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Abstract 

Maternal ethanol consumption during pregnancy can produce teratogenic outcomes in 

offspring, which are collectively termed Fetal Alcohol Spectrum Disorder (FASD). Central 

nervous system (CNS) dysfunction is a debilitating and permanent manifestation of FASD.  

Recent studies indicate that chronic prenatal ethanol exposure (CPEE), via maternal ethanol 

administration, also impairs metabolic function in offspring. The mechanism of ethanol 

teratogenicity is multi-faceted and could involve alterations in insulin and insulin-like growth 

factor (IGF) signaling pathways. These pathways are not only important for metabolism, but are 

also involved in CNS neuronal survival and plasticity, which are impaired by CPEE. The overall 

goal of this thesis research was to study, in the guinea pig, neurobehavioural and metabolic effects 

of CPEE and to investigate whether these effects were associated with altered CNS and peripheral 

insulin/IGF signaling pathways.  In postnatal offspring, CPEE decreased brain weight and altered 

performance of the modified Biel-maze task, which was a sensitive measure of apparent cognitive 

dysfunction and executive function deficits. Furthermore, CPEE produced various manifestations 

of metabolic teratogenicity in offspring, including decreased birth weight, postnatal catch-up body 

growth, increased whole-body adiposity, disrupted pancreatic morphology, dysregulation of blood 

glucose concentration and increased liver weight in adulthood. The CPEE-induced 

neurobehavioural and metabolic effects were associated with alterations of the insulin/IGF 

signaling pathways in the CNS and periphery. In the liver, CPEE decreased mRNA expression of 

IGF-1, IGF-1 receptor, and IGF-2 in male and female offspring, and increased mRNA expression 

of insulin receptor substrate (IRS)-2 in male offspring only compared with nutritional control. 

Female CPEE offspring had decreased hepatic mRNA expression of insulin receptor compared 

with male CPEE offspring. In the prefrontal cortex, IRS-2 mRNA expression was increased in 

male and female CPEE offspring compared with nutritional control. The studies of this thesis have 
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contributed to the understanding of the neurobehavioural and metabolic consequences of CPEE in 

offspring, which are associated with impairment of the insulin/IGF signaling pathways.  
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Chapter 1 

Introduction 

1.1 Statement of the research problem 

Maternal alcohol (ethanol)1 consumption during pregnancy produces a range of adverse 

developmental outcomes in children, collectively termed fetal alcohol spectrum disorder. Central 

nervous system (CNS) dysfunction is often the most debilitating and permanent consequence of 

prenatal ethanol exposure; however, recent studies suggest that chronic prenatal ethanol exposure 

(CPEE) also impairs metabolic function in offspring. The mechanism of ethanol teratogenicity is 

complex and multi-faceted, but it is hypothesized that CPEE induces both neurobehavioural and 

metabolic teratogenicity via disruption of the same pathway: the insulin/insulin-like growth factor 

(IGF) signaling pathway. The overall goal of this thesis research was to study in the guinea pig   

the effects of CPEE on neurobehavioural and metabolic outcomes in postnatal offspring, and to 

investigate whether these effects were associated with impairment of central and peripheral 

insulin/IGF signaling.    

 

1.2 Alcohol use during pregnancy 

Alcohol consumption in excess is related to a variety of poor health outcomes, including 

morbidity, mortality, disability, and addiction (1). Alcohol is legal, easily accessible, and the 

2011 Canadian Alcohol and Drug Use Monitoring Survey indicated that 78% of individuals aged 

15 years or older reported alcohol use in the previous 12 months (2). Alcohol use by women in 

Canada is common, with 40.2% of women reporting light infrequent use (<5 drinks/occasion, less 
                                                             
1 The terms alcohol and ethanol are used interchangeably throughout this thesis. 
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than once per week) and 28.2% of women reporting light frequent use (<5 drinks/occasion, once 

or more per week) (2). Heavier alcohol consumption, involving heavy infrequent use (>5 

drinks/occasion, less than once per week) and heavy frequent use (>5 drinks/occasion, once or 

more per week), was reported by 3.6% and 1.8% of Canadian women, respectively (2).  

 

 Most women reduce or cease consuming alcohol once pregnancy is recognized. 

However, many pregnant women expose the fetus to alcohol before they are aware of pregnancy, 

while others continue to consume alcohol even after pregnancy recognition (3). Alcohol 

consumption during pregnancy can result in a wide range of teratogenic outcomes in the   

offspring, including spontaneous abortion, structural malformations, growth restriction, CNS 

injury, and neurobehavioural deficits (4, 5). Even low-to-moderate ethanol consumption by 

pregnant women has been linked to a range of behavioural and social problems that may affect 

offspring throughout life (6). A safe level of alcohol use during pregnancy has not been 

established and for this reason, the Society of Obstetricians and Gynaecologists of Canada, the 

American Academy of Pediatrics, and the American College of Obstetricians and Gynecologists 

recommend that women abstain from consuming alcohol prior to becoming pregnant and 

throughout pregnancy (5, 7). Nevertheless, approximately half of all pregnancies are unplanned, 

and pregnancy often is not recognized until 5 to 6 weeks after conception (8-10). Therefore, 

despite attempts to increase public awareness of the risks associated with drinking during 

pregnancy, a significant proportion of pregnancies (up to 14%) are alcohol-exposed (11-13). A 

large telephone survey in the United States determined that binge drinking (i.e. consuming four or 

more drinks per occasion), which is the most damaging form of alcohol consumption to the fetus, 

was reported by 8.3% of women at some time during pregnancy (3, 14). However, most 
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physicians and researchers rely on maternal self-report of alcohol use during pregnancy, so it is 

likely that actual alcohol consumption during pregnancy is underreported (15). 

 

1.3 Fetal alcohol spectrum disorder 

Prenatal ethanol exposure, via maternal consumption of alcohol, produces various 

teratogenic consequences in offspring, and is one of the leading causes of mental deficiency in the 

Western world (5, 16). The umbrella term fetal alcohol spectrum disorder (FASD) is a non-

diagnostic term used to describe the postnatal structural and functional defects produced by 

prenatal ethanol exposure, and encompasses four alcohol-related clinical diagnoses defined by the 

Institute of Medicine: fetal alcohol syndrome (FAS), partial fetal alcohol syndrome (pFAS), 

alcohol-related neurodevelopmental disorder (ARND), and alcohol-related birth defects (ARBD) 

(5, 9). The term fetal alcohol syndrome (FAS) was first used in 1973 to describe defects in 

children born to mothers who consumed high-dose ethanol throughout pregnancy (17, 18). With 

or without confirmed maternal ethanol consumption during pregnancy, a diagnosis of FAS 

requires the presence of three principal features: characteristic craniofacial dysmorphology, 

prenatal and postnatal growth restriction, and neurodevelopmental deficits (17). Individuals that 

lack some of the characteristic facial anomalies, but present with the other diagnostic criteria, 

may be diagnosed with pFAS if there is confirmed maternal ethanol consumption (18). A 

diagnosis of ARBD requires confirmed maternal ethanol consumption and one or more congenital 

anomalies, including cardiac, skeletal, renal, ocular, and auditory malformations and dysplasias 

(18). ARND is the most difficult diagnosis to make, since children present with normal growth 

and structural development, but display a complex pattern of behavioural or cognitive 

abnormalities induced by confirmed maternal alcohol consumption (18, 19).   
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Diagnosis of FAS, pFAS, ARND or ARBD in Canada involves a comprehensive, 

multidisciplinary assessment of the individual, which is estimated to require approximately 40 

hours of evaluation and cost up to $4,500 per person (20). In North America, the incidence of 

FASD is approximately 1 in 100 live births, and recent epidemiological studies estimate a 

prevalence rate as high as 2-5% (21). The public health epidemic of FASD is not limited to North 

America. In a South African community, the estimated prevalence of FASD amongst first-grade 

children is 13.6-20.9%; the prevalence of FAS/pFAS in a rural population of Croatian 

schoolchildren is 6.7% (22, 23); and the prevalence of FASD among first-grade students in Italy 

is 2.3-6.3% (24). Furthermore, a recent meta-analysis determined that the prevalence of children 

with FASD in child-care systems worldwide (e.g. orphanages, foster care, child welfare system) 

is approximately 16.9% (25). 

 

Central nervous system injury is often the most serious and permanent consequence of 

prenatal ethanol exposure (26). Children with FASD may present with a wide array of cognitive, 

behavioural, social, and motor impairments, including hyperactivity, sleep problems, and deficits 

in attention, learning and memory, and executive function (26-32). In addition, mental illness, 

such as depression and anxiety disorders, is common in children with FASD (33-36). The CNS 

dysfunction associated with FASD typically persists into adolescence and adulthood, which can 

result in co-morbidities, including poor school performance, psychiatric problems, inappropriate 

sexual behavior, alcohol/drug abuse, and trouble with the law (6, 37-40). In fact, a recent study 

estimated that Canadian youth with FASD are 19 times more likely to be incarcerated in a given 

year than typically developing youth (37). A study that examined key cost components (direct 

costs: medical, education, social services, out-of-pocket costs; and indirect costs: productivity 
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losses) estimated that the total adjusted annual cost of FASD in Canada is $5.3 billion, which 

represents a significant economic burden to Canadians (41).  

 

1.4 Ethanol metabolism in the maternal-fetal unit 

It has been determined that not every woman who consumes ethanol during pregnancy 

will give birth to a child with FASD (42). Therefore, it is important to understand the factors that 

increase the probability that prenatal ethanol exposure will produce deleterious effects in 

offspring. Importantly, the ability and extent of the maternal-fetal unit to metabolize ethanol may 

greatly affect the risk of FASD in ethanol-exposed offspring. 

 

Following oral ingestion, ethanol is quickly absorbed by simple diffusion through the 

mucosal surface in the stomach (~20% of ingested ethanol) and small intestine (~80% of ingested 

ethanol) (43, 44). Due to its high polarity and small size, ethanol readily distributes throughout 

body water with an apparent volume of distribution of approximately 0.45-0.6 L/kg in women 

(44). The majority of ingested ethanol is metabolized by oxidative and non-oxidative pathways, 

while a small amount is excreted unchanged in the urine, breath, and sweat (44). Approximately 

85-95% of ethanol is biotransformed to acetaldehyde in the liver, catalyzed by alcohol 

dehydrogenase (ADH), with subsequent enzymatic conversion of acetaldehyde to acetic acid by 

aldehyde dehydrogenase (ALDH) (44, 45). Two minor oxidative pathways, the microsomal 

cytochrome P450 system, most notably involving CYP 2E1, and the enzyme catalase, also act to 

metabolize ethanol (44). Non-oxidative biotransformation is also a minor pathway involved in 

ethanol metabolism, and involves the conjugation of ethanol to endogenous substrates such as 

fatty acids, phospholipids, sulfate, and glucuronic acid, which results in the production of fatty 
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acid ethyl esters (FAEEs), phosphatidylethanol (PEt), ethyl sulfate (EtS), and ethyl glucuronide 

(EtG), respectively (46, 47). 

 

The metabolic capacity of ethanol among pregnant women varies eightfold (from 0.0025 

to 0.02 g/dl/h), which may explain the variation in phenotypic presentation of FASD following 

maternal consumption of similar doses of ethanol (48). The variation in ethanol metabolic 

capacity in pregnant women is associated with a range of factors, including age, ethnicity, 

hormonal status, body composition and lean body mass, liver size, and food intake (49). Another 

critical factor that affects ethanol metabolic capacity during pregnancy is the presence of genetic 

polymorphisms of the ethanol-metabolizing enzymes. For example, maternal polymorphisms that 

increase ADH activity and enhance ethanol metabolism have been associated with a decreased 

risk of FASD in offspring (50). The peak blood ethanol concentration (BEC) is critical to the risk 

of ethanol teratogenicity and depends on the rates of drinking, gastric emptying, and phase I 

biotransformation, and whether the mother is in a fed or fasted state (49). In general, mothers of 

children with FAS have been found to consume more ethanol and achieve a higher BEC than 

mothers who consumed ethanol, but did not give birth to a child with FAS (42).  

 

It has been established in pregnant women that ethanol readily transfers across the 

placenta and distributes in the fetal compartment, resulting in similar BEC in the maternal and 

fetal circulations approximately 2 h after ingestion (51-53). The placenta is metabolically active, 

but does not play a major role in ethanol biotransformation, and does not significantly reduce the 

amount of ethanol that reaches the fetal compartment (48). Only a single isoform of ADH is 

present in the placenta, and its activity is approximately 3900-fold lower than that of the adult 
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liver (48, 54). Therefore, ethanol easily distributes into the fetal circulation, where it is 

biotransformed by the same metabolic enzymes as the mother, including ADH and CYP 2E1 (55, 

56). However, the metabolic capacity of the fetus is underdeveloped and functions at a rate of 

only 5 to 10% of adult activity (57). Studies have reported low hepatic ADH activity in the fetus, 

but activity appears to increase with gestational age, along with increased expression of various 

ADH isoforms during development (58). Hepatic CYP 2E1 expression also increases with 

gestational age and reaches 30-40% of adult level by one year of age (59). Since the ethanol 

metabolic capacity of the fetus is limited, the majority of the burden of ethanol elimination from 

the maternal-fetal unit is dependent on maternal hepatic biotransformation (48). 

 

Studies examining the disposition of ethanol and acetaldehyde in the maternal-fetal unit 

have also determined that the accumulation of these molecules in the amniotic fluid may lead to 

their reabsorption by the fetus (60, 61). For example, a study in six healthy pregnant women 

determined that the maximal ethanol concentration was two-fold lower in the amniotic fluid than 

in maternal venous blood (52). However, the study also found that the rate of ethanol elimination 

from amniotic fluid was about half the elimination rate from maternal venous blood, such that 3.5 

hours after ingestion, ethanol was undetectable in maternal blood, but still present in the amniotic 

fluid (52). During the second half of gestation, fetal exposure to ethanol is prolonged by the 

recurrent cycle of fetal pulmonary secretion and urinary excretion of ethanol into amniotic fluid, 

and fetal swallowing of amniotic fluid and absorption of ethanol in the gastrointestinal tract (47, 

48). This suggests that the amniotic fluid acts as a reservoir for ethanol, which can prolong the 

period of fetal ethanol exposure.   
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1.5 Experimental animal models of ethanol teratogenicity 

The effects of prenatal ethanol exposure on structural and functional outcomes in 

offspring depend on the dose, duration, and gestational timing of ethanol exposure, genetic 

factors, and nutritional status of the mother, which are all known to be involved in ethanol 

teratogenicity (26, 49). The use of animal models has greatly improved the study of the 

mechanism of ethanol teratogenicity by allowing researchers to control for specific factors, such 

as the maternal dose or gestational timing of ethanol exposure. Depending on the experimental 

hypothesis to be tested, the ethanol regimen may involve acute maternal administration (i.e. 1-2 

doses) during critical periods of fetal development (62-64), trimester-equivalent exposure (65-

68), intermittent binge-like exposure (69, 70), or chronic exposure throughout gestation (71-76). 

The route of ethanol administration may also vary depending on the animal model and 

experimental hypothesis, and may include oral administration (72, 77), intraperitoneal injection 

(62, 64, 68), gavage (68, 78), inhalation (79, 80), liquid diet containing ethanol (81, 82), 

intravenous infusion (83, 84), and voluntary oral consumption (85, 86). While all of these models 

have proven to be effective in demonstrating the teratogenic effects of ethanol, oral 

administration of ethanol is considered to provide the most comparable model to the human in 

terms of route of ethanol exposure and BEC achieved (87).   

 

Numerous animal models have been utilized to investigate the effects of prenatal and/or 

early postnatal exposure to ethanol on development, including drosophila (88), zebrafish (89, 90), 

chicken (91-93), mouse (94, 95), rat (76, 82, 96-99), guinea pig (73, 85, 100-103), sheep (70, 

104-106), and non-human primate (107, 108). However, most animal studies of prenatal ethanol 

exposure are conducted in rodents, specifically, rats and mice, due to the relatively low cost and 
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short period of gestation, which allow for the rapid generation of large data sets (109). Many of 

the structural and functional features of FASD have been reproduced in rodent models of ethanol 

teratogenicity (110). Most strikingly, a study determined that the characteristic facial 

dysmorphology of FAS, including narrow forehead, short palpebral fissures, small nose, and thin 

upper lip with indistinct philtrum, was observed in the fetal mouse following two intraperitoneal 

doses of ethanol (2.9 g/kg maternal body weight) administered on gestational day 7 (62). 

Furthermore, rats and mice are well suited for performance of neurobehavioural and cognitive 

tasks, such as the Morris water maze, elevated plus maze, T-maze, open-field locomotor activity, 

and sucrose preference tests (111-118). However, there are some major considerations in using 

mouse or rat models of ethanol teratogenicity. Most notably, in rat and mouse models, the brain 

growth spurt, which is the period of highest velocity brain growth and development, extends into 

the early postnatal period from approximately postnatal day (PD) 1 to 10 (119). This is in contrast 

to human brain development, for which the third trimester represents a period of rapid neuronal 

growth and cell proliferation, synaptogenesis, dendritic arborization, and protein synthesis, and is 

hypothesized to be critically sensitive to the effects of ethanol exposure (110, 119-121). 

Therefore, many rodent models of ethanol teratogenicity involve ethanol administration to 

neonatal offspring in order to model ethanol exposure during the third trimester brain growth 

spurt in the human (110). However, these experimental models cannot account for the 

contributions of the placenta, maternal metabolism, and parturition to the effects of ethanol on the 

developing brain (110).  

 

The guinea pig model of ethanol teratogenicity shares many of the advantages of the 

other rodent models in terms of low cost and reproducibility of structural and neurobehavioural 
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deficits in offspring (100-103). However, the guinea pig model has some additional advantages 

compared with other rodent models. Firstly, the guinea pig has a significantly longer period of 

gestation (~68 days) compared with that of the rat and mouse (~21 days), which allows for 

experimental paradigms of either chronic ethanol exposure or trimester-equivalent ethanol 

exposure during pregnancy (122). Furthermore, unlike in the rat or mouse, the brain growth spurt 

of the guinea pig occurs in utero, which more closely resembles the period of rapid brain 

development during the third trimester in the human (119). The hemomonochorial placenta of the 

guinea pig is more similar to that of the human than the placenta of other species (e.g. sheep, 

rabbit, rhesus monkey) and provides an appropriate model of maternal-fetal nutrient and oxygen 

exchange (123). It has also been determined that the pharmacokinetics of ethanol in the maternal-

fetal unit are similar in the guinea pig and the human, which further validates the use of this 

animal to study ethanol teratogenicity (51, 52).  

 

1.6 Ethanol neurobehavioural teratogenicity 

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

function, resulting in severe CNS impairments, such as reduced intelligence quotient (IQ), 

learning disabilities, executive function deficits, hyperactivity, attention problems, sleep 

disturbances, and psychiatric disorders (26-32, 124). Magnetic resonance imaging studies in the 

human and mouse have demonstrated that prenatal ethanol exposure causes widespread damage 

to the developing brain, affecting nearly every region (125, 126). In particular, human and animal 

studies have shown that prenatal ethanol exposure damages the cerebellum (66, 69, 127), cerebral 

cortex (128-130), frontal and prefrontal cortex (28, 30, 128, 129, 131), corpus callosum (132-
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134), and hippocampus (65, 73, 74, 102, 114, 135-137), all of which can lead to persistent 

structural injury and neurobehavioural teratogenicity in offspring.  

 

Numerous animal studies have demonstrated the effect of prenatal ethanol exposure on 

cognitive and neurobehavioural function in offspring. Following prenatal and/or early postnatal 

ethanol exposure, rat and mouse offspring have demonstrated impairments in many spatial 

learning and memory tasks that are sensitive to hippocampal and/or prefrontal cortical injury, 

including impaired performance of T-maze (99, 115, 116, 138, 139), Y-maze (140-142), Morris 

water maze (99, 111, 112, 117, 143-146), and radial-arm maze tasks (147-149). For example, 

prenatal ethanol exposure in the rat resulted in decreased spontaneous alternation in a T-maze, an 

effect that was mitigated by prenatal choline supplementation (99). In a Morris water maze task, 

chronic prenatal ethanol exposure (CPEE)-treated rats demonstrated a sexually-dimorphic 

increase in escape latency and a decrease in time spent in the target quadrant in the probe phase, 

such that female CPEE offspring showed greater impairment than male CPEE offspring (117). In 

a mouse model of CPEE, offspring demonstrated reduced ability to distinguish between two 

spatially separated locations and made fewer correct arm entries in an 8-way radial-arm maze 

(147). In the same offspring, CPEE also resulted in decreased freezing in both delay and trace 

fear-conditioned learning and memory tasks, in which this response is dependent on hippocampal 

function (147). In rats and mice, CPEE offspring have also demonstrated hyperactivity in an open 

field, increased anxiety, attention deficits, increased response perseveration, and impaired social 

interactions compared with control offspring (75, 113, 118, 142, 150-154).  
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In the guinea pig, studies have revealed CPEE-induced impairments in brain structure 

and neurochemistry (73, 74, 101-103, 128-130, 155-163), as well as neurobehavioural 

dysfunction using a variety of cognitive and behavioural tasks. Following CPEE, via chronic 

maternal administration of ethanol (3 or 4 g/kg maternal body weight/ day) throughout gestation, 

guinea pig offspring demonstrated dose-dependent increase in spontaneous locomotor activity in 

an open-field apparatus, including increased time moving, distance traveled, and time hyperactive 

(moving at speed > 20 cm/s) (102, 103, 129, 155, 157, 158). In regard to performance of the 

Morris water maze task by the guinea pig, CPEE impaired swimming behaviour and spatial 

learning and memory, as demonstrated by increased thigmotaxic swimming (164) and impaired 

task acquisition and/or retention (155, 159, 165, 166). In contrast, CPEE offspring did not 

demonstrate any impairment in performance of a spontaneous alternation T-maze task (102). In 

other studies, CPEE offspring demonstrated increased disinhibition in an asymmetrically 

reinforced Go/No-Go task and increased perseveration in a cued alternation task (167, 168). 

Furthermore, a volitional drinking paradigm involving consumption of a 5% (v/v) aqueous 

ethanol solution by the pregnant guinea pig resulted in the offspring manifesting hyperactivity, 

impaired task acquisition in a moving platform version of the Morris water maze, and increased 

ethanol preference in a two-bottle-choice paradigm (85).  

 

There is evidence to suggest that an increased stress response could contribute to poor 

Morris-water-maze performance by CPEE guinea pig offspring, which may confound any 

interpretation of deficits in spatial learning or memory (73, 164, 165). In addition, few animal 

models have utilized more than one learning-and-memory task to investigate the nature of 

performance deficits and cognitive impairment induced by CPEE. Importantly, clinical 
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investigations have shown that children with FASD may not demonstrate impairment in 

performance of relatively simple tasks, but often show learning and memory deficits in complex, 

multi-choice tasks, for which higher-order executive functioning is required (28, 30, 169, 170). 

Therefore, one objective of this thesis research was to determine the effects of CPEE on 

performance of guinea pig offspring in two dry-land-maze tasks for spatial learning and memory: 

a complex modified Biel-maze task (171) and a simple rewarded-alternation Y-maze task (172).  

 

1.7 Ethanol metabolic teratogenicity 

Central nervous system (CNS) injury is the most widely studied manifestation of FASD, 

but prenatal ethanol exposure can produce serious damage to other organ systems in the body, 

including the cardiovascular (105, 106, 173-175), pulmonary (95, 104, 176-178), renal (83, 106, 

179-182), skeletal (183-186), neuromuscular (187, 188), auditory (189, 190), and visual systems 

(87, 191-193). Of particular interest to this thesis research, prenatal ethanol exposure also induces 

impairments of metabolic organ structure and function in rat offspring, including impaired 

glucose metabolism, insulin resistance, increased gluconeogenesis, hypertriglyceridemia, hepatic 

lipid accumulation, and impaired insulin signaling (71, 93, 194-206). Studies have investigated 

the effect of CPEE on metabolic function in rodent offspring from early postnatal life (197, 205-

207) through adulthood (196, 198-200, 205, 208), demonstrating hypoglycemia or 

hyperglycemia, which may or may not be accompanied by altered plasma insulin concentration. 

Newborn CPEE rat offspring had decreased body weight, reduced plasma insulin concentration, 

and increased plasma glucose concentration, with normal pancreatic β-cell mass (194). 

Furthermore, at 13 weeks of age, the same offspring demonstrated hyperglycemia and 

hyperinsulinemia after an intraperitoneal glucose tolerance test (GTT) (194). In another study, 
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prenatal ethanol exposure resulted in decreased body weight in the female rat fetus, along with 

decreased serum insulin-like growth factor (IGF) -1 and triglyceride concentrations, increased 

serum glucose concentration, and alterations in liver histology that were indicative of hepatic 

lipid accumulation (205). Another study showed that following CPEE, 3-month-old female rat 

offspring were overweight and demonstrated hyperglycemia, hyperinsulinemia, and reduced 

insulin-stimulated glucose uptake, as well as impaired insulin signaling in skeletal muscle (209). 

Furthermore, it has been determined that following prenatal ethanol exposure, male rat offspring 

were growth-restricted at birth, but demonstrated a pattern of catch-up growth in postnatal life 

when exposed to a high-fat diet (208). The same male offspring also demonstrated insulin 

resistance, increased blood glucose and total cholesterol concentrations, and increased ratio of 

low-density lipoprotein (LDL) to high-density lipoprotein (HDL) in adulthood. Additionally, this 

study demonstrated altered histology of multiple organs in adult male offspring after prenatal 

ethanol exposure, including the accumulation of lipid droplets and vacuolar degeneration in the 

brain and liver (208). A recent study indicated that the effect of CPEE on metabolic function of 

offspring may extend to the next generation, as demonstrated by sex-dependent hypoglycemic 

and hyperinsulinemic GTT response patterns in F2 progeny (210). 

 

Thus far, only a single small-scale study has investigated the effect of CPEE on glucose 

homeostasis in children with FASD, and determined that children with FAS were 

hyperinsulinemic and hyperglycemic in a GTT compared with typically-developing children 

(211). However, a recent study determined that 50% of young females with prenatal ethanol 

exposure were overweight or obese, while 37% of males demonstrated reduced stature, body 

weight, or body mass index for their age (212). These results were supported by a previous study, 
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which demonstrated that young adult females with FASD showed increasing adiposity, whereas 

growth deficiency was more common in young adult males (213). Furthermore, a significant 

proportion (>50%) of children with FASD do not achieve the Recommended Dietary Allowance 

(RDA) or Adequate Intake (AI) for numerous nutrients, including fiber, omega-3 fatty acids, 

vitamin D, vitamin E, vitamin K, choline, and calcium (214). It is hypothesized that prenatal 

ethanol exposure increases the risk of nutritional deficiencies and inappropriate feeding 

behaviour, which result in sex-specific alteration in metabolic outcomes in offspring (212). 

Furthermore, it has been proposed that prenatal and postnatal dietary supplementation mitigates 

many of the neurobehavioural effects of prenatal ethanol exposure in offspring (99, 138, 215-

218). 

 

Chronic heavy ethanol exposure in the adult human is a significant risk factor for the 

development of symptoms of metabolic syndrome, including impaired glucose homeostasis, type 

2 diabetes mellitus, hypertriglyceridemia, abdominal obesity, and high blood pressure (219, 220). 

Recent research suggests that prenatal ethanol exposure also disrupts metabolic functioning and 

may increase the risk of metabolic syndrome in offspring (71, 93, 194-206). To date, there have 

been no studies that have used magnetic resonance imaging (MRI) to determine the effect of 

CPEE on whole-body adiposity of offspring, and whether CPEE results in increased visceral 

adiposity, a hallmark of metabolic syndrome. Furthermore, no studies have investigated 

alterations in pancreatic structure (e.g. insulin-like immunoreactivity and adipocyte infiltration) in 

both male and female offspring following CPEE, which could result in insulin resistance and type 

2 diabetes mellitus. Therefore, an objective of this thesis research was to elucidate the effect of 

CPEE on whole-body adiposity and pancreatic structure in adult guinea pig offspring, and to 
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determine whether offspring are at increased risk for the development of symptoms of metabolic 

syndrome. 

 

1.8 Mechanisms of ethanol teratogenicity 

It is well established that the mechanism of ethanol teratogenicity is complex and multi-

faceted (221). As was previously mentioned, the teratogenic effects of prenatal ethanol exposure 

are dependent on a variety of factors, including the dose, duration, and gestational timing of 

ethanol exposure, genetic influences, and maternal factors (e.g. age, parity, body composition, 

nutritional status, drug use) (26, 49). Therefore, depending on the developmental time frame, and 

magnitude and duration of ethanol exposure in the fetus, multiple mechanisms are likely involved 

in ethanol teratogenicity (221).  

 

It is hypothesized that prenatal ethanol exposure induces morphologic and functional 

alterations in the developing CNS via a variety of mechanisms. Firstly, studies have demonstrated 

that prenatal ethanol exposure impairs neurogenesis and neuronal proliferation, produces 

mistimed or impaired neuronal or glial migration, and disrupts neurite outgrowth, synaptogenesis, 

and myelination (78, 97, 98, 222-227). Prenatal ethanol exposure is also known to induce cell 

damage by increasing oxidative stress and decreasing antioxidant capacity in the fetal brain, 

which may result in increased apoptosis (74, 154, 160, 181, 215, 228, 229). Prenatal ethanol 

exposure impairs neural cell adhesion molecule function, including L1 cell adhesion molecule, 

which may impair cell-to-cell interactions in the developing brain (230-232). Additionally, CPEE 

may disrupt neurotransmitter systems, such as altering N-methyl-D-aspartate (NMDA) receptor 

expression and function, impairing glutamate and γ-aminobutyric acid (GABA) signaling, and 
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impairing monoamine (e.g. epinephrine, norepinephrine, dopamine, and 5-hydroxytryptamine) 

metabolism and receptor function (233-241). It is hypothesized that ethanol-induced 

dysregulation of excitatory and inhibitory neurotransmitter systems increases the susceptibility of 

offspring to seizure disorders, which are commonly observed in individuals with FASD (242, 

243). In addition, ethanol may disrupt brain development by causing abnormal glucose utilization 

and transport (93, 244-246), altered gene expression (146, 247-249), epigenetic modifications and 

altered microRNA (miRNA) expression (247, 250, 251), and decreased DNA and protein 

synthesis (252-254). Studies in the human and in animal models have demonstrated that prenatal 

ethanol exposure can produce developmental programming of the fetal hypothalamic-pituitary-

adrenal (HPA) axis, resulting in long-term changes in HPA axis regulation and increased 

responsiveness to stress in offspring (76, 255, 256). Furthermore, developmental programming of 

the HPA axis may result in persistent dysregulation of other organ systems in postnatal life, 

including the cardiovascular, metabolic, and immune systems (96, 257, 258). Prenatal ethanol 

exposure may also disrupt various cell signaling pathways that are critical for fetal brain 

development, including growth factor (90, 259-261), nitric oxide (158, 163, 259), and Wnt 

signaling pathways (262). Important indirect mechanisms of ethanol teratogenicity include altered 

placental function, decreased umbilical artery blood flow, and changes in maternal-fetal hormone 

signaling, which may result in hypoxia and/or growth restriction of the fetus (263-266). Finally, 

inadequate prenatal and/or postnatal nutrition, including deficiencies in folic acid, iron, choline, 

and omega-3 fatty acids, is hypothesized to be associated with ethanol-induced growth restriction 

in the fetus and neurobehavioural teratogenicity in postnatal offspring (99, 138, 214-218). 
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While many studies have investigated the mechanism of ethanol neurobehavioural 

teratogenicity, there have been relatively few investigations that have focused on the mechanism 

of ethanol metabolic teratogenicity. Most notably, it is well established that prenatal and/or early 

postnatal growth restriction and subsequent catch-up growth are associated with the development 

of symptoms of metabolic syndrome (267-270). The thrifty phenotype hypothesis, first proposed 

by Barker and colleagues, describes the association between decreased birth weight and increased 

risk of coronary heart disease, hypertension, stroke, and type 2 diabetes in adults (267, 268, 271). 

It is hypothesized that poor fetal nutrition increases metabolic efficiency and storage of fuel 

sources to protect critical tissues and enhance survival (272). The increased protection of brain 

tissue during fetal undernutrition occurs at the expense of peripheral tissues, such as skeletal 

muscle and the endocrine pancreas (273). This compensatory survival mechanism continues into 

postnatal life, and when nutrient supply is adequate or excessive, offspring may demonstrate an 

increased risk of obesity and type 2 diabetes (272).  

 

Ethanol can have direct and indirect effects on food consumption and metabolism in the 

pregnant mother, which can result in decreased fetal nutrition and fetal growth (274). The critical 

interaction between maternal undernutrition and ethanol consumption has been demonstrated, in 

which pregnant rats that underwent 30% caloric restriction and ethanol treatment had decreased 

maternal IGF-1 mRNA and protein expression compared to undernourished controls (275). 

Interestingly, fetal IGF-1 mRNA and protein expression were not affected by prenatal ethanol 

exposure alone or in combination with maternal undernutrition, suggesting that ethanol may 

selectively disrupt maternal growth factor signaling, resulting in reduced placental growth (275).  

Studies have suggested that ethanol-induced prenatal growth restriction, resulting in reduced birth 
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weight, increases the risk for the development of insulin resistance and metabolic disturbances in 

adult offspring (196, 205). As was previously mentioned, developmental programming of the 

HPA axis by prenatal ethanol exposure may also represent a mechanism of ethanol metabolic 

teratogenicity, resulting in obesity, insulin resistance, and altered glucose metabolism in offspring 

(96, 196, 205, 208, 257, 258). A recent study proposed a “two-programming” hypothesis of 

ethanol metabolic teratogenicity, whereby prenatal programming of metabolic function (i.e. 

glucose homeostasis and lipid synthesis) is the first programming event, and postnatal adaptive 

catch-up growth triggered by the HPA axis and IGF acts as the second programming event (205).  

 

In addition to developmental programming of adverse metabolic outcomes by prenatal 

ethanol exposure, there have been several suggested mechanisms involving direct action of 

ethanol on peripheral metabolism. For example, lipotoxicity induced by prenatal ethanol 

exposure, involving increased lipid synthesis and lipid accumulation in non-adipose tissue (i.e. 

heart, liver, pancreas, skeletal muscle, and kidney), may play an important role in the 

development of adverse metabolic outcomes in offspring, including obesity and type 2 diabetes 

(196, 205, 276). Prenatal ethanol exposure has also been shown to directly produce pancreatic 

damage and β-cell dysfunction, which may impair insulin production and/or secretion and result 

in glucose intolerance and insulin resistance in postnatal offspring (194, 277, 278).   

 

1.8.1 The insulin/insulin-like growth factor (IGF) signaling pathway 

One mechanism of ethanol teratogenicity that has been proposed for both 

neurobehavioural and metabolic dysfunction in offspring is impairment of the insulin/IGF 

signaling pathway (Figure 1.1). This signaling pathway is complex and produces a range of   
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Figure 1.1. The insulin/insulin-like growth factor (IGF) signaling pathway. IGFs in circulation 
and in tissue bind to IGF-binding proteins (IGFBPs), which prolongs their half-life and modulates 
receptor interactions. IGF-2 has greatest affinity for IGF-2R, which is involved in lysosomal 
degradation. Insulin, IGF-1, and IGF-2 activate the INSR and IGF-1R, which promotes 
autophosphorylation of the β-subunit of the respective receptor. The phosphorylated residues act 
as a docking site for insulin receptor substrate (IRS) proteins (IRS-1 and IRS-2) and adaptor 
proteins. The IRS proteins act as binding sites for proteins containing src homology domains, 
including phosphatidylinositol-3 kinase (PI3K) and Ras/mitogen-activated protein kinase 
(MAPK). PI3K activation results in the formation of phosphatidylinositol 3,4,5 phosphate (PIP3) 
from phosphatidylinositol 3,4 phosphate (PIP2). The tumor suppressor phosphatase and tensin 
homologue deleted on chromosome 10 (PTEN) acts to inhibit PI3K. PIP3 leads to the 
downstream activation of protein kinase B (Akt), which induces glycogen synthesis through 
inhibition of glycogen synthase kinase-3β (GSK-3β), protein synthesis via the mammalian target 
of rapamycin (mTOR), cell growth and proliferation, cell survival through the inhibition of pro-
apoptotic proteins (BCL-2-associated death promoter (BAD) and GSK-3β), transcriptional 
regulation via the Forkhead family transcription factors, lipid synthesis via the activation of sterol 
regulatory element-binding protein (SREBP), and glucose uptake in muscle and adipocytes via 
translocation of a facilitative glucose transporter (GLUT4) to the plasma membrane. The MAPK 
pathway is activated by the autophosphorylation of IGF-1R, which activates the adaptor protein 
Shc, leading to the recruitment of growth factor bound protein 2 (GRB-2). This leads to the 
activation of Ras and the MAPK pathway, resulting in cell growth.  
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pleiotropic biological effects, including glucose uptake and storage, glycogen synthesis, protein 

synthesis, regulation of lipid synthesis, and cell growth (279). Insulin and IGF-1 are genetically-

related polypeptides that are similar in structure and sequence identity (280). Insulin is 

predominantly produced by pancreatic β-cells, where its synthesis and secretion is regulated by 

ingested substrates (280). IGF-1 synthesis occurs mainly in the liver and is generally regulated by 

pituitary growth hormone (GH) (279, 281). However, IGF-1 is also synthesized in other tissues, 

including the brain, where GH may not regulate its synthesis (280). Insulin, IGF-1, and IGF-2 are 

all expressed in embryonic and adult tissue, but they display distinct patterns of cellular 

distribution and differential regulation (282). Insulin concentration in the circulation can vary 

depending on nutrient intake, but is normally low and reaches a peak after meals (279). In 

contrast, IGF-1 concentration is higher than insulin concentration, and is relatively stable at all 

times (279). Also, unlike insulin, IGFs in circulation and in organs bind to IGF-binding proteins 

(IGFBPs) with affinities equal to or greater than those of the IGF receptors (283). IGFBPs, and in 

particular IGFBP-3, act to prolong the half-life of IGFs by impeding proteolysis and renal 

clearance, and by modulating the interactions of IGFs with their receptors (283). Increased 

IGFBP expression in specific organs and tissues may also localize IGFs to specific cell 

populations to modulate biological activity (283). 

 

In general, insulin signaling occurs via activation of the insulin receptor (INSR), while 

IGF-1 signals primarily via the IGF-1 receptor (IGF-1R). However, both receptors are similar in 

structure and sequence identity, and are comprised of two disulfide-linked extracellular α-

subunits, containing hormone binding sites, and two membrane-spanning β-subunits, which 

encode an intracellular tyrosine kinase (284, 285). At high concentration, there is cross-reactivity 
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in receptor binding by insulin and IGF-1, such that insulin binds to IGF-1R and IGF-1 binds to 

INSR (280). It is also possible for IGF-1R and INSR hemireceptors (i.e. a single α-subunit and β-

subunit) to dimerize and form hybrid receptors, which have high affinity for IGF-1 and relatively 

low affinity for insulin (286). IGF-2 has greatest affinity for IGF-2R, which is a single chain 

polypeptide with a short cytoplasmic domain lacking tyrosine kinase activity (287). The IGF-2R 

is identical to the cation-independent mannose-6-phosphate (M6P) receptor, and appears to act to 

bind and sequester IGF-2 into lysosomes (279, 287). However, IGF-2 also binds to IGF-1R with 

some affinity and, at high concentration, binds to INSR (279, 288). Binding of IGFs (IGF-1 and 

IGF-2) to the IGF-1R engages the same signaling pathway as insulin binding to the INSR, with 

each one promoting autophosphorylation of the β-subunit of the respective receptor (281). The 

phosphorylated residues act as docking sites for insulin receptor substrate (IRS) proteins (IRS-1 

and IRS-2) and adaptor proteins (281). Although the IRS proteins are homologous, it is 

hypothesized that they serve complementary, rather than redundant functions in the insulin/IGF 

signaling pathway (289). The IRS proteins undergo phosphorylation themselves and act as 

binding sites for proteins containing src homology domains, which leads to the activation of two 

main downstream signaling cascades, phosphatidylinositol-3 kinase (PI3K) and Ras/mitogen-

activated protein kinase (MAPK) (279, 287).  

 

The PI3K pathway is initially activated by phosphorylation of IRS-1, which leads to the 

phosphorylation of the p85 regulatory subunit of PI3K, and the activation of the p110 catalytic 

subunit, resulting in the formation of phosphatidylinositol-3,4-bisphosphate (PIP2) and 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) (281). The tumor suppressor phosphatase and 

tensin homologue deleted on chromosome 10 (PTEN) acts to inhibit PI3K (281). PIP3 leads to 
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the downstream activation of protein kinase B (Akt), which activates numerous downstream 

pathways. Akt induces glycogen synthesis through inhibition of glycogen synthase kinase-3β 

(GSK-3β), induces protein synthesis via the mammalian target of rapamycin (mTOR) and 

downstream proteins, promotes cell survival through the inhibition of pro-apoptotic proteins (e.g. 

Bad, a Bcl-2 antagonist of cell death), and promotes transcriptional regulation by activating 

Forkhead family transcription factors (280, 281). The PI3K/Akt pathway is also involved in lipid 

synthesis via the activation of sterol regulatory element-binding protein (SREBP), as well as in 

insulin-stimulated glucose uptake in skeletal muscle and adipocytes via translocation of a 

facilitative glucose transporter (GLUT4) to the plasma membrane (279, 290). 

 

The MAPK pathway is activated by the autophosphorylation of IGF-1R, which activates 

the adaptor protein Shc, leading to the recruitment of growth factor bound protein 2 (GRB-2) 

(279, 281). This leads to the activation of Ras and the MAPK pathway, which results in cell 

proliferation (281). Other second messengers are also associated with INSR and IGF-1R 

activation, including SH2-containing phosphatase-2 (SHP-2), GTPase-activating protein (GAP), 

and phospholipase C-γ (PLC-γ) (281). In general, INSR signaling mediates metabolic effects, 

while IGF-1R signaling is involved in cell growth and proliferation (281). IGF-2 serves a major 

role in somatic growth in utero, while IGF-1 is the predominant growth factor involved in 

postnatal growth (279). Thus far, the role of IGF-2 in postnatal life is unknown (279). 

 

The insulin/IGF signaling pathway is controlled by a negative feedback mechanism, 

whereby phosphorylation of IRS proteins leads to their dissociation from the INSR/IGF-1R, 

thereby inhibiting their interactions with downstream effector proteins (291). However, studies 

have demonstrated that cytokine signaling may also act as an inhibitor of the insulin/IGF 
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signaling pathway, which may induce insulin and/or IGF-1 resistance. This occurs by the 

activation of IRS kinases by proinflammatory cytokines, which leads to the uncoupling of IRS 

proteins from INSR and IGF-1R, and therefore an inhibition of all downstream biological 

activities of the insulin/IGF pathway (281, 292, 293).  

 

1.8.1.1 The role of insulin/IGF signaling in brain development and function 

The insulin/IGF signaling pathway has an established essential role in normal brain 

growth and development (288). In the developing brain, insulin/IGF signaling, mediated 

primarily by IGF-1, promotes proliferation, maturation, survival, and growth of all major neural 

cell types, including neural stem cells (NSCs), lineage restricted neural precursor cells (NPCs), 

post-mitotic neurons, oligodendrocytes, and astrocytes. The specific effect of insulin and IGFs is 

dependent on the cell type, the local microenvironment, and the stage of development (288). 

Insulin/IGF signaling is also involved in learning and memory, energy metabolism, feeding 

behaviour, and reward systems, which will be discussed below (294). 

 

While both IGFs are expressed in prenatal and postnatal life, IGF-2 serves a major role in 

fetal somatic growth, whereas IGF-1 is the predominant growth factor associated with postnatal 

growth (279). IGF-1 and IGF-1R are highly abundant in the brain and are produced by all major 

neural cell types (288). IGFs and their receptors are typically expressed within close proximity, 

which suggests that IGFs likely act locally in the brain in an autocrine or paracrine manner in 

addition to their endocrine function (288). IGF-1 can distribute across the BBB, indicating a 

possible role of circulating IGF-1 in cell proliferation in the brain, as well as neurogenesis in the 

hippocampus of adults (280, 295). In rodents, peak IGF-1 expression in the brain occurs in the 

second week of postnatal life, and then gradually decreases over the lifespan (288). Conversely, 
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peak IGF-2 expression occurs earlier during embryonic development and gradually decreases 

with age (279, 288). IGF-1 is a critical growth factor that promotes proliferation, differentiation, 

maturation and survival of neural cells, and it is well established that humans with mutations in 

the igf-1 or igf1r genes show abnormal development, including growth restriction, microcephaly, 

and neurobehavioural and cognitive dysfunction (286, 296-301). 

 

  Transgenic mouse models support the important role of IGF-1 and IGF-1R expression in 

the developing brain. For example, at 2 months of age, homozygous igf-1 knockout mice 

demonstrate decreased body weight and brain weight, with weight reductions occurring in nearly 

all brain regions (302). These animals also show a proportionally greater reduction in white 

matter structure, due to decreased numbers of axons and oligodendrocytes (302). The igf-1-/- mice 

also demonstrate a generalized reduction in neuropil, suggesting decreases in process growth and 

synapse formation (302). Similarly, mice with a null mutation for the igf1r gene or blunted IGF-

1R expression in nestin-expressing neuronal precursors are not viable and typically die within 48 

h after birth (303, 304). The null mutants for the igf1r gene exhibit decreased brain weight and 

body weight, and impairment of organ development (303). Surviving heterozygous (nes-igf1r(-

/Wt)) mice demonstrate significantly reduced hippocampal volume due to decreased cell number 

and increased apoptosis (304). This demonstrates the importance of IGF-1 signaling in the 

regulation of postnatal apoptosis. Knockout mouse models of IGF-1 have also been essential in 

demonstrating the insulin-like effects of IGF-1 on glucose utilization in the developing brain  

(305). In the igf-1-/- brain, glucose utilization is significantly reduced, suggesting a role of IGF-1 

in the production and translocation of neuronal GLUT4 transporter from intracellular pools to 

membranes of nerve processes in the normal developing brain (279, 305). Similar to insulin’s 
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function in the periphery, IGF-1 has been shown to stimulate the inhibitory phosphorylation of 

GSK-3β, which promotes glycogen and protein synthesis in the brain (286). 

 

IGF-2 is the less characterized member of the IGF family, and fewer studies have 

investigated its role in brain development and cognitive function. Transgenic mouse studies have 

demonstrated that IGF-2 acts similarly to IGF-1 during early brain development and is involved 

in cell growth and proliferation (288, 306). Similar to igf-1-/- mice, global ablation of the igf-2 

gene results in growth restriction and decreased brain weight caused by reduced cell proliferation 

of NSCs during early development (306). IGF-2 is expressed in the brain throughout the lifespan, 

but its role in postnatal life is not well understood (279, 307). IGF-2 is the most abundantly 

expressed IGF in the adult brain, and its concentration is highest in the hippocampus (287, 308). 

The importance of IGF-2 in postnatal brain function remains unclear, although a recent study in 

the mouse determined that increased hippocampal expression of IGF-2 can enhance memory 

retention and may represent a novel target for cognitive enhancement (309). Another study 

determined that IGF-2 treatment can repair the deficits in adult hippocampal neurogenesis and 

working memory observed in a Dgcr8+/- mouse model of schizophrenia (310).  

 

In recent years, researchers have observed an intriguing association between type 2 

diabetes and the development of neurodegenerative disease, particularly Alzheimer’s disease 

(AD). It has been established that insulin resistance, a hallmark of type 2 diabetes, also develops 

in the brain of Alzheimer’s patients (311). In fact, it is estimated that the incidence of AD is 

higher in individuals with type 2 diabetes (312), and type 2 diabetic patients may have a two-fold 

higher risk of developing AD compared with non-diabetic individuals (313, 314). Many studies 
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have investigated the effect of altered insulin/IGF signaling on cognitive function in older adults 

and the relative risk of AD (311). In particular, IGF-1 appears to be a target gene of interest in 

AD research, although it remains greatly debated how impaired IGF-1 signaling results in an 

increased risk of AD. For example, in a study of individuals 85 years old or older, it was 

determined that decreased insulin/IGF-1 signaling was associated with a reduced risk of cognitive 

impairment in women, although this result was not demonstrated in men (315). In addition, a 

recent study determined that higher serum IGF-1 concentration in middle age was associated with 

an increased risk of AD in later life (316). Furthermore, it has been determined that insulin, IGF-

1, IGF-2, IGF-1R, and IGF-2R were decreased in the brain of AD patients, as well as in the brain 

of an animal model of AD (317). It has been shown that even in the absence of type 2 diabetes, 

the brain in AD displayed IRS-1 dysregulation and insulin/IGF resistance, all of which were 

correlated with cognitive decline (318). In contrast, it has been demonstrated that reduced IGF-1 

signaling prevented characteristics of AD in a murine model, including reduced behavioural 

impairment, neuronal loss, synaptic loss, and amyloid-β deposition (319). As a result of all of 

these studies, impaired CNS insulin/IGF signaling is now considered an important feature of AD 

pathology and may promote cognitive decline (311). 

 

Compared with the predominant role of IGFs in brain development and function, the role 

of insulin is relatively limited. The function of insulin in the CNS is similar to that of the 

adipocyte-derived hormone leptin, and appears to be mainly related to the control of energy 

homeostasis, with the hypothalamus acting as the primary target for insulin action (320). 

Although insulin can distribute across the blood-brain barrier, there is in fact very little insulin 

present in the brain (279). It has been determined that only approximately 1% of peripherally-
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administered insulin is detectable in the CNS in dogs (321). In contrast, INSRs are widely 

distributed in the brain, with the highest concentration of these receptors in the hypothalamus, 

olfactory bulb, cerebral cortex, cerebellum, and hippocampus (294). Interestingly, insulin acts via 

INSR in the hypothalamus to regulate peripheral glucose metabolism (320). Infusion of insulin 

into the third cerebral ventricle has been shown to increase insulin sensitivity in peripheral tissues 

by reducing hepatic glucose production, but does not affect glucose uptake in skeletal muscle or 

adipose tissue (322). Aside from its role in peripheral glucose homeostasis, insulin action in the 

hypothalamus also yields an anorexigenic effect, resulting in reduced food intake and body 

weight in animal models (323, 324).  Furthermore, independently of its anorexigenic effects, 

insulin appears to activate INSRs in the ventral tegmental area (VTA), resulting in activation of 

the mesolimbic dopamine pathway, which is involved in reinforcement of reward-seeking 

behaviour (325). Finally, there is some evidence regarding the role of insulin signaling in learning 

and memory formation. Several studies have suggested that impaired brain insulin signaling may 

be linked with cognitive dysfunction (326, 327). Furthermore, epidemiological studies have 

shown that individuals with type 2 diabetes demonstrate cognitive impairment, including 

problems with memory retention/retrieval and complex reasoning skills (328, 329). However, the 

effects of impaired insulin signaling on cognition appear to be limited to older adults, as younger 

individuals with diabetes do not demonstrate impairments in learning and memory (330). 

Recently, studies have investigated the use of insulin and/or insulin-mimetics to improve 

cognitive function in insulin-resistant individuals. One study in healthy adult males determined 

that insulin infusion resulted in enhanced verbal recall and selective attention, suggesting that 

insulin improved cognitive function (331). In a small group of patients with type 2 diabetes, it 

was determined that intranasal insulin administration was safe, did not affect systemic glucose 
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control, and resulted in improved visuospatial memory (332). It appears that insulin 

administration may be effective in mitigating cognitive dysfunction in insulin-resistant 

individuals, although larger-scale studies are required to determine the long-term safety and 

efficacy of such treatment. 

 

1.8.1.2 The role of impaired insulin/IGF signaling in metabolic disorders 

Several metabolic disorders, including type 2 diabetes and metabolic syndrome, are 

characterized by hyperglycemia and peripheral insulin resistance caused by defective insulin/IGF 

signaling in skeletal muscle, adipose tissue, and the liver (333, 334). Approximately 75% of 

insulin-stimulated glucose uptake occurs in skeletal muscle, which is the result of the 

translocation of GLUT4 to the plasma membrane following activation of the INSR and 

downstream effectors in the insulin/IGF signaling pathway (335). However, mice with a skeletal 

muscle-specific knockout of the INSR demonstrate symptoms of metabolic syndrome, but normal 

glucose tolerance, indicating that other organ systems are also critically involved in insulin-

stimulated glucose regulation (336).  For example, insulin is not involved in glucose uptake in the 

liver, but does act to increase glycogen synthesis and to prevent gluconeogenesis and 

glycogenolysis, thus regulating fasting blood glucose concentration (289). Furthermore, insulin 

acts via the hypothalamus to regulate peripheral glucose homeostasis (320). In general, it is 

hypothesized that the deficits in insulin/IGF signaling that result in peripheral insulin resistance 

occur mostly downstream of the INSR, although compounds that improve INSR activation appear 

to improve insulin sensitivity and to decrease hyperglycemia in rodent models (337). 

Additionally, transgenic mice deficient in the INSR gene demonstrate normal intrauterine growth, 

but exhibit severe insulin resistance and die from ketoacidosis within 3-7 days after birth (338). 

Downstream from the INSR, the IRS proteins appear to serve important roles in the control of 
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peripheral metabolism via the insulin/IGF signaling pathway. For example, male patients with 

type 2 diabetes demonstrate defects in insulin action on IRS-1 and PI3K in skeletal muscle, but 

no change in insulin-stimulated tyrosine phosphorylation of the β-subunit of INSR, MAPK 

phosphorylation, or glycogen synthase activity (339). Knockout mouse models have shown that 

IRS-1 deficiency results in severe prenatal and postnatal growth restriction, glucose intolerance, 

and decreased insulin/IGF-1-mediated glucose uptake (340, 341). The phenotype of IRS-2 

knockout mice is somewhat different, whereby mice demonstrate impaired glucose homeostasis, 

insulin resistance in the liver and skeletal muscle, and decreased pancreatic β-cell mass, resulting 

in the development of type 2 diabetes (342, 343). Mice lacking the protein kinase Akt2 also 

demonstrate insulin resistance and the development of type 2 diabetes (344). Surprisingly, PI3K 

p85α knockout mice demonstrate decreased blood glucose concentration and increased insulin 

sensitivity due to increased glucose uptake into skeletal muscle and adipocytes, although these 

animals die in the perinatal period (345-347). These findings highlight the complex role of the 

insulin/IGF signaling pathway in the regulation of glucose homeostasis, insulin sensitivity, and 

type 2 diabetes.   

 

Although most studies have focused on the role of insulin, rather than IGF-1, on 

peripheral metabolism, a few studies have demonstrated the importance of IGF-1 in insulin 

sensitivity. It has been demonstrated that the liver IGF-1-deficient (LID) mouse had a 75% 

reduction in circulating IGF-1 concentration and enhanced growth hormone (GH) secretion  

(348). GH induces insulin insensitivity, possibly by interacting with the insulin/IGF-1 signaling 

pathway at the post-receptor level and causing impaired IRS action (344, 349). At 8-10 weeks of 

age, LID mice demonstrated increased insulin secretion, impaired insulin tolerance, and muscle-
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specific insulin insensitivity (348). A further study determined that LID mice that were cross-bred 

with GH antagonist (GHa) transgenic mice demonstrated decreased circulating blood glucose and 

insulin concentrations, as well as improved peripheral insulin sensitivity (349). However, LID 

plus GHa transgenic mice also demonstrated increased white adipose tissue mass and elevated 

serum free fatty acid and triglyceride concentrations, but no change in triglyceride content of the 

liver or skeletal muscle (349). Based on this study, it was concluded that IGF-1 appears to play a 

critical role in balancing GH and insulin action, and is important for normal carbohydrate and 

lipid metabolism (349). 

 

1.8.1.3 Impaired insulin/IGF signaling in ethanol neurobehavioural teratogenicity 

Numerous studies have investigated the effects of prenatal ethanol exposure on the 

insulin/IGF signaling pathway in the CNS, and whether alterations in the pathway are associated 

with structural and functional deficits observed in individuals with FASD. Initial clinical studies 

were mainly focused on the role of IGF-1 and other growth factors in prenatal and postnatal 

growth restriction observed in children with FASD (211, 350, 351). For example, a study that 

examined growth factor concentrations in umbilical cord samples determined that infants born to 

ethanol-abusing mothers were growth restricted, showed decreased IGF-1 and increased GH 

concentrations compared with infants born to abstinent mothers (351). This study concluded that 

prenatal ethanol exposure results in dysregulation of growth factor synthesis and/or release in 

newborns, which may be associated with other observed fetal alcohol effects (351). Another 

study in six children with FAS, age 4-14 years, determined that prenatal ethanol exposure resulted 

in decreased GH secretion and IGF-1 concentration that was in the lower range for normal 

children (350).  
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The use of in vitro and in vivo models has shown the extent to which ethanol can interfere 

with insulin/IGF signaling, and the vast range of consequences of prenatal ethanol exposure on 

cell proliferation, growth, viability, energy metabolism, synapse formation, and neurotransmitter 

production in the developing brain (352, 353). A study that examined the effect of ethanol on 

IGF-1 signaling in three cell lines (SH-SY5Y neuroblastoma cells, primary cultured rat cerebellar 

granule neurons, and rat NG-108 neuroblastoma x glioma hybrid cells) determined that ethanol 

inhibited IGF-1-mediated MAPK activation in all three cell types (354). Ethanol exposure also 

resulted in cell line-dependent inhibition of IGF-1R autophosphorylation and inhibition of IRS-2 

and Shc phosphorylation (354). These results were supported by a previous study, which 

determined that ethanol inhibited tyrosine autophosphorylation of the IGF-1R, reduced IRS-1 

content, and inhibited IGF-1-induced phosphorylation of MAPK in SH-SY5Y neuroblastoma 

cells (355). Studies have determined that short-term exposure of cultured primary rat cerebellar 

granule neurons to ethanol resulted in reduced ligand binding to INSR, IGF-1R, and IGF-2R as 

determined by competitive equilibrium binding assays, as well as decreased insulin- and IGF-

stimulated glucose uptake and ATP production (356, 357). Furthermore, cultured primary 

cerebellar neurons from ethanol-exposed rat pups demonstrated decreased insulin-stimulated 

PI3K and Akt activities, as well as reduced inhibition of GSK-3β and PTEN phosphatase activity 

by insulin and IGF-1 (358). It is hypothesized that the interference of PTEN inhibition by insulin 

and IGF-1 is an important mechanism of ethanol-induced apoptosis and reduced cell viability  

(358). Various other in vitro studies have demonstrated that ethanol exposure acts to down-

regulate insulin/IGF signaling in neuronal cells, resulting in various degrees of cell damage, 

including increased oxidative stress, DNA damage, lipid peroxidation, mitochondrial dysfunction, 

and reduced neuronal survival (359-364). In addition, it has been determined that IGF-1 



 

 

 

33 

administration can prevent or reverse ethanol-induced cell injury in rat embryonic cortical 

neurons (365). 

 

Animal studies have further elucidated the range of effects of prenatal ethanol exposure 

on insulin/IGF signaling in the brain. It has been determined that pregnant rats exposed to a liquid 

diet containing 25% ethanol-derived calories gave birth to offspring with decreased body weight 

and brain weight, as well as reduced plasma IGF-1 concentration at birth, postnatal day (PD) 10, 

and PD 20 (366). Plasma IGF-2 concentration was unaffected by prenatal ethanol exposure, but 

hepatic IGF-1 mRNA expression was increased at PD 40, and plasma IGFBPs were decreased at 

PD 20 and PD 40 (366). The study concluded that prenatal ethanol exposure results in long-term 

alteration of IGF-1 regulation, which may be related to the reductions in somatic and brain 

growth observed in children with FASD (366). A follow-up study determined the mRNA 

expression of IGF-1, and mRNA and protein expression of IGF-1R and IGF-2R in the brain of 

prenatal ethanol-exposed offspring at birth, PD 10, PD 20, and PD 40 (367). The study 

demonstrated impaired regulation of IGF-1 mRNA expression in the brain, since IGF-1 mRNA 

levels did not decrease from birth to PD 20 in the ethanol-exposed animals, as was observed in 

controls (367). It was suggested that CPEE results in delayed brain development, and that IGF-1 

is required to promote further cell proliferation and maturation in the ethanol-damaged brain  

(367). A study determined that newborn Long Evans rats, which had received prenatal ethanol 

exposure, demonstrated reduced mRNA expression of insulin, IGF-2, IGF-2R and GLUT4, but 

no change in expression of INSR or IGF-1R mRNA in the cerebellum (356). However, the study 

showed that INSR and IGF-1R tyrosine kinase activities were reduced by ethanol exposure, 

which appeared to be mediated by an increase in protein tyrosine phosphatase activity (356). A 
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further study determined that pregnant rats which received a liquid diet containing ethanol gave 

birth to offspring with severe structural brain damage, including cerebellar hypoplasia, neuronal 

cell loss, DNA damage, and apoptosis (357). These structural abnormalities were accompanied by 

reduced mRNA expression of insulin, IGF-1, and IGF-2, as well as impaired receptor binding for 

INSR, IGF-1R, and IGF-2R, and reduced INSR and IGF-1R tyrosine kinase activities (357). The 

study also demonstrated ethanol-induced impairment of acetylcholine homeostasis, as evidenced 

by reduced mRNA expression for choline acetyltransferase (ChAT) and increased 

acetylcholinesterase (AChE) mRNA expression, which appeared to be regulated by insulin and 

IGF-1 stimulation (357, 368). Western blot analyses and immunoprecipitation studies in the rat 

have also demonstrated that CPEE reduces levels of tyrosyl-phosphorylated INSRβ, tyrosyl-

phosphorylated IRS-1, p85-associated IRS-1, PI3K, Akt kinase, and increases GSK-3β and PTEN 

phosphatase activity in cerebellar tissue (358). Another study in a Drosophila melanogaster 

model of FASD determined that developmental ethanol exposure resulted in reduced viability, 

developmental delay, and decreased adult body size, as well as reduced mRNA expression of 

Drosophila insulin-like peptide (Dilp) and insulin receptor mRNA expression (88). Furthermore, 

the transgenic expression of Dilp protein in the larval brain suppressed both the developmental 

and behavioural defects observed in ethanol-exposed flies (88). Additionally, a study determined 

the effect of intracerebroventricular injection of siRNA targeting the INSR, IGF-1R, and IGF-2R 

of Long Evans rat pups at PD 2 (369). It was determined that early postnatal inhibition of INSR 

expression, and to a lesser extent IGF-1R expression, resulted in outcomes similar to those 

observed following prenatal ethanol exposure, including impaired motor function and altered 

cerebellar structure (369). The study also demonstrated that inhibition of INSR, IGF-1R, and 

IGF-2R expression using siRNA inhibited expression of ChAT, which is a mediator of cognitive 
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and motor function (369-372). Furthermore, a study determined that intranasal administration of 

IGF-1 to postnatal rat pups mitigated motor coordination deficits produced by prenatal ethanol 

exposure, although IGF-1 did not have an effect on spatial learning impairments or hyperactivity 

in offspring (373).    

 

1.8.1.4 Impaired insulin/IGF signaling in ethanol metabolic teratogenicity 

In adults, it is evident that ethanol exposure is related to the development of various 

peripheral metabolic disorders. For example, it is well established that chronic heavy ethanol 

exposure in the adult human is a significant risk factor for symptoms of metabolic syndrome, 

including impaired glucose homeostasis, insulin resistance, type 2 diabetes, and 

hypertriglyceridemia, which may all be the result of impaired insulin/IGF signaling (219, 220). 

Furthermore, ethanol exposure impairs insulin/IGF signaling in the liver in experimental models 

of chronic alcohol-induced steatohepatitis (374-377). It has also been determined by in vitro and 

in vivo studies that acute ethanol exposure impairs insulin/IGF signaling in the liver, resulting in 

decreased Akt activity and increased PTEN activity (378). However, relatively few studies have 

examined the relationship between prenatal ethanol exposure and impaired peripheral insulin/IGF 

signaling in offspring. A study determined that prenatal ethanol exposure increased hepatic 

mRNA expression of IGF-1 in rat offspring at PD 40 (366). Another study demonstrated that 

prenatal ethanol exposure resulted in increased PTEN mRNA and protein expression, as well as 

increased PTEN phosphatase activity in the liver of 3-month-old female rat offspring, which was 

correlated with increased basal and pyruvate-induced blood glucose concentration and reduced 

phosphorylation of Akt (199). A further study determined that in utero ethanol exposure resulted 

in decreased insulin-stimulated GLUT4 protein expression, decreased tyrosine phosphorylation of 
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INSRβ and IRS-1, as well as reduced IRS-1-associated PI3-kinase in gastrocnemius muscle of 

adult rat offspring (202). In a rat model of low-dose prenatal ethanol exposure, there was no 

effect of ethanol on mRNA expression of metabolic genes (INSR, GLUT2, and GLUT4) in the 

abdominal adipose tissue, gastrocnemius muscle, or liver of adult offspring of both sexes (71). A 

recent study demonstrated that prenatal ethanol exposure resulted in decreased IGF-1 mRNA 

expression in female rat fetus at gestational day (GD) 20, but did not affect mRNA expression of 

IGF-1R, INSR, IRS-1, IRS-2 or GSK-3β (205). In contrast, prenatal ethanol exposure increased 

hepatic IGF-1 mRNA expression in adult female offspring that were fed a normal diet (205). 

Furthermore, the effect of prenatal ethanol exposure on insulin/IGF signaling was amplified when 

female offspring were fed a high-fat diet, resulting in increased hepatic mRNA expression of 

IGF-1, IGF-1R, IRS-2, and GLUT2 (205). Interestingly, a study demonstrated in prepubertal 

female rats that ethanol decreased hepatic IGF-1 mRNA expression, and that this occurred 

independently of GH status (379). This effect had been previously demonstrated in liver slices, 

whereby ethanol administration decreased GH-induced mRNA expression of IGF-1, but did not 

affect GH receptor number or binding affinity (380). Furthermore, prenatal ethanol exposure has 

been shown to impair insulin/IGF signaling by disrupting IGFBP concentration, which may 

impair the proteolysis and clearance of IGFs, and ultimately disrupt the balance of IGFs in the 

peripheral tissues of offspring (279, 366). Thus far, there have been virtually no studies that have 

investigated the effect of CPEE on insulin/IGF signaling in both the CNS and periphery of adult 

offspring. Therefore, an objective of this thesis research was to elucidate the effect of CPEE on 

insulin/IGF signaling in the prefrontal cortex and liver of both male and female adult guinea pig 

offspring. 
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1.9 Research rationale, hypotheses, and objectives 

Maternal ethanol consumption during pregnancy can produce a range of teratogenic 

outcomes in offspring, including neurobehavioural and metabolic dysfunction. Ethanol 

neurobehavioural teratogenicity includes injury to the prefrontal cortex and deficits in executive 

function. Few studies have utilized an animal model to differentiate the effect of CPEE on 

performance of a simple task compared with a complex task, for which higher-order executive 

function is required. Furthermore, the nature of ethanol metabolic teratogenicity has not been 

fully elucidated in both male and female offspring, and no investigations have studied offspring 

throughout development into adulthood. Importantly, it is unknown whether ethanol produces 

neurobehavioural and metabolic teratogenicity via disruption of the insulin/IGF signaling 

pathway in the CNS and periphery. The purpose of this thesis research was to determine the 

neurobehavioural and metabolic consequences of CPEE, as well as determine the role of impaired 

insulin/IGF signaling as a mechanism of ethanol teratogenicity. A single large-scale study was 

conducted that generated sufficient offspring to address the research objectives stated below. The 

guinea pig was selected as the animal model for this thesis research because its prenatal 

development is more similar to the human compared with other rodent species with respect to its 

trimester-equivalent gestation (122), placental morphology (123), and extensive organ-system 

development, including the brain growth spurt (119). Furthermore, the pharmacokinetics of 

ethanol in the maternal-fetal unit are similar for the guinea pig and human (51). 
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The overall goal of this thesis research was to test the following hypotheses: 

1. A modified dry-land version of the multi-choice Biel-maze task is more sensitive than the 

rewarded-alternation Y-maze task for the determination of spatial learning and memory 

deficits of ethanol teratogenicity in the guinea pig. 

2. CPEE induces metabolic teratogenicity in adult guinea pig offspring, including increased 

whole body adiposity and disrupted pancreatic structure.  

3. CPEE alters mRNA expression of insulin and IGF signaling molecules in the liver and 

prefrontal cortex of male and female adult guinea pig offspring. 

 

The objectives of this thesis research were: 

i. To determine the effect of CPEE on performance of a simple Y-maze task compared with a 

complex modified Biel-maze task by male and female offspring during adolescence. 

ii. To determine the effect of CPEE on metabolic parameters in male and female adult 

offspring, including whole-body adiposity, fasting blood glucose concentration, and 

pancreatic morphology. 

iii. To determine whether CPEE alters expression of central (prefrontal cortex) and peripheral 

(liver) insulin/IGF signaling molecules in male and female adult offspring, and whether 

this is associated with impaired metabolic and cognitive function.  
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Chapter 2 

Sensitivity of modified Biel-maze task, compared with Y-maze task, to 

measure spatial learning and memory deficits of ethanol teratogenicity 

in the guinea pig 
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2.1 Abstract 

Ethanol consumption during pregnancy can produce a variety of teratogenic effects in 

offspring, termed fetal alcohol spectrum disorders (FASD). The most debilitating and permanent 

consequence of chronic prenatal ethanol exposure (CPEE) is neurobehavioural teratogenicity, 

which often manifests as cognitive and behavioural impairments, including deficits in spatial 

learning and memory. This study tested the hypothesis that a modified dry-land version of the 

multi-choice Biel-maze task is more sensitive than the rewarded-alternation Y-maze task for the 

determination of spatial learning and memory deficits of ethanol teratogenicity. Pregnant guinea 

pigs received ethanol (4 g/kg maternal body weight/day) or isocaloric-sucrose/pair-feeding 

(control) for 5 days/week throughout gestation. CPEE resulted in ethanol neurobehavioural 

teratogenicity in offspring, as demonstrated by increased spontaneous locomotor activity at 

postnatal day (PD) 10 and decreased brain weight at euthanasia (PD 150-200). On PD 21, 

offspring were randomly assigned to one of two tasks to assess spatial learning and memory 

performance: a dry-land version of the Biel maze or a rewarded-alternation Y-maze. Animals 

were habituated to the environment of their assigned task and performance of each CPEE or 

control offspring was measured. In the modified Biel maze, CPEE and control offspring were not 

different for percent completed trials or time to complete a trial. However, CPEE offspring made 

more errors (reversals and entering dead ends) in the Biel maze, demonstrating impaired spatial 

learning and memory.  In contrast, CPEE offspring did not have impaired performance of the 

rewarded-alternation Y-maze task. Therefore, the modified dry-land version of the Biel- maze 

task, which measures cognitive performance using a complex multi-choice design, is more 

sensitive in demonstrating CPEE-induced spatial learning and memory deficits compared with a 

simple, rewarded-alternation Y-maze task.  
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2.2 Introduction 

Prenatal alcohol (ethanol) exposure, via maternal consumption of alcohol, can lead to a 

wide range of adverse developmental outcomes in children, and is one of the leading causes of 

mental deficiency in the Western world (5, 16). The umbrella term fetal alcohol spectrum 

disorders (FASD) is used to describe the broad range of postnatal structural and functional defects 

produced by all types of prenatal ethanol exposure (5, 9). The estimated incidence of FASD is 

about 1 in 100 live births, and recent epidemiological studies indicate prevalence as high as 2-5% 

(21). A study that examined key cost components estimated that the total adjusted annual cost 

associated with FASD in Canada is $5.3 billion (41).  

 

Ethanol neurobehavioural teratogenicity is often the most debilitating and permanent 

manifestation of FASD (16). Children exposed to ethanol prenatally may display cognitive, 

behavioural, social, and motor impairments (26, 30, 34, 381, 382).  Following chronic prenatal 

ethanol exposure (CPEE), rodent offspring show deficits in many spatial learning and memory 

tasks, including impaired performance of T-maze, Morris water maze, and radial arm maze tasks  

(99, 111, 112, 138, 147, 383). Behavioural impairments, including hyperactivity, increased 

perseveration responses, and increased disinhibition, have also been shown in CPEE offspring  

(75, 97, 102, 103, 112, 155, 167, 384). 

 

Although several rodent studies have shown that the Morris water maze is an effective 

tool to demonstrate learning and memory deficits in CPEE offspring (85, 101, 111, 112, 155, 

164-166, 383), there are potential confounding factors when using this task to measure 

neurobehavioural and cognitive performance in the guinea pig (73, 85, 101, 155, 164-166). The 



 

 

 

42 

Morris water maze is a complex task that involves stress, visuospatial integration, and motor 

abilities (385). Acute swim stress in task-naïve guinea pigs leads to increased saliva cortisol 

concentration in CPEE animals relative to isocaloric-sucrose/pair-fed controls (73). In the guinea 

pig, CPEE increases thigmotaxic swimming in the Morris water maze without apparent impaired 

spatial mapping of the hidden escape platform (164). Furthermore, CPEE guinea pigs 

demonstrate a different pattern of swimming and search behaviour than nutritional control 

offspring (164).  Increased stress response could contribute to poor Morris-water-maze 

performance in CPEE guinea pigs, and may impair any interpretation of deficits in spatial 

learning or memory (73, 164, 165). Therefore, a modified dry-land maze task was designed for 

this study based on the Biel water maze, which is a complex, multi-choice spatial learning and 

memory task (171). The modified dry-land Biel-maze task was hypothesized to be more sensitive 

than a rewarded-alternation Y-maze task for the determination of spatial learning and memory 

deficits in the guinea pig. In order to reduce stress and anxiety in the two tasks, animals were 

habituated to each dry-land maze task in groups, and task performance was food-rewarded. It was 

proposed that the food rewarded dry-land maze tasks used in the present study would distinguish 

learning and memory deficits from stress and fear responses, which commonly confound Morris-

water-maze task performance in the guinea pig. 

 

Optimally, one should determine the effects of CPEE in more than one learning and 

memory task to better understand and interpret the nature of performance deficits and cognitive 

impairment. This study tested the hypothesis that a modified dry-land version of the multi-choice 

Biel-maze task is more sensitive than the rewarded-alternation Y-maze task for the determination 

of spatial learning and memory deficits of ethanol teratogenicity. Guinea pig offspring were 
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randomly assigned to undergo testing using one of two dry-land-maze tasks for spatial learning 

and memory: a complex modified Biel-maze or a simple rewarded-alternation Y-maze task. Two 

tasks were used in this study because clinical investigations have shown that children with FASD 

may not demonstrate impairments in relatively simple tasks, but often show learning and memory 

deficits in complex, multi-choice tasks, for which higher-order executive functioning is required 

(30, 169, 170).  

 

The guinea pig is a reliable animal model for the study of ethanol teratogenicity because 

its in utero development is more similar to the human compared with other rodent species with 

respect to its trimester-equivalent gestation (122), placental morphology (123), and extensive 

prenatal development, including the brain growth spurt (119). Furthermore, the pharmacokinetics 

of ethanol in the maternal-fetal unit are very similar in the guinea pig and human (51).  

 

2.3 Material and Methods 

2.3.1 Experimental Animals 

Female, nulliparous Dunkin-Hartley-strain guinea pigs (Charles River Canada Inc., St 

Constant, QC), body weight between 550 g and 650 g, were bred with male guinea pigs using an 

established procedure (386). Gestational day (GD) 0 was defined as the last day of full vaginal-

membrane opening, and term was approximately GD 68. Pregnant animals were housed 

individually in plastic cages at an ambient temperature of 23 ºC with a 12-h light/dark cycle 

(lights on from 0700 to 1900 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. 
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2.3.2 Animal Treatment Regimens 

Pregnant dams were randomly assigned to one of two maternal treatment groups: ethanol 

or nutritional control (sucrose). Each pregnant animal in the ethanol group received 4 g 

ethanol/kg maternal body weight/day as an aqueous ethanol solution (30% v/v, prepared in tap 

water), 5 days/week throughout treatment, with ad libitum access to standard guinea pig chow 

(Lab Diet 5025, Purina, St Louis, MO). Previous studies have shown that this ethanol regimen 

reliably produces hippocampal injury and neurobehavioural teratogenicity in offspring with 

minimal maternal or fetal death (73, 74, 103). Each pregnant dam in the nutritional control group 

was paired to an individual 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. 

Aqueous ethanol or sucrose solution was administered into the oral cavity of the pregnant animal 

with a syringe, followed by swallowing, on each treatment day in two equally divided doses, 

given 2 h apart starting at 0900 h.  

 

2.3.3 Maternal Blood Ethanol Concentration (BEC)  

On GD 57 or 58, 120 µL of blood was collected from the marginal ear vein of each 

pregnant guinea pig and treated with 38% (w/v) aqueous sodium citrate (anticoagulant). The 

blood sample was taken 1 h after the second divided dose of ethanol or sucrose. Maternal BEC 

was determined in plasma by an established gas-liquid chromatographic procedure using 

headspace-gas analysis (387). 

 

2.3.4 Spontaneous Locomotor Activity  

Starting at postnatal day (PD) 1, offspring were weighed daily and monitored for general 

health. Spontaneous locomotor activity of each individual offspring was measured at PD 10 in an 
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open-field apparatus using an established protocol (155). Each guinea pig was placed in a 

Plexiglass® open-field apparatus (45 cm x 45 cm x 25 cm), with surrounding infrared beams to 

measure horizontal and vertical movements using a software-driven data acquisition system (TSE 

Actimot, Scientific Products and Equipment, Concord, ON). Testing occurred between 1200 h 

and 1600 h in a quiet room at 22 ºC with standard lighting. Each animal was placed in the middle 

of the open field and was left undisturbed for 30 min. The time spent moving, distance travelled 

and time hyperactive (defined as moving at speeds greater than 20 cm/s) were determined at 5-

min intervals. 

 

2.3.5 Spatial Learning and Memory Tasks  

Offspring from each litter were weaned, separated by sex, and housed in cages of 2 to 5 

animals at PD 21, at which time they were randomly assigned to undergo testing using one of two 

dry-land maze tasks for spatial learning and memory. Half of the animals underwent cognitive 

testing in a dry-land version of the Biel water maze (171). Cognitive performance was assessed in 

the remaining offspring using a one-choice rewarded alternation Y-maze task (172).  

 

2.3.6 Biel Maze Task 

Prior to testing, offspring underwent habituation training in the dry-land maze. Starting at PD 21, 

Biel maze offspring had access to a food reward (Froot LoopTM) in their home cage in order to 

habituate them to its taste and eliminate hyponeophagia, the unconditioned inhibition of feeding 

in a novel setting. On PD 24, each guinea pig assigned to the Biel maze began habituation 

training in the dry-land maze with 1 to 3 same-sex cagemates. The dry-land maze was constructed 

using opaque black corrugated plastic, with various lane lengths (50 centimetres (cm) - 1100 cm), 

right and left turns, and dead ends; all walls were 30 cm high and lanes were 12 cm wide (Figure 
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2.1A). Each group of animals had two 15 min habituation trials in the dry-land maze from PD 24 

to PD 44, and the intertrial interval was approximately 3 h. A food reward was placed at 10 

equidistant checkpoints, 60 cm apart throughout the full length of the maze, to provide incentive 

for exploration. In addition, the dry-land maze environment was filled with various toys (e.g. 

wooden blocks, ping pong balls, and other small plastic toys), three tunnels, and a ramp, to 

promote physical activity and exploration. A camcorder was used to record each trial, and the 

time spent moving (in seconds) by each group of animals was measured.  

 

Cognitive performance of CPEE offspring compared with nutritional control offspring 

was measured in the Biel maze twice daily from PD 27 to PD 44 (Figure 2.1A). A food reward 

(Froot LoopTM) was placed at the designated end of the maze, and an individual animal was 

placed at the opposite end. All tunnels and toys were removed from the Biel maze prior to each 

trial, and all trials were video recorded for offline analysis. The time taken for each animal to 

complete the maze and reach the reward was measured. Errors in the Biel maze were measured 

using two methods: reversals and dead end entries. A reversal was defined as any time an animal 

made a directional change to return to the start position of the maze. A dead end entry was 

defined as a choice dynamic when the animal came to a position in the maze where there were 2 

or more paths that could be selected. If the animal did not select the correct path to the food 

reward, a dead end entry was counted.  The percent completed trials, the number of reversals, and 

the number of dead ends entered were recorded for each trial in the Biel maze.  
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Figure 2.1. Schematic of the path for each trial in the dry-land version of the Biel maze (2.1A). 
From PD 27 to PD 44, offspring underwent two individual trials per day to measure spatial 
learning and memory performance of CPEE offspring compared with nutritional control 
offspring. Representation of the Sample arm and Choice arm for rewarded alternation in the Y-
maze (2.1B and 2.1C). The initial trial was set up by baiting the sample and choice arms with a 
food reward, with access to the correct choice arm blocked by a door. An individual animal ran 
from the start to a food reward in the sample arm (2.1B). The animal was removed and the door 
to the choice arm was raised. The animal was placed back into the start arm facing the wall and 
chose an arm (2.1C). A trial was considered correct if the animal’s hind legs entered the choice 
arm.  
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2.3.7 Rewarded Alternation Y-Maze Task 

The rewarded alternation Y-maze task was modified for the guinea pig from an 

established rat protocol (172). All offspring underwent habituation to the Y-maze prior to 

commencing trials. Similar to the Biel maze, the Y-maze offspring had access to a food reward 

(Froot LoopTM) in their home cage prior to commencing the task in order to habituate them to its 

taste and eliminate hyponeophagia. Animals underwent 2 days of habituation in the Y-maze on 

PD 46 and PD 47, when animals were placed in the Y-maze with same-sex cagemates twice daily 

for 5 minutes. A food reward was placed on top of a small plastic food dish at the distal end of 

each arm to allow animals to freely explore all arms of the maze for the entire 5 minute 

habituation interval.  

 

From PD 48 to PD 52, each Y-maze animal underwent trials in the rewarded alternation 

Y-maze task (Figures 1B and 1C). Animals were fasted 4 h prior to commencing the task, which 

occurred between 1200 h and 1600 h. Each trial consisted of a sample arm and a choice arm. The 

trial was set up by baiting the sample and choice arms with a food reward, with access to the 

correct choice arm blocked by a door. First, individual animals traveled from the start arm to the 

sample arm and was given time to consume all of the food reward. Thereafter, the animal was 

removed from the sample arm, and 1 min later was returned to the start arm and the door to the 

choice arm was raised. A trial was considered to be performed correctly if the animal’s hind legs 

entered the choice arm. If the animal made the correct choice, it was given time to consume the 

food reward. If the animal chose incorrectly, it was removed from the wrong arm, placed in the 

correct arm, and allowed to consume the food reward. A second trial was conducted 5 min after 

the first trial on each day of testing. The second trial was set-up similarly to the first trial, except 
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that the sample and choice arms were reversed. All trials were videorecorded for offline analysis. 

The percent correct trials, percent completed trials, and amount of time taken by each animal to 

complete the trial was measured. 

 

2.3.8 Brain Weight 

Between PD 150 and 200, each animal was anesthetized using inhalational halothane 

(Halocarbon Laboratories, River Edge, NJ) and then was euthanized by decapitation. The brain 

was removed from the skull, weighed and stored at -80 ºC for future analysis. 

 

2.3.9 Statistical Analysis 

Previous investigation of ethanol teratogenicity in the guinea pig has demonstrated that 

within-litter variability in various outcomes, including fetal body weight and brain weight, is of 

similar magnitude to between-litter variability (100). In view of this, the data are presented as 

group mean ± SEM of the offspring in each treatment group, in which the offspring were 

randomly assigned to the Biel maze or Y-maze from paired litters of the maternal ethanol and 

sucrose control treatment groups. The data were analyzed using GraphPad Prism 5 (GraphPad 

Software Inc., San Diego, CA) or PASW Statistics 18 (SPSS Inc., Chicago, IL). Initial statistical 

analyses were conducted to determine whether there was a significant effect of sex on outcome 

measures. In the absence of a sex effect, data for male and female offspring were grouped 

together. Pregnancy outcome parameters were analyzed using an unpaired Student’s t-test. 

Spontaneous locomotor activity at PD 10 and brain weight data of the offspring were analyzed for 

homogeneity of variance and then by two-way analysis of variance (ANOVA), followed by post-

hoc analysis for a statistically significant F statistic (p < 0.05) using Student's t-test with 
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Bonferroni correction for multiple comparisons. Biel maze task performance and rewarded 

alternation Y-maze task performance data of the experimental groups were analyzed by two-way 

repeated-measures ANOVA.  Two groups of data were considered to be statistically different 

when p < 0.05. 

 

2.4 Results 

The mean maternal blood ethanol concentration was 281 ± 15 mg/dL at 1 h after the 

second divided dose of ethanol on GD 57. The effects of chronic maternal ethanol administration 

on pregnancy outcome are shown in Table 2.1. There was one maternal death and a single 

incident of spontaneous abortion in the ethanol treatment group. Stillbirth occurred involving five 

offspring of the ethanol treatment group, and there was one incident of perinatal death in each of 

the ethanol and isocaloric-sucrose/pair-fed nutritional control (sucrose) groups. Pregnant dams 

that were treated with ethanol had significantly longer gestation (p < 0.05) compared with 

sucrose-treated pregnant animals. CPEE offspring had decreased birth weight compared with 

offspring of the sucrose group (p < 0.05).  

 

Ethanol teratogenicity was demonstrated in CPEE offspring using behavioural and 

structural assessments. Spontaneous locomotor activity in an open field was measured for all 

offspring at PD 10. CPEE offspring demonstrated increased spontaneous locomotor activity 

compared with sucrose offspring. There was no effect of sex on spontaneous locomotor activity, 

nor was there a statistical interaction between maternal treatment and sex. Two-way ANOVA 

demonstrated that during the first 15 min in the open field, CPEE offspring travelled a greater 

distance compared with sucrose offspring (F(1,70)=6.201, p < 0.05) (Figure 2.2A). CPEE   
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Table 2.1. Pregnancy outcome data.  

 
Pregnancy Outcome Variable TREATMENT 

Ethanol (n=13) Sucrose (n=13) 
Maternal death 1 0 
Spontaneous abortion 1 0 
Stillbirth 6 2 
Perinatal death 1 1 
Male offspring (%) 69 50 
Female offspring (%) 31 50 
Length of gestation (days) 69.3 ± 0.4 * 67.1 ± 0.2 
Litter size 3.3 ± 0.3 3.7 ± 0.3 
Birth weight (g) 82.4 ± 2.1 * 89.1 ± 2.2 
 

The number of pregnant guinea pigs is reported in parentheses. The data for maternal 
death, spontaneous abortion, stillbirth, and perinatal death are reported as the number of 
occurrences. All other data are presented as group mean ± SEM. (*) p < 0.05, unpaired t-test. 
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offspring also spent more time moving, and more time hyperactive compared with sucrose 

offspring (p < 0.05) (data not shown). At euthanasia (PD 150 - 200), two-way ANOVA 

demonstrated that the brain weight of CPEE offspring was less compared with the brain weight of 

sucrose offspring (F(1,68)=138.3, p < 0.0001) (Figure 2.2B). 

 

The average time spent moving by each offspring during each 15-min session of the 30 

min/day Biel-maze habituation sessions (36 sessions of 15-min each) was recorded. It must be 

noted that each animal assigned to habituation in the Biel maze may have contributed unequally 

to the average time moving per animal, so the data presented (time moving per animal/session) 

are an approximation. The average time spent moving by CPEE offspring was 259.8 ± 17.35 

s/session, whereas sucrose offspring moved 178.9 ± 8.65 s/session. Student’s t-test analysis 

revealed a significant effect of maternal treatment (p < 0.05), indicating that CPEE animals spent 

more time moving in the Biel maze than sucrose offspring.  

 

Individual animal performance of the Biel-maze task was determined twice daily for 18 

days (PD 27-44) to measure spatial learning and memory. There was no effect of sex on Biel-

maze task performance: thus, data from male and female offspring were grouped. All results were 

grouped into 3-day bins, in which each bin comprised the data of 6 trials (Figure 2.3). Two-way 

ANOVA demonstrated a main effect of maternal treatment on the number of reversals made in 

the dry-land maze (F(1,198)=18.9, p < 0.0001), such that CPEE offspring made more reversals 

than sucrose  offspring (Figure 2.3A). Two-way ANOVA also demonstrated a significant effect 

of day (F(5,198=27.9, p < 0.0001), in which all offspring made less errors over the 18-day period.   
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Figure 2.2. Ethanol teratogenicity in offspring. Spontaneous locomotor activity was measured on 
postnatal day (PD) 10 (2.2A). CPEE offspring (ethanol) travelled a greater distance in the open 
field compared with isocaloric-sucrose/pair-fed offspring (sucrose). The data are presented as 
group mean ± SEM of the offspring of each maternal treatment group with offspring from paired 
litters: ethanol-Biel maze (n=15 offspring; 8 male, 7 female), ethanol-Y-maze (n=14; 8 male, 6 
female), sucrose-Biel maze (n=20; 10 male, 10 female), and sucrose-Y-maze (n=25; 11 male, 14 
female). (*, p < 0.05). Brain weight was measured at euthanasia  (PD 150-200) (2.2B). CPEE 
offspring had decreased brain weight at euthanasia (PD 150-200) compared to nutritional control 
offspring (*, p < 0.0001). The data are presented as mean ± SEM of the offspring of each 
maternal treatment group with offspring from paired litters: ethanol-Biel maze (n=15; 8 male, 7 
female), ethanol-Y-maze (n=12 offspring; 7 male, 5 female), sucrose-Biel maze (n=20, 10 male, 
10 female), and sucrose-Y-maze (n=25; 11 male, 14 female). 
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There was no statistical interaction between maternal treatment and day. Similarly, there were 

main effects of maternal treatment (F(1,198)=22.0, p < 0.0001) and day (F(5,198=4.72, p < 

0.001) on the number of dead ends entered by the offspring in the dry-land maze, but no 

statistical interaction (Figure 2.3B). There was no difference between the CPEE and sucrose 

offspring in the in the time taken to complete a trial or the percent completed trials (Figures 2.3C 

and 2.3D, respectively). 

 

Rewarded alternation Y-maze task performance was measured daily in offspring from PD 

46-50. To be included in the data analysis, each individual offspring had to complete at least 

seven of the ten trials.  Using this criterion, two CPEE offspring (one male, one female) and 

seven sucrose offspring (four male, three female) were excluded from data analysis. Offspring 

from the two maternal treatment groups were not different in the percent correct trials, percent 

completed trials, or time to complete each trial (Figure 2.4). Furthermore, there was no effect of 

sex on Y-maze performance, nor was there a statistical interaction between maternal treatment 

and sex. 

 

2.5 Discussion 

The results of the present study demonstrate that CPEE, via chronic maternal ethanol 

administration, induces functional and structural deficits in guinea pig offspring. The data of this 

study support previous research that has shown CPEE-induced deficits in spatial learning and 

memory in rodent species (111, 112, 114, 145, 166, 383). Interestingly, the demonstration of 

CPEE-induced impairments in learning and memory appear to be dependent on the complexity of   
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Figure 2.3. Trials in the Biel maze. Ethanol animals made more reversals (2.3A) and entered 
more dead ends (2.3B) than nutritional control offspring (p < 0.0001). There was no difference in 
the time taken to complete each trial or the percent completed trials (2.3C and 2.3D).  The data 
are presented as group mean ± SEM of the offspring of each maternal treatment group with 
offspring from paired litters: ethanol (n=15 offspring; 8 male, 7 female), sucrose (n=20; 10 male, 
10 female). 
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Figure 2.4. Rewarded alternation Y-maze task (PD 46-50). There was no difference in the 
percent correct trials (2.4A), percent completed trials (2.4B) and average time to complete a trial 
(2.4C) between CPEE and nutritional control offspring. The data are presented as group mean ± 
SEM of the offspring of each maternal treatment group with offspring from paired litters: ethanol 
(n=12 offspring; 7 male, 5 female), sucrose (n=18; 7 male, 11 female). 
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the task. In this study, two types of tasks were used to assess learning and memory performance 

in CPEE offspring: a complex dry-land version of the Biel-maze task and a simple rewarded-

alternation Y-maze task. The results of this study suggest that the modified Biel-maze task is 

more sensitive for the measurement of learning and memory deficits in CPEE offspring. The 

modified dry-land Biel maze was designed to reveal deficits in spatial learning and memory in 

guinea pig offspring in a low-stress environment (171). Animals were habituated to the Biel maze 

environment in groups and did not demonstrate anxiety or fear responses (e.g., attempting to 

jump out of the maze, freezing, increased vocalizations) during the testing period. Due to the 

complexity of the task, both CPEE and nutritional control (sucrose) offspring made numerous 

reversals on days 1-3 of testing, and there was no difference in performance between the two 

groups. Subsequently, the performance of nutritional control offspring appeared to improve on 

days 4-6 of the task, as they made fewer reversals compared to days 1-3. CPEE animals, however, 

made the same number of reversals on days 1-3 and days 4-6. The data of the current study 

suggest that CPEE offspring have deficits in spatial learning and memory and show less 

improvement in performing the Biel maze task over a series of trials compared with control 

offspring. 

 

In the present study, CPEE offspring also demonstrated an increase in the number of dead 

end entries in Biel maze trials. This finding suggests that impulsivity and/or perseveration are 

increased in CPEE offspring, a behavioural deficit associated with dysfunction in the prefrontal 

cortex (388). These data are consistent with the findings of Hayward et al. (168), who showed 

that CPEE guinea pigs exhibit persistent lever pressing behaviour on days 1 and 2 of extinction 

training, suggesting higher rates of operant responding in CPEE offspring compared with control 
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offspring. A further study by Olmstead et al. (167) showed that CPEE increases independent 

measures of disinhibition and perseveration in guinea pig offspring. CPEE offspring had 

increased No-Go responses in a Go/No-Go paradigm, which is indicative of deficits in response 

inhibition in these animals (167). In addition, CPEE offspring demonstrated increased 

perseverative responses in a Cued Alternation task (167). Interestingly, there was no difference 

between the CPEE and nutritional control offspring in the time taken to complete each trial in the 

Biel maze. CPEE offspring made significantly more errors (reversals and entering dead ends) and 

ran a significantly longer path length in an equal amount of time compared with the control 

offspring, which is consistent with hyperactivity induced by CPEE. Hyperactivity may have 

contributed to impaired performance in the Biel maze. Sampson et al. have shown that prenatal 

ethanol exposure results in a speed-accuracy tradeoff in a spatial-visual reasoning task. 

Individuals with higher levels of prenatal ethanol exposure scores, on average, spend less time 

studying the task and make more errors (389). In our study, an increase in the running speed (i.e. 

hyperactivity) of CPEE offspring during Biel maze trials may have resulted in more errors (e.g. 

reversals and entering dead ends). Furthermore, our spontaneous locomotor activity data are 

consistent with previous findings, which have demonstrated that CPEE produces a hyperactive 

phenotype in offspring (75, 97, 102, 103, 112, 155, 384). CPEE offspring demonstrated increased 

spontaneous locomotor activity in an open field at PD 10, and also spent more time moving in the 

Biel maze during habituation compared with control offspring. These data are in close agreement 

with previous findings that children with FASD show increased hyperactivity/impulsivity and 

attentional difficulties compared with control children (390, 391). Additionally, there was no 

difference between the two groups in the percent completed trials in the dry-land maze. CPEE 

offspring were not impaired in their ability to finish the task and reach the food reward. However, 
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working memory performance of CPEE offspring was impaired in the Biel maze task, since 

offspring were unable to recall the most efficient path to reach the food reward without making 

errors. In future studies, acquisition and retention of task information should be differentiated in 

the Biel maze. In order to measure retention of task information, a variable delay period of 1-7 

days could be added to the Biel maze trials after animals have been fully trained in the task. Maze 

tasks may use a delay period between trials to distinguish between acquisition and retention of 

information, such as the use of probe trials in the Morris water maze, in which the escape 

platform is removed to test retention of task information (99, 165, 166, 383, 392). If CPEE 

offspring had increased errors in the Biel maze following a delay, this would suggest that these 

animals show deficits in retention of task information. 

 

The rewarded-alternation Y-maze task was a simple, one-choice test designed to measure 

spatial learning and memory deficits in CPEE offspring. In this study, no learning and memory 

impairments were observed in CPEE offspring compared with nutritional controls. All offspring 

used in the analysis performed the Y-maze task to criterion and achieved approximately 75% 

correct alternation. This is comparable to Y-maze-task performance in the rat, in which control 

animals achieve approximately 80% correct alternation, whereas animals with hippocampal 

abnormalities typically score less than 60% correct over several trials (172). Therefore, it was 

concluded that CPEE offspring were not different than control offspring in the rewarded-

alternation Y-maze task. Following CPEE, rodent offspring have shown impairments in many 

spatial learning and memory tasks that are sensitive to hippocampal injury, including impaired 

performance of T-maze and radial-arm-maze tasks (138, 139, 393-395). Unlike our study, many 

of the previous studies used varying ethanol regimens, in which offspring were exposed to 
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ethanol neonatally, not prenatally, prior to cognitive testing (139, 393, 394). It is possible that 

there were no learning and memory deficits observed in the Y-maze in our study because our 

chronic maternal ethanol regimen throughout gestation produced less functional brain impairment 

than neonatal ethanol exposure studies. Furthermore, maze tasks used in other studies, including 

the water T-maze (138) and a radial-arm maze (395), showed deficits in learning and memory of 

ethanol-exposed rat and mouse offspring, as they were more similar in complexity to the 

modified Biel-maze task than the Y-maze task. 

 

In the present study, CPEE guinea pig offspring demonstrated task-dependent deficits in 

spatial learning and memory. Both tasks were similar in design and required offspring to alternate 

directions to receive a food reward. However, the complexity of the tasks differed, as the Y-maze 

required offspring to make one decision regarding alternation, whereas the dry-land version of the 

Biel maze required multiple correct choices to be made to reach a food reward. Clinical studies 

have shown that children with FASD may not demonstrate impairments in relatively simple tasks, 

but often show learning and memory deficits in complex, multi-choice tasks, where higher-order 

executive functioning is required (30, 169, 170). Similarly, Wheeler et al. (396) found that 

children with FASD demonstrate deficits in facial memory, particularly in increasingly complex 

tasks (138). Furthermore, Aragón et al. (169) concluded that complex neuropsychological tests, 

including Verbal Fluency, Progressive Planning Test (PPT), the Lhermitte memory tasks, and the 

Grooved Pegboard Test (GPT), discriminated children with FASD from controls better than 

simple test items. Therefore, a Biel-maze task, which measures cognitive performance using a 

multi-choice design, is more sensitive in demonstrating CPEE-induced spatial learning and 

memory deficits compared with a one-choice rewarded-alternation Y-maze task.  
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In conclusion, this study has demonstrated that CPEE, via chronic maternal ethanol 

administration during gestation, causes structural and functional deficits in guinea pig offspring. 

CPEE decreases brain weight, an effect that persists into adulthood. This structural alteration in 

CPEE offspring is temporally related to hyperactivity/impulsivity and impaired spatial learning 

and memory in a dry-land version of the complex, multi-choice Biel-maze task.  This modified 

Biel maze is an appropriate, sensitive task to measure CPEE-induced spatial learning and memory 

deficits in guinea pig offspring.  Future studies should focus on the development of interventions 

to mitigate impaired spatial learning and memory performance induced by CPEE, using this 

modified Biel-maze task to assess efficacy.    
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Chapter 3 

Chronic prenatal ethanol exposure increases adiposity and disrupts 

pancreatic morphology in adult guinea pig offspring 
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3.1  Abstract 

Ethanol consumption during pregnancy can lead to a range of adverse developmental 

outcomes in children, termed Fetal Alcohol Spectrum Disorder (FASD). Central nervous system 

injury is a debilitating and widely studied manifestation of chronic prenatal ethanol exposure 

(CPEE). However, CPEE can also cause structural and functional deficits in metabolic pathways 

in offspring. This study tested the hypothesis that CPEE increases whole body adiposity and 

disrupts pancreatic structure in guinea pig offspring. Pregnant guinea pigs received ethanol (4 

g/kg maternal body weight/day) or isocaloric-sucrose/pair-feeding (control) for 5 days/week 

throughout gestation. Male and female CPEE offspring demonstrated growth restriction at birth, 

followed by a rapid period of catch-up growth prior to weaning (postnatal day (PD) 1 - 7). Whole 

body magnetic resonance imaging (MRI) in young adult offspring (PD 100 – 140) revealed 

increased visceral and subcutaneous adiposity produced by CPEE. At euthanasia (PD 150 – 200), 

CPEE offspring also had increased pancreatic adipocyte area and decreased β-cell insulin-like 

immunopositive area, suggesting reduced insulin production and/or secretion from pancreatic 

islets. CPEE causes increased adiposity and pancreatic dysmorphology in offspring, which may 

signify increased risk for the development of metabolic syndrome and type 2 diabetes mellitus. 

 

3.2 Introduction 

Maternal alcohol (ethanol) consumption during pregnancy can lead to a range of adverse 

developmental outcomes in children, which are collectively termed Fetal Alcohol Spectrum 

Disorder (FASD) (5, 16). Central nervous system (CNS) injury is a widely studied manifestation 

of FASD as it is often the most debilitating and permanent consequence of prenatal ethanol 

exposure (16).  However, prenatal ethanol exposure may also damage other organ systems, 

including the heart (105, 106), lung (104), and kidney (106, 179). In addition, recent research 
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suggests that prenatal ethanol exposure causes structural and functional deficits in metabolic 

pathways in offspring (195, 196, 198, 199, 203, 353). Due to the range of comorbidities and 

challenges associated with a diagnosis of FASD, it is estimated that the total adjusted annual cost 

of FASD in Canada is $5.3 billion (41). 

 

It is well established that chronic heavy ethanol exposure in the adult human is a 

significant risk factor for symptoms of metabolic syndrome, including impaired glucose 

homeostasis, diabetes mellitus, hypertriglyceridemia, abdominal obesity, and high blood pressure 

(219, 220). Conversely, relatively less is known about the consequences of chronic prenatal 

ethanol exposure (CPEE) on these same outcome measures during postnatal life of the offspring. 

In recent years, several studies have demonstrated that prenatal ethanol exposure leads to 

alterations of metabolic pathways, including impaired glucose metabolism, increased 

gluconeogenesis, insulin resistance, and impaired insulin signaling (195, 196, 198, 199, 203, 

353). Children with Fetal Alcohol Syndrome (FAS) have hyperinsulinemia and hyperglycemia in 

oral glucose tolerance tests (GTT) compared with typically developing children (211). These 

results suggest that children with FAS are insulin resistant; however, the association between 

prenatal ethanol exposure and increased risk of metabolic syndrome in offspring has not been 

established. 

 

In order to better understand and interpret the nature of ethanol metabolic teratogenicity, 

this study tested the hypothesis that CPEE increases whole body adiposity and disrupts pancreatic 

structure in guinea pig offspring. Maternal ethanol consumption during gestation leads to 

hypertriglyceridemia in adult rat offspring, suggesting that CPEE affects lipid metabolism (204). 
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In addition, previous research has demonstrated that high-dose ethanol exposure in adult rats 

disrupts pancreatic function by decreasing β-cell mass, phosphatidylinositol 3-kinase activity and 

GLUT4 expression (397). However, the effects of CPEE on postnatal whole body adiposity and 

pancreatic morphology have not been studied.  

 

The guinea pig is a well-established animal model for the study of ethanol teratogenicity 

because its in utero development is more similar to the human compared with other rodent 

species with respect to its trimester-equivalent gestation (122), placental morphology (123), and 

extensive organ-system development, including the brain growth spurt (119). Furthermore, the 

pharmacokinetics of ethanol in the maternal-fetal unit are very similar between the guinea pig and 

human (51).  

 

3.3 Material and Methods 

3.3.1 Experimental Animals 

Female, nulliparous Dunkin-Hartley-strain guinea pigs (Charles River Canada Inc., St 

Constant, QC), body weight between 550 g and 650 g, were bred with male guinea pigs using an 

established procedure (386, 398). Gestational day (GD) 0 was defined as the last day of full 

vaginal-membrane opening, and term was approximately GD 68. Pregnant animals were housed 

individually in plastic cages at an ambient temperature of 23ºC with a 12-h light/dark cycle (lights 

on from 0700 to 1900 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. 
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3.3.2 Animal Treatment Regimens 

Pregnant dams were randomly assigned to one of two maternal treatment groups: ethanol 

or nutritional control (isocaloric-sucrose/pair-feeding (sucrose)). Each pregnant animal in the 

ethanol group received 4 g ethanol/kg maternal body weight/day as an aqueous ethanol solution 

(30% v/v, prepared in tap water), 5 days/week throughout treatment, with ad libitum access to 

standard guinea pig chow (Lab Diet 5025, Purina, St Louis, MO). Each pregnant dam in the 

nutritional control group was paired to an individual 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. Aqueous ethanol or sucrose solution was administered into the oral 

cavity of the pregnant animal using a syringe, with subsequent swallowing of the solution. 

Maternal treatments were given in two equally divided doses, 2 h apart, starting at 0900 h on each 

treatment day. Food intake and weight gain were recorded for each dam throughout pregnancy. 

 

3.3.3 Maternal Blood Ethanol Concentration (BEC)  

On GD 57 or 58, 120 µL of blood were collected from the marginal ear vein of each 

pregnant guinea pig and were treated with 38% (w/v) aqueous sodium citrate (anticoagulant). The 

blood sample was taken 1 h after the second divided dose of ethanol or sucrose. Maternal BEC 

was determined by an established gas-liquid chromatographic procedure using headspace-gas 

analysis (387). 

 

3.3.4 Body Weight Gain and Whole Body Magnetic Resonance Imaging (MRI) 

Starting at postnatal day (PD) 1, offspring were weighed daily and monitored for general 

health. At PD 21-22, offspring from each litter were weaned, separated by sex, and housed in 

groups of 2 to 5 same-sex animals. 
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Between PD 100-140, adipose tissue volume was measured in randomly selected 

offspring by whole body MRI based on previously described methods (399-401). Each guinea pig 

was anesthetized using an induction protocol of intraperitoneal (i.p.) injection of medetomidine 

(0.25 mg/kg) followed by inhalation of 4% isoflurane in O2. The concentration of isoflurane was 

decreased to 2.5-3% for maintenance of anesthesia during the imaging session. Data were 

acquired with a 3T Siemens MAGNETOM Trio MRI system. Each guinea pig was placed in a 

small animal receiver coil with a gel heating pad for added mass to improve signal quality. A T1 

weighted turbo spin echo sequence (1.1x1.1x2.0mm, TR: 6670ms, TE: 13ms, FoV: 280mm, 

Slices: 60, turbo factor: 7, Bandwidth: 130 Hz/Px, water suppressed) was acquired in the coronal 

orientation. A scan in the identical orientation, but without water suppression, was also acquired 

for reference. The volume (mm3) of total body adipose tissue was calculated for each guinea pig 

(custom software written in MATLAB, R2009b, The Mathworks Inc., Natick, MA, USA) and 

expressed as a proportion of total body weight. Total adipose tissue content was computed 

through the following steps: 1) images were thresholded to black and white; 2) connected 

segments were identified and the heating pad was removed; 3) morphologic opening and dilation 

were used to remove noise; 4) a morphologic dilation of the remaining image was then used to 

create a mask on the original volume; and 5) the remaining white voxels after masking of the 

original volume were counted and multiplied by the voxel volume. Following noise correction, 

MRI scans with maintained quantifiable background noise were removed from the analysis. For 

visceral and subcutaneous adiposity measures, the volumes were loaded into ITK-SNAP 

(University of Pennsylvania, Philadelphia, PA, USA), and masks were created manually for these 

regions (402). The voxels in each masked region were counted in MATLAB as described 

previously. 
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3.3.5 Pancreatic Morphology and Insulin-like Immunoreactivity 

At PD 150 – 200, all offspring were anesthetized using inhalational halothane 

(Halocarbon Laboratories, River Edge, NJ) and were euthanized by decapitation. The pancreas 

was excised from each offspring and weighed. The pancreas was stored in 10% (v/v) neutral 

buffered formalin at room temperature for 48 h, was rinsed with water, and then was stored in 

70% (v/v) aqueous ethanol solution until analyzed.  

 

Pancreatic tissue was paraffin-embedded, and immunohistochemical detection of insulin 

was performed on 5-µm sections of pancreatic tissue from CPEE and nutritional control 

offspring. Ten animals per group (5 male and 5 female offspring) were randomly selected from 

each of the maternal treatment groups (ethanol or sucrose control) for analysis. Tissue sections 

were deparaffinized in xylene, rehydrated, and washed in phosphate-buffered saline (PBS). 

Endogenous peroxidase activity was quenched with methanol, followed by antigen retrieval in 10 

mmol/L citrate buffer (pH 3.0), and blocking with 10% (v/v) normal goat serum and 1% (w/v) 

bovine serum albumin. Sections were incubated with the primary antibody, a polyclonal, guinea 

pig anti-swine insulin antibody (1:150 dilution; DakoCytomation, Carpinteria, CA) overnight at 4 

ºC. Sections then were washed with PBS, and immunostaining was identified using the 

Vectastain kit (Vector Laboratories, Burlingame, CA), with diaminobenzidine as the chromogen. 

Tissue sections were counterstained with Harris’ hematoxylin, destained with acid-alcohol, 

dehydrated, and mounted with Permount® (Fisher Scientific, Fair Lawn, NJ). In all tissue 

sections, pancreatic morphology was analyzed in 20 random fields per section, from 2 sections 

per animal (separated by at least 40 µm) at 10x magnification. Insulin-like immunopositive cells 

were identified using Image Pro Plus v.5.1 software (Media Cybernetics Inc., Silver Spring, MD) 
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for automated cell counting and the calculation of β-cell area. The percent β-cell area was 

calculated as: area of insulin-like immunopositive cells/total pancreas area X100. Similarly, the 

percent adipocyte area and the percent exocrine tissue area were calculated. We also examined 

the insulin-like immunopositive area (i.e., β-cell area) and area of adipocytes (i.e., fat infiltration) 

within islets by averaging measurements from at least 164 random islets per animal. 

 

3.3.6 Statistical Analysis 

Previous investigation of ethanol teratogenicity in the guinea pig has demonstrated that 

within-litter variability in various outcomes, including fetal body weight, is of similar magnitude 

to between-litter variability (100). In view of this, the data are presented as group mean ± SEM of 

the offspring in each of the maternal ethanol and sucrose control treatment groups. The data were 

analyzed using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA) or PASW Statistics 

18 (SPSS Inc., Chicago, IL). Initial statistical analyses were conducted to determine whether 

there was a significant effect of sex on outcome measures in offspring. In the absence of a sex 

effect, data for male and female offspring were grouped together. Maternal weight gain and food 

intake per kilogram body weight during pregnancy were recorded throughout gestation and 

analyzed every fifth day by two-way repeated-measures analysis of variance (ANOVA) 

(independent variables: maternal treatment and gestational day), 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. Birth weight was analyzed using an unpaired Student’s t-test. Whole 

body MRI and pancreatic morphology data of the offspring were analyzed for homogeneity of 

variance and then by two-way ANOVA (independent variables: maternal treatment and sex). 

Weight gain and body weight of the female and male offspring of the experimental groups were 
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analyzed by two-way repeated-measures ANOVA (independent variables: maternal treatment and 

postnatal age).  Two groups of data were considered to be statistically different when p < 0.05. 

 

3.4 Results 

The mean maternal blood ethanol concentration was 281 ± 15 mg/dL at 1 h after the 

second divided dose of ethanol on GD 57. The effects of chronic maternal ethanol administration 

on pregnancy outcome are described in a previous publication by our group (398). Briefly, there 

was one maternal death, a single incident of spontaneous abortion, and five stillbirths in the 

ethanol treatment group. There was one incident of perinatal death in each of the ethanol and 

isocaloric-sucrose/pair-fed nutritional control (sucrose) groups. Pregnant dams that were treated 

with ethanol had significantly longer gestation (p < 0.05) compared with sucrose-treated pregnant 

animals, and there was no effect of maternal treatment on litter size (data not shown). Two-way 

ANOVA demonstrated a significant effect of gestational day (F(11,242=5.32, p < 0.0001), but 

not an effect of maternal treatment, on food intake during pregnancy (data not shown). There was 

a significant statistical interaction between maternal treatment and gestational day 

(F(11,242=2.65, p < 0.01), in which CPEE dams had decreased food intake on GD 20. Two-way 

ANOVA also revealed significant effects of maternal treatment (F(1,264=6.80, p < 0.05) and 

gestational day (F(12,264=30.72, p < 0.0001) on maternal body weight gain, such that ethanol-

exposed dams had decreased weight gain compared with sucrose dams (data not shown). There 

was no statistical interaction between maternal treatment and gestational day. 

 

Body weight and weight gain were determined in offspring from birth until euthanasia 

(PD 150 – 200). CPEE offspring had decreased birth weight compared with offspring of the 
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sucrose control group (p < 0.05) (Figure 3.1A). Throughout the first week of the pre-weaning 

period (PD 1-7), two-way repeated-measures ANOVA demonstrated that female CPEE offspring 

had increased weight gain compared with sucrose offspring (F(1,245)=34.48, p < 0.0001) (Figure 

3.1B).  Two-way ANOVA also demonstrated a significant effect of day (F(6,245)=68.01, p < 

0.0001), in which all female offspring gained weight less rapidly as they aged over the pre-

weaning period. There was no statistical interaction between maternal treatment and day 

(F(6,245)=0.72, p > 0.05). For the remainder of the pre-weaning period (PD 8 – 22), there was no 

difference between female CPEE and sucrose offspring in body weight gain. Similarly, for the 

male offspring, there were significant effects of maternal treatment (F(1,245)=6.85, p < 0.01) and 

day (F(6,245)=58.00, p < 0.0001) during the first week of pre-weaning (PD 1 – 7), but no 

statistical interaction (F(6,245)=0.33, p > 0.05) (Figure 3.1C). There was no difference between 

male CPEE and sucrose offspring in body weight gain for the remainder of the pre-weaning 

period (PD 8-22). 

 

Body weight was measured daily throughout adolescence (PD 20 – 120). For the female 

offspring, two-way repeated-measures ANOVA demonstrated a significant effect of maternal 

treatment (F(1,700)=4.30, p < 0.05), such that female CPEE offspring demonstrated increased 

body weight compared with sucrose offspring (data not shown).  Two-way ANOVA also 

demonstrated a significant effect of day (F(20,700)=1558.70, p < 0.0001), in which all female 

offspring had increased body weight over time. There was no statistical interaction between 

maternal treatment and day. In male offspring, there was an effect of day (F(20,700)=2412.62, p 
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Figure 3.1. Offspring birth weight (3.1A). CPEE (ethanol) offspring were growth restricted at 
birth compared with isocaloric-sucrose/pair-fed (sucrose). The data are presented as group mean 
± SEM of the offspring of each maternal treatment group with offspring from paired litters: 
ethanol (n=36 offspring; 22 male, 14 female) and sucrose (n=47 offspring; 23 male, 24 female) (p 
< 0.05).  Weight gain during pre-weaning (PD 1 – 22) (3.1B and 3.1C). Female and male ethanol 
offspring demonstrated increased weight gain compared with sucrose offspring from PD 1 - 7 
(females, p < 0.0001; males, p < 0.01) (3.1B and 3.1C, respectively). There was no difference in 
weight gain between ethanol and sucrose offspring over the rest of the pre-weaning period (PD 8 
- 22).  For 1B and 1C, the data are presented as group mean ± SEM of the offspring of each 
maternal treatment group with offspring from paired litters: ethanol (n=29 offspring; 16 male, 13 
female) and sucrose (n=45 offspring; 21 male, 24 female). 
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 < 0.0001), reflecting the increase in body weight for all offspring from adolescence through 

adulthood (data not shown). However, there was no difference between the male CPEE and 

sucrose offspring in body weight from PD 20 – 120, nor was there a statistical interaction 

between the two factors. 

 

Between PD 100 – 140, whole body MRI analyses were conducted to determine adipose 

tissue volume in CPEE and sucrose control offspring (Figures 3.2 and 3.3). Following correction 

for background noise, 9 CPEE animals (4 males and 5 females) were removed from data analysis. 

Two-way ANOVA demonstrated a significant effect of maternal treatment (F(1,47)=21.60, p < 

0.0001) on total adipose tissue volume/g body weight, such that CPEE offspring had increased 

adipose tissue volume compared with sucrose control offspring (Figure 3.3A). Two-way ANOVA 

also demonstrated a significant effect of sex (F(1,47)=5.41, p < 0.05), in which female offspring 

had increased total adipose tissue volume compared with male offspring. Adipose tissue volume 

was also determined in the visceral and subcutaneous regions of CPEE and sucrose control 

offspring. Two-way ANOVA demonstrated a significant effect of maternal treatment 

(F(1,47)=13.91, p < 0.001) on adipose tissue volume in the visceral region, such that CPEE 

offspring had increased adipose tissue volume compare with sucrose control offspring (Figure 

3.3B). Two-way ANOVA also demonstrated a significant effect of sex (F(1,47)=11.74, p < 0.01), 

in which female offspring had increased visceral adipose tissue volume compared with male 

offspring. Similar to the total adipose tissue volume analysis, two-way ANOVA demonstrated a 

significant effect of maternal treatment (F(1,47)=21.26, p < 0.0001) on subcutaneous adipose 

tissue volume, such that CPEE offspring had increased adipose tissue volume compared with  
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Figure 3.2.  Magnetic resonance imaging (MRI) of CPEE and sucrose control offspring (PD 100 
– 140). Whole body scans were performed using a high resolution T1-weighted anatomical 
imaging protocol in a Siemens 3 Tesla whole-body MRI. A reference scan for each CPEE 
offspring (3.2A) and sucrose control offspring (3.2C) was performed prior to the water 
suppression scan. Water suppression scans were used for the determination of whole-body 
adipose tissue volume of CPEE offspring (3.2B) compared with sucrose control offspring (3.2D). 
CPEE offspring demonstrated increased total adipose tissue volume compared with sucrose 
control offspring.  
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Figure 3.3. Adipose tissue volume analysis by whole body MRI (PD 100 – 140). CPEE (ethanol) 
offspring had increased total (3.3A), visceral (3.3B), and subcutaneous (3.3C) adipose tissue 
volume compared with nutritional control (sucrose) offspring (*, p < 0.001). Female offspring 
had increased visceral adipose tissue volume compared with male offspring (#, p < 0.05). The 
data are presented as group mean ± SEM of the offspring of each maternal treatment group with 
offspring from paired litters: ethanol (n=20 offspring; 12 male, 8 female) and sucrose (n=31 
offspring; 16 male, 15 female). 
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sucrose control offspring (Figure 3.3C). There was no effect of sex on subcutaneous adipose 

tissue volume.  

 

Pancreatic morphology and insulin-like immunoreactivity were measured in adult tissue. 

Adipocyte infiltration in islets and surrounding tissue at 10x magnification is shown in a CPEE 

animal (Figure 3.4A) compared with a sucrose control animal (Figure 3.4B). In the lobular 

pancreas, two-way ANOVA demonstrated a significant effect of maternal treatment on the 

percent adipocyte area, such that CPEE offspring had increased adipocyte area (F(1,24)=4.27, p < 

0.05) (Figure 3.4C). There was also a significant effect of sex (F(1,24)=4.34, p < 0.05) on the 

percent adipocyte area, where male offspring had increased adipocyte area. There was no 

statistical interaction between maternal treatment and sex. There was a main effect of maternal 

treatment (F(1,24)=4.27, p < 0.05) on the percent exocrine tissue in the whole pancreas, whereby 

CPEE offspring had decreased exocrine area. There was also a main effect of sex (F(1,24)=4.34, 

p < 0.05), where male offspring had decreased exocrine area, but there was no statistical 

interaction between maternal treatment and sex (Figure 3.4D). There was no difference in percent 

β-cell area in the whole pancreas of CPEE offspring compared with sucrose control offspring 

(data not shown). When only the pancreatic islet area was examined, however, two-way ANOVA 

revealed significant effects of maternal treatment on β-cell area per islet area (F(1,35)=11.81, p < 

0.01) and adipocyte area per islet area (F(1,35)=13.69, p < 0.001), such that within islets, CPEE 

offspring had decreased β-cell area and increased adipocyte infiltration compared with sucrose 

control offspring (Figures 3.4E and 3.4F, respectively).  
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Figure 3.4. Pancreatic morphology (PD 150 – 200). 10x magnification of adipocyte infiltration in 
islets and surrounding tissue in a CPEE (ethanol) animal (3.4A). Pancreatic tissue from a 
nutritional control (sucrose) animal is shown at 10x magnification (3.4B).  Ethanol offspring had 
increased adipocytes (3.4C) and decreased exocrine tissue (3.4D) in the lobular pancreas 
compared with sucrose offspring (*, p < 0.05). Male offspring had increased adipocytes and 
decreased exocrine tissue compared with female offspring (#, p < 0.05). The data are presented as 
group mean ± SEM of the offspring of each maternal treatment group with offspring from paired 
litters: ethanol (n=15 offspring; 7 male, 8 female) and sucrose (n=13 offspring; 7 male, 6 female). 
Pancreatic islet cell distribution (PD 150 - 200) (boxed in red in 3.4A and 3.4B). Within each 
islet, CPEE (ethanol) offspring had fewer insulin-producing beta cells (arrows) (3.4E) and more 
adipocytes (3.4F) than nutritional control (sucrose) animals (p < 0.05). The data are presented as 
group mean ± SEM of the offspring of each maternal treatment group with offspring from paired 
litters: ethanol (n=19 offspring; 10 male, 9 female) and sucrose (n=20 offspring; 10 male, 10 
female). 
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3.5 Discussion 

The results of the present study demonstrate that CPEE, via chronic maternal ethanol 

administration, causes metabolic teratogenicity in guinea pig offspring. Compared with 

nutritional control offspring, CPEE guinea pig offspring: (i) were growth restricted at birth and 

exhibited a greater rate of weight gain during the first week of postnatal life; (ii) had a 

significantly greater proportion of total weight as visceral and subcutaneous adipose tissue in 

adulthood; (iii) had increased adipocyte infiltration into the pancreas in adulthood; and (iv) had 

decreased β-cell area and insulin-like immunoreactivity in the pancreas in adulthood. Increased 

adipocyte content in the pancreas as a consequence of CPEE, which may decrease β-cell mass, 

could potentially impair pancreatic function and increase the risk for development of metabolic 

syndrome.  

 

Previous studies have suggested that CPEE can induce impairments in metabolism in 

rodent species (195, 196, 198, 199, 203, 353). Similarly, growth restriction at birth is one of the 

most frequently reported consequences of CPEE (85, 166, 194, 197). In the present study, male 

and female CPEE offspring demonstrated a rapid period of catch-up growth during pre-weaning 

(PD 1-7).  It has been well documented that fetal and early postnatal growth restriction and 

subsequent catch-up growth are associated with the development of metabolic syndrome (267-

270). The thrifty phenotype hypothesis postulates that poor nutrition in early life produces 

permanent changes in glucose/insulin metabolism (267, 268). The CPEE offspring in the present 

study were growth-restricted at birth with subsequent catch-up growth in the first week of 

postnatal life compared with the offspring of the isocaloric-sucrose/pair-fed control group. 

Chronic ethanol consumption is associated with alterations in intestinal microbial growth and 
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increased intestinal permeability to endotoxins (403). CPEE in pregnant dams may have caused 

altered intestinal permeability, resulting in endotoxin exposure and nutritional deficiencies, which 

may have resulted in fetal growth restriction and organ-specific injury. Furthermore, the CPEE-

induced effect of offspring growth restriction is not attributable solely to caloric restriction in 

pregnant females. It appears that CPEE, either alone or combined with decreased caloric intake, 

was responsible for the observed growth restriction and increased velocity of weight gain in early 

postnatal life. Our data are consistent with the findings of Chen and Nyomba (194), who showed 

that prenatal ethanol exposure in the rat produced growth restriction at birth followed by catch-up 

growth by 7 weeks of age. Furthermore, these offspring demonstrated impaired glucose tolerance 

and insulin resistance at 13 weeks of age (194). The data from our studies and others suggest that 

CPEE-induced growth restriction may be a risk factor for the development of metabolic 

syndrome and type 2 diabetes mellitus.   

 

In the present study, MRI analyses revealed increased whole body adiposity, along with 

increased visceral and subcutaneous adiposity, in adult CPEE guinea pig offspring. Visceral 

(central) obesity is a hallmark of metabolic syndrome and is a risk factor for type 2 diabetes and 

cardiovascular disease (404-406). Furthermore, Goodpaster et al. (407) showed in the human that 

abdominal subcutaneous adiposity can predict insulin sensitivity independently of visceral 

adiposity. Ethanol consumption has been identified as a risk factor for the deposition of 

abdominal or visceral adipose tissue (408-410). Ethanol has been shown to suppress lipid 

oxidation, which results in the preferential deposition of nonoxidized lipids in the abdominal 

region (411, 412). Our study suggests that CPEE alters lipid metabolism in offspring and causes 

increased adipocyte deposition in both the visceral and subcutaneous regions. A study by 
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Pennington et al. (204) previously described the effects of prenatal ethanol exposure on lipid 

metabolism by examining rat offspring over 14 months for changes in triglyceride homeostasis. It 

was determined that prenatal ethanol exposure induces hypertriglyceridemia that markedly 

increases with the age of the offspring. Furthermore, the development of hypertriglyceridemia in 

offspring appears to be exacerbated by moderate restraint-induced maternal stress (204). 

Similarly, other studies in the human have determined that moderate to heavy ethanol 

consumption in adults significantly exacerbates preexisting hypertriglyceridemia (413, 414). 

 

In this study, adiposity was also assessed at the tissue level in the pancreas of adult 

guinea pig offspring. CPEE offspring demonstrated increased adipocyte area and decreased 

exocrine tissue area in the lobular pancreas. Furthermore, within the islets, CPEE offspring had 

increased adipocyte area and decreased insulin-like immunoreactivity area compared with 

nutritional control offspring. To date, there have been no studies to assess adiposity in the lobular 

pancreas or within islets following prenatal ethanol exposure. It is hypothesized that CPEE alters 

lipid metabolism, resulting in abnormal adipocyte accumulation in the pancreas. White adipose 

tissue (WAT) is a critically important organ for whole-body glucose and lipid homeostasis (415). 

WAT is involved in clearance and storage of circulating lipids, thereby protecting other organs 

from ectopic lipid accumulation (415). It has been suggested that ectopic lipid accumulation in 

the pancreas and high content of free fatty acids are involved in the eventual impairment of 

insulin secretion in subjects with type 2 diabetes mellitus (416, 417). A study by Tushuizen et al.  

(418) showed that pancreatic lipid content is increased in overweight middle-aged Caucasian men 

with type 2 diabetes compared with nondiabetic men. In particular, pancreatic lipid content was 

reported to be inversely correlated with β-cell glucose sensitivity, which has been demonstrated 
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to be a good predictor of progression to type 2 diabetes in nondiabetic subjects (418).  

Interestingly, in nondiabetic female Mexican-American teenagers, obesity was found to be 

associated with lipid accumulation in the pancreas without any impairment of insulin secretion  

(419). This suggests that pancreatic lipid accumulation may precede impairment in β-cell 

function, though it has not been determined whether pancreatic lipid accumulation is required for 

the subsequent development of type 2 diabetes in susceptible humans (418). 

 

The data from our study also suggest that β-cell function may be adversely affected by 

CPEE, resulting in decreased insulin production and/or secretion from islets. Relatively few 

studies have investigated the effect of prenatal ethanol exposure on pancreatic morphology and β-

cell function. One study by Chen and Nyomba (194) concluded that prenatal ethanol exposure 

impairs glucose tolerance in rat offspring by inducing both insulin resistance and β-cell 

dysfunction. Interestingly, pancreatic insulin content was decreased following prenatal ethanol 

exposure in 1-day-old rats, but not in 13-week-old rats (194). In addition, there was no effect of 

prenatal ethanol exposure on β-cell density or β-cell mass at either age (194).  

 

It is well established that heavy ethanol consumption in adults affects adversely 

pancreatic function and represents a potentially important, modifiable risk factor of type 2 

diabetes (420-422).  Lee et al. (423) determined that excessive or chronic ethanol consumption 

leads to oxidative stress and mitochondrial dysfunction in pancreatic β-cells. Furthermore, a study 

by Nguyen et al. (421) found that ethanol decreases insulin secretion from β-cell lines and 

isolated murine islets by interfering with muscarinic signaling and protein kinase C activation. In 

addition, a study by Kim et al. (420-422) in the rat determined that chronic ethanol consumption 
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induces glucokinase down-regulation, which results in β-cell apoptosis and disrupted β-cell 

function. It is unknown whether CPEE disrupts β-cell structure and function via a similar 

mechanism. Future studies should focus on the mechanism underlying the effect of CPEE on β-

cell function and the relationship between altered β-cell function and the development of 

peripheral insulin resistance in offspring. In the future, peripheral insulin resistance should be 

measured in CPEE offspring using glucose tolerance testing, insulin tolerance testing, and the 

homeostatic model assessment (HOMA). Furthermore, future studies should investigate possible 

pharmacotherapy to improve or restore insulin sensitivity following CPEE. 

 

In conclusion, this study has demonstrated for the first time that CPEE, via chronic 

maternal ethanol administration during gestation, increases whole body adiposity and pancreatic 

adiposity in guinea pig offspring. Furthermore, CPEE reduces the β-cell insulin-like 

immunopositive area, suggesting that these animals may have impaired insulin production and/or 

secretion from pancreatic islets. The data suggest that CPEE impairs lipid metabolism and may 

therefore be a risk factor for the development of metabolic syndrome. Future studies should focus 

on the mechanism of CPEE-induced increased adiposity and pancreatic dysmorphology in adult 

offspring and on interventions that can prevent or reverse their occurrence.  
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Chapter 4 

Chronic prenatal ethanol exposure alters expression of central and 

peripheral insulin signaling molecules in adult guinea pig offspring   
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4.1  Abstract 

Maternal ethanol consumption during pregnancy can produce a range of teratogenic 

outcomes in offspring. The mechanism of ethanol teratogenicity is multi-faceted, but may involve 

alterations in insulin and insulin-like growth factor (IGF) signaling pathways. These pathways are 

not only important for metabolism, but are also critically involved in neuronal survival and 

plasticity, and they can be altered by chronic prenatal ethanol exposure (CPEE). The objective of 

this study was to test the hypothesis that CPEE alters expression of insulin and IGF signaling 

molecules in the prefrontal cortex and liver of adult guinea pig offspring. Pregnant Dunkin-

Hartley-strain guinea pigs received ethanol (4 g/kg maternal body weight/day) or isocaloric-

sucrose/pair-feeding (nutritional control) throughout gestation. Fasting blood glucose 

concentration was measured in male and female offspring at postnatal day 150-200, followed by 

euthanasia, collection of prefrontal cortex and liver, and RNA extraction. IGF-1, IGF-1 receptor 

(IGF-1R), IGF-2, IGF-2 receptor (IGF-2R), insulin receptor substrate (IRS)-1, IRS-2, and insulin 

receptor (INSR) mRNA expression levels were measured in tissues using quantitative real-time 

PCR. CPEE produced dysregulation of fasting blood glucose concentration and increased liver 

weight in adult offspring. In the liver, CPEE decreased mRNA expression of IGF-1, IGF-1R, and 

IGF-2, and increased IRS-2 mRNA expression in male offspring only compared with nutritional 

control. Female CPEE offspring had decreased INSR hepatic mRNA expression compared with 

male CPEE offspring. In the prefrontal cortex, IRS-2 mRNA expression was increased in CPEE 

offspring compared with nutritional control. The data demonstrate that CPEE alters both central 

and peripheral expression of insulin and IGF signaling molecules at the mRNA level, which may 

be related to metabolic dysregulation in adult offspring. Furthermore, altered insulin and IGF 

signaling may be a mechanism of ethanol neurobehavioural teratogenicity. 
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4.2 Introduction 

Prenatal exposure to alcohol (ethanol) can produce a broad range of teratogenic outcomes 

to the developing fetus, including debilitating and permanent central nervous system (CNS) 

dysfunction (16). The term Fetal Alcohol Spectrum Disorder (FASD) has been coined to describe 

all of the structural and functional defects produced by prenatal ethanol exposure (5). Recent 

epidemiological studies have estimated that the prevalence of FASD may be as high as 2-5% 

(21), making this a public-health problem of epidemic proportion. In addition to being the leading 

cause of drug-induced intellectual disability (18), prenatal ethanol exposure may also injure other 

organ systems, including the heart (106), lung (104), kidney (106), and metabolic pathways (199, 

203, 205, 424). The range of challenges and comorbidities in individuals affected by FASD is 

complex, and it is estimated that the total adjusted cost of FASD in Canada is $5.3 billion 

annually (41). 

 

Recent animal studies have demonstrated that prenatal ethanol exposure causes deficits in 

metabolic pathways in offspring, manifesting as increased whole-body adiposity and altered 

pancreatic beta cell structure, impaired glucose metabolism, increased gluconeogenesis, and 

insulin resistance (199, 201, 203, 205, 424). Furthermore, in a study of seven children with Fetal 

Alcohol Syndrome (FAS) between the ages of 1-8 years old, a glucose tolerance test 

demonstrated that these children were hyperinsulinemic and hyperglycemic compared with 

typically developing children (211). Clinical studies have also demonstrated decreased circulating 

insulin-like growth factor (IGF)-1 and IGF-2 levels in fetuses and infants prenatally exposed to 

ethanol (351, 425). The mechanism of ethanol metabolic teratogenicity is complex and poorly 

understood. Thus far, several studies have suggested that prenatal ethanol exposure may impair 
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insulin and IGF signaling in the periphery, which may result in insulin resistance, and perhaps an 

increased risk of the development of metabolic syndrome and/or type 2 diabetes mellitus in 

offspring (195, 196, 201, 205).   

 

The effects of the insulin/IGF signaling pathway on peripheral tissues, including cell 

growth and survival, carbohydrate and lipid metabolism, protein synthesis, and apoptosis, have 

been well-characterized and extensively studied (426, 427). Conversely, relatively less is known 

about the role of insulin/IGF signaling in the brain. The insulin/IGF signaling pathway is critical 

for brain development through regulation of neuronal survival, energy metabolism, and plasticity  

(353). Furthermore, the receptors for insulin, IGF-1, and IGF-2 are widely expressed in the 

developing and mature brain (279). Several studies utilizing animal models have demonstrated 

that prenatal ethanol exposure can alter insulin/IGF signaling in the CNS, resulting in decreased 

mRNA expression of insulin, IGF-1 and the receptors for IGF-1/2, as well as structural and 

behavioural abnormalities in offspring (88, 93, 356). Additionally, a recent study demonstrated 

that inhibition of insulin and IGF-1 receptors using siRNA resulted in outcomes similar to those 

observed following prenatal ethanol exposure, including impaired motor function, altered 

cerebellar structure, and disrupted neurotransmitter-related gene expression (369).  

 

There is compelling evidence to suggest that the mechanism of ethanol teratogenicity 

may be linked to defects in insulin/IGF signaling in both the brain and periphery. In addition, 

multiple large-scale epidemiological studies indicate that a significant proportion of pregnancies 

involve ethanol exposure (11). Ethanol use in pregnancy often includes binge drinking (four or 

more drinks per occasion), which is the most damaging pattern of ethanol exposure for the 

offspring (14). To date, the effects of prenatal ethanol exposure on central and peripheral 
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insulin/IGF signaling in adult offspring remain to be fully elucidated. Therefore, the objective of 

this study was to test the hypothesis that chronic prenatal ethanol exposure (CPEE), via maternal 

consumption of ethanol, alters expression of insulin and IGF signaling molecules in the liver and 

prefrontal cortex of adult guinea pig offspring. This hypothesis was evaluated in the guinea pig 

because its trimester-equivalent gestation (122), placental morphology (123), and extensive 

organ-system development, including the brain growth spurt (119) are more similar to those of 

the human compared with other rodent species. Furthermore, the pharmacokinetics of ethanol in 

the maternal-fetal unit are similar in the guinea pig and human (51).  

 

4.3 Material and Methods 

4.3.1 Experimental Animals 

Female, nulliparous Dunkin-Hartley-strain guinea pigs, body weight between 550 and 

650 g, were obtained from Charles River Canada Inc. (St Constant, QC). Animals were cared for 

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

experimental protocols were approved by the Queen's University Animal Care Committee. 

Females were bred with male guinea pigs using an established procedure (386, 398). Gestational 

day (GD) 0 was defined as the last day of full vaginal-membrane opening, and term was 

approximately GD 68. Pregnant dams were housed individually in plastic cages at an ambient 

temperature of 23ºC and maintained on a 12-h light/dark cycle, with lights on from 0700 to 1900 

h.  

 
 
 
 
 



 

 

 

88 

4.3.2 Animal Treatment Regimens 

Animal treatment regimens are described in detail in our previous studies (398, 424). 

Pregnant dams were randomly assigned to one of two treatment groups: ethanol or nutritional 

control (isocaloric-sucrose/pair-feeding) (n = 13 dams/group). Starting at GD 2, each pregnant 

dam in the ethanol group received 4 g ethanol/kg maternal body weight/day as an aqueous 

solution (30% v/v, prepared in tap water), 5 days/week throughout treatment, with ad libitum 

access to standard guinea pig chow (Lab Diet 5025, Purina, St Louis, MO). Each pregnant dam in 

the sucrose control group was paired to an individual ethanol-treated pregnant animal and 

received isocaloric sucrose as an aqueous solution (42% w/v, prepared in tap water) and food in 

the amount consumed each day by the ethanol-treated animal. Maternal treatment was given in 

two equally divided doses, 2 h apart, starting at 0900 h on each treatment day. Aqueous ethanol or 

sucrose solution was administered into the oral cavity of the pregnant animal using a syringe, 

with subsequent swallowing. Body weight and food intake were recorded for each dam 

throughout gestation. 

 

4.3.3 Maternal Blood Ethanol Concentration (BEC)  

On GD 57 or 58, a maternal blood sample was collected 1 h after the second divided dose 

of ethanol or sucrose. A 120-µL sample of blood was collected from a marginal ear blood vessel 

of each pregnant guinea pig, followed by treatment with 38% (w/v) aqueous sodium citrate 

(anticoagulant). Blood ethanol concentration was determined by an established gas-liquid 

chromatographic procedure using headspace-gas analysis (387). 
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4.3.4 Blood Glucose Concentration Determination and Tissue Collection 

Fasting blood glucose concentration was measured in offspring prior to euthanasia 

(postnatal day (PD) 150 - 200). Following a 12-h overnight fast, a blood sample was collected 

from a marginal ear blood vessel, and blood glucose concentration was determined using a 

glucometer (One Touch UltraMini® Blood Glucose Monitoring System, Milpitas, CA). 

Thereafter, offspring were anesthetized by inhalation of halothane (Halocarbon Laboratories, 

River Edge, NJ) and were euthanized by decapitation. The liver and prefrontal cortex were 

dissected, weighed, and frozen at -80 ºC for future analysis. 

 

4.3.5 Quantitative real-time polymerase chain reaction (PCR) 

Total RNA was isolated from individual liver and prefrontal cortex samples using the 

RNeasy Mini Kit (Qiagen, Mississauga, ON), according to the manufacturer’s directions. RNA 

concentration was determined using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo-

Scientific, Wilmington, DE), and quality of the samples was assessed using a RNA Nano 6000 

Bioanalyzer chip (Agilent Technologies, Mississauga, ON). cDNA was synthesized using the 

High Capacity cDNA Reverse Transcription Kit (Life Technologies, Burlington, ON). 

Quantitative real-time PCR (qRT-PCR) reactions were conducted using SsoFast Evagreen 

Supermix (Bio-Rad, Hercules, CA), following the manufacturer’s instructions. The target genes 

included IGF-1, IGF-1 receptor (IGF-1R), IGF-2, IGF-2 receptor (IGF-2R), insulin receptor 

substrate (IRS)-1, IRS-2, and insulin receptor (INSR). All qRT-PCR primer sequences were 

identified from the literature (428, 429) or designed using NCBI Primer BLAST (Bethesda, MD) 

and inputting the NCBI Reference Sequence Accession Number. The primer sets were as follows: 

IGF-1 (forward: 5’-gttcgtgtgcggagataggg-3’; reverse 5’-cggaaacagcactcgtcca-3’), IGF-2 

(forward: 5’-gaccgcggcttctatttcag-3’; reverse: 5’-cactcttcaacgatgccacg-3’), IGF-1R (forward: 5’-
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acctgcctcctaacaaggac-3’; reverse: 5’-tccaggggaatggaaggaac-3’), IGF-2R (forward: 5’-

actccttcgacctctcctct-3’; reverse: 5’-ttgatgaggaagtgctcggt-3)’, IRS-1 (forward: 5’-

ctatgccttcctcacgttgc-3’; reverse: 5’-aaagagacagtccgaggtgg-3’), IRS-2 (forward: 5’-

tcactgtcaccatccctgtc-3’; reverse: 5’-ctccacctgacccacatgat-3’), INSR (forward: 5’-

acgtgacgaattattcagatgtc-3’; reverse: 5’-catatagcggtcccatcggt-3’), glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (forward: 5’-tcagagggctccctcaaag-3’; reverse: 5’-cgctgttgaagtcacaggac-

3’), and beta-glucuronidase (GusB) (forward: 5’-accagccactacccctatg-3’; reverse: 5’-

cgttgccgaagctctcag-3’). Primer sets, each used with a final concentration of 500 nM, were 

purchased from ACGT Corporation (Toronto, ON). qRT-PCR was performed using the CFX96 

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

program: enzyme activation for 30 sec at 95ºC, 50 cycles of denaturation for 10 sec at 95ºC and 

annealing/extension for 30 sec at 59ºC, and melt curve for 5 sec/step at 65°C-95°C (in 0.5°C 

increments). A melt curve was used to confirm the amplification of one product. The geometric 

mean of GAPDH and GusB cycle threshold (Ct) values was used as normalization control, as 

outlined previously (430). Gene expression (mRNA transcript levels) was normalized to the 

geometric mean of the two housekeeping genes (GAPDH and GusB) using the delta–delta Ct 

method. 

 

4.3.6 Statistical Analysis 

The data of this study are presented as group mean ± SEM of individual offspring from 

each of the maternal ethanol and isocaloric-sucrose/pair-fed (nutritional control) treatment 

groups. All data were analyzed using GraphPad Prism 6 (GraphPad Software Inc., San Diego, 

CA). Initial statistical analyses were conducted to determine whether there was a significant sex 

effect on outcome measures in offspring. In the absence of a sex effect, data for male and female 
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offspring were grouped together for further analyses. Fasting blood glucose concentration and 

liver weight data were compared between the two maternal treatment groups using an unpaired 

Student’s t-test. Due to the presence of a sex effect in mRNA expression of several genes, all 

mRNA expression data of the offspring were analyzed for homogeneity of variance and then by 

two-way analysis of variance (ANOVA; independent variables: maternal treatment and sex), 

followed by post-hoc analysis for a statistically significant F statistic (p < 0.05) using Student's t-

test with Tukey’s correction for multiple comparisons. Two groups of data were considered to be 

statistically different when p < 0.05. 

 

4.4 Results 

As was reported in our previous study, the maternal blood ethanol concentration was 281 

± 15 mg/dL at 1 h after the second divided dose of ethanol on GD 57 (398). Maternal food intake 

and body weight during gestation, as well as pregnancy outcome measures, are described in detail 

in our previous studies (398, 424). Briefly, there was one maternal death, a single incident of 

spontaneous abortion, and five stillbirths in the ethanol treatment group. Food intake on GD 20 

and weight gain throughout gestation were significantly decreased in CPEE dams compared with 

sucrose dams. In addition, body weight data of offspring from birth until adulthood are included 

in our previous study (424). Briefly, CPEE offspring demonstrated growth restriction at birth, 

followed by a rapid period of catch-up growth prior to weaning (postnatal day (PD) 1 - 7). During 

adolescence (PD 20-120), female CPEE offspring demonstrated increased body weight compared 

with sucrose offspring. There was no difference in body weight between CPEE and sucrose 

offspring at euthanasia (PD 150-200). 
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Fasting blood glucose concentration was determined in adult offspring prior to euthanasia 

(PD 150-200). Student’s t-test analysis demonstrated no difference in fasting blood glucose 

concentration in CPEE offspring compared with nutritional control (sucrose) offspring (p > 0.05) 

(Figure 4.1A). However, there was significant heterogeneity of variance between the offspring of 

the two maternal treatment groups (F(26,44)=15.69, p < 0.0001), such that CPEE animals had 

increased variability in fasting blood glucose concentration compared with sucrose offspring. 

Student’s t-test analysis revealed a significant effect of maternal treatment on liver weight (p < 

0.05), in which CPEE offspring had increased liver weight compared with sucrose offspring 

(Figure 4.1B). In addition, our previous study demonstrated that the brain weight of CPEE 

offspring was decreased compared with sucrose offspring (p < 0.0001) (398).  

 

Liver and prefrontal cortex were excised from adult offspring (PD 150-200) for the 

determination of mRNA expression of several insulin signaling molecules by qRT-PCR. In the 

liver, two-way ANOVA demonstrated a significant effect of maternal treatment (F(1, 18)=16.15, 

p < 0.001) on IGF-1 mRNA expression, which was decreased in CPEE offspring compared with 

sucrose offspring (Figure 4.2A). There was no effect of sex on IGF-1 mRNA expression, and 

there was no statistical interaction between maternal treatment and sex. Similarly, two-way 

ANOVA revealed a significant effect of maternal treatment (F(1, 18)=5.293, p < 0.05), but no 

effect of sex, on IGF-1R mRNA expression, which was decreased in CPEE offspring compared 

with sucrose offspring (Figure 4.2B). There was a significant effect of maternal treatment on IGF-

2 mRNA expression in the liver (F(1, 18)=5.634, p < 0.05) and a statistical interaction between 

maternal treatment and sex (F(1, 18)=6.047, p < 0.05), in which female CPEE offspring had 

decreased IGF-2 mRNA expression compared with male and female sucrose control offspring  
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Figure 4.1. Fasting blood glucose concentration of adult offspring at PD 150-200 (4.1A). 
Although there was no difference in the mean fasting blood glucose concentration between CPEE 
(ethanol) offspring and isocaloric-sucrose/pair-fed (sucrose) offspring, ethanol offspring 
demonstrated greater variability in blood glucose concentration (p < 0.0001). Liver weight of 
adult offspring at PD 150-200 (4.1B). Ethanol offspring demonstrated increased liver weight 
compared with sucrose offspring (*, p < 0.05). The data are presented as group mean ± SEM of 
the offspring of each maternal treatment group with offspring from paired litters: ethanol (n=27 
offspring; 15 male, 12 female) and sucrose (n=45 offspring; 21 male, 24 female). 
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Figure 4.2.  mRNA expression of insulin signaling genes in the liver of adult offspring. CPEE 
(ethanol) offspring had decreased IGF-1 and IGF-1R mRNA expression compared with sucrose 
offspring (*, p < 0.05) (4.2A and 4.2B, respectively). Ethanol offspring had decreased IGF-2 
mRNA expression compared with sucrose offspring (p < 0.05), and there was a statistical 
interaction between maternal treatment and sex, in which female CPEE offspring had decreased 
IGF-2 mRNA expression compared with male and female sucrose offspring (*, p < 0.05) (4.2C). 
There was no effect of maternal treatment or sex on mRNA expression of IGF-2R and IRS-1 in 
the liver (4.2D and 4.2E, respectively). Ethanol offspring had increased IRS-2 mRNA expression 
compared with sucrose offspring. Male offspring had increased IRS-2 mRNA expression 
compared with female offspring. There was a statistical interaction between maternal treatment 
and sex, in which male ethanol offspring had increased mRNA expression of IRS-2 compared 
with all other offspring (*, p < 0.05) (4.2F). Female ethanol offspring had decreased INSR 
mRNA expression compared with male ethanol offspring (*, p < 0.05) (4.2G). The data are 
presented as group mean ± SEM of the offspring of each maternal treatment group with offspring 
from paired litters: ethanol (n=10-11 offspring; 5 male, 5-6 female) and sucrose (n=9-11 
offspring; 5-6 male, 4-5 female). 
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(Figure 4.2C). There was no effect of maternal treatment or sex on mRNA expression of IGF-2R 

or IRS-1 in the liver (Figures 4.2D and 4.2E, respectively). Two-way ANOVA revealed a 

significant effect of maternal treatment (F(1, 18)=7.135, p < 0.05) and sex (F(1, 18)=6.829, p < 

0.05) on IRS-2 mRNA expression, which was increased in CPEE offspring compared with 

sucrose offspring, and was increased in males compared with females. Also, there was a 

significant interaction between maternal treatment and sex (F(1, 18)=6.221, p < 0.05), in which 

female CPEE offspring had decreased mRNA expression of IRS-2 compared with male CPEE 

offspring, and male and female sucrose offspring (Figure 4.2F). Two-way ANOVA demonstrated 

an effect of sex (F(1, 17)=6.532, p < 0.05) and a statistical interaction between maternal treatment 

and sex (F(1, 17)=8.382, p < 0.05) for INSR mRNA expression, which was increased in male 

CPEE offspring compared with female CPEE offspring (Figure 4.2G). 

 

 In the prefrontal cortex, two-way ANOVA revealed no significant difference between 

CPEE offspring and sucrose offspring for mRNA expression of IGF-1, IGF-1R, IGF-2, IGF-2R, 

IRS-1 or INSR (Figure 4.3). However, there was an effect of maternal treatment on IRS-2 mRNA 

expression (F(1, 29)=6.189, p < 0.05), which was increased in CPEE offspring compared with 

sucrose offspring (Figure 4.3F). In addition, there was a significant effect of sex on IRS-2 mRNA 

expression (F(1, 29)=4.825, p < 0.05), which was increased in male offspring compared with 

female offspring.  
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Figure 4.3. mRNA expression of insulin signaling genes in the prefrontal cortex of adult 
offspring. There was no significant difference between CPEE (ethanol) offspring and sucrose 
offspring in mRNA expression of IGF-1, IGF-1R, IGF-2, IGF-2R, IRS-1, and INSR. Ethanol 
offspring had increased IRS-2 mRNA expression compared with sucrose offspring (*, p < 0.05) 
(4.3F). Male offspring demonstrated increased IRS-2 mRNA expression compared with female 
offspring. The data are presented as group mean ± SEM of the offspring of each maternal 
treatment group with offspring from paired litters: ethanol (n=15 offspring; 8 male, 7 female) and 
sucrose (n=17-18 offspring; 8 male, 9-10 female). 
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4.5 Discussion 

The present study tested the hypothesis that CPEE, via maternal ethanol consumption, 

alters expression of central and peripheral insulin/IGF signaling molecules in adult guinea pig 

offspring. The results of this study revealed, as expected, that ethanol teratogenicity involves 

multiple organ systems. This was demonstrated by the dysregulation of fasting blood glucose 

concentration, increased liver weight, and decreased brain weight in adult CPEE offspring 

compared with nutritional control offspring. Ethanol teratogenicity also resulted in disrupted 

expression of hepatic insulin/IGF signaling molecules, manifesting as decreased mRNA 

expression of IGF-1, IGF-1R, and IGF-2 in both sexes. CPEE also resulted in increased mRNA 

expression of IRS-2 in the prefrontal cortex compared with nutritional control offspring.  

 

Several studies have investigated the effect of CPEE on hormone and growth factor status 

in the fetus and young offspring. A study in a fetal rat model demonstrated that CPEE decreased 

hepatic mRNA expression of IGF-1 and IGF-2 (431). Another study determined that prenatal 

ethanol exposure decreased hepatic IGF-1 mRNA expression in female rat offspring at 10, 20, 

and 40 days of age, but had no effect on IGF-2 mRNA expression (366). Studies in newborns and 

children showed that prenatal ethanol exposure decreased serum IGF-1 levels (350, 351). In the 

current study, there was an increase in hepatic IRS-2 mRNA expression in male CPEE offspring, 

an effect that was previously demonstrated in female CPEE rat offspring that were fed a high-fat 

diet (205). Furthermore, a study showed that ethanol administration in rats resulted in enhanced 

tyrosine phosphorylation of IRS-2, despite the presence of insulin resistance in the animals (432). 

Another study demonstrated increased hepatic mRNA expression of IRS-2 in rats exposed to low 

(0.8 mg/kg) and moderate (1.6 mg/kg) doses of ethanol daily for 19 weeks, but rats exposed to a 
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high dose of ethanol (2.4 mg/kg) showed decreased IRS-2 mRNA expression (433). Interestingly, 

the study also showed that rats from all three ethanol-exposed groups were insulin resistant and 

had altered glucose homeostasis (433). Finally, in the current study, male CPEE offspring had 

increased hepatic INSR mRNA expression compared with female CPEE offspring. Similarly, a 

recent study demonstrated no effect of prenatal ethanol exposure on hepatic INSR mRNA 

expression in female rat offspring, despite evidence of impaired glucose homeostasis (205). 

 

These studies demonstrate that prenatal ethanol exposure can impair peripheral 

insulin/IGF signaling pathways in a variety of ways. The insulin/IGF signaling pathway is 

complex and produces a range of pleiotropic biological effects. Binding of IGFs (IGF-1 and IGF-

2) to the IGF-1R engages the same signaling pathway as insulin binding to the INSR, promoting 

intrinsic tyrosine kinase activity and resulting in phosphorylation of IRS proteins, which leads to 

the activation of two main downstream signaling cascades, MAPK and phosphatidylinositol-3 

kinase (PI3K) (279, 287). Activation of these cascades results in many biological events, 

including glucose uptake, glycogen synthesis, protein synthesis, and cell growth (279). Although 

IGF-2 does bind to the IGF-IR, it has greater affinity for IGF-2R, which is identical to the cation-

independent mannose-6-phosphate (M6P) receptor and appears to bind and clear molecules into 

lysosomes (279, 287). Insulin/IGF signaling is also dynamic over the lifespan; therefore, the 

observed effect of CPEE on hepatic insulin/IGF signaling may depend on the age of the offspring. 

For example, a clinical study showed that serum IGF-2 was decreased at one month of age in 

females with prenatal ethanol exposure compared with typically developing children (425). 

However, by age 3-5, serum IGF-1 and IGF-2 were increased in ethanol-exposed children, 

indicating an age-dependent biphasic response of IGF and a period of catch-up growth in this 
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population (425). In the current study, it was determined that CPEE affects the peripheral 

insulin/IGF signaling pathway in adulthood, as demonstrated by significant alterations in hepatic 

gene expression of both male and female adult offspring.  

 

In this study, CPEE offspring also demonstrated increased liver weight compared with 

nutritional control offspring. Based on our previous study, which revealed that CPEE offspring 

had increased whole-body adiposity and increased lipid accumulation in the pancreas (424), it is 

hypothesized that CPEE increases lipid accumulation in hepatic tissue. This hypothesis is 

supported by a previous study, which showed that prenatal ethanol exposure induced 

abnormalities in liver structure and function, including the stimulation of lipid synthesis and 

increased susceptibility to non-alcoholic fatty liver disease (NAFLD) in adult rat offspring (205). 

Furthermore, in the current study, CPEE resulted in increased variability in fasting blood glucose 

concentration in offspring, such that some CPEE animals appeared to be either hyperglycemic or 

hypoglycemic compared with nutritional control offspring. These results are consistent with 

previous findings, which determined that low-to-moderate CPEE resulted in subtle, sex-specific 

effects on glucose homeostasis in young rat offspring (71). Whereas ethanol-exposed rat 

offspring were normoglycemic under basal fasting condition, these animals demonstrated 

evidence of hyperinsulinemia and disrupted glucose handling during a glucose tolerance test 

(GTT) and an insulin challenge, respectively (71). In addition, studies have shown that prenatal or 

early postnatal ethanol exposure resulted in insulin resistance and glucose intolerance in 16-week-

old rat offspring (196, 200). Furthermore, it was suggested that prenatal ethanol exposure results 

in metabolic disorder (i.e. hyperglycemia) in adult offspring, especially when animals are 

exposed to a high-fat diet (205). Interestingly, a recent study showed that prenatal ethanol 
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exposure produced deleterious effects on the germ line of offspring that could impair glucose 

metabolism into the next generation (210). 

 

 This study also determined the effect of CPEE on insulin/IGF signaling in the prefrontal 

cortex of the brain of adult offspring. Ethanol neurobehavioral teratogenicity is often the most 

debilitating and permanent manifestation of FASD (16). Children with FASD often present with a 

wide variety of mild to severe deficits, including cognitive, behavioural, social, and motor 

impairments (26, 30, 34). In particular, CPEE can impair executive functioning, which is 

involved in higher-order complex thinking.  Deficits in executive function, including impaired 

response inhibition, planning, cognitive flexibility, attention and working memory, impulsivity, 

and perseveration are associated with dysfunction of the prefrontal cortex (28, 31, 388). 

Importantly, the CPEE offspring of the current study demonstrated deficits in spatial learning and 

memory in a complex, modified Biel-maze task in adolescence, which is suggestive of 

dysfunction of the prefrontal cortex (398). To date, there have been no reported studies of the 

effect of CPEE on expression of insulin/IGF signaling molecules in the prefrontal cortex of adult 

offspring.  

 

CPEE resulted in increased IRS-2 mRNA expression in the prefrontal cortex of adult 

offspring compared with nutritional control offspring, as was observed in the liver. It is 

hypothesized that in the liver and prefrontal cortex, CPEE results in enhanced IRS-2 mRNA 

expression to compensate for decreased IGF-1, IGF-2, and IGF-1R activity, but that this 

compensation does not protect against insulin resistance in offspring. This hypothesis is 

supported by a previous study, which determined that IRS-2 mRNA overexpression in the skin 
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compensated for a lack of IGF-1R (434). Furthermore, as previously stated, several studies have 

demonstrated that CPEE increased hepatic mRNA expression of IRS-2, as well as resulted in 

insulin resistance in offspring (205, 432, 433). Previous studies have demonstrated that CPEE 

altered insulin/IGF signaling in the brain at earlier developmental stages, including in fetal and 

early postnatal life. One study showed that CPEE resulted in decreased mRNA expression of 

IGF-1 and IGF-2, and decreased protein level of IGF-1 in fetal rat brain (435). Another study 

determined that prenatal ethanol exposure decreased mRNA expression of insulin, IGF-2, IGF-1R 

and IGF-2R in cultured cerebellar granule neurons from newborn rat (356). Furthermore, it has 

been demonstrated that ethanol exposure in a SH-SY5Y neuroblastoma cell line inhibited tyrosine 

autophosphorylation of IGF-1R and decreased phosphorylation of IRS-2, which may be related to 

neuronal loss in FASD (355).  

 

Although it is well established that insulin/IGF signaling is critical for brain development  

(353), the role of this pathway in adult cognitive function remains poorly understood. Several 

studies have suggested that impaired insulin signaling in the brain may be directly linked to 

cognitive dysfunction (326, 327). Epidemiological studies indicate that conditions of insulin 

resistance (i.e., obesity and type 2 diabetes) are closely associated with cognitive impairment, 

including problems with memory retention/retrieval and complex reasoning skills (328, 329). It 

has yet to be determined whether cognitive dysfunction is a consequence of ethanol-induced 

peripheral insulin resistance, although this theory has been proposed and merits further 

investigation (436). The mechanisms underlying the consequences of impaired brain insulin 

signaling on cognitive function are not clearly understood, but may involve deficits in cholinergic 
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and glutamatergic neurotransmitter function, impaired lipid trafficking, and oxidative stress (328, 

436). 

 

In summary, this study demonstrated that CPEE, via chronic maternal ethanol 

administration throughout gestation, altered expression of both central (prefrontal cortex) and 

peripheral (liver) insulin signaling molecules in adult guinea pig offspring. Furthermore, CPEE 

resulted in dysregulated fasting blood glucose concentration, increased liver weight, decreased 

brain weight, and neurobehavioural dysfunction in adult offspring. The data from this study and 

others indicate that CPEE impairs the insulin/IGF signaling pathway in the entire body, which 

may be associated with the development of metabolic disorder and impaired cognitive function in 

offspring. In order to complement the mRNA expression data, future studies should determine the 

effect of CPEE on the expression of insulin/IGF signaling pathway proteins. Future studies 

should also focus on the mechanism of CPEE-induced impairment of the peripheral and central 

insulin/IGF signaling pathway and whether interventions that regulate this pathway improve 

metabolic and cognitive function in offspring. 
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Chapter 5 

Discussion 

5.1 General Discussion 

Chronic prenatal ethanol exposure (CPEE) can produce a multitude of debilitating 

teratogenic outcomes in children, including neurobehavioural (26, 28, 30, 31, 124) and metabolic 

teratogenicity (211-213). Studies in the human and in animal models have demonstrated that the 

effects of prenatal ethanol exposure on offspring are diverse and long-lasting, resulting in 

structural and functional impairments of different organ-systems in the body that persist into 

adolescence and adulthood (6, 29, 38, 40, 71, 75, 129, 145, 190, 198, 200, 202, 203, 205, 210, 

226, 437). The mechanism of ethanol teratogenicity is not well understood, but may involve 

impairment of central and peripheral insulin/IGF signaling. To date, no studies have investigated 

the effect of prenatal ethanol exposure on neurobehavioural function and metabolic outcomes in 

the same offspring, or whether these effects are associated with a similar mechanism of action. 

Furthermore, few studies have examined the effect of CPEE on insulin/IGF signaling in both 

male and female offspring in adulthood. Therefore, the goal of this thesis research was to 

determine in the guinea pig the effects of CPEE, via chronic maternal ethanol administration 

throughout gestation, on: i) neurobehavioural function (i.e. executive function) of young offspring 

using a simple versus complex task; ii) metabolic outcomes in young, adolescent, and adult 

offspring, including body weight gain, whole-body adiposity, fasting blood glucose 

concentration, and pancreatic morphology; and iii) mRNA expression of genes involved in the 

insulin/IGF signaling pathway in the prefrontal cortex and liver of adult offspring. 
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Effect of CPEE on neurobehavioural function of guinea pig offspring assessed by two distinct 

tasks 

The goal of this study (Chapter 2) was to elucidate further the nature of the performance 

deficits and cognitive impairment of ethanol neurobehavioural teratogenicity in male and female 

guinea pig offspring. The effect of CPEE on learning and memory performance in offspring was 

determined using two distinct tasks: a complex dry-land version of the Biel-maze task and a 

simple rewarded-alternation Y-maze task. The data of this study showed that CPEE offspring 

exhibit deficits in spatial learning and memory, which is supported by previous data in the guinea 

pig and other rodent species (111, 112, 114, 145, 166, 383). However, the demonstration of 

CPEE-induced impairment in learning and memory was dependent on the complexity of the task, 

whereby the Biel-maze task represented a more appropriate and sensitive task than the Y-maze 

task. CPEE also resulted in increased spontaneous locomotor activity at PD 10 and decreased 

brain weight of adult offspring (PD 150 – 200).  

 

Ethanol neurobehavioural teratogenicity involves structural damage to nearly all brain 

regions, but the cerebellum (66, 69, 127), corpus callosum (132-134), and hippocampus (65, 73, 

74, 102, 114, 135-137), cerebral cortex (128-130), and frontal and prefrontal cortex (28, 30, 128, 

129, 131) appear to be the most severely affected areas. Of particular concern, prenatal ethanol 

exposure causes structural and functional damage to the prefrontal cortex, a brain region that is 

required for executive function (28, 30, 170), which involves critical skills such as response 

inhibition, planning, cognitive flexibility, attention, working learning and memory, and impulse 

control (28, 31, 388). In this thesis research, CPEE offspring demonstrated increased errors 

(reversals and dead end entries) and showed less improvement in performing the Biel-maze task 
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over a series of trials compared with control offspring. The data of this study implicate impaired 

executive function in CPEE offspring, including spatial learning and memory deficits, and 

increased impulsivity, perseveration, and disinhibition (388). These results are supported by 

various clinical studies, which have shown that individuals with FASD may not demonstrate 

impairments in performance of relatively simple tasks, but often show learning and memory 

deficits in complex, multi-choice tasks that require higher-order executive function (30, 169, 

170). CPEE offspring also demonstrated hyperactivity in the spontaneous locomotor activity task 

and in the Biel-maze task, which is comparable with previous studies that have shown CPEE-

induced hyperactivity in rodent models (75, 97, 102, 103, 112, 155, 384). The data are consistent 

with clinical findings, which have shown that children with FASD demonstrate hyperactivity, 

impulsivity, and attentional difficulties compared with control children (390, 391), which are also 

characteristic of executive function deficits. 

 

Importantly, the data of this study revealed no difference in Y-maze task performance 

between CPEE offspring and control offspring. The Y-maze task used in this study was created 

for the guinea pig to assess hippocampal-dependent spatial learning and memory performance, 

using other rodent T-maze tasks as a model (172). The CPEE offspring in this study did not 

demonstrate measurable dysfunction in performance of the Y-maze task, even though this is a 

common manifestation of ethanol teratogenicity in other rodent studies (102, 112, 114, 146, 155, 

159). In the hippocampus, CPEE has been shown to result in apoptosis, oxidative stress, reduced 

neurotransmitter receptor density and/or function, decreased cell proliferation, and altered 

synaptic plasticity (102, 146, 228, 237, 383, 394, 438). However, in this thesis research, other 

measures of hippocampal structure and function were not assessed. Therefore, it is possible that 
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CPEE may have produced structural hippocampal damage in the absence of a measurable 

functional impairment in performance of the Y-maze task. It is also possible that CPEE resulted 

in selective damage to the prefrontal cortex, as indicated by the various observed impairments of 

executive function in the Biel-maze task. 

 

The long-term effects of CPEE on Biel-maze task performance by the offspring were not 

measured in this thesis research; therefore, it is unknown whether executive function would 

improve with increasing age or with prolonged habituation and training. However, studies in 

children with FASD suggest that deficits in executive function appear to be persistent throughout 

life (28, 31, 40, 439-442). As individuals with FASD reach adolescence and adulthood, impaired 

executive function may result in a range of adverse outcomes, including poor school 

performance, inappropriate sexual behaviour, drug and alcohol abuse, and involvement in the 

criminal justice system (6, 37-40). Overall, the use of distinct tasks in this thesis has been critical 

to the understanding of CPEE-induced deficits in executive function (167, 168). The Biel-maze 

task is a novel, sensitive test that measures executive function, and appears to be an appropriate 

task to assess ethanol neurobehavioural teratogenicity in the guinea pig, as well as to determine 

the efficacy of novel interventions for CPEE offspring.  

 

Effect of CPEE on metabolic outcomes in guinea pig offspring 

Studies in the human and in animal models demonstrate that prenatal ethanol exposure 

can result in adverse metabolic outcomes in offspring, including obesity, increased hepatic lipid 

accumulation, altered glucose homeostasis, and insulin resistance (194-197, 203, 205, 211-213). 

However, most studies to date have not investigated the multiple metabolic effects of CPEE in 



 

 

 

107 

adult offspring of both sexes, and no studies have assessed metabolic outcomes in a guinea pig 

model of ethanol teratogenicity. Therefore, the goal of this thesis research was to determine the 

effect of CPEE on metabolic parameters in male and female adult guinea pig offspring, including 

whole-body adiposity and pancreatic morphology (Chapter 3), as well as fasting blood glucose 

concentration and liver weight (Chapter 4).  

 

The data of this thesis research demonstrate that CPEE resulted in numerous adverse 

metabolic outcomes in offspring. Firstly, the data of Chapter 3 demonstrate that CPEE guinea pig 

offspring were growth restricted at birth and had significant catch-up growth in the first week of 

postnatal life, compared with nutritional control offspring. The Barker hypothesis proposes that 

prenatal growth restriction and subsequent catch-up growth constitute a significant risk factor for 

the development of metabolic syndrome and other adverse metabolic outcomes in adult life (267, 

268). The data of Chapter 3 are supported by a recent study in the rat, which demonstrated that 

CPEE resulted in prenatal growth restriction and postnatal adaptive catch-up growth, and 

ultimately led to long-term programming of metabolic function (i.e. altered glucose homeostasis 

and increased lipid synthesis) (205). This thesis research also showed that adult CPEE offspring 

exhibit other markers of metabolic teratogenicity, including increased visceral and subcutaneous 

adiposity and increased adipocyte infiltration in the pancreas (Chapter 3), as well as increased 

liver weight (Chapter 4), compared with control offspring. Excessive ethanol consumption by 

adult humans has been previously identified as a risk factor for the deposition of abdominal or 

visceral adipose tissue, which is a hallmark of metabolic syndrome (404, 405, 408-410). 

However, this thesis research is the first study to demonstrate that CPEE also resulted in 

increased visceral and subcutaneous adiposity in adult offspring. Furthermore, CPEE appeared to 
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increase lipid synthesis in peripheral organs, manifesting as increased adipocyte deposition in the 

pancreas of adult offspring. The results from this investigation are supported by a previous study, 

which determined in the rat that CPEE produced increased hepatic lipid accumulation and the 

development of non-alcoholic fatty liver disease in adult female offspring (205). Similarly, in this 

thesis research, adult CPEE offspring demonstrated increased liver weight, which is proposed to 

be associated with increased hepatic lipid synthesis. It is hypothesized that lipid accumulation in 

the pancreas and other peripheral organs, as well as increased plasma free fatty acid 

concentration, is associated with the impairment of insulin secretion in individuals with type 2 

diabetes mellitus (416, 417). This hypothesis is supported by the data of this thesis research, 

which demonstrate that CPEE resulted in reduced β-cell area and decreased insulin-like 

immunoreactivity in the pancreas of adult offspring (Chapter 3) and dysregulation of fasting 

blood glucose concentration (Chapter 4). These results are consistent with previous studies, which 

showed that CPEE induced pancreatic β-cell dysfunction and impaired glucose tolerance in rat 

offspring, although there was no observed effect of CPEE on β-cell density or β-cell mass (194).  

  

Impaired insulin/IGF signaling as a mechanism of ethanol teratogenicity 

Research over the past several decades has suggested that the mechanism of ethanol 

teratogenicity is complex and dependent on many factors, including the dose, duration, and 

timing of ethanol exposure, genetics, and maternal influences (26, 49). However, more recently, 

studies have indicated that the insulin/IGF signaling pathway is critical for peripheral metabolism 

and brain function; therefore, impairment of this pathway represents a probable mechanism of 

ethanol teratogenicity (88, 93, 198, 199, 202, 205, 208, 353, 369). In vitro and in vivo studies 

have shown that impaired insulin/IGF signaling in the brain results in reduced cell proliferation, 
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learning and memory deficits, impaired motor function, and behavioural alterations, which are 

commonly observed in individuals with FASD (88, 352, 353). Furthermore, clinical and animal 

models of FASD have demonstrated glucose intolerance, insulin resistance, and increased lipid 

synthesis in offspring, which are also associated with defective peripheral insulin/IGF signaling 

(196, 202, 205, 211-213). However, as was previously stated, no studies have investigated the 

effect of CPEE on both central and peripheral insulin/IGF signaling in the same offspring.  

 

The objective of this thesis research (Chapter 4) was to determine the effect of CPEE on 

mRNA expression of insulin/IGF signaling molecules in the liver and prefrontal cortex of adult 

guinea pig offspring. The data demonstrate that CPEE altered mRNA expression of insulin/IGF 

molecules in the liver and, to a lesser degree, in the prefrontal cortex, of adult offspring. 

Specifically, CPEE offspring demonstrated decreased mRNA expression of IGF-1, IGF-1R, and 

IGF-2 in the liver. Furthermore, in the liver, male CPEE offspring demonstrated increased IRS-2 

mRNA expression compared with nutritional control, and female CPEE offspring had decreased 

INSR mRNA expression compared with male CPEE offspring. In the prefrontal cortex, IRS-2 

mRNA expression was increased in CPEE offspring compared with nutritional control. The 

alterations of the insulin/IGF signaling pathway observed in this thesis research were associated 

with impaired executive function and decreased brain weight (Chapter 2), increased whole-body 

adiposity and pancreatic dysmorphology (Chapter 3), and dysregulated fasting blood glucose 

concentration and increased liver weight (Chapter 4) in the offspring. The results of this thesis 

research are supported by previous studies, which demonstrated that CPEE impaired mRNA 

expression of genes involved in the insulin/IGF-1 signaling pathway, and resulted in catch-up 

growth, hyperglycemia, increased hepatic lipid accumulation, and increased susceptibility to 
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metabolic syndrome in rat offspring (205, 208). Several studies also showed CPEE-induced 

alterations in mRNA expression of insulin/IGF signaling pathway genes in the cerebellum of rats 

and in whole brain homogenates of chicken embryos (93, 353, 356, 369). However, this thesis 

research is the first to demonstrate CPEE-induced impairment of the insulin/IGF signaling 

pathway in both the prefrontal cortex and liver of offspring, together with various manifestations 

of ethanol neurobehavioural and metabolic teratogenicity.  

 

The impairment of the insulin/IGF signaling pathway in offspring observed in this thesis 

research, along with the increased whole-body adiposity and pancreatic dysmorphology reported 

in Chapter 3, indicate that the CPEE offspring may be at risk for the development of metabolic 

syndrome. Research suggests that insulin resistance in skeletal muscle is one of the earliest 

factors in the pathogenesis of metabolic syndrome (443). Previous studies in the rat demonstrated 

that CPEE led to impaired insulin/IGF signaling in skeletal muscle of offspring, including 

decreased tyrosine phosphorylation of the β-subunit of the INSR and of IRS-1, reduction in the 

IRS-1-associated p85 subunit of PI3K, and increased expression of PTEN (202, 209). Another 

study demonstrated that CPEE reduced insulin responsiveness in skeletal muscle of adult rat 

offspring (203). Furthermore, CPEE offspring demonstrated decreased GLUT4 protein content 

and increased triglyceride concentration in skeletal muscle, liver, and plasma (195, 196). In 

contrast, one study demonstrated that low-dose prenatal ethanol exposure did not alter gene 

expression in skeletal muscle of offspring, despite alterations in glucose homeostasis (71). Due to 

technical limitations, it was not possible to measure mRNA expression of insulin/IGF signaling 

pathway molecules in the skeletal muscle of offspring in this thesis research. Therefore, future 

studies in the guinea pig should include the quantitative analysis of mRNA expression of 
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insulin/IGF pathway molecules in the skeletal muscle of CPEE offspring compared with control 

offspring. Furthermore, due to the role of the insulin/IGF signaling pathway in lipid synthesis and 

glucose uptake in adipose tissue (279), future studies should also determine whether CPEE alters 

mRNA expression of insulin/IGF signaling pathway molecules in adipose tissue of offspring.    

 

5.2 Conclusions 

 In summary, the studies of this thesis have contributed to the understanding of the 

neurobehavioural and metabolic consequences of CPEE in offspring. The data in this thesis 

validate the use of a new neurobehavioural test, the modified Biel-maze task, as an appropriate 

and sensitive measure of executive function deficits induced by CPEE in guinea pig offspring. 

Furthermore, studies in this thesis are the first to show in the guinea pig that CPEE results in 

metabolic teratogenicity in offspring, including increased whole-body adiposity, pancreatic 

dysmorphology, dysregulation of blood glucose concentration, and increased liver weight. 

Finally, this thesis research investigated a possible common mechanism of ethanol 

neurobehavioural and metabolic teratogenicity that might involve impairment of the insulin/IGF 

signaling pathway in the prefrontal cortex and liver. 

 

5.3 Future Directions 

The studies in this thesis research have shown that CPEE results in metabolic 

teratogenicity in offspring and impairs the insulin/IGF signaling pathway in the liver and brain. 

However, it is important to note that all findings in the CPEE offspring were compared with a 

nutritional control group, in which each pregnant dam was pair-fed to an ethanol-treated pregnant 

animal and received oral administration of sucrose in an amount that was isocaloric to the ethanol 

dose throughout gestation. Due to the wide range of biological effects of maternal undernutrition 
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on fetal development, it is possible that offspring in the nutritional control group may have also 

demonstrated impaired metabolic organ-system functioning, including glucose intolerance, 

insulin resistance, and alterations in mRNA expression of genes in the insulin/IGF signaling 

pathway. It will be important that future studies include an ad libitum control group in order to 

distinguish between the effects of CPEE and maternal undernutrition/malnutrition on 

neurobehavioural and metabolic function in offspring. 

 

The studies in this thesis have demonstrated CPEE-induced alterations in mRNA 

expression of several genes in the insulin/IGF signaling pathway. However, the effect of CPEE 

on protein expression of the same insulin/IGF signaling pathway genes has not been investigated 

in the brain and periphery. mRNA expression may not correlate directly with protein expression; 

thus, it is important to determine the effect of CPEE on both mRNA and protein expression of the 

insulin/IGF signaling pathway genes in the same offspring. Preliminary studies using enzyme-

linked immunosorbent assay (ELISA) determined the effect of CPEE on IGF-1 protein content in 

the liver and prefrontal cortex in the same samples described in Chapter 4. Although there was a 

decrease in mRNA expression of IGF-1 in the liver of CPEE offspring (Chapter 4), quantitative 

analysis by ELISA revealed no difference in IGF-1 protein content in the liver between the two 

maternal treatment groups (Appendix A, Figure 6.1A). Conversely, there was an increase in IGF-

1 protein content in the prefrontal cortex of CPEE offspring compared with sucrose control 

offspring (Appendix A, Figure 6.1B), despite no difference in IGF-1 mRNA expression between 

the two groups (Chapter 4).  
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In view of the preliminary results described in Appendix A, it is important that future 

studies focus on the effect of CPEE on both mRNA and protein expression of other insulin/IGF 

signaling pathway molecules, including IGF-1R, IGF-2, IGF-2R, INSR, IRS-1, and IRS-2. Future 

studies must also examine the protein expression of phosphorylated INSR, phosphorylated IGF-

1R, phosphorylated IRS-1, phosphorylated IRS-2, PI3K, phosphorylated p85 PI3K, Akt and 

phosphorylated Akt. Furthermore, future studies should also focus on further elucidating the 

effect of CPEE on functional metabolic outcomes in the guinea pig, which have yet to be 

investigated in this animal model. For example, future studies should determine whether CPEE 

offspring demonstrate impaired glucose and insulin handling using the glucose tolerance test and 

insulin tolerance test. In addition, studies should determine the effect of CPEE on pancreatic β-

cell function and insulin resistance using the homeostatic model assessment (HOMA), which is 

calculated by measuring steady-state basal plasma glucose and insulin concentrations (444). 

Importantly, time-course studies should be performed in the future, in which the effect of CPEE 

on metabolic parameters and insulin/IGF signaling could be assessed in the same animals at 

various developmental stages, including in utero (GD 30), at birth (PD 0), at weaning (PD 20), in 

adolescence (PD 45), in early adulthood (PD 70), and in adulthood (PD 150). These studies 

would provide important information about the timing of occurrence of ethanol metabolic 

teratogenicity in offspring, and whether these CPEE-induced effects occur immediately (i.e. in 

utero) or manifest during development.  

 

Due to the debilitating and permanent consequences of CPEE on offspring, future studies 

should focus on the identification of interventions to mitigate ethanol teratogenicity. In particular, 

interventions that improve neurobehavioural function are of great interest in the study of FASD  
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(40, 124, 445). Unfortunately, the development of appropriate intervention and treatment plans 

for individuals with FASD remains a challenge for researchers (124, 445). For example, the 

clinical use of pharmacological interventions has been problematic due to safety concerns, high 

costs, and potential complications of administration during pregnancy for the prevention of 

ethanol teratogenicity (112). Furthermore, the neurobehavioural phenotype of FASD is highly 

variable, so various interventions may need to be implemented and/or personalized to address the 

individual phenotype of each child with FASD (26, 31, 34, 40, 124, 221, 445). On a positive note, 

experimental animal studies have demonstrated that various pharmacological, nutritional, 

environmental, and behavioural interventions can decrease the severity of CPEE-induced 

neurobehavioural deficits (65, 66, 99, 166, 215, 216, 228, 259, 373, 446). Conversely, to date, 

there have been no studies that have assessed interventions to mitigate the consequences of 

ethanol metabolic teratogenicity. Future studies should be performed to determine whether 

pharmacological or behavioural interventions can improve metabolic function in CPEE offspring. 

 

It is hypothesized that interventions which regulate the insulin/IGF signaling pathway 

will improve metabolic and cognitive function in individuals with FASD. Firstly, the benefits of 

exercise on brain health and function have been demonstrated in various animal models of brain 

injury, including Parkinson’s disease, Alzheimer’s disease, schizophrenia, depression and 

dementia (447). For example, a positive correlation has been shown between physical exercise 

and each of cognitive performance and brain volume in adult humans (448). In a rodent model, 

exercise has been demonstrated to promote motor function recovery after spinal cord injury by 

activating the insulin/IGF signaling pathway (449). In addition, voluntary exercise has been 

shown to increase metabolic function, such as improving glycemic control in human and rodent 
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models of type 1 and type 2 diabetes, possibly by improving insulin content and insulin secretion 

from pancreatic β-cells (450, 451). In the human, it has been shown that a single 45-minute 

session of aerobic exercise prior to a carbohydrate-rich meal resulted in improved skeletal muscle 

insulin responsiveness, increased postprandial muscle glycogen synthesis, and decreased 

postprandial hepatic de novo lipogenesis in young insulin-resistant individuals (443). Similarly, 

another study demonstrated that exercise mitigated impairment in the insulin/IGF signaling 

pathway in type 2 diabetic rats, as well as increased insulin sensitivity and improved glucose and 

lipid metabolism in the liver (452).  

 

In recent years, several animal studies have investigated the use of voluntary exercise 

regimens to treat neurobehavioural dysfunction produced by CPEE. In rodent models of FASD, 

voluntary exercise (via wheel running) has been shown to improve learning and memory 

performance, increase long-term potentiation, and enhance hippocampal cell proliferation and 

neurogenesis (97, 111, 112, 154, 438, 453). These studies indicate that voluntary exercise during 

adolescence or adulthood could be therapeutic in FASD. However, there are no published studies 

on the feasibility or effectiveness of voluntary exercise interventions in children with FASD. 

Therefore, the effectiveness of voluntary exercise as an intervention for FASD must be 

investigated in controlled clinical studies. Thus far, the use of voluntary exercise as an 

intervention for ethanol metabolic teratogenicity has not been studied in animal models or 

individuals with FASD, and this warrants further investigation. In the future, the Biel-maze task 

could be used to assess the efficacy of a voluntary exercise intervention for CPEE-induced 

executive function deficits. Furthermore, future studies should determine whether voluntary 

exercise can improve insulin/IGF signaling in the CNS and periphery following CPEE, and 
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whether exercise can restore long-term glucose homeostasis and improve insulin sensitivity in 

CPEE offspring. 
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Appendix A 

6.1 Materials and Methods 

6.1.1 IGF-1 Protein Content Determination 

As described in Chapter 4, whole liver and prefrontal cortex were dissected from adult 

guinea pig offspring (PD 150-200) after euthanasia, weighed, and frozen at -80 ºC for future 

analysis. Individual prefrontal cortex and liver samples (~50 mg) were mechanically 

homogenized in 100 µL of protein extraction buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 

0.2% NP-40, 1 mM EDTA) supplemented with Halt protease inhibitor cocktail (Thermo Fisher 

Scientific, Rockford, IL). All samples were sonicated for 30 s followed by centrifugation for 10 

min at 12,000 x g at 4ºC. The supernatant of each sample was then collected and protein 

concentration was determined by the Bradford assay (A1). The quantitative measurement of IGF-

1 in liver and prefrontal cortex was conducted by sandwich enzyme-linked immunosorbent assay 

(ELISA) as per the manufacturer’s instructions (KT-18282, Kamiya Biomedical Company, 

Seattle, WA). In brief, the microtiter plate wells were pre-coated with an antibody specific to 

guinea pig IGF-1. Calibrators and samples were then added to the appropriate microplate wells 

together with a biotin-conjugated polyclonal antibody preparation specific for guinea pig IGF-1. 

Next, avidin conjugated to horseradish peroxidase (HRP) was added to each well and incubated 

followed by the addition of a 3,3’,5,5’-tetramethylbenzidine (TMB) substrate solution. The 

enzyme-substrate reaction was conducted at 37 °C for 30 min and was terminated by the addition 

of a sulfuric acid stop solution. The absorbance at 450 nm was measured immediately and the 

IGF-1 protein content was determined by comparing the absorbance of each sample to the 

calibration curve.  
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6.1.2 Statistical Analysis 

The data are presented as group mean ± SEM of the offspring in each of the maternal 

ethanol and sucrose control treatment groups. All data were analyzed using GraphPad Prism 6 

(GraphPad Software Inc., San Diego, CA). Initial statistical analyses were conducted to determine 

whether there was a significant effect of sex on IGF-1 protein content in offspring. In the absence 

of a sex effect, data for male and female offspring were grouped together. IGF-1 protein content 

data for liver and prefrontal cortex were analyzed using an unpaired Student’s t-test, and two 

groups of data were considered to be statistically different when p < 0.05. 

 

6.2 Results 

IGF-1 protein content was determined by sandwich ELISA in the liver and prefrontal 

cortex of adult offspring at euthanasia (PD 150-200). Although there was a decrease in mRNA 

expression of IGF-1 in the liver of CPEE offspring (Chapter 4), statistical analysis by Student’s t-

test demonstrated no difference in IGF-1 protein content in the liver between the two maternal 

treatment groups (p > 0.05) (Figure 6.1A). Conversely, there was an increase in IGF-1 protein 

content in the prefrontal cortex of CPEE offspring compared with sucrose control offspring (p < 

0.05) (Figure 6.1B), despite no difference in IGF-1 mRNA expression between the two groups 

(Chapter 4).  
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Figure 6.1. IGF-1 protein content in liver and prefrontal cortex of adult offspring. There was no 
difference in IGF-1 protein content in the liver between ethanol offspring and sucrose control 
offspring (p > 0.05) (Figure 6.1A). The data are presented as group mean ± SEM of the offspring 
of each maternal treatment group with offspring from paired litters: ethanol (n=9 offspring; 5 
male, 4 female) and sucrose (n=7 offspring; 4 male, 3 female). In the prefrontal cortex, there was 
an increase in IGF-1 protein content in CPEE offspring compared with sucrose control offspring 
(*, p < 0.05) (Figure 6.1B). The data are presented as group mean ± SEM of the offspring of each 
maternal treatment group with offspring from paired litters: ethanol (n=10 offspring; 5 male, 5 
female) and sucrose (n=9 offspring; 4 male, 5 female).  
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