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Summary

Alzheimer’s disease (AD) is an incurable, terminal, neurodegenerative disease that
occurs primarily in people over 65. Life-style interventions including diet are
potential candidates for prevention and management of AD. This thesis aims to
investigate the role of diet in an AD-type mouse model (APPswe/PSENAEY) that
over expresses amyloid, called Amy mice. It is hypothesised herein that:

1. An Australian-type rodent diet accelerates the behavioural deficits and [3-

amyloid neuropathology that are observed in Amy mice.

2. Nutrient supplements can reduce the severity of genotype or diet-type

induced behavioural deficits and f-amyloid neuropathology in Amy mice.

First, an Australian-type (Oz-AIN) diet was designed to reflect the current nutrient
intake of Australians. Second, nutrient supplements that have the potential to slow
progression of behavioural or neurological deficits in AD were added to the Oz-AIN
diet to create the Oz-AIN Supp diet. The effects of both of these diets are compared
with an optimal rodent diet, the AIN93-M diet. The rationale for these diets and their
effect on weight gain, food consumption, and organ size are described. Amy mice
that were fed the Oz-AIN diet were susceptible to diet-induced weight gain and
obesity, which was not observed in Amy mice that were fed the Oz-AIN Supp diet,

indicating that nutrient supplements prevent weight gain in Amy mice.

Spatial learning and spatial memory were assessed in the Morris Water Maze. The
Oz-AIN diet impaired spatial learning in 15 month old Amy mice. This was
prevented with nutrient supplementation, as Amy mice that were fed the Oz-AN
Supp diet performed similarly to control mice. At 18 months, the Amy mice fed the
Oz-AIN diet demonstrated intact spatial memory. This suggested that the Oz-AIN
diet protects spatial memory in aging mice. Olfactory ability (sense of smell) was
assessed in the Buried Chocolate Test. Olfactory ability of Amy mice that were fed

the Oz-AIN diet was impaired relative to control groups at 12 months of age.

Diet did not affect amyloid load or the number of amyloid deposits. However, the
Oz-AIN and Oz-AIN Supp diets were both associated with larger deposits, compared
to the AIN93-M diet, suggesting that total fat content and not micro-nutrient intake,

facilitates aggregation of amyloid into larger deposits.
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Confocal microscopy revealed that three different B-amyloid pathologies occur in
brains of Amy mice: (1) intracellular amyloid that was associated with necrotic cells;
(2) extracellular diffuse deposits of amyloid; and (3) diffuse deposits that were
associated with blood vessels. Whilst the Oz-AIN diet did not have an effect on
pathology type, the Oz-AIN Supp diet was associated with increased diffuse deposits
associated with blood vessels. It was not determined whether this was invasion or
clearance of B-amyloid from the brain, and it is suggested that it is a combination of

both.

Genotype and diet-type effects were observed on telomere length (aTL) and
oxidative DNA damage in the brains of aging Amy mice. 18 month old Amy mice
that were fed the Oz-AIN diet had significantly longer telomeres and significantly
more oxidative DNA damage throughout their brains than Amy mice that were fed

the an optimal rodent diet.

In conclusion, whilst nutrient supplementation prevented diet-type- and genotype
induced spatial learning deficits, high total fat content conserved spatial memory in
aged Amy mice. Furthermore, whilst a sub-optimal diet did not have an effect on -
amyloid pathology, nutrient supplements may alter B-amyloid clearance from the

brain.
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Chapter 1: Literature Review.

1.1. Background.

Alzheimer’s disease (AD) is a terminal neurodegenerative disorder that affects
people primarily above 65 years of age. AD accounts for 50% — 75% of all cases of
dementia, which is ranked the third highest cause of death in Australia [1]. Over the
past decade the number of deaths in Australia due to dementia has increased
substantially from 4,364 deaths in 2002 to 9,864 deaths in 2011 [1]. It is anticipated
that by 2050, 1.1 million Australians will have dementia, and health expenditure will

be $82.7 billion by 2062 — 2063 [2].

Clinical features of AD include severe cognitive decline, memory loss, behavioural
changes and loss of the ability to carry out day-to-day self-care activities.
Unfortunately, by the time that clinical diagnosis can be made AD patients are
already in the moderate stages of the disease and many of the neuropathological
processes involved in AD are well underway. The neuropathological hallmarks of
AD are termed ‘plaques’ and ‘tangles’. Plaques are extracellular deposits of
aggregated P-amyloid. Tangles are comprised of intracellular accumulation of
hyperphosphorylated fau. The leading hypotheses of AD propose that plaques and
tangles are at the top of a cascade of events that includes high levels of oxidative
stress and inflammation, neuronal and synaptic loss and brain shrinkage [3]. This
leads to irreversible damage throughout regions of the brain involved in cognition
and memory such as the temporal lobes, hippocampus and the neocortical association

areas [4].

Despite developments that have been made over the past 30 years there is still no

cure for AD and current drug and alternate treatments may be described as ‘transient’
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at best [5, 6]. There is an urgent need to find some means for early detection and
prevention for AD. The current project aimed to investigate the effect of a modifiable
risk factor, diet, on the development and progression of AD neuropathology and

behavioural deficits using a mouse model of AD.

The following chapter provides a review of the current literature covering:

(1) History of Alzheimer’s disease.

(i)  Hypotheses about the cause of AD.

(iii))  The B-Amyloid Peptide.

(iv)  Memory and Learning deficits.

v) Anosmia.

(vi)  Animal models of Alzheimer’s disease.

(vii)  Risk factors for Alzheimer’s disease.

(viii) Diet as a means of prevention.

(ix)  Telomere length and Alzheimer’s disease.



1.2. History of Alzheimer’s disease.

On 25" November 1901 Auguste D. was admitted to Frankfurt Hospital under the
care of Dr Alois Alzheimer. Auguste’s symptoms included problems with
comprehension, poor memory and paranoia. Over the course of her stay in hospital,
Auguste’s cognitive abilities rapidly declined and she demonstrated profound
behavioural changes, including jealousy, anxiousness, aggression and aphasia. The
most remarkable change in her behaviour was her loss of comprehension and
declarative memory. Dr Alzheimer’s notes from interviews with Auguste
demonstrate that while she was able to name objects she was presented with, she lost
the memories of personal details about family members, her home address and what
she was doing (Figure 1). Auguste’s cognitive abilities continued to decline over the

next five years, until she died in hospital on gt April 1906 [7].

Figure 1. Extracts from 29™November, 1901.

(As viewed in Maurer et al, 1997).

... What year is it? Eighteen hundred. Are you ill? Second month. What are the names of the
patients? She answers quickly and correctly. What month is it now? The 11th. What is the
name of the 11th month? The last one, if not the last one. Which one? | don't know. What
colour is snow? White. Soot? Black. The sky? Blue. Meadows? Green. How many fingers do
you have? 5. Eyes? 2. Legs? 2.

Writing, she does it as already described. When she has to write Mrs Auguste D, she writes
Mrs and we must repeat the other words because she forgets them. The patientis not able
to progress in writing and repeats, | have lost myself.

During physical examination she cooperates and is not anxious. She suddenly says Just now
a child called, is he there? She hears him calling..., she knows Mrs Twin. When she was
brought from the isolation room to the bed she became agitated, screamed, was non-
cooperative; showed great fear and repeated | will not be cut. | do not cut myself.

In his post-mortem analysis of Auguste’s brain, Dr Alzheimer described the plaques

and tangles that are now considered to be the neuropathological hallmarks of AD [8,
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9]. By 1910, Dr Alzheimer and colleagues had studied three other cases that were
similar to Auguste D, and published that “a common main finding can be
ascertained, namely a peculiar change in the ganglial cell fibrils and the formation
of peculiar plaques, both of which appear in about the same measure and form in all

four cases.” (Perusini, 1909 as cited [9]).

Over one century has passed since AD was first described, and AD patients still live
in the traumatic world experienced by Auguste D. Life expectancy after diagnosis is

only 5-8 years and there is still no cure [10].

Over the past 30 years, research has made some progress toward understanding the
events that occur in AD-type brains [11, 12]. It is well established that the plaques
that Alois Alzheimer described contain aggregated B-amyloid [13, 14]. Specific
species of B-amyloid are neurotoxic, suggesting that B-amyloid may be a causative
factor in AD neuropathology. This is the basis of the leading school of thought
regarding AD pathogenesis, the ‘Amyloid Cascade Hypothesis’ [15-17]. However,
over time this hypothesis has evolved greatly. Recent developments have revealed
that the aggregated B-amyloid deposits that were described by Alois Alzheimer are
less toxic than the accumulation of soluble intracellular B-amyloid [18, 19].
Furthermore, aggregated B-amyloid deposits show very little association with the
clinical features of AD, while intracellular soluble B-amyloid correlates strongly with
behavioural deficits [20-22]. While these observations do not directly contradict the
‘Amyloid Cascade Hypothesis’, they do question the role of B-amyloid deposits in

AD pathogenesis.

It is also clear that the neurofibrillary tangles that were observed by Alois Alzheimer
are comprised of hyperphosphorylated tau [23, 24]. Tau is a microtubule associated

protein and has physiological roles in normal cell functioning [23]. However, hyper-
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phosphorylation of tau causes disruption to axonal trafficking and mitochondrial
function, contributing to impaired cellular metabolism and subsequent cell death, all
of which are cytotoxic events that occur in AD [25, 26]. Tau pathologies can develop
independently of f-amyloid deposits and correlate well with cognitive decline [24,

25, 27].

1.3. Hypotheses about the cause of Alzheimer’s disease.

Despite the increasing body of knowledge in regards to the neuropathological
processes involved in AD progression, there is still little consensus about the origins
of the disease [28]. In general the theories that describe the onset of AD can be
separated into two broad camps: those who support the ‘Amyloid Cascade

Hypothesis’, and those who support the ‘Tau Hypothesis’ [12].

The ‘Amyloid Cascade Hypothesis’ was first put forward by Hardy and Allsop in
1991 [29]. In their initial hypothesis, Hardy and Alsop proposed that insoluble [3-
amyloid was secreted into the extracellular space, where it aggregated into plaques.
These insoluble plaques then led to enhanced oxidative stress, resulting in tau
phosphorylation and tangle formation, neuro-inflammation and eventually causing

neuronal death [29].

Mutations in genes that code for machinery involved in B-amyloid production cause
familial AD [30, 31], adding support to the ‘Amyloid Cascade Hypothesis’.
Mutations to genes that code for amyloid precursor protein and presenilins 1 and 2
result in an increase in B-amyloid [30, 32]. Patients that carry these mutations
develop familial AD by the time they are 65 [30, 32]. However, familial AD makes
up less than 5% of AD cases. Over 95% of AD cases are sporadic and are not

associated with mutations in APP, presenilin 1 or 2 [32].



The most well established genetic risk factor for sporadic AD is expression of
different alleles of ApoE, which plays a role in cholesterol transport [33]. ApoE
isoforms can bind and transport f-amyloid across the blood brain barrier, and may
therefore play a role in B-amyloid clearance [33, 34]. Different alleles of ApoE are
associated with different levels of AD risk. Expression of the ApoE2 allele is
associated with a reduced risk for AD, whilst expression of the ApoE4 allele
increases risk of AD [35]. Furthermore, ApoE4 is the least efficient B-amyloid
transporter [34] and is associated with increased f-amyloid accumulation [36]. This
indicates that the increased risk of developing AD that is associated with ApoE4 is
due to impaired pB-amyloid clearance. However, not all cases of sporadic AD express
the Apoed allele, suggesting that whilst it may accelerate pathogenesis, the [-
amyloid accumulation that arises from impaired clearance and trafficking is not a

causative factor for AD.

The ‘Tau Hypothesis’ proposes that tau hyperphosphorylation is an early event in
AD pathogenesis, and causes neuronal death independently of B-amyloid [26, 37].
Tau is a microtubule associated protein that is required to maintain internal
architecture of the cytoplasm [25, 26, 38]. Hyperphosphorylation of tau decreases its
affinity for microtubules, resulting in microtubule instability and formation of
neurofibrillary tangles. The impaired microtubule transport disrupts normal neuronal
function and metabolism [25, 26]. This contributes to neuronal death [25, 26]. Tau
hyperphosphorylation is also associated with neurodegeneration in Parkinson’s
disease and West syndrome [39, 40]. Collectively these observations suggest that tau
hyperphosphorylation, and not f-amyloid deposition, is responsible for the neuronal

cell death and cognitive decline in AD [38, 41].



The uncertainty between whether tau hyperphosphorylation or [-amyloid
accumulation are at the top of the cascade of events leading to AD [37, 42], or
whether they are separate independent pathologies that contribute to AD progression
[43], continues to fuel debate within the current literature. Nonetheless, the ‘Amyloid
Cascade Hypothesis’ remains the leading school of thought to explain the onset and

progression of AD [44].

1.4. The Amyloid peptide.

Amyloid precursor protein may be processed down one of two pathways: the
amyloidogenic or non-amyloidogenic pathway [45-47] (Figure 2). In the non-
amyloidogenic pathway, amyloid precursor protein is cleaved by o-secretase to
produce a-carboxyl terminal fragment and soluble APP-a. Soluble APP-a is released
into the extracellular space where it plays a role in neural proliferation, repair and
growth [47, 48]. The a-carboxyl terminal fragment is cleaved by y-secretase to
produce P3 and amyloid intracellular domain. The neuropathological function of P3
is unknown [45]. The amyloid intracellular domain has an important role in nuclear
signalling, transcription regulation and negative modulation neurogenesis [46, 49,
50] (Figure 2). These beneficial roles that the non-amyloidogenic pathway products
play indicate that the non-amyloidogenic pathway is important for neuroprotection,

synaptic plasticity, nuclear signalling and maintaining neuronal viability [51].

In the amyloidogenic pathway, amyloid precursor protein is cleaved by B-secretase to
produce soluble APP-f and B-carboxyl terminal fragment [52]. Like soluble APP-q,
soluble APP-B can influence neuronal proliferation. Soluble APP-B also mediates
microglial proliferation, suggesting that it plays a role in neuro-inflammation [47].
The B-carboxyl terminal fragment is cleaved by y-secretase to produce amyloid

intracellular domain and B-amyloid peptides. Amongst the different species of -
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amyloid peptides, B-amyloid 40 is the most commonly found in the brain. However,
-amyloid 42 is more common in AD brains and is considerably more toxic [53, 54].
Beta-amyloid 42 can impair mitochondrial functions and neurotoxicity in PC12 cells
[53]. Furthermore, B-amyloid 42 aggregates into large plaques much easier than -
amyloid 40, a property that correlates well with its neurotoxic capabilities [53, 54].
After cleavage from amyloid precursor protein, f-amyloid 42 can be secreted into the
extracellular space, where it rapidly aggregates into extracellular plaques which can

lead to synaptic dysfunction and neuronal death [55, 56] (Figure 2).

However, the majority of amyloid precursor protein processing down the
amyloidogenic pathway occurs after amyloid precursor protein is internalised by
endosomes [52, 57]. Amyloid precursor protein is cleaved by B-secretase and y-
secretase in the late endosomal and lysosomal compartments to produce B-amyloid
40 and B-amyloid 42 which then undergo proteolysis [19]. At high levels, B-amyloid
42 may overwhelm the clearance mechanisms in the late endosome [19] and
accumulate within the cell, jeopardizing functions of the endoplasmic reticulum and
mitochondria [52, 58]. This causes accumulation of nitric oxide, reduced levels of
ATP and a subsequent increase in oxidative stress, impaired axonal transport and

apoptosis [58].

While B-amyloid plaques are considered a hallmark of AD, the intracellular
oligomeric species of f-amyloid are the most toxic species of amyloid [59]. Zhang et
al. report that a mouse model of intraneuronal accumulation of B-amyloid oligomers
without amyloid plaques, have impaired synaptic placticity, reduced neuronal
numbers and memory dysfunction compared to age matched controls [60]. Domert et
al. report that oligomeric amyloid can be transferred between cells. Furthermore,

they report that impaired clearance of oligomeric f-amyloid 42 in the recipient cell,



leads to build up of oligomeric B-amyloid 42, cellular toxicity and neurodegeneration
[61]. Similar reports that B-amyloid oligomers may play a role in behavioural deficits
[62-65] and pathological events [59, 66] in AD have been communicated by other
groups as well. Collectively, these studies indicate that intracellular amyloid

oligomers, and not fibrils, may be the key players in AD pathogenesis.

Accumulation of intracellular B-amyloid 42 correlates with loss of cholinergic
neurons in brain regions most affected in AD [67]. Treatments for AD have been
developed that target these cholinergic systems which slows down loss of cholinergic
neurons and delays the progression of behavioural deficits [3]. However, there has
been limited success with medical intervention in AD [68], and focus is now also
being given to the role of modifiable risk factors such as diet or exercise in AD

prevention [69-71] .



Figure 2. Processing of amyloid precursor protein down the

non-amyloidogenic or the amyloidogenic path.
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Figure 2. In the non-amyloidogenic pathway (left), Amyloid precursor protein (APP)
is cleaved by a-secretase to produce o-carboxyl terminal fragment (a-CBT) and
soluble APP-a (sAPP-a). a-CBT is cleaved by y-secretase to produce P3 and amyloid
intracellular domain (AICD). In the amyloidogenic pathway (right), APP is cleaved
by B-secretase to produce soluble APP-f (sAPP-B) and B-carboxyl terminal fragment
(B-CBT). B-CBT is then cleaved by y-secretase to produce amyloid intracellular
domain (AICD) and B-amyloid 40 (AB-40) or 42 (AB-42). ABP-42 may then be
secreted into the extracellular space where it rapidly aggregates into extracellular
plaques that are a characteristic feature of the AD brain. Alternatively, APP may be
taken up by the endosome, where it undergoes p-secretase cleavage to form AB-42
that is secreted into the intracellular space.
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1.5. Memory and learning.

The key clinical features of AD include memory loss, profound behavioural changes
and cognitive impairment. Memory loss is one of the earliest clinical features to
present in AD. However, the subtleties of the early signs of memory loss in AD are
hard to distinguish from non-critical, normal age-related change or impairments [10].
As a result, the disease goes undiagnosed and untreated until patients reach mild or
moderate stage AD, when the underlying neuropathological processes are well
underway. At this stage of AD progression, memory loss is more pronounced and is
accompanied by severe cognitive decline, loss of language skills, and loss of self-

care [4, 10, 72, 73].

Other clinical features of AD include non-cognitive changes such as pronounced
motor, sensory and co-ordination deficits, aphasia (loss of speech), apathy (loss of
motivation), depression and anosmia (loss of sense of smell). In the later stages of
the disease, AD patients may also lose social inhibition, experience hallucinations

and become aggressive [4, 10].

Memory is classified as working memory or long term memory [74, 75]. Working
memory includes tasks such as attention, short term memory and information
processing [76]. Long term memories may be either declarative or non-declarative,
depending of the type of information that they encode. Non-declarative memory
refers to information that can be unconsciously recalled, such as the skills required to
successfully ride a bicycle. Declarative memory, on the other hand, refers to
information that is consciously recalled and can be either semantic memory (factual

information) or episodic memory (previous experiences) [75].
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There is strong evidence that different types of memory are carried out in different
regions of the brain [77]. In human and rodent models, auditory fear conditioning
response is associated with the amygdala [78, 79]. Spatial learning is dependent on
the cholinergic system of the hippocampus and cortex [80]. Episodic memory and
spatial memory are also hippocampal dependent. However, once consolidated,
semantic memories can be recalled independent of hippocampal function [77, 81,
82]. Depending on the type of semantic memories, semantic processing occurs in
different regions of the lateral and anterior temporal cortex, and ventro-lateral

prefrontal cortex [81].

Hippocampal dependent processes such as spatial learning, spatial memory and
episodic memory are lost in the early stages of AD [83]. Memory loss and cognitive
decline can be studied using rodents, because rodents process and remember
complex relationships in a similar way to humans [84, 85]. Rodent models of AD
have demonstrated clear correlations between hippocampal damage and impaired
spatial learning and spatial memory in a manner that is similar to that observed in

AD patients [82, 86, 87].

Rodent behavioural tests such as the Radial Arm Maze (RAM) and the Morris Water
Maze (MWM) can both be used to assess spatial learning and memory [88-91]. The
two tests differ in their primary outcomes, sources of motivation to complete the tests
and protocols available. While both are designed to assess spatial learning and
memory, they may assess different components of these cognitive processes and
therefore may produce conflicting results [85, 88, 92]. This does not mean that one
test is more reliable than the other for research into AD-associated behaviours. It
means that researchers must be aware of the limitations and benefits of each, before

deciding which test is most applicable to their specific research question [93, 94].
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The RAM is used to assess rodent spatial working memory, and provides insight into
short term memory and information processing [62, 88]. The maze consists of eight
arms, with a food reward at the end of each arm. The task requires the animal to visit
each arm once and collect all eight rewards. Working memory is assessed through
accuracy at visiting each arm once to receive a reward. Time taken to complete the
task is also recorded to validate motivation and how fast the mouse can make
decisions about where the remaining food pellets are located [88, 92]. Long term
memories may also be measured in the RAM whereby food rewards are only placed
down four of the eight possible arms. The number of entries the mouse makes into
arms that do not contain the reward are counted as reference memory errors, as they
indicate that the mouse has not recalled where the food pellets initially were located

[88, 92].

The benefit of the RAM is that the primary outcome measures are easily defined and
they are committal i.e. it is clearly apparent when a mouse moves down an arm of the
maze. However, this type of testing is easily confounded by non-spatial cues. For
example mice may use scent to track where they have already been, which would

improve their performance in the maze and mask any memory deficits [85, 88].

The MWM is a commonly used test to assess spatial learning, spatial memory and
cognitive flexibility. The MWM consists of a pool of opaque water, which is
surrounded by controlled visual cues and contains a submerged platform. During a
three to five day acquisition phase, mice are trained to escape the pool by finding the
submerged platform. The latency to escape the pool is the primary measure of
improved performance and hence spatial learning in the MWM [87-89]. However,

escape latency may not necessarily reflect spatial learning as it is easily distorted by
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factors such as speed and motivation. Therefore, average distance travelled over each

of the training days is also recorded [95].

Spatial memory is assessed the day following the training period. The platform is
removed from the pool and the mouse is given a free swim lasting from 30 seconds
(s) to 2 minutes (min). The number of passes the mouse makes over the platform and
the time spent in the Test Quadrant are the key indicators of whether or not the
mouse remembers the location of the platform [85, 88, 89, 95]. Cognitive flexibility
is tested in reversal trials. These trials are conducted the day after the acquisition
phase and mice are required to learn a new platform location. A probe test is used as
a control, where latency and distance to a visible platform are recorded. This control
confirms motivation levels and validates that mice can use visual cues to locate the

platform [85, 88, 89, 95].

While the MWM is not limited by environmental factors such as scent, it is an
aversive test as mice must escape an uncomfortable environment. This may cause
anxiety and stress, and impair memory in some rodent strains [96]. However, the
benefit of this type of testing is that mice are highly motivated to escape the pool.
Trials often last less than 120 s, which is much faster than trials in dry mazes such as
the RAM. This allows for higher through-put, and therefore is an attractive test to use

when large numbers of animals are required [97].

Other rodent behavioural tests have been designed to assess different aspects of
cognitive abilities. For example, in operant learning tasks mice learn to associate the
performance of a task (i.e. pressing a bar) with a reward (i.e. a cookie). This can be
used to measure learning and memory. However, operant learning tasks were
originally designed for rats, and require behaviours that are not natural for mice

(such as pressing on a bar). This has been overcome with the introduction of touch
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screens that count the times a mouse investigates a hole or an image with their nose,
which is more natural for a mouse as they rely heavily on their sense of smell [98,
99]. Behavioural tests such as fear conditioning tests make use of cued fear,
contextual fear, or passive avoidance to assess learning and memory of an
environment or an event [98, 99]. However, these are aversive tests and therefore,

may not be appropriate for some mouse models.

The current study will make use of the MWM to assess changes in spatial learning
and spatial memory in AD-type mice. The benefits of the MWM are that it may be
used in long-term dietary studies, and that it is possible to do tests on large numbers
of mice. Furthermore, mice do not have to be fasted throughout testing, as there is no
food-reward stimulus to complete the test. This last point is important to consider for

any dietary study.

Nutrient intake and calorie consumption can affect cognitive deficits [100-102],
neuropathology [103, 104] and telomere attrition [105, 106] in normal and AD-type
mice. Halagappa et al. demonstrated that both caloric restriction (by 40%) and
intermittent feeding (24 hours without food every second day) for 17 months
conserved spatial learning and memory in an AD-mouse model using APP/PSENI
mice [101]. The caloric restriction also reduced amyloid and tau pathology,
demonstrating that nutrient intake alters behaviour and neuropathology in mice
[101]. By avoiding the requirement for overnight fasting, the MWM is an ideal tool

to use to assess spatial learning and memory in mice in this dietary study.

1.6. Anosmia.

Anosmia, loss of sense of smell, is reported to precede memory loss and cognitive

decline in some cases of AD [107]. Although anosmia is a natural phenomenon of
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aging, olfactory decline is more noticeable amongst AD patients [108-112]. As a
result, olfactory detection tests may be a useful diagnostic tool for AD. However, the
limited understanding of the relationship between anosmia and AD has prevented the

usefulness of olfactory tests in early AD detection.

Odour detection, discrimination and identification tests have been developed in a
wide range of rodent models of anosmia [113-115]. These tests have enabled a
clearer understanding of olfactory pathways in social behaviours, food consumption
and neurodegenerative diseases [113-115]. Before their contribution to each field can
be further investigated, it is important to understand the differences between testing

paradigms, and how they can be influenced by different mouse models [113-117].

Simple olfactory sensitivity tests aim to detect the threshold at which a mouse can
detect a particular scent [114]. The simplicity of these tasks means that they do not
necessarily place demands on the mouse with respect to mobility, cognitive ability or
memory. Latency to the scent is not used as a measurement so movement has
minimal impact on performance in the test. Likewise, the mouse is not required to
learn the location of the odorant, or to solve a puzzle in order to locate the odorant.
Therefore simple olfactory tests may be ideal for assessing olfactory detection and
sensitivity in aging and AD mouse models, whose cognitive abilities may be
compromised. However, because of their simplicity, this type of testing rests on the
assumption that mice are calm during the testing period. Therefore, each test requires

long periods of habituation, making each testing period extremely laborious [114].

The Buried Food Pellet Test (BFPT) makes use of a rodent’s natural tendency to
scavenge and dig for food to assess olfactory detection [114, 115]. Mice are required
to locate a hidden food pellet in an arena with no visual cues. Latency and distance

travelled to the food pellet are used as measures of olfactory detection. Mice are
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often fasted overnight or placed on a food restricted diet to ensure motivation to
locate the food pellet [113, 115, 118]. The BFPT is not biased by anxiety, as it only
requires tasks that are natural for mice (such as digging). This removes the need for
long periods of habituation [119, 120]. Olfactory performance has been demonstrated
to be unrelated to overall exploratory behaviour in an APP/PSEN1 mouse model of
AD, confirming that performance in the BFPT is a true reflection of olfactory
detection [120]. As a result of this, the BFPT is a commonly used assessment of

olfactory detection in rodent models of anosmia [113, 115, 118, 120, 121].

Rey et al. report that in APP/PSENI1 mice, olfactory dysfunction and B-amyloid
deposition in the olfactory bulb are both enhanced by loss of the noradrenergic
neurons that project from the locus coeruleus to the olfactory bulb [120]. This
finding is important as it suggests a mechanism and a link between AD

neuropathology and olfactory decline [120].

Other behavioural tests can provide more detail than the BFPT as they can
distinguish between different types of olfactory loss (i.e. detection versus
discrimination of a scent). However, they are limited in their application to AD-
mouse models as they require intact cognitive functioning. Behavioural tests such as
odour preference tests, learned avoidance tasks and habituation / dis-habituation tests
do not rely on declarative hippocampal memory, but they do assume equal cognitive
abilities between groups and therefore may not be easy to interpret in models of
cognitive decline [119, 121]. For example, habituation / dis-habituation tasks have
returned different results depending on the AD mouse model used, and the severity
of cognitive discrepancies at the time of the olfactory tasks. Impaired odour
habituation and discrimination has not been consistently demonstrated in different

AD-mouse models. While olfactory deficits have been demonstrated in the
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commonly used Tg2576 and APP/PSENI mouse strains [120, 122], they have not

been replicated in the APP23 mouse model [123].

Until a better understanding of the relationship between olfactory decline and AD is
established, it may be more useful to utilize simple olfactory tests of odour detection

and sensitivity.

The current study has made use of a modified version of the BFPT, whereby mice
are required to locate a buried piece of chocolate rather than a buried cookie. The
reasoning for using chocolate in these tests was due to reports from others that
chocolate searching behaviours are relatively stable in mice [124]. The modified
version of the BFPT will be called the Buried Chocolate Test (BCT) for the

remainder of this thesis.

1.7. Animal models of Alzheimer’s disease.

The underlying neuropathological processes of AD are well underway before clinical
diagnosis of AD can be made [125]. Coupled with ethical and moral constraints, this
provides limited opportunity to study the onset and progression of AD in humans.
Therefore, animal models are used to study the neuropathological and clinical

features of AD [56, 126-137].

Mouse models of AD have several advantages: (i) mice are small and easy to rear,
which enables studies of large cohorts of mice; (ii) mice have a short gestation period
with large litter sizes, which makes mouse numbers easily accessible; and (iii) the
mouse genome has been completely mapped [138]. The single, double and triple
transgenic mouse models that have been developed target genes that are associated
with familial AD [134]. The limitation with the use of these mouse models is that no

single mouse model exists that encapsulates all the features of AD [138, 139].
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Nonetheless, mouse models are useful tools to enhance the understanding of the

processes involved in AD.

1.7.1. Amyloid mutations.

The first transgenic mice that successfully presented with an AD-type phenotype
were developed by Games et al. in 1995 at Athena Neurosciences, Inc., California
[140]. The PDAPP mice that were developed by Games et al. were bred to
overexpress APP. They generate ten times the amount of endogenous -amyloid, and
form B-amyloid deposits and neuritic plaques. The synaptic loss, astrogliosis,
microgliosis and shrinkage of the hippocampus that occurs in PDAPP mice reflects
that seen in the brains of AD patients [140]. Similarly, DPAPP mice also develop age
related cognitive decline. Whilst the B-amyloid neuropathology and behavioural
deficits are similar to AD, the PDAPP mice do not develop tangles nor have
significant neuronal loss. Therefore, while PDAPP mice are a good model to
investigate B-amyloid neuropathology, they do not reflect AD per se [134, 138, 141].
Nonetheless, PDAPP mice are still a commonly used mouse model [84, 134, 138,

141].

Shortly after the development of the PDAPP mouse model, another mouse model of
AD, the Tg2576 mouse was developed at University of Minnesota, Minneapolis
[142]. The Tg2576 mice over-expresses amyloid precursor protein and develop B-
amyloid neuropathology that is similar to that observed in AD patients. By the time
Tg2576 mice are five months old, there are plaques present throughout the frontal,
temporal, and entorhinal cortices [84, 134, 141]. By the time they are ten months old
they demonstrate memory loss in the MWM [143, 144]. Similar to the PDAPP mice,
Tg2576 do not develop neuronal loss, tangles, nor demonstrate a clear correlation

between B-amyloid deposition with aging and cognitive decline [84, 138, 141].
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1.7.2. Presenilin 1 and 2 mutations.

Presenilins 1 and 2 form the two active subunits of y-secretase, and therefore play an
important role in amyloid precursor protein processing. Presenilin mutations
accelerate amyloid precursor protein processing and as a result, presenilin mutants
have higher levels of intracellular B-amyloid. However they do not develop B-
amyloid plaques [84, 134, 138]. Furthermore, while they do demonstrate modest
cognitive decline, this is not significant [134]. The benefit to using presenilin
mutants is that unlike the amyloid precursor protein mouse models, presenilin

mutants present with neuronal loss [138].

1.7.3. Tau mutations.

Transgenic mouse models that either express single mutant variations or overexpress
human tau isoforms, have been developed to investigate the role of tau in AD [126,
145-147]. The tau transgenic mice develop neurofibrillary tangles throughout the
brain and neuronal loss throughout the hippocampus [126, 134, 145-147]. Transgenic
tau mice are traditionally used to model neurodegenerative diseases such as
Parkinson’s Disease and develop severe motor deficits [147]. Recent models have
been developed that have the cognitive deficits typical of AD by ten to twelve
months without motor impairments [134, 145]. There are significant correlations
between tau hyperphosphorylation and cognitive decline in transgenic tau mutants
[126, 127, 134]. The main limitation with the transgenic tau models is that they do
not develop B-amyloid deposits. However, intracerebral injections of B-amyloid 40
and B-amyloid 42 into the brains of these mice provide the opportunity to clearly
demonstrate interactions between -amyloid and tau, such as the ability of amyloid to

accelerate tau production and hyperphosphorylation [148, 149].

20



1.7.4. Double transgenic mice.

There are a wide variety of double transgenic mouse models that overexpress
amyloid precursor protein and presenilin 1 [84, 128, 141], or amyloid precursor
protein and tau [150]. To cover all of them and compare their differences is beyond
the purposes of this chapter. However, it is worthwhile to appreciate the differences

in the mouse models that are available.

Mice that overexpress amyloid precursor protein and presenilin 1 are more
aggressive models of B-amyloid deposition and develop B-amyloid plaques faster
than single transgenic mice [138, 141]. The behavioural deficits and plaque
deposition in these mice are similar to that observed in AD [128]. The double
transgenic mice that overexpress amyloid precursor protein and tau develop B-
amyloid deposits, hyperphosphorylated tau and neurofibrillary tangles. Depending on
the mutations used, amyloid deposits, neurofibrillary tangles and neuronal loss can
occur in varying degrees, enabling different aspects of the disease process to be
studied [84]. Irrespective of the mutations, the double transgenic mouse models tend

to develop cognitive deficits at a faster rate than single transgenic mice [84].

1.7.5. Triple transgenic mice.

Triple transgenic mice that express APP, tau, and presenilin 1 mutations, have been
developed to replicate all three pathologies in AD (plaques, tangles, and
neurodegeneration). While the onset of neuropathology is rapid, it is preceded by
behavioural deficits. Furthermore, the behavioural deficits observed are not typical of
AD mouse models, in that they reflect impaired retention and recall, rather than
impaired learning which does not occur until mice are 16 months old [138]. In this

respect, these models may not be useful for investigating behavioural deficits in AD.
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The onset of neuropathology is rapid, but it does enable the investigation of plaques,
tangles and neuronal loss [84]. However, mice do not present with behavioural

deficits characteristic of AD [141].

1.7.6. Background strain selection.

The background strain is also a feature that can alter AD-type neuropathologies and
behavioural deficits, as different background strains can have different effects on
behaviour and neuropathological processes in subsequent mouse models [99, 151].
For example, transgenic mice that are built off a C57bl/6 strain are often used for
behavioural tests [152, 153]. This is because although chronological age has a
moderate effect on performance in behavioural tasks of C57bl/6 mice, they respond

better to behavioural testing than other wild type mice [154, 155].

Frohlich ef al. demonstrated that mice overexpressing amyloid precursor protein,
from either a C57bl/6 or FVB/N background developed B-amyloid pathologies at
different rates. While mice from a C57bl/6 background developed more plaques, and
had an exponential increase in plaque number, the FVB/N mice had an initial rapid
increase in plaque numbers with a plateau at around 5 months [151]. This
demonstrates that not only does changing the mutation or expression of a gene alter
AD pathology, but careful consideration must also be given to selecting the

appropriate background strain to answer a specific research question.

1.7.7. Mouse model used in the current thesis

The current project makes use of the double transgenic mouse model
APPswe/PSEN1dE9 [156] and have been bred from a C57bl/6 background, making
them more suitable for behavioral testing. These mice were bred at Flinders

University, from stock that were originally obtained from The Jackson laboratory
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(Maine, USA), and have been used by the Department of Human Physiology and
Centre for Neuroscience, Flinders University and CSIRO Food Science Australia

[106, 157].

APPswe/PSEN1dE9 mice are genetically predisposed to overexpress a chimeric
mouse/human amyloid precursor protein and a mutant human presenilin 1 which has
a deletion at exon 9. The over expression of amyloid precursor protein allows the
mouse to secrete high levels of B-amyloid. This is further enhanced by the
PSENI1dE9 mutation, which increases activity of y-secretase, and drives processing
of amyloid precursor protein down the amyloidogenic pathway [156]. Mice develop
B-amyloid deposits by 6 months of age [141] and have spatial memory deficits in the
MWM by 8 months [156, 158, 159]. Similar to other models of amyloid precursor
protein over expression, APPswe/PSENIdE9 (Amy) mice do not develop
neurofibrillary tangles [141]. However, there do appear to be discrepancies in the
literature about whether or not these mice undergo neurodegeneration [141, 160] .
For example, in a review of AD-type mouse models, Lee and Han report that Amy
mice do not undergo neurodegeneration [134]. However, Broersen et al. clearly
demonstrate that aging wild type and Amy mice both undergo some neuronal loss,

but that is more pronounced in the brains of Amy mice [160].

It must be stressed that, similar to many AD-type mouse models, the
APPswe/PSEN1dE9 mice do not develop AD per se. They are designed to over
express Amyloid Precursor Protein and consequently have increased B-amyloid
levels. Therefore, this model, at best, reflects aspects of familial AD, and is better to
be considered an amyloid-over expression model. To maintain clarity that this is an
amyloid mouse model, and that it does not encompass all features of AD, these mice

will be referred to as Amy mice (amyloid mice) for the remainder of this thesis.
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1.8. Risk factors for Alzheimer’s disease.

Risk factors for AD include age, susceptibility genes, gender, cardiovascular health,
social stress, exercise, diabetes, diet and weight gain [161-171]. The strongest risk
factor for AD is age. Of all AD cases, less than 1% are 65 years, and over 23% are
100 years old [172]. Gender is also a large determinant of AD risk [173]. Women
make up 64% of AD cases in Australia [172]. In human and animal studies, aged
female brains are more susceptible to f-amyloid- induced up-regulation of reactive
oxygen species and oxidative stress [174]. It has been suggested that this is due to the
decline in oestrogen levels with aging. However, medical intervention such as

hormone replacement therapy has not been successful in AD prevention [175].

Stroke and atherosclerosis are also associated with increased AD risk [165, 176]. In a
post-mortem analysis of 200 patients with dementia (aged 87.6+7.1 years),
intracranial atherosclerosis but not coronary or aortic atherosclerosis correlated well
with dementia, suggesting that the cerebrovasculature may play a key role in AD
development [176]. This is not surprising, given that in AD development and
progression, the endothelial cells lining the blood brain barrier are subject to high
levels of oxidative damage, leading to unwanted movement of toxins across the

blood brain barrier into the brain [177].

The most established genetic risk factors are mutations to genes encoding APP,
presenilin 1 and 2. However, these are associated with familial AD, which accounts
for less than 5% of all AD cases [178]. Genetic risk factors for sporadic AD have
been identified, however they do not occur in all cases. For example, carriers of the
ApoE4 allele are at higher risk of developing sporadic AD, but the ApoE4 allele
itself is not a determinant of AD [171]. Recent research has revealed a number of

other genetic mutations that may increase risk of developing AD. These include
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genes for other lipid chaperones or genes that are involved in B-amyloid formation or

that are associated with other dementias [35, 178, 179].

An understanding of age, gender and genetics as risk factors for AD enables
clarification of populations most at risk, which may enable early intervention
strategies. However, age, gender or genetics cannot be modified themselves in any
meaningful way to reduce the risk for AD. On the other hand, lifestyle factors, such
as diet and exercise can be modified in a manner to potentially reduce AD risk [166,

167].

1.9. The role of diet as a modifiable risk factor.

Epidemiological studies and animal studies have provided strong evidence for the
role of diet in AD risk and prevention [167, 180-182]. The Mediterranean style diet
is characterised by high intake of vegetables, cereals, fish and olive oil (as the
primary source of monounsaturated fats) and limited red meat and poultry (and
therefore low in saturated fats) and with moderate intake of red wine. This diet is
associated with a decreased risk for AD [180-184]. On the other hand, a typical
Western-style diet, which is a high-energy diet that is high in saturated fats, red meat,
and sugary desserts [185, 186], is associated with an increased risk for AD [183, 186,
187]. This suggests that macronutrients such as saturated fats and cholesterol
increase AD risk, whilst polyunsaturated fats (such as the -3 fatty acids found in
fish oil) and anti-oxidants reduce AD risk. The question then becomes how do these

different dietary elements influence AD risk?

Dietary Fats, Endothelial Function and Risk for Alzheimer’s disease.

Dietary cholesterol and saturated fats form deposits along vascular walls, leading to

atherosclerosis and endothelial dysfunction [188]. Similar processes may occur in the
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cerebral vasculature, impairing the microvascular walls that line the blood brain
barrier. Consistent with this, high fat diets impair blood brain barrier integrity in rats
[189] and microvascular pathology in mice [190], and enable infiltration of
inflammatory markers from the periphery across the blood brain barrier in rat brains
[189]. This suggests that in AD, high-fat diets may lead to cerebral vasculature
dysfunction, impairing blood brain barrier integrity and enabling f-amyloid transport
from the periphery and into the central nervous system [191, 192]. This may result in
increased [B-amyloid deposition and the increased inflammation and oxidative

damage that is characteristic of AD brains.

Dietary Modifications to Cellular Membranes and Their Role in Alzheimer’s

disease.

Cellular membranes are organised into domains. These domains reflect lipid-lipid or
lipid-protein affinity and aversion. Lipid rafts are domains that are enriched in
saturated fatty acids and contain lipid linked signalling proteins. Lipid rafts are
‘glued’ together by cholesterol [193, 194]. Movement of cholesterol within the
membrane can alter the formation of lipid rafts, and subsequently alter membrane
assembly and accessibility of membrane bound proteins that are essential for normal
cellular function [194]. For example, the movement of cholesterol from raft- to non-
raft domains is accompanied by a shift of membrane bound proteins, such as y-
secretase and P-secretase. The movement of y-secretase and B-secretase limits that
amount of y-secretase and P-secretase that are available to APP, and subsequently
limits amyloid precursor protein processing down the amyloidogenic pathway [194,

195].

Cholesterol in the CNS is synthesised de novo in astrocytes rather than being

obtained from the diet [196]. However, a high-cholesterol diet alters cholesterol
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levels and amyloid precursor protein processing in AD-type mouse brains [197, 198].
Refolo et al. demonstrated that diet-induced hypercholesterolemia caused significant
increases in cholesterol levels, increased B-amyloid levels, and reduced soluble APP-
o in AD-type mice [197]. This suggests that dietary cholesterol can alter amyloid
precursor protein processing and promote f-amyloid formation, accelerating onset of

AD.

At the same time, cholesterol plays a role in f-amyloid clearance. Beta-amyloid is
extremely lipophilic and is attracted to cholesterol in the membrane. Meleleo et al.
suggest that in this context, cholesterol may actually be neuroprotective as it also
promotes uptake of PB-amyloid into the membrane, facilitating clearance of
intracellular B-amyloid [193]. However, accumulation of B-amyloid in the cellular
membrane disrupts their organised structure and increases production of reactive

oxygen species, resulting in cell death [56, 199, 200].

This understanding of the interaction between cholesterol and -amyloid in neuronal
membranes has led to the development of diets that are designed to maintain
neuronal membrane integrity, reduce -amyloid build up, enhance synaptic function
and stability, and prevent neuronal death [160, 201-204]. An example of such a diet
is the multinutrient intervention F ortasynTM Connect [201]. FortasynTM Connect
contains precursors and cofactors that are required to ensure membrane stability.
This includes uridine-mono-phosphate, docosahexaenoic acid and choline, which are
required for phospholipid synthesis; eicosapentaenoic acid as an additional source of
docosahexaenoic acid in the brain; B vitamins and other antioxidants which enable or

support biological processes involved in phospholipid synthesis [160, 205].

Fortasyn ™ Connect has been demonstrated to be successful in rodent models of AD

and in patients with mild AD [201, 205-207]. In human trials Fortasyn™ Connect
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was supplied in a medical food, Souvenaid® (Nutricia N.V., Zoetermeer, The
Netherlands) [201, 206, 207], which is designed to meet the nutritional requirements
of people with a specific condition i.e. aged AD patients [180]. The Fortasyn™
Connect Souvenaid® diet improved neuronal membrane stability and cognitive
abilities of patients with mild AD [160, 205]. In rodent models of AD, Fortasyn™
Connect was added to the AIN93-M diet, which is designed to meet all the nutrient
requirements of normal laboratory mice [160, 205]. This nutrient supplemented diet
improved membrane stability and cognitive abilities in mice and reduced f-amyloid

neuropathology and neuronal loss [160, 205].

Parachikova et al. developed a different nutrient supplement cocktail for rodents.
They report that supplementing an optimal rodent diet with curcumin, piperine,
epigallocatechin gallate, a-lipoic acid, N-acetylcysteine, B vitamins, vitamin C, and
folate improves cognitive abilities and reduces B-amyloid neuropathology in AD-

type mice [204].

These studies have demonstrated that modifying a diet can be beneficial in reducing
neuropathology and behavioural deficits in AD. However, these diets were also
designed to meet the nutritional requirements of the participants and animals in their
respective studies [160, 201, 204-207]. Unfortunately, in a household setting, normal
healthy individuals may not eat diets that meet their nutritional requirements. For
example, a typical Australian-type diet is high in total fats, with an imbalanced
polyunsaturated: monounsaturated; saturated fat ratio that favours saturated fats (1.0:
2.4: 2.7) [185]. A typical Australian-type diet is also low in essential nutrients such
as folate, calcium and magnesium [185], and diets that are deficient in folate are
associated with an increased risk for AD [171, 208]. The introduction of voluntary

fortification of food in 1995 has improved folate status in some populations in
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Australia [209]. However, folate deficiency has continued to increase in lower
socioeconomic and remote communities [210]. Many AD patients are often
malnourished [208], which puts their dietary habits at the opposite end of the
spectrum to those used by Parachikova et al. or in the Fortasyn'™ Connect studies

[160, 201, 204-207].

It may not be conventional to create an entire diet that promotes neuroprotection
against AD, as this would also require changing behavioural eating patterns.
Compliance to changes in eating behaviours can be low even when patients are
aware of the risks or benefits associated with certain dietary patterns [211, 212].
Dietary supplementations, on the other hand, may enable specific populations to

reduce their risk of AD with minimal impact on normal dietary patterns.

Polyphenols are small, plant derived compounds that activate intracellular processes
to protect neurons from inflammatory and oxidative damage [213]. Owing to the fact
that oxidative stress plays a large role in AD pathogenesis, polyphenolic compounds

are good candidates as nutrient supplements in prevention of AD [214].

Curcumin, the orange colouring in turmeric, is a polyphenolic compound that has
several sites of action in preventing AD [213, 215]. Curcumin crosses the blood brain
barrier with ease, where it has potent antioxidant and anti-inflammatory potential,
reduces genomic instability events, decreases B-amyloid production and enhances [3-
amyloid clearance [106, 213-217]. Similar to other polyphenolic compounds,
curcumin is a scavenger of reactive oxygen species and inhibits lipid peroxidation
[215]. Curcumin mediates microglial induced phagocytosis of B-amyloid and
prevents production of inflammatory cytokines [215]. By reducing inflammation and
oxidative stress, curcumin also limits inflammatory mediated B-secretase activation

and subsequent B-amyloid production [215]. It would seem then, that curcumin is an
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ideal nutrient supplement in AD prevention. However, curcumin is extremely
hydrophobic and its unstable nature means that very little curcumin is absorbed from
diet. Therefore, on its own, curcumin may not be of benefit as a dietary supplement

in AD prevention [213].

Fish oil may also offer some means of protection against AD. Fish oil is an excellent
source of the polyunsaturated fatty acids docosahexaenoic acid and eicosapentaenoic
acid. Docosahexaenoic acid is the most abundant ®-3 polyunsaturated fatty acid in
the brain [218]. Docosahexaenoic acid supplements increase activity of protein
kinase B, an anti-apoptotic ‘pro-survival’ kinase, in AD-type mice [219] and reduce
pro-inflammatory cytokines such as interleukin-6 and tumor necrosis factor-a in
aging mice [220]. The anti-inflammatory capability of docosahexaenoic acid has
been demonstrated to have beneficial effects in reducing AD neuropathology and

behavioural deficits in rodent models of AD [219, 221].

Docosahexaenoic acid also plays important roles in membrane stabilisation, neuronal
signalling, and neuron proliferation. Docosahexaenoic acid is taken up into lipid rafts
and displaces cholesterol [222]. High levels of docosahexaenoic acid lead to fewer
cholesterol-rich lipid rafts, less B-secretase available to amyloid precursor protein
and consequently less B-amyloid produced in the brain. The balance between lipid
rafts (and the proteins they carry) and docosahexaenoic acid rafts (which are non-
structured and low in cholesterol) is important for maintenance of membrane
integrity and cellular function [223]. Wassall & Stillwell suggest that in the context
of AD the primary benefit of docosahexaenoic acid is that it displaces cholesterol

from the membrane, shifting this balance in favour of membrane stability [223].

Broersen et al. investigated the effects of optimal rodent diets that were

. ™ . . C g
supplemented with Fortasyn ~ Connect, docosahexaenoic acid, uridine-mono-
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phosphate or a combination of docosahexaenoic acid and uridine-mono-phosphate
[160]. All of these supplements have the capabilities of improving membrane
stability. Broersen et al. report that all four diets increased cerebral docosahexaenoic
acid and altered lipid profiles within the mouse brain. However, docosahexaenoic
acid supplements did not produce significant changes in f-amyloid neuropathology
[160]. This suggests that although docosahexaenoic acid is easily taken up into the
neuronal membrane, it does not necessarily mean it can alter B-amyloid pathology.
These findings also suggest that the benefits of docosahexaenoic acid in AD mouse
models may depend on the type of the diet that docosahexaenoic acid supplements

are added to.

There is evidence to suggest that in the context of a high-fat diet, docosahexaenoic
acid enhances inflammation, endothelial dysfunction and allows invasion of proteins
across the blood brain barrier [191]. This is because once taken up into the brain,
docosahexaenoic acid undergoes rapid oxidation [224]. Therefore, supplementing a

high-fat diet with docosahexaenoic acid in the absence of antioxidants may be futile.

Supplementing high-fat diets with docosahexaenoic acid in combination with
antioxidants has proven to be highly successful in preventing B-amyloid
neuropathology and behavioural deficits in AD mouse models [215]. Combinations
of fish oil and polyphenolic compounds such as curcumin may be particularly useful.
While the potent antioxidant abilities of curcumin may reduce oxidation of
docosahexaenoic acid, the use of fish oil may also increase bioavailability of

curcumin [217, 225].

Ma et al. fed triple transgenic AD-type mice high-fat diets that were supplemented
with either curcumin, fish oil or a combination of curcumin and fish oil. The fat

content of the diet used by Ma ef al. was similar to Western-style rodent diets (21%
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fat). They report that mice that received supplements had better spatial learning
abilities than mice that were fed high-saturated fat diets. These effects were most
pronounced in mice that were fed the combination of curcumin and fish oil. This
demonstrates that the combination of a powerful antioxidant (curcumin) with a
polyunsaturated fatty acid (docosahexaenoic acid) has a more potent effect than
either supplement alone, and is especially beneficial in the context of a high-fat diet

[217].

While there is substantial evidence that dietary supplements may play a role in AD
prevention, there is little consensus regarding which dietary elements will be the
most beneficial. This is partially because many potential supplements have been
trialled in conjunction with diets that already meet nutritional requirements. If
nutritional supplements are to be investigated in a meaningful way, they need to be
assessed alongside a diet that reflects nutrient intake of the population at risk of

developing AD.

This project will investigate the potential of nutrient supplements in prevention of
AD against a diet that is typically consumed by adult Australian women. Women
make up 64% of cases of AD cases in Australia (at 65 years of age) [172] and female
brains are more susceptible to f-amyloid induced up-regulation of reactive oxygen
species and oxidative stress [174]. While hormone replacement therapy has not
proven successful in prevention of AD [175], adjusting diet may offer some means of
prevention, especially considering that the diets that are typically consumed by
Australian women share several features with diets that increase risk for AD, such as
being low in folate [171, 185]. Therefore, a better understanding of the role that these
diets may play in AD development, at least in Australian women, may enable a

means to AD prevention.
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1.10. Telomere length and Alzheimer’s disease.

Telomeres are specialized DNA sequences at the end of chromosomes that are
associated with risk factors for AD, such as aging and oxidative damage [226-235].
There is an increasing body of knowledge regarding telomere attrition with aging in
replicative tissues such as lymphocytes and hepatic cells [236-242]. However, very
little is understood about telomere length in the aged brain or what implications
telomere attrition in the brain may have on AD. This project presented the
opportunity for a small exploratory study that investigated telomere length in the

mouse brain at two stages of late adulthood in normal and AD-type mice.

Telomeres are specialised sequences of DNA (TTA GGG) that cap the ends of
chromosomes and distinguish between the natural end of a chromosome or a DNA
strand break which may trigger senescence. One of the primary roles of telomeres is
to prevent the loss of coding DNA during replication. DNA polymerases are unable
to synthesise to the 3° end of the template DNA strand, therefore, rather than losing
coding DNA sequence, a fragment of telomere sequence is lost with every replication
[228, 231, 237]. Humans have telomeres that are anywhere from 15 to 30 kbp long,
and lose around 50 bp per year [238, 243]. Mice have much longer telomeres and
undergo a faster telomere attrition rate than humans, of around 7000 bp per year
[244]. Telomere length and the rate of telomere attrition is important because once
telomeres shorten to a ‘critical length’ they lose their protective function against
DNA damage. Cells then enter a stage of cellular senescence and can no longer
replicate. In this capacity telomeres may act as a ‘biological clock’, whereby
telomere length provides some indication of cellular age [226-232]. However, there
are important species to species and tissue to tissue variations in telomere length and

the picture is by no means clear.
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Telomeres are susceptible to oxidative DNA damage as they contain a high number
of repeats of the highly oxidisable nucleic base, guanine [245, 246]. Pérez-Rivero et
al. report that shorter telomeres are associated with loss of catalase activity and with
an increase in reactive oxygen species and oxidative stress [247]. This suggests that
while telomeres themselves are vulnerable to oxidative damage, loss of telomere
integrity can promote oxidative stress further due to reduced activity of antioxidant
defence mechanisms [247]. In line with this, diseases that are associated with high
levels of oxidative damage, such as AD and Parkinson’s disease are also associated

with accelerated telomere shortening in proliferative tissues [242, 245].

There is lack of consensus on telomere length in the brains of AD patients. Some
researchers argue that neuronal telomere length does not change with age in
adulthood, as neurons in the adult brain are in a post-mitotic state and do not
replicate [228]. Others argue that not only does telomere length decrease with aging
in the brain, but that telomeres in hippocampal neurons of AD patients are shorter
than those of normal healthy controls [248]. Thomas et al. confirm that telomeres in
replicative tissues from AD patients are shorter than those from controls. However,
they also report that telomeres from hippocampal tissue from AD patients are longer
than those from controls [241]. This suggests that telomere dynamics in the AD brain

is different to the rest of the body.

Mouse models have been used to elucidate telomere dynamics in the aging brain.
Telomere shortening does not occur in the brain of aging mice [240]. In fact telomere
length has been demonstrated to increase with age in rodent brains [234, 235].
Rolyan ef al. used a transgenic mouse model to demonstrate that AD-type mice that
were also genetically predisposed to develop short telomeres had less amyloid

neuropathology and reactive microgliosis than control AD-type mice [233]. This
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suggests that there may be associative evidence that short telomeres are protective

against B-amyloid neuropathology.

Diet can also have an effect on telomere shortening. High w-6 fatty acid consumption
and increased caloric intake are both associated with shortened telomeres in
leukocytes [249, 250]. The use of dietary supplements to increase the plasma ®-3: ®-
6 ratio increases telomere length in adult human leukocytes [251]. Similar reports
have been made about telomere length in mice. Increased antioxidant intake and
caloric restriction have both been associated with increased telomere length in lens

epithelium, white blood cells and buccal cells in rodents [106, 241, 252].

Dietary antioxidants such as vitamin C, folate, and vitamin B12 are associated with
increased telomere length in peripheral blood lymphocytes [253, 254]. As AD
progresses, telomeres in replicative tissues are at increased risk of accelerated
shortening as a consequence of increased oxidative stress [242, 245]. Panossian ef al.
report that telomere length in T cells correlates with AD status [242]. The question
then arises whether or not dietary supplementation with antioxidants that have the
potential to prevent neuropathology and behavioural deficits in AD may also prevent

telomere shortening in AD.

Without a better understanding of the telomere dynamics that occur in the aging
brain, there is limited potential to effectively investigate the role of diet on telomere
attrition in AD. Therefore, one of the aims of this thesis is conduct a small
exploratory study of telomere length in normal and Amy mice at two stages of
adulthood long after f-amyloid neuropathology has been established [132]. Owing to
the evidence that antioxidants may play a role in telomere length protection, the
potential effects of nutritional supplementation on telomere length in the brains of

adult mice was also investigated.
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1.11. Hypotheses, Aims and Outline of thesis.

The current thesis investigates the role of diet on the behavioural deficits and B-
amyloid neuropathology in an AD mouse model. The thesis focuses on the effects of
an Australian-type rodent diet, either alone or with nutritional supplementation, on
the behavioural deficits and amyloid neuropathology in a double transgenic AD
mouse model of AD (APPswe/PSEN1dE9). These mice are called Amy mice

through-out this thesis.

It is hypothesised herein:
1. That an Australian-type rodent diet accelerates the behavioural deficits and [3-

amyloid neuropathology that are observed in Amy mice.

2. That nutrient supplements can reduce the severity of genotype or diet-type

induced behavioural deficits and B-amyloid neuropathology in Amy mice.
Design of Diets.

Two rodent diets have been developed to address these hypotheses. The first diet is
called the Oz-AIN diet and was designed to reflect the deficiencies and excesses of
macronutrients and micronutrients in the diets that are typically consumed by
Australian women. The second diet is called the Oz-AIN Supp diet, which has been
constructed from the Oz-AIN diet with additional nutrient supplements that have
potentially beneficial effects in AD prevention. The effects of these diets on food
intake, body weight and the weight of major fat deposits and organs are described in

normal and Amy mice.
Animal Model.

The Amy mouse model (APPswe/PSEN1dE9) was chosen to address the hypotheses

of this project. These mice develop amyloid deposits at 6 months [141] and
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demonstrate cognitive behavioural deficits by 8 months [156, 158, 159]. The non-
aggressive nature of AD progression in this mouse strain makes them well suited to
dietary intervention studies. These mice have been bred from a C57bl/6 background,

which are better suited to behavioural tests than other background strains [154, 155].

Behavioural Deficits.

Three behavioural deficits that are associated with AD were assessed in this study,
spatial learning, spatial memory and anosmia. Spatial learning and spatial memory
were assessed using the Morris Water Maze, which is a well established test of
rodent cognitive abilities. Anosmia was assessed using a simple Buried Food Pellet
Test, which is called the Buried Chocolate Test. This test is appropriate to use to
assess olfactory abilities in AD-type mice, as it does not require intact learning

abilities but relies on behaviours that are natural for mice (i.e. digging).

Beta-Amyloid Neuropathology.

Amyloid neuropathology in Amy mouse brains have been investigated in this project
using immunohistochemical and immunofluorescent techniques. First, amyloid
deposits throughout the brains of Amy mice are characterised. Then the effect of diet

on these deposits is investigated.
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Telomere Length.

Owing to the limited amount of literature on telomere length in the brains of AD-
type mice a small exploratory study was also conducted to investigate telomere

length in the brains of 15 and 18 month old Amy mice.
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Chapter 2: The design of the Oz-AIN rodent
diet and characterisation of its effects on food
intake, weight gain and obesity in normal and

Amy mice.

2. Background.

Diet is a major modifiable risk factor for AD [255]. Undernutrition and malnutrition
are associated with increased AD risk in the elderly and accelerate cognitive decline
and neuropathology in AD rodent models [101, 256-259]. Dietary supplementation
delays the onset of AD neuropathology and slows cognitive decline in rodent models

of AD [157, 220].

The aims of this research address the hypotheses that:

1. An Australian-type rodent diet accelerates the behavioural deficits and (-

amyloid neuropathology that are observed in Amy mice.

2. Nutrient supplements can reduce the severity of genotype or diet-type
induced behavioural deficits and B-amyloid neuropathology in this mouse

model.

The Australian-type rodent diet designed to test these hypotheses was based on diets
that are typically consumed by Australian adults, in particular, Australian women.
Sixty-three percent of AD patients above 65 years of age are women [172].
Nutritional intakes and requirements of Australian women differ substantially from
those of Australian men [185, 260, 261]. Diets that are typically eaten by Australian
women are high in total fat (33% kcal) with an imbalanced polyunsaturated:

monounsaturated: saturated fats ratio (P:M:S) (1.0: 2.4: 2.7) and are also low in
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essential vitamins such as folate and calcium [262]. These are also characteristics of
diets that have been associated with increased AD risk [183, 208, 255, 263-265].
Therefore, the Australian-type diet that was developed for this research was based on

the typical diet consumed by Australian women.

Humans and rodents have different metabolic rates and nutritional requirements
[266-270]. It is not appropriate to develop rodent diets that contain the same levels of
macronutrients and micronutrients as those in diets consumed by people. For
example, unlike humans, mice do not require dietary vitamin C as a component of
their ordinary diet [266] and altering dietary vitamin C in a rodent diet many not
have the same effect that it does in humans. Therefore, two novel rodent diets have
been designed in preparation of this thesis, to investigate the effect of nutrition on the

development and progression of AD in a mouse model.

The first of these diets is the ‘Oz-AIN diet’. The Oz-AIN diet reflects the degree that
macronutrients and micronutrients that are typically consumed by Australian women
vary from recommended levels (Figure 2). For example, Australian women only
obtain three quarters of the recommended amount of calcium from their diet [185].
Therefore, the Oz-AIN diet only contains three quarters of the amount of calcium
required to maintain optimal health in rodents. This diet has been fed to mice to
investigate the effect of an Australian-type diet on behavioural deficits and [3-
amyloid neuropathology in AD, and is used to test the first hypothesis of this thesis.
The design and formulation of the Oz-AIN diet and the characterisation of its effects
on food consumption, weight gain and adiposity in normal and Amy mice are

addressed in the current chapter.

The second diet is called the ‘Oz-AIN Supp diet’, and has been constructed from the

Oz-AIN diet with additional nutrient supplements. The Oz-AIN Supp diet was
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designed to explore the potential benefits of nutrient supplements on B-amyloid
neuropathology and behavioural deficits in a mouse model of AD, testing the second
hypothesis of this research. The design and formulation of the Oz-AIN Supp diet and

the characterisation of its effects on normal and Amy mice is addressed in Chapter 3.

The third diet used in this study is the AIN93-M diet for rodents. The AIN93-M diet
is well established as a standard rodent chow and is often used in rodent studies as a
control diet [106, 266, 271]. It is a fabricated rodent diet that has been designed to

maintain optimal laboratory rodent health [266].

The first half of this chapter describes the design and construction of the Oz-AIN
diet. The second half of this chapter aims to characterise the effect Oz-AIN diet when
it is fed to normal mice and Amy mice from weaning. Investigations are made into
the effect of genotype (normal versus Amy mice) and diet-type (AIN93-M diet
versus Oz-AIN diet) on food consumption, weight gain, and the weight of fat deposit

and major organs at death.

One of the primary findings of the study described in chapter is that while the Oz-
AIN diet induced weight gain in normal and Amy mice, this was substantially
pronounced in Amy mice. Amy mice that were fed the Oz-AIN diet reached weights
that were comparable with those in models of diet-induced obesity [272-274]. This
weight gain was not as rapid as observed in diet-induced obesity models, probably
due to the fact that the Oz-AIN diet contained 33.0% (kcal) fat, whilst diet-induced
obesity models can be above 45% (kcal) fat [272-274]. However, the Oz-AIN diet
was not intended to be a model of diet-induced obesity. Potential dietary factors
driving the rapid weight gain of normal and Amy mice fed the Oz-AIN diet include
total fat content, P:M:S ratio, and increased levels of micronutrients such as zinc,

which have been demonstrated to enhance weight gain [275].
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It is concluded that the Oz-AIN diet is a good model of dietary patterns of Australian
women. Furthermore, the finding that Amy mice that were fed the Oz-AIN diet were
susceptible to diet-induced obesity and adiposity suggests that the Oz-AIN diet was
able to modify risk factors for AD, and may also affect other processes in AD

pathogenesis.

2.1. Methods.

2.1.1. Animals.

All experiments were approved by the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Animal Welfare Committee, Australia in

accordance with National Health and Medical Research Council guidelines.

Female Amy (APPswe/PSEN1dE9) mice and their female normal (C57bl/6)
littermates were bred at Flinders University Animal Facility, Bedford Park, South
Australia. Genotype was confirmed by PCR and agarose gel electrophoresis, as
described in Appendix I. Amy and normal mice were each fed either the Oz-AIN diet
or the AIN93-M diet from weaning until 18 months of age. Aging mice developed
bald spots on the back of the neck and abdomen, as a result of over-grooming by
dominant cage mates. Less-dominant mice developed open sores in the balding areas,
which became infected. Attempts to treat infection (such as isolation and application
of Neotopic-H lotion (Delvit, NSW)) were unsuccessful, and lead to increased
inflammation and death. Therefore, group sizes at 75 weeks are smaller than at the

start of the study. Group sizes every 10 weeks post-weaning are reported in Table 1.

Body weight was measured twice weekly. Mice were housed in cages that were lined

with sawdust and had tunnels and tissues as environmental enrichment and had free

42



access to food and water (n<6 per cage) (Figure 1A). Mice had access to their
respective diets from either the top of the cage and from food bowls that had been
placed within the cage (Figure 1B). This approach provided two benefits:

6)] Food at the top of the cage was kept clean and free from saw-dust.

(ii) Food in bowls is easily accessible, and easier for older mice to reach.
Twice a week the amount of diet remaining in the food bowls and on the top of the
cage was recorded and fresh diet was returned to the cage. This minimized oxidation

of the fats in the Oz-AIN diet.

At the end of the experiment mice were anaesthetised with isoflurane and killed by
exsanguination from the abdominal aorta. Mice were perfused with PBS and fat
tissue, liver, kidneys, heart, and spleen were collected and weighed. Organs were
frozen in liquid nitrogen and stored in the CSIRO bio-bank. Uterine fat tissue, renal

fat tissue, and fat tissue lining the skin were stored in RNAlater Stabilization Reagent

(76106, Qiagen).

Table 1. Group sizes every 10 weeks post weaning of normal and Amy mice
that were fed either the AIN93-M diet or the Oz-AIN diet for

18 months.

Normal mice | Normal mice Amy mice Amy mice

AIN93-M diet | Oz-AIN diet | AIN93-M diet | Oz-AIN diet
5 weeks n=12 n=12 n=9 n=9
15 weeks n=12 n=12 n=3§ n=9
25 weeks n=12 n=12 n=3§ n=9
35 weeks n=12 n=12 n=3§ n=9
45 weeks n=12 n=12 n=3§ n=9
55 weeks n=12 n=12 n=3§ n=9
65 weeks n=9 n=12 n=>5 n=7
75 weeks n=9 n=12 n=>5 n=7
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Figure 1. Mouse housing conditions.

Figure 1B. Access to food and water.

water bottle
{top of cage)

food supply
(top of cage)

food supply
(bowl inside cage)

24cm

45¢cm

Figure 1A. Mice were housed (n<6) in sawdust lined cages with free access to food
and water. Plastic tunnels and a tissue were also placed in the cage to provide
environmental enrichment. The yellow card in the figure is an identification card that
was attached to the top of the cage to enable identification of mice.

Figure 1B. Mice had access to their food from the top of the cage and from bowls
placed inside the cage.
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2.1.2. Study design.

To characterise the effects of the Oz-AIN diet on food consumption, weight gain and
the weight of major organs at death, this study made use of a two-factorial design.
One factorial was genotype (normal versus Amy mice) and the other was diet-type

(AIN93-M diet versus Oz-AIN diet).

2.1.3. Data analysis.

Every five weeks, comparisons of mean (:SEM) mouse body weight (g) and food
consumption (g/day) were made between diet-matched mice and genotype-type
matched mice using Student’s #-tests. Diet-type effects were determined by
comparisons between genotype-matched mice that were fed either the AIN93-M or
the Oz-AIN diet. Genotype effects were determined by comparisons between diet-

matched normal and Amy mice.

The area under the curves for food intake and energy intake were used to estimate
overall food consumption (g) and energy intake (kJ). Genotype and diet-type effects
overall food consumption (g) and energy intake (kJ) were determined using two-way
ANOVA’s and Bonferroni post tests. Genotype and diet-type effects on mean
(xSEM) organ weight (g) and fat deposits (g) were also determined using two-way
ANOVA and Bonferroni post tests. Unless otherwise indicated statistical

significance was established at p<0.05.
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2.2. Design of the Oz-AIN diet.

The Oz-AIN diet is a rodent diet has been designed to reflect the nutrient content in
diets typically consumed by Australian women [185]. It is not appropriate to feed
mice the same levels of ‘actual’ nutrients as described in the 1995 NNS, due to the
differing metabolism and nutrient requirements between mice and humans [261, 266-
270]. Therefore, where possible, the amount of each micronutrient that is considered
optimal to maintain rodent health was modified by the degree that the ‘actual’
nutrient consumption by middle aged Australian women varies from ‘recommended’

nutrient intake and used to create the Oz-AIN diet (Figure 2).

The macronutrient content was modelled as best as could be calculated, to reflect the
carbohydrate (% kcal), fat (% kcal) and protein (% kcal) in the diets consumed by
Australian women [185]. Macronutrient levels could not be adjusted to reflect the
degree that consumption varies from recommended levels because there are no
recommended dietary intakes for adult consumption of carbohydrates and total fats
[261]. The NHMRC Nutrient Reference Values for Australians and New Zealand
(NRV) refers consumers to the US:Canadian DRI review recommendations for
guidelines regarding optimal fat and carbohydrate intake [261]. The US:Canadian
DRI review recommendations advise that consumption of these macronutrients be “..
as low as possible while consuming a nutritionally adequate diet”; and that
carbohydrate intake be ... no more than 25% of total energy.” [276]. However, no
further guidelines are described. Therefore, the macronutrient content of the Oz-AIN
diet is a direct reflection of protein, carbohydrates and dietary fats within diets that

are typically consumed by Australian women (Figure 3, Table 2) [185].

The micronutrient content reflects the degree that vitamin and mineral content in a

diet typically consumed by Australian women varies from recommended levels. The
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amount of each micronutrient that is considered optimal to maintain rodent health
was modified by the amount that the ‘actual’ micronutrient consumption by middle
aged Australian women varies from ‘recommended’ micronutrient intakes (Figure 2)

[185, 261, 266].

In all calculations, levels of nutrients that are considered optimal to maintain rodent
health are the same as those outlined by the American Institution of Nutrition and are
described in the AIN93-M diet for rodents [266]. This diet is currently considered
gold standard for maintaining optimal health in laboratory rodents and is therefore
commonly used in a variety of fields of research, including nutrition. While the
AIN93-M diet has been used to represent an “optimal” rodent diet throughout the
current thesis, its design and formulation are not discussed in detail. However, the
micro-nutrient contents of the AIN93-M diet are presented alongside the contents of
the Oz-AIN diet in Tables 6 and 7 of the current chapter. The macronutrient content

and energy content are described in Chapter 3, Table 6.

Figure 2. Formula used to calculate the amount of each adjusted

micronutrient in the Oz-AIN diet.

‘Actual’ nutrient content in the diets
of Australian women

X Optimal nutrient intake for

rodents
‘Recommended’ nutrient intake for

Australian women

Figure 2. The amount of each adjusted micronutrient in the Oz-AIN diet was
calculated by calculating a ratio of the ‘actual’ nutrient intakes by Australian women
to ‘recommended’ nutrient intakes, and applying that ratio to ‘optimal nutrient
intakes’ for rodents.
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2.2.1. Determining ‘recommended’ nutrient intake for Australian

womein.

The recommended amounts of vitamin and mineral intake for Australian women
aged between 30 and 51 years old as described in the 2005 Nutrient Reference
Values for Australia and New Zealand [261] were used to define ‘recommended’
vitamin and mineral intake for Australian women (Table 3, Table 4 respectively).
These values describe the “average daily intake level that is sufficient to meet the
nutrient requirements of nearly all (97 — 98 per cent) healthy individuals in a
particular life stage and gender group” [261] and are therefore an appropriate

representative of nutrient requirements for healthy Australian women.

2.2.2. Determining ‘actual’ nutrient intake for Australian women.

Data from the 1995 National Nutritional Survey (1995 NNS) was used to define the
‘actual’ nutrient intake in the diets consumed by Australian women, and thus to
calculate the nutrient content in the Oz-AIN diet (Table 2, Table 3, Table 4) [185].
The 1995 NNS was an Australia-wide, 24-hour food recall survey to assess
macronutrient (fat, carbohydrate, and protein) and micronutrient (vitamin and
mineral) intake for Australian men, women and children. The diet consumed by
Australian women aged between 25 and 44 years old was used to represent the
‘actual’ nutrient intake by Australian women (Table 2, Table 3, Table 4) [185]. Later
studies by Mishra are in agreement with the findings of the 1995 NNS, validating the
use of this data to represent the ‘actual’ nutrient intake of Australian women [260,

277].

In the 1995 NNS, a diet that is typically consumed by Australian women is

comprised of 46.7% kcal carbohydrates (20.2% from sugars and 26.5% from starch),
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16.8% kcal protein, and 33.0% kcal total fats. The total fat content of the diet had a
P:M:S ratio of 1.0:2.4:2.7 (Table 2, Table 5). The ®-3: -6 fatty acid ratio may also
play a role in diet-induced diseases. However, the ‘actual’ ®-3: w-6 fatty acids ratio
in the diets that are typically consumed by Australian women was not reported in the
1995 NNS. Studies of polyunsaturated fat content in Australian-type diets have
estimated that the ®-3: -6 ratio in typical Australian diets is 1.0:9.0 [278, 279].
However, these studies describe nutrient intakes of the Australian population as a
whole, and have not reported the ®-3: -6 ratios in diets specifically eaten by
Australian women. Harris et al. report that docosahexaenoic acid and
eicosapentaenoic acid intake tends to be lower in females than males, suggesting that
their m-3: ®-6 ratio is lower than 1.0:9.0. Therefore, the ®-3: ®-6 ratio of the diets

typically consumed by Australian women was estimated to be 1.0:10.0.

The vitamin and mineral levels in diets typically consumed by Australian women, as
described in the 1995 NNS were also used to represent ‘actual’ micronutrient levels
for calculating micronutrient content of the Oz-AIN diet. The vitamins described by
the 1995 NNS were: vitamin A, thiamin, riboflavin, niacin, folate, and vitamin C
(Table 3). The minerals described by the 1995 NNS include: calcium, phosphorus,
magnesium, zinc, iron and potassium (Table 4) [185]. Whilst the 1995 NNS is a
comprehensive dietary study, there was no data available to describe mean daily
intake of vitamin B6, pantothenic acid, biotin, vitamin D, vitamin E, vitamin K,
choline, iodine, selenium, molybdenum, chromium, fluoride and sodium. Therefore,
these components were not adjusted whilst formulating the Oz-AIN diet (Table 3,
Table 4). The 1995 NNS reported that Australian women consume more than twice
the recommended amount of vitamin C. However vitamin C was excluded from the
Oz-AIN vitamin mix as mice do not require Vitamin C as a component of their diet

and it is not a component of the AIN93-M diet [185, 261, 266].
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Table 2. Macronutrient content in the diets described in the 1995 National

Nutrition Survey for Australian women.

Macronutrient

1995 National Nutrition Survey

Protein (% total energy) 16.80%
Carbohydrate (% total energy) 46.70%
Sugar (% total energy) 20.20%
Starch (% total energy) 26.50%
Total fat (% total energy) 33.00%
Saturated fat (% total energy) 28.70%
Monounsaturated fat
26.00%
(% total energy)
Polyunsaturated fat
10.80%

(% total energy)
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Table 3. Comparing the recommended vitamin intake in the 2005 Nutrient
Reference Values for Australian women™ with the vitamin intake
described in the 1995 National Nutrition Surveye.

2005 1995
Nutrient National %
Vitamin

Reference Nutrition | difference

Values® SurveyO
Vitamin A (Retinol Equivalent)
(ng/day) 700.00 1024.40 46.34 %
Vitamin B1 (Thiamin) (mg/day) 1.10 1.40 27.27 %
Vitamin B2 (Riboflavin) (mg/day) 1.10 1.80 63.64 %
Vitamin B6 (Pyridoxine) (mg/day) 1.30 N/A! N/A!
Vitamin B12 (Cobalamin) (png/day) 2.40 3.41 42.08 %
Folate Equivalent (pg/day) 400.00 227.00 | -43.25%
Vitamin C (Ascorbic acid) (mg/day) 45.00 108.50 | 141.11 %
Vitamin D (Cholecalciferol ) (ug/day) 5.00 N/A N/AT
Vitamin E (Tocopherol) (mg/day) 7.00 N/A' N/A'
Biotin (ug/day) 25.00 N/A' N/A'
Vitamin K (pg/day) 60.00 N/A' N/A'

() Data from the 2005 Nutrient Reference values describe the recommended dietary
intake values that are sufficient to meet the nutrient requirements of 19-30 year old

Australian women.

(®) Data from the 1995 National Nutrition Survey describe the mean daily intake of
nutrients of Australian women aged 25-44 years old.
(t) Mean daily intake for vitamin B6, vitamin D, vitamin E, biotin and vitamin K were not

available.
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Table 4. Comparing the recommended mineral intake in the 2005 Nutrient
Reference Values for Australian women® with the mineral intake
described in the 1995 National Nutrition Surveye.

) 2005 Nutrient 1995 National %
Mineral Reference Nutrition .
Values® Survey@ difference
Calcium (mg/day) 1000.00 762.10 | -23.79 %
Choline (mg/day) 425.00 N/A' N/A'
Chromium (pg/day) 25.00 N/A' N/A'
Copper (mg/day) 1.20 1.16 -3.33%
Fluoride (mg/day) 3.00 N/A N/A'
Todine (pg/day) 150.00 N/A' N/A'
Iron (mg/day) 18.00 12.00 | -33.33%
Magnesium (mg/day) 310.00 283.60 -8.52 %
Manganese (mg/day) 5.00 327 | -34.60 %
Molybdenum (pg/day) 45.00 N/A N/A'
Niacin Equivalent (mg/day) 14.00 3530 | 152.14%
Pantothenic Acid (mg/day) 4.00 N/A' N/A'
Phosphorus (mg/day) 1000.00 1299.80 29.98 %
Potassium (mg/day) 2800.00 2816.30 0.58 %
Selenium (ug/day) 60.00 N/A' N/A'
Sodium (mg/day) 460-920 N/A! N/A!
Zinc (mg/day) 8.00 9.90 23.7%

() Data from the 2005 Nutrient Reference Values describe the recommended dietary
intake values that are sufficient to meet the nutrient requirements of 19-30 year old

Australian women.

(®) Data from the 1995 National Nutrition Survey describe the mean daily intake of
nutrients of Australian women aged 25-44 years old.
(1) Mean daily intake for choline, chromium, fluoride, iodine, molybdenum, pantothenic
acid, selenium and sodium were not available.
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Figure 3. Macronutrient content of the Oz-AIN diet as a percentage

of total energy.

Carbohydrate
46.7%

Total Fat
33.0%

Figure 3. The macronutrient content of the Oz-AIN diet was developed to directly
reflect the macronutrient content of diets that are typically consumed by Australian
women, as defined by the 1995 National Nutrition Survey.
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2.2.3. Designing the macronutrient content of the Oz-AIN diet.

The macronutrient content of the Oz-AIN diet was designed to directly reflect the
specific macronutrient content in a diet typically consumed by Australian women
(Table 2, Figure 3). Whilst optimal dietary intake of fats and carbohydrates has been
identified for laboratory rodents [266], no such values exist for human consumption
in Australia [261]. Therefore, it was not possible to determine the degree to which
macronutrient intake varied from dietary requirements. The values for each
macronutrient in the Oz-AIN diet were set to reflect the amount of total energy in the
diet typically consumed by Australian women that was derived from sugars, starch,
protein, and dietary fats. Careful attention was also made to replicate the P:M:S ratio

and the m-3: ®-6 content of these diets.

Similar to other westernised rodent diets, the Oz-AIN diet is higher in total fats and
lower in carbohydrates than rodent diets. Standard rodent diets provide around 10%
energy from fat, 75% energy from carbohydrate and 14% energy from protein [266].
Typical westernised rodent diets are generally high in fat (30% - 40% kcal) at the
expense of carbohydrate (40% - 50% kcal) [274, 280, 281]. These westernised rodent
diets do not necessarily characterise the type of fats in a diet typically consumed in
western cultures, which has 2.7 times more saturated fat than polyunsaturated fat and

an ©-3: -6 ratio of approximately 1:10 (Table 5)[185, 280-282].

The fat, protein and carbohydrate content of the Oz-AIN diet directly reflect the
carbohydrate: fat: protein ratio (% kcal) in diets consumed by Australian women
[185]. As such, the Oz-AIN diet is 33.00% (kcal) fat, 16.8% (kcal) protein and
46.7% (kcal) carbohydrate (Figure 3, Table 2). Casein was used as the source of
protein, and white sucrose and starch provided total carbohydrate. Total fats were

derived from a combination of melted lard (P:M:S of 1.0:4.4:4.2) and coconut oil
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(P:M:S of 1.0:3.0:41.5), vegetable oil (P:M:S of 5.3:10.3:1.0), sunflower oil (P:M:S

of 5.8:1.6:1.0), and olive oil (P:M:S of 1.0:6.5:1.5) (Table 7).

The different oils and fats were combined in amounts based on their P:M:S ratios to
achieve a final P:M:S ratio of 1.0:2.4:2.7, which reflects the P:M:S ratio in the diets
consumed by Australia women (Table 5)[185]. Saturated fats were predominantly
derived from the melted lard and coconut oil. Oils such as palm oil (P:M:S of
1.0:4.0:5:3) or hydrogenated palm oil (P:M:S ratio of 1:5.4:6.3) are also used as a
source of saturated fats rodent diets, owing to their high saturated fat content [283-
285]. However, palm oil was excluded from construction of the Oz-AIN diet, as it is
also relatively high in monounsaturated fats, which could potentially confound the
efforts to manipulate the P:M:S ratio of the Oz-AIN diet. Instead, coconut oil (P:M:S
ratio of 1.0:3.0:41.5) was used as the primary source of saturated fats, as it has
negligible levels of monounsaturated and polyunsaturated fats. Coconut oil also has a
high melting point and remains solid at room temperature. This enabled construction
of a hard diet that was less prone to crumble or dissolve into the sawdust bedding in
mouse cages. Sunflower oil provided most of the polyunsaturated fat content,
particularly -6 fats, lowering the ®-3: ®-6 ratio to the desired level of 1:10 (Table
5). The final P:M:S ratio is 1.0:2.4:2.7, which represents the P:M:S ratio of fats

consumed by Australian women [185] (Table 2, Table 5).

2.2.4. Designing the micronutrient content of the Oz-AIN diet.

The micronutrient content of the Oz-AIN diet was designed by calculating the
‘actual’ nutrient intake [185, 277] to ‘recommended’ nutrient intake [261] ratios for
the vitamins and minerals typically found in diets consumed by Australian women
(Figure 2, Table 2). These ratios were used to adjust nutrient levels that are

recommended to maintain optimal health of laboratory mice [266], which determined
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the vitamin and mineral levels in the vitamin mix and the mineral mix used in the

Oz-AlIN diet (Table 6, Table 8, Table 9).

The most striking differences between the micronutrient content of the Oz-AIN diet
and the AIN93-M diet is the imbalance of B vitamins in the Oz-AIN diet. The Oz-
AIN diet is deficient the essential vitamin folate (43% less), and contains excessive
amounts of vitamin B12 (excess of 42.08%), niacin (excess of 152.13%), and

riboflavin (excess of 63.67%)).

Niacin is recognised for its roles in lipid metabolism, and is discussed further in this
capacity on page 87. Dietary niacin may also play a role in AD prevention. In a
prospective study of independently living adults (>65 years old), Morris et al. report
that dietary niacin intake was associated with better cognitive function and low AD
incidence [286]. This suggests that dietary niacin, within normal recommended

intakes, may have a role in AD prevention.

Folate and vitamin B12 are powerful antioxidants and play important roles in DNA
and RNA synthesis, and in homocysteine remethylation [287]. Folate and vitamin
B12 deficiency are associated with increased AD risk [287-291]. Low folate status is
associated with impaired memory in humans and mice [292-295], and folate, vitamin
B6 and vitamin B12 deficiencies increase B-amyloid deposition in AD-type mice

[296].

The detrimental effects of folate and vitamin B12 deficiency are likely to be due to
their roles in homocysteine metabolism [295], as elevated plasma homocysteine is
associated with neurological impairments such as dementia, learning difficulties,
brain atrophy and AD [289, 297, 298]. However, the detrimental effects of

imbalanced B vitamin intake may also occur through mechanisms independent of
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homocysteine remethylation [288, 295]. Folate is required for de novo synthesis of
purine and thymidylate synthase building blocks for DNA and RNA synthesis [287,
299]. Therefore, folate may be beneficial in preventing DNA damage with aging, and
reduce AD pathology. Consistent with this The Oz-AIN diet is low in folate, which

may have an effect on cognitive functioning and f-amyloid pathology.
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Table 5. Ratio of the fats and oils required to give a final P:M:S ratio of 1.0:2.4:2.7 and an ®-3: ®»-6 ratio of 1:10.

grams | Polyunsaturated Fats | Monounsaturated Fats Satl::fsted -3 -6 ®-3: ®-6
Lard 0.80 8 35.2 33.6 0 8
Canola oil 0.40 8.8 24.8 24 4 8.8
Sunflower oil 0.30 20.4 5.7 3.6 0.3 20.4
Coconut oil 1.10 22 6.6 91.3 0 22
Olive oil 0.70 11.2 49.7 7 0.7 11.2
TOTAL 3.30 50.6 122 137.9 5 50.6 1:10

58




Table 6. Comparison of the micronutrients in the AIN93-M and Oz-AIN diet.

Micro-nutrient AITZ?;K;? let Oz(—ﬁgl}:l{;)let A%
Vitamin A (Retinol) 2.40 3.50 45.83 %
Vitamin B1 (Thiamin) 5.00 6.36 27.20 %
Vitamin B2 (Riboflavin) 6.00 9.82 63.67 %
Vitamin B6 (Pyridoxine) 6.00 6.00 0.00 %
Vitamin B12 (Cyancobalamin) 0.025 0.035 42.08 %
Folate (Folic acid) 2.00 1.14 | -43.00 %
Vitamin D (Cholecalciferol) 2.50 2.50 0.00 %
Vitamin E (a-tocopherol) 33.80 33.75 -0.15 %
Vitamin K (Menadione) 0.90 0.90 0.00 %
Biotin 0.20 0.20 0.00 %
Choline 1000.00 1000.00 0.00 %
Niacin (Nicotinic acid) 30.00 75.64 | 152.13 %
Pantothenic acid 15.00 15.00 0.00 %
Calcium 5000.0 3810.5 | -23.79%
Phosphorus 3000.0 3899.4 29.98 %
Sodium 1033.0 1033.0 0.00 %
Chloride 1613.0 1613.0 0.00 %
Potassium 3600.0 3621.0 0.58 %
Magnesium 511.0 4529 | -11.37%
Sulphur 300.0 300.0 0.00 %
Zinc 35.0 433 23.71 %
Iron 45.0 30.0 | -3333%
Iodine 0.2 0.2 0.00 %
Manganese 10.0 6.5| -35.00%
(continued over page)
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Table 6. Comparison of the micronutrients in the AIN93-M and Oz-AIN

diet (continued).

Copper 6.0 6.0 0.00 %
Molybdenum 0.15 0.15 0.00 %
Selenium 0.17 0.17 0.00 %
Chromium 1.0 1.0 0.00 %
Fluoride 1.0 1.0 0.00 %
Lithium 0.1 0.1 0.00 %
Boron 0.5 0.5 0.00 %
Nickel 0.5 0.5 0.00 %
Vanadium 0.1 0.1 0.00 %
Iodine 0.2 0.2 0.00 %
Silicon 5.0 5.0 0.00 %
Table 7. Composition of the Oz-AIN diet.

Ingredient g/ kg
Sugar (SUGW/25, FTA Food Solutions, Vic, Aus) 243.8
Starch (National Starch, Lane Cove, NSW, Aus) 309.6
Lard (Conroys Small Goods, Bowden, SA, Aus) 44 .8
Canola Oil (Coles Supermarkets Australia) 22.4
Sunflower Oil (Crisco; Goodman Fielder, North Ryde, NSW, Aus) 16.8
Coconut Oil (Nui; African Pacific Pty. Ltd., Terry Hills, NSW, Aus) 61.6
Olive Oil (Coles Supermarkets Australia) 39.2
Protein (acid casein 1704896-6, Fonterra Ltd., Auckland, NZ) 193.9
Fibre (a-cellulose, C-8002, Sigma-Aldrich) 38.0
Vitamin mix 15.0
Mineral mix 15.0
TOTAL 1000.0
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Table 8.Vitamin Mix for the Oz-AIN diet.

Vitamin A (Retinol) (IU) (Thompsons Auckland, NZ) 58,540.0 58,540.0
Vitamin D (Cholecalciferol) (IU) (Blackmores, NSW, Aus) 10,000.0 10,000.0
Vitamin E (o-tocopherol) (Sigma-Aldrich, Aus) 338.0
Vitamin K (Menadione) (47775, Supelco, Aus) 9.0
Choline (C7017, Sigma-Aldrich, Aus) 10,000.0
Vitamin B1 (Thiamin) (T4625, Sigma-Aldrich, Aus) 64.0
Vitamin B2 (Riboflavin) (R-4500, Sigma, Aus) 98.0
Niacin (Nicotinic acid) (N0761, Sigma, Aus) 756.0
Vitamin B6 (Pyridoxine) (P5669, Sigma, Aus) 60.0
Pantothenic acid (P5155, Sigma, Aus) 150.0
Folate (Folic acid) (F8758, Sigma-Aldrich, Aus) 11.0
Vitamin B12 (Cyancobalamin) (Blackmores, NSW, Aus) 0.4
Biotin (B4639, Sigma, Aus) 2.0
Sucrose (SUGW/25, FTA Food Solutions, Vic, Aus) 69,971.6
TOTAL 150,000.0
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Table 9. Mineral Mix for the Oz-AIN diet.

Mineral me /.10 ke
diet
Calcium Carbonate (10068, BDH Chemicals, Aus) 40,810.5
Potassium Phosphate (P5379, Sigma, Aus) 38,2194
Potassium Citratee H,O (60153, Sigma-Aldrich, Aus) 1,903.8
Sodium Chloride (S9888, Sigma-Aldrich, Aus) 11,100.0
Potassium Sulphate (P9458, Sigma-Aldrich, Aus) 7,025.0
Magnesium Oxide (243388, Sigma-Aldrich, Aus) 3,190.5
Ferric Citrate (F-6129, Sigma-Aldrich, Aus) 606.0
Zinc Carbonate (ZL004, Chem Supply, SA, Aus) 306.3
Manganous Carbonate (29136, BDH Chemicals, Aus) 61.8
Copper (II) Carbonate (CLO035, Fluka, Gilman, SA, Aus) 45.0
Potassium Iodide (60399, Fluka, Gilman, SA, Aus) 1.5
Sodium Selenate (S5261, Sigma, Aus) 1.5
Ammonium Paramolybdate®4H,0O (09878, Fluka, Gilman, SA. Aus) 1.2
Sodium Metasilicate (S4392, Sigma, Aus) 217.5
Chromium Potassium Sulphate 12H,O (5243361, Sigma, Aus) 41.5
Lithium Chloride (LL036, Chem Supply, SA, Aus) 2.6
Boric Acid (B6768, Sigma, Aus) 12.2
Sodium Fluoride (10246, AnalaR, British Drug Houses, Eng) 9.5
Nickel Carbonate (NLO007, Chem Supply, SA, Aus) 4.8
Ammonium Vanadate (AL072, Chem Supply, SA, Aus) 1.0
Sucrose (SUGW/25, FTA Food Solutions, Vic, Aus) 46,438.4

TOTAL

150,000.0




2.2.5. Production of the vitamin and mineral mixes in the Oz-AIN

diet.

The Oz-AIN vitamin mix and Oz-AIN mineral mix were constructed independently
as per Table 8 and Table 9 respectively. Both mixes were made up to 15 g /kg with
commercially available sucrose that is used for human consumption. To prevent
oxidation of vitamins and minerals within each mix, both mixes were stored in

airtight bags at 4°C until required.

2.2.6. Production of the Oz-AIN diet.

The Oz-AIN diet was constructed as per Table 7. Starch, casein, fibre, Oz-AIN
vitamin mix, and Oz-AIN mineral mix were combined at room temperature. Lard and
coconut oil were gently melted and combined with vegetable oil, sunflower oil, and
olive oil in a stainless steel bowl placed in a 37°C water bath, before being added to
the powdered components of the diet. Sugar was then dissolved in 80 mL water and
added to the diet mix. The diet was then solidified by adding the dissolved sugar and

set at 4°C.

Oz-AIN diet was made weekly in one kg batches and stored in sealed glass containers

4°C for no longer than 7 days to minimize the likelihood of oxidation.
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2.3. Characterisation of the effect of Oz-AIN diet and
AIN93-M diet on food consumption and energy intake

for normal and Amy mice.

2.3.1. An evaluation of the amount of food eaten by normal and

Amy mice throughout the study.

A two-way ANOVA revealed significant genotype (p=0.001) and diet-type (p=0.02)
effects on the overall amount of food eaten by normal and Amy mice that had been
fed either the AIN93-M diet or the Oz-AIN diet (Table 10). Genotype accounted for
58.02% of the overall variance of food eaten and diet-type accounted for 21.28% of

overall variation. There were no significant interaction effects (p=0.72, Table 10).

Comparisons between treatment groups suggested that over 18 months, normal mice
that were fed the AIN93-M diet ate the least and Amy mice that were fed the Oz-AIN
diet ate the most food (Table 10). While this was significantly different (p=0.004)
these two groups are not easily comparable as they do not share a common factor and
there was no significant interaction. Bonferroni post tests revealed that genotype
effects could be attributed to the differences in the amount of food eaten by normal
and Amy mice that were fed the AIN93-M diet, as the normal mice that were fed the
AINO93-M diet ate significantly less than Amy mice fed the AIN93-M diet (p=0.04,

Table 10).
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Table 10. The effect of diet-type or genotype on the amount of food eaten (g)
over 18 months by normal and Amy mice that were fed the AIN93-
M or the Oz-AIN diet

Normal mice Amy mice
AIN93-M diet 1500.67 +28.09 g * 1669.33 +44.66 g
0z-AIN diet 1607.67 £29.63 g 1751.67+24.92 g ®

The overall amount of food eaten by normal or Amy mice was calculated from the area
under the curve. Values are mean £SEM. A two-way ANOVA detected significant diet-
type effects (p=0.02), genotype effects (p=0.001). Values with matching symbols are
significantly different with Bonferroni post tests. (@) p=0.004. (A) p=0.04.

2.3.2. The effect of genotype on the amount of food eaten by normal
and Amy mice that were fed either the AIN93-M diet or the

Oz-AIN diet.

Normal and Amy mice that were fed the AIN93-M diet.

Amy mice that were fed the AIN93-M diet ate more than normal mice that were fed
the AIN93-M diet every five weeks until they were 40 weeks old (Figure 4A).
Comparisons using Student’s ¢-tests revealed that this difference was significant at 20
weeks (p=0.05, Figure 4A), 35 weeks (p=0.009, Figure 4A), 40 weeks (p=0.04,
Figure 4A), and 45 weeks (p=0.04, Figure 4A). The normal and Amy mice that were
fed the AIN93-M diet ate similar amounts of food for the remainder of the study,
except for at 70 weeks, when food consumption by normal mice abruptly dropped
and they ate significantly less than Amy mice that were fed the AIN93-M diet
(p=0.0003, Figure 4A). These results indicate that there are clear genotype effects on
the amount of food eaten throughout the first half of life by normal and Amy mice

that are fed an ideal rodent diet such as the AIN93-M diet (Figure 4A).
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Normal and Amy mice that were fed the Oz-AIN diet.

In contrast to the genotype effects on amount of diet eaten by mice that are fed the
AIN93-M diet, the normal and Amy mice that were fed the Oz-AIN diet ate similar
amounts of food until very old age. Amy mice that were fed the Oz-AIN diet ate
significantly more food than normal mice that were fed the Oz-AIN diet at 65 weeks
(p=0.03, Figure 4B), 70 weeks (p=0.03, Figure 4B), and 75 weeks (p=0.03, Figure
4B). These results indicate that there are no genotype effects on the amount of food
eaten by normal and Amy mice that are fed a high-fat, sub-optimal rodent diet such as

the Oz-AIN diet (Figure 4B).
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Figure 4A. The effect of genotype on food intake (g/day) of normal
and Amy mice that were fed the AIN93-M diet.
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Figure 4A. Estimated AIN93-M diet intake (g/day) by normal mice (purple line, wk
5:n=12, wk 75: n=9) and Amy mice (red line, wk 5: n=9, wk 75: n=5). Error bars are
mean +SEM. Significant differences were detected using Student’s #-tests.
(®) p=0.0003. (®) p=0.009. (E) p=0.04. (A) p=0.05.
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Figure 4B. The effect of genotype on food intake (g/day) of normal
and Amy mice that were fed the Oz-AIN diet.
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Figure 4B. Estimated Oz-AIN diet intake (g/day) by normal mice (orange line, wk 5:
n=12, wk 75: n=12) and Amy mice (green line, wk 5: n=9, wk 75: n=7). Error bars
are mean +SEM. Significant differences were detected using Student’s z-tests.
() p=0.01. (D) p=0.03.
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2.3.3. The effect of diet-type on the amount of food eaten by normal
and Amy mice that were fed either the AIN93-M diet or the

Oz-AIN diet.

Normal mice that were fed the AIN93-M diet or the Oz-AIN diet.

The normal mice that were fed the Oz-AIN diet ate more food than normal mice that
were fed the AIN93-M diet from 15 to 40 weeks old (Figure 5A). This was
significant at 15 weeks (p=0.006, Figure 5A), 30 weeks (p=0.0006, Figure 5A) and
35 weeks (p=0.02, Figure 5A). After 45 weeks, significant differences were next
detected at 70 weeks, when normal mice that were fed the AIN93-M diet ate

significantly more than those fed the Oz-AIN diet (p=0.05, Figure 5A).

Amy mice that were fed the AIN93-M diet or the Oz-AIN diet.

At 30 weeks Amy mice that were fed the Oz-AIN diet ate more than Amy mice that
were fed the AIN93-M diet (p=0.04, Figure 5B). The amount of food eaten by Amy
mice that were fed the AIN93-M diet or the Oz-AIN diet did not differ on any other
week. These results indicate that diet-type does not have an effect on the amount of

food eaten by Amy mice.
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Figure SA. The effect of diet-type on food intake (g/day) of normal
mice that were fed the AIN93-M diet or the Oz-AIN diet.
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Figure 5A. Estimated food intake (g/day) every five weeks by normal mice fed the
AIN93-M diet (purple line, wk 5: n=12, wk 75: n=9) or the Oz-AIN93-M diet (orange
line, wk 5: n=12, wk 75: n=12). Error bars are mean £SEM. Significant differences
were detected using Student’s #-tests. (@) p=0.0006. (A) p=0.006. () p=0.02.
(®) p=0.05.
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Figure 5B. The effect of diet-type on food intake (g/day) of Amy mice
that were fed the AIN93-M diet or the Oz-AIN diet.
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Figure 5B. Estimated food intake (g/day) by Amy mice fed the AIN93-M diet (red
line, wk 5: n=9, wk 75: n=5) or the Oz-AIN diet (green line, wk 5: n=9, wk 75: n=7)
for 75 weeks. Error bars are mean £SEM. Significant differences were detected using
Student’s t-tests. (#) p=0.04.
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2.3.4. An evaluation of the estimated overall energy intake of
normal and Amy mice that were fed either the AIN93-M diet

or the Oz-AIN diet.

The energy intake from diets was calculated by multiplying food consumed by energy

content of each diet (Table 11).

Table 11. Energy content of the AIN93-M diet and the Oz-AIN diet.

Diet Energy content (kcal)
AIN93-M diet 16.66 kcal
Oz-AIN diet 20.11 kcal

Energy content has been calculated based on the macronutrient content of each diet.
Total fat content was multiplied by 37.7 kcal; Total carbohydrate content was multiplied
by 16.7 kcal; Total protein content was multiplied by 16.7 kcal.

There were no significant genotype (p=0.39, Table 12) or interactive effects (p=0.82,
Table 12) on the estimated overall energy intake throughout the study. A two-way
ANOVA revealed that diet-type accounted for 35.66% of the overall variance of
energy intake, however this failed to achieve significance at p<0.05 (p=0.057, Table
12). This suggests that there were trends for diet-type effects on overall energy intake

for normal and Amy mice over 18 months, there are trends for diet-type effects.

Table 12. The effect of diet-type or genotype on the energy intake (kJ) over
18 months by normal and Amy mice that were fed the AIN93-M or
the Oz-AIN diet

Normal mice Amy mice
AIN93-M diet 26347 £3054 kJ 28394 £2942 kJ
Oz-AIN diet 32330 £2691 kJ 35783 £3328 kJ

The overall energy intake of normal or Amy mice was calculated from the area under the
curve. Values are mean =SEM.

72



2.3.5. The effect of genotype on energy intake (kJ) every five weeks
by normal and Amy mice that were fed either the AIN93-M

diet or the Oz-AIN diet.

Normal and Amy mice that were fed the AIN93-M diet.

Similar to the genotype effect on the amount of food eaten, there were genotype
effects on energy intake by normal and Amy mice that were fed the AIN93-M diet.
Amy mice that were fed the AIN93-M diet had higher energy intakes than normal
mice that were fed the AIN93-M diet until they were 45 weeks old (Figure 6A).
Student’s #-tests revealed that this difference was significant when mice were 20
weeks (p=0.05, Figure 6A), 35 weeks (p=0.009, Figure 6A), 40 weeks (p=0.04,
Figure 6A), and 45 weeks (p=0.04, Figure 6A). There were no differences between
energy intakes of normal mice that were fed the AIN93-M diet or the Oz-AIN diet
after 45 weeks of age, apart from at 70 weeks, when normal mice that were fed the
Oz-AIN diet had higher energy intakes than mice that were fed the AIN93-M diet
(p=0.0003, Figure 6A). This is consistent with the genotype effect on the amount of
food eaten, and suggests that there is a genotype effect on energy intake of normal
and Amy mice that have been fed an optimal rodent diet (AIN93-M diet) throughout

the first half of life.

Normal and Amy mice that were fed the Oz-AIN diet.

Consistent with the minimal effect of genotype on food eaten, there were no genotype
effects on energy intake of normal and Amy mice that were fed the Oz-AIN diet until
late life (Figure 6B). Student’s #-tests indicated that normal mice and Amy mice that
were fed the Oz-AIN diet had similar energy intakes until they were 55 weeks of age.

Amy mice that were fed the Oz-AIN diet had higher energy intake than normal mice

73



that were fed the Oz-AIN diet from 55 weeks onwards. This was significant when
mice were 65 weeks (p=0.03, Figure 6B), 70 week (p=0.03, Figure 6B), and 75 weeks
(p=0.01, Figure 6B). This suggests that genotype does not have an effect on energy

intake of normal and Amy mice that are fed a high-fat diet until very old age.
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Figure 6A. The effect of genotype on estimated energy intake
(kJ/day) of normal mice and Amy mice that were fed

the AIN93-M diet.
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Figure 6A. Estimated energy intake (kJ/day) from the AIN93-M diet by normal mice
(purple line, wk 5: n=12, wk 75: n=9) and Amy mice (red line, wk 5: n=9, wk 75:
n=5). Error bars are mean +SEM. Significant differences were detected using
Student’s t-tests. (®) p=0.0003. (@) p= 0.009. (E) p=0.04. (A) p=0.05.
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Figure 6B. The effect of genotype on estimated energy intake

(kJ/day) of normal mice and Amy mice that were fed

the Oz-AIN diet.
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Figure 6B. Estimated energy intake (kJ/day) from the Oz-AIN diet by normal mice
(orange line, wk 5: n=12, wk 75: n=12) and Amy mice (green line, wk 5: n=9, wk 75:
n=7) for 75 weeks. Error bars are mean =SEM. Significant differences were detected
using Student’s #-tests. () p=0.01. (®) p=0.03.
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2.3.6. The effect of diet-type on energy intake (kJ) every five weeks
by normal and Amy mice that were fed either the AIN93-M

diet or the Oz-AIN diet.

Normal mice that were fed the AIN93-M diet or the Oz-AIN diet.

Student’s #-tests revealed that there were significant diet-type effects on the energy
intakes of normal mice that were fed the AIN93-M diet or the Oz-AIN diet (Figure
7A). Normal mice that were fed the Oz-AIN diet had higher energy intakes than
normal mice that were fed the AIN93-M diet until they were 45 weeks old. This was
significant at 15 weeks (p<<0.0001, Figure 7A), 20 weeks (p=0.003, Figure 7A), 30
weeks (p<0.0001, Figure 7A), 35 weeks (p=0.0007, Figure 7A), 40 weeks (p=0.01,
Figure 7A), and 45 weeks (p=0.03, Figure 7A). After 45 weeks of age, normal mice
that were fed the AIN93-M diet or the Oz-AIN diet had similar energy intakes, except
for at 70 weeks, when the normal mice that were fed the AIN93-M diet ate less food,
and subsequently had lower energy intake (p=0.004, Figure 7A). These results
indicate that diet-type has an effect on energy intake of normal and Amy mice in the

first half of life, when they are fed an ideal diet.

There are two possible reasons for this outcome. First, the normal mice that were fed
the Oz-AIN diet tended to eat more food early in life compared to normal mice that
were fed the AIN93-M diet, and would have had higher energy intakes. The second
reason is that the Oz-AIN diet is a higher energy diet than the AIN93-M diet (Table
11). Therefore, whether or not mice had eaten more of the Oz-AIN diet is almost
irrelevant, as mice received more energy per gram eaten. Nonetheless, the finding

that mice that were fed the Oz-AIN diet consistently had higher energy intakes than
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normal mice that were fed the AIN93-M diet suggests that energy content of food

does not drive food intake in normal mice.

Amy mice that were fed the AIN93-M diet or the Oz-AIN diet.

Amy mice that were fed the Oz-AIN diet ate the same amount of food as Amy mice
that were fed the AIN93-M diet. As a result of this, they had higher energy intakes
throughout the study. This was significant on almost every week throughout the study
(Figure 7B). As discussed above the higher energy intakes of mice that were fed the
Oz-AlIN diet can be attributed to the higher energy content of the Oz-AIN diet. This
suggests that diet-type does have a significant effect on food intake of Amy mice and

that energy content of a diet does not necessarily alter food intake.
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Figure 7A. The effect of diet-type on estimated energy intake
(kJ/day) of normal mice that were fed the AIN93-M diet
or the Oz-AIN diet.
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Figure 7A. Estimated energy intake (kJ/day) by normal mice fed the AIN93-M diet
(purple line, wk 5: n=12, wk 75: n=9) or the Oz-AIN diet (orange line, wk 5: n=12,
wk 75: n=12). Error bars are mean +SEM. Significant differences were detected using
Student’s #-tests. (A) p<0.0001. () p=0.0007. (@) p=0.003. (%) p=0.004.
(©) p=0.01. (¥) p=0.03.

79



Figure 7B. The effect of diet-type on estimated energy intake
(kJ/day) of Amy mice that were fed the AIN93-M diet

or the Oz-AIN diet.
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Figure 7B. Estimated energy intake (kJ/day) by Amy mice fed the AIN93-M diet
(red line, wk 5: n=9, wk 75: n=5) or the Oz-AIN diet (green line, wk 5: n=9, wk 75:
n=7). Error bars are mean +SEM. Significant differences were detected using
Student’s #-tests. (A) p=0.02. (®) p=0.002. (E) p=0.01. (®) p=0.04. (¥) p=0.005.
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2.4. Characterisation of the Oz-AIN diet in terms of body
weight, fat deposition and organ size in normal and

Amy mice.

2.4.1. The effect of diet-type on body weight.

Two-way ANOVAs indicated that diet-type accounted for 14.9% of the overall
variation of body weight at 20 weeks of age (p=0.05, Figure 8). These significant
diet-type effects persisted throughout the remainder of the study (Figure 8). While
Bonferroni post tests detected significant interactions from 25 weeks, significant diet-

type effects were not apparent until 50 weeks, 55 weeks and 60 weeks.

Student’s #-tests between genotype matched groups indicated that diet-type effects on
body weight in mice may occur earlier than 20 weeks old. Normal mice that were fed
the Oz-AIN diet were significantly heavier than genotype-matched mice that were fed
the AIN93-M diet at 15 weeks old (p=0.02, Figure 8). Similarly, Amy mice that were
fed the Oz-AIN diet were also significantly heavier than Amy mice that were fed the

AIN93-M diet at 15 weeks (p=0.02, Figure 8).

The rapid weight gain of mice that were fed the Oz-AIN diet may largely be
attributed to the high energy content (20.11 kcal, Table 11) and high total fat content
of the Oz-AIN diet (33.0% kcal, Figure 3). Weight gain may also be attributed to an
imbalance of micronutrients [275, 281, 300]. The Oz-AIN diet contains almost twice
the recommended intake of niacin (152.13% increase), and is also high in zinc
(23.71%) and deficient in calcium (-23.79%) (Table 6). The high levels of dietary

zinc that were consumed by mice may have contributed to weight gain. Excessive
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dietary zinc increases zinc-mediated nutrient uptake leading to enhanced growth of

fat cells and weight gain [275].

While calcium and niacin are also both associated with increased obesity risk, the
levels of each that are used in the Oz-AIN diet would be expected to lower weight,
rather than lead to obesity [281, 300]. Niacin has powerful lipid lowering effects, and
as such has potential benefits against disorders such as diabetes,
hypercholesterolemia, metabolic syndrome, dyslipidemia and cardiovascular disease
[301-304]. As the benefits of niacin in weight control are centred on its abilities to
increase high-density lipoprotein-C and lower low-density lipoprotein and decrease
adipose deposition, the effect of niacin in the Oz-AIN diet will be discussed further in

the context of the effect of diet on fat mass in mice (p. 86).

Low dietary calcium was expected to reduce weight gain, rather than enhance it
[281]. Bastie et al. report that normal mice fed a high-fat diet that was rich in calcium
and vitamin D had increased body mass compared to mice fed a high-fat diet that was
low calcium and vitamin D. They demonstrated that the mice that were fed the high
calcium-high vitamin D diet utilized lipids more efficiently through enhanced fatty
acid metabolism. However, this resulted in storage, rather than oxidation of lipids,
resulting in enhanced body mass and weight gain [281]. It is possible that the adjusted
calcium levels in the Oz-AIN diet were not low enough to be considered ‘deficient’,
and therefore calcium levels may have had little bearing on weight gain or fat

metabolism of mice that were fed the Oz-AIN diet.

2.4.2. The effect of genotype on body weight.

Two-way ANOVAs did not reveal significant genotype effects on body weight of

normal and Amy mice until very old age (p=0.006, 70 weeks, Figure 8).
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However, Amy mice were consistently heavier than normal mice, and this may have
been associated with the onset of other AD pathologies. In the Amy mouse model,
amyloid deposition begins around 6 months of age [141]. Student’s #-tests revealed
that at 6 months, old Amy mice that were fed the AIN93-M diet were significantly
heavier than normal mice that were fed the same diet (p=0.02, Figure 8) and Amy
mice that were fed the Oz-AIN diet were significantly heavier than normal mice that
were fed the same diet (p=0.001, Figure 8). These results suggest that at the same age
that AD neuropathologies begin to develop in the brain, Amy mice are heavier than
diet-matched normal mice. This may imply that there may be an association between
body weight gain and onset of AD pathology. However, this needs further research to
be confirmed, as the current study has not evaluated amyloid pathology in 6 month
old mice. Nonetheless, the finding that Amy mice appear to be more vulnerable to
weight gain than normal mice is supported by reports from other groups that have

linked AD pathology to increased obesity risk [305, 306].

Potentially, this may be associated with increased insulin resistance in AD-type mice
[305]. It has been proposed that peripheral insulin resistance may also result in
cerebral insulin resistance, and this may lead to impaired degradation of f-amyloid by
insulin degrading enzyme [305, 307, 308]. Mody et al. report that double transgenic
APP/PSEN1 mice gain weight and develop insulin resistance faster than single
transgenic PSEN1 mice or control mice, after short-term high-fat diet feeding [305].
Mody et al. also report that the APP/PSEN1 mice had higher levels of brain PTP1B,
which is a negative regulator of insulin and leptin receptor signalling. This suggests a
potential mechanism through which AD-type mice may be susceptible to weight gain.

[305].
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Figure 8. Weight gain (g) of normal and Amy mice fed the AIN93-M
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Figure 8. Weight gain (g) of normal mice fed the AIN93-M diet (purple line, wk 5:
n=12, wk 75: n=9), normal mice fed the Oz-AIN diet (orange line, wk 5: n=12, wk
75: n=12), Amy mice fed the AIN93-M diet (red line, wk 5: n=9, wk 75: n=5), and
Amy mice fed the Oz-AIN diet (green line, wk 5: n=9, wk 75: n=7). Error bars are
mean =SEM. Two-way ANOVA every five weeks detected significant diet-type and

genotype effects.

Diet-type effects: (®) p=0.02. (®) p=0.009. (%) p=0.004. (A) p=0.002. (¥) p=0.001.
(E) p<0.0001.

Genotype effects: (Q) p=0.006. (O) p=0.0003.
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Contrary to the findings of the present study, others have reported that AD-type mice
are in a hypermetabolic state and are prone to weight loss [123]. Vloeberghs et al., for
example, report that male APP23 mice fed a normal diet weigh less but drink and eat
more than wild type controls [123]. However, three major differences between
Vloeberghs et al.’s methodology and that of the present study could explain the
differences in findings. First, the different mouse models may have contributed to a
difference in sensitivity to weight gain from dietary sources. Vloeberghs et al. used a
single transgenic mouse model of AD (APP23) [123], whereas the Amy mouse model
that is used in the present study is a double transgenic mouse (APP/PSEN1).
Consistent with this, others have reported that APP/PSEN1, but not APP or normal

mice were susceptible to weight gain from a high-fat diet [305].

The second difference between the Vloeberghs et al. study and the present one
relates to the types of fats used in each diet [123]. The source of dietary fat can have a
different effect on fat metabolism, and can also alter fat deposition and weight gain in
mice [309]. Dietary fat derived from animal sources can cause greater visceral fat
deposition than those derived from vegetable sources [309]. The Oz-AIN diet uses a
high level of animal fats as the primary source of dietary fats (44.8 g/kg lard, Table 7)
but also combines vegetable oils (canola oil, 22.4 g/kg, sunflower oil 16.8 kg/g.
coconut oil 61.6 g/kg, olive oil 39.2 g/kg, Table 7). The diet used in Vloeberghs et al.
contains oilseed products and milk oils (Carfil, Oud-Turnhout, Belgium) [123]. It is
possible that the different sources of dietary fats in the two studies may have had a

different effect on weight gain and fat deposition in mice used.

The third difference between the Vloeberghs et al. study and the present one is that
the present study used female mice, whilst Vloebergh e/ al. used male mice [123].

Female mice are more susceptible to glucose intolerance, insulin resistance and
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weight gain [305, 309], particularly in the Amy mouse model used here [305]. This
may partially explain the increased weight gain of Amy mice in response to the

AIN93-M and Oz-AIN diet observed in the present study.

2.4.3. The effect of diet and genotype on the weight of fat deposits.

2.4.3.1. TOTAL FAT deposits.

A two-way ANOVA revealed that there were significant diet-type effects (p<0.0001)
and genotype effects (p=0.008) on the total weight of fat deposits in 18 month old
mice (Figure 9). Diet-type accounted for 67.60% of the variance of fat weight, and
genotype accounted for 7.13% of variance. There were no effects of a genotype-diet-
type interaction (p=0.18, Figure 9). Bonferroni post tests revealed that there were
diet-type effects between normal mice that were fed the AIN93-M diet or the Oz-AIN
diet (p<0.0001, Figure 9), and Amy mice that were fed either the AIN93-M diet or
the Oz-AIN diet (p=0.001, Figure 9), and that there were genotype effects between
normal and Amy mice that were fed the AIN93-M diet (p=0.02, Figure 9). The Oz-
AIN diet did not have an effect on the weight of total fat collected from normal or

Amy mice (p>0.99, Figure 9).

2.4.3.1.1. Diet-type effect on fat weight (g).

The finding that the Oz-AIN diet was associated with significantly greater fat
deposition than the AIN93-M diet was not surprising. The Oz-AIN diet is 33.00%
(kcal) fat (Figure 3), while the AIN93-M diet is only 10% (kcal) fat [266].
Furthermore the Oz-AIN diet is 24% higher in zinc, which promotes adipose tissue
growth [275]. These properties indicate that the Oz-AIN diet led to increased fat

deposition and weight gain compared to the AIN93-M diet.
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However, the Oz-AIN diet is also high in niacin, which has powerful lipid lowering
effects. Niacin down regulates lypolysis and generation of plasma triglycerides, and
subsequently reduces production of very-low density lipoproteins and low density
lipoproteins. Niacin also increases high-density lipoproteins and as such, is one of the
front-line therapies for reducing cardiovascular risk [310]. The beneficial effects of
niacin in managing lipid levels suggest that high levels of dietary niacin should have

reduced the adiposity associated with the Oz-AIN diet.

Supplementation with niacin in doses as low as 1000 mg/day may be beneficial in
treatment of diabetes and obesity [311, 312]. However, the therapeutic doses of niacin
that are used to manage high-density lipoprotein and low-density lipoprotein levels
are well above those that are obtained from diet (4-6 g/day compared to 53.9 mg/day)

[185, 313].

Li et al. report that supplementing a Western-style rodent diet with 2% niacin to
reduces low density lipoproteins and very-low density lipoproteins in mice [304].
However, the amount of dietary niacin Li et al. fed to mice is the equivalent of 18
g/day in a human diet [304]. This is over 35 times the amount of niacin in diets
typically consumed by Australian adults (53.9 mg/day), and approaches toxic levels
[185, 314]. The Oz-AIN diet, on the other hand, contains niacin at non-toxic levels
that are commonly eaten by Australian adults, despite being 2.5 times the

recommended levels [185, 261].

It is possible that the levels of niacin in the Oz-AIN diet were not high enough to
effect lipid metabolism in mice. Mice metabolise niacin much faster than humans do.
Therefore, greater amounts of dietary niacin equivalents are used in rodent models of

obesity [269, 270, 304, 315]. Therefore, it is possible that increasing dietary niacin
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2.5 times was not enough to counter the detrimental effects of the high-fat and high

zinc content in the Oz-AIN diet.

2.4.3.1.2. Genotype effect on fat weight (g).

As reported on page 86, there were significant genotype effects on total fat weight
collected from normal and Amy mice (p=0.008). Significantly more fat was collected
from Amy mice that were fed the AIN93-M diet than diet-matched normal mice
(p=0.02, Figure 9). However, there was no difference in the fat collected from normal
and Amy mice that were fed the Oz-AIN diet (p>0.99, Figure 9). This suggested that
the high-fat Oz-AIN diet has similar effects of fat deposition in normal and Amy
mice, but when mice are fed an optimal diet (the AIN93-M diet), Amy mice are more

susceptible to fat deposition than normal mice.

While there is plenty of evidence to suggest that obesity is a risk factor for AD and
other dementias [316, 317], there is little information regarding the effect of a
standard diet on adiposity or weight gain in AD patients or mice. The current results
suggest that, although diet-induced obesity may be a risk factor for AD, AD-type
mice may be predisposed to weight gain. This indicates that the relationship between
obesity and AD-type neuropathology may be more complex, and that the AD

phenotype may also be a risk factor for obesity.
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Figure 9. Average weight of the total fat deposits collected from 18

month old normal and Amy mice.
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Figure 9. The weight of total fat that was collected from 18 month old normal mice
fed the AIN93-M diet (purple bar, n=9), normal mice fed the Oz-AIN diet (orange
bar, n=12), Amy mice fed the AIN93-M diet (red bar, n=5), and Amy mice fed the
Oz-AIN diet (green bar, n=7). Bars represent mean £SEM. A two-way ANOVA
revealed significant diet-type (p<0.0001) and genotype (p=0.008) effects. Bars with
matching symbols are significantly different with Bonferroni post tests.
(A) p<0.0001. (@) p=0.001. (%) p=0.02.

&9



2.43.2.  Diet-type and genotype effects on UTERINE FAT deposit weight (g).

A two-way ANOVA revealed significant diet-type effects on uterine fat weight that
accounted for 45.29% of the overall variance of uterine fat weight (p<0.0001).
Genotype and the genotype-diet-type interaction accounted for <1% and 5.06%
respectively (p=0.90 and p=0.07 respectively). Bonferroni post tests revealed that
normal mice that were fed the AIN93-M diet had significantly less uterine fat than
normal mice fed the Oz-AIN diet (p<0.0001, Figure 10). There were trends to suggest
that Amy mice that were fed the AIN93-M diet also had less uterine fat than genotype
matched mice that were fed the Oz-AIN diet, however these were not significant
(p=0.11, Figure 10). Bonferroni post tests did not detect significant differences
between normal and Amy mice that were fed the AIN93-M diet (p=0.46, Figure 10)
or between normal and Amy mice that were fed the Oz-AIN diet (p=0.63, Figure 10),

confirming that genotype did not have an effect on uterine fat weight.
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Figure 10. Average weight of uterine fat collected from 18 month old

normal and Amy mice.
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Figure 10. The average weight of uterine fat that was collected from 18 month old
normal mice that were fed the AIN93-M diet (purple bar, n=9), normal mice that
were fed the Oz-AIN diet (orange bar, n=12), Amy mice that were fed the AIN93-M
diet (red bar, n=5), and Amy mice that were fed the Oz-AIN diet (green bar, n=7).
Bars represent mean +SEM. A two-way ANOVA revealed significant diet-type
effects (p<0.0.0001). Bars with matching symbols are significantly different using
Bonferroni post tests. (A) p<0.0001.
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2.4.3.3. Diet-type and genotype effects of SUBCUTANEOUS FAT deposit

weight (g).

A two-way ANOVA revealed that there were significant effects of diet-type
(p<0.0001) and genotype (p=0.0004) on the weight of subcutaneous fat deposits in 18
month old mice (Figure 11). Diet-type accounted for 48.29% of the overall variation
of subcutaneous fat deposit weight, and genotype accounted for 18.62% of the
variation. There was no diet-type-genotype interaction (0.67% of the variation,
p=0.45, Figure 11). Bonferroni post tests revealed that diet-type effects were between
normal mice that were fed the AIN93-M diet or the Oz-AIN diet (p<<0.0001, Figure
11), and Amy mice that were fed either the AIN93-M diet or the Oz-AIN diet
(p=0.009, Figure 11). Genotype effects were between normal and Amy mice that
were fed the AIN93-M diet (p=0.008, Figure 11). There was no genotype effect on
the amount of subcutaneous fat in normal and Amy mice that were fed the Oz-AIN

diet (Figure 11).

As suggested earlier in this chapter (pp. 78-79), diet-type effects on the weight of fat
deposits in mice may be attributed to the high-fat and high-zinc content of the Oz-
AIN diet [275]. These differences in total weight of fat deposits collected may
explain the diet-type effects observed in the weights of subcutaneous fat collected

from 18 month old mice.

The finding that there were genotype effects on subcutaneous fat deposits collected
from normal and Amy mice that were fed an optimal diet (AIN93-M diet), but not
between mice that were fed the Oz-AIN diet reflects that genotype effects on total
weight of fat deposits collected from mice. As was suggested on page 88, this

indicates that Amy mice may be more susceptible to weight gain than normal mice.
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Figure 11. Average weight of subcutaneous fat collected from 18

month old normal and Amy mice.
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Figure 11. The average weight of fat collected from the beneath the skin (skin fat)
that was collected from 18 month old normal mice fed the AIN93-M diet (purple bar,
n=9), normal mice fed the Oz-AIN diet (orange bar, n=12), Amy mice fed the AIN93-
M diet (red bar, n=5), and Amy mice fed the Oz-AIN diet (green bar, n=7). Bars
represent mean +SEM. Bars with matching symbols are significantly different with
Bonferroni post tests. (A) p<0.0001. (%) p=0.008. (@) p=0.009.
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2.43.4. Diet-type and genotype effects on RENAL FAT deposit weight (g).

A two-way ANOVA revealed significant diet-type (p<0.0001) and genotype
(p=0.0008) effects on the weight of renal fat collected from 18 month old mice
(Figure 12). Diet-type accounted for 37.88% of the overall variation of renal fat
deposit weight, and genotype accounted for 18.88% of the overall variation. There
was also a genotype-diet-type interaction that accounted for 5.71% of the overall

variation of renal fat weight collected from mice (p=0.048, Figure 12).

Amy mice that were fed the Oz-AIN diet had significantly more renal fat than Amy
mice that were fed the AIN93-M diet (p=0.0004, Figure 12). While normal mice that
were fed the Oz-AIN diet had more renal fat than normal mice that were fed the

AIN93-M diet, this did not achieve significance (p=0.07, Figure 12).

There were significant genotype effects on the weight of renal fat collected from
normal and Amy mice that were fed the Oz-AIN diet (p=0.004, Figure 12). However,
genotype did not affect the weight of renal fat collected from normal and Amy mice

that were fed the AIN93-M diet (p>0.99, Figure 12).
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Figure 12. Average weight of renal fat collected from 18 month old

normal and Amy mice.
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Figure 12 The average weight of renal fat that was collected from 18 month old
normal mice fed the AIN93-M diet (purple bar, n=9), normal mice fed the Oz-AIN
diet (orange bar, n=12), Amy mice fed the AIN93-M diet (red bar, n=5), and Amy
mice fed the Oz-AIN diet (green bar, n=7). Bars represent mean =SEM. Bars with
matching symbols are significantly different. (®) p=0.0004. (£) p=0.004.
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2.4.3.5. Summary of the effect of genotype and diet-type on fat weight

collected from 18 month old normal and Amy mice.

The Oz-AIN diet increased fat deposit size (g) in normal and Amy mice. However,
the location of the fat deposits was different between genotypes. In normal mice, the
Oz-AIN diet increased fat deposition in the subcutaneous and uterine fat deposits.
Whilst the Oz-AIN diet also increased subcutaneous and uterine deposits, the renal fat
deposits were affected by diet and genotype in Amy mice, but not in normal mice.
These differences may be due to an increased susceptibility of fat deposition in Amy
compared to normal mice. Obesity has been linked to AD development, progression
and risk, and may therefore have been enhanced by the high-fat nature of the Oz-AIN

diet.

2.4.4. The effect of diet and genotype on heart weight (g).

A two-way ANOVA revealed that there were significant diet-type effects (p=0.004)
and a significant diet-type-genotype interaction (p=0.05), but no genotype effects
(p=0.21) on the weight of hearts collected from 18 month old normal and Amy mice
(Figure 13). Diet-type accounted for 21.50% of the overall variation of heart weight,
and the diet-type-genotype interaction accounted for 9.55% of the overall variation

(Figure 13).

Bonferroni post tests revealed that Amy mice that were fed the AIN93-M diet had
significantly lighter hearts than Amy mice that were fed the Oz-AIN diet (p=0.019,
Figure 13). However, heart weight was not different between normal mice that were
fed the AIN93-M diet or the Oz-AIN diet (p>0.99, Figure 13). There were no

genotype effects on the weights of hearts collected from normal and Amy mice that

96



were fed the AIN93-M diet (p>0.99, Figure 13) or between normal and Amy mice

that were fed the Oz-AIN diet (p=0.22, Figure 13).

This is similar to the findings from measurements of fat weight in the current study
that indicated that Amy mice were more susceptible to the effects of a high-fat diet
than normal mice. This adds to those findings to suggest that the Oz-AIN diet does
not only increase fat deposition in Amy mice, but that it also alters the size of major

organs such as the heart.

2.4.5. The effect of diet and genotype on liver weight (g).

A two-way ANOVA revealed that there were significant diet-type effects on the
weights of livers collected from 18 month old normal and Amy mice (p=0.03, Figure
14). Diet-type accounted for 15.12% of the overall variation of liver weight. There
were no significant effects of genotype (p=0.69) or diet-type-genotype interaction

(p=0.18) on liver weight (Figure 14).

Bonferroni post tests did not detect where diet-type effects lay. There were no
significant differences in liver weights of normal mice that were fed the AIN93-M
diet or the Oz-AIN diet (p=0.25), or between Amy mice that were fed the AIN93-M
or the Oz-AIN diet (p=0.36). However, irrespective of genotype, mice that were fed
the Oz-AIN diet tended to have heavier livers than genotype matched mice that were
fed the AIN93-M diet. This suggests that the diet-type effects that were detected by

the two-way ANOVA were due to the Oz-AIN diet causing slightly heavier livers.

2.4.6. The effect of diet and genotype on spleen weight (g).

There were no diet-type (p>0.99), genotype (p=0.18) or interaction (p=0.36) effects

on spleen weight of 18 month old normal and Amy mice.
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Figure 13. Average heart weight (g) of normal and Amy mice.
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Figure 13. The weight (g) of hearts that were collected from 18 month old normal
mice fed the AIN93-M diet (purple bar, n=9), normal mice that were fed the Oz-AIN
diet (orange bar, n=12), Amy mice fed the AIN93-M diet (red bar, n=5), and Amy
mice fed the Oz-AIN diet (green bar, n=7). Bars represent mean +SEM. A two-way
ANOVA detected significant giet-type effects (p=0.004) and a significant genotype-
diet-type interaction (p=0.05). Bars with matching symbols are significantly different
with Bonferroni post tests. (@) p=0.019.
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Figure 14. Average liver weight (g) of normal and Amy mice.
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Figure 14. The weight (g) of livers that were collected from 18 month old normal
mice fed the AIN93-M diet (purple bar, n=9), normal mice fed the Oz-AIN diet
(orange bar, n=12), Amy mice fed the AIN93-M diet (red bar, n=5), and Amy mice
fed the Oz-AIN diet (green bar, n=7). Bars represent mean =SEM. A two-way
ANOVA detected significant diet-type effects (p=0.03). However, Bonferroni post
tests did not detect significant differences.
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Figure 15. Average spleen weight (g) of normal and Amy mice.
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Figure 15. The weight (g) of spleens that were collected from 18 month old normal
mice fed the AIN93-M diet (purple bar, n=9), normal mice fed the Oz-AIN diet
(orange bar, n=12), Amy mice fed the AIN93-M diet (red bar, n=5), and Amy mice
fed the Oz-AIN diet (green bar, n=7). Bars represent mean +SEM.
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2.4.7. The effect of diet and genotype on kidney weight (g).

A two-way ANOVA revealed that there were significant effects of diet-type (p=0.02)
on the weight of kidneys collected from 18 month old normal and Amy mice (Figure
16). Diet-type accounted for 17.49% of the overall variance of kidney weight. There
were no significant genotype effects (p=0.75) or diet-type-genotype interaction

effects (p=0.35) on kidney weight (Figure 16).

Bonferroni post tests revealed that the normal mice fed the Oz-AIN diet had
significantly heavier kidneys than those fed the AIN93-M diet (p=0.04, Figure 16).
This is consistent with reports from others that a high-fat diet induces renal damage
and can induce renal hypertrophy [318, 319]. The weights of kidneys that were
collected from Amy mice that were fed the Oz-AIN diet were also higher than those
of Amy mice that were fed the AIN93-M diet, this did not achieve significance
(p>0.99, Figure 16). This suggests that Amy mice are less susceptible to kidney

weight gain than control mice when fed a high-fat diet.
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Figure 16. Average kidney weight (g) of normal and Amy mice.
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Figure 16. The weight (g) of kidneys that were collected from 18 month old normal
mice fed the AIN93-M diet (purple bar, n=9), normal mice fed the Oz-AIN diet
(orange bar, n=12), Amy mice fed the AIN93-M diet (red bar, n=5), and Amy mice
fed the Oz-AIN diet (green bar, n=7). Bars represent mean +SEM. Bars with
matching symbols are significantly different. (®) p=0.04.
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2.5. Conclusion.

The Oz-AIN diet that has been formulated as a part of this study is a diet that is
designed to reflect the nutrient content of a diet that is typically eaten by Australian
women. This diet is high in fat (33.0% kcal), with a P:M:S ratio that is 1.0: 2.4: 2.7
[185]. The altered P:M:S ratio is unique to other high-fat westernised rodent diets
which often adjust saturated fat content without also increasing monounsaturated fats
[280, 281, 320]. Other high-fat westernized rodent diets may not capture the true
effect of an Australian-type diet on behavioural deficits of neuropathology in AD
because dietary fat type, rather than total fat content, has been demonstrated to effect
cognitive performance in older women [321]. The other important alteration ®-3: -6
ratio of the Oz-AIN diet is 1:10, which reflects the -3: ®-6 ratio in diets typically
consumed by Australian women. This has been achieved through -careful

manipulation of oil and fat content in the diet design.

The micronutrient content of the Oz-AIN diet was designed by adjusting ideal
micronutrient intake for rodents by a ratio of optimal to actual micronutrient intake by
Australian women. Folate levels are half of optimal intake levels for rodents, whilst

niacin is over 2.5 times that of optimal intake levels.

The normal and Amy mice that were fed the Oz-AIN diet gained weight much faster
than mice that were fed the AIN93-M diet. This was expected as the Oz-AIN diet has
a higher fat content than the AIN93-M diet (33% kcal and 10% kcal, respectively)
and has higher levels of minerals such as zinc, which increase adiposity and weight
gain. The effects of diet-type on weight gain were more pronounced in Amy mice
who consistently weighed more than other mice through-out the study. This is
consistent with reports of others that Amy mice are prone to develop obesity, and that

diet-induced obesity up regulates inflammation in adipose and brain tissue of AD
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mice, and therefore accelerates AD phenotype [305, 322]. While there is a lot of
literature that reports that AD patients are malnourished and at risk of weight loss
[323, 324], there are also reports that patients with dementia or AD are at risk of
weight gain [325], suggesting that both ends of the spectrum may be equally

detrimental.

The Oz-AIN diet was associated with larger fat deposits in normal and Amy mice
than the AIN93-M diet. Interestingly, there were genotype and diet-type effects on fat
deposition around the kidneys in Amy mice, but not on the weights of the kidneys
themselves. This suggests that the fat deposition may not have had an effect on organ

size and growth.

Normal and Amy mice that were fed the Oz-AIN diet had larger fat deposits than
mice that were fed the AIN93-M diet. This demonstrates that the Oz-AIN diet
induces adiposity in mice. While there were no genotype effects on overall adiposity,
Amy mice tended to have more fat around their kidneys than normal mice, and this

was significant between normal and Amy mice that were fed the Oz-AIN diet.

Genotype did not have an effect on organ size. However diet-type affected kidney
weight. The Oz-AIN diet was associated with heavier kidneys in Amy and normal
mice, compared to genotype matched mice that were fed the AIN93-M diet. A
possible explanation for this is that high-fat diets have been demonstrated previously
to have a deleterious effect on renal function and can induce renal hypertrophy [318,

319].

In conclusion, the Oz-AIN diet that is described here is a rodent diet that has been
designed to reflect the sub-optimal nutrient content in diets that are typically

consumed by Australian women. Interestingly, diet-induced weight gain and
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adiposity, which may both play a role in AD, were accelerated in Amy mice that were
fed the Oz-AIN diet. This indicates that the Oz-AIN diet has been able to modify risk

factors for AD.
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Chapter 3: The design of the Oz-AIN Supp
rodent diet and characterisation of its effects on
food consumption, weight gain and obesity in

normal and Amy mice.
3. Background.

Chapter 2 presented the development of the first diet that has been designed in
preparation of this thesis, which is called the Oz-AIN diet. The current chapter
presents the design and development of the second diet that has been created in
preparation of this thesis, which is called the Oz-AIN Supp diet. The Oz-AIN Supp
diet has been designed to demonstrate the effect of supplementing an Australian-type
diet with a mixture of nutrient supplements that have previously been demonstrated to

be beneficial in AD prevention.

The unique features of the Oz-AIN diet, which was described in Chapter 2, are that it
reflects the macronutrient and micronutrient content of diets consumed by Australian
women. The P:M:S values have been carefully adjusted to 1.0: 2.4: 2.7, and the ®-3:
-6 ratio has been adjusted to 1:10, which matches the P:M:S ratio and -3: ®-6 ratio
in the diets typically consumed by Australian women [185]. Furthermore,
micronutrient content of the Oz-AIN diet has been adjusted to reflect the degree by
which essential vitamins and minerals differ from recommended levels. This has
created a diet that is low in calcium and anti-oxidants such as folate, but high in
vitamins such as niacin. Thus, the Oz-AIN diet is an ideal platform on which to test
the effects of supplementing a diet that is typically consumed by a population at risk
for AD with neuroprotective dietary nutrient supplements on the neuropathology and

behavioural deficits observed in AD mice.
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Dietary vitamins and minerals can influence development of the behavioural and
neuropathological features of AD. Folate deficiency or iron deficiency accelerate
cognitive decline and enhance B-amyloid neuropathology in AD-type mice [296,
326]. Supplementation with anti-oxidants and ®-3 fatty acids can delay the onset of
learning impairments and reduce formation of B-amyloid deposits in the brains of
AD-type mice [160, 202, 327]. However, whether or not these supplements have an
effect when added to a diet that is typically eaten by a population at high risk of

developing AD has not been determined.

The Oz-AIN Supp diet that is described here has been designed to investigate the
effect of supplementing an Australian-type diet with nutrient supplements that have
either been demonstrated to be protective against AD progression in other dietary
models, or whose deficiency can accelerate the onset of cognitive decline or [3-

amyloid neuropathology [157, 296, 328, 329] (Figure 1).

Figure 1. Design of the Oz-AIN Supp diet.

Nutrient Supplement Mix
B vitamins

Vitamin B12

Oz-AIN Diet Folate
(as described in Chapter 2) + Polyphenolic compounds

Grape Seed Extract
Curcumin

Fatty Acids
Fish Qil (DHA + EPA)

Alpha Lipoic Acid
Abbreviations: DHA (docosahexaenoic acid). EPA (eicosapentaenoic acid)

107



The chapter starts with a description of the design of the Oz-AIN Supp diet. B
vitamins (vitamin B12 and folate), polyphenolic compounds (grape seed extract and
curcumin) and fatty acids (o-lipoic acid and docosahexaenoic acid and
eicosapentaenoic acid from fish oil) have been combined and added to the Oz-AIN

diet. The selection and reasoning for each of these nutrient supplements is presented.

Chapter 2 demonstrated that both diet-type and genotype had effects on body weight,
fat deposition or organs weight. Therefore the current chapter set out to determine
whether or not nutrient supplements can prevent genotype or diet-type effects on
weight gain, food consumption and organ size of Amy mice. This is presented in two
sections (i) the potential for nutrient supplements to prevent genotype induced effects
on weight gain, body fat and organ size in Amy mice that are fed the Oz-AIN diet,
and (ii) the potential ability of nutrient supplements to prevent diet-type effects on
weight gain, body fat and organ size in Amy mice that have been fed the Oz-AIN

diet.

One of the primary findings of the study described in this chapter is that while Amy
mice that are fed the Oz-AIN diet undergo rapid weight gain throughout life, the mice
that are fed the Oz-AIN Supp diet gain weight at a slower rate. This suggests that the
total fat content of rodent diets is not the sole contributor to weight gain in Amy mice.
The finding that weight gain of Amy mice that were fed the Oz-AIN Supp diet
occurred at a rate that was similar to normal mice that are fed the Oz-AIN diet
suggests that an element of the Oz-AIN Supp diet mix altered lipid metabolism in
Amy mice so that it was more similar to that of normal mice. Owing to the anti-
obesogenic effects of -3 fatty acids, the reduced weight gain of the Amy mice that
were fed the Oz-AIN Supp diet may be mostly attributed to docosahexaenoic acid and

eicosapentaenoic acid, which were added to the Oz-AIN Supp diet as fish oil.
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It is concluded that supplementing an Australian-type diet with B vitamins,
polyphenolic compounds and fatty acids at levels that have previously been
demonstrated to reduce characteristics of AD, may also have other health benefits. In
particular, this combination of nutrient supplements may also offer a means to

manage diet-induced obesity.

3.1. Methods.

3.1.1. Animals.

All experiments were approved by the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Animal Welfare Committee, Australia in accordance

with National Health and Medical Research Council guidelines.

Female Amy (APPswe/PSENIAE9) mice and their female normal (C57bl/6)
littermates were bred at and provided by Flinders University Animal Facility,
Bedford Park, South Australia. Genotype of mice was confirmed by PCR and agarose
gel electrophoresis, as described in Appendix I. Amy mice were fed either the Oz-
AIN diet, the AIN93-M diet, or the Oz-AIN Supp diet from weaning until 15 months
of age. Normal mice were fed the Oz-AIN diet and were used as a control. Some of
the mice in each treatment group died of natural causes before the end of the
experiment, and therefore group sizes were smaller at 15 months of age than at the

start of the study. Group sizes every 10 weeks post weaning are reported in Table 1.

Body weight was measured twice weekly. Animals were housed in cages that were
lined with sawdust and had tunnels and tissues for environmental enrichment, and had
free access to food and water (n<6 per cage). Mice had access to their respective diets

from the top of the cage and in food bowls that had been placed within the cage (see
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pp - 41-43). Twice a week the amount of diet remaining in the food bowls and on the

top of the cage was recorded and fresh diet was returned to the cage. This was done to

ensure that the fats in the Oz-AIN diet did not oxidise while they were in cages with

mice.

At the end of the experiment mice were anaesthetised with isoflurane and killed by

exsanguination from the abdominal aorta. Mice were perfused with PBS before fat

tissue, liver, kidneys, heart, and spleen were collected and weighed. Organs were

frozen in liquid nitrogen and stored in the CSIRO bio-bank. Uterine, renal, liver and

subcutaneous fat deposits were stored in RNAlater Stabilization Reagent (76106,

Qiagen).

Table 1. Group sizes every 10 weeks post weaning of normal mice that were
fed the Oz-AIN diet and Amy mice that were fed the AIN93-M diet,
the Oz-AIN diet or the Oz-AIN Supp diet for 15 months.

Normal mice Amy mice Amy mice Amy mice
fed the fed the fed the fed the
Oz-AIN diet | AIN93-M diet | Oz-AIN diet | Oz-AIN Supp diet
5 weeks n=14 n=12 n=15 n=17
15 weeks n=13 n=12 n=15 n=17
25 weeks n=13 n=11 n=15 n=16
35 weeks n=12 n=11 n=15 n=16
45 weeks n=11 n=11 n=15 n=16
55 weeks n=11 n=11 n=14 n=15
65 weeks n=_§ n=11 n=14 n=12
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3.1.2. Study design.

Genotype Effects.

Genotype effects were determined by comparisons between normal and Amy mice

that were fed the Oz-AIN diet (Figure 2A).

The potentially beneficial effect of nutrient supplements against the genotype induced
effects on weight gain, fat deposit weight or organ weight were investigated.
Comparisons were made between Amy mice that were fed the Oz-AIN Supp diet and
either normal or Amy mice that were fed the Oz-AIN diet. It was expected that if the
nutrient supplements prevented genotype induced changes, there would be no
difference in body weight, food consumption or organ size between normal mice that
were fed the Oz-AIN diet and Amy mice that are fed the Oz-AIN Supp diet (Figure

2A).

The effect of nutrient supplements against genotype effects in normal and Amy mice
were fed the AIN93-M diet was not investigated. This is because the aims of this
study were to demonstrate the effect of supplementing a diet typically consumed by
Australians, rather than an ideal diet. Therefore, supplementing the AIN93-M diet

would not have been appropriate for the research question.

Diet-Type Effects.

Diet-type effects of Oz-AIN diet were determined by comparisons between Amy

mice that were fed either the AIN93-M diet or the Oz-AIN diet (Figure 2B).

The potential for nutrient supplements to prevent diet-induced obesity and weight
gain in Amy mice was investigated through comparisons between Amy mice that
were fed the Oz-AIN Supp diet and either Amy mice that were the AIN93-M diet or

111



the Oz-AIN diet. It was expected that if the nutrient supplements were able to prevent
diet-type induced changes in body weight, fat deposits or organ weight, then there
would be no differences between Amy mice that were fed the Oz-AIN Supp diet and
the AIN93-M diet, but that there would be differences between Amy mice that were

fed the Oz-AIN Supp diet and the Oz-AIN diet (Figure 2B).
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Figure 2A. The study design to investigate genotype effects on food
and energy intake, weight gain and the weight of fat
deposits and major organs.

15 == Normal mice Oz-AIN diet
Months <
= == Amy mice Oz-AIN diet
(i) Genotype effects == Amy mice Oz-AIN Supp diet

< ”I I" Mice euthanized / organs
C‘ and fat collected

(ii) Protective effect of nutrient supplements

"

Figure 2A. Mice were fed their respective diets from weaning until they were 15
months. At the end of the study, mice were euthanized, and their organs and body fat
were collected and weighed.

The ability of nutrient supplements to prevent genotype effects on food and energy

intake, organ size and body weight were investigated with three comparisons:

(i) Normal mice (orange line) and Amy mice (green line) that were fed the Oz-AIN
diet were compared to demonstrate the genotype effects on food and energy
intake, body weight and organ size of Amy mice.

(i1)) Normal mice and Amy mice that were fed the Oz-AIN diet were also compared
with Amy mice that were fed the Oz-AIN Supp diet (blue line) to determine
whether or not nutrient supplements could prevent the genotype induced effects
on and food and energy intake, body weight, and organ size in Amy mice.
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Figure 2B. The study design to investigate diet-type effects on food
and energy intake, weight gain and the weight of fat
deposits and major organs.

15 == Amy mice AIN93-M diet
Months N

7>

== Amy mice Oz-AIN diet

(i) Diet-type effects == Amy mice Oz-AIN Supp diet
: l" "| Mice euthanized / organs
‘:. and fat collected

(ii) Protective effect of nutrient supplements

J

Figure 2B. Mice were fed their respective diets from weaning until they were 15
months. At the end of the study, mice were euthanized, and their organs and body fat
were collected and weighed.

The ability of nutrient supplements to prevent diet-type effects on food and energy

intake, organ size and body weight were investigated with three comparisons:

(i) Amy mice that were fed either the AIN93-M diet (red line) or the Oz-AIN diet
(green line) were compared to demonstrate the diet-type effects on food and
energy intake, body weight and organ size of Amy mice.

(i) Amy mice that were fed either the AIN93-M or the Oz-AIN diet were also
compared with Amy mice that were fed the Oz-AIN Supp diet (blue line) to
determine whether or not nutrient supplements could prevent the diet-type
induced effects on and energy intake, weight gain, and weight of fat deposits and
major organs in Amy mice.
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3.1.3. Data analysis.

To address the aims of these studies, data analysis was divided into two groups.

(i) The potentially beneficial effects of nutrient supplements against genotype
effects were made through comparisons between normal mice that were fed the
Oz-AIN diet, Amy mice that were fed the Oz-AIN diet and Amy mice that were

fed the Oz-AIN Supp diet (Figure 2A).

(i) The potentially beneficial effects of nutrient supplements against diet-type
effects were made through comparisons between Amy mice that were fed the
AIN93-M diet, Amy mice that were fed the Oz-AIN diet and Amy mice that

were fed the Oz-AIN Supp diet (Figure 2B).

Food intake and estimated energy intake were measured as described in Chapter 2
(pp. 42-45). Briefly, food consumption was estimated based on the food remaining in
cages at the end of each week. The energy intake was estimated by calculating food
intake values by the energy content of each diet (Table 6). Every five weeks,
comparisons of mean (=SEM) mouse body weight (g) and food consumption (g/day)
were made using one-way ANOVA’s and Bonferroni post tests. Student’s #-tests were
also used to compare normal and Amy mice that were fed the Oz-AIN diet. Overall
food consumption (g) and energy intake (kJ) were calculated by area under the
curves. Genotype and diet-type effects overall food consumption (g) and energy

intake (kJ) were determined using one-way ANOVA’s and Bonferroni post tests.

Genotype and diet-type effects on mean (£SEM) organ weight (g) and fat deposits (g)
were determined using one-way ANOVA and Bonferroni post tests. Student’s z-tests
were used to compare normal and Amy mice that were fed the Oz-AIN diet. Unless

otherwise indicated statistical significance was established at p<0.05.
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3.2. Design of the Oz-AIN Supp diet.

3.2.1. Selection of nutrient supplements in the Oz-AIN Supp diet.

Nutritional supplementation with single dietary nutrients or with supplement
combination mixes has been demonstrated to prevent cognitive decline and
neuropathology of AD [204, 330]. The polyphenolic compounds that are found in
fruits such as grape seed extract, pomegranate extract, blackcurrant extract alleviate
spatial memory deficits, block B-amyloid processing and prevent aggregation of

hyperphosphorylated tau [157, 331, 332].

Parachikova et al. supplemented a standard rodent chow (AIN73-M) with a cocktail
of nutrient supplements including curcumin, piperine, epigallocatechin gallate, a-
lipoic acid, N-acetylcysteine, B vitamins, vitamin C, and folate [204]. They report
that transgenic mice that were fed the nutrient cocktail in small or high doses had
intact spatial learning and spatial memory skills, and had reduced B-amyloid
neuropathology relative to mice that did not receive supplements. While the benefits
of Parachikova et al. are promising, their nutrient cocktail was added to a diet that
already met nutritional requirements of mice. They were unable to provide
information about how well supplementation with a combination of B vitamins, fatty
acids and polyphenolic compounds would fair against a diet that induced oxidative

stress or inflammation, which are two key events that lead to B-amyloid generation.

In the current research, the Oz-AIN diet, which is high-fat diet that is deficient in
anti-oxidants such as folate has been supplemented with a nutrient supplement
mixture to create the Oz-AIN Supp diet. The nutrients in the nutrient supplement mix
have previously been demonstrated to be beneficial against AD, either alone or in

combination, but not against a diet similar to the Oz-Ain diet (Table 2).
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B Vitamin Supplements.

Folate and vitamin B12 are essential vitamins that have antioxidant capabilities and
play important roles in DNA and RNA synthesis and homocysteine remethylation
[287]. While the evidence for folate to reduce AD neuropathology and behavioural
deficits prevention is not strong, dietary supplements may still be warranted as there
is evidence to suggest that folate deficiency and vitamin B12 deficiency may lead to
increased risk for developing AD [287-291]. Folate deficiency and vitamin B12
deficiency impair spatial learning and memory in aged mice [333] but not young mice
[334]. This suggests that vitamins B12 and folate are important for learning and
memory in adulthood. Furthermore, folate, vitamin B6 and vitamin B12 deficiency

increases f-amyloid deposition in AD-type mice [296].

The detrimental effect of low vitamin B12 or low folate levels on learning and
memory may be partially due to their roles in homocysteine metabolism. Elevated
plasma homocysteine is associated with neurological impairments such as dementia,
learning difficulties, brain atrophy, and AD [289, 297, 298], and AD patients have
higher homocysteine levels and lower serum folate levels than healthy controls [335,
336]. Homocysteine requires folate and vitamin B12 for its conversion to methionine
[287]. In the absence of folate and vitamin B12, the essential methyl donors and
complexes that are required for conversion of homocysteine to methionine cannot be

formed, and therefore homocysteine levels rise, and increases risk for AD.

Folate and vitamin B12 may be beneficial in ways other than through their roles in
homocysteine remethylation. For example, vitamin B12 is required for the synthesis
of succinyl CoA and subsequent production of fatty acids and neurotransmitters [295,

337]. Folate is required for de novo synthesis of purine and thymidylate synthase
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building blocks for DNA and RNA synthesis [287, 299]. Therefore, folate may be

beneficial in preventing DNA damage with aging, and reduce AD pathology.

The data from the 1995 National Nutrition Survey describe the diets typically
consumed by Australian women contain half the recommended amount of folate
[185]. It is acknowledged that since voluntary fortification of foods in 1995, dietary
folate intake has increased [209, 338]. However, folate deficiency has continued to
rise amongst lower socio-economic and regional communities [210], suggesting that

even a modern diet may benefit from folate consumption.

Folate (6 mg/kg, F8758, Sigma-Aldrich, Aus) and vitamin B12 (1.0 mg/kg,
Blackmores, Warriewood, Aus) have been added to the nutrient supplements mix in
the Oz-AIN Supp diet (Table 2). The Oz-AIN diet contained low levels of each of
these micronutrients. The total content of vitamin B12 and folate is 1.04 mg/kg and
7.14 mg/kg respectively. These values are well above recommended doses; however
no literature could be found citing toxic effects of folate or vitamin B12 at these

concentrations.

Polyphenolic Compound Supplements.

Polyphenolic compounds are small plant derived compounds that have powerful anti-
oxidant capabilities and may play a role in preventing AD [339].The polyphenolic
compounds found in red wine are extremely potent anti-oxidants and free radical
scavengers and prevent the oxidative stress and damage that is usually associated
with a high saturated-fat diet [339]. In AD, the polyphenolic compounds curcumin
and grape seed extract offer protection against f-amyloid neuropathology through
binding to and disaggregating B-amyloid deposits [340]. When fed to adult AD-type

mice, curcumin reduces plaque burden, amyloid load, soluble and insoluble amyloid,
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and plaque aggregation [214, 341]. Lower levels of dietary curcumin supplements
have been demonstrated to be more successful than higher levels at reducing AD
neuropathology, suggesting that there is a “saturation” effect on mechanisms used by
curcumin in prevention of AD. AD-type mice fed 150 ppm curcumin have reduced
astrocytosis, reduced levels of soluble and insoluble B-amyloid and reduced plaque
burden, compared to mice fed 5000 ppm [214]. Wang et al. fed Amy mice diets
containing grape seed extract (2.0%) or curcumin (0.07%) from 3 months until they
were 12 months old. Both of these polyphenolic compounds reduced B-amyloid
neuropathology in the Amy mouse model of AD [157]. In order to avoid the
saturation effects of curcumin that were observed by Lim et al, the nutrient
supplement mix in the current study used the same doses of curcumin and grape seed

extract as Wang et al. (Table 2).

Curcumin (700mg/kg, C1386, Sigma, Aus) and grape seed extract (20,000 mg/kg,
Fingerprint Botanicals®, Natures Ownry) have been added to the nutrient
supplements mix in the Oz-AIN Supp diet (Table 2). Neither of these micronutrients
were in the original Oz-AIN diet mixture and have been added at levels previously

demonstrated to be well tolerated by mice [157].

Fatty Acid Supplements.

The ®-3 long chain fatty acid docosahexaenoic acid has been demonstrated to delay
the onset of learning and memory impairments and to reduce [-amyloid
neuropathology in AD-mouse models [86, 160, 218]. Whether the benefits of
docosahexaenoic acid supplementation are due to the total amount of
docosahexaenoic acid in a diet or the improved ®-3: -6 ratio after the addition of

docosahexaenoic acid is still uncertain.
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Docosahexaenoic acid supplements have anti-inflammatory capabilities by increasing
an anti-apoptotic kinases [219] and reducing activity of pro-inflammatory cytokines
[220]. The anti-inflammatory capability of docosahexaenoic acid has been
demonstrated to have beneficial effects in reducing AD neuropathology and

behavioural deficits in rodent models of AD [191, 219, 221].

Docosahexaenoic acid also has direct interactions with cellular membranes and alters
membrane fluidity and reduce APP processing down the amyloidogenic pathway
[342]. Oksman et al. reported that increasing the ®-3: -6 ratio of a diet to 1.0:1.4
reduces B-amyloid neuropathology in 9 month old Amy mice [218]. Later studies by
Hooijmans et al. demonstrated that docosahexaenoic acid supplements restored
learning abilities and reduced f-amyloid neuropathology in aged Amy mice [86]. The
present study has included fish oil in the nutrient supplemented diet as a source of
docosahexaenoic acid that will also enable a low ®-3: ®-6 ratio. Fish oil (OmegaSure
liquid Fish Oil, BioCeuticals, NSW, Australia) was added to the diet as a source of ®-

3 fatty acids with an o-3: -6 ratio of 1.0:1.4 (Table 5).

One of the major characteristics of AD brains is impaired mitochondrial functioning.
Alpha-lipoic acid is an essential precursor for many mitochondrial enzymes and can
facilitate mitochondrial functioning in the brain [343, 344]. Furthermore, a-lipoic acid
is more successful at slowing the rate of cognitive decline in AD patients than acetyl
choline esterase inhibitors, which are a common pharmaceutical intervention for AD
[345]. In rodent models of AD, supplementation with a-lipoic acid at concentrations
as low as 1.0% (wt/wt) have been demonstrated to reduce oxidative stress and restore
learning and memory [346-348]. Owing to its low toxicity at these levels, a-lipoic
acid (Nutra-Life, NZ) has been added to the nutrient supplemented diet at 1.0%

(wt/wt) (Table 2).

120



3.2.2. Production of the Oz-AIN Supp diet nutrient supplement
mix.

The nutrient supplement mix that is used in the Oz-AIN Supp diet is a combination of

nutrients that have previously been demonstrated to delay or prevent behavioural

deficits or neuropathology of AD (Table 2). Where possible, nutrients that are

commercially available for human consumption were used.

Folate, vitamin B12, a-lipoic acid, curcumin, and grape seed extract were combined
and made up to 50 g/kg with commercially available sucrose (SUGW/25, FTA Food
Solutions, Altona, Vic, Aus). To prevent oxidation of the nutrients within each mix,
mixes were stored in airtight bags at 4°C until required. While fish oil was also
added to the Oz-AIN Supp diet, it was more appropriate to add fish oil with other oils

while making the diet rather than combine it with the nutrient supplement mix.

Table 2. Nutrients in the nutrient supplement mix that was used in the Oz-
AIN Supp diet.

NUTRIENT mg/ kg
diet

Vitamin B12 (cyancobalamin) (Blackmores, Warriewood, Aus) 1.0
Folate (folic acid) (F8758, Sigma-Aldrich, Aus) 6.0
Curcumin (C1386, Sigma, Aus) 700.0
Alpha Lipoic Acid (Nutra-Life, NZ) 1,000.0
Grape Seed Extract (Fingerprint Botanicals®, Natures Ownry) 20,000.0
Sucrose (SUGW/25, FTA Food Solutions, Vic, Aus) 28,293.0
TOTAL 50,000.0
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3.2.3. Production of the Oz-AIN Supp vitamin and mineral mixes.

The vitamin and mineral mixes that were used in the Oz-AIN Supp diet are the same

vitamin and mineral mixes as those used in the Oz-AIN diet (Table 3, Table 4).

As described in Chapter 2, the Oz-AIN vitamin mix and Oz-AIN mineral mix were
made independently and each was made up to 15 g/kg with commercially available
sucrose that is used for human consumption (Table 3, Table 4). To prevent oxidation
of vitamins and minerals within each mix, both mixes were stored in airtight bags at

4°C until required.

3.2.4. Production of the Oz-AIN Supp diet.

The Oz-AIN Supp diet reflects an Australian-type diet with additional nutrient
supplements. Therefore, the Oz-AIN Supp diet was made by a similar process as the

Oz-AIN diet (pp. 54-63, Chapter 2), with the following modifications:

(1) 50 g/kg of sucrose was replaced with 50 g/kg of the nutrient supplement mix
(Table 2, Table 5), which was added at the same time as vitamin mix (Table

3) and mineral mix (Table 4).

(i1) Fish oil was added at 23.3 g/kg (Table 5) to provide a P:M:S ratio of 1.0: 1.7:
1.9, in comparison with the P:M:S ratio of the Oz-AIN diet, which is 1.0: 2.4:

2.7. The o-3: -6 ratio has been adjusted from 1.0: 10.0 to 1.0: 5.2 (Table 6).

(i)  Oz-AIN Supp diet was made weekly in one kg batches and stored in sealed
glass containers at 4°C for no longer than 7 days to minimize the likelihood of

oxidation.
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Table 3. The Vitamin Mix for the Oz-AIN Supp diet is the same as that used in

the Oz-AIN diet.

VITAMINS U/ 10kg | mg/10kg
diet diet
Vitamin A (Retinol) (IU) (Thompsons Auckland, NZ) 58,540.0 58,540.0
Vitamin D (Cholecalciferol) (IU) (Blackmores, NSW, Aus) 10,000.0 10,000.0
Vitamin E (a-tocopherol) (Sigma-Aldrich, Aus) 338.0
Vitamin K (Menadione) (47775, Supelco, Aus) 9.0
Choline (C7017, Sigma-Aldrich, Aus) 10,000.0
Vitamin B1 (Thiamin) (T4625, Sigma-Aldrich, Aus) 64.0
Vitamin B2 (Riboflavin) (R-4500, Sigma, Aus) 98.0
Niacin (Nicotinic acid) (N0761, Sigma, Aus) 756.0
Vitamin B6 (Pyridoxine) (P5669, Sigma, Aus) 60.0
Pantothenic acid (P5155, Sigma, Aus) 150.0
Folate (Folic acid) (F8758, Sigma-Aldrich, Aus) 11.0
Vitamin B12 (Cyancobalamin) (Blackmores, NSW, Aus) 0.4
Biotin (B4639, Sigma, Aus) 2.0
Sucrose (SUGW/25, FTA Food Solutions, Vic, Aus) 38,512.0
TOTAL 50000.0
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Table 4. The Mineral Mix for the Oz-AIN Supp diet is the same as that used

in the Oz-AIN diet.

MINERAL SALT mg/ 10ke
diet
Calcium Carbonate (10068, BDH Chemicals, Aus) 40,810.5
Potassium Phosphate (P5379, Sigma, Aus) 38,2194
Potassium Citrate®H,O (60153, Sigma-Aldrich, Aus) 1,903.8
Sodium Chloride (S9888, Sigma-Aldrich, Aus) 11,100.0
Potassium Sulfate (P9458, Sigma-Aldrich, Aus) 7,025.0
Magnesium Oxide (243388, Sigma-Aldrich, Aus) 3,190.5
Ferric Citrate (F-6129, Sigma-Aldrich, Aus) 606.0
Zinc Carbonate (ZL004, Chem Supply, SA, Aus) 306.3
Manganous Carbonate (29136, BDH Chemicals, Aus) 61.8
Copper (II) Carbonate (CL035, Fluka, Gilman, SA, Aus) 45.0
Potassium Iodide (60399, Fluka, Gilman, SA, Aus) 1.5
Sodium Selenate (S5261, Sigma, Aus) 1.5
Ammonium Paramolybdate@4H,O (09878, Fluka, Gilman, SA. Aus) 1.2
Sodium Metasilicate (S4392, Sigma, Aus) 217.5
Chromium Potassium Sulphate 12H,O (S243361, Sigma, Aus) 41.5
Lithium Chloride (LL036, Chem Supply, SA, Aus) 2.6
Boric Acid (B6768, Sigma, Aus) 12.2
Sodium Fluoride (10246, AnalaR, British Drug Houses, Eng) 9.5
Nickel Carbonate (NLO007, Chem Supply, SA, Aus) 4.8
Ammonium Vanadate (AL072, Chem Supply, SA, Aus) 1.0
Sucrose (SUGW?/25, FTA Food Solutions, Vic, Aus) 46,438.4
TOTAL 150,000.0

124




Table 5. Composition of the Oz-AIN Supp diet.

Ingredient g/ kg
Sugar (SUGW/25, FTA Food Solutions, Vic, Aus) 193.8
Starch (National Starch, Lane Cove, NSW, Aus) 309.6
Lard (Conroy’s Small Goods, Bowden, SA, Aus) 44.8
Canola Oil (ml) (Coles Supermarkets Australia) 224
Sunflower Oil (ml)(Crisco; Goodman Fielder, North Ryde, NSW, Aus) 16.8
Coconut Oil (Nui; African Pacific Pty. Ltd., Terry Hills, NSW, Aus) 61.6
Olive Oil (ml) (Coles Supermarkets Australia) 39.2
Fish Oil (ml)(qugaSure Liquid Fish Oil, BioCeuticals®, Blackmores 233
Limited, NSW, Aus)
Protein (acid casein 1704896-6, Fonterra Ltd., Auckland, NZ) 193.9
Fibre (a-cellulose, C-8002, Sigma-Aldrich) 38.0
Nutrient supplements mix 50.0
Vitamin mix 15.0
Mineral mix 15.0
TOTAL 1000.0

Table 6. Comparison of the energy content (kcal) and P:M:S ratio of the
AIN93-M diet, Oz-AIN diet and Oz-AIN Supp diet.

Total .
energy Carbohydrate Protein Fat P:M:S
(% energy) | (% energy) | (% energy)
(kcal)
AN M 1666 75.9% 14.1% 10.0% | 3.7:1.5: 1.0
Ofi'i‘:tIN 20.11 46.7% 16.8% 33.0% 1.0:2.4:2.7
OSZ;‘:;N 20.98 47.4% 15.7% 36.9% 1.0:1.7: 1.9
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3.3. An investigation into the potentially beneficial effect
of nutrient supplements against genotype induced

changes in Amy mice.

Chapter 2 reported that there were genotype effects on food and energy intake, fat
deposit weight and that Amy mice tended to be heavier than normal mice. Therefore,
an investigation was made to determine whether or not nutrient supplements could
alter genotype induced effects on food and energy intake, body weight gain and the
weight of major organs and fat deposits in Amy mice that had been fed the Oz-AIN

diet.

3.3.1. The potential effect of nutrient supplements against genotype
effects on estimated food intake (g/day).

A one-way ANOVA of total food consumed by normal mice that were fed the Oz-
AIN diet, Amy mice that were fed the Oz-AIN diet and Amy mice that were fed the
Oz-AIN Supp diet did not reveal significant differences of food consumption over 65

weeks (p=0.68, Table 7, Figure 3A).

Table 7. The ability of nutrient supplements to prevent genotype effects on
overall food intake (g) and energy intake (kJ) by normal and Amy
mice that were fed the Oz-AIN diet.

Normal mice Amy mice Amy mice
fed the fed the fed the Oz-AIN
Oz-AIN diet Oz-AIN diet Supp diet
Food intake over 15
1576.0 £124.7 1630.8 £140.9 1757.3 £168.5
months (g)
Energy intake over
31691 £2510 29771 £2495 36858 +3537
15 months (kJ)

Overall food intake (g) and energy intake (kJ) were calculated from the area under the
curve of figures 3A and 3B respectively. Values are mean £SEM.
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Comparison of the amount of food that Amy mice and normal mice ate every five
weeks indicated that there were significant differences in food consumption on week
20 (p=0.0001, Figure 3A), week 30 (p=0.004, Figure 3A), and week 35 (p=0.003,
Figure 3A). However, these differences were not attributed to genotype. Bonferroni
post tests revealed that Amy mice that were fed the Oz-AIN diet and normal mice that
were fed the Oz-AIN diet only differed in the average amount of food eaten per day
(g/day) only once (week 35, p=0.04, Figure 3A). The remaining weeks where there
were significant differences between groups for the amount of food eaten were due to
Amy mice that were fed the Oz-AIN Supp diet eating more food than either Amy
mice that were fed the Oz-AIN diet (week 20, p=0.0002; week 30, p=0.004, Figure
3A) or normal mice that were fed the Oz-AIN diet (week 20, p=0.0007; week 35,
p=0.003, Figure 3A). Collectively, these data indicate that while nutrient supplements
effected the amount of food eaten by Amy mice, this was not due to any genotype

effects.

3.3.2. The potential effect of nutrient supplements against genotype
effects on estimated energy intake (kJ/day).

There was no significant effect of genotype on the energy intake over 15 months
(Table 7, Figure 3B). One-way ANOVA on energy intakes every five weeks
indicated that energy intakes were different between mice throughout young
adulthood. These differences were significant when mice were 15 weeks (p=0.008,
Figure 3B), 20 weeks (p<0.0001, Figure 3B), 25 weeks (p=0.020, Figure 3B), 30
weeks (p=0.0002, Figure 3B) and 35 weeks old (p=0.001, Figure 3B). However,
Bonferroni post tests revealed that these differences were mostly attributed to energy
intake by Amy mice that were fed the Oz-AIN Supp diet (Figure 3B). This suggests
that, similar to food intake, energy intake was not affected by genotype. Possible diet-

type effects on energy intake are discussed on pages 151-152.
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Figure 3A. The effect of nutrient supplements on potential genotype

effects on food intake (g/day) by normal and Amy mice.

Food intake (g/day)

14 Normal mice fed the Oz-AIN diet
- Amy mice fed the Oz-AIN diet
- Amy mice fed the Oz-AIN Supp diet

o T T T T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55 60 65
Age (wks)

Figure 3A. The effect of nutrient supplements on potential genotype effects on food
consumed (g/day). Normal mice fed the Oz-AIN diet (orange line, wk 5: n=14, wk
65: n=8), and Amy mice fed the Oz-AIN diet (green line, wk 5: n=15, wk 65: n=14).
Error bars are mean £SEM. Significant differences were detected between groups
with Bonferroni post tests. (@) p=0.04 between normal mice that were fed the Oz-
AIN diet and Amy mice that were fed the Oz-AIN diet. () p=0.0002, (£) p=0.003
between Amy mice that were fed the Oz-AIN diet and Amy mice that were fed the
Oz-AIN Supp diet. (A) p=0.0007, (%) p=0.003 between normal mice that were fed the
Oz-AIN diet and Amy mice that were fed the Oz-AIN Supp diet.
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Figure 3B. The effect of nutrient supplements on potential genotype

effects on energy intake (kJ/day) by normal and Amy

mice.
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Figure 3B. Estimated energy intake (kJ/day) from the Oz-AIN diet. Normal mice fed
the Oz-AIN diet (orange line, wk 5: n=14, wk 65: n=8), and Amy mice fed the Oz-
AIN diet (green line, wk 5: n=15, wk 65: n=14) for 65 weeks. Error bars are mean
+SEM. (V) p=0.01, (A) p=0.05 between normal mice that were fed the Oz-AIN diet
and Amy mice that were fed the Oz-AIN diet. Significant differences were detected
between groups with Bonferroni post tests. (®) p<0.0001, () p=0.0001,
(@) p=0.007, (O) p=0.008, (6) p=0.02 between Amy mice that were fed the Oz-AIN
diet and Amy mice that were fed the Oz-AIN Supp diet. (%) p<0.0001, (£) p=0.001
between normal mice that were fed the Oz-AIN diet and Amy mice that were fed the
Oz-AIN Supp diet.
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3.3.3. The potential effect of nutrient supplements against

genotype induced weight gain (g) in Amy mice.

Amy mice that were fed the Oz-AIN diet gained weight faster than normal mice that
were fed the Oz-AIN diet (Figure 4). However, Bonferroni post tests did not detect
significant genotype effects on body weight until mice were 35 weeks old, when Amy
mice that were fed the Oz-AIN diet were significantly heavier than normal mice
(p=0.004, Figure 4). Amy mice that were fed the Oz-AIN diet remained significantly
heavier than normal mice that were fed the Oz-AIN diet for the remainder of the
study (Figure 4). This indicates that there were genotype effects on body weight of

normal mice and Amy mice that were fed the Oz-AIN diet.

There were no differences in body weights of normal mice that were fed the Oz-AIN
diet and Amy mice that were fed the Oz-AIN Supp diet (Figure 4). This suggests that
the nutrient supplements were able to prevent genotype induced differences in body

weight.

As discussed in Chapter 2, AD-type mice may be more susceptible to weight gain
due to increased susceptibility to insulin resistance (p.83). If this is the case, this also
provides a potential mechanism through which the nutrient supplements may have
been able to prevent the genotype effects on body weight. Cheng ef al. report that
insulin resistance and signalling, which are impaired in mice that have been fed an
obesogenic diet, was prevented with polyunsaturated fats [349]. This suggests that the
-3 polyunsaturated fatty acids in the Oz-AIN Supp diet may have improved insulin
signalling in Amy mice, and therefore prevented diet-induced obesity. However, the

current study does not have measures of insulin levels to support this.

The beneficial effects of nutrient supplements were not likely to be solely mediated

through prevention of genotype-induced weight gain. Bonferroni post tests revealed
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that Amy mice that were fed the Oz-AIN Supp diet were significantly lighter than
Amy mice that were fed the Oz-AIN diet at 20 weeks (p=0.03, Figure 4) and 30
weeks (p=0.01, Figure 4), which is earlier than when genotype effects start to appear
(Figure 4). This suggests that the beneficial effects of nutrient supplements on body
weight may also have been attributed to other factors. This is discussed further on

pages 154-155.
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Figure 4. The potentially beneficial effect of nutrient supplements on

genotype induced weight gain (g) in Amy mice.
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Figure 4. Weight gain (g) of normal mice fed the Oz-AIN diet (orange line, wk 5:
n=14, wk 65: n=8), Amy mice fed the Oz-AIN diet (green line, wk 5: n=15, wk 65:
n=14), or Amy mice fed the Oz-AIN Supp diet (blue line, week 5: n=16, wk 65:
n=12). Error bars are mean +SEM. Significant differences were detected using
Bonferroni post tests. (V) p<0.01, (%) p=0.01 between normal mice that were fed the
Oz-AIN diet and Amy mice that were fed the Oz-AIN diet. (O) p=0.001, (D) p=0.01,

(0) p=0.01, () p=0.03 between Amy mice that were fed the Oz-AIN diet and Amy

mice that were fed the Oz-AIN Supp diet. No differences were detected between Amy
mice that were fed the Oz-AIN Supp diet and normal mice that were fed the Oz-AIN
diet.
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3.3.4. The potential effect of nutrient supplements against genotype
effects on the weight (g) of fat deposits in Amy mice.

3.3.4.1. Weight (g) of TOTAL FAT deposits collected.

A one-way ANOVA detected significant differences of the weight of fat deposits
collected from normal mice that were fed the Oz-AIN diet, Amy mice that were fed
the Oz-AIN diet and Amy mice that were fed the Oz-AIN Supp diet (p=0.009, Figure
5). Bonferroni post tests suggested that genotype did not affect the weight of fat
collected (p=0.08, Figure 5). However, a Student’s #-test between the weight of fat
collected from normal and Amy mice that were fed the Oz-AIN diet indicated that
Amy mice had significantly more fat than normal mice (p=0.02, Figure 5). This is
indicative of a genotype effect, and suggests that Amy mice have more fat than

normal mice.

Bonferroni post tests revealed that Amy mice that were fed the Oz-AIN Supp diet had
significantly less fat than Amy mice that were fed the Oz-AIN diet (p=0.01, Figure
5). This was also found with Student’s #-test (p=0.006, Figure 5). Neither Bonferroni
post tests nor Student’s #-tests detected differences in the weight of fat collected from
Amy mice that were fed the Oz-AIN Supp diet or the normal mice that were fed the
Oz-AIN diet. This suggests that the nutrient supplements were able to prevent
genotype-induced effects on the weight of fat deposits collected from Amy mice.
These data indicate that there is a genotype effect on total fat deposition in Amy mice

that are fed the Oz-AIN diet, and this is prevented with nutrient supplements.
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Figure 5. The protective effect of nutrient supplements against
genotype-induced increase in the weight (g) of fat

deposits in 15 month old Amy mice.
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Figure S. The average weight (g) of total fat that was collected from 15 month old
normal mice fed the Oz-AIN diet (n=8, orange bar), Amy mice fed the Oz-AIN diet
(n=14, green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar). Bars
represent mean +SEM. Bars with common symbols are significantly different using
Bonferroni post tests. (@) p=0.01.
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3.3.4.2. Weight (g) of UTERINE FAT deposits.

A one-way ANOVA detected significant differences in the weight of uterine fat
collected from normal mice that were fed the Oz-AIN diet, Amy mice that were fed
the Oz-AIN diet and Amy mice that were fed the Oz-AIN Supp diet (p=0.05, Figure
6). Bonferroni post tests did not detect significant differences between groups.
Student #-tests revealed that Amy mice that were fed the Oz-AIN diet had
significantly more uterine fat than normal mice that were fed the same diet (p=0.04,

Figure 6).

There was no difference in the weight of uterine fat collected from Amy mice that
were fed the Oz-AIN Supp diet and normal mice that were fed the Oz-AIN diet
(p>0.99, Figure 6), suggesting that the nutrient supplements were able to prevent the

genotype effects detected by the one-way ANOVA and Student’s #-test.

The Amy mice that were fed the Oz-AIN Supp diet had less uterine fat than Amy
mice that were fed the Oz-AIN diet (p=0.06, Figure 6). While this was not significant
at p<0.05, it would be significant at p=0.10, suggesting a weak trend for the Amy
mice that were fed the Oz-AIN Supp diet to have less uterine fat than Amy mice that
were fed the Oz-AIN diet. This indicates that nutrient supplements may partially
reduce the amount of uterine fat in Amy mice, and that this is mediated through

prevention of genotype effects.
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Figure 6. The potentially beneficial effect of nutrient supplements
against genotype induced increase of uterine fat deposit

weight (g) from 15 month old Amy mice.

Weight (g)

Normal mice Amy mice Amy mice
Oz-AIN diet Oz-AIN diet Oz-AIN Supp diet

Figure 6. The average weight (g) of uterine fat that was collected from 15 month old
normal and Amy mice. Normal mice fed the Oz-AIN diet (n=8, orange bar), Amy
mice fed the Oz-AIN diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet
(n=12, blue bar). Bars represent mean +SEM. No differences were detected with

Bonferroni post tests. Bars with matching symbols are significantly different with
Student’s t-tests. (%) p=0.04.
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3.3.4.3. Weight (g) of SUBCUTANEOUS FAT deposits.

A one-way ANOVA detected significant differences on subcutaneous fat deposits in
normal mice that were fed the Oz-AIN diet, Amy mice that were fed the Oz-AIN diet
and Amy mice that were fed the Oz-AIN Supp diet (p=0.002, Figure 7). Bonferroni
post tests revealed that these differences could be attributed to genotype effects,
because normal mice that were fed the Oz-AIN diet had significantly less fat than
Amy mice that were fed the Oz-AIN diet (p=0.03, Figure 7). These significant

genotype effects were also detected with Student’s ¢-tests (p=0.019, Figure 7).

Bonferroni post tests also revealed that Amy mice that were fed the Oz-AIN Supp
diet had significantly less subcutaneous fat than Amy mice that were fed the Oz-AIN
diet (p=0.002, Figure 7). This indicates that nutrient supplements were able to prevent
the genotype-induced increase in subcutaneous fat deposits in Amy mice. There was
no significant difference between the amount of subcutaneous fat in normal mice that
were fed the Oz-AIN diet or the Amy mice that were fed the Oz-AIN Supp diet
(p=0.41, Figure 7), which further indicates that nutrient supplements were able to

prevent genotype effects on Amy mice.
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Figure 7. The protective effect of nutrient supplements against
genotype induced increase of subcutaneous fat deposit

weight (g) from 15 month old Amy mice.
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Figure 7. The average weight (g) of subcutaneous fat that was collected from 15
month old normal and Amy mice. Normal mice fed the Oz-AIN diet (n=8, orange
bar), Amy mice fed the Oz-AIN diet (n=14, green bar), and Amy mice fed the Oz-
AIN Supp diet (n=12, blue bar). Bars represent mean +SEM. Bars with matching
symbols are significantly different with Bonferroni post tests. (%) p=0.03,
(@) p=0.002.
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3.3.4.4. Weight (g) of RENAL FAT deposits.

A one-way ANOVA did not detect significant differences on the weight of renal fat
collected from normal mice that were fed the Oz-AIN diet, Amy mice that were fed
the Oz-AIN diet and Amy mice that were fed the Oz-AIN Supp diet (p=0.34, Figure
8). Student’s #-tests did not detect significant differences between normal mice that
were fed the Oz-AIN diet and Amy mice that were fed the Oz-AIN diet (p=0.42,
Figure 8). Collectively, this suggests that there were no genotype effects on the
weight of renal fat that was collected from normal and Amy mice. Furthermore, these
data suggest that nutrient supplements do not affect the weight of renal fat in Amy

mice.

139



Figure 8. The potentially beneficial effect of nutrient supplements
against genotype induced increase of renal fat deposit

weight (g) from 15 month old Amy mice.
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Figure 8. The average weight (g) of renal fat that was collected from 15 month old
normal and Amy mice. Normal mice fed the Oz-AIN diet (n=8, orange bar), Amy
mice fed the Oz-AIN diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet
(n=12, blue bar). Bars represent mean =SEM
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3.3.5. The preventative effects of nutrient supplements against

genotype induced increase of heart weight (g) in Amy mice.

A one-way ANOVA detected significant differences of the weight of hearts collected
from normal mice that were fed the Oz-AIN diet, Amy mice that were fed the Oz-
AIN diet, or Amy mice that were fed the Oz-AIN Supp diet (p=0.01, Figure 9).
Bonferroni post tests revealed that the hearts from 15 month old Amy mice that were
fed the Oz-AIN diet were significantly heavier than hearts from normal mice that
were fed the Oz-AIN diet (p=0.02, Figure 9). This indicates that there were

significant genotype effects on the weight of hearts from 15 month old Amy mice.

The genotype effects were prevented with nutrient supplements. Bonferroni post tests
revealed that Amy mice that were fed the Oz-AIN Supp diet had hearts that were
significantly lighter than the hearts from Amy mice that had been fed the Oz-AIN diet
(p=0.05, Figure 9). Student’s #-tests also indicated that the mice that had received the
nutrient supplements had lighter hearts than mice that were fed the Oz-AIN diet
(there p=0.008, Figure 9). There was no difference in the weight of hearts from
normal mice that were fed the Oz-AIN diet and hearts from Amy mice that were fed
the Oz-AIN Supp diet with either Bonferroni post tests (p>0.99) or Student’s z-tests
(p=0.65, Figure 9). This adds further support for the finding that nutrient supplements
may prevent genotype-induced effects on weight of hearts from 15 month old Amy

mice that were fed the Oz-AIN diet.
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Figure 9. The preventative effect of nutrient supplements against
genotype induced increase of heart weight (g) in 15 month

old Amy mice.
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Figure 9. The average weight (g) of hearts from 15 month old normal and Amy mice.
Normal mice fed the Oz-AIN diet (n=8, orange bar), Amy mice fed the Oz-AIN diet
(n=14, green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar). Bars
represent mean +SEM. Bars with matching symbols are significantly different with
Bonferroni post tests. (%) p=0.02, (®) p=0.05.
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3.3.6. The preventative effects of nutrient supplements against

genotype induced increase of liver weight (g) in Amy mice.

A one-way ANOVA detected significant differences in the weights of livers collected
from normal mice that were fed the Oz-AIN diet, Amy mice that were fed the Oz-
AIN diet and Amy mice that were fed the Oz-AIN Supp diet (p=0.005, Figure 10).
Bonferroni post tests revealed that livers from Amy mice that were fed the
Oz-AIN diet were significantly heavier than those from normal mice that were fed the
same diet (p=0.02, Figure 10). Student’s #-tests also found significant differences in
the weight of hearts from normal and Amy mice that were fed the Oz-AIN diet

(p=0.008, Figure 10).

The genotype effect on weight of livers of Amy mice was prevented by nutrient
supplements. Bonferroni post tests and Student’s #-tests revealed that Amy mice that
were fed the Oz-AIN Supp diet had livers that were significantly lighter than those of
Amy mice that were fed the Oz-AIN diet (p=0.02 and p=0.013 respectively, Figure
10). Furthermore, neither Bonferroni post tests nor Student’s t-tests were able to
detect significant differences between the weights of livers from Amy mice that were
fed the Oz-AIN Supp diet and normal mice that were fed the Oz-AIN diet (p>0.99

and p=0.88, Figure 10).

Collectively, these data suggest that there are genotype effects on the weight of livers
in Amy mice, and that these genotype effects can be prevented with nutrient

supplements.
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Figure 10. The preventative effect of nutrient supplements against

genotype induced increase of liver weight (g) in 15 month

old Amy mice.
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Figure 10. The average weight (g) of livers from 15 month old normal and Amy
mice. Normal mice fed the Oz-AIN diet (n=8, orange bar), Amy mice fed the Oz-AIN
diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar).
Bars represent mean =SEM. Bars with matching symbols are significantly different
using Bonferroni post tests. (%) p=0.02. (®) p=0.02.
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3.3.7. The potentially beneficial effects of nutrient supplements
against genotype induced increase of kidney weight (g) in
Amy mice.

A one-way ANOVA did not detect significant differences in the weight of kidneys

collected from normal mice that were fed the Oz-AIN diet, Amy mice that were fed

the Oz-AIN diet or Amy mice that were fed the Oz-AIN Supp diet (p=0.64, Figure

11). This suggests that genotype does not affect kidney weights in Amy mice.

Student’s t-tests did not detect significant differences between the kidney weights
from 15 month old Amy mice that were fed the Oz-AIN Supp diet and either normal
mice that were fed the Oz-AIN diet (p=0.45, Figure 11) or the Amy mice that were
fed the Oz-AIN diet (p=0.63, Figure 11). This indicates that nutrient supplements do

not affect kidney weight in mice.

3.3.8. The preventative effects of nutrient supplements against

genotype induced increase of spleen weight (g) in Amy mice.

A one-way ANOVA did not detect significant differences in the weight of spleens
collected from normal mice that were fed the Oz-AIN diet, Amy mice that were fed
the Oz-AIN diet or Amy mice that were fed the Oz-AIN Supp diet (p=0.76, Figure
12). Student’s #-tests did not detect significant differences spleens from normal or
Amy mice that were fed the Oz-AIN diet (p=0.76, Figure 12).This suggests that

genotype does not affect spleen weight in 15 month old normal and Amy mice.

Nutrient supplements did not have an effect on the weights of spleens collected from
mice. Student’s #-tests did not detect significant differences in the weights of spleen
collected from Amy mice that were fed the Oz-AIN Supp diet and either normal mice
that were fed the Oz-AIN diet (p=0.57, Figure 12) or Amy mice that were fed the Oz-

AIN diet (p=0.34, Figure 12).
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Figure 11. The potentially beneficial effect of nutrient supplements
against genotype induced increase of kidney weight (g) in

15 month old Amy mice.
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Figure 11. The average weight (g) of kidneys from 15 month old normal and Amy
mice. Normal mice fed the Oz-AIN diet (n=8, orange bar), Amy mice fed the Oz-AIN
diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar).
Bars represent mean =SEM.
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Figure 12. The preventative effect of nutrient supplements against

genotype induced increase of spleen weight (g) in 15

month old Amy mice.
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Figure 12. The average weight (g) of spleens from 15 month old normal and Amy
mice. Normal mice fed the Oz-AIN diet (n=8, orange bar), Amy mice fed the Oz-AIN

diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar).
Bars represent mean =SEM.
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3.4. An investigation into the potentially beneficial effect
of nutrient supplements against diet-type induced

changes in Amy mice.

An investigation was made to determine whether or not nutrient supplements could
alter diet-type induced effects on food and energy intake, body weight gain and the

weight of major organs and fat deposits in Amy mice.

3.4.1. The effect of nutrient supplements against diet-type effects
on estimated food intake (g/day).

A one-way ANOVA did not detect significant diet-type effects on the amount of food
eaten by Amy mice over 15 months (Table 8, Figure 13). However, one-way
ANOVA’s on food eaten every five weeks suggested that diet-type affected food

intake in young Amy mice.

Table 8. The ability of nutrient supplements to prevent diet-type effects on
overall food intake (g) and energy intake (kJ) by Amy mice that were
fed the Oz-AIN diet.

Amy mice Amy mice Amy mice
fed the fed the fed the
AIN93-M diet 0Oz-AIN diet Oz-AIN Supp diet
Food intake over

1328.54+94.3 1630.8 £140.9 1757.3 £168.5
15 months (g)
Energy intake

over 15 months 22132 +1571° 29771 £2495 36858 +£3537°

(kJ)

Overall food intake (g) and energy intake (kJ) were calculated from the area under the curve
of figures 13A and 13B respectively. Values are mean +SEM. Numbers with matching
symbols are significantly different using Bonferroni post tests. (®) p=0.01.
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One-way ANOVA'’s detected significant differences in the amount of food eaten by
Amy mice that were fed either the AIN93-M, Oz-AIN or Oz-AIN Supp diet at 20
weeks (p=0.002, Figure 13), 30 weeks (p=0.003, Figure 13), 35 weeks (p=0.005,
Figure 13) and 40 weeks (p=0.030, Figure 13). Bonferroni post tests revealed that
Amy mice that were fed the AIN93-M diet ate significantly less than Amy mice that
were fed the Oz-AIN diet at 40 weeks (p=0.03, Figure 13). All other differences
were attributed to Amy mice that were fed the Oz-AIN Supp diet eating more than
mice that were fed either the AIN93-M diet (20 weeks, p=0.01; 35 weeks, p=0.004,
Figure 13A) or the Oz-AIN diet (20 weeks, p=0.003; 30 weeks , p=0.003, Figure 13).
This suggests that the nutrient supplements may have led to increased food intake in

young mice.

After 35 weeks of age, there was a trend for the mice that were fed the AIN93-M to
eat less than the Oz-AIN or the Oz-AIN Supp diet (Figure 13). While this did not
achieve significance, it suggests that in late adulthood and old age, Amy mice may

prefer high-fat diets over low-fat optimal diets.

Collectively, these data suggest that diet-type may affect food intake at different
stages of life in Amy mice. Younger mice that were fed the nutrient supplements ate
more than mice receiving either an optimal or sub-optimal diet. In old age, these
preferences changed, and mice that were fed the optimal diet ate less than mice that

were fed either of the high-fat diets (Figure 13).
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Figure 13. The effect of nutrient supplements on diet-type effects on

food consumed (g/day) by Amy mice.
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Figure 13. Estimated food intake (g/day) by Amy mice fed the AIN93-M diet (red
line, wk 5: n=11, wk 65: n=11), the Oz-AIN diet (green line, wk 5: n=15, wk 65:
n=14), or the Oz-AIN Supp diet (blue line, wk 5: n=16, wk 65: n=12). Error bars are
mean +SEM. Significant differences were detected with Bonferroni post tests.
(A) p=0.03 between Amy mice that were fed either the AIN93-M diet or the Oz-AIN
diet. (®) p=0.003 between Amy mice that were fed either the Oz-AIN diet or the Oz-
AIN Supp diet. (%) p=0.004, () p=0.01 between Amy mice that were fed the AIN93-
M diet or the Oz-AIN Supp diet.
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3.4.2. The effect of nutrient supplements against diet-type effects
on estimated energy intake (kJ/day).

One-way ANOVA detected significant differences in energy intake of Amy mice that
were fed either the AIN93-M diet, the Oz-AIN diet or the Oz-AIN Supp diet (p=0.01,
Figure 14). Bonferroni post tests revealed that these differences were due to Amy
mice that were fed the Oz-AIN Supp diet having higher energy intakes Amy mice

that were fed the AIN93-M diet (p=0.01, Table 8, Figure 14).

The Oz-AIN Supp diet contains a higher amount of energy than the Oz-AIN or the
AINO93-M diet (20.98 kcal, 20.11 kcal and 16.66 kcal respectively, Table 6). This may
partially explain the significantly higher energy intakes of Amy mice that were fed
the Oz-AIN Supp diet as compared to those fed the AIN93-M or the Oz-AIN diet

(Figure 14).

However, the significant differences in energy intake are not solely due to the varying
energy content of each diet. Comparison of energy intake every five weeks showed
that from 10 to 35 weeks old, Amy mice that were fed the Oz-AIN Supp diet had
significantly greater energy intakes than Amy mice that were fed either the AIN93-M
diet (p<0.05 each comparison, Figure 14) or Oz-AIN diet (p<0.05 each comparison,
Figure 14). This may be a consequence of increased food intake throughout this

period (see page 150, Figure 13).

Despite the different energy contents of the Oz-AIN and the AIN93-M diets (Table
6), there was only one occasion when Amy mice that were fed the Oz-AIN diet
consumed significantly more energy than those fed the AIN93-M diet (55 weeks,
p=0.03, Figure 14). However, there were trends for mice that were fed the Oz-AIN
diet to have higher energy intakes than those fed the AIN93-M diet in later life

(Figure 14).
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These data suggest that young Amy mice had a higher preference for the Oz-AIN
Supp diet, and as a result Amy mice that were fed the Oz-AIN Supp diet ate more
than Amy mice that were fed other diets. There was only one occasion when there
was a significant difference between the Oz-AIN diet and the AIN93-M diet,
suggesting that energy content of diet was not the only reason that Amy mice that

were fed different diets had different energy intakes throughout life.
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Figure 14. The effect of nutrient supplements on diet-type effects on

estimated energy intake (kJ/day) by Amy mice.
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Figure 14. Estimated energy intake (kJ/day) by Amy mice fed the AIN93-M diet (red
line, wk 5: n=11, wk 65: n=11), the Oz-AIN diet (green line, wk 5: n=15, wk 65:
n=14), or the Oz-AIN Supp diet (blue line, wk 5: n=16, wk 65: n=12). Error bars are
mean +SEM. Significant differences were detected with Bonferroni post tests.
() p=0.03 between Amy mice that were fed either the AIN93-M diet or the Oz-AIN
diet. (A) p=0.0001, (%) p<0.001, (A) p<0.01, (¥) p=0.01 between Amy mice that
were fed either the Oz-AIN diet or the Oz-AIN Supp diet. (O) p<0.0001,
(Q) p<0.001, (®) p<0.01, (®) p=0.01, (6) p=0.03, (#) p=0.04 between Amy mice that
were fed either the AIN93-M diet or the Oz-AIN Supp diet.
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3.4.3. The potentially beneficial effect of nutrient supplements
against diet-type induced weight gain (g) in Amy mice.
A one-way ANOVA detected significant differences in the body weight of Amy mice
that were fed the AIN93-M diet, the Oz-AIN diet or the Oz-AIN Supp diet as young
as 15 weeks (p=0.04, Figure 15). Bonferroni post tests revealed that the 15 week old
Amy mice that were fed the AIN93-M diet were significantly lighter than age-
matched Amy mice that were fed the Oz-AIN diet (p=0.04, Figure 15). The
significant differences in body weight were even more apparent at 20 weeks of age
(p=0.0003, Figure 15). The 20 week old Amy mice that were fed the Oz-AIN diet
were significantly heavier than either the Amy mice that were fed the AIN93-M diet
(respectively, p=0.0002, Figure 15) or the Amy mice that were fed the Oz-AIN Supp
diet (p=0.03, Figure 15). Amy mice that were fed the Oz-AIN diet remained the

heaviest group of mice for the remainder of the study (Figure 15).

The nutrient supplements reduced weight gain in Amy mice, but were unable to
entirely prevent diet-type effects on body weight. Amy mice that were fed the Oz-
AIN Supp diet were significantly heavier than those fed the AIN93-M diet at 25
weeks of age (p=0.004, Figure 15). For the remainder of the study, Amy mice that
were fed the Oz-AIN Supp diet were significantly heavier than Amy mice that were
fed the AIN93-M diet, but were also significantly lighter than Amy mice that were
fed the Oz-AIN diet (Figure 15). This suggests that the nutrient supplements were

able to at least partially prevent the diet-induced weight gain in Amy mice.

The long chain ®-3 fatty acids docosahexaenoic acid and eicosapentaenoic acid may
have played a role in the reduced weight gain of the Oz-AIN Supp diet fed mice.
Supplementing a high-fat diet with fatty acids reduces high-fat diet induced weight

gain in mice [350-353]. The w-3 fatty acids enhance lipid catabolism and reduce
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lipogenesis in high-fat diet fed mice, and prevents obesity through regulation of
adipose cell turnover [350, 352, 354]. Supplementing a high-fat diet with ®-3 fatty
acids reduces oxidative stress that is associated with long term high-fat feeding [350-
352, 355]. Cui et al. report that feeding mice dietary supplements of lipoic acid
prevented diet-induced weight gain and upregulated expression of genes involved in
anti-oxidant defence systems, such as super oxide dismutase, peroxiredoxin-4 and
glutathione peroxidise [351]. The current study has not assessed oxidative state of
adipose tissue in normal or Amy mice. Nonetheless, the reduced weight gain in Amy
mice that were fed the Oz-AIN Supp diet may be due to w-3 fatty acid supplements

reducing oxidative stress and adipose tissue inflammation and preventing lipogenesis.

Polyphenolic compounds and B vitamins also prevent high-fat diet-induced oxidative
stress and can also alter lipid metabolism, and may therefore have also played a role
in the anti-obesogenic effects of the Oz-AIN Supp diet [339, 356, 357]. Polyphenolic
compounds scavenge free radicals and prevent lipid peroxidation and oxidation of
low-density lipoproteins [339]. Similarly, folate reduces high-fat diet induced
NADPH oxidase activity and expression [356]. However, Sarna et al. report that
although folate reduced high-fat diet induced increase in NADPH expression, folate
did not prevent diet induced weight gain [356]. This suggests that folate did not

prevent weight gain in the Amy mice that were used in the current study.

Park ef al. fed mice high fat diets that had been supplemented with Sophora japonica
L, and report not only a dose-dependent decrease in weight gain, but also a reduction
in serum cholesterol and low density lipoprotein levels [358]. Sophora japonica L.
contains flavonoids, a class of polyphenolic compounds [359]. This indicates that
polyphenolic compounds can protect against high-fat diet induced weight gain,

through altered lipid metabolism. This is consistent with reports from others [360].
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Figure 15. Effect of nutrient supplements on diet-type induced

weight gain in Amy mice.
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Figure 15. Weight gain (g) of Amy mice that were fed the AIN93-M diet (red line,
wk 5: n=11, wk 65: n=11), the Oz-AIN diet (green line, wk 5: n=15, wk 65: n=14), or
the Oz-AIN Supp diet (blue line, wk 5: n=16, wk 65: n=12). Error bars are mean
+SEM. Significant differences were detected with Bonferroni post tests.

(©) p<0.05, (®) p<0.001, (») p<0.0001 between Amy mice that were fed either the
AIN93-M diet or the Oz-AIN diet. (A) p<0.05, (¥) p<0.01, between Amy mice that
are fed the Oz-AIN diet or the Oz-AIN Supp diet. () p<0.01, () p<0.001, (6)
p<0.0001 between Amy mice that were fed the AIN93-M diet and the Oz-AIN Supp
diet.
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3.4.4. The potentially beneficial effect of nutrient supplements
against diet-type induced increased fat deposit weight (g) in

Amy mice.

3.44.1. Weight (g) of TOTAL FAT deposits.

A one-way ANOVA revealed that diet-type had a significant effect on the total
amount of fat collected from Amy mice that were fed either the AIN93-M diet, the
Oz-AlIN diet or the Oz-AIN Supp diet (p<0.0001, Figure 16). Amy mice that were fed
the Oz-AIN diet significantly more total fat collected than the Amy mice that were
fed the AIN93-M diet, demonstrating that the sub-optimal Oz-AIN diet increases fat
deposition (p<0.0001, Figure 16). This was expected, owing to the well established

links between high-fat diets and obesity [361].

The diet-induced increase in total fat was partially alleviated by nutrient supplements.
The total amount of fat was significantly less from Amy mice that were fed the Oz-
AIN Supp diet than Amy mice that were fed the Oz-AIN diet (p=0.009, Figure 16).
However, nutrient supplementation was not able to completely reverse the effect of
the Oz-AIN diet, as Amy mice that were fed the Oz-AIN Supp diet had significantly

more total fat than Amy mice that were fed the AIN93-M diet (p=0.004, Figure 16).

These data suggest that the high-fat content of the Oz-AIN and Oz-AIN Supp diets
significantly increased the total amount of fat collected from 15 month old Amy
mice, and that nutrient supplements were able to reduce the total amount of fat

deposition.
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Figure 16. The preventative effect of nutrient supplements against
diet-type induced increase of fat deposits in 15 month old

Amy mice.
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Figure 16. The average weight (g) of total fat that was collected from 15 month old
Amy mice. Amy mice fed the AIN93-M diet (n=11, red bar), Amy mice fed the Oz-
AIN diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue
bar). Bars represent mean £SEM. Bars with matching symbols are significantly
different using Bonferroni post tests. (£) p<0.0001. (®) p=0.004. (») p=0.009.
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3.4.4.2. Weight (g) of UTERINE FAT deposits.

A one-way ANOVA detected that the amount of fat that was collected from uterine
tissue was significantly affected by diet-type (p<0.0001, Figure 17). Bonferroni post
tests indicated that Amy mice that were fed the Oz-AIN diet significantly more fat
around the uterus than the Amy mice that were fed the AIN93-M diet. This suggests
that the sub-optimal Oz-AIN diet increased fat deposition in uterine tissue (p<0.0001,
Figure 17). The diet-type effect on fat deposition around the uterus in 15 month old
Amy mice was not prevented by nutrient supplements. Amy mice that were fed the
Oz-AIN Supp diet had significantly more fat around the uterus than Amy mice that
were fed the AIN93-M diet (p=0.005, Figure 17). Furthermore, there was no
significant differences in the weight of fat around the uterus that was collected from
Amy mice that were fed the Oz-AIN diet or the Oz-AIN Supp diet (p=0.11, Figure

17).

These results suggest that diet-type has an effect on fat deposition around the uterus,

and that this is not prevented by nutrient supplementation.

159



Figure 17. The preventative effect of nutrient supplements against
diet-type induced increase of uterine fat deposits in 15

month old Amy mice.
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Figure 17. The average weight (g) of uterine fat that was collected from 15 month
old Amy mice. Amy mice fed the AIN93-M diet (n=11, red bar), Amy mice fed the
Oz-AIN diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue
bar). Bars represent mean £SEM. Bars with matching symbols are significantly
different using Bonferroni post tests. (£) p<0.0001. (@) p=0.005.
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3.4.4.3. Weight (g) of SUBCUTANEOUS FAT deposits.

A one-way ANOVA detected that diet-type had a significant effect on the amount of
subcutaneous fat that was collected from 15 month old Amy mice (p<0.0001, Figure
18). Bonferroni post tests indicated that Amy mice that were fed the Oz-AIN diet
significantly more subcutaneous fat than the Amy mice that were fed the AIN93-M
diet, demonstrating that the sub-optimal Oz-AIN diet increases subcutaneous fat

deposition (p<0.0001, Figure 18).

The diet-type effect on subcutaneous fat deposition was reduced by nutrient
supplements. Amy mice that were fed the Oz-AIN Supp diet had significantly less
subcutaneous fat than Amy mice that were fed the Oz-AIN diet (p=0.002, Figure 18).
There was no significant difference detected between the amount of subcutaneous fat
collected from Amy mice that were fed the AIN93-M diet and the Amy mice that

were fed the Oz-AIN Supp diet (p=0.11, Figure 18).

This data suggests that diet type has a significant effect on the amount of
subcutaneous fat in Amy mice, and that subcutaneous fat deposition was reduced with

nutrient supplements.
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Figure 18. The preventative effects of nutrient supplements against
diet-type induced increase of subcutaneous fat deposit

weight (g) in 15 month old Amy mice.
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Figure 18. The average weight (g) of subcutaneous fat that was collected from 15
month old Amy mice. Amy mice fed the AIN93-M diet (n=11, red bar), Amy mice
fed the Oz-AIN diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet
(n=12, blue bar). Bars represent mean +SEM. Bars with matching symbols are
significantly different using Bonferroni post tests. (#) p<0.0001. (®) p<0.01.
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3.4.4.4. Weight (g) of RENAL FAT deposits.

A one-way ANOVA detected that diet-type had a significant effect on the amount of
fat collected from around the kidneys of 15 month old Amy mice (p=0.0007, Figure
19). Amy mice that were fed the Oz-AIN diet had significantly more fat than Amy
mice that were fed the AIN93-M diet (p=0.0005, Figure 19). Amy mice that were fed
the Oz-AIN Supp diet also had significantly more fat than Amy mice that were fed
the AIN93-M diet (p=0.008, Figure 19). There were no differences detected between
the amount of fat collected from the kidneys of Amy mice that were fed either the Oz-
AIN diet or the Oz-AIN Supp diet (p>0.99, Figure 19). This suggests that the fat
deposition around the kidneys of Amy mice was increased by a high-fat diet, and was

not prevented by nutrient supplements.

3.4.4.5. Summary of the potentially beneficial effects of nutrient supplements

on diet-type induced fat deposition in Amy mice.

These results indicate that diet-type has different effects on fat deposition around
different organs in 15 month old Amy mice. The high-fat nature of the Oz-AIN diet
increased subcutaneous fat, uterine fat and renal fat in Amy mice. However, the
nutrient supplements were only able to significantly reduce fat deposits that lined the

skin.
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Figure 19. The potentially beneficial effect of nutrient supplements
against diet-type induced increase of renal fat deposit

weight (g) in 15 month old Amy mice.
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Figure 17. The average weight (g) of subcutaneous fat that was collected from 15
month old Amy mice. Amy mice fed the AIN93-M diet (n=11, red bar), Amy mice
fed the Oz-AIN diet (n=14, green bar), and Amy mice fed the Oz-AIN Supp diet
(n=12, blue bar). Bars represent mean +SEM. Bars with matching symbols are
significantly different using Bonferroni post tests. (£) p=0.005. (@) p=0.008.
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3.4.5. The preventative effects of nutrient supplements against

diet-type induced increase of heart weight (g) in Amy mice.

A one-way ANOVA detected that diet-type had a significant effect on heart weight of
15 month old Amy mice (p<0.001, Figure 20). Bonferroni post tests indicated that
Amy mice that were fed the Oz-AIN diet had significantly heavier hearts than Amy
mice that were fed the AIN93-M diet (p<0.0001, Figure 20). This suggests that the

Oz-AIN diet increased heart weight of Amy mice.

Amy mice that were fed the Oz-AIN Supp had significantly lighter hearts than Amy
mice that had been fed the Oz-AIN diet, suggesting that nutrient supplements reduced
the diet-type effect on heart weight (p=0.03, Figure 20). However, the hearts that
were collected from Amy mice that were fed the Oz-AIN Supp diet were also
significantly heavier than those of Amy mice that were fed the AIN93-M diet
(p=0.0004, Figure 20). This suggests that nutrient supplements were unable to

completely prevent the Oz-AIN diet induced effects on heart weight in Amy mice
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Figure 20. The preventative effect of nutrient supplements against

diet-induced increase of heart weight (g) in 15 month old

Amy mice.
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Figure 20. The average weight (g) of hearts from 15 month old Amy mice. Amy
mice fed the AIN93-M diet (n=11, red bar), Amy mice fed the Oz-AIN diet (n=14,
green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar). Bars represent
mean =SEM. Bars with matching symbols are significantly different. (£) p<0.0001.
(®) p=0.0004. (%) p=0.03.
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3.4.6. The preventative effects of nutrient supplements against

diet-type induced increase of liver weight (g) in Amy mice.

A one-way ANOVA detected significant diet-type effects on the weight of livers
collected from 15 month old Amy mice that were fed either the AIN93-M diet, the
Oz-AIN diet or the Oz-AIN Supp diet (p<<0.0001, Figure 21). Bonferroni post tests
revealed that Amy mice that were fed the Oz-AIN diet had significantly heavier livers
than Amy mice that were fed the AIN93-M diet (p<0.0001, Figure 21). This suggests

that the Oz-AIN diet increased liver weight in Amy mice.

The livers from Amy mice that were fed the Oz-AIN Supp diet were significantly
lighter than livers that were collected from Amy mice that were fed the Oz-AIN diet
(p=0.01, Figure 21). This suggests that the nutrient supplements were able to prevent
diet induced increase in liver weight. In further support of this, there was no
difference in the weights of livers of mice that were fed the Oz-AIN Supp diet and the

AIN93-M diet (p=0.09, Figure 21).
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Figure 21. The preventative effects of nutrient supplements against

diet-type induced increase of liver weight (g) in 15 month

old Amy mice.
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Figure 21. The average weight (g) of livers from 15 month old Amy mice. Amy mice
fed the AIN93-M diet (n=11, red bar), Amy mice fed the Oz-AIN diet (n=14, green
bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar). Bars represent mean
+SEM. Bars with matching symbols are significantly different using Bonferroni post
tests. (E) p<0.0001. (®) p=0.01.
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3.4.77. The preventative effects of nutrient supplements against

diet-type induced increase of kidney weight (g) in Amy mice.

A one-way ANOVA detected significant diet-type effects on the weight of kidneys
collected from 15 month old Amy mice that were fed either the AIN93-M diet, the
Oz-AIN diet, or the Oz-AIN Supp diet (p<<0.0001, Figure 22). Bonferroni post tests
indicated that Amy mice that were fed the Oz-AIN diet had significantly heavier
kidneys than Amy mice that were fed the AIN93-M diet (p<0.0001, Figure 22). This

suggests that the Oz-AIN diet increases kidney weight in Amy mice.

These diet-type effects were not prevented by nutrient supplements. Amy mice that
were fed the Oz-AIN Supp diet also had heavier kidneys than Amy mice that were
fed the AIN93-M diet (p=0.0003, Figure 22). Furthermore, no differences were
detected between the weight of kidneys collected from Amy mice that were fed either

the Oz-AIN diet or the Oz-AIN Supp diet (p>0.99, Figure 22).

This suggests that the high-fat nature of the Oz-AIN diet and the Oz-AIN Supp diet
increased the weights of kidneys of Amy mice. The supplementation of a high-fat,
sub-optimal diets with nutrients that have been demonstrated to reduce weight gain in

other organs, was unable to prevent or reduce weight gain in kidneys of Amy mice.
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Figure 23. The preventative effect of nutrient supplements against

diet-type induced increase of kidney weights (g) in 15

month old Amy mice.
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Figure 22. The average weight (g) of kidneys from 15 month old Amy mice. Amy
mice fed the AIN93-M diet (n=11, red bar), Amy mice fed the Oz-AIN diet (n=14,
green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar). Bars represent

mean £SEM. Bars with matching symbols are significantly different using Bonferroni
post tests. (E) p<0.0001. (®) p=0.0003.
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3.4.8. The preventative effects of nutrient supplements against

diet-type induced increase of spleen weight (g) in Amy mice.

A one-way ANOVA detected significant diet-type effects on the weight of spleens
collected from 15 month old Amy mice (p=0.006, Figure 23). Bonferroni post tests
indicated that Amy mice that were fed the Oz-AIN diet had significantly heavier
spleens than Amy mice that were fed the AIN93-M diet (p=0.005, Figure 23). This

indicates that the Oz-AIN diet increases the weight of spleens in Amy mice.

There was no significant difference detected for the weights of spleens that were
collected from Amy mice that were fed either the Oz-AIN diet or the Oz-AIN Supp
diet (p=0.90, Figure 23). While this may suggest that the nutrient supplements did not
affect the weight of spleens in Amy mice, there were also no differences in the
weights of spleens from Amy mice that were fed the Oz-AIN Supp diet or the AIN93-
M diet (p=0.08, Figure 23). This suggests that the nutrient supplements may have
marginally decreased weight of spleens from Amy mice that were fed the high-fat,
sub-optimal Oz-AIN diet so that they were more similar to those of mice that were
fed an optimal rodent diet. However, the nutrient supplements were not able to
completely overcome the effects of the Oz-AIN diet on weight of spleens from 15

month old Amy mice.
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Figure 23. The preventative effect of nutrient supplements against

diet-type induced increase of spleen weight (g) in 15

month old normal and Amy mice.
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Figure 23. The average weight (g) of spleens from 15 month old Amy mice. Amy
mice fed the AIN93-M diet (n=11, red bar), Amy mice fed the Oz-AIN diet (n=14,
green bar), and Amy mice fed the Oz-AIN Supp diet (n=12, blue bar). Bars represent
mean =SEM. Bars with matching symbols are significantly different. (£) p=0.005.
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3.5. Conclusion.

Lifestyle modifications, such as dietary intervention, could offer a means to delay or
prevent the onset of AD. To this end, much research has focussed on the benefit of
nutrient supplements either alone or in combination against the neuropathology or
behavioural deficits that are observed in AD. However, to date, no such research
exists that explores the effect of supplementing a diet that is unique to Australia with
a combination of nutrients that have potential benefits against AD-type
neuropathology or cognitive decline. The Oz-AIN Supp diet that has been created as

a component of the current thesis has been designed to fill this gap.

The Oz-AIN Supp diet was made by supplementing the Oz-AIN diet with a
combination of nutrients that have been demonstrated to have potential benefits
against AD. As such, the Oz-AIN Supp diet is high in fat, with a PMS ratio of 1.0:
1.7: 1.9. The nutrient supplements included in the Oz-AIN Supp diet were folate,
vitamin B12, curcumin, grape seed extract, a-lipoic-acid and fish oil, which was used

as a source of the -3 fatty acid docosahexaenoic acid.

The Oz-AIN Supp diet was able to prevent genotype effects on weight gain, fat
deposition and organ size in Amy mice. This was apparent when comparing weight
gain of normal mice that were fed the Oz-AIN diet, Amy mice that were fed the Oz-
AIN diet and Amy mice that were fed the Oz-AIN Supp diet. The nutrient
supplements were so effective at preventing genotype effects that the weight gain of
Amy mice that were fed the Oz-AIN Supp diet was almost exactly the same as that of

normal mice.

Diet-type effects were also observed on weight gain of Amy mice. Amy mice
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fed the Oz-AIN Supp diet were significantly lighter than Amy mice fed the Oz-AIN
Supp diet. This may be attributed to the hypolipidemic properties of the ®-3 fatty
acids docosahexaenoic acid and eicosapentaenoic acid, which were included in the

Oz-AIN Supp diet, but were not present in the Oz-AIN diet.

The Oz-AIN Supp diet described here is safe for use with rodents. The current results
suggest that supplementing a diet that reflects a diet typically consumed by Australian
women with B vitamins, polyphenolic compounds and fatty acids may prevent or

delay genotype and diet-type effects on weight gain and fat deposition.
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Chapter 4: Characterisation of the f-amyloid
neuropathology in the brains of 15 and 18

month old Amy mice.

4. Background.

The two defining neuropathological features of AD are the presence of extracellular
deposits of aggregated B-amyloid protein (plaques), and intracellular build up of

hyperphosphorylated tau (tangles) [362, 363].

The primary hypothesis regarding the development and progression of AD is the
“Amyloid Cascade Hypothesis”. This hypothesis proposes that -amyloid is cleaved
from the membrane bound amyloid precursor protein and triggers a cascade of events
leading to oxidative damage, neuroinflammation and cell death [29, 44, 364].
Neurodegeneration occurs in regions of the brain that are important for cognitive
function and memory, both of which decline as AD progresses. However, the number
and size of B-amyloid deposits does not correlate as well with the behavioural deficits
that are associated with AD. Regardless, over the past 30 years, much of the research
of AD has gone into understanding the role of B-amyloid in AD progression, which

has cumulated in the “Amyloid Cascade Hypothesis” [44].

The Amy mouse model that is used in the current study is a genetic mouse model that
over-expresses amyloid precursor protein and presenilin 1. The increased expression
of presenilin 1 drives amyloid precursor protein processing down the amyloidogenic
pathway, leading to increased neuronal B-amyloid in Amy mouse brains [132, 365].

By six months of age, Amy mice develop extracellular f-amyloid deposits, which
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under low magnification are representative of the B-amyloid plaques that develop in

the brains of AD patients [132, 160, 366, 367].

Like many B-amyloid mouse models, these mice do not develop the intracellular
deposits of tau that are observed in AD. Therefore, the Amy mouse model does not
truly reflect AD per se, but enables a better understanding -amyloid over-expression

in the brain [137, 368].

Dietary manipulation can alter the formation of f-amyloid deposits [160, 218]. High-
fat diets enhance B-amyloid neuropathology in the brains of AD-type mice [86, 167,
369]. Pro-oxidant diets that are folate and vitamin E deficient and high in iron
increase P-amyloid levels in normal and AD-type mice [370]. The w-3 fatty acid
docosahexaenoic acid, on the other hand, reduces B-amyloid deposition and in
conjunction with the polyphenolic compound curcumin, reverses high-fat diet
induced B-amyloid deposition in mouse brains [217]. However, the effect of
nutritional supplementation on B-amyloid neuropathology has not been demonstrated
in the context of an Australian-type diet which has an imbalanced poly-unsaturated:

mono-unsaturated: saturated fat ratio (P:M:S) and suboptimal micronutrients levels.

The aims of the study described in this chapter are to:
1. Examine and classify the types of f-amyloid neuropathology in the Amy
mouse model.
This aim was achieved using immunohistochemical and immunofluorescent
techniques. Immunohistochemical techniques were used to view B-amyloid
deposits with low power bright field microscopy. Immunofluorescent
techniques were used to characterise B-amyloid deposit co-localisation with

DAPI nuclear staining, neurons and glial cells with confocal microscopy.
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2. Demonstrate the effect of an Australian-type diet on pB-amyloid
neuropathology in the brains of 15 and 18 month old Amy mice.
This aim was achieved using immunohistochemical and immunofluorescent
techniques. Immunohistochemical techniques were used to compare the
number and size of B-amyloid deposits in the brains of age-matched Amy
mice that had been fed either an optimal diet (the AIN93-M diet) or an
Australian-type rodent diet (the Oz-AIN diet) for 15 or 18 months under low
power microscopy. Immunofluorescent techniques were used to compare [3-
amyloid co-localisation with DAPI nuclear staining, neurons or glial cells in
the brains of age-matched Amy mice that had been fed either the AIN93-M

diet or the Oz-AIN diet.

3. Demonstrate the effect of supplementing an Australian-type diet with
dietary nutrients that delay or prevent AD pathology, on the f-amyloid
deposits in the brains of 15 month old Amy mice.

This aim was achieved using immunohistochemical and immunofluorescent
techniques. Immunohistochemical techniques were used to compare the
number and size of B-amyloid deposits in the brains of 15 month old Amy
mice that had been fed a nutrient supplemented diet (the Oz-AIN Supp diet)
with age-matched Amy mice that had been fed either the AIN93-M diet or the
Oz-AIN diet, using low power microscopy. Immunofluorescent techniques
were used compare B-amyloid co-localisation with DAPI nuclear staining,
neurons or glial cells in the brains of 15 month old Amy mice that had been
fed the Oz-AIN Supp diet, the AIN93-M diet or the Oz-AIN diet, using
confocal microscopy.

The exploratory study that is described in this chapter makes two conclusions about

the effect of diet on B-amyloid deposition in the brains of Amy mice. The first
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conclusion is that diet may have an effect on B-amyloid aggregation. High total-fat
content appeared to increase aggregation of f-amyloid into larger deposits. However,
this was not ameliorated by dietary nutrient supplements. Although the nutrient
supplements in the Oz-AIN Supp diet have been demonstrated to prevent or reduce [3-
amyloid deposition in other AD mouse models [160, 204, 348, 371], they did not
prevent the increased B-amyloid aggregation that was associated with a high-fat diet

with imbalanced P:M:S ratio and deficient in essential micronutrients.

The second conclusion is that there were three separate and distinct B-amyloid
pathologies in the Amy mouse brain: (i) Intracellular B-amyloid that was associated
with necrosis; (ii) Large diffuse deposits of B-amyloid that contained small, intact
nuclei; and (iii) Small diffuse deposits that co-localised with astrocyte processes that
line the blood brain barrier. These three pathologies were present in the same ratios in
the brains of mice that were fed the AIN93-M diet or the Oz-AIN diet, suggesting
that diet type did not affect B-amyloid deposition. However, nutrient supplements
normalised the profile of B-amyloid deposits so that they occurred with similar
frequencies. This may be due to interactions between nutrient supplements and the
blood brain barrier. However, whether this is reflective of B-amyloid invasion or

clearance was undetermined.

4.1. Methods.

4.1.1. Animals.

All experiments were approved by the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Animal Welfare Committee, Australia in accordance

with National Health and Medical Research Council guidelines.
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Female Amy (APPswe/PSENIAE9) mice and their female normal (C57bl/6)
littermates were bred at and provided by Flinders University Animal Facility,
Bedford Park, South Australia. Genotype was confirmed by PCR and agarose gel
electrophoresis, as described in Appendix I. Mice were housed (n<6) in cages lined

with sawdust, and had free access to food and water.

In order to clearly demonstrate the second and third aim of this chapter, mice were
separated into two studies (Table 1, Figure 1). The first study was designed to
demonstrate the potentially detrimental effects of an Australian-type diet on [-
amyloid neuropathology in Amy mice. Amy mice were randomly allocated to one of
two groups and fed either the AIN93-M diet or the Oz-AIN diet from weaning until
they were 18 months old. Six normal mice were fed the Oz-AIN diet from weaning

until they were 18 months and were used as controls (Table 1, Figure 1A).

The second study was designed to demonstrate the effects of supplementing the
Australian diet with nutritional supplements that have previously been demonstrated
to have a beneficial effect against 3-amyloid neuropathology in Amy mice. Amy mice
were randomly allocated to one of three groups and fed the AIN93-M diet, the Oz-
AIN diet or the Oz-AIN Supp diet until the end of the study. Six normal mice that
were fed the Oz-AIN diet from weaning and served as controls in the second study
(Table 1, Figure 1B). There were difficulties managing mice over grooming each

other after 15 months of age. Therefore, the second study only ran for 15 months.

While it was not the original intention to have first and the second studies end at
different ages, this created an opportunity to compare B-amyloid neuropathology
between 15 and 18 month old Amy mice. This may not appear to be a large enough
window to observe changes in the Amy mouse brain. However, f-amyloid deposition

in the Amy mouse brain starts at 6 months and increases exponentially with age [132,
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160, 366, 367, 372, 373]. Therefore, comparison of 15 and 18 month old mice

enabled the opportunity to compared neuropathology of Amy mice during different

stages of adulthood after B-amyloid neuropathology is well established.

Table 1 outlines the total numbers of brains that were analysed in each study. There

were no mice that were fed the Oz-AIN Supp diet for 18 months. This is because the

study that ran for 18 months was designed to demonstrate the effect of an Australian-

type diet (Oz-AIN diet) on B-amyloid neuropathology, rather than demonstrate the

potential benefits of nutrient supplementation.

Table 1. The numbers of mice that were used to investigate the effects of an
Australian-type diet, with or without nutritional supplements, on -

amyloid pathology in Amy mouse brains.

(15 months)

. Amy mice | Amy mice Amy mice
Normal mice
] AIN93-M 0z-AIN 0Oz-AIN Supp
0Oz-AIN diet . ] .
diet diet diet
Study 1:
The effect of an _ _ _
Australian-type diet n=6 n=6 n=6 --N/A--
(18 months)
Study 2:
The effect of nutrient n=6 n=7 =12 n=12
supplements
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Figure 1A. The design of Study 1: The effect of an Australian-type

diet on B-amyloid pathology in Amy mouse brains.

Months 18

=== Normal mice Oz-AIN diet
== Amy mice AIN93-M diet
== Amy mice Oz-AIN diet
”l Mice killed

& brains collected

. Immunohistochemistry

B
| ﬂ Immunofluorescence
k d

Figure 1A. Mice received their respective diets for 18 months and then were killed
and their brains removed. Immunohistochemistry and immunofluorescent techniques
were used to investigate B-amyloid neuropathology.

The effect of an Australian-type diet on B-amyloid neuropathology was investigated
through comparisons of brains from 18 month old Amy mice that had been fed the
AIN93-M diet (red arrow, n=6) or the Oz-AIN diet (green arrow, n=>6).

Normal mice that were fed the Oz-AIN diet (yellow line, n=6) were used as controls.
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Figure 1B. The design of Study 2: The effect of nutrient supplements

on B-amyloid pathology in Amy mouse brains.

Months 15

» e |

=== Normal mice Oz-AIN diet
== Amy mice AIN93-M diet
== Amy mice Oz-AIN diet

==  Amy mice Oz-AIN Supp diet
”| Mice killed

& brains collected

. Immunohistochemistry

r

1 Immunofluorescence
k 4

Figure 1B. Mice received their respective diets for 15 months and then were killed
and their brains removed. Immunohistochemistry and immunofluorescent techniques
were used to investigate B-amyloid neuropathology.

The effects of nutritional supplementation were made by comparing Amy mice that
had been fed the Oz-AIN Supp diet (blue arrow, n=12) with Amy mice that had been
fed either the AIN93-M diet (red arrow, n=7) or the Oz-AIN diet (green arrow, n=12).
Normal mice that were fed the Oz-AIN diet (yellow line, n=6) were used as controls.
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4.1.2. Tissue collection and storage.

Mice that were in the first and second studies were sacrificed at 18 and 15 months
respectively. Mice were anaesthetised with isoflurane and killed by exsanguination
from the abdominal aorta. Mice were perfused with PBS before brains were removed,
weighed and halved. The right brain hemisphere was snap frozen in liquid nitrogen
and stored for DNA analysis (Chapter 9). The left brain hemisphere was placed in
formalin (Formalin solution, neutral buffered, HT501640, Sigma, Australia) to be
used in immunohistochemical and immunofluorescent analysis. Left brain
hemispheres were embedded in paraffin and cut in Sum sagittal sections parallel to
the midline of the brain, and mounted onto coated slides at the Histology Core
Laboratory (Melbourne Brain Centre, University of Melbourne, Parkville, VIC,

Australia).

Liver, kidneys, heart, spleen, and ovaries were also collected, weighed, and frozen in
liquid nitrogen and stored in the CSIRO bio-bank. Uterine fat tissue, renal fat tissue,
and fat tissue lining the skin were collected, weighed and stored in RNAlater

Stabilization Reagent (76106, Qiagen).
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4.1.3. De-paraffinisation and rehydration.

4.1.3.1. Protocol.

Sagittal sections were de-paraffinised in a xylene bath (Xylene, low in sulphur,
4.10234, Kilsyth, Victoria) for 15 min at room temperature, followed by another 15

min in a fresh xylene bath at room temperature.

Slides were re-hydrated in a series of four (100% to 70%) ethanol baths (EA043-P,
Ethanol 100% Undenatured, Chem Supply, SA) for 3 min each at room temperature

and then washed in dH,O for 5 min.

4.1.4. Antigen retrieval.

4.1.4.1. Protocol.

The slides were transferred to a plastic rack with a lid containing EDTA*NaOH pH
8.0, and heated in a microwave until the solution started to boil (2 min, high power).
Slides were heated for another 10 min (low power) and then cooled under running

dH,O0, displacing the EDTA*NAOH PH 8.0.

After antigen retrieval, slides may be used for either immunohistochemical analysis

(4.1.5.) or immunofluorescence (4.1.6.).

4.1.5. Immunohistochemistry.

4.1.5.1. Protocol.

After antigen retrieval, water was shaken away and excess water was wiped off with a

clean tissue.
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A circle was drawn around each sample with a wax pen. Slides were placed flat in the
humidifier box and H,O, (30%) was dropped into the centre of each circle. Enough
H,0; was used to cover each sample completely (100 — 200 pL), to block endogenous

peroxidase. Samples incubated in the humidifier box for 5 min at room temperature.

H,0, was washed away with PBS. Slides were rinsed in a bath of PBS (5 — 10 min,
room temperature). The slides were removed from PBS, excess PBS was shaken

away and the back and sides of slides were dried with a clean tissue.

4.1.5.1.1. Blocking non-specific binding sites.

All slides were returned to the humidifier box and 100 — 200 puL blocking solution
(20% NHS in PBS) was dropped into the centre of each circle to block non-specific

binding sites. Slides incubated in the humidifier box for 60 min at room temperature.

4.1.5.1.2. Addition of primary antibody.

Primary antibody, 6E10 (Sig 39320, beta-amyloid 1:16, monoclonal, Covance,
Covance research products, Dedham, MA) was made up to a 1:500 solution in

antibody buffer (1% NHS in PBS).

The blocking solution (20% NHS in PBS) was shaken from slides, and a clean tissue

was used to dry the back and side of each slide.

The slides were returned to the humidifier box and 100 — 200 pL of primary antibody
solution was gently dropped onto each sample. Slides incubated in the humidifier box
overnight at room temperature. While the slides were incubating, enough water was

kept in the humidifier to keep air moist and to prevent the slides from drying.

Primary antibody solution was washed away by dribbling PBS across the top of each

slide. Slides were rinsed in a bath of PBS (5 — 10 min at room temperature).
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4.1.5.1.3. Addition of secondary antibody.

While slides were in the bath of PBS, the secondary antibody (biotinylated a-mouse
secondary antibody) was made up to a 1:2000 solution in antibody buffer (1% NHS

in PBS).

The slides were removed from PBS, excess PBS was shaken away and the back and

sides of each slide was dried with a clean tissue.

The slides were returned to the humidifier box and 100 — 200 pL of the biotinylated
secondary antibody was added to each sample. Slides incubated in the humidifier box
for 120 min at room temperature. Enough water was kept in the humidifier to keep air

moist and to prevent the slides from drying.

The biotinylated secondary antibody was washed away by dribbling PBS across the

top of each slide. Slides were rinsed in a bath of PBS (5 — 10 min, room temperature).

4.1.5.1.4. Stepavidin peroxidase staining (ABC Kkit).

Six puL/mL of Solution A and 6 uL/mL of Solution B from the VECTASTAIN®
ABC kit (Vector Laboratories, Burlinghame, CA) were combined in PBS to make an

ABC solution, and incubated for 30 min at room temperature before use.

Slides were removed from the PBS bath, excess PBS was shaken away and a clean

tissue was used to dry the back and side of each slide.

Slides were returned to the humidifier box and 100 — 200 pL of the ABC solution was
dropped onto to each sample. Slides incubated in the humidifier box for 60 min at

room temperature.
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The ABC solution was washed away by dribbling PBS across the top of each slide.
Slides were rinsed in a bath of PBS (5 — 10 min, room temperature) and then

transferred to a fresh bath of PBS for 15 min at room temperature.

4.1.5.1.5. DAB staining.

DAB mixture (6 mg DAB in 10 mL PBS, 10 puL 30% H»0,) was made and incubated

for 15 — 20 min at room temperature.

Slides were removed from PBS, excess PBS was shaken away and the back and sides

of each slide was dried with a clean tissue.

Slides were returned to the humidifier box, and 100 — 200 pL of DAB solution was
dropped onto to slides. Slides incubated in the humidifier for 5 min at room

temperature and then rinsed with tap water to stop the reaction.

4.1.5.1.6. Counterstaining slides with haematoxylin.

Slides were placed in haematoxylin for 10 sec at room temperature, and rinsed in
dH,O until the water ran clear. To remove any excess haematoxylin, slides were
briefly dipped in acid alcohol, and then rinsed in dH,O. Slides were placed in lithium
carbonate for 2 min at room temperature to fix the colour, and washed in a fresh

dH,O0 bath for 10 sec at room temperature.

Slides were dehydrated in a series of two baths of absolute alcohol for 10 min at room
temperature. Dehydration was completed by placing slides in a series of two xylene

baths for 2 min at room temperature.

4.1.5.1.7. Coverslip slides.

One drop of DPX was placed over each sample on the slide.
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Coverslips were gently placed on the top of the slide, and gentle pressure was applied
to remove air bubbles. Excess DPX was wiped away with a tissue, with care not to

allow the cover slip to slide around.

Analysis of slides was carried out under bright field microscopy using an Olympus

BX50 upright microscope (brightfield) (Olympus®, UK) with camera attachment.

4.1.5.2. Slide analysis using brightfield microscopy.

All representative samples were taken from Sum sagittal sections that were cut

parallel to the midbrain and represent similar brain regions.

Slides were re-coded using the coding system used by Histology Core Laboratory

(Melbourne Brain Centre) which was completely blinded to treatment group.

A trained experimenter who was blinded to the treatment groups for each of the slides
took images of representative brain samples using a BX50 microscope (Olympus®)
at 2x magnification. Image J analysis software (Image J 1.46r, National Institutes of
Health, USA) was used to measure amyloid load, integrated density, deposit size and

to count the total number of deposits.

Amyloid load and integrated density were both calculated automatically by Image J
analysis software (Image J 1.46r, National Institutes of Health). Amyloid load was
measured as the percentage of 6E10 positive staining per brain section. Three
representative sections per brain were calculated and averaged to represent amyloid
load in each brain. Integrated density is a calculation of the product of mean grey
value and the total area of a section. Similar to amyloid load, the average integrated
density measured from three representative brain sections was used to reflect

integrated density of each mouse brain.
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The total number of f-amyloid deposits was scored manually in three representative
samples per brain using Image J analysis software (Image J 1.46r, National Institutes
of Health). The 2x images were dense, and it was possible to increase magnification
and maintain clarity of images using the Image J software. Therefore, f-amyloid

deposits were counted and measured at 45x magnification using Image J software.

Averages of these counts were used to represent the total B-amyloid deposit number
per section of mouse brain. The B-amyloid deposits were then scored by size. The
distance across the centre of the widest point of the deposit was used to classify the
deposit as large (>35um), medium (15pum — 35pum), or small (<15pm). Deposits that
were smaller than Spum and did not contain a well defined core were classified as
debris and were not included in counts. Counts of each deposit size were made in
three representative sections per brain and an average of these counts was used to
reflect B-amyloid deposit population within that brain. Accuracy of total counts and
counts based on size was confirmed through comparison of counts of between

multiple experimenters.

Data was stored in an Excel spreadsheet (Microsoft, 2007). All statistical analysis
was carried out using GraphPad Prism® (Prism 5 for windows, version 5.4,
GraphPad Prism Software). Age-diet-type interactions were investigated using two-
way ANOVA and Bonferroni post tests. All other analysis were carried out with one-
way ANOVA with Bonferroni post tests. When there were too few groups to compare
using one-way ANOVA, data was analysed using Student’s #-test. All data is reported

as mean £SEM. All differences where p<0.05 were considered significant.
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4.1.6. Immunofluorescence.

4.1.6.1. Protocol.

After antigen retrieval, water was shaken away and excess water was wiped off with a

clean tissue.

4.1.6.1.1. Blocking non-specific binding sites.

A circle was drawn around each sample with a wax pen. Slides were placed flat in the
humidifier box and 100 — 200 pL blocking solution (20% NHS in PBS) was dropped
into the centre of each circle. Slides incubated in the humidifier box for 60 min at

room temperature.

4.1.6.1.2. Addition of primary antibody.

Primary antibodies were made up as per Table 2. Blocking solution was shaken off

slides, and the back and sides of each slide was dried with a clean tissue.

Slides were placed in the humidifier and 100 — 200 pL of the appropriate primary

antibody (Table 2), diluted in antibody buffer, was added to each sample.

Slides incubated with primary antibody overnight at room temperature. While the
slides were incubating, enough water was kept in the humidifier to keep air moist and

to prevent the slides from drying.

Primary antibody solution was washed away by dribbling PBS across the top of each

slide. Slides were rinsed in a PBS bath (5 — 10 min, room temperature).
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Table 2. Primary antibodies used for immunofluorescence.

. . Catalogue
Antigen Type | Dilution Source number
6E10 Covance, Covance
(beta-amyloid Ms pAb 1:100 research products, Sig 39320
1:16) MA.
P25 ) Gift from
(Oligodendrocytes) RbpAb | 1: 100 colleague. - N/A -
MAP2 ) 366-380, Osc-
(Neurons) RbpAb 1:2000 212.
GFAP )
(Astrocytes) RbpAb 1:1000 Promega, WI. G5601
GPX1 '
(Microglia) ShpAb 1:100 Abcam Ab21966
Cell Signalling
) Technology, 9661
Cleaved Caspase 3 | RbpAb 1:600 Arundel, Aspl75
Queensland.

All antibodies were diluted in antibody buffer (1% NHS in PBS).

4.1.6.1.3.

Addition of secondary antibody.

Secondary antibodies were made up as per Table 3.

Slides were removed from PBS. Excess PBS was shaken away and the back and sides

of each slide was dried with a clean tissue. Slides were returned to the humidifier box

and 100 — 200 pL of the appropriate antibody (Table 3), which had been diluted in

antibody buffer was added to each sample.

Table 3. Secondary antibodies used for immunofluorescence.

Antibody Type Dilution Catalogue number
488 (green) (a-mo) 1:50 715-225-150
Cy3 (red) (a-sh) 1:100 713-165-147
Cy3 (red) (a-rb) 1:50 711-165-152
Cy3 (red) (a-rb) 1:100 711-165-152
CyS (blue) (a-rb) 1:100 711-495-152
All  antibodies were diluted in antibody buffer (1% NHS in PBS).

All secondary antibodies were from Jackson ImmunoResearch Laboratories, West Grove, PA.
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Slides incubated in the humidifier box for 120 min at room temperature. Enough

water was kept in the humidifier to keep air moist and to prevent the slides from

drying.

Secondary antibodies were washed away by dribbling PBS across the top of each

slide. Slides were rinsed in PBS (5 — 10 min, room temperature).

4.1.6.1.4. DAPI staining.

Slides were removed from PBS and excess PBS was shaken away and the back and

sides of each slide were dried with a clean tissue.

Slides were placed in the humidifier box and 100 — 200 pL DAPI (0.04 % Thimersal)
(50 uL / 50 mL in PBS) was dropped over each section. Slides incubated for 5 min at

room temperature.

DAPI (0.04 % Thimersal) was washed away by dribbling PBS across the top of each
slide. Slides were rinsed in PBS (15 min, room temperature). This was repeated in a

fresh bath of PBS.

4.1.6.1.5. Coverslip slides.

A drop of 50 uL 80% buffered glycerine, 0.1 M Tris, pH 9.0 was placed over each

sample on the slide.

Coverslips were gently placed on the top of the slide and gentle pressure was applied
to remove air bubbles. Excess 80% buffered glycerine was wiped away with a tissue,
with care not to allow the cover slip to slide around. Slides were sealed with nail

polish, and stored at 4°C in the dark.
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4.1.6.2. Slide analysis using confocal microscopy.

All fluorescent images were taken with a Leica confocal microscope (Leica

Microsystems) using a 63x objective oil lens.

An experienced experimenter with knowledge of neuropathology and who was blind
to each treatment group captured digital photos of four fields of view (250 pm x 250
um) from three representative samples per mouse brain. The average number of [3-
amyloid deposits from these images was used as representative of the total f-amyloid
depositions in each brain section. All representative samples were taken from 5 pm
sagittal sections that were cut parallel to the midbrain and represent similar brain

regions.

Slide images were coded using the Histology Core Laboratory (Melbourne Brain
Centre) coding system, so that the experimenter completing analysis was blinded to

each treatment group.

Consistent with the first aim of this project, f-amyloid deposits were characterised
using immunofluorescent techniques. Beta-amyloid deposits can be intracellular or
extracellular, it was therefore appropriate to classify B-amyloid deposits based on
their association and co-localization with DAPI staining using confocal microscopy.
These classification types are described in detail in the results section (pp. 213-214,

Figure 8). Briefly, three types of deposits were observed.

1. Bright B-amyloid deposits co-localized with diffuse DAPI cores that
lacked the integrity and structure of surrounding intact cells (Figure 8A,
Figure 9C). These diffuse DAPI cores spread over an area that was 3-4

times larger than that of intact nuclei, which is characteristic of necrosis.
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Therefore, this type of staining was interpreted as representing necrotic

cells.

2. Extracellular B-amyloid deposits that were large and diffuse. These

deposits contained, but did not co-localize with, intact nuclei (Figure 8B).

3. Extracellular B-amyloid deposits that were associated with GFAP staining
along blood vessels, and were therefore classified as deposits that were

associated with the blood brain barrier (Figure 8C, Figure 10D).

The B- amyloid deposits (as classified above) were counted and measured using LAS
AF Lite software (Leica Application Suite, Advanced Fluorescence, version 2.6.0.,
Leica Microsystems, Mannheim). The total number of B-amyloid deposits was
counted for each 250 um? field of view. Deposits were then scored according to their
classification type. The percentage of each deposit type was calculated for three fields
of view per mouse brain. The averages of these percentages were used to represent

the population of deposits in each mouse brain.

It was also noted that some intact neurons contained high levels of amyloid. These
neurons were not included in the counts of f-amyloid deposits. These neurons, and
the role that they may play in B-amyloid pathology, are discussed in the results and

discussion sections of this chapter (pp. 213-214, and pp. 247-252 respectively).

Data was stored in an Excel spreadsheet (Microsoft, 2007). All statistical analysis
was carried out using GraphPad Prism® (Prism 5 for windows, version 5.4,
GraphPad Prism Software). Comparison of B-amyloid deposit types within groups
was made with one-way ANOVA (repeated measures) and Bonferroni post tests.
Differences between groups were compared with Students #- tests. All data is reported

as mean +SEM. All differences where p<0.05 were considered significant.
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4.2. Results.

4.2.1. Brain weights of 15 and 18 month old normal and Amy mice.

Brain shrinkage and neuro-atrophy are common features of AD. Table 4 provides
details of the weight of brains collected from 15 and 18 month old Amy mice. There
were no Amy mice that were fed the Oz-AIN Supp diet for 18 months as they were

not required to achieve the aims of that study (see section 4.1.1.).

Table 4. Brain weight (g) of 15 and 18 month old normal and Amy mice.

Normal mice Amy mice Amy mice Amy mice

Oz-AIN diet | AIN93-M diet | Oz-AIN diet | Oz-AIN Supp diet
15 mo 0.47 £0.02 0.47 +£0.02 © 0.48 £0.02 0.50 £0.01
18mo | 045+0.017 | 05540027 [ 04740.02% |  —oooeeeeeev

Brain weights of 15 and 18 month old mice. All values are mean #SEM. A one-way
ANOVA detected diet-type effects on brain weights of 18 month old mice (p=0.006).
Bonferroni post tests revealed significant differences relative to 18 month old Amy mice
that were fed the AIN93-M diet. (E) p=0.025. (#) p=0.002.
A two-way ANOVA indicated an age-diet-type interaction (p=0.06). Bonferroni post tests
revealed significant differences relative to 18 month old Amy mice that were fed the
AIN93-M diet. (@) p=0.05.
A one-way ANOVA revealed that there were no differences in brain weight amongst
15 month old mice (p=0.58, Table 4). However, a one-way ANOVA of the brain
weights of 18 month old mice revealed significant differences (p=0.0006, Table 4).
Bonferroni post tests revealed that 18 month old Amy mice that were fed the AIN93-
M diet had significantly heavier brains than either Amy mice that were fed the Oz-
AIN diet (p=0.025, Table 4) or normal mice that were fed the Oz-AIN diet (p=0.002,

Table 4).

A two-way ANOVA was carried out on the brain weights of 15 and 18 month old
Amy mice that had been fed the AIN93-M diet or the Oz-AIN diet. An age-diet-type

interaction accounted for 10.11% of the total variance of brain weights (p=0.06, Table
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4). Although this is not significant at p<0.05, it is suggestive of trends for an age-diet-
type interaction on brain weight of Amy mice that are fed either the AIN93-M diet or
the Oz-AIN diet. Bonferroni post tests revealed that this interaction effect could be
attributed to the brain weights of Amy mice that were fed the AIN93-M diet. The
brains of 18 month old Amy mice that were fed the AIN93-M diet were significantly
heavier than those of 15 month old Amy mice that had been fed the AIN93-M diet
(p=0.05, Table 4). Neither diet-type nor age had a significant effect on brain weights
of mice, and accounted for 6.24% and 5.58% of overall variance respectively (p=0.14

and p=0.16 respectively, Table 4).

4.2.2. A description of B-amyloid staining in Amy mouse brains

using bright field microscopy at low magnification.

The B-amyloid neuropathology of Amy mice was examined and classified using
immunohistochemical and immunofluorescent techniques. Mice were killed at 15 or
18 months of age, their brains were collected and cut at Spm sections and mounted

onto slides.

Figure 2 shows representative samples of brain sections from 15 months old Amy
mice that were fed either the AIN93-M diet (Figure 2C), the Oz-AIN diet (Figure
2E), or the Oz-AIN Supp diet (Figure 2G), and from 18 month old Amy mice that
were fed the AIN93-M diet (Figure 2D) or the Oz-AIN diet (Figure 2F).
Representative brain sections from normal mice that were fed the Oz-AIN diet
demonstrate an absence of B-amyloid in the 15 and 18 month old normal mouse brain

(Figure 2A and 2B respectively).
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Figure 2. Representative samples of sagittal brain sections from 15
and 18 month old normal and Amy mice that have been

stained for p-amyloid.

2A. 15 months old 18 months old

2B.

Amy mouse Amy mouse Normal mouse
Oz-AIN diet AIN93-M diet Oz-AIN diet

Amy mouse
Oz-AIN Supp diet

Figure 2. Brightfield images of normal and Amy mouse brain at 15 and 18 months old at low
power. (A) Sagittal section of a 15 month old normal mouse brain that does not contain any
staining for f-amyloid. (B) Sagittal section of an 18 month old normal mouse brain that does
not contain any staining for B-amyloid. (C), (E) and (G) are representative sagittal brain
sections of 15 month old Amy mice fed the AIN93-M diet (C), the Oz-AIN diet (E) and the
Oz-AIN Supp diet (G). (D) and (F) are representative sagittal brain sections of 18 month old
Amy mice fed the AIN93-M diet (D) and the Oz-AIN diet (F). Beta-amyloid was detected
using the 6E10 antibody. Scale bars in all images are 2 mm.
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4.2.2.1. A description of f-amyloid staining in the brains of 15 month old mice at

low magnification.

There was no -amyloid staining detected in the representative samples of the brains
from 15 month old normal mice fed the Oz-AIN diet (Figure 2A). Therefore, the
brains of the 15 month old normal mice that had been fed the Oz-AIN diet have been

excluded from all further analysis of neuropathology.

The representative samples of the brains from the 15 month old Amy mice that were
fed either the AIN93-M diet, Oz-AIN diet, or the Oz-AIN Supp diet stained positive
for B-amyloid (Figures 2C, 2E, and 2G respectively). The B-amyloid positive staining
was similar to that observed in other mouse models of AD [132, 136, 137]. This
confirmed that, irrespective of diet, the 15 month old mice that had been used in the
present study developed B-amyloid neuropathology that, when viewed under low

power, is similar to the f-amyloid neuropathology that seen in AD.

The Amy mice that were fed the Oz-AIN diet appeared to have more B-amyloid
deposits than Amy mice that were fed either the AIN93-M diet or the Oz-AIN Supp
diet (Figure 2E compared to Figures 2C and 2G respectively). This was investigated
further with quantitative analysis of amyloid load and the number of B-amyloid

deposits (sections 4.2.3. and 4.2.4.).

4.2.2.2. A description of f-amyloid staining in the brains of 18 month old mice at

low magnification.

There was no f-amyloid staining detected in the representative samples of the brains
from 18 month old normal mice that were fed the Oz-AIN diet (Figure 2B). This
confirmed that even in old age, normal mice that are fed a sub-optimal diet do not
develop the B-amyloid neuropathology that is observed in AD. The brains from 18
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month old normal mice that were fed the Oz-AIN diet were excluded from all further

analysis of neuropathology.

The representative samples of brains from 18 month old Amy mice that were fed
either the AIN93-M diet or the Oz-AIN diet stained positive for amyloid. Beta-
amyloid positive staining appeared similar to that observed in other mouse models of
AD [132, 136, 137]. This confirms that the Amy mouse model used in the present
study develops B-amyloid deposits that appear similar to the f-amyloid deposits in

AD, under low power.

The representative samples of the brains from 18 month old Amy mice that had been
fed the Oz-AIN diet appeared to have less f-amyloid positive staining than the brains
from age matched Amy mice fed the AIN93-M diet (Figures 2D and 2F). This was
explored further with quantitative analysis of amyloid load and the number of f-

amyloid deposits (sections 4.2.3. and 4.2.4.).

4.2.3. The effect of diet on amyloid load in the brains on 15 and 18

month old Amy mice.

Amyloid load is a measurement of the percentage area of each representative brain
sample that has stained positive for a f-amyloid marker (6E10). Diet did not have a
significant effect on amyloid load in 15 or 18 month old Amy mice (p=0.45 and
p=0.12 respectively, Table 5, Figures 3A and 3B). While the brains of 15 month old
Amy mice that were fed the AIN93-M diet had higher amyloid loads than brains from
Amy mice that were fed the Oz-AIN diet or the Oz-AIN Supp diet, this was not
significant with Bonferroni post tests (p=0.44 and p=0.55 respectively, Table 5). The
amyloid loads in the brains of 18 month old Amy mice that were fed the AIN93-M
were lower than those of 18 month old Amy mice that were fed the Oz-AIN diet,

however this was also not significant (p=0.11, Table 5, Figure 3).
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Table 5. Amyloid load in the brains of 15 and 18 month old Amy mice.

Amy mice Amy mice Amy mice
AIN93-M diet Oz-AIN diet Oz-AIN Supp diet
15 months 3.50 £0.16% 2.97 £0.32% 3.05 £0.26%
18 months 4.16 £0.32% 5.19+0.21% ° ——-N/A------

All values are mean £SEM. A two-way ANOVA revealed a significant effect of age

(p=0.008). Numbers with matching symbols are significantly different with Bonferroni

post tests. (@) p=0.02.
To determine whether or not age had an effect on amyloid load in Amy mice brains, a
two-way ANOVA was carried out on the amyloid load in the brains of 15 and 18
month old Amy mice that were fed either the AIN93-M or the Oz-AIN diet (Figure
4). The brains of mice that were fed the Oz-AIN Supp diet were not included in these
calculations, as there were no 18 month old mice that had been fed the Oz-AIN Supp
diet. The two-way ANOVA revealed that age accounted for 27.62% of the variance
of amyloid load (p=0.0008, Table 5). Diet-type and an age-diet-type interaction only
accounted for 0.82% and 8.14% of the variance respectively (p=0.62 and p=0.12,
Table 5). Bonferroni post tests indicated that the age effect could be attributed to
significant differences between amyloid load in the brains of 15 and 18 month old

Amy mice that were fed the Oz-AIN diet (p=0.02, Table 5, Figure 4).

The finding that there was a greater percentage of positive staining for f-amyloid in
the brains of 18 month old mice compared to those of 15 month old mice contrasts
with qualitative observations under the low power (section 4.2.2., Figure 2). To
elucidate whether or not the amyloid load that was measured digitally truly reflected
the B-amyloid positive staining, individual deposit counts were made in each

representative section.

200



Figure 3A. The effect of diet on amyloid load in the brains of 15

month old Amy mice.

6.0
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Amyloid load (%)
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AIN93-M diet Oz-AIN diet Oz-AIN Supp diet

Figure 3A. Amyloid load was measured in the brains of 15 month old mice fed the
AIN93-M diet (red bars, n=7), Oz-AIN diet (green bars, n=12), or the Oz-AIN Supp
diet (blue bars, n=12). Amyloid load is expressed as percentage area that stained
positive for B-amyloid in a 5 um section of brain tissue. Bars represent mean +SEM.
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Figure 3B. The effect of diet on amyloid load in the brains of 18

month old Amy mice.
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Figure 3B. Amyloid load was measured in the brains of 18 month old mice fed the
AIN93-M diet (red checked bar, n=6), or the Oz-AIN diet (green checked bar, n=6).
Amyloid load is expressed as percentage area that stained positive for -amyloid in a
5 wm section of brain tissue. Bars represent mean =SEM.
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Figure 4. The effect of age on amyloid load in the brains of 15 and 18

month old Amy mice.
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Figure 4. Amyloid load was compared between 15 month old Amy mice that were
fed the AIN93-M diet (red bar, n=7) and 18 month old Amy mice that were fed the
AIN93-M diet (red checked bar, n=6), and between 15 month old Amy mice that
were fed the Oz-AIN diet (green bar, n=12) and 18 month old Amy mice that were
fed the Oz-AIN diet (green checked bar, n=6). Amyloid load is expressed as
percentage area that stained positive for f-amyloid in a 5 um section of brain tissue.
Bars represent mean =SEM. A two-way ANOVA detected a significant effect of age
(p=0.008). Bars with matching symbols are significantly different with Bonferroni
post tests. (#) p=0.02.
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4.2.4. Characterising the existence and total number of B-amyloid

deposits in the brains of 15 and 18 month old Amy mice.

Beta-amyloid deposits in the brains of 15 and 18 month old Amy mice were counted
and scored based on size. Large deposits were >35 um wide, medium deposits were
15 — 35 pm wide, and smaller deposits were <15 um (Figure 5). Deposits often
consisted of a dense core, surrounded by lighter staining for amyloid, which was
considered to be debris. However, not all deposits had debris, and not all debris
contained a core. To maintain consistency throughout counts, only deposits that
contained a core were counted and were measured across the widest point of the core.
Debris without a core was not scored in the counts as it was too diffuse to measure

size accurately (Figure 5).

4.2.4.1. Beta-amyloid deposit counts in the brains of 15 month old Amy mice.

There were no significant differences in the total number of -amyloid deposits that
were counted in the brains of 15 month old Amy mice that were fed the AIN93-M
diet, the Oz-AIN diet or the Oz-AIN Supp diet (p=0.36, Figure 6A). This confirms
that the numbers of each deposit size (small, medium, and large) would be
comparable between each of the dietary groups. Although differences were not
significant, there appeared to be fewer B-amyloid deposits in the brains of 15 month
old Amy mice fed the AIN93-M diet than in the brains of Amy mice fed either the
Oz-AIN diet (p=0.33, Table 6, Figure 6A) or the Oz-AIN Supp diet (p=0.69, Table 6,
Figure 6A). This is most likely attributed to the finding that Amy mice that were fed
the AIN93-M diet had fewer large deposits than mice that were fed the Oz-AIN diet

or the Oz-AIN Supp diet.
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Figure 5. Small, medium and large deposits in the Amy mouse brain

and measured under low power microscopy.
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(>35um)
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Debris
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Large

deposit

Figure SA. Representative images of large (>35 um), medium (15 — 35 um) and
small (<15 um) deposits and debris that are seen in low power images of the Amy
mouse brain.

Figure 5B. Representative image of an Amy mouse brain stained for P-amyloid
(6E10) demonstrating the distribution and variety of large, medium and small
deposits and debris in the hippocampus. Scale bar in image B is 200 pm.
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Figure 6. Total, small, medium and large deposits in the 15 old Amy

mouse brain and counted at 45x magnification.
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Figure 6A. The total number of B-amyloid deposits in representative sections in the
brains of 15 month old mice fed the AIN93-M diet (red bars, n=7), Oz-AIN diet
(green bars, n=12), or the Oz-AIN Supp diet (blue bars, n=12). Deposits were counted
at 45x magnification. Bars represent mean +SEM.

Figure 6B. The number of small (<l15um) B-amyloid deposits in representative
sections in the brains of 15 month old mice fed the AIN93-M diet (red bars, n=7), Oz-
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AIN diet (green bars, n=12), or the Oz-AIN Supp diet (blue bars, n=12). Deposits
were counted at 45x magnification. Bars represent mean +SEM.

Figure 6C. The number of medium (15um - 35um) B-amyloid deposits representative
sections in the brains of 15 month old mice fed the AIN93-M diet (red bars, n=7), Oz-
AIN diet (green bars, n=12), or the Oz-AIN Supp diet (blue bars, n=12). Deposits
were counted at 45x magnification. Bars represent mean +SEM.

Figure 6D. The number of large (>35um) B-amyloid deposits representative sections
in the brains of 15 month old mice fed the AIN93-M diet (red bars, n=7), Oz-AIN
diet (green bars, n=12), or the Oz-AIN Supp diet (blue bars, n=12). Deposits were
counted at 45x magnification. Bars represent mean +SEM. A one-way ANOVA
detected significant differences (p=0.004). Bars with the same letter are significantly
different with Bonferroni post tests. (£) p=0.004. (®) p=0.02.

Table 6. Beta-amyloid counts and integrated densities from brain
sections of 15 month old mice.

Amy mice Amy mice Amy mice
AIN93-M diet Oz-AIN diet Oz-AIN Supp diet
Total f-amyloid
527.80 £56.75 633.90 +47.16 589.70 +49.31
deposits
Large deposits - o
5.13 +0.61 14.40 +1.86 © 12.60 +2.14
(> 35 pm)
Medium deposits
70.00 +6.75 93.90 +6.18 84.4 +7.14
(15-35 pm)
Small deposits
452.60 £50.50 545.60 +42.83 492.70 +42.66
(<15 pm)
Integrated 6.36x 10°+1.19 | 11.10x 10°+1.69 | 6.93 x 10°+1.03 x
density x 10 x 10 108

Beta-amyloid deposits in 5 um brain sections of 15 month old Amy mice that were fed the
AIN93-M diet, Oz-AIN diet or Oz-AIN Supp diet. All values are mean £SEM. A one-way
ANOVA detected significant diet-type effects on the number of large deposits (p=0.004).
Bonferroni post tests revealed () p=0.004. (®) p=0.02 relative to large deposits of Amy
mice fed the AIN93-M diet.
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The brains from 15 month old Amy mice that were fed the AIN93-M diet had fewer
large deposits, medium deposits and small deposits than the brains of mice fed either
the Oz-AIN diet or the Oz-AIN Supp diet (Table 6, Figure 6B, 6C and 6D,
respectively). This was not significant for small deposits (Figure 6B) or medium
deposits (Figure 6C). However, there was a significant diet-type effect on the number
of large deposits (p=0.004, Figure 6D). The representative samples of brains from 15
month old Amy mice that had been fed the AIN93-M diet had significantly fewer
large deposits than Amy mice that had been fed either the Oz-AIN diet (p=0.004,

Table 6, Figure 6D) or the Oz-AIN Supp diet (p=0.02, Table 6, Figure 6D).

4.2.4.2. Beta-amyloid deposit counts in the brains of 18 month old Amy mice.

There were more B-amyloid deposits in the brains of 18 month old Amy mice that
were fed the AIN93-M diet than in the brains of age matched mice fed the Oz-AIN
diet (635 £206 and 451 +£70 respectively, Table 7, Figure 7A). Unlike the brains of 15
month old mice, the 18 month old Amy mice that had been fed the AIN93-M diet had
more small deposits than Amy mice that were fed the Oz-AIN diet. However, owing
to the large variation of the number of small deposits in the brains of 18 month old
Amy mice that were fed the AIN93-M diet, this failed to achieve significance
(p=0.50, Figure 7B). Similar trends were seen for medium deposits (p=0.51, Figure

7C) and large deposits (p=0.15, Figure 7D).
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Table 7. Beta-amyloid counts and integrated densities from brain

sections of 18 month old mice.

Amy mice Amy mice
AIN93-M diet Oz-AIN diet
Total B-amyloid
635.0 +£206.0 451.0 £70.0
deposits
Large deposits
10.0 £3.0 3.0 £0.5
(> 35 pm)
Medium deposits
105.5 +28.5 76.0 £23.0
(15-35 pm)
Small deposits
519.0 +171.5 372.0 +47.0
(<15 pm)
Integrated . ; . 6
2.90 x 10°+5.53 x 10 2.67x10°+9.53 x 10
density

Beta-amyloid deposits in 5 pum brain sections of 18 month old Amy mice that were fed the

AIN93-M diet or Oz-AIN diet. All values are mean +SEM.
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Figure 7. Total, small, medium and large deposits in the 18 month old

Amy mouse brain and counted at 45x magnification.
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Figure 7A. The total number of B-amyloid deposits in representative sections in the
brains of 18 month old mice fed the AIN93-M diet (red checked bars, n=6) or the Oz-
AIN diet (green checked bars, n=6). Deposits were counted at 45x magnification.
Bars represent mean =SEM.

Figure 7B. The number of small (<15um) B-amyloid deposits in representative
sections in the brains of 18 month old mice fed the AIN93-M diet (red checked bars,
n=6) or the Oz-AIN diet (green checked bars, n=6). Deposits were counted at 45x
magnification. Bars represent mean +SEM.

Figure 7C. The number of medium (15um - 35um) B-amyloid deposits in
representative sections in the brains of 18 month old mice fed the AIN93-M diet (red
checked bars, n=6) or the Oz-AIN diet (green checked bars, n=6). Deposits were
counted at 45x magnification. Bars represent mean +SEM.

Figure 7D. The number of large (>35um) PB-amyloid deposits in representative
sections in the brains of 18 month old mice fed the AIN93-M diet (red checked bars,
n=6) or the Oz-AIN diet (green checked bars, n=6). Deposits were counted at 45x
magnification. Bars represent mean =SEM.
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4.2.5. Integrated densities of the brains of 15 and 18 month old Amy

mice.

Integrated densities were also measured using Image J software to give further
indication of the total amount of B-amyloid in mouse brain sections. Integrated
densities are a measure of the mean gray value of a digital image. A higher integrated

density indicates higher levels of positive staining across the representative image.

Brain sections of 15 month old Amy mice that were fed the Oz-AIN diet had higher
integrated densities than those from Amy mice that were fed the Oz-AIN Supp diet or
the AIN93-M diet (Table 6). While this is similar to the qualitative assessment of the
effect of diet on B-amyloid deposition (section 4.2.2.) and the total numbers of [3-
amyloid deposits (section 4.2.4.), the differences between integrated densities were

not significant (p=0.15, Table 6).

Brain sections from 18 month old Amy mice that were fed the Oz-AIN diet had lower
integrated densities than age matched litter mates fed the AIN93-M diet. However

these differences did not achieve significance (Table 7).

Figure 5B shows a representative sample that contains small, medium and large
deposits and debris. The integrated densities may differ from deposit counts because
they have also measured the amount of debris. It is acknowledged that the f-amyloid
that was deposited as debris may have had a bearing of B-amyloid neuropathology.
However, direct measurement of the amount of debris was not carried out in these

low power images, as it was hard to separate debris from deposits.
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4.2.6. Confocal analysis of p-amyloid deposits in Amy mouse brains.

4.2.6.1. Different deposit formations that were observed using confocal

microscopy.

Beta-amyloid deposits were also characterised under confocal microscopy. First, it
was determined whether deposits of B-amyloid were intracellular or extracellular.
This was determined by co-localisation with DAPI nuclear staining. Interactions
between B-amyloid and different cell-types were also investigated by looking for f3-
amyloid co-localisation with markers for neurons (MAP2, Figure 9), astrocytes
(GFAP, Figure 10), and oligodendrocytes (P25, Figure 11). An attempt to co-localize

B-amyloid with microglia was made, but staining was unsuccessful.

Confocal images revealed that, irrespective of diet, the 15 and 18 month old Amy
mouse brains contained three different types of f-amyloid deposits: (i) intracellular 3-
amyloid (Figure 8A, Figure 9A, 9B and 9C), or extracellular B-amyloid in either (ii)
large, diffuse deposits (Figure 8B), or (iii) smaller diffuse deposits that were

associated with the blood-brain barrier (Figure 8C, Figure 10C).

@i) Intracellular f-Amyloid.

Neurons co-localised with light staining for intracellular B-amyloid (Figure 9A).
DAPI staining in these cells was bright and had a well defined structure indicative of
an intact nucleus in amyloid-containing neurons. There were also neurons that
contained brighter staining for -amyloid (Figure 8A, Figure 9B). A minority of these
cells were intact with a preserved nucleus and appeared to secrete B-amyloid into the
extracellular space (Figure 9B). Other neurons appeared to have ruptured with a
disintegrating nucleus, as indicated by diffuse DAPI staining that spanned an area 3-4

times greater than that of surrounding intact nuclei (Figure 8A, Figure 9C). This is
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suggestive of necrotic morphology. The B-amyloid deposits that co-localised with
necrotic cells had a bright core that was 14.93 +0.70 um across the centre of the
widest point, and were surrounded by diffuse f-amyloid staining that extended 32.69

+1.84 um from the centre of the core (Figure 8A, Figure 9C).

(ii) Extracellular f-Amyloid — Large diffuse deposits.

Extracellular B-amyloid deposits were either large diffuse deposits (92.85 £8.94 pm
across the centre of the widest point) that often covered the entire field of view (250
um). There were occasional small extracellular deposits (28.9 +4.43 um across the
centre of the widest point) (Figures 8B and 8C). The larger deposits contained DAPI
staining of intact nuclei. Smaller extracellular deposits were not associated with

DAPI staining of either intact nuclei or necrotic cells.

(iii)  Extracellular f-Amyloid — Blood Brain Barrier.

Astrocytes are glial cells that connect to and protect neurons via foot processes.
Astrocyte foot processes can also insheathe endothelial cells and form a part of the
blood brain barrier. Beta-amyloid deposits that were 57.65 +4.89 pum across the
widest point of a bright region, co-localised with astrocyte foot processes that

appeared to be the astrocytes processes that line the blood brain barrier (Figure 10D).

There appeared to be gaps between astrocytes processes that were associated with [3-
amyloid (Figure 10D). While these gaps may have been due foot processes moving
out of the plane at which images were taken, they could equally have represented
breaks in the blood brain barrier. This is addressed further in the discussion section of
this chapter (pp. 253-256). The B-amyloid deposit-blood brain barrier association was
accompanied by large areas of diffuse B-amyloid staining extending 133.30 £59.24
um the blood vessel (Figure 8C).
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Figure 8A. Intracellular B-amyloid associated with necrotic cells.

DAPI 6E10

MERGED

Figure 8A. Necrotic cells had diffuse DAPI staining, which spread 4-5 times the area
of surrounding cells and co-localised with bright f-amyloid staining. Beta-amyloid
deposits were co-localised with DAPI nuclear staining. Beta-amyloid was stained
with 6E10. Nuclear tissue was stained with DAPI. Scale bars are 15 pm.
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Figure 8B. Extracellular B-amyloid in large diffuse deposits of p-

amyloid.

DAPI

MERGED

t

200 pm

Figure 8B. Diffuse deposits of f-amyloid were large and surrounded intact nuclei.
Beta-amyloid was stained with 6E10. Nuclear tissue was stained with DAPI. Scale
bars are 50 um.
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Figure 8C. Extracellular -amyloid at the Blood Brain Barrier.

DAPI 6E10

MERGED

Figure 8C. Diffuse deposits that associated with blood vessels had a bright core and
did not co-localise with any of the surrounding cells. Beta-amyloid was stained with
6E10. Nuclear tissue was stained with DAPI. Scale bars are 10 pum.
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Figure 9A. Beta-amyloid co-localised with neurons.

DAPI MAP2 6E10

MERGED

Figure 9A. Most neurons co-localised with light staining for amyloid. Neurons were
stained with MAP2. Beta-amyloid was stained with 6E10. Nuclear tissue was stained
with DAPI. Scale bars are 30 um
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Figure 9B. Neurons with intact nuclei appeared to secrete
p-amyloid.

DAPI MAP2 6E10

MERGED

Figure 9B. Extra-cellular f-amyloid that surrounded neurons appeared to be secreted
by neurons that contained higher amounts of B-amyloid than surrounding cells and
had intact nuclei. Neurons were stained with MAP2. Beta-amyloid was stained with
6E10. Nuclear tissue was stained with DAPI. Scale bars are 15 pm.
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Figure 9C. Cells that did not secrete f-amyloid underwent necrosis.

DAPI MAP2 6E10

MERGED

Figure 9C. Neurons that contained higher amounts of B-amyloid than surrounding
cells appeared to undergo necrosis. Neurons were stained with MAP2. Beta-amyloid
was stained with 6E10. Nuclear tissue was stained with DAPI. Necrotic cells had
collapsed nuclei that spread 4-5 times the area of surrounding cells. Scale bars are 30
pm.
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Figure 10A. Astrocytes did not co-localise with necrosis-associated or
diffuse deposits of p-amyloid.

DAPI GFAP 6E10

MERGED

Figure 10A. Astrocytes had no preference for necrosis-associated or diffuse deposits
of B-amyloid. Astrocytes were stained with GFAP. Beta-amyloid was stained with
6E10. Nuclear tissue stained with DAPI. Scale bars are 30 pm.
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Figure 10B. Endfoot processes of astrocytes line the Blood Brain
Barrier.

DAPI GFAP 6E10

MERGED

Figure 10B. Endfoot processes of astrocytes line the blood brain barrier. Astrocytes
were stained with GFAP. Beta-amyloid was stained with 6E10. Nuclear tissue stained
with DAPI. Scale bars are 15 pm.
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Figure 10C. Amyloid was associated with possible breaks in endfoot
processes that were associated with the Blood Brain
Barrier.

DAPI GFAP 6E10

MERGED

Figure 10C. Amyloid was associated with possible breaks in the blood brain barrier.
Astrocytes were stained with GFAP. Beta-amyloid was stained with 6E10. Nuclear
tissue stained with DAPI. Scale bars are 10 pm.
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Figure 11A. Oligodendrocytes did not co-localize with necrotic cells
and only occasionally co-localised with extracellular
amyloid.

DAPI P25 6E10

Figure 11A. Oligodendrocytes had intact nuclei and were not associated with necrotic
cells or co-localise with amyloid. Oligodendrocytes were stained with P25. Beta-
amyloid was stained with 6E10. Nuclear tissue was stained with DAPI. Scale bars are
30 pm.
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Figure 11B. Oligodendrocytes did not co-localize with cells that
secreted p-amyloid.

DAPI P25 6E10

Figure 11B. Oligodendrocytes were not associated with cells that secreted B-amyloid.
Oligodendrocytes were stained with P25. Beta-amyloid deposit types were stained
with 6E10. Nuclear tissue was stained with DAPI. Scale bars are 15um.
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4.2.6.2. Beta-amyloid co-localisation with astrocytes, oligodendrocytes,

microglia and neurons.

Cell populations that were associated with the different deposits of B-amyloid were
viewed with confocal microscopy (Figure 9, Figure 10, Figure 11). Whilst microglial
staining was unsuccessful, staining for neurons, astrocytes and oligodendrocytes
revealed that each cell type co-localised differently with amyloid.

(@) Neurons.

As described in section 4.2.6.1. (p. 213), most neurons contained amyloid in low
levels (Figure 9A). However, there were some neurons that either: had intact nuclei
and secreted amyloid (Figure 9B), or appeared necrotic and contained high levels of
intracellular amyloid (Figure 9C).

(ii) Astrocytes.

While some astrocytes co-localised with external deposits of amyloid, this was not
consistent. There were many external deposits that did not contain astrocytes, despite
there being multiple groups of astrocytes within 50 pm of the deposit (Figure 10A).
Astrocytes did not co-localise with the necrotic cells, indicating that the astrocytes
were not involved with the detoxification of necrotic cells that contained pf-amyloid

(Figures 10A).

As highlighted in section 4.2.6.1. astrocyte processes line the blood brain barrier
(Figure 10B). These processes co-localised with B-amyloid deposits that were 57.65
+4.89 um across the centre, and extended 133.30 £59.24 um away from the blood
vessel (Figure 10C). There appeared to be breaks in the astrocyte processes that co-
localised with amyloid, which may be suggestive of a dysfunctional blood brain

barrier. However, this study has not investigated blood brain barrier integrity, so this
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was not determined. Furthermore, it was not determined whether this is clearance or

invasion of B-amyloid from vascular sources across the blood brain barrier.

(iii)  Oligodendrocytes.

Oligodendrocytes occasionally co-localised with the B-amyloid in the large diffuse
deposits, but this did not happen frequently enough to confirm a relationship between
the two (Figure 11A). While the oligodendrocytes associated with other cells that had
intact nuclei, they never associated with cells that were undergoing necrosis (Figures
11A and 11B). Similarly, oligodendrocytes did not associate with intact cells that

secreted B-amyloid (Figure 11B).

The effect of diet on cell population within the brains of 15 and 18 month old Amy
mice was not characterised due to (i) the failure to produce successful staining for
microglia; and (ii) the lack of interaction between astrocytes and oligodendrocytes

with amyloid.

4.2.7. The effect of diet on deposit type in the brains of Amy mice.

As outlined in 4.2.6.1. (pp. 213-214), B-amyloid was present in low levels in all

neurons (Figure 9A), and there were three other distinct B-amyloid deposit-types in

the Amy mouse brains:

@) Intracellular p-amyloid that was associated with necrotic cells.

These were small, bright B-amyloid deposits with a diffuse DAPI core.
Whilst DAPI staining of intact nuclei is bright and structured, the DAPI
cores that were associated with B-amyloid were diffuse, with little
structure and spread over an area 3-4 times that of surrounding cells,

which is suggestive of necrotic morphology (Figure 8A, Figure 9C).
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These deposits will be referred to as “necrosis-associated deposits” for the
remainder of this thesis.
(ii) Extracellular deposits of f-amyloid that were large and diffuse.
These were large, diffuse, extracellular deposits of B-amyloid that spread
92 +8.94 pm and contained small intact cells (Figure 8B). These deposits
will be referred to as “diffuse deposits” for the remainder of this thesis.
(iii)  Extracellular deposits of f-amyloid that were associated with end foot
processes that lined the blood brain barrier.
These were extracellular deposits that were smaller deposits than the
diffuse deposits (57.65 +£4.89 um), which associated closely with breaks
in foot processes of astrocytes that appeared to line the blood brain barrier
(Figure 8C, Figure 10D). These deposits will be referred to as “BBB-

associated deposits” for the remainder of this thesis.

To characterise the effect of diet on deposit type in the brains of Amy mice, each
deposit type was counted and expressed as a percentage of total deposits in 10
representative sections spanning 250 um?® from the brains of 15 month old (Table 8,

Figure 11) and 18 month old Amy mice (Table 9, Figure 12).

There were no differences in the total number of deposits counted confirming that
percentages of deposit types made were a true reflection of deposit populations in the
brains of 15 month old Amy mice that were fed the AIN93-M diet, Oz-AIN diet or

the Oz-AIN Supp diet (Table 8, Table 9).

228



4.2.7.1. The effect of diet on deposit type in the brains of 15 month old Amy

mice.

There was no overall effect of diet on the percentage of necrosis-associated deposits
or diffuse deposits in the brains of 15 month old Amy mice (Table 8, Figure 11).
However, the percentage of BBB-associated deposits was affected by diet (p<0.001,
Table 8, Figure 12). The percentage of BBB-associated deposits in the brains of 15
month old Amy mice that had been fed the Oz-AIN Supp diet was significantly
higher than those in the brains of Amy mice that had been fed either the AIN93-M

diet (p<0.01) or the Oz-AIN diet (p<0.001) (Table 8, Figure 12).

Further investigation lead to a comparison of the deposit-type population profile
within each dietary group (Figure 13). Amy mice that were fed the AIN93-M diet had
a similar profile of distribution as Amy mice that had been fed the Oz-AIN diet
(Table 8, Figures 13A and 13B). Both dietary groups had significantly more necrosis-
associated deposits than diffuse deposits (p<0.0001, Table 8, Figures 13A and 13B).
Similarly, both diet groups had significantly more defuse deposits than BBB-
associated deposits (p<0.0001, Table 8, Figures 13A and 13B), with negligible
percentages of BBB-associated deposits. This indicates that diet-type does not affect

deposit profile in the brains of Amy mice.

However, in the brains of Amy mice that were fed the Oz-AIN Supp diet, there was
an equal distribution of each of the deposit types (Table 8, Figure 13C). It is likely
that this was achieved through the increased amount of -amyloid that was associated

with the blood brain barrier.

Collectively, these results suggest that although overall diet-type did not affect

deposit profile in the brains of 15 month old Amy mice, the nutrient supplements
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were able to alter deposit distribution so that there were equal numbers of necrosis-

associated, large, and BBB-associated deposits.

Table 8. Confocal counts and percentage of B-amyloid deposit types in the
brains of 15 month old Amy mice.

Amy mice Amy mice Amy mice
AIN93-M diet Oz-AIN diet Oz-AIN Supp diet
Total p-amyloid
deposits in
10 brain sections 20.25£5.12 18.25+£3.73 20.00 £7.66
(mean £SEM)
Necrosis associated
B-amyloid deposit 66.36 £5.89 79.74 £5.67 57.28 +8.44
(% of total)
Large diffuse
B-amyloid deposit | 28.64+6.00=° | 24.25+4.56=° 38.83 +8.83
(% of total)
BBB-associated
B-amyloid deposit | 6.63 £2.32 =% 0.68 £0.68 =% 37.50 £15.71
(% of total)

Percentage of necrosis-associated deposits, diffuse deposits and BBB-associated deposits
in the brains of 15 month old Amy mice. All values are mean £SEM. The percent of each
deposit type differed significantly within dietary groups, and was detected with Bonferroni
post tests. (£) p<0.0001 relative to percentage of necrosis associated f-amyloid deposits
within the same dietary group. (®) p=0.008, (®) p=0.0004 relative to percentage of BBB-
associated within the same dietary group. The percentage of BBB-associated -amyloid
deposits differed significantly across dietary groups, and was detected with Bonferroni
post tests. (X) p=0.02 relative to BBB-associated deposits in the brains of Oz-AIN Supp
diet mice.
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Figure 12. The effect of diet on the percentage of necrosis-associated
deposits, diffuse deposits, or BBB-associated deposits in
the brains of 15 month old Amy mice.
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Figure 12A. The percentage of necrosis-associated deposits within the brains of 15
month old Amy mice that were fed either the AIN93-M diet (red bars, n=7), the Oz-
AIN diet (green bars, n=12), or the Oz-AIN Supp diet (blue bars, n=12) were
compared. Bars represent mean +SEM.

Figure 12B. The percentage of diffuse deposits within the brains of 15 month old
Amy mice that were fed either the AIN93-M diet (red bars, n=7), the Oz-AIN diet
(green bars, n=12), or the Oz-AIN Supp diet (blue bars, n=12) were compared. Bars
represent mean +SEM.

Figure 12C. The percentage of BBB-associated deposits within the brains of 15
month old Amy mice that were fed either the AIN93-M diet (red bars, n=7), the Oz-
AIN diet (green bars, n=12), or the Oz-AIN Supp diet (blue bars, n=12) were
compared. Bars represent mean =SEM. Bars with matching symbols are significantly
different with Bonferroni post tests. () p=0.02. (®) p=0.02.
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Figure 13A. The percentage of each deposit type in the brains of 15 month old Amy
mice that had been fed the AIN93-M diet (n=7). Deposits were viewed under
confocal microscopy and scored as either: (i) being associated with necrotic cells
(necrosis-associated deposits, green bars), (ii) in large external deposits (diffuse
deposits, red bars), or (iii) associated with blood brain barrier (BBB-associated
deposits, yellow bars). Bars represent mean +SEM. Bars with matching symbols are
significantly different with Bonferroni post tests. (E) p<0.0001. (») p<0.0001.
(@) p=0.008.

Figure 13B. The percentage of each deposit type in the brains of 15 month old Amy
mice that had been fed the Oz-AIN diet (n=6). Deposits were viewed under confocal
microscopy and scored as either: (i) being associated with necrotic cells (necrosis-
associated deposits, green bars), (ii) in large external deposits (diffuse deposits, red
bars), or (iii) associated with blood brain barrier (BBB-associated deposits, yellow
bars). Bars represent mean =SEM. Bars with matching symbols are significantly
different with Bonferroni post tests. (£) p<0.0001.(%) p<0.0001. (®) p=0.0004.
Figure 13C. The percentage of each deposit type in the brains of 15 month old Amy
mice that had been fed the Oz-AIN Supp diet (n=4). Deposits were viewed under
confocal microscopy and scored as either: (i) being associated with necrotic cells
(necrosis-associated deposits, green bars), (ii) in large external deposits (diffuse
deposits, red bars), or (iii) associated with blood brain barrier (BBB-associated
deposits, yellow bars). Bars represent mean +SEM.
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4.2.7.2.

mice

The effect of diet on deposit type in the brains of 18 month old Amy

Diet did not affect the distribution of deposit type in the brains of 18 month old Amy

mice (Table 9, Figure 14). The percentage of necrosis-associated deposits and the

percentage of diffuse deposits did not differ between the brains of Amy mice that

were fed either the AIN93-M diet or the Oz-AIN diet (Table 9, Figure 14). However,

the 18 month old Amy mice that were fed the Oz-AIN Supp diet had no B-amyloid

that was associated with the blood brain barrier (Table 9, Figures 14 and 15B).

Table 9. Confocal counts and percentages of p-amyloid deposits types in the
brains of 18 month old Amy mice.

Total deposits Necrosis- . BBB-
. . . Diffuse .
in 10 brain associated ) associated
) . deposit .
sections deposit deposit
(% of total)
(mean £SEM) | (% of total) (% of total)
Amy mouse
27.08 3.33
AIN93-M 61 +6.70 75.69 £4.57% @ o=
. +6.67% +2.22%
diet
Amy mouse 68.51 25.00 0.00
. 58 £8.47 A
0Oz-AlIN diet +12.41% +12.91% +0.00%

Percent of B-amyloid deposits that were associated with necrosis-associated deposits, diffuse
deposits, and BBB-associated deposits. All values are mean +SEM. The percent deposit type
differed significantly with dietary groups, and was detected with Bonferonni’s post tests. (A)
p=0.02, (®) p<0.0001 relative to percentage of necrosis-associated deposits from the same diet
group; (£) p=0.02 relative to percentage of diffuse deposits from the same diet group.
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A comparison of the B-amyloid deposit population profile within each group revealed
similar profiles for deposit types in the brains of 18 month old Amy mice that had
been fed either the AIN93-M diet or the Oz-AIN diet. There were significant
differences between the percentage of necrosis associated deposits, diffuse deposits
and BBB-associated deposits in the brains of 18 month old Amy mice that had been
fed the AIN93-M diet (p<0.0001, Table 9, Figure 15A). The necrosis associated
deposits were the most common (75.69 +4.57), followed by diffuse deposits (27.08
+6.67%), with relatively negligible levels of BBB-associated deposits (3.33 £2.22%,

Table 9, Figure 15A).

There was no B-amyloid associated with the blood brain barrier in the brains of 18
month old Amy mice that were fed the Oz-AIN diet. Necrosis associated deposits
were significantly more abundant than diffuse deposits (p=0.006, Table 9, Figure
15B), which is similar to the profile observed in the brains of 18 month old Amy mice

that had been fed the AIN93-M diet (Figure 15A).
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Figure 14. The effect of diet on the percentage of necrosis-associated
deposits, diffuse deposits, or BBB-associated pB-amyloid
deposits in the brains of 18 month old Amy mice.
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Figure 14A. The percentage of necrosis-associated deposits within the brains of 18
month old Amy mice that were fed either the AIN93-M diet (red checked bars, n=6)
or the Oz-AIN diet (green checked bars, n=6) were compared. Bars represent mean

+SEM.

Figure 14B. The percentage of necrosis-associated deposits within the brains of 18
month old Amy mice that were fed either the AIN93-M diet (red checked bars, n=6)
or the Oz-AIN diet (green checked bars, n=6) were compared. Bars represent mean

+SEM.

Figure 14C. The percentage of necrosis-associated deposits within the brains of 18
month old Amy mice that were fed either the AIN93-M diet (red checked bars, n=6)
or the Oz-AIN diet (green checked bars, n=6) were compared. Bars represent mean

+SEM.
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Figure 15A. Distribution of each of the B-amyloid deposit types
through the brains of 18 month old Amy mice that
were fed either the AIN93-M diet.
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Figure 15A. The percentage of each deposit type in the brains of 18 month old Amy
mice that had been fed the AIN93-M diet (n=6). Deposits were viewed with confocal
microscopy and scored as either: (i) being associated with necrotic cells (necrosis-
associated deposits, green bars), (ii) in large external deposits (diffuse deposits, red
bars), or (iii) associated with blood brain barrier (BBB-associated deposits, yellow
bars). Bars represent mean +SEM. Bars with matching symbols are significantly
different with Bonferroni post tests. (£) p<0.0001. (@) p<0.0001. () p=0.02.
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Figure 15B. Distribution of each of the P-amyloid deposit types
through the brains of 18 month old Amy mice that were
fed either the Oz-AIN diet.
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Figure 15B. The percentage of each deposit type in the brains of 18 month old Amy
mice that had been fed the Oz-AIN diet (n=6). Deposits were viewed with confocal
microscopy and scored as either: (i) being associated with necrotic cells (necrosis-
associated deposits, green bars), (ii) in large external deposits (diffuse deposits, red
bars), or (iii) associated with blood brain barrier (BBB-associated deposits, yellow
bars). Bars represent mean +SEM. Bars with matching symbols are significantly
different with Bonferroni post tests. (£) p=0.006
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4.3. Discussion.

4.3.1. Bright field analysis

All Amy mouse brains had amyloid.

Long term high-fat diets increase amyloid precursor protein levels in normal mice
[167]. It was therefore important to establish whether or not the Oz-AIN diet, which
is also high in fat, could induce increased levels of f-amyloid in the brains of normal
mice. However, no B-amyloid staining was observed in the representative samples of
15 or 18 month old normal mice, demonstrating that prolonged feeding with a sub-
optimal diet did not increase B-amyloid deposition in the normal mice used in this

study.

Low power brightfield microscopy confirmed that there was B-amyloid throughout
the brains of 15 or 18 month old Amy mice. This is consistent with reports from
others [374-376] and validates the use of this mouse model to demonstrate the effects

of diet and age on B-amyloid deposition in the mouse brain.

Increased p-amyloid load, but decreased number of deposits in the brains of
aging Amy mice that were fed the Oz-AIN diet may be explained by changes in

the numbers of neurons.

The aging effect on amyloid deposition that has been reported here is consistent with
reports from others [377]. However, despite having lower amyloid loads, the 15
month old Amy mice that were fed the Oz-AIN diet had more deposits than 18 month
old Amy mice that were fed the same diet. This suggests that although f-amyloid load
increases with age, the total number of f-amyloid deposits decreases with age, and
this only happens in the brains of Amy mice that are fed the Oz-AIN diet.
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Two possible causes for the decrease in Pf-amyloid deposit number are either: (i)
decreased B-amyloid production; or (ii) increased -amyloid clearance. In the event of
either of these occurring, it would be expected that there would be some indication
that B-amyloid processing or clearance mechanisms differed at 15 and 18 months.
The number or small, medium and large B-amyloid deposits may provide some
indication that these events are taking place. However, the percentage of small,
medium and large deposits was the same in the brains of the 15 and 18 month old
Amy mice that had been fed the Oz-AIN diet. This indicates that similar percentages
of each type of deposit were being made at each age, and therefore B-amyloid
processing and clearance mechanisms were probably similar for both age groups.
Direct assessments of B-amyloid processing and degradation would be required to
make this conclusion. This may be achieved by Western-blot analysis of -secretase
or amyloid precursor protein intracellular domain, both of which are involved in -
amyloid production [46]; or insulin-degrading enzyme and neprilysin, which are

involved in B-amyloid clearance [378, 379].

Neurodegeneration and brain atrophy are two well established features of AD-type
brains [380, 381]. The hippocampus, which is a region of the brain that plays a role in
learning and memory, undergoes rapid neuronal loss in AD [382]. By the late stages
of the disease, hippocampal neuronal populations can be almost 60% less than
neuronal populations in normal aged brains [382, 383]. It is possible that the lower [3-
amyloid deposit counts in the brains of 18 month old Amy mice that were fed the Oz-
AIN diet may be due to neuronal loss and less opportunity for f-amyloid production.
Neuronal loss would mean that there was less amyloid precursor protein available for

B-amyloid production as mice aged, and subsequently fewer deposits.
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If the reduced total number of deposits was due to neuronal loss, the percentage of [3-
amyloid in each field of view would be greater relative to the overall amount of tissue
in each section. This would explain the high B-amyloid burden in the brains of 18
month old mice that were fed the Oz-AIN diet, whose brains were lighter than those
of mice fed the AIN93-M diet. It is possible that there was a higher degree of
neurodegeneration in the brains of Amy mice that were fed the Oz-AIN diet, as these
brains were significantly lighter than littermates fed the AIN93-M diet. Certainly,
brain weight has been used by others to evaluate degree of neurodegeneration, and in
human studies has correlated better with cognitive deficits than either amyloid
plaques or neurofibrillary tangles [384]. Cellular counts of neurons and glial cells
relative to the number of B-amyloid deposits could to be made to gain further support

for this hypothesis.

Beta-amyloid burden does not indicate the type, size, toxicity or the effect of f-
amyloid deposits; it reflects the total amount of B-amyloid in brain sections. Beta-
amyloid burden can be the same between groups of mice irrespective of deposit size,
irrespective of whether it is in an oligomeric or monomeric state [385, 386].
Hamaguchi et al. suggest that the dissociation between plaque burden and
measurement of soluble B-amyloid may be due each measuring different forms of 3-
amyloid (ie. soluble or insoluble amyloid) and that the soluble PB-amyloid
measurements may also include small toxic intracellular B-amyloid deposits [385].
While there is a growing understanding that soluble -amyloid is more toxic than the
extracellular deposits of insoluble amyloid, the discrepancies between overall [-
amyloid load and B-amyloid type indicate that there is still more to learn about (-
amyloid deposition in the AD-type brain. Therefore, the f-amyloid deposits in the

Amy mouse brains were characterised and compared.
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Diet had an effect on f-amyloid deposit size at 15 and 18 months, due to total fat.

To quantify the differences in f-amyloid deposition in the Amy mice fed different
diets, B-amyloid deposits were counted and scored as either small (<15 pm), medium

(15-35 pm) or large (>35 pum) deposits (Figure 5).

The majority of deposits in the brains of all three dietary groups were small deposits,
with large deposits being the least common deposit type. While there was no dietary
effect on the number of small deposits or the number of medium deposits in the
brains of 15 month old Amy mice, there was a clear dietary effect on the number of
large deposits. The brains of 15 month old Amy mice that had been fed the AIN93-M
diet had significantly fewer large f-amyloid deposits than those from Amy mice that
had been fed either the Oz-AIN diet or the Oz-AIN Supp diet. This suggests that there
is a dietary element that is similar between the Oz-AIN diet and the Oz-AIN Supp
diet, and that is different to the AIN93-M diet, that enables accumulation of B-

amyloid into larger deposits.

Table 10. Comparison of the energy content (kJ/g) and P:M:S ratio of the
AIN93-M diet, Oz-AIN diet and Oz-AIN Supp diet.

Total .
energy Carbohydrate Protein Fat P:M:S
(% energy) | (% energy) | (% energy)

(kJ/g)
Alﬁ?est_M 16.66 75.9% 14.1% 10.0% 3.7:1.5:1.0
OxAIN | 2011 46.7% 16.8% 33.0% | 1.0:2.4:2.7
OZ-AH.\I 20.98 47.4% 15.7% 36.9% 1.0:1.7: 1.9
Supp diet

The AIN93-M diet contains optimal levels of macronutrients. However, the

macronutrient content of the Oz-AIN diet and the Oz-AIN Supp diet had been
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adjusted to reflect that of Australian women. As such, they were higher in total fat (at
the expense of carbohydrate), with P:M:S ratios that favoured saturated and
monounsaturated fat intake (Table 10). This suggests that the adjusted macronutrient
content may have partially played a role in the higher numbers of large plaques in the

brains of Amy mice that were fed the two high-fat diets.

Transgenic mouse models of AD have revealed strong relationships between dietary
fat and B-amyloid deposition. Diets that are high in saturated fats or cholesterol
increase B-amyloid neuropathology [191, 197, 198, 218, 387, 388]. However, the

effect of polyunsaturated fats on B-amyloid deposition is not so clearly defined.

The ©-6 and ®-3 fatty acids have different roles in pathways that are associated with
AD, such as inflammation. Arachidonic acid, which is an ®-6 fatty acid, promotes
inflammation. On the other hand, the ®-3 fatty acid eicosapentaenoic acid, which
competes with arachidonic acid for cycloxygenase active site, has anti-inflammatory
properties [342, 389]. Owing to the relationship between inflammation and -amyloid
deposition, this suggests that w-6 fatty acids increased B-amyloid deposition, whilst
-3 fatty acids reduce B-amyloid deposition and arachidonic acid levels in mouse

brain [342, 390].

However, different -3 polyunsaturated fats have different effects on B-amyloid
expression. Docosahexaenoic acid decreases P-amyloid levels in AD-type mouse
brains [86, 191, 391], whilst eicosapentaenoic acid has been demonstrated to increase
B-amyloid deposition in AD mouse brains [342]. This suggests that when discussing
the benefits of dietary polyunsaturated fatty acids on B-amyloid deposition, while the
®-3: ®-6 ratio needs to be considered, so to do the specific types of ®-3 that are

present in die