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Abstract
Fetal alcohol spectrum disorders (FASD), caused by maternal alcohol consumption during
pregnancy, has been extensively studied in the human. Animal studies show that alcohol
exposure during very early development may result in severe brain damage, often
incompatible with a postnatal life. However, for surviving offspring it is unknown whether
they suffer long term brain damage. The final assembly of the mature brain results from a
controlled balance between proliferation of glial and neuronal precursors and programmed
cell death. The overall aim of the current study was to use a physiologically relevant mouse
model to assess the acute and long-term effects of binge alcohol exposure on the early
embryo, to simulate human pregnancy at the third week of gestation when pregnancy may
be undetected.
A number of paradigms were used to assess the acute dose-response effect, the blood
alcohol concentration (BAC) profile and the extent of cell death following alcohol exposure
on gestational day (0) 7.5. The exposure paradigms were single binge 106.5, 104.5, IP4.5,
or an extended binge 104.5+, 103.0+. Two control groups were Con6.5 and Con4.5+.
Acute cell death was determined using terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL), activated caspase-3 staining, and transmission electron microscopy.
Cell proliferation was investigated using S-phase immuno-labeling, bromodeoxyuridine
(BrdU) birthdating and immuno-detection (BrdU/anti-BrdU). The long-term effects were
investigated at 018.5 and postnatal day (PN) 60. Unbiased stereological methods were
used to assess the effect of ethanol exposure at 07.5 on neocortical volume, cell number
and density of neurons, glial cells, and capillary cells at PN60.
The first principal finding of the present study was that binge ethanol exposure during
gastrulation resulted in acute apoptotic cell death in the ectoderm of the mouse embryo.
Cell death was dependent on both peak BAC and the duration of elevated BAC. Significant
increased cell death (TUNEL labeling) was observed in groups 106.5 (9.43 ± 2.08%) and
104.5+ (8.97 ± 2.12%) compared with control groups Con6.5 (2.14 ± 0.09%) and Con4.5+
(2.81 ± 0.36%). There was no significant increased cell death in ethanol exposed groups
104.5 (3.43 ± 0.45%), IP4.5 (3.68 ± 0.67%), or 103.0+ (1.72 ± 0.24%). TEM analysis
revealed that cell death exhibited characteristics of the apoptotic pathway.
11

The second principal finding of the present study was that binge ethanol exposure during
gastrulation resulted in acute arrested proliferation in the ectoderm of the mouse embryo.
The S-phase proliferation was significantly decreased within the whole ectoderm in the
ethanol exposed group 106.5 (45.58 ± 2.34%) compared with control group Con6.5 (62.08
±3.11%).

The third principal finding of the present study was that binge ethanol exposure during
gastrulation induced the long term effect of laminate disorganization in the neocortex. The
incidence of abnormal lamination was 87.5% in IG6.5 compared with 16.7% in 103.0+ and
14.3% in Con6.5. Although ethanol exposure increased embryonic reabsorption, decreased
litter size, and increased abnormal offspring, neocortical volume, and the total number of
neurons, glial cells, and capillary cells was not affected. The total number (10 6) of neurons,
glial cells, and endothelial cells respectively was 12.221 ± 0.436, 4.865 ± 0.167, and 2.874
± 0.234 in 106.5; 11.987 ± 0.416, 4.942 ± 0.133, and 2.922 ± 0.130 in 103.0+; and 11.806 ±
0.368,5.166 ± 0.267, and 3.284 ± 0.217 in controls, at PN60.

These results provide important information pertinent to fetal outcome for those women
who drink heavily in early pregnancy. The results also demonstrate the importance of the
pattern of ethanol exposure and blood alcohol concentration in determining the magnitude
of ethanol's teratogenic impact. Ethanol exposure on 07.5 that resulted in a high transient
BAC, induced disorganized neocortical lamination, indicative of a permanent structural
change. This disruption may result in altered neocortical function and requires further
investigation.
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Chapter 1

Fetal Alcohol Syndrome

Fetal alcohol syndrome (FAS), caused by maternal alcohol consumption during
pregnancy, has been considered the leading preventable cause of mental retardation in the
Western World (Abel, 1995a). FAS was first recognized as a clinical entity in 1973, and
consists of a cluster of birth defects such as abnormal facial features, cardiac defects,
microcephaly, and mental deficiency (Jones and Smith, 1973). In 1978, the term "fetal
alcohol effect" (or FAE) was first used to classify the cognitive or behavioral problems,
growth aberration, and physical (dysmorphic) deviations that occur at higher frequencies
in alcohol-exposed fetuses than in unexposed fetuses (Clarren and Smith, 1978a). More
recently, the terms alcohol-related birth deficits (ARBD) and alcohol-related
neurodevelopmental disorder (ARND) have been proposed to describe alcohol-affected
individuals without FAS (Stratton et aI., 1996). Children with FAS, FAE, ARND, and
ARBD may manifest cognitive, behavioral, and psychosocial problems that cause
lifelong disabilities, although the resulting manifestations may vary with age and
circumstances (Stratton et aI., 1996). Most recently, the range of effects that result from
prenatal alcohol exposure has been generalized as fetal alcohol spectrum disorders
(FASD) (Barr and Streissguth, 2001; Hoyme et aI., 2005), although FASD is not a
clinical diagnostic term.

The syndrome of FAS is characterized by: prenatal and postnatal growth retardation
(height and/or weight); characteristic craniofacial anomalies; and central nervous system
dysfunction - exhibited in either structural or functional deficiencies (Jones and Smith,
1973; Streissguth et aI., 1991). Children with FAS are usually below the tenth percentile
in height and/or weight compared with normal same age children (Sampson et aI., 1997).
In addition, alcohol exposure during gestation leads to a characteristic FAS facial
phenotype (Figure 1.1). It is reported that some craniofacial features ofFAS change with
age (Streissguth et aI., 1985). For example, nasal bridges of midface hypoplasia may
become more prominent and mandibles become relatively prognathic. However, at least
three abnormal characteristics do not change with age. These are identified as a reduced
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ratio of palpebral fissure length to inner canthal distance; philtrum smoothness; and a thin
upper lip (Astley and Clarren, 1996; Astley and Clarren, 200 I).

1.1

Neuropathological Anomalies of FAS

1.1.1 Autopsy Studies

Most data relating to physical abnormalities of the central nervous system (CNS) in FAS
are derived from autopsy (Figure 1.2). Autopsies of fetuses with FAS have provided
evidence of extensive damage to the CNS. Microencephaly - a significant reduction in
total brain weight - is a common characteristics of FAS (Roebuck et al., 1998) and
continues to be one of the hallmark features. It is often accompanied by a reduction in
specific subdivisions of the FAS brain (Jones and Smith, 1973). In addition, extensive
structural abnormalities of the brain occur including; cerebral dysgenesis - severely
thinned, underdeveloped, and disorganized cerebral cortex (Clarren, 1981; Clarren et al.,
1978b; Coulter et al., 1993; Peiffer et aI., 1979; Wisniewski et al., 1983); anteriorly fused
frontal lobes (Coulter et al., 1993); and dysgenesis of the corpus callosum and other
Enlargement of the lateral ventricles, or

commissures (Jones and Smith, 1973).

hydrocephalus, is also common and is considered to result from obstruction of the
subarachnoid space around the brainstem by glial heterotopias (Clarren et al., I978b;
Peiffer et al., 1979).

Brain defects are also observed as abnormalities of the cerebellum, brainstem, olfactory
bulbs, hippocampus, and basal ganglia (Figure 1.2B and C). Cerebellar heterotopia
(Clarren et al., 1978b; Coulter et al., 1993; Kinney et al., 1980; Peiffer et al., 1979),
hypoplasia (Wisniewski et al., 1983) and complete agenesis (Peiffer et al., 1979) of the
cerebellar vermis have been reported. Studies have also showed brainstem dysgenesis
(Clarren et al., 1978b; Coulter et al., 1993; Jones and Smith, 1973; Peiffer et al., 1979)
with the pons and medulla being absent or not identifiable (Clarren et al., 1978b; Peiffer
et al., 1979). Well documented abnormalities in other brain regions include absence of
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olfactory bulbs, hypoplasia of the hippocampus (Coulter et aI., 1993; Peiffer et aI., 1979),
and abnormal or absent basal ganglia (Coulter et aI., 1993; Peiffer et aI., 1979;
Wisniewski et aI., 1983).

Microencephaly and CNS dysgenesis in FAS children may be caused by either the direct
toxic effects of ethanol leading to neuron death (Du and Hamre, 2001; Dunty et aI., 2001;
Light et aI., 2002; Sulik et aI., 1981), or interference with normal proliferation (Miller,
1989a) and migration (Borges and Lewis, 1983) of neuronal and glial cells. Severe brain
disorganization and extensive heterotopias at the cellular level have been reported to
result from errors in neuronal and glial migrations (Clarren et aI., 1978b; Wisniewski et
aI., 1983). A common migration anomaly - leptomeningeal heterotopia (Figure 1.2A), is
characterized by clusters of aberrant neural and glial tissues partially covering the brain
surface and sometimes incorporating into the pia mater (Clarren et al., 1978b; Jones and
Smith, 1975). Heterotopia also occur as scattered ectopic neurons in the white matter of
all lobes and ectopic glial cells on the dorsolateral aspect of the medulla oblongata
(Clarren et aI., 1978b).
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Short Palpebral
Fissures
Smooth Philtrum
Thin Upper Lip

Figure 1.1 The craniofacial dysmorphology of FAS. A: Control. B: FAS. (From
Astley and Clarren, 2001).

Figure 1.2 Autopsy studies on FAS. A: Leptomeningeal, neuroglial heterotopia in the
cerebral cortex. B: Normal cerebellum and pons in control child. C: Small and poorly
formed cerebellum, and absence of pons. (A from Jones and Smith, 1975; B&C from
Clarren et aI., 1978b).
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1.1.2 Magnetic Resonance Imaging Studies

Recent studies in living subjects with FAS using magnetic resonance imaging (MR1)
have confirmed the gross neuroanatomical abnormalities found in autopsy studies
(Johnson et al., 1996; Mattson et al., 1992). More importantly, MR1 has provided
information which may better represent the characteristics of FASD children due to its
non-invasive nature. Unlike autopsy studies, which generally relate to the most severe
FAS cases, MRI studies examine the whole range of clinical severity, making it possible
to ana1yze the nature and severity of neurodevelopmental defects among the vast majority
of surviving FASD children.
MRI studies have shown reduction in the volume of cerebral (Archiba1d et al., 2001;
Mattson et al., 1992; Sowell et al., 2002) and cerebellar vaults (Mattson et al., 1992), and
increase in cortical and subcortical fluid (Mattson et al., 1996), suggesting an overall loss
of brain tissue. The cerebral size of FAS children is not uniformly decreased (Figure
1.3A), with white matter volumes more affected than gray matter volumes, and parietal
lobes more affected than temporal and occipital lobes (Archibald et al., 2001). The basal
ganglia and diencephalic structures of FAS children are also reduced, with a specific
decrease in the relative volume of the caudate nucleus when the decreased overall brain
size ofFAS children is considered (Archibald et al., 2001; Mattson et al., 1996). Other
abnormalities found using MRI include agenesis and hypoplasia of the corpus callosum,
cavum septi pellucidi, cavum vergae, ventriculomegaly, hypoplasia of inferior olivary
eminences, small brain stem, and microencephaly (Johnson et al., 1996; Riley et al.,
1995). MRI has also revealed that certain brain regions may be more sensitive to alcohol
effects than others. Regional variation is seen in the cerebellar vermis (Figure 1.3B and
C), with the anterior region (Iobules I-V) being significantly smaller in subjects with
FAS, while the posterior region (VI and VII) and the remaining verma1 area (VlII-X) did
not differ between groups (Sowell et al., 1996).
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Basomesia l diencephalon
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Nucleus accumbens
Lenticular nucleus

Cerebellum

B
Figure 1.3 Examples of MRI studies on FAS. A: Boundary of cortical regions was
represnted by different color. Decrease of cortical volume is not uniform, with white matter
more affected than gray matter, and parietal lobes more affected than temporal and
occipital lobes. B: Normal cerebellar vermis in control subject (light gray, lobules I-V,
medial gray, lobules VI and VII, black,Lobules VIII-X). C: Anterior region of cerebellar
vermis (lobules I-V) are affected more than the rest of lobules. (A from Archibold et al, 200 1;
B&C from Sowell et al, 1996).
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1.2

Brain Functional Deficits in FAS

Corresponding to the physical anomalies in FAS, cognitive and behavioral deficits are
also displayed in these children. Studies of the long-term effects of prenatal exposure to
alcohol have led to consistent reports that FAS children have a lower IQ (Aronson et aI.,
1985; Clarren, 1982a; EI-Guebaly and Offord, 1977; Iosub et al., 1981; Shaywitz et al.,
1980; Streissguth et al., 1978). However, the range of IQ scores is wide, varying from 20
(severely retarded) to 105 (normal) (Streissguth et al., 1991).

In addition, children with FAS are often described clinically as hyperactive, distractible,
impulsive, and as having poor attention (Aronson et al., 1985; Streissguth et aI., 1985).
Deficits in memory and language skills (Shaywitz et aI., 1980; Steinhausen et aI., 1982;
Streissguth et al., 1990; Streissguth et aI., 1994), general learning difficulties (Streissguth
et al., 1990), and specific arithmetic deficits (Streissguth et aI., 1991) are all typical of
FAS children.

Many other functional symptoms of alcohol-induced CNS anomalies have been reported.
Visual deficits include reduced visual acuity, myopia, and microphthalmia (Stromland,
1987; Stromland, 2004). Auditory deficits encompass conductive hearing loss (Rossig et
aI., 1994), sensori-neural hearing loss (Church and Kaltenbach, 1997), and deficits in
balance and coordination (Clarren, 1981; Roebuck et al., 1998).

It is important to note that fetal alcohol syndrome is not just a childhood disorder. An

impressive array of data suggests that long-term deficits in adaptive and other behaviors
exist in affected individuals (Mattson et aI., 1998; Steinhausen et al., 1994; Streissguth et
aI., 1989; Streissguth et al., 1994), and this may represent the greatest challenge to the
management and treatment of those with FAS.
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1.3

The Incidence of FAS

The optimal time for diagnosis of FAS is between 8 months and 8 years of age (Sampson
et aI., 1997) because the distinct facial features of FAS may become less obvious with
age (Streissguth et al., 1991; Streissguth et aI., 1985). The incidence of FAS in the
Western World is 1.02 cases per 1,000 live births (Abel, 1995a). However, the incidence
ofFAS has been estimated at 4.3% among "heavy" drinkers in the Western World (Abel,
1995a). In addition, the incidence ofFAS has a regional distribution, being more than 20
times higher in the United States (1.95 per 1,000) as compared to Europe and other
countries (0.09 per 1,000) (Abel, 1995a). The prevalence of FAS may also vary between
specific communities; for example, an incidence of 125 per 1,000 was found in a small
Canadian Indian community where alcoholism was rampant (Robinson et aI., 1987). The
prevalence of fetal alcohol syndrome in New Zealand is not known, but based on
overseas statistics, one could predict between 20 and 112 children with fetal alcohol
syndrome are born each year in New Zealand (Leversha et aI., 2001; Leversha and
Marks, 1995).

1.4

Alcohol Related Brain Damage without Clear Diagnosis of
FAS

The incidence of FAS is high and inevitably the source of serious social problems. Aside
from full-blown FAS, the less severe FASD such as seen in FAE, or ARBD and ARND,
needs to be added to establish a true incidence of the effects of prenatal alcohol exposure.
These conditions are more difficult to diagnose and often exhibit relatively subtle
impairments; for example, average scores on various tests may be only a few points
below normal (Jacobson and Jacobson, 1999).

The symptoms and severity of FAE,

ARBD, and ARND also reflect variations in timing of exposure, dose and pattern of
ethanol exposure, genetic factors in the mother or fetus affecting metabolism or
susceptibility, and interactions with other environmental exposures, all known to modify
outcome to potentially teratogenic exposures (Chernoff, 1980; Goodlett et aI., 1989;
Streissguth and Dehaene, 1993).
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Chapter 2

Embryonic Development

To understand teratogenesis resulting from interference with development, one must
know both the nature of the interference and the nature of the organism at the time of
insult. This thesis aims to investigate alcohol-induced acute cell toxicity and long term
sequelae affecting the cerebral cortex following exposure during gastrulation. Thus,
understanding embryonic development, especially gastrulation and neocortical
development is very important.

The first thing to be learned about neuron production is that it occurs over a surprisingly
long period, with different neuron types forming at different times (Rodier, 1980).
Development of the brain occurs throughout gestation and, in many species, into the early
postnatal period. All mammalian brains undergo a similar sequence of development but
the exact timing of each developmental stage is unique to each species (Dobbing and
Sands , 1979) . In the human, pregnancy is typically divided into three periods, or
trimesters, each trimester lasting about three months. In the mouse the timing of the
stages of brain development, is different to that of the human.

2.1

Gastrulation

2.1.1 Embryonic Development from Fertilization to Gastrulation

Fertilization occurs within the oviduct of mammals and a cascade of developmental
events is quickly set in motion.

The single celled zygote resulting from the sperm

penetrating the egg, undergoes the first cleavage division at about 25 hours after
fertilization (Edwards and Gates , 1959). This occurs in the ampullary region of the
oviduct , and lasts 5 to 10 minutes. The embryo then passes through the ampullary region
down to the oviduct. Following a series of rapid successive mitotic divisions (interval
between division about 12 hours), a solid ball of 16 cells, called the morula , is formed .
At this stage , the cells are labile and their fate is not yet determined. Embryos usually
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reach this stage around 60 hours after fertilization at which stage they pass from the
oviduct into the utero-tubal junction (Snell and Stevens, 1966).
The morula transforms into the blastocyst with formation of a fluid-filled internal cavity
called the blastocele. The innermost cells of the blastocyst concentrate at one pole of the
blastocyst to form the inner cell mass, which will eventually develop into the embryo
(Snell and Stevens, 1966).

The outermost cells of the blastocyst flatten as the

trophoblast. At about gestational day (G) 4.5, blastocyst implantation begins (Eaton and
Green, 1963), with each blastocyst finding its way into a uterine crypt on the ventral or
antimesometrial side of the lumen. At this stage, the embryonic (proximal or visceral)
endoderm cells delaminate from the ventral part of the inner cell mass, as a distinct layer
covering the blastocelic surface of the inner cell mass. At a slightly later stage, the
endoderm cells migrate around the entire inner surface of the mural trophectoderm to
form the extraembryonic distal (or parietal) endoderm (Snell and Stevens, 1966).
After implantation, the number of cells in the inner cell mass increases quickly, and this
results in their subsequent growth down into the blastocoel or yolk cavity, to form the egg
cylinder. At about G6.0, the proamniotic cavity forms within the mass of primitive
ectoderm cells, initially in the future embryonic pole, and then progressively towards the
abembryonic pole (Snell and Stevens, 1966). At G6.5, the ectoderm of the inner cell
mass becomes clearly divided into a ventral region which will form the embryo proper
and a dorsal region which is extraernbryonic ectoderm (Snell and Stevens, 1966).

2.1.2 Gastrulation
Gastrulation is the period in postimplantation development which involves the conversion
of the two-layered embryo progressively into the three primary germ layers, and
simultaneously the acquisition of the axial organization of the future fetus (Fraser, 1883;
Snow, 1977). In the human, the process consists of two stages; the presomitic stage and
the somitic stage. The presomitic stage starts at about 15 days postconception and
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continues until 20 days, while the somitic stage extents from 20 to 28 days (O'Rahilly and
Tucker, 1973).

In the mouse, gastrulation begins at about 06.75 and lasts until 08.0 (Downs and Davies,
1993).

A detailed account of mouse gastrulation has been provided by several

researchers (Downs and Davies, 1993; Kaufrnan, 1992; Snell and Stevens, 1966; Theiler,
1972). Between the time of formation of the primitive streak to early organogenesis,
gastrulation has been divided into four stages (Figure 2.1): primitive streak stage, neural
plate stage, head fold stage, and somite stage (Downs and Davies, 1993; Tbei1er, 1972).
These are discussed in detail below.

2.1.2.1

Primitive Streak Stage

The primitive streak stage signals the onset of gastrulation (Figure 2.1A). At about 07.0,
close to the junction of the embryonic and extra-embryonic tissues, cells begin to
delaminate from the upper ectoderm and to proliferate. The thickened region is called the
primitive streak and the third germ layer formed the mesoderm (Snell and Stevens, 1966).
The growth of the mesoderm is rapid, an almost integrated mesoderm layer can be seen at
about 07.25 (Downs and Davies, 1993; Kaufman, 1992). The anteroposterior axis is
established following the appearance of the primitive streak which starts from the
posterior end of the embryo (Snell and Stevens, 1966).

At the same time, extra-embryonic mesodermal cells also form and migrate between the
extraembryonic ectoderm and the adjacent endoderm, which take part in formation of the
yolk sac (Snell and Stevens, 1966; Theiler, 1972). Extra-embryonic ectoderm and
adjacent mesoderm cells proliferate and expand into the proamniotic cavity, forming the
posterior amniotic fold (Figure 2.1A). Subsequently, the smaller lateral amniotic folds
unite to form the anterior amniotic fold. Meanwhile, in the mesoderm of the posterior
amniotic fold, small cavities appear between the cells, which join together to form a
single cavity, the exocoelom (Downs and Davies, 1993; Snell and Stevens, 1966; Theiler,
1972).
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2.1.2.2

Neural Plate Stage

At about 07.5, alongside the anterior growth and enlargement of the exocoelom, the
anterior and posterior amniotic folds fused together (Figure 2.1B) to form a complete
amnion (Theiler, 1972). As a consequence of these events, the embryo becomes divided
into three separate compartments: the ectoplacental cavity, the exocoelomic cavity and
the amniotic cavity, being separated by the chorion and amnion, respectively (Downs and
Davies, 1993; Theiler, 1972). Following formation of these three separate cavities, a
small allantoic bud is seen at the posterior junction of the embryonic (primitive streak)
and extraembryonic portions, located at the junction of the amnion with the
extraembryonic mesoderm. The allantoic bud grows into the exocoelomic cavity and
contact with the chorion at the end of this stage (Downs and Davies, 1993).

2.1.2.3

Headfold Stage

In this more developed stage (from 07.5 - 8.0), the neural groove and adjacent notochord
become more clearly defined (Figure 2.1C) (Downs and Davies, 1993). The anterior
ectoderm thickens, and a well-defined headfold forms (Kaufman, 1992).

2.1.2.4

Somite Stage

At about 08.0, somite stage embryos with 1 - 7 pairs of somites, are visible (Figure
2.1D). The somites are segmental structures arising in the paraxial mesoderm anterior to
the primitive streak (Theiler, 1972). Within the head folds, the boundary of the neural
ectoderm (neuroepithelium) and the epidermal ectoderm becomes progressively clearer
both in the cephalic region and elsewhere along the embryonic axis. The contact and
fusion of the neural folds in the region of the 4th and 5th somites is also seen (Theiler,
1972).
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Figure 2.1 Four stages of gastrulation development. A: Primitive streak stage, the mesoderm
start to appear, head process andposterior amniofold begin to form. B: Neural plate stage, the
anterior and posterior amniotic folds grow to fuse, neuralgroovestart to appear. C: Headfold
stage, the anterior ectoderm thickened to formheadfold. D: Somitestage, 1-7pairs of somites
startto appear (FromSnellandStevens, 1966).
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2.1.3 Programmed Cell Death in the Mouse Gastrula

Programmed cell death (PCD) by apoptosis is a common feature of the developing
embryo. It begins as early as the inner cell mass stage (Sanders and Wride, 1995; Snow,
1987) and continues until late third trimester (Blaschke et al., 1996; Blaschke et al., 1998;
Chan and Yew, 1998; Cragg and Phillips, 1985; Spreafico et aI., 1999; Spreafico et al.,
1995). In early chick and mouse embryos, cell death occurs during gastrulation (Bellairs,
1961; Daniel and Olson, 1966; Sanders et al., 1997); neural tube closure (Geelen and
Langman, 1977; Schluter, 1973); and neural crest formation (Homma et aI., 1994; Jeffs et

al., 1992a; Jeffs and Osmond, 1992b; Lumsden et al., 1991; Vermeij-Keers and
Poelmann, 1980).

PCD varies in extent at different locations and developmental stages, and is frequently
associated with regulation of the size of a structure or tissue, with elimination of
abnormal cells, and/or with morphogenesis (Jacobson et al., 1997).

However, the

significance of PCD, a genetically controlled and highly regulated process, is not clear at
very early stages of development - and particularly during gastrulation.

2.2

Neocortical Development

After gastrulation, the brain development of the mouse embryo can be roughly divided
into three stages. The first stage, neurulation (organogenesis), occurs between G8-10
(Schoenwolf, 1984). The second stage, proliferation and migration, occurs from G II to
GI7 (proliferation) (Takahashi et al., 1995; Takahashi et al., 1996) and from Gl3-14 to
postnatal day (PN) 4-5 (migration) (Rice and Van Der Loos, 1977). The third stage,
differentiation and maturation, extends from G15 to PN30 with very rapid development
(growth spurt) between PN5 and PNlO (Leuba et al., 1978).

Neurulation is the initial process of development of the central nervous system (CNS) in
mammalian embryos, which begins with the formation of a neural plate and ends with the
closure of the neural tube (Schoenwolf, 1984).
14

On G8, the neural plate (neuroepithelium) can be clearly observed as it becomes
differentiated from the epidermal ectoderm, both in the cephalic region and elsewhere
along the embryonic axis (Kaufman, 1992).

The cells of the single-layered

neuroepithelium increase in height, becoming tall columnar cells, and a midsagittal
neural groove appears. The lateral regions of the neural plate elevate to form the neural
folds. The neuroepithelial cells on the tips of these folds are the future neural crest cells
which will form all cells of the peripheral nervous system. As cell proliferation increases
within the neuroepithelium the neural groove deepens and the folds become thicker
(Schoenwolf, 1984).

Subsequently, the neural folds bend medially, become apposed, and fuse across the dorsal
midline to form the neural tube. The first fusion of the neural folds in mice happens
between G8 - G8.5 (Sakai, 1989; Theiler, 1972; Waterman, 1976). It occurs at a level
intermediate between the third and fourth somites and proceeds both rostrally and
caudally (Nichols, 1981). The rostral part of the primitive neural tube forms the brain,
while the caudal part differentiates into the spinal cord. The final closure of the anterior
opening of the neural tube, the anterior neuropore, occurs around G9 when the somites
number 15 - 19 pairs (Theiler, 1972). The whole neural tube becomes closed with
closure of the caudal neuropore, occurring at about G10 with 30 - 34 pairs of somites
present (Sakai, 1989; Theiler, 1972).
Shortly after neural tube closure, the neural lumen in the head region expands to form
three linked vesicles.

These are the prosencephalon, the mesencephalon and the

rhombencephalon (Kaufman, 1992). The tissues surrounding them will form the fore-,
mid- and hind-brain. The midbrain (mesencephalon) connects the primitive forebrain
(prosencephalon) with the hindbrain. The primitive hindbrain (rhombencephalon) is
subdivided into a more rostral metencephalon and a more caudally located
myelencephalon. The former gives rise to the pons and cerebellum, while the latter gives
rise to the medulla oblongata (Kaufman, 1992).

The primitive forebrain

(prosencephalon) becomes subdivided into an anterior part known as telencephalon and a
posterior part called diencephalon. The telencephalon will develop into the cerebral
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hemisphere with their cavities becoming the lateral ventricles. The diencephalon will
develop into thalamus, hypothalamus, and pituitary gland.

The cavities of the

telencephalon and diencephalon both contribute to formation of the third ventricle
(Kaufman, 1992).

2.2.1 Laminar Development

The development of the central nervous system is complex because a great number of
specialized regions develop over different developmental periods. The remainder of this
chapter will briefly discuss the development of the cerebral cortex in the mouse. In
laboratory mice, the neuronogenesis of the forebrain begins around GII (Takahashi et al.,
1995) and continues for six days, including II integer proliferation cycles (Figure 2.2).
The final neocortical neurons arise early on G17 (Caviness Jr et al., 1995; Takahashi et
al., 1999; Takahashi et aI., 1995; Takahashi et al., 1996).
The onset of cerebral cortical neuronogenesis is signaled by the appearance of the first
terminally postmitotic neurons leaving the telencephalic ventricular zone (VZ) to enter
the marginal zone (MZ) on GII (Caviness Jr et al., 1995; Takahashi et al., 1995;
Takahashi et al., 1996).

The VZ is formed by the pseudostratified columnar

neuroepithelium that lines the ventricular cavities of the embryonic telencephalic wall
(Sauer, 1935; Sauer and Walker, 1959; Takahashi et al., 1995; Takahashi et al., 1996).
The nuclei of these cells move away from the lumen between cell cycles and toward the
lumen as mitosis is approached. The MZ lies superior to VZ, and contains sparse CajalRetzius cells. It is mainly composed of the apical processes ofthe neuroepithelial cells of
the VZ (The Boulder Committee, 1970). Thus, these two primary layers are not separate
entities but contain different parts of the same cells.
Prior to G13, some progeny of the dividing ventricular cells migrate outward and
establish the third zone - the intermediate zone (IZ) (Smart and McSherry, 1982). The IZ
consists of a few rounded nuclei which are present between the VZ and MZ. In the
mouse, the IZ is first seen in the lateral part of the ventral-rostral telencephalon at about
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G12. With time, the zone spreads caudally, dorsally and medially (Smart, 1983), and
becomes more conspicuous at Gl3 and Gl4 (Smart and McSherry, 1982).

On G14 - 15, another two main zones become apparent, the cortical plate (CP) (Caviness
Jr, 1982; Shoukimas and Hinds, 1978; Smart, 1983; Smart and McSherry, 1982) and the
subventricular zone (SVZ) (Caviness Jr, 1975; The Boulder Committee, 1970). In the
mouse, the postmitotic cells pass through the IZ to form the CP at about G I 4 - 15
(Caviness Jr, 1982; Shoukimas and Hinds, 1978). The SVZ located at the junction of the
VZ and IZ, consists of small round or oval cells. They are distinguished from the young
neurons in the IZ by their proliferative activity and, unlike VZ cells, SVZ cells remain
stable in position, without an interkinetic nuclear migration in the course of the cell
mitotic cycle (The Boulder Committee, 1970).

As a result of the development of these new layers, the embryonic forebrain can now be
divided into five zones; (from the pial surface inwards) the marginal zone, the cortical
plate, the intermediate zone, the subventricular zone, and the ventricular zone. These five
layers will develop different functional roles in the future mature cerebrum. The MZ
develops into mature cortical layer I (called the molecular layer). The IZ becomes the
subcortical white matter through which nerve fibers enter and leave the cortex. Cells of
the VZ and SVZ ultimately become ependymal and subependymal cells respectively.
The CP cells form layers II- VI of the cerebral cortex (Cowan, 1979) which will be
described later in the chapter. In addition, there is another cell zone, the subplate layer
(SP). It is considered to be a distinct layer just below the CP and contains some earlygenerated neurons (Kostovic and Rakic, 1980; Luskin and Shatz, 1985), or an actual part
of the CP (inner region) including some early generated SP neurons below the CP
(Kageyarna and Robertson, 1993; Rice and Van Der Loos, 1977).

2.2.2 Neurogenesis and Migration
The development of the cerebral cortex follows an inside-out pattern which was first
described in the mouse by Angevine and Sidman (1961), and has been recognized in
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many other species, e.g. rat (Berry and Rogers, 1965), hamster (Shimada and Langman,
1970), and monkey (Rakic, 1974). Schematically, successive waves of postmitotic
neurons leave the VZ and SVZ, pass through the IZ, and end their migratory pathway
below layer I, forming successively (but with substantial overlap) cortical layers VI, V,
IV, III and II (Angevine and Sidman, 1961; Berry and Rogers, 1965; Rakic, 1974). Thus,
the innermost layers of neurons are produced early, and each succeeding wave of neurons
must travel through those predecessors previously produced, to take up a more superficial
position (Figure 2.2).

The earliest cells which will form the first cortical neurons are generated between about
GlI and Gl2 (Marin-Padilla, 1971; Shoukimas and Hinds, 1978). They pass through the
intermediate zone then migrate to two separate sites (Marin-Padilla, 1971; Raedler et aL,
1980; Shoukimas and Hinds, 1978); the marginal zone (or layer I containing CajalRetzius neurons) or the subplate layer.
The neurons produced between 012 and 013 mostly give rise to the polymorphic cell
layer (or layer VI) (Shoukimas and Hinds, 1978), consisting of a major portion of large
pyramidal cells and some granule cells (Figure 2.2). Between 013.5 to Gl4.5, released
neurons give rise to layer VI and the inner pyramidal cell layer - layer V made up of
large pyramidal cells (Shoukimas and Hinds, 1978). Subsequently, a large number of
granule cells and medium-sized pyramidal cells are generated at 015 which are
distributed to layers IV and III respectively (Angevine and Sidman, 1961; Caviness Jr,
1982). Finally, the 017 produced neurons provide the medium-sized pyramidal cells of
layers III and small granular cells of layer II (Angevine and Sidman, 1961; Caviness Jr,
1982).
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Figure 2.2
The neuronal proliferation of the cerebral cortex in the mouse. The
neuronogenesis of the cerebral cortex begins around G 11, executes 11 cell cycles, lasts 6
days. The early generated neurons are destined for the deep cortical layers (VI and V),
whereas later generated neurons form the superficial layers (IV-H). Cortical plate was
established around GI4-15.
(Modified from Takahashi et al.,1999).

PNO

PN2

PN4

PN6

PN8

Figure 2.3 Neuronal migration and devopment of laminate in the cerebral cortex of
the mouse. Layer VI and V can be distinguished at PNO, layer IV begins to appear until
PN4-5, whereas layers III and H can not be clearly distinguished until PN6. (Modified
from Agmon et al., 1993).
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After release from the proliferative layers, neurons migrate towards their final cortical
positions. During migration, neurons can adopt one or two different types of trajectories
(Austin and Cepko, 1990; O'Rourke et aI., 1992; Rakic, 1971; Rakic, 1988).

Most

neurons migrate radially along glial guides from the proliferation zone to the cortical
plate (Rakic, 1971; Rakic, 1988). Radial glia are specialized glial cells present in the
neocortex during neuronal migration. They display a radial shape with a nucleus located
in the ventricular and subventricular zone, a basal process attached on the ventricular
surface and a radial apical process reaching the surface of the marginal zone (for more
detail, see section 2.2.5) (Rakic, 1971; Rakic, 1988).

Another group of neuronal

precursors initially undergo a tangential migratory pathway at the level of the
intermediate zone (Austin and Cepko, 1990; O'Rourke et al., 1992) before adopting a
classical radial migratory pathway along radial glia. Most tangential migration occurs in
the mediolateral direction, with relatively little migration along the anteroposterior axis
(Austin and Cepko, 1990). This tangential migration could permit some dispersion at the
level of the cortical plate of neurons originating from a single clone in the
neuroepithelium, increasing the clonal heterogeneity within a given cortical area (Austin
and Cepko, 1990; O'Rourke et aI., 1992).

Due to the variation in release time and migratory trajectory, neurons arrive in their final
cortical position in a sequence which is correlated with their generation sequence. On
014 - IS, the cortical plate, with nuclei about two to three deep, is first seen, and it
consists of the neurons arising from the VZ at 012 -13 (Shoukimas and Hinds, 1978;
Smart and McSherry, 1982). After 015, the CP continues to increase in depth and cell
number up to 018 (Smart and McSherry, 1982). On 016 - 17, layer VI-a of the cerebral
cortex begins to form, below the CP and above the SP (Del Rio et aI., 2000). On PNO
(019), both layers VI and V can be distinguished clearly (Agmon et al., 1993) (Figure
2.3). Moreover, it is not until PN4 - 5 layer IV begins to appear (Agmon et aI., 1993;
Molnar et aI., 1998; Osterheld-Haas and Hornung, 1996; Rice and Van Oer Loos, 1977).
Finally, the latest generated cells born at about 016 - 17, will arrive in their final cortical
position, layers Il and Ill, at about PN6 (Agmon et al., 1993; Osterheld-Haas and
Hornung, 1996). It is 6 - 8 days after birth before all the six layers of the neocortex
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become fully established in the mouse (Agmon et aI., 1993; Osterheld-Haas and
Homung,1996).

Although the cerebral cortex develops in an inside-out sequence (Angevine and Sidman,
1961; Berry and Rogers, 1965; Rakic, 1974), the time of origin of neurons in a specific
layer is not synchronous in all cortical regions (Angevine and Sidman, 1961; Berry and
Rogers, 1965; Caviness and Korde, 1981; Smart, 1983). In general, timing of generation
of neurons follows three directional gradients; a lateral-to-medial gradient, a rostral-tocaudal gradient, and an inside-to-outside gradient (Angevine and Sidman, 1961; Berry
and Rogers, 1965; Gardette et aI., 1982; Miller, 1985; Shoukimas and Hinds, 1978;
Smart, 1983). For example, neuronal release begins at the rostro-lateral regions along the
rhinal fissure then sweeps to the caudo-medial regions of the occipital cortex (Caviness
and Korde, 1981).

2.2.3 Cortical Growth and Neuronal Maturation

After arriving at their destination, the neurons begin to grow and mature (Leuba et aI.,
1977; Rice and Van Der Loos, 1977).

The gradient of neocortical maturation is

correlated with the sequence of cell generation (Gillies and Price, 1993; Leuba et aI.,
1977; Smart and McSherry, 1982), so that maturation and differentiation follow the same
pattern of inside-out, rostral-caudal, and lateral-medial. After birth, cortical thickness
and cell packing density change rapidly (Leuba et aI., 1977; Rice and Van Der Loos,
1977). On PNO, the thickness of neocortex is only about 450 urn, and it grows to about
550 urn at PN2 (Osterheld-Haas and Homung, 1996; Rice and Van Der Loos, 1977).
Following rapid growth from PN2 to PNI2, the neocortex is doubled in thickness, and
close to the adult neocortical level (950 urn to 1000 urn) (Osterheld-Haas and Hornung,
1996; Rice and Van Der Loos, 1977).
The evolution of neuronal density during development is assumed to be a compound
function of the maturation of the different layers in each of the various cerebral cortical
regions (Leuba et al., 1977). After migration, the neurons are densely packed in the
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future cerebral cortex, except for layer I which has very sparsely distributed neurons.
From PNO to PN2, neuronal density is decreased under the cortical plate due to the
expansion oflayer VI and V (Agmon et aI., 1993; Rice and Van Der Loos, 1977). Layer
IV begins to form at PN4, and its density appears to decrease slightly at PN5 (Rice and
Van Der Loos, 1977). Between PN5 and 10 neuronal densities decrease very rapidly,
mostly due to the expansion in all five cortical layers, especially layers IV - II (Agmon et
aI., 1993; Leuba et aI., 1977). From PNlO to PN30, neuronal density reduces further
(Leuba et aI., 1977).

Parallel to the increase in thickness of the cerebral cortex and the decrease in neuronal
density, other parameters of maturation also change quickly. These include cytoplasmic
growth and nuclear enlargement (Leuba et al., 1977), dendritic outgrowth (PorteraCailliau et aI., 2003; Yamashita et al., 2003), axonal arborization (Larsen and Callaway,
2006), and development of synaptic connectivity (DeFelipe, 1997). The nuclear diameter
of the neurons increases rapidly in all the cortical layers between PN5 and PNlO with a
continued slower increase between PNlO and PN30 (Leuba et aI., 1977).

The

development of axonal arborizations in mice follows a similar pattern to that seen in other
species. There is an increase of axonal branches from PN7 to PNlO, and continued
growth in complexity and total length from PNlO to PN2l (Larsen and Callaway, 2006).
Similarly, dendritic protrusions in immature neurons are highly dynamic, with growth
cones disappearing after PN5 (Portera-Cailliau et aI., 2003), and dendritic size close to
maturation around PN15 (Yamashita et aI., 2003). Parallel with dendritic protrusion,
synapses are formed rapidly after birth. Both asymmetrical and symmetrical synapses are
present from PN4, and they progressively increase in number up to PN32 (DeFelipe,
1997). Maturation of neocortex involves differentiation of neurons and the establishment
of complex circuitry, both of which take a relatively long time. Full cortical maturity in
the mouse is not reached until some weeks after birth (Leuba et al., 1978; Smart and
McSherry, 1982).
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2.2.4 Programmed Cell Death

Alongside neuronal proliferation, migration, differentiation, and maturation, another
developmental process, programmed cell death (Blaschke et aI., 1996; Blaschke et aI.,
1998; Dunty et aI., 2001; Mooney and Miller, 2000; Mooney and Miller, 2001; Spreafico
et aL, 1995) occurs during development. Programmed cell death (PCD) is a widespread
phenomenon which happens throughout the whole developmental process in the nervous
system (Blaschke et al., 1996; Blaschke et al., 1998; Dunty et aI., 2001; Mooney and
Miller, 2000; Mooney and Miller, 2001; Spreafico et al., 1995). During development, the
number of neurons generated often exceeds, by a large number, the final number
contained in the nervous system. Functions proposed to explain PCD include: to match
the size of a neuronal pool to its target area; to remove cells which have connection
errors; to remove neurons whose axon fails to reach the normal target; and to remove
cells from specific lineages, e.g. subplate neurons (Oppenheim, 1991). Thus, the final
number of neurons in the adult cerebral cortex is decided by three developmental
processes: proliferation, migration, and apoptosis.

2.2.5 Gliogenesis

2.2.5.1

Astroglial Lineage - Radial Glia and Astrocytes

Gliogenesis begins in the cerebral cortex while neurogenesis is still occurring, so the
question of glial generation and differentiation is inevitably linked to that of neuronal
migration. As the name implies, radial glial cells have two characteristics, long radial
processes and glial properties. Meanwhile, radial glial cells combine several key
functions during central nervous system development as both neuronal precursors
(Anthony et aI., 2004; Malatesta et al., 2003; Noctor et aI., 2001; Noctor et al., 2002) and
as scaffolding which guides migrating neurons (Hatten, 1999; Hatten et aI., 1986; Misson
et al., 1991; Rakic, 1972; Rakic, 1988). Early studies using RCI/RC2 immunolabeling,
have shown that radial glia are first visible in the developing neural tube around G9-10 in
the mouse (Misson et al., 1988; Misson et aI., 1991; Schnitzer et aI., 1981). This type of
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cell constitutes the majority of neuronal progenitors by G13/G14, and most of these cells
are no longer neurogenic after G14.5 (Anthony et al., 2004). The density decreases from
GI4 onwards until they are no longer found, around PN7 (Misson et al., 1988). Radial
glial cells distribute throughout the entire developing neural tube, with their elaborate
processes spanning the whole neuroepithelium (Gressens and Evrard, 1993). Before the
onset of any neuronal migration, the radial glial cells are organized in regularly spaced
fascicles separated by clusters of neuronal precursors. They provide the primary pathway
to guide the migrating neurons from their place of generation to their final cortical
position (Hatten, 1999; Hatten et al., 1986; Misson et al., 1991; Rakic, 1972; Rakic,
1988).

After neurogenesis and neuronal migration, radial glial cells retract their processes and
transform into astrocytes (Cameron and Rakic, 1991; Pixley and de Vellis, 1984; Rakic,
1972; Voigt, 1989). Radial glial cells are thus considered to be support structures and as
progenitor cells of the later astrocytes (Culican et al., 1990; Voigt, 1989). Meanwhile, it
should be noted that radial glial cells of the cerebral cortex also generate neurons in the
cell lineage analysis (Anthony et al., 2004; Heins et al., 2002; Malatesta et al., 2000;
Noctor et aI., 2001). Most astrocytes are generated perinatally by transformation of radial
glial cells (Choi, 1988; Misson et al., 1988; Misson et aI., 1991; Voigt, 1989). During
this period of transition, radial processes in the cortex appear to be degenerating and
regressing (Culican et aI., 1990; Schmechel and Rakic, 1979). Astrocytes have been
recognized by their abundant expression of the glial intermediate filament (GFAP), which
is seen in the cortex from G15 - 16 (Misson et al., 1988), but are mostly found in the
postnatal period (Misson et al., 1991).

2.2.5.2

Microglia

Microglia can be detected and identified as early as G11 in the presumptive neocortex of
the mouse (Ashwell, 1990; Ashwell, 1991), and are still in a relatively immature state at
birth (Gehrmann, 1996; Htain et aI., 1995). There are three views considering the origin
of microglial cells. One view holds that microglial precursor cells originate from the
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yolk sac (Alliot et al., 1999; Ashwell, 1990; Ashwell, 1991; Kurz and Christ, 1998).
Another view advocates that microglia derive from neuroepithelial cells (de Oroot et aI.,
1992; Fedoroff et al., 1997; Hao et al., 1991; Hutchins et al., 1990; Paterson et al., 1973;
Richardson et al., 1993). A third view supports that microglia derive from blood - borne
monocytes which migrate through the blood vessel walls into the cerebral cortical tissue
(Htain et aI., 1994; Imamoto and Leblond, 1978; Leong and Ling, 1992; Ling, 1982;
Perry et aI., 1985). Microglia proliferate throughout CNS development and reach the
maximal proliferation around PN7 to PN9 (Dalmau et al., 2003; Kaur et aI., 1989; Wu et
aI., 1993). Under normal physiological conditions, microglial cells present two different
morphological forms (Oehrmann, 1996): amoeboid microglia existing transiently in the
white matter areas of the perinatal mouse brain (Oehrmann, 1996), and ramified
microglia appearing between the second and third postnatal week in the mouse brain and
comprising the mature resting phenotype of microglia (Ling and Wong, 1993).

2.2.5.3

Oligodendrocytes

Oligodendrocytes derive from a lineage located in the ventral region of the neural tube
(Warf et aI., 1991). Oligodendrocytes are concentrated in the inner third of the cortex
and spread throughout the white matter, with their distribution being influenced by
axonal pattern (LeVine and Torres, 1993).

Oligodendrocyte progenitor cells are

generated in two waves, with the first wave between 09.5 and 013.5 (Spassky et al.,
1998; Timsit et al., 1995) and the second wave after birth (lvanova et al., 2003; Mallon et
al., 2002). The cell bodies of oligodendrocytes in the cortex tend to lie close to the
neuronal soma, and these cells are known to produce the myelin sheaths. In the central
nervous system, one oligodendrocyte sends out several cell processes and myelinates
several nearby axons. Myelination ofaxons in the mouse brain begins around PN8 in the
cerebral cortex (Sturrock, 1975). Myelination increases after PNII with the most rapid
growth occurring from PNI7 to PN21, although it continues to increase even after PN45
(Sturrock, 1975).
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Chapter 3

3.1

Alcohol Effects on the Developing Brain

Alcohol Consumption during Pregnancy - Human Data

The crucial maternal risk factors for FAS have been investigated widely through prenatal
clinical and epidemiological studies (Abel and Kruger, 1998; Floyd et al., 1999; Jacobson
et al., 1998; May et al., 2005; Rayburn et aI., 2006; Sokol et al., 1980). Studies show that
significant numbers of women stop drinking following recognition of pregnancy.
However, 21% - 25% of pregnant women in the United States (Floyd et al., 1999; Serdula
et aI., 1991) and 29% of pregnant women in New Zealand (Watson and McDonald, 1999)
continue to drink, although with a reduction in the amount of alcohol consumed. Data
from the Floyd (1999) study of9,559 women in the U.S. shows that alcohol consumption
amongst the pregnant population goes from a prevalence rate of 45% during the 3 months
before confirmation of pregnancy, to 21% after recognition of pregnancy (Floyd et aI.,
1999). At the same time, it is shown that moderate drinkers (defined as no more than one
drink per day or 7 to 14 drinks per week) in the periconceptional period are 4 times more
likely to drink during pregnancy than light periconceptional drinkers, and heavy drinkers
are 6 times more likely to continue drinking in pregnancy (Floyd et aI., 1999). In New
Zealand, the study of Watson and McDonald shows that the prevalence rate of heavy
drinking after recognition of pregnancy was 10.5% (15 subjects in 144 pregnant women).

Although most women who drink reduce their alcohol intake during pregnancy (Floyd et

al., 1999; Rayburn et aI., 2006), when their drinking pattern is investigated, it turns out
that they tend to binge drink (Dejin-Karlsson et aI., 1997; Ebrahim et al., 1999; Rayburn
et al., 2006). Binge drinking is characterized by consumption of five drinks or more on a
given occasion. In the United States, Ebrahim and colleagues (1999) report that the
incidence of binge drinking among 4,611 pregnant women, increased significantly from
0.7% in 1991 to 2.9% in 1995. Similarly, data from Tsai and Floyd (Tsai and Floyd,
2004) study of 4,404 women might become pregant and 2,689 pregnant women, again in
the U.S.A., shows that the prevalence of binge drinking was 12.4% and 1.9%,
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respectively. This indicates binge drinking among pregnant women is still quite serious,
which may explain why public health efforts to try to prevent the incidence of FAS have
not been very effective.

Binge drinking seems to be a greater risk to the fetus than continual light drinking. The
incidence of functionally significant deficits is 2 - 5 times higher in infants born to
moderate-to-heavy drinking mothers (Jacobson et a!., 1998; Jacobson et a!., 1994) as
compared to light drinkers.

Meanwhile, no relation between light drinking during

pregnancy (no more than 1 drink per day, or less than 7 drinks per week) and
neurodevelopmental abnormalities or deleterious effects has been observed (Jacobson et
al., 1998). Thus, the threshold for fetal alcohol effects has been calculated to be an
average consumption of 10 g of absolute alcohol per day, when the alcohol is consumed
in a binge like fashion (Jacobson et al., 1998). These data suggest FAS is generated only
at high alcohol doses.

Therefore, efforts to reduce the incidence of alcohol-related

functional impairment should strongly target heavy binge drinking during pregnancy
(Jacobson et al., 1998).

Another factor may also account for the high incidence of FAS. This is the unknowing
exposure of the fetus to alcohol in very early pregnancy. In many cases, pregnancy is not
detected until the fourth week after fertilization, and often not until after the sixth week
(Cole et a!., 2004). In the United States, data from the Ebrahim (1999) study of99,312
nonpregnant women shows that the incidence of binge drinking remained at a high
incidence of 11.3% in 1991 to 11.2% in 1995. In New Zealand, although per capita
alcohol consumption declined through the 1980s and 1990s (Alcohol Advisory Council
of New Zealand, 2001), 36% offemales aged 18 -19 years, drank at a binge level (more
than 50 g absolute alcohol in one occasion) at least once per week (Field and Casswell,
1999). Similarly, when 1,480 female university students were sampled, 46% typically
consumed more than 50 g ethanol, with one in 14 female drinkers consuming more than
16 drinks on a single occasion (Kypri et a!., 2002). The female pattern of binge ethanol
consumption and late pregnancy detection suggests that a number of women are drinking
at moderate to heavy levels while in the early stages of pregnancy. Drinking levels
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before recognition of pregnancy are as much of a concern as those during later
pregnancy, as the effects of alcohol exposure during the early gestational stages (first
trimester, defined as the first three month of pregnancy) would have already impacted on
the fetal central nervous system before the pregnant women were aware of their state.
Gastrulation, equal to GI5 - 28 in the human, is one of the critical periods in development
of the central nervous system in the embryo (Dobbing and Sands, 1981). Thus, binge
ethanol consumption prior to pregnancy recognition puts the developing embryo at risk of
either FAS or of milder forms of alcohol-induced damage. This possibility may partly
explain the high incidence ofFAS.
In summary, the relationship between ethanol-induced damage to the fetus and maternal
alcohol consumption is complex and several factors may interact. These factors include,
but are not limited to, the following: maternal drinking level (dose and duration); timing
of alcohol exposure during pregnancy; variation in the vulnerability of different brain
regions at particular developmental stages; differences in maternal alcohol metabolism
(e.g. food, age); differences in genetic background. All of these risk factors are important
when assessing the potential effects of alcohol exposure on fetal brain development.
However, maternal drinking level as characterized by the amount of alcohol consumed
and the time during which it is ingested, is the crucial key risk factor in determining fetal
outcome (Abel and Kruger, 1998; Jacobson et al., 1998).
Total alcohol dose and the speed of alcohol consumption are two important criteria, and
are reflected in the level of blood alcohol concentration (BAC). A constant ethanol dose
give rise to a higher peak BAC with a binge drinking pattern than with a slower,
continuous drinking pattern (Bonthius et al., 1988). A higher peak BAC also prolongs
the period of exposure to high blood-alcohol levels, since the speed of alcohol
metabolism is similar regardless of the dose of alcohol consumed. Accordingly, binge
drinking will produce more serious fetal damage because of the higher and longer periods
of exposure of the developing fetal brain to alcohol. This correlates with the observation
that the greater the number of drinks a pregnant women consumes per occasion, the
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higher the risk and the poorer the outcome for her child with respect to FAS (Streissguth
et al., 1994).

3.2

Animal Experiments in FAS - Dose and Pattern

3.2.1 Advantage of Animal Models

Animal studies play a vital role in confirming and extending our understanding of human
clinical findings. Animal experiments designed to detect particular physical, structural,
and functional effects of fetal alcohol exposure are able to control alcohol dose,
administration route, exposure pattern, and development stage of exposure. Animal
models are valid and effective tools for examining issues such as patterns of alcohol
absorption, metabolism, and pharmacodynamics. Furthermore, animal models can
explore the cellular mechanisms underlying the structural or behavioural changes related
to alcohol exposure and, as a result, contribute substantially to the development of future
therapeutic approaches. Another advantage using animal models is that nutritional status
can be controlled and other factors that coexist in human alcohol studies, such as smoke,
using cocaine, marijuana, and other illicit drugs, liver dysfunction, and sexually
transmitted disease can be eliminated.
3.2.2 Effects Related to Exposure Doses

In spite of the evidence that in utero ethanol exposure is harmful to the developing central
nervous system, the precise amount and pattern of ethanol consumption required to
produce the central nervous system manifestations of FAS is not know. Although the
amount of ethanol necessary to produce the FAS phenotype is unknown, several studies
have reported a dose-dependent increase in the incidence of craniofacial anomalies
(Goodlett et al., 1990; Webster et al., 1980; Webster et aI., 1983).
In the study of Webster (1980), which examines effects of alcohol exposure during
gastrulation in mouse, the proportion of abnormal fetuses to live fetuses is directly and
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significantly related to the dose of alcohol. Significantly increased rates of embryonic
resorption, exencephaly, and maxillary hypoplasia are only observed in higher dose
groups (5.8 g/kg and 4.3 g/kg), and not in lower dose group (2.9 g/kg). Similarly, other
authors have also detected a dose-response relationship after alcohol exposure during the
first 4 days of pregnancy, with embryonic growth enhanced at a low dose (2.0 g/kg) of
ethanol (Mitchell, 1994) but retarded growth and increased abnormalities at a high dose
(7.5 g/kg) of ethanol (Checiu and Sandor, 1986; Padmanabhan and Hameed, 1988).
Alcohol exposure during one or two days in the middle of the second trimester equivalent
causes brain damage which is also dose-dependent. A study by Kotkoskie and Norton
(1988) on the 014 -IS rat reveals that significantly thinner cerebral cortices are found
only in the highest dose (18 g/kg) group, and severe disorganization of cortical layering
only in the two highest groups (15 g/kg and 18 g/kg), but not in the lower dose group (10
g/kg). Consistent with this, another experiment on the 012.5 mouse also observed
similar dose-dependent effects (Du and Hamre, 2001), with significant cell death in the
vestibulocochlear ganglion only exhibited in the two higher level alcohol exposure
groups (4.5 and 5.5 g/kg) but not in the lower level (3.0 g/kg) ethanol exposure group
(Du and Hamre, 2001).
Studies on third trimester equivalent also demonstrate a clear relationship between
alcohol dose and severity of gross brain growth retardation (Goodlett et al., 1990).
Alcohol-induced brain growth deficits and neuronal loss in early postnatal rats are related
to the amount of ethanol administered (Goodlett et al., 1990), with significantly reduced
brain weights and decreased numbers of cerebellar Purkinje cells observed only in the
higher (6.6 g/kg) but not lower (3.3 g/kg) alcohol exposure groups.
Similar dose-sensitive responses have been reported in non-human primate infants
(Clarren et al., 1990). Among the ethanol group, 11 animals exposed to lower alcohol
doses (from 0.3 - 1.8 g/kg, once per week) were comparable to control animals.
However, exposed to 2.5 g/kg/week of alcohol, five of six macaques (83%) experienced
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pregnancy failure in the first 30 days of gestation.

Furthermore, exposed to 4.1

g/kg/week dose, seven of seven (100%) of the pregnancies failed (Clarren et al., 1990).
3.2.3 Effects Related to Alcohol Exposure Patterns

Animal models have helped to demonstrate that pattern of alcohol consumption is an
important factor influencing the risk and severity of FAS (Bonthius et al., 1988; Bonthius
and West, 1990; Webster et al., 1980; Webster et al., 1983).

Research shows that

administration of equivalent daily doses of alcohol, but in different exposure patterns,
results in markedly different severity of brain growth restriction (Bonthius et al., 1988).
Furthermore, the same research group found that a small dose of alcohol can be more
damaging to the developing central nervous system than a larger dose, if the smaller dose
is given in a more concentrated exposure pattern (Bonthius and West, 1990).
In the third trimester equivalent study of Bonthius and colleagues (1988), significant
brain weight reduction was discovered only in the 7.5% (v/v) (4 feedings, 2 hr apart) and
15.0% (v/v) alcohol (2 feedings, 2 hr apart) groups, but not in the 2.5% (v/v) alcohol (12
feedings, 2 hr apart) group giving the same daily dose (6.6 g/kg). Similar results were
also observed in the later study of Bonthius (1990), with significant microencephaly and
Purkinje cell loss in the cerebellar vermis only observed in the two lower dose (4.5 g/kg)
but more condensed patterns of alcohol exposure (5.1% solution (v/v) in 4 feedings, or
10.2% solution (v/v) in 2 feedings) groups.
Based on the above findings of animal experiments, the hypothesis that binge-like
alcohol exposure is more harmful than a continuous lower dose exposure was confirmed.
That is why the drinking pattern is likely to be a factor in human outcome variability
(Sokol et al., 1980).

31

3.2.4 The Importance of SAC in the FAS Research Field

The impact on the brain of a particular total daily dose of alcohol (g/kg/day), is critically
dependent on the blood alcohol levels achieved (Bonthius et al., 1988; Webster et al.,
1980; Webster et al., 1983; West et al., 1984a). Blood alcohol concentration (BAC)
precisely reflects the severity of the alcohol exposure that is likely to influence brain
growth deficits or neuron death. Two critical parameters - peak BAC (Bonthius et al.,
1988; Bonthius and West, 1990; West et al., 1984a) and duration of elevated BAC
(Ashwell and Zhang, 1996; Blakley and Scott JR, 1984a; Webster et al., 1983) are both
important in the causation of brain growth deficits.

Before discussing the importance of peak BAC and duration of exposure, it is important
to carefully consider some related issues. First, it is necessary to document how the BAC
profile changes with time after various doses or exposure patterns to alcohol in the same
species. Second, it is important to consider what differences exist in ethanol metabolism
among different species, and what comparisons are valid between species.

BAC levels vary with different doses and administration patterns.

Wilkinson and

colleagues (Wilkinson et al., 1977) observed time courses of blood alcohol
concentrations for different single ethanol doses in human experiments, with doses of
11.2, 22.4, 33.6, to 44.8 g (Figure 3.IA).

Recently, time course of blood alcohol

concentration after different alcohol doses was also investigated in a rat model (Figure
3.1B) with doses 2, 3, 4, 5, or 6 g/kg at a single administration (Bielawski and Abel,
2002). Both human and rodent studies showed that administration of a higher dose
results in a higher peak BAC, a later peak in the BAC, and a longer latency to return to
zero ethanol in the blood (Bielawski and Abel, 2002; Wilkinson et aI., 1977). In the
study done by Bielawski and Abel (2002) it was found that different BAC patterns were
obtained when the same doses of alcohol (2, 3, 4, 5, or 6 g/kg) were administered as dual
doses (5 hours apart) instead of single dose. Divided administration resulted in lower
peak BAC, a shorter latency to attain peak BAC, and a shorter time for alcohol clearance
than for the single dose (Bielawski and Abel, 2002).
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3.2.4.1

Outcome is Peak SAC Dependent

Although the total absolute dose of alcohol consumed and the pattern of alcohol drinking
are both critical factors (Bonthius et al., 1988; Bonthius and West, 1990; Du and Hamre,
200 I; Goodlett et al., 1990), controlled experiments have clearly demonstrated that the
peak BAC is the most important determinant of the likehood and magnitude of FAS in
the offspring (Bonthius et al., 1988; Bonthius and West, 1990; Goodlett et al., 1990; West
et aI., 1990a). Peak BAC and total brain weight of the offspring are highly correlated: as
peak BAC increases, total brain weight decreases linearly (West et al., 1990a).

By using a third trimester equivalent rat model, Bonthius and colleagues (Bonthius et al.,
1988; Bonthius and West, 1990) found it is the peak BAC rather than total alcohol dose
that is a critical factor when predicting the extent of damage caused by alcohol
administration during the time of later brain development. In the study of Bonthius
(1988), significantly decreased total brain weight, cerebellar weight, and brainstem
weight only occur in the two highest peak BAC groups (400 mg/dl, and 300 mg/dl
groups), but not in the lower peak BAC group (40 mg/d1). Similarly, in the study of
Bonthius (1990), significant microencephaly and significant reduction in number of
Purkinje cells within the cerebellar vermis also only occurred in the two higher peak
BAC groups (361.6 mg/dl, and 190.7 mg/dl groups), but not in the lower peak BAC
group (39.2 mg/dl).

Therefore, the more concentrated the pattern of alcohol

administration, and the higher the peak BAC that was achieved, the more severe was the
teratogenesis during brain development (Bonthius et al., 1988; Bonthius and West, 1990).

The role of peak BAC as a major indicator of alcohol-induced brain damage is supported
by several other experiments (Du and Hamre, 2001; Kotkoskie and Norton, 1988;
Webster et al., 1980). For example, in the study of Webster (1980) on gastrula and
neurula stage mice, the highest peak BAC group (800 mg/dl) showed high levels of
embryotoxicity, with high resorption rates and highly abnormal development such as
exencephaly and maxillary hypoplasia. The incidence of malformation and resorption
rates was much lower in the 600 mg/dl peak BAC group than in the 800 mg/dl ones.
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Resorption and malformation rates were reduced to their lowest levels (Webster et al.,
1980) in the lowest peak BAC group (350 mg/dl).

The second trimester equivalent stage of rodent development is also vulnerable to alcohol
insult, and the severity of outcome is again peak BAC dependent. In the study of
Kotkoskie and Norton (1988), severe disorganization of cortical layering occurred only in
the higher BAC (328 mg/dl and 236 mg/dl) groups, but not in the lower BAC (164 mg/dl)
group. Similarly, significant cell death in the vestibulocochlear ganglion (Du and Hamre,
2001) only happens with high peak BAC (around 540 mg/dl and 430 mg/dl), but not with
lower peak BAC (around 240 mg/dl).

Alcohol effects have also been investigated in a non-human primate model, which also
shows peak BAC dependence (C1arren et aI., 1990).

Six primates with peak BAC

between 140 and 249 mg/dl had severe and consistent cognitive abnormalities, but none
of 11 animals with peak BAC below 115 mg/dl showed clear evidence of a teratogenic
effect in the central nervous system, except in the retina in which mild ganglion cell loss
was found at all levels ofBAC (Clarren et aI., 1990).

From the combined results of the above animal experiments, it is not difficult to deduce
that peak BAC is the best predictor of severity of brain injury after exposure to ethanol
during brain development (Bonthius et al., 1988; Bonthius and West, 1990; Du and

Hamre, 2001; Kotkoskie and Norton, 1988; Pierce and West, 1986b; Webster et aI.,
1980). The severity of brain growth restriction is found to be highly correlated with the
peak BAC (Bonthius et aI., 1988). If high peak BAC is obtained, even a relative small
total dose can induce serious brain growth deficits and significant neuronal loss (Bonthius
and West, 1990).
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3.2.4.2

Importance of Duration of BAC

Although the incidence of malformations is peak BAC dependent, several studies show
that FAS outcomes are also correlated with duration of elevated BAC (Ashwell and
Zhang, 1996; Blakley and Scott JR, 1984a; Webster et aI., 1983). In the study of Blakley
and Scott (I 984a), significantly increased reabsorption and malformation of G10
embryos was observed in the group with a longer duration of high BAC (elevated BAC
continued around 400 - 500 mg/dl for 12 hours and was still above 200 mg/dl at 24 hours
after alcohol injection), but not in the group with shorter duration of high BAC (above
400 mg/dl only 2 hours then below 200 mg/dl at 5.5 hours after alcohol injection).
Furthermore, a significantly increased incidence of malformation was found in the longer
duration BAC group (12 hours) as compared to the shorter duration BAC group (only 4
hours), even when peak BAC levels were not high (around 200 - 300 mg/dl) (Blakley and
Scott JR, 1984a). It should be noted that the above study used an inhibitor of alcohol
dehydrogenase, 4-methylpyrazole (4-MP), to extend exposure time of BAC, and this
method has disadvantages. Although 4-MP itself seems not to be harmful to the
embryos at the dose of 100 mglkg (Blakley and Scott JR, 1984a), there is a risk that this
chemical may interfere with experimental results when coadministered with alcohol.
The effects of prolonged elevated BAC on development were also studied by Webster
and colleagues (Webster et aI., 1983). In the study of Webster (1983) on the mouse
gastrula, the incidence of embryonic malformation in animals given 2 x 2.9 g/kg doses of
alcohol, at 4 hr intervals, was significantly higher than that seen after the same doses
were given at 6 hr intervals. The maternal blood alcohol profiles in the group with a 4 hr
interval showed that the second dose of alcohol was administered when the BAC
resulting from the first dose was still above 150 mg/dl, resulting in continuous elevation
ofBAC beyond 200 mg/dl for 8 hours and a peak BAC of 500 - 600 mgldl4.5 hours after
the initial injection. In the group with a 6 hr interval between doses, BAC profiles
showed that the first dose was metabolized before the second dose was administered, and
duration of BAC above 200 mg/dl totalled about 5 hours (or 2.5 hours after each dose)
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with peak BAC less than 400 mgldl. Although the factor of peak BAC may contribute to
these results, the effects of duration of elevated BAC also can not be excluded.

The importance of duration of BAC was further supported by the studies done by
Ashwell and Zhang (1996). They found significant reductions in the total number of
neurons and in nuclear volume in ventromedial and central forebrain structures when
administering a divided ethanol dose (2 x 2.9 g/kg) with peak BAC of 500 - 600 mg/dl,
but not with a single ethanol dose (1 x 5.8 g/kg) with peak BAC of 800 mg/dl. From
these results, they demonstrated that above a certain threshold dose, it is the duration of
elevated BAC, rather than solely the peak BAC achieved, which is the major determinant
of the extent of alcohol teratogenesis to the developing brain (Ashwell and Zhang, 1996).
It should be noted that the lack of effects on the nuclear volume of higher peak BAC
group (800 mg/dl) is difficult to explain. However, the factor of duration of elevated
BAC was proved to be crucial in teratogenetic causation from the above study.

3.2.5 Threshold for FAS/FAE

Clearly, both peak BAC and the duration of elevated BAC are important determinants in
the causation of brain damage. However, accurate determination of threshold parameters
at which these two factors interact and effective prediction of particular prenatal alcoholrelated outcomes is still at the exploratory stage. Factors such as dose, time, and duration
of exposure with corresponding peak BAC and duration of elevated BAC obviously can
have a significant impact upon the results obtained, regardless ofthe species examined.

Early studies showed that the threshold of peak BAC for producing brain damage in the
mouse gastrula is between 180 and 200 mg/dl (Kotch and Sulik, 1992; Sulik et aI., 1981).
In the second trimester equivalent, peak BAC threshold is found to be above 350 mg/dl,
to induce a significant increase in cell death in the developing mouse brain (Du and
Hamre, 2001). Toxic threshold in rats ranges from 150 to 200 mg/dl (Pierce and West,
1986a; West et al., 1984a) in the third trimester equivalent. Increased risk of pregnancy
loss is relevant to peak BAC above 200 mgldI in nonhuman primates (Altshuler and
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Shippenberg, 1981; Clarren and Astley, 1992; Clarren and Bowden, 1982b; Scott and
Fradkin, 1984) and the threshold for developmental malformation in the primate is
approximately 150 mg/dl (Clarren et aI., 1988). For causing significant cell death in the
chick embryo, a BAC level of 190. mg/dl is needed (Cartwright and Smith, 1995;
Cartwright et al., 1998).

The minimum threshold of BAC need to trigger significant neuronal death has been
suggested to be or above 200 mg/dl, maintained for four consecutive hours (Ikonomidou
et aI., 2000). In experiments, postnatal day 7 rats were injected subcutaneously with total
alcohol doses of 2.5, 3.0, or 5.0 g/kg (20%, v/v) either in a single injection or in two
injections 2 hours apart (Figure 3.2).

By comparing the mean number of degenerating

neurons among the groups, the relationship between cell death and BAC profiles was
found (Ikonomidou et al., 2000). Specifically, dose regimes for which BAC did not
exceed 200 mg/dl for more than 2 hours did not significantly increase cell death.
However, significantly increased numbers of degenerating neurons were seen when BAC
exceeded 200 mg/dl for 4 hours or more (Ikonomidou et aI., 2000).

Other studies report that more subtle effects can be induced by relatively low blood
alcohol concentration. Research shows significant permanent Purkinje cell and granule
cell loss in the floccular - parafloccular region of the cerebellum on PN 115 (long term
effects) after exposure to relatively low blood alcohol concentrations (means 34 mg/dl on
PN6, and 20 mg/dl on PN7) from PN4 to PN9 (Napper and West, 1995). Similarly,
significantly increased programmed cell death can be achieved in mouse with transiently
elevated blood alcohol concentrations between 80 - 120 mg/dl for approximately 60
minutes (Kilbum et al., 2006; Olney et al., 2002b; Tenkova et al., 2003).

In the present study, a single binge-alcohol exposure model was used to simulate a
human binge drinking pattern among pregnant women. Meanwhile, a consecutive but
unequally divided dose model was developed to separately measure the peak BAC level
and duration of elevated BAC for triggering detrimental outcomes, e.g. acute cell death or
long term brain effects.
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3.3

Animal Model - Gestational Timing of Alcohol Exposure

In addition to alcohol dose and exposure pattern, the timing of fetal exposure to alcohol is
also a crucial factor determining the severity of FAS (Clarren and Smith, 1978a; Hamre
and West, 1993; Maier et aI., 1999) and the type of malformation (Miller, 1996; Webster
et al., 1980).

Organs are most sensitive when they are developing most rapidly (Maier and West,
2001). For the brain, which is one of the first organs to begin to develop and one of the
last to be completed (Dobbing and Sands, 1981), the period of vulnerability to alcohol
insult encompasses all of the three trimesters equivalent (Bonthius et aI., 1988; Hamre
and West, 1993; Maier et aI., 1999; Marcussen et al., 1994; Miller, 1988; Miller and
Potempa, 1990; Sulik et aI., 1981; Webster et aI., 1980; Webster et aI., 1983; West et aI.,
1984a).
Acute alcohol insult can cause massive neuronal cell death throughout gestation (Du and
Hamre, 2001; Dunty et aI., 2001; Light et aI., 2002). Recently, a single dose of ethanol
given via intraperitoneal or intragastric route has been shown to lead to significant cell
death in the neural ectoderm stem cells of gastrulation mouse (Dunty et aI., 2001), of
neurons in the vestibulocochlear ganglion complex in G12.5 embryos (Du and Hamre,
2001), and of Purkinje neurons in the cerebellar vermis in PN4 pups (Cragg and Phillips,
1985; Light et aI., 2002).
In addition, alcohol exposure in early rodent development (first trimester equivalent)
results in increased incidence of skeletal and organ malformations (Sulik et aI., 1988;
Sulik et aI., 1981) such as neural tube defects which lead to exencephaly and
hydroencephaly (Sulik and Johnson, 1983; Webster et aI., 1980) and abnormal
development of the forebrain, leading to holoprosencephaly (Dunty et aI., 2001; Sulik et
al., 1981; Webster et aI., 1983). The period of greatest vulnerability for the characteristic
facial dysmorphology of FAS is observed in mice exposed to alcohol during gastrulation
(Sulik et aI., 1981). Alcohol exposure during the second trimester equivalent in rodents
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interferes with neuronal differentiation and migration resulting in decreased neural tissue,
disorganization, and delay in development leading to microcephaly (Kotkoskie and
Norton, 1988; Kotkoskie and Norton, 1990; Miller and Potempa, 1990; West and Pierce,
1984b). Alcohol exposure during the early postnatal period (third trimester equivalent)
leads to a reduced number of neurons in the cerebellum (Bonthius and West, 1990;
Goodlett et al., 1990; Hamre and West, 1993; Maier et al., 1999; Marcussen et al., 1994;
Napper and West, 1995; West et al., 1984a), hippocampus (Bonthius and West, 1991;
Pierce and West, 1987), dentate gyrus (West et aI., 1986), and olfactory bulb (Bonthius et

al., 1992).
In this study, alcohol exposure during gastrulation is used as a mouse model to simulate
unrecognized pregnancy in the human case. Detailed discussion of acute and long term
effects of a gastrulation stage alcohol insult is in the experimental chapters 4, 5, and 6.

3.4

Factors Affecting the Design of the Animal Model

Besides alcohol dose and exposure pattern, other factors that alter peak BAC or the
duration of elevated BAC will also affect the outcome of FAS or FAE in the embryo or
the fetus. Factors such as species (Bielawski and Abel, 2002), route of administration
(Livy et aI., 2003; Ogilvie et aI., 1997; Webster et aI., 1983), strain (Debelak and Smith,
2000; Finnell et al., 1986; Gilliam et aI., 1989; Gilliam et al., 1997), and age (Church et
al., 1990; Kelly et al., 1987) may all alter alcohol pharmacokinetics. In addition, volume

and concentration of alcohol solution (Maier et aI., 1995; Roine et aI., 1993), prandial
state (Gentry et aI., 1994; Roine et al., 1993), and duration of treatment (Maier et al.,
1995) also influence the BAC levels and thus the toxicity of alcohol to the developmental
brain. The interaction of these factors with BAC to influence the vulnerability of
embryos to ethanol toxicity is discussed below.
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3.4.1 Type of Animal

A range of species have been used in FAS studies, including chick (Cartwright and
Smith, 1995; Cartwright et a1., 1998), sheep (Cudd et al., 2001), nonhuman primates
(Clarren et a1., 1990), as well as the commonly used mice and rats. Because various
species metabolize a given dose of ethanol at significantly different rates (Bielawski and
Abe1, 2002; Dole and Gentry, 1984; Livy et a1., 2003; Wilkinson et a1., 1977), and effect
is directly related to metabolism, choosing the right animal model is important.

Alcohol metabolism differs among various species (Bielawski and Abel, 2002; Livy et
a1., 2003; Wilkinson et a1., 1977). Consequently, the same alcohol dose in terms of
grams of alcohol per unit of body weight may have vastly different consequences among
different species (e.g. human fetus compared with animal fetus). For example, although
the water content per unit body weight (and therefore the volume of distribution for
alcohol) is about the same in the human and mouse, the metabolism of alcohol per unit
weight differs between these two species by a factor of about 5 (Abel, 1982) - mice
metabolize alcohol at a rate of 550 mg/kg/h compared with human at a rate of 100
mg/kg/h (Abel, 1982). Thus, the ingestion of a given quantity of alcohol per unit body
weight does not have the same metabolic significance in human and mouse. Because of
the lower rate of clearance of alcohol from the blood in human relative to mouse, the
tissues of alcoholics would be exposed to alcohol at higher concentration for longer than
the tissues of mice, despite the lower dose taken by man. On the contrary, mice would be
protected from acute toxicity by high rate of clearance, even when consuming very large
doses of alcohol (Dole and Gentry, 1984).

As another example, the 3.8 g/kg/day dose, used in experiments studying the effects of
alcohol in "animal models" of FAS, results in very different BAC profiles in rats and
mice (Livy et al., 2003). In the intragastic alcohol intubation models, BAC in mice rises
sharply and to a higher peak BAC (about 280 mg/dl), followed by a relatively rapid
decline. In contrast, the rat shows an initial rapid rise in BAC, followed by a more
gradual rise to a peak BAC of only 74 mg/dl, and a relatively gradual decline. Research
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shows that a BAC of 150 mg/d1 is the level a women would attain if she drank six drinks
(60 g absolute alcohol or equivalent of 1.0 g/kg dose of a 60 Kg female) over a three
hours period (Frezza et al., 1990), a typical binge drinking pattern. 150 mg/dl BAC is far
above that considered the legal level of intoxication in any part of the world that has such
a criterion. However, a dose of 1.0 g/kg in the rat only achieves a BAC level of around
70 mg/dl (Lim et al., 1993; Roine et al., 1991) and this level of BAC has no effect on
embryonic brain development (Ikonomidou et al., 2000).

Based on the above findings, alcohol intoxication following a given alcohol dose can
differ vastly among species. In this study, mice were chosen as the experimental animal
and a relatively high dose of alcohol was used. Since mice metabolize alcohol more
quickly than humans, the relative dose must be higher in order to reach approximately the
same toxic level.

3.4.2 Route of administration

The route of ethanol administration needs to be carefully selected, in order that the FAS
study accurately mimics the system being modeled. Routes of alcohol administration
used in animal studies include: oral administration, intraperitoneal injection, intravenous
injection, subcutaneous injection, and vapor inhalation.
Due to its physiological relevance, oral administration to the pregnant female is the usual
route of exposure of the fetus. This includes exposure to alcohol in the drinking water
(Miller, 1987); through gastrostomy tube by artificially rearing procedure (Bonthius et
al., 1988), intragastric intubation (Goodlett et al., 1997b; Light et al., 2002), or via liquid
diet (Miller, 1986; Miller, 1988). Among these routes of oral administration, intragastric
intubation (IG) is a common method and has the advantage that it allows precise control
of alcohol dose and hence the level of BAC compared to methods where the animal
initiates ingestion. Intraperitoneal injection of ethanol has also been widely used (Sulik
et al., 1981; Webster et al., 1983), but the administration of ethanol directly into the
maternal peritoneal cavity has several potential problems. Intraperitoneal injection (IP)
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of ethanol produces a high local ethanol concentration in the abdominal cavity, that may
diffuse directly into the fetuses, rather than passing via the blood vascular system (Norton
and Kotkoskie, 1991). It may result in local changes in the peritoneum, vasculature, the
mesenchyme, and in abdominal organs, compromising uterine function and affecting
development. Intraperitoneal injection must be considered a non-physiological route
compared to human consumption of alcohol. Subcutaneous injection (Ikonomidou et aI.,
2000) and vapor inhalation of ethanol (Cragg and Phillips, 1985) are methods also used
in some studies. Intravenous injection is used in some ethanol metabolism studies
(Ammon et aI., 1996; Wilkinson et aI., 1977), but has not been used in FAS research. All
of these last three methods are relatively uncommon.

When comparing delivery of a moderate to high dose of ethanol via intragastric
intubation (IG) and intraperitoneal injection (IP), a number of differences are observed.
Although no statistical differences were seen in the overall BAC patterns in the IP and IG
groups when lower doses of alcohol were administered (Ogilvie et al., 1997), IG
produces a significantly lower peak BAC than with IP (Livy et aI., 2003; Ogilvie et aI.,
1997). Also, the BAC increases more rapidly after IP than with IG (Livy et aI., 2003).
Corresponding to the difference in BAC levels, IP is more teratogenic to rat embryos than
the same dose given IG (Webster et aI., 1983), probably as a result of the increased peak
BAC with IP.
One of the aims of this study is to use a physiological relevant mouse model to assess
alcohol-induced effects. Thus, an IG model of alcohol administration was adopted. In
addition, one group was administered alcohol via an IP injection to compare the outcome
with the IG model on both BAC level and fetal effects.

3.4.3 Genetic Factors
In recent years, great progress has been made in understanding the important contribution
of genetic factors to alcoholism. Genetically determined variations in alcohol and
acetaldehyde metabolism via genetic variations of the enzymes, alcohol dehydrogenase
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(ADH) and aldehyde dehydrogenase (ALDH), seem to be responsible for individual and
ethnic differences in the response to alcohol. Research has found that up to 40% of
Japanese people and 10% of Chinese people may display flushing, palpitations and
headache 20 minutes after only one or two drinks of alcohol (Mizoi et aI., 1979; Zeiner et
al., 1979). This response is due to decreased or deficient activity in ALDH I isozyme,
resulting in a build-up of alcohol's metabolite, acetaldehyde. Therefore, those who have
this reaction are protected against alcohol-dependence because of their aversive reaction
to alcohol. The African-American population has a high level of the ADH2*3 allele
which metabolizes alcohol more rapidly than the usual ADH2* 1 (McCarver et aI., 1997).

In the chick model of FAS, the ability of ethanol exposure in ovo to induce apoptotic cell
death within the embryonic neural crest population is strongly influenced by the
embryonic genetic background (Debelak and Smith, 2000). Despite similar BAC levels
following the same ethanol dose, acute apoptotic cell death within the neural crest, is
greater in the very sensitive strains (Babcock ISA, HyLine W98, Babcock
B300IHampshire Red cross [BxHR]), compared with the moderately sensitive (Spafas,
HyLine W36, Babcock B300), and nonrcsponsvie strains (DeKalb White and Black,
Shaver White and 2000, DeKalb White/Hampshire Red cross) (Debelak and Smith,
2000).

Similarly, in the mouse model of FAS, prenatal death, malformation, and fetal weight
following a constant ethanol dose are directly related to the maternal genetic background
(Chernoff, 1980; Gilliam et aI., 1989; Gilliam et aI., 1987; Goodlett et aI., 1989).
Exposed to same BAC level, fetal abnormalities is most severe in CBA strain than C3H
and C57. In response to equivalent maternal BAC levels at the same administration
doses, studies show significantly increased growth retardation (Gilliam et aI., 1989),
prenatal mortality (Gilliam et aI., 1989), learning deficits (Gilliam et aI., 1987), or
decreased brain weight (Goodlett et al., 1989) in Long-Sleep (LS) litters but not in ShortSleep (SS) litters. In addition, C57BL/6J mice exhibit more ethanol teratogenicity than
either LS or SS mice (Gilliam et aI., 1989).
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This study used the C57BLl6J strain of mice to investigate the effects of alcohol on
gastrulation stage mice, as C57BLl6J is one of the more sensitive strains for induction of
neural abnormalities and thus gives a good simulation of human FAS (Olney et aI.,
2002a; Sulik et aI., 1981; Webster et aI., 1980).

3.4.4 Maternal Age

In retrospective research on human FAS, data from the Jacobson (1998) study of 480
African-American infants shows that the effects of prenatal alcohol exposure on
development are related to maternal age, with increased vulnerability in the offspring of
mothers over 30 years of age.

Animal studies have also found that maternal age is a critical risk factor in regard to
adverse effects of alcohol on pregnancy (Abel and Dintcheff, 1985; Church et aI., 1990;
Vorhees, 1988). Alcohol produces greater maternal and fetal toxicity in older and
middle-age rat mothers than in younger cohorts (Abel and Dintcheff, 1985; Church et aI.,
1990; Vorhees, 1988).

Changes in maternal alcohol metabolism (Abel and York, 1979; Panes et al., 1993), body
fat-to-water ratio (Church et al., 1990; Wiberg et aI., 1971; York, 1982), and placental
permeability (Abel and Hannigan, 1995b), mean that the pharmacokinetics of alcohol
metabolism is age dependent, with the rate of metabolism decreasing, and hence the peak
BAC increasing, with increasing age (Abel and York, 1979). The duration of elevated
BAC will also increase with increasing age. Since both peak BAC and duration of BAC
are important factors in inducing ethanol damage, age-related changes in the
pharmcokinetics of alcohol could explain the maternal age dependence of ethanol effects.

To control factor of animal age on ethanol metabolism, female mice at the age of 8 - 10
weeks were chosen for all experiments in this study.
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3.4.5 Prandial State and Concentration of Alcohol

BAC achieved also depends on prandial state (Roine et al., 1993). In humans, when
alcohol is consumed soon after a meal the resulting peak BAC and area under the blood
alcohol curve (AUC) are significantly lower than when the same dose of alcohol is given
on an empty stomach (Roine et al., 1993; Roine et al., 1991). Furthermore, in the
preprandial state, concentrated alcoholic beverages (whiskey) produce higher BAC for
the same dose of alcohol than do dilute beverages (beer). On the contrary, peak BAC
levels and AUCs are higher with beer than with whiskey in the postprandial and prandial
conditions (Roine et al., 1993). Similarly, in rats tested after feeding, peak BAC and
average BAC are also found to be significantly lower in the highest concentration (45%,
v/v) of alcohol group, compared with the other concentrations (30%, 22.5%, or 15%).
The 45% group also takes a longer time to reach peak BAC than the other three groups
(Maier et al., 1995).
BAC levels are affected by prandial state through the first-pass metabolism (FPM).
Research shows that FPM contributes to metabolism of 30% and 4% of the ethanol dose
when administered with food and water, respectively (Levitt et al., 1997). Prandial state
affects FPM clearance by influencing the time ethanol is exposed to gastric ADH. An
increased speed of gastric emptying both decreases exposure time of ethanol to gastric
ADH, thus reducing gastric FPM of ethanol, and leads to accelerated absorption of
ethanol, which may also decrease hepatic FPM of alcohol (Levitt et al., 1994).
The mechanism by which the food interacts with beverage type in determining
subsequent BAC is not yet fully understood. One possibility is that food could be
expected to more effectively delay passage through the stomach of a small volume of
whiskey than a large volume of beer taken as the same dose. Concentrated alcohol would
thus have a more prolonged exposure to the gastric mucosa, again augmenting first-pass
metabolism then causing decrease of the peak BAC (Roine et aI., 1993).
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In this study, animal treatment was always begun at the same time (lOam) in the
morning to try to maintain a consistent prandial state of the pregnant mouse at the time of
alcohol exposure. In addition, to reduce the volume effects, a higher concentration of
alcohol (20% v/v) was used in the binge exposure groups or as the initial dose in the
consecutive exposure groups, whereas a lower concentration of alcohol (10% v/v) was
administered for the additional doses in the groups with consecutive patterns of exposure.
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Aims of This Thesis
The overall aim of this study was to establish a systematic physiologically relevant
mouse model to investigate both the acute- and long-term effects of alcohol insult, and
use this model to investigate the dose response effect of binge exposure to ethanol on
07.5 thus simulating FASD occurring in human pregnancy during the third week. This
study examined and evaluated the acute effects - apoptotic cell death and alteration of cell
proliferation of the neural precursors in the ectoderm of the gastrula mice. Meanwhile,
the sequel of such effects, the long term effects - gross brain malformation, subtle brain
structure disorganization, cell number loss or preservation in the cerebral cortex of the
mature brain were also investigated.
To investigate the acute effects of alcohol insult, the features and extent of cell death was
evaluated in the ectoderm of the mouse gastrulation embryo. Meanwhile, the role of peak
BAC and duration of elevated BAC on the induction of acute cell death was investigated.
Specific BAC patterns were achieved by either a single binge alcohol administration to
obtained different peak BAC levels or by delivery of unevenly divided alcohol doses to
achieve a relative constant elevated BAC levels for a certain amount of time. Blood
samples were taken at different time points to monitor the alcohol pharmacokinetics (rate
of increase, peak, and clearance) and establish dose-response curves. Acute cell death
due to different ethanol doses, exposure patterns, and exposure routes have been
investigated. The extend of cell death was determined using immunohistochemical
techniques - terminal deoxynucleotidyl transferase dUTP nick end labeling (TIJNEL).
The pathway and type of cell death was investigated using immunohistochemical
detection of activated caspase-3, and morphological criteria - visualized in the
transmission electron microscope (TEM).
To investigate the acute effects of alcohol insult on cell proliferation, S-phase
proliferation and M-phase proliferation was assessed in the ectoderm of the gastrulation
embryo. S-phase cell proliferation was examined using bromodeoxyuridine (BrdU)
birthdating and anti-BrdU immuno-labeling methods.
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Cell proliferation of DNA

synthesis and mitosis was investigated in the whole ectodermal layer. Meanwhile,
regional comparison of DNA synthesis was performed on primitive streak (PS) and nonprimitive streak (non-PS) regions.

To investigate the long term effects of G7.5 ethanol exposure on the developing brain,
embryos was removed from pregnant dam on G18.5, just prior to birth. Embryonic litter
size, embryonic implantation and reabsorption, and the incidence of abnormalities was
determined. This objective was included to allow any animals that would die or be
cannabilized at birth to be examined and thus the true extent of ethanol induced damage
would be observed.
To investigate the permanent long term effects on the mature brain, total cell number in
the neocortex was determined and laminar structure in the neocortex of the PN60 mouse
offspring was evaluated. Neurons and glial cells were classified using morphological
criteria combined with NeuN immunohistochemical labeling techniques. Unbiased
stereological methods were used on glycol methacrylate (GMA) embedded, 30 um
serially cut sections of the PN60 neocortex, to determine whether neocortical volume,
cell number or density of neurons, glial cells, and capillary cells was affected by binge
ethanol exposure on G7.5. Meanwhile, the laminar pattern throughout the neocortex was
evaluated to detect any abnormalities/disorganization oflamination.

50

Chapter 4

Acute Apoptosis following Alcohol
Exposure in the Gastrulation Mouse

4.1

Background

4.1.1 The Morphology of Cell Death - Apoptosis and Necrosis

Cell death is a fundamental phenomenon of biological organisms in which irreversible
loss of vital cellular structure happens, this can occur either through apoptosis or necrosis
pathway. Apoptosis, an active mode of cell deletion, happens as a physiological process
involved in morphogenesis of embryonic tissues (Manova et al., 1998; Spreafico et al.,
1999; Spreafico et al., 1995) as well as in homeostasis of adult organs and tissues (Kerr et
al., 1972). Apoptosis can also occur as a pathological process (Dikranian et al., 2001;
Kerr et al., 1972). Necrosis is considered as a passive degenerative phenomenon induced
by direct toxic, disease, physical injuries, or other lethal external forces, which often
happens in an un-controlled manner (Buja et al., 1993; Majno and Joris, 1995).

The definition of apoptosis was first based on a distinct sequence of morphologic features
described by Kerr (Kerr et al., 1972) using electron microscopy. The onset of apoptosis
is characterized by shrinkage of the cell and the nucleus as well as condensation of
nuclear chromatin into uniformly dense masses that become bordered and marginated
along the nuclear membranes.

Later on, the nucleus progressively condenses and

dissembles into discrete homogenous, variably sized spherical chromatin masses. At the
same time, the cell starts to sever attachments to other cells and detaches from
extracellular matrix, and its outlines become convoluted and round up. Cell blebbing
occurs with protrusions of plasma membrane surrounding the detached solid cellular
material. The entire cell then condenses and is reorganized into so-called 'apoptotic
bodies', a term coined by Kerr (1972). Apoptotic bodies are membrane-bound vesicles
which vary in size and composition; they can contain the entire contents of the cell in
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various combinations, such as cytosolic elements, organelles or parts of condensed
nuclei. Some of the bodies lack a nuclear component.

Most studies agree that the fine structure, including membranes and mitochondria, are
well preserved inside the bodies for at least some time. Then, they have been described
to either condense or to swell (perhaps depending on the cellular context). Intracellular
membrane compartments such as the endoplasmic reticulum (ER) and Golgi apparatus
also appear to be morphologically normal at least during the early stages of apoptosis and
probably become involved only in the late stages; however, dilation of the ER has also
been noted earlier on (Kerr et al., 1972; Wyllie et al., 1980a). Vacuolation of the
cytoplasm has also been described in various studies.

Apoptotic cells are rapidly engulfed and digested by neighboring cells, including
'professional phagocytes' - macrophages (microglial cells in the nervous system), or nonspecialized cell - parenchymal cells (i.e. epithelial cell) (Kerr et al., 1994; Kerr et al.,
1972). This process of phagocytosis is usually so rapid that no inflammatory response
occurs in the tissue.

In contrast to apoptosis, necrosis is considered as the general appearance of cell death
following rapid loss of cellular homeostasis (Kerr et al., 1994; Majno and Joris, 1995).
This type of cell death is characterised by swelling due to the accumulation of water and
electrolytes, early plasma membrane rupture and disruption of cellular organe1les,
especially the mitochondria. Blebbing and formation of apoptotic bodies are absent and
the nuclear chromatin is irregularly clumped. The endoplasmic reticulum and lysosomes
swell and burst, the latter releasing digestive enzymes which further autolyse the
structure of cytoplasm. The cell finally breaks up, and leakage of the intracellular
contents induces an inflammatory response. Phagocytosis of the remnants of necrotic
cells is delayed until there is an accumulation of inflammatory cells (Saraste and Pulkki,
2000; Trump et al., 1981).
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4.1.2 Cell Death in Developing Gastrulation Embryo

Programmed cell death (PCD) by apoptosis, a genetically controlled and highly regulated
process, is a common feature of developing embryonic nervous systems beginning as
early as the inner cell mass stage (Sanders and Wride, 1995; Snow, 1987) and continuing
until late third trimester (Blaschke et al., 1996; Blaschke et al., 1998; Chan and Yew,
1998; Cragg and Phillips, 1985; Spreafico et al., 1999; Spreafico et al., 1995). In the early
developing chick and mouse embryos, PCD were found during gastrulation (Bellairs,
1961; Daniel and Olson, 1966; Sanders et al., 1997); neural tube closure (Geelen and
Langman, 1977; Schluter, 1973); and neural crest formation (Homma et al., 1994; Jeffs et
al., 1992a; Jeffs and Osmond, 1992b; Lumsden et al., 1991; Vermeij-Keers and
Poelmann, 1980).

Two well-known examples ofPCD are the cell death associated with fusion of the neural
folds and removal of interdigital mesenchymal cells during digit formation (Cartwright
and Smith, 1995; Dunty et al., 2001; Kotch and Sulik, 1992; Sulik et al., 1988).
Although PCD is variable at different locations, and developmental stages, it is frequently
associated with regulation of the size of a structure or tissue, the elimination of abnormal
cells, and/or morphogenesis (Jacobson et al., 1997). However, the significance of PCD,
is still not completely understood at very early stages of development such as
gastrulation.

Gastrulation is a complex morphogenetic process that lays down the basic developing
plan of the embryo. In the chick and mouse, the amount and distribution of cell death in
gastrulation embryo has been assessed (Manova et al., 1998; Poelmann, 1980; Sanders et
al., 1997; Snow and Bennett, 1978).

In the chick embryo, cell death during gastrulation was consistent, with a low level of
death in all three germ layers throughout the area pellucida (Sanders et al., 1997). Cell
death was scattered throughout the mesoderm, endoderm, and in some regions of the
ectoderm (Sanders et al., 1997). However, in some embryos, two local regions of high
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cell death were found in the ectoderm of the area pellucida, one is in the primitive streak,
especially the rostral end of the streak; another is in the marginal zone, particularly in the
most rostral part of the embryo (Sanders et al., 1997).

In contrast to the chick, cell death in the gastrulation mouse embryo was much less
despite the very high rate of cell death in the ectoplacental cone (Manova et al., 1998;
Sanders et al., 1997). The level of cell death in the endoderm and mesoderm of the
embryonic region was low and in-frequent (Lawson et al., 1986; Lawson and Pedersen,
1987; Manova et al., 1998; Sanders et al., 1997; Snow and Bennett, 1978). Meanwhile,
only very few dying cells were found in the chorion and visceral endoderm in extraembryonic regions, and in the extra-embryonic mesoderm, ectoderm, and allantoic bud
(Sanders et al., 1997).

There are two views considering the pattern of cell death in the ectoderm of the
gastrulation mouse. However both views agree that the level of PCD is low in the
ectoderm of the embryonic region.

One view holds that cell death is randomly

distributed in the ectoderm (Sanders et al., 1997; Snow and Bennett, 1978). Another
view holds that there is a reproducible pattern of cell death in the ectoderm, with higher
levels of PCD occurring in the distal and distal anterior regions (Manova et al., 1998;
Poelmann, 1980).

4.1.3 Teratogen-Induced Apoptosls In Gastrulatlon Mouse Embryos

Apoptotic cell death also occurs in the gastrulation and neurulation embryo following
exposure to a wide variety of teratogens; such as ethanol (Dunty et al., 2001; Sulik et al.,
1981), hyperthermia (Li and Shiota, 1999; Mirkes and Little, 1998; Shiota, 1988;
Umpierre et al., 2001), ionizing radiation (Heyer et al., 2000), and overdose of vitamin A
(Mulder et al., 2000).

In early postimplantation mouse embryos, teratogens such as ethanol, hyperthermia or
ionizing radiation have been shown to induce a characteristic pattern of structural
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malformations. The main malformations observed were exencephaly on G7, maxillary
hypoplasia, defects of the eyes and brain on G8, and limb defects on G9, 10 or 11 (Sulik
et al., 1988; Sulik et al., 1981). These may result from arrested proliferation or halted
migration (Nakatsuji and Johnson, 1984). However, cell death appears to be the most
important pathogenic feature associated with ethanol-induced malformations (Cartwright
et al., 1998; Du and Hamre, 2001; Dunty et al., 2001; Smith, 1997; Sulik et al., 1988).

Excessive cell death occurs in the embryo from G7 to G9, within 6 - 12 hr of maternal
ethanol treatment (Bannigan and Burke, 1982; Bannigan and Cottell, 1984; Dunty et al.,
2001). A dramatic increase in the number of dying cells was observed in experimental
embryos with the highest incidence in the ectodermal layer (Dunty et al., 2001).
However, increased cell death was not evident in the mesoderm, endoderm, or
extraembryonic tissues (Dunty et al., 2001). At the cellular level in the ethanol-treated
embryos, the ectodermal layer appears to be disorganized with many apoptotic bodies at
the apical surface of the cell layer (facing the amniotic cavity) and also at the basal
surface (Nakatsuji and Johnson, 1984). Debris of dying cells was sometimes observed in
the amniotic cavity (Nakatsuji and Johnson, 1984; Sulik et al., 1981).

The gastrulation embryo is also hypersensitive to DNA damage. A significant increase in
cell death has been found in the early gastrulation embryo following low dose X-ray
irradiation (Heyer et aI., 2000). Similarly, cell death occurred in the prosencephalic
neuroepithelium and surrounding mesenchyme, the pharyngeal arches, and the otic
capsule in the G9 embryo following an hyperthermic insult (Mirkes and Little, 1998).

Teratogens induce increased cell death more commonly in regions where PCD is
occurring (Abbott et al., 1995; Cartwright et al., 1998; Mirkes et al., 2001; Sulik et al.,
1988), suggesting a mechanistic link between PCD and teratogen-induced cell death.
Moreover, according to the latest research (Dunty et al., 2001), stage-dependent
excessive cell death exhibited in other distinct cell populations, particularly within the
developing central nervous system, suggests that teratogen-induced apoptosis happened
in many more tissues than previously thought.
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One aim of this study was to assess the acute cell death that occurs in the ectoderm of the
mouse gastrulation embryo following an alcohol insult. The features of cell death in the
ectoderm were investigated using immunohistochemical techniques - terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and activated caspase-3
staining, and ultrastructural morphological characteristics were examined using
transmission electron microscopy. Meanwhile, the extent of cell death was used to
investigate the relationship between BAC and cell death (TUNEL labeled apoptotic
index) in the ectoderm.
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4.2

Proteinase K Pretreatment in the TUNEL Assay:
Improvement and Evalulation on Tissue Preparation

4.2.1

4.2.1.1

Introduction
Nuclear Events in Apoptosis

Apoptosis is a multistage process dependent upon a tightly regulated and well-defined
program for its initiation and execution. Certain nuclear events, including chromatin
condensation and DNA fragmentation, hallmarks of apoptosis, are controlled separately
and depend upon a persistent supply of energy in vivo (Kass et al., 1996). The first
detectable morphological change in the nucleus is chromatin condensation.

The

molecular events responsible for this are unknown but caspase-mediated cleavage of
nuclear proteins may be involved. As DNA fragmentation and chromatin condensation
often occur together and can be observed in the same apoptotic cell, they may depend on
the same molecular events. It has been considered that chromatin condensation is the
consequence of internucleosomal DNA cleavage (Arends et al., 1990).

However,

Oberhammer (Oberhammer et al., 1993) observed typical chromatin condensation
occurring in apoptosis without internucleosomal DNA cleavage, suggesting that the two
might be separate entities. Cleavage of DNA might occur prior to, or during, the uptake
of apoptotic bodies by phagocytosis (Oberhammer et al., 1993).

Normal hetero-chromatin is thought to be organized in subdomains of 300 and 50 kilo
base pairs (Kb) known as rosettes and chromatin loops, respectively, and it is well
established that stretches of DNA 180 - 220 base pairs (bp) in length are associated with
the histone core complex of nucleosomes. DNA fragmentation by endonucleases is not a
random process, it occurs in at least two stages (Enari et al., 1998). The first is initiated
by endonucleolytic activity that cleaves DNA at specific intervals throughout the
genome, forming 50 to 300 Kb fragments - high molecular weight (HMW) DNA
fragments (Kawabata et al., 1993). The second stage of fragmentation is catalyzed by
endonucleases, that carry out internucleosomal DNA cleavage, forming oligonucleosomal
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DNA fragments (Skalka et al., 1976; Wyllie, 1980b). These fragments yield a ladder-like
pattern of DNA with agarose-gel electrophoresis (Wyllie, 1980b). The free ends of DNA
can be enzymatically labeled, allowing the specific detection of DNA-strand breaks (socalled TUNEL, TdT-mediated dUTP-biotin nick end-labeling reaction) (Gavrieli et al.,
1992).

Detection of apoptosis by morphology alone is difficult owing to the rapidity of the
morphologic changes in cell death, which have been estimated at only 2 - 5 min for
chromatin condensation and cell fragmentation, and 3 hr for apoptotic body phagocytosis
and digestion (Bosman et al., 1996; Bursch et al., 1990a; Bursch et al., 1990b;
Tenniswood et al., 1992). Therefore, an increasing number of investigators favor in situ
labeling of apoptotic cells, which allows both high sensitivity and precise identification
of the cell population involved.

4.2.1.2

In Situ TUNEL Labeling

Terminal deoxynucleotidyl transferase (TdT) - mediated deoxyuridine triphosphate
(dUTP) nick end - labeling (TUNEL) has become one of the standard techniques for the
detection of apoptosis in tissue sections (Gavrieli et al., 1992; Gold et al., 1994; Kockx et
al., 1998; Migheli et al., 1994; Negoescu et al., 1996). In this method, the DNA strand
breaks in the nucleus of cells undergoing apoptosis can be identified by labeling free 3'OH termini with modified nucleotides (fluorescein - labeled dUTP) in a TdT enzymatic
reaction (Gavrieli et al., 1992; Sgonc et al., 1994; Sloop et al., 1999).

However, the sensitivity of the TUNEL technique has been criticized (Kerrigan et al.,
1987; Negoescu et al., 1998). The availability of DNA breaks for enzymatic labeling is
altered by the nuclear protein environment. Fixation of the tissue, the crosslinking of
proteins and fixative precipitate may block the exposure of free 3'- OH and enzyme
activity (Gold et al., 1994; Negoescu et al., 1998).

Chemical pretreatments with

proteolytic enzymes, such as proteinase K, are used to enhance TUNEL sensitivity
(Gavrieli et al., 1992; Gold et al., 1994; Migheli et al., 1994; Negoescu et al., 1996).
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Different cell types need different concentrations of proteinase K pretreatment to achieve
TUNEL labeling (Migheli et al., 1994); mouse thymocytes required incubate with 0.5 - 1
mg/ml (Migheli et al., 1994), whereas cultured cells (e.g., HL60) required less than 1
ug/ml (Gal et al., 2000).

Unfortunately, although proteinase K pretreatment has been the most popular method of
improving TUNEL sensitivity, this approach appears to increase the percentage of false
positive signals (Gal et al., 2000; Rao et al., 1998; Stahelin et al., 1998). Even though
proteinase K may result in false positive staining, preliminary studies indicated that it was
beneficial to use proteinase K pretreatment to assist access of the label to the cell. The
number of TUNEL stained false positive cells is dependent on the concentration of
proteinase K (Migheli et al., 1994) and on the duration of incubation with proteinase K
(Stahelin et al., 1998).

4.2.2 Aim

To develop a TUNEL method that can be used reliably, without false positive staining, on
early gastrulation embryonic tissue. The specific objective of this experiment was to
examine the effects of proteolysis by proteinase K on the apoptotic index in the ectoderm
of the mouse embryo at G7.5.

4.2.3 Materials and Methods
4.2.3.1

Tissue source

Female C57BLl6J mice were maintained in the department of Laboratory Animal
Sciences (University of Otago), on a 12 hr light/dark cycle with access to food and water
Ad libidum. At 8 - 10 weeks of age, mice were smeared each morning. On the day of
pro-estruous, females were placed with males overnight, and the next morning checked
for the presence of a vaginal plug or sperm positive vaginal smear. Noon on the day of
pregnancy confirmation was defined as GO.5.
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At 10 am on G7.5, pregnant C57BL/6J mice were intubated with 6.5g/kg (20% v/v)
ethanol. A 10 hr post ethanol time point was selected, as previous studies observed cell
death within 8 - 12 hr of ethanol administration in mouse embryos (Kotch and Sulik,
1992; Du and Hamre, 2001; Dunty, 2001). Dams were sacrificed by cervical dislocation
10 hr after ethanol administration. Uteri were removed, embryos were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer at 4 QC overnight, and then stored in 70%
ethanol.

The embryos were embedded in paraffin and sectioned serially at 5 urn thickness in the
sagittal plane. Sections from the middle of the embryo (see section 4.3.3.3 for detail)
were mounted on 3-aminopropyltriethoxysilane (APES) coated slides, deparaffinized and
rehydrated, ready for TUNEL staining.

4.2.3.2

TUNEL Labeling . the Role of Proteinase K

Proteolytic treatment was performed with proteinase K (Sigma, St. Louis, MO)
(Appendix 1). Tissue sections were treated with proteinase K (PK) at dilutions of20, 10,
5, 2.5, 1.25 and 0 ug/ml in Tris buffer for either 15 minutes at room temperature or 10
min at 37 QC. Sections were rinsed in Tris buffer then processed for TdT assay.

DNA labeling in apoptotic cells was carried out with the In Situ Cell Death Detection Kit
(Roche, Germany). Tissue was incubated in TUN EL dilution buffer (30 mM trizma base,
140 mM sodium cacodylate, 1 mM cobalt chloride) for 15 min, and then placed in TdT
fluorescein-dUTP solution, prediluted 1:2 with dilution buffer, for 1 hr at 37 QC in a
humidified chamber. Sections were rinsed in stop-labeling buffer (300 mM sodium
chloride and 30 mM sodium citrate) for 15 min. Endogenous peroxidases were blocked
with 0.5% hydrogen peroxide treatment. After rinsing in phosphate buffered saline
(PBS), sections were incubated in an anti-fluorescein peroxidase-conjugated (POD)
antibody in a humidified chamber for 30 min at either room temperature or 37 QC as for
proteinase K treatment. Treatment with 3,3' diaminobenzidine (DAB) for 10 min was
used as the chromagen to visualize brown color in the labeled cells. Sections were
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counterstained for 20 seconds with Carrazi's haematoxylin to aid in the morphological
identification, dehydrated through ethanol and xylene, and coverslipped in DPX.

Negative controls were performed by omitting TdT or by omitting POD. Positive
controls were tissue sections treated with DNase I for 10 min at 37 QC to induce DNA
strand breaks, prior to TUNEL labeling procedures.

4.2.4 Results

In negative control sections, the omission of either TdT or POD (Figure 4.lH) abolished
labeling. In positive control sections, pretreatment with DNase I caused intensive brown
colored TUNEL staining of all nuclei irrespective of their morphology (Figure 4.1G).
Pretreatment of sections with proteinase K was necessary, and the number of TUNEL
positive cells was dependent on the concentration of proteinase K (Figure 4.1). In the
absence of proteinase K, the reaction was weak and inconstant. The best pretreatment
was proteinase K at 2.5 ug/ml or 1.25 ug/ml for 15 min at room temperature. Treatment
with proteinase K 5 ug/ml and 1Oug/mlled to a small gain in intensity of specific staining
but with a slight increase in the percentage of labeled cells with a non-apoptotic
appearance. There was however, an obvious increase in the non-specific staining of
morphologically normal nuclei after incubation with 20 ug/ml proteinase K.

Importantly, after low concentration proteinase K pretreatment, only the TUNEL-Iabeled
cells showed a condensed nucleus (Figure4.1b and c), a morphological characteristic of
apoptotic nuclei. High concentration proteinase K treatment led to many lighter stained
TUNEL positive cells (Figure 4.11) without typical apoptotic nuclei. These represented
an artifact of processing, and excessive proteinase K treatment was responsible for the
diffuse nonspecific staining of nuclei throughout the entire section.
There was no effect of proteinase K incubation duration or temperature, on TUNEL
staining for the concentrations from 0 to 20 ug/ml,
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Figure 4.1 TUNEL detection of apoptotic cells in the ectoderm of gastrulation mouse
with different diluted proteinase K (PK) pretreatment. The concentration of PK was 0,
1.25 ug/ml, 2.5 ug/ml, 5 ug/ml, 10 ug/ml , and 20 ug/ml from A - F (next page a - f) ,
respectively. (A - H) Low magnification. (a - g) High magnification. Without PK
pretreatment, some apoptotic bodies are weakly labeled (arrow in a). The optimal
specific staining was obtained with PK at 1.25 ug/ml and 2.5 ug/ml (arrow in b and c).
PK at 5 ug/ml and 10 ug/ml induced a little increased unspecific background staining
(arrow in d and e). PK at 20 ug/ml caused false positive TUNEL signals of
morphologically normal nuclei (arrow in f). G (g) DNase I positive control. H (h)
Negative control omitted peroxidase-conjugated antibody. Scale bar = 200 urn
in (A-H), 30 urn in (a-h).
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4.2.5 Discussion
The sensitivity and specificity of the TUNEL assay are important in the detection of
apoptotic cells especially as in this experiment, where embryonic tissue has been used.
Treatment with proteinase K was required to render the cleaved DNA accessible to the
terminal transferase. The sensitivity and specificity of TUNEL assay depended on the
concentration of proteinase K.

Without protease pretreatment, the nuclei of most formaldehyde fixed TUNEL positive
cells were lightly stained. The light staining of the nuclei means the labeling materials
were not able to adequately penetrate the nucleus. However, the lack of labeling without
pretreatment, could also be interpreted as a lack of DNA fragmentation in such samples.
Proteinase K pretreatment increased the sensitivity of the TUNEL assay in the ethanolexposed mouse embryo tissue, as reported for other tissues (Gold et al., 1994; LabatMoleur et al., 1998; Rao et al., 1998). However, the method is extremely sensitive, as
incubation with a proteinase K concentration above 5 ug/rnl resulted in stained cells that
did not exhibit the morphological criteria of apoptosis. Incubation with proteinase K at
2.5 ug/ml for 15 min at room temperature, resulted in maximal labeling of apoptotic cells
without increased background staining or labeling of nuclei that were morphologically
normal.
There are two possible explanations for the false-positive staining with the TUNEL
assay. It may result from the release or activation of endogenous nucleases by proteinase
K at sensitive sites in normal morphological cells (Migheli et al., 1994; Stahelin et al.,
1998; Wijsman et al., 1993), making DNA ends accessible to TdT.

Staining may also

occur if proteinase K alters the topological rearrangement of chromatin, making sensitive
sites of chromatin available, leading to DNA strand breaks (Gal et al., 2000; Peitsch et
aI., 1993).
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The finding that embryonic mouse ectoderm is maximally labeled with TUNEL
following pretreatment with proteinase K at 2.5 ug/ml supports previous findings that
different concentrations are needed in different tissues (Gal et al., 2000). Concentration
must depend on the active state of the cells and their intracellular environment.
Embryonic cells are proliferating cells and thus the DNA and surrounding protein may be
vulnerable. Furthermore, the ethanol-exposed embryonic tissue in this experiment could
be more sensitive to proteinase K pretreatment, as the nuclear substructure already be
disrupted by ethanol. Diffuse non-specific nuclear staining was observed in the sections
pretreated with 20 ug/ml proteinase K, in agreement with a previous observation for
proliferating cells (Migheli et al., 1994). However, Kilburn and colleagues (2006) used
20 ug/ml proteinase K to pretreat sections from gastrulation mice and obtained a TUNEL
index much higher than in the present study. Although the results cannot be compared
directly between this experiment and Kilburn's one due to differences in measuring the
apoptotic index, it is likely that false positive labeling occurred in their experiment.

The TUNEL method has provided valuable information about apoptotic cell death in
various tissues. However, the sensitivity and most importantly, the specificity of the
TUNEL method may limit the value of such data. It may be of even greater importance
in embryonic tissue which is less robust, as indicated by the low concentration of
proteinase K required compared to other studies (Migheli et al., 1994). Caution must be
exercised when examining apoptosis in proliferating tissue (e.g. mouse embryo tissues)
with the TUNEL assay.

To ensure that false positive staining does not occur, this

preliminary study investigated the effect of the concentration of proteinase-K on the
specificity and sensitivity of staining with the TUN EL method and established the
optimal conditions for use in mouse embryonic ectoderm on G7.5. The reliability of the
results can be substantiated by combining other methods with TUN EL labeling, such as
assessment of the distinct ultrastructural features of dying cells by transmission electron
microscopy.
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4.3

Apoptosis in Mouse Gastrulation Embryos: the Effects of
Blood Alcohol Concentration on Cell Death Following
Different Ethanol Exposure Pattern

4.3.1

Introduction

Acute ethanol exposure during early gestation in the mouse results in fetal brain
malformations similar to some of those reported in human fetuses with FAS (Dunty et al.,
2001; Sulik et al., 1981).

Determining the drinking patterns that are dangerous to a developing embryo or fetus is a
complex issue. Both the amount of alcohol and the rate of consumption are important in
establishing the maternal blood ethanol profile which accurately reflect the fetal blood
ethanol. Evidence from human studies and animal experiments indicates that a certain
drinking pattern is particularly harmful to the fetus (Bonthius et al., 1988; Bonthius and
West, 1990; Jacobson and Jacobson, 1999; Jacobson et al., 1998; West et al., 1984a).
The damage to the offspring is related to the level of blood alcohol concentrations, in
particular the peak BAC (Bonthius et al., 1988; Carloni et al., 2004; Du and Hamre,
2001; Goodlett et al., 1990; Ikonomidou et al., 2000; West et al., 1984a), and the duration
of elevated BAC (Ashwell and Zhang, 1996; Blakley and Scott JR, 1984a; Ikonomidou et
al., 2000; Webster et al., 1983).
The peak BAC is the most important determinant of ethanol-induced damage in FAS
offspring (Bonthius et al., 1988; Bonthius and West, 1990; Chernoff, 1980; Goodlett et
al., 1990; West et al., 1990a). In the third trimester equivalent alcohol exposed rat,
significant microencephaly and significant Purkinje cell loss in the cerebellar vermis only
occurred in the peak BAC of 361.6 mg/dl and 190.7 mg/dl groups (Bonthius et al., 1988;
Bonthius and West, 1990). Similarly, during the second trimester equivalent, significant
cell death in the mouse vestibulocochlear ganglion (Du and Hamre, 2001) only happened
in the two higher peak BAC groups (around 540 mg/dl and 430 mg/dl), but not lowest
peak BAC group (around 240 mg/dl).
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Several studies have shown that FAS outcomes are correlated with the duration of
elevated BAC (Ashwell and Zhang, 1996; Blakley and Scott JR, 1984a; Webster et al.,
1983). Significantly increased resorption and malformations were found when the BAC
was elevated above 200 mg/dl for more than 12 hours compared to a shorter duration
above 200 mg/dl for only 4 hours, although both groups achieved the same peak BAC
level of 350 mg/dl (Blakley and Scott, 1984b; Blakley and Scott JR, 1984a).

By

comparing the mean number of degenerating neurons in the PN7 rat brain following a
binge ethanol exposure, a relationship between acute cell death and BAC profiles was
suggested (Ikonomidou et al., 2000). Significant neuronal cell death occurred with a
BAC threshold at or above 200 mg/dl for four consecutive hours (Ikonomidou et al.,
2000).

It should be noted that methods using chemicals to extend the exposure time to BAC has

the disadvantage that the chemical (Blakley and Scott JR, 1984a) may alter the
experimental results when coadministered with alcohol. In addition, BAC achieved by
administering equal divided doses of ethanol (Ikonomidou et al., 2000) produces a
fluctuating BAC level rather than a steady elevation of BAC, making it difficult to judge
if the effects are caused by peak BAC or the duration of elevated BAC.

4.3.2 Aims

These experiments used a physiologically relevant mouse model to investigate the role of
peak BAC and the duration of BAC elevation in the causation of acute cell death in the
ectoderm of the mouse gastrulation embryo. To investigate the role of peak BAC, a
single binge ethanol administration of different doses was used. To investigate the role
of the duration of elevated BAC, ethanol was administered in unequal doses given
periodically, to achieve a relatively constant elevated BAC for a set period.
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4.3.3 Materials and Methods

4.3.3.1

Treatment of Animals

Pregnant C57BL/6J mice were used as previously described in section 4.2. At lOam on
G7.5, all pregnant mice were weighed and randomly assigned to one of seven groups (6
dams per group). Five of the groups were exposed to ethanol as follows: intragastric (IG)
intubation of ethanol as a single dose of 6.5 g/kg (IG6.5) or 4.5 g/kg (IG4.5) ethanol
(20% v/v); intragastric delivery of ethanol as multiple does of 4.5 + 1.0 + 1.0 g/kg
(IG4.5+) 2 hours apart or 3.0 + 1.0 + 1.0 + 1.0 + 1.0 g/kg (IG3.0+) ethanol 2 hours apart;
intraperitoneal (IP) injection of a single dose of 4.5 g/kg (IP4.5) ethanol (20% v/v). Two
groups received no ethanol and acted as controls: intragastric intubation of a single dose
of 0.9% NaCI equal in volume to the 6.5 g/kg ethanol dose (Con6.5), or multiple equal
volume of 0.9% NaCI to the 4.5 + 1.0 + 1.0 g/kg ethanol dose (Con4.5+). Preliminary
data showed that an initial dose of 4.5 g/kg or 3.0 g/kg ethanol (20% v/v) achieved a
certain peak BAC level, that could be maintained by delivery of 1.0 g/kg ethanol (10%
v/v) every 2 hours for a set time.

Ten hour after ethanol administration, the dams were sacrificed by cervical dislocation.
The abdominal cavity was surgically opened, the uterus was exposed and removed.
Embryos from each dam were grossly dissected, fixed in 4% paraformaldehyde in 0.1M
phosphate buffer at 4 DC overnight, and stored in 70% ethanol for immunohistochemical
investigation.

4.3.3.2

Blood Alcohol Concentrations

BAC were determined from tail vein blood samples in all dams. The 20 III blood samples
were collected with a heparinized pipette, from the tip of the dam's tail. Samples were
stored in vials containing 180 III internal standard solution (50 III n-propanol per 100 ml
0.6M perchlorate), and analyzed by gas chromatography (Institute of Environmental
Science and Research (ESR) Forensic, Wellington, New Zealand).
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To measure blood alcohol pharmacokinetics and clearance, samples were taken at
different time points after the first ethanol exposure with variant time intervals between
samples in different groups. BAC sample time points were: 10 min, 0.5 hr, 1.5 hr, 4 hr, 8
hr, and 10 hr (1G6.5); 10 min, 0.5 hr, 1.5 hr, 4 hr, and 6 hr (IG4.5); 10 min, 0.5 hr, I hr,
1.5 hr, 2.5 hr, 4 hr, and 6 hr (1P4.5); 1.5 hr, 2.5 hr, 3.5 hr, 4.5 hr, 5.5 hr, 6.5 hr, and 8 hr
(1G4.5+); 1 hr, 2 hr, 3 hr, 4 hr,S hr, 6 hr, 7 hr, 8 hr, 9 hr, and 10 hr (1G3.0+). Preliminary
experiments had shown that these time points represent the rise, peak, and fall in BAC.

4.3.3.3

TUNEL Immunohistochemical Methods

Three embryos from each dam were selected at random, embedded in paraffin, and
serially sectioned at 5 urn thickness in the sagittal plane. Every 5th sections were stained
with Hematoxylin and Eosin, and used to identify the section where the ectoderm was
maximal. The section adjacent to the H&E stained section with maximal ectoderm, and
sections 25 urn before and after this section were selected for TUNEL labeling, giving 3
sections for each embryo.

Sections were mounted on the APES coated slides,

deparaffinized and rehydrated, prior to staining with TUNEL.

TUNEL labeling: Apoptotic cells were visualized with In Situ Cell Death Detection Kit
(Roche, Germany), with slight modifications (Appendix 1). Sections were incubated in
proteinase K (Sigma, St. Louis, MO) 2.5 ug/ml for 15 min at room temperature, rinsed in
Tris buffer and then incubated in TUNEL dilution buffer (30 mM trizma base, 140 mM
sodium cacodylate, 1 mM cobalt chloride) for 15 min. Tissue was incubated in TdT
fluorescein-dUTP solution (1:2 dilution), for 1 hr at 37 QC in a humidified chamber.
Sections were rinsed in stop-labeling buffer (300 mM sodium chloride and 30 mM
sodium citrate) for 15 min. Endogenous peroxidases were blocked by using 0.5%
hydrogen peroxide for 30 min at room temperature. After rinsing, an anti-fluorescein
POD antibody was applied and sections were incubated in a humidified chamber for 30
min at room temperature. DAB treatment for 10 min was used as the chromagen to
visualize labeled cells with a brown substrate. Sections were counterstained for 20 sec
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with Carrazi's haematoxylin to aid in morphological identification, dehydrated through
ethanol and xylene, then covers lipped in DPX.

Negative controls were performed by omitting TdT or POD. Positive control sections
were incubated with DNase I for 10 min at 37°C, prior to TUNEL labeling procedures.

4.3.3.4

Quantitation of TUNEL Positive Cells

A set of three TUN EL immunolabeled sections was used to count apoptotic cells in the
ectoderm of each gastrulation embryo. The number of TUNEL (+) and TUNEL (-) cells
was counted separately in each section. The number of TUNEL (+) and TUNEL (-) cells
in each embryo was the sum of the counts in the three sections. An apoptotic index (AI)
for each embryo was determined from the ratio of TUNEL (+) nuclei to total nuclei
(TUNEL (+) plus TUNEL

(-»

in the ectoderm. The litter AI was the mean value for

three embryos from each dam.

4.3.3.5

Statistical Analysis

Litter size and body weight were analyzed by the Kruskal-Wallis test using the SPSS
statistical package. BAC profile data was analyzed using both SPSS and SAS software.
The area under the blood alcohol concentration curve (AUC) was calculated by applying
the trapezoidal rule from the beginning of alcohol administration to the time at which
alcohol no longer detected. Slope of elimination among binge groups was calculated
using linear regression analysis which was performed on the linear portion of each
descending limb of the BAC-time graph (values from 90 min onwards).

For the

continued exposure groups, linear regression was performed on each descending linear
portion of BAC-time curve to obtain the average clearance slope which represent the
elimination rate in each animal.

The time point of complete ethanol clearance was

extrapolated from the last measured concentration to infinity by linear regression to
calculate elimination slope. The absorption speed was the straight-line slope of the BAC-
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time curve from time zero, ethanol administration, to the 10 min time point, and from the
10 min to 30 min time point.

For all the ethanol groups (106.5, 104.5, IP4.5, 104.5+, 103.0+), ADC was compared
using one way analysis of variance (ANOVA), with post hoc analysis performed by the
Bonferroni test.

Slope of blood alcohol elimination was compared using repeated

measurement analysis (mixed models) among all of the groups. In addition, binge BAC
profiles (106.5, 104.5, IP4.5) were analyzed using repeated measurement analysis (mixed
models), with between variables (dose and treatment type) and within variable (four
sample times 10, 30, 90, and 240 min). An ANOVA test was performed on the slope of
absorption from 0 to 10 min and 10 to 30 min, and estimated time to complete clearance
of alcohol. Post hoc analysis was done by the Bonferroni test. For repeated ethanol
groups (104.5+ and 103.0+), elevated BAC and estimated time of alcohol elimination
were compared by the student t-test and Mann-Whitney test, respectively. All statistics
were performed using SPSS except the repeated measurement analysis (mixed models)
which was done using SAS.
Apoptotic profile data was analyzed using mixed model with a Poisson distribution, using
statistical programs from SAS software compact. The Tukey-Kramer adjustment for
multiple comparisons was used to determine which groups were significantly different if
differences were found with the mixed model.

All data is presented as mean ± standard error of mean (SEM).

4.3.4 Results
Mice in the 103.0+ group showed no signs of ethanol intoxication after each dose of
ethanol administration. Mice receiving the 104.5 or 104.5+ ethanol paradigm were
ataxic for 1 - 2 hr following each ethanol administration. Mice in the IP4.5 group showed
the same behaviours as 104.5 or 104.5+ mice, plus they exhibited signs of peritoneal
stimulation (e.g. muscle fibrillation of hind leg). Mice in the 106.5 group were comatose
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and unresponsive to stimuli for 3 - 4 hr following ethanol exposure, and ataxic with
minimal movement for another 3 - 4 hr. At the time of embryo harvest, 10 hr after first
ethanol treatment, all dams had recovered and were active.

4.3.4.1

Litter Size

Administration of alcohol to pregnant dams on G7.5 did not alter litter size at 10 hr after
ethanol administration, which was shown by using Kruskal- Wallis test (Chi-square =
3.47, df = 6, P = 0.748). Litter size was; 8.8 ± 0.9 (IG6.5), 7.8 ± 0.3 (IG4.5), 8.5 ± 0.4
(IP4.5), 7.0 ± 0.8 (IG4.5+), 8.0 ± 0.4 (IG3.0+), 8.0 ± 0.3 (Con6.5), and 8.0 ± 0.5
(Con4.5+).

4.3.4.2

Body Weight

Kruskal- Wallis test showed there was no significant difference in dam body weight
among all of the seven groups (Chi-square = 4.51, df= 6, P = 0.608). The body weights
(in g) of pregnant dams at G7.5 were; 22.1 ± 1.3 (IG6.5), 22.4 ± 1.3 (IG4.5), 22.2 ± 0.5
(IP4.5), 21.5 ± 0.3 (IG4.5+), 21.6 ± 0.5 (IG3.0+), 21.8 ± 0.5 (Con6.5), and 20.7 ± 0.5
(Con4.5+).

4.3.4.3

Blood Alcohol Concentrations

The delivery of alcohol under the different paradigms results in different BAC patterns.
Figure 4.2 shows the mean BAC time curve of the 30 mice (5 groups, 6 mice per group)
at each of the time points with single binge intragastric, intraperitoneal, and continued
intragastric exposure paradigms.
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The area under the blood alcohol concentration-time curve (ADC) was compared
between the five groups and is shown in Figure 4.3. ADC is an accurate indicator of
overall mean BAC level.

The ADC value (mgmin/dl) was significantly different

between groups (F = 21.1, df = 4,24, P = 0.000). ADC was; 247,020.77 ± 28,362.20
(106.5), 77,107.49 ± 8,464.60 (104.5), 82,334.84 ± 4,355.71 (1P4.5), 149,563.35 ±
12,560.20 (104.5+), and 106,327.04 ± 9,614.38 (103.0+).

ADC value for 106.5

exceeded (P = 0.000 - 0.001) all others. The value of ADC in 104.5+ was greater than
both 104.5 (P = 0.026) and 1P4.5 (P = 0.047), but was not significantly different to
103.0+ (P = 0.677). There was no significant difference in the ADC between 104.5 and
1P4.5 (P = 1.000), or between 103.0+ and either 104.5 (P = 1.000) or 1P4.5 (P = 1.000).

Alcohol elimination rate among all the five groups is shown in Table 4.1 and Figure 4.4.
Repeated measurement analysis (mixed models), showed that the BAC rate of
elimination was not significantly different among the five groups (F = 0.70, df = 4, 25, P
= 0.5983). Also, there was no effect of the peak level (height) of BAC and rate of BAC
elimination (F = 1.12, df = 3, 9, P = 0.3926). The clearance slope was; -0.86 ± 0.09
(106.5), -0.88 ± 0.06 (104.5), -1.12 ± 0.04 (1P4.5), -0.90 ± 0.04 (104.5+), and -0.92 ±
0.07 (103.0+).

Table 4.1 Clearance Slope and Estimated Time for Ethanol Elimination in the Various
Treatment Groups
Estimated Time of BACs
Treatment
Maximum BACs Triger
Clearance
clearance (min)
Groups
Backslope (mg/dl)
Slope
106.5

586.08 ± 30.32

-0.86 ± 0.09

795.4 ± 68.7*

104.5

299.75 ± 24.95

-0.88 ± 0.06

439.8 ± 25.6

1P4.5

344.15 ± 14.35

-1.12 ± 0.04

396.5 ± 5.5

104.5+

328.40 ± 22.68

-0.90 ± 0.04

611.8 ± 37.1

103.0+

160.14±25.19

-0.92 ± 0.07

677.9 ± 29.5

All values represent mean ± SEM. * Longer clearance time in 106.5 than both 104.5 and
1P4.5 (P=O.OOO, ANOV A analysis, Bonferroni test).
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Repeated measurement analysis was used to compare BAC at 4 time points (10, 30, 90,
and 240 min) within the three binge groups (IG6.5, IG4.5, and IP4.5) (Table 4.2). Mixed
models analysis revealed that there was a significant difference in the mean BAC
achieved over time among the three groups (F = 22.99, df= 2,15.1, P < 0.0001). This
analysis also showed a significant effect of sampling time (F = 122.59, df = 3, 20.4, P <
0.0001), and an interaction between time and groups (F = 5.63, df= 6, 20.4, P = 0.0014).
Adjusting for multiple comparisons using Bonferroni (divide 0.05 by 12 = 0.004),
showed that the BAC for IG6.5 was significantly different from IG4.5 for all time points
(P < 0.004) and differed from IP4.5 groups at time points 90 minutes and 240 minutes (P
< 0.001). The BAC was not significantly different between IG4.5 and IP4.5 across time
from each other (P > 0.05).

Table 4.2 Blood Alcohol Concentrations in the Binge Groups on G7.5 at Four Common
Sample Time Points after Alcohol Administration
Blood Alcohol Concentration (mg/dl) at
Treatment
Groups

10 min

30 min

90 min

240 min

IG6.5

326.6 ± 28.59

501.46 ± 56.81

586.08 ± 30.32

443.58 ± 33.53

IG4.5

173.39±27.13

258.7±42.9

299.75±24.95

189.24±11.6

IP4.5

256.41 ± 21.77

354.55 ± 21.92

344.15 ± 14.35

185.13 ± 10.79

All values represent mean ± SEM. BAC is higher in IG6.5 than in IG4.5 at all time
points (P<0.004) and in IP4.5 at 90 and 240 min time points (P<O.OOI, mixed model
analysis, Bonferroni test).
The slope of alcohol absorption from 0 to 10 and from 10 to 30 min is shown in Figure
4.5. There was a significant difference in initial (0 - 10 min) alcohol absorption rate (F =
8.70, df = 2, 15, P = 0.003) between groups (IG6.5, IG4.5, and IP4.5). The slope of
initial alcohol absorption was; 32.66 ± 2.86 (IG6.5), 17.34 ± 2.71 (IG4.5), 25.64 ± 2.18
(IP4.5). Bonferroni analysis revealed a faster initial absorption in IG6.5 than in IG4.5 (P
= 0.002), with no significant difference between IG6.5 and IP4.5 (P = 0.227), or between
IP4.5 and IG4.5 groups (P = 0.118). The rate of alcohol absorption from 10 min to 30
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min was not significantly different between the three binge groups (F = 2.81, df = 2, 15, P

= 0.092). The slope was; 8.74 ± 2.38 (IG6.5), 4.27 ± 0.33 (IG4.5), 4.91 ± 0.69 (IP4.5).
In addition, one way ANOVA showed that the time of BAC clearance was significantly
different between the three binge groups (F = 36.15, df = 2, 15, P = 0.000) (Table 4.1).
The Bonferroni test revealed a significantly longer clearance time in IG6.5 than both
IG4.5 (P = 0.000) and IP4.5 (P = 0.000), with no difference between IG4.5 and IP4.5 (P =
0.858). The estimated time (min) of alcohol complete clearance was; 795.44 ± 68.72
(IG6.5), 439.75 ± 25.60 (IG4.5), and 396.53 ± 5.51 (IP4.5).

In the continued exposure groups (IG4.5+ and IG3.0+), the peak BAC was calculated as
the mean of each value from initial peak BAC to the second last time point BAC. The
elevated BAC level was significantly greater in IG4.5+ than in IG3.0+ (t

=

11.599, df =

88, P = 0.000), with values of 304.55 ± 8.86 (IG4.5+) and 177.60 ± 6.71 (IG3.0+).

In addition, Mann- Whitney test analysis showed there was no significant difference in the
time of alcohol elimination between IG4.5+ and IG3.0+ groups (Mann-Whitney U =
9.00, z = -1.095, P = 0.273) (Table 4.1). The estimated clearance time of alcohol in
continued exposure groups was 611.77 ± 37.06 (IG4.5+) and 677.92 ± 29.45 (IG3.0+).

4.3.4.4

TUNEL Analysis on the Whole Ectoderm

TUNEL labeled cells, the presence of brown chromogen, which identifies sites of DNA
fragmentation, were detected in the ectoderm of G7.5 embryos to assess ethanol-induced
apoptosis (Figure 4.6 and 4.7).
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Figure 4.6 An example of a significant increase in apoptotic cell death (TUNEL
labeling) following 6.5 g/kg ethanol exposure. TUNEL positive apoptotic nuclei (brown
color of DAB) was distributed in the ectoderm of the G7.5 mouse 10 hours after ethanol
exposure. Scale bar = 50 urn.
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Figure 4.7 TUNEL labeled embryonic ectoderm (arrow) following different alcohol
dose, administration route, and exposure pattern. Examples of TUNEL-positive cell are
shown in the IG4.5+ group (A), IG3.0+ group (B), IG4.5 group (C), IP4.5 group (D),
Con6.5 group (E), and Con4.5+ group (F). (G) is a DNase I positive control section and
(H) is a negative control section omitted POD. (E - H) is in next page. Note that there
are more positive labeled cells in the ectoderm of the IG4.5+ group. Scale bar = 100 urn.
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In the ectoderm of saline-treated (Con6.5 or Con4.5++) intubation control mice, few
TUNEL positive cells were observed, indicating a sparse and sporadic pattern of cell
death attributable to programmed cell death (Figure 4.7E and F).

The number of

TUNEL(+) nuclei in the control groups gives an estimate of the normal level of PCD in
the 07.5 gastrulation mouse (Table 4.3 and Figure 4.8). Statistical analysis showed that
there was no difference in apoptotic index between these two control groups (P =
0.9556). The apoptotic index (AI) in the Con6.5 and Con4.5++ groups was 2.14 ± 0.09%
and 2.81 ± 0.36%, respectively (Figure 4.8).

The ectoderm of gastrula exposed to ethanol, were dominated by TUNEL labeled cells
(Figure 4.6 and 4.7). The differences of alcohol delivery paradigm resulted in significant
group differences in AI in the 07.5 ectoderm (F = 9.94, df = 6, 75, P < 0.0001). For
multiple comparisons, Tukey-Kramer adjustment revealed that cell death was
significantly increased in both 106.5 and 104.5+ groups (Table 4.3 and Figure 4.8). The
AI in 106.5 was not significantly different to that of 104.5+ (P = 0.9787), but was
significantly different to 104.5 (P = 0.0164), IP4.5 (P = 0.0095), 103.0+ (P < 0.0001),
Con6.5 (P < 0.0001), and Con4.5+ (P = 0.00009). The AI in 104.5+ was greater than
103.0+ (P = 0.0003), Con6.5 (P = 0.0006), and Con4.5+ (P = 0.0120).
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Table 4.3 The Effects of Dose and Pattern of Alcohol Exposure on Acute Apoptotic Cell
Death in the Neuroectoderm of Gastrulation Mice
Apoptotic Index
Number of Litters
Number of Embryos
(AI)
Con6.5

6

17

2.14 ± 0.09%

Con4.5+

6

17

2.81 ± 0.36%

IG3.0+

6

15

1.72 ± 0.24%

IG4.5

6

14

3.43 ± 0.45%

IP4.5

6

18

3.68 ± 0.67%

IG4.5+

6

16

8.97 ± 2.12%*

IG6.5

6

20

9.43 ± 2.08%**

All values represent mean ± SEM. * AI in the IG4.5+ is significantly higher (P<0.05,
mixed model analysis, Tukey-Kramer test) than IG3.0+ and two controls. ** AI in the
IG6.5 group is significantly higher than all other groups (P<0.05) except IG4.5+.
There was no difference in AI between any of the remaining groups. IG4.5 was not
significantly different in AI to either intubation control group Con6.5 (P = 0.5284) and
Con4.5++ (P

=

0.9759), or to the alcohol groups IP4.5 (P

=

1.000) and IG3.0+ (P

=

0.3083). Similarly, IP4.5 showed no significant difference in AI compared with both
control groups Con6.5 (P = 0.5002) and Con4.5++ (P = 0.9739), nor with the alcohol
groups IG4.5 (P

=

1.000) and IG3.0+ (P

=

0.2837). IG3.0+ showed no significant

difference in AI compared with both intubation control groups, Con6.5 (P = 0.9994) and
Con4.5++ (P = 0.8046). Interestingly, there is no statistically significant different of AI
in IG4.5+ group compare with both IG4.5 (P = 0.1314) and IP4.5 (P = 0.0961) groups.
The AI in the ectoderm of ethanol exposed gastrula was; 9.43 ± 2.08% (IG6.5), 8.97 ±
2.12% (IG4.5+), 3.43 ± 0.45% (IG4.5), 3.68 ± 0.67% (IP4.5), and 1.72 ± 0.24%
(IG3.0+).
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Figure 4.8 Apoptotic index in the ectoderm of G7.5 mouse embryos (TUNEL
labeling). There is a significant difference in the apoptotic rates (mean ± SEM)
among the seven groups (F=9.94, df=6, 75, P<O.OOOI). * AI in the IG4.5 + is
significantly higher (P=O.0003-0.012) than IG3.0+ and two control groups. ** AI in
the IG6.5 group is significantly higher than all other groups except IG4 .5+
(P=O.OOOI-0.0 164).
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4.3.5 Discussion
This study demonstrates a number of key findings involved in the mechanisms of
ethanol-induced cell death in the mouse gastrula ectoderm. First, cell death following a
single ethanol dose administered on G7.5 demonstrates a dose-response effect, with
significantly increased cell death occurring only in the higher dose (lG6.5) group.
Significant cell death was not found in the lower dose (4.5 g/kg) groups, no matter
whether the ethanol dose was delivered by 10 or IP. Second, cell death illustrates a peak
BAC dependancy following both binge and continued ethanol exposure. Following binge
ethanol exposure, a significant increase in cell death occurred only in the higher peak
BAC group (106.5), but not in the lower peak BAC group (lG4.5 and IP4.5). Similarly,
following continued ethanol exposure, significantly increased cell death occurred only in
the higher elevated BAC level group (104.5+) and not in the less elevated BAC level
group (103.0+). Third, comparison of cell death following same peak BAC level but
lasting different durations reveals that the duration of elevated BAC is important.
Significant cell death occurred when the peak BAC resulting from a 4.5 g/kg ethanol
dose was maintained over a longer duration with additional doses (IG4.5+), rather than a
shorter duration for a single dose (104.5 and IP4.5).

Specifically, cell death in the ectoderm of the gastrula mouse appears to be dependent on
both peak BAC and the duration of elevated BAC. Meanwhile, cell death appears to be
correlated with both the size and shape of ADC. There is an interaction of peak BAC
with duration of elevated BAC as significant cell death occurred when peak BAC of
around 300 mg/dl was maintained for about 6 hours but did not occur with BAC
elevation for only 2 hours. However, the defining of the peak BAC and duration of
elevation that renders ethanol cytotoxicity will be difficult, as 200 mg/dl for 8 hours did
not induce cell death.
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4.3.5.1

Blood Alcohol Concentrations

A significant difference in the mean BAC made over time and AUC was found among
the three binge groups (lG6.5, IG4.5, and IP4.5). The higher dose (IG6.5) of ethanol
result in a higher BAC, longer duration of elevated BAC, and larger AUC, compared
with both the IG4.5 and IP4.5 groups. However, the AUC value was not significantly
different due to different methods of administration (lG4.5 compared with IP4.5).

Comparison of the BAC and AUC profiles, showed that administration route did alter the
characteristics of BAC although alcohol dose was constant.

Although there was no

statistical difference in the overall BAC patterns between the IP4.5 and IG4.5 groups, the
data shows a trend towards the BAC increasing more rapidly and achieving a higher peak
BAC after IP injection compared with the same dose given by IG intubation. A more
rapid increase and higher BAC with IP delivery compared to IG administration has been
reported in several studies (Algar et aI., 1992; Ammon et al., 1996; Baraona et al., 2000;
Livy et al., 2003). The decreased BAC following IG route may result from the first pass

metabolism (FPM) by gastric alcohol dehydrogenase (ADH) present in the gastric
mucosa (Julia et al., 1987a; Julia et al., 1987b; Ju1kunen et al., 1985a; Julkunen et al.,
1985b). In the IP model, ethanol is absorbed directly from the peritoneal cavity into the
portal bloodstream, and metabolized by hepatic ADH. However, in IG model, ethanol
not only pass the same metabolic route as lP, but also metabolized by gastric ADH (Lim
et al., 1993; Roine et al., 1991). This "extra" metabolism of ethanol in the stomach
means that less ethanol enters the systemic bloodstream, resulting in lower BAC in the IG
intubated animals.

Contrast with the studies mentioned above, it is demonstrated that FPM accounts to 30%
and 4% of the ethanol dose when administered with food and water, respectively (Levitt
et al., 1997). Gastric absorption contributes for only 30% and 10% of ethanol delivered
with food and water, respectively (Levitt et al., 1997). Combining these two parameters,
it is shown that gastric ADH metabolizes less than 2% of the ethanol dose (Levitt et aI.,
1997). Compared with hepatic ADH activity, a similar study found that gastric ADH in
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the mouse model contributed negligibly to the reduction in BAC after 10 ethanol
administration (Pastino et al., 1996). This confirms previous reports (Derr, 1993; Levitt
et al., 1997; Pastino et al., 1996; Smith et al., 1992), that the overall BAC is not
significantly different between 104.5 and IP4.5, although there is a tendency of higher
BAC level across time in IP4.5 than 104.5, there is no statistically difference of BAC
level between the two groups. In addition, the ADC profiles between these two groups
also support the hypothesis that gastric ADH contributed negligibly to the FPM after 10
ethanol delivery, with ADC no different between 104.5 and IP4.5 groups.
Comparing the BAC and ADC levels among similar dose but different exposure patterns
(l06.5, 104.5+, and 103.0+), statistic analysis showed that a single binge alcohol
exposure (l06.5) produces a higher peak BAC and a greater ADC than continued alcohol
exposure with either the same dose (l04.5+) or an even bigger dose (l03.0+). In the
continued alcohol exposure groups (l04.5+ vs. 103.0+), the shape of ADC relies on the
initiating dose (4.5 g/kg vs. 3.0 g/kg) as administration of subsequent doses was the same
for both groups.
Furthermore, from experimental design and figure exhibition, there is a longer duration of
elevated BAC and greater ADC in 104.5+ than 104.5 group. The extra time of elevated
BAC and the additional ADC depend on the value of extra dose (1.0 x 2 g/kg) and time
of administration (2 hr apart).
Among binge ethanol exposure groups (l06.5, 104.5, and IP4.5), the 106.5 group has a
significantly more rapid increase in BAC than 104.5 during the first 10 minutes after
alcohol administration. To achieve this dose, the volume given to the animal was greater
and may have resulted in immediate gastric emptying, allowing rapid absorption of
ethanol from the small intestine.

Although the rate of BAC elimination was not

significantly different between the three groups, the time needed for blood alcohol
clearance was longer in the 106.5 group due to the higher peak BAC. Previous studies
have also found that a higher dose of ethanol results in higher peak BAC, later peaks, and
a slower clearance of ethanol (Bielawski and Abel, 2002; Gauvin et al., 1993; Ogilvie et
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al., 1997; Wilkinson et al., 1977). The major pathway of ethanol metabolism is via the
cytosolic alcohol dehydrogenase. Ethanol has a very high affinity for this enzyme, and
ADH is saturated even at a low blood concentration (Levitt and Levitt, 1998). Thus, the
rate of elimination ethanol would be constant and clearance time would be correlated
with peak BAC level.

4.3.5.2

SAC Related Apoptotic Cell Death

This study has clearly shown that in the gastrulation embryo, the severity of the apoptotic
response induced by alcohol exposure cannot be predicted from the dose, but rather
depends on the pattern of the BAC curve. The different alcohol delivery paradigms
resulted in variant BAC patterns and significant group differences in cell death in the
ectoderm. Significantly increased cell death was found in two groups with higher peak
BAC and longer duration of elevated BAC - IG6.5 and IG4.5+.

The severity of apoptosis was dependent on peak BAC, with a very dense and widely
distributed pattern of TUNEL positive cells in the ectoderm of the gastrulation mouse
when peak BAC was 590 mg/dl (IG6.5). This dose-response effect is consistent with
findings from the rodent gastrulation embryo (Mitchell, 1994; Webster et al., 1980), the
embryonic rodent in the second half of gestation (Du and Hamre, 2001; Kotkoskie and
Norton, 1988), and early postnatal rats during the brain growth spurt (Carloni et al., 2004;
Goodlett et al., 1990). The peak BAC is of course accompanied by a greater period of
exposure to an elevated BAC, which this study has shown, is also important in the
causation of ethanol-induced ectodermal cell death. The positive correlation between cell
death and peak BAC following single binge ethanol exposure supports the hypothesis that
outcome is peak BAC dependent (Bonthius et al., 1988; Bonthius and West, 1990;
Carloni et al., 2004; Goodlett et al., 1990; Maier and West, 2001).

In the human, ethanol consumption commonly occurs as multiple dosing over a relatively
extended period (Watson and McDonald, 1999). Thus, a greater understanding of the
role of the duration of elevated BAC after multiple dose ingestion is desirable. In the
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104.5+ group, the mean BAC was 120 mg/dl greater (305 mg/dl vs 178 mg/dl) than in the
103.0+ group. The higher BAC must have been crucial in achieving cell death, as the
duration of elevated BAC was about 150 minutes less in the 104.5+ group (30 to 390
min) than in the 103.0+ group (30 to 540 min). The complexity of this is reinforced by
the ADC value not differing significantly between the two groups. It has also been
shown that both the peak level of BAC and the shape of ADC are important for the cell
death outcome in the postnatal rat brain (Bonthius et al., 1988; Bonthius and West, 1990).

Another potentially very important factor in the initiation of ethanol-induced apoptosis is
the rate of BAC increase. The BAC data in this study reveals that the initial ethanol
absorption rate from 0 to 10 minutes is different among the three binge groups. The rate
of BAC increase significantly affects the survival of dogs after an induced cardiac injury
(Desiderio, 1987; Desiderio, 1988) and is mentioned by Livy (2003) when comparing the
metabolic characteristics of the mice and rats.

A rapid increase in BAC will be

accompanied by ethanol accumulating around the cells in tissue water. Therefore, the
direct effects of ethanol on the cell membrane and cellular organellae will be more
severe.
The importance of the duration of elevated BAC is further demonstrated by significant
ectodermal cell death occurred in the 104.5+ group, but not in the 104.5 or IP4.5 group.
Although the peak BAC level of 304.55 mg/dl (104.5+) and 305.78 mg/dl (104.5) was
similar, the duration of elevated BAC was 4 hours longer in the 104.5+ group compared
with the 104.5 group. These results support the hypothesis - duration of elevated BAC is
an crucial factor which would induced the difference of embryo damage outcome
(Ashwell and Zhang, 1996; Blakley and Scott JR, 1984a).

Interestingly, there is no statistically significant difference in the apoptotic index of
104.5+ compared with both 104.5 and IP4.5, which were significantly different to 106.5.
This implied there was a trend that 104.5+ was not induced the same severe level of cell
death as 106.5 did, although the total dose of ethanol is the same in these two groups. It
is corresponded the BAC profiles which showed that the BAC and ADC levels are higher
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in 106.5 than 104.5+ groups. Although there is no statistically significant increase of
apoptotic index in both single 4.5 g/kg comparing with both control groups, the trend of
increased cell death in both 104.5 and IP4.5 would weakened the difference when
compare 104.5+ with both single 4.5 g/kg groups (104.5 and IP4.5).

It should be noted that high dose of ethanol in 106.5 group caused animals to become

comatose for 3 - 4 hours. This high dose of alcohol simulated extreme human cases
which have been reported among female university students, with one in 14 female
drinkers consuming more than 16 drinks in a single drinking session (Kypri et al., 2002).
This pattern of drinking was also reported in binge drinking pregnant women, with 6 of
272 binge drinkers consuming more than 15 drinks per episode (Oladstone et aI., 1997).
It was unknown whether alcohol induced acute cell death occurred in the ectoderm of

106.5 group is exacerbated by fetal hypoxia, since the comatose state may compromise
alveolar ventilation and suppress respiration (Cudd et al., 1996). The purpose of the
present study was not to investigate the possible mechanisms to account for the acute cell
death. However, there are two controversial opinions on whether alcohol does produce
fetal hypoxia (Falconer, 1990; Jones et al., 1981; Mukherjee and Hodgen, 1982) or does
not induce fetal hypoxia (Cudd et al., 2001; Reynolds et aI., 1996; Richardson et al.,
1985; West et al., 2001).

4.3.5.3

Threshold for Triggering Cell Death

Understanding of the relationship between peak BAC and the duration of elevated BAC
in the causation of cell death is crucial for predicting whether malformations in brain
development will occur following ethanol exposure. Previous studies have shown that
the threshold of peak BAC for producing brain damage in the mouse gastrula was
between 180 and 200 mg/dl (Kotch and Sulik, 1992; Sulik et al., 1981). Using the same
exposure regime (two doses of 2.9 g/kg, 4 hr apart) and delivery route (IP), significant
brain damage was also observed, but the peak BAC level was measured at around 500 600 mg/dl (Webster et al., 1983). Increased brain damage was also detected with a lower
peak BAC of around 350 - 400 mg/dl, achieved with ethanol given as two doses of 2.9
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g/kg - one through IP with 6 hr apart, the other through IG with 4 hr apart (Webster et al.,
1983).

In the second half of gestation, peak BAC threshold needed to be 350 mg/dl or at least
greater than 200 mg/dl, to induce a significant increase in cell death in the developing
mouse brain (Du and Hamre, 2001). The toxic threshold in the rats during the brain
growth spurt appears to be around 150 to 200 mg/dl for the cerebellum (Bonthius and
West, 1990; Pierce and West, 1986a; West et al., 1984a). The BAC threshold for
malformations in the primate was approximately 150 mg/dl (Clarren et al., 1988), and
190 mg/dl for chick embryo (Cartwright and Smith, 1995; Cartwright et al., 1998).

In the PN7 rat, a threshold BAC for triggering significant neuron death at or above 200
mg/dl for four consecutive hours has been suggested as the minimum condition
(Ikonomidou et al., 2000). However, other studies have reported that increased cell death
can be induced by relatively low BAC levels, around 80 mg/dl for 60 minutes in the PN7
mouse (Olney, 2004; Olney et al., 2002b; Tenkova et al., 2003). A very recent study
observed increased cell death in the gastrulation mice with a BAC of 100 mg/dl following
delivery of 1.0 g/kg ethanol (Kilburn et al., 2006).
This is surprising as in the present study embryos exhibited significant increase in cell
death when the BAC was 300 mg/dl for 6 hours, but not with only a 2 hours increase.

A

BAC of around 200 mg/dl, sustained for 8 hours did not elicit increased cell death in the
ectoderm. It is still not known whether a duration of less than 6 hours but greater than 2
hours at the peak of 300 mg/dl is effective, or peak BAC greater than 200 mg/dl but less
than 300 mg/dl for 8 hours is effective. Thus, an important issue for future study will be
to investigate the threshold BAC pattern for the acute cell death by increasing dose
ranges and exposure paradigms.
Variation in BAC threshold between studies must also depend on the time of exposure.
Alcohol is eliminated by the mother's liver in this and all prenatal studies. On the other
hand, in the postnatal rodent model of alcohol studies, the neonatal pup metabolizes
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alcohol itself. The ability to do this is age dependent (Ikonomidou et al., 2000; Olney,
2004; Olney et al., 2002b; Olney et al., 2002a; Pierce and West, 1986b; Tenkova et al.,
2003; West et aI., 1984a). The neonatal rodent will have higher BAC and retain alcohol
in their body for a much longer time than embryos, when given the same dose of alcohol
(Kelly et al., 1987).

It is important to note that several studies discuss BAC where alcohol is delivered in

equal doses (Ikonomidou et aI., 2000; Pierce and West, 1986b; Sulik et al., 1981;
Webster et al., 1983; West et al., 1984a). This plus the longer time interval of 2 - 6 hours
between doses produce a much more wide fluctuating BAC level. This study used a
consecutive but unequally divided dose model, that allowed a more stable BAC to be
established for investigation of the constant elevation of BAC in triggering detrimental
outcomes. This seems a better way close to investigate a threshold level for F AS. The
threshold required to cause F AS or any brain damage is a complex and difficult issue due
to interference of other factors. The debate on a threshold for alcohol intake and BAC
levels in pregnancy will probably never be completely settled. The timing of the alcohol
insult (Hamre and West, 1993; Kelly et al., 1987; Maier et al., 1999), individual
differences in genetic susceptibility (Chernoff, 1980; Debelak and Smith, 2000; Gilliam
et al., 1989), prandial state (Roine et al., 1993; Roine et al., 1991), and the age of the dam
(Church et al., 1990) may all interact to alter ethanol's effect. The results of the present
study plus published literature (Bonthius and West, 1990; Bonthius and West, 1991;
Ikonomidou et al., 2000; Napper and West, 1995; Olney et al., 2002b; Sulik et al., 1981;
Tenkova et al., 2003; Webster et al., 1980; West et al., 1984a) indicate that the threshold
for ethanol induced apoptotic cell death is specific for the stage of development and the
brain region.
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4.4

Caspase-3 Activation and the Apoptotic Pathway in the
Mouse Gastrulation Embryo

4.4.1 Introduction
in homeostasis of
Apoptosis is involved in morphogenesis of embryonic tissues as well as
s upon a tightly
adult organs and tissues. The initiation and execution of apoptosis depend
cascade of events.
regulated cellular program, which results from a complex biochemical
compartments,
Molecular participants in apoptosis are present in different subcellular
nucleus (Hacker,
including the plasma membrane, the cytosol, the mitochondria, and the
specific signaling
2000). The interplay between these compartments and the exchange of
Recently, selective
molecules are essential for the systematic progression of apoptosis.
been implicated
proteolysis of vital cellular substrates by proteases such as caspases, has
Porter and Janicke,
as the key molecular mechanism of apoptotic change (Hacker, 2000;
1999).

4.4.1.1

Emerging Roles of the Caspase Family in Apop tosis

e activation is
A number of genetic and biochemical studies have suggested that caspas
h et al., 1997;
essential for the occurrence of the apoptotic phenotype of cell death (Hirsc
all apoptotic cell
Janicke et al., 1998; Kuida et al., 1996; Woo et al., 1998). However, not
heim et al., 2001;
death is dependent on the caspases pathway (Liang et al., 2001; Oppen
atypical apoptotic
West et al., 2006; Young et al., 2005). Some cells die throug h
Hirsch et al., 1997;
morphology when caspase activity is inhibited (Brunet et al., 1998;
e proteases that
McCarthy et al., 1997a; McCarthy et al., 1997b). Caspases are cystein
e (Thornberry and
cleave their substrate proteins specifically behind an aspartate residu
present as inactive
Lazebnik, 1998). They are formed constitutively and are normally
e cleavage at
proenzymes. For the induction of full enzymatic activity, they requir
subunits from each
specific internal aspartate residues, which separate the large and small
of a pro-domain, a
other (Thornberry and Lazebnik, 1998). Each pro-caspase consists
o et al., 1999).
large subunit (~20 KDa), and a small subunit (~10 KDa) (Garcia-Calv
90

Cleavage between these domains and subsequent heterodimerization of the large and the
small subunits results in caspase activation. Caspase proteases are traditionally divided
into initiator (caspase-2, -8, -9, and -10) and effector (caspase-3, -6, and -7) enzymes
based upon the size of the pro-domain. Studies on substrate specificity, pro-domain
structure and biological function (Slee et al., 1999; Srinivasula et al., 1996; Thornberry
and Lazebnik, 1998; Thornberry et al., 1997) have revealed that caspases are activated
during apoptosis in a self-amplifying cascade. Initiator caspases are processed and
activated with the aid of adaptor molecules, e.g., Apaf-l (pro-caspase-9, and
FADD/MORT 1 (pro-caspase-8), which help bring these pro-caspases together and permit
autoprocessing.

Once activated, initiator caspases cleave and activate effector pro-

caspases, which are responsible for cleaving a set of vital proteins and thus, leading to
morphological (i.e. chromatin condensation) and biochemical features (i.e. DNA
fragmentation) characteristic of apoptotic cell death (Cryns and Yuan, 1998).

4.4.1.2

Role of Caspase-3 In Apoptosls, Indispensable or
Dispensable?

Among effector caspases, caspase-3 (CPP32) is one of the most thoroughly investigated
because it is commonly activated in response to various apoptotic stimuli (Faleiro et al.,
1997; Kumar, 1997; Porter and Janicke, 1999). Although two main initiator caspases (8
and 9) are activated via distinct pathways, they ultimately recruit and activate the effector
pro-caspase-3. The inactive preform is localized in both the mitochondria and cytoplasm
(Chandler et al., 1998; Zhivotovsky et al., 1999) whereas the active form is located in the
cytoplasm and the nucleus (Samali et al., 1998).

Apoptotic cell death depends on caspases (especially caspase-3) has become a
widespread opinion.

However, is caspase-3 indispensable for cell death and/or

morphological changes in all cell types? The answer to such a question still elicits
controversy (Figure 4.9).
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Figure 4.9 A simplified apoptotic cell death pathway. Apoptosis can occur via the
caspase-3 path (A or B), or path C, independent of caspase-3 being activated. Chromatin
condensation and DNA fragmentation are either triggering by (D path) or independent
(F path) of actived caspase-3. Acivated caspase-3 and DNA fragmentation are
immuno-labeled by activate caspase-3 and TUNEL (Modified from review Porter
and Janicke, 1999).
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Using caspase-3 knock out mice, Kuida (1996) demonstrated the importance of caspase-3
activity for survival. Caspase-3 knockout mice showed a marked reduction in apoptosis
in the embryonic nervous system, resulting in a variety of structural and histopathological
abnormalities in the brain.

A subsequent study by Woo (1998) showed more

comprehensively the participation of caspase-3 in apoptosis in embryonic stem cells,
embryonic fibroblasts, neutrophils, and peripheral lymphoid cells.

Although they

concluded that the exact role of caspase-3 in executing apoptotic cell death was tissue-,
cell type-, cell cycle-, developmental stage, or insult-dependent, in every case, caspase-3deficient cells failed to trigger the characteristic nuclear hallmark of apoptosis - DNA
fragmentation and/or chromatin condensation, supporting a critical role for caspase-3 in
nuclear apoptotic events. Further evidence of an indispensable role for caspase-3 in
apoptosis comes from using various cell types in culture. Studies using MCF-7 breast
carcinoma cells, which lack caspase-3 due to a genomic mutation, showed that these cells
die, without DNA fragmentation and/or nuclear condensation due to pro-apoptotic stimuli
(Oberhammer et al., 1993). Moreover, the hallmark signs of nuclear change in apoptosis
are restored in this cell line, when caspase-3 cDNA is transfected (Janicke et al., 1998).

However, a study done by other research (Liang et al., 2001) on the same MCF-7 breast
cancer cells showed a different result.

By using antimitotic apoptotic agent -

neocarzinostatin, bcl-2-transfected MCF-7 cells undergo typical apoptotic characteristics
including membrane blebbing, nuclear chromatin condensation, and DNA fragmentation,
which is caspase-3 independent (Liang et al., 2001). Parallel to the results of the in vitro
study (Liang et al., 2001), several reports of in vivo studies have also found neuronal
death in the CNS may occur via a caspase-3 independent pathway (Oppenheim et al.,
2001; West et al., 2006; Young et al., 2005). In the caspase-3 knockout mouse embryos
(Oppenheim et al., 2001), naturally occurring apoptosis was delayed but was not
prevented in the brain stem and spinal cord region. In a postnatal model using caspase-3
knockout pups, both the acute neuronal apoptosis and long term cell loss in the thalamus
following ethanol exposure was similar to that of wild type animals (Young et al., 2005).
The morphological characteristics of apoptotic cells in the caspase-3-deficient mouse
lacks chromatin condensation (Young et al., 2005). Similarly, following an hypoxic93

ischemic insult on PN7, significant cell loss still occurred in the hippocampus of the
caspase-3 knockout mouse on PN14 (West et al., 2006), indicating that apoptosis was
triggered through caspase-3-independent pathways.

In the normally developing CNS of the mouse, active caspase-3 has been detected from
09 to 012.5 (Urase et al., 1998; Urase et al., 2003). Caspase-3 activation has been
observed in both naturally occurred cell death and alcohol triggered apoptosis in the PN7
mouse (Olney et al., 2002b; Olney et al., 2002a). These results suggest that caspase-3
plays a critical role in neuronal cell death in the developing brain during the second and
third trimester equivalent period of development. However, there is little direct in situ
evidence on the involvement of caspase-3 activation in naturally occurring apoptosis
during gastrulation.

4.4.2 Aim

The aim of this experiment was to examine whether activation of caspase-3, occurred as
an integral pathway of apoptosis in normal developmental and in alcohol-induced
apoptosis in the gastrulation mouse.

4.4.3 Materials and Methods
The same pregnant C57BLl6J mice and embryos were used as previously described in
section 4.3. Embryos from dams in treatment groups, 106.5, 104.5, and Con6.5 were
used. Sections adjacent to those selected for TUNEL staining were chosen and mounted
on APES coated slides.

Sections were deparaffinized and rehydrated, prior to

immunohistological staining for activated caspase-3 (Appendix 2).

Antigen retrieval of embryonic tissue was performed by microwaving slides in 0.1 M Tris
buffer with 5% urea for 20 min. Following incubation with blocking solution (donkey
serum 1:20) for 10 min, sections were incubated with primary antibody - rabbit
polyclonal anti-active caspase-3 (R&D system) diluted 0.1 ug/ml overnight at 4 DC.
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After rinsing, sections were incubated in secondary antibody - donkey anti-rabbit
(biotinylated) antibody (Amersham pharmacia) diluted 1:200 for 30 min at room
temperature. Endogenous peroxidases were blocked by incubation in 0.5% hydrogen
peroxide for 30 min at room temperature.

Streptavidin-biotinylated horseradish

peroxidase (HRP) (Amersham pharmacia) 1:100 was applied for 30 min at room
temperature. The chromagen DAB was applied for 10 min to visualize labeled cells.

Sections were counterstained for 1 min with Carrazi's haematoxylin to aid in
morphological identification, dehydrated through ethanol and xylene, and covers lipped
with DPX.

Negative control sections were obtained by omission of the primary or secondary
antibody, or HRP.

4.4.4 Results

Figure 4.10 present images from 07.5 mouse embryos. As with the TUNEL staining
(Figure 4.11), activated caspase-3 positive cells were observed and identified as dark
brown DAB stained cells with normal cells identified from the blue haematoxylin
staining. Activated caspase-3 labeling was detected in the condensed nucleus rather than
the cytoplasm (Figure 4.11).

Activated caspase-3 positive cells were occasionally

detected in the saline treated control animals (Figure 4.1OA). In the sections of embryos
treated with alcohol at 6.5 g/kg (I06.5), an extensive increase in the occurrence of active
caspase-3 was seen (Figure 4.10B). However, in the 104.5 group, there was no obvious
increase in the number of caspase-3 labeled cell in the ectoderm.
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Figure 4.10 Activated caspase-3 labeling in ectodermal cells of the gastrulation
mouse. Caspase-3 was detected in the condensed nucleus rather than cytoplasm
(arrows). Active caspase-3 was occasionally observed in the control group (A), but
more abundant in the 106.5 group (B) . Scale bar = 100 urn.
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Figure 4.11
Immunohistochemical staining with activated caspase-3 and
TUNEL on adjacent sections. There appeared to be less cells labeled by activated
caspase-3 (A) than by TUNEL (B) in the heavy binge ethanol group IG6.5.
Scale bar = 50 urn.
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The exact number of TUNEL and activated caspase-3 labeled cells could not be
compared, as a quantitative study not done on the activated caspase-3 sections. However,
there was more positive labeled cells with TUNEL labeling than with activated caspase-3
immuno-stain (Figure 4.11). Also, active caspase-3 positive cells were rarely seen in the
control sections compared with TUNEL labeling which labeled several apoptotic cells in
each section from control animals.

4.4.5 Discussion
It is evident that cell death in the ectoderm of gastrulation mouse involves the

fragmentation of DNA as detected by TUNEL analysis (see previous section 4.3). The
activation of the caspase-3 enzyme is involved in some of the ectodermal cell death in the
early gastrulation mouse in both normal developing embryos and alcohol insulted
embryos. The morphological characteristics of the activated caspase-3 labeled cells
indicated that chromatin condensation did occur in these cells.

The presence of active caspase-3 in the ectoderm of 07.5 mouse embryos in this study
supports and extends the earlier work of Umpierre (2001) and Urase (1998, 2003) in
which they showed that active caspase-3 is a marker for PCD in the mouse CNS from day
9 to 12.5. Moreover, an increased number of active caspase-3 cells in the ectoderm of
gastrulation mouse due to alcohol exposure, is consistent with the work of Olney (2002a,
2002b) that the C57BLl6J mouse strain is highly sensitive to alcohol triggered apoptosis
via the caspase-3 pathway.

Activated caspase-3 was observed in the nucleus rather than in the cytoplasm, although
caspase-3 activation supposed to trigger from the cytoplasm (Chandler et al., 1998;
Samali et al., 1998; Zhivotovsky et al., 1999). This may be due to caspase-3 activation
occurring at the very beginning of the cell death process, and as the embryos were
harvested 10 hours after alcohol exposure, the earliest stages of cell death triggered by
activated caspase-3 in the cytoplasm has passed. Purkinje cells in the cerebellum of PN4
rat have shown that both the early apoptotic sign of activated caspase-3 and late apoptotic
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sign of nuclear condensation appeared to peak at the same time around 8 - 12 hr after
ethanol exposure (Li et al., 2002; Light et al., 2002). On the other hand, neurons in the
caudate nucleus and nucleus accumbens go through apoptosis much faster, with many
neurons displayed caspase-3 activation at 4 hours (Olney et al., 2002a).
Due to the huge amount of work and time involved in immunohistological staining, the
quantitative analysis was performed only on TUNEL study which investigated 390
sections of 130 embryos. However, there appeared to be more positive TUNEL labeling
than activated caspase-3 labeling in the present study. This implies that other caspases or
proteases, or other molecular mechanisms may also be involved in apoptosis in the
gastrulation developmental stage.

This study has revealed that active caspase-3

participates in the apoptotic process in at least some ectodermal cells of the mouse
gastrula. These observations also support the involvement of the caspase-3 pathway in
naturally occurring and alcohol induced apoptosis in the gastrulation mouse, and extend
the first appearances of caspase-3 activation to gestational day 7.5.
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4.5

Ultrastructural Analysis in the Ectoderm of the Gastrulation
Mouse Following Acute Ethanol Exposure

4.5.1 Introduction

4.5.1.1

The Ultrastructure of Embryonic Cells in the Gastrulation
Mouse

Investigation of cellular ultrastructure and its changes following perturbation can aid in
our understanding the cellular mechanisms responsible for normal and abnormal
mammalian developmental processes. The structure of the gastrulation mouse has been
studied using light and electron microscopy (Batten and Haar, 1979).

The ectodermal layer is composed of tall pseudostratified columnar epithelia with large
oval nuclei, prominent nucleoli, and a small amount of cytoplasm (Batten and Haar,
1979). The nuclei of cells proliferating in this epithelium undergo an interkinetic
migration such that DNA synthesis (S phase) occurs in the outer half of the epithelium,
whereas mitosis (M phase) occurs at its cavity margin (Angevine and Sidman, 1961;
Batten and Haar, 1979; Sauer, 1935; Sauer, 1937; Sauer and Walker, 1959).

Ultrastructurally, the pseudostratified columnar ectodermal cells exhibit an organelle
sparse cytoplasm. Rough endoplasmic reticulum (RER) is uncommon in the cytoplasm,
but there are many free polyribosomes. There are also a few pleomorphic mitochondria
with mostly tubular cristae (Batten and Haar, 1979).

The free surface of the ectoderm

facing the amniotic cavity has a scattered microvillus border and the basal surface is
separated from the underlying mesodermal layer by a discontinuous basal lamina (Batten
and Haar, 1979).

Mesodermal cells are large stellate-shaped cells with very large intercellular spaces. The
nuclei of mesodermal cells are round. The cytoplasm has many free polyribosomes, a
well-developed Golgi complex, but fewer mitochondria and profiles of RER (Batten and
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Haar, 1979).

The visceral endodermal layer is a thin layer outside the mesoderm,

composed of squamous cells. A typical endodermal cell has a few microvilli on its free
surface, apically located mitochondria, and sparse profiles of RER (Batten and Haar,
1979).

4.5.1.2

Ultrastructural Changes of Ethanol Induced Gastrulation
Embryo

In developing brain cells, the morphology of apoptosis is characterized by shrinkage of
the cytoplasm, nuclear chromatin condensation, fragmentation of the cell into membranebound apoptotic bodies, and phagocytosis by neighboring cells (Dikranian et al., 2001).

Studies using electron microscopy, reported morphological changes in the neuroepithelia
of the neurulation embryos exposed to alcohol on 09 (Bannigan and Burke, 1982;
Bannigan and Cottell, 1984). Swelling mitochondria were visible 1 hour after ethanol
treatment.

Between 4 and 5 hours after ethanol exposure, the dying cells were

characterized by a shrunken nucleus with clumped chromatin, darkly staining cytoplasm
and clusters of cellular debris. The mitochondria had recovered to normal size 12 hours
after alcohol exposure (Bannigan and Cottell, 1984).

Changes in cellular structure in the early mouse embryo following ethanol exposure
include bleb formation in the ectodermal layer, which was observed under the light
microscope (Dunty et al., 2001; Kotch and Sulik, 1992; Nakatsuji and Johnson, 1984;
Sulik et al., 1988; Sulik et al., 1981). The ultrastructural changes following ethanol insult
to the ectoderm of the gastrulation mouse are not known.

Knowledge of the

ultrastructural changes will aid in understanding the sequence of events that occur within
the ectodermal cell during apoptosis.
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4.5.2 Aim

The aim of this experiment was to document the ultrastructural changes that occur in the
ectodermal cells in the normal or alcohol exposed gastrulation mouse.

4.5.3 Materials and Methods

The same pregnant C57BLl6J mice were used as previously described in section 4.3.
Embryos were selected at random from dams in treatment groups, IG6.5, IG4.5+, and
Con6.5.

Embryos from each dam were grossly dissected and fixed in 4%

paraformaldehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer at 4 °C overnight,
then stored in 0.1 M cacodylate buffer.

Implantation sites were dissected free from the myometrium, rinsed with 0.1 M
cacodylate buffer and post fixed in 1% osmium tetroxide buffer for one hour (Appendix
3). After washes with 0.1 M cacodylate buffer, specimens were stained with 1% uranyl
acetate in maleate buffer for one hour at 4 "C, After washes in 0.05 M maleate buffer,
tissue was dehydrated through a series of graded ethanols, washed in propylene oxide,
infiltrated in a series of graded propylene oxide to resin solutions of increasing resin
concentration, flat embedded in BEEM capsules (sagittal orientation) and polymerized at
60°C for 36

48 hours.

Semi-thin tissue sections of 1 urn thick were cut using a microtome (Reichert-Jung
Ultracut E, Leica) and the area of interest was selected. Ultra-thin sections of 70 nm
thick were cut, collected on formvar coated slot grids, and stained with uranyl acetate and
Reynold' lead citrate (LKB Bromma 2168 ultrastainer carlsberg system). Ultrathinsections were viewed in the transmission electron microscope (Philips CMl 00).
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4.5.4 Results

The ectoderm of the gastrulation mouse was composed of tall pseudostratified columnar
epithelia containing large oval nuclei, with prominent nucleoli (Figure 4.12).

The

nucleus consisted of dense-staining clumped chromatin and diffusely distributed lightstaining electron-lucent chromatin that was distinguished to be heterochromatin and
euchromatin, respectively (Figure 4.12B). The nucleolus was large and irregular in
shape, and there was usually more than one nucleolus within the nucleus.

The

ectodermal cell body exhibited an organelle sparse cytoplasm with many free
polyribosomes, and a few pleomorphic mitochondria with mostly tubular cristae (Figure
4.12B).

Pyknotic dying cells were occasionally seen in control embryos, but were frequently
observed in the alcohol (IG6.5 and IG4.5+) exposed gastrulation embryos.

Dying

ectodermal cells exhibited morphology characteristic of the apoptotic pathway. These
apoptotic cells displayed various morphological stages of cell death (Figure 4.13). In the
early stage of apoptosis, the chromatin was very electron dense with condensed
chromatin marginated along the inner surface of the nuclear membrane (Figure 4.13A
and B). In the middle stage of apoptosis, the condensed nuclei were blebbing, the nuclear
membrane becoming fragmented, and nucleoplasm and cytoplasm begin to intermix
(Figure 4.13C). In the late stage of apoptosis, the protrusions were separated from the
main part of cell and extruded into the intercellular space. Finally, the debris of dying
cells, the apoptotic bodies, was phagocytized by the neighboring cells (Figure 4.13D).

Apoptotic cells and apoptotic bodies usually had well-preserved organelles (Figure 4.14).
Degenerating mitochondria and endoplasmic reticulum were sometimes seen
transforming into vacuole-like structures. The cytoplasmic membrane remained intact,
but the nuclear membrane was always broken down. Apoptosis in the middle or late
stage of degeneration often displayed discontinuities, extreme fragmentation, or
sometimes even absence of the nuclear membrane.
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Figure 4.12 Ultrastructural morphology of the ectoderm layer and ectodermal cell.
Electron micrograph showing pseudostratified columnar ectoderm (A) and a normal
ectodermal cell (B). The nucleus of cell consisted of heterochromatin (black arrow)
and euchromatin (white arrow), with a large nucleolus (double black arrow). The
cytoplasm has abundant free polyribosomes (double white arrow).
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Figure 4.13 Ultrastructural observation of different stages of apoptosis. (A and B)
Early stage: cell shows initial chromatin condensation but there is preservation of
cytoplasmic and cell membrane morphology. (C) Middle stage: nuclear membrane
becoming fragmented; nucleoplasm and cytoplasm begin to intermix. (D) Late stage:
apoptotic bodies are formed (arrow) and engulfed by neighboring ectodermal cells.
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Figure 4.14
An example of late stage apoptosis. Apoptotic bodies usually have
well-preserved organelles, with the morphology of the mitochondria kept intact (arrow)
even in this late stage of apoptotic cell.
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4.5.5 Discussion

The ultrastructure of dying ectodermal cells confirmed that cell death was via an
apoptotic pathway both in naturally occurring and alcohol induced cell death in the
gastrulation mouse.

The types and sequence of change seen in the dying cells were

characteristic of apoptosis: cellular shrinkage, membrane blebbing, nuclear condensation,
and intact well-preserved organelles in the cytoplasm, as described previously (Bannigan
and Burke, 1982; Bannigan and Cottell, 1984).

Morphological criteria is the definitive basis for identifying apoptosis or necrosis
(Dikranian et al., 2001; Kerr et al., 1972; Wyllie et al., 1980a). The result in present
study using electronic microscopy indicated cell death process in the ectoderm underwent
apoptosis rather than necrosis in both normally developing and alcohol insulted
gastrulation mouse.

Combining the results of immunohistological and electronic microscopic studies, we
demonstrated that cell death in the ectoderm of gastrula mouse involves the
fragmentation of DNA as detected by the TUN EL analysis (see section 4.3). In addition,
the activation of the enzyme caspase-3 is involved in at least some ectodermal cell death
(see section 4.4). Electron microscopy has shown that the cell death in the ectoderm of
the gastrulation mouse occurs via apoptotic pathway.
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Chapter 5

Acute Proliferating Alteration Following
Alcohol Exposure in the Mouse Gastrula

5.1

Background

Gastrulation occurs around 015 to 019 in the human (O'Rahilly and Tucker, 1973), from
06.75 to 08.0 in the mouse (Downs and Davies, 1993), and from 08.5 to 09.5 in the rat
(Mac Auley et al., 1993). During vertebrate development, gastrulation is thought to be a
pivotal step in formation of the body plan that serves as a blueprint for subsequent
morphogenesis of the embryo. By accelerated cell proliferation, gastrulation begins to
establish the three definitive germ layers (ectoderm, mesoderm, and endoderm). Through
inductive interactions between germ layer tissues and by global patterning activity, the
gastrula undergoes extensive movement of cells, resulting in correct placement of
precursor tissues, and orderly differentiation of the fetal tissues (Tarn and Behringer,
1997; Tarn et al., 1993).

It has been reported that due to dramatic cell proliferation in the mouse gastrula, there is

an increase of about 3-fold in the cell population over a period of only half a day between
7.0 and 7.5 days (Snow, 1977). Accompanied by rapid cell division, packing density and
cell volume remain unchanged during this developmental stage (Tarn et al., 1993).
However, growth among the three germ layers is not uniform. Mitotic activity indices
indicate that the recruitment of cells in the embryonic ectoderm, rather than the
mesoderm and the endoderm, is the main driver of the increase in cell population (Snow,
1977; Tarn et al., 1993).
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5.1.1 Duration of Cell Cycle in Developing Gastrulation Embryo

Rapid growth in the ectoderm results in dramatic expansion with proliferative cells
increasing from 660 cells at 6.5 days to 14300 cells at 7.5 days in the Q strain mouse
(Snow, 1977). Based on a detailed analysis of cell counts, it was estimated that the cell
generation time for ectoderm (excluding the so-called proliferative zone) was around 6.5
hours (Snow, 1977). In addition, Snow (1977) has estimated that a small population
(proliferative zone) in the embryonic ectoderm must divide every 2 - 3 hours in order to
account for the more rapid increase in cell number in this region.

In accordance with the estimate of the duration of the cell cycle in the gastrulation mouse
(Snow, 1977), studies by Mac Auley (1993) and colleagues found that the rat embryo
maintains the same proliferation patterns in the ectoderm, with most cells having a cell
cycle time of 7 to 7.5 hours. Also, they described the characteristics of specific cell cycle
structures and redefined the nature of a highly proliferative zone of cells within a special
region of ectoderm - the primitive streak, which had a cycle time of only 3 to 3.5 hours
(Mac Auley et al., 1993).

However, other studies (Lawson et al., 1991; Poelmann, 1980) did not find any region
with high proliferative activity or accelerated mitosis in the proliferative zone as
postulated by Snow (1977), although they supported the hypothesis that cell cycle time in
the embryoic ectoderm at gastrulation stage is approximately 7.5 - 7.6 hour.

5.1.2 Teratogenic Effects on Nuclear Division

The sensitivity of tissues and organs to chemical and physical insults correlates with their
proliferation and differentiation status (Streffer, 1997a; Streffer, 1997b). Exposure to
teratogens triggers a wide range of cellular responses to protect cells from damage, which
includes alteration in gene expression, stimulation of DNA repair, or temporal delay in
cell-cycle progression to avoid the replication or segregation of damaged DNA (Wang,
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1998). The early gastrulation mouse embryo uses such mechanisms to protect genomic
integrity (Tam and Behringer, 1997; Tam et al., 1993).

However, the extent of DNA damage that embryonic cells can tolerate during early
gastrulation is not unlimited as shown in teratogenic studies (Dunty et al., 2001; Heyer et
al., 2000; Li and Shiota, 1999; Sulik et al., 1981; Webster et al., 1980). In general, three
major pathways would be initiated in response to failure to repair DNA damage: cell
death, cell mutation, and cell cycle alteration.

5.1.2.1

Alteration of Proliferation due to Acute Alcohol Exposure

Ethanol has been shown to alter cell cycle kinetics at various phases of proliferation
(Bannigan and Burke, 1982; Borges and Lewis, 1983; Hinson et al., 1991). In vivo, it
was observed that ethanol alters the mitotic (M phase) activity in the neuroepithelium of
the neurulation (late gastrulation) embryo, with mitotic figures extremely scant at 12
hours but regaining abundance at 24 hours after ethanol exposure. However, ethanol had
no effect on the DNA synthetic phase (S phase) at 6 hours after ethanol exposure
(Bannigan and Burke, 1982). Consistent with the results of Bannigan and Burke (1982),
studies also observed that the neural crest cells and neurons of the chick gastrula
continued to proceed through S phase after alcohol exposure (Cartwright et al., 1998).
Whereas, cultured neurons of rat cerebral cortex were arrested in the 00/01 phase after
alcohol exposure (Hinson et al., 1991).

5.1.2.2

Alteration of Proliferation by Chronic Ethanol Insults

Proliferating cells at later stages of brain development are also vulnerable to ethanol
exposure (Miller, 1988; Miller, 1992; Miller, 1996). Studies show that the generation of
neurons is disrupted by chronic prenatal ethanol exposure in the rat from G6 to the day of
birth. Due to ethanol exposure, the period of cerebral cortical generation was delayed 1-2
days. Meanwhile, the generation period was also lengthened by 1-2 days. Moreover, the
numbers of neurons generated on each specific day from the onset of neuronogenesis to
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parturition was also interrupted significantly, with less cell generation in the early days
(012-19) and more in the late days (019-20) (Miller, 1988). This indicates that there is
an attempt to overcome the early depression of the generation of cortical neurons by a
late surge in neuronogenesis, which is only partially successful (Miller, 1986; Miller,
1988).

In addition, the teratogenic effect of ethanol on proliferation is temporally dependent
(Miller, 1996).

Ethanol exposure, from 06 to 09, had no effect on the ratio of

proliferating cells. However, ethanol exposure between 012 and 015 decreased the
number of cells generated from the ventricular zone (VZ) but had no effect on the
proliferation of the subventricular zone (SVZ) cells. In contrast, ethanol exposure from
018 to 021 increased the proliferation index of fetal SVZ cells but not VZ cells. Briefly,
ethanol decreases the number of early-generated cells and increases the number of lategenerated cells. Thus, VZ cells are affected by early exposure to ethanol and SVZ cells
are influenced by late exposure (Miller, 1996).

Furthermore, the toxic effect of ethanol on proliferation is a widespread phenomenon
(Bauer-Moffett and Altman, 1977; Miller, 1995a). Other brain regions including the
hippocampus (Miller, 1995a), dentate gyrus (Miller, 1995a), cerebellum (Bauer-Moffett
and Altman, 1977; Borges and Lewis, 1983), and trigeminal brainstem complex (Miller,
1995a; Miller and Muller, 1989b) also show changes in proliferative activity following
ethanol exposure.

The effect of ethanol on proliferating cells is blood alcohol concentration dependent
(Miller, 1995a; Miller, 1996). The neuronal generation index is higher (Miller, 1995a) in
postnatal day dentate gyral neurons when the BAC level is moderate (132 mg/dl),
compared to a lower neuronal generation index when the BAC level is high (339 mg/dl).
These data suggested that cell cycling is stimulated at low alcohol concentrations and
inhibited by high alcohol concentrations (Miller, 1995a).
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5.2

Aim

The specific aim of this experiment was to investigate the effect of a single exposure to
alcohol on cell proliferation in the ectoderm of the mouse gastrula. To examine S-phase
proliferation, bromodeoxyuridine (BrdU) birthdating and anti-BrdU immuno-detection
methods was used.

5.3

Materials and Methods

5.3.1 Treatment of Animals

Female C57BL/6J mice (Department of Laboratory Animal Sciences, University of
Otago) were maintained on a 12 - hr light/dark cycle with free access to lab chow and
water. At 8 - 10 weeks of age vaginal smears were taken each morning to detect animals
in pro-estrous which were placed overnight with males. The presence of a vaginal plug
or a sperm positive vaginal smear was indicative of successful mating and 12 noon of that
day was designated as gestational day (G) 0.5.

At 11 am on G7.5, all pregnant mice were weighed and randomly assigned to the ethanol
or control group. The ethanol group (lG6.5) received ethanol (20% v/v) on G7.5 as a
single dose of 6.5 g/kg (n = 7) via intragastric intubation. The control group (Con6.5)
received an equivalent volume to the 6.5 g/kg ethanol group of 0.9% NaCI (n = 6).

5.3.2 S-phase Labeling with BrdU

At 12:30 pm, 90 minutes after alcohol (or NaCI) treatment, dams were injected
intraperitoneally with BrdU as a single dose of 25 mg/kg body weight (Sigma; BrdU in
normal saline solution with a concentration of 2 mg/ml). This time was chosen to
coincide with the peak BAC following 6.5 g/kg ethanol given as a single intubation (see
section 4.3). At 1:30 pm, a one hour loading period for BrdU, dams were killed by
cervical dislocation. For each dam, the uterus was exposed and embryos were removed
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in a short length of uterus prior to immersion fixation in 4% paraformaldehyde in 0.1 M
phosphate buffer for 4 hours at room temperature, and storage in 70% ethanol prior to
further processing. The dose of 25 mg/kg BrdU was confirmed to be sufficient and
without apparent cytotoxicity in our pilot experiments and other studies (Takahashi, 92;

Li and Shiota, 97). The labeling interval of one hour was optimal in our pilot study,
which was greater than the minimal time required for saturation labeling of S-phase
nuclei after a single BrdU injection at a dose of 25 mg/kg (Takahashi et al., 1992).

5.3.3 BrdU Immunohistochemical Methods
Four embryos were selected at random from each dam per group (n = 28 embryos for
ethanol, and n = 24 embryos for control groups). The embryo implantation sites within a
small length of uterus, were dehydrated through a graded series of ethanol, immersed
overnight in paraffin at 58°C, and embedded in paraffin. Blocks were serially sectioned
at 5 urn thickness in the longitudinal plane, and a set of serial sections throughout the
entire embryo, was stained with Haematoxylin and Eosin. This section series was used to
locate the mid region of the embryo. Three alternate sections from a 25 urn interval in
the middle position of embryo were chosen and mounted on APES coated slides.

Sections were deparaffinized with xylene, rehydrated through a series of graded ethanol
solutions, rinsed with tap water followed by 0.1 M phosphate buffered saline (PBS,
PH7.4). Following 15 min in 2N HCI at 37°C to partially hydrolyze the double stranded
DNA into single strands, sections were washed for 10 min in 0.1 M sodium tetraborate
(Borax) to neutralize the acid (Appendix, 4). Sections were rinsed in PBS, blocked for 15
min at room temperature in 10% heat inactivated normal goat serum (Sigma) and
incubated with mouse monoclonal primary anti-BrdU antibody (Amersham pharmacia)
overnight at 4 °C. Anti-BrdU antibody (Amersham pharmacia) was diluted 1:50 in
dilution buffer - AbDB

Cl

ml AbDB consists of 200 ul 10% BSA, 2 ul Tween 20, and

800 ul PBS). Following PBS rinses, sections were incubated with biotinylated goat antimouse IgG (Amersham pharmacia) diluted in AbDB at 1:400 for 30 min at room
temperature.

Endogenous peroxidases were blocked by incubation in 0.5% hydrogen
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peroxide for 30 min at room temperature. After rinsing in PBS, sections were placed in
streptavidin-biotinylated horseradish peroxidase (Amersham pharmacia) (l: 100) for 30
min at room temperature followed by incubation with the chromagen DAB for 10 min to
visualize labeled cells.

Sections were counterstained for 5 seconds with Harris Haematoxylin to aid in
morphological identification, dehydrated through a graded series of ethanol, cleared in
xylene and coverslipped with DPX. Negative control sections were obtained by omitting
the primary or secondary antibody or HRP.

5.3.4 Quantitation of Proliferative Cells

Sections immuno-labeled by the BrdU method were used to determine the proportion of
cells in the ectoderm of the gastrulation embryos that were undergoing S-phase
proliferation. For each section the number of BrdU positive nuclei and BrdU negative
nuclei in the ectoderm were counted, separately. The cell number of BrdU (+) in each
embryo was calculated by summing the number of BrdU positive nuclei from all of the
three sections. The number of cells not labeled with BrdU, BrdU (-) underwent the same
calculation rule as for BrdU (+), and the total cell number was BrdU (+) plus BrdU (-).
The proliferative index (PI) in each embryo was the ratio of BrdU (+) nuclei to the total
number of nuclei as a percentage.

The ectoderm of the embryo was subdivided into two regions for analysis: the ectoderm
without the primitive streak (non-PS), and the primitive streak (PS) region (Figure 2.1A
and B). The primitive streak region is located in the posterior part of the ectoderm and
occupies about one third of the volume of the ectoderm. The PI ratios in the non-PS and
PS regions were estimated using the same rule as for in the whole ectoderm. The ratio of
BrdU (+) nuclei to total number of nuclei, the PI, was also calculated for each of these
regions.
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In addition, mitotic cells were counted in the whole ectoderm to determine the M-phase
proliferative activity. The mitotic index (MI)

percentage of cells in mitosis, was

calculated from the number of mitotic nuclei divided by the total number of nuclei in the
whole ectoderm. The litter PI (and MI) was the mean of the PIs (and MIs) of four
embryos from each dam.

Data was analysed by a linear mixed model using SAS software to assess differences in
S-phase proliferation between treatment groups (IG6.5 and Con6.5) and regions (PS and
non- PS). Treatment group, region, and the interaction of treatment group x region were
included in the model as fixed effects. Linear mixed model analysis was also used to
assess differences in M-phase proliferation of the cells in the entire ectoderm between
treatment groups. Treatment group was included in the model as a fixed effect. Dam and
embryo were included as random effects to allow for possible correlations between
measurements from the same individual and between animals from the same dam. All
data throughout the study are presented as mean ± standard error of mean (SEM).

5.4

Results

5.4.1 The Morphology of BrdU Nuclear Staining

The brown colored DAB reaction product, marking the distribution of BrdU, provided a
dramatic contrast of S-phase proliferating cells against the other ectodermal cells whose
nuclei were stained blue (Figure 5.1).

The BrdU positive nuclei were distributed

predominantly in the outer half to two-thirds of the ectoderm, with a lack of labeling at
the luminal margin of the amniotic cavity (Figure 5.lA). Mitotic figures at the cavity
margin were BrdU negative (Figure 5.1). The BrdU distribution pattern can be explained
by the hypothesis of nuclear interkinetic migration (Sauer, 1935). New nuclei produced
by mitosis at the cavity margin move away from the lumen and enter the peripheral zone
before synthesizing DNA. The nuclei remain in the peripheral zone while synthesizing
DNA, and move back to the luminal margin in preparation for cell division (Angevine
and Sidman, 1961; Sauer, 1935; Sauer, 1937; Sauer and Walker, 1959).
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The density and pattern of DAB staining in the nuclei was classified into three distinct
categories (Figure 5.1B): (1) the most common appearance was light granular staining of
the entire nucleus, (2) some nuclei contained densely stained clumps in the middle of
evenly stained nuclei, (3) occasionally nuclei showed the staining restricted to several
intensely stained clumps.

5.4.2 Comparison of S-phase Proliferation

The proliferative index (PI), indicative of the active incorporation of BrdU, was 45.58

±

2.34% in the ectoderm of embryos exposed to ethanol, compared to 62.08 ± 3.11 % in the
control embryos (Figure 5.2 and Table 5.1). In the PS region, the PI was 46.86
(IG6.5) and 60.83

±

3.13% (Con6.5). The PI in the non-PS region was 45.37

ethanols compared to 61.44

±

±

±

2.79%

2.53% in

4.11% in control embryos (Table 5.2).

Table 5.1 The Effects of Binge Alcohol Exposure on Acute Cell Proliferation in the
Neuroectoderm of Gastrulation Mice
Treatment
Number of
Number of S-phase Proliferation M-phase Mitotic
Groups
Litters
Embryos
Index (PI)
Index (MI)
Con6.5

6

23

62.08±3.11%

5.59 ± 0.61 %

106.5

7

24

45.58 ± 2.34%*

6.80 ± 0.45%

All values represent mean ± SEM. *PI was significantly decreased in the IG6.5 group
compared with Con6.5 group (P<O.OOOl, linear mixed model analysis).
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Figure 5.1 An example of BrdU labeled S-phase proliferative cells in the ectoderm of the
gastrulation mouse. (A) Sagittal sections of G7.5 embryo. (B) Higher magnification of the
boxed area in A. BrdU( +) labeled nuclei were distributed predominantly in the outer half to
two-thirds of the ectoderm (brown color of DAB stain), whereas mitotic cells (blue arrow) at
the cavity margin were BrdU(-). BrdU labeled DAB stained nuclei were classified into three
categories; light granular staining of the entire nucleus (red arrow), densely stained clumps
among the evenly stained nuclei (black arrow), or intensely stained clumps only (green
arrow). Scale bar = 100 urn in A, and 20 urn in B.
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A

I

•

Figure 5.2 BrdU labeling of cell proliferation at 1.5 hours following single binge
ethanol (6.5 g/kg) exposure. S-phase proliferation is arrested in the 106.5 group (B),
with fewer BrdU( +) cells in the ectoderm compared with intubation controls (A).
Scale bar = 50 urn.
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Figure 5.3 S-phase proliferative index (PI) and M-phase mitotic index (MI) in the
ectoderm of G7.5 mouse. * PI was significantly decreased in the IG6.5 group
compared with controls (F=109.10, df=l, 237, P<O.OOOl). There was no difference in
the MI between groups (F=1.11, df=l, 123, P=0.2938).
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Figure 5.4 Regional comparison of S-phase proliferation in the mouse gastrula
ectoderm. There was no significant difference of PI between PS and non-PS regions
(F=O.22, df=l , 229, P=O.6422).
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Linear mixed model analysis showed that the PI was significantly decreased in the IG6.5
group comparing with controls (F = 109.10, df= 1,237, P < 0.0001), indicating that the
6.5 g/kg dose of alcohol had a strong inhibitory effect on DNA synthesis in the G7.5
mouse gastrula (Table 5.1 and Figure 5.3). However, regional comparison revealed that
there was not a statistically significant difference of PI between PS and non-PS regions (F
= 0.22, df

1, 229, P = 0.6422) (Table 5.2 and Figure 5.4).

Also, there was no

significant interaction of treatment group x region (F = 0.51, df= 1,229, P = 0.4752).

Table 5.2 Regional Comparison of S-phase Proliferation in the Neuroectoderm of the
Gastrulation Mice
Treatment
Number of
PI of Primitive
Number of
PI of non Primitive
Groups
Streak Region
Litters
Embryos
Streak Region
Con6.5

6

22

60.83±3.13%

61.44 ± 4.11%

IG6.5

7

20

46.86 ± 2.79%

45.37 ± 2.53%

All values represent mean ± SEM
Based on the linear mixed model, the PIon average was 16.4% lower in the alcohol
group compared to the control group, with a 95% confident interval that the true
difference was between 13.3% and 19.5%.

5.4.3 The Morphology of Mitotic Cells

Mitotic cells were characterized by condensed parallel sister chromosomes in the nuclear
region and the loss of the nucleolus, or chromosomes moving to opposite poles of the
spindle, causing elongation of the cell and further separation of the spindle poles (Figure
5.1B).

5.4.4 M-phase Proliferation Comparison in the Whole Ectoderm

The MI was 5.59

±

0.61% in the ectoderm from control animals, and 6.80

±

0.45% in the

same layer in ethanol exposed gastrula (Table 5.1 and Figure 5.3). Linear mixed model
analysis indicated there was no significant difference in the mitotic index (MI) between
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that although the MI
IG6.5 and Con6.5 groups (F = 1.11, df = 1, 123, P = 0.2938). Note
a tendency towards a
was not significantly different between IG6.5 and Con6.5, there was
a result of alcohol
higher MI in the ethano l group, sugge sting an mitotic arrest as
exposure during cell division.

5.5

Discussion

6.5 g/kg at G7.5
The presen t study found that a single binge ethano l expos ure of
cells in the mouse
signifi cantly suppre ssed the S-phase prolife ration of ectode rmal
was arrested in
gastrula. This occurred throughout the ectoderm as S-phase proliferation
ration, showe d that
both PS and non-PS regions. The comparison of M-phase prolife
mitosis was not affected by the 6.5 g/kg binge ethanol exposure.

5.5.1 S-phase Proliferation in the Whole Ectoderm
sed to 45.6%
The basal level of DNA synthe sis (62.1% ) was signif icantly decrea
mg/dl (see section
following ethanol exposure that achieved a peak BAC of around 590
on cell death (see
4.3). Clearly, binge alcohol exposure has severe acute effects not only
t to produce the
section 4.3) but also on S-phase proliferation. These effects may interac
et al., 1981).
final morphological changes that occur in binge exposed embryos (Sulik
13 mouse following
This pheno menon has also been observed in the palate cells of G
effects of ethanol on
ethanol exposure (Weston et al., 1994). However, it appears that the
) in the mouse
S-phase proliferation are both time and dose dependent. S-phase PI (41.2%
ine loading time
ectoderm was not affected 6 hrs after treatment with a 1 hr eH] thymid
t 25% ethano l
following a single binge ethano l expos ure (0.03 ml/gm body weigh
ration was not
concentration) (Bann igan and Burke, 1982). Similarly, S-phase prolife
by Western blot 42
altered in the chick gastrula when BrdU incorporation was quantified
BrdU loadin g time
hr after alcohol expos ure (430 umol ethano l/egg) with a 4 hr
ethanol exposure
(Cartwright et al., 1998). It should be noted that the time interval after
and the Western
and the BrdU loading time were much longer than in the present study
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Blot method is not as sensitive as immunocytochemistry on tissue sections. Differences
in such parameters between studies make it difficult to make meaningful comparisons.
However, it is well established that proliferation is altered by chronic ethanol exposure
(Miller, 1986; Miller, 1988; Miller, 1992; Miller, 1995c; Miller, 1996). The generation
of neurons in the rat neocortex was disrupted by chronic ethanol exposure from 06 to the
day of birth (Miller, 1986; Miller, 1988), with the effect dependent on ethanol
concentration (Miller, 1995a; Miller, 1996). The neuronal generation index is higher
than control (Miller, 1995a) in postnatal day dentate gyral neurons when BAC level is
moderate (132 mg/dl). However, in the same region, the neuronal generation index is
lower (Miller, 1995a) when BAC level is high (339 mg/dl).

Other teratogen such as hyperthermia (Li and Shiota, 1999) has also been shown to alter
the pattern of cell proliferation in the mouse gastrula. Exposure of the gastrulation
embryo to brief hyperthermia can cause heat-induced transient arrest of cell proliferation
1 hour (Li and Shiota, 1999) after heat treatment (42°C for 15 min or 43°C for 10 min).
Proliferation recovered to the normal level 3.5 hours after heating, and S phase labeled
cells were widely distributed in the primitive streak, presomitic mesoderm, and somites
of mice embryo (Li and Shiota, 1999). On the contrary, there was no obvious cell cycle
arrest 1 hour after X-ray treatment in both 06.5 and 07.5 embryos, although a significant
increase in cell death occurred (Heyer et al., 2000).

In this study, the S-phase proliferative index, observed in the ectoderm of normal
C57BL/6J mouse gastrula was 62.1%. This is very close to the PI of 61.4% reported for
neural plate cells in the 08 (vaginal plug positive called gestational day 0) mouse gastrula
of the same strain using CH] thymidine (Wilson, 1982). It was also similar to the PI
(62% - 65%) in the ectoderm outside the primitive streak of 08 rat gastrula (Mac Auley
et al., 1993). However, the PI in the present study is not consistent with the PI (47.9%)
of 09 (vaginal positive called gestational day 1) in the rhombencephalic part of the neural
folds of LACA strain mouse (Bannigan and Burke, 1982), also not accord with the PI
(73.3%) of 07.5 CD-l mouse gastrula (Heyer et al., 2000). In this later example, the PI
data comes from counting the entire embryonic and extraembryonic regions rather than
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just the ectoderm. Differing proliferative indices between studies may also arise from
differences in strains or rodent species used. The proliferative index found here is similar
to that of Wilson (1982) suggests that the length of the cell cycle is similar between G7.5
ectoderm and G8 neural plate in the C57BL/6J mouse.

5.5.2 Regional Comparison of S-phase Proliferation

Previous studies have reported conflicting data concerning the regional characteristics of
proliferation in the ectoderm of the normal rodent during gastrulation (Lawson et al.,
1991; Mac Auley et al., 1993; Poelmann, 1980; Snow, 1977). Based on cell counts and
the mitotic index model (Poelmann, 1980), cell cycle duration is estimated as 7.5 hr
without any high proliferative regions. Similarly, using single celllabeling clonal growth
technique, Lawson and colleagues (1991) also found that the duration of the cell cycle in
the ectoderm of mouse gastrula is 7.5 hr with no evidence of special highly active regions
of proliferation. Inconsistent with the estimates of Poelmann (1980) and Lawson (1991),
however, other studies have reported that the primitive streak region within the ectoderm
consists of highly proliferative cells with a shorter total cycle time of only 2 - 3 hr
(Snow, 1977) or 3
at about 2

3.5 hr (Mac Auley et al., 1993). The time of S-phase was estimated

2.75 hr in the primitive streak and 3.5 - 4 hr in the rest of ectoderm (Mac

Auley et al., 1993). The purpose of the present study was not to estimate the duration of
the cell cycle in the ectoderm. However, the present study did find no difference in Sphase proliferative activity between the primitive streak and non primitive streak region,
indicating that there is not a highly proliferative zone in the ectoderm of either the normal
or ethanol exposed C57BL/6J mouse gastrula.

5.5.3 M-phase Proliferation in the Whole Ectoderm

Interestingly, despite significant suppression of S-phase proliferation in the ectoderm, the
current study shows that the M-phase proliferation was not altered after ethanol exposure.
The mitotic index was 6.8% and 5.6% in the ethanol and saline treated groups,
respectively.

A similar effect was seen 1 hr after irradiation (Heyer et al., 2000).
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However, ethanol exposure (Bannigan and Burke, 1982) and nicotine exposure (Roy et
al., 1998) in the neurulation rodent, and hypoxia in the syncytial Drosophila (DiGregorio
et al., 2001) are all result in the arrest of mitosis.

The current result of ethanol suppressing S-phase but not M-phase proliferation indicates
that different phases of proliferation show an unequal vulnerability to an ethanol insult.
The arrest of S-phase proliferation soon after acute ethanol exposure would result in less
cells entering the next phases of the cell cycle such as G2/M phase. The present
experiment investigated the mitotic index at a very early time (1.5 hr) after ethanol
exposure, implies that the M-phase of proliferation itself is not sensitive to acute ethanol
exposure. However, at a later time, M-phase proliferation - mitotic index may be
decreased due to previous alteration of S-phase proliferation. A systematic increase in
the time of sampling post ethanol exposure would provide details of the proliferative
characteristics of different phases of the cell cycle after ethanol insult.

Summary

The PI results in the present study provided direct evidence that the cell

cycle in the S-phase is arrested in the ectodermal mouse gastrula due to high BAC
ethanol exposure. Furthermore, regional comparison within the ectoderm, showed no
significant difference in S-phase proliferation between the primitive streak and no
primitive streak regions in control and alcohol groups. To my knowledge, the current
study presents the first quantitative demonstration that proliferation is acutely arrested in
a significant proportion of the ectodermal cells due to binge ethanol exposure during the
gastrulation stage of early pregnancy. Gastrulation is thought to be a pivotal step in
formation of the body plan, which starts differentiation and a dramatic increase in cell
proliferation (Snow, 1977; Tam et al., 1993). Cell proliferation depression in addition to
apoptotic cell death (see chapter 4) are important initial steps which play major roles in
the pathogenesis of abnormal brain development and postnatal neurobehavioral
disturbances (FASD) induced by acute binge ethanol exposure to early pregnancy.
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Chapter 6

Long Term Effects Following Binge
Ethanol Exposure During Gastrulation

6.1

Background

Since the first report by Jones and Smith in 1973, the vulnerability of developing CNS to
the long term effects of alcohol studies has been extensively studied in the human.
Information regarding nervous system damage due to gestational alcohol insults has been
obtained from stillborn infants, infants who died from cardiovascular incident, CNS
failure, or those who died in accidents (Clarren and Smith, 1978a; Peiffer et al., 1979;
Wisniewski et al., 1983).

Recent studies using MRI have confirmed these

neuroanatomical abnormalities (Archibald et al., 2001; Mattson et al., 1992; Sowell et al.,
1996). This new technique has also made it possible to detect less severe damage among
the surviving FASD children (Mattson et al., 1992; Mattson et al., 1996).

The brains of children with FAS exhibit severe CNS disorganization, including
microencephaly (Clarren and Smith, 1978a; Jones and Smith, 1973; Majewski, 1981),
cerebral dysgenesis (Clarren et al., 1978b; Coulter et al., 1993; Majewski, 1981; Peiffer et
al., 1979; Wisniewski et al., 1983), anteriorly fused frontal lobes (Coulter et al., 1993),
corpus callosum and other midline commissures dysgenesis (Jones and Smith, 1973;
Majewski, 1981). Additionally, enlarged lateral ventricles, hydrocephalus (Clarren and
Smith, 1978a; Majewski, 1981; Peiffer et al., 1979), neural tube defects (Majewski,
1981), and neuroglial heterotopias in the cerebellum, brainstem, and cerebrum have also
been found (Clarren et al., 1978b; Coulter et al., 1993; Kinney et al., 1980; Peiffer et al.,
1979).

Numerous excellent animal models have been developed that mimic the alcohol-induced
malformations seen in the FAS children. They have provided valuable data concerning
critical parameters such as alcohol doses and patterns of administration, and exposure
times, which can be correlated to pathogenesis. Such studies support the hypothesis that
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either acute or chronic alcohol exposure during critical periods of development can cause
long term effects to the developing cerebral cortex (Ashwell and Zhang, 1996; Clarren
and Bowden, 1984; Kotkoskie and Norton, 1988; Miller, 1987; Miller and Kuhn, 1995b;
Miller and Potempa, 1990; Norton and Kimler, 1988; Sulik et aI., 1988; Sulik et aI.,
1986; Sulik et aI., 1981; Webster et aI., 1980; Webster et aI., 1983).

6.1.1 Subtle or Transient Effects Following Alcohol Exposure

Ethanol induced acute teratogenic effects, namely cell death and changes in proliferation
in gastrulation mice has been found in the current study (see chapter 4 and 5) and by
other researches (Dunty et aI., 2001; Sulik et aI., 1981). However, investigations of the
long term effects of such exposure are minimal.

Developmental deficits or delays

measured shortly after the ethanol insult does not mean the effects would have permanent
consequences, since the embryos are still at a very early stage of development.
Embryonic cells in the gastrulation mouse are stem cells or progenitor cells, and thus
should have the potential to repair damage and recover from the acute effects of
teratogenic insults.

For example, due to chronic prenatal alcohol exposure beginning at 07 or 08.5, transient
compromised development in the mouse midline neural tube happened on 013 and 015,
with fewer nestin-positive cells and SI OOb-positive glia found around incompletely
sutured regions in the alcohol exposed brain, but they had recovered at 018 (Zhou et al.,
2003). This phenomenon of a transient change is also found with alcohol exposure
during early postnatal development of the rat brain. A transient increase in the number of
cholinergic neurons in the forebrain striatal regions found at PN 14 and PN21 had
returned to control levels at PN60 (Heaton et aI., 1996). Also, postnatal alcohol exposure
from PN4 to PN9 results in transient reactive gliosis on PNl 0 which is no longer detected
on PN 15 (Goodlett et aI., 1993; Goodlett et aI., 1997b).
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6.1.2 Permanent Long Term Effects due to Alcohol Exposure

Besides these transient neurodevelopmental effects caused by alcohol exposure, a wide
range of permanent structural effects have been shown to occur (Ashwell and Zhang,
1996; Fakoya, 2005; Miller and Potempa, 1990; Mooney et al., 1996; Sulik et aI., 1981;
Webster et aI., 1980; Webster et aI., 1983). Studies on the ethanol exposed animals or
FASD children have also demonstrated behavioral deficits or mental retardation evoked
by the prenatal ethanol exposure (Coles et aI., 2002; Dumas and Rabe, 1994; Mattson et
al., 1998; Mattson and Roebuck, 2002; Mihalick et aI., 2001; Steinhausen et aI., 1994;
Streissguth et aI., 1989), which suggests that there are underlying neuroanatomical or
neurochemical alterations in the brain.

One of the aims of this study is to investigate the long term effects following alcohol
exposure during gastrulation.

However, alcohol exposure on a single day during

gastrulation induces acute effects, which are so severe that some fetuses fail to survive
postnatal life, although the capability of dams delivering and nurturing their pups was not
affected. In the offspring study, the number of stillborn and dead pups was increased,
with sometimes, no live pups surviving parturition. This made it difficult to examine the
number and establish categories of mortality and morbidity for pups of each dam.
Fetuses harvested just one day before birth would provide information on embryonic
number and morphology. At the same time, investigation on G 18.5 allows observation of
earlier spontaneous reabsorption of fetuses.

These data would be helpful for

understanding the effect of a single binge ethanol exposure during gastrulation on fetal
outcome.

It is of great interest that some offspring can not survive postnatal life, but others can

survive to adulthood (PN60) without any obvious brain damage or craniofacial
malformations despite the same prenatal conditions. It is important to determine whether
these surviving offspring have subtle effects in cerebral cortical structures and cell
populations following alcohol exposure during gastrulation which may affect brain
function. Offspring with serious brain malformations may represent the mortality and
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serious morbidity seen in the human FAS.

More importantly, mice with changes in

cerebral cortical structures or cell populations would represent a large group of
developmental disabilities in the community that do not have a recognized cause.
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6.2

The Effects of Binge Ethanol Exposure during Gastrulation
on Fetal Outcome on G18.5

6.2.1 Introduction
6.2.1.1

Ethanol Effects on Litter Size

Gastrulation occurs early in development and may take place in human embryos prior to
pregnancy recognition by women. Acute ethanol exposure in gastrulation mice increases
reabsorption and reduces embryonic litter size (Sulik and Johnson, 1983; Webster et al.,
1983). Reabsorption rates ranged from 16% to 34% in the ethanol exposed groups
compared with 8% in the controls (Sulik and Johnson, 1983), or around 20% in ethanolexposed groups compared with 10% in the controls (Webster et al., 1983). Interestingly,
reduced litter size has not been reported following acute ethanol exposure on 014 and
015 (Kotkoskie and Norton, 1988). This suggests that developmental stage is important
in determining the vulnerability of embryos to ethanol (Bonthius and West, 1991; Hamre
and West, 1993; Sulik et al., 1986).

6.2.1.2

Abnormalities in Alcohol Exposed Embryos

Acute alcohol exposure to C57BL/6J mice during gastrulation also induces craniofacial
malformations characteristic of those seen in FAS (Sulik et al., 1988; Sulik and Johnston,
1982; Sulik et al., 1981; Webster et al., 1988; Webster et al., 1980; Webster et al., 1983).
These primarily involve deficiencies in the midline structures and include microcephaly,
midline deficiencies in the forebrain, ocular malformation, and deficits in the midface
region (Sulik et al., 1981; Webster et al., 1980; Webster et al., 1983).

It is important to note that alcohol exposure during gastrulation (07) results in brain

damage of variable severity in the mouse model. The most severe malformations induced
at this stage appear to be anencephaly (Sulik et al., 1981) or holoprosencephaly (Sulik
and Johnston, 1982; Sulik et al., 1981; Webster et al., 1980; Webster et al., 1983).
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Holoprosencephaly includes incomplete division of the cerebral hemispheres, absence of
the corpus callosum, absence of the olfactory bulbs (arhinencephaly), complete absence
of the forebrain, cebocephaly, or pituitary maldevelopment (Cohen and Densen-Gerber,
1982; Sulik et al., 1981; Webster et al., 1980). Failure of the cranial neural folds to fuse
is also common following alcohol exposure during gastrulation (Webster et al., 1983). In
addition, there may be an absence of the normal midline structures results in abnormally
close positioning of the olfactory placodes and midline deficiencies in the fore brain
(septal nuclei) (Sulik et al., 1986). Generally, the brains of these alcohol exposed animals
are small - microcephalic, with variable reduction of the anterior parts of the brain,
particularly the frontal cerebral hemispheres and olfactory bulbs (Webster et al., 1980;
Webster et al., 1983). Some of the animals also had a ventrally prominent diencephalon,
a very enlarged third ventricle (hydrocephaly) and dysgenesis of the hypophysis without
obvious malformations in mid- and hindbrain regions (Sulik and Johnson, 1983; Webster
et al., 1980; Webster et al., 1983).

Deficiencies in neural plate development can also result in deficient eye formation, as the
eyes are derived from the evagination of the neural epithelium at later stages of
development (Sulik et al., 1981).

Ocular malformations induced by alcohol insults are variable and include coloboma of
the iris, microphthalmia, and apparent anophthalmia (Sulik et al., 1981; Webster et al.,
1980). Anophthalmia is absence of the globe and ocular (eye) tissue from the orbit, while
microphthalmia is reduced size of eye structure. Among the FAS fetuses, the incidence
of anophthalmia and microphthalmia was about 70 - 90%, compared to the incidence of 9
- 15% in the controls (Sulik et al., 1981; Webster et al., 1980; Webster et al., 1983).
Meanwhile, microphthalmia and anterior segment dysgenesis are frequently found to be
asymmetrically disposed (Sulik et al., 1981) with the right eye affected more frequently
and more severely (Sulik et al., 1981). In humans, structural alterations of the eye and
microphthalmia have been observed in clinical FAS cases (Hanson et al., 1976).
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Additionally, optic nerve and chiasma hypoplasia or atrophy, and tortuosity of the retinal
vessels also occur following ethanol exposure during gastrulation (Sulik and Johnson,
1983). A short palpebral fissure, one of three the most important diagnostic signs in
human FAS (Clarren and Smith, 1978a), is also observed in the alcohol-exposed mice
(Sulik et al., 1981; Webster et al., 1983).

Associated with brain malformations and eye deficits, alcohol exposed mice may have a
flat hypoplastic midface associated with maxillary hypoplasia, mandibular hypoplasia,
and deficiency in medial nasal prominences (MNPs) similar to that seen in human FAS
(Sulik and Johnson, 1983; Sulik et al., 1981; Webster et al., 1983). Midface hypoplasia is
assumed to result from deficiencies of neural crest production (Webster et al., 1983)
which influence formation of the embryonic frontonasal prominence and its derivatives
(Sulik et al., 1981), in particular the medial nasal processes (Sulik et al., 1981). Both in
humans and the mouse, MNPs deficits are manifest as a narrow nose, and a smooth
philtrum with a long gap between the base of the nose and the thinned upper lip (Clarren,
1981; Clarren and Smith, 1978a; Majewski, 1981; Sulik et al., 1981; Webster et al.,
1983). Mandibular hypoplasia and/or maxillary hypoplasia was manifest as a reduction or
complete absence of the mandible (agnathia), or from a reduced maxillary bone (medial
cleft lip) to almost complete absence of both upper and lower jaws (Webster et al., 1983).

6.2.2 Aims
To determine whether exposure to heavy binge alcohol during gastrulation results in long
term effects. To investigate whether ethanol has effects on embryo mortality, embryo
reabsorption, litter size, and incidence of abnormalities at 018.5.

6.2.3 Materials and Methods
6.2.3.1

Animal Treatments and SAC

On 07.5, pregnant C57BLl6J mice were exposed to ethanol (20% v/v) (n = 9) with a dose
of 6.5 g/kg via intra-gastric intubation (106.5). Control group (n = 8) received an
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equivalent volume of 0.9% NaCl to the ethanol group (Con6.5).

Peak BAC was

measured at 1.5 hour after alcohol exposure. Blood samples were taken from both groups
to control for the effects of the blood sampling procedure (For further details see chapter
4).

Following treatment on G7.5, pregnant dams were reared under normal conditions with
food and water available Ad libidum, until G 18.5.

On G 18.5, just one day before

parturition, body weight of the dam was recorded. The dam was deeply anaesthetized
with Ketamine (lmg per 10 g body weight) and Xylazine (0.1 mg per 10 g body weight)
administered intraperitoneally.

Anaesthesia was confirmed by absence of pedal

withdrawal reflex. The abdominal cavity was opened, the uterus exposed, and embryos
were removed one at a time. For each litter, two or three embryos were perfusion fixed
(see below). The remaining embryos were immersion fixed in 4% paraformaldehyde in
0.1 M phosphate buffer.

6.2.3.2

Perfusion of G18.5 Mouse Embryo

The embryo was dissected free of the decidua, yolk sac, and amnion, then surrounded by
ice for hypothermic anesthesia.

The embryo was secured to a dissecting tray, the

abdominal cavity was opened and the chest cavity was entered, taking care not to damage
the lungs. The ribs were cut on both sides and a part of the rib cage lifted up to expose
the cardiac cavity. The apex of the heart was grasped with fine toothed forceps, and a
syringe with a blunt end cannula was inserted into the left ventricle. The right atrium was
cut to allow outflow of the perfusate. The tip indicated the exact position of the cannula
as it was held in place throughout the perfusion.

The perfusion began with a pre-wash of 0.1 M phosphate buffer saline (PBS) plus
Heparin (0.2% v/v, 600/11 Heparin in 300 ml Buffer). This was perfused over one
minute, by which time the liver had cleared, and the head and neck regions of the embryo
looked very white. Pre-wash was followed by perfusion with fixative consisting of 4%

132

Paraformaldehyde in 0.1 M phosphate buffer (PB) (PH7.3) for 10 minutes. The perfusing
pressure was around 40 mmHg to 50 mmHg.

Speed is essential when 'fixing' brain tissue by perfusion, to prevent postmortem changes.
Only 1 to 2 minutes elapse between the opening of the chest and beginning the perfusion.
Both solutions were used at body temperature to prevent constriction of the blood vessels
due to cold shock. It was found that it is essential to remove most of the blood from the
vessels before the fixative enters the vasculature, otherwise clots formed and prevented
areas of tissue being satisfactorily fixed. Thus, a good pre-wash before perfusion was
very important.

After perfusion, embryos were stored in the same fixative prior to morphological
examination of morbidity. The remaining embryos were decapitated and the head was
immersion fixed in fresh fixative at 4 DC for 1 - 2 days. Embryonic morbidity and
mortality was recorded. Numbers of offspring were recorded and some offspring were
photographed. Noted abnormalities, microcephaly, anencephaly, eye malformations, or
craniofacial malformations were recorded.

6.2.3.3

Statistical Analysis

All statistical analyses were performed using the SPSS statistical package. Litter size
was compared using independent sample t-tests, while the incidence of abnormalities was
analyzed using the Mann- Whitney U test. All data throughout the study is presented as
mean

±

SEM (standard error of mean).

6.2.4 Results
6.2.4.1

BAC

The mean peak BAC in the IG6.5 group was 617.79 ± 18.22 mg/dl 1.5 hours after alcohol
intubation with the range of 476.71 - 671.95 mg/dl.
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6.2.4.2

Mortality and Litter Size

A total number of 137 implantation positions with 112 embryos from 17 dams were
studied (Table 6.1). Although complete reabsorption was not observed in the G18.5
experiment, the less severe effect - selective termination, was detected.

Selective

termination described the observation that some embryos in one litter were terminated
and reabsorbed while some viable littermates continue to develop. Selective termination
would lead to reduced embryonic litter size for similar implantation numbers. Selective
termination randomly occurred in the control group but was significantly increased due to
heavy binge prenatal alcohol exposure. Litter size on G 18.5 is shown in Figure 6.1.
Average litter size on G18.5 was 5.4 ± 0.7 in the IG6.5 group compared with 7.9 ± 0.5 in
the Con6.5 group. The implantation number was 7.4 ± 0.8 in the IG6.5 group compared
with 8.8 ± 0.5 in the Con6.5 group. Independent sample Hest analysis showed that
average litter size was significantly smaller in IG6.5 group than in Con6.5 group (t =
2.765, df= 15, P = 0.014), while there was no difference in implantation number between
these two groups (t = 1.304, df

15, P = 0.212).

Table 6.1 Long Term Effect of Ethanol on Prenatal Development following Acute
Alcohol Treatment on G7.5
Number of
, .
..
Malformed
Incidence of
Treatment Group
Implantation
LIve Fetuses L' F' t
Ab
liti
'
)
rve e uses
norma mes
(L itters
Con6.5
Total Number
Number Per Litter

70 (8)

63

2

8.8 ± 0.5

7.9 ± 0.5

0.3 ± 0.2

67 (9)

49

10

7.4 ± 0.8

5.4 ± 0.7§

1.1 ± 0.4

3.35 ± 2.20%

IG6.5
Total Number
Number Per Litter

17.98 ± 5.98%t

All values represent mean ± SEM. § Smaller litter size in IG6.5 than Con6.5 (P=0.014,
independent sample Hest). t Increased incidence of abnormalities in IG6.5 than Con6.5
(P=0.047, Mann-Whitney U test).
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Figure 6.1 Implantation sites and litter size (mean ± SEM) in the IG6 .5 and Con6.5
groups at GI8.5. * Litter size was significantly smaller in IG6 .5 group than Con6.5
(t=2.765, df=15, P=O.OI4).
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Figure 6.2 Incidence of abnormalities (mean ± SEM) in the ethanol-treated and
contro l groups at GI8.5. * Significantly increased abnormalities in the IG6.5 group
compared with the Con6.5 group (Mann-Whitney U=17.00, z=-1.982, P=O.047).
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6.2.4.3

Morbidity and Teratogenesis

Each embryo was assessed for all malformations visible in the dissecting microscope.
The number of abnormal embryos per total number of embryos was calculated for each
litter, the mean of all litters within each group gave the ratio value for each treatment
group. The incidence of abnormalities (morbidity) was 17.98 ± 5.98% in the IG6.5 group
compared with 3.35 ± 2.20% in the Con6.5 group (Figure 6.2). Mann-Whitney U test
analysis showed that the incidence of abnormalities was significantly increased in the
IG6.5 group compared with the Con6.5 groups (Mann-Whitney U = 17.00, z = -1.982, P

= 0.047).
The type of malformations observed included eye malformations, anencephaly,
holoprosencephaly, and gross craniofacial malformations (Figure 6.3).

Eye

malformations were noted as 8/49 or 16.33% in the IG6.5 embryos compared with 2/63
or 3.17% in the control embryos. Eye malformations among these 10 embryos included
unilateral or bilateral apparent anophthalmia (absence of the globe and ocular tissue from
the orbit), microphthalmia (reduced in size of eye structure), and cataract (developing
opacity in the crystalline lens of the eye). The right eye was the more frequently affected
and was observed in all 10 embryos. Anencephaly, exencephaly, and gross craniofacial
malformations were detected in IG6.5 embryos, but were not observed in the control
group. In the IG6.5 group, 2 exencephaly, 1 anencephaly, and 2 gross craniofacial
malformations were noted.
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D

E

F

Figure 6.3 G18.5 embryos following single binge ethanol (6.5 g/kg) exposure on G7.5.
Control embryo shows normal craniofacial morphology (A). The ethanol affected
embryos had bilateral (B) or unilateral (C) anophthalmia, exencephaly (D and F), or
anencephaly (E).
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6.2.5 Discussion

Acute heavy binge exposure to the neuroteratogen ethanol, during gastrulation, induced
increased embryonic reabsorption, reduced litter size, and increased the incidence of
abnormalities among live embryos.

The 6.5 g/kg single binge ethanol exposure achieved a peak BAC of 617.79 ± 18.22
mg/dl in the dam at gastrulation, G7.5. Reabsorption was elevated and embryonic litter
size was decreased in the IG6.5 ethanol group compared with the Con6.5 group, which is
consistent with other reports for mice at the same stage although using different dose
regimes and/or route of ethanol administration (Sulik and Johnson, 1983; Webster et al.,
1980). However, these results are inconsistent with the reports which found no reduced
litter size following acute ethanol exposure (Kotkoskie and Norton, 1988). A possible
explanation is that ethanol exposure was at G7.5 in this study and Webster (1980) and
Sulik and Johnston (1983), compared with G 14 and G 15 in the experiment of Kotkoskie
and Norton (1988). The survival of the embryo is dependent on the time of ethanol insult
is supported by data that shows the different brain regions and cell populations are
affected by ethanol at different developmental stages (Kotch and Sulik, 1992; Sulik et al.,
1988; Sulik et al., 1981; Webster et al., 1980; Webster et al., 1983). Mouse embryos
exposed to ethanol on G7.5 display FAS craniofacial and midline forebrain
malformations (Sulik and Johnston, 1982; Sulik et al., 1981; Webster et al., 1980).
Where those exposed 1.5 days later, exhibit a different craniofacial phenotype typical of
the DiGeorge syndrome (Sulik et al., 1986).

The incidence of abnormalities following heavy binge alcohol exposure was significantly
increased compared with controls, which was concordant with previous reports (Sulik
and Johnson, 1983; Webster et al., 1980). A range of gross malformations in live
embryos were observed in this study as in previous studies (Sulik and Johnson, 1983;
Webster et al., 1980). Among the gross malformations, anophthalmia/microphthalmia
frequently occurred in ethanol exposed group, which confirms previous reports (Sulik et
al., 1981; Webster et al., 1980) that the C57BL/6J mouse has a genetic predisposition for
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eye malformations and this is exacerbated by heavy binge ethanol exposure on
gastrulation 07.5. It has been implicated that three genes, PAX6, SOX2, and OTX2, play
a significant role in developing anophthalmia/microphthalmia (Avilion et aI., 2003;
Fantes et al., 2003; Glaser et al., 1994; Hill et al., 1991; Mann and Carroll, 2002; Matsuo
et al., 1995; Ragge et al., 2005). Thus, further study to investigate whether genetic
mutation occurs among the mice with anophthalmia/microphthalmia would be very
helpful to elucidate the mechanism behind alcohol induced eye malformation.

Oastrulation occurs around the time of the first missed menstrual period and before many
women may realize they are pregnant. This study showed that acute alcohol exposure on
gastrulation 07.5 is teratogenic in pregnant mice by producing a wide range of
malformations in embryos. The data provides a solid foundation for carrying out a risk
analysis when alcohol consumption has occurred in early pregnancy.
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6.3

Neocortical Boundary, Cell Types Comparison, and Optical
Fractionator

To better understand whether there was a long term eNS cell loss due to prenatal alcohol
exposure, a reliable cell counting method had to be developed. Thus, a pilot study
described in this section was undertaken, using unbiased stereology combined with
immunohistochemistry, to establish criteria for the accurate estimation of total cell
number in the neocortex.

Stereology is a powerful unbiased method to obtain three dimensional quantitative data
from two dimensional images. An estimate of total number can be obtained that is not
biased by size or shape of the particle of interest, a factor of particular important when
the diverse cell populations of the cerebral cortex are considered. However, there are two
common sources of error between studies in the stereological estimates of cell number.
One arises from variation in the classification of different cells in a complex brain tissue,
e.g the cerebral cortex. The other is the lack of macroscopical landmarks that can be used
to precisely define brain regions since variations of anatomical border differ from brain to
brain due to the experimental treatment and human bias (Davanlou and Smith, 2004).

6.3.1 Defining Neocortical Boundaries for Stereological Studies

In rodent studies, the use of clear landmarks, e.g. the rhinal fissure, combined with the
characteristic cytoarchitecture of the neocortex, makes it possible to consistently define
the region that comprises the neocortex (Paxinos and Franklin, 2001; Paxinos and
Watson, 1982; Zilles and Wree, 1985). In all mammals, the cerebral cortical regions can
be categorized as either the six-layered neocortex or the heterogeneous laminar structure
of the allocortex (Zilles and Wree, 1985).

In the present study, the rhinal fissure and cytoarchitectural features were used to define
the mouse neocortex, which was embedded in glycol methacrylate (OMA) (see section
6.4.3.4). The neocortex was defined as, the cortical gray matter, from the pial surface to
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the inferior border of layer VI, rostral to the rhinal fissure and caudal to the retrosplenial
cortex, with the cingulate cortex excluded. In the lateral regions of cortex without rhinal
fissure, the boundaries were defined as superior to the insular cortex and piriform cortex
anteriorly, and superior to the entorhinal cortex and the perirhinal cortex posteriorly
(Paxinos and Franklin, 2001; Paxinos and Watson, 1982; Zilles and Wree, 1985).

6.3.1.1

Subdivisions of the Neocortex

Although the different subdivisions of the neocortex were not defined in this study, a
general description of these regions was undertaken to increase the accuracy in defining
cell type. The neocortex is composed of six distinct layers with four major subdivisions;
the frontal, parietal, occipital, and temporal cortices. The layers are named in accordance
with the neuronal types they contain: I - plexiform or molecular layer; 11 - layer of small
pyramidal cells; III - layer of medium and large superficial pyramidal cells; IV - the
granular layer; V - layer of large deep pyramidal cells; VI - multiform layer with
polymorphic or fusiform cells (Caviness Jr, 1975).

The frontal cortex, represented by fields 4, 6, 8, 10 and 11 (Caviness Jr, 1975) or areas
FrI, Fr2, and Fr3 (Zilles and Wree, 1985), is responsible for motor function.

It is

characterized by its depth and low cell packing density. Layers V and VI are dominant,
making up 70 -80% of the total width of the cellular layers. Layer IV, though present, is
cell sparse and narrow (Caviness Jr, 1975).

The parietal cortex is composed of five distinguishable areas - fields 3, 3a, 2, 1, and 40
(Caviness Jr, 1975), or the areas, forelimb area (FL), hindlimb area (HL), ParI and Par2
(Zilles and Wree, 1985). Somatosensory function is localized in the parietal cortex. It is
relatively wide, second in width only to the frontal cortex, and has the greatest density of
cells in all of the neocortex (Caviness Jr, 1975). Layers 11 - IV are relatively wide,
composing the outer one-third of the cellular layers (Caviness Jr, 1975). Differentiation
of the border from Layer 11 to Layer III is difficult. Layer IV is composed of densely
packed, small darkly stained neurons and is more prominent in the parietal cortex than
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the remaining neocortex. Layer V is narrower than in the frontal cortex although Layer
VI is wide. In addition, within the parietal cortex, field 3, or Parl, FL and HL is the
barrel area. The distinctive cytoarchitectonic characteristics of granular Layer IV have
been described by Woolsey (1967). The barrels are composed of a central wide, hollow
with relatively low cellular packing density, bordered by narrow edges with a high
packing density (Woolsey, 1967).

The occipital cortex is composed of fields 17, 18a, and 18b (Caviness Jr, 1975), or areas
Oc1, Oc2M, Oc2L (Zilles and Wree, 1985), and it is the location of visual function. The
occipital cortex is the narrowest region of the neocortex with Layer V being extremely
thin (Caviness Jr, 1975).

The temporal cortex is divided into fields 41, 22 and 36 (Caviness Jr, 1975) or areas Te l3 (Zilles and Wree, 1985), and is the cortical location of the auditory function. The width
of the temporal cortex is between that of the parietal cortex and occipital cortex (Caviness
Jr, 1975). Demarcation of Layers Il and III is not distinct. Layer IV is deeper with less
densely packed cells than in the occipital cortex (Caviness Jr, 1975), while Layers V and
VI are relatively narrow.

6.3.1.2

Subdivisions of the Allocortex

The retrosplenial cortex lies in the posterior region of the cortex, and is composed of five
layers with no clearly definable granular Layer IV (Caviness Jr, 1975). Layer V contains
small sparsely packed pyramidal cells, Layer VI is narrow and is comprised of globular
cells, while demarcation of a separate Layer Il and Layer III is not possible (Caviness Jr,
1975).

The cingulate cortex is located in the mid-parasagittal area of the medial cortex, and
consists of the anterior and posterior cingulate cortices (Caviness Jr, 1975; Zilles and
Wree, 1985). In this area, cells are quite uniformly and widely spaced (Caviness Jr,
1975; Zilles and Wree, 1985). Layers Il, Ill, and V consist of small pyramidal cells,
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while Layer VI is comprised of globular non-pyramidal cells. There is no granular layer
IV in the rodent.

The insular cortex lies deeply in the rhinal fissure forming the transition zone to the
neocortex (Zilles and Wree, 1985). Layers 11 and III of the insular cortex are made up by
small and medium sized pyramidal cells and no layer IV is clearly defined. Layer V
consists of medium sized pyramidal cells, and Layer VI is demarcated by fusiform cells
(Caviness Jr, 1975).

The piriform cortex, the entorhinal cortex, and the perirhinal cortex are distinguishable
from neocortex by their position below the rhinal fissure (Caviness Jr, 1975). The
piriform cortex lies in the anterior cortical region below the rhinal fissure. It is also
called the primary olfactory cortex, and has three layers, the superficial plexiform layer,
the pyramidal cell layer, and the deep polymorph cell layer.

The entorhinal cortex is located in the posterior cortical region below the rhinal fissure.
It consists of a five-layered neuronal structure which contains no granular Layer IV.

Layer 11 consists of a large number of stellate cells and Layers V and VI contain medium
and small sized neurons (Bayer, 1985).

The perirhinal cortex lies around the caudal part of the rhinal fissure between the
entorhinal and temporal cortices. Layers 11 and III are made up of small to medium sized
neurons and there is no distinct border between Layer 11 and Layer Ill. There is no
granular Layer IV, Layer V has small sized pyramidal cells, and Layer VI is composed of
globular cells (Caviness Jr, 1975).
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6.3.1.3

Boundaries Marking of the Neocortex

The boundaries of the neocortex were marked by drawing lines, using C.A.S.T. GRID
software, on the image of each parasagittal section used. The caudal boundary was
formed by a line from the posterior corner of the border between neocortex and
retrosplenial cortex towards the splenium of the corpus callosum. The rostral boundary
of the neocortex was formed by a horizontal line through the centre of the rhinal fissure
(Figure 6.4). The inferior boundary was drawn along the underlying white matter. By
using rhinal fissure as rostral boundary, make it possible to consistently define the
counting region on all sections of all brains, although this may include some insular
cortex.
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Figure 6.4 Boundaries marked on the neocortex of the PN60 mouse. The caudal
boundary was drawn from the posterior corner of the border between neocortex and
retrosplenial cortex towards the splenium of the corpus callosum . The rostral boundary
was drawn by a horizontal line through the centre of the rhinal fissure. The inferior
boundary was drawn along the underlying white matter. Scale bar = 1.6 mm .
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6.3.2 Morphological Comparison of Cortical Cell Types

To undertake a stereological analysis of the total number of cells in the neocortex, it was
necessary to distinguish between neurons, glial cells, and capillary cells. Cells were
classified on the basis of morphology (Feldman, 1984; Ling and Leblond, 1973b; Ling et
al., 1973a; Lyck et al., 2006) and NeuN immunohistochemical staining characteristics
(see below).

6.3.2.1

Neurons

Cortical neurons are identified by their large cell bodies (Figure 6.5A-C). Neurons
typically have a large, clear oval or spherical nucleus with pale and homogenous
nucleoplasm (Feldman, 1984; Ling et al., 1973a; Lyck et al., 2006).

The nuclear

membrane is typically smooth (Ling et al., 1973a), though deep infolding and/or
intranuclear rods are occasionally seen in some neurons (Feldman, 1984). Neurons
contain one or sometimes several large, darkly stained nucleoli (Heumann and
Rabinowicz, 1980). The Nissl substance of the cytoplasm can be observed as darkly
stained abundant granules (Ling et al., 1973a), and the proximal processes can be seen
leaving the cell body.

Cortical neurons can be classified into two groups; pyramidal and non-pyramidal neurons
(Peters and Jones, 1984). Pyramidal neurons usually have a single, dominant apical
dendrite which extends vertically from the cell soma toward the pial surface (Feldman,
1984).

The morphology of pyramidal cell bodies include spherical, ovoid, and

rhomboidal besides the more classical conical shape (Feldman, 1984). Non-pyramidal
neurons lack a single, dominant apical dendrite (Peters and Jones, 1984), and their
dendrites have no preferential orientation. The majority of non-pyramidal neurons are
stellate cells which are also known as granule cells. In the neocortex, pyramidal neurons
are more predominant, estimated at 70 - 80% of all neurons (Peters and Jones, 1984).
The size of neuronal nuclei varies from 9 urn to 12 urn in diameter in large pyramidal
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neurons (Gundersen et al., 1988; Heumann and Rabinowicz, 1980), to less than 10 urn in
some interneurons such as granule cells.

6.3.2.2

Glia

Glial cells (Figure 6.5D-F) were distinguished from neurons by the typical cytological
criteria of smaller size, less cytoplasm, and dark heterochromatic nuclear staining (Ling
and Leblond, 1973b; Ling et al., 1973a). In Nissl-stained sections, only the nuclei of glial
cells stain well. Generally, the nuclear size of the glial cells is approximately 5 urn in
diameter (Heumann and Rabinowicz, 1980). Glial cells show a variety of features in
their nuclei (Ling and Leblond, 1973b; Ling et al., 1973a), which were used to classify
glial cells into either astrocytes, oligodendrocytes, or microglia.

Astrocytes have a very light stained oval nucleus with a dark stained nucleolus, the
nuclear membrane is sharply delineated by a thin band of condensed chromatin with
occasional chromatin clumps. The cytoplasm is very pale with little or no cytoplasmic
staining (Ling et al., 1973a).

Oligodendrocytes usually have an indented or angular nucleus with large chromatin
masses. Both nucleoplasm and cytoplasm are darkly stained with the cytoplasm often
scanty and accumulated on one side of the nucleus (Ling et al., 1973a).

Microglia are usually smaller than other glial cells. They have a small nucleus in which
large, dark chromatin clumps were often observed. The nucleus is round, elongated, or
sometimes angular (Ling et al., 1973a).
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Figure 6.5 Examples of neurons, glial cells, and capillary cells in GMA embedded
cresyl violet stained sections from the neocortex of the PN60 mouse. Cortical neurons
typically have a large clear oval or spherical pale nucleus with darkly stained cytoplasm
(A - C). Glial cells are usually small with less cytoplasm and dark nuclear stain (arrows
in D - F). Capillary cells are easily distinguished by their willow leaf (G), or crescent
shape (arrow in H) curved along the capillary contour. Scale bar = 10 urn.
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6.3.2.3

Capillary Cells

Cells forming the capillaries of blood vessels were extensive throughout the cerebral
cortex. Endothelial cells were easily distinguished by their shape and their staining
(Figure 6.5G and H). The nuclei of endothelial cells were usually flattened or elongated,
with a willow leaf shape in longitudinal orientation or a sickle shape in transverse
sections of vessels (Ling et al., 1973a). The staining of the nucleus in endothelial cells
was homogenous where all other cell types showed heterogenous staining. Pericytes
have a crescent shaped nucleus curved along the capillary contour. A pericyte is similar
in size to a microglial cell and the condensed chromatin masses can be seen protruding
against the capillary centre (Ling et al., 1973a).

6.3.2.4

Classification of Cell Types in Stereological Counting

Generally, the distinction between neurons, glial cells, and blood vessel cells was clear in
cresyl violet stained glycol methacrylate (GMA) embedded sections using morphological
criteria and immunohistologicallabeling (NeuN) (see section 6.3.3). No distinction was
made between different neuronal types in the neuronal counts as the distinction between
small pyramidal cells and non-pyramidal cells is less clear. The distinction between
different types of glial cells such as astrocytes, oligodendrocytes, and microglial cells is
difficult using morphological criteria only, and so, glial cells were also considered as a
single population in the stereological analysis. Endothelial cells and pericytes were
considered as a single population of the vascular system, and counted as a single group,
capillary cell.
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6.3.3 NeuN immunohistochemical labeling of Neuron
6.3.3.1

Introduction

Stereological methods have been extensively used to estimate the number of cells in
discrete brain regions. Most studies distinguish neurons from glia using morphological
criteria. In the present study, although distinct morphological criteria were established
(see section 6.3.2), some interneurons such as granule cells, were difficult to distinguish
from glial cells.

This uncertainty would compromise the unbiased estimate of cell

number. To clarify this morphological similarity, immunohistochemical techniques were
used to label neurons and establish further objective morphological criteria to distinguish
neurons from glial cells.

The neuron-specific nuclear protein, NeuN (neuronal nuclei), is an excellent marker for
neurons in the vertebrate brain (Lyck et aI., 2006; Mullen et aI., 1992; Wolf et aI., 1996).
NeuN, a DNA-binding nuclear protein, is neuron specific and labels nuclei and perikarya
of most neuronal cell types in vertebrates (Lyck et aI., 2006; Mullen et aI., 1992; Wolfet
aI., 1996). In mice, NeuN is observed in most neuronal cell types throughout the nervous
system, including cerebellum, cerebral cortex, hippocampus, thalamus, and spinal cord,
as well as the dorsal root ganglia, sympathetic chain ganglia, and enteric ganglia of the
peripheral nervous system (Mullen et al., 1992). The few cell types not reactive with this
antibody include Purkinje, photoreceptor, and mitral cells (Mullen et aI., 1992). NeuN
immunoreactivity is first observed in neurons when they become post-mitotic and are
initiating cellular and morphological differentiation (Mullen et al., 1992; Sarnat et aI.,
1998). No staining is observed in proliferative zones (Mullen et al., 1992; Sarnat et al.,
1998). NeuN has been used as an immunohistochemical marker for ethanol-affected
developing brain (Powrozek and Zhou, 2005), as well as in the diagnosis of a wide range
of human tissue specimens from the central and peripheral nervous systems (Wolf et al.,
1996). The purpose of this descriptive study is to observe the normal morphological
characteristics of a range of neurons labeled by NeuN compared to glial cells that are
negative with NeuN staining.
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6.3.3.2

Materials and Methods

One PN60 control mouse was randomly selected for NeuN immunohistologicallabeling.
Brain tissue was obtained as is described in section 6.4. Brain tissue was dehydrated
through a graded alcohol series, then immersed overnight in paraffin at 58 QC, embedded
in paraffin and serially sectioned at 5 urn thickness in the sagittal plane. Ten sections
were selected in a random systematic manner, mounted on glass slides, deparaffinized
with xylene, rehydrated in graded ethanol solutions, rinsed with tap water and then with
0.1 M phosphate buffered saline (PBS, PH7.4).

Tissue sections were microwaved in 10 mM Citrate buffer at high power for 5 min,
medium power for 5 min and low power for 5 min, as an antigen retrieval step prior to
immuno-labeling with mouse mono clonal anti-NeuN antibody (Chemicon) (Appendix 5).
Following incubation in goat serum (1: 10) for 10 min, sections were incubated in primary
antibody, anti-NeuN (l :50) overnight at 4 QC. Sections were rinsed and incubated in
secondary antibody, biotinylated goat anti-mouse antibody (Amersham pharmacia)
(1 :200) for 1 hr at room temperature.

Endogenous peroxidases were blocked by

treatment with 0.5% hydrogen peroxide for 30 min at room temperature. After rinsing in
PBS, sections were placed in streptavidin-biotinylated horseradish peroxidase
(Amersham pharmacia) (l : 100) for 1 hr at room temperature followed by incubation with
the chromagen DAB for 10 min to visualize labeled cells.

Sections were counterstained for 1 min with Harris haematoxylin to aid in morphological
identification, dehydrated through a graded series of ethanol, cleared in xylene and
coverslipped with DPX. Negative control sections were obtained by omitting either the
primary antibody, secondary antibody, or HRP.
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6.3.3.3

Results

NeuN is a sensitive, very specific neuronal marker, and all neuronal cell populations in
the cerebral cortex were immunoreactive for NeuN (Figure 6.6).

The staining was

presented in both nuclei and cytoplasm. Cytoplasmic staining was concentrated in the
soma, but sometimes extended into the proximal neuronal processes leaving more distal
axon cylinders and dendritic ramifications unlabeled. A possible explanation for NeuN, a
nuclear marker, staining cytoplasm is that NeuN may be synthesized in the cytoplasm
before being transported to the nucleus (Mullen et aI., 1992).

There was no

immunoreactivity in any non-neuronal structures such as glial cells or capillary cells.

With the help of NeuN immuohistochemical labeling, small sized interneurons such as
granule cells were identified and distinguished from similar sized glials cells such as
astrocytes.

A comparison of NeuN labeled granule cells with cresyl violet stained

sections led to the description of granule cells as containing an uniformly pale nucleus,
with one or two distinct dark nucleolus, the cytoplasm was clearly seen, with the dendrite
leaving the soma (Figure 6.7). The astrocyte differed in appearance; by the nucleus
contained condensed chromatin bands amongst a more transparent nucleoplasm, where
there was scant cytoplasm (Figure 6.7).

6.3.3.4

Discussion

NeuN labeling aided in identifying the morphological features of different cell types in
the GMA embedded cresyl violet stained sections. This preliminary work increased the
accuracy of classification of cell type in GMA sections and reduced any error inherent in
estimates of cells within the different categories.
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Figure 6.6 NeuN immunohistochemicallabeling in the cerebral cortex of the PN60 mouse.
(A) Low magnifacation. (B and C) High magnification. NeuN labeled all neuronal
population (brown color of DAB) in the neocortex. Both nuclei and cytoplasm are stained
by NeuN, with cytoplasmic staining concentrated in the soma (arrows).
Scale bar = 100 urn in A, and 20 urn in Band C.
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Figure 6.7 NeuN labeling of small sized interneurons compared similar sized glial
cells. Compared to NeuN labeled granule cell (A - C), the granule cells in the cresyl
violet stained sections (D - F) were identified as having uniformly pale nuclei, with one
or two distinct dark nucleoli with densely stain rim of cytoplasm (black arrow).
Whereas the astrocyte consisted of condensed chromatin clumps in a more transparent
nucleus, with scanty cytoplasm difficult to observed (red arrow). Scale bar = 10 urn.
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6.3.4 Optical Fractionator Method
6.3.4.1

Principle of Cell Counting

The optical disector method is based on the basic disector principle that ensures each
particle can only be counted once (Gundersen, 1977; Sterio, 1984).

In the disector

method, an unbiased counting frame (Figure 6.8) consisting of 'inclusion' lines (dashed
lines of the square) and the 'exclusion' lines (solid lines of the square) is used to select
particles for counting. In the optical disector, a third dimension (the z-axis) consisting of
two planes, the 'exclusion' plane (usually upper plane) and the 'inclusion' plane (usually
lower plane) is used (Gundersen and Jensen, 1987). Any particle that is cut anywhere by
the 'exclusion' line or plane is not counted. The particles falling fully inside the counting
frame or those that cut the 'inclusion' line or plane without also cutting the 'exclusion'
line or plane are counted. Application of this optical disector rule, allows an unbiased
estimate of the numerical density of particles in a specimen to be made without
knowledge of particle shape, size or orientation within the specimen.

The optical fractionator method, is a combination of the optical disector method used
within a fractionator sampling design (Howard and Reed, 1998; West et al., 1991). In
the present study, this was achieved in a three-stage process in which a known fraction of
the neocortical tissue was sampled in a systematic random manner at each stage (Figure
6.9). The first fraction (sst), the section sampling fraction, was the ratio of the number of
sections sampled to the total number of sections from exhaustive sagittal sectioning of the
entire neocortex. The second fraction (ast), the area sampling fraction, was the ratio of
the counting frame area (the area of the unbiased counting frame) to the area of each x, y
sampling movement of the stage. The third fraction (tst), the thickness sampling fraction,
was the ratio of the Z-axis dimensional height (h) of the optical disector to the mean
thickness of the sections (t). Systematic random sampling was carried out in each of
these three-steps to ensure that each part of the tissue section has an equal chance of
being sampled.
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Figure 6.8 Illustration of an unbiased sampling frame (as used in the optical disector)
surrounded by a guard area. The counting frame consists of the inclusion lines (dashed
lines of the square) and the exclusion lines (solid lines of the square), Particles falling
fully inside the counting frame (e) or those that cut the inclusion line without also cutting
the exclusion line (c & f) are counted (From Howard and Reed, 1998,
cited from Gundersen, 1977).
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Figure 6.9 An illustration of the optical fractionator. This was achieved by a three steps
using systematic random sampling at each step, (a): The section sampling fraction (ssf),
was the ratio of the number of sections sampled to the total number of sections from
exhaustive sectioning of the entire object. (b): The area sampling fraction (asf),
was the ratio of the counting frame area (the area of the counting frame) to the area of
each x, y sampling movement. (c): the thickness sampling fraction (tsf), was the ratio of
the z-ax is dimensional height (h) of the optical disector to the average
thickness of the section (T). (From Howard and Reed, 1998).
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The optical fractionator method (West et al., 1991) was used to obtain unbiased estimates
of the total number of neocortical neurons, glial cells, and capillary cells, respectively.
This method has been described in the stereology literature (West et al., 1991) and
applied extensively to investigate neuronal loss in animal studies of FAS (Goodlett and
Eilers, 1997a; Green et aI., 2002; Thomas et al., 1998; Tran and Kelly, 2003).

6.3.4.2

Application of the Optical Fractionator Method

In order to achieve an efficient sampling scheme, that has minimal precision error in
individual estimates (i.e., the coefficient of error, CE), about 100 - 200 particles of
interest need to be counted within the volume of interest (Gundersen et al., 1988; West et
al., 1991). The parameters used for cell counting in this study are described below and
resulted from the pilot work conducted on one control animal.

The brains were serially sectioned in the sagittal plane at a thickness of 30 urn, A
systematic random set of every 1/12th was collected and yielded 9 to 12 sections through
the entire extent of the left hemisphere.

Sections were viewed in an Olympus BH-2 microscope, equipped with a microcator
(Heidenhain), and attached to a color video camera (Panasonic F 15), a computer
(Venturis FX-2), with C.A. S.T. GRID software for carrying out stereo logical
quantitation.

Sections were viewed with the 4x objective lens and the boundaries of the entire
neocortex were marked.

The GRID software package was then used to generate a

meander sampling path with a raster pattern across the defined neocortex. The step
length of each L1X, L1y movement was L1X = 600 urn, L1y = 600 urn. The unbiased
counting frame was superimposed on this sampling pattern, and generated a systematic
random sample within the entire neocortex.

The ratio of the area of the unbiased

counting frame to the area of each sampling step gave the sampling fraction.
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At each placement of the unbiased counting frame, the optical disector counting was
carried out using the 100x oil-immersion objective with high numerical aperture (l.4
n.a.). Within each disector, the optimal size of the two-dimensional counting frame (x, y)
was set up so that 1 - 2 particles would typically be sampled in each counting frame
(Gundersen et aI., 1988). The area of the unbiased counting frame was 345 urn", and it
was used to count neurons, glial cells, and capillary cells. The third dimension (z) of the
optical disector, the depth of the section counted through, was 15 urn (Table 6.2).

Table 6.2 Stereology Sampling Scheme for the Optical Fractionator
Sampling Parameter

Dimension

ssf

1/12

a (frame)

345 ~lm2

a (x, y step)

600 urn x 600 urn

Disector h

15/lm

Guard zone

5/lm

In practice, the focal plane where particles were first clearly observed, was defined as the
top of the section. The focal plane was then moved 5

urn into the section to establish the

exclusion plane of the optical disector. The focal plane was moved a further 15 urn along
the z-axis to the final focal plane, the inclusion plane. Cell counting was conducted
within the unbiased sampling frame from -5 urn to -20 urn below the upper surface of
each section. A particle, defined as the nucleus of a neuron, glial cell, or capillary cell,
was counted when the first recognizable nucleus came into focus within the 15 urn
disector depth and within the counting frame that met the criteria for selection. The
problem of 'lost caps' was avoided, as the bottom of disector was well above the lower
surface of the section (l0 urn in the present study). The top plane of disector just below
the upper section surface (5 urn in this study), since the upper section surface are never a
problem (if not lost it would not have been counted anyway).

Section thickness was measured at two random locations along the meander path on all
collected sections. At each location, section thickness was determined as the distance
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between the upper most and lower most focal planes, measured with the microcator. The
average thickness of all measured sections gave an estimate of the mean section thickness
for each animal. The average section thickness was 28.5 urn with no difference among
different treatment groups. This is less than cutting thickness of 30 urn, This may be due
to difficulty in recognition of particles at section surfaces especially at the lower surface
due to poor stain penetration through the thick section, or an uneven section surface
(West, 1991). Thus, in this study, cutting thickness of 30 urn was used as section
thickness to calculate the total cell numbers, volumes, and cell densities.

6.3.4.3

Calculation of Total Cell Number

Total number of particles (nuclei of neurons, glial cells, or capillary cells) estimated in
each mouse neocortex was obtained from four parameters. The total number of cells per
animal (Ni) was estimated by multiplying the total number of particles (LQ) with the
reciprocals of the three sampling fractions:

L:Q x lIssfx lIasfx lItsf

Ni

=

LQ x (12/1) x [(600 x 600)/(345] x (30/15)

Where Ni

the number of particles estimated for each neocortex of left hemisphere, L:Q

= the number of particles (neurons, glial cells, or capillary cells) counted for each
neocortex of left hemisphere. ssf
fraction

=

section sampling fraction

(1112), asf = area sample

area of counting frame/area of step length of meander path [(345 flm

2/(600

urn

x 600 umj]; and tsf = thickness sampling fraction = height of optical disector/mean
section thickness = 15/30.

The total number of particles in the neocortex of the left hemisphere was multiplied by 2
to give an estimate ofthe total number of cells in the entire neocortex.

N

Nix2
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6.3.4.4

Estimation of Reference Yolume- Cavalieri's Estimator

Knowledge of the volume of a region and the density of cells within it are helpful in
better understanding the characteristics of the tissue. Cavalieri's principle was used to
estimate the tissue volume using the point counting method.

The volume of the neocortex of the left hemisphere (Vi) was estimated using Cavalieri's
estimator (Gundersen and Jensen, 1987):

Ia· T

Vi

=

IP . T . a(p)

= IP . (12 x 30 urn) . (600 x 600 flm2)
Where Vi = neocortical volume of the left hemisphere, IP = sum of the points over the
area over all collected sections, Ia

total area of all the collected neocortical sections, T

= distance between sections, the inverse of the section sampling fraction multiplied by
mean section thickness (t), and a(p)

area associated with one counting point.

Total volume of the neocortex of the left hemisphere was multiplied by 2 to give an
estimate of total neocortical volume per brain.

V = Vi x 2

In this investigation, points landing on the neocortex were the points used to determine
the meander path sampling steps. The upper right hand corner of the counting frame (345
flm2 ) was used as the actual point for point counting in volume estimation. The upper
surface of each section was used in the point counting to reduce the problem of
'overprojection' at the edges of the neocortex.
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6.3.4.5

Estimation of Cell Density

The density of particles (neurons, glial cells, or capillary cells) (Nv) was determined by
dividing the total number of particles (N) by the total volume (V) for each neocortex.

Nv=N IV

6.3.4.6

Advantages of Applying Stereolgy and Immunohistology

Systematic random sampling combined with the disector method ensured that all areas,
all layers, and all cells had an equal probability of being sampled, unbiased. Combining
the morphological observation in GMA sections (see above for detail) and NeuN
immunohistological labeling in paraffin sections, would provide a much more objective
criteria for quantitative evaluation of cell number in the cerebral cortex. Using the
meander path steps as the counting points for the cavalieri's volume estimation saved
precious time and energy for researchers.
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6.4

Long Term Effects of Prenatal Ethanol Exposure on Brain
Development

6.4.1 Introduction
6.4.1.1

Long Term Effects due to Acute Alcohol Exposure

The features of the FAS can be induced in C57BL/6J mice with acute maternal alcohol
administration at gastrulation stages of embryonic development. Brain malformations,
eye deficits, and midface abnormalities have been seen in C57BL/6J mice following
ethanol exposure at gastrulation stage (Sulik and Johnson, 1983; Sulik et al., 1981;
Webster et al., 1980; Webster et al., 1983). Ethanol exposure at 08, induced some subtle
effects on fore brain nuclear morphology and neuronal populations in the PN 15 pups,
without any obvious gross craniofacial malformations (Ashwell and Zhang, 1996).

There were uneven changes in cytoarchitecture of the basal forebrain, paleo- and
neocortex in the PN 15 mouse (Ashwell and Zhang, 1996). Significant reductions in the
volume and total number of neurons of ventromedial central forebrain structures occurred
in mice exposed to a divided ethanol dose (5.8 g/kg) given as two deliveries compared to
the same dose as a single administration. Following the divided dose, the caudateputamen showed significant neuronal loss (34.8%) accompanied by a volume decrease
(26.6%) and an increase in neuronal density (41.6%) (Ashwell and Zhang, 1996). The
neocortex and primary olfactory cortex were also reduced in volume in offspring exposed
to the divided ethanol dose. However, increased neuronal density in some neocortical
regions (frontoparietal cortex, parietal somatosensory cortex, and primary visual cortex)
of ethanol-exposed offspring suggests that the total number of neocortical neurons is not
significantly affected by acute 08 ethanol exposure (Ashwell and Zhang, 1996).

Rat models, have not been used to study the long term CNS effects caused by acute
alcohol exposure during gastrulation, but another critical period of development (014
15) has been investigated (Kotkoskie and Norton, 1988; Kotkoskie and Norton, 1989;
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Kotkoskie and Norton, 1990).

Acute alcohol exposure during early cortical plate

formation (014 - 15) results in fetal brain malformations (021) that include cerebral
cortical disorganization, cortical thinning, and heterotopias of the cerebral cortex, pia,
choroid plexus, and status verrucosus deformity (brain wart) which are similar to the
changes seen in FAS in humans (Kotkoskie and Norton, 1988; Kotkoskie and Norton,
1990).

The thickness of the cerebral cortex of alcohol-exposed offspring was

significantly thinner than controls on both PN 1 and PN28 (Kotkoskie and Norton, 1989).
At PN 1, the cortical layers, the intermediate zone, subventricular and ventricular zones
were most affected but the marginal zone by acute prenatal ethanol exposure (Kotkoskie
and Norton, 1989).

At PN28, alcohol-exposed offspring had some disorganization

among cerebral cortical layers, particularly on irregular pattern of layer thickness, with
layer V thinner than in controls (Kotkoskie and Norton, 1989).

6.4.1.2

Long Term Effects due to Chronic Alcohol Exposure

Chronic alcohol exposure during different gestational stages in the rodent results in
different effects in the cerebral cortex. Damage, represented by cortical thinning (Norton
and Kimler, 1988), cerebral disorganization and heterotopia (Komatsu et aI., 2001;
Miller, 1997; Miller and Potempa, 1990), and neuronal and glial cell loss has been
described (Miller, 1995c; Miller, 1999; Miller and Potempa, 1990). Periods of alcohol
exposure range from prenatal, or postnatal, to the entire developmental period of the
central nervous system (Komatsu et aI., 2001; Livy and Elberger, 2001; Miller and
Potempa, 1990; Mooney et aI., 1996; Norton and Kimler, 1988).

Following chronic prenatal alcohol exposure (06 - end of gestation), one cerebral region
- the somatosensory cortex was found to be more profoundly affected (Miller and
Potempa, 1990). Without affecting the cell densities of the somatosensory cortex, a
significant deficit (30%) in the total number of neurons and glial cells, and a volume loss
(33%) in the whole region was observed in the PN90 rat (Miller and Potempa, 1990).
Significant volume reduction in the neocortical region especially in the anterior neocortex
following chronic prenatal alcohol exposure (06 to 020) was also reported by
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Zimmerberg and Reuter (1989). Similarly, significant neuronal loss was detected in
layers II and V of the medial prefrontal cortex following prenatal alcohol exposure from
02 to 020 (Mihalick et al., 2001).

Ethanol induced long term cell loss is specific to the brain region and the stage of
development. Following chronic prenatal alcohol exposure (06 - end of gestation), total
neuronal number in the ventrobasal thalamic nucleus (VB), neuronal density, and VB
volume were not significantly different from control (Mooney and Miller, 1999).
Postnatal alcohol exposure (PN4 - 9) has no long term effect on the volume, density, or
total number of neurons or glial cells in the entire neocortical region (Mooney et al.,
1996).

Abnormal organization in the somatosensory cortex, with decreased size of cortical
neurons in all layers except layer V has been reported following chronic prenatal ethanol
exposure (Miller and Potempa, 1990). An altered distribution and increased density of
callosal projection neurons was also reported (Miller, 1997). Most ectopic projection
neurons were found in layers V and VI of the somatosensory cortex, instead of layers
IVIII which normally occurs (Miller, 1997). In addition, prenatal heavy binge ethanol
exposure from 09 to 012, result in numerous pyknotic cells with normal processes
orientations in layer V across the whole motor cortex of the PN42 rat (Fakoya, 2005).

6.4.1.3

Interaction between Neurons and Glial Cells

The roles of glia in the response of the developing brain to alcohol exposure are very
important. Prenatal alcohol exposure accelerated the transformation of cerebral cortical
radial glia into astrocytes inducing premature degradation of radial glial networks,
contributing to faulty migration of late-generated neurons (Miller and Robertson, 1993).
Transient reactive gliosis was observed in the rat following early postnatal alcohol
exposure from PN4 - PN9, this happened on PN 10 but no longer detected on PN 15. The
reactive gliosis was thought to result from the hypertrophy of reactive astrocytes rather
than hyperplasia of reactive astrocytes (Ooodlett et al., 1993; Ooodlett et al., 1997b).
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Widespread focal areas of reactive astrogliosis were detected on PN42 in rats exposed to
alcohol from G9 to G 12 (Fakoya, 2005). It has been presumed that glial cells protect
neurons in layers 1 and V from the effects of ethanol exposure from G6 to the day of birth
(Miller, 1997).

6.4.2 Aims

To investigate the long term effects of early gestational ethanol exposure on the mature
neocortex. To use stereo logical methods to determine whether neocortical volume, cell
number and density of neurons, glial cells, and capillary cells is altered following ethanol
exposure on G7.5. To determine whether lamination is disorganized following alcohol
exposure on G7.5.

6.4.3 Materials and Methods
6.4.3.1

Animal treatments and SAC

Animals was reared as described previously (see chapter 4). On G7.5, all pregnant mice
were weighed and randomly assigned to one of three experimental groups, two ethanol
treated and one intubation control. Ethanol was delivered via intra-gastric intubation as a
single binge at a dose of 6.5 g/kg (20% v/v) (IG6.5, n = 11), or as repeated gavage with
doses of 3.0 + 1.0 + 1.0 + 1.0 + 1.0 g/kg (IG3.0+, n = 6), 2 hr apart (initial dose 3.0 g/kg
was a 20% v/v solution, subsequent doses 1.0 g/kg given as a 10% v/v solution). The
control group received an equivalent volume of 0.9% NaCl (Con6.5, n = 7) to IG6.5
group.

A 20 III tail vein blood sample was taken to determine peak BAC. BAC level was
analyzed by gas chromatography (ESR Forensic). Blood samples were collected at 1.5 hr
after IG6.5 dose, and 1 hr plus 3 hr after 3.0 g/kg dose to monitor the peak BAC. To
control for the effects of blood sampling procedure, samples were taken concurrently
from the Con6.5 group.
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For the remainder of gestation, pregnant dams were undisturbed and allowed free access
to food and water. The day of parturition was recorded, with G 19 designated as PNO.
The number and weight of pups was recorded every day from PNO to PN25, every second
day from PN25 to PN30, then every fifth day from PN30 to PN60. Pups were weaned at
PN25. Females and males were group housed separately under standard conditions with
water and food always available. Noted abnormalities across age were recorded such as
microcephaly, anencephaly, or ocular malformation.

6.4.3.2

Anaesthesia and General Perfusion

On PN60, the mouse was deeply anaesthetized with sodium pentobarbitone (Nembutal)
(3 mg per 10 g body weight) administered intraperitoneally. Surgical anaesthesia was
verified by absence of the pedal withdrawal reflex.

Mice were killed by intracardiac

perfusion with a prewash (PBS plus heparin) following by 4% paraformaldehyde in 0.1
M PB. Perfusion procedure was as for the G18.5 embryo (see section 6.2).

6.4.3.3

Brain Dissection and Weight Measurement

The head of mouse was cut off close to the shoulder leaving a length of spinal cord
before the spinal-medullary junction. Skin and soft tissue was removed to expose the
skull, and the cranium bones chipped clear using small bone forceps. A cut was made
rostral to the olfactory bulbs, and the whole brain and spinal cord was carefully removed.
The exposed tissue was kept moist at all times with fixative.

The spinal cord was cut off at the spinal-medullary junction. The weight of the whole
brain was recorded as the mean of three weighings. The brain was stored in fixative at
4 QC until glycol methacrylate (GMA) embedding.
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6.4.3.4

GMA Infiltration and Embedding

The whole brain was dehydrated through a graded senes of increasing ethanol
concentrations, infiltrated with 6 changes of GMA monomer (without hardening catalyst)
for 12 hr each (Appendix 5). All steps of dehydration and infiltration were processed at
room temperature in a rotator.

Following infiltration, specimens and fresh GMA mono mer were chilled at -20 QC for 30
minutes. Polymerization was then initiated by adding hardening catalyst with a ratio of 1
ml hardener per 50 ml GMA mono mer. The embedding media was chilled at -20 QC for
several minutes to slow the speed of polymerization prior to embedding. Tissues were
placed in plastic embedding moulds (Peel-A-Way Scientific), filled with polymerization
mixture (about 20 ml) to exclude air, then capped with glass slide sealed with silicone,
and placed in -20 QC freezer for three days to carry out the complete polymerization. The
cooling treatment helped avoid rapid polymerization and the exothermic effects of
polymerization. When polymerization was almost complete, tissue was placed at room
temperature to complete polymerization. The airtight cap on the embedding mould was
essential for achieving sufficient hardening. The GMA hardened over a period of 24
hours at room temperature.

6.4.3.5

Sectioning and Staining

The brain block was trimmed to a suitable size with a saw, and mounted on a chuck with
Technovit 3040 (Heraeus Kulzer GmbH). The block was serially sectioned at 30 urn
thickness in the sagittal plane on a Reichert lung 2050 microtome (Leica) fitted with a
glass knife. Every second section was soaked in a water bath, put onto a glass slide,
covered in damp filter paper and rolled with a wooden roller onto the slide. Slides were
dried on a 60 QC hot plate for 1 - 2 hr then in a 60 QC oven overnight.
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Sections were stained with 0.05% cresyl violet for 1 hr, differentiated in 100% acidified
alcohol for 5 hr, and rinsed in absolute alcohol for 2 minutes. Sections were dried
completely in 37 DC oven, mounted with DPX and coverslipped.

6.4.3.6

Observation of Cell Arrangement and Stereological Cell
Counts

Each specimen typically yielding a set of 120 - 150 sections. A random systematic set of
every 12th section was used for stereological cell counting in the neocortical mouse
brain.

The first section taken was random between 1st and 12th section, with all

subsequent sections taken systematically. The length of left hemisphere of the PN60
mouse brain was around 3600 urn - 4200 urn.

All slides were coded and cell counting procedures were carried out so that experimental
treatment information was blind to examiner. All neurons, glial cells, and capillary cells
were counted using stereological methods (see section 6.3) and the neuron to glia ratio
was calculated as total number of neurons to total number of glial cells.

6.4.3.7

Analysis of Precision of Estimates in Stereological Cell
Counts

With data obtained from a set of systematically placed sections within an individual
subject, it is possible to estimate the precision of the estimates made on that individual.
These estimates of precision are termed the coefficient of error (CE) (West and
Gundersen, 1990). The CE of the systematic sampling was calculated according to the
procedures described by West and Gunderson (1990).
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The CE was calculated for the measured Cavalieri's grid points (IP) of neocortical
volume. A =

n

n

1=1

1=1

2 (Pi' Pi), B = 2:

n

(Pi' Pi+I), C =

2:

(Pi' P i+2).

1=1

The CE was also calculated for the total cell (nuclei) number CZ::Q) of neurons, glial cells,
n

and capillary cells. A =

2:

n

(Qi' Qi), B =

~l

2:

n

(Qi' Qi+l), C

~I

2:

(Qi' Qi+2).

i=l

The value of CE(IP) and CE(IQ) were used to estimate the precision of the reference
volume measurements and cell counts. Meanwhile, CE was calculated for the mean
number of nuclei (neuron, glia, or capillary cell) per counting frame (frame number was
same as grid points number using optical fractionator method). The CE of (IQ/IP) was
used to estimate the precision of the cell density where density was derived from cell
number and sample volume (see West and Gundersen, 1990 for detailed method). The
CE was used to ensure the efficiency of the sampling design and the reliability of the
estimates. To gain accurate results, a mean CE of 0.10 or less in individuals was
considered acceptable (West and Gundersen, 1990).

Meanwhile, for both the total cell counting and volumetric measurements, as well as for
the derived estimates of cell density, within groups variability - coefficient of variation
(CV) was also calculated using standard deviation of mean (SDM) divided by mean,
expressed as CV

SDM/mean (West and Gundersen, 1990). The value of CV (total cell

number, reference volume, and cell density) was used to estimate the biological
variability among the animals.
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6.4.3.8

Statistical Analysis

Statistical analyses were performed using SPSS and SAS statistical packages.
Gestational length was analyzed by Kruskal-Wallis test and Dunn's post hoc analysis was
used to perform pairwise comparison. Litter size was compared with one way ANOVA
and Bonferroni post hoc pairwise comparison. Incidence of abnormalities was analyzed
using Kruskal- Wallis test and Dunn' s post hoc test. In addition, sex ratio was analyzed
using Kruskal- Wallis test in the PN60 experiment.

Body weight from birth day to PN60 was compared using a mixed model which analyzed
body weight with age and treatment group as independent factors for the comparison of
binge alcohol, low-long alcohol exposure, and Con6.5 effects. In addition, because
growth rate usually differs between males and females after PN20, body weight from
PN20 to PN60 was compared using mixed model adjust for sex. In detail, mixed model
was performed which analyzed body weight with age and treatment group as independent
factors from PN20 to PN60 after adjusting for sex.

Brain weight at PN60 was compared using a mixed model with a Poisson distribution
performed on SAS software, with sex and treatment group as independent factors for the
comparison of binge alcohol, low-long alcohol exposure, and Con6.5 effects.

Brain structure was compared among three groups. Incidence of laminar disorganization
was determined using the number of mice exhibiting abnormal lamination to the total
number of mice in each treatment group.

Chi-Square test was performed on the

incidence of disorganized lamination.

One way analysis of variance (ANOVA) was performed on total neuronal number,
neuronal density, total glial cell number, glial density, and ratio of neurons to glia.
Kruskal- Wallis test was conduced on statistical analysis on neocortical volume, total
capillary cell number, and capillary density.
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In addition, Multivariate Analysis of

Variance (MANOYA) was used to determine whether total cell number or cell density
were affected differently among different treatment groups.

All data throughout the study are presented as mean ± SEM.

6.4.4 Results

Mice in the 103.0+ group showed no signs of alcohol intoxication after each dose of
alcohol administration, whereas mice in the 6.5 g/kg group were comatose and
unresponsive to stimuli for 3-4 hr following alcohol exposure. The mice were then ataxic
with less movement for another 3-4 hr. Ten hours after first alcohol treatment, all the
dams of 6.5 g/kg group were active and appeared fully recovered.

6.4.4.1

SAC

The peak BAC in the 103.0+ group were 194.74 ± 17.78 mg/dl 1 hour after the first
alcohol intubation and 253.77 ± 11.75 mg/dl 3 hours after first alcohol intubation. The
mean peak BAC in the 106.5 group was 576.53 ± 23.18 mg/dl 1.5 hours after alcohol
intubation.

6.4.4.2

Gestational Length

Gestational length was 20.09 ± 0.28 in the 106.5 group, compared with 19.07 ± 0.17 in
the Con6.5 and 18.92 ± 0.08 in the 103.0+ groups (Figure 6.10). Kruskal- Wallis test
revealed that there was a significant difference in gestational length among the three
groups (Chi-square

10.759, df = 2, P = 0.005). Post Hoc analysis Dunns test showed

that the 106.5 group had a longer gestational period than the 103.0+ group (P < 0.05).
Gestational length was not different between the 106.5 and Con6.5 groups, or between
103.0+ and Con6.5 groups.
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Figure 6.10 The gestational length. Gestational length (mean ± SEM) was
significantly different between groups (Chi-square=10. 759, df=2, P=O.005). * IG6 .5
versus IG3.0+ (P<O.05).

172

6.4.4.3

Mortality and Litter Size

Three of 24 pregnant dams delivered litters of zero live pups at parturition. All three
dams had heavy binge ethanol exposure on 07.5, suggesting this was an effect of ethanol.
Two of the three dams, delivered stillbirth (or pups dying after birth). The other dam had
reabsorption sites in the uterus indicating embryonic death during development.
However, offspring may also have been eaten post birth, a result of the offspring showing
abnormalities.

Average litter size at birth was 3.8 ± 0.7 in the 106.5 group compared with 7.3 ± 0.6 in
the 103.0+ and 7.9 ± 1.0 in the Con6.5 groups (Table 6.3 and Figure 6.11). ANOVA
revealed average litter size at birth was significantly different between the three groups (F
8.15, df= 2,21, P = 0.002). Bonferroni post hoc test showed that average litter size
was significantly smaller in the 106.5 group compared to the 103.0+ (P

0.02) and the

Con6.5 groups (P = 0.005), with no difference between the 103.0+ and Con6.5 groups (P
= 1.000).

Table 6.3 Long Term Effect of Ethanol on Postnatal Development following Acute
Alcohol Treatment on 07.5
No. of
Normal
Abnormal
Incidence of
Treatment
Litter Size
o
Offsrping(
(At Birth)
Offspring
Offpring Per
Abnormalities
roups
Litters)
Per Litter
Litter
Con6.5

55 (7)

7.9 ± 1.0

6.9 ± 0.8

1.0 ± 0.4

11.75 ± 4.92%

103.0+

44 (6)

7.3 ± 0.6

5.8 ± 0.7

1.5 ± 0.2

21.16 ± 3.44%

106.5

42 (8)

3.8 ± 0.7§

2.1 ± 0.7

1.7 ± 0.5

60.38 ± 11.64%t

All values represent mean ± SEM. § Smaller litter size in 106.5 than both 103.0+ and
Con6.5 (P<0.05, ANOVA, Bonferroni test). t Increased incidence of abnormalities in
106.5 than both 103.0+ and Con6.5 (P<0.05, Kruskal-Wallis analysis, Dunn's test).
Average litter size on postnatal day 60 was 2.7 ± 0.8 in the 106.5 group compared with
6.0 ± 0.6 in the 103.0+ and 7.0 ± 0.7 in the Con6.5 groups (Table 6.4 and Figure 6.11).
ANOVA revealed that average litter size at PN60 was significantly different among the
three groups (F = 10.226, df

2, 21, P = 0.001). Bonferroni post hoc test showed that
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average litter size was smaller in the IG6.5 group than in the IG3.0+ (P

0.017) and the

Con6.5 groups (P = 0.001), with no difference between the IG3.0+ and Con6.5 groups (P
= 1.000).

Table 6.4 Comparison of Litter Size and Sex Ratio in the Offspring of Alcohol Treated
and Control Groups
No. of
Female
Male
Treatment
Litter Size
Percentage of
Offspring
Offspring
Offpring Per
Groups
(PN60)
Females
(Litters)
Per Litter
Litter
Con6.5

49 (7)

7.0 ± 0.7

2.6 ± 0.5

4.4 ± 0.7

37.48 ± 6.14%

103.0+

36 (6)

6.0± 0.6

2.2 ± 0.6

3.8 ± 0.3

33.10 ± 8.45%

IG6.5

30 (8)

2.7 ± 0.8*

1.8 ± 0.5

2.0± 0.7

49.48 ± 14.61%

All values represent mean ± SEM. * Smaller litter size in 106.5 than both 103.0+ and
Con6.5 (P<0.05, ANOVA, Bonferroni test).
Longitudinal analysis of the effects of prenatal alcohol exposure on litter size within
treatment groups was compared at set time points; 07.5, G18.5, birth, and PN60 (Figure
6.12). In the IG6.5 groups, the average litter size was 8.7 ± 1.0 on 07.5, 5.4 ± 0.7 on
018.5, 3.8 ± 0.7 at birth, and 2.7 ± 0.8 on PN60 day. In the 103.0+ groups, the average
litter size was 7.7 ± 0.6 on G7.5, 7.3 ± 0.6 at birth, and 6.0 ± 0.6 on PN60 day.

In the

Con6.5 groups, the average litter size was 7.8 ± 0.3 on 07.5, 7.9 ± 0.5 on G 18.5, 7.9 ±
1.0 at birth, and 7.0 ± 0.7 on PN60 day.

One way ANOVA revealed significant difference in litter size in the 106.5 group over
time (F

8.849, df

3, 33, P = 0.000). With Kruskal- Wall is test analysis, there was no

difference in litter size over time in the 103.0+ group (Chi-Square = 3.940, df = 2, P
0.139), or in the Con6.5 group (Chi-Square

1.114, df = 3, P

0.774). Bonferroni post

hoc test on the IG6.5 groups revealed that average litter size was smaller at birth (P
0.002) and PN60 (P = 0.000) than at 07.5, with no significant difference between any
other two days. However, there was a trend towards continuous reduction of litter size
from 07.5 to PN60.
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Figure 6.11 Litter size among different groups at birth and on PN60. Litter size
(mean ± SEM) was significantly different between the three groups both at birth
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Figure 6.12 Longitudinal analysis of gastrulation ethanol exposure on litter size
within treatment groups. Litter size (mean ± SEM) was significantly different across
time in the IG6.5 group (F=8.849 , df=3, 33, P=O.OOO). * Smaller litter size at birth
and on PN60 than at ofG7.5 (P=O.OOO-O.002).
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6.4.4.4

Morbidity and Teratogenesis

The incidence of abnormalities (morbidity) expressed as an average of all ratios within
each treatment group, with the ratio of the number of abnormal embryos to the total
number of embryos for each dam. The incidence of abnormalities was 60.38 ± 11.64% in
the IG6.5 group compared with 21.16 ± 3.44% in the 103.0+ and 11.75 ± 4.92% in the
Con6.5 groups (Table 6.3 and Figure 6.13). Kruskal- Wallis test analysis showed that
there was a statistically significant difference in abnormalities between the three groups
(Chi-Square

=

10.874, df = 2, P

=

0.004). Dunn's post hoc test revealed a significant

increase in the IG6.5 group compared with the Con6.5 groups (P < 0.05). There was no
significant difference between IG3.0+ group and Con6.5 (P > 0.05), or between IG6.5
group and IG3.0+ group (P > 0.05).

As at G 18.5, the types of malformations in the postnatal pups included eye
malformations, anencephaly, exencephaly, and gross craniofacial malformations.
Severely affected pups, those with anencephaly or exencephaly, died after birth or were
stillborn. Less severely affected pups, with eye malformations or changes in craniofacial
structure (Figure 6.14), survived. Eye malformations in live pups occurred in 9/30 or
30.00% of pups in the IG6.5 group compared with 2/30 or 6.67% of pups in the IG3.0+
group and 2/49 or 4.08% of pups in the control group. Eye malformations included
unilateral or bilateral apparent anophthalmia, microphthalmia, and cataract. The right eye
was the more frequently and more severely affected. Eye malformations occurred in the
right eye in 8 pups, in both eyes in 2 pups, and in the left eye in 3 pups. Craniofacial
malformations occurred in 2 pups in the IG6.5 group.
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B

A

D

F
Figure 6.14 Abnormal development in the postnatal pups following acute binge
prenatal ethanol exposure on G7.5. Anophthalmia occurs in the right eye of a PNO
pup (B) compared with normal developmental eye in the left side (A). Craniofacial
malformation occurs in a PN12 pup (D), with a small midface (black arrow), a narrow
forehead (white arrow) compared with control pup (C). Microphthalmia occurs in the
right eye of a PN33 pup (F) compared with the control (E).
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Figure 6.13 Incidence of abnormalities for the mice offspring among different
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between groups (Chi-Square=10.874, df=2, P=O.004). * Higher incidence of
abnormalities in IG6.5 group than Con6.5 group (P<O.05).
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Figure 6.15 Litter sex ratio among treatment groups. Litter sex ratio (mean ± SEM)
was not different between the three groups (Chi-Square=O.818, df=2, P=O.664).
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6.4.4.5

Litter Sex Ratio

The proportion of females and males (litter sex ratio) in each treatment group was
calculated and the proportion of females was compared among the three groups (Table
6.4 and Figure 6.15). The proportion of females was 37.48 ± 6.14% in the Con6.5 group,
49.48 ± 14.61% in the IG6.5 group, and 33.10 ± 8.45% in the IG3.0+ group. KruskalWallis test showed that there was no significant difference in mean proportion of females
between the three groups (Chi-Square = 0.818, df= 2, P = 0.664).

6.4.4.6

Body Weight

Mean body weight of the three treatment groups from birth to PN60 is shown in Figure
6.16 and 6.17. Mixed model analysis of body weight was performed on selected days,
PNl, PN5, PNI0, PNI5, PN20, PN25, PN30, PN40, PN50, and PN60. This revealed that
significant weight gains occurred across age (F = 392.37, df = 9, 16, P < 0.0001).
However, there was no significant differences in body weight between groups, Con6.5,
IG6.5, and IG3.0+ groups (F

0.13, df= 2,16, P = 0.8793). However, tests of between-

subjects effects showed that there was a significant interaction of age x treatment group
(F

5.90, df

18, 16, P

0.0004). Body weight was significant higher in IG6.5 group

compare with Con6.5 group at PN15 (P = 0.0314), PN20 (P = 0.0240), PN25 (P =
0.0363), and PN30 (P

0.0458). There was no significant difference of body weight for

other pair comparisons.
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Figure 6.16 Growth curves of all animals per group from PNO to PN25. There was
no significant difference in body weight (without adjust for sex) between groups
(F=O.13, d:f=2, 16, P=0.8793), but the interaction of age x treatment group showed a
higher body weight in the IG6.5 than in the controls at PNI5, 20, and 25 (P<0.05).
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Figure 6.17 Growth curves of all animals per group over postnatal day 1 to 60.
Significant weight gains occurred across age (F=392.37 , d:f=9, 16, P<O.OOOI). Body
weight (without adjust for sex) was higher in the IG6.5 than in the controls at
postnatal day 15,20,25, and 30 (P<0.05).
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After PN20, the rate of weight gain differs between male and female mice. Mean body
weight of females and males are presented separately in Figure 6.18 for each of the
groups from PN20 to PN60. Body weight of female mice was less than that of males (F

= 6.31, df

1, 32.4, P = 0.0172). To better reveal if body weight was affected by

prenatal alcohol exposure, mixed model analysis, matched for sex in design, was carried
out at selected days PN20, PN25, PN30, PN40, PN50, and PN60. Mixed model analysis
(adjusted for sex) revealed that significant progressive increase in body weight occurred
across age (F = 281.56, df

5,31.6, P < 0.0001). However, there was no significant

difference in body weight among groups - Con6.5, 106.5, and 103.0+ groups (F
df

2, 13.7, P

0.9811).

0.02,

Tests of between-subjects effects found no significant

interaction of treatment group x age (F = 1.54, df
for sex.
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Figure 6.18 Growth curves of the groups from PN20 to PN60. Body weight (mean ±
SEM) of females and males are presented separately for each treatment group.
Female mice have less body weight than male mice (F=6.31, df=l, 32.4, P=O.0172).
Body weight was not significantly different between groups (F=O.02, df=2, 13.7,
P=O.9811), also no significant interaction of treatment group x age (F=1.54, df=10,
31.5, P=O.1709) after adjusting for sex.
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6.4.4.7

Brain Weight

Average brain weights of both sexes for each of the treatment groups are illustrated in
Figure 6.19 and 6.20. Mixed model analysis revealed that there was no significant
differences in brain weight among treatment groups - Con6.5, 106.5, and 103.0+ groups
(F = 3.21, df= 2,16.3, P = 0.0668), or between female and male mice (F = 1.30, df= 1,
93.7, P = 0.2571). Tests of between-subjects effects showed that there was no significant
interaction of sex x treatment group (F

1.55, df = 2, 92.6, P = 0.2175).

In the Con6.5 group, average brain weight (grams) was 0.4995 ± 0.0046 in the female
mice and 0.5128
was 0.5141

±

±

0.0060 in the male mice. In the 106.5 group, average brain weight

0.0066 in the female mice and 0.5093

103.0+ group, average brain weight was 0.4881

±

±

0.0119 in the male mice. In the

0.0050 in the female mice and 0.4966

± 0.0053 in the male mice (Table 6.5).

Table 6.5 Comparison of Final Body Weight and Brain Weight Measured on PN60
following Different Patterns of Alcohol Exposure on 07.5
PN60 Body Weight (g)

PN60 Whole Brain Weight (g)

Treatment
Oroup

Female

Male

Female

Male

Con6.5

19.1 ± 0.5

25.9 ± 0.4

0.4995 ± 0.0046

0.5128 ± 0.0060

103.0+

18.3 ± 0.5

25.5 ± 0.2

0.4881 ± 0.0050

0.4966 ± 0.0053

106.5

18.8±0.4

23.7 ± 1.7

0.5141 ± 0.0066

0.5093 ± 0.0119

All values represent mean ± SEM
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Figure 6. 19 Whole brain weight on postnatal day 60. Brain weight (mean ± SEM)
was not significantly different between treatment groups.
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Figure 6.20 Whole brain weight of both sexes for each treatment group on PN60.
Brain weight (mean ± SEM) was not significantly different between groups (F=3.21,
df=2, 16.3, P=0.0668), or between sex (F=1.30, df=1, 93.7, P=0.2571).
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6.4.4.8

Neocortical Laminated Organization

In the normal mice, the microscopic examinations of the neocortex revealed regular
discernable lamination in all cortical regions (Figure 6.21 B). The less cellular layer I was
clearly bordered by layer Il, which consisted of densely packed small pyramidal cells.
Layer III contained a lower density of medium and large pyramidal cells described
earlier. Layer IV was seen as a lamina filled with abundant granule cells. In the parietal
cortex, the barrel areas of Layer IV were observed consisting of central wide, area of low
cellular packing density surrounded by narrow zone of higher packing density. Layer V
contained large pyramidal cells at low density. Finally, layer VI contained a high density
of polymorphic neuronal cells. The border between the neuronal cell-rich cortex and the
glial cell-rich white matter was easily identified.

The neocortex of the heavy binge prenatal alcohol exposed mice retained its basic sixlayered pattern as in control mice. However, in some areas, the neocortical lamination
was disorganized with abnormal neurons scattered or in large patches across the entire
neocortex. Incidence varied across regions and between animals (Figure 6.21 and 6.22),
although abnormal lamination existed in nearly all of the sections examined in the heavy
binge alcohol exposed group. The frontal cortex and the somatosensory cortex had the
highest incidence and the most severe examples of abnormal lamination. In addition,
scattered or clustered abnormal neurons occurred in Layers Il to V, with few cells in
Layer I or VI. Layers Il and III were the most frequent, and most severely affected
Layers.

A typical neuron has a large centrally located pale round or spherical nucleus with one or
two distinct dark nucleoli (which may be central or peripheral). Abnormal neurons seen
in disorganized lamination had elongated, narrow, and shrunken cell bodies but retained
an apical dendrite leaving the soma. The cytoplasm was markedly darker than normal.
The nuclei were stained a little more deeply and the nuclear membranes were thrown into
folds. Occasionally, some normal neurons were found amongst the abnormal neurons
(Figure 6.22).
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Figure 6.21 Disorganized lamination in the neocortex of the PN60 mouse following
a single binge prenatal ethanol exposure (6.5 g/kg) on G7 .5. Abnormal neuronal
cluster (arrow) in the Layer II of the parietal cortex in the ethanol exposed mouse (A),
compared with normal cortical lamination in the control mouse (B).
Scale bar = 200 urn.
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Figure 6.22 Effects of binge ethanol exposure (6.5 g/kg) at G7.5 on adult cortical
lamination in the PN60 mouse. The neocortex of ethanol exposed mouse displayed a
mixture of abnormal neuronal achitecture (* in A and B, and from C - F with higher
magnification) and normal neuronal lamination. Abnormal neurons (arrow in E and F)
showing dark stained, elongated, shrunkened nuclei. Scale bar = 500 urn in A, 200 urn
in B, 100 urn in C, 50 urn in D, and 20 urn in E and F.
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Abnormal lamination occurred in 7/8 (87.50%) animals in the 106.5 group compared
with 1/6 (16.67%) in the 103.0+ group and 1/7 (14.29%) in the Con6.5 group (Table 6.6).
Chi-Square test revealed a significant difference in the incidence of abnormal lamination
between the groups (Fisher's Exact Test = 9.913, P = 0.006). The disorganization of
neocortical lamination was BAC dependent. An increase in abnormal cortical lamination
was correlated with peak BAC level (around 600 mg/dl) rather than longer duration with
a lower elevation of BAC (around 200 mgldllasting 8 hours). Thus, peak BAC level is
the major determinant of damage to the neocortical microanatomy, following early
gestational ethanol exposure.

Table 6.6 Comparison of Neocortical Lamination in PN60 Offspring in the Various
Treatment Oroups
% Normal
Treatment No. of Disorganized No. of Normal % Disorganized
Neocortex
Neocortex
Neocortex
Neocortex
Oroup
Con6.5

1

6

14.3%

85.7%

103.0+

1

5

16.7%

83.3%

106.5

7

87.5%*

12.5%

* Increased incidence of Laminar disorganization in the 106.5 group compared with both
103.0+ and Con6.5 groups (P=0.006, Chi-Square analysis, Fisher's Exact test).
Interestingly, minor brain malformations, heterotopias of the neocortex, were found in
Layer I in three Con6.5 mice (3/8 or 37.5%) with single tiny heterotopia (Figure 6.23)
presented in one or two sections of each animal.

However, heterotopias were not

detected in the 106.5 (0/8) or in the 103.0+ (0/6) groups. The cellular morphology in
heterotopias of Layer I were similar to the structure of Layer II in the normal mice. This
finding was unexpected. There may be a genetic predisposition for developing ectopia in
some mouse strains, and epigenetic factors such as prenatal exposure to ethanol had no
influence on occurrence of the abnormality.
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Figure 6.23
Heterotopias in the neocortex of the PN60 control mouse .
Heterotopias (arrow in A, and from B - F with higher magnification) occurs in the
Layer I of the neocortex, with the cytoachitecture and morphology similar to the
structure of Layer n. Scale bar = 500 urn in A, 200 urn in B, 100 urn in C, 50 urn in D,
and 20 urn in E and F.
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6.4.4.9

Cell Counting

One way ANOVA was performed on total neuronal number, neuronal density, total glial
cell number, glial density, and ratio of neuron to glia. ANOV A revealed there was no
significant difference in total neuronal number (F = 0.272, df
neuronal density (F

2, 18, P = 0.765),

0.233, df= 2,18, P = 0.795), total glial cell number (F = 0.631, df

= 2,18, P = 0.543), glial density (F = 0.980, df= 2,18, P = 0.394), and ratio of neuron to
glia (F = 1.071, df= 2, 18, P = 0.363) between the three treatment groups; Con6.5, 1G6.5,
and IG3.0+ groups.

Kruskal- Wallis test was conducted on statistical analysis of

neocortical volume, total capillary cell number, and capillary cell density. KruskalWallis analysis showed that there was no significant difference in neocortical volume
(Chi-Square = 1.378, df= 2, P = 0.502), total capillary cell number (Chi-Square = 3.757,
df = 2, P

0.153), and capillary cell density (Chi-Square = 2.954, df = 2, P = 0.228)

between the three treatment groups.

To determine whether total cell number (neuron, glia, capillary cell) or cell density were
affected differently among different treatment groups, Multivariate Analysis of Variance
(MAN OVA) was used with treatment group as a between-group factor and cell number
or cell density as a within-subjects factor. Multivariate test (Pillai's Trace) of MANOVA
indicated that there was no significant group difference in cell number when total
neuronal, glial, and capillary cells were considered as a whole cell population (Pillai' s
Trace

0.344, F

1.176, df= 6,34, P

0.342). Similarly, Multivariate test (Pillai's

Trace) showed that there was no significant group difference in cell density when neuron,
glia, and capillary cell were considered together (Pillai's Trace = 0.379, F

1.326, df= 6,

34, P = 0.272).

The neocortical volume, total number and density of neurons, total number and density of
glial cells, and total number and density of capillary cells in the PN60 mice neocortex in
all three treatment groups was similar (Table 6.7 - 6.9 and Figure 6.24 - 6.26).
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Table 6.7 Total Number of Neurons, Glial Cells, and Capillary Cells in the Neocortex of
the PN60 Mouse
Total Cell Number (xl O'')
Treatment
Groups

N

Neurons

Glial cells

Capillary cells

Neuron:Glia
Ratio

Con6.5

7

11.806 ± 0.368

5.166±0.267

3.284 ± 0.217

2.31 ± 0.10

IG3.0+

6

11.987 ± 0.416

4.942 ± 0.133

2.922 ± 0.130

2.43 ± 0.06

IG6.5

8

12.221 ± 0.436

4.865 ± 0.167

2.874 ± 0.234

2.55 ± 0.15

All values represent mean ± SEM
Table 6.8 Stereological Data for Reference Volume in the Neocortex ofPN60 Mouse in
the Various Treatment Groups
Treatment
Neocortical
N
3
CV
CE (LP)
Groups
Volume (mm )
Con6.5

7

46.804 ± 0.632

0.036

0.031 (0.021 - 0.042)

IG3.0+

6

46.180 ± 0.440

0.023

0.037 (0.031 - 0.043)

IG6.5

8

48.471 ± 1.312

0.077

0.033 (0.020 - 0.038)

Neocortical volume presented as mean ± SEM. Numbers expressed in CV and CE (LP)
are means. Numbers in parentheses are the range values.
Table 6.9 Numerical Density of Neurons, Glial Cells, and Capillary Cells in the
Neocortex of the PN60 Mouse
Numerical Density (104/mm 3)
Treatment
Groups

N

Neurons

Glial cells

Capillary cells

Con6.5

7

25.234 ± 0.769

11.074 ± 0.666

7.008 ± 0.442

IG3.0+

6

25.954 ± 0.828

10.701 ± 0.265

6.323 ± 0.263

IG6.5

8

25.257 ± 0.819

10.100 ± 0.475

5.973 ± 0.552

All values represent mean ± SEM
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Figure 6.24 Total cell number (mean ± SEM) in the neocortex for each treatment
group on PN60. There was no significant difference in total number of neurons
(F=O.272, df=2, 18, P=O.765), glial cells (F=O.631, df=2, 18, P=O.543), or capillary
cells (Chi-Square=3.757, df=2, P=O.153) between the treatment groups.
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Figure 6.25 Neocortical volume for each treatment group on PN60. Neocortical
volume (mean ± SEM) was not significantly different between the treatment groups,
IG6.5, IG3.0+, and Con6.5 (Chi-Square=1.378, df=2, P=O.502).
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Figure 6.26 Cell density (mean ± SEM) in the neocortex for each treatment group on
PN60. There was no significant difference in cell density of neurons (F=O.233, df=2,
18, P=O.795), glial cells (F=O.980, df=2, 18, P=O.394), or capillary cells (ChiSquare=2.954, df=2, P=0.228) between the treatment groups.
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In the Con6.5 group, neocortical volume was 46.804
was 11.806

±

±

0.632 mm', total neuronal number

0.368 x 106 and neuronal density was 25.234

cell number was 5.166

±

±

neocortical volume was 48.471

±

0.10 : 1. In the IG6.5 group,

±

±

±

0.436

0.475 x 104/mm3 , total capillary cell

0.234 x 106 and capillary cell density was 5.973

and the ratio of neuron to glia was 2.55
volume was 46.180

±

±

0.819 x 104/mm3 , total glial cell number was

±

0.167 x 106 and glial density was 10.100
±

0.666 x 104/mm3 ,

1.312 mnr', total neuronal number was 12.221

x 106 and neuronal density was 25.257

number was 2.874

±

0.217 x 106 and capillary cell density was 7.008

0.442 x 104/mm3, and the ratio of neuron to glia was 2.31

±

0.769 x 104/mm3, total glial

0.267 x 106 and glial density was 11.074

total capillary cell number was 3.284

4.865

±

±

0.552 x 104/mm3 ,

0.15 : 1. In the IG3.0+ group, neocortical

±

0.440 mrrr', total neuronal number was 11.987

±

0.416 x 106 and

neuronal density was 25.954 ± 0.828 x 104/mm3 , total glial cell number was 4.942 ±
0.133 x 106 and glial density was 10.701
was 2.922

±

0.265 x 104/mm3 , total capillary cell number

0.130 x 106 and capillary cell density was 6.323

ratio of neuron to glia was 2.43

6.4.4.10

±

±

±

0.263 x 104/mm3 , and the

0.06 : 1.

Coefficient of Error

Mean CE value for total cell counts, volumetric measurements, and derived estimates of
the cell densities, were all below the recommended benchmark 0.1 (West and Gundersen,
1990).

For the estimate of reference volume in the neocortex, the mean number of points (LP)
counted was 181 (range, 174 - 191) for the Con6.5 animals, 187 (range, 170 - 213) for the
IG6.5 animals, and 178 (range, 173 - 184) for the IG3.0+ animals (Table 6.8). This
fulfilled the guideline of counting 100 - 200 points per structure (Gundersen and Jensen,
1987). The mean CE (LP) value for neocortical volume was 0.031 (range, 0.021 - 0.042)
for the Con6.5 animals, 0.033 (range, 0.020 - 0.038) for the IG6.5 animals, and 0.037
(range, 0.031 - 0.043) for the IG3.0+ animals.
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For the estimate of the total cell number in the neocortex, the mean total number (IQ) of
sampled neurons, glial cells, and capillary cells was in the range of 100 - 200 per
structure (Table 6.10). In the Con6.5 animals, total sampled nuclei number was 236
(range, 199 - 254) for neurons, 103 (range, 86 - 121) for glial cells, and 66 (range, 41 75) for capillary cells.

In the IG6.5 animals, total sampled nuclei number was 244

(range, 202 - 283) for neurons, 97 (range, 82 - 110) for glial cells, and 57 (range, 31 - 71)
for capillary cells. In the IG3.0+ animals, total sampled nuclei number was 239 (range,
217 - 274) for neurons, 99 (range, 92 - 108) for glial cells, and 58 (range, 47 - 66) for
capillary cells. In general, this fulfilled the guideline of counting 100 - 200 particles per
structure (West et al., 1991). Thus, all particles were counted efficiently in the same
counting frame, although neurons was sampled more than 200. In the Con6.5 animals,
the mean CE (IQ) was 0.042 (range, 0.031 - 0.065) for neurons, 0.069 (range, 0.044 0.093) for glial cells, and 0.083 (range, 0.033 - 0.107) for capillary cells. In the IG6.5
animals, the mean CE (IQ) was CE 0.040 (range, 0.036 - 0.044) for neurons, 0.068
(range, 0.031 - 0.103) for glial cells, and 0.090 (range, 0.042 - 0.128) for capillary cells.
In the IG3.0+ animals, the mean CE (IQ) was 0.055 (range, 0.038 - 0.068) for neurons,
0.068 (range, 0.045 - 0.079) for glial cells, and 0.067 (range, 0.042 - 0.079) for capillary
cells.

Table 6.10 Analysis of the Precision of Estimates for Total Cell Number
Treatment
Capillary cells
Neurons
Glial cells
Groups
0.042
0.069
0.083
Con6.5
CE (IQ)
(0.031 - 0.065) (0.044 - 0.093) (0.033 - 0.107)

IG3.0+

IG6.5

CV

0.082

0.137

0.175

CE (IQ)

0.055
(0.038 - 0.068)

0.068
(0.045 - 0.079)

0.067
(0.042 - 0.079)

CV

0.085

0.066

0.109

CE (IQ)

0.040
(0.036 - 0.044)

0.068
(0.031 - 0.103)

0.090
(0.042 - 0.128)

CV

0.101

0.097

0.230

Numbers expressed are means. Numbers in parentheses are the range values.
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For the derived data, cell density in the neocortex, the mean CE (IQ/IP) value for
neurons, glial cells, and capillary cells was calculated (Table 6.11).

In the Con6.5

animals, the mean CE (IQ/IP) value was 0.032 (range, 0.022 - 0.048) for neurons, 0.053
(range, 0.034 - 0.065) for glial cells, and 0.073 (range, 0.030 - 0.091) for capillary cells.
In the 106.5 animals, the mean CE (IQ/IP) value was 0.030 (range, 0.019 - 0.042) for
neurons, 0.056 (range, 0.043 - 0.075) for glial cells, and 0.081 (range, 0.035 - 0.113) for
capillary cells. In the 103.0+ animals, the mean CE (IQ/IP) value was 0.040 (range,
0.028 - 0.046) for neurons, 0.054 (range, 0.039 - 0.071) for glial cells, and 0.059 (range,
0.019 - 0.073) for capillary cells.

Table 6.11 Analysis of the Precision of Estimates for Numerical Density
Treatment
Neurons
Olial cells
Capillary cells
Groups
Con6.5

103.0+

106.5

CE (IQIIF)

0.032
(0.022 - 0.048)

0.053
(0.034 - 0.065)

0.073
(0.030 - 0.091)

CV

0.081

0.159

0.167

CE (IQIIF)

0.040
(0.028 - 0.046)

0.054
(0.039 - 0.071)

0.059
(0.019 - 0.073)

CV

0.078

0.061

0.102

CE (IQIIF)

0.030
(0.019 - 0.042)

0.056
(0.043 - 0.075)

0.081
(0.035 - 0.113)

CV

0.092

0.133

0.262

Numbers expressed are means. Numbers in parentheses are the range values.
The CV was also calculated to estimate the biological variability within groups, which
was small and similar for all groups (Table 6.8, 6.10, and 6.11). The CV values for
neocortical volume were 0.036 (Con6.5), 0.077 (106.5), and 0.023 (103.0+). The CV of
nuclei counts was 0.082 (Con6.5), 0.101 (106.5), and 0.085 (103.0+) for neuronal cell
number; 0.137 (Con6.5), 0.097 (106.5), and 0.066 (103.0+) for glial cell number; and
0.175 (Con6.5), 0.230 (106.5), and 0.109 (103.0+) for capillary cell number. The CV of
cell density was 0.081 (Con6.5), 0.092 (106.5), and 0.078 (103.0+) for neurons; 0.159
(Con6.5), 0.133 (106.5), and 0.061 (103.0+) for glial cells; and 0.167 (Con6.5), 0.262
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(106.5), and 0.1 02 (103.0+) for capillary cells.

The low inter-individual CV values

indicate that biological variability among these inbred strain animals was small.

The CE values provide a measurement of the precision of the estimates for that
individual. Low CE indicate there was high precision for all measurements within
individual subjects for all groups in this study. Meanwhile, the low CV for reference
volumes, total cell numbers, and cell density suggested that biological variation between
animals was small.

This indicates that the sampling frequencies and group sizes

employed in this study were appropriate. It also suggests that the lack of a significant
difference in cell counts between groups reflects a real absence of a long term effect on
cell number, cell density, and volume in the neocortex following acute prenatal ethanol
exposure during gastrulation.

6.4.5 Discussion
The major findings of the present study are that acute prenatal alcohol exposure during
gastrulation altered the development of the offspring in a BAC-dependent manner. Acute
heavy binge (6.5 g/kg) alcohol exposure resulted in reduced litter size, increased neonatal
morbidity, and disorganized neocortical lamination, with varied patterns and severity of
abnormal neurons across the neocortex. However, alcohol exposure during gastrulation,
07.5, had no long term effect on neocortical volume, neuronal number and neuronal
density, glial cell number and glial density, or capillary cell number and capillary cell
density. Also, gastrulation alcohol exposure did not affect gestational length, litter sex
ratio, body weight across age, and whole brain weight on PN60.

6.4.5.1

Litter Size and Mortality

An acute prenatal alcohol binge exposure during gastrulation on 07.5, that achieved a
peak BAC of 576.53 ± 23.18 mg/dl, increased offspring mortality, reduced litter size, and
increased the incidence of abnormalities among live offspring. Elevation of BAC above
200 mg/dl (194.74 ± 17.78 mg/dl and 253.77 ± 11.75 mg/dl, values of 1 hr and 3 hr after
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first ethanol dose), considered a threshold for toxicity later in development, for a period
of 8 hours did not result in damage.

An increased in mortality among offspring in the single binge IG6.5 group is inconsistent
with a report of no reduction in litter size following acute ethanol exposure with peak
BAC of 500 - 800 mg/dl (Ashwell and Zhang, 1996). A possible explanation for this is
that exposure was on G7.5 in this study, but on G8 in the experiment of Ashwell and
Zhang (1996).

6.4.5.2

Incidence of Abnormalities

Binge alcohol exposure that achieved a high peak BAC resulted in a significant increase
in abnormalities, as reported in other studies, although their embryonic examination was
undertaken earlier in development (Sulik and Johnson, 1983; Webster et aI., 1980).
However, this result was again inconsistent with the reports of Ashwell and Zhang (1996)
in which none of the ethanol-exposed offspring surviving to PN 15 showed gross
craniofacial malformation. This difference between the two studies may be due to G8,
used in study of Ashwell and Zhang (1996), being after the window of vulnerability for
facial structure.

The high incidence of eye malformations in ethanol-exposed animals in the present study
confirms previous reports (Sulik et aI., 1981; Webster et aI., 1980), and is comparable to
changes seen in humans with FAS (Stromland, 1987).

Interestingly, ocular

malformations were more common in right eye. This discrepancy between eyes suggests
there is a relatively small window during gestation, in which the deleterious effects of
ethanol occur (Sulik and Johnson, 1983; Sulik et aI., 1981).

6.4.5.3

Gestational Length

Gestational length was not affected by ethanol exposure, in concordance with the
previous report (Ashwell and Zhang, 1996).
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6.4.5.4

Body Weight

Administration of alcohol to pregnant mice on G7.5 did not affect body weight of
offspring from birth to PNI0, and from PN20 to PN60, although there was a sex
difference in body weight from PN20 to PN60. Meanwhile, statistical analysis showed a
higher body weight in IG6.5 group compare with Con6.5 group on PNI5. There are three
possible explanations for this data. Firstly, only the strongest animals with less severe
damages at birth were compatible with long term postnatal survival in the heavy binge
prenatal alcohol exposed (lG6.5) group. Secondly, small litter size in IG6.5 group may
result in better nutrition of pups. Thirdly, it is possible that a sex effect on body weight
on PN15 existed. Body weight did not differ on PN20, PN25, and PN30 when body
weight data was adjusted for sex.

Body weight deficits have been reported in G 18 mouse embryos following alcohol
exposure on G9 (Gilliam et al., 1997), and in G21 rat embryos following alcohol
exposure on G 14 and G 15 (Kotkoskie and Norton, 1989). In the present study, body
weight deficits did not occur in neonatal pups to relatively mature offspring (except
PN 15).

This may be due to difference in alcohol dose, exposure at different

developmental stage, or variant measurement time (prenatal or postnatal period) of body
weight.

6.4.5.5

Brain Weight

Whole brain weight at PN60 was not affected by prenatal ethanol exposure. In addition,
there was no difference in whole brain weights between female and male mice, consistent
with a report on sex effects in PN90 rats (Reid and Juraska, 1992). Decreased whole
brain weight has been reported following chronic alcohol exposure (PN4 - PN9) rats at
PNI0 (Maier et al., 1997) and PNl15 (Mooney et al., 1996). The different outcomes on
brain weight again may derive from different alcohol doses (Goodlett et al., 1990) or
different developing stage (Miller, 1996).
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6.4.5.6

Neocortical Lamination

A single binge alcohol exposure on gestational day 7.5 has a significant impact on the
structure of the cerebral cortex. Seven out of 8 alcohol exposed offspring, had abnormal
cerebral cortical structure compared with only one animal in each of the Con6.5 and
103.0+ groups.

In addition, disorganized neocortical lamination was BAC dependent. Disorganization of
lamination occurred in the high peak BAC (576.53 mg/dl) group, but not in the low peak
BAC (194.74 - 253.77 mg/dl) group, although the total ethanol dose was 0.5 g/kg more in
the 103.0+ group. This confirms the importance of BAC profile rather than dose, as
major determinant of damage in the developing brain (Bonthius et al., 1988; Bonthius
and West, 1990).

Ethanol is known to impair neuronal proliferation and migration (Miller, 1986; Miller,
1988; Miller and Potempa, 1990). Studies showed that the generation of neurons was
disrupted by chronic prenatal ethanol exposure in the rat from 06 to birth (Miller, 1986;
Miller, 1988). Following alcohol exposure, cerebral cortical generation began 1 - 2 days
later and the generation period was 1 - 2 days longer (Miller, 1988). Moreover, alcohol
exposure altered the distribution of neurons generated on a particular day, which
disrupted the classic inside-to-outside pattern of neuronal generation (Miller, 1986).
Neurons generated from 020 onward also migrated to layer V, VI or even to white matter
in ethanol-exposed animals rather than layer 11 as in controls (Miller, 1986).

One feature of the disorganized lamination observed in alcohol exposed animals in the
present study was the presence of abnormal neurons with darkly stained, shrunken
appearances. Chronic prenatal ethanol exposure, significantly decreased size of cortical
neurons in layers I, 11/111, IV, and VI (except layer V) compared to controls (Miller and
Potempa, 1990). Disorganization of cortical lamination may be a common feature of
insults during development.

Prenatal cocaine exposure resulted in granular and

pyramidal cells no longer separated into distinct layers in primates, thus altered
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lamination within the cerebral cortex (Lidow, 1995; Lidow, 1998; Lidow and Song,
2001).

A recent study by Fakoya (2005), described the motor cortex containing

numerous pyknotic cells with normal processes after heavy binge ethanol exposure from
09 to 012. Moreover, significant alterations in laminar organization across the whole
neocortical regions in the present study suggested that the observed effects are global and
associated with general aspects of neocortical development, rather than with some
specific features of individual neocortical regions.

6.4.5.7

Stereological Study of the Mature Neocortex

This study showed that there was no long term effect of binge alcohol exposure during
gastrulation on the neocortical volume at PN60, in parallel with the lack of effect on brain
weight. Neocortical volume was significantly decreased in PN15 following prenatal
ethanol exposure on 08 at a dose of 2 x 2.9 g/kg, but significantly increased at a dose of
5.8 g/kg (Ashwell and Zhang, 1996). A significant volume reduction in the neocortex
(Zimmerberg and Reuter, 1989) and somatosensory cortex (Miller and Potempa, 1990)
was also occurred following chronic prenatal ethanol exposure. However, neocortical
volume was not affected following postnatal ethanol exposure from PN4 to PN9
(Mooney et al., 1996).

Ethanol exposure during gastrulation that resulted in severe malformations and death in
some embryos, did not cause a deficit of cell numbers in the neocortex of mice that
survived to PN60. This is consistent with a previous report (Ashwell and Zhang, 1996),
although increased neuronal density was observed in their study. Neuron loss caused by
chronic prenatal ethanol exposure was reported in many central nervous system structures
including the principal sensory nucleus of the trigeminal nerve (Miller, 1995c),
somatosensory cortex (Miller and Potempa, 1990), and the hippocampus (Miller, 1995a),
but not in the ventrobasal thalamic nucleus (Mooney and Miller, 1999). Similarly, no
permanent effect on neuronal number and neuronal density was found by Mooney and
Napper (1996) following early postnatal alcohol exposure in the rat. This result is
somewhat surprising, as heavy binge alcohol exposure resulted in acute cell death and
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proliferation alteration of stem cells within the ectoderm. It appears that such damage
can be compensated in a way of recovering neuronal population during later stage of
development. However, this compensation is only a partial repair, as the laminar pattern
of the neocortex was disorganized, with abnormal neurons present in a patchy irregular
distribution. Altered cellular connectivity and neuronal structure is likely to affect
neuronal function.

Glial number and glial density were also not affected by a binge alcohol exposure during
gastrulation, suggesting a lack of long term effect on glial cell population. In addition,
the results in the present study showed that there was no long term disruption of the
proportion of neurons to glia occurred in the neocortex following prenatal binge alcohol
exposure. This indicated that alcohol exposed mice have neither lost significant glial
population nor undergone extensive gliosis. Glial cells retain the capacity to proliferate
throughout life (Kaplan and Hinds, 1980), thus damage caused by alcohol exposure
during early development could be repaired and glial cell number could be restored. It is
should be noted that cytoplasmic staining of cresyl violet on the glial cells was not as
efficient as on the neurons. There is a possibility that abnormal hypertrophic glial cells
also occur. Thus, further study using immuno-labeling method (e.g. GFAP), to examine
whether there is an effect on morphological changes or disorganization among these
alcohol-exposed glial cells would be of interest.

The effect of alcohol on the developmental cerebral microvasculature has been scarecely
studied (Juillerat-Jeanneret et al., 1995; Kelly et al., 1989; Phillips et al., 1997; West and
Goodlett, 1990b), although the cerebral microvascular system is critically important for
nutritional support and toxic substance elimination of the developing eNS.

Early

postnatal alcohol exposure has been reported to cause vascular disruption and
hemorrhage in the cerebral cortex (West and Goodlett, 1990b). However, other report
indicated that developmental blood-brain barrier (BBB) was not affected by showing the
evidence of no disruption of the vascular endothelial tight junctions, the perivascular glial
limiting membranes, or the vascular ensheathment of astrocytic endfeet following
prenatal or postnatal alcohol exposure (Phillips et al., 1997). Early postnatal alcohol

202

exposure also reported with the decreased area of vermal cerebellar and hippocampus,
although the capillary density was not changed (Kelly et al., 1989). In this study,
prenatal alcohol exposure has no effect on the capillary cell number (endothelial cell and
pericyte), and capillary cell density (endothelial cell and pericyte) indicated that
vascularization, and thus nutritional support to the neocortex was preserved.

The lack of effect of prenatal alcohol exposure on the total numbers of neurons, glial
cells, and capillary cells in the whole neocortex may merely reflect the fact that neocortex
is a large area. A significant change specific in an architectonic area could easily be
missed when considering the large neocortex. Variant effects in different brain regions
following alcohol exposure has been supported by findings of imbalance in neuron loss
within the trigeminal-somatosensory system (Miller, 1995c; Miller and Potempa, 1990;
Mooney and Miller, 1999), or between ventromedial forebrain plus caudate-putamen and
dorsally placed neocortex (Ashwell and Zhang, 1996). Thus, further cell counting in the
defined neocortical architectonic regions would be of interest.

In addition, the temporal disparity of the alcohol effects on neocortical cell population
must be considered. Research shows that large and functionally diverse areas in the
neocortex, with different cell types have a distinct gradient of generation and maturation
(Angevine and Sidman, 1961; Miller, 1988). The variant developmental stage of a
specific neuronal population would account for its different vulnerability to alcohol
effects at different alcohol exposure times (Miller, 1996; Mooney et al., 1996).
Vulnerability dependent on developmental stage in the eNS has been shown in the
hippocampus (Bonthius and West, 1991; Miller, 1995a), cerebellum (Bonthius and West,
1990; Hamre and West, 1993; Maier et al., 1999; Thomas et aI., 1998), and olfactory bulb
(Bonthius et aI., 1992; Maier et al., 1999).

It is also important to consider that the absence of an ethanol effect on cell number and
density at PN60 may be due to only the strongest animals with less severe damages
surviving.

Those with moderate or severe brain malformations did not survive or

removed from the litter by cannibalization.
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The existence of cannibalization as a

maternal response in rodents to even mild abnormality make the study of long term
effects ofteratogen very difficult.

In Summary

The acute prenatal exposure models used, were intended to simulate

human binge drinking.

This was successful in the induction of long term neural

abnormalities. The results in the present study demonstrated that acute heavy binge
gastrulation alcohol exposure resulted in long term effects with reduced litter size,
increased neonatal morbidity, disorganized neocortical lamination in a BAC dependent
manner. These results provided data relevant to those women who drink heavily and may
be still abusing alcohol during a significant portion of the first trimester without
recognition of their pregnancy. The results of this study provide not only confirmation of
the clinical findings of severe brain damage and gross craniofacial abnormalities, but also
extend those results by observing neocortical lamination disorganization without other
major malformations after prenatal alcohol exposure on 07.5.

These results are

important as they suggest an unrecognized group of brain damaged people due to binge
prenatal alcohol exposure. This numerous abnormal neurons from the neocortex of the
heavy binge ethanol treatment group will result in abnormal neuroanatomic and
neurochemical environment, which were likely to underlie many of the neuronal and
physical deficits, and in turn may account for adverse neurobehavioral outcomes of
maternal alcohol consumption during pregnancy. These results implied that heavy binge
ethanol exposure alters the genetic program for neocortical neuronal development and for
the laminar assembly of cerebral cortical regions.
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Chapter 7

General Discussion

The overall aim of this study was to use a physiologically relevant mouse model to
examine both the acute and long term effects of binge ethanol exposure on the developing
central nervous system of the very early embryo.

The gastrulation mouse model

simulates alcohol exposure in the third week of human gestation when pregnancy may be
undetected.

Exposure to ethanol at this stage of development can produce the

morphological features that are typical of FASD in the human. To examine both the
acute and long term effects of ethanol exposure, three specific impacts were investigated.
The extent of cell death, changes in proliferation, and changes in brain structure,
specifically the number of cells in the neocortex of the forebrain.

7.1

Acute Apoptotic Cell Death

The first study assessed acute cell death following alcohol insult to pregnant C57BL/6J
mice on 07.5. The role of peak BAC and the duration ofBAC elevation in the causation
of acute cell death in-the ectoderm of the gastrulation embryo was investigated by
administering a number of ethanol doses via different exposure patterns and exposure
routes.

The results of immunohistological studies, demonstrated that cell death in the ectoderm
of the gastrulation mouse involves the fragmentation of DNA as detected by the TUNEL
method (see section 4.3). Cell death expressed as a TUNEL labeling index was 9.43 ±
2.08% (106.5), 8.97 ± 2.12% (104.5+), 3.43 ± 0.45% (104.5), 3.68 ± 0.67% (lP4.5), or
1.72 ± 0.24% (103.0+) compared to control values of2.14 ± 0.09% (Con6.5) and 2.81 ±
0.36% (Con4.5+). Caspase-3, a key effector enzyme in the apoptotic pathway, was
activated and thus was involved in at least some of the ectodermal cell death (see section
4.4).

Transmission electron microscopy, used to evaluate the morphological

characteristics of dying cells, indicated that cell death in the ectoderm occurred via the
apoptotic pathway in the alcohol exposed gastrulation mouse, as well as in naturally
occurring control mice (see section 4.5).
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Cell death in the ectoderm of the gastrulation mouse following ethanol exposure was
dependent on both peak BAC and on the duration of the elevation of BAC. A single dose
of ethanol administered on G7.5, only resulted in a significant increase in cell death
(TUNEL labeled apoptotic index) with the higher dose (6.5g/kg) that achieved a peak
BAC of 590.0 ± 32.6 mg/dl. The lower dose of ethanol (4.5 g/kg), irrespective of
whether intragastrically (peak BAC, 305.8 ± 23.6 mg/dl) or intraperitoneally (peak BAC,
363.8 ± 18.1 mg/dl) administered, did not result in increased cell death. However, an
ethanol delivery paradigm that achieved a lower peak BAC (304.55 ± 8.86 mg/dl), but
extended the elevated BAC over a greater time, did result in significant cell death. On
the contrary, an exposure paradigm of a further reduction in peak BAC (177.60 ± 6.71
mg/dl) over a more extended time period, as used in the IG3.0+ group, did not result in
acute significantly increased cell death.

This indicates that the peak BAC and the

duration of elevated BAC are both important factors in the causation of ethanol-induced
cell death.

When ethanol exposure occurs via a single binge, a higher dose (lG6.5) of ethanol
resulted in a higher peak BAC, a longer elevation of BAC, and a larger AUC compared to
both IG4.5 and IP4.5. This dose-response effect has been reported in previous studies
using rodent gastrulation embryos (Mitchell, 1994; Webster et al., 1980), in the rodent
during the second trimester equivalent stage (Du and Hamre, 2001; Kotkoskie and
Norton, 1988), and in postnatal rats during the brain growth spurt stage (Carloni et al.,
2004; Goodlett et al., 1990).

Cell death was caused by IG6.5 or IG4.5+ exposure

regimen but not by IG4.5, IP4.5, or IG3.0+ paradigms further strengthens and supports
the hypothesis that the peak BAC (Bonthius et al., 1988; Bonthius and West, 1990;
Goodlett et al., 1990; Maier and West, 2001), or the shape of AUC is important for the
cell death outcome.

The importance of extending the duration of the peak BAC was demonstrated by the
increased cell death in the longer lasting peak-BAC group (lG4.5+), but a lack of cell
death when peak BAC was maintained for a short time as in the IG4.5 and IP4.5.
Increased cell death in IG4.5+ but not in IG4.5 or IP4.5 supports the hypothesis - duration

206

of elevated BAC is crucial factor in determining embryo damage (Ashwell and Zhang,
1996; Blakley and Scott JR, 1984a).

Some of the apoptotic cells in the ectoderm were immuno-stained for activated caspase-3,
indicating that one of the possible biochemical mechanisms involved in ethanol-induced
apoptosis is the activation of the effector caspase, caspase-3. Activation of caspase-3 is
an integral step in the apoptotic pathway activated during naturally occurring cell death
of the gastrulation embryo, and thus, not surprisingly is also involved in ethanol-induced
cell death (Umpierre et al., 2001; Urase et al., 1998; Urase et al., 2003) (see section 4.4).
Active caspase-3 is believed to play an important role in the execution stage of apoptosis
through targeting key homeostatic and structural proteins, and leading to DNA
fragmentation and cytological changes, that result in cell death (Cryns and Yuan, 1998;
Wyllie, 1980b). However, this observation does not exclude the possibility that other
ectodermal cells underwent apoptosis via a pathway that involved other caspases or
proteases, or other molecular mechanisms.

7.2

Acute Proliferation Alteration

The second part of this study investigated the effect of a single exposure to alcohol on
cell proliferation in the ectoderm of the mouse gastrula. Brain damage can result from
the disturbance of cell proliferation as well as cell death (see chapter 5).

S-phase proliferation was significantly decreased in the ectoderm following a single
binge alcohol exposure, but M-phase proliferation was not altered. The most probable
explanation for ethanol suppression of S-phase but not M-phase proliferation is that
different phases of proliferation have different vulnerabilities with the S-phase more
sensitive to ethanol insult.

Suppression of S-phase proliferation by ethanol (6.5 g/kg) occurred throughout the whole
ectodermal layer, as well as in the primitive streak region and non primitive streak region.
An effect of acute alcohol exposure on proliferation in the gastrulation mouse has not
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been reported in previous studies. It has been shown, however, that chronic ethanol
exposure both delays and lengthens the generation of neurons in the cerebral cortex
(Miller, 1986; Miller, 1988; Miller, 1992; Miller, 1996).

It is of interest to note that there was no difference in S-phase proliferation between the

primitive streak and non primitive streak region, suggesting that there is not a highly
proliferative zone in the ectoderm in either the normal or ethanol exposed mouse gastrula.
This is in agreement with studies that suggest cell cycle is uniform (Lawson et aI., 1991;
Poelmann, 1980).

In contrast, other studies have shown that there is a highly

proliferative zone in the ectoderm (Mac Auley et al., 1993; Snow, 1977).

This study investigates the proliferative activity at very early time (1.5 hr after ethanol
exposure), indicating the S-phase proliferation was arrested. It is still unknown how long
this proliferative suppression would last. Systemically increasing the time of sampling
would be an interest of future studies to investigate the details of proliferation following
ethanol exposure.

7.3

Long Term Effects

The third component of this study was to assess the long term effects of binge alcohol
exposure during gastrulation. It was necessary to investigate outcome at two time points
(018.5 and PN60), as mice cannibalize abnormal offspring at or shortly after birth.
Unfortunately, offspring that fail to thrive, characteristic of an ethanol-damaged child,
will be cannibalized which will remove severely brain damaged animals from the study.
Examination at 018.5 was allowed the true extent of ethanol induced damage to be
assessed.

The development of the offspring was altered in a BAC-dependent manner (see chapter
6). Significant increases in embryonic reabsorption, decreased litter size, increased
abnormal offspring, and disorganized neocortical lamination were observed in the higher
peak BAC (577 mg/dl) group (106.5), but did not occur in the continuous low, elevated
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BAC (195 - 254 mg/dl) group (I03.0+). The results of alcohol effects on litter size and
abnormalities were concordant with the previous reports for mice at the same stage (Sulik
and Johnson, 1983; Sulik et al., 1988; Sulik and Johnston, 1982; Sulik et al., 1981;
Webster et al., 1980; Webster et aI., 1983). However, binge ethanol exposure at 08 did
not result in gross craniofacial malformation in offspring surviving to PN15 (Ashwell and
Zhang, 1996). The difference in results between these studies can be explained by the
different stage of embryonic development when ethanol exposure occurred.

The

temporal window of vulnerability has been supported by the findings of imbalance in
neuron loss within the cerebellum (Hamre and West, 1993; Maier et al., 1999).

Abnormal development as a result of gastrulation alcohol exposure did not affect
gestational length, litter sex ratio, body weight across age, and whole brain weight on
PN60. Meanwhile, acute alcohol exposure has no long term effect on either the total
neuronal number or neuronal density in the neocortex at PN60 (see section 6.4). The
total number (mean ± SEM x 106) of neurons was 12.221 ± 0.436, (I06.5), 11.987 ±
0.416 (I03.0+), and 11.806 ± 0.368 (Con6.5). Binge alcohol exposure at a slightly more
advanced developmental stage, from 07.5 to 08, had no effect on the total number of
neocortical neurons at PN15 (Ashwell and Zhang, 1996).

Significant acute cell death occurred in the ectoderm following ethanol exposure on 07.5.
There is an exponential expansion of precursor cells to form the brain, and thus,
elimination of stem cell or progenitor cells by apoptosis (see chapter 4) should lead to a
neuronal deficit. It is also likely alteration in proliferation (see chapter 5) at early
developmental stages will have a marked effect on the final number of terminally
maturing neurons. However, since the embryonic cells in the gastrulation stage are stem
cells or progenitor cells, they appear to be able to repair damage and attain the cell
population required for a normal brain. Clearly, this is the case, as acute deficits and
delay did not lead to permanent deficits in the neuronal population.

Investigation of the number of neurons due to alcohol insult only answers one part of the
question oflong-term central nervous system damage. In the present study, the other part
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of the question, the total number of glial cells and glial cell density were also investigated
at PN60, but were found not affected by acute ethanol exposure on G7.5. Over recent
years, the function of glial cells, especially the astrocytes, has been drawing more and
more attention since it was suggested that astrocytes play a central part in normal brain
functions (e.g., neuromodulation, neuroprotection, and blood brain barrier maintenance)
(McGraw et al., 2001; Ridet et al., 1997). However, the general astrocytic response to
alcohol abuse is still far from being defined. Ethanol-induced transient astrogliosis in the
cerebral cortex of the early postnatal rat has been reported by Goodlett and colleagues
(Goodlett et al., 1993; Goodlett et al., 1997b). Also a recent study has shown permanent
effects of widespread focal areas of reactive astrogliosis in PN42 rats following prenatal
alcohol exposure from G9 to G12 (Fakoya, 2005).

In addition, acute ethanol exposure on G7.5 has no long term effect on the total number
of capillary cells or capillary cell density, suggesting that oxygen transfer and nutrition
supporting in the neocortex was not compromised.

The lack of a long term effect on the total cell numbers (neurons, glial cells, and capillary
cells) in the entire neocortex does not mean there is no long term consequence. It may
merely reflect the fact that neocortex is a large area with many different regions and
layers that could show discrete deficits. A significant change of cell number in a regional
cortex could be easily disguised. The spatial window of vulnerability has been supported
by findings of imbalance in neuron loss within the trigeminal somatosensory system
(Miller, 1995c; Miller and Potempa, 1990; Mooney and Miller, 1999), forebrain (Ashwell
and Zhang, 1996), cerebellum (Bonthius and West, 1990; Hamre and West, 1993; Maier
et al., 1999), hippocampus (Bonthius and West, 1991; Miller, 1995a), and olfactory bulb
(Bonthius et al., 1992; Maier et al., 1999).

Of major interest in this study was the fact that, although cell populations were restored,
the structure of some surviving neurons was abnormal. There was an increased incidence
of laminar disorganization within the neocortex following high binge ethanol exposure
(IG6.5) compared with low, constant ethanol exposure (IG3.0+) and controls.
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Disturbed neuronal migration and abnormal organization in the cerebral cortex have been
reported in previous studies following chronic prenatal alcohol exposure (Fakoya, 2005;
Miller, 1986; Miller, 1988; Miller and Potempa, 1990). Similarly, severe lamination
disorganization was detected in the cerebral cortex following prenatal cocaine exposure
(Lidow, 1995; Lidow, 1998; Lidow and Song, 2001). The abnormal neurons exhibited
darkly stained shrunken appearances. The disorganized abnormal neurons in the present
study were distributed in location and severity across the whole neocortex.

This study has demonstrated that acute cell death and proliferation alteration of stem cells
in the gastrula mouse may lead to severe abnormalities and death, or can be compensated
in the way of cell population recovery. However, this compensation in total cell number
was only a non-complete repair considering the abnormal structural neurons distributed
within neocortical laminar.

7.4

Mechanisms

This study demonstrated that acute ethanol exposure in gastrulation mice resulted in
significant perturbation in cerebral cortical development, resulting in disorganization of
the neocortical lamination and the presence of abnormal neurons distributed in apparently
random patterns across the entire neocortex. It was still unknown why and how these
abnormal neurons persist into adulthood and why they are not dead or phagocytosed by
neighboring glial cells?

Whether these abnormal neurons were a failure of initial

development or resulted from later alterations is a puzzling question? There are many
possible mechanisms by which ethanol might disturb cerebral cortical development and
affect final cerebral structure.

The establishment of normal brain architecture requires coordination of the generation
and association of specific neuronal and glial cells. Acute cell death, proliferation arrest,
migration alteration, or differentiation disturbance may all contribute to neocortical
disorganization of lamination in PN60 offspring following acute heavy binge ethanol
exposure on 07.5. Neuronal migration in the developing cerebral cortex was impaired
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following chronic prenatal ethanol exposure in the rat (Miller, 1986; Miller, 1987; Miller,
1988), although no attempt was made to examine neuronal migration in the present study.
The mechanism of alteration of neuronal migration following acute prenatal ethanol
exposure has not been established but several hypotheses have been proposed. Glial
cells, especially astrocytes, constitute one of the most common cell types in the brain.
Astrocytes or their precursor cells - radial glial cells, are profoundly affected by prenatal
(Fakoya, 2005; Miller, 2003; Miller and Robertson, 1993) and postnatal alcohol exposure
(Goodlett et al., 1993; Goodlett et aI., 1997b), suggesting that alterations in these cells
may participate in neocortical lamination disorganization.

Furthermore, it has been proposed that radial glial fibers guide migrating neuroblasts to
their correct destination in the developing cerebral cortex (Rakic, 1972). Experimental
evidence also showed that alcohol disrupted radial glial and astroglial development in

vivo (Miller, 2003; Miller and Robertson, 1993) and in vitro (Guerri et aI., 2001; Guerri
and Renau-Piqueras, 1997; Valles et aI., 1996), which may lead to alterations in neuronal
migration and differentiation. Disturbed migration and differentiation would induce
neocortical disorganization (Miller, 2003; Miller and Robertson, 1993). The size of these
abnormal neuron masses resulting from prenatal heavy ethanol exposure may depend on
how severely the migratory pathways (radial glial fibers) were disturbed and how many
neuroblasts failed to migrate correctly.

Alongside interference of normal neuronal migration, other possible mechanisms may
also contribute to the lamination disorganization of abnormal neurons. These factors
included suppression of neurotrophic support (Bonthius et aI., 2003; Heaton et aI., 2003;
Luo and Miller, 1997a; Luo et aI., 1997b; Pantazis et aI., 1994), modification of normal
sequences of gene expression (Li and Shiota, 1999; Wang, 1998), interference with the
expression of cell adhesion molecules (Wilkemeyer et aI., 2002; Wilkemeyer et aI.,
2000), impairment of several neurotransmitter systems and/or their receptors (Schambra
et aI., 1990; Scott et aI., 1992). Future studies should help elucidate which of these
mechanisms play central roles in developmental laminar abnormalities of the cerebral
cortex.
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7.5

Advantages of Using GMA Whole Brain Embedding and
Serial Section Cutting

Using stereological methods, this study demonstrated that PN60 C57BL/6J mice in
controls had approximately 11.806 million neocortical neurons, 5.166 million glial cells,
and 3.284 million capillary cells in the entire neocortex. The result of estimated neuronal
number in the neocortex of adult C57BL/6J mouse was consistent with the reports of
other studies, in which the neuronal number was between 10 and 12 million (Bondolfi et
al., 2002; Calhoun et al., 1998). In the present study, the estimates of cell densities were
roughly 252,340/mm 3 for neurons, 110,740/mm 3 for glial cells, and 70,080/mm3 for
capillary cells. The mean whole neocortical volume was approximately 46.8 mm'. The
results of neuronal density and neocortical volume were similar to a previous report
(Ashwell and Zhang, 1996). The small standard deviations and coefficients of error
suggest that the estimates are highly precise. This estimate of cell number but not of
volume was however higher than that reported by Bonthius and colleagues (Bonthius et
al., 2004), in which the number of neocortical neurons was approximately 3.18 million in
the right hemisphere with the neocortical volume of 20.3 mnr'.

The differences in

neuronal numbers are difficult to interpret, but they may derive from differences in
mouse strain, differences between tissue processing in different laboratories, or
differences in defining the anatomical area and identifying cell types.

For stereology, optimal embedding and staining techniques are the basis for better
understanding neuronal morphological details. Usually, GMA embedding is suitable for
small brain specimens due to inadequate infiltration and polymerization of large tissues.
This often requires dissection of the tissue free from adjacent brain regions and cutting
the tissue into multiple small slabs prior to plastic embedding (Mooney et al., 1996).
Obviously, dissection of tissue to isolate an interest region can damage the remainder of
the tissue and make it unusable for stereology. Also, cutting tissue into multiple slabs,
would induced an appreciable probability that one of the fragments containing a
significant proportion of the quantity of interest could be discarded, which would
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introduce error into the process of systematic random sampling. These shortcomings are
avoided through the use of whole brain GMA embedding.

Use of the whole brain GMA embedding, serial sagittal section cutting, and cresyl violet
staining in the present study has the advantage of preserving all of the information in a
large specimen - whole PN60 mouse brain, and enabling a precise reconstruction of
anatomical and pathological findings. Serial sections were cut and every second section
was kept through the whole left hemisphere, thus allowing stereological cell counts
performed either on the entire brain or regional brain areas in the same animals by using
different combinations of sections. To our knowledge, this is the first report in which
whole brain was embedded and serial sections were cut to enable for stereological cell
counting from both the entire brain and multiple brain regions of the same animals in the
GMA embedded tissue.

Another advantage of whole brain GMA embedding and serial sectioning was the saving
on total time requirement for tissue preparation. Embedding the whole brain in GMA
require a little longer time up to 10 days, and needed good cutting skills. However, once
sectioning was finished, cell counts can be performed either on the entire brain or on
regions in different sets of serial sections.

Compared with the preparation of

stereological cell counts in a regions using the multiple slab method, the whole brain
embedding and serial cutting method saves much more time if more than one region
needs to be stereo logically counted.

7.6

Clinical Application or Relevance

The specific aims of this study were to use an animal model to systematically investigate
different alcohol exposure paradigms on teratogenic outcome.

Two predominant

drinking styles, binge and lower but continuous ethanol exposure within an extended
binge, were modeled.
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Binge drinking is a common pattern of alcohol consumption in New Zealand (Field and
Casswell, 1999; Kypri et aI., 2002) and may occur during a period of very early
development, prior to pregnancy detection. Evidence from both human (Jacobson, 1998;
Jacobson and Jacobson, 1999) and animal studies (Bonthius et aI., 1988; Bonthius and
West, 1990; Du and Hamre, 2001; Ikonomidou et aI., 2000) has shown that binge
drinking is particularly harmful to the fetus. For this reason, the effects following a
single binge alcohol exposure were investigated in this study.

The length of a binge drinking episode vanes considerably with some drinkers
consuming alcohol continually over a relatively extended period (Watson and McDonald,
1999). The present study simulated this pattern by developing a paradigm of consecutive
low, long ethanol exposure with a consequent fairly stable elevated BAC (see section
4.3). This model makes it possible to investigate the role of peak BAC and duration of
BAC separately.

Physiological relevant models were used in the present study for investigating acute and
long term effects following ethanol exposure during gastrulation. One intraperitoneal
dose was used to comparison with physiological intragastric model.

Despite no

difference in peak BAC and acute cell death between IP and IQ ethanol delivery, long
term effects due to these different alcohol administration methods are not known and
were not investigated in the present study. However, the IP model has been unsuccessful
to deliver live pups in previous studies (Sulik et al., 1984; Webster et al., 1980).
Administration of ethanol directly into the maternal peritoneal cavity would produce a
high local ethanol concentration, which may result in changes in the peritoneum and
abdominal organs, and compromise uterus function and fetal development, that in turn
may affect outcome. Thus, it is important to use a physiological relevant animal model to
simulate human cases of ethanol induced damage.

In addition, a heavy binge group with 6.5 g/kg ethanol dose was used in this study, which
achieved a relatively high BAC around 617 mg/dI. This high dose of alcohol (or level of
BAC) simulated extreme human cases which have been reported among female
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university students (Kypri et aI., 2002), with one in 14 female drinkers consuming more
than 16 drinks in a single setting. Another study has also reported that 6 in 272 (2.5%)
binge drinking pregnant women consumed more than 15 drinks per episode (G1adstone et
aI., 1997). High BAC levels between 500 and 780 mg/dl do occur as reported in 24
alcoholic patients at the Sahgren's hospital (Lindblad and Olsson, 1976).

Gastrulation ethanol exposure, results in significant cell death in the IG6.5 and IG4.5+
groups. It should be noted that the standard error of mean apoptotic index in these two
groups are high (Figure 4.8), indicating a biological variation between embryos to the
same insults. Long term effects also echo this biological variation, with some embryos
completely reabsorbed, some offspring having serious malformations that prevent
postnatal life, some offspring having subtle disorganized cortical lamination, or some
offspring being normal. Biological variation observed in this mouse study reflects the
human situation, as FAS does not occur uniformly among the heavy drinkers (Abel,
1995a).

A major goal in the fetal alcohol research field is to establish whether there is a threshold
level for the neurotoxic effects of ethanol. This project was able to investigate the idea of
a threshold for ectodermal damage in the gastrulation embryo by comparing the
outcomes, acute cell death and long term changes over a number of specifically designed
ethanol exposure paradigms.

The present study found that both peak BAC and length of elevated BAC contribute to
the magnitude of ethanol damage. Combining the ethanol models (IG4.5+, IG4.5 and
IP4.5), the results suggested that there may be a threshold for the duration of elevated
BAC, with significant cell death occurring at 300 mg/dl peak BAC lasting 6 hours but not
when this peak BAC level lasts only 2 hours.

Combining ethanol model (IG4.5+,

IG3.0+), the results also implied that there may be a threshold of peak BAC, with
significant cell death occurring at peak BAC around 300 mg/dl but not at peak BAC
around 200 mg/dl despite its longer time of elevation, around 8 hours.
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Long term consequences of ethanol exposure also ocurred in a BAC-dependent manner.
Reduced litter size, increased incidence of abnormalities, and disorganized neocortical
lamination occurred in the higher peak BAC group (106.5), but not in the continuous
low-long elevated BAC group (103.0+).

A better understanding of the relationship between the blood alcohol concentration (peak
and duration of BAC) and the incidence of malformations in brain development allows
physicians to make a better risk assessment concerning FAS.

However, accurately

determining threshold parameters for particular prenatal alcohol-related outcomes is still
in an early stage and may not be able to be applied as easily to the human due to
confounding factors.

It has been suggested that maintaining BAC at or above 200 mg/dl for four consecutive

hours is the minimum condition for triggering neural cell death (lkonomidou et aI., 2000).
However, Du and Hamre (2001) found that a peak BAC of above 350 mg/dl compared to
200 mg/dl, was needed in an intragastric mouse model on 012.5, to induce a significant
increase in cell death in the developing brain. On the contrary, other studies reported that
increased acute cell death is induced by relatively low BAC level, around 80 mg/dl for 60
minutes in the PN7 mouse (Olney, 2004; Olney et aI., 2002b; Tenkova et aI., 2003). In
addition, a recent study observed increased acute cell death with a BAC of 100 mg/dl
from 1.0 g/kg ethanol dose in the gastrulation mouse (Kilburn et al., 2006).

Increased cell death caused by alcohol exposure was detected in the present study, and
the peak BAC threshold to induce this effect was 300 mg/dl instead of 100 mg/dl which
was reported by Kilburn and colleagues (2006).

There are two crucial differences

between the experiments. One was that a high concentration (20 ug/ml) of proteinase K
pretreatment of tissue for TUNEL labeling was used in the study of Kilburn and
colleagues (2006), and this has been found to cause false positive staining in the
gastrulation embryos from our and other studies (Migheli et aI., 1994).

The other

difference between the experiments was the time points used to examine the cell death
effects, 10 hr in the present study and 1 to 3 hr in the study of Kilburn and colleagues
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(2006). A 10 hr time point was selected since a previous study (Light et al., 2002) found
8 - 12 hr is the peak time of cell death following alcohol exposure on PN4. However,
some neurons (e.g. neurons in the caudate nucleus) undergo apoptosis are much faster,
with peak caspase-3 activation ocurs at 4 hours (Olney et al., 2002a). In addition, a peak
BAC of 200 mg/dl in the present study was also not high enough to trigger a decrease in
litter size, increased abnormalities, increased neocortical disorganization, or increased
cell loss.

These data from long term study echo the results of the acute cell death

experiment. In addition, human studies support a relatively higher BAC threshold to
induce brain damage, since the incidence of FAS was only 4.3% (Abel, 1995a) instead of
100% in the heavy drinking population (> 30 g/day). Furthermore, studies show that
alcohol intake up to l G g/day in pregnancy is unlikely to have much impact on child
development (Hannigan, 1996; Jacobson et al., 1998), but alcohol exposure above 50
g/occasion will cause significant functional deficits (Jacobson et al., 1998).

Investigation of a possible threshold is a very important consideration, particularly when
women may continue to drink prior to knowledge of a pregnancy. Could the pregnant
woman drink as long as they like if they can control the BAC level below some
"threshold" range?

What is the "threshold" dose (or BAC level) of binge alcohol

exposure? How much is too much for a single dose, how high is too high for a BAC, and
how long is too long for a period of alcohol exposure?

The debate on threshold level for alcohol intake and BAC levels in pregnancy will
probably never be completely settled due to interference of other factors, such as
individual differences in genetic susceptibility (Chernoff, 1980; Goodlett et al., 1989),
competence in alcohol metabolism (Kelly et al., 1987; Pennington, 1988), timing of the
alcohol insult (Hamre and West, 1993; Maier et al., 1999). With the direct toxic effect of
ethanol on cells, the results of the present study plus published literature (Bonthius and
West, 1990; Bonthius and West, 1991; Ikonornidou et al., 2000; Kilburn et al., 2006;
Napper and West, 1995; Olney et al., 2002b; Sulik et al., 1981; Tenkova et al., 2003;
Webster et al., 1980; West et al., 1984a) indicate that the threshold for ethanol induced
brain damage is specific for the stage of development and the brain region.
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7.7

Future Study

Offspring of gastrulation alcohol exposed mice displayed disorganized neocortical
lamination containing morphologically abnormal neurons, although the neocortical
volume, and total number of neurons, glial cells, and capillary cells were not affected by
the period of prenatal alcohol exposure.

This implies that for the animals that survived prenatal ethanol treatment, the
regenerative capacity of cortical neuroepithelial precursors was not impaired.

The

abnormal neurons exhibited darkly stained cytoplasm that was shrunken in appearance.
Although the molecular regulation of soma size is not well understood, studies show that
neuronal soma size has been correlated with both rapid neuronal development and
increased neural activity (Leuba et al., 1977). It is very likely that the abnormal neurons
in the mature neocortex would create an abnormal neuroanatomic environment. Thus, an
intriguing and important issue for future study will be to investigate the ultrastructure of
the abnormal neurons and the structure and function of the neuronal network they
establish and are part of.

A very small alteration in neocortical neuroanatomical or chemical organization (Caldeira
et al., 2004) can result in a change in a particular function or behavior. Thus, further
analysis should be performed using electrophysiological techniques to determine the
functional status of these morphologically abnormal neurons, and the integrity of the
inter- and intra- area circuitry. Meanwhile, behavioral studies can also be undertaken to
assess whether this abnormal anatomical environment results in changes in behavior
known to involve neocortex.

The final assembly of the mature brain is the result of a complex series of temporally and
spatially regulated events that are finely tuned by genetic and environmental factors.
Prenatal treatment with ethanol, although transient, affects this balance by increasing cell
death (see chapter 4) and reducing cell proliferation (see chapter 5). In addition, another
key factor, neuronal migration may also be affected by gastrulation alcohol exposure.
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After release from the proliferation layer, neurons migrate from the proliferative
ventricular zone to developing telencephalic areas where they differentiate (Hatten, 1999;
Rakic, 1972). In the specific case of the cerebral cortex, postmitotic neurons migrate
through the intermediate zone with either radial or tangential trajectories to reach the
outer edge of the developing cortical plate in a progressively more superficial position
(Austin and Cepko, 1990; Q'Rourke et al., 1992). Interference with this process will lead
to abnormalities of the cortical layering (Fakoya, 2005; Lidow, 1995; Lidow, 1998;
Miller and Potempa, 1990).

In addition, the establishment of normal brain architecture requires coordination of
structural and functional interactions between neuronal and glial cells. Due to teratogen
exposure, long term cortical damage represented by disruption of these complex
relationships may result from acute developmental alteration such as disturbing numbers
of cells generated or the timing of cell origin on different cell types, inducing abnormal
neural and glial cell death, disrupting migration of neurons and related glial scaffold.
Thus, an attractive topic for the future study is to investigate when the abnormal neurons
were produced, how they migrated and differentiated, and what is the relationship and
interaction between migrating neuron and guiding glia.

Structural investigation and functional assessment are important to better understand the
extent of the brain damage due to prenatal alcohol exposure.

At the same time,

biochemical analysis may reveal the specific mechanisms underlying this damage.
Ethanol insult in early pregnancy may trigger extensive genetic modification or cell
mutation (Li and Shiota, 1999). Mutations incurred in early embryogenesis could be
transmitted to large populations of cells, when the mutant cells continue to divide and are
incorporated into the germ line. These mutant cells would contribute to teratogenesis (Li
and Shiota, 1999) or result in lethality (Lim and Hasty, 1996). Modifications of Hox
genes in the mouse gastrulation embryo, leading to vertebral transformations, is an
example of cell mutation due to teratogenic insult (Li & Shiota, 1999).

Genetic

modification can also trigger extensive alterations in the synthesis or availability of
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essential neurotrophic factors (NTFs) and/or their receptors, creating an imbalance in the
quantity ofNTFs and/or receptors.

Neurotrophic factors (NTFs) stand in the centre of the arena of normal brain
development, and their well-known roles in virtually every stage of this process have
been extensively studied and documented (Ernfors et al., 1992; Ernfors et al., 1990;
Friedman et al., 1998; Hofer et aI., 1990; Maisonpierre et al., 1990; Toyomoto et al.,
2005).

Experimental data has shown that neurotrophic factors are important for

protection of central nervous system neurons in acute ethanol insult (Bonthius et al.,
2003; Heaton et al., 2003; Luo and Miller, 1997a; Luo et al., 1997b; Pantazis et al., 1994)
and chronic ethanol exposure (Miller and Mooney, 2004) both in vivo (Heaton et al.,
2003; Miller and Mooney, 2004) and in in vitro models (Bonthius et al., 2003; Luo and
Miller, 1997a; Luo et al., 1997b; Pantazis et al.. , 1994), suggesting an essential survival
promoting role ofNTFs after ethanol insult.

Acute ethanol exposure during early postnatal development results in an imbalance in the
quantity of NTFs (Heaton et al., 2003), with up-regulation and/or down-regulation of
different NTFs at various time points soon after ethanol insult. However, no data are
available on the long-term effects of NTFs alterations due to either prenatal or postnatal
ethanol insult. Indeed, brain neurotrophic factor levels change with developmental stage,
brain region, and cell type (Ernfors et al., 1992; Ernfors et al., 1990; Hofer et al., 1990;
Maisonpierre et al., 1990; Zhou and Rush, 1994). Thus, an interesting project for future
study would be to investigate more extensively the NTFs levels at different prenatal and
postnatal developmental stages, in various brain areas, and different cell populations
following gastrulation alcohol exposure. Using immunohistochemical detection of NTF
proteins or in situ hybridization for NTF mRNA expression levels, the mechanism behind
the ethanol induced fetal damage in development, could be assessed.

In the present study, it was found that although some ectodermal cells die after alcohol
exposure, numerous cells survive. The mechanisms behind this phenomenon are unclear.
Is there any variance of cellular activity among different cells which triggers variant
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reaction to the same insults? Thus, systematic biochemical analysis the underlying
mechanisms of sensibility/resistance will be the subject of future study, which would
provide a solid foundation for the risk analysis and disease prevention when alcohol
consumption has occurred in early pregnancy.

7.8

Conclusions

This study successfully simulated human binge drinking to investigate the induction of
acute cell death, changes in proliferation, and long term neural abnormalities which are
similar to those abnormalities of central nervous system, characteristic of human fetal
alcohol syndrome.

There were three principal findings in this study. First, the present study demonstrated
that both physiological and ethanol-induced cell death in the mouse gastrula occurs via
apoptosis, More importantly, using different ethanol-exposure paradigms found that
increased cell death in the ectoderm depended on both peak BAC and the duration of
elevated BAC. In addition, there appears to be a peak BAC threshold for triggering
increased cell death.

Second, this study demonstrated that binge alcohol exposure inhibited DNA synthesis (Sphase proliferation) in the ectoderm of gastrula mouse. There was no regional difference
in the inhibition of S-phase proliferation between primitive streak and non-primitive
streak regions.

Mitosis (M-phase proliferation) was not affected by binge alcohol

exposure.

Third, the present study demonstrated that gastrulation alcohol exposure resulted in
permanent damage to the developing fetus.

Acute heavy binge gastrulation alcohol

exposure induced long term effects with increased neonatal abnormalites, reduced litter
size, and disorganized neocortical lamination in a BAC dependent manner. Meanwhile,
alcohol exposure on G7.5 had no long term effect on the total cell number of neurons,
glial cells, or capillary cells in the neocortex.
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Gastrulation occurs at about the first missed menstrual period and before most women
realize they are pregnant. The results of this study provide important data relevant to
those women who drink heavily and may be abusing alcohol during a significant portion
of the first trimester without recognition of their pregnancy. From my knowledge, this
study is the first thorough examination of both acute and long-term effects of bingealcohol exposure during gastrulation on fetal outcome. Importantly, it is also uses a
physiologically relevant animal model.

The data on alcohol dose, blood alcohol

concentration level, and related cell death, proliferation, and consequent long effects,
provide very important background information to understand the real harm of ethanol
exposure at very early pregnancy.

223

References
Abbott BD, Ebron-McCoy M, Andrews JE. 1995. Cell death in rat and mouse embryos
exposed to methnol in whole embryo culture. Toxicology 97:159-171.
Abel EL. 1982. Behavioral teratology of alcohol (animal model studies of the fetal
alcohol syndrome). In: Abel EL, editor. Animal Studies. Boca Raton: FL: CRC
Press. p 59-81.
Abel EL. 1995a. An update on incidence of FAS: FAS is not an equal opportunity birth
defect. Neurotoxicology and Teratology 17(4):437-443.
Abel EL, Dintcheff BA. 1985. Factors affecting the outcome of maternal alcohol
exposure: n. Maternal age. Neurobehav Toxicol Teratol 7(3):263-266.
Abel EL, Hannigan JH. 1995b. Maternal risk factors in fetal alcohol syndrome:
provocative and permissive influences. Neurotoxicology and Teratology
17(4):445-462.
Abel EL, Kruger M. 1998. What do physicians know and say about fetal alcohol
syndrome: a survey of obstetricians, pediatricians, and family medicine
physicians. ALcoholism: Clinical and Experimental Research 22(9): 1951-1954.
Abel EL, York JL. 1979. Absence of effect of prenatal ethanol on adult emotionality and
ethanol consumption in rats. J Stud Alcohol 40(7):547-553.
Agmon A, Yang LT, O'Dowd DK, Jones EG. 1993. Organized growth of thalamocortical
axons from the deep tier of termination into layer IV of developing mouse barrel
cortex. The Journal of Neuroscience 13(12):5365-5382.
Alcohol Advisory Council of New Zealand. 2001. Amount of pure alcohol available for
consumption
for
persons
15
years
and
over.
http://www.alcohol.org.nz/effects/index.html.
Algar EM, VandeBerg JL, Holmes RS. 1992. A gastric alcohol dehydrogenase in the
baboon: purification and properties of a 'high-Km' enzyme, consistent with a role
in 'first pass' alcohol metabolism. Alcohol Clin Exp Res 16(5):922-927.

224

Alliot F, Godin I, Pessac B. 1999. Microglia derive from progenitors, originating from
the yolk sac, and which proliferate in the brain. Developmental Brain Research
117:145-152.
Altshuler HL, Shippenberg TS. 1981. A subhuman primate model for fetal alcohol
syndrome research. Neurobehav Toxicol Teratol 3(2): 121-126.
Ammon E, Schafer C, Hofmann D, Klotz D. 1996. Disposition and first-pass metabolism
of ethanol in humans: is it gastric or hepatic and does it depend on gender? Clin
Pharmacol Ther 59:503-513.
Angevine JB, Sidman RL. 1961. Autoradiographic study of cell migration during
histogenesis of cerebral cortex in the mouse. Nature 192:766-768.
Anthony EE, K1ein C, Fishell G, Heintz N. 2004. Radial glia serve as neuronal
progenitors in all regions of the central nervous system. Neuron 41 :881-890.
Archibald SL, Fennema-Notestine C, Gamst A, Riley EP, Mattson SN, Jernigan TL.
2001. Brain dysmorphology in individuals with severe prenatal alcohol exposure.
Developmental Medicine & Child Neurology 43: 148-154.
Arends MJ, Morris RG, Wyllie AH. 1990. Apoptosis the role of the endonuclease.
American Journal of Pathology 136(3):593-608.
Aronson M, Kyllerman M, Sabel KG, Sandin B, Olegard R. 1985. Children of alcoholic
mothers. Developmental, perceptual and behavioural characteristics as compared
to matched controls. Acta Paediatr Scand 74(1):27-35.
Ashwell K. 1990. Microglia and cell death in the developing mouse cerebellum.
Developmental Brain Research 55:219-230.
Ashwell K. 1991. The distribution of microglia and cell death in the fetal rat forebrain.
Brain Res Dev Brain Res 58(1):1-12.
Ashwell KWS, Zhang L-L. 1996. Forebrain hypoplasia following acute prenatal ethanol
exposure: quantitative analysis of effects on specific forebrain nuclei. Pathology
28:161-166.
Astley SJ, Clarren SK. 1996. A case definition and photographic screening tool for the
facial phenotype of fetal alcohol syndrome. Journal of Pediatrics 129(1):33-41.

225

Astley SJ, Clarren SK. 2001. Measuring the facial phenotype of individuals with prenatal
alcohol exposure: correlations with brain dysfunction. Alcohol & Alcoholism
36(2):147-159.
Austin CP, Cepko CL. 1990. Cellular migration patterns in the developing mouse
cerebral cortex. Development 110:713-732.
Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, Lovell-Badge R. 2003.
Multipotent cell lineages in early mouse development depend on SOX2 function.
Genes & Development 17:126-140.
Bannigan J, Burke P. 1982. Ethanol teratogenicity in mice: a light microscopic study.
Teratology 26:247-254.
Bannigan J, Cottell D. 1984. Ethanol teratogenicity in mice: an electron microscopic
study. Teratology 30:281-290.
Baraona E, Abittan CS, Lieber CS. 2000. Contribution of gastric oxidation to ethanol
first-pass metabolism in baboons. Alcoholism: Clinical and Experimental
Research 24(7):946-951.
Barr HM, Streissguth AP. 2001. Identifying maternal self-reported alcohol use associated
with fetal alcohol spectrum disorders. Alcoholism: Clinical & Experimental
Research 25:283-287.
Batten BE, Haar JL. 1979. Fine structural differentiation of germ layers in the mouse at
the time of mesoderm formation. Anat Rec 194:125-142.
Bauer-Moffett C, Altman 1. 1977. The effect of ethanol chronically administered to
preweanling rats on cerebellar development: A morphological study. Brain
Research 119:249-268.
Bellairs R. 1961. The structure of the yolk of the hen's egg as studied by electron
microscopy. 1. The yolk of the unincubated egg. J Biophys Biochem Cytol
11:207-225.
Berry M, Rogers AW. 1965. The migration of neuroblasts in the developing cerebral
cortex. J Anat 99(4):691-709.
Bielawski DM, Abel EL. 2002. The effect of administering ethanol as single vs. divided
doses on blood levels in the rat. Neurotoxicology and Teratology 24:559-562.

226

Blakley PM, Scott J, W. 1. 1984b. Determination of the proximate teratogen of the mouse
fetal alcohol syndrome: 1. Teratogenicity of ethanol and acetaldehyde.
Toxicology and Applied Pharmacology 72:355-363.
Blakley PM, Scott JR WJ. 1984a. Determination of the proximate teratogen of the mouse
fetal alcohol syndrome: 2. Pharmacokinetics of the placental transfer of ethanol
and acetaldehyde. Toxicology and Applied Pharmacology 72:364-371.
Blaschke AJ, Staley K, Chun 1. 1996. Widespread programmed cell death in proliferative
and postmitotic regions of the fetal cerebral cortex. Development 122: 1165-1174.
Blaschke AJ, Weiner JA, Chun 1. 1998. Programmed cell death is a universal feature of
embryonic and postnatal neuroproliferative regions throughout the central nervous
system. The Journal of Comparative Neurology 396:39-50.
Bondolfi L, Calhoun M, Ermini F, Kuhn HG, Wiederhold K-H, Walker L, Staufenbiel M,
Jucker M. 2002. Amyloid-associated neuron loss and gliogenesis in the neocortex
of amyloid precursor protein transgenic mice. The Journal of Neuroscience
22(2):515-522.
Bonthius DJ, Bonthius NE, Napper RM, West JR. 1992. Early postnatal alcohol exposure
acutely and permanently reduces the number of granule cells and mitral cells in
the rat olfactory bulb: a stereological study. J Comp Neurol 324(4):557-566.
Bonthius DJ, Goodlett CR, West JR. 1988. Blood alcohol concentration and severity of
microencephaly in neonatal rats depend on the pattern of alcohol administration.
Alcohol 5:209-214.
Bonthius DJ, Karacay B, Dai D, Pantazis NJ. 2003. FGF-2, NGF and IGF-l, but not
BDNF, utilize a nitric oxide pathway to signal neurotrophic and neuroprotective
effects against alcohol toxicity in cerebellar granule cell cultures. Developmental
Brain Research 140:15-28.
Bonthius DJ, McKim R, Koele L, H. H, Karacay B, Mahoney J, Pantazis N1. 2004. Use
of frozen sections to determine neuronal number in the murine hippocampus and
neocortex using the optical disector and optical fractionator. Brain Research
Protocols 14:45-57.
Bonthius DJ, West JR. 1990. Alcohol-induced neuronal loss in developing rats: increased
brain damage with binge exposure. Alcoholism: Clinical and Experimental
Research 14(1): 107-118.

227

Bonthius DJ, West JR. 1991. Permanent neuronal deficits in rats exposed to alcohol
during the brain growth spurt. Teratology 44(2):147-163.
Borges S, Lewis PD. 1983. Effects of ethanol on postnatal cell acquisition in the rat
cerebellum. Brain Research 271 :388-391.
Bosman FT, Visser BC, van Oeveren J. 1996. Apoptosis: pathophysiology of
programmed cell death. Pathol Res Pract 192:676-683.
Brunet CL, Gunby RH, Benson RS, Hickman JA, Watson AJ, Brady G. 1998.
Commitment to cell death measured by loss of clonogenicity is separable from the
appearance ofapoptotic markers. Cell Death Differ 5(1):107-115.
Buja LM, Eigenbrodt ML, Eigenbrodt EH. 1993. Apoptosis and necrosis: basic types and
mechanisms of cell death. Arch Pathol Lab Med 117:1208-1214.
Bursch W, Kleine L, Tenniswood M. 1990a. The biochemistry of cell death by apoptosis.
Biochem Cell Bioi 88:1071-1074.
Bursch W, Paffe S, Putz B, Barthel G, Schulte-Hermann R. 1990b. Determination of the
length of the histological stages of apoptosis in normal liver and in altered hepatic
foci of rats. Carcinogenesis 11:847-853.
Caldeira JC, Wu Y, Mameli M, Purdy RH, Li P-K, Akwa Y, Savage DD, Engen JR,
Valenzuela CF. 2004. Fetal alcohol exposure alters neurosteroid levels in the
developing rat brain. Journal of Neurochemistry 90:1530-1539.
Calhoun ME, Wiederhold K-H, Abramowski D, Phinney AL, Probst A, Sturchler-Peirrat
C. 1998. Neuron loss in APP transgenic mice. Nature 395:755-756.
Cameron RS, Rakic P. 1991. Glial cell lineage in the cerebral cortex: a review and
synthesis. Glia 4(2):124-137.
Carloni S, Mazzoni E, Balduini W. 2004. Caspase-3 and calpain activities after acute and
repeated ethanol administration during the rat brain growth spurt. Journal of
Neurochemistry 89:197-203.
Cartwright MM, Smith SM. 1995. Increased cell death and reduced neural crest cell
numbers in ethanol-exposed embryos: partial basis for the fetal alcohol syndrome
phenotype. Alcoholism: Clinical and Experimental Research 19(2):378-386.

228

Cartwright MM, Tessmer LL, Smith SM. 1998. Ethanol-induced neural crest apoptosis is
coincident with their endogenous death, but is mechanistically distinct.
Alcoholism: Clinical and Experimental Research 22(1): 142-149.
Caviness Jr VS. 1975. Architectonic map of neocortex of the normal mouse. The Journal
of Comparative Neurology 164:247-264.
Caviness Jr VS. 1982. Neocortical histogenesis in normal and reeler mice: a
developmental study based upon [3H] thymidiine autoradiography.
Developmental brain research 4:293-302.
Caviness Jr VS, Takahashi T, Nowakowski RS. 1995. Numbers, time and neocortical
neurogenesis: a general developmental and evolutionary model. Trends Neurosci
18:379-383.
Caviness VS, Jr., Korde MG. 1981. Monoaminergic afferents to the neocortex: a
developmental histofluorescence study in normal and Reeler mouse embryos.
Brain Res 209(1):1-9.
Chan WY, Yew DT. 1998. Apoptosis and Bcl-2 oncoprotein expression in the human
fetal central nervous system. The Anatomical Record 252:165-175.
Chandler JM, Cohen GM, MacFarlane M. 1998. Different subcellular distribution of
caspase-3 and caspase-7 following Fas-induced apoptosis in mouse liver. J Biol
Chem 273(18): 10815-10818.
Checiu M, Sandor S. 1986. The effect of ethanol upon early development in mice and
rats. IX. Later effect of acute preimplantation intoxication in mice. Morphol
EmbryoI32:5-11.
Chernoff GF. 1980. The fetal alcohol syndrome in mice: maternal variables. Teratology
22:71-75.
Choi BH. 1988. Prenatal gliogenesis in the developing cerebrum of the mouse. Glia
1:308-316.
Church MW, Abel EL, DintcheffBA, Matyjasik C. 1990. Maternal age and blood alcohol
concentration in the pregnant long-evans rat. The Journal of Pharmacology and
Experimental Therapeutics 253(1): 192-199.

229

Church MW, Kaltenbach JA. 1997. Hearing, speech, language, and vestibular disorders
in the fetal alcohol syndrome: a literature review. Alcohol Clin Exp Res
21(3):495-512.
Clarren SK. 1981. Recognition of fetal alcohol syndrome. JAMA 245(23):2436-2439.
Clarren SK. 1982a. The diagnosis and treatment of fetal alcohol syndrome. Compr Ther
8(10):41-46.
Clarren SK, Alvord J, E. C., Sumi SM, Streissguth AP, Smith DW. 1978b. Brain
malformations related to prenatal exposure to ethanol. The Journal of Pediatrics
92(1):64-67.
Clarren SK, Astley SJ. 1992. Pregnancy outcomes after weekly oral administration of
ethanol during gestation in the pig-tailed macaque: comparing early gestational
exposure to full gestational exposure. Teratology 45(1):1-9.
Clarren SK, Astley SJ, Bowden DM. 1988. Physical anomalies and developmental delays
in nonhuman primate infants exposed to weekly doses of ethanol during gestation.
Teratology 37(6):561-569.
Clarren SK, Astley SJ, Bowden DM, Lai H, Milam AH, Rudeen PK, Shoemaker WJ.
1990. Neuroanatomic and neurochemical abnormalities in nonhuman primate
infants exposed to weekly doses of ethanol during gestation. Alcoholism: Clinical
and Experimental Research 14(5):674-683.
Clarren SK, Bowden DM. 1982b. Fetal alcohol syndrome: a new primate model for binge
drinking and its relevance to human ethanol teratogenesis. J Pediatr 101(5): 819824.
Clarren SK, Bowden DM. 1984. Measures of alcohol damage in utero in the pigtailed
macaque (Macaca nemestrina). Ciba Found Symp 105:157-172.
Clarren SK, Smith DW. 1978a. The fetal alcohol syndrome. The New England Journal of
Medicine 298(19): 1063-1067.
Cohen FS, Densen-Gerber J. 1982. A study of the relationship between child abuse and
drug addiction in 178 patients: preliminary results. Child Abuse Negl 6(4):383387.

230

Cole LA, Khanlian SA, Sutton JM, Davies S, Rayburn WF. 2004. Accuracy of home
pregnancy tests at the time of missed menses. American Journal of Obstetrics and
Gynecology 190:100-105.
Coles CD, Platzman KA, Lynch ME, Freides D. 2002. Auditory and visual sustained
attention in adolescents prenatally exposed to alcohol. ALcoholism: Clinical and
Experimental Research 26(2):263-271.
Coulter CL, Leech RW, Schaefer GB, Scheithauer BW, Brumback RA. 1993. Midline
cerebral dysgenesis, dysfunction of the hypotha1amic - pituitary axis, and fetal
alcohol effects. Arch Neuro1 50(7):771-775.
Cowan WM. 1979. The development of the brain. Scientific American 241(3): 106-11 7.
Cragg B, Phillips S. 1985. Natural loss of Purkinje cells during development and
increased loss with alcohol. Brain Research 325:151-160.
Cryns V, Yuan J. 1998. Proteases to die for. Genes Dev 12(11):1551-1570.
Cudd TA, Chen W-JA, Parnell SE, West JR. 2001. Third trimester binge ethanol
exposure results in fetal hypercapnea and acidemia but not hypoxemia in pregnant
sheep. Alcoholism: Clinical and Experimental Research 25(2):269-276.
Cudd TA, Chen W-JA, West JR. 1996. Acute hemodynamic, putuitary and adrenocortical
responses to alcohol in adult female sheep. Alcoholism: Clinical & Experimental
Research 20(1675-1681).
Culican SM, Baumrind NL, Yamamoto M, Pearlman AL. 1990. Cortical radial glia:
identification in tissue culture and evidence for their transformation to astrocytes.
The Journal of Neuroscience 10(2):684-692.
Dalmau I, Vela JM, Gonzalez B, Finsen B, Castellano B. 2003. Dynamics of microglia in
the developing rat brain. The Journal of Comparative Neurology 458:144-157.
Daniel JC, Jr., Olson JD. 1966. Cell movement, proliferation and death in the formation
of the embryonic axis of the rabbit. Anat Rec 156(2):123-127.
Davanlou M, Smith DF. 2004. Unbiased stereological estimation of different cell types in
rat cerebral cortex. Image Analysis & Stereology 23: 1-11.

231

de Groot CJ, Huppes W, Sminia T, Kraal G, Dijkstra CD. 1992. Determination of the
origin and nature of brain macrophages and microglial cells in mouse central
nervous system, using non-radioactive in situ hybridization and
immunoperoxidase techniques. Glia 6:301-309.
Debelak KA, Smith SM. 2000. Avian genetic background modulates the neural crest
apoptosis induced by ethanol exposure. Alcoholism: Clinical and Experimental
Research 24(3):307-314.
DeFelipe J. 1997. Types of neurons, synaptic connections and chemical characteristics of
cells immunoreactive for calbindin-D28K, parvalbumin and calretinin in the
neocortex. J Chem Neuroanat 14(1):1-19.
Dejin-Karlsson E, Hanson BS, Ostergren PO. 1997. Psychosocial resources and persistent
alcohol consumption in early pregnancy--a population study of women in their
first pregnancy in Sweden. Scand J Soc Med 25(4):280-288.
Del Rio JA, Martinez A, Auladell C, Soriano E. 2000. Developmental history of the
subplate and developing white matter in the murine neocortex. Neuronal
organization and relationship with the main afferent systems at embryonic and
perinatal stages. Cerebral Cortex 10:784-801.
Derr RF. 1993. Simulation studies on ethanol metabolism in different human populations
with a physiological pharmacokinetic model. Journal of Pharmaceutical Sciences
82(7):677-682.
Desiderio MA. 1987. Effects of acute, oral ethanol on cardiovascular performance before
and after experimental blunt cardiac trauma. J Trauma 27(3):267-277.
Desiderio MA. 1988. Effect of rate of rise of blood alcohol on outcome of cardiac injury.
J Trauma 28(6):765-771.
DiGregorio PJ, Ubersax JA, O'Farrell PH. 2001. Hypoxia and nitric oxide induce a rapid,
reversible cell cycle arrest of the drosophila syncytial divisions. The Journal of
Biological Chemistry 276(3): 1930-1937.
Dikranian K, Ishimaru MJ, Tenkova T, Labruyere J, Qin YQ, Ikonomidou C, Olney JW.
2001. Apoptosis in the in vivo mammalian fore brain. Neurobiology of Disease
8:359-379.
Dobbing J, Sands 1. 1979. Annotation: Comparative aspects of the brain growth spurt.
Early Human Development 3(1):79-83.
232

Dobbing J, Sands J. 1981. Vulnerability of developing brain not explained by cell
number/cell size hypothesis. Early Human Development 5:227-231.
Dole VP, Gentry RT. 1984. Toward an analogue of alcoholism in mice: scale factors in
the model. Proc Natl Acad Sci USA 81:3543-3546.
Downs KM, Davies T. 1993. Staging of gastrulating mouse embryos by morphological
landmarks in the dissecting microscope. Development 118:1255-1266.
Du X, Hamre KM. 2001. Increased cell death in the developing vestibulocochlear
ganglion complex of the mouse after prenatal ethanol exposure. Teratology
64:301-310.
Dumas RM, Rabe A. 1994. Augmented memory loss in aging mice after one embryonic
exposure to alcohol. Neurotoxicology and Teratology 16(6):605-612.
Dunty J, W. c., Chen S, Zucker RM, Dehart DB, Sulik KK. 2001. Selective vulnerability
of embryonic cell populations to ethanol-induced apoptosis: implications for
alcohol-related birth defects and neurodevelopmental disorder. Alcoholism:
Clinical and Experimental Research 25(10): 1523-1535.
Eaton GJ, Green MM. 1963. Giant cell diferentiation and lethality of homozygous
Yellow mouse embryos. Genetica 34: 155-161.
Ebrahim SH, Diekman ST, Floyd RL, Decoufle P. 1999. Comparison of binge drinking
among pregnant and nonpregnant women, United States, 1991-1995. American
Journal of Obstetrics and Gynecology 180(1):1-7.
Edwards RG, Gates AH. 1959. Timing of the stages of the maturation divisions,
ovulation, fertilization and the first cleavage of eggs of adult mice treated with
gonadotrophins. J Endocrinol 18(3):292-304.
El-Guebaly N, Offord DR. 1977. The offspring of alcoholics: a critical review. Am J
Psychiatry 134(4):357-365.
Enari M, Sakahira H, Yokoyama H, Okawa K, Iwamatsu A, Nagata S. 1998. A caspaseactivated DNase that degrades DNA during apoptosis, and its inhibitor lCAD.
Nature 391(6662):43-50.
Ernfors P, Merlio JP, Persson H. 1992. Cells expressing mRNA for neurotrophins and
their receptors expression during embronic and postnatal development. J Neurosci
4:1140-1158.
233

Ernfors P, Wetmore C, Olson L, Persson H. 1990. Identification of cells in rat brain and
peripheral tissues expressing mRNA from members of the nerve growth factor
family. Neuron 5:511-526.
Fakoya FA. 2005. Persistent neocortical astrogliosis in adult wistar rats following
prenatal ethanol exposure. Brain & Development 27:259-265.
Falconer 1. 1990. The effect of maternal ethanol infusion on placental blood flow and
fetal glucose metabolism in sheep. Alcohol and Alcoholism 25(413-416).
Fa1eiro L, Kobayashi R, Fearnhead H, Lazebnik Y. 1997. Multiple species of CPP32 and
Mch2 are the major active caspases present in apoptotic cells. Embo J 16(9):22712281.
Fantes J, Ragge NK, Lynch SA, McGill NI, Collin JR, Howard-Peebles PN, Hayward C,
Vivian AJ, Williamson K, van Heyningen V, FitzPatrick DR. 2003. Mutations in
SOX2 cause anophthalmia. Nature Genetics 33:461-463.
Fedoroff S, Zhai R, Novak JP. 1997. Microglia and astroglia have a common progenitor
cell. Journal of Neuroscience Research 50.
Feldman ML. 1984. Morphology of the neocortical pyramidal neuron. In: Peters A, Jones
EG, editors. Cellular Components of the Cerebral Cortex. New York: Plenum
Press. p 123-200.
Field A, Casswell S. 1999. Drugs in New Zealand: National Survey 1998. Auckland:
Alcohol and Public Health Research Unit.
Finnell RH, Moon SP, Abbott LC, Golden JA, Chernoff GF. 1986. Strain differences in
heat-induced neural tube defects in mice. Teratology 33:247-252.
Floyd RL, Decouf1e P, Hungerford DW. 1999. Alcohol use prior to pregnancy
recognition. Am J Pre Med 17(2):101-107.
Fraser A. 1883. On the inversion of the blastodermic layers in the rat and mouse. Proc R
Sco B(34):430-437.
Frezza M, di Padova C, Pozzato G, Terpin M, Baraona E, Lieber CS. 1990. High blood
alcohol levels in women. The role of decreased gastric alcohol dehydrogenase
activity and first-pass metabolism. N Engl J Med 322(2):95-99.

234

Friedman WJ, Black IB, Kaplan DR. 1998. Distribution of the neurotrophins brainderived neurotrophic factor, neurotrophin-3, and neurotrophin-4/5 in the postnatal
rat brain: an immunocytochemical study. Neuroscience 84:101-114.
Gal I, Varga T, Szilagyi I, Balazs M, Schlammadinger J, Szabo Jr G. 2000. Proteaseelicited TUNEL positivity of non-apoptotic fixed cells. The Journal of
Histochemistry & Cytochemistry 48(7):963-969.
Garcia-Calvo M, Peterson EP, Rasper DM, Vaillancourt JP, Zamboni R, Nicholson DW,
Thornberry NA. 1999. Purification and catalytic properties of human caspase
family members. Cell Death Differ 6(4):362-369.
Gardette R, Courtois M, Bisconte JC. 1982. Prenatal development of mouse central
nervous structures: time of neuron origin and gradients of neuronal production. A
radioautographic study. J Hirnforsch 23(4):415-431.
Gauvin DV, Goulden KL, Holloway FA. 1993. State-dependent stimulus control: cueing
attributes of ethanol "hangover" in rats. Alcoholism: Clinical and Experimental
Research 17(6):1210-1214.
Gavrieli Y, Sherman Y, Ben-Sasson SA. 1992. Identification of programmed cell death in
situ via specific labeling of nuclear DNA fragmentation. The Journal of Cell
Biology 119(3):493-501.
Geelen JA, Langman J. 1977. Closure of the neural tube in the cephalic region of the
mouse embryo. Anat Rec 189(4):625-640.
Gehrmann 1. 1996. Microglia: a sensor to threats in the nervous system? Res Virol147(23):79-88.
Gentry RT, Baraona E, Lieber CS. 1994. Agonist: gastric first pass metabolism of
alcohol. J Lab Clin Med 123(1):21-26; discussion 27.
Gilliam DM, Kotch LE, Dudek BC, Riley EP. 1989. Ethanol teratogenesis in selectively
bred long-sleep and short-sleep mice: a comparison to inbred C57BL/6J mice.
Alcoholism: Clinical and Experimental Research 13(5):667-672.
Gilliam DM, Mantle MA, Barkhausen DA, Tweden DR. 1997. Effects of acute prenatal
ethanol administration in a reciprocal cross of C57BL/6J and short-sleep mice:
maternal effects and nonmaternal factors. Alcoholism: Clinical and Experimental
Research 21(1):28-34.

235

Gilliam DM, Stilman A, Dudek BC, Riley EP. 1987. Fetal alcohol effects in long- and
short-sleep mice: activity, passive avoidance, and in utero ethanol levels.
Neurotoxicol Teratol 9(5):349-357.
Gillies K, Price DJ. 1993. The fates of cells in the developing cerebral cortex of normal
and methylazoxymethanol acetate-lesioned mice. European Journal of
Neuroscience 5:73-84.
Gladstone J, Levy M, Nulman I, Koren G. 1997. Characteristics of pregnant women who
engage in binge alcohol consumption. CMAJ 156(6):789-794.
Glaser T, Jepeal L, Edwards JG, Young SR, Favor J, Maas RL. 1994. PAX6 gene dosage
effect in a family with congenital cataracts, aniridia, anophthalmia and central
nervous systme defects. Nature Genetics 7:463-471.
Gold R, Schmied M, Geigerich G, Breitschopf H, Hartung HP, Toyka KV, Lassmann H.
1994. Differentiation between cellular apoptosis and necrosis by the combined
use of in situ tailing and nick translation techniques. Laboratory Investigation
71(2):219-225.
Goodlett CR, Eilers AT. 1997a. Alcohol-induced Purkinje cell loss with a single binge
exposure in neonatal rats: a stereological study of temporal windows of
vulnerability. Alcoholism: Clinical and Experimental Research 21(4):738-744.
Goodlett CR, Gilliam DM, Nichols JM, West JR. 1989. Genetic inf1uences on brain
growth restriction induced by development exposure to alcohol. Neurotoxicology
10(3):321-334.
Goodlett CR, Leo JT, Q'Callaghan JP, Mahoney JC, West JR. 1993. Transient cortical
astrogliosis induced by alcohol exposure during the neonatal brain growth spurt in
rats. Developmental Brain Research 72:85-97.
Goodlett CR, Marcussen BL, West JR. 1990. A single day of alcohol exposure during the
brain growth spurt induces brain weight restriction and cerebellar Purkinje cell
loss. Alcohol 7(2):107-114.
Goodlett CR, Peterson SD, Lundahl KR, Pearlman AD. 1997b. Binge-like alcohol
exposure of neonatal rats via intragastric intubation induces both Purkinje cell
loss and cortical astrogliosis. Alcoholism: Clinical and Experimental Research
21(6): 1010-101 7.

236

Green JT, Tran T, Steinmetz JE, Goodlett CR. 2002. Neonatal ethanol produces
cerebellar deep nuclear cell loss and correlated disruption of eyeblink
conditioning in adult rats. Brain Res 956(2):302-311.
Gressens P, Evrard P. 1993. The glial fascicle: an ontogenic and phylogenic unit guiding,
supplying and distributing mammalian cortical neurons. Developmental Brain
Research 76:272-277.
Guerri C, Pascual M, Renau-Piqueras J. 2001. Glia and fetal alcohol syndrome.
Neurotoxicology 22(5):593-599.
Guerri C, Renau-Piqueras J. 1997. Alcohol, astroglia, and brain development. Mol
Neurobiol 15(1):65-81.
Gundersen HJG. 1977. Notes on the estimation of the numerical density of arbitrary
profiles: the edge effect. Journal of Microscopy 111(2):219-223.
Gundersen HJG, Bendtsen TF, Korbo L, Marcussen N, Moller A, Nielsen K, Nyengaard
JR, Pakkenberg B, Sorensen FB, Vesterby A, West MJ. 1988. Some new, simple
and efficient stereo logical methods and their use in pathological research and
diagnosis. APMIS 96:379-394.
Gundersen HJG, Jensen EB. 1987. The efficiency of systematic sampling in stereology
and its prediction. Journal of Microscopy 147(3):229-263.
Hacker G. 2000. The morphology of apoptosis. Cell Tissue Res 301:5-17.
Hamre KM, West JR. 1993. The effects of the timing of ethanol exposure during the
brain growth spurt on the number of cerebellar Purkinje and granule cell nuclear
profiles. Alcoholism: Clinical and Experimental Research 17(3):610-622.
Hannigan JH. 1996. What research with animals is telling us about alcohol-related
neurodevelopmental disorder. Pharmacology Biochemistry and Behavior
55(4):489-499.
Hanson JW, Jones KL, Smith DW. 1976. Fetal alcohol syndrome. Experience with 41
patients. Jama 235(14):1458-1460.
Hao C, Richardson A, Fedoroff S. 1991. Macrophage-like cells originate from
neuroepithelium in culture: characterization and properties of the macrophage-like
cells. International Journal of Developmental Neuroscience 9:1-14.

237

Hatten ME. 1999. Central nervous system neuronal migration. Annu Rev Neurosci
22:511-539.
Hatten ME, Liem RK, Mason CA. 1986. Weaver mouse cerebellar granule neurons fail to
migrate on wild-type astroglial processes in vitro. J Neurosci 6(9):2676-2683.
Heaton MB, Moore DB, Paiva M, Madorsky I, Mayer J, Shaw G. 2003. The role of
neurotrophic factors, apoptosis-related proteins, and endogenous antioxidants in
the differential temporal vulnerability of neonatal cerebellum to ethanol.
Alcoholism: clinical and experimental research 27(4):657-669.
Heaton MB, Swanson DJ, Paiva M, Walker DW. 1996. Influence of prenatal ethanol
exposure on cholinergic development in the rat striatum. The Journal of
Comparative Neurology 364:113-120.
Heins N, Malatesta P, Cecconi F, Nakafuku M, Tucker KL, Hack MA, Chapouton P,
Barde YA, Gotz M. 2002. Glial cells generate neurons: the role of the
transcription factor Pax6. Nat Neurosci 5(4):308-315.
Heumann D, Rabinowicz T. 1980. Postnatal development of the dorsal lateral geniculate
nucleus in the normal and enucleated albino mouse. Exp Brain Res 38:75-85.
Heyer BS, MacAuley A, Behrendtsen 0, Werb Z. 2000. Hypersensitivity to DNA
damage leads to increased apoptosis during early mouse development. Genes &
Development 14:2072-2084.
Hill RE, Favor J, Hogan BL, Ton CC, Saunders GF, Hanson IM, Prosser J, Jordan T,
Hastie ND, van Heyningen V. 1991. Mouse small eye results from mutations in a
paired-like homeobox-containing gene. Nature 354(6354):522-525.
Hinson WG, Pipkin JL, Anson JF, Davies DL, Burns ER, Casciano DA. 1991. Nuclear
protein phosphorylation in rat cerebral cells following acute exposure to ethanol.
Appl Theor Electrophor 2(2-3):93-99.
Hirsch T, Marchetti P, Susin SA, Dallaporta B, Zamzami N, Marzo I, Geuskens M,
Kroemer G. 1997. The apoptosis-necrosis paradox. Apoptogenic proteases
activated after mitochondrial permeability transition determine the mode of cell
death. Oncogene 15(13):1573-1581.
Hofer M, Pagliusi SR, Hohn A, Leibrock J, Barde Y-A. 1990. Regional distribution of
brain-derived neurotrophic factor mRNA in the adult mouse brain. EMBO J
9:2459-2464.
238

Homma S, Yaginuma H, Oppenheim RW. 1994. Programmed cell death during the
earliest stages of spinal cord development in the chick embryo: a possible means
of early phenotypic selection. J Comp Neurol 345(3):377-395.
Howard CV, Reed MO. 1998. Number estimation. In: Howard CV, Reed MO, editors.
Unbiased Stereology: Three-Dimensional Measurement in Microscopy. Oxford:
BIOS Scientific Publishers Limited. p 69-98.
Hoyme HE, May PA, Kalberg WO, Kodituwakku P, Gossage P, Trujilo PM, Buckley
DO, Miller JH, Aragon AS, Khaole N, Viljoen DL, Jones KL, Robinson LK.
2005. A practical clinical approach to diagnosis of fetal alcohol spectrum
disorders: clarification of the 1996 institute of medicine criteria. Pediatrics
115(1):39-47.
Htain WW, Leong SK, Ling EA. 1994. A comparative Mac-1 immunocytochemical and
lectin histochemical study of microglial cells in the normal and athymic mice.
Olia 12(1):44-51.
Htain WW, Leong SK, Ling EA. 1995. A qualitative and quantitative study of the glial
cells in normal and athymic mice. Glia 15(1): 11-21.
Hutchins KD, Dickson DW, Rashblaum WK, Lyman WD. 1990. Localization of
morphologically distinct microglial populations in the developing human fetal
brain: implications for ontogeny. Developmental Brain Research 55 :95-1 02.
Ikonomidou C, Bittigau P, Ishimaru MJ, Wozniak DF, Koch C, Oenz K, Price MT,
Stefovska V, Horster F, Tenkova T, Dikranian K, Olney JW. 2000. Ethanolinduced apoptotic neurodegeneration and fetal alcohol syndrome. Science
287(1056-1060).
Imamoto K, Leblond CP. 1978. Radioautographic investigation of gliogenesis in the
corpus callosum of young rats. Il. Origin of microglial cells. Journal of
Comparative Neurology 180: 139-163.
Iosub S, Fuchs M, Bingol N, Stone RK, Gromisch DS. 1981. Long-term follow-up of
three siblings with fetal alcohol syndrome. Alcohol Clin Exp Res 5(4):523-527.
Ivanova A, Nakahira E, Kagawa T, Oba A, Wada T, Takebayashi H, Spassky N, Levine
J, Zalc B, Ikenaka K. 2003. Evidence for a second wave of oligodendrogenesis in
the postnatal cerebral cortex of the mouse. Journal of Neuroscience Research
73:581-592.

239

Jacobson JL, Jacobson SW. 1999. Drinking moderately and pregnancy. Alochol Research
& Health 23(1):25-77
Jacobson JL, Jacobson SW, Sokol RJ, Ager J, J. W. 1998. Relation of maternal age and
pattern of pregnancy drinking to funtionally significant cognitive deficit in
infancy. Alcoholism: Clinical and Experimental Research 22(2):345-351.
Jacobson MD, Weil M, Raff MC. 1997. Programmed cell death in animal development.
Cell 88(3):347-354.
Jacobson SW, Jacobson JL, Sokol RJ. 1994. Effects of fetal alcohol exposure on infant
reaction time. Alcoholism: Clinical and Experimental Research 18(5): 1125-1132.
Janicke RU, Sprengart ML, Wati MR, Porter AG. 1998. Caspase-3 is required for DNA
fragmentation and morphological changes associated with apoptosis. J BioI Chem
273(16):9357-9360.
Jeffs P, Jaques K, Osmond M. 1992a. Cell death in cranial neural crest development.
Anat Embryol (Berl) 185(6):583-588.
Jeffs P, Osmond M. 1992b. A segmented pattern of cell death during development of the
chick embryo. Anat Embryol (Berl) 185(6):589-598.
Johnson VP, Swayze 11 VW, Sato Y, Andreasen NC. 1996. Fetal alcohol syndrome:
craniofacial and central nervous system manifestations. American Journal of
Medical Genetics 61:329-339.
Jones KL, Smith DW. 1973. Recognition of the fetal alcohol syndrome in early infancy.
The LANCET 2(999-1001).
Jones KL, Smith DW. 1975. The fetal alcohol syndrome. Teratology 12(1):1-10.
Jones PJ, Leichter J, Lee M. 1981. Placental blood flow in rats fed alcohol before and
during gestation. Life Sciences 29:1153-1159.
Juillerat-Jeanneret L, Mange PDLE, Eskenasy-Cottier A-C, Janzer R-C. 1995. Direct and
astrocyte-medicated effects of ethanol on brain-derived endothelial cells. Life
Sciences 56(18):1499-1509.

240

Julia P, Boleda MD, Pares X. 1987a. Kinetic properties and physiological significance of
the ADH-l isoenzyme of rat stomach alcohol dehydrogenase. Prog Clin Biol Res
232:189-201.
Julia P, Farres J, Pares X. 1987b. Characterization of three isoenzymes of rat alcohol
dehydrogenase. Tissue distribution and physical and enzymatic properties. Eur J
Biochem 162(1):179-189.
Julkunen RJ, Di Padova C, Lieber CS. 1985a. First pass metabolism of ethanol--a
gastrointestinal barrier against the systemic toxicity of ethanol. Life Sci
37(6):567-573.
Julkunen RJ, Tannenbaum L, Baraona E, Lieber CS. 1985b. First pass metabolism of
ethanol: an important determinant of blood levels after alcohol consumption.
Alcohol 2(3):437-441.
Kageyama GH, Robertson RT. 1993. Development of geniculocortical projections to
visual cortex in rat: evidence for early ingrowth and synaptogenesis. The Journal
of Comparative Neurology 335:123-148.
Kaplan MS, Hinds JW. 1980. Gliogenesis of astrocytes and oligodendrocytes in the
neocortical grey and white matter of the adult rat: electron microscopic analysis of
light radioautographs. J Comp Neurol 193(3):711-727.
Kass GE, Eriksson JE, Weis M, Orrenius S, Chow SC. 1996. Chromatin condensation
during apoptosis requires ATP. Biochem J 318 ( Pt 3):749-752.
Kaufman MH. 1992. The Atlas of Mouse Development: Academic Press. 17-47 p.
Kaur C, Ling EA, Wong Wc. 1989. Development of the various glial cell types in the
cerebral cortex of postnatal rats. Acta Anat 136:204-210.
Kawabata H, Anzai N, Masutani H, Hirama T, Yoshida Y, Okuma M. 1993. Detection of
Mg(2+)-dependent endonuclease activity in myeloid leukemia cell nuclei capable
of producing internucleosomal DNA cleavage. Biochem Biophys Res Commun
191(1):247-254.
Kelly SJ, Bonthius DJ, West JR. 1987. Developmental changes in alcohol
pharmacokinetics in rats. Alcoholism: Clinical and Experimental Research
11(3):281-286.

241

Kelly SJ, Mohoney JC, West JR. 1989. Changes in brain microvasculature resulting from
early postnatal alcohol exposure. Alcohol 7:43-47.
Kerr JF, Winterford CM, Harmon BV. 1994. Apoptosis. Its significance in cancer and
cancer therapy. Cancer 73(8):2013-2026.
Kerr JFR, Wyllie AH, Currie AR. 1972. Apoptosis: a basic biological phenomenon with
wide ranging implications in tissue kinetics. Br J Cancer 26:239-257.
Kerrigan D, Pommier Y, Kohn KW. 1987. Protein-linked DNA strand breaks produced
by etoposide and teniposide in mouse L1210 and human VA-13 and HT-29 cell
lines: relationship to cytotoxicity. NCI Monogr 4: 117-121.
Kilburn BA, Chiang PJ, Wang J, Flentke GR, Smith SM, Armant DR. 2006. Rapid
induction of apoptosis in gastrulating mouse embryos by ethanol and its
prevention by HB-EGF. Alcoholism: Clinical and Experimental Research
30(1):127-134.
Kinney H, Faix R, Brazy 1. 1980. THe fetal alcohol syndrome and neuroblastoma.
Pediatrics 66( 1):130-132.
Kockx MM, Muhring J, Knaapen MWM, de Meter GRY. 1998. RNA synthesis and
splicing interferes with DNA in situ end labeling techniques used to detect
apoptosis. Am J Pathol 152:885-888.
Komatsu S, Sakata-Haga H, Sawada K, Hisano S, Fukui Y. 2001. Prenatal exposure to
ethanol induces leptomeningeal heterotopia in the cerebral cortex of the rat fetus.
Acta Neuropathol 101:22-26.
Kostovic I, Rakic P. 1980. Cytology and time of origin of interstitial neurons in the white
matter in infant and adult human and monkey telencephalon. J Neurocytol
9(2):219-242.
Kotch LE, Sulik KK. 1992. Experimental fetal alcohol syndrome: proposed pathogenic
basis for a variety of associated facial and brain anomalies. American Journal of
Medical Genetics 44: 168-176.
Kotkoskie LA, Norton S. 1988. Prenatal brain malformations following acute ethanol
exposure in the rat. Alcoholism: Clinical and Experimental Research 12(6):831836.

242

Kotkoskie LA, Norton S. 1989. Cerebral cortical morphology and behavior in rats
following acute prenatal ethanol exposure. Alcoholism: Clinical and Experimental
Research 13(6):776-781.
Kotkoskie LA, Norton S. 1990. Acute response of the fetal telencephalon to short-term
maternal exposure to ethanol in the rat. Acta Neuropathol 79:513-519.
Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H, Rakic P, Flavell RA. 1996.
Decreased apoptosis in the brain and premature lethality in CPP32-deficient mice.
Nature 384:368-372.
Kumar S. 1997. The apoptotic cysteine protease CPP32. Int J Biochern Cell Biol
29(3):393-396.
Kurz H, Christ B. 1998. Embryonic CNS macrophages and microglia do not stem from
circulating, but from extravascular precursors. Glia 22:98-102.
Kypri K, Langley JD, McGee R, Saunders JB, Williams S. 2002. High prevalence,
persistent hazardous drinking among new zealand tertiary students. Alcohol &
Alcoholism 37(5):457-464.
Labat-Moleur F, Guillermet C, Lorimier P, Robert C, Lantuejoul S, Brambilla E,
Negoescu A. 1998. TUNEL apoptotic cell detection in tissue sections: critical
evaluation and improvement. The Journal of Histochemistry & Cytochemistry
46(3):327-334.
Larsen DD, Callaway EM. 2006. Development of layer-specific axonal arborizations in
mouse primary somatosensory cortex. The Journal of Comparative Neurology
494:398-414.
Lawson KA, Meneses JJ, Pedersen RA. 1986. Cell fate and cell lineage in the endoderm
of the presomite mouse embryo, studied with an intracellular tracer. Dev Biol
115(2):325-339.
Lawson KA, Meneses JJ, Pedersen RA. 1991. Clone analysis of epiblast fate during germ
layer formation in the mouse embryo. Development 113:891-911.
Lawson KA, Pedersen RA. 1987. Cell fate, morphogenetic movement and population
kinetics of embryonic endoderm at the time of germ layer formation in the mouse.
Development 101:627-652.

243

Leong SK, Ling E-A. 1992. Amoeboid and ramified microglia: Their interrelationship
and response to brain injury. Glia 6:39-47.
Leuba G, Heumann D, Rabinowicz T. 1977. Postnatal development of the mouse cerebral
neocortex I. Quantitative cytoarchitectonics of some motor and sensory areas.
Journal fur Hirnforschung 18:461-481.
Leuba G, Heumann D, Rabinowicz T. 1978. Postnatal development of the mouse cerebral
neocortex In. Some dynamical aspects. Journal fur Hirnforschung 19:301-312.
Leversha A, Rowley S, Marks R. 2001. Fetal Alcohol Syndrome. A Unit Within the
Department of Women's and Children's Health
Dunedin School of Medicine
University of Otago. 19-24 p.
Leversha AM, Marks RE. 1995. The prevalence of fetal alcohol syndrome in New
Zealand. New Zealand Medical Journal 108:502-505.
LeVine SM, Torres MY. 1993. Satellite oligodendrocytes and myelin are displaced in the
cortex of the reeler mouse. Brain Res Dev Brain Res 75(2):279-284.
Levitt MD, Levitt DG. 1998. Use of a two-compartment model to assess the
pharmacokinetics of human ethanol metabolism. Alcoholism: Clinical and
Experimental Research 22(1): 1680-1688.
Levitt MD, Levitt DG, Fume J, DeMaster EG. 1994. Can the liver account for first-pass
metabolism of ethanol in the rat? Am J Physiol 267(3 Pt l):G452-457.
Levitt MD, Li R, DeMaster EG, Elson M, Fume J, Levitt DG. 1997. Use of
measurements of ethanol absorption from stomach and intestine to assess human
ethanol metabolism. Am J Physiol 273(Gastrointest. Liver Physiol. 36):G951G957.

Li Y, Loughnan A-K, Idrus NM, Fraser AM, Napper RMA. 2002. Purkinje cell death
following alcohol exposure on post-natal day four: a transmission electron
microscopy study. Alcoholism: Clinical and Experimental Research 26(5):96A.
Li Z-L, Shiota K. 1999. Stage-specific homeotic vertebral transformations in mouse
fetuses induced by maternal hyperthermia during somitogenesis. Developmental
Dynamics 216:336-348.
Liang Y, Yan C, Schor NF. 2001. Apoptosis in the absence of caspase 3. Oncogene
20:6570-6578.

244

Lidow MS. 1995. Prenatal cocaine exposure adversely affects development of the
primate cerebral cortex. Synapse 21(4):332-341.
Lidow MS. 1998. Nonhuman primate model of the effect of prenatal cocaine exposure on
cerebral cortical development. Ann N Y Acad Sci 846:182-193.
Lidow MS, Song Z-M. 2001. Primates exposed to cocaine in utero display reduced
density and number of cerebral cortical neurons. The Journal of Comparative
Neurology 435:263-275.
Light KE, Belcher SM, Pierce DR. 2002. Time course and manner of Purkinje neuron
death following a single ethanol exposure on postnatal day 4 in the developing rat.
Neuroscience 114(2):327-337.
Lim DS, Hasty P. 1996. A mutation in mouse rad51 results in an early embryonic lethal
that is suppressed by a mutation in p53. Mol Cell Biol 16:7133-7143.
Lim RT, Jr., Gentry RT, Ito D, Yokoyama H, Baraona E, Lieber CS. 1993. First-pass
metabolism of ethanol is predominantly gastric. Alcohol Clin Exp Res
17(6):1337-1344.
Lindblad B, Olsson R. 1976. Unusually high levels of blood alcohol? JAMA
236(14): 1600-1602.
Ling EA. 1982. Influence of cortisone on aoeboid microglia and microglial cells in the
corpus callosum in postnatal rats. Journal of Anatomy 134:705-717.
Ling EA, Leblond CP. 1973b. Investigation of glial cells in semithin sections: Il.
variation with age in the numbers of the various glial cell types in rat cortex and
corpus callosum. The Journal of Comparative Neurology 149:73-82.
Ling EA, Paterson JA, Privat A, Mori S, Leblond CP. 1973a. Investigation of glial cells
in semithin sections: I. identification of glial cells in the brain of young rats.
Journal of Comparative Neurology 149:43-72.
Ling EA, Wong WC. 1993. The origin and nature of ramified and amoeboid microglia: a
historical review and current concepts. Glia 7(1):9-18.
Livy DJ, Elberger AJ. 2001. Effect of prenatal alcohol exposure on midsagittal
commissure size in rats. Teratology 63:15-22.

245

Livy DJ, Parnell SE, West JR. 2003. Blood ethanol concentration profiles: a comparison
between rats and mice. Alcohol 29:165-171.
Lumsden A, Sprawson N, Graham A. 1991. Segmental origin and migration of neural
crest cells in the hindbrain region of the chick embryo. Development
113(4):1281-1291.
Luo J, Miller MW. 1997a. Differential sensitivity of human neuroblastoma cell lines to
ethanol: correlations with their proliferative responses to mitogenic growth factors
and expression of growth factor receptors. Alcoholism: Clinical and Experimental
Research 21(7): 1186-1194.
Luo J, West JR, Pantazis NJ. 1997b. Nerve growth factor and basic fibroblast growth
factor protect rat cerebellar granule cells in culture against ethanol-induced cell
death. Alcoholism: Clinical and Experimental Research 21(6): 1108-1120.
Luskin MB, Shatz CJ. 1985. Studies of the earliest generated cells of the eat's visual
cortex: cogeneration of subplate and marginal zones. J Neurosci 5(4): 1062-1075.
Lyck L, Jelsing J, Jensen PS, Lambertsen KL, Pakkenberg B, Finsen B. 2006.
Immunohistochemical visualization of neurons and specific glial cells for
stereological application in the porcine neocortex. Journal of Neuroscience
Methods 152:229-242.
Mac Auley A, Werb Z, Mirkes PE. 1993. Characterization of the unusually rapid cell
cycles during rat gastrulation. Development 117:873-883.
Maier SE, Chen W-JA, Miller JA, West JR. 1997. Fetal alcohol exposure and temporal
vulnerability: regional differences in alcohol-induced microencephaly as a
function of the timing of binge-like alcohol exposure during rat brain
development. Alcoholism: Clinical and Experimental Research 21(8): 1418-1428.
Maier SE, Miller JA, Blackwell JM, West JR. 1999. Fetal alcohol exposure and temporal
vulnerability: regional differences in cell loss as a function of the timing of bingelike alcohol exposure during brain development. Alcoholism: Clinical and
Experimental Research 23(4):726-734.
Maier SE, Strittmatter MA, Chen W-JA, West JR. 1995. Changes in blood alcohol levels
as a function of alcohol concentration and repeated alcohol exposure in adult
female rats: potential risk factors for alcohol-induced fetal brain injury.
Alcoholism: Clinical and Experimental Research 19(4):923-927.

246

Maier SE, West JR. 2001. Drinking patterns and alcohol-related birth defects. Alcohol
Research & Health 25(3):168-174.
Maisonpierre PC, Belluscio L, Friedman B, Alderson RF, Wiegand SJ, Furth ME,
Lindsay RM, Yancopoulos GD. 1990. NT-3, BDNF, and NGF in the developing
rat nervous system: parallel as well as reciprocal patterns of expression. Neuron
5:501-509.
Majewski F. 1981. Alcohol embryopathy: some facts and speculations about
pathogenesis. Neurobehav Toxicol Teratol 3(2): 129-144.
Majno G, Joris 1. 1995. Apoptosis, oncosis, and necrosis: an overview of cell death.
American Journal of Pathology 146(1):3-15.
Malatesta P, Hack MA, Hartfuss E, Kettenmann H, Klinkert W, Kirchhoff F, Gotz M.
2003. Neuronal or glial progeny: regional differences in radial glia fate. Neuron
37:751-764.
Malatesta P, Hartfuss E, Gotz M. 2000. Isolation of radial glial cells by fluorescentactivated cell sorting reveals a neuronal lineage. Development 127:5253-5263.
Mallon BS, Shick HE, Kidd GJ, Macklin WB. 2002. Proteolipid promoter activity
distinguishes two populatios of NG2-positive cells throughout neonatal cortical
development. The Journal of Neuroscience 22(3):876-885.
Mann RS, Carroll SB. 2002. Molecular mechanisms of selector gene function and
evolution. Current Opinion in Genetics & Development 12:592-600.
Manova K, Tomihara-newberger C, Wang S, Godelman A, Kalantry S, Witty-Blease K,
De Leon V, Chen WS, Lacy E, Bachvarova RF. 1998. Apoptosis in mouse
embryos: elevated levels in pregastrulae and in the distal anterior region of
gastrulae of normal and mutant mice. Developmental Dynamics 213 :293-308.
Marcussen BL, Goodlett CR, Mahoney JC, West JR. 1994. Developing rat Purkinje cells
are more vulnerable to alcohol-induced depletion during differentiation than
during neurogenesis. Alcohol 11(2):147-156.
Marin-Padilla M. 1971. Early prenatal ontogenesis of the cerebral cortex (neocortex) of
the cat (Felis domestica). A Golgi study. I. The primordial neocortical
organization. Z Anat Entwicklungsgesch 134(2):117-145.

247

Matsuo I, Kuratani S, Kimura C, Takeda N, Aizawa S. 1995. Mouse Otx2 functions in
the formation and patterning of rostra1head. Genes & Development 9:2646-2658.
Mattson SN, Riley EP, Gramling L, Delis DC, Jones KL. 1998. Neuropsychological
comparison of alcohol-exposed children with or without physical features of fetal
alcohol syndrome. Neuropsychology 12(1):146-153.
Mattson SN, Riley EP, Jernigan TL, Ehlers CL, Delis DC, Jones KL, Stern C, Johnson
KA, Hesselink JR, Bellugi U. 1992. Fetal alcohol syndrome: a case report of
neuropsychological, MRI and EEG assessment of two children. Alcohol Clin Exp
Res 16(5):1001-1003.
Mattson SN, Riley EP, Sowell ER, Jernigan TL, Sobel DF, Jones KL. 1996. A decrease
in the size of the basal ganglia in children with fetal alcohol syndrome.
Alcoholism: Clinical and Experimental Research 20(6): 1088-1 093.
Mattson SN, Roebuck TM. 2002. Acquisition and retention of verbal and nonverbal
information in children with heavy prenatal alcohol exposure. Alcoholism:
Clinical & Experimental Research 26(6):875-882.
May PA, Gossage JP, Brooke LE, Snell CL, Marais A-S, Hendricks LS, Croxford JA,
Viljoen DL. 2005. Maternal risk factors for fetal alcohol syndrome in the western
cape province of South Africa: A population-based study. American Journal of
Public Healeth 95(7):1190-1199.
McCarthy MJ, Rubin LL, Philpott KL. 1997a. Involvement of caspases in sympathetic
neuron apoptosis. J Cell Sci 110 ( Pt 18):2165-2173.
McCarthy NJ, Whyte MK, Gilbert CS, Evan G1. 1997b. Inhibition of Ced-3/ICE-related
proteases does not prevent cell death induced by oncogenes, DNA damage, or the
Bcl-2 homologue Bak. J Cell BioI 136(1):215-227.
McCarver DG, Thomasson HR, Martier SS, Sokol RJ, Li T. 1997. Alcohol
dehydrogenase-2*3 allele protects against alcohol-related birth defects among
African Americans. J Pharmacol Exp Ther 283(3): 1095-11 01.
McGraw J, Hiebert GW, Steeves JD. 2001. Modulating astrogliosis after neurotrauma.
Journal of Neuroscience Research 63:109-115.
Migheli A, Cavalla P, Marino S, Schiffer D. 1994. A study of apoptosis in normal and
pathologic nervous tissue after in situ end-labeling of DNA strand breaks. Journal
of Neuropathology and Experimental Neurology 53(6):606-616.
248

Mihalick SM, Crandall JE, Langlois JC, Krienke JD, Dube WV. 2001. Prenatal ethanol
exposure, generalized learning impairment, and medial prefrontal cortical deficits
in rats. Neurotoxicology and Teratology 23 :453-462.
Miller MW. 1985. Cogeneration of retrogradely labeled corticocortical projection and
GAB A-immunoreactive local circuit neurons in cerebral cortex. Brain Res
355(2): 187-192.
Miller MW. 1986. Effects of alcohol on the generation and migration of cerebral cortical
neurons. Science 233(1308-1311).
Miller MW. 1987. Effect of prenatal exposure to alcohol on the distribution and time of
origin of corticospinal neurons in the rat. Journal of Comparative Neurology
257(3):372-382.
Miller MW. 1988. Effect of prenatal exposure to ethanol on the development of cerebral
cortex: 1. neuronal generation. Alcoholism: Clinical and Experimental Research
12(3):440-448.
Miller MW. 1989a. Effects of prenatal exposure to ethanol on neocortical development:
Il. Cell proliferation in the ventricular and subventricular zones of the rat. J Comp
Neurol287(3):326-338.
Miller MW. 1992. Circadian rhythm of cell proliferation in the telencephalic ventricular
zone: effect of in utero exposure to ethanol. Brain Research 595: 17-24.
Miller MW. 1995a. Generation of neurons in the rat dentate gyrus and hippocampus:
effects of prenatal and postnatal treatment with ethanol. Alcoholism: Clinical and
Experimental Research 19(6): 1500-1509.
Miller MW. 1995c. Effect of pre- or postnatal exposure to ethanol on the total number of
neurons in the principal sensory nucleus of the trigeminal nerve: cell proliferation
and neuronal death. Alcoholism: Clinical and Experimental Research 19(5): 13591363.
Miller MW. 1996. Limited ethanol exposure selectively alters the proliferation of
precursor cells in the cerebral cortex. Alcoholism: Clinical and Experimental
Research 20(1):139-144.
Miller MW. 1997. Effects of prenatal exposure to ethanol on callosal projection neurons
in rat somatosensory cortex. Brain Research 766:121-128.

249

Miller MW. 1999. A longitudinal study of the effects of prenatal ethanol exposure on
neuronal acquisition and death in the principal sensory nucleus of the trigeminal
nerve: interaction with changes induced by transection of the infraorbital nerve.
Journal ofNeurocytology 28:999-1015.
Miller MW. 2003. Balance of cell proliferation and death among dynamic populations: a
mathematical model. J Neurobiol 57: 172-182.
Miller MW, Kuhn PE. 1995b. Cell cycle kinetics in fetal rat cerebral cortex: effects of
prenatal treatment with ethanol assessed by a cumulative labeling technique with
flow cytometry. Alcoholism: Clinical and Experimental Research 19(1):233-237.
Miller MW, Mooney SM. 2004. Chronic exposure to ethanol alters neurotrophin content
in the basal fore brain-cortex system in the mature rat: effects on autocrineparacrine mechanisms. J Neurobiol 60:490-498.
Miller MW, Muller S1. 1989b. Structure and histogenesis of the principal sensory nucleus
of the trigeminal nerve: effects of prenatal exposure to ethanol. J Comp Neurol
282(4):570-580.
Miller MW, Potempa G. 1990. Numbers of neurons and glia in mature rat somatosensory
cortex: effects of prenatal exposure to ethanol. The Journal of Comparative
Neurology 293 :92-102.
Miller MW, Robertson S. 1993. Prenatal exposure to ethanol alters the postnatal
development and transformation of radial glia to astrocytes in the cortex. The
Journal of Comparative Neurology 337:253-266.
Mirkes PE, Little SA. 1998. Teratogen-induced cell death in postimplantation mouse
embryos: differential tissue sensitivity and hallmarks of apoptosis. Cell Death and
Differentiation 5:592-600.
Mirkes PE, Little SA, Umpierre CC. 2001. Co-localization of active caspase-3 and DNA
fragmentation (TUN EL) in normal and hyperthermia-induced abnormal mouse
development. Teratology 63(3): 134-143.
Misson JP, Edwards MA, Yamamoto M, Caviness VS, Jr. 1988. Identification of radial
glial cells within the developing murine central nervous system: studies based
upon a new immunohistochemical marker. Brain Res Dev Brain Res 44(1):95108.

250

Misson JP, Takahashi T, Caviness VS, Jr. 1991. Ontogeny of radial and other astroglial
cells in murine cerebral cortex. Glia 4(2):138-148.
Mitchell JA. 1994. Effects of alcohol on blastocyst implantation and fecundity in the rat.
Alcoholism: Clinical and Experimental Research 18(1):29-34.
Mizoi Y, Ijiri I, Tatsuno Y, Kijima T, Fujiwara S, Adachi J, Hishida S. 1979.
Relationship between facial flushing and blood acetaldehyde levels after alcohol
intake. Pharmacol Biochem Behav 10(2):303-311.
Molnar Z, Adams R, Goffinet AM, Blakemore C. 1998. The role of the first postmitotic
cortical cells in the development of thalamocortical innervation in the reeler
mouse. The Journal of Neuroscience 18(15):5746-5765.
Mooney SM, Miller MW. 1999. Effects of prenatal exposure to ethanol on systems
matching: the number of neurons in ventrobasal thalamic nucleus of the mature
rat. Developmental Brain Research 117:121-125.
Mooney SM, Miller MW. 2000. Expression of bcl-2, bax, and caspase-3 in the brain of
the developing rat. Developmental Brain Research 123:103-117.
Mooney SM, Miller MW. 2001. Effects of prenatal exposure to ethanol on the expression
of bcl-2, bax and caspase-3 in the developing rat cerebral cortex and thalamus.
Brain Research 911 :71-81.
Mooney SM, Napper RMA, West JR. 1996. Long-term effect of postnatal alcohol
exposure on the number of cells in the neocortex of the rat: a stereological study.
Alcoholism: Clinical and Experimental Research 20(4):615-623.
Mukherjee RA, Hodgen GD. 1982. Maternal ethanol exposure induces transient
impairment of umbilical circulation and fetal hypoxia in monkeys. Science
218:700-702.
Mulder GB, Manley N, Grant J, Schmidt K, Zeng W, Eckhoff C, Maggio-Price L. 2000.
Effects of excess vitamin A on development of cranial neural crest-derived
structures: a neonatal and embryologic study. Teratology 62:214-226.
Mullen RJ, Buck CR, Smith AM. 1992. NeuN, a neuronal specific nuclear protein in
vertebrates. Development 116:201-211.
Nakatsuji N, Johnson KE. 1984. Effects of ethanol on the primitive streak stage mouse
embryo. Teratology 29:369-375.
251

Napper RMA, West JR. 1995. Permanent neuronal cell loss in the cerebellum of rats
exposed to continuous low blood alcohol levels during the brain growth spurt: A
stereological investigation. The Journal of Comparative Neurology 362:283-292.
Negoescu A, Guillermet P, Lorimier P, Brambilla E, Labat-Moleur F. 1998. Importance
of DNA fragmentation in apoptosis with regard to TUNEL specificity. Biomed
Pharmacother 52:252-258.
Negoescu A, Lorimier P, Labat-Moleur F, Drouet C, Robert C, Guillermet C, Brambilla
C, Brambilla E. 1996. In situ apoptotic cell labeling by the TUNEL method:
improvement and evaluation on cell preparations. The Journal of Histochemistry
and Cytochemistry 44(9):959-968.
Nichols DH. 1981. Neural crest formation in the head of the mouse embryo as observed
using a new histological technique. J Embryol Exp Morph 64: 105-120.
Noctor SC, Flint AC, Weissman TA, Dammerman RS, Kriegstein AR. 2001. Neurons
derived from radial glial cells establish radial units in neocortex. Nature
409(6821):714-720.
Noctor SC, Flint AC, Weissman TA, Wong WS, Clinton BK, Kriegstein AR. 2002.
Dividing precursor cells of the embryonic cortical ventricular zone have
morphological and molecular characteristics of radial glia. J Neurosci 22(8):31613173.
Norton S, Kimler BF. 1988. Comparison of functional and morphological deficits in the
rat after gestational exposure to ionizing radiation. Neurotoxicology & Teratology
10(4):363-371.
Norton S, Kotkoskie LA. 1991. Basic animal research. Recent Developments in Alcohol
9:95-115.
O'Rahilly R, Tucker JA. 1973. The early development of the larynx in staged human
embryos. I. Embryos of the first five weeks (to stage 15). Ann Otol Rhinol
Laryngol 82: 1-27.
O'Rourke NA, Dailey ME, Smith SJ, McConnell SK. 1992. Diverse migratory pathways
in the developing cerebral cortex. Science 258:299-302.
Oberhammer F, Wilson JW, Dive C, Morris ID, Hickman JA, Wakeling AE, Walker PR,
Sikorska M. 1993. Apoptotic death in epithelial cells: cleavage of DNA to 300

252

and/or 50 kb fragments prior to or in the absence of internucleosomal
fragmentation. The EMBO Journal 12(9):3679-3684.
Ogilvie K, Lee S, Rivier C. 1997. Effect of three different modes of alcohol
administration on the activity of the rat hypothalamic-pituitary-adrenal axis.
Alcoholism: Clinical and Experimental Research 21(3):467-476.
Olney JW. 2004. Fetal alcohol syndrome at the cellular level. Addiction Biology 9:137149.
Olney JW, Tenkova T, Dikranian K, Muglia LJ, Jermakowicz WJ, D'Sa C, Roth KA.
2002b. Ethanol-induced caspase-3 activation in the in vivo developing mouse
brain. Neurobiology of Disease 9:205-219.
Olney JW, Tenkova T, Dikranian K, Qin Y-Q, Labruyere J, Ikonomidou C. 2002a.
Ethanol-induced apoptotic neurodegeneration in the developing C57BL/6 mouse
brain. Developmental Brain Research 133(2): 115-126.
Oppenheim RW. 1991. Cell death during development of the nervous system. Annu Rev
Neurosci 14:453-501.
Oppenheim RW, Flavell RA, Vinsant S, Prevette D, Kuan CY, Rakic P. 2001.
Programmed cell death of developing mammalian neurons after genetic deletion
of caspases. J Neurosci 21(13):4752-4760.
Osterheld-Haas MC, Hornung JP. 1996. Laminar development of the mouse barrel
cortex: effects of neurotoxins against monoamines. Experimental Brain Research
110(183-195).
Padmanabhan R, Hameed MS. 1988. Effects of acute doses of ethanol administered at
pre-implantation stages on fetal development in the mouse. Drug Alcohol Depend
22:91-100.
Panes J, Caballeria J, Guitart R, Pares A, Soler X, Rodamilans M, Navasa M, Pares X,
Bosch J, Rodes 1. 1993. Determinants of ethanol and acetaldehyde metabolism in
chronic alcoholics. Alcohol Clin Exp Res 17(1):48-53.
Pantazis NJ, Luo J, West JR. 1994. Growth factor-mediated neuroprotection against
alcohol-induced death of cerebellar granule cells (abstract). Alcohol Chin Exp
Res 18:433.

253

Pastino GM, Sultatos LG, Flynn EJ. 1996. Development and application of a
physiologically based pharmacokinetic model for ethanol in the mouse. Alcohol
& Alcoholism 31(4):365-374.
Paterson JA, Privat A, Ling E-A, Leblond CP. 1973. Investigation of glial cells in
semithin sections. 3. Transformation of subependymal cells into glial cells, as
shown by radioautography after 3H-thymydine injection into the lateral ventricle
of the brain of young rats. Journal of Comparative Neurology 149:83-102.
Paxinos G, Franklin KBJ. 2001. The Mouse Brain in Stereotaxic Coordinates. San Diego:
Academic Press.
Paxinos G, Watson C. 1982. The Rat Brain
Academic Press.

III

Stereotaxic Coordinates. Sydney:

Peiffer J, Majewski F, Fischbach H, Bierich JR, Yolk B. 1979. Alcohol embryo- and
fetapathy. Neuropathology of 3 children and 3 fetuses. Journal of Neurological
Sciences 41(2):125-137.
Peitsch MC, Polzar B, Stephan H, Crompton T, MacDonald HR, Mannherz HG, Tschopp
J. 1993. Characterization of the endogenous deoxyribonuclease involved in
nuclear DNA degradation during apoptosis (programmed cell death). EMBO
12:371-377.
Pennington SN. 1988. Alcohol metabolism and fetal hypoplasia in chick brain. Alcohol
5(2):91-94.
Perry VH, Hume DA, Gordon S. 1985. Immunohistochemical localization of
macrophages and microglia in the adult and developing mouse brain.
Neuroscience 15:313-326.
Peters A, Jones EG. 1984. Clasification of cortical neurons. In: Peters A, Jones EG,
editors. Cellular Components of the Cerebral Cortex. New York: Plenum Press. p
107-121.
Phillips DE, Krueger SK, Wall KA, Smoyer-Dearing LH, Sikora AK. 1997. The
development of the blood-brain barrier in alcohol-exposed rats. Alcohol(14):4.
Pierce DR, West JR. 1986a. Alcohol-induced microencephaly during the third trimester
equivalent: relationship to dose and blood alcohol concentration. Alcohol
3(3): 185-191.

254

Pierce DR, West JR. 1986b. Blood alcohol concentration: a critical factor for producing
fetal alcohol effects. Alcohol 3(4):269-272.
Pierce DR, West JR. 1987. Differential deficits in regional brain growth induced by
postnatal alcohol. Neurotoxicol Teratol9(2):129-141.
Pixley SK, de Vellis J. 1984. Transition between immature radial glia and mature
astrocytes studied with a monoclonal antibody to vimentin. Brain Res 317(2):201209.
Poelmann RE. 1980. Differential mitosis and degeneration patterns in relation to the
alterations in the shape of the embryonic ectoderm of early post-implantation
mouse embryos. J Embryol Exp Morph 55:33-51.
Porter AG, Janicke RD. 1999. Emerging roles of caspase-3 in apoptosis. Cell Death and
Differentiation 6:99-104.
Portera-Cailliau C, Pan DT, Yuste R. 2003. Activity-regulated dynamic behavior of early
dendritic protrusions: evidence for different types of dendritic filopodia. The
Journal of Neuroscience 23(18):7129-7142.
Powrozek TA, Zhou FC. 2005. Effects of prenatal alcohol exposure on the development
of the vibrissal somatosensory cortical barrel network. Brain Res Dev Brain Res
155(2):135-146.
Raedler E, Raedler A, Feldhaus S. 1980. Dynamical aspects of neocortical histogenesis in
the rat. Anat Embryol (Berl) 158(3):253-269.
Ragge NK, Brown AG, Poloschek CM, Lorenz B, Henderson RA, Clarke MP, RussellEggitt I, Fielder A, Gerrelli D, Martinez-Barbera JP, Ruddle P, Hurst J, Collin
JRO, Salt A, Cooper ST, Thompson PJ, Sisodiya SM, Williamson KA,
FitzPatrick DR, van Heyningen V, Hanson IM. 2005. Heterozygous mutations of
OTX2 cause severe ocular malformations. American Journal of Human Genetics
76:1008-1022.
Rakic P. 1971. Neuron-glia relationship during granule cell migration in developing
cerebellar cortex. a Golgi and electronmicroscopic study in macacus rhesus.
Journal of Comparative Neurology 141:283-312.
Rakic P. 1972. Mode of cell migration to the superficial layers of fetal monkey
neocortex. J Comp NeurolI45(1):61-83.

255

Rakic P. 1974. Neurons in rhesus monkey visual cortex: systematic relation between time
of origin and eventual disposition. Science 183(123):425-427.
Rakic P. 1988. Specification of cerebral cortical areas. Science 241: 170-176.
Rao JK, Letada P, Haverstick DM, Herman MM, Savory J. 1998. Modifications to the in
situ TUNEL method for detection of apoptosis in paraffin-embedded tissue
sections. Ann Clin Lab Sci 28:131-137.
Rayburn WF, Meng C, Rayburn BB, Proctor B, Handmaker NS. 2006. Beer consumption
among hazardous drinker during pregnancy. Obstetrics & Gynecology
107(2):355-360.
Reid SNM, Juraska JM. 1992. Sex differences in neuron number in the binocular area of
the rat visual cortex. The Journal of Comparative Neurology 321:448-455.
Reynolds JD, Penning DH, Dexter F, Atkins B, Hrdy J, Poduska D, Brien J. 1996.
Ethanol increases uterine blood flow and fetal arterial blood oxygen tension in the
near-term pergnant ewe. Alcohol 13:251-256.
Rice FL, Van Der Loos H. 1977. Development of the barrels and barrel field in the
somatosensory cortex of the mouse. The Journal of Comparative Neurology
171:545-560.
Richardson A, Hao C, Fedoroff S. 1993. Microglia progenitor cells: a subpopulation in
cultures of mouse neopallial astroglia. Glia 7:25-33.
Richardson BS, Patrick JE, Bousquet J, Homan J, Brien JF. 1985. Cerebral metabolism in
fetal lamb after maternal infusion of ethanol. The American Journal of Physiology
249(R505-R509).
Ridet JL, Malhotra SK, Privat A, Gage FH. 1997. Reactive astrocytes: cellular and
molecular cues to biological function. Trends Neurosci 20(12):570-577.
Riley EP, Mattson SN, Sowell ER, Jernigan TL, Sobel DF, Jones KL. 1995.
Abnormalities of the corpus callosum in children prenatally exposed to alcohol.
Alcoholism: Clinical and Experimental Research 19(5):1198-1202.
Robinson GC, Conry JL, Conry RF. 1987. Clinical profile and prevalence of fetal alcohol
syndrome in an isolated community in British Columbia. Can Med Assoc J
137:203-207.
256

Rodier PM. 1980. Chronology of neuron development: animal studies and their clinical
implications. Develop Med Child Neurol22:525-545.
Roebuck TM, Mattson SN, Riley EP. 1998. A review of the neuroanatomical findings in
children with fetal alcohol syndrome or prenatal exposure to alcohol. Alcoholism:
Clinical and Experimental Research 22(2):339-344.
Roine RP, Gentry RT, Lim RT, E HJ, Salaspuro M, Lieber CS. 1993. Comparison of
blood alcohol concentrations after beer and whiskey. Alcoholism: Clinical and
Experimental Research 17(3):709-711.
Roine RP, Gentry RT, Lim RT, Jr., Baraona E, Lieber CS. 1991. Effect of concentration
of ingested ethanol on blood alcohol levels. Alcohol Clin Exp Res 15(4):734-738.
Rossig C, Wasser S, Oppermann P. 1994. Audiologic manifestations in fetal alcohol
syndrome assessed by brainstem auditory-evoked potentials. Neuropediatrics
25(5):245-249.
Roy TS, Andrews JE, Seidler FJ, Slotkin TA. 1998. Nicotine evokes cell death in
embryonic rat brain during neurulation. The Journal of Pharmacology and
Experimental Therapeutics 287: 1136-1144.
Sakai y. 1989. Neurulation in the mouse: manner and timing of neural tube closure. The
Anatomical Record 223: 194-203.
Samali A, Zhivotovsky B, Jones DP, Orrenius S. 1998. Detection of pro-caspase-3 in
cytosol and mitochondria of various tissues. FEBS Lett 431(2):167-169.
Sampson PD, Streissguth AP, Bookstein FL, Little RE, Clarren SK, Dehaene P, Hanson
JW, Graham J, J. M. 1997. Incidence of fetal alcohol syndrome and prevenlance
of alcohol-related neurodevelopment disorder. Teratology 56:317-326.
Sanders EJ, Torkkeli PH, French AS. 1997. Patterns of cell death during gastrulation in
chick and mouse embryos. Anat Embryol195:147-154.
Sanders EJ, Wride MA. 1995. Programmed cell death in development. Int Rev Cytol
163:105-173.
Saraste A, Pulkki K. 2000. Morphologic and biochemical hallmarks of apoptosis.
Cardiovascular Research 45:528-537.

257

Sarnat HB, Nochlin D, Born DE. 1998. Neuronal nuclear antigen (NeuN): a marker of
neuronal maturation in the early human fetal nervous system. Brain &
Development 20:88-94.
Sauer FC. 1935. Mitosis in the neural tube. Journal of Comparative Neurology 62:377405.
Sauer FC. 1937. Some factors in the morphogenesis of vertebrate embryonic epithelia.
Journal of Morphology 61:563-579.
Sauer ME, Walker BE. 1959. Radioautographic study of interkinetic nuclear migration in
the neural tube. Proceedings of the Society of Experimental Biology and
Medicine 101:557-560.
Schambra UB, Lauder JM, Petrusz P, Sulik KK. 1990. Development of neurotransmitter
systems in the mouse embryo following acute ethanol exposure: a histological and
immunocytochemical study. Int J Dev Neurosci 8(5):507-522.
Schluter G. 1973. Ultrastructural observations on cell necrosis during formation of the
neural tube in mouse embryos. Z Anat Entwicklungsgesch 141(3):251-264.
Schmechel DE, Rakic P. 1979. A Golgi study of radial glial cells in developing monkey
telencephalon: morphogenesis and transformation into astrocytes. Anat Embryol
(Berl) 156(2):115-152.
Schnitzer J, Franke WW, Schachner M. 1981. Immunocytochemical demonstration of
vimentin in astrocytes and ependymal cells of developing and adult mouse
nervous system. The Journal of Cell Biology 90:435-447.
Schoenwolf GC. 1984. Histological and ultrastructural studies of secondary neurulation
in mouse embryos. The American Journal of Anatomy 169:361-376.
Scott HC, Paull WK, Rudeen PK. 1992. Effects of in utero ethanol exposure on the
development of LHRH neurons in the mouse. Developmental Brain Research
66:119-125.
Scott WJ, Jr., Fradkin R. 1984. The effects of prenatal ethanol in cynomolgus monkeys.
Teratology 29(1):49-56.
Serdula M, Williamson DF, Kendrick JS, Anda RF, Byers T. 1991. Trends in alcohol
consumption by pregnant women. 1985 through 1988. Jama 265(7):876-879.

258

Sgonc R, Boeck G, Dietrich H, Gruber J, Recheis H, Wick G. 1994. Simultaneous
determination of cell surface antigens and apoptosis. Trends Genet 10:41-42.
Shaywitz SE, Cohen DJ, Shaywitz BA. 1980. Behavior and learning difficulties in
children of normal intelligence born to alcoholic mothers. J Pediatr 96(6):978982.
Shimada M, Langman 1. 1970. Cell proliferation, migration and differentiation in the
cerebral cortex of the golden hamster. J Comp Neurol139(2):227-244.
Shiota K. 1988. Induction of neural tube defects and skeletal malformations in mice
following brief hyperthermia in utero. Biol Neonate 53(2):86-97.
Shoukimas GM, Hinds JW. 1978. The development of the cerebral cortex in the
embryonic mouse: An electron microscopic serial section analysis. The Journal of
Comparative Neurology 179:795-830.
Skalka M, Cejkova M, Matyasova 1. 1976. The sensitivity of chromatin from thymuses
and spleens of irradiated mice to alkaline solutions. Folia Biol (Praha) 22(5):335342.
Slee EA, Harte MT, Kluck RM, Wolf BB, Casiano CA, Newmeyer DD, Wang HG, Reed
JC, Nicholson DW, Alnemri ES, Green DR, Martin SJ. 1999. Ordering the
cytochrome c-initiated caspase cascade: hierarchical activation of caspases-2, -3, 6, -7, -8, and -10 in a caspase-9-dependent manner. J Cell Biol 144(2):281-292.
Sloop GD, Roa JC, Delgado AG, Balart JT, Hines III MO, Hill JM. 1999. Histologic
sectioning produces TUNEL reactivity: a potential cause of false-positive
staining. Archives of Pathology and Laboratory Medicine 123(6):529-532.
Smart IHM. 1983. Three dimensional growth of the mouse isocortex. J Anat 137(4):683694.
Smart IHM, McSherry GM. 1982. Growth patterns in the lateral wall of the mouse
telencephalon. Il. Histological changes during and subsequent to the period of
isocortical neuron production. J Anat 134(3):415-442.
Smith

SM.
1997. Alcohol-induced cell death
http://www.niaaa.nih.gov/publications/arh21-4/287.pdf.

259

III

the

embryo.

Smith T, De Master EG, Furne JK, Springfield J, Levitt MD. 1992. First-pass gastric
mucosal metabolism of ethanol is negligible in the rat. The Journal of Clinical
Investigation 89: 1801-1806.
Snell GD, Stevens LC. 1966. Early embryology. In: Green EL, editor. Biology of the
Laboratory Mouse: McGraw-Hill book company. p 205-245.
Snow MH, Bennett D. 1978. Gastrulation in the mouse: assessment of cell populations in
the epiblast oftw18/tw18 embryos. J Embryol Exp MorphoI47:39-52.
Snow MHL. 1977. Gastrulation in the mouse: growth and regionalization of the epiblast.
J Embryol Exp Morph 42:293-303.
Snow MHL. 1987. Cell death in embryonic development. Potten CS, editor. Oxford:
Oxford University Press. 202-228 p.
Sokol RJ, Miller SI, Reed G. 1980. Alcohol abuse during pregnancy: an epidemiologic
study. Alcohol Clin Exp Res 4(2):135-145.
Sowell ER, Jernigan TL, Mattson SN, Riley EP, Sobel OF, Jones KL. 1996. Abnormal
development of the cerebellar vermis in children prenatally exposed to alcohol:
size reduction in lobules I-V. Alcoholism: Clinical and Experimental Research
20(1):31-34.
Sowell ER, Thompson P, Mattson SN, Tessner KO, Jernigan TL, Riley EP, Toga AW.
2002. Regional brain shape abnormalities persist into adolescence after heavy
prenatal alcohol exposure. Cerebral Cortex 12:856-865.
Spassky N, Goujet-Zalc C, Parmantier E, Olivier C, Martinez S, Ivanova A, Ikenaka K,
Macklin W, Cerruti I, Zalc B, Thomas J-L. 1998. Multiple restricted origin of
oligodendrocytes. The Journal of Neuroscience 18(20):8331-8343.
Spreafico R, Arcelli P, Frassoni C, Canetti P, Giaccone G, Rizzuti T, Mastrangelo M,
Bentivoglio M. 1999. Development of layer I of the human cerebral cortex after
midgestation: architectonic findings, immunocytochemical identification of
neurons and glia, and in situ labeling of apoptotic cells. The Journal of
Comparative Neurology 410: 126-142.
Spreafico R, Frassoni C, Arcelli P, Selvaggio M, De Biasi S. 1995. In situ labeling of
apoptotic cell death in the cerebral cortex and thalamus of rats during
development. The Journal of Comparative Neurology 363:281-295.

260

Srinivasula SM, Ahmad M, Fernandes-Alnemri T, Litwack G, Alnemri ES. 1996.
Molecular ordering of the Fas-apoptotic pathway: the FaslAPO-l protease Mch5
is a CrmA-inhibitable protease that activates multiple Ced-3/ICE-like cysteine
proteases. Proc Natl Acad Sci USA 93(25):14486-14491.
Stahelin BJ, Marti U, Solioz M, Zimmermann H, Reichen J. 1998. False positive staining
in the TUNEL assay to detect apoptosis in liver and intestine is caused by
endogenous nucleases and inhibited by diethyl pyrocarbonate. J Clin Pathol: Mol
Pathol 51:204-208.
Steinhausen HC, Nestler V, Spohr HL. 1982. Development of psychopathology of
children with the fetal alcohol syndrome. J Dev Behav Pediatr 3(2):49-54.
Steinhausen HC, Willms J, Spohr HL. 1994. Correlates of psychopathology and
intelligence in children with fetal alcohol syndrome. J Child Psychol Psychiatry
35(2):323-331.
Sterio DC. 1984. The unbiased estimation of number and sizes of arbitrary particles using
the disector. Journal of Microscopy 134(2):127-136.
Stratton K, Howe C, Battaglia F. 1996. Fetal Alcohol Syndrome: Diagnosis,
Epedemiology, Prevention and Treatment. Washington, DC: National Academy
Press. 4-21 p.
Streffer C. 1997a. [Proliferation rate and radiosensitivity: were Bergonie and Tribondeau
wrong?]. Strahlenther Onkol 173(9):484.
Streffer C. 1997b. Biological effects of prenatal irradiation. Ciba Found Symp 203: 155166.
Streissguth AP, Aase JM, Clarren SK, Randels SP, LaDue RA, Smith DF. 1991. Fetal
alcohol syndrome in adolescents and adults. JAMA 265(15):1961-1967.
Streissguth AP, Barr HM, Sampson PD. 1990. Moderate prenatal alcohol exposure:
effects on child IQ and learning problems at age 7 1/2 Years. Alcoholism: Clinical
and Experimental Research 14(5):662-669.
Streissguth AP, Bookstein FL, Sampson PD, Barr HM. 1989. Neurobehavioral effects of
prenatal alcohol: Part Ill. PLS analyses of neuropsychologic tests. Neurotoxicol
Teratol 11(5):493-507.

261

Streissguth AP, Clarren SK, Jones KL. 1985. Natural history of the fetal alcohol
syndrome: a 10-year follow-up of eleven patients. The LANCET 2(8466): 85-91.
Streissguth AP, Dehaene P. 1993. Fetal alcohol syndrome in twins of alcoholic mothers:
concordance of diagnosis and IQ. Am J Med Genet 47(6):857-861.
Streissguth AP, Herman CS, Smith DW. 1978. Intelligence, behavior, and
dysmorphogenesis in the fetal alcohol syndrome: a report on 20 patients. J Pediatr
92(3):363-367.
Streissguth AP, Sampson PD, Olson HC, Bookstein FL, Barr HM, Scott M, Feldman J,
Mirsky A. 1994. Maternal drinking during pregnancy: attention and short-term
memory in 14-year-old offspring - a longitudinal prospective study. Alcoholism:
Clinical and Experimental Research 18(1):202-218.
Stromland K. 1987. Ocular involvement in the fetal alcohol syndrome. Surv Ophthalmol
31(4):277-284.
Stromland K. 2004. Visual impairment and ocular abnormalities in children with fetal
alcohol syndrome. Addition Biology 9:153-157.
Sturrock RR. 1975. A quantitative electron microscopic study of myelination in the
anterior limb of the anterior commissure of the mouse brain. J Anat 119(Pt 1):6775.
Sulik K, Johnson MC. 1983. Sequence of developmental alterations following acute
ethanol exposure in mice: craniofacial features of the fetal alcohol syndrome. The
American Journal of Anatomy 166:257-269.
Sulik KK, Cook CS, Webster WS. 1988. Teratogens and craniofacial malformations:
relationships to cell death. Development 103(Supplement):213-232.
Sulik KK, Johnston MC. 1982. Embryonic origin ofholoprosencephaly: interrelationship
of the developing brain and face. Scan Electron Microsc(Pt 1):309-322.
Sulik KK, Johnston MC, Daft PA, Russell WE, Dehart DB. 1986. Fetal alcohol syndrome
and DiGeorge anomaly: critical ethanol exposure periods for craniofacial
malformations as illustrated in an animal model. American Journal of Medical
Genetics Supplement 2:97-112.
Sulik KK, Johnston MC, Webb MA. 1981. Fetal alcohol syndrome: embryogenesis in a
mouse model. Science 214:936-938.

262

Sulik KK, Lauder JM, Dehart DB. 1984. Brain malformation in prenatal mice following
acute maternal ethanol administration. Intl J Dev Neurosci 2(203-214).
Takahashi T, Goto T, Miyama S, Nowakowski RS, Caviness Jr VS. 1999. Sequence of
neuron origin and neocortical laminar fate: relation to cell cycle of origin in the
developing murine cerebral wall. The Journal of Neuroscience 19(23): 1035710371.
Takahashi T, Nowakowski RS, Caviness Jr VS. 1992. BUdR as an S-phase marker for
quantitative studies of cytokinetic behaviour in the murine cerebral ventricular
zone. Journal ofNeurocytology 21:185-197.
Takahashi T, Nowakowski RS, Caviness Jr VS. 1995. The cell cycle of the
pseudostratified ventricular epithelium of the embryonic murine cerebral wall.
The Journal of Neuroscience 15(9):6046-6057.
Takahashi T, Nowakowski RS, Caviness Jr VS. 1996. The leaving or Q fraction of the
murine cerebral proliferative epithelium: a general model of neocortical
neurogenesis. The Journal of Neuroscience 16(19):6183-6196.
Tarn PPL, Behringer RR. 1997. Mouse gastrulation: the formation of a mammalian body
plan. Mechanisms of Development 68:3-25.
Tarn PPL, Williams EA, Chan WY. 1993. Gastrulation in the mouse embryo:
ultrastructural and molecular aspects of germ layer morphogenesis. Microscopy
Research and Technique 26:301-328.
Tenkova T, Young C, Dikranian D, Labruyere J, Olney JW. 2003. Ethanol-induced
apoptosis in the developing visual system during synaptogenesis. Invest
Ophthalmol Vis Sci 44:2809-2817.
Tenniswood MP, Guenette RS, Lakins J, Moibroek M, Wong P, Welsh JO. 1992. Active
cell death in hormone-dependent tissues. Cancer Metast Rev 11:197-220.
The Boulder Committee. 1970. Embryonic vertebrate central nervous system: revised
terminology. Anat Rec 166:257-262.
Theiler K. 1972. The House Mouse. Berlin Heidelberg New York: Spring-Verlag.
Thomas JD, Goodlett CR, West JR. 1998. Alcohol-induced Purkinje cell loss depends on
developmental timing of alcohol exposure and correlates with motor performance.
Developmental Brain Research 105:159-166.
263

Thornberry NA, Lazebnik Y. 1998. Caspases: Enemies within. Science 281: 1312-1316.
Thornberry NA, Rano TA, Peterson EP, Rasper DM, Timkey T, Garcia-Calvo M,
Houtzager VM, Nordstrom PA, Roy S, Vaillancourt JP, Chapman KT, Nicholson
DW. 1997. A combinatorial approach defines specificities of members of the
caspase family and granzyme B. Functional relationships established for key
mediators of apoptosis. J BioI Chem 272(29): 17907-17911.
Timsit S, Martinez S, Allinquant B, Peyron F, Puelles L, Zalc B. 1995. Oligodendrocytes
originate in a restricted zone of the embryonic ventral neural tube defined by DM20 mRNA expression. The Journal of Neuroscience 15(2):1012-1024.
Toyomoto M, Inoue S, Ohta K, Kuno S, Ohta M, Hayashi K, Ikeda K. 2005. Production
ofNGF, BDNF and GDNF in mouse astrocyte cultures is strongly enhanced by a
cerebral vasodilator, ifenprodil. Neuroscience Letters 379:185-189.
Tran TD, Kelly SJ. 2003. Critical periods for ethanol-induced cell loss
hippocampal formation. Neurotoxicology and Teratology 25:519-528.

III

the

Trump BF, Berezesky IK, Phelps PC. 1981. Sodium and calcium regulation and the role
of the cytoskeleton in the pathogenesis of disease: a review and hypothesis. Scan
Electron Microsc(Pt 2):435-454,434.
Tsai J, Floyd RL. 2004. Alcohol consumption among women who are pregnant or who
might become pregnant - United States, 2002. Division of Birth Defects and
Developmental Disabiliies, National Center on Birth Defects and Developmental
Disabilities, CDC. Report nr 53(50). 1178-1181 p.
Umpierre CC, Little SA, Mirkes PE. 2001. Co-localization of active caspase-3 and DNA
fragmentation (TUNEL) in normal and hyperthermia-induced abnormal mouse
development. Teratology 63:134-143.
Urase K, Fujita E, Miho Y, Kouroku Y, Mukasa T, Yagi Y, Momoi MY, Momoi T. 1998.
Detection of activated caspase-3 (CPP32) in the vertebrate nervous system during
development by a cleavage site-directed antiserum. Developmental Brain
Research 111:77-87.
Urase K, Kouroku Y, Fujita E, Momoi T. 2003. Region of caspase-3 activation and
programmed cell death in the early development of the mouse forebrain.
Developmental Brain Research 145(2):241-248.

264

Valles S, Sancho-Tello M, Minana R, Climent E, Renau-Piqueras J, Guerri C. 1996. Glial
fibrillary acidic protein expression in rat brain and in radial glia culture is delayed
by prenatal ethanol exposure. J Neurochem 67(6):2425-2433.
Vermeij-Keers C, Poelmann RE. 1980. The neural crest: a study on cell degeneration and
the improbability of cell migration in mouse embryos. Neth J ZooI30:74-81.
Voigt T. 1989. Development of glial cells in the cerebral wall of ferrets: direct tracing of
their transformation from radial glia into astrocytes. J Comp NeuroI289(1):74-88.
Vorhees CV. 1988. Maternal age as a factor in determining the reproductive and
behavioral outcome of rats prenatally exposed to ethanol. Neurotoxicol Teratol
I 0(1):23-34.
Wang JYJ. 1998. Cellular responses to DNA damage. Current Opinion in Cell Biology
10:240-247.
Warf BC, Fok-Seang J, Miller RH. 1991. Evidence for the ventral ongm of
oligodendrocyte precursors in the rat spinal cord. J Neurosci 11(8):2477-2488.
Waterman RE. 1976. Topographical changes along the neural fold associated with
neurulation in the hamster and mouse. Am J ANAT 146:151-172.
Watson P, McDonald B. 1999. Nutrition during pregnancy: report to the ministry of
health. Massey University. 109-128 p.
Webster WS, Lipson AH, Sulik KK. 1988. Interference with gastrulation during the third
week of pregnancy as a cause of some facial abnormalities and CNS defects.
American Journal of Medical Genetics 31:505-512.
Webster WS, Walsh DA, Lipson AH, McEwen SE. 1980. Teratogenesis after acute
alcohol exposure in inbred and outbred mice. Neurobehavioral Toxicology 2:227234.
Webster WS, Walsh DA, McEwen SE, Lipson AB. 1983. Some teratogenic properties of
ethanol and acetaldehyde in C57BLl6J mice: implications for the study of the
fetal alcohol syndrome. Teratology 27:231-243.
West JR, Goodlett CR. 1990b. Teratogenic effects of alcohol on brain development.
Annals of Medicine 22(5):319-325.

265

West JR, Goodlett CR, Bonthius DJ, Hamre KM, Marcussen BL. 1990a. Cell population
depletion associated with fetal alcohol brain damage: mechanisms of BACdependent cell loss. Alcoholism: Clinical and Experimental Research 14(6):813818.
West JR, Hamre KM, Cassell MD. 1986. Effects of ethanol exposure during the third
trimester equivalent on neuron number in rat hippocampus and dentate gyrus.
Alcohol Clin Exp Res 10(2):190-197.
West JR, Hamre KM, Pierce DR. 1984a. Delay in brain growth induced by alcohol in
artificially reared rat pups. Alcohol 1:213-222.
West JR, Parnell SE, Chen W-JA, Cudd TA. 2001. Alcohol-mediated purkinje cell loss in
the absence of hypoxemia during the third trimester in an ovine model system.
Alcoholism: Clinical and Experimental Research 25(7): 1051-1 057.
West JR, Pierce DR. 1984b. The effect of in utero ethanol exposure on hippocampal
mossy fibers: an HRP study. Brain Res 317(2):275-279.
West MJ, Gundersen HJG. 1990. Unbiased sterological estimation of the number of
neurons in the human hippocampus. The Journal of Comparative Neurology
296: 1-22.
West MJ, Slomianka L, Gundersen HJ. 1991. Unbiased stereological estimation of the
total number of neurons in thesubdivisions of the rat hippocampus using the
optical fractionator. Anat Rec 231 (4):482-497.
West T, Atzeva M, Holtzman DM. 2006. Caspase-3 deficiency during development
increases vulnerability to hypoxic-ischemic injury through caspase-3-independent
pathways. Neurobiology of Disease 22(3):523-537.
Weston WM, Greene RM, Uberti M, Pisano MM. 1994. Ethanol effects on embryonic
craniofacial growth and development: implications for study of the fetal alcohol
syndrome. Alcoholism: Clinical and Experimental Research 18( I): 177-182.
Wiberg GS, Samson JM, Maxwell WB, Coldwell BB, Trenholm HL. 1971. Further
studies on the acute toxicity of ethanol in young and old rats: relative importance
of pulmonary excretion and total body water. Toxicol Appl Pharmacol 20(1):2229.

266

Wijsman JH, Jonker RR, Keijzer R, van de Velde CJH, Cornelisse CJ, van Dierendonck
JH. 1993. A new method to detect apoptosis in paraffin sections: ISEL of
fragmented DNA. J Histochem Cytochem 41:7-12.
Wilkemeyer MF, Menkari CE, Charness ME. 2002. Novel antagonists of alcohol
inhibition of L I-mediated cell adhesion: multiple mechanisms of action.
Molecular Pharmacology 62(5):1053-1060.
Wilkemeyer MF, Sebastian AB, Smith SA, Charness ME. 2000. Antagonists of alcohol
inhibition of cell adhesion. PNAS 97(7):3690-3695.
Wilkinson PK, Sedman AJ, Sakmar E, Kay DR, Wagner JG. 1977. Pharmacokinetics of
ethanol after oral administration in the fasting state. Journal of Pharmacokinetics
and Biopharmaceutics 5(3):207-224.
Wilson DB. 1982. The cell cycle during closure of the neural folds in the C57BL mouse.
Developmental Brain Research 2:420-424.
Wisniewski K, Dambska M, Sher JH, Qazi Q. 1983. A clinical neuropathological study
of the fetal alcohol syndrome. Neuropediatrics 14(4):197-201.
Wolf HK, Buslei R, Schmidt-Kastner R, Schmidt-Kastner PK, Pietsch T, Wiestler OD,
Blumcke I. 1996. NeuN: a useful neuronal marker for diagnostic histopathology.
The Journal of Histochemistry & Cytochemistry 44(10):1167-1171.
Woo M, Hakem R, Soengas MS, Duncan GS, Shahinian A, Kagi D, Hakem A,
McCurrach M, Khoo W, Kaufman SA, Senaldi G, Howard T, Lowe SW, Mak
TW. 1998. Essential contribution of caspase 3/CPP32 to apoptosis and its
associated nuclear changes. Genes & Development 12(6):806-819.
Woolsey TA. 1967. Somatosensory, auditory and visual cortical areas of the mouse.
Johns Hopkins Med J 121(2):91-112.
Wu CH, Wen CY, Shieh JY, Ling EA. 1993. A quantitive study of the differentiation of
microglial cells in the developing cerebral cortex in rats. J Anat 182:403-413.
Wyllie AB. 1980b. Glucocortical-induced thymocyte apoptosis is associated with
endogenous endonuclease activation. Nature 284:239-257.
Wyllie AH, Kerr JF, Currie AR. 1980a. Cell death: the significance of apoptosis. Int Rev
CytoI68:251-306.

267

Yamashita A, Valkova K, Gonchar Y, Burkhalter A. 2003. Rearrangement of synaptic
connections with inhibitory neurons in developing mouse visual cortex. The
Journal of Comparative Neurology 464:426-437.
York JL. 1982. Body water content, ethanol pharmacokinetics, and the responsiveness to
ethanol in young and old rats. Dev Pharmacol Ther 4(1-2):106-116.
Young C, Roth KA, Klocke BJ, West T, Holtzman DM, Labruyere J, Qin Y-Q, Dikranian
K, Olney JW. 2005. Role of caspase-3 in ethanol-induced developmental
neurodegeneration. Neurobiology of Disease 20:608-614.
Zeiner AR, Paredes A, Christensen HD. 1979. The role of acetaldehyde in mediating
reactivity to an acute dose of ethanol among different racial groups. Alcohol Clin
Exp Res 3(1):11-18.
Zhivotovsky B, Samali A, Gahm A, Orrenius S. 1999. Caspases: their intracellular
localization and translocation during apoptosis. Cell Death Differ 6(7):644-651.
Zhou FC, Sari Y, Powrozek T, Goodlett CR, Li T-K. 2003. Moderate alcohol exposure
compromises neural tube midline development in prenatal brain. Developmental
Brain Research 144:43-55.
Zhou XF, Rush RA. 1994. Localization of neurotrophin-3-like immunoreactivity in the
rat central nervous system. Brain Research 643:162-172.
Zilles K, Wree A. 1985. Cortex: areal and laminar structure. In: Paxinos G, editor.
Forebrain and midbrain. Sydney: Academic Press. p 375-415.
Zimmerberg B, Reuter JM. 1989. Sexually dimorphic behavioral and brain asymmetries
in neonatal rats: effects of prenatal alcohol exposure. Developmental Brain
Research 46:281-290.

268

Appendices
Appendix 1

Protocol for TUNEllabeling

1. Embryos (include outside uterus) fixed in 4% paraformaldehyde overnight at 4 DC, then stored in
70% ethanol in fridge.

Embedded in parafin wax, sectioned into 5 urn, mounted on the 3 -

aminopropyltriethoxysilane (APES) slides, stored at 37 DC thermal box at least overnight.
2. Routine histological technique: sections dewaxed and rehydrated in Xyline and a graded series
decreased ethanol, wash in tapped water, put the section into PBS (0.1 M, PH 7.4).
3. Proteinase K treatment, proteinase K 2.5ug/ml in Tris buffer (20 mM, PH 7.4), 15 min at room
temperature. Proteinase K serial dilution experiments, the concentration used was 20, 10, 5, 2.5, 1.25, and 0
}tg/ml.
4. Wash in PBS (0.1 M, PH 7.4) 5 min x 3.
5. Choose one section as positive control, with treatment of DNAase I
2 ul DNAase I + 45 ul distilled water (or 45 ul Tris buffer, 10 mM, PH 7.4)
37 DC thermal box: 15 min (keep in moist chamber)
6. Wash in PBS (0.1 M, PH 7.4) 5 min x 3.
7. Incubated TdT & dUTP buffer, 1: 2 with the special diluted buffer (30 mM Tris buffer, PH 7.2, 160
mM sodium cacodylate, and 1 mM cobalt chloride which make from 1 ml 0.3 M Tris buffer + 1 ml 10
mM CoCl2 + 8 ml 200 mM sodium Cacodylate), 37 DC for 60 min in moist chamber. Choose a

negative control (no TdT enzyme) here!
8. Rinse with citrate buffer (300 mM sodium chloride and 30 mM sodium citrate PH7.0). Dip into
citrate buffer, then change into fresh citrate buffer 10 min x 2.
9. Rinse with Tris buffer (20 mM, PH 7.4): 5 min x 3. Fluorescent microscope check!
10.0.5% H202 in Methanol (3.33 ml 30% H202, or 2 ml 50% H202) adding in 200 ml methanol) for
30 min at room temperature.
11. Rinse with PBS (0.1 mM, PH 7.4): 5 min x 3
12. Incubate with HRP-conjugated sheep anti-fluorescence 'antibody' for 30 min at room temperature
(300 ul 10% BSA + 200 ul NSS + 1.0 ml POD, 30 min RT). Choose another negative control here!
13. After reaction, dip tissue into PBS the put into Tris-buffer at least 5 min wash.
14. Wash with PBS (0.1 M, PH 7.4): 5 min x 4
15. Visualize with DAB in diluted peroxide buffer (1: 10, DAB metal concentrate diluted in peroxide
buffer), 1 min at RT.
16. Dehydration and mounting in Xylene
Carrazi's Haematoxylin: 30 sec
Wash in water: 1 - 2 min
Blue:

6 sec

75% Ethanol: 6 sec
95% Ethanol: 8 sec
100% Ethanol: 8 sec

Wash in water: 1- 2 min
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Appendix 2

Protocol for Activated Caspase-3 labeling

1. Routine histological technique: adjacent sections for TUNEL staining was dewaxed and rehydrated
in Xyline and a graded series decreased ethanol, wash in tapped water, put the section into PBS (0.1 M,
PH 7.4).
2. Antigen retrieval: section was microwave 20 min in 0.1 M Tris buffer with 5% urea (TB) (PH 10.0) for 20
mins. (800 ml ddH20 + 12.11 g Tris + 50.0 g urea, PH to 10.0).

Leave slide on the bench at least 30 min to

cool down naturally.

3. Wash in PBS (5 mins)
4. Block proteins with donkey serum - 1:20 in PBS (10 mins) (-20°C freezer)
(100 ul donkey serum + 2 ml PBS, on vibrator)
5. Tap off serum, apply primary antibody (polyclonal anti-human/mouse caspase 3 active - affinity purified rabbit) 1:500 (2 ul one, or 1:50 for 20 ul one, diluted in diluting buffer (DB), moist chamber
4°C overnight (DB

=850 ul PBS + 2 ul Tween + 100 ul 10% BSA + 50 ul).

6. Rinse off solutions with PBS, wash 2 x PBS (5 mins each)
7. Apply donkey anti-rabbit (biotinylated) secondary antibody 1: 200 in PBS (10 ul 2nd Ab + 2 ml
PBS)

@

RT (30 mins)

8. Wash in PBS (5 mins)
9. 0.5% H202 in Methanol (3.33 ml 30% H202, or 2 ml 50% H202) adding in 200 ml methanol) for
30 min at room temperature.
10. Wash in PBS 5 min x 3
11. Apply steptavidin - biotinylated HRP 1: 100 in PBS (20 ul + 2 ml PBS) (30 mins)
12. Wash in PBS (5 mins)
13.

Develop in DAB, stop reaction with ddH20 (~8 - 10 mins), counterstain with Carrazi's

haematoxylin, then dehydrated in xylene and ethanol, then mounted in DPX.
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Appendix 3

EM Embedding Protocol

1. Membrane Enhancing Post-Fixation
Post-Fixation: at RT, leave in rotator
-1- 0.1 M Cacodylate Buffer

3 x 10 min.

-2- 1.5% K3Fe(CN)6 + 1 % 0804
-3- 0.1 M Cacodylate Buffer

1 hour

3 x 10 min.

2. Staining and Differentiation
Staining: at 4 °C, put rotator in fridge
-1- 0.05 M Maleate Buffer

2 x 10 min.

-2- 1% Uranyl Acetate in Maleate Buffer
-3- 0.05 M Maleate Buffer

20 min.
I hour

2 x 10 min.

Differentiation: at RT in rotator
-4- 50 % Ethanol

I x 10 min.

10 min.

-5-70 % Ethanol

I x 10 min.

10 min.

-6- 95 % Ethanol

I x 15 min.

IS min.

-7- 100 % Ethanol

1 x 15 min.

IS min.

-8- 100 % Ethanol

2 x 20 min.

40 min.

-9- Propylene Oxide

2 x 20 min.

40 min.
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20 min.

3. Infiltration
-1- 3: 1 Propylene Oxide: Resin I

2 hours

-2- 1:1 Propylene Oxide: Resin I

overnight

-3- 1:3 Propylene Oxide: Resin 11

2 hours

A- Resin 11

5 hours

-5- Resin III

overnight

iAgar 100
OOSA
MNA
BOMA
rrotal

Resin I &
Ill:
9.60 g
6.40 g
4.00 g
0.48 g
20.48 g

RI:

R Ill:

19.20 g
12.80 g
8.00 g
0.96 g
40.96 g

4. Embedding
-6- Resin IV

Resin 11:

2 hours

Embed tissue in appropriate moulds
-7- Cure in 60 0c oven 36 - 48 hrs.
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R 11: Resin IV:
--j--------

--

Appendix 4

Protocol for BrdU labeling

1. Embryos (include outside uterus) fixed in 4% paraformaldehyde for 6 hours, stored in 70% ethanol
in fridge (about 4 QC). Embedded in parafin wax, sectioned into 5 urn, mounted on the APES slides,
stored at 37 QC thermal box at least overnight.
2. Routine histological technique: sections dewaxed and rehydrated
Xylene:

3 min x 3

100% Ethanol

3 min x 2

95% Ethanol

3 min x 2

70% Ethanol

3 min

3. Proteinase K treatment, 20 ug/ml in PBS (0.1 M, PH 7.4) at room temperature for 15 mins.
4. Wash with PBS (0.1 M, PH 7.4): 5 min x 3
5. Incubate in 2N HCl for 15 min at 37 cc.
6. Incubate in 0.1 M Borax (PH8.5) for 6 mins x 2 at RT.
7. Rinse with PBS (0.1 M, PH 7.4): 5 min x 3
8. Apply primary monoclonal mouse anti-BrdU antibody, diluted 1:50 in AbDB (lml AbDB consist
with 100 ul pure goat serum + 100 ul 10% BSA + 2 ul Tween 20 + 800 ul PBS) 4 "C overnight at moist
incubating box.
9. Rinse with PBS (0.1 M, PH 7.4): 5 min x 3
10. Add secondary: biotinylated goat anti-mouse 1:400 (1:200 not completely bad, but not take the
risk of background) in AbDB (10% BSA 200 ul + 4 ul Tween 20 + 1.8 ml PBS) incubate 30 minutes
at RT.
11. Rinse with citrate buffer (300 mM sodium chloride and 30 mM sodium citrate PH7.0).
12. Wash with PBS (0.1 M, PH 7.4): 5 min x 3
13. 0.5% H202 in Methanol (3.33 ml 30% H202, or 2 ml 50% H202, adding in 200 ml methanol) for
30 min at room temperature.
14. Rinse in PBS 5 min x 3.
15. Incubate in biotinylated Strepdavidin-HRP diluted 1:100 in PBS 30 min at RT.
16. Rinse in PBS 5 min x 3.
17. Visualize with DAB in diluted peroxide buffer (l: 10), 10 min at RT (l min is OK).

18. Dehydration and mounting in Xylene
Harris Haematoxylin: 3 dip is enough

Wash in water: 3 min

Acid alcohol 6 sec

Wash in water: 3 min

Blue: 6 sec

Wash in water: 3 min

75% Ethanol: 6 sec

95% Ethanol: 8 sec

100% Ethanol: 8 sec
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Xylene: I min x 2

Appendix 5

Protocol for NeuN labeling

1. Whole brain tissue (PN60) fixed and stored in 4% paraformaldehyde. Before embedding, put tissue
into 70% ethanol in 4 °C fridge for 6 hours. Embedded in parafin wax, sectioned into 5 um, mounted
on the APES slides, stored at 37°C thermal box at least overnight.
2. Rontine histological technique: sections dewaxed and rehydrated
Xylene:

5 min x 3

100% Ethanol

5 min x 2

95% Ethanol

5 min x 2

70% Ethanol

5 min

3. Antigen retrieval: microwave slides in 10 mM Citrate buffer (PH = 6.0; 2.1 g/L citrate acid
monohydrate). High power (level 9) 5 min, media power (level 6) 5 min, low power (level 3) 5 min.
Leave slide on the bench at least 30 min to cool down naturally.
4. Wash with PBS (0.1 M, PH 7.4): 5 min x 3
5. Mark circle around tissue using Dako wax pen.
6. Apply primary monoclonal mouse anti-NeuN antibody: diluted 1:50 in AbDB (Irnl AbDB consist
with 100 ul pure goat serum + 100 ul 10% BSA + 2 ul Tween 20 + 800 ul PBS). Put tissues into fridge
4 °C overnight at moist incubating box.
7. Rinse with PBS (0.1 M, PH 7.4): 5 min x 3
8. Add secondary: biotinylated goat anti-mouse 1:200 diluted with in AbDB, incubate 1 hour at RT.
9. Wash with PBS (0.1 M, PH 7.4): 5 min x 1
10. Wash with citrate buffer (300 mM sodium chloride and 30 mM sodium citrate PH7.0): 5 min x 1
11. Wash with PBS (0.1 M, PH 7.4): 5 min x 1
10.0.5% H202 in Methanol (3.33 ml 30% H202 (or 2 ml 50% H202) adding in 200 ml methanol) for
15 min at room temperature (0.83 ml 30% H202 in 50 ml methanol).
11. Rinse in PBS 1 min, then 5 min x 2 to clear out methanol.
12. Incubate in biotinylated Strepdavidin-HRP diluted 1:100 in PBS 1 hour at RT.
13. Rinse in PBS 1 min x 1, then wash in PBS 5 min x 3.
14. Visualize with DAB in diluted peroxide buffer (1: 10), 10 min at RT.
15. Dehydration and mounting in Xylene
Harris Haematoxylin: 3 dip is enough

Wash in water: 3 min

Acid alcohol 6 sec

Wash in water: 3 min

Blue: 6 sec

Wash in water: 3 min

75% Ethanol: 6 sec

95% Ethanol: 8 sec

100% Ethanol: 8 sec

Xylene: 1 min x 2
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Appendix 6

GMA Embedding Protocal

1. Differentiation
Differentiation: all procedure at RT, leave in rotator
-1- 70 % Alcohol

3 hours

-2- 95 % Alcohol

1 hour

-3- 100 % Alcohol

1 hour

2. Infiltration
-4- GMA Monomer #1

2 hours

-5- GMA Monomer #2

overnight

-6- GMA Monomer #3

day-long

-7- GMA Monomer #4

overnight

-8- GMA Monomer #5

day-long

-9- GMA Monomer fresh

overnight

3. Bases and GMA fresh
GMA (Glycolmethacrylate) Monomer:
2 Hydroxyethylmethacrylate
2 Butoxyethanol
Benzoyl Peroxide

80 ml
20 ml
450 mg

ml=
ml =
mg =

-10- Fasten moulds with double sided sticking tape on cardboard, trim top
-11- GMA for bases in freezer

1/2 hour

GMA (Glycol methacrylate) Polymer:
GMA + Promoter:
50 ml
GMA Monomer
1 ml
Promoter Solution

Promoter Solution:
8 ml
Polyethylene Glycol 400
1 ml
NN Dimethylaniline

-12- Vacuum bases

overnight
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ml
ml
mg

4. Embedding

-1- Put trays in freezer
-2- Make up new GMA Monomer, prepare Promoter
-3- Procedure of Embedding following the steps below
Description
Monomer
Tissue, Bases
Monomer + Promoter

Nominal
Time
0 - 30 min.
8 - 38 min.
30 - 33 min.

Embedding

33 - 38 min.
38 - 45 min.

Orientation, Sealing 3
Infiltration
Cure

Time
Interval
30 min. Freezer
30 min. Freezer
3 min. Fumehood 1
5 min. Freezer
7 min. Fumehood 2

45

Freezer

45 - overnight
half a day
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o/n
hid

Freezer
Fumehood

Appendix 7

Blood Alcohol Concentrations after Initial Dose

IG6.5

Dam Number
10 min
0.5 hr
1.5 hr
4.0 hr
8.0 hr
10.0 hr

C57-5
438.86
557.96
639.16
565.94
445.11
270.84

C57-6
378.31
568.74
596.76
414.43
302.09
190.82

C57-16
260.51
286.32
456.55
347.99
258.01
115.75

C57-23
311.72
488.11
604.31
496.57
243.62
155.41

C57-14
309.65
690.14
666.45
466.63
238.56
89.05

C57-30
260.55
417.51
553.24
369.91
53.67
0

C57-8
98.12
159.24
190.95
68.32
0

C57-13
144.7
250.1
350.82
224.33
51.93

C57-17
221.35
319.3
301.25
169.33
59.47

C57-20
227.51
319.05
336.09
237.59
95.34

C57-21
102.29
180.41
313.4
231.27
116.41

C57-22
246.39
324.12
305.98
204.61
41.96

C57 - 37
239.85
213.8
295.39
228.3
248.7
180.14
26.36

C57 - 39
292.1
276.3
338.47
287.63
280.41
213.54
43.15

C57 - 42
355.21
317
390.47
349.95
402.54
343.53
254.17

C57-47
345.24
322.33
383.3
312.67
348.83
307.07
189.81

C57-52
268.05
231.03
345.21
305.85
357.51
303.22
181.47

C57-53
360.98
295.49
330.91
284.92
332.4
275.36
161.17

C57 - 38
161.03
150.85
228.72
185.47
223.1
150.02
193.13
108.33
125.41
46.72

C57 - 36
179.81
169.36
258.42
205.17
248.04
187.45
239.04
173.78
233.54
178.42

C57-50
179.06
140.77
186.84
145.52
206.81
148.39
200.11
123.07
149.52
72.74

C57-51
158.11
142.53
196.64
154.95
201.08
121.88
147.82
71.27
92.82
46.91

C57-45
166.43
121.35
144.13
112.02
196.15
161.1
227.91
173.27
239.02
197.32

C57-48
280.08
239.08
289.49
221.64
258.95
169.22
187.31
94.97
120.53
49.37

C57-56
296.25
359.06
360.59
333.63
267.31
176.46
10.1

C57-61
239.99
331.53
336.66
313.31
245.47
150.13
22.2

C57-63
207.76
312.13
360.14
332.28
278.74
189.52
36.45

C57-67
185.27
298.49
335.05
333.92
263.1
175.98
32.35

C57-64
316.72
380.86
370.37
338.06
272.82
187.95
48.09

C57-59
292.45
445.24
444.51
413.69
348.08
230.74
52.74

IG4.5

Dam Number
10 min
0.5 hr
1.5 hr
4.0 hr
6.0 hr
IG4.5+

Dam Number
1.5 h
2.5 h
3.5 h
4.5 h
5.5 h
6.5 h
8.0 h
IG3.0+

Dam Number
1.0 hr
2.0 hr
3.0 hr
4.0 hr
5.0 hr
6.0 hr
7.0 hr
8.0 hr
9.0 hr
10.0 hr
IP4.5

Dam Number
10 min
0.5 hr
1.0 hr
1.5 hr
2.5 hr
4.0 hr
6.0 hr
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Appendix 8
Con6.5
Dam number Sex

Mean brain weight of PN60 mouse for
the Con6.5, IG6.5, and IG3.0+ groups
Pup Number

Brain Weight (grams)
2nd measure 3rd measure Average
0.4963
0.496
0.4963
0.4986
0.495
0.4963
0.5029
0.5026
0.5033
0.4839
0.4851
0.487
0.5311
0.5322
0.5301
0.4800
0.4802
0.4802
0.4841
0.4842
0.4837

C57-106

Female
Female
Male
Male
Male
Male
Male

1#
2#
4#
5#
6#
7#
8#

1st measure
0.4965
0.4953
0.5027
0.4844
0.5311
0.4797
0.4847

C57-107

Female
Male
Male
Male
Male

1#
2#
3#
4#
5#

0.4964
0.5413
0.5531
0.5018
0.4909

0.496
0.5391
0.554
0.5032
0.492

0.4957
0.5398
0.5528
0.5019
0.4928

0.4960
0.5401
0.5533
0.5023
0.4919

C57-108

Female
Male
Male
Male
Male
Male

1#
3#
4#
5#
6#
7#

0.4936
0.4923
0.5184
0.5122
0.5084
0.4677

0.4951
0.4937
0.5162
0.5143
0.509
0.4672

0.4944
0.4926
0.5153
0.5129
0.5081
0.4663

0.4944
0.4929
0.5166
0.5131
0.5085
0.4671

C57-109

Female
Female
Male
Male

1#
2#
3#
4#

0.5137
0.501
0.519
0.5015

0.5133
0.5007
0.5184
0.5002

0.5144
0.5019
0.5203
0.5018

0.5138
0.5012
0.5192
0.5012

C57-110

Female
Female
Female
Female
Male
Male

1#
2#
3#
4#
6#
7#

0.4917
0.4775
0.4828
0.4616
0.5207
0.4748

0.4911
0.4 791
0.485
0.4619
0.5221
0.4737

0.4925
0.4799
0.483
0.4599
0.5215
0.4743

0.4918
0.4788
0.4836
0.4611
0.5214
0.4743

C57-115

Female
Female
Male
Male

1#
2#
3#
4#

0.5165
0.5196
0.5548
0.5212

0.5143
0.5168
0.5511
0.5211

0.5149
0.5161
0.5534
0.5197

0.5152
0.5175
0.5531
0.5207

C57-117

Female
Female
Male
Male

1#
2#
4#
5#

0.5191
0.4964
0.5114
0.5417

0.5183
0.4943
0.5128
0.5394

0.5185
0.498
0.5104
0.5436

0.5186
0.4962
0.5115
0.5416

278

IG6.5

Dam number Sex

Pup Number

C57-100

Female
Female

1#
2#

Brain Weight (grams)
1st measure 2nd measure 3rd measure Average
0.5083
0.5078
0.5091
0.5112
0.5213
0.5193
0.5242
0.5204

C57-101

Male
Male

1#
2#

0.5472
0.5392

0.544
0.539

0.5445
0.5379

0.5452
0.5387

C57-102

Female
Male
Male
Male
Male
Male
Male
Male

1#
2#
3#
4#
5#
6#
7#
8#

0.5402
0.5207
0.5532
0.5336
0.5118
0.5139
0.5054
0.4933

0.5335
0.5216
0.5539
0.5338
0.514
0.515
0.506
0.4925

0.5369
0.5224
0.5546
0.5308
0.5137
0.5125
0.5033
0.4922

0.5369
0.5216
0.5539
0.5327
0.5132
0.5138
0.5049
0.4927

C57-103

Female
Female
Female
Female

1#
2#
3#
4#

0.5312
0.5526
0.5193
0.5155

0.5281
0.5502
0.5186
0.5167

0.5296
0.5488
0.5182
0.5163

0.5296
0.5505
0.5187
0.5162

C57-105

Female
Male

1#
2#

0.5033
0.4594

0.501
0.4562

0.5038
0.4566

0.5027
0.4574

C57-113

Male
Male
Male

1#
2#
3#

0.5336
0.5304
0.5186

0.536
0.53
0.5173

0.5367
0.5332
0.5208

0.5354
0.5312
0.5189

C57-71

Female
Female
Male

3#
4#
5#

0.4766
0.4987
0.5257

0.4755
0.5027
0.527

0.4767
0.5014
0.5268

0.4763
0.5009
0.5265

C57-98

Female
Female
Female
Female
Male
Male

1#
2#
3#
4#
5#
6#

0.5123
0.497
0.5186
0.4772
0.5104
0.4367

0.5123
0.4961
0.5165
0.4756
0.5081
0.4378

0.5152
0.4944
0.5153
0.4774
0.5073
0.4376

0.5133
0.4958
0.5168
0.4767
0.5086
0.4374
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IG3.0+
Dam number Sex

Pup Number

C57-123

Male
Male
Male

1#
2#
3#

Brain Weight (grams)
1st measure 2nd measure 3rd measure Average
0.5160
0.5152
0.5156
0.5172
0.5228
0.5218
0.5244
0.5223
0.4876
0.488
0.4889
0.4859

C57-124

Female
Female
Male
Male
Male
Male
Male

1#
2#
3#
4#
5#
6#
7#

0.484
0.4814
0.4912
0.5059
0.4748
0.4697
0.4745

0.4856
0.4837
0.4891
0.5042
0.471
0.4712
0.4747

0.4867
0.4848
0.4882
0.5069
0.4765
0.4682
0.476

0.4854
0.4833
0.4895
0.5057
0.4741
0.4697
0.4751

C57-127

Female
Male
Male
Male
Male

1#
2#
3#
4#
5#

0.5007
0.4953
0.5182
0.491
0.4803

0.5008
0.4951
0.5173
0.4887
0.48

0.5021
0.4961
0.5165
0.4897
0.4776

0.5012
0.4955
0.5173
0.4898
0.4793

C57-128

Female
Female
Female
Male
Male
Male

1#
2#
3#
4#
5#
6#

0.4842
0.4738
0.4711
0.4797
0.4727
0.4894

0.4885
0.4747
0.4714
0.4784
0.4704
0.4872

0.4863
0.4739
0.4732
0.4776
0.4735
0.4868

0.4863
0.4741
0.4719
0.4786
0.4722
0.4878

C57-129

Male
Male
Male
Male

1#
2#
3#
4#

0.4884
0.532
0.5084
0.5049

0.4895
0.5319
0.5085
0.5057

0.4891
0.5328
0.5071
0.5046

0.4890
0.5322
0.5080
0.5051

C57-130

Female
Female
Female
Female
Male
Male
Male
Male

1#
2#
3#
4#
5#
6#
7#
8#

0.5045
0.4789
0.4808
0.491
0.4947
0.5295
0.489
0.5098

0.5054
0.4794
0.4793
0.4935
0.4911
0.5272
0.4871
0.5083

0.5056
0.478
0.4819
0.4917
0.4917
0.5266
0.4893
0.5106

0.5052
0.4788
0.4807
0.4921
0.4925
0.5278
0.4885
0.5096

280

Appendix 9

Neocortical Volumes and Cell Number. Neurons,

Glial Cells, and Capillary Cells in the Neocortex of PN60
Mouse for the Con6.5, IG6.5, and IG3.0+ Groups
Con6.5

Animal Number
109-1
115-1
106-1
108-4
110-6
107-2
117-1

Neocortical Volume
(mm3)
49.51
46.66
45.36
45.36
45.10
48.21
47.43

Neurons
11269565
12121043
9967304
12321391
11570087
12672000
12722087

Cell Number
Glial Cells
4407652
5359304
4307478
6060522
6010435
5209043
4808348

Capillary Cells
3506087
3255652
2053565
3656348
3255652
3506087
3756522

Neocortical Volume
(mm3)
44.06
44.84
48.99
55.21
51.58
46.92
49.77
46.40

Neurons
12020870
12621913
12722087
13122783
14174609
10117565
11720348
11269565

Cell Number
Glial Cells
4107130
5309217
4958609
4307478
4758261
5509565
5058783
4908522

Capillary Cells
3355826
3556174
2454261
2955130
3255652
1552696
2554435
3305739

Neocortical Volume
(mm3)
47.69
45.36
47.17
46.14
44.84
45.88

Neurons
11119304
11870609
13723826
12371478
10868870
11970783

Cell Number
Glial Cells
4808348
4908522
5409391
4658087
4608000
5259130

Capillary Cells
2955130
2854957
2955130
3305739
2354087
3105391

IG6.5

Animal Number
113-3
105-1
102-2
101-2
71-5
103-2
98-2
100-2
IG3.0+

Animal Number
130-1
123-1
129-3
124-4
128-1
127-1
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