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Abstract

Quinolinic acid (QUIN) is a well-described neurotoxin produced in excess by chronic

induction of the kynurenine pathway of tryptophan metabolism. Indeed, clinical evi-

dence supports a role for QUIN in the progression of Alzheimer’s disease (AD). Several

studies have also shown that QUIN is associated with Tau phosphorylation. QUIN

was found to be co-localised with phosphorylated Tau (pTau) in AD brain clinical

samples and treatment of primary neurons with QUIN increased the expression of

pTau. However, no studies have yet examined the mechanism by which QUIN causes

Tau phosphorylation.

The work reported in this thesis aimed to better understand this mechanism. Consid-

ering that QUIN has been reported to mediate cellular calcium influx by stimulation

of the N-methyl D-aspartate receptor (NMDAR) stimulation and that calcium influx

also has been shown to lead to Tau phosphorylation, it was hypothesized that QUIN

might mediate Tau phosphorylation by increasing intracellular calcium influx. Using

a variety of experimental strategies, we investigated whether this was the case. We

further explored this mechanistic link by examining the effects of a calcium chelator,

an inhibitor of kynurenine-3-monooxygenase (KMO; the enzyme that leads to QUIN

production) and NMDAR blockers on the expression of pTau.

xiii



xiv Abstract



Contents

Declaration v

Acknowledgements vii

Conference Submissions xi

Abstract xiii

Abbreviations xix

List of Figures xxi

List of Tables xxv

1 Introduction 1

1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Tau and Tauopathies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Understanding Tauopathies . . . . . . . . . . . . . . . . . . . . 3

1.2.2 Neurotoxic Tau Formation . . . . . . . . . . . . . . . . . . . . . 7

1.3 The Role of Enzymes in Tau Phosphorylation . . . . . . . . . . . . . . 9

1.4 Tauopathy and Reactive Oxygen Species (ROS) . . . . . . . . . . . . . 10

1.5 N-methyl-D-aspartate receptors (NMDARs) in AD . . . . . . . . . . . 12

1.6 Calcium in Tauopathies . . . . . . . . . . . . . . . . . . . . . . . . . . 13

xv



xvi Contents

1.7 The Kynurenine Pathway (KP) in Tauopathies . . . . . . . . . . . . . . 14

1.7.1 Kynurenine Metabolites in Tauopathies . . . . . . . . . . . . . . 16

1.7.2 KP Enzymes in Tauopathies . . . . . . . . . . . . . . . . . . . . 19

1.8 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2 Methodology 21

2.1 Tissue Culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Cellular IDO and KMO Expression in N2a and SH-SY5Y Cell Lines . . 22

2.3 Baseline Tau Phosphorylation in HEK-293 peZ Cells . . . . . . . . . . 23

2.4 In vitro Calcium Imaging of Primary Mouse Neurons in Response to KP

Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.5 Tau Phosphorylation in Response to KP Metabolite Modulation . . . . 24

2.6 ROS Production in Cells as determined by the DCF-DA Assay . . . . . 24

2.7 Ca2+ Influx in Cells as determined by the Fura 2-AM Assay . . . . . . 26

2.8 Western Blot Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.9 Immunocytochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.10 KP Metabolite Quantification via Ultra High Performance Liquid Chro-

matography (UHPLC) . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.11 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Results 31

3.1 Cellular IDO-1 and KMO Expression in N2a and SH-SY5Y Cell Lines . 31

3.2 KP Stimulation Increases Tau Phosphorylation in N2a Cells . . . . . . 34

3.3 KYNA Inhibits QUIN-Driven ROS . . . . . . . . . . . . . . . . . . . . 35

3.4 ROS Production in a KMO Over-expressing Cell Model . . . . . . . . . 36

3.5 QUIN Increases Cellular Ca2+ Influx . . . . . . . . . . . . . . . . . . . 38

3.6 KMO Over-Expression Increases Baseline Tau Phosphorylation in HEK

peZ Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.7 KP Metabolite Modulation Alters Tau Phosphorylation . . . . . . . . . 46

3.8 Attempted Optimisation of High-Throughput ROS and Ca2+ Influx As-

says in Various Cell Lines . . . . . . . . . . . . . . . . . . . . . . . . . 56



Contents xvii

4 Discussion 63

4.1 Interplay Between KP Metabolites, ROS and Ca2+ Influx . . . . . . . . 63

4.2 Calcium Signalling in Tau Phosphorylation . . . . . . . . . . . . . . . . 67

4.3 The Role of the KP and KMO Inhibition in Tauopathy . . . . . . . . . 71

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

A Appendix 75

A.1 Real-Time Videos of Ca2+ Influx . . . . . . . . . . . . . . . . . . . . . 75

References 77



xviii Contents



Abbreviations

3HK 3-hydroxy kynurenine

AA Anthranilic acid

Aβ Amyloid-β

AD Alzheimer’s disease

APP Amyloid precursor protein

BBB Blood-brain barrier

BDNF Brain-derived neurotrophic factor

BSA Bovine serum albumin

CDK Cyclin-dependent kinase

CNS Central nervous system

DCF-DA 2’,7’–dichlorofluorescin diacetate

GSK Glycogen synthase kinase

HEK Human Embryonic Kidney

IDO Indoleamine-pyrrole 2,3-dioxygenase

KAT Kynurenine aminotransferases

KMO Kynurenine-3-monooxygenase

KP Kynurenine pathway

KYN Kynurenine

KYNA Kynurenic acid

MAPK Mitogen-activated protein kinase

MAPT Microtubule-associated protein tau

xix



xx Abbreviations

NFT Neurofibrillary tangles

NMDA N-methyl-D-aspartate

NMDAR N-methyl-D-aspartate receptor

PBS Phosphate buffered saline

PFA Paraformaldehyde

PKA Protein kinase A

PKC Protein kinase C

PP Protein phosphatase

p-Tau Phosphorylated tau

PTMs Post translational modifications

QUIN Quinolinic acid

ROS Reactive oxygen species

TRP Tryptophan

UHPLC Ultra high-performance liquid chromatography

VGCC Voltage-gated calcium channel



List of Figures

1.1 Extensive NFT formation in the hippocampus of an AD patient. . . . . 2

1.2 Timeline of tau-centric research in neurodegeneration. . . . . . . . . . . 3

1.3 Various manifestations of tauopathies in the diseased human brain. . . 6

1.4 Hypothesised relationship between the Kynurenine Pathway and neu-

rodegeneration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.5 Phosphorylation of tau induced by QUIN in a dose-dependent manner. 17

1.6 QUIN colocalises with NFTs in human hippocampal neurons. . . . . . 18

3.1 Confirmation of KMO expression in mammalian N2A and SH-SY5Y

cancer cell lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Confirmation of IDO-1 expression in mammalian N2A and SH-SY5Y

cell line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 KP metabolites 3HK and QUIN induced tau phosphorylation in N2a cells 34

3.4 QUIN increases ROS production in N2a cells . . . . . . . . . . . . . . . 35

3.5 KYNA pre-incubation decreases QUIN-derived ROS production in SH-

SY5Y cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.6 KMO over-expression induces greater ROS production in HEK peZ cells 37

3.7 Live cell calcium imaging of primary hippocampal mouse neurons acutely

treated with QUIN and calcium markedly induces increased Ca2+ influx. 39

xxi



xxii List of Figures

3.8 Live cell calcium imaging of primary hippocampal mouse neurons chron-

ically treated with QUIN markedly induces increased Ca2+ influx, inhib-

ited by NMDAR antagonists and calcium chelation. . . . . . . . . . . . 40

3.9 Live cell calcium imaging of primary hippocampal mouse neurons acutely

treated with calcium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.10 Live cell calcium imaging of primary hippocampal mouse neurons acutely

treated with QUIN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.11 Live cell calcium imaging of primary hippocampal mouse neurons chron-

ically treated with Glutamate, NMDAR antagonist Memantine, and cal-

cium chelating agent EDTA. . . . . . . . . . . . . . . . . . . . . . . . . 43

3.12 Live cell calcium imaging of primary hippocampal mouse neurons chron-

ically treated with QUIN and NMDAR antagonist KYNA. . . . . . . . 44

3.13 Baseline Tau Phosphorylation in HEK peZ Cells. . . . . . . . . . . . . 45

3.14 IFNγ treatment as a model of inflammation across cell types. . . . . . . 47

3.15 Schematic diagram demonstrating how KMO inhibitor Ro-61-8048 mod-

ulates the KMO branch of the KP . . . . . . . . . . . . . . . . . . . . . 48

3.16 3-hydroxykynurenine : Kynurenine ratio in human neurons following

KP modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.17 3-hydroxykynurenine : Kynurenine ratio in HEK peZ cells following KP

modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.18 3-hydroxykynurenine : Kynurenine ratio in human neurons following

KP modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.19 Altered tau phosphorylation in primary human neurons after chronic

KP modulation and Ca2+ chelation. . . . . . . . . . . . . . . . . . . . . 53

3.20 Altered tau phosphorylation in primary human macrophages after chronic

KP modulation and Ca2+ chelation. . . . . . . . . . . . . . . . . . . . . 54

3.21 Altered tau phosphorylation in primary human macrophages after chronic

KP modulation and Ca2+ chelation. . . . . . . . . . . . . . . . . . . . . 55

3.22 Time-course of a DCF-DA assay in various cell lines . . . . . . . . . . . 57

3.23 End-point DCF-DA assay in HEK peZ [-] cells . . . . . . . . . . . . . . 58



List of Figures xxiii

3.24 Time-course of a Fura-2AM assay in N2a cells . . . . . . . . . . . . . . 60

3.25 Short-term end-point of a Fura-2AM assay in N2a cells . . . . . . . . . 61

3.26 End-point Fura-2AM assay in SH-SY5Y and N2a cells . . . . . . . . . . 62



xxiv List of Figures



List of Tables

1.1 Available treatments for taupathies. . . . . . . . . . . . . . . . . . . . . 7

xxv



xxvi List of Tables



1
Introduction

1.1 Overview

Alzheimer’s Disease (AD) is the most common form of brain degeneration, responsible

for 70% of dementia cases [1]. It is considered a global public health priority by the

World Health Organization because of its associated comorbidities (diabetes, obesity

and hypertension) [2] which are also known to exacerbate AD hallmarks, namely neu-

rofibrillary tau tangles (NFT) and amyloid-beta (Aβ) plaques. The amyloid hypothesis

states that AD pathology is triggered by Aβ aggregation in response to disrupted β or

γ secretase-driven APP cleavage, resulting in plaque formation [3]. The tau hypothesis

postulates that upon phosphorylation, tau is detached from microtubules, resulting in

microtubule instability and NFT formation [3].
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Accumulation of Aβ plaques may drive tau phosphorylation [4], even though NFT for-

mations are visible prior to Aβ plaque development [5]. There is also evidence to suggest

that NFTs are the intermediary between Aβ plaque formation and tau pathology [6],

with post-mortem human brain samples showing Aβ plaque co-localisation with NFTs

within the AD hippocampus (Fig. 1.1) [7, 8]. However, animal studies have shown that

extensive Aβ does not lead to tau pathology, even with signs of inflammation [9–11].

Protein phosphatases have also been linked to tau phosphorylation by acting through

the NMDA receptors (NMDARs), a process that may be interrupted by quinolinic

acid (QUIN). QUIN is a metabolite from the Kynurenine Pathway (KP) of tryptophan

metabolism associated with neurodegeneration. It is known to be co-localised with

NFTs [12–16], and its production is controlled by the kynurenine 3-monooxygenase

(KMO) which is also implicated in neurodegeneration [17, 18]. It is believed that

QUIN deregulates NMDAR-PP (N-methyl-D-aspartate receptor - protein phosphatase)

pathways by inducing calcium (Ca2+) influx at NMDAR to promote ROS activity.

Figure 1.1: Extensive NFT formation in the hippocampus of an AD patient. Sourced
from [7].
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Ca2+ influx and ROS production are associated with phosphorylated tau (p-Tau) for-

mation, but there are no studies on the mechanisms by which these phenomena produce

p-Tau. This project aims to directly investigate whether QUIN-mediated Ca2+ influx

is responsible for tau phosphorylation and further investigate the role of ROS on the

production of p-Tau.

1.2 Tau and Tauopathies

1.2.1 Understanding Tauopathies

Studies show that phosphorylated tau (p-Tau) is the key component in the develop-

ment of intracellular filamentous inclusions, known as neuro-fibrillary tangles (NFTs),

that characterise many human neurodegenerative diseases, collectively referred to as

tauopathies. Tau phosphorylation is known to be associated with disease symptoms

[5] and may likely mediate mechanisms of neurodegeneration. Tau has long been im-

plicated in neurodegeneration (Fig. 1.2) since NFTs were first identified in 1985 [19].

Figure 1.2: Timeline of tau-centric research in neurodegeneration. Adapted from [19].
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The tau protein is an intrinsically disordered protein with six isoforms [20] unfolded

in standard physiological conditions [21]. The ratio of tau isoforms and level of phos-

phorylation define physiological and pathological tau activity. These isoforms range

from 58-110 kDa [19] and are derived from multiple splicing of the MAPT gene (which

contains 5 exons) [22]. Tau isoforms then also undergo variable post-translational

modifications (PTMs) and have different assemblies which can give rise to NFTs [23].

These modifications are prone to cross-talk [20], which further influence tauopathy [24].

Additionally, these PTMs may feed forward changes from oxidative stress [4], resulting

in a positive feedback system that increases NFT formation alongside increased tau

phosphorylation [25]. Various PTMs, including acetylation, ubiquitination, nitration,

proteolytic cleavage, among others, are responsible for the heterogeneity of tauopathies

[24]. It should be noted that the functions of these PTMs remain largely unknown [24]

and that tau phosphorylation also has physiological benefits. For example, most tau

phosphorylation occurs reversibly in early childhood and is critical for foetal brain de-

velopment [5]. Aside from PTMs, there are more than 50 known mutations of MAPT

which give rise to tauopathies [24].

Traditionally, tau has been thought to be responsible for cellular integrity and molecular

transport [5]. However, these early studies were conducted in vitro in non-neuronal cells

which limit their physiological relevance. Recent experiments challenge this tau dogma

with results suggesting that tau in fact enables axonal microtubules to have more la-

bile domains [21]. Modern advances lead to the consensus that tau is multi-functional,

contributing to microtubule-related features of nerve cells and to non-microtubule fea-

tures of these cells. Interestingly, where tau is depleted from the neurons, microtubules

don’t destabilise. Rather, the labile domains of the protein become shorter and more

stable due to competing binding by MAP6 [21]. This irreversible stabilisation is likely

achieved via tau phosphorylation, which decreases tau availability to the labile domain

of microtubules, leaving stabilising factors such as MAP6 to bind in its place. Fur-

thermore, knockdown and knockout models of tau have demonstrated no effects on

microtubule assembly and axonal support [19].
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It has been difficult to ascertain which tau species contribute most to tauopathies and

by which mechanisms. Controversy remains as to whether it is the loss of tau func-

tion or the modification of tau function that results in disease manifestation [24]. A

review into the molecular structure of tau [20] postulated that this may be because

most studies have used recombinant tau constructs that confound results with their

inherent biases which include 1) using arbitrary cofactors, 2) using constructs with no

post-translational modifications, or 3) using arbitrary tau segments, all which make

it difficult to ascertain their biological relevance. This is demonstrated where tau ag-

gregates excised from post-mortem tissue showed varied composition and morphology

depending on tauopathy, the heterogeneity of which is not matched in the present con-

structs (Fig. 1.3) [26]. Further complexity arises considering that tauopathies are not

characterised by specific phosphorylation sites, and that tau phosphorylation is not

characterised by increased phosphorylation at a specific epitope, rather it is charac-

terised by either an overall increase in phosphorylation across multiple epitopes, or by

an increase in the p-Tau:Tau ratio [24].

Consensus within the literature shows that regardless of mechanism, reducing overall

tau levels may show benefit. Strategies identified to achieve this are yet to be tested

in human trials and include:

• Anti-tau antisense oligonucleotides to inhibit Tau mRNA synthesis [27].

• Tau kinase and acetylase inhibition to inhibit proteasomal degradation [28].

• Anti-tau antibodies and tau aggregation inhibitors to limit NFT production [29].

• Autophagy enhancers to kill damaged cells [30].
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Figure 1.3: Various manifestations of tauopathies in the diseased human brain. (A)
Pick bodies made of tau (brown) in Pick’s disease. (B) NFTs made of tau (brown) in chronic
traumatic encephalopathy. (C) Neuritic plaques made of amyloid β (blue), and NFTs (brown)
in AD. Sourced from [5].
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While there are treatments available (Table 1.1), there is a lack of successful disease

modifying/disease ameliorating therapy for tauopathies. Challenges to treat tauopathies

include the inability to diagnose early and discriminate between types of tauopathies,

as well as an incomplete understanding of the cellular mechanisms involved in this

process [31].

Table 1.1: Treatments available for tauopathy patients. Adapted from [31].

Drug Disease stage Mechanism

Donepezil/Rivastigmine All Stages
Cholinesterase inhibition

Galantamine Mild-Moderate

Memantine Moderate-Severe NMDAR Antagonism

1.2.2 Neurotoxic Tau Formation

Many factors behind phosphorylation have been identified and include phosphatase and

kinase deregulation, secreted Aβ, and oxidative stress [22]. Most tau phosphorylation

occurs in dendrites and these tau species play an important role in loss of synaptic

function and cognition mediated by NMDA. Dendritic tau has been shown to mediate

Aβ-dependent excitotoxicity by triggering NMDA receptor (NMDAR) phosphorylation

[19]. This phosphorylation has been associated with impaired synaptic plasticity [19].

The resulting NFTs produced from phosphorylation and consequential aggregation

was thought to be associated with the induction of cell apoptosis, since its formation

matched clinical parameters for disease severity and cognitive decline [5, 19]. Post-

mortem brain also showed NFT inclusions in multiple tauopathies (Fig. 1.3) [5].

Traditionally, it was believed that aggregation of insoluble, phosphorylated tau aggre-

gates in the form of NFTs were the only toxic manifestation of tau. It is now accepted

that soluble, prefibillar tau oligomers are also responsible [24]. Gene silencing of MAPT

to reduce tau oligomer expression has been known to recover memory in mouse models

of tauopathies despite NFT formation [24].
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Furthermore, studies show living neurons despite NFT inclusions, so it is now believed

that small tau oligomers, rather than NFTs, are related to neuronal cell death [21].

This pathology seems to spread through intracellular propagation in a “prion-like”

manner, where phosphorylated tau converts native tau into aggregates under oxidis-

ing conditions that form intermolecular disulphide bonds [32]. This process, termed

“seeding”, requires increased ROS activity, thought to be initiated by extracellular tau

uptake, but non-cell based mechanisms are now also being identified [33].

Evidence also shows that the seeding process is facilitated by tau phosphorylation [34–

37], suggesting a positive feedback loop. This is best demonstrated in a study where

NFTs sourced from different tauopathies were injected into mice, with tau from pro-

gressive supranuclear palsy and corticobasal degeneration showed glial tau inclusions,

suggesting glial transmission, unlike neuronal transmission seen in AD [38]. This sug-

gests that different tau strains determine seeding potency and cell-type specificity of

tau aggregation that underlie the diversity of human tauopathies. Stimulating neu-

ronal activity has been known to encourage tau release, but this extracellular tau is

also known to modulate neuron behaviour, creating a positive feedback loop [33]. The

uptake of extracellular tau by other neurons cannot yet be inhibited and may be a

useful therapeutic strategy.

Patterns of phosphorylation differ - some sites are more phosphorylated in the diseased

brain, or others are only phosphorylated in the diseased brain. Indeed, phosphorylation

positions must be considered alongside degree of overall phosphorylation. Depending

on the epitope, dephosphorylation may also produce NFTs [20]. Phosphorylation at

Ser202 and Thr205 has been known to be sufficient to form aggregates when combined

with phosphorylation at Ser119/208 but will not form aggregates if Ser262 is phosphory-

lated [39–42]. Together, these sites of phosphorylation are hypothesised to be the most

relevant for conformational changes seen in tauopathies [39]. Combined phosphoryla-

tion at Ser202/Thr205/Ser208 epitopes results in readily formed NFT-like structures,

supporting the hypothesis that the Ser202 and Thr205 epitopes of tau are crucial for

NFT formation and protein destabilisation, similar to that seen in tauopathies.
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It is noteworthy that phosphorylation of various tau epitopes relies on PTMs at other

epitopes. Examples include acetylation on Lys321, which is responsible for inhibiting

aggregation. Deacetylation at this epitope was shown to cause downstream phosphory-

lation at the Ser324 residue, which interfered with microtubule stability and was found

to be up-regulated in AD patients [43]. It must be reiterated however, that tauopathies

are not defined by phosphorylation at certain epitopes, rather, they are defined by an

overall increase in phosphorylation across multiple epitopes, or an increase in the p-

Tau:Tau ratio [24].

1.3 The Role of Enzymes in Tau Phosphorylation

Phosphorylation of tau has been known to play a crucial role in neurodegenerative

diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases, as well as Motor

Neuron Disease (MND), Down’s Syndrome and various forms of cancer [5, 44]. Both

in vivo and in vitro studies have revealed multiple sites of phosphorylation [5] which

lead to the detachment of tau from microtubules to form aggregates [20]. In patients

with neurodegenerative disease, tau appears nine times more phosphorylated relative

to healthy individuals [5]. Additionally, normal tau contains 2-3 mol phosphate per

mole of tau, but in patients with tauopathies, this is increased by at least 3-4-fold [32].

Phosphorylation is regulated by various kinases that phosphorylate and phosphatases

that dephosphorylate the tau protein. They include protein kinase A (PKA), glycogen

synthase kinase 3β (GSK3β), cyclin-dependent kinases (CDK), protein phosphatases

(PP), and calcineurin. Tauopathies demonstrate kinase activation of PKA, GSK3β,

and CDK5 and decreased expression of phosphatases PP2A, PP2B, and PP5 [45, 46],

with a chronic inhibition of calcineurin [46].

PKA is directly triggered by insulin deficiency in diabetic patients [47]. CDK5 and

CDK1 are known to act on the most relevant sites of tau phosphorylation, with CDK1

also being known to promote Aβ plaque formation [39]. GSK3β has been identified to

be heavily involved in the phosphorylation of tau at Ser and Thr residues.
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Insulin deficiency is also known to directly trigger PP2A [48], although the mechanism

of discrimination between kinase and phosphatase activity remains to be elucidated.

While PP2B is decreased in many tauopathies, it is increased in the AD brain [45].

However, the primary phosphatase that regulates tau phosphorylation in AD is PP2A

[45]. First identified in this capacity as a tau phosphorylation mediator in 1996, it is

responsible for 71% of phosphatase activity in the brain [49, 50]. It acts on Thr205,

a site of phosphorylation known to be involved in conformational change, by acting

upon GSK3β through an unidentified mechanism [51, 52].

1.4 Tauopathy and Reactive Oxygen Species (ROS)

ROS and phosphorylation appear to be crucial for the manifestation of tauopathies,

although the mechanistic causes remain poorly understood. While the literature sup-

ports the notion that accumulation of phosphorylated tau increases ROS activity, the

reverse is also appear to be the case - that ROS production stimulates tau phospho-

rylation. ROS is balanced by antioxidant systems, which when disrupted lead to ROS

accumulation and oxidative stress [40]. There is growing evidence that ROS activity

either leads to, or is a component of, tauopathies, and has been implicated in many

neurodegenerative diseases. Particularly in AD, the correlation between Aβ plaque

formation and ROS production is well documented [24]. This is further supported by

the Oxidative Stress Theory of Ageing [24], which suggests that brain neurons are the

primary target of oxidative stress. Studies show that over-expression of tau can lead to

increased ROS production and induce cell apoptosis. Seeding has also been implicated

in ROS production, where primary rodent neurons expressing tau oligomers displayed

high ROS production and increased mortality [24].

Evidence shows tau over-expression leaves cells vulnerable to oxidative stress, and that

this is one of the leading biomarkers of tauopathies that can be detected in early on-

set, before Aβ plaque formation [40]. For example, pathological tau concentrations

in murine N2a neuroblastoma cells demonstrated increased susceptibility to oxidative

stress, leading to eventual apoptosis via the JNK pathway [24]. Whether it is a cause
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or consequence of tau phosphorylation remains to be confirmed [46]. While increased

ROS production correlation with increased tau phosphorylation is well recorded, con-

troversy remains as to whether ROS production is a consequence of tauopathy or is an

early cellular marker of ”seeding”. Several key enzymes have been implicated in both

processes.

As previously described, PKA and PP2B are directly triggered by insulin deficiency in

diabetic patients [47]. Additional oxidative stress further decreases insulin secretion,

thereby increasing sensitivity to ROS [24]. Low insulin secretion has been known to

increase tau phosphorylation in mice models of AD [24]. These observations directly

link ROS production and tau phosphorylation to increased PP2B and PKA activity,

which are in turn involved in Ca2+ influx via NMDAR. The anti-diabetic drug Met-

formin has been shown to mitigate this effect [53]. These findings give credence to the

increasingly debated suggestion that AD is simply a new type of diabetes, Diabetes

Type 3 [54].

PP2A is unusual in that is down-regulated in most tauopathies, but up regulated in AD.

While we see an interesting correlation between insulin deficiency, PP up-regulation,

and ROS production, the literature also reports PP down-regulation with ROS activ-

ity. This correlates with their known enzymatic activity during tau phosphorylation

- namely that PP2A is only responsible for 7% of all PP activity in the AD brain

[45], while other PPs responsible for 93% of tau dephosphorylation, such as PP2A are

down-regulated in AD and other tauopathies. PP activity has been closely linked with

GSK3β. The interaction of both these enzymes in tau phosphorylation has been linked

to neurprotective conformational changes in the tau protein [51, 52].

GSK3β itself has a dual role in in tauopathies. In in vitro studies on primary cortical

neuronal cultures have shown that ROS production resulted in increased tau phos-

phorylation, which reduced after GSK3β inhibition [24]. Notably, the experiment was

conducted in a low-GSK3β expressing paradigm. When repeated with higher concentra-

tions, the enzyme showed no protective effects. This suggests that the GSK3β enzyme

may have therapeutic benefits for ROS-induced cell apoptosis at low concentrations.
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Intracellular mitochondrial Aβ accumulation has been well described in AD [55]. Aβ-

induced mitochondrial dysfunction is reportedly due to Aβ interactions impairing phys-

iological phosphorylation at the outer mitochondrial membrane, intermembrane space,

inner mitochondrial membrane, and the mitochondrial matrix, which increases ROS

production [56]. Increased ROS activity correlates with tau phosphorylation and the

translocation of the GSK3β enzyme to the nucleus [24]. This may be a modulatory

factor in PKA activation.

It is thought that the stimulation of NMDA receptors (NMDARs) may dissociate tau

from PP2A to reduce overall phosphatase activity [57]. PP2A is an allosteric modulator

of NMDARs, which anchor the protein in the central nervous system [13]. Following

over-activation of NMDAR, tau shows a rapid increase in phosphorylation followed by

a slower dephosphorylation mediated by PP2A, indicating that the protein binds back

to the receptor through unknown means [58].

1.5 N-methyl-D-aspartate receptors (NMDARs) in

AD

Indeed, studies in AD postmortem brain tissues and AD animal models support a role

for disruption of synaptic Ca2+ regulation in the neurotoxic action of Aβ, which may

serve as a trigger for synaptic deterioration driving the cognitive loss in AD [59]. This

cognitive loss is promoted by long-term depolarisation, where prolonged release of pre-

synaptic glutamate activates AMPA receptors, removing magnesium antagonism at

NMDAR, which inturn, enables Ca2+ influx. This in turn activates CaMKII cascade.

This excess long-term depolarisation results in post-synaptic Ca2+ influx and induces

spine shrinkage and synaptic loss [60], which has been associated abnormal calcineurin

activity and decreased glutamate receptor (e.g. NMDARs) expression [61].

Thus, pathological inhibition of NMDARs by elevated Aβmay shift NMDAR-dependent

signalling cascades towards apoptotic pathways, the mechanisms of which are yet to

be elucidated.
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Of special note is the relationship between NMDA and Aβ. Simultaneous Aβ and

NMDA markedly increased influx, mediated by the post-synaptic GluN2B NMDAR

[59]. This, and other evidence, supports the notion that Aβ deregulates glutamate

receptors resulting in early cognitive deficits. From this, it can be surmised that NMDA

is either the downstream target of Aβ, acting upon synaptic transmission, or it may

control the formation of Aβ.

1.6 Calcium in Tauopathies

Calcium homeostasis is also known to play a role in tauopathies. Increased cytosolic

concentrations alter the metabolism of A/β plaque precursors [62] and phosphorylate

Ca2+/calmodulin-dependent protein kinase II (Ca/CAMK II) [63]. In turn, Aβ plaques

destabilise calcium homeostasis by acting on all glutamate receptors, including NM-

DARs, to enhance cellular uptake of Ca2+, leaving neurons vulnerable to excitotoxicity

[12]. Recent findings have also shown that tau phosphorylation at the Thr205 epi-

tope increased Ca2+/CAMK IV phosphorylation and nuclear Ca2+ influx in the rat

hippocampus [64]. This suggests a possible positive feedback loop between tau phos-

phorylation and Ca2+ influx.

To this end, Ca2+ channel blockers have been shown to reduce Aβ toxicity [65] by

preventing Ca2+ influx at voltage-gated Ca2+ channels. Influx of Ca2+, causing mito-

chondrial dysfunction, is partly driven by Aβ peptides activating NMDARs [66] which

leads to tauopathies.

Interestingly, NMDAR activation with protein-kinase C (PKC)-driven GSK3β inhibi-

tion has been shown to diminish tau phosphorylation at the Ser202 epitope [67]. This

suggests that NMDAR is an important factor in tau phosphorylation, where excess

NMDAR activation increases tau phosphorylation, while inhibition of enzymes acting

at the NMDAR decrease cell apoptosis, Ca2+ influx, and tau phosphorylation.
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It is also noteworthy that Ca2+ influx driven by certain mechanisms has demonstrated

neuroprotective effects. Specifically, GluN2A (NMDAR)-driven influx is known to

induce brain-derived neurotrophic factor (BDNF), a neuroprotective agent. However,

influx through the extra-synaptic GluN2B inhibits this response [59]. This pre-/post-

synaptic interplay may explain the synaptotoxicity of Aβ oligomers that contribute

to AD cognitive deficits [68] and the aberrant excitatory and inhibitory responses

involving learning and memory circuits driven by Aβ [69].

Such pathological signalling disrupts NMDAR-MAPK cascades that are monitored by

Ca2+ sensors in neurons and microglia, which in turn mediates production of pro-

inflammatory cytokines [70] that can activate various pathways known to be involved

in tauopathies.

1.7 The Kynurenine Pathway (KP) in Tauopathies

The kynurenine pathway (KP) has emerged as a key regulator of neuroprotective and

neurotoxic metabolites, and is the subject of drug development initiatives to develop

inhibitors to block certain enzymes in the pathway [71, 72]. Current evidence suggests

the KP metabolites may be important biomarkers of neurodegenerative and other dis-

eases [73, 74].

There is mounting evidence to suggest that the metabolites of the Kynurenine Path-

way (KP), a component of the immune system responsible for the metabolism of the

essential amino acid Tryptophan, may in part regulate the pathophysiology of AD [75].

Within the central nervous system, this takes place across multiple cell-types: neu-

rons, microglia, and macrophage. The pathway metabolites (Fig. 1.4) are known to

play both protective and degenerative roles in AD.
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Figure 1.4: Hypothesised relationship between the Kynurenine Pathway and neurode-
generation. Chronically over-activated microglia produce exess QUIN, the accumulation of
which correlates with p-Tau and ROS formation. IDO: Indoleamine-pyrrole 2,3-dioxygenase
is the rate limiting enzyme of the Kynurenine Pathway. KMO: Kynurenine 3-monooxygenase
favours the conversion of KYN to QUIN branch. KATs: Kynurenine aminotransferases
favour the KYNA production branch of the pathway. TRP: Tryptophan. KYN: Kynurenine.
KYNA: Kynurenic Acid. QUIN: Quinolinic acid. Image created using Biorender.com

The role of microglia in relation to the KP and neurodegeneration is noteworthy. Mi-

croglial over-activation in response to inflammation triggers the KP which may lead to

neurotoxicity. Neuroinflammation derived from microglial over-activation is thought

to contribute to tauopathies [76] and has associated with increased oxidative stress

generated by microglia [76]. ROS activity is also known to be modulated by various

kynurenine metabolites. Inhibiting the KP enzymes responsible may in part modulate

microglial activity to hinder neurodegeneration. KP activation is also known to increase

in tau phosphorylation at Ser202/Thr205, which produce NFTs upon phosphorylation,

by inhibiting GSK3β.
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1.7.1 Kynurenine Metabolites in Tauopathies

Analytical studies show increased ratio of 3HK to Trp, increased quinolinic acid pro-

duction, and quinolinic acid (QUIN)-derived production of NFTs and Aβ plaques [75].

High-Performance Liquid Chromatography (HPLC) evidence also suggests that trypto-

phan concentrations have an inverse relationship with the severity of cognitive deficit

in AD patients, but not in disease duration [77]. Kynurenic acid (KYNA) has also

been heavily implicated in AD [78, 79], with its synthetic analogues proving to have

therapeutic effects [80]. Taken together, this strongly suggests a close relationship be-

tween KP metabolites and AD, with potential for identifying new potential targets for

therapeutic intervention.

The KP was described in primary human neurons and human cancer cell lines in 2007,

where the KP was was implicated as a mechanism contributing to neurotoxicity [81].

A 2009 study of post-mortem brain tissue demonstrated the co-localisation of p-Tau

with QUIN (Fig. 1.6, [15]). This study found a direct correlation between QUIN

accumulation, tau phosphorylation and increased NFT formation in a dose-dependent

manner (Fig. 1.5, [15]). NFTs have been shown to modulate cognitive impairment in

AD-dementia patients [82].
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Figure 1.5: Phosphorylation of tau induced by QUIN in a dose-dependent manner. QUIN
induces tau phosphorylation as determined by A) AT8 and B) AT180 antibodies. Image
sourced from [15].
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Figure 1.6: QUIN colocalises with NFTs in human hippocampal neurons. Deposition
of QUIN (red) and p-Tau-derived tangles (green) in hippocampal neurons of A) a healthy
control and B) Alzheimer’s Disease brain. White arrows signify co-localisation of QUIN and
p-Tau in the diseased brain. Image sourced from [15].

From the presently described literature, it can be summarised that microglial activa-

tion results in QUIN over-expression resulting in increased tau phosphorylation and

ROS formation. Increased QUIN accumulation has been further shown to correlate

with NFT formation and AD severity, mediated via QUIN interactions with NM-

DARs. QUIN activates NMDARs for glutamate release but inhibits glutamate re-

uptake [77, 83]. The resulting accumulation of glutamate, referred to as excitotoxicity,

contributes to cell apoptosis [57]. Conversely, KYNA demonstrates neuroprotective ef-

fects by antagonising QUIN activity at the NDMA receptor [75] which is favoured under

basal conditions [83]. NMDARs are also closely linked to PP2A (see 1.4). This indi-

cates the importance of KP metabolic homeostasis in the CNS. Both 3HK and 3HAA

have also been shown to produce oxidative stress, although 3HK has been known to

mitigate the neurotoxic properties of QUIN [72] by reducing oxidative stress, inline

with the current belief that 3HK show milieu-specific effects on redox modulations.



1.7 The Kynurenine Pathway (KP) in Tauopathies 19

1.7.2 KP Enzymes in Tauopathies

To further link the KP to tauopathy, IDO-1, the first rate-limiting enzyme in the

KP was found to be colocalised with NFT formations [84]. Inhibition of the enzyme

has shown neuroprotective effects [85], albeit at the expense of producing potentially

neuroprotective metabolites, specifically KYNA, AA, and PIC.

KMO, another rate-limiting enzyme of the KP, is predominantly expressed within mi-

croglia and is known to be up-regulated during inflammation, leading to ROS pro-

duction [83] and mitochondrial damage [86]. This is enacted through due to the

KMO-facilitated production of 3HK leading to the production of the neurotoxin QUIN

[83, 86].

Initially, 3HK was thought to be cytotoxic, though recent results indicate that 3HK is

both antioxidant as well as pro-oxidant depending on the cell environment [18]. Regard-

less, the neuropathological role of 3HK remains unclear [83]. 3HK toxicity is inhibited

by antioxidants, indicating its role in ROS generation [17]. Studies also indicate that

3HK synergistically enhances QUIN-mediated ROS production and neurotoxicity [77].

Conversely, low concentrations of 3HK have been known to mitigate QUIN toxicity

[18]. Mechanisms of this action remain unclear, but it is known that the metabolite

acts independently of NMDARs [87].

3HK conversion to QUIN is known to drive ROS production. In disease states, microglia

are hyperactive resulting in overproduction and accumulation of the neurotoxic KP

metabolite. Evidence for KP metabolite toxicity in tauopathies has been extensively

reviewed [77]. Briefly, QUIN activates NMDARs in astrocytes to modulate Ca2+ influx

in neurons, upstream of kinase activation (see above) [16].

The duality of the kynurenine pathway as a source for both neuroprotective and neu-

rotoxic molecules needs to be further explored.
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1.8 Aims

QUIN is known to mediate tau phosphorylation. It is known that QUIN activates the

NMDAR receptor. It is also known that NMDAR activation stimulates Ca2+ influx,

which is associated with ROS production, which in turn is associated with increased tau

phosphorylation. Despite these observations, there is no present data linking these phe-

nomena. For the first time, this project aims to mechanistically link QUIN-activated,

NMDAR-driven Ca2+ influx and ROS production to tau phosphorylation.

To this end, tau phosphorylation will be studied across multiple cell lines with special

special focus on KMO over-expressing cell line HEK293 cells expressing stable pEZ[-]

and pEZ [KMO] vectors [86] as a model of pathophysiological QUIN production. KMO

inhibition and calcium chelation will be employed to observe effects on tau phospho-

rylation as well as calcium influx and ROS production. Tau phospshorylation will

be confirmed using western blot analysis and ultra-High Performance Liquid Chro-

matography (UHPLC) will confirm KP metabolite modulation in response to enzyme

inhibition. DCF and Fura-2AM assays will be utilised to assess metabolite-derived

ROS production and Ca2+ influx.
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2.1 Tissue Culture

Mouse N2a and human SHSY5Y neuroblastoma cell lines, HEK-293 peZ [-] and HEK

peZ [KMO] cells, and primary human macrophage and neurons were grown in 37◦C at

5% CO2 (g). Immortalised cell lines were previosuly cryogenically stored in -80◦C in 90%

FBS and 10% DMSO. N2a and HEK peZ cells were grown in Dulbecco’s Modified Eagle

Medium (DMEM) (Gibco reference: 11995-065). HEK peZ cells were further supple-

mented with 600 uM/mL Geneticin (G418 sulphate). Human SHSY5Y neuroblastoma

cells were grown in a 1:1 Dulbecco’s Modified Eagle Medium (DMEM)/F-12 (Ham)

with GlutaMAXTM(Gibco reference: 10565-018). All immortalised cell lines were also

supplemented with 10% foetal bovine serum (FBS) and 1% Penicillin Streptomycin.

21
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Primary human monocytes were isolated from whole blood and converted to macrophage

with Granulocyte-macrophage colony-stimulating factor (GM-CSF) in RPMI media.

Primary human neurons were grown in Neurobasal media (Gibco reference: 21103-046)

supplemented with 1% antibiotic/antimicrobial solution, 2% glutamate, 0.5% glucose,

and 0.5% B27. Primary mouse neurons were co-cultured with 70, 000 hippocampal

neurons and 300, 000 cortical neurons grown in neurobasal media supplemented with

1% Penicillin Streptomycin, 2% B27, and 0.25% Glutamax. Media was changed every

2-3 days, except for in primary mouse cells.

2.2 Cellular IDO and KMO Expression in N2a and

SH-SY5Y Cell Lines

The Kynurenine Pathway was confirmed with the confirmation of IDO enzyme expres-

sion via immunocytochemistry (ICC) and KMO enzyme expression via western blots in

N2a and SHSY5Y cell lines. Briefly, cells were seeded in EZ slides (Millipore catalogue

no. PEZGS0416) at a seeding density of 0.04x106 cells/mL. Cells were processed in

accordance to the ICC protocol. Cells were incubated with primary antibody mIDO-

48 (dilution: 1/100, Biolegend, cat. #122402) and secondary antibody Goat anti-Rat

IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555 (dilution: 1/200,

Invitrogen, Cat. #A-21434).

Cells were visualised on the Axio Imager using the EC Plan Neufluar 20x/0.50 Ph

2 M27 objective and the HXP-120 lamp was used as a light source. DAPI staining

was visualised using the 395 beam splitter at an excitation/emission range of 335-

383/420-470 at 3.72 μm depth of focus and 537.4 ms exposure time. Alexa Fluor 555

was visualised using the DS filter using the 570 beam slitter at an excitation/emission

range of 533-558/570-640 with a 537.4 ms exposure time and 4.58 μm depth of focus.

To establish KMO expression in N2a and SHSY5Y cells and over-expression in HEK

peZ [KMO] and peZ [-] cells, cells were plated on a 6-well plate at a seeding den-

sity of 0.1x106 cells/well. Cells were grown to 80% confluency and lysed with RIPA



2.3 Baseline Tau Phosphorylation in HEK-293 peZ Cells 23

buffer and proteinase inhibitors for western blot analysis using Anti-kynurenine 3-

monooxygenase antibody raised in rabbit (dilution: 1/1000, Abcam cat. #ab130959)

with IRDye 680RD Goat anti-Rabbit IgG Secondary Antibody (dilution: 1/15000,

Licore cat. #926-68071).

2.3 Baseline Tau Phosphorylation in HEK-293 peZ

Cells

HEK peZ [KMO] and peZ [-] cells, cells were plated on a 6-well plate at a seeding

density of 0.1x106 cells/well. Cells were grown to 80% confluency and lysed with RIPA

buffer and proteinase inhibitors for western blot analysis using AT8 antibody raised

in mouse (dilution: 1/1000, Invitrogen cat. #MN1020) with IRDye 700CW Goat

anti-Mouse IgG Secondary Antibody (dilution: 1/15000, Licore cat. #926-32210).

2.4 In vitro Calcium Imaging of Primary Mouse

Neurons in Response to KP Modulation

Primary mouse cells were grown in 30 mm glass-bottom dishes and transfected with

GCAMP7f AAV-PHP.B (hsyn-JGCamp7-WPRE) in conditioned media at 11 DIV.

After 13 days, neurons were then treated with either 250 μM QUIN , 250 μM QUIN

and 50 μM KYNA, 25 μM Glutamate, 25 μM Glutamate and 1.23 mM EDTA, or 20

μM Glutamate and 20 μM Memantine, for 24 hours to study chronic effects. Acute

effects were studied using 250 μM QUIN or 100 mM CaCl2.

The LSM 880 IndiMo AxioObserver with a Plan-Apochromat 40x/1.3 Oil DIC UV-IR

M27 objective and MBS T80/R20 beam splitter was used to image cells. Laser ex/em

was set to 514/546 nm (0.2% excitation power). Images were processed with a 0.86

AU pinhole using a unidirectional line sequential scanning (4.12 μs pixel time, 30.00

μs line time, 1.27 s frame time, 800 gain). At least 60 frames were recorded along the

same focal plane for true comparisons across treatments.
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Cell signalling was quantified using the Fiji software. Briefly, .CZI files generated

during imaging were imported into the software. Regions with cellular activity were

selected and added into the Region of Interest (ROI) Manager to calculate mean signal.

Each frame incorporated at least 5 ROIs with a further 2 ROIs selected to account for

background.

2.5 Tau Phosphorylation in Response to KP Metabo-

lite Modulation

Preliminary tests were conducted on N2a cells treated with 10 μM 3HK, 1200 nM

QUIN, 100 uM NMDA and 100 μM NMDA + 10 μM D-Ser. After a 24-h period, a

Western blot analysis was conducted to determine changes in tau phosphorylation.

HEK peZ cells and primary neurons and macrophage were treated with 100 IU IFNγ/mL

(Miltenyi Biotec #130-096-484) to up-regulate IDO-1 expression, over 24 or 72 hours.

Cell were further supplemented with enzyme inhibitors and/or pre-incubation with

other KP metabolites. UHPLC analysis was conducted to confirm IFNγ and enzyme

inhibition activity.

2.6 ROS Production in Cells as determined by the

DCF-DA Assay

Preliminary ROS assays were conducted in immortalised cell lines using Immunocyto-

chemistry. Briefly, cells treated with 250 μM QUIN or received a 2-h pre-incubation

with 50 μM KYNA followed by 24-h exposure period. After the 24-h treatment period,

cells were given 2*5-min PBS washes followed by 10 μM DCF-DA (Sigma-Aldrich cat

#D6883) incubation prepared fresh in complete media. Incubation period was 30-min

at 37◦C at 5% CO2 (g). Cells were visualised on the Axio Imager using a EC Plan

Neufluar 20x/0.50 Ph 2 M27 objective and a HXP-120 lamp. DAPI was visualised

with a 395 beam splitter with the excitation/emission range of 335-383/420-470 nm,
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using 274.8 ms of exposure time and a depth of focus of 1.65 μm. DCF-DA is visualised

within the green fluorescent range. The FITC filter was used, using a 495 beam splitter

and an excitation/emission range of 450-490/500-550 nm, with a 274.8 ms exposure

time and 1.85 μm depth of focus.

High through-put assays were conducted by seeding 20,000 cells in a 96-well black

bottom microplate, using a live trace or end-point assays. Fluorescence was measured

on the FLEX Station 3 with an excitation/emission of 504/529 nm with an internal

temperature set at 37◦C.

Live traces were conducted in the FLEX Station 3 with cells being pre-incubated with

media or 100 μM KYNA. DCF loading was conducted using fresh 10 μM DCF-DA in

complete media for 30 min at 37◦C, 5% CO2 (g). A final concentration of 1 mM QUIN

or 1mM H2O2 was delivered using the FLEX station and fluorescence was recorded

over a 180 s period. The PHERA Star was also used to measure fluorescence (data not

shown), and a comparison of the results showed the FLEX Station to be more sensitive

to fluorescence.

End-point assays also employed the FLEX Station for fluorescence measurements. HEK

peZ [-] cells were treated with either 50 μM H2O2 for 5h, or 1 mM QUIN for 24h with

either 2 mM EGTA, 100 μM KYNA or 50 μM APV 2-h pre-incubation. ROS production

of only EGTA, KYNA, and APV were also measured. DCF-DA dye was loaded at 20

μM for 30 min at 37◦C, 5% CO2 (g) in FBS-free and phenol-red-free media.

The above protocol was improved from previous experiments not reported in this thesis

for clarity. These conditions include used cells seeded at various densities ranging from

full confluency to 20,000 cells cultured in media (DMEM), with and without phenol-

red, and 10% FBS (data not shown). These methods also incorporated known methods

from pre-existing literature [86, 88].Assays were first trialled in N2a cell lines and then

escalated to SH-SY-5Y and HEK peZ cell lines if successful.
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2.7 Ca2+ Influx in Cells as determined by the Fura

2-AM Assay

High through-put assays were conducted by seeding 20,000 cells in a 96-well black

bottom microplate, using a Live trace or end-point assays. 2.5 uM Fura 2-AM (Abcam

cat #ab120873) was loaded into cells using loading solution and 4 mM probenecid

[89] in phenol-red and FBS free media for 30 min at 37◦C, 5% CO2 (g). Fluorescence

was measured on the FLEX Station 3. Free Ca2+ and bound, intracellular Ca2+ was

measured at excitation wavelengths of 340 nm and 380 nm respectively. Emission

was measured at 520 nm with an internal temperature set at 37◦C. Ca2+ influx was

calcualted by taking the absorbance ratio of 340/380 nm. In both experiments, CaCl2

was used as a positive control.

Live traces were conducted in the FLEX Station 3 with cells being pre-incubated with

media, 100 μM KYNA, or 50 μM for 2 h. Fura 2-AM was loaded into the cells and a

final QUIN concentration of 1 mM was delivered to the cells. A live trace was recorded

for 30 min. A 4h end-point assay was also conducted on N2a and SH-SY5Y cell lines

which further incorporated 100 μM as well as 10 μM D-Ser co-treatments with NMDA

and QUIN to confirm NDA activity in the assay. Fluorescence was recorded on both

the PHERA Star (data not shown) and the FLEX Station, the latter of which showed

greater sensitivity.

End-point assays also employed the FLEX Station for fluorescence measurements. N2a

and SH-SY5Y cells were pre-incubated in media or 50 μM KYNA for 2h followed by a

24h incubation with 1 mM QUIN.

The above protocol was improved from previous experiments not reported in this thesis

for clarity. These conditions include used cells seeded at various densities ranging from

full confluency to 20,000 cells cultured in media (DMEM or L-15), with and without

phenol-red, at a range of FBS concentrations with and without glucose supplemen-

tation. These methods also incorporated known methods from pre-existing literature

[89]. Assays were first trialled in N2a and then SH-SY-5Y and HEK peZ cell lines.
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2.8 Western Blot Analysis

After treatment period, cells were washed in ice-cold PBS and rested on ice with

cOmpleteTM, EDTA-free Protease Inhibitor Cocktail (Roche, cat. # 04693132001) and

RIPA buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate,

0.1% SDS (sodium dodecyl sulfate), and 50 mM Tris (pH 8.0)). Cells were scraped for

lysate which was frozen overnight, then thawed on ice and centrifuged (13.2 rpm, 15

min, 4◦C). Protein content of the supernatant was quantified using the PierceTMBCA

Protein Assay Kit (Thermo ScientificTMcat. # 23225). 20 μg protein with NuPAGE

Sample Reducing Agent (10x) (Invitrogen TMcat. #NP0009)/4x Laemmli Sample

Buffer (Bio-rad cat. # 1610747) in a ratio of 2.5:1, topped with milliQ water to a

final volume of 20 μL. Samples were loaded into NuPAGETM4-12% Bis-Tris Midi Pro-

tein Gels (InvitrogenTM) and run at a constant 100 V on the PowerEaseTM300W Power

Supply (230 VAC). All blots were run with 3 μL Precision Plus ProteinTMDual Color

Standard (Bio-rad cat. # 1610374).

Proteins were transferred onto nitrocellulose membranes using the Trans-Blot Turbo

Transfer System (25 V, 20 min). Membranes were blocked with 5% BSA (TBST) (2h,

room temperature) and given 3x5-minute TBST washes. Primary primary antibod-

ies [(GAPDH 14C10 (dilution: 1/1000, Cell Signalling Technology # 2118), β-actin

AC-15 (dilution: 1/5000 Abcam cat. # ab6276), and AT8 (p-Tau) (Invitrogen cat.

#MN1020)] and appropriate 700CW Licore secondary antibodies were diluted in 3%

BSA (TBST) overnight at 4◦C or at room temperature for 2h, respectively.

Membranes were imaged and quantified using the Odyssey CLx Imaging System.

Briefly, the 700-nm channel independently selected to quantify the signal of the house-

keeping proteins across various treatments which were normalised to the control to

account for variable gel loading. This normalisation factor was also applied to p-Tau

signals quantified by independently selecting the 800-nm channel. Odyssey CLx Imag-

ing System signal detection is independent of the area of the membrane selected for

signal quantification. Average tau phosphorylation across each treatment was taken as

a percentage of phosphorylation compared to the media-only control cells.
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2.9 Immunocytochemistry

Cells were seeded in EZ slides at a density of 0.04x106 cells/mL and fixed with 4%

paraformaldehyde (PFA) in 1xPBS for 10 minutes at room temperature followed by

3x5-minute washes with ice-cold PBS. Cells were permeabalised with PBST (PBS, 0.1%

Triton X-100) for 10 minutes at room temperature, followed by 3x5-minute washes with

PBS. Cells were blocked with 1% BSA in PBS for 1h at room temperature. Primary

antibody exposure was in a humidified chamber at 4◦C in 1% BSA (PBS) overnight.

This was followed by 3x5-minute PBS washes with a secondary antibody diluted in

1% BSA for 1 hour at room temperature. After another round of 3x5-minute PBS

washes, the EZ Slides were mounted with ProLongTM Gold Antifade Mountant with

DAPI (Invitrogen cat. #P36935) and rested at room temperature for 24 ours before

being sealed with nail polish and stored at 4◦C.

2.10 KP Metabolite Quantification via Ultra High

Performance Liquid Chromatography (UHPLC)

Trp, KYN, 3-HK, 3-HAA and AA concentrations in cell supernatant were determined

by UHPLC and quantified using a sequential diode-array (UV) and fluorescence de-

tection as previously described with some modifications [81]. Cell supernatants were

precipitated with 4◦C TCA 10% (1:1 v/v), centrifuged (12,000 g; 25 min; 4 C), and

filtered (0.20 μm PTFE syringe filter, Merck-Milipore, CA, USA). Supernatant was

transferred to an HPLC vial for analysis.

The UHPLC analysis were carried out in UHPLC equipment (Agilent 1290 Infinity,

Agilent, CA, USA) using an Agilent ZORBAX Rapid Resolution High Definition C18,

reversed phase (2.1 x 150 mm, 1.8 μm). The temperature of column compartment was

set at 40◦C and flow rate set to 0.75 mL/min with an isocratic elution of 100% of

sodium acetate (100 mM), pH 4.65.
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The identification and quantification of KYN and 3-HK were performed by a UV

detector (G4212A, Agilent, CA, USA) with absorbance at 365 nm (reference signal

off) for KYN and 3-HK. The identification and quantification of Trp was performed by

a fluorescence detector (G1321B xenon flash lamp, Agilent, CA, USA) with emission

wavelength of 280 nm. The results were calculated by interpolation using 6-point

calibration curve and expressed as μM for KYN and Trp, and nM for 3-HK.

2.11 Statistical Analysis

A two-tailed t-Test was used to determine statistical significance in immunocytochem-

istry ROS assays within cell lines and baseline tau phohorylation within HEK peZ

cell lines, and a one-way ANOVA was conducted to determine significance of various

treatments on Ca2+ influx in primary mouse cells and all western blot comparisons.

Key statistical details such as p-value, t-value, and n-value (replicates) are provided

in the captions. Residual and Q-Q plots confirmed underlying assumptions of both

statistical tests. Homoscedasticity plots demonstrated uneven distribution of standard

deviations which was confirmed by Brown-Forsythe and Bartlett’s tests. An even distri-

bution of standard deviations is essential only where the n-value is not evenly matched

across control and treatment groups, which was not the case in the present study. All

graphs represent a mean value unless indicated, with error bars representing standard

deviation.
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3
Results

3.1 Cellular IDO-1 and KMO Expression in N2a

and SH-SY5Y Cell Lines

Cellular KMO expression was confirmed in N2a and SH-SY5Y cells using standard

Western blot technique (Fig. 3.1). Cellular IDO-1 expression was also confirmed using

immunocytochemistry in the N2a and SH-SY5Y (Fig. 3.2) cell lines. Accordingly, both

the key rate-limiting enzyme (IDO-1) and enzyme favouring the QUIN-production

branch of the KP (KMO), were confirmed in N2a and SH-SY5Y cells, validating the

cell line’s use as a cell model to study the pathway.

31
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Figure 3.1: Confirmation of KMO expression in mammalian N2A and SH-SY5Y cancer
cell lines.
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3.2 KP Stimulation Increases Tau Phosphorylation

in N2a Cells

The Kynurenine pathway in SK-N-SH cells and its daughter cell line, SH-SY5Y, has

been characterised and validated for various neurodegenerative tauopathies [81, 90–

93]. However, effects of KP stimulation on N2a cells has not been previously assessed.

Accordingly, N2a cells were treated with 3HK (to stimulate ROS) and QUIN. These

experiments showed a >2-fold increase in tau phosphorylation, establishing N2a cells

as a viable model for this study (Fig. 3.3). Notably, treatments of NMDA and D-Ser

did not show any significant change in tau phosphorylation (data not shown).

Figure 3.3: Stimulation of the KP with QUIN or 3HK supplementation demonstrated a
2-fold increase in tau phosphorylation in N2a cells; n=3 triplicates
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3.3 KYNA Inhibits QUIN-Driven ROS

After validating both N2a and SH-SY5Y cell lines, the potency of QUIN activity on

ROS production was assessed. Briefly, cells were treated with 10 μM DCF-DA fol-

lowing QUIN treatment and KYNA pre-incubation. QUIN demonstrated a significant

increase in ROS production compared to untreated in N2a cells (Fig. 3.4). This as-

say was repeated in the SH-SY5Y human cell line, which replicated these results. It

was particularly noteworthy that a supplementary experiment incorporating KYNA

pre-incubation demonstrated a significant reduction in QUIN-derived ROS activity

(Fig. 3.5)

Figure 3.4: QUIN stimulated a significant increase in ROS production in N2a cells [Two-
tailed t-Test: p<0.05, t=3.8239, df=6; n=3 triplicates].
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Figure 3.5: KYNA pre-incubation significantly inhibited the QUIN stimulated increase
in ROS production in SH-SY5Y cells [Two-tailed t-Test: p<0.0001, t=12.0710, df=6; n=3
triplicates].

3.4 ROS Production in a KMO Over-expressing

Cell Model

KMO is a key enzyme regulator in the KP which favours QUIN production. To better

understand if KMO over-expression plays a role in ROS production, calcium influx, or

tau phosphorylation, HEK-293 human embryonic kidney cells were genetically modified

to over-express KMO as a model for excessive QUIN production [86]. DCF-DA loading

demonstrated a significantly greater ROS activity in HEK peZ [KMO] than in HEK

peZ [-] cells (Fig. 3.6). Notably, both cell lines showed no detectable ROS production

without QUIN supplementation, which was unexpected for HEK peZ [KMO] cells.
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3.5 QUIN Increases Cellular Ca2+ Influx

DCF-DA assays established the role of KP metabolite QUIN in ROS production.

Transfection of primary mouse neurons with the GCamp virus enabled the visuali-

sation of both acute (Fig. 3.7) and chronic (Fig. 3.8) effects of KP modulation and

calcium chelation on Ca2+ influx via fluorescent live-cell imaging.

Acute treatment of QUIN demonstrated a marked increase in Ca2+ influx increasing

by 3-fold within 20 min. Chronic KP modulation and calcium chelation also showed

remarkable effects. Glutamate supplementation (25 μM) to activate NMDAR resulted

in an average >4-fold increase in calcium signal than the control. This signal was

undetectable after independent treatments of calcium chelator EGTA (1.2 mM) and

NMDAR antagonist Memantine (20 μM). Pre-incubation with KP metabolite, KYNA

(50 μM), a known NMDAR antagonist, produced an almost 500-fold decrease in calcium

signal at the comparable focal plane. A link to a compilation of real-time videos is

provided in the Appendix ( A.1), alternatively separate videos have been embedded

in this document for CaCl2 (Fig. 3.9) and QUIN stimulation (Fig. 3.10), and chronic

Glutamate (Fig. 3.11) and QUIN (Fig. 3.12) co-treatments. All QUIN treatments

prevented Ca2+ migration of calcium signals through the cells and localised them to

the cell body, as compared to the control samples which showed calcium distribution

along the entire neuron.
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Figure 3.7: Treatment of primary mouse neurons with 250 μM QUIN and 100 μM of
CaCl2 showed a marked increase in calcium influx within 20 minutes of exposure.
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Figure 3.9: Live cell calcium imaging of primary hippocampal mouse neurons acutely
treated with calcium. A compilation of all live-cell imaging videos are also compiled in the
Appendix (Section A.1).


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}
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Figure 3.10: Live cell calcium imaging of primary hippocampal mouse neurons acutely
treated with QUIN. A compilation of all live-cell imaging videos are also compiled in the
Appendix (Section A.1).


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton1'){ocgs[i].state=false;}}
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Figure 3.11: Live cell calcium imaging of primary hippocampal mouse neurons chronically
treated with Glutamate, NMDAR antagonist Memantine, and calcium chelating agent EDTA.
A compilation of all live-cell imaging videos are also compiled in the Appendix (Section A.1).


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton2'){ocgs[i].state=false;}}
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Figure 3.12: Live cell calcium imaging of primary hippocampal mouse neurons chronically
treated with QUIN and NMDAR antagonist KYNA.A compilation of all live-cell imaging
videos are also compiled in the Appendix (Section A.1).


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton3'){ocgs[i].state=false;}}
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3.6 KMO Over-Expression Increases Baseline Tau

Phosphorylation in HEK peZ Cells

HEK peZ cells were used as cell models to investigate the effects of KP modulation

with respect to ROS and Ca2+ influx on tau phosphorylation. Prior, baseline tau

phosphorylation was assessed, with HEK peZ [KMO] cells showing 3-times greater tau

phosphorylation than human-KMO-null HEK peZ [-] cells (Fig. 3.13).

Figure 3.13: Baseline tau phosphorylation was significantly greater in HEK peZ [KMO]
cells [Two-tailed t-Test: P<0.005, t=6.8941, df=4; n=3 technical replicates].
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3.7 KP Metabolite Modulation Alters Tau Phos-

phorylation

Primary human neurons and macrophages, as well as HEK peZ cells, were employed

to study the effects of KP modulation on tau phosphorylation, with particular empha-

sis on modulators of ROS and Ca2+ influx. To stimulate pathological KP activation,

cells were treated with 100 IU/mL IFNγ and treated with either Ro-61-8048 (KMO

Inhibitor), or preincubated with kynurenine metabolites. UHPLC analysis of cell cul-

ture supernatant was conducted to determine Kynurenine : Tryptophan (K/T) ratio

and 3-hydroxykynurenine : Kynurenine (3HK/KYN) ratio to determine success of KP

activation and treatment KP modulation. Corresponding western blots were also con-

ducted to determine impact on tau phosphorylation. Kynurenine : Tryptophan ratio

increased in response IFNγ treatment, as a model of inflammation, across all cell types

except primary human neurons (Fig. 3.14).
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IFNγ treatment allows us to use cells as a model to assess the effects of KP modulators.

A particularly significant KP modulator was the KMO inhibitor Ro-61-8048. The KMO

enzyme is responsible shuttling the KP towards the QUIN-producing branch. This

inhibition drives the pathway towards the production of neuroprotective metabolites,

converting KYN to KYNA instead of QUIN (Fig. 3.15). To determine success of

KMO inhibition, the 3-hydroxykynurenine : Kynurenine ratio was calculated, which

under successful KMO inhibition, would decrease.

Figure 3.15: Schematic diagram demonstrating how KMO inhibitor Ro-61-8048 modu-
lates the KMO branch of the KP

Primary human neurons showed no change in 3HK/KYN ratio following KMO inhibi-

tion. KMO activity was confirmed when the ratio increased 2-fold with KYN supple-

mentation (Fig. 3.16). Interestingly, co-treatment with KYN and the KMO inhibitor

did inhibit KMO, decreasing the 3HK/KYN ratio by more than 23-fold. In contrasting,

both macrophages and HEK peZ cells showed potent KMO inhibition without KYN

supplementation. In human macrophages, KMO inhibition decreased the ratio by al-

most 400% (Fig. 3.17), while both HEK peZ cell lines demonstrated less pronounced

decrease (Fig. 3.18). Surprisingly, supplementing macrophages with KYN did not

show the expected increase in 3HK/KYN ratio. Co-treatment with KYN and KMO

inhibitor showed almost complete KMO inhibition in macrophages and both HEK peZ

strains.
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To finally assess the impact of these KP modulations on tau phosphorylation, cell

lysates were isolated and probed for tau phosphorylation with the AT8 antibody as

described in the Western blot protocol.

In primary human neurons, KMO inhibition by itself showed no significant change in

tau phosphorylation but when coupled with KYN supplementation, a significant de-

crease in tau phosphorylation was observed (Fig. 3.19). KYNA pre-incubation also

showed a noticeable decrease in tau phosphorylation. Most noteworthy was the al-

most 4-fold decrease in tau phosphorylation when QUIN activity was negated by Ca2+

chelation.

Macrophages also demonstrated a significant decrease in tau phosphorylation upon

KMO inhibition and KYNA pre-incubation (Fig. 3.20). The significant decrease in

QUIN-derived tau phosphorylation upon Ca2+ chelation was also evident in macrophages.

HEK peZ cells revealed similar findings, with an observable decrease in tau phosphory-

lation upon KMO inhibition. Phosphorylation was enhanced by KYN supplementation

in HEK peZ [KMO] cells (Fig. 3.21). Antagonising NMDAR with KYNA decreased

phosphorylation across both HEK peZ cell lines. Treatment with pathological QUIN

concentration further increased tau phosphorylation levels. HEK peZ cells were the

only cell lines that demonstrated an increase in tau phosphorylation with KYN treat-

ment. KMO over-expressing HEK peZ cell line significantly increased tau phosphory-

lation levels.
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Figure 3.21: KMO inhibition and KYNA treatment (NMDAR antagonist) demonstrated
significant decrease in tau phosphorylation, while KYN treatment expectantly increased tau
phosphorylation [One-way ANOVA: *p<0.05,**p<0.001,***p<0.0001 (HEK peZ [KMO]);
p<0.05,p<0.001 (HEK peZ [-]); n=2 duplicates].
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3.8 Attempted Optimisation of High-Throughput

ROS and Ca2+ Influx Assays in Various Cell

Lines

To further explore how KP metabolites manipulate ROS and Ca2+ influx, attempts

were made to optimise high throughput DCF-DA and Fura-2AM protocols respectively.

Unfortunately, due to project time constraints, optimisation of both DCF-DA and Fura-

2AM assays have been unable to successfully reproduce all of the physiological impacts

of KP metabolites on these phenomena previously observed in the literature.

Preliminary time-course experiments with DCF-DA (Fig. 3.22) have generally failed

to reproduce the previous results reported in the literature [86]. However, the H2O2

positive control did demonstrate increased ROS. Specifically, QUIN mediated increased

ROS could not be reproduced across all cell lines, dependant on live-trace or end-point

assays. KYNA co treatment also do not show statistical significance. HEK peZ cells

seemed to be showing resilience to QUIN toxicity. While the vector-only counterpart

demonstrated subtle changes, the KMO over-expressing cell line showed little to no

difference in fluorescence at all. On the other hand, SH-SY5Y cells showed higher ROS

activity with KYNA antagonism than QUIN in three technical replicates, however, this

difference was also not statistically significant.



3.8 Attempted Optimisation of High-Throughput ROS and Ca2+ Influx
Assays in Various Cell Lines 57

F
ig
u
r
e
3
.2
2
:

T
im

e-
co

u
rs

e
of

a
D

C
F

-D
A

as
sa

y
in

va
ri

ou
s

ce
ll

li
n

es



58 Results

To record potential long-term physiological effect and to account for auto-fluorescence,

end-point assays were conducted following 24-hour treatments in HEK peZ [-] cells

(Fig. 3.23) which further incorporated known NMDAR antagonist APV, which achieved

limited success. The positive control and a relatively high dose of QUIN (1mM) demon-

strated no increase in ROS activity. However, we were able to demonstrate a decrease in

ROS activity with calcium chelation and glutamate receptor antagonism with KYNA

exhibiting more potency than APV. Stand-alone treatments of APV and EGTA in-

creased ROS activity 2- and 1.5-fold respectively.

Figure 3.23: End-point DCF-DA assay in HEK peZ [-] cells
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Similar time-course assays were run using the calcium indicating dye Fura-2AM (Fig. 3.24)

in N2a cells. Once again, the high-throughput assay failed to completely reproduce pre-

viously reported results, however the positive control did show a marginal increase in

Ca2+ influx. To record potential long-term physiological effect, the assay was repeated

with N2a cells incubated in the treatment conditions for a total of 4h following which a

short-term end point assay was conducted. While the calcium positive control did show

an increase in Ca2+ influx, so too did the negative (vehicle-only) control (Fig. 3.25).

A 24-h end-point assay was conducted using SH-SY5Y cells with a slightly higher

QUIN dose and inclusion of NMDAR agonists NMDA and D-Ser (Fig. 3.26). These

assays did show a successful positive control result, however QUIN treatment failed to

increase Ca2+ influx in SH-SY5Y cell lines. Most importantly, the assay’s reliability

was scrutinised due to the observed increase in Ca2+ influx despite KYNA antagonism.

However, the inclusion of NMDA and D-Ser in the assay did demonstrate that N2a cells

were more susceptible to Ca2+ influx than SH-SY5Y cell lines, demonstrated by greater

intracellular calcium levels in response to NMDA, NMDA + D-Ser, and QUIN + D-Ser

treatments. In summary, assay conditions showed limited sensitivity, (Fig. 3.24, 3.25)

which was not improved after a 24-hour exposure period (Fig. 3.26).
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Figure 3.25: Short-term end-point of a Fura-2AM assay in N2a cells
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4
Discussion

4.1 Interplay Between KP Metabolites, ROS and

Ca2+ Influx

Cellular KMO and IDO-1 expression was observed in N2a and SH-SY5Y cell lines con-

firming their suitability as cell models to study the KP (Fig. 3.1, 3.2), although KMO

expression in SH-SY5Y and N2a cells did not appear at the expected kDa. However,

KMO is known to undergo various post-translational modifications in mammalian cells

which include N-glycosylation at three sites, which are known to increase the kDa of

the enzyme [94].

63
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Studies in N2a cells confirmed increased QUIN and KP-derived ROS activity increased

tau phosphorylation at the Ser202 and Thr205 epitopes (Fig. 3.3), which are consid-

ered the key phosphorylation site for NFT formation [39, 40]. DCF-DA assays also

showed that NMDAR antagonism with KYNA reduces QUIN-derived ROS activity

(Fig. 3.4, 3.5). KMO over-expression was also found to synergistically increase ROS

production when exposed to pathological QUIN concentrations (Fig. 3.6). These re-

sults confirm that KP modulation, in particular pathological QUIN and 3HK, increase

tau phosphorylation by increasing ROS activity.

The HEK peZ model has previously been shown to express high ROS activity at

even basal conditions, which correlated with decreased KYN levels and significant up-

regulation of 3HK concentrations [86]. Taken together, this demonstrates that KMO

over-expression increases ROS activity through 3HK synthesis, leading to increased tau

phosphorylation. This is line with data that supports a crucial role for ROS activity

in tau phosphorylation and tauopathies. Specifically, the accumulation of ROS is now

considered a hallmark of tauopathies [24, 40, 46, 47], although the role of ROS in facil-

itating neurodegeneration has not been fully elucidated. It is hypothesised that ROS

production is simultaneously as a consequence of chronic tau phosphorylation and also

a transient response to cellular damage linked to tauopathies [24], known to trigger tau

proteolysis [95], which is noteworthy considering that higher molecular weight tau pro-

teins are known to have neuroprotective effects [96]. In short, tau phosphorylation and

ROS activity are two elements in a positive feedback loop that lead to tauopathies. The

studies reported in this thesis are the first to show, to the best of our knowledge, that

the KP metabolites QUIN and 3-HK mediate tau phosphorylation via their capacity

to produce intracellular ROS.
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Excessive QUIN was also confirmed to increase intracellular Ca2+ influx after both

acute (Fig. 3.7) and chronic (24-h, Fig. 3.8) exposure periods. Most notably, NMDAR

inactivation showed significantly reduced QUIN-derived Ca2+ influx (to undetectable

levels) at the same focal plane (z-plane). Most significantly, the calcium chelator EGTA

also significantly reduced Ca2+ influx. Cell treatments that induced excess Ca2+ in-

flux, restricted Ca2+ localisation to inside the cell body. This redistribution of calcium

transport away from axons may be detrimental to neuronal function. Western blot

experiments, where cells were treated under similar conditions, demonstrated signifi-

cantly reduced tau phosphorylation with calcium chelation. That, and the treatment

of cells with NMDAR antagonist KYNA also reduced tau phosphorylation, provide

the first evidence that QUIN-mediated tau-phosphorylation mediates Ca2+ localisa-

tion, possibly via NMDAR. Further support of this conclusion is provided by the result

that treatment with the KMO inhibitor Ro-61-8048 is also capable of reducing tau

phosphorylation.

After establishing that pathological concentrations of QUIN elicit ROS activity and

Ca2+ influx, both of which correlated with increased tau phosphorylation, HEK peZ

cells were employed to model over-expression of the KMO enzyme that favours the

QUIN-producing branch of the KP. Baseline tau phosphorylation in these cells was

low, however the KMO over-expressing cells showed an almost 4-fold greater level of

tau phosphorylation than the vector-only control HEK peZ [-] cells (Fig. 3.13), further

adding to the case that QUIN mediates tau phosphorylation.

Primary neurons and HEK pez [-] cells show low basal expression of KMO [81] and so

exhibited limited KMO inhibition with Ro-61-8048 as demonstrated by the 3HK/KYN

ratio (Fig. 3.16, 3.18). Conversely, macrophages and HEK pez [KMO] cells freely ex-

press the KMO enzyme [97–99] and so, Ro-61-8048 inhibition of KMO was achieved as

reflected by the 3HK/KYN ratio (Fig. 3.17, 3.18). Despite variable KMO expression,

KMO inhibition did show decrease in tau phosphorylation across all cell lines. In the

case of macrophages and HEK pez [KMO] cells, the reduction in tau phosphorylation

was significant. Furthermore, NMDAR antagonism with KYNA also demonstrated a
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significant decrease in tau phosphorylation in these cell lines. Most interestingly, cal-

cium chelation in all human primary cells also significantly reduced tau phosphoryla-

tion 4-fold. Pathological QUIN exposure to primary human cells did not significantly

increase tau phosphorylation in this study which was contrary to previous reports

[15, 81, 97, 100]. The discrepancy of the presented results may be attributed to tech-

nical errors in the experiment, most likely cell seeding density, poor lysate collection,

and uneven loading (which can be accounted for by protein normalisation).

Preliminary time-course experiments with DCF-DA (Fig. 3.22) were not fully optimised

due to time constraints, and did not always reproduce results previously reported in

literature [86]. HEK peZ [KMO] cells were more resistant towards QUIN-derived ROS

activity, in line with a study that reported KMO over-expression to be a preventative

measure against 3HK-driven ROS activity [101]. End-point ROS assays were conducted

following 24-h treatments in HEK peZ [-] cells (Fig. 3.23) which further incorporated

known NMDAR antagonist APV. Once again, these assays were not fully optimised

due to time constraints. Crucially, the positive control was not strong enough to illicit

ROS production, however, calcium chelation and glutamate receptor antagonism with

KYNA and APV did decrease ROS signal. KYNA exhibited more potency than APV

in ameliorating QUIN toxicity, potentially due to its broad-spectrum antagonism of

glutamate receptors [102]. KYNA treatment alone did not increase ROS production,

congruent to in vivo studies [101], but stand-alone treatments of APV and EGTA

increased ROS activity in SH-SY5Y cells. This is in disagreement with reports that

show APV to be well tolerated [103], albeit only in combination with other drugs.

To supplement the live cell calcium imaging experiments, we attempted to optimise

high-throughput Ca2+ influx assays using Fura-2AM (Fig. 3.24, 3.25, 3.26). Due to time

constraints, we were unable to optimise the assay but achieve some success. KYNA pre-

incubation decreased QUIN-derived Ca2+ influx, in line with supporting literature [104–

107]. We did attempt to follow previously reported protocols, but it is possible they

failed to state all required conditions. Notwithstanding, these experiments did show

some success and were only supplemental to our live-cell calcium imaging experiments.
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Various avenues present themselves to further optimise both ROS and Ca2+ influx high

throughput assays. Fura 2-AM is a reliable method of intracellular calcium detection

because of its ability to discriminate between intracellular bound calcium and extra-

cellular free calcium. It has also previously been employed to record QUIN-mediated

intracellular calcium changes in primary rat hippocampal neurons NMDAR and QUIN

[108], as well as other reported studies previously identified. Incorporting reliable

blockers of store operate Ca2+ influx may also assist in validating the experiments [109],

however, its reliability in modulating Ca2+ influx is controversial [110]. Both DCF-DA

and Fura 2-AM assays demonstrated greater discrimination between treatments when

combined with phenol-red-free and FBS-free media, which has the added benefit of

forcing the cells to remain in the same stage of the cell cycle. Otherwise, already

optimised and commercially-available assays can also be considered.

While the present study showed statistically significant findings, in some cases, analyses

were limited by the limited number of experimental replicates. This may mask truly

significant results and highlight the need to conduct more experiments to support

the presented findings. Despite these caveats in place, this study was for the first

time able to link KMO activity, QUIN production, and resulting Ca2+ influx to tau

phosphorylation, and suggests further avenues for mechanistic investigation.

4.2 Calcium Signalling in Tau Phosphorylation

No single kinase or phosphatase is responsible for the phosphorylation state of all tau

epitopes. Rather, it is now accepted that phosphorylation occurs in a sequential manner

- i.e. phosphorylation at one epitope facilitates secondary phosphorylation at another.

This is best demonstrated by GSK3β. It has been noted that when phosphorylated

first by CDK5 or CaMKII, and then GSK3β, tau experiences rapid phosphorylation

at Thr 231 and Ser 235 epitopes [111]. The order in which enzymes phosphorylate

tau has not been actively studied within the literature, though the ”kinase cascade”, a

phenomena by which kinase activation up-regulates multiple secondary kinases, is well

accepted as a factor in tauopathies.
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The interplay between these kinases and KP modulating enzymes may pose an in-

teresting avenue for research. Phosphatase activity has also been linked to decreased

tau phosphorylation mediated through NMDARs, which are deregulated by receptor

interactions with QUIN [12–16]. GSK3β, CDK, CamK, and PPs have previously been

known to show a delicate interplay in NMDAR activation, possibly through the N2RA

receptor [32, 50–52, 64, 67, 112, 113]. Advancing these findings to include KP enzyme

activity may establish a direct link in QUIN-NMDAR interaction. with respect to tau

phosphorylation, ROS production and Ca2+ influx. Indeed, tau induced CAMK acti-

vation increases tau phosphorylation [64, 114], a known precursor to Aβ accumulation

[62]. Considering observations reported in this thesis, that QUIN was shown to lead

to both Ca2+ influx and ROS production, that KMO over-expression lead to increased

ROS activity [86] and 3HK synthesis, and that 3HK and GSK3β both have demon-

strated redox activity [24, 72], future studies should look at how GSK3β mediates

calcium signalling and tau phosphorylation in response to redox conditions mediated

by 3HK activity.

NMDAR Ca2+ signalling and its relation to tau phosphorylation was the leading hy-

pothesis of this study. However, the literature also reports rapid Ca2+ signalling be-

tween AMPAR (AMPA receptors) and NMDAR, whereby which AMPA activated the

NMDAR by dislodging the Mg2+ blockade and inducing Ca2+ influx [59]. This poten-

tial mechanisms were outside the scope of the present study. The relationship between

AMPAR activation and QUIN-induced excitotoxicity has yet to be explored in the

current literature.

In the experiments presented in this thesis, glutamate was used to activate the NM-

DAR in primary mouse neurons, which is known to also activate AMPARs[115]. The

effects of NMDAR modulation was studied using memantine, a known NMDAR an-

tagonist. Memantine is an uncompetitive antagonist that mimics the mechanism by

which free Mg2+ blocks the NMDAR mechanism which relies on electro-chemical po-

tential [116, 117]. Therefore, memantine will block NMDAR during chronic activation

of the receptor [118], where Mg2+ is dislodged from the NMDAR. However, inhibition
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with KYNA does not directly prove NMDAR-specific mediation of Ca2+ influx when

we consider that KYNA is known to be the only endogenous inhibitor of not only NM-

DARs but also AMPARs and other kainate receptors as well as all ionotropic glutamate

receptors [102].

KYNA antagonism of AMPARs is well established. At the micromolar concentrations,

KYNA demonstrates antagonistic effects on NMDAR and AMPAR. In lower, nanomo-

lar concentrations, KYNA allosterically modulates the increase in post-synaptic po-

tential (i.e. increase Ca2+ influx) [119, 120]. This dose-dependant behaviour and its

potential effects on p-Tau warrants further study, however, this was outside the scope

of the present study.

Interestingly, QUIN-mediated toxicity at NMDAR is inhibited when the receptor is

pre-conditioned with NMDA. [121]. In essence, NMDA preconditioning of the NM-

DAR facilitates homeostasis which is protective against QUIN-derived deregulation.

This indicates that NMDA, while being an agonist of Ca2+ influx, does not mediate

excitotoxicity like QUIN. This may be attributed to the preference of the molecules

towards specific receptor sub-types [122].

Aβ plaques also increase intra-cellular Ca2+ levels, making cells more prone to the

effects of glutamate toxicity, thereby increasing tau phosphorylation [12]. This is sup-

ported by observations indicating that phosphorylated tau impairs glutamate receptors

in dendrites [24]. Findings also show that QUIN promotes glutamate release and in-

hibits its re-uptake at the NMDAR receptor [79], thereby increasing the potential that

glutamate will mediate excitotoxicity through AMPAR and other receptors. This may

be relevant to other paradigms of tauopathies. Excess extra-cellular glutamate could

agonise AMPAR as readily as NMDAR, reiterating the need for further studies to

focus on AMPAR-mediated confounding factors on the QUIN-NMDAR hypothesis.

Presently, the literature is ambiguous in this regard.
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Studies indicate that inhibiting calcium influx at either NMDAR or AMPAR can have

therapeutic benefits [123]. The most comprehensive study found to date looked at

QUIN toxicity and cytoskelatal phosphorylation in astrocytes [124]. This study as-

sessed the effects of inhibition in both NMDAR, using NMDAR-specific antagonists,

and other general glutamate receptors, using an array of non-specific glutamate re-

ceptor antagonists. Both groups of experiments showed successful decrease of Ca2+.

Interestingly, the effect of calcium chelation was also assessed in the study, showing

both intra- and extra-cellular calcium chelation prevented QUIN-mediated Ca2+ influx.

This supports the findings presented in this thesis which showed a significant increase

in Ca2+ influx which correlated with a increase in tau phosphorylation. The study

also assessed enzyme activation in response to QUIN mediated NMDAR activation,

finding that PKA and PKC were up-regulated, supporting the current understand-

ing of the literature. The study further identified that the Voltage-gated Calcium

Channel (VGCC)-type L was not being involved in mediating increased intracellular

calcium. A separate study also confirmed that QUIN does not mediate Ca2+ influx via

VGCCs [108], suggesting that VGCC-mediated calcium influx is not solely responsible

for QUIN-mediated Ca2+ influx.

Recent studies have shown that the polyphenol curcumin protects neurons from glutamate-

driven Ca2+ influx [125]. While acknowledging that NMDAR activation may be in-

volved, the study focused solely on AMPAR activation but did not assess effects tau

phosphorylation. Notwithstanding, the study adds weight to the importance of further

assessing the role of AMPA in Ca2+ influx. While NMDAR is known to be the most

sensitive to Ca2+ influx out of all glutamate receptors [118], making it a desirable model

to study Ca2+ influx, the broad-spectrum activity of the KP metabolites must also be

fully explored to discriminate between different glutamate receptor activity. The need

for this study is highlighted by another study that assessed the structure of the tau

cytoskeleton. This study found that QUIN-mediated Ca2+ influx was ameliorated by

the broad spectrum antagonism of KYNA, but not by the known NMDAR antagonist

MK-801 [88].
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The primary mouse neuron live cell calcium imaging and Fura-2AM calcium assays

in this study also did not consider the potential for QUIN-driven AMPAR activation,

although, they did incorporate known NMDAR-specific antagonist APV to confirm

NMDAR-mediated effects. It should be noted that while the NMDAR-mediated QUIN

activity is widely supported in the literature, there still remains speculation that QUIN

may have direct intra-cellular effects, including tau phosphorylation, independently of

NMDAR activation [15, 126].

4.3 The Role of the KP and KMO Inhibition in

Tauopathy

KMO inhibition has long been speculated to hold therapeutic benefits since a landmark

study reported reported KMO inhibition had therapeutic results in murine model of

degenerative disease [127]. Not only physiological markers of inflammation, but also

reduced markers of psychological disturbances have also highlighted as therapeutic

impacts of KMO inhibition in acute spinal chord injury [128]. It was also noted that

multiple studies have reported KMO inhibition to ameliorate neurodegeneration in

mouse models of various tauopathies. Similarly, KMO inhibition is also believed to

hold therapeutic effects in multiple sclerosis [129], spinal chord injury [128], and in

Schizophrenia [130].

The work presented in this thesis supports a recent study that assessed the KP in

cerebrospinal fluid (CSF) of human AD patients [131]. This study demonstrated that

multiple instances of KP metabolite correlation with tau phosphorylation. Interest-

ingly, AD patients demonstrated high KYNA concentrations in the CSF, which was

attributed to compensatory mechanisms acting to reduce chronic excitotoxicity at the

NMDAR. However, elevated KYNA levels are known to cause motor-cognitive im-

pairments [83], indicating that basal KYNA concentrations maintain neuroprotective

effects, where KYNA elevation may present with pathological impairments not un-

common in AD and other tauopathies. Indeed, tauopathies manifest within the CSF,
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with increased phosphorylation correlating with increased brain atrophy and cognitive

impairments [24]. Importantly AD, CSF showed increased 3HK/KYN ratio, represen-

tative of KMO activity, correlating with increased p-Tau in humans [131].

It should be noted that while the work reported in this thesis supports the notion

that modulating the KP may hold therapeutic benefits, it is reasonable to consider

contradictions in the data. Collectively, the data supports the strong possibility that

KP modulation may hold therapeutic benefits in neurodegenerative disease, especially

those characterised by tauopathies. None the less, there are conflicting data in the

literature. For instance, a study showed KMO inhibition with Ro-61-8048 producing

no significant decrease in QUIN concentrations in the brain [132]. However, this does

not take into consideration the inability of current synthetic KMO inhibitors to cross

the blood-brain barrier (BBB) [72]. It is well-appreciated that KMO inhibition up-

regeulates the neuroprotective metabolite KYNA in the brain [72, 127].

Several reports suggest investigating tau phosphorylation by assessing specific residues

is not representative of true physiological manifestations of tauopathies [24]. Notwith-

standing this point of view, the results presented in this thesis indicate that KP mod-

ulation can impact on glutamate receptor activity to 1) increase both ROS production

and Ca2+ influx and 2) up-regulate tau phosphorylation at the Ser202/Thr 205 epi-

topes. These epitopes are recognised as key phosphorylation sites for NFT formation

[39–41]. However, it should be noted that the AT8 antibody has been reported to

bind non-specifically [133]. Additional Western blots examining p-Tau using the AT8

antibody also showed non-specific banding when the membrane transfer systems was

changed to another manufacturer. In vitro studies have achieved desirable specificity

with whole-cell assays [134]. The results reported in this thesis can therefore be further

validated by In-Cell assays in the Odyssey CLx Imaging System. Alternatively, novel

methods such as Phos-tag SDS-PAGE have been proven to be more specific than AT8

and yield new insights into phosphorylation in tauopathies [135].
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4.4 Conclusion

This study has contributed several significant results relevant to our understanding of

the mechanisms by which QUIN mediates tau phosphorylation. Previously, while it has

been shown he QUIN colocalises with phosphorylated tau, and that QUIN treatment of

primary human neurons directly causes an increase in tau phosphorylation, no studies

have addressed the mechanisms by which QUIN mediates tau phosphorylation. Con-

sidering the known links between tau phosphorylation, ROS production, and cellular

Ca2+ influx, we, for the first time, investigated whether there was a direct mechanistic

link between KMO enzyme activity, QUIN production, and tau phosphorylation. The

work reported in this thesis showed: 1) that KMO inhibition significantly decreased

tau phosphorylation; 2) that QUIN increased tau phosphorylation which correlated

with an increased ROS production and intracellular Ca2+ influx; and 3) these find-

ings were supported by experiments showing that inhibition of NMDAR prevented

QUIN-mediated tau phosphorylation.

However, these promising results need to be considered in the context that other av-

enues by which QUIN mediate tau phosphorylation need to be explored. More specifi-

cally, there exists the potential that QUIN and other KP metabolites may mediate Ca2+

influx through other mechanisms including AMPARs. Additionally, explorations of the

role of enzymes involved in the phosphorylation process are warranted. Collectively,

the results in this thesis add to the substantial evidence that therapeutic modulation

of the KP may be beneficial in neurodegenerative conditions, especially tauopathies.

A remaining challenge is the lack of BBB-permeable KMO inhibitors that have the

potential to potentially reduce NFT burden.
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Appendix

A.1 Real-Time Videos of Ca2+ Influx

Real-time videos of live calcium signalling in primary mouse hippocampal neurons can

be found embedded in the PDF (Fig. 3.9, 3.10, 3.11, 3.12). A compilation of

the real-time videos can be viewed by clicking here, or through this URL: https:

//vimeo.com/375572911/b95a07a8f2.
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[120] Rózsa, H. Robotka, L. Vécsei, and J. Toldi. The Janus-face kynurenic acid.

Journal of Neural Transmission 115(8), 1087 (2008). 69

[121] S. Vandresen-Filho, P. C. Severino, L. C. Constantino, W. C. Martins, S. Molz,

T. Dal-Cim, D. B. Bertoldo, F. R. Silva, and C. I. Tasca. N-Methyl-d-aspartate

Preconditioning Prevents Quinolinic Acid-Induced Deregulation of Glutamate and

http://www.sciencedirect.com/science/article/pii/S0896627300802500
http://www.sciencedirect.com/science/article/pii/S0896627300802500
https://doi.org/10.1038/s41598-017-11947-x


References 95

Calcium Homeostasis in Mice Hippocampus. Neurotoxicity Research 27(2), 118

(2014). 69

[122] A. C. Pawley, S. Flesher, R. J. Boegman, R. J. Beninger, and K. H. Jhamandas.

Differential action of NMDA antagonists on cholinergic neurotoxicity produced

by N-methyl-D-aspartate and quinolinic acid. British Journal of Pharmacology

117(6), 1059 (1996). 69

[123] H. n. Xu, L. x. Li, Y. x. Wang, H. g. Wang, D. An, B. Heng, and Y. q. Liu.

Genistein inhibits Aβ 25–35 -induced SH-SY5Y cell damage by modulating the

expression of apoptosis-related proteins and Ca 2+ influx through ionotropic glu-

tamate receptors. Phytotherapy Research 33(2), 431 (2019). 70

[124] P. Pierozan, F. Ferreira, B. Ortiz de Lima, C. Gonçalves Fernandes,
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