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Preface 
 

“Amyotrophic Lateral Sclerosis.” 

 “Never heard of it before” 

 “It’s also known as Motor Neuron Disease, Lou Gehrig’s Disease and Charcot disease.” 

“Ohh, okay.” 

 

This is the typical reaction to my answers when asked: “What is your research about?” 

It’s a neurological disease in which patients gradually lose control of their muscles and thus their 

movements, and they become paralysed. 

Motor Neuron Disease (MND) is a death sentence. Patients ultimately succumb to death, often due 

to the failure of their breathing muscles, or complications from the disease. 

That’s not the worst part. Cognition often remains intact, meaning that they are consciously aware 

of what is happening to their body. They can hear you, think, and feel emotions. 

Occasionally, I get: “Oh, it’s like Multiple Sclerosis, or Huntington’s Disease?” 

And that’s a pretty good guess. I explain that these are quite like MND. However, there is no 

remission, like in Multiple Sclerosis, and, unlike Huntington’s, only 10% of MNDs are hereditary. 

The irony is that this happens all the time in the clinic as well. There are no biochemical tests used to 

diagnose MND and as several other diseases present with similar symptoms, a clinician’s only way to 

diagnose MND is through elimination of all other possible diseases. This is something I cannot 

fathom, when we live in a time of technological advances. Very little is known about this devastating 

disease and there is only one approved treatment that results in an extension of life by three 

months. 

As a researcher, I was used to working on the bench and understanding what cells did, how animals 

responded, and reading about disease statistics. This changed when I was invited to help start up the 

MND Biobank at Macquarie Neurology with Prof Rowe, Prof Guillemin, and Dr Siu. Meeting patients 

made MND real for me. I saw how patients and their families were changed by this diagnosis and 

how the disease progresses over time. This was not just a disease I was conducting research on. It 

was something that affected people’s lives. 
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Abstract 
Motor Neuron Disease (MND) or Amyotrophic Lateral Sclerosis (ALS) is a devastating 

neurological disease with no biological diagnostic markers, no effective treatment, and no 

cure. We investigate the immune related Kynurenine Pathway (KP) for a role in ALS. The 

production of neuroactive metabolites during the KP indicate that there is an overlap with 

the mechanisms of ALS, particularly with the neurotoxin quinolinic acid. Subsequently, we 

investigate the KP metabolome, analysing 10 metabolites using biochemical analyses 

including High Performance Liquid Chromatography and Gas Chromatography/Mass 

Spectrometry.  Using serum from a longitudinal cohort of 66 ALS patients, we establish a 

potential for KP metabolomics to be used a biomarker for ALS. To increase specificity and 

reliability of these results, in collaboration with Macquarie University Neurology, we 

established a Neurodegenerative Diseases Biobank to collect patient biological samples. 

These samples would facilitate future investigations into the mechanisms, genetics, 

biomarkers, and to detect the presence of toxic compounds such as metals, or β-

methylamino-L-alanine (BMAA). We describe the establishment of the biobank as a case 

study for future references. BMAA is known to be neurotoxic, and we investigate its role 

ALS. We reveal its role in promoting axonal degeneration and neuronal death, and show for 

the first time, its ability to spread transcellularly.  
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Section A 
 

Problem Statement & Research Approach 
 

Motor Neuron Disease (MND) is a cruel disease in which motor functions are lost leading to 

muscle wasting, paralysis and ultimately death, usually in 3 to5 years. This project focuses 

on the most common form of MND, Amyotrophic Lateral Sclerosis (ALS). There are no 

routinely used biochemical markers for diagnosis, monitoring progression, or prognosis of 

disease course. ALS is difficult to diagnose as symptoms often overlap with other diseases, 

resulting in patients seeing multiple specialists before receiving a conclusive diagnosis. The 

average time from symptom onset to diagnosis is 18 months. The disease has only one 

known cause, familial heritability, which accounts for only 10% of ALS. The mechanisms of 

ALS are well researched; however, much remains unclear about environmental 

contributions to the disease such as iron, or β-methylamino-L-alanine (BMAA) exposure.  

We take a three-pronged approach to elucidate this disease. First, we investigate biomarker 

discovery by profiling the immune related Kynurenine pathway in patient serum samples. 

Secondly, we establish a biobank for the prospective collection and storage of patient 

samples for future use. Finally, we elucidate the role of the cyanobacterial neurotoxin BMAA 

in vitro, in causing neurodegeneration. 

 

The overall hypothesis of this thesis is that: 

• Neuroactive KP metabolites can be used as biomarkers to track progression or be a 

prognostic marker for ALS  

• BMAA has a pathological role in neurodegeneration. 

 

The specific aims of this study are to: 

1. Evaluate the KP metabolites in longitudinal serum samples as a biomarker for MND 

using ultra High Performance Liquid Chromatography (uHPLC) and Gas Chromatography 

Mass Spectrometry (GC/MS) 

2. Establish a biobank for long term storage of patient samples for future use 

3. Examine if BMAA has a pathological role in neurodegeneration. 
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Summary of Research Approach 

 Motor Neuron Disease / 

Amyotrophic Lateral Sclerosis 

Kynurenine Pathway 

Biobanking 

BMAA 

Review accepted for publication 17 May 2016 
Neuropharmacology:  of Quinolinic 
Acid in the Neuropathogenesis of ALS 

Inflammation 

Increase sample pool for testing 

and validation of markers 

Hair samples collected to 

determine exposure to BMAA 
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Section B: Findings 

ALS is a devastating disease that is under-researched. There is no biochemical marker for 

diagnosis, prognosis, or monitoring of the disease, and no effective treatments or cure. 

Although there are several mechanisms for neuronal degeneration in ALS, few treatment 

options have been translated through to the clinic, and environmental causes have been 

debated.  

This thesis will examine the role of a key neurotoxic metabolite in the KP, Quinolinic Acid, 

and its overlapping roles that reflect the mechanisms of neurotoxicity observed in ALS. The 

review provides evidence for the KP having a pathological role in ALS, highlighting two 

seminal research articles, directly showing dysregulation of the KP in ALS patients, leading to 

this thesis assessing the KP as a biomarker for ALS.  

The candidate, with colleagues, refined analytical chemistry techniques for analysis of the 

KP metabolome in serum and plasma samples. These techniques using uHPLC, HPLC, and 

GC/MS, allowed the multiplexed analysis of multiple KP metabolites, decreasing sample 

volume requirements, and processing and laboratory time and consumables. 

The candidate applies these techniques to determine the longitudinal KP metabolomic, and 

tryptophan (TRP) catabolite profile of ALS patients, revealing that they show potential as a 

disease progression biomarker for ALS. Specifically, metabolites of the KP were shown to be 

associated with clinical outcome measures, ALS Functional Rating Scale (ALSFRS) and 

Manual Muscle Testing (MMT), indicating that the KP can be used as a definitive 

biochemical marker to measure clinical outcomes. This has important ramifications for 

monitoring disease progression, particularly in clinical trials to allow for unbiased 

assessment of disease progression. Furthermore, we find that the TRP catabolite, neopterin, 

is a good prognostic indicator for rate of disease progression. To increase the reliability and 

sensitivity of these findings, the study cohort is to be expanded for verification of results.  

As such, the Neurodegenerative Diseases Biobank (NDB) was set up in collaboration with 

Macquarie Neurology. The NDB was established to store various types of samples from both 

controls and ALS patients for future analyses. The establishment of the NDB has been 

presented as a case study for future references which includes key aspects of biobanking 
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such as governance, safety, and laboratory processes, the processes used at the NDB, a 

reflection on these processes and how they can be improved. As the candidate was less 

involved in the clinical considerations of the biobank, this section of the thesis will be 

reworked for publication upon the inclusion of key clinical aspects of establishing the 

biobank.  

As part of a cotutelle degree, the candidate utilised a cutting edge microfluidic platform to 

examine a potential pathological role of the environmental neurotoxin BMAA in ALS. 

Although BMAA has been implicated in ALS, the role of BMAA has not been widely 

accepted. This is mainly due to the large, non-physiological concentrations of BMAA used to 

demonstrate neurotoxicity. The research presented bridges the conflicting opinions by 

demonstrating that low levels of BMAA can cause axonal disruptions. It also shows for the 

first time, the transmission of BMAA from cell-to-cell, implicating BMAA as a possible 

mechanism for the focal spread of ALS pathology.  

This thesis (1) reviewed the roles of the KP and quinolinic acid in ALS; (2) refined the use of 

analytical chemistry methods for detection of KP and TRP catabolites; (3) determined the KP 

as a suitable candidate for a biomarker and prognosis marker for disease progression; (4) 

established a biobank for future investigations; (5) presented evidence for BMAA causing 

axonal toxicity; (6) demonstrated the transmission of BMAA from cell-to-cell. 

Future studies are needed to explore the roles of the KP metabolites and TRP catabolites as 

a biomarker for ALS, and investigate if modulating KP activity can treat or improve disease 

outcome. The establishment of the biobank has allowed the current, ongoing investigation 

of multiple biomarkers for ALS, and is an immense resource for investigating time-based 

changes through the course of disease. Lastly, the finding that BMAA can be spread from 

cell-to-cell opens a new paradigm for understanding the role of BMAA in causing ALS, and 

future work would investigate the prion-like properties of BMAA. 

This section details the core findings and publications arising or to result from the work done 

as part of this research. Research presented has been allocated to three categories, (1) 

investigating the KP in ALS, (2) the establishment of the Neurodegenerative Diseases 
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Biobank as a case study, and (3) unravelling the neurotoxicity of β-methylamino-L-alanine 

(BMAA) and its possible role in ALS. 

Chapters 1 and 3 are presented in article format, while Chapter 2 is presented in a traditional 

thesis format for future integration into an article with the inclusion of clinical aspects of 

biobanking.  

In each Chapter, a brief background identifying the research gap is addressed, followed by 

presentation of key results and implications of these findings. Articles will be noted if they 

have been published, submitted for peer review, or are under revision for submission. 



 

 

 

Chapter 1 

Kynurenine Pathway and ALS 
 

 

 

Three manuscripts have resulted from this work 

2016 NEUROPHARMACOLOGY:  
INVOLVEMENT OF QUINOLINIC ACID IN THE NEUROPATHOGENESIS OF ALS 
Jong-Min Lee and Vanessa X. Tan (Co-First), David Lovejoy, Nady Braidy, Dominic B. 
Rowe, Bruce J. Brew, Gilles J. Guillemin (Accepted 17 May 2016) 

2017 JOURNAL OF VISUALIZED EXPERIMENTS:  
QUANTIFICATION OF THE KYNURENINE PATHWAY METABOLITES USING ULTRA-HIGH 

PERFORMANCE LIQUID CHROMATOGRAPHY AND GAS CHROMATOGRAPHY/MASS SPECTROMETRY 

(FINAL REVISIONS) 
Kelly R. Jacobs, Vanessa X. Tan, Chai K. Lim 

2017 JOURNAL OF NEUROINFLAMMATION: 
THE KYNURENINE PATHWAY AS A BIOMARKER FOR ALS PROGRESSION (UNDER REVISION) 
Vanessa X. Tan, Maeva Khyeng, Chai K. Lim, Laura Bourbon, Vincent Meninger, 
Lucette Lacomblez, Alain Duhamel, Pierre-Francois Pradat, Gilles J Guillemin 
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Chapter 1: Kynurenine Pathway and ALS 

1.1 Research gap: 

Motor neuron disease (MND) is a spectrum of neurodegenerative diseases that present with 

progressive loss of motor function due to loss of upper and/or lower motor neurons. It 

includes Amyotrophic Lateral Sclerosis (ALS) as the major type of MND, Spinal Muscular 

Atrophy (SMA), Primary Lateral Sclerosis (PLS), Progressive Muscular Atrophy (PMA) (Al-

Chalabi & Hardiman, 2013; Ravits et al., 2013). In Australia, MND has an incidence of 7.9-9.6 

per 100,000 Australians, with slightly more males than females, and mortality estimated to 

be 3.14 per 100,000 in the population. MND costs an estimated $1.13 million per person, 

significantly higher than diseases such as stroke ($133,108), and chronic kidney disease 

($758) (Deloitte Access Economics, 2015).  

Clinical features of ALS are well characterised, encompassing facial weakness, tongue 

fasciculation; symptoms in upper limbs with weak gripping to shoulder abduction; and in 

lower limbs, foot drop as well as tripping (Andersen, 2006; Turner & Talbot, 2013). However, 

there are many mimic diseases that present with similar symptoms. There is no specific test 

for ALS, and with only 5-10% of ALS being genetically linked (Al-Chalabi & Hardiman, 2013; 

Andersen, 2006; Li, Alberman, & Swash, 1988; Ravits et al., 2013; Zou et al., 2017), diagnosis 

of ALS relies largely on a clinician’s ability to identify MND (Calvo et al., 2014; Mitchell & 

Borasio, 2007; Turner & Talbot, 2013). Furthermore, there are up to five different subtypes 

that may predict survival, and phenotype stratification based on hierarchical classification, 

and site of symptom onset (Al-Chalabi & Hardiman, 2013; Ganesalingam et al., 2009).  

Mechanistically, ALS has been associated with protein dysfunction, oxidative stress, 

glutamate toxicity, mitochondrial dysfunction, energy depletion, neuroinflammation, 

autophagy, and apoptosis (Bruijn, Miller, & Cleveland, 2004; Eisen, Kiernan, Mitsumoto, & 

Swash, 2014; Picher-Martel, Valdmanis, Gould, Julien, & Dupré, 2016).  

The Kynurenine Pathway (KP) is an attractive candidate as a biomarker for ALS. It has been 

associated with several neurodegenerative diseases (Beal, Matson, Swartz, Gamache, & 

Bird, 1990; Chen et al., 2010; Chen & Guillemin, 2009; Lim et al., 2017; Ogawa et al., 1992), 

and has been shown to be involved in causing neurodegeneration. Most recently, it has 

been shown to be predictive for Multiple Sclerosis (MS) subtypes (Lim et al., 2017). The role 
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of the KP in ALS has been detailed in the review Involvement of quinolinic acid in the 

neuropathogenesis of amyotrophic lateral sclerosis.  
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1.2 Key Results and Implications 

The work from this candidature resulted in a systemic review presenting evidence 

supporting the role of the KP metabolite, quinolinic acid (QUIN) in ALS. The review examines 

key mechanisms associated with ALS such as toxic protein aggregation, oxidative damage, 

and glutamate toxicity. It highlights the KP and its neuroactivity, focusing on QUIN toxicity 

mechanisms, and how these effects overlap with known mechanisms of ALS degeneration. 

Finally, the review provides insight into the KP as a potential therapeutic candidate for ALS, 

by modulating the neuroactivity of the KP using KP-altering chemicals and analogues. 

Subsequently, the candidate, with colleagues, have refined methods for quantification of KP 

metabolites using analytical chemistry methods high performance liquid chromatography 

(HPLC) and Gas Chromatography / Mass Spectrometry (GC/MS). This method allows for the 

multiplexed analysis of (1) Tryptophan and Kynurenine, via HPLC, (2) Kynurenic Acid via ultra 

HPLC (uHPLC), and (3) Picolinic Acid and Quinolinic Acid, via GC/MS. The use of a 

multiplexed assay results in a decreased amount of sample and reagents required for 

analysis, while maintaining sensitivity and specificity.  

Finally, this candidature presents evidence for the use of KP metabolites as a candidate 

biomarker for ALS. Longitudinal samples of 66 ALS patients from a clinical trial were 

obtained and KP metabolome analysed. Statistical analyses were performed to (1) observe 

evolution of KP metabolites and clinical outcomes over time, and (2) determine the 

associations of KP with clinical outcomes as (a) a biomarker for disease progression, (b) 

disease prognosis, and (c) survival prognosis. Analyses determined (i) 3hydroxykynurenine, 

to be associated with time; (ii) kynurenine and tryptophan, and quinaldic acid and kynurenic 

acid; to be indicative of disease progression; (iii) and neopterin to be associated with a 

lowered disease progression slope. These results indicate that the KP metabolome has 

potential as a candidate as a biomarker for ALS. 

 

 



 

 

 

1.3 Original Research Article: Involvement of Quinolinic Acid in 

the Neuropathogenesis of ALS 
 

 

2016 NEUROPHARMACOLOGY: INVOLVEMENT OF QUINOLINIC ACID IN THE NEUROPATHOGENESIS OF 

ALS 
Jong-Min Lee and Vanessa X. Tan (Co-First), David Lovejoy, Nady Braidy, Dominic B. 

Rowe, Bruce J. Brew, Gilles J. Guillemin 

 

 

This paper has been published to Neuropharmacology 2016. JML assisted with draft. VXT 

wrote manuscript. DL, NB, DBR, BJB, and GJG reviewed manuscript. All other work is my 

own. 

  



 Chapter 1: Kynurenine Pathway and ALS 

12 
 

 

 

Abbreviations 

3HAA 3 hydroxy anthranilic acid 

AD Alzheimer’s Disease 

ALS Amyotrophic Lateral Sclerosis 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

APOE Apolipoprotein E 

ARE Antioxidant Response Elements 

ATP Adenosine Triphosphate 

CCL5 Chemokine Ligand 5 

CHMP2B Charged Multi-vesicular Body Protein 2B 

CNS Central Nervous System 

COX-2 cycloxygenase-2 

CSF Cerebrospinal Fluid 

D-1-MT D-1-methyl tryptophan 

DCTN1 Dynactin 1 

EAAT Excitatory Amino Acid Transporters 

ER Endoplasmic Reticulum 

fALS familial ALS 

FLTD-U Frontotemporal lobar degeneration with ubiquinated inclusion 

FTD Fronto-Temporal Dementia 

FUS Fused in Sarcoma 

GFAP Glial Fibrillary Acidic Protein 

GTP Guanosine 5' triphosphate 

IDO Indoleamine2,3-dioxygenase 

IFN-γ Interferon-γ 

IL Interleukin 

IL-1b Interleukin-1β 

IL-6 Interleukin 6 

iNOS inducible Nitric Oxide synthase 

iPSC induced Pluripotent Stem Cells 

KIF1A Kinesin family member 1A 

KP Kynurenine Pathway 

KYN Kynurenine 

KYNA Kynurenic Acid 

MCP1 Monocyte Chemo-attractant Protein  

MIP1-α Macrophage Inflammatory Protein 1-α 

MND Motor Neuron Disease 

MS Multiple Sclerosis 

NAD Nicotinamide Adenine Dinucleotide 

NADPH Nicotinamide Adenine Dinucleotide Phosphate 

NDD Neurodegenerative Disease 
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NGF Nerve Growth Factor 

NMDA N-methyl-d-aspartate

nNOS neuronal Nitric Oxide Synthase 

NO Nitric Oxide 

NR NMDA receptor 

Nrf-2 Nuclear Erythroid 2 Related Factor 2 

PD Parkinson's Disease 

PIC Picolinic Acid 

QUIN Quinolinic Acid 

ROS Reactive Oxygen Species 

sALS sporadic ALS 

SMA Spinal Muscular Atrophy 

SOD1 Superoxide Dismutase 1 

tBHQ t-Butyl Hydroquinone

TDO Tryptophan 2,3-dioxygenase 

TDP-43 TAR DNA BINDING PROTEIN-43 

TNF-α Tumour Necrosis Factor - α 

TRP Tryptophan 

UBQLN2 Ubiquilin 2 

VAPB Vesicle-associated Membrane Protein 

VCP Valosin-containing protein 

wt Wildtype 



Pages 14-32 of this thesis have been removed as they contain published material. Please 
refer to the following citation for details of the article contained in these pages. 

Lee, J.-M., Tan, V., Lovejoy, D., Braidy, N., Rowe, D. B., Brew, B. J. & Guillemin, G. J. (2017). 
Involvement of quinolinic acid in the neuropathogenesis of amyotrophic lateral sclerosis. 
Neuropharmacology, 112 Part B, p. 346-364. 

DOI: 10.1016/j.neuropharm.2016.05.011 

https://doi.org/10.1021/acs.jnatprod.7b00816
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1.4 Original Research Methodology Article: Quantification of the 

Kynurenine Pathway Metabolites Using Ultra High Performance 

Liquid Chromatography and Gas Chromatography/ Mass 

Spectrometry 
 

 

2017 JOURNAL OF VISUALIZED EXPERIMENTS: QUANTIFICATION OF THE KYNURENINE PATHWAY 

METABOLITES USING ULTRA-HIGH PERFORMANCE LIQUID CHROMATOGRAPHY AND GAS 

CHROMATOGRAPHY/MASS SPECTROMETRY (FINAL REVISIONS) 
Kelly R. Jacobs, Vanessa X. Tan, Chai K. Lim 

 

 

This paper has been prepared for submission to the Journal of Visual Experiments (JOVE).  

KJ, EL and VT contributed to the writing and running of samples, KJ and EL optimized 

methods. 
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Abbreviations 

GC Gas Chromatography 

HPLC  High Performance Liquid Chromatography 

IDO-1 Indoleamine 2,3-dioxygenase - 1 

K/T ratio Kynurenine/Tryptophan ratio 

KP Kynurenine Pathway 

KYN Kynurenine 

KYNA Kynurenic Acid 

LC Liquid Chromatography 

LC-MS/MS Liquid Chromatography coupled with tandem Mass Spectrometry 

MS Mass Spectrometry 

PIC Picolinic Acid 

QUIN Quinolinic Acid 

TCA Tricholoroacetic Acid 

TDO-2 Tryptophan 2,3-dioxygenase 

TRP Trpolinic Acid 

uHPLC ultra High Performance Liquid Chromatography 

ZnAc Zinc Acetate 
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Abstract 

The Kynurenine Pathway (KP) is associated with various diseased states such in neurological 

diseases, psychiatric illnesses, and HIV. Its metabolites have been recently investigated for its 

potential as a biomarker, and is the first blood biomarker to predict subtypes of multiple sclerosis. 

This has presented a novel method to facilitate early prognosis of multiple sclerosis subtypes, 

allowing clinicians to treat patients with medication suitable for each subtype. The accurate and 

validated analysis of metabolites of the KP is crucial for the development of the KP as diagnostic, 

prognostic, and progression biomarkers. We developed a reliable method for analysing the KP 

metabolome to analyse five KP metabolise using liquid, and gas chromatography, and describe the 

details. 
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Introduction 

Kynurenine pathway (KP) metabolomics is an emerging field of research. The KP is the main 

catabolic route for tryptophan, one of the nine essential amino acids, and regulated 

physiological functions such as (1) protein synthesis; (2) regulation of the serotonin-melatonin 

pathway, regulating mood, behaviour, sleep and circadian rhythms; and (3) modulation of the 

Kynurenine-NAD pathway affecting energy balance, brain activity, and immune activation. 

Previously, the KP was presumed a passive catabolic route within the tryptophan metabolism, 

where the majority of tryptophan was utilised for the production of serotonin and melatonin. 

However, research advancements in immunology suggests that the KP is highly active, and 

competitive with the serotonin pathway for tryptophan during inflammation processes. It has 

been associated with various pathological conditions such as Alzheimer’s disease 1, 

Parkinson’s disease 2, amyotrophic lateral sclerosis 3 and multiple sclerosis 4, and psychiatric 

disorders including depression, schizophrenia and autism 5–7.  

Activation of the KP, is reflected by an increased kynurenine/tryptophan (K/T) ratio, resulting 

from the upregulation of indoleamine dioxygenase (IDO-1) / TDO-2 activity, converting 

Tryptophan (TRP) to KynurFenine (KYN). IDO-1 has been suggested as a marker of immune 

activation since its increased activity is associated with proinflammatory mediators that are 

also present in the neurological diseases described above. Interestingly, it has been proposed 

that changes to the KP due to maternal immune activation, can result in development of 

behavioural and cognitive deficit in later life 8,9. This is hypothesized to be due to mechanisms 

of disease tolerance and activation of the KP both acutely and chronically 10, resulting in the 

abnormal production of downstream KP metabolites, kynurenic acid (KYNA) and quinolinic 

acid (QUIN). Imbalance in the endogenous levels of KYNA and QUIN can be detrimental to 
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neuronal cells as described by Guillemin 11 and were also implicated in various neurological 

diseases 12. Hence, profiling of the kynurenine pathway can provide insight into disease 

progression that enable the identification of new disease biomarkers, with implications for 

the development and use of therapeutics 3,4,13,14. Therefore, the accurate and reproducible 

quantification of KP metabolites is important for clinical studies. 

Several methods had been developed and validated for the quantification of TRP and its 

downstream derivatives in clinical samples. Typically, this includes the use of liquid 

chromatography (LC) and gas chromatography (GC) coupled with detection of 

ultraviolet/visible (UV/VIS) absorbance 15,16, fluorescence 15,17,18, electrochemical 19, and mass 

spectrometry (MS) detectors 20. (Quantification of TRP, KYN, and KYNA are routinely achieved 

via high performance liquid chromatography (HPLC) coupled with absorbance and 

fluorescence detectors. However, detection and quantification of endogenous KYNA in 

clinical samples may be problematic due to its low native fluorescence and concentrations in 

the low nanomolar range. A common method used to enhance KYNA fluorescence is chelation 

with Zn2+ forming a fluorescent complex which absorbs and emits strongly at 344 nm and 398 

nm respectively. This is usually achieved via post-column addition of zinc acetate (ZnAc). 

However, when post-column derivatisation is not possible due to limitations of available 

instrumentation, addition of ZnAc directly to the mobile phase has also been reported 5. 

Although liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) is 

becoming increasingly popular for concurrent quantification of KP metabolites, like other MS 

methods, require additional processing. Sample preparation and purification steps such as 

solid phase extraction are often required to reduce noise from sample matrix. In addition, 

labelled internal standards increase the cost per sample. Exaggerated overhead costs for on-
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going maintenance and prior knowledge for technical troubleshooting on the mass 

spectrometer limits its wide spread use. There are now HPLC systems that can withstand 

higher back pressure and higher sensitivity detectors (due to narrower flow path), and the 

use of sub two micron columns with greater resolution is increasingly popular. This means 

that we can enjoy the advantages of a mass spectrometry application, i.e. using less sample 

material and achieving similar sensitivity; without the limitation of a costly, and technical 

mass spectrometer. This allows the multiplexing of analyses, reducing sample volume and 

costs. This proposes the ultra HPLC (uHPLC) system as an economical choice, that provides 

sufficient detection sensitivity of KP metabolites in clinical samples. 

Despite several methods using LC systems to separate QUIN, based on our experience, we 

find that using GC systems produce the best result in QUIN separation and quantification 

when considering for establishment of a routine application.  

This study describes established, simple and sensitive methods used to quantify KYN and TRP 

via UHPLC, KYNA by HPLC, and picolinic acid (PIC) and QUIN via GC/MS in plasma and serum 

samples. Users should take note that method described herein are based on the specified 

analytical systems and columns. Some variation in signal intensity, analyte retention time and 

detection limits are expected between systems, and some in-house optimization may be 

required.  
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Protocol  

1. Sample preparation  

Note: All reagents used were of analytical grade and purchased from Sigma Aldrich (MO, USA) 

unless otherwise specified.  

1.1  Deproteinise plasma and serum samples with the addition of equal volumes of 10% w/v 

trichloroacetic acid (TCA).  

1.2 Centrifuge samples at 12,000 rpm, 4°C for 15 min.  

1.3 Collect and filter the supernatants through 0.45 μm PTFE syringe filters (Merck-Millipore, 

CA, USA). Samples may be analysed immediately or stored at -20°C for up to 1 week prior 

to analysis.  

  

2.  TRP and KYN quantification via uHPLC 

Note: The instrument used is an Agilent 1290 Ultra-high performance liquid chromatography 

system equipped with G4220A Binary pump, G1330B temperature-controlled auto-sampler, 

a G4212A diode-array detector, and a G1321B xenon flash lamp fluorescence detector. 

 

2.1 Preparation of external standards. 

2.1.1 Prepare 10 mM KYN and TRP stock standards in ultrapure water. Standards may be 

stored in aliquots at -20°C prior to use. 

2.1.2 From stock standards prepare 6 working standards containing both TRP and KYN for 

the co-current quantification of TRP (50 to 0 µM) and KYN (10 to 0 µM), or to your 

working range. 
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2.2 Preparation of UHPLC mobile phase. 

2.2.1 Prepare 1 L of mobile phase containing 0.1 M sodium acetate, pH 4.65.   

2.2.2 Degas the buffer by filtering the mobile phase through a 0.2 μm PTFE membrane 

(Millipore).  

 

2.3 Establish the UHPLC chromatography and analysis method. 

2.3.1 A reverse phase C18 column (ZORBAX Rapid Resolution High Definition C18 reversed 

phase 2.1 x 150 mm column with pore size of 1.8 μm (Agilent Technologies, CA, USA)) 

was used for compound separation at 38°C. The mobile phase is as described above 

in section 2.2 and column equilibrated in mobile phase to a volume greater than 20 

column void volumes prior to use. The isocratic mobile phase is run at 0.75 mL/min 

for 12 min/sample. System pressure after equilibration is approximately 800-900 

mbar. Injection volume was set to 20 µL and autosampler tray set at 4°C to prevent 

sample degradation.  

2.3.2 UV and Fluorescence detectors were equilibrated for at least 30 min prior to use. The 

UV detector was set to measure absorbance at 365 nm (reference signal off) for the 

detection of KYN. The FLD was set to excitation: 280 nm, emission: 438 nm, PMT: 11  

Note: depending on your signal-to-noise ratio, set the gain accordingly. These settings 

may vary slightly for different detectors. In-house optimization may be required. 

2.3.3 Set up the sample run sequence and run the sequence. Re-run a standard and blank 

every 20-30 samples to assess shifts in retention time, background and sample carry 

over. 
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3. Kynurenic acid (KA) quantification using HPLC 

Note: The instrument used is an Agilent 1260 high performance liquid chromatography 

system equipped with G4220A Quaternary pump, G1330B temperature-controlled auto-

sampler, and a G1321B xenon flash lamp fluorescence detector. 

3.1 Preparation of external standards. 

3.1.1 Prepare 10 mM KYNA in ultra-pure water. If compound solubility is an issue, add the 

stoichiometrically equivalent amount of 40% w/v sodium hydroxide. Standards may 

then be aliquoted and stored at -80°C prior to use. 

3.1.2 From the stock standard prepare 6 working standards for KYNA with concentrations 

ranging from 100-0 nM, or to your working range. 

 

3.2 Preparation of HPLC mobile phase 

3.2.1 Prepare 1 L mobile phase containing 50 nM sodium acetate, 50 nM zinc acetate in 5% 

v/v HPLC grade acetonitrile, final pH 5.2.  

3.2.2 Filter and degas the buffer by passing through a 0.2 μm PTFE membrane (Millipore). 

 

3.3 Establish the HPLC chromatography and analysis method. 

3.3.1 As with the UHPLC method a reverse phase C18 column (ZORBAX XDB C18 reversed 

phase 4.6 x 100 mm column with pore size of 3.5μm (Agilent Technologies, CA, USA)) 

was used for compound separation at 38°C. The mobile phase is as described above 

in section 3.2 and column allowed to equilibrate for a volume of more than 20 column 

void volumes. The isocratic mobile phase is run at 1.00 mL/min for 10 mins. System 
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pressure after equilibration is approximately 300 mbar. Injection volume was set at 10 

µL and autosampler tray is kept at 4°C to prevent sample degradation. 

3.3.2 The FLD is set to excitation: 344 nm and emssion: 388 nm. Set PMT gain set to 16. 

Note: depending on your signal-to-noise ratio, set the gain accordingly. These settings 

may vary slightly in different detectors. In-house optimization will be required. 

3.3.3 Set up the sample run sequence and run the sequence. Every 20-30 samples re-run 1 

of the working standards and a blank sample to assess shifts in retention time, 

background and sample carry over. 

 

4. QUIN and PIC acid quantification using GCMS 

Note: These analyses were performed using an Agilent 7890 gas chromatograph coupled with 

an Agilent 5975 mass spectrometer as previously described with some modification 

(Guillemin et al., 2007).  

4.1 Preparation of external standards for standard curve. 

4.1.1 Prepare working standards of QUIN and PIC. Sonication may be required to dissolve 

completely in solution. Standards may then be aliquoted and stored at -80°C prior to 

use. 

4.1.2 Make a 250µM of combined QUIN and PIC to be used as working standards and 

prepare 6 standards ranging from 0 to 200 (e.g. 0, 10, 20, 50, 100 and 200 nM) in glass 

tube (13*100mm), or to your working range. 

 

4.2 Preparation of internal standards. 
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4.2.1 Dissolve deuterated internal standards in deuterated water to make stock of 1 mM for 

QUIN and PIC. Aliquot and store standards at -20°C. 

4.2.2 Add equal amount of combined deuterated PIC and QUIN into every tube including 

working standards and samples (note: do not confuse working standards, i.e. non-

deuterated, with internal standards). 

 

4.3 Drying of standards and samples. 

4.3.1 Once the standards and samples (usually 50-100µL of deproteinized extract 

depending on the detection limit of your sample matrix) are added to the glass tube 

containing internal standards, dry the tubes in a SpeedVac Concentrator (Savant 

SC250EXP, Thermo Fisher)  

4.3.2 Set the SpeedVac Concentrator for 1 hour run accounting for the vacuum to kick in 

and reach high vacuum pressure (preset settings high pressure). SpeedVac 

refrigerated vapour trap (Savant RVT 5105, Thermo Fisher) must be pre-cooled to full 

capacity for at least 2 hours.  

 

4.4 GCMS pre-check and maintenance 

It is good practise to do some quick maintenance check before each run. Ensure liner, inlet 

septa, and sample needle are in good working condition. Change as required. Run auto-tune 

of the MS to ensure optimal settings for detection. 

 

4.5 Derivatization of PIC and QUIN. 
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4.5.1 After the drying step is completed, add 60µL of trifluoroacetic anhydride (TFAA) and 

60µL of 1,1,1,3,3,3-hexafluoroisopropanol (HFP) into each tube and cap tight.  

4.5.2 Heat the capped tubes for an hour on a preheated heating block at 60oC to allow 

derivatization of PIC and QUIN into stable fluorinated esters. 

4.5.3 After heating, remove from heat block and allow the tubes to cool to room 

temperature for 10-15min. 

 

4.6 Toluene extract and clean up TFAA and HFP. 

4.6.1 Remove cap and add 100 µL of toluene to extract the fluorinated esters.  

4.6.2 Add 500µL of 5% w/v sodium bicarbonate to the toluene extract. This will two phases 

where the top layer consists of the toluene extract (toluene phase) and the bottom 

layer is sodium bicarbonate (aqueous phase). Shake the tube gently (the mixture will 

start to bubble). 

4.6.3 Once the bubbling process ceases, use a glass pipette to remove the entire mixture, 

allowing the bilayer to settle inside the glass pipette. Dispose the aqueous phase while 

retaining the toluene phase, and place back into the original glass tube. 

4.6.4 Add 1mL of ultrapure water into the glass tube to clean the toluene phase by shaking 

gently. Allow the mixture to settle. Remove the toluene phase and pass through an 

improvised filter (see Figure 1 for details) containing sodium sulphate to remove any 

excess aqueous solution before collecting into a glass vial suitable for the GCMS.   

4.7 GCMS setup and analysis 

4.7.1 A DB-5MS, 0.25 µm film thickness, 0.25mm x 30m GC capillary column (Agilent 

Technologies, CA, USA) is installed in the oven maintained at 75°C, and 290°C during 

run. 
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4.7.2 Sample injection is achieved using splitless mode with 1 µL injection volume of the 

toluene extract.  

4.7.3 The mass spec is set up with the following conditions:   

Negative chemical ionization (NCI) mode, ramp 25°C/min, 2 min hold time, to 290°C, 

5 min hold time. Runtime of 15.6 min with solvent delay of 3 minutes to preserve 

filament life. Selected ions (m/z 273 for PIC, m/z 277 for d4-PIC, m/z 467 for QUIN and 

m/z 470 for d3-QUIN) were simultaneously monitored. 

 

 

  



 Chapter 1: Kynurenine Pathway and ALS 

47 
 

5. Representative Results 

The accuracy of the metabolite data is highly dependent on the UHPLC, HPLC and GC/MS 

instrument performance. The use of control charts assessing changes in the instrument 

performance over time is recommended. Representative chromatograms from the analysis 

of TRP and KYN standards are shown in Figure 2 A and B respectively while Figure 2 C and D 

highlight TRP and KYN from a representative plasma sample showing good resolution from 

surrounding peaks. A representative standard curve for each metabolite is shown in Figure 3 

A and B.  

Similarly, a representative KYNA standard chromatogram, sample chromatogram and 

standard curve are shown in Figure 4 A-C, respectively.  

uHPLC Intra- and inter-assay coefficients of variation (CV) values were calculated by standards 

incorporated in the sequence run, and met a 5-8% acceptability criterion. 

Finally, typical chromatograms and standard curves for PIC, QUIN and d4-PIC and d3-QUIN 

are shown in Figure 5 A-J, respectively.  

GCMS intra- and inter-assay coefficients of variation (CV) values were calculated by standards 

incorporated in the sequence run, and met a 7-10% acceptability criterion. 
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Discussion 

The use of HPLC separation has been routinely used, and method development has been well 

established based on sample characteristics such as UV spectra, pKa values, chemical 

structures, and molecular weights (Snyder 2012); and its interactions with the column, and 

mobile liquid phase. Here, we describe the development/use of HPLC, and GC/MS in 

analysing five KP metabolites, TRP, KYN, KYNA, PIC, and QUIN. These methods include the 

multiplexing of metabolite analysis with good separation, recovery, and reproducibility with 

intra- and inter- assay %CV of 7-10%.  

There are several critical steps in the protocol that must be adhered to ensure reproducible 

data, and minimize batch-to-batch variation. These steps include (1) preparation of stock 

standards at high concentration (10mM) in small aliquots to minimize freeze-thaw cycles. For 

consistency and cost-effectiveness, two freeze-thaw cycles are acceptable, and standards are 

stable in storage at -20oC for up to 3 months as reported by several other labs 18,21–23. Data 

from standards of previous runs should be kept for comparison purposes during significant 

differences in read out values, which indicate that standards have degraded; (2) Buffer that 

has not entered the machine can be retained, and re-filtered before use. We find that re-filter 

buffers tend to give more consistent retention times in comparison to the previous runs; (3) 

TFAA and HFP are highly volatile, and thus prone to inaccurate pipetting volumes. Filtered tips 

should be used to protect the pipette, and air in the tip should always be saturated by 

pipetting with the solution several times before actual pipetting of the liquid into your 

samples. Tips should always be pre-saturated in this manner each time they are changed; (4) 

a sodium sulphate filter is made in-house by using a pipette tip plugged with silane treated 
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wool, then filled with sodium sulphate. This ensures that there is no water remaining in the 

toluene. Water present in toluene injected will affect the chromatogram. 

Based on our past experiences, there are several troubleshooting issues that should be taken 

note of by the user when running these methods routinely, and are summarized in Table 1. 

It was commonly observed in our run that the zinc acetate in the buffer can precipitate 

causing increase in the pump pressure during each run which can limit the run and hence the 

need to use gradient elution to minimize the zinc acetate in the system 5. We found that 

maintaining the pH at 5.2 kept zinc acetate soluble in the buffer, and does not precipitate 

even after extensive runs of over 72 hours. 

Here, we present a reliable method that can be used to routinely measure five KP metabolites, 

namely, TRP, KYN, KA, PA, and QUIN in serum samples. We have recently extended this 

application to other biological fluid in CSF 4 and also cell culture media 24. We have also 

expanded this method to include other KP metabolites such as 3HK and 3HAA, however only 

achieve a LOD of 20nM. The development of this method for quantification of KP in urinary 

samples confer great potential for KP metabolomics in biomarker discovery.  
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Figure 1: In-house sodium sulphate filter. P20 pipette tip plugged with silane treated glass wool, then filled with sodium sulphate.  
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Figure 2: Representative chromatograms for TRP (A) 2 µM TRP chromatogram, excitation: 285 nm and emission: 365 nm with retention time at 

7.20 min; (B) 1 µM KYN chromatogram, absorbance 365 nm and retention time at 3.00 min; (C) Plasma sample chromatogram, excitation: 285 

nm emission: 365 nm and the TRP retention time at 7.21 min; (D) Plasma sample chromatogram, absorbance 365 nm and KYN retention time at 

3.10 min.  

 

A B 

C D 
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Figure 3: Representative chromatograms for KYN (A) Standard curve for KYN with a 20 µL injection; (B) Standard curve for TRP, 20 µL 

injection.  
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Figure 4: Representative chromatograms for KYNA (A) 25 

nM KYNA chromatogram, Ex: 344 Em: 388 nm and retention 

time at 4.35 min; 

(B) Plasma sample chromatogram, Ex: 344 nm Em: 388 nm 

with KYNA retention time at 4.23 min; 

(C) Standard curve for KYNA, 10 µL injection, PMT gain: 

14. 

A B 

C 
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Figure 5: Representative chromatograms for PIC and QUIN (A) 0.05 µg/µL PIC chromatogram. m/z 273. Retention time 4.593 min; (B) d4-PIC 

chromatogram. m/z 277, Retention time 4.593 min; (C) 0.05 µg/µL QUIN chromatogram. m/ 467 Retention time 5.727 min; (D) d3-QUIN 

chromatogram, m/z 470 Retention time 5.723 min; (E) Plasma sample chromatogram. m/z 273, PIC retention time 4.596 min; (F) d4-PIC internal 

standard spiked into plasma sample. m/z 277, retention time 4.593 min; (G) Plasma sample chromatogram. m/z 467, QUIN retention time 5.719 
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min; (H) d3-QUIN internal standard spiked into plasma sample. m/z 470, retention time 5.716 min; (I) Standard curve for PIC; (J) Standard curve 

for QUIN. 
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Problem Cause Action Comments 

Double shouldered peaks, or 

broadening peaks 

Column collapse due to long 

exposure to highly aqueous 

buffers 

Replacement with a new column Column regeneration is often 
ineffective 

Gradual increase in pump 

pressure 

Blocked column Use in-line filter and guard 

column.  Regular monitoring of 

buffer pH, especially during 

reuse of left-over buffer,  

Important in high salt buffers 
such as Zinc Acetate, which are 
prone to precipitation. Regular 
monitoring of pump pressure is 
crucial. 

Difficulty in extracting toluene 

phase effectively from aqueous 

phase 

Inexperience, and different 

technique when working with 

small volume derivatisation. 

Draw up mixture completely into 

glass pasture pipette, and 

eliminate aqueous phase after 

separation in pipette 

Fine control of rubber dropper 
required 

Table 1: Troubleshooting symptoms and methods to resolve  
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1.5  Original Research Article: The Kynurenine Pathway as a 

Biomarker for ALS Progression 

 

 

2017 JOURNAL OF NEUROINFLAMMATION: THE KYNURENINE PATHWAY AS A BIOMARKER FOR ALS 

PROGRESSION (UNDER REVISION) 

Vanessa X. Tan, Alain Duhamel, Chai K. Lim, Laura Bourbon, Maeva Khyeng, Vincent 

Meninger, Lucette Lacomblez, Pierre-Francois Pradat, Gilles J Guillemin 

 

 

This paper has been prepared for submission to the Journal of Neuroinflammation.  

VXT, MK, LB, AD, CKL, contributed to statistical analyses. GG, CKL, VXT assisted with 

experimental design. VM, LL, PFP collected samples and clinical information. VXT wrote the 

manuscript. All other work is my own.  
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Abbreviations 

3HAA 3-hydroxyanthranilic acid 

3HK 3-hydroxykynurenine 

AA Anthranilic Acid 

AHR aryl-hydrocarbon receptor 

ALS Amyotrophic Lateral Sclerosis 

ALSFRS ALS Functional Rating Scale 

BBB Blood Brain Barrier 

BH4 Tetrahydrobiopterin 

CNS Central Nervous System 

CSF Cerebrospinal Fluid 

DNA Deoxyribonucleic Acid 

FUS Fused in Sarcoma 

GC/MS Gas Chromatography / Mass Spectrometry 

HFP 1,1,1,3,3,3-hexafluoroisopropanol  

HPLC High Performance Liquid Chromatography 

IDO Indoleamine 2, 3-Dioxygenase 

KMO Kynurenine monoxygenase 

KP Kynurenine Pathway 

KT Kynurenine/Tryptophan (ratio) 

KYN Kynurenine 

KYNA Kynurenic Acid 

MMT Manual Muscle Testing 

MND Motor Neuron Disease 

NAD Nicotinamide Adenine Dinucleotide 

NEO Neopterin 

PA Picolinic Acid 

QLD Quinaldic Acid 

QUIN Quinolinic Acid 

SVC Slow Vital Capacity 

TDP-43 Transactive response DNA binding protein-43 

TFA Trifluoroacetic anhydride 

TRP Tryptophan 
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UHPLC Ultra High Performance Liquid Chromatography 
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Abstract  

The diagnosis of amyotrophic lateral sclerosis (ALS) takes on average 13-18 months, and there are no 

indicators of clinical progression, nor biomarkers to track progression of disease. We conduct a pilot 

study to investigate the longitudinal Kynurenine Pathway (KP) profile, and neopterin in a subset of 

ALS patients in a clinical trial to determine if the KP is a suitable candidate as an objective biomarker 

or prognostic indicator of ALS. The KP is activated by inflammation, and has been shown to be 

dysregulated in ALS. We show that together with clinical outcomes, ALS Functional Rating Scale 

(ALSFRS) and Manual Muscle Testing (MMT), KP metabolite 3hydroxyanthranilic acid is increased 

over time (-1.20, -3.74, and -0.46 units over time). Tryptophan and Kynurenine are both positively 

associated with ALSFRS; and Kynurenic Acid and Quinaldic Acid are associated with MMT, indicating 

that they are good candidates as biomarkers for ALS. Lastly, we show that neopterin is a significant 

prognostic marker for disease progression, with an increased neopterin level being associated with 

slower disease progression. These findings suggest that the KP may be a useful marker of disease 

progression and prognosis in ALS, and that further research to integrate the KP with other known 

biomarkers, and larger datasets may produce a clinically relevant and specific biomarker for ALS. 

 

Keywords:  

Kynurenine, tryptophan, biomarker, metabolomics, ALS, longitudinal, prognosis 

  



 Chapter 1: Kynurenine Pathway and ALS 
 

65 
 

Introduction 

Amyotrophic Lateral Sclerosis (ALS) is the main form of Motor Neuron Disease (MND) in adults, 

associated with progressive motor deficits such as muscular fasciculation, weak limbs and slurred 

speech, resulting in paralysis and death [1]. Even though ALS was described almost 150 years ago, the 

aetiology of the disease is still poorly understood. The hereditary forms of ALS account for only 10% 

of ALS cases, but are clinically indistinguishable from the sporadic forms. Some patients progress 

rapidly, succumbing to the disease in 2-3 years, while others survive more than 5 years and sometimes 

for few decades [2]. There is no treatment or cure for ALS. ALS affects 1 in 11000 Australians. In 2015, 

752 Australians died from MND, and the estimated cost of MND to the Australian economy is AUD 

430.9 million including health care, productivity, care, financial, and deadweight costs. Deloitte Access 

Economics [3] estimate the individual cost of MND to be AUD 1.13 million per person, significantly 

greater than diseases such as stroke and chronic kidney disease.  

Patients often see multiple specialists before being correctly diagnosed, and the average time from 

onset of symptoms to an official diagnosis is 18 months [4–6], a very long time for a disease with a 

prognosis of death within 3 years from onset [7]. The absence of valid biochemical markers hampers 

the diagnosis and/or prognosis of ALS. Biomarkers would also allow 1) an affirmative prognosis (fast 

versus slow progressors) after diagnosis; 2) differentiate between subtypes of MND; 3) assess 

response to potential treatments (clinical trials), and 4) better  manage supportive interventions such 

as the effective use of non-invasive ventilation or management of cognitive changes (Ganesalingam & 

Bowser, 2010; Otto et al., 2012; Turner, Bowser, et al., 2013; Hu, Loo, & Wong, 2006).  

Neuroinflammation is a hallmark of ALS [11], and the Kynurenine Pathway (KP) metabolites (Fig. 1), 

and neopterin (NEO) (a TRP catabolite), are considered markers of activation of the immune system 

[12–14]. The KP is the main pathway catabolising the essential amino acid tryptophan (TRP). The KP is 

activated during neuroinflammatory conditions, and the metabolites generated can be either 1) 

neurotoxic such as quinolinic acid (QUIN), 3-hydroxykynurenine (3HK); 2) neuroprotective such as 

kynurenic acid (KYNA), picolinic acid (PA), quinaldic acid (QLD);  3) have dual neuroactive properties 

such as 3-Hydroxyanthranilinc acid (HAA), which is toxic at higher concentrations, and protective at 

lower concentrations; or 4) potent immunomodulatory properties, especially kynurenine (KYN) [15–

19].  

The involvement of the KP in ALS has been described, finding significant changes in the KP between 

patient and control subjects [27–30], and the overlap in the neurotoxic effects of QUIN and the 

neuropathology of ALS [15]. Dysregulation of the KP and NEO are known to be associated with several 

other neurological diseases such as autism [20], multiple sclerosis [21,22], Parkinson’s disease [23,24] 
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and Alzheimer’s [25], among others [26]. These studies support the role of neuroinflammation in 

neurodegenerative diseases, and the use of KP metabolites as a potential panel of biomarkers. 

Highly sensitive gas and liquid chromatography methods have allowed us to perform multiplex KP 

metabolomic quantitation assays, with low sample volumes. It should be highlighted that the KP is a 

“generic” marker for inflammation, and is not disease specific. However, the KP metabolomic profile 

provides an important insight into molecular mechanisms contributing to disease aetiology and 

progression [31–33]. We hypothesize that the KP metabolome, and neopterin could be used for the 

prognosis and/or monitoring of progression of ALS. In this study, we conducted a pilot study on serum 

from a retrospective longitudinal cohort of ALS patients and controls to assess the KP metabolome as 

a potential biomarker for disease progression, and prognosis.  

Methods 

Subjects 

Subjects used in this pilot study were a cohort of 66 patients from GH Pitié-Salpêtrière in a double-

blind, randomized, placebo-controlled, multicentre trial (clinicaltrials.gov, number NCT 00868166) 

conducted according to the European Guidelines for Good Clinical Practice. Results from this trial 

have been published in [34]. Patients enrolled were aged 18-80 years with El Escorial definite or 

probably ALS of between 6 and 36 months’ duration treated with 50mg riluzole twice a day for at 

least 1 month and had a slow vital capacity (SVC) of 70% or more. Written consent was given and 

study was approved by all relevant ethics committees and national regulatory authorities (CPP IDF IV 

– GH Pitié-Salpêtrière). Macquarie University Human Research Ethics Committee approved research 

(5201600401). Clinical samples and data were collected 6 monthly for 18 months. Current study was 

conducted using only samples from GH Pitié-Salpêtrière, from patients who were on either placebo 

or control.  

TRP catabolite and KP metabolite Profiling 

Reagents. Analytical grade acetonitrile, methanol, sodium acetate, toluene, trichloro acetic acid (TCA), 

trifluoracetic anhydride (TFAA), 1,1,1,3,3,3-hexafluoroisopropanol (HFP), sodium bicarbonate, 

sodium sulphate, metabolite standards (Tryptophan, TRP; Kynurenine, KYN; Kynurenic Acid, KYNA; 3-

hydroxykynurenine, 3HK; 3hydroxy-anthranilic acid, 3HAA; anthranilic acid, AA; picolinic acid, PA; 

quinolinic acid, QUIN; quinaldic acid, QLD; and NEO, NEO) suitable for UHPLC and GC/MS were 

purchased from Sigma-Aldrich (USA), unless otherwise stated. Deuterated internal standards for PA, 

QLD, and QUIN (2H4-PA,2H6-QLD, and 2H3-QUIN) were purchased from Medical Isotopes, Inc (USA).  
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Sample Preparation. Protocol was carried out in accordance to previously described methods [22]. 

Briefly, serum samples were thawed on ice and mixed thoroughly with a vortex. Samples were 

deproteinized using 10% TCA (w/v) to an equal volume of serum. The samples were vortexed briefly 

before centrifugation at 12,000 rpm at 4oC for 10min. Supernatant was collected and filtered through 

a 0.22μm syringe filter (Merck-Millipore, USA) and then transferred into a glass vial for analysis in the 

uHPLC.  

For GC/MS, 50μL of the filtered samples were transferred into a fresh Pyrex glass tube (Sigma-Aldrich, 

USA) containing deuterated internal standards for both PIC, QUIN, and QLD. Mixtures were then dried 

under vacuum using Savant SpeedVac (Thermo Fisher, USA). The dried samples were reconstituted 

with 60 μL each of TFAA and HFP for derivatization at 45oC for 40 mins. The esterified samples were 

dissolved in 130μL toluene, washed with 5% (w/v) sodium bicarbonate, and then ultrapure water. 

Samples were passed through a filter with a silane-treated glass wool plug (Grace, USA) filled with 

sodium sulphate to remove contaminants and/or water, and collected into a pulled point glass vial for 

GC/MS analysis.  

GC/MS Analysis. Analysis was carried out as described by Smythe et al (2003) with slight modifications 

using an Agilent 7890A GC system coupled with Agilent 5975C mass spectrometry detector and Agilent 

7693A autosampler (Agilent Technologies, USA). 1μL of sample is injected and chromatographic 

separation occurs under helium (BOC, AUS), and methane (Air Liquide, AUS) as reagent gas. A negative 

chemical ionisation detector detected selected m/z ratio (273, 277; 329, 323; 467 and 470) to identify 

PA, QLD, QUIN, and their corresponding deuterated internal standards. Agilent GC/MSD ChemStation 

software was used to read data, and concentrations extrapolated from standard curves against 

deuterated internal standards.  

uHPLC Analysis. TRP, KYN, AA, 3HK, 3HAA, NEO, and KYNA were analysed as previously described [22]. 

Briefly, TRP, KYN, AA, 3HA, 3HAA, and NEO were simultaneously detected on the Agilent uHPLC 1290 

Infinity series on an isocratic ammonium acetate mobile phase. KYNA was detected on an Agilent 1200 

Infinity series with mobile phase of sodium and zinc acetate. Agilent OpenLAB CDS ChemStation was 

used to analyse chromatograms and concentrations extrapolated from standard curves. 

Statistics 

Data was tested for normality, and log transformations conducted where required (S1). Age, gender, 

location of disease onset, and treatment were assessed for effects on KP at baseline.  

Quantitative variables are expressed as mean (standard deviation) in the case of normal distribution 

or median (interquartile range) otherwise. Categorical variables are expressed as number 

(percentage). Normality of distributions was assessed using histograms and Shapiro-Wilk test.  
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Baseline values for Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS) and KP metabolites 

were described in each treatment group (Olesoxyme and Placebo) and absolute standardized 

differences were calculated to evaluate baseline imbalance [36].  

The evolution of each metabolite over time was analysed using a linear mixed model with a fixed time 

effect and we included a random intercept and a random slope for time effect.  

We investigated the association between the baseline values of each metabolite and the ALSFRS, FVC 

and the Manual Muscle Testing (MMT) progression respectively, with linear mixed models. In these 

models, we considered the time, the metabolite and their interactions with time as fixed effect. As in 

the previous analysis, the random effects were the intercept and the slope for time.  

The association between each metabolite and the ALSFRS at any time was investigated using a linear 

mixed model with the repeated measures of ALSFRS as independent variable and the time and the 

repeated measures of the metabolite as fixed dependent variables. In this model, we also 

incorporated a random intercept and a random slope for time effect. The same model was used to 

analyse the association between the metabolites and the MMT. 

All the statistical analyses were adjusted for treatment group and disease duration. The statistical tests 

were performed at the 2-tailed α level of 0.05 and the data were analysed using SAS version 9.4 [SAS 

Institute Inc., Cary, NC 27513, USA].   



 Chapter 1: Kynurenine Pathway and ALS 
 

69 
 

Results 

Descriptive statistics 

This study was conducted on serum samples obtained from GH Pitié-Salpêtrière, a subset of the larger 

clinical trial study [34]. In this study, 66 patients were included with KP metabolomics information. 

68% of this population was female, and 50% took placebo. At baseline, age at weakness onset was 

56±10.3, ALSFRs score was 37.3±4.6, and FVC was 2.9±1.0. The age of population at baseline was 

59.2±10.4. Overall, the two treatment groups are well balanced regarding most of the baseline KP 

metabolites values (Table 1), with an absolute standardized difference greater than 30% for PA, KYNA, 

and ratio KYNA/QUIN.  

Factor changes across time 

As expected, we observe a significant decrease in ALSFRS and MMT, with a mean of decreasing 

estimated at -1.20 ±0.23 point per month for ALSFRS (p<0.0001) and -3.74±0.96 points per month for 

MMT (p=0.0007) (Table 2), characterizing the change in clinical outcomes as disease progresses. 

Interestingly, the KP metabolite HAA decreases significantly over time (-0.46±0.18) unit per month, 

p=0.033).  

KP Metabolites as prognostic markers for disease progression 

The KP metabolites values measured at baseline are not associated with a modification of the decline 

of ALSFR score (Table 3; p>0.05) except the HAA/AA ratio (p=0.031).). The results are similar for MMT 

except for NEO, which is associated to a lower decline of MMT. An increase of one unit of NEO at 

baseline results in an increasing in the slope of MMT per month of 0.12±0.05 (Table 4; p=0.023).  None 

of KP metabolites except HAA/AA ratio is significantly associated to overall survival (Table 5). HAA/AA 

ratio is a protective factor of survival (HR=0.48 [0.29 ; 0.81], p=0.006). The p value of TRYP is near to 

significant level (p=0.051) and that means that an increase in TRP value could be a protective factor 

of survival. 

KP Metabolites as a marker for progression of ALS 

The results concerning the associations between the KP metabolites and ALSFRS at any time are 

presented in Table 6. During the follow up, an increase at a given time in KYN and/or TRP values 

results in a greater value of the ALSFRS score (+2.29±1.01 per unit of KYN, p=0.027 and +0.07±0.03 

per unit of TRP, p=0.022). For the MMT (Table 7), an increase in KYNA is favourable (+0.07±0.02 per 

unit of KYNA, p=0.009) while an increase in QLD is unfavourable (-6.57±2.20 per unit of QLD, 

p=0.006). 
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Discussion 

 

This study describes the quantification of 10 KP metabolites and a TRP catabolite, neopterin, in the 

serum of 66 ALS patients from a comprehensive and retrospective longitudinal study. The data 

presented in this paper show that out of the 10 KP metabolites, significant correlations were 

observed in 1) HAA with time; 2) HAA/AA ratio as a predictor of better prognosis through decreased 

ALSFRS progression, and is protective from death; 3) NEO indicates better prognosis through 

decreased MMT progression; 3) TRP and KYN with as a biomarker for ALSFRS scores; and 4) QLD and 

KYNA as a biomarker for MMT. These key findings have been collated into Table 8. The range of 

concentrations of some of the KP metabolites quantified are in accordance with those from previous 

studies [27,28]. We discuss the possible contributions of the KP metabolites and NEO in ALS based 

on these changes.  

The KP is involved in many neurodegenerative diseases and psychiatric disorders including 

Huntington’s, Parkinson’s, Alzheimer’s, and multiple sclerosis [22,24,37–40], but also in brain 

cancers [41,42]. We and others have demonstrated the KP is also significantly dysregulated in ALS. 

Ilzecka et al. [28] reported an increase in the neuroprotective KP metabolite KYNA in CSF of ALS 

patients, but lower in serum. Chen et al (2010) demonstrated that in CSF, the K/T ratio indicating 

inflammation, and the neurotoxin QUIN is increased in ALS patients as compared to controls. We 

recently demonstrated that KP metabolites can be used as a biomarker for the prognosis of MS 

subtypes [22]. With strength of this expertise, we have applied a similar approach for ALS.  

Descriptive statistics confirmed normality of data, and transformations performed where required. 

We confirmed that age, gender, location of disease onset, and treatment did not influence KP at 

baseline. Further, the standardized differences of the KP metabolites and clinical measures at 

baseline, revealed that there were no significant differences in the factors assessed (KP metabolites 

and clinical outcomes), between the treatment (Olesoxyme) and placebo groups (Table 1) except in 

PA, KYNA, and their associated ratios. Change in PA between treatment and placebo groups is 

mostly due to the small concentrations of PA. No significant changes were expected as the 

treatment was concluded to not have an effect on ALS patients treated with riluzole [34]. 

A linear mixed model with a fixed time effect observed the evolution of factors including KP 

metabolites and clinical outcomes in ALS patients over time (Table 2). Although the model showed 

an expected significant decrease in both ALSFRS (-1.20 ±0.23 points per month) and MMT (-

3.74±0.96 points per month) over time, this is not observed in SVC. SVC is expected, and known to 
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progressively decrease [43,44]. Pulmonary function is an important predictor for survival in ALS, 

death of ALS patents is largely attributed to respiratory failure [45–47]. This can be explained by the 

variance in measurements such as SVC and FVC, and the use of non-invasive ventilation may be a 

confounding factor [48–51]. This lack of change in SVC over time may be due to the inclusion criteria 

for SVC ≥ 70%, which may unintentionally select for patients who have better pulmonary function.  

More interestingly, the linear mixed model also revealed that HAA is changed through time in a 

negative relationship (-0.46±0.18) (Table 3). Within the CNS, HAA displays a Janus face, depending 

on its concentration.  At high concentrations (pathological range of greater than 100µM) HAA can 

generate reactive oxygen species [52–55], but antioxidant properties have also been determined 

[17,56–61]. Interestingly, superoxide dismutase (SOD), of which SOD1 is dysregulated in ALS, 

increases the auto-oxidative properties of HAA, augmenting conversion of TRP to KYN [62,63]. The 

decrease in HAA may be explained by an increase in the activity of enzyme 3hydroxyanthranilic 

oxygenase, which results in the production of neurotoxic QUIN [64], followed by the synthesis of 

NAD+ [65]. Finally, HAA has an immunosuppressive role, inhibiting T cell function [66–69], which 

may regulate chronic inflammation in ALS.  

HAA, in a ratio with its upstream metabolite, AA, predicts survival, and a decreased rate of ALSFRS 

progression.  

In measuring the KP and ALSFRS as a function of time, the mixed model showed positive associations 

of ALSFRS with KYN and TRP (Table 6). This is a significant discovery, as they are two of the key, and 

stable molecules in the KP [26,70]. A previous study from our group on a different cohort of ALS 

patients also found concordant results, observing significant increases in both TRP and KYN in 

comparison to control patients [27].  The association between TRP and KYN with ALSFRS over time 

indicates that they have strong potentials to be used as biomarkers for ALS. TRP was also close 

borderline significant in predicting survival (Table 9). 

The increase in serum TRP may be a result of the homeostasis response to the activation of IDO1, 

which has been demonstrated during neuroinflammation, and in spinal cords of ALS [27], reducing 

the amount of TRP available in the in the central nervous system (CNS). This may trigger the 

dissociation of TRP from albumin, to allow transport of TRP across the BBB in response to an 

increase in IDO activity.  

KYN is increased in Alzheimer’s disease and other neuroinflammatory diseases. The increase in KYN 

in ALS patients is likely to be associated with its neuroprotective properties that are increased over 

time, as it is a potent immunomodulator that can cross the blood brain barrier [64,71,72]. KYN has is 
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also an endogenous ligand for the human aryl-hydrocarbon receptor (AhR), which has a role 

responding to toxic compounds such as the ALS associated proteins transactive response DNA 

binding protein (TDP-43) and fused in sarcoma (FUS), AhR has DNA binding properties [72–74]. KYN 

is also a point of divergence in the KP, it can be converted into the neuroprotective KYNA; or the 

neurotoxic AA; and 3HK which is neurotoxic, and whose enzyme kynurenine monooxygenase (KMO) 

has the highest affinity for KYN [72].  

Similarly, the mixed model showed that QLD and KYNA are associated with MMT as a function of 

time (Table 6). Both QLD and KYNA have neuroprotective properties [18,75,76], thus it was 

surprising that QLD was inversely associated with MMT.  

KYNA is a potent regulator of the NMDA and AMPA receptors, and can attenuate excitotoxicity of 

QUIN [15,18,41,75,77–79]. However, KYNA is decreased in patients with MS, AD, PD, Huntington’s, 

chronic brain injury, and in ALS [18,28,30,80–86]. This is often accompanied by an increase of the 

neurotoxin QUIN. QUIN is a neurotoxin that has toxicity mechanisms closely associated with ALS, 

such as oxidative stress, protein and mitochondrial dysfunction [15]. Although QUIN was not shown 

to be negatively associated with MMT changes, we have previously demonstrated that QUIN is 

increased in serum and CSF of ALS patients as compared to controls [27], which may explain the 

increase in KYNA for its neuroprotective properties.  

The scientific literature about QLD is very limited. QLD is neuroprotective, lacking the ability to 

generate ROS due to the absence of a metal binding 8-hydroxyl group [87] and like KYN, is a ligand 

for AhR [72–74]. However its neuroprotective effects are inferior to KYNA and other KP metabolites 

[55,88]. Outside of the nervous system, quinaldic acid is implicated in diabetes, through the 

regulation of insulin release from islet of Langerhans cells [89]; and inhibition of bacterial growth 

[90,91]. Most significantly, Duleu et al reported an increase in circulating antibodies against QLD in 

the serum of ALS, PD, and MS, compared to healthy controls [92]. Since QLD is the main downstream 

metabolite derived from KYNA [93], but both are inversely correlated with MMT as a function of 

time, these results indicate that there may be a dysfunction in the conversion of KYNA to QLD, for 

which the enzymatic process is still unknown. 

To determine the prognostic capability of variables in predicting clinical outcomes, we use the 

variable values in mixed model with clinical outcomes as a dependent variable. NEO was the only 

TRP metabolite that showed an influence on prognosis (Tables 3 and 4). An increase in neopterin 

levels are associated with a lowered ALSFRS disease progression slope.  
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NEO is a small molecule that is produced by macrophages and monocytes [94], and has recently 

been shown to be produced by astrocytes [95]. It can cross the BBB, and levels in plasma/serum 

correlate with those found in the CSF, although at a different magnitude [12,96–99]. NEO is 

increased during neuroinflammation [95], which is one of the major hallmarks of ALS [2,11,100–

102].. ALS [103] and other neuroinflammatory diseases such as encephalitis, Huntington’s AD and 

PD, have been shown to have elevated concentrations of NEO [99,104–106]. The increase in NEO 

confirms the inflammatory status of ALS, and may be attributed to the role of NEO neuroprotection 

against oxidative stress due to mitochondrial dysfunction [95], a key pathology in ALS [1,8] 

An increase in NEO is expected to be accompanied by an increase in the K/T ratio, since they both 

are indicators of inflammation. Thus, a  lack of change in the KT ratio is perplexing, since both NEO 

and KP activation are associated with inflammatory mediators such as IFN-ƴ [14,107,108]. However, 

we previously observe similar results with a different ALS cohort [27]. Although both serum and CSF 

TRP and KYN were higher in ALS patients, increased IDO activity (as indicated by the K/T ratio) was 

present in only the CNS [27]. This indicates that IDO, and thus inflammation, is active in the CNS, 

while being likely mitigated in the periphery. 

Limitations of this study include the absence of control population for comparison. However, we 

have a large number of data on KP in controls and diseased states [30], and specifically in ALS and 

control populations [27,28]. Future studies would require the inclusion of other neurodegenerative 

disorders, inflammatory and non-inflammatory; as well as other MND-mimic disease, which may 

assist in providing a biochemical method for disease distinction and diagnosis. The second limitation, 

is the difference in duration from onset of disease to first collection of blood ranged from 7-36 

months (mean 19.5 months) considered in the analysis through adjustments. As such, we cannot 

currently comment on changes in the KP during the earlier stages of disease, particularly due to the 

delayed diagnosis of ALS, and recall biases that may affect date of symptom onset. Finally, we also 

acknowledge that analysis of the KP metabolome was performed with blood samples, and that 

changes in blood may not directly reflect changes in the CNS. The most relevant samples for ALS 

would be CSF, which is difficult to obtain and is regarded as semi-invasive, rendering collections of 

CSF much less viable, and less common in longitudinal samples [10,109].  

Further work needs to be done to characterize changes in TRP catabolites between the different 

clinical phenotypes of ALS subtypes that present with similar symptoms, but have different rates of 

disease progression [110]. The ability to differentiate these subtypes will be critical when drugs are 

target different subtypes or different symptoms, as in MS, can be better prescribed to patients for 

personalised treatment. Such biomarkers are also essential for assessing the efficacy of new drugs in 
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clinical trials, as not all drugs may have the same effect on all subtypes of patients. A single 

biomarker is often insufficient to meet stringent criteria as biomarkers, and the use of combination 

of biomarkers is likely to enhance sensitivity and specificity without continual clinical monitoring, 

increasing translation of the biomarkers as a prognostic tool for the clinicians [4,8,10]. Some existing 

single biomarkers should be considered for combination such as p75-ECD, Nogo, neurofilament, and 

complement components [45,109,111–113]. 

Conclusion 

The results presented in this pilot study examined the association of TRP and its derived metabolites 

together with the disease progression and prognosis of ALS in 66 patients. Cumulatively, our data 

suggest that the TRP catabolites may provide sensitive biomarkers for 1) the prognostic of ALS 

(neopterin) and 2) to monitor clinical progression of ALS (KP metabolites HAA, TRP, KYN, QLD, KYNA). 

We found that an increased neopterin concentration is associated with a better prognosis of the 

disease. The levels of KP metabolites represent a potential biomarker for prognosis and assessing ALS 

progression. Even though the results are already significant, we believe that this study would need to 

be replicated and validated with other, and larger cohorts. Finally, the quantification of KP metabolites 

in urine should be exploited as a less invasive method to look for biomarkers, as for p75 ECD [93,114–

116]. These changes in the KP metabolites also unveil the potential of new therapeutical targets for 

ALS. KP metabolite analogues such as 4-chlorokynurenine (AV-101), or KP enzymatic modulators can 

be explored [67,117–119].  
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Figures and Tables 

 

Figure 1 The Kynurenine Pathway Tryptophan metabolism and catabolites 
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Table 1 Comparison of KP metabolites and clinical outcomes at baseline according to the 

Olesoxyme and placebo groups 

KP metabolites Olesoxyme Group 

n=33 

Placebo Group 

n=33 

Standardized 

difference % (+) 

3HK nM 67.7 [41.9 to 109.7] 58.3 [40.5 to 100.0] 19 

KYN µM 1.2±0.3 1.1±0.3 16 

HAA nM 14.0±7.6 12.3±6.5 23 

AA nM 102.1 [77.5 to 125.3] 87.0 [67.9 to 126.4] 10 

TRP µM 53.6±9.8 53.9±14.8 2 

Neo nM 5.4 [2.8 to 12.0] 7.0 [4.2 to 13.0] 24 

KT ratio 0.02 [0.02 to 0.03] 0.02 [0.02 to 0.02] 29 

PA nM 0.10 [0.09 to 0.12] 0.10 [0.09 to 0.12] 41 

QA nM 0.09 [0.08 to 0.10] 0.09 [0.08 to 0.10] 29 

QLD nM 0.004 [0.003 to 0.007] 0.005 [0.003 to 0.006] 7 

KYNA nM 72.8 [51.8 to 112.6] 64.5 [40.5 to 97.2] 31 

HAA/AA ratio 0.13 [0.10 to 0.19] 0.11 [0.05 to 0.17] 2 

KYNA/QUIN ratio 574 [420 to 996] 578 [287 to 706] 50 

QLD/QA ratio 0.04 [0.03 to 0.07] 0.04 [0.03 to 0.06] 2 

KYNA/QLD ratio 14208 [7745 to 24914] 15302 [7957 to 24772] 37 

ALSFRS 37.9±4.9 36.8±4.4 24 

Values are expressed as means ± standard deviation in case of normal distribution (KYN, HAA, TRP, 

and ALSFRS) or as median [interquartile range] otherwise. Standardized difference of <30% are 

regarded as not different between placebo and treatment groups. +: Calculated after rank 

transformation for non-normal distribution. Abbreviations: 3HK = 3-hydroxykynurenine; KYN = 

kynurenine; HAA = 3-hydroxyanthranilic acid; AA = anthranilic acid; TRP = tryptophan; NEO = 

neopterin; KT ratio = Kynurenine/Tryptophan ratio; PA = picolinic acid; QA = quinolinic acid; QLD = 

quinaldic acid; KYNA = kynurenic acid; ALSFRS = ALS Functional Rating Scale; MMT = Manual Muscle 

Testing;  
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Table 2 Evolution of KP profile in ALS patients over time (n=66) 

KP metabolites over time Changes over time 

𝜷𝟏± standard error (#) 

p-value (•) 

3HK (+) 0.002 ± 0.01 0.61 

KYN (+) -0.002 ±0.008 0.57 

HAA  -0.46 ±0.18 0.033 

AA (+) -0.0006 ±0.0002 0.91 

TRP -0.23 ±0.34 0.36 

Neo (+) 0.02 ±0.02 0.37 

KT ratio (+) -0.003 ±0.009 0.71 

PA (+) -0.01 ±0.009 0.26 

QA (+) -0.01 ±0.01 0.11 

QLD (+) -0.04 ±0.02 0.054 

KYNA (+) -0.02 ±0.01 0.09 

HAA/AA (+) -0.03±0.02 0.22 

KYNA/QUIN (+) 0.03±0.02 0.08 

QLD/QA (+) 0.02±0.02 0.35 

KYNA/QLD (+) -0.01±0.02 0.54 

ALSFRS -1.20 ±0.23 <.0001 

MMT -3.74 ± 0.96 0.0007 

SVC 0.04±0.03 0.11 

#: Coefficient of Mixed Model with the KP metabolite as dependent variable. 𝐾𝑃𝑖𝑗 = 𝛽0 + 𝛽1𝑡𝑖𝑗 +

𝛽2𝑇𝑅𝑇𝑖 + 𝛽3𝑇𝑅𝑇𝑖 ∗ 𝑡𝑖𝑗 + 𝛽4𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 + 𝛽5𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 ∗ 𝑡𝑖𝑗 + 𝛾𝑜𝑖 + 𝛾1𝑖𝑗 + 𝜀𝑖𝑗. 

The model is adjusted on treatment and disease duration. (+): The parameter has been log 

transformed before using in linear mixed model. Abbreviation: TRT = treatment group (1=Olesoxyme, 

0=Placebo); tij= for any subject i, time in months elapsed from baseline to the current measure j of 

parameters. 3HK = 3-hydroxykynurenine; KYN = kynurenine; HAA = 3-hydroxyanthranilic acid;  AA = 

anthranilic acid; TRP = tryptophan; NEO = neopterin; KT ratio = Kynurenine/Tryptophan ratio; PA = 

picolinic acid; QA = quinolinic acid; QLD = quinaldic acid; KYNA = kynurenic acid; ALSFRS = ALS 

Functional Rating Scale; MMT = Manual Muscle Testing; SVC = slow vital capacity. •: p-values tagged 

in bold are significant at the 0.05 level. 
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Table 3 Effect of baseline values of KP metabolites on ALSFRS progression (n=66) 

KP metabolites at baseline Effects on ALSFRS changes over time 

 𝜷𝟕 ± standard error (#) 

p-value 

3HK 0.0006 ± 0.001 0.66 

KYN -0.02±0.21 0.94 

HAA  0.008±0.01 0.42 

AA -0.002±0.002 0.33 

TRP 0.0007±0.006 0.90 

Neo 0.01±0.01 0.40 

KT ratio (¤) -0.02±0.12 0.84 

PA (¤) -0.03±0.03 0.31 

QA (¤) 0.004±0.02 0.81 

QLD (¤) -0.06 ±0.16 0.71 

KYNA -0.0001±0.0008 0.87 

HAA/AA 1.61±0.73 0.031 

KYNA/QUIN  -0.02±0.02 0.27 

QLD/QA -3.11±1.78 0.08 

KYNA/QLD  0.0009±0.003 0.73 

#: Coefficient of  Mixed Model with the dependent variable ALSFRS.  𝐴𝐿𝑆𝐹𝑅𝑆𝑖𝑗 = 𝛽0 + 𝛽1𝑡𝑖𝑗 +

𝛽2𝑇𝑅𝑇𝑖 + 𝛽3𝑇𝑅𝑇𝑖 ∗ 𝑡𝑖𝑗 + 𝛽4𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 + 𝛽5𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 ∗ 𝑡𝑖𝑗 + 𝛽6𝐾𝑃0𝑖 + 𝛽7𝐾𝑃0𝑖 ∗

𝑡𝑖𝑗 + 𝛾𝑜𝑖 + 𝛾1𝑖𝑗 + 𝜀𝑖𝑗. The model is adjusted on treatment and disease duration (in months).  

Abbreviation: ALSFRS = Amyotrophic Lateral Sclerosis Functional Rating Scale; TRT = treatment group  

(1= Olesoxyme, 0=Placebo); tij= for any subject i, time in months elapsed from baseline to the current 

measure j of parameters; 3HK = 3-hydroxykynurenine; KYN = kynurenine; HAA = 3-hydroxyanthranilic 

acid;  AA = anthranilic acid; TRP = tryptophan; NEO = neopterin; KT ratio = Kynurenine/Tryptophan 

ratio; PA = picolinic acid; QA = quinolinic acid; QLD = quinaldic acid; KYNA = kynurenic acid. (¤) in 

unit*100: The coefficient 𝜷𝟕 corresponds to an increase in the ALSFRS value per increasing of the 

metabolite of one unit*100. 
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Table 4 Effect of KP metabolites at baseline on MMT progression (n=66) 

KP Metabolites at baseline Effects on MMT changes over time 𝜷𝟕± 

standard error (#) 

p-value (•) 

3HK -0.003±0.006 0.61 

KYN 0.37±0.90 0.68 

HAA  -0.006±0.04 0.88 

AA -0.004±0.008 0.60 

TRP 0.02±0.03 0.49 

Neo 0.12±0.05 0.023 

KT ratio (¤) 0.21 ± 0.49 0.67 

PA (¤) -0.04 ± 0.13 0.73 

QA (¤) 0.06±0.07 0.47 

QLD (¤) -0.20±0.67 0.77 

KYNA 0.0003±0.003 0.92 

HAA/AA 1.83±3.07 0.56 

KYNA/QUIN  -0.01±0.09 0.90 

QLD/QA -13.4±7.4 0.08 

KYNA/QLD  0.003±0.003 0.28 

#: Coefficient of  Mixed Model with the dependent variable MMT. 𝑀𝑀𝑇𝑖𝑗 = 𝛽0 + 𝛽1𝑡𝑖𝑗 +

𝛽2𝑇𝑅𝑇𝑖 + 𝛽3𝑇𝑅𝑇𝑖 ∗ 𝑡𝑖𝑗 + 𝛽4𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 + 𝛽5𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 ∗ 𝑡𝑖𝑗 + 𝛽6𝐾𝑃0𝑖 + 𝛽7𝐾𝑃0𝑖 ∗

𝑡𝑖𝑗 + 𝛾𝑜𝑖 + 𝛾1𝑖𝑗 + 𝜀𝑖𝑗. The model is adjusted on treatment and disease duration (in months).  

Abbreviation: MMT= Manual Muscle Testing; TRT = treatment group (1= Olesoxyme, 0=Placebo); tij= 

for any subject i, time in months elapsed from baseline to the current measure j of parameters; 3HK 

= 3-hydroxykynurenine; KYN = kynurenine; HAA = 3-hydroxyanthranilic acid;  AA = anthranilic acid; 

TRP = tryptophan; NEO = neopterin; KT ratio = Kynurenine/Tryptophan ratio; PA = picolinic acid; QA 

= quinolinic acid; QLD = quinaldic acid; KYNA = kynurenic acid •: p-values tagged in bold are significant 

at the 0.05 level. (¤) in unit*100: The coefficient 𝜷𝟕 corresponds to an increase in the MMT value per 

increasing of the metabolite of one unit*100. 
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Table 5 Effect of KP metabolites at baseline on survival (n=54, number of deaths = 43) 

KP Metabolites at baseline Effects on survival HR[95%CI] (#) p-value 

3HK (+) 0.86 [0.52 ; 1.43] 0.57 

KYN (+) 0.50 [0.15 ; 1.72] 0.27 

HAA  0.98 [0.93 ; 1.023] 0.35 

AA (+) 1.53 [0.65 ; 3.59] 0.33 

TRP 0.98 [0.95 ; 1.00] 0.051 

Neo (+) 0.94 [0.64 ; 1.37] 0.75 

KT ratio (+) 1.13 [0.34 ; 3.74] 0.84 

PA (+) 1.58 [0.42 ; 6.00] 0.50 

QA (+) 0.57 [0.19 ; 1.70] 0.31 

QLD (+) 0.93 [0.56 ; 1.53] 0.76 

KYNA (+) 0.85 [0.56 ; 1.29] 0.44 

HAA/AA (+) 0.48 [0.29 ; 0.81] 0.006 

KYNA/QUIN (+) 0.99 [0.60 ; 1.63] 0.97 

QLD/QA (+) 1.01 [0.60 ; 1.70] 0.97 

KYNA/QLD (+) 0.99 [0.70 ; 1.43] 0.99 

HR= hazard ratio; 95%CI: 95% confidence interval. #: The Cox proportional hazards model was 

adjusted for treatment effect and disease duration (in months).  (+):  the parameter has been log 

transformed before using in Cox proportional hazard model. Abbreviations: 3HK = 3-

hydroxykynurenine; KYN = kynurenine; HAA = 3-hydroxyanthranilic acid; AA = anthranilic acid; TRP = 

tryptophan; NEO = neopterin; KT ratio = Kynurenine/Tryptophan ratio; PA = picolinic acid; QA = 

quinolinic acid; QLD = quinaldic acid; KYNA = kynurenic acid 
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Table 6 Association between KP metabolites and ALSFRS at any time (n=66) 

KP metabolites over time Effects on ALSFRS at any time 

𝜷𝟔  ±standard error (#) 

p-value (•) 

3HK 0.01 ±0.008 0.22 

KYN 2.29±1.01 0.027 

HAA  0.01±0.05 0.84 

AA -0.01±0.008 0.18 

TRP 0.07±0.03 0.022 

Neo -0.12±0.47 0.80 

KT ratio (¤) -0.21±0.24 0.39 

PA (¤) 0.07±0.11 0.52 

QA (¤) -0.01±0.08 0.86 

QLD (¤) -0.85±0.61 0.17 

KYNA 0.009±0.005 0.08 

HAA/AA 3.96±3.22 0.22 

KYNA/QUIN 0.07±0.08 0.38 

QLD/QA 0.98±5.09 0.85 

KYNA/QLD 0.0002±0.002 0.92 

#: Coefficient of Mixed Model with the dependent variable ALSFRS. 𝐴𝐿𝑆𝐹𝑅𝑆𝑖𝑗 = 𝛽0 + 𝛽1𝑡𝑖𝑗 +

𝛽2𝑇𝑅𝑇𝑖 + 𝛽3𝑇𝑅𝑇𝑖 ∗ 𝑡𝑖𝑗 + 𝛽4𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 + 𝛽5𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 ∗ 𝑡𝑖𝑗 + 𝛽6𝐾𝑃𝑖𝑗 + 𝛾𝑜𝑖 +

𝛾1𝑖𝑗 + 𝜀𝑖𝑗. The model is adjusted on treatment and disease duration (in months). Abbreviation: ALSFRS 

= Amyotrophic Lateral Sclerosis Functional Rating Scale; TRT = treatment group (1= Olesoxyme, 

0=Placebo); tij= for any subject i, time in months elapsed from baseline to the current measure j of 

parameters; 3HK = 3-hydroxykynurenine; KYN = kynurenine; HAA = 3-hydroxyanthranilic acid;  AA = 

anthranilic acid; TRP = tryptophan; NEO = neopterin; KT ratio = Kynurenine/Tryptophan ratio; PA = 

picolinic acid; QA = quinolinic acid; QLD = quinaldic acid; KYNA = kynurenic acid. •: P-values tagged in 

bold are significant at the 0.05 level. (¤) in unit*100: The coefficient 𝜷𝟔 corresponds to an increase in 

the ALSFRS value per increasing of the metabolite of one unit*100. 
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Table 7 Association between KP metabolites and MMT at any time (n=66) 

KP metabolites over time Effects on MMT over time 

𝜷𝟔  ± standard error (#) 

p-value (•) 

3HK 0.03±0.04 0.50 

KYN 5.03±4.62 0.29 

HAA  0.31±0.21 0.15 

AA -0.05±0.04 0.17 

TRP 0.007±0.12 0.96 

Neo -0.12±0.25 0.63 

KT ratio (¤) 0.79±0.91 0.40 

PA (¤) 0.46±0.40 0.26 

QA (¤) 0.26±0.39 0.52 

QLD (¤) -6.57±2.20 0.006 

KYNA 0.07±0.02 0.009 

HAA/AA -4.90±12.7 0.70 

KYNA/QUIN 0.05±0.31 0.86 

QLD/QA -21.3±14.9 0.17 

KYNA/QLD -0.007±0.007 0.32 

#: Coefficient of Mixed Model with the dependent variable MMT. 𝑀𝑀𝑇𝑖𝑗 = 𝛽0 + 𝛽1𝑡𝑖𝑗 + 𝛽2𝑇𝑅𝑇𝑖 +

𝛽3𝑇𝑅𝑇𝑖 ∗ 𝑡𝑖𝑗 + 𝛽4𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 + 𝛽5𝐷𝑖𝑠𝑒𝑎𝑠𝑒𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖 ∗ 𝑡𝑖𝑗 + 𝛽6𝐾𝑃𝑖𝑗 + 𝛾𝑜𝑖 + 𝛾1𝑖𝑗 + 𝜀𝑖𝑗  . The 

model is adjusted on treatment and disease duration (in months).  Abbreviation: MMT= Manual 

Muscle Testing; TRT = treatment group (1= Olesoxyme, 0=Placebo); tij= for any subject i, time in 

months elapsed from baseline to the current measure j of parameters; 3HK = 3-hydroxykynurenine; 

KYN = kynurenine; HAA = 3-hydroxyanthranilic acid; AA = anthranilic acid; TRP = tryptophan; NEO = 

neopterin; KT ratio = Kynurenine/Tryptophan ratio; PA = picolinic acid; QA = quinolinic acid; QLD = 

quinaldic acid; KYNA = kynurenic acid. •: P-values tagged in bold are significant at the 0.05 level. (¤) in 

unit*100: The coefficient 𝜷𝟔 corresponds to an increase in the MMT value per increasing of the 

metabolite of one unit*100. 
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Table 8 Significant findings summary 

KP metabolites Biomarker or Prognostic 

marker 

Clinical Scale of impact Effect in coefficient of Mixed 

Model and dependant variable 

p-value (•) Reference Table 

3HK Biomarker Changes over time -0.46 ±0.18 0.033 2 

HAA/AA Prognostic ALSFRS 1.61±0.73 0.031 3 

Neo Prognostic MMT 0.12±0.05 0.023 4 

HAA/AA Prognostic Survival 0.48 [0.29 ; 0.81] 

HR[95%CI] 

0.006 5 

KYN Biomarker ALSFRS 2.29±1.01 0.027 6 

TRP Biomarker ALSFRS 0.07±0.03 0.022 6 

QLD Biomarker MMT -6.57±2.20 0.006 7 

KYNA Biomarker MMT 0.07±0.02 0.009 7 

 

Summary of key significant findings from study highlighting potential KP metabolites as biomarkers or prognostic markers for ALS, where biomarker 

indicates changes over time following progression of disease; and prognostic refers to the baseline measure of KP Metabolites having an indicative 

alteration in clinical scale from predicted effects on clinical measurements (ALSFRS or MMT). Abbreviation: ALSFRS = Amyotrophic Lateral Sclerosis 

Functional Rating Scale; MMT= Manual Muscle Testing; 3HK = 3-hydroxykynurenine; HAA = 3-hydroxyanthranilic acid;  AA = anthranilic acid; NEO = 

neopterin; KYN = kynurenine; TRP = tryptophan; QLD = quinaldic acid; KYNA = kynurenic acid; HR= hazard ratio; 95%CI: 95% confidence interval. 



 
 

 

 

 

Chapter 2 

Case-study: The Neurodegenerative Diseases Biobank at 

Macquarie University, the establishment of a resource 

for MND research 

 

 

 

This section has been written in the format of a traditional thesis. It will be integrated into a 

larger case study, after inclusion of a comprehensive description of clinical processes 

involved in establishing a Biobank.  
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1. Need for Biobanking 
A biobank is a repository facility for the organised, collection and long-term storage of 

biological samples, corresponding information, and the dissemination of samples and 

information for research and clinical purposes. The careful organisation of the collection 

process of high quality specimens allows for the study of disease pathogenesis, biomarker 

discovery, and to correlate genetic and environmental information in retrospective studies. 

Furthermore, the collection of baseline and longitudinal follow-up samples allows not only 

for cross-sectional studies, but also the observation of time-based changes in diseases. [1–4] 

The Neurodegenerative Diseases Biobank (NDB) was established to collect biological 

samples from patients with neurodegenerative diseases, with a focus on Motor Neuron 

Disease (MND). It is a collaborative effort between the Macquarie University Hospital 

Neurology Unit lead by Professor Dominic Rowe, and Professor Gilles Guillemin, one of the 

scientists at the MND Research Centre. 

To date, there are more than 522 patients enrolled, and 1,200 collections annually, that 

include samples of serum, plasma, DNA, RNA, urine, hair, and fibroblast samples banked at 

this medium-sized biobank [3].  
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2. Considerations for Biobanking 
There are many factors to consider in establishing a Biobank, such as the partnership 

between the clinic and scientists, ethics, governance, and financing, which will be discussed 

further, and in context to the establishment and evolution of the Neurodegenerative 

Diseases Biobank (NDB) set up at Macquarie University.  

 

2.1 Personnel  

Personnel involved in biobanking are broadly divided into two categories, clinic based, and 

laboratory based staff. Clinic based staff require specific expertise such as being proficient in 

phlebotomy, performing skin biopsies, removal of whole organs such as the brain and spinal 

cord, as well as attention to detail in matching patient IDs with collection IDs. Clinic staff 

may also double-up as recruitment officers, seeking consent and enrolling patients to the 

Biobank. Laboratory based staff maintain processing of samples according to specific 

requirements compatible with specific research uses, technical scientific skills, storage, and 

data management.  

Clinical collection of biofluids at the NDB was initially performed by Neurology Registrar Dr 

Ronald Siu and Professor Gilles Guillemin, assisted by myself. As these samples were critical 

for my PhD project on the ALS biomarker, I have also performed all sample processing, 

aliquoting, storage, data management, development of procedures, biosafety, and 

administration for almost 18 months. Subsequently, personnel were engaged to spearhead 

various aspects of laboratory processing. Ms Ariel Seaton cultured fibroblasts from skin 

biopsies under the guidance of Dr Shu Yang, and Dr Kelly Williams led sample processing of 

blood for DNA and RNA with Ms Emily McCann. Serum, plasma, and urine samples were 

managed by myself with assistance from Ms Serene Gwee. 

Following the expansion of the NDB, Ms Lorel Adams, a clinical nurse, was recruited as the 

Biobank Coordinator in 2015. Ms Adams manages most of the clinical aspects such as 

patient recruitment, phlebotomy, sample collection and clinical scoring. In 2016, my 

biobanking roles were handed over to Dr Sarah Furlong and Ms Elisa James, after they 

joined as the MND Biobank Manager and Biobank Technician respectively. Dr Furlong 

maintains the database, processes, and proceedings of the biobank, as well as policies and 

governance of the biobank. Ms James has a crucial dual role, being well versed in 
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phlebotomy, which is vital for the NDB; and is highly skilled in laboratory techniques, 

managing the laboratory aspects of the biobank.  

 

2.2 Ethics  

Human research ethics approval is a core component of biobanking, whereby a regulator 

external to the biobank committee, provides a broader view on biobank processes. Ethics 

approval ensures that participants are enrolled in a programme that has been well thought 

out with scientific merit and community consultation, whilst still protecting the moral 

integrity of donors [2].  It ensures that participants are not exposed to harm due to the 

sensitive nature of information collected as part of the biobank [5, 6]. The ethics committee 

also ensures that the proceedings of the biobank are in compliance with the appropriate 

laws and legislations relevant to local jurisdiction, as well as the interests of the broader 

community [4].  

The NDB has received ethical and scientific approval from the Macquarie University Human 

Research Ethics Committee (HREC) Medical Sciences (Appendix 1). The committee assessed 

a range of elements of the biobank including the list of investigators, funding, methods and 

nature of research, recruitment and consent, risks and benefits, publication of results, and 

conflicts of interest.  

 

2.3 Recruitment 

Participant consent and recruitment generally consists of referral for contact, preliminary 

interview, and informed consent discussion. It is key that recruitment is conducted in a 

manner that is non-coercive, such that it is the free choice of an individual [7]. Participants 

must be informed of the information collected, assurance to safeguard their privacy, and 

their right to withdraw consent if they wish  [6, 8, 9].  

Scientifically, it is important to 1) well define the population being studied, and 2) to 

maintain a cohort that reflects the demography and diversity of the population, while 

maintaining significance for the research question [4, 10, 11].  

At the NDB, clinic staff external to the consulting clinician facilitated the recruitment process 

to prevent a conflict of interest. As outlined in the ethics application, patients are informed 
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of their right to decline to participate and that their participation or non-participation does 

not affect their treatment. Participants are also given an information and consent form 

(Appendix 2, PICF), which include details of the study such as the samples taken, research 

being carried out, risks and privacy statements, and instructions on how to withdraw 

consent.  

There is a broad recruitment criterion for participation in the NDB. The population under 

study comprises patients with neurodegenerative diseases, and in particular, ALS. Control 

participants include volunteers and family members, who form the demographics of the 

general population, and at-risk family members (such as in familial forms of disease), who 

may allow a larger catchment of rare genetic variants of the disease. There is a high 

participation rate at the NDB, with most patients electing to participate, attributed both to 

the reputation of the clinic and research centre, and the good rapport between patients and 

clinic staff members (personal communication, Dr Sarah Furlong).  

 

2.4 Biological Samples 

Biological samples that can be collected include blood, urine, cerebrospinal fluid (CSF), 

saliva, and tissue biopsies including skin, muscle, and hair. Participants may also opt to 

donate organs post mortem. Each type of biological sample has its own strengths and 

weaknesses, and is well summarised in a table published by Otto et al (Table 1), including its 

relevance to neurology (by proximity to the Central Nervous System (CNS) pathology), and 

sampling practicality. In addition to these characteristics, the collection of post mortem 

tissue requires specific expertise. Organs or tissues must be preserved soon after death, and 

in a specific manner to allow for high quality preservation so a range of techniques can be 

later applied to the samples [12].This was not achievable at commencement of the biobank. 



 Chapter 2: Neurodegenerative Disease Biobank at Macquarie University 

103 
 

Table 1. Strengths and Weaknesses among biomarker sources. Reproduced from [12]. 

 

In the NDB, the core samples initially collected were urine, skin biopsies for fibroblasts, and 

blood for serum, deoxyribonucleic acid (DNA), and ribonucleic acid (RNA) (Fig 1). It was 

decided that CSF samples would not be collected as it is a relatively invasive procedure that 

may cause minor side effects [13]. These samples were collected as a reflection of the 

needs of the scientists on the biobank committee, for example metabolomics, genomics, 

and proteomics. Shortly after, the list of biological samples was expanded to include 

plasma, and hair samples. Hair is not a typical sample type collected by biobanks, but is 

used in analysing the presence of the neurotoxin β-methylamino-L-alanine (BMAA), a 

particular interest of some researchers in the team [14].  
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Fig 1. Laboratory Processes Flow Chart outlining the workflow of lab processes 

Ideally, participants would be fasting prior to blood collections to minimize variability in 

blood analyte levels [12]. However, this was deemed impractical and too burdensome on 

participants as appointments are often scheduled in the afternoon, and neurodegenerative 

disease patients may face obstacles such as mobility issues, in getting to the clinic. However, 

it was noted if patients had anything to eat in the past 8 hours, or had taken any 

medications.  

 

2.5 Banking Processes and SOPs 

Processes and Standard Operating Procedures (SOPs) are of crucial importance in 

maintaining a well characterized Biobank, with optimal collection, processing, and storage 

procedures.  SOPs ensure procedures are carried out methodically, and are recorded to 

ensure consistency and reduce variables [2, 12].  

The procedures and protocols relating to biobanking processes were established where 

required, with the fundamental procedures of collection process, core patient information, 

labelling of tubes and samples, processing, storage, data management, and biosafety, which 

will be discussed individually. 
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Biosafety 

As with all processes, it is important to have procedures in place to address biosafety issues. 

In a biobank, biosafety matters are present in predictable, but unlikely risks of exposure to 

infectious agents and chemicals [2, 5]. Specimens, biofluids, and biological samples are all 

treated as biohazards, and must be handled with care. Personnel safety is of upmost 

importance, and personnel are offered vaccinations by the Faculty including 

Tetanus/Diphtheria/Pertussis, Hepatitis B, Measles/Mumps/Rubella (MMR), and Varicella.  

Establishing safety protocols was a crucial first step in setting up the biobank. Clinically, 

gloves were used during phlebotomy, and handling of all biological samples including blood 

collection tubes and jars. Samples were transported to the laboratory in double 

containment, even though the laboratory was only one level below the clinic. Venepuncture 

was performed according to the World Health Organization (WHO) Guidelines [15].  

Risk Assessments were also done for use of chemicals, such as with Qiagen PAXgene RNA 

tubes, as well as SOPs for DNA and RNA extraction. Safe work procedures had been 

previously established by the Faculty of Medicine and Health Sciences (formerly known as 

the Australian School of Advanced Medicine) for handling of human samples and cultures 

(Appendix 3), and a decontamination protocol (Appendix 4) was available for biobank 

specific cleaning up processes. 
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Collection Pipeline Processes 

The first SOPs created were basic, with paper-based collection forms recording core 

information such as the unique patient Biobank ID code, collection ID, date and time of 

sample collection, processing, and storage, and medication taken. 

Each patient was assigned a unique biobank ID code, which allowed for identification of the 

patient, and connection to each of their follow up collections. The patients were also given a 

unique collection ID. Each sample collection vessel was identified only by the collection ID to 

maintain patient privacy, and was labelled using a bar code printer (Brady LABXPERT 

Labelling system).   

To familiarise personnel with the procedures before commencing the collections, a trial run 

was conducted to ensure that these processes were suitable. The collection pipeline 

commenced with pre-collection administration such as printing of consent and collection 

forms, labelling of collection tubes, jars, and bags. Collection procedures were split into two 

segments of clinical and laboratory (Fig 2). Post collection processes included filing and 

entering of information into the relevant databases.  
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Fig 2. NDB Collection flow chart. The flow chart illustrates the general collection procedures of the biobank 

 

Clinical Processes 

A basic SOP was included in the collection form to ensure the correct order of tubes to use 

in order to prevent cross contamination of blood collection tubes, and adequate inversion of 

tubes. The collection order was established to be SST Gel Separator tubes, EDTA tubes, and 

lastly RNA tubes according to the BD Vacutainer Order of Draw for Multiple Tube 

Collections, and as required by the PAXgene blood RNA tube [16]. This was written into the 

collection form so that the information was readily available to clinic staff.  

It was also important to maintain consistency in the storage of samples until they were 

ready for processing. Processing was not performed immediately as more collections may 

have beeen carried out during the day, and the laboratory was separate to the clinic. 

However, processing was carried out twice daily, once at mid-day, and subsequently at the 

end of the collection day. Therefore,  blood tubes, urine samples, and skin biopsies were 

required to remain on ice until processing, apart from SST tubes, which were required to 

remain at room temperature for 30 minutes to clot before setting on ice. RNA tubes 

remained at room temperature for 24h before being frozen and extracted when required.  

The 2mm skin biopsies were taken only at the first collection from the forearm of patients 

under local anaesthetic, and placed into ice-cold RPMI (Roswell Park Memorial Institute) 

media before being processed in the laboratory. Hair was cut from both the left and right 

sides of the head, placed into a small zip lock bag and stored at room temperature. 

 

Laboratory Processes 

As mentioned, processing of biological samples was carried out twice a day to prevent 

samples from sitting on ice for an extended period. Laboratory processes were handled 

under biosafety cabinets as outlined in the Safe Work Procedure.  

Laboratory Processes are outlined in Fig 2. Urine samples were aliquot into 1ml vials 2D 

coded vials (Nunc™ Bank-It™ Vial Systems), and stored at -80°C. Blood tubes for serum and 

plasma were spun as per the manufacturer’s instructions and stored in small volume 
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aliquots in 2D coded vials. Vials were also labelled with the collection number in freezer-

safe labels for human-decoding (non-barcode, non 2D). DNA and RNA tubes were frozen at 

-30°C as recommended by manufacturers until ready for extraction. Extraction was 

facilitated by the QiaSymphony automated instrument (Qiagen), thereby reducing 

processing time to aliquoting of samples. DNA and RNA quantitation and quality 

assessment were completed and samples banked in 2D coded vials. Skin biopsies were 

cultured according to the SOP, and allowed to expand before being frozen down and stored 

in liquid nitrogen.  

Storage 

Samples must be stored at appropriate conditions to maintain integrity. For example, the 

storage of serum or plasms samples at -20°C or -80°C can affect samples as some 

neurologically relevant chemical process such as glutamate and serine retain some form of 

activity at -20°C [17]. 

After processing, aliquots of serum, and plasma, were stored at -80°C. After extraction and 

aliquoting, DNA and RNA were stored at -30°C. Skin biopsies were cultured and expanded 

before storage in liquid nitrogen (Fig 1). All -80°C freezers were also monitored, and 

temperature logs stored electronically on the freezer. This was also relevant to data 

management of samples, such as locating samples, records, and even transportation 

conditions when samples were sent to other laboratories for analysis. Currently, this 

information is not being stored as no storage provisions have been made. This could be 

further improved by backing up data onto a server either manually through retrieval of data 

and logging, or the automated back-up to server systems.  

This is particularly important during occasions of power outages or freezer failure, which 

may lead to thawing of samples. In addition, it is recommended that multiples of the same 

samples are banked in separate locations or freezers to ensure that in the event of failure,  

there will not be a global loss of all banked samples [2].  

Tubes used for sample storage are an important consideration as they are expected to be 

stored in the biobank for an extended period. The Bank-It™ Vial System was used as it had a 

2D bar code on the bottom of the tube to ensure the vials could still be identified even if the 

stuck-on labels fell off. These 2D barcodes had lower scanning errors, a small footprint that 
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could encode denser information, and were compatible  formats for database management 

systems [1, 18] 

Post collection Administration  

Post sample collection, data entry is required to upload the information in the FileMaker 

database to ensure that patient consent was digitised, clinical information updated, and 

collection information keyed in. This ensures that biological samples and corresponding data 

can be located.   

Process Review 

Development of banking processes and SOPs are always a work in progress as new 

information and new technologies emerge. In establishing the NDB, these processes were 

developed when a situation was predicted or had happened, accompanied by the gradual 

changes through feedback and advice from staff directly involved with the biobank, and 

external experts such as other biobanks and companies. For example, the Collection 

Processes (Fig 2) were in place before the Biobank Committee was officially established. 

These processes were reviewed when the committee was formed, and deliberation by the 

committee resulted in amendment of the processes to include additional sample collection 

types (e.g. plasma and hair samples). This resulted in the implementation of Project Request 

forms (discussed under Governance, and Appendix 5).  

It should be noted that in the early stages, many of these reviewing processes did not 

happen on an official level. End-user scientists, and personnel managing the clinic would 

discuss and manage many of these processes, adapting them where required to suit each 

situation to the best of their ability and resources.  

For instance, the biobank conducted a trial run for sample collection on a volunteer before 

commencing collections from patients. This allowed us to understand aspects that cannot 

efficiently be predicted, such as the time required, logistics of collections and processing, 

and if processes could be streamlined. After the trial, we reorganised collection logistics into 

two sections, phlebotomy, and skin biopsy, as patients would only have a biopsy taken on 

their first visit. It was further reorganised with the use of a trolley which enabled a mobile 



 Chapter 2: Neurodegenerative Disease Biobank at Macquarie University 

110 
 

laboratory where clinic staff could go from room to room, rather than patients going into 

the sampling room. This was particularly useful for patients with limited mobility. 

As the biobank evolved, the requirements for various processes changed, and 

improvements were continually being sought to achieve better quality samples. This took 

place on a diverse scale, reducing processing times, the type of vial used for storage, or even 

type of needle used during venepuncture as this may affect haemolysis. Documentation of 

these processes and updates should be recorded where possible, to establish quality 

assurance. Where assurance is not practical, the recording of these changes from normal 

processing allows for tracing of information to trace a possible explanation for unexpected 

deviation in results, such as processing of samples by different staff, storage in different 

locations, or freeze thaw cycles. 

2.6 Facilities & Equipment 

An array of facilities are required for biobanking, ranging from basics such as biological 

safety cabinets (BSC) and laboratory space, to freezers, and specialised equipment such as 

the QiaSymphony, that allows for rapid liquid handling. 

At the NDB, the clinic and laboratories are located in the same building on different levels. 

This is an advantageous circumstance that allows for cohesive collaboration between the 

clinic and laboratory, facilitating both communication and logistics. The clinic provides 

facilities for collection of biological samples, and freezer storage, while the laboratory 

provides access to pre-existing BSCs, centrifuges, and freezer storage space.  

Equipment may facilitate the efficiency of sample processing. Use of equipment such as a 

decapper for removing screw caps off storage tubes was found to decrease the possibility of 

repetitive strain injury, and to increase efficiency in aliquoting. The use of barcode labellers 

and generators reduced the errors in writing/reading collection numbers on collection 

vessels, and sample vials. At the NDB, DNA and RNA extractions were eased by specialty 

equipment hosted by the laboratory (Fig 3). The workflow commences with blood tubes 

being loaded onto the QiaSymphony (Qiagen) for extraction, which greatly reduces manual 

labour in extracting samples. The QiaSymphony is an immense asset in which these 

processes are automated and can potentially be applied for other liquid handling processes. 



 Chapter 2: Neurodegenerative Disease Biobank at Macquarie University 

111 
 

The genetic material is then quantitated, 16 at a time, by the QIAxpert (Qiagen), followed by 

quality analysis by the Bioanalyzer (Agilent) (Fig 3). 

 

Fig. 3 Equipment facilitating DNA/RNA Workflow Expedition of processing by specialist equipment that 

reduces time and increases quality and reliability of samples 

Automation such as in this workflow can be costly, but comes with benefits such as reducing 

error and time spent by personnel going through these laborious processes. On a larger 

scale, automation of storage and retrieval processes are also available in terms of the 

CryoPlus ™ Storage System [19] or the BioStore™ II [20]. Consideration of these storage 

systems may be worthwhile, particularly in larger biobanks, and where financially viable.  

 

2.7 Data Management 

Another aspect where automation is crucial in biobanking is in data management, a process 

that is  vital for maintaining patient, consent, sample storage, handling, and retrieval.  

There are several core data management blueprints that must be established as priorities in 

new biobanks. For example, collation of patient consent forms, collection forms, allocation 

of unique patient and collection IDs, storage locations, notes on deviations from normal 

processes, and sample information such as concentration and purity of DNA/RNA. Where 

possible, these should be digitalised, to reduce the administration required to input this 

information. Where paper based administration is used, a filing system should be organised, 

for easy tracking of collection IDs and patient consent forms.  

In addition, the use of programmes to automate or to better manage this data is infinitely 

valuable. Data management systems such as Laboratory Information Management Systems 

(LIMS) provide an organised inventory system, recording diverse sets of information, while 

at the same time, ensure patient privacy and data security [21, 22]. These systems can 
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manage change and laboratory data, track storage conditions, highlight deviations from 

normal, and retrieve calibration and maintenance data, therefore supporting the 

organisation, access, and control of laboratory processes. [23, 24]  

Furthermore, LIMS can also be integrated with other digital systems such as the Electronic 

Lab Book (ELN) and Scientific Data Management Systems (SDNS), and laboratory equipment 

[21, 25]. For example, integration with the QiaSymphony will allow storage of sample 

information such as sample tracking, and the quality of nucleic acids, as well as information 

on the kit used during the extraction process. Much of this information can be important in 

times of predicament, but is often neglected in day-to-day processes. For example, noting a 

change in product batch numbers can provide an extra dimension of verification and checks 

when problems arise.  

At the NDB, several levels and types of data management were implemented. Paper-based 

patient consent forms were filed sequentially by collection numbers, together with a 

digitalised copy saved into the clinical database Genie, and subsequently entered into a 

research information FileMaker database designed by Prof Rowe. As described under 

Laboratory Processes, bar codes were printed and applied on sample collection vessels, 

facilitating processing. The QiaSymphony can read barcodes and consolidate this 

information with output of extracted nucleic acid into pre-labelled sample storage vials. 

After collection and processing, details of samples were stored separately in an Excel 

database, and were subsequently integrated into the FileMaker database. The databases 

were hosted on the secured University Hospital network, with different levels of access 

assigned to different personnel and researchers according to their needs. Access to the 

unique patient ID was highly restricted to protect patient privacy and data security.  

Samples were stored in Nunc™ Bank-It™ Vial Systems, which were 2D coded. 2D coding was 

an advantageous system for sample data and tracking as it allowed for secure tracking, and 

were laser etched onto the tubes. However, the main drawback with the Bank-It™ Vial 

Systems was that 2D codes could not be read by humans, and therefore, the tubes required 

manual labelling for readability.  

Other biobanking vials such as the Micronic storage tubes could be customised, such as with 

a study ID, to avoid duplication of the 2D code, and stringent validation processes applied 



 Chapter 2: Neurodegenerative Disease Biobank at Macquarie University 

113 
 

such as sample evaporation and direct laser etching onto the tubes. Specialised storage 

tubes like these can facilitate the banking and storage processes as they can be compatible 

with freezers and LIMS systems. They can also use scanning codes to replace and accelerate 

mundane data entry. 

Data management systems can be a source of complication. These systems often require 

customisation to suit the needs of the individual biobank and its processes, where current 

practices may not easily integrate with other programmes such as LIMS or clinical databases 

[22, 24, 25]. They need to be flexible to allow customisation for bar code reading, filtering of 

information, dynamic searches, ease of use, compatibility with other programmes and 

equipment, and most importantly, automatically backed up and secured with modifiable 

access levels and audit trails. In addition to software costs, there are also the added costs of 

hardware such as barcode readers, database maintenance and technical support that are 

required to sustain the seamless use of data management systems [22].  

After four years of sample banking, the data and samples collected in this biobank have 

grown to a point where manual entries are highly impractical, and are susceptible to human 

errors. Overall, systems would benefit from increased automation, which would increase 

the integrity of stored information and databases, quality assurance, and reporting. This 

would also allow for further streamlining of the data collection process, reducing errors due 

to the monotonous work required in data entry, especially if it is replicated through both 

paper recording and subsequent entry into digital databases. An integrated clinical and LIMS 

database is being investigated for modification and application at the NDB. The 

implementation and adaptation of a biobank data management system, such as the 

ALSBank  [1] will prove useful for securely managing increased amounts of information. 

2.8 Policies & Legal 

Legislation, policies, and guidelines are required to ensure that biological materials donated 

to the biobanks will be used in research that is compliant with legislation and protects the 

interest of participants [4]. The legal framework surrounding biobanking has not always 

been direct, there is not yet an official definition for a biobank. Based the type of biological 

specimens being collected, and its application in research, there are differing rules which 

complicate an already difficult to navigate landscape [4, 6].  
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Furthermore, if the biological sample is modified, as in induced pluripotent stem cells 

(iPSCs), the legal policies and context is modified, and the consequences are unclear [6]. 

These guidelines must maintain patient autonomy and privacy, especially as information 

collected pertains to personal health information. This leads to the issue of the 

identification of a person linked to data.  

Initially, it seems that data must not be linked to an identifiable person (such as the use of a 

social security number), and should instead be irretrievably unlinked to maintain absolute 

anonymity. However, studies may require the data to be linked to the individual, particularly 

in longitudinal data sets, where collections must be linked to individuals to study changes 

that occur across time [6, 26].  

Clearly, there are many aspects of the legalities of biobanking that vary from biobank to 

biobank, with differences in national regulations, developments, and taking into 

consideration religious and cultural differences [5, 6, 27, 28]. Although the legal framework 

is a work in progress, there are existing Australian legislations such as the Commonwealth 

Privacy Act 1988and the Genetic Register Guidelines, that can help form the backbone of 

future policies. These relevant legal topics have been discussed in the Biobanks Information 

Paper 2010 [4], and in an international context, by the Organization for Economic Co-

operation and Development (OECD) Guidelines [7]. Therefore, they will not be reproduced 

here. 

Ethics for the NDB was obtained from Macquarie University (Appendix 1), reviewing the 

scientific basis and need for establishment and continuation of the NDB. It has reviewed the 

protocols on obtaining consent and withdrawal, sample collections and procedures, 

governance, risks and benefits for participants and the wider community, data security, 

finances, and conflicts of interests.  

As there is a potential conflict of interest such as a doctor/patient relationship, potential 

participants are invited to enrol in the study by biobank representatives. It is made clear to 

them that the decision to participate in the research is voluntary, and will not affect their 

medical treatment.  

Patients are also informed in the participant informed consent form (PICF; Appendix 2) that 

they are at liberty to withdraw their consent at any point by informing the biobank 
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representatives. As such, samples are de-identified and linked to a random, sequential 

collection number that does not contain any personal information, which is the only 

information given to research scientists. Information linkage to the specific donor is 

restricted and available only to clinical staff and biobank representatives. This allows 

scientists to conduct research independently, without knowledge of the donor, but provides 

the ability for the donor to be traced where required, such as in the case of withdrawal of 

consent, or where particular information from research results may be important for the 

donor [12, 29].  

This brings about an important issue on a patient’s access to health information that is 

collected about them. It was decided that the results of studies would be published in 

journals and at conferences, but no research results would be returned to individual 

participants except for circumstances when genetic testing indicated important information 

about the participant which may have consequences  for family health. After consulting with 

the MQ HREC Committee, the NDB committee, decided that patients would be consulted on 

their choice to access this information. As a result, the consent form was edited to include a 

section on the PICF to indicate a participant’s choice of knowledge if a significant genetic 

finding was uncovered (Appendix 2, Page 5). These cases would then be referred to a 

genetic counsellor to facilitate information sharing and further accredited diagnostic tests. 

The diversity in biobanking results in difficulties for scientist and biobank management to 

determine specific legal requirements that they are obliged to follow. An equilibrium needs 

to be established between the rights of donors, the community value of research and 

research independence to achieve sound legislation. Nonetheless, the best practice 

guidelines outlined by the OECD, National Health and Medical Research Council (NHMRC), 

and International Society for Biological and Environmental Repositories (ISBER) provide 

good guidance on the most important functions of biobanking and should be applied where 

reasonably possible [4, 7, 28].  

 

2.9 Financing a Biobank 

The establishment and continued running of a biobank can be costly and needs to be well 

managed for long term sustainability. Costs contributing to the management of a biobank 
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are vast, and include staffing, equipment, facilities, supplies, inventory equipment and 

databases [28].  

The main sources of income for biobanks are usually grants from national and international 

sources which may be supplemented by institutions [30]. Biobanking is a long-term process, 

and the receipt of grants for short periods results in difficulties for them to be financially 

self-supporting and sustainable.   Supplementary income generating avenues such as cost 

recovery and provision of additional services such as sample processing and storage should 

be considered [8, 30].  

Financial limits of biobanks evoke an effective use of resources [31], but can be a limiting 

constraint in terms of management. For instance, significant financial investment is required 

to employ skilled staff, obtain equipment for process automation and engage an effective 

LIMS programme. However, this  will provide long-term benefits such as ensuring a high 

quality and standard of biobanking. Cost benefit analyses must be undertaken to evaluate 

the financial feasibility of the biobank and policies and procedures frequently reviewed and 

streamlined to ensure sustainable financing.  

Notably, cost recovery such as recapturing costs such as labour, consumables, processes, 

and maintenance is a viable approach to safeguard a biobank’s financial stability. A biobank 

would benefit from development of a business plan to ensure long term sustainability of its 

samples, equipment and professional staff [3, 9, 31].  

The NDB was formed as a non-commercial entity funded by donations to MND research, the 

Macquarie University Department of Vice Chancellor and by research grants.  The Faculty of 

Medicine and Health Sciences also supports the NDB through the provision of facility space, 

and administration support. The operation costs of the NDB are approximately $300,000 per 

annum including staff salaries and consumables. Currently, samples are limited for retrieval 

by groups internal to, or collaborating with, the MND Research Centre.  Hence, there have 

been no cost recoveries in effect. However, it is planned for limited cost recovery to take 

place to ensure the sustainability of the biobank, as well as to encourage financial 

responsibility for sample usage.  The detailed financial aspects of the biobank are not within 

the scope of a PhD thesis, and will not be further discussed. 
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2.10 Governance 

Governance of biobanks is challenging as the varying types of biological specimens, the size 

of the biobank and its objectives need to comply with legislation and fit within a 

comprehensive regulation framework. Governance involves issues such as responsibility, 

ownership and control of data and samples  provides guidance on whether data should be 

made publicly available, and ensures the rights of the participants take precedence over 

research interests  [7, 27].  

These decisions should be made by a governing body, such as a board that includes funding 

members and the host institution, and a scientific committee who will be held accountable 

for transparency, use, and best practice procedures of the biobank. Collectively, these 

committees are responsible for establishing policies and procedures that will determine 

outcomes and directions of the biobank such as internal controls and risk management [2, 

7]. In addition, there have been recommendations for independent examinations of the 

biobanks for auditing purposes to determine oversights, compliance, and regulation [2, 27].  

Governance is core in ensuring that there are no conflicts of interest that may result in sub-

optimal use of banked material. The establishment of good policies with transparent criteria 

or guiding principles will allow the biobank to navigate these conflicts. Proposed research to 

be conducted on banked samples must be carefully assessed by a scientific committee, to 

ensure use of the material has the potential to result in a significant contribution to 

knowledge gaps or validation of projects. 

The NDB has a scientific board which includes founding members of the biobank, as well as 

principle investigators of the MND Research Centre. It is led by Dr Sarah Furlong who 

oversees the proceedings of the biobank and  chairs monthly meetings. The biobank is still 

growing  and is only available for internal use or through collaborations with members of 

the biobank. Regardless, an approval process is required to review use of precious biobank 

resources (Fig 4). Research projects require an application form (Appendix 5),to indicate the 

scientific justification, description, and rationale for sample utilisation with supporting 

feasibility of experimental design and statistical power. There are 16 current projects, 

utilising all types of samples, and new projects being reviewed. The role of the board will 

evolve as the biobank progresses. Collaborations with external universities and institutions 

have led to the establishment of Material Transfer Agreements (MTAs), prepared by the 
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Macquarie University Legal and Contracts Team, and new protocols for the physical transfer 

of biological samples. 

 

Fig 4. Project request system Flow chart of approval processes for projects requesting access to biobank 

samples 

Governance of biobanks require the design and implementation of transparent policies and 

regulations, and are subject to evolution through adaptation and modifications. Guidelines 

that will assist the improvement of governance include resources such as the Council of 

Europe (CoE) Guide, EuroBiobank, NCI Best Practices for Biospecimen Resources, Swedish 

National Biobank Program, and ISBER 
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3. Lessons Learnt 
Biobanking is an invaluable resource that creates opportunities to study processes and track 

changes in disease. The amalgamation of policies, governance, management, finances, 

research, and the clinic can be challenging, balancing practicality without over-

administrating. However, careful consideration of all factors and continual evolution will 

allow for an ethical, efficient, and reliable resource for research.  

Since the commencement of the NDB in 2013, the biobank has collected samples from more 

than 500 patients (Fig 5), including longitudinal samples which allow for tracking of changes 

through time (Table 2). Biobank statistics were kindly provided by Dr Furlong. 

 

Fig 5 Classification of samples. Familial ALS (fALS), and sporadic ALS (sALS), Flail Limb, Primary Lateral 

Sclerosis, unrelated controls, at risk family members (genetically related to ALS patient), obligate carrier 

(known carrier of genetic mutation), and number of participants in each category. 
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Table 2 Breakdown of samples by number of longitudinal collections stored and participant 

classification. Participants are sub-categorized to controls, familial ALS (fALS), and sporadic ALS (sALS), and 

number of longitudinal collections.  

There have been several significant challenges during the establishment of the NDB. For 

example, the absence of a LIMS system during the commencement of the biobank resulted 

in the underutilisation of 2D barcodes on sample storage tubes, resulting in the manual 

organisation of sample IDs, and location of storage. Furthermore, a lack of full time staff 

managing the biobank during the initial period, resulted in a slow start. Nonetheless, this 

has allowed for the gradual evolution of the biobank, allowing for rapid adaptation where 

required, before increasing the quantity of sample collections.  

Significantly, the largest setback for the NDB was in banking of fibroblast samples. Skin 

biopsies could only be performed by clinicians with local anaesthetic, and it is considered to 

be a moderately invasive procedure [12]. These were conducted by the Neurology Registrar, 

but were discontinued after he left the clinic in 2014 due to lack of manpower. 

Disappointingly, many frozen cultures of fibroblasts failed to be revived after storage in 

liquid nitrogen. This was attributed to use of unsuitable sample storage vials. Recently, the 

protocols for skin biopsy collection, processing, and storage were optimised, and a project 

submitted to the biobank committee for review. The project was approved, and skin biopsy 

collections have recommenced.    

Finally, there was slight confusion in the classification of control participants, as those who 

did not present with disease were considered controls. However, this was inaccurate as 

some of these “control” participants were from the families of patients who may have 

carried a genetic mutation, and as such, their family members could not be accurately 

classified as controls. Participants were subsequently classified as in Table 3. 

Table 3 Classification of biobank participants 

Classification Description 

Affected Individual diagnosed with neurodegenerative disease (including 

ALS, PLS, etc.) 

Unaffected carriers Individual carrying a known or candidate mutation, currently 

unaffected 
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Obligate carrier Individual for whom DNA was unavailable but who carries the 
disease gene mutation based upon analysis of the family history.  

“Married-in” control Spouse of a patient, unaffected carrier, or obligate carrier, who is 
genetically unrelated to their partner as determined by family 
history 

At risk Individual who is unaffected at time of recruitment, but is at risk 
of developing disease due to their relationship with affected 
individuals in the family (e.g. child, or sibling of affected 
individual) 

 

Nevertheless, there have been many positive outcomes from the establishment of the 

biobank. First, the altruism of participants to donate time, biological samples, and 

information, particularly after the knowledge that their donation was unlikely to result in 

outcomes that would help them. The NBD has also recruited several pairs of discordant 

twins, who will contribute to valuable insights into disease epidemiology, including genetics, 

environment and lifestyle factors, and other comorbidity traits [32, 33].  

Dedicated biobank staff who are well trained and equipped with good facilities and 

automation equipment improve the quality assurance of the biobank. Staff have also 

allowed for development of protocols, often in consultation with other biobanks, and in-

depth research, achieving an increasing number of biobanking standards such as 

custodianship, governance, and technical best practices.  

The establishment of the NDB has progressed through various stages of evolution. From its 

establishment, the first trial run of the collections, ethics, recruitment, establishment of 

SOPs, increasing sample types, reviewing processes and best practices to improve quality, 

and fostering project collaborations.  

Future directions of the NDB would be geared towards improving the quality of samples and 

efficiency, increasing the number of high quality projects utilizing samples, and facilitating 

collaborations both within the MND centre and with other Neurodegenerative Disease 

biobanks. In less common diseases such as ALS, biobanks will face difficulty in achieving 

sufficient patient numbers to be statistically significant [4, 34], making collaborations crucial 

for good scientific studies. Additionally, increased reporting to external stakeholders, donors 

and the public, will improve publicity of the biobank and aid in financial viability through 

charitable donations [3]. Evidently, continual reviews, improvement, and implementation 
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will allow the NDB to address these and future challenges to remain a viable, and applicable 

resource for MND research. 

  



 Chapter 2: Neurodegenerative Disease Biobank at Macquarie University 

123 
 

Bibliography 
1.  Sherman A, Bowser R, Grasso D, et al (2010) Proposed BioRepository platform solution for 

the ALS research community. Amyotroph Lateral Scler 12:11–16. 

2.  Hallmans G, Vaught JB (2011) Best Practices for Establishing a Biobank. In: Methods Mol. Biol. 
pp 241–259 

3.  Simeon-Dubach D, Watson P (2014) Biobanking 3.0: Evidence based and customer focused 
Biobanking. Clin Biochem 47:300–308. doi: 10.1016/j.clinbiochem.2013.12.018 

4.  NHMRC (2010) Biobanks Information Paper.  

5.  Eriksson S, Helgesson G (2005) Potential harms, anonymization, and the right to withdraw 
consent to Biobank research. Eur J Hum Genet 13:1071–1076. doi: 10.1038/sj.ejhg.5201458 

6.  Rynning E (2009) Legal Challenges and Strategies in the Regulation of Research Biobanking. 
Ethics Res Biobanking. doi: 10.1007/978-0-387-93872-1 

7.  OECD (2009) OECD Guidelines on Human Biobanks and Genetic Research Databases.  

8.  Chalmers D Biobanking and Privacy Laws in Australia.  

9.  LeBlanc J, Dee S, Braun L, et al (2013) Impact of a Permission to Contact (PTC) Platform on 
Biobank Enrollment and Efficiency. Biopreserv Biobank 11:144–148. doi: 
10.1089/bio.2013.0004 

10.  Kaufmann P, Mitsumoto H (2009) ALS Research Group (ALSRG): Second meeting, a summary 
report. Amyotroph Lateral Scler 7:258–261. doi: 10.1080/07853890601012096 

11.  Toledo JB, Van Deerlin VM, Lee EB, et al (2014) A platform for discovery: The University of 
Pennsylvania Integrated Neurodegenerative Disease Biobank. Alzheimer’s Dement 10:477–
484.e1. doi: 10.1016/j.jalz.2013.06.003 

12.  Otto M, Bowser R, Turner M, et al (2012) Roadmap and standard operating procedures for 
Biobanking and discovery of neurochemical markers in ALS. Amyotroph Lateral Scler 13:1–10. 
doi: 10.3109/17482968.2011.627589 

13.  Teunissen CE, Tumani H, Engelborghs S, Mollenhauer B (2014) Biobanking of CSF: 
International standardization to optimize biomarker development. Clin Biochem 47:288–292. 
doi: 10.1016/j.clinbiochem.2013.12.024 

14.  Banack SA, Murch SJ (2009) Multiple Neurotoxic Items in the Chamorro diet link BMAA with 
ALS/PDC. Amyotroph Lateral Scler 10:34–40. doi: 10.3109/17482960903278451 

15.  World Health Organization (2010) Best practices in phlebotomy. WHO Guidel. Draw. Blood 
Best Pract. phelmbotomy  

16.  Beckton Dickinson and Company (2010) BD Vacutainer Order of Draw for Multiple Tube 
Collection.  

17.  Wuolikainen A, Hedenström M, Moritz T, et al (2017) Amyotrophic Lateral Sclerosis 
Optimization of procedures for collecting and storing of CSF for studying the metabolome in 
ALS Optimization of procedures for collecting and storing of CSF for studying the metabolome 
in ALS. Amyotroph Lateral Scler 10:229–236. doi: 10.1080/17482960902871009 

18.  Thermo Fisher Scientific NuncTM Bank-ItTM Vial Systems. 
http://www.thermofisher.com/order/catalog/product/374078. Accessed 13 Apr 2016 



 Chapter 2: Neurodegenerative Disease Biobank at Macquarie University 

124 
 

19.  Thermo Scientific CryoPlusTM Storage Systems. 
https://www.thermofisher.com/order/catalog/product/7400. Accessed 20 Mar 2017 

20.  Brooks Life Science Solutions BioStoreTM II Automated Sample Storage. 
http://www.brooks.com/products/life-science/storage-systems/biostore-minus-80c-
automated-sample-storage. Accessed 20 Mar 2017 

21.  Voegele C, Tavtigian SV, de Silva D, et al (2007) A Laboratory Information Management 
System (LIMS) for a high throughput genetic platform aimed at candidate gene mutation 
screening. Bioinformatics 23:2504–2506. doi: 10.1093/bioinformatics/btm365 

22.  Chen Y, Lin Y, Yuan X, et al (2016) LIMS and Clinical Data Management. In: Transl. Biomed. 
Informatics. pp 225–239 

23.  Mahaffey RR (1990) LIMS : Applied Information Technology for the Laboratory. Springer US 

24.  Paszko C, Pugsley C Considerations in selecting a laboratory information management system 
(LIMS).  

25.  Machina HK, Wild DJ (2013) Laboratory Informatics Tools Integration Strategies for Drug 
Discovery. J Lab Autom 18:126–136. doi: 10.1177/2211068212454852 

26.  Kaufman DJ, Murphy-Bollinger J, Scott J, Hudson KL (2009) Public Opinion about the 
Importance of Privacy in Biobank Research. Am J Hum Genet 85:643–654. doi: 
10.1016/j.ajhg.2009.10.002 

27.  Gottweis H, Zatloukal K (2007) Biobank governance: trends and perspectives. Pathobiology 
74:206–11. doi: 10.1159/000104446 

28.  Campbell LD, Betsou F, Garcia DL, et al (2011) Best Practices for Repositories: International 
Society for Biological and Environmental Repositories Editor-in-Chief.  

29.  Barbour V (2003) UK Biobank: a project in search of a protocol? Health Policy (New York) 
361:1734–1738. doi: 10.1016/S0140-6736(03)13377-6 

30.  Parry-Jones A Assessing the Financial, Operational, and Social Sustainability of a Biobank: The 
Wales Cancer Bank Case Study. doi: 10.1089/bio.2014.0044 

31.  Watson PH, Nussbeck SY, Carter C, et al A Framework for Biobank Sustainability. doi: 
10.1089/bio.2013.0064 

32.  Boomsma D, Busjahn A, Peltonen L (2002) Classical twin studies and beyond. Nat Rev Genet 
3:872–882. doi: 10.1038/nrg932 

33.  Al-Chalabi A, Fang F, Hanby MF, et al (2010) An estimate of amyotrophic lateral sclerosis 
heritability using twin data. J Neurol Neurosurg Psychiatry 81:1324–6. doi: 
10.1136/jnnp.2010.207464 

34.  Chad DA, Bidichandani S, Bruijm L, et al (2013) Funding agencies and disease organizations: 
Resources and recommendations to facilitate ALS clinical research. Amyotroph Lateral Scler 
Front Degener 14:sup1:62–66. doi: 10.3109/21678421.2013.778588 

 

 

  



Pages 125-127 (HREC approval) of this thesis has been removed as they may contain sensitive/confidential 
content 



 Chapter 2: Neurodegenerative Disease Biobank at Macquarie University 

128 
 

A2 Patient Information and Consent Form (PICF)  
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A3 Safe Work Procedure for Handling of Human Samples and Cultures 
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A4 Biobank Decontamination Protocol 
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A5 Project Request Form 
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Chapter 3 

BMAA and Neurotoxicity 
 

 

 

This section has resulted in the publication of two journal articles. 

 

2017 NEUROTOXICITY RESEARCH: NEUROTOXICITY OF THE CYANOTOXIN BMAA THROUGH AXONAL 

DEGENERATION AND INTECELLULAR SPREADING (ACCEPTED 21 JULY 2017) 
Vanessa X. Tan, Benjamin Lassus, Chai K. Lim, Philippe Tixador, Josquin Courte, Alban 

Bessede, Gilles J. Guillemin & Jean-Michel Peyrin (Accepted 21 July 2017) 

 

2017 NEUROTOXICITY RESEARCH: SYNERGISTIC NEUROTOXIC EFFECTS OF THE CYANOTOXINS L-BMAA AND 
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Vanessa X. Tan (Co-First) and Claire Mazzocco, Bianca Varney, Dominique Bodet, Tristan A. 

Guillemin, Alban Bessede and Gilles J. Guillemin  
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Chapter 3: BMAA & Neurotoxicity 

3.1 Research gap: Bridging BMAA and Neurotoxicity 

Although there have been several studies demonstrating toxicity of BMAA (Dunlop, Cox, 

Banack, & Rodgers, 2013; Karlsson, Lindquist, Brittebo, & Roman, 2009; Meneely et al., 

2016; Rao, Banack, Cox, & Weiss, 2006; Zeevalk & Nicklas, 1989) there exist opposing 

opinions on the role of BMAA in neurodegenerative diseases, with the fundamental 

problem of non-physiological quantities of BMAA remains key in this contention. Duncan 

et al (1990) have shown that washing of cycad flours, a primary carrier of ingested 

BMAA, removes more than 87% of BMAA found in the flour, and BMAA representing a 

mere 0.005% in flours by weight, or 50 µg/g of flour tested. The dosage of BMAA in 

animal and in vitro models appear to be considerably larger than possible to ingest 

through flour, bioaccumulating BMAA in flying foxes, fish, or other marine life, or even 

direct ingestion of cyanobacteria (Lee & McGeer, 2012).  

What is clear is that BMAA is bioavailable, and can cross the BBB (Mark W. Duncan et al., 

1991; Xie, Basile, & Mash, 2013), which is crucial when understanding its role in 

neurodegeneration. Previous studies that prove the neurotoxicity of BMAA investigate 

end-point outcomes of neurotoxicity, being cellular death, disregarding the roles of 

synaptic and axonal degeneration. In our study, we present the first investigation on the 

effects of sub-lethal concentrations of BMAA on synaptotoxicity, somatic and axonal 

health, and the ability of BMAA to spread transcellularly.  
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3.2 Key Results & Implications 

 

Using microfluidic chips, we physically and fluidically separated neuronal somas in the 

proximal compartment from axons in the distal compartment. This allowed us to investigate 

the somatic application of lower levels of BMAA, and its axonal toxicity. We established that 

BMAA at 50 µM did not result in somatic death, but significant axonal degeneration. Using 

10 µM of BMAA, we show that BMAA is taken up by first degree neurons in the proximal 

compartment. Further, we add striatal neurons to the distal compartment, recreating 

cortico-striatal networks. We showed that in 48h, second degree striatal cells not directly 

exposed to BMAA show presence of BMAA, indicating a trans-cellular spread of BMAA. This 

finding is crucial as (1) we demonstrate for the first time, a trans-cellular spread of BMAA, 

(2) low concentrations of BMAA may not be neurotoxic, however can cause axonal 

degeneration that may cause functional disruption in neurons. 

 



  

 
 

 

3.3 Original Research Article: Neurotoxicity of the Cyanobacteria 

BMAA through Axonal Degeneration and Intercellular Spreading 

(Under Review) 
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2017. 
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contributed in part to quantification of neurons. EL assisted with statistical analysis. AB provided 
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Abbreviations 

ALS Amyotrophic Lateral Sclerosis  

ALS/PDC Amyotrophic Lateral Sclerosis/Parkinson’s dementia complex  

BMAA β-methylamino-L-alanine  

CM Culture Media 

CSF cerebrospinal fluid  

DIV Days in vitro 

FI Fragmentation Index 

GFAP Glial Fibrillary Acidic Protein 

MAP2 Microtubule associated protein 2 

MND Motor Neuron Disease  

MPP 1-methyl-4-phenylpyridinium 

NMDA N-methyl-d-aspartate 
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Abstract 

The cyanotoxin β-methylamino-L-alanine (BMAA) is implicated in neurodegeneration and 

neurotoxicity. Studies on BMAA neurotoxicity have been using high concentrations that are not 

physiologically relevant. We use microfluidic chips to investigate the effects of low doses of BMAA 

applied on neuronal somas. Using a newly developed BMAA antibody, we found that BMAA 

treatment at 10 µM is taken up by first degree neurons directly exposed to BMAA. Somatic exposure 

with BMAA at 50 µM did not result in somatic death, but led to a significant axonal degeneration. 

Within 48h, we detected a trans-cellular spread of BMAA to unexposed second-degree neurons and 

glial cells, demonstrating the ability of BMAA to spread. These results suggest that even low 

concentrations of BMAA can mediate axonal degeneration; and the evidence of transcellular 

spreading indicate a role for BMAA in the dying forward spread of diseases such as amyotrophic 

lateral sclerosis. 
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BMAA, axonal degeneration, spread, neurotoxic, microfluidics,   
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Introduction 

β-methylamino-L-alanine (BMAA) is a secondary metabolite produced by cyanobacteria, and 

has been associated with Amyotrophic Lateral Sclerosis/Parkinson’s dementia complex 

(ALS/PDC), and possibly other neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s diseases [1], [2]. Increasing evidence points towards BMAA, as a potential 

contributing factor for sporadic Motor Neuron Disease (MND), or specifically Amyotrophic 

Lateral Sclerosis (ALS). An association with ALS was first observed in local Chamorro people 

of Guam, subsequently correlated to increased incidences of ALS/PDC in the Kii peninsular of 

Japan, and the Irian Jaya of New Guinea [3]–[5]. Fundamentally, these correlations were 

linked to the use of cycads for nutrition and medicine, and the consumption of flying foxes, 

which feed on cycad seeds, bioaccumulating BMAA [6]. Studies have shown that BMAA can 

be adsorbed into the circulatory system in rats [7], and non-human primates [1], [8], and 

documented transplacental transmission of BMAA [9]. BMAA has also been found in the 

brains of ALS/PDC patients [6], and has been detected in human cerebrospinal fluid (CSF) 

samples from both ALS and controls [10]. Scientists and neurologists in USA, France, and 

Canada have observed a high incidence of sporadic ALS cases in specific areas called “hot 

spots” [11]–[13]. In Australia, the Riverina is known for its persistent seasonal cyanobacterial 

blooms in both recreational and drinking water, and appears to have a 15-fold higher 

incidence than the national average. (Personal communication from Prof Dominic Rowe, 

Director of the MND clinic at Macquarie University)[14]. 

In recent years, studies have presented consistent data showing the neurotoxic effects of 

BMAA in patient tissue, animal models, as well as in culture models studies [6], [10], [15]–

[23].  BMAA is associated with various neurotoxic mechanisms such as glutamate 

excitotoxicity [16], [18], [24], endoplasmic reticulum (ER) stress [20], mitochondrial 

dysfunction [18], oxidative damage [20], [22], and toxic protein aggregation [25] resulting in 

motor deficits, neuronal degeneration, and somatic death [8], [23], [26], [27]. Furthermore, 

the selective toxicity of BMAA towards motor neurons and pyramidal cells both in vitro and 

in vivo highlights the potential causal role of BMAA in ALS [15], [22], [27]. However, 

toxicological studies have been inconsistent with variability depending on model used, with 

studies focusing on mechanisms and cellular death [15], [19]–[21]. While apoptosis is an 
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important mechanism for neuronal death in the late-onset of several brain diseases including 

ALS [28], [29], it is becoming increasingly clear that cellular death is an endpoint, and better 

understanding of neuronal sufferance is required to interfere with the degeneration process. 

Axonal and synaptic degeneration are critical events in neuronal degeneration processes 

[30]–[33], and the molecular pathways involved remain elusive [34]. In particular, the long 

axonal projections of motor neurons render them more susceptible than other neuronal cells 

to local and repetitive injuries [35]. In progressive neurodegenerative diseases such as ALS 

[36], axonal degeneration often proceeds through a protracted dying-back pattern in which 

dysfunction of nerve terminals precedes neuronal cell body destruction [35], [37], [38], and 

axonal degeneration is a known clinical and pathological feature of ALS [39]. Indeed, various 

studies have shown that ALS progresses spatially, and involves sequences of axonal shrinkage 

[40], muscle denervation [39], the loss of motor units; which in SOD1 mice, are present 

months before clinical symptoms appear [41], and a gradient of axonal pathology increasing 

from proximal to the distal nerves [42]. Other studies however, support a dying forward 

hypothesis during which pre-synaptic dysfunction leads to trans-synaptic damage to 

connected neurons [43]. Interestingly, recent neuropathological evidence indicates that ALS 

neuropathological hallmarks spreads along neural pathways in the brain. In line with these 

observations, recent studies shows that proteins such as SOD1, TDP-43 or can behave as prion 

like elements spreading from neuron to neuron [44]–[46], thus raising the possibility that 

toxic proteins disseminating along neuronal networks may hamper their robustness. 

Regardless of the mechanism of dying backward or forward, the preservation of neuronal cell 

bodies has been shown not to improve the symptoms or the lifespan of patients [39], nor aid 

axonal heath [47]. Furthermore, both dying forward and dying back processes triggers 

neuronal network disconnection and progressive network collapse. The present study thus 

investigates the neurotoxicity of L-BMAA using a novel microfluidic device [48], that allows 

distinct observations of toxicity in neuronal subcompartments of somas, and axons and 

synapses.  

Here, using rodent derived neuronal networks reconstructed in microfluidic environments 

[48], [49] we investigate whether low doses of BMAA triggers progressive neuronal networks 

collapse. We therefore characterize two effects of BMAA toxicity on primary culture of fully 

differentiated cortico-striatal networks. Firstly, the transneuronal spread of BMAA from 
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neuron to neuron; second, if BMAA has a role in causing Wallerian degeneration in neurons 

through assessing axonal degeneration of neuronal soma treated with BMAA.  
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Materials and Methods 

Primary culture in microfluidic chips 

Animal ethics was approved by the C2EA - 05 Comité d’éthique en expérimentation animale 

Charles Darwin. Microfluidic chips were fabricated as in [48]. Briefly, two cell culture 

chambers (proximal and distal) each connected to two reservoirs are separated by narrowing 

15μm - 3μm tapered micro channels (Fig. 1). A middle micro channel connected to a separate 

pair of reservoirs perpendicularly transverses the separating microchannels, maintaining 

fluidic pressure on both chambers. E14 Swiss mice (Janvier, Le Genest-Saint-Isle, France) were 

sacrificed and dissected in PBS-Glucose (PBS without calcium or magnesium, supplemented 

with 0.1% Glucose). Cortices and ganglionic eminences were micro dissected and washed 

gently twice in fresh PBS-Glucose before digestion with papain or trypsin respectively in 

DMEM with DNase, and mechanically dissociated. Cortical cells were seeded at 5.1 x 104 cells 

in the proximal chambers, and striatal cells at 1.36 x 104 on the distal chambers to create 

cortico-striatal networks. Cells were cultured in DMEM supplemented with 5% FCS, 1% N2, 

2% B27, 1% Pen/Strep. Culture media was renewed every 3-5 days.  

Pharmacological treatment 

Ten to 15 days post seeding, microfluidic chips were screened by phase contrast microscopy 

before treatment. Cultures were selected for somatic survivals of >90%, <80% of axons 

<600μm long with <20% blebbing. To maintain fluidic isolation, hydrostatic pressure was 

created by over-pressurizing the untreated distal chamber. BMAA was diluted to final 

concentrations in CM, and all media refreshed before treatment.  

Immunostaining 

Cells were washed twice with PBS and fixed in 4% PFA-sucrose. Cells were permeabilized with 

0.2% TritonX-1% BSA in 1x PBS. Primary antibodies were added in 1% BSA in PBS and 

incubated overnight at 4°C. Cells were rinsed in PBS then incubated with corresponding 

secondary antibodies if required. Primary antibodies include βIII-Tubulin (mouse monoclonal 

1:500, Sigma), Microtubule Associated Protein-2 (mouse MAP2, 1:500, Sigma; Rabbit MAP2, 

1:500, Millipore), Glial associated fibrillary protein (mouse GFAP, 1:500, Sigma Aldrich). 
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Secondary antibodies (1:2000, ThermoFisher Scientific) coupled to Alexa 350, 488, or 555 

were used to visualize primary antibodies, and DAPI, when Alexa 350 was not used. For BMAA 

staining, cells were fixed and stained according to StainPerfect Immunostaining Kit A 

(ImmuSmol, Pessac, France). BMAA antibody (ImmuSmol) was used at 1:1000, and detected 

with the corresponding secondary antibody. Images were acquired with an Axio-observer Z1 

(Zeiss, Stuttgart, Germany) fitted with a cooled CCD camera (CoolsnapHQ2, Ropert Scientific). 

The microscope was controlled with MetaMorph software (Molecular Devices, CA, USA) and 

images were analysed using Fiji software (ImageJ, US National Institutes of Health, Bethesda, 

Maryland, USA).  

BMAA uptake in cortical cell cultures in microfluidic platform 

To determine if BMAA is taken into cortical cells, 100 µM BMAA was applied to mature 

cultures for 48h, before being fixed and stained for BMAA and DAPI. Results were derived 

from at least six images per chamber, and three independent experiments conducted in 

triplicates. 

Quantifying axonal degeneration and neuronal survival 

To determine the effect of somatic application of BMAA on somatic death and axonal health, 

cortical cells were seeded in only the proximal chamber, and axons were allowed to grow 

across into the distal chamber as previously described [50]. Ten to 12 days post seeding, cells 

were treated with various concentrations of BMAA (0-1500µM), and 1000nM N-methyl-d-

aspartate (NMDA) as a positive control, in only the proximal chamber for 48h, and 

subsequently fixed and stained with βIII-tubulin (axons) and Hoechst (cell nuclei). As 

previously described [51], healthy neurons were characterized by low percentage of 

condensed nuclei in the proximal chamber, as well as homogenous and continuous axons in 

the distal chamber, while blebbed axons exhibit fragmentation. Briefly, axonal fragmentation 

was quantified by applying the Otsu Threshold algorithm, calculating the ratio of the area of 

circular, fragmented axons (Analyse Particle function), against the area of continuous tubular 

axons (Tubeness function). Results were derived from at least six images per chamber, and at 

least three independent experiments conducted in triplicates. Results were assessed using 

repeated measures, one-way ANOVA, GraphPad Prism (GraphPad Software, Inc., CA, USA). 
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Transcellular transmission of BMAA in reconstructed cortico-striatal networks 

To show anterograde transmission of BMAA, proximal chambers of cortico-striatal cultures 

were exposed to BMAA for 48h, fixed and stained for BMAA, and MAP2 or GFAP. At least six 

images per distal chamber were taken of second-order recipient striatal cells, each treatment 

done in a minimum of triplicates, in at least three independent experiments. Images were 

similarly processed using ImageJ, by fixing the threshold intensity in control images, and 

applying to all images. Total number of MAP2 or GFAP positive cells were enumerated, and 

compared to the number of BMAA and MAP2, or GFAP positive cells as a percentage. 

Microfluidic devices were over-pressured to create a pressure gradient across the three 

chambers to ensure any possible fluid exchange would be unidirectional. Chambers were 

filled with increasing amounts of media in each corresponding reservoir: 30 μL, 40 μl, 50 μL 

(Proximal, middle, distal). Results were analysed using one way ANOVA, GraphPad Prism. 
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Results 

BMAA is structurally related to amino acids and has been proposed to triggers progressive 

neuronal death at high (mM) doses both in vivo and in vitro. While most of the previously 

published studies focused on neuronal death in our study we focused on the effect of low 

(µM) doses of BMAA on network related dysfunctions that are known to occur before 

neuronal soma destruction. 

Primary culture models in microfluidics 

Microfluidic chips allow for the physical and fluidic separation of neuronal 

subcompartments (Fig. 1). Neuronal somas are contained in the proximal chamber through 

size exclusion (Fig. 1 a, g), and axons allowed to grow through microchannels into the 

middle chamber (Fig 1 c), through to the distal chamber (Fig. 1 e). Distal chambers are used 

to assess axonal integrity (Fig. 1 iii, h), or to reconstruct oriented cortico-striatal networks 

(Fig. 1 iv, j). Fluidic isolation is maintained by the blockage of microchannels by neuronal 

axons, and creation of a pressure gradient in each chamber reservoir (Fig. 1 b, d, f). we have 

previously shown that after 15 days-in vitro, these networks are fully differentiated, and 

synaptically connected [52].  

BMAA uptake by cortical cells 

First, using a newly developed anti BMAA antibody (ImmuSmol, France) we determined 

the uptake of BMAA by cortical neurons grown in compartmentalized microfluidic chambers. 

Cortical cells in the proximal chamber were qualitatively assessed for their ability to take up 

BMAA into the cell body. For this, cortical neurons were exposed to 100 µM of BMAA.  48 

hours post exposure; the somato-dendritic uptake of BMAA was evidenced by BMAA staining 

of the cortical cell chamber. Results show that BMAA is present in a subpopulation of cortical 

cell bodies, suggesting selectivity in uptake of BMAA by neuronal subtypes (Fig. 2). Fig. 3 show 

intact axons stained with β3 Tubulin in the control, while treatment with 10 or 100 µM BMAA 

results in low-level fragmentation and blebbing in cortical axons, suggesting a potential 

deleterious effect of BMAA. 
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Sub-lethal concentrations of BMAA are neurotoxic to axons but not cell somas 

To elucidate the effects of BMAA on neuronal subcompartments, BMAA was administered 

only to the proximal (somatic) chamber of mouse cortical neurons compartmentalized in a 

microfluidic environment. This allows for somato-dendritic exposure of cortical cells, leaving 

axons in distal chambers untreated (Fig. 1 iii). Using similar approaches, we have previously 

shown that somatic application of mild pro-apoptotic insults and beta amyloids triggers early 

and specific axonal degeneration [49], [50]. The percentage of nuclear condensation in 

cortical neurons was assessed as a measure of somatic health, with cells displaying nuclear 

morphology of condensed chromatin and intense DAPI staining with small nuclear size in cells 

indicative of the initiation of cell death processes. Cell death as observed by nuclear 

condensation was an overall significant, taking into consideration concentrations tested from 

1-1500 μM (Repeated Measures, one-way ANOVA p<0.001, R2=0.8594). Average percentage 

of nuclei condensation for untreated cells was 13%, and in BMAA treated cells ranged from 

12-30%, and NMDA treated cells were 41% condensed. However, it is not significant for 

treatments less than 500 μM, and has an increasing significant effect at 500, 1000, and 1500 

μM (Fig. 4 a-g, o; Suppl. Table 1).  

Axonal health was assessed via analysis of axonal fragmentation index (FI) that determines 

continuous (tubular) axons as healthy, as a ratio to fragmented (particles) injured axons (Fig. 

4). Results show that untreated cells had an FI of 0.304 (Fig. 4 h), and 1 μM BMAA had an FI 

of 0.342 (Fig. 4 i).  BMAA treatments at 50, 500, 1000, and 1500 μM resulted in significant 

changes in FI to 0.392, 0.473, 0.495, and 0.555 respectively (Repeated Measures, one-way 

ANOVA p<0.0001, R=0.9722) (Fig. 4 j-m, p; Suppl. Table 2). Positive fragmentation control of 

NMDA treatment resulted in a FI of 0.972 (p<0.0001) (Fig. 4 n). A dose-dependent response 

can be observed with increases in axonal fragmentation as the concentration of BMAA 

increases from 50 -1500 μM, and is assessed by the Post-test for linear trend to be linear 

(p<0.001).  
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Transcellular spread of BMAA to second-order cells 

To determine if BMAA can be passed from one neuron to another, we used the cortico-striatal 

network platform (Fig. 1 iv). We expose first-order cortical neurons of a days-in vitro 15 

cortico-striatal network to 10 and 100 µM BMAA, and observe BMAA signals in second-order 

striatal neurons and astrocytes in the distal chamber. Results were derived from at least six 

images per chamber, and at least three independent experiments conducted in triplicates. 

In the distal chamber, neuronal cells were labelled with MAP2 and DAPI, neuronal uptake of 

BMAA was defined by the presence of BMAA and MAP2 in the same cell, expressed as a 

percentage of total number of MAP2 positive cells (Fig. 5 a). Treatment with BMAA at 10 and 

100 µM resulted in 14 and 62% of neurons (respectively) positive for both MAP2 and DAPI. 

This has a significance of p>0.0014 for a positive presence of BMAA in the striatal cell 

population of the BMAA treated cortical cells, with multiplicity adjusted p values of >0.163 

and 0.001 for 10 and 100 µM respectively (Fig. 5 b, Suppl. Table 3).  

Similarly, astrocytic uptake of BMAA was measured by the presence of GFAP and BMAA 

positive cells, expressed as a percentage of total GFAP positive cells. In GFAP expressing cells, 

we observed less BMAA infected cells with 12 and 23% of the cells positive for BMAA 

(p<0.0589), and multiplicity adjusted p values of 0.233 and 0.041 for 10 and 100 µM 

respectively (Fig. 6, Suppl. Table 4). 

To confirm the fluidic isolation capabilities of the chambers, distal and middle chambers were 

over-pressurised with larger volumes of media in media reservoirs (Fig. 1 d, f), creating 

hydraulic resistance. Additionally, axons obstruct the microchannels, further limiting 

molecular diffusion between the proximal and distal chambers [51], [53]. With over-

pressurizing, any possible fluid exchange would flow from distal towards the proximal 

chamber, thereby preventing flow of BMAA containing media in the proximal chamber 

towards the distal and middle chambers. Notwithstanding hydraulic resistance, BMAA is 

consistently observed to be present in the distal chambers (Suppl. Fig. 1), resulting in the 

conclusion that BMAA can indeed be passed from cell to cell, and is not an artefact of pressure 

driven movement. These results indicate that low doses of BMAA can be efficiently spread 
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from neuron to neuron and to astroglial cells, and that increasing amounts of BMAA leads to 

neuronal network collapse.  
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Discussion 

This is the first study that 1) use sub-lethal doses of BMAA to observe changes in neuronal 

subcompartments; 2) investigates the effects of BMAA before cells start to die; and 3) 

investigate intercellular transmission of BMAA (Fig. 8). Our results are in line with notions 

showing that ALS related disorders spreads along neuronal pathways and support the notion 

that BMAA may initiates neuronal networks collapse. The outcomes of this study provide an 

intermediate between the conflicting views on the role of BMAA in neurodegeneration and 

neurodegenerative diseases.  

Although BMAA has been suspected to be a causal agent for ALS for the last 40 years (Spencer, 

et al.), it has not been concretely linked to  ALS. There are several rationales for the rejection 

of BMAA having a role in ALS. First, the ubiquitous distribution of BMAA producing 

cyanobacteria [54]–[56]. Secondly, the washing processes before consumption of cycad seeds 

results in the removal of a large amounts of BMAA [55]. Lastly, the pathophysiological 

concentrations of BMAA crossing the BBB, or in the body required to cause damage in vitro 

or in in vivo models [26], [57]–[59]. The neurotoxicity of BMAA has been demonstrated 

repeatedly on neuronal cell lines, primary cultures of rodent cells, and in vivo studies [6], [15]–

[22].  

Use of microfluidics in investigating BMAA uptake in cortical cells 

Microfluidic devices represent a unique tool to study and characterise the cellular 

mechanisms induced by neurotoxins between cellular sub-compartments (Fig. 1). They can 

be used to assess therapeutic strategies and allow discovery and application of multipronged 

drugs that target not only cell death, but also axonal degeneration to repair or reduce 

neurotoxic damages [60]. We show here the application of a new BMAA antibody (ImmuSmol, 

France) in detecting intracellular BMAA on the microfluidic platform (Fig. 2). Murine cortical 

cells stain positive for BMAA when treated with 100µM of BMAA for 48h. In untreated cells, 

little axonal blebbing or degeneration is observed, axons are tubular and intact, indicating 

good health. However, in treated cells, we observe increased axonal blebbing coupled with 

nuclear condensation, signs of cellular stress (Fig. 3).  

BMAA causes Wallerian-like degeneration 
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To further investigate the degeneration observed in cortical cells, cortical cultures (Fig 1 iii) 

was used to determine the effects of somatic application of BMAA on axons. We found that 

low-dose BMAA (50 μM) can cause a Wallerian-like degeneration process; damages that do 

not result in extensive somatic death, but cause axonal fragmentation (Fig. 4).  We also 

observed a dose-dependent effect on the somatic health of neurons, with a significant 

increase in cell death starting at 500 µM of BMAA (Fig. 4 a-g, o). NMDA treatment was used 

as positive control (Fig 4 g). Concordant with our results, Lobner et al [16] found doses less 

than 1 mM of BMAA cause only slight neuronal death in mixed murine cortical cells, and 

showed that BMAA at 10 µM can potentiate β-Amyloid or 1-methyl-4-phenylpyridinium 

(MPP+) mediated neuronal damages. Similarly, Weiss and Choi reported that concentrations 

of BMAA of less than 300 μM induces limited cortical neuronal loss [26]. Furthermore, two 

studies reported that BMAA at 30μm cause specifically motor neuron death, and only limited 

injury to CA1 pyramidal neurons [1], [15], supporting the potential roles of BMAA in ALS 

neuropathology. Additionally, this study was conducted without adding bicarbonate, where 

studies show addition of bicarbonate during treatment results in increased cellular toxicity of 

[24], [61]. 

Axonal degeneration is evident in BMAA treated cells, as demonstrated by observations of 

increased blebbing and axonal fragmentation (Fig. 3, 4 h-m). Axonal fragmentation 

significantly increases with concentrations of BMAA from as low as 50 µM (Fig. 4 p). During 

the neurodegenerative processes, neuronal cell bodies are clearly affected; however, there is 

increasing evidence that axonal damage are more severe, and are crucial for the development 

and progression of the diseases. By demonstrating the preservation of cell body but not 

restoration of function, several studies have shown that rescuing only cell bodies is not 

sufficient to alter the course of diseases [31], [35], [47]. Additionally, considering the long 

distances in which motor neuron axons span, these cells are far more vulnerable to axonal 

insults and degeneration that would result in the characteristic dying back of distal regions of 

the axons in Wallerian-like degeneration. In ALS patients, this may explain the early 

asymptomatic changes occur before clinical symptoms [41], [62], [63], which is also consistent 

with results obtained with animal models [31], [37]. 

Although the treatment of BMAA was short and with sub-lethal doses, we observed a clear 

and significant changes in axonal integrity. This is conceivably more in line with the amounts 
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of BMAA that may be ingested via cycads or through the consumption of flying foxes that 

have biomagnified BMAA levels, but is not in the scope of this study [3], [64], [65]. Evidently, 

further studies are required to clarify the bioavailability and concentrations of BMAA ingested 

via consumption of contained food with in either the free or bound forms of BMAA [6]. 

Cumulatively, our results showing limited cell death and a clear decline in axonal integrity 

provide evidence that low-dose BMAA is toxic for primary neurons, contributing to axonal 

degeneration and withdrawal of support from a diseased cell body, recapitulating a dying-

back pattern as observed in Wallerian-like and compartmentalized degeneration reminiscent 

of network disconnection [66], [67].  

Transcellular spreading of BMAA 

To understand the effect of BMAA at a network level, we use the cortico-striatal networks to 

observe if BMAA can be transmitted from cell-to-cell. We believe this is the first study that 

investigates BMAA spreading. The presence of BMAA in second order neurons and astrocytes 

(Fig. 5 a, 6 a) indicate anterograde axonal transport and transmission of BMAA in a dose-

dependent manner, which has been shown in prion-like proteins such as α-synuclein and 

SOD-1, associated with neurodegenerative diseases [68], [69]. This is anticipated to occur in 

cells linked through synapses, or nanotubes, or via vesicles such as exosomes or 

microparticles [70]–[72]. In neurons, this transmission of BMAA is of particular interest as this 

could represent a mechanism for the focal neuroanatomical spread of neurodegenerative 

pathologies such as in ALS [73], [74]. 

The role of astroglial cells in neurodegenerative disease is well known [75]–[78], and the 

presence of BMAA in astrocytes may be attributed to its role in regulation of amino acids and 

neurotransmitters, thus, explaining the presence of BMAA in astrocytes in the untreated 

chamber (Fig. 6) [75], [76], [79]. Furthermore, a study showed that astrocytes infected with 

prions have increased neurotoxicity in co-culture with neurons [80].  

There are two possible explanations for the partial spreading of BMAA to the receiving 

second-order neurons in the distal chamber. First, BMAA may only contaminate second-order 

cells that are functionally connected to a neuron containing BMAA. Trans-neuronal spreading 

could thus rely on efficient synaptic connections, as proposed for Tau protein, or unknown 

limiting mechanisms. Importantly, BMAA triggering early axonal degeneration thus may 
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modify BMAA trans-neuronal spreading. Second, specific cell susceptibility, or a specific 

receptor regulating the uptake of BMAA into the cell. This is supported by earlier studies 

showing that BMAA is selectively taken up by specific neuronal cell subtypes such as motor 

and NADPH-diaphorase neurons, whereas higher degree cortical neurons display only a 

limited BMAA uptake and loss [9], [22], [26], [81]. In terms of cytotoxicity, it is important to 

highlight that BMAA was detected mostly in cell somas, however, exerted a stronger effect 

on neuronal axons rather than the cell body (Fig. 4, 5 a). BMAA is present in some axons, but 

appear to be absent in others as they may be below detectable limits of the technique. 

Proposed mechanism of BMAA-mediated neurodegeneration and spreading 

The excitotoxic mechanism triggered by BMAA is well described [21], [22], [26], [61], [82], and 

is believed to be initiated through the activation of both NMDA and non-NMDA receptors, 

leading to calcium increases, cell depolarisation and also production of reactive oxygen 

species [16], [22], [24], [26]. As mentioned, another cytotoxic effect of BMAA was identified 

by Dunlop et al [25], observing BMAA misincorporation into proteins, an important and new 

mechanism associated with neurodegenerative diseases.  

Although this was not formally linked to the later observation, another recent study showed 

that BMAA promotes abnormal Tau phosphorylation and aggregation in hippocampal 

neurons [1].  It is thus tempting to speculate that misintegration of BMAA may trigger the 

misfolding of structural proteins that disrupt the cellular transport, which is crucial for the 

routing of trophic factors and nutrients to the axons. This will affect neuronal homeostasis 

leading to the destabilization of the cytoskeleton and cell signalling resulting in progressive 

functional impairments. and ultimately axonal degeneration and somatic loss. This 

corresponds to a Wallerian-like degeneration model. Additionally, formation of aberrant 

proteins or structures may also result in nucleation, the initiating process required in prion-

like propagation, thereby imposing its aberrant structure on other normal proteins. The 

observation of intercellular spreading of BMAA to other cells not only results in an 

amplification of cytotoxicity, but also clinically reflects the focal spread of neurodegeneration 

in ALS. However, more work needs to be done to understand the processes by which BMAA 

spreads transcellularly. 
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Is BMAA involved in the development of ALS?  

The results of this study show that only a low amount of BMAA, not previously considered as 

cytotoxic, can induce alter neuronal integrity. BMAA triggers a Wallerian-like degeneration in 

neurons, and cellular transmission of BMAA between cells indicate a transcellular 

transmission of BMAA (Fig. 8). Together with other factors such as genetics, environmental 

triggers, lifestyle, physical trauma, and ageing [83], [84], our results indicate that BMAA 

contributes to a complex interplay of accumulating factors in the multiple hit hypothesis in 

ALS [83]. A delay or inhibition of axonal degeneration may alleviate clinical symptoms of 

neurodegeneration, and further research into the capability of BMAA to trigger a prion-like 

phenomenon, and its roles in the disturbance of axonal transportation and degeneration may 

pave the road for better understanding of ALS mechanisms.   
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Fig. 1 Microfluidic Chips 

(i) Graphical representation of microfluidic 
chip; (ii) photo of microfluidic chip showing 
middle microchannels (a) Proximal chamber, 
(b) proximal reservoirs, (c) middle 
microchannels of 15μM - 3μM tapered micro 
channels connecting the proximal to distal 
chambers, (d) middle reservoirs, (e) distal 
chamber, (f) distal reservoirs; (iii) cortical 
cultures, (iv) cortico-striatal networks; 
corresponding cultures images of (g) cortical 
somatic bodies in proximal compartment 
stained for axons (Green) and nuclei (Blue), 
and distal compartments, featuring (h) 
cortical axons stained for axons (Red), or (j) 
striatal  neurons in the distal chamber to build 

a cortico-striatal network (MAP2, green; nuclei, blue) 

 

 

 

  

(iii) Cortical culture 

(g) 

(h) 

(j) (iv) Cortico-striatal network 

(i) Graphic microfluidic chip (ii) Light microscope image of microchannels 
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Fig. 2 Uptake of BMAA into treated somas in the proximal chamber 

Proximal chamber of cortical cell bodies treated (100µM) or not treated (0) with BMAA showing uptake of BMAA into cell bodies. Cells not 

treated with BMAA do not show any BMAA staining, while cells treated with BMAA show a subpopulation of cells positive for BMAA. 

Microfluidic schematic represents treatments in fluidic isolation; Blue: complete media; Green: BMAA treated. Scale bar 100µm 
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Fig. 3 Somatic health of neurons treated or not treated with BMAA 

Images of proximal chambers at treated with 0, 10 or 100 µM BMAA showing structure of axons (β3 Tubulin; red) and nuclear staining (DAPI, 

blue). Untreated cells have little blebbing in axonal structures, and modest nuclear condensation, while cells treated with BMAA show 

increased blebbing, and nuclear condensation. Green arrow shows intact nuclei, while yellow arrow shows condensed nuclei. Microfluidic 

schematic represents treatments in fluidic isolation; Blue: complete media; Green: BMAA treated. Scale bar 100 µm 
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Fig. 4 BMAA neurotoxicity in somatic and axonal subcompartments  

 

BMAA treatment was applied on proximal chambers as represented by microfluidic schematic. Blue: complete media; Green: BMAA 

treated; Orange: NMDA. 

Neurons are untreated (0), or treated with BMAA (1-1500µM), and 100µM NMDA as positive control.  

Representative images of proximal chambers stained with DAPI (cyan): (a) untreated, (b-f) 1, 50, 500, 1000, and 1500 µM BMAA, (g) 100 

µM NMDA. Green arrow shows intact nuclei, while yellow arrow shows condensed nuclei. Scale bar 100 µM; 

Representative high magnification images (63x) of cortical axons in distal chambers stained with β3-tubulin (red) and DAPI (cyan) ): (h) 

untreated, (i-m) 1, 50, 500, 1000, and 1500 µM BMAA, (n) 100 µM NMDA Scale bar 10 µm.  

(o) The graph shows nuclear condensation as a result of treatment (0-1500µM BMAA, 100µM NMDA). Results are expressed as a 

percentage of total nuclei count, and significance evaluated by Repeated measures, one-way ANOVA test, overall P <0.0001, R2=0.8594, 

multiplicity adjusted (to untreated control): *p-value<0.05, **p-value<0.01, ****p-value≤0.0001, Post test for linear trend: Linear, 

p≤0.0001 Results expressed as mean ±SD 

(p) The graph represents the relative amount of fragmentation compared to the control, quantified by ratio of tubular and circular 

structures in axonal compartments. Analysed by Repeat measures, one-way ANOVA, overall p< 0.0001, R2=0.9722, multiplicity adjusted (to 

untreated control): *p-value<0.05, ****p-value≤0.0001, Post test for linear trend: Linear, p≤0.0001) Results expressed as mean ±SD 
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Fig. 5  Cellular uptake of BMAA in neurons of distal chambers  

(a) Representative images of MAP2+ cells (Red) staining for BMAA (Green) in untreated, distal striatal chambers showing spread of BMAA 

from proximal chambers treated with 0, 10, and 100 µM of BMAA. White arrows indicate presence of blebbing. Microfluidic schematic 

represents treatments in fluidic isolation; Blue: complete media; Green: BMAA treated. Scale bar 100uM 

(a) 
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 (b) Quantification showing spread of BMAA into neurons of untreated distal chambers 

Graph shows percentage quantification of second-order neurons positive for MAP2 and BMAA, of total MAP2 positive cells. Only proximal 

first-order neurons were treated with 0, 10, and 100 µM BMAA. Analysed by repeated measures, one way ANOVA with cumulative p value 

of 0.0014, and multiplicity adjusted values of 0.1634 and 0.0011 for 10 and 100 µm respectively. Results expressed as mean ±SD 

 

  

(b) 
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Fig. 6 (a) Cellular uptake of BMAA in astrocytes of distal chambers  

Representative images of GFAP+ cells (Red) staining for BMAA (Green) in in untreated, distal striatal chambers showing spread of BMAA from 

proximal chambers treated with 0, 10, and 100 µM of BMAA. Microfluidic schematic represents treatments in fluidic isolation; Blue: complete 

media; Green: BMAA treated. Scale bar 100µm 

 

(a) 
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 Fig. 6 (b) Quantification showing spread of BMAA into astrocytes of untreated 

distal chambers 

Graph shows percentage quantification of second-order astrocytes positive for 

GFAP and BMAA, of total GFAP positive cells. Only proximal first-order neurons 

were treated with 0, 10, and 100 µM BMAA. Significant presence of BMAA was 

observed in GFAP-expressing astrocytic cells. Analysed by: repeated measures, 

one-way ANOVA with cumulative p value of 0.0589, and multiplicity adjusted 

values of 0.2332 and 0.0409 for 10 and 100 µm respectively. Results expressed as 

mean ±SD 

 

 

 

Fig. 7 Summary of BMAA toxicity Two 

modes of BMAA toxicity: Wallerian like 

degeneration, and propagation of BMAA 

from cell-to -cell  

 

 

 

(b) 
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