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Abstract

Alzheimer’s disease (AD) is the most common cause of dementia characterized by excessive amyloid-
B plaque formations and cognitive impairment. This neurodegenerative disease exists in two forms:
familial AD and sporadic AD. Both are suggested to be triggered by protein misfoldings. Familial and
sporadic AD are associated with mutations of the amyloid cascade pathway and biological aging,
respectively. However, when abnormal protein aggregations become detectable, the cognitive
impairments in the patients are already irreversible. Emerging evidence suggested that myelin loss and
oligodendrocyte degeneration are some of the earliest events in both types of AD, but the cellular
mechanism remains unknown. By delineating the biological process leading to early myelin loss in AD,
new direction towards early disease detection and patient management may be achievable. To fill the
gap of knowledge, this study characterizes the myelin pathology of AD among different transgenic
mouse model using functional magnetic resonance-based neuroimaging (fMRI), followed by a

histopathological examination of the cellular changes.

To investigate the robustness of fMRI on demyelination, we first studied the effects of demyelination
with cuprizone on amyloid deposition in AD mice models, R1.40 and APP/PS1. mice predisposed for
familial AD (R.140 and APP/PS1) between 3 and 4 months old and fed cuprizone for chemically
induced demyelination before subjection to multimodal functional MRI. Diffusion kurtosis imaging,
magnetic resonance spectroscopy, magnetization transfer and T2 weighted volumetric analysis were
performed to study structural and chemical changes of the whole cerebrum. Perpendicular diffusion
from white matter tracts was not found between both the treated and untreated wild-types (WT) and
R1.40 strain. Histologically, however, mature oligodendrocyte (OL) populations and the myelin protein,
MAG, were significantly reduced in the cuprizone mice. No neuronal loss was detected, yet DNA
damage stained by 53BP1 was prevalent in both neurons and OLs and more prevalent in cuprizone mice.
This unaffected neuron count compared to the decrease in mature OLs indicate the vulnerability of the
OLs. Complementary investigation into the more aggressive APP/PS1 strain showed increase
diffusivity in the white matter region of the cuprizone treated. Histological analysis showed the
selective reduction in mature OLs without effect on the overall OL population. The compromised OL
differentiation may contribute to the increased diffusivity through insufficient OL maturation and
myelin maintenance. An elevated level of amyloid protein was also observed with cuprizone-mediated
demyelination in APP/PSL1 strain. Magnetic resonance spectroscopy showed a significant increase of
glutamate and glutamine in APP/PS1 mice with or without demyelination. This increase may indicate
an excessive activation of glutamate receptors that can result in cell death. Altogether, this study was
able to suggest the vulnerability of myelin integrity and OLs to DNA damage and show the potential

acceleration of AD progression driven by demyelination.



To investigate the effects of the strongest genetic risk factor of sporadic AD, APOE, on the age-related
myelin breakdown, a cross sectional age-dependent study of the humanized APOE (hAPOE) knock-in
mice was conducted to understand the cellular mechanism underlying common fMRI findings in early
sporadic AD. At 6, 10 and 16 months, transgenic mice for Apoe knockout (KO) and isoforms €3 and ¢4
were put into a battery of behavioural, radiological, and histological evaluations. As APOE acts as a
lipid transporter around the body and a provider of cholesterol for myelination, we expect lipid-based
alterations in myelin and OLs. Observational study showed significant increase in weight of the 10-
month hAPOE4 with no such difference in the 6- and 16-month-old and minimal difference in the
spontaneous alternation of working memory using Y-maze. Metabolic analysis of the 10-months for
food intake and physical activity showed no difference, however, the respiration quotient denoting basal
metabolic rate suggests lipids as the main source of energy solely in the hAPOE4 mice compared to
proteins in the WT, KO and hAPOE3. No significant changes were found in the diffusivity of 6 months,
yet, in 10 months, the anterior cingulate of the hAPOE4 showed insignificant increase of perpendicular
diffusivity. The movement of water perpendicular of the white matter tract suggests compromised
myelin structures that can result in leaky axons. By 16 months, this difference has stabilized with each
diffusivity modality levelled. Nonetheless, the decrease in mature OLs is still prevalent in the hAPOE4
in comparison. Similarly, to the APP/PS1, hAPOE4 showed an increase in glutamate and glutamine
levels compared to other cohorts. This comparison may indicate a similar mechanism to acute
demyelination seen in the previous study. Statistics with Pearson correlation coefficient showed altered
correlations specific to hAPOE4 in reference to its diffusivity with its cellular pathologies that may
demonstrate a compensatory effect of a reduction in mature OLs attempting to myelinate more than
each cell may be capable of. This event may stress these cells and induce excessive DNA damage.
Together, this study was able to correlate the genetic risk factors of AD with the radio-histological

effects, providing a basis for future AD diagnosis.
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1.0 Introduction

1.1 Myelin in the central nervous system

Myelin is a cholesterol-rich layer that forms around axons of a neuron. Disconnected bundles of myelin
of up to 100 layers wrap sections of axons while leaving “naked” sections, called the nodes of Ranvier
discovered by Louis-Antoine Ranvier in 1872, between these bundles. As a result of this lipid-based
structure’s insulating properties, action potentials can “jump” along the nodes of Ranvier, allowing for
faster propagations. This transduction of electrical signals is called saltatory conduction, accelerating
axon conduction from 10m/s to up to 150m/s (3). Basic motor, sensory, and cognitive functions are all
indirectly regulated by the propagation, and as such, loss of myelin in the central nervous system (CNS)
has been associated with degenerative events such as neuroinflammation in multiple sclerosis (MS),
motor impairments in Huntington’s disease (HD), and cognitive decline in Alzheimer’s disease (4, 5, 6,
7). Cognitive impairments are the first noticeable symptoms of Alzheimer’s as these directly influence
the patient’s daily interactions. Indeed, according to Braak’s staging, the first signs of amyloid
aggregation indicative of Alzheimer’s begin in the brain stem. However, the affected functions such as
the sleep cycle and moods regulated by this region are largely unnoticeable as they are pushed off as
regular occurrences (8). Common cognitive impairments seen in early Alzheimer’s includes losing
items, poor judgment, anxiety, and repeating questions (NIH, 2022). These symptoms are in-line with
the progression of plaque deposition according to Braak as deposition move from the brainstem to the
hippocampus to the sensory and motor areas of the neocortex (8). As such, the temporal order of
Alzheimer’s symptoms starts with mild changes confused with carelessness followed by perceivable
memory complications and finally to severe impairments of motor and sensory functions. Indeed, there
are regional differences in the amount of myelin present. Due to its lipid-heavy content, myelin is
presented as a white, cream colour, giving regions with dense myelin content the name, white matter,

and regions of higher neuron content, grey matter.

1.1.1 Myelin composition
The composition of myelin contributes to its responsibilities in the CNS. The dry mass of myelin has a

high proportion of lipids, ranging from 70 to 85%. Because of myelin’s high lipid content, the overall
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structure’s water composition can equal to around 40%. As a result, water-based imaging techniques
such as magnetic resonance imaging could help visualize myelin content in vivo. Comparatively, its
protein content ranges only from 15 to 30%, much lower than most other biological membranes such
as the mitochondrial membranes (around 75%) and phospholipids (around 50%). However, it was found
that these proteins, while few, are some of the longest living proteins within the body, surviving for 7
to 8 months, making myelin one of the most stable structures in the body (9). As the function of myelin
is to attach to axons and wrap around them, the associated proteins help initiate, maintain, and solidify

this connection.

One such protein is the myelin associated glycoprotein (MAG) localized in the periaxonal zones (10,
11). Because of its proximity to the inner myelin tongue and axon, it is crucial in the initial adhesion
steps of myelin onto the axon (12, 13). However, MAG knockouts have shown that its absence could
be compensated by other molecules (14, 15). Other proteins such as myelin basic protein (MBP) and
proteolipid protein (PLP) are found in between compact layers of myelin, acting as glue to preserve the
integrity of the multi-layered wrapping. Lower amounts of these two proteins draw a correlation to
increase myelin breakdown in both demyelinating diseases such as multiple sclerosis (MS) and
neuromyelitis optica (NMO) (16, 17). While lower MBP and PLP values may indicate the lowered
myelin levels, increases of these proteins may also point to fragmented myelin accumulations caused
by demyelination seen in increased axonal diffusion (18, 19, 20). On the surface of the myelin, myelin
oligodendrocyte proteins (MOG) are observed with a role of maintenance. The protein is a linking point
between the sheath and oligodendrocyte to continually supply the structure with lipids to prevent its
breakdown (21). These proteins are considered the backbone of myelin composition with much research
using them as markers of myelin status. Changes in myelin protein levels help further divide the effect
and mechanism of each result, generating a variety of theories on each protein’s individual effect.

Myelin is composed of a variation of lipids not limited to cholesterol. Additionally, there are no lipid
fractions that are exclusive to myelin asides from mitochondria-specific lipid, diphosphatidylglycerol.
The most abundant type of lipid in myelin is cerebroside, also called galactosylceramide, as its

concentration is directly proportional to the amount of myelin present (22). While this may be true,
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knockout of this lipid does not hinder myelin formation, however, aging animals developed consistent
limb paralysis, indicating the effect of cerebroside on myelin maintenance instead of myelination (23).
Other lipid fractions found in myelin include sulfatides, lecithin, and sphingomyelin. Regionally,
fractions of myelin lipids do not seem differ in their compositions as the tight-knitted ratios of lipids

are imperative for efficient myelin.

Asides the cerebral spinal fluid-filled ventricles, there are no regions of the brain that lack myelin.
However, there are regions that are less myelinated. The hypomyelinated regions are called the grey
matter while the heavily myelinated regions are called the white matter. While their compositions are
distinct, grey and white matter are distributed among all regions of the brain. Grey matter consists of
mostly neuronal cell bodies with axons that are not heavily myelinated. These cell bodies are
responsible for containing the genetic material of the cell, maintaining the electrical potentials of the
neuron, and receiving neurotransmitters from neighbouring cells for processing. While demyelination
may not directly affect these cell bodies, deterioration of the myelin may accompany Wallerian

degeneration, or axonal degeneration, resulting in the death of the cell.

1.1.2 Oligodendrocytes, the producers of myelin
To understand the process of demyelination and myelin loss, the mechanism at which axons myelin

must be known. Myelin, specifically in the CNS, is produced and maintained solely by the
oligodendrocytes (OL). OLs are grouped into a group of non-neuronal cells called glia, Latin for “glue.”
Within this group are also ependymal cells, Schwann cells, astrocytes, and microglia. These cells are
responsible for maintaining cerebrospinal fluid homeostasis, myelinating the peripheral nervous system
(PNS), maintaining biochemical control over the cerebral environment, and responding to
immunological factors, respectively. Even though these cells do not contribute directly to the production
of myelin, they provide components to support OLs such as lipids and clearance of extracellular

molecules to sustain healthy myelination. Thus, one OL can myelinate as many as 20 to 60 axons (24).
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Before OLs can myelinate surrounding axons, they must differentiate and mature. OPCs originate from
the subventricular zone and ventricular zone of the medial ganglionic eminence (25, 26, 27). Early
formations of OPCs come from the medial ganglionic eminence while later OPCs come from the
ventricular and subventricular zones (28, 29, 30). While the cell is destined to become a glial cell,
different expression ratios of proteins can promote differentiation into either OLs or astrocytes (31, 32).
OPCs distinctly express NG2-proteoglycan and platelet-derived growth factor a (PDGRFa) on their
cell surfaces. Migration of the OPCs towards the cortex initiates the differentiation into pre-myelinating
OLs through expressions of Olig2, SOX10, and Nkx2.2 (33, 34, 35). OPCs are responsible for
repopulating regions of the CNS that have depleted OLs and astrocytes. Its divergent differentiation
pathways have been proposed to be due to the changing microenvironments as OPCs transplanted into
P7 mouse telencephalon differentiated into MBP-expressing OLs yet in 6 month old cortex
differentiated into GFAP-expressing astrocytes (36). Further information on OPC migration and
development can be on p.31. Regarding aging, OPC populations have been shown to decline with age
with less OPC recruitment to OL-lacking regions and slower rate of differentiation (37). Whether this
is due to extrinsic factors such as demyelination or changes in microenvironment or intrinsic factors
such as DNA damage or gene expression is still being studied. However, one study has shown that OPC
cross-transplant of aged (10 months) with young (2 months) rats retain their age characteristics with
slower differentiation of the aged OPC compared to the young OPC (38). Interestingly, introduction of
c-Myc, a gene-regulating protein, has impacted OPC proliferation and differentiation. Increased
expression of c-Myc is associated with an increase in OPC proliferation (39, 40) while suppression
decreases proliferation but increases differentiation (40, 41). This shows that extrinsic factors such as
myelin changes may not directly affect OPC development. Throughout their lifetime, OLs will mature
into myelinating OLs through the expressions of myelin regulatory factor (MyRF) and previously
mentioned myelin proteins. Once OLs have entered this post-mitotic stage, they will extend their

processes towards axons and begin myelination.

Lipids used for myelination are produced from OLs and astrocytes. While OLs have the capacity to

produce lipids, the main source comes from astrocytes. Studies have shown that deletion of sterol
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regulatory element-binding protein (SREBP), a necessary catalyst of neural lipid biosynthesis, within
OLs did not affect myelination, yet deletion of the same protein in astrocytes caused a consistent
hypomyelination (42, 43). Transfer of these lipids from astrocytes to oligodendrocytes is monitored by
apolipoprotein € (APOE), a lipoprotein produced by the activation of two transcription factors, liver
and retinoid x receptors, found in astrocytes (44). Recently, research was done on an isoform of APOE,
APOE4, that shows decreased localization of cholesterol along axons and increased accumulations of
intracellular lipids (45). This suggests that myelin lipids are dependent on the APOE carrier and that an

isoform difference may hinder proper myelination.

1.1.3 Process of myelination
Myelinogenesis involves meticulous interactions between an OL and the axon. Research has shown that

OLs select axons for myelination based on size with unknown biochemical cues. (46, 47, 48). In culture,
axons with diameters of less than 400nm were seldom myelinated, but diameters above 200nm were
the minimum length for proper myelination (49, 50). Neuronal electrical activity has been proposed as
it had been shown that optic nerves of mice living in the dark, naturally blind, or having blocked sodium-

dependent action potentials are hypomyelinated.

Sensory impairments such as hearing and sight have been implicated as risks for both dementia and AD
with patients with visual impairment and sight loss (51, 52, 53). However, there are contrasting views
on the risk of Alzheimer’s due to visual impairments. Studies have shown that visual impairments are
associated with optic atrophy that could be caused by underlying mitochondrial dysfunction, a common
theory of Alzheimer’s pathogenesis (54). Additionally, visual loss may be complemented by deficient

social interaction, which has been shown to increase the risk of Alzheimer’s (55, 56).

Poor myelination of the optic nerve is associated with poor vision (57) as seen in Beauvieux syndrome,
a disease due to delayed myelination of the optic nerve (58), and Wolfram syndrome, an autosomal-
recessive disorder associated with juvenile optic nerve atrophy and neurodegeneration. While

hypomyelination of the optic nerves negatively impacts vision, extensive myelination of the
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surrounding retinal nerve fibers is associated with myopia and strabismus due to the physical hindrance
of the thickened fibers from enwrapped myelin (59). According to studies, poor vision does increase
the risk of dementia (51, 60), but whether this is due to influence from the nervous system or social
interaction has not been studied. Environmental light intensities can also affect myelination similarly to
activity-dependent myelination of the CNS (61). Artificial opening of rabbit eyes at the fifth postnatal
day was shown to accelerate myelination with significant increases of myelin basic protein, proteolipid
protein, and cerebrosides as compared to control (62). However, rats dark-reared rats of up to 30 days
old have shown no differences in myelination of optic nerve fibers in comparison to normal 12-hour

dark-light cycle (63).

While the effects of hypomyelination have not shown to directly affect the circadian rhythm,
knockdown of Bmall, a gene regulating the circadian rhythm, within postnatal 30 days showed
significant reductions in OPC populations in the corpus callosum, which resulted in downstream
reductions in CC1+ mature OLs and myelin basic protein expression, resulting in sleep deprivation (64).
Due to this relationship, this may explain the higher prevalence of multiple sclerosis in night shift

workers (64).

Once engaged to the axon, the cytoplasmic process of the OL extends onto the axon where MAG is
expressed (Figure 1). The OL extension flattens into a layer, and the myelin twists around the axon in
a corkscrew motion (65). The innermost layers become the shortest lateral layer as the myelin wraps
around the axon, increasing its thickness and elongating it while producing an uneven spread of
myelination (66, 67). Nawaz et al (68) had shown that the moving edge of the myelin is non-adhesive
to the axon and that the actin filament is coordinated with this moving edge and not with the rest of the
myelin membrane. Continuous assembly and disassembly of these filaments aid in the movement of the
myelin tongue, elongating it. MBP and PLP, representing 30 to 40% of all myelin proteins, is then
released between layers to act as both an adhesive and tightener to preserve the integrity of the myelin

(69, 70, 71). Once established, each single sheath can be maintained for around seven to eight months.
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The upkeep of myelin is crucial in a healthy brain as its fibre density is regional. Within the brain, there
are numerous myelin-axon bundles known as the white matter tract to provide long distance connections.
Bundles of dense myelinated axons within the deep cortical regions such as the corpus callosum and
anterior commissure connect the hemispheres, allowing the brain to communicate with itself.
Furthermore, neuron rich grey matter also exemplifies this increased myelin density in the inner layers
of the cerebral cortex. This segregation of myelin densities may be due to the importance of the region
in survival. Interestingly, the order in which regions become myelinated in the brain goes from central
to peripheral, caudal to rostral, dorsal to ventral, and sensory to motor (72). One of the first regions of
myelination happens within the first days of life at the dorsal brainstem, a region responsible for
involuntary functions such as cardiovascular and respiratory control. Within a year, this is followed by
regions of the white matter tract such as the splenium and regions adjacent to it such as the corona
radiata. Finally, by 24 months, the anterior temporal and frontal cortex are myelinated (73). In reference
to the central and peripheral of the brain, many deeper regions of the grey matter are myelinated by the
first 8 months while the subcortical regions by 16 months (74). This suggests the body’s preference of
myelinating the vital regions first while putting cognitive abilities last. Conversely, the first regions of
myelin loss are these last to myelinate regions (75, 76, 77). As a result, neurodegenerative diseases

usually affect cognitive abilities such as memory and personalities.
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Oligodendrocytes MOG

MBP/PLP1

Figure 1: Myelination is initiated by the reach of cytoplasmic membrane of neighbouring
oligodendrocytes. Once attached to the axon, oligodendrocytes secrete varying proteins to maintain the
myelin sheath. Within the innermost sheath, MAG is expressed for attachment to the axon. MBP and
PLP are expressed in between layers to keep the sheath compact, and MOG is expressed in the outer lip
to maintain a connection to the oligodendrocytes to continually supply lipids to the sheath.
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1.1.4 Myelin’s effect on cerebral health
The contribution of myelin pathology to neurodegenerative diseases is emerging, with many of the

diseases showing detectable myelin loss. MS is the most prevalent demyelinating disease, with white
matter lesions in both CNS and PNS. Patients of the disease exhibit many common neuropathic
symptoms such as depression, anxiety, and cognitive impairments. MS aetiology is relatively unknown,
but many researchers propose that it is a result of a combination of genetic and environmental factors.
This disease targets OLs in an undefined process. Reports have shown the reduction of OPCs tagged
with BCAN and SOX®6 in white matter lesions and normal appearing white matter (78, 79, 80, 81, 82).
As a result, the insufficiency of OLs to maintain pre-existing myelin structures cause demyelination in
affected areas. Because of the body’s ability to remyelinate, albeit slowly, MS patients can have these
periodic acute “attacks” that cause temporary symptoms before a period of recovery. Other types of
demyelinating diseases include NMO, demyelination-based inflammation of the optic nerve causing
visual impairments and loss of colour vision, and inflammatory demyelinating diseases, a wide range
of diseases stemming from MS. Consequently, the demyelination of regional nerves has been suggested
to inhibit their regional functions. The vulnerability of the frontal cortex responsible for higher thinking
in addition to demyelinating effects indicate cognitive impairment of neurodegenerative disorders may

be caused by its prioritized degeneration (83).

Despite myelin and OL’s indisputable relation, their effect on the surrounding environment is crucial
in sustaining a healthy brain. Astrocyte is one of the major cells that plays a central role in myelin
upkeep. As stated previously, astrocytes provide lipids to OLs for myelination, but astrocytes also
promote OL differentiation and myelination. Astrocytic secretions of leukaemia inhibitory factor-like
protein (LIF), neuregulin-1, y-secretase, and neurotrophin-3 from astrocytes have been shown to
promote OL differentiation (84, 85, 86, 87). One of which has been postulated to promote AD pathology.
Asides from biochemical effects, myelin plasticity due to increase of activity-dependent electrical
impulses of axons have also been shown to promote myelination through LIF produced from astrocytes
(88, 89). In addition, astrocytes activate in the presence of myelin debris. During myelin loss, myelin

fragments broken down from sheaths are taken up by astrocytes and induce an immune response.
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Additional microglia and activated-astrocytes are recruited to the site to remove the fragments, and an
upregulation of NF-«xB and other inflammatory cytokines were found in these myelin-positive activated
astrocytes (90). Additionally, myelin fragment removal is mediated by macrophages and microglia of
the brain immune system. After Wallerian degeneration, myelin fragments are opsonized before
undergoing phagocytosis (91, 92, 93). Complement proteins bind onto myelin fragments onto
complement receptor 3 for microglia and macrophage recognition. Another type of macrophage
phagocytosis mechanism is through the macrophage receptor with a collagenous structure (MARCO).
Cysteine-rich domains allow them to bind to myelin lipids more effectively which enhance myelin
removal. This theory is supported by previous studies should the upregulation of MARCO response in
the inflammatory stimuli of the white matter tract myelin debris in the spinal cord (94, 95). The blood-
brain barrier (BBB) is also a target of variating myelin status. Cognitive impairments due to disrupted
brain vasculature encompasses common neurodegenerative events such as ischaemic and haemorrhagic
strokes. The proximity of the myelin-OL connection and BBB indicates alterations of one structure
could affect the other. Degradation of myelin, resulting in the release of proteins such as MBP and PLP,
have been implicated in increased BBB permeability in MS progression (96, 97, 98). Thus, while white

matter events are localized, their effects may be more widespread pass the site of lesion.

1.1.5 Models of demyelination
To study the effects of myelin loss, researchers induce demyelination through several methods. One

approach is through the treatment of cuprizone. Cuprizone is a copper chelator that demyelinates the
brain by targeting OL apoptosis (99, 100). While its mechanism is unknown, treatment with cuprizone
has shown to be deleterious to OLs in addition to be demyelinating in the corpus callosum (101, 102,
103). Unlike demyelinating toxins such as lysolecithin and ethidium bromide that activate an immune
response, demyelination by cuprizone is a non-immune response (99). However, the effects of
cuprizone are not continuous with treatment. Acute demyelination is seen within four weeks of
cuprizone treatment followed by intrinsic remyelination. It was proposed that chelation of copper leads
to ferroptosis-mediated oligodendrocyte reduction as early as 2 week. During the first two days of

cuprizone treatment, there was significant reduction of ferritin and increase in ferroptosis markers such
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as NCOA4 and TfR1, preceding oligodendrocyte loss. By 1 week, there was a significant
oligodendrocyte loss of 65%. However, treatment with Fer-1, an inhibitor of ferroptosis, prevented

significant oligodendrocyte loss in the first 2 weeks.

We used 0.2% cuprizone due to the high toxicity and early deaths of 0.3-0.5% and insignificant
demyelination of 0.1% cuprizone treatment (104). However, another study had shown similar degrees
of demyelination using 0.1% and 0.2% (105). Furthermore, numerous studies have used 0.2% cuprizone
to induce demyelination due to the greater demyelination without inducing apparent health risks (99,
106, 107). Thus, we have chosen 0.2% cuprizone. Asides from oligodendrocytes, cuprizone has been
shown to affect astrocytic and microglial activation. Astrogliosis stained by GFAP and Ki-67 was found
in cuprizone treated mice at three weeks of treatment. Additionally, a significant increase of Iba-1

microglia populations was found in the cuprizone model (103).

Since the demyelinating effects of cuprizone is not instant, mice were given four weeks of 0.2%
cuprizone treatment before further processing (102, 108). Peak demyelination and oligodendrocyte
reduction happens between four to five weeks of 0.2% cuprizone treatment. The expression of myelin
proteins such as PLP, MOG, MBP, and CNPase and oligodendrocyte numbers all show lowest levels
between four and five weeks of 0.2% cuprizone with steady decrease from induction (102, 103, 109).
Chronic cuprizone treatment past five weeks has shown intrinsic remyelination at six and twelve weeks
(107). Thus, we performed radiological imaging immediately after the four-week treatment to ensure

minimal remyelination.

1.2  Alzheimer’s disease
In 1906, Dr. Alois Alzheimer noticed severe cognitive impairments in Auguste Deter, a 51-years-old

patient from the Frankfurt asylum. Deter exhibited chronic symptoms of dementia, delusions, and
insomnia, common symptoms in neurodegenerative disorders. These symptoms were seldom seen at
this early age (110). She died shortly after at the age of 55, and her brain was extracted and transported

to Dr. Alzheimer for analysis using the Bielschowsky stain. Dr. Alzheimer observed remarkable dark
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aggregations resembling plaques of unknown origins. Four years later, Alzheimer admitted a second
patient, Johann F., who showed similar symptoms as Deter (111). At 56 years old, Johann could not
answer questions properly, had frequent epileptic episodes, and showed incontinence. One year later,
he passed away, and his brain dissection showed the same cerebral plaques as Deter. Both patients
showed early symptoms and classic pathological signs of Alzheimer’s disease (AD) as people know it

today. However, this was only the diagnosis for one type of AD.

For the next 100 years, AD is widely regarded as an age-related disorder with symptoms of gradual
memory loss, delusion, and depression. Making up 60-70% of all dementia cases (World Health
Organization, 2020), AD is a complex disease with no known aetiology, and yet, its hallmark, amyloid-
B plaque, continues to be a persistent root of this neurodegenerative disorder. In 1992, Sir Prof. John
Hardy coined this theory as the amyloid cascade hypothesis, a cause-and-effect speculation relating the
amyloid-beta protein deposition to AD diagnosis. He proposed that these plaques induce neuronal
apoptosis, which led to a slow deterioration in cognition (112). This soon became the central dogma for
AD research with therapy and diagnosis focusing on this misfolded protein. However, it was recently
shown that these treatments did not rid nor cure the neurological symptoms nor the gradual
neurodegeneration (113). Historically, there have been several anti-amyloid drugs aimed at treating
Alzheimer’s. Gantenerumab is a monoclonal antibody that binds onto the N-terminal and mid-region
epitope of the folded amyloid-p monomer, recruiting glial cells for phagocytosis (114). While it was
shown with PET that there were indeed significant reductions in cerebral amyloid, during phase 3, the
drug failed to generate statistical significance in Clinical Dementia Rating-Sum of Boxes compared to
the placebo group. Similarly, other monoclonal antibodies used for amyloid clearance by binding onto
amyloid-B to induce phagocytosis such as bapineuzumab (115) and solanezumab (116) have been either
insignificant in phase 3 or did not show sufficient cognitive improvements. However, recently, a new
amyloid-binding drug called aducanumab that targets both soluble and insoluble amyloid-p aggregates
in contrast to monomers has shown improvements in two of its trials, ENGAGE and EMERGE, which
have shown 22% decreased rate of cognitive decline. Hence, a new hypothesis is imperative as the aging

population grows.
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Aging is the greatest risk factor for AD, but AD can be separated into two types based on its pathology:
familial AD (fAD) and sporadic AD (sAD). fAD is a genetic disease leading to AD signs and symptoms
from as early as 60 years old. Mutations of the amyloid precursor protein (APP), presenilin-1 (PS1), or
presenilin-2 (PS2) directly cause the build-up of insoluble amyloid fragments, resulting in aggregations
of plaques that damage neurons. Prevalence of this form of AD, however, only encompasses 5% of all
AD. The other 95% is from sAD, a disease with no concrete cause but with similar amyloid depositions
(117). Unfortunately, many efforts towards AD research has been put forth based on fAD findings even
though it represents the minority of cases. Multiple hypotheses have stemmed trying to target specific
symptoms such as the reduction of the neurotransmitter acetylcholine and the hyperphosphorylation of
the tau protein. All of which target specific pathological pathways of AD, but none have shown to be
consistent nor distinct in all AD patients. Consistently, though, females do show a significantly higher
chance of developing AD with 1 in 5 females developing the disease at age 65, and almost two-thirds

of all American AD cases are females (Alzheimer’s Association, 2021).

1.2.1 Amyloid precursor protein, the pathological hallmark of Alzheimer’s
As stated previously, one of the accepted causes of AD is through amyloid deposition. In fAD,

mutation of APP causing overproduction of this protein or PS1/PS2 causing production of an
insoluble APP fragment is the cause of neurodegenerative events. This processing of APP,
specifically the APP659 isoform, within the brain follows two divergent paths: non-amyloidogenic
and amyloidogenic (Figure 2). The non-amyloidogenic process involves an initial cleavage of the
protein at Lys16 and Leul7 by the a-secretase, controlled by a disintegrin and metalloproteinase
domain-containing protein-10 (ADAM10), followed by a second cleavage by the y-secretase,
resulting in a soluble APPa, C-terminal fragment a (CTF-a), and the amyloid intracellular domain
(AICD) (118). While its function is still unknown, CTF-a levels could be used as an early detection
for AD as its increase indicates APP’s preference for the non-amyloidogenic pathway (119).
Additional fragments of P3 peptide and AICD are also produced from a second cleavage by v-
secretase. Neither product has shown to have significant effects on AD progression. However, in the

amyloidogenic process, the initial cleavage is made by the B-secretase, controlled by the beta-site APP
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cleaving enzyme 1 (BACE1L) at Aspl and Glull, creating the APPJ section ranging in size from 37 to
49 residues, with 40 (Ap40) and 42 (AP42) as the most common fragments seen in AD. It has been
shown that competition between a- and B-secretase can drive the cleavage of APP as the 81%
decrease in a-secretase in fAD patients correlated with a 185% increase in 3-secretase (120). More
than 50 mutations of APP such as mutations K670N with M671L and E693G, which accelerate
protofibril formation, may initiate and increase the likelihood of the harmful variant (121, 122). The

y-Secretase then makes its original cut to create the C-terminal fragment  (CTF-f) and AICD.

APP and its cleaving enzymes, PS1 and PS2, are the strongest genetic risk factors for fAD, an early-
onset version of AD. It is known that their overexpression and mutations could promote APP processing
towards the pathological amyloidogenic pathway. As the APP gene is located on chromosome 21, 30%
of people with Down’s syndrome in their 50s have AD, rising to 50% by their 60s (123). The APP
exists as a membrane-spanning protein in both different isoforms and fragments to carry out specific
functions ranging from platelet aggregation to neural plasticity. Among its isoforms, APP695, 751, and
770 (numbered from the number of amino acids present) are the most common with inclusion of two
other proteins from the APP family, amyloid-like protein 1 and 2 (APLP1 and APLP2) (Figure 3).
Shared domains among APP isoforms include the Kunitz protease inhibitor (KPI) and OX2 homology
sequence, each suggested to affect the pathology of AD. APP-KPI mRNA has been shown to be
relatively preserved in comparison to APP695 mRNA, which lacks the KPI domain, in AD brain (124,
125, 126). Its function is unknown, yet correlation studies have seen an increased expression of KPI in
focal ischemia, inhibition of serine within the cerebral coagulation cascade, and amyloid deposition in
the AD brain (127, 128, 129). Additionally, KPI has been implicated to bind to low-density lipoprotein
receptor-related proteins (LRP), a known risk-factor of AD, which decreases in AD patients (130, 131,
132). The effects of lipids on AD progression may point to an amyloid-independent pathway, which
will be addressed later. However, OX2 has a more unknown role as its presence does not seem to
indicate a function, but its likeliness to Thy-1, a neuronal marker used by some to drive APP expression,
suggests a neural correlation (133). However, APP695, lacking both KPI and OX2, is the most

prominent isoform that makes up the core of amyloid plaques as it is highly expressed within neurons
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(134, 135). Despite residing within the same family as APP, APLP1 and APLP2 do not contain the A

domain, and, therefore, has not been shown to affect the aggregations.

The role of APP is ubiquitous throughout the body with different ratios of its isoforms in different tissue
types (126, 136). Interestingly, compensatory effects of the body were capable of supporting mice with
APP knocked out, possibly due to homologous sequences with APLP1 and APLP2 (137). However,
double or triple knockouts of these genes were fatal at birth (138, 139, 140). Cellularly, APP localizes
in the different membrane structures of the cell such as the plasma membrane and endoplasmic
reticulum with some appearing in the post-synaptic regions of axons and dendrites (141, 142). After
protein synthesis, APP is subjected to N- and O-glycosylation and potential tyrosine sulfation along the
secretory pathway of the Golgi and becomes abundant in intracellular membrane compartments (143,
144). Processing of the APP results in its transport from vesicles to the active zones of synapses where
it is either cleaved by a-secretase, favouring the non-amyloidogenic pathway, or reabsorbed back into
the endosome. However, retention of APP within the endosome promotes the amyloidogenic pathway.
Moreover, as secretases also proceed with the secretory pathway and contained within individual
vesicles, B-secretase are spatially separated from the APP, limiting their interactions (145). The
convergence of these vesicles is known to be triggered via a clathrin-dependent neuronal response (146,

147).

Amyloid-beta is an extracellular fragment created by the cleavage of the amyloid precursor protein by
the beta- and gamma-secretase. Oligomerization of amyloid-beta creates amyloid fibrils and plaques
associated with synaptic loss. Extracellular amyloid-beta oligomers block long-term potentiation (148),
dysregulate calcium ion movements of axons (149, 150), and regulate glutamate release (151, 152).
Grading of Alzheimer’s disease can be done with Braak staging, a multi-level system grading the
progression of neurofibrillary tangles in the Alzheimer’s brain. However, the progression of these
tangles is comparably different with the beginning of plaque deposition. Previous research has shown
that plaque deposition may begin in the temporobasal and frontomedial areas of the cortex, before

progressing towards the medial temporal lobe, and finally into the striatum (153, 154).
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Figure 2: The cleavage of APP may follow 2 pathways. The non-amyloidogenic pathway processes the APP
with a- and y- secretase to create soluble fragments. However, the amyloidogenic pathway produces Af
with an initial cleavage by p-secretase.
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Figure 3: Within the APP family, APLP2763, APP770, APP751, APP695, and APLP650 are the most
common isoforms of APP. KPI domains are only present in APLP2763, APP770, and APP751 while
OX2 is only present in APLP2763 and APP770. However, the plaque creating Ap, resting directly on
the cell transmembrane (TM), only exists within APP. Adapted from Nalivaeva, N.N. and Turner, A.J.,
2013.
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1.2.2 Impact of amyloid plaques
Interestingly, there are many paths in which amyloid plaques take to result in neurodegeneration.

Whether intracellular or extracellular A accumulations initiate neurodegeneration continues to be of
debate, but it is agreed that differences in accumulations may be of importance when analysing the
mechanism in which each proceed (155, 156, 157). Umeda et al showed that AB42 accumulations within
neuronal endoplasmic reticulum, endosomes, and mitochondria had caused up-regulation of Grp78, a
chaperone protein responsible for correcting misfolded proteins, leakage of cathepsin D, and
cytochrome c release, respectively, induce neuronal death (158, 159). Intraneuronal (in soma and
neurites) build-up of AB in both AD patients and five fAD mutation mice (5xFAD) has correlated with
a consistent elevated level of cyclin-dependent kinase 5 (P25), a protein responsible for the extension
of dendrites and synapse, in the roles of apoptosis as this increase corresponds with significant decreases

in pyramidal neuron numbers (160, 161, 162).

To understand and to simplify AD progression, Professor Heiko Braak characterized AD into different
pathological stages by the metastatic nature of neurofibrillary tangles (NFT), or accumulations of the
tau protein, among brain regions (163, 164). Stages | and Il localizes NFT lesions to the lateral trans-
entorhinal and entorhinal cortex with amyloid plaques appearing within the CA1 of the hippocampus.
These regions are responsible for the perception of position and directions, which explains what patients
consider as simple forgetfuless when trying to reach from place to place (165). Stages 1l and IV sees
lesions spreading into the neocortex with plaques becoming a prominent feature. Within the final stages
V and VI, NFT and plaques dominate the cortex, even occupying the occipital lobe and producing
hallucinations. Unfortunately, these kinds of cellular modifications can only be verified at post-mortem
stage. Thus, family medical history may show genetic risk-factors that may specifically target changes

or mutations within these regions.

Genetic risk factors such as lipid carrier apolipoprotein (APOE) and secretase proteins such as
ADAM10 and BACEL can affect cognitive impairments leading to AD. Pre-existing conditions and

environmental factors are also strong candidates for increasing the risks of AD. Diabetes, one of the
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most common diseases affecting more than 400 million people worldwide, has been linked to AD onset
with patients with Type 1 diabetes being 93% more likely to develop dementia (alz.org). There is a
strong correlation between high blood sugar and AD with patients having Type 2 diabetes exhibiting
severe increases in AP by disrupting its clearance (166). Down syndrome is also a risk factor as the APP
gene is located on chromosome 21, and overexpression of the gene dramatically increases A} formation.
Additionally, conditions and disorders of the cardiovascular system can promote AD. Discussed within
myelin, the connection between vasculature and neural structures is closely related with the
degeneration of one leading to damages of the other. As a result, conditions such as obesity, high blood
pressure, and high cholesterol can increase the risk of AD, and disorders such as atherosclerosis and
strokes can even trigger cognitive decline. Environmental factors such as an increase of nitrogen dioxide
intake, silicon amounts, and vitamin D deficiencies have all strongly correlated with an increased risk
for AD (167). Altogether, numerous factors can affect AD progression in both the young and the old,
with no distinct factors that directly cause AD. This “shotgun” method has consistently put AD as one
of the world’s most enigmatic diseases even when such a large percentage of the population will one

day be diagnosed for it.

1.2.3 Diagnosis of Alzheimer’s
Diagnosis for AD is difficult with much of the diagnostics being confirmed only after life-affecting

symptoms appear. Genetic analysis for fAD could be done for screening for genetically predisposed
mutations such as APP, PS1, and PS2. Familial AD is a genetic disease with mutations of the amyloid
precursor, presenilin-1, or presenilin-2 genes causing early amyloid plaque build-up, which leads to
Alzheimer’s. Early symptoms at an age between 35 and 50 associated with fAD such as consistent
confusion and difficulties in completing familiar tasks may prompt the patient to receiving screening
for mutations of these three proteins. Since these three proteins and their mutations are known to
predispose the patient to Alzheimer’s, they can be used to screen for fAD. In contrast, SAD is not
diagnosed in this manner as there is no direct linkage to genetics. For this form of Alzheimer’s, cognitive
tests such as mini-mental state examination (MMSE) are done at an older age followed by amyloid-

based PET scans to confirm of SAD. However, sAD is more difficult to diagnose for as prodromal
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symptoms are variable and its pathogenesis is still unknown. Genetic risk factors such as APOE4 and
ADAM10 could be filtered for. Memory tests such as the MMSE and the Alzheimer’s Disease
Assessment Scale-Cognitive (ADAS-Cog) have become common tools for memory diagnosis (168, 169,
170, 171). Neuroimaging using a combination of positron emission topography (PET) and Pittsburgh
compound B (PiB) enable the characterization of amyloid plaques in vivo. Although PET-PiB screening
has been the staple for AD diagnosis since inception, its sensitivity as a diagnostic test remains doubtful
as not all patients with amyloid aggregations develops AD. Because of such difficulties in assessing for
AD, the number of treatments has become just as few and just as vague. Most treatments have aimed at
the removal of amyloid plaques. Treatments from Merck & Co, AstraZeneca, and Eli Lilly and
Company (verubecestat and lanabecestat) targeting the inhibition of BACEL have been postulated to
promote APP cleavage towards the non-amyloidogenic pathway. However, both treatments have been
cancelled post-phase |11 due to ineffectiveness and liver toxicity, respectively. In 2022, a drug named
aducanumab from Biogen and Eisai was approved for public use. Its mechanism involved the binding
of an amyloid antibody at amino acids 3 to 7, inhibiting its aggregation capabilities (172). Nonetheless,
these drugs are not a cure. Lifestyle therapies such as Dr. Dale Bredesen’s ReCODE have also had
limited success at treating cognitive symptoms through replenishing nutrients, lowering excess

inflammation factors, and keeping an active lifestyle (173).

The lack of neither a cause nor treatment warrants a thorough investigation into these factors. Because
of symptoms of cognitive impairments and amyloid-independent neurodegeneration, it is hypothesized

that myelin loss resulting in neuronal loss may be factors in AD progression.

1.3 Apolipoprotein g, the strongest genetic risk factor for sporadic Alzheimer’s
Apolipoproteins are a class of proteins responsible for binding to lipids and facilitating lipoprotein

uptake and clearance. One type of apolipoprotein is apolipoprotein € (APOE), a lipid transporter mainly
produced in the liver and in astrocytes (174). Activation through dimerization of transcription factors,
liver and retinoid x receptors, initiates APOE production. APOE’s role in the body is mainly as a lipid

transporter whether systemically in the blood stream or between astrocytes and OLs. APOE mainly
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binds to very low-density lipids (VLDL) and low density lipids (LDL). As APOE has been shown to be
unable to cross the BBB, it is inferred that the liver produces the systemic APOE while the astrocytes
produce brain APOE (175). Because of its role as a lipid transporter, APOE is known to affect many

vascular diseases, which will be described later.

1.3.1 APOE isoforms and structure
In humans, this APOE exists in three isoforms caused by two single nucleotide polymorphisms that

change the amino acid content in positions 112 and 158: APOE2, APOE3, and APOE4. APOEZ2 consists
of cysteines in both positions, and this isoform’s allelic frequency in the human population is 8.40%.
Comparatively, APOE2 is considered a neuroprotective version of the APOE gene. Studies have
associated the presence of APOE2 with reduced AP deposition in both non-demented and AD brains
(176, 177, 178). In addition, APOE2 has been shown to protect cognition in individuals over 90 years
old and patients who already exhibit AD pathology (179, 180, 181). This isoform has even been
associated with longevity (182, 183, 184). However, APOE2 has also been associated with an increased
risk for cerebral amyloid angiopathy, post-traumatic stress disorder, and macular degeneration (185,
186, 187). The mechanism of this rare allele is still unknown. APOE3 is considered the neutral allele
and consists of a cysteine and arginine in residue 112 and 158, respectively. Unlike APOE2, APOE3
makes up the majority of the human population, accounting for 77.90% of APOE genotype. The third
isoform, APOE4, is the strongest genetic risk factor for SAD. Both residue positions become arginine,
and this isoform comprises of 13.70% of the population. Interestingly, APOE4 is the ancestral isoform
of APOE, with the other isoforms having mutated to its current state. It has been shown that the presence
of APOE4 increases the amyloid burden, exacerbating AD pathology (188, 189). In addition, APOE4
also increases the risk of atherosclerosis (190). The overtake of APOE3 prevalence is most likely due
to its non-malign characteristic compared to APOE2 and APOE4 as APOE3 has no predisposed risk
factors. In reference to AD, pairings of these alleles produce different risks. Homozygous APOE2
reduces the risk of AD by 40% while homozygous APOE4 increases the risk to more than 14.9 times.
Interestingly, having only one APOE4 allele with either APOE2 or APOE3 increases the risk of AD by

2.6 and 3.2 times, respectively. While the direct mechanisms are unknown, it is most likely due to lipid
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metabolism as APOE’s role is as a lipid transporter. APOE are lipoproteins responsible for the transport
of VLDL and LDL systemically around the body. In the brain, we hypothesized here that it transports
lipids from astrocytes to oligodendrocytes for myelin production. While the mechanism of lipid
transport has not been directly tested, the effects of altering APOE and lipid levels have affected myelin
protein expressions. In addition, the effect of each isoform of APOE has also been tested. Through
employing lovastatin, a cholesterol synthesis inhibitor, onto Apoe™ oligodendrocyte culture, the myelin
basic protein expression was reduced compared to the rescue with lipidated recombinant hAPOE3 and
hAPOE4 (191). This experiment shows the importance of APOE in providing lipids for myelin
production. Biochemically, It contains two domains: the NHz-terminal (or N-terminal) from residue 1-
165 and the COOH-terminal (or C-terminal) from residue 225-299. While the N-terminal does not
participate in lipid binding nor aggregations, the residue difference between APOE3 and APOE4
introduces a salt bridge between arginine 112 and glutamate 109, displacing the arginine 61 side chain

and increasing the APOE4 preference towards VLDLs (192).

As a result of its isoform-dependent effect on various pathologies, the physical structure of the protein
is of interest. APOE is a 34kDa, 299 amino acid protein that is encoded on chromosome 19. It contains
two domains: the NH.-terminal (or N-terminal) from residue 1-165 and the COOH-terminal (or C-
terminal) from residue 225-299. While the N-terminal does not participate in lipid binding nor
aggregations, the residue difference between APOE3 and APOE4 introduces a salt bridge between
arginine 112 and glutamate 109, displacing the arginine 61 side chain and increasing the APOE4
preference towards VLDLs (192). In contrast, the C-terminal is responsible for adhesion and binding to
lipids. At concentrations under 10 pM and in the absence of lipids, APOE forms tetramers with itself
and larger aggregates at higher concentrations (193, 194). Unexpectedly, in the presence of
phospholipids, APOE dissociates into monomers when bound onto lipoproteins, suggesting the

monomeric form as the active form of APOE.
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1.3.2 APOE’s relevance to Alzheimer’s
Even though APOE is systemic, its relevance in pathology resides within the brain. As a lipid transporter

produced in astrocytes, APOE’s main role is to provide lipids to OLs for myelination. However, it was
proposed that the level of myelination is inversely proportional to the levels of APOE. A comparison
of grey and white matter cholesterol and APOE levels found that although the cholesterol levels of
white matter were higher than grey matter, APOE levels were higher in grey matter than white matter
(195). This suggests regional effects of regional APOE that is independent from levels of cholesterol.
As the strongest genetic risk factor for SAD, APOE4 has been associated with its hallmark, amyloid
plaques. A previous study had shown using Cre-mediated induced APOE4 expression in APP/PS1 mice,
mice model for amyloid deposition, the significantly elevated levels of AB40 and AB42 during the first
9 months of the mice compared to APOE3 (189). Additionally, the AP burden was significantly
increased in APOE4 carriers (196, 197, 198). Moreover, hyperphosphorylated tau neurofibrillary
tangles, a biomarker of many neurodegenerative disease, were found more in APOE4 carriers and
greater in APOE4 homozygotes (197, 199, 200). Another prevalent detection in AD patients carrying
APOE4 is white matter hyperintensities (WMH), intense white signals in the periventricular regions
detected through magnetic resonance imaging (MRI) T2-weighted fluid attenuated inversion recovery
(FLAIR). White signals indicate the presence of water, suggesting WMHSs as water build-up. However,
it is unclear whether the pooling is due to compromised vascular integrity or “leaking” axons due to
myelin loss as both events produce intense white signals. Carriers of the APOE4 allele have been shown

to have a higher risk of WMH (201).

1.3.3 Oligodendrocytes utilises APOE for myelination
OLs are the main receivers of lipidated APOE for myelination. They are vulnerable and sensitive to

their environment, affected by microglia activation and myelin debris. Thus, the relationship between
OL and myelin is tightly connected with each affecting each other. One of the main resources for OLs
are lipids, which are necessary for myelination. The BBB prevents most molecules from transferring
between blood vessels and the brain including lipids, and therefore all lipid components for myelin must

be synthesized within the brain, namely astrocytes. Even during early development while the BBB is
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still not completely formed, the brain has already taken up the responsibility in being the main producer
or brain lipids (42, 202). Because of this limitation and the importance of lipids, changes in lipid levels

strongly affect OL survival.

It has been shown that mutations in Niemann-Pick disease type C protein, which is responsible for
moving cholesterol out of an endo-lysosomal system, that prevent successful utilizations of cholesterol
reduce the number of mOLs (203, 204, 205). This shows that there is an inhibitory effect on OL
maturation from the inability to process cholesterol. Additionally, we have previously shown in both
homozygous APOE4 humans and mice that while the overall OL population (including OPCs and
mOLs) is not significantly affected, mOLs specifically show a decrease in both grey and WM. However,
the lack of APOE does not eliminate the whole myelination process as APOE and squalene synthase
knockouts have shown consistent myelination indicating a compensatory effect. One study from
Lombardi et al. suggests that activated microglia have the potential to horizontally transfer lipids to OLs
(206). Even neurons have the ability to synthesize cholesterol, but its use has not been verified to affect

myelination (207).

Effects from other steroids may also affect OLs survival and differentiation. Oxysterol, a precursor of
cholesterol, has been shown to negatively regulate myelin genes within the peripheral nervous system,
yet it has also been shown to promote myelin genes within the CNS (208, 209). Liver X receptor (LXR)
a and P are oxysterols that have been shown to activate APOE production. Because of its polar effects
depending on the nervous system, it is possible that there is a separate factor controlling myelination.
The dimerization of LXR activates APOE production, and thereby, initiates lipid transport from
astrocytes to OLs and promotes myelination. Meanwhile, an accumulation of monomer LXR inhibits
myelination through OL toxicity from peroxisome production and disrupting calcium and potassium
homeostasis (210). These feedback loops from oxysterols and myelin may hold the key to the enigmatic
process of myelination, promotion of myelination through processed sterols followed by negative

feedback from build-up of the unprocessed sterols.
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1.4 Radiological diagnosis of neurodegeneration
Diagnosis of neurodegenerative diseases is difficult due to many diseases having no physical symptoms,

and specimen collection requires invasive methods into the nervous system. Immunological responses
manifested as fevers, coughs, and enteric irritations are not prominent in neurological disorders as these
are diseases of bodily degeneration instead of pathogen induced. Sampling of the brain is further
complicated, requiring the sample to be sacrificed and involving tedious preparation steps. Thus,
radiological diagnosis using MRI and positron emission tomography (PET) have become a vital tool as

an in vivo diagnostic method for many neurological diseases.

MRI utilises the magnetic properties of the hydrogen nuclei to visualise its presence within the body.
The nuclei’s inclusion in all water molecules means the MRI is able to use water as a way of detecting
and differentiating structures within a living organism. A magnetic field is generated around the
imaging area before a radio frequency pulse is emanated at various phases, resulting in dissonance of
atomic spins. The amount of time necessary for the excited atom to return to an equilibrium state is
calculated and realised as an image. Within the MRI are multiple modalities that can manipulate these
properties to not only give locations of water but also the movement of water, compounds with differing
hydrogen stereochemistry, and compounds with differing hydrogen content. One way is for volumetric
analysis of the scanned region. Volumetric brain analysis has become one of the hallmarks for
Alzheimer’s diagnosis as volume loss has been correlated to atrophy (211, 212, 213). According to
previous studies, region-based volume loss could help differentiate Alzheimer’s from other forms of
cognitive impairment disorders with greater reductions in hippocampal volume indicating severity of
cognitive impairment and cortical reductions as indicative of Alzheimer’s (214). In Alzheimer’s
patients, the whole brain atrophy rate could be as fast as 1.9 to 2.5% per year (215, 216) while in regular
patients only by 0.22% (217). Among these modalities are two that visualises movement and presence

of macromolecules: diffusion kurtosis imaging (DKI) and magnetic resonance spectroscopy (MRS).
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1.4.1 Diffusivity properties of the brain
DKI estimates the skewed distribution of water diffusion based on a non-gaussian distribution, helping

to indicate extremities within the distribution. Indications of higher water diffusion parallel to known
tracts suggests healthy water movement while higher diffusion perpendicular to tracts may suggest
compromised tract integrity (218). By utilising anisotropic and directional diffusivity values of DKI,

the statuses of water-based structures could be calculated.

One of such values is fractional anisotropy (FA), a zero to one index indicating the diffusivity
restrictions with zero expressing unrestricted isotropic diffusion and one expressing mono-directional
diffusion. Through an age study, it was shown that FA values reached a peak between 23 and 39 years
old (219) corresponding to another study’s proposal of peaked grey matter volume at a similar age (83).
In a neurologically diseased brain, FA has shown regional decreases corresponding to the disease
severity (220, 221). Confirmation of reliability of FA in MS patients show similarly reduced FA in a
demyelinated brain (222, 223). However, studies have shown that grey matter lesions may have higher
FA values than normal-appearing grey matter (224). This research show that FA is a good indicator of

myelin integrity, a vital part of cognitive abilities.

Perpendicular diffusivity is calculated with radial diffusivity (RD), parallel diffusivity with axial
diffusivity (AxD), and average diffusivities of RD and AxD with mean diffusivity (MD). RD has
exemplified higher sensitivity towards myelin structures, especially within white matter regions.
Shiverer mutant mice exhibiting a deletion of part of the MBP gene causing dysmyelination showed
significantly increased RD signals while AxD values remained unchanged (225). Likewise, cuprizone-
induced demyelination showed similar increase of RD values in the corpus callosum with insignificant
changes in AxD (107, 226, 227, 228). AxD has been more variable as it has not been specifically
associated with a neurological pathology. Studies have shown that while parallel diffusivity indicates
normal water diffusion in white matter tracts, an increase in AxD levels may show white matter atrophy
(229), yet others have denied of such claims when it was seen that AxD values diminished in the

beginning of cuprizone-induced demyelination but bot sustained throughout the process (230). Taking
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the mean of these directional diffusivities gives MD. White matter regions such as the corpus callosum
are directional, with myelin fibres going in an axial direction, which is why RD is a good indicator of
myelin integrity within these regions. However, grey matter myelin is a multidirectional fibre,
branching out in all directions. As a result, MD may be more sensitive in grey matter due to its inclusion
of both RD and AxD. Indeed, a previous study has shown that lower MD correlates to a greater density
in cellular structures such as vasculature and axons and changes in the directionality of tissue

organisation (231, 232, 233).

Asides from diffusivity, specific macromolecules could be detected using MRS. In a magnetic field, the
hydrogen nuclei absorb the electromagnetic radiation depending on the stereochemistry and functional
groups of the molecule. Differently bonded hydrogens of organic molecules would return to resting
states at different rates, allowing for the differentiations of molecules. Among a variety of metabolites
identifiable with MRS, several could bring insight into the mechanism of neurodegeneration. One such
molecule is n-acetylaspartate (NAA), producing one of the largest peaks in an MRS scan. NAA is
concentrated in neurons but also present in OLs and myelin. The deacylation of it by aspartoacylase
(ASPA) provides acetate necessary for lipid production (234). Another metabolite is choline, a
component of myelin and phosphatidylcholine. Increased levels of choline have been shown to correlate
with increased OPC and myelin levels (235, 236, 237, 238). Representations of metabolites within the

brain could help support the pathogenesis of neurodegenerative diseases.

1.4.2 Utilisation of MRI in neurological diseases
The use of MRI has been a key diagnostic tool for MS. As MS is a demyelinating disease, MRI detection

of WM lesions based on water content and diffusivity has been the gold standard in identifying affected
regions. Activated brain regions require an increase in blood circulation to bring more oxygen for
energy consumption. Ratios between blood flow and oxygen consumption using T2-weighted imaging,
thus, have revealed lesion sites based on activation of neuronal activity in both CNS and PNS (239, 240,
241). Asides from demyelination, recent study has shown a regional lesion specific to MS seen in T2-

FLAIR imaging. The central vein, a lesion involving the frontal periventricular WM, is consistently
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seen in MS patients and can be used to differentiate MS from other diseases (242, 243, 244). Likewise,
the manipulation of gadolinium contrasting agent in BBB breakdown seen in many other inflammatory
autoimmune disorders also aids in diagnosing both the stage and type of MS. Preserved integrity of
BBB normally prevents gadolinium from crossing, but in diseased systems such as MS and AD, the

leakage of gadolinium out of the BBB further confirms disease diagnostics.

Similarly, MRI has been previously utilized to help diagnose for AD pathology. Volumetric T1-
weighted scans are commonly paired with cognitive tests to estimate regional atrophy of GM, ventricles,
and hippocampus (245, 246, 247). Reductions in these areas have strongly correlated with cognitive
impairments. Alternatively, structural properties based on glucose uptake detected by dynamic glucose-
enhanced MRI have shown that transgenic AD mice for amyloid plagues have a higher uptake compared
to WT mice of the same age (248). Further studies have shown that normal appearing white and grey
matter surrounding affected magnetic resonance images may already display cellular and structural
changes (249, 250, 251). The utilisation of radiological diagnosis could help complement what is
already known about neurodegeneration and support white matter-based hypotheses to elucidate the

guestions in these diseases.

2.0 Methods

2.1  Animal ethics
All experiments were done with compliance to The Government of the Hong Kong Special

Administrative Region Department of Health’s Animals (Control of Experiments) Ordinance Chapter
340. All animal experiments were performed under valid licenses provided by the Hong Kong
Department of Health: (19-178) in DH/SHS/8/2/4/ Pt.8, (19-181) in HD/SHS/8/2/4/ Pt.8, (21-343) in
HD/HT&A/8/2/4 Pt.8, and (22-45) in DH/HT&A/8/2/4 Pt.9. All mice were kept and cared for at The
Animal and Plant Care Facility (APCF) at The Hong Kong University of Science and Technology
(HKUST) and/or Centralized Animal Facilities (CAF) at The Hong Kong Polytechnic University
(PolyU) in compliance with the Ordinance and The Code of Practice for Care and Use of Animals for
Experimental Purposes of Hong Kong. All animal experiments and analysis were approved by the

Animal Subjects Ethics Sub-Committee at The Hong Kong Polytechnic University.
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2.2 Human Samples
All human tissue samples were provided by Alzheimer’s Disease Research Center Neuropathology

Core at the University of Pittsburgh with the approval of the Committee for Oversight of Research and
Clinical Training Involving Decedents at the University of Pittsburgh. Additionally, the study was
approved by the Institutional Review Board at the Hong Kong Polytechnic University — IRB
(HSEARS20190809001). All postmortem tissues were formalin-fixed paraffin-embedded from
sporadic Alzheimer’s (mean age=83.0 years, n=18), familial Alzheimer’s (mean age=50.3 years, n=7),
and age-matched healthy controls (NC, mean age=78.0 years, n=9) were classified by Braak staging
(163) and Institute on Aging and Reagan Institute diagnosis criteria (252). Genotyping was confirmed
by conventional immunohistochemistry with Leica BOND RX of human brain stem with human

APOE4 (Clone 4E4, MABNA43).

2.3 Animal Subjects
Animals were first housed in The Animal and Plant Care Facility (HKUST) before being relocated to

The Centralized Animal Facility (PolyU) in June 2019. This was due to the retirement of Professor Karl
Herrup and the relocation to PolyU. The movement was conducted by Dr. Kai-Hei TSE utilising
Ferndale and Friends from HKUST to PolyU. All animals were moved from individually ventilated
cages to filter top transport cages with minimal agitations of the cage. Post-arrival, all mice were housed
in the quarantine zone of the CAF for one month under close inspection before being transferred into
the individually ventilated cages in room Y1428 in the Y-core of PolyU. All mice are housed in room
Y 1428 under the care of Hong Kong Polytechnic University’s Centralised Animal Facility (CAF). Mice
husbandry was done by Mr. Gerald Wai-Yeung CHENG and Mr. Sunny Hoi-Sang YEUNG. Mice are
housed in individually ventilated cages (IVC) and grouped accordingly as breeding or maintenance
cages. The purpose of breeding cages, which allows cohabitation of males and females, is to maintain
a stable population by controlling the reproduction rates. Breeding cages are grouped from one to two
males with three to four females. The purpose of maintenance cages, which allows for cohabitation of
only one sex, is to maintain the growth of the mice without reproduction. Maintenance cages are

grouped from four to seven mice of the same gender. Regarding groups of males, only males from the
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same litter were housed together to prevent territorial offenses. However, females from different litters
could be housed together. Each IVVC is padded with wood shavings and provided with water and diet ad
libitum. Centralised diet from CAF (5053, Purina PicoLab® Rodent Diet 20 5053) is topped up and
refilled every Wednesday at 11:00am. Light cycles within room 1428 are separated into two 12-hour
cycles: 7:00 to 18:59 at 8 lux and 19:00 to 6:59 at 0 lux. Light intensities are raised to 80lux during
weekly cage changes by the CAF staff. Humidity within room Y1428 is maintained between 58% and
71%, and the temperature is maintained between 20°C and 23°C. New-born mice are weaned at 4 weeks
old. During weaning, each mouse is provided an identification number by ear punching. Routine checks

of each cage were done every Monday and Friday.

Mice that were part of the cuprizone treatment cohort were housed in filter cages in room Y1431. As
cuprizone has neurotoxic effects, mice under this treatment were placed in filter cages to prevent
contamination of the central air vent system in the 1\VVCs. Mice of the same treatment were placed in the
same cage without preference for genotype. The cuprizone treatment (0.2% w/w, TD.140803, irradiated,
Envigo, Indianapolis, IN, US) and control treatment (0.0% w/w, TD.00588, irradiated, Envigo,
Indianapolis, IN, US) were provided at 1509 per cage with ad libitum water for 4 weeks. The treatments
were topped up to 150g every Monday and Thursday, and the weights and activity of each mouse were
observed and recorded to record any changes in their health status every Monday and Thursday. Routine
checks of each cage were done every Monday and Friday. No abnormalities such as acute weight loss,

abnormal gaits, nor aggressive/passive interactions were observed.

Longitudinal study is the continuous data acquisition of an individual over a period. In age-dependent
diseases such as Alzheimer’s disease, it is important to monitor minute changes in cognitive abilities,
motor skills, or mental health in patients to diagnosis for disease progression. While a longitudinal study
would provide more accurate data regarding radiological age-dependent changes, our hypothesis our
hypothesis focuses on cellular changes which cannot be continuously monitored by any in vivo
technique over 16 months period. We acknowledge the benefits of longitudinal studies where individual

mice’s white or grey matter volumetric or diffusivity parameters could be followed with age as these
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procedures do not require the sacrifice of the mice. However, quantitative analysis of cellular properties
such as immunohistochemistry, western blot, or gqPCR would not be possible in vivo. Since our
hypothesis proposes the detection of both myelin loss and oligodendrocyte degeneration, mice must be
sacrificed for cell analysis. Additionally, further dissection of brain regions was necessary for region-
based effects from aging. As such, a cross-sectional study was done. A cross-sectional study is the data
acquisition at set time points. Our experiments acquired radiological data (in vivo) and histological data
(post-mortem) at specific ages to correlate myelin densities to cellular alterations. Since we are focusing
on how age-dependent myelin and oligodendrocyte changes can affect each other at different ages

instead of how age affects myelin and oligodendrocytes, we do not require a longitudinal study.

Sex differences was a considered factor in the construction of the proposal. Indications of sex are made
within the captions of all figures shown as male/female. Myelination has been shown to differ between
rodent sexes. In wild-type males, the density of oligodendrocytes and expression of myelin proteins and
genes such as MBP and PLP are greater than females (253, 254). The delineation is further supported
by female’s up-regulation of androgen receptors responsible for remyelination in demyelinated lesions
compared to undetectable changes in the male (255). These results indicate a diverging path of
myelination and remyelination between males and females. Further review of Alzheimer’s disease
mouse model, APP/PS1, showed myelin vulnerability of female APP/PS1 mice with significantly lower
total white matter volume and myelinated fibers (256). Previous studies of the inclusion of cuprizone
have also produced sex differences. It is agreed that cuprizone induces similar degrees of demyelination
between male and females (257, 258). However, in females, cuprizone had deregulated the estrous cycle
(258) and increased anxiety and reduced motor coordination in males (257). To remove factors that
could produce variation, only one sex was used for our experiments. The choice of males is due to the
female’s estrous cycle, which cycle every four to five days (259). During the estrous cycle, higher levels
of progesterone are produced in the metestrus phase (AA). Progesterone is known for
oligodendrogenesis (260) and up-regulation of MBP (261). Additionally, increases of progesterone
levels have shown protective effects against cuprizone (262). As a result, males were chosen due to

minimal external factors that could influence demyelination.
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2.3.1 R1.40
The R1.40 mice (B6.129-Tg(APPSw)40Btla/Mmjax) for human amyloid beta (A4) precursor protein

(APPSwe) were created by the manipulation of a yeast artificial chromosome (YAC) containing the
entire human APP gene with substitution mutations of asparagine for lysine and leucine for methionine
(APPkeronmme71L), isoleucine for valine (APPv7171), or both (263) (Figure 4). The production of the APP
YAC was through, first, its digestion by Sacl and ligation into Sacl-digested A phage ZAPII. Exons 16
and 17 were isolated with the 1.8 kbp Hindlll fragment with exon 16 and 3kbp EcoRI fragment with
exon 17 subcloned into Bluescript. The substitution mutations were introduced in the appropriate exons
through PCR mutagenesis. Products were linearized with Stul and inserted into the wild-type APP gene
by a two-step yeast gene replacement outlined by Ketner et al (264). R1.40 mice exhibit amyloid plaque
deposition by 14 months of age (263) (Figure 5). Transgenic mice were acquired from Jackson
Laboratory (034831-JAX, Bar Harbor, USA) and allowed to inbreed among wild-types and
hemizygotes. Mice were provided ad libitum water and diet for 12-weeks before administered with
either 18% protein control diet (ENVIGO, TD.00588) or 0.02% cuprizone diet (ENVIGO, TD.140803)
for 4 weeks. The R1.40 mice were employed to model mild amyloid deposition and the effects of acute

demyelination by cuprizone.

2.3.2 APP/PS1
The APP/PS1 mice (B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) for two inserted cDNA transgene

were created with the Swedish mutation for the amyloid beta (A4) precursor protein (APPSwe) and
human presenilin-1 “DeltaE9” mutation (PS1iiesp) inserted into the pTSC21 vector (265) (Figure 4).
The vector was inserted into the Xhol cloning site and Notl/Pvul digested and injected into the C57BL/6
male pronuclei oocytes. APP/PS1 mice exhibit amyloid plague deposition by 6 months of age (Figure
6). Clinically, amyloid plaques appear first due to accumulating aggregations of the amyloid oligomers.
This abnormal aggregation induces an immune response that triggers the activation and proliferation of
microglia and astrocytes, known as gliosis. Finally, it is due to the inflammation recruited by the
immune response and the overproduction of these plagues do synapses begin to suffer as axons

degenerate. Transgenic mice were acquired from Jackson Laboratory (034832-JAX, Bar Harbor, USA)
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and allowed to inbreed among wild-types and hemizygotes. APP/PS1 mice were provided ad libitum
water and normal diet for 8 weeks before administered with either 18% protein control diet (ENVIGO,
TD.00588) or 0.2% cuprizone diet for 4 weeks. The APP/PS1 mice were employed to model aggressive
amyloid deposition. The addition of cuprizone questioned if the aggression of deposition would prepone

amyloid deposition and affect neuron and OL survivability.

47



Chr. 13

Chr.9

APP/PS1 (B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) @

Figure 4: Mutations of the R1.40 (Top) and APP/PS1 (Bottom) mice models.
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By 13.5 months homozygous mice develop both parenchymal and vascular
Plaques amyloid deposits which first appear in the frontal cortex. No Af deposition at
5 months (Lehman et al., 2003).

No mature tangles, but some changes in phosphorylated tau.
Tangles

Unknown.
Meuronal Loss

Reactive astrocytes and microglia in 14-16 month old animals (Kulnane et al.,
Gliosis 2001).

Unknown.
Synaptic Loss
Changes in Absent.
LTP/LTD

Unknown.

Cognitive
Impairment

Figure 5: Age of onset of neurological events of R1.40 mice.
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AP deposition begins at 6 weeks of age in the cortex and 3-4 months of age in
the hippocampus (Radde et al., 2006).

Phosphorylated tau-positive neuritic processes around plaques have been
observed, but no mature tangles (Radde et al,, 2006).

Global neuron loss is not observed, but modest neuron loss was found in the
granule cell layer of the dentate gyrus and other subregions with high
neuronal density in 17-month old animals (Rupp et al., 2011).

Activated microglia around AP deposits at 6 weeks as well as increased
astrogliosis (Radde et al.,, 2006). Levels of CCL2 and TNFa increase at later
ages (Lee etal, 2010).

Dendritic spine loss around plaques reported to begin approximately 4 weeks
after plaque formation and continue for several months (Bittner et al,, 2012).

Hippocampal CA1 LTP normal at 4.5 months of age, but impaired at 8 and 15
months of age (Gengler et al.,, 2010).

Cognitive deficits in spatial learning and memory in the Morris water maze
reported at 7 months (Serneels et al., 2009). Impaired reversal learning of a
food-rewarded four-arm spatial maze task observed at 8 months (Radde et al,,
2006).

Figure 6: Age of onset of neurological events of APP/PS1 mice.
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2.3.3 Apoe”
The Apoe™ mice (Apoe™V™) for the complete knock-out of the endogenous mice Apoe were created

by Piedrahita et al (266) (Figure 7). The Apoe gene was knocked-out using gene targeting of the mice
embryonic stem cell where two plasmids, pJPB63 and pNMC109, containing neomycin-resistant genes
were introduced and replaced Apoe using electroporation. Homozygotes for Apoe™ disrupted gene were
utilized to inbreed with no wild-types as this strain could survive and remain fertile as homozygotes in
complete absence of Apoe. Mice were obtained from Jackson Laboratory (IMSR_JAX:002052, Bar
Harbor, USA) and were allowed to mature up to 6-, 12-, and 16-months and provided ad libitum water
and normal diet. The purpose of utilizing Apoe™ is to understand the influence of the lack of a lipid
transporter within the body. Concurrently, it is to provide a negative control for the further

implementation of the humanized APOE3 and APOE4 knock-ins.

2.3.4 APOE3 and APOE4
Humanized APOE3 (RBRCO03390, B6;129-Apoe<i™/3stuRbrey and APOE4 (RBRC03418, B6;129-

Apoe<tmHAPOE/SI>/STURDIC) knock-in mice were obtained through RIKEN BloResource Researchi Center,
Japan. Mice were developed by Hamanaka Hiroki of Mitsubishi Kasei Institute of Life Sciences by
introduction of the knock-in section into E14TG2alV embryonic stem cells by electroporation. Part of
exon 2, entire exon 3, and most of exon 4 of the mouse Apoe sequence were deleted, and hAPOE3 or
hAPOE4 cDNA was inserted (267) (Figure 7). Transgenic mice were allowed to inbreed with wild-
types, heterozygotes, and homozygotes for either the APOE3 or APOE4 gene within its own strain.
Heterozygotes of the humanized APOE gene were only employed for breeding while wild-types and
homozygotes were utilized for experimentation. Mice were allowed to mature up to 6-, 12-, and 16-
months. The implementation of transgenic humanized APOE3 and APOE4 mice may help to understand
the effect of isoform difference on its correlation with AD. As only the APOE4 isoform significantly
increases the risk of AD, through which cells or structure does this influence is of importance towards

the progress of AD understanding and treatment.
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Figure 7: Transgenic mice for APOE. The exons of the endogenous Apoe gene are presented in the C57BL/6 mice
(Top). In the Apoe™, the full Apoe gene is removed (Middle). In the hRAPOE3 and hAPOE4 mice, all of exons 2 and 3
and part of 4 of the Apoe gene are removed and replaced with the hAPOE gene and neomycin.
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2.4 Genotyping of animal samples
Genetic identification of each mouse was performed at weaning and post-mortem. Ear punch was

carried out using stainless steel ear punch (KN-292-2-1, Natsume Seisakusho Co., Ltd, Tokyo, Japan)
by making an ear hole of diameter 1.5 mm. Punched tissues were stored in a 1.5 mL Eppendorf tube in

4°C for genotyping.

2.4.1 Genotyping of R1.40, hAPOE3, and hAPOE4
The Extract-N-Amp™ Tissue PCR Kit (XNAT2, Sigma-Aldrich, St. Louis, USA) was used for DNA

extraction and amplification of R1.40 and humanized APOE transgenic mice. Ear tissues were first
submerged into a mixture containing 100 pL of extraction solution (E7526, Sigma-Aldrich, St. Louis,
USA) and 25 pL of tissue preparation solution (T3073, Sigma-Aldrich, St. Louis, USA) for 10 min in
a 55°C water bath following 3 min on a 95°C heat block. Once extracted, 100 uL. of neutralization
solution B (N3910, Sigma-Aldrich, St. Louis, USA) was added to cease the denaturation and complete
DNA extraction. A solution (per sample) of 10 uL of Extract-N-Amp™ PCR Reaction Mix (E3004,
Sigma-Aldrich, St. Louis, USA), 3 uL of distilled water, 1 uL of each appropriate 10x primer solution,
and 4 pL of sample DNA extract was combined with vortex mixer and centrifuged to aggregate all
solution into the bottom of the 500 uL PCR tubes. Tubes were then processed within a Veriti™ 96-

Well Fast Thermal Cycler (4375305, Thermo Scientific, Waltham, USA) using primer-specific protocol.

2.4.2  Genotyping Apoe” and APP/PS1
Genotyping of APOEKO and APP/PS1 mice were performed as indicated in the following. For DNA

extraction, ear tissues were immersed in 100 pL of 0.01 M NaOH and heated at 95°C on a heat block
for 45 min. Afterwards, 75 pL of Tris-TAE neutralization buffer was added to halt the denaturation
process. The polymerase chain reaction (PCR) solution (per sample) was made with 2.5 puL of
ThermoPol® Reaction Buffer (B9004S, New England BioLabs, Ipswich, USA), 0.5 uL of ddNTP, 0.5
uL of each appropriate 10x primer solution, 15.5 uL of distilled water, and 0.125 pL of Tag DNA
polymerase (M0273S, New England BioLabs, Ipswich, USA), and 5 pL of sample DNA extract. The

solution was then combined with vortex mixer and centrifuged to aggregate all solution into the bottom
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of the 500 uL PCR tubes. Tubes were then processed within a Veriti™ 96-Well Fast Thermal Cycler

(4375305, Thermo Scientific, Waltham, USA) using primer-specific protocol.

2.5  Cuprizone mediated demyelination
Diet incorporated with 0.2% cuprizone (CPZ) diets were purchased through ENVIGO (Madison, USA).

R1.40 mice and APP/PS1 mice at 12 and 8 weeks of age, respectively, were removed from IVCs in
room Y1428 and relocated into open top filter cages in room Y1431 for 4 weeks of treatment. Each
cage held a maximum of three mice and were changed and cleaned weekly. Both control and cuprizone
diets were topped up to 150 g biweekly and water changed weekly while their consumption was ad
libitum. Biweekly inspection of amount of chow eaten, mice weights, and status of each mouse was
performed to ensure adherence to proper ethical protocol. If mice were shown to have significant
deterioration in health such as gait impairment or appearance of seizures, the mice were humanely
euthanized with CO; asphyxiation. At the end of the procedure, cuprizone and provided control diets
were properly disposed of in the hazardous waste bags in accordance with the Waste Disposal
Ordinance (Cap.354) under the Environmental Protection Department of Hong Kong. No deterioration
was found in CPZ mice during the 4-week treatment period, and no mice were sacrificed due to

complications from the diet.

2.6 Behaviour test for reference memory- Y-maze
The plastic 3-pronged y-maze was measured by Dr. Kai-Hei TSE and produced at Hoi Fat Plastic

Decoration Advertising Limited in Mong Kok, Hong Kong. The set-up of the room for the memory test
is shown in Figure 8. Mice were relocated from room Y1428, Y1429, or Y1431 into room Y1441 for
at least 1 hr to acclimate to the new environment to prevent stress factors that may affect its cognitive
or physiological functions. After the acclimation period, each animal was placed on the underside of
filter tops to prevent its visuals of the surroundings and placed into the gated 3-pronged y-maze. The
dimensions of our grey opaque acrylic Y-maze with 3 prongs are as follows: length is 35cm, width is
7cm, and height is 9cm (268). While there are different single arm lengths of the y-maze ranging from

15cm to 95cm, we had chosen 35cm due to previous reports of cognitive testing of mice using similar
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lengths of 39.5cm (269) and 30cm (270). The maze was placed on top of a cart that was locked into
place to prevent unnecessary movement during the behaviour test. A tripod was used to hover a camera
85cm above the Y-maze to allow it to visualize the whole maze. To provide additional lighting for the
camera, a lamp was placed in the corner of the room with the light aimed at the adjacent wall. The
camera was then connected into the laptop where the ANY-MAZE (version 7.2, Stoelting Co. IL, USA)

was installed for animal tracking.

After the set-up, mice cages were transferred from room Y1428 or Y1431 to Y1441 by cart to prevent
excessive movement of the cages. The temperature of Y1441 was maintained between 18°C and 21°C;
the humidity was maintained between 45% and 65%. Once inside room Y1441, mice were acclimatized
on an adjacent table to the cart for 1 hr prior to behaviour test. For each trial, mice were transferred
from the table to the Y-maze using the cage lid to prevent fear or stress responses from handling the
mice. Additionally, black boards were used as a barrier surrounding the Y-maze to prevent outside

factors from influencing mice behaviour.

Y-maze is a two-tier behaviour test working and reference spatial memory. Reference memory test was
done with no food reward since spontaneous alternation, or the measurement of willingness for mice to
explore new environments, requires that the mice have no direct influence from a reward. Additionally,
reward-based reference memory tests have been shown to not exhibit significant differences in animal
spontaneous alternation nor choice in correct arm entry in Y- and T-maze but only in higher activity
(271, 272). Spontaneous alternation manipulates an animal’s natural tendency to explore the new. In
the working reference memory tests, the mouse is permitted to freely roam the ungated maze for 8 min
(273, 274, 275, 276, 277, 278) before homing. The reference spatial memory test requires two phases:
a training phase and experimental phase. During the training phase, the mouse is allowed to explore the
maze with one gate closed for 4 min. Afterwards, an 1 hr inter-trial resting period is provided before
the subject is placed back into the ungated maze for 4 min (279). Tests were done with the following
parameters measured: time spent in each arm, time spent in the correct arm, time spent in the incorrect

arm, total entries, spontaneous alternation (percentage of alternation equals to the number of
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alternations divided by the number of entries and multiplied by 100), average speed of the mouse, and

average unmoving time (14).

Reference memory test was done with no food reward since spontaneous alternation, or the
measurement of willingness for mice to explore new environments, requires that the mice have no direct
influence from a reward. Spontaneous alternation manipulates an animal’s natural tendency to explore
the new. In the working reference memory tests, the mouse is permitted to freely roam the ungated maze
for 8 min (273, 274, 275, 276, 277, 278) before homing. The reference spatial memory test requires two
phases: a training phase and experimental phase. During the training phase, the mouse is allowed to
explore the maze with one gate closed for 4 min. Afterwards, an 1 hr inter-trial resting period is provided

before the subject is placed back into the ungated maze for 4 min (279).
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Figure 8: Presented is the set-up of the y-maze behaviour test in room Y1441 of the PolyU CAF (Top). The
camera set up using Any-Maze is as shown (Bottom).
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2.7 Functional Magnetic Resonance Imaging (MRI)
Magnetic resonance imaging was conducted with the help from Dr. Kannie Wai-Yan CHAN, Dr.

Jianpan HUANG, and Ms. Zilin CHEN of City University of Hong Kong (CityU) in room Y7612 in
the Yeung Kin Man Academic Building of the City University of Hong Kong. A horizontal bore Bruker
3T BioSpec fMRI system (Figure 9A) was used to acquire five radiological modalities: T1-weighted
(T1w), T2-weighted (T2w), diffusion kurtosis (DKI), magnetization transfer (MT), and magnetic

resonance spectroscopy (MRS).

All MRI experiments were performed on a horizontal bore 3T Bruker BioSpec system (Bruker,
Ettlingen, Germany) equipped with an 82 mm quadrature volume resonator as a transmitter and a single
surface coil as a receiver, at City University of Hong Kong (Figure 8). For MRI scan, animal subjects
were initially anesthetized using a chamber pervaded with 2% isoflurane in oxygen. Mice without reflex
were considered unconscious and placed into the MRI. Subsequently, the mice were placed on the
mouse cradle in the scanner with a gas inhalation mask and kept under anaesthesia with 1-1.5%
isoflurane in oxygen. Oxygen at a concentration of 93% was generated by an oxygen concentrator
(DeVilbiss Healthcare, Somerset, USA). The flow of oxygen was set to 2L/min throughout MRI
acquisition. Isoflurane is shown to affect the level of y-aminobutyric acid (GABA), an inhibitory
neurotransmitter regulating chloride ion diffusion. Application of increasing isoflurane concentration
has been shown to increase GABA-activated currents in the hippocampal circuitry (280, 281). Increase
of GABA hyperpolarizes neurons, inhibits action potentials, and reduces the release of
neurotransmitters. These effects have been shown to reduce motor stimulation and decrease cortical
activity (282, 283). Even though isoflurane affects neural circuitry, it has not been shown to affect MRI
signals (284). To ensure comparable slice orientations, the mice were placed in a prone position with
the head fixed to a teeth holder. Mouse body temperature was maintained at 37°C using a warming pad
connecting to a water heating system (Thermo Scientific, Waltham, USA). Respiration was
continuously monitored using an MRI-compatible monitor system (SA Instruments, Stony Brook, USA)
with a signal derived from a pressure transducer placed under the chest of mouse. After localized

acquisition, the By field over the mouse brain was shimmed using field mapping and second order
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shimming. The image slices were positioned based on a collected sagittal image of the mouse brain
with the position of the coronal image slice set to -1.5 mm with respect to the anterior commissure (AC).
For each mouse, MRI data of T1/T2 weighted (T1w/T2w) imaging, diffusion tensor imaging (DTI) and
magnetization transfer ratio (MTR) imaging and magnetic resonance spectroscopy (MRS) were
acquired. For imaging acquisitions, 11 slices of image with a matrix size of 128 ~ 128, a field of view
(FOV) of 20 * 20 mm and a thickness of 1 mm were acquired (Figure 9B and 9C). T1 and T2 acquisition
took 2min 24s. Diffusion kurtosis imaging took 13min. Magnetic resonance spectroscopy acquisition
took 9min 49s. Magnetization transfer took 9min 26s. The total acquisition time took 34min 39s with
additional average of 15min of acquisition set up. Recovery was done with a heat lamp to prevent heat
loss of the mouse until consciousness. Other acquisition parameters for each methodology were

specified as the following:

2.7.1 T1/T2 weighted imaging
Both T1w and T2w images were acquired using a rapid acquisition with refocused echoes (RARE)

sequence. T1w parameters were set as: repetition time (TR) = 500 ms, echo time (TE) = 14 ms, number
of average (NA) = 8, RARE factor = 4 (linear encoding), scan time = 2 min 8 sec. T2w parameters were

set as: TR =3000 ms, TE =54 ms, NA = 8, RARE factor = 16, scan time = 2 min 24 sec.

2.7.2 DKI imaging
Diffusion kurtosis images (DKI) were acquired using a spin echo-echo planar imaging (SE-EPI)

sequence. Imaging parameters were set to: TR = 3000 ms, TE = 36 ms, NA = 4, diffusion encoding 6 =
3 ms and diffusion separation A = 16 ms, 30 diffusion directions with b= 1000 s/mm2 and 5 unweighted
b = 0 s/mm2 images, 2 experiments per direction, resulting in a scan time of 13 min. The diffusion
tensor eigenvalues (A1, A2, A3) computed by the ParaVision 6 were used to calculate parameter maps
on a pixel-by-pixel basis for the axial diffusivity (AxD) with AxD = A1, the radial diffusivity (RD) with
RD = (A2 +13)/ 2, the mean diffusivity (MD) with MD = (A1 + A2 +A3) / 3 and the fractional anisotropy

(FA) with:

FA = (A —22)% 4+ (A2 — 23)%+(A; — 43)?
2(2+23 + 1%)
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Figure 9: Presented is the CityU room for the 3T Bruker functional MRI (A). The number of slices that
was imaged are separated into the respective Bregmas (B). Representative DKI and T2w images are
shown (C). Bregma is the location at which the coronal suture, a connective tissue joint that separates
the two parietal bones from the frontal bone, and the sagittal suture, the connective tissue joint that
separates the two parietal bones, perpendicularly intersects. This region is regarded as the origin for
the coordinates of the coronal brain. Bregma values, presented as the distance in millimetres from this
origin, are in reference to this point using positive, or more anterior, and negative, or more posterior,
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to this position. Each coronal MRI image is approximately 1mm thick, separating our Bregmas by a
factor of approximately 1 between each image. Radiological acquisition permitted for 11 images to be
taken starting from approximately Bregma 3.6 encompassing only the tip of the frontal cortex with
mostly the olfactory bulb to approximately Bregma 7.5 encompassing the posterior cerebellum. All
images were with reference to the Allen Brain Atlas. Image heatmap used jet color differentiation to
indicate degree of diffusivity using diffusion kurtosis imaging. The range for fractional anisotropy (FA)
is a scalar unit between 0 and 1. Values closer to 0 represent an isotropic diffusion while values closer
to 1 represent an anisotropic diffusion. Radial (RD), axial (AxD), and mean (MD) diffusivity range
between 0 and 1E10-3, 0 and 1E10-3, and 0 and 1E10-3, respectively, with a unit of mm?s.
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2.7.3 Magnetic Resonance Spectroscopy
The voxel of interest (VOI) for MRS acquisition was localized in cortex region of each mouse with

reference to the acquired T2 weighted image. Localized shimming up to second order was performed
using voxel-based field mapping before each MRS acquisition. MRS data were acquired using the
stimulated echo acquisition mode (STEAM) sequence with outer volume suppression. The acquisition
parameters were voxel size = 3 x 3 x 3 mm, FID = 2048 points, averages = 256, TE = 3ms, mixing time
(TM) = 10 ms, TR = 2300 ms, scan time = 9 min 49 s. The location of the volume encompasses the
cortex, corpus callosum, hippocampus, and thalamus (Figure 4). Water suppression was achieved using
the variable pulse power and optimized relaxation (VAPOR) method. MRS data processing and analysis
were performed in MATLAB (MathWorks, USA). MRS spectra were aligned by setting the creatine
peak at 1.3 parts per million (ppm) against lipids, NAA, and glutamine/glutamate levels. Creatine has
been shown to directly affect the survival of oligodendrocytes by increasing production of
mitochondrial ATP specifically in oligodendrocytes (285). Additionally, the deletion of creatine-
synthesizing enzyme, guanidinoacetate methyltransferase, significantly reduced creatine expression
and mature oligodendrocyte populations, delayed myelination, and impaired axonal integrity by
increased expression of non-phosphorylated neurofilaments (286). Hence, creatine levels may represent
oligodendrocyte population statuses. However, these studies were done in cell culture and cerebellum
using single cell analysis. Previous reports have shown that creatine levels remain consistent among
normal control and Alzheimer’s patients (287, 288, 289, 290). Furthermore, levels of MRS detected
metabolite changes against creatine were established in Alzheimer’s evaluations. Our MRS was done
over a volume encompassing the cortex, corpus callosum, and hippocampus. The region is significantly
larger than the single cell analysis. This form of analysis would decrease the effects of the level of

creatine.

2.8  Isolation of brain and organs
Post-MRI, animals were returned to PolyU room Y1104 for sacrifice and extraction in a class Il

biosafety cabinet. Mice were irreversibly anesthetized by intraperitoneal injection with avertin (1.25%,

2,2,2-tribromoethanol) and checked for consciousness by hind feet pinching to assess for nociceptive
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reflex before transcardial perfusion. Ice-cold phosphate buffer solution (PBS) was perfused through a
peristaltic pump at 4.5 mL/min. The choice of avertin had been approved due to the single survival

procedure nature of the euthanasia. Ear punches were removed for post-mortem genotype confirmation.

Once the mouse has been checked and confirmed as unconscious, the mouse was transferred onto the
operating stage where its appendages were pinned down with sanitized needles. The skin on the chest
of the mouse was first picked up with forceps, and a cut was made to expose the sternum. An incision
was made under the sternum, and the diaphragm was similarly opened to expose the heart. A
hypodermic needle fitted into the tubing of the peristaltic pump was then inserted into the ventricle of
the heart, and ice-cold PBS was used at 4.5 mL/min to perfuse the mouse for 3 to 4 min. As an adult
mouse has an average of 2.5 mL of circulating blood, an excess of PBS was used to ensure complete
removal of blood. After perfusion, a vertical incision of the skin from the nape to the nose was made in
addition to a horizontal cut between the eyes within the scalp. Subsequently, a similar cut along the
median line from the eyes to the spine to expose the brain was executed. The brain was carefully
removed by nicking the optic nerves and placing it onto a petri dish. The extracted brain was bisected
into the left and right hemispheres. The left hemisphere was snap frozen in dry ice for storage, and the
right hemisphere was fixed in 8 mL of 4% paraformaldehyde for 24 hrs at 4°C. The difference between
the left and right hemispheres were not studied. Instead, choosing one hemisphere of the brain is for
consistency as our previous works have used the left hemisphere for protein expression and right for
immunohistochemistry. Fixed brain tissues were then dehydrated with 30% wi/v sucrose/PBS for a
minimum of 48 h, segregated into 2 mm blocks using brain matrix, embedded into cassettes with
optimal cutting temperature (OCT) in dry ice, and cryosectioned using Cryostar NX70 Cryostat at 10
mm sections on charged slides. Embedded tissues and unused sectioned slides were stored in -80°C

while unused brain tissues were cryopreserved with 20% glycine/sucrose in -20°C.

2.9  Tissue re-dehydration
Tissues kept in cryoprotectant are required to be re-dehydrated before embedding. Tissues were first

removed from the cryoprotectant and washed with 30% sucrose/PBS three times to remove excess
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glycine. After wash, each tissue was submerged in 3 mL of 30% sucrose/PBS for 10 days with daily
replacement of the solution to maintain higher concentration in the solution. Each tissue was then
submerged in 40% sucrose/PBS for 4 additional days with daily solution replacement to further
dehydrate the tissue. Finally, the tissue was submerged in 2 mL of OCT in addition to 2 mL of the 40%

sucrose/PBS solution for 3 days before embedded in OCT.

2.10 Chromogenic Immunohistochemistry and Imaging
Mounted brain sections stored in -80°C were washed 3 times with PBS to remove excess OCT before

converters were placed on each slide. Leica Bond Polymer Refine Detection (Wetzlar, Germany) was
used for immunohistochemistry (IHC) in addition to pre-made primary antibody solutions. Staining
protocols for Leica Bond Rx were optimized for heat induced epitope retrieval (HIER) pH of pH 6 (ER1)
or pH 9 (ER2), time necessary for antigen retrieval, antibody dilutions, and incubation period. All
antibodies used include the following: Olig2 (MABN50, 1:500 Millipore, CA, USA, heat induced
epitope retrieval (HIER) with ER1 solution for 20 min), ASPA (ABN1698, 1:500 Millipore, CA, USA,
HIER with ER1 solution for 20min), Nkx 2.2 (ab191077, 1:1000 Abcam, Cambridge, HIER with ER2
solution for 20 min), APC-CC1 (Clone CC1, MABC200, 1:500 Millipore, CA, USA, HIER with ER1
solution for 20 min), PLP1 (Clone EQV1N, CST 28702S, 1:500, HIER with ER1 solution for 20 min);
amyloid marker, anti-B-Amyloid 1-16 (Clone 6E10, 803014, 1:5000, BioLegend, CA, USA, HIER with
ER1 solution for 20 min). All sections were counter-stained with haematoxylin. After staining, tissues
were immediately removed and placed into distilled water for transfer into dehydration. Slides were
placed into a slide staining rack and washed for 30 sec with agitation in order from 70% ethanol, 90%
ethanol, 100% ethanol twice, and xylene twice. Tissues were then mounted using DPX high grade
xylene mountant (06522-100mL, Sigma-Aldrich, St. Louis, USA). Imaging was done with Leica Aperio
CSO Scanner in 20x double magnification (Leica BioSystems, Wetzlar, Germany) or NanoZoomer

S210 Digital slide scanner (C13239-01, Hamamatsu Photonics, Shizuoka, Japan).

Human samples of the frontal cortex, cerebella cortex, brainstem, and hippocampus were used for

further conventional immunohistochemistry. Paraffin tissue slides were first heated at 60°C for 1 hr to

64



melt the paraffin before deparaffinization with xylene for 10 min. Rehydration was then done through
30 sec washes in a decreasing ethanol concentration. Antigen retrieval was then performed using pH
9.0 Tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA solution, 0.05% Tween 20) at 100°C water bath
for 30 min. Quenching residual peroxidase was performed with 3% hydrogen peroxide before blocked
with normal donkey serum for 30 min. Primary antibody incubation was performed for myelin basic
protein (SMI-99P, 1:3000, Covance/BioLegend, CA, USA), Olig2 (MABNS50, 1:500 Millipore, CA,
USA), APC-CC1 (Clone CC1, MABC200, 1:500 Millipore, CA, USA), and myelin regulatory factor
(ABN45, 1:300, Millipore, CA, USA) at 4°C overnight. Secondary antibody incubation was then
performed with DAB-based detection kits (VectaStain Elite ABC HRP Kit; DAB Peroxidase HRP
Substrate Kit, Vector Laboratories, Burlingame, CA) and counter-stained with hematoxylin. All human
tissues were imaged with an upright microscope (BX53 with DP80 camera, Olympus, Tokyo, Japan),
and scanned with a Leica Aperio CS2 digital pathology slide scanner (Leica Microsystems, Hong Kong

SAR).

2.11 Whole brain immunofluorescence and imaging
Mounted brain sections stored in -80°C were washed 3 times with PBS before blocked with 5 % normal

donkey serum in PBS containing 0.3% Triton X-100 for 30 min in 20°C. Tissues were then incubated
with primary antibodies for either 2 hrs in 20°C or a minimum of 12 hrs in 4°C, washed 3 times with
PBS, and applied with corresponding secondary antibodies for 1 hr in 20°C. All antibodies used include
the following: Olig2 (MABNS50, 1:500 Millipore, CA, USA), ASPA (ABN1698, 1:500 Millipore, CA,
USA), APC-CC1 (Clone CC1, MABC200, 1:500 Millipore, CA, USA), 53BP1 (ab36823, 1:5000
Abcam, Cambridge, UK), MBP (SMI-99P, 1:3000, Covance/BioLegend, CA, USA). All nuclei were
counterstained with 4’,6-diamidino-2phenylindole (DAPI, 1:1000) for 10 min in 20°C and mounted by
Hydromount (National Diagnostics, Atlanta, USA) with 22 x 50 cm coverslips. Slides were then
visualized by an upright microscope equipped with Excelitas Tech X-Cite® 120Q fluorescence
illuminator (BX53 with DP80 camera, Olympus, HKUST) or Nikon Eclipse Ti2-E Fluorescence

Imaging System (University Research Facility in Life Sciences, PolyU).
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Images were taken using two parameters: stitched whole brain and 20x magnified regions. Whole brain
imaging was done with 20x magnification (2424 pixels x 2424 pixels) and 1% blending as optimized
by Nikon Eclipse Ti2-E Fluorescence Imaging System with a LED light source. Wavelengths of
channels used were 365 nm for DAPI at 5% intensity and 20 ms exposure, 457.5 nm for FITC at 50%
intensity and 200ms exposure, 610 nm for mCherry at 50% intensity and 200ms exposure, and 710 nm
for Cy5 at 50% intensity and 200ms exposure. Regions of interests (frontal cortex, parietal cortex,
occipital cortex, genu, isthmus, splenium, and hippocampus) were then manually focused to initiate
automatic imaging and stitching of the whole brain with an average of 60 stitched images equating to
an average cortical length of 7 mm with CFI Plan Apo 20x/0.75 Dry objective. Single region images
(850 pm x 850 um) were taken with the same 20x magnification. Regions of interest are duplicated

with the seven regions used to focus.

2.12 Quantitative Analysis
Cellular quantifications of fluorescent immunohistochemistry were performed by manual counting

while chromogenic immunohistochemistry by automated analysis using QuPath (291). Each region of
interest (anterior cingulate, motor cortex, somatosensory cortex, genu, cinglum, external capsule,
thalamus, anterior commissure, and septohippocampal nuclei) was manually drawn out using the
polygon function. Analysed cerebral regions were chosen to correlate with human findings in APOE4
isoform patients by Dr. Henry Mak (292). Since APOE4 is the greatest genetic risk factor for sporadic
Alzheimer’s, we proposed that the anterior cingulate (293), motor cortex (294), somatosensory cortex
(295, 296), corpus callosum (297, 298), and hippocampus (299, 300, 301) seen in humans would be
translated with the most affected regions in the Alzheimer’s transgenic mice. Cell detection of
haematoxylin optical density was done with a pixel size of 0.5 um. Nuclear parameters were set as the
following: background radius of 8 um, median filter radius of 0 um, sigma of 0 pm, minimum area of
10 pm?, and maximum area of 400 um?. The threshold of the DAB intensity was set at 0.1 with a max

background intensity of 2 and cell expansion of 5 pm.

66



2.13 Western Blotting
Snap frozen brain tissue (left hemispheres) were defrosted on ice and dissected with a stereo microscope

into cortex, hippocampus, WM, and cerebellum. Each portion was then pulverized in a dounce
homogenizer with PBS and separated into two solutions: one for protein analysis and one for RNA
extraction. For protein analysis, appropriate amounts of RIPA lysis buffer with PhosphoSTOP and
Protease Inhibitor were added and shaken at 4°C for 1 h. Protein solutions were then stored in -80°C

until usage.

After preparation, protein samples were analysed for protein concentrations per each sample. Samples
were centrifuged at 4°C at 10,000G for 20 m. The supernatant was extracted as the cytoplasmic fraction
while keeping the remaining precipitate as nucleic fraction stored in -80°C. Each cytoplasmic fraction
was then diluted 1:40 or 1:50 against Bio-Rad protein assay (5000002, Hercules, US) to standardize
protein concentration to 25 to 30 ug per sample using Milli-Q water and 6x loading dye with 5% beta-

mercaptoethanol.

Electrophoresis of protein samples (20 pL) were done using 1.5 mm thick sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gels with Precision Plus Protein Dual Color Standards
(1610374, Hercules, US). Resolving gel percentages were determined by the size of desired protein
while stacking gel percentages were kept at 5%. All gels were run on Mini-PROTEAN Tetra Vertical
Electrophoresis Cell with PowerPac Basic Power Supply (Bio-Rad) at 100 V for 30 min before
increasing voltage to 120 V for 60 min. Gels were then removed and placed on methanol-exposed
polyvinylidene fluoride (PVDF) membrane to be transferred in Trans-Blot Turbo Transfer System (Bio-
Rad) at 25 V and 1.0 A for 1 hr. After transfer of protein from gel to membrane, each membrane was
blocked with 4 mL of 5% non-fat milk for 30 min on a lab tube roller and incubated with appropriate
primary antibodies overnight in 20°C. All antibodies include the following: B-Amyloid, 1-16 Antibody
(2:000, Clone 6E10, N-terminal, a.a. 1-16, human specific only, 803014 BioLegend, CA, USA), MOG
(1:1000, MAB5680, Millipore, CA, USA), MAG (MAB1567, 1:3000, Millipore, CA, USA), MBP

(SMI-99P, 1:3000, Covance/BioLegend, CA, USA), GAPDH (ab8245, 1:10000, Abcam, Cambridge,
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UK). Horseradish peroxidase conjugated secondary antibodies were then incubated for 1 h in 20°C
before visualized with Forte (Millipore, Immobilon Forte Western HRP Substrate, WBLUF0500) or
Dura (SuperSignal™ West Dura Extended Duration Substrate, 34075, Thermo Scientific) enhanced
chemiluminescence for 5 m and imaged in ChemiDoc™ MP Imaging System (Bio-Rad). Analysis of
western blots were done using ImageJ (302). Intensities of each band were measured for area under

curve of the associated peaks. All intensity levels were normalized with housekeeping gene, GAPDH.

2.14  Statistical Analysis
All statistical analysis were done on GraphPad Prism 9 (version 9.5.0., San Diego, US). Two-way

analysis of variance (ANOVA) was performed on all comparisons due to each investigation having two
independent variables (303). The Tukey post-hoc multiple comparison test was performed to
minimalize Type | error due to differing sample size (304, 305, 306, 307, 308). All data in graphs are
expressed as mean = standard error of mean (SEM) with statistical significance set at p < 0.05. Global
changes in ANOVA refers to the effect of the proposed variable on the results, exclusive of trend.
Outlier test was done on all cohorts to exclude outlying values. For the outlier test, quartiles 1 and 3
were found individually per genotype and age group. The lower and upper limits for indicating the
outlier is calculated by subtraction from quartile 1 and addition of quartile 3, respectively, with 1.5

times the interquartile range.

Stratified randomisation was done for the choice of mouse for treatment groups. Since genotype is a
covariate that must be maintained, we randomised the choice of mice once their respective genotypes
were confirmed. Confounders were minimized by maintaining consistence in the location of treatment.
However, 12 of the wildtypes and R1.40 mice were treated in HKUST and 22 of the wildtypes and
APP/PS1 mice were treated in room Y1431 in PolyU. Regarding blinding, after radiological and
histological acquisition, sections were annotated for the regions of interest. Annotations for brain

regions were blindly done with no knowledge of genotype nor treatment groups.
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3.0 Demyelination accelerate amyloid pathology in transgenic
mouse models

3.1  Experimental Design
Our central hypothesis proposes that myelin loss triggered by the APOE4 isoform could initiated or

accelerate Alzheimer’s disease. This proposal is separated into two sections to answer this question.
Our first proposal is that myelin loss accelerates AD pathology. The first aim we had was to show that
demyelination or the reduction in myelin would affect amyloid plaque deposition, the hallmark of
Alzheimer’s. By employing young mice between 3 and 4 months old that were predisposed for amyloid
plagues and treating them with cuprizone, a demyelinating treatment, we radiologically and
histologically observed for changes in oligodendrocytes, myelin, and amyloid plaques to understand if
the genetics or treatment would affect these bodies. As we observed increased expression of the amyloid
protein in the brain with cuprizone, we then aimed to see if APOE4, the greatest genetic risk factor of
sporadic Alzheimer’s, would create similar effects. Our second hypothesis is APOE4 accelerates
myelin/OL loss. As APOE is a lipid carrier within the brain, we proposed that its normal functions are
impaired, leading to the inability of oligodendrocytes to maintain or create myelin and leading to the
previous result of increased amyloid. Altogether, the reduced myelin would increase amyloid

aggregations and initiate the symptoms of Alzheimer’s.

One of the neuropathological hallmarks of AD is the appearance of amyloid plaques in the brain. While
the aging population intrinsically develop these plaques, AD brains show a heavier burden of the protein
aggregations when compared to a healthy patient of the same age. As multiple sclerosis patients undergo
demyelination in conjunction with cognitive impairment similarly to AD, we hypothesize that a
significant loss of myelin may accelerate plaque deposition, and, ultimately, initiate the cascade of
pathological events of AD. As the sole producer of myelin, OLs are hypothesized to be affected by the
toxicity of cuprizone and reduce in numbers due to an accumulation of DNA double strand breaks (309).
To investigate this hypothesis, transgenic mice predisposed for amyloid plaque deposition were
employed: (a) the R1.40 mice with the overexpression of APPSwe mutation of six to eight copies and

(b) the APP/PS1 mice with both the overexpression of APPSwe mutation and the presenilin-1 mutated
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gene responsible for amyloid cleavage. The choice of using both R1.40 and APP/PS1 mice is to study
the effects of demyelination during different levels of amyloidosis. While R1.40 exhibit diffuse amyloid
plaques at 14 months due to its mutation only in the APP gene (263), APP/PS1 exhibit plaques as early
as 6 months as it contains both mutations of the APP and PS1 genes (265). By employing both genotypes
at approximately the same age, we may study the effects of demyelination dependent of proximity to
detectable amyloidosis. The mutation in R1.40 promotes the increase in amyloid burden without
influencing the amyloid pathways (310). In contrast the extra PS1 mutation in APP/PS1 promotes the
amyloidogenic pathway as it results in a partial loss of function in the gamma secretase, an enzyme
making the cleavage to produce amyloid-beta, resulting in an accumulation of the amyloid-beta 42
peptide (311, 312, 313). Additionally, cognitive impairments correlating to amyloid deposition are seen
by 21 months in R1.40 and 9 months in APP/PS1 (314). Both mice cohorts were subjected to 4 weeks
of cuprizone treatment, an acute demyelinating diet before subjection to memory test (Y-maze),
radiological assessment with MRI, and cellular and protein analysis. Results were collected to analyse

the cognitive function, axonal and myelin integrity, and cellular changes, respectively.

Amyloid plaque deposition is the hallmark of Alzheimer’s disease. The cause of such accumulations is
still unknown, but its appearance is correlated with neurodegeneration such as neuronal loss, myelin
loss, and cognitive decline. However, one of the first signs of neurodegeneration is myelin loss seen as
early as 35 years old (83). Indeed, the loss of myelin is random among the population similarly to the
onset of Alzheimer’s. Recent research supported this theory by showing the increase of amyloid in a
demyelinating mice model (315). As such, we propose that more severe myelin loss could contribute to
the onset of Alzheimer’s by affecting amyloid deposition and that we can utilise non-invasive MRI for

early detection of myelin change to analyse the risk of Alzheimer’s.

3.2  Effect of APP on weight
The mass of all mice was weighed before sacrifice to investigate physical manifestations of either

genotypic or dietary differences (Figure 10). First, strains with the control diet are compared. The WT

weighs a mean of 28.1g. In comparison to WT, the R1.40, a transgenic model for the overexpression of
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the APP gene, weighs 32.8g, a 15.4% increase (p=0.1819). However, the APP/PS1, a transgenic model
for both the overexpression of the APP gene and mutation of the PS1 gene, weighs a mean of 24.9¢g, a
12.5% decrease compared to WT (p=0.1296). While neither comparison with WT yields significance,

the comparison of R1.40 and APP/PS1 exhibits a 24.2% decrease in weight of the APP/PS1 (p=0.0025).

Investigation into a diet change to CPZ shows little developments of all three genotypes. While the WT
maintains a mean weight of 29.6g, a minimal 4.2% increase (p=0.9437), R1.40 shows slight 8.7%
decrease to 30.0g (p=0.8589), and APP/PS1 shows 9.8% increase to 28.0g (p=0.5606). Among the
genotypes with CPZ, there is no significant differences in weight. Physically, the three genotypes of
mice show minimal change in weights. Comparison of 3- and 4-month WT shows no significant
difference between their ages, suggesting minimal weight changes within this month. As such, weight
differences among genotypes represent a genotype-dependent change instead of age-dependent.
According to weight and observed motor skills, the one-month difference between 3 and 4 months show
no physiological difference. A rotary rod could provide a more detailed observation of the motor skills
of the transgenic mice. While the R1.40 mice has not been tested with the rotary rod, the APP/PS1 strain

has shown no motor skill deficits at all ages but significant cognitive deficits with age (316, 317).
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Weight Comparison of fAD Mice
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Figure 10: Male mice treated with control or CPZ diets between the ages of 3 and 4 months were
weighed before sacrifice. Significant differences of two-way ANOVA in weight among genotype and
diet are indicated by asterisks: **p < 0.01. All values are of two-way ANOVA mean + SEM. (WT-CON,
n=8; WT-CPZ, n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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3.3  DKI of fAD predisposed mice model

3.3.1 DKI comparisons of control diet mice
The fAD cohort of mice (R1.40 and APP/PS1) were treated with CPZ diet for 4 weeks before sacrificed.

The intrinsic neurological diffusivity effects of each genotype were first observed under control diet to
see the effects of amyloid-based mutations on white matter diffusivity. Genotypes undergoing control
diets were first analysed among three grey matter regions (neocortex, anterior cingulate, and
hippocampus) and three white matter regions (genu, external capsule, and cingulum) (Figure 11).
Neocortical FA show gradual increase from the posterior to anterior brain. In addition, FA shows
significant increases, especially in the anterior Bregma 2.70, in APP/PS1 compared to WT (+24.8%,
p=0.0062) and R1.40 (+26.2%, p=0.0402) (Figure 12). Correspondingly, APP/PS1 continues to show
anisotropic diffusivity throughout the neocortex with decreased RD against WT and with significance
compared to R1.40 (Figure 18). However, AxD trends show decreased WT diffusivities compared to
both fAD genotypes. Between R1.40 and APP/PS1, though, APP/PS1 exhibits continuous lowered AxD
(Figure 24). This less diffusive status is further exemplified in MD with APP/PS1 showing significantly
decreased values against R1.40 at Bregma -0.21 (-11.3%, p=0.0053) and Bregma 2.00 (-9.6%, p=0.025)
(Figure 30). Further isolation of the neocortex into anterior cingulate shows no statistical significance.
Observation of its Bregma-based graph shows abrupt drop in FA at Bregma -0.21 (Figure 13). Overall
directional diffusivity against WT shows increased diffusivity of R1.40 but decreased diffusivity of
APP/PS1. Similarly, to the neocortex, APP/PS1 shows lesser RD among genotypes with significance
against R1.40 at Bregma -0.21 (-9.7%, p=0.024) and 2.00 (-10.9%, p=0.0126) (Figure 19). AxD
continues to show decreased diffusivity of APP/PS1 comparatively to WT and R1.40 (Figure 25). This
pattern is further emphasized in MD where global APP/PS1 values are consistently significantly
elevated against R1.40. Investigation of the hippocampus, though, show no such changes (Figure 14,
20, 26, and 32). Grey matter analysis suggests the diffusive toll of the R1.40 APP mutation as more
drastic than WT and APP/PS1. Surprisingly, the addition of the PS1 mutation seems to prevent more
severe white matter diffusion as APP/PS1 consistently shows higher FA and lower directional diffusion.
At this young age, white matter alterations, while undetectable in the hippocampus, has already surfaced

in the fAD mice.
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With such differences in the grey matter, the white matter was then analysed to find similar changes.
First, WT anterior genu at Bregma 2.70 exhibited drastic FA reductions compared to R1.40 (-28.3%,
p=0.0543) and significantly to APP/PS1 (-40.0%, p=0.0035) (Figure 15). The posterior genu showed
no such difference with much of the FA values overlapping. In contrast, RD and AxD shows severe
R1.40 reductions in Bregma -0.21 against WT (-23.8%, p<0.0001 and -28.8%, p<0.0001, respectively)
and APP/PS1 (-22.6%, p<0.0001 and -24.2%, p<0.0001, respectively) (Figure 21 and 27). Altogether,
in Bregma -0.21, effects of R1.40 mutations exhibited severe significant increases of MD while
APP/PS1 mutations exhibited significant decreases, yet other Bregmas showed no such change (Figure
33). Continued analysis of the white matter tract showed no FA changes in the external capsule among
genotypes. However, directional diffusivity analysis shows significant elevations of R1.40 diffusivities
and significant reductions of APP/PS1 diffusivities in Bregma -1.35 and -0.21 (Figure 23). Likewise,
this pattern is observed in the cingulum. Taken together, the intrinsic influences of fAD mutations
suggest the adverse effects of the APP mutation. Interestingly, the AB-producing PS1 mutation shows

protective influences on white matter diffusivity.
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Figure 11: All mice brains were imaged coronally accordingly to their
Bregmas, or coronal cross sections (A). Representatives of each Bregma is
presented as T2-weighted images starting from the posterior (B). Regional
analysis is segregated according to seven associated Bregmas (C-1) indicating
ROIs: cortex (red), anterior cingulate (green), hippocampus (orange), genu
(violet), external capsule (white), and cingulum (pink). Lines segregating the
brain coronally were done in reference to the Allen mice brain atlas. Each line
is an approximate 1mm apart with figures 11C-I showing MRI-acquired T2-
weight images representing lines 8 to 1, respectively.
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3.3.2 DKI comparisons of cuprizone diet mice
Mice were then treated with the acute demyelinating diet, CPZ, to see if genetic mutations would

accentuate or minimize the effects of demyelination. Here, only the CPZ treated mice will be compared.
FA comparisons of the neocortex show consistent increases from posterior to anterior brain with
significant increase in Bregma 2.70 of APP/PS1 compared to WT (+27.7%, p=0.0189) (Figure 12). This
difference is also found in RD (-11.3%, p=0.0022) (Figure 18). In the anterior cingulate, the drop in FA
Bregma -0.21 is consistent with the control diet with minimal changes among modalities (Figure 13).
In contrast, the hippocampus exhibits significant increases of R1.40 directional diffusivity in Bregma -
1.35 and decreases of APP/PS1 (Figure 14). The effects of CPZ does not seem to drastically alter grey

matter diffusivities in the young mice brain, but the more diffusive effects in the R1.40 is apparent.

Analysis of white matter tract shows similar effects of fAD mutations. In the genu, the posterior
Bregmas -1.35 and -0.21 show increased APP/PS1 FA compared to R1.40 (+33.9%, p=0.0157) with
minimal effects with WT. With R1.40, even though it does not yield significance, R1.40 shows
substantial decrease of FA compared to WT in the posterior brain (-20.8%, p=0.0805) (Figure 15).
Conversely, directional diffusivity values for APP/PS1, while comparable to WT, exhibits elevations
against R1.40 especially in Bregma 0.80. Regarding the external capsule, the WT and R1.40 curves of
RD, AxD, and MD are similar from Bregma -1.35 to -0.21 with the APP/PS1 maintaining lowered
diffusivity (Figure 23, 29, and 33). In Bregma 0.80, R1.40 makes a sudden drop lower than both WT
and APP/PS1, though yielding no significance (Figure 27). Further analysis of the cingulum shows
insignificant diffusivity modalities. However, while directional diffusivities show positional increase
from Bregma -1.35 to 0.80 in WT and APP/PS1 brains, R1.40 consistently exhibits an inverse “V,”
having peaked values at -0.21 (Figure 28). White matter tract changes are not as apparent as ones found
in the grey matter, but in both regions, APP/PS1 consistently shows anisotropic diffusivity with

increased FAs and decreased RD, AxD, and MDs.

Independent investigations of diet suggest discernible changes of diet in intrinsic genetic alterations to

brain diffusivity. Under both control and CPZ diets, the two fAD model mice exhibit polarized
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influences. The R1.40 model, containing only the overexpressed APP mutation, consistently shows
lower FA and increased RD, AxD, and MD when compared to both WT and APP/PS1. Nevertheless,
the APP/PS1 model, containing both an overexpressed APP and PS1 mutation, show the opposite,
increased FA and decreased RD, AxD, and MD when compared to WT and R1.40. In the control diet,
these effects are more apparent in the grey matter, suggesting genotype-dependent changes could induce
a considerable toll on the brain. The addition of CPZ, though, reduced the number of changes among
genotypes even though in some regions this polarizing influence is still present. Next, independent
genotypes will be analysed for differences based on diet to understand if individual genotypes would

produce different diffusivities with different demyelination status.

3.3.3 DKI comparisons of WT mice
By evaluating the differences in diffusivity between control and CPZ diet in WT, the normal effects of

CPZ on control mice would be realized to set the baseline of demyelination in transgenic mice. At first
glance, there is a clear elevation of neocortical FA in CPZ treated WT among all Bregmas, specifically
-0.21 (+33.3%, p=0.0661) and 0.80 (+24.1%, p=0.2194) (Figure 12). RD diet-based analysis shows
10.95% decrease in control diet compared to only 6.76% decrease in CPZ from Bregma -1.35 to 2.70
with no significance per Bregma (Figure 18). Similarly, AXD and MD show higher values in CPZ with
no significance (Figure 24 and 30). Anterior cingulate values also show insignificant increases of both
FA and directional diffusivities (Figure 13). Interestingly, in the hippocampus, there is widespread
increase of FA across Bregmas with significance at -2.50 (+29.6%, p=0.04) (Figure 14). However,
minimal differences are found in the other modalities. Grey matter shows an overall increase in FA and

all diffusivities.

In the genu, there is a decrease in FA of both control and CPZ diet with overlapping values (Figure 15).
At Bregma 0.80, directional diffusivities all show peak values of CPZ diet surpassing other Bregmas
with RD showing significance (+11.6%, p=0.0456) (Figure 21). The external capsule in both control
and CPZ diet shows a similar consistent FA increase from Bregma -1.35 to 0.80 (Figure 17). While

insignificant, at Bregma -0.21, both treatments exhibited a peak across RD, AxD, and MD. Further
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investigation into the white matter tract shows unchanged FA with overall elevated diffusivities in CPZ
mice. Correspondingly, the white matter tract displays increased diffusivities across all regions

comparable to grey matter.

3.3.4 DKI comparisons of R1.40 mice
R1.40 mice exhibited overall higher diffusivities when compared with WT and APP/PS1 in both control

and CPZ diet. Interestingly, the influence of CPZ is unlike that of WT. Regarding grey matter, the
neocortical FA of both treatments sees similar increases from posterior and anterior brain with a similar
level as WT. However, R1.40 RD levels are noticeably higher compared to WT. Moreover, the effects
of CPZ seems to reduce directional diffusivities in the R1.40 model. All neocortical diffusivity
modalities show lower levels of diffusion in the CPZ mice, contrasting that of the WT (Figure 12, 18,
30). At the anterior cingulate, CPZ mice show both FA linear decrease from Bregma -1.35 to 2.00,
contrasting that of the levelled WT FA, and overall decreased levels with significance at Bregma -0.21
(-27.2%, p=0.0169) (Figure 13). Likewise, RD, AxD, and MD values suggest lower diffusivities in CPZ
mice (Figure 19, 25, and 31). In contrast, hippocampal FA, while unchanged, shows an increase in
directional diffusivities (Figure 14). It seems the diffusivity of grey matter in R1.40 exhibits an inverse
relationship to WT, having lower diffusivities across the neocortex and anterior cingulate while having
increased diffusivities in the hippocampus, suggesting distinct mechanisms between these two grey

matter regions.

However, regions of the white matter tract seem to react differently to CPZ. In the genu, while FA
generally shows lowered values in CPZ, RD, AxD, and MD show decreased levels (Figure 15, 21, 27).
Previously in WT, peaks in RD and AxD could be seen in Bregma 0.80. However, R1.40 mice of both
diets exhibit these peaks at -0.21, instead. Specifically in AxD, Bregma -0.21 and 0.80 shows significant
decreases of CPZ mice (-15.8%, p=0.0311; -17.4%, p=0.0257, respectively) (Figure 27). As such, MD

shows a corresponding decrease at Bregma -0.21 (-14.4%, p=0.0456) (Figure 33).
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3.3.5 DKI comparisons of APP/PS1 mice
APP/PS1 mice were previously shown to have higher FAs and lower RDs, AxDs, and MDs. Here, the

effects of diet are analysed to understand of the APP and PS1 mutations would produce similar
consequences as WT or R1.40. Neocortical FA follows identical increasing trend as WT and R1.40 with
minimal differences between diet (Figure 12). Directional diffusivities all show overall elevated values
in CPZ treated mice with significance in Bregma 0.80 (+8.2%, p=0.0455) (Figure 30). The anterior
cingulate exhibits similar values in all modalities, but at Bregma -0.21, FA shows the same consistent
sharp decrease as WT and R1.40 (Figure 13). Interestingly, the influence of CPZ in the hippocampus
increased its diffusivities while keeping FA unchanged (Figure 14). This result is similar to R1.40 yet
detracts from WT’s unaltered diffusivity. APP/PS1 grey matter suggests increased diffusivity in the
analysed cortical regions comparable to CPZ’s effect on WT. However, the increase in hippocampus is
comparable to R1.40. This difference continues to suggest hippocampus’s separated mechanism from

other grey matter regions.

Genu FA shows sharp significant decrease of CPZ mice at Bregma -0.21 (-23.9%, p=0.0021) (Figure
15). RD levels show similar peak of both control and CPZ diet with CPZ showing significant increase
similar to WT at Bregma 0.80 (+13.9%, p=0.0067) (Figure 21). This peak is continuously expressed in
AXD (+11.8%, p=0.0147) and MD (+12.9%, p=0.0021) (Figure 27 and 33). Regarding the external
capsule and cingulum, neither FAs show significant differences between control and CPZ diet (Figure
16 and 17). Both regions exhibit significantly increased RD at Bregma 0.80 with external capsule
showing an increase of 11.7% (p=0.0096) and cingulum of 12.1% (p=0.0214) (Figure 23). However,
the cingulum is the only one showing increased AxD, also at Bregma 0.80 (+13.6%, p=0.0019) (Figure
28). MD, though, show elevated levels of both external capsule (+10.1%, p=0.0238) and cingulum
(+12.8%, p=0.0011) (Figure 35 and 33). Interestingly, this pattern in the white matter tract regions
parallel that of WT and differ from R1.40’s elevated diffusivities at Bregma -0.21, suggesting the effects

of CPZ may be region based depending on the genotype of the model.
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The influence of CPZ, and ultimately, demyelination, seems to differ depending on amyloid-based gene
mutation statuses. Investigation into WT and APP/PS1 shows that CPZ significantly elevates diffusivity
in grey and white matter regions. Some regions, such as the neocortex and genu, are more susceptible
to the diet change as seen with more significantly altered diffusivities while other regions, such as the
anterior cingulate and external capsule, exhibit less changes. Even though CPZ does produce similar
changes within genotypes, cross-type analyse does show overall higher FA and lower RD, AxD, and
MD in APP/PS1, suggesting protective effects of the two mutations. However, the R1.40, harbouring
only the overexpressed APP mutation, exhibits opposite trends compared to WT and APP/PS1. The
R1.40 model treated with CPZ exhibits decreased diffusivities among all modalities. In addition,
consistent sharp increases in diffusivities at Bregma -0.21 and 0.80 suggest possible vulnerabilities in
these regions. Altogether, this analysis shows that the demyelinating effects of CPZ varies depending
on genotype. As represented, it is possible that even though mutations of APP and PS1 may cause fAD,
having both mutations at the same time may have a cancelling effect as this study shows the lesser

diffusive APP/PS1 brain.

3.3.6 DKI comparisons of APP overexpression and PS1 control treatment mice
To further show the differing effects of the presence of the PS1 mutation, R1.40 and APP/PS1 mice

with control diet will first be compared. FA and AxD show no significant changes within the three grey
matter regions. As suggested previously, APP/PS1 exhibits significantly lower diffusivities in multiple
Bregmas of the grey matter. In the white matter, while FA remains unchanged in all regions, directional
diffusivity modalities show similar significant decreases of APP/PS1. In some regions, such as the genu,
the MD decrease is as low as 58.1% (p>0.0001) at Bregma -0.21 (Figure 33). These alterations implicate
that the overexpression of APP alone could drastically create a more diffusive white matter. The

addition of the PS1 mutation may be beneficial towards preventing diffusive structures in the brain.

3.3.7 DKI comparisons of APP overexpression and PS1 cuprizone treatment mice
By changing the diet to CPZ, the diffusivity changes between R1.40 and APP/PS1 become less.

Interestingly, the significant changes are no longer in both grey and white matter. The cortical regions
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remain unchanged while in the hippocampus, RD and MD values at Bregma -1.35 show decreases of
16.6% (p=0.0088) and 17.4% (p=0.0059), respectively (Figure 20). In the white matter, both genotypes
exhibit contrasting changes depending on the previously mentioned Bregmas, -0.21 and 0.80. The genu
and cingulum exhibit significant changes while the external capsule remains consistent between
genotypes (Figure 15). The CPZ diet does not seem to affect the diffusivities of R1.40 and APP/PS1
severely. Conversely, it is possible CPZ converges the diffusivity changes between APP and PS1

mutated mice.

The influence of the APP mutation alone seems to induce higher diffusivities without the need of the
PS1 mutation nor demyelinating CPZ. Interestingly, the addition of PS1 seems to decrease diffusivity
in the brain. In addition, Bregma -0.21 and 0.80 seems to be more vulnerable to both genotypic and
diet-based changes, even against WT. While there are Bregma-based differences, this does not indicate

different forms of myelin as they still represent the same cerebral region.
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Fractional Anisotropy of Cortex
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Figure 12: The cortical FA of genotypic and diet groups were analysed for changes in anisotropic
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. *p<0.05; **p<0.01. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 13: The anterior cingulate FA of genotypic and diet groups were analysed for changes in
anisotropic diffusion of water of white matter in the mice brain. Genotypes are individually grouped to
observe the effect of diet. All values are of two-way ANOVA mean + SEM. Statistically significant
hashes are color-coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 14: The hippocampal FA of genotypic and diet groups were analysed for changes in anisotropic
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean + SEM. Statistically significant hashes are color-
coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ, n=8; R1.40-CON,
n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 15: The genu FA of genotypic and diet groups were analysed for changes in anisotropic diffusion
of water of white matter in the mice brain. Genotypes are individually grouped to observe the effect of
diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-coded
according to transgenic genotype against WT. **p<0.01. Statistically significant hashes are color-
coded according to CPZ change against CON. ##p<0.01. (WT-CON, n=8; WT-CPZ, n=8; R1.40-CON,
n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 16: The cingulum FA of genotypic and diet groups were analysed for changes in anisotropic
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean £ SEM. (WT-CON, n=8; WT-CPZ, n=8; R1.40-
CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 17: The external capsule FA of genotypic and diet groups were analysed for changes in
anisotropic diffusion of water of white matter in the mice brain. Genotypes are individually grouped to
observe the effect of diet. All values are of two-way ANOVA mean + SEM. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 18: The cortical RD of genotypic and diet groups were analysed for changes in perpendicular
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. *p<0.05; **p<0.01. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 19: The anterior cingulate RD of genotypic and diet groups were analysed for changes in
perpendicular diffusion of water of white matter in the mice brain. Genotypes are individually grouped
to observe the effect of diet. All values are of two-way ANOVA mean = SEM. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 20: The hippocampal AxD of genotypic and diet groups were analysed for changes in axial
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. *p<0.05. Statistically significant hashes are color-
coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ, n=8; R1.40-CON,
n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 21: The genu RD of genotypic and diet groups were analysed for changes in perpendicular
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. ****p<0.0001. Statistically significant hashes are
color-coded according to CPZ change against CON. #p<0.05; ##p<0.01. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 22: The cingulum RD of genotypic and diet groups were analysed for changes in perpendicular
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. ****p<0.0001. Statistically significant hashes are
color-coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ, n=8; R1.40-
CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Radial Diffusivity of External Capsule

0.00038 - Control Cuprizone TeoN
- ——
3 5000364
- -e- WTCPZ
*
2 0.00034+ l o R140CON
= #H
3 0.00032- e ] - R140CPZ
5 se’ —— APPPS1CON
0O 0.000304 g
< ‘5 -e- APPPS1CPZ
T 0.00028+
o4
0.00026 +— ; , , : :
No) "y Q \o) "y Q
\/(b 0(]’ 0?’ '\:b Qq’ Qq’
Bregma

Figure 23: The external capsule RD of genotypic and diet groups were analysed for changes in
perpendicular diffusion of water of white matter in the mice brain. Genotypes are individually grouped
to observe the effect of diet. All values are of two-way ANOVA mean + SEM. Statistically significant
stars are color-coded according to transgenic genotype against WT. *p<0.05; **p<0.01. Statistically
significant hashes are color-coded according to CPZ change against CON. ##p<0.01. (WT-CON, n=8;
WT-CPZ, n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).

93



Axial Diffusivity of Cortex

0.00080A Control Cuprizone
~ ~— WTCON
= 0.00075- -e- WTCPZ
2 - R140CON
'S 0.000704
E A, -e- R140CPZ
S N AL N
= 0.00065 3"&,’ i’ —~ APPPSI1CON
= .8 - APPP
= e S1CPZ
£ 0.00060-
<
0.00055 T T 1 T T T 1

1
DO AN QO O 0 DO A N O A
NN PPN NN NI

Bregma

Figure 24: The cortical AxD of genotypic and diet groups were analysed for changes in axial diffusion
of water of white matter in the mice brain. Genotypes are individually grouped to observe the effect of
diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-coded
according to transgenic genotype against WT. *p<0.05. (WT-CON, n=8; WT-CPZ, n=8; R1.40-CON,
n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 25: The anterior cingulate AxD of genotypic and diet groups were analysed for changes in axial
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. **p<0.01. (WT-CON, n=8; WT-CPZ, n=8; R1.40-
CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 26: The hippocampal RD of genotypic and diet groups were analysed for changes in
perpendicular diffusion of water of white matter in the mice brain. Genotypes are individually grouped
to observe the effect of diet. All values are of two-way ANOVA mean = SEM. (WT-CON, n=8; WT-CPZ,

n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 27: The genu AxD of genotypic and diet groups were analysed for changes in axial diffusion of
water of white matter in the mice brain. Genotypes are individually grouped to observe the effect of
diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-coded
according to transgenic genotype against WT. **p<0.01; ****p<0.0001. Statistically significant
hashes are color-coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 28: The cingulum AxD of genotypic and diet groups were analysed for changes in axial diffusion
of water of white matter in the mice brain. Genotypes are individually grouped to observe the effect of
diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-coded
according to transgenic genotype against WT. *p<0.05; ****p<0.0001. Statistically significant hashes
are color-coded according to CPZ change against CON. ##p<0.01. (WT-CON, n=8; WT-CPZ, n=8;
R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 29: The external capsule AxD of genotypic and diet groups were analysed for changes in axial
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. *p<0.05; ***p<0.001. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 30: The cortical MD of genotypic and diet groups were analysed for changes in mean diffusion
of water of white matter in the mice brain. Genotypes are individually grouped to observe the effect of
diet. All values are of two-way ANOVA mean + SEM. Statistically significant hashes are color-coded
according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ, n=8; R1.40-CON, n=3;
R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 31: The anterior cingulate MD of genotypic and diet groups were analysed for changes in mean
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. *p<0.05. (WT-CON, n=8; WT-CPZ, n=8; R1.40-
CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 32: The hippocampal MD of genotypic and diet groups were analysed for changes in mean
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. *p<0.05. Statistically significant hashes are color-
coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ, n=8; R1.40-CON,
n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 33: The genu MD of genotypic and diet groups were analysed for changes in mean diffusion of
water of white matter in the mice brain. Genotypes are individually grouped to observe the effect of
diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-coded
according to transgenic genotype against WT. **p<0.01; ***p<0.001; ****p<0.0001. Statistically
significant hashes are color-coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8;
WT-CPZ, n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 34: The cingulum MD of genotypic and diet groups were analysed for changes in mean diffusion
of water of white matter in the mice brain. Genotypes are individually grouped to observe the effect of
diet. All values are of two-way ANOVA mean + SEM. Statistically significant stars are color-coded
according to transgenic genotype against WT. ****p<(.0001. Statistically significant hashes are color-
coded according to CPZ change against CON. ##p<0.01. (WT-CON, n=8; WT-CPZ, n=8; R1.40-CON,
n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 35: The external capsule MD of genotypic and diet groups were analysed for changes in mean
diffusion of water of white matter in the mice brain. Genotypes are individually grouped to observe the
effect of diet. All values are of two-way ANOVA mean = SEM. Statistically significant stars are color-
coded according to transgenic genotype against WT. *p<0.05; **p<0.01. Statistically significant
hashes are color-coded according to CPZ change against CON. #p<0.05. (WT-CON, n=8; WT-CPZ,
n=8; R1.40-CON, n=3; R1.40-CPZ, n=3; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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3.4 Analysis of myelin and OL populations

3.4.1 Immunohistochemistry and western blot of R1.40
The study of MRI-detected diffusivity solidly suggests R1.40 having higher diffusivity among regions

of both grey and white matter in Bregma 0.8. As a result, immunohistochemistry (IHC) of the afflicted
regions was done to understand the cellular influences the genotype and the diet has on OLs and myelin.
Two main regions, anterior cingulate and genu, were selected for analysis of two OL lineage markers,
Olig2 for gross OL population and ASPA for mature OL (mOL) due to their sensitivity in the DKI

analysis.

First, the marker for amyloid plaques (6E10) was used for western blot to show R1.40’s intrinsic
amyloid deposition not present in C57BL/6 mice (Figure 36A, 36B, 36C, 36D, 36E, and 36F). While
R1.40 mice show apparent presence 6E10 compared to WT, the difference in diet did not show changes
in protein levels. To correlate with the DKI analysis, proteins representations for myelin, MBP and
MAG, are analysed. Unexpectedly, MBP levels did not show changes between genotype and diet
(Figure 36G). In contrast, MAG levels show significant reductions in WT with CPZ compared to control
diet (-50.4%, p=0.0274) but no change in R1.40 (Figure 36H). These results indicate a detailed
mechanism of myelination that is broken down into independent roles of different myelin proteins. The
tightening of the myelin sheath enforced by MBP suggests lesser influence by CPZ while the attachment

of the mOL with the axon coordinated by MAG may be more significantly impacted.

One hypothesis for the reductions of OLs is the accumulation of DNA damage, causing cell death.
While the mechanism of the reduction is not part of the study, the quantifications of the DNA damage
marker, 53BP1, may lay the base work for future study (Figure 37). First, neuronal quantification was
done with neuron marker, NeuN, to look for fluctuations of neuron numbers due to genotype or
demyelination (Figure 37A). Cortical neuron numbers show no change in NeuN+ neurons (Figure 37E).
Co-staining of 53BP1 with NeuN also shows no alteration of DNA damage puncta in NeuN cells (Figure
37F). Interestingly, a high percentage of NeuN+ cells exhibit 53BP1 (between 70% to 80%) (Figure

37G). The difference seen in Figure 37G is statistically significant as the mean of WT-CON is
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approximately 95% of all neurons have DNA damage while for the other genotype and treatment are
close to 100%. This high percentage seen in neurons is caused by high levels of oxidative stress due to
their higher levels of oxidative phosphorylation and using 20% of the body’s oxygen for respiration
(318). While this kind of stress is toxic to many cells in the nervous system (319), neurons require DNA
damage to accommodate for neural plasticity, aiding in neuronal maturation and maintenance (320,
321). However, the biological difference between 95% and 100% is insignificance as the 5% difference
could be accounted for by analytical errors. Thus, it is believed that neuron survivability may not by

acutely affected by the demyelination event nor accumulation of DNA damage.
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Figure 37: The first column shows the colocalization of neurons stained with NeuN and
DNA damage marker 53BP1 in the anterior cingulate (A). Graphical representation is
shown (B-D) where neuronal number positive for 53BP1 is relatively unchanged.

109



3.4.2 Immunohistochemistry for OLs and myelin in APP/PS1
To understand the distribution of effects within the brain, three grey matter (anterior cingulate, motor

cortex, and somatosensory cortex) and three white matter (genu, cingulum, and external capsule). In
addition, one myelin marker (PLP), four OL lineage markers (Olig2, Nkx2.2., APC-CC1, and ASPA),
and one DNA damage marker (53BP1) will be used to find correlations of these three factors in the
amyloid-depositing and demyelinating brain. In the APP/PS1 mice cohort, PLP is first used to stain
myelin fibres. Myelin densities were calculated with IHC of PLP. Myelin fibre density refers to the area
of DAB-stained myelin with PLP divided by the total annotated area. The density is the percentage of
area with PLP+ myelin over the total annotated area. Even though no statistical significance with one-
way ANOVA was found between control and cuprizone treatment of PLP densities to indicate
demyelination, acquired images show fewer PLP+ myelin fibres for the cuprizone treatments. Grey
matter myelin fibres of the control diet show no significant change among the regions (Figure 38-40).
With CPZ diet, APP/PS1 show a decrease in myelin content in all three regions. However, this trend is
not present in the white matter regions of either genotype or diets (Figure 41-43). Interestingly, this is
inconsistent with the lower diffusivities found in DKI as there is apparent demyelination in the APP/PS1

brain.
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Figure 38: Chromogenic immunohistochemistry using the myelin marker, PLP, reveals the myelin fibre densities
within the anterior cingulate. Images of the region of interest based on genotype and diet show representative
densities of the myelin fibres (A). Quantifications based on the positive pixels of PLP per mm2 are shown between
same diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON,

n=7; APP/PS1-CPZ, n=7).
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Figure 39: Chromogenic immunohistochemistry using the myelin marker, PLP, reveals the myelin fibre densities
within the motor cortex. Images of the region of interest based on genotype and diet show representative densities
of the myelin fibres (A). Quantifications based on the positive pixels of PLP per mm2 are shown between same

diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7;
APP/PS1-CPZ, n=7).
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Figure 40: Chromogenic immunohistochemistry using the myelin marker, PLP, reveals the myelin fibre densities
within the somatosensory cortex. Images of the region of interest based on genotype and diet show representative
densities of the myelin fibres (A). Quantifications based on the positive pixels of PLP per mm2 are shown between
same diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON,
n=7; APP/PS1-CPZ, n=7).
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Figure 41: Chromogenic immunohistochemistry using the myelin marker, PLP, reveals the myelin fibre densities
within the genu. Images of the region of interest based on genotype and diet show representative densities of the
myelin fibres (A). Quantifications based on the positive pixels of PLP per mm2 are shown between same diets (B).
All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7; APP/PS1-
CPZ, n=7).
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Figure 42: Chromogenic immunohistochemistry using the myelin marker, PLP, reveals the myelin fibre densities
within the cingulum. Images of the region of interest based on genotype and diet show representative densities of
the myelin fibres (A). Quantifications based on the positive pixels of PLP per mm? are shown between same diets
(B). All values are of two-way ANOVA mean £ SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7,

APP/PS1-CPZ, n=7).
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Figure 43: Chromogenic immunohistochemistry using the myelin marker, PLP, reveals the myelin fibre
densities within the external capsule. Images of the region of interest based on genotype and diet show
representative densities of the myelin fibres (A). Quantifications based on the positive pixels of PLP per mm2
are shown between same diets (B). All values are of two-way ANOVA mean = SEM. (WT-CON, n=4; WT-CPZ,
n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Quantification of OLs was then done to see if the effects of genotype and demyelination influenced the
cells or the myelin directly. Gross OL population stained with Olig2 show APP/PS1 mutation as
intrinsically harmful to OLs as grey matter regions of control diet show decrease in Olig2+ OLs
compared to WT (Figure 44-46). This decrease is similar in CPZ, except at a lower level. In the white
matter tract regions, mice with control and CPZ diet independently show no change. However, a
comparison of the control diet and CPZ diet levels show decrease in Olig2+ cells of the demyelinated
genotypes (Figure 47-49). Demyelination from CPZ has shown influence on OL numbers. Whether this
reduction is caused by an agonistic or maturation factor will be investigated with other OL lineage

markers.
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Figure 44: Chromogenic immunohistochemistry using the gross OL marker, Olig2, reveals the OL population
within the anterior cingulate. Images of the region of interest based on genotype and diet show representative
densities of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown
between same diets (B). All values are of two-way ANOVA mean £ SEM. (WT-CON, n=4; WT-CPZ, n=4;
APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 45: Chromogenic immunohistochemistry using the gross OL marker, Olig2, reveals the OL population within
the motor cortex. Images of the region of interest based on genotype and diet show representative densities of the
OL population (A). Quantifications based on the number of positive cells per mm2 are shown between same diets
(B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7;
APP/PS1-CPZ, n=T7).
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Figure 46: Chromogenic immunohistochemistry using the gross OL marker, Olig2, reveals the OL population
within the somatosensory cortex. Images of the region of interest based on genotype and diet show representative
densities of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown

between same diets (B). All values are of two-way ANOVA mean = SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-
CON, n=7; APP/PS1-CPZ, n=7).

120



A WT APP/PS1 B

Genu (OLIG2)
1500
(ZD . ! = wT
S =3 APP/PS1
E %
O = 1000-
o
O
Q
2 5004
ol °
@) 0 . .
CON cPz

Figure 47: Chromogenic immunohistochemistry using the gross OL marker, Olig2, reveals the OL population within
the genu. Images of the region of interest based on genotype and diet show representative densities of the OL
population (A). Quantifications based on the number of positive cells per mm2 are shown between same diets (B).
All values are of two-way ANOVA mean = SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7; APP/PS1-

CPZ, n=7).
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Figure 48: Chromogenic immunohistochemistry using the gross OL marker, Olig2, reveals the OL population
within the cingulum. Images of the region of interest based on genotype and diet show representative densities of
the OL population (A). Quantifications based on the number of positive cells per mm2 are shown between same
diets (B). All values are of two-way ANOVA mean = SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7;
APP/PS1-CPZ, n=7)..
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Figure 49: Chromogenic immunohistochemistry using the gross OL marker, Olig2, reveals the OL population
within the external capsule. Images of the region of interest based on genotype and diet show representative
densities of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown
between same diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4;
APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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OL precursor cells (OPCs) were then stained with Nkx2.2 to see if the cellular changes were a result of
maturation complications. Within the grey matter, the motor cortex shows the most change in Nkx2.2+
cells in the APP/PS1 CPZ mice, exhibiting lowered numbers (Figure 50-52). In contrast, the white
matter tract shows more changes in Nkx2.2+ cell numbers (Figure 53-55). While the genu show
minimal differences, the cingulum shows significant reductions in Nkx2.2+ cells in WT CPZ mice
compared to WT control diet (-52.4%, p=0.0187) (Figure 54B). Concurrently, APP/PS1 mice show
similar decreases without yielding significance. In the external capsule, WT with CPZ exhibits
decreased Nkx2.2+ cells while other genotypes and diet remains levelled. It seems OPCs are more

vulnerable in the white matter tract compared to grey matter as more changes are observed.

124



A B
WT APP/PS1

T

Anterior Cingulate (NKX 2.2)

a WT
O APP/PS1

;
Z| - : 5001
Ol K
Ol g 400
% 300
= 5 O
s Q 200~
N |- e i e Cne 0 e e T 2 1004
o | e e o RN SRS R T e
O B BRSNS e 0

T
CON

T
Cpz

Figure 50: Chromogenic immunohistochemistry using the immature OL marker, Nkx2.2, reveals the OL population
within the anterior cingulate. Images of the region of interest based on genotype and diet show representative
densities of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown
between same diets (B). All values are of two-way ANOVA mean = SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-

CON, n=7; APP/PS1-CPZ, n=7).
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Figure 51: Chromogenic immunohistochemistry using the immature OL marker, Nkx2.2, reveals the OL
population within the motor cortex. Images of the region of interest based on genotype and diet show
representative densities of the OL population (A). Quantifications based on the number of positive cells per

mmz2 are shown between same diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-
CPZ, n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 52: Chromogenic immunohistochemistry using the immature OL marker, Nkx2.2, reveals the OL
population within the somatosensory cortex. Images of the region of interest based on genotype and diet show
representative densities of the OL population (A). Quantifications based on the number of positive cells per mm?2

are shown between same diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ,
n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 53: Chromogenic immunohistochemistry using the immature OL marker, Nkx2.2, reveals the OL population within
the genu. Images of the region of interest based on genotype and diet show representative densities of the OL population
(A). Quantifications based on the number of positive cells per mm2 are shown between same diets (B). All values are of
two-way ANOVA mean £ SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 54: Chromogenic immunohistochemistry using the immature OL marker, Nkx2.2, reveals the OL
population within the cingulum. Images of the region of interest based on genotype and diet show representative
densities of the OL population (A). Quantifications based on the number of positive cells per mm? are shown
between same diets (B). *p < 0.05. All values are of two-way ANOVA mean = SEM. (WT-CON, n=4; WT-CPZ,
n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 55: Chromogenic immunohistochemistry using the immature OL marker, Nkx2.2, reveals the OL
population within the external capsule. Images of the region of interest based on genotype and diet show
representative densities of the OL population (A). Quantifications based on the number of positive cells per mm2
are shown between same diets (B). All values are of two-way ANOVA mean = SEM. (WT-CON, n=4; WT-CPZ,
n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Next, mature OLs (mOLs) were quantified using ASPA and APC-CC1 as markers. Using ASPA, it is
shown that control diet mice show no difference in ASPA+ cell numbers while CPZ diet compared to
control shows more decrease in APP/PS1 compared to WT (Figure 56-58). Similarly, the white matter
tract regions show an overall decrease of ASPA+ cells in CPZ mice of both genotypes (Figure 59-61).
With APC-CC1, the grey matter, similarly, shows an overall decrease in APC-CC1+ mOLs in CPZ diet
with no significance among factors. However, there is a significant decrease of APP/PS1 between
control and CPZ diet in the white matter cingulum (-48.3%, p=0.0163) and external capsule (-52.5%,
p=0.004). This reduction in mOLs is comparable to the reduction from the R1.40s, but instead of
affecting cortical APC-CC1, it seems APP/PS1 mice exhibit this decrease in mostly the white matter

tract.
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Figure 56: Chromogenic immunohistochemistry using the mature OL marker, ASPA, reveals the OL population
within the anterior cingulate. Images of the region of interest based on genotype and diet show representative
densities of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown

between same diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-
CON, n=7; APP/PS1-CPZ, n=7).
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Figure 57: Chromogenic immunohistochemistry using the mature OL marker, ASPA, reveals the OL population
within the motor cortex. Images of the region of interest based on genotype and diet show representative densities
of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown between
same diets (B). All values are of two-way ANOVA mean £ SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON,
n=7; APP/PS1-CPZ, n=7).
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Figure 58: Chromogenic immunohistochemistry using the mature OL marker, ASPA, reveals the OL population
within the somatosensory cortex. Images of the region of interest based on genotype and diet show
representative densities of the OL population (A). Quantifications based on the number of positive cells per
mm2 are shown between same diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-
CPZ, n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 59: Chromogenic immunohistochemistry using the mature OL marker, ASPA, reveals the OL
population within the genu. Images of the region of interest based on genotype and diet show representative
densities of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown
between same diets (B). All values are of two-way ANOVA mean £ SEM. (WT-CON, n=4; WT-CPZ, n=4;

APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 60: Chromogenic immunohistochemistry using the mature OL marker, ASPA, reveals the OL population
within the cingulum. Images of the region of interest based on genotype and diet show representative densities of the
OL population (A). Quantifications based on the number of positive cells per mm2 are shown between same diets (B).
All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7; APP/PS1-

CPZ, n=7).
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Figure 61: Chromogenic immunohistochemistry using the mature OL marker, ASPA, reveals the OL population
within the external capsule. Images of the region of interest based on genotype and diet show representative densities
of the OL population (A). Quantifications based on the number of positive cells per mm2 are shown between same
diets (B). All values are of two-way ANOVA mean + SEM. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7,

APP/PS1-CPZ, n=7).

137



Finally, the relative amount of DNA damage is quantified with reference to the 53BP1 marker.
Previously, it was shown that mutation of the APP gene in R1.40 exhibited a more severe increase in
cortical DNA damage correlating to its decreased APC-CC1 mOL numbers. Grey matter 53BP1 level
show different fluctuations in all three regions. Anterior cingulate show no change in 53BP1+ cell
numbers. In the motor and somatosensory cortex, though, there are reductions of APP/PS1 CPZ 53BP1+
cells compared to control diet with the motor cortex yielding significance (-51.1%, p=0.0472).
Regarding the white matter tract, the WT with control diet in the genu and external capsule shows the
lowest 53BP1+ cell numbers compared to similar elevations of the WT with CPZ diet and APP/PS1
with control and CPZ diets. Within the cingulum, the APP/PS1 of both diets show an increase in
53BP1+ cells. These results suggest increased DNA damage in the APP and PS1 mutation animal both

intrinsically and under demyelinating diet.
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IHC analysis is able to show the effects of fAD mutations and CPZ diet on the cell status in the brain.
It is seen that the molecular status of myelin contrasts the radiological status of DKI. While DKI
provides consistent affirmation of APP/PS1’s better health due to its lower diffusivities, IHC showed
the demyelinated toll of the myelin structure with both APP/PS1 and CPZ independently reducing the
PLP levels. In addition, this decrease in PLP level is effectively correlated to the parallel reduction in
both gross and mOLs. Similarly to R1.40, the reduction of OLs is most apparent in the grey matter, with
mOLs showing the most significant change. However, the amount of DNA damage is most pronounced
in the white matter tract even though it does not yield significance. Altogether, this investigation
suggests that OLs are vulnerable to DNA damage and that the OLs’ decrease, especially of the mOLs,

may be reflected in the lower myelin densities of the grey matter.

3.5  Metabolite levels detected with magnetic resonance spectroscopy
Magnetic resonance spectroscopy (MRS) detects biochemical changes in the brain. All MRI-acquired

guantification analysis were done with no preference towards left or right hemispheres. All mirror
structures (cingulum, external capsule, and hippocampus) were analysed and averaged for each figure
by the MATLAB code. The investigation here will look at six distinct chemical peaks associated with
AD and lipid changes: glutamate/glutamine, N-acetylaspartate (NAA), choline, myo-inositol, lipid, and
lactate (Figure 62A). The neurotransmitters, glutamate/glutamine and NAA, show unaffected levels
between genotypes and diet (Figure 63B and 63D). Choline, the precursor to acetylcholine, has a vital
role that impacts acetylcholine and dopamine levels, both of which is associated with neurodegeneration.
The influence of APP and PS1 mutations exhibits an increased choline level in the control diet of WT
(+10.7%, p=0.0092) and R1.40 (+17.1%, p=0.0026) (Figure 62C). Myo-inositol, a metabolite located
mainly in glial cells, and lactate, a metabolite associated with axonal upkeep and lipid metabolism, both
show unchanged levels among all mice (Figure 62F and 62G). However, lipid levels show many
changes. In the R1.40, there is a significant drop of control diet lipid levels with CPZ diet (-67.1%,
p=0.0047) (Figure 62E). Within CPZ diet, R1.40 shows severe reduction when compared to WT (-
71.3%, p<0.0001) and APP/PS1 (-71.1%, p<0.0001). Diffusion kurtosis imaging (DKI) of the identical

3x3x3 mm area show no differences in diffusivity modalities (Figure 63-66).
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Major changes in the lipid metabolite suggests the effects of genotype and diet. Comparison of control
diet, while non-significant, shows APP/PS1 having a higher lipid content than WT and R1.40. Inclusion
of CPZ shows drastic reduction of lipid levels in R1.40 while WT and APP/PS1 remains levelled.
Furthermore, R1.40 exhibits a stronger reaction towards the diet change. Concurrently, other
neurodegenerative metabolites display no change. These results suggest not only R1.40’s intrinsic lipid

vulnerability but also demyelination’s varying effects on different genotypes.
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Figure 62: The mean curve of MRS value is presented as an overall comparison of peak values (A).
The location of the volume encompasses the cortex, corpus callosum, hippocampus, and thalamus of
the left hemisphere within a 3 x 3 x 3 mm cube between Bregmas -4.7 to -1.8. Area under curve for
metabolites of interest are independently compared at their respective peaks and standardized with
creatine (B-G). Analysis suggests no significant changes of glutamate/glutamine (B), NAA (D), myo-
inositol (F), and lactate (G) levels between genotypes nor diet. However, choline levels of the
APP/PS1 with control diet are significantly elevated compared to all groups (C). Additionally, lipid
levels of the R1.40, in either diet, are markedly reduced (D). Significant differences of two-way
ANOVA between genotype and diet are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001,
****n < 0.00001. All values are of two-way ANOVA mean £ SEM. (WT-CON, n=8; WT-CPZ, n=8;
R1.40-CON, n=3; R1.40-CPZ, n=2; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 63: The FA of genotypic and diet groups were
analysed for changes in anisotropic diffusion of water of
white matter in the mice brain. Representative FA images of
each genotype and diet (A) and associated graphical
comparisons (B) show no significant alterations. Genotypic
comparison, though, shows APP/PS1, in both diets, to show
an insignificant elevated FA comparatively to WT and R1.40.
All values are of two-way ANOVA mean = SEM. (WT-CON,
n=8; WT-CPZ, n=8; R1.40-CON, n=3; R1.40-CPZ, n=2;
APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 64: The RD of genotypic and diet groups were
analysed for changes in perpendicular diffusion of water
B Radial Diffusivity of white matter in the mice brain. Representative RD
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3.6  Behavioural analysis of APP expressing mice with Y-maze
Working memory was then studied using a three-pronged y-maze to reveal APP/PS1 underlying

cognitive alterations from the effects of amyloid deposition and acute demyelination. R1.40 mice did
not undergo behaviour tests due to the limitations of mice movement from HKUST and PolyU. The
behaviour test is separated into the analysis of reference memory and episodic memory. The
spontaneous alternation, distance travelled, movement speed, time of immobility, and total entries were
measured for reference memory as all three arms of the maze were opened during this eight-minute trial
(Figure 67A). Comparatively, the total entries, total correct entries, and percentage of time in the correct
entry were measured for episodic memory as this trial is separated into a four-minute trial period where
one arm was closed and a consecutive four-minute trial after one hour where all arms were opened

(Figure 68A).

During the reference memory trial, the spontaneous alternation between WT and APP/PS1 did not
exhibit much difference. The CPZ treated cohort, though, show slight increases compared to control
diet (Figure 68B). Movements of the CPZ mice also show increases with APP/PS1 mice displaying
significance against WT in distance travelled (+49.9%, p=0.0088) (Figure 67C) and movement speed
(+50.4%, p=0.0076) (Figure 67D). APP/PS1 mice of both diets also show overall increased movements.
Correlatingly, the time immobile decreased is less in the APP/PS1 mice (Figure 67E). Consequently,
the total amount of entries into different arms is greater in the APP/PS1 mice (Figure 67F). Through
this first trial, it is shown that while neither mouse exhibited observable cognitive changes, APP/PS1’s

activity is greater than WT’s.

For episodic memory, mice’s preference for novelty was tested after a training period where one arm
was closed and re-opened after a one-hour rest. After the one-hour rest, the mice were placed back into
the maze to see if their movement patterns towards the previous opened and closed arms would change.
Similarly, to the reference test, APP/PS1 mice of both diets show increases in their total entries (Figure
68B). The percentage of entries into the correct (previously closed) arm shows no change (Figure 68C).

However, the time spent in this correct arm shows an unsignificant elevation in the WT treated with
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CPZ (Figure 68D). Episodic memory results suggest no cognitive alterations between both genotypes

and diets as all four conditions show minimal changes.

Observable cognitive changes are not apparent after two working memory trials. Even though there are
differences in the movement of the APP/PS1, neither its spontaneous alternation nor preference for
novelty is altered between genotypes and diets. These results suggest that at only 3MO, the APP/PS1
mutations and acute demyelination through CPZ have not influenced the memory of mice. However,
the mutations seemingly increase movement activity. Both R1.40 and APP/PS1 mice have previously
been observed to have cognitive deficits by 21 and 9 months, respectively (314). This is consistent with
our y-maze results where spontaneous alternation was unaffected in the control treatment WT and
APP/PS1 mice. While many studies have shown cognitive deficits using y-maze (322, 323), other
studies have shown no differences in y-maze (324, 325). It was proposed that complete demyelination
happens between 5 and 6 weeks of treatment (326, 327) as lesser time has shown no change in myelin

content especially in the hippocampus (325).
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Figure 67: Working memory was investigated with Y-maze behaviour test and separated into reference
memory (A-F) and episodic memory (Next fig). Movement (top A) and heat (bottom A) maps of mice in
reference memory shows no particular preference for each arm. Analysis of the spontaneous alternation
(B), distance travelled (C), movement speed (D), time immobile (E), and total arm entries (F) from this
trial suggest APP/PS1’s increased activity with minimal influence from diet. Significant differences of
two-way ANOVA in behaviour between genotype and diet are indicated by asterisks: **p < 0.01. All
values are of two-way ANOVA mean £ SEM. Heat maps are of scalars with no set values. (WT-CON,
n=4; WT-CPZ, n=4; APP/PS1-CON, n=7; APP/PS1-CPZ, n=7).
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Figure 68: Examination of episodic memory was further divided into a training phase where an arm
was blocked (left A) and acquisition phase where all arms were open (right A). Mice were allowed 1hr
of resting time away from the maze between phases. No significant impairments of episodic memory
were found regarding the mice’s preference for arms. All values are of two-way ANOVA mean + SEM.
Heat maps are of scalars with no set values. (WT-CON, n=4; WT-CPZ, n=4; APP/PS1-CON, n=7;
APP/PS1-CPZ, n=7).
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3.7  Discussion: Demyelination accelerate amyloid pathology in transgenic mouse

models
The presence of amyloid plaques is the hallmark of AD. While many symptoms of AD such as dementia

and cognitive impairments have become synonymous with the neurodegenerative disease, other
disorders such as Parkinson’s and multiple sclerosis exhibit similar symptoms. As such, it is possible
that a broad spectrum of neurodegenerative events may contribute to the symptoms of AD. Here, we
employed two amyloid plague mice models in addition to a demyelination diet, cuprizone, to assess the

extent in which demyelination could affect AD progression.

Radiological analysis by genotype shows contrasting effects from R1.40 and APP/PS1 mice. With the
control treatment, R1.40 shows intrinsic higher diffusivities with lower FA values compared to WT and
APP/PS1. Based on the amyloid cascade hypothesis, the R1.40 should not exhibit amyloid depositions
until 16 months, and it is proposed that these depositions would cause the change in brain diffusivity.
Hence, we hypothesised that APP/PS1, an early amyloid deposition model, would generate a more
severe increase of diffusivity. Instead, we found that the PS1 gene seems to rescue the effects of APP
overexpression. Previous studies have shown the axonopathy effects overexpression of APP without
PS1 mutations (328, 329). While the combination of both mutations did drastically increase the overall
amyloid deposition, varicosities from axonal swelling were significantly higher in the APP mice
compared to double transgenic for APP and PS1. This is consistent with our findings where only
overexpression of APP (R1.40) resulted in a more diffusive brain. FA measurements show no difference
among genotypes and treatment groups as previous studies have also not found DTIl-acquired FA
differences with or without cuprizone (330). This unchanged result may be caused by the sensitivity in
detecting micro-changes in the anisotropy of the white matter tract as the white matter change using
cuprizone may not be as large. In contrast, AXxD shows significantly higher diffusivity especially in
white matter regions compared to grey matter regions. This may be because of the parallel nature of the
white matter tract, in parallel to the AxD modality, resulting in higher AxD figures. This is seen less in
grey matter due to the multi-directional fibers with fewer one-directional fibers to utilise the parallel

acquisition of AxD.
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The addition of cuprizone, though, resulted in divergent trends in the models. It is proposed that because
cuprizone is a demyelinating treatment, the reduction in myelin would expose naked axons and promote
axonal leakage. Indeed, previous studies have shown that myelin proteins promote axonal transport.
PLP/DM20-deficiency causes early impairments of axonal transport verified by axonal diameters.
Additionally, shiverer mice lacking MBP also show accumulations and swelling in axons (331, 332).
While this is consistent in the WT and APP/PS1 mice where directional diffusivities are increased
among grey and white matter tract regions, R1.40 diffusivity shows opposing trends with the addition
of cuprizone correlating to a decrease in directional diffusivities. The reasoning for this is unknown and

warrants for further investigation.

Further analysis of metabolites shows significant elevation of APP/PS1 choline compared to other
genotypes. As stated previously, choline has a vital role in producing acetylcholine and maintaining cell
membrane integrity (333). High levels of choline may indicate an accumulation of unprocessed
metabolites, leading to lowered levels of acetylcholine. As the reduced levels of acetylcholine of AD
patients have been widely studied and the neurotransmitter’s supplementation has rescued AD
symptoms, its precursor may provide clues to one of many aspects of the disease. Previous study has
shown that APP/PS1 mice show reduced cholinergic neurons and hippocampal and cortical
acetylcholine levels (334). Our findings of an increased choline level may suggest an inhibition of the
production of acetylcholine through the APP and PS1 mutations. Regarding the correlation between the
observed increase in choline levels against the theoretical reduction in acetylcholine, a previous study
has coined this the choline-leakage hypothesis (335, 336). According to this theory, an increase in
amyloid-beta caused by the increase in APP could cause choline leakage out of a cell. This leakage
reduces acetylcholine production, leading to symptoms of Alzheimer’s. Because MRS does not
differentiate between intracellular or extracellular choline signals, it is assumed that it is the overall
choline amount. With more extracellular choline due to cell deaths, it is possible that surrounding cells
may compensate the decrease in choline levels. However, cuprizone treatment does not affect such

levels. Lipid levels, though, show severe reductions only in R1.40 mice.
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4.0 APOEA4 is detrimental to myelination and oligodendrocyte in the
aging brain

4.1  Experimental Design
While age is the greatest risk factor for AD, APOE4 stands as the greatest genetic risk factor for sporadic

AD. Apolipoprotein €’s role as a lipid transporter in the brain, therefore, may affect the production of
the myelin sheath, an insulating layering of lipids on axons that aid in action potential propagation. OLs
are hypothesized to be negatively affected by the change in APOE isoform, hindering their abilities to
effectively myelinate. To investigate the influence of both age and APOE status, transgenic mice for
Apoe”", hAPOE3*"*, and hAPOE4** were compared with wild-type C57BL/6 at the ages of 6-, 12-, and
16-months old. Mice are then analysed for cognitive function (Y-maze), axonal diffusivity (MRI), and
OL lineage survivability. Results were collected to draw correlations between the influence of age and

APOE status on weight, OL, DNA damage, and myelin.

4.2  Effects of Braak staging and APOE status on human myelin content
To relate myelin structure with AD, SAD patients in various Braak stages and fAD patients in Braak VI

were first analysed for myelin densities using MBP. Human cortical post-mortem tissues for APOE4
status and Braak staging were analysed at grey and white matter regions (Figure 69A). Analysis of
cortical thickness showed no effect by Braak staging nor APOE4 status (Figure 69B). However, at
higher Braak stages (V-VI), MBP* intracortical myelin fibres are significantly less dense in both SAD
and fAD patients with no influence from APOE4 allelic status (Figure 69C). Observational analysis of
myelination in the grey matter, separated into different layers (M1-6), shows distorted myelin fibres
with increasing Braak stages of sAD and fAD (Figure 69D). Patches without myelin seen in higher
Braak stages may indicate the presence of amyloid plagues. Enlarged views of layers M4-5 show similar
myelin densities among groups and clear circular zones of no myelin in the fAD sample (Figure 69G).
In addition, while grey matter myelination shows no difference among Braak and APOE4 status (Figure
70E), overall white matter MBP™ intensities in V-VI are lower than Braak 0-1V showing a negative
correlation between Braak stage and myelin quantities (Figure 69F). However, differentiation of

samples for APOE4 isoform in sAD shows lack of changes in myelin densities. These results may
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indicate that while APOEA4 status may not affect myelin densities in AD patients, the severity of Braak

staging does.

Further analysis of the OL lineage within the frontal cortex shows contradicting results to myelin. Gross
OL populations in GM and WM using Olig2 show no changes in OL numbers based on Braak staging
(Figure 70A). Yet, sAD carriers of APOE4 exhibit significant reductions of Olig2™ cells in both GM
and WM of the frontal cortex (Figure 70B). Corresponding significant reductions are shown using mOL
marker, APC-CCL, in the GM and WM of the frontal cortex (Figure 70C). Likewise, APC-CC1* cells
show greatest significance between APOE4 status and minimally regarding Braak stages (Figure 70D).
However, myelin-regulatory factor (MyRF), a key transcription factor for the myelinating OL, shows
no significant changes in APOE4 groups and only significant difference between NC with Braak VI
fAD (Figure 70E and 70F). These results combined human results suggest that OL populations may be

affected by APOE4 while myelin densities be affected by Braak staging.

Investigation using aging mice transgenic for human APOE were employed to see if the cellular changes
were consistent with human samples. The neocortex and corpus callosum were chosen as representative
regions for grey and white matter, respectively. Fluorescence staining of the right hemisphere with MBP
shows no changes in MBP intensities among WT, hAPOE3, and hAPOE4 mice in both regions (Figure
71A and 71C). This is confirmed with western blots of MBP, MAG, and MOG at 6 months where no
significant differences are found in all three protein expressions (Figure 71B and 71D). Staining with
Olig2 shows a maintained lower number of Olig2* OLs in the neocortex of the hAPOE4 mice with
significant reductions at 6 months in the corpus callosum (Figure 71E, 71F, and 71G). Moreover, mOLs
stained with APC-CC1 show reductions of hAPOE4 by 6 months with significance in the neocortex but
no significant difference in the corpus callosum (Figure 71J). This study paralleled that of human
samples with OLs being affected by APOE status. Interestingly, the neuronal population is unchanged
among the genotypes at 6 months. This study proposed that OL changes appear from 6 months. Further
age-dependent pathological changes including white matter integrity, brain diffusivity, and behaviour

will be analysed in the coming sections.
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Figure 70: Quantification of gross OL populations with Olig2 show significant reductions in Olig2+ cells in
E4 sAD of the grey and white matter in the frontal cortex (A, B). mOLs stained with CC1 also show significant
decreases with E4 isoform (C, D). However, myelinating OL stain, MyRF, shows minimal changes in positive
cells (E, F). Adapted from (1)
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Figure 71: IHC-IF and western blot analysis show no changes in myelin protein levels among hAPOE
transgenic mice (A-D). Age- and genotype-based comparisons of the neocortex (grey matter) and corpus
callosum (white matter) show differing levels of OL lineage changes. While gross OL populations remain
unchanged among ages and genotype in the neocortex, there is a significant reduction of Olig2+ cells in
the corpus callosum by 6MO (E, F, H, I). Similarly, CC1+ mOLs show significant reductions in the
neocortex (G) but not in the corpus callosum (J). Adapted from (1)
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4.3  Age- and genotype-based weight differences
Age-dependent weight changes are correlated to the APOE due to its intrinsic role as a systemic lipid

transport. Over 16 months, mice of four genotypes (WT, Apoe”", hAPOE3, and hAPOE4) were allowed
to mature with ad libitum control diets and weighed before sacrifice to see the effects of aging and
APOE status on weights. Mice weights were recorded at 3, 6, 10, 13, and 16 months. No measurements

of food and daily activity for APOE cohort were calculated.

A comparison of weights based on genotype shows no significant differences among different ages
(Figure 72). While all mice exhibit gradual increases in weight with age, only hAPOE4 mice show
significant increase between adjacent age groups of 10MO against 6MO (+35.6%, p<0.0001). As such,
weights are then analysed within each age group to see if there are genotypic differences within identical
ages. Among ages, 10MO shows significant increases of hAPOE4 weights against WT (+33.6%,
p<0.0001), Apoe™ (+28.0%, p<0.0001), and hAPOE3 (+22.1%, p<0.0001). However, by 13 and 16 MO,

mice weights fall and converge.

The trend of age and genotype dependent changes in weight shows hAPOE4’s overall heavier status
with WT, Apoe™, and hAPOES3 showing similar weights throughout the mice’s lives. In addition, while
all mice maintained similar weights in the early stages from 3 to 6 months, by 10 months, the significant
weight increase of the hAPOE4 suggests the influence of the isoform on lipid accumulation. Even

though it is not shown, dissection of sacrificed mice displayed large deposits of adipose tissue.
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Figure 72: Transgenic mice for apolipoprotein knock out and humanized apolipoprotein knock ins were
aged between 3 to 16 months weighed before sacrifice. All mice weights were measured on the day of
sacrifice. Age-dependent analysis shows an overall elevated weight of the APOE4 mice. Statistically
significant stars are color-coded according to transgenic genotype against WT. **p<0.01; ***p<0.001.
Statistically significant hashes are according to hAPOE4 changes against hAPOE3. #p<0.05;
###p<0.001. All values are of two-way ANOVA mean = SEM.
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4.4  Diffusivity analysis of aged tgAPOE mice
Age is the greatest risk factor for SAD. As a result, a cross sectional study of its effects at different time

points is warranted to track the changes it can have on the brain. To understand the effect of age on
diffusivity of the brain independent of APOE genotypes, individual genotypes were first analysed at 6,
10, and 16 months old among three grey matter regions (neocortex, anterior cingulate, and hippocampus)
and three white matter tract regions (genu, cingulum, and external capsule). The results of this analysis

will propose the effects of age on independent genotypes.

4.4.1 Effect of age on WT mice
FA analysis of the grey matter shows variations among Bregma, age, and region. Overall differences

based on Bregma and age are significantly observed (p<0.0001 and p=0.0117, respectively) in the
neocortex. An increasing trend from the medial Bregma -1.3 to 2.7 is consistent among three age groups.
While repeating longitudinal FA values of each Bregma show consistent decrease, significance is
observed only between 6MO and 16MO (-28.0%, p=0.0061) (Figure 73). However, isolated analysis of
anterior cingulate shows no changes among age groups and minimal significance in Bregma-based
changes (p=0.0393) (Figure 74). In the hippocampus, age is a significant factor of FA (p=0.0131).
Decreases in FA are correlated to the increase in age between 6MO and 10/16MO. Reductions of
hippocampal FA are shown between Bregma -2.5 10MO (-29.4%, p=0.021) and 16MO (-35.3%,
p=0.0021) against 6MO and Bregma -1.8 10MO (-26.9%, p=0.2086) and 16MO (-26.5%, p=0.0129)
against 6MO (Figure 75). No changes of that magnitude are found in the frontal hippocampus at Bregma
-1.3. Study of the white matter tract show contrasting FA results. While the genu shows an overall age-
based significance (p=0.0387) (Figure 76), the cingulum shows Bregma-based significance (p=0.02)
(Figure 77). Neither region exhibits significant changes in FA among Bregmas. Likewise, the external
capsule exhibited minimal changes among positions, yet, both Bregma- and age-based factors suggested
significance (p<0.0001 and p=0.012, respectively) as overall FA increased towards the anterior brain

(Figure 78).
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Perpendicular-based directional analysis (RD) shows preference of the anterior anatomical position.
Neocortical comparisons suggest the effects of Bregma and age as significant (p<0.0001 and p=0.0056,
respectively). Corresponding to FA, RD values show a decreasing trend from the posterior Bregma -
1.3 to 2.7 among three age groups. Specifically, 10MO shows decrease of RD compared to 6MO in
Bregma 2.0 (-11.3%, p=0.0285) and 2.7 (-12.4%, p=0.0148). Nonetheless, a small increase of RD is
found of 16MO compared to 10MO in 2.0 (+6.3%, p=0.0134) and 2.7 (+7.1%, p=0.0099) (Figure 79).
In the anterior cingulate, correlating Bregma 2.0 exhibit similar RD decrease of 10MO against 6MO (-
12.6%, p=0.0156) and increase of 16MO against 10MO (+6.8%, p=0.0489) (Figure 80). Age-based
comparison also exhibits significance (p=0.0247). However, hippocampal RD shows no significant
changes of neither age- nor Bregma-based comparisons (Figure 81). Further RD analysis yield
significance in age and Bregma of the genu (p=0.0221 and p=0.0008, respectively) (Figure 82) and

external capsule (p=0.0284 and p=0.0002, respectively) (Figure 84).

AXD analysis suggests higher sensitivity in the grey matter with this modality. Investigation of the
neocortex suggests age is a significant factor in the change among age groups (p=0.0058). Medial to
anterior cortex show consistent reductions in AxD among the aged 10 and 16MO animals with 6MO.
As the AxD decreases in 10MO compared to 6MO in Bregma 2.0 (-15.6%, p=0.0151) and 2.7 (-17.3%,
p=0.0362) and 16MO compared to 6MO in Bregma 0.8 (-11.2%, p=0.029) and 2.7 (-16.9%, p=0.0408),
values between 10MO and 16MO are unchanged (Figure 85). In Bregma 0.0, the anterior cingulate
showed similar decreases of 10MO against 6MO (-13.8%, p=0.0405) and 16MO against 6MO (-15.1%,
p=0.0257). This decrease is seen in Bregma 2.0 between 10MO and 6MO (-13.8%, p=0.0365). Overall
significance is also seen in age (p=0.0132) and Bregma (p=0.0134) (Figure 86). Unchanged AxD are
observed in the hippocampus. Within the white matter tract, the genu showed no age specific changes,
yet, AxD is significantly affected by age (p=0.0407) and Bregma (p=0.0001) (Figure 88). Similarly, the
cingulum showed the same significance of age and Bregma with age-specific decreases of 10MO (-
11.0%, p=0.0045) and 16MO (-10.0%, p=0.0073) against 6MO in Bregma -1.3 (Figure 89).

Interestingly, while both directional diffusivities have suggested consistent decreases with age up to 10
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months, in the external capsule of Bregma 0.0, an increase of 19.8% in AxD is observed in 16MO

against 10MO (p=0.0259) (Figure 90).

MD can then be taken between RD and AxD to find an overall diffusivity value. In the grey matter, the
neocortex, anterior cingulate, and hippocampus seem greatly affected by age (p=0.005, p=0.0168, and
p=0.0478, respectively). Of these three regions, the anterior Bregmas seem the most affected as 10MO
and 16MO against 6MO show decreased diffusivities. In Bregma 2.0, both regions exhibit significantly
decreased MD of 10MO against 6MO (neocortex, -13.0%, p=0.0145 and anterior cingulate, -13.1%,
p=0.0183) (Figure 91 and 92). At the more anterior Bregma 2.7, a corresponding decrease of 14.6%
(p=0.0227) is seen in 10MO against 6MO and increase of 4.4% (p=0.0401) in 16MO against 10MO.
The hippocampus does not show age-specific MD changes. Of the white matter tract, minimal MD
changes are seen in the anterior brain, but the medial Bregma -1.3 does show reductions in the genu (-
12.1%, p=0.0468) and cingulum (-12.3%, p=0.0414) (Figure 94 and 95). Consistent with the
relationship between 10 and 16MO, the external capsule shows an increase of MD at 16MO against

10MO (+12.6%, p=0.0316) (Figure 96).

The results of WT diffusivity show a comparable trend in decreasing FA values with age. However,
directional modalities RD, AxD, and MD suggest a similar decrease in diffusivity with age. Furthermore,
many changes are found in the grey matter regions compared to minimal changes in the white matter
tract. These results suggest a greater degree of age-dependent white matter changes in the grey matter

regions.

4.4.2 Effect of age on Apoe” mice
The knockout of endogenous mice Apoe is studied to understand the differential effects it has compared

to WT and hAPOE. FA is compared across regions and ages of Apoe” mice. Neocortical comparison
shows no changes among age groups and Bregma. However, overall Bregma-based variation among all
age groups is significant (p<0.0001) (Figure 73). The anterior cingulate sees the most significance in

the medial brain between the later stages in life at 10MO and 16MO. Comparisons of 16MO against
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10MO shows Bregma -1.3 exhibiting an increase of 24.6% (p=0.0464) and Bregma 0.0 exhibiting an
increase of 43.2% (p=0.0066) with an overall significance in age- and Bregma-based changes (p=0.0442
and p=0.0005, respectively) (Figure 75). In contrast, the FA of the hippocampus sees change during the
earlier life between 6 and 10 months. Hippocampal FA comparisons of 10MO against 6MO show
significant reductions in Bregma -2.5 (-22.4%, p=0.0343) and -1.8 (-27.7%, p=0.0199) (Figure 76).
This change is further reflected in the overall significance of effect from age (p<0.0001) and Bregma
(p=0.0044). White matter tract diffusivities are mainly unchanged with significance in Bregma -1.3
between 16MO against 6MO only in the genu (+19.2%, p=0.0256) (Figure 77) and cingulum (+19.5%,
p=0.0435) (Figure 78). Despite similar increases of FA between these age groups, the age and Bregma
factors does not yield significance in the cingulum but only in the genu (age, p=0.0363 and Bregma,
p=0.0176) (Figure 77). In the external capsule, age-specific comparisons exhibited no change although

the overall Bregma-based difference is significant (p<0.0001) (Figure 79).

Further RD analysis of the grey matter shows unchanged age-specific levels. Overall Bregma-based
differences is observed to be significant in the neocortex (p<0.0001) (Figure 80) and anterior cingulate
(p=0.0004) and age-based difference in anterior cingulate (p=0.0193) (Figure 81). Hippocampal RD
shows neither factor-based nor age-specific changes (Figure 82). In the white matter tract, all three
regions show significant differences of factor by Bregma (genu, p<0.0001; cingulum, p=0.004; external
capsule, p<0.0001). Additionally, there are significant reductions of RD in Bregma -1.3 between 16MO
against 6MO of the genu (-14.2%, p=0.0126) (Figure 83), cingulum (-14.9%, p=0.0136) (Figure 84),
and external capsule (-11.2%, p=0.048) (Figure 85). AxD and MD values similarly show no age changes

in all regions, yet all regional Bregma-based differences show significance.

Apoe”™ mice show minimal changes among age groups with unchanged directional diffusivities among

regions. Interestingly, age factor does not show effect in DKI analysis. Between grey matter and white

matter tract, neither of their regions show consistent changes among Bregmas and age.
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4.4.3 Effect of age on hAPOE3 mice
The hAPOE3 mice represent the WT genotype of human APOE. Its effects are used as the standard to

both compare with endogenous Apoe and AD risk factor hAPOE4. Bregma-based values are
significantly different among all regions except genu and cingulum. Age-based differences are
insignificant in all ages and regions. FA values remain unchanged among all ages and regions except
external capsule. Significances are observed in external capsule comparisons of 16MO against 20MO

in Bregma -1.3 (+14.6%, p=0.0345), 0.0 (+19.4%, p<0.0001), and 0.8 (+14.5%, p=0.0068) (Figure 79).

These unchanged levels among hAPOE3 ages are also present in RD with much of the significance
accounted for by overall Bregma differences. AxD analysis, though, show numerous differences in the
white matter tract with no significance in grey matter regions. In the genu, Bregma-based AxD
differences are significant (p<0.0001) with decrease of 10MO against 6MO in Bregma 0.8 (-11.5%,
p=0.0453) and increase of 16MO against 10MO in Bregma 2.0 (+9.8%, p=0.0002) (Figure 89). Even
though the cingulum shows no differences, the external capsule shows parallel increases of 16MO
against 10MO AxD in Bregma -1.3 (+11.1%, p=0.0021), 0.0 (+19.4%, p=0.0044), and 0.8 (+10.2%,

p=0.0014), resulting in overall Bregma significance (p<0.0001) (Figure 85).

Analysis of MD shows similar trend to RD and AxD, with the grey matter mainly unaffected by age.
White matter tract regional changes seem to be affected by age. In the genu, while Bregma-based
difference is significant (p<0.0001), significance is only yielded in Bregma 2.0 between 16 MO against
6MO (+6.2%, p=0.0047) (Figure 94). The trend of decreasing MD with age comparative to previous
genotypes is continuously observed in the cingulum. In Bregma 0.8, cingulum MD shows reductions
of 10MO (-13.5%, p=0.033) and 16MO (-11.5%, p=0.0309) against 6MO (Figure 95). Interestingly,
consistent with previous DKI analysis, the change between 16MO against 10MO is opposite from if the
comparison is against 6MO. This is seen in the genu, and in the external capsule, comparison of 16MO

against 10MO in Bregma 0.0 shows an increase of MD (+13.7%, p=0.0195) (Figure 96).
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Investigation of hAPOE3 mice shows generally unaffected regional grey matter diffusivities among age
groups and Bregmas. Changes in the white matter tract are minimal. However, the trend of diffusivity
in hAPOE3 exhibit opposite changes between comparisons of 10/6MO and 16/10MO. Despite the
steady decreases in directional diffusivities with age seen when compared to 6MO, the change from

10MO to 16MO is an elevation. This consistent trend is seen among all animals.

4.4.4 Effect of age on hAPOE4 mice
The hAPOE4 mice are then evaluated for the effect the isoform protein has on diffusivity. FA analysis

of grey matter regions show no age-specific differences, although, Bregma-based differences are
significant in neocortex (p<0.0001) (Figure 73), anterior cingulate (p<0.0001) (Figure 74), and
hippocampus (p=0.0168) (Figure 75). Greater changes are found in the white matter tract. In the genu,
medial Bregma -1.3 shows an FA decrease of 11.3% in 10MO against 6MO (p=0.04) (Figure 76).
However, anterior Bregma 2.0 shows an increase of 13.6% between 16MO against 6MO (p=0.0075).
The contrasting trend between Bregma is observed to be significant (p=0.0333). This increase is also
shown in Bregma 0.0 of the external capsule between 16MO against 6MO (+12.3%, p=0.0248) (Figure

78).

Interestingly, RD values show significant changes in the grey matter. All Bregma-based differences are
significant, and all Bregma comparisons of 6MO and 10MO in the neocortex and anterior cingulate
show significant increases of RD in 10MO. Interestingly, anterior neocortical RD in Bregma 2.0 and
2.7 show the greatest increase of RD (+10.7%, p=0.026 and +11.4%, p=0.0503, respectively) (Figure
79). Yet, in the anterior cingulate, the medial Bregma -1.3 and anterior Bregma 2.0 show the highest
increase of RD (+11.5%, p=0.0017 and +10.0%, p=0.0216, respectively) (Figure 80). Even though it
yields no significance, comparisons of 16MO against 10MO show decreased RD, contradicting 10MO
and 16MO against 6MO. However, the hippocampus shows minimal changes, and no changes are

detected in the white matter tract regions (Figure 81).
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Study of AxD values in the neocortex show significance between 10MO against 6MO in medial Bregma
-1.3 (+11.6%, p=0.0387) and 0.0 (+11.7%, p=0.0346) (Figure 85). Anterior cingulate and hippocampus
show no age-specific differences. Among white matter tract regions, only the genu exhibits significant
changes between 10MO against 6MO in anterior Bregma 2.0 (+12.5%, p=0.0297) and similar percent

change between 16MO and 6MO (+9.6%, p=0.0598) (Figure 88).

MD of hAPOE4 suggests grey matter neocortex and anterior cingulate as regions of greatest diffusivity
changes. Neocortical FA comparisons of 10MO against 6MO show significant increases in medial
Bregma -1.3 (+9.8%, p=0.0115), 0.0 (+9.6%, p=0.0021) and anterior Bregma 2.0 (+9.2%, p=0.0379)
(Figure 91). In the anterior cortex, the same significant increases are seen in the same Bregmas between

10MO and 6MO (Figure 91).

Different DKI modality-detected changes suggest their differential sensitivities in hAPOE4 mice. While
FA detects most changes in the white matter tract, RD, AxD, and MD detects most changes in the grey
matter. Unlike WT, Apoe™, and hAPOE3, aging hAPOE4 mice show increases in diffusivities in the
grey matter compared to other genotype’s decrease with age. This contrasting trend warrants further
investigation into the comparison of genotypes within each age group to understand if these changes

are significant.

4.4.5 Effect of genotype at 6MO
Comparison of the four genotypes (WT, Apoe™, hAPOE3, and hAPOE4) at 6MO could suggest the

effects of apolipoprotein genotype at an early age equalling to 30 human years. FA analysis of the
neocortex among genotypes at 6MO show an exponential curve of FA values from medial Bregma -1.3
to anterior 2.7 with no significance between genotypes (Figure 74). In the anterior cingulate, no changes
are seen, yet graphical representation shows similar pattern of FA for WT with Apoe™ and hAPOE3
and hAPOEA4 (Figure 74). WT and Apoe™ curves show unchanged values from Bregma -1.3 to 2.0 while
hAPOE3 and hAPOE4 show an FA valley at Bregma 0.0 and peak at 0.8. Hippocampal FA in posterior

Bregma -2.5 exhibits significant decrease compared to WT in hAPOE3 (-36.0%, p=0.0028) and

165



hAPOE4 (-26.0%, p=0.0348) (Figure 75). However, white matter tract regional comparisons show no
genotypic variations. Additionally, genu and cingulum FA curves show no set pattern, yet the external

capsule show an overarching linear FA increase from Bregma -1.3 to 0.8.

Using RD, the grey matter shows the greatest difference against hAPOEA4. In the neocortex, overall RD
values of WT show distinct high values, Apoe™ and hAPOE3 show overlapping values, and hAPOE4
show distinct low values with significance in medial Bregma -1.3 and anterior Bregma 2.0 and 2.7. In
-1.3, hAPOE4 exhibit reductions against WT (-11.5%, p=0.024) and Apoe™ (-9.4%, p=0.0203), in 2.0
against WT (-11.9%, p=0.0352) and Apoe™ (-7.1%, p=0.0073), and in 2.7 against WT (-12.8%,
p=0.0213) (Figure 79). Similarly, in the anterior cingulate, the divergent levels of the genotypes are
consistent. Likewise, significance is only found between hAPOE4 with WT and Apoe™. Genotypic
bases are observed to be significant (p=0.0103) with Bregma -1.3 (hAPOE4 against WT, -11.5%,
p=0.0094), 0.8 (hAPOE4 against WT, -8.7%, p=0.0334) and 2.0 (hAPOE4 against WT, -12.8%,
p=0.0223 and against Apoe”, -6.9%, p=0.0222) (Figure 80). Interestingly, while no genotypic
differences are significant, hAPOE4 hippocampal RD shows lowered values compared to overlapping
WT, Apoe”, and hAPOE3 with overall significance in both genotype (p=0.0463) and Bregma
(p=0.0468) (Figure 81). White matter tract comparisons shows minimal changes with significance

found only in medial Bregma -1.3 between hAPOE4 and Apoe” (-10.3%, p=0.0449) (Figure 84).

Similarly to RD, in the neocortex and anterior cingulate, WT and hAPOE4 have distinct highest and
lowest AxD values, respectively, while Apoe” and hAPOES share similar values. Within the grey matter,
AXD of Bregma -2.5 in the hippocampus show reductions of hAPOE3 (-14.8%, p=0.0489) and hAPOE4
(-16.3%, p=0.0332) against WT (Figure 87). Other grey matter and white matter tract regions show no
changes. Neocortical MD values share the same distinctions in genotype compared to RD and AxD
with genotypic differences only in the neocortex and anterior cingulate. Multiple Bregmas within these
grey matter regions show significant MD reductions of hAPOE4 compared to WT and Apoe™. However,

white matter tract values show no changes.
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In 6MO mice, there are minimal changes in diffusivity of the mice brain. Even though hAPOE4 is
considered deleterious to neurological health, the effects it has is mostly against WT and Apoe™.
Furthermore, grey matter shows the largest number of alterations based on genotype. While compared
to hAPOES3 there are no changes of hAPOE4 diffusivities, hAPOE4’s effect on mice is shown to be

different to the other genotypes.

4.4.6 Effect of genotype at 10MO
Investigation of 10MO mice show no effect of genotype on FA values in grey matter. The increasing

FA pattern seen in 6MO from medial to anterior brain in neocortex is present (Figure 73). In the white
matter tract, while the genu (Figure 76) and cingulum (Figure 77) exhibit no genotypic variation, the
external capsule show decrease of hAPOE3 FA compared to Apoe™ in Bregma 0.0 (-9.6%, p=0.0162)
and 0.8 (-9.6%, p=0.049) while in 0.0, hAPOE4 show increase compared to hAPOE3 (+14.4%,

p=0.0078).

Neocortical RD analysis show increased RD in Apoe” compared to WT in the anterior Bregma 2.0
(+8.1%, p=0.0035) and 2.7 (+8.1%, p=0.005) (Figure 79). In Bregma 0.8, hAPOEA4 exhibits an increase
of FA compared to WT (+8.0%, p=0.0298). In contrast, hAPOE3 shows decrease in RD in Bregma 0.0
of the anterior cingulate (-8.2%, p=0.0379) and both Apoe” and hAPOE4 show increases in RD
compared to WT in Bregma 2.0 (+9.0%, p=0.0202 and +9.8%, p=0.0453, respectively) (Figure 80). No
further changes are seen in the white matter tract. Furthermore, AxD results show significant increases
from 10 to 14% of hAPOE4 values against WT and hAPOES3 in the neocortex (Figure 85) and 7.7%
against hAPOE3 (p=0.0137) in the anterior cingulate (Figure 86). However, only in the neocortex are
genotypic differences significant (p=0.0073). Within the white matter tract are many genotypic
alterations of regions. In the genu, the anterior Bregma 2.0 exhibit increases of hAPOE4 AxD against
WT (+17.5%, p=0.0092) and hAPOE3 (+15.1%, p=0.0097) and hAPOE3 against Apoe” (-7.2%,
p=0.0053) with significance by Bregma (p<0.0001) (Figure 88). In the cingulum, significance is
isolated in Bregma -1.3 with Apoe’ against WT (+9.9%, p=0.0001), hAPOE3 against WT (+4.9%,

p=0.0359), and hAPOE3 against Apoe” (-4.6%, p=0.0463) (Figure 89). Likewise, in the external
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capsule, most significance is found in the medial Bregma 0.8 with hAPOE4 against WT (+13.8%,
p=0.0432), hAPOE3 against Apoe™ (-9.4%, p=0.0022), and hAPOE4 against hAPOE3 (+13.6%,

p=0.0107) (Figure 90).

Analysis of MD further shows the extent of diffusivity variations mainly in grey matter regions,
neocortex and anterior cingulate. hAPOE4 MD values show a global increase in these two regions
compared to WT and hAPOES3. In the white matter tract regions, Apoe™ and hAPOE4 comparisons with
genotypes exhibit significant increases in MD in contrast to hAPOE3’s significant decreases. Overall,
10MO Apoe™ and hAPOE4 mice begin to show signs of neurodegeneration with increased grey matter

and white matter tract diffusivities.

4.4.7 Effect of genotype at 16 MO
By 16MO, mice age equals to 50 human years. FA analysis of the neocortex graphically show similar

increase of values from medial to anterior brain (Figure 73). Comparatively, hAPO3 and hAPOE4
remains unchanged within 16MO and even among age groups of the same genotype. In contrast, the
WT curve shows steady decrease from 6MO to 16MO, as indicated from the previous section.
Statistically significant increases are observed against WT from Bregma 0.8’s Apoe” (+35.4%,
p=0.0436) and hAPOE4 (+20.8%, p=0.036) and Bregma 2.7’s Apoe’ (+21.7%, p=0.0115) with
significance of genotypic and Bregma factors (p=0.0099 and p<0.0001), respectively. Despite most
neocortical changes residing in the anterior brain, changes in the anterior cingulate reside in the medial
brain (Figure 74). Significant is yielded in Bregma -1.3 between hAPOE4 against Apoe™ (-22.8%,
p=.0435) and Bregma 0.0 between Apoe™ against WT (+55.1%, p=0.0054) and hAPOE3 against Apoe™
" (-26.3%, p=0.03) with significance in genotypic and Bregma factors (p=0.0028 and p<0.0001,
respectively). No FA changes are found in the hippocampus (Figure 76). Of the white matter tract, most
variations are found in Bregma -1.3 of the genu and cingulum. Interestingly, as significantly increased
FA levels are found in Apoe” against WT in genu (+16.1%, p=0.0365) and cingulum (+26.4%,
p=0.0419) (Figure 77), decreased levels are found in the genu against Apoe” in hAPOE3 (-13.7%,

p=0.0494) and hAPOE4 (-13.9%, p=0.0431) (Figure 76).

168



Further study into RD show insignificant changes among grey matter nor white matter tract regions.
However, Apoe” exhibits gross increases against WT of AxD in the neocortex and anterior cingulate.
Significant increases of Apoe” AxD are found in medial Bregmas -1.3 and 0.0 of these regions (Figure
86 and 87). Because of the lack of RD and AxD changes, MD does not indicate diffusivity significance
among regions of 16MO mice. By 16MO, tgAPOE mice among genotypes show minimal diffusivity
changes with most variations coming from the grey matter. Based on DKI values, the white matter tract

is proposed to be stable comparatively.

4.4.8 Comparative effects of age and genotype on brain diffusivity
Using WT, it is observed that neurological health, based on diffusivity, is increased with age. DKI

detected diffusivity is more anisotropic and less diffusive in all WT grey matter regions with
significance, and no variations are observed in white matter tract regions. Removal of Apoe does not
seem to significantly alter diffusivity status as age continues to increase FA and decrease directional
diffusivity modalities. However, introduction of hAPOE alters diffusivity trends by 16MO. In contrast
to unchanged hAPOE3 FA values among ages, directional diffusivities show decreases up to 10MO
before increasing by 16MO. Further opposition of trends is observed in hAPOEA4, exhibiting reductions
in anisotropy and elevations of diffusivities with age. This flip in DKI trends indicate hAPOE4’s

altering effects in brain diffusivity.

Comparisons among genotypes within independent age groups suggest similar deleterious effects of
hAPOE4. At 6MO, the effect of hAPOE is shown as changes are mainly between hAPOE4 with
endogenous Apoe. By 10MO, Apoe” and hAPOE4 diffusivities show apparent increases in the grey
matter as compared to other genotypes. This similarity may indicate hAPOE4’s comparable effect with
the complete knockout of Apoe. At 16MO, diffusivity values have become less significant among
genotypes. Interestingly, this convergence may demonstrate hAPOE4’s earlier neurological effects as
its comparison with WT, Apoe”, and hAPOE3 show larger differences at an earlier age and smaller
differences at 16MO. Further investigation into cellular structures is then done to correlate this effect

with the cells responsible for white matter upkeep, OLs.
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Fractional Anisotropy of Cortex
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Figure 73: The cortical FA of genotypic and age groups were analysed for changes in anisotropic
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05; **p<0.01. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO:
WT, n=3/2; Apoe”, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™, n=8/4;
hAPOE3, n=5/10; hAPOE4, n=9/8).
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Figure 74: The anterior cingulate FA of genotypic and age groups were analysed for changes in
anisotropic diffusion of water of white matter in the mice brain. Genotypes are grouped by age and
graphically compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex
are denoted as male/female. Statistically significant stars are color-coded according to transgenic
genotype against WT. ***p<0.001. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4; hAPOE4,
n=5/5. 10MO: WT, n=3/2; Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe"
" n=8/4; hAPOE3, n=5/10; hAPOE4, n=9/8).
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Figure 75: The hippocampal FA of genotypic and age groups were analysed for changes in anisotropic
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. **p<0.01; ***p<0.001. (6MO: WT, n=3/3; Apoe'/', n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5.
10MO: WT, n=3/2; Apoe”, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™,
n=8/4; hAPOE3, n=5/10; hAPOE4, n=9/8).
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Figure 76: The genu FA of genotypic and age groups were analysed for changes in anisotropic diffusion
of water of white matter in the mice brain. Genotypes are grouped by age and graphically compared
by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 77: The cingulum FA of genotypic and age groups were analysed for changes in anisotropic
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 78: The external capsule FA of genotypic and age groups were analysed for changes in
anisotropic diffusion of water of white matter in the mice brain. Genotypes are grouped by age and
graphically compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex
are denoted as male/female. Statistically significant stars are color-coded according to transgenic
genotype against WT. *p<0.05. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5.
10MO: WT, n=3/2; Apoe”, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™,
n=8/4; hAPOE3, n=5/10; hAPOE4, n=9/8).
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Figure 79: The cortical RD of genotypic and age groups were analysed for changes in perpendicular
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05; **p<0.01. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO:
WT, n=3/2; Apoe”, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™, n=8/4;
hAPOE3, n=5/10; hAPOE4, n=9/8).
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Figure 80: The anterior cingulate RD of genotypic and age groups were analysed for changes in
perpendicular diffusion of water of white matter in the mice brain. Genotypes are grouped by age and
graphically compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex
are denoted as male/female. Statistically significant stars are color-coded according to transgenic
genotype against WT. *p<0.05; **p<0.01. Statistically significant hashes are according to hAPOE4
changes against hAPOE3. #p<0.05. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4,
n=5/5.10MO: WT, n=3/2; Apoe"', n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”
" n=8/4; hAPOE3, n=5/10; hAPOE4, n=9/8).
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Figure 81: The hippocampal RD of genotypic and age groups were analysed for changes in
perpendicular diffusion of water of white matter in the mice brain. Genotypes are grouped by age and
graphically compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex
are denoted as male/female. Statistically significant hashes are according to hAPOE4 changes against
hAPOES3. #p<0.05. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT,
n=3/2; Apoe”", n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOES3,
n=5/10; hAPOE4, n=9/8).
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Figure 82: The genu RD of genotypic and age groups were analysed for changes in perpendicular
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 83: The cingulum RD of genotypic and age groups were analysed for changes in perpendicular
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 84: The external capsule RD of genotypic and age groups were analysed for changes in
perpendicular diffusion of water of white matter in the mice brain. Genotypes are grouped by age and
graphically compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex
are denoted as male/female. Statistically significant stars are color-coded according to transgenic
genotype against WT. *p<0.05; **p<0.01. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4;
hAPOE4, n=5/5. 10MO: WT, n=3/2; Apoe”, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT,
n=3/2; Apoe”, n=8/4; hAPOE3, n=5/10; hAPOE4, n=9/8).
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Figure 85: The cortical AxD of genotypic and age groups were analysed for changes in axial diffusion
of water of white matter in the mice brain. Genotypes are grouped by age and graphically compared
by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05; **p<0.01. Statistically significant hashes are according to hAPOE4 changes against
hAPOE3. #p<0.05. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT,
n=3/2; Apoe”", n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3,
n=5/10; hAPOE4, n=9/8).
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Figure 86: The anterior cingulate AxD of genotypic and age groups were analysed for changes in axial
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 87: The hippocampal AxD of genotypic and age groups were analysed for changes in axial
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05. (6MO: WT, n=3/3; Apoe"', n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 88: The genu AxD of genotypic and age groups were analysed for changes in axial diffusion of
water of white matter in the mice brain. Genotypes are grouped by age and graphically compared by

Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as male/female.

Statistically significant stars are color-coded according to transgenic genotype against WT. *p<0.05;

**p<0.01. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;

Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 89: The cingulum AxD of genotypic and age groups were analysed for changes in axial diffusion
of water of white matter in the mice brain. Genotypes are grouped by age and graphically compared
by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 90: The external capsule AxD of genotypic and age groups were analysed for changes in axial
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05; **p<0.01. Statistically significant hashes are according to hAPOE4 changes against
hAPOE3. #p<0.05. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT,
n=3/2; Apoe”", n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3,
n=5/10; hAPOE4, n=9/8).
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Figure 91: The cortical MD of genotypic and age groups were analysed for changes in mean diffusion
of water of white matter in the mice brain. Genotypes are grouped by age and graphically compared
by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05; **p<0.01. Statistically significant hashes are according to hAPOE4 changes against
hAPOE3. #p<0.05. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT,
n=3/2; Apoe”", n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3,
n=5/10; hAPOE4, n=9/8).
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Figure 92: The anterior cingulate MD of genotypic and age groups were analysed for changes in mean
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05; **p<0.01. Statistically significant hashes are according to hAPOE4 changes against
hAPOE3. #p<0.05. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT,
n=3/2; Apoe”", n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3,
n=5/10; hAPOE4, n=9/8).
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Figure 93: The hippocampal MD of genotypic and age groups were analysed for changes in mean
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05. Statistically significant hashes are according to hAPOE4 changes against hAPOES3.
#p<0.05. (BMO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 94: The genu MD of genotypic and age groups were analysed for changes in mean diffusion of
water of white matter in the mice brain. Genotypes are grouped by age and graphically compared by
Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as male/female.
Statistically significant stars are color-coded according to transgenic genotype against WT. *p<0.05.
(6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2; Apoe™,
n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”, n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 95: The cingulum MD of genotypic and age groups were analysed for changes in mean diffusion
of water of white matter in the mice brain. Genotypes are grouped by age and graphically compared
by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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Figure 96: The external capsule MD of genotypic and age groups were analysed for changes in mean
diffusion of water of white matter in the mice brain. Genotypes are grouped by age and graphically
compared by Bregma numbers. All values are of two-way ANOVA mean + SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe”", n=8/4; hAPOE3, n=5/10;
hAPOE4, n=9/8).
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4.5  Metabolite detection with magnetic resonance spectroscopy of aged tgAPOE
mice

Neurotransmitters and metabolite content is vital in the functions of the brain. By utilising MRS, the
levels of specific compounds could be studied. In this investigation, a 3mm x 3mm x 3mm voxel,
spanning Bregmas -2.5, -1.8, and -0.8, within the medial brain is used to evaluate the levels of five
metabolites: myo-inositol, choline, glutamate/glutamine, NAA, and lipid/lactate. Peaks of each
chemical shift is normalised with the peak of creatine (Figure 97). Additionally, DKI calculations are
done on each investigated Bregma voxel. The region analysed includes both grey matter and white
matter tract regions without differentiation. Levels of (MRS) detected metabolite changes against
creatine were established in Alzheimer’s evaluations. Two considerations were made for the use of ratio
quantification and creatine levels for normalization. First, MRS acquisitions were performed over a
period of three years, with two instances of re-calibration of the 3T Bruker functional MRI. Absolute
guantification over this time would introduce errors due to calibrations of the machine. Thus, ratio
analysis was preferred. Second, the choice of creatine as the normalization method is due to its

supported literature using ratios of myo-inositol, choline, n-acetylaspartate, and lipids against creatine

in Alzheimer’s patients (337, 338, 339, 340, 341).
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Figure 97: The mean curves of MRS value are presented as age-dependent per genotype (A-D) or
genotype-dependent per age (E-G). Vertical dotted lines represent the peaks of interested metabolites:
myo-inositol (3.5ppm), choline (3.2ppm), glutamate/glutamine (2.3ppm), NAA (2.0ppm), and lipid/lactate
(1.3ppm). Sex are denoted as male/female. (6MO: WT, n=3/3; Apoe™, n=5/4; hAPOE3, n=3/4; hAPOE4,
n=5/5. 10MO: WT, n=3,2; Apoe”", n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=1,3; Apoe™,
n=8/4; hAPOE3, n=5/10; hAPOE4, n=9/8).
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4.5.1 Metabolite and DKI changes based on age in individual genotypes
WT mice exhibit no changes among 6, 10, and 16MO of all five metabolites (Figure 98). Percent

changes among metabolites are minimal. Anisotropic analysis shows significant reductions of Bregma
-1.8 between 10MO against 6MO (-13.2%, p=0.0287) (Figure 99). RD shows no changes among
Bregmas and ages (Figure 99), but AxD shows comparable reductions of 10MO against 6MO in Bregma
-1.8 (-14.6%, p=0.0383) and -0.8 (-11.9%, p=0.0476) with age representing a significant factor in the
difference (p=0.0313) (Figure 99). This age-based significance is also observed in MD (p=0.0357) with

no age-specific changes (Figure 99).

With the knockout of Apoe, significance is yielded in the comparison of 16MO against 6MO
lipid/lactate levels (+32.5%, p=0.04) (Figure 98). Likewise, comparisons of 6MO and 10MO generates
similar increases with age, albeit without significance. Diffusivity analysis shows no differences among
age groups. Comparatively, hAPOE3 produces the same significant increase of lipid/lactate levels in
16MO against 6MO (+23.4%, p=0.04) with substantial insignificant increases with age (Figure 99).
Aging is associated with increased lactate levels. Previous studies have shown that by using a normally
aging and prematurely aging mice model, there is a two-fold increase in lactate levels between the two
mice using H-MR (342). This was correlated to an increase in lactate dehydrogenase activity in the
mitochondria, converting pyruvate to lactate for respiration. Thus, this result could be caused by aging.

Diffusivity analysis of hAPOES3 also shows no differences among age groups.

However, in hAPOE4, lipid/lactate levels no longer show difference. However, glutamate/glutamine
and NAA exhibit significant changes. Glutamate/glutamine levels show significant increase between
10MO against 6MO (+12.9%, p=0.04) and decrease between 16MO against 10MO (-11.8%, p=0.01).
Comparison of 10MO against 6MO NAA also shows significance (+12.1%, p=0.02) (Figure 98). DKI
analysis of this voxel shows no changes of FA and AxD of these mice, but identical significance is
observed in RD and MD. Significant increase of 10MO against 6MO RD is found at posterior Bregma
-2.5 (+8.5%, p=0.0043) and -1.8 (+11.4%, p=0.0007) and of MD at -2.5 (+7.9%, p=0.0169) and -1.8

(+10.5%, p=0.0059) (Figure 99).

196



>
vy

MRS-detected myo-inositol MRS-detected choline
0.90- 1.04
° - WT
& o085 -e- Apoe” g 0
9] -e- APOE3 T o
2 0.80 -~ APOE4 <
3 £ 0.98-
£ S
5 0.75- <
3 O 0.96
=
0.70 T T T 0.94 T T T
6 10 16 6 10 16
Age (Months) Age (Months)
C MRS-detected glutamate/glutamine D MRS-detected n-acetylaspartic acid
1.00 1.55
0.95+ 1.50
(=]
2 0.90- = 1.45
x o
5 085 5 1407
X 080+ < 1354
(Ol Z
0.75+ 1.30
0.70 T T T 1.25 T T T
6 10 16 6 10 16
Age (Months) Age (Months)
E MRS-detected lipid/lactate
0.8
o)
ISt
o
5 0.6
2
©
I3}
& 0.4
©
=
2
0.2 T T T

Age (Months)

Figure 98: Area under curve for metabolites of interest are independently compared at their respective
peaks and standardized with creatine (A-E). Analysis suggests no significant changes of myo-inositol
(A), choline (B), glutamate/glutamine (F), and NAA (D). However, significant increase of
glutamate/glutamine in 10MO APOE4 against APOE3 (C) and lipid/lactate levels in 10MO APOE4
against WT was observed (E). All values are of two-way ANOVA mean £ SEM and sex are denoted as
male/female. Statistically significant stars are color-coded according to transgenic genotype against
WT. *p<0.05. Statistically significant hashes are according to hAPOE4 changes against hAPOES3.
#p<0.05. (6MO: WT, n=3/3; Apoe"', n=5/4; hAPOES, n=3/4; hAPOE4, n=5/5. 10MO: WT, n=3/2;
Apoe”, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™, n=8/4; hAPOE3, n=5/10;
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Figure 99: The MRS voxels for FA (A), RD (B), AxD (C), and MD (D) of genotypic and age groups
were analysed for changes in diffusion of water of white matter in the mice brain. Genotypes are
grouped by age and graphically compared by Bregma numbers. All values are of two-way ANOVA
mean + SEM and sex are denoted as male/female. (6MO: WT, n=3/3; Apoe”, n=5/4; hAPOE3, n=3/4;
hAPOE4, n=5/5. 10MO: WT, n=3/2; Apoe'/', n=4/6; hAPOES, n=3/2; hAPOE4, n=4/6. 16MO: WT,
n=3/2; Apoe™, n=8/4; hAPOE3, n=5/10; hAPOE4, n=9/8).
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4.5.2 Metabolite and DKI changes based on genotype in individual age groups
Age-based analysis shows the effects of aging in different genotypes. While WT MRS and DKI in the

associated 3mm x 3mm x 3mm region remains consistent with age, tgAPOE mice show greater variation
in their metabolite levels and diffusivities. Here, the genotypes are compared at matching ages to show

at which age are the differences in MRS and DKI levels the greatest.

At 6MO, metabolite differences are not observed, with all genotypes showing comparable levels.
Diffusivity changes, though, are seen in comparisons of hAPOE4 to other genotypes. Significant FA
increase is found in Bregma -2.5 against hAPOE3 (+15.7%, p=0.0427) (Figure 99). Directional
diffusivity of RD shows correlational decrease in Bregma -2.5 against WT (-12.3%, p=0.0399) and
Apoe™ (-9.0%, p=0.0306) with no such change in AxD (Figure 99). However, age-based changes are
significant in RD (p=0.0123) and AxD (p=0.0464). Correspondingly, MD shows significance in the
same Bregma against WT (-14.4%, p=0.0307) and Apoe™ (-8/8%, p=0.0355) (Figure 99). These results

suggest hAPOE4’s effect on diffusivity before alterations in metabolite levels.

By 10MO, hAPOE4 exhibits greater effects on metabolite values. Glutamate/glutamine levels are
significantly increased in hAPOE4 against Apoe” (+13.7%, p=0.0243) and hAPOE3 (+17.3%,
p=0.0229). Likewise, lipid/lactate levels are also greatly increased in hAPOE4 against WT (+44.8%,
p=0.0347) and hAPOE3 (+37.0%, p=0.0505). Other metabolites remain at consistent levels. Further
DKI investigation shows unchanged FA values with significant increases of hAPOE4 against WT and
Apoe” against WT directional diffusivities. RD analysis of Bregma -1.8 shows significant increase of
hAPOE4 against WT (+8.0%, p=0.0171) and Bregma -0.8 Apoe” against WT (+8.0%, p=0.0239)
(Figure 99). Correspondingly, AxD analysis shows comparative significance in Bregma -1.8 of
hAPOE4 against WT (+10.5%, p=0.0297) and -0.8 of Apoe™ against WT (+11.0%, p=0.0336) (Figure
99). As a result, MD shows identical regions and genotype significance. However, by 16MO, no

changes are observed in neither metabolite nor DKI levels.
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4.6  Immunohistochemistry analysis for oligodendrocyte and myelin changes
Radiological study of the tgAPOE mice suggests variations of diffusivity and metabolite levels at

different ages. To further identify the effects of the APOE genotype, immunohistology using markers
for gross, immature, and mature OLs and myelin is performed at Bregma 0.8 due to the increased
variations at this Bregma from DKI. Gross OLs are stained with Olig2, immature OLs are stained with
Nkx2.2., mature OLs are stained with ASPA and CC1, and myelin is stained with PLP. Six regions
representing three grey matter (anterior cingulate, motor cortex, and somatosensory cortex) and white

matter tract (genu, cingulum, and external capsule) are used for analysis.

4.6.1 Oligodendrocyte and myelin changes based on age in individual genotypes
First, gross OL populations among individual regions are quantified with Olig2 OL marker in each

genotype. The Olig2+ cells are seen to be consistent for each genotype with no significant changes
among ages. Within the anterior cingulate, there is a consistent number of Olig2+ gross OL population
among all three age groups in all genotypes with hAPOE4 showing consistent lower numbers. By 16MO,
hAPOE4 shows significant decrease of Olig2+ populations compared to WT (-71.0%, p=0.0035)
(Figure 100A). In the motor cortex and somatosensory cortex, age-related significances are observed
only in individual hAPOE3 6MO compared to 10 and 16MO. Specifically, 6MO hAPOE shows
significantly increased OL populations against WT in motor cortex (+237%, p=0.0009) (Figure 100B)
and somatosensory cortex (+149.1%, p=0.0152)(Figure 100C). Comparisons of hAPOE3 and hAPOE4
shows significant decrease similarly in 6MO in motor cortex (-72.4%, p<0.0001) and somatosensory
cortex (-62.2%, p=0.0027). In the genu, no observable trend nor significance is found. In contrast, the
cingulum and external capsule show no changes in Olig2+ populations among ages with significantly
reduced hAPOE4 against WT in only the 16MO of cingulum (-69.9%, p=0.0216) (Figure 100E) and
external capsule (-67.3%, p=0.0194) (Figure 100F). Overall Olig2+ changes indicate a common

reduced gross OL population in hAPOE4 among age groups.
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Figure 100: Olig2+ populations in three grey matter regions (anterior cingulate (A), motor cortex (B),
somatosensory cortex (C)) and white matter regions (genu (D), cingulum (E), external capsule(F)). All
values are of two-way ANOVA mean + SEM and sex are denoted as male/female. Statistically significant
stars are color-coded according to transgenic genotype against WT. *p<0.05; **p<0.01. Statistically
significant hashes are according to hAPOE4 changes against hAPOE3. ##p<0.01; ####p<0.0001.
(6MO: WT, n=3/3; Apoe™, n=3/3; hAPOE3, n=3/3; hAPOE4, n=4/5. 10MO: WT, n=3/2; Apoe™,
n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe"‘, n=2/2; hAPOE3, n=1/3;
hAPOE4, n=2/2).
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Immature OLs are then quantified with Nkx2.2 (Figure 101). Analysis of anterior cingulate shows no
significant changes of Nkx2.2+ cells in all genotypes. In the motor cortex and somatosensory cortex,
significant increase is found in 6MO hAPOE3 against WT (+166.3%, p=0.0019; +233.7%, p=0.0004)
and hAPOE4 (+39.8%, p=0.045; +55.4%, p=0.0025) (Figure 101B and C). Overall age- and genotype-
based alterations are significant in the motor cortex (p<0.0001 and p=0.0496, respectively) and
somatosensory cortex (p=0.0107 and p=0.0062, respectively). In the white matter tract, both genu and
external capsule show valleys of Nkx2.2+ cells at L0MO among ages of all four genotypes. Significance
is found between the genu of 6MO hAPOE4 against hAPOE3 (+124.6%, p=0.0023) (Figure 101D) and
external capsule of 6MO hAPOE3 against WT (+49.3%, p=0.0467) (Figure 101F). More Nkx2.2

variations are observed in the white matter tract as these regions contain the most OLs and their lineages.
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Figure 101: Nkx2.2+ populations in three grey matter regions (anterior cingulate (A), motor cortex (B),
somatosensory cortex (C)) and white matter regions (genu (D), cingulum (E), external capsule(F)). All
values are of two-way ANOVA mean + SEM and sex are denoted as male/female. Statistically significant
stars are color-coded according to transgenic genotype against WT. *p<0.05; **p<0.01; ***p<0.001.
Statistically significant hashes are according to hAPOE4 changes against hAPOE3. #p<0.05;
##p<0.01. (6MO: WT, n=3/3; Apoe'/', n=3/3; hAPOE3, n=3/3; hAPOE4, n=4/5. 10MO: WT, n=3/2;
Apoe™, n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™, n=2/2; hAPOE3, n=1/3;
hAPOE4, n=2/2).
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Mature OLs, stained with ASPA and CC1, show differing patterns in cell numbers. ASPA+ populations
have consistent significant reductions with age in all regions of grey matter and white matter tract
(Figure 102). While all genotypes show decrease from 6MO to 16MO, hAPOE3 ASPA+ cells show
significant increase at 10MO against WT in motor cortex (+128.4%, p=0.0025) (Figure 102B),
somatosensory cortex (+173.9%, p=0.0296) (Figure 103C), and genu (+248.9%, p=0.0088) (Figure
102D). Differently, 6MO hAPOE3 ASPA shows significant reductions against WT in all three white
matter regions of genu (-68.5%, p=0.0046) (Figure 102D), cingulum (-62.4%, p=0.0321) (Figure 102E),

and external capsule (-61.6%, p=0.0093) (Figure 102F).

Mature OLs stained with CC1, though, do not show observable trend among age groups. In the anterior
cingulate, CC1+ populations show levelled numbers among ages with 6MO hAPOE3 showing
significant reductions against WT (-59.6%, p=0.0003) (Figure 103A). Like ASPA, hAPOE3 CC1+
populations show significant increases at 10MO against WT in the motor cortex (+165.3%, p=0.0011)
(Figure 103B) and somatosensory cortex (+157.5%, p=0.0033) (Figure 103C). In the white matter
regions, only at 6MO are there significant increases of hAPOE3 against WT in genu (+33.2%, p=0.0445)
(Figure 103D), cingulum (+52.4%, p=0.0172) (Figure 103E), and external capsule (+56.4%, p=0.0002)

(Figure 103F).
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Figure 102: ASPA+ populations in three grey matter regions (anterior cingulate (A), motor cortex (B),
somatosensory cortex (C)) and white matter regions (genu (D), cingulum (E), external capsule(F)). All
values are of two-way ANOVA mean + SEM and sex are denoted as male/female. Statistically significant
stars are color-coded according to transgenic genotype against WT. *p<0.05; **p<0.01. Statistically
significant hashes are according to hAPOE4 changes against hAPOE3. #p<0.05. (6MO: WT, n=3/3;
Apoe”, n=3/3; hAPOE3, n=3/3; hAPOE4, n=4/5. 10MO: WT, n=3/2; Apoe™, n=4/6; hAPOE3, n=3/2;
hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™, n=2/2; hAPOE3, n=1/3; hAPOE4, n=2/2).
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Figure 103: CC1+ populations in three grey matter regions (anterior cingulate (A), motor cortex (B),
somatosensory cortex (C)) and white matter regions (genu (D), cingulum (E), external capsule(F)). All
values are of two-way ANOVA mean + SEM and sex are denoted as male/female. Statistically significant
stars are color-coded according to transgenic genotype against WT. *p<0.05; **p<0.01; ***p<0.001;
***xn<0.0001. (BMO: WT, n=3/3; Apoe”, n=3/3; hAPOE3, n=3/3; hAPOE4, n=4/5. 10MO: WT,
n=3/2; Apoe”", n=4/6; hAPOE3, n=3/2; hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe™, n=2/2; hAPOE3,
n=1/3; hAPOE4, n=2/2).
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These OL changes warrant further investigation into densities of myelin fibres stained with PLP (Figure
104). Grey matter PLP+ fibres are unchanged among ages of genotypes. However, significance is
observed in both age-based factors (p=0.0018) (Figure 104A). White matter tract similarly shows
minimal significance with only cingulum showing significant reduction in PLP percentage in 16MO in
hAPOE4 against WT (-42.1%, p=0.0488) (Figure 104E). Further analysis of trend shows hAPOE4 PLP
percentages in all regions to be consistently the lowest among genotypes, especially by 16MO. This
may indicate an aging effect that makes APOE4 more susceptible to myelin loss, yet, because no

significance could be drawn, further studies are warranted for the representation of myelin content.
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Figure 104: PLP densities in three grey matter regions (anterior cingulate (A), motor cortex (B),
somatosensory cortex (C)) and white matter regions (genu (D), cingulum (E), external capsule(F)). All
values are of two-way ANOVA mean + SEM and sex are denoted as male/female. Statistically significant
stars are color-coded according to transgenic genotype against WT. *p<0.05. (6MO: WT, n=3/3; Apoe
" n=3/3; hAPOE3, n=3/3; hAPOE4, n=4/5. 10MO: WT, n=3/2; Apoe”, n=4/6; hAPOE3, n=3/2;
hAPOE4, n=4/6. 16MO: WT, n=3/2; Apoe'/', n=2/2; hAPOE3, n=1/3; hAPOE4, n=2/2).
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4.7  Cognitive abilities and behavioural test using Y-maze
Working memory test was separated into reference memory and episodic memory and done with three-

pronged y-maze. The spontaneous alternation, distance travelled, movement speed, time of immobility,
and total entries were measured for reference memory as all three arms of the maze were opened during
this eight-minute trial. Comparatively, the total entries, total correct entries, and percentage of time in
the correct entry were measured for episodic memory as this trial is separated into a four-minute trial
period where one arm was closed and a consecutive four-minute trial after one hour where all arms were
opened. 16MO WT are not included in the two-way ANOVA analysis due to a lack of 6MO and 10MO

WT.

Investigation of the reference memory among Apoe”, hAPOE3, and hAPOE4 shows overlapping
spontaneous alternation percentages at all three timepoints. WT mice were not compared due to lack of
apparatus while performing the 6MO and 10MO cohorts. However, comparison between 10MO and
16MO shows significant decreases by 16MO in Apoe” (-50.1%, p<0.0001), hAPOE3 (-59.9%,
p<0.0001), and hAPOE4 (-57.0%, p<0.0001) (Figure 105A). Independent analysis of 16MO with WT,
though, shows significant decrease between WT with Apoe™ (-25.7%, p=0.0469), hAPOE3 (-33.0%,
p=0.0078) and hAPOE4 (-29.3%, p=0.0324) (Figure 107A). The movements and total number of arm
entries among Apoe™, hAPOE3, and hAPOE4 against age show no change in their distance travelled,
movement speeds, nor arm entries. Yet, 16MO analysis show significant decreases of these three
parameters of the transgenic mice against WT (Figure 107B-D). Differences in APOE status seem to
induce an age-dependent effect with transgenic mice showing more severe reductions in spatial
references in addition to lower physical activity. The APOE4 mice has been shown to exhibit poor
spatial learning and memory when compared to APOE3 in the Barnes maze in mice as young as 3
months up to 18 months (343). While this study did not look at aspects of cell quantities, they found
significantly shortened dendrites and lower spine densities in the layers Il and Ill of the medial
entorhinal cortex pyramidal cells. Due to the close association of the medial entorhinal cortex network

with the hippocampus, it is proposed that shorter dendrites inhibited efficient projections into the
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hippocampal perforant pathway (344). Among the transgenic mice, no specific mutation seems to

influence the mice’s cognitive abilities more, suggesting an intrinsic effect of a non-murine APOE.

Episodic memory test shows minimal changes among genotypes with age. Total entries of all mice
show no changes (Figure 106A). Regarding the percent of entries into the correct arm, statistically, all
values are insignificant. However, the plotted curve suggests that at 10 months, hAPOE3 against Apoe’
" and hAPOE4 exhibit an apparent decrease of 22.1% and 21.7%, respectively, without significance
(Figure 106B). By 16 months, both Apoe™ and hAPOEA4 rises back up to the hAPOE3 percentage.

Furthermore, the percentage of time spent in the correct arm remains similar among genotypes and ages

(Figure 109). Analysis of episodic memory suggests minimal changes with differing APOE status.

Through the behaviour test, it is shown that cognitive changes could be affected by lack of the murine
APOE as significant changes in reference memory are from transgenic mice against the WT. The
synchronous decrease of spontaneous alternation from 10 to 16 months shows an age-dependent change,
inherent to aging mice. Moreover, overall decreased movement of the transgenic mice suggests APOE’s
effect on the mice’s motor skills. With the increased weights shown previously, both these factors could

impact mice activity.
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Figure 106: Working memory was investigated with Y-maze behaviour test and separated into reference memory
and episodic memory. Analysis of the spontaneous alternation (A), distance travelled (B), movement speed (C),
and total arm entries (D) from this trial suggest significant age-dependent changes in spontaneous alternation.
Significant differences of two-way ANOVA in behaviour between genotype and diet are indicated by asterisks:
**n < 0.01. All values are of two-way ANOVA mean + SEM.
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Figure 107: Individual analysis on 16MO samples was done independently due to the lack of the WT in
6 and 10MO. Working memory was investigated with Y-maze behaviour test and separated into
reference memory and episodic memory. Analysis of the spontaneous alternation (A), distance travelled
(B), movement speed (C), and total arm entries (D) from this trial shows WT's continual increased
movement around the maze. Transgenic mice show no change among parameters and genotype. *p <
0.05, **p < 0.01, ***p < 0.001. All values are of one-way ANOVA mean + SEM.
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Figure 108: Examination of 16MO episodic memory was further divided into a training phase where
an arm was blocked and acquisition phase where all arms were open. Mice were allowed 1hr of resting
time away from the maze between phases. No significant impairments of episodic memory were found
regarding the mice’s preference for arms. All values are of one-way ANOVA mean + SEM.
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4.8  Astrocytes, not OLs, express hAPOE
To confirm the presence of hAPOE in transgenic hAPOE mice, 6 and 12MO hAPOE transgenic mice

were stained for hAPOE, astrocytes (GFAP), and gross OL populations (Olig2) (Figure 109). It has
been previously proposed that hAPOE is proposed systemically in the liver, but in the brain, due to the
strict integrity of the blood-brain barrier, astrocytes are the main producers of APOE (345, 346). Thus,
to confirm the parallel production of humanized APOE in transgenic mice in astrocytes similar to

humans, GFAP and hAPOE were co-stained with fluorescence in sagittal brains (Figure 109A-E).

The expression of hAPOE is seen in the whole brain of the hAPOE3 and hAPOE4 mice, with the grey
matter regions, cortex and hippocampus, showing higher expression than the white matter tract, corpus
callosum (Figure 109G). Accordingly, WT mice show no expression of hAPOE in the brain (Figure
109C and 109G). Co-staining with Olig2 and GFAP show independent expression of hAPOE with
Olig2 but co-localisation of hAPOE and GFAP. Of course, not all hAPOE signals co-localised with

GFAP, but the multi-polar morphology of hAPOE suggest expression in microglia (346).

Astrocytes undergo abnormal proliferation, or astrogliosis when the neuro-environment is damaged,
causing an immune response. As such, astrogliosis is an integral defence mechanism in patients with
AD (347, 348, 349). However, comparison of hAPOE3 and hAPOE4 show no difference in GFAP+
astrocytes numbers in the cortex, hippocampus, and corpus callosum (Figure 109H-J). Altogether, this
set of data proposes that while the effects of reduced OLs are seen in the aging hAPOE4 mice, this
result is not an inherent toxicity within OLs. Instead, the reasoning for this decreasing effect may be
contributed by the lipids packaged by astrocytes with APOE. Further investigation is warranted for the
relationship among OL, hAPOE, and astrocytes to reveal the mechanism that connects these three

factors.
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Figure 109: Co-staining for hAPOE, astrocytes (GFAP), and gross OL populations (Olig2) were done for WT and
transgenic hAPOE3 and hAPOE4 mice at 6 and 12MO. Overall hAPOE expression are shown in hAPOES (a), hAPOE4
(b), and WT (c) mice. No expression is observed in WT while hAPOE3 and hAPOE4 show no difference in hAPOE
expression. Co-stain with Olig2 shows independently localised hAPOE and Olig2 expression in frontal cortex, genu, and
hippocampus (d, €) as shown in the diagram (f). Quantification of hAPOE and hAPOE/Qlig2 double positive show similar
hAPOE expression levels of hAPOE3 and hAPOE4 across 6MO and 12MO (g). Quantification of astrocyte populations
show no sign of astrogliosis in hAPOE3 (h) and hAPOE4 (i) brain with consistent GFAP levels between genotypes (j).
Figure is adapted from (2).
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4.9  Discussion: APOEA4 is detrimental to myelination and oligodendrocyte in the
aging brain
APOEA4 is the greatest genetic risk factor for SAD. As a lipid carrier, APOE may have its responsibilities

altered due to isoform differences. This has been shown with each isoform having increased or
decreased risks of vascular and lipid-based disorders. In our study, we employed WT, Apoe knockout,
and transgenic humanised APOE3 and APOE4 mice aged to 6, 10 and 16 months to understand the
effects of aging and APOE genotype on white matter integrity and OL status. Behaviour tests are done
to further show cognitive manifestations if they exist in these ages and genotypes. We report that cellular
events due to age and genotypic differences are independent of cognitive functions up to 16MO. While
cognitive assessment by reference memory testing in y-maze show no differences, white matter
diffusivity and OL lineage populations show significant alterations based on age with minimal changes

based on genotype.

Our human study found a differing relationship between myelin densities and OL populations in AD
patients of varying Braak stages and APOE status. The gradient of Braak staging indicates the severity
of amyloid plaque deposition. We found that within the frontal cortex, later Braak stages significantly
decreased myelin densities while gross OL populations were unaffected. However, APOE4 carriers
showed significant OL reductions with both Olig2+ and CC1+ stained cells compared to non-carriers
consistent to a previous report (309). To solidify this finding, a preliminary cross-sectional study of
mice from 1 to 6 months was done with similar parameters investigating on OL status with age and
APOE status. Indeed, OLs stained for Olig2 and CC1 both showed reductions in hAPOE4 mice grey
and white matter with significance by 6 months with no genotype-based myelin changes through
immunohistochemistry and western blot of MBP, MAG, and MOG, consistent with human studies. It
is widely accepted that even though white matter loss is correlated to age (83), OL populations
continually proliferate in the adult cortex (350). Here, we show that while this may be true across
genotypes, hAPOE4 mice maintain consistent lower levels of OLs among ages. Interestingly, there is
no differences in neuronal populations. Our lack of a comprehensive study of neuronal effects such as

synaptic loss or effects on neurotransmitters prevents us from making conclusions of the effect of
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APOEA4, but this finding may suggest that OL alterations may precede neuronal changes associated with
neurodegenerative diseases. Moreover, an interpretation of the conflicting relationship between OL and
myelin is that each OL with hAPOE4 may be responsible for the myelination of more than the accepted
20 to 60 axons. The additional stress of excessive myelination may ultimately lead to OL death through
post-mitotic cell cycle re-entry due to DNA damage accumulations (309). This is supported by the
previous study using cuprizone treatment where increased DNA damage (53BP1) is correlated to severe
reductions in OLs. Of course, the mechanism of how APOE4 may induce OL reductions is unknown,
and further investigation is warranted to understand if APOE4 is related to DNA damage or if its

mechanism is lipid based.

To further implicate these findings for future prospectives, we wanted to see if these cellular changes
complement neurological behaviour or detectable in a live organism. Diagnosis of AD is difficult in
living patients as brain tissue sample is unobtainable. In addition, PET scans with PiB are effective only
with the deposition of amyloid plaques, predisposing the assumption that cognitive impairments are
already noticeable. However, APOE4 carriers would never know their AD status as plaques do not
accumulate until late life. Thus, diagnosing for neurological health is compulsory to further the
understanding of APOE4 on AD. By implementing radiological, cellular, and behavioural
investigations on aged transgenic APOE mice, a larger spectrum of data could be collected to help in
future diagnosis of neurodegeneration. Transgenic APOE mice at 6, 10, and 16 months were employed

to correlate radiological data with cellular and behavioural subsets.

MRI analysis shows variating diffusivity patterns within the brain of different genotypes. WT brain
regions show an increasingly integral brain as diffusivity is decreased with age. While its FA remains
levelled across ages, directional diffusivities decrease with age. This trend is consistent with human
findings where white matter volume peaks at almost 40 years old (83), correlating to 16 months mice
age. However, further aging in humans is shown to decrease FA and increase directional diffusivity
modalities (351, 352). Additionally, greater grey matter changes are found, possibly due to less dense

myelin fibres comparatively to the white matter tract. As a result, changes of these regions may be more
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significant due to fewer myelinating OLs and generally lower myelin densities. In contrast, Apoe” mice
show unchanged white matter diffusivities among ages. While this may suggest APOE’s independent
relationship with myelin, our previous work has shown that APOE does affect OL differentiation (2).
Apoe” primary culture of OPCs show significantly reduced MBP+ OL populations after addition of
VLDL with rhAPOE4 compared to only VLDL and VLDL with rhAPOE3. However, even without
neither VLDL nor rhAPOE, Apoe™ culture can express MBP in OLs. This indicates that an alternate
pathway of myelination is possible that is intrinsic in OLs independent from the lipid carrier nor other
cell types. Comparatively, the diffusivities of Apoe™ reflect this compensatory effect from the lack of
APOE. hAPOE3, though, show peak white matter status at 10MO with an increase of diffusivity by
16MO. While this is considered early in contrast to WT’s continuous decrease of diffusivity up to 16MO,
it must be reminded that the APOE within the mice are human APOE, and it is possible that mice have
their own response to foreign APOE. As such, hAPOE3’s effects are best only compared to hAPOEA4.
Interestingly, hAPOE has been compared to Apoe”, suggesting their transgenic effects on
neuroinflammation to be similar (353). In contrast to hAPOE3 though, hAPOE4 shows constant

increases in diffusivity among ages, suggesting compromised myelin structures leading to leaky axons.

Comparisons of genotypes within individual ages show minimal difference among genotypes in each
age group. At 6MO, hAPOE4 mice show overall healthier brain as suggested with lower RD, AxD, and
MD. This contrasting result is consistent to previous reports showing larger hippocampi and frontal
cortical regions (354). In addition, human studies of APOE4 carrier children between the ages of 7 and
15 have shown similar 1Q and cognitive performances (355, 356). Using y-maze, we also showed these
similar cognitive abilities of the varying mice, where their spontaneous alternations were unchanged at
6MO. However, it is only at 16MO did transgenic mice showed significant decreases of spontaneous
alternation against WT, suggesting the effects of APOE genotype manifests more severely in the aged.
The investigation into the comparison of age and genotype suggests age as a prominent factor in brain
diffusivity. While genotypic changes do not account for diffusivity variations as seen in same age
groups, the effect of age for each genotype is more significant. Even though by 16MO, equalling to 50

human years, the effects are minimal, the difference of diffusivities of hAPOE4 and hAPOE3 have
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shown the higher vulnerability of hAPOE4 white matter integrity. Furthermore, these diffusivity

differences have occurred before noticeable cognitive dysfunctions.

Metabolite changes in the brain can constitute a variety of neurological symptoms seen in
neurodegenerative diseases. For example, the reduction of dopamine is highly correlated to the severity
of Parkinson’s and the depletion of serotonin and norepinephrine underlie the symptoms of depression
(357). Here, we are able to show the differences in levels of common metabolites responsible for
myelination and neurological disorders. We find that based on age, Apoe” and hAPOES3 sees increased
levels of lipid/lactate at 16 MO when compared to 6MO. This accumulation may be due to both the lack
of a lipid transporter to cells such as OLs to process the lipids or even the animal’s inability to process
humanised APOE. Further investigation will need to be done to understand if non-murine APOE could
induce a reaction that is not inherent to the animal. Interestingly, in hAPOE4 mice, there is a significant
increase in glutamate/glutamine and NAA levels at 10MO. With glutamate/glutamine, both elevated
and reduced levels have been implicated in AD (190, 358). Glutamate is the major excitatory
neurotransmitter responsible for synaptic plasticity and repair of the CNS. At high concentrations,
glutamate/glutamine becomes cytotoxic and may induce neuronal death (359). One proposed
mechanism of how APOE is related to glutamate levels is APOE’s relevance to Reelin, a glycoprotein
responsible for cortical equilibrium and glutamate receptor activity. It has been previously shown that
APOEA4 reduces the expression of Apoer2, a receptor for both APOE and Reelin, and thereby, prevent
binding of glutamate (360). This may account for the higher levels of glutamate/glutamine. In addition,
increased NAA levels may indicate the inhibitory effects of APOE4 on OL differentiation. NAA is the
second most abundant molecule in the brain after glutamate. While it is multifunctional, the deacylation
of NAA by ASPA into acetate is necessary for the myelination of the brain. Here, we show consistent
NAA levels in WT, Apoe"‘, and hAPOE3 while significantly elevated levels in 10MO hAPOEA4.
Correspondingly, the ASPA levels in IHC show insignificant differences among genotypes. While the
myelin density of 10MO hAPOE4 is similar to other genotypes, the accumulation of NAA in addition

to a stable level of ASPA may suggest the inefficiency of ASPA to deacylate NAA to produce acetate
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for myelination. While we do not see myelin differences, an accumulation of this defect may influence

the mice at an older age.

5.0 General discussion
AD is a complex neurodegenerative disease with no cure. Even though researchers and doctors are

continuously making progress in treating the multifaceted nature of AD’s actiology, there is still no
direct answer to the severe cognitive complications hallmark of this disease. In our study, we propose
a connection between amyloid deposition and APOE4. Findings have shown that mutations of the APP
and PS1 gene cause an abnormal accumulation of insoluble amyloid-p protein due to an unknown
preference towards the amyloidogenic pathway (120). Here, we showed that by using cuprizone, a
demyelinating treatment, the amount of APP stained with amyloid plaque marker, 6E10, is expressed
in higher levels in mice with this treatment. Even at an early age of 4 months, cuprizone treated mice
brains exhibited increased 6E10 expression compared to mice with normal diet. Concurrently, the
cuprizone treatment severely reduced OL populations and myelin densities. This reduction of OLs was
also seen in the APOE4 cohort specifically at 10 months while the older 16 months showed minimal
differences in OL populations or myelin densities. Additional investigation into the radiological aspects
of white matter diffusivity in both APP and APOE cohorts suggest a correlating increase in diffusivity
with decrease in OLs. Interestingly, these alterations did not result in cognitive impairments shown in
reference memory analysis from Y-maze. Therefore, we propose that the increased risk of AD due to

APOEA4 is caused by the protein’s deleterious effect on OLs, resulting in an increase of APP deposition.

Mutations of APP and PS1 are known to predispose patients to an early form of AD. These mutations
directly influence the processing of APP, and thereby, increase the production of the insoluble amyloid-
B fragment. Likewise, increased blood pressure and hypertension have also been associated with
increased amyloid burden (361). In our study, we showed that demyelination can also be an initiator of
amyloid deposition. By employing young mice at 3 to 4MO, we showed that while AD is an age-related
disease, amyloid pathology is not fully dependent on age. Neither R1.40 nor APP/PS1 mice are aging

models for Alzheimer’s. Instead, their ages between 3 and 4 months are considered early due to this
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time frame preceding documented appearance of amyloid plaques. As the earliest detected amyloid
aggregations begin at 16 months and 6 months for R1.40 and APP/PS1, respectively, any differences
seen at 3 to 4 months would be considered early. Additionally, the effect of cuprizone on intraneuronal

amyloid deposition could be observed before aggregations.

Instead, myelin and OL loss is seen to accelerate the deposition. One interpretation of this relationship
is APP’s location and the axonopathy associated with demyelination. The APP protein is in the plasma
membranes of cells and some in the post-synaptic regions of axons and dendrites (141). Previous studies
have shown that axonal injury could be induced by demyelination (228, 362, 363). Mutations of APP
and PS1 may result in overproduction of APP fragments within the neuronal cell body before being
transported to their associated regions. Normally, at a younger age, this extra transport may still be
manageable due to the integrity and compactness of the myelin sheath, preventing axonal defects.
However, myelination is peaked at around 40 years old, and myelin loss occurs. At this age, as myelin
integrity decreases, axonal transport exacerbates, unable to support the elevated amounts of APP
transport. As a result, axonal damage may induce neuronal apoptosis (364), releasing the excessive
amounts of APP fragments into the environment. Of course, this theory would reverse the order of
events of the accepted amyloid cascade hypothesis; instead of amyloid plaques being the causative
agent of neuronal death, amyloid plaques are the result of neuronal death caused by myelin loss.
However, our study did not fully investigate into neuronal properties, hence this theory is not fully
supported. Further research into the role of myelin in AD has shown that enhancing OL proliferation

and myelination have rescued dementia-like symptoms (365, 366).

With the previous cohort, we propose demyelination and myelin loss as an initiator of amyloid
pathology and neuronal loss. As APOE is a lipid transporter within the brain, we further propose that
the alteration of APOE4 is connected to OL survival and myelin integrity, affecting AD pathology.
Even though APOE4 severely increases the risk of having AD by up to 14.9 times, this does not indicate
this allelic variation as a causative agent of AD. Our study suggests that APOE4 affects OL survivability

at a specific time window. Coincidentally, this window of 10 months mice age correlates to Bartzokis’s
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(83) proposed age of peak myelination at 40 years human age. At 10 months, we found that hAPOE4
mice showed significantly elevated weights, reduced OL populations, and increased white matter
diffusivity. This suggests that while APOE4 is a functional lipid carrier, intrinsic myelin loss may be
exacerbated by the isoform. Indeed, APOE4 carriers showed significant difference in correlation
between late-myelinating white matter with cognitive processing speed (367), suggesting delineating
pathways in myelin maintenance of different APOE isoforms. Multiple reports have indicated APOE’s
significance role in myelin upkeep from clearing accumulated myelin debris from demyelinating lesions
to associations with myelination reductions (368, 369, 370). Additionally, our previous report had
shown that rescue of Lovastatin treated Apoe” OPCs with rhAPOE showed attenuated the rescue effects
specifically in rhAPOE4 (2). One interpretation is the binding ability of the APOE4 compared to
APOE3. Lipid accumulations in APOE4 OLs, astrocytes, and microglia have been proposed by various
reports (45, 371, 372), proposing an inefficient release of lipids into these cells for processing. While
the mechanism for this inefficiency is unknown, it was proposed that the separation of the N- and C-
terminals of the protein causes a disordered separation of these two domains, leading to different
binding affinities of the APOE isomers (373). This resulting lipid deficiency may lead to increased
myelin loss as OLs can no longer support and maintain the myelination process. This would further
indicate that the OL population have a myelin density threshold, unable to myelinate any more than its
status. The APOE4 may lower this threshold compared to APOES3, only able to myelinate a limited
number of axons. This is exemplified by APOE4’s significant decline in relaxation rates measuring
white matter structural integrity (374). We also propose that APOE4 causes OL death, leading to
accelerated myelin loss. We had shown both in human AD patients and tgAPOE mice that myelin
densities are relatively unaffected. However, hAPOE4 OL populations of both gross OLs stained with
Olig2 and mOLs stained with CC1 show significant reductions at 10MO with no change in Nkx2.2
OPCs. While the mechanism of OL death by APOE4 is unknown, our findings suggest that DNA
damage could induce OL death. Specifically, DNA damage may initiate cell cycle re-entry of the post-
mitotic OL, leading to apoptosis (375). Overall, these results emphasise the deleterious effects of

APOE4 and propose how APOE4 can drive amyloid deposition.
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These findings could help further understand the mechanisms of which AD risk factors could play.
More importantly, radiological findings would help correlate with white matter status, a contributing
factor to many neurodegenerative diseases. Our investigation showed increased diffusivities in
correlation with decreases in OL populations in the APP predisposed mice. Of course, the acute OL
reductions caused acute demyelination, which were radiologically observed. Interestingly, in the
tgAPOE cohort, the increased diffusivities of 10MO hAPOE4 mice was observed with correlating
decreased OL populations preceding myelin loss. In addition, both these findings preceded cognitive
impairments. Diagnostic tools for AD are few, as many depend on subjective self-assessing cognitive
tests or post-mortem tissue analysis. Here, we showed that MRI detections of white matter diffusivity
could give us the look at the beginning of AD pathology. Because of the relationship of demyelination
with amyloid deposition, future AD diagnosis may utilise MRI as a risk-assessment tool for the aging
person. Early signs of white matter diffusivity may indicate an increased risk of AD especially if the
patient incurs one of the many risk factors of AD. Additionally, increased diffusivity may indicate OL
injuries that may factor into other neurological disorders. Altogether, these findings could help set a
new baseline in AD research and understanding. Neurons are important in cognition, but they require

the support of OLs and myelin to maintain themselves.

6.0 Limitations
Limitations of this study include the age of endpoint and limiting immunochistochemistry targets. Age

is the greatest risk factor for AD, but in both of our fAD and sAD cohorts, neither of their age groups
could represent their common age of onset, 50 years old for fAD and 65 years old for sAD. These ages
correlate to 20 and 25MO, respectively. In addition, in the R1.40 and APP/PS1 mice, neither strain was
allowed to mature to an appropriate age of amyloid deposition. By allowing mice to reach these ages
with or without cuprizone, a more apparent effect of demyelination on amyloid plaques could be
observed. Regarding the hAPOE mice, because it is well-established that APOE is a lipid carrier and
responsible for lipid metabolism, it may be helpful to treat these mice with high fat diets. For example,

Janssen et al proposed that hAPOE4 mice treated with high fat diet may inhibit the compensatory effects
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of neuroinflammation in Apoe™ (376). Polarizing the effect of regular and high fat diet may further
deepen the understanding of APOE in the brain. Throughout the IHC results, we focused on OLs
without analysis of other cell types such as neurons, astrocytes, and microglia. Previous research has
shown that both APP and APOE genotypes have induced deleterious effects of neurons in addition to
impaired mitochondrial functions of astrocytes and proliferation of microglia (377, 378). Further
radiological analysis using magnetization transfer and chemical exchange saturation transfer could be

implemented to find more detailed changes in diffusivity and neurological compound concentrations.

7.0 Conclusion
In this investigation, we showed that demyelination due to OL death from cuprizone treatment

accelerates intraneuronal amyloid deposition even at an early age, which proposes that amyloid plaques
may be age independent, yet affected by myelin status. Elevated myelin loss resulted in an increase in
diffuse amyloid depositions. Concurrently, hAPOE4 mice showed significant reductions of OL by
10MO. While the study of the mechanism in which this occurs is still in progress, we have showed that
between 6MO and 10MO, the effects of hAPOE4 is most apparent with significant reductions of OL
populations and observable increase in cerebral diffusivity without detectable myelin protein loss.
Altogether with our previous study on the inability of the hAPOE4 to efficiently rescue the depletion
of cholesterol in OLs, the influence of APOE4 is shown to have substantial effect on myelination. Thus,
these cohorts suggest that the age-dependent effects of APOE4 on OL reductions, which could increase

myelin loss, may drive increased amyloid deposition and AD pathologies.
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