproducible outcomes in the guinea 

pig following high-dose CPEE (Catlin et al., 1993; Butters et al., 2000; Gibson et al., 

2000). The lower total dose of ethanol consumed by pregnant guinea pigs in this study 
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also led to growth restriction and perturbations in neurobehavioural outcomes, albeit not 

to the same extent as the high-dose, binge-type maternal ethanol regimen (Catlin et al., 

1993; Butters et al., 2000; Gibson et al., 2000; Richardson et al., 2002; Iqbal et al., 

2004). 

 

The CPEE offspring showed a delay in task acquisition in the Morris water maze. 

This learning deficit occurs with high-dose maternal ethanol administration in a variety of 

animal models of ethanol teratogenicity including the guinea pig (Iqbal et al., 2004; 

Richardson et al., 2002) and rat (Ryan et al., 2008; Thomas et al., 2010). In the current 

study, the CPEE offspring were still able to acquire the task, but required more training 

days to show improvement in task performance, compared with control offspring. Kleiber 

et al. (2011) showed similar results the mouse, in which pregnant animals had access to a 

10% aqueous ethanol solution in a two-bottle-choice drinking paradigm. CPEE offspring 

showed a significant increase in time to reach the platform and increase in path length as 

compared with controls, which were restricted to the first two test days.   

  

Increased self-administration of ethanol in adult offspring following prenatal 

ethanol exposure was first reported in the rat (Bond & DiGusto, 1976). Subsequent 

studies in the mouse and rat have shown variable responses in ethanol self-

administration, confirming the initial finding (Randall et al., 1983; Lopez & Molina, 

1999), or showing no change (Abel & York, 1979; McGivern et al., 1984) or a limited 

increase (Reyes et al., 1985; Hilakiva, 1986; Hilakivi et al., 1987) in ethanol preference 

(reviewed in Chotro et al., 2007). This variability is likely the result of different 
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experimental methods used in the studies. Variables that are likely to affect ethanol 

preference are sex and age of the offspring, conditions of testing and, most importantly, 

timing and magnitude of ethanol exposure during development (Chotro et al., 2007). In 

most studies, the developing animals received ethanol via maternal consumption of a 

liquid diet or neonatal intragastric administration, thereby resulting in high or binge-type 

ethanol exposure. There have been relatively few studies in which the pregnant animal 

consumed a low-to-moderate dose of ethanol throughout the day, followed by testing of 

the postnatal offspring for ethanol preference. In one study, pregnant rats consumed 5% 

aqueous ethanol solution throughout gestation and lactation, and the offspring had 

increased ethanol preference when tested with 5% ethanol at 28 days of age (Buckalew et 

al., 1979). In another study in which pregnant rats consumed 4% ethanol as the sole 

source of liquid throughout gestation, there was no preference by the offspring for 8% 

ethanol, but there was ethanol preference if the dams continued to consume ethanol until 

weaning of the offspring (Honey & Galef, 2003). The current study demonstrates for the 

first time that pregnant guinea pigs which consumed a 5% (v/v) aqueous ethanol solution 

daily throughout gestation had offspring that exhibit increased ethanol preference in a 

two-bottle-choice paradigm. These data suggest that high-dose CPEE, via chronic 

maternal ethanol consumption, is not necessary for the increased risk of ethanol abuse in 

postnatal life, and that even low-to-moderate CPEE is a significant risk factor. Previous 

work in our laboratory has shown that CPEE guinea pig offspring exhibit behavioural 

deficits that manifest as impulsivity in an operant-conditioning paradigm (Hayward et al., 

2004) and disinhibition deficits in a Go/No-Go paradigm (Olmstead et al., 2009). These 

behavioural deficits seen in the guinea pigs are very similar to the impulsive behaviour 
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(Mattson et al., 1999; Kodituwakku et al., 2001) and increased ethanol preference (Baer 

et al., 1998; Baer et al., 2003) observed in children and young adults with a history of 

prenatal exposure to ethanol.   

           

Although the mechanism of this CPEE-induced increased ethanol preference in 

the guinea pig remains to be elucidated, several possibilities have been put forward. It has 

been proposed that moderate CPEE alters the chemosensory responsiveness to ethanol 

(e.g., taste, smell) in postnatal life, which increases volitional ethanol consumption 

(Chotro & Arias, 2003; Arias & Chotro, 2005a,b; Youngentob & Glendinning, 2009). It 

also has been postulated that CPEE-induced fetal programming of ethanol 

biotransformation, the mesolimbic dopamine reward system, and/or stress 

responsiveness, manifesting in postnatal life, underlies altered pharmacological response 

to ethanol, which increases volitional ethanol consumption (Spear & Molina, 2005; 

Chotro et al., 2007). Neonatal ethanol exposure increases locomotor activity in 

preweanling rats (Gilbertson & Barron, 2005) and increases ethanol preference in later 

life (Pepino et al., 2004; Ponce et al., 2004). In the current study, neonates were briefly 

exposed to ethanol via breast milk and drinking solution for 2 days after birth. While it is 

possible that this early neonatal ethanol exposure could have contributed to the observed 

effects on ethanol preference, the exposure was brief and of very limited extent compared 

with the CPEE throughout pregnancy.  
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4.5 Conclusion 

  In conclusion, in the guinea pig, CPEE, via moderate-dose maternal ethanol 

consumption throughout pregnancy, increases spontaneous locomotor activity and 

ethanol preference, and impairs task acquisition in the Morris water maze. These data 

demonstrate that high-dose maternal ethanol consumption is not necessary to induce 

neurobehavioural teratogenicity in the guinea pig, and that moderate CPEE is a risk factor 

for increased ethanol drinking behaviour in offspring. It is possible that these more subtle 

deficits of ethanol teratogenicity contribute to the wide variety of phenotypes of FASD in 

the human. Future studies should focus on the neurobiology underlying the increased 

ethanol preference in the CPEE offspring using this moderate-dose regimen of maternal 

ethanol consumption.  
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Chapter 5: General discussion 

This thesis research examined some of the proposed mechanisms of ethanol 

teratogenicity using the guinea pig as the animal model due to its similarities to the 

human, including the trimester-equivalent gestation, maternal-fetal cortisol gradient 

(Dalle & Delost, 1976; Campbell & Murphy, 1977), hemomonochorial placenta 

(Martensson, 1984), and the prenatal BGS (Dobbing & Sands, 1979).  Our goal was to 

determine the effects of CEE throughout pregnancy on: maternal and fetal HPA axis 

activity and CYP2E1 enzyme activity during the third-trimester-equivalent; folate status 

and effect of folic acid supplementation on CEE-altered folate status in the mother and 

term fetus; and neurobehavioural outcomes in offspring for maternal volitional 

consumption of moderate-dose ethanol.   

 

Effect of CEE on maternal and fetal HPA axis function and CYP2E1 enzyme activity in 

the third-trimester-equivalent period of gestation in the pregnant guinea pig 

The effects of CEE on HPA axis function and CYP2E1 enzyme activity were 

determined in the third-trimester-equivalent maternal-fetal unit (Chapter 2).  CEE 

increased microsomal and mitochondrial CYP2E1 enzyme activity in the late-gestation 

fetal guinea pig liver without stimulating the fetal HPA axis.  Similar effects were 

observed in the maternal liver, in which CEE increased microsomal and mitochondrial 

CYP2E1 enzyme activity across the three gestational ages and had no effect on HPA axis 

function, as measured by plasma free cortisol and plasma ACTH concentrations.  
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The mitochondria have long been implicated in the intracellular generation of 

ROS, including superoxide radical and hydrogen peroxide (Kroemer et al., 1997; Hirsch 

et al., 1997), particularly in adult liver following CEE (Morimoto et al., 1994; Mari & 

Cederbaum, 2001; Robin et al., 2005; Bai & Cederbaum, 2006).  The CEE-induced 

increase in CYP2E1 enzyme activity in fetal liver was observed in both microsomal and 

mitochondrial fractions, further implicating the mitochondria as a target organelle of 

CEE.  Furthermore, these data indicate that ROS are formed at least in the liver of the 

late-gestational-age fetal guinea pig (Chapter 2).  The data of this thesis research are 

consistent with the study reporting, in the pregnant rat, transplacental induction of 

CYP2E1 in the fetal liver by CEE (Carpenter et al., 1997). 

 

In this thesis study, there was no apparent effect of CEE on HPA axis activity in 

the mother or fetus.  This could be attributed, at least in part, to the lower maternal BEC 

in the current study (108-124 mg/dL) compared with another study in the guinea pig that 

had higher maternal BEC (283 ± 27 mg/dL) together with activation of both the maternal 

and fetal HPA axis, as measured by increased plasma ACTH and cortisol concentrations 

(Iqbal et al., 2006a).  In pregnant sheep, the CEE-induced activation of the maternal and 

fetal HPA axis in late gestation occurs in an ethanol-dose-dependent manner (Cudd et al., 

2001).  These data, when interpreted with the data from the study described in Chapter 2, 

demonstrate that the third-trimester maternal and fetal CYP2E1 enzyme activity is more 

sensitive than HPA axis function as a biomarker of CEE.  Alternatively, Liang et al. 

(2011) provided evidence, which suggests that in mice, CPEE inhibits the fetal HPA axis 

and the observed increase in fetal glucocorticoid concentration is of maternal origin.  
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Their data demonstrated that, in mice, CPEE inhibits mRNA expression of fetal adrenal 

acute regulatory protein (StAR) and cytochrome P450 cholesterol side chain cleavage 

(P450scc), which are the rate-limiting enzymes responsible for steroidogenesis.  They 

suggest that the elevated corticosterone in the fetal circulation is not derived from fetal 

adrenal steroidogenesis, but is likely due to increased concentration of corticosterone in 

the maternal circulation and its transfer across the placenta into the fetus (Liang et al., 

2011).  Furthermore, the increase in GR mRNA expression observed in the guinea pig 

fetal hippocampus (Iqbal et al., 2006a) could potentiate the glucocorticoid negative 

feedback on HPA axis, which is supported by the decreased mRNA expression of mouse 

fetal adrenal StAR and P450cc, resulting in HPA axis inhibition of steroidogenesis 

(Liang et al., 2011). 

 

Effects of CEE and folic acid supplementation on maternal-fetal folate status in the 

pregnant guinea pig 

The effects of CEE alone or with concurrent folic acid supplementation on folate 

status were determined in the maternal-fetal unit of the pregnant guinea pig at term 

(Chapter 3).  This study demonstrated that folic acid supplementation (2 mg folic acid/kg 

maternal body weight/day, 5 days/week) did not protect against CEE-induced growth 

restriction of the body or brain in the term fetal guinea pig.  Folic acid supplementation 

did maintain maternal RBC folate at late gestation in all maternal treatment groups, 

which normally decreases towards term, as shown by the data for vehicle administration.  

There was no effect of maternal treatment (CEE, Isocaloric-sucrose, Ad libitum) or folic 

acid supplementation on fetal RBC folate.  There was a decrease in fetal liver folate at 
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GD 65 in the ethanol-vehicle treated group compared to the ad libitum-vehicle, which did 

not occur with folic acid supplementation.  Both the ethanol and isocaloric-sucrose/pair-

fed controls showed decreased hippocampal folate as compared with the ad libitum 

group; there was no effect of folic acid supplementation on this outcome measure.  These 

data indicate that, in this model, folic acid supplementation had differential effects on the 

mother and fetus at term and did not mitigate gross markers of ethanol teratogenicity 

which illustrates the complexity of using nutritional supplementation as an intervention to 

mitigate effects of CEE. 

 

In late-gestation fetal mice, CPEE altered (both increased and decreased) 

expression of various enzymes in the brain involved in metabolism and energy 

production, protein translation, folding and signaling (Xu et al., 2008) and in over half of 

the cases, this effect was reversed with folic acid supplementation (Xu et al., 2008).  In a 

rat model of CPEE, folic acid supplementation mitigated CPEE-induced oxidative stress 

as determined by glutathione reductase specific activity, thiobarbituric acid reactive 

substances (TBARS), and the amount of carbonyl groups in proteins in liver and pancreas 

in the maternal-fetal unit (Cano et al., 2001).  These data demonstrate that the ethanol-

dosing regimen described in Chapter 3 does not induce folate-deficiency in the mother 

and the folic acid regimen chosen was not effective at mitigating gross measures of 

ethanol teratogenicity (body and brain weight).  One could speculate that if the female 

guinea pigs were folate-deficient prior to conception, folic acid supplementation may 

have had some impact on the parameters of ethanol teratogenicity measured in Chapter 3 

as is observed in the mouse and rat models (Xu et al., 2008; Cano et al., 2001).  In our 
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study, it is also possible that there were effects of folic acid supplementation on ROS-

induced damage in the liver and brain, but we did not measure indices of this injury. 

 

Volitional ethanol consumption by the pregnant guinea pig as a model to study 

neurobehavioural teratogenic effects of moderate CPEE 

The thesis-research objective was to develop a guinea pig model of volitional 

maternal consumption of moderate-dose ethanol and to determine the resultant 

neurobehavioural teratogenic effects in exposed offspring (Chapter 4).  The data 

demonstrate that, even at lower exposure, CPEE can produce hyperactivity as well as 

learning and memory deficits in offspring.  There was increased time spent moving in the 

open-field apparatus by CPEE offspring, which is a measure of hyperactivity, and a 

behavioural manifestation of ethanol neurobehavioural teratogenicity.  Control offspring 

demonstrated a decreased time to reach the hidden platform on the second day of testing, 

which was not observed in the CPEE offspring, in the moving-platform version of the 

Morris-water-maze task.  These data indicate that the CPEE offspring required more 

training days than controls but were still able to show improvement and acquire the task.  

Savage et al. (2002) showed similar effects of moderate-dose CPEE on learning and 

memory in rats using a moving platform version of the Morris water maze, where the 

CPEE offspring failed to show improvement on the second trial as compared with the 

controls (Savage et al., 2002).  CPEE increased ethanol preference in offspring, which 

consumed more ethanol during a two-bottle-choice experiment and consumed a larger 

peak dose of ethanol in a single session compared with sucralose control offspring.  
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The lower CPEE in this model of volitional ethanol consumption by the pregnant 

guinea pig causes subtle neurobehavioural teratogenic effects.  The mechanisms of 

ethanol teratogenicity engaged by high-dose CEE may be different than those involved in 

low-dose CEE.  Thus, volitional maternal consumption of moderate-dose ethanol by the 

pregnant guinea pig provides an animal model that mimics a maternal alcohol drinking 

pattern that perhaps is more common in pregnant women (Centers for Disease Control 

and Prevention, 2009) and enables investigation of mechanisms of neurobehavioural 

teratogenicity produced by this ethanol regimen.   

 

5.1 Conclusions 

In summary, studies in this thesis are the first to show that CEE causes 

transplacental induction of CYP2E1 in microsomal and mitochondrial fractions of fetal 

guinea pig liver, further implicating mitochondrial dysfunction as a mechanism of ethanol 

teratogenicity.  Furthermore, data in this thesis demonstrate the complexity of 

micronutrient supplementation, specifically folic acid, in the maternal-fetal unit of the 

pregnant guinea pig at term.  Lastly, the development of a guinea pig model of volitional 

ethanol drinking during pregnancy will provide a valuable tool to elucidate mechanisms 

of ethanol teratogenicity produced by moderate CEE.  Overall, consumption of ethanol 

during pregnancy is a problem that has tremendous impact on offspring, and 

understanding the mechanisms of ethanol teratogenicity is fundamental for the 

development of appropriate interventions in people with FASD. 
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5.2 Future directions 

The possibility that the guinea pig produces both cortisol and corticosterone in the 

adrenal gland and that both glucocorticoids play an important role in signaling between 

the mother and fetus has not been investigated.  Signaling within the guinea pig maternal-

fetal unit may not rely solely on the predominant glucocorticoid, cortisol, and signaling 

via corticosterone could be an important factor that, to date, has been largely overlooked.  

Quantitative analysis by high-performance liquid chromatography with mass 

spectrometric detection of plasma samples from the study described in Chapter 2 

demonstrated that both the maternal and fetal guinea pig produced cortisol, the dominant 

glucocorticoid, and corticosterone, the non-dominant glucocorticoid (Appendix A).  

These data also demonstrated that, at near-term (GD 65), CEE increased plasma 

corticosterone concentration in the mother and fetus, but did not affect maternal or fetal 

cortisol concentration (Appendix A, Figure 6-1).   

 

Based on the preliminary results in Appendix A, investigation of both 

glucocorticoids, cortisol and corticosterone, may provide greater insight into CEE-

induced perturbations in signaling in the maternal-fetal unit, particularly when the 

maternal BEC is low, thus not causing increased fetal plasma cortisol concentration, as 

previously reported by our laboratory for high maternal BEC (Iqbal et al., 2006a).  Future 

research should focus on the possibility that, following acute ethanol exposure in utero, 

the HPA axis may incur some developmental programming at lower maternal BEC.  This 

could be tested in offspring by measuring plasma cortisol and corticosterone 
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concentrations following a stress stimulus, such as forced swimming, using the moderate 

CEE regimen described in Chapter 4.   

 

 In addition to affective disorders, chronic over-activation of the HPA axis may 

disrupt metabolic function and increase the risk of diabetes, hypertension, cancer and 

cardiovascular disease (McEwen, 1998a, 1998b; Langley-Evans, 1997).  Prolonged 

exposure to elevated cortisol in the human can lead to increased secretion of insulin and 

growth hormone and decreased sex steroid secretion, due to decreased HPG axis activity, 

thereby resulting in accumulation of fat in visceral adipose tissue, loss of skeletal muscle 

mass and adverse metabolic consequences, including hypertension, carbohydrate 

intolerance and dyslipidemia (Rozanski et al., 1999; Libby, 2002; Jones et al., 2003; 

Rosmond, 2005; Chandola et al., 2006; Gianaros et al., 2009; Kendler et al., 2009).  

Similarly, CPEE in the rat has been shown to impair glucose tolerance in the offspring by 

inducing insulin resistance and pancreatic beta-cell dysfunction, which could be 

attributed to increased gluconeogenesis (Chen & Nyomba, 2003; Yao et al., 2006).  Yao 

et al. (2006) demonstrated that, in CPEE juvenile and adult rat offspring, the expression 

of PEPCK, a gluconeogenic enzyme, and PGC-1α, a transcription factor that regulates 

the expression of PEPCK, had suppressed response to insulin, thereby suggesting hepatic 

insulin resistance (Yao et al., 2006).   These data suggest that future research should 

focus on the teratogenic effects of ethanol involving other organ systems, including the 

pancreas, liver and cardiovascular system. 
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The developing hippocampus is a vulnerable brain region that is susceptible to injury 

by CPEE, which can decrease intracellular GSH content, especially in the mitochondria 

(Henderson et al., 1995; Ramachandran et al., 2001; Brocardo et al., 2012; Green et al., 

2006).  In Chapter 2, evidence is presented that the late-gestational-age fetus is capable of 

oxidative metabolism of ethanol, via CYP2E1, and potentially, the formation of ROS.  It 

is not known if the observed increase in CYP2E1 enzyme activity actually leads to the 

formation of ROS and whether or not the potential increase in ROS formation targets the 

late-gestational-age fetal hippocampus.  This question should be addressed in future 

studies. 
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Appendix A 

6.1 Sample preparation 

Maternal and fetal guinea pig plasma samples from Chapter 2 were used for 

quantification of cortisol and corticosterone by LC-MS/MS. 

 

6.1.1 Protein precipitation of guinea pig plasma 

The protein precipiation stock solution (89 mg/mL zinc sulfate) was prepared by 

adding 3.56 g of zinc sulfate heptahydrate in 40 mL of water.  Internal standards of 

cortisol-d4 (10 ng/mL) and corticosterone-d8 (5 ng/mL) were added to 6 mL of 89 mg/mL 

zinc sulfate and 100% methanol to obtain a working precipitation solution with internal 

standards.  Samples were thawed, and 100 μL of sample was transferred to a 1.5 mL 

polypropylene tube.  A 100 μL aliquot of precipitation solution was added to the sample, 

vortexed for approximately 30 seconds, and stored at -20°C for 15 minutes.  Once 

removed from the freezer, the samples were centrifuged at 21000 X g for 10 minutes.  A 

150 μL aliquot of the supernatant was removed and transferred to a polypropylene LC 

vial and stored at -80°C. 

 

6.1.2 Solid phase extraction of protein precipitated guinea pig plasma samples 

Protein precipitated guinea pig plasma samples were stored in liquid 

chromatography (LC) vials at ‐80°C.  Samples were thawed at room temperature, the 

contents of the vial transferred to a microcentrifuge tube, centrifuged at 14000 rpm for 10 

minutes, and 120 μL of supernatant transferred to a new microcentrifuge tube.  The 

samples were made up to 600 μL volume in water.  Samples were then processed through 
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solid phase extraction (SPE), dried under nitrogen, and reconstituted in 86 μL of 50:50 

MeOH:H2O, centrifuged at 14000 rpm for 10 minutes, 50 μL of supernatant transferred to 

an LC vial insert, which was subsequently centrifuged at 14000 rpm for 1 minute prior to 

analysis. 

 

6.1.2.1 SPE conditions 

The SPE was performed on the Gilson GX‐274 ASPEC™ robot.  Columns were 

primed with 950 μL of methanol (Optima grade) and then equilibrated with 950 μL of 

water (Optima grade).  The entire sample was added to the 1 mL column (Agilent Bond 

Elut C18 column) and was followed by 950 μL of water and then 950 μL of hexane.  

Cortisol and corticosterone were eluted using 950 μL of methanol.  Quality controls were 

included in each run. 

 

6.2 LC‐APCI‐MS/MS conditions 

The serum samples were analyzed using an AB SCIEX QTRAP® 5500 mass 

spectrometer equipped with an atmospheric pressure chemical ionization (APCI) source 

and an Agilent 1200 liquid chromatograph (LC) system.  Forty microlitres of sample was 

loaded onto a Phenomenex Kinetex 2.6 μ C18, 100 x 3.00 mm column maintained at 

45°C.  Mobile Phase A consisted of water and Mobile Phase B consisted of methanol.  

The elution gradient was 10% B for 0.50 min, 10‐40% B from 0.50‐1.50 min, 40‐70% B 

from 1.50‐5.50 min, 70‐80% B from 5.50‐8.50 min, 80‐95% B from 8.50‐8.70 min, 

95‐95% B from 8.70‐11.50 min, 95‐10% B from 11.50 to 11.70 min, and held at 10% B 
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from 11.70‐15.00 min at a flow rate of 0.550 mL/min.  A scheduled MRM scan was 

performed in positive mode with a 30 second detection window.  The mass spectrometer 

conditions are listed in Table 6-1.  Nitrogen was used as the source, nebulizer, and 

collision gasses.  Mass resolution in Q1 and Q3 was set to unit resolution. Two 

transitions were monitored for each analyte: a quantifier transition (‐1) and a qualifier 

transition (‐2). 

 

6.3 Data analysis 

Data processing and quantitation were performed using Analyst 1.5.1 software (AB 

SCIEX).  Calibration was performed using linear regression and 1/x weighting at the 

concentrations listed in Table 6-3. 

 

Table 6-1 Mass spectrometer conditions 

Parameter Value 

Curtain gas 28 psi 

Temperature 500°C 

Ion gas source 1 50 psi 

Ion gas source 2 60 psi 

Collision gas Medium 

Nebulizer current 8 µA 
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Table 6-2 MRM conditions for steroids of interest 

Analyte Q1 

(m/z) 

Q3 

(m/z) 

RT 

(min) 

DP (V) EP (V) CE 

(eV) 

CXP 

(V) 

Cortisol-1 363.2 121.1 5.55 85 10 35 20 

Cortisol-2 363.2 115.1 5.55 85 10 114 20 

Cortisol-d4 367.2 121.1 5.55 85 10 32 20 

Corticosterone-1 347.2 121.1 6.21 86 10 34 20 

Corticosterone-2 347.2 91.0 6.21 86 10 80 20 

Corticosterone-d8 355.3 337.3 6.21 85 10 22 20 

 
(m/z = mass to charge ratio, RT = retention time, DP = declustering potential, EP = 
entrance potential, CE = collision energy, and CXP = collision cell exit potential). 
 

Table 6-3 Calibration curve concentrations (ng/mL) prepared in charcoal-stripped 

human serum. 

Compound Std 1 Std 2 Std 3 Std 4 Std 5 Std 6 Std 7 

Cortisol 1000 500 250 50 25 10 5 

Corticosterone 10 5 2.5 0.5 0.25 0.1 0.05 

 

 

 



 
 

6.4 Results 

 

Figure 6-1 Maternal and fetal plasma cortisol and corticosterone concentrations.  
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