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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 (A) 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-hydroxyqionoline 

(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 A 

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

 

 

 

 

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, 

I fear I am not in my perfect 

mind. 

Methinks I should know you, 

and know this man; 

Yes I am doubtful: for I am 

mainly ignorant 

What place this is; and all the 

skill I have 

Remembers not these 

garments; nor I know not 

Where I did lodge last night. 

Do not laugh at me; 

For, as I am a man, I think 

this lady 

To be my child Cordelia.” 

 

CORDELIA: 

“And so I am, I am.” 
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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 20th 

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 21st 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. 

http://en.wikipedia.org/wiki/Neuropathologist
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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) presenilin1 (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 

PSEN2 have also been identified (14-16). FAD-linked mutations in PSEN1 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).  
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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 II 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 () 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-2 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 (A (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 A 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. 

http://en.wikipedia.org/wiki/Catabolism
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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 -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 (18F) 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.  

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

http://en.wikipedia.org/wiki/New_Jersey
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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 (BuChEIs),  

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 (PPAR) 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 A 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 A. 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, II or III (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 -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. 

http://en.wikipedia.org/wiki/Tubulin
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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 (TAIs) 

Abbreviations: MT, microtubule; NFTs, neurofibrillary tangles; P, phosphate group; 

PHFs, paired helical filaments 
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Class Drug Name 
Developing 

Pharma 
MOA 

Developmental 

Phase 

Modulators of 

Tau 

Kinases or 

Phosphatases 

Nypta/ 

NP-12/ 

tideglusib  

Noscira and 

Zeltia  

Glycogen 

synthase kinase 

(GSK)-3 

inhibitor 

Phase IIb 

discontinued 

Tau 

Aggregation 

Inhibitors 

(TAIs) 

TPI 287 
Cortice 

Biosciences 

Microtubule 

stabilizer 
Phase I 

BMS-241027 
Bristol-Myers 

Squibb 

Microtubule 

stabilizer 

Phase I 

discontinued 

Davunetide/ 

AL-108/ 

NAP 

Allon 

Therapeutics  

Microtubule 

stabilizer 

Phase II 

discontinued  

Rember/ 

MT/ 

Trx0014 

TauRx 

Therapeutics  
Unclear 

Phase II 

discontinued 

LMTM/ 

LMT-X/ 

Trx0237 

TauRx 

Therapeutics  
Unclear Phase III 

Tau Active 

Immunotherapy 

ACI-35 AC Immune 
Tau393-408 

[pS396/pS404] 
liposomes 

Phase I 

AADvac-1 
Axon 

Neuroscience 

Axon peptide 

108 coupled to 

keyhole limpet 

hemocyanin 

(KLH) 

Phase II 

Tau Passive 

Immunotherapy 

RG7345/ 

RO6926496 
Roche 

humanized 

monoclonal 

antibody against 

tau pS422 

Phase I 

discontinued 

RG6100/ 

RO7105705 

AC Immune 

and Genentech 

Anti-tau 

antibody 
Phase I 

C2N-8E12/ 

ABBV-8E12 

C2N 

Diagnostics and 

AbbVie 

recombinant 

humanized 

anti-tau 

antibody 

Phase II 

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 I 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 A 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 -secretase 

cleaves APP within its A domain, resulting in the extracellular secretion of soluble 

APP alpha (sAPP) and the production of a short membrane-bound C-terminal 

fragment (CTF), -CTF or C83 (164). Subsequent -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 -site APP 

cleaving enzyme (BACE1, Asp-2 or memapsin-2) (167-170), cleaves APP at the         

N-terminal part of the A domain. This cleavage leads to the extracellular release of 

sAPP, while the -CTF or C99 fragment remains membrane bound. Sequential           

-secretase cleavage of C99, at the C-terminal of A, allows the shedding of the AICD 

and the secretion of A species of variable length, into the lumen or extracellular space 

(171). 
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Figure 1.3   Pharmacotherapeutic strategies targeting A for the  

treatment of AD 
 

Diagrammatic illustration of the anti-amyloidogenic targets for candidate 

pharmacotherapies:

1. -Secretase activators 

2. -Secretase modulators/inhibitors 

3. -Secretase modulators/inhibitors 

4. A-targeted immunotherapy 

5. A aggregation inhibitors 

6. A degradation enhancers

Abbreviations: A, amyloid beta; AICD, APP intracellular domain; APP, amyloid 

precursor protein; sAPP, soluble APP alpha; sAPP, 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 -secretase cleavage in order to direct APP 

processing towards the non-amyloidogenic pathway or suppressing - and/or -secretase 

cleavage in order to reduce the amount of A 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 A production, a wiser strategy is to target A 

(itself, its aggregation or its degradation) after it has been synthesized.  

A is constitutively synthesized at the membrane surface by proteolytic cleavage 

and is then secreted (172). A typically ranges between 38 to 43 amino acid residues in 

length, yet A45, A48, A49 and A50 species have also been reported (173). A40 and 

A42 are the most prominent types in AD (174), however a new publication claims A43 

is equally important in AD (175).  

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

by poorly understood molecular mechanisms. New evidence suggests that in the 

absence of ApoE, A 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 A, which is modulated by the lipidation 

state of ApoE (177). The rapid turnover of A in the brain (178, 179) suggests efficient 

clearance and/or degradation mechanism(s) of the peptide are in place.  

Detection of A in plasma and CSF (180), implies that A 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 A 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). A has been shown to bind directly to LRP1 and LRP2/ 

megalin or indirectly, by binding to their ligands: 2-macroglobulin (2M), clusterin/ 

apolipoprotein J and E (ApoJ and ApoE, respectively) (185-187). A-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). 

A is finally eliminated through the kidney and liver via LRP (190, 191) or liver X 

receptor (LXR) (192-194).  
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Alternatively, A 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 (ECE1) (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 A-degradation enhancers under 

investigation for the treatment of AD can be found in Table 1.3 as well as Appendix A. 

The fact that A 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). A 

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 A's abilities to mediate synaptic vesicle release (218) and modulate 

connectivity of olfactory neurons (219). In parallel, an age-related decrease in CSF A 

was found to be inversely correlated with a rise in cerebral A load in mouse models of 

AD (220). Assuming A may have a functional role, it had been hypothesized that with 

ageing, and more so with AD, A either losses its physiological function or gains a 

pathological one (213, 215).  

Researchers have turned to the study of A structure in search of clues as to its 

neurotoxic and/or synaptotoxic effects (221, 222). It was found that soluble A 

monomers assume a random coil or -helix conformation; yet, in AD they undergo a 

structural change into a pleated -sheet (223). This induces the peptide to form low 

molecular weight oligomers, higher molecular weight intermediates (protofibrils and 

amyloid- derived diffusible ligands (ADDLs)), 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). 

http://en.wikipedia.org/wiki/Medial_temporal_lobe
http://en.wikipedia.org/wiki/Meynert
http://en.wikipedia.org/wiki/Substantia_innominata
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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 A 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 A were a result of the mature A 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 A fibrils or APs (236-247).  

In the quest for the definitive synaptotoxic A entity, several research teams found 

in vitro evidence to suggest that the surface of A fibrils actually acts as a secondary 

nucleation site that catalyzes the conversion of A monomers into toxic oligomers (248-

250). This was supported by an in vivo study that showed APs surrounded by halos of 

oligomeric A triggered the collapse of dendritic spines and excitatory synapse loss 

upon contact (251). It is, therefore, plausible that neurotoxicity is not due to either A 

oligomers or APs, but rather a consequence of their equilibrium (252-254).  

As progress is gained in understanding of A structure and dynamics, and with the 

advent of more sophisticated analytical techniques, the development of A 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 A 

neurotoxicity as a basis for developing pharmacological agents that modulate these 

processes. A-associated neurotoxicity may be attributed to assorted factors (255), 

including A 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 A-mediated activation of cysteine 

aspartyl proteases termed caspases (262-264), have also been postulated to be involved. 

Alternatively, modification of A 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 A toxicity is the promotion of ion-channel formation 

and calcium ion (Ca2+) influx (265, 266). This theory gained support from pre-clinical 

and preliminary clinical trials with different neuronal L-type Ca2+ 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 

A vaccination. Tg mouse models of AD immunized actively with A (267-274) or 

passively with anti-A antibodies (274-290) showed reduced A and tau pathology, 

neutralized soluble A 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 A peptide) and passive immunotherapies (in the 

form of intravenous immunoglobulin (IVIg) infusions, as well as humanized 

monoclonal anti-A antibodies) in humans (examples listed in Table 1.3).  

The safety and efficacy outcomes of prominent clinical trials of A-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 

A-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 A-targeted immunization. 
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Class Drug Name 
Developing 

Pharma 
MOA 

Developmental 

Phase 

Inhibitors 

and/or 

Modulators of 

the Secretases 

Begacestat/ 

GSI-953 
Pfizer -secretase inhibitor Phase I 

Etazolate/ 

EHT 0202 
ExonHit 

-secretase 

stimulator 
Phase II 

Avagacestat/ 

BMS-708163 

 

Bristol-Myers 

Squibb 
-secretase inhibitor

Phase II 

discontinued 
Verubecestat/ 

MK-8931 
Merck -secretase inhibitor

Phase II/III 

discontinued 
Semagacestat/ 

LY450139 
Eli Lilly -secretase inhibitor

Phase III 

discontinued 
Flurizan/ 

tarenflurbil/ 

MPC-7869 
Myriad Genetics 

-secretase 

modulator

Phase III 

discontinued 

A Degradation 

Enhancers 

Azeliragon/ 

PF-04494700/ 

TTP488 
vTv Therapeutics RAGE inhibitor Phase III 

A Aggregation 

Inhibitors 

MEM 1003 
Memory 

Pharmaceuticals 

L-type calcium 

channel blocker 

Phase II 

discontinued 
Scyllo-inositol/ 

ELND005/ 

AZD-103 
Elan 

A aggregation 

blocker 
Phase II 

Alzhemed/ 

tramiprosate/ 

NC-531 
Bellus Health homo-taurine 

Phase III 

discontinued 

Nilvadipine Roskamp Institute 
L-type calcium 

channel blocker 
Phase III 

A Active 

Immunotherapy 

V950 Merck 
N-terminal A 

conjugate 
Phase I 

MimoVax/ 

Affitope AD03 
Affiris and GSK A3(pE)–x Phase I 

Betabloc/ 

AN-1792 
Elan and Wyeth synthetic A1-42 

Phase II 

discontinued 

Vanutide cridificar/ 

ACC-001 

Janssen and 

Pfizer 
A1-6 conjugate 

Phase II 

discontinued 

Mimotope/ 

Affitope AD02 
Affiris and GSK A1-6 mimetic Phase II 

CAD-106 Novartis 

A1-6 coupled to 

Q-virus like 

particles 

Phase II/III 

A Passive 

Immunotherapy 

Ponezumab/ 

PF-04360365 
Pfizer 

humanized IgG2Δa 

monoclonal antibody 

against A's C-terminal 

Phase II 

discontinued 

Crenezumab/ 

MABT5102A/ 

RG7412 
Roche 

humanized IgG4 

monoclonal anti-A12-23 

antibody 
Phase III 

Octagam Octapharma IVIg Phase II/III 

Gammagard Baxter IVIg 
Phase III 

discontinued 

Bapineuzumab/ 

ELN115727/ 

AAB-001 

Janssen and 

Pfizer 

humanized IgG1 

monoclonal antibody 

against A's N-terminal 

Phase III 

discontinued 

Solanezumab/ 

LY2062430 
Eli Lilly 

humanized IgG1 

monoclonal antibody to 

A‘s mid-region  

Phase III 

discontinued 

Table 1.3   A-Targeting AD Pharmacotherapeutics in Clinical Trials 

http://www.alzforum.org/drg/drc/detail.asp?id=122
http://www.alzforum.org/drg/drc/detail.asp?id=132
http://www.alzforum.org/drg/drc/detail.asp?id=139
http://www.alzforum.org/drg/drc/detail.asp?id=101
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1.4   Metal Neurobiology of AD 

1.4.1   Metals and Neurodegenerative Diseases 

It is evident that both A 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 

A 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     

disease 
Proteinaceous deposits 

Abnormal 

protein 

Associated 

metal(s) 

Alzheimer’s disease 

(AD) 

Extracellular amyloid plaques Amyloid- (A) 

Cu, Zn, Fe 
Intracellular neurofibrillary tangles Tau 

Amyotrophic lateral 

sclerosis (ALS) 
Intraneuronal hyaline inclusions 

Superoxide 

dismutase-1 

(SOD1) 

Cu, Zn, Fe 

Diffuse Lewy body 

dementia (DLB) 
Lewy bodies -synuclein Cu, Fe (?) 

Frontotemporal 

dementia (FTD) 
Intracellular neurofibrillary tangles Tau Zn (?) 

Huntington disease 

(HD) 
Intranuclear neuronal inclusions Huntingtin Cu, Fe 

Neiman-Pick’s 

disease (NPC) 
Pick bodies Tau Fe, Cu  

Parkinson’s disease 

(PD) 
Lewy bodies -synuclein Cu, Fe 

Prion diseases Extracellular prion plaques 

Protease-

resistant prion 

protein (PrP) 

Cu, Fe 

Progressive 

Supranuclear Palsy 

(PSP) 

Intracellular neurofibrillary tangles Tau Fe, Cu 

Spinocerebellar 

ataxia 
Intranuclear neuronal inclusions Ataxin Fe, Cu, Zn 

 

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 A42 

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 III (MT-III; 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 (Zn2+) 

(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 M), Zn (1 mM) 

and Fe (1 mM) (359, 372, 385, 393-397). Considering neurotransmission results in peak 

concentrations of ~300 M Zn2+ (398, 399) and up to 100 M Cu2+ (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, A 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 A’s localization, metabolism, aggregation and toxicity. 

 

1.4.3.1   Metals and Tau 

Ferric (Fe3+) and cupric (Cu2+) 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 Fe3+ to Fe2+ (ferrous ions) (404) or by chelating 

Fe altogether (405). Treatment of human tau with low concentrations of Zn2+ 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 Zn2+) (406). 



 

32 

The addition of Zn2+ 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 Ca2+- 

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, Zn2+ (and Cu2+) 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 (mRNA) 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 I/II 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 II/III 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 A 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 (Tyr168), a methionine (Met170) and two histidine 

(His147, 151) residues that facilitate the coordination of Cu2+ and its reduction to Cu+ 

(427). 
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Figure 1.4   Structure of APP695 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 APP751/770 isoforms.  

The A 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 A sequence (429, 430) are shown.  

 
 

 

 

Metal binding domain 



 

34 

A competitive high-affinity metal-binding site was newly discovered within the E2 

domain of APP, in which Cu2+ is coordinated by four histidines (His313, 382, 432, 436) in a 

square planar arrangement and Zn2+ is coordinated by three histidines (His382, 432, 436) 

and a water molecule in a tetrahedral geometry (428). In addition, a non-specific, low-

affinity Zn2+-binding site, consisting of a glutamate (Glu387), an aspartate (Asp429), a 

histidine (His458) 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 A 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 A has been difficult to reconcile, as it seems to 

differ depending on the cell type. Decreased intracellular Cu levels in WT and APP695-

expressing SY5Y and M17 human neuroblastoma cells and in human fibroblasts led to 

increased A production (419). Elevated Cu levels did not change A levels secreted 

from SY5Y cells transfected with APP695 (419); however, it resulted in trafficking of 

APP to the cell surface and reduced A synthesis in SY5Y cells transfected with APP695 

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 -cleaved APP ectodomain (sAPP, and decreased 

A synthesis (419, 435, 436). This may result from an increase in glycogen synthase 

kinase (GSK)3 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 A) 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 A 

As previously described, A also possess metal binding domain(s), however the 

complicated process of A aggregation makes it is difficult to characterise the binding 

of metals to A. While there have been numerous reports on the stoichiometry and 

affinity of A-metal binding, results have varied depending on: the A source (mouse, 

rat or human), A sequence or length (Ax-16/28/40/42), A 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 Zn2+ can promote a morphological change and rapid aggregation of 

A at physiological pH (446-452); however, Cu2+ (and Fe3+) have been shown to induce 

A precipitation at mildly acidic pH (453, 454) and, under acidic conditions (pH 6.6), 

Cu2+ has totally displaced Zn2+ from A (455). 

Most researchers are in agreement that A binds Cu2+ and Zn2+ in a 1:1 ratio (456-

460); however, there have been reports of Zn2+ binding to A in a 2:1 (461) or 3:1 ratio 

(462), and of Cu2+ binding to A in a 2:1 ratio, when in excess (463, 464). One study 

concluded that Fe2+ binds to A40 in a 1:1 stoichiometry, while binding to A42 occurs 

in a 2:1 ratio (465). There is mounting evidence that the A:metal ion ratio modulates 

not only A conformation (random coil, -helix or -sheet) and aggregation kinetics 

(466-468), but also the morphology of the A aggregates (amorphous, non-fibrillar or 

fibrillar) (464, 469-471) and, possibly, its function and/or activity.  

Indeed, Zn+2 was reported to induce A16 binding to deoxyribonucleic acid (DNA) 

(472). Interestingly, it has been suggested that Fe2+ binding to A28 at low 

concentrations serves as an antioxidant protective mechanism, while aggregated Fe2+-

A28 complexes actively partake in the production of harmful oxygen radicals (473). 

Others found A16 binds strongly to Fe3+ and, with lesser affinity, to Fe2+ forming a 1:1 

complex in the presence of stabilizing nitrilotriacetic acid (NTA) (474). 

Similar to their action on Cu2+, A16 (474), A40 and A42 (475) were shown to be 

redox active in that it can bind Fe3+ and reduce it to Fe2+ thereby facilitating the 

generation of ROS. 
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This oxidative stress may be related to the observed neurotoxicity of Fe2+ and Fe3+ in 

the presence of A25-35 (476) and A1-42 (477). Importantly, several metal chelators 

(discussed later in section 1.5.4) have been shown to solubilise synthetic A aggregates 

and brain amyloid extracts, as well as inhibit A’s redox activity and toxicity (478-481). 

There is an ongoing debate as to the binding affinity and kinetics of A to Cu2+ and 

Zn2+, with dissociation constants (KD) ranging from nM to M for Cu2+-A (455, 456, 

482) and for Zn2+-A (447, 457, 458, 465, 482-484). To resolve these issues, it is 

imperative that the metal-binding site(s) of A 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 His6, His13, His14 (223, 430, 447, 454-456, 469, 

474, 485-494) and a fourth ligand. The fourth donor could be Asp1 (456, 492, 493), Ala2 

(495) or Tyr10 (486, 487) for Cu2+, Tyr10 (487, 488) or Glu11 (484, 496) for Zn2+, and 

Asp1 or Glu3 for Fe2+ (474, 494). Recent work by our group and by others in an attempt 

to reconcile the different reports as to A'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 A 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 A aggregation in vitro (448, 

453) and cerebral A deposits in vivo (502, 503). Thus, transgenic rodents provide vital 

clues as to the effects of APP and A 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 APP695 (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, A 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+2 (372). 

Tg2576 mice also have significantly reduced cerebral Cu (but not Fe) levels (369, 422, 

506). C100 mice over-express A 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, PS1M146V and tauP301L 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 A (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 A are involved in metal 

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

 

1.4.4.2   Effect of Cu on AD-related Pathology and Cognition 

Using a genetic approach, TgCRND8 mice (expressing the Swedish and Indiana-

mutant human APP as well as PS1P264L, and have ~15% lower brain Cu levels, 

compared to non-Tg controls (517)) were crossed with txJ “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 A 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 APP751 and 

an inherent brain Cu deficiency (519)) given Cu-supplemented drinking water for three 

months had normalized brain Cu levels and reduced A levels (520). 
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Conversely, increasing dietary Cu intake in triple Tg mice led to an increase in APP, 

C99, A 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 PS1M164L line (524)) (525) or 

APPSwe/PS1ΔE9 mice (expressing chimeric APP695 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 Cu2+-orotate-dihydrate (8 mg/day for a year as add-on to donepezil); yet, 

the decline in CSF A42 was stabilized in a prospective, randomized, double-blind, 

placebo-controlled Phase II 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 A 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 A 

(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 A 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 A 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 

A and tau pathologies, as well as prevent long-term memory deficits in a 3xTg AD 

mouse model (538); yet, 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 A 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 I 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 now 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 A 

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 (Cu2+ and Fe3+) to A. This can lead to 

neurotoxicity as Cu2+ stabilizes the neurotoxic oligomeric A 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 (CuDDLs) (455, 462, 

550). Metallated-A 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 (H2O2) 

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 A-

metal interactions and/or inhibit metallated A-catalysed oxidation are being developed. 
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1.5  AD Pharmacotherapies Targeting Metal Ions 

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 -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 A-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 II 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 Ca2+ 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 A (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-A 

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 (M2+-

PDTC) or bis(thiosemicarbazone) (M2+-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 A40 and A42 secretion from APP-transfected SY5Y cells (609).  

 PDTC is traditionally considered an inhibitor of the transcription-factor regulator 

nuclear factor-B (NF-B) 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-3 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 A were observed (620). The 

latest data to emerge indicates that PDTC complexed to either Cu2+ or Zn2+ 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(N4-methylthiosemicarbazone) (M2+-ATSM) 

and glyoxalbis(N4-methylthiosemicarbazone) (M2+-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). Cu2+-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). Cu2+-GTSM can also cross the BBB, 

however, once inside the cell it is readily reduced by various cellular reductants and 

releases its Cu1+ molecule, which is made available for the cell (624, 634, 635).  

 Treatment of human APP695-overexpressing CHO cells with Cu2+/Zn2+-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 A (607). Low doses 

of Cu2+-GTSM were shown to prevent the A-inhibition of long-term potentiation 

(LTP) in mouse hippocampal brain slices (608). Treatment of SY5Y cells and APP/PS1 

mice with Cu2+-GTSM caused an increase in cellular Cu bioavailability, which inhibited 

GSK3 and, in turn, decreased the phosphorylation of tau (608). While oral treatment of 

APP/PS1 mice with Cu2+-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 A trimers (608). Reduction in A 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 (Pt2+). These ligand-PtCl2 

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 A’s putative metal binding site (639).  
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In addition to displacing Cu2+ and/or Zn2+ from their binding site on A, Pt2+-

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)-Pt2+ 

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 Pt2+-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 A-metal interaction by targeting either the 

metals themselves or the A sequence that binds metals, sophisticated ligands have 

been rationally designed to target both metals and the metal binding site on A. Two 

such molecules are XH1 (General Hospital Corporation, Charlestown, MA, USA) and 

L2-b (Université de la Méditerranée, Marseille, France). Both are bi-functional 

compounds with metal-complexing and A-binding properties (642).  

XH1 treatment led to decreased Zn-induced A40 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 A fibril formation, ROS production and 

neurotoxicity, as well as disaggregating pre-formed metal-A aggregates and 

disassembling A 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 A 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, Petah 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 sAPP levels (655-

659). M30/VAR10300 was also shown to increase -CTF and to decrease -CTF and 

A, 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 II 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 II trial with ladostigil in 200 patients with mild to moderate AD, which failed to 

meet its primary efficacy endpoints (660). 

 

http://en.wikipedia.org/wiki/Petah_Tikva
http://en.wikipedia.org/wiki/Science_and_technology_in_Israel#Pharmaceuticals
http://en.wikipedia.org/wiki/Neurogenesis
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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(N4-methylthiosemicarbazone); DFO, 

desferrioxamine; GTSM, glyoxalbis(N4-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 II 

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 

Chemical Structure 

 

Chemical Formula C9H5ClINO 

Molecular Weight 305.5 g/mol 

Physiological Charge 0 

Hydrogen-Bond Acceptors 2 

Hydrogen-Bond Donors 1 

Water Solubility 2.64e-01 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 oC 

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 A-Cu/Zn aggregates 

and solubilise amyloid deposits from postmortem AD brain (699). Subsequently, it was 

confirmed that CQ dissolves synthetic A-Zn aggregates (700, 701), inhibits Cu-

induced di-tyrosine cross-linking of A and diminishes A-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 A toxicity in neuronal cultures (707), 

reduce A oligomer formation (403) and prevent tau hyperphosphorylation (411) in 

stimulated hippocampal slices, as well as prevent A-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 A and increase in 

soluble A, 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 A 

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 I (20 or 80 mg/day (n=10 mild 

to moderate AD patients, each) for 21 days) and IIa (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 A42 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 A-Zn aggregates, inhibition of Cu-induced di-tyrosine cross-linked A 

oligomers and accompanied hydrogen peroxide (H2O2) production (700). PBT2 was 

also able to remove Zn from APs in brain slices of APP/PS1 mice and to prevent A-

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)2sar (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 A. 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 A 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 A-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 A 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 A 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 GSK3, 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 IIa trial in 78 mild AD patients. This study demonstrated safety and 

tolerability, reduced CSF levels of A42 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 IIb 

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 II 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 A 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 A42, 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 A42 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 

 
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 MΩ.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 m 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 oC 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 125I-CQ uptake studies 

Radiolabelled CQ (125I-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 125I moiety, direct correlation 

was made between 125I 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 125I-CQ was 

synthesised until the experimental day was calculated based on the known half-life (t1/2) 

of the 125I isotope being 60 days. The fraction (%) of 125I-CQ remaining from its 

original concentration (mCi/mL) and its original specific activity (Ci/mmole) were used 

to calculate the concentration of 125I-CQ stock solution (M). The 125I-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 125I-CQ, in the absence 

and presence of metal ions at different doses. Following different incubation times, 

either on ice at 4 oC 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 125I-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.  

http://graphpad.com/quickcalcs/radcalcform.cfm
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2 mL microtubes (Biocorp; Huntingdale, Melbourne, VIC, Australia) containing: 129I 

calibration standard, blanks, controls, original 125I-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 125I-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 125I-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; C9H5ClINO) 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)2SO/Me2SO). 

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 (H2O). 

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 oC 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 A1-42 (here on referred to as A42; 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, I 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   A analysis 

Originally, cellular A 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 A 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 A (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 oC 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 × g for 5 minutes at 4 oC 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 Studentʼs 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 A 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 A 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 Aβ 

aggregation and toxicity in vitro (479, 700). Subsequent studies found that CQ also 

prevents and rescues A-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 Aβ42 

levels, but had no effect on plasma Cu or CSF A42 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 A have been reported in 

a variety of AD models. Equally important, and still unexplored, is the effect(s) of metal 

ions and/or A 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 (14C-CQ and 123/125/131I-CQ) (663, 

664, 759-763).  
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In recent years, our research team established that the binding affinity of 125I-CQ 

(737) to synthetic and brain-derived A-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 125I-CQ in order to 

investigate the interplay between CQ, metals and A 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 125I-CQ in 

the absence or presence of several metals (10 M) in Locke’s buffer (pH 7.4; as per 

section 2.4). Under these conditions, it was found that levels of 125I-CQ in N2a cell 

lysates were significantly higher in the presence of CuCl2 and ZnCl2, but not in the 

presence of AgNO3 or FeSO4, compared to 125I-CQ alone (depicted in Fig. 3.1.1). 

 

 

Figure 3.1.1   Effect of metals on the levels of CQ in N2a cells 

Exposure to 125I-CQ in the presence of CuCl2 and ZnCl2 selectively induced an increase 

in the levels of 125I-CQ in N2a cell lysates, compared to 125I-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 A, 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 N2a 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 g/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 (KCl), 2.3 mM calcium chloride (CaCl2), 1 mM magnesium chloride (MgCl2), 

3.6 mM sodium bicarbonate (NaHCO3), 5 mM glucose and 5 mM HEPES. 

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

(CuCl2) 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 M. 

 

3.2.5   Preparation of soluble A 

Following an established method (639), lyophilised A42 powder was equilibrated 

from -80 oC 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), 

aliqouted (~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 oC.  

On experimental days, A42 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-A42 mixture was diluted 1:4 (v/v) in Dulbecco’s PBS (DPBS; PBS with 0.9 

mM calcium chloride (CaCl2) and 0.5 mM magnesium chloride (MgCl2); pH 7.4). The 

A42 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 × g for 15 minutes at 4 oC to remove any 

aggregates. The supernatant was transferred to a 1.5 mL tube and placed on ice.  

To determine the soluble A42 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 

A42 content (ng/L) was corrected for background signal (i.e., PBS blank) and the 

molar concentration of A42 was calculated, using Lambert-Beer’s law:  

A214 nm × dilution factor (= 50) / molar extinction coefficient (= 75887 litre/mole/cm) 

Based on the A42 concentration, the volumes required for treating N2a cells with 

soluble A42 at a final concentration of 10 M or for preparing stock solutions of 

aggregated A42 (see section 3.2.6 below), with and without metals, were calculated. 
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3.2.6   Preparation of aggregated A and A-metal complexes 

In order to prepare stock solutions of self-aggregated A42 and aggregated metal-

A42 complexes (~100-180 M), A42 was prepared as described above in section 3.2.5 

and respectively incubated alone or together with either CuCl2 or ZnCl2 (1:1 molar ratio 

in PBS; pH 7.4) overnight at 37 oC on a rotating wheel. The following day, 2 mL tubes 

were centrifuged at 16,000 × g for 15 minutes at 4 oC, supernatants were discarded of 

and pellets, containing A42 and metal-A42 aggregates, were re-suspended in original 

volume of PBS.  

Aggregated A42 and metal-A42 complexes were kept on ice until added to Locke’s 

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

 

3.2.7   Pharmacokinetic assays 

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

75 cm2 flasks at a density of 1 ×106 cells/cm2 (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 oC 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 Lockeʼs buffer, containing either vehicle control, 100 pM CQ or 10 μM: 

soluble A42 (Sol. A42), CuCl2, ZnCl2, soluble A42 together with either CuCl2 or 

ZnCl2 (1:1 molar ratio), pre-aggregated A42 (Agg. A42), and either pre-aggregated 

Cu-A42 or Zn-A42 (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 M nocodazole, and subsequently co-incubated for a further hour 

with Locke’s buffer, containing either 100 pM CQ alone or together with 10 M: 

soluble A42 (Sol. A42), CuCl2, ZnCl2, soluble A42 together with either CuCl2 or 

ZnCl2 (1:1 molar ratio), pre-aggregated A42 (Agg. A42), and either pre-aggregated 

Cu-A42 or Zn-A42 (1:1 molar ratio) – in the continuing absence and presence of       

20 M 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 μM of: soluble A42 (Sol. A42), CuCl2, ZnCl2, soluble A42 

together with either CuCl2 or ZnCl2 (1:1 molar ratio), pre-aggregated A42 (Agg. A42), 

and either pre-aggregated Cu-A42 or Zn-A42 (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 (NH4Cl). 

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 × g for 5 minutes at 4 oC 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 A 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 × g for 10 minutes at 4 oC and the supernatants transferred into 2 mL ultra-

centrifuge tubes. The post-nuclear supernatant fractions were then centrifuged at 

100,000 × g for an hour at 4 oC, 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 oC, 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 Cu2+ by peptide bonds in an alkaline environment (known as the biuret 

reaction), and the coordination of Cu1+ 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 × 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 (CuSO4) 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 oC 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. 

 



 

75 

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 × g supernatant fractions were diluted in 1 % (v/v) nitric acid (HNO3; 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 57Fe, 65Cu, 66Zn 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. RF 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-IS-MIX1-1, AccuStandard; New Haven, 

CT, USA), containing 100 ppb of Yttrium (89Y), 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 M, using 

the following formula: 

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

Cellular metal levels (mol/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   A analysis using double antibody capture ELISA 

To determine the A42 levels in N2a cells, C384-well OptiPlate microplates 

(Greiner; Frickenhausen, Germany) were coated with G2-11 capture antibody 

(monoclonal IgG1 antibody with high binding affinity and specificity towards the        

C-terminal of A42 (767); 0.02 g/L 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 g/well. Microplates were incubated overnight at 4 oC.   

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 W0-2 detection antibody 

(monoclonal IgG2a antibody that binds to A5-8 (767); 2 ng/L in blocking buffer), at a 

final concentration of 20 ng/well.  

A42 standards and samples (aliquots of 100,000 × 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 Victor2 1420 

Multilabel Plate Reader (PerkinElmer; Glen Waverley, Melbourne, VIC, Australia). 

A42 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 A42 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 A42 concentrations in vehicle-treated mouse N2a cells (set 

at 0% since the antibodies used in this procedure specifically identify human A). 
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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 CuCl2 into N2a cells was studied on its own, with soluble A42 or as pre-

aggregated Cu-A42 complexes, in the absence and presence of CQ (refer to section 

3.2.7). Concomitant incubation of CuCl2 with soluble A42 was performed to try and 

imitate toxic Cu-derived diffusible ligands (CuDDLs) (554, 768, 769), while pre-

aggregated Cu-A42 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 A42, 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 A and/or CQ do not modulate endogenous neuronal Cu levels. 

As expected, significant Cu uptake was observed in N2a cells treated with CuCl2, 

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 CuCl2 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 CuCl2 and 

soluble A42; not only compared to vehicle-treated N2a cells, but also compared to N2a 

cells treated with CuCl2 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 CuCl2 and soluble A42 in the presence of CQ; however, Cu uptake 

was considerably diminished in N2a cells treated with CuCl2 and soluble A42 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 CuCl2 and CQ, in the presence of soluble A42, was 

comparable to Cu uptake in N2a cells treated with CuCl2, with and without CQ, in the 

absence of soluble A42 (Fig. 3.3.1).  

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

uptake into neuronal cells, while CQ may sequester Cu in the presence of soluble A. 
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Figure 3.3.1   Effect of CQ and/or A on the uptake of Cu into N2a cells  

Exposure of N2a cells to CuCl2, with and without CQ, resulted in significant Cu uptake, 

which was further potentiated by soluble A42 (Sol. A42). However, addition of CQ 

suppressed the soluble A42-induced Cu uptake to levels comparable to those of N2a 

cells exposed to CuCl2, with or without CQ.  

The opposite effect was observed when Cu was complexes to aggregated A42 (Agg. 

A42). Exposure of N2a cells to pre-aggregated Cu-A42 did not result in significant Cu 

uptake; but, addition of CQ resulted in significant Cu uptake. 

ANOVA with Tukey post-hoc test;  

***p < 0.001 compared to vehicle; ###p < 0.001 compared to CuCl2; ^^^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 A42, 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-A42 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 CuCl2 alone (~2.5 fold decrease; Fig. 3.3.1). 

Conversely, significant Cu uptake was observed in N2a cells co-treated with pre-

aggregated Cu-A42 complexes and CQ; not only compared to vehicle-treated N2a cells, 

but also compared to N2a cells treated with pre-aggregated Cu-A42 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 A 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 A 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 ZnCl2 into N2a cells was examined alone, together with soluble A42 or as 

pre-aggregated Zn-A42 complexes, in the absence and presence of CQ (section 3.2.7). 

Co-incubation of ZnCl2 with soluble or pre-aggregated A42 was performed in order to 

determine whether the solubility state of the A 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 ZnCl2, soluble A42 with and without ZnCl2, and 

pre-aggregated A42 with and without ZnCl2 - 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 A 

(447, 448, 450). On the other hand, it is known that the binding affinity and stability of 

CQ are greater for Cu2+ than it is for Zn2+ (695, 770); which could explain why, under 

the same conditions, A42 and CQ affected Cu, but not Zn, uptake into N2a cells. 
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Figure 3.3.2   Effect of CQ and/or A on the uptake of Zn into N2a cells  

Exposure of N2a cells to ZnCl2 and/or A42 (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 A 

Since it was determined that Cu uptake into N2a cells was influenced by A and CQ 

(Fig. 3.3.1); the uptake of A42 into N2a cells was explored, under the same conditions 

(as per section 3.2.7). 

Following one hour incubation in Locke’s buffer, A42 levels in N2a cells treated 

with CQ and/or CuCl2, were not different to each other or to A42 levels in vehicle-

treated N2a cells (Fig. 3.3.3). This is not surprising since these conditions only included 

endogenous murine A (i.e., no exogenously added human A42), which cannot be 

detected by the ELISA used (see section 3.2.10). 

Interestingly, A42 levels in N2a cells treated with either soluble or pre-aggregated 

A42, both in the absence and presence of CQ, were also similar to A42 levels in 

vehicle-treated N2a cells (Fig. 3.3.3).  

These findings suggest that A does not readily enter neuronal cells, regardless of its 

solubility state, and may require other factors to facilitate its influx. 

A42 levels in N2a cells co-treated with soluble A42 and CuCl2 were no different to 

A42 levels in N2a cells treated with either vehicle or with soluble A42 (Fig. 3.3.3). 

Conversely, significant A42 uptake was detected in N2a cells treated with soluble A42 

and CuCl2 in the presence of CQ, compared to vehicle-treated N2a cells, as well as to 

N2a cells treated with soluble A42 and either CQ or CuCl2 (Fig. 3.3.3). 

Similar results were observed with pre-aggregated Cu-A42 complexes. A42 levels 

in vehicle-treated N2a cells were comparable to A42 levels in N2a cells treated with 

pre-aggregated Cu-A42 complexes in the absence of CQ (Fig. 3.3.3). Yet, significant 

A42 uptake occurred in N2a cells treated with pre-aggregated Cu-A42 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 A42 and CQ in the absence of CuCl2 or 

with pre-aggregated Cu-A42 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 A. Instead, Cu and CQ act synergistically to enhance the uptake 

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

Exposure of N2a cells to soluble A42 (Sol. A42) or aggregated A42 (Agg. A42), with 

and without either CQ or CuCl2, did not result in cellular uptake of A.  

In contrast, addition of both CuCl2 and CQ together to N2a cells exposed to aggregated 

(Agg. A42), and especially, soluble A42 (Sol. A42) resulted in significant A uptake. 

ANOVA with Tukey post-hoc test;  

***p < 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 A 

Despite CQ and/or A 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 A (446-452) and it was, 

therefore, of interest to determine whether CQ and/or Zn influenced the cellular uptake 

of A (experimental procedure described in section 3.2.7). 

Consistent with data depicted in Fig. 3.3.3, A42 levels in N2a cells treated with CQ 

alone and in N2a cells treated with either soluble or pre-aggregated A42, both in the 

absence and presence of CQ, were similar to each other and to A42 levels in vehicle-

treated N2a cells (Fig. 3.3.4). A42 levels in N2a cells treated with ZnCl2, with and 

without CQ, were also no different to each other or to A42 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 A; rather, they are an artefact of data analysis. 

Similar to treatment with soluble A42 and CuCl2 (Fig. 3.3.3), A42 levels in N2a 

cells treated with soluble A42 and ZnCl2 were comparable to A42 levels in N2a cells 

treated with either vehicle or with soluble A42 alone (Fig. 3.3.4). However, while 

treatment with soluble A42, CuCl2 and CQ led to significant A42 uptake into N2a cells 

(Fig. 3.3.3); A42 levels in N2a cells treated with soluble A42, ZnCl2 and CQ were not 

different to A42 levels in vehicle-treated N2a cells or in N2a cells treated with either 

soluble A42 and CQ in the absence of ZnCl2 or with soluble A42 and ZnCl2 in the 

absence of CQ (Fig. 3.3.4).  

These unexpected results may relate to the different conformation A 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-A42 did not lead to A42 uptake into N2a 

cells (Fig. 3.3.3); treatment with pre-aggregated Zn-A42 did result in significant A42 

uptake, both compared to vehicle-treated N2a cells and to N2a cells treated with pre-

aggregated A42 (Fig. 3.3.4). Significant A42 uptake was also detected in N2a cells 

treated with pre-aggregated Zn-A42 complexes and CQ, as compared to N2a cells 

treated with either vehicle or with aggregated A42 and CQ, but not compared to N2a 

cells treated with pre-aggregated Zn-A42 complexes in the absence of CQ (Fig. 3.3.4).  

These interesting observations imply that A 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 A into N2a cells  

Exposure of N2a cells to soluble A42 (Sol. A42), with and without CQ and/or ZnCl2, 

did not result in cellular uptake of A.  

Exposure of N2a cells to pre-aggregated Zn-A42, with and without CQ, resulted in 

significant cellular uptake of A.  

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 A 

Having observed that CQ and A 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 A 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 A42, 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 A42, 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 A42 in the presence, 

compared to the absence, of nocodazole (Fig. 3.3.5). 

These findings support the notion that CQ and A, 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 A 

Exposure of N2a cells to CQ and CuCl2, with and without soluble A42, resulted in 

significant Cu uptake, which was unaffected by nocodazole.  

On the other hand, exposure of N2a cells to CQ and pre-aggregated Cu-A42 resulted in 

significant Cu uptake, which was inhibited by nocodazole.  

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

^^p < 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 CuCl2 and CQ, both in the absence and 

presence of soluble A42, 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 CuCl2 and CQ, both in the 

absence and presence of soluble A42, 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 CuCl2 and CQ alone or together with soluble A42 

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 A42, 

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-A42 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-A42 complexes and CQ in the 

presence of nocodazole were significantly diminished; not only compared to N2a cells 

co-treated with CuCl2 and CQ in the absence of A42 and presence of nocodazole, but 

also compared to N2a cells treated with pre-aggregated Cu-A42 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-A42 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 A indicates that the mechanism by which CQ elicits ion influx from Cu-

enriched APs into neurons involves endocytosis. 



 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

90 

3.3.6   Effect of nocodazole on the cellular uptake of Zn in 

the presence of CQ and A 

Next, endocytosis/exocytosis inhibition experiments were performed in N2a cells 

co-incubated with CQ alone or together with either ZnCl2, soluble or pre-aggregated 

A42 - 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 ZnCl2, soluble A42, soluble A42 and ZnCl2, pre-aggregated A42 

or pre-aggregated Zn-A42 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 ZnCl2, soluble A42, soluble A42 and 

ZnCl2, pre-aggregated A42 or pre-aggregated Zn-A42 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 ZnCl2, soluble A42 and ZnCl2, or pre-aggregated Zn-A42 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 A42 or pre-aggregated A42 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 A (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 A 

Exposure of N2a cells to CQ and ZnCl2, with and without A42 (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 A42 (Sol. or Agg. A42, 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 A 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 A (Fig. 3.3.3) and that nocodazole mitigates the 

CQ and aggregated, but not soluble, A-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), A42 levels in N2a cells treated with CQ 

alone or together with CuCl2 were comparable to each other and to A42 levels in 

vehicle-treated N2a cells (Fig. 3.3.7). In the presence of nocodazole, A42 levels in N2a 

cells treated with CQ alone or together with CuCl2 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 A42 levels were no different in N2a cells treated with CQ and soluble A42, 

compared to vehicle-treated N2a cells (Fig. 3.3.3 and Fig. 3.3.7); A42 levels in N2a 

cells treated with CQ and soluble A42 in the presence of nocodazole were higher than 

A42 levels in N2a cells treated with CQ and soluble A42 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 A42 levels would be either similar to, or lower than, those in 

control conditions depending on whether A 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 A42 

levels in the presence, compared to the absence, of nocodazole point to accumulation of 

intracellular soluble A42 that would, otherwise, be excreted via a secretory pathway. 
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Figure 3.3.7   Effect of nocodazole on the uptake of A into N2a cells in  

  the presence of CQ and Cu 

In the presence of nocodazole, exposure of N2a cells to soluble A42 and CQ resulted in 

accumulation of A; whereas addition of CuCl2 resulted in inhibition of the Cu-induced 

A uptake, in the absence of nocodazole.  

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

exposed to pre-aggregated Cu-A42, compared to self-aggregated A42, and CQ. 

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

^p < 0.05, ^^p < 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, A42 uptake was significantly elevated in N2a cells 

treated with soluble A42, CuCl2 and CQ, compared to N2a cells treated with either 

vehicle or with soluble A42 and CQ (Fig. 3.3.3 and Fig. 3.3.7). Although, in the 

presence of nocodazole, A42 uptake into N2a cells treated with soluble A42, CuCl2 

and CQ was higher, compared to nocodazole-treated N2a cells (Fig. 3.3.7); A42 uptake 

was significantly lower in N2a cells treated with soluble A42, CuCl2 and CQ in the 

presence, compared to the absence, of nocodazole (Fig. 3.3.7). In fact, A42 levels in 

N2a cells treated with soluble A42, CuCl2 and CQ in the presence of nocodazole were 

equivalent to A42 levels in N2a cells treated with soluble A42 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 A42 levels in N2a cells treated with CQ and 

pre-aggregated A42 were not statistically different to A42 levels vehicle-treated N2a 

cells; A42 levels in N2a cells treated with CQ and pre-aggregated Cu-A42 complexes 

were significantly enhanced, compared to N2a cells treated with either vehicle or with 

pre-aggregated A42 and CQ (Fig. 3.3.7). 

These outcomes were paralleled in the presence of nocodazole. A42 levels in N2a 

cells treated with CQ and pre-aggregated A42 in the presence of nocodazole were no 

different to A42 levels in nocodazole-treated N2a cells or in N2a cells treated with CQ 

and pre-aggregated A42 in the absence of nocodazole (Fig. 3.3.7). In addition, A42 

levels in N2a cells treated with CQ and pre-aggregated Cu-A42 in the presence of 

nocodazole were statistically elevated, compared to in N2a cells treated with either 

nocodazole alone or together with pre-aggregated A42 and CQ (Fig. 3.3.7). However, 

A42 levels were similar in N2a cells treated with CQ and pre-aggregated Cu-A42 

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 A from Cu-enriched APs into nearby neurons. 
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3.3.8   Effect of nocodazole on the cellular uptake of A in 

the presence of CQ and Zn 

As Zn complexed to A42 stimulated the uptake of A 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 A42 (Fig. 3.3.6); it remained to be tested whether 

nocodazole affected A uptake in the presence of CQ with and without Zn (as outlined 

in section 3.2.7).  

Expectedly, results demonstrated that A42 levels in N2a cells treated with CQ alone 

and together with ZnCl2, were comparable to each other and to A42 levels in vehicle-

treated N2a cells (Fig. 3.3.8), as in Fig. 3.3.4. In the presence of nocodazole, A42 

levels in N2a cells treated with CQ on its own or together with ZnCl2 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), A42 levels in 

N2a cells treated with soluble A42 and CQ were no different to A42 levels in vehicle-

treated N2a cells (Fig. 3.3.8). In the presence of nocodazole, however, A42 levels in 

N2a cells treated with soluble A42 and CQ were significantly increased; not only 

compared to nocodazole-treated N2a cells, but also compared to A42 levels in N2a 

cells treated with soluble A42 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 A, most likely, as a turn-over mechanism and a way 

of achieving balanced levels of the protein within neurons. 

     A42 uptake was markedly different in N2a cells treated with soluble A42, CQ and 

CuCl2 versus ZnCl2 (Fig. 3.3.7 and Fig. 3.3.8, respectively). A42 levels in N2a cells 

treated with soluble A42, ZnCl2 and CQ were equivalent to A42 levels in vehicle-

treated N2a cells (Fig. 3.3.8), as seen in Fig. 3.3.4. In contrast, A42 levels in N2a cells 

treated with soluble A42, ZnCl2 and CQ in the presence of nocodazole were slightly 

higher than A42 levels in nocodazole-treated N2a cells, yet were comparable to A42 

levels in N2a cells treated with soluble A42 and CQ in the presence of nocodazole or 

treated with soluble A42, ZnCl2 and CQ in the absence of nocodazole (Fig. 3.3.8). 
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Findings with soluble A42 were not paralleled upon treatment with aggregated 

A42. A42 levels in N2a cells treated with pre-aggregated A42 and CQ were not 

statistically different to A42 levels vehicle-treated N2a cells (similar to data depicted in 

Fig. 3.3.3, Fig. 3.3.4 and Fig. 3.3.7); while A42 levels in N2a cells treated with pre-

aggregated Zn-A42 complexes and CQ were significantly elevated, compared to N2a 

cells treated with either vehicle or with pre-aggregated A42 and CQ (Fig. 3.3.8), as in 

Fig. 3.3.4. 

Though A42 levels in N2a cells treated with CQ and pre-aggregated Zn-A42 

complexes in the presence of nocodazole were slightly higher than A42 levels in 

nocodazole-treated N2a cells (Fig. 3.3.8); they were similar to A42 levels in N2a cells 

treated with either pre-aggregated A42 and CQ in the presence of nocodazole or with 

pre-aggregated Zn-A42 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 A into neuronal cells. 
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Figure 3.3.8   Effect of nocodazole on the uptake of A into N2a cells in  

  the presence of CQ and Zn  

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

exposed to soluble A42 without, but not with, Zn.  

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

aggregated A 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 A 

It was determined that particular settings enable the influx of Cu and/or A; 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 III 

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 A 

(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 A42 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 A42 were not different 

to Cu levels in N2a cells treated with lysosomal-autophagy inhibitors or in N2a cells 

treated with soluble A42 in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.9). 

These observations strengthen the impression that soluble A 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 

CuCl2, 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 CuCl2 

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 

CuCl2 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 CuCl2, it further enhanced the intracellular Cu 

levels in N2a cells exposed to CuCl2 and soluble A42 (Sol. A42). 

Inhibition of the lysosomal-autophagy pathway resulted in increased Cu levels in N2a 

cells exposed to aggregated A42 (Agg. A42) with and without CuCl2.  

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

^^p < 0.01, ^^^p < 0.001 compared to lysosomal-autophagy inhibitors;  

xp < 0.05, xxp < 0.01 compared to CuCl2;  

ooop < 0.001 compared to CuCl2 + lysosomal-autophagy inhibitors;  

#p < 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 A42 and CuCl2, compared to N2a cells treated with 

either vehicle or with CuCl2 (~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 A42 and CuCl2 in the 

presence of lysosomal-autophagy inhibitors, compared to N2a cells treated with 

lysosomal-autophagy inhibitors alone or together with CuCl2 (~10 and 3 fold increase, 

respectively; Fig. 3.3.9). Importantly, Cu levels were markedly elevated in N2a cells co-

treated with soluble A42 and CuCl2 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 A42 and CuCl2, 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 A42 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 A42 in the presence, as compared 

to the absence, of lysosomal-autophagy inhibitors (~2 fold increase; Fig. 3.3.9). 

These data suggest that aggregated A 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-A42 complexes were similar 

to Cu levels in vehicle-treated N2a cells and were significantly lower than Cu levels in 

N2a cells treated with CuCl2 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-A42 complexes were markedly greater than N2a cells 

treated with lysosomal-autophagy inhibitors alone or together with CuCl2 (~10 and 2 

fold increase, respectively; Fig. 3.3.9). Moreover, Cu levels in N2a cells treated with 

pre-aggregated Cu-A42 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 A

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 A. 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 A42 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 A42 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 CuCl2 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 CuCl2 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 A42, CuCl2 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 CuCl2 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 A42, CuCl2 and CQ in the presence of 

lysosomal-autophagy inhibitors, compared to N2a cells treated with lysosomal-

autophagy inhibitors alone or together with CuCl2 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 A42, CuCl2 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 A42 and CuCl2, 

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 A42 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 A42 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 A42 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 A may play in influencing neuronal Cu levels.  

Under control conditions, Cu uptake in N2a cells treated with pre-aggregated       

Cu-A42 complexes and CQ was markedly elevated, compared to vehicle-treated N2a 

cells (~5 fold increase); yet, was no different to N2a cells treated with CuCl2 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-A42 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-A42 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-A42 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 A. 
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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 A  

Inhibition of the lysosomal-autophagy pathway further enhanced Cu levels in N2a cells 

exposed to CuCl2 and CQ with soluble A42 (Sol. A42) or aggregated A42 (Agg. A42). 

Additionally, inhibition of the lysosomal-autophagy pathway resulted in increased Cu 

levels in N2a cells exposed to CQ and aggregated A42 (Agg. A42). 

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

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

ooop < 0.001 compared to CQ and CuCl2 + lysosomal-autophagy inhibitors;  

##p < 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 

A and/or CQ 

Ammonium chloride (NH4Cl) 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 A and/or CQ (detailed in section 3.2.7). 

Zn levels in N2a cells treated with CQ and/or either ZnCl2, soluble A42 with and 

without ZnCl2, or pre-aggregated A42 with and without ZnCl2, 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 A and/or CQ 

Exposure of N2a cells to CQ and/or either ZnCl2 and/or A42 (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 A 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 A, but in the absence of CQ (Fig. 3.3.9), warranted an 

examination into the effect on the retention of A in the presence of Cu, but in the 

absence of CQ (as outlined in section 3.2.7). 

Results showed that A42 levels in N2a cells treated with lysosomal-autophagy 

inhibitors were similar to A42 levels in vehicle-treated N2a cells (Fig. 3.3.12). 

A42 levels in N2a cells treated with CuCl2 were also equivalent to A42 levels in 

vehicle-treated N2a cells (Fig. 3.3.3 and Fig. 3.3.12). In the presence of lysosomal-

autophagy inhibitors, A42 levels in N2a cells treated with CuCl2 were not different to 

A42 levels in N2a cells treated with lysosomal-autophagy inhibitors alone or in N2a 

cells treated with CuCl2 in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.12). 

A42 levels in N2a cells treated with soluble A42, in the absence and presence of 

lysosomal-autophagy inhibitors, were comparable to each other and to A42 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 A42 levels in N2a cells co-treated with soluble A42 and CuCl2 were not 

statistically different to A42 levels in vehicle-treated N2a cells (Fig. 3.3.3 and 3.3.12); 

in the presence of lysosomal-autophagy inhibitors, A42 levels in N2a cells treated with 

soluble A42 and CuCl2 were higher not only compared to A42 levels in N2a cells 

treated with lysosomal-autophagy inhibitors, but also compared to A42 levels in N2a 

cells co-treated with soluble A42 and CuCl2 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 A into N2a cells in the absence and presence of Cu  

Upon inhibition of the lysosomal-autophagy pathway, exposure of N2a cells to CuCl2 

and either soluble or aggregated A42 (Sol. A42 or Agg. A42, respectively) resulted in 

accumulation of intracellular A42. 

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, A42 levels in N2a cells treated with pre-aggregated A42 

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, A42 levels in N2a cells treated 

with pre-aggregated A42 were increased, compared to A42 levels in N2a cells treated 

with lysosomal-autophagy inhibitors alone, as well as N2a cells treated with pre-

aggregated A42 in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.12). 

Whilst A42 levels in N2a cells treated with pre-aggregated Cu-A42 complexes 

were increased relative to A42 levels in vehicle-treated N2a cells; they were equivalent 

to A42 levels in N2a cells treated with pre-aggregated A42 (Fig. 3.3.12). On the other 

hand, A42 levels in N2a cells treated with pre-aggregated Cu-A42 complexes in the 

presence of lysosomal-autophagy inhibitors were significantly higher, not only relative 

to A42 levels in N2a cells treated with lysosomal-autophagy inhibitors alone, but also 

compared to N2a cells treated with pre-aggregated A42 in the presence of lysosomal-

autophagy inhibitors (Fig. 3.3.12). Importantly, A42 levels were significantly elevated 

in N2a cells treated with pre-aggregated Cu-A42 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 A 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 A 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 A, synergistically taken into neuronal-like cells by Cu and CQ (Fig. 3.3.3), is also 

targeted towards the same organelles. 

Again, A42 levels in N2a cells treated with lysosomal-autophagy inhibitors were 

equivalent to A42 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 A into N2a cells in the presence of CQ and Cu  

Blocking the lysosomal-autophagy pathway resulted in opposite effects on CuCl2 and 

CQ’s synergistically-induced cellular A42 uptake: a complete inhibition of CuCl2 and 

CQ’s synergistically-induced uptake of soluble A42 (Sol. A42) into N2a cells, as 

oppose to further enhancement of CuCl2 and CQ’s synergistically-induced uptake of 

aggregated A42 (Agg. A42) into N2a cells. 

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

^^^p < 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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A42 levels in N2a cells treated with CQ alone or together with either soluble A42 

or CuCl2 were similar to each other, as well as to A42 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, A42 levels in N2a cells treated with CQ alone or together with 

either soluble A42 or CuCl2 were not statistically different to each other nor to A42 

levels in N2a cells treated with lysosomal-autophagy inhibitors (Fig. 3.3.13). 

Furthermore, A42 levels in N2a cells treated with CQ alone or together with either 

soluble A42 or CuCl2 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, A42 levels in N2a cells 

treated with soluble A42, CuCl2 and CQ were significantly higher than A42 levels both 

in vehicle-treated N2a cells and in N2a cells treated with soluble A42 and CQ in the 

absence of CuCl2 (Fig. 3.3.13). In the presence of lysosomal-autophagy inhibitors, A42 

levels in N2a cells treated with soluble A42, CuCl2 and CQ were significantly lower, 

compared to A42 levels in N2a cells treated with soluble A42, CuCl2 and CQ in the 

absence of lysosomal-autophagy inhibitors (Fig. 3.3.13). Actually, A42 levels in N2a 

cells treated with soluble A42, CuCl2 and CQ in the presence of lysosomal-autophagy 

inhibitors were equivalent to A42 levels in N2a cells treated with lysosomal-autophagy 

inhibitors either alone or together with soluble A42 and CQ (Fig. 3.3.13). 

The complete inhibition of the synergistically-induced uptake of A 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), A42 levels 

in N2a cells treated with pre-aggregated A42 and CQ were comparable to A42 levels 

in vehicle-treated N2a cells (Fig. 3.3.13). While in the absence of CQ, A42 levels were 

slightly increased in N2a cells treated with pre-aggregated A42 in the presence, 

compared to the absence, of lysosomal-autophagy inhibitors (Fig. 3.3.12); A42 levels 

in N2a cells treated with pre-aggregated A42 and CQ in the presence of lysosomal-

autophagy inhibitors were no different to A42 levels in N2a cells treated with either 

lysosomal-autophagy inhibitors alone or in N2a cells treated with pre-aggregated A42 

in the absence of lysosomal-autophagy inhibitors (Fig. 3.3.13). 
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A42 levels in N2a cells co-treated with pre-aggregated Cu-A42 complexes and CQ 

were significantly elevated, compared to A42 levels in vehicle-treated N2a cells, as 

well as N2a cells treated with pre-aggregated A42 and CQ (Fig. 3.3.13; as in Fig. 3.3.3 

and Fig. 3.3.7). Likewise, A42 levels in N2a cells treated with pre-aggregated Cu-A42 

complexes and CQ in the presence of lysosomal-autophagy inhibitors were significantly 

higher than A42 levels in N2a cells treated with lysosomal-autophagy inhibitors alone 

or together with pre-aggregated A42 and CQ (Fig. 3.3.13). Importantly, A42 levels 

were significantly enhanced in N2a cells treated with pre-aggregated Cu-A42 

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 A in distinct modes 

of action. While Cu and CQ evoked the neuronal uptake of both soluble and aggregated 

A; once inside the cells, CuDDLs were removed by the lysosomal-autophagy system, 

whereas A 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 A, with and without Zn, was determined in the 

presence and absence of lysosomal-autophagy inhibitors (as per section 3.2.7).  

A42 levels in N2a cells treated with lysosomal-autophagy inhibitors were similar to 

A42 levels in vehicle-treated N2a cells (Fig. 3.3.12-3.3.14). Similar to Fig. 3.3.4, A42 

levels in N2a cells treated with soluble A42 and/or ZnCl2 were also equivalent to A42 

levels in vehicle-treated N2a cells and to one another (Fig. 3.3.14). As expected, A42 

levels in N2a cells treated with soluble A42 and/or ZnCl2 in the presence of lysosomal-

autophagy inhibitors were not different to each other, to A42 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 A42 values are an artefact of data analysis that is 

related to fact that the W0-2 antibody utilised in the ELISA can detect only human, and 

not murine, A (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, A42 levels in N2a cells treated with pre-aggregated A42 were no different 

to A42 levels in vehicle-treated N2a cells (Fig. 3.3.14). On the other hand, A42 levels 

in N2a cells treated with pre-aggregated A42 in the presence of lysosomal-autophagy 

inhibitors were higher than A42 levels in N2a cells treated with either lysosomal-

autophagy inhibitors alone or with pre-aggregated A42 in the absence of lysosomal-

autophagy inhibitors (Fig. 3.3.14). 

These results were paralleled in the presence of ZnCl2. A42 levels in N2a cells 

treated with pre-aggregated Zn-A42 complexes were significantly elevated, relative to 

A42 levels in vehicle-treated N2a cells, as well as N2a cells treated with pre-aggregated 

A42 (Fig. 3.3.4 and Fig. 3.3.14). A42 levels in N2a cells treated with pre-aggregated 

Zn-A42 complexes in the presence of lysosomal-autophagy inhibitors were 

significantly higher than A42 levels in N2a cells treated with lysosomal-autophagy 

inhibitors either alone or together with pre-aggregated A42 (Fig. 3.3.14). Notably, A42 

levels were also significantly elevated in N2a cells treated with pre-aggregated Zn-A42 

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, A 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 A into N2a cells in the absence and presence of Zn 

Compared to control conditions, inhibition of the lysosomal-autophagy pathway did not 

impact A42 levels in N2a cells exposed to soluble A42 (Sol. A42) with and without 

ZnCl2; yet, it resulted in increased A42 levels in N2a cells exposed to aggregated A42 

(Agg. A42) with and without ZnCl2. 

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

^^p < 0.01, ^^^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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3.3.15   Effect of lysosomal and autophagy inhibitors on 

cellular A levels in the presence of CQ and Zn 

Finally, the cellular uptake of A 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 A42 levels in N2a cells treated with lysosomal-autophagy 

inhibitors were comparable to A42 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, A42 levels in N2a cells treated 

with CQ alone or together with soluble A42 and/or ZnCl2 were no different to each 

other or to A42 levels in vehicle-treated N2a cells (Fig. 3.3.15). Likewise, in the 

presence of lysosomal-autophagy inhibitors, A42 levels in N2a cells treated with CQ 

alone or together with soluble A42 and/or ZnCl2 were not different to one another or to 

A42 levels in N2a cells treated with lysosomal-autophagy inhibitors alone (Fig. 3.3.15). 

A42 levels in N2a cells treated with pre-aggregated A42 and CQ were equivalent 

to A42 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 A42 levels in N2a 

cells treated with pre-aggregated A42 were higher in the presence, compared to the 

absence, of lysosomal-autophagy inhibitors (Fig. 3.3.12 and Fig. 3.3.14); A42 levels 

were similar in N2a cells treated with pre-aggregated A42 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), A42 levels in N2a cells treated 

with pre-aggregated Zn-A42 complexes and CQ were significantly higher than A42 

levels in N2a treated with either vehicle or with pre-aggregated A42 and CQ           

(Fig. 3.3.15; as in Fig. 3.3.4 and Fig. 3.3.8). In parallel, A42 levels in N2a cells treated 

with pre-aggregated Zn-A42 complexes and CQ in the presence of lysosomal-

autophagy inhibitors were significantly elevated, compared to A42 levels in N2a cells 

treated with lysosomal-autophagy inhibitors alone or together with pre-aggregated A42 

and CQ (Fig. 3.3.15). Importantly, A42 levels were significantly enhanced in N2a cells 

treated with pre-aggregated Zn-A42 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 A, 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 A into N2a cells in the presence of CQ and Zn  

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

ZnCl2-induced uptake of aggregated A42 into N2a cells. 

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

^^^p < 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 A, 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 A 

(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 125I-CQ in order to investigate the relationship between CQ, metals and 

A 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 M 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 Cu2+ and 

A are at a 1:1 molar ratio (554), human A42 was also used at 10 M. Pilot 

experiments by Opazo and Bellingham established that, even when 125I-CQ was used at 

100 pM, selective metals (Cu and Zn; 10 M) 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 125I-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 125I 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 125I-CQ, and looked at its 

interplay with Cu and Zn ions, as well as with A42. 

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 A, 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 A, 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 A, 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 M metals and A; 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 APP695-overexpressing SY5Y cells for 16 hours to 200 M CuCl2 in 

basal Eagle’s media, containing 20 % (v/v) FCS, led to significantly elevated Cu levels 

(41). While metal levels in APP695-transfected CHO cells, exposed for six hours to 

CuCl2 or ZnCl2 (10 or 25 M) in serum-free RPMI media, remained unaffected; cellular 

Cu and Zn levels were significantly increased in response to CQ and either CuCl2 or 

ZnCl2 (1:1; 10 or 25 M) (166, 786). On the other hand, five hour exposure of M17 

cells to CQ and CuCl2, but not ZnCl2 (1:1; 10 M), 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 M ZnSO4 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-A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 A and dissimilar resulting conformations. These outcomes may also indicate 

that A 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 A. 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 A itself. 
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The observations also shed light on the unique MOA of CQ on A oligomers, which 

are considered as the instigators of AD toxicity (236-246). While CQ did not affect Cu, 

Zn or soluble A on their own (Fig. 3.3.1-3.3.4); together, CQ and Cu led to enhanced 

uptake of soluble A (Fig. 3.3.3), and CQ and soluble A led to suppressed uptake of 

Cu (Fig. 3.3.1). Interestingly, CQ simultaneously decreased the cellular uptake of Cu 

and increased that of soluble A (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 A entered neuronal 

cells via a secretory pathway (Fig. 3.3.7); however, both Cu and A 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 A however, such an effect needs to be verified by toxicity assay(s). 

Not surprisingly, the exact opposite effects were observed with aggregated A. 

Experimental results showed that aggregated A 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 A, 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 A.  

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 

A. Whether this action is a harmful or a beneficial one remains to be determined.  

Again, CQ exerted simultaneous dual action on metals and aggregated A. The drug 

led to neuronal uptake of Cu-A aggregates (Fig. 3.3.1 and Fig. 3.3.3). While Cu was 

endocytosed, aggregated A 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 A, from Zn-A 

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 A 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 

 

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 A 

(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 A differently from aggregated A, 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 A. 

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 (IC50) of CQ varied (within M 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 M. 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 M.  

Previous studies have shown that radioiodiniated CQ (123I-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--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 APP695 

complimentary DNA (cDNA) (436). For the purpose of these studies, CHO cells 

transfected with empty vector or with APP695 (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 g/mL, respectively).  
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Media of transfected CHO cells were also supplemented with 7.5 g/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 M. 

 

4.2.3   Preparation of metals 

Metal stock solutions were prepared by dissolving cupric chloride (CuCl2), zinc 

chloride (ZnCl2) and ferric chloride (FeCl3) 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 M. 

 

4.2.4   Cellular toxicity studies of CQ and/or metals 

Cells were seeded at a density of 0.5-1 ×105 cells/cm2 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 M), metals (CuCl2, ZnCl2, FeCl3; up to 12.5 M), CQ-metal 

complexes (2:1 molar ratio; up to 25 M CQ and up to 12.5 M 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 M CQ was lower than vehicle-

treated N2a cells (~81, 80 and 75 %, respectively; Fig. 4.3.1 A). However, treatment 

with 16 or 20 M 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, 5 or 12.5 M CuCl2 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 

CuCl2 (up to and including 25 M CQ and 12.5 M CuCl2; Fig. 4.3.1 C). 

There was no change in the viability of N2a cells treated with ZnCl2 (equal to or less 

than 12.5 M) in the absence or presence of CQ (equal to or less than 20 M CQ and  

10 M ZnCl2; Fig. 4.3.1 D and E, respectively). The survival rate of N2a cells was only 

affected by co-treatment with 25 M CQ and 12.5 M ZnCl2 (~60 % of vehicle-treated 

N2a cells; Fig. 4.3.1 E). Although it may appear as if co-treatment with 8 M CQ and  

4 M ZnCl2 enhanced the number of live N2a cells, this difference was found to be not 

statistically significant. 

Similar to ZnCl2, treatment with FeCl3 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 FeCl3 

(up to 5 M CQ and 2.5 M FeCl3 or 16-25 M CQ and 8-12.5 M FeCl3, respectively) 

also did not impact the viability of N2a cells (Fig. 4.3.1 G). Interestingly, treatment 

with moderate concentrations of CQ and FeCl3 in parallel (8-10 M CQ and 4-5 M 

FeCl3, 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 M. 

In addition, while N2a cells are sensitive to Cu, they are not sensitive to Fe or Zn.  
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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 M; A) and Cu (0.5, 1, 5 and 12.5 M; B) was generally 

dose-dependently toxic to N2a cells. Neither Zn nor Fe (< 12.5 M; 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 M Zn; E) and at moderate 

doses of CQ-Fe complexes (8-10 M CQ and 4-5 M 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 ± S.E.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 M 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 M CuCl2 was slightly decreased (~91 %; Fig. 4.3.2 B). On the other hand, the 

viability of M17 cells co-incubated with CQ and CuCl2 (as low as 2 M CQ and 1 M 

CuCl2 and as high as 25 M CQ and 12.5 M CuCl2) 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 M ZnCl2, which slightly reduced the number of live 

M17 cells; the survival of M17 cells treated with ZnCl2 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 M CQ and 4 M ZnCl2 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 FeCl3, 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 M FeCl3, which decreased M17 cell survival (~92 %; Fig. 4.3.2 F) and co- 

treatment with 25 M CQ and 12.5 M FeCl3, 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 M; 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 M; A), moderate to high doses of CQ-Zn complexes (> 8 M CQ and      

4 M 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 M 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 ± S.E.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 M) 

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 M did not alter SY5Y cell survival (Fig. 4.3.3 A). 

Of all the CuCl2 doses tested, only 1 M CuCl2 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 M CQ and 4 or 8 M CuCl2, respectively, resulted in higher SY5Y cell survival; 

the opposite effect was observed following concomitant treatment with 25 M CQ and 

12.5 M CuCl2 (decreased to ~70 % of vehicle-treated SY5Y cells; Fig. 4.3.3 C). 

Following three-hour incubation with all tested doses of ZnCl2, other than 1 M, 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 ZnCl2 in the presence of CQ (1 or 2 M CQ and 0.5 or       

1 M ZnCl2, 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 M CQ and   

2.5 M ZnCl2, 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 

FeCl3, either in the absence or presence of CQ (Fig. 4.3.3 F and G, respectively); except 

for treatment with either 2.5 M FeCl3 alone (Fig. 4.3.3 F) or parallel treatment with 

0.5 M FeCl3 and 1 M 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 M, 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 M; B), CQ-Cu complexes (8-16 M CQ and 4-8 M Cu, respectively; C), Zn         

(> 12.5 M; D), CQ-Zn complexes (> 2 M CQ and 1 M Zn; E), Fe (2.5 M; 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 M CQ and 12.5 M Cu; C) and moderate to high doses of CQ-Zn 

complexes (< 5 M CQ and 2.5 M 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 M) 

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 M), CQ 

did not impact the survival rate of H4 cells (Fig. 4.3.4 A). 

None of the CuCl2 concentrations tested (equal to or less than 12.5 M), either in 

the absence or presence of CQ (equal to or less than 25 M), altered the number of 

viable H4 cells (Fig. 4.3.4 B and C, respectively). 

On the other hand, treatment with ZnCl2, 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 M ZnCl2 alone (Fig. 4.3.4 

D), and was lowered further upon co-treatment with 1, 10 or 16 M CQ, respectively 

(Fig. 4.3.4 E). Of note, treatment with 1 or 2.5 M ZnCl2, with and without 2 or 5 M 

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 M ZnCl2 

alone (Fig. 4.3.4 D); in the presence of CQ (8, 20 or 25 M, 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 FeCl3 (equal to or less than 

12.5 M), either alone or together with CQ (equal to or less than 25 M), did not alter 

the number of viable H4 cells (Fig. 4.3.4 F and G, respectively); the only exception 

being 0.5 M FeCl3 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 M, 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 M; B), alone or 

together with CQ (< 25 M; 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 M 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 M; F) or CQ-Fe complexes (< 25 M 

CQ and 12.5 M 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 

A 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 M), CuCl2 

(equal to or less than 12.5 M) or combination of the two (all doses but 20 M CQ and 

10 M CuCl2) did not affect CHO cell survival, in comparison to vehicle-treated CHO 

cells (Fig. 4.3.5 A, B and C, respectively). 

Unlike CuCl2, incubation with ZnCl2 (at all doses up to and including 12.5 M) 

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 M 

CQ and 12.5 M ZnCl2 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 M CQ and 10 M ZnCl2) had no effect on the survival of CHO cells. 

Following treatment with FeCl3, the survival rate of CHO cells was not 

compromised (Fig. 4.3.5 F); whereas, parallel treatment with CQ and FeCl3 at doses 

equal to or higher than 5 M CQ and 2.5 M FeCl3 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 M; A), Cu           

(> 12.5 M; 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 M; 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 M; 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 M 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 ± S.E.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-APP695 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 M), CuCl2 (equal to or less than 12.5 M) or both (equal to or less than 25 M 

CQ and 12.5 M CuCl2) remained unaffected (Fig. 4.3.6 A, B and C, respectively).  

Also comparable to CHO cells, incubation with most tested doses of ZnCl2 alone 

(equal to or higher than 2.5 M), and co-incubation with the highest dose of ZnCl2 and 

CQ (12.5 and 25 M, 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 ZnCl2 (0.5-1 M) and at low to high doses of CQ and ZnCl2 (up to and 

including 20 M CQ and 10 M ZnCl2), there was no difference in viability, compared 

to vehicle-treated CHO-APP cells (Fig. 4.3.6 D and E, respectively).  

As with CuCl2, none of the tested doses of FeCl3 (equal to or less than 12.5 M) 

impacted the number of viable CHO-APP cells (Fig. 4.3.6 F). Parallel treatment with 

either low doses of CQ and FeCl3 (1-2 M and 0.5-1 M, respectively) or high doses 

(20-25 M CQ and 10-12.5 M FeCl3) 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 M CQ and 

2.5-8 M FeCl3, 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 M; A), Cu (< 12.5 M; B) or both (< 25 M CQ and 12.5 M 

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 M; 

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

survival rate of CHO-APP cells (25 M 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 M; 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 M) (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 M CQ reduced the viability of H4 

cells by half and 100 M 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 M, 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 M (750). 

As for the effect of CQ on M17 cell survival, one study found that 8-hour incubation 

of M17 cells with 25 M 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 M 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 M 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 M CQ-Cu, in comparison to 10 M 

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 M 

Zn, alone or with 10 M 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 M Fe resulted in 

impaired M17 cell survival (Fig. 4.3.2 F). Conversely, exposure to 2.5 M 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 A preparations with outcome measures including: oxidative stress 

markers, metal levels and bioavailability, and/or A levels, species and aggregation 

state (699-701). Most of the cell-based examinations of CQ, metal ions and A were 

performed, using continuous CHO-APP cells (436, 752, 811) and/or cell lines derived 

from malignant tumours, such as HeLa 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 A 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 PBT2 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 A, 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 A (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 A 

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 oC 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 (KCl), 1 

mM sodium phosphate monobasic monohydrate (NaH2PO4.H2O), 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 (MgSO4; 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 oC 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 oC.  

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 oC. 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 g/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 ×105 cells/cm2 in poly-L-lysine (5 g/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 oC 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 g/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 oC in a 5 % carbon dioxide 

(CO2)-humidified incubator for 6 in vitro (6 D.I.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 A 

Soluble A42 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 A42 (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 A42 solution was diluted in water (H2O; 1:3.5 v/v) and briefly mixed, 

using a vortex instrument. The solution was then neutralised by adding of 10× PBS  

(137 mM sodium chloride (NaCl), 2.7 mM potassium chloride (KCl), 10 mM sodium 

phosphate dibasic (Na2HPO4) and 2 mM potassium phosphate monobasic (KH2PO4); 

pH 7.4. 1:7 v/v).  

The A42 preparation was sequentially sonicated for 5 minutes in an ice-containing 

Ultrasonic Cleaner (Unisonics; Brookvale, Sydney, NSW, Australia), and centrifuged at 

16,000 × g for 10 minutes at 4 oC 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 A42 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 A42 content (ng/L) 

was corrected for background signal (i.e., PBS blank) and the molar concentration of 

A42 was calculated, using Lambert-Beer’s law:  

A214 nm × dilution factor (= 50) / molar extinction coefficient (= 94526 litre/mole/cm) 

Based on concentration of the A42 stock solution, the volumes required to treat mouse 

primary cortical neuronal cells with soluble A42 at a final concentration of 5, 8 and 

12.5 M, 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 A 

On experimental days (i.e., 6 D.I.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 oC in a 5 % carbon dioxide (CO2)-humidified incubator. 

In section 5.3.1, neuronal cultures were treated with vehicle, CQ (up to and 

including 25 M), metals (CuCl2, ZnCl2, FeCl3; up to and including 12.5 M) or      

CQ-metal complexes (up to and including 25 M CQ and 12.5 M metal ions).  

In section 5.3.9, neuronal cultures were treated with vehicle control or with soluble 

A42 (5, 8 and 12.5 M), in the absence and presence of metals (5 M CuCl2, 8 M 

ZnCl2 and 12.5 M FeCl3) and/or CQ (10, 16 and 25 M), 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.I.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 oC in a 5 % carbon 

dioxide (CO2)-humidified incubator. 

In sections 5.3.2-5.3.7, neuronal cultures in 75 cm2 flasks were treated for three 

hours with vehicle control, CQ (up to and including 25 M), metal ions (CuCl2, ZnCl2, 

FeCl3; up to and including 12.5 M) and/or CQ-metal complexes (up to and including     

25 M CQ and 12.5 M metals; 2:1 molar ratio).  

In another set of uptake studies (sections 5.3.10-5.2.12), neuronal cultures in 75 cm2 

flasks were treated for three hours with vehicle control or with soluble A42 (5, 8 and 

12.5 M), in the absence and presence of metals (5 M CuCl2, 8 M ZnCl2 and        

12.5 M FeCl3, respectively) and/or CQ (10, 16 and 25 M, respectively). 

In section 5.3.8, neuronal cultures in 25 cm2 flasks were treated with vehicle control 

or with soluble A42 (5, 8 and 12.5 M), in the absence and presence of metals (5 M 

CuCl2, 8 M ZnCl2 and 12.5 M FeCl3, respectively) and/or CQ (10, 16 and      

25 M, 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 (Na2CO3; 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 oC 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 (HNO3; 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 (HNO3; 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 oC 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 

(HNO3; 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 M, using the following formulas, respectively: 

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

(mol/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 (mol) or as the fold change, in comparison to their 

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

 

5.2.8   CQ analysis using ICPMS 

ICPMS can also serve as an analytical tool for quantifying the concentrations of 

iodine (I) 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(CH3)4
+ 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/v) 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 oC 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 127I (as well as 56Fe, 63Cu, 66Zn 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. RF 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-IS-MIX1-1, AccuStandard; New Haven, CT, USA), containing 200 ppb of 

Yttrium (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 M, using the following formulas, 

respectively: 

(mol/L) = [(raw ppb value) x (dilution factor; 10)] / (molecular weight of the element; 127) 

(mol/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 (mol) or as the fold change, in comparison to their respective 

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

 

5.2.9   A analysis using double antibody capture ELISA 

A42 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 W0-2 detection antibody (monoclonal IgG2a antibody that binds to A5-8 (767); 

0.02 g/L 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 g/well.  

Plates were incubated overnight at 4 oC. 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 oC. Plates 

were again washed with PBS-T prior to the addition of biotin-labelled 1E8 detection 

antibody (monoclonal IgG1 antibody that recognises A18-22 (872); 2 ng/L) 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.  

A42 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). A42 standards and 

samples were added in triplicates, and the plates were incubated overnight at 4° C. 
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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 L/well, in order to detect the 

bound antibody.  

Plates were placed in a WALLAC Victor2 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. A42 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).  

A42 levels in mouse primary cortical neuronal cells are expressed as their absolute 

amount (mol). 
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171 

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 M) 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 M CQ even after      

26-hour treatment (813). On the other hand, Benvenisti-Zarom and colleagues published 

conflicting data wherein CQ, as low as 1 M, 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 CuCl2 (equal to or less than 12.5 M), as 

compared to vehicle-treated cultured neurons (Fig. 5.3.1 B). Viability of mouse primary 

cortical neuronal cells treated with CuCl2 and CQ (equal to or less than 5 and 10 M, 

respectively) was also similar to that of vehicle-treated neuronal cultures (Fig. 5.3.1 C). 

However, co-treatment with CuCl2 and CQ (equal to or more than 8 and 16 M, 

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 M CQ and 12.5 M CuCl2 there were almost no remaining 

viable cultured neurons (~6 %; Fig. 5.3.1 C), in line with a previous report (824). 
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Figure 5.3.1   Dose-response effect of CQ, metals and CQ-metal  

complexes on neuronal cell viability 

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

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 M CQ and 12.5 M Zn; E) was significantly cytotoxic to neuronal cells; 

exposure to CQ-Fe complexes (< 25 M CQ and 12.5 M 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 ZnCl2 (equal to or less than 10 M), either in the 

absence or presence of CQ (equal to or less than 20 M), was unaltered (Fig. 5.3.1 D 

and E, respectively). However, treatment of mouse primary cortical neuronal cells with 

the highest dose of ZnCl2 (12.5 M), alone or together with CQ (25 M), 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 FeCl3 (equal to or less than 12.5 M; 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 CuCl2 or ZnCl2 (Fig. 5.3.1 C and E, 

respectively), contaminant treatment with CQ and FeCl3 (equal to or less than 25 and 

12.5 M, 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 M 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 M 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. 

 



 

175 

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 M), 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 M) 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 CuCl2, at doses equal to or higher than 4 M, 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 CuCl2 at concentrations equal 

to or higher than 10 and 5 M, respectively (~16-110 fold increase, in comparison to 

vehicle-treated cultured neurons; Fig. 5.3.3 B). 

Similarly, treatment with ZnCl2 alone, at doses equal to or higher than 4 M 

(excluding 8 and 12.5 M ZnCl2), 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 ZnCl2 at concentrations equal to or higher than 20-25 and 10-

12.5 M, 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 FeCl3 (12.5 M; ~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 FeCl3 at concentrations equal to or higher than 10 and 5 M, 

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 M; A) and CQ-Cu complexes (> 10 M CQ and 5 M Cu; B) 

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

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

D) raised neuronal Zn levels significantly. 

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

CuCl2, in comparison to mouse primary cortical neuronal cells treated with doses equal 

to or higher than 5 M CuCl2 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 M CQ and 8 M ZnCl2, compared to mouse primary cortical 

neuronal cells treated with ZnCl2, at concentrations equal to or higher than 8 M, in the 

absence of CQ (~2-5 fold increase; Fig. 5.3.4 B).  

Using ICPMS, 65Zn 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 M FeCl3 alone or with concentrations equal to or higher than     

10 M CQ and 5 M FeCl3, 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 FeCl3 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 M), in the presence compared to the absence of CQ (> 10 M), 

significantly enhanced Cu levels in neuronal cultures (A). 

Exposure to Zn (> 8 M) 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 M) had no effect on Fe levels in cultured 

neurons, in comparison to neuronal cultures exposed to Fe (< 12.5 M) 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, 125I-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 125I-CQ 

(devoid of any by-products). When these issues were resolved, purified 125I-CQ could 

only be synthesized in small volumes (~150 L), at a low concentration (usually less 

than 1 nM) and was not stable for long (the 125I tracer started to dissociate from CQ 

within days). As 125I-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 

(127I) (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 M CQ, with and without 5 M CuCl2; 16 M CQ, with and without 8 M ZnCl2; 

25 M CQ with and without 12.5 M FeCl3). 

 

 



 

181 

 

 

 

 

 

V

M
 C

u


5

M
 C

Q


10

M
 C

u



M
 C

Q
:5


10

0.0

0.2

0.4

0.6

0.8

1.0 ^^^

***
A

***

N
e

u
ro

n
a
l 
  

C
u

  
 (


m
o

l)

V

M
 C

u

5
M

 C
Q


10

M
 C

u



M
 C

Q
:5


10

0.00

0.01

0.02

0.03

0.04

**

^^^

***
B

N
e

u
ro

n
a

l 
  

Io
d

in
e

  
 (


m
o

l)

V

M
 C

u

5
M

 C
Q


10

M
 C

u



M
 C

Q
:5


10

0

50

100

150
cell pellet

media
C

C
u

  
 L

e
v

e
ls

  
 (

%
  

 t
o

ta
l)

V

M
 C

u

5
M

 C
Q


10

M
 C

u



M
 C

Q
:5


10

0

50

100

150D cell pellet

media

C
Q

  
 L

e
v

e
ls

  
 (

%
  

 t
o

ta
l)

 

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 mol), which were not altered by 10 M CQ 

(as in Fig. 5.3.2). Data illustrated in Fig. 5.3.5 A also confirmed that treatment with      

5 M CuCl2 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 M CQ (~18 and 6 fold, compared to 

cultured neurons treated with either vehicle or 5 M CuCl2 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 M CuCl2, 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 M CQ, in the absence and presence of 5 M CuCl2 (~0.03 and 0.015 

mol, 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 M CQ and 5 M CuCl2, as compared to 

vehicle-treated cultured neurons; it was half that of mouse primary cortical neuronal 

cells treated with 10 M 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 M CuCl2 and 10 M 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 M CQ and     

5 M CuCl2 led to re-distribution of Cu from the treatment media to the cellular 

fraction, compared to treatment with 5 M CuCl2 alone (Fig. 5.3.5 C); it did not affect 

the distribution of CQ, relative to treatment with 10 M 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 mol), which remained constant following treatment with 8 M ZnCl2 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 M CQ did not impact neuronal Zn levels (as in Fig. 5.3.2); however, 

treatment with 16 M CQ and 8 M ZnCl2 together evoked significant Zn uptake into 

mouse primary cortical neuronal cells, both compared to vehicle-treated cultured 

neurons and cultured neurons treated with 8 M ZnCl2 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 M 

ZnCl2; Fig. 5.3.6 B). Conversely, significant levels of iodine were identified in mouse 

primary cortical neuronal cells treated with 16 M CQ, with and without 8 M ZnCl2 

(~0.16 and 0.088 mol, 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 M CQ in the presence, as opposed to the absence, of 8 M ZnCl2 

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 M ZnCl2 and 16 M 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 M CQ led to a re-distribution 

of Zn from the treatment media to the cellular fraction, in comparison to treatment with 

8 M ZnCl2 alone (Fig. 5.3.6 C); co-tratment with 8 M ZnCl2 did not affect the 

distribution of CQ, compared to treatment with 16 M 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.E.M, 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 mol) 

that were not affected following treatment with either 12.5 M FeCl3 or 25 M CQ, 

compared to vehicle-treated cultured neurons (Fig. 5.3.7 A). Yet, treatment with 25 M 

CQ and 12.5 M FeCl3 in parallel stimulated significant Fe uptake into mouse primary 

cortical neuronal cells, relative to neuronal cultures treated with either vehicle or with 

12.5 M FeCl3 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 M 59Fe and 14C-CQ (3:10 molar ratio), compared to 

59Fe 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 M FeCl3 (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 M CQ, alone and together with 12.5 M FeCl3 

(~0.55 and 1 mol, 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 M CQ and 8 M ZnCl2 was about twice as high as the CQ uptake into 

mouse primary cortical neuronal cells treated with 25 M 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 M FeCl3 and 25 M 

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 M CQ and 12.5 M FeCl3 in parallel led to a re-distribution of Fe 

from the media to the cellular fraction, in comparison to treatment with 12.5 M FeCl3 

alone (Fig. 5.3.7 C); yet, it did not influence the distribution of CQ, compared to 

treatment with 25 M 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 mol), higher levels of endogenous Zn and Fe (0.36 and 0.25 mol, 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 M CQ and 5 M CuCl2, 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 M CQ and 8 M ZnCl2 

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 M CQ and 

12.5 M FeCl3 (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.E.M, n = 3 
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5.3.9   Neurotoxicity of CQ, metals and/or A 

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 A 

on the aforementioned was explored. 

To ensure that any changes observed are not due to neurons being under stress 

conditions, the impact of A 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 CuCl2 

(5 M), ZnCl2 (8 M), FeCl3 (12.5 M) and/or CQ (10, 16 or 25 M, 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 A42 (5, 8 or 12.5 M), in the presence and 

absence of CuCl2 (5 M), ZnCl2 (8 M), FeCl3 (12.5 M) and/or CQ (10, 16 or 25 M, 

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 M A following a longer treatment period of 96 hours 

(862). Also, while the viability of mouse cortical neuronal cultures was not affected by 

5 M A (768, 862), it was significantly impaired by 5 M A-Cu (1:1 ratio) following 

a 96-hour incubation (768). 

Importantly, for the purpose of all following studies, the chosen concentrations of 

A, 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 A, metals and/or CQ on neuronal cell viability 

Exposure to A (5, 8 and 12.5 M), metals (5, 8 and 12.5 M Cu, Zn and Fe) and/or 

CQ (10, 16 and 25 M) 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 A 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 A, 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 A on metal and CQ-induced metal uptake into mouse 

primary cortical neurons was studied. Results confirmed that treatment with 10, 16 or 

25 M 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 M A42, 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 M CuCl2 or 8 M ZnCl2 did not impact the 

respective neuronal metal levels; but, treatment with 12.5 M FeCl3 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 M A42 and CuCl2, ZnCl2 or FeCl3 

(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 A42 (5, 8 or 12.5 M), 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 A in itself does not influence neuronal metal levels; 

nor do metal-A oligomers. However, the combination of A, 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 A and/or CQ on neuronal metal uptake 

A in the absence and presence of metals or CQ, did not affect neuronal metal uptake 

(A-C). A 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; ^^p < 0.01; ^^^p < 0.001 

Bars represent mean ± S.E.M, n > 2 
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5.3.11   Effect of A 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 A, with and without metal ions, on neuronal 

uptake of CQ was also investigated (procedure described in section 5.2.6).  

As expected, iodine (127I) 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 A42 

(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 M CQ and A42 (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 M CuCl2 and 10 M 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 M) and ZnCl2 or FeCl3 (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 

A42, metals and CQ had a differential effect on neuronal CQ uptake. Parallel treatment 

with 5 M A42, 5 M CuCl2 and 10 M CQ significantly increased CQ uptake, 

relative to cultured neurons treated with 10 M CQ, in the absence and presence of 

either 5 M A42 or 5 M CuCl2 (Fig. 5.3.11 A). This implies that there is a synergistic 

relation between the A peptide, Cu ions and the drug. 

Treatment of neuronal cultures with 8 M A42, 8 M ZnCl2 and 16 M CQ also 

induced neuronal CQ uptake, as compared to treatment with 16 M CQ, in the absence 

and presence of 8 M A42; but, unlike Cu, it did not lead to further enhanced neuronal 

CQ uptake, compared to mouse primary cortical neuronal cells treated with 8 M ZnCl2 

and 16 M CQ (Fig. 5.3.11 B). These findings suggest the Zn, regardless of A, is 

sufficient for neuronal uptake of CQ. 

Surprisingly, treatment with 12.5 M A42, 12.5 M FeCl3 and 25 M CQ 

suppressed the uptake of CQ into mouse primary cortical neuronal cells, compared to 

treatment with 12.5 M FeCl3 and 25 M CQ, in the absence or presence of 12.5 M 

A42 (Fig. 5.3.11 C). 
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Figure 5.3.11   Effect of A and/or metals on neuronal CQ uptake 

A on 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; ^^p < 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 A uptake 

Finally, the uptake of A42 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, A42 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 A42 were detected in cultured neurons treated with A42, in the absence and 

presence of metals and/or CQ (Fig. 5.3.12 A-C). 

Data showed that treatment with 10 or 16 M CQ (Fig. 5.3.12 A and B, 

respectively), but not 25 M CQ (Fig. 5.3.12 C), together with A42 (2:1 molar ratio) 

promoted the uptake of A42 into mouse primary cortical neuronal cells, compared to 

neuronal cultures treated with A42 alone. These findings were unexpected, as it was 

hypothesized that any affect CQ may have on A would be metal-mediated; instead, 

findings may be consistent with direct interaction between A and CQ. 

Results demonstrated that co-treatment with 5 M A42 and CuCl2 (1:1 molar ratio) 

did not affect the neuronal uptake of A42, relative to cultured neurons treated with A42 

on its own; yet, it did diminish neuronal A42 uptake, in comparison to mouse primary 

cortical neuronal cells treated with 5 M A42 and CQ (1:2 molar ratio; Fig. 5.3.12 A). 

Concomitant treatment with A42 (8 or 12.5 M) and either ZnCl2 or FeCl3 (1:1 

molar ratio, respectively) stimulated the neuronal uptake of A42, as compared to 

treatment with A42, 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 M A42 and 

ZnCl2 (1:1 molar ratio) did not alter the uptake of A42, relative to neuronal cultures 

treated with 8 M A42 and CQ (1:2 molar ratio; Fig. 5.3.12 B); parallel treatment with 

12.5 M A42 and FeCl3 (1:1 molar ratio) increased A42 uptake, compared to cultured 

neurons treated with 12.5 M A42 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 A uptake 

Zn (B) and Fe (C), but not Cu (A), enhanced neuronal A uptake.  

Moderate (A and B), but not high (C), doses of CQ stimulated neuronal A uptake.  

Cu suppressed the CQ-induced A uptake into neuronal cells (A), while Zn and Fe did 

not affect CQ-induced A 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; ^^p < 0.01 

Bars represent mean ± S.E.M, n > 2 
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Interestingly, A42 uptake into mouse primary cortical neuronal cells treated with 

A42 (8 or 12.5 M), combined with CQ (1:2 molar ratio) and ZnCl2 or FeCl3 (1:1 

molar ratio, respectively), was no different to that of neuronal cultures treated with A42 

on its own, or with either metals or CQ (Fig. 5.3.12 B and C, respectively).  

Conversely, treatment with 5 M A42, CuCl2 and CQ (1:1:2 molar ratio) did not alter 

neuronal A42 uptake, in comparison to mouse primary cortical neuronal cells treated 

with 5 M A42, in the absence and presence of 5 M CuCl2; yet, it did suppress the 

uptake of A42 induced by 10 M CQ in the absence of 5 M CuCl2 (Fig. 5.3.12 A). 

It could be concluded that the differential effects of CQ and metals on neuronal 

uptake of A may be related to the different conformations of metallo-CQ complexes, 

as well as those of metallated-A. 
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5.4   Discussion 

Extensive literature exists on the interaction of metals and A (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 A 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 CuCl2 doses 

(Fig. 5.3.1 B), despite significant neuronal ion uptake following treatment with CuCl2 at 

doses equal to or higher than 4 M (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 Cu2+ and Zn2+ (694-696, 698, 770). Both of these ions are bound by the 

phenolic oxygen atom and the pyridine nitrogen atom on CQ; but, while Cu2+ assumes a 

square planar geometry, Zn2+ 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 Zn2+ 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, A 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 A, 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 A and metals would 

diminish the neuronal uptake of both the protein and the ions, experimental results 

demonstrated that while A did not alter neuronal metal uptake (Fig. 5.3.10), metals 

differentially affected neuronal A (i.e., Cu had no effect on, but both Zn and Fe 

induced, the neuronal uptake of A; Fig. 5.3.12). 

These findings probably reflect the different binding affinities of metal ions towards 

A and the dissimilar resultant spatial arrangement and/or aggregation of the peptide 

(refer to section 1.4.3.3). This means that metal-mediated A entry into neuronal cells 

may be dependent on its conformation.  If so, any drug design should target the desired 

metallated-A 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 A accumulation or retention within neurons. 

To date, there have only been three published studies of CQ and A in primary 

cultures; all of which highlight the role of CQ in neuroprotection and/or neurorescue 

against A-mediated neurotoxicity. Barnham et. al. demonstrated that 1 M CQ inhibits 

the toxicity exerted by A42 on mouse primary cortical neuronal cells following 4-day 

exposure (549). A similar dose of CQ was found to block the A25-35-induced Ca2+ 

influx in cortical astrocytes and to protect against A25-35-induced cell death of 

hippocampal neurons, with and without astrocytes (707).  
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Recently, co-treatment with A42 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 A42 alone; but to augment it significantly beyond 

baseline levels  (704). 

Work presented here provides a first look into the reciprocal relationship between 

A and CQ in terms of neuronal uptake. While neuronal CQ uptake remained unvaried 

by A (Fig. 5.3.11); moderate (10 and 16 M), but not high (25 M), doses of CQ 

stimulated the uptake of A (Fig. 5.3.12). These data point to a possible dose-dependent 

direct interaction between CQ and A, which might be saturated at high concentrations. 

It is reasonable to assume that CQ interacts with the aromatic residue(s) on A. 

These novel results are significant as they contradict current thinking that any effect 

CQ may exert on A 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 A and either metals or CQ was different to that of 

all three components together. A attenuated the CQ-induced neuronal uptake of Cu 

(Fig. 5.3.10 A) and Cu suppressed the CQ-stimulated A uptake (Fig. 5.3.12 A), but A 

and Cu synergistically enhanced CQ uptake (Fig. 5.3.11 A). A 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 A’s neuronal 

uptake; combined, they did not influence A’s uptake into neurons (Fig. 5.3.12 B). A 

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 A (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 A since it will have 

profound implications on other 8-HQs (PBT2 for example) and, perhaps even, certain 

metal-complexes (such as Cu2+-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 A 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 A and stabilise its low-molecular weight, non-

neurotoxic oligomeric forms; thus, operating as A aggregation inhibitors. 8-HQs may 

also act as A degradation enhancers that, directly and indirectly, promote the 

dissociation of high-molecular weight A 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 A, 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 A 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 

A 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 A, 

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 A could be verified by treating primary 

neuronal cultures with 5-carboxyfluoroscein labelled A (CF-A) (862, 879) followed 

by cross-sectional visualization, using confocal microscopy. 

Due to time constraints, the mechanism for neuronal CQ, metals and A 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 oc versus 37 oc), 

saturation state (saturable as oppose to non-saturable concentrations), under energy 

depletion conditions and/or using inhibitors (such as methyl--cyclodextrin (MCD) 

and nocodazole against endocytosis). 

If the neuronal uptake of CQ, metal ions and A 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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