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ABSTRACT
Exposure to ethanol in utero can result in life-long disability. Ethanol is
neurotoxic, and exposure of high doses during development results in widespread cell
death. A particular brain region of interest that is affected is the hippocampus, which
has implications in learning and memory. The present study uses a rat model of
binge-like drinking, during the third trimester-equivalent stage of neural development
of humans, to investigate cell death in the hippocampus. The optical fractionator
method was used to estimate total acute apoptotic cell death in the CA1, CA3, and
DG sub-regions of the hippocampus. Rat pups were given ethanol on PN6 and PN8,
or on PN8 only, and tissue was collected 12 hours after the last ethanol exposure.
Furthermore, relative expression of apoptotic proteins Bcl-2 and Bax was measured
in the CA1/DG and CA3 sub-regions 12, 24, and 48 hours after ethanol exposure on
PN6.
These experiments showed significant cell death in all sub-regions of the
hippocampus after a single, exposure on PN8 only, with a lot less cell death following
a PN8 exposure, which was preceded by a PN6 exposure. The Bcl-2:Bax ratio
significantly increased at the 24 hour time point, and returned back to control levels
by 48 hours. The results suggest that a prior ethanol exposure may affect subsequent
acute apoptotic cell death induced by ethanol, perhaps by a protective mechanism as
the Bcl-2:Bax ratio increases at 24 hours. This study increases our understanding of
apoptotic cell death as a consequence of binge drinking during the third trimester
equivalent of human foetal development.
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1 INTRODUCTION

Deformations in infants born to alcoholic mothers have been reported for centuries
(for historical perspective, see Jones and Smith, 1973). In the last half century,
clinical characteristics of these infants have been described, and the term ‘Foetal
Alcohol Syndrome (FAS)’ was coined (Lemoine et al., 1968, Jones and Smith, 1973,
Jones et al., 1973, Jones et al., 1974). There are four conditions to be met before the
FAS diagnosis can be given. These include: growth deficiency, where pre and postnatal height and/or weights are at or below the tenth percentile; all three FAS facial
features are present, which include short palpebral fissures, a thin vermillion border,
and a smooth philtrum (Figure 1.1); central nervous system damage, which includes
any structural, neurological, or functional impairment; and a confirmed or unknown
prenatal exposure to alcohol. However, children prenatally exposed to alcohol may
still exhibit impairments, despite not attaining the requirements for a FAS diagnosis.
Therefore, the umbrella term, ‘Foetal Alcohol Spectrum Disorder (FASD)’ has been
used to describe these affected individuals.

Figure 1.1. Facial dysmorphologies associated with FAS
(A) White child, (B) Native-American child, (C) Black child, (D) Biracial child. Figure from
(Wattendorf and Muenke, 2005)

Foetal alcohol spectrum disorder is the leading cause of preventable
intellectual disability (mental retardation) in the Western world today (Clarke and
2

Gibbard, 2003). In the USA, FASD is estimated to affect between 23 and 63 children
per 1000 live births (May et al., 2011), with a higher incidence in low socio-economic
areas, compared with the upper-middle class population (Abel, 1995). There are
potential confounders pertaining to the epidemiology of FASD, including how to
accurately

measure

exposure

to

alcohol

during

pregnancy.

Biomarkers

are

characteristic changes in biology, such as the occurrence of particular molecules or
changes in gene expression, which are indicative of pathological or physiological
processes. There are biomarkers of prenatal alcohol exposure, such as the presence of
fatty acid ethyl esters in neonate meconium (Zelner et al., 2012), but retrospective
self-reporting methods are still commonplace, although these may not be reliable
(Koren et al., 2008). Reasons for this include inaccuracy of reporting, due to relying
on recall of frequency, amount, and strength of alcoholic beverages consumed, and
under-reporting due to admitting to a potential stigmatised behaviour. Another issue
is the standardisation of alcohol exposure. Alcoholic beverages come in varying
strengths, and are consumed in varying portion sizes. Reporting a standardised
amount of alcohol is often difficult, especially as the alcohol content of beverages
consumed at home is considerably underestimated (Gill and Donaghy, 2004). Another
issue is the pattern of alcohol consumption. Animal studies have shown that alcoholic
beverages consumed over a longer period results in a lower peak blood alcohol profile
than consuming the same amount in a shorter time frame (Bonthius et al., 1988). It
has also been well established that there is a strong correlation between the peak
blood alcohol concentration (BAC) of the pregnant mother, and the severity of
outcomes in the offspring (Bonthius and West, 1990, West et al., 1990).
It is difficult to estimate the economic cost of FASD in New Zealand, as there
is no national data available, and there are reports that FASD is under-recognised
and under-reported (Alcohol & Public Health Research Unit, 1999). Therefore, a
conservative estimate of $3.5 million is spent annually in extra medical, education,
and social services, for individuals prenatally exposed to alcohol (Salmon, 2008).
There is national data available in other western countries such as the USA and
3

Canada. The economic, societal, and individual costs of FASD here are huge. At the
economic level, it has been estimated to cost between $4.3 and $6.7 billion in Canada
(Stade et al., 2009), and $6.5 billion in the USA (Harwood, 2003) per year in health
care, home care, special education, and other indirect costs.
The cost to society is also significant. A large follow-up study of a cohort
diagnosed with FAS or as having FASD showed that 60% of patients experienced
trouble with the law (trouble with authorities, charged, or convicted of a crime), and
50% of the cohort had been reported to exhibit inappropriate sexual behaviour,
including inappropriate sexual advances, or had been sentenced to a sexual offender
treatment program (Streissguth et al., 1997).
The most distressing effects are arguably to the individual. Here, outlined are
some of the primary and secondary disabilities that result from prenatal alcohol
exposure. Cognitive deficits are widely reported for persons prenatally exposed to
alcohol. The average IQ of individuals diagnosed with FAS is estimated to be
between 65-75, and those with FASD are estimated to be between 80-85 (Mattson et
al., 1997, Mattson and Riley, 1998). Bailey et al. (2004) examined IQ scores of
children the age of 7, and found that children whose mothers binge drank (consuming
excessive amounts of alcohol over a short period) were 1.7 times more likely to have
an IQ score in the intellectual disability range (IQ <70). In addition to maternal
drinking, IQ reductions were observed in children born to older mothers and whose
parents had received less cognitive stimulation, such as completion of high school
(Jacobson et al., 2004).
Individuals may exhibit lower language and literacy comprehension (Mattson
et al., 1996a, Autti-Ramo, 2000), and regardless of IQ, decreased word attack scores –
which is thought to represent a biological aspect of reading (Streissguth et al., 1994).
Arithmetic scores were found to be lower at the age of 7, particularly in children
whose mothers were heavy drinkers, compared with women who abstained from
drinking during pregnancy. These individuals were still likely to exhibit low scores at
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the age of 14 (91%), compared to children with abstaining mothers (45%)
(Streissguth et al., 1994).
Executive functioning is a broad term that encompasses the cognitive processes
involved in planning actions to achieve a goal. Researchers can assess this by using
‘look-ahead puzzle’ paradigms, such as the ‘Progressive Planning Test’ (Kodituwakku
et al., 1995), or the ‘California Tower Test’ (Mattson et al., 1999). The investigators
in both of these tests found that children prenatally exposed to alcohol had difficulty
in successfully completing these puzzles (Kodituwakku et al., 1995, Mattson et al.,
1999). Memory impairments, such as active recall (Mattson et al., 1999), spatial
(Olson et al., 1998), and place learning (Hamilton et al., 2003) are also adversely
affected in these individuals.
Long-term follow up studies have reported a considerable reduction in the
quality of life of these individuals, on average scoring lower in the physical,
psychological, social, and environmental domains compared to the healthy population
(Grant et al., 2005). Issues with employment were shown to occur in 79% of
individuals, and the living situations showed that 21% lived in institutions and 35%
lived in dependent-housing with outside assistance (Streissguth et al., 1997, Spohr et
al., 2007).
This is relevant in the New Zealand context, as hazardous drinking is drinking
pattern in our society (McGee and Kypri, 2004, Connor et al., 2005). A New Zealand
survey reported 35% of female drinkers continued to drink after their pregnancy was
confirmed, with a majority of these women under the age of 25 drinking more than
4.5 standard drinks per session – greater than the recommended intake in a single
session (Watson and McDonald, 1999). This is risky behaviour, as there is no known
safe amount of alcohol intake during pregnancy (Feldman et al., 2012).

1.1

Prenatal Ethanol Exposure
Ethanol, commonly referred to as alcohol, is a psychoactive drug and

teratogen, and when enough is consumed, produces a state known as alcohol
5

intoxication. Ethanol is a small molecule (CH3CH3OH) and readily crosses the
placenta, accumulating in the foetus and amniotic fluid (Brynczka and Merrick,
2007). It has been estimated that the maternal blood elimination of ethanol is 0.15 ±
0.01 mg/mL/h, and 0.08 ± 0.03 mg/mL/h from the amniotic fluid (Rothman, 1983).
Therefore, the rate of ethanol clearance from the amniotic fluid is 50% of that from
maternal blood (Heaton et al., 1999a, Brynczka and Merrick, 2007).
The effects of prenatal ethanol exposure in the brain are widespread.
Numerous brain structures are affected. The severity of damage depends on both the
timing and amount of ethanol exposure. Human anatomical studies of those affected
with FASD have been carried out (Clarren et al., 1978). Autopsy studies are
invaluable, however these cases represent the extreme end of the FASD spectrum,
and are therefore not indicative of individuals living with FASD. Recently, imaging
studies using magnetic resonance imaging (MRI), magnetic resonance spectroscopy
(MRS), and diffusor tensor imaging (DTI), which relies on the properties of water
diffusion and its interaction with other molecules, filaments, and membranes, have
been used to look at gross structural changes that occur after ethanol exposure.
These techniques are heavily relied on as these allow non-invasive imaging in vivo.

1.1.1 Evidence of Ethanol-Induced Structural changes
Microencephaly. Microencephaly, which is a reduction in brain size, has been
observed after alcohol exposure during early brain development in both humans and
animal models of FAS/D (Maier et al., 1997, Roebuck et al., 1998a). The reduction in
brain size has been suggested to be due to widespread cellular apoptosis, a form of
programmed cell death (Ikonomidou et al., 2000, Olney et al., 2000, Olney et al.,
2002). Although apoptosis is critical for normal development, excessive apoptosis can
have detrimental effects. Imaging studies have shown that in children prenatally
exposed to ethanol, there is an absolute size reduction in the frontal, temporal, and
parietal lobes, leaving the occipital lobe relatively spared. This is most likely a
reflection in the decrease in white matter volume in these regions (Archibald et al.,
6

2001, Sowell et al., 2002, Li et al., 2008, Astley et al., 2009). Interestingly, despite
reduced lobe volumes, MRI scans have showed that the frontal lobe has a thickened
cortex (Sowell et al., 2008), and the parietal and temporal lobes have increased grey
matter density (Sowell et al., 2001b, Sowell et al., 2002). This is a contrast to
apoptotic cell death, and may represent compensatory proliferation after ethanol
insult (Miller, 1995).
Corpus Callosum. The corpus callosum is a large white matter tract that
facilitates inter-hemispheric communication. White matter alterations have been
investigated using DTI (O'Leary-Moore et al., 2011). Human and animal studies have
shown that prenatal ethanol exposure can adversely affect the development of the
corpus callosum (Riley et al., 1995, Bookstein et al., 2002, Qiang et al., 2002).
Autopsy studies have shown partial or complete agenesis of the corpus callosum
(Jones and Smith, 1973), and MRI studies have shown partial agenesis or thinning
(Autti-Ramo et al., 2002), displacement (Sowell et al., 2001a), reduced volume (Riley
et al., 1995), reduced area (Riley et al., 1995, Sowell et al., 2001a, Autti-Ramo et al.,
2002), and length (Autti-Ramo et al., 2002), of the corpus callosum in children
prenatally

exposed

to

ethanol.

Data

from

DTI

has

shown

white

matter

microstructural anomalies, which are evident in the posterior corpus callosum
(Wozniak et al., 2009), and these anomalies may relate to the functional connectivity
deficits between the two cerebral hemispheres in the medial parietal region (where
the posterior corpus callosum connects), after prenatal ethanol exposure (Wozniak et
al., 2011). Consistent with human findings, animal models have also provided DTI
evidence of callosal thinning and narrowing in the mid region (O'Leary-Moore et al.,
2011). Additionally, abnormal white matter fibres have been detected using DTI, and
these fibres have been seen crossing the brain midline from the rostral brain to the
thalamic region, and also fibres projecting superior and inferior from the midline
(O'Leary-Moore et al., 2011).
Cerebellum. The cerebellum has roles in cognition and motor learning, to
produce precise, coordinated, and timed movements. Studies have reported a reduced
7

cerebellar volume (Riikonen et al., 1999, Archibald et al., 2001), or hypoplasia
(Autti-Ramo et al., 2002), with specific sub-regions affected more than others (Sowell
et al., 1996, O'Hare et al., 2005), in individuals prenatally exposed to ethanol. For
example, the anterior vermis (lobules I-V), but not the rest of the vermis (lobules VIX), is significantly smaller in children prenatally exposed to ethanol (Sowell et al.,
1996). Animal models of prenatal ethanol exposure have replicated this cerebellar
volume reduction (Bauer-Moffett and Altman, 1977, Ramadoss et al., 2007b), and it
is suggested that it is due to the significant Purkinje and granule cell loss in the
cerebellum (Hamre and West, 1993, West, 1993, Thomas et al., 1998). The specific
sub-regional cell loss depends on ethanol exposure periods (Napper and West, 1995,
Green et al., 2002, Dikranian et al., 2005), with greater Purkinje and granule cell loss
in some lobules than others after acute daily exposure of ethanol between PN1-10,
with Purkinje cells that are differentiating the most affected (Bonthius and West,
1990, Idrus and Napper, 2012). For example, in rodents, there is more pronounced
Purkinje cell loss when exposed to ethanol on postnatal day (PN) 4-5, but less so
when exposed on PN8-9, when Purkinje cells are more mature (Goodlett and Eilers,
1997, Thomas et al., 1998). Furthermore, this effect is shown in the in utero ovine
model of prenatal ethanol exposure, strengthening translation of this data to the
possible effect in humans (Ramadoss et al., 2007a).
Prenatal ethanol exposure in humans also disrupts cerebellar-dependent
functionality. A study has reported that children with prenatal ethanol exposure rely
on somatosensory input, rather than a combination of visual and vestibular input.
Therefore, when their surroundings change, the ability to maintain postural balance
becomes compromised (Roebuck et al., 1998b). An eye-blink conditioning task, which
is a classical cerebellar task, demonstrated that children that were prenatally exposed
to ethanol failed to be conditioned, and showed cerebellar deficits similar to children
with dyslexia (Coffin et al., 2005). In a longitudinal study, adults on the foetal
alcohol spectrum had poorer fine motor control and balance scores on all tests, than
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comparison individuals, however there is no longer a dose-dependent effect, except in
children with the highest levels of prenatal ethanol exposure (Mitchell et al., 1999).
Basal Ganglia and Midbrain. The basal ganglia, a group of sub-cortical nuclei,
involved with movement, reward-related procedural learning, and motivation, are
connected to cortical and subcortical motor regions. MRI studies of children and
adolescents with FAS found a significant reduction in total basal ganglia volume, and
once microencephaly had been controlled for, there was still a significant reduction of
the volume of the caudate nucleus (Mattson et al., 1996b, Nardelli et al., 2011).
Midbrain structures that are anatomically close, but not part of the basal
ganglia, such as the motor nuclei, are differentially affected after prenatal ethanol
exposure in the pigtailed macaque (Macaca nemestrina). The trigeminal motor, and
medial superior olivary nuclei had sustained significant neuronal number reduction,
but not volume reduction, with the facial motor nucleus (which arises at the same
time from the same rhombomere, r4) appearing to be unaffected (Mooney and Miller,
2001). The trigeminal-somatosensory pathway in the rodent model of prenatal
ethanol exposure also incurs a loss of neurons. Interestingly only the second-order and
the fourth-order neurons in the somatosensory pathway were affected at PN30, with
the third-order neurons in the ventrobasal thalamic nucleus unaffected (Mooney and
Miller, 1999). This demonstrates that ethanol does not affect all parts of the same
system, and that secondary cell loss does not necessarily always occur.

1.1.2 Animal Models
Animal models are used to indirectly investigate human pathologies or
conditions. If the model is going to produce results that can be extrapolated to the
human condition, features of a model should resemble human physiology and
anatomy, in response to an experimental paradigm. Animal models are commonly
used to study the effect of alcohol consumption on the developing brain. An in vivo
model is commonly used as a tool to mimic the neurochemical, histological, and
9

functional deficits associated with maternal consumption of alcohol during pregnancy
in humans. In vitro models can be used to investigate isolated changes in the
expression of genes, mRNA, or proteins.
There are many factors to take into an account when using an in vivo model.
For this study, it was important to correlate stages of animal brain development to
equivalent stages of brain development in humans. Figure 1.2 depicts various
mammalian species with first-order velocity curves of brain growth spurts. From this,
we can see that there is a growth spurt that peaks around the time of birth in
humans, and comparatively to the rat, where the majority of the brain growth spurt
occurs postnatally, around days four to eleven (Dobbing and Sands, 1979). Given this
information, the timing of experimentation is critical, if one is to extrapolate data
from one species to another.
The use and availability of a variety of different species has been valuable as a
research tool. Different animal models suit different aspects of research. For example,
an ovine model has all trimesters of pregnancy prenatally, the same as humans.
Whereas in the rat, where there is a brain growth spurt postnatally (Figure 1.2),
researchers are able to take away the maternal effects of the placenta, and effects of
being in an in utero environment.

Figure 1.2. First-order velocity curves of brain growth spurts
This is shown as a percentage of the species’ adult weight, and relative to time of parturition.
Adapted from (Dobbing and Sands, 1979)
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There are other factors that should be taken into account to be precisely
controlled for. The time of ethanol exposure during development with respect to age
of the animal influences alcohol clearance rates, possibly due to changes in
metabolism due to liver development. For example, younger rats have a higher BAC
for longer than older rats, meaning that their brain is exposed to the detrimental
effects of ethanol for longer (Kelly et al., 1987). There is strong evidence suggesting
that BAC is the most important variable in the onset of detrimental effects ethanol
has on the developing brain, in terms of cell survival and number (Bonthius and
West, 1990, West et al., 1990, Bonthius and West, 1991). There are also dosedependent effects of ethanol exposure having a functional significance (Savage et al.,
2002). Achieving higher levels of BAC is dependent on the pattern of ethanol
exposure. A higher concentration of ethanol given in a shorter time frame will yield a
higher BAC, compared to if a lower concentration of ethanol was given across a
longer time frame, which would result in a lower BAC, despite in both instances, the
same total amount of ethanol was given, and the BAC will return to zero or near
zero after 24 hours (Bonthius et al., 1988). In addition, a lower daily intake of
ethanol administered in high concentrations in a shorter time frame will produce a
higher BAC than a higher daily intake administered in smaller concentrations over a
longer time frame (Bonthius and West, 1990).
Control over alcohol consumption is possible with an animal model. As
mentioned earlier, BAC has a very important influence, and is a crucial determinant
of the severity of the outcomes produced. Alcohol can be delivered with precise
timings, concentrations, and amounts, thus allowing these factors to be monitored
and taken into account while interpreting and explaining data. This is not possible in
humans, as retrospective recall on drinking habits is poor. The route of ethanol
administration is also a crucial factor. Experimentally, ethanol can be delivered via
intraperitoneal or subcutaneous injection; as mixed into a liquid diet; by inhalation of
ethanol

vapour;

or

intragastically,

via

oral

gavage

or

intubation.

The

pharmacokinetics varies between administration routes. Oral gavage or intubation of
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pregnant dams mimic ingestion of alcohol in humans, and the foetal BAC follows a
similar profile to the maternal BAC. Intraperitoneal injection however, results in
quick diffusion into the amniotic fluid, resulting in a very high foetal BAC profile,
not characteristic of normal human consumption (Clarke et al., 1985).
Non-rodent models are also used. The sheep (Ovis aries) model was the first
large animal model to be used in this field, where initial findings were made that
prenatal ethanol exposure resulted in lighter brains compared to non-exposed
foetuses, providing support that ethanol exposure during development retards organ
growth (Potter et al., 1980). Since then, many experiments in sheep have investigated
how prenatal ethanol exposure alters the physiology of the developing foetus, such as
foetal brain metabolism, where it was shown that there is a decrease in the cerebral
uptake of glucose and oxygen, and decreased cerebral blood flow (Richardson et al.,
1985); and the endocrine system, where there is depressed pituitary-thyroid function,
but increased adrenal-cortical function, in the foetus after ethanol exposure.
Importantly, findings such as size reduction in neural structures, such as the
cerebellum, have been found in MRI studies of children (Autti-Ramo et al., 2002),
have been replicated in the ovine model (Ramadoss et al., 2007a), providing support
for the validity of this model.
Miniature swine were developed for medical research for use in toxicology,
pharmacology, and aging. This model has also been used in foetal alcohol research.
Miniature swine mimic human alcohol consumption most closely, and will voluntarily
consume alcohol until inebriated, something not seen in other mammalian models,
even when trained or restrained (Dexter et al., 1976). This model is also
advantageous to researchers when investigating the effects of ethanol exposure with
respect to trimester-based vulnerability, as the brain growth spurt of the miniature
swine peaks around parturition, which is similar to humans.
Non-human primates such as the rhesus monkey (Macaca mulatta) and the
pigtailed macaques (mucaca nemistrina) have also been used in foetal alcohol
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research. As non-human primates resemble the anatomy, physiology, and cognition of
humans more than any other animal, then theoretically this would make the most
ideal animal model. Weekly high and moderate ethanol exposure results in similar
developmental anomalies to those seen in children that were prenatally exposed to
ethanol, including facial dysmorphology (Figure 1.3) (Clarren and Bowden, 1982),
and ethanol-induced cell death has been also reported (Bonthius et al., 1996).
However, due to the large expense, ethical concerns, high spontaneous abortion rates
after ethanol exposure, and health risk to experimenters, this model is only
appropriate where other models cannot be used.

Figure 1.3. Alcohol exposed primate exhibiting facial dysmorphology
A) Dysmorphology of the face similar to individuals with FAS, such as short midface and
rotated ears. B) Normal infant. Figure from (Clarren and Bowden, 1982).

Chicken (Gallus gallus) embryos have been used as an important tool in
developmental research. Research using this model has focused on cell death that
occurs in neural crest cell populations during development after ethanol exposure in
ovo, and how this results in neural tube defects and craniofacial malformations
observed in individuals with FAS (Figure 1.4) (Cartwright and Smith, 1995).
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Research in this field has also extended to utilize zebra fish (Danio rerio) as a model
for investigating the effects of ethanol exposure during early embryonic development.
This model has been used to investigate the effects of ethanol exposure on cell
migratory patterns (Blader and Strahle, 1998), and visual sense development (Bilotta
et al., 2002), both of which underlie some of the structural changes seen in FASD
individuals.

Figure 1.4. Alcohol exposed chick embryo
A) Normal embryonic chick. B) Microencephaly and microopthalmia, similar to individuals
with FAS. Figure from (Cartwright and Smith, 1995).

In conclusion, different animal models have been used to investigate different aspects
of the effects of ethanol exposure. Rodent models are most commonly used as they
are well characterised, and are practical for in vivo experiments. Previous studies
have shown the importance of variables to consider in the animal model of choice.
Therefore, factors that have been considered in the current study include the dosage
of ethanol, and the route, timing, and pattern of ethanol administration. The model
used in the present study used oral gavage techniques, which provide a similar BAC
profile to that of humans

1.2

Hippocampus
As previously mentioned, a number of different brain regions show structural

and functional changes following prenatal alcohol exposure in the human, and in
animal models. Numerous studies have shown both that short and long-term changes
occur in the hippocampal formation following prenatal ethanol exposure, and this
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brain region is the focus of the present study. As ethanol exposure occurs during the
development of the hippocampus, it is important to provide an overview of functional
and structural components of the hippocampus prior to assessing the effects of binge
ethanol exposure during hippocampal development.

1.2.1 Function
The hippocampus is largely known for its involvement in the consolidation of
short-term declarative memories, as well as spatial memory and navigation. This
information comes from research on clinical cases, such as the extensively studied
patient H.M., and the subsequent animal models that were developed on memory
impairment (Squire, 2009). With these animal models, researchers have been able to
lesion subregions of the hippocampus, and observe the functional deficit, associated
with the lesion. For example, the dentate gyrus has been implicated in spatial
separation (Gilbert et al., 2001), and spatial memory encoding (Lee and Kesner,
2004); the CA3 region is implicated in pattern completion (Gold and Kesner, 2005)
and spatial pattern separation (Gilbert and Kesner, 2006); and the CA1 region is
implicated in the separation of temporal events (Gilbert et al., 2001).

1.2.2 Gross and Cellular Anatomy
Due to bilateral symmetry, there are two hippocampi, one in each hemisphere
of the brain. The human and rat hippocampus share the same basic organisational
structure. In the human brain, the hippocampus lies in the floor of the inferior horn
of the lateral ventricle, and is proportionately smaller than the rat hippocampus, due
to large telencephalic growth in the human brain. From the midline in the rat brain,
the hippocampus is a C-shaped structure, which extends caudoventrally over and
behind the thalamus. The hippocampal region contains six contiguous structures.
These include the dentate gyrus (DG), subiculum, presubiculum, parasubiculum,
entorhinal cortex, and the hippocampus proper. The hippocampus proper contains
the cornu ammonis (Ammon’s horn, CA) which consists of three subdivisions: CA1,
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CA2, and CA3. Some authors also include a CA4 region, but this region is generally
considered to be the hilus of the dentate gyrus, due to the predominantly mossy cell
type, and lack of pyramidal cells. The CA fields are stratified. The major layers from
most superficial to deep are: the alveus, which contains major efferent output from
the hippocampus; the stratum oriens (Str. oriens), which contains inhibitory fibres
innervating the oriens, pyramidale, and radiatum layers. The Str. oriens also has
recurrent connections in the CA3 region; The stratum pyramidale (Str. pyramidale)
contains the cell bodies of the pyramidal cells; and the stratum radiatum (Str.
radiatum), containing Schaffer collateral fibres, which are a projection of fibres from
the CA3 to the CA1 regions of the hippocampus (Figure 1.5). Hippocampal pathways
are unique in the sense that they are largely unidirectional – e.g., the DG projects to
CA3, CA3 to CA1, and CA1 to subiculum, with no reciprocal input. This has
functional significance as each hippocampal subregion processes aspects of memory
before passing information on to the next subregion. For example, the DG and CA3
have been implicated in pattern separation of neural representations of memory, and
the CA1 region is involved in pattern completion (Lacy et al., 2011).

Figure 1.5. Major stratified layers of the Hippocampus proper
From deep to superficial: Alveus, Str. oriens, Str. pyramidale, Str. radiatum. Figure modified
from (Paxinos and Watson, 2007).

The main cell type in the hippocampus is the pyramidal cell, with cell bodies
in the Str. pyramidale layer. Dendritic trees of pyramidal cells in the CA1 region
have a average dendritic length of 13.5 mm, and between 16 to 18 mm in the CA3
region (Ishizuka et al., 1995). The cell bodies between the CA1 and CA3 regions also
vary, with relatively smaller cell bodies in CA1 than in CA3. This helps to
histologically identify the boundary between these two regions. Granule cells are the
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main cell type in the DG. These are much smaller than pyramidal cells, and have a
much higher cell density.
There are also interneurons scattered throughout all hippocampal layers.
These include axo-axonic, basket, bistratified, and horizontal and radial trilaminar
cells. Additionally, there are stellate cells in the Str. radiatum layer. These
interneurons innervate large numbers of pyramidal cells, for example, one basket cell
can innervate as many as one thousand pyramidal cells (Andersen, 2007).

1.2.3 Development
The putative source of CA1 and CA3 pyramidal neurons comes from the
ventricular germinal layer, located on the medial side of the telencephalic wall. In the
rat, these cells are generated between embryonic day (E) 16 and 21. The peak of cell
proliferation of the CA3 region is E17, and of the CA1 region is E18 and E19 (Bayer,
1980). It has been suggested that the alveus, which are channels containing a major
fibre route in the hippocampus, contains an extracellular matrix which guides axons
of the pyramidal cells during development. These channels begin to form near the
fimbria, and spread to the subiculum. Until this migratory process is complete,
around E21, pyramidal cells cannot settle in the pyramidal layer. The granule cells of
the dentate gyrus cannot be morphologically identified until E20, and so CA3
pyramidal cells, which are formed earlier, cannot settle in the CA3 region, as granule
cells are the source of the CA3 pyramidal cell afferents. Furthermore, since CA1
pyramidal cells only travel from the intermediate zone, to the Str. pyramidale layer,
CA3 cells have further to travel, and circumnavigate around Ammon’s horn.
Therefore, these cells settle one day later than CA1 cells (Figure 1.6) (Altman and
Bayer, 1990).
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Figure 1.6. Prenatal development of the Rat Hippocampus
Progressive expansion of the alveolar channels (ac) from the fimbrial area towards the
subiculum. Early growth of CA1 is also shown, followed by rapid CA3 growth. Putative CA1
pyramidal cells are indicated by dark arrows, and putative and circumnavigating CA3 cells in
light arrows. Figure from (Altman and Bayer, 1990).

1.2.4 Effects of Ethanol Exposure on the Hippocampus
The hippocampus is vulnerable to the teratogenicity of ethanol exposure
during development. MRI studies in some children that have been prenatally exposed
to ethanol have shown smaller hippocampi, possibly due to cell loss as described in
animal studies, and despite the smaller size, the gross structure appears normal
(Autti-Ramo et al., 2002). Significant pyramidal cell loss is observed in the CA1 and
CA3 fields of the hippocampus (Barnes and Walker, 1981, Perez et al., 1991, Ba et
al., 1996), after prenatal, but not postnatal ethanol exposure to the developing brain
in rodents (Miller, 1995). This prenatal period of vulnerability in rodents coincides
with the period of large pyramidal cell proliferation in the hippocampus. Prenatal
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ethanol exposure had no effect on granule cells in the DG, but did with postnatal
exposure. This appears to be BAC dependent, where moderate BACs significantly
increased the total number of granule cells, and at high BACs, the total number of
granule cells significantly decreased (Miller, 1995). The mossy fibre pathway in the
hippocampus consists of unmyelinated axonal projections from the DG to the CA3
region. Prenatal ethanol exposure causes this pathway to become organised
abnormally, with aberrant branching of mossy fibres (West et al., 1981), and
abnormal invasion of mossy fibres into the infrahippocampal region, resulting in
permanent changes in neural circuitry (West and Hodges-Savola, 1983).
It is evident from hippocampal lesion studies that hippocampal damage
underlies associated behavioural deficits (Liu and Bilkey, 2001). The dorsal
hippocampus has been shown to be a crucial structure for normal performance in
spatial learning tasks (Collier et al., 1987, Fenton and Bures, 1993). The Morris
water maze (MWM) task is a validated paradigm used to assess this particular
hippocampal-dependent function (Morris et al., 1982). Experimentally, rats that have
been acutely exposed to ethanol prenatally (Blanchard et al., 1987, Gianoulakis,
1990, Zimmerberg et al., 1991, Sutherland et al., 1997, Johnson and Goodlett, 2002),
or postnatally (Goodlett and Peterson, 1995, Tomlinson et al., 1998, Johnson and
Goodlett, 2002), have been shown to exhibit impaired MWM task performance
compared to controls. The spatial learning deficit observed is indicative of damage to
the dorsal hippocampus, which is confirmed in neuroanatomical studies after ethanol
exposure during development (Barnes and Walker, 1981). Furthermore, this spatiallearning deficit is extended to adolescents that have been diagnosed with FAS in
their performance in a virtual form of the MWM (Hamilton et al., 2003). To
understand how ethanol leads to altered hippocampal function, it is important to
understand the process of cell death that can be elicited by ethanol during
hippocampal development.
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1.3

Apoptosis
Apoptosis, also known as Type I cell-death, is a form of programmed cell

death, where the cell dies as the result of controlled and regulated biochemical
events. There are two main pathways that lead to apoptosis: the extrinsic pathway,
where activation of cell death receptors initiate the intracellular apoptotic cascade;
and the intrinsic pathway, where cell stressors induce the release of apoptotic
molecules from mitochondria, which in turn initiate the same final cascade of
molecules of the extrinsic pathway, ultimately leading to apoptosis. The extrinsic
pathway is not detailed here, as although it is likely that many factors that act
extrinsically may be altered by ethanol exposure, these are not the focus of the
current study (Young et al., 2003). The major components of the intrinsic pathway
that will be considered in the current study are outlined in this section, and a
schematic overview of this is shown in Figure 1.7, where ethanol is depicted as the
toxic insult to the cell.

Figure 1.7. Simplified schematic overview of apoptosis
Ethanol enters the cell, causing DNA damage, and disrupting mitochondrial membrane
structure, activating the intrinsic apoptotic cascade, as described above.
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1.3.1

p53
p53 is a tumour-suppressor protein, which monitors the genetic integrity of the

cell. The p53 pathway responds to all types of DNA damage, where it can upregulate
DNA-repair proteins, stop the cell cycle, and initiate apoptosis. p53 is present
throughout the cell at very low levels. Within two hours of cellular stress, such as
that caused by ethanol exposure, transcription of p53 is significantly upregulated
(Wattendorf and Muenke, 2005). It has been demonstrated that p53 can directly
interact with the Bcl-2 family of proteins to mediate the intrinsic apoptotic pathway
(Toshiyuki and Reed, 1995).

1.3.2

Bcl-2 family
The Bcl-2 family are a group of apoptosis regulatory genes that regulate

mitochondrial membrane permeabilisation (MMP). The intrinsic pathway relies on
MMP, as factors such as cytochrome c can be released from the intermembrane space
when the MMP is high, to further the apoptotic cascade (Wigal and Amsel, 1990).
Bcl-2 family proteins are either pro- or anti-apoptotic. When cell integrity is
compromised, anti-apoptotic proteins such as Bcl-2 and Bcl-xL can be downregulated
or thwarted by the upregulation of pro-apoptotic proteins such as Bax and Bad. As
the ratio of pro- to anti-apoptotic Bcl-2 family proteins increases, these apoptosispromoting proteins insert into the outer mitochondrial membrane, to form channels
or pores, increasing MMP, with the subsequent release of apoptotic factors such as
cytochrome c (Muchmore et al., 1996). Bax can homo-dimerize or hetero-dimerize
with Bak to promote apoptosis by formation of channels in the outer mitochondrial
membrane (Tanaka et al., 2004). Alternatively, heterodimerisation of Bax with Bcl-2
or Bcl-xL inhibits channel formation in the outer mitochondrial membrane, therefore
preventing the release of cytochrome c, and preventing apoptosis (Antonsson et al.,
1997, Yang et al., 1997). This showns the importance of the Bcl-2:Bax ratio in
establishing whether a cell will favour apoptosis following MMP.
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This process can be blocked by the dephosphorylation of Bad by calcineurin.
Bad can then translocate to the mitochondria where it heterodimerises with Bcl-2
and Bcl-xL, which displaces Bax from Bax/Bcl-2, and Bax/Bcl-xL heterodimers
(Yang et al., 1995, Antonsson et al., 1997). The released Bax is then able to
homodimerise to form channels that insert into the outer mitochondrial membrane,
increasing the MMP, with subsequent release of cytochrome c into the cytoplasm.
The release of cytochrome c into the cytoplasm is a key event as it triggers
activation of apoptosis protease-activating factor (Apaf-1), and in the presence of
ATP, a cytoplasmic ‘apoptosome’, consisting of Apaf-1 and cytochrome c (Light et
al., 2002). This complex can cleave pro-caspase-9 (Li et al., 1997). This drives
caspase-3 activation, which initiates the effector phase of apoptosis.
Table 1. Bcl-2 Proteins

Anti-apoptotic proteins

Pro-apoptotic proteins

Bcl-2

Bax

Bcl-xL

Bad

1.3.3

Bax:Bcl-2 ratio
As the activation of caspase-3 above a critical level initiates the effector phase

of apoptosis, it is important to understand the processes that regulated the
progression of the apoptosis pathway prior to this stage. As the cell contains both
pro- and anti-apoptosis proteins, it is not surprising that the ratio of pro- and antiapoptotic proteins Bax and Bcl-2 plays a very important role in the regulation of
apoptosis. Much of our knowledge in this area has come from cancer research. In
cancer, apoptosis becomes unregulated, thereby leading to massive proliferation of
cells, or neoplasia. Cell culture studies using melanoma cells that have a high Bcl2:Bax ratio are characteristic of cells that are resistant to FAS receptor-mediated
apoptosis (an extrinsic apoptosis pathway), and conversely, cells that have a low Bcl2:Bax ratio are characteristic of cells that are sensitive to FAS receptor-mediated
apoptosis (Raisova et al., 2001). Furthermore, a significantly higher proportion of
patients with acute myeloid leukaemia with a high Bax:Bcl-2 ratio go into complete
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remission, and longer overall survival rates than those with lower a Bax:Bcl-2 ratio
(Del Poeta et al., 2003).

1.3.4

Caspases
Caspases are cysteine proteases that degrade polypeptides, and are divided

into two families: inflammatory caspases, and apoptosis-related caspases. The
apoptosis-related caspases are further subdivided into two subfamilies: the initiator
caspases (caspases 2, 8, 9, and 10), and the executioner caspases (caspases 3, 6, 7, and
15) (Raisova et al., 2001, Roberto et al., 2004). Activation of caspases occurs by the
proteolysis of the pro-caspase. For example, in the apoptosome, pro-caspase-9 is
cleaved, and then dissociated from the apoptosome to activate caspase-3. Caspase-3
then can activate a pathway, which leads to fragmentation of DNA (Li et al., 1997).

1.3.5

Mechanisms of Ethanol-induced Apoptosis
There are many factors that interact to influence the survival of a cell. It has

been shown that ethanol exposure alters neurotrophic factors, tyrosine kinase
receptors, apoptosis-related proteins, antioxidants, and reactive oxygen species (ROS)
generation (Light et al., 2002, Heaton et al., 2003b).
It has been shown that ROS can increase the MMP (Wigal and Amsel, 1990),
and thereby promote apoptosis. In the cerebellum, it has been demonstrated that
ethanol exposure on PN4 (when cerebellum is particularly vulnerable) increased ROS
production, but not exposure on PN7 (when cerebellum is not vulnerable) (Heaton et
al., 2002). Purkinje cells are reduced by 30-44% during a similar exposure period.
Antioxidants, such as vitamin E, can prevent this Purkinje cell loss (Heaton et al.,
2000a).
Basal levels of some neurotrophic factors increase with age, and it appears that
older brain tissues are able to upregulate protective elements in response to ethanol
neurotoxicity, whereas younger tissues are far more limited in their ability to achieve
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such protection, and thus are more susceptible to ethanol neurotoxicity (Heaton et
al., 2003a, Heaton et al., 2003b, Heaton et al., 2003c).

1.4

Summary and Aims
There is a growing incidence of individuals that have been prenatally exposed

to alcohol, as a result of women continuing to drink alcohol, in particular to binge
drink, during pregnancy (Watson and McDonald, 1999). The outcomes vary as a
result of exposure over many different developmental stages, but prenatal exposure to
alcohol can have devastating and long-lasting effects. Many children that have been
affected by prenatal alcohol exposure exhibit learning difficulties on tasks that
require hippocampal function and as discussed previously, there is considerable
human and animal model data to show that the developing hippocampus is
vulnerable to the neurotoxic effects of ethanol. The overall aim of this study was to
investigate the acute effects of binge-like ethanol exposure on both hippocampal
structure, and the process of apoptosis in the hippocampus, using a well established
rat model of early postnatal ethanol exposure, to mimic binge-ethanol consumption
during the third trimester of human pregnancy.
Within the overall aims, the subregions of the hippocampus would be
investigated as there is considerable data to show that CA1 and CA3 are
differentially involved in a range of behavioural tasks, and that they also show
differential vulnerability to other insults (Berman and Hannigan, 2000).

The specific aims of this study were:
- To characterise the extent of acute apoptotic cell death in the CA1, CA3,
and DG regions of the hippocampus after a single binge-like ethanol exposure on
PN8. It was hypothesised that the CA1 would incur significantly more cell death
than the CA3 region or DG.
- To characterise the extent of acute apoptotic cell death in the CA1, CA3,
and DG regions of the hippocampus after two binge-like ethanol exposures on PN6
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and again on PN8. It was hypothesised that there would be significantly less cell
death measured on PN8 following both a PN6 and PN8 ethanol exposure.
- To determine the relative levels of the expression of apoptotic-related
proteins Bcl-2 and Bax, 12, 24, and 48 hours after ethanol exposure on PN6 in the
CA1/DG and CA3 regions of the hippocampus. It is hypothesised that there would
be an initial pro-apoptotic Bax protein expression, succeeded by an increase antiapoptotic Bcl-2 protein expression.
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2 METHODS
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2.1

Animals and Housing
Timed pregnant Long-Evans rats were obtained from the Hercus Taieri

Resource Unit, Research Support Centre, Otago School of Medical Sciences. Female
dams were housed overnight with males, and the detection of a seminal plug the
following morning was indicative of successful mating and was designated gestational
day 0 (GD0). Pregnant dams were delivered to the Hercus facility on GD17, and
parturition normally occurred on G22 thereafter known as postnatal day 0 (PN0)
irrespective of timing of birth of pups. Mother rats had ad libitum access to food and
water, and were housed in a 12-hour light/dark schedule. Six litters were used in each
study (total 12), which were culled to around 10-12 pups per litter on PN2.
For all treatments, all pups were removed from the dam as a litter, and kept
warm in a polar fleece-lined container on a heated animal pad (Hortlink,
Christchurch). This was done to minimize disruption to the dam and to control for
any stress effect that may have resulted from separation from the mother. Removal
from the dam never exceeded longer than 30 minutes duration at any one time. All
pups were also returned to the dam as a litter grouping with pups placed in a group
at the feed hopper end of the cage and watched discretely as the mother collected
each pup and placed them in a nest. This occurred on each occasion and although not
quantitated, no preference toward control pups was noted in the dams retrieval and
care of the pups. Prior to the first treatment, pups were marked with a felt tip pen
for identification purposes. Pups were randomly assigned into alcohol exposure (AE),
or intubation control (IC) groups.

2.2

Experimental Treatment
On PN6 for both studies, animals in the AE group were given a dose of 6

g/kg/day of ethanol (13.4% v/v) in an artificial milk solution (Intralipid, Baxter
Healthcare Pty Ltd.) via intragastric intubation, delivered in two equal volume
deliveries, two hours apart. The dose of alcohol given was calculated to be 1/33rd of
the rat pup’s body weight in millilitres (Appendix 6.2). Control pups were intubated
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at the same time, with no fluid delivered down the intubation tube. This controlled
for the stress of insertion of the feeding tube, and handling of rat pups. Milk was not
delivered to control pups as this leads to excessive growth, which outweighs
confounders of not delivering a vehicle alone (Goodlett and Johnson, 1997). AE pups
were given top up feeds of non-ethanol milk later that day, as when inebriated, they
do not feed from their mother. Before each insertion of the intubation tube, the tip of
the tube was dipped in corn oil to provide lubrication for smooth insertion down the
rat’s oesophagus.
The intubation device that was used consisted of a 1 mL syringe, with a 22gauge needle attached, that was inserted into a short piece of PE-50 polyethylene
tubing (Intramedic, Clay Adams, NJ). This tubing was attached to approximately 30
cm of PE-10 polyethylene tubing (a smaller diameter of soft flexible tubing)
(Intramedic, Clay Adams, NJ) (Figure 2.1). The end of the intubation tubing was
briefly passed through a flame, to soften the edges of the plastic and to avoid injury
to the rat pup. A mark was made on the tubing that was approximately the length
between the mouth and stomach of the rat pup, so that the tubing could be
adequately inserted into the rat pup’s stomach.

Figure 2.1. Schematic of the intubation tube
A 1 mL syringe with a 22 gauge needle is attached to plastic tubing, which is attached to a
smaller diameter plastic tubing, for delivery of ethanol, and non-ethanol milk solutions.

2.2.1 Study One (Stereology Study)
Litters from the first study were divided into two groups: a PN8 only group
(n=3); and a PN6+PN8 group (n=3). The PN8 only group was given alcohol only on
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PN8, and the PN6+PN8 group was given alcohol on both PN6 and on PN8. The IC
group (n=4) was intubated only, with no ethanol delivered.

2.2.2 Study Two (Western Blot Study)
Litters from the second study were divided into three groups: a 12 hour, 24
hour, and a 48 hour group, where the hour denotes the time of sacrifice after the first
intubation.

2.3

Body Weight and Peak Blood Alcohol Concentrations
Body weight was measured using digital scales prior to initial feedings to track

growth progress.
One and a half hours after the second ethanol gavage, a 20 μL blood sample
was collected using two 10 μL heparinized capillary tubes, and delivered into a vial
containing 180 μL of internal standard solution containing preservative (Appendix
6.1.2). These blood samples were analysed using gas chromatography (ESR Forensic,
Petone) to determine the peak BAC.

2.4

Tissue Collection

2.4.1 Study One (Stereology Study)
Twelve hours since the first ethanol treatment, rat pups from this study were
anaesthetised with an intraperitoneal injection of sodium pentobarbitone (60 mg/kg)
(Pentobarb 300, National Veterinary Supplies Ltd., Auckland, New Zealand).
Confirmation of anaesthesia was assessed via the absence of the pedal withdrawal
reflex. Once anaesthetised, the animal was pinned onto a foam perfusion base with
the ventral body surface uppermost, and the abdominal and thoracic cavity was cut
open. The margin of the diaphragm to the abdominal wall was cut and the ventral
thoracic wall deflected over the head to allow access to the heart. The pericardium
was cut open, exposing the heart. The right atrium was cut to allow perfusate to flow
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out freely. A cannula needle was attached to tubing and passed through a peristaltic
pump. This was inserted into the left ventricle to deliver the perfusate. The perfusion
began with a delivery of a heparin prewash (1 mL of heparin in 100 mL of 0.1M
PBS) for 30 seconds, which flushed out the blood from the blood vessels to prevent
any blockages disrupting the delivery of fixative solution to the tissue. This was then
followed by perfusion of 4% paraformaldehyde (PFA) (Appendix 6.1.2) in 0.1M PBS
(Appendix 6.1.1) for eight minutes, to fix the tissue.
Note: Due to the small size of the rat pups, perfusions were carried out by Dr. Ruth
Napper.
Rat pups were then decapitated, and their scalp and skull were cut along the
midline. Using rongeurs, the skull was peeled away from the underlying brain tissue.
Their brains were removed from the cavity, and put into 4% PFA for at least 24
hours to ensure tissue fixation. The brains were then removed from the PFA, and put
into a 30% sucrose solution in PBS to replace the tissue water with a sucrose
solution. This allows the tissue to be frozen without ice crystal formation and
subsequent tissue damage. Brains were ready to be frozen when they had sunk to the
bottom of the solution, after 24 to 48 hours of immersion. Following this, the
cerebellum and brainstem were removed and the forebrain was cut along the midline
into the left and right hemisphere. Excess sucrose was removed from each specimen,
by gently mopping with a lint free tissue. Specimens were then coated in TissueTek® (O.T.C™ Compound, Sakura Finetek, Europe), frozen on powdered dry ice,
wrapped in chilled aluminium foil, labelled with an identification code, and stored at
-80°C until required.

2.4.2 Study Two (Western Blot Study)
Rat pups were decapitated, the brain was removed rapidly, and put into ice
cold artificial cerebrospinal fluid (aCSF) (Appendix 6.1.2). The brain was divided
into two hemispheres, with one dissected immediately while the other remained in
the cold aCSF. The order of the first dissection of either right or left hemisphere was
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alternated to ensure that there was an equal distribution of time delay between brain
regions within each treatment group. The brain tissue was kept moist with aCSF at
all times, and dissections were carried out on filter paper moistened with aCSF,
placed on a chilled glass plate (an inverted petri dish lying over a container of
crushed ice), under a dissecting microscope. The shape of the hippocampus could be
seen and a very fine flat, rounded spatula was placed under the hippocampus and it
was rolled to the medial surface of the brain and lifted out and placed on moist filter
paper. Care was taken to ensure that the orientation of the hippocampus as it was in
situ was maintained. The dissected out hippocampus is shown with CA1 and CA3
regions labelled (Figure 2.2).

Figure 2.2. PN6 rat pup hippocampus
The dorsal and ventral portions are indicated by D and V respectively. The CA1 and CA3
regions are indicated. The DG region lies deep to CA1.

The ends of each hippocampus were removed and discarded. The CA3 region
was then dissected away (Figure 2.3). Due to the technical demand, and the nature
of the tissue, the CA1 and DG regions were unable to be accurately separated. This
was confirmed via histological examination of the cell types within the region of the
hippocampus designated to be DG, but showed a mixture of granule and pyramidal
cells, instead of granule cells alone (Appendix 6.4). Therefore, the CA1 and DG
regions were combined for analysis. Each dissected region of the hippocampus was
frozen on powdered dry ice, and stored at -80°C until required.
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Figure 2.3. Dissection of the hippocampus into two regions
Here the CA3 region has been cut from the CA1 region with a razor blade and is deflected.
This was removed from the tissue containing the CA1/DG regions.

Note: Two people are required to collect tissue in order to minimise time taken from
death to freezing of tissue for optimal tissue protein preservation. Therefore,
hippocampal dissection was carried out by Dr. Ruth Napper.

2.5

Stereological analysis

2.5.1 Tissue preparation
The right hemisphere of each rat pup was removed from the -80°C freezer and
placed overnight in the -20°C freezer prior to sectioning. This was required as the
tissue was too hard to section if taken directly from the -80°C freezer. The
hemisphere was then mounted on its caudal surface with the olfactory bulb
uppermost on a cryostat chuck using Tissue-Tek® O.T.C™ Compound. The
hemisphere was also coated with a layer of O.C.T and was placed in the cryostat, set
to -15°C. Serial 40 μm thick coronal sections were placed in order into the wells of a
12-well plate filled with cryoprotectant (Appendix 6.1.2). Sections were stored at 20°C until required. Storage in cryoprotectant allows sections to be stored for many
months without tissue damage from freezing.
A series of every seventh section was free floated in PBS and mounted onto
double subbed gelatine-coated slides, which were then dried for two days before the
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staining, to ensure that all sections were well adhered to the slide. These sections
were then stained with Cresyl Violet using the following protocol: Slides were put
into a metal slide holder, and the entire procedure was carried out in a fume hood.
The sections were dipped in dH2O for 30 seconds, and then placed in Cresyl Violet
(Appendix 6.1.2) solution for 25 minutes. This was then followed by 30 seconds in
dH2O to remove excess stain. The sections were then passed through a series of 70%
acidified ethanol, followed by 95% acidified ethanol (Appendix 6.1.1) for three
minutes each, followed by two changes of 100% ethanol for a further three minutes
each. Sections were then cleared in xylene for at least 10 minutes. The slides were
removed one at a time from the xylene to prevent drying, and cover-slipped with
DPX. All sections were coded in order that all analysis was carried out, blinded to
the treatment group.

2.5.2 Stereological Equipment
On each section, the hippocampal regions CA1, CA3, and DG, were delineated
using a 4X objective lens on an Olympus BX51 microscope. A microscope camera was
connected to a computer, and the microscope stage was motor-driven to allow precise
stepwise navigation along the x- and y-axes, with an electronic microcator that
allowed measurement along the z-axis of the section (MAC 6000 controller, Ludl
Electronic Products).
The Stereo Investigator 10 (MBFbioscience, Vermont, USA) software system
was used as it allows boundaries to be drawn on the image of the region of interest,
within which cells will be counted. Once the region had been delineated, the software
automatically applies a random sampling grid, of user-defined spacing, across the
region, which functions as the systematic series of sampling stops that will be used
for the section. At each sampling stop the software automatically placed an unbiased
sampling frame, of dimensions determined by the user, on the section and the
number of apoptotic cells within the sampling frame were counted using unbiased
counting rules. As the distance through which the microscope moved as the user
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focussed through the section could be measured through the z-axis using the
microcator, cells were counted in a three-dimensional volume of tissue, an unbiased
sampling cube. This method is known as the optical fractionator method.

2.5.3 Defining Apoptotic cells and Boundaries
Apoptotic cells were counted, which vary in appearance. Some apoptotic
bodies are large spherical units and few in number per cell, and some are smaller and
many in number (Figure 2.4). A further two control animals were further analysed to
obtain non-apoptotic cell estimates.
The Str. oriens and the Str. pyramidale layers were included in each region.
The boundary between the CA1 and CA3 regions was defined as the point where the
cells changed from the smaller densely packed pyramidal cells (of the CA1 region) to
the larger, more widely spaced pyramidal cells (of the CA3 region) (Figure 2.5). The
superior border was harder to define, as cells become more diffuse. This blurred the
border between the Str. pyramidale and the Str. radiatum, and so the border was
drawn consistently roughly between these two layers. The inferior border was drawn
at the boundary between the base of the pyramidal cells and the str. oriens layer,
which is a clear transition from cell bodies to a clear layer.
The boundaries of the CA1, CA3, and DG regions of the rat hippocampus on
each section were defined using a rat atlas (Paxinos and Watson, 2007). The size of
the rat hippocampus in the coronal plane varies depending on the section position
relative to Bregma (Figure 2.6). It is important to note that these figures are from an
adult rat brain of a different rat strain. Therefore, this was used only as a rough
guide. A series of hippocampal sections are delineated in Appendix 6.3.
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Figure 2.4. Apoptotic bodies in CA1
A series of different appearances of apoptotic cells with Cresyl violet stain. A) Normal
neuron. B) Large single apoptotic body. C) Number of different sized apoptotic bodies. D)
Two apoptotic bodies from same pyramidal cell. E) A number of apoptotic bodies, from one
pyramidal cell. F) Many apoptotic bodies, morphology suggests not a pyramidal cell.
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Figure 2.5. Hippocampal boundaries
A) 40x magnification of the granule cell layer in the DG. This is a clearly definable region.
B) 40x magnification of the boundary between the CA3 region and the hilus of the DG. This
boundary is not as clear-cut as cells become diffuse, but is still visible. C) 4x magnification of
the hippocampus. D) 60x magnification of the boundary between CA1 and CA3 region.
Arrow at 1 points to a smaller cell of the CA1 region; Arrow at 2 points to a larger cell of
the CA3 region.
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Figure 2.6. Coronal sections through the adult rat hippocampus
n CA1 cell layer, n CA3 cell layer, n Granule cell layer of the dentate gyrus, n Alveus of
the hippocampus. Figure adapted from (Paxinos and Watson, 2007).
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2.5.4 Sampling Strategy
Every fourteenth section through the hippocampus was selected to comprise a
series to be analysed. Random systematic sampling was used within the CA1, DG,
and CA3 regions of the hippocampus, as delineated using the Stereo Investigator
software to apply the sampling points at which the optical disector method was used.
The random sampling points were 150 µm apart in the X and Y directions (Figure
2.7), and the optical disector was sampled through 8 µm along the Z axis, beginning
2 µm from the top of the section to ensure any damage due to sectioning was not
included in the disector sample volume.

Figure 2.7. Sampling grid in hippocampus
Overlay of random grids for CA1 (green), CA3 (blue), and DG (white) regions, applied by
Stereo Investigator which indicates stops where apoptotic cells were counted.

At each sampling point, an unbiased counting frame that measured 3600 µm2
(60 by 60 µm) was applied to the image of the section at each sampling point and the
number of apoptotic bodies were counted, using unbiased counting rules to determine
an overall estimate of the number of apoptotic bodies in each of the hippocampal
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subregions. Unbiased counting rules were applied as some apoptotic bodies
intersected the sampling frame border, and counting all of these would result in an
overestimation of apoptotic bodies. This is known as the ‘edge-effect’ and is dealt
with by inclusion and exclusion borders of the sampling frame (Figure 2.8). Apoptotic
bodies that intersect the upper and right borders (dashed lines) of the unbiased
sampling frame, excluding the points at which they intersect with the solid lines, are
included in the count, and those that intersect the lower and left borders are
excluded (Gundersen, 1977). This ensures that each particle (apoptotic body) can
only be counted once even when the counting frames are placed at a minimal
distance apart.

Figure 2.8. Unbiased sampling frame
This schematic diagram again illustrates how the ‘edge-effect’ is dealt with. The shaded
particles are included, and the unshaded particles are excluded in the cell counts. Figure from
(Gundersen, 1977).

2.5.5 Estimation of the Total Number of Apoptotic Cells
Every fourteenth section was counted through the section series containing the
hippocampus, resulting in seven sections per animal being counted. Although the
Stereo Investigator software performs calculations of total apoptotic cell estimates for
the user, these were also done manually to confirm consistency between the user
(manual) and software (automatic). The total number of apoptotic cells counted (N)
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in each animal was determined using the optical fractionator method (Gundersen et
al., 1988), and calculated using the following formula:

N = ΣQ- x 1/SSF x 1/TSF x 1/ASF
Where: ‘ΣQ-‘ is the number of neurons counted within the disector volume per
animal, ‘SSF’ is the section sampling fraction (i.e., 1/(1/14), or 14), ‘TSF’ is the
thickness fraction (i.e., 8µm/actual measured thickness of section), and ‘ASF’ is the
sampling area fraction (i.e., 1294/3600, or 0.3594).

2.6

Western Blotting

2.6.1 Protein Extraction and Preparation
Brain samples were taken out of the -80°C freezer, and put on ice. Extraction
buffer was prepared (Appendix 6.1.2) on ice, for total protein extraction. Trials were
undertaken using various amounts of extraction buffer added to each brain sample,
ranging from 20 μL to 40 μL to optimise the amount of protein extracted, and the
concentration of protein in the final sample. It was decided that 30 μL was optimal.
Brain samples were then homogenized with a pestle and sonicated in a bath sonicator
(SONOREX DIGITEC, Bandelin electronic, Berlin) for 5 minutes. Samples were then
centrifuged at 14,000 g for 20 minutes at 4°C. The supernatant was removed and
kept, and this whole process was repeated again with the pellet, to maximise protein
extraction.
Samples were then analysed for protein concentration via a BCA assay: Using
a 96-well plate, protein standards were loaded using BSA (0.1 mg/mL). Amounts
loaded were 0.2 μg, 1.0 μg, 2.5 μg, 4.0 μg, and 5.0 μg. This was followed by loading 1
μL of unknown sample (Figure 2.9) in separate wells. All wells were made up to 50
μL with MQ, and then 80 μL of Bio-Rad Protein Assay Dye Reagent Concentrate
(Bio-rad, CA), which was first diluted 1:4 with MQ (Table 2). All samples were
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analysed in triplicates. These were then scanned using a spectrophotometer at 560
nm using Biorad model 550 microplate reader (Bio-rad, CA) and interpreted using
Microplate Manager® 4.0 (Bio-rad, CA) software. A standard curve of the
absorbance of the reaction of the BCA assay and the protein concentrations of BSA
loaded into the well plate is plotted. The absorbance of the protein samples that have
an unknown concentration is then plotted on the standard curve, thereby providing
the concentration of these protein solutions. The chemistry of the BCA assay is
described in Appendix 6.5.
Once there was a known amount of protein per sample, samples were prepared
for western blot analysis. This was done by adding 10 μg of protein in a separate
eppendorf tube, and made up to 9 μL with MQ. It is important to load the same
amount of protein per sample, so protein levels can be compared within a blot when
separated by SDS-PAGE. To this, 4.5 μL of Loading Buffer (Appendix 6.1.2) was
added, and vortexed to mix, i.e., there is a 2:1 ratio of sample to loading buffer.
Samples were placed in an incubator, Thermomixer comfort (Eppendorf, HamburgEppendorf), for 10 minutes at 99°C.

Figure 2.9. Template for BCA assay
B – Blank (where no protein is added), S1-S5 – protein standards, X1-X6 – samples of
unknown protein concentration.
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Table 2. BCA assay amounts

Protein

loaded MQ (μL)

BCA (μL)

(μL)
B

0

50

80

S1

2

48

80

S2

10

40

80

S3

25

25

80

S4

40

10

80

S5

50

0

80

X1-X6

1

49

80

2.6.2 Preparation, Running, and Transfer of the Gel
A 15% acrylamide resolving gel was made by combining 2.45 mL MQ, 2.5 mL
lower buffer (Appendix 6.1.2), 5 mL 30% acrylamide/Bis (Bio-rad, CA), 50 μL 10%
APS (Appendix 6.1.1), and 5 μL TEMED (Bio-rad, CA) in an Erlenmeyer flask. This
was pipetted into 1.0 mm mini cassettes (Invitrogen, CA) until three quarters full.
This was then topped up with MQ to prevent the gel from drying out, and left for 30
minutes to set at room temperature (or put in the fridge overnight). Once set, the
MQ was removed, and a 5% stacking gel was made by combining 2.88 mL MQ, 1.25
mL upper buffer (Appendix 6.1.2), 25 μL 10% APS (Appendix 6.1.1), and 5 μL of
TEMED (Bio-rad, CA). A 15 well comb was then half-way inserted into the cassette,
and the stacking gel was pipetted up to the top. The comb was then pushed in
completely, making sure no bubbles were present in the setting gel. This was left to
set for 20 minutes at room temperature.
The cassettes were then put into the gel tank, Novex mini-cell (Invitrogen),
and clamped into place. The middle chamber was filled to the top with running
buffer (Appendix 6.1.2), and the outside chambers were only half filled. Samples were
then pipetted into the wells, with the first well being a protein weight marker (Fullrange Amersham Rainbow Marker, GE Healthcare Life Sciences, UK), as shown in
the first column in Figure 2.10. It was important to ensure that there was a control
for each treatment group, from the same litter of animals, to allow analysis between
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blots. The gel tank was plugged into the power pack, Bio-Rad PowerPac 300 (Biorad, CA), and run at 125 V for 120 minutes.

Figure 2.10. Western blot template
Each column represents a well/lane of the polyacrylamide gel. Samples of each treatment or
control animal were pipetted into wells in this order. The coloured ladder represents a
protein weight marker.

After the gel had run, the cassette was opened and a piece of filter paper was
gently rolled on top of the gel. The gel and filter paper was then turned over and
pulled off the wall of the cassette, where a piece of nitrocellulose paper was then
gently rolled on top of the gel. A second piece of filter paper was then rolled on top
of the nitrocellulose membrane. Rolling each piece of paper pushed out any bubbles
present between any layers as bubbles interfere with protein transfer. To prepare the
transfer apparatus, X Cell II Blot Module (Invitrogen), three sponges are soaked in
transfer buffer (Appendix 6.1.2) and put inside the apparatus (if only transferring one
gel), followed by the gel with the filter papers and nitrocellulose membrane, followed
by a further two soaked sponges. It was important to ensure there were no bubbles in
the sponges as this would also interfere with the transfer of protein from the gel to
the nitrocellulose membrane. The transfer apparatus was then placed inside the gel
tank, and filled with transfer buffer. The tank was plugged into the power pack, and
run at 100 mA for 120 minutes. After transfer, the nitrocellulose membrane was
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rinsed in PBS and allowed to dry, as the benefit of the increased protein band signal
outweighs that of non-specific binding using this protocol.

2.6.3 Coomassie Brilliant Blue
To confirm transfer of proteins from the gel to the nitrocellulose membrane,
and to confirm that the gel ran successfully, a gel was stained with a Coomassie Blue
R-250 product by Invitrogen (SimplyBlue™ SafeStain, Life Technologies, CA) after
transfer.
The protocol was to rinse the gel 3 times for 5 minutes each with 100 mL MQ,
to remove any SDS and buffer salts that may be present. The gel was put into a
‘boat’ made out of PARAFILM®, and enough SimplyBlue™ SafeStain was added to
cover the gel (~20 mL). The gel was left to stain for an hour at room temperature,
with gentle shaking. The stain was discarded and the gel was washed twice, first with
100 mL of MQ for 2 hours, and then with 100 mL of MQ for 1 hour. The stained gel
was then scanned using a standard colour flatbed scanner.
Figure 3.7 in the results section shows that the protein region of interest did
indeed transfer off the gel. Protein transferred onto the nitrocellulose membrane was
detected by Ponceau S staining (described below, section 2.7.4)

2.6.4 Ponceau S
As part of optimising the transfer of proteins from the polyacrylamide gel to
the nitrocellulose membrane, a second nitrocellulose membrane was added directly
behind the first, and was stained with Ponceau S post-transfer. Ponceau S is another
protein stain, which can be used on nitrocellulose membranes. This was to see if the
transfer was either too long, or the methanol concentration of the transfer buffer was
too high, which would both result in proteins being transferred too far, and beyond
the first nitrocellulose membrane.
The staining procedure began with rinsing the nitrocellulose membrane to be
stained with MQ, followed by 10 seconds in Ponceau S solution (Appendix 6.1.2),
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and then a 10 second wash in MQ. Protein markers were then traced over with
pencil, and the membrane was rinsed in PBS-T. This was left to dry between two
sheets of filter paper, and then scanned using a standard colour flatbed scanner.

2.6.5 Antibodies
After the nitrocellulose membrane had dried, the membrane was blocked in
Odyssey Blocking Buffer (Li-cor, NE) for one hour to reduce non-specific binding of
antibodies.

The

antibodies

were

prepared

in

PBS-T,

with

final

antibody

concentrations as: rabbit anti-β-actin 1:200,000 (Abcam, Cambridge, UK), rabbit
anti-bax 1:500 (Santa Cruz, CA), mouse anti-bcl-2 1:250 (Santa Cruz, CA). Also
added was 10% NGS, and 10% BSA. After blocking, the nitrocellulose membrane was
incubated with the antibody solution overnight at 4°C with gentle rocking. The
following morning, the membrane was washed in PBS-T four times, for five minutes
each. The membrane was then probed with secondary antibodies with a fluorescent
tag attached. This solution was made up in PBS-T with an anti-mouse (IRDye®
800; Li-cor, NE) and anti-rabbit antibodies (IRDye® 680; Li-cor, NE), both at a
concentration of 1:10,000. The membrane was probed for an hour at room
temperature. The membranes were then washed again in PBS-T, four times, for five
minutes each. The membranes were then washed in PBS to remove the Tween20, and
then either dried (protected from light), or imaged right away.

2.6.6 Imaging and analysis
Nitrocellulose membranes were imaged using an Odyssey® CLx infrared
scanner (Li-cor, NE) at 169 µm resolution, with both 700 and 800 channel lasers.
Laser intensity was set to 4 and 6 respectively. Once scanned, images were analysed
using the Odyssey software. Figure 2.11a is an example of a scanned membrane. The
software allows a box to be drawn around a protein band of interest, which quantifies
the integrated intensity (I.I.) number, which represents the intensity and number of
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pixels divided by the area of the box This is done for the loading control (β-actin),
and the proteins of interest (Bcl-2 and Bax) (Figure 2.11b).
After all the I.I. values had been collated, any variation in the total amount of
protein loaded per well had to be controlled for. The I.I. values of Bax and Bcl-2
were divided by the I.I. value for β-actin from the same lane. To be able to compare
I.I. values between western blots, these adjusted I.I. values needed to be normalised.
This was done by adjusting each control to 1, and shifting the data that this value
controls for accordingly. Finally, to make this data more meaningful for
interpretation, the new I.I. values for Bcl-2 were divided by Bax, creating a ratio.
Data were statistically analysed in Prism (Graphpad), using a one-way
ANOVA for each of the treatment groups, followed by a Tukey-Kramer post-hoc
test. This test allows for data with unequal sample sizes to be analysed.
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Figure 2.11. Scanned western blot membrane
a) After scanning b) During analysis. Yellow boxes are drawn around each protein band to
measure fluorescence. β-actin, bcl-2, and bax rows are indicated by numbers 1, 2, and 3
respectively.
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3 RESULTS
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3.1

Summary and Overview of Study Design

This project was divided into two studies. The first study was to quantify the
amount of cell death in the hippocampus after a single, and a double binge-like
exposure to ethanol, using stereological techniques; the second study was to quantify
changes in protein expression in the hippocampus after ethanol exposure, using
protein immunoblot (Western blotting) techniques. Figure 3.1 shows how this was
organised.

Figure 3.1. Study design overview
A brief overview illustrating how animals for different studies were used.

3.2

Peak BAC and Body Weight

Peak BAC is a very important factor to consider, as this influences cell
survival. High peak BACs are more detrimental than low peak BACs (Bonthius and
West, 1990, West et al., 1990). As AE rat pups are given the same dose of ethanol, it
is therefore important for this study that peak BACs are constant among these
groups. Peak BACs are represented below in Figure 3.2. The peak BAC of AE pups
on PN6, PN8 with a prior exposure on PN6 (PN6+8), and PN8 only, reached into
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what is considered to be in the high BAC range (>400 mg/dl), and did not
significantly differ between treatment groups. After ethanol exposure on PN6, the
mean peak BAC was 423±19 mg/dl, after ethanol exposure on PN8 (after prior PN6
exposure) the mean peak BAC was 396±22 mg/dl, and after ethanol exposure on
PN8 only, the mean peak BAC was 444±40 mg/dl. The IC group (not shown) had a
peak BAC of 0 mg/dl, which was expected as no ethanol was administered to
controls. BAC profiles were not done for these experimental animals, as this would
have been of great stress to pups. However, previous data has indicated that BAC

Peak Blood Alcohol Concentration
(mg/dl)

profiles are relatively consistent for animals of the same age (Kelly et al., 1987)

600

400

200
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8
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8

PN
6

0

Treatment Group

Figure 3.2. Peak BAC
Peak BAC (mean ± SEM) is shown for each treatment group.

Ethanol exposure may affect rat pup growth, and therefore rat pups are
weighed during the treatment period, prior to each ethanol delivery. The body
weights of control pups increased from 13.51±0.41 on PN6 (n=21), to 19.12±0.33 on
PN8 (n=6). The body weights of the ethanol pups however increased at a
significantly slower rate, and were significantly different to controls on PN7 (p<0.01)
(n=10) and PN8 (p<0.01) (n=7). The starting weights on PN6 for both the control
and ethanol pups (n=29) were not statistically significant from each other. Data were
analysed using one-way ANOVA with a Tukey post-hoc test. This is shown below in
Figure 3.3.
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Figure 3.3. Body weight
Body weights (mean ± SEM) of pups after one ethanol exposure on PN6. **p<0.01.

3.3

Gross Appearance of Brain

After fixation and cryoprotection of the brain tissue with sucrose, the
appearance of the brain was noted. The unexposed brain (Figure 3.4a,c) was a lot
more translucent in appearance than the AE brain (Figure 3.4b,d). Ethanol is
hypertonic, and therefore causes water to leave the cell by osmosis. This may explain
the crenate appearance of the AE brain. It also interesting to note the blood spots on
the AE brain, many of which occur in the meningeal membranes covering the brain.
These may be caused by tissue pulling away from blood vessels as the tissue shrinks,
due to the hypertonic nature of ethanol, which would result in widespread
haemorrhages. Haemorrhages are especially seen along the midline, where bridging
veins cross meningeal layers. No haemorrhages were seen on any control brains. This
phenomenon has been observed in other studies but has not been recorded in
hippocampal tissue, and so is not discussed further in this study (Goodlett et al.,
1993).
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Figure 3.4. Gross appearances of perfused PN8 brains
12 hours following ethanol-exposure of 6g/kg. a) rostral appearance of IC brain; b) rostral
appearance of AE brain; c) caudal appearance of IC brain; d) caudal appearance of AE brain.
Note: blood haemorrhages are quite wide-spread in AE brains. Note that the brains have not
been photographed to a set scale, so comparative size is not relevant
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3.4

Stereology

To investigate the regional vulnerability to ethanol toxicity, the total number
of apoptotic cells was estimated in the CA1, CA3, and DG regions of the
hippocampus. In addition, we investigated the amount of apoptosis incurred following
a second binge-like exposure of ethanol.
After a single binge-like ethanol exposure on PN8, apoptotic cell estimates
were all statistically significantly different to controls and were 31,000±2,400 (n=3,
p<0.001) in the CA1 region; 3,700±1,100

(n=3, p<0.01) in the CA3 region; and

5,100±1,800 (n=3, p<0.05) in the DG region. There were significantly less apoptotic
bodies counted after a double binge-like exposure on PN8 (with a prior PN6
exposure). Apoptotic body counts were as follows: 5,800±1,200 in CA1 (n=3);
240±140 in CA3 (n=3); and 415±80 in DG (n=3). Data are expressed in Figure 3.5
as mean±SEM.
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Figure 3.5. Total number of apoptotic cells after ethanol exposure
The total number of apoptotic cells counted in the a) CA1 region b) CA3 region, and c)
dentate gyrus (DG) regions of the hippocampus (n=3 per group), at an ethanol dose of 6g/kg
body weight/day (AE), compared to intubation control groups (IC), on either PN8 only, or
on PN8 with a PN6 pre-exposure; and PN8 only compared to PN8 with a PN6 pre-exposure.
*p<0.05, **p<0.01, ***p<0.001.

A schematic of the distribution of apoptotic cells, imaged using Stereo
Investigator software is represented in Figure 3.6. The top schematic shows few to
zero apoptotic cells in the IC pup as indicated by the coloured dots within the
delineations. The lower schematic shows many apoptotic cells in the CA1, less in the
CA3, and less still in the DG regions.
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Figure 3.6. Distribution of apoptotic cells
a) IC PN8 rat pup. b) AE PN8 rat pup. Coloured dots represent apoptotic cells counted.
Purple dots: within the CA1 region; Yellow dots: within the CA3 region; and green dots,
within the DG region.

Pilot counts of the total number of cells in each of these three hippocampal
subregions were also counted in two PN6 IC brains. There were 260,000±64,000 in
the

CA1

region

(n=2);

120,000±10,000

in

the

CA3

region

(n=2);

and

366,000±140,000 in the DG region (n=2).

3.5

Western Blotting

Data are expressed as the integrated intensity (I.I.) of an area over the protein
bands. The I.I. is the sum of the intensity of each pixel in this given area, and
multiplied by the area. This is corrected for background by subtracting the mean
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pixel number at the top and bottom borders of the area being quantified. Each value
is then adjusted for loading, by dividing the I.I. for each sample by the loading
control protein band, which was β-actin. To be able to compare protein expression
between blots, each treatment group was adjusted accordingly to their controls,
which were set to one. For example, if a control value had an I.I. of 3, and a
treatment value of 9, then both values would be divided by three, so that the control
I.I. is now 1, and the treatment value is now 3. Therefore, values shown the graphs
following represent the fold change in protein expression relative to the controls.
Using Prism (Graphpad), a statistical package, data were analysed using a
one-way ANOVA test with a Tukey post-hoc test. Tukey was used as it is less
conservative than Bonferroni, and it takes into account the unequal group sizes that
we have. It was also preferred over Neuman-Keuls as this increases the chance of a
Type-I error. Significance was set to p<0.05.

3.5.1 Verification of Western Blotting Technique
After the gel protein transfer step, the gel was stained with Coomassie
Brilliant Blue R-250 to see how much protein was left on the gel. Between the two
black lines on Figure 3.7 is the approximate region where the Bcl-2 and Bax proteins
of interest would be. It is noted that in this region, there were no clear bands
remaining. Higher up on the gel there are bands remaining, as during protein
transfer, lower molecular weight proteins transfer first.

Figure 3.7. Coomassie Brilliant Blue R-250
Coomassie Brilliant Blue R-250 protein stain of polyacrylamide gel. Area of interest within
the black lines.

56

Ponceau S is another protein stain that was then used to see if proteins were
transferred, and adsorbed on to the nitrocellulose membrane. Poor transfer conditions
may allow protein to transfer through and beyond the nitrocellulose membrane.
Figure 3.8a is an image of a nitrocellulose membrane directly in contact with the
polyacrylamide gel, and is what would be probed with antibodies for protein
quantification. Figure 3.8b is an image of a nitrocellulose membrane that was put
behind the first membrane, to see how much protein transferred through and off the
first membrane (indicated by the detection of protein on the second membrane). The
two black lines indicate the regions of interest, and it can be clearly seen that the
transfer protocol sufficiently transferred the proteins of interest to the first membrane
and not beyond that.

Figure 3.8. Ponceau S
Region of interested within the black lines. The first membrane (a) shows the amount of
protein transferred, which would then be analysed. The second membrane (b) shows how
much protein was transferred through the first membrane. This was to validate transfer
parameters.

3.5.2 Prelude to Bcl-2 and Bax
Research to date has not investigated the expression changes of the antiapoptotic protein Bcl-2, or the pro-apoptotic protein Bax in the hippocampus using
this binge-like ethanol exposure model. The ratio of these two proteins present in
tissue samples reflect the net change of Bcl-2 and Bax protein expression in
individual cells, and can provide information whether cells are likely to undergo
apoptosis. A high Bcl-2:Bax ratio indicates that cells are unlikely to undergo
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apoptosis, and conversely, a low Bcl-2:Bax ratio indicates that cells are likely to
undergo apoptosis.

3.5.3 Bcl-2
Bcl-2 protein expression in CA1/DG (Figure 3.9) and CA3 (Figure 3.10)
regions are shown below.

In the CA1/DG region at the 24 hour time point, the

ethanol treated pups showed a 1.79±0.28 fold increase of Bcl-2 protein expression
compared to controls. This was statistically significant (n=9, p<0.05). The 12 (n=6,
1.43±0.18) and 48 (n=6, 1.30±0.27) hour time points followed a similar trend, but
did not reach significance.
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Figure 3.9. Bcl-2 expression after ethanol exposure in the CA1/DG regions
a) Histogram showing the fold change in Bcl-2 protein expression compared to controls,
shown as mean ± SEM b) Scatterplot to indicate the distribution of data. *p<0.05.

No statistically significant differences were detected in the CA3 region of the
Bcl-2 protein expression compared to controls. The data values of the fold changes in
protein expression, compared to controls were: 12 hours, 1.00±0.10 (n=4); 24 hours,
0.68±0.20 (n=7); and 48 hours, 1.36±0.22 (n=5).
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Figure 3.10. Bcl-2 expression after ethanol exposure in the CA3 region
a) Histogram showing the fold change in Bcl-2 protein expression compared to controls,
shown as mean ± SEM b) Scatterplot to indicate the distribution of data.

3.5.4 Bax
Bax protein expression in CA1/DG (Figure 3.11) regions are shown below.
The AE pups showed a significant increase (p<0.05) in Bax protein between 24 (n=9,
0.85±0.09) and 48 (n=6, 1.22±0.12) hours in the CA1/DG region, but were not
different to controls. The fold change in Bax protein expression at 12 hours was
1.18±0.16 (n=6), and was not statistically significant.
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Figure 3.11. Bax expression after ethanol exposure in the CA1/DG regions
a) Histogram showing the fold change in Bax protein expression compared to controls, shown
as mean ± SEM b) Scatterplot to indicate the distribution of data. *p<0.05.
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Bax protein expression in CA3 (Figure 3.12) is shown below. The AE pups
showed a significant increase (p<0.05) in Bax protein between 24 (n=8, 0.66±0.14)
and 48 (n=5, 1.37±0.55) hours in the CA3 region, but were not significantly different
from controls. The fold change in Bax protein expression at 12 hours was 1.11±0.18
(n=4), and was not statistically significant.
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Figure 3.12. Bax expression after ethanol exposure in the CA3 region
a) Histogram showing the fold change in Bax protein expression compared to controls, shown
as mean ± SEM b) Scatterplot to indicate the distribution of data. *p<0.05.

3.5.5 Bcl-2:Bax
The ratio of Bcl-2 and Bax protein expression in CA1/DG (Figure 3.13) and
CA3 (Figure 3.14) are shown below. The fold change in the Bcl-2:Bax ratio
significantly increased (p<0.01) in the AE pups, 24 hours after ethanol exposure
compared to controls (n=9, 2.41±0.47) in the CA1/DG regions. This ratio then
significantly decreased (p<0.05) to control levels after 48 hours (n=6, 1.16±0.30) The
fold change in the ratio of Bcl-2:Bax at 12 hours was 1.29±1.20 (n=6), and was not
statistically significant.
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Figure 3.13. Bcl-2:Bax ratio after ethanol exposure in the CA1/DG regions
a) Histogram showing the fold change in the Bcl-2:Bax protein expression ratio compared to
controls, shown as mean ± SEM b) Scatterplot to indicate the distribution of data. *p<0.05,
**p<0.01.

The Bcl-2:Bax ratio of AE pups did not significantly differ from controls, or to
other AE pups at any of the time points investigated in the CA3 region. The data
values were for 12 hours, 0.98±0.12 (n=5); at 24 hours, 1.07±0.14 (n=8); and at 48
hours. 1.15±0.24 (n=5).
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Figure 3.14. Bcl-2:Bax ratio after ethanol exposure in the CA3 region
a) Histogram showing the fold change in the Bcl-2:Bax protein expression ratio compared to
controls, shown as mean ± SEM b) Scatterplot to indicate the distribution of data.
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4 DISCUSSION
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4.1

Effects of Ethanol Exposure

The present study aimed to investigate acute apoptotic cell death that occurs
after a single binge-like exposure of ethanol on both PN6 and PN8; and acute
apoptotic cell death that occurred after a single binge-like exposure on PN8 only,
within the CA1, CA3, and DG regions of the hippocampus. It is important to gain an
understanding of the relative risk of binge drinking on a single or intermittent
occasions, compared to drinking on a daily basis as continual exposure over an
extended time period in early neonatal development does not result in significantly
greater cell loss than shown in some binge studies (Tran and Kelly, 2003). This study
also investigated Bcl-2 and Bax protein expression after a single binge-like ethanol
exposure.
Briefly, there was significant apoptotic cell death following both exposure
paradigms, but this was more severe following PN8 exposure alone, and also in the
CA1 region compared to the CA3 and DG regions. Also in the CA1/DG region, the
Bcl-2 to Bax ratio differed at 24 hours, where there was a significant increase in the
Bcl-2 to Bax ratio compared to controls.
An important aspect of this study was the use of an animal model that is
relevant to the problem, that is, binge drinking in pregnant women. A model of
binge-like ethanol consumption was used as this mimics the binge drinking pattern
commonly seen in New Zealand society, and it is the pattern of drinking that has
been documented during pregnancy in New Zealand (Watson and McDonald, 1999).
Rat pups were given a ‘binge-like pattern of ethanol exposure’, meaning they were
administered two allocations of ethanol two hours apart on PN6, and a further two
allocations of ethanol on PN8, totalling 6.0 g of ethanol/kg of body weight/day. This
dosage of ethanol produced peak BACs of around 400 mg/dl, which is often regarded
as a high BAC.
Due to different ethanol pharmacokinetics between rats and humans, it is
important to not only consider the BAC level alone, but the behavioural
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consequences of this as a binge dose. Women who binge drink during pregnancy often
drink large amounts of alcohol, that in a naïve drinker would create a comatose state,
but the repeated exposure of ethanol induces considerable behavioural tolerance
(Watson and McDonald, 1999). Thus, a high BAC can be tolerated by such drinkers
and this is the group of particular interest. The LD50 in a rat pup is around 800
mg/dl compared to 400-500 mg/dl in females, and so these two BAC levels must be
considered to be comparable, and all animal model BACs adjusted to this ratio. A lot
of importance in considering this, is the rate of increase of BAC to peak levels, which
in the gavage model used, is gradual compared to the intra-peritoneal injection of
ethanol used in many animal models, which adds a potential confound to the data
(Olney et al., 2002, Walker and Ehlers, 2009). This regime of ethanol exposure
esulted in reduced postnatal body weight compared to control animals. Inebriation
appears to result in the cessation of feeding, although ethanol exposed animals are
found latched on the teat (Subramanian, 1997). To ensure adequate nutrition during
this period, top-up feeds were given to AE pups. Despite this, and the high caloric
value of ethanol ingested, further investigation would be worthwhile to explain the
reduction in body weight.

4.2

CA1 versus CA3 and DG Vulnerability

The results from the stereological analysis showed that at 12 hours after a
PN8 ethanol exposure, there was a significant amount of apoptosis in the CA1 region,
and to a much lesser extent in the CA3 and DG regions of the hippocampus. Of
particular interest, it was found that there was significantly less apoptosis observed
in all three of these regions when another group of these animals had been subjected
to a prior ethanol exposure at the same dose on PN6, and apoptotic cell death was
assessed at 12 hours after the PN8 exposure.
Despite the significant increase in apoptotic cell death following a single
ethanol exposure on PN8, it is important to consider this loss in the context of the
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total number of cells present in the hippocampal subregions on PN8 in control
animals. Therefore, preliminary counts of the total number of cells normally within
these regions were carried out. Total cell counts were done in two animals, as we only
wanted an indicative estimate of the percentage of cells that had undergone
apoptosis. A full stereological study was not undertaken as cell number is adjusted,
via naturally occurring cell death, prior to establishing the circuitry of the mature
hippocampus, thus total cell number on PN8 would not necessarily reflect cell
number in the mature brain. It would be worthwhile in a future study to assess cell
death in the hippocampal subregions in a cohort of these animals when mature. The
total

number

of

cells

in

each

region

were:

CA1:

260,000±64,000;

CA3:

124,000±10,000; and DG: 366,000±142,000. Although these estimates are from counts
of two animals, they are all within the range of estimates in the published literature
(Table 3).
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Table 3. Cell counts in the hippocampus (mean±SEM x1000) from literature

Age

Sex

Strain

CA1

CA3

DG

Reference

PN9

Male

Sprague-Dawley

177±15.8

146±14.9

357±46.8

(Smith et al., 2008)

PN9

Female

Sprague-Dawley

141±16.9

157±14.9

325±17.5

(Smith et al., 2008)

PN10

Male and Female

Sprague-Dawley

372.6±18.4

380.5±21.8 653.6±22.8

(Bonthius and West, 1990)

PN30

N/A

Wistar

382±35

250±25

1200±35

(West et al., 1991)

PN68

Male

Sprague-Dawley

238±15.3

368±20.6

654±45

(Smith et al., 2008)

PN68

Female

Sprague-Dawley

180±22.5

157±14.9

563±50.4

(Smith et al., 2008)

PN90

Male and Female

Sprague-Dawley

302.7±10.2

321.2±7.3

819.5±33.0

(Bonthius and West, 1991)

PN112-174

Male and Female

Long-Evans

~210±10

~137±10

~600±20

(Tran and Kelly, 2003)
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In terms of percentage of cell loss, the apoptotic cell death equated to
approximately 12% of cells in the CA1, 3% in the CA3, and 1.4% in the DG. The
pyramidal cells in the CA1 or CA3 regions are formed prenatally, while the majority
of the granule cells are generated postnatally for a period that exceeds PN8. It is
important to consider if the amount of acute cell loss observed in this study would
have long-term implications on the structure of the hippocampal formation. From the
literature, ethanol exposure to rat pups over the third-trimester equivalent (PN2-10,
6.0g/kg/day), whether alone, or when preceded by exposure in the first and second
trimesters, resulted in significantly less cells in the CA1 region in adulthood (Barnes
and Walker, 1981, Wigal and Amsel, 1990, Tran and Kelly, 2003). There were no
significant long-term losses in the total number of cells in the CA3 or DG regions in
these studies, however a reduction in the number of mature neurons generated
between PN30-50 in the DG1, has been observed at PN80 following third trimesterequivalent exposure over a similar exposure period PN4-9, at a lower, 5.25 g/kg
alcohol per day (Klintsova et al., 2007). It is interesting when (Tran and Kelly, 2003)
exposed rat pups during the first trimester equivalent (E1-10), or second trimester
equivalent (E11-22), or all three trimester equivalents, there was no significant longterm deficits in total cell number in either the CA3 or DG regions2. Postnatal
neurogenesis does not occur in the CA1 region of the hippocampus, and so the acute
deficit in cell number presented here would likely result in a long-term deficit in CA1
neurons, but probably not in the CA3 and DG regions, after a single, or double
binge-like exposure.
1

In mature animals, the DG is a region where neurogenesis is known to occur, and therefore

a reduction in mature cells may not necessarily result in an absolute reduction in cell
number.
2

There were only long term deficits in the CA1 region after a third trimester equivalent

exposure, or exposure across all three trimesters, i.e., first or second trimester exposures
alone do not result in long term deficits in cell number.
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It has been well established that ethanol acts as a non-competitive NMDA
receptor antagonist. Ethanol inhibits NMDA receptors in hippocampal neurons
(Lovinger et al., 1989), and as an adaptive mechanism, neurons upregulate these
receptors to compensate for the temporary inhibition of existing NMDA receptors
(Koob and Bloom, 1988, Grant et al., 1990). A maladaptation is evidenced when
ethanol is removed from the system, where a transient excess NMDA receptors exists,
and hyperexcitability of the CNS is observed, resulting in cell death (Thomas et al.,
1997). In vivo experiments have shown that acute ethanol administration to adult
rats increases glutamate release at synapses in the amygdala (Roberto et al., 2004).
The build-up of glutamate in the synaptic cleft results in post-synaptic intracellular
increases in Ca2+ which in turn results in an upregulation of enzymes which damage
DNA within a couple of hours of glutamate stimulation (Manev et al., 1989). An
acute increase in intracellular Ca2+ has been shown after ethanol exposure in the
CA1 region (Reynolds et al., 1990). Neuronal death by glutamate excitotoxicity
occurs exclusively in postsynaptic cells (Rothman, 1983).
It is of particular interest to consider why the pyramidal cells in the CA1
region are vulnerable, but those in CA3 are not. The pyramidal cells of the CA3
region are relatively larger (20-30 µm diameter) than the pyramidal cells of the CA1
region (13.5 µm diameter), and the granule cells of the DG are relatively smaller (10
µm width, 18 µm height) than both CA3 and CA1 cells. Early studies link the
functional significance of the size of a neuron to their excitability, that is, excitability
varies inversely with the size of the neuron (Henneman, 1957, Henneman et al.,
1965b, a), and that cell size is also proportional to axonal diameter (Clamann and
Henneman, 1976). Therefore, I postulate that the reason why a lot more CA1 cells
die is that by nature of their relatively small size, they are more susceptible to overexcitation. Also, it was shown in motor axons that the larger the diameter of the
axon, the more muscle fibres it contacts (McPhedran et al., 1965a, b). It is therefore
my presumption that this can be applied to other neuron types, because if a cell is to
have more efferent synaptic contacts, then their axon must be of sufficient size to
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provide those contacts. The opposite must be true. Although high in number, granule
cells are much smaller than CA3 pyramidal cells, with axons of smaller diameter. As
CA3 cells, due to their large size, require much more stimulation to excite them, they
will therefore be less vulnerable to glutamate excitotoxicity. Cell death caused by
excitotoxicity in adult rat brains after chronic ethanol exposure is argued against in
(Collins and Neafsey, 2012), which supports oxidative stress as the main mechanism.
It is likely that the mechanisms by which ethanol elicits cell death in the mature and
developing hippocampus are different, as the structure of a cell is immature on PN8,
compared to a cell in the mature brain. There are significantly less synapses in the
hippocampus, indicating lesser connectivity, in the developing, compared to mature
rodents (Harris et al., 1992, Fiala et al., 1998). In addition, the CA3 region is more
mature than the CA1 region. Therefore the immature CA1 region may not be able to
cope with the input the CA3 region, causing over-excitation in this region, and hence
the significant cell death in CA1, but not CA3, as shown in this study after ethanol
exposure on PN8.
The cell types and projections of the neurons in the entorhinal cortex must
also be considered. The entorhinal cortex is composed of six layers, and cells from
layers two and three project to the hippocampus via the perforant path. Layer two
projects to the DG and CA3, and layer three projects to CA1 and subiculum. This
adds a layer of complexity to this theory, as these are glutamatergic projections. It is
also important to be aware that the detailed wiring network of the hippocampus is
based on the study of mature animals and will only be partially established in the
PN8 rat hippocampus.
The maturity of these cells between PN6 and PN8 will also be an important
factor in establishing their vulnerability to ethanol exposure. As described in Section
1.2.2, the peak of CA3 pyramidal cell proliferation occur one to two days before the
peak of CA1 pyramidal cell proliferation, which both occur prenatally. Granule cells
of the DG are still proliferating postnatally, summarised in a review by (West, 1987)
(Figure 4.1), and it is known that the DG is a site for neurogenesis in the adult brain
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(Kuhn et al., 1996). There is evidence suggesting that cells are vulnerable to ethanol
toxicity

when

the

cell

is

differentiating,

and

not

during

cell

proliferation/neurogenesis, which would support the lack of cell death in the DG
region (Maier et al., 1997, Maier and West, 2001). It has also been well established
that in the cerebellum, death of Purkinje cells appear to be linked to their maturity
(Bonthius and West, 1991, Hamre and West, 1993).

Figure 4.1. Cell proliferation in the rat hippocampus
Figure from West (1987).

4.3

Cell Death and Survival

In view of our stereological findings, we wanted to know what was happening
at the molecular level in the CA1, CA3 and DG hippocampal subregions. This may
provide insight as to why the CA3 and DG regions were more resilient to the
detrimental effects of ethanol, and why CA1 cells were so vulnerable during
development. We hypothesised the balance of pro- and anti-apoptotic proteins, seen
as the Bcl-2:Bax ratio, would differ between the brain regions, following ethanol
exposure on PN6, thus conferring reduced vulnerability to the CA1 cells on PN8. In
this scenario, the first ethanol exposure would initiate a protective or preconditioning
mechanism in the CA1 cells, such that those that survived the initial ethanol
exposure were more resilient to further ethanol insults? However it is also possible
that the initial ethanol insult on PN6 killed the CA1 cells that were leaving a
subpopulation of CA1 cells that are more inherently resistant to ethanol?
In an attempt to being to understand the temporal and regional pattern of
acute apoptotic cell death in the hippocampus, we investigated apoptotic protein
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expression at a range of time intervals following alcohol exposure. We determined the
change in protein expression following ethanol exposure of two key apoptosis-related
proteins, Bcl-2 and Bax. As described earlier, these proteins are involved in the
intrinsic apoptotic pathway. The expression of both these proteins was determined
after ethanol exposure on PN6. Three time points were investigated to gain a
snapshot of protein expression at 12, 24, and 48 hours. It was hypothesised that Bcl2, an anti-apoptotic protein, would be upregulated for 48 hours, thereby providing
protection to a second ethanol exposure. We also hypothesised that Bax would
initially be high, in order for vulnerable cells to enter the apoptotic pathway, and the
Bcl-2 to Bax ratio would differ between hippocampal subregions, reflecting the
regional vulnerability to ethanol.
When interpreting Bcl-2 and Bax data, it is important to remember that these
proteins interact as described in Section 1.4, where Bcl-2 binds Bax to inhibit its
function. As studies have shown, if there is more Bcl-2 relative to Bax within a cell,
i.e., a high Bcl-2:Bax ratio, then the cell is unlikely to enter the apoptotic pathway.
Conversely, if there is more Bax relative to Bcl-2, i.e., a low Bcl-2:Bax ratio, then the
cell is more likely to enter the apoptotic pathway (Raisova et al., 2001, Del Poeta et
al., 2003). It is therefore advantageous to look at the ratio of Bcl-2 to Bax expression
compared to controls, and between time points, as well as the relative expression of
these proteins individually after ethanol exposure compared to their controls.
Data from this study showed that at 12 hours after ethanol exposure, there
was no significant change in the Bcl-2:Bax ratio in both the CA1/DG and the CA3
region. This is a very surprising result, as at this time point, we saw large numbers of
apoptotic bodies compared to controls, and therefore would expect a low Bcl-2:Bax
ratio compared to controls. The apoptotic cell counts indicate that by 12 hours a lot
of cell death has occurred, approximately 12% or 31,000 cells in the CA1/DG regions
have died. For such significant cell death to occur, cells would need to have a low
Bcl-2:Bax ratio, i.e., an upregulation of Bax. This would occur prior to the 12 hour
time point, and may no longer be detectable at the 12 hour time point. It is
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important to note that as cells die the proteins within the cells are degraded and so
elevated levels from an earlier time point may no longer remain. It would be very
instructive in future studies to investigate the Bcl-2:Bax ratio at a range of earlier
time points, so that the pattern of these cells entering the apoptotic pathway, before
the chromatin of the cell has condensed to form the spherical apoptotic bodies seen at
12 hours, can be tracked. Data from the cerebellum suggests that upregulation of Bax
may occur in CA1 neurons at an earlier time point, as rat pups exposed to ethanol on
PN4, a time of cerebellar Purkinje cell vulnerability to ethanol-neurotoxicity, showed
a significant increase in Bax protein expression in both cytosolic and mitochondrial
fractions two hours after ethanol exposure (Heaton et al., 2012).
Although not significant, the Bcl-2:Bax ratio in the CA1/DG regions did show
a small increase at 12 hours. However, at 24 hours, there was a very significant
increase in this ratio, compared to controls. Looking at protein expression
independently of ratios, there is a large increase in the expression of Bcl-2 compared
to controls, and no change in protein expression of Bax compared to controls.
Because of this, it is thought that this change in the Bcl-2:Bax ratio is due to an
upregulation of Bcl-2, and not a downregulation of Bax. There is also a large spread
of data values at this time point, which is expected following ethanol exposure, as
these rats are from an outbred stain, where underlying genetic factors would
contribute to the differing responses to ethanol observed.
Within six to 24 hours after the initiation of apoptosis, apoptotic cells are
phagocytosed and therefore cleared from the tissue. As mentioned earlier, it is
thought that Bax has downregulated by the 12 hour time point, and therefore, the
removal of apoptotic cells, that would have been high in Bax, could not have
contributed to the ‘apparent’ increase in the Bcl-2:Bax ratio. This ratio had then
returned back to control levels by 48 hours.
The CA3 region consistently showed no changes in the ratio of Bcl-2:Bax
compared to controls at all time-points investigated. However, a significant difference
was detected in the fold change of Bax expression between the 24 and 48 hour time
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points. At 24 hours, Bax was below (although not significantly) control levels, and at
48 hours, Bax was above (although not significantly) control levels. A similar pattern
was shown for Bcl-2, but failed to reach significance. This is difficult to interpret but
it worthy of further investigation with a larger sample size and time-points prior to
12 hours.
It is important to remember that western blotting was performed on tissue
samples, and therefore any changes in Bcl-2 and Bax protein expression would
represent the net result of hundreds of thousands of cells of different types. This
population consists of vulnerable and resistant cells. We do

not know how the

expression of these proteins changes as the cell is degraded during the apoptotic
process, and whether there is still Bcl-2 or Bax protein expression in cells at the endstage of apoptosis before the cell is removed from the Tissue. Thus we cannot
comment on how the removal of apoptotic cells contributed to the detected changes
in protein expression, and whether different subsets of cells exhibit extreme
variations in Bcl-2 and Bax. It would be of interest in future studies to look at the
localisation of the proteins in tissue sections using immunohistochemistry as this may
demonstrate temporal change or more importantly, regional or cellular variation in
staining intensity, suggestive of differing levels of proteins under both normal
conditions, and in the presence of apoptosis-inducing stimuli (Nasiraei-Moghadam et
al., 2010). Carrying out this analysis in control tissue could highlight underlying
differences in cell populations within the CA1 region, and possibly illustrate essential
differences between CA3 and CA1 cells.
Another consideration to take into account are additional factors involved in
regulating cell survival. These include the neurotrophins, which are a family of
proteins that induce the survival, development, and function of

neurons.

Neurotrophins consist of nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), and neurotrophin-3 and -4 (NT-3, NT-4). Heaton et al. (1999a)
investigated the effect of ethanol exposure on a range of neurotrophins, during
vulnerable, and non-vulnerable periods to ethanol susceptibility in the postnatal
73

cerebellum. They found that ethanol exposure during a vulnerable time of cerebellar
development (PN4-5) produced significant decreases in NGF protein expression
compared to controls, one and a half hours after ethanol exposure. There was no
change in protein expression of BDNF or NT-3, nor was there a change of NGF,
BDNF, and NT-3 protein expression after ethanol exposure during a non-vulnerable
time of cerebellar development (PN7-8). NGF has been shown to increase Bcl-2
expression (Brynczka and Merrick, 2007). Heaton subsequently showed that on
PN14, NGF, and Bcl-2 was upregulated in the striatum 12 hours after ethanol
exposure; and further upregulation of NGF at 24 hours, but not consistent with this
pattern, a decrease in Bcl-2 expression (Heaton et al., 2003b). In the hippocampus
however, on PN10 (after PN4-10 EtOH exposure), there were no differences detected
in NGF protein, but there was a significantly larger amount of BDNF detected,
compared to controls (Heaton et al., 2000b). This is an interesting finding and may
have relevance in the present study, where an elevation of BDNF may perhaps be
occurring in the hippocampus by PN8, which was not investigated by this group
(Heaton et al., 1999a, Heaton et al., 2003a, Heaton et al., 2003c), to ameliorate CA3
cell death.

4.4

Ethanol Preconditioning

The protein changes shown in this study are worth considering in the context
that an exposure to ethanol may precondition cells and in this way a subsequent
ethanol exposure will result in less cell death than expected for a single binge-like
exposure at this time point. Studies have shown that a low level of ethanol exposure
(<3 g/kg), reduces infarct volumes after ischemia (Crews et al., 1998, Phillis et al.,
1998, Salim et al., 2009, Wang et al., 2012). It was reported in patients with severe
head trauma that patients with low-to-moderate BACs (<230 mg/dl) at the time of
trauma, exhibited better survival than the no alcohol group (0 mg/dl), and patients
with high BACs (>230 mg/dl) also had lower survival rates than the no alcohol
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group (Tien et al., 2006). Although doses of ethanol given in this study are much
higher than the ones reported for ethanol preconditioning, more than half of the time
from the peak BAC to a BAC of zero, BAC is at moderate, then low levels. In the
PN6 rat, ethanol is cleared at a rate of ≈14 mg/dl (Kelly et al., 1987). As our 6 g/kg
of ethanol doses produce peak BACs of ≈400 mg/dl, using this clearance rate,
seventeen hours after ethanol exposure, a BAC of ≈200 mg/dl would be reached. Thirtytwo hours after ethanol exposure, the BAC would be zero. This is represented in the
hypothetical graph (Figure 5.2), where the red background indicates a high BAC;
and the green background represents moderate-to-low BAC, and where ethanol
preconditioning has been shown to occur.
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Figure 4.2. Hypothetical BAC after a binge-like exposure on PN6
Red background indicates high BAC, and green background indicates moderate-to-low BAC.

4.4.1 Synaptic NMDA receptors
A mechanism of ethanol preconditioning has been shown to involve activation
of synaptic NMDA receptors (Mitchell et al., 2009). It has been widely reported that
stimulation of synaptic NMDA receptors is neuroprotective (Hardingham and
Bading, 2010). This results in an influx of Ca2+ which upregulates protein kinase C,
which in turn overexpresses focal adhesion kinase (FAK), which upregulates HSP70
and HSP27. HSP70 inhibits the release of cytochrome c3, and also apaf-1.

3

Cytochrome c release from the mitochondria has been shown to occur after ethanol

exposure (Light et al., 2002).
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Concurrently, Ca2+ stimulates transcription of CREB, which upregulates antiapoptotic factors such as BDNF (Figure 4.3).
To date, ethanol precondioning has not been investigated with this model,
although it is a plausible idea as it may explain the observed increase in the Bcl-2 to
Bax ratio at 24 hours following ethanol exposure. A future experiment to support this
preconditioning idea would be to look at HSP70 protein expression at the 12, 24, and
48 hour time points. If there were an upregulation of HSP70 at 24 hours then this
would suggest that this preconditioning pathway was being activated.

76

Figure 4.3. Pathway activated during ethanol preconditioning
Low to moderate ethanol exposure activates synaptic NMDA receptors. Synaptic NMDA
receptors have been implicated in cell protection. A simplified overview is described, where
FAK is over-expressed, thereby increasing HSPs, which in turn inhibit cytochrome c release
and Apaf-1. PKC: protein kinase C; FAK: focal adhesion kinase; HSP: heat shock protein;
BDNF: brain-derived neurotrophic factor; CREB: cAMP response element-binding protein.
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4.5

Technical Considerations

4.5.1 Tissue Preparation
Due to the technical difficulty in accurately separating the CA1 and DG
regions in the neonatal brain (Appendix 6.4), these two regions were processed
together. The CA3 region had minimal changes in the expression of Bcl-2 and Bax,
and as the CA3 and DG regions behaved similar after ethanol exposure in terms of
cell death, and has no long-term consequences on cell number, this may suggest that
the same is happening for the DG region too. Because the DG region is combined
with the CA1 region, it is thought that the DG region is ‘diluting’ the effect of CA1
protein expression changes that we can detect. However despite this, there are still
remarkable changes in Bcl-2 expression at 24 hours, and perhaps this may be why the
increase in the Bcl-2:Bax ratio in the CA1/DG region at 12 hours failed to reach
significance.

4.5.2 Assurance of Western Blot
To prepare before conducting a western blot, it is crucial to know the protein
concentration of your protein samples. To do this, a BCA assay was performed,
which relies on chemical reactions (Appendix 6.5) with protein that produce a bluecoloured
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concentration. Knowing final protein concentrations of each protein sample ensures
that an equal amount of protein will be loaded into each western blot lane.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
the separation technique used for Western blotting in the present study. The
underlying principle involves separating proteins by their electrophoretic mobility,
which is dependent on the size and charge of the protein. Sample proteins are heated
to 99°C, which denatures/unfolds proteins, allowing SDS to wrap around
polypeptides, at roughly 1.4 g per 1.0 g of protein (Reynolds and Tanford, 1970),
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giving proteins a negative charge. The charge to mass ratio therefore becomes
uniform, and therefore proteins are mainly separated by mass. Polyacrylamide crosslinks to form a porous gel. Proteins of larger mass move through pores relatively
slowly compared to smaller proteins. The speed at which proteins move through the
gel is also a function of pore size, which is determined by polyacrylamide
concentration. In this study, 15% gels were made, which is typically considered to be
a higher concentration gel. As expected, the pore sizes become relatively small
compared to gels with a lower percentage of polyacrylamide, and so larger proteins
are ‘held back’. This allows better resolution of smaller proteins – 23 and 26 kDa for
Bax and Bcl-2 respectively.
After separating proteins by size on a gel, the proteins then need to be
transferred onto a membrane that can adsorb proteins. This allows for proteins to be
accessible for antibody detection. Proteins are transferred by electro-blotting. Electroblotting relies on current and transfer buffer to move proteins from the gel onto the
blot/nitrocellulose membrane. Methanol was added to the transfer buffer. Methanol
affects transfer in two ways. Firstly, polyacrylamide gels absorb water, causing the
pores to swell. Methanol shrinks pore size and stabilises the gel during transfer,
because if the dimensions of the gel changes during transfer, the resolution of proteins
may become lost. The second function of methanol strips SDS from proteins
(Mozdzanowski and Speicher, 1992). This is important as the high negative charge
that SDS gives to protein allows protein to move rapidly through the membrane.
Therefore, methanol increases adsorption and increases the probability that proteins
will bind to the nitrocellulose membrane. Two methanol concentrations were trialled,
10% and 20%. A couple of gels were stained with Coomassie Blue to check whether
sufficient protein had transferred. There was more protein remaining on the gel with
a 20% methanol transfer buffer, and less protein remaining using a 10% methanol
transfer buffer, indicating that more protein was eluted from the gel, and therefore
this concentration was more optimal. A second check was made to make sure that
protein did not transfer too far, beyond the membrane. In a ‘quality control’
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experiment, protein was transferred onto a membrane, which had a second membrane
behind. These were both stained with Ponceau S, and it was found that the proteins
of interest did not migrate beyond the first membrane. This gave assurance that the
transfer protocol worked. Some β-actin, however, did migrate through the first
membrane. This is probably due to the very high abundance of β-actin, and as this
would have migrated through uniformly, this would not have much of an effect.
The next step was to detect the amount of protein on the nitrocellulose
membranes. Enhanced chemiluminescence (ECL) is a common method for detecting
and quantifying protein expression. However, detection with this method is limited to
single, specific proteins. To analyse multiple proteins from a single gel, a blot would
typically have to be stripped and re-probed to analyse the next protein (Kaufmann et
al., 1987), especially if the proteins of interest are of similar size (which they were in
this case). In addition to the time consumption, buffers used to strip antibodies often
remove some of the protein of interest, and therefore the ability to quantitate relative
protein expression is lost.
There are significant advantages to using a fluorescent method to detect and
quantify protein expression over using ECL. Using the Odyssey infrared imaging
system, it was possible to simultaneously detect two-colours using different infrared
fluorophores, which represent two different proteins. The ability to detect and
quantify two different proteins simultaneously in one lane reduces experimental error,
and therefore increases accuracy. Detection using this method has a much wider
quantitative linear range than the ECL method. In other words, if one were to
quantify the expression of a small amount of protein, one would expect a small
amount of fluorescence, and conversely, if one were to quantify the expression of a
larger amount of protein, there should be a proportionally larger amount of
fluorescence. When plotted on a graph, this should make a linear scale. In a study
that compared ECL detection and fluorescence, ECL detection methods allowed up
to a 250-fold range of linear detection. Infrared fluorescence methods had a
quantitative linear range of over 4000-fold (Schutz-Geschwender et al., 2004). Having
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this large linear range gave confidence over ECL, as it is much less likely to
encounter any floor or ceiling effects of the minimal and maximal protein expression
that was able to be detected.
A limitation to scanning the western blot membrane comes from the ability to
user-define the laser intensity. When analysing a single protein, this does not become
a problem, as long as the laser intensity is kept constant, protein expression is kept
relative to each sample/treatment group. The limitation becomes apparent when
there is a comparison between two different proteins, as this is scanned with two
different lasers. This is because the software that quantifies fluorescence does so by
measuring the pixel intensity over the area of interest. Let’s say we want to compare
the relative expression of Protein A, which is scanned with a 800 channel laser, and
Protein B, which is scanned with a 680 channel laser. Assume that Protein A is
expressed a lot more than Protein B. The intensity of the 800 channel laser (for
Protein A) can be decreased, and by doing so, would result in a decreased pixel
intensity (as fluorophores would not be as excited with a less intense laser), giving
the illusion that Protein A and B are of equal amounts. One may now ask, why don’t
we keep both laser channels the same intensity? The reason for adjusting laser
intensity comes down to giving an optimal signal. On a scale of 1-10, 10 being the
highest intensity, if let’s say lasers for Protein A and Protein B were set to an
intensity of 5. What may (and did) happen in this case is that the signal for Protein
A becomes saturated, which would give a ceiling effect to the protein expression that
can be relatively quantified; and Protein B, which is present in much smaller
quantities to be almost undetectable. Therefore, it may be appropriate to adjust the
laser for Protein A to an intensity of 4, and the laser for Protein B to an intensity of
6. The resulting quantified ratios of Protein A to Protein B are now not definitive.
However, the relative ratios and how they change across treatment group, or across
time are a valid measure – as long as the laser intensities are kept constant
throughout the analyses.
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We can also be assured that the same amount of total protein that is loaded
per lane is equal between samples. This is because we also detect β-actin, which acts
as a loading control. β-actin does not change with our treatment, however pipetting
techniques can introduce error into the amount of protein loaded. We correct the
amount of Bcl-2 and Bax to β-actin.

4.6

Implications

Binge drinking behaviour is common in New Zealand and Australia (Watson
and McDonald, 1999, Johnston and White, 2003), with a growing incidence in the
UK (Measham and Brain, 2005). Despite health warnings, pregnant women continue
to drink in this pattern (Ministry of Health, 2010). This study uses an animal model
of binge-like ethanol exposure, during a time equivalent to the third trimester of
human pregnancy, to look at the effects this has at the cellular and molecular level in
the hippocampus. Animal research has shown that exposure to alcohol during
development, irrespective of timing and dose, as a myriad of effects on the behaviour
of the offspring (Zimmerberg et al., 1991, West, 1993, Klintsova et al., 1998, Slawecki
et al., 2004, Brady et al., 2012). Previous work in this laboratory has shown that a
single binge-like ethanol exposure on PN6, and a double binge-like exposure over
PN6 and PN8, both result in deficits on a range of behavioural tasks. This suggests
that the apoptotic cell death seen in this study would result in long-term negative
outcomes for the animals.

4.7

Future studies

This study has shown that a single binge-like exposure results in an
upregulation of Bcl-2, an anti-apoptotic protein, at 24 hours, after the acute damage
has occurred. This is a significant finding, as previous studies have not investigated
the molecular response of the cells to an acute ethanol insult after 12 hours (Heaton
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et al., 2003b, Heaton et al., 2003c). Cells are clearly able to alter their cellular
activity in the face of an ethanol insult, but it appears that only some cells are able
to do this. An extension to this study would investigate protein levels over an
extensive time period, including a number of time-points prior to 12 hours post
ethanol, and is an important project to undertake in the future. Unfortunately the
difficulty in collecting, even with laser microscope capture methods, small discrete
tissue samples, that contain only the cells of interest but enough protein for analysis,
places limitations on such a project. Additionally, a dose-dependent response to
ethanol would also be added to this study, as it would be interesting to determine
what the minimal ethanol dose is that is required to initiate a change in protein
levels.
It would also be interesting to look at a more extensive time series to
investigate the total number of cells in the hippocampal subregions in the mature
brain. The finding of an elevated Bcl-2:Bax ratio at 24 hours suggested that a
delivery of ethanol at PN7 would not elicit cell death due to an excess of Bcl-2,
relative to Bax at this time point, suggests an important experiment for future work.
This experiment would be based on the hypothesis that alcohol exposure on PN6
protects against apoptotic cell death that are consequent to alcohol exposure on PN7,
with the detection of apoptosis on PN7. The high protein expression of Bcl-2, 24
hours after the first ethanol exposure should protect many of the cells from death
(Heaton et al., 1999b).
Investigating apoptotic cell death after a PN6 only exposure would also be
interesting. Previous data from this lab indicates that a single-binge exposure on this
day only results in a much greater deficit of pyramidal cells cells in the CA1 region of
the hippocampus in adulthood than was found in this study, after a PN8 only
exposure (Shoemack, P., PhD thesis under publication).. It would be interesting to
look at the total number of cells remaining on PN28, the beginning of adolescence, to
determine whether if the establishment of the mature hippocampal circuitry is altered
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by cell deficits, of whether there is significant cell death in other CA1-related brain
regions, to allow ‘normal’ hippocampal circuitry to be established.

4.8

Conclusions

In conclusion, the current study used stereological methods and western
blotting techniques to quantify cell death, and to investigate how the expression of
proteins, Bcl-2 and Bax, involved in apoptosis responds to a binge-like ethanol
exposure. This study showed significant acute cell death in the CA1, CA3, and DG
regions of the hippocampus after a single binge-like ethanol exposure on PN8, but
this was significantly reduced when preceded by a prior exposure, at the same dose,
on PN6. There was an upregulation of anti-apoptotic protein Bcl-2 at 24 hours post
ethanol exposure, which is suggestive of a protective mechanism in anticipation of
additional neurotoxic insults.
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6.1

Chemicals and Solutions

6.1.1 Chemical Preparation and Information
Chemical

Method

Information

Add 18 mL of acetic acid

For cresyl

to 132 mL ddH2O

violet stain

Use for

Add 12 drops of glacial

For staining

either 70%

acetic acid for every 250

protocol

or 95%

mL of ethanol.

Concentratio
n

Acetic Acid

0.2M

Acidified Ethanol

ethanol
Ammonium Persulfate

10%

Dissolve 0.1 g of APS in 1 Source of free

(APS)

mL of MQ. Store at 4°C.

Bovine Serum Albumin 10%

Combine 0.1 g BSA in 1

(BSA)

mL of MQ. Store at -

radicals

20°C.
Bromophenol

Blue 0.0025%

(BPB)

Combine

8

mL

of Colour

glycerol, 2 mL of MQ,
and 0.025 g bromophenol
blue
-

3-[(3-

Store at 4°C

Zwitterionic

cholamidopropyl)dimethyl

detergent

ammonio]-1-

that dissolves

propanesulfonate

proteins

(CHAPS)
Complete

Protease -

Dissolve 1 tablet in 2 mL Protease

Inhibitor

Cocktail

of MQ. Store at -20°C.

Tablets,

‘complete’

Inhibitor
Cocktail

(Roche)
Dibutyl

phthalate

in

Mounting

Xylene (DPX)
Dithiothreitol (DTT)

medium
1M

Dissolve 38.6 mg of DTT Thiol
in 250 μL of MQ. Store at reducing
-20°C.

agent

that

disrupts
disulfide
bonds
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Ethylenediaminetetraacet

0.5M

ic acid (EDTA)

Dissolve 1.861 g of EDTA Chelating
in 5 mL of MQ, adjust to agent

that

pH 8 with 10M NaOH, binds

to

and make up to 10 mL divalent
with MQ
Phenylmethanesulfonyl

0.1M

fluoride (PMSF)
Sodium Acetate

0.2M

metal ions

Dissolve 17.42 mg in 1 Serine
mL of isoproteranol.

protease

Store at -20°C.

inhibitor

Add

1.641

acetate

g

sodium For

(anhydrous)

cresyl

to violet stain

100 mL of ddH2O
Sodium

Dodecyl 10%

Sulphate (SDS)

Dissolve 10 g SDS in 100 Ionic
mL of MQ

Sodium Fluoride (NaF)

0.5M

detergent

Dissolve 1.0498 g of NaF Reduces
in 50 mL of MQ

phosphatase
activity

Sodium Orthovanadate 0.1M

Dissolve 0.185 g into 10 Tyrosine

(Na3VO4)

mL of MQ. Adjust to pH phosphatase
10

(solution

yellow).

becomes inhibitor

Boil

until

solution turns colourless,
cool to RT, readjust to
pH 10. Repeat steps until
solution
colourless

remains
and

pH

stabilizes at pH 10. Store
at

-20°C

in

300

μL

aliquots.
Sodium Pyrophosphate 0.5M

Dissolve

2.4979

g

(NaPPi/NaP2O74−)

NaPPi in 50 mL of MQ

of Reduces
phosphatase
activity

6.1.2 Solution Preparation
Solution
Alcohol

Method
(ethanol) For 6g/kg delivered in 2 feeds, add 8.24 mL of ANALAR
104

Milk Solution

95% Ethanol to 50 mL artificial milk solution (Intralipid,
Baxter Healthcare Pty Ltd.). Store at 4°C and protect from
light. Alcohol concentration 13.4% v/v.

Artificial

To make 1 L, combine:

Cerebrospinal Fluid

Sucrose 70.2 g

NaHCO3 2.19 g

Glucose 3.6 g

(aCSF)

KCl 0.239 g

NaH2PO4 0.172 g

CaCl2 0.147g

MgCl2 0.609 g
Make up to 1 L with ddH2O
Cresyl Violet

Dissolve 0.005 g of Cresyl Violet Acetate into 50 mL of
ddH2O. Add together 18 mL acetic acid to 132 mL dH2O,
and mix with 100 mL of 0.2M Sodium Acetate (above).
Combine altogether. Final concentration is 0.01667% Filter
before each use.

Cryoprotectant

To make 1 L, combine:
Glucose 300 g

0.2M Phosphate Buffer* 500
mL

Ethylene

Glycol

300

mL
Make up to 1 L with ddH2O
Extraction Buffer

To make 1 mL, combine:
Tris-Cl 10 μL

EDTA 2 μL

DTT 2 μL

PMSF 1 μL

NaF 50 μL

NaPPi 89.3 μL

complete 40 μL

Na3VO4 10 μL

10% SDS 50 μL

CHAPS 6 mg
Make up to 1 mL with MQ (~797.7 μL)
Loading Buffer

Combine 45 μL of 10xSample Buffer, 105 μL BPB, and 5.25
μL of β-mercaptoethanol

Lower Gel Buffer

To make 400 mL of 4x conc. combine:
72.66 g Tris in 350 mL MQ. Adjust to pH 8.8 with HCl,
then add 1.6 g SDS. Adjust with MQ to final volume of 400
mL.

Paraformaldehyde

Heat 50 mL of dH2O to 60°C in microwave. Put on hotplate

4%

set to 60°C. Add 4 g paraformaldehyde to heated water in
fumehood. While stirring, add 1-2 drops of 1M NaOH. Stir
until fully dissolved. When cool, put on ice, and add 50 mL
0.2M Phosphate Buffer*

Ponceau S stain

Combine 0.1 g ponceau powder in 1 mL of acetic acid. Add
105

MQ to final volume of 100 mL.
Phosphate

Buffer* To make 1 L, combine:

0.2M

NaH2PO4H2O 6.3475 g

Na2HPO4 21.8618 g

Make up to 1 L with MQ
Phosphate

Buffer To make 1 L 0.1M, pH7.3, combine:

Saline (PBS)
Phosphate

Na2HPO4 1.1356 g, KH2PO4 0.2722 g, and NaCl 8.766 g
Buffer To make 2 L, combine:

Saline + Tween20 NaH2PO4H2O 5.92 g
(PBS-T)

NaCl 11.68 g

Na2HPO4 23g

2 mL Tween20

Make up to 2 L with MQ
Running Buffer

To make 1 L of 10x conc, combine:
Tris 30 g

Glycine 144 g

SDS 10 g

Make up to 1 L with MQ (~888 mL). To use, add 100 mL
of this solution to 900 mL of MQ.
Sample Buffer

To make 100 mL of 10x conc. combine:
7.5 g Tris in 80 mL MQ. Adjust to pH 6.8 with HCl, then
add 10 g SDS. Adjust with MQ to final volume of 100 mL.

Transfer

Buffer To make 1 L of 25x conc. combine:

(Novex)

Tris 36.25 g

and

Glycine 180 g,

Make up to 1 L with MQ.
Tris(hydroxymethyl
)amino

Dissolve 12.11 g Tris into 40 mL of MQ. Adjust to pH 7.6

methane with conc. HCl. Adjust with MQ to final volume of 50 mL.

(Tris-Cl) 2M
Upper Gel Buffer

To make 400 mL of 4x conc. combine:
24.22 g Tris in 80 mL MQ. Adjust to pH 6.8 with HCl, then
add 10 g SDS. Adjust with MQ to final volume of 400 mL.
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6.2

Ethanol Dosage Chart

Body weight
10.10
10.20
10.30
10.40
10.50
10.60
10.70
10.80
10.90
11.00
11.10
11.20
11.30
11.40
11.50
11.60
11.70
11.80
11.90
12.00
12.10
12.20
12.30
12.40
12.50
12.60
12.70
12.80
12.90
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00

DOSE (mL)
0.28
0.28
0.29
0.29
0.29
0.29
0.30
0.30
0.30
0.31
0.31
0.31
0.31
0.32
0.32
0.32
0.33
0.33
0.33
0.33
0.34
0.34
0.34
0.34
0.35
0.35
0.35
0.36
0.36
0.36
0.36
0.37
0.37
0.37
0.38
0.38
0.38
0.38
0.39
0.39
0.39
0.39
0.40
0.40
0.40
0.41
0.41
0.41
0.41
0.42

Body weight
15.10
15.20
15.30
15.40
15.50
15.60
15.70
15.80
15.90
16.00
16.10
16.20
16.30
16.40
16.50
16.60
16.70
16.80
16.90
17.00
17.10
17.20
17.30
17.40
17.50
17.60
17.70
17.80
17.90
18.00
18.10
18.20
18.30
18.40
18.50
18.60
18.70
18.80
18.90
19.00
19.10
19.20
19.30
19.40
19.50
19.60
19.70
19.80
19.90
20.00

DOSE (mL)
0.42
0.42
0.43
0.43
0.43
0.43
0.44
0.44
0.44
0.44
0.45
0.45
0.45
0.46
0.46
0.46
0.46
0.47
0.47
0.47
0.48
0.48
0.48
0.48
0.49
0.49
0.49
0.49
0.50
0.50
0.50
0.51
0.51
0.51
0.51
0.52
0.52
0.52
0.53
0.53
0.53
0.53
0.54
0.54
0.54
0.54
0.55
0.55
0.55
0.56

Body weight
20.10
20.20
20.30
20.40
20.50
20.60
20.70
20.80
20.90
21.00
21.10
21.20
21.30
21.40
21.50
21.60
21.70
21.80
21.90
22.00
22.10
22.20
22.30
22.40
22.50
22.60
22.70
22.80
22.90
23.00
23.10
23.20
23.30
23.40
23.50
23.60
23.70
23.80
23.90
24.00
24.10
24.20
24.30
24.40
24.50
24.60
24.70
24.80
24.90
25.00

DOSE (mL)
0.56
0.56
0.56
0.57
0.57
0.57
0.58
0.58
0.58
0.58
0.59
0.59
0.59
0.59
0.60
0.60
0.60
0.61
0.61
0.61
0.61
0.62
0.62
0.62
0.63
0.63
0.63
0.63
0.64
0.64
0.64
0.64
0.65
0.65
0.65
0.66
0.66
0.66
0.66
0.67
0.67
0.67
0.68
0.68
0.68
0.68
0.69
0.69
0.69
0.70
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6.3

Hippocampal Region Delineations

Figure 6.1. Hippocampal Delineations
a-e) examples of hippocampal delineations made with Stereo Investigator, as we progress
through the hippocampus. Borders drawn in green indicate the CA1 region, white indicates
the DG region, and blue indicates the CA3 region.
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6.4

Initial Hippocampal Separations

Figure 6.2. Initial Hippocampal Dissections
a) 4x view of DG. b) 40x view of DG, containing both granule and pyramidal cells. c) 4x
view of CA3. d) 40x view of CA3, containing pyramidal cells. e) 4x view of CA1. f) 40x view
of CA1, containing pyramidal cells.
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6.5

Chemistry of BCA assay

Two step reaction:
Biuret reaction
• Cupric	
  ions	
  (Cu2+)	
  coordinates	
  with	
  four	
  peptide	
  bonds	
  
• In	
  the	
  presence	
  of	
  potassium	
  sodium	
  tartate	
  and	
  in	
  an	
  alkaline	
  environment,	
  Cu2+	
  
reduces	
  to	
  cuprous	
  ion	
  (Cu+).	
  
• Therefore,	
  the	
  amount	
  of	
  Cu2+	
  reduced	
  is	
  proportional	
  to	
  the	
  amount	
  of	
  protein	
  
present	
  

Chelation of BCA
• Two	
  molecules	
  of	
  BCA	
  chelates	
  with	
  one	
  cuprous	
  ion	
  
• BCA/Copper	
  complex	
  produces	
  coloured	
  product	
  with	
  strong	
  linear	
  absorbance	
  with	
  
increasing	
  protein	
  concentration	
  
• 100x	
  more	
  sensitive	
  than	
  Biuret	
  reaction	
  alone	
  

Chemical structures taken from http://www.piercenet.com/
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