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Allah is the Light of the heavens and the earth. The example of His light is
like a niche within which is a lamp, the lamp is within glass, the glass as if it
were a pearly [white] star lit from [the oil of] a blessed olive tree, neither
of the east nor of the west, whose oil would almost glow even if untouched
by fire. Light upon light. Allah guides to His light whom He wills. And Allah

Presents examples for the people, and Allah Knows all things (The Holy
Quran, 24:35).
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Abstract

Background: Recent publications highlight the need for new directions in the search for
cause, aetiology and effective treatments for Alzheimer’s disease (AD). Metabolic
disorders, and specifically folate metabolism, have been identified as areas of potential
interest in neurological conditions, and an investigation of the cerebral folate system in
normal and AD human brain tissues was therefore carried out.

Methods: Post-mortem human brain tissue and matched cerebrospinal fluid (CSF)
samples were provided by the Manchester Brain Bank. Western and dot blots, to measure
folate-related proteins and metabolites were performed on CSF and tissue lysates.
Immunohistochemistry (IHC) for folate-related proteins and metabolites was performed
on formalin-fixed, cryoprotected frozen sections of cerebral cortex. Nutrigenomic
analysis of folate related genes was carried out to identify single nucleotide
polymorphisms (SNPs) and correlate to physiological changes:in folate metabolism.
Results: A decrease in CSF folate metabolism was measured including in 10-formyl
tetrahydrofolate dehydrogenase (FDH, ALDH1L1), a critical folate enzyme. In tissue, a
switch in pathway of folate supply was found in AD compared to normal. The main folate
carrier, folate receptor alpha (FOLRT), switched from FDH-positive astrocytes in normal,
to glial fibrillary acidic protein (GFAP)-positive astrocytes in the AD cortex which was
correlated with hypermethylation of neurones. All folate enzymes were reduced in the
cortex, reflecting changes in the CSF except FDH which, although the most reduced of
the proteins in the CSF; was raised in the tissue. In addition, a novel SNP in methylene
tetrahydrofolate dehydrogenase 1 (MTHFD1) was correlated with AD. This was found
to be correlated with'an increase in glutathione in tissue, while in individuals without this
SNP, there was an increase in MTHFD1.

Conclusions: These results suggest that in the AD brain, FOLR1 enters the cortex from
the CSF via GFAP-positive astrocytes, rather than FDH-positive astrocytes seen in
normal brain. Folate is then delivered directly to neurones for hypermethylation.
Moreover, there is a significant association of an SNP in MTHFD1 with AD that is
reflected in a change in folate metabolism with an increase in tissue glutathione, while in

normal there is no increase in this metabolite but there is an increase in MTHFD1.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1. Neurological conditions: a worldwide cause of morbidity and

mortality

According to the National Health Service (NHS) in the UK there are more than 600
conditions that can be classified as neurological and have been further sub- classified by
the NHS: (https://www.england.nhs.uk/ourwork/clinical-policy/ltc/our-work-on-long-

term-conditions/neurological):

1. Sudden onset conditions (e.g., acquired brain injury or spinal cord injury)

2. Intermittent and unpredictable conditions (e.g., epilepsy, myalgic encephalomyelitis
or chronic fatigue syndrome, certain types of headaches, or the early stages of
multiple sclerosis)

3. Progressive conditions (e.g., motor neuron disease, Parkinson’s disease, or later
stages of multiple sclerosis, dementia and Alzheimer’s disease (AD).

4. Stable neurological conditions (e.g., post-polio syndrome, or cerebral palsy in adults)

Referring to some of the neurological conditions listed by World Health Organisation

(WHO), the global impact can be appreciated in the numbers of people affected. For

example, schizophrenia typically begins in late adolescence or early adulthood, and has

been estimated to affect more than 21 million (0.26%) people worldwide (GBD 2016

Neurology Collaborators, 2019) (Chen et al., 2020). Epilepsy affecting more than 50

million (0.64%) people of all ages, genders, ethnic backgrounds and geographic locations

worldwide (Guekht et al.,, 2021). Autism Spectrum Disorder is a heterogenous
neurodevelopmental condition affecting more than 1% of children globally and as high
as 2% in some countries (Fischi-Gomez et al., 2021). Bipolar disorder is a severe
psychiatric disorder that affects approximately 2-5% of the population worldwide (Jann,

2014; Zou et al., 2021). Attention Deficit Hyperactivity Disorder (ADHD) affects

approximately 5% of the child and youth population worldwide and is characterized by

symptoms of hyperactivity-impulsivity and inattention (Papadopoulos et al., 2021).
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Table 1.1. Incidence of different neurological conditions globally (column 1) and in different
regions of the world. Stroke and migraine are the most prevalent conditions with dementia
and AD third globally and in all regions. Other conditions differ by region in the world (GBD
2016 Neurology Collaborators, 2019; Grzybowski et al., 2006).

Generally, all neurological conditions can result in severe morbidity and mortality,
accounting for at least 16.5% of total deaths globally as well as huge lifetime healthcare
cost (GBD 2016 Neurology Collaborators, 2019). The potential impact ranges from
physical impairments of motor, sensory, cognitive and communication impairments to
psychosocial ones (Olaleye et al., 2021). A recent systematic review shows the impact of
the major neurological conditions across the world (GBD 2016 Neurology Collaborators,

2019).

From this table stroke and migraine result in the most severe forms of neurological
problems with dementia and AD third in the list at the global level. This makes dementia
and AD major health concerns as they are progressive and result in severe morbidity and
death with huge health costs and with little effective treatments in drugs or behavioural
therapies (Grzybowski et al., 2006). Many strategies, €.g., brain training, increased brain
use, fish oils or vitamin supplements have failed to slow down these degenerative
conditions although higher educational levels appear to prevent or delay onset of these
conditions. There is thus a very urgent need to understand the cause and aetiology of

these conditions to give some hope for a treatment to halt or prevent them at early stages.
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Although this thesis is focused on dementia and particularly AD, some elements

potentially common to neurological conditions will be highlighted here.

1.2. Dementia and AD

Dementia is an umbrella term used to describe a clinical syndrome of progressive
cognitive decline, but its subtypes are classified according to the cause of dementia. The
4 common types of dementia: AD, vascular dementia (VD), Lewy body dementia (LBD)
and frontotemporal dementia (FTD). AD is the most common neurodegenerative disease
responsible for dementia, comprising 60% to 80% of cases. VD is the second most
prevalent form of dementia (20%). Also called multi-infarct dementia, vascular dementia
results from neuronal deprivation of oxygen caused by conditions that either block or
reduce blood flow to the brain. Stroke is the most common cause of VD along with high
cholesterol associated with cardiovascular problems. LBD is a form of dementia caused
by abnormal deposits of alpha-synuclein protein (Lewy bodies) inside neurons. It
accounts for 5% to 15% of all dementias. FTD is a general term used to describe
disorders, such as Pick’s disease, that affect the frontal and temporal lobes of the brain.

FTD tends to occur at a younger age (40-75 years) than does AD (Duong et al., 2017).

Dementia results in deterioration in memory, thinking, behaviour and the ability to
perform everyday activities. Symptoms appear gradually over time, are progressive and
persistent. Individuals suffering from dementia experience a decline in cognition, sensory
and motor functions and behaviour. The clinical presentation varies greatly among
individuals, with cognitive deficits presenting variably as memory loss, communication
and language impairments, agnosia (inability to recognize objects), apraxia (inability to
perform previously learned tasks) and impaired executive function (reasoning, judgement
and planning). Cognitive impairment stems from injury to the cerebral cortex caused by
synaptic failure, inflammation and change in cerebral metabolism (Duong et al., 2017).
There were approximately 46.8 million (0.6%) dementia patients worldwide in 2015, and
this figure is expected to steadily increase to 74.7 million (0.95%) in 2030 and 131.5
million (1.68%) in 2050. In addition, statistics indicate an estimate of one new case per
3.2 seconds or 9.9 million per year, distributed worldwide as follows: 4.9 million in Asia,
2.5 million in Europe, 1.7 million in Americas and 0.8 million in Africa (Maryam et al.,

2021)
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Patients with mild deficits who do not meet all the criteria for dementia are considered to
have mild cognitive impairment (MCI). As AD is a progressive condition, in its early
stages, individuals may present with MCI and then dementia and finally all the signs and
symptoms of AD. Thus, individuals with MCI are at higher risk of developing AD and
other dementias than those without MCI (Duong et al., 2017).

AD is currently an irreversible neurodegenerative condition affecting around 40 million
people over the age of 60 worldwide, with numbers reportedly doubling every 20 years
(Ferri et al., 2005). More than 2000 clinical trials aimed to slow or halt the disease, and
most recently to target amyloid clearance have failed (P. P. Liu et al., 2019; Mantile and
Prisco, 2020; Oberman et al., 2020; Stoiljkovic et al., 2021). These have been based on
several different theories of disease aetiology and progression but without positive
benefits, suggesting that the targets are too late in the disease process and or are a
consequence of deeper, higher-level processes. With increasing incidence of dementia
and AD, there is an urgent need to identify new directions to approach this condition. In
the century since Alois Alzheimer discovered AD, scientists have made remarkable
strides in understanding the illness although it was not until the 1980s that two key
molecular culprits in disease pathophysiology, amyloid beta (AP) and Tau proteins, were
identified. AD can be categorized into 4 stages on the basis of severity, i.e., MCI, mild
AD, moderate AD and seyvere AD (Dubois et al., 2007; Vellas et al., 2011). Currently,
AD can be confirmed only through post-mortem findings or, rarely, in life by brain biopsy
or certain kinds of specialist imaging, including positron emission tomography (PET)
imaging (Aisen et al.; 2017). While the onset of AD is usually undetectable, short-term
memory loss is most commonly the first sign. Gradual deficits in cognitive function occur
progressively over time, affecting one or more of the 6 recognised cognitive domains
(Sachdev et al., 2014) (Figure 1.1.). AD symptoms are classified as cognitive and non-
cognitive. While the former usually present throughout the illness, the latter are less
predictable through the course of the disorder. More specifically, cognitive symptoms
include memory loss (poor recall, losing items), aphasia, agnosia, apraxia, disorientation
(impaired perception of time, unable to recognize familiar people) and impaired
visuospatial function and executive function. Patients with AD may also present non-

cognitive symptoms such as depression, psychotic symptoms (hallucinations, delusions)

6|Page



Chapter 1 Introduction

Figure 1.1. Diagram illustrating the 6 recognised cognitive domains that are variably affected

in dementia and AD (Sachdev et al., 2014).

and behavioural symptoms (such as physical and verbal aggression, motor hyperactivity,
uncooperativeness, wandering, repetitive mannerisms and activities and combativeness).
AD is usually characterized by early problems in memory and visuospatial abilities (e.g.,
becoming lost in a familiar environment). Personality changes and behavioural
difficulties may develop as the disease progresses. Hallucinations may occur in moderate
to severe dementia. At the end stage, patients may present with near mutism, lacking the
ability to sit up, hold up their head or track objects with their eyes (Duong et al., 2017).
Death usually occurs through loss of physiological control pathways and susceptibility to

infections for example.

In clinical practice, the diagnosis of dementia and its subtype is based on a detailed patient
history, physical examination, cognitive assessment, and laboratory testing.
Neuroimaging tools, such as magnetic resonance imaging (MRI) or computed
tomography (CT) scans, establish the diagnosis. Since cognitive impairment is usually
multifactorial, a detailed history is essential. The clinician gathers information from the
patient and collateral history from a reliable informant about the history of present illness
(details, timing and progression of complaints), functional status (basic activities of daily

living), safety (driving, finances, ability to use appliances), medical history
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(cardiovascular disease, neurologic disease, history of head trauma or concussions) and
social history (current living arrangement, support network). Risk factors for dementia
include a positive family history, repetitive head trauma, cardiometabolic factors
(diabetes, hypertension, obesity and dyslipidaemia), atrial fibrillation, sleep apnoea and
previous depression. The mini mental state examination (MMSE) is the most commonly
used cognitive screening tool worldwide and remains the most thoroughly studied/used
instrument to date. The Montreal cognitive assessment (MoCA) was created as a rapid
screening instrument for MCI with Alzheimer's disease assessment scale (ADAS) used

specifically for AD assessment.
1.3. The amyloid hypothesis

Amyloid precursor protein (APP) gene produces (AB) by two enzymes [ and y-secretase
(Murphy and LeVine, 2010), the action of a-secretase prevents AP formation and thus
prevents plaques. The APP protein is produced in healthy individuals and is broken down
and removed by the action of microglia and astrocytes (Gonzalez et al., 2018). The
protein becomes harmful when it accumulates in the brain in large amounts over a period
of time (Kametani and Hasegawa, 2018). The APP gene is located on chromosome 21
and due to various mutations to the gene, increased AP production have been identified
in dementia patients. The early onset of autosomal dominant AD could be due to mutation
in this gene (O'Brien and Wong, 2011). Trisomy 21, responsible for Down’s syndrome,
shows the symptoms of dementia thought to be a result of genetic linkage resulting in
increased A production via the APP gene (Weggen and Beher, 2012) and causing severe

early onset neurodegeneration in the brains of affected individuals.

Current thinking after the failure of clinical trials targeting amyloid plaques is that the
plaques are a physiological response to rising soluble, therefore toxic amyloid to
sequester it into an insoluble, non-toxic form. Thus, current thinking is focused on tau
and neurofibrillary tangles rather than amyloid although the amyloid hypothesis remains
and is likely to explain at least parts of the neurodegenerative processes, particularly in

early-onset AD.
1.4. Genetic factors in early and late-onset AD

Metabolic disorders have recently been highlighted as a potential cause and target for
treating dementia, including AD. Indeed, insulin signalling dysfunction and brain glucose
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metabolic disturbances have been suggested as hallmarks of AD and underlie a
proposition that AD should be regarded as type III diabetes, specifically affecting the
brain. However, early-onset, familial AD, with a prevalence of around 1%, is known to
be associated with high-penetrance mutations in the genes coding for APP, presenilin 1
(PSENT1) and presenilin 2 (PSEN2) (Nikolac Perkovic and Pivac, 2019). PSEN1 and 2
cause an impairment in y-secretase activity and lead to an increase in the ratio of the 2
forms of AP, AB1-42: AB1-40. It is not known whether this is due to overproduction of
AP1-42 or underproduction of AB1-40, but the consequence is early onset AD with an
average age of onset of 43 years and spread from 25 to 65 years of age. APP mutations
also result in early onset disease between 35 and 65 years of age. By contrast, late-onset
AD is multifactorial with many genetic risk factors, including:apolipoprotein epsilon 4
(APOES4), the highest risk factor for AD, as well as environmental, nutritional, metabolic
and lifestyle factors. No causative genes have been identified forlate onset AD but non-
coding genetic errors have been suggested (Novikeva etal., 2021) as well as heritable
and non-heritable epigenetic changes as potential disease onset mechanisms (Nikolac
Perkovic et al., 2021). These can be linked to environmental and nutritional toxins with
indications that these, as well as other susceptibilities, may be offset through nutrition

and diet (Agnihotri and Aruoma, 2020; Norwitz et al., 2021).

Late-onset AD has no genes identified that cause the disease. Rather, genes have been
identified through genome-wide association studies (GWAS) as well as by deduced
candidate genes. These genes are from many different pathways including lipid
metabolism (APOE), sortilin-related receptor-1 (SORL1), ATP-binding cassette
subfamily A member 7 (ABCA7), clusterin (CLU)), immune system and inflammation,
including genes coding for complement C3b/C4b receptor 1 (CR1), CD33 antigen,
membrane-spanning 4-domains, subfamily A member (MS4A), triggering receptor
expressed on myeloid cells 2 (TREMZ2), member of the major histocompatibility complex
class II HLA-DRBS5/HLA-DRB1, SH2-containing inositol 5-phosphatase 1 (INPP5D),
and/or endosome cycling (genes coding for bridging integrator protein-1 (BIN1), CD2-
associated protein (CD2AP), phosphatidylinositol binding clathrin assembly protein
(PICALM), ephrin type-A receptor 1 (EPHAT1) (Nikolac Perkovic and Pivac, 2019).

Using a slightly different approach, Novikova et al (Novikova et al., 2021) found that

many genes identified by GWAS were associated with more than a single pathway and
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identified myeloid cell function (i.e. innate immunity), endocytosis and phagocytosis as
well as lipid metabolism affected by the same genes associated with AD. These functional
associations, they argue, are more informative when the multifactorial nature of the
disease is appreciated, as well as highlighting potential higher level, primary faults, in
this case myeloid cell function that would impact the microglia of the brain. They go on
to show how transcriptome-wide association studies (TWAS) can add to GWAS to
identify potential causality of disease. Using this approach, they mapped a pathway from
myeloid cell-affecting genes to candidate causal genes including BIN1, SPI1, ZYX,
RABEP1 and SPPL2A (Novikova et al., 2021). This is a powerful new approach that may
indeed identify genetic risk factors more accurately as well as potential genetic causes
for AD. However, apart from gene associations being proposedas risk factors, including
most notably APOE4, no gene has been demonstrated to cause late-onset AD in humans
or animals. Animal models for AD are based on transgenes that overexpress the proteins
involved in the neuropathology of the condition to.understand the consequences of this
to brain function as well as the processes of neurodegeneration. The models do not allow
studies of cause, particularly given the recent movesaway from the amyloid hypothesis.
Thus, new approaches are needed to understand cause and aetiology to find effective
preventatives or treatments. One of these may be functional genomics, as described

above, if this disease is truly-genetic in origin.
1.5. Potential epigenetic factors in AD

Epigenetics modifications are induced by environmental factors that impact the
methylation/acetylation pathway and thus gene expression (Cao et al., 2020; Lemche,
2018; Nikolac Perkovic et al., 2021; Stoccoro and Coppede, 2018). Trauma related early
life stress effects in late on-set AD specially FKBP5 and EGR1 mediated and early life
stress effects through glucocorticoid converter HSD11B1. This suggests coupling of the
glucocorticoid receptor to the MAPT gene so it is plausible that early tau neuronal
mechanism could be affected. The interaction of neuroinflammation, cerebral lipid
metabolism, brain insulin resistance and myelin disintegration is suggested by the
genomic and epigenomic findings (Lemche, 2018). This would be useful together with
GWAS and TWAS as levels of RNA may indicate levels of protein synthesis but do not
account for methylation that is needed by many proteins and lipids in their functional

states. DNA methylation is critical in retaining basic cellular processes and synaptic
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plasticity in central nervous system, affecting cognitive functions. Likewise, DNA
hydroxymethylation signifies an important factor during brain neurodevelopment and
shows increased levels in central nervous system, suggesting the importance of its
degeneration as well. The disturbance in both DNA methylation and DNA
hydroxymethylation patterns has been associated with numerous disease states including

neuropathologies including AD (Nikolac Perkovic et al., 2021).
1.6. Physiological causes

In addition, for late onset AD, we considered potential physiological causes that might
be operating, to precipitate the condition in genetically, or otherwise susceptible
individuals. In AD there is reported raised intracranial pressure (Silverberg et al., 2006)
as well as enlarged ventricles (MacFarlane et al., 2011), suggesting a cerebrospinal fluid
(CSF) drainage issue. Although CSF output from the choroid plexus has been reported to
decrease with age and dementia (Silverberg et al.;2001), CSF drainage, through surgical
implantation of a shunt, has produced promising benefitsto patients (MacFarlane et al.,
2011), supporting the view that a CSF drainage obstruction may be operating in these
patients and that shunting, commonly used+in dementia due to normal pressure
hydrocephalus, in restoring drainage, improves outcomes. From our hypothesis, CSF
drainage obstruction may also produce a cerebral folate issue that may add to the
pathophysiology associated with. AD. These physiological effects would be greatly

exacerbated by loss of function in key folate enzymes.
1.7. Common features in neurological conditions

Remarkably, these findings of CSF accumulation, ventricular enlargement and severity
of symptoms are found in many conditions affecting the cerebral cortex including
psychosis (Harvey et al., 1990; Jones et al., 1994), schizophrenia (Saijo et al., 2001),
bipolar (Strakowski et al., 2002), and autism (Movsas et al., 2013; Shen, 2018; Shen et
al., 2013) and also perhaps hypo-myelination (Mercimek-Mahmutoglu and Stockler-
Ipsiroglu, 2007) and epilepsy. Disease severity has also been associated with increased
ventricular enlargement in AD (Chou et al., 2009; Delmelle et al., 2016; Madsen et al.,
2013; Nestor et al., 2008) indicating the potential operation of a common mechanism in

conditions affecting the cerebral cortex. It is interesting, therefore, to speculate that
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severity of fluid drainage obstruction and ventricular enlargement may also be associated

with a cerebral folate issue as we found in the extreme case of hydrocephalus.
1.8. Cerebrospinal fluid (CSF)

The vital role of CSF in development and function of the cerebral cortex has been
discussed in recent literature (Fame et al., 2020; Gato et al., 2020; Miyan et al., 2020)
highlighting the importance of CSF flow through the ventricles, subarachnoid spaces and
drainage from the head to ensure optimal development and function of the cortex (Figure
1.2, (Miyan et al., 2020; Miyan et al., 2003)). Glymphatic pathways involving CSF have
received focussed attention recently as transporters of amyloid, tau and other toxins and
as potential causes of various conditions, including AD, when they suffer failures or
reduced capacity, which can occur in sleep deprivation (Bidla et al., 2020; Braun and
Miff, 2020; Harrison et al., 2020; Iliff et al., 2014; Peng et.al., 2016; Rasmussen et al.,
2018; Reddy and van der Werf, 2020; Reeves et al.;;2020) (Figure 1.3, (Ng Kee Kwong
et al., 2020)). CSF is secreted by the choroid plexus (CP) which is located in the lateral,
third and fourth ventricles of the brain ventricular system (Cushing, 1914). The fluid
flows from ventricles of the brain to'the subarachnoid space from where it drains. CSF
drainage was thought to be only by arachnoid villi and granulations and released into the
superior sagittal sinus for disposal (Weed, 1914). Further analysis and research revealed
other pathways involving faeial lymphatics, more specifically the cribiform plate located
under the olfactory bulb (Rammling et al., 2008) and recently discovered glymphatic
system (Benveniste et al., 2017; Iliff and Simon, 2019; Iliff et al., 2014; Jessen et al.,
2015; Rasmussen et al., 2018; Zhang et al., 2019). Latest research showed that, the newly
discovered brain lymphatic system is critical in the clearance of metabolic
macromolecules from the brain. Meningeal lymphatic vessels located in the dura mater,
drain the fluid, macromolecules, and immune cells from CSF and transport them, as
lymph, to the deep cervical lymph nodes. The glymphatic system provides the
perivascular exchange of CSF with interstitial fluid (ISF) and ensures homeostasis of
neuronal interstitial space (Chachaj, Gasiorowski et al. 2022). Physiologically, the CNS
lymphatic drainage system with the glymphatic system and meningeal lymphatics as the
core which efficiently helps in the clearance of Af (Zhou, Zhang et al. 2022).
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1.9. CSF drainage link to AD

Alteration in the clearance routes could be a cause of AP accumulation. Ott and
colleagues (Ott et al., 2010) found that an increase in ventricular CSF is directly related
to the increase of AP in the CSF of AD patients. The experiments performed on rodents
also suggest that CSF drainage problems are linked to AP accumulation in brain
(DeMattos et al., 2002; Iliff et al., 2012). Calcification and fibrosis of CP during ageing
and AD could result in 50% reduction of CSF production (May et al., 1990). It has been
shown that the patients with AD and normal pressure hydrocephalus (NPH) have
decreased CSF turnover from an average of 4 volumes per day in healthy patients to 1.5
volume per day in the patients (Silverberg, 2004; Silverberg et al., 2003). The dramatic
reduction in CSF production causes a disrupted clearance pathway and could be a reason
of AP accumulation in the brain (de Leon et al., 2017). According to recent research a
unique CSF folate transportation and metabolic system is identified which found to be
disrupted in many neurological conditions (Jimenez et al., 2019). Reduced folate in the
CSF may be related to the disruption in CSF clearance causing accumulation of Af.
Folate deficiency could have drastic effects on brain. Folate is very important in some
vital functions including DNA synthesis, neurotransmitter synthesis, methylation,
metabolism and nitric oxide synthesis (Fowler, 2001; Kronenberg et al., 2008). CSF flow,

production and drainage may be linked to folate delivery and likely a cause of AD.

Thus, it shows that«CSF drainage insufficiency, resulting from multiple different causes,
would leading to cerebral folate deficiency/imbalance, while at the same time result in
failure to remove toxic molecules including amyloid. It is also possible that rising
amyloid levels could themselves result in CSF drainage compromise through toxic effects
on draining cells in the subarachnoid spaces. In either case the situation would be greatly
exacerbated. These possibilities should be investigated as a potential mechanism for
various conditions of cerebral cortical malfunction as well as neurodegeneration leading

to dementias including AD.
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Figure 1.2. Diagrams illustrating the ventricular system of the adult brain (a) and the connection
of this to the external subarachnoid CSF space (b). The diagram in (c) shows the CSF flow pathway
from the lateral ventricles (LV), where 70% of CSF is secreted from the choroid plexus, through the
third ventricle (3V), adding a further 20% CSF, through the cerebral aqueduct where additional
components are added by the circumventricular organs (subcommissural organ, SCO) and then
into the fourth ventricle (4V) adding a further 10% CSF which then exits into the subarachnoid
space from where it drains into the superior sagittal sinus (d) and facial lymphatics. The active
transport of CSF across the arachnoid cells into the sinus is illustrated in the micrograph in (e)
(Grzybowski et al., 2006) showing vesicles of fluid being transported through the cells Modified
from (Miyan et al., 2020; Miyan et al., 2003).
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Figure 1.3. Diagram illustrating glymphatic fluid movement mediated by astrocytes pumping
water through aquaporin 4 (AQP4) transporters on arterioles into the interstitial fluid space in
the brain and this then flows through the interstitial spaces and is removed by astrocytes on
the venules. This pathway has been shown to expand during sleep and is thus thought to be
important in the removal of toxins including amyloid (Ng Kee Kwong et al., 2020).

1.10. Metabolic links to dementia and AD

In a major review of the literature, Liu et al (X. Liu et al., 2019) highlighted metabolic
deficiencies as_one of the most likely potential causes of the disease. Supporting this
review, recent studies document an association between deficits in cerebral folate and
neurological conditions, including for schizophrenia that also has an association with
folate receptor autoantibodies and cerebral folate deficiency (Ho et al., 2010; Ramaekers
et al., 2014). Cerebral folate issues are remarkably associated with many conditions
affecting the cerebral cortex including psychosis (Harvey et al., 1990; Jones et al., 1994),
schizophrenia (Saijo et al., 2001), bipolar (Strakowski et al., 2002), dementia and autism
(Movsas et al., 2013; Shen, 2018; Shen et al., 2013). These conditions also have another
association of disease severity with increased ventricular enlargement, which is also seen
in AD (Chou et al., 2009; Madsen et al., 2013; Nestor et al., 2008; Ye et al., 2016)
indicating the potential operation of a common mechanism in conditions affecting the

cerebral cortex.
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1.11. Examples of single elements associated with neurological

conditions

1.11.1. Iron (Fe)

Lack of sufficient iron leads to deficiencies in overall brain performance at any stage of
life (Campos-Escamilla, 2021). However, there is also increasing evidence that iron
overload may become common in people of older age, and this has therefore been linked
to neurodegenerative diseases although this link is disputed. In neuronal cells, iron is
necessary for neurotransmitter synthesis, myelination of axons and signalling through
neurotransmission, as it acts as a cofactor for proteins such as phenylalanine hydroxylase,
tyrosine hydroxylase, and tryptophan hydroxylase as well as being involved in synaptic
transmission. Myelination is also negatively affected by iron deficiency, and it is
significant in this regard to know that CSF has a high concentration of transferritin, the
main carrier of ferritin from blood into CSF and thus acts as a sink of both iron and
oxygen in the healthy brain. Iron overload can lead to a variety of detrimental
consequences, such as oxidative stress, cell death, and neurodegeneration. In addition,
iron has the ability to induce the aggregation of some intrinsically disordered proteins
including neurofibrillary tangles and amyloid plaques which are associated with iron
deposits with the metal-binding sites of AP, catalysing its aggregation. Furthermore,
transferrin had already been proposed as a biomarker for identifying AD, as it was found
that in this pathologic condition, transferrin glycosylations were altered and thus lost

binding activity (Campos-Escamilla, 2021).
1.11.2. Iodine (I)

Alterations of thyroid function during human development are known to produce
extensive damage to the central nervous system (CNS) including severe mental
retardation. The most severe brain damage associated with thyroid dysfunction during
development is observed in neurological cretins from areas with marked iodine
deficiency and sever neurological consequences throughout life (Martinez-Galan et al.,
1997). Thyroid hormone is known to be normal in most of these cretinous children by
the time of birth and postnatal treatment is not effective. (DeLong et al., 1985). Cretinism
was removed from the world by introducing iodine into table salt and by switching to sea

or rock salt rather than using table salt (pure sodium chloride).
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1.12. Folate and the folate metabolic cycle

Folate (vitamin B9) is very important in many biological pathways. Its main role is in 1-
carbon metabolism involved in purine and pyrimidine synthesis for generation of nucleic
acids, methylation of homocysteine to methionine and the latter into the methylation
pathway, synthesis of neurotransmitters and nitric oxide via the BH2-BH4 cycle and
amino acid, as well as repair and methylation and in a number of other biosynthetic
pathways. The recommended daily intake of folate is 400-600 pg/day and its deficiency
are a global health concern (Steinfeld et al., 2009). Humans cannot synthesis folate and
need to acquire it from dietary sources. Bacteria, fungi and plants generally can

synthesize folate (Gorelova et al., 2017).

Folic acid is a synthetic form of folates that requires additional steps before entering the
l-carbon metabolic cycle as it enters via dihydrofolate (DHF), is converted to
tetrahydrofolate (THF), and then has to acquire a 1-carbon element (methyl, formyl etc)
to become useful. Thus, it shows that high dose folic acid would actually dilute 1-carbon
availability. Free folic acid in blood causes disruption in cerebral folate system due to
folate deficiency and blocking folate receptor alpha (FOLR1), the main folate transporter
across the blood-CSF barrier (BCSFB) and can causes hydrocephalus in susceptible rats
(Cains et al., 2009). Deficiency of folates is linked to a number of neurological disorders
such as Parkinson’s disease, dementia and depression where patients shows reduced
levels of folate and increased levels of homocysteine (Bottiglieri, 2005). Many studies
have reported positive responses to supplements with natural folates, including folinic
acid (5-formyl THF) in comparison to folic acid where only few studies provide evidence

of any benefits to neurological conditions.
1.13. Clues from neurodevelopmental conditions

There are developmental conditions that may give some clues as to cause and aetiology
of later onset conditions including dementia and AD. The findings described above also
fit with our investigations of neonatal hydrocephalus and its associated cerebral folate
imbalance. Specifically, we described a unique cerebral folate handling system which
utilises the CSF system to deliver this, and other key metabolites to the developing and
adult brain (Cains et al., 2009; Jimenez et al., 2019; Naz et al., 2016) which has also been
reported in other studies (Grapp et al., 2013; Mangold et al., 2011). These findings of a
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cerebral folate imbalance have demonstrated a direct link to the aetiology of congenital
hydrocephalus and, furthermore, have shown that folate supplements, NOT including
folic acid, can prevent this devastating condition and indeed, maximise development of
the brain (Cains et al., 2009). For example, the large head size associated with autism has
been found to be associated with CSF accumulation both outside the brain, in the
subarachnoid space (Shen, 2018; Shen et al., 2017; Shen et al., 2018) but also inside the
brain associated with enlarged ventricles (Movsas et al., 2013; Shen, 2018). In a small
study, autistic children have been found to respond positively to high dose folate
treatment (Frye et al., 2020; Frye et al., 2018; Frye et al., 2017) indicating a cerebral
folate deficiency or imbalance. A particular category of autism, as well as a related severe
neurological condition, has been found to be caused by maternal autoantibodies to
FOLRI1 that block transfer of folate from fetal blood into. fetal brain causing a folate
deficiency, consequential poor development and increasingly sever neurological signs
and symptoms after birth (Bonkowsky et al., 2008; Frye et al., 2016; Frye et al., 2013;
Hasselmann et al., 2010; V. Ramaekers et al., 2013; Ramaekers et al., 2007a; Ramaekers
et al., 2005; Ramackers et al., 2018). In the absence of an autism phenotype this condition
is recognised as cerebral folate deficiency.syndrome (CFD) that is associated with various
severe neurological conditions including spasticity (Bonkowsky et al., 2008; Duarte et
al., 2020; Hasselmann et al.;2010; V. Ramaekers et al., 2013; Ramackers et al., 2007a;
Ramacekers et al., 2005; Ramaekers et al., 2018), epilepsy (Mafi et al., 2020), extreme
behavioural abnormalities (Leuzzi et al., 2012), encephalopathy (Bonkowsky et al., 2008)
and others. CFD'is common in children but has also been recognised in adults indicating
that it may develop later in life (Ferreira et al., 2016; Sadighi et al., 2012; Thome et al.,
2016). CFD has various other causes, including genetic changes (Cao et al., 2020; Cario
et al., 2011; Grapp et al., 2012; Krsicka et al., 2017; Ramaekers et al., 2018; Serrano et
al., 2012; Steinfeld et al., 2009; Zhang et al., 2020a), and potential blockade of
FRa/FOLRI1 by high dose folic acid (Zhao et al., 2011), or autoimmunity (Ramaekers et
al., 2018). Thus, it shows that cerebral folate issues are significantly associated with CSF
drainage insufficiency, fluid accumulation and enlarged ventricles or extra axial fluid
spaces. Understanding the role of the CSF fluid system may therefore give clues to what
may go wrong later in life. A recent report also detailed changes in the methylation and

polyamine pathways that are intimately linked to folate metabolism (Mahajan et al.,
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2020) further reinforcing the idea that folate imbalance may be a key part of the cause
and aetiology of dementia and AD.

1.14. Folate transport

The unique nature of the cerebral folate system was first described in detail in the
hydrocephalic Texas (HTx) rat that was found to be disrupted in early stages of
hydrocephalus (Naz et al., 2016). CSF act as a medium in delivering folates in the form
of 5-mTHF and is transported to brain by different metabolic enzymes and carrier
proteins (Cains et al., 2009; Naz et al., 2016). The system comprised of two main proteins
10-Formyl tetrahydrofolate dehydrogenase (FDH) and FOLR1. FDH is folate binding
protein enzyme and is abundantly present in kidney and liver (Strickland et al., 2011).
There are many folate transporters and carriers but FDH is a predominant one in
metabolizing SmTHF in the folate metabolic pathway (Berrios-Rivera et al., 2002). FDH
deficiency is linked to number of neurological conditions due to its role in folate
dependent metabolic pathways. FOLRI1 has high affinity to folate and predominantly
transports folate to the brain. Its high concentrations are in kidney, choroid plexus and
ovarian epithelial cells. FOLR1 is the main folate transport protein carrying folate from
the blood across the CP into the CSF (Frye et al., 2016; Steinfeld et al., 2009). In an
important paper Alam et al (Alam et al., 2019) demonstrated that where FOLR1 is not
present then reduced folate carrier (RFC) is active in the transport of folate. Where
FOLRI is present, then blocking it, e.g. with autoantibodies, results in a severe cerebral
folate deficiency (Bonkowsky et al., 2008; V. Ramaekers et al., 2013; Ramaekers and
Blau, 2004; Ramaekers et al., 2005; Ramaekers et al., 2007b) as RFC does not seem to
take over this function. Proton coupled folate transporter (PCFT) is also present on the
basal (blood) side of the choroid plexus while RFC is present on the apical side. These

seem to unimportant in transport of folate into the CSF as they do not compensate for

loss of FOLR1 through autoantibody blockade for example.

1.15. The cerebral folate system

Folate is absorbed across the gut and transported to the whole body including the BCSFB
where after crossing the CP it is released into the CSF bound to FOLR1. The vesicles in
the CSF containing FDH and FOLR1 bound to folates independently as well as vesicles
containing FOLR1 and FDH both bound to folates in lateral ventricles of both normal
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and hydrocephalic rat brains(Naz et al., 2016). This provides evidence that these proteins
could play both independent and co-dependent roles in transferring folate to the brain.
The relationship between the two is unknown. Immunolocalization of the FDH and
FOLRI has been reported for the CP as well but this may reflect transfer of folate from
FOLRI1 to FDH adjacent to this secretory structure (Jimenez et al., 2019). However, other
studies suggest that they come from radial glial stem cells which are highly positive for

FDH (Naz et al., 2016).

Some severe neurological conditions have been found to be caused by autoantibodies to
FOLRI1 (see above) that block transfer of folate from blood into brain causing a folate
deficiency. This is associated with poor brain development in autism and increasingly
severe neurological signs and symptoms after birth (Bonkowsky et al., 2008; Frye et al.,
2016; Frye et al., 2013; Hasselmann et al., 2010; V. Ramackers et al., 2013; Ramaekers
et al., 2007a; Ramaekers et al., 2005; Ramacekers et al., 2018).'Similar findings have been
reported for schizophrenia including CSF accumulation with enlarged brain ventricle
(Andreasen et al., 1982; Chance et al., 2003; Horga et al., 2011; Jayaswal et al., 1988)
and folate receptor autoantibodies with cerebral folate deficiency (2009; Ramaekers et

al., 2014).
1.16. Conclusions and hypothesis

Most studies of dementia and AD have been focused on late-stage pathological processes
associated with severe symptoms. Clues from other neurological conditions and from

neurodevelopmental conditions suggest some common elements that could explain cause
and aetiology in dementia. Head traumas, mini stokes, infections, cardiovascular disease,
and metabolic disorders could cause loss of CSF drainage capacity. The physiological
consequences would reflect the severity of drainage obstruction which is seen in the
association of ventricular enlargement with severity of neurological conditions.
Furthermore, CSF drainage issues have been directly linked to cerebral folate deficiency
or imbalance with the extreme case of hydrocephalus showing a blockade of available
folate in the CSF by withdrawal of the folate binding protein, FDH. Hydrocephalus can
occur at any time in life through infection, stroke, particularly subarachnoid
haemorrhage, injury or head trauma. In the extreme case these would lead to death unless
treated with a CSF shunt. In milder form they would lead to drop in CSF folate

availability and a consequential effect on cerebral folate metabolism.
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1.16.1. Hypothesis

Folate is absolutely critical to cerebral functions, including:

a. DNA and RNA synthesis

b. production of new cells, critical to memory formation in the hippocampus,

c. synaptogenesis, important for association memory in frontal and temporal lobes,
methylation

d. gene expression and protein and lipid function, and

e. synthesis of the neurotransmitters, serotonin, dopamine, adrenaline, nor-adrenaline,

and melatonin.

Folates deficiency plays a critical role in the pathogenesis of AD. This is the major cause
of dementia and AD, explaining most cases where genetics may have less of an impact
in many late onset conditions. In addition, due to the link of ventricular enlargement with
severity of condition, this also explain cause and aetiology of other neurological
conditions. Significantly, most cases of childhood epilepsy seem to be caused by cerebral
folate deficiency, while other conditions, including dementia and AD show positive

responses to folate supplements.
1.16.2. Aims

Thus, in this thesis the objective is to examine the cerebral folate system in dementia and
AD brains and compare these to normal ageing brains having no neurological condition

in life.
1.16.3. Objectives

CSF and fresh frozen tissue homogenates will be examined by Western and dot blot for

folate related enzymes, proteins, and metabolites.

Fixed brain tissue will be examined by immunohistochemistry (IHC) using antibodies
directed against folate related enzymes, proteins, and metabolites along with their

association with specific cell types and different parts of the cortex.

To examine the genes related to folate metabolism, methylation, and neurotransmitter
synthesis, as well as APOE gene type to test for any genetic error in these folate-related

metabolic pathways.
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Materials and Methods

2.1. Human tissue samples

All brain tissues were supplied from the Manchester Brain Bank under their ethical
approval (09/H0906/52+5 and 19/NE/0242). All experiments were compliant with the
Human Tissues Act requirements as well as passed by Newcastle NHS Research Ethics
Committee for the Manchester Brain Bank. The specific use of human tissues in our
experiments were sanctioned by Manchester University Research Ethics Committee. CSF
and brain tissue from the cortex of ageing and demented humans was obtained from the
Manchester Brain Bank. All CSF was taken post=mortem. The samples were either
collected during the brain extraction procedure by mortuary technicians or were collected
at the Manchester brain bank by pipetting CSF direct from the lateral ventricles during
dissection. Table 2.1. gives details of the 30 brains used in this study including 10 from
each of 3 categories: 1. normal ageing (Braak 0-II), 2. Moderate AD (Braak III-IV) and
3. severe AD (Braak V-VI);'CSF was obtained from the same brains as the tissues used
and was collected at the time the brains were removed from the bodies of the deceased
and transferred to the Manchester Brain Bank. At the Brain Bank, brains were cut in the
mid-sagittal plane. One hemisphere was placed in formalin for fixation and stored at 4°C
while the other hemisphere was frozen to -80°C. CSF samples were frozen to -80°C for

long term storage.

3 sets of tissues were obtained from the Brain Bank: 1. Formalin fixed 2. Fresh frozen
temporal lobe plus CSF; 3. Fresh frozen tissue from occipital lobe plus CSF samples.
The first set of brain tissue was used for cyrosectioning and staining and the CSF from
this set was used for the major study of CSF composition changes. It was used for DNA
extraction and a pilot study for gene single nucleotide polymorphism (SNPs) in the folate
pathway as well as for tissue lysate experiments. The second set was used for a large gene

SNP analysis as well as the major tissue lysate experiments.
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Neuropathology . . .. Aol
No.| case No. Grading/Braak Neurf)pathc'»logmal Neur?pathc?loglcal CImnf:aI Fhmcal' MRC ID Gender Age at APOE
diagnosis 1 diagnosis 2 Grading | diagnosis death
group
Normal
DPM16/23 o-I Mild tau pathology |, 1o pART Bulbar | poNo0s.28711 | F 86 33
1 in temporal lobe 2 palsy
Normal for Moderate AD
DPM16/30 0-ll L changes in temporal Control BBN005.29167 F 95 33
age/incipient AD
2 lobe 1
3 | DPM17/36 0-ll Age changes only 1 Control BBNO005.32382 F 94 33
4 | DPM17/23 0-ll Normal for age 1 Control BBN005.30844 M 91 34
DPM17/09 ol el e | AR Control | BBN005.30100| F | 88 23
5 . PART 1 :
Mil
o | DPMI6/35 ol Normal ageing SVIDd to moderate . |control |BBNOOS20398| M | 84 33
DPM16/15 o-1l ileiti SHD W ||k A CiEnges [ Dementia | BBN005.28546 |  F 92 34
7 ischaemic lesions  [temporal lobe 2
8 | DPM17/38 0-1l Normal for age 1 Control BBNO005.32526 F 101 23
9 | DPM16/29 0-11 Normal for age 1 Control BBN005.29063 M 69 24
10 | DPM16/31 o-11 Normal for age Mild SVD 1 Control BBN005.29168 M 90 33
Moderate
11 | bPM17/28 n-v Alzheimer's disease 2 FTD BBN005.30898 80 34
DPM16/36 -V ol e gl | AT FTD BBN005.29413 75 33
12 changes 2
DPM15/46 -V Alzheimer's disease Progressiv| panoos.26177 | M | 76 34
13 2 e Apraxia
L Melanosis of
14 DPM14/35 n-v Early /Incipient AD dentate nucleus 1 Control BBN_24213 F 83 33
Incipient
DPM14/18 n-v Mild SVD N | BBN_21001 77 34
15 / Alzheimer's disease | 1 orma =
16 | DPM13/30 n-v Alzheimer's disease 3 FTD/PNFA | BBN_15257 77 44
Rare TDP-43
DPM10/18 n-v Alzheimer's Disease |inclusions, mild Dementia BBN_5767 [F 97 33
17 CAA, mild SVD 3
TDP-43 positive, .
M Alzh
DPM11/09 -V oderate severe hippocampal AIZNCIMer) peN 3449 | M | 91 34
Alzheimer's disease X s disease
18 sclerosis 3
DPM16/37 oy P955|ble Alzheimer's [CAA, Secondary TDP- Vasculalj PENEHE SEA B o o
disease/PART 43 dementia
19 3
Probable . .
DPM12/34 n-v A - Mild SVD Dementia BBN_9482 F 80 33
20 Alzheimer's disease 2
Alzheimer's
dementia,
DPM14/30 V-vi Alzheimer's disease learning BBN_23794 F 70 a4
21 3 difficulty
AD and
DPM15/29 V-vI Alzheimer's disease |[Mild SVD Vascular BBN_25921 M 81 34
22 3 Dementia
23 | DPM16/10 V-VI Alzheimer's disease 3 AD BBNO005.28400 F 59 24
TDP-4 Alzhei
DPM15/02 V-vI e e [ e AIZNEIMer] gy 24373 | M | 78 44
24 proteinopathy 3 s Disease
25 | DPM18/27 V-VI Alzheimer's disease 3 AD BBNO005.33712 M 75 34
DPM14/50 V-vi Alzheimer's disease |Moderate SVD Alzheimer| ooy 54361 F 63 44
26 3 s Disease
P |
DPM14/07 v-vi robable Moderate SVD Normal | BBN_19704 | F | 95 33
27 Alzheimer's disease 1
28 | DPM13/10 V-VI Alzheimer's disease [Mild CAA 2 Dementia | BBN_11028 F 85 34
DPM12/25 V-vI Alzheimer's disease semantic | gy 6076 62 34
29 2 Dementia
30 | bPM12/01 V-VI Alzheimer's disease |Mild SVD 2 Dementia BBN_3469 67 34

Table 2.1. Details of the 30 human brains from set 1 used in the study. 10 brains from normal
ageing, 10 from moderate and 10 from AD. Both neuropathology (I-1l, llI-IV, V-VI) and clinical
gradings (1,2, 3) are given where higher number shows maximum severity. We used
neuropathological gradings /Braak grading as the recognised method in the literature.
However, the green highlighted cases (with red numbers) demonstrate some contradictions
between clinical and neuropathological that led to a comparison in the analysis of data (see
later). APOE refers to genotypes for two alleles where 1 is for normal and 4 is for severe.

24 |Page



Chapter 2 Materials and Methods

2.2. Western and dot blotting

2.2.1. Western blotting

I-dimensional sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis
(PAGE) was used to separate proteins before Western blotting and probing with
antibodies for semi-quantitative analysis of specific proteins. Lammeli sample buffer and
2-Mercaptoethanol were mixed to a ratio of 95:5%. Sample buffer mixed with sample
CSF in equal amount i.e., 6 pl of CSF was added to 6 pl of the sample buffer. Vortex
briefly then centrifuged at 13 RPM for 2 minutes. Placed it in heat block for 10 minutes
at 70°C then spun at 13 RPM for 2 minutes. 9 ul of this solution was added to each well
of a readymade gel/precast gel (NuUPAGE, 12 well gels, 4-12% gradient — Invitrogen,
stacking gel and running gel) and the proteins separated:by molecular weight using a
constant 150V applied to the gel through the running buffer. 7 ul Kaleidoscope was used
as a ladder/marker. Running buffer (NuPAGE SDS 20X,.ddH20O used for dilution) could
be MES or MOP (MES for small and medium proteins and MOP for bigger proteins)
depending upon the size of the protein of interest. The electrophoresis was stopped when
the sample front (indicated by the blue colour of the sample buffer) reached the bottom
of the gel. This usually took 40 to 60 mins after which the gel was carefully extracted
from its plastic holder and placed onto the nitrocellulose membrane of an iBLOT
(Invitrogen™ iBlot™ 2/ Transfer Stacks) semi-dry blotting system, and the proteins
transferred to the membrane from the gel using a 7 min runtime in P3 program settings
of the iBLOT (iBlot® Gel Transfer Device, Invitrogen by life technologies). Gels were
stained with Coomasie blue to check for transfer of protein, but this was usually clearly
seen by transfer of the pre-stained molecular weight protein standard bands.

Membranes were placed into blocking solution for an hour made in 1:2:0.1% combination
of blocker (Non-Animal Protein, NAP): phosphate buffered saline (PBS) and fish
gelatine, respectively. Alternatively, 5% bovine serum albumin (BSA, Thermo
Scientific™ Blocker™ BSA (10X) in PBS) in 1% tween-20 in PBS could also be used
as blocker and for diluting primary and secondary antibodies. Blocking is a flexible step
with no strict time except for the minimum 1 hour (or longer) at room temperature. It can
also be done overnight at 4°C on a slow shaker. Membranes were then washed with PBS-

tween 20 (0.1%) three times for 5 minutes (3 x 5). After washing, membranes were
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incubated overnight in primary antibody which was diluted in the same blocker. The

dilutions of primary antibody are listed in Table 2.2.

Primary Antibodies Dilution
Tissue
. WB
Target Species Source Ref. No CSE DB IHC lysate
WB
FDH Rb anti Rat Krupenko Gift 1:3000 | --- 1:1000 | ---
FDH Rb anti Human Krupenko Gift - - 1:1000 | ---
FDH Monoclonal Sigma Life SAB
Anti-ALDH1L1 in | Science 4100141 -=- 1:1000 | ---
Ms
FDH Ms anti Human | UC Anti=
Davis/NINDS | ALDH1L1,
/NIMH Clone
NeuroMab N103/39 1:200
Facility 73-140
Antibodies
Incorporated
FRo/FOLR1 Anti-hFOLR1 R & D System | Cat No.
1:3000 | --- 1:1000 | 1:1000
Goat IgG AF5646
Folates Ms-anti Human | Joe Gifted - - - 1:200
MTR Anti Human Atlas Ab HPA054915
1:3000 | --- 1:1000 | ---
Polyclonal Rb
MTRR MTRR Rb Poly Proteintech Cat No.
1:3000 | --- 1:1000 | ---
Ab 26944-1-AP
MTHFR Ms Anti MTHFR | Novus a NBP2-
mAb biotech 37607 1:3000 | -- 1:1000 | ---
brand
MTHFD1 Rb Poly Ab Proteintech Cat No.
1:3000 | --- 1:1000 | ---
10794-1-AP
Tau Rb pAb to Tau Abcam Ab74391
1:3000 | ---
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Ms Anti Tau C- Invitrogen Ref 136400
terminal
PCFT SLC46A1 Rb pAb | ABclonal WH152945
Cat No. 1:3000 | --- 1:1000 | ---
A7397
DHFR Rb PolyAb Proteintech Cat No.
1:3000 | 1:1000 | ---
15194-1-AP
Folates Ms Anti folic Bio-rad Ab MCA2870
. 1:3000 | 1:1000
acid
Homocysteine | Rb pAb to Abcam Ab 15154
] 1:9000 | 1:1000 | ---
Homocysteine
Glutathione Ms mAb to Abcam Ab19534
. -=- 1:3000 | --
Glutathione
B12 Rb pAb to Vit Abcam Ab31510-
B12 (whole 200 1:5000 | ---
antiserum)
B6 Rat pAb to Vit Abcam Ab37012
B6 Pyridoxine --- 1:5000 | --- ---
1gG
GFAP Chkn Polyclonal | Encor CPCA-GFAP
Antibody to Biotechnolog --- --- 1:3000 | ---
GFAP yinc
$100 Anti'S100 B Anti | Atlas Ab HPA015768
1:1000 | ---
Rb
RFC X Human R & D System | FAB8450R
SLC19A1 [647] 1:1000 | --
Ms mAb
5- Rat mAb to (5- Abcam Ab106918
Hydroxymethyl | HMC)
cytosine - - 1:1000 | ---
(5-HMC)
5- Rb mAb Cell D3S2Z Ref:
Methylcytosine Signalling 10/2018 --- --- 1:1000 | ---
(5-MCQ) technology
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Neu-N Rb Poly Fede, Gifted - - 1:1000 | ---
CD31 Ms Mono Fede, Gifted - - 1:1000 | ---
SMA Ms Mono Fede Gifted 1:1000 | ---
Neurofilament | Ms Mono Fede Gifted --- --- 1:1000 | ---
FDH Monoclonal Sigma Life SAB
Anti-ALDH1L1 in | Science 4100141 1:1000 | ---
Ms

Table 2.2. Details of primary antibodies used in Western blot, dot blots, tissue lysate and for

Immunohistochemistry. Their source and dilutions used are also given. Gt: goat, Ms: mouse, Dnky:

donkey, Chkn: chicken, Rb: rabbit, mAB: monoclonal antibody, pAB: polyclonal antibody, I1gG:
immunoglobulin G.

After the primary antibody incubation step, membranes were washed with PBS-tween-
20 (0.1%) three times for 5 minutes. Secondary antibodies (horse radish peroxidase
(HRP)-conjugated) were diluted in the same blocker with combination of 1: 2: 0.1% NAP
blocker:PBS:fish gelatine, respectively. 6ml of solution is enough to cover the blot.
Secondary antibody incubation time was 2 hours. The dilutions of secondary antibody
are listed in Table 2.3. After the secondary antibody incubation step, membranes were
again washed with PBS-tween-20 (0.1%) three times for 5 minutes. Enhanced
chemiluminescence (ECL) substrates were used in equal ratio 1:1 (reagent A and reagent
B) for HRP Western detection. Time is critical during this step and 5 minutes are enough
for having maximum chemiluminescence. The blots should be in aluminium foil to avoid
any light interference during this step. The last step is to image the chemiluminescent
signals on the C-Digit scanner (LI-COR, UK) by using a standard 12-minute exposure.
Images were captured from the scanner into Image Studio software for densitometry

analysis. Data were transferred to Microsoft Excel for statistical analysis.
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Secondary Antibodies Dilutions
. WwB WB (Tissue
Species Source Ref.No DB
(CSF) Lysate)
Anti Rb Cell 06/2015 1:3000 1:9000

IgG (HRP) | Signalling

Dnky anti | Invitrogen | A15999 1:3000 1:2000 (FR alpha)
Goat HRP)

Anti Ms Cell 12/2016 1:3000

IgG HRP- Signalling --- ---
linked

Gt pAbto | Abcam Ab7097 1:3000

Rat (HRP)

Rb pAbto | Abcam Ab6741 1:3000 1:5000

Gt IgG

HRP

Goat anti BioRad STAR111P149214 | 1:3000

Rat IgA
HRP

Anti Rb Cell 08/2009 1:3000

IgG Signalling

Anti R&D HAFO016 1:3000

Sheep IgG | System

Anti Ms Cell 01/2017 1:3000

IgG Signalling

Gtanti Ms | LIFCORWS | 926-80010 1:3000 1:2000 (Folates
IgG and FDH)

Rb anti Life 618620 1:3000

Sheep IgG | Technology

Table 2.3. Details of secondary antibodies used in Western blot, dot blots and tissue
lysate. Their source and dilutions are also given. Gt: goat, Ms: mouse, Dnky: donkey,
Rb: rabbit, pAB: polyclonal antibody, I1gG IgA: immunoglobulin G or A.
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2.2.2. Dot blots

5 ul of CSF was pipetted directly onto nitrocellulose transfer membrane, cut to the size
for the LI-COR C-digit scanner and with sections drawn on in pencil to define the location
of each dot, which spread to form a small dot. Membranes were allowed to air dry for 30
to 60 minutes before being processed as for Western blots above, with incubation in
blocking buffer (1:2:0.1%, NAP, PBS and fish gelatine, respectively) followed by
overnight incubation in primary antibody diluted in the same blocking buffer. Primary
antibodies used and dilutions are given in Table 2.2. above. After primary antibody,
washing with PBS tween-20 (0.1%) thrice for 5 minutes (3x5). Secondary antibody (HRP
conjugated) diluted in the same blocking buffer incubation was for 2 hours at room
temperature followed by washing with PBS tween-20 (0.1%) thrice for 5 minutes (3x5).
Secondary antibodies used and dilutions are given .in Table 2.3. above.
ECL chemiluminescent substrates were used for 5 minutes in equal ratio 1:1 (reagent A
and reagent B) for HRP western detection. After this step, the last step was to check it on
scanner (LI-COR) by using standard 12 minutes run to check.

Western blots and dot blots were scanned using a luminescence scanner (LICOR C-Digit)
after incubation in ECL solution for 5 minutes(wrapped in aluminium foil, to avoid light
interference with blots in ECL). Scans were then subjected to densitometry analysis using
LICOR Image Studio version 5.3.software. Data were transferred to Microsoft Excel for
statistical analysis. All'samples were run 3 times and analysed by groups based on Braak
grading. Additional analysis was performed on the basis of available clinical diagnoses

made during patient lifetimes.

2.3. Immunohistochemistry (IHC)

Brain samples were received as wet formalin fixed tissue in fixative solution. Areas
encompassing the full thickness of cortex from pial surface to ventricular zone and
ependymal layer were selected and dissected from the full block of tissue. These were
washed in PBS and then immersed in 30% sucrose in PBS until they sank in the solution
(usually overnight). This provided cryoprotection allowing the tissue to be snap frozen
by immersion in isopentane cooled with dry ice and then cut into 30um to 50um thick
sections. These were collected onto charged microscope slides or collected into citrate

buffer, pH 6.0 as free-floating sections. For future use sections were preserved in the
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cryoprotectant in -20 freezer. Some sections were collected on slide in PBS and were

dried over the slide for future use.

The sections which were in cryoprotectant were washed thrice for 10 minutes with PBS.
The sections which were collected in citrate buffer were ready to go for antigen retrieval.
Antigen retrieval was carried out by heating the sections in citrate buffer (pH 6.0) in a
water bath at 90°C for 20 mins (may increase the time depending upon the thickness of
the sections) then a further 20 mins at 40°C and 20 minutes to cool at room temperature
before further processing. As folates are heat sensitive, antigen retrieval was carried out
at 40°C for 40 minutes followed by cooling at room temperature for 20 minutes.
Alternatively, sections were microwaved in citrate buffer for 10 seconds for antigen
retrieval. Sections were then allowed to cool down for 10 minutes. The solution was
changed for a wash in PBS triton X100 (1%) thrice for 10 minutes and then immersion
in blocking buffer which was 1% PBS Triton X100 with 0.5% serum (goat, donkey used
mostly, each with 0.5% concentration but any animal could be use in which the secondary
antibody is raised) for 1 hour at room temperature with gentle shaking. Primary antibody
was diluted in the same blocker for overnight at 4C. The dilutions of primary antibody

are listed in Table 2.2., above.

After washing in PBS 1%Tween 20 (3X10), sections were immersed in Alexa Fluor
conjugated secondary antibedies diluted in PBS-Tween-20 (1%) (without any blocking

serum) for 2 hours. The dilutions of secondary antibodies are listed in Table 2.4.

Sections were then washed in PBS 3x 10 mins and then rinsed with deionised distilled
water (ddH20) 1 apetri dish (free floating) before placing on a microscope slide and
manipulated with a plastic pipette to straighten and orientate them before mounting with
Vectashield aqueous mounting medium containing 4',6-diamidino-2-phenylindole

(DAPI) and a coverslip.
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Fluorescent Secondary Antibodies Dilutions
Species Source | Ref. No Alexa Fluor | For IHC
Gt pAb to Chkn IgY Abcam ab150176 594 1:3000
Gt pAb to Rb IgG Abcam ab150077 488 1:1000
Gt pAb to Ms IgG Abcam ab150120 594 1:1000
Dnky pAb to Goat IgG | Abcam ab150132 594 1:1000
Gt pAb to Ms IgG Abcam ab150113 488 1:1000
Gt pAb to Chkn IgY Abcam ab150169 488 1:3000
Gt pAb to Rat IgG Abcam ab150165 488 1:1000
Gt pAb to Rb IgG Abcam ab150080 594 1:1000
Dnky pAb to Rb IgG Abcam ab150075 647 1:1000
Dnky pAb to Goat IgG | Abcam ab150129 488 1:1000
Dnky pAb to Ms IgG Abcam ab150110 555 1:1000
Dnky pAb to Ms IgG Abcam Ab175738 750 1:1000

Table 2.4. Details of secondary antibodies used in tissue sections. Their source
and dilutions are also given. Gt: goat, Ms: mouse, Dnky: donkey, Chkn: chicken,
Rb: rabbit, pAB: polyclonal antibody, IgG IgY: immunoglobulin G or Y.

Sections were viewed on a Leica DMLB fluorescence microscope and micrographs
captured using a Coolsnap digital camera (Princeton Instruments, USA) and Metaview
software. Sections were scanned using a 20x objective on a 3D Histech Pannoramic 250

Flash Slide Scanner before viewing on 3D Histech Caseviewer software.

Multi staining was carried out using primary antibodies made in different species and
secondaries targeted at the different species. This allowed up to 5 colour merged imaging
on the individual sections with the fifth being DAPI for nuclear staining. This technique
allowed colocalization analysis to be carried out as colocalised stains mixed colours to

give different colours, e.g., red and green colocalised to give a yellow stain and so on.
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High resolution confocal micrographs were collected on a Leica TCS SP8 AOBS upright
confocal using a 20x / 0.50 Plan Fluotar objective and 1x confocal zoom (figure 2.1). All
settings and microscope controls used the Leica LAS X v3.5.2.18963 software. The
confocal settings were as follows, pinhole 1 airy unit, scan speed 1000Hz bidirectional,
format 1024 x 1024. micrographs were collected using hybrid detectors with the
following detection mirror settings; FITC 494-530nm; Texas red 602-665nm; Cy5 640-
690nm using the white light laser with 488nm (20%), 594nm (10%) and 633nm (10%)
laser lines respectively. When it was not possible to eliminate crosstalk between channels,
the micrographs were collected sequentially. When acquiring 3D optical stacks, the
confocal software was used to determine the optimal number of Z sections. Only the
maximum intensity projections of these 3D stacks are shown<in the results. Details of

antibodies used are given in table 2.2 and 2.4.

Figure 2.1. Photograph of the Leica SP8 upright confocal microscope and
set up in the Bioimaging centre of Manchester used in these studies.

2.4. Fresh frozen tissue lysate analysis

To measure tissue levels of folate and folate-related proteins, fresh frozen cortical plate
regions and ventricular zone were homogenised using FastPrep Lysing Matrix D (MP

Biomedicals 116913100) and SDS lysing buffer. Approximately 50ug of tissue was
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weighed on a microbalance and placed into the tubes with 1ml of SDS buffer and then
located into the FastPrep homogeniser. The ceramic beads in the tubes homogenised the
tissue as the tubes were shaken at high frequency for 4x30s. Tubes were centrifuged at
13000 RPM and the supernatant decanted into Eppendorf’s. Samples were analysed for
total protein content using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Rapid Gold BCA Kit). All samples were diluted to give a concentration of 50ug/ml and
then frozen at -80 in 50pl aliquots until used. Equal amounts of total protein from the
samples were then analysed by Western blotting, using 3mg per sample, and dot blots

using 0.5mg.

2.5. DNA extraction and gene single nucleotide polymorphism (SNP)

analysis

In this study fresh frozen unfixed human tissue from the oceipital cortex, that included
the full thickness of the cortex from the pia to the ventricular ependymal, was provided
by Manchester Brain Bank. The cortical plate was dissected and used in the genomics
study. Information on the cases used are provided in Table 2.5. a, b. Only individuals
who were clearly normal, based on both pathology and clinical observations prior to

death, or were clearly suffering'severe AD were included in this study.

Nutrigenomics is a relatively new field of research looking at individual susceptibilities
based on analyses of ‘genes involved in metabolic pathways and how they might respond
to diet and envirenmental factors (Agnihotri and Aruoma, 2020; Brennan and de Roos,
2021). In this study functional genomics method was used, derived from nutrigenomics,
to query the genes involved in specific metabolic pathways and to identify SNPs giving
negative effects on protein functions. The aim of the method was to identify genes
involved in folate and methylation, biogenic amine neurotransmitter and nitric oxide
synthesis, glutathione synthesis and the APOE genotype. This is different to GWAS and
TWAS as it investigates the genes of specific metabolic pathways, identifies potentially

defective genes, and thereby highlights metabolic errors in individuals.
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2.6. Genetic studies

Fresh frozen, tissues were from 25 clinically and neuropathologically normal ageing
individuals and from 25 severe AD individuals (see table below). Samples were from the
occipital lobes of brains. The cerebral cortical plate was dissected and then sent to a
commercial company, LGC Genomics, for quality checking, further processing and SNP
analysis. They extracted DNA from the tissue using their in house LGC Kleargene
extraction chemistry. Genotyping was performed by LGC genomics using their in-house
competitive allele specific PCR (KASP) technique. Analyses were sent to LifecodeGX
Ltd to input into their bespoke software that matches SNPs to specific metabolic
pathways. The software also categorised SNPs according to their functional effect based
on literature  reviews, namely, beneficial, neutral or harmful (see
https://www lifecodegx.com/ for details and references). These data were then tabulated
in Microsoft Excel. Heat maps were generated in Excel to givea pictorial representation
of the SNP data. The data were analysed using/Mann-Whitney U tests comparing ratios
of positive, neutral and negative SNPs. Data were also analysed using Chi squared
statistics comparing abnormal:normal genes in AD to normal ageing. For this Chi squared
analysis two tests were carried out, firstly with abnormal and neutral grouped together
and secondly with neutral and normal grouped together. The SNP data suggested neutral
SNPs may have the potential to-have some negative effects, hence we tested in both

directions for comparison.

In order to calculate sample size in current study, we used G*Power software
(https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-

arbeitspsychologie/gpower). Two tailed t-test was used to calculate the difference
between mean of two independent groups. The effect size was set as lager i.e. d= 0.80
which is considered clinically meaningful. Our alpha level is set default i.e. 0.05. In order
to know that how many participants would be required to be able to detect effect size at
certain percentage of time is 0.8. Power analysis result indicated that we required 26
participants in each group and 64 in total. In first part of study we used 30 human brain
and in second part, we used 50 human brain. So in total we used 80 human brain which

is more than our recommended power analysis result.
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Table 2.5. Cases used in the study

a. Normal ageing cases

Materials and Methods

Age at Braak PMD | Clinical Pathological Pathological

Case No. MRC 1D Gender death stage (h) diagnosis diagnosis 1 diagnosis 2 APOE
DPM12/11 BBN_3478 M 54 0 37 control normal brain 33
DPM14/04 BBN_19634 F 87 0-l 24 Normal Age changes only 34
DPM14/08 BBN_20005 M 85 0-l 98 Normal Age changes only moderate SVD 33
DPM14/20 BBN_21003 F 90 0-l 39 normal Age changes only 33
DPM14/46 BBN_24316 F 94 0-l 111 control age changes only mild SVD 23
DPM16/29 BBN005.29063 M 69 0-1 53 Control Normal for age 24
DPM18/03 BBN005.32560 M 88 0-l 39 Control Normal for age 33
DPM14/09 BBN_20006 M 84 | 69.5 | Normal Age changes only moderate SVD 33
DPM17/09 | BBN005.30100 F 88 | 52.5 | Control Normal for age ﬁi;ﬁG' possible |
DPM17/34 | BBN0OS5.31485 M 89 | 125 | Control Normal for age Ln;('j?::?ta' Lewy 23

cognitively mild to
DPMO09/31 BBN_3396 F 94 -1l normal Age changes only moderate SVD 33

/stroke
DPM12/09 | BBN_3476 F 87 -1l g7 | cognitively | mildAD pathology 33

normal in temporal lobe

. very mild CAA,
DPM13/35 | BBN_15591 F 76 11 47 | normal mild AD changes | [0 ot sVD 33
in temporal lobe .
in BG
DPM14/11 BBN_20195 M 91 -1l 43.5 Normal mild SVD 33
DPM15/01 BBN_24368 M 90 -1l 156 control Age changes only 33
Mild temporal
DPM16/11 BBNO005.28403 M 77 I-1l 63 Control tau, possible PART 33
DPM16/31 BBN005.29168 M 90 I-N 155 Control Normal for age Mild SVD 33
DPM17/15 | BBN005.30170 M 90 -l 125 | Control Normal for age Ln:é?:sn?tal Lewy 33
DPM17/36 BBN005.32382 F 94 -1l 70 Control Age changes only 33
DPM18/11 BBN005.32822 F 90 -1l 143 Control Age changes only Possible ARTAG 33
DPM11/06 | BBN_3446 F 92 I 37 EZ%;:;'I"G'V Age changes only | mild SVD 34
DPM11/25 BBN_3463 M 89 I 27 Control Age changes only 33
DPM11/29 | BBN_3467 M 89 I 123 f\‘;f:glve'y Age changesonly | mild SVD 33
DPM15/28 | BBN.25917 F 91 I 133 | Control Age changes only | Cerepral 23
infarction

DPM19/09 | BBN00S.35435 M 95 1 153 | Control Age related Severe SVD 33

changes (mild)
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b. Severe AD cases

Age .. .
Case No. MRC ID Gender agt Braak PMD C!lnlcal . P?tholo.glcal Pathological diagnosis 2 | APOE
death stage (h) diagnosis diagnosis 1
secondary TDP-43
DPM16/16 BBNO005.28547 F 81 Vv 176 AD AD proteinopathy. V.severe 34
CAA
DPM12/01 BBN_3469 M 67 V-VI 84 Dementia AD mild SVD 34
DPM12/32 BBN_9480 M 73 V-VI 36 AD AD 33
moderate to severe SVD,
DPM13/09 BBN_11027 F 85 V-VI 73 AD AD v. Mild DLB 34
DPM13/10 BBN_11028 F 85 V-VI 24 dementia AD Mild CAA 34
DPM13/45 BBN_19208 M 78 V-VI 138 AD AD 33
DPM14/10 | BBN_20007 F 78 V-V 70 | AD AD CAA with capillary 44
involvement
DPM14/50 BBN_24361 F 63 V-VI 54 AD AD moderate SVD 44
sec TDP-43
DPM15/02 BBN_24373 M 78 V-VI 173 AD AD proteinopathy, 44
incidental Lewy bodies?
DPM17/37 BBNO005.32384 F 90 V-VI 76 AD AD Possible AGD 34
DPM11/28 BBN_3466 F 71 \ 64 AD AD 44
DPM12/03 BBN_3470 M 72 VI 81 AD AD 34
DPM12/05 BBN_3472 M 73 \ 107 AD AD mod SVD 44
dementia,
DPM14/30 BBN_23794 F 70 VI 89 learning AD 44
difficulty
DPM14/31 BBN_23803 M 64 VI 98.5 AD AD moderate SVD 34
DPM15/48 BBN005.26301 F 81 \ 98 Dementia AD Secondary TDP-43 34
DPM16/10 BBN005.28400 F 59 \ 87 AD AD 24
DPM16/40 BBNO005.29461 M 82 VI 25.5 AD AD Moderate CAA 34
DPM18/12 BBNO005.32823 M 70 \ 120.5 AD? AD Moderate SVD 33
DPM18/39 BBNO005.35131 F 75 VI 127.5 Dementia AD 34
Temporal intra-cortical
DPM19/04 BBN005.35211 M 82 \! 124 AD AD infarct. Secondary TDP- 33
43,
Severe hippocampal
DPM19/07 BBN005.35399 F 86 \! 72 Dementia AD sclerosis. Secondary 34
TDP-43.
DPM19/12 BBN005.35441 F 88 \ 96 AD AD ARTAG 33
DPM19/29 | BBN0OS.35889 M 56 Vi 295 | Earlyonset | AD (early 33
AD onset)
DPM19/31 BBN005.35912 M 73 \ 135 Atypical AD AD 44

Table 2.5. Cases used in the study separated into normal ageing (a) and severe AD cases (b).

Case number are Manchester Brain Bank references while MRC ID refers to the Medical Research
Council National register of human brain tissue. PMD is the post-mortem delay before the brain and
CSF were taken from the deceased individuals. This is very variable and may impact study results.
Clinical diagnoses were recorded prior to death and 2 pathologists reported on brain tissue analysis
(diagnosis 1 and 2). APOE genotype was recorded for both alleles of each individual as numbers 2-4
referring to the different genotypes of APOE found.
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Chapter 3

Analysis of cerebrospinal fluid folate status

3.1. Aldehyde dehydrogenase 1.1 (ALDH1L1) in CSF

ALDHILI, also known as 10-formyl tetrahydrofolate dehydrogenase (FDH) is a folate
enzyme also involved in a variety of important pathways, e.g., in cancer and tumour
suppression (Krupenko and Krupenko, 2018; Krupenko and Krupenko, 2019). FDH has
been found to be significantly reduced, sometimes absent in the CSF of hydrocephalic
infants, both rats and humans, suggesting the decrease in FDH may be related to severity
of fluid obstruction and accumulation (Cains et al., 2009). As AD also has severity
associated with ventricular enlargement (Guptha et al;;;2002; Nestor et al., 2008), we
investigated levels of this important folate enzyme. As expected, levels of FDH in the
CSF of AD patients are decreased compared to patients in the less severe, normal and
moderate categories. The decrease is significant comparing normal to AD (p=0.03) but

not significantly different between other groups.

a. Figure 3.1.

a. Western blots for FDH, normal
(0-11), moderate (llI-1V) and severe
AD (V-VI). The first lane in each
blot is the Kaleidoscope Marker
(K) following by 10 samples of
normal (0-1), moderate (lll-IV)
and severe (V-VI). The molecular
b. weight of FDH is 100kD. AD CSF is
clearly reduced in FDH content
compared to the other two.

b. Western blots were analysed
by densitometry. Data show
means and standard error of the
mean (SEM). Although a decline is
seen in moderate and severe
cases, this is only significant
between normal and severe
(p=0.03).
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3.2. Folate receptor alpha (FOLR1) in CSF

Results |

Folate receptor alpha (FOLR1 or FRa) is the main transporter for folate in the blood and

is also the major transporter for folate into the brain. As a membrane bound folate

transporter in the CP, FOLRI1 binds to folate and internalises in endosomes that then

merge with the apical membrane and release FOLR1 bound to folate into the CSF.
Abnormal FOLR1 (Grapp et al., 2012; Steinfeld et al., 2009)or blockade of FOLR1 with

autoantibodies is now a well-recognised phenomenon that produces severe cerebral folate

deficiency with associated neurological problems including epilepsy in children (Ferreira

et al., 2016; Frye et al., 2016; Frye et al., 2017). A possibility therefore exists that this

important pathway for folate delivery to the brain is upset in dementia and/or AD.

(AD)

Figure 3.2.

a. Western blots for FOLR1,
normal (0-ll), moderate (llI-IV)
and severe AD (V-VI). The first
lane in each blot is
Marker/Kaleidoscope (K)
following by 10 samples of
normal (0-II), moderate (llI-IV)
and severe (V-VI). The predicted
molecular weight of FOLR1 is
29.82kD but the observed was
38kD.

b. Western blots were analysed
by densitometry. Data show
means and SEM. No significant
difference was found in the
concentration of FOLR1 between
any of the three condition groups
but there is non-significant
increase in AD CSF.
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3.3. Methionine synthase (MTR) in CSF

MTR gene encodes methionine synthase (MS). This is the rate limiting enzyme for folate
metabolism converting SmTHF to THF and involving vitamin B12 and the methylation
of homocysteine to methionine. Thus, it is not only vital to folate metabolism, but also
involved in supplying methionine to the methylation cycle where it produces s-adenosyl
methionine (SAM) from s-adenosyl homocysteine (SAH). SAM is the universal methyl
donor for methylation reactions while SAH feeds into choline metabolism and synthesis

of acetyl CoA and acetylcholine (Lucock, 2000; Nzila et al., 2005).

a. Figure 3.3.

MTR in CSF a. Western blots for MTR, normal
(0-11), moderate (llI-IV) and severe

o-ll AD (V-VI). The first lane in each blot
140kD "y is Marker/Kaleidoscope (K)
following by 10 samples of normal
V-VI (0-11), moderate (llI-IV) and severe
(V-VI). The predicted molecular
b. weight of MTR is 140kD. AD CSF is
clearly reduced in MTR content
compared to the other two. The
molecular weight of MTR s
reported as 140kD which s
indicated by the arrows on the
right side. MTR antibodies
commonly give additional protein
bands with higher intensities than
MTR itself, suggesting common
targets on these proteins.

b. Western blots were analysed by
(AD) densitometry. Data show means
and SEM. A significant decline is
seen in moderate and severe cases
with (p=0.04) between normal and
severe and (p=0.01) between

moderate and severe.
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3.4. Methionine synthase reductase (M TRr) in CSF

MTRr codes for the enzyme methionine synthase reductase which is involved in the rate
limiting step in both folate metabolism and the methylation cycle. MTR is involved in

the methylation of cobalamin, vitamin B12. Methyl cobalamin is responsible for the

methylation of homocysteine to methionine (Lucock, 2000; Nzila et al., 2005).

(AD)

Figure 3.4.
a. Western blots for MTRr,

normal (0-II), moderate (llI-IV)
and severe AD (V-VI). The first
lane in each blot s
Marker/Kaleidoscope (K)
following by 10 samples of
normal (0-II), moderate (llI-IV)
and severe (V-VI). The
molecular weight of MTRr is
80.4kD. AD CSF is clearly
reduced in MTRr content
compared to the other two.

b. Western blots were analysed
by densitometry. Data show
means and SEM. Although a
decline is seen in moderate and
severe cases, this is only
significant between normal and
severe (p=0.05).
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3.5. Methylenetetrahydrofolate dehydrogenase 1 (MTHFD1) in CSF

MTHEFDI1 is a key enzyme in the synthesis of, and balance between 5 different folate

metabolites and thus the pathways they feed into, including methylation and trans-

sulphuration pathways (Field et al., 2013). Its functions are thus critical to the balance of

folate metabolism and changes in this enzyme are likely to cause potentially more severe

outcomes.

(AD)

Figure 3.5.
a. Western blots for MTHFD1,

normal (0-1l), moderate (III-IV)
and severe AD (V-VI). The first
lane in  each blot s
Marker/Kaleidoscope (K)
following by 10 samples of
normal (0-1l), moderate (lII-IV)
and severe (V-VI). The
molecular weight of MTHFD1 is
101kD.

b. Western blots were analysed
by densitometry. Data show
means and SEM. Although a
decline is seen in moderate and
severe cases, this is only
significant between normal and
severe (p=0.05).
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3.6. Tau in CSF

Results |

Tau is one of the neuropathological markers used to diagnose AD in post-mortem brain

tissue, as it forms neurofibrillary tangles, a hallmark feature of this condition. Its presence

in CSF provides a potential biomarker for dementia (Mielke et al., 2021).

(AD)

Figure 3.6.
a. Western blots for tau, normal

(0-11), moderate (lll-IV) and
severe AD (V-VI). The first lane
in each blot is
Marker/Kaleidoscope (K)
following by 10 samples of
normal (0-1I), moderate (llI-1V)
and severe (V-VI). The
molecular weight of Tau is
55kD.

b. Western blots were analysed
by densitometry. Data show
means and SEM. No significant
difference was found in the
concentration of Tau between
normal and moderate but there
is significant increase of Tau in
moderate’s CSF compared to
AD CSF (p=0.02).
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3.7. Proton-coupled folate transporter (PCFT) in CSF

PCFT is the most important transporter for folate from the gut to the blood and also
throughout the body for folate transport into tissues via endothelial transport, and brain
via endothelial or choroid plexus transport. Abnormalities in this transporter result in
severe folate deficiencies including cerebral folate deficiency, the latter even in the

presence of high serum folate levels (Torres et al., 2015).

a.
Figure 3.7.
a. Western blots for PCFT,
normal (0-11), moderate (llI-1V)
and severe AD (V-VI). The first
lane in each  Dblot s
Marker/Kaleidoscope (K)
b. following by 10 samples of

normal (0-11), moderate (IlI-1V)
and severe (V-VI). The
molecular weight of PCFT is
49.8kD.

b. Western blots were
analysed by densitometry.
Data show means and SEM.
Although a decline is seen in
moderate and severe cases,
this is only significant
between normal and severe

(p=0.04).
(AD)
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3.8. Dihydrofolate reductase (DHFR) in CSF

Results |

DHFR is a mysterious enzyme as it is useful only in the conversion of synthetic folic acid

to THF. However, it is present in the neuropil of the brain (Allen Protein Atlas:

https://www.proteinatlas.org/ENSG00000228716-DHFR/tissue/cerebral+cortex#img)

indicating an important function. A potential pathway exists from 5,10 methylene THF

to dihydrofolate which would then give functional significance to DHFR. Its presence in

neuropil would imply a supply of 5,10 methylene THF, most likely from the CSF as that

contains MTHFD1 which is involved in the interactive synthesis of 5,10 metheleneTHF
and 5,10 methenyl THF (Lucock, 2000; Nzila et al., 2005). DHFR has also been shown

to be associated with thymidylate synthase and in the synthesis of pyrimidines so may be

involved in DNA synthesis, repair and gene modifications (Yuvaniyama et al., 2003).

0-II

I-1v

V-VI

(AD)

Figure 3.8.

a. Dot blots for DHFR, normal (O-
I1), moderate (lll-1V) and severe
AD (V-VI). Total three blots with
10 samples of normal (0-11), 10
samples of moderate (lll-IV) and
10 samples of severe (V-VI). The
molecular weight of DHFR is
25kD.

b. Dot blots were analysed by
densitometry. Data show means
and SEM. Significant difference
was found in the concentration
of DHFR between normal and
severe (p=0.05) while most
significant change between
normal and moderate groups
(p=0.01).
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3.9. Folates (vitamin B9) in CSF

Folate is vitamin B9 and has many forms through the folate metabolic cycle. Food folate
and the major circulating form of folate is SmTHF. Within the cytoplasm and
mitochondria of most cells, folate is transformed through addition or removal of 1-carbon
moieties (Lucock, 2000; Nzila et al., 2005). Folic acid is a synthetic form and has no 1-
carbon moiety to donate. Cerebral folate deficiency is a serious metabolic disorder and is
responsible for a range of related neurological conditions. AD has been associated with
cerebral folate deficiency although this is likely to be due to dietary deficiency rather than

a specific cerebral problem.

Figure 3.9.
a. Dot blots for folates, normal (0-

I1), moderate (lll-1V) and severe AD
(V-VI). Total three blots with 10
samples of normal (0-11), 10
samples of moderate (lll-IV) and 10
samples of severe (V-VI). The
b. molecular weight of folates is
400D.

b. Dot blots were analysed by
densitometry. Data show means
and SEM. No significant difference
was found in the concentration of
folates between any of the three
condition groups but there is non-
significant increase in moderate’s
CSF while the concentration of
folates looks similar in normal and

no) | AD
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3.10. Homocysteine in CSF

Results |

The methyl group in the 5-methyl-THF is transferred to MTRr from where it is transferred

to vitamin B12 making it methylated B12. This methylated B12 is used by MTR to

methylate homocysteine into methionine (Miller, 2003). Homocysteine is thus a key

molecule involved in this rate step in both folate metabolism and the methylation cycle.

Raised homocysteine is a toxic, specifically neurotoxic phenomenon that indicates a

failure in the methylation process, usually resulting from a folate deficiency. (Miller,

2003).

CSF Homocysteine
40000
35000
30000
25000
20000

15000

Optical density

10000

5000

o-11 1-v
Normal Moderate
Neuropathalogy Grading

V-VI
Alzheimer's (AD)

Figure 3.10.

a. Dot blots for homocysteine,
normal (0-11), moderate (Ill-IV) and
severe AD (V-VI). Total three blots
with 10 samples of normal (0-1l), 10
samples of moderate (llI-IV) and 10
samples of severe (V-VI). The
molecular weight of homocysteine
is 135D.

b. Dot blots were analysed by
densitometry. Data show means
and SEM. No significant difference
was found in the concentration of
homocysteine between any of the
three condition groups but there is
non-significant increase in AD CSF
following by moderate and normal.

48 |Page




Chapter 3 Results |

3.11. Glutathione in CSF

There is an inverse relationship between homocysteine levels and glutathione. This is
driven by high homocysteine, a reduction in oxidative capacity through folate deficiency
and a physiological upregulation of glutathione to compensate for lost oxidative potential.
Thus, glutathione is intimately linked to folate metabolism and as a major molecule
involved in detoxification pathways it is sensitive to changes in both folate and

homocysteine (Chanson et al., 2007; Child et al., 2004).

Figure 3.11.

a. Dot blots for glutathione,
normal (0-11), moderate (llI-1V)
and severe AD (V-VI). Total
three blots with 10 samples of
normal (0-ll), 10 samples of
moderate (llI-lV) and 10
samples of severe (V-VI). The
molecular weight of
glutathione is 300D.

CSF Glutathione b. Dot blots were analysed by
20000 densitometry. Data show
18000 means and SEM. A non-
16000 . . .
14000 significant decline of
12000 glutathione in CSF is seen in
10000 moderate and severe cases as

8000 compared to normal.

Optical density

6000
4000
2000

0-l n-iv V-vi
Normal Moderate Alzheimer's (AD)

Neuropathalogy Grading

49 |Page



Chapter 3 Results |

3.12. Cobalamin (vitamin B12) in CSF

The methyl group in the 5-methyl-THF is transferred to MTRr from where it is transferred
to B12 making it methylated B12. This methylated B12 is used by MTR to methylate
homocysteine into methionine (Miller, 2003). Given its vital role in the rate limiting step
in both folate metabolism and methylation, it is not surprising that deficient vitamin B12
status is associated with increased risk of cognitive impairment, depression, and AD

(Troen, 2012).

a.

Figure 3.12.

a. Dot blots for B12, normal (0-
I1), moderate (Ill-IV) and severe
AD (V-VI). Total three blots with
10 samples of normal (0-ll), 10
samples of moderate (IlI-1IV) and
10 samples of severe (V-VI). The
molecular weight of B12 is
1.35kD.

b. Dot blots were analysed by
densitometry. Data show means
and SEM. Significant difference
was found in the concentration
of B12 between normal and
moderate (p=0.02). Most
significant change was in
between moderate and severe
groups (p=0.004).

(AD)
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3.13. Pyridoxine (vitamin B6) in CSF

B6 is an important vitamin in folate metabolism in which it transfers a carbon unit from
serine or glycine to tetrahydrofolate (THF) to form methylene-THF. This is used in
pyrimidine synthesis or can produce formyl-THF which is used in purine synthesis. it can
also be reduced to methyl-THF which, as already mentioned, is critical in the rate limiting
step of folate metabolism and methylation through methylation of homocysteine to
methionine, a reaction which is catalysed by a B12 (Selhub, 2002). B6 deficiency on its
own is not noted for adverse effects but in combination with folate and B12 and/or raised
methionine, it is implicated in a variety of abnormalities including cognitive impairment,
neurodegeneration and dementia (An et al., 2019; Nuru et al., 2018; Wu et al., 2020;
Zhang et al., 2020b).

a.

Figure 3.13.

a. Dot blots for B6, normal
(0-11), moderate (IlI-IV) and
severe (Alzheimer’s) (V-VI).
Total three blots with 10
samples of normal (0-11), 10
samples of moderate (llI-1V)
and 10 samples of severe (V-
VI1). The molecular weight of
B6 is 169D.

b. Dot blots were analysed
by densitometry. Data show
means and SEM. Although a
decline is seen in moderate
and severe cases, this is only
significant between normal
and severe (p=0.05).

(AD)
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3.14. Amyloid beta in CSF

Results |

AP is the most studied protein in AD and dementia research due to its association with

amyloid plaques and presumed link to neuropathology. Number of forms of this protein

exists with the one associated with dementia being amyloid 1-42. Amyloid is a normal

component of cell membranes and in a monomeric form is neuroprotective while in

polymer form becomes neurotoxic (Giuffrida et al., 2009). Recent research indicates that

amyloid plaques may also be neuroprotective in the face of a loss of drainage of CSF

and/or removal mechanisms for the toxic, soluble polymers (Kokjohn and Roher, 2009).

-1V

V-VI

(AD)

Figure 3.14.

a. Dot blots for AP, normal (0-11),
moderate (IlI-IV) and severe AD (V-
VI). Total three blots with 10 samples
of normal (0-Il), 10 samples of
moderate (llI-IV) and 10 samples of
severe (V-VI). The molecular weight
of AP is 4.5kD.

b. Dot blots were analysed by
densitometry. Data show means and
SEM. A very significant decline is
seen in normal to moderate
(p=0.0005) and a significant decline
in severe to moderate cases with
(p=0.03). No significant difference
between normal to severe although
there is a non-significant increase in
severe.
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3.15. Molecules not detected in CSF

3.15.1. Methylenetetrahydrofolate reductase (MTHFR)

MTHEFR is effectively zero in CSF of any of the groups analysed. No significant signal
for MTHFR was found in the blots so we assume that MTHFR is not present in CSF.
MTHEFR is a key enzyme in the re-synthesis of SmTHF from 5,10 methylene THF.
According to known pathways this is the only route for folate metabolism to return to

SmTHF (Lucock, 2000; Nzila et al., 2005).
3.15.2. Reduced folate carrier (RFC)

There are 3 major pathways reported for folate transport in the brain i.e., reduced folate
carrier (RFC), proton-coupled folate transporter (PCFT), and FOLR1. Primarily, cerebral
folate delivery takes place at the choroid plexus through FOLRI and PCFT but
inactivation of only FOLRI1 can result in severe neurodegenerative disorders due to very
low folate levels in the CSF. This suggests FOLR1"is the main pathway for delivery of
folate to the brain. In knockout mice lacking FOLR1, treatment with vitamin D nuclear
receptor (VDR) activating ligand, calcitriol, results in over a 6-fold increase in 5-
formyltetrahydrofolate concentration in the brain tissue with levels comparable to wild-
type animals. Thus, in the complete, developmental absence of FOLR1, the folate supply
system upregulates:RFC expression at the Blood Brain Barrier (BBB), providing an
alternative route for brain uptake of folate. In the presence of functional FOLRI1 that is
blocked, for example by autoantibodies, then RFC apparently has no role in
compensation and neurodegenerative disorders occur (Alam et al., 2019). Interestingly
neither PCFT nor RFC seem able to compensate for lack of FOLR1 transport of folate
where FOLRI is blocked, and we also do not find them upregulated in the dementia or
AD CSF or brain compared to normal. In fact, PCFT is significantly decreased in affected

CSF compared to normal.
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3.16. Summary

3.16.1. Folate enzymes in CSF

Figure 3.15 shows that MTR and DHFR are the most abundant enzymes in normal CSF
while they are significantly reduced in AD. MTR is the rate limiting enzyme for folate
metabolism converting SmTHF to THF and involving B12 and the methylation of
homocysteine to methionine. Thus, it is not only vital to folate metabolism, but also
involved in supplying methionine to the methylation cycle where it produces s-adenosyl
methionine (SAM) from s-adenosyl homocysteine (SAH). SAM is the universal methyl
donor for methylation reactions while SAH feeds into choline metabolism and synthesis
of acetyl CoA and acetylcholine (Lucock, 2000; Nzila et al., 2005).

DHEFR is useful in the conversion of synthetic folic acid to THF but, more importantly,
is involved in recycling of 5,10, methylene THF to dihydrofolate and tetrahydrofolate. It
is present in some of the neuropil of the brain (Allen Protein Atlas:
https://www.proteinatlas.org/ENSG00000228716-DHER/tissue/cerebral+cortex#img)
indicating an important role there. Its presence in neuropil would imply a supply of 5,10
methylene THF, most likely from the CSF as that contains MTHFD1 which is involved
in the interactive synthesis of 5,10 methelene THF and 5,10 methenyl THF (Lucock,
2000; Nzila et al., 2005). DHFR has also been shown to be associated with thymidylate
synthase and in the synthesis of pyrimidines so may be involved in DNA synthesis, repair
and gene modifications (Yuvaniyama et al., 2003).

FDH, MTRr and MTHFD1 are significantly reduced in AD while MTHFR is not detected
in CSF. MTRr works with MTR in the rate limiting step of folate metabolism and is also
reduced in CSF. FDH is an important molecule in CSF as it shows to mediate cellular
uptake into the normal brain and its reduction or absence from CSF is associated
developmental deficits and cell cycle arrest in neonatal hydrocephalus (Cains et al., 2009;
Owen-Lynch et al., 2003). It has important roles in associated formate metabolism in the

conversion of THF to 10formyl THF.
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Figure 3.15. Western blots analysis for FDH, MTR, MTRr, MTHFD1, MTHFR and dot blots
for DHFR and folates for normal (0-11), moderate (llI-IV) and severe Alzheimer’s (V-VI).
Alzheimer’s CSF is significantly reduced in all folate enzymes as compared to normal.

3.16.2. Folate transporters in CSF

There are 3 major transporters for folates from blood into brain. PCFT is poorly expressed
in the brain, RFC is expressed in choroid plexus and endothelium, and FOLR1 is mainly
expressed in the choroid plexus. Only FOLR1 is expected in CSF as it transports folate
from blood across the choroid plexus into CSF (Figure 3.16). RFC and PCFT are involved

in transport across the BBB although RFC is also expressed in choroid plexus.

Compared to levels in the normal ageing CSF, FOLR1 is reduced in moderately affected,
and not significantly different in severely affected brain CSF. This is reflected in raised
folate in moderate brains compared to both normal and severe levels of folate. However,
this is not matched by the decreasing levels of FDH in both moderate and severe brains
compared to normal. Raised levels of FOLRI1 in severe cases may, therefore, be due to
low level of FDH that are not able to transfer folate from FOLRI to the brain. The
relationship of FOLRI to folate levels suggests we are measuring unbound folate and that

the folate bound to FOLR1 and/or FDH is not measured using our simple method.
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As expected, PCFT and RFC are at negligible levels in CSF since they are thought to
remain in their membrane locations and simply transfer folate across the membrane. By
contrast FOLR1 is at high levels in CSF as it carried folate across the choroid plexus into

the CSF. These results shows that FOLR1 is the major transporter of folates in CSF.

Figure 3.16. Western blots analysis for FDH, FOLR1, RFC, PCFT and dot blots for folates for
normal (0-11), moderate (IlI-IV) and severe Alzheimer’s (V-VI). AD CSF has negligible PCFT while
FDH is significantly reduced as compared to normal. Compared to levels in the normal ageing
CSF, FOLR1 is reduced in moderately affected, and not significantly different in severely
affected brain CSF. This is reflected in raised folate in moderate brains compared to both
normal and severe levels of folate. RFC is not present in CSF.

3.16.3. Neurodegeneration and folate metabolites

Tau is a microtubule-associated protein, with a strong influence on both the morphology
and physiology of neurons. In AD, Tau protein undergoes post-translational
modifications, which could play a relevant role in the onset and progression of this
disease (Jara et al., 2020). Amyloid is a normal component of cell membranes and in a
monomeric form is neuroprotective while in polymer form becomes neurotoxic
(Giuffrida et al., 2009). Recent research indicates that amyloid plaques may actually be
neuroprotective in the face of a loss of drainage of CSF and/or removal mechanisms for

the toxic, soluble polymers (Kokjohn and Roher, 2009).
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Figure 3.17. Western blots analysis for Tau and dot blots for homocysteine, glutathione,
amyloid beta and folates for normal (0-1l), moderate (llI-1V) and severe Alzheimer’s (V-VI).
Both tau and amyloid show increase in moderate CSF with decrease in severe cases which
is likely to be related to the change from soluble to insoluble forms, the latter remaining
the brain. Homocysteine and glutathione show an inverse relationship in the CSF reflecting
a failure in methylation of homocysteine to methionine and the onward production of
SAM and SAH required to generate glutathione. CSF folate levels show no significant
change between the different conditions.

The plaques seem:to act to hold an otherwise toxic molecule in a toxic, insoluble form.
AP is upstream of tau in AD pathogenesis and triggers the conversion of tau from a
normal to a pathological state, but there is also evidence that toxic tau enhances Af
toxicity via a feedback loop (Bloom, 2014). Results in this study show that in moderate
and AD CSF, Tau is reduced as compared to AP. In addition, there is an inverse
relationship between homocysteine levels and glutathione which is clearly evident in our
results. B12 is similar in normal and AD CSF though reduced in the moderates. B12 acts
in the conversion of homocysteine into methionine together with MTR and MTRr (Figure
3.17). As MTR is reduced in AD so B12 is ineffective to methylate homocysteine into
methionine. Reduced levels of B6 halt the conversion of homocysteine into glutathione

which is supported by our results. Homocysteine is a toxic, specifically neurotoxic
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molecule that when raised also indicates a failure in the methylation process utilising 5-

methyl THF (Miller, 2003).

3.17. Comparison of patient clinical data vs post-mortem
neuropathology grading

The case details of the brain tissues used in this study are shown in Table 2.1. in the
methods chapter. Each brain is scored by two neuropathologists to give a Braak score and
cases assigned to Braak O-II (normal ageing), Braak III-IV (moderate dementia/mild
cognitive impairment) and Braak V-VI (severe AD). On examining the additional details
provided by the Brain Bank, we found that clinical diagnosis during the lifetime of the
individuals conflicted with neuropathology grading. These are highlighted in the table
with a dark green colour. For example (Table 2.1), for case number 1 the clinical and
neuropathology findings conflict as the patient was clearly suffering with mild dementia
but has been assigned to normal ageing. The biggest change can be observed in the
moderate group where 6 individuals can be re-assigned based on conflicting clinical and
neuropathology observations. Similarly, four in.the AD group can be re-assigned
including one that can be re-assigned to normal ageing. This highlights the difficulties of
a conclusive diagnosis in these cases and also the inherent possibility of error in diagnosis
using only a strict, post-mortem, neuropathology grading. In order to consider the effects
of the re-assignments on the statistical outcomes, the data were analysed in two ways, a.
by neuropathology grading (used throughout this chapter) and b. clinical grading, i.e.,
based on re-assignment of cases to clinical grading. These are shown in figures 3.18a and
3.18b. Figure 3.18a summarises all the Western blot and dot blot data as percentage
changes relative to levels in normal CSF based on the original neuropathological
gradings. Generally, there is a decreased concentration of folate enzymes in the affected
CSF compared to normal. The folate transporter FOLR1 is reduced in moderate but
increased in AD CSF, tau is increased in moderate but reduced in AD while amyloid is
increased in both moderate and AD CSF although reduced in AD compared to moderate.
Homocysteine is increased in both, but more so in AD indicating a potential folate block.
There is no folate deficiency in the affected CSF as it is raised in moderate and not
changed in AD compared to normal. Of all the folate enzymes only one is missing from
CSF and that is the key enzyme MTHFR, responsible for recycling of folate back to
SmethylTHF (see discussion). Figure 3.18b shows the same data but grouped according
to the clinical notes that re-assign individuals to different severity groups. There are
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significant changes when the data is grouped in this way compared to the
neuropathological grading alone. FOLR1, Tau, folates, homocysteine, B12, B6 and A
are significantly changed between the two grading systems. Decreased error bars in most
cases on the clinical scoring suggests that this is more accurate reflection of the cases.
However, the literature does not use clinical grading but exclusively relies on
neuropathology, Braak grading. The analysis shown in these figures suggests that clinical
grading may be more accurate, and a recommendation would be to at least present data

in both ways in future publications.
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Figure 3.18a.

Figure 3.18b.
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Figure 3.18. Analysis of Western and dot blot data plotted as percentage of normal values using
neuropathology grading (a) or clinical grading (b).

60| Page




Chapter 3 Results |

3.18. Epidemiological details

3.18.1. Gender vs disease status

Male to female proportion showed that 51.42% were normal males whereas 48.57% were
normal females. Similarly, male AD and female AD cases were 51.42% and 48.57%,
respectively.

Figure 3.19 (a) Representation of subjects with respect to gender and
disease status
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3.18.2. Age at death with respect to gender and disease status

Age-wise distribution of subjects revealed that males age at death is less than the
females age at death, both in normal and diseased condition.

Figure 3.19 (b). Age at death with respect to gender and disease status

62 |Page



Chapter 3 Results |

3.19. Discussion

In many publications, folic acid has been used as the “natural” entry point into the folate
metabolic pathway. This is incorrect as folic acid is an artificial man-made substance and
is missing the one carbon moiety which would make it useful. Taking folic acid would
have two immediate consequences, firstly, it would effectively dilute one carbon
availability since it needs to acquire a one-carbon moiety to become useful (Lucock,
2000). Secondly it would unbalance folate metabolism by increasing the concentration of
dihydrofolate (Bailey and Ayling, 2009). Folic acid also has a reported property of
competitive/irreversible binding to FOLR1 specifically in the choroid plexus, decreasing
or completely blocking transfer of folates from the blood to CSF and brain (Zhao et al.,
2011).

Food folate is 5-mTHF which is shown as an important.entry peint into the folate cycle
as it is involved in the rate limiting step of conversion to THF. This step requires
homocysteine which is converted to methionine through the action of MTR and MTRr
requiring B12 and the methyl group from the folate. THF is then available for all other
aspects of metabolism including DNA ‘synthesis, methylation and formate metabolism.
SmTHEF is also directly involved in the BH2-BH4 cycle along with D3and B2. BH4 is
directly involved in biogenic. amine-synthesis and also nitric oxide synthesis. The
production of methionine is critical to methylation through the generation of SAM, a vital
function in gene expression. Transfer of methyl groups from SAM produces SAH which
in turn can be re=smethylated to SAM or converted to homocysteine, cysteine and then
glutathione. Glutathione is the major mechanism for removal of toxins from the brain and
body. These few points highlight some of the critical roles of folates in brain homeostasis,

metabolism, and function.
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Figure 3.20. This diagram shows the folate metabolic cycle with the entry of natural
folate, 5-methylTHF, into the rate limiting step methylating homocysteine to
methionine and onward into both halves of the cycle feeding into methylation,
neurotransmitter and nitric oxide synthesis as well as nucleotide synthesis. Folic acid
enters through dihydrofolate and effectively dilutes the 1-carbon pool.

The results of this study show a global down regulation of folate metabolism through the
reduced concentrations of folate metabolising enzymes in the CSF from affected brains,
both moderate and AD, compared to normal ageing. This is further indicated by raised
homocysteine suggesting that the block is in the rate limiting step where homocysteine is
methylated to methionine. In other neurological conditions that show raised
homocysteine, treatment with high dose folate reduces homocysteine suggesting a folate
deficiency existed. In dementia and AD there is no significant difference in folate
concentration in CSF compared to normal ageing indicating that this is not a folate

deficiency. More likely, the reduction in FDH may be critical in a failure to deliver folate
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to the brain as we have previously found in hydrocephalus (Cains et al., 2009). The
slightly raised FOLR1 could also be taken to confirm this as we also found this raised in
hydrocephalus. Thus, based on previous findings in neonatal hydrocephalus and the
results of the analysis of CSF alone in these ageing brains, with reduced FDH there would
be reduced transfer of folate from FOLRI that then remains in CSF at a slightly higher
concentration with little change in total folate.

In the next chapter studies of folate status are presented that shed a different light on adult

folate transfer to the brain, which shows big differences to the neonatal system.
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Chapter 4

Results 1

Western and dot blot analysis of
folate status in brain tissue lysate
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Chapter 4

Western and dot blot analysis of folate status in brain tissue
lysate

4.1. Western and dot blot analysis of folate status in brain lysate

Folate status is significantly changed in the CSF of affected individuals. To test if this is
reflected in tissue folate status, we carried out a similar analysis of fresh frozen brain
tissue from the same individuals. Tissue was dissected to sample the different zones of
the cortex and then homogenised. Total protein was calculated relative to a BCA protein
assay kit (Thermo Fisher Rapid Gold BCA Kit). Final ¢protein concentrations were
standardised across the samples to allow equal volumes.of lysates to be run in Western
and dot blots. 3mg of lysate was used in Western blots<and 0.5mg in dot blots. High
protein concentration was used to optimise detection of the low abundant proteins and
metabolites. For details of the function and importance of each target molecule please see

the previous chapter.
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4.2. ALDH1L1 (FDH) in brain lysates of cortex and ventricular zone

Brain Lysate FDH in Cortex (C) and Ventricular zone (V)

N-C N-C N-C N-V N-V N-V
100kD - - --‘ , O-1l
W w
M-C M-C M-C M-C M-V M-V M-V M-V
- .
AD-C AD-C AD-C AD-V AD-V AD-V

“ - ; ” :

Vv

Brain Lysate FDH in Cortex and Ventricular zone

Figure 4.1.
a. Western blots for FDH in

brain lysate, normal (0-ll),
moderate (llI-1V) and severe
AD (V-VI). The first lane has 3
samples of normal cortex (N-
C) with normal ventricle (N-
V) second lane has 4 samples
of moderate cortex (M-C)
with moderate ventricle (M-
V), and third lane has 3
samples of  Alzheimer’s
cortex (AD-C) with
Alzheimer’s ventricle (AD-V).
The molecular weight of FDH
is 100kD.

b. Western blots were
analysed by densitometry.
Data show means and SEM. A
non-significant decline is
seen in cortex but not in the
ventricular zone.
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4.3. Folate receptor alpha (FOLR1) in brain lysate of cortex and

ventricular zone

a. Brain lysate FOLR1 in cortex (c) and ventricle (v)
Brain Lysate FOLR1 in Cortex and Ventricle
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Figure 4.2.

a. Western blots for FOLR1,
normal (0-11), moderate (l1I-1V)
and severe AD (V-VI). The first
lane has 3 samples of normal
cortex (N-C) with normal
ventricle (N-V), second lane
has 4 samples of moderate
cortex (M-C) with moderate
ventricle (M-V), and third lane
has 3 samples of Alzheimer’s
cortex (AD-C) with
Alzheimer’s ventricle (AD-V).
The predicted molecular
weight of FOLR1 is 29.82kD
but the observed was 38kD.
FOLR1 is reduced in ventricles
in both normal and AD but
increased in moderates tend
to protect the brain.

b. Western blots were
analysed by densitometry.
Data show means and SEM.
No significant difference was
found in the concentration of
FOLR1 between any of the
three condition groups but

there is  non-significant
increase in moderate
ventricles.
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4.4. Folates in brain lysate of cortex and ventricular zone

Dot blots of brain Lysates for Folate in the Cortex and Ventricle(O-11){111-1V)(V-VI)
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Figure 4.3.

a. Dot blot for folates, normal (0-
I1), moderate (llI-IV) and severe
AD (V-VI). The first lane has 3
samples of normal cortex (N-C)
with normal ventricle (N-V),
second lane has 4 samples of
moderate cortex (M-C) with
moderate ventricle (M-V), and
third lane has 3 samples of
Alzheimer’s cortex (AD-C) with
Alzheime’'s ventricle (AD-V). The
molecular weight of folates is
from 400 to 497Da depending on
folate species folate is slightly
increased in ventricles in all.

b. Dot blots were analysed by
densitometry. Data show means
and SEM. No significant
difference was found in the
concentration of folates between
any of the three condition
groups.
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4.5. Summary
4.5.1. Folate transporters in brain tissue lysate

Figure 4.4. Summary of results plotted as absolute optical densities for comparison of
concentrations. Mean levels are compared between cortical plate (C) and ventricular
zones (V) of normal, moderate, and severe brain tissue. FDH is the major folate-related
protein in the tissue of the brain and appears more abundant in the ventricular zone though
this is not significantly different to cortical levels. There is decreased FDH in moderate
and severe brains, showing a similar reduction in the cortical plate but a greater reduction
in the ventricular zone of sever cases. FOLR1, by contrast appears in lower concentration
in the tissues of the brain with a decrease in moderate brains. Folates are generally raised
in the tissues of affected brains compared to normal. These are also plotted as percentage

changes in the next figure. (Figure 4.5).

Figure 4.4. Tissue lysate analysis for folate status showing FDH, FOLR1 and folates measured
by Western blots (FDH, FOLR1) and dot blots (folate). This graph shows the measurements of
absolute optical density (arbitrary units) for comparison of tissue concentrations of these
molecules.
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Figure 4.5. Data from Figure 4.4 replotted as percentage change using levels in normal brain tissue
as 100%. This shows the similar decrease in tissue FDH compared to normal with a rise in FOLR1
and folate. The folate rise is particularly evident in the moderate cases with a smaller rise in the
cortex of severe brains and no change in the ventricular zone of severe cases.

The data in Figure 4.5. shows % changes in FDH, FOLRI and folate. These show a
decrease in FDH in both moderate and severe brains compared to normal. FOLR1 is
decreased in moderates but increased in severe brain cerebral cortex while it is increased
in both ventricular zones. Folate is increased in both moderate and severe cerebral cortex
and in moderate ventricular zone but is not changed in the ventricular zone of severe

brains.

FDH is reduced in the CSF of affected brain so is no longer available to bind folate and
transport it into the brain. This may also reflect a downregulation of FDH production
since it is not present at normal levels in the CSF of affected individuals. FOLRI1 also
shows a decrease in the cortex of moderates but is increased in severe cortex as well as
in both ventricular zones. This can be interpreted together with the IHC results in Chapter
5 that show FOLRI1 following a different route of entry into the brain that may increase

folate levels as a result.
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4.6. Supplementary figures showing full Western blots
4.6.1. Western blots of CSF

Here are shown the full blots from which the specific band pictures were taken for the

results chapters (3 and 4).

4.6.1.1.  Full blots for FDH (data used in Figure 3.1)

K
100kD

100kD

100kD
et

Figure 4.6 Full blots for FDH, normal,
moderate (mod) and severe (AD). K is
Kaleidoscope molecular weight marker.
Arrow is at 100kD for FDH.
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4.6.1.2.  Full blots for FRalpha/FOLRI1 (data used in Figure 3.2)

38kD

38kD
—

38kD

Figure 4.7. Full blots for FOLR1,
normal, moderate (mod) and
severe (AD). K is Kaleidoscope
molecular weight marker. Arrow is
at 38kD for FOLR1 (FRa).

74 |Page



Chapter 4

4.6.1.3. Full blots of MTR (data used in Figure 3.3)

140kD
==
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e

Figure 4.8. Full blots for MTR, normal,
moderate (mod) and severe (AD). K is
Kaleidoscope  molecular  weight
marker. Arrow is at 140kD for MTR.
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4.6.1.4. Full blots for MTRr (data used in Figure 3.4)
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Figure 4.9. Full blots for MTRr, normal,
moderate (mod) and severe (AD). K is
Kaleidoscope molecular weight marker. Arrow
is at 80.4kD for MTRr. 76 |Page
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4.6.1.5. Full blots for MTHFD1 (data used in Figure 3.5)

K

101kD

101kD

101kD

Figure 4.10. Full blots for MTHFD1,
normal, moderate (mod) and
severe (AD). K is Kaleidoscope
molecular weight marker. Arrow is
at 101kD for MTHFD1.
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4.6.1.6. Full blots for Tau (data used in Figure 3.6)
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—>
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Figure 4.11. Full blots for Tau,
normal, moderate (mod) and severe
(AD). K is Kaleidoscope molecular
weight marker. Arrow is at 55kD for

Tau.

Results 1l

78 |Page



Chapter 4

4.6.1.7. Full blots for PCFT (data used in Figure 3.7)
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Figure 4.12. Full blots for PCFT,
normal, moderate (mod) and severe
(AD). K is Kaleidoscope molecular
weight marker. Arrow is at 49.8kD for
PCFT.
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4.6.1.8. MTHFR Western blots (data used in 3.15.1)

MTHFR

MTHFR

Figure 4.13. Full blots for MTHFR, normal,
moderate (mod) and severe (AD). K is
Kaleidoscope molecular weight marker.
Arrow is at 75kD for MTHFR. MTHFR is not
detectable in CSF.
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4.6.1.9. RFC Western blots (data used in 3.15.2)

57 to 65kD
—

57 to 65kD

—

57 to 65k_D|

Figure 4.14. Full blots for RFC, normal, moderate,
(Mod) and severe (AD). K is Kaleidoscope
molecular weight marker. Arrow is midway
between 57 to 65kD for RFC. RFC is not detectable
in CSF.
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4.6.2. Waestern blots for tissue lysates

4.6.2.1  Full blots for FDH (data used in Figure 4.1)

100kD

100kD

100kD

Figure 4.15. Western blots for FDH in
brain lysate. Normal cortex (N-C) with
normal ventricle (N-V) moderate cortex
(M-C) with moderate ventricle (M-V), and
AD cortex (AD-C) with AD ventricle (AD-
V). K is Kaleidoscope molecular weight
marker. Arrow is at 100kD for FDH
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4.6.2.2. Full blots for FOLR1/FR alpha (data used in Figure 4.2)

38kD

38kD

38kD

Figure 4.16. Western blots for FOLR1 in brain
lysate. Normal cortex (N-C) with normal
ventricle (N-V) moderate cortex (M-C) with
moderate ventricle (M-V), and AD cortex (AD-C)
with AD ventricle (AD-V). K is Kaleidoscope
molecular weight marker. Arrow is at 38kD for
FOLR1 (FRa).
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4.6.2.3. Full dot blots for folates (data used in Figure 4.3)

a

Figure 4.17. Dot blots for folates in brain lysate. a.
Cortex and b. Ventricular zone. Normal (N),
moderate (mod) and severe (AD). Molecular weight
of folates is 400D.
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Chapter 5

Folate in the cerebral cortex of normal ageing and AD

5.1. Introduction

The studies reviewed in the introduction support the suggestion of a common cerebral
folate metabolic change in dementia and AD. Following a recent report detailing changes
in the methylation and polyamine/biogenic amine pathways that are intimately linked to
folate metabolism (Mahajan et al., 2020) as well as the critical review of Liu et al (P. P.
Liu et al., 2019), this study investigated the cerebral folate system in the post-mortem
tissue of normal ageing brains and brains with AD to compare with the CSF analysis

already presented in chapter 3.

5.2. Barriers within the central nervous system

Folate is derived from dietary sources and thus must be transported through the blood to
all tissues in the body. Substances, including folate, are transported into the brain across
the BBB, comprised of the capillary endothelial cells and their tight junctions, and the
BCSFB, comprised of the secretary epithelial tissue of the choroid plexus that also

generates the CSF and detérmines its. composition.

From the CSF, folate and other substances must cross the CSF-brain barriers that are the
ependymal lining of the ventricles and the pial meningeal layer on the outer surface of
the brain. A number of folate transporters exist in the body. In the brain reduced folate
carrier (RFC) and proton coupled folate transporter (PCFT) are thought to be involved in
transporting folate across the BCSFB, while FOLR1 (FRa) transport folate around the
body in the blood and is the main transporter for folate across the BCSFB. Little evidence
exists for transport of folate across the blood-brain-barrier although some staining for
RFC in both endothelium and some neuronal membranes has been reported (e.g., Allen
Protein Atlas project:

https://www.proteinatlas.org/ENSG00000173638-SLC19A1/tissue/cerebral+cortex#fimg).  In  this
study, we found no staining for RFC or PCFT in the normal ageing or AD brain but found

excellent staining for FRa and other elements of folate metabolism described below.
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5.3. Cerebral cortical expression of folate metabolism

Gliogenesis progresses in postnatal development to give rise to several types and forms
of astroglia appearing throughout the cortex (Melzer et al., 2021). One type of astrocyte
that does not contain glial fibrillary acid protein (GFAP), the most recognised astrocyte
marker, contains FDH, a key enzyme in folate metabolism, including nucleotide
synthesis, methylation and neurotransmitter synthesis. In the normal adult and aged brain
these astrocytes form a network from the top of the cortex, where they connect to the pial
meningeal layer (Figure 5.1. and following figures) right through to the ependymal lining

of the ventricles where they associate with the ependymal connected to ventricular CSF.

Figure 5.1. Representative micrograph of IHC staining of a 30um thick section of normal ageing
cerebral cortex for FDH (ALDH1L1, 10-formyl tetrahydrofolate dehydrogenase) in a section
through normal ageing human cerebral cortex. The entire section is shown at low power to
orientate the different regions seen in higher power. The pial surface is at the right with the
cortex labelled b, and the ventricular ependymal is at the left with the ventricular zone labelled
f and the ventricle labelled a. The different regions labelled b-f are shown in greater detail in
the next figures.

These FDH-positive astrocytes have different morphologies in different cortical regions,
with classical stellate morphology in the cortex (Figure 5.2 showing area b from Figure
5.1), small and thin with short processes in the white matter (Figure 5.3.), large, more
rounded with short processes in the subventricular zone (Figure 5.4.) and with longer
processes in the ventricular zone (Figure 5.4, 5.5.) looking more like the classical stellate

morphology (Figure 5.5).
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Figure 5.2. Representative micrograph of Stellate morphology of FDH positive astrocytes in the
cerebral cortical plate. Letters of each panel refer to the different areas labelled in Figure 5.1. This
is true for all subsequent figures in this section.

Figure 5.3. Representative micrograph shows the details of morphologies of FDH positive
astrocytes in the white matter (c) and fibre tracts (d) of the cerebral cortex.

Although these astrocytes are clearly identifiable using FDH as a marker they can also
share other markers including GFAP (Figures 5.5., 5.6.) and S100 (Figure 5.5.) which
have variable intensities of co-localisation as well as not sharing total cell localisation,
similar to the recent reporting of astrocyte lineages using a number of markers (Melzer
et al.,, 2021). Astrocyte marker differential positivity depends on location across the
cortical and ventricular surface (Figure 5.7.) indicating changes between markers
potentially depending on localised functional requirements. For example, Figure 5.6.
shows a GFAP+FDH positive astrocyte with GFAP+FDH positive end feet over the

surface of a capillary. Next to it are FDH positive astrocytes with FDH positive end feet
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on the surface of a neighbouring capillary. Figure 5.7.k and 1 show adjacent areas of
cortex with predominantly FDH or GFAP positive astrocytes associated with the pial
surface. Figure 5.7.n shows a region of the ventricular zone and ependyma that has
adjacent areas exclusively FDH (green arrow) or exclusively GFAP positive (red arrow)
glial processes. Figure 5.5.g. and 5.6.m. show areas of ependyma and cortex, respectively,
which have very few GAFP or FDH positive astrocytes. Interestingly, in these fields there
shows to be a zone specificity for each type of astrocyte, but this is rare and not consistent

across the tissue sections.

Figure 5.4. Details of morphologies of FDH positive astrocytes in the subventricular zone (e) and
ventricular zone (f) of the cerebral cortex. The ependymal layer shows positive stain for FDH in this
representative micrograph (arrows in f).

FDH S100

Figure 5.5. Representative micrograph shows dual staining for GFAP (g,h) and S100 (i) with FDH to
demonstrate lack of co-localisation of GFAP with FDH but major co-localisation with S100

(red+green=yellow).
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Figure 5.6. Representative micrograph
shows dual staining for GFAP and FDH to
demonstrate lack of co-localisation of GFAP
with FDH. In this micrograph, a GAFP
positive astrocytes are seen with extensive
processes and end feet on a capillary (red
arrow) while FDH positive astrocytes that
are negative for GFAP also have extensive
processes and end feet on capillaries (green
arrow). This makes it possible that folate is
transported across the endothelial blood-
brain-barrier but this is not supported by
other IHC staining so that it shows multi-
functions for these astrocvtes.

Figure 5.7. Representative micrograph
shows dual staining for GFAP and FDH to
show areas of the pial and marginal zones
that are largely FDH positive (k) or GFAP
positive (I). These areas contain both
markers and distinct GFAP or FDH
astrocytes are seen, sometimes in a sparse
pattern as in (m). This is also seen in the
ventricular and ependymal zones (n).
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Figure 5.8. IHC staining of normal ageing cerebral cortex

Figure 5.8. Representative micrograph shows IHC staining of normal ageing cerebral cortex for
FRa, GFAP and FDH to show the folate delivery pathway in normal ageing. a,b and d show the
co-localisation (yellow) of FRa with FDH in the FDH-positive astrocytes. FRa is also seen as
speckled red only staining in what appear to be neuronal cell bodies (arrows in d) as well as
showing an association with some GFAP positive cells near the pial surface (g). FDH and GFAP
are largely separated with some colocalisation in cells within the marginal zone (white arrows
inc).
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IHC co-staining for FDH (green) and FRa (red) in the normal ageing and AD human
brain shows a striking and significant change in distribution of these two folate related
proteins (Figure 5.8). FDH is present in the specific population of astrocytes described in
Figures 5.1 through 5.7. In the normal ageing brain these astrocytes form the main folate
pathway being co-localised with FRa that must have come from the CSF (Alam et al.,
2019) along with folate (Figure 5.8 a,b,d-f). These astrocytes are a separate population of
astrocytes from the GFAP positive population although there is some possible co-
localisation of these markers in specific astrocytes, particularly near the top of the cortex
(Figure 5.8.c) but there is much more co-localization of FRa with GFAP (Figure 5.8.g).
FRa is also localised in neurons and appears as speckles reflecting its transport through
endocytic vesicles (white arrows, Figure 5.8.d) and the FDH positive astrocytes do appear

to have close associations with these.
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Figure 5.9. IHC staining of severe AD cortex

Figure 5.9. Representative micrograph shows IHC staining of sever AD cortex for FRa, GFAP
and FDH to show the folate delivery pathway in AD. h,l,k,| show almost complete separation
of FRa and FDH staining with FRa positive staining in the pial layer and throughout the cortex
completely filling what appear to be neuronal cell bodies. k,| show details of the FDH-
positive, FRa-negative astrocytes associated with the FRa-positive neuronal cell bodies. m
shows that FRa is now co-localised in GFAP-positive astrocytes while j shows that GFAP and
FDH are not co-localised.
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In the AD cortex FRa and FDH are almost completely separated except for a few FDH
astrocytes that have minimal positive staining for FRa (Figure 5.9.). The FDH astrocytes
have more extensive and denser processes than in normal brains (Figure 5.9.j,k,1). FRa
is more strongly colocalised in GFAP astrocytes extending to the pial surface (Figure
5.9.m) while FDH remains separate from GFAP (Figure 5.9.j). In addition, FRa is clearly
concentrated into neuronal cell bodies throughout the cortex (Figure 5.9.ik.0),
particularly evident when you compare the little neuronal FRa stained in Figure 5.8.b
with the complete fill in Figure 5.9.1 and 5.9.1. This is matched by localisation of folate
in the same cells (Figure 5.10.g) but to the nuclei rather than filling the whole cell (figure
5.10.a. and g.).

In the normal brain folate is in FDH positive astrocytes (Figure 5.10.f,g) and not co-
localised with FRa in most of these (Figure 5.10.a-e). By'eontrast;in the AD brain, folate
is not evident in any but a few FDH positive astrocytes even though these seem associated
with the folate positive cells (Figure 5.11.k-m). It shows.a switch in folate supply from
FDH-FRa to the GFAP-FRa pathway (Figure 5.10. and 5.11), which may be a
consequence of reduced FDH in the CSF if FDH is required for FRa entry into the brain
(Cains et al., 2009; Jimenez et al., 2019; Naz et al., 2016). Moreover, in the AD brain,
folate is concentrated in thenuclei (Figure 5.11.) together with FRa compared to the
folate presence throughout-the cell and processes of FDH positive astrocytes in the

normal brain (Figure 5.10).

From IHC staining for 5-methyl cytosine and 5-hydroxymethyl cytosine, the change in
folate pathway in AD brain is linked to an apparent change in metabolism towards
hypermethylation (Figures 5.12. and 5.13.). In the normal cortex there is co-localization
of 5-methyl cytosine and 5-hydroxymethylcytosine, markers of methylation and
demethylation, respectively (Figure 5.12.d,e). In the AD cortex there is very little co-
localization and essentially all cells are labelled with 5-methyl cytosine alone (Figure
5.13.3,k). This is particularly evident in cells near the pial surface (Figure 5.12.e and

5.13.k) but there are again regional differences as can be seen in Figure 5.12.a.
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Figure 5.10. IHC staining in normal ageing cortex

Figure 5.10. Representative micrograph shows IHC staining of normal ageing cerebral cortex for
folate, FRalpha and FDH. In normal ageing folate is present in FDH-positive astrocytes (f,g) along
with FRa in some (a,b-d,e).
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Figure 5.11. IHC staining in AD cortex

Figure 5.11. Representative micrograph shows IHC staining of AD cerebral cortex for folate, FRalpha
and FDH in AD brain. folate is concentrated in nuclei throughout the cortical plate and we assume
these are nuclei of cortical neurones (h,l,j). There is some co-localisation of folate in FDH positive
astrocytes (k,m) but mostly these are separated (k,l). FRa is seen in FDH-negative astrocyte processes
that are associated with folate positive cell nuclei (j) with FDH positive astrocytes wrapped around
these (m). This confirms the switch in FRalpha-folate supply route away from FDH-positive astrocytes
to GFAP as shown in Figures 5.8. and 5.9.
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Figure 5.12. IHC staining of normal ageing cortex

Figure 5.12. Representative micrograph shows IHC staining of normal ageing cerebral cortex
for 5-methyl cytosine (marker of methylation-red) and 5-hydroxy methyl cytosine (marker of
demethylation-green) which show a balance of methylation and demethylation (seen as

yellow staining).
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Figure 5.13. IHC staining of AD cortex

Figure 5.13. Representative micrograph shows IHC staining of AD cortex for 5-methyl cytosine
(marker of methylation-red) and 5-hydroxy methyl cytosine (marker of demethylation-green)
showing almost exclusive methylation. This is associated with the switch in folate supply with
FRa switching from FDH to GFAP positive astrocytes and FRa concentrated in neuronal cells

with folate in the nuclei.
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5.4. Discussion

Folate supply to the brain is essential for normal development and function. Folate is
transported into the brain across the choroid plexus into the CSF by FRa with little, if
any, transport across the endothelial blood-brain barrier (Alam et al., 2019) although
positive staining for reduced folate carrier in cortical endothelium and neurons has been
reported (Human Protein Atlas: https://www.proteinatlas.org/). Interestingly, where FRa
is missing completely due to a genetic defect for example, other transporters, including
RFC and PCFT are upregulated to compensate (Alam et al., 2019), but this does not seem
to happen where FRa is blocked sometime in life (Ramaekers and Blau, 2004; V. T.
Ramaekers et al., 2013; Ramaekers et al., 2005; Ramaekers et al., 2014). Folate supply
in the developing brain is from the CSF into FDH-positive radial glia (Cains et al., 2009).
In the adult brain a network of FDH-positive astrocytes stretching from the pial surface
of the cerebral cortex down to the ventricular zone shows a major pathway for folate
uptake and delivery throughout the cortex. This is-supported by the finding that FRa is
colocalised with the FDH-positive astrocyte network in the normal ageing brain together
with folate. It shows that both FRa and FDH, perhaps bound together by folate, carry
folate into the brain through this pathway. The decrease in FDH in AD CSF would then
have the effect of preventing FRa uptake, leading to the changes we observe in the AD
brain. This shows more FDH in the ‘AD brain seen in the density of FDH positive
astrocyte processes (Figure 5:9. compared to 5.8). This may be a consequence of greater
synthesis and expression of the protein by the astrocytes, in response to low CSF-FDH,
and/or lack of secretion of FDH into the CSF, perhaps due to the same inhibition to FDH
release observed in the hydrocephalic brain (Cains et al., 2009; Frye et al., 2003; Garcia-
Cazorla et al., 2008; V. Ramaekers et al., 2013; Ramaekers and Blau, 2004; Ramaekers
et al., 2014; Sadighi et al., 2012; Serrano et al., 2010; Willemsen et al., 2005). Moreover,
in the AD brain a different pathway opens to FRa-folate through GFAP-positive
astrocytes (Figure 5.9.m) which fuels a change in metabolism to hypermethylation, at
least in the areas of the brain that were analysed in this study.

A significant finding in the adult brain is that the pial surface is essential for folate transfer
from CSF into the cortex giving the subarachnoid CSF a vital function in delivering this
critical metabolite (Miyan et al., 2020). In the marginal zone, FDH positive astrocytes
are significantly associated with the main blood vessels entering the brain (Figure 5.7.,

5.8.,5.9.). These vessels are surrounded by Virchow-Robin spaces which are filled with
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subarachnoid CSF so that the astrocytes are connecting with the CSF in these perivascular
compartments most recently associated with the glymphatic pathway (Naganawa and
Taoka, 2020; Rasmussen et al., 2018; Reddy and van der Werf, 2020). Interestingly, these
vessels are also the site for glymphatic fluid transfer into the brain parenchyma so that
the FDH astrocytes may be involved in this process as well as other astrocyte functions.
It is possible that the loss of FDH in the CSF and associated changes observed in the AD
brain may also contribute to glymphatic impairment and build-up of toxins in the brain
including tau and amyloid (Harrison et al., 2020; Iliff et al., 2014; Lee et al., 2020; Lou
et al., 2018; Peng et al., 2016; Rasmussen et al., 2018; Reeves et al., 2020; Tice et al.,
2020).

With ventricular enlargement and/or CSF accumulation outside the brain a hallmark
feature of many conditions including dementia and ADj Autism and Schizophrenia,
depression and bipolar (Apostolova et al., 2012; Dalaker.et al., 2011; Elkis et al., 1995;
Erel et al., 1991; Goukasian et al., 2019; Guptha-et al., 2002; Hubbard and Anderson,
1981; Jackson et al., 2011; Jakobsen et al., 1989; Jerico etal., 2020; Kempton et al., 2010;
Luxenberg et al., 1987; Mak et al., 2017; Martola etal., 2008; Movsas et al., 2013; Muller
etal., 2013; Nasrallah et al., 1982; Nestoret al., 2008; Saijo et al., 2001; Sayo et al., 2012;
Schenning et al., 2016; Scott et al., 1983; Vita et al., 2000; Wang et al., 1993; Ye et al.,
2016; Zhao et al., 2018), a cerebral folate issue may also be present as we have found in
early stages of hydrocephalus'(Cains et al., 2009). Indeed, some of these conditions have
been recorded to respond to folate treatments (Al-Baradie and Chaudhary, 2014; Ferreira
etal., 2016; Fryeetal., 2003; Frye et al., 2018; Hansen and Blau, 2005; Karin et al., 2017;
Mercimek-Mahmutoglu and Stockler-Ipsiroglu, 2007; Moretti et al., 2005; Ramaekers et
al., 2014). Even though Silverberg and colleagues suggest a decrease in CSF output in
ageing, they also describe raised CSF pressure and accumulation of fluid in AD [67, 68]
indicating that CSF drainage is more significant factor as it is also suggested by the
reduced FDH found in this study. AD is not associated with raised intracranial pressure
or hydrocephalus but does have a reported severity association with ventricular
enlargement and this enlargement may be an early marker of the development of this
condition [48, 49, 78].

The current study has identified a potentially significant change in folate supply and the
metabolic consequence. We surmise that with a decrease in CSF FDH, there is a switch

in folate supply from the FRa-FDH pathway to the FRoa-GFAP pathway. The
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consequence of this switch shows a change in metabolism to hypermethylation where
FRa ends up in the neurons of the cortex and the folate is delivered to the nuclei where
methylation occurs. We further suggest that this may be a strategy to shut down all but
essential activity to safeguard surviving neurons from the toxic effects of AD. This may

in turn explain some of the cognitive decline not attributable to loss of neurones alone.

5.5. Conclusion

AD is clearly associated with changes in CSF folate metabolism. Given the importance
of CSF, and subarachnoid CSF to cerebral metabolism and function (Miyan et al., 2020),
it shows that any shortfall in CSF drainage that, in chronic conditions manifests as
enlargement of the ventricles or accumulation of fluid outside‘the brain, can result in a
cerebral folate imbalance leading to severe consequences for brain health. This presents
anovel and powerful new insight into changes that may underlie the aetiology of cerebral
conditions including dementia and AD. Two pathways may be operating alone or
together. Increasing amyloid in the CSF may be a cause of drainage loss through its toxic
effects on cells in the drainage pathways. Alternatively, increasing amyloid may be a
consequence of a drainage loss and-lead to further damage as amyloid levels rise and
exacerbate the situation. With sequestration of amyloid into non-toxic but space filling
plaques, the levels in CSF drop-and so the drainage loss itself would maintain the cerebral
folate issue and hypermethylation in AD together with the neurodegeneration. It may also
be the case that folate treatment may have benefits in preventing and/or treating AD if
this is able to restore normal folate delivery by bypassing the missing FDH, as seen in
other cerebral conditions (Al-Baradie and Chaudhary, 2014; Ferreira et al., 2016; Frye et
al., 2003; Frye et al., 2018; Hansen and Blau, 2005; Karin et al., 2017; Mercimek-
Mahmutoglu and Stockler-Ipsiroglu, 2007; Moretti et al., 2005; Ramaekers et al., 2014).

101 |Page



Chapter 6 Results IV

Chapter 6

Results 1V

Folate metabolic’'enzymes in the
cerebral cortex

102 |Page



Chapter 6 Results IV

Chapter 6

Folate metabolic enzymes in the cerebral cortex

6.1. Folate enzymes found in the cortex

Methionine synthase (MTR) with the full name of 5-methyltetrahydrofolate-
homocysteine methyltransferase, is the rate limiting enzyme for folate metabolism,
converting SmTHF to THF and releasing the methyl group to cobalamin in which
methionine synthase reductase (MTRr) is active (vitamin B12) that then transfers this to
homocysteine, methylating it to methionine. THF has a formyl group added through the
action of methylene tetrahydrofolate dehydrogenase-1 (MTHFD1) to form 10-formyl

Normal ageing Alzheimer’s disease (AD)

MTR

GFAP + MTR

Figure 6.1. Representative micrograph shows that the IHC staining for MTR (green) and GFAP
(red) in normal ageing brain cortex (left panels) and AD brain (right panels). There is some
staining in GFAP-positive astrocytes and also in GFAP negative cells that are probably
neurones in normal cortex. Comparing with AD brain, the green labelled MTR is almost
completely missing from the neuropil of the cortex (top right) while MTR is concentrated
within the cell bodies of GFAP positive astrocytes (bottom right).
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THF and then 5,10 methyenylTHF, also through the action of MHTFD1, and then 5,10
methyleneTHF, again through the action of MTHFDI. THF can also be converted
directly to 5,10 methyleneTHF by the action of serine hydroxymethyl transferase
(SHMT). These two pathways are known as the long and short pathway from THF back
to SmTHF for which the final step is conversion of 5,10 methyleneTHF to SmTHF by
methyleneTHF reductase (MTHFR). 5,10 methyleneTHF can also be used in pyrimidine
synthase through the action of thymidylate synthetase (TS) producing dihydrofolate
(DHF). DHF is converted back to THF by dihydrofolate reductase (DHFR). In most
somatic cells folate metabolism happens within the cell in the cytoplasm and
mitochondria. In the chapter on CSF analysis, we found a general, and significant
reduction in folate enzymes, a significant decrease in FDH and a non-significant increase
in FRa as well as homocysteine. This suggested a serious deficit in cerebral folate
metabolism and led to the investigation reported in this chapter on brain tissue status. In
the previous chapter we reported folate transporter changes associated with AD and here
we investigated the key enzymes for folate metabolism in the normal ageing and AD
brain to establish if any changes had occurred in the diseased brain.

6.2. Methionine synthase (MTR)

MTR, the rate limiting enzyme for entry of dietary SmTHF into the folate cycle, shows
positive staining in some GFAP-positive astrocytes, in the network of neuropil and some
non-astrocytic cells, presumed to be neurones (Figure 6.1.). This follows the pattern
reported by the protein atlas “(https://www.proteinatlas.org/ENSG00000116984-
MTR/tissue/cerebral+cortex#img) for MTR although the staining found here is much
more extensive than that described in the protein atlas. This may be due to the locations
studied being different.

6.3. Methionine synthase reductase (MTRr)

MTRr shows a similar staining pattern to MTR but with much brighter staining (Figure
6.2.) suggesting a higher concentration in cells and neuropil of the cortex. In AD brains
there is an almost complete lack of staining except in the cell bodies of a few GFAP
positive astrocytes. The pattern of staining is similar to that reported in the protein atlas
for normal cerebral cortex (https://www.proteinatlas.org/ENSG00000124275-
MTRR/tissue/cerebral+cortext#timg) although in the pial region no staining was detected
in this study.
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Normal ageing Alzheimer’s disease (AD)

Figure 6.2. Representative micrograph shows dual staining for GFAP (red) and MTRr (green) in
normal (left) and AD (right) in cerebral cortex, shows a similar pattern to MTR, though much
brighter staining for MTRr compared to MTR, with the enzyme colocalised in GFAP positive
astrocytes and in the neuropil in normal ageing brain and this is greatly reduced/absent in the
AD brain.

6.4. Methylene tetrahydrofolate dehydrogenase 1 (MTHFD1)

MTHFDI is a critical enzyme in.folate metabolism catalysing 4 reactions including: i.
methylenetetrahydrofolate dehydrogenase-1 (NADP+ Dependent), il.
methenyltetrahydrofolate cyclohydrolase, iii. formyltetrahydrofolate synthetase, and iv.
C-1-tetrahydrofolate synthase, reflecting its importance to the folate metabolic cycle.

6.5. 10-formyl tetrahydrofolate (ALDH1L1, FDH)

10-formyl tetrahydrofolate (ALDHILI1, FDH) is also a key folate enzyme as well as
being the key molecule in CSF that is downregulated in AD and hydrocephalus. Along
with its critical role in recycling 10-formyl THF to THF, it is also involved, together with
FRa, in folate transport from CSF into the brain as well as transport around the CSF
pathways. Micrographs showing changes in this folate enzyme are shown in detail in
Chapter 5.
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Normal ageing

Alzheimer’s disease (AD)

FDH + MTHFD1

Figure 6.3. MTHFD1 (green) and FDH (red) staining of normal (left) and AD (right) cerebral cortex.
There is a clear increase in MTHFD1 staining in the AD cortical section compared to normal
ageing. In the low power micrographs at top, the staining for FDH in the subcortical layers and
white matter are present but also reduced in AD brain indicating a general decrease in the
presence of this important folate enzyme.The high power micrgraphs at the bottom show the
increased MTHFD1 positive processes of astrocytes. FDH and MTHFD1 are separate in both

normal and AD.
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6.6. Dihydrofolate reductase (DHFR)

In the past Dihydrofolate reductase was not thought to have an important function as there
was no direct metabolic connection through this enzyme. Subsequently it was found that
5,10 methyleneTHF rather than recycling to THF, was converted to dihydrofolate, in the
process supplying elements for pyrimidine synthesis. DHFR then becomes very
important in recycling DHF to THF and back into folate metabolism. In addition, DHFR
forms the enzymatic route for entry of the synthetic folic acid into the folate metabolic
cycle. DHFR is greatly reduced in the AD cortex indicating a potentially reduced
recycling of 5,10, methyleneTHF through DHF.

6.7. Methylene tetrahydrofolate reductase (MTHFR)

MethyleneTHFreductase (MTHFR) is the only pathway for return of any folate
metabolite to 5-methyl THF. MTHEFR is also important as mutations in the gene coding
for this enzyme can restrict folate metabolism by up te. 70%. - Mutations of this gene
reportedly affect around 30% of the population ((Suormala etal., 2002). One potential
consequence of an error in MTHFR is that folic acid supplements could result in
accumulation of homocysteine with associated neurotoxic effects. Such individuals
would need to take supplements of SmTHF to compensate for failures in MTHFR.
MTHEFR is clearly reduced in AD cortex (Figure 6.4) indicating a potentially serious
effect on folate metabolism and cycling.
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Normal ageing Alzheimer’s disease

MTHFR + DHFR

Figure 6.4. MTHFR (red) and DHFR (green) in normal (left) and AD (right) cerebral cortex.
The representative micrograph of the AD cortex had to be brightened to see the positive
staining so that there is a very significant loss of expression of DHFR with a much-reduced
positive stain for MTHFR. In the white matter (bottom micrograph) DHFR is present in both
normal and A brain but at a much-reduced level in the latter (bottom right).
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Folates + Homocysteine

Figure 6.5. Folate (red) and Homocysteine (green) in normal (left) and AD (right) cerebral
cortex. Homocysteine is absent from the cortical plate of AD brain (right panels) while it is
abundant in the normal cortex (left panels). In a later chapter this is partially explained by
shunting of homocysteine to glutathione, a detoxification pathway that may be activated
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Homocysteine is notable by its absence from the AD cortex compared to the intensity of
staining seen in normal brains (Figure 6.5). This was discussed in chapter 5 and a
hypothesis proposed that homocysteine was being shunted to glutathione to prevent
neurotoxic effects. The staining confirms/supports the hypothesis. Figure 6.6. appears to
show homocysteine in astrocytic end feet, along with folate, associated with neuronal cell
bodies, perhaps removing this toxic molecule from the microenvironment and from the
neurones.

Homocvsteine

Figure 6.6.

High power micrograph shows the
staining for homocysteine (green and
folate (red). These representative
micrographs indicate that homocysteine
may be colocalised with folate in
astrocytes but only folate is found in the
neuronal cells. The green staining
suggests glial end feet on the surface of

Folates + Homocysteine, the neuronal cell bodies.

6.9. Data from the Allen Brain Institute Protein Atlas

As this study was time limited, it has also taken advantage of the free data available from
the Allen Brain Institute to map some of the folate related enzymes and metabolites in
the normal human brain. The Allen Institute has mapped the localisation of over 2000
proteins in tissue sections of the human brain. They have not carried out co-localisation
studies, but the data are high quality and important to the current study. All sections were
labelled with antibodies conjugated with HRP and used diaminobenzidine (DAB) to
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make the brown reaction product visible as positive stained cells. Counterstaining gives
the purple nuclei in the micrographs.

DHFR is present in some neuronal cell bodies as well as being concentrated in the
neuropil. The neuropil staining is not consistent with some areas of cortex heavily stained
(Figure 6.7.b) and others lacking neuropil staining (Figure 6.7.a).

a b
50um 50um

Figure 6.7. IHC stained sections of human brain demonstrating the localisation of DHFR in some
neuronal cell bodies (a) and in high concentration in some parts of the neuropil (b).

MTHFR shows similar neuronal staining to DHFR and shows that not all neurones are
stained (figure 6.8.). Neuropil'staining is not as dark as for DHFR suggesting that not all
fibres contain MTHFR.

Figure 6.8. IHC staining of human brain sections
demonstrating cellular localisation of MTHFR.
Possibly all neuronal cells are positive and
although the neuropil looks lightly stained, closer
examination shows little staining. The smaller
nucleated cells are probably glial and show no
staining.

50pum

MTHFDI is an important folate enzyme involved in 3 reactions and having three
enzymatic effects. MTHFDI is a key enzyme in the synthesis of, and balance between 5
different folate metabolites and thus the pathways they feed into, including methylation
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and trans-sulfuration pathways. Its functions are thus critical to the balance of folate
metabolism and changes in this enzyme are likely to cause potentially more severe
outcomes. MTHFDI is a critical folate enzyme involved in 3 parts of folate metabolism
(Figure 9.2. in Discussion). It is involved in control of formate levels through the
formation of 10-formylTHF from THF, which can then be used in purine biosynthesis. It
balances formylTHF with 5,10methenylTHF and also mediates conversion of this to
5,10methyleneTHF which is either converted to SmTHF by MTHFR, and thus forms the
long pathway back to SmTHF, or to dihydrofolate, fuelling the biosynthesis of
pyrimidines in the process. DHFR then converts DHF to THF which picks up one carbon
components from the conversion of serine to glycine to form 5,10methylene THF that can
then be converted to SmTHF, thus forming the short route to SmTHF. Thus, for cells
involved in folate metabolism DHFR and MTHFR would be important enzymes. In the
field shown in Figure 6.8, many neurons show positive staining for MTHFR but there
remain some that are not positive for this enzyme as found for the other folate enzymes.

Figure 6.9. IHC staining of human brain sections
for MTHFD1. There are many neurons in this
field that have positive staining, perhaps all
neuronal cells and the neuropil shows only a
few fibres with any sign of staining.

50pum

MTR and MTRr are key enzymes in the rate limiting step of folate metabolism that takes
the methyl group. from Smethyl THF, passes it to cobalamin forming methyl cobalamin
(MTRr) and then to homocysteine forming methionine (MTR). Thus, these enzymes are
intimately linked yet appear to be in different locations or at very different concentrations
in similar/different cells. MTR is clearly evident in the neuropil and some large neuronal cell
bodies (6.10.a) while MTRr is weakly stained in some cells (6.10.b).
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Figure 6.10. IHC staining for MTR (a) and MTRr (b) in human brain

ALDHIL1 (FDH) is an important folate binding protein and enzyme. Its importance in
transporting folate into the brain is demonstrated in conditions where it is reduced or

missing in CSF resulting in failure of access to available folate by the brain. It is

specifically located in astrocytes that are GFAP negative but colocalised in many with
S100 (Chapter 5). It is not found in any neurons.

50pum

6.10. Discussion

Figure 6.11. IHC staining for ALDH1L1 (FDH)
showing very specific localisation in
astrocytes and their processes and no staining
in other cell type. This enzyme is unique in its
localisation to specific astrocytes that are
GFAP negative. MTR is also found in some
astrocytes, but these are GFAP positive
(Figure 6.1) so not co-localised with FDH that
is found in GFAP negative astrocytes.

Taken together with the IHC results in the previous chapter, the data here demonstrate

that folate metabolism appears to be separated across different cells in the cerebral cortex.
Only MTHFR and DHFR were found co-localised in some cells while FDH and
MTHFDI1 were clearly separated in different cells. In addition, folate and homocysteine
show little colocalization even though they are intimately linked in folate metabolism.
These findings present a picture of a system unique to the cerebral cortex where cells
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contain one or two components of folate metabolism but not all. In the rest of the body,
all of folate metabolism is represented in the cytoplasm and mitochondria of cells
indicating that the whole of folate metabolism is important to cellular functions.

Two possibilities exist to explain these observations when the results from CSF analysis
are considered. The CSF contains all the folate enzymes except MTHFR which is present
in all neuronal cells of the cortex but not glial cells. In the cortical cells these enzymes
are present in variable numbers of neuronal cells with FDH found in a unique set of
astrocytes and MTR in some GFAP positive cells.

6.10.1. Model 1

FDH as the main transporter could deliver SmTHF, 10 formyl THF, or THF throughout
the cortex. SmTHF must be converted to THF by MTR and MTRr as well as being used
in the BH2-BH4 cycle for neurotransmitter and nitric oxide synthesis. Thus, MTR and
MTRr in the neurones must be receiving SmTHF to convert to. THF and methylate
homocysteine. However, Figure 6.6. indicates that homocysteine may be separated in
astrocytes and is not in neurones suggesting that all homocysteine is removed from
neurones rapidly to avoid its toxic effects. Presence.of other folate enzymes in neurones
indicates the ability for limited conversion of folate metabolites for specific metabolic
tasks in those cells.

6.10.2. Model 2

In this model the evidence indicates that folate metabolism occurs in the CSF and that
FDH positive astrocytes then transport.the metabolites throughout the cortex with specific
metabolites used by different cells. [n.addition, it looks likely that some cells, particularly
pyramidal cells in the-cortex, may be able to take specific metabolites, with bound
enzymes from the CSF at the pial surface where their apical processes originate.

In both models, the loss of FDH, observed in AD CSF, would have an effect on folate
transported through the FDH-positive astrocyte network as this shows need of FDH
bound to folate to extract folate from the CSF. The alternative model would then allow
for folate to pass through other pathways and/or directly to neurones connected to the pial
surface and/or via GFAP astrocytes.
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Chapter 7
Negative Controls

In this chapter negative controls are shown for autofluorescence and for each of the
antibodies and fluorophores used. The representative micrograph shows similar
autofluorescence which is different to the specific staining seen in the previous chapters.
This autofluorescence is highly likely to be due to formalin fixation that induces
fluorescence from biomolecules including biogenic amines and structural proteins.
Although there is a high level of autofluorescence in these control sections, this is not
obvious in the specific staining shown in the previous chapters and may have been
removed by the extended blocking steps used in the IHC protocols or may be faint in
contrast to the specific staining we observed in IHC.

7.1. Negative control without primary or secondary antibody

Figure 7.1. Negative control demonstrating auto-fluorescence within the cortical plate in the
absence of any primary or secondary antibody under DAPI (blue, a,d,i), 594 (red, b,e,j) and 488
(green, ¢,f,k) in normal (a,b,c), moderate (d,e,f) and severe (l,j,k) brain tissue. All were taken at the
same maghnification with the 10um scale bar in (a) applicable to all. The auto-fluorescence appears
as spots within larger structures that may be biogenic amine containing vesicles that become auto-
fluorescent after formalin fixation.
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7.2. Negative controls without primary antibody but with anti-chicken
594 and anti-rabbit 488 secondary antibodies

Figure 7.2. Negative control demonstrating auto-fluorescence within the cortical plate in the
absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, anti-
chicken, b,e,j) and 488 (green, anti-rabbit, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe (i,j,k)
brain tissue. All were taken at the same magnification with the 10um scale bar in (a) applicable to
all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine
containing vesicles that become auto-fluorescent after formalin fixation.
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7.3. Negative control without primary antibody but with anti-mouse
594 and anti-rabbit 488 secondary antibodies

Figure 7.3. Negative control demonstrating auto-fluorescence within the cortical plate in the
absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red,
anti-mouse, b,e,j) and 488 (green, anti-rabbit, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe
(i,j,k) brain tissue. All were taken at the same magnification with the 10um scale bar in (a) applicable
to all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine
containing vesicles that become auto-fluorescent after formalin fixation.
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7.4. Negative controls without primary antibody but with anti-goat 594
and anti-chicken 488 secondary antibodies

Figure 7.4. Negative control demonstrating auto-fluorescence within the cortical plate in the
absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, anti-
goat, b,e,j) and 488 (green, anti-chicken, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe (i,j,k)
brain tissue. All were taken at the same magnification with the 10um scale bar in (a) applicable to
all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine
containing vesicles that become auto-fluorescent after formalin fixation.
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7.5. Negative controls without primary antibody but with anti-goat 594
and anti-mouse 488 secondary antibodies

Figure 7.5. Negative control demonstrating auto-fluorescence within the cortical plate in the
absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red, anti-
goat, b,e,j) and 488 (green, anti-mouse, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe (i,,k)
brain tissue. All were taken at the same magnification with the 10um scale bar in (a) applicable to
all. The auto-fluorescence appears as spots within larger structures that may be biogenic amine

containing vesicles that become auto-fluorescent after formalin fixation.
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7.6. Negative controls without primary antibody but with anti-rabbit
594 and anti-rat 488 secondary antibodies

Figure 7.6. Negative control demonstrating auto-fluorescence within the cortical plate in the
absence of primary antibody under DAPI (blue, a,d,i). Only secondary antibodies used 594 (red,
anti-rabbit, b,e,j) and 488 (green, anti-rat, c,f,k) in normal (a,b,c), moderate (d,e,f) and severe
(i,j,k) brain tissue. All were taken at the same magnification with the 10um scale bar in (a)
applicable to all. The auto-fluorescence appears as spots within larger structures that may be
biogenic amine containing vesicles that become auto-fluorescent after formalin fixation.
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Chapter 8

Nutrigenomics: Folate related pathway gene analysis

8.1. Introduction

In this study we used a method of functional genomics, derived from nutrigenomics, to
query the genes involved in specific metabolic pathways and to identify single nucleotide
polymorphisms (SNPs) giving negative effects on protein functions. This is a different
approach to GWAS and TWAS as it investigates the genes of specific metabolic
pathways, identifies potentially defective genes, and thereby highlights potential
metabolic errors in individuals. We utilised two commercial companies for the analysis,
one, LGC Genomics, quality checked extracted DNA and carried out targeted,
nutrigenomic gene SNP analysis. The data were transferred to LifecodeGX who
converted the information into colour coding the SNPs according to functional effects

based on information in the literature (see sample full report at the end of this chapter).
8.2. Results

In this study genes associated with these metabolic processes were analysed. Changes in
single nucleotide polymorphisms (SNPs) were identified and presented as heat maps in
Tables 8.1. to 8.4. associated with those genes successfully sampled through the methods
for neurotransmitter pathways (Table 8.1 and 8.2) and methylation pathways (Table 8.3
and 8.4) as well as APOE4 genotypes. Gene SNPs are highlighted as normal (green), with
potential adverse effects (yellow) and with negative effects (red) on gene/protein
function. Using a Mann-Whitney U test we found significant differences in the
frequencies of these groupings between normal ageing (Braak 0-1I) and AD (Braak V-
VI). In addition to Mann-Whitney U, we also carried out Chi Squared tests after grouping
positive and neutral SNPs and comparing these with negative SNPs, or by grouping
negative and neutral and comparing to positive. Outcomes of all three tests are shown in

Table 8.5.
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Table 8.1. Normal ageing
) - 3 < Y g b B 3 3 3 =) < 3 3 kS = Q - Z 4 > 3 3 = 3
Genes Variants o of o o o o o < - < < < < in wn! o o o . I N N o' o' o
2 g g o S 3 g g g g 3 g g 9 2 g g z 5 5 5 5 g g Z
5-HT1A (rs6295) 1019CG 2 2 2 2 2 2 2 2 2 2 2 2
5-HT2A (rs6311) 1438G>A 2| 2| 2| 2 2 2 2| 2| 2| 2 2 2 2| 2| 2| 2
ASMT (rs4446909)
FKBP5 (rs1360780) 2 2| 2| 2| 2 2| 2| 2 2| 2| 2| 2| 2 2 2|
IFN-g (rs2430561) +874AT 2 2 2| 2 2 2 2 2 2 2| 2
MAOA (rs6323) R297R 2| 2| 2|
MTNR1B (rs10830963) 2| 2 2| 2 2| 2| 2| 2
QDPR (rs1031326) 690A>G 2| 2| 2| 2 2| 2| 2 2 2 2 2| 2 2
SLC18A1 (rs1390938) |Thri36lle 2 2 2 ) P 2 P 2 2 2 2 2 2
TNF (rs1800629) -308GA 2| 2| 2 2 2| 2| 2 2| 2| 2| 2
TPH1 (rs1799913) A779C 2| 2| 2| 2 2 2 2| 2| 2 2 2|
TPH1 (rs1800532) A218C 2 2 2 2 2 2 2 2 2 2 2
TPH2 (rs4570625) 844G>T 2 2| 2| 2| 2| 2 2 2 2
VDR (rs1544410) Bsml 2| 2| 2 2| 2| 2 2 2| 2 2 2|
E VDR (rs731236) __|Tagl 2 2 P 2 2 2 P 2 P 2 2
ADRB1 (rs1801253)  |Arg389Gly 2 2 2 2 2 2 2 2
Q) | ADRB2(rs1042713) |Argi6Gly 2 2 2 2 2 2 2 2 2 2 2 2 2 2
wfd COMT (rs4633) H62H 2| 2| 2| 2 2| 2| 2| 2 2| 2| 2
(ﬂ COMT (rs4680) V158M 2 2| 2| 2 2 2| 2| 2 2 2| 2| 2| 2
S [ DBH(rs1611115)_|c-970T 2 2 2 2 2
m DRD2 (rs1076560) 811-83G>T 2 2| 2| 2| 2 2| 2
DRD2 (rs6277) 957C>T 2 2 2| 2 2 2| 2 2 2 2 2|
m MAOB (rs1799836)  |A644G 2 2 2 2
: PNMT (rs876493) G-161A 2| 2| 2| 2 2 2| 2| 2| 2 2| 2| 2| 2
o SLC6A2 (rs5569)  |G1287A
> SLC6A3 (rs27072) 328G>A 2 2 2 2 2
S SLC6A3 (rs6347) 2 2| 2 2| 2| 2| 2| 2|
w TH (rs10770141) C-824T 2 2| 2| 2| 2 2 2| 2| 2| 2| 2 2|
GABRA2 (rs279858) 2 2| 2| 2 2 2| 2| 2 2| 2| 2| 2 2
Z ADRB2 (rs1042713) |Arg16Gly 2 2| 2| 2 2| 2| 2| 2 2 2| 2| 2 2 2|
CYP2C19 (rs12248560) |-806C>T 2 2 2 2| 2| 2|
CYP2C19 (rs4244285) |681G>A 2| 2| 2| 2
CYP2D6 (rs1135840) [S486T 2| 2| 2| 2 2 2| 2| 2| 2 2 2|
CYP2D6 (rs16947) R296C 2 2| 2| 2| 2| 2 2| 2| 2| 2 2|
CYP2D6 (rs35742686) |2549DelA 2
CYP2D6 (rs3892097) [1846G>A 2| 2| 2| 2| 2| 2|
CYP3A4 (rs2740574)  [-392G>A 2
BDNF (rs6265) Val66Met 2 2| 2 2 2 2 2| 2| 2 2|
DIO1 (rs2235544) 34C>A 2 2| 2| 2 2 2| 2 2 2 2
DIO2 (rs12885300)  [Gly3Asp
DIO2 (rs225014) Thr92Ala 2| 2| 2| 2 2| 2| 2| 2| 2| 2| 2
HNMT (i3000469) 314CT 2 2| 2|
OPRM1 (rs1799971) [A118G 2 2 2 2 2|
SLCO1C1 (rs10770704) |intron3C>T | 2 2 2| 2| 2] 2 2| 2| 2] 2] 2 2 2 2 2 2|
Genes Yellow meaning
Reduced gene activity- reduced methyl folate for
MTHFD1 (rs1076991) and ) ) ) L . ) . -
homocysteine recycling - dependency on the short route Potential reduction in gene activity Normal genotype- no impact on gene activity or methyl folate availability
MTHFD1 (rs2236225) via BHMT
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Table 8.2. Alzheimer's

= = 7 g N = = o = = = = ~ = = T = = ~ 5 = = ~ o =
Genes . NI <DI OI O| m‘ o| F'I <r| F'I mI M| m\ c| <r| F'I F'I <r| M| H\ m| c>I C>I F'I NI ml
Variants g g S S S q a a g g S g 3 4 g g S S g g 2 2 g 2 g
5-HT1A (rs6295)  |1019CG 2| 2| 2| 2| 2 2, 2 2| 2| 2| 2| 2| 2| 2 2|
5-HT2A (rs6311) _ |1438G>A 2| 2| 2| 2| 2| 2| 2| 2) 2 2| 2 2) 2
ASMT (rs4446909)
FKBPS (rs1360780) 2 2| 2| 2 2 2 2 2| 2 2
IFN-g (rs2430561) | +874AT 2 2| 2| 2) 2 2| 2| 2| 2 2| 2| 2|
MAOA (rs6323) __ |R297R 2 2| 2 2, 2|
MTNR1B (rs10830963) 2 2 2| 2| 2| 2 2| 2) 2 2|
QDPR (rs1031326) _|690A>G 2| 2 2| 2 2 2| 2) 2| 2 2|
SLC18A1 (rs1390938) [Thri3slle 2) 2| 2| 2| 2) 2)
TNF (rs1800629) _|-308GA 2| 2| 2 2 2| 2 2 2| 2 2 2
TPH1 (rs1799913)  |A779C 2 2| 2 2 2| 2 2
TPH1 (rs1800532)  |A218C 2 2| 2 2 2| 2) 2
TPH2 (rs4570625) _ [844G>T 2| 2 2| 2 2 2| 2| 2 2 2|
VDR (rs1544410) _ [Bsml 2 2 2| 2| 2| 2 2 2 2 2| 2| 2) 2 2 2
E VDR (rs731236) __|Taql 2, 2 2| 2| 2| 2| 2, 2 2 2| 2| 2) 2| 2 2
ADRBI (rs1801253) |Arg389Gly 2 2 2| 2| 2| 2| 2| 2| 2| 2| 2| 2|
Q) | ADRB2(rs1042713) |Argi6Gly 2| 2| 2| 2| 2 2| 2| 2| 2 2| 2|
wd COMT (rs4633) _ [H62H 2 2 2 2) 2 2| 2 2 2 2| 2 2 2
wv COMT (rs4680)  |V158M 2) 2| 2 2) 2| 2| 2 2 2| 2| 2) 2 2|
> [ oA (rs1611115) _[c-970T 2, 2| 2 2 2 2| 2| 2 2
(/) | DRD2(rs1076560) [811-83G>T 2) 2) 2| 2 2| 2) 2
DRD2(rs6277) __|957C>T 2| 2) 2| 2 2 2| 2| 2) 2 2 2
U 08 (rs1750836)|A6d4c 2 2| 2| 2) 2|
= PNMT (rs876493) _|G-161A 2| 2| 2| 2 2 2 2| 2| 2 2 2 2| 2| 2 2 2
(@] SLC6A2 (rs5569)  |G1287A
S | siceas(s27072) [3286m 2| 2| 2| 2)
— SLC6A3 (rs6347) 2 2| 2, 2 2 2 2| 2
Q TH (rs10770141)  [c-824T 2 2| 2| 2| 2| 2| 2 2| 2| 2
GABRA?2 (rs279858) 2) 2| 2| 2| 2| 2 2 2| 2) 2, 2| 2| 2 2 2
Z ADRB2 (rs1042713) _|Arg16Gly 2| 2| 2| 2| 2| 2| 2| 2| 2, 2| 2|
CYP2C19 (rs12248560) |-806C>T 2 2 2| 2| 2 2| 2 2
CYP2C19 (rs4244285) [681G>A 2) 2| 2| 2) 2) 2| 2| 2
CYP2D6 (rs1135840) |5486T 2 2 2 2| 2 2| 2| 2| 2
CYP2D6 (rs16947) |R296C 2| 2) 2 2| 2) 2|
CYP2D6 (rs35742686) |2549DelA 2 2
CYP2D6 (rs3892097) [1846G>A 2| 2) 2 2| 2|
CYP3A4 (rs2740574) |-392G>A 2 2|
BDNF (rs6265) _|Val66Met 2| 2 2 2 2| 2
DIO1 (rs2235544)  [34C>A 2 2| 2| 2| 2) 2 2 2 2| 2| 2| 2| 2| 2)
DI02 (rs12885300) | Gly3Asp
DIO2 (rs225014) _ [Thr92Ala 2 2| 2| 2 2| 2 2 2| 2| 2| 2 2 2
HNMT (i3000469) _ [314CT 2|
OPRM1 (rs1799971) |A118G 2 2| 2) 2
SLCO1C1 (rs10770704) [intron3C>T 2| 2| 2 2| 2| 2| 2| 2 2| 2| 2| 2| 2)

Table 8.1 and 8.2. Heat maps of the effects of SNP variants of known genes found in the neurotransmitter pathway in normal (a) and severe Alzheimer’s (b)
cases. Red is homozygous mutant SNP, Yellow is heterozygous which is either neutral or can have some negative effects, Green is homozygous wild type that
is usually positive in function. The clear cells were data points that failed to get SNP data. White cells indicate undetected SNPs in those individuals.
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Table 8.3. Normal ageing
= = = > o = oy < = o = = © = = = o = = oy < o o = o
Genes . ml o| NI NI OI H\ rﬂl oI o| O| HI NI QI OI NI HI NI ml O| HI ml ml oI HI o|
Variants 3 = g g g S 3 g g g S g g 3 4 8 g g S S S S 3 g g
ALDH?2 (rs671) Glud87Lys
DHFR (rs70991108) | 19bp DEL 2 2 2 2 2 2 2 2
FOLH1 (rs202700) c1561T 2 2 2 2 2 2 2 2 2 2 2 2 2 2
MTHFD1 (rs1076991) |  C105T 2 2 2 2 2 2 2 2 2 2 2 2 |
MTHFD1 (rs2236225) | G1958A 2 2 2 2 2 2 2 2 2 2 2 2 2 2
MTHFR (rs1801131) | A1298C 2 2 2 2 2 2 2 2 2 2 2
MTHFR (rs1801133) c677T 2 2 2 2 2 2 2 2 2 2
Ll MTR (rs1805087) A2756G 2 2 2 2 2 2
O RFC1 (rs1051266) A80G 2 2 2 2 2 2 2 2 2 2 2 2 2
SHMT1 (rs1979277) c14207 2 2 2 2 2 2 2 2 2
Q. TYMS (rs2790) 2 2 2 2 2 2 2 2
< AHCY (i5000928) | Tyr143Cys
BHMT (rs3733890) R239Q 2 2 2 2 2 2 2 2 2
U | BHMT(rs567759) BHMT/2 2 2 2 2 2 2 2 2 2 2 2 2
=3 | BHMT(rs651852) BHMT/8 2 2 2 2 2 2 2 2 2 2 2 2 2
[ FUT2 (rs1047781) A385T
Q. [ Fur2(rs601338) W143X) 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
MATIA (rs1985908) T1297C 2 2 2 2 2 2 2 2 2 2 2 2
C [ ViR (rs162036) K350A 2 2 2
O [ MVmRR(rs1801394) A66G 2 2 2 2 2 2 2 2 2 2 2 2
i~ PEMT (rs7946) V175M 2 2 2 2 2 2 2 2
o= 7N (rs1801198) 7766 2 2 2 2 2 2 2 2 2 2 2
(O CBS (rs1801181) C1080T 2 2 2 2 2 2 2 2 2 2 2
~ CBS (rs234706) C699T 2 2 2 2 2 2 2 2 2 2
> CTH (rs1021737) G1121) 2 2 2 2 2 2
= S (rs1801310) 59270A>G 2 2 2 2 2 2 2 2 2 2 2
ofd GSS (rs6088659) AS997G) 2 2 2 2 2 2 2 2
Q MUT (i6060254) G1595A 2 2 2 2 2 2 2 2
E SUOX (rs705703) €5444T 2 2 2 2
NOS3 (i6015641) 786TC 2 2 2 2 2 2 2 2 2 2
NOS3 (rs1799983) G894T 2 2 2 2 2 2 2 2 2 2 2 2
SOD2 (rs2758331) G816T 2 2 2 2 2 2 2 2 2 2 2 2
SOD2 (rs4880) Al6V 2 2 2 2 2 2 2 2 2 2 2 2
GSTML1 (insert/delete)
GSTP1 (rs1695) 1205V 2 2 2 2 2 2 2 2
GSTT1 (in/del)
APOE 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
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Table 8.4. Alzheimer'

= = = o o~ o = o = o = o~ = = © = ~ ~ o - ~ ~
Genes . NI QI OI OI ml O‘ v—1| <f| HI o0 ml Lﬂl OI <f‘ v—1| HI <l'| ml HI MI OI OI —
Variants = o S o 3 2 2 3 S S 3 3 2 2 3 3 3 5 g g 2 2 2
ALDH?2 (rs671) Glud87Lys
DHFR (rs70991108) | 19bp DEL
FOLH1 (rs202700) C1561T
MTHFD1 (rs1076991) 1057
MTHFD1 (1s2236225) | G1958A
MTHFR (rs1801131) A1298C
MTHFR (rs1801133) ce77T
Ll MTR (rs1805087) A2756G
O RFC1 (rs1051266) AB0G
SHMT1 (rs1979277) 14201
Q. TYMS (rs2790)
< AHCY (i5000928) Tyr143Cys
BHMT (rs3733890) R239Q
[72) BHMT (rs567754) BHMT/2
=S5 BHMT (rs651852) BHMT/8
— FUT2 (rs1047781) A385T
Q. [ Furz(rs601338) W143X)
MATIA (rs1985908) T1297C
[ o MTRR (rs162036) K350A
Q© | _MmRr(rs1801399) A66G
™ PEMT (rs7946) V175M
o= 7N (rs1801198) 776G
(O CBS (rs1801181) 10807
~ CBS (rs234706) C699T
> CTH (rs1021737) G1121)
= GSS (rs1801310) 59270A>G
L GSS (rs6088659) A5997G)
Q MUT (i6060254) G1595A
E SUOX (rs705703) €5444T
NOS3 (16015641) 786TC
NOS3 (rs1799983) G894T
SOD2 (rs2758331) G816T
SOD2 (rs4880) Al6V
GSTML1 (insert/delete)
GSTP1 (rs1695) 1105V
GSTT1 (in/del)
APOE

19_29
19_31]

Table 8.3 and 8.4. Heat maps of the effects of SNP variants of known genes found in the folate and methylation pathways in normal (a) and severe
Alzheimer’s (b) cases. Key as in Table 2. In addition, the APOE genotype is given in the final row.
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Table 8.5. Gene variants significantly associated with normal ageing and AD

Mann Whitney, p<0.05

. Chi squared Chi squared
<0.
(p<0.0%inbold) 1 o v}, ps0.05 (Y+G), p<0.05 EFFECT
. Genes
Protein (variant) p value Genes p value Genes p value | AD N
Apolipoprotein E4 fat metabolism
LR  \r0rs | 161606 | APOE4  |0.029096332| APOE4 | 4.12-32
brain supplying neurones via
lipoprotein receptors
MTHFD1 MTHFD1 MTHFD1
MethyleneTHF dehyfjrogenase (rs1076991) 0.000982 (rs1076991) 0.010097315 (rs1076991) 4.88E-08
long pathway replenishment of WiTEE
5mTHF
(rs2236225) 0.000311491
MethyleneTHF reductase final MTHER
step in long and short pathway (rs1801131) 0.026992
back to 5mTHF
synaptic vescile associated SLC18A1 SLC18A1
monoamine transporter (rs1390938) 0.029941 (rs1390938) 0.004757
monoamine transporter
. SLC6A2 SLC6A2 SLC6A2
responsible for reuptake from (rs5569) 0.045301 (rs5569) 0.01562887 (rs5569) 0.015629
synapse
Cytochrome oxidase involved in CYP2D6 CYP2C19
metabolism of xenobiotics (rs1135840) 0.036104 (rs4244285) 0.029096332
Mitochondrial enzyme - sulfite SUOX SUOX
oxidase - detox (rs705703) 0.00987 (rs705703) 0.012419331
. ADRB1 ADRB1
B-Adrenergic receptor (rs1801253) 0.032407 (rs1801253) 0.010097
Catechol-O-methyl transferase - COMT COMT COMT
degrades monoamines (rs4633) pcozie (rs4633) 2.15E-05 (rs4633) 0.001832
coMT coMT COMT
(rs4680) 0.005641 (rs4680) 0.001155233 (rs4680) 0.008119
cytochrome P450 Breakdown of | CYP2D6 CYP2D6 CYP2D6
medicines (rs16947) 0.0107 (rs16947) 9.00E-05 (rs1135840) 0.001063
lodothyronine deiodinase DIO2 DIO2
activates thyroid hormone (rs225014) 0.045327562 (rs225014) 0.026952
superoxide dismutase - detox SOD2 SOD2 SOD2
from oxidative products (rs2758331) 0.004987 (rs2758331) e (rs2758331) 0.004267
SOD2
(rs4880) 0.009887 |SOD2 (rs4880)|0.000221847|S0OD2 (rs4880)|0.014306
Glutathione S-transferase - detox
from drugs, environmental . LG 0.035014981],. GSTM1 0.035015
. . (insert/delete) (insert/delete)
toxins, oxidative stress
. . MAOA
Monoamine oxidase (rs6323) 0.019208
5-HT2A
5HT receptor 2A (rs6311) 0.002088939
Dopamine receptor D2 DRD2 (rs6277)|0.045500264
IFN-g
(rs2430561) 0.025935446
iodothyronine deiodinase DIO1
deiodination of T4 (rs2235544) e el Seit
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Solute carrier - high affinity

transport of organic anions (e.g. SLcoici
T4 and other hormones) may act (rs10770704) DAL
at BBB

Betaine--homocysteine S- BHMT
methyltransferase 1 required for (rs567754) 0.043951044
Hcyst to Methionine

Cystathionine beta-synthase CBS
downregulates methionine by (rs234706) 0.045327562
converting HCYst to cycsteine

Glutathione S-transferase P - GSTP1
conjugates glutathione to wide 0.041226833
. . (rs1695)

range of electrophiles/toxins

Table 8.5. All the genes variants shown are significantly associated with AD, indicated by
the red bar, or with normal ageing, indicated by the blue bar, at p<0.05 level. P values less
than 0.01 are indicated by the darker grey cells. Mann-Whitney U test was used to compare
Red:Yellow:green cells between normal ageing and severe AD. 2 separate Chi squared tests
are also presented to compare differences when yellow is merged with red, or with green.

The most significant association is with APOE4 with MTHFD1 next. These are significant on

any test while MTHFR is only significant in Chi squared where yellow is merged with green.

Other details are discussed in the text.

No significant association was found between gender-or age for any of these gene SNPs.
25 gene variants were identified that were significant in any of the three tests with all
significant at p<0.05 and many at much higher significance of p<0.01 or higher (bold p
values in Table 8.5). Only 12 were significant using Mann-Whitney U tests while more
were significant in either of the'Chi.Squared tests. Some were significant across all tests
(Table 8.5). Even though APOE4 is known in the literature to give a 40% risk of the
disease, the current finding is'surprising and significant in showing a 70% association in
a small number of individualspicked for disease severity. Importantly for our hypothesis,
2 folate-related genes were found to be significantly associated with AD, methylene
tetrahydrofolate dehydrogenase 1 (MTHFD1) and methylene tetrahydrofolate reductase
(MTHFR), with MTHFD1 significant on all tests and MTHFR significant only on a Chi
Squared test in which positive and neutral variants were grouped together and tested
against negative variants. The enzymes derived from these genes are involved in the long
and short pathways, respectively, for replenishment of the 5-methyl tetrahydrofolate pool
(Figure 8.1).
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Figure 8.1. Diagram of the folate metabolic cycle and links to other pathways

Figure 8.1. Diagram of the folate metabolic cycle and links to other pathways.

S5methyITHF is the major species of folate derived from food and forms the recycling point for
folate metabolism. It forms the rate limiting step, through the action of methionine synthase
(MTR), in the methylation of vitamin B12 and thus the rate limiting step for methylation of
homocysteine to methionine. It is thus critical to folate metabolism generally and to
production of S-adenosyl methionine (SAM), the universal methyl donor for methylation
reactions. MTHFD1 is a multi-role enzyme involved in three reactions in the folate pathway,
forming the long route back to 5methyITHF. Tetrahydrofolate (THF) can be recycled back
through 5,10 methyleneTHF, forming the short route and requiring B6 and serine to glycine
reactions. Both long and short routes require methyleneTHF reductase (MTHFR) for the final
step to S5methyITHF. MTHFD1 is further involved in recycling of 10formyITHF to THF, fuelling
purine synthesis. 5,10methyleneTHF can also be reduced to dihydrofolate fuelling pyrimidine
synthesis. Other pathways include 5mtheylTHF feeding directly into biogenic amine and nitric
oxide synthesis through the BH4 cycle, and methionine feeding directly into the methylation
pathway as well as acetylcholine synthesis. Folic acid is an artificial substance that enters the
folate cycle without any 1 carbon moiety to supply to the metabolic process and so acts to
dilute the 1 carbon pool as well as having other negative effects at higher doses (see text).
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Thus an error in either or both of these would result in a drop in 5-methyl tetrahydrofolate
availability, as well as raised homocysteine and reduced s-methyl-homocysteine (SAM),
the universal methyl donor, resulting in reduced methylation as a consequence. Table 8.5
also shows the direction of association, i.e., whether associated with AD or with normal
ageing. Gene SNPs associated with normal ageing may be providing some protection
from AD. Other SNPs associated with AD are involved in monoamine transport at
synapses (SLC18A10, SLC6A2) as well as involved in detoxification of xenobiotics and
sulphites (CYP2D6, SUOX)). Those associated with normal ageing and not AD, that may
therefore be protective against AD, are involved in monoamine metabolism, methylation
and signalling (MAOA, ADRBI1, COMT) and detox pathways (CYP2D6,
SOD2,GSTM1). There are also SNPs involved in thyroid hormone activation and
transport (DIO2, SLCO1C1) and neurotransmitter receptors (5-HT2A, DRD2). The
remaining SNP’s, only significant on Chi Squared tests where negative and neutral SNPs
are grouped, are associated with AD and are involved in‘methylation including betaine
homocysteine methyl transferase (BHMT), cysteine beta-synthase (CBS), and
glutathione S-transferase P1 (GSTP1).

8.3. Changes in metabolic profile associated with folate gene SNPs

We measured folate metabolites and enzymes in tissue lysates of normal and AD
individuals with negative SNPs in MTHFD1 and/or MTHFR and compared these to
normal and AD individuals normal or neutral SNPs in these genes. The Individuals, their
genotypes and results of analysis are shown in Table 8.6 with the data shown in graphical
forms in Figure 8.3. There was no significant difference in tissue folate levels (Figure
8.2.) although the controls had a non-significant reduced level compared to the other
groups (Table 8.6.). We therefore used the average folate level to calculate fold levels of
the other metabolites and enzymes. In the severe AD cases that have negative SNPs in
MTHFD1, there is a significant increase in glutathione that is seen in the severe cases
without these SNPs. There is no effect of the negative SNPs on the levels of either
MTHFD1 or MTHFR. However, in severe cases with normal or neutral SNPs, there is no
rise in glutathione but there is a significant rise in MTHFD1. There is also a significant
rise in MTR in severe cases both with and without negative SNPs relative to controls and
a small but non-significant (p<0.06) increased MTR in severe cases without negative

SNPs compared to severe cases with negative SNPs.
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Table 8.6. Comparison of negative and positive gene SNPs on tissue metabolic profiles

a.
Normal ageing Alzheimer's Controls Alzheimer Controls
< o o o
Genes =) - g = 5 2 2 g 5 g g 2 & & g = 3
NI ml ql ql NI ml ql m‘ cn‘ ‘_<I ql '\I ’\I ml NI NI ‘_1\
] - S s o o S 3 e = S 5 & E o o g
MTHFD1 (rs1076991) 48 2| 2| 2| 2|
2|
2| 2| 2|
MTHFR (rs1801133) 51 2| 2|
Homocysteine 14700 49000 18500 157,
SAM 7010] 27700, 8080 23100 9330, 16800 15500 18200 27000 6000 38000 8040 28000 11300 68900 32100 27500
i 58600( 90200 91400 78100} 97600 69100 160000 119000 97400 25000 60600 39000 43200 43800 95200 36900 63800
Folates 75800( 44100 80800 60400 34800 32800 88700 40400 50600 19600 44700] 46200 49700 46000 99200 31400 35100}
WESTERN BLOTS
MTHFD1 8560 9910 2070 9990 5390 5490 4530 3360 4680, 873 3540 6200 7650 19700 9210 36000 28500
NOT NOT
MTHFR USED USED 4850 15000 2690 3130 5110 6980 6030 4850 4420 5290 5630 14100 3470 7200 6650
NOT NOT
MTR USED USED 2900 3950 2020 2840 2380 1570 2120 1230 863 717 452 5290 4260) 2740 2290
b. t tests relative to control p values
CvN CvA CvAC
Hcyst 0.554 0.915 0.303
SAM 0.267 0.737 0.139
Glut 0.005 0.008 0.098
MTHFD1 0.332 0.931 0.033
MTHFR 0.530 0.795 0.297
MTR 0.145 0.002 0.013
Folate 0.140 0.497 0.502
Tissue folate levels measured by dot blots
80000 -
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0

Control Normal ageing Alzheimer Alzheimer control

Optical density

Figure 8.2. Tissue folate levels are not significantly different between controls and other
groups with and without mutant SNPs in MTHFD1 and/or MTHFR. The controls have lower
level of folate than the other groups although this is not significant.
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Metabolic profile of samples
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Figure 8.3. Metabolic profiles of samples analysed for key metabolites and enzymes plotted
as fold of folate levels since this was the only consistent measure between the cases.
Glutathione is significantly raised in Severe Alzheimer’s with mutant gene SNPs for MTHFD1
and MTHFR. This is not seen in any other group including Alzheimer’s without mutant SNPs.
In these latter cases we see significantly raised MTHFD1 that is not mutant. In both cases we
see potential protective mechanisms against raised homocysteine levels which are elevated
in all cases except normal ageing although none are significant. MTR is also elevated in both
affected and control Alzheimer’s cases. This is not mutated so is also involved in metabolising
5methyITHF to methylate homocysteine to methionine and thus feed the methylation
pathway. Together the increased glutathione and MTR would act to keep homocysteine levels
low.
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8.4. Discussion

There is an assumption in genetics and nutrigenomics literature that adverse gene SNPs
have a negative effect on protein function and thus a knock on effect on the processes
they are involved in. In this study we focused on the genes involved in folate metabolism,
methylation and neurotransmitter synthesis, and also included APOE genotyping.
Surprisingly we found a 70% association of APOE4, rather than the predicted 40%, with
AD further reinforcing its high risk factor status and also indicating potential direct
involvement in the condition in the severe cases used in this study. Several recent studies
highlight the role of APOE4 in a number of critical processes including involvement in
amyloid plaque and neurofibrillary tangle formation, insulin resistance, decreased
amyloid clearance, mitochondrial dysfunction and in autophagy (Hunsberger et al., 2019;
Norwitz et al., 2021). Suggestions have been made for targeted drugs (Hunsberger et al.,
2019) and nutritional and lifestyle changes (Norwitz et al.;,2021) aimed at APOE4
processes and pathways to prevent or treat the disease. The second most significant
association with AD was MTHFD1 SNP rs1076991. This was highly significant in all
tests and thus we can suggest must be a significant risk factor for late-onset AD. Others
have found a weak association of a different MTHFD1 variant, SNP rs2236225, with
early-onset AD (Bi et al., 2010; Dorszewska et al., 2007). We found a highly significant
association of this variant with AD only in a Chi Squared test where negative and neutral
variants were grouped together and tested against positive variants. There was no
significance in a Mann=Whitney U test or the alternative Chi Squared test. So we can
agree with the studies demonstrating the weak association of this variant but have found
a very significantassociation with the other variant of MTHFD1, which is a novel finding
of'this study. MTHFD1 is a critical folate enzyme involved in 3 parts of folate metabolism
(Figure 9.2.). It is involved in control of formate levels through the formation of 10-
formylTHF from THF, which can then be used in purine biosynthesis. It balances
formylTHF with 5,10methenylTHF and also mediates conversion of this to
5,10methyleneTHF which is either converted to SmTHF by MTHFR, and thus forms the
long pathway back to SmTHF, or to dihydrofolate, fuelling the biosynthesis of
pyrimidines in the process. DHFR then converts DHF to THF which picks up one carbon
components from the conversion of serine to glycine to form 5,10methyleneTHF that can

then be converted to SmTHF, thus forming the short route to SmTHF. Thus, a negative
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variant of MTHFD1 should have a remarkable effect on folate metabolic balance,
decreasing the SmTHF pool as well as potentially leading to formate toxicity and
errors/reduced DNA synthesis and repair. Similarly, a negative variant of MTHFR should
result in raised homocysteine levels that would exacerbate neurodegeneration and
increase the risk to develop AD (Jiang et al., 2021). In our study we found only the
MTHFR variant rs1801131 associated with AD but only in the Chi squared test putting
neutral and positive variants together and tested against negative variants. No
significance was found using Mann-Whitney U testing. In the cases studied here
MTHFDI1 is very significantly associated with AD while MTHFR is probably only
weakly associated, as already reported for this variant (Liu et al., 2017) by contrast to
other studies that found 1-3 abnormal SNPs of MTHFR associated with AD (Jiang et al.,
2021; Peng et al., 2015; Roman, 2015). The effect of negative variants in MTHFD1
and/or MTHFR were investigated by comparing normal-and severe AD cases with and
without negative SNPs in these two genes. We found a significant increase in glutathione
in severe AD cases with negative variants compared to.those with positive or neutral
variants (Figure 8.3). We surmise that raised homocysteine, resulting from failure to
regenerate SmTHF, is being shunted to SAM and glutathione to prevent toxic build-up of
homocysteine. Interestingly, this is not seen in severe cases with positive or neutral
variants in MTHFD1 and/or"MTHER. In these cases we found a significant increase in
MTHFDI1 and in MTR ‘perhaps in response to raised homocysteine to increase
methylation. This would also fuel the hypermethylation seen in the AD cortex and
previously reported by us and others (Miyan et al, 2021, in press). Also, or interest is the
fact that we found no significant difference in tissue levels of folate indicating that the
changes seen are likely to be a response to ineffective gene products and/or to

physiological changes in metabolism rather than folate supply.

The other gene variants associated with AD are involved in monoamine neurotransmitter
delivery to and reuptake into synapses, and in detoxification from xenobiotics and
sulfites. 2 genes involved in the methylation pathway are weakly associated with AD
finding significance in only one of the Chi Squared tests. These are involved in the
conversion of homocysteine to methionine (BHMT) and in generation of cysteine from
homocysteine in the pathway to glutathione (CBS). The remaining significant

associations are with normal ageing indicating a possible protective effect of these gene
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variants. These are involved in receptors for and breakdown of monoamines as well as in
detoxification through breakdown of various drugs and environmental toxins.
Interestingly COMT variant rs4633 has been associated with AD (Babic Leko et al., 2020)
while in the current study it is clearly associated with normal ageing. Other variants of
COMT have been found to be not associated with AD or other psychiatric conditions
(Patel et al., 2018; Zalsman et al., 2005; Zalsman et al., 2008) indicating a possible

association with other factors rather than directly to disease aetiology or progression.
8.5. Conclusions

In this initial pathway analysis of genes involved in folate metabolism, methylation and
neurotransmitter synthesis, as well as APOE genotyping;. we found significant
associations (summarised in Table 8.5) of a key gene involved in folate metabolism,
MTHFD1, genes involved in monoamine vesicular transport and reuptake and areas of
detoxification, as well as a 70% association of APOE4 with AD. At the same time, we
found significant associations of variants of COMT and SOD2 as well as CYP2D6 with
normal ageing suggesting a protective effect. Other'gene SNPs were significant only on
a Chi Squared test when neutral SNPs were grouped with positive or negative SNPs (see
Table 8.5). Interestingly, these include MTHFR which reportedly affects around 30% of
the population is implicated-in abnormal folate metabolism and raised homocysteine
levels (Suormala et al., 2002):'ITn our analysis SNPs of this gene were not associated with
AD except when neutral and positive SNPs were grouped and analysed with negative
SNPs. Thus, in.ouranalysis the most important gene to be exposed is the MTHFD1 gene
which is critical in a number of folate metabolic reactions and has 4 enzymatic profiles:
i.  methylenetetrahydrofolate  dehydrogenase = (NADP+  Dependent) 1, ii.
methenyltetrahydrofolate cyclohydrolase, iii. formyltetrahydrofolate synthetase, and iv.
C-1-tetrahydrofolate synthase, reflecting its importance to the folate metabolic cycle
(Figure 8.1.). However, even this is not 100% associated with AD and is also present in
many normal ageing samples. Thus, it can only be added to the increasing number of risk
factors for this disease. Finally, we propose that one trigger for the onset and severity of
AD may be a physiological change associated with a cerebral CSF drainage issue and
associated cerebral folate issue reflecting the fact that severity of this, and other cerebral
conditions, is associated with increasing fluid accumulation and ventricular dilation. Life
events that decrease drainage capacity might include infection, inflammation, and trauma

Page | 136



Chapter 8 Results VI

or accelerated cell loss in these susceptible ageing individuals. Strategies to maintain
drainage, and perhaps increase drainage may therefore present an effective target for

prevention and treatment of this condition.
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Chapter 9

Discussion

9.1. CSF and folate in the ageing and AD brain

Research into AD has failed to produce effective treatments to prevent, arrest or reverse
the condition. Essentially most/all hypotheses regarding this condition are based on
pathophysiology during disease progression and end stages of disease resulting in little,
if any focus on causation. Published data indicates that severity of the disease can be

associated with enlargement of the ventricles (Nestor et al., 2008):

Figure 9.1. Composite figure showing data from Nestor et al (2008) showing enlarged ventricles
and graphs demonstrating associations of enlargement of ventricles with severity of the
condition using two different psychometric tests, ADAS and MMSE.

Further evidence demonstrates reduced CSF outflow from the choroid plexus at the same
time as reporting raised intracranial pressure (Ott et al., 2010; Silverberg et al., 2006;

Silverberg et al., 2001; Silverberg et al., 2003). Thus, there must be an imbalance between

Page | 139



Chapter 9 Discussion

production and drainage even in this condition where CSF output has been decreased.
These data strongly implicate a CSF drainage insufficiency in the pathophysiology of
AD. The extreme version of CSF drainage obstruction is hydrocephalus and in this
condition our lab and others have reported a cerebral folate imbalance and a profound
effect on the progression of development and function of the cerebral cortex. So this
project was designed to test the hypothesis that an early process in the disease may be
CSF drainage obstruction, not sufficient for hydrocephalus, but sufficient for a change in
folate metabolism and associated effects on cell proliferation, neurotransmitter synthesis,
methylation and other pathways involving folate. Evidence in the literature is
contradictory on the role of folate in AD as blood folate or CSF folate deficiency was
examined but not the details of folate transport and metabolism (Boston et al., 2020;
Murdaca et al., 2021; Robinson et al., 2018; Zhang et al., 2021). In this study, CSF and
brain tissue was analysed for folate metabolic status and.to investigate the pathway for

folate delivery comparing normal, moderate and AD brains.

Initially the concentration of FDH was measured and was found to be significantly
reduced in the CSF from both moderate:and severe cases compared to normal aged brains.
This provided initial support for the hypothesis of reduced CSF drainage as reduced FDH
has been reported associated with this in hydrocephalus but not in non-hydrocephalic
siblings (Cains et al., 2009; Jimenez et al., 2019; Naz et al., 2016). Tissues were then
further analysed for changes in folate status. A global reduction in all folate enzymes was
found in the CSF of both moderate and severe AD brains compared to normal. The main
transporter for folate from blood, FRa, was decreased in moderates but at normal levels
in AD, while folate was increased in moderates and at normal levels in AD. This presents
a picture of a potential imbalance in folate rather than a deficiency which follows from

similar observations in hydrocephalus (Cains et al., 2009).

In the normal ageing brain folate is transported by FRo+FDH into the network of FDH-
positive astrocytes. This is different to the neonatal brain in which FDH alone is found in
FDH-positive radial glia and FRa remains in the CSF (Cains et al., 2009; Jimenez et al.,
2019; Naz et al., 2016). FDH-positive astrocytes have been described in the literature and
FDH antibodies are sold as astrocyte markers. However, the significance of these specific
FDH-positive, GFAP-negative astrocytes has not been investigated. The data presented

here implicates this network as the main pathway for folate delivery from the CSF
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throughout the cortex and perhaps the rest of the brain, but this is not the only mechanism.
Physiologically, the CNS lymphatic drainage system with the glymphatic system and
meningeal lymphatics as the core which efficiently helps in the clearance. In normal
brains FRa and folate are co-localised in these cells. This makes the FDH-positive,
GFAP-negative astrocytes of huge significance to the function of the normal brain when

the role of folate metabolism is fully understood (see below).

In the AD brain, the FDH-positive, GFAP-negative astrocyte network remains intact
when observed after IHC staining. However, in the temporal cortex of AD brains
analysed in this study, this pathway was NOT transporting folate. There was no co-
localisation of FRa or folate with FDH in this pathway. Instead, this study found that FRa
and folate were co-localised in the GFAP-positive astrocyte network and that this was
associated with folate accumulation in neurons and hypermethylation (Smethyl cytosine).
Very little demethylation (5-hydroxymethyl cytosine) was observed in the AD brain

compared to the widespread staining for this in normal aged.

This study also investigated genes involved in the folate, methylation and
neurotransmitter pathway using a nutrigenomics-approach. Using this approach, the gene
coding for MTHFD1 was found to have an abnormal SNP significantly associated with
the AD samples and not present in normal aged brains. In addition, an abnormal SNP in
MTHFR was also found to have a weak association with the AD samples used in this
study. Thus, two very important folate enzymes have an abnormality associated with the
small sample of AD brains used in this study. In addition to the gene SNP identification,
a change in folate metabolism was detected in tissue lysates from these brains. In
AD/normal brains without abnormal genes, there was increased concentrations of
MTHFD1 which is presumed to occur to feed SmTHF, through the long pathway, to
maintain low levels of homocysteine as well as provide methionine for the methylation
pathway. In individuals with abnormal MTHFD1, there was, by contrast, no change in
MTHFDI1 but a significant increase in glutathione. This would have the same effect of
reducing toxic levels of homocysteine via the methylation pathway and also indicates,
significantly decreased recycling of folate back to SmTHF. Thus, this significant change
in folate metabolism compensates for the abnormal MTHFD1 which would not be seen

without this detailed analysis of genes and metabolism.
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9.2. Folate metabolism

ChAT

ACh

Figure 9.2. Diagram of folate (1-carbon) metabolism demonstrating the links to nucleotide
synthesis, neurotransmitter and nitric oxide synthesis, and methylation.

Figure 9.2. shows the inter-relationships between the folate metabolic cycle, DNA
synthesis, methylation pathway, and neurotransmitter and nitric oxide synthesis. From
this, it is clear that errors or issues with folate metabolism can have severe consequences
for brain function, through synthesis of neurotransmitters, including biogenic amines and
acetylcholine, the production and maintenance of cells, cardiovascular and neurovascular
health through nitric oxide synthesis, etc. 5-methyl tetrahydrofolate (SmTHF) is the main
dietary form of folate and is the usual entry point into folate metabolism from where it
feeds 2 pathways. The dihydro-tetrahydro biopterin (BH2-BH4) cycle produces
tetrahydrobiopterin from SmTHF that is required for nitric oxide synthesis, linked to
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cardiovascular health, and biogenic amine synthesis, producing some of the key
neurotransmitters of brain functions including cognition, learning, memory, attention,
mood, and sleep. SmTHF also passes through a rate-limiting step, transferring its methyl
group to vitamin B2 that then methylates homocysteine to methionine producing
tetrahydrofolate (THF) that feeds into other parts of the metabolic cycle. Methionine is
converted to s-adenosyl methionine (SAM), the universal methyl donor involved in most
methylation reactions. THF is a central hub for folate metabolism. It can produce 5,10-
methylene THF through the conversion of serine to glycine. This can cycle back to
SmTHF or convert to dihydrofolate (DHF) giving up its methylene to thymidylate
synthase that produces pyrimidines, key nucleotides in DNA and RNA synthesis. DHF
is hydrolysed back to THF. THF can also receive a formyl group through conversion of
formate from blood plasma that also exists in CSF (Eells et al.,, 2000), or through
metabolism of 5-formyl-THF. This is mediated by methylene=THF-dehydrogenase 1
(MTHFD1) that also converts the product, 10-fermyl THF to 5,10-methenyl THF.
MTHFDI also acts to balance the 2 halves of folate metabolism through interconversion
of 5,10-methenyl and 5,10-methylene THF. These 3 reaction steps, mediated by
MTHFDI are known as the long route back to SmTHF while MTHFR mediates the final
step from 5,10-methylene THF back to SmTHF for both the long route and short route.
10-formyl-THF dehydrogenase (FDH) acts as a buffer to maintain a pool of the reactive
THF as it is known to bind tighter to this product than to the substrate 10-formyl-THF
(Anguera et al., 2006). This would also have the effect of depleting 1-carbon availability
in the presence of high levels of FDH that would decrease 10-formyl-THF levels and
prevent downstream conversions including purine synthesis. This would explain cell
cycle arrest in cancer and other cells produced by elevated levels of FDH (Krupenko and
Oleinik, 2002). In hydrocephalus the inhibition of secretion of FDH from the radial glial
cells results in raised concentrations within the cells that may be responsible for the cell
cycle slow down/arrest observed in the fetal/neonatal hydrocephalic brain (Owen-Lynch
et al., 2003). FDH is known to bond to its product, THF, more than to its substrate,
10fTHEF, so that it acts as a buffer for available folate in the form of THF. If true, then a
lack of FDH would produce a severe folate deficiency if the system is dependent on

supply of THF from CSF metabolised SmTHF.
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The lack of FDH in the CSF means that there is none available for binding to FRa-folate,
prohibiting entry to the normal pathway of the FDH-positive radial glial cells. In AD, this
loss of FDH in CSF has a similar effect in barring folate uptake into the FDH-positive
astrocytes. In hydrocephalus, the unbound (to FDH) folate is then available to cells that
can utilise free folate, in particular arachnoid cells that do not need FDH binding and can
take the folate directly (Jimenez et al., 2019). This stimulates arachnoid proliferation to
generate additional drainage, but which does not balance the continuous outflow of CSF.
In AD, in the absence of FDH binding, FRa-folate enters an alternative pathway
involving GFAP-positive cells. Thus, in both neonatal hydrocephalus and in ageing AD
brains normal pathways for folate uptake, requiring FDH binding of folate are not
available and alternate pathways are available to unbound folate. Both pathways may
operate in the normal brain but in the AD brains a major switch is observed from one to

the other.

The genetic defect found in this study in MTHFD1 can also now be seen in context of
total folate metabolism and its triple role in 3 arms of folate metabolism forming the long
pathway back to SmTHF. Loss of activity in MTHFD1 would have consequences on
formate metabolism, possibly forming formic acid and resulting in acidosis, as well as
negatively affecting production of purines. Furthermore, it would reduce the recycling of
folate back to SmTHF and therefore decrease homocysteine methylation, increasing the
concentration of this toxic molecule. The alternative pathway for recycling folate would
then be via dihydrofolate and to THF but this pathway would bypass the conversion of
homocysteine to methionine with consequences on methylation. The same would
effectively occur with a mutation in MTHFR but the literature suggests this does not
happen completely and that even in homozygous negative mutations of MTHFR, 30% of
normal folate metabolism persists (Suormala et al., 2002). This may explain the weak
link to AD that was found in this study. Figure 2 also shows the entry point of folic acid,
a synthetic, stable form of folate and thus may also explain some of the negative effects
observed with high dose folic acid supplementation. Folic acid has no 1-carbon moiety
to donate so practically dilutes the 1-carbon pool becoming useful only after conversion
to DHF, then THF and then picking up a 1-carbon in conversion to 5,10 methylene THF,
5 formamido THF or 10-formyl THF (see Figure 9.2).
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9.3. Main outcomes of this research

Although the number of brains analysed in this study were small, the study compared
normal ageing, with severe AD. Thus, the study compared the extreme cases and the data
demonstrate significant differences that could now be applied to all cases to determine if
they are involved in the progression of the disease. The findings of an abnormality in
MTHFD1 associated with AD is particularly interesting as a direct genetic route to a
folate deficiency that could underlie the progression of the condition, and this clearly
needs to be followed up with much larger study to determine the prevalence of this gene
SNP in AD, particularly in early diagnoses. It is possible that the disease progression
might then be halted with simple folate supplements as has already been described in the
literature (Cains et al., 2009). In those individuals with abnormal function in MTHFR,
they would also suffer a loss of recycling of folate back to SmTHE so that this also be a
risk factor for developing AD although this has clearly not been reported in the literature
referring to the 30% of the population that has abnormal MTHFR function (Suormala et
al., 2002). These genetic findings may explain many cases of AD. In addition, the main
hypothesis tested in this body of work was a change in cerebrospinal fluid flow, dynamics
and drainage as an underlying cause of cerebral folate imbalance leading to AD. This was
originally speculated based on the association between disease severity and ventricular

enlargement described in a number of papers in the literature (e.g. Figure 9.1 and 9.3).

Figure 9.3. MRI images of normal (left) and AD (right) brains showing the significant reduction
in brain tissue but also a significant enlargement of the ventricles (blue arrow) in the AD brain.
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In studies of hydrocephalus, a profound change in folate metabolism was reported in the
Hydrocephalic Texas (HTx) rat in which FDH was significantly reduced or absent from
the CSF of affected individuals. In addition, more recent proteomics analysis demonstrate
the profound nature of the metabolic change in hydrocephalus (Requena-Jimenez et al.,
2021) which also contains top level controllers for the metabolic change. With the
previous studies of the UK group as well as those of other groups investigating CSF, it is
becoming very clear that CSF is a vital, physiological fluid specifically formulated for
cerebral cortical health and function (Bueno et al., 2020; Cains et al., 2009; Gato et al.,
2020; Miyan et al., 2020; Miyan et al., 2006). Where it undergoes changes due to fluid
drainage obstruction/insufficiency then cortical development and function have been
shown to be severely affected. Indeed, hydrocephalus has been shown to cause a
developmental arrest in the developing cerebral cortex wheteas previous views were that
hydrocephalus caused damage to the cortex through fluid aceumulation, ventricular

enlargement and pressure on the cortical tissue (Owen-Lynch et al., 2003).

FDH, FRa,

FRa + folate vesicles from ChP, FDH vesicles from NSCs/radial glia
Important to separate folate for different targets in different conditions

Figure 9.4. from (Jimenez et al., 2019) showing association of FRa and FDH in vesicles in the CSF.
These two molecules are found colocalised in some vesicles, presumably with folate, for transfer
into radial glia/FDH+ve astrocytes. Vesicles with only FRa transport folate around the CSF
pathway for other cells to use unbound to FDH.

In AD then, this study found a similar, and significant reduction in CSF FDH. This
supports the hypothesis that ventricular enlargement in AD indicates a fluid drainage
problem rather than loss of brain tissue due to pathology which occurs outside the

ventricular system with decreasing size of gyri and increasing sulci. The fluid drainage
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problem had been described for ageing and dementia in which they found decreased CSF
volume production but with raised intracranial pressure and ventricular enlargement.
Thus, the observed decreased CSF volume output was not stopping the build-up of fluid,
nor the rise in pressure (Ott et al., 2010; Silverberg et al., 2006; Silverberg et al., 2001;
Silverberg et al., 2002; Silverberg et al., 2003) indicating a clear problem in drainage. In
addition to the decrease in CSF FDH, this study also found a profound change in transport
of folate into the brain, a reduction in folate metabolism as well as a change to

hypermethylation.

The hypothesis generated from studies of neonatal hydrocephalus was that FRa
transported folate into the CSF across the choroid plexus and then FDH also bound to the
folate along with FRa. This FDH binding was found to be necessary for normal folate
uptake into the brain. In the absence of the FDH, FRa-folate was present in the CSF but
not available to the cells of the brain. Instead, the unbound folate passed through the CSF
pathway into the subarachnoid space and stimulated proliferation of the arachnoid
membrane cells (Jimenez et al., 2019). In neonatal hydrocephalus, the cells containing
FDH are radial glial cells that are also-the neural stem cells of the developing cortex. In
the adult cortex, radial glia are no longer present and FDH is now found in a network of
FDH—positive astrocytes. These must be the source of FDH found in the CSF and are
also the pathway for FRa-folatesFDH to enter the cortex and supply the cells of the brain.
In AD CSF, FDH is not released from the cells and the consequence appears similar to
the same loss in_hydrocephalus, where cells of the brain can now no longer access
available folate. However, in the AD brain we found that a different pathway for folate
uptake became activated, which pathway is not present in the developing cortex. This is
the GFAP-positive network of astrocytes. These FDH-negative astrocytes, most probably
also involved in nutrient supply to the brain, in the AD brain now become the major
pathway for folate transport. This may be a consequence of the loss of FDH binding to
folate in the CSF that would otherwise restrict transport to the FDH-positive astrocytes.
This appears to be an amazing mechanism both in the developing brain, to increase
drainage through arachnoid proliferation, and in the adult brain to maintain folate supply
to the cortex. However, in the AD brain we observed a change in metabolism associated
with the change in pathway for folate delivery to hypermethylation. In this case very little

demethylation was observed compared to that seen in normal aged brains. This may
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indicate a general shut down of cell activity in response to the on-going pathology perhaps
to prevent further loss of neurons. This may also be the basis of some aspects of loss of

affect in these patients not directly attributable to loss of neurons alone.
9.4. Folate metabolism in the brain

A significant finding of this study was that, while the CSF contains all the folate enzymes
except MTHFR, these enzymes are present in variable numbers of neuronal cells with
FDH found in a unique set of astrocytes and MTR in some GFAP positive cells. Thus,
while the whole of folate metabolism is potentially possible in the CSF, it is separated
across different cells in the cortex. As discussed in chapter 6, two immediate possibilities

could explain these observations.
9.4.1. Model 1

FDH as the main transporter could deliver SmTHF; 10 formyl THF, or THF throughout
the cortex. SmTHF must be converted to THF by MTR and MTRr as well as being used
in the BH2-BH4 cycle for neurotransmitter and nitric oxide synthesis. Thus, MTR and
MTRr in the neurones must be receiving SmTHF to convert to THF and methylate
homocysteine. However, Figure 6.6. shows that homocysteine may be separated in
astrocytes and is not in neurones suggesting that all homocysteine is removed from
neurones rapidly to avoid its'toxic effects. Presence of other folate enzymes in neurones
indicates the ability for limited conversion of folate metabolites for specific metabolic

tasks in those cells.
9.4.2. Model 2

In this model the evidence indicates that folate metabolism occurs in the CSF and that
FDH positive astrocytes then transport the metabolites throughout the cortex with specific
metabolites used by different cells. In addition, it looks likely that some cells, particularly
pyramidal cells in the cortex, may be able to take specific metabolites, perhaps with

bound enzymes from the CSF at the pial surface where their apical processes originate.

In both models, the loss of FDH, observed in AD CSF, would have an effect on folate
transported through the FDH-positive astrocyte network as this shows the need of FDH

bound to folate to extract folate from the CSF. The alternative model would then allow
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for folate to pass through other pathways and/or directly to neurones connected to the pial

surface and/or via GFAP astrocytes.

9.5. Speculation on potential treatment

In neonatal hydrocephalus, it has been found that bypassing the FDH block to normal
folate transport, through supplementation with alternative forms of folate, can reverse the
effects of fluid drainage obstruction and also “repair” the drainage system to

remove/prevent the hydrocephalus (Cains et al., 2009).

So, what would happen with a similar folate supplement for AD? Although AD occurs in
ageing brains, it is possible that the supplement could “repair” the drainage faults and
return the CSF pathway to something reflecting normal flow and drainage. In addition,
or even in the absence of “fixing” the drains, alternative folates should enter the normal
pathway for folate uptake, i.e., the FDH-positive astrocyte network, as well as the
alternative pathways available. This would then potentially restore normal function, i.e.,
all functions dependent on folate supply including DNA synthesis, methylation,
neurotransmitter synthesis, nitric oxide synthesis, etc., and perhaps arrest further
pathology. Early treatment of mild cognitive impairment might, therefore, even prevent
conversion to AD. This of course requires a larger study to determine if the observations

reported in this study are generally the case in conditions of dementia and AD.
9.6. Conclusion

This study set out to determine whether a fault in cerebral folate exists in AD and whether
this is similar to that reported for hydrocephalus. The study confirmed a similar loss of
FDH in the CSF associated with a change in folate supply to the cortex and a change in
metabolism towards hypermethylation. Thus, the study supports the hypothesis of a CSF
drainage obstruction resulting in physiological changes in the brain CSF pathway for
nutrient supply and consequential loss of function and neurodegeneration. Although the
study is on a small number of patients, the results are sufficiently significant to support
the conclusions and lay the foundation for a bigger investigation to confirm the general

applicability of the findings.
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9.7. Limitations

The study was funded by Commonwealth Scholarship Commission (CSC) due to which
we were restricted to purchase limited number of brains. Moreover, due to the COVID-
19 pandemic, it was very difficult to get antibodies and other consumables in time. The
brains which were used in this study were formalin fixed so in some IHC sections it was
difficult to see the antigen antibody interaction which was sorted out by positive and
negative controls. Due to limited time (after COVID-19 pandemic) and funding
constraints we couldn’t conduct experiments to show specific CSF flow and clearance
mechanisms. Other limitation is that Manchester brain bank don’t have age at which AD
is first time diagnosed.

9.8. Future perspectives

This study used post-mortem tissues exclusively. Thus, the study findings need to be
confirmed, at least for CSF, in tissue taken from living patients:with AD.

All folate enzymes were found to be present in CSF but only one or two were present in
specific cells, not all, in the cortex. Thus, to determine which cells are generating the
enzymes and which are simply takingthem from the CSF, we need to carry out in situ
PCR or hybridisation studies to identify which cells are making these enzymes. This is
important to determine the details of folate metabolism in the brain. For example, does
the CSF contain all of folate metabolism and simply supplies metabolites to cells as they
need them? Where are'the folate proteins coming from? Choroid plexus, FDH astrocytes,
neurons, blood or other source?

Confocal microscopy and 3D reconstruction will allow a high-resolution determination
of the interaction between cells containing folate, folate proteins and receivers. In
addition, this will also allow visualisation of multiple proteins using different
wavelengths of Alexa Fluor secondary antibodies. Thus, it may be possible to look at
sub-cellular localisation of folate metabolism in astrocytes and neurons. Importantly, it
will be possible to investigate the transport mechanisms at the ventricular ependymal
barrier, the pial barrier and the blood-brain barrier.

With neurologists it may also be possible to test the utility of folate supplements in
slowing/halting the progress of this debilitating condition. There are already reports of
the beneficial effects of folate for dementia so this would be a promising direction into

clinical work.
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Preamble: Genetic analysis of neurological conditions in Pakistan

The PhD project at QAU originally aimed to analyse genetic defects associated with
different neurological conditions, of which there are many in Pakistan. Identifying gene
errors associated with neurological conditions is an important aspect of understanding
their cause, aetiology and outcomes. This is particularly true in a country where
consanguinity is very high and the likelihood of finding genetic causes increases.
However, the consequences of abnormal genes needs additional research at the molecular

and cellular, not to mention systems/physiological level.

With the author (SFN) successfully obtaining funding for a split-site PhD with
Manchester University, the direction of the project was modified to include functional
genomics, including nutrigenomics, as well as investigating the underlying physiological

changes associated with the specific conditions of ageing, dementia and AD.

The paper presented here is a-result of work carried out prior to the split-site PhD
agreement and demonstrates the trajectory of the genetic studies at QAU. The body of
the thesis demonstrates a multi-faceted approach to understanding a condition that

includes genetics.
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ABSTRACT

Aims: Autosomal recessive primary microcephaly (MCPH) is a rare and clinically and
genetically highly heterogeneous developmental disorder. Biallelic variants in abnormal
spindle-like microcephaly-associated (ASPM) gene account for 40% to 68% of all MCPH
cases. This study aimed to elucidate the genetic basis of MCPH in an extended family. In
order to highlight recurrent mutations useful in implementing genetic testing programs,

we further aimed to carry out a descriptive review of the reported ASPM mutations.

Materials and Methods: A large, inbred kindred with 7 affected members is
investigated, and detailed clinical and behavioural assessments were carried out. SNP-

based homozygosity mapping and exome sequencing were performed.

Results: Affected individuals have characteristic features including small head, receding
forehead, mild to moderate intellectual disability, developmental delay, short stature,
speech apraxia, and behavioural anomalies. We.mapped the disease gene locus and
detected rare frameshift deletion ¢.6854.6855del (p.(Leu2285GInfsTer32)) in exon 18 of
ASPM. A total of 215 mutations in ASPM have been reported in at least 453 families,
nearly 50% of which are of Pakistani origin. Mutations are either recurrent, founder or

private mutations in the Pakistaniior some other populations.
Conclusion: SNP-based homozygosity mapping and exome sequencing are essential in

delineating the genetically distinct microcephaly types. The highlighted recurrent

mutations in ASPMcould be useful in implementing genetic testing programs for MCPH.

Keywords: Intellectual disability; short stature; small head; developmental delay; speech

apraxia
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INTRODUCTION
Autosomal recessive primary microcephaly (MCPH; MIM-251200) is a clinically and

genetically highly heterogeneous developmental anomaly that is characterized by prenatal
onset of brain growth impairment resulting in reduced brain volume, which is measured as an
occipitofrontal circumference equal to or >2 standard deviations (SDs) and 3 SDs below the
age- and sex-matched means at birth and 6 months, respectively. This condition leads to
intellectual disability (ID) without any significant neurological deficit (Von der Hagen et al.,
2014; Barbelanne and Tsang, 2014). At least 28 loci are known for MCPH, and the
corresponding genes have been discovered
(https://www.omim.org/phenotypicSeries/PS251200).  MCPHI1-17, MCPHI19-25 and
MCPH28 is inherited in an autosomal recessive fashion whereas MCPH18, MCPH26 and
MCPH27 are autosomal dominant. Biallelic variants in ASPM gene (MIM-605481) are the
most frequent cause of MCPH and account for 40-68% of primary microcephaly cases (Zaqout
et al., 2017; Letard et al., 2018). Nearly half of all reported MCPH patients originate from

Pakistan.

Genetically distinct microcephaly types share high phenotypic similarity such as congenital
onset, short stature, mild to severe intellectual disability, receding forehead, decreased brain
weight, disproportionately thin cerebral cortex, developmental and speech delay, and speech
apraxia (OMIM; Faheem et al., 2015; Shaheen et al., 2019; Jean et al., 2020). High throughput
methods such as SNP-based genotyping and exome sequencing are essential to delineate

genetically heterogeneous conditions like microcephaly.

We present Pakistani kindred with 7 microcephalic members. Through SNP-based genotyping
and homozygosity mapping followed by exome sequencing we showed that a rare variant in
ASPM segregates with the malformation in the family. We also carried out a descriptive review
of the reported ASPM mutations and highlight recurrent mutations useful in implementing

genetic testing programs.
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MATERIALS AND METHODS

Sample Collection and Clinical Investigations

Peripheral blood samples were collected after obtaining informed consent according to the
Helsinki II declaration. The study protocol was approved by the ethical review committee of
Quaid-i-Azam University (DAS-1070) and the Istanbul Technical University Ethics Review
Board (MBG.22/2014).

The family is from a remote area of Punjab, Pakistan. The five-generation pedigree strongly
suggested an autosomal recessive pattern (Figure 1). Seven family members (3 males and 4
females) at ages 16 to 32 years were affected. In total 10 family members (5 affected and 5
unaffected) were physically examined with the help of local physicians. Photographs of were

taken for all participants, and anthropometric measurements of affected subjects were obtained.

Figure 1: Family and patients. A. Pedigree of the family showing also genotypes for ASPM
€.6854_6855del. +, variant; -, reference allele. DNA was available from individuals marked *. SNP
genotype data were generated for individuals marked #. Exome data were generated for individuals
marked E. Horizontal line above the symbol indicates that clinical examination was performed. B.
Facial features of patients 408 and 504 showing small head, receding forehead, prominent nose and
large ears. C. Electropherograms showing causative ASPM c.6854_6855del. Deleted nucleotides are in
red box.
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Genetic Analyses

Genotype data for 710K SNP markers for a mixture of DNA samples of two affected
individuals (410 and 504) were generated using [llumina Human OmniExpress-24 BeadChip.
Intervals >1Mb with shared homozygosity were detected through HomozygosityMapper and

manual inspection on MS-Excel.

DNA sample of affected sibs 407 and 410 were subjected to exome sequencing with [llumina
TruSeq Exome Capture kit followed by massively parallel paired-end sequencing with Illumina
HiSeq 2000 (Illumina, USA). Variant calling and annotation of exome data were performed by
using BWA, SAMTools and ANNOVAR (20190ct24). The alignments were visualized with
BamView. The threshold for sufficient coverage was assumed as four reads, and the minimum
accepted threshold for quality score was 40. In candidate regions rare (frequency <0.01) and
novel variants were selected according to the information in public databases gnomAD (v2.1.1)
that contains thousands of Pakistani exomes, 1000 Geneme and ESP6500 (SI-V2), and those
possibly homozygous (alternate depths >0.60) and affecting protein structure were considered.
Variants found in in-lab exome files were excluded. Sanger sequencing was carried out to
assess the segregation of the variant with the disease. The genome assembly of hgl9 was

utilized.

RESULTS

Clinical findings

Patients have small heads; mild to moderate ID, short stature, narrow and oval shaped faces,
receding foreheads, large ears and prominent noses (Table 1; Fig. 1B). They have attention
deficit behaviour and speech apraxia. They never attended a school of any kind, because of low
ID. Affected males spend time wandering in the streets and have no concept of money. They
are not able to perform any conceptual work but recognize relatives and find their way home.
They have sense of self-respect. They are comfortable with strangers and are friendly towards
them. For instance, female individual 504 at age 34 always has a smiley face. According to
family elders, affected relatives had delayed developmental landmarks including delayed

crawling, walking and toilet training. They do not have hyperactive or aggressive behaviour,
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and epilepsy and bipolar episodes were not observed. Anthropometric measurements showed

marked developmental failures (Supp. Table 1).

Table 1. Physical and clinical features of affected family members

Pedigree IDs 407 408 410 504 506
Sex, age (years) F, 22 F, 20 M, 17 | F, 34 F, 16
Clinical features

Intellectual disability* Moderate | Moderate | Mild | Moderate | Moderate
Short stature + + + + +
Small head + + + + +
Receding forehead + + + + +
Narrow oval face + + + + +
Large ears + + + + +
Prominent nose + + + + +
Speech apraxia + + - + +

Developmental features

Developmental delay + + + + +
Crawling and walking late

Speech delay + + + + +
Behavioural features

Attention deficit + + + + +
Unable to attend school “| + + + + +
Impulsivity X + - + +

Aggression, short temper | - - — _ _
Bipolar episodes y — _ _ _
Epilepsy - - _ _ _
Physical disability - - _ _ _
Hyperactive — — _ _ _
*criteria of the American Psychiatric Association. Diagnostic and statistical manual of mental

disorders. 5th Ed., Washington, DC. 2013.

+, feature present; —, feature absent
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Genetic findings

SNP genotypes were used to detect 22 autosomal homozygous regions >1 Mb shared by the
two affected siblings. Those regions were scrutinized for potential candidate genes through
GeneDistiller. Exome filtration strategy revealed a total of eight variants common to the exome
files of the two affected sibs (Supp. Table 2). Seven of those variants were functionally not
relevant to the phenotype and did not fall in a homozygous interval. Frameshift variant
c.6854 6855del (p.(Leu2285GInfsTer32); NM 018136.4) in ASPM exon 18 was detected in a
shared homozygosity region of 7.83 Mb at 1q31. It is extremely rare, with allele frequency
0.00003268 (1 allele in 30604 alleles from South Asian samples in gnomAD). It has been
reported in compound heterozygous in an MCPH family (Rasool et al., 2020). In the exome

file no pathogenic variant was found in other MCPH-related genes.

Descriptive summary of ASPM mutations:

In order to investigate the recurrence and to understand the pattern of mutation, we compiled
all ASPM variants assembled by Letard et al., (2018) and Rasool et al., (2020) and added more
recently reported variants (Batool et al., 2021; Khan et al., 2021; Naseer et al., 2021). In order
to investigate recurrence and detect potential mutational hotspots, data were extracted from
published reports employing large-microcephaly cohorts (Tan et al., 2014; Wang et al., 2017,
Ahmad et al., 2017; Ahmad et al.;;2019; Shaheen et al., 2019). Those data extend the number

of different disease variants to.215 in at least 453 families.

Reported causativemutations are dispersed throughout the gene. A summary of the distribution
is presented in Fig. 2. There is a direct relationship between exon length and the number of
variants (Spearman correlation R? = 0.9771), indicating that there is no mutation hotspot. The
majority (n=200) of the mutations fall across coding regions; only 15 are intronic. There are
two complex re-arrangements and two large deletions that encompass several exons/introns.
Majority of the mutations are nonsense (n=92), followed by small frameshift deletions (n=84),
splicing (n=17), and small frameshift duplications (n=14) (Table 2). Missense variants are
scarce (n=3), raising the question whether mild mutations are tolerated. Nonsense mutations
are highest in exon 18 (n=36), followed by exon 13 (n=9). Small frameshift deletions are also
more prevalent in exon 18 and 13. Highest number of splicing variants is in intron 10. Exon 7

is the smallest exon (68 bp) and has no known mutation.
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Microcephaly families of Pakistani origin have the highest contribution to the mutational
heterogeneity of ASPM. Tables 2 and 3 shows the recurrent mutations and the number of
reported families for mutation types. The most common variant is ¢.3978G>A
(p.(Trp1326Ter)) followed by ¢.7782 7783delGA (p.(Lys2595SerfsTer6)), occurring in at
least 77 and 21 families, respectively (totally 22% of all families). At least seven mutations are
likely founder mutations reported primarily or exclusively in the Pakistani population. Nearly
half of the mutations (n=149) are private, with 30% contribution of novel mutations from
Pakistani patients. Among at least 110 base substitutions, the C>T transition is the most
frequent variant (n=51) followed by transversion G>A (n=15), both likely due to de-amination
of a C. The small frameshift deletions and duplications comprising 98 of the variants could be

due to DNA polymerase slippage.
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Table 2. ASPM mutation types, number of affected families and the origin of the families

Mutation type No. %age Families

Total | Pakistani | European | Saudi/Yemen | Egyptian | Iranian | Turkish
Nonsense 92| 428 261 151 36 14 11 7 6
Small deletion (FS) 84 39.1 144 48 40 11 5 2 4
Splicing 17 7.9 20 4 3 2 1 3 0
Small duplication (FS) 14 6.5 16 4 1 0 1 1 2
Missense 3 1.4 7 1 0 1 0 5 0
Insertion/deletion
(complex
rearrangement) 2 0.9 2 0 1 0 0 0 0
Large deletion 2 0.9 2 0 2 0 0 0 0
Insertion 1 0.5 1 0 1 0 0 0 0
Total 215 | 100.0 453 208 84 28 18 18 12

FS, frameshift

Table 3. Recurrent mutations and number of families with the variant

178



Chapter 11 Published paper
Exon | Mutation Effect on protein | Consequence Total Pakistani families | Other common origin
families
17 | ¢.3978G>A p.Trp1326* Nonsense 77 75 | Turkish (2)
18 | ¢.7782 7783delGA | p.Lys2595Serfs*6 | Small deletion (FS) 21 4 a‘;“’pean (7); Algerian
24 | ¢.9730C>T p-Arg3244* Nonsense 10 9 | African
18 | c.8508 8509delGA | p.Lys2837Metfs*34 | Small deletion (FS) 9 9] -
3 |c.1138C>T p.GIn380* Nonsense 7 0 | Saudi (6)
23 | ¢.9557C>G p.Ser3186* Nonsense 7 7] -
11| ¢c.3055C>T p.Argl019* Nonsense 6 2 | European (3)
3| ¢.1260 1266del p.GIn421Hisfs*32 | Small deletion (FS) 5 5]-
4 | ¢.1959 1962del p.Asn653Lysfs*14 | Small deletion (FS) 5 0 | Saudi (3)
16 | ¢.3796G>T p.Glul266* Nonsense 5 0 | African (2)
18 | ¢.4795C>T p.Argl599* Nonsense 5 3 | European
18 | ¢.5584A>C p.Lys1862GlIn Missense S 0 | Iranian (5)
18 | ¢.8017C>T p.GIn2673* Nonsense 5 0 | Saudi (3)
21 [ ¢.9190C>T p-Arg3064* Nonsense 5 2 | Egyptian (2)
23 | ¢.9492T>G p.Tyr3164* Nonsense 5 5 -
24 | c.9697C>T p.Arg3233* Nonsense 5 1 | Saudi/Egyptian (2)
Mutations reported European (5)
. i 4x4
in 4 families 4
Mutations reported European (5)
: o 3x10
in 3 families 13
Mutations reported 7% 36 European (9)
in 2 families 26
Private 149 44 | European (45)

FS, frameshift

179



Chapter 11 Published paper

DISCUSSION

Here we demonstrate that homozygous frameshift deletion ¢.6854 6855del
(p.(Leu2285GInfsTer32)) underlies MCPH microcephaly in a large Pakistani kindred. Due to
high genetic heterogeneity in MCPH, we initially launched SNP-based homozygosity mapping
and detected homozygous intervals shared between two affected relatives in different branches
of the kindred. SNP genotyping coupled with exome sequencing ruled out linkage to any other
known recessive MCPH locus. The 2-base pair deletion detected in the present family falls in
the IQ repeats of ASPM and is deduced to cause a shift in the translational frame and
incorporation of 32 non-native amino acids before termination, or NMD could occur prior to
translation. The resulting truncation causes the deletion of approximately 33% of the native
protein. Functional studies on ASPM have revealed that calmodulin binding to IQ motifs
induces a conformational change in proteins that regulate the binding of actin to the amino
terminal CH domains. It has been proposed that changes in ASPM alter the orientation of the
mitotic spindle of neuroblasts, which induces symmetric mitosis that results in two progenitor
cells (Kouprina et al., 2004). IQ motifs have been suggested to play an essential role in

determining brain size (Zhang et al., 2003).

ASPM is a large gene with 28 exons and codes for a 3477-amino acid protein. Majority of the
reported mutations are nonsense, small deletions, splicing or small duplications. Those
mutations are spread throughout the protein, and the majority are predicted to generate either a
premature truncated protein or unstable RNA that is degraded by nonsense-mediated RNA
decay (NMD) (Abdel-Hamid et al., 2016; Letard et al., 2018). In summary, the majority of
ASPM mutations likely cause loss-of-function of the encoded protein (Letard et al., 2018).
Based on the accumulated data on recurrent and founder mutations, it should be possible to
implement genetic testing and molecular diagnosis of MCPH. Furthermore, as remarked by
Letard et al. (2018), functional studies are warranted to prove the pathogenicity of the reported

variants.

Previously, it was observed that there was no straightforward genotype—phenotype correlation
between mutation type or site and the head size and other clinical features associated with
MCPH (Nicholas et al., 2009). It is, however, pertinent to mention that the genotype—
phenotype studies are limited due to unavailability of detailed clinical description, quantitative
evaluations of cognitive, neurodevelopmental and behavioural variables, and neuro-imaging
studies. It also remains to be elucidated whether the functional and phenotypic impact of
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frameshift and nonsense mutations occurring in the initial exons is milder than such mutations
occurring at the end of gene, or vice versa. Furthermore, the consequences of the mutations

falling in four distinguishable regions of ASPM protein remains unknown.

ASPM is the human ortholog of the Drosophila melanogaster 'abnormal spindle' gene (asp),
which has a pivotal role in normal mitotic spindle function in embryonic neuroblasts. In mouse,
it has been shown that Aspm protein has a role in the regulation of mitotic spindle and
neurogenesis (Fish et al., 2006). Mutations in ASPM are also known to cause reduction in the
size of brain in mice (Pulvers et al., 2010). These evidences are suggestive that mutations in
ASPM impair the development of brain by perturbing the orientation of the mitotic spindle and
can decrease the number of neuronal cells by affecting the asymmetrical to symmetrical cell
division ratios (Thornton et al., 2009). Further molecular studies are required in order to
understand the detailed cellular mechanisms involved in the pathogenicity of ASPM defects in

microcephaly.

Conclusions: SNP-based homozygosity mapping and exome sequencing are essential in
delineating the genetically distinct microcephaly types:“The mutation spectrum of ASPM
comprises recurrent, founder and private mutations some of which have been reported
primarily or exclusively in the Pakistani population. The highlighted recurrent mutations in

ASPM could be useful in implementing genetic testing programs for MCPH.
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Supplementary data:
Supp. Figure 2. Characteristics of genetic defects identified.
Supp. Table 1: Anthropometric measurements of affected family members.

Supp. Table 2. Homozygous exonic variants shared by the two affected siblings.
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Supp. Figure 2 Characteristics of genetic defects identified.
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Supp. Table 1: Anthropometric measurements of affected family members. Percentiles
are given in parentheses.

Pedigree ID 407 408 410 504 506
Sex, age (years) F, 22 F, 20 M, 17 F, 34 F, 16
Standing height* 138 (<1) 152 (<5) 143 (<1) 135 (<1) 145 (<1)
Sitting heightt 66 (<1) 70 (<1) 69 (<1) 66 (<1) 75 (<1)
Arm span§ 126 (<1) 142 (<5) 141 (<1) 120 (<1) 133 (<1)
Head circumferencet 42 (<1) 39.5 (<1) 41 (<1) 39 (<1) 37 (<1)
Neck circumference 28.5 30 27 29 28

All measurements are in cm. Head circumference is with respect to age and sex.

*Percentiles are from WHO Growth Reference:

http://www.who.int/growthref/who2007 height for age/en/

tKelly AM, Shaw NJ, Thomas AM, Pynsent PB, Baker DJ. Growth of Pakistani children in
relation to the 1990 growth standards. Arch Dis Child. 1997;77:401-5.

§With reference to height. Chen WY, Lin YT, Chen Y, Chen KC, Kuo BI, Tsao PC, Lee YS,
Soong WJ, Jeng MJ. Reference equations for predicting standing height of children by using
arm span or forearm/length as.an index. J Chin Med Assoc. 2018;81:649-56.

T James HE, Perszyk AA, MacGregor TL, Aldana PR. The value of head circumference
measurements after 36 months of age: a clinical report and review of practice patterns. J

Neurosurg Pediatr. 2015;16(2):186-94.
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Supp. Table 2. Homozygous exonic variants shared by the two affected siblings.

S.No Chr  [Start End Ref |Alt Func.refG|Gene.refGExonicFunc.refGene  |AAChange.refGene|1000G_SA|EXAC_SAYgnomAD_gSIFT_pr{Polyph¢PolyphdLRT_pregMutatigPROVEAOtherinfo|Otherinfg Otherinfq Otherinfo[Otherinfo Otherinfo|Otherinfo|Otherinfo
1{chro1 33430102 33430102(T G exonic_ |RNF19B |nonsynonymous SNV |RNF19B:NM_00112]. b T B B P N hom 39.74] 2|rs1138403|PASS GT:AD:DP|1/1. 6:67,6,0
2|chr01 | 197071526| 197071527|GA |- exonic_ [ASPM frameshift deletion ASPM:NM_018136:4. 3.25E-05/D D D D D hom 2626.77| 64|. PASS GT:AD:DP|1/1:0,64:64:99:2655,193,0
3|chr01 | 207643169| 207643169|T A exonic_ [CR2 nonsynonymous SNV |CR2:NM_00100665§ . b b T B B a N N hom 1911.77 58|. PASS GT:AD:DP|1/1:1,57:58:99:1940,163,0
4|chr02 44049988| 44049988(C T exonic _ |ABCG5 nonsynonymous SNV [ABCG5:NM_022436]  0.0072  0.0045 0.004|T B B N N N hom 4666.77| 147|rs1434027(PASS GT:AD:DP|1/1:0,147:147:99:4695,439,0
5|chr02 74718268 74718268|G A exonic  |TTC31 nonsynonymous SNV [TTC31:NM_022492: 0.0031 0.001] 0.0011|D P B N N D hom 2929.77 85|rs5591699|PASS GT:AD:DP|1/1:0,85:85:99:2958,255,0
6|chr02 A T exonic__ |[DNAH6 _|nonsynonymous SNV [DNAH6:NM_00137Q  0.0031|  0.0064| 0.0061|D D D D D hom 1654.77| 48|rs3675512|PASS GT:AD:DP|1/1:0,48:48:99:1683,144,0
7|chr02 97166488| 97166488(C T exonic_ |NEURL3 |nonsynonymous SNV |NEURL3:NM_00128]. 0.0011 0.0006. B B 9 2 b hom 898.77| 27|. PASS GT:AD:DP|1/1:0,27:27:81:927,81,0
8[chr02 98429152 98429152(T C exonic _ |TMEM131 |nonsynonymous SNV |TMEM131:NM_015: 0.018|  0.0165 0.0155|T B B D D N hom 783.77| 21|rs5322092|PASS GT:AD:DP{1/1:0,21:21:63:812,63,0
9|chr02 | 105687920| 105687920|C G exonic _ [MRPS9 nonsynonymous SNV [MRPS9:NM_182640. 0.001] 0.0011|D D. D D D D hom 710.77| 20|. PASS GT:AD:DP|1/1:0,20:20:60:1| 1:105687920_C_G:739,60,0
10|chr03 16926544| 16926544|T G exonic_ |PLCL2 unknown UNKNOWN 0 hom 241.84 6|rs3682845|PASS GT:AD:DP|1/1. 18:1|1:16926521_CT_C:270,18,0
11{chr03 16926607 16926607|T C exonic __ [PLCL2 unknown UNKNOWN 1f. 0 0 0 0 hom 663.77| 16|rs7626448|PASS GT:AD:DP|1/1:0,16:16:48:1| 1:16926599_T_G:692,48,0
12[chr03 | 124646682 124646682|G A exonic_ |MUC13  |nonsynonymous SNV |MUC13:NM_033049. b 3.28E-05|. B B N N b hom 3374.77| 88|. PASS GT:AD:DP|1/1:5,83:88:99:1| 1:124646682_G_A:3403,243,
13|chro4 22404353( 22404353(T C exonic_ |ADGRA3 |nonsynonymous SNV |ADGRA3:NM_14529 0.01] 0.0091 0.0084|T B B N N N hom 2479.77| 71{rs2001517|PASS GT:AD:DP{1/1:0,71:71:99:2508,213,0
14[chr04 | 144617804 144617804|A C exonic _|FREM3 nonsynonymous SNV [FREM3:NM_001168]  0.0031  0.0015 0.0015|D . o D D D hom 3093.77| 89[rs5333749|PASS GT:AD:DP|1/1:0,89:89:99:3122,267,0
15|chr09 | 102677532 102677532|A G exonic__|STX17 nonsynonymous SNV__|STX17:NM_017919:¢  0.0051|  0.0033 0.0034|D B B D D N hom 1041.77 33|rs5764902(PASS GT:AD:DP|{1/1:1,32:33:59:1070,59,0
16(chr10 47000004| 47000004(T C exonic_ |GPRIN2 |nonsynonymous SNV |GPRIN2:NM_014694. b ° 0 o 8 b b hom 9525.77| 287|rs3127822|PASS ;SAMGT:AD:DP|1/1:1,286:287:99:9554,823,0
17|chril 96117596 96117596(C T exonic_ |CCDC82 |nonsynonymous SNV |CCDC82:NM_00131§. 0.0002 0.0002|T B B N N N hom 2162.77| 57|. PASS AC=2;SAMGT:AD:DP|1/1:0,57:57:99:2191,172,0
18[chrll | 117280468 117280468|G A exonic  |CEP164 |nonsynonymous SNV |CEP164:NM_001271. 0.0003 0.0004|T B B N N N hom 1045.77| 31|rs3707938|PASS AC=2;SAMGT:AD:DP|1/1:0,31:31:93:1074,93,0
19|chril | 117321348| 117321348|C G exonic_ |DSCAML1 |nonsynonymous SNV |DSCAML1:NM_020§. 0.0004 0.0005|T B B D N hom 4254.77 133|rs1481856|PASS GT:AD:DP|1/1:0,13: 99:4283,398,0
20(chr12 53207583| 53207583(- CACCAAAGCCACCAG|exonic  [KRT4 nonframeshift insertior KRT4:NM_002272:e|. hom 1977.77, 26|rs1126739|PASS GT:AD:DP|1/1:0,26:26:99:2006,129,0
21(chr13 78272267| 78272267|- GG exonic__ |SLAIN1 _[|frameshiftinsertion  |SLAIN1:NM_001242. 0 o a b hom 499.77| 11{rs2013804|PASS GT:AD:DP|1/1:0,11:11:36:1| 1:78272267_T_TGG:528,36,C
22chr16 21848694| 21848694(T A exonic__ [NPIPB4 |nonsynonymous SNV |NPIPB4:NM_00131(. 0.0002|T B B o N hom 189.78| 9[rs7609223|MG_SNP_| GT:AD:DP|1/1:0,9:9:26:218,26,0
23(chr16 50259 502598(G C exonic _ |ZNF469 |nonsynonymous SNV |ZNF469:NM_001127. 0.0006 0.0006|D B B o N N hom 785.77| 27|. PASS GT:AD:DP|1/1:0,27:27:81:814,81,0
24|chr17 72889676( 72889676|- GGCTCCGTAGGTTCCAexonic  |FADS6 nonframeshift insertior) FADS6:NM_178128:exon1:c.17_18insGATGGAACCTACGGAGCCCATGGAACCTACGGAGCCCATGGAACCT|hom 6388.77| 96|. PASS GT:AD:DP|{1/1:0,96:96:99:6417,481,0
25(chr19 55350963| 55350963(- CCCGGAGCTCCTATGAexonic __ |KIR2DS4 [frameshift insertion KIR2DS4:NM_0012§. b b o 0 o o b b hom 1451.77| 11|rs5514567|PASS AC=2;SAMGT:AD:DP|1/1:0,11:11:97:1480,97,0
26|chr20 47841503( 47841503|G C exonic |DDX27 nonsynonymous SNV |DDX27:NM_001348: 0.002 0.005; 0.005(D B B N N N hom 1663.77 50(rs1423992|PASS AC=2;SAMGT:AD:DP|1/1:0,50:50:99:1692,150,0
27|chr20 49576353| 49576353|G © exonic_ |[MOCS3  |nonsynonymous SNV |MOCS3:NM_01: 0.01]  0.0141] 0.0145|T B B N N N hom 4531.77, 134|rs2020566|PASS 5 GT:AD:DP|{1/1:0,134:134:99:4560,402,0
28|chr21 10920098| 10920098|T C exonic _|TPTE nonsynonymous SNV |TPTE:NM_00129022. hom 2731.77| 83|rs212146 [PASS GT:AD:DP|1/1:0,83:83:99:2760,249,0
Yellow highlighted: Causative mutation
Gray hi d: filtered out due to presence in in-house exomes (n=45)
Blue hi; d: filtered out due to high frequency in allele frequncy databases
Pink highlighted: predicted benign or neutral effect on the protein by more than one online prediction tools
No highlight: Gene not relevant to the trait
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Sample LifecodeGX®

Nutrigenomics Report

These reports were generated from the pathway SNP analyses carried out by
LGC Genomics Ltd on DNA‘supplied from frozen post-mortem human
normal ageing and AD brains.. The data were extracted from the 50 reports
and input into excel t0 generate heat maps as well as carry out statistical

analyses.

Report Contents are separate reports with pages:

Nervous system report Report pages 190-238
Methylation report Report pages 239-265
APOE Report Report pages 266-277
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Published paper from Chapter 11

A Two-Base Pair Deletion in IQ Repeats in ASPM
Underlies Microcephalyin a Pakistani Family

Syeda Farwa Nagvi, Rana Muhammad Kamran Shabbir, Aslihan Tolun,
Sulman Basit, and Sajid Malik

In
GENETIC TESTING AND MOLECULAR BIOMARKERS
Volume 26, Number 1, 2022, Pp. 3742
DOI: 10.1089/gtmb.2021.0231
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