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Abstract

Alzheimer’s disease (AD) is an irreversible, progressive neurodegenerative disorder,
which is characterised by an increasing impairment in memory and cognitive skills that
significantly hinders a person’s daily functioning. As it stands today, AD is a fatal
condition that affects millions of people around the world and is expected to reach
mammoth proportions by mid-century. Despite decades of research, key findings in
disease aetiology and pathogenesis, discovery of new biomarkers and development of
novel brain imaging compounds, AD remains incurable and an effective disease-
modifying treatment is still proving to be elusive.

In parallel, numerous compounds are currently undergoing pre-clinical and clinical
evaluations. These candidate pharmacotherapeutics are aimed at various aspects of the
disease, such as the microtubule-associated tau protein, the amyloid beta (AB) peptide
and metal ion dyshomeostasis — all of which are involved in the origin and/or
progression of AD, as reviewed in Chapter 1.

This thesis aims to expand our knowledge on the mechanism of action (MOA) of
one such investigational drug, clioquinol (CQ), which serves as an 8-hydroxygionoline
(8-HQ) prototype therapeutic for AD.

To this end, the interaction between CQ, metal ions and A was studied in vitro.
Together, results in Chapter 3 and Chapter 5 demonstrate that CQ binds directly to AP
and metals (presumably by forming a ternary complex), and delivers them into neuronal
cells and primary neurons, respectively. Once internalized, the ions are either retained
or removed, the protein is degraded and the drug continues to recycle. This may account
for the reduction in plasma and/or cerebrospinal fluid (CSF) AB, and improvement in
cognitive functions observed in AD animal models and patients following intake of CQ.

During the experimental process of this dissertation (methodology detailed in
Chapter 2), different neuronal cell lines were observed to be prone to cytotoxicity
induced by metal-CQ complexes. Findings in Chapter 4 add to a growing literature on
the anti-cancer effects of metal chelates of CQ and other compounds that, so far, have
only been tested in non-neuronal cell lines and tumours.

As concluded in Chapter 6, it is hoped that this new level of understanding of CQ’s
operating mode can assist in the rational development of 8-HQ derivatives and their
metal complexes as medical imaging, diagnostic and/or therapeutic agents for AD and

brain cancer.
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Chapter 1

LEAR:
“Pray, do not mock me:
I am a very foolish fond old
man,

Four score and upward, not
an hour more nor less;
And, to deal plainly,
| fear I am not in my perfect
mind.

Methinks I should know you,
and know this man;
Yes | am doubtful: for | am
mainly ignorant
What place this is; and all the
skill I have
Remembers not these
garments; nor | know not
Where | did lodge last night.
Do not laugh at me;
For, as | am a man, | think
this lady
To be my child Cordelia.”

CORDELIA:

“And so I am, I am.”

“King Lear” Act 4, Scene 7:60-70 by William Shakespeare



1.1 Overview of Alzheimer’s disease (AD)

For millennia, senile dementia had been viewed in the arts (see former page) and in
science as an intrinsic feature of ageing (1, 2). It was not until the turn of the 20"
century, the German psychiatrist and neuropathologist Dr Alois Alzheimer correlated
the clinical signs of demented patients Auguste Deter and Johann Feigl with abnormal
bodies and fibrils in their brain tissue post-mortem (3, 4). Today, AD is the most
prevalent form of dementia accounting for 60-80 % of all dementia cases. AD is also
ranked the third leading cause of death in Australia (5) and sixth in the United States of
America (USA) (6).

Over 0.5 % of the world’s population (nearly 50 million people) is now living with
AD and other dementias (7). Among them, at least quarter of a million Australians (8)
and approximately 5.5 million Americans (6). According to the latest incident reports,
there are 9.9 million new AD patients per annum globally (7), including 454,000 in the
USA and 78,000 in Australia (9). With the rapidly growing elderly population in
general and the “baby-boomer” generation in particular, it is projected that by 2050,
unless an effective remedy can be employed, the prevalence and incidence figures of
AD will at least double; if not triple (6, 7, 10).

Perhaps even more alarming are predictions that the costs of caring for people with
AD and other dementias are likely to rise at an even faster rate than their prevalence.
The total (direct and indirect) worldwide cost of dementia will surpass US$1 trillion in
2018, and is estimated to double by 2030 (7). Considering these costs are already taking
an enormous toll on the global economy, and are only set to soar over the next few
decades, it is believed that AD will pose as the most significant health epidemic and
greatest socioeconomic challenge of the 21% century.

AD associations around the world are promoting legislation, policies and strategies,
and working to raise awareness and educate about dementia, outreach programs and
community support, to train additional professionals and carers, and to invest in
dementia-dedicated care facilities. In this regard, Australia has set the standard when in
2004 it was the first country to make dementia a national priority. In parallel to
advocacy, there is also increasing demand to invest more funds in AD research as there
Is a consensus that advancing our knowledge and understanding of the disease risk
factors, causes and underlying mechanisms will form the basis for developing

preventative and/or therapeutic approaches for AD in the quest to eradicate the disease.
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1.1.1 Aetiology of AD

Despite age being the greatest risk factor for AD, such that prevalence doubles with
every five-year increment over the age of 65, Alzheimer’s is a disease and is not part of
natural ageing. Age of disease onset is used to distinguish between the two sub-types of
AD. Persons over 65 years of age are considered as sporadic or late-onset AD, while
those aged 65 years or under are classified as early-onset AD. In the USA and Australia,
respectively, there are currently 5.3 million and 200,000 people living with late-onset
AD, as well as 200,000 and 24,000 individuals living with early-onset AD (6, 11).

Early-onset AD accounts for only 5-10 % of all AD cases and includes the rare form
of familial AD (FAD). FAD is caused due to the autosomal dominant inheritance of
mutations in the genes encoding for amyloid precursor protein (APP) presenilinl (PS1)
and presenilin2 (PS2) (APP on chromosome 21, PSEN1 on chromosome 14 and PSEN2
on chromosome 1, respectively) (12). To date, a single deletion mutation (13) and 35
missense mutations in the APP gene are known to predispose to FAD (14-16). FAD is
also attributed to the number of APP gene copies in a person’s genome. People with
Down’s syndrome, who have a chromosome 21 trisomy and carry an additional copy of
the APP gene, exhibit progressive cognitive and behavioural deficits and in their final
stages of life have fully expressed AD (17). 193 FAD mutations in PSEN1 and 20 in
PSENZ2 have also been identified (14-16). FAD-linked mutations in PSENL1 are likely to
cause the most aggressive form of AD and/or earliest onset of the disease, with reports
of patients as young as 30 years of age (18). Carriers of FAD-related PSEN2 gene
mutations demonstrate a more variable age of onset and AD phenotype (19).

While exact figures are unavailable, it is estimated that FAD accounts for less than
1% of all AD cases worldwide, with descendants of FAD-mutation carriers having a
50% chance of developing FAD themselves. The largest known cluster of families
carrying FAD-associated gene mutations resides in Antioquia, Colombia. To study this
cluster and others, the National Institute on Aging (NIA) has instigated the Dominantly
Inherited Alzheimer Network (DIAN) and the Alzheimer’s Prevention Initiative (API),
which will hopefully provide researchers with vital clues as to the genetic origin of
familial and non-familial early-onset AD, and perhaps even late-onset AD (LOAD).
Understanding the potential risk factors and the preventative measures that can be
applied in order to delay, stop or even prevent LOAD is of great importance as studies
show that impeding the onset of sporadic AD by 5 years will halve not only the number

of AD cases, but also the associated health care costs (20-23).

6



Gender, race and ethnicity, socioeconomic status, education and intellectual
stimulation, social interaction, physical activity, diet, hormone and vitamin levels,
underlying health conditions (cardiovascular disease, type Il diabetes mellitus, cancer,
obesity, inflammation, depression and head injury), anaesthesia, smoking, as well as
intake of alcohol, drugs and toxins are some of the lifestyle and environmental factors
suggested to be associated with susceptibility to and/or prevention of LOAD, yet none
of which have been proven (24).

As for genetic contributors to sporadic AD, the apolipoprotein E (ApoE) gene
(APOE) is the strongest confirmed risk factor for LOAD. APOE is a polymorphic gene
mapped to chromosome 19 that encodes the 299 amino-acid long ApoE protein (25, 26),
which is vital for the transport, distribution and metabolism of lipids in the periphery
and central nervous system (CNS) (27, 28). ApoE plays a role in dendrite and spine
growth (29) and is also associated with numerous acute and chronic neurological
disorders and/or diseases, including AD (30).

Pivotal studies have found the predisposition to sporadic AD, age of disease onset,
degree of amyloid burden and rate of cognitive decline with disease progression are
dependent on the variant and number of copies of the ApoE epsilon (g) alleles. Two
copies of the ApoE-&3 allele confer a normal risk for AD, while the presence of one or
both copies of the ApoE-g2 allele is indicative of either a neutral or reduced risk for
developing AD (31, 32). Conversely, homozygous and heterozygous ApoE-&4 allele
carriers have a 10-30 fold increase risk of developing AD, disease onset is 10-20 years
earlier and they display higher amyloid burden compared to non-carriers (33-35).

The mechanism by which ApoE polymorphism serves as a risk factor for LOAD is
still unresolved. In the early 1990s, isoform-specific differences in the binding of ApoE
to amyloid beta (AB) (36, 37) and tau (38) were stipulated. More recent studies revealed
that, despite minimal interaction (39), ApoE affects the structure and clearance of A in
the brain and cerebrospinal fluid (CSF) (40); possibly by isoform-specific variations in
the half-life of ApoE (41) or competition by ApoE for receptor-mediated Ap uptake and
subsequent degradation in astrocytes (39).

These days, ApoE genotyping is used not only to assist with diagnosis, but also in
the enrolment of AD patients into clinical trials and interpretation of trials’ results. It is,
however, important to recognize that although up to two thirds of AD patients carry at
least one copy of the ApoE-¢4 allele; a third of AD patients do not carry this allele at all

and some carriers of one or both copies of the ApoE-&4 allele never develop AD.
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Recent large-scale, independent genome-wide association studies (GWAS) and
integrated genetic network analysis, have identified novel susceptibility loci and genes,
single nucleotide polymorphisms (SNPs) and/or sequence variants with an effect on AD
risk, onset and progress (42-53). Rare SNPs were discovered in the APP and triggering
receptor expressed on myeloid cells 2 (TREM2) genes. The former might reduce the
likelihood of LOAD by interfering with proteolysis of APP at the 3-secretase cleavage
site (see section 1.3) (54); while the latter may increase the risk for sporadic AD,
possibly due to impaired microglia function (55, 56).

Discovery, mapping and characterization of these and other candidate genes have
been made possible in recent years, at least in part, due to readily accessible resources,
such as the vast number of biological specimens at the National Cell Repository for
Alzheimer’s Disease (NCRAD) and the large volume of data at the NIA Genetics of
Alzheimer’s Disease Data Storage Site (NIAGADS). Additional breakthroughs and
advances are expected to emerge in the near future from collaborations formed between
international AD genetics research teams, such as the Alzheimer’s Disease Genetics
Initiative (ADGI), Alzheimer’s Disease Genetics Consortium (ADGC), Alzheimer’s
Disease Sequencing Project (ADSP) and the International Genomics of Alzheimer’s
Project (IGAP), which have set to promote understanding of the disease inheritance,
explore epigenetic mechanisms (i.e., interplay between genetic and environmental

factors) involved in AD, and ultimately discover new drug targets.

1.1.2 Clinical Symptoms of AD

Regardless of its form, early- or late-onset, AD patients present with similar
symptoms as the disease progresses. Whilst the preliminary signs of AD are usually
associated with difficulties in remembering names and recent events, new findings
allude to certain movement difficulties, changes in gait and balance, sleep disturbances,
and/or loss of the sense of smell as symptoms that may precede memory problems.

At the early to mild stages of the disease, AD patients exhibit a gradual loss of
cognitive functions, orientation and speech that are often accompanied by agitation,
aggression, apathy and depression. Mild to moderate AD patients experience further
cognitive decline, as well as anxiety, confusion, impaired judgment, sensory and motor
dysfunction, personality and behavioural changes. Hallucinations, delusions and
paranoia are also common. During these advanced stages of the disease, patients need

assistance with all daily activities and require full-time formal and informal care.
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While AD patients continue to deteriorate, becoming more physically and mentally
debilitated until they cease to recognize their family and friends; they themselves
become unrecognizable. Gradually losing their ability to talk, think and reason this,
inevitably fatal disease, strips patients away from their independence, individual
identity and humanity. As difficult as it is for AD patients, it is also important to
recognize that caring for a family member who slowly changes and weathers away takes
a heavy physical, psychological, social and financial toll on caregivers. At the severe
stage of the disease, AD patients become paralysed, vegetative and bed-ridden, which
makes them more prone to infections that eventually lead to death (57). In the USA and
Australia, 1.4 million and 164,000 patients are classified as mild AD, 1.6 million and
90,000 are considered as moderate AD, and as many as 2 million and 45,000 are
diagnosed as having severe AD, respectively (11, 58).

The average life expectancy of AD patients from initial diagnosis, through the
different clinical stages, until death is 3-10 years depending on the patient’s age at the
time of diagnosis (59). However, it is now known that the pathological changes in the
brain begin several decades prior to signs and symptoms manifesting (60-70).
Therefore, there is an urgent need for developing a range of tools to allow for early
detection and reliable diagnosis of the disease. This will enable patients, their families
and professionals to put in place a care and support management plan, provide them
access to drug and non-drug interventions, allow them the opportunity to enrol into

clinical trials, as well as lead to substantial lower medical and healthcare costs (71).

1.1.3 Diagnosis of AD

The aforementioned clinical symptoms, which form the basis for an AD diagnosis,
are also common to other types of dementia and/or neurological disorders. Even today,
expert clinicians can only diagnose a person with “possible AD” (dementia that could
be due to another condition) or “probable AD” (no other cause of dementia can be
found), and they can do so with only 80-90% accuracy. The only existing method
allowing “definite AD” diagnosis is by means of brain autopsy, wherein gross atrophy
is observed, followed by a microscopic histopathological examination that reveals
gliosis, neuronal and synaptic loss, as well as the hallmark pathological lesions of the
disease — amyloid plaques (APs) and neurofibrillary tangles (NFTs). Since this can only
be achieved post mortem, there is a great need for safe and reliable diagnostic tools that

could be applied to living people as earlier in the disease pathogenesis as possible.
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At present, clinical diagnosis of AD is done by way of exclusion of any underlying
conditions, such as fatigue, stress, depression, vitamin deficiency, thyroid hormone
imbalance and/or other types of dementia. AD diagnosis relies on a comprehensive
health and wellbeing evaluation including the patient’s medical history, physical and
neurological exams and an array of mental status tests, such as the Mini-Mental State
Examination (MMSE) (72) and the Alzheimer’s Disease Assessment Scale-Cognitive
section (ADAS-Cog) (73). The combined results of the various assessments listed above
are required to demonstrate impairment in memory, language, attention, orientation,
perceptual skills, problem solving and executive function, as well as constructive, motor
and social abilities of sufficient severity to compromise daily independent function in
order to satisfy a diagnosis of AD (74, 75).

However, this criteria were originally set by the National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) workgroup (74), and later reiterated by the American
Psychiatric Association in the Diagnostic and Statistical Manual of Mental Disorders
Fourth Edition Text Revision (DSM-IV-TR) (75), more than 25 years ago. The existing
standards for diagnosis of AD are not only outdated, but also restrict its use for research,
clinical and drug development purposes. Therefore, the scientific community has set to
revise and update the AD diagnostic criteria so that it will redefine the distinct clinical
stages of the disease, integrate the latest research discoveries, and incorporate new
cognitive tests to assist in risk prediction, early detection and/or evaluation of disease
progression (76, 77). To this end, the International Working Group for New Research
Criteria for Diagnosis of AD has been commissioned to formally classify the unique
features of prodormal AD (78), mild cognitive impairment (MCI) (79) and Alzheimer’s
dementia (80); termed mild or major neurocognitive disorder (NCD) in DSM-5 (81).

Development and validation is underway of new and improved cognitive tests that
are still simple, brief and inexpensive; yet, more sensitive in detecting the earliest stages
of the disease and more accurate in discerning between those, normal ageing or diseases
other than AD. The new guidelines for AD diagnosis (82) are also set to encompass
clinically-relevant, specific and quantitative blood- and/or CSF-based (83), as well as
neuroimaging (84), parameters. These biomarkers could serve as prognostic, diagnostic
and/or theragnostic tools to predict the likelihood to develop and/or convert from one
disease stage to another, to detect and/or monitor AD, to select patients for prevention

and/or intervention trials, and/or to measure the efficacy of drugs.
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Testing is ongoing towards formulating a unique panel of CSF or, better yet, blood-
borne proteins, lipids, minerals and other analytes; the levels of which could accurately
predict disease onset and/or correlate with the severity of the disease. There are also
continuing efforts to validate AD-specific and sensitive structural and functional
radiography probes, as well as to standardize protocols for training, performance,
interpretation and reporting of neuroimaging scans by healthcare professionals.

The fluorine-18 radiolabeled (*®F) florbetapir/amyvid (Avid Radiopharmaceuticals,
Philadelphia, PA, USA and Eli Lilly, Indianapolis, IN, USA) (85), flutemetamol/
vizamyl (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom (UK))
(86) and florbetaben/neuraceq (Piramal Imaging, Berlin, Germany) have recently gained
regulatory approval as the first amyloid positron emission tomography (PET) tracers. In
conjunction, the Alzheimer's Association and the Society of Nuclear Medicine and
Molecular Imaging (SNMMI) joint Amyloid Imaging Taskforce (AIT) published
recommendations for the appropriate clinical use of brain amyloid PET scans to support
or corroborate (but not substitute or constitute) the diagnosis of MCI and AD (87, 88).

In future, early AD diagnosis may also permit targeted therapeutic intervention that
could carry great personal, emotional, medical, social and financial benefits to patients,
caregivers, clinicians and the community at large. In the meantime, the AD field is at a
bridging stage where research in being translated from the bench to the clinic.

Alzheimer’s Disease Neuroimaging Initiative (ADNI) and Australian Imaging,
Biomarker and Lifestyle Flagship Study of Ageing (AIBL) are prospective longitudinal
studies currently being conducted simultaneously in four continents in an effort to
improve AD diagnosis and monitoring of disease progression. In these multi-modality
cohorts, diet and lifestyle questioners, neuropsychological assessments and
neuroimaging scans are being employed, as well as blood and CSF specimens collected
for genomics, proteomics, lipidomics and elementomics studies from hundreds of men
and women over the age of 60, who are healthy or have either MCI or AD (89, 90).

The main objectives of these studies are to predict which individuals and/or
population are more prone to develop AD, to design a simple, minimally-invasive, cost-
effective and accessible screening test for early diagnosis of AD, and to establish
preventative strategies. In the process, these initiatives are creating global harmonized
procedures for gathering and evaluating biological samples and neuroimaging scans.
Sharing, comparing and combined analysis of the extensive data will not only increase

the power of these studies, but will also broaden their implications.

11


http://www.nia.nih.gov/Alzheimers/ResearchInformation/ClinicalTrials/ADNI.htm

Preliminary results from both the ADNI and AIBL studies are becoming available
and although no definitive conclusions can be drawn as yet, the data is already
providing researchers with useful information about tracking the course of the disease.
If these initiatives indeed achieve their goals, their results are also expected to aid in the
development of effective pharmacological treatments that will prevent, delay, slow

down, halt or even reverse the course of the disease.

1.1.4 Pharmacotherapeutics for AD-related Symptoms

AD is the third largest market in the world in terms of cost of treatment, following
cardiovascular diseases and cancer (91). The global AD drug market in 2009 was
evaluated at US$8 billion; comprising of US$6 billion of approved symptomatic drugs
(see Table 1.1), a US$439 million segment of medications for AD-related disorders,
US$1.2 billion worth of diagnostics and a US$361 million neuroimaging sector (92). In
2012, the world-wide market for AD therapeutic and diagnostic agents reached US$10.2
billion (with the imaging section having the highest growth rate); however, analysts
forecast revenues will decline to US$9.5 billion in 2017, due to patent expiry of
currently-approved AD pharmaceuticals in the leading markets, and despite anticipated
growth in diagnostics and biomarkers sales (93).

To date, the only European Medicines Agency (EMA) and US Food and Drug
Administration (FDA)-approved classes of therapeutics for the treatment of AD-related
symptoms are acetylcholinesterase inhibitors (AChEIls) and an N-methyl-D-aspartate
receptor (NMDAR) antagonist (listed in Table 1.1 below).

The AChEIs exert their affect by preventing the enzymatic degradation of
acetylcholine, resulting in increased concentrations of the neurotransmitter in the
synaptic cleft and enhanced cholinergic transmission, which are implicated in the
processes of memory, thinking and reasoning (94).

AChEIs currently on the market are donepezil (Aricept®; Eisai, Woodcliff Lake,
NJ, USA and Pfizer, New-York, NY, USA), galantamine (Reminyl ER®/Razadyne
ER®; Ortho-McNeil-Janssen Pharmaceuticals, Titusville, NJ, USA) and rivastigmine
(Exelon® oral formulation and transdermal patch; Novartis, Basel, Switzerland). While
galantamine is used for mild to moderate AD, rivastigmine and donepezil are approved
for mild through to severe AD. However, since less acetylcholine is being synthesized
as the disease progresses, the AChEIs provide certain benefits for a limited time, but

eventually become ineffective.
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The non-competitive NMDA-receptor antagonist, memantine (Namenda®; Forest
Laboratories, New-York, NJ, USA), protects neurons against glutamate excitotoxicity-
mediated cell death (96-98), as well as inhibits tau hyperphosphorylation and
aggregation (99). Memantine is prescribed for moderate to severe AD; yet, much like
the AChEIs, it only delays symptoms for a brief period and does not address the root
cause of the disease. A new approach, using combination therapy of donepezil and
memantine, has been reported to have beneficial effects on cognitive performance,
activities of daily living and behaviour (100).

In conjunction with the abovementioned medications, various types of psychological
interventions as well as antipsychotic, anxiolytic and other drugs are commonly used to
help AD patients manage their mood, emotion and behavioural disturbances,
performance of daily activities and quality of life. Nevertheless, irrespective of the form
of therapy utilised, the current drugs only temporarily alleviate AD-related symptoms
and do not inhibit and/or reverse the underlying disease mechanisms (101). Therefore,
potent and more selective AChEIs, butyrylcholinesterase inhibitors (BuChEls),
acetylcholine receptor (AChR) agonists, and second-generation NMDAR antagonists
are being assessed in pre-clinical and early clinical trials. So far, none of the
aforementioned classes of agents has been demonstrated to either arrest or prevent the
progression of AD. Trajectories show that even if there were to be a drug, which could
slow down AD progression, this will actually result in an increase number of AD
patients (58). This stresses the urgent need for disease-modifying drugs (DMD) for AD:
small, easily administrated, well-tolerated, bioavailable compounds that cross the blood-
brain-barrier (BBB) and have little or no adverse drug reactions (ADRS).

In a bid to diversify the pipeline, numerous compounds are now in various stages of
clinical investigation for the treatment of AD (102, 103), including: statins (104-107);
non-steroidal anti-inflammatory drugs (NSAIDs) (108, 109); intranasal insulin (110,
111); peroxisome proliferator-activated receptor-gamma (PPARY) agonists (112, 113);
serotonin and histamine receptor modulators; hormonal, stem-cell and nerve growth
factor gene therapy (114-117); neurosteroid, neurotrophic and nootropic molecules; and
even metabolic drinks and medical foods. There are also copious new chemical entities
(NCEs) at the pre-clinical stages of research and development, natural compounds
(based on plant, herb and food fractions and/or extracts) and non-pharmacological
therapies (psychosocial interventions, trans-cranial electromagnetic treatment or deep

brain stimulation) — all of which exceed the scope of this thesis’ background.
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Most of the pharmacological agents being tested have been designed based upon a
notion that has been dominating the AD field for the past two decades - the “amyloid
cascade hypothesis” (118-120). This theory, postulated by Hardy and Higgins (118),
claims that the metabolism of the AP peptide (both generation and clearance) is the
main initiator of AD that, together with downstream tau hyperphosphorylation and
aggregation, leads to neuronal and synaptic dysfunction and loss, microglial activation
and neuronal death (119-121).

Thus, the leading experimental pharmacological approaches target one or both
principal cerebral proteins implicated in the causation and/or progression of AD: tau
and AB. As these pharmacotherapeutic strategies have been extensively covered in a
peer-reviewed publication by the author of this thesis (122), which appears in
Appendix A, they will only be briefly outlined in the introduction to this dissertation.
Instead, this chapter will focus on the relevant literature with regards to a growing field
of research into the role of metal ions in the pathogenesis of AD and, as a result, the
development of pharmaceutics for the treatment of AD that target metals, and which are

at different levels of clinical investigations — Phase I, 1l or 111 (see Fig. 1.1).
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1.2 Tau Neurobiology of AD

The MAPT gene on chromosome 17 can be alternatively spliced to produce six
different isoforms of the microtubule-associated tau protein (123-125). Native tau is a
soluble cytoplasmic protein with a predominantly random coil structure that interacts
with tubulin to stabilize microtubules, which preserve the cell’s cytoskeletal structure
and enable neurogenesis, neuronal migration, axonal transport and neurotransmission
(125-127). During the pathogenesis of AD and other tauopathies, tau dissociates from
microtubules, misfolds and aggregates into soluble oligomers, immature filaments/pre-
tangles and insoluble, intra-neuronal NFTs (128). In AD, NFTs begin to form in the
locus coeruleus, then propagate across synapses and along neuronal circuits into the
transentorhinal cortex, hippocampus, isocortex, striatum and substantia nigra (129-131).

NFTs are comprised of paired helical filaments (PHFs) that consist of
hyperphosphorylated tau with a cross f-sheet conformation (132-134). It has long been
hypothesized that NFTs lead to destabilization of microtubules, loss of neuronal
cytoskeletal architecture and/or plasticity (135), impaired neuronal transport, dystrophy
and ultimately neuronal cell death (136, 137). The latest findings, however, point to tau
oligomers being present in human brains at early stages of AD (138), and to
neurodegenerative events occurring prior to the appearance of NFTs in brains of
transgenic (Tg) mice (139) or without the formation of NFTs all together in Drosophila
melanogaster flies that express human tau mutants (140). Furthermore, suppression of
tau in a transgenic mouse model resulted in restoration of cognitive functions, despite
the ongoing accumulation of NFTs (141), thus supporting the notion that tau oligomers
and/or pre-filaments are in fact the toxic species (142).

Based on these findings, small molecules that interfere with the formation of tau
aggregates, selectively inhibit tau-kinases and/or activate tau-phosphatases, as well as
tau-based immunization are being pursued as therapeutic targets (depicted in Fig. 1.2)
and are now in pre-clinical and clinical stages of testing (refer to Table 1.2).
Information on the candidate AD pharmacotherapeutics targeting tau that fall under
each of the above categories has been reviewed by Biran et. al., (122); herein

Appendix A.
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Figure 1.2 Pharmacotherapeutic strategies targeting tau for the
treatment of AD

Schematic representation of the anti-tau targets for candidate pharmacotherapies:

1. Tau-targeted immunotherapy

2. Modulators of tau kinases or phosphatases

3. Tau aggregation inhibitors (TAISs)

Abbreviations: MT, microtubule; NFTs, neurofibrillary tangles; P, phosphate group;
PHFs, paired helical filaments
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Developing

Developmental

Class Drug Name Pharma MOA Phase
Modulators of
) Glycogen
Tau Nypta/ Noscira and synthase kinase Phase b
NP-12/ . . .
Kinases or - . Zeltia (GSK)-3 discontinued
tideglusib AT o
Phosphatases
TPI 287 Cortice Microtubule Phase |
Biosciences stabilizer
BMS.241027  Bristol-Myers  Microtubule _Phase |
Squibb stabilizer discontinued
Tau
Aggregation Di’f_nleége"/ Allon Microtubule Phase II
Inhibitors NAP Therapeutics stabilizer discontinued
(TAIs) —
EMBer. TauRx Phase 11
MT/ Th ti Unclear di tinued
Trx0014 erapeutics iscontinue
LMTM/
LMT-X/ ThTaqut_ Unclear Phase Il
Tr0237 erapeutics
Tausgs-408
ACI-35 AC Immune [pS396/pS404] Phase |
) liposomes
Tau Active P _
Axon peptide
Immunotherapy Axon 108 coupled to
AADvac-1 : keyhole limpet Phase I
Neuroscience hemocyanin
(KLH)
humanized
RG7345/ Roche e T _Phase |
R0O6926496 antibody against  discontinued
tau pS422
Tau Passive RG6100/ AC Immune Anti-tau Phase |
Immunotherapy RO7105705 and Genentech antibody
recombinant
C,N-8E12/ . CZI_\I humanized
Diagnostics and anti-tau Phase II
ABBV-8E12 .
AbbVie antibody

Table 1.2 Tau-Targeting AD Pharmacotherapeutics in Clinical Trials
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1.3 Amyloid Neurobiology of AD

The amyloid precursor protein (APP) is an ancient, evolutionary conserved (143)
type | trans-membrane glycoprotein (144-146) that belongs to a family of proteins,
including amyloid protein precursor-like protein (APLP) 1 and 2 (147, 148). Both the
amino (N) and carboxyl (C) terminals of APP can be divided into several regions, each
with its own characteristics and functions (149). The overall function of APP is unclear,
however it is believed to be important during the development of the CNS and in
response to stress or injury (150). It has been suggested that APP can act as a cell-
surface receptor and may be involved in the modulation of processes, such as insulin
secretion, cell adhesion, synapse formation, neurite outgrowth, as well as plasticity and
memory (151-156).

APP is synthesised in the endoplasmic reticulum (ER), N- and O-glycosylated in the
Golgi, and translocated from the trans-Golgi network (TGN) to the cell surface via the
secretory pathway (157). During and/or post trafficking, APP undergoes degradation by
the ubiquitin—proteasome system (UPS) (158) and/or various forms of autophagy (159,
160). Neuronal macroautophagy induction and impaired clearance of several autophagy
intermediates is evident in the AD brain, leading to over-production and accumulation
of intracellular AB in autophagic vacuoles (AVs) (161, 162). APP also undergoes
proteolytic processing through either the non-amyloidogenic or the amyloidogenic
pathways (163) (illustrated in Fig. 1.3).

During the non-amyloidogenic pathway, the membrane-bound enzyme o-secretase
cleaves APP within its AB domain, resulting in the extracellular secretion of soluble
APP alpha (sAPPa) and the production of a short membrane-bound C-terminal
fragment (CTF), a-CTF or C83 (164). Subsequent y-secretase cleavage of C83 results in
the secretion of a 3 kDa peptide termed p3 out of the cell (165), and release of the APP
intracellular domain (AICD) into the cytoplasm (166).

The amyloidogenic pathway is initiated when [-secretase, identified as p-site APP
cleaving enzyme (BACE1, Asp-2 or memapsin-2) (167-170), cleaves APP at the
N-terminal part of the Ap domain. This cleavage leads to the extracellular release of
SAPPB, while the B-CTF or C99 fragment remains membrane bound. Sequential
v-secretase cleavage of C99, at the C-terminal of A, allows the shedding of the AICD
and the secretion of AP species of variable length, into the lumen or extracellular space
(171).
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Figure 1.3 Pharmacotherapeutic strategies targeting Ag for the
treatment of AD

Diagrammatic illustration of the anti-amyloidogenic targets for candidate
pharmacotherapies:

1. a-Secretase activators 4. Ap-targeted immunotherapy
2. [-Secretase modulators/inhibitors 5. A aggregation inhibitors
3. y-Secretase modulators/inhibitors 6. Ap degradation enhancers

Abbreviations: Ag, amyloid beta; AICD, APP intracellular domain; APP, amyloid
precursor protein; SAPP ¢, soluble APP alpha; sAPP S, soluble APP beta
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Following their discovery and characterisation, the APP secretases became prime
targets in the quest for an AD treatment and/or cure. The rational for modulating the
APP secretases is twofold: stimulating o-secretase cleavage in order to direct APP
processing towards the non-amyloidogenic pathway or suppressing [3- and/or y-secretase
cleavage in order to reduce the amount of Ap produced. The clinical development of
key experimental pharmacotherapeutics for each of these categories is summarized in
Table 1.3 and expanded upon by Biran et. al., (122); attached as Appendix A.

Others argue that, rather than focus on AB production, a wiser strategy is to target Ap
(itself, its aggregation or its degradation) after it has been synthesized.

AP is constitutively synthesized at the membrane surface by proteolytic cleavage
and is then secreted (172). AP typically ranges between 38 to 43 amino acid residues in
length, yet ABas, ABas, AP and APso species have also been reported (173). ABao and
AP are the most prominent types in AD (174), however a new publication claims APz
is equally important in AD (175).

Following its secretion, extracellular AB can later be internalized back into the cell

by poorly understood molecular mechanisms. New evidence suggests that in the
absence of ApoE, AP is internalized in axons of primary neurons via a clathrin-
independent endocytic pathway involving lipid rafts (176). Another study established
that microglia is responsible for the uptake of AB, which is modulated by the lipidation
state of ApoE (177). The rapid turnover of Ap in the brain (178, 179) suggests efficient
clearance and/or degradation mechanism(s) of the peptide are in place.
Detection of AB in plasma and CSF (180), implies that AB can be transported from the
CNS across the BBB into the periphery. In this regard, a few receptors (associated with
cholesterol and/or lipid metabolism) have been suggested to mediate AP efflux from the
brain, including P-glycoprotein (P-gp)1 (181), receptor for advanced glycation end
products (RAGE) (182), low-density lipoprotein receptor (LDLR) (183) and LDLR-
related protein (LRP) (184). AB has been shown to bind directly to LRP1 and LRP2/
megalin or indirectly, by binding to their ligands: a.2-macroglobulin (a2M), clusterin/
apolipoprotein J and E (ApoJ and ApoE, respectively) (185-187). AB-LRP1/2
complexes can be internalised and delivered to the endosomal/lysosomal compartments,
where they undergo either autophagy or transcytosis into the CSF or plasma (188, 189).
AP is finally eliminated through the kidney and liver via LRP (190, 191) or liver X
receptor (LXR) (192-194).
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Alternatively, Ap can be degraded and cleared by several classes of enzymes (195),
including angiotensin-converting enzyme (ACE), the metalloproteases insulin
degrading enzyme (IDE) (196-199), neprilysin (NEP) (200-203) and its homologue
endothelin-converting enzyme 1 (ECE1l) (204, 205), the zinc-dependant matrix
metalloproteinases 2 and 9 (MMP2 and MMP9, respectively) (206-208), as well as the
recently discovered BACE2 (209). Examples of Ap-degradation enhancers under
investigation for the treatment of AD can be found in Table 1.3 as well as Appendix A.

The fact that Ap is normally produced in the body throughout life, is present in
various organs and bodily fluids, and that the body has evolved sophisticated
mechanisms for its metabolism suggest that A may have a physiological role (210). Ap
has been proposed to act as an antimicrobial peptide (211) or as an acute-phase
apolipoprotein with metal-binding and antioxidant activities (212-217). Recent work
demonstrated AP's abilities to mediate synaptic vesicle release (218) and modulate
connectivity of olfactory neurons (219). In parallel, an age-related decrease in CSF AB
was found to be inversely correlated with a rise in cerebral Ap load in mouse models of
AD (220). Assuming AP may have a functional role, it had been hypothesized that with
ageing, and more so with AD, AP either losses its physiological function or gains a
pathological one (213, 215).

Researchers have turned to the study of AP structure in search of clues as to its
neurotoxic and/or synaptotoxic effects (221, 222). It was found that soluble AP
monomers assume a random coil or a-helix conformation; yet, in AD they undergo a
structural change into a pleated B-sheet (223). This induces the peptide to form low
molecular weight oligomers, higher molecular weight intermediates (protofibrils and
amyloid-p derived diffusible ligands (ADDLSs)), mature fibrils and APs in the neuropil
and the vasculature (224-227).

It has long been thought that in early stages of AD low-density amyloid deposits
appear in the neocortex (frontal, occipital, parietal and temporal lobes, as well as the
cingulate cortex). As the disease progresses, amyloid pathology extends towards the
medial temporal lobe (hippocampus and amygdala) and the nucleus basalis of Meynert
located within the substantia innominata (129). In advance stages of AD, dense APs are
widespread throughout the entire neocortex and major part of the hippocampus (129).
Brain areas outside the cerebral cortex are affected by AD-related amyloid pathology to

a lesser extent (129).
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Recent findings challenge Braak and Braak’s staging of amyloid deposition. Using
cutting-edge neuroimaging techniques, scientists can now visualise amyloid deposits in
older people, who are cognitively normal and do not exhibit any clinical signs of AD
(63, 228-231). This amyloid burden reaches a plateau early in the disease course, when
patients are still classified as prodormal or MCI (232-234). Early detection of amyloid
could, in future, allow for early pharmaceutical intervention (refer to section 1.1.3).

Kinetic studies have shown that amyloidogenesis and fibrillogenesis can be affected
not only by the type of AB and its conformation (i.e., secondary structure, flexibility,
ampiphilic nature and morphology); but also by factors, such as time, concentration,
temperature, pH and metal ions (235). For many years, it was widely believed that the
toxic effects of AB were a result of the mature AP fibrils. However, current data suggest
that low molecular weight, soluble, oligomeric forms of A are more neurotoxic and
correlate more closely with the disease severity rather than Ap fibrils or APs (236-247).

In the quest for the definitive synaptotoxic AP entity, several research teams found
in vitro evidence to suggest that the surface of AP fibrils actually acts as a secondary
nucleation site that catalyzes the conversion of AB monomers into toxic oligomers (248-
250). This was supported by an in vivo study that showed APs surrounded by halos of
oligomeric AP triggered the collapse of dendritic spines and excitatory synapse loss
upon contact (251). It is, therefore, plausible that neurotoxicity is not due to either AB
oligomers or APs, but rather a consequence of their equilibrium (252-254).

As progress is gained in understanding of AP structure and dynamics, and with the
advent of more sophisticated analytical techniques, the development of A3 aggregation
inhibitors is also set to improve (refer to Table 1.3 and to Appendix A).

A different approach has been to try to characterize the mechanisms involved in Af
neurotoxicity as a basis for developing pharmacological agents that modulate these
processes. Ap-associated neurotoxicity may be attributed to assorted factors (255),
including AB interactions with: membrane surface receptors, intracellular organelles,
lipids, protein or lipoproteins (256-260). Activation of inflammatory factors and
microglia (261), as well as induction of apoptosis by ApB-mediated activation of cysteine
aspartyl proteases termed caspases (262-264), have also been postulated to be involved.
Alternatively, modification of Ap by enzymes, such as aminopeptidases, isomerases,

transglutaminase or glutaminyl cyclase (QC), could account for the peptide’s toxicity.
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Another proposed mode of AP toxicity is the promotion of ion-channel formation
and calcium ion (Ca?*) influx (265, 266). This theory gained support from pre-clinical
and preliminary clinical trials with different neuronal L-type Ca?* channel blockers (see
Table 1.3).

A dominant strategy in the field of AD pharmacotherapeutics, which some consider
to be a primary test of the “amyloid cascade hypothesis” (see section 1.1.4), is based on
AP vaccination. Tg mouse models of AD immunized actively with Ap (267-274) or
passively with anti-Ap antibodies (274-290) showed reduced AP and tau pathology,
neutralized soluble AP oligomers, attenuated synaptic degeneration and improved
synaptic plasticity; all of which were accompanied by improved learning.

These data prompted many pharmaceutical companies to test both active
immunotherapies (using synthetic AB peptide) and passive immunotherapies (in the
form of intravenous immunoglobulin (IVIg) infusions, as well as humanized
monoclonal anti-AB antibodies) in humans (examples listed in Table 1.3).

The safety and efficacy outcomes of prominent clinical trials of Af-based
immunotherapies have been thoroughly assessed by Biran et. al., ((122); Appendix A)
and, therefore, need not be repeated herein. It is only important to note that, whilst few
ApB-targeted immunotherapeutics are still undergoing clinical studies, most have been
terminated due to serious adverse events (SAEs) or discontinued as their primary
endpoints were not achieved (i.e., the treatment arm showed no difference compared
with placebo).

Currently, it appears the much-anticipated breakthrough in the development of AD

pharmacotherapeutics has not been fulfilled by AB-targeted immunization.
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Developin Developmental
Class Drug Name ping MOA b
Pharma Phase
Begacestat/ . s
GSI1-953 Pfizer y-secretase inhibitor Phase |
Etazolate/ . a-secretase
EHT 0202 ExonHit stimulator Phase 11
Inhibitors Avagacestat/ Bristol-Myers : . Phase Il
and/or BMS-708163 Squibb y-secretase inhibitor ;e o ntinued
Modulators of Verubecestat/ Merck [B-secretase inhibitor F"hase !I/III
MK-8931 discontinued
e Sl el Semagacestat/ Phase I1I
LY 450139 Eli Lilly y-secretase inhibitor discontinued
Flurizan/
tarenflurbil/ Myriad Genetics y-Secretase Phase 11l
MPC-7869 modulator discontinued
. Azeliragon/
AB Degradation PF-04494700/ VTV Therapeutics RAGE inhibitor Phase 111
Enhancers TTP488
Memory L-type calcium Phase Il
MEM 1003 Pharmaceuticals channel blocker discontinued
Scyllo-inositol/ -
) ELNDO005/ Elan Ap %?grekgatlon Phase Il
AB Aggregation AZD-103 ocker
Inhibitors Alzhemed/ . Phase 111
tramiprosate/ Bellus Health homo-taurine . .
NC-531 discontinued
S . L-type calcium
Nilvadipine Roskamp Institute channel blocker Phase Il1
V950 Merck N-terminal AR Phase |
conjugate
MimoVax/ Aof
Affitope AD03 Affiris and GSK AB3(pE)-x Phase |
Betabloc/ . Phase 11
_ AN-1792 Elan and Wyeth synthetic AB1-a2 discontinued
I AP Acﬁve Vanutide cridificar/ Janssen and AB1« coniugate Phase Il
mmunotherapy ACC-001 Pfizer P16 conjug discontinued
Mimotope/ - L
Affitope ADO2 Affiris and GSK AB1s mimetic Phase Il
AP coupled to
CAD-106 Novartis Qp-virus like Phase II/111
particles
Ponezumab/ Pfizer rgg::i’;(')zne; ;%ﬁﬁﬁé‘y Phase |1
PF-04360365 against A's C-terminal discontinued
Crenezumab/ humanized 19gG4
MABT5102A/ Roche monoclonal anti-ABi.5s Phase IlI
RG7412 antibody
. Octagam Octapharma 1VIg Phase 11/111
AP Passive
Immunotherapy Gammagard Baxter IVIg [Pz
discontinued
Bapineuzumab/ humanized IgG1
ELN115727/ Janss_en and monoclonal antibody _Phase_ i
AAB-001 Pfizer against AB's N-terminal discontinued
humanized 1gG1
Solanezumab/ Eli Lilly P e oS Phase 111

LY2062430

AB‘s mid-region

discontinued

Table 1.3 Apg-Targeting AD Pharmacotherapeutics in Clinical Trials
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1.4 Metal Neurobiology of AD

1.4.1 Metals and Neurodegenerative Diseases

It is evident that both AP and tau are implicated in the onset and/or progression of
AD; however, pharmacological strategies directed at these targets have not yet proven
to be disease modifying in human studies. In particular, investigational drugs that target
AP have failed to show any correlation between a reduction in amyloid burden and
improvement in cognitive functions in large-scale clinical trials. While such data do not
necessarily invalidate the “amyloid hypothesis”, there remains considerable debate as to
whether it has yet to be properly tested in the clinic.

Numerous factors have been proposed to account for the poor performance of
several frontline drugs, including: patient confounds (ApoE genotype, rate of cognitive
decline in placebo groups), trial design (single, add-on or combination of drugs tested,
treatment as oppose to prevention protocol), drug pharmacodynamic profile (poor BBB
penetration and/or bioavailability) and outcome measures (reduction in total amyloid
versus oligomers as the appropriate indication for a drug’s disease modifying effect).

Whilst the debate over the validity of the “amyloid cascade hypothesis” will no
doubt continue, it remains likely that there are other critical co-factors partaking in AD
pathogenesis. Metal ions are one such possibility, as they have been implicated in the
pathogenesis of numerous neurodegenerative diseases (291-293), including AD (293-
298) (refer to Table 1.4). While the link between toxicological metals, such as lead
(Pb), aluminium (Al) and mercury (Hg), and AD remains controversial; the relation
between transition biometals copper (Cu), zinc (Zn) and iron (Fe) and AD pathogenesis
(as well as other neurodegenerative diseases) is becoming more widely accepted.
Perhaps even more interesting, neurodegeneration and dementia are common
pathological and clinical signs in many metal metabolism disorders (299, 300), such as
Menkes disease (mutation in the copper-transporting P-type adenosine triphosphatase
(ATP)7a leading to systemic Cu deficiency), Wilson’s diseases (mutation in the copper-
transporting P-type adenosine triphosphatase (ATP)7b resulting in Cu toxicosis),
aceruloplasminaemia (absence of the copper-carrier ceruloplasmin and Fe overload),
neuroferritinopathy (impaired assembly of the iron-storage ferritin protein and brain Fe
accumulation), neurodegenerative disorders with brain iron accumulation (NBIA;
genetic mutations causing increased Fe and childhood neurodegeneration) and possibly
also in hereditary hemochromatosis (HHC; an Fe accumulation disorder).
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Neurodegenerative . . Abnormal Associated
. Proteinaceous deposits .
disease protein metal(s)
Alzheimer’s disease Extracellular amyloid plaques Amyloid-B (AB)
(AD) Cu, Zn, Fe
Intracellular neurofibrillary tangles Tau
. Superoxide
Q:r;;r/g;ir:p()'z\lﬁsl?teral Intraneuronal hyaline inclusions dismutase-1 Cu, Zn, Fe
(SOD1)
Diffuse Lewy body . . 5
dementia (DLB) Lewy bodies a-synuclein Cu, Fe (?)
Frontotgmporal Intracellular neurofibrillary tangles  Tau Zn (?)
dementia (FTD) '
l(—||_=1[r;t)|ngton LEEi Intranuclear neuronal inclusions Huntingtin Cu, Fe
Neiman-Pick’s . .
disease (NPC) Pick bodies Tau Fe, Cu
R Lewy bodies o-synuclein Cu, Fe
(PD)
Protease-
Prion diseases Extracellular prion plaques resistant prion  Cu, Fe
protein (PrP)
Progressive
Supranuclear Palsy Intracellular neurofibrillary tangles Tau Fe, Cu
(PSP)
Spinocerebellar Intranuclear neuronal inclusions Ataxin Fe, Cu, Zn

ataxia

Table 1.4 Neurodegenerative diseases - defining pathological proteins
and associated metals

Adapted from a review by Skovronsky, Lee and Trojanowski (301)
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1.4.2 Metals and Metalloproteins in AD — Biological Samples

Valuable information from human specimens implicates changes in the level,
oxidation state and location of metals, metalloproteins and/or metal-binding proteins as

being fundamental in the pathogenesis of AD.

1.4.2.1 Blood Metals and Metalloproteins in Ageing and AD

As humans and rats age, their serum and plasma Cu levels increase (302-308), while
those of Fe and Zn decrease (307-313). Interestingly, community-based prospective
(314) and cross-sectional (315) studies in 3718 Americans and 800 Australians 60 years
of age or older, respectively, found neither Cu, Zn or Fe dietary intake were related to
cognitive function. In contrast, the prospective Zincage project (853 Europeans aged 60
or older) found an age-independent correlation between plasma Zn and cognitive status
(316) and the cross-sectional Rancho Bernardo study (~1500 non-demented elderly)
found an association between plasma Zn and the Blessed Information, Memory and
Concentration (BIMC) test scores in women, but not men (317).

While Zn deficiency is common in the elderly, studies have shown serum Zn levels
to be markedly decreased even further in AD patients versus age-matched controls
(318-321). AD patients have lower plasma Fe levels (321, 322), yet equivalent serum Fe
and transferrin levels (323), to healthy subjects of similar age. AD patients were also
recently found to have an increased risk for anaemia (unrelated to deficient dietary Fe
intake), while anaemic patients are more likely to develop AD (324, 325).

Although several research teams found serum (320, 326) and plasma (321, 327, 328)
Cu levels did not vary between AD patients and age-matched controls; the latest meta-
analysis was inconclusive with regards to plasma Cu, and found serum Cu to be
significantly elevated in AD patients, compared to healthy individuals (329, 330).
Extensive work by Squitti and colleagues has shown that AD patients, compared to
healthy controls, exhibit significantly elevated serum levels of freely circulating Cu (i.e.
non-ceruloplasmin bound Cu), which correlate with their lower MMSE scores and may
even be predictive of their cognitive decline over time (331-333). Others, however, have
reported low plasma Cu levels correlates with higher ADAS-Cog scores in AD patients
(334). More recent studies have confirmed a higher percentage of “loosely bound” Cu
and peroxides, in parallel to reduced oxidase activity of ceruloplasmin (Cp), in serum of
AD patients compared to healthy controls (323, 335-339).
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1.4.2.2 CSF Metals and Metalloproteins in Ageing and AD

Data on changes in CSF levels of metal and metalloprotein during normal ageing is
scarce; yet, AD patients have been shown to have similar Fe levels and considerably
lower Zn levels in CSF than their age-matched healthy controls (320). As for Cu in
CSF, one study found AD patients to have significantly higher levels compared to
controls (321); while others found them to be no different (320, 327, 329). Interestingly,
CSF levels of Cu, Zn and Fe have been shown to be inversely correlated with ABa.
levels (340).

While levels of ferritin (341) and Cp (342) were shown to be relatively elevated,
the ferroxidase activity of Cp and that of Cu/Zn superoxide dismutase (SOD) have been
found to be reduced (343), in CSF from AD patients. Importantly, CSF ferritin levels

inversely associated with cognitive performance and disease progression (344).

1.4.2.3 Brain Metals and Metalloproteins in Ageing and AD

Information on the level and activity of cerebral metalloproteins during distinct
stages in life is limited. AD brains, however, have been shown to have an imbalance in
metalloproteins, especially Fe-related ones, in comparison with brains of age-matched
healthy individuals. Levels of the Cp enzyme (345), neuroglobin (an Fe heme binding,
reactive oxygen and nitrogen species (ROS and RNS, respectively) scavenger) (346),
lactoferrin (LF; involved in Fe binding, transport and storage) (347) and the iron-storage
protein ferritin are all elevated within brains of AD patients, whilst levels of transferrin
(Tf; an Fe-transport protein) and its receptor (TfR) are reduced (348, 349).

The AD brain is also deficient in metal regulatory factor 1 (MTF1) (350),
metallothionein Il (MT-1I1; a metalloprotein that is responsible for the regulation of
neuronal Zn (351)) (350, 352-354) and Zn transporter 3 (ZnT3; a brain-specific
transporter responsible for sequestering Zn into pre-synaptic vesicles (355, 356)) (357).
In addition, the activity of complex IV or cytochrome c oxidase, a metalloenzyme in the
mitochondrial respiratory chain, has been found to be diminished in AD brains (358).

Metal ions are normally concentrated in specific brain regions, for example Cu
levels are high in the neuropil (359), the hippocampus is rich in Zn and Fe is concerted
in the substantia nigra and putamen (360, 361). With healthy ageing, regional levels of
Cu and Fe in the human brain are increased (361-366), however Zn levels remain the
same or are decreased (367). Similar trends were seen in WT mice (368-371), though an

age-dependent increase in synaptic Zn was recently reported in non-Tg mice (372).
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In brains of AD patients, Zn (359, 373-377) and Cu (345, 359, 376, 377) seem to be
elevated in some areas and lower in others. Importantly, the AD brain contains a pool of
redox-active, labile Cu (378). While a single meta-analysis implied that bulk cerebral Fe
levels are unchanged in AD (379), most reports claim they are increased (374-376, 380,
381) and that hippocampal Fe levels in AD patients correlate with their cognitive
function (382). In a Tg-mouse model of AD, elevated brain Fe content was detected at
the earliest stage of AP formation and continue to increase with time (383).

Interestingly, these biometals are naturally more concentrated in areas where AD
lesions are the most profound, as compared to other areas of the brain. Indeed, Cu and
Fe are deposited in cerebral amyloid angiopathy (CAA; the vascular lesion associated
with AD) (384), intracellular NFTs have been found to co-localize with zinc ions (Zn%*)
(385) and with the iron regulatory protein 2 (IRP2) (386), while ferritin (387-390) and
some zinc transporters (ZnTs) (372, 391, 392) have been found to co-localize with APs.
Extracellular APs have also been shown to be enriched with Cu (400 uM), Zn (1 mM)
and Fe (1 mM) (359, 372, 385, 393-397). Considering neurotransmission results in peak
concentrations of ~300 uM Zn?* (398, 399) and up to 100 pM Cu?* (400-402), the
synaptic cleft would be the ideal location for A metalation and oligomerization (403).

Taken together, this evidence suggests that there may be an interaction between
biometals and the main proteins implicated in AD (i.e. APP, AB and tau), and that these

factors may influence one another at various levels.

1.4.3 Metals and Metalloproteins in AD — in vitro

A variety of cell-free, cell-based and animal studies support the binding and effects

of metals on tau, APP and AB’s localization, metabolism, aggregation and toxicity.

1.4.3.1 Metals and Tau

Ferric (Fe") and cupric (Cu?*) ions can bind to various “repeat” motifs on tau, thus
altering its conformation, phosphorylation and aggregation states. In the case of iron,
this effect can be reversed by reducing Fe®* to Fe?* (ferrous ions) (404) or by chelating
Fe altogether (405). Treatment of human tau with low concentrations of Zn?* induced
non-fibrillar aggregates, which became fibrillar via intermolecular bridging of cysteine
residues at positions 291 and 322 upon treatment with TPEN (N,N,N’,N'-tetrakis(2-
pyridinylmethyl)-1,2-ethanediamine; a chelator with high affinity to Zn?*) (406).
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The addition of Zn?* to mouse and human neuroblastoma cells (N2a and SH-SY5Y,
respectively) (407-410), as well as rat brains, hippocampal brain slices and neurons
(410, 411) induces tau hyperphosphorylation; whereas the opposite result is seen with
the addition of pyrolidium dithiocarbamate (PDTC) (412), clioquinol (CQ) and Ca?*-
ethylenediaminetetraacetic acid (EDTA) (410, 411). This hyperphosphorylation of tau is
a result of the Zn-induced activation of many tau kinases (407-410) and inactivation of
protein phosphatase 2A (PP2A) (410, 411). In addition to tau, Zn?* (and Cu?*) has also
been shown to bind to neurofilaments (NFs; another protein component of NFTs) (413)

and stimulate their phosphorylation (408).

1.4.3.2 Metals and APP

On a gene level, researchers discovered that the translation of APP messenger
ribonucleic acid (mMRNA) is governed by the binding of an iron-regulatory element
(IRE) to its 5’-untranslated region (5’UTR) such that in an Fe-enriched environment
APP translation is up-regulated, whereas it is down-regulated in response to either an Fe
(414-417) or a Cu deficient milieu (418). Cu deficiency has been proposed to either
enhance APP translation or inhibit its degradation (419), while Cu overload has been
shown to up-regulate APP expression (420, 421). Interestingly, deletion of the APP
gene causes an increase in cellular Cu (422).

Posiphen® (QR Pharma, Berwyn, PA, USA) is a small, orally-bioavailable, BBB-
permeable positive enantiomer of phenserine (423) that normalized CSF levels of APP,
total and phosphorylated tau in 30 MCI patients, comparable to that of healthy controls,
in a 10-day Phase /11 trial. It was revealed that Posiphen® achieved these outcomes by
enhancing the binding of iron-regulatory protein 1 (IRP1)/iron-responsive element-
binding protein (IRE-BP) to the 5°UTR IRE mRNA, thereby repressing the translation
of APP (and other proteins) (424). It would be of interest to examine any effects on
metal metabolism in the planned Phase 11/111 trial of Posiphen®.

On a protein level, APP contains putative zinc and copper-binding domains (CuBD)
both in its ectodomain (E1 and E2 sections) and in its AB sequence (425-428) (see
Fig. 1.4). Little is known about the Zn-binding site within the E1 domain of APP other
that it spans residues 181 to 188 (425). However, it has been established that the E1
CuBD on APP consists of a tyrosine (Tyr'®), a methionine (Met'’®) and two histidine
(His**" °1) residues that facilitate the coordination of Cu?" and its reduction to Cu*
(427).
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Figure 1.4 Structure of APPsgs isoform and its metal binding domains

The amyloid precursor protein (APP) is comprised of three parts: the N-terminus
ectodomain, the trans-membrane (TM) domain and the C-terminus cytoplasmic domain.

The ectodomain of APP consists of the E1 and acidic domains, sequentially followed by
the E2 or central APP domain (CAPPD) and an unstructured linker region.

The E1 domain is sub-divided into a heparin or growth factor-like domain (GFLD) and
a metal-binding domain.

The arrow points to the site of the Kunitz-type protease inhibitor (KPI) and OX2
homology domains in the APP7s1/770 isoforms.

The Af sequence spans across the ectodomain and part of the TM domain.

The copper and zinc-binding ligands within the E1 (427) and E2 metal-binding domains
(428) and within the Ag sequence (429, 430) are shown.
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A competitive high-affinity metal-binding site was newly discovered within the E2
domain of APP, in which Cu?* is coordinated by four histidines (His33 382 432,436 jn g
square planar arrangement and Zn?* is coordinated by three histidines (His8% 432 436)
and a water molecule in a tetrahedral geometry (428). In addition, a non-specific, low-
affinity Zn?*-binding site, consisting of a glutamate (Glu®®’), an aspartate (Asp*?°), a
histidine (His**®) and a water molecule, was identified in the E2 sequence of APP (428).

It was suggested that the binding of metals to APP selectively regulates the protein’s
flexibility and conformation, depending on the ions’ coordination sphere that, in turn,
may alter the function, trafficking and processing of APP (428). Zn binding leads to
local stabilization of APP (428), yet permits the amyloidogenic cleavage of APP and
increase AP deposition (431); whereas, Cu binding restricts the overall flexibility of
APP (428), perhaps by causing its homodimerization (432).

The effect of metals on APP and AP has been difficult to reconcile, as it seems to
differ depending on the cell type. Decreased intracellular Cu levels in WT and APPeggs-
expressing SY5Y and M17 human neuroblastoma cells and in human fibroblasts led to
increased AP production (419). Elevated Cu levels did not change AP levels secreted
from SY5Y cells transfected with APPeos (419); however, it resulted in trafficking of
APP to the cell surface and reduced AP synthesis in SY5Y cells transfected with APPggs
that contains the Swedish mutation (433, 434).

Increased Cu in Chinese hamster ovary (CHO) cells and human fibroblasts shifted
APP processing towards the non-amyloidogenic pathway, resulting in increased
secretion of full-length and soluble a-cleaved APP ectodomain (SAPPa), and decreased
AP synthesis (419, 435, 436). This may result from an increase in glycogen synthase
kinase (GSK)3p phosphorylation, which activates phosphatidylinositol 3 kinase (PI3K)
leading to secretion of matrix metalloproteinases (MMPs) that can degrade A (436).

Other than direct binding, Cu and Zn might also affect APP (and AB) indirectly by
altering the expression, synthesis and activity of its secretases (421, 437-440). In turn,
PSs have been demonstrated to foster a cellular Cu and Zn uptake activity (441, 442).

Whilst the reciprocal relations between APP, Cu and/or Zn have been extensively
investigated, research is lacking into that of APP and Fe. One study demonstrated that
Fe treatment promotes the amyloidogenic processing of APP (417). Our research team
has recently shown that ablation of APP resulted in Fe accumulation and vice versa,
both in vitro and in vivo (443). Fe retention was also observed in tau-null cells and

mice, and was attributed to decreased APP trafficking to the cell surface (444).
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These studies shed light on the potential effect of APP and Fe on one another; although
it remains to be determined whether Fe interacts directly with APP through a defined
binding site, or whether APP affects Fe via certain intermediates, such as ferroportin.

1.4.3.3 Metals and AB

As previously described, AB also possess metal binding domain(s), however the
complicated process of AP aggregation makes it is difficult to characterise the binding
of metals to AB. While there have been numerous reports on the stoichiometry and
affinity of AB-metal binding, results have varied depending on: the AB source (mouse,
rat or human), AP sequence or length (APx-6r2s140142), AP species (monomers, dimers,
trimers, oligomers), as well as the reaction conditions (sample preparation, buffer type
and concentration, pH, incubation time and/or technique used) (445). For example, low
concentrations of Zn?* can promote a morphological change and rapid aggregation of
AP at physiological pH (446-452); however, Cu?* (and Fe**) have been shown to induce
AP precipitation at mildly acidic pH (453, 454) and, under acidic conditions (pH 6.6),
Cu?* has totally displaced Zn?* from AR (455).

Most researchers are in agreement that Ap binds Cu?* and Zn?* in a 1:1 ratio (456-
460); however, there have been reports of Zn?* binding to AB in a 2:1 (461) or 3:1 ratio
(462), and of Cu?* binding to AB in a 2:1 ratio, when in excess (463, 464). One study
concluded that Fe?* binds to Ao in a 1:1 stoichiometry, while binding to ABa, occurs
in a 2:1 ratio (465). There is mounting evidence that the ApB:metal ion ratio modulates
not only Ap conformation (random coil, a-helix or B-sheet) and aggregation kinetics
(466-468), but also the morphology of the AB aggregates (amorphous, non-fibrillar or
fibrillar) (464, 469-471) and, possibly, its function and/or activity.

Indeed, Zn*2 was reported to induce ABis binding to deoxyribonucleic acid (DNA)
(472). Interestingly, it has been suggested that Fe?* binding to APz at low
concentrations serves as an antioxidant protective mechanism, while aggregated Fe?*-
AP2s complexes actively partake in the production of harmful oxygen radicals (473).
Others found A1 binds strongly to Fe3* and, with lesser affinity, to Fe?* forming a 1:1
complex in the presence of stabilizing nitrilotriacetic acid (NTA) (474).

Similar to their action on Cu?*, AB1s (474), ABao and APz (475) were shown to be
redox active in that it can bind Fe®* and reduce it to Fe?* thereby facilitating the

generation of ROS.
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This oxidative stress may be related to the observed neurotoxicity of Fe?* and Fe3* in
the presence of AB2sss (476) and AB142 (477). Importantly, several metal chelators
(discussed later in section 1.5.4) have been shown to solubilise synthetic Ap aggregates
and brain amyloid extracts, as well as inhibit AB’s redox activity and toxicity (478-481).

There is an ongoing debate as to the binding affinity and kinetics of Ap to Cu?* and
Zn?*, with dissociation constants (Kp) ranging from nM to uM for Cu?*-Ap (455, 456,
482) and for Zn?*-Ap (447, 457, 458, 465, 482-484). To resolve these issues, it is
imperative that the metal-binding site(s) of AB and APP are defined and that the
relationship between the structural features of the protein and its function in health and
disease can be elucidated.

Contemporary studies (429, 482) utilising circular dichroism (CD), electron
paramagnetic resonance (EPR), nuclear magnetic resonance (NMR), Raman
spectroscopy, electrospray-ionization mass spectrometry (ESI-MS), X-ray diffraction
and extended X-ray absorption fine structure (EXAFS) spectroscopies have determined
the coordination of Cu, Zn and Fe by His®, His®3, His'* (223, 430, 447, 454-456, 469,
474, 485-494) and a fourth ligand. The fourth donor could be Asp?® (456, 492, 493), Ala?
(495) or Tyr'® (486, 487) for Cu?*, Tyr'® (487, 488) or Glu'! (484, 496) for Zn**, and
Asp! or Glu® for Fe?* (474, 494). Recent work by our group and by others in an attempt
to reconcile the different reports as to AB's CuBD concluded that it is most likely to be

pleomorphic and to exist in two distinct coordination modes (497-500).

1.4.4 Metals and Metalloproteins in AD - in vivo

Yeast does not express APP or its homologues and, therefore, present a useful
model for investigating the effects of these protein family members on metals. Indeed,
SAPP and sAPLP2-expressing yeast have been shown to have significantly reduced Cu
levels and bioavailability with no effect on Zn levels (501).

Curiously, mouse and rat’s endogenous AP contains three amino acid substitutions
(R5G, Y10F, H13R), which prevent the formation of intermolecular histidine bridges
(223, 466, 487) and, therefore, do not allow metal-induced AB aggregation in vitro (448,
453) and cerebral AP deposits in vivo (502, 503). Thus, transgenic rodents provide vital

clues as to the effects of APP and AB on metal-ions, and vice versa.
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1.4.4.1 Metals and Metalloproteins in Tg mouse models of AD

Tg2576 mice that over-express the Swedish double mutant human APPggs (K670N
and M671L) exhibit AD-related behavioural and cognitive changes (memory and spatial
learning impairments) (504) and AD-related pathology (substantially elevated cerebral
levels of full-length APP, CTFs, AB and APs) (505) as they age. APs in these mice are
surrounded by dystrophic neurites and reactive astrocytes, which are abundant in Zn and
ZnT3; despite an age-dependent decrease in ZnT3 expression and synaptic Zn*? (372).
Tg2576 mice also have significantly reduced cerebral Cu (but not Fe) levels (369, 422,
506). C100 mice over-express Ap and the C-terminal of APP (507), and have markedly
lower levels of both Cu and Fe in the brain (369).

While cerebral Cu levels in a triple Tg mouse model of AD (harboring the mutant
APPswe, PS1musev and taupsoiL transgenes (264)) were reportedly no different to WT
mice (327); others found total brain Cu and Fe to be elevated in the former (508). APP
(and APLP2) knock out (KO) mice (509) also have raised brain Cu and Fe levels (443,
510). Aged tau-KO mice exhibit increased Fe in some brain areas, but not others (444).

It had been postulated that co-existence of endogenous murine A and transgene-
derived human AP (511, 512) may contribute to the disparity in the type and level of
metals in APs observed in various Tg-mouse models, and compared to those of humans
(513). Alternatively, in some strains, like Tg2576, the transgene is governed by the
hamster prion protein gene promoter, which is known to be modulated by Cu (420,
514), as well as to modulate Cu and other metal ions (515, 516).

Regardless, these studies all suggest that APP and/or AP are involved in metal

homeostasis; however, the opposite has also been shown to be true.

1.4.4.2 Effect of Cuon AD-related Pathology and Cognition

Using a genetic approach, TgCRND8 mice (expressing the Swedish and Indiana-
mutant human APP as well as PSlpzes, and have ~15% lower brain Cu levels,
compared to non-Tg controls (517)) were crossed with tx’ “toxic milk” mice (that have a
mutated ATPase7b transporter and a consequent elevation in Cu levels (518)). This led
to markedly reduced plaque load and Ap levels in the resulting progeny (506).

Attempts to increase cerebral Cu levels by means of a Cu-enriched diet have yielded
conflicting results. APP23 mice (carrying the Swedish mutation of human APP7s; and
an inherent brain Cu deficiency (519)) given Cu-supplemented drinking water for three

months had normalized brain Cu levels and reduced Ap levels (520).
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Conversely, increasing dietary Cu intake in triple Tg mice led to an increase in APP,
C99, AP as well as tau (521). Both studies used the same concentration of sucrose and
Cu in the treated drinking water; yet, they used different strains of Tg mice, at different
ages, and the number of mice in both the treated and the control groups were vastly
different between the two studies, which could account for the discordance in data.

Others observed no change in plaque burden or learning and memory between WT
mice (522, 523), PSAPP mice (Tg2576 crossed with a PS1miesL line (524)) (525) or
APPswe/PSTAE9 mice (expressing chimeric APPeos with the Swedish double mutation
and an exon-9-deleted variant of human PS1 (526)) (527) allowed distilled drinking
water to those provided with Cu-containing drinking water. No behavioral differences
were observed in aged WT mice provided with either normal or Cu-restricted diet (528).

In line with these findings, studies have demonstrated that nutritional Cu intake and
supplementation in healthy adults (314) and those with AD (529, 530), respectively, did
not influence cognition. Cognitive scores of patients with mild AD were unaffected by
oral intake of Cu?*-orotate-dihydrate (8 mg/day for a year as add-on to donepezil); yet,
the decline in CSF AP was stabilized in a prospective, randomized, double-blind,
placebo-controlled Phase Il clinical trial (529, 530).

Evidence suggests that Cu exacerbates the effect of dietary fats on the translation
and expression of AD-related proteins, as well as on cognition (reviewed by Hung et. al.
(531)). Consumption of a high-cholesterol diet, together with Cu-supplemented drinking
water, potentiated the up-regulation of APP, increased AP deposition, as well as
learning and memory impairments observed in cholesterol-fed WT mice (522, 523).

Sparks and colleagues demonstrated that trace Cu levels in the drinking water of
cholesterol-fed rabbits and beagle dogs elicited cognitive deficits and elevated brain AP
(194, 525, 532) concurrently with reduced cerebral tau levels (533). These results were
paralleled in a study showing dietary Cu intake, in conjunction with a high-fat diet,
correlated with an accelerated rate of cognitive decline in older individuals (314). Also,
a year-long observational study showed that hyper-lipidemic mild to moderate AD
patients with high levels of serum Cu were more prone to cognitive impairment (333).

In contrast, our laboratory has reported that a combined high Cu and cholesterol diet
resulted in decreased APP expression and AP levels, and did not affect the spatial
learning and working memory of APP/PS1 mice performance (527). Variations in
animal models (genotype and phenotype), treatments (dose and period) and analytical

techniques utilized may have attributed to the discrepancy in the above findings.
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1.4.4.3 Effect of Zn on AD-related Pathology and Cognition

Like Cu, the effect of Zn modulation on APP and AB was also tested in various
mammalian cells, yeast strains and animal models, as well as in humans. Using genetic
manipulation, ZnT3 KO mice that lack a synaptic Zn pool and exhibit age-dependant
cognitive deficits (357) were crossed with Tg2576 mice (Tg2576/ZnT3"), which caused
a significant reduction in plaque formation (534, 535). Reducing Zn levels by dietary
means, however, elicited the opposite effect. A Zn-depleted diet led to increased volume
of APs in brains of APP/PS1 mice (536).

On the other hand, Zn-supplemented drinking water, with and without cholesterol
chow, had no effect on the amyloid burden in rabbits (525) or C100 mice (537). A Zn-
enriched diet was recently shown to decease cerebral Cu, Zn and Fe (508), reduce both
AP and tau pathologies, as well as prevent long-term memory deficits in a 3xTg AD
mouse model (538); vyet, it led to impaired learning and memory in WT littermates and
even more so in multiple Tg mouse models of AD (431, 539). Provision of dietary Zn
enhanced APP expression, and increased levels of AB and other BACE1 cleavage
products in APP/PS1 mice (431). It also reduced hippocampal APs in TgCRND8 and
Tg2576 mice (539). Interestingly, parallel dietary supplementation of both Cu and Zn
annulled the spatial memory impairment in Tg2576 (540).

The confounding results are likely to stem from the use of different animal models
(rabbits versus WT and Tg mice) and varied concentration of Zn provided (deficiency,
trace amount or high). Nonetheless, findings suggest the effects of Zn on pathological
and cognitive aspects in AD may be linked to other factors, such as lipids and/or Cu.

Zn therapy in healthy adults and AD patients has, thus far, yielded inconclusive
results (541). In the prospective, randomized, double-blind, placebo-controlled Zenith
study, Zn-gluconate supplementation (15 or 30 mg/day for 6 months) was associated
with improvement in attention and spatial working memory of 387 healthy adults (542).

In separate trials, oral administration of zinc-sulphate and zinc-aspartate to AD
patients had to be discontinued due to gastrointestinal disturbances (543). To avoid the
intolerability of its oral formulation, zinc-aspartate was intravenously administered
every other day for 3-12 months to 10 AD patients (543). Improvement in cognition was
seen in 8 of them, which was abolished during periods of discontinuing treatment, yet
this was a small and uncontrolled cohort (543). Gastrointestinal irritation was also
reported in a cohort of five MCI and AD patients following a single oral dose of zinc
acetate (Galzin®; FDA-approved drug for treatment of Wilson’s disease) (544).
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Synthetic Biologics (formally Adeona Pharmaceuticals; Ann Arbor, MI, USA)
recently completed a 6-month prospective, randomized, double-blind Phase 1 trial of a
gastro-retentive, sustained-release oral preparation of zinc-cysteine (reaZin™) in 64
patients with MCI or mild to moderate AD. Zinc-cysteine treatment (150 mg/day) was
reported to be bioavailable (significantly elevated Zn and reduced Cu in serum,
compared to placebo) and well tolerated (substantially less gastrointestinal symptoms,
compared to Galzin®) (544). Post-hoc analysis of trial participants 70 years of age or
older revealed that treatment with zinc-cysteine stabilized the cognitive deterioration of
AD patients, compared to placebo (544). The company is how developing reaZin™ as a
medicinal food, as well as an IND for the treatment of AD (AEN-100).

1.4.4.4 Effect of Fe on AD-related Pathology and Cognition
A recent study demonstrated that treatment of APP/PS1 mice with Fe-supplemented
drinking water resulted in elevated PS1 levels, and induced expression, phosphorylation
and amyloidogenic processing of APP, as well as suppressed non-amyloidogenic APP
proteolytic pathway (417). No memory, behavioural or cognitive tests were performed.

1.4.5 The Metal Hypothesis of AD

Collectively, the above findings constitute a compelling argument for APP and/or AP
playing a major physiological role in regulating metal-ion levels and vice versa. These
lines of evidence led Bush, Tanzi and colleagues to propose “the metal theory of AD”
(545, 546), which stipulates that an age-related endogenous metal imbalance in the
brain allows binding of redox-active metal ions (Cu?* and Fe®") to AB. This can lead to
neurotoxicity as Cu?* stabilizes the neurotoxic oligomeric AB assemblies (547, 548),
induces the covalent di-tyrosine crosslink of A (459, 462, 482, 549-556) and promotes
the generation of SDS-resistant copper-derived diffusible ligands (CuDDLSs) (455, 462,
550). Metallated-Ap also has an increased affinity for the phospholipid heads of the
membrane bi-layer, which acts as a reductant in the production of ROS via Fenton and
Haber-Weiss chemistry (557-560). The resulting radicals, hydrogen peroxide (H203)
and superoxide (OH), induce oxidative stress damage of lipids, proteins and DNA,
ultimately leading to synaptic and neuronal loss (291, 294, 475, 480, 554, 559-563).
Based on this hypothesis, therapeutics that aim to restore metal homeostasis, inhibit Ap-
metal interactions and/or inhibit metallated AB-catalysed oxidation are being developed.

40



1.5 AD Pharmacotherapies Targeting Metal lons

The equilibrium (concentrations, distribution, stability and bio-availability) of metal
ions is critical for many physiological functions. This is particularly true for the CNS,
where metals are essential for development and maintenance of enzymatic activities,
mitochondrial function (564, 565), myelination (566), neurotransmission (567), learning
and memory (568, 569). In light of their importance, cells have evolved complex
machinery for controlling metal-ion homeostasis. However, when these mechanisms
fail, the altered homeostasis of metal ions can result in a disease state, including several
neurodegenerative disorders (570, 571). Understanding the complex structural and
functional interactions of metal ions with the various intracellular and extracellular
components of the CNS, under normal conditions and during neurodegeneration, is
critical for the development of effective therapies (572). Accordingly, modulation of
metal ions has been proposed as a disease-modifying therapeutic strategy for AD (573-

576) and other neurodegenerative diseases (576, 577).

1.5.1 Antioxidants

Antioxidant molecules are capable of neutralizing free metals, thereby interfering
with the ‘down-stream’ generation of ROS and other reactive radicals. Hence,
antioxidants may be used mainly as a preventative approach (578). Numerous
molecules with antioxidant properties, such as oestrogen, melatonin, vitamin C and E
(L-ascorbate and o-topopherol, respectively), coenzyme Q (CoQ), docosahexaenoic
acid (DHA), ginkgo bilboa extract, the green tea extract EGCG (epigallocatechin
gallate), curcumin and flavonoids, have been shown to have neuroprotective effects
against AB-induced toxicity in cell-based experiments (579, 580) and animal models
(581-585), but have had conflicting results in a clinical setting (586-588).

Owing to the complex nature of AD, it is highly likely that antioxidants alone will
be inadequate to cause disease-modifying effects. Therefore, an emerging strategy in the
AD therapeutics field is the rational design of multi-modal/targeted drugs combining
antioxidant with other beneficial properties (refer to section 1.5.4). By incorporating the
1,4-benzoquinone radical scavenger moiety of CoQ into the polyamine backbone of
AChEI caproctamine (589), scientists created memoquin (see Fig. 1.5), which is
currently undergoing pre-clinical evaluations (590). It would be of interest to know
whether memoquin can cross the BBB and study its therapeutic effect in clinical trials.
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1.5.2 Metal Chelators

By definition, metal chelators (meaning “claw” in Greek) bind a metal ion, via two
or more atoms, to form a cyclic ring; unlike chelation therapy, wherein chelating agents
are used to systemically deplete metals, usually as treatment for heavy metal poisoning.

Desferrioxamine (DFO; Fig 1.5), an Fe chelator with high binding-affinities for Zn,
Cu and Al (591), was the first such agent to enter clinical investigations for the
treatment of AD. Results of a 2-year long, blinded Phase Il trial of a 48 AD patient
cohort demonstrated that 125mg intramuscular injections twice daily for 5 days a week
significantly slowed down the decline of some cognitive functions and lowered their
cerebral Zn and Fe levels, in comparison with the two control arms (an oral placebo or
no treatment) (592, 593). However, DFO is a large hydrophilic molecule that is not
orally bio-available, and therefore requires painful intramuscular injections, after which
it degrades quickly and does not penetrate the BBB easily (594). Hence, it is unknown
whether the beneficial effect seen with the DFO treatment was due to the drug’s
interaction and/or chelation of metals, or due to a different mechanism all together
(593). In an attempt to overcome these limitations, an intranasal formulation of DFO,
SAN-121 (DiaMedica, Winnipeg, Canada), is now being assessed (417, 595).

Another hexadentate chelator, DP-109 (DPharm, Rehovot, Israel), is a large
synthetic analogue of the Ca?" chelator BAPTA that becomes activated following
cleavage of its two long-chain esters (596) and insertion into lipid membranes (597).
Administration of DP-109 (5 mg/kg daily) by oral gavage to female Tg2576 mice over a
3-month period reduced the formation and deposition of CAA and APs, as well as re-
solubilised AB (598). Recently, DP-109 and DP-460 (another Ca, Cu and Zn lipophilic
chelator) were reported to have neuroprotective effects in a transgenic Drosophila fly
model of AD (599), a 6-hydroxydopamine (6-OHDA)-lesioned mouse model of PD
(596) and a G93A transgenic mouse model of ALS (600). Like DFO, DP-109 is not
expected to cross the BBB; therefore, the mechanism by which it exerts its effects in the
above models is still unclear.

Injection of the bicyclam analogue, JKL169, to rats resulted in a slight reduction to
serum Cu, yet significant decrease of Cu in the CSF and significant increase of Cu in
the brain cortex (601). Further in vivo assessments of JKL169 and other metal chelators
to determine their bioavailability, BBB penetration capability and specificity is pending
in order to rule out any harmful systemic effects due to indiscriminate scavenging of

essential metals, metal-binding and/or metalloproteins.
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The latest advancement in this field is the conjugation of chelating agents onto
various nanoparticles. The nanoparticles deliver the metal chelators across the BBB and
into the brain, where the metals are chelated, bind to the nanoparticles, exit the brain
and naturally degrade (602). This intends to be a safer and efficient way of specifically
removing metal ions from the brain of patients with AD and other neurodegenerative
diseases. Indeed, preliminary studies demonstrated that nanoparticle-chelator conjugates
are able to remove Fe from AD brain sections (603), solubilise Cu- and Zn-ApB
aggregates (604, 605), as well as protect and rescue human cortical neurons from A-
mediated toxicity (606). However, any neurotoxic and/or other ADRs that could stem
from the nanoparticles themselves, the linkers used, or the nanochelators as a whole
need to be examined thoroughly prior to their testing in humans.

Rather than using nanoparticles to transport metal chelators, a new approach utilizes
nanoparticles to deliver metals themselves in order to increase metal ion bioavailability

in a more efficient, controlled, and perhaps even safer manner.

1.5.3 Metal Complexes

Metallo-nanoparticles and metallo-complexes of pyrrolidine dithiocarbamate (M?*-
PDTC) or bis(thiosemicarbazone) (M?*-BTSC) (see Fig. 1.5) are emerging as promising
AD diagnostics and therapeutics that facilitate the targeted delivery of metal ions to
specific cells and/or cellular compartments (607-609). Gerd Multhaup’s group designed
these two distinct Cu-carrier nanoparticles that are able to cross plasma membranes and
release the Cu molecules they encapsulate, thereby increasing Cu bioavailability and
decreasing ABa4o and AP secretion from APP-transfected SY5Y cells (609).

PDTC is traditionally considered an inhibitor of the transcription-factor regulator
nuclear factor-kB (NF-kB) with anti-inflammatory, anti-oxidant and anti-apoptotic
properties (610-612) — all of which have been attributed to the synergistic interaction
between PDTC and endogenous Cu and/or Zn (613-619). Therefore, PDTC could
potentially remove metals from biologically deleterious sites and deliver them to areas
of deficiency, thus maintaining overall metal steady state. Indeed, oral PDTC treatment
of APP/PS1 double transgenic mice resulted in increased cerebral Cu levels, compared
to non-treated APP/PS1 mice, as well as down-regulation of the GSK-3p signalling
cascade, which led to a decrease in tau phosphorylation and an improvement in spatial
memory, but had no effect on amyloid burden, glial activation or oxidative stress (412).
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A later study, in which PDTC was administered to APP/PS1 mice by intraperitoneal
injections, attenuated astrogliosis and increased cerebral Ap were observed (620). The
latest data to emerge indicates that PDTC complexed to either Cu?* or Zn?* can act as a
proteasome inhibitor to induce apoptosis in several human cancer cells (621-623). It is
expected that metallo-PDTC complexes would be carefully evaluated in additional
cellular and/or animal models of AD prior to being assessed in humans.

The metallo-complexes of diacetylbis(N*-methylthiosemicarbazone) (M2*-ATSM)
and glyoxalbis(N*-methylthiosemicarbazone) (M?*-GTSM) are small, stable, neutral
and easily synthesized molecules (624, 625) with anti-bacterial, anti-fungal and anti-
neoplastic activities by selectively delivering exogenous metal ions into metal-deficient
cells (626, 627). Cu?*-ATSM is membrane permeable, selective for hypoxic cells and is
redox inactive, therefore the ligand retains its Cu molecule (624, 628). These properties
are being exploited for its development as a radiotherapeutic agent (629-631) and as a
radiopharmaceutical for PET imaging (632, 633). Cu?*-GTSM can also cross the BBB,
however, once inside the cell it is readily reduced by various cellular reductants and
releases its Cu'* molecule, which is made available for the cell (624, 634, 635).

Treatment of human APPsss-overexpressing CHO cells with Cu?*/Zn?*-BTSC
ligands resulted in increased intracellular metal levels that, in turn, activated Akt/PI3K,
c-Jun N-terminal kinase (JNK) and GSK3 (607). Phosphorylation of these kinases led to
the up-regulation of MMPs, which reduced extracellular levels of Ap (607). Low doses
of Cu**-GTSM were shown to prevent the Ap-inhibition of long-term potentiation
(LTP) in mouse hippocampal brain slices (608). Treatment of SY5Y cells and APP/PS1
mice with Cu?*-GTSM caused an increase in cellular Cu bioavailability, which inhibited
GSK3p and, in turn, decreased the phosphorylation of tau (608). While oral treatment of
APP/PS1 mice with Cu?*-GTSM did not result in improved cognitive performance in
Morris water maze (MWM (636)), it did restore their spatial working memory and
learning, as tested by a three-arm radial maze (Y-maze; (637)), which directly correlated
with decreased AR trimers (608). Reduction in AB oligomeric species was previously
shown to correlate with diminished binding to lipid membranes and neurotoxicity (638).

Other radiopharmaceutical-based compounds being evaluated for treatment of AD
are 1,10-phenanthroline derivatives complexed to platinum (Pt?*). These ligand-PtCl,
planar aromatic complexes are stable, redox inactive and have been designed to bind
and alkylate the imidazole side chains on histidine residues 6, 13 and 14 on A, thereby
competing with metals for AB’s putative metal binding site (639).
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In addition to displacing Cu?" and/or Zn?* from their binding site on ApB, Pt**-
phenanthroline compounds can also change the peptide’s conformation, hinder its
aggregation, inhibit neurotoxicity and reverse synaptotoxicity (639, 640). Yet, these
complexes were found to be unsuited for in vivo testing.

Nonetheless, a novel class of 8-(1H-benzoimidazol-2-yl)-quinoline (8-BQ)-Pt**
complexes has been synthesized, and is currently undergoing in vitro and in vivo pre-
clinical assessments (641). Further evaluation of the lead compound of this Pt?*-8-BQ
series is needed prior to its advanced development as an AD pharmacotherapeutic.

1.5.4 Multi-functional Chelators

Rather than interrupting the detrimental AB-metal interaction by targeting either the
metals themselves or the AP sequence that binds metals, sophisticated ligands have
been rationally designed to target both metals and the metal binding site on AB. Two
such molecules are XH1 (General Hospital Corporation, Charlestown, MA, USA) and
L2-b (Université de la Mediterranée, Marseille, France). Both are bi-functional
compounds with metal-complexing and AB-binding properties (642).

XH1 treatment led to decreased Zn-induced ApPaso aggregates in a human
neuroblastoma cell line, while a 4-week treatment of APP/PS1 mice with XH1 resulted
in a reduction of brain amyloid load (642). L2-b is a small, BBB permeable molecule,
effective at inhibiting metal-triggered AP fibril formation, ROS production and
neurotoxicity, as well as disaggregating pre-formed metal-Ap aggregates and
disassembling AP deposits from human AD brain homogenates (643). There are also
several thioflavin T (ThT) and stilbene derivatives that are currently being optimized
and developed as bi-functional AD diagnostics and/or therapeutics (644, 645).

Recently, Italian (646), Spanish (647) and German (648) scientists have taken this
approach a step further by designing tacrine-based tri-functional agents for the treatment
of AD, which are capable of blocking the enzymatic activity of AChE, able to inhibit
AChE-induced AP aggregation and possess metal chelating and/or antioxidant
activities.

Other examples of multi-functional molecules currently in development for the
treatment of AD, as well as other neurodegenerative diseases, are ladostigil/TV-3326
(Avraham Pharmaceuticals, Tel Aviv-Jaffa, Israel) and M30/VAR10300 (Varinel, West
Chester, PA, USA) (see Fig. 1.5).
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Ladostigil combines the pharmacophore component of rasagiline/azilect (Teva
Pharmaceutical Industries, Petan Tikva, Israel) with the carbamate moiety of
rivastigmine/exelon (649). As a result, ladostigil possesses neuroprotective properties
(reversible cholinesterase inhibition and irreversible monoamine oxidase B (MAO-B)
inhibition), as well as neurorescue abilities via the enhanced expression of brain-derived
neurotrophic factor (BDNF) and glial-derived neurotrophic factor (GDNF), and through
induction of neurogenesis (649, 650). For the synthesis of M30/VAR10300, the
propargylamine moiety of rasagiline/exelon was embedded onto the backbone of the
8-hydroxyquinoline (8-HQ)-derivative VK28/\VAR10100 (Varinel, West Chester, PA,
USA) (651, 652). Amongst its many pharmacological activities, M30/VAR10300 has
been shown to be a Fe chelator, antioxidant and brain selective MAO-A/B inhibitor
(653, 654).

Both ladostigil and M30/VAR10300 also regulate the proteolytic processing of APP
in vitro and in vivo. Treatment of neuronal cell lines and mouse hippocampal slices with
M30/VAR10300 and ladostigil resulted in lower APP and elevated SAPPa levels (655-
659). M30/VAR10300 was also shown to increase o-CTF and to decrease B-CTF and
AB, correspondingly (659). The effects of ladostigil and M30/VAR10300 on APP
metabolism have been attributed to suppression of APP translation, stimulation of the
non-amyloidogenic processing pathway of APP and via the activation of protein kinase
C (PKC), mitogen-activated protein kinase (MAPK) and tyrosine kinase signalling
pathways (655-658).

While M30/VAR10300 is still being investigated pre-clinically, Avraham
Pharmaceuticals (Tel Aviv-Jaffa, Israel) is conducting a randomized, double-blind,
placebo-controlled European Phase Il study with ladostigil (10 mg, once a day for 36
months) in 200 patients diagnosed with MCI subsequent to a completed 26-week long
Phase Il trial with ladostigil in 200 patients with mild to moderate AD, which failed to
meet its primary efficacy endpoints (660).
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Figure 1.5 Pharmacotherapeutic strategies and representative
compounds targeting metal ions for the treatment of AD
Classes of metal-targeting pharmacotherapies and chemical structures of candidate
compounds in each category.
Abbreviations: ATSM, diacetylbis(N*-methylthiosemicarbazone); DFO,
desferrioxamine; GTSM, glyoxalbis(N*-methylthiosemicarbazone)
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1.5.5 Metal-Protein Attenuating Compounds

Metal-protein attenuating compounds (MPACs) have moderate, reversible affinity
towards metals, which enables them to compete with endogenous ligands for metal ions,
target the harmful ‘up stream’ metal-protein reactions and restore normal metal levels in
specific cellular compartments (661). The first-generation series of MPACs were based
on clioquinol (CQ; 5-chloro-7-iodo-8-hydroxyquinoline). CQ is a small and highly
lipophilic molecule (see Table 1.5), which absorbs quickly, can convert to glucuronated
and sulfate metabolites, crosses the BBB and is excreted in urine and feces (662-668).

For decades, CQ (Ciba-Geigy; Basel, Switzerland) was used topically (as an
ointment or cream) in cattle and humans for treatment of congenital or acquired Zn-
deficiencies, and for the treatment of bacterial or fungal dermatological infections (669-
671). CQ was also administered orally as an anti-parasitic/protozoal/microbial for
vaginal trichomonacide, and as prophylactic or therapeutic for amebiasis, shigellosis,
dysentery or diarrhea (672-674); however, its oral preparation was withdrawn from the
market during the 1960s-1970s, due to suspected links to transient global amnesia
(TGA) and sub-acute myelo-optico-neuropathy (SMON) (675-682).

SMON is characterized by abdominal symptoms followed by sensory and motor
disorders in the lower limbs, peripheral neuropathy and visual impairment due to de-
myelation of the spinal cord, optic and peripheral nerves (683). SMON affected people
worldwide; though, it reached near-epidemic proportions in Japan, where even a few
related blindness and death cases were reported (684). At the time, association between
CQ and SMON was circumstantial and no mechanistic relation was established (685).

Later, it was suggested that CQ may transport metals into the CNS, which leads to
neurotoxicity. Early observations indicated that CQ-Fe, but not CQ or Fe alone,
stimulated degeneration of cultured retinal neuroblasts (686) by increasing cellular Fe
levels and promoting lipid peroxidation (687). Enhanced lipid peroxidation with CQ-Fe,
but not CQ alone, was also demonstrated in a sciatic nerve isolated from rabbit (688).
Some researchers suggested CQ-Zn chelate as being the toxic entity (689), while others
proposed that CQ induced Cu deficiency myelopathy, which resembled SMON (690).

However, it is now believed that intake of CQ, at doses far exceeding the
recommended ones and for prolonged periods, together with a post-world war Il
deficient diet, led to a vitamin B12 deficiency that presented as SMON in Japan (691,
692). This is supported by claims that there were no diagnosed SMON cases in Bombay
in the years 1977-1984, despite CQ being widely used in India during that time (693).
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Drug Name Clioquinol (CQ)

IUPAC Nomenclature 5-chloro-7-iodo-8-hydroxyquinoline
Cl
__f'L\-L —
- R TR
Chemical Structure [ I J
_f'/ o, _.-'.ﬁ:-: ", ':-"{:
| -
“-] N
OH
Chemical Formula CoHsCIINO
Molecular Weight 305.5 g/mol
Physiological Charge 0
Hydrogen-Bond Acceptors 2
Hydrogen-Bond Donors 1
Water Solubility 2.64e% g/L
Partition Coefficient logP = 3.66
Distribution Coefficient logD = 3.75
Polar Surface Area (PSA) 33.12
Refractivity 60.13
Polarizability 22.63
State solid (powder)
Colour yellowish
Melting Point 178.5°C

Table 1.5 Physiological and Chemical Properties of CQ
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CQ binds Cu and Zn (2:1 ratio (694-698)) and was shown to exert diverse effects on
these metals (and other biological components) depending on its route of administration
and the in vitro and/or in vivo system in which it was tested in. The well-known
interaction of CQ with Cu and Zn prompted our laboratory to investigate the effects of
CQ on AD-related pathology.

CQ was originally shown to potently disassemble synthetic AB-Cu/Zn aggregates
and solubilise amyloid deposits from postmortem AD brain (699). Subsequently, it was
confirmed that CQ dissolves synthetic AB-Zn aggregates (700, 701), inhibits Cu-
induced di-tyrosine cross-linking of AB and diminishes AB-Cu-mediated hydrogen
peroxide production in a dose-dependent manner (644, 700). Others have demonstrated
that CQ can influence synthetic metal-dependant and independent A aggregation (702-
705) and/or disassembly (705, 706), rescue AP toxicity in neuronal cultures (707),
reduce AP oligomer formation (403) and prevent tau hyperphosphorylation (411) in
stimulated hippocampal slices, as well as prevent Ap-induced LTP inhibition (700).

A pilot study revealed significant reduction in APs in brains of 12-month old
Tg2576 mice orally gavaged with 20 mg CQ/kg/day for 12 weeks (699). In another pre-
clinical trial, the oral administration of 30 mg/kg/day of CQ to 21-month old Tg2576
mice over 9 weeks resulted in the normalization of cerebral Cu and Zn levels, reduction
in hydrogen peroxide synthesis, significant decrease in insoluble AP and increase in
soluble AB, and overall decrease in plaque burden, as compared to control littermates
(699). In both animal studies, not only was there no toxicity reported on a neurological
index, but the CQ-treated mice were physically superior to the sham-treated mice (699).

These results are consistent with two independent studies that showed significant
reduction in the number and area size of cerebral APs in 7 month-old male APP/PS1
mice treated with 30 mg CQ/kg/day for 2 months (708) and in 5 months-old male and
female APP/PS1 mice treated with 6 mg CQ/kg/day for 6 months (709). The former
report found these to be a result of decreased Zn within APs (but not overall brain Zn)
and the attenuation of amyloidogenic processing of APP, with no adverse impact on the
animals’ behavior (708); whilst the later provided evidence of increased plasma AR
levels and myelin-related pathological abnormalities (709).

Extension pre-clinical studies found that CQ does not only affect the brain
biochemistry, but also affects behavior and cognition. While CQ treatment did not
affect the cognitive performance of WT mice, it improved that of female APP/PS1

mice, compared to standard suspension vehicle (SSV)-treated Tg animals (700).
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These data led to clinical assessment of CQ in Phase | (20 or 80 mg/day (n=10 mild
to moderate AD patients, each) for 21 days) and Ila (250 or 375 mg/day (n=3 and 12
moderate to severe AD patients, respectively) versus placebo (n=16) for 36 weeks) trials
(710, 711). CQ intake significantly elevated Zn and lowered AB4z in plasma, and slowed
cognitive decline with no signs of SAEs (710, 711). Advanced clinical studies,
however, were stalled by Good Manufacturing Practice (GMP) difficulties encountered
in preventing a di-iodo-8-hydroxyquinoline contamination during the required larger
scale chemical synthesis for such studies. At the same time, Prana Biotechnology
(Parkville, Melbourne, VIC, Australia) identified PBT2 (2-(dimethylamino) methyl-5,
7-dichloro-8-hydroxyquinoline) as an 8-HQ derivative that lacks iodine, contains an
exocyclic amine, and has higher solubility and increased BBB permeability than CQ
(712). This compound was then extensively screened in a variety of pre-clinical assays.

In vitro, PBT2 has been shown to be more effective than CQ in the dissolution of
synthetic AP-Zn aggregates, inhibition of Cu-induced di-tyrosine cross-linked Af
oligomers and accompanied hydrogen peroxide (H202) production (700). PBT2 was
also able to remove Zn from APs in brain slices of APP/PS1 mice and to prevent Ap-
driven inhibition of LTP in hippocampal slices (700).

Similar to CQ, PBT2 also exhibits a wide range of effects in cultured cells.
Exposure of differentiated PC12 cells to PBT2 markedly increased neurite outgrowth,
which was exaggerated by the co-administration with either Cu or Zn, but abolished
upon addition of metal chelator (NH2).sar (diamsar) (713). Diamsar also prevented the
PBT2-induced elevation in NMDAR 1A sub-unit levels and phosphorylation of GSK3
in SY5Y human neuroblastoma cells (714), suggesting that PBT2’s ability to promote
neuritogenesis and to inhibit the activity of GSK-3 are mediated by metals.

Further investigation has revealed that the drug has a dual mode of action as an AD
therapeutic. PBT2 mobilizes the Zn trapped by extracellular amyloid and chaperones its
uptake into cells, where it increases MMP activity that, consequently, facilitates the
protease degradation of AB. Intracellularly, Zn also inhibits the phosphatase activity of
calcineurin/PP2B, which enables the increased phosphorylation of GSK3 and, in turn,
the reduced phosphorylation of tau (714).

Reduced hyperphosphorylation of tau (by modulating the activity of its kinases and
phosphatases) and enhanced AB degradation are both desired strategies in developing

pharmacotherapeutics for AD (as described in detail in Appendix A).
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In vivo, PBT2 treatment protected Caenorhabditis elegans (C. elegans) nematodes
against Ap-induced paralysis (715) and did not affect WT mice; yet, it had differential
effects on spatial learning and memory, as well as several neuropathological biomarkers
(soluble and insoluble AP species, total and/or phosphorylated soluble and insoluble
tau, and the pre-synaptic marker synaptophysin) in Tg2576 versus APP/PS1 mice (700).
Out of the array of biological indices tested, the rapid and significant decrease in
interstitial fluid AB observed in both Tg mouse strains following PBT2 treatment was
the only one to correlate with the remarkable cognitive improvement (to levels either
equivalent to or greater than WT controls) (700).

In another series of studies in young and old female WT and Tg2576 mice, PBT2
treatment was also shown to elicit a range of synaptotrophic responses, including
restored dendritic spine density and normalized levels of protein markers for synaptic
function and plasticity (713). Administration of PBT2 (30 mg/kg by daily oral gavage
for six weeks) in aged Tg mice that model human tauopathy (141) was recently found to
inactivate GSK3p, significantly reduce NFT burden, increase the number of cortical and
hippocampal neurons and improve cognitive performance, independent of A (716).

PBT2 progressed into human clinical trials, and following a successful Phase I
study, it entered into a randomized, double blind, placebo-controlled, multi-centred, 12-
week long Phase lla trial in 78 mild AD patients. This study demonstrated safety and
tolerability, reduced CSF levels of AB4> and improved neuropsychological test battery
(NBT) executive function in patients taking a daily dose of 250 mg PBT2, as compared
to placebo (717, 718). PBT2 (single daily dose of 250 mg) was later evaluated in an
open-label, extension study to a double blind, placebo-controlled, 12-month Phase I1b
IMAGINE trial, in which it did not show a significant effect on cerebral amyloid load,
brain activity, cognition or function in 40 prodromal or mild AD patients (719).

Subsequent to proof-of-concept studies with both CQ (720, 721) and PBT2 (722),
Prana Biotechnology (Parkville, Melbourne, VIC, Australia) also conducted a
randomized, double-blind, placebo-controlled Phase Il trial (Reach2HD) into the safety
and efficacy of PBT2 (100 or 250 mg once daily for 6 months) in 109 patients with
early- to mid-stage Huntington disease (HD). The treatment was safe and well tolerated,
but did not result in changes in biomarkers, motor abilities, functional or behavioural
capacities; yet, its high dose, did result in statistically significant improvement in a

particular measure of cognitive performance (723).
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Taken together, these data support the notion that the modulation of metals may be
sufficient to significantly alter the onset and/or progression of AD, and may represent a
more potent disease intervention than systemically targeting the production or
degradation of the Ap protein.

While CQ continues to be examined as an imaging agent for AD (724, 725), as well
as a proof-of-principle therapeutic for a wide spectrum of diseases (including PD, HD,
multiple sclerosis (MS), prion diseases, diabetes, cancer and even tuberculosis (TB)
(444, 621, 689, 720, 726-736)), a finer dissection of the mechanism of action of drugs,
such as CQ and PBT2, will enable researchers to better design additional therapeutics

for AD and other diseases.

1.6 Thesis Outline and Aims

This body of work focuses on deepening the understanding of the therapeutic MOA
of CQ in relation to AD with the aim of implementing this knowledge in the research
and development (R&D) of similar compounds for the treatment of AD, as well as other
neurodegenerative diseases.

Chapter 1 provides a critical appraisal of the relevant approaches and pharmaceutics
currently in clinical development for the treatment of AD, with an emphasis on metal-
targeted candidate drugs. This chapter highlights the therapeutic benefits of 8-HQ
derivatives, CQ and PBT2, but also identifies a gap in the understanding of their MOA.
Chapter 2 lists the reagents, general experimental methods and statistical analysis tools
used in the procedures detailed in Chapters 3-5.

Chapter 3 examines the interaction between CQ, metals (Cu and Zn) and A4, using
mouse neuroblastoma cells.

Chapter 4 explores the toxicity of CQ and/or metal ions in an array of cell lines.
Chapter 5 focuses on the relationship between CQ, metals (Cu, Zn and Fe) and AB42 in
mouse primary cortical neuronal cultures.

Chapter 6 summarizes the key findings in this dissertation and discusses their
significance in context of work by the wider scientific community. It includes
concluding remarks and comments on future directions of this work.

Appendix A compliments Chapter 1, as it affords greater insight into the molecular
targets in the development of pharmacotherapeutics for AD.
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Chapter 2

Materials and Methods
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Chapter 2

2.1 Procedures

All tissue culture procedures were conducted, in accordance with good laboratory
practice (GLP) and under sterile conditions, in a Physical Containment Level 2 (PC2)-
accredited Tissue Culture Facility (issued by the Office of Gene Technology Regulator
(OGTR)).

All procurement, transport, storage and use of radioisotopes were carried out in keeping
with a radiation management licence, issued by the Department of Health (Victoria,
Australia).

All other procedures were also GLP-compliant and performed in OGTR-accredited PC2

Laboratories.

2.2 Materials

All chemical reagents were of analytical grade and were purchased from Sigma-Aldrich
(Castle Hill, Sydney, NSW, Australia), unless stated otherwise.

All tissue culture reagents were of tissue culture grade and purchased from Invitrogen
(Mulgrave, Melbourne, VIC, Australia), unless indicated otherwise.

All 1.5 and 2 mL polypropylene tubes were purchased from Eppendorf (North Ryde,
Sydney, NSW, Australia) and all 15 and 50 mL polypropylene tubes were purchased
from Interpath Services (Heidelberg West, Melbourne, VIC, Australia).

All other plastic-ware were purchased from Thermo Fisher Scientific (Scoresby,
Melbourne, VIC, Australia), unless otherwise specified.

Milli-Q® ultrapure water (resistivity > 18.2 MQ.cm at 25 °C), purified by a Milli-Q
Academic System (Merck Millipore; Kilsyth, VIC, Australia), was used in all
experimental procedures.

All buffers and stock solutions were filtered though a 0.22 um membrane (Merck

Millipore; Kilsyth, VIC, Australia) in order to remove particulate matter.
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2.3 Cell culture

The work described in this thesis utilized a variety of neuronal and non-neuronal cell
lines (Chapters 3 and 4), as well as primary neuronal cells (Chapter 5), as in vitro
model systems for investigating different aspects relating to the MOA of CQ.

Clonal cell lines and mouse primary cortical neuronal cells were maintained and treated
at 37 °C in separate 5 % carbon dioxide (CO2)-humidified incubators (Binder;
Tuttlingen, Germany) to prevent cross-contamination.

See individual chapters for description of types of cell lines, procedures for preparation

of primary neuronal cells, and culture conditions.

2.4 Cellular *?°1-CQ uptake studies

Radiolabelled CQ (**1-CQ) was prepared by and purchased from the Australian
Nuclear Science and Technology Organisation (ANSTO; Lucas Heights, Sydney, NSW,
Australia) (737). Since each CQ molecule contains a sole 2| moiety, direct correlation
was made between *?°| radiation measurement and cellular CQ levels.

Using Online Radiation Calculator (http://graphpad.com/quickcalcs/radcalcform.cfm by
GraphPad Software; La Jolla, CA, USA), the isotope decay from the day %°I-CQ was

synthesised until the experimental day was calculated based on the known half-life (t1/)
of the %] isotope being 60 days. The fraction (%) of '%1-CQ remaining from its
original concentration (mCi/mL) and its original specific activity (Ci/mmole) were used
to calculate the concentration of 2°I-CQ stock solution (uM). The %I-CQ stock
solution was diluted in treatment media to the desired final concentration.

On experimental days, growing media was aspirated and confluent cells in well-plates
were briefly rinsed with phosphate-buffered saline (PBS). To study the uptake of CQ,
cells were treated in triplicates with various concentrations of '?°I-CQ, in the absence
and presence of metal ions at different doses. Following different incubation times,
either on ice at 4 °C or in a 5 % carbon dioxide (CO2)-humidified incubator at 37 °C,
treatment media was removed and collected. To stop its uptake and remove any
unbound ?°1-CQ, cells were washed twice with ice-cold PBS, and both washes were
collected. For cell lysis, cells were incubated for 5 minutes at room temperature with
PBS containing 0.15 % (w/v) sodium dodecyl sulphate (SDS). Cell lysates were

harvested by scraping and collected.
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2 mL microtubes (Biocorp; Huntingdale, Melbourne, VIC, Australia) containing: %°I
calibration standard, blanks, controls, original 2°I-CQ stock, experimental stock
solutions, as well as collected treatment media, both PBS washes and cell lysates, were
all placed within individual sample holders in racks and onto a conveyer. Samples were
then robotically lifted into a lead (Pb)-shielded detector and !%l-emitted gamma
radiation was measured (counts per minute; cpm), using WIZARD3® 1480 Automatic
Gamma Counter and Data Analyser Software (PerkinElmer; Glen Waverley,
Melbourne, VIC, Australia).

While this technique proved sensitive and efficient, for reasons beyond the operator’s

control (explained in sections 3.4 and 5.3.4) data was not included in this thesis.

2.5 Preparation of CQ

Since the use of 1%1-CQ (see section 2.4 above) had to be abandoned, “cold” CQ was
used. Due to its physical and chemical properties (listed in Table 1.5), CQ (5-chloro-7-
iodo-8-hydroxy-quinoline; CoHsCIINO) does not dissolve well in water; however, it
dissolves well in organic solvents. Therefore, CQ stock solutions were freshly prepared
by dissolving the drug in dimethyl sulfoxide (DMSO; (CH3).SO/Me,SO).

CQ stock solutions were diluted in DMSO and kept in the dark (due to photosensitivity)
at room temperature until same-day use (due to stability properties). Since DMSO itself
can be harmful to cells, CQ was added to the treatment media, at < 0.5 % (v/v),

immediately prior to cell exposure to desired final concentrations.

2.6 Preparation of metals

Stock solutions of metals were prepared by dissolving metal ions in water (H20).
Following their initial preparation, the actual (as oppose to theoretical) concentrations
of metals in stock solutions were determined by inductively-coupled plasma mass
spectrometry (ICPMS; see section 2.8 below).

Metal stock solutions were stored at 4 °C and were periodically monitored by ICPMS.
Metal ion stock solutions were diluted in water and added, at the desired final

concentrations, to treatment media immediately prior to cell exposure.
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2.7 Preparation of A

Human ApPi142 (here on referred to as APs2; molecular weight 4514 g/mol) was
synthesised, purified, characterized by and purchased from The Keck Biotechnology
Resource Laboratory (Yale University; New Haven, CT, USA).

2.8 Metal analysis

Initially, cellular Cu levels were analysed by atomic absorption spectrometry (AAS),
using an AA240 Spectrometer (Varian; Mulgrave, Melbourne, VIC, Australia) with a
graphite tube electrothermal atomizer (378).

However, due to the limitation of measuring one metal ion per sample and other
technical difficulties, this method was replaced by ICPMS. ICPMS is a highly sensitive
and accurate technique for multi-elemental quantification to a resolution of parts per
billion (ppb).

To determine the cellular levels of Cu, Zn, Fe, | and other elements, different sample
preparation procedures, instrument models, calibration measures, operating modes and

data analysis software were used (see sections 3.2.8, 5.2.7 and 5.2.8).

2.9 AP analysis

Originally, cellular AB levels were detected, using 4-12 % NuPAGE® Novex® Bis-Tris
polyacrylamide gel electrophoresis (Invitrogen; Mulgrave, Melbourne, VIC, Australia)
and analysed by Western blot (700), however results were found to vary.

Instead, DELFIA® Double Antibody Capture Enzyme-Linked Immunosorbent Assay
(ELISA) was utilized (436, 738, 739). This method was found to be more sensitive and
consistent than PAGE.

To quantify the cellular AB concentrations, different sample preparation procedures,

antibodies and operating modes were used (see sections 3.2.10 and 5.2.9).
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2.10 Toxicity assays

All toxicity assays were carried out according to individual manufacturer’s protocols.
Neuronal and non-neuronal cell lines, as well as mouse primary cortical neuronal cells,
were treated with CQ, metal ions and/or AP (see sections 4.2.4 and 5.2.5, respectively).
Each assay included a blank (i.e., media alone without cells) to account for background
absorbance in the media, and a low control (i.e., untreated cells) to establish the basal
intra- or extra-cellular activity.

All incubations were performed at 37 °C in a 5 % carbon dioxide (CO2)-humidified
incubator.

All absorbance measures (0.1 seconds) were performed, using BioTek’s PowerWave
Microplate Spectrophotometer and Gen5™ Data Analysis Software (Millennium
Science; Mulgrave, Melbourne, VIC, Australia). Primary absorbance measurements
were corrected for reference absorbance readings, and the average blank absorbance
values were subtracted from those of all treatments and controls.

2.10.1 CCK-8 assay

The highly stable and water-soluble, yellow-coloured 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium salt (WST-8) is reduced by
cellular dehydrogenase activity, through electron mediator 1-methoxy phenazine
methosulphate (PMS), and generates a soluble, orange-colour formazan dye (740). This
measurable colour change (as a surrogate for the number of live cells) was assessed,
using the Cell Counting Kit (CCK)-8 (Dojindo Laboratories; Kumamoto, Japan).

In principal, post treatment, media was aspirated and replaced with media containing

10 % (v/v) CCK-8. Following further 1-2 hour incubation, aliquots of media containing
CCK-8, were transferred to corresponding wells in 96-well micro-titre plates and their
absorbance was measured at 450 nm wavelength.

Percentage cell viability was ascertained by normalizing the average absorbance values
of treated cells to the average absorbance values of untreated cells, which were used as
positive control and set at 100 %.
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2.10.2 MTT assay

An assay aimed at measuring the metabolic activity of mitochondrial dehydrogenase
and oxidoreductase enzymes, which reduce the yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to its insoluble, purple-coloured formazan crystals.
The formazan precipitates are solubilised and the absorbance of the coloured solution is
measured spectrophotometrically, which correlates to the number of viable cells (741,
742). Since the cells are lysed in this process, the MTT assay does not allow further
analysis of the cells to be conducted.

Post treatment, media was aspirated to remove traces of coloured compounds (that may
increase background absorbance and decrease the assay’s sensitivity) and metal ions
(which can chelate to the formazan) and replaced with media, containing 10 % (v/v)
reconstituted MTT (3 mg/mL in PBS). Following additional two-hour incubation, MTT-
containing media was aspirated, the formazan precipitates were dissolved in DMSO,
aliquots of the coloured solution were transferred to corresponding wells in 96-well
microplates and their absorbance was measured at 570 nm and 690 nm (background)
wavelengths.

Percentage cell viability (via mitochondrial function) was calculated by comparing the

average absorbance readings of treated cells to untreated cells (i.e., 100 % live cells).

2.10.3 MTS assay

Similar to the MTT assay, the MTS is a colourimetric test that reflects enzymatic
activity in living, proliferating cells. In the presence of PMS, the water-soluble 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt (MTS) produces a formazan end product (743).

The lack for an intermediate solubilisation step in the MTS, as opposed to the MTT,
assay renders it more convenient (i.e., simpler and faster); however, it also increases the
susceptibility to colourimetric and other interference from residual material, which may
affect its accuracy and reliability.

Post three-hour treatment, media was aspirated and replaced with media, containing
10 % (v/v) CellTiter 96® AQueous One Solution Reagent (Promega; Alexandria,
Sydney, NSW, Australia). Following further two-hour incubation, aliquots of
supernatant were transferred to corresponding wells in 96-well micro-titre plates and

absorbance was measured at 492 nm and 690 nm (reference) wavelengths.
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MTS reduction was quantified as a marker of cellular survival by standardising the
average absorbance measures of treated with those of untreated cells (considered as
100 % viable).

2.10.4 LDH assay

Lactate dehydrogenase (LDH) is a ubiquitous and stable cytoplasmic enzyme that
catalytically converts pyruvate, the final product of glycolysis, into lactate; coupled by
the oxidation of nicotinamide adenine dinucleotide (NADH) into its NAD* form.

The LDH assay detects compromised membrane integrity and cell lysis by measuring
the activity of LDH released from the cytosol of damaged or dying cells into the culture
milieu (744). The increase in LDH enzymatic activity in the cell culture supernatant is
relative to the amount of water-soluble, red formazan formed by catalyst cleavage of the
yellow 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT)
and, thus, to the level of cell toxicity. In this manner, the LDH assay allows repeated
sample of the media over time.

The extracellular LDH activity was assessed, using the Cytotoxicity Detection Kit
(Roche; Hawthorn, Melbourne, VIC, Australia). In brief, following treatment, 48-well
plates were centrifuged at 200 x g for 5 minutes at 4 °C to remove cells and cell debris
from the serum-free media. Subsequently, aliquots of supernatant were transferred into
corresponding wells in 96-well plates. Supernatant in each well was then diluted 1:2 in
freshly prepared reaction mixture (1:45 ratio), consisting of reconstituted catalyst
(diaphorase/NAD* mix) and dye solution (INT and sodium lactate). Microplates were
shaken briefly and incubated for 30-45 minutes in the dark at room temperature. The
absorbance of the coloured solution was measured at 490 nm and 630 nm (background)
wavelengths.

In addition to the blank and low control (described in section 2.10), the LDH assay also
included a high control (i.e., cells lysed with 2 % (v/v) Triton X-100 detergent) in order
to establish the maximal LDH efflux into the media.

Percentage of cellular toxicity (proportional to LDH activity release) was expressed,

using the following equation: Cytotoxicity (%) = (sample — low control) x 100

(high control — low control)
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2.11 Bibliography software

Thomson Reuters EndNote X.8® Software was used to cite references appropriately in

this dissertation.

2.12 Statistical analysis

All analyses described in this thesis comprised of 3-4 samples per treatment (n > 3) and
a sample size of two or more independent experiments (N > 2).

Since each data set consisted of, at least, three unmatched groups (i.e. treatments), one-
way analysis of variance (ANOVA) with a post-hoc test was performed. ANOVA with
Dunnett’s post-test was used to compare the means of all groups to the mean of the
vehicle control. ANOVA with Tukey’s post-test was used to compare the means of all
groups to each other.

Where indicated, differences between means of two specific groups were identified by
an unpaired Student’s t-test, assuming unequal variance.

Means were determined to be significantly different when the probability value was
equal to or less that 0.05 (p < 0.05).

GraphPad Prism® version 5.01 Software (San Diego, CA, USA) was used for to plot the
data into tables and graphs, as well as for statistical data analysis. In all figures, data

points represent average means and bars represent standard error of the means (S.E.M).
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Chapter 3

3.1 Introduction

As AD is becoming a global epidemic and the handful of FDA-approved
medications for AD provides all but symptomatic relief to patients, the need for disease-
modifying drugs (DMDs) is greater than ever. Based on the widely-accepted “amyloid
hypothesis”, scientists all over the world have been devoting a great deal of effort and
funds to the discovery, research, pre-clinical and clinical development of experimental
drugs that target different aspects of the tau and/or AP proteins (see sections and Tables
1.2 - 1.3, as well as Appendix A). Yet, all of these pharmacotherapeutics, including
those that have reached advanced large-scaled human studies, have so far failed
regardless of which class of drugs they belong to. Regrettably, one by one
pharmaceutical companies have had to terminate the R&D of their lead candidates;
some due to safety concerns and most due to lack of efficacy in humans.

These discouraging outcomes suggest one or more of the following possibilities: the
investigational drugs tested so far did not target the pathological or toxic species of tau
and/or A, the current design of AD clinical trials does not allow the appropriate testing
of “the amyloid hypothesis”, or that “the amyloid hypothesis” does not (fully) explain
the root cause of AD. If the latter one is true, there is a need for an alternative and/or
complementary theory as to the underlying cause of AD and the identification of novel
drug targets, which may still affect AB and/or tau indirectly.

One of many theories on AD pathogenesis, “the metal hypothesis” (545, 546), is
based on a large and continually growing body of evidence of metal dyshomeostasis in
AD (as detailed in section 1.4), as well as other neurodegenerative diseases (291-298).
Our laboratory has been developing MPACs and other classes of DMDs aimed at
preventing the binding of metals to pathologically-linked proteins and restoring metal
homeostasis for the treatment AD and several other diseases (refer to section 1.5.5).

CQ is small, lipophilic, orally bioavailable, BBB-permeable and able to bind
divalent metal ions with moderate affinity (see section 1.5.5, including Table 1.5).
Owing to these properties, CQ was chosen as an archetype MPAC (PBT1; Prana
Biotechnology, Parkville, Melbourne, Victoria, Australia) and tested, by us and by

others, as a potential therapeutic for various diseases, including AD.
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As proof-of-principle, our group has shown that CQ inhibits metal-induced AB
aggregation and toxicity in vitro (479, 700). Subsequent studies found that CQ also
prevents and rescues AB-mediated toxicity in cultured astrocytes (707) and neuronal
cells (549), respectively. It was later demonstrated that administration of CQ led to
decreased amyloid burden in brains of Tg2576 (699) and APP/PS1 mice (708, 709), as
well as improved cognitive performance (700).

In human studies, CQ treatment of two FAD patients was reported to stop further
cognitive deterioration and improve brain glucose metabolism (745). CQ given to small
cohorts of LOAD patients in early-stage clinical trials also led to a slowing of cognitive
decline, which was accompanied by increased plasma Zn and decreased plasma ApPaz
levels, but had no effect on plasma Cu or CSF AP levels (710, 711). Further clinical
development of CQ was discontinued due to manufacturing impurities; however, its
MOA remains of great interest as it affects the ongoing R&D of more advanced 8-HQs,
such as PBT2 (700, 713, 714, 717, 718).

CQ is referred to as a conventional metal chelator; yet, pre-clinical and clinical data
indicate that CQ affects not only several metal ions, but also an array of biological
molecules (746-751). While the mechanism(s) by which CQ exerts these effects remain
poorly understood, it is unlikely that CQ acts as a mere chelator. The complex MOA of
CQ is evident as different effects of the drug on metals and/or Ap have been reported in
a variety of AD models. Equally important, and still unexplored, is the effect(s) of metal
ions and/or Ap on CQ.

Answering this question is difficult as CQ has poor solubility in neutral aqueous
solutions, it adsorbs strongly onto various surfaces, and its structure does not allow it to
be biotin-labelled or fluorescently tagged. Moreover, since marked differences were
observed between 8-HQ, CQ (5-chloro-7-iodo-8-HQ) and PBT2 (2-(dimethylamino)
methyl-5, 7-dichloro-8-HQ) and other 8-HQ derivatives (700, 714, 751-753), any
change to the structure of CQ may affect its activity.

In the past, the levels of CQ and its metabolites in biological samples, as well its
pharmacokinetics (PK) (i.e., absorption, distribution, metabolism and excretion;
ADME) in animals and humans, were determined by using gas-liquid chromatography
(GLC) (754), gas chromatography mass spectroscopy (GC-MS) (662, 666, 755, 756),
high-performance liquid chromatography (HPLC) (667, 668, 711, 757, 758), or carbon
14 and/or iodine 123, 125 or 131-radiolabelled CQ (**C-CQ and %125131.CQ) (663,
664, 759-763).
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In recent years, our research team established that the binding affinity of %1-CQ
(737) to synthetic and brain-derived AB-Zn aggregates occurs in a saturated manner,
and determined the PK of CQ in Tg2576 mice compared to WT mice (763). In addition,
Dr. Opazo C. and Dr. Bellingham S. in our laboratory set to utilize *1-CQ in order to
investigate the interplay between CQ, metals and AP in an Neuro-2a (N2a) mouse
neuroblastoma cell line (described in section 3.2.1).

In pilot experiments, N2a cells were incubated for an hour with 100 pM *?°I-CQ in
the absence or presence of several metals (10 uM) in Locke’s buffer (pH 7.4; as per
section 2.4). Under these conditions, it was found that levels of ?°I-CQ in N2a cell
lysates were significantly higher in the presence of CuCl, and ZnCl,, but not in the
presence of AgNOs or FeSO4, compared to 121-CQ alone (depicted in Fig. 3.1.1).
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Figure 3.1.1 Effect of metals on the levels of CQ in N2a cells

Exposure to 11-CQ in the presence of CuCl, and ZnCl, selectively induced an increase
in the levels of 1%1-CQ in N2a cell lysates, compared to ?°I-CQ alone.

ANOVA; ***p < 0.001, compared to basal. Bars represent mean + S E.M, n =5
(Modified from Bellingham S. et. al., unpublished data).

The experiments described in this chapter were designed to further investigate the
interplay between CQ and metals (Cu and Zn), as well as AR, using a similar

experimental set-up in a continuing effort to elucidate the MOA of CQ.
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3.2 Experimental Methods

3.2.1 Cell line and culture conditions
The Neuro-2a (N2a) clone was established in 1967 by Klebe and Ruddle from a

spontaneous tumour in a strain A albino mouse (764). N2a cells are morphologically
rounded with extended neurite-like processes and are known to contain substantial
amount of microtubules and filaments.

Mouse NZ2a neuroblastoma cells were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). Cells were cultured in Dulbecco's Modified
Eagle’s Medium (DMEM) containing GlutaMAX™ (stabilized L-alanyl-L-glutamine di-
peptide; 4 mM), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 25 mM)
and high D-glucose (25 mM), which was supplemented with 10 % (v/v) heat-inactivated
foetal calf serum (FCS) (Bovogen Biologicals; Essendon, Melbourne, VIC, Australia)
and penicillin (100 units/mL)/streptomycin sulphate (100 ug/mL) antibiotic agents.
Upon reaching confluence, cells were sub-cultivated (i.e., dispersed by 0.25 % (w/v)
trypsin/0.2 % (w/v) EDTA solution and re-seeded) 2-3 times per week at a 1:10-1:15

(v/v) ratio.

3.2.2 Preparation of Locke’s buffer

To avoid any metal chelation by components of culture media (section 3.2.1 above),
serum-free and neutral (pH 7.4) Locke’s buffer was used as the experimental media.
Locke’s buffer consisted of: 154 mM sodium chloride (NaCl), 5.6 mM potassium
chloride (KCI), 2.3 mM calcium chloride (CaCl;), 1 mM magnesium chloride (MgCl.),
3.6 mM sodium bicarbonate (NaHCO3z), 5 mM glucose and 5 mM HEPES.

Locke’s buffer was stored at 4 °C and, prior to experimental use, was heated to 37 °C in

a water bath.

3.2.3 Preparation of CQ
1 mM CQ stock solutions were freshly prepared by dissolving the drug in DMSO.

Serial dilution in DMSO was performed in order to reach a concentration of 100 nM.
According to preliminary data (see Fig. 3.1.1), CQ was added to Locke’s buffer
immediately prior to exposure of N2a cells at a final concentration of 100 pM.
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3.2.4 Preparation of metals

1 mM copper glycine stock solution was prepared by dissolving cupric chloride
(CuCl>) and glycine (1:6 molar ratio) in water (765).
2 mM stock solution of Zn was prepared by dissolving zinc chloride (ZnCl2) in water.
Metal ions were added to Locke’s buffer immediately prior to exposure of N2a cells at a

final concentration of 10 uM.

3.2.5 Preparation of soluble AB

Following an established method (639), lyophilised AP powder was equilibrated
from -80 °C to room temperature for 30 minutes to minimize condensation. The peptide
was weighed on a microbalance, dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
aligouted (~0.3 mg/mL) into 1.5 mL tubes and air-dried at room temperature for two
hours to remove any pre-formed aggregated material. Excess HFIP was evaporated by
vacuum centrifugation for 30 minutes. Aliquots were then stored at -20 °C.

On experimental days, AP42 films were thawed on ice, re-suspended in 20 mM
sodium hydroxide (NaOH; 1:2 w/v) and briefly mixed, using a vortex instrument. The
NaOH-AB42 mixture was diluted 1:4 (v/v) in Dulbecco’s PBS (DPBS; PBS with 0.9
mM calcium chloride (CaClz) and 0.5 mM magnesium chloride (MgCl2); pH 7.4). The
A4 solution was briefly mixed, using a vortex instrument, followed by sonication in
an ice-containing Ultrasonic Cleaner (Unisonics; Brookvale, Sydney, NSW, Australia)
for 10 minutes and centrifugation at 16,000 x g for 15 minutes at 4 °C to remove any
aggregates. The supernatant was transferred to a 1.5 mL tube and placed on ice.

To determine the soluble AB4. stock concentration, an aliquot of the supernatant was
diluted 1:50 (v/v) in PBS (pH 7.4; at room temperature), mixed and transferred into a 1
cm quartz cuvette. Triplicate absorbance measurements (optical density units; OD) were
performed at 214 nm wavelength, using Lambda 25 UV/Vis Spectrophotometer and
WinLab Software (PerkinElmer; Glen Waverley, Melbourne, VIC, Australia). Average
A4z content (ng/uL) was corrected for background signal (i.e., PBS blank) and the
molar concentration of AP42 was calculated, using Lambert-Beer’s law:

Az14nm % dilution factor (= 50) / molar extinction coefficient (= 75887 litre/mole/cm)
Based on the APs2 concentration, the volumes required for treating N2a cells with
soluble AB4. at a final concentration of 10 uM or for preparing stock solutions of

aggregated A4z (see section 3.2.6 below), with and without metals, were calculated.
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3.2.6 Preparation of aggregated AB and AB-metal complexes

In order to prepare stock solutions of self-aggregated AB42 and aggregated metal-
ABa2 complexes (~100-180 uM), AP42 was prepared as described above in section 3.2.5
and respectively incubated alone or together with either CuCl, or ZnCl> (1:1 molar ratio
in PBS; pH 7.4) overnight at 37 °C on a rotating wheel. The following day, 2 mL tubes
were centrifuged at 16,000 x g for 15 minutes at 4 °C, supernatants were discarded of
and pellets, containing ABs2 and metal-AB42 aggregates, were re-suspended in original
volume of PBS.

Aggregated AB42 and metal-AB42 complexes were kept on ice until added to Locke’s

buffer immediately prior to exposure of N2a cells at a final concentration of 10 uM.

3.2.7 Pharmacokinetic assays

For all experimental procedures described in this chapter, N2a cells were seeded in

75 cm? flasks at a density of 1 x10° cells/cm? (determined by a haemocytometer and
trypan blue staining) and grown for 3-4 days until reaching ~85-90 % confluence.
On experimental days, culture media was aspirated and cells were rinsed with PBS,
prior to incubation in triplicates with a variety of treatments or with vehicle control
(equal volumes of water and DMSO as treatments) at 37 °C in a 5 % carbon dioxide
(CO2)-humidified incubator.

For uptake experiments (see sections 3.3.1-3.3.4), N2a cells were incubated for an
hour with Locke’s buffer, containing either vehicle control, 100 pM CQ or 10 uM:
soluble ABa42 (Sol. AB42), CuCl,, ZnCly, soluble ABa4. together with either CuCl> or
ZnCl; (1:1 molar ratio), pre-aggregated ABs2 (Agg. APs2), and either pre-aggregated
Cu-Apa42 or Zn-AB42 (1:1 molar ratio) — in the absence and presence of 100 pM CQ.

For endocytosis/exocytosis inhibition experiments (refer to sections 3.3.5-3.3.8),
N2a cells were pre-incubated for two hours with Locke’s buffer, containing either
vehicle control or 20 uM nocodazole, and subsequently co-incubated for a further hour
with Locke’s buffer, containing either 100 pM CQ alone or together with 10 uM:
soluble AB42 (Sol. AB42), CuClz, ZnCly, soluble ABs. together with either CuClz or
ZnCl; (1:1 molar ratio), pre-aggregated ABa2 (Agg. APs2), and either pre-aggregated
Cu-ABa2 or Zn-AB42 (1:1 molar ratio) — in the continuing absence and presence of

20 uM nocodazole.
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For lysosomal/autophagy inhibition experiments (see sections 3.3.9-3.3.15), N2a
cells were pre-incubated for two hours with Locke’s buffer, containing either vehicle
control or 3-methyladenine (3-MA; 5mM) and ammonium chloride (NH4Cl; 20 mM).
Then, cells were co-incubated for a further hour with Locke’s buffer, containing
100 pM CQ alone or 10 uM of: soluble AB42 (Sol. ABs2), CuClz, ZnCly, soluble ABa.
together with either CuCl2 or ZnCl, (1:1 molar ratio), pre-aggregated ABa2 (Agg. APa42),
and either pre-aggregated Cu-ABa42 or Zn-AP42 (1:1 molar ratio) — in the absence and
presence of 100 pM CQ, and the continuing absence or presence of 5 mM 3-MA and
20 mM ammonium chloride (NH4CI).

Following incubation in these three types of pharmacokinetic assays, treatment
media was aspirated and cells were rinsed with ice-cold Locke’s buffer. Cells were then
incubated with 0.25 % (w/v) trypsin/0.2 % (w/v) EDTA solution for 2 minutes at 37 °C
in a 5 % carbon dioxide (CO2)-humidified incubator to remove membrane-bound
material and disperse cells. Cell detachment was verified, using an inverted microscope.
To stop the reaction, ice-cold Locke’s buffer was added to the flasks and cells were
harvested into 15 mL tubes, using a rubber-bladed cell scraper (Sigma-Aldrich; Castle
Hill, Sydney, NSW, Australia). To remove cell debris and/or un-bound material, the cell
suspension was centrifuged at 1,200 x g for 5 minutes at 4 °C and supernatant was
discarded. The cell pellets were immediately frozen and stored at -80 °C.

Cell pellets were later thawed on ice and re-suspended in ice-cold PBS with added
EDTA-free protease inhibitor cocktail (Roche; Hawthorn, Melbourne, VIC, Australia).
Cell suspensions were transferred into 1.5 mL tubes on ice and manually homogenised,
using a 25 gauge needle. Aliquots of the cell lysates were re-frozen and stored at -80 °C,
until analyses were performed.

To assess the cellular uptake of AB and metals (as oppose to material that may still
be bound to the outer cell membrane even after several washes post treatment), N2a
lysates were fractionated in a step-wise centrifugation process. In order to separate the
nuclear fraction (whole cells and nuclei), the remainder cell lysates were centrifuged at
1,000 x g for 10 minutes at 4 °C and the supernatants transferred into 2 mL ultra-
centrifuge tubes. The post-nuclear supernatant fractions were then centrifuged at
100,000 x g for an hour at 4 °C, using an Optima MAX-E Ultracentrifuge (Beckman
Coulter; Lane Cove, Sydney, NSW, Australia). Pellets (containing microsomal
fractions) and supernatants (containing soluble cytosolic fractions) were immediately

frozen and stored at -80 °C, until analyses were performed.
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3.2.8 Protein analysis using BSA assay

The widely-used bicinchoninic acid (BCA) protein assay (766) is based on the
reduction of Cu®* by peptide bonds in an alkaline environment (known as the biuret
reaction), and the coordination of Cul* by BCA (1:2 molar ratio). This results in a
colourimetric reaction (colour changes from pale blue to deep purple), which can be
spectrophotometrically detected and exhibits high linearity with protein concentrations
near 562 nm absorbance wavelength.

Cellular protein levels were determined, using the Pierce™ BCA™ Protein Assay
Kit (Thermo Fisher Scientific; Scoresby, Melbourne, VIC, Australia), according to the
manufacturer’s instructions. In brief, an Albumin Standard ampoule (2 mg/mL bovine
serum albumin (BSA)) was serially diluted in order to create a standard curve of known
concentrations (0.05-2 mg/mL). Samples (100,000 x g supernatant; i.e., cytosolic N2a
fractions) were thawed on ice, diluted 1:1 (v/v) in water and centrifuged at 13,000
revolutions per minute (rpm) for 15 seconds at room temperature.

BCA standards and samples were pipetted onto a 96-well microplate. Working BCA
reagent A (BCA in 0.1 M sodium hydroxide (NaOH)) and reagent B (consisting of 4 %
(w/v) copper sulphate (CuSQOgs) in water) were combined at a 50:1 (v/v) ratio and mixed
for 5-10 seconds, using a vortex instrument. Using a multi-pipette, the BCA reagent
mixture was added to the BCA standards and samples at a 20:1 (v/v) ratio. Microplate
was covered in foil and incubated at 60 °C for 25 minutes. Microplate was subsequently
removed from the incubator and equilibrated to room temperature for 5 minutes, prior to
being placed in BioTek’s PowerWave Microplate Spectrophotometer (Millennium
Science; Mulgrave, Melbourne, VIC, Australia) and shaken for 3 seconds.

For each sample, triplicate absorbance measurements (optical density units; OD)
were performed at 540 nm wavelength. Using Gen5™ Data Analysis Software
(Millennium Science; Mulgrave, Melbourne, VIC, Australia), the protein content
(mg/mL) in each sample was corrected for background signal/blank (i.e., BCA working
solutions mix only) and for dilution factor (i.e., 2), extrapolated from the linear curve

fit, and average of triplicate readings was calculated.
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3.2.9 Metal analysis using ICPMS

To determine the Cu and Zn levels in control and treated N2a cells, aliquots of the
100,000 x g supernatant fractions were diluted in 1 % (v/v) nitric acid (HNOs; Merck;
Kilsyth, VIC, Australia) at a 1:10 (v/v) ratio (the minimum dilution needed to overcome
matrix interference with the instrument).

ICPMS measurements of *>’Fe, ®Cu, %Zn and other isotopes were performed, using
an Ultramass 700 Spectrometer (Varian; Mulgrave, Melbourne, VIC, Australia) under
operating conditions suitable for routine multi-element analysis: peak-hopping scan
mode, 1 point per peak, 50 scans per replicate, 0.163 seconds per scan, 3 replicates per
sample. Plasma gas (Argon) and auxiliary flow rates of 15 and 1.5 litre per minute,
respectively. Rr power was 1.2 KW. Samples were introduced, using a concentric glass
nebulizer, at a flow rate of 0.92 litres per minute.

The instrument was calibrated, using a certified multi-element ICPMS standard
solution (ICPMS-CAL2-1, AccuStandard; New Haven, CT, USA), containing 0, 10, 50
and 100 parts per billion (ppb) of the elements of interest in 1 % (v/v) nitric acid. A
certified internal standard solution (ICPMS-1S-MIX1-1, AccuStandard; New Haven,
CT, USA), containing 100 ppb of Yttrium (3Y), was added as an internal matrix and
instrument performance control.

Sample measurements were usually above the ICPMS detection limits; however, in
samples that contained metal levels (mainly pertaining to Cu) close to or below the
detection limits of the instrument, the values were corrected to zero.

WinMass™ Software for ICPMS (Varian; Mulgrave, Melbourne, VIC, Australia) was
used for data analysis and for conversion of metal concentrations from ppb to uM, using
the following formula:

(umol/L) = [(raw ppb value) x (dilution factor; 10)] / (molecular weight of the element)
Cellular metal levels (umol/L) were then normalised to corresponding protein levels
(g/L; as determined by BCA assay described in section 3.2.8), and are expressed as the

fold change relative to metal concentrations in vehicle-treated N2a cells (set at 100 %).
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3.2.10 AP analysis using double antibody capture ELISA

To determine the APs levels in N2a cells, C384-well OptiPlate microplates
(Greiner; Frickenhausen, Germany) were coated with G2-11 capture antibody
(monoclonal 1gG1 antibody with high binding affinity and specificity towards the
C-terminal of ABa2 (767); 0.02 ug/uL in a carbonate buffer (15 mM sodium carbonate
(Na2CO3) and 35 mM sodium bicarbonate (NaHCO3); pH 9.6)), at a final concentration
of 0.5 ug/well. Microplates were incubated overnight at 4 °C.

The following day, plates were washed with PBS, containing 0.05 % (v/v)
Tween-20 (PBS-T; pH 7.4), in order to remove any un-bound antibody. To prevent non-
specific binding, plates were incubated with blocking buffer (pH 7.4), consisting of
3.5 % (w/v) superblock (Thermo Fisher Scientific; Scoresby, Melbourne, VIC,
Australia) in PBS-T, for one hour at room temperature. Plates were again washed with
PBS-T, followed by the addition of biotin-labelled WO0-2 detection antibody
(monoclonal 1gG2a antibody that binds to ABs.s (767); 2 ng/uL in blocking buffer), at a
final concentration of 20 ng/well.

A4, standards and samples (aliquots of 100,000 x g supernatants), diluted 1:4 (v/v)
in guanidine hydrochloride (final concentration of 0.5 M), were added in triplicates and
the plates were incubated overnight at 4° C. Microplates were then washed with PBS-T
to remove any un-bound peptide. Next, streptavidin-labelled Europium (PerkinElmer;
Glen Waverley, Melbourne, VIC, Australia), diluted 1:1000 (v/v) in blocking buffer,
was added and the plates were incubated for an hour at room temperature. Microplates
were subsequently washed with PBS-T, prior to the addition of an enhancement solution
(PerkinElmer; Glen Waverley, Melbourne, VIC, Australia), in order to detect the bound
antibody.

Spectroscopic measurements (optical density units; OD) were performed at 340 nm
excitation and 613 nm emission wavelengths, using a WALLAC Victor? 1420
Multilabel Plate Reader (PerkinElmer; Glen Waverley, Melbourne, VIC, Australia).
AP levels were above the detection limit of the assay and their quantification was
calibrated against peptide standards, after subtraction of background fluorescence in the
absence of sample (i.e., blank). Cellular ABa4. levels (pmol/mL) were normalised to the
cellular protein levels (mg/mL; as determined by BCA assay described in section 3.2.8)
and are expressed relative to AB42 concentrations in vehicle-treated mouse N2a cells (set

at 0% since the antibodies used in this procedure specifically identify human Ap).
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3.3 Experimental Results
3.3.1 Effect of CQ and/or A on the cellular uptake of Cu

The Cu-promoted uptake of CQ into N2a cells (illustrated in Fig. 3.1.1) prompted
an examination into the reciprocal effect of CQ on the cellular uptake of Cu. Thus, the
uptake of CuCl; into N2a cells was studied on its own, with soluble AB42 or as pre-
aggregated Cu-Apas2 complexes, in the absence and presence of CQ (refer to section
3.2.7). Concomitant incubation of CuCl> with soluble AB4> was performed to try and
imitate toxic Cu-derived diffusible ligands (CuDDLs) (554, 768, 769), while pre-
aggregated Cu-APs2 complexes were used to emulate Cu-enriched amyloid plaques
(APs) (359, 395-397).

Following one-hour incubation in Locke’s buffer, Cu levels in N2a cells treated with
CQ alone or with soluble AB4z, in the absence and presence of CQ, were not different to
each other or to Cu levels in vehicle-treated N2a cells (Fig. 3.3.1). Therefore, it can be
deduced that AB and/or CQ do not modulate endogenous neuronal Cu levels.

As expected, significant Cu uptake was observed in N2a cells treated with CuCly,
both in the absence and presence of CQ, compared to vehicle-treated N2a cells (~5 fold
increase; Fig. 3.3.1). Yet, this significant Cu uptake was similar in N2a cells treated
with CuCl; in the absence, as compared to in the presence, of CQ (Fig. 3.3.1).

The rapid Cu uptake suggests that Cu enters neuronal cells by an active transport
mechanism that is unrelated to CQ.

Interestingly, significant Cu uptake occurred in N2a cells co-treated with CuCl, and
soluble ABa2; not only compared to vehicle-treated N2a cells, but also compared to N2a
cells treated with CuCl alone (~6.5 and 1.5 fold increase, respectively; Fig. 3.3.1).
Significant Cu uptake, compared to vehicle-treated N2a cells, was also detected in N2a
cells co-treated with CuClz and soluble AB4z in the presence of CQ; however, Cu uptake
was considerably diminished in N2a cells treated with CuCl> and soluble ABa4 in the
presence, compared to the absence, of CQ (~1.5 fold decrease; Fig. 3.3.1). In fact, Cu
uptake into N2a cells treated with CuCl> and CQ, in the presence of soluble AB42, was
comparable to Cu uptake in N2a cells treated with CuCl,, with and without CQ, in the
absence of soluble ABa4. (Fig. 3.3.1).

Together, these data confirmed that soluble AB interacts with Cu and impacts on Cu

uptake into neuronal cells, while CQ may sequester Cu in the presence of soluble AB.
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Figure 3.3.1 Effect of CQ and/or Ag on the uptake of Cu into N2a cells
Exposure of N2a cells to CuClz, with and without CQ, resulted in significant Cu uptake,
which was further potentiated by soluble Aps (Sol. Afs). However, addition of CQ
suppressed the soluble Afs-induced Cu uptake to levels comparable to those of N2a
cells exposed to CuClz, with or without CQ.

The opposite effect was observed when Cu was complexes to aggregated ApSs (Agg.
Aps2). Exposure of N2a cells to pre-aggregated Cu-Aps. did not result in significant Cu
uptake; but, addition of CQ resulted in significant Cu uptake.

ANOVA with Tukey post-hoc test;

***pn < 0.001 compared to vehicle; ###p < 0.001 compared to CuClz; p < 0.001

Bars represent mean £ S.E.M, n >3
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Following one hour incubation in Locke’s buffer, Cu levels in N2a cells treated with

pre-aggregated AP, in the absence and presence of CQ, were no different to each other
or to Cu levels in vehicle-treated N2a cells (Fig. 3.3.1).
Cu levels in N2a cells treated with pre-aggregated Cu-AP42> complexes in the absence of
CQ were also similar to vehicle-treated N2a cells and were significantly lower than Cu
levels in N2a cells treated with CuCl> alone (~2.5 fold decrease; Fig. 3.3.1).
Conversely, significant Cu uptake was observed in N2a cells co-treated with pre-
aggregated Cu-Apa42 complexes and CQ; not only compared to vehicle-treated N2a cells,
but also compared to N2a cells treated with pre-aggregated Cu-Apas. complexes in the
absence of CQ (~5 and 2.5 fold increase, respectively; Fig. 3.3.1).

Overall, data indicated that once Cu was complexed to aggregated AP it could not
be delivered into neuronal cells, which might contribute to the abnormal distribution of
Cu seen in the AD brain (345, 359, 376-378). Importantly, treatment with CQ was able

to free Cu from its complex with A and facilitate its uptake into neuronal cells.

3.3.2 Effect of CQ and/or AB on the cellular uptake of Zn

Similar to Cu, the Zn-induced uptake of CQ into N2a cells (see Fig. 3.1.1) has also
instigated an investigation into the effect of CQ on the cellular uptake of Zn. Therefore,
the uptake of ZnCl; into N2a cells was examined alone, together with soluble AB42 or as
pre-aggregated Zn-AB42 complexes, in the absence and presence of CQ (section 3.2.7).
Co-incubation of ZnCl, with soluble or pre-aggregated AP4> was performed in order to
determine whether the solubility state of the Ap impacted on the cellular uptake of Zn.

Under the conditions tested, Zn levels in vehicle-treated N2a cells were no different
to Zn levels in N2a cells treated with ZnCl, soluble AB42 with and without ZnCl>, and
pre-aggregated A2 with and without ZnCl> - either in the absence or presence of CQ
(Fig. 3.3.2).

This was surprising as these experiments were done under physiological, neutral
conditions (Locke’s buffer; pH 7.4) that have been shown to favour Zn binding to AB
(447, 448, 450). On the other hand, it is known that the binding affinity and stability of
CQ are greater for Cu?* than it is for Zn?* (695, 770); which could explain why, under

the same conditions, AB42 and CQ affected Cu, but not Zn, uptake into N2a cells.
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Figure 3.3.2 Effect of CQ and/or Ag on the uptake of Zn into N2a cells

Exposure of N2a cells to ZnCl, and/or A (soluble or aggregated), did not result in
cellular uptake of Zn. Addition of CQ to these conditions did not affect the uptake of Zn
into N2a cells.

ANOVA with Tukey post-hoc test; Bars represent mean + S.E.M, n >3
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3.3.3 Effect of CQ and/or Cu on the cellular uptake of Ap

Since it was determined that Cu uptake into N2a cells was influenced by Ap and CQ
(Fig. 3.3.1); the uptake of AB42 into N2a cells was explored, under the same conditions
(as per section 3.2.7).

Following one hour incubation in Locke’s buffer, AB42 levels in N2a cells treated
with CQ and/or CuCly, were not different to each other or to APa. levels in vehicle-
treated N2a cells (Fig. 3.3.3). This is not surprising since these conditions only included
endogenous murine AP (i.e., no exogenously added human APas2), which cannot be
detected by the ELISA used (see section 3.2.10).

Interestingly, ABa2 levels in N2a cells treated with either soluble or pre-aggregated
AB42, both in the absence and presence of CQ, were also similar to ABas2 levels in
vehicle-treated N2a cells (Fig. 3.3.3).

These findings suggest that Ap does not readily enter neuronal cells, regardless of its
solubility state, and may require other factors to facilitate its influx.

A4z levels in N2a cells co-treated with soluble AB42 and CuClz were no different to
ABa2 levels in N2a cells treated with either vehicle or with soluble ABa2 (Fig. 3.3.3).
Conversely, significant ABa uptake was detected in N2a cells treated with soluble AP
and CuCl; in the presence of CQ, compared to vehicle-treated N2a cells, as well as to
N2a cells treated with soluble AB42 and either CQ or CuCl. (Fig. 3.3.3).

Similar results were observed with pre-aggregated Cu-ABas> complexes. ABa. levels
in vehicle-treated N2a cells were comparable to APa42 levels in N2a cells treated with
pre-aggregated Cu-Apa42 complexes in the absence of CQ (Fig. 3.3.3). Yet, significant
AP uptake occurred in N2a cells treated with pre-aggregated Cu-AB42 complexes in
the presence of CQ; not only compared to vehicle-treated N2a cells, but also compared
to N2a cells treated with either pre-aggregated AB42 and CQ in the absence of CuCl> or
with pre-aggregated Cu-AB42 complexes in the absence of CQ (Fig. 3.3.3).

Collectively, the results demonstrated that Cu and CQ, each on its own, do not affect
the cellular uptake of AB. Instead, Cu and CQ act synergistically to enhance the uptake

of both soluble and aggregated Ap into neuronal cells.
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Figure 3.3.3 Effect of CQ and/or Cu on the uptake of Aginto N2a cells

Exposure of N2a cells to soluble ABa2 (Sol. ABa2) or aggregated ABa2 (Agg. ABa2), with
and without either CQ or CuClI2, did not result in cellular uptake of Ap.

In contrast, addition of both CuCl; and CQ together to N2a cells exposed to aggregated
(Agg. Afs2), and especially, soluble Ags, (Sol. Afs2) resulted in significant AS uptake.
ANOVA with Tukey post-hoc test;

***pn < 0.001 compared to vehicle; *p < 0.05, ™p < 0.01, p < 0.001

Bars represent mean £ S.E.M, n >3
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3.3.4 Effect of CQ and/or Zn on the cellular uptake of AB

Despite CQ and/or AB having no effect on Zn uptake into N2a cells (see Fig. 3.3.2),
Zn is known to affect the aggregation and/or fibrillization of Ap (446-452) and it was,
therefore, of interest to determine whether CQ and/or Zn influenced the cellular uptake
of AB (experimental procedure described in section 3.2.7).

Consistent with data depicted in Fig. 3.3.3, ABa42 levels in N2a cells treated with CQ
alone and in N2a cells treated with either soluble or pre-aggregated APas2, both in the
absence and presence of CQ, were similar to each other and to ABa4. levels in vehicle-
treated N2a cells (Fig. 3.3.4). AB42 levels in N2a cells treated with ZnCl, with and
without CQ, were also no different to each other or to A2 levels in vehicle-treated N2a
cells (Fig. 3.3.4). Notably, the non-significant negative values for these treatments do
not reflect that cells are depleted of AB; rather, they are an artefact of data analysis.

Similar to treatment with soluble ABa42 and CuCl2 (Fig. 3.3.3), APa42 levels in N2a
cells treated with soluble AB42 and ZnCl, were comparable to A4 levels in N2a cells
treated with either vehicle or with soluble ABs. alone (Fig. 3.3.4). However, while
treatment with soluble AB42, CuClz and CQ led to significant ABa42 uptake into N2a cells
(Fig. 3.3.3); ABa42 levels in N2a cells treated with soluble ABa42, ZnCl2 and CQ were not
different to ABa42 levels in vehicle-treated N2a cells or in N2a cells treated with either
soluble AB42 and CQ in the absence of ZnCl; or with soluble AB4. and ZnCl> in the
absence of CQ (Fig. 3.3.4).

These unexpected results may relate to the different conformation AP oligomers assume
in the presence of Zn, as oppose to Cu, which could impact on CQ’s ability to facilitate
their neuronal uptake.

While treatment with pre-aggregated Cu-Ap42 did not lead to AP42 uptake into N2a
cells (Fig. 3.3.3); treatment with pre-aggregated Zn-ABa4> did result in significant ABa2
uptake, both compared to vehicle-treated N2a cells and to N2a cells treated with pre-
aggregated APs2 (Fig. 3.3.4). Significant ABa42 uptake was also detected in N2a cells
treated with pre-aggregated Zn-APs2 complexes and CQ, as compared to N2a cells
treated with either vehicle or with aggregated AB42 and CQ, but not compared to N2a
cells treated with pre-aggregated Zn-Apa4. complexes in the absence of CQ (Fig. 3.3.4).
These interesting observations imply that Ap uptake from Zn-enriched APs into nearby

neurons may be achieved by a non-CQ dependant mechanism.
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Figure 3.3.4 Effect of CQ and/or Zn on the uptake of Aginto N2a cells
Exposure of N2a cells to soluble A (Sol. ABs2), with and without CQ and/or ZnCly,
did not result in cellular uptake of Ag.

Exposure of N2a cells to pre-aggregated Zn-Afs2, with and without CQ, resulted in
significant cellular uptake of Ag.

ANOVA with Tukey post-hoc test; ***p < 0.001 compared to vehicle; “p < 0.01

Bars represent mean £ S.E.M, n > 3
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3.3.5 Effect of nocodazole on the cellular uptake of Cu in

the presence of CQ and AP

Having observed that CQ and AP markedly modulate the cellular uptake of Cu
(Fig. 3.3.1), the mechanism by which this uptake takes place was further characterized.
Most molecules and/or drugs, both biological and synthetic, are able to exert their
effect(s) on cells and/or cellular components either by passive uptake (i.e., energy-free
facilitated diffusion across the cell membrane according to a concentration gradient) or
by means of active transport (i.e., binding to a voltage- or ligand-gated ion channel, G-
protein coupled receptor (GPCR) or enzyme-linked receptor on the surface of the cell
and internalisation that require energy).

To test whether the cellular internalisation of Cu and AP occurs via a passive or
active transport mechanism, the experiments described in sections 3.3.1-3.3.4 that
included CQ were repeated in the absence and presence of nocodazole (method outlined
in section 3.2.7). Nocodazole is an anti-neoplastic agent that acts as a general
endocytosis inhibitor by binding to tubulin and interfering with microtubule assembly
(771-773).

Results showed that, under control conditions, Cu levels in N2a cells treated with
CQ, alone or together with either soluble or pre-aggregated APa42, were comparable to
each other and to Cu levels in vehicle-treated N2a cells (Fig. 3.3.5), as in Fig. 3.3.1.
Likewise, in the presence of nocodazole, Cu levels in N2a cells treated with CQ, alone
or together with either soluble or pre-aggregated ABa42, were no different to each other
or to Cu levels in nocodazole-treated N2a cells (Fig. 3.3.5). In addition, Cu levels were
similar in vehicle and nocodazole-treated N2a cells, as well as in N2a cells treated with
CQ alone or together with either soluble or pre-aggregated APa42 in the presence,
compared to the absence, of nocodazole (Fig. 3.3.5).

These findings support the notion that CQ and AP, each on its own or combined, do not

affect neuronal Cu, irrespective of endocytosis.
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Figure 3.3.5 Effect of nocodazole on the uptake of Cu into N2a cells in
the presence of CQ and AS

Exposure of N2a cells to CQ and CuClz, with and without soluble Aps2, resulted in
significant Cu uptake, which was unaffected by nocodazole.

On the other hand, exposure of N2a cells to CQ and pre-aggregated Cu-ASs. resulted in
significant Cu uptake, which was inhibited by nocodazole.

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

Mp < 0.01, *p < 0.001 compared to nocodazole; ###p < 0.001

Bars represent mean £ S.E.M, n > 3
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In line with data depicted in Fig. 3.3.1, under control conditions, significant Cu
uptake was detected in N2a cells co-treated with CuCl, and CQ, both in the absence and
presence of soluble APs2, compared to vehicle-treated N2a cells (~4-5 fold increase);
but was not different to each other (Fig. 3.3.5). Similarly, in the presence of nocodazole,
significant Cu uptake was observed in N2a cells treated with CuCl, and CQ, both in the
absence and presence of soluble AB42, compared to nocodazole-treated N2a cells (~4-5
fold increase); yet, was not different to each other (Fig. 3.3.5). Of note, Cu uptake was
similar in N2a cells co-treated with CuCl, and CQ alone or together with soluble AP
in the presence, as compared to the absence, of nocodazole (Fig. 3.3.5).

Nocodazole’s inability to alter Cu levels, including in the presence of soluble Afaz,
signifies that neuronal Cu uptake occurs via a mechanism other than endocytosis.

Under control conditions, significant Cu uptake occurred in N2a cells co-treated
with pre-aggregated Cu-Ap42 complexes and CQ, compared to vehicle-treated N2a cells
(~5-6 fold increase; Fig. 3.3.5), similar to results illustrated in Fig. 3.3.1. However, Cu
levels in N2a cells treated with pre-aggregated Cu-Afs> complexes and CQ in the
presence of nocodazole were significantly diminished; not only compared to N2a cells
co-treated with CuCl; and CQ in the absence of ABa2 and presence of nocodazole, but
also compared to N2a cells treated with pre-aggregated Cu-ABs2 complexes and CQ in
the absence of nocodazole (~3 fold decrease; Fig. 3.3.5). In fact, Cu levels in N2a cells
treated with pre-aggregated Cu-APs2 complexes and CQ in the presence of nocodazole
were equivalent to Cu levels in nocodazole-treated N2a cells (Fig. 3.3.5).

Nocodazole’s capacity to inhibit the synergistically-induced Cu uptake by CQ and
aggregated AP indicates that the mechanism by which CQ elicits ion influx from Cu-

enriched APs into neurons involves endocytosis.
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3.3.6 Effect of nocodazole on the cellular uptake of Zn in
the presence of CQ and AB

Next, endocytosis/exocytosis inhibition experiments were performed in N2a cells
co-incubated with CQ alone or together with either ZnCly, soluble or pre-aggregated
APas2 - in the continuing presence and absence of nocodazole (procedure outlined in
section 3.2.7).

Consistent with earlier observations (Fig. 3.3.2), Zn levels in vehicle-treated N2a
cells were not statistically different to Zn levels in N2a cells treated with CQ alone or
together with either ZnCly, soluble ABa42, soluble AB42 and ZnCl,, pre-aggregated APasz
or pre-aggregated Zn-AB4. complexes (Fig. 3.3.6).

These findings were paralleled in the presence of nocodazole. Zn levels in N2a cells
treated with CQ alone or together with either ZnClz, soluble A4z, soluble ABs2 and
ZnCl,, pre-aggregated APs2 or pre-aggregated Zn-AB4. complexes — all in the presence
of nocodazole were similar to Zn levels in nocodazole-treated N2a cells (Fig. 3.3.6).

Zn levels in vehicle-treated N2a cells and in N2a cells treated with CQ alone and
together with ZnCly, soluble AB4> and ZnCly, or pre-aggregated Zn-APs> complexes
were also comparable in the absence, as opposed to the presence, of nocodazole
(Fig. 3.3.6).

Surprisingly, there was a significant difference between Zn levels in N2a cells co-
treated with CQ and either soluble AP4. or pre-aggregated A4 in the absence of
nocodazole, and their respective treatments in the presence of nocodazole. In both cases,
Zn levels were almost halved in the presence, compared to the absence, of nocodazole
(Fig. 3.3.6).

These data imply that CQ, together with AP (regardless of its solubility state), can
modulate neuronal Zn; however, this could only be appreciated under conditions in

which endocytosis was inhibited.
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Figure 3.3.6 Effect of nocodazole on the uptake of Zn into N2a cells in
the presence of CQ and Ag

Exposure of N2a cells to CQ and ZnCl», with and without Afs. (soluble or aggregated),
did not affect cellular Zn levels, either in the absence or presence of nocodazole.

On the other hand, Zn levels were significantly lower in N2a cells exposed to CQ and
either soluble or aggregated Afs (Sol. or Agg. Afs, respectively) in the presence, as
compared to the absence, of nocodazole.

Unpaired two-tailed t-test; “p < 0.05; p < 0.01

Bars represent mean £ S.E.M, n > 3
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3.3.7 Effect of nocodazole on the cellular uptake of AB in

the presence of CQ and Cu

Since it had been established that Cu and CQ synergistically potentiate the cellular
uptake of both soluble and aggregated AB (Fig. 3.3.3) and that nocodazole mitigates the
CQ and aggregated, but not soluble, Ap-induced cellular Cu uptake (Fig. 3.3.5), it was
hypothesized that nocodazole may also affect the joint Cu and CQ-induced A uptake.

This was put to the test, using an endocytosis/exocytosis pharmacokinetic assay (refer to
section 3.2.7).

In line with previous findings (Fig. 3.3.3), Apa42 levels in N2a cells treated with CQ
alone or together with CuCl, were comparable to each other and to APas2 levels in
vehicle-treated N2a cells (Fig. 3.3.7). In the presence of nocodazole, APz levels in N2a
cells treated with CQ alone or together with CuCl, were similar to each other, to
nocodazole-treated N2a cells, as well as to their respective treatments in the absence of
nocodazole (Fig. 3.3.7).

While AB4. levels were no different in N2a cells treated with CQ and soluble ABaz,
compared to vehicle-treated N2a cells (Fig. 3.3.3 and Fig. 3.3.7); APa42 levels in N2a
cells treated with CQ and soluble ABa42 in the presence of nocodazole were higher than
APBa2 levels in N2a cells treated with CQ and soluble ABa2 in the absence of nocodazole
and in nocodazole-treated N2a cells (Fig. 3.3.7).

This result was unexpected, as it was predicted that following pre-treatment with
nocodazole, intracellular ABa42 levels would be either similar to, or lower than, those in
control conditions depending on whether AP uptake occurred via an endocytosis-
independent or dependant pathway, respectively. However, nocodazole does not only
block endocytosis; it can also inhibit exocytosis (774). Accordingly, elevated APa.
levels in the presence, compared to the absence, of nocodazole point to accumulation of

intracellular soluble AB4> that would, otherwise, be excreted via a secretory pathway.
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Figure 3.3.7 Effect of nocodazole on the uptake of Aginto N2a cells in
the presence of CQ and Cu

In the presence of nocodazole, exposure of N2a cells to soluble A2 and CQ resulted in

accumulation of Ag; whereas addition of CuCl» resulted in inhibition of the Cu-induced

A uptake, in the absence of nocodazole.

In the presence of nocodazole, Ag uptake continued to be enhanced in N2a cells

exposed to pre-aggregated Cu-Af., compared to self-aggregated Afs., and CQ.

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

p < 0.05, Mp < 0.01 compared to nocodazole; ##p < 0.01; ###p < 0.001

Bars represent mean £ S.E.M, n > 3
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Under control conditions, ABs> uptake was significantly elevated in N2a cells
treated with soluble AB42, CuCl, and CQ, compared to N2a cells treated with either
vehicle or with soluble ABs2 and CQ (Fig. 3.3.3 and Fig. 3.3.7). Although, in the
presence of nocodazole, AP4, uptake into N2a cells treated with soluble ABa42, CuCl
and CQ was higher, compared to nocodazole-treated N2a cells (Fig. 3.3.7); ABa42 uptake
was significantly lower in N2a cells treated with soluble ABa42, CuCl> and CQ in the
presence, compared to the absence, of nocodazole (Fig. 3.3.7). In fact, A4 levels in
N2a cells treated with soluble AB42, CuCl, and CQ in the presence of nocodazole were
equivalent to APas2 levels in N2a cells treated with soluble AB42 and CQ in the presence
of nocodazole (Fig. 3.3.7).

These results indicate that CuDDLs may be internalized into neuronal cells, to a great
extent, by endocytosis.

In accordance with Fig. 3.3.3, though ABa42 levels in N2a cells treated with CQ and
pre-aggregated AP42 were not statistically different to ABa2 levels vehicle-treated N2a
cells; ABa42 levels in N2a cells treated with CQ and pre-aggregated Cu-Apa42 complexes
were significantly enhanced, compared to N2a cells treated with either vehicle or with
pre-aggregated AB42 and CQ (Fig. 3.3.7).

These outcomes were paralleled in the presence of nocodazole. ABa2 levels in N2a
cells treated with CQ and pre-aggregated APs42 in the presence of nocodazole were no
different to AB42 levels in nocodazole-treated N2a cells or in N2a cells treated with CQ
and pre-aggregated AP42 in the absence of nocodazole (Fig. 3.3.7). In addition, AP
levels in N2a cells treated with CQ and pre-aggregated Cu-Aa4. in the presence of
nocodazole were statistically elevated, compared to in N2a cells treated with either
nocodazole alone or together with pre-aggregated AP and CQ (Fig. 3.3.7). However,
ABa2 levels were similar in N2a cells treated with CQ and pre-aggregated Cu-APa2
complexes in the presence, versus the absence, of nocodazole (Fig. 3.3.7).

These data imply that, under conditions wherein endocytosis is inhibited, Cu retains its

ability to facilitate the influx of Ap from Cu-enriched APs into nearby neurons.
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3.3.8 Effect of nocodazole on the cellular uptake of AB in

the presence of CQ and Zn

As Zn complexed to APas. stimulated the uptake of AP into N2a cells (Fig. 3.3.4),
and since nocodazole suppressed the endogenous Zn levels in N2a cells treated with CQ
and either soluble or aggregated ABa4. (Fig. 3.3.6); it remained to be tested whether
nocodazole affected AP uptake in the presence of CQ with and without Zn (as outlined
in section 3.2.7).

Expectedly, results demonstrated that AB42 levels in N2a cells treated with CQ alone
and together with ZnCl,, were comparable to each other and to ABa42 levels in vehicle-
treated N2a cells (Fig. 3.3.8), as in Fig. 3.3.4. In the presence of nocodazole, ABas>
levels in N2a cells treated with CQ on its own or together with ZnCl, were similar to
each other, to nocodazole-treated N2a cells, as well as to their respective treatments in
the absence of nocodazole (Fig. 3.3.8).

In keeping with earlier findings (Fig. 3.3.3, Fig. 3.3.4 and Fig. 3.3.7), APz levels in

N2a cells treated with soluble AB42 and CQ were no different to APz levels in vehicle-
treated N2a cells (Fig. 3.3.8). In the presence of nocodazole, however, ABs> levels in
N2a cells treated with soluble ABs, and CQ were significantly increased; not only
compared to nocodazole-treated N2a cells, but also compared to ABa2 levels in N2a
cells treated with soluble AB42 and CQ in the absence of nocodazole (Fig. 3.3.8), similar
to Fig. 3.3.7.
Again, these observations could be explained by nocodazole’s ability to block
exocytosis (774), as well as endocytosis, and implicate the secretory pathway as being
involved in the removal of soluble AR, most likely, as a turn-over mechanism and a way
of achieving balanced levels of the protein within neurons.

AP42 uptake was markedly different in N2a cells treated with soluble AB42, CQ and
CuCly versus ZnCl (Fig. 3.3.7 and Fig. 3.3.8, respectively). ABs2 levels in N2a cells
treated with soluble AB42, ZnCl; and CQ were equivalent to ABa42 levels in vehicle-
treated N2a cells (Fig. 3.3.8), as seen in Fig. 3.3.4. In contrast, AP42 levels in N2a cells
treated with soluble AB42, ZnCl> and CQ in the presence of nocodazole were slightly
higher than APz levels in nocodazole-treated N2a cells, yet were comparable to Apa.
levels in N2a cells treated with soluble AB4. and CQ in the presence of nocodazole or

treated with soluble AB42, ZnCl2 and CQ in the absence of nocodazole (Fig. 3.3.8).
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Findings with soluble ABs> were not paralleled upon treatment with aggregated
ABa2. APsz levels in N2a cells treated with pre-aggregated AP and CQ were not
statistically different to ABa2 levels vehicle-treated N2a cells (similar to data depicted in
Fig. 3.3.3, Fig. 3.3.4 and Fig. 3.3.7); while ABa42 levels in N2a cells treated with pre-
aggregated Zn-ApBs2 complexes and CQ were significantly elevated, compared to N2a
cells treated with either vehicle or with pre-aggregated A4 and CQ (Fig. 3.3.8), as in
Fig. 3.3.4.

Though Apa42 levels in N2a cells treated with CQ and pre-aggregated Zn-APa.
complexes in the presence of nocodazole were slightly higher than ABs. levels in
nocodazole-treated N2a cells (Fig. 3.3.8); they were similar to APa42 levels in N2a cells
treated with either pre-aggregated Ap42 and CQ in the presence of nocodazole or with
pre-aggregated Zn-Ap42 complexes and CQ in the absence of nocodazole (Fig. 3.3.8).
Taken together, it seems that, under conditions where endocytosis is inhibited, Zn losses

its capability to enhance the uptake of aggregated ApB into neuronal cells.
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Figure 3.3.8 Effect of nocodazole on the uptake of Aginto N2a cells in
the presence of CQ and Zn

In the presence of nocodazole and CQ, accumulation of Ag was observed in N2a cells

exposed to soluble Afs. without, but not with, Zn.

In the presence of nocodazole and CQ, addition of Zn no longer enhanced the uptake of

aggregated Ag into N2a cells.

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

p < 0.05 compared to nocodazole; ##p < 0.01

Bars represent mean £ S.E.M, n >3
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3.3.9 Effect of lysosomal and autophagy inhibitors on

cellular Cu levels in the absence and presence of AP

It was determined that particular settings enable the influx of Cu and/or AB; yet,
once inside neuronal-like cells, their fate remained unclear (i.e., do the metal and/or
protein accumulate in the cytoplasm or in particular cellular organelle(s)). Due to the
chemical and/or optical properties of Cu, there are no validated fluorescent tracers that
can be used to visualize intracellular Cu and it is therefore difficult to ascertain to which
cellular compartment(s) Cu is directed towards.

Anomalies in the endosomal-lysosomal-autophagy pathway have been reported with
relation to AD (775, 776). Ammonium chloride (NH4Cl) is a weak base, which
increases the pH of acidic lysosomes thus inhibiting their enzymes (777); while,
3-methyladenine (3-MA) blocks autophagic vacuole formation by inhibiting type Il
PI3K (778, 779). These inhibitors were used to evaluate if disrupting the lysosomal-
autophagy pathway affects Cu levels in N2a cells in the presence and absence of AB
(section 3.3.9) and/or CQ (section 3.3.10).

Results showed that Cu levels in N2a cells treated with lysosomal-autophagy
inhibitors were similar to Cu levels in vehicle-treated N2a cells (Fig. 3.3.9). Cu levels in
N2a cells treated with soluble AB42 were also comparable to Cu levels in vehicle-treated
N2a cells (Fig. 3.3.9), akin to data illustrated in Fig. 3.3.1. In the presence of lysosomal-
autophagy inhibitors, Cu levels in N2a cells treated with soluble AB4> were not different
to Cu levels in N2a cells treated with lysosomal-autophagy inhibitors or in N2a cells
treated with soluble AB42 in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.9).
These observations strengthen the impression that soluble AB does not affect neuronal
Cu, even under conditions wherein the lysosomal-autophagy pathway is inhibited.

As seen in Fig. 3.3.1, Cu uptake was significantly elevated in N2a cells treated with
CuCly, compared to vehicle-treated N2a cells (~4.5 fold increase; Fig. 3.3.9). In the
presence of lysosomal-autophagy inhibitors, Cu uptake in N2a cells treated with CuCl»
was significantly enhanced, compared to N2a cells treated with lysosomal-autophagy
inhibitors alone (~5.5 fold increase); but, was no different to N2a cells treated with
CuCl; in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.9).

These results confer that Cu ions, which readily enter neuronal cells, are not directed

towards the endosomal-lysosomal-autophagy pathway.
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Figure 3.3.9 Effect of lysosomal and autophagy inhibitors on the uptake
of Cu into N2a cells in the absence and presence of A

While inhibition of the lysosomal-autophagy pathway did not affect the significant
uptake of Cu into N2a cells exposed to CuCl,, it further enhanced the intracellular Cu
levels in N2a cells exposed to CuCl, and soluble Afs2 (Sol. Aps).

Inhibition of the lysosomal-autophagy pathway resulted in increased Cu levels in N2a
cells exposed to aggregated Afa2 (Agg. ABs2) with and without CuClo.

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

Mp < 0.01, M"p < 0.001 compared to lysosomal-autophagy inhibitors;

*p < 0.05, ®p < 0.01 compared to CuCly;

9p < 0.001 compared to CuClz + lysosomal-autophagy inhibitors;

*n < 0.05, #p < 0.01; #*p < 0.001

Bars represent mean £ S.E.M, n >3
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Under control conditions, similar to Fig. 3.3.1, significant Cu uptake was detected

in N2a cells co-treated with soluble AB42 and CuCl,, compared to N2a cells treated with
either vehicle or with CuCl, (~6.5 and 1.5 fold increase, respectively; Fig. 3.3.9). These
results were paralleled in the presence of lysosomal-autophagy inhibitors. Significant
Cu uptake was observed in N2a cells co-treated with soluble AB42 and CuCl; in the
presence of lysosomal-autophagy inhibitors, compared to N2a cells treated with
lysosomal-autophagy inhibitors alone or together with CuCl, (~10 and 3 fold increase,
respectively; Fig. 3.3.9). Importantly, Cu levels were markedly elevated in N2a cells co-
treated with soluble ABs4> and CuClz in the presence, compared to the absence, of
lysosomal-autophagy inhibitors (~2.5 fold increase; Fig. 3.3.9).
Accumulation of Cu in N2a cells co-treated with soluble ABs> and CuCl., under
conditions in which the lysosomal-autophagy system was blocked, implies that A can
mediate the uptake of Cu into neuronal cells, where it is distributed to and/or secreted
by the lysosomal-autophagy pathway.

As expected, Cu levels in N2a cells treated with pre-aggregated ABas> were not
different to vehicle-treated N2a cells (Fig. 3.3.1 and Fig. 3.3.9). Surprisingly, Cu levels
were higher in N2a cells treated with pre-aggregated ABaz in the presence, as compared
to the absence, of lysosomal-autophagy inhibitors (~2 fold increase; Fig. 3.3.9).

These data suggest that aggregated Ap may impact on neuronal Cu homeostasis, but
this can only be appreciated where the lysosomal-autophagy system is inhibited.

Cu levels in N2a cells treated with pre-aggregated Cu-AP42 complexes were similar
to Cu levels in vehicle-treated N2a cells and were significantly lower than Cu levels in
N2a cells treated with CuCl, alone (~4 fold decrease; Fig. 3.3.1 and Fig. 3.3.9).
However, in the presence of lysosomal-autophagy inhibitors, Cu levels in N2a cells
treated with pre-aggregated Cu-AP4> complexes were markedly greater than N2a cells
treated with lysosomal-autophagy inhibitors alone or together with CuCl; (~10 and 2
fold increase, respectively; Fig. 3.3.9). Moreover, Cu levels in N2a cells treated with
pre-aggregated Cu-Apa42 complexes were significantly elevated in the presence, versus
the absence, of lysosomal-autophagy inhibitors (~8.5 fold increase; Fig.3.3.9).

These findings suggest that APs could sequester Cu and prevent it from being taken
into neighbouring neurons. Yet, when the lysosomal-autophagy pathway is disrupted, as
has been reported in the case of AD and other neurodegenerative diseases (159, 160,

776, 780), Cu may accumulate in neuronal cells.
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3.3.10 Effect of lysosomal and autophagy inhibitors on

cellular Cu levels in the presence of CQ and Ap

Overall, the results in section 3.3.9 pointed to the lysosomal-autophagy machinery
as being involved in the metabolism of excess Cu ions and in maintenance of Cu
equilibrium under conditions where it would be overloaded by the impact of AB. With
this in mind, the same experimental conditions were used; but, with the addition of CQ
(described in section 3.2.7).

Once more, Cu levels in N2a cells treated with lysosomal-autophagy inhibitors were
similar to Cu levels in vehicle-treated N2a cells (Fig. 3.3.9 and Fig. 3.3.10). Cu levels
in N2a cells treated with CQ alone or together with soluble AB4> were also comparable
to Cu levels in vehicle-treated N2a cells (Fig. 3.3.10), as in Fig. 3.3.1 and Fig. 3.3.5.
In the presence of lysosomal-autophagy inhibitors, Cu levels in N2a cells treated with
CQ alone or together with soluble ABa42 were not statistically different to each other and
to Cu levels in N2a cells treated with lysosomal-autophagy inhibitors alone or with their
respective treatments in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.10).
These observations reinforce the supposition that CQ, on its own or combined with A,
does not affect endogenous neuronal Cu, regardless of the lysosomal-autophagy
pathway.

Consistent with data depicted in Fig. 3.3.1 and Fig. 3.3.5, Cu uptake in N2a cells
co-treated with CuCl, and CQ, in the absence and presence of lysosomal-autophagy
inhibitors, was significantly elevated compared to N2a cells treated with vehicle or with
lysosomal-autophagy inhibitors, respectively (~4 fold increase; Fig. 3.3.10); though, the
significant Cu uptake into N2a cells treated with CuCl, and CQ was no different in the
presence, compared to the absence, of lysosomal-autophagy inhibitors (Fig. 3.3.10).
These data suggest that CQ alone does not affect the uptake of Cu ions into neuronal
cells, or their processing by the endosomal-lysosomal-autophagy pathway.

While Cu levels in N2a cells treated with soluble AB42, CuCl> and CQ were higher
than Cu levels in vehicle-treated N2a cells (~4.5 fold increase); they were equivalent to
Cu levels in N2a cells treated with CuCl» and CQ (Fig. 3.3.10; as well as Fig. 3.3.1 and
Fig. 3.3.5). Similar to results in the absence of CQ (Fig. 3.3.9), significant Cu retention
was observed in N2a cells treated with soluble AB42, CuCl, and CQ in the presence of
lysosomal-autophagy inhibitors, compared to NZ2a cells treated with lysosomal-
autophagy inhibitors alone or together with CuCl, and CQ (~12.5 and 2.5 fold increase,
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respectively; Fig. 3.3.10). Moreover, Cu levels were markedly elevated in N2a cells
treated with soluble AB42, CuCl, and CQ in the presence, compared to the absence, of
lysosomal-autophagy inhibitors (~2.5 fold increase; Fig. 3.3.10).

The enhanced accumulation of Cu in N2a cells treated with soluble AB42 and CuCly,
with and without CQ (Fig. 3.3.10 and Fig. 3.3.9, respectively), where the endosomal-
lysosomal-autophagy system is inhibited, indicates that the excess Cu taken up by
neuronal cells from CuDDLs is targeted to the lysosomal-autophagy pathway for
clearance in a CQ-independent manner.

Expectedly, Cu levels in N2a cells co-treated with pre-aggregated ABs2 and CQ
were not different to vehicle-treated N2a cells (Fig. 3.3.1, Fig. 3.3.5 and Fig. 3.3.10).
Whilst Cu levels in N2a cells co-treated with pre-aggregated ABs2 and CQ in the
presence of lysosomal-autophagy inhibitors were no different to Cu levels in N2a cells
treated with lysosomal-autophagy inhibitors alone (Fig. 3.3.10); they were slightly
higher than Cu levels in N2a cells co-treated with pre-aggregated APs2 and CQ in the
absence of lysosomal-autophagy inhibitors (1-2 fold increase; Fig. 3.3.10).

As similar results were observed in the absence of CQ (Fig. 3.3.9), it seems CQ does
not impact the role aggregated AB may play in influencing neuronal Cu levels.

Under control conditions, Cu uptake in N2a cells treated with pre-aggregated
Cu-AB42 complexes and CQ was markedly elevated, compared to vehicle-treated N2a
cells (~5 fold increase); yet, was no different to N2a cells treated with CuCl, and CQ
(Fig. 3.3.1, Fig. 3.3.5 and Fig. 3.3.10). In the presence of lysosomal-autophagy
inhibitors, Cu retention in N2a cells co-treated with pre-aggregated Cu-Apa2 complexes
and CQ was significantly enhanced; not only compared to N2a treated with lysosomal-
autophagy inhibitors (~10 fold increase), but also compared to N2a cells treated with
CuCl2 and CQ in the presence of lysosomal-autophagy inhibitors and N2a cells treated
with pre-aggregated Cu-AB42 complexes and CQ in the absence of lysosomal-autophagy
inhibitors (~2 and fold increase; Fig. 3.3.10).

Since inhibition of the lysosomal-autophagy system led to a similar magnitude of Cu
accumulation in N2a cells treated with pre-aggregated Cu-AP4. complexes, both in the
absence and presence of CQ (Fig. 3.3.9 and Fig. 3.3.10, respectively), it can be inferred
that CQ may potentially enable the uptake of Cu from APs into neurons by a separate

pathway to that which is facilitated by Ap.
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Figure 3.3.10 Effect of lysosomal and autophagy inhibitors on the
uptake of Cu into N2a cells in the presence of CQ and AS

Inhibition of the lysosomal-autophagy pathway further enhanced Cu levels in N2a cells
exposed to CuClz and CQ with soluble A2 (Sol. Afs2) or aggregated Afaz (Agg. Apaz).
Additionally, inhibition of the lysosomal-autophagy pathway resulted in increased Cu
levels in N2a cells exposed to CQ and aggregated Afs (Agg. Afs).

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

p < 0.05, ™p < 0.001 compared to lysosomal-autophagy inhibitors;

%%p < 0.001 compared to CQ and CuCl; + lysosomal-autophagy inhibitors;

#n < 0.01; ¥ p < 0.001

Bars represent mean £ S.E.M, n > 3
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3.3.11 Effect of lysosomal and autophagy inhibitors on
cellular Zn levels in the absence and presence of
AP and/or CQ

Ammonium chloride (NH4CIl) and 3-MA were then used to assess whether
inhibiting the lysosomal and autophagy pathways, respectively, has a similar effect on
Zn, as for Cu, in the presence and absence of Ap and/or CQ (detailed in section 3.2.7).

Zn levels in N2a cells treated with CQ and/or either ZnCl, soluble AB42 with and
without ZnCl,, or pre-aggregated APs2 with and without ZnCly, in the absence and
presence of lysosomal-autophagy inhibitors were not statistically different to each other
or to Zn levels in N2a cells treated with either vehicle or lysosomal-autophagy
inhibitors alone, respectively (Fig. 3.3.11).

These data suggest that neuronal cells do not direct Zn towards the lysosomal-
autophagy pathway. This is reasonable considering that, under the conditions examined,
Zn ions do not enter neuronal cells (Fig. 3.3.2 and Fig. 3.3.6); therefore, no excess Zn

need be removed.
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Figure 3.3.11 Effect of lysosomal and autophagy inhibitors on the
uptake of Zn into N2a cells in the absence and presence of Agand/or CQ

Exposure of N2a cells to CQ and/or either ZnCl, and/or Afs. (soluble or aggregated)
did not result in cellular uptake of Zn.

Inhibition of the lysosomal-autophagy pathway did not affect the uptake of Zn into N2a
cells either.

ANOVA with Tukey post-hoc test; Bars represent mean + S.E.M, n >3
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3.3.12 Effect of lysosomal and autophagy inhibitors on
cellular AB levels in the absence and presence of
Cu

Despite A being taken into neuronal-like cells only by Cu and CQ acting
synergistically (Fig. 3.3.3); the effect of inhibiting the lysosomal-autophagy system on
Cu uptake in the presence of AR, but in the absence of CQ (Fig. 3.3.9), warranted an
examination into the effect on the retention of AP in the presence of Cu, but in the
absence of CQ (as outlined in section 3.2.7).

Results showed that ABa4> levels in N2a cells treated with lysosomal-autophagy

inhibitors were similar to APa42 levels in vehicle-treated N2a cells (Fig. 3.3.12).
ABa2 levels in N2a cells treated with CuCl, were also equivalent to APas2 levels in
vehicle-treated N2a cells (Fig. 3.3.3 and Fig. 3.3.12). In the presence of lysosomal-
autophagy inhibitors, ABa2 levels in N2a cells treated with CuCl, were not different to
ABa2 levels in N2a cells treated with lysosomal-autophagy inhibitors alone or in N2a
cells treated with CuCl> in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.12).

ABs42 levels in N2a cells treated with soluble APz, in the absence and presence of
lysosomal-autophagy inhibitors, were comparable to each other and to APas. levels in
vehicle-treated N2a cells (Fig. 3.3.3, Fig. 3.3.4 and Fig. 3.3.12) and in N2a cells treated
with lysosomal-autophagy inhibitors (Fig. 3.3.12), respectively.

While ABa42 levels in N2a cells co-treated with soluble ABs2 and CuCl, were not
statistically different to APa42 levels in vehicle-treated N2a cells (Fig. 3.3.3 and 3.3.12);
in the presence of lysosomal-autophagy inhibitors, APa42 levels in N2a cells treated with
soluble AB42 and CuCl, were higher not only compared to APs. levels in N2a cells
treated with lysosomal-autophagy inhibitors, but also compared to AP42 levels in N2a
cells co-treated with soluble ABs2 and CuCl: in the absence of lysosomal-autophagy
inhibitors (Fig. 3.3.12).

Combined, these data suggest that when the lysosomal-autophagy pathway is inhibited,

as is evident in AD (159, 160, 776, 780), CuDDLs may accumulate within neuronal

cells.
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Figure 3.3.12 Effect of lysosomal and autophagy inhibitors on the
uptake of Aginto N2a cells in the absence and presence of Cu

Upon inhibition of the lysosomal-autophagy pathway, exposure of N2a cells to CuCl»
and either soluble or aggregated A2 (Sol. ABs2 or Agg. Afs, respectively) resulted in
accumulation of intracellular Afa..

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

p < 0.05, p < 0.001 compared to lysosomal-autophagy inhibitors;

#p < 0.05, ##p < 0.01

Bars represent mean £ S.E.M, n >3
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Under control conditions, ABa. levels in N2a cells treated with pre-aggregated ABa>
were no different to vehicle-treated N2a cells (Fig. 3.3.3, Fig. 3.3.4 and Fig. 3.3.12);
yet, in the presence of lysosomal-autophagy inhibitors, ABa42 levels in N2a cells treated
with pre-aggregated APs2 were increased, compared to APas. levels in N2a cells treated
with lysosomal-autophagy inhibitors alone, as well as N2a cells treated with pre-
aggregated A4z in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.12).

Whilst ABa42 levels in N2a cells treated with pre-aggregated Cu-APs2 complexes
were increased relative to APz levels in vehicle-treated N2a cells; they were equivalent
to ABa42 levels in N2a cells treated with pre-aggregated ABa42 (Fig. 3.3.12). On the other
hand, ABa2 levels in N2a cells treated with pre-aggregated Cu-APa2 complexes in the
presence of lysosomal-autophagy inhibitors were significantly higher, not only relative
to APa42 levels in N2a cells treated with lysosomal-autophagy inhibitors alone, but also
compared to N2a cells treated with pre-aggregated ABa42 in the presence of lysosomal-
autophagy inhibitors (Fig. 3.3.12). Importantly, AB4> levels were significantly elevated
in N2a cells treated with pre-aggregated Cu-Ap42 complexes in the presence, compared
to the absence, of lysosomal-autophagy inhibitors (Fig. 3.3.12).

Collectively, these findings indicate that Cu has the potential to promote the uptake
of Ap from APs into neurons, where it is destined to the lysosomal-autophagy pathway,

most probably, for degradation.

3.3.13 Effect of lysosomal and autophagy inhibitors on

cellular A levels in the presence of CQ and Cu

Since it was established that Cu uptake into neuronal-like cells was synergistically
promoted by AB and CQ, and that these ions were delivered to the endosomal-
lysosomal-autophagy pathway (Fig. 3.3.9 and Fig. 3.3.10); it was important to ascertain
if AB, synergistically taken into neuronal-like cells by Cu and CQ (Fig. 3.3.3), is also
targeted towards the same organelles.

Again, ABa2 levels in N2a cells treated with lysosomal-autophagy inhibitors were

equivalent to ABa2 levels in vehicle-treated N2a cells (Fig. 3.3.12 and Fig. 3.3.13).
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Figure 3.3.13 Effect of lysosomal and autophagy inhibitors on the
uptake of Aginto N2a cells in the presence of CQ and Cu

Blocking the lysosomal-autophagy pathway resulted in opposite effects on CuCl; and
CQ'’s synergistically-induced cellular A uptake: a complete inhibition of CuCl. and
CQ’s synergistically-induced uptake of soluble Afs (Sol. Afs) into N2a cells, as
oppose to further enhancement of CuClz and CQ'’s synergistically-induced uptake of
aggregated ABs2 (Agg. ApBsz) into N2a cells.

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

MAp < (0.001 compared to lysosomal-autophagy inhibitors;

##p < 0.01, ###p < 0.001

Bars represent mean £ S.E.M, n >3
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A4 levels in N2a cells treated with CQ alone or together with either soluble AB42
or CuCl, were similar to each other, as well as to ABa. levels in vehicle-treated N2a
cells (Fig. 3.3.13; similar to Fig. 3.3.3 and Fig. 3.3.7). In the presence of lysosomal-
autophagy inhibitors, ABs2 levels in N2a cells treated with CQ alone or together with
either soluble AB42 or CuCl, were not statistically different to each other nor to APz
levels in N2a cells treated with lysosomal-autophagy inhibitors (Fig. 3.3.13).
Furthermore, ABa42 levels in N2a cells treated with CQ alone or together with either
soluble AB42 or CuCl, were no different in the presence, compared to their respective
treatments in the absence, of lysosomal-autophagy inhibitors (Fig. 3.3.13).

In keeping with data illustrated in Fig. 3.3.3 and Fig. 3.3.7, APs2 levels in N2a cells
treated with soluble AB42, CuClz and CQ were significantly higher than ABa2 levels both
in vehicle-treated N2a cells and in N2a cells treated with soluble AB42 and CQ in the
absence of CuCl; (Fig. 3.3.13). In the presence of lysosomal-autophagy inhibitors, ABa2
levels in N2a cells treated with soluble AB42, CuCl2 and CQ were significantly lower,
compared to APBa2 levels in N2a cells treated with soluble AB42, CuCl, and CQ in the
absence of lysosomal-autophagy inhibitors (Fig. 3.3.13). Actually, AB42 levels in N2a
cells treated with soluble AB42, CuClz and CQ in the presence of lysosomal-autophagy
inhibitors were equivalent to AP42 levels in N2a cells treated with lysosomal-autophagy
inhibitors either alone or together with soluble AB4> and CQ (Fig. 3.3.13).

The complete inhibition of the synergistically-induced uptake of AB by Cu and CQ
upon impeding lysosomal and autophagy activities indicated that CQ acted to deliver
CuDDLs into neuronal cells to be eliminated by the process of macroautophagy.

Consistent with earlier findings (Fig. 3.3.3-3.3.4 and Fig. 3.3.7-3.3.8), APa42 levels
in N2a cells treated with pre-aggregated Ap42 and CQ were comparable to APa4. levels
in vehicle-treated N2a cells (Fig. 3.3.13). While in the absence of CQ, ABa2 levels were
slightly increased in N2a cells treated with pre-aggregated APs> in the presence,
compared to the absence, of lysosomal-autophagy inhibitors (Fig. 3.3.12); APa2 levels
in N2a cells treated with pre-aggregated AP4. and CQ in the presence of lysosomal-
autophagy inhibitors were no different to APa42 levels in N2a cells treated with either
lysosomal-autophagy inhibitors alone or in N2a cells treated with pre-aggregated APas2

in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.13).
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ABa2 levels in N2a cells co-treated with pre-aggregated Cu-AP42 complexes and CQ
were significantly elevated, compared to A4z levels in vehicle-treated N2a cells, as
well as N2a cells treated with pre-aggregated AP42 and CQ (Fig. 3.3.13; as in Fig. 3.3.3
and Fig. 3.3.7). Likewise, ABa42 levels in N2a cells treated with pre-aggregated Cu-ApRa42
complexes and CQ in the presence of lysosomal-autophagy inhibitors were significantly
higher than AB42 levels in N2a cells treated with lysosomal-autophagy inhibitors alone
or together with pre-aggregated Ap42 and CQ (Fig. 3.3.13). Importantly, Apa4. levels
were significantly enhanced in N2a cells treated with pre-aggregated Cu-APa2
complexes and CQ in the presence, compared to the absence, of lysosomal-autophagy
inhibitors (Fig. 3.3.13).

Taken together, these data imply that Cu and CQ jointly affect AB in distinct modes
of action. While Cu and CQ evoked the neuronal uptake of both soluble and aggregated
Ap; once inside the cells, CuDDLs were removed by the lysosomal-autophagy system,

whereas AP originating from AP-like aggregates did not undergo autophagy.

3.3.14 Effect of lysosomal and autophagy inhibitors on

cellular A levels in the absence and presence of Zn

Subsequently, the cellular uptake of AB, with and without Zn, was determined in the
presence and absence of lysosomal-autophagy inhibitors (as per section 3.2.7).

ApBa2 levels in N2a cells treated with lysosomal-autophagy inhibitors were similar to
A4 levels in vehicle-treated N2a cells (Fig. 3.3.12-3.3.14). Similar to Fig. 3.3.4, APs
levels in N2a cells treated with soluble AB42 and/or ZnCl. were also equivalent to Apaz
levels in vehicle-treated N2a cells and to one another (Fig. 3.3.14). As expected, APB42
levels in N2a cells treated with soluble AB42 and/or ZnCl; in the presence of lysosomal-
autophagy inhibitors were not different to each other, to ABa2 levels in N2a cells treated
with lysosomal-autophagy inhibitors alone or with their respective treatments in the
absence of lysosomal-autophagy inhibitors (Fig. 3.3.14).

Once more, all negative cellular AB42 values are an artefact of data analysis that is
related to fact that the WO0-2 antibody utilised in the ELISA can detect only human, and

not murine, AR (refer to section 3.2.10); thus, these are simply background readings.
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Consistent with prior findings (Fig. 3.3.3, Fig. 3.3.4 and Fig. 3.3.12), under control
conditions, AB42 levels in N2a cells treated with pre-aggregated AP4. were no different
to APa42 levels in vehicle-treated N2a cells (Fig. 3.3.14). On the other hand, AB4. levels
in N2a cells treated with pre-aggregated APas in the presence of lysosomal-autophagy
inhibitors were higher than ABa4 levels in N2a cells treated with either lysosomal-
autophagy inhibitors alone or with pre-aggregated ABa42 in the absence of lysosomal-
autophagy inhibitors (Fig. 3.3.14).

These results were paralleled in the presence of ZnCl.. ABas2 levels in N2a cells
treated with pre-aggregated Zn-AB42 complexes were significantly elevated, relative to
AP levels in vehicle-treated N2a cells, as well as N2a cells treated with pre-aggregated
ABa2 (Fig. 3.3.4 and Fig. 3.3.14). APa42 levels in N2a cells treated with pre-aggregated
Zn-ABs2 complexes in the presence of lysosomal-autophagy inhibitors were
significantly higher than APs2 levels in N2a cells treated with lysosomal-autophagy
inhibitors either alone or together with pre-aggregated AP4. (Fig. 3.3.14). Notably, A4
levels were also significantly elevated in N2a cells treated with pre-aggregated Zn-ABas2
complexes in the presence, compared to the absence, of lysosomal-autophagy inhibitors
(Fig. 3.3.14).

These results suggest that Zn may be able to stimulate the import of aggregated, but
not soluble, AB into surrounding neurons, where the protein is degraded in a lysosomal-

autophagy compartment.
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Figure 3.3.14 Effect of lysosomal and autophagy inhibitors on the
uptake of Aginto N2a cells in the absence and presence of Zn

Compared to control conditions, inhibition of the lysosomal-autophagy pathway did not
impact Afs levels in N2a cells exposed to soluble Afs (Sol. ABs2) with and without
ZnCly; yet, it resulted in increased A levels in N2a cells exposed to aggregated Afs.
(Agg. Afs2) with and without ZnCl,.

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

Mp < 0.01, M7p < 0.001 compared to lysosomal-autophagy inhibitors;

*n < 0.05; #p < 0.01

Bars represent mean £ S.E.M, n >3
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3.3.15 Effect of lysosomal and autophagy inhibitors on

cellular AB levels in the presence of CQ and Zn

Finally, the cellular uptake of AB was examined in the presence of CQ with and
without Zn and/or lysosomal-autophagy inhibitors (according to section 3.2.7).

Data demonstrated that AP42 levels in N2a cells treated with lysosomal-autophagy
inhibitors were comparable to ABs2 levels in vehicle-treated N2a cells (Fig. 3.3.15; as in
Fig. 3.3.12-3.3.14). Similar to Fig. 3.3.4 and Fig. 3.3.8, AP42 levels in N2a cells treated
with CQ alone or together with soluble AB42 and/or ZnCl, were no different to each
other or to APs2 levels in vehicle-treated N2a cells (Fig. 3.3.15). Likewise, in the
presence of lysosomal-autophagy inhibitors, AP4> levels in N2a cells treated with CQ
alone or together with soluble AB42 and/or ZnCl, were not different to one another or to
A4 levels in N2a cells treated with lysosomal-autophagy inhibitors alone (Fig. 3.3.15).

A2 levels in N2a cells treated with pre-aggregated ABs2 and CQ were equivalent
to APa42 levels in vehicle-treated N2a cells (Fig. 3.3.15; similar to Fig. 3.3.3-3.3.4,
Fig. 3.3.7-3.3.8 and Fig. 3.3.13). Unlike in the absence CQ, where AB4. levels in N2a
cells treated with pre-aggregated APs. were higher in the presence, compared to the
absence, of lysosomal-autophagy inhibitors (Fig. 3.3.12 and Fig. 3.3.14); ABa4 levels
were similar in N2a cells treated with pre-aggregated AB42 and CQ both in the absence
and presence of lysosomal-autophagy inhibitors (Fig. 3.3.13 and Fig. 3.3.15).

Similar to results in the absence of CQ (Fig. 3.3.14), AB42 levels in N2a cells treated
with pre-aggregated Zn-AB42 complexes and CQ were significantly higher than APas2
levels in N2a treated with either vehicle or with pre-aggregated APs2 and CQ
(Fig. 3.3.15; as in Fig. 3.3.4 and Fig. 3.3.8). In parallel, ABa42 levels in N2a cells treated
with pre-aggregated Zn-Aps2 complexes and CQ in the presence of lysosomal-
autophagy inhibitors were significantly elevated, compared to APas2 levels in N2a cells
treated with lysosomal-autophagy inhibitors alone or together with pre-aggregated APas.
and CQ (Fig. 3.3.15). Importantly, ABa. levels were significantly enhanced in N2a cells
treated with pre-aggregated Zn-Aps2 complexes and CQ in the presence, compared to
the absence, of lysosomal-autophagy inhibitors (Fig. 3.3.15).

These data imply that CQ does not affect Zn’s ability to enhance neuronal uptake of

aggregated AR, where it is degraded by the lysosomal-autophagy pathway.
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Figure 3.3.15 Effect of lysosomal and autophagy inhibitors on the

uptake of Aginto N2a cells in the presence of CQ and Zn

Blocking the lysosomal-autophagy pathway resulted in further enhancement of the

ZnClz-induced uptake of aggregated Afs2 into N2a cells.

Unpaired two-tailed t-test; ***p < 0.001 compared to vehicle;

AAp < 0.001 compared to lysosomal-autophagy inhibitors; #p < 0.01; *#p < 0.001

Bars represent mean £ S.E.M, n > 3
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3.4 Discussion

In recent years, there is an increasing interest in pharmacotherapeutics that target
metal ions for the treatment of a range of diseases, including neurodegenerative
diseases. These experimental drugs fall into different categories depending on their
presumed mechanism of action (as detailed in section 1.5); yet, their exact therapeutic
mechanism is usually ill defined and is based on the molecule’s structure.

One such pharmaceutical agent is CQ (refer to Table 1.5), which has been in use for
many years in both animals and humans due to its known ability to bind cations (694-
696). CQ has demonstrated promising results both in vitro and in vivo (see section 3.1);
however, each study used a dissimilar investigational setting and examined different
end points. Consequently, CQ has been shown to exert various effects on animal and/or
human biomarkers, behaviour, memory and learning depending on the system and the
disease it has been tested in (elaborated on in section 1.5.5).

As more findings were published, it became increasingly apparent that CQ does not
function as a simple metal chelator; but rather, in a more complex manner. This led to
the hypothesis that CQ may, in fact, be a metal-protein attenuating compound (MPAC),
which can disrupt the interaction of metals with AB, by binding either to the ion or to
the peptide’s metal-binding site(s), and the neurotoxic cascade that ensues (781).

Past investigations, however, looked only at the effects of CQ on metals and/or Ap
(436, 699, 700, 752); they did not look at any effects metals and A may have on CQ
itself. Opazo and colleges attempted to address this issue, using radioiodinated CQ
(763). The experimental procedures in this chapter were designed with the intention of
capitalizing on %1-CQ in order to investigate the relationship between CQ, metals and
AB in a cell culture model relevant to AD.

The N2a murine neuroblastoma cell line (described in section 3.2.1) was chosen as
it is neuronal-like, easy to culture and suitable for high throughput studies. Metal ions
were used at a concentration of 10 uM throughout these experiments because they are
believed to be at similar levels in the synaptic cleft during neurotransmission (355, 401,
782). Since it was previously determined that neurotoxicity is highest when Cu?* and
AP are at a 1:1 molar ratio (554), human AP4 was also used at 10 pM. Pilot
experiments by Opazo and Bellingham established that, even when '?°I-CQ was used at
100 pM, selective metals (Cu and Zn; 10 uM) significantly increased its cellular levels

in N2a cells following an hour incubation in Locke’s buffer (Fig. 3.1.1).
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Whilst the use of ?°1-CQ yielded promising results, it was also met with many
obstacles, such as a breakdown of the laboratory’s gamma counter, worldwide supply
shortage of %1 isotope for an extended period, issues with ANSTO’s nuclear reactor
and courier company’s license, to name a few. While trying to solve these problems,
experiments continued, using 100 pM “cold” CQ instead of *?°I-CQ, and looked at its
interplay with Cu and Zn ions, as well as with ABasz.

To distinguish cellular uptake from cellular retention, post-treatments the cells were
extensively washed in order to strip any material that may be attached to the outer
plasma membrane. The cells were subsequently fractionated by centrifugation, and all
data presented in this chapter are of analyses performed on the cytoplasmic fraction.

This chapter’s main conclusions are that, in a neuronal-like environment, not only
are Cu and Zn ions different to one another in terms of their uptake and metabolism; but
they also distinctly alter the entry and degradation of AP, depending on the protein’s
state (i.e., soluble versus aggregated). Moreover, while CQ does not affect the
internalization and removal of Cu, Zn or A individually; it acts synergistically, yet
differentially, with these metal ions and either soluble or aggregated AB, to modulate
the neuronal uptake and/or processing of both the metals and peptide, in parallel.

Under the experimental settings used in this chapter, it was shown that Cu, but not
Zn or A (soluble or self-aggregated), readily entered N2a cells (Fig. 3.3.1 - Fig. 3.3.4)
and was removed by an alternate pathway to macroautophagy (Fig. 3.3.9 — Fig. 3.3.10).
The rapid, non-endocytic uptake of Cu into neuronal cells, irrespective of CQ
(Fig. 3.3.5), points to active Cu transport, potentially by copper transporter 1 (CTR1)
(783) or divalent metal transporter 1 (DMT1) (784). These receptors are known as the
main mammalian trans-membrane Cu transporters in both the periphery and CNS.
Lately, DMT1 has even been linked to the expression and processing of APP (785). To
verify if one or both of these Cu transporters are involved in Cu uptake into N2a cells,
their expression or activity could be suppressed by means of small interfering RNA
(siRNA) or pharmacological inhibitors, respectively, and Cu uptake compared to WT
N2a cells.

As for Zn and Ap, it is hypothesized that the cells type (murine neuroblastoma
cells), media type (serum-free Locke’s buffer), exposure time (one hour) and/or dose
(10 uM metals and AB; 100 pM CQ) were not sufficient to cause a change in their

intracellular levels.
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While there are no known publications in which Cu or Zn were added to N2a cells;
there have been several studies in which immortalized neuronal-like and non-neuronal
cell lines were incubated with these metals (in the absence and presence of CQ) at
different doses, culture media and/or periods. Of these, only a few reported the cellular
metal levels. Metal measurements were usually performed in cell pellets or lysates,
using ICPMS, and resulted in heterogeneous outcomes.

Exposure of APPegs-overexpressing SY5Y cells for 16 hours to 200 uM CuCl: in
basal Eagle’s media, containing 20 % (v/v) FCS, led to significantly elevated Cu levels
(41). While metal levels in APPgos-transfected CHO cells, exposed for six hours to
CuClz or ZnCl3 (10 or 25 uM) in serum-free RPMI media, remained unaffected; cellular
Cu and Zn levels were significantly increased in response to CQ and either CuCl, or
ZnCl; (1:1; 10 or 25 uM) (166, 786). On the other hand, five hour exposure of M17
cells to CQ and CuCly, but not ZnCl, (1:1; 10 uM), in Opti-MEM® media supplemented
with 10 % (v/v) foetal bovine serum (FBS), resulted in elevated cellular metal levels
(434). Recently, one hour exposure of SY5Y cells to 10 uM ZnSQOs in serum-free
Hank's Balanced Salt Solution (HBSS) was sufficient to cause an increase to Zn levels
(255).

Cu and Zn affect A differently with relation to binding, conformation, aggregation
and toxicity, and vice versa (evidence outlined in sections 1.4.3.3-1.4.5). Results of
procedures that make up this chapter demonstrated that, in the presence of soluble
metal-Ap oligomers, neuronal-like cells do not take up the protein (Fig. 3.3.3-3.3.4,
Fig. 3.3.12 and Fig. 3.3.14) or Zn (Fig. 3.3.2 and Fig. 3.3.11); but do take up Cu and
deliver it to lysosomal-autophagy compartments for removal (Fig. 3.3.1 and Fig. 3.3.9).

These findings probably reflect the different binding affinities of Cu and Zn ions
towards AB and dissimilar resulting conformations. These outcomes may also indicate
that AP is either able to interact with the empiric neuronal Cu importer or is capable of
facilitating the uptake of Cu by an additional mechanism. Either way, based on the fact
that Cu entered neuronal-like cells without A, it is assumed that the metal would have
a higher binding affinity to its transporter than it does towards AB. Once the neuronal
Cu transporter is identified, it could be either knocked out or targeted by
pharmacological agonists and/or antagonists, and CuDDLs-induced cellular Cu uptake
compared to normal N2a cells. The significance of these findings is that the
neurotoxicity attributed to CuDDLs (554, 768, 769) might be due to a considerable

increase in neuronal Cu levels and may not be directly related to Ap itself.
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The observations also shed light on the unique MOA of CQ on AB oligomers, which
are considered as the instigators of AD toxicity (236-246). While CQ did not affect Cu,
Zn or soluble AB on their own (Fig. 3.3.1-3.3.4); together, CQ and Cu led to enhanced
uptake of soluble AB (Fig. 3.3.3), and CQ and soluble AP led to suppressed uptake of
Cu (Fig. 3.3.1). Interestingly, CQ simultaneously decreased the cellular uptake of Cu
and increased that of soluble AB (Fig. 3.3.1 and Fig. 3.3.3, respectively). The influx of
Cu ions did not involve endocytosis (Fig. 3.3.5), while soluble AB entered neuronal
cells via a secretory pathway (Fig. 3.3.7); however, both Cu and AB ended up being
cleared by autophagy (Fig. 3.3.10 and 3.3.13, respectively).

The parallel, yet opposing, action of CQ implies that the drug may form a complex
with CuDDLs that could separate at the cell surface, as its components are internalized
by distinct pathways. The present data also stress that the therapeutic abilities of CQ
may involve rescue from CuDDLs-related toxicity by reducing neuronal Cu down to
sub-neurotoxic levels and by stimulating the removal and degradation of extracellular
soluble AB; however, such an effect needs to be verified by toxicity assay(s).

Not surprisingly, the exact opposite effects were observed with aggregated Ap.
Experimental results showed that aggregated AB did not impact neuronal cell uptake of
either Cu or Zn (Fig. 3.3.1 and Fig. 3.3.2, respectively). On the other hand, metals that
were complexes to AB, differentially affected the neuronal cell uptake of the protein.
While Cu did not modulate aggregated A entry into neuronal-like cells (Fig. 3.3.3); Zn
induced the internalization (Fig. 3.3.4) and transport to the lysosomal-autophagy
degradation system (Fig. 3.3.14) of aggregated Ap.

These data suggest that the metal-enriched APs observed in brains of AD patients (359,
372, 385, 393-397) could be intimately involved in the dynamic homeostasis of cerebral
AB. Whether this action is a harmful or a beneficial one remains to be determined.

Again, CQ exerted simultaneous dual action on metals and aggregated AB. The drug
led to neuronal uptake of Cu-Ap aggregates (Fig. 3.3.1 and Fig. 3.3.3). While Cu was
endocytosed, aggregated AP entered cells by an alternative mechanism (Fig. 3.3.5 and
Fig. 3.3.7, respectively); however, both components were eventually metabolized by the
lysosomal-autophagy machinery (Fig. 3.3.10 and Fig. 3.3.13). Conversely, CQ did not
alter the lack of Zn entry, or the enhanced neuronal uptake of AP, from Zn-Ap
aggregates (Fig. 3.3.2 and Fig. 3.3.4, respectively). These findings may be reconciled
by the varying affinities of Cu and Zn to Ap versus CQ.
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Taken together, these data imply that, in addition to its CuDDLs inhibition effect,
the therapeutic MOA of CQ in AD patients might also rely on its capability to
disaggregate Cu-enriched APs and deliver them into the surrounding neurons, where
they are cleared by the endogenous cellular systems.

In summary, whilst still unable to shed light on the pharmacokinetics of CQ, this
chapter provides evidence that allows an initial and broader appreciation of CQ’s
differential effect on metals and A in a cell-based model of AD. Further in vitro and in
vivo experimentations are required to substantiate these findings and to determine the
pharmacodynamics and MOA of CQ in the AD brain.
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Chapter 4

Investigating the toxicity of CQ and

metals in cultured cell lines

121



122



Chapter 4

4.1 Introduction

The results described in Chapter 3 show that N2a cells take up, process and/or
eliminate Cu differently from Zn, both in the absence and presence of CQ and/or Af
(Fig. 3.3.1-3.3.2, Fig. 3.3.5-3.3.6 and Fig. 3.3.9-3.3.11). N2a cells also metabolise
soluble AP differently from aggregated AP, in the absence and presence of CQ, Cu
and/or Zn (Fig. 3.3.3-3.3.4, Fig. 3.3.7-3.3.8 and Fig. 3.3.12-3.3.15). Based on these
findings and on work by White et. al. (436, 752), initial experiments were carried out
with the intention of exploring the signalling cascades that may be initiated in N2a cells
following exposure to and/or uptake of CQ, metals and Ap.

Meanwhile, a growing literature has emerged with regards to the anti-cancer
properties of CQ. A series of publications demonstrated in vitro that CQ decreased the
viability of cell lines derived from human B-cell lymphoma, fibrosarcoma, bladder,
breast, cervical, ovarian and pancreatic tumours (787-791). Naturally, the half maximal
inhibitory concentration (ICso) of CQ varied (within uM range), depending on the cell
type and the exposure time of the cells to the drug (729, 787-792). In vivo, using X-ray
fluorescent microscopy (XFM), it was shown that CQ treatment (10 mg/kg/day for 15
days) in mice implanted with human prostate tumour xenografts led to a significant
decrease in Cu and Zn levels within tumour tissue; while sparing normal tissue (793).

Contrary to these authors’ supposition, CQ-metal complexes did not rescue the
cytotoxicity observed with CQ alone; instead, they further enhanced it (Cu > Zn > Fe)
by virtue of increasing intracellular metal levels (621, 622, 748, 787, 790, 791, 794-
796). Detailed investigation revealed that, together, CQ and Zn resulted in elevated
labile Zn (particularly in lysosomes) and heme oxygenase 1 (HO1) levels, suppressed
cell survival signalling pathways, and induced apoptotic and necrotic death in human
blood, ovarian, breast and prostate cancer cell lines (622, 729, 787, 794, 797-799).
Combination of CQ with Cu led to increased Cu, decreased metabolic activity,
proteasome inhibition, arrested proliferation and apoptotic cell death in human breast,
cervical, prostate, leukaemia and myeloma cancer cells (621, 735, 748, 791, 796, 799-
802). Importantly, at the concentrations tested, CQ and its metal chelates exhibited
selective toxicity towards xenografts and primary or secondary cells from solid

malignancies, while sparing normal tissue or cells (621, 787, 791, 793, 800).
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Notably, none of the cells used in the abovementioned studies were propagated from
neuronal tumours. As our laboratory’s research activities focus on neurodegenerative
diseases, in particular AD and PD, we routinely utilize a range of neuronal cell lines as
a means for in vitro testing. Therefore, the objective of this chapter was to ascertain the
validity of using murine and human neuroblastoma and neuroglioma cells as pre-clinical
models for evaluating CQ and/or metal ions (Cu, Zn and Fe) for various brain disorders.

As noted in section 2.5, CQ can be dissolved in organic solvents. In practice, CQ
can be dissolved in DMSO up to 5 mM; it precipitates out of solution at higher
concentrations. Preliminary results indicated that cells can only tolerate up to 0.5 %
DMSO (v/v of experimental media). Hence, the highest concentration of CQ used in the
studies described in this chapter was 25 uM. Since CQ is known to bind metals at a 2:1
stoichiometry (694-697), the highest concentration of Cu, Zn and Fe used in the
experimental procedures described in this chapter was 12.5 uM.

Previous studies have shown that radioiodiniated CQ (*#1-CQ) injected into healthy
volunteers, AD patients, Tg and non-Tg mice, as well as CQ administered to mice by
oral gavage, was absorbed and almost completely cleared within 2-3 hours (700, 763).
Accordingly, a three-hour incubation period was applied to all experiments described in
this chapter.

To mimic the environment in the brain and in order to avoid chelation of CQ and/or
exogenous metal ions by components in the serum, all incubations were conducted in
serum-free media (after verifying that three-hour serum deprivation did not alter cell
viability). Following this treatment regime (i.e., dose and exposure time of CQ and/or
metals in serum-free media), various toxicity and/or cell viability assays were employed
to measure the effect of CQ and metal-CQ complexes on an array of neuronal cells and

on control CHO cells.
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4.2 Experimental Methods

4.2.1 Cell lines and culture conditions

In addition to the N2a mouse neuroblastoma cell line (764), the characterisation and
cultivation of which have been described in section 3.2.1, two human neuroblastoma
cell lines were also obtained from the ATCC (Manassas, VA, USA) and used in this
chapter: SH-SY5Y and BE(2)-M17 (henceforth, SY5Y and M17, respectively).

SY5Y cells were sub-cloned (803) from the parental SK-N-SH line, which was
isolated from the bone marrow of a four year-old female with metastatic neuroblastoma
(804). Neuroblast-like SY5Y cells grow in clusters with small, round cell bodies and
fine, extended neurites, and possess moderate dopamine-f3-hydroxylase (DBH) activity
(805). Similarly, M17 cells were cloned from the original SK-N-BE(2) line that was
derived from a bone marrow biopsy of a two year-old male with disseminated
neuroblastoma (806). M17 cells appear as rounded cells with sporadic neuritic
processes, and exhibit high tyrosine hydroxylase (TH) activity (807).

Other than the aforementioned neuroblastoma cell lines, H4 human neuroglioma
cells were also obtained (kind gift of Dr Avril Pereira). The epithelial-like H4 clone was
established from a 37 year-old male with neuroglioma (808). N2a, SY5Y and H4 cells
were grown in DMEM, containing 25 mM D-glucose, 25 mM HEPES and 4 mM
GlutaMAX™. M17 cells were grown in Opti-MEM® media (optimized Eagle's Minimal
Essential Medium), containing 2 mM L-glutamine and buffered with HEPES.

The Chinese Hamster Ovary (CHO) cell line, isolated by Puck et. al. in 1957 from a
biopsy of an ovary of an adult Chinese hamster (809), is not tumorigenic, but has been
transformed in order to render it continuous. CHO-APP cells have been generated by
transfecting CHO cells with pIRESpuro2 vector expressing human APPegs
complimentary DNA (cDNA) (436). For the purpose of these studies, CHO cells
transfected with empty vector or with APPees (kind gift of Prof Andrew Hill), served as
control to the tumorigenic neuronal cells and were maintained in Roswell Park
Memorial Institute (RPMI) 1640 media, containing 0.003 mM of the antioxidant
glutathione (GSH), 2 mM GlutaMAX™, 11 mM D-glucose and 25 mM HEPES.

All media were supplemented with 10 % (v/v) heat-inactivated FCS (Bovogen
Biologicals; Essendon, Melbourne, VIC, Australia) and penicillin/streptomycin sulphate

antibiotics (100 units/mL and 100 png/mL, respectively).
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Media of transfected CHO cells were also supplemented with 7.5 pg/mL puromycin
(Sigma-Aldrich; Castle Hill, Sydney, NSW, Australia), as a selective agent.

Once confluent, cells were propagated (manner outlined in section 3.2.1) 2-3 times per
week at a 1:5-1:15 ratio (depending on the growth rate of the cell line).

4.2.2 Preparation of CQ

5 mM CQ stock solutions were freshly prepared by dissolving the compound in
DMSO. On experimental days, serial dilution in DMSO was performed in order to reach
the following concentrations: 4, 3.2, 2, 1.6, 1, 0.4 and 0.2 mM. CQ was added to
treatment media immediately prior to exposure of different cell lines at final

concentrations ranging from 1 to 25 uM.

4.2.3 Preparation of metals

Metal stock solutions were prepared by dissolving cupric chloride (CuCly), zinc
chloride (ZnCly) and ferric chloride (FeClz) in water. Following their initial preparation,
stock solutions were analysed by ICPMS and their concentrations were determined to
be 9.5 mM, 10.8 mM Zn and 6.9 mM Fe.

On experimental days, serial dilution in water was conducted in order to reach the
following metal concentrations: 2.5, 2, 1.6, 1, 0.8, 0.5, 0.2 and 0.1 mM. Cu, Zn and Fe
were added to treatment media immediately prior to exposure of various cell lines at

final concentrations ranging from 0.5 to 12.5 uM.

4.2.4 Cellular toxicity studies of CQ and/or metals

Cells were seeded at a density of 0.5-1 x10° cells/cm? in the inner wells of 48-well
plates (to ensure even evaporation) and maintained in serum-containing media (up to 2
days), until reaching ~90 % confluence. On experimental days, culture media was
aspirated, and cells were rinsed with PBS, prior to three-hour treatment in serum-free
media with CQ (up to 25 uM), metals (CuClz, ZnClz, FeCls; up to 12.5 uM), CQ-metal
complexes (2:1 molar ratio; up to 25 uM CQ and up to 12.5 uM metals) or vehicle
control (equal volumes of water and DMSO as treatments) in triplicates. CCK-8 was
employed as the primary cell survival assay (as per section 2.10.1) and its results were

verified by other cell viability and/or cytotoxicity assays (see sections 2.10.2-2.10.4).
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4.3 Experimental Results
4.3.1 Toxicity of CQ and/or metals in N2a cells

As the N2a mouse neuroblastoma cell line was used in all experimental procedures
described in Chapter 3, it was the first to be investigated for the effect of CQ, metals
and CQ-metal complexes on its survival (see section 4.2.4).

The viability of N2a cells treated with 8, 10 or 25 uM CQ was lower than vehicle-
treated N2a cells (~81, 80 and 75 %, respectively; Fig. 4.3.1 A). However, treatment
with 16 or 20 uM CQ did not alter the viability of N2a cells, compared to vehicle-
treated N2a cells (Fig. 4.3.1 A).

In comparison to vehicle-treated N2a cells, the number of live N2a cells treated with
0.5, 1, 50r 12.5 uM CuCl; was variably decreased (Fig. 4.3.1 B); yet, no difference was
observed in the survival of N2a cells co-treated with any of the tested doses of CQ and
CuCl; (up to and including 25 uM CQ and 12.5 uM CuCly; Fig. 4.3.1 C).

There was no change in the viability of N2a cells treated with ZnCl; (equal to or less
than 12.5 uM) in the absence or presence of CQ (equal to or less than 20 uM CQ and
10 uM ZnCly; Fig. 4.3.1 D and E, respectively). The survival rate of N2a cells was only
affected by co-treatment with 25 uM CQ and 12.5 uM ZnCl; (~60 % of vehicle-treated
N2a cells; Fig. 4.3.1 E). Although it may appear as if co-treatment with 8 uM CQ and
4 uM ZnCl2 enhanced the number of live N2a cells, this difference was found to be not
statistically significant.

Similar to ZnCl, treatment with FeCls did not affect the number of viable N2a cells
(Fig. 4.3.1 F). Concomitant treatment with either low or high doses of CQ and FeCls
(upto 5 uM CQ and 2.5 uM FeClz or 16-25 uM CQ and 8-12.5 uM FeCls, respectively)
also did not impact the viability of N2a cells (Fig. 4.3.1 G). Interestingly, treatment
with moderate concentrations of CQ and FeClz in parallel (8-10 uM CQ and 4-5 uM
FeCls, respectively) significantly diminished the survival of N2a cells (~82 %, relative
to vehicle-treated N2a cells; Fig. 4.3.1 G)

These findings indicate that, under the conditions used, CQ and its metal chelates
are toxic to the N2a neuroblastoma cell line; however, only at doses higher than 5 uM.

In addition, while N2a cells are sensitive to Cu, they are not sensitive to Fe or Zn.

127



CQ (uM)

o
Yo}

—
(%) Aungein 1190

150
00

Cu (uM)

cQ

150

o o o
0 5

(%) Aupgein (180

o o
Y]

—
(%) Aupgein 1190

00
150

*k%k

k%%

Cu (uM)
Zn (uM)

*%*

150

o o o
0 5

—
(%) Aunpgein 1190

o o
Tel

—
(%) Aupgeln 1190

00
150

Zn (uM)

cQ

150

o o
O 5

(%) Aupgein 1190

150

o o
0 5

—
(%) Aupgein (19D

Fe (uM)

Fe (uM)

cQ

128



Figure 4.3.1 Dose-response effect of CQ and/or metal ions on the
viability of N2a cells

Exposure to CQ (8-10 and 25 uM; A) and Cu (0.5, 1, 5 and 12.5 uM; B) was generally

dose-dependently toxic to N2a cells. Neither Zn nor Fe (< 125 uM; D and F,

respectively) were cytotoxic to N2a cells.

Metal complexes of the drug were variably toxic to N2a cells, depending on the metal

and/or the dose of the metal-CQ complex. Cytotoxicity was not observed in N2a cells

exposed to CQ-Cu complexes (< 25 M CQ and 12.5 M Zn; C); but, was observed at

the highest dose of CQ-Zn complexes (25 M CQ and 12.5 4M Zn; E) and at moderate

doses of CQ-Fe complexes (8-10 «M CQ and 4-5 uM Fe, respectively; G).

ANOVA with Dunnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001

compared to vehicle-control

Bars represent mean £+ SSE.M, n =2
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4.3.2 Toxicity of CQ and/or metals in BE(2)-M17 cells

Next, the response to various concentrations of CQ and metal ions, either alone or
together, was examined in M17 cells (procedure outlined in section 4.2.4). Our research
group has previously utilised the M17 human neuroblastoma cell line (described in
section 4.2.1) to evaluate metal uptake with ascending doses of either CQ or PBT2
(700). The study showed that co-treatment with PBT2 led to a dose-dependent increase
in cellular Cu, Zn and Fe levels; however, with CQ, this effect was only observed for
Cu (700).

Under the experimental conditions used in this chapter, there was a dose-dependent
loss in viability of M17 cells following treatment with 20 and 25 uM CQ, (~70 % and
67 % of vehicle-treated M17 cells, respectively; Fig. 4.3.2 A).

Compared to vehicle-treated M17 cells, the survival of M17 cells treated with either
1 or 8 uM CuCl; was slightly decreased (~91 %; Fig. 4.3.2 B). On the other hand, the
viability of M17 cells co-incubated with CQ and CuCl: (as low as 2 uM CQ and 1 uM
CuClz and as high as 25 uM CQ and 12.5 uM CuClz) was significantly diminished
(varied between 80 and 57 %, as compared to vehicle-treated M17 cells; Fig. 4.3.2 C).

Other than treatment with 1 uM ZnCl,, which slightly reduced the number of live
M17 cells; the survival of M17 cells treated with ZnCl, was unaffected, compared to
vehicle-treated M17 cells (Fig. 4.3.2 D). In contrast, the survival rate of M17 cells co-
treated with doses equal to or higher than 8 uM CQ and 4 uM ZnCl, was diminished in
a dose-dependent manner (down to 62 % of vehicle-treated cells; Fig. 4.3.2 E).

The viability of M17 cells treated with FeCls, in the absence or presence of CQ, was
mostly unchanged (Fig. 4.3.2 F and G, respectively); with the exception of treatment
with 1 uM FeClsz, which decreased M17 cell survival (~92 %; Fig. 4.3.2 F) and co-
treatment with 25 uM CQ and 12.5 uM FeCls, which increased cell viability (~110 %;
Fig. 4.3.2 G), relative to vehicle-treated M17 cells.

Collectively, these observations imply that, under the test conditions, metals alone
are variably toxic to M17 cells (Cu > Fe > Zn). CQ, alone or with either Cu or Zn, is
dose-dependently toxic to M17 cells (CQ-Cu > CQ-Zn > CQ). Surprisingly, as opposed
to Fe on its own, Fe in combination with CQ may be protective to M17 human
neuronal-like cells. In general, M17 cells were more sensitive to CQ-metal toxicity than
N2a cells.
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Figure 4.3.2 Dose-response effect of CQ and/or metals on the viability
of M17 cells
Exposure to Cu, Zn or Fe (< 12.5 uM; B, D and F, respectively) lowered the survival
rate of M17 cells to varying degrees.
The viability of M17 cells was significantly diminished following exposure to high doses
of CQ (> 20 uM; A), moderate to high doses of CQ-Zn complexes (> 8 uM CQ and
4 uM Zn; E) and low to high doses of CQ-Cu complexes (> 2 M CQ and 1 M Cu; C).
Exposure to CQ-Fe complexes, not only did not decrease the survival of M17 cells, but
in the highest tested dose (25 M CQ and 12.5 uM Fe) it elevated their viability (G).
ANOVA with Dunnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001
compared to vehicle-control

Bars represent mean £+ SSE.M, n =2
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4.3.3 Toxicity of CQ and/or metals in SH-SY5Y cells

Neuroblastomas are clinically heterogeneous tumours that vary in location,
histopathologic appearance and biologic characteristics. Therefore, an additional human
neuroblastoma cell line, SY5Y (described in section 4.2.1), was employed to explore
the impact of the CQ, metal ions and CQ-metal chelates on cell viability (section 4.2.4).

Interestingly, treatment with CQ at low to moderate concentrations (2-8 uM)
modestly elevated the number of viable SY5Y cells (~123-132 %, in comparison to
vehicle-treated SY5Y cells; Fig. 4.3.3 A). Treatment with CQ at concentrations equal to
or higher than 10 uM did not alter SY5Y cell survival (Fig. 4.3.3 A).

Of all the CuCl> doses tested, only 1 uM CuCl, affected the viability of SY5Y cells
(increased to ~134 %, compared to vehicle control; Fig. 4.3.3 B). To rule this out as an
artefact, repeated experimentation is needed. Surprisingly, while co-treatment with 8 or
16 uM CQ and 4 or 8 uM CuCl,, respectively, resulted in higher SY5Y cell survival;
the opposite effect was observed following concomitant treatment with 25 uM CQ and
12.5 uM CucCl; (decreased to ~70 % of vehicle-treated SY5Y cells; Fig. 4.3.3 C).

Following three-hour incubation with all tested doses of ZnCl, other than 1 uM, the
survival rate of SY5Y cells was variably increased (~127-137 %, as compared to
vehicle-treated SY5Y cells; Fig. 4.3.3 D). Similarly, the viability of SY5Y cells
incubated with low doses of ZnCl> in the presence of CQ (1 or 2 uM CQ and 0.5 or
1 uM ZnCly, respectively) was enhanced, relative to vehicle control (~125 and 134 %,
respectively; Fig. 4.3.3 E). However, at doses equal to or higher than 5 uM CQ and
2.5 uM ZnCly, the number of live SY5Y cells was significantly diminished (~30 % of
vehicle-treated SY5Y cells; Fig. 4.3.3 E), similar to M17 cells (Fig. 4.3.2 E).

The survival rate of SY5Y cells remained unchanged following treatment with
FeCls, either in the absence or presence of CQ (Fig. 4.3.3 F and G, respectively); except
for treatment with either 2.5 uM FeCls alone (Fig. 4.3.3 F) or parallel treatment with
0.5 uM FeClz and 1 uM CQ (Fig. 4.3.3 G) that led to a slight rise in viability of SY5Y
cells, compared to vehicle-treated SY5Y cells.

Like N2a cells, CQ at doses lower than 5 uM, in the absence and presence of metals,
Is not toxic to SY5Y cells. In fact, results show that low doses of CQ or metals may
stimulate growth and/or proliferation of SY5Y neuronal-like cells. In contrast,
combination of CQ and metal ions (Zn > Cu > Fe) at moderate to high concentrations

could induce SY5Y neuroblastoma cell death.
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Figure 4.3.3 Dose-response effect of CQ and/or metals on the viability
of SY5Y cells

The survival of SY5Y cells was enhanced following exposure to CQ (2-8 «M; A), Cu

(1 uM; B), CQ-Cu complexes (8-16 M CQ and 4-8 uM Cu, respectively; C), Zn

(> 12.5 uM; D), CQ-Zn complexes (> 2 uM CQ and 1 #M Zn; E), Fe (2.5 uM; F) and

CQ-Fe complexes (1 M CQ and 0.5 Fe; G).

Loss in viability of SY5Y cells was only seen upon exposure to the highest dose of CQ-

Cu complexes (25 uM CQ and 12.5 M Cu; C) and moderate to high doses of CQ-Zn

complexes (<5 4M CQ and 2.5 uM Zn; E).

ANOVA with Dunnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001

compared to vehicle-control

Bars represent mean £ S.E.M, n =2
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4.3.4 Toxicity of CQ and/or metals in H4 cells

In contrast to neuroblastomas, gliomas are rapidly progressive brain malignancies.
After studying both murine and human neuroblastoma cell lines (sections 4.2.1-4.2.3),
the effect of CQ and/or metals was assessed in H4 neuroglioma cells (see section 4.2.1).

Results showed that treatment with moderate to high doses of CQ (10-20 uM)
significantly decreased the number of live H4 cells (~83 %, compared to vehicle-treated
H4 cells; Fig. 4.3.4 A). Unexpectedly, at its highest tested concentration (25 uM), CQ
did not impact the survival rate of H4 cells (Fig. 4.3.4 A).

None of the CuCl, concentrations tested (equal to or less than 12.5 uM), either in
the absence or presence of CQ (equal to or less than 25 uM), altered the number of
viable H4 cells (Fig. 4.3.4 B and C, respectively).

On the other hand, treatment with ZnCl», with and without CQ, resulted in variably
decreased viability of H4 neuroglioma cells (Fig. 4.3.4 E and D, respectively). H4 cell
survival was reduced following incubation with 0.5, 5 or 8 uM ZnCl; alone (Fig. 4.3.4
D), and was lowered further upon co-treatment with 1, 10 or 16 uM CQ, respectively
(Fig. 4.3.4 E). Of note, treatment with 1 or 2.5 uM ZnCl;, with and without 2 or 5 uM
CQ, did not compromise the survival rate of H4 cells (Fig. 4.3.4 D and E). Importantly,
while the viability of H4 cells was unaffected by treatment with 4, 10 or 12.5 uM ZnCl>
alone (Fig. 4.3.4 D); in the presence of CQ (8, 20 or 25 uM, respectively), H4 cell
viability was significantly decreased (88, 60 and 40 % of vehicle-treated H4 cells,
respectively; Fig. 4.3.4 E).

In comparison to vehicle-treated H4 cells, treatment with FeClsz (equal to or less than
12.5 uM), either alone or together with CQ (equal to or less than 25 uM), did not alter
the number of viable H4 cells (Fig. 4.3.4 F and G, respectively); the only exception
being 0.5 uM FeCls that slightly lowered the survival of H4 cells (~91 %; Fig. 4.3.4 F).

Taken together, these findings suggest that neither Cu, Fe or their complexes with
CQ are toxic to the H4 neuroglioma cell line. Conversely, H4 cells are sensitive to CQ

alone at doses equal to or exceeding 10 uM, as well as to free and CQ-coordinated Zn.
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Figure 4.3.4 Dose-response effect of CQ and/or metal ions on the
viability of H4 cells

Exposure to 10-20 ©M CQ significantly decreased the viability of H4 cells (A).

The viability of H4 cells was unaffected by exposure to Cu (< 12.5 uM; B), alone or

together with CQ (< 25 uM; C).

Exposure of H4 cells to 0.5, 5 and 8 M Zn reduced their survival (D), which was

further diminished in the presence of 1, 10 and 16 M CQ, respectively (E). The

viability of H4 cells co-exposed to the highest doses of CQ-Zn complexes (20-25 M CQ

and 10-12.5 uM Zn, respectively) was also significantly compromised (E).

The survival of H4 cells exposed to 0.5 #M Fe was slightly lowered (F); but was,

otherwise, unaffected by exposure to Fe (1-25 uM; F) or CQ-Fe complexes (< 25 uM

CQand 12.5 uM Fe).

ANOVA with Dunnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001

compared to vehicle-control

Bars represent mean £ S.E.M, n =2
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4.3.5 Toxicity of CQ and/or metals in CHO cells

The cytotoxicity of CQ and/or metals was established in an array of neuronal
(sections 4.3.1-4.3.4) and non-neuronal (621, 622, 729, 787, 789-795, 797, 800-802)
cancerous cell lines. The effect of CQ and other metal-chelators (in the presence and
absence of metal ions) on the viability, metal uptake, signalling cascade induction and
Ap degradation was also ascertained in continuous CHO epithelial cells transfected with
APP (436, 607, 752, 810, 811). For the purpose of the studies performed as part of this
chapter, both empty-vehicle and APP-transfected CHO cells were used (sections 4.3.5
and 4.3.6, respectively).

Data demonstrated that treatment with CQ (equal to or less than 25 uM), CuCl»
(equal to or less than 12.5 uM) or combination of the two (all doses but 20 uM CQ and
10 uM CuCly) did not affect CHO cell survival, in comparison to vehicle-treated CHO
cells (Fig. 4.3.5 A, B and C, respectively).

Unlike CuCly, incubation with ZnCl (at all doses up to and including 12.5 puM)
significantly and dose-dependently diminished the survival of CHO cells (down to 70 %
of vehicle-treated CHO cells; Fig. 4.3.5 D). Surprisingly, only co-treatment with 25 uM
CQ and 12.5 uM ZnCl; resulted in a significant decrease in CHO cell viability (~76 %,
relative to vehicle-treated CHO cells; Fig. 4.3.5 E); while all other tested doses (up to
and including 20 uM CQ and 10 uM ZnCl2) had no effect on the survival of CHO cells.

Following treatment with FeCls, the survival rate of CHO cells was not
compromised (Fig. 4.3.5 F); whereas, parallel treatment with CQ and FeCls at doses
equal to or higher than 5 uM CQ and 2.5 uM FeCls resulted in a significant loss in the
number of viable CHO cells (down to ~86 %, compared to vehicle-treated cells;
Fig. 4.3.5 G).

Overall, these observations point to CQ, Cu and Fe on their own not being toxic to
CHO cells; however, CHO cells being highly sensitive to Zn. In addition, while
combination of CQ with either Cu or Zn is toxic to CHO cells only at high doses; all
CQ-Fe complexes are toxic to CHO cells (CQ-Fe > CQ-Zn > CQ-Cu).
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Figure 4.3.5 Dose-response effect of CQ and/or metals on the viability
of CHO cells

The survival of CHO cells was unaffected by exposure to CQ (> 25 uM; A), Cu

(> 12.5 uM; B) or both (except for 20 M CQ and 10 M Cu; C).

Exposure to Zn significantly diminished the viability of CHO cells (> 12.5 xM; D);

however, in the presence of CQ, only exposure to the highest dose decreased the

survival of CHO cells (25 M CQ and 12.5 M Zn; E).

Viability of CHO cells was unaltered by Fe alone (> 12.5 uM; F); but, it was

significantly reduced following exposure to moderate to high concentrations of Fe in

the presence of CQ (<5 M CQ and 2.5 uM Fe; G).

ANOVA with Dunnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001

compared to vehicle-control

Bars represent mean £+ SSE.M, n =2
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4.3.6 Toxicity of CQ and/or metals in CHO-APP cells

Finally, the response of stably-transfected CHO-APPeggs cells (refer to section 4.2.1)
to a range of CQ and/or metals ions treatments was tested (as detailed in section 4.2.4).

Similar to CHO cells, viability of CHO-APP cells treated with CQ (equal to or less
than 25 uM), CuClz (equal to or less than 12.5 uM) or both (equal to or less than 25 uM
CQ and 12.5 uM CucCl,) remained unaffected (Fig. 4.3.6 A, B and C, respectively).

Also comparable to CHO cells, incubation with most tested doses of ZnCl, alone
(equal to or higher than 2.5 uM), and co-incubation with the highest dose of ZnCl, and
CQ (12,5 and 25 uM, respectively), significantly compromised the survival of CHO-
APP cells, relative to vehicle-treated CHO-APP cells (Fig. 4.3.6 D and E, respectively).
At low doses of ZnCl, (0.5-1 uM) and at low to high doses of CQ and ZnCl> (up to and
including 20 uM CQ and 10 uM ZnCly), there was no difference in viability, compared
to vehicle-treated CHO-APP cells (Fig. 4.3.6 D and E, respectively).

As with CuCly, none of the tested doses of FeCls (equal to or less than 12.5 uM)
impacted the number of viable CHO-APP cells (Fig. 4.3.6 F). Parallel treatment with
either low doses of CQ and FeCls (1-2 uM and 0.5-1 uM, respectively) or high doses
(20-25 uM CQ and 10-12.5 uM FeCls) also did not alter the survival of CHO-APP
cells, in comparison to vehicle-treated CHO-APP cells (Fig. 4.3.6 G). In contrast, co-
treatment with moderate to high concentrations of the drug and metal (5-16 uM CQ and
2.5-8 uM FeCls, respectively) moderately diminished the number of live CHO-APP
cells (~89-93 % of vehicle-treated CHO-APP cells; Fig. 4.3.6 G).

These outcomes suggest that whilst CQ, Cu and Fe are not cytotoxic, Zn is highly
toxic to CHO-APP cells, even at relatively low amounts. As for CQ complexes with
metals, CHO-APP cells are only sensitive to high levels of CQ-Zn, but are quite
sensitive to moderate CQ-Fe (CQ-Fe > CQ-Zn > CQ-Cu).
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Figure 4.3.6 Dose-response effect of CQ and/or metals on the viability
of CHO-APP cells

Exposure to CQ (< 25 uM; A), Cu (< 12.5 uM; B) or both (<25 xM CQ and 12.5 uM

Cu; C) did not alter the survival of CHO-APP cells.

While exposure to Zn significantly decreased the viability of CHO-APP cells (> 2.5 uM;

D); in the presence of CQ, only exposure to the highest concentration reduced the

survival rate of CHO-APP cells (25 4M CQ and 12.5 M Zn; E).

On the other hand, none of the Fe doses affected the number of viable CHO-APP cells

(<12.5 uM; F); whereas, exposure to Fe in the presence of CQ significantly diminished

the number of live CHO-APP cells (5-16 #«M CQ and 2.5-8 M Fe, respectively; G).

ANOVA with Dunnett’s multiple comparison test; **p < 0.01, ***p < 0.001 compared

to vehicle-control

Bars represent mean £ S.E.M, n =2
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4.4 Discussion

Acute and chronic toxicology testing represents a major part of the safety evaluation
of compounds in environmental, food, cosmetic, medical and pharmaceutical industries.
In the pre-clinical drug development process, rodent and non-rodent in vivo models are
employed for examining ocular and/or dermal irritation, immunotoxicity,
carcinogenicity, genotoxicity, developmental and reproductive toxicology.

Guided by the three R’s (replacement, reduction and refinement) principle (812),
toxicology studies also utilise myriad in silico and/or in vitro techniques. The latter
consist of simple, inexpensive, sensitive and high-throughput analyses that quantify the
degree of cell growth/arrest (cytostasis, division or proliferation) and survival/death
(senescence, cytolysis or cytotoxicity) caused by experimental drugs in a wide variety
of models (isolated organs, tissue slices, primary cultures, cell lines and sub-cellular
preparations).

Traditional toxicity methods are based on manual or automated counting of cells
that, depending on cell membrane permeability, either absorb or exclude staining dyes,
such as propidium iodide or trypan blue. This could be time consuming and may under-
estimate cell death. Other conventional cytotoxicity protocols are based on nucleotide
uptake activity that require pre-labelling with radioactive isotopes or fluorescence dyes,
and involve extensive washing of the cells. Advanced toxicity assays, including the
ones used in this chapter, rely on a more rapid, accurate and reproducible measure of
colour change due to impaired membrane integrity or enzymatic activity in a large
number of cells, as an indication of cell lysis or viability, respectively.

In this chapter, cytotoxicity assays were utilized to validate the use of murine and
human cells, derived from neuroblastoma and neuroglioma tumours, as pre-clinical
models for assessing the therapeutic MOA of CQ and/or metals (Cu, Zn and Fe) for
various neurodegenerative diseases (as described in section 1.5.5).

For these studies, cell survival was primarily determined, using the CCK-8 assay
(refer to section 2.10.1). The CCK-8 assay was preferred to the MTT and MTS assays
(see sections 2.10.2 and 2.10.3, respectively), as it did not warrant reconstituting or
thawing of the reagent, did not entail a solubilisation step; nor did it affect the cells
(thereby, allowing additional experiments to be carried out using the same cells). In
addition to being easier and quicker to perform, the CCK-8 assay was also found to be
more reproducible and sensitive than the abovementioned assays (i.e., able to

distinguish between reversible mitochondrial impairment and cell death).
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In vitro experiments comprising this chapter revealed that CQ, metals and CQ-metal
complexes yielded differential effects (no change, decrease or increase) on the viability
of several neuronal cell lines; some of which were dose-dependent. Due to time
constraints, the corresponding cellular metal levels, gene or protein expression profiles,
and the type of cell death were not determined; however, it is possible to draw from past
publications in order to speculate, with high probability, on the reasons for the
differential sensitivity of the various cell lines to the aforementioned treatments.

Results showed that CQ was toxic to N2a and H4 cells, at similar concentrations
(ranging between 8 and 25 uM) (A panel in Fig. 4.3.1 and Fig. 4.3.4, respectively).
Following the discovery that IRE binding to the APP 5’UTR directs the protein’s
mRNA translation, Bandyopadhyay et. al. tested the dose-response effect of several
known Fe-binding compounds on the viability of H4 and SY5Y cells at 48 hours (416).
Using an MTS assay, the authors showed that 50 uM CQ reduced the viability of H4
cells by half and 100 uM CQ rendered almost 100 % of H4 cells non-viable (416). The
treatment media was not described in the article, but it is assumed to contain serum.

In all experiments constituting this chapter, cells were incubated for three hours in
serum-free media with CQ in doses no greater than 25 uM, and cell survival was
primarily assessed, using the CCK assay (rational explained in section 4.1). Therefore,
a direct comparison between these results is not possible; though, it is plausible that the
high concentrations of CQ and its prolonged exposure time to H4 cells were, at least in
part, the reasons for the reported cytotoxicity.

Despite having found CQ, at relatively high concentrations, to be toxic to M17 cells;
at low to moderate levels, CQ enhanced the viability of SY5Y cells (A panel in Fig.
4.3.2 and Fig. 4.3.3, respectively). Interestingly, an increased number of viable SY5Y
cells was also observed subsequent to 48 hour exposure to low levels of CQ (416).
Conversely, 24 hour exposure to CQ did not affect SY5Y cell proliferation at low doses;
but did suppress the proliferation of SY5Y cells, at doses higher than 25 uM (750).

As for the effect of CQ on M17 cell survival, one study found that 8-hour incubation
of M17 cells with 25 uM CQ was not toxic in serum-free Opti-MEM® media, but was
highly toxic in Locke’s buffer (810). Disparity in these outcomes, most likely, stems
from variability in the type of treatment media. Recently it was reported, also by the
White group, that 26 hour exposure of M17 cells to 20 uM CQ in serum-free Opti-
MEM® media led to decreased viability and increased cell death (813). Inconsistencies
between these data may be attributed to different incubation period of the cells with CQ.
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At the experimental settings used, the survival rate of H4 human neuroglioma cells
was unaffected by Cu, either in the absence or presence of CQ (Fig. 4.3.4 B and C,
respectively). Interestingly, 1 uM Cu was found to enhance the viability of one human
neuroblastoma cell type (SY5Y; Fig. 4.3.3 B), but to diminish that of another (M17;
Fig. 4.3.2 B) and of a mouse neuroblastoma cell line (N2a; Fig. 4.3.1 B).

Similarly, CQ-Cu complexes decreased the survival of M17 cells (low to high
doses; Fig. 4.3.2 C) and increased that of SY5Y cells (moderate doses; Fig. 4.3.3 C).
However, the viability of SY5Y cells was reduced subsequent to treatment with the
highest tested concentration of CQ-Cu chelates (Fig. 4.3.3 C). In a paper published by
Adlard and colleagues, it was shown that M17 cellular Cu levels were significantly
raised in response to five hour incubation with 10 uM CQ-Cu, in comparison to 10 uM
Cu (700). It is, therefore, surprising that such significant toxicity was observed in M17
cells in response to CQ-Cu (with the exception of the lowest tested dose; Fig. 4.3.2 C).

It would be reasonable to speculate that factors, which may be involved in these
differences, could include the drug-metal molar ratios (1:1 as oppose to 2:1) and the
absence versus presence of serum in the treatment media. Two molecules of CQ are
required to coordinate Cu (694-696); therefore, when CQ and Cu are used at an equal
molar ratio, only half of the Cu molecules will be coordinated by CQ (697); leaving
50 % of Cu ions free. This could have major consequences on metal uptake and cell
viability. As for using cell culture medium including or excluding serum, serum is
supplemented to media in order maintain cell cultures for long periods, as it contains all
the necessary nutrients. These include metal ions, as well as proteins, lipids and
lipoproteins, which could chelate CQ and/or Cu; thus, influencing the assay’s outcomes.

Taken together, these findings support a role for CQ in modulating cellular Cu
metabolism, which could be different in mouse versus human neuroblastoma cells, as
well as in between human neuroglioma and neuroblastoma cell lines. In addition, the
data imply that the therapeutic window of CQ-Cu complexes (be it for cancer,
neurodegenerative or other diseases) may be narrow and that caution is warranted.

Of the neuronal-like cell lines examined, N2a and M17 neuroblastoma cells were
not affected by Zn in terms of viability (D panel in Fig. 4.3.1 and 4.3.2, respectively).
As opposed to Zn alone, CQ-Zn complexes did induce toxicity in N2a cells (at the
highest concentration; Fig. 4.3.1 E) and M17 cells (at moderate to high doses; Fig. 4.3.2
E). Of note, Zn levels were no different in M17 cells exposed for five hours to 10 uM

Zn, alone or with 10 uM CQ, compared to control (700).
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Zn evoked toxicity in H4 cells, which was further exacerbated in the presence of CQ
(Fig. 4.3.4 D and E, respectively). While moderate to high doses of CQ-Zn complexes
were toxic to SY5Y cells, low concentrations of CQ-Zn elevated SY5Y cell survival
(Fig. 4.3.3 E); as did most levels of Zn (Fig. 4.3.3 D).

Combined, these results suggest that binding of Zn by CQ may enhance the toxic
effect and/or oppose the growth or proliferative effect of Zn alone on neuronal cells, in
a dose-dependent manner. This information is important for the use of neuronal-like cell
lines as in vitro models for testing the actions of therapeutic and/or imaging agents
which target Zn, in pre-clinical and/or clinical development.

With regards to Fe, the metal ion did not alter the survival of N2a or H4 cells
(F panel in Fig. 4.3.1 and Fig. 4.3.4, respectively); yet, while the viability of H4 cells
was also unchanged by CQ-Fe, that of N2a cells was compromised by moderate doses
of CQ-Fe chelates (G panel in Fig. 4.3.4 and Fig. 4.3.1, respectively).

In relation to human neuroblastoma cell lines, treatment with 1 uM Fe resulted in
impaired M17 cell survival (Fig. 4.3.2 F). Conversely, exposure to 2.5 uM Fe caused an
elevation in SY5Y cell viability (Fig. 4.3.3 F). The lowest and highest tested doses of
CQ-Fe complexes were found to slightly increase the viability of SY5Y and M17 cells,
respectively (G panel in Fig. 4.3.3 and Fig. 4.3.2, respectively).

These data may point to differential impact of Fe versus CQ-Fe in neuroblastoma cells,
originating from both mice and humans, as opposed to neuroglioma cells.

To control for data obtained from neuronal cell lines (sections 4.3.1-4.3.4), the
effects of CQ, metal ions and CQ-metal complexes on cellular survival rate were also
assessed in non-neuronal, non-cancerous cells (sections 4.3.5-4.3.6). For availability
and convenience purposes, CHO and CHO-APP cells were utilized (see section 4.2.1).

CQ was not cytotoxic to either CHO or CHO-APP cells (A panel in Fig. 4.3.5 and
Fig. 4.3.6, respectively). CQ was previously shown to elevate Cu and Zn, but not Fe,
levels in CHO-APP cells (436). It is unknown whether changes in metal levels, in
response to CQ, occur in CHO cells as well; thus, the role of APP in modulating CHO
cellular metals and viability and its affect by CQ remain unclear. Still, the lack of CQ-
mediated toxicity in WT and APP-transfected CHO cells is a positive result for the
development of CQ analogues for the treatment of AD and other neurodegenerative

diseases (refer to section 1.5).
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The survival rate of both CHO and CHO-APP cells was unaffected by Cu or CQ-Cu
complexes (B and C panels in Fig. 4.3.5 and 4.3.6, respectively). Experimental
evidence exist to show that treatment with Cu did not modulate metal levels in CHO-
APP cells; but, two hour incubation with CQ-Cu was sufficient to elevate Cu levels in
these cells (436, 607, 752). Therefore, it can be inferred that normal cells (with or
without APP over-expression) may be able maintain their survival despite the CQ-
mediated rise in cellular Cu. This is not to say that at intracellular Cu levels exceeding
the ones tested here, cellular survival rate will not be diminished.

In CHO and CHO-APP cells, while significant toxicity was observed in most tested
Zn doses; it was evident only at the highest tested concentration of CQ-Zn complexes
(D and E panels in Fig. 4.3.5 and Fig. 4.3.6, respectively). These results were
unexpected as Zn alone was not shown to regulate metal levels in CHO-APP cells, even
after six hour exposure; but, together with CQ, led to a significant increase in cellular
Zn in CHO-APP cells (436, 752). This indicates that, at low to moderate doses, CQ may
prevent and/or protect against Zn-mediated cellular toxicity.

Though Fe was not toxic to either CHO or CHO-APP cells (F panel in Fig. 4.3.5
and Fig. 4.3.6, respectively); significant cytotoxicity was observed in response to most
doses of CQ-Fe chelates in both CHO and CHO-APP cells (G panel in Fig. 4.3.5 and
Fig. 4.3.6, respectively). This is somewhat surprising since treatment of CHO-APP cells
with Fe, in the absence or presence of CQ, resulted in a similarly significant elevation to
cellular Fe levels (436, 752). Hence, it was hypothesised that Fe and Fe-CQ complexes
would both be either toxic or non-toxic to CHO-APP cells. This means that perhaps the
toxicity seen with CQ-Fe complexes, as oppose to Fe alone, is caused by a mechanism
unrelated to Fe uptake. The fact that there is no differential variance in toxicity between
CHO and CHO-APP cells challenged with Fe or CQ-Fe complexes, could suggest that
APP may not be involved in these processes; despite the fact that APP translation and
expression are regulated by Fe (416), and that APP KO cells and mice exhibit Fe
retention (443).

Overall, at the concentrations tested, neuronal-like cell lines were variably
susceptible to toxicity by metals (mainly Cu); whereas, Zn was the only metal to impair
the viability of normal cells. On the other hand, CQ did not affect the survival of CHO
or CHO-APP cells, yet exerted preferential cytotoxicity on most neuronal cell lines (at
different doses, depending on the cell line); apart from SY5Y cells, in which certain

doses of CQ had the opposite consequence (i.e., proliferative effect).
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In general, cell lines derived from neuronal tumours were more prone to CQ-metal
complexes-induced toxicity than normal CHO cells; although, the latter were sensitive
to CQ-Fe chelates. Based on the literature available on CHO-APP (but not CHO) and
neuronal cancer cell lines, it is possible to speculate that the enhanced cytotoxic effect
of metal-free and metal-coordinated CQ may be credited to CQ’s ability to increase
intracellular metal levels. Regardless, these observations stress that toxicity of test
compounds is dependant, not only on their concentration and exposure time of the cells,
but also on the cell type and characteristics (genotype and phenotype).

The demonstrated cytotoxicity of CQ and, more so, of CQ-metal chelates in cell
lines, originating from neuronal tumours (sections 4.3.1 — 4.3.4) and from malignancies
in internal organs and the blood system (refer to section 4.1), is vital for the continued
pre-clinical (787, 797, 814) and clinical (815) investigation into the anti-neoplastic
properties of CQ and its metal complexes.

On a broader scope, these data contribute to the understanding of metal ions’
involvement in cancer, and are of significance for the development of metal-ligands,
either as PET imaging tracers for the diagnosis and monitoring of tumours or as
potential targeted therapeutics for various cancers (816). Drawing from the
experimental results of this chapter and of recent publications, Prana biotechnology
(Parkville, Melbourne, VIC, Australia) has initiated a collaborative research programme
into the potential of MPACs and other metal-targeting compounds as chemotherapeutic
agents, especially for brain cancer, with PBT519 as its lead candidate drug currently in
pre-clinical testing (660).

In conclusion, the findings in this chapter have immediate and important
implications for the use of immortalized, neuronal-like cell lines (with inherently altered
metabolism and cell signal transduction) for pre-clinical screening of metal-targeting
agents, such as CQ, PBT2 (Prana biotechnology; Parkville, Melbourne, VIC, Australia)
and others (discussed in section 1.5), as therapeutics for neurological disorders and/or
neurodegenerative diseases. It is, therefore, recommended that the experimental cell-
based disease model and the therapeutic window would be optimized individually for

each compound and specifically for each therapeutic indication.
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Chapter 5

5.1 Introduction

Over the years, whole books, journal issues (and parts thereof) have been dedicated
to the pharmacology and/or toxicology study of CQ (679, 770, 817-819) in numerous
models: murine and human cell lines (WT, KO and/or transfected) (416, 436, 607, 621,
622, 644, 689, 700, 721, 728, 729, 748-750, 752, 787-792, 794-802, 810, 811, 813, 820-
823), primary retinal (686, 687) and cortical neuronal cultures (444, 549, 707, 721, 813,
824, 825), yeast strains (501, 747, 751), C. elegans nematodes (746), Drosophila
melanogaster flies (826), mice (Tg and non-Tg) (444, 671, 691, 692, 699, 700, 709,
720, 725, 726, 733, 736, 746, 759, 761, 763, 787, 793, 800, 827-832), rats (601, 666,
730, 731, 830, 833-842), gerbils (843), hamsters (667, 668, 727, 732, 844), cats and
dogs (755, 845-856), monkeys (857) and humans (710, 711, 745, 754). Interestingly, in
each of these experimental settings, CQ exhibited differential effects on metal ions, and
the combination of CQ with metals altered a myriad of genes, multiple proteins and/or
diverse signalling pathways.

Although in vivo models are considered the ultimate determinants of systemic drug
effects, they are also complex and may mask the therapeutic MOA of a particular drug.
On the other hand, in vitro methods are generally simpler; yet, allow for rapid, reliable
and inexpensive testing of a drug’s actions at the cellular and molecular levels.

In an effort to elucidate the MOA of CQ as an AD therapeutic, several cell-free and
cell-based in vitro studies were conducted. The cell-free investigations combined CQ,
metals and synthetic AP preparations with outcome measures including: oxidative stress
markers, metal levels and bioavailability, and/or AR levels, species and aggregation
state (699-701). Most of the cell-based examinations of CQ, metal ions and AB were
performed, using continuous CHO-APP cells (436, 752, 811) and/or cell lines derived
from malignant tumours, such as HelLa cervical cancer cells or N2a, M17 and SY5Y
neuroblastoma cells (436, 811). These types of studies mainly looked at cellular

toxicity, metal levels and/or the degree of AP degradation.
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Unfortunately, as demonstrated in Chapter 4 of this thesis and elsewhere (607, 621,
622, 644, 728, 729, 787-789, 792, 794, 795, 797, 799-802, 810, 821, 822), treatment of
clonal cell lines with CQ in combination with metals leads to metal uptake, enhanced
toxicity, and activation of various cell death pathways. Owing to their cytostatic and/or
cytotoxic effects, metallo-complexes are now being assessed as cancer therapeutics
(797, 814, 858). Whilst the discovery of CQ’s selective anti-neoplastic activity is highly
valuable and warrants additional R&D, this thesis focuses on CQ as a candidate
pharmacotherapeutic for AD.

Despite the fact that CQ itself is no longer being developed as an AD therapeutic
agent; CQ serves as a commercially-available proto-type for other 8-HQ analogues
and/or derivatives, including PBT2 (Prana Biotechnology; Parkville, Melbourne, VIC,
Australia), which are currently undergoing pre-clinical and clinical trials for the
treatment of AD and a range of other conditions (see section 1.5.5). It is expected that
CQ and PBT?2 share a similar MOA in the treatment of neurodegenerative diseases — the
aetiology of which involves metal dyshomeostasis (see section 1.4.1 and Table 1.4).
Yet, it has not been established whether the therapeutic benefits seen in CQ and PBT2-
treated AD animal models (699, 700, 703, 704, 709, 713, 715, 725, 746, 763, 829, 832)
and patients (710, 711, 717, 718, 745, 754) are a result of the drug’s capacity to interact
with metals and chaperon and/or deliver them into cells (as seems to be the case in
cancer), or whether they are due to another mechanism all together.

Based on findings in Chapter 4, cell lines had to be excluded as a viable tool for
further in vitro testing CQ-metal chelates. Consequently, the overall goal of this chapter
is to explore the MOA of CQ, in relation to metals and AP, within an alternative cell-
based system that is suitable and relevant to AD.

Cortical cultures (method outlined in section 5.2.1) enable the evaluation of
neuronal processes in isolation (i.e., independent of other CNS cell-types and/or
hormonal, vascular and inflammatory influences). It is, however, noteworthy that
neuronal cell culture is a “closed” system, which does not allow treatments to be
completely eliminated (unlike in vivo models, wherein substances are metabolised and
then excreted from the body). With the limitations of this experimental technique in
mind, it is still believed that the drug, ion and peptide concentrations used in this

chapter’s procedures reflect their levels in the brains of animals and humans with AD.
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To date, only few studies have been performed with CQ in rat and mouse primary
cultures of astrocytes and/or neurons (retinal, cortical or hippocampal) (444, 549, 686,
687, 704, 707, 813, 824, 825). Of these, CQ was shown to be pro-oxidant and toxic in
some cases (686, 687, 824) and non-toxic in others (444, 549, 707, 813), depending on
the experimental conditions. Importantly, in these studies primary cultures were treated
with CQ alone (444, 813) and/or in the presence of either metals (686, 687, 813, 824,
825) or ApB (549, 704, 707); however, none were treated with all three factors (i.e., drug,
ion and peptide).

To address these shortcomings, murine primary cortical neuronal cultures were used
in this chapter as a platform to characterise the interaction between CQ, metals and AB

and to clarify how it may contribute to the therapeutic MOA of CQ in AD.
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5.2 Experimental Methods

5.2.1 Preparation of primary cortical neuronal cultures

All procedures involving animals were approved by the Howard Florey Institute’s
(HFI; Parkville, Melbourne, Victoria, Australia) Animal Experimentation Ethics
Committee (AEC; approval number 10-057) and performed in accordance with the
National Health and Medical Research Council of Australia’s (NHMRC) Code of
Practice and for the Care and Use of Animals for Scientific Purposes.

Plugged female C57BL/6 WT mice were purchased from Monash University
Animal Services (Clayton, Melbourne, Victoria, Australia), transported by a licensed
animal carrier and housed in the animal facility at the Mental Health Research Institute
(MHRI; Parkville, Melbourne, Victoria, Australia) under standard animal care
conditions (pathogen-free environment, kept at 23 + 1 °C temperature and 55 + 5 %
humidity, and with access to tap water and food ad libitum). All dead animals and
animal tissue waste were autoclaved and disposed of by a licensed medical waste
contractor.

On day 14 of gestation, C57BL/6 dams were Killed by cervical dislocation and their
abdomen was rinsed with 70 % (v/v) ethanol. Using sterile scissors and tweezers, a
midline excision was made through the dams’ abdominal wall, individual embryos were
removed from the embryonic sack and placed in a 60 mm Petri dish, containing cold
Krebs buffer (124 mM sodium chloride (NaCl), 5.4 mM potassium chloride (KCI), 1
mM sodium phosphate monobasic monohydrate (NaH2PO4.H20), 14.4 mM D-glucose,
28.2 mM phenol red and 25 mM HEPES; pH 7.4) with added 45 mM BSA and 2 mM
magnesium sulphate anhydrous (MgSQO4; Merck Millipore, Kilsyth, VIC, Australia).

Under a dissection microscope and using sterile tweezers, brains of embryonic day
14 (E14) C57BL/6 mice were removed from the skull and transferred to another 60 mm
Petri dish containing cold Krebs buffer (as above). At this embryonic developmental
stage, tissue is relatively easy to dissociate, synaptogenesis has yet to occur and there is
no fragmentation of dendrites and/or axons. Cortices were then separated from the
midbrain and their enveloping meninges were carefully peeled away to ensure better
isolation and recovery of neurons. Cortical tissue was transferred into a 35 mm Petri
dish, diced with a sterile razor blade, and dissociated in Krebs buffer with added 5.36
mM trypsin (Sigma-Aldrich; Castle Hill, Sydney, NSW, Australia) for 15-20 minutes at

37 °C in an orbital shaker (Ratek Instruments; Boronia, Melbourne, VIC, Australia).
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Krebs buffer, supplemented with 2.6 mM DNase and 12 mM soybean trypsin inhibitor
(SBTI; both by Sigma-Aldrich; Castle Hill, Sydney, NSW, Australia), was then added
to the dissociated cells, mixed gently and centrifuged at 1,200 rpm for 3 minutes at 4 °C.

Supernatant was discarded, and cell pellet was re-suspended in DNase/SBTI-
containing Krebs buffer (as above), triturated into a single cell suspension with a filter-
plugged fine pipette tip, mixed gently and centrifuged again at 1,200 rpm for 3 minutes
at 4 °C. Supernatant was aspirated off and the cortical cell pellet was re-suspended in
plating medium (DMEM supplemented with 5 and 10 % (v/v) heat-inactivated horse
and foetal calf serum, respectively, and 100 ug/mL of gentamycin sulphate antibiotics).

Aliquot of neuronal cell suspension was stained with trypan blue and counted on a
haemocytometer. Viable mouse primary cortical neurons were seeded at a density of
2 x10° cells/cm? in poly-L-lysine (5 ng/mL)-coated well-plates (for neurotoxicity
assays; see section 5.2.5) or flasks (for neuronal uptake studies; refer to section 5.2.6).
Cultures were maintained at 37 °C in a 5 % carbon dioxide (CO2)-humidified incubator
for 150 minutes prior to the plating medium being aspirated off and replaced with
NeuroBasal® medium, containing added antioxidants with B27 supplements, 0.5 mM
GlutaMAX™ and 100 ug/mL gentamycin. This serum-free, B27-supplemented
NeuroBasal® medium enables the cultivation of neurons at either low or high densities,
for relatively long periods, and without the need for a glial feeder layer (859).

Mouse cortical neuronal cultures were maintained at 37 °C in a 5 % carbon dioxide
(CO2)-humidified incubator for 6 in vitro (6 D.1.V). This commonly-used technique was
shown to yield cultures highly enriched with neurons that developed elongated axons,
dendrites and synaptic networks; yet, contain minimal astrocytes and microglial cells
(549, 559, 860-864).

5.2.2 Preparation of CQ

CQ stock and working solutions were prepared as per section 4.2.3.

5.2.3 Preparation of metals

Metal ion stock and working solutions were prepared as per section 4.2.4.
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5.2.4 Preparation of AP

Soluble AB4> stock solutions were prepared according to an improved protocol,
which was developed in our laboratory (765) and was shown to result in increased
peptide solubility and data reproducibility (559, 862, 865, 866).

On experimental days, lyophilised ABa42 (see section 2.7) was weighed into a 1.5 mL
tube on a microbalance, under minimal static conditions (with the aid of an anti-static
gun). The peptide was re-suspended in 20 mM sodium hydroxide (NaOH; 1:2 w/v),
incubated for 3 minutes at room temperature and briefly mixed, using a vortex
instrument. This AB42 solution was diluted in water (H20; 1:3.5 v/v) and briefly mixed,
using a vortex instrument. The solution was then neutralised by adding of 10x PBS
(137 mM sodium chloride (NaCl), 2.7 mM potassium chloride (KCI), 10 mM sodium
phosphate dibasic (NazHPO4) and 2 mM potassium phosphate monobasic (KH2POa);
pH 7.4. 1:7 vIv).

The AB42 preparation was sequentially sonicated for 5 minutes in an ice-containing
Ultrasonic Cleaner (Unisonics; Brookvale, Sydney, NSW, Australia), and centrifuged at
16,000 x g for 10 minutes at 4 °C to remove any aggregated material. Subsequently, the
supernatant (containing soluble peptide) was transferred to a pre-chilled 1.5 mL tube
and placed on ice.

To determine the AB42 stock concentration, an aliquot of the supernatant was diluted
1:50 (v/v) in PBS (pH 7.4; at room temperature), mixed and transferred into a 96-well
black quartz plate. Triplicate absorbance measurements at 214 nm wavelength were
performed, using BioTek’s PowerWave Microplate Spectrophotometer and Gen5™ Data
Analysis Software (Millennium Science; Mulgrave, Melbourne, VIC, Australia) set to a
spectrum scanning mode (350 to 200 nm wavelengths). Average AP4. content (ng/uL)
was corrected for background signal (i.e., PBS blank) and the molar concentration of
A4z was calculated, using Lambert-Beer’s law:

Az14 nm x dilution factor (= 50) / molar extinction coefficient (= 94526 litre/mole/cm)

Based on concentration of the ABa. stock solution, the volumes required to treat mouse
primary cortical neuronal cells with soluble ABa4. at a final concentration of 5, 8 and
12.5 uM, in the absence and presence of metals and/or CQ (see sections 5.2.5-5.2.6

below), were calculated.
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5.2.5 Neuronal toxicity assays of CQ, metal ions and/or AB

On experimental days (i.e., 6 D.1.V), NeuroBasal® growth medium (refer to section
5.2.1) was aspirated off 48-well plates, mouse primary cortical neuronal cells were
rinsed with PBS and incubated in triplicates with treatments or vehicle control (equal
volumes of water and DMSO as treatments) in fresh NeuroBasal® medium for three
hours at 37 °C in a 5 % carbon dioxide (CO>)-humidified incubator.

In section 5.3.1, neuronal cultures were treated with vehicle, CQ (up to and
including 25 pM), metals (CuClz, ZnCl,, FeCls; up to and including 12.5 uM) or
CQ-metal complexes (up to and including 25 uM CQ and 12.5 uM metal ions).

In section 5.3.9, neuronal cultures were treated with vehicle control or with soluble
ABa42 (5, 8 and 12.5 uM), in the absence and presence of metals (5 uM CuCl,, 8 uM
ZnCl; and 12.5 uM FeClz) and/or CQ (10, 16 and 25 uM), respectively.

Following three-hour incubation, treatment media was aspirated, and neuronal cell

viability was determined primarily, using the CCK-8 assay (see section 2.10.1).

5.2.6 Neuronal uptake of CQ, metal ions and/or A studies

On experimental days (i.e., 6 D.I1.V), NeuroBasal® growth medium (described in
section 5.2.1) was aspirated off, mouse primary cortical neuronal cells were rinsed with
PBS and incubated in triplicates with treatments or vehicle control (equal volumes of
water and DMSO as treatments) in fresh NeuroBasal® medium at 37 °C in a 5 % carbon
dioxide (CO2)-humidified incubator.

In sections 5.3.2-5.3.7, neuronal cultures in 75 cm? flasks were treated for three

hours with vehicle control, CQ (up to and including 25 uM), metal ions (CuCl,, ZnCly,
FeCls; up to and including 12.5 uM) and/or CQ-metal complexes (up to and including
25 uM CQ and 12.5 uM metals; 2:1 molar ratio).

In another set of uptake studies (sections 5.3.10-5.2.12), neuronal cultures in 75 cm?
flasks were treated for three hours with vehicle control or with soluble ABa42 (5, 8 and
12,5 uM), in the absence and presence of metals (5 uM CuClz, 8 uM ZnCl, and
12.5 uM FeCls, respectively) and/or CQ (10, 16 and 25 uM, respectively).

In section 5.3.8, neuronal cultures in 25 cm? flasks were treated with vehicle control
or with soluble ABa2 (5, 8 and 12.5 uM), in the absence and presence of metals (5 uM
CuClz, 8 uM ZnClz and 12.5 uM FeCls, respectively) and/or CQ (10, 16 and

25 uM, respectively) for 10, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160 and 180 minutes.
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Following incubation, aliquots of treatment media were collected into 1.5 mL tubes
and the remaining media was aspirated. Neuronal cultures were rinsed with ice-cold,
0.1 M sodium carbonate (Na.COs; pH 10) to discard any membrane-bound material.
PBS was then added to the flasks and cells were harvested into 15 mL tubes, using a
rubber-bladed cell scraper (Sigma-Aldrich; Castle Hill, Sydney, NSW, Australia).

In order to remove cell debris and/or unbound material, the cell suspension was
centrifuged at 13,000 rpm for 10 minutes at 4 °C and supernatant was discarded.
Cortical cell pellets and media aliquots were immediately frozen and stored at -80 °C,

until analyses were performed.

5.2.7 Metal analysis using ICPMS

The metal content of mouse primary cortical neuronal cells and their media was
measured, using ICPMS. The calibration and operating conditions of the instrument
were identical to those listed in section 3.2.9; only the sample preparation and analysis
were slightly modified.

To determine the Cu, Zn and Fe levels in control and treated mouse primary cortical
neurons, cell pellets were dissolved in concentrated nitric acid (HNOs; Merck; Kilsyth,
VIC, Australia) overnight at room temperature. To determine the levels of Cu, Zn and
Fe in the culture and treatment media of mouse primary cortical neurons, aliquots were
diluted in 1 % (v/v) nitric acid (HNOgz; Merck; Kilsyth, VIC, Australia) at a 1:10 (v/v)
ratio (the minimum dilution required to overcome matrix interference with the
instrument).

To complete the digestion process, all samples were heated at 90 °C for 15 minutes,
using a heating block. Due to evaporation, there was a slight loss of sample volume.
Samples were allowed to equilibrate to room temperature for 5 minutes prior to a short
centrifugation in order to minimize condensation. A set volume of 1 % (v/v) nitric acid
(HNO3z; Merck; Kilsyth, VIC, Australia) was added to each sample and the final sample
volume was then measured.

WinMass™ Software for ICPMS (Varian; Mulgrave, Melbourne, VIC, Australia)
was used for data analysis and for conversion of metal concentrations in the media and
in the cell pellets from ppb to uM, using the following formulas, respectively:

(umol/L) = [(raw ppb value) x (dilution factor; 10)] / (molecular weight of the element)

(umol/L) = [(raw ppb value) x (final sample volume)] / (molecular weight of the element)
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Metal ion levels in mouse primary cortical neuronal cells and in media are expressed
either as their absolute amount (umol) or as the fold change, in comparison to their

respective concentrations (umol/L) in vehicle-controls (set at 100 %).

5.2.8 CQ analysis using ICPMS

ICPMS can also serve as an analytical tool for guantifying the concentrations of
iodine (1) in biological samples; however, measurements need to be performed under
alkaline conditions due to its instability (becomes volatile) in acidic matrices (867-870).
Since each CQ molecule contains a single iodine moiety (at position 7), ICPMS was
used to analyse the levels of iodine as a measure of CQ in the samples (1:1 ratio).

To determine the cellular CQ and metal levels in control and treated mouse primary
cortical neurons, cell pellets were dissolved in 25 % (w/v) tetramethylammonium
hydroxide (TMAH; N(CHs)s" OH") overnight at room temperature. To determine the
levels of CQ and metals in the culture and treatment media of mouse primary cortical
neurons, aliquots were diluted at a 1:10 (v/v) ratio in a basic matrix, containing 1 %
(w/iv) TMAH, 0.01 % (v/v) Triton X-100 and 0.01 % (w/v) EDTA, to overcome any
matrix interference with the instrument.

To complete the digestion process, all samples were heated at 90 °C for 15 minutes,
using a heating block. Due to evaporation, there was a slight loss of sample volume.
Following equilibration to room temperature for 5 minutes, samples were centrifuged
briefly in order to minimize condensation. A set volume of the above alkaline matrix
was added to each sample and the final sample volume was then measured.

Measurements of 12’1 (as well as *°Fe, %3Cu, ®©Zn and others) were conducted, using
an Agilent 7700 ICPMS (Agilent Technologies; Mulgrave, Melbourne, VIC, Australia)
with a Helium reaction gas cell, under operating conditions suitable for routine multi-
element analysis: peak-hopping scan mode, 1 point per peak, 100 scans per replicate, 3
replicates per sample. Plasma gas (Argon) and auxiliary flow rates of 15 and 0.9 litre
per minute, respectively. Rr power was 1.2 kW. Samples were introduced, using a
micromist nebulizer, at a flow rate of 1.15 litres per minute.

The instrument was calibrated, using an iodine internal standard (Thermo Fisher
Scientific; Scoresby, Melbourne, VIC, Australia) (871) and a mixture of certified multi-
element ICPMS standard solution (ICPMS-CAL2, ICPMS-CAL-3 and ICPMS-CAL-4,
AccuStandard; New Haven, CT, USA), containing 0, 2.5, 5, 10, 25, 50 and 100 ppb of

the elements of interest in the alkaline matrix. A certified internal standard solution
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(ICPMS-1S-MIX1-1, AccuStandard; New Haven, CT, USA), containing 200 ppb of
Yitrium (89Y), was added as an internal matrix and instrument performance control.
MassHunter Software for ICPMS (Agilent Technologies; Mulgrave, Melbourne,
VIC, Australia) was used for data analysis and for conversion of iodine concentrations
in the media and in the cell pellets from ppb to uM, using the following formulas,
respectively:
(umol/L) = [(raw ppb value) x (dilution factor; 10)] / (molecular weight of the element; 127)
(umol/L) = [(raw ppb value) x (final sample volume)] / (molecular weight of the element; 127)
CQ levels in mouse primary cortical neuronal cells and in media are expressed either as
their absolute amount (umol) or as the fold change, in comparison to their respective

concentrations (umol/L) in vehicle-controls (set at 100 %).

5.2.9 AP analysis using double antibody capture ELISA

AP levels in mouse primary cortical neuronal cells and their media were analysed,
using DELFIA® Double Antibody Capture ELISA (436, 738, 739), in a slightly
modified manner to that described in section 3.2.10.

C384-well OptiPlate microplates (Greiner; Frickenhausen, Germany) were coated
with WO0-2 detection antibody (monoclonal 1gG2a antibody that binds to ABss (767);
0.02 pg/uL in a carbonate buffer (15 mM sodium carbonate (Na2COs) and 35 mM
sodium bicarbonate (NaHCO3); pH 9.6)), at a final concentration of 0.5 ug/well.

Plates were incubated overnight at 4 °C. The following day, microplates were
washed with PBS, containing 0.05 % (v/v) Tween-20 (PBS-T; pH 7.4), in order to
remove any un-bound antibody. To prevent non-specific binding, plates were incubated
with blocking buffer (0.5 % (w/v) casein in PBS; pH 7.4) for two hours at 37 °C. Plates
were again washed with PBS-T prior to the addition of biotin-labelled 1E8 detection
antibody (monoclonal 1gG1 antibody that recognises ABis22 (872); 2 ng/uL) in a PBS
solution (pH 7.4), containing 0.025 % (v/v) Tween-20 and 0.25 % (w/v) casein, at a
final concentration of 20 ng/well.

AP, standards and NeuroBasal® treatment media aliquots were diluted 1:2000 (v/v)
in guanidine hydrochloride (final concentration of 0.1 M). Cortical cell pellets were
dissolved in a lysis buffer (6 M urea and 2 % (v/v) CHAPS), followed by a 1:150 (v/v)
dilution in guanidine hydrochloride (final concentration of 0.1 M). AB4. standards and

samples were added in triplicates, and the plates were incubated overnight at 4° C.

168



Next, the microplates were washed with PBS-T to remove any un-bound peptide.
Streptavidin-labelled Europium (PerkinElmer; Glen Waverley, Melbourne, VIC,
Australia), diluted 1:1000 (v/v) in blocking buffer, was then added and the plates were
incubated for an hour at room temperature. Plates were subsequently washed with
PBS-T, prior to the addition of an enhancement solution (PerkinElmer; Glen Waverley,
Melbourne, VIC, Australia), at a final volume of 80 uL/well, in order to detect the
bound antibody.

Plates were placed in a WALLAC Victor? 1420 Multilabel Plate Reader
(PerkinElmer; Glen Waverley, Melbourne, VIC, Australia), shaken for 5 minutes and
spectroscopic measurements (optical density units; OD) were performed at 340 nm
excitation and 650 nm emission wavelengths. ABa. levels were above the detection limit
of the assay and their quantification was calibrated against peptide standards, after
subtraction of background fluorescence in the absence of sample (i.e., blank).

APas2 levels in mouse primary cortical neuronal cells are expressed as their absolute

amount (umol).
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5.3 Experimental Results

5.3.1 Determining the therapeutic window of CQ and/or

metals in mouse primary cortical neuronal cells

In order to validate the use of cortical neuronal cells (as oppose to neuronal-like cell
lines used in chapter 4) and to examine the toxic versus therapeutic range of CQ and its
metal complexes, the effect of CQ, in the absence and presence of metals, on the
survival of mouse primary cortical neuronal cells was investigated (as described in
section 5.2.5), using the CCK-8 assay (refer to section 2.10.1).

Following three-hour incubation, there was no difference in viability between non-
treated and vehicle-treated mouse primary cortical neuronal cells (data not shown);
hence, any change in cell survival would be a result of the treatment, and not its vehicle.

Results also showed that the number of viable mouse primary cortical neuronal cells
treated with CQ (equal to or less than 25 uM) was no different to that of vehicle-treated
cultured neurons (Fig. 5.3.1 A). These findings are consistent with a report, in which the
viability of cortical neurons was found not to be affected by 10 uM CQ even after
26-hour treatment (813). On the other hand, Benvenisti-Zarom and colleagues published
conflicting data wherein CQ, as low as 1 uM, was neurotoxic to primary cultures (824).
The multitude of possible explanations for the contradictory results include: disparate
mouse strains (C57BL/6 as opposed to B6/129), primary cell types (cortical neurons
with or without astrocytes), treatment medium (serum-free NeuroBasal® medium as
opposed to Eagles’ minimal essential medium (EMEM)), exposure period (3 versus 24
hours) and/or method for assessing toxicity (CCK-8 versus LDH and malondialdehyde
(MDH) assays).

Data demonstrated that there was no difference in the survival rate of mouse
primary cortical neuronal cells treated with CuCl, (equal to or less than 12.5 uM), as
compared to vehicle-treated cultured neurons (Fig. 5.3.1 B). Viability of mouse primary
cortical neuronal cells treated with CuCl, and CQ (equal to or less than 5 and 10 uM,
respectively) was also similar to that of vehicle-treated neuronal cultures (Fig. 5.3.1 C).
However, co-treatment with CuCl, and CQ (equal to or more than 8 and 16 uM,
respectively) led to diminished mouse primary cortical neuronal cell survival, relative to
vehicle-treated cultured neurons (Fig. 5.3.1 C). The effect was so great, in fact, that
upon treatment with 25 uM CQ and 12.5 uM CuCl; there were almost no remaining

viable cultured neurons (~6 %; Fig. 5.3.1 C), in line with a previous report (824).
171



25

o
N

CQ (uM)

o o o
o Te}

150

(%) Aungein 1180

*kk

150

0

o
Yo}

—
(%) Aungein 1180

00

Cu (M)

0.5

150

(=] o
n

(%) Awjigein (19D

00

Cu (pm)

CQ

LLI
o o o o
[Te) o n
— —
(%) Aungein 1190
*
*
E3
s
)
f=
N
(]
o o o o
ﬁ o wn

—
(%) Aungein 190

Zn (M)

CQ

O
3 E] 3 ©
- —
(%) Awngein (190
H S
i S
(| ©
H I
H <
; 2
i -
H g
LL | >
o o o o
e S ©
(%) Auiigein 1190

Fe (uM)

Fe (pM)

CQ

172



Figure 5.3.1 Dose-response effect of CQ, metals and CQ-metal
complexes on neuronal cell viability

Exposure to CQ (< 25 uM; A), Cu (< 12.5 uM; B), Zn (< 10 uM; D) or Fe (< 12.5 uM;

F) was not toxic to neuronal cultures.

While exposure to high concentrations of CQ-Cu (> 16 M CQ and 8 M Cu; C) or

CQ-Zn (25 uM CQ and 12.5 uM Zn; E) was significantly cytotoxic to neuronal cells;

exposure to CQ-Fe complexes (< 25 xM CQ and 12.5 uM Fe; G) was not toxic to

cultured neurons.

ANOVA with Dunnett’s multiple comparison test; ***p < 0.001 compared to vehicle-

control

Bars represent mean £ S.E.M, n > 3
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Compared to vehicle-treated cultured neurons, the number of live mouse primary
cortical neuronal cells treated with ZnCl> (equal to or less than 10 uM), either in the
absence or presence of CQ (equal to or less than 20 uM), was unaltered (Fig. 5.3.1 D
and E, respectively). However, treatment of mouse primary cortical neuronal cells with
the highest dose of ZnCl, (12.5 uM), alone or together with CQ (25 uM), resulted in
significant viability loss (~85 and 40 %, respectively, in comparison to vehicle-treated
cultured neurons; Fig. 5.3.1 D and E, respectively).

No change was observed in the survival rate of mouse primary cortical neuronal
cells treated with FeClz (equal to or less than 12.5 uM; Fig. 5.3.1 F). These results were
expected, as past reports have demonstrated that the viability of mouse primary cortical
neuronal cells was compromised as a result of treatment with Fe at doses far exceeding
those used in this study (443, 444, 863, 873).

Unlike parallel treatment with CQ and either CuCl, or ZnCl (Fig. 5.3.1 C and E,

respectively), contaminant treatment with CQ and FeCls (equal to or less than 25 and
12.5 uM, respectively), did not affect the number of live mouse primary cortical
neuronal cells, relative to vehicle-treated cultured neurons (Fig. 5.3.1 G).
These data oppose a study in which 24-hour exposure to 30 uM CQ-Fe complexes, but
not CQ or Fe alone, resulted in significantly increased LDH release from co-cultured
mouse cortical neurons and astrocytes (824). Earlier studies also showed 2-24 hour
treatment with 50 uM or 4-day treatment with 2.5 mM CQ-Fe led to degeneration
and/or significantly elevated lipid peroxidation in embryonic chick retinal neuroblasts
(686, 687) and isolated adult rabbit sciatic nerve (688), respectively. The lengthen
incubation of the various primary cell cultures with high concentrations of CQ-Fe
complexes presumably account for the conflicting results.

In summary, under the experimental conditions used, CQ itself was not neurotoxic.
However, high doses of CQ, complexed to either Cu or Zn (but not Fe), exerted a clear

toxic effect on cortical neuronal cultures.
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5.3.2 Effect of CQ on endogenous metal levels in mouse

primary cortical neuronal cells

In the previous section, CQ was found not to affect neuronal cell viability, under the
setting used (illustrated in Fig. 5.3.1 A). Conversely, previous reports have determined
that CQ was neurotoxic and may be linked to SMON (see section 1.5.5); likely due to
the drug’s ability to modulate (directly or indirectly) the levels of Fe (686-688), Zn
(689) or Cu (690) in the CNS. Therefore, it was important to evaluate the effect of CQ
on metal levels in mouse primary cortical neuronal cells (as per section 5.2.6).

Following three-hour incubation, the endogenous levels of Cu, Zn and Fe were not
statistically different in mouse primary cortical neuronal cells treated with ascending
doses of CQ (equal to or less than 25 uM), compared to vehicle-treated cultured neurons
(Fig. 5.3.2). Unfortunately, at the time these experiments were carried out, we were still
unable to simultaneously measure the neuronal levels of CQ and ascertain their

correlation with the dose of the drug applied externally.
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Figure 5.3.2 Dose-response effect of CQ on neuronal metal levels
The endogenous Cu, Zn and Fe levels in neuronal cells treated with ascending doses of
CQ (< 25 uM) were similar to their respective metal levels in vehicle-treated neuronal
cultures.
ANOVA with Dunnett’s multiple comparison test compared to vehicle-control
Bars represent mean + S.E.M, n >3
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5.3.3 Effect of metals and CQ-metal complexes on metal

levels in mouse primary cortical neuronal cells

Whilst CQ on its own was not neurotoxic (Fig. 5.3.1 A), nor did it affect neuronal
metal levels (Fig. 5.3.2); data had suggested that high doses of Cu and Zn (but not Fe),
with and without CQ, may have a neurotoxic effect (Fig. 5.3.1 B-G). To test whether
the observed neurotoxicity is a consequence of altered neuronal metal levels, the effect
of metals (Cu, Zn and Fe), in the absence and presence of CQ, on metal uptake into
mouse primary cortical neuronal cells was investigated (detailed in section 5.2.6).

Results showed that treatment with CuCl,, at doses equal to or higher than 4 uM, led
to a dose-dependent rise in Cu levels within mouse primary cortical neuronal cells (~2-3
fold increase, relative to vehicle-treated cultured neurons; Fig. 5.3.3 A). Significant
dose-dependent rise in Cu levels within mouse primary cortical neuronal cells was also
observed following concomitant treatment with CQ and CuCl; at concentrations equal
to or higher than 10 and 5 uM, respectively (~16-110 fold increase, in comparison to
vehicle-treated cultured neurons; Fig. 5.3.3 B).

Similarly, treatment with ZnCl, alone, at doses equal to or higher than 4 uM
(excluding 8 and 12.5 uM ZnCl,), resulted in significantly higher Zn levels in mouse
primary cortical neuronal cells (~2 fold increase, as compared to vehicle-treated
cultured neurons; Fig. 5.3.3 C). Data also demonstrated a significant and dose-
dependent elevation in Zn levels within mouse primary cortical neuronal cells following
co-treatment with CQ and ZnCl. at concentrations equal to or higher than 20-25 and 10-
12.5 uM, respectively (~3.5 and 7 fold increase, respectively, relative to vehicle-treated
cultured neurons; Fig. 5.3.3 D).

While Fe levels were significantly elevated only in mouse primary cortical neuronal
cells treated with the highest tested dose of FeCls (12.5 uM; ~4 fold increase, compared
to vehicle-treated cultured neurons; Fig. 5.3.3 E); significant and dose-dependent
increase in Fe levels was observed in mouse primary cortical neuronal cells treated in
parallel with CQ and FeClsz at concentrations equal to or higher than 10 and 5 uM,
respectively (~3 fold increase, relative to vehicle-treated cultured neurons; Fig. 5.3.3 F).

Overall, these findings confirm a dose-dependent neuronal uptake of metal ions
(Cu > Zn > Fe), either alone or in combination with CQ, which inversely correlated with
neuronal viability (see Fig. 5.3.1 B-G).
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Figure 5.3.3 Dose-response effect of metals and CQ-metal complexes on
neuronal metal levels

Exposure to Cu (> 4 uM; A) and CQ-Cu complexes (> 10 M CQ and 5 uM Cu; B)

significantly elevated Cu levels in neuronal cells in a dose-dependant manner.

Exposure to Zn (4 and 10 x#M; C) and CQ-Zn complexes (> 20 M CQ and 10 xM Zn;

D) raised neuronal Zn levels significantly.

Exposure to Fe (12.5 uM; E) and CQ-Fe complexes (> 10 M CQ and 5 uM Fe; F)

significantly and doe-dependantly increased Fe levels in cultured neurons.

ANOVA with Dunnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001

compared to vehicle-control

Bars represent mean £ S.E.M, n >3
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5.3.4 Effect of CQ on exogenous metal neuronal uptake

Guided by the enhanced neurotoxicity of metallo-CQ complexes, compared to
metals on their own (Fig. 5.3.1 C, E and G versus B, D and F, respectively), it was
hypothesized that metallo-CQ complexes may also augment neuronal metal uptake,
compared to metals alone.

Indeed, there was significant Cu uptake into mouse primary cortical neuronal cells
concurrently treated with concentrations equal to or higher than 10 uM CQ and 5 uM
CuCly, in comparison to mouse primary cortical neuronal cells treated with doses equal
to or higher than 5 uM CuCl> on its own (~5-45 fold increase; Fig. 5.3.4 A).

There was also significant Zn uptake into mouse primary cortical neuronal cells,

with versus without CQ, but at doses higher than Cu. Significant and dose-dependent Zn
uptake occurred in mouse primary cortical neuronal cells co-treated with doses equal to
or higher than 16 uM CQ and 8 puM ZnClz, compared to mouse primary cortical
neuronal cells treated with ZnCl,, at concentrations equal to or higher than 8 uM, in the
absence of CQ (~2-5 fold increase; Fig. 5.3.4 B).
Using ICPMS, %Zn isotope and a Zn fluorophore, significant neuronal Zn uptake in the
presence, as compared to the absence, of CQ had also been reported in rat primary
cortical neuronal cultures, despite different exposure time, doses and ratio of Zn and CQ
(825).

While significant Fe uptake was observed in mouse primary cortical neuronal cells
treated with either 12.5 uM FeCls alone or with concentrations equal to or higher than
10 uM CQ and 5 uM FeCls, as compared to vehicle-treated mouse primary cortical
neuronal cells Fig. 5.3.3 E and F, respectively); there was no statistical difference in Fe
uptake between mouse primary cortical neuronal cells treated with FeCls in the absence,
as opposed to the presence, of CQ at any of the tested concentrations (Fig. 5.3.4 C).

Taken together, these data provide additional and compelling evidence as to the

capacity of metallo-CQ complexes to deliver Cu and Zn, but not Fe, into neurons.
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Figure 5.3.4 Dose-response effect of CQ on neuronal metal uptake
Exposure to Cu (> 5 uM), in the presence compared to the absence of CQ (> 10 uM),
significantly enhanced Cu levels in neuronal cultures (A).

Exposure to Zn (> 8 uM) with as opposed to without CQ (> 16 M), significantly
enhanced Zn levels in neuronal cells (B).

Exposure to Fe (< 12.5 M) and CQ (< 25 pM) had no effect on Fe levels in cultured
neurons, in comparison to neuronal cultures exposed to Fe (< 12.5 xM) alone (C).
Unpaired two-tailed t-test; *p < 0.05, **p < 0.01, ***p < 0.001

Bars represent mean £ S.E.M, n > 3
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5.3.5 Effect of Cu and CQ on each other’s neuronal uptake

While several research groups (including our own) have revealed the additive effect
of CQ-metal complexes on cellular toxicity and metal uptake (see chapter 4); there
have been no previous studies on the impact metals may have on the cellular uptake of
CQ. To fill in this gap, the effect of CQ uptake into mouse primary cortical neuronal
cells was examined, in the absence and presence of metals.

Initially, 12°1-CQ (737) was to be used to monitor CQ uptake (as per section 2.4),
however numerous attempts failed due to difficulties in synthesizing pure %1-CQ
(devoid of any by-products). When these issues were resolved, purified %°I-CQ could
only be synthesized in small volumes (~150 uL), at a low concentration (usually less
than 1 nM) and was not stable for long (the *?°I tracer started to dissociate from CQ
within days). As 12°I-CQ could not be used in a consistent and reliable manner, another
technique was required to track CQ. Conjugation to biotin or tagging with a fluorophore
could potentially alter the coordination of metals to CQ and/or other properties of the
drug (listed in Table 1.5) and were, therefore, deemed unsuitable methods for this type
of investigation.

It finally became possible to study the effect of metals on neuronal CQ uptake, and
vice versa, simultaneously with the purchase of an advanced ICPMS model and a new
sample preparation procedure that allowed the detection of naturally occurring iodine
(*?1) (see section 5.2.8). As there was negligible endogenous iodine in neuronal cells
(i.e., below the detection limit of the ICMPS; refer to panel B in Fig. 5.3.5 — Fig. 5.3.7)
and since each CQ molecule contains a single iodine moiety (1:1 ratio), any iodine
detected post treatment is directly proportional to CQ and can serve as a surrogate
measure for CQ levels and/or uptake.

Rather than repeating the full dose-response curves as in section 5.3.3, only the
minimum concentrations in which there was significant neuronal metal uptake in the
presence of CQ (Fig. 5.3.4) and at which neuronal cells were still viable (Fig. 5.3.1)
were selected. As CQ-metal chelates affected neuronal survival and metal uptake to a
different extent, the doses chosen in order to determine the CQ uptake into neuronal
cultures, in the presence and absence of metals, were different for each metal ion (i.e.,
10 uM CQ, with and without 5 uM CuClz; 16 uM CQ, with and without 8 uM ZnCl;
25 uM CQ with and without 12.5 uM FeCls).
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Figure 5.3.5 Neuronal uptake of Cu, CQ and CQ-Cu

CQ enhanced the neuronal uptake of Cu (A) by re-distributing the metal from the media
into the cells (C). Conversely, Cu suppressed the retention of CQ in neuronal cells (B),
seemingly without changing the levels of the drug in the media (D).

ANOVA with Tukey post-hoc test;

**p < 0.01, ***p < 0.001 compared to vehicle-control; p < 0.001

Bars represent mean £ S.E.M, n =3
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Results depicted in Fig. 5.3.5 A showed that mouse primary cortical neuronal cells
contained low basal levels of Cu (~0.04 umol), which were not altered by 10 uM CQ
(as in Fig. 5.3.2). Data illustrated in Fig. 5.3.5 A also confirmed that treatment with
5 uM CuCl; induced significant Cu uptake into mouse primary cortical neuronal cells
(~3 fold, compared to vehicle-treated cultured neurons; similar to Fig. 5.3.3 A), which
was further exacerbated in the presence of 10 uM CQ (~18 and 6 fold, compared to
cultured neurons treated with either vehicle or 5 uM CuCl; alone, respectively; similar
to Fig. 5.3.3 B and Fig. 5.3.4 A, respectively). Thus, CQ enhanced neuronal Cu uptake.

As expected, no iodine was detected in mouse primary cortical neuronal cells treated
with either vehicle or 5 uM CuCly, since no CQ was added (Fig. 5.3.5 B). Conversely,
significant levels of iodine were measured in mouse primary cortical neuronal cells
treated with 10 uM CQ, in the absence and presence of 5 uM CuCl; (~0.03 and 0.015
umol, respectively; Fig. 5.3.5 B), indicating significant neuronal CQ uptake.

Surprisingly, while significant CQ uptake into mouse primary cortical neuronal cells
occurred following co-treatment with 10 uM CQ and 5 uM CuCl,, as compared to
vehicle-treated cultured neurons; it was half that of mouse primary cortical neuronal
cells treated with 10 uM CQ alone (Fig. 5.3.5 B), suggesting that coordinating Cu
attenuated neuronal CQ uptake. In addition, comparing the uptake of the metal and the
drug, there was significantly greater Cu than CQ uptake into mouse primary cortical
neuronal cells treated with 5 uM CuCl> and 10 uM CQ in parallel (~55 fold difference;
Fig 5.3.5 A and B, respectively).

To reconcile the opposing effects CQ-Cu complexes had on neuronal uptake of Cu
versus CQ (i.e., CQ enhanced neuronal Cu uptake, but Cu diminished neuronal CQ
uptake), the levels of Cu and CQ in the media and neuronal cell cultures were
determined following three-hour incubation with each of the treatments (refer to
sections 5.2.6 — 5.2.8).

Interestingly, data showed that while concomitant treatment with 10 uM CQ and
5 uM CuCl; led to re-distribution of Cu from the treatment media to the cellular
fraction, compared to treatment with 5 uM CuCl; alone (Fig. 5.3.5 C); it did not affect
the distribution of CQ, relative to treatment with 10 uM CQ alone (i.e., over 99% of CQ
remained in the treatment media fraction of neuronal cultures treated with CQ, both in
the absence and presence of Cu; Fig. 5.3.5 D). Therefore, relatively small amount of CQ

influenced the distribution of a much greater amount of Cu.
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5.3.6 Effect of Zn and CQ on each other’s neuronal uptake

Unlike Cu, mouse primary cortical neuronal cells contain substantial basal levels of
Zn (~0.75 umol), which remained constant following treatment with 8 uM ZnCl; alone
(Fig. 5.3.6 A; similar to Fig. 5.3.3 C). Data depicted in Fig. 5.3.6 A also confirmed that
treatment with 16 uM CQ did not impact neuronal Zn levels (as in Fig. 5.3.2); however,
treatment with 16 uM CQ and 8 uM ZnCl> together evoked significant Zn uptake into
mouse primary cortical neuronal cells, both compared to vehicle-treated cultured
neurons and cultured neurons treated with 8 uM ZnCl> alone (~3 fold increase; like in
Fig. 5.3.3 D and Fig. 5.3.4 B, respectively). Hence, CQ promoted neuronal Zn uptake.

As shown in Fig. 5.3.5 B, no iodine was detected in mouse primary cortical
neuronal cells with no added CQ (i.e. cultured neurons treated with vehicle or 8 uM
ZnCly; Fig. 5.3.6 B). Conversely, significant levels of iodine were identified in mouse
primary cortical neuronal cells treated with 16 uM CQ, with and without 8 uM ZnCl,
(~0.16 and 0.088 umol, respectively; Fig. 5.3.6 B), indicative of significant CQ uptake
into cultured neurons.

Contrary to Cu (see Fig. 5.3.5 B), CQ uptake into mouse primary cortical neuronal
cells treated with 16 uM CQ in the presence, as opposed to the absence, of 8 uM ZnCl;
was almost double (Fig. 5.3.6 B). This suggests that Zn further augmented the neuronal
uptake of CQ. Interestingly, mouse primary cortical neuronal cells concurrently treated
with 8 uM ZnCl; and 16 uM CQ displayed significantly greater metal uptake, relative
to CQ uptake (~15 fold; Fig. 5.3.6 A and B, respectively).

Similar to neuronal cells treated with CQ-Cu complexes (Fig. 5.3.5 C and D),
results demonstrated that while the co-treatment with 16 uM CQ led to a re-distribution
of Zn from the treatment media to the cellular fraction, in comparison to treatment with
8 uM ZnCl; alone (Fig. 5.3.6 C); co-tratment with 8 uM ZnCl, did not affect the
distribution of CQ, compared to treatment with 16 uM CQ alone (i.e., over 99% of CQ
remained in the treatment media fraction of neuronal cultures, regardless of Zn;
Fig. 5.3.6 D).

The fact that CQ-Zn complexes led to reciprocal, yet greater uptake of Zn over CQ
into neurons; accompanied by reduced proportion of Zn, but not CQ, in the media

fraction, could all infer that CQ may be recycling to deliver Zn into neurons.
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Figure 5.3.6 Neuronal uptake of Zn, CQ and CQ-Zn

CQ facilitated the uptake of Zn (A), while Zn impeded the uptake of CQ (B) into
neuronal cultures. However, while CQ re-distributed Zn from the media to the cellular
phase (C), Zn perceivably did not alter the distribution of CQ, which remained almost
exclusively in the media (D).

ANOVA with Tukey post-hoc test;

**p < 0.01, ***p < 0.001 compared to vehicle-control; p < 0.001

Bars represent mean = S.EM, n =3
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5.3.7 Effect of Fe and CQ on each other’s neuronal uptake

Cortical neuronal cells contained relatively high levels of endogenous Fe (~2 umol)
that were not affected following treatment with either 12.5 uM FeCls or 25 uM CQ,
compared to vehicle-treated cultured neurons (Fig. 5.3.7 A). Yet, treatment with 25 uM
CQ and 12.5 uM FeCls in parallel stimulated significant Fe uptake into mouse primary
cortical neuronal cells, relative to neuronal cultures treated with either vehicle or with
12.5 uM FeCls alone (~3 and 2 fold increase, respectively; Fig. 5.3.7 A). Therefore, CQ
enabled the neuronal uptake of Fe. These results are consistent with a report by Yagi et.
al., which demonstrated significant Fe uptake into embryonic chick retinal neuroblasts
co-treated for 1-10 hours with 15 uM *°Fe and *C-CQ (3:10 molar ratio), compared to
Fe alone (687).

As expected, no iodine was identified in vehicle-treated mouse primary cortical
neuronal cells (similar to panel B in Fig. 5.3.5-5.3.6); nor was there any iodine found in
mouse primary cortical neuronal cells treated with 12.5 uM FeCls (Fig. 5.3.7 B). On the
other hand, elevated levels of iodine were measured in mouse primary cortical neuronal
cells following treatment with 25 uM CQ, alone and together with 12.5 uM FeCl3
(~0.55 and 1 umol, respectively; Fig. 5.3.7 B), pointing to significant CQ uptake into
cultured neurons.

Opposite to Cu, but similar to Zn (refer to panel B in Fig. 5.3.5 and Fig. 5.3.6,
respectively), CQ uptake into mouse primary cortical neuronal cells concomitantly
treated with 25 uM CQ and 8 uM ZnCl> was about twice as high as the CQ uptake into
mouse primary cortical neuronal cells treated with 25 uM CQ alone (Fig. 5.3.7 B). This
suggests that Fe further amplified the neuronal uptake of CQ. Importantly, mouse
primary cortical neuronal cells treated simultaneously with 12.5 uM FeClz and 25 uM
CQ showed greater metal uptake, in comparison to CQ uptake (~3 fold; Fig. 5.3.7 A
and B, respectively).

As for the effect of CQ and Fe on each other’s distribution, results showed that
treatment with 25 uM CQ and 12.5 uM FeClz in parallel led to a re-distribution of Fe
from the media to the cellular fraction, in comparison to treatment with 12.5 uM FeCls
alone (Fig. 5.3.7 C); yet, it did not influence the distribution of CQ, compared to
treatment with 25 uM CQ alone (Fig. 5.3.7 D).

Altogether, this evidence supports a synergistic relationship between CQ and Fe, in

terms of neuronal uptake, similar to that exhibited by CQ and Zn.
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Figure 5.3.7 Neuronal uptake of Fe, CQ and CQ-Fe

CQ induces the uptake of Fe (A) from the media into neurons (C). In turn, Fe enhances
the uptake of CQ into neurons (B) without major changes to its distribution (D).
ANOVA with Tukey post-hoc test;

***p < 0.001 compared to vehicle-control; “p < 0.01, "\p < 0.001

Bars represent mean £ S.E.M, n =3
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5.3.8 Rate of neuronal CQ and metals uptake

In sections 5.3.5 — 5.3.7, it has been established that metals and CQ mutually affect
each other’s neuronal uptake. While CQ delivered metals from the extracellular
environment into neuronal cells, in a mole ratio far exceeding CQ-metal stoichiometry;
metal-stimulated neuronal uptake of CQ occurred to a lesser extent and with no
apparent change to the drug’s localization (refer to Fig. 5.3.5 - 5.3.7).

Drawing on these results, it was speculated that CQ might transport metals into
neurons (where they can be utilized for cellular functions or destined for removal), and
then recycle in order to bind and ferry additional metal ions across into neurons. To test
this hypothesis, neuronal cultures were incubated with CQ-metal complexes and the rate
of metals and CQ uptake into mouse primary cortical neuronal cells was studied
simultaneously at time intervals up to three hours (as detailed in section 5.2.6).

Data confirmed that, at time zero, neuronal cultures contained low basal Cu levels
(0.04 umol), higher levels of endogenous Zn and Fe (0.36 and 0.25 umol, respectively),
and no detectable iodine (Fig. 5.3.8 A-C), similar to Fig. 5.3.5-5.3.7 A-B.

During treatment with 10 uM CQ and 5 uM CuCl;, CQ entered cultured neurons
within the first 10 minutes, whereas significant Cu uptake was observed from 60
minutes on (Fig. 5.3.8 A). Strikingly, while the rate of neuronal Cu uptake was linear,
CQ maintained a constant, low level throughout the incubation period (Fig. 5.3.8 A).

Mouse primary cortical neuronal cells treated with 16 uM CQ and 8 uM ZnCl;
displayed quick intake of the drug and metal (both within 10 minutes; Fig. 5.3.8 B).
Following their initial rise, CQ kept a steady low level, while Zn levels increased
gradually (Fig. 5.3.8 B).

Significant CQ and Fe uptake into mouse primary cortical neuronal cells occurred
10 and 40 minutes, respectively, from the start of the treatment with 25 uM CQ and
12.5 uM FeCls (Fig. 5.3.8 C). From those time points onwards, the levels of both drug
and ion were progressively elevated (Fig. 5.3.8 C).

In summary, when CQ-metal complexes are found in the vicinity of neurons, CQ is
rapidly taken up by the cells and either remains at a constant level (in the case of Cu and
Zn; Fig. 5.3.8 A and B, respectively) or slowly accumulates in neuronal cells (in the
case of Fe; Fig. 5.3.8 C). At the same time, Cu ions are rapidly internalised and
continue to accumulate within neurons (Fig. 5.3.8 A); whereas, Zn and Fe seem to reach

steady-state levels within neuronal cells (Fig. 5.3.8 B and C, respectively).
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Figure 5.3.8 Time-course of neuronal CQ-metal uptake

While neuronal uptake of Fe (C) and Zn (B) occurred slowly and gradually over time,
neuronal uptake of Cu (A) was relatively quick and metal levels increased in a linear
fashion.

Neuronal CQ uptake occurred within 10 minutes of its introduction and was followed by
a steady state of drug levels (A-B insert); except for CQ-Fe complexes, where CQ levels
continue to rise (C insert).

Data were plotted, using non-linear regression fit and analysed by ANOVA with
Dunnett’s multiple comparison test compared to baseline (i.e., time zero).

Bars represent mean = S.EM, n =3
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5.3.9 Neurotoxicity of CQ, metals and/or Ap

After establishing the mutual effect of CQ and metal ions on each other’s level and
rate of neuronal uptake, as well as distribution (sections 5.3.2 - 5.3.8), the effect of Ap
on the aforementioned was explored.

To ensure that any changes observed are not due to neurons being under stress
conditions, the impact of AB on neuronal survival, in the absence and presence of metal
ions and/or CQ, was first ascertained (see section 5.2.5).

The results confirmed earlier findings (refer to Fig. 5.3.1) that treatment with CuCl;
(5 uM), ZnCl; (8 uM), FeCls (12.5 uM) and/or CQ (10, 16 or 25 uM, respectively) had
no effect on the viability of mouse primary cortical neuronal cells, compared to vehicle-
treated cultured neurons (Fig. 5.3.9 A-C).

Data also showed that treatment with ABa42 (5, 8 or 12.5 uM), in the presence and
absence of CuClz (5 uM), ZnClz (8 uM), FeClz (12.5 uM) and/or CQ (10, 16 or 25 uM,
respectively), did not alter the number of live mouse primary cortical neuronal cells,
relative to vehicle-treated neuronal cultures (Fig. 5.3.9 A-C).

These findings were to be expected, especially due to the short treatment duration.
The survival rate of mouse primary cortical neuronal cells was shown to be
compromised by 10 and 20 uM AP following a longer treatment period of 96 hours
(862). Also, while the viability of mouse cortical neuronal cultures was not affected by
5 uM ApB (768, 862), it was significantly impaired by 5 uM AB-Cu (1:1 ratio) following
a 96-hour incubation (768).

Importantly, for the purpose of all following studies, the chosen concentrations of
AP, metal ions and/or CQ were proven to be sub-neurotoxic, under the tested

conditions.
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Figure 5.3.9 Effect of AB, metals and/or CQ on neuronal cell viability
Exposure to Ag (5, 8 and 12.5 uM), metals (5, 8 and 12.5 #M Cu, Zn and Fe) and/or

CQ (10, 16 and 25 uM) had no effect on neuronal cell survival, relative to vehicle-
treated neuronal cultures (A-C, respectively).
ANOVA with Dunnett’s multiple comparison test,

Bars represent mean £ S.E.M, n =3
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5.3.10 Effect of AP and/or CQ on neuronal metal uptake

After validating that, under the specified experimental conditions, neuronal cultures
were viable (refer to Fig. 5.3.9), the effects of AB, biometals (Cu, Zn and Fe) and CQ
on each other’s neuronal uptake were tested next (as per section 5.2.6).

Initially, the influence of AB on metal and CQ-induced metal uptake into mouse
primary cortical neurons was studied. Results confirmed that treatment with 10, 16 or
25 uM CQ did not alter the neuronal levels of Cu, Zn or Fe, respectively, as compared
to vehicle-treated neuronal cultures (Fig. 5.3.10 A-C; similar to Fig. 5.3.2).

As anticipated, treatment with 5, 8 or 12.5 uM A4, in the absence and presence of
CQ (1:2 molar ratio), also did not change the neuronal levels of Cu, Zn or Fe,
respectively, in comparison to vehicle-treated cultured neurons (Fig. 5.3.10 A-C).

Data showed that treatment with 5 uM CuCl; or 8 uM ZnCl> did not impact the
respective neuronal metal levels; but, treatment with 12.5 uM FeCls led to significant Fe
uptake, relative to vehicle-treated neuronal cultures (Fig. 5.3.10 A-C). With regards to
Zn and Fe, these results verify previous evidence presented in Fig. 5.3.3 C and E, as
well as panel A in Fig. 5.3.6 and Fig. 5.3.7, respectively.

Data also confirmed findings highlighted in Fig. 5.3.3 panels B, D and F, as well as
panel A in Fig. 5.3.5 - 5.3.7, demonstrating that metallo-CQ complexes promoted Cu,
Zn and Fe uptake into mouse primary cortical neuronal cells, compared to cultured
neurons treated with either vehicle or metal alone (Fig. 5.3.10 A-C).

Interestingly, co-treatment with 5, 8 or 12.5 uM ABs2 and CuClz, ZnCl; or FeCls
(1:1 molar ratio, respectively) did not affect the respective neuronal metal levels,
compared to mouse primary cortical neuronal cells treated with either vehicle, A alone
or metal alone (Fig. 5.3.10 A-C).

Conversely, treatment with AB42 (5, 8 or 12.5 uM), in the presence of both metals
(1:1 molar ratio) and CQ (1:2 molar ratio), suppressed the CQ-induced neuronal uptake
of Cu and Fe (to levels still significantly higher than vehicle-treated neuronal cultures;
Fig. 5.3.10 A and C, respectively); yet exacerbated the CQ-induced neuronal uptake of
Zn (Fig. 5.3.10 B).

These results may infer that AB in itself does not influence neuronal metal levels;
nor do metal-Ap oligomers. However, the combination of AB, metals and CQ could
differentially modulate neuronal metal intake (i.e., increase Zn, but decrease Cu and Fe

uptake into neurons).
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Figure 5.3.10 Effect of Agand/or CQ on neuronal metal uptake

A, in the absence and presence of metals or CQ, did not affect neuronal metal uptake
(A-C). Ap augmented the CQ-induced neuronal Zn uptake (B) but suppressed the CQ-
induced neuronal uptake of Cu (A) and Fe (C).

ANOVA with Tukey post-hoc test;**p < 0.01, ***p < 0.001 compared to vehicle-control
p < 0.05; Mp < 0.01; "*p < 0.001

Bars represent mean £ SSE.M, n > 2
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5.3.11 Effect of AB and/or metals on neuronal CQ uptake

In parallel to determining the effect of A, with and without CQ, on neuronal metals
uptake (see section 5.3.10); the effect of AB, with and without metal ions, on neuronal
uptake of CQ was also investigated (procedure described in section 5.2.6).

As expected, iodine (*2’I) was detected (refer to section 5.2.8) only in neuronal
cultures that were treated with CQ, in the absence and presence of metals and/or ABaz
(Fig. 5.3.11 A-C; similar to panel B in Fig. 5.3.5 — 5.3.7); thereby, serving as a
surrogate measure for neuronal CQ levels.

Results showed that treatment of mouse primary cortical neuronal cells with 10, 16
or 25 uM CQ and AP (2:1 molar ratio) had no effect on neuronal CQ uptake,
compared to cultured neurons treated with CQ alone (Fig. 5.3.11 A-C).

Data demonstrated that co-treatment with 5 uM CuCl, and 10 uM CQ mitigated CQ
uptake, relative to mouse primary cortical neuronal cells treated with CQ alone
(Fig. 5.3.11 A; as in Fig. 5.3.5 B). Results also confirmed that treatment with CQ (16 or
25 uM) and ZnCl2 or FeClz (2:1 molar ratio, respectively) stimulated CQ uptake, in
comparison to neuronal cultures treated with CQ on its own (Fig. 5.3.11 B-C; similar to
panel B in Fig. 5.3.6 and 5.3.7, respectively).

Importantly, the combined treatment of mouse primary cortical neuronal cells with
ABa2, metals and CQ had a differential effect on neuronal CQ uptake. Parallel treatment
with 5 uM ABs2, 5 uM CuClz and 10 uM CQ significantly increased CQ uptake,
relative to cultured neurons treated with 10 uM CQ, in the absence and presence of
either 5 uM ABa2 or 5 uM CuCl> (Fig. 5.3.11 A). This implies that there is a synergistic
relation between the AP peptide, Cu ions and the drug.

Treatment of neuronal cultures with 8 uM AB42, 8 uM ZnClz and 16 uM CQ also
induced neuronal CQ uptake, as compared to treatment with 16 uM CQ, in the absence
and presence of 8 uM APaz; but, unlike Cu, it did not lead to further enhanced neuronal
CQ uptake, compared to mouse primary cortical neuronal cells treated with 8 uM ZnCl,
and 16 uM CQ (Fig. 5.3.11 B). These findings suggest the Zn, regardless of AB, is
sufficient for neuronal uptake of CQ.

Surprisingly, treatment with 12.5 pM AP, 12.5 pM FeCl; and 25 pM CQ
suppressed the uptake of CQ into mouse primary cortical neuronal cells, compared to
treatment with 12.5 uM FeClz and 25 uM CQ, in the absence or presence of 12.5 uM

ABa2 (Fig. 5.3.11 C).
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Figure 5.3.11 Effect of Agand/or metals on neuronal CQ uptake

Agon its own did not affect CQ uptake into neuronal cells (A-C); yet, in the presence of
either Cu (A) or Zn (B), it augmented neuronal CQ uptake, compared to CQ alone.
ANOVA with Tukey post-hoc test; *p < 0.05, **p < 0.01, ***p < 0.001 compared to
vehicle-control; *p < 0.05; Mp < 0.01; "p < 0.001

Bars represent mean £ S.E.M, n > 2
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5.3.12 Effect of metals and/or CQ on neuronal AP uptake

Finally, the uptake of APs into mouse primary cortical neuronal cells was
investigated, in the absence and presence of CQ and/or metals (technique detailed in
section 5.2.6). As expected, AB42 levels were undetected in neuronal cultures that were
treated with either vehicle or with metals and/or CQ (Fig. 5.3.12 A-C); while significant
levels of A4 were detected in cultured neurons treated with APz, in the absence and
presence of metals and/or CQ (Fig. 5.3.12 A-C).

Data showed that treatment with 10 or 16 uM CQ (Fig. 5.3.12 A and B,
respectively), but not 25 uM CQ (Fig. 5.3.12 C), together with AB42 (2:1 molar ratio)
promoted the uptake of ABa42 into mouse primary cortical neuronal cells, compared to
neuronal cultures treated with AP alone. These findings were unexpected, as it was
hypothesized that any affect CQ may have on Ap would be metal-mediated; instead,
findings may be consistent with direct interaction between A and CQ.

Results demonstrated that co-treatment with 5 uM AB42 and CuClz (1:1 molar ratio)
did not affect the neuronal uptake of APao, relative to cultured neurons treated with ABa.
on its own; yet, it did diminish neuronal APs. uptake, in comparison to mouse primary
cortical neuronal cells treated with 5 uM AB42 and CQ (1:2 molar ratio; Fig. 5.3.12 A).

Concomitant treatment with AB42 (8 or 12.5 uM) and either ZnCl, or FeCls (1:1
molar ratio, respectively) stimulated the neuronal uptake of ABa42, as compared to
treatment with APz, in the absence of these metals (Fig. 5.3.12 B and C, respectively).
However, while treatment of mouse primary cortical neuronal cells with 8 uM A4 and
ZnCl, (1:1 molar ratio) did not alter the uptake of APas, relative to neuronal cultures
treated with 8 uM A4 and CQ (1:2 molar ratio; Fig. 5.3.12 B); parallel treatment with
12.5 uM A4 and FeCls (1:1 molar ratio) increased ABa42 uptake, compared to cultured
neurons treated with 12.5 uM A4 and CQ (1:2 molar ratio; Fig. 5.3.12 C).
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Figure 5.3.12 Effect of metals and/or CQ on neuronal Ag uptake

Zn (B) and Fe (C), but not Cu (A), enhanced neuronal Af uptake.

Moderate (A and B), but not high (C), doses of CQ stimulated neuronal A uptake.

Cu suppressed the CQ-induced Ag uptake into neuronal cells (A), while Zn and Fe did
not affect CQ-induced Ag uptake into neuronal cells (B and C, respectively).

ANOVA with Tukey post-hoc test;**p < 0.01, ***p < 0.001 compared to vehicle-control
p < 0.05; Mp <0.01

Bars represent mean £ SSE.M, n > 2
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Interestingly, APs. uptake into mouse primary cortical neuronal cells treated with

ABs2 (8 or 12.5 uM), combined with CQ (1:2 molar ratio) and ZnCl, or FeCls (1:1
molar ratio, respectively), was no different to that of neuronal cultures treated with A4,
on its own, or with either metals or CQ (Fig. 5.3.12 B and C, respectively).
Conversely, treatment with 5 uM A4z, CuCl, and CQ (1:1:2 molar ratio) did not alter
neuronal APs2 uptake, in comparison to mouse primary cortical neuronal cells treated
with 5 uM A4, in the absence and presence of 5 uM CuCly; yet, it did suppress the
uptake of APz induced by 10 uM CQ in the absence of 5 uM CuCl; (Fig. 5.3.12 A).

It could be concluded that the differential effects of CQ and metals on neuronal
uptake of AB may be related to the different conformations of metallo-CQ complexes,

as well as those of metallated-Ap.
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5.4 Discussion

Extensive literature exists on the interaction of metals and AP (see sections 1.4.3.3-
1.4.4) and that of metals and CQ (refer to section 1.5.5). In contrast, the information
available on the triad relationship between CQ, metal ions and AP protein is scarce and
is drawn from in vivo trials in Tg animal models of AD (444, 699, 700, 709, 746, 763,
826, 829) and AD patients (710, 711, 745), as well as in vitro studies utilizing
immortalized cells (436, 752, 811).

From experiments conducted in clonal cell lines it was inferred that the therapeutic
window of metal complexes with CQ and other compounds is not dependant solely on
the drug itself, but also on the dose and bioavailability of biometals (436, 607, 700).
Similar conclusions can be reached for neuronal cultures, based on work presented in
this chapter.

In general, there was a direct correlation between the rise of metal levels within
neurons (sections 5.3.2-5.3.4) and neurotoxicity (section 5.3.1). Acute administration of
physiological concentrations of CQ was shown to be non-neurotoxic (Fig. 5.3.1 A and
Fig. 5.3.9); nor did it alter endogenous neuronal Cu, Zn and Fe levels (Fig. 5.3.2, panel
A in Fig. 5.3.5-5.3.7, and Fig. 5.3.10). As for CQ-metal complexes, the observed
toxicity at high doses (Fig. 5.3.1 C, E and G) was presumably dependant on the type of
ion (Cu and Zn, but not Fe) and on its intra-neuronal level (Fig. 5.3.3 B, D and F, and
Fig. 5.3.4).

Together, data imply that neurons possess sophisticated mechanisms to monitor
changes in extracellular metal levels and to maintain their survival, in spite of metal
influx. For example, no neurotoxicity was observed at any of the tested CuCl, doses
(Fig. 5.3.1 B), despite significant neuronal ion uptake following treatment with CuCl at
doses equal to or higher than 4 uM (Fig. 5.3.3 A). Yet, even these refined homeostatic
systems have an upper limit (different for each of the metals investigated) that, once
crossed, eventuates in regulatory failure, cellular dysfunction and neuronal death.

Neurons are able to efficiently adapt and stave off increasing levels of Cu and Zn in
their milieu to a certain extent. However, high doses of CQ-Cu and CQ-Zn complexes
import such large amounts of metals in a short period of time that the systems in place
can no longer uphold balanced metal levels. As a result, Cu and Zn continue to enter
and accumulate within these cells in an unrestricted fashion (Fig. 5.3.3 B and D, panels
A-B in Fig. 5.3.4 and Fig. 5.3.8) causing neurons to die rapidly (Fig. 5.3.1 C and E).
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The significance of these findings is in the insight they provide into the therapeutic
window of CQ, metals and their combination. It could be deduced that, in relation to the
broad therapeutic spectrum of CQ, the therapeutic range of metallo-CQ is much
narrower. This could have profound implications for the design, synthesis, dosage and
use not only of other 8-HQ derivatives, such as PBT2 (Prana Biotechnology; Parkville,
Melbourne, VIC, Australia), but also of other metal-targeting candidate drugs for the
treatment of AD (see Fig. 1.5) and additional neurodegenerative diseases. On a broader
scope, this could also have a bearing on the development of therapeutic agents for
disorders involving impaired metal metabolism - both inherited (refer to section 1.4.1)
and acquired (like cancer, diabetes, skin conditions and coronary heart disease).

A major breakthrough was achieved by harnessing ICPMS technology for the
simultaneous tracking of both metals and CQ (method detailed in sections 5.2.7-5.2.8).
Results showed that free CQ is taken into neurons (panel B in Fig. 5.3.5-5.3.7, and
Fig. 5.3.11). This is not surprising given the properties of the drug (listed in Table 1.5),
but still does not provide a lead as to whether CQ enters neurons via a passive or active
mechanism (see section 3.3.5). Instead of being internalized, the possibility that CQ is
either inserted into the cell membrane or attached to the cell’s exterior surface (despite
neurons being extensively washed; full protocol in section 5.2.6), cannot be excluded.

Data also revealed that all metal-CQ complexes potentiated neuronal metal uptake,
according to the binding affinity of the drug towards the ions (i.e., Cu > Zn > Fe), by
mobilizing metals from the extracellular environment into neurons (Fig. 5.3.4, panels A
and C in Fig. 5.3.5-5.3.7, and Fig. 5.3.10). Interestingly, metal-CQ complexes had
opposing effects on neuronal CQ uptake (i.e., CQ-Cu complexes suppressed neuronal
CQ uptake versus CQ-Zn and CQ-Fe complexes, which enhanced neuronal CQ uptake),
with negligible change in the percentage of CQ between the incubating media and
neurons (panels B and D in Fig. 5.3.5-5.3.7, and Fig. 5.3.11). Alternatively, these data
can be interpreted as elevated CQ efflux or cellular retention, respectively.

CQ is a bi-dentate ligand that forms chelates with a broad range of cations,
including Cu?* and Zn?* (694-696, 698, 770). Both of these ions are bound by the
phenolic oxygen atom and the pyridine nitrogen atom on CQ; but, while Cu?* assumes a
square planar geometry, Zn?* is coordinated in a trigonal bipyramidal environment
(694). This suggests that the neuronal uptake of metal-bound CQ may be dependent on
its spatial arrangement. Additionally, whilst the structure of CQ-Fe has not yet been

resolved, these results indicate that it could resemble that of CQ-Zn, rather than CQ-Cu.
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In case metal-CQ enter cells as intact complexes, rather than individual molecules, it
was predicted that the levels of both CQ and metals should decrease in the treatment
media and, in parallel, increase within neurons; all the time maintaining their respective
2:1 molar ratio. The concurrent, yet differential, uptake and distribution of the drug
versus the biometals suggested otherwise.

Indeed, a pharmacodynamic study of metal-CQ uptake into neurons demonstrated
that CQ entered neurons rapidly (within 10 minutes) and, following its initial rise,
maintained a steady and low level (Fig. 5.3.8). At the same time, the rate of neuronal
metal uptake increased (Cu in a linear mode; Zn and Fe gradually), at a much higher
proportion than that of CQ (Fig. 5.3.8).

Based on findings in sections 5.3.5 — 5.3.8, it is proposed the MOA of metal-CQ is
by crossing the plasma membrane as one unit and then separating into its constituents.
Once within neurons, CQ dissociates from and releases its metal cargo that, most likely,
binds to intracellular chaperone molecules. Metal ions are likely utilized immediately
for essential cellular functions, stored for later use or are directed for removal. All the
while, the metal-free drug might recycle back to the extracellular space, where it could
potentially bind additional metal ions and transports them into neurons.

The aforementioned fits computational modelling of neuronal Zn homeostasis,
which estimated that CQ passes through the plasma membrane and delivers Zn?* into
neurons, where the ions are sequestered to storage sites (825). In an attempt to
corroborate this supposition, the study in section 5.3.8 should be repeated in future,
using CQ at a molar ratio equal to or lower than that of the metals; thereby, allowing for
excess, free metal ions. If the results of such an investigation remain similar to those
illustrated in Fig. 5.3.8, this will indicate that CQ is capable not only of chaperoning
metals into neurons, but also has an ability to leave the cells in order to ferry remaining
extracellular metal ions into the cells.

In addition, while several recent studies have utilized CQ as a chemical means to
manipulate cerebral Zn (836-842), data in this chapter demonstrated that CQ is even
more efficient in mobilizing Cu (Fig. 5.3.4 and Fig. 5.3.8). Since the AD brain was
found to contain a pool of labile Cu (378), it is suggested that future studies would also
measure changes in this ion’s levels in the brain and examine its effects. Based on the
findings of such investigations, it could be determined whether CQ may be used as a
pharmacological tool to modulate Cu levels in brains of animal models for research

purposes.
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With regards to the AD brain environment, it is important to acknowledge the
predominant presence of APP, AB and other AD-related cerebral proteins, which affect
metal ions and vice versa (as discussed in sections 1.4.2-1.4.4). These could also have
significant implications on the mode CQ, PBT2 (and other metal-targeting compounds,
such as the ones reviewed in section 1.5 and depicted in Fig. 1.5) operate and result in
the therapeutic benefits observed in animal and human AD trials.

As previously mentioned in section 5.1, cell-based in vitro studies cannot fully
recapitulate the events that occur in the brain following drug administration. However,
adding synthetic AB, metals and CQ to neuronal cultures, at approximate concentrations
to those found in brains of AD patients, allows the formation of a working model as to
the MOA of CQ in AD, which can later be further tested and verified by other means —
both in vitro and in vivo.

Despite hypothesizing that the extracellular interaction of AB and metals would
diminish the neuronal uptake of both the protein and the ions, experimental results
demonstrated that while AP did not alter neuronal metal uptake (Fig. 5.3.10), metals
differentially affected neuronal AP (i.e., Cu had no effect on, but both Zn and Fe
induced, the neuronal uptake of AB; Fig. 5.3.12).

These findings probably reflect the different binding affinities of metal ions towards
AP and the dissimilar resultant spatial arrangement and/or aggregation of the peptide
(refer to section 1.4.3.3). This means that metal-mediated AB entry into neuronal cells
may be dependent on its conformation. If so, any drug design should target the desired
metallated-Ap structure, in order to assist in its influx and potential intra-neuronal
degradation. An alternate explanation is that Zn and Fe could lead to impaired
intracellular degradation (for example, through the lysosomal-autophagy system), which
may result in AB accumulation or retention within neurons.

To date, there have only been three published studies of CQ and AP in primary
cultures; all of which highlight the role of CQ in neuroprotection and/or neurorescue
against ApB-mediated neurotoxicity. Barnham et. al. demonstrated that 1 uM CQ inhibits
the toxicity exerted by AB42 on mouse primary cortical neuronal cells following 4-day
exposure (549). A similar dose of CQ was found to block the APazs.ss-induced Ca?*
influx in cortical astrocytes and to protect against APas-ss-induced cell death of

hippocampal neurons, with and without astrocytes (707).
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Recently, co-treatment with ABs2 and CQ was shown not only to restore the activity of
mouse primary cortical neurons cultured on multi-electrode array (MEA) chips that
were compromised by treatment with AB4. alone; but to augment it significantly beyond
baseline levels (704).

Work presented here provides a first look into the reciprocal relationship between
AP and CQ in terms of neuronal uptake. While neuronal CQ uptake remained unvaried
by AB (Fig. 5.3.11); moderate (10 and 16 uM), but not high (25 uM), doses of CQ
stimulated the uptake of AB (Fig. 5.3.12). These data point to a possible dose-dependent
direct interaction between CQ and AR, which might be saturated at high concentrations.
It is reasonable to assume that CQ interacts with the aromatic residue(s) on Ap.

These novel results are significant as they contradict current thinking that any effect
CQ may exert on AP is mediated by metals, but at the same time are not without
precedence. Our research group has shown in the past that bathocuproine (BC), a
chelator with high affinity towards Cu, forms direct intercalating interactions with A in
the absence of Cu (481).

Importantly, the mutual effect of Ap and either metals or CQ was different to that of
all three components together. Ap attenuated the CQ-induced neuronal uptake of Cu
(Fig. 5.3.10 A) and Cu suppressed the CQ-stimulated AP uptake (Fig. 5.3.12 A), but Ap
and Cu synergistically enhanced CQ uptake (Fig. 5.3.11 A). AB enhanced the CQ-
induced neuronal uptake of Zn (Fig. 5.3.10 B), yet did not affect Zn-stimulated neuronal
CQ uptake (Fig. 5.3.11 B). While CQ and Zn individually enhanced AB’s neuronal
uptake; combined, they did not influence AB’s uptake into neurons (Fig. 5.3.12 B). AB
attenuated both CQ-stimulated neuronal Fe uptake and Fe-induced neuronal CQ uptake
(panel C in Fig. 5.3.10 and 5.3.11, respectively); however, CQ and Fe together did not
impact the neuronal uptake of AB (Fig. 5.3.12 C). Once more, these data could infer
dose, affinity and/or conformation-dependency and reinforce the complexity of studies
of this kind.

It is important to note that studies in this chapter are limited in that neuronal uptake
cannot be differentiate from degradation and/or efflux. In order to settle this point,
similar studies could be performed with the addition of various endocytosis/exocytosis,
lysosomal-autophagy and/or proteasome inhibitors, such as those used in sections 3.3.5-
3.3.15.
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In summary, the findings described in this chapter have significantly contributed to
the understanding of the interactions between CQ, metals and A in neurons, as part of
an ongoing investigation into the pathogenesis of AD. Foremost, these data strengthen
“the metal hypothesis of AD” (explained in section 1.4.5) and support the development
of pharmacotherapeutics that target metal ions for the treatment of AD, as well as other
neurodegenerative diseases (discussed in detail in section 1.5).

Experimental outcomes have also added a significant tier to our continuously
evolving understanding of the drug’s actions, which lead to its clinical benefits.
Moreover, results encourage future studies, using various techniques, to provide
additional evidence for a direct interaction between CQ and AP, since it will have
profound implications on other 8-HQs (PBT2 for example) and, perhaps even, certain
metal-complexes (such as Cu?*-GTSM) that are being developed as diagnostic and/or

therapeutic agents (as described in sections 1.5.3-1.5.5).
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Chapter 6

6.1 Major conclusions

The current and projected AD prevalence, incidence and mortality rate statistics, as
well as the accompanying societal economic cost, are alarming (6, 7, 874). These make
finding a treatment, or better yet a preventative, for AD all the more imperative (875).
While major advances have been made in the last few decades, the root cause(s) of AD
have yet to be uncovered and, consequently, a cure for the disease is still not in sight.
Reviewing the existing literature, it seems there are as many compounds being trialled
as AD pharmacotherapeutics as there are theories for the origin of the disease (refer to
Chapter 1 and Appendix A of this thesis).

Based on a growing school of thought that considers aberrant metal metabolism to
be an important contributor to the pathogenesis of neurodegenerative diseases, in
general, and AD in particular (see sections 1.4.1 and 1.4.5), research groups worldwide
are attempting to resolve this issue. Efforts are focused on therapeutics with potential to
modulate cerebral location, distribution, levels and oxidative state of metal ions in a
targeted fashion. One such investigational drug, which is the subject of this dissertation,
is CQ (properties listed in Table 1.5).

Our comprehension and perspective of CQ’s MOA is continuously evolving.

For several decades, CQ was prescribed as a medication for conditions varying from
skin disorders to intestinal infections. It was believed that CQ acts as a conventional
metal chelator. Years later, it was alleged that this MOA was responsible for SMON
and saw to the withdrawal of oral CQ from pharmacopeia. However, nowadays, it is
thought that SMON was not directly caused by CQ (detailed in section 1.5.5).

Renewed interest in CQ as a potential therapeutic for AD and various other diseases,
while re-igniting the scientific debate with regards to the drug’s safety (876-878), has
also produced data showing CQ to be an MPAC that binds extracellular metals, thereby
preventing them from interacting with A3 and forming toxic oligomers (699). Further
testing rendered CQ and its homologue, PBT2, as metal chaperones/ionophores, which
restore cerebral metal homeostasis and, subsequently, activate diverse neuroprotective
signalling pathways that are responsible for preserving neuronal structure and function,

as well as maintaining cognitive ability (436, 700, 713, 752).
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According to evidence presented in this thesis, and by other researchers (436, 699,
700, 702-704, 713, 753), it is becoming clear that CQ, PBT2 and their 8-HQ
homologues cannot be simply classified as having a distinct MOA,; but rather that their
neuro-protective, neuro-rescue and neuro-generative benefits are considered multi-
functional.

8-HQs can bind directly to AB and stabilise its low-molecular weight, non-
neurotoxic oligomeric forms; thus, operating as AB aggregation inhibitors. 8-HQs may
also act as AP degradation enhancers that, directly and indirectly, promote the
dissociation of high-molecular weight Ap assemblies and/or fibrils.

Owing to their metal chaperone or ionophoric activity, 8-HQs can facilitate the
transport of extracellular cations into neurons. Being MPACs, 8-HQs could form
ternary complexes with A and metal ions, which inhibit ROS generated by the
interaction of the latter two.

Simultaneously binding metals and certain neurotransmitters, 8-HQs may also
modulate various signalling pathways in the CNS involved with memory, learning and
other cognitive functions.

The combination of in vitro biophysical techniques and cellular experiments,
together with in vivo trials in AD animal models and patients, point to the diverse MOA
of 8-HQs as pharmacotherapeutics for AD (and possibly other neurodegenerative
diseases), which are not mutually exclusive. It seems CQ, PBT2 and other 8-HQs are
capable of influencing AB, metals and neurotransmitters - individually or combined.
Interestingly, an independent screen of over 100,000 compounds has identified 8-HQs
(including CQ) as the most effective in rescuing AP toxicity in yeast models of AD
(703).

Overall, this body of work adds a significant tier to existing knowledge with regards
to the MOA of CQ in the treatment of AD. These data indicate that targeting metal
homeostasis in the brain is a promising therapeutic strategy, and support the research
and development of novel 8-HQs as therapeutics for AD and other neurodegenerative
diseases. The scope of these findings also merits further exploration of 8-HQs and their
metal complexes as potential diagnostics and/or therapeutics for diseases in which
metals may be central to their pathogenesis (for example cancer, diabetes, skin disorders

and maybe even cardiovascular diseases, malaria and/or tuberculosis (TB)).
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6.2 Future Directions

Compelling evidence has been presented herein as to the effect of CQ, metals and
AP on each other’s uptake. While efforts were made to eliminate any attachment of
these components to the cell surface (i.e., cell cultures were washed with cold pronase,
sodium carbonate and/or PBS post treatment), this possibility could not be excluded.
Internalization into neurons could be confirmed by cell fractionation studies, but these
are expected to entail large volumes of primary neurons and require the ICPMS and
ELISA to be sensitive enough to detect the amounts of CQ, metal ions and ApB,
respectively, in the various cellular components.

Alternatively, uptake and bioavailability of Zn could be detected, using cell-
permeable fluorophores, such as 6-methoxy-(8-p-toluenesulfonamido)quinoline (TSQ),
zinquin or FluoZin-3. Internalization of AP could be verified by treating primary
neuronal cultures with 5-carboxyfluoroscein labelled Ap (CF-AB) (862, 879) followed
by cross-sectional visualization, using confocal microscopy.

Due to time constraints, the mechanism for neuronal CQ, metals and AP uptake (i.e.,
passive or active) was not fully characterized. This could be easily achieved by
repeating the neuronal uptake experiments at varying temperatures (0 °c versus 37 °c),
saturation state (saturable as oppose to non-saturable concentrations), under energy
depletion conditions and/or using inhibitors (such as methyl-p-cyclodextrin (MBCD)
and nocodazole against endocytosis).

If the neuronal uptake of CQ, metal ions and AB was found to be an active one, it
will most likely involve a cell-surface receptor. Preliminary experiments were
conducted in which homogenates of cells treated with CQ, metals and metallo-CQ
complexes were ran on narrow immobilized pH gradient (IPG) strips, which were later
subjected to laser ablation (LA)-ICPMS to separate the protein(s) that co-localize with
metals and/or CQ. These experimental procedures need to be repeated and the
techniques optimized.

Immobilised metal-ion affinity chromatographic (IMAC) columns of 8-HQ and CQ
were also prepared, but were not used due to time shortage. In future, it is intended that
neuronal cell lysates and/or brain homogenates will be applied onto these columns in
order to characterize the binding and/or selectivity of metals and/or proteins toward CQ.
Relevant fractions will be collected and could undergo two-dimensional gel
electrophoresis (2DE) to identify a potential receptor for CQ.
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As immortal cell lines originating from neuronal tumours are unsuitable for the
evaluation of metallo-CQ complexes as pharmacotherapeutics for AD, and since
primary neuronal cultures are resource and time-consuming, in future the use of stem

cells may be recommended (880, 881).
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Abstract

Alznzemers desase (AD) s a progressave neurodegenerative disorder wheh s characdlenasd by an icreasng impasrment & normal
memaory and cognitive processes hat signidcantly dminghes a parson's daly funchoning. Despite decades of ressarch and advances
in ow understanding of dssase astology and pathogenssis, there are still no effectve dissse-moddying drugs avadable for !e eat-
ment of AD. However, numerous compounds are curren®y undergoing pre-cimcal and chnical evahiatons. These candidate pharma-
cotergpeutcs are aimed a vanous aspects of e dsease, sudh as he microtubuie-associa®d s-proein, he amylod £ (AR} pepids
and metd ondyshomeastasis — all of which are ivolved n the devebopment and progression of AD. We wil review the way these phar-
macofogcal strakeges 1arget ! tiochemcal and chnucal Ratures of te diseass and the mestigasonal dmugs for each cakgory

Keywords: Alzheimers disease » - @ ampoid-§ » metals @ Mempeutcs

Current pharmacotherapies for the
treatment of AD

Alzheamer's diszase (AD) is e maost prevalent cause ofdementa
In fe eldedy populaton, affecting appraxdmakly 3540 mikon
paems workdwide [1], and is the third leading causs of d2ath in
develaped countnies [2]. As such, AD represants 3 major socio-
ecanomic prablem, which requiss betier diagnostic %als, man-
agement and ffectve tharapies in arder %0 ease the burden of ths
desasz. Whie there are advances bang made in 3 thess areas,
particularly with the idensfication of new blomarkars and the
development of nowel brain imagng compounds for e aarly
detecton of dszase, itis clear 1at an effectve weatmentior AD s
as elusive as ever To date, ?e only Food and Drugs
Adminstrason (FDA)-appmoved drugs for the t=atment of AD
patients are Me acatylchalinesterass inhlbitors ACHEL) Bcnne,
donepezd, gdantamine and rivasigmne, and the non-compedtve

*Cormespondance to. Past A ADLARD
The Mantal Heath Research hsttete 155 Oak Sweet
Parkalle, Wcteda 3052, huestala

2 2002 The Authors

N-metyi-D-aspartae (NMDA)-recaptor antaganist memantne.
The AChEls exart theer atfect by preventing the ereymatc degrada-
®on of !e neumransmitter acedichobne {ACHE), resutng in
increased ACHE concentrations in the symaptic cleft and enhanced
cholinerge transmission [3]. Memanting, however, pro®cts ney-
rons against NMDA receptor actvaton-medakd glutamate exce-
ooxcity {-6] and also whitits =-fyyperphasphoryation and
aggregatan [7]. A new appraach, using combinason therapy of
donepezd and memanting, has been reporkd 1o hawe signidcant
benefcialetiects on cognitve funcson, aciities of daily ing and
behavour [8]. Meamwhide, pont and more selectve ACHhEL
{Hupzrzne A, Neuro-Htech Inc_, New York, NY, USA) and NMDA-
racapior amagonists {Dimebon, Medwvaton Inc., San Francisco,
CA USA) are baing assessed.
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However, irrespecive of the form of therapy utized. !e cur-
rent approaches for e treatmentof AD pravide only Emparary
symptomatic relied and do not inhvbit andfor reve rse the under-
by diszase mechanisms. This stresses the urgemt need for
diz2ase-moddying drugs for AD - small, easily adminstrated,
well-wlerated, oavadable compounds ?at cross the blood-
brain barner (888} and have % or no adverse effects and/or
contramdicasons. There are currently mare than 50 compounds
nvarious stages of chinical imeestigason for the treatment of AD
{www.atztarum.org) mcluding: statins [9-12], pe ragsome pro-
Meravoractivated receptar-y agonsts [13-16], non-skroidal
anti-infammatary drugs [17-19], neurotrophic molecules and
even metabolic or nutritional drnks (Ketasyn™, Accara,
8roomfeld, CO, USA; Souvenaid™, Danone Ressarch-Centre for
Spacialized Nutntion, respectively, Palaiseau, France). In add-
ton, here are many mare candda® molecules hat are at the
pre-chinical stage of development and are bkely % proceed into
chmcal tnaks. Mast of fiese pharmacological agents hawe been
designed andfor davelopad tased upon a3 noton that has been
daminating the AD field for the past two decades - the ‘amyloid
cascade ftypothesis”. This theory claims that the metaboksm of
e amytod-§8 {AR) peptde {Doth generation and clearancs) is
e man intatar of AD, which together with ?e downstream
formaton of the r-protein aggregates, kkads % neuronal and
synapc dysfuncton and loss, microghal activason and nsuronal
death |20, 21). Thus, mast of the pharma-cological agents baing
developad arget one or both of the principal cersbral proteins
implicated in te pathogenesis of AD: rand AR In ths review,
we will provide a broad overview of the ferapeutic approaches
currenty being developed for the treatment of AD.

AD pharmacotherapies targeting

Neurolbsllary tangies {NFTs), which are found in AD and other
forms of dementa, consist of nsoluble, niraneuronal inchushons.
|22, 23] comprised pamed hefical #aments tat a= formed from
typerphospharyiated = 24, 23]. Hyperphaspharylason of the
microtublle-assoaated -proten is Ml to resut from an imba-
ance n enase and phosphatases actvibes, and leads %0 destabilizason
of mcrotubuies |26], loss of neuromal cytoskektad archieciure
andlor plastcaty [27), impaired nzurond tansport, dystraphy and
wimakly neurand ol death [28, 29]. Based on these fndngs,
small molecuies Tat nerkre wih e ormaton of r-aggregas,
sdectvely nhibt r-ionases andlor xwae sphosphatases are
baing pursued as therapeutc targets fs2e Fig. 1)

Modulators of  kinases or phosphatases

The biclogical function of e mecrotubue-associakd r-prokin
[30] & mouatked by ssveral kinases and phosphatasss [31-33].
An imbalance 0 achaly batween knases and phosphatases

62

results in the atnormal phosphoryiaion of 38 or mo® senme
and’or fweonne amno aids on 7 n the AD bran [34-37].
Phosphangation of a tyrosine resdues at postion 18 (Ty'r'al on T
by the tymsing lonase fyn has aiso ben reported [38). Deareased
mRAA levels [39] and actvaty of the main r-pro%in phosphatases
{PP11 and PP2A, as well as other --phasphatases such as PP28
and PPS5, have been observed in AD [40-42). This can lead 1o
a direct reduction in s-dephasphonyiasion or indirect hyperphas-
phorylaton by the mabilty of thess phosphatases % mhbit
-hyperphosphoryfation by differemt kinases [43], therefare
T-phosphatases have been proposed as therapeutc targets [44].
Maor lonases, whase protein Evels and actvites are reportad to
b2 up-reguiated in AD and other BBuopathies [45-48], imvalved in
e phasphardaton of = inchuds giycogen synhase lonase (GSX)-3,
cydin-dependent protemn konass-5, casein lonase-1, protein kinase
A (cychc adenasine monophosphate (CAMP)-dependent prosin
onase), prowen inase C caloum and camaoduln-depandent pro-
in lonase-1l, microtubue-aifnty reguiation lonase and mitogen-
acward proein lonase famiy members [49-53]. These prokeins
have also been suggested as !erapeutc targets for AD. Recent
reports hawe highighted the importance of GSK-38 in the dewel-
opments of both 7 and AR pathologes n AD and concluded tat hs
fenass is a vitd duig rget for the traatment of AD and other neu-
rodegencratve dssases |54-57| Seweral anmal studes, for
example, have demonstrated $ha Me inhbiton of GSK-38 actvity
by bthum [58] resuits in decreased leves of both AR §n POAPP
mice) and =-phaspho-rylation, w-aggregation and NFT Jarmason {in
JNPL3 mutant 7-mice) [59-61]. Other GSK-3f inhibitoss are beng
daweloped, such as AR-AO14418 [61], as well as other nase
intebitars [62-67 |, however, this 3ppraach is hindered due to e
ubiquitous expression of tese lonases, heir pido ragic acdtivities in
countiess celiular functons and e low selectavity of inhbios for
specidc onases, isodorms of 3 parscular onass, calular compart
ment and/or pathologecal, rather than physiciogical actty of he
fonasz [65-70).

T aggregation inhibitors (TAls)

Scmenng for TAls started in ?he early 1990s with reparts on e
andty of phenothaanes [71), anthraquinones [72] and low
maolecuar weight N-pherylamine derhatives [73] to prewent
T-a)gregation and associated tadcity i celf bnes [74]. The mast
chnically advanced TAI is AL-108 or NAP {Allon Therapeutcs Inc.,
\ancouver, 8C, Canada), which is an intra-nasal fomulation of an
8 amino-aad pepide (NAPVSIRQ) derved from the bidlogical
achaty-dependent neuroprotectve proten seceted by the brainin
response %0 vanous insults [75]. Studies in ransgenic mice sug-
25t !hat AL-108 imeracts with microtubules, reduces s-hyper-
phasphonylaton and mcreases soluble = levels leading to an
improvement in cognition |76, 77]. Data fram a recently com-
pleted phase |k wial evaliating AL-108 in 144 patents with
amnestc mild cognitve impairment demonstrated that it is sak
and well tolerated, and the high das {15 mg twee a day) msubed
ina signficantand lasting mpmvement in short term and warking

£ 2008 The Authors
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Fiy. 1 Pramacopecic stabagies foc the
vatmert of Alheivers distass twgeing ¢
Schevatic representftion of the anli-r Lmets
for potaniy pharma olherapies |1) Modulnoes
of kinasx o phosphataos, §i| -aggragaion
inhbitors (TAK) Abbrevalions: MT (mice
bubule). NFE (meurcbbeilary tingles). PHFS
{pamd hedical fiavents).

J. Cell. Mol. Med. Vol 13, No 1, 2009

Tau oligomers

memaory {but not in ®sts that ewolved executve functons). AL-
108 is now bzing #s%d as a treatment for other neurodegenera-
tree dszases, mental disarders and ocular dszase fn imtravenous
{1V} farmuation of NAP, known as AL-208, is also under clincal
Investigason for mikd cognitve imparment associated with coro-
nary arkery bypass graft surgary as well as other ndcasons [78].

02009 The Authors

A mcantly announced TAl is Rember™ (TauRx Thempeutcs
L., Singapore), which has methyithionmum chionde (MTC; also
own & the histochemical dye metyene bhuz) as s ative con-
sttuent. it & proposad that $is compound 15 not onfy abés %o prevent
e agomenzaton and seffaggregaton of =, but also dissalve
pre-farmed r-abgomears and paired helcal flaments nvo runcated

(]
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r-fragments, which can fen b2 naturally degraded and ebminated
(i Vwww sunccom/). At the 116 Internationd Conderence an
Aiznemer's Diszase (ICAD, Chicago, 2008), pre-cinical data
{01-05-04, P2-383, P2-428) and resuits of a recenty complessd
24-week, mut-centrad, randomized, double-blnd, dose-ranging
{30, 60 or 100 mq, ?ree times per day), placebo-contralled phasa
IIb tnd followed by a 60-week, bindzd, active treatment extension
swudy were presanted {03-04-07, P4-347, P4-384). Patents with
moderate AD who mcesved MTC a1 60 mg time temes/day showed
a signeficant improvement in e Alzhamers Dissase Assessment
Scale-Cognitve Subscale (ADAS-Cog) scores, compared %
placebo contral, at the end of the 24-wesk-long tnd. Ths result
was further wenfied after 50 weeks of treatment and again at the
conclusion of the nal (84 weeks n total). Another measure of the
drug's etfcacy 1hat was utized was singe photon emission com-
pud fomography (SPECT) analsis at week 24 compared %
tasebnz, which revealed that e regional cerebral blood fow
dzchne s2en in the feppocampus and entaring corex of indmad -
uals treated with placabo, was not observed in indviduds treaked
with MTC (60 mg three smestday). Despte these ssemingly
encouragng ®msults, great reservatons hawe bien expmssad,
mainly dus to unusual tnal design and an unconvensonal method
of analysis. However, TauRx Therapautcs Lid. hasannouncad that
i imends o ke Rember™ it a phase |l dinicd tnal, and hat it
is already %£s8ng a second generason TAI malecule, LMT-X in
T-¥ansgenic anmal modeis.

AD pharmacotherapies targeting A

Although the exact mechanism is stll undear, itis widely beleved
hat dysfuncional AR metabaksm s e underdying cause for e
neurodegeneraton and dementia observed i AD. Therefore, a
leading stragy for e development of AD pharmacotherapes is
moduaton of AR producton, aggregation andor dearance. it i
assumed that altenng hese processeswill siop and or Everse the
pathalogeal neuronal lass and e chnical cognitive decine. We
will briefly summanze key fndings of the maor AD prarmacaiog-
ical stmteges bang development 10 farget vanous aspects of AR
metabolism {see Fig. 2).

Inhibitors and/or modulators of the secretases

The amytoid precursor protan |APP) is an evolutonary conseanved
tpe | vansmembran: giycoprotan |M9] that belongs to a family
of protems, includng amyloid prokin pEcusorbie prokinl
{APLP1) and APLP2 [80, 81]. Both !he amno and carboxy emi-
nais of APP can bz dreded into several regions, éach with its awn
charactenstcs and functions [82). The overal function of APP is
unclear; hawever, it is believed to b2 mmpartant dunng the devel-
opment of the CNS and n response %o stress orinjury [83]. APP
has been suggested % act as a cellsuriace recepior and may also

a4

b2 imvalved in ot adhesson andlor neunte outgrowth (84, 85].
APP is synthesized in e endoplasmic resculum, undergoss M-
and O-giycosylason in the Golgl, and s transboca®ed from the
tans-Golg natwork % the o=l surface 1ia e secetary pathway
[85]. Dunng andor after trafficiong, APP undergoss dagradation
via e ubquen-prokeasame system [87] and'or vanous forms of
autaphagy [88, 89]. Meurond macraautophagy inducton and
impaired cleaance of several autophagy mmermediates is evdent
in ™2 AD bram, lading %0 an overproduction and accumuBtion of
intraceliular AR in autophagic vacuoles 90, 91].

APP ako undergoss prowolyic procassing through einer he
nan-amyloidogenc or e amyoidogenic patways [92]. During
the non-amydoidogenic patiway, the membrans-bound enzyme a-
sacrefase deaves APPwithin s AR domain, =sulting in e exra-
cellular sacretion of solubke APP-o (sAPP-«} and the production
of a short membranz-bound COOH-&rminal {ragment {CTF), «-
CTF or C83 [93]. Subsequent y-secretass cheavage of 083 resuits
in the secredon of 2 3-kD peptde termed p3 out of te cell [94],
and releasa of the APP intraceliufar domain {AKCD) into the cyo-
plasm [95]. Ergymes that have been sugested %0 hawe a-sacre-
tse achwty inchud: members of a dsintegnin and metalloprokase
amily of proens, ADAM 10 and ADAM 17 or TACE ({tumour
necrasis factor-a converting ereyme) [95-98). Theamyladogenic
patirway s intiated when B-secretass, dentfied as the aspartyl
pratease f-site APP cleaving enzyme (BACE1, Asp2 or
memapsin-2) [99, 100], cleaves APP at the N-terminal part of the
Ap domain. Ths clavage leads 1o the extracdiular release of
sAPPR, whie te g-CTF or (99 {ragment remains membrane
bound. Sequential y-secretase cleavage of C99, at the C-terminal
of AR, allows the shedding of the AKCD and the secetion of AR
species of vanabée length, into the lumen or extracellular spacs
[101]. y-Secretase is thought 1o be an mramambranous-cleaving
polytopic asparyi protease [102], comprised a complex of prese-
néin1 (PS1), presaniin2 (PS2), mcastin, aph-1 and pen-2
[103-105]. The peseniins (PSs) are ransmembran: hamalogue
pro%eins [105], which have bzen shown % b2 essental for he
y-saoretase chavage of APP [107, 108] as wel as other type |
proems [109). Musatons in PSs have besn shown % aler APP
processing and AR levds in mice [110] and are asocated wih
e inhentance of early onzet famial AD in human beings [111].

Folowng har dscovery and charackenzaton, the APP secre-
tases bacame aftratie targets in !e quest for an AD treatment.
The logc behind moduatng the APP sacretasas is two fald: stm-
watng a-secretase cheavage in arder % direct APP processing
owads ! non-amylodogenc patiway or suppressing - andor
y-Secretase cheavags in order % reduce ?ie amount of AR pro-
ducad. [thas bzen shown hat muscasnic AChE-recaptor agonsts
can foster a-secetase pooassing of APP % subsaquently resutin
a reducton in AR leves [112, 113]. This has bzen further deman-
straked n arema modeis of AD, where the reatment of tnpe trans-
genc mce [114] withthe M1 AChR agonist NGX267 (TarreyPnes
Thempautcs, La Jalla, CA, USA) resuied in reduced AR .o,
reduced amydod load and decreasad =-phasphoryition as wel as
improved behawvour [115). Mumerous $- and y-secretase
mhiors andor modulators hawe ako baen designed; however,

£ 2008 The Authors
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th: maorty of thes2agents a= not spacifc forthe secretass chaav-
age of APP and fius may prevent te cleavage and processing of
addeonal substates, which could result in vanous adwerss efiects
[116, 117]. At the moment, ?e @secetase mhibitor TAK-070
(Takeds Prarmaceuscal Co. L., Osaka, Japan) s undergang
a phase | cinicd trial. A number of ysecretasetagetng com-
pounds are in early chncal development, inchuding a sdectve

02009 The Mathoes

yssortase nhvbitor (BMS-708163; BrstoldMyers Squibb, New
York, NY, USA} and a y-secretase modulator {E2012; Bsat Inc.,
Wooddstf Lake, M, USA). The mast advancad compound, however,
E te y-saoretass imhbior hydraxybvalerd monobenzocaprofac-
M/ LY450139 dhydrase {81 Lily, Indanapalis, B, USA). A $0-week,
mut-centre, rand omized, double-binded, dose escalason, placebo-
comrolied, paralld assignment phase |l study (safety, solerabifity

&5
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and bomader assessment) with LYAS0139 dhydrake in indeadu-
als with mid-%o-moderate AD showed that indiduds who
recaved either hi2 low {100 mg'day) or hegh {140 mgday} dose of
e drug had a signficant {-60%) decrease n plasmaAR . com-
pared 10 placsbo; hawever, Afly.q changes n carsbrospinal fud
{CSF) were not stsstcally signficant [118]. Recmiment of
appoxmakly 1,500 indreduals for a phase |l nal 10 study the
eftects of LYA50139 dhydrase {100 or 140 mg par day) on the ate
of cogniwe and functonal dechine versus placebo owver a 2-year
peniod has begun, with ?e clinical tnal estimated % b2 complets in
e frst quarker of 2012,

A focal pant at ICAD 2008 was the anouncement by Mynad
Genetcs (Salt Lake Caty, UT, USA) that the most extensive {1649
patients treated over 18 momths in a phase I} AD chnical tnal
ever % be completed (arenflurbilFlunzan™ 800 moAwice day
or placebo) nad faled to demonstra® signibcant differences in
any of s ourome measwes, including ADAS-Cog and
Alzheimer's Diszase Cooperatve Study Actiites of Daldy L
(ADCS-ADL ) scoms. Thus, the y-secretase modulator Flunzan
was ineffectre inslowng disease progression. The dum of fis
152l has raisad many issues within the AD ressarch community
with $2 main queston bing whether or not - andfor y-secre-
tase moduators shoud st be comsidered as a therapeutc tar-
021, Many scientists believe that 3 wiser strategy 10 targeting AR
producton is %0 target AR after it has been synfesized.

Ap aggregation inhibitors

As descnbed above, AR s consstubvely syntiesized at e mem-
brane surface by prosealytic cleavage and & then sacreted [119].
AR typically ranges between 38 and 43 amino acid msidues in
length with Ay o0 and ARy.42 DaNg e most praminent typas in
AD [120]. Faiowing its secreton, exdraceliular AR can iater be
internabazd back into ?e cell by poorly understood molecular
mechanisms. Recently, & was reportad hat in e absance of
apolipaproem € {ApoE ), ARy g 1 intemalzed in axons of pnmary
neurons 1 a clatnn-indepandent endocytc pathway invahing
bped rafts [121). The rapid furnover of AR in $he brain [122,123]
suggests effioent claarance andfor degradason mechanismis) of
e paptice are in place. Detection of AR in plasma and CSF [124],
imples that AR can be transparted from the CMIS across te 888
inta the penphery. In this regard, a few receptars (imvolved incha-
lesteral and'or bpid metaboksm) hawe been suggested to medate
A efihx from e bran, inctuding MDR1-Pglycoprosen (P-
ap/ABCB1) [125), receptor for advanoed giycaton end products
{RAGE) [126] and the extensively studed low-density lpopron
receplorrefated protemn {LRP). AR has bzen shown 1o bind
directly to LRP-1 and LRP-2'megalin or mdirecty, by tinding 0
their bgands: apokpopratan J and E {ApoJ and ApoE, respec-
tvely) and o2-macroglobubn {«2 M) [127-129]. Ap-LRF12
complexss can be nemaized and delwemd % e endoso-
mailysosomal compariments, where they either undergo
autophagy in a simifar manner %o APP, or they may underga tran-
scytoss into e CSF or plasma (130, 131). AR = fnaly ebminased

through e kdn2y and bver via LRP [132, 133] or by hwer X
recepior [134-135]. Amermatively, AR can be catabolzed v enzy-
matc degradation [137]. To ths end, several classes of enzymes
hawe been demdied, indudng the senne prokases plasmin and
tssueplasmmogen ativator [138-140), and the metalliopro®asss
nepriysin [141-144], msulin degradng ergyme [145-148] as
well as the anc-depandent endothelin-camversng enzyme 1 [149,
150] and matrx metaloprotanasss 2 and 9 {MMP2 and MMPY,
respectvely) [151-153].

The fact ma AR is normailly producad in the body throughout
I, 1s present in vanous argans and boddy fluids, and that te
body has evalved sophsticated mechanisms dor its metabaksm
(as detaded above) suggest hat AR has a physiclogical role [154].
Aithough the function of A & yet 10 be efucdatkd, AR has been
proposad as an acue-phase apoipoproka with metal-binding
and anticoadant actvities [155-160]. The dea hat Ag has a func-
toral mle leads us to e conclusion tha withold age, and more
specfically with ! la% onset of AD, AR either lasses is physio-
logicd funcon or gains a patalogicd funceon [155, 156]. There
are severd theones as w0 ictor|s) hat may tun A from beng a
physioiogical % a pathalogcal agent however, nane of !ese
hypoteses are definite and 3t of tham =¥ have many caveass.
Howeser, it has ben consitently demonstrated that AR eents
neurote and syrapotaoe aftects both inwtre [161] and im ive
[162]. Ressarchers hawe furnad %0 the study of AR structure in
szaxch of chuzs as 10 s tawe effedts. [twas found thatsoluble AR
manamers assume a randam cod ar o-helx conformason; how-
ever, in AD they undergo a structural change ino a plated B-sheet
[163]. This induces the pepide to form low molecular waght
aigomers, higher molecular weight complees (protofibnis and
amylaid-§§ darived ditusble kgands or ADDLs), mature fibnks and
amylod plaques {APs) i the newopd and ®@ vascuature
[164-165]. iv witre studes have shown that amyoidogenzsis and
fbrfloganesis can be alfected not anly by thetyps of AR produced
and its conformation, tut also by factors such as tme, concentra
ton, temperature, pH and metal jon concentrason [167] For many
years i was babeved that the taoc effects of AR wee a result of
the mature AR fibrifs; howewer, recent studies suggest Mat low
mascular weight, solube, aigomenc farms of ARy . rather than
ARy [168] are more mewrotaoc than ?e mature AR fbris
[169-173]. Indeed, the seventyof AD comelates mare classly with
carebral concantrations of sofuble AR rather !an insoluble AR
load {reviewed by Lesne and Katibnek [174]). As our understand-
iy of AR structure improves and weth the advent of more
advanced ®chnques, the development of mhibitors of AR
obgomers wil improwe [175]. Candidate drugs in this cakegary are
synthatc peptdes based on the APy7.2) sequence, with e five-
amino-acid §-sheet breaker paptide Ac-LPFFD-NH2 (\ABSD) as its
lead compound [176, 177]. the discontnued tramiprosas/
Aizhemed™ |Neuwrochem Inc) and ELND-QOSAZD-103 (dewel-
oped as a jointventure by Elan Pharma Imematanal Lid., Dubin,
Ireland and Transion Therapautcs, Toronto, OM, Canads).
Tramprosae/Alzhemed™ 5 in fact a vanam of ?e amino acid
taunne {3-amino-1-propamysudonic acid [3-APS|) [178], which
p=vents suiphawd ghrcosaminoglycans from promosng e
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obgamernzation of sofuble AR [179], but at the same time aiso
enhancss non-tawc T-aggregation im wtro [180, 181).
Untortunasely, pre-dnicd studes of tamiprosate/ Alzhemed™ in
TgCRNDS mice did not mclude an imeesagation of r-pathalogy or
any behavioural £stng. Phase |l nal resuits showed the onfy sig-
nificant alfect of ramiprosate/Alznemed™ treatment was a dose-
dependent reduction n CSF AR, but had no signiticant impact
on CSF Afy.o and =, or on psychometric scores [182, 183].
Despe !ese disappansng results, he mvestigasonal drug pro-
gressed o a pase |l tial in Norhem Amernca, which was
recently declared by th: FDA %0 hawe fled. As a resutt, the
Ewopsan Phase |l swudy of ramgprosate/Alzhemed™ has been
abandoned and !ie compound is being marketsd as a nutraceus-
cal, ahough a phase || al for its use as a preventatve of ham-
orrage stroke in pasents with cerebral amyloid angopathy {CAA)
s ongang. Anoter wwestgasonal drug, ELND-005AZD-103
{Transition Therapeutcs, Toronto, OM, Canada and Elan, Dubln,
Irefand), is an orally admnistraied compound ?at crossss the
888 and is bzlieved to break-down AR aggregates and prevent fur-
ther AR oligomenzation from Bkong placs. In transgenic mouss
modeis of AD, ELND-005/AZD-103 treatment impraved their spa-
tial memary periormance in the Moms Wakr Maze. In several
phass | studes, single and muple ascending dases of ELND-
005/AZD-103 were shown to have good sakty, solerabibty and
pharmacokinztic profdes. At presemt, ELND-OG5/AZD-103 s
undergaing an 18-month phasz |1 al in 340 patents wih mild-
to-moderate AD in order to confirm its safety and 1o evaua® its
etficacy an cogntion and functonabity.

Another approach has been % try and charackenze the mecha-
nism{s) invohved in the neurotancity of AR as a basis for dewdop-
ing pharmacotempeutcs that modulte Mess processes. Ag-
assotiated neurotwocity may be amnbuied % vanous factors
[184], inciuding: AR interactons with intraceiiular target(s) and’or
extracefiular AP n%eracton with membrane surface recaptor(s),
chales®erol, bpids and bpoproins [185, 185]. Actvason of
microgla and infammastary factors [187] and mducson of apop-
toss by Ap-medated actvason of cyskene aspartyl proteasss
termed caspases [114, 188, 189] have also been propasad to have
neurotaoc effects. Bemman and coleagues recenty demonstated
that AR oigomer-induced neumtoxcity & due % e destabifiza-
tion of phasphatidyinositol-4,5-bisphasphae |(Pudins(4.5)Po)
metaboksm [190]. Another prapasad mechanism of Mlmﬂ{n
the promation of ian-channe! formatan and caloum ion (Ga° )
ntux|[191]. Tres eory ganed support from pre-chnical and arly
cinical tnas with ddferant neuronal L-4ype calcsum channel biock-
ers, such as $-312-d, nimodpine and MEM 1003 (Memary
Pharmaceuticas, Mantvale, . USA) [192-195). However, meta-
analsis of chncal studies revedad that mmodiping only shows
down e disase progression and may be efiectre ondy in certain
types of dementa [196]. As for MEM 1003, iate last year Memary
Pharmacauticas anmounced that the drug falled to show changes
n ADAS-Cog scores between treated and contral mild-to-maoder-
ate AD patents in a phase lla tnal, yet the company s st ®sing
the efficacy of MEM 1003 in indwiduals with Dipofar disorder
{www.mamaorypharma.com).
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Passive or active immunization

Anavel and conroversial approach %0 treatng AD is tased on \ac-
one Merapy. Transgenc mous: modeis of AD acvely immunzed
with AR [197-200] or passiely immun2ed with humanzed ang-
AB antbodes [201-208] showed reduced AR and =patalogy,
neutraized sofuble AR olgomers, attenuated synaptic degenera-
tan and improwed synaptc plasticty, all of which were accompa-
med by improved kaming. Immunizason aganst AR fus
Fpeared 1o b the much-antcipated breakthrough in ?ie devdop-
ment of AD therapzutics, in addtion to baing the pamary %st of
™2 amyoid cascade hypomesis. An actve iImmunzason straegy
was rapidly adancad into clnicaltnak by Elan, and fallowng suc-
cessiul completon of the phase | nal, a phase lla tnal wth AN-
17928stabbor was intaed by San'Wyeth. This study was temi-
nakd after four patients pEsened with symploms consistent with
animmun: menngoancephakds (209, 210] and by the end of
2002 tere were 18 lnown cass [211). A subsequent autopsy
analyss of a phase | study patient, who died 20 months afeer the
#rst imaulason, indcated addence of encephaitis [212]. This,
0gether with ee a%r autopsycasas of AN-1792-immunzed AD
patents, g hiighd the parsistience of CAAdespi®e !ie ramova of
A from plaques [213], consistent with observasons from studes
in PDAPP mice [214, 215] and monkays [216]. A fallow-up study
of a further 36 patients demonstrated hat many developad ane-
A antibodes, which was consistent with a gowing in e ra of
cognitve decine 12 months after complesion of the tral [217].
Fatients with the highest tires also displaged the greakstslowng
in cognive dechine [218). While encouragng, MRI scans of the
antoody responders revealed a reduction in total brain volume
and the rates of cognitve decing in the nan-responders appeared
more raged ®an typcal 219] Howewer, 3 composite neuro-
psychalogeal parformance study has shown that fe patients
developing AR antbodes showed improvements in memary,
aenton and concent@tion, alony with decreases in he lewel of
~proem in CSF [220]. The most recant data % emasge from the
ongnal iImmunization nal, however, appear % confound some of
tese earier reports The fong-%rm chmcal folow-up of 80
patents demonsimted hat, despite a \aned degree of AR plaque
mmowal, there was no prevention of progressive neurodegenera-
tan and no evidence for improved sunava [221]. Of nowe, sawven
of the esght immunized patents that underwent autopsy, nchudng
wo patients with nzar compete remova of plaques, had severe
end-stage dementia prior %o dzath [221). Despete s tragic out-
come, vahuable lessons Bammt from ths fled tnal have lead
mseachars to develop more sdectve, advanced immunotherapes
222-225), inchuding another actve AP vaccine develaped by Ban
and Wyet (Madison, AU, USA) (ACC001). Aftns GmbH {Vienna,
Austna) & also devdoping an actve iImmunzaton program with
AFFITOPE ADOT {phass | siudy due %o be compieted in November
2008} and AFFITOPE ADQ2 frecrutment stage for a phase | t=al
due 10 be compieted in sarly 2009).

The development of itravenous recombinant humanzed ans-
A8 manodonal immunogio bulns {IVIg), which avad the inducson

o

Jowrnd compllsicn © 2008 Feundsicn {or Caludyr ind Mdecuyr Madicne Slakwdl Publshing Ld

291



of an immune msponse, camtinues in pamiiel. Two smal, inde-
pendent phass | meestgations of AD patents with Wiy ower six
maonths proved to be safe, stoppad the cognitve datenoration and
In mostcases even resufed ina shightimprovemant of ADAS-Cog
scores [226). Bxamples of passive vaccines agana AR m
vanous stages of research and develbpment are phase | V950,
Mexk, Whitehouss Staton, NJ. USA; PF-04350355, Plizer, New
Yori, MY, USA), completed phass |l {LY2052430, B4 Uiy,
Indbangpoiis, N, USA), and ongang parald phase |l and Il (AAS-
001Bapnzwzumad, Ban with Wyeth, Madson, NJ, USA). Data
from a phase || study with LY2052430 indcate !at the mono-
clonal antibodkes kead 1o eleated leels of AByqo and Ao,
both in serum and CSF; however, SPECT anabsis did not reveal
any reduction in APs and no improvement in cogniton was
datected. Despite This, e company has announcad s imenton 1
cammence a phase Il study with LY2062430 in the coming year
With regards to AAB-001 tapinewzumad, moddied intent-to-treat
{MITT) n2nm anaysis of phasz |l studes showed no significant
changes in ADAS-Cog and Desabity Assessment Scale for
Dementia in the total study populaton and no stassticaly signdi-
cant changes in any of the cognitwe or functiomal efficacy end-
points in $he ApoEd carmer sub-group. In fact, a signdicant eleva-
200 N ventncuas valume was absenved in Apofd cames treased
with the drug. However, post froc MITT analysis of e resuts dd
show statstically significant diiferences from hassiine in ADAS-
Cog. te MNeuropsychologhcal Test Bamtery and the Clncal
Dementia Rating Sum of Baxes, as well & he Bran Boundary
Shift Imegra in ®ie non-Apabd camer sub-group teated with
AAB-001 foapmewrumab compared %0 placebo. It shoud be noked
fat indwvidals tregted with !e drug experenced significantly
mare casss of cataracts, desp vein fwombasis, syncope, seizures
and pumanary embobsm, as compared to placebo control
patients. importan®y, vasogenic edama was observed anly
drug-treated patients and mosty i ApoEd cames treaed with
e highzst dase of e drug {20 mokg). The signifcance of he
results, however, will only b2 made chzar once a final analysis is
done after the compieton of all phase 11 and Il tnais.

The metal hypothesis of AD

It is evident that both AR and = are imvalved in e development
and progression of AD; however, pharmacologeal strategies
directed at these targets have not yat proven % be dissase modi-
fying in human studes. In particuiar, several imeestgatonal drugs
hat target AR have faled % show any correlation between a
reduction in amylod burden and improvement n cognitve func-
ton: in large-scale chincal nals {as memoned above). Whits
such data might indicae hatthe amyloid iypothesis of AD s not
necessanly e correct ong, here remams considerable datate as
%0 whether ithas yet % b2 truly s%d in the chnic. Numerous fac-
0715 hawe been proposd 10 account for the poor performance of
severd frontine drugs, ncludng: patent confounds {e.g. Apof
Qenatype, overall raks of cognitve dechne in placebo groups),

teal design {6.g.1s 2 'veatment protocal, as opposed 0 a‘praven-
ton’ protocal, !e best way to testthe hypothesis) and drug pen-
etration {e.g. 1 is supgested hat Funzan may have faled because
of 3 poor phammacodynamic profie). Whie the deba% over fhe
vabdiy of 2 amyloid cascade fhypothess wil no doubt continue,
i remains ikely at there are other antical factors playing a role
n AD pathogenesis.

Metd jons are ane such possibiity, as cerebral concentrations
of anc {Zn), copper {Cu} and iron {Fe) wons are signeficanty ele-
vatd n AD, compasd % age-matched contrals [227-230], and
metils have bzen implcated in sevem! other numdegeneraive
dis2asas [231-234]. Here, we will mvew the vanous events in AD
pathogenzsis n which metal ons are invaived, and then discuss
the pharmacotherapeutcs being developed % moduae metal
wns i AD.

There k= an inoreasing amount of evidence suggesting that =
and NFTz may insome way b2 imvaived in, or mquiatkd by, metal
metabokism. Zinc jons {2n°) [235] and te iran regulatory
pro%in-2 |236], for example, have b2en found % co-bocalize with
NFT-containing neurans. Addtion of Zn° " % mouse and human
naurotiastoma cells (M2a and SH-SYSY, respectvely) induces
hyperphaspharylation [237], whereas $i oppoate resuk is
s2en In hppocampd nzurons with the addson of pyroidum
dittwocarbamate {POTC) [238] or ron citrate (FeGsHs05) [239].
Ferric ions (F&°') and cupric sons {Cu’") can bind %o various
‘repzat’ mo#fs an =, thus alterng the protan's cordormation, pro-
mating its phosphorylation [238] and inducing &s aggregation
[240-242]. In the case of iron, thes effect can be reversad by
reducngFe’ ' toFe’ (ferrous ions) [243]. As for APs, they nave
b2en shown ta b2 ensched with Cu {400 uM), 2n {1 mM) and Fe
(1 mM) [114, 176, 192-194], suggestng that there may bz an
imeraction batwesn metals, APP and AR tat may nflusnce AR
aggregason and AR -assocated 1aocity.

It has been demaonstrated hat APP contains putatve anc and
copperdindng domams {CuBD) bothin its ectodomainand n s
A sequence {see Fg. 3). Litte is known out e APP Zn-bnding
doman:homgrmmen established that s CuBD consists of
a tyrosne (Tyr =), a methionine (Met''} and two histdne
(Hs""" "™} residuzs that are abile %0 coardinate Cu*" and reduce
%0 Cu" [244]. The simifarises bztween the CuBD on APP and Cu
chaperone proteins suggest that APP may play a rale i metal
homeastasis [245). This noson has recenty ganed support from
{ndings !at the frandation of APP mRNA s governed by the
tending of an iron-reguiatary elementto its 5'-untranskated ragion
such fat in an Feenrched environment APP transiation is up-
requiated, wheraas it is down-reguiated in response %o an Fe-deti-
cient miiey [245, 247]. Mareover, incraasing Cu levels 7 virocan
snift APP processing towards the nan-amyloid ogenic patway and
result in decreased AR producton [222-225]. This may result
{om an ncreass in GSK-38 phasphorglaton, which actsates
phosphatdylnasidol-3-lonase PI3K) %0 result in the secreton of
MMPs that can degrade A [225]. Inaddition, genetically modded
anmal modats of AD provide wital chues as to the atizcts of APP
and AR on menkons and wiee versa. Tg257% mice !at over-
express Me Swedish double mutant APRgs (K-670-Nand M-6714)
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et ADvelated bhavioural and cogretwve changes {memary
and spatal learming impasrments) [248] and AD-rdated pathology
{substansally elevated levels of ful-length APP, CTFs and cerebral
extracdiular Ap) [249]. However, fer cembrd Cu {but not Fe)
levels are signfcantly reduced (224, 250). €100 mice aver
express AR and e C-temnind of APP, yet have significanty lower
lavels of both Cu and Fe in the brain [250]. Comversely, AFP (and
APLP2) knockout mice have raised bran and Bver Cu Evels [251]
and develop reactre cerebrd ghasis and locomaoto-behavioural
changes with age [252). These studies all suggest a mle for APP
in metal homeostasis. As @ futther demonstraton that metal
nomeostase s important in ®E pathogeness of AD, when
APPoy o PS1p.5q L-expressing mice, which also have - 15% lower
train Cu levels compared % non-fransgenc controk, are crassad
with Txl ‘taoc mil mice {that have a mutated ATPase?b wrans-
parterand aconsaquant ebeaton in Cu levels), the msuitng progeny
have markedly reduced AP lad and AR lewels [224]. Simiarly,
ncreasng detary copper intake in APP23 mice (camyng the
Swedish mutation of human APP7s; , reguiaed by the murine Thy-
12 pramoter [253]) resutad in reduced AR leveis and a probonged
Mespan [222]. Cormersaly, noreasing dietary Cu intake in normal
rabbits resued in eleated AR levels and impaired leaming [134,
254]. Thus, metal homedstasis appzars % be nsmakly nvabved
n AR metabolism.

These n wivostudes are supported by a wedth of in witre data
demanstrasing hatlow concenyrasons of Zn° . promate e rapid
aggregation of AR at physiologcal pH [255-259]. At misdly acide
pH, Cu” " {and Fe®" | have also been shown % induce AR precipi-
aton [227,230, 260-252]. Thess data supgest tat the synapic
ceft & an ided locason for AR metafiaton and aggregatan, as
nEUroransmisson resuits in pzak concantrasons of -300 M
2n° ' [263.264] andup %0 100 uM Co’ " R65-267). This is sup-
parted by abservations of a sgndicant reducton in plagque forma-
$on in a tansgenic mouse model of AD {Tg2576) lackang e anc
wransporser 3 {ZnT3) prosein (Tg2576/2nT3 ' ) [268,269], which
is responsble for 2nc ennchment and tansport into pre-synapic
vesicles 270, 271]. The complcaked process of AR aggregason
makes it is didficuit 10 charactenas the tinding of metals %o AR, and
while there have been numerous =ports on ®e affinty and sy-
cheametry of Ag-metal binding, resuits have vanad dependngon
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e AR souxe (mouse, rat or human), A@ ssquence or kength
{ABx1e239e). AR spacies {monamers, olgomers, efc ), as well
as fe reacton condtions (sample peparaion, type and concen-
trason of butier, pH, ncubation time andéor Bchnique used). Mast
ressarchers are in agreement that A binds G " and 27" ina
11 mtio [272-276] however, there have also been reports of
2’ binding 0 AB in a 21 [277] and 31 skichiometry [278],
and of C** tinding % A ina 2:1 ratio when capper is in excass
279, 280]. Mountng evidence indcakes tat the Apmetd lons
ravo modua®s notonfy AR conformason {random col, a-halix or
f{-sheet) and aggregaton [281-283), but also he marphalogy of
e Ap aggrega®es (amarphous, non<iniiar or Sbellar) [280, 284,
285). There is also an ongoing debak asto the tending aténty and
inztics of AR 10 u?* and 2, with dissociation constamts o)
rangng from nM %o pM for CPT-AR [272, 285, 267] and for
2t -AR (255,276, 287-291). A novel study has even suggested
an nisal, wak 2n?"-Ayg complex, which quickly tums ino a
high-afinity complex, possbly due % a canfomational change of
thepeptde [287]. In order 1o resolve Mg issues Bdowe, i iSimper-
atve Matthe metal-tending sa2(s) of AR and APP are defined and
hat the refatonship between he structural f2atures of the prokin
and its functon in hedth and disease can b2 elucidatked. Recant
swdies [287, 292 utibzng the dectospray-lonzaton mass spac-
frametry, Raman spectroscopy, electran paramagnetic resonance,
ciculr dchoism, nuclear magnetc resonance, X-ray diffraction
and extended X-ray absorption fne structure spectroscopes have
determined e coordination of Cu and Zn by He®, His'?, Hs™
[163, 255, 262,272,284, 285, 293-301] and a fourth kgand. The
faurt danar could b2 Tyr'? [243, 311||and’or()u" [288, 302 for
I, ar Tyr'? (293, 206] andior Asp' [272, 208, 239) dor CF "
Inerestngly, mouse and rat AR contains #ree amino acid subst-
wons (R-5-G, Y-10F and H-13-R), which prevent the fommation
of inermalecular hestdine bndges (293, 303, 304] and therefare
donot dlow metaldnduced AR aggregation i witro [256, 260] and
carebrad AR depasits in vio [305).

In summary, the above findings demonstrate APP andior Ag
play a major physfogecal role in reguiding metal-ton kwels. Ths
cumulatve data has lead Bush, Tana and colleagues 1o proposs
‘e metd heory of ADT [306], which stipuBtes tat age-relasked
endogenous metal dyshameastasss in the brain aliows bnding of
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redx-actve maahcns(cu" and Fe*") 10 AB. This @an lead to
neurokociy as Cu”' stablizes e neurotoxc. aligomenc AR
spacies [307-309], imduces e covalent di-tyrasing crasshink of
A (274, 286, 287, 310-317) and promo%s the generation of
SDS-regstant copper-derved diffusile hgands [278, 285, 316].
Matalated-AQ also has an increasad alfnity for the phospholpid
hzads of the membran: bilayer [318, 319, which acts as a reduc-
fant in the production of reactve anygen species |ROS) va Fenton
and Haber-Weiss chemistry [320, 321]. The resuling radicals,
such as hydsogen peraade {H032) and supsradz (OH ), induce
aodathe stress damage of Bpuds, protens and DNA, usmassly
leading %0 synaptc and neuranal loss [230, 231, 320-326). Basad
an Nis hypothesss, pharmacothempeutcs fat aim %0 restore
matal homeostasis, inhidit Ag-metal interactions and’or inhbit
maalaed Aj-catalysed oxdaton are bang developad.

AD pharmacotherapies targeting
metal ions

The equitbrum |(concentrations, dstnbuton, stabily and uo-
avatabbty) of metal ions is cetical for many physiabogical func-
sons. This is particularly true for te CNS, where metds are
essental for devdlopment and maimtenance of enzymatc actv-
tes, mitochondnal function (327, 328], myelinatan [329], neuro-
traremission [330], leaming and memary [331. 332]. Due %o teir
importance, calis have evaived complex machinzry for controling
metak-ion homeostasis. However, when these mechansms fd,
tealterad homeostasis of metal ions can result n a diseass fawe,
inciuding several newodsgeneratve disorders [333, 334].
Understanding the complex structural and {unctional inteactions
of metal lons with !he vanous intraceiiular and extracaliular com-
panentsofthe CNS, under normal conditions and dusng nsurode-
generatan, is essentid or the devdopment of effectve herapes
|335]. Accordingly, modutaton of metal kons has bean proposed
as a diszase-modidying herapeutic stategy for AD [336-338] and
other newrodegenerative dseases [339, 340). Anticodants and
metal-moduBtors repmsant two sudh therapsutic strategies.

Antioxidants

Amboxidamt molecules a® capable of nsutralang free or incor-
rectly bound metak, terely interlenng with the ‘down-stream’
genzraton of ROS and oter adicas. Theredore, andoodants may
b2 used mainly as a preventatyve appoadh [341). Numerous mok-
cules with antioxdant properties, such as oestroden, melatonin,
vitamin € and € {L-ascorba® and «- topopherol respectaely),
gnikgo bifbaa edract, cuumn and flavonaids, have bzenshown
%0 have neuroprotective etects aganst A-induced tocity in cai-
tased expesments [342, 343] and anemal models [344-345], but
have had confictng =sults in a chinical seting [349-351).
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Metal chelators

By defindon, metal chelatars bind strangly 1o two or mare metal
tans and form a cyckc nng, which comverts the metal kons in% an
mert fomn and depletes te t1olal pool of bicavadable metals.
Desternaxamine {DFO), an Fe chdator with high tinding affintes
for Zn, Cu and alumnium {4) [352], was the first such agent 10
enter chnical ivestgations for the treament of AD. Results of 2
2-year-fong, tinded phase |l nal with a cahort of 48 AD patients
demonstrated that 125 mg intramuscuiar inecsons twice daly for
5days a week significantly siowed down the dacline of some cog-
mtve functons, compared to the two contral arms {an aral
placebo or no teatment} [353]. OFQ, however s a large
hydrophic molecule, which is not orally bio-avadable and doss
notnarmaly penztrate e B8B. Hence, it is unknown whether the
benetfical effect seen with the DFO treatment was due %o the drugs
imeracton and’or chdation of metals, or due % a different mech-
ansm all together [354]. Amother haxadentase chdator, DP-109
(DPrarm, Rehowot, lsragl), s a large synthetc prodrug that
becomes acthated fallowng he cleavage of its two long-chain
esers. Dally adminstrason of DP-109 by oral gavage 1o femae
Tg2576 mice over a 3-month pariod reduced ®e formation and
depositan of CAA and APs, as wall as re-solubiized AR [355).
Lk DFQ, DP-109 is not expected % cross tie 888, therctare he
way @ exerts #s ami-amylodogenic efle = st not clear
Recently, DP-109 and DP460 {another Ca, Cu and Zn bpophiic
chefator) were reparted to have neuroprotectve effects in a G434
transgenic mouse madsl of amyotraphic lakeral sclerasis [356),
another neurodegensratve dissase associa®ed with metal imbal-
ance [357. 358). Other chelatng agents hawe been reported 1o
nave diferent efizcts in witro, including mduced AR o-induced
andative stress [359), and the safubidzation of hypophasphory-
lakzd 7 [360] and A from AD brain [361]. Further in vivostudes
with these chelators is requered % further advance this therapeu-
¢ route and %o ruks out any systemic efiects.

An dtematve appraach %0 chaladon s %o modulate matals with
matalo-complees. Such an approach senes 10 remaove metds
from biologcally delterous sies and pokensally defwer hem to
amas of defciency, thereby mantanng oveall metal homeastasis.

Metal complexes

Matalio-compiexss are emergng a5 a new patentid heapeutc
for AD. The rationd@ gquiding this strakgy is the delvery of Cu, for
example, 10 cellular compariment which are Cudeﬂuem usng
metalio-comphexes of p)froijne ditiocamamate {M "PDTC) or
tis|hiczemcarbzaneg) (M -8TSC), or preventng the harmiul
nding of Cu %o AR, using platinum {Ft} complexed % 1,10
phenanthraling danvatves {L-PiCi).

POTC & tradtonally considered an infhibiar of the transcnp-
ton-factor reguistor nuckear factar«8 {NF-«B) with ans-inflam-
matary, ansoxdant and ans-apoplotc propedies [362-354] -
of which hawve bzen afinbuied % the synergstic imeracton
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bemween POTC, Cuandfor 2n [355-371]. As weil as preventing the
nuckear transtozaton of NF-x8 in a neonatd fypaoa-schamia
model, POTC also actvates Ak and imnits GSK-3p [372]. In
v, oral PDTC treatment of APP/PS1 double transgenic mice
resulted in incraased cerebral Cu levels, as compared to non-
treated APP/PS1 mice, as wdl as down-reguiation of the GSK-3p
signaling cascade, which lead t0a decrease n =-phaspharylason
and an improvement in spatal memary, but had no efizct an amy-
loid burden, ghal actiation or oxdatve stress [238]. The Blest
data to emerge indicate hat POTC compiexed to eher Qu”" or
20’ ' can act as prokasome nhidMrs 0 nduce apoptasis in
numerous human cancer celis [373-375]. It would be of mterest
to examine d the same effects ozcur in callular and'or animal mod-
els of AD.

The metalfo-complexss of ; N"memm:ns«maf-
bazone) (M*'-ATSM) and glyaalbis(h’- memyhiosemicar-
bazane) {M* -G TSM) have both b2en shown % hawe antidactenal,
ant-fungd and anteneoplassc/cyiotanc actnties, by selectvely
dei'emg exogenous metal lons imo metal-deficient cels (376,
377].Cu""-ATSM 15 membran: parmeable, sslecive for oxygen-
deprived {hypaoc) calis, and 1s redox inactve thersfare the bgand
retans s Cu mokcule [378, 379). These propertes a= baing
exploited for s devefopment as a radiotherapeutic agent
[380-382] and as a radbopharmaceutical for pasitron emission
tamography imagng [383. 384]. Cu”* -GTSM can also cross the
888; however, once inside the cell it is ®duced by vasous celbular
reductants and relases its Cu mobcule, which is made avadable
far the cel [378, 385.386;. Treatment of NAPPas-overempressing
CHO celis with Cu /2n”" -BTSC Bigands resubted in increased
intraceliular metal levels Tat, In fum, actvaed AKVPISK, odun
N-2rminal kinase and GSK-3 [357). Phosphory@tion of the abave
kinases lead 0 ?e up-requiation of MMPs, which reduced extra-
celldar levels of AB [387). Examinaton of the efiects of
Cu®' 120" -BTSC ligands on 7 and transiasion of hess studbes ta
animal models of AD s curEnty underway.

Other radiophamaceuticd-bassd compounds baing evaluated
for teatmentof AD are 1,10 pherantimbing derivatves complexed
1o pitinum {Pr ). These igand-PICt complexss have been
deagned to bind and allkyla® the imidazole sdechans on hstidne
residues 6, 13 and 14 on AR, thersby preventng e detnmantal
bindingotCu®’ 1o fis AR metal binding site and subssquent AB-
Cu”* bindingto e cal membran: [388). This study identified the
Pt{4.7-dphenyt-[1,10] phemantrobnz|Ciz as a compound that
binds to AR, changes the conformason of AR and mhvbits AR
aggregation [358]. In addtion, s complax is able %0 nhioit AR-
refated neurotoxoty {restore the cell viabsty of pnmary mouss
corical neurons and suppresses the Cu® " -AR-dependemt H0;
gemeration), and meverse AR-nhibited long-term po%ntiaton
{LTP) of mouss hippocampal shess as @ maasus of synapiotano-
city [388]. Future evauaton of the compound's ability % crass
the 888 and exert benefcial effects in animal modats for AD
need 10 be performad prior 0 s adwancad developmentas an AD
pharmacoterapeutc.

The Ap-metal intemction can b2 targeted not anly %0 the AR
saquence that binds metals, but also % the metals thamsakes.
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Metal-protein attenuating compounds (MPACs)

MPACs have wedk, reversitle affnity sowards metaks, which
enables hem % compet with endogenous bgands far metal ions,
target the harmiul ‘up stream’ metak-proten reactons and restore
narmal metal kevels in spacifc celiular compartmants [389). The
frst-genemtion seres of MPACs were basad on choquinal {CQ;
S-chiaro- 7-odo-8-hydraxyqunaing). 00 s hghty Bpophific,
asorded quiddy, can comvert % glucummated and sulphak
metabalites, is able %0 cross i 888 and is excre®d in unne and
feces [390-395]. CO had been used as a therapautic n cattieand
human bzings with Zn-deticency diszases and for many decades
was prescrnbad as an ord ant-amedic n addtion o bang usad far
e treatment of dysantery and darrhoea [395, 397]. However, its
aral preparason was withdrawn from the market during e 1950s
%0 19705, as 1t was suspcid 1o b2 imalved in the development
of subacute mysio-opico-neurapaty (SMON) [385-401]. SMON
s charactenzed by sensary and motar dsorders in the lower
limbs, panpheral neumpathy and visual impairment due %o demye-
fation of the spinal coxl, optic nerve and penpheral narves [402).
SMON atfeczd pzople worldwide; however, it reached near-ep-
demic proporsons i Japan, where 3 few relaied dzaths were
Epored [403]. At e ¥me, 3 mechanstic bnk between CO and
SMON was not estabiished [404]. La%er, it was suggested that CQ
may wranspart metals into e CNS, which leads 1o nzurokuecity.
Early studies demonstrated that CO-Fe®", but not €O or R’
done, induced degeneration of cultured retnal neuradiasts [405]
by imcreasing cedular Fe cancentratons and promosing hged par-
aadaton [#06]. However, it is now beleved that ntake of 00 at
dozes far exceedng the mcommended angs and for prolonged
peniods, together with a post-Warld War |1 won-deficient det, are
i raasons {or a viamin 812 deficiency Tat presented as SMON
in Jagan 407, 408].

CQbinds Cu?' and 2n®" 21 ratio) in a square, planar arrange-
ment [409, 410] and exerts ddferent effects an Cu and Zn, depend-
ngon its route of administration and e system in which it is eskd
{11-413]. The known imeraction of CO with o " and 207" thus
prampied an nvestgaion into te stiects of 00 on AD-relaked
patology. CO was naally shown % dssove syrdhetc AR-
Cu?' /2" aggregates and amyloid deposits from post-markem AD
bran [414]. Ths then prompted a study of the osl almnstaton
of 00 %0 Tg2576 mice over 9 weeks, which msued in e narma-
2atan of cembral Cu and Zn leels, a raducton n H0; synthesis,
and a signiicant decreass in corscal amyloid depasition by ~49%,
compared to control Bmermates [15). Subsequenty, OO0 was
shown %0 reverse Cu-suppressad, but not Zn-suppressed Ay g
fiil formation [416]. and %o rescue Ca®* -medakd AR txcity in
neuronal call cuture [417). Other studes, however, have suggesed
fat CO mcmases oxdatve neurotacaty |H18). As praviously men-
sonzd, CO t=atment causad a reduction in AB kewels n CHO-APP
cefis, accompanied by increasad phosphongdaton of GSK-3 and
MMP2G actinty [225]. The cumuiative data led %o CO bang emered
imo chncal trials for Me weatment of AD (PBT-1. Prama
Bokechnalogy, Mdboume, \fctoria, Austalal, nwichCO siowed i
cognitne decine of moderak w seves AD patents, wih no signsof
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savere adverse efiects. it also mfluenced CSF-= lowemd plasma
APraz with mo changs % CSFAR).@ levds [419] Subssquent
phass 1Al studies, however, were stalled by the diticuites encoun-
ered in prevensng d-iodo-8-hyd raxy quinoline contaminaton dur-
ng e requred larger scale chemcal symthesis for sudh trials
[420]. The subsequent drug dscovery program identded PBT2
{Para Bokchnobgy) as an 8-ydroxy qunoine tat facks iodne,
ey enabling easier chamical synthesis, and which also has
hegher safub bty and increased 888 parmeability than CQ. Thes com-
pound was then exensaely screensd in a varety of prechncal
assays. In APR/PS1 Tg mice, PBT2 was shown %o decrease sofuble
imzrsatal AR within hours, and % improve cognive perfarmance
0 levels equivdent %0 or greater 1han wild-fyps controls within days
of t=atment [421]. In addan, there was a sgnifcant decmase in
imsafubke AP oad and the phasphordasion of =, as well as a signd-
cant incraase in synaptophysin levels — suggesing that a number
of primary indces fat dhamcenze the AD bran had been suocess-
fuly modulated by s arally bioavadable MPAC [421). PET2 ten
progessed imo human chnical nal, and fallowng a sucoesshl
phase | study, it emiered o 3 mndamized, double biend , placebo-
cantroed, muis-centred, 12-week-long phase |13 tnal with 78 mid
AD patients {Pana Bintechnaiogyl. This study demonstrased sakty
and wokerabibty, reduced CSF evels of ARy 2 and mprowed cogni-
ton n patents Riong PAT2 as compared 1o placebo |{22]. Taken
00ether, hese data support e notion !at e modulason of met-
als may be suffioent %o sgnificanty atterthe onset and progessian
of AD, and that targeting metds may mpmsent a mare potent ds-
ease merventon tan sysemically @rgetng the producton or
degradaton of the AR protein; howewver, these concepts need to be
further explored in a larger phass Il tnial.

Whie CO s contnuing to be eamined as a heapeuc for
other dissases, such as Parlonson's disease, Prion diszases,
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