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ABSTRACT 

 

We examined the effect of chronic prenatal alcohol exposure on the qualitative and 

quantitative changes in the brain of C57BL/6J mice once they had reached early adulthood 

(56 days post-natal). Pregnant mice, and their in utero litters, were exposed to alcohol, 

through oral gavage, on gestational days 7 – 16, with recorded blood alcohol concentrations 

averaging 1.84 mg/ml (chronic alcohol, or CA, group). Two control groups, an oral gavage 

sucrose control group (chronic alcohol control, or CAc, group) and a non-treated control 

group (NTc group), were also examined. Using appropriate antibodies specific for the neurons 

or nuclei of interest, the present study compared morphologically and quantified (I) the 

neuronal cell proliferation and the appearance of immature neurons in the hippocampal adult 

neurogenesis, (II) the changes in the PMBSF barrel sizes in the somatosensory cortex, (III) 

the cortical organization, cell number and cell sizes of cerebellar interneurons in the vermal 

cerebellum, and (IV) the nuclear organization, cell number and cell sizes of four specific 

clusters of nuclei for the control and regulation of sleep-wake cycle in the brains of all the 

experimental groups. The stained neurons and nuclei of interest were consistent in all the 

three experimental groups. The quantitative analyses showed that alcohol, in comparison with 

the two controls, had (I) no strong effect on the proliferative process but significantly reduced 

the numbers of immature neurons in the hippocampus, (II) no effect on the barrel sizes from 

the different measured parameters, despite a reduced barrel size in the alcohol group, but there 

was significant size reductions in barrel rows D and E, (III) no effect on the cell densities of 

Nissl and PV+ stained neurons in the molecular layer and the cell sizes of Purkinje cells 

immunolabelled with CB antibody, and (IV) no effect on the numbers of ChAT+ neurons, 

TH+ neurons, OxA+ neurons, however there were significantly larger OxA+ neurons and 

significantly smaller ChAT+ neurons while the TH+ neuron size was not significantly 

different. Some of these results are consistent with other studies that utilized FAS rodent 



vii 
 

models thus suggesting the suitability of this mouse model for FAS studies. The significant 

findings could help explain the reasons for the neurodevelopmental and behavioural problems 

that are common to FAS subjects. The neuroanatomical evidence presented in this study could 

open avenues for interventions to improve the quality of life of FAS and FASD children.  
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CHAPTER ONE: Introduction and Literature Review, Aims, and 

Main Findings 

1.1. Introduction: 

Research has revealed an increased number of still-born, infant death, growth 

and developmental malformations in children born to alcoholic mothers (Ulleland, 

1972; Niccols, 2007); however, it was not until the early 1970’s that attention was 

focused on the severe effects of alcohol on the developing fetus (Ulleland, 1972; 

Niccols, 2007). The spectrum of abnormalities associated with alcohol teratogenicity 

in children born to mothers who consumed alcohol during pregnancy include 

neurodevelopmental abnormalities, neurobehavioral problems, learning impairments, 

cognitive problems, mental retardation and sleep disorders (Niccols, 2007; Incerti et 

al., 2010). These abnormalities are collectively called Fetal Alcohol Spectrum 

Disorders (Moore et al., 2002; Niccols, 2007; Incerti et al., 2010). The severe end of 

the FASD spectrum in children exposed to teratogenic effects of alcohol is called 

Fetal Alcohol Syndrome (FAS) (Sulik, 2005; Incerti et al., 2010; Gil-Mohapel et al., 

2011).  

FAS is characterized by specific mental retardation, growth hindrance, 

craniofacial dysmorphologies and neurodevelopmental anomalies (Sulik, 2005; 

Incerti et al., 2010; Gil-Mohapel et al., 2011). Craniofacial anomalies associated with 

FAS include small head size, small and widely placed eyes, flat mid-face, short and 

up-turned nose, smooth and wide philtrum and a thin upper lip (Sulik et al., 1981; 

Moore et al., 2002; Sulik, 2005). The FAS-related neurobehavioral and 

neurodevelopmental anomalies are severe psychiatric problems associated with 
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emotional processing, general intelligence, cognitive and memory impairments, social 

deficits, loss of motor skills, sleep disorders, stress, anxiety and depression (Famy et 

al., 1998; May et al., 2007; Oladehin et al., 2007; Gil-Mohapel et al., 2010; 

Hellemans et al., 2010; Crede et al., 2011; Chen et al., 2012; Ipsiroglu et al., 2013; 

May et al., 2015, 2016; Woods et al., 2015).  

 

1.2. Prevalence of Fetal Alcohol Syndrome: 

It has been difficult to accurately estimate the prevalence of FAS births globally 

(May et al., 2009). Data obtained from reports in the literature over a 10-year period 

estimated the prevalence of FAS as 0.2 to 8.2 per 1000 births (Landgraf et al., 2013). 

In the United States (US), the prevalence of FAS was estimated to be 0.2 to 1.5 per 

1000 births (Riley et al., 2011). In clinic-based estimations, the prevalence is 

estimated as 0.33 to 2.2 per 1000 (in the United States of America, USA) (Abel and 

Sokol, 1991; Stratton et al., 1996; May and Gossage, 2001), 2.3 per 1000 (amongst 

African Americans in the US) (Abel, 1995; Abel, 1998) and an average of 0.97 per 

1000 is estimated for developed countries (Abel and Sokol, 1987; Abel, 1998). In a 

comparison of FAS prevalence in schools in Italy, USA and South Africa, the 

prevalence was highest in South Africa (72.3 per 1000). This estimate quadruples the 

estimate in the USA (16.5 per 1000) and doubles the prevalence in Italian schools 

(35.7 per 1000) (Crede et al., 2011). 

The Western Cape Province in South Africa is known to have one of the highest 

prevalences of FAS in the world, with an average of 43.5 FAS cases per 1000 births 

(May et al., 2000; Viljoen et al., 2005; May et al., 2007). Subsequent studies in the 

same province showed progressive increases in the average FAS prevalence rates: 
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69.7 and 78.6 per 1000 reported by Viljoen et al. (2005) and May et al. (2007) 

respectively. Excessive and dangerous alcohol drinking patterns amongst the 

inhabitants of the Western Cape Province is similar to the reckless drinking pattern 

observed in the pregnant mothers (May et al., 2007). The habits of excessive drinking 

could be traced to the abolished dop system (partial payment of labour with wines), 

cultural and economic status of the wine-producing Western Cape Province where 

many manual labourers (men and women) work on the vineyards (London et al., 

1998; London, 1999; Watt et al., 2014). In addition, past trauma (Ethen et al., 2009; 

Watt et al., 2014), addiction to alcohol, stress, depression and stigma associated with 

divorce and unwanted pregnancy (Crankshaw et al., 2014; Watt et al., 2014) are often 

stated as reasons by mothers who consume alcohol during pregnancy; however, these 

difficulties and problems could be tackled through other social or health interventions 

such as counselling, therapies and community engagements. It must be noted that the 

neurodevelopmental abnormalities arising from alcohol consumption during 

pregnancy could simply be prevented or avoided if pregnant mothers do not consume 

alcohol during pregnancy, as the damage to the developing brain is very severe 

(Landgraf et al., 2013) making FAS children unable to perform certain tasks 

(Zimmerberg et al., 1991; Famy et al., 1998).  

 

1.3. Neural Changes Associated with Fetal Alcohol Syndrome: 

Damage to the hippocampus, which is the part of the brain involved in the 

formation and recall of memories, spatial navigation, and by extension learning and 

cognition, is implicated in the inability of FAS children to recall as many objects as 

normal children (Zimmerberg et al., 1991). Neuro-imaging has also shown a 
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reduction in hippocampal volume as well as the size of other brain areas in FAS 

subjects (Archibald et al., 2001; Autti-Rämö et al., 2002; Parnell et al., 2009). The 

functionality of the hippocampus depends, in part, on its ability to generate new 

neurons, termed adult hippocampal neurogenesis (addressed in Chapter 2), and to 

establish neuronal connections within the existing networks and with other brain 

regions. Although the true effect of alcohol on the hippocampal neurons and circuitry 

remains controversial, it has been found that alcohol impacts negatively on general 

neurogenesis and more specifically, generation of new neurons in the dentate gyrus of 

the hippocampus during brain development (Archibald et al., 2001; Autti-Rämö et al., 

2002; Klintsova et al., 2007; Gil-Mohapel et al., 2010).   

Apart from FAS-related memory and learning impairments, the auditory, 

olfactory, visual and somatosensory systems are impaired after consuming alcohol 

(Lewis et al., 1969; Roebuck et al., 1998a; Archibald et al., 2001; Autti-Rämö et al., 

2002; Burd et al., 2003; Powrozek and Zhou, 2005; Klintsova et al., 2007; Oladehin et 

al., 2007; Gil-Mohapel et al., 2010). The somatosensory cortex, located in the anterior 

parietal region of the neocortex, is where tactile inputs from the body surface are 

processed, providing an individual with information about the external environment 

(Powrozek and Zhou, 2005). Alcohol administered during pregnancy in a rodent 

model has been found to negatively affect the development and the size of the barrel 

fields and individual barrels, in the somatosensory cortices of rodents (addressed in 

Chapter 3) (Powrozek and Zhou, 2005; Margret et al., 2006; Oladehin et al., 2007).  

Another region of the brain that is directly affected by alcohol exposure during 

fetal development is the cerebellum. The cerebellum communicates with many parts 

of the brain including the vestibular system, spinal cord and the cerebral cortex, for 
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the control of eye movement, balance, muscle tone, motor skills, motor learning and 

cognition (Swenson, 2006; Oladehin et al., 2007). Slow reaction time to stimuli, slow 

foot tapping, postural instability and eye-blinking have also been observed in adult 

subjects after alcohol consumption (Streissguth et al., 1984; Oladehin et al., 2007). 

Slowed response times to stimuli are similarly found in FAS children with an 

associated reduction in volume of cerebellar white matter (Hamre and West, 1993; 

Roebuck et al., 1998a; Autti-Rämö et al., 2002; Powrozek and Zhou, 2005; Servais et 

al., 2007; Mattson et al., 2011; Riley et al., 2011; Spottiswoode et al., 2011). This is 

as a result of death of Purkinje cells, Golgi, granule and glia cells in the cerebellar 

cortex (addressed in Chapter 4) (Anderson and Sides, 1979; Hamre and West, 1993; 

Pantazis et al., 1993; Green et al., 2004; Dikranian et al., 2005; Joshi et al., 2006; 

Kane et al., 2011; Oliveira et al., 2014).  

FAS is also associated with sleep disorders, and sleep disorders are becoming a 

common complaint by parents or caregivers of children with FAS. Problems 

encountered include multiple waking, unwillingness to go to bed and reduced total 

sleep time in children with FAS, which also indirectly affects the physical activities 

and mental alertness of their parents or caregivers on a daily basis (Meltzer and 

Mindell, 2004; Wengel et al., 2011). Sleep is a process that is directly controlled by 

the brain. A well-structured sleep-wake cycle is essential for the development of the 

brain and directly affects the manner in which the brain performs its activities (Chen 

et al., 2012; Ipsiroglu et al., 2013). Extensive sleep deprivation can cause psychotic, 

cognitive and social problems, as well as lead to death in very extreme cases (Jan et 

al., 2010a,b). It has been shown in FAS children that the rate at which sensory 

information is processed is also directly dependent on the sleep-wake cycle (Wengel 

et al., 2011). Therefore, sleep disruptions are a major problem in FAS, and may 
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exacerbate the problems associated with FAS. However, there appears to be no report 

correlating morphological changes of the sleep centres of the brain with the learning, 

cognitive and behavioural problems associated with sleep disruptions and FAS 

subjects. It is envisaged that the observed problems associated with sleep disruptions 

and FAS will impact the populations of neurons that are involved in sleep-wake cycle 

control (addressed in Chapter 5). These neurons are the cholinergic, 

catecholaminergic, histaminergic, serotonergic and orexinergic neurons located in the 

hypothalamus, midbrain and pons (Lai and Siegel, 1990; Bjarkam et al., 1997; Peyron 

et al., 1998; Kiyashchenko et al., 2002; Manger et al., 2003; Gerashchenko and 

Shiromani, 2004; Maseko et al., 2007; Lyamin et al., 2008).   

 

1.4. Animal Models of Fetal Alcohol Syndrome: 

Non-mammalian animals such as fish (Stockard, 1910; Blader and Strähle, 

1998) and chickens (Cartwright and Smith, 1995) have been used as models to 

investigate the effect of fetal alcohol exposure. Fish embryos, after a 3-hour alcohol 

exposure during the gastrula stage, presented with severe brain defects, with an 

underdeveloped forebrain (Blader and Strähle, 1998), microphthalmia (abnormal 

small eye) and cyclopia (undivided eye orbits) (Stockard, 1910) and facial defects 

(Blader and Strähle, 1998). Similarly, chick embryos are particularly effective in 

investigating the development of the face (facial dysmorphology) in response to 

prenatal alcohol exposure (Cartwright and Smith, 1995). Non-human primates such as 

macaque monkeys (Clarrens et al., 1992; Bonthius et al., 1996; Astley et al., 1999) 

and non-primate mammals such as sheep (Richardson et al., 1985; Patrick et al., 1985; 

Cudd, 2005) have similarly been used as models to investigate the morphological and 
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physiological changes in the brain following prenatal alcohol exposure. The 

population of Purkinje cells in the macaque cerebellum was significantly reduced by 

prenatal alcohol exposure (Bonthius et al., 1996) and cerebral blood flow and brain 

activity seemed compromised by prenatal alcohol exposure in sheep models 

(Richardson et al., 1985; Patrick et al., 1985; Gleason and Hotchkiss, 1992). 

Despite these studies, mouse or rat models of FAS are the most commonly used 

to study the effects of alcohol teratogenicity (Zafar et al., 2000; Livy et al., 2003; 

Cudd, 2005; Gil-Mohapel et al., 2010; Incerti et al., 2010; Balaszczuk et al., 2011) 

and these models have exhibited learning difficulties and memory problems similar to 

the patterns found in FAS children (Gil-Mohapel et al., 2010). 

The similarity in the behavioural and morphological abnormalities resulting 

from alcohol exposure during early embryonic development in fish, chick, macaque 

monkey, sheep, mouse or rat models (Astley et al., 1999; Cudd, 2005; Sulik, 2005) is 

an indication of interspecies similarities in the patterns of developmental disorders 

(Sulik, 2005); however, Perrin (2014) commented that the physiological states of 

experimental animal models are not similar to what are observed in humans with 

FAS. Indeed, the effects of drugs in an animal model do not always mimic the effects 

that are observed in humans (Perrin, 2014). These observations then question the 

suitability of experimental model animals in investigating the effect of drugs or agents 

which are intended to be used in or known to have effects in humans (Perrin, 2014). 

Reports have shown that experimental animal models have presented with some FAS 

defects that mimic FAS in humans (Goodlett and Horn, 2001; Gil-Mohapel et al., 

2010). Unfortunately, there is no single animal model that completely simulates all 

the characteristic features of FAS in humans (Cudd, 2005; Gil-Mohapel et al., 2010). 
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Therefore, new approaches and variations in designs of FAS model animals are 

continually being developed to simulate the FAS-related abnormalities seen in human 

subjects (Sulik, 2005). The variations in FAS model design include changing the 

gestational stage of alcohol exposure, the duration of exposure, and the mode of 

alcohol administration.  

According to Sulik et al. (1981), a two-dose alcohol administration at day 7 of 

gestation in C57BL/6J mice produced severe embryonic facial deformities such as 

exencephaly, maxillary hypoplasia, cleft lips and palate (Sulik et al., 1981). A later 

study by Webster et al. (1983) on the same species of mouse but with a two-day 

alcohol administered at gestation days 7 and 8 reported similar facial defects as well 

as underdeveloped olfactory bulbs, cerebral hemispheres and enlarged ventricles. This 

is in agreement with other reports that alcohol administered at gestational day 7 

(Godin et al., 2011) and day 8 (Parnell et al., 2009) resulted in facial and forebrain 

anomalies. However, other studies on alcohol teratogenicity utilized prolonged time 

frames of alcohol exposure that targeted different trimester equivalents (first and 

second trimesters). In these studies, alcohol was administered to pregnant rodents 

during gestational days 1 to 23 (Choi et al., 2005; Redila et al., 2006), while some 

studies focused on the third trimester equivalent, which corresponds to the postnatal 

days 4 to 10 in rodents (Klintsova et al., 2007; Oladehin et al., 2007; Helfer et al., 

2009). 

Different modes of alcohol administration such as intra-peritoneal (injection 

within the peritoneum) (Wozniak et al., 2004; Ieraci and Herrera, 2007), dietary 

intake (Choi et al., 2005; Redila et al., 2006) and oral-gavage (gastric intubation) 

(Klintsova et al., 2007; Helfer et al., 2009) are also utilized in FAS studies; however, 
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there seems to be no report that suggests the effectiveness or adequacy of one mode of 

alcohol administration over the other. Sulik et al. (1983) have surmised that the extent 

of the FAS defects is dependent on the gestational day the alcohol insult is introduced, 

but not on the mode of alcohol administration (orally or intra-peritoneally) (Sulik et 

al., 1981; Webster et al., 1983; Cudd, 2005).  

 These disparities in the designs of FAS models make direct comparisons on 

the effect of alcohol on brain morphology controversial (Gil-Mohapel et al., 2010). 

An example is the contradictory reports on the effect of alcohol on cell proliferation 

in the dentate gyrus of the hippocampus (addressed in Chapter 2). Some authors 

reported a deleterious effect of alcohol, others reported the opposite effect (the 

promotion of proliferation), while some studies found no effect (Miller et al., 1995; 

Nixon and Crews, 2002; Pawlak et al., 2002; Zharkovsky et al., 2003; Wozniak et al., 

2004; Åberg et al., 2005; Klintsova et al., 2007; Helfer et al., 2009). As of yet, there 

seems to be no generally accepted FAS animal model, and the models are continually 

modified in accordance with the specific research objectives. 

To re-emphasize, studies on FAS have revealed that alcohol impacts on the 

population of neurons, decreases release of neurotransmitters, delays somatosensory 

processing, causes sleep disruptions and impairs motor coordination (Zimmerberg et 

al., 1991; Famy et al., 1998; Sulik, 2005; Gil-Mohapel et al., 2010; Incerti et al., 

2010). Some of these studies on sleep disorders, somatosensory processing and motor 

coordination focused on the behavioural presentations in FAS children. However, 

there seems to be no report in the literature to correlate the presentations in FAS 

children and the possible morphological differences that could be occurring in the 

brain, especially at adulthood, because reports have shown that the effect of alcohol 
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on the brain is irreversible and the FAS-associated problems persist into adulthood 

(Zimmerberg et al., 1991; Uecker and Nadel, 1996). Understanding the link between 

behavioural and morphological platforms will help in improving the health and 

educational needs of subjects with FAS, especially in South Africa where there is a 

high prevalence of FAS.   

 

1.5 The Present Study: 

In the present study, a chronic alcohol administration paradigm was used to 

develop an adult mouse model of FAS. Comparisons of the architecture of the adult 

mouse brain were performed using the Nissl staining method. Different antibodies, 

specific to different cell types, were used to immunostain different types of cells or 

neurons within the brain of an adult mouse model of FAS. The populations of these 

cells were estimated and compared with the controls. The selected areas of interest in 

the brain for this study are those areas associated with sleep (sleep centres such as 

hypothalamus and pons), memory and cognition (dentate gyrus of hippocampus), 

somatosensory processing (barrel fields of cerebral cortex) and motor coordination 

(cerebellum). 

 

1.5.1. Main objective: 

 This study aims to test whether a specific mouse model of FAS presents with a 

range of select neurological deficits that mimic those seen in FAS humans – is this 

mouse model of FAS valid?  
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1.5.2. Specific objectives: 

(A) To investigate adult hippocampal neurogenesis by quantifying the populations of 

actively proliferating cells and immature neurons in the hippocampal dentate gyrus in 

the brains of adult controls and mice FAS models (addressed in Chapter 2). 

(B) To compare the size and pattern of distribution of the barrel fields located within 

the primary somatosensory cortex in the brains of adult controls and mice FAS 

models (addressed in Chapter 3). 

(C) To compare and quantify the populations of different cell types (Purkinje, Golgi, 

granule and Basket cells) in the cerebellar cortex of adult controls and mice FAS 

models (addressed in Chapter 4). 

(D) To compare and quantify the populations of different cell types (cholinergic, 

catecholaminergic, serotonergic and orexinergic cells) in the sleep centres 

(hypothalamus, midbrain and pons) of adult control and mice FAS model (addressed 

in Chapter 5). 

 

1.6. Summary of Main Findings: 

1.6.1. Neurogenesis in the hippocampus of C57BL/6J mice at early adulthood (56 

days post-natal) following chronic prenatal alcohol exposure: 

We examined the effect of chronic prenatal alcohol exposure on the process of 

adult neurogenesis in C57BL/6J mice once they had reached early adulthood, this 
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being 56 days post-natal. Pregnant mice, and their in utero litters, were exposed to 

alcohol, through oral gavage, on gestational days 7 – 16, with recorded blood alcohol 

concentrations averaging 1.84 mg/ml (chronic alcohol, or CA, group). Two control 

groups, an oral gavage sucrose control group (chronic alcohol control, or CAc, group) 

and a non-treated control group (NTc group), were also examined. At 56 days post-

natal, the pups from each group, now in their early adulthood, were sacrificed and the 

left hemisphere of the brain sectioned in a sagittal plane, and stained for Nissl 

substance with cresyl violet, and immunostained for the endogeneous markers of 

adult neurogenesis, Ki-67 which labels proliferative cells, and doublecortin (DCX) 

which labels immature neurons. The overall pattern of adult neurogenesis throughout 

the brain was identical in all three groups studied, and resembles that generally 

reported for mammals, and specifically laboratory rodents. Quantification of the 

number of Ki-67 cells in the hippocampus indicated that no statistically significant 

difference between the three experimental groups was evident. Thus, the prenatal 

exposure to alcohol administered in this study does not appear to have a strong effect 

on the proliferative process in the adult hippocampus. In contrast, the numbers of 

immature neurons, labelled with DCX, was statistically significantly lower in the 

group of mice exposed to prenatal alcohol compared with the two control groups. 

Thus, the prenatal alcohol exposure appears to lower either the rate of conversion of 

proliferative cells to immature neurons or the survival of immature neurons in the 

hippocampus. This lowered number of immature neurons, and their associated 

function, appears to mirror the memory dysfunctions observed in FASD children. 
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1.6.2. Changes to the somatosensory barrel cortex in C57BL/6J mice at early 

adulthood (56 days post-natal) following chronic prenatal alcohol exposure: 

Children with fetal alcohol spectrum disorder (FASD) have impaired sensory 

processing skills as a result of neurodevelopmental anomalies. The somatosensory 

barrel field in the neocortex of rodents is a readily accessible model for studying the 

effects of pre- and peri-natal alcohol exposure. Each barrel processes sensory input 

from 1 – 3 facial vibrissae, and within the barrel field, the posterior medial barrel 

subfield (PMBSF) receives inputs from the large vibrissae on the contralateral face. In 

studies of rat FASD models, prenatal and postnatal alcohol exposures significantly 

reduced the total area, individual barrels and septal portion of the PMBSF. Here we 

provide further evidence for barrel field modification following prenatal chronic 

alcohol exposure (PAE) in C57BL/6J mice at early adulthood (postnatal day [PND] 

56). Pregnant mice were exposed to alcohol, through oral gavage (chronic alcohol, 

CA, group), on gestational days 7 – 16. Two control groups, an oral gavage sucrose 

control  (chronic alcohol control, CAc, group) and a non-treated control (NTc group), 

were also examined. At PND 56 the left cerebral hemisphere of mice from each group 

were manually flattened, sectioned parallel to the pial surface and reacted for 

cytochrome oxidase. We found reductions in the mean area of the PMBSF enclosure, 

total mean area of the PMBSF barrels, mean areas of the individual PMBSF barrels 

and mean area of the septal portion of the PMBSF in the CA group, but these 

differences were not significantly different from controls. Specific individual barrels 

showed significant reductions in size with PAE. Although reductions in size were 

observed across barrel rows in the CA group compared to controls, significant 

reductions in barrel sizes were only observed in barrel rows D and E. This seems to 



 14 

indicate that PAE hinders PMBSF development, which may explain the reason for the 

sensory-motor delays in children exposed to prenatal alcohol. 

 

1.6.3. Lack of changes to the cerebellar cortex of C57BL/6J mice at early adulthood 

(56 days post-natal) following chronic prenatal alcohol exposure: 

We examined the effect of chronic prenatal alcohol exposure on the 

architecture and neurochemistry of the vermal cerebellar cortex of C57BL/6J mice 

exposed to prenatal alcohol once they had reached 56 days post-natal. Pregnant mice 

were exposed to alcohol, through oral gavage, on gestational days 7 – 16, with 

recorded blood alcohol concentrations averaging 1.84 mg/ml (chronic alcohol group, 

CA). Two control groups, an oral gavage sucrose control group (chronic alcohol 

control group, CAc) and a non-treated control group (NTc), were also examined. At 

56 days post-natal, the pups from each group were sacrificed and the cerebellum 

sectioned in a sagittal plane, with sections stained for Nissl (cresyl violet) or 

immunostained for the calcium-binding proteins parvalbumin, calbindin and 

calretinin, labelling specific neuronal structures within the cerebellar cortex. The 

overall architecture and neurochemistry of the vermal cerebellar cortex did not differ 

between the experimental groups. Stereological quantification of the density of Nissl 

cell bodies and parvalbumin stained neurons in the molecular layer of the cerebellar 

cortex did not differ between experimental groups. In addition, the stereological 

estimation of area and volume of the Purkinje cells immunolabelled with calbindin 

did not differ between groups. Thus, despite the known deleterious effects of alcohol 

exposure on the developing nervous system, no specific differences were observed in 

the current study. This lack of variation is discussed in relation to the timing of 
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exposure to alcohol and cerebellar development and the potential systems-specific 

effects of prenatal alcohol exposure. 

 

1.6.4. Changes in the cholinergic, catecholaminergic, orexinergic and serotonergic 

neurons forming part of the sleep systems of adult mice exposed to intrauterine 

alcohol: 

We examined the effect of chronic prenatal alcohol exposure on certain 

neurons involved with the sleep-wake cycle of C57BL/6J mice exposed to prenatal 

alcohol once they had reached 56 days post-natal. Pregnant mice were exposed to 

alcohol, through oral gavage, on gestational days 7 – 16, with recorded blood alcohol 

concentrations averaging 1.84 mg/ml (chronic alcohol group, CA). Two control 

groups, an oral gavage sucrose control group (chronic alcohol control group, CAc) 

and a non-treated control group (NTc), were also examined. At 56 days post-natal, the 

pups from each group were sacrificed and the whole brain sectioned in a coronal 

plane and immunolabelled for cholineacetyltransferase (ChAT), tyrosine hydroxylase 

(TH), serotonin (5HT), and orexin-A (OxA) which labels cholinergic, 

catecholaminergic, serotonergic and orexinergic neurons respectively. The overall 

nuclear organization and neuronal morphology were identical in all three groups 

studied, and resemble that reported for laboratory rodents. Quantification of the 

numbers of ChAT immunopositive (+) neurons of the pons, the TH+ neurons of the 

pons and the OxA+ neurons of the hypothalamus showed no statistically significant 

difference between the three experimental groups. The stereologically estimated areas 

and volumes of OxA+ neurons in the CA group were statistically significantly larger 

than the groups not exposed to prenatal alcohol, but the ChAT+ neurons in the CA 
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group were statistically significantly smaller. No statistically significant difference 

was found in the area and volume of TH+ neurons between the three experimental 

groups. These differences are discussed in relation to the sleep disorders recorded in 

children with fetal alcohol spectrum disorder. 
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CHAPTER TWO: Neurogenesis in the hippocampus of C57BL/6J 

mice at early adulthood (56 days post-natal) following chronic 

prenatal alcohol exposure 

2.1. Introduction: 

Neurogenesis is the process of the generation of new neural cells from 

proliferating adult stem cells, and this process persists throughout life in most 

mammals (Barlow and Targum, 2007; Gil-Perotin et al., 2009; Patzke et al., 2015; 

Lazarov and Hollands, 2016; Opendak et al., 2016). Within the hippocampus, adult 

hippocampal neurogenesis begins with the progenitor or stem cells found in the 

subgranular zone (SGZ), which is located deep to the granule cell layer (GCL) of the 

dentate gyrus. The pluripotent stem cells in the SGZ undergo proliferation, with some 

of the newly born cells remaining as progenitor stem cells, some differentiating into 

glia cells, while some differentiate into neurons (Gil-Perotin et al., 2009). The cells 

destined to become neurons migrate a short distance to the GCL and eventually 

integrate into the existing hippocampal circuitry where they augment hippocampal 

functions (Barlow and Targum, 2007; Gil-Perotin et al., 2009). The neurogenic 

activity in the hippocampal dentate gyrus can be readily modulated by both internal 

(growth factors, neurotransmitters and humoral factors) and external factors (drugs, 

environmental and social conditions, stress, starvation and physical activity) (Shors et 

al., 2012; Song et al., 2012; Cameron and Glover, 2015; Opendak et al., 2016).  

Fetal exposure to alcohol has been shown to impact neurogenesis during brain 

development and maturation, causing neurodevelopmental and neurobehavioural 

problems that are termed fetal alcohol syndrome (FAS) (Famy et al., 1998; Sulik, 
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2005; Niccols, 2007; Gil-Mohapel et al., 2010, 2011; Incerti et al., 2010). Memory 

impairment and learning difficulties have been reported in children with FAS (Uecker 

and Nadel, 1996), pointing towards pathology of the hippocampus, a brain region 

involved in the formation and retrieval of memories (Gil-Mohapel et al., 2010). Fetal 

alcohol exposure appears to cause a reduction in the volume of hippocampus, which 

is thought to result from either an overall reduction in cell proliferation or an increase 

in cell death or both, leading to impairments in memory functions (Archibald et al., 

2001; Autti-Rämö, 2002; Klintsova et al., 2007; Gil-Mohapel et al., 2010). Significant 

reductions in the numbers of proliferative cells and immature neurons in the 

hippocampus were reported in alcohol-exposed 7-day old mice (Ieraci and Herrera, 

2007), as well as in mice models exposed to either chronic or binge alcohol paradigms 

during the fetal stage (Nixon and Crews, 2002). In addition, prenatal administration of 

alcohol in rats has been shown to decrease neuron numbers in the dentate gyrus of 

hippocampus (Miller, 1995). In contrast, postnatal administering of alcohol resulted in 

a significant increase in neuron numbers in the rodent dentate gyrus (Miller, 1995), 

complicating the interpretation of the effects of alcohol on the hippocampus. Some 

studies argue that such an increase is simply a compensatory process driven by the 

destructive effect of alcohol on the dentate gyrus (Pawlak et al., 2002; Zharkovsky et 

al., 2003; Åberg et al., 2005), while other studies reported the opposite effect (Miller, 

1995; Nixon and Crews, 2002), and yet others report no effect (Wozniak et al., 2004; 

Klintsova et al., 2007; Helfer et al., 2009). 

The presentation of FAS-related defects depends on the gestational day of 

alcohol exposure, but does not depend on the mode of exposure (Sulik et al., 1981; 

Webster et al., 1983; Cudd, 2005). Thus, several different experimental designs have 

been used to evaluate the effects of alcohol on the hippocampus (Sulik et al., 1981; 
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Webster et al., 1983; Nixon and Crews, 2002; Pawlak et al., 2002; Cudd, 2005; Redila 

et al., 2006; Zagron and Weinstock, 2006; Ieraci and Herrera, 2007). Recently, Gil-

Mohapel et al. (2014) found that prenatal alcohol exposure had no effect on the 

process of hippocampal cell proliferation and neuronal generation in adolescent (post-

natal days 31-35) or older (post-natal days 378-394) rats, but the rate of neuronal 

generation was significantly reduced. Given the somewhat contradictory range of 

findings, the present study aimed to provide further experimental data by 

investigating the effect of prenatal alcohol exposure, using oral-gavage, on adult 

hippocampal neurogenesis of mice at early adulthood (post-natal day 56). 

 

2.2. Materials and methods: 

2.2.1. Breeding and prenatal ethanol exposure: 

 All animals were treated and used according to the guidelines of the 

University of the Witwatersrand Animal Ethics Committee (Clearance No. 

2012/15/2B), which parallel those of the National Institutes of Health (NIH) for the 

care and use of animals in scientific experimentation. 12 week-old female C57BL/6J 

mice (Mus musculus) were allocated into three experimental groups: Chronic Alcohol 

exposure (CA), control for Chronic Alcohol exposure (CAc), and a Non-Treatment 

control group (NTc). For effective mating, 1–2 female mice were introduced into the 

cage of a C57BL/6J male mouse for 12 hours, which was considered gestational day 0 

(GD 0). In all, a total of 14 female mice (4–5 mice assigned to each experimental 

group) and 8 male mice were used to generate the required numbers of pups used in 

the present study. 
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 For the CA group, each pregnant mouse received a dose of 7.5 µl/g of 50 % 

alcohol in distilled water (5.9 g/kg) per day (Haycock and Ramsay, 2009; Knezovich 

and Ramsay, 2012) for 10 consecutive days by oral gavage, starting from GD 7 

(Webster et al., 1980; Sulik et al., 1981; Webster et al., 1983; Choi et al., 2005; Redila 

et al., 2006; Parnell et al., 2009), while each pregnant mouse in the CAc group 

received an equivalent dose of isocaloric sucrose (704 g/L) by oral gavage over the 

same period (Haycock and Ramsay, 2009; Knezovich and Ramsay, 2012). To control 

for the possible influence of post-traumatic stress in the pregnant mice, pregnant mice 

in the NTc group did not undergo any oral gavage. Food and water was provided ad 

libitum to the mice, except in the control groups (CAc and NTc), where it was 

withheld for two hours post-gavage in order to partially mimic the anorectic effect of 

alcohol (Haycock and Ramsay, 2009). The pups were weaned 21 days after birth and 

then the male and female pups separated. Three pups of the same sex from each 

experimental group were kept in separate cages (cage dimensions: 200 x 200 x 300 

mm) with adequate food and water supplies until post-natal day (PND) 56.  

 

2.2.2. Blood alcohol concentration assay in the pregnant mice: 

On the last day (10
th

 day) of oral gavage (GD 16), a small lesion was made at 

the site of the saphenous vein on the left hind legs of all the pregnant mice in the CA 

and CAc experimental groups. The saphenous bleeding procedure was performed on 

the pregnant mice in the sucrose group in order to mimic the effects of the bleeding 

on the alcohol exposed pregnant mice. The non-treatment pregnant mice served as 

controls for the possible effects of the bleeding and/or the oral gavage procedures. 50 

µl of blood was drawn into heparinized capillary tubes at 30 min post-gavage 
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(Bielawski and Abel, 1997) to determine the blood alcohol concentration (BAC). The 

blood samples from the FAS model and the sucrose control were stored at 4°C 

overnight after which they were centrifuged with Vivaspin500 100 µm membrane 

tubes (Biotech, South Africa) for 30 min before the serum was extracted and the BAC 

analyzed using an EnzyChrom™ Ethanol Assay Kit (BioVision, South Africa). The 

pregnant mice belonging to the CA group that were administered alcohol had an 

average BAC of 1.84 mg/ml (s.e. = 0.39), which is above the pharmacologically 

significant level of 1 mg/ml reported by Rhodes et al. (2005) and Sulik (2005). 

 

2.2.3. Sacrifice and tissue processing: 

At PND 56, when the prenatally-alcohol-exposed mice reached adulthood, a 

total number of six mice (n = 6) from each experimental group (1–2 mice randomly 

selected from each litter set) were weighed and then euthanized (Eutha-naze 1 ml/kg, 

contains sodium pentobarbitone 100 mg/ml, intra-peritoneally) before being perfused 

trans-cardially with 0.9% cold (4°C) saline followed immediately by cold 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB). The brain was removed from the 

skull, weighed and post-fixed for 24 h in 4% paraformaldehyde in 0.1 M PB at 4°C. 

The brains were then cryoprotected by immersion in 30 % buffered sucrose solution 

in 0.1 M PB at 4°C until they equilibrated. The left cerebral hemisphere of all 18 

individual mice was dissected from the remainder of the brain, frozen in crushed dry 

ice, and sectioned in a sagittal plane at 50 µm thickness using a sliding microtome. A 

one in three series of sections was stained for Nissl substance (cresyl violet) to reveal 

cytoarchitectural features, Ki-67 immunostaining, and doublecortin (DCX) 

immunostaining. The Nissl sections were mounted on 0.5% gelatine-coated slides, 



 22 

dried overnight, cleared in a 1:1 mixture of 100% ethanol and 100% chloroform and 

stained with 1% cresyl violet. The other sections were used for free-floating Ki-67 

and DCX immunohistochemistry.  

 

2.2.4. Immunohistochemistry protocol: 

 The sections used for immunohistochemical staining were initially incubated 

in a solution containing 1.6% of 30% H2O2, 49.2% methanol and 49.2% 0.1M PB 

solution, for 30 min to reduce endogenous peroxidase activity, which was followed by 

three 10 min rinses in 0.1M PB. To block unspecific binding sites the sections were 

then pre-incubated for 2 h, at room temperature, in blocking buffer (3% normal goat 

serum or 3% normal rabbit serum, 2% bovine serum albumin and 0.25% Triton X-100 

in 0.1 M PB). Thereafter, the sections were incubated for 48 h at 4°C in the primary 

antibody solution (1:1000, rabbit anti-Ki-67, NCL-Ki-67p Dako in blocking buffer or 

1:300, goat anti-doublecortin, DCX, SC-18 Santa Cruz Biotech in blocking buffer) 

under gentle agitation. After incubation the sections were rinsed for 10 min in 0.1 M 

PB three times and then incubated in a secondary antibody solution (1:1000 dilution 

of biotinylated goat anti-rabbit IgG, BA1000, 3% normal goat serum, and 2% bovine 

serum albumin in 0.1 M PB or 1:1000 dilution of biotinylated rabbit anti-goat IgG, 

BA 5000, Vector Labs, in 3% normal rabbit serum and 2% bovine serum albumin in 

0.1 M PB) for 2 h at room temperature. This was followed by three 10 min rinses in 

0.1 M PB, after which sections were incubated for 1 h in an avidin-biotin solution 

(1:125; Vector Labs), followed by a further three 10 min rinses in 0.1 M PB. Sections 

were then placed in a solution containing 0.05% diaminobenzidine (DAB) in 0.1 M 

PB for 5 min, followed by the addition of 3.3 μl of 30% hydrogen peroxide per 1 ml 
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of DAB solution. Chromatic precipitation was visually monitored under a low power 

stereomicroscope until the background stain was at a level that would allow for 

accurate architectonic matching to the Nissl sections without obscuring the 

immunopositive structures. Development was stopped by placing sections in 0.1 M 

PB for 10 min, followed by two more 10 min rinses in this solution. Sections were 

then mounted on 0.5% gelatine coated glass slides, dried overnight, dehydrated in a 

graded series of alcohols, cleared in xylene and coverslipped with DPX. To rule out 

non-specific staining of the immunohistochemical protocol, we ran tests on sections 

where we omitted the primary antibody, and sections where we omitted the secondary 

antibody. In both cases no staining was observed. 

 

2.2.5. Quantification of cell numbers and statistical analysis 

The Nissl stained sections were used to determine and qualitatively compare the 

distribution of cells in the hippocampus between experimental groups. Digital 

photomicrographs of these cell distributions were captured using Zeiss Axioshop and 

Axiovision software. No pixilation adjustments or manipulation of the captured 

images was undertaken, except for the adjustment of contrast, brightness, and levels 

using Adobe Photoshop 7. 

To quantify the number of Ki-67 immunolabelled cells in the left hippocampus 

of each mouse, we exhaustively counted all positively immunolabelled cells with a 

clearly defined nuclear boundary observed in the SGZ along the whole length of the 

dentate gyrus using a 40x objective (Erasso et al., 2012) on an Axiovision light 

microscope. The total number of labelled cells in the left dentate gyrus of each brain 

was determined by multiplying the number of labelled cells counted by three (Mouton 
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et al., 2012). To reduce bias, the Ki-67 immunolabelled nuclei were counted again 

under blinded conditions in a sub-sample after a two-week interval. No significant 

differences were observed between the counts recorded in the two time intervals, and 

thus only the total counts are presented. 

For the quantification of DCX immunopositive cells, a modified unbiased 

stereological procedure was used as described previously by Segi-Nishida et al. 

(2008), Malberg et al. (2000) and Noori and Fornal (2011). Immunopositive DCX 

cells in the SGZ of the dentate gyrus were counted at 40x magnification using an 

Olympus BX-60 light microscope equipped with a video camera. Cells were included 

if the cells lay within, or touched, the SGZ. The SGZ was defined as the area from 

one cell diameter within the GCL from the hilus-GCL border and two cell diameters 

below the hilus-GCL border (Eriksson et al., 1998). Cells were excluded if the cell 

was more than two cell diameters from the GCL, focusing through the thickness of 

the section according to optical dissector principle (Gundersen et al., 1988; West, 

1993; Coggeshall and Lekan, 1996) to avoid errors due to oversampling. Similar to 

the Ki-67 analysis, every section was counted throughout the whole length of the 

hippocampus and the sum was multiplied by 3 to provide an estimate of the total 

number of immunopositive DCX cells in the left hippocampus of each mouse 

(Mouton et al., 2012).  

An analysis of variance was performed on the data to evaluate group (CA, CAc 

and NTc) differences in mean Ki-67 or DCX counts. All statistical analyses were 

performed using SPSS Inc programme (version 22.0). A significance level of 5% was 

used as an indicator of a significant difference for all the statistical analyses.   
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2.3. Results: 

2.3.1. General observations on the body, brain, and patterns of adult neurogenesis: 

 The pups that experienced chronic prenatal alcohol exposure (CA group) 

showed no overt signs of FAS, in that no craniofacial abnormalities were readily 

apparent and there was no evident reduction in overall body mass. At the time of 

sacrifice, the average body masses of the mice were: CA male – 18.96 g (s.d. 2.75 g), 

CA female – 15.31 g (s.d. 1.05 g); CAc male – 20.53 g (s.d. 1.14 g), CAc female – 

16.06 g (s.d. 0.63 g); NTc male – 19.93 g (s.d. 0.98 g), NTc female – 17.86 g (s.d. 

2.43 g). No statistically significant differences were observed between experimental 

groups in terms of body mass. 

In addition, there were no observable differences in the general morphology of 

the brains of mice treated with alcohol (CA group), sucrose (CAc group) or the non-

treated control group (NTc). The average brain masses recorded for each group were: 

CA male – 0.406 g (s.d. 0.015 g), CA female – 0.397 g (s.d. 0.009 g); CAc male – 

0.409 g (s.d. 0.009 g), CAc female – 0.388 g (s.d. 0.009 g); NTc male – 0.403 g (s.d. 

0.008 g), NTc female – 0.393 g (s.d. 0.012 g). No statistically significant differences 

were observed between groups in terms of brain mass. In addition, Nissl staining 

revealed no observable abnormalities in the neuronal distribution pattern in the brains 

of all the experimental mice, and specifically so in the dentate gyrus of the 

hippocampus (Fig. 2.1).  

For all mice studied there were no marked differences in the shape or size of the 

Ki-67 immunopositive cells in either the subgranular layer of the dentate gyrus or the 

subventricular zone of the lateral ventricle. In all 18 individual mice, irrespective of 

the experimental group, we found that the distribution of cells immunopositive for Ki-
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67 was very similar. We observed Ki-67 immunopositive cells in two distinct 

proliferative regions – the dentate gyrus of the hippocampus, and the subventricular 

zone of the lateral ventricle (Figs. 2.2, 2.3). A distinct subgranular zone, located 

between the granular cell layer and the hilus of the dentate gyrus of the hippocampus 

was evident in all mice examined (Fig. 2.2). Numerous Ki-67 immunopositive cells 

were observed in the subventricular zone of the lateral ventricle in all the mice 

studied.  From the SVZ two streams of Ki-67 immunopositive cells could be 

observed, one that ran dorsal and then rostral to the caudate nucleus, and one that ran 

caudal to the caudate nucleus (Fig. 2.3). The stream that ran dorsal and anterior to the 

caudate nucleus was observed to turn, in a rostral direction, into the olfactory tract to 

infuse the olfactory bulb with Ki-67 immunopositive neurons (Fig. 2.3). The stream 

that ran caudal to the caudate nucleus was observed to extend ventrally to the anterior 

commissure, from where it made a lateral extension around the globus pallidus 

towards the piriform cortex. 

 In all 18 mice investigated, the distribution of cells immunopositive for DCX 

was very similar. A distinct subgranular zone, located between the granular cell layer 

and the hilus of the dentate gyrus in the hippocampus, was evident displaying DCX 

immunopositive cells (Fig. 2.2). The majority of these DCX positive cells exhibited 

processes that extended into the molecular layer of the dentate gyrus. In all mice 

clusters of DCX positive cells and processes were present in the subventricular zone 

(SVZ) with the highest density of immunolabelled structures observed towards the 

rostral end of the lateral ventricle (Fig. 2.3). The labelled cells were characterized by 

relatively short unipolar and/or bipolar processes. From the SVZ a stream of DCX 

immunopositive cells could be observed – the rostral migratory stream (RMS). DCX 

immunopositive cells were found between the rostrodorsal aspects of the caudate 
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nucleus and the subcortical white matter, as well as on the caudal aspect of the 

caudate nucleus. At the rostroventral pole of the caudate nucleus, the “stream” of 

immunolabelled cells turned in a rostral direction with the stream ending in the 

olfactory bulb (Fig. 2.3). The DCX immunopositive cells in the RMS were often 

obscured by the numerous tangentially oriented fibres of the stream, but when readily 

viewable were found to be fusiform in shape, small in size and displayed bipolar 

processes. The DCX immunopositive cells and processes found along the caudal 

aspect of the caudate nucleus were observed to join the RMS where it turned to enter 

the olfactory bulb. 

In the main olfactory bulb (MOB) DCX immunoreactivity was evident in all 

layers in all mice. The majority of DCX-expressing cells were located in the granular 

cell layer (GCL), exhibiting radially orientated DCX-positive cells and processes. 

Most of these cells were bipolar and ovoid in shape. The external plexiform layer of 

the olfactory bulb (EPL) presented with distinct radial fibres, while the glomerular 

layer (GL) displayed sparsely distributed DCX immunopositive cells that presumably 

represent periglomerular cells (Fig. 2.3). In addition to these two main regions of 

DCX immunopositive structures, cells were observed in layer II of the piriform 

cortex, and the occasional cell was observed in the amygdala. Weakly labelled DCX 

immunopositive neurons were occasionally observed in the rostral half of the cerebral 

neocortex in some individuals. 
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2.3.2. Quantification of proliferative cells (Ki-67 immunopositive) in the dentate 

gyrus of the hippocampus: 

Our quantitative analysis of the numbers of Ki-67 immunopositive cells, 

presumably proliferative cells, in the dentate gyrus of the left hippocampus of mice 

from the three different experimental groups revealed a distinct homogeneity in 

numbers between individuals in the same group, and between groups. For the CA 

group, the average number of Ki-67 immunopositive cells was 1653.5 (s.e. 126.3), for 

the CAc group it was 1622.5 (s.e. 123.1) and for the NTc group it was 1349.0 (s.e. 

90.3) (Fig. 2.4A). Thus, while there is a trend for the two groups that underwent oral 

gavage procedures, irrespective of the presence of ethanol, to have higher numbers of 

proliferative cells in the dentate gyrus, statistical analyses using analysis of variance 

and post-hoc pairwise comparisons revealed that the higher number of proliferative 

cells in the CA group was not statistically significantly different from the CAc group 

(p = 0.980) or the NTc group (p = 0.178). A comparison between CAc and NTc 

groups was also not statistically significantly different (p = 0.241).  

 

2.3.3. Quantification of immature neurons (DCX immunopositive) in the dentate 

gyrus of the hippocampus: 

In contrast to the quantification of Ki-67 immunopositive cells, our 

quantification of the numbers of DCX immunopositive cells, presumably immature 

neurons, in the left hippocampus of mice from the three experimental groups did 

reveal significant inter-group differences. For the CA group, the average number of 

DCX immunopositive cells was 10 441.0 (s.e. 913.7), for the CAc group it was 15 

238.5 (s.e. 1019.8) and for the NTc group it was 19 963.0 (s.e. 817.3) (Fig. 2.4B). 
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Thus, it is apparent that the group exposed to prenatal alcohol, the CA group, had 

substantially lower numbers of DCX immunopositive cells in the dentate gyrus. 

Statistical analyses confirmed that the estimated number of DCX immunopositive 

cells was significantly lower in the CA group when compared to the CAc group (p = 

0.006) or the NTc group (p < 0.0001), but there was not statistically significant 

difference between the CAc and NTc groups (p = 0.404). 
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Figure 2.1: Photomicrographs of the dorsal left hippocampus of the mouse in the 

sagittal plane, showing the general morphology of the dentate gyrus (DG) and cornu 

ammonis (CA1, CA3) regions in the three different groups analyzed in the present 

study, the group exposed to chronic prenatal alcohol (CA) (A), the prenatal gavage 

control group (CAc) (B) and the non-treated control group (NTc) (C). Note the lack 

of observable differences in the structure of these hippocampal regions between 

groups. In all images dorsal is to the top and rostral to the left. Scale bar in C = 500 

µm and applies to all. 
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Figure 2.2: Photomicrographs of the dorsal left hippocampus of the mouse in the 

sagittal plane immunostained for Ki-67 (A, C, E) or doublecortin (DCX) (B, D, F) in 

the three different groups analyzed in the present study, the group exposed to chronic 

prenatal alcohol (CA) (A, B), the prenatal gavage control group (CAc) (C, D) and the 

non-treated control group (NTc) (E, F). The insets in the upper right corner of each 

image represent higher magnification photomicrographs of each region to 

demonstrate cellular morphology. Qualitatively, the density of both Ki-67 and DCX 

immunostained cells and structures appears similar, but quantification (see Fig. 4) 

revealed differences. In all images dorsal is to the top and rostral to the left. Scale bar 

in F = 500 µm and applies to A – F. Scale bar in inset E = 100 µm, and applies to all 

insets. 
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Figure 2.3: Photomicrographs of Ki-67 (A, B) and doublecortin (DCX) (C, D) 

immunostained sections showing different aspects of the rostral migratory stream 

(RMS) in the mice studied. A. Ki-67 immunostained cells of the RMS rostral to the 

caudate nucleus (C) and the flexure of this stream as it enters the olfactory bulb (OB). 

Scale bar in A = 500 µm. B. Higher power photomicrograph of Ki-67 immunostained 

cells in the RMS showing their typical clustered appearance. Scale bar in B = 100 

µm. C. DCX immunostained structures in the subventricular zone (SVZ) of the lateral 

ventricle (LV) located caudal and dorsal to the caudate nucleus (C), and giving rise to 

the RMS. Scale bar in C = 250 µm. D. DCX immunostained cells and dendrites 

surrounding the glomeruli found in the glomerular layer (GL) of the olfactory bulb. 

Scale bar in D = 100 µm. In all images dorsal is to the top and rostral to the left. 
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Figure 2.4: Graphs showing the average numbers of Ki-67 (A) and doublecortin (DCX) (B) 

immunoreactive cells in the left hippocampus of three different groups (n = 6 per group) 

analyzed in the present study, the group exposed to chronic prenatal alcohol (CA), the 

prenatal gavage control group (CAc) and the non-treated control group (NTc). Note that 

while the two groups that underwent gavage treatment (CA and CAc) appear to have slightly 

higher numbers of Ki-67 immunoreactive cells than the untreated group (NTc) (A), these are 

not statistically significant differences. The number of DCX immunoreactive cells (B) was 

statistically significantly (*) lower in the CA group compared to the two control groups (CAc 

and NTc). The vertical bars represent standard error bars. 
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2.4. Discussion: 

In the present study, the effect of chronic prenatal ethanol exposure, using an 

oral gavage method, on the process of adult neurogenesis was explored in C57BL/6J 

mice at postnatal day 56. The fetal mice were exposed to maternal blood alcohol 

concentrations (BAC) slightly above those considered pharmacologically significant 

(Rhodes et al., 2005; Sulik, 2005) from gestational days 7 – 16 inclusive (10 days in 

total), which appears to be equivalent to the later stages of the first trimester and the 

early stages of the second trimester of humans (Patten et al., 2014). Our results 

indicate that the location of cells associated with adult neurogenesis, and their 

distribution throughout the brain, does not appear to be affected by this prenatal 

alcohol exposure. In addition, the rate of proliferation of newly born cells in the 

dentate gyrus of the hippocampus does not appear to be affected, but the numbers of 

immature hippocampal neurons in the dentate gyrus is significantly lower in the mice 

exposed to ethanol compared to the control groups. 

 

2.4.1. Methodological considerations: 

In this study, we utilized a chronic alcohol paradigm using an oral gavage 

method to develop a fetal alcohol spectrum disorder (FASD) mouse model. The oral 

gavage method was utilized to ensure that the pregnant mice consumed adequate 

doses of alcohol of pharmacological significance (Rhodes et al., 2005; Sulik, 2005), 

and to maintain uniform alcohol consumption amongst the pregnant mice (Åberg et 

al., 2005; Gil-Mohapel et al., 2014). The average BAC level obtained from the 

pregnant mice in this study was slightly higher than the pharmacologically significant 

level reported by Miller (1995), Rhodes et al. (2005) and Sulik (2005). Precautionary 
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measures, as described by Turner et al. (2011), were taken during the oral gavage 

procedure in order to reduce stress in the pregnant mothers. In addition, the pregnant 

mothers were housed alone, weighed daily and blood samples were collected only on 

the last day of either alcohol or sucrose administration. Subsequently, the weaned 

litters from these pregnant mice were housed in groups of three per cage. These 

precautions were necessary because it has been reported that many factors can impact 

adult hippocampal neurogenesis (Gould et al., 1998; Lee et al., 2000; Malberg et al., 

2000; Åberg et al., 2005). 

 

2.4.2. Distribution of Ki-67 and doublecortin (DCX) immunopositive cells: 

Across mammals, the endogenous proteins Ki-67 and DCX have been shown to 

be accurate markers of cells at two different phases in the process of adult 

neurogenesis, the proliferative phase (Ki-67) and the immature neuron phase (DCX) 

(Balthazart and Ball, 2014). In mammals generally, and in mice specifically, two 

proliferative regions, the subventricular and subgranular zone, are consistently 

reported. The cells within the subventricular zone migrate through the rostral 

migratory stream, around the caudate nucleus, to invest mostly in the olfactory bulb, 

but may also enter other brain regions, such as the piriform cortex, neocortex and 

amygdaloid complex (Gil-Perotin et al., 2009). The cells of the subgranular zone 

migrate a short distance to the granular layer of the dentate gyrus of the hippocampus, 

where many of these cells become integrated into the hippocampal circuitry (Pawlak 

et al., 2002; Åberg et al., 2005). During the migratory phase, the proliferative cells 

(immunopositive to Ki-67 antibodies) become immature migrating neurons 

(immunopositive to DCX antibodies). This general pattern of adult neurogenesis did 

not appear to be affected by the prenatal ethanol exposure in the mice studied, with 
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the overall pattern of adult neurogenesis being identical across experimental groups, 

and to previous studies of adult neurogenesis in mice (Klintsova et al., 2007). 

 

2.4.3. Quantification of proliferative (Ki-67 immunoreactive) cells in the dentate 

gyrus of the hippocampus: 

Our quantification of proliferative cells, those immunostained with Ki-67, in the 

left dentate gyrus of the mice revealed numbers in the range of 1300 – 1650, which is 

comparable to the numbers of proliferative cells reported previously in C57BL/6J 

mice (Fuss et al., 2010; Nada et al., 2010); however, we did not find any statistically 

significant effect of prenatal ethanol exposure on the numbers of proliferative cells in 

the dentate gyrus. This finding is in agreement with previous reports indicating that 

postnatal alcohol exposure does not have an effect on the rate of cell proliferation in 

the dentate gyrus of hippocampus, especially at early adulthood in laboratory rodent 

models (Wozniak et al., 2004; Klintsova et al., 2007; Helfer et al., 2009; Gil-Mohapel 

et al., 2014). In contrast, in senescent Sprague-Dawley rats subjected to prenatal 

alcohol exposure a decrease in proliferation rates was observed (Gil-Mohapel et al., 

2014). Thus, our study corroborates previous reports (Choi et al., 2005; Ieraci and 

Herrera, 2007; Klintsova et al., 2007; Gil-Mohapel et al., 2014) indicating that the 

deleterious effect of prenatal alcohol exposure could be less noticeable during early 

adulthood, or indeed that this exposure had no specific effect on the proliferation of 

cells within the early adult hippocampus. 

Despite this, the number of Ki-67 immunoreactive cells in the hippocampi of 

the two experimental groups that underwent oral gavage was higher (by ~300 cells, or 

1.2 times, on average), though not statistically significantly, than the non-treated 
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control group. It is important to note that there are several contradictory reports on the 

effect of alcohol on the dentate gyrus (Miller, 1995; Nixon and Crews, 2002; Pawlak 

et al., 2002; Zharkovsky et al., 2003; Redila et al., 2006; Ieraci and Herrera, 2007). In 

some cases, an increase in cell proliferation is thought to be a compensatory 

mechanism for a significant increase in cell death in the dentate gyrus due to the 

damaging effect of alcohol (Pawlak et al., 2002; Zharkovsky et al., 2003; Åberg et al., 

2005), although we did not examine cell death in the current study so cannot confirm 

this hypothesis. It has been shown that factors, such as chronic stress during the 

development of the brain, may cause a permanent change in the rate of cell 

proliferation in the hippocampus (Gould et al., 1998; Lee et al., 2000; Malberg et al., 

2000; Mirescu et al., 2004; Åberg et al., 2005; Lemaire et al., 2006; Ieraci and 

Herrera, 2007). In the present study, the use of the oral gavage method for delivery of 

the alcohol, may have caused, epigenetically through maternal stress, the slight, but 

non-significant, increase in cell proliferation rates observed in the two groups that 

underwent this treatment. 

 

2.4.4. Quantification of immature (DCX immunoreactive) neurons in the dentate 

gyrus of the hippocampus: 

 Our quantification of immature neurons, those immunostained with DCX, in 

the left dentate gyrus of the mice revealed numbers in the range of 10 000 – 20 000, 

which is comparable to the numbers of immature neurons reported previously in 

C57BL/6J mice (Fuss et al., 2010; Nada et al., 2010); however, unlike the 

proliferative cells, we did find a statistically significant reduction in the number of 

immature neurons (50 – 70% the number of control groups) in the dentate gyrus of the 

mice exposed to prenatal alcohol when compared to both control groups (for which 
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there was no statistically significant difference). In rats at postnatal day 35, prenatal 

ethanol exposure did not affect the number of neurons in the dentate gyrus (Miller, 

1995; Gil-Mohapel et al., 2014), but reduced the number of neurons in the CA1 

region (Miller, 1995), but in aged rats (postnatal day 386) a reduction in the number 

of immature neurons was observed in the dentate gyrus (Gil-Mohapel et al., 2014).  

Thus, while there are some varying results, it does appear that the deleterious effect of 

prenatal alcohol exposure on the number of immature neurons only becomes 

significantly detectable by early adulthood. 

Although there was not a statistically significant reduction in the number of 

immature neurons in the sucrose gavage control group (CAc) compared to the non-

treated control group (NTc), the average number of immature neurons in the dentate 

gyrus of the CAc group was approximately 75% that of the non-treated group, 

indicating, as with the proliferative cell numbers, that the process of oral gavage may 

have induced maternal stress leading to an epigenetic effect on the production of 

immature neurons, a result observed previously using specific stress interventions 

(Gil-Mohapel et al., 2014). However, despite this potential stress-related reduction in 

immature neurons, it is clear that the prenatal alcohol exposure performed on the mice 

studied here does have a significant effect on the rate of conversion of proliferative 

cells into immature neurons and the survival of these neurons. 

 

2.4.5. Potential functional correlates of decreased numbers of immature hippocampal 

neurons: 

The dentate gyrus is thought to function as a pattern separator, a neural process 

that allows the distinct representation of overlapping or similar inputs within this 
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circuitry (Treves et al., 2008; Sahay et al., 2011). Ablation of adult neurogenesis in 

the dentate gyrus leads to an impairment in the ability of an organism to undertake 

pattern separation (Sahay et al., 2011; Clelland et al., 2009; Tronel et al., 2010), while 

increasing the rate of adult hippocampal neurogenesis improves pattern separation 

(Sahay et al., 2011). These findings have led to the memory resolution hypothesis, 

which indicates that the broadly tuned, young neurons, those that are identified with 

DCX immunostaining, interact with the specifically tuned mature neurons to increase 

the fidelity of spatial and contextual discrimination (Aimone et al., 2011).  

 The results of the current investigation indicate that in FASD children there is 

a potential downregulation of the number of immature neurons in the dentate gyrus. 

This appears to correlate with reports of executive dysfunctions and the inability to 

recall more objects than in normal children in FASD children (Zimmerberg et al., 

1991; Connor et al., 2000; Fuglestad et al., 2015).  In addition, the ability to recall 

acquired information (retrospective memory) (Willoughby et al., 2008), to perform 

delayed intentions (prospective memory) (Kliegel et al., 2008) and to temporarily 

store and handle information (working memory) (Burden et al., 2005) were similarly 

dysfunctional in children that were exposed to prenatal alcohol. These are indications 

that learning and memory are adversely affected after exposure to prenatal alcohol 

(Kaemingk et al., 2003; Lewis et al., 2016; Mattson and Roebuck, 2002), and that this 

in part may be the result of potentially fewer immature neurons within the 

hippocampus of FASD children, as observed in the current mouse model. 
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CHAPTER THREE: Changes to the somatosensory barrel cortex in 

C57BL/6J mice at early adulthood (56 days post-natal) following 

chronic prenatal alcohol exposure 

 

3.1. Introduction: 

Children with fetal alcohol spectrum disorder (FASD) are known to have 

impaired sensory processing skills, including sensory-motor problems associated with 

tactile sensitivity impairment (Streissguth et al., 1990; Coles et al., 2002; Oladehin et 

al., 2007; Franklin et al., 2008; Jirikowic et al., 2009; Carr et al., 2010). These 

impaired sensory sensitivities are associated with neuropsychological and behavioural 

effects (Carr et al., 2010; Mattson et al., 2011). Studies in animal models of FASD 

have indicated that these deficits may be caused by altered expression of genes 

associated with neural plasticity (Medina and Krahe, 2008). In rodent models of 

FASD, one region of the cerebral cortex, the barrel field, is a readily identified region 

that, due to its consistency in appearance, can be used to evaluate the potentially 

detrimental effects of prenatal alcohol exposure. 

 The barrel field in the cerebral neocortex of rodents is found within the 

primary somatosensory cortex (Welker and Woolsey, 1974). Each barrel processes 

sensory information from 1 – 3 facial vibrissae, and within the barrel field, the 

posterior medial barrel subfield (PMBSF) contains barrels where tactile information 

from the prominent vibrissae on the contralateral side of the face of a rodent is 

processed (Welker and Woolsey, 1974; Oladehin et al., 2007). The barrels of the 

PMBSF develop postnatally (McCandlish et al., 1989; Oladehin et al., 2007), at a 

time when motor skills arising from explorative activities (walking, running, climbing 
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and jumping) and behavioural changes (rearing, grooming, and feeding) are observed 

(Altman and Sudarshan, 1975; Rice and van der Loos, 1977; Richmond and Sachs, 

1980; Markus and Petit, 1987; Whishaw et al., 1992; Seelke et al., 2012). 

In studies of rat FASD models, prenatal and postnatal alcohol exposure 

significantly reduced the total area of the PMBSF, the area of individual PMBSF 

barrels, and the septal area (the area within the PMBSF barrel not occupied by the 

individual barrels) (Margret et al., 2005; Chappell et al., 2007; Oladehin et al., 2007); 

however, there was no disruption to the organisation of the PMBSF, and of the 

number of barrels within this subfield. Interestingly, the appearance of the PMBSF 

barrels was delayed by a few days following prenatal alcohol exposure (Margret et al., 

2006). To our knowledge, the only previous study of the effect of chronic prenatal 

alcohol exposure on the barrel field in a mouse model of FASD was undertaken by 

Powrozek and Zhou (2005), were the barrel field was examined at post-natal day 7 

and showed similar results to that observed in rats. The present study therefore aims 

to provide further experimental data on the modification of the cortical barrels by 

investigating the effect of prenatal alcohol exposure on C57BL/6J mice at early 

adulthood (PND 56) using a chronic alcohol exposure paradigm. 

 

3.2. Materials and methods: 

3.2.1. Breeding and prenatal ethanol exposure: 

 All animals were treated and used according to the guidelines of the 

University of the Witwatersrand Animal Ethics Committee (Clearance No. 

2012/15/2B), which parallel those of the NIH for the care and use of animals in 

scientific experimentation. 12 week-old female C57BL/6J mice (Mus musculus) were 
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allocated into three experimental groups: Chronic Alcohol exposure (CA), control for 

Chronic Alcohol exposure (CAc), and a Non-Treatment control group (NTc). For 

effective mating, 1–2 female mice were introduced into the cage of a C57BL/6J male 

mouse for 12 hours, which was considered gestational day 0 (GD 0). In all, a total of 

14 female mice (4–5 mice assigned to each experimental group) and 8 male mice 

were used to generate the required numbers of pups used in the present study. 

 For the CA group, each pregnant mouse received a dose of 7.5 µl/g of 50 % 

alcohol in distilled water (5.9 g/kg) per day (Webster et al., 1983; Haycock and 

Ramsay, 2009; Knezovich and Ramsay, 2012) for 10 consecutive days by oral 

gavage, starting from GD 7 (Webster et al., 1980, 1983; Sulik et al., 1981; Choi et al., 

2005; Redila et al., 2006; Parnell et al., 2009), while each pregnant mouse in the CAc 

group received an equivalent dose of isocaloric sucrose (704 g/L) by oral gavage over 

the same period (Haycock and Ramsay, 2009; Knezovich and Ramsay, 2012). To 

control for the possible influence of post-traumatic stress in the pregnant mice, 

pregnant mice in the NTc group did not undergo any oral gavage. Food and water was 

provided ad libitum to the mice, except in the control groups (CAc and NTc), where it 

was withheld for two hours post-gavage in order to partially mimic the anorectic 

effect of alcohol (Haycock and Ramsay, 2009). The pups were weaned 21 days after 

birth and then the male and female pups separated. Three pups of the same sex from 

each experimental group were kept in separate cages (cage dimensions: 200 x 200 x 

300 mm) with adequate food and water until post-natal day (PND) 56. 
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3.2.2. Blood alcohol concentration assay in the pregnant mice: 

On the last day (10
th

 day) of oral gavage (GD 16), a small lesion was made at 

the site of the saphenous vein on the left hind legs of all the pregnant mice in the two 

experimental (alcohol and sucrose) groups. The saphenous bleeding procedure was 

performed on the pregnant mice in the sucrose group in order to mimic the effects of 

the bleeding on the alcohol exposed pregnant mice. The non-treatment pregnant mice 

served as controls for the possible effects of the bleeding and/or the oral gavage 

procedures. 50 µl of blood was drawn into heparinized capillary tubes at 30 min post-

gavage (Bielawski and Abel, 1997) to determine the blood alcohol concentration 

(BAC). The blood samples from the FAS model and the sucrose control were stored 

at 4°C overnight after which they were centrifuged with Vivaspin500 100 µm 

membrane tubes (Biotech, South Africa) for 30 min before the serum was extracted 

and the BAC analyzed using an EnzyChrom™ Ethanol Assay Kit (BioVision, South 

Africa). The pregnant mice belonging to the CA group that were administered alcohol 

had an average BAC of 1.84 mg/ml (s.e. = 0.39), which is above the 

pharmacologically significant level of 1 mg/ml reported by Rhodes et al. (2005) and 

Sulik (2005). 

 

3.2.3. Sacrifice and tissue processing: 

At PND 56, when the prenatally-alcohol-exposed mice reached adulthood, a 

total number of six mice (n = 6) from each experimental group (1–2 mice randomly 

selected from each litter set) were weighed and then euthanized (Eutha-naze 1 ml/kg, 

contains sodium pentobarbitone 100 mg/ml, delivered intra-peritoneally) before being 

perfused trans-cardially with 0.9% cold (4°C) saline followed immediately by cold 
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4% paraformaldehyde in 0.1 M phosphate buffer (PB). The brain was removed from 

the skull, weighed and post-fixed for 24 h in 4% paraformaldehyde in 0.1 M PB at 

4°C. The left cerebral hemisphere of all 18 individual mice was prepared for 

cytochrome oxidase (CO) staining according to Wong-Riley (1979), Tootell and 

Silverman (1985) and Seelke et al. (2012). The cerebral hemisphere was carefully 

dissected away from the remainder of the brain by cutting along the acute angles of 

the curvature of the cortex, manually flattened between two glass slides and 

cyroprotected in 30 % sucrose for 24 hours at 4°C before being frozen on to the 

microtome stage where they were sectioned at 50 µm in the plane of the pial surface. 

The sections were subsequently placed in 1 % solution of cobalt chloride and 10% 

sucrose for 20 mins, and then rinsed three times in 0.1M PB for 10 mins each. The 

sections were then incubated in CO solution (in a 200 ml 0.1 M PB mixture: 100 mg 

cytochrome oxidase [Sigma, C2506], 50 mg diaminobenzidine, 20 g sucrose and a 

visible amount of catalase [Sigma C-10] at 37 °C for 2-6 hours). Chromatic 

precipitation was visually monitored under a low power stereomicroscope until a 

desirable staining level was achieved. Subsequently, the sections were rinsed three 

times in 0.1 M PB for 10 mins each and then mounted on a 0.5 % gelatine coated 

glass slide, allowed to dry overnight, dehydrated in a graded series of alcohols, 

cleared in xylene for 1 h and then cover-slipped with DPX mounting medium. 

 

3.2.4. Determination of barrel sizes and statistical analysis: 

Aligning of the PMBSF barrels and quantitative analyses were performed as 

described by Margret et al. (2005), Chappell et al. (2007) and Oladehin et al. (2007). 

The PMBSF barrels, indicated by 4 straddler barrels (α-δ), 4 barrels in distal row A, 4 
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in row B, 5 in row C, 5 in row D, and 5 in row E, from serial sections were aligned 

using the blood vessels that appear as white circles on the sections using a camera 

lucida attached to a stereomicroscope at 4 times magnification. The position of blood 

vessels in the brain sections aided in aligning the barrels, preventing duplication or 

misalignment. The outlines of the barrels were carefully traced on firmly secured 

white paper using a camera lucida attached to the microscope. This was performed to 

reconstruct a single image of all 27-PMBSF barrels, which were identified in one to 

three sections. The paper tracings were subsequently scanned at 300 dpi before the 

size of individual PMBSF barrels and the PMBSF enclosure were carefully measured 

using ImageJ software. From the data, the average total septal area of the PMBSF 

barrels was calculated by subtracting the total area of PMBSF barrels from the total 

area of PMBSF enclosure. In addition, barrel-to-barrel comparisons were performed 

across all experimental groups in order to reveal any size differences in the individual 

barrels. The measured parameters are illustrated in Figure 3.1. 

An intra-observer reliability test was performed to determine reliability of the 

measurements. A Lin’s Concordance Correlation Coefficient was used as a measure 

of precision and accuracy between four different measurements taken independently 

at three weeks intervals. The results of the test showed almost perfect agreement 

(0.9910) in accordance with Landis and Koch (1977). In addition, an analysis of 

variance (ANOVA) was performed on the data to evaluate group (CA, CAc and NTc) 

differences in mean sizes of individual PMBSF barrels, average total area of PMBSF 

barrels, average total area of PMBSF enclosures or average total septal area. Where 

the ANOVA was significant, a post-hoc analysis was further performed using 

Tukey’s pairwise comparison test to determine where significant differences exist. All 

statistical analyses were performed using SPSS Inc programme (version 22.0). A 
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significance level of 5% was used as an indicator of significance difference for all the 

statistical analyses. 

 

3.3. Results: 

3.3.1. General observations on the body and brain: 

The pups that experienced chronic prenatal alcohol exposure (CA group) 

showed no overt signs of FAS, in that no craniofacial abnormalities were readily 

apparent and there was no evident reduction in overall body mass. At the time of 

sacrifice, the average body masses of the mice were: CA male – 18.33 g (s.d. 2.08 g), 

CA female – 15.17 g (s.d. 0.58 g); CAc male – 20.33 g (s.d. 0.76 g), CAc female – 

16.00 g (s.d. 0.76 g); NTc male – 19.50 g (s.d. 0.50 g), NTc female – 15.33 g (s.d. 

0.29 g). No statistically significant differences were observed between experimental 

groups in terms of body mass when mice of the same sex were compared. 

In addition, there were no observable differences in the general morphology of 

the brains of mice treated with alcohol (CA group), sucrose (CAc group) or the non-

treated control group (NTc). The average brain masses recorded for each group were: 

CA male – 0.403 g (s.d. 0.006 g), CA female – 0.393 g (s.d. 0.012 g); CAc male – 

0.417 g (s.d. 0.012 g), CAc female – 0.390 g (s.d. 0.010 g); NTc male – 0.407 g (s.d. 

0.012 g), NTc female – 0.393 g (s.d. 0.012 g). No statistically significant differences 

were observed between groups in terms of brain mass.  

 

3.3.2. General appearance and organization of the PMBSF: 

All 27-PMBSF barrels were present in all the mice used in this study. The 

PMBSF barrels appeared darkly CO reactive with no distorted boundaries or 
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disruptions to the organization of the barrels, and appeared typical of that reported 

generally for mice (Woolsey and van der Loos, 1970; Simons and Woolsey, 1979) 

(Fig. 3.1). In the mice investigated in the current study, we could readily identify all 

PMBSF barrels normally found in mice, with five distinct barrel rows, and the 

PMBSF being sharply distinct from the adjacent cortex on three sides, the posterior, 

posteromedial and posterolateral borders, but the anterior border was less distinct. On 

the posteromedial border of the PMBSF the four distinct large straddler barrels (α-δ) 

were evident, 4 barrels in lateral row A, 4 barrels in row B, 5 barrels in row C, 5 

barrels in row D, and 5 barrels in the most medial row E were readily observed. The 

size of the barrels decreased steadily from the posteromedial straddler barrels to the 

anterolateral barrels of the subfield. 

 

3.3.3. Average area of the PMBSF enclosure: 

In the non-treated control mice (NTc group), the average area of the PMBSF 

enclosure was 1.279 mm
2
 (s.e. 0.019). In the gavage control mice (CAc group), the 

average area of the PMBSF enclosure was 1.310 mm
2
 (s.e. 0.037), while in the mice 

exposed to chronic prenatal alcohol (CA group), the average area of the PMBSF 

enclosure was 1.244 mm
2
 (s.e. 0.046) (Fig. 3.2A, Table 3.1). Thus, the size of the 

PMBSF enclosure was slightly smaller in the mice exposed to prenatal alcohol than in 

the two control groups, but this difference was not statistically significant (p = 0.44). 

The size of the PMBSF enclosure reported here is similar to that measured previously 

in other strains of mice (e.g. Woolsey and van der Loos, 1970). 
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3.3.4. Total average area of the PMBSF barrels: 

The total area of the PMBSF barrels was calculated by summing the areas of the 

27 individual barrels in each mouse. The average PMBSF barrel area in the NTc mice 

was 0.750 mm
2
 (s.e. 0.019), in the CAc mice it was 0.790 mm

2
 (s.e. 0.031) and in the 

CA mice exposed to prenatal alcohol it was 0.733 mm
2
 (s.e. 0.028) (Fig. 3.2B, Table 

3.1). Thus, the total area of the PMBSF barrels was slightly smaller in the mice 

exposed to prenatal alcohol than in the two control groups, but this difference was not 

statistically significant (p = 0.31). 

 

3.3.5. Average areas of the individual PMBSF barrels: 

By summing and averaging the areas of each individual barrel for each group, 

we calculated an average individual PMBSF barrel area that was compared across 

groups. Thus, all barrels measured in the 6 mice in the NTc groups were summed 

(162 PMBSF barrels in total) and averaged, with the same being done for the CAc 

and CA groups (each of which had 162 barrels in total). The average individual 

PMBSF barrel area in the NTc mice was 0.028 mm
2
 (s.e. 0.001), in the CAc mice it 

was 0.029 mm
2
 (s.e. 0.001) and in the CA mice exposed to prenatal alcohol it was 

0.027 mm
2
 (s.e. 0.001) (Fig. 3.2C, Table 3.1). Thus, the average area of the individual 

PMBSF barrels was slightly smaller in the mice exposed to prenatal alcohol than in 

the two control groups, but this difference was not statistically significant (p = 0.12). 

As the individual barrels are readily identified across individuals, and have a 

specific nomenclature, we examined whether there were specific individual barrels 

that showed significant changes in size with the prenatal alcohol exposure. The 

average area of individual PMBSF barrels in the CA group was 0.027 µm
2
, which was 
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smaller, but not significantly, than the average areas of the barrels in the CAc group 

(0.029 µm
2
) and the NTc group (0.028 µm

2
) (Table 3.2). When comparing the alcohol 

exposed CA group to the sucrose gavage control CAc group, we found that 20 of the 

27 (~74%) readily identifiable PMBSF barrels were smaller in the CA group 

compared to the CAc group (Table 3.2, Fig. 3.3A). Overall, the average size of the 

CA barrels were 93.96% of the CAc barrel (Table 3.2). When comparing the alcohol 

exposed CA group to the non-treated control NTc group, we found that 14 of the 27 

(~52%) readily identifiable PMBSF barrels were smaller in the CA group compared 

to the NTc group (Table 3.2, Fig. 3.3B). The average size of the CA barrels was 

98.91% of the NTc barrels (Table 3.2). Although reductions in size were observed 

across most barrel rows, including the straddler barrels, the most substantial 

reductions in barrel sizes were observed in barrel rows D and E (Fig. 3.3A,B; Table 

3.2). This is evident by comparison of the mean sizes of barrels in the experimental 

groups for barrels located in rows D and E. The mean barrel size was significantly 

reduced in CA when compared to CAc (in row D: p = 0.01 and in row E: p = 0.002). 

A frequency distribution plot of the average area of the individual PMBSF barrels 

showed that the distribution, based on area, of the individual PMBSF barrels in the 

CA group was skewed to the lower end of the range, while the barrel areas in the two 

control groups were skewed to the higher end of the range (Fig. 3.3C). 

 

3.3.6. Average area of the septal portion of the PMBSF: 

 The average size of the septal portion of the PMBSF was calculated by 

subtracting the summed areas of the individual barrels from the area of the total 

PMBSF enclosure. In the NTc mice the average septal area was 0.520 mm
2
 (s.e. 

0.012), in the CAc mice the average septal area was 0.524 mm
2
 (s.e. 0.021), and in the 
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ethanol exposed CA mice the average septal area was 0.512 mm
2
 (s.e. 0.024) (Fig. 

3.2D, Table 3.1). As with the other measures, the average septal area was smaller in 

the mice exposed to prenatal alcohol compared to the two control groups, but this 

reduction in size was not statistically significant (p = 0.87). 



Table 3.1: A table detailing the calculated mean and standard error of mean for the measured PMBSF barrels 

Experimental 

groups 

Average total area of 

PMBSF barrels (mm
2
) 

Average area of individual 

PMBSF barrel (mm
2
) 

Average total area enclosed 

by the PMBSF barrels (mm
2
) 

Average septal area of 

PMBSF barrels (mm
2
) 

Mean 
Standard 

error 
Mean 

Standard 

error 
Mean 

Standard 

error 
Mean 

Standard 

error 

CA 0.733 0.028 0.027 0.001 1.244 0.046 0.512 0.024 

CAc 0.790 0.031 0.029 0.001 1.310 0.037 0.524 0.021 

NTc 0.750 0.019 0.028 0.001 1.279 0.019 0.520 0.012 
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Table 3.2: Barrel-to-barrel comparisons of the average size of individual PMBSF 

barrels as well as the percentage change in the mean size of PMBSF barrels of the 

mice exposed to prenatal alcohol (CA) compared to the sucrose gavage control (CAc) 

and non-treatment controls (NTc). 

Individual 

PMBSF barrel 

Average area of individual 

PMBSF barrel (mm
2
) 

Percentage change 

CA/CAc (%) 

Percentage change 

CA/NTc (%) 

CA CAc NTc 

A1 0.017 0.021 0.020 80.95 85.00 

A2 0.017 0.016 0.018 106.25 94.44 

A3 0.015 0.017 0.016 88.24 93.75 

A4 0.012 0.013 0.012 92.31 100.00 

B1 0.033 0.030 0.032 110.00 103.13 

B2 0.027 0.031 0.025 87.10 108.00 

B3 0.023 0.024 0.021 95.83 109.52 

B4 0.019 0.015 0.015 126.67 126.67 

C1 0.038 0.041 0.041 92.68 92.68 

C2 0.035 0.037 0.033 94.59 106.06 

C3 0.030 0.032 0.030 93.75 100.00 

C4 0.026 0.027 0.026 96.30 100.00 

C5 0.026 0.022 0.020 118.18 130.00 

D1 0.038 0.041 0.042 92.68 90.48 

D2 0.032 0.037 0.036 86.49 88.89 

D3 0.029 0.038 0.032 76.32 90.63 

D4 0.028 0.034 0.030 82.35 93.33 

D5 0.028 0.031 0.024 90.32 116.67 

E1 0.028 0.036 0.034 77.78 82.35 

E2 0.025 0.032 0.029 78.13 86.21 

E3 0.025 0.032 0.028 78.13 89.29 

E4 0.027 0.033 0.027 81.82 100.00 

E5 0.026 0.030 0.025 86.67 104.00 

 0.030 0.030 0.035 100.00 85.71 

 0.034 0.035 0.040 97.14 85.00 

 0.038 0.036 0.033 105.56 115.15 

 0.029 0.024 0.031 120.83 93.55 

Average 0.027 0.029 0.028 93.96 98.91 
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Figure 3.1: Diagrams showing (A) the nomenclature used for the barrels within the 

posterior-medial barrel subfield (PMBSF), (B) the measurement made to calculate the 

area of the enclosure of the PMBSF, (C) the measurements made to obtain data for 

individual barrel areas, and when combined the total area of the PMBSF, and (D) the 

measurement made to define the septal area of the PMBSF. M – medial, R – rostral. 
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Figure 3.2: Bar charts showing (A) the average total area of the PMBSF enclosure, 

(B) the average total area of PMBSF barrels, (C) the average area of individual 

PMBSF barrels, and (D) the average septal area within the PMBSF enclosure, in the 

brains of three different groups (n = 6 per group) analyzed in the present study, the 

group exposed to chronic prenatal alcohol (CA), the prenatal gavage control group 

(CAc) and the non-treated control group (NTc). Note that while for all measurements 

made the average values for the CA group are smaller than the two control groups, 

these are not statistically significant differences. 
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Figure 3.3: The outlines of the PMBSF in A and B illustrate the comparisons in area of 

individual barrels in the PMBSF barrel field of the group exposed to prenatal alcohol (CA) in 

comparison to the sucrose gavage control group (A) and the non-treated control group (B). 

Note that for several of the individual barrels substantial reductions in size (expressed as a 

percentage) were evident, although there are several barrels that also show no change. (C) A 

bar chart showing the frequency distributions of areas of individual PMBSF barrels in the 

three different groups (n = 6 per group) analyzed in the present study, the group exposed to 

chronic prenatal alcohol (CA), the prenatal gavage control group (CAc) and the non-treated 

control group (NTc). This graph shows that the PMBSF barrel size in the alcohol exposed 

group (CA) group has a tendency to show smaller mean areas than in the CAc or NTc control 

groups, although these differences are not statistically significant. 
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3.4. Discussion: 

The present study investigated the effect of alcohol administered prenatally 

from gestational days 7 – 16 on the total size of the PMBSF barrels, the area of the 

PMBSF enclosure and the PMBSF septal area in the somatosensory cortex of an adult 

mouse model of FASD. The present study found no statistically significant 

differences in the mean sizes of these measured parameters, although there was a 

general trend for decreases in these parameters in the group of mice exposed to 

prenatal alcohol when compared to controls. Despite this, specific individual barrels 

were substantially reduced in size, but these were limited in number and mostly found 

in the barrel rows D and E. These findings, while exhibiting similar trends, are 

different to those previously reported in rats and mice (Margret et al., 2005; Powrozek 

and Zhou, 2005; Oladehin et al., 2007; Chappell et al., 2007) where it was found that 

statistically significant reductions in the average total area of the PMBSF barrels, the 

average size of individual PMBSF barrels, the area of PMBSF barrel enclosure, and 

the septal area of the PMBSF, were observed; however, it should be noted that 

Chappell et al. (2007) found no significant difference in the septal area of the PMBSF 

following prenatal alcohol exposure, which is similar to what was observed in the 

present study. Despite these differences, the general observations in both rat and mice 

exposed to a prenatal alcohol regime are consistent, in that there are reductions in the 

amount of cortex devoted to processing tactile information. However, the differences 

between studies may be due to the models used (i.e. rat vs mouse), or in the precise 

paradigms of prenatal alcohol exposure and their relationship to process of cortical 

development in the different animal models. 
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It is well documented that the developing cerebral cortex is highly susceptible to 

alcohol teratogenicity (Maier et al., 1999; Livy et al., 2001; Maier and West, 2003; 

Tran and Kelly, 2003; Oladehin et al., 2007). The differences observed in the present 

and previous studies showing reductions in the mean size of the PMBSF barrel 

enclosure and the septal area could be attributed to differences in cortical circuitry or 

neural projections to the barrels (Welker and Woolsey, 1974; Senft and Woolsey, 

1991; Kim and Ebner, 1999; Gil et al., 2002; Molnár et al., 2003; Chappell et al., 

2007; Oladehin et al., 2007; Seelke et al., 2012). It is possible that prenatal alcohol 

exposure may have varying effects on the septal circuitry as studies have shown that 

thalamocortical projections and dendrites of pyramidal neurons in the somatosensory 

cortex are similarly susceptible to damage by alcohol (Galofré et al., 1987; Al-Rabiai 

and Miller, 1989; Rice, 1995; Chappell et al., 2007; Oladehin et al., 2007).  

In a comparison of the same barrels across the experimental groups the present 

study found that approximately 65 % of the barrels in the alcohol exposed group were 

smaller in size than in the control groups, while only a small proportion of the barrels 

in the alcohol exposed group had sizes larger than the controls. Although there was no 

significant difference when a barrel-to-barrel comparison was performed between the 

alcohol group and controls, there does appear to be a strong trend related to alcohol 

exposure. Our findings indicate that prenatal alcohol exposure may have differential 

effects on the developing individual barrels. Chappell et al. (2007) also reported that 

the size of a significant number of barrels, although not all, in their alcohol exposed 

group were reduced when compared to the controls. It was also found that the anterior 

barrels were more vulnerable to alcohol than the barrels located posteriorly in juvenile 

and senescent rats (Chappell et al., 2007). The report by Chappell et al. (2007) is 

similar to the findings of the present study except that the reductions in the sizes of 
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the barrels in the prenatally alcohol exposed mice were not significantly different 

from the controls and we found that the more medially located barrels, rather than 

those located anteriorly, were the ones most strongly affected in the mice. This may 

reflect a model animal difference, or may reflect a difference in the alcohol exposure 

regime.  

Alcohol has been shown to inflict damage through the disruptions of cortical 

organisation, altering DNA sequences, protein structures, and inducing cell death 

(Granato et al., 1995; Miller, 1996, 2006; Ikonomidou et al., 2000; Climent et al., 

2002; Heaton et al., 2003; Moore et al., 2004; Oladehin et al., 2007). In addition, 

thalamocortical and corticocortical connections have shown to be altered by alcohol, 

potentially explaining somatosensory anomalies associated with FAS (Rice, 1995; 

Oladehin et al., 2007). In the present study, and in previous studies of rat barrel cortex 

following prenatal exposure to alcohol (Margret et al., 2005, 2006; Chappell et al., 

2007; Oladehin et al., 2007), no change to the overall organization of the PMBSF was 

noted. This indicates that despite the specific differences found regarding individual 

barrels and other parameters measured, the global organization of the PMBSF, in 

terms of barrel numbers and topography, is preserved and maintained into adulthood 

irrespective of the variations in the gestational period during which the pups were 

exposed to alcohol.  

 In conclusion, the present findings, along with previous reports, indicate that 

there may be reductions in the amount of the cortex devoted to processing 

somatosensory input following prenatal exposure to alcohol in both mice and rats 

models of FASD. Given that it is known that FASD children experience sensory-

motor problems due to impaired tactile sensitivity that are often co-expressed with 



 66 

neuropsychological and behavioural problems (Streissguth et al., 1990; Coles et al., 

2002; Oladehin et al., 2007; Franklin et al., 2008; Jirikowic et al., 2009; Carr et al., 

2010; Mattson et al., 2011), it would seem reasonable to conclude that the 

somatosensory cortex located on the post-central gyrus of FASD children may be 

somewhat reduced in size. Thus, there may be lower numbers of neurons and 

perturbed connectivity of the somatosensory cortex in FASD children that may 

underlie these problems. Further investigations into the microconnectivity of the 

barrels in the FASD rodent models, counts of neurons, and neurochemistry of the 

barrel neurons, along with imaging studies in FASD humans, may reveal more 

specific details regarding the deleterious outcomes of prenatal alcohol exposure, and 

may suggest potential therapeutic interventions. 
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CHAPTER FOUR: Lack of changes to the cerebellar cortex of 

C57BL/6J mice at early adulthood (56 days post-natal) following 

chronic prenatal alcohol exposure 

4.1. Introduction: 

Several reports have shown a high susceptibility of the cerebellum to alcohol 

toxicity causing irreversible damages (Li et al., 2002; Sullivan et al., 2002; Burd et 

al., 2003; Luo, 2015). Fetal alcohol syndrome (FAS) children show overt signs of 

motor developmental defects, including fine- and gross-motor skills (Powrozek and 

Zhou, 2005), as well as skills that are dependent on sensory inputs such as reaction 

time to stimuli, and generally motor tasks are significantly delayed (Abel, 1984; 

Streissguth et al., 1984; Powrozek and Zhou, 2005; Oladehin et al., 2007). In a study 

investigating balance coordination in FAS children, there was no compensation for 

balance deficits when the sensory inputs such as visual or vestibular input was altered 

in the experimental tasks (Roebuck et al., 1998a,b). In the brain of FAS subjects, a 

reduction in the volume of cerebellar white matter was reported by Spottiswoode et 

al. (2011) and autopsy studies on subjects exposed to prenatal alcohol consistently 

report changes to the general brain morphology, especially the cerebellum (Clarren 

and Smith, 1978; Wisniewski et al. 1983). The results of the autopsy studies are 

similar to MR imaging studies of living subjects, which demonstrated striking 

neuroanatomical changes in the cerebellar vermis (Riley et al., 1995; Mattson et al., 

1996; Sowell et al., 1996). In addition, similar cerebellar defects in rat and mouse 

models of FAS have been reported (Miller and Robertson, 1993; Maier et. al., 1999).  
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 The cerebellum is thought to be involved in a multitude of functions, many of 

which relate to movement. One of the basic functional actions of the cerebellum is the 

learning and execution of instructions for movements, ensuring co-ordination of the 

force, extent, and duration of the contraction of muscles in both planned and 

unplanned movements (e.g. D’Angelo et al., 2011; Martinez, 2014). The three layered 

cerebellar cortex shows a specific and iterative circuitry across the cerebellum that is 

related to the functional aspects of the cerebellum. One of the intrinsic attributes of 

this iterated cerebellar cortical circuitry is inhibition, and various inhibitory aspects of 

this circuit can be revealed with immunohistochemical staining for the calcium-

binding proteins parvalbumin, calbindin and calretinin (e.g. Rogers, 1989; Celio, 

1990; Resibois and Rogers, 1992). Calcium ions within the intracellular neuronal 

matrix are important for normal functioning (Wierzba-Bobrowicz et al., 2011) as 

these ions regulate the release of neurotransmitters and hormones, maintain axonal 

action potentials, enzymatic action and gene transcriptions (Braun, 1990; Wierzba-

Bobrowicz et al., 2011). Intra-neuronal calcium ions are actively regulated by specific 

proteins, the calcium-binding proteins, such as parvalbumin, calbindin, calretinin and 

calmodulin (Sloviter et al., 1991; Yew et al., 1997; Wierzba-Bobrowicz et al., 2011).  

As different cerebellar neurons express specific calcium-binding proteins 

(Rogers, 1989; Celio, 1990; Resibois and Rogers, 1992; Collins et al., 2005; Wierzba-

Bobrowicz et al., 2011) it is believed that a slight alteration to the expression of some 

of these proteins could indicate a neuropathology (Sloviter et al., 1991; Yew et al., 

1997). Due to the motor deficits present in FAS children and the specific localization 

of the calcium-binding proteins in the cerebellar cortex, in the present study we 

investigated the qualitative distribution of the calcium-binding proteins parvalbumin, 

calbindin and calretinin in the cerebellar cortex of 56 day-old C57BL/6J mice 
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following exposure to a chronic prenatal alcohol regime. In addition, we quantified 

the density of neurons, those stained with cresyl violet and immunostained with 

parvalbumin, in the molecular layer of the vermal cerebellar cortex, and the volume of 

the Purkinje cells in the vermal cerebellar cortex. 

 

4.2. Materials and methods: 

4.2.1. Breeding and prenatal ethanol exposure: 

 All animals were treated and used according to the guidelines of the 

University of the Witwatersrand Animal Ethics Committee (Clearance No. 

2012/15/2B), which parallel those of the NIH for the care and use of animals in 

scientific experimentation. 12 week-old female C57BL/6J mice (Mus musculus) were 

allocated into three experimental groups: Chronic Alcohol exposure (CA), control for 

Chronic Alcohol exposure (CAc), and a Non-Treatment control group (NTc). For 

effective mating, 1–2 female mice were introduced into the cage of a C57BL/6J male 

mouse for 12 hours, which was considered gestational day 0 (GD 0). In all, a total of 

14 female mice (4–5 mice assigned to each experimental group) and 8 male mice 

were used to generate the required numbers of pups used in the present study. 

 For the CA group, each pregnant mouse received a dose of 7.5 µl/g of 50 % 

alcohol in distilled water (5.9 g/kg) per day (Haycock and Ramsay, 2009; Knezovich 

and Ramsay, 2012) for 10 consecutive days by oral gavage, starting from GD 7 

(Webster et al., 1980; Sulik et al., 1981; Webster et al., 1983; Choi et al., 2005; Redila 

et al., 2006; Parnell et al., 2009), while each pregnant mouse in the CAc group 

received an equivalent dose of isocaloric sucrose (704 g/L) by oral gavage over the 
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same period (Haycock and Ramsay, 2009; Knezovich and Ramsay, 2012). To control 

for the possible influence of stress induced by the gavage method in the pregnant 

mice, pregnant mice in the NTc group did not undergo any oral gavage. Food and 

water was provided ad libitum to the mice, except in the control groups (CAc and 

NTc), where it was withheld for two hours post-gavage in order to partially mimic the 

anorectic effect of alcohol (Haycock and Ramsay, 2009). The pups were weaned 21 

days after birth and then the male and female pups separated. Three pups of the same 

sex from each experimental group were kept in separate cages (cage dimensions: 200 

x 200 x 300 mm) with adequate food and water supplies until post-natal day (PND) 

56.  

 

4.2.2. Blood alcohol concentration assay in the pregnant mice: 

On the last day (10
th

 day) of oral gavage (GD 16), a small lesion was made at 

the site of the saphenous vein on the left hind legs of all the pregnant mice in the CA 

and CAc experimental groups. The saphenous bleeding procedure was performed on 

the pregnant mice in the sucrose group in order to mimic the effects of the bleeding 

on the alcohol exposed pregnant mice. The non-treatment pregnant mice served as 

controls for the possible effects of the bleeding and/or the oral gavage procedures. 50 

µl of blood was drawn into heparinized capillary tubes at 30 min post-gavage 

(Bielawski and Abel, 1997) to determine the blood alcohol concentration (BAC). The 

blood samples from the FAS model and the sucrose control were stored at 4°C 

overnight after which they were centrifuged with Vivaspin500 100 µm membrane 

tubes (Biotech, South Africa) for 30 min before the serum was extracted and the BAC 

analyzed using an EnzyChrom™ Ethanol Assay Kit (BioVision, South Africa). The 
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pregnant mice belonging to the CA group that were administered alcohol had an 

average BAC of 1.84 mg/ml (s.e. = 0.39), which is above the pharmacologically 

significant level of 1 mg/ml reported by Rhodes et al. (2005) and Sulik (2005). 

 

4.2.3. Sacrifice and tissue processing: 

At PND 56, when the prenatally-alcohol-exposed mice reached adulthood, a 

total number of six mice (n = 6) from each experimental group (1–2 mice randomly 

selected from each litter set) were weighed and then euthanized (Eutha-naze 1 ml/kg, 

contains sodium pentobarbitone 100 mg/ml, intra-peritoneally) before being perfused 

trans-cardially with 0.9% cold (4°C) saline followed immediately by cold 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB). The brain was removed from the 

skull, weighed and post-fixed for 24 h in 4% paraformaldehyde in 0.1 M PB at 4°C. 

The brains were then cryoprotected by immersion in 30 % buffered sucrose solution 

in 0.1 M PB at 4°C until they equilibrated. The left cerebellar hemisphere of all 18 

individual mice was dissected from the remainder of the brain, frozen in crushed dry 

ice, and sectioned in a sagittal plane at 50 µm thickness using a sliding microtome. A 

one in four series of sections was stained for Nissl substance (cresyl violet) to reveal 

cytoarchitectural features while the other sections were prepared for immunostaining 

with parvalbumin (PV), calretinin (CR) and calbindin (CB) antibodies. The Nissl 

sections were mounted on 0.5% gelatine-coated slides, dried overnight, cleared in a 

1:1 mixture of 100% ethanol and 100% chloroform and stained with 1% cresyl violet.  
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4.2.4. Immunostaining protocol: 

 The sections used for immunohistochemical staining were initially incubated 

in a solution containing 1.6% of 30% H2O2, 49.2% methanol and 49.2% 0.1M PB 

solution, for 30 min to reduce endogenous peroxidase activity, which was followed by 

three 10 min rinses in 0.1M PB. To block non-specific binding sites the sections were 

then pre-incubated for 2 h, at room temperature, in blocking buffer (made up of 3% 

normal goat serum, 2% bovine serum albumin and 0.25% Triton X-100 in 0.1 M PB). 

Thereafter, the sections were incubated for 48 h at 4°C in the primary antibody 

solution (made up of the blocking buffer plus the appropriate dilution of each 

antibody) under gentle agitation. To reveal parvalbumin, calbindin and calretinin 

containing neurons and neuronal structures, we used anti-parvalbumin (PV) (PV28, 

Swant, raised in rabbit), anti-calbindin (CB) (CB38a, Swant, raised in rabbit), and 

anti-calretinin (CR) (7699/3H, Swant, raised in rabbit), all at a dilution of 1:10000. 

After incubation in the primary antibody solution, the sections were rinsed for 

10 min in 0.1 M PB three times and then incubated in a secondary antibody solution 

made up of a 1:1000 dilution of biotinylated anti-rabbit IgG (BA1000, Vector Labs), 

3% normal goat serum, and 2% bovine serum albumin in 0.1 M PB for 2 h at room 

temperature. This was followed by three 10 min rinses in 0.1 M PB, after which 

sections were incubated for 1 h in an avidin-biotin solution (1:125; Vector Labs), 

followed by a further three 10 min rinses in 0.1 M PB. Sections were then placed in a 

solution containing 0.05% diaminobenzidine (DAB) in 0.1 M PB for 5 min, followed 

by the addition of 3.3 μl of 30% hydrogen peroxide per 1 ml of DAB solution. 

Chromatic precipitation was visually monitored under a low power stereomicroscope 

until the background stain was at a level that would allow for accurate architectonic 
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matching to the Nissl sections without obscuring the immunopositive structures. 

Development was stopped by placing sections in 0.1 M PB for 10 min, followed by 

two more 10 min rinses in this solution. Sections were then mounted on 0.5% gelatine 

coated glass slides, dried overnight, dehydrated in a graded series of alcohols, cleared 

in xylene and coverslipped with DPX. To rule out non-specific staining of the 

immunohistochemical protocol, we ran tests on sections where we omitted the 

primary antibody, and sections where we omitted the secondary antibody. In both 

cases no staining was observed. 

 

4.2.5. Qualitative, quantitative and statistical analysis: 

For qualitative comparison the stained sections were examined under both low 

and high power light microscopy. Digital photomicrographs were captured using 

Zeiss Axioshop and Axiovision software. No pixelation adjustments or manipulation 

of the captured images was undertaken, except for the adjustment of contrast, 

brightness, and levels using Adobe Photoshop 7. 

For the quantification of the density of Nissl cell bodies and immunopositive 

PV neurons within the molecular layer of the vermal cerebellar cortex, an unbiased 

design based systematic random sampling stereological protocol was employed. We 

used a MicroBrightfield (MBF) (Colchester, Vermont, USA) system with three plane 

motorised stage, Zeiss.Z2 Vario Axioimager and StereoInvestigator software (MBF, 

version 11.08.1; 64-bit). Initially we measured the thickness of the molecular layer of 

the cerebellar cortex and obtained an average for each group to assist in maintaining 

consistency with stereological parameters across the groups. Separate pilot studies for 

each of Nissl and PV stains from each experimental group, were then conducted to 
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optimise sampling parameters, such as the counting frame and sampling grid sizes, 

and achieve a coefficient of error (CE) below 0.1 (Gundersen et al., 1988; West et al., 

1991; Dell et al., 2016). At this point we would like to acknowledge that while every 

effort was made to obtain a CE below 0.1, this was not always achieved mostly due to 

a limited number of countable sections in those instances. In addition we measured 

the tissue section thickness at every 10
th

 sampling site and the vertical guard zone was 

determined according to tissue thickness to avoid errors/biases due to sectioning 

artifacts (West et. al., 1991; Dell et al., 2016). We decided to maintain consistency 

amongst sampling parameters between the groups studied for both Nissl and PV 

stained tissue to reduce unfavourable stereological estimation biases. Table 4.1 

provides a detailed summary of the parameters that were used in the current study. 

To estimate the total number of Nissl cell bodies and PV+ neurons within a 

consistently defined region of interest (ROI), we used the ‘Optical Fractionator’ probe 

and the following equation (West et al., 1991; Dell et al., 2016): 

N = Q / (SSF x ASF x TSF) 

Where N was the total estimated neuronal number, Q was the number of 

neurons counted, SSF was the fraction of the sections sampled, ASF was the area sub 

fraction (which is calculated by the ratio of the size of the counting frame to the size 

of the sampling grid), and TSF was the thickness sub fraction (which is calculated by 

the ratio of the disector height relative to the section thickness).  

 The densities reported for Nissl cell bodies and PV+ neurons were calculated 

by multiplying the ROI area by the section thickness, and then using the generated 

volume as the denominator to estimate neuronal density. To determine neuronal sizes 

of the calbindin stained Purkinje cells, we used the ‘Nucleator’ probe. For all 
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individuals counted these probes were used concurrently while maintaining strict 

criteria, e.g. only neurons with complete cell bodies were counted, and obeying all 

commonly known stereological rules.        

An analysis of variance (ANOVA) was performed to determine if there was 

significant variation in the mean Nissl or parvalbumin immunopositive neuronal 

densities in the molecular layer of the vermal cerebellum as well as the area and 

volume of Purkinje cells in the vermal cerebellum between the three experimental 

groups (CA, CAc and NTc). Where the ANOVA was significant, a Post hoc analysis 

was further performed using Tukey’s pairwise comparison test to determine where 

significant differences exist. All statistical analyses were performed using SPSS Inc 

programme (version 22.0). A significance level of 5% was used as an indicator of 

significant differences for all statistical analyses. 



Table 4.1: Stereological parameters used for estimating cell densities and volumes in the molecular layer and Purkinje cell layer of the vermal 

cerebellar cortex. CA – chronic alcohol group, CAc – control for chronic alcohol group, NTc – non-treated control group, CE – coefficient of 

error, CB – calbindin, PV – parvalbumin. 

 

Experimental 

group Stain 

Counting 

frame size 

(µm) 

Sampling 

grid size  

(µm) 

Disector 

height 

(µm) 

Section 

thickness 

(µm) 

Average 

mounted 

thickness 

(µm) 

Guard 

zones 

(µm) 

Section 

interval 

Average 

number of 

sections 

Average 

number of 

sampling 

sites 

Average CE 

(Gundersen m 

= 1) 

Nissl stain – density of cells in molecular layer 

CA Nissl 75x75 75x75 15 50 19.6 2 4 6 28.0 0.07 

CAc Nissl 75x75 75x75 16 50 20.4 2 4 6 27.7 0.07 

NTc Nissl 75x75 75x75 11 50 19.6 2 4 6 27.7 0.07 

Parvalbumin immunostain – density of cells in molecular layer 

CA PV 75 x 75 75 x 75 17 50 21.9 2 4 6 28.0 0.15 

CAc PV 75 x 75 75 x 75 18 50 23.1 2 4 6 27.5 0.16 

NTc PV 75 x 75 75 x 75 17 50 21.7 2 4 6 29.0 0.16 

Calbindin immunostain – Purkinje cell volumes 

CA CB 75 x 75 75 x 75 16 50 20.8 2 4 6 68.5 0.10 

CAc CB 75 x 75 75 x 75 18 50 22.6 2 4 6 71.7 0.09 

NTc CB 75 x 75 75 x 75 17 50 22.1 2 4 6 59.2 0.10 
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4.3. Results: 

4.3.1. General observations on the body and brain: 

 The pups that experienced chronic prenatal alcohol exposure (CA group) 

showed no overt signs of FAS, in that no craniofacial abnormalities were readily 

apparent and there was no evident reduction in overall body mass. At the time of 

sacrifice, the average body masses of the mice were: CA male – 20.67 g (s.d. 1.53 g), 

CA female – 15.00 g (s.d. 0.71 g); CAc male – 19.75 g (s.d. 0.35 g), CAc female – 

16.13 g (s.d. 0.25 g); NTc male – 19.88 g (s.d. 0.63 g), NTc female – 15.25 g (s.d. 

0.35 g). There were no observable differences in the general morphology of the brains 

of mice treated with alcohol (CA group), sucrose (CAc group) or the non-treated 

control group (NTc). The average brain masses recorded for each group were: CA 

male – 0.418 g (s.d. 0.017 g), CA female – 0.395 g (s.d. 0.007 g); CAc male – 0.405 g 

(s.d. 0.007 g), CAc female – 0.385 g (s.d. 0.006 g); NTc male – 0.405 g (s.d. 0.006 g), 

NTc female – 0.390 g (s.d. 0.014 g). No statistically significant differences were 

observed between experimental groups in terms of body or brain mass when mice of 

the same sex were compared. 

 

4.3.2. Cytoarchitecture of the cerebellar cortex: 

Staining with cresyl violet revealed that the mice from all three experimental 

groups evinced the typical three-layered cerebellar cortex, made up of the molecular 

layer (layer I), the Purkinje cell layer (layer II) and the granule cell layer (layer III) 

(Fig. 4.1A, 4.1E, 4.1I). Throughout the molecular layer moderately intensely stained 

cells, presumably basket and stellate cells, were observed. Large palely stained cells, 
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presumably Purkinje cells, formed a monolayer immediately deep to the molecular 

layer. Deep to the Purkinje cell layer, a high density of intensely stained small round 

cells, presumably granule cells, formed the granule cell layer. When examined at high 

magnification, in addition to granule cells, Golgi-type II cells, Lugaro cells and 

occasional unipolar brush cells could be observed. Thus, the mice from all three 

experimental groups presented with a cerebellar cortical architecture that could be 

described as typical for laboratory rodents. 

 

4.3.3. Parvalbumin immunoreactive (PV+) structures in the cerebellar cortex: 

 Within the molecular layer of the cerebellar cortex, the soma of both stellate 

and basket cells were moderately intensely immunoreactive to the parvalbumin 

antibody (Fig. 4.1B, 4.1F, 4.1J) in mice from all three experimental groups. The 

primary, but not the secondary, dendrites of the stellate and basket cells were also 

observed to be PV+. A significant proportion of the Purkinje cells were weak to 

moderately intensely immunoreactive to the parvalbumin antibody (Fig. 4.1B, 4.1F, 

4.1J) in mice from all three experimental groups. The main dendrites of the Purkinje 

cells were also PV+, but only in close apposition to the cells, within one cell width of 

the Purkinje cell soma. Surrounding the Purkinje cells, intensely immunoreactive 

axons emanating from the granule cells, presumably those going on to form the 

parallel fibres were stained, but no obvious parallel fibres were stained in the 

molecular layer. No PV+ structures, apart from axons emanating from the granule 

cells, were observed in the granule cell layer of mice from any of the experimental 

groups. Thus, no distinct qualitative differences could be observed for parvalbumin 
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immunoreactive structures in the cerebellar cortex across the three experimental 

groups (Fig. 4.1B, 4.1F, 4.1J). 

  

4.3.4. Calbindin immunoreactive (CB+) structures in the cerebellar cortex: 

 The soma and major dendrites of the Purkinje cells were intensely 

immunoreactive to the calbindin antibody (Fig. 4.1C, 4.1G, 4.1K) in mice from all 

three experimental groups. The large soma of the Purkinje cells exhibited the typical 

monolayer appearance between the molecular and granule layers of the cerebellar 

cortex. From the superficial aspect of the Purkinje cell soma, a single large, but highly 

ramified, dendrite was observed to emerge and invest into the molecular cell layer 

through to the pial surface (Fig. 4.1C, 4.1G, 4.1K). Within the molecular layer the 

extensively branched and bouton dense climbing fibres, closely associated with the 

major dendrites of the Purkinje cells, were also intensely CB+. In the granule cell 

layer, the region of the climbing fibre axons that did not contain boutons, and the 

exiting axons of the Purkinje cells were both intensely CB+. The occasional palely 

CB+ Golgi-type II cell could be observed in the granule cell layer in mice from all 

three experimental groups. Thus, no distinct qualitative differences could be observed 

for calbindin immunoreactive structures in the cerebellar cortex across the three 

experimental groups (Fig. 4.1C, 4.1G, 4.1K).  

 

4.3.5. Calretinin immunoreactive (CR+) structures in the cerebellar cortex 

 A number of neural structures within the cerebellar cortex, from all mice from 

the three experimental groups, were CR+ (Fig. 4.1D, 4.1H, 4.1L). Within the 
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molecular layer a high density of CR+ boutons could be observed throughout the 

layer, but it is not possible to associate these with any specific neural structure. The 

Purkinje cell layer appeared to have a complete absence of CR immunoreactivity. 

Within the granule cell layer the vast majority of granule cells exhibited a moderately 

intense CR immunoreactivity. In some regions of the cerebellar cortex, clearly CR+ 

Golgi-type II cells, Lugaro neurons and unipolar brush cells were observed, but this 

was in limited regions of the cortex and mostly associated with regions where the 

intensity of CR immunoreactivity in the granule cells was lower. No distinct 

qualitative differences could be observed for calretinin immunoreactive structures in 

the cerebellar cortex across the three experimental groups (Fig. 4.1D, 4.1H, 4.1L).  

 

4.3.6. Quantification of cell densities of Nissl stained and parvalbumin 

immunoreactive cells in the molecular layer of the vermal cerebellar cortex: 

The quantitative analysis of the cell densities of Nissl stained neurons in the 

molecular layer of the vermal cerebellar cortex of mice from the three different 

experimental groups revealed a distinct homogeneity in densities between individuals 

in the same group, and between groups. For the CA group, the average cell densities 

of Nissl stained neurons was 0.0115 cells/µm
3
 (s.e. 0.0006), for the CAc group it was 

0.0103 cells/µm
3 
(s.e. 0.0005) and for the NTc group it was 0.0111 cells/µm

3
 (s.e. 

0.0007) (Fig. 4.2A). While there is a trend for the CA to have slightly higher cell 

density than the CAc and the NTc groups, analysis of variance and post-hoc pairwise 

comparisons revealed that the cell density of Nissl stained neurons in the CA group 

was not statistically significantly different from the CAc group (p = 0.339) or the NTc 
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group (p = 0.896). A comparison between CAc and NTc groups was also not 

statistically significantly different (p = 0.583).  

For the quantitative analysis of the cell densities of parvalbumin 

immunoreactive (PV+) neurons in the molecular layer of the vermal cerebellar cortex 

of mice from the three different experimental groups, stereological analysis revealed a 

distinct homogeneity in the densities of PV+ neurons in the molecular layer between 

individuals in the same group, and between groups (Fig. 4.2B). For the CA group, the 

average density of PV+ neurons was 0.0021 cells/µm
3
 (s.e. 0.0002) for the CAc group 

it was 0.0016 cells/µm
3
 (s.e. 0.0002) and for the NTc group it was 0.0019 cells/µm

3
 

(s.e. 0.0003) (Fig. 4.2A). While there is a trend for the CA to have a slightly higher 

cell density than the CAc and the NTc groups (Fig. 4.2B), analysis of variance and 

post-hoc pairwise comparisons revealed that the cell density of PV+ neurons in the 

CA group was not statistically significantly different from the CAc group (p = 0.424) 

or the NTc group (p = 0.853). A comparison between CAc and NTc groups was also 

not statistically significantly different (p = 0.741). 

 

4.3.7. Quantification of Purkinje cell areas and volumes in the vermal cerebellar 

cortex: 

In terms of average somal area of the calbindin immunoreactive (CB+) Purkinje 

cells of the vermal cerebellar cortex, the CA group had an average somal area of 

208.2 µm
2
 (s.e. 2.5), for the CAc group it was 205.6 µm

2 
(s.e. 2.0.) and for the NTc 

group it was 212.3 µm
2
 (s.e. 1.9) (Fig. 4.2C). Statistical analyses using analysis of 

variance and post-hoc pairwise comparisons revealed that the somal area of the CB+ 

Purkinje cells in the CA group was not statistically significantly different from those 



 82 

of the CAc group (p = 0.676) and the NTc group (p = 0.369). A comparison of 

Purkinje cell areas between the CAc and NTc groups was not statistically 

significantly different (p = 0.073). In regards to average Purkinje cell volume, the CA 

group exhibited Purkinje cells with an average volume of 2406.02 µm
3 

(s.e. 42.2), for 

the CAc group it was 2340.1 µm
3 
(s.e. 33.7) and for the NTc group it was 2440.4 µm

3 

(s.e. 31.6) (Fig. 4.2D). Statistical analyses revealed that the volumes of the CB+ 

Purkinje cells in the CA group was not statistically significantly different from the 

Purkinje cell volumes of the CAc group (p = 0.409) and the NTc group (p = 0.783). A 

comparison of the somal volumes between the CAc and NTc groups was not 

statistically significantly different (p = 0.127). 
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Figure 4.1: Photomicrographs of Nissl stained (A, E, I), parvalbumin (B, F, J), 

calbindin (C, G, K), and calretinin (D, H, L) immunostained vermal cerebellar cortex 

of 56 day-old C57BL/6J mice following exposure to a chronic prenatal alcohol 

regime via oral gavage (A – D, CA), oral gavage control (E – H, CAc), and non-

treated control (I – L, NTc). No overt variation in the cytoarchitecture, or 

immunolocalization of the calcium-binding proteins, was observed. Scale bar in H = 

200 µm and applies to all. In all images the pial surface is towards the top of the 

image. 
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Figure 4.2: Graphs showing the average densities of Nissl stained (A) and parvalbumin 

immunoreactive (B) neurons in the molecular layer of the vermal cerebellar cortex, and the 

average area (C) and volume (D) of Purkinje cells from the same region of the three different 

experimental groups (n = 6 per group) analyzed in the present study: the group exposed to 

chronic prenatal alcohol (CA); the prenatal gavage control group (CAc); and the non-treated 

control group (NTc). Note the lack of any statistically significant differences in any of these 

parameters across all three experimental groups.  
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4.4. Discussion: 

 Despite earlier observations demonstrating cerebellar structural deficits with 

associated behavioural problems in FASD children and rodent models (Abel, 1984; 

Streissguth et al., 1984; Miller and Robertson, 1993; Riley et al., 1995; Mattson et al., 

1996; Sowell et al., 1996; Maier et. al., 1999; Powrozek and Zhou, 2005; Oladehin et 

al., 2007; Roebuck et al., 1998a,b; Spottiswoode et al., 2011), in the current 

anatomical study of the vermal cerebellar cortex no changes in either the structure or 

immunolocalization of the calcium-binding proteins was observed. This lack of 

substantive differences was supported with both qualitative and quantitative 

examination of the vermal cerebellum. In addition, with the same mice, significant 

differences in the process of adult neurogenesis (see Chapter 2), the structure of the 

barrel cortex (see Chapter 3), and the sleep systems (see Chapter 5), were observed, 

meaning that it appears reasonable to conclude, that, at least for the alcohol exposure 

regime used herein, the cerebellar cortex appears to be spared from damage. This lack 

of change in the architecture and neurochemistry of the vermal cerebellar cortex is of 

interest, as much of the remainder of the mouse brain was affected by exposure to 

prenatal alcohol. 

 One possibility is that the timing of alcohol exposure did not coincide with the 

development of the cerebellar cortex, but does coincide with the development of other 

parts of the brain, allowing the cerebellar cortex to be spared from damage. In the 

chronic prenatal alcohol exposure regime used herein, the in utero pups were exposed 

to alcohol from gestational (or post-conception) day 7 to gestational day 16. Previous 

reports indicate that the peak of generation of cells forming both Purkinje cells and 

the cells of the deep cerebellar nuclei in the mouse occurs during gestational days 10 

to 11 (Clancy et al., 2001). Thus, the timing of peak neuronal birth rates in the 
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cerebellum in the mouse clearly overlaps with the period when the in utero mice pups 

in the current study were exposed to alcohol. Interestingly, the peak development 

periods for the dentate gyrus (gestational day 14), the layers of the cerebral cortex 

(gestational days 12 to 16), the hypothalamus (gestational days 12.5 – 13), and the 

pons (gestational days 10 – 13.5) (Clancy et al., 2001) also all overlap with the period 

of in utero alcohol exposure and all showed deficits (see earlier Chapters). Previous 

studies of the effect of alcohol on the structure of the cerebellum in rats have shown 

that the effect of alcohol exposure was substantially more evident when the pups were 

exposed to alcohol postnatally (Klintsova et al., 1999). Thus, while the timing of 

alcohol exposure in the current study does overlap with the peak of neurogenesis in 

the cerebellum of the mouse (Clancy et al., 2001), it appears that this exposure may 

have occurred too early to inculcate significant changes in the architecture and 

neurochemistry of the cerebellar cortex. Interestingly, using the same alcohol 

exposure regime did not affect the locus coeruleus of the mice studied, but affected 

the pontine cholinergic neurons that are found in almost the same location as the locus 

coeruleus neurons (see Chapter 5). Thus, there appears to be some specificity to the 

deleterious effects of alcohol exposure on different parts of the brain, and in order to 

introduce specific effects in model animals, the exposure to alcohol must be 

undertaken at specific developmental times, making the generation of a generalized 

rodent model of Fetal Alcohol Spectrum Disorder (FASD) a complex task. 

 Alternatively, the motor deficits observed in both FASD children and rodent 

models of FASD, may involve portions of the motor systems not directly associated 

with the cerebellar cortex. For example, although not studied herein, the 

thalamocortical and striatal portions of the motor system, or the deep cerebellar 

nuclei, may have been affected. It would be of interest to examine all portions of the 
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brain involved in motor control in more detail to determine whether the lack of 

changes observed for the cerebellar cortex are a common feature of the motor 

systems, indicating that in order to develop motor disorders the exposure to alcohol 

must be specifically timed (Klintsova et al., 1999), or whether the timing of alcohol 

exposure can differentially affect the various portions of the motor control systems of 

the brain. Despite the negative findings of the current study, this analysis has raised 

two interesting avenues for future work: (1) vary the timing of alcohol exposure to 

determine whether timing is the crucial aspect for producing deficits in the cerebellar 

cortex; and (2) examine the motor systems more broadly throughout the brain to 

determine whether there is specificity of the deleterious effects of developmental 

alcohol exposure associated with different exposure times. While these two 

possibilities can be worked on simultaneously, the amount of work required is 

significant; however, this type of work will lead to a clearer understanding of the 

effects of alcohol on the developing mammalian brain, including that of humans, and 

may present opportunities to develop interventions that could improve the quality of 

life of children exposed to alcohol. 
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CHAPTER FIVE: Changes in the cholinergic, catecholaminergic, 

orexinergic and serotonergic neurons forming part of the sleep 

systems of adult mice exposed to intrauterine alcohol 

 

5.1. Introduction: 

Adequate quality sleep, especially in children, is important for the development 

of the brain (Chen et al., 2012; Ipsiroglu et al., 2013). Certain neural functions such as 

learning, cognition, motor activities, attention, alertness, as well as brain growth and 

metabolic activities, are only performed effectively if there has been adequate sleep 

(Chen et al., 2012; Ipsiroglu et al., 2013). Sleep problems are often observed in 

concert with neurodevelopmental conditions such as autism (Malow et al., 2006), 

attention deficit hyperactivity disorders (Cortese et al., 2009) and fetal alcohol 

syndrome (FAS) (Streissguth et al., 2004; May et al., 2009; Olson et al., 2009; Chen 

et al., 2012; Ipsiroglu et al., 2013). Children with FAS show an unwillingness to go to 

bed (Meltzer and Mindell, 2004; Wengel et al., 2011), experience short sleep duration 

(Jan et al., 2010; Wengel et al., 2011), and experience sleep anxiety and frequent 

sleep disruptions (Haydon et al., 2009; Wengel et al., 2011). Morever, FAS children 

report night terrors (Durmer and Dinges, 2005), exhibit sleep walking (Randazzo et 

al., 1998), daytime tiredness (Lancioni et al., 1999), and suppressed sensory 

information processing (Wengel et al., 2011) when compared to neurotypical 

children. 

The neural systems that control and regulate sleep are comprised of neurons, in 

specific nuclear clusters in the basal forebrain, hypothalamus and pons, which 
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produce a variety of neurotransmitters. These neurons depolarize in specific patterns 

during wake, slow wave sleep (SWS) and rapid eye movement sleep (REM) (Datta 

and MacLean, 2007; Lyamin et al., 2008; Takahashi et al., 2010; Dell et al., 2012; 

Bhagwandin et al., 2013; Petrovic et al., 2013). Briefly, the GABAergic neurons of 

the basal forebrain are sleep promoters, whereas the cholinergic neurons of the basal 

forebrain are part of the arousal system. Hypothalamic orexinergic and histaminergic 

neurons are associated with arousal, while the midbrain/pontine cholinergic neurons 

are associated with wake and REM sleep. The GABAergic neurons of the 

midbrain/pons inhibit the activity of the serotonergic and noradrenergic neurons in 

this region, with the noradrenergic and serotonergic neurons being active during wake 

and SWS, but inactive during REM.  

Due to the relationship of these neuronal groups to the sleep-wake cycle, it may 

be that the anatomy of these neuronal systems differ from neurotypical in FAS 

children with sleep disorders; however, to the author’s knowledge, there appear to be 

no reports that directly correlate the morphological changes in the sleep centres in 

FAS subjects that are known to experience sleep disorders. In order to determine 

whether morphological changes in the neural systems involved in the production and 

regulation of sleep may be correlated to the sleep disorders observed in FAS children, 

we targeted for investigation the organization, morphology and numbers of pontine 

cholinergic (laterodorsal tegmental and pedunculopontine nuclei), pontine 

catecholaminergic (locus coeruelus complex), hypothalamic orexinergic and midbrain 

serotonergic (dorsal raphe) neurons of 56 day old C57BL/6J mice following exposure 

to prenatal alcohol. In addition to qualitative examination of these neurons involved in 

sleep, stereological analysis of neuronal numbers and neuronal size was undertaken 

for the cholinergic laterodorsal tegmental nucleus (LDT) and pedunculopontine 
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tegmental nucleus (PPT), the noradrenergic locus coeruleus complex (LC) and the 

orexinergic neurons of the hypothalamus.  

 

5.2. Materials and methods: 

5.2.1. Breeding and prenatal ethanol exposure 

 All animals were treated and used according to the guidelines of the 

University of the Witwatersrand Animal Ethics Committee (Clearance No. 

2012/15/2B), which parallel those of the NIH for the care and use of animals in 

scientific experimentation. Female C57BL/6J mice (Mus musculus), twelve weeks of 

age, were allocated into three experimental groups: Chronic Alcohol exposure (CA), 

control for Chronic Alcohol exposure (CAc), and a Non-Treatment control group 

(NTc). For effective mating, 1–2 female mice were introduced into the cage of a 

C57BL/6J male mouse for 12 hours, which was considered gestational day 0 (GD 0). 

In all, a total of 14 female mice (4–5 mice assigned to each experimental group) and 8 

male mice were used to generate the required numbers of pups used in the present 

study. 

 For the CA group, each pregnant mouse received a dose of 7.5 µl/g of 50 % 

alcohol in distilled water (5.9 g/kg) per day (Haycock and Ramsay, 2009; Knezovich 

and Ramsay, 2012) for 10 consecutive days by oral gavage, starting from GD 7 

(Webster et al., 1980; Sulik et al., 1981; Webster et al., 1983; Choi et al., 2005; Redila 

et al., 2006; Parnell et al., 2009), while each pregnant mouse in the CAc group 

received an equivalent dose of isocaloric sucrose (704 g/L) by oral gavage over the 

same period (Haycock and Ramsay, 2009; Knezovich and Ramsay, 2012). To control 
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for the possible influence of post-traumatic stress in the pregnant mice, pregnant mice 

in the NTc group did not undergo any oral gavage. Food and water was provided ad 

libitum to the mice, except in the control groups (CAc and NTc), where it was 

withheld for two hours post-gavage in order to partially mimic the anorectic effect of 

alcohol (Haycock and Ramsay, 2009). The pups were weaned 21 days after birth and 

then the male and female pups separated. Three pups of the same sex from each 

experimental group were kept in separate cages (cage dimensions: 200 x 200 x 300 

mm) with adequate food and water supplies until post-natal day (PND) 56. 

 

5.2.2. Blood alcohol concentration assay in the pregnant mice: 

On the last day (10
th

 day) of oral gavage (GD 16), a small lesion was made at 

the site of the saphenous vein on the left hind legs of all the pregnant mice in the CA 

and CAc experimental groups. The saphenous bleeding procedure was performed on 

the pregnant mice in the sucrose group in order to mimic the effects of the bleeding 

on the alcohol exposed pregnant mice. The non-treatment pregnant mice served as 

controls for the possible effects of the bleeding and/or the oral gavage procedures. 50 

µl of blood was drawn into heparinized capillary tubes at 30 min post-gavage 

(Bielawski and Abel, 1997) to determine the blood alcohol concentration (BAC). The 

blood samples from the FAS model and the sucrose control were stored at 4°C 

overnight after which they were centrifuged with Vivaspin500 100 µm membrane 

tubes (Biotech, South Africa) for 30 min before the serum was extracted and the BAC 

analyzed using an EnzyChrom™ Ethanol Assay Kit (BioVision, South Africa). The 

pregnant mice belonging to the CA group that were administered alcohol had an 
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average BAC of 1.84 mg/ml (s.e. = 0.39), which is above the pharmacologically 

significant level of 1 mg/ml reported by Rhodes et al. (2005) and Sulik (2005). 

 

5.2.3. Sacrifice and tissue processing: 

At PND 56, when the prenatally-alcohol-exposed mice reached adulthood, a 

total number of six mice (n = 6) from each experimental group (1–2 mice randomly 

selected from each litter set) were weighed and then euthanized (Eutha-naze 1 ml/kg, 

contains sodium pentobarbitone 100 mg/ml, intra-peritoneally) before being perfused 

trans-cardially with 0.9% cold (4°C) saline followed immediately by cold 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB). The brain was removed from the 

skull, weighed and post-fixed for 24 h in 4% paraformaldehyde in 0.1 M PB at 4°C. 

The brains were then cryoprotected by immersion in 30 % buffered sucrose solution 

in 0.1 M PB at 4°C until they equilibrated. The diencephalon and pons was dissected 

from the remainder of the brain for all 18 individual mice and was then frozen in 

crushed dry ice, and sectioned in a coronal plane at 50 µm thickness using a sliding 

microtome. A one in four series of sections was taken. The first series of sections, 

stained for Nissl substance to reveal cytoarchitectural features, was mounted on 0.5% 

gelatine-coated slides, dried overnight, cleared overnight in a 1:1 mixture of 100% 

ethanol and 100% chloroform and stained with 1% cresyl violet in H2O. The second 

series of sections was immunostained with an antibody to cholineacetyltransferase 

(ChAT, AB144P, Chemicon, raised in goat) to reveal cholinergic neurons, and the 

third series was immunostained with an antibody to tyrosine hydroxylase (TH, 

AB151, Chemicon, raised in rabbit) to reveal catecholaminergic neurons. The fourth 

series of sections was divided at the level of the posterior commissure. All sections 
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rostral to the posterior commissure were immunostained with an antibody to orexin-A 

(OxA, AB3704, Merck-Millipore, raised in rabbit) to reveal the hypothalamic 

orexinergic neurons, while all sections caudal to the posterior commissure were 

immunostained with an antibody to serotonin (5HT, AB938, Chemicon, raised in 

rabbit) to reveal the serotonergic neurons.  

 

5.2.4. Immunostaining protocol: 

 All sections used for immunohistochemical staining were initially incubated in 

a solution containing 1.6% of 30% H2O2, 49.2% methanol and 49.2% 0.1M PB 

solution, for 30 min to reduce endogenous peroxidase activity, which was followed by 

three 10 min rinses in 0.1M PB. To block non-specific binding sites the sections were 

then preincubated at room temperature for 2 h in a blocking buffer solution containing 

3% normal serum (normal rabbit serum, NRS, Chemicon, for ChAT sections, and 

normal goat serum, NGS, Chemicon, for the remaining sections), 2% bovine serum 

albumin (BSA, Sigma) and 0.25% Triton X-100 (Merck) in 0.1M PB. The sections 

were then placed in a primary antibody solution (blocking buffer with correctly 

diluted primary antibody) and incubated at 4°C for 48 hours under gentle shaking. To 

reveal cholinergic neurons, anti-cholineacetyltransferase (ChAT) at a dilution of 

1:3000 was used. To reveal putative catecholaminergic neurons, anti-tyrosine 

hydroxylase (TH) was used at a dilution of 1:3000. To reveal serotonergic neurons, 

anti-serotonin (5-HT) at a dilution of 1:5000 was used. To reveal orexinergic neurons, 

anti-orexin-A (OxA) at a dilution of 1:3000 was used.   

 This was followed by three 10 min rinses in 0.1M PB, after which the sections 

were incubated in a secondary antibody solution for 2 h at room temperature. The 
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secondary antibody solution contained a 1:1000 dilution of biotinylated anti-goat IgG 

(BA-5000, Vector labs, for ChAT sections) or biotinylated anti-rabbit IgG (BA-1000, 

Vector Labs, for the remaining sections) in a solution containing 3% NGS/NRS and 

2% BSA in 0.1M PB. This was followed by three 10 min rinses in 0.1M PB after 

which the sections were incubated in AB solution (Vector Labs) for 1 h. After three 

further 10 min rinses in 0.1M PB, the sections were placed in a solution of 0.05% 

diaminobenzidine in 0.1M PB for five minutes (1 ml/section), followed by the 

addition of 3 µl of 30% H2O2 to the solution in which each section was immersed. 

The precipitation process was stopped by immersing the sections in 0.1M PB and then 

rinsing them twice more in 0.1M PB. To check for non-specific staining from the 

immunohistochemistry protocol, we omitted the primary antibody and the secondary 

antibody in selected sections, which produced no evident staining. The sections were 

then mounted on 0.5% gelatine coated glass slides, dried overnight, dehydrated in a 

graded series of alcohols, cleared in xylene and coverslipped with DPX.  

 

5.2.5. Qualitative and quantitative determination of cell numbers and statistical 

analysis: 

The distribution of immunopositive cells was compared qualitatively between 

the experimental groups using both low and higher power light microscopy. Digital 

photomicrographs of these cells were captured using Zeiss Axioshop and Axiovision 

software. No pixelation adjustments or manipulation of the captured images was 

undertaken, except for the adjustment of contrast, brightness, and levels using Adobe 

Photoshop 7. 
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For the quantification of Chat+, TH+ and OxA+ cells, an unbiased design based 

systematic random sampling stereological protocol was employed. We used a 

MicroBrightfield (MBF) (Colchester, Vermont, USA) system with three plane 

motorised stage, Zeiss.Z2 vario axioimager and StereoInvestigator software (MBF, 

version 11.08.1; 64-bit). Separate pilot studies for each immunohistochemical stain 

for each group, were conducted to optimise sampling parameters, such as the counting 

frame and sampling grid sizes, and achieve a coefficient of error (CE) below 0.1 

(Gundersen et al., 1988; West et al., 1991; Dell et al., 2016). At this point we would 

like to acknowledge that while every effort was made to obtain a CE below 0.1, this 

was not always achieved mostly due to a limited number of countable sections in 

those instances. In addition we measured the tissue section thickness at every 10
th

 

sampling site and the vertical guard zone was determined according to tissue 

thickness to avoid errors/biases due to sectioning artifacts (West et. al., 1991; Dell et 

al., 2016). We decided to maintain consistency amongst sampling parameters between 

the groups studied for each neuroanatomical region to reduce unfavourable 

stereological estimation biases. Table 5.1 provides a detailed summary of the 

parameters used for each neuroanatomical region and between the groups in the 

current study. 

To estimate the total number of pontine Chat+ neurons (LDT and PPT), pontine 

locus coeruleus TH+ neurons and hypothalamic OxA+ neurons, we used the ‘Optical 

Fractionator’ probe and the following equation (West et al., 1991; Dell et al., 2016): 

N = Q / (SSF x ASF x TSF) 

Where N was the total estimated neuronal number, Q was the number of 

neurons counted, SSF was the fraction of the sections sampled, ASF was the area sub 
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fraction (which is calculated by the ratio of the size of the counting frame to the size 

of the sampling grid), and TSF was the thickness sub fraction (which is calculated by 

the ratio of the disector height relative to the section thickness).  

To determine neuronal sizes, we used the ‘Nucleator’probe. For all individuals 

counted these probes were used concurrently while maintaining strict criteria, e.g. 

only neurons with complete cell bodies were counted, and obeying all commonly 

known stereological rules.        

An analysis of variance (ANOVA) was performed to determine if there was a 

significant variation in the mean ChAT+, TH+, or OxA+ neuronal counts, areas and 

volumes of all the experimental groups (CA, CAc and NTc). Where the ANOVA was 

significant, a Post hoc analysis was further performed using Tukey’s pairwise 

comparison test to determine where significant differences exist. All statistical 

analyses were performed using SPSS Inc programme (version 22.0). A significance 

level of 5% was used as an indicator of significant differences for all statistical 

analyses. 

 



Table 5.1: Stereological parameters used for estimating cell numbers and sizes in the various nuclei quantified in the current study. CA – chronic 

alcohol group, CAc – control for chronic alcohol group, NTc – non-treated control group, CE – coefficient of error. 

 

Experimental 

group Antibody 

Counting 

frame size 

(µm) 

Grid 

frame 

size  (µm) 

Disector 

height 

(µm) 

Section 

thickness 

(µm) 

Average 

mounted 

thickness 

(µm) 

Guard 

zones 

(µm) 

Section 

interval 

Average 

number of 

sections 

Average 

number of 

sampling 

sites 

Average CE 

(Gundersen m 

= 1) 

Cholinergic neurons of the laterodorsal tegmental (LDT) and pedunculopontine tegmental (PPT) nuclei 

CA ChAT 300 x 300 300 x 300 11 50 17.6 2 4 10.2 159.4 0.07 

CAc ChAT 300 x 300 300 x 300 11 50 16.8 2 4 11.3 182.2 0.08 

NTc ChAT 300 x 300 300 x 300 11 50 16.7 2 4 12.8 180.6 0.07 

Noradrenergic neurons of the locus coeruleus complex 

CA TH 375 x 375 375 x 375 11 50 16.3 2 4 5.2 60.8 0.14 

CAc TH 375 x 375 375 x 375 11 50 17.5 2 4 4.8 68.2 0.15 

NTc TH 375 x 375 375 x 375 11 50 17.6 2 4 5.5 66.3 0.17 

Orexinergic neurons of the hypothalamus 

CA OxA 375 x 375 375 x 375 13 50 18.2 2 4 4.4 60.6 0.13 

CAc OxA 375 x 375 375 x 375 13 50 20.9 2 4 4.2 51.3 0.14 

NTc OxA 375 x 375 375 x 375 13 50 18.4 2 4 4.0 102.0 0.14 
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5.3. Results: 

5.3.1. General observations on the body and brain: 

 The pups that experienced chronic prenatal alcohol exposure (CA group) 

showed no overt signs of FAS, in that no craniofacial abnormalities were readily 

apparent and there was no evident reduction in overall body mass. At the time of 

sacrifice, the average body masses of the mice were: CA male – 19.75 g (s.d. 1.06 g), 

CA female – 15.13 g (s.d. 1.11 g); CAc male – 19.88 g (s.d. 0.85 g), CAc female – 

16.00 g (s.d. 0.50 g); NTc male – 20.25 g (s.d. 1.50 g), NTc female – 15.63 g (s.d. 

0.48 g). In addition, there were no observable differences in the general morphology 

of the brains of mice treated with alcohol (CA group), sucrose (CAc group) or the 

non-treated control group (NTc). The average brain masses recorded for each group 

were: CA male – 0.420 g (s.d. 0.028 g), CA female – 0.398 g (s.d. 0.005 g); CAc male 

– 0.408 g (s.d. 0.005 g), CAc female – 0.388 g (s.d. 0.006 g); NTc male – 0.403 g 

(s.d. 0.005 g), NTc female – 0.390 g (s.d. 0.014 g). No statistically significant 

differences were observed between experimental groups in terms of body or brain 

mass when mice of the same sex were compared.  

 

5.3.2. Cholinergic neurons of the laterodorsal tegmental and pedunculopontine 

nuclei: 

For all mice in all three experimental groups, there were no marked differences 

in the location and morphology of the ChAT+ neurons within the pedunculopontine 

(PPT) and the laterodorsal (LDT) nuclei. The ChAT+ neurons forming the PPT were 

located within the dorsal aspect of the pontine tegmentum extending from the 
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ventrolateral border of the periaqueductal/periventricular grey matter to the superior 

cerebellar peduncle (Fig. 5.1). A moderate to high density of ChAT+ neurons were 

observed in this region. Within the periventricular grey matter, caudal to the 

oculomotor nucleus, a moderate to high density of ChAT+ neurons were designated 

as those forming the LDT nucleus (Fig. 5.1). The ventrolateral border of the LDT 

neurons was contiguous with the dorsomedial border of the PPT nucleus, the only 

reason to separate these two nuclei being the transition from the periventricular grey 

matter to the pontine tegmentum. The PPT and LDT ChAT+ neurons exhibited a 

variety of somal shapes due to being multipolar (Fig. 5.1). 

Our quantitative analysis of the numbers of ChAT+ neurons in the LDT and 

PPT in the brain of mice from the three different experimental groups revealed a 

distinct homogeneity in numbers between individuals in the same group, and between 

groups. For the CA group, the average number of ChAT+ neurons was 1741.4 (s.e. 

276.8), for the CAc group it was 1844.3 (s.e. 312.7) and for the NTc group it was 

2091.9 (s.e. 405.2) (Fig. 5.2A). While there is a trend for the CA and CAc groups to 

have less ChAT+ neurons than the NTc group, these were not statistically significant 

differences. Analysis of variance and post-hoc pairwise comparisons revealed that the 

lower number of ChAT+ neurons in the CA group was not statistically significantly 

different from the CAc group (p = 0.977) or the NTc group (p = 0.763). A comparison 

between CAc and NTc groups was also not statistically significantly different (p = 

0.872).  

In terms of average somal area, the CA group had an average somal area of 89.7 

µm
2
 (s.e. 1.0), for the CAc group it was 95.0 µm

2 
(s.e. 0.7) and for the NTc group it 

was 92.9 µm
2
 (s.e. 0.8) (Fig. 5.3A). Statistical analyses using analysis of variance and 
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post-hoc pairwise comparisons revealed that the smaller somal area of the ChAT+ 

neurons in the CA group was statistically significantly smaller than the CAc group (p 

= 0.000) and the NTc group (p = 0.017). A comparison of somal areas between the 

CAc and NTc groups was not statistically significantly different (p = 0.170). In 

regards to average somal volume, the CA group exhibited an average somal volume 

of 707.5 µm
3 

(s.e. 12.5), for the CAc group it was 763.9 µm
3 
(s.e. 8.9) and for the NTc 

group it was 739.4 µm
3 

(s.e. 9.4) (Fig. 5.3B). Statistical analyses revealed that the 

smaller somal volumes of the ChAT+ neurons in the CA group was statistically 

significantly smaller than the somal volumes of the CAc group (p = 0.000), but not 

significantly different from the NTc group (p = 0.070). A comparison of the somal 

volumes between the CAc and NTc groups was not statistically significantly different 

(p = 0.208). Thus, for the pontine cholinergic neurons, the only substantive difference 

observed between the groups was the reduction in size, by around 5 – 10%, of the 

soma in the group exposed to prenatal alcohol. 

 

5.3.3. Catecholaminergic neurons of the locus coeruleus complex: 

For all mice in all three experimental groups, there were no marked 

differences in the location and morphology of the TH+ neurons within the locus 

coeruleus complex. Within the pontine region a large number of TH+ neurons 

forming the locus coeruleus complex were readily observed (Fig. 5.4). The locus 

coeruleus complex could be subdivided into five nuclei, these being: the subcoeruleus 

compact portion (A7sc), subcoeruleus diffuse portion (A7d), locus coeruleus compact 

portion (A6c), fifth arcuate nucleus (A5), and the dorsolateral division of locus 

coeruleus (A4). Within the dorsal portion of the pontine tegmentum adjacent to the 
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ventrolateral region of the periaqueductal grey matter, a tightly packed cluster of TH+ 

neurons represented the A7 compact portion of the LC. This division is the same as 

what was previously described as the subcoeruleus (Dahlström and Fuxe, 1964; Olson 

and Fuxe, 1972). Ventral and lateral to the A7sc, a diffusely organized aggregation of 

TH+ neurons formed the A7d nuclear complex (Fig. 5.4). These neurons are located 

both medially and laterally around the trigeminal motor nucleus (Vmot). Within the 

lateral portion of the periventricular grey matter a tightly packed, moderate to high 

density of TH+ neurons were assigned to the A6c nucleus (Fig. 5.4). The neurons of 

this group were found adjacent to the wall of the fourth ventricle, stretching across the 

periventricular grey matter to its lateral edge as seen in the laboratory rat (Dahlström 

and Fuxe, 1964). In the ventrolateral pontine tegmentum lateral to the superior olivary 

nucleus and lateral to Vmot and A7d, a small cluster of TH+ neurons formed the A5 

nucleus. These neurons formed a rough meshlike dendritic network around the 

ascending fascicles located within the ventrolateral pontine tegmentum. Immediately 

adjacent to the wall of the fourth ventricle, in the dorsolateral portion of the 

periaqueductal grey matter, a very dense, but small cluster of TH+ neurons represent 

the A4 nucleus. All neurons throughout the locus coeruleus complex showed a similar 

variety of somal shapes and all were multipolar. 

Our quantitative analysis of the numbers of TH+ neurons in the A7 and A7 

nuclei of the locus coeruleus complex from the three different experimental groups 

revealed a distinct homogeneity in numbers between individuals in the same group, 

and between groups (Fig. 5.2B). For the CA group, the average number of TH+ 

neurons was 549.9 (s.e. 113.6), for the CAc group it was 510.2 (s.e. 60.6) and for the 

NTc group it was 512.8 (s.e. 104.4) (Fig. 5.2B). While the number of TH+ neurons is 

highest in the CA group, statistical analyses using analysis of variance and post-hoc 
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pairwise comparisons revealed that the number of TH+ neurons in the CA group was 

not statistically significantly different from the CAc group (p = 0.952) or the NTc 

group (p = 0.958). A comparison between CAc and NTc groups was also not 

statistically significantly different (p = 0.999). 

In terms of average somal area, the CA group had an average somal area of 

111.1 µm
2
 (s.e. 1.9), for the CAc group it was 115.5 µm

2 
(s.e. 1.9) and for the NTc 

group it was 114.1 µm
2 

(s.e. 2.5) (Fig. 5.3C). Statistical analyses using analysis of 

variance and post-hoc pairwise comparisons revealed that the average somal areas of 

the TH+ neurons in the CA group was not statistically significantly different from the 

CAc group (p = 0.305) or the NTc group (p = 0.578). A comparison between CAc and 

NTc groups was also not statistically significantly different (p = 0.884). In regards to 

average somal volume, the CA group exhibited an average somal volume of 955.5 

µm
3 
(s.e. 25.2), for the CAc group it was 1011.3 µm

3 
(s.e. 25.6) and for the NTc group 

it was 1007.1 µm
3 

(s.e. 33.7) (Fig. 5.3D). Statistical analyses revealed that the average 

somal volume of the TH+ neurons in the CA group was not statistically significantly 

different from the CAc group (p = 0.340) or the NTc group (p = 0.397). A comparison 

between CAc and NTc groups was similarly not statistically significantly different (p 

= 0.994). Thus, for the neurons of the locus coeruleus complex, no differences in 

nuclear organization, neuronal morphology, neuronal numbers, or somal size was 

detected between the three experimental groups investigated. 

 

5.3.4. Serotonergic neurons of the dorsal raphe nuclear complex: 

For all mice in all three experimental groups, there were no marked 

differences in the location and morphology of the 5-HT+ neurons within the dorsal 
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raphe nuclear complex (Fig. 5.5). Within the 5HT+ neuronal region designated as the 

dorsal raphe nuclear complex there were six distinct nuclei, these being: the dorsal 

raphe interfascicular (DRif) nucleus, dorsal raphe ventral (DRv) nucleus, dorsal raphe 

dorsal (DRd) nucleus, dorsal raphe lateral (DRl) nucleus, dorsal raphe peripheral 

(DRp) nucleus and the dorsal raphe caudal (DRc) nucleus (Fig. 5). These six nuclei 

were found, for the most part, within the periaqueductal and periventricular grey 

matter from the level of the oculomotor nucleus to the trigeminal motor nucleus. The 

DRif was located between the two medial longitudinal fasciculi and exhibited a high 

density of oval shaped, mostly bipolar, 5HT+ neurons (Fig. 5.5). The DRv was found 

immediately dorsal to the DRif between and just caudal to the oculomotor nuclei. The 

DRv exhibited a high density of oval shaped, mostly bipolar, 5HT+ neurons. 

Immediately dorsal to DRv and ventral to the inferior border of the cerebral aqueduct 

a high-density cluster of oval shaped, mostly bipolar, 5HT+ neurons was designated 

as the DRd nucleus. A moderate density of 5HT+ neurons representing the DRp, were 

located in the ventrolateral portion of the periaqueductal grey matter lateral to the 

DRd and DRv. Some neurons of the DRp were found in the adjacent tegmentum and 

were the only ones found outside the periaqueductal grey matter. The 5HT+ neurons 

of the DRl were located dorsolateral to the DRd and adjacent to the ventrolateral 

edges of the cerebral aqueduct in a low to moderate density. The neurons of the DRp, 

DRl and DRc nuclei were readily distinguishable from the DRif, DRv and DRd nuclei 

since they were substantially larger and multipolar (Fig. 5.5B, 5.5D, 5.5F). As we 

followed the DRl caudally, where the cerebral aqueduct opened into the fourth 

ventricle and the DRd, DRv and DRif nuclei finished, the neurons of the DRl formed 

an arc across the midline of the dorsal portion of the periventricular grey matter. This 

caudal arc of the DRl was classified as the DRc nucleus. Thus, for the neurons of the 
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dorsal raphe complex, no differences in nuclear organization or neuronal morphology 

was detected between the three experimental groups investigated. 

 

5.3.5. Orexinergic neurons of the hypothalamus: 

For all mice in all three experimental groups, there were no marked differences 

in the location and morphology of the OxA+ neurons within the hypothalamus (Fig. 

5.6). Within this aggregation of OxA+ hypothalamic neurons we could identify three 

distinct clusters – a main cluster (Mc), a zona incerta cluster (Zic) and an optic tract 

cluster (Otc) (Fig. 5.6). The main cluster (Mc) was identified as a large group of 

densely packed OxA+ neurons located lateral to the third ventricle in the perifornical 

region, with a moderate number of neuronal cell bodies extending medially from this 

area into the dorsomedial hypothalamus and a larger number extending into the lateral 

hypothalamic areas. From the main cluster a group of OxA+ neurons extended 

laterally into the region of the zona incerta (Zic) (Fig. 5.6). This cluster had a lower 

density of OxA+ neurons. The third cluster, the optic tract cluster (Otc) extended 

ventrolaterally from the main cluster to the ventrolateral region of the hypothalamus 

adjacent to the optic tract. This cluster exhibited a moderate to low density of OxA+ 

neurons (Fig. 5.6). All the OxA+ neurons were multipolar and exhibited a variety of 

somal shapes. 

Our quantitative analysis of the numbers of OxA+ neurons in the hypothalamus 

of the three different experimental groups revealed a distinct homogeneity in numbers 

between individuals in the same group, and between groups. For the CA group, the 

average number of OxA+ neurons was 840.1 (s.e. 115.6), for the CAc group it was 

762.6 (s.e. 107.4) and for the NTc group it was 684.8 (s.e. 131.4) (Fig. 5.2C). The 
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number of OxA+ neurons was highest in the CA group, but statistical analyses using 

analysis of variance and post-hoc pairwise comparisons revealed that the number of 

OxA+ neurons in the CA group was not statistically significantly different from the 

CAc group (p = 0.892) or the NTc group (p = 0.639). A comparison between CAc and 

NTc groups was also not statistically significantly different (p = 0.891). 

In terms of average somal area, the OxA+ neurons in the CA group had an 

average somal area of 63.3 µm
2 
(s.e. 1.3), for the CAc group it was 58.9 µm

2 
(s.e. 1.3) 

and for the NTc group it was 55.8 µm
2 

(s.e. 1.1) (Fig. 5.3E). Statistical analyses using 

analysis of variance and post-hoc pairwise comparisons revealed that the OxA+ somal 

areas in the CA group were statistically significantly larger than the OxA+ neurons of 

the CAc group (p = 0.026) and the NTc group (p = 0.000). A comparison of somal 

area between the CAc and NTc groups was not statistically significantly different (p = 

0.165) (Fig. 5.3E). In regards to average somal volume, the OxA+ neurons in the CA 

group exhibited an average somal volume of 426.3 µm
3  

(s.e. 13.1), for the CAc group 

it was 379.3 µm
3 

(s.e. 12.5) and for the NTc group it was 350.9 µm
3 

(s.e. 10.9) (Fig. 

5.3F). Similar to the somal area, statistical analyses revealed that the somal volume in 

the OxA+ neurons in the CA group was statistically significantly larger than the 

OxA+ neurons of the CAc group (p = 0.030) and the NTc group (p = 0.000). A 

comparison of somal volume between CAc and NTc groups was not statistically 

significantly different (p = 0.217) (Fig. 5.3F). Thus, for the hypothalamic orexinergic 

neurons, the only substantive difference observed between the groups was the 

increase in size, by around 7 – 20%, of the soma in the group exposed to prenatal 

alcohol. 
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Figure 5.1: Lower (A, C, E) and higher (B, D, F) magnification photomicrographs of 

the laterodorsal tegmental (LDT, B, D, F) and pedunculopontine (PPT) nuclei of the 

mouse in the coronal plane immunostained for cholineacetyltransferase (ChAT) in the 

three different groups analyzed in the present study, the group exposed to chronic 

prenatal alcohol (CA) (A, B), the prenatal gavage control group (CAc) (C, D) and the 

non-treated control group (NTc) (E, F). The nuclear organization and number of 

ChAT immunostained cells was similar between groups, but the soma of the neurons 

in the CA group, exposed to chronic prenatal alcohol, were statistically significantly 

smaller than the two control groups (CAc and NTc). In all images dorsal is to the top 

and medial to the left. Scale bar in E = 250 µm and applies to A, C and E, scale bar in 

F = 100 µm and applies to B, D and F.  
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Figure 5.2: Graphs showing the average numbers of cholinergic (ChAT) (A), 

catecholaminergic (TH) (B) and orexinergic (OxA) (B) immunoreactive cells in the 

brains of three different groups (n = 6 per group) analyzed in the present study, the 

group exposed to chronic prenatal alcohol (CA), the prenatal gavage control group 

(CAc) and the non-treated control group (NTc). (A) Note that while the numbers of 

ChAT immunoreactive neurons in the laterodorsal tegmental (LDT) and 

pedunculopontine (PPT) nuclei are lower in the CA group, this difference is not 

statistically significant. (B) Note that while the numbers of TH immunoreactive 

neurons in the locus coeruleus complex is higher in the CA group, this difference is 

not statistically significant. (C) Note that while the numbers of OxA immunoreactive 

neurons in the hypothalamus is higher in the CA group, this difference is not 

statistically significant.  
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Figure 5.3: Graphs showing the average somal area (A, C, E) and average somal 

volume (B, D, F) of cholinergic (ChAT) (A, B), catecholaminergic (TH) (C, D) and 

orexinergic (OxA) (E, F) immunoreactive cells in the brains of three different groups 

(n = 6 per group) analyzed in the present study, the group exposed to chronic prenatal 

alcohol (CA), the prenatal gavage control group (CAc) and the non-treated control 

group (NTc). The average somal area and volume of the ChAT+ neurons of the 

laterodorsal tegmental (LDT) and pedunculopontine (PPT) nuclei (A, B) in the CA 

group are statistically significantly smaller than the control groups (CAc and NTc). 

The average somal area and volume of the TH+ neurons of the locus coeruleus 

complex (C, D) are not statistically significantly different between the three groups. 

The average somal area and volume of the OxA+ neurons of the hypothalamus (E, F) 

in the CA group are statistically significantly larger than the control groups (CAc and 

NTc). 
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Figure 5.4: Lower (A, C, E) and higher (B, D, F) magnification photomicrographs of 

the locus coeruleus (A6, B, D, F) and subcoeruleus (A7) nuclei of the mouse in the 

coronal plane immunostained for tyrosine hydroxylase (TH) in the three different 

groups analyzed in the present study, the group exposed to chronic prenatal alcohol 

(CA) (A, B), the prenatal gavage control group (CAc) (C, D) and the non-treated 

control group (NTc) (E, F). The nuclear organization, neuronal morphology, somal 

size and number of TH immunostained cells in the locus coeruleus complex is similar 

between groups. In all images dorsal is to the top and medial to the left. Scale bar in E 

= 250 µm and applies to A, C and E, scale bar in F = 100 µm and applies to B, D and 

F.  
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Figure 5.5: Lower (A, C, E, several nuclei) and higher (B, D, F, dorsal raphe lateral 

nucleus, DRl) magnification photomicrographs of the dorsal raphe nuclear complex 

(DR) of the mouse in the coronal plane immunostained for serotonin (5-HT) in the 

three different groups analyzed in the present study, the group exposed to chronic 

prenatal alcohol (CA) (A, B), the prenatal gavage control group (CAc) (C, D) and the 

non-treated control group (NTc) (E, F). The nuclear organization and neuronal 

morphology of the 5-HT immunostained cells in the dorsal raphe complex is similar 

between groups. In images A, C and E dorsal is to the top with the midline in the 

middle of the image, while in images B, D and F dorsal is to the top and medial to the 

left. Scale bar in E = 250 µm and applies to A, C and E, scale bar in F = 100 µm and 

applies to B, D and F. DRif – dorsal raphe interfascicular nucleus, DRv – dorsal 

raphe ventral nucleus, DRd – dorsal raphe dorsal nucleus, DRl – dorsal raphe lateral 

nucleus, DRp – dorsal raphe peripheral nucleus.  
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Figure 5.6: Lower (A, C, E) and higher (B, D, F) magnification photomicrographs of 

the hypothalamic orexinergic (OxA) neurons of the mouse in the coronal plane 

immunostained for cholineacetyltransferase (ChAT) in the three different groups 

analyzed in the present study, the group exposed to chronic prenatal alcohol (CA) (A, 

B), the prenatal gavage control group (CAc) (C, D) and the non-treated control group 

(NTc) (E, F). The nuclear organization and number of OxA immunostained cells was 

similar between groups, but the soma of the neurons in the CA group, exposed to 

chronic prenatal alcohol, were statistically significantly larger than the two control 

groups (CAc and NTc). In all images dorsal is to the top and medial to the left. Scale 

bar in E = 250 µm and applies to A, C and E, scale bar in F = 100 µm and applies to 

B, D and F. Mc – main orexinergic cluster, OTc – optic tract cluster, Zic – zona 

incerta cluster. 
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5.4. Discussion: 

In the present study we examined in detail the nuclear organization, neuronal 

morphology, total cell number and average cell size of four specific clusters of nuclei 

known to be involved in the control and regulation of the sleep-wake cycle. As 

outlined earlier, sleep in children suffering from fetal alcohol spectrum disorder 

(FASD) is perturbed in many ways, therefore a targeted analysis of some of the 

critical neuronal regulators of sleep was undertaken in mice exposed to a chronic 

prenatal alcohol regime to determine whether any clues to the basis for sleep disorders 

in FASD children could be found. For the most part, we did not record any specific 

differences between mice exposed to prenatal alcohol and those not. The organization 

of the nuclei that form the pontine cholinergic, pontine catecholaminergic, midbrain 

serotonergic and hypothalamic orexinergic was similar across all mice studied. 

Furthermore, the specific neuronal morphology within the various nuclei was also 

unaltered by prenatal exposure to alcohol. The somal volumes and areas of the 

pontine catecholaminergic neurons of the locus coeruleus complex were not affected 

by prenatal alcohol exposure; however, the somal volumes and areas of the pontine 

cholinergic and hypothalamic orexinergic did show significant variation in the group 

exposed to prenatal alcohol compared to both control groups. These two specific 

differences are discussed in terms of the effect they may have on the control and 

regulation of the sleep wake cycle and how this relates to the observed sleep disorders 

in children with FASD. 
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5.4.1. The soma of the pontine cholinergic neurons are smaller in mice exposed to 

prenatal alcohol: 

 The first specific difference observed in the mice that underwent a chronic 

prenatal alcohol regime compared to the control mice was the smaller size (around 

95%) of the pontine cholinergic neuronal soma of the laterodorsal tegmental (LDT) 

and pedunculopontine tegmental (PPT) nuclei. The cholinergic neurons of the LDT 

and PPT are known to be involved in the generation of REM sleep, and the phasic 

events of REM sleep such as ponto-geniculo-occipital (PGO) spikes, through their 

projections to the thalamus and the basal forebrain (Webster and Jones, 1988; Semba 

et al., 1990). Additionally, these neurons are involved in the activation of 

thalamocortical systems by blocking synchronized oscillations such as seen in slow 

wave sleep (Pare et al., 1988). In the FASD mouse model generated in this study, 

these cholinergic neurons were reduced in size, which would hypothetically indicate 

that in the FASD model mice they would have a higher threshold potential, thus being 

less excitable, and being smaller, they would likely be able to support a smaller axon 

and axon terminal field (Shepherd, 1979), making their action upon the recipient 

neurons less intense. Indeed, in experimental models where these neurons have 

undergone chemical ablation it was found that the amount of time spent in wake was 

significantly increased (Webster and Jones, 1988). Thus, it appears that the difficulty 

experienced in going to sleep, short sleep durations, and increased sleep disruptions 

observed in FASD children (Meltzer and Mindell, 2004; Jan et al., 2010; Wengel et 

al., 2011) may in part be related to a reduction in size of the cholinergic neurons of 

the LDT and PPT. 
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5.4.2. The soma of the hypothalamic orexinergic neurons are larger in mice exposed 

to prenatal alcohol: 

 The second specific difference observed in the mice treated with a chronic 

prenatal alcohol regime when compared to the control groups was the significantly 

larger size of the soma of the hypothalamic orexinergic neurons. The hypothalamic 

orexinergic neurons are known to project throughout the entire central nervous 

system, but exhibit specifically intense projections to other regions of the brain 

involved in arousal (e.g. Peyron et al., 1998). Thus, orexin (or hypocretin) has been 

implicated in arousal as one of the main functions of this system (e.g. Saper et al., 

2001; Siegel, 2004a,b). Many of the disorders associated with sleep in FASD children 

appear to be related to problems associated with arousal, and thus the arousal systems 

of the brain (Meltzer and Mindell, 2004; Haydon et al., 2009; Jan et al., 2010; Wengel 

et al., 2011). In this sense, the finding of larger orexinergic neurons in the currently 

used mouse model of FASD is of interest – perhaps the changes observed in this 

mouse model can help explain some of the sleep disturbances observed in FASD 

children. 

 The orexinergic neurons in the FASD mouse model were approximately 1.1 – 

1.2 times larger than those measured in the control mice. One of the key cellular level 

phenomena associated with an increase in neuron size, and thus an increase in 

neuronal surface area, is a lower threshold potential (Shepherd, 1979). Thus, the 

larger orexinergic neurons found in the FASD mouse model would, theoretically, be 

more readily excitable when compared to the control groups. In this sense, the brain 

globally, and in particular the arousal systems receiving intense projections from the 

orexinergic neurons of the hypothalamus, would potentially be in receipt of a greater 
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number of excitatory action potentials from the hypothalamus in the FASD mouse 

model than the controls. This in turn would augment the arousal function of the 

orexinergic neurons. The second key feature associated with increased neuron size 

would be the theoretical ability of the larger cell to support a larger and more 

extensively branched axon and axonal bouton terminal field (Shepherd, 1979), as seen 

in previous studies of orexinergic projections (Dell et al., 2012, 2015). In this sense, 

the density of orexinergic boutons in the projections zones of the hypothalamic 

orexinergic axons may be increased, both throughout the brain and specifically in the 

regions of the arousal system intensely projected to by the orexinergic neurons. Thus, 

both possibilities indicate that the effect of orexin may be more influential in the 

FASD mouse model than the controls and that this may in part help to explain the 

disorders of arousal observed in FASD children. 

 

5.4.3. Further studies: 

 In the current study we have observed two specific differences in two distinct 

neuronal systems involved in the regulation and control of the sleep-wake cycle. 

These two differences, when viewed in light of previous experimental studies of the 

sleep-wake cycle, appear to be directly related to the disorders of sleep experienced in 

children suffering from FASD. It would appear that prenatal alcohol exposure causes 

deficits within the arousal systems of both the hypothalamus (orexinergic) and pons 

(cholinergic), and that these deficits can cause the disorders observed in FASD 

children. It would be useful in future to undertake polysomnographic recording of 

sleep in the FASD mouse model and FASD children to determine to what degree the 

sleep disorders in the FASD children match any potential sleep disorders in the FASD 
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mouse model. Given the findings of the current study and the information to date for 

sleep in FASD children, REM sleep would appear to be an interesting target for study. 

Given the success in treatment of sleep disorders, such as narcolepsy (Didato and 

Nobili, 2009), further research into the precise mechanism causing sleep disorders in 

FASD models and children may open avenues for the use of neurotherapeutics to 

ameliorate and potentially alleviate sleep disorders associated with FASD. In future, 

such symptoms as night terrors (Durmer and Dinges, 2005), sleep walking (Randazzo 

et al., 1998), and daytime tiredness (Lancioni et al., 1999) may be treatable in FASD 

children and thus increase their quality of life significantly by keeping these 

symptoms under control. 
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CHAPTER SIX: Concluding discussion 

In the current study four specific aspects of the brain morphology of an 

FAS/FASD mouse model and appropriate controls were explored both qualitatively 

and quantitatively. Central findings include: (1) the rate of proliferation of newly born 

cells in the dentate gyrus of the hippocampus do not appear affected, but the numbers 

of immature neurons in the dentate gyrus is significantly lower in the mice exposed to 

ethanol compared to the control groups; (2) The organization of the PMBSF barrel 

field is unaffected, but there was a non-significant trend toward the reduction in the 

mean sizes of barrels in the group exposed to prenatal alcohol; (3) there were no 

differences in the nuclear organization, neuronal morphology and numbers of 

cholinergic, catecholaminergic, orexinergic and serotonergic neurons involved in the 

sleep-wake cycle, but in the alcohol exposed group the orexinergic neurons had larger 

somas than the control groups and the cholinergic neurons had smaller somas than the 

control group, while no difference in soma size was observed in the 

catecholaminergic neurons; (4) no differences in the organization or neurochemistry 

of the vermal cerebellar cortex was detected either qualitatively or quantitatively.  

Animal models of FAS or FASD are used to explore various aspects of this 

condition, with the hope that the model reflects what is happening in humans; 

however, these animal models do need to be verified as accurate reflectors of the 

condition in humans. This does not only involve the examination of specific aspects 

of the model, such as epigenetics (Haycock and Ramsay, 2009; Knezovich and 

Ramsay, 2012), but neuroanatomy, neurophysiology and behaviour. A holistic 

approach, from molecules to behaviour, for the validation of animal model of a 

human condition needs to be undertaken to ensure that the translation of findings in 
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the animal model to humans is appropriate (Perrin, 2014). The series of studies that 

form this thesis specifically targeted aspects of the neuroanatomy of a previously used 

FAS mouse model (Haycock and Ramsay, 2009; Knezovich and Ramsay, 2012) to 

determine whether alterations in the neuroanatomy in this model would predict 

behavioural outcomes consistent with those observed in humans suffering from FAS 

or FASD. 

The overall results of this neuroanatomical investigation of an FAS/FASD 

mouse model are mixed in terms of the relationship of observed changes and lack of 

changes in the neuroanatomy to behaviours associated with humans suffering from 

FAS/FASD, and indeed to other animal models of FAS/FASD. This mixed bag of 

findings highlights the difficulties in the use of animal models in translational 

research – nothing is as clear as what it might seem from the scientific literature using 

animal models to mimic human conditions and infer potential therapeutic resolutions 

to these conditions. For the currently neuroanatomically assessed mouse model, the 

results of the studies targeting adult neurogenesis in the hippocampus, the sleep 

systems, and cortical sensory processing, do appear to be useful in understanding 

behavioural deficits associated with memory, sleep and sensory processing in humans 

suffering with FAS; however, the lack of changes in the cerebellum indicates that this 

FAS mouse model does not appear to account for the motor disorders associated with 

human FAS/FASD. Thus, for the most part, it would appear the FAS mouse model 

used in the current series of studies, and used previously (Haycock and Ramsay, 

2009; Knezovich and Ramsay, 2012), does have neuroanatomical changes that appear 

to relate to specific behavioural disorders associated with human FAS, but there are 

both specific and more general shortfalls associated with this and other animal models 

of FAS/FASD. 
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The most striking shortfall that has been repeatedly mentioned in rodent model 

studies of FAS/FASD is the fact that the trimester periods in rodents do not directly 

match those in humans, making direct translations from rodent models to human 

subjects difficult and controversial. In rodents, the equivalent developmental stages of 

the third trimester of human pregnancy fall within the first week of rodent postnatal 

life. This indicates that the physiological states of the developing brain during this 

stage of development will be different between rodents and humans, complicating 

translations from the animal model to humans. To expand on this point, specific 

therapeutics developed in rodent models though to mimic human disorders show a 

failure rate of more than 80% when tested on humans in clinical trials (Perrin, 2014). 

This indicates that modelling diseases or specific conditions in animals is more often 

than not untranslatable to humans (Perrin, 2014). Interestingly, factors associated with 

the specific animal models are often blamed for the misalignment of findings with 

observations in humans (Perrin, 2014). Obviously, the best model animal for any 

clinical research relating to disorders in humans is to utilize human models; however, 

the use of humans in scientific experiments has huge limitations in the sense of ethical 

issues, it is extremely expensive, and there are logistical problems (Perrin, 2014). 

Thus, it is essential to attempt to understand the anatomy, physiology and behaviour 

of an animal model before utilizing these animal models in any experimental design – 

the basic biology of the animal model must coincide to a great enough degree to that 

of humans in order to be a useful animal model. In other words, basic biology is the 

building block for clinically related translational research, without understanding the 

true biology of the animal model and how it relates to humans, the success rates of 

translational research are likely to become even poorer than they are at present 

(Perrin, 2014). Despite this, the positive findings of changes in the FAS mouse model 
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used in the current studies, do indicate that with further development, this model may 

become a very efficient and useful model in the study of human FAS/FASD. 

Further validation of this mouse model is clearly needed in order to progress our 

understanding of FAS/FASD in humans. An extensive series of behavioural studies 

examining sensory, motor, sleep/wake and cognitive aspects of the mouse model, and 

how any changes in the mouse model relate to human FAS behavioural disorders are 

needed. In addition, more detailed studies of the human behavioural disorders 

associated with FAS are sorely needed, such as polysomnographic recordings of sleep 

to determine what is truly disrupted in the sleep-wake cycle of human FAS sufferers. 

Studies of the neurophysiology involved with sensory, motor, sleep/wake and 

cognitive aspects of the FAS/FASD mouse model will bridge the gap between 

anatomical studies and behaviour, especially if these are run concurrently with 

imaging studies of FAS humans to determine how closely aligned the 

neurophysiology underpinning behavioural differences are in both humans and 

potential model animals. More anatomical studies of regions of the brain not targeted 

in the current study are also required. As FAS is not an inherited disorder, further 

studies of the epigenetics of this mouse model would also be instructive. Combined, 

these studies would bridge the gap between molecules and behaviour in this mouse 

model of FAS and allow for the proper determination of the usefulness of this model 

for understanding human FAS and the potential development of therapeutics. 

 Thus, while the FAS mouse model used in the current study clearly has 

potential for further use in understanding human FAS, it would be wise to undertake a 

concerted and multipronged approach to the validation of this model – something that 

appears to be missing for many models of human mental illness. There is a tendency 

for researchers, for reasons of economics and ease of use, to use rodents as model 
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animals for humans, but this almost reflexive recourse to rodent models clearly needs 

to be validated correctly before real progress will be made. It is hoped that the studies 

undertaken in this thesis provide at least some forward momentum in our developing 

understanding of the use of model animals for human disorders. 
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