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Introductory remarks 

This dissertation follows a semi-cumulative style and consists of 7 chapters, 

whereof chapters 3 – 6 are based on first-author publications, which have either 

been published or submitted to peer-reviewed journals. These 4 chapters 

incorporate remarks and suggestions of all co-authors as well as of reviewers 

and editors due to peer-reviewing. Every publication starts with a specific and 

detailed introduction, therefore, chapter 1 and 2 will give more general 

background information about the entirety of the project. Chapter 7 concludes 

with an overview of all data, discussion and future perspectives.  

The publications were published in different journals with varying styles, 

therefore, it was chosen to summarize all references, figures and tables using 

consecutive numbers for clarity and comprehensibility. Differences and 

Inconsistency in abbreviations, nomenclature and spelling (British and American 

English) might be noticeable due to journal standards. The source of each 

publication is clearly stated in the beginning of every publication-based chapter. 

The following nomenclature was applied for the use of mutants of C. elegans 

(Caenorhabditis elegans): Deletion mutants (loss-of-function) are accompanied 

by a delta (Δ), while knock-out mutants bear the designation ‘KO’ behind the 

name of the gene. Mammalian GENES are written in italic and upper-case 

letters, while genes of C. elegans is written in italic and lower-case letters. 

Mammalian PROTEIN names are written in upper-case letters, those of  

C. elegans are not. 
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Summary 

Copper (Cu) is vital for biological processes as an enzyme cofactor, primarily 

obtained from drinking water, grains and vegetables in the general population. 

Industrial and agricultural activities introduce excess Cu into the environment 

via emissions, runoff and waste disposal, posing risks to ecosystems and 

human health. Excess Cu is supposed to induce oxidative stress on a cellular 

level, which is defined as an imbalance between the production of reactive 

oxygen and nitrogen species (RONS) and antioxidants. The overproduction of 

RONS leads to damage of cellular structures and macromolecules like proteins, 

lipids and DNA. Its ability to catalyze Fenton-like reactions associates Cu with 

oxidative stress and mitochondrial impairment, as well as neurodegeneration. 

The molecular mechanisms underlying Cu toxicity remain poorly understood. In 

order to investigate Cu-mediated toxicity, it is essential to assess the Cu status 

of individuals first. Disrupted Cu levels have been observed in patients 

diagnosed with neurodegenerative diseases. Additionally, protein-bound Cu 

shifts to labile Cu pools, potentially causing greater damage. Therefore, this 

thesis focused on identifying reliable Cu markers and elucidating the molecular 

mechanisms underlying Cu toxicity. For this purpose, the in vivo model organism 

Caenorhabditis elegans (C. elegans) was used. Loss-of-function mutants 

deficient in Cu chaperone atox-1 and Cu storage protein ceruloplasmin were 

used to model Cu dyshomeostasis. Furthermore, the consequences of excess 

Cu on individuals genetically susceptible to neurodegenerative disorders such 

as Alzheimer's disease (AD) and Parkinson's disease (PD) were examined.  

Behavioral assays and neuron morphology studies by fluorescence microscopy 

are established methods to assess neurotoxicity in C. elegans. However, these 

methods lack quantitative evaluation of neurotransmitter levels. To better 

understand neurodegenerative processes, the initial step of this thesis was to 

develop a highly sensitive and specific technique to quantify neurotransmitters. 

A liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based 
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method was developed and addressed high sensitivity and specificity for 

dopamine, serotonin, γ-amino butyric acid and acetylcholine in  

C. elegans, but was further adopted to mouse brain tissue. Neurotransmitter 

quantification is crucial for understanding neurotoxic mechanisms and 

identifying therapies, although it requires a combination of approaches for 

comprehensive evaluation. C. elegans, combined with sensitive analytical 

techniques, offers a reliable platform for neurotoxicity studies, enabling 

molecular level neurotransmitter analysis alongside behavioral and 

morphological assessments. 

Excess Cu and genetic deficiencies in atox-1 and ceruloplasmin were 

investigated to understand Cu homeostasis in C. elegans. Wildtype and mutant 

worms were exposed to CuSO4-enriched Escherichia coli for 24 hours. While 

wildtype worms tolerated doses up to 2 mM Cu, atox-1 and ceruloplasmin 

mutants showed reduced survival rates, indicating Cu hypersensitivity. Total Cu 

analysis via inductively coupled plasma-optical emission spectrometry  

(ICP-OES) showed no basal differences but decreased Cu uptake in mutants 

after Cu treatment. Time-of-Flight Secondary Ion Mass Spectrometry  

(ToF-SIMS) analysis demonstrated uniform Cu distribution, with depth profiling 

confirming reduced total Cu content in both deletion mutants. Fluorescence 

probe Copper Fluor-4 (CF4) indicated elevated labile Cu levels in mutants, 

exacerbated by Cu treatment. Furthermore, gene expression changes in Cu 

homeostasis regulators were observed in both mutants. These findings 

emphasize the importance of maintaining regulated Cu homeostasis and 

monitoring labile Cu levels for assessing Cu imbalance. 

After characterizing Cu homeostasis in C. elegans, toxic mechanisms due to 

disrupted Cu balance and excess Cu were examined, focusing on oxidative 

stress and its impact on genomic and neuronal stability. Data revealed reduced 

glutathione (GSH) levels in all worm strains after Cu exposure, with atox-1 and 

ceruloplasmin mutants exhibiting increased mRNA levels of gcs-1/GCLC, 

suggesting enhanced GSH synthesis. Ceruloplasmin mutants showed lower 
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ATP levels, further reduced by Cu, indicating higher energy demand and 

mitochondrial impairment due to reduced cardiolipin (CL) content. Elevated  

8-oxoguanine levels, a marker for oxidative DNA damage, were observed in 

ceruloplasmin mutants exposed to Cu. Moreover, decreased γ-amino butyric 

acid content in these mutants underscores ceruloplasmin's role in Cu 

homeostasis and mitochondrial integrity for genomic and neuronal stability. 

Atox-1 mutants displayed elevated markers of oxidative stress, such as 

malondialdehyde (MDA) and reduced neurotransmitter levels after Cu 

exposure, highlighting its importance in Cu homeostasis and neuronal survival 

in Cu-mediated neurotoxicity. 

Understanding the mechanisms underlying neurodegenerative diseases like AD 

and PD remains incomplete, influenced by both genetic and environmental 

factors. An amyloid β-expressing transgenic strain (CL2006) was used to model 

AD, while deletions of pdr-1/PARKIN and the g2019s mutation of LRRK2 were 

employed as models for PD. Cu exposure did not affect neuronal stability in 

wildtype worms, but both PD models showed reduced dopamine levels, 

exacerbated by Cu. This was confirmed by alterations in the basal slowing 

response assay, a behavioral assay dependent on dopamine. Crossbreeding 

PD mutants with BY200 (dat-1::GFP) strain revealed severe impairments in 

dopaminergic neuron morphology induced by Cu, confirming reduced DA levels. 

These findings highlight the hypersensitivity of C. elegans PD models to Cu. 

Taken together, this thesis emphasizes the complexity of Cu toxicity, 

highlighting the risks associated with excess Cu and a disrupted Cu 

homeostasis. The condition of elevated Cu levels, Cu dyshomeostasis or a 

genetic predisposition to PD lead to oxidative stress as well as genomic and 

neuronal instability. This underlines the importance of a proper regulated and 

well-functioning Cu homeostasis to maintain RONS balance, mitochondrial and 

neuronal integrity.  
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Chapter 1 – Motivation and Scope of the Thesis 

Motivation of the Thesis 

Copper (Cu) is an essential trace element which primarily enters the body 

through drinking water and dietary sources, such as fish, nuts and legumes  

[1,2]. The recommended daily intake for adults ranges from 1.3 to 1.6 mg, which 

is typically met by a normal diet and renders a Cu deficiency as uncommon [3]. 

However, excessive Cu is introduced into the environment through various 

human activities including industrial processes, agriculture, urban runoff and 

improper waste disposal, which possesses a significant risk to ecosystems and 

human health if not appropriately managed [4,5]. Cu plays a vital role in the 

redox biology of organisms, serving as an essential electron donor crucial for 

the catalytic function of an array of enzymes in biological processes [6]. The 

involvement of Cu spans from energy metabolism and antioxidant defense 

mechanisms to cellular respiration [7]. Conversely, excess Cu leads to the 

formation of reactive oxygen and nitrogen species (RONS) [8–10], which have 

the capacity to damage biological macromolecules, such as lipids, proteins and 

DNA [11,12]. Fenton-like reactions generate highly reactive hydroxyl radicals, 

which can induce oxidative stress, an imbalance of RONS and antioxidants, 

which in turn can promote neurodegenerative processes [13,14]. Little is known 

on how Cu toxicity is mediated on a molecular level. To evaluate Cu toxicity, it 

is of paramount importance to dispose selective and sensitive techniques, which 

provide insights into the Cu status of an individual [15]. Studies revealed 

disturbed Cu levels in the brain of patients diagnosed with Alzheimer’s disease 

(AD) and Parkinson’s disease (PD) [16,17]. Moreover, studies exposed a shift 

of protein bound Cu into labile Cu pools, which seems to be the readily available 

and therefore more damaging Cu species [18,19]. 

Therefore, the motivation of this thesis was to investigate molecular 

mechanisms, which underlie Cu toxicity. Transgenic strains of Caenorhabditis 
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elegans (C. elegans), which were deficient in Cu chaperone atox-1 or Cu 

storage protein ceruloplasmin were used to model Cu dyshomeostasis. Total 

Cu, labile Cu and gene expression of Cu-homeostasis related proteins were 

analyzed to characterize Cu dyshomeostasis in C. elegans. To reveal 

consequences of excess Cu and Cu dyshomeostasis, a variety of markers 

related to oxidative stress as well as genomic and neuronal instability were 

assessed using highly selective and sensitive techniques. Additionally,  

C. elegans models of AD and PD were treated with excess Cu, in order to gain 

insights into the interplay of Cu and the genetic predisposition to 

neurodegenerative diseases. 

 

Scope of the Thesis 

This work focused on the following key points: 

• Development of an LC-MS/MS-based method for neurotransmitter 

quantification as highly selective marker for neurotoxicity in C. elegans 

• Assessment of total and labile Cu levels and characterization of Cu 

homeostasis with special focus on Cu chaperone atox-1 and Cu storage 

protein ceruloplasmin in C. elegans 

• Analysis of the consequences of a disturbed Cu homeostasis regarding 

oxidative stress as well as genomic and neuronal stability in C. elegans 

• Investigation of the impact of a genetic predisposition to 

neurodegenerative diseases in Cu-induced neurotoxicity in C. elegans 
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Chapter 2 – General background Information 

2.1. The model organism Caenorhabditis elegans 

Toxicology – examining how chemicals interact with biological systems – is 

relevant for human health and disease [20]. This requires test systems, which 

can range from microorganisms to in vitro cell culture and in vivo model 

organisms to animal experiments. Each of these models possesses unique 

strengths and weaknesses, rendering them (un)suitable for different 

applications [21]. In this thesis, the in vivo model organism Caenorhabditis 

elegans (C. elegans) was employed. As the following parts of this chapter will 

mention orthologs and suchlike information of C. elegans, the worm will be 

introduced initially for a better comprehension. The nematode constitutes an 

alternative to animal experiments, aligning with the principles of the 3Rs: 

Reduce, Replace, and Refine [22]. Sydney Brenner pioneered the use of  

C. elegans in the 1960s as a model for genetic and biomolecular research. He 

envisioned an in vivo model system which is both simple but yet sufficient on a 

cellular and molecular level compared to mammals [23]. Over time, research on 

C. elegans has expanded to explore a wealth of diverse areas in modern 

biology, including studies of basic cellular functions as well as more complex 

inquiries such as processes implicated in human diseases [23]. The nematode 

features several advantages, including its transparency, a fully sequenced 

genome, cell consistency as well as a short lifespan and short generation time. 

Furthermore, cultivation on agar plates coated with Escherichia coli (E. coli), 

which is the food source of worms, is easy to handle [24]. Measuring about  

1 millimeter in length, it comprises three main regions: head, midbody, and tail. 

The head contains sensory organs and a nerve ganglion, while the midbody 

houses the digestive tract, gonads, and longitudinal muscle cells. The tail, with 

the anus and locomotion-specialized cells, completes the structure. C. elegans 

is surrounded by a cuticle, which serves as a protective barrier, maintains the 
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worm's shape, and facilitates sensory function. It controls permeability and 

primarily consists collagen-like proteins [25]. Internally, it possesses a complete 

digestive and reproductive system, alongside a relatively simple but organized 

nervous system of 302 neurons. C. elegans exhibit cellular consistency, 

maintaining a constant number of 959 somatic cells [25,26]. The worm exists in 

two sexes: hermaphrodites, which possesses both male and female 

reproductive organs and males, which only have male reproductive organs. 

Males occur naturally, comprising only < 0.2 % of the population. As 

hermaphrodites cannot cross with each other, males are introduced into 

populations of hermaphrodites for research use to facilitate crossbreeding 

between different strains. This allows to create progeny with combinations of 

desired genetic traits [27]. Hermaphrodites are capable of self-fertilization and 

produce up to 300 genetically identical offspring [27]. The transformation from 

an egg to an egg-laying adult worm is intricately linked to temperature and lasts 

around 3 days at 20 °C. When hatched, larvae find themselves in the L1 stage, 

where they remain unless food in the form of E. coli is provided (Figure 1). Under 

optimal feeding conditions, these L1 larvae seamlessly transition through the 

developmental stages of L2 to L4, ultimately reaching adulthood as egg-laying 

worms [28]. Due to adverse environmental conditions and the scarcity of food, 

an alternative larval stage in C. elegans is triggered, which is named dauer 

stage. During dauer, worms undergo a developmental arrest enabling them to 

endure harsh conditions. This stage can significantly extend lifespan. Once 

environmental conditions improve, C. elegans exit dauer and resume normal 

development to L4 stage worms [29].  

 



Chapter 2 – General background Information 

8 
 

 

Figure 1: C. elegans life cycle at 20 °C. When well-fed, the life cycle of worms spans approximately  

3 days. However, in times of starvation, worms transition into the alternative dauer larval stage, which 

entails a considerably extended life cycle (adapted and modified from Kimble et al. [30]). 

 

The fully sequenced genome of C. elegans provides a comprehensive 

understanding of its genetic makeup. This knowledge enables the creation of 

deletion mutants, in which a specific segment of a gene has been intentionally 

removed or deleted. This manipulation results in the loss of function of the 

affected gene, allowing to study the resulting phenotype and to deduce the 

function of the gene and its encoded protein [31]. RNA interference (RNAi) 

feeding in C. elegans utilizes ingested double-stranded RNA to induce gene 

silencing, offering another powerful approach for studying gene function in the 

nematode [32]. Furthermore, worms displaying fluorescence-tagged proteins 

are commonly used to study protein expression, localization and dynamics 

within the nematode. This involves genetically fusing a fluorescent protein, such 

as green fluorescent protein (GFP), to the protein of interest. When expressed 

in the transparent worm, the fluorescently tagged protein can be visualized by a 

fluorescence microscope, allowing to track its localization and expression in  

a living organism [33]. The genome of C. elegans reveals that worms share a 

significant portion of its genes with humans, meaning they are evolutionary 
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related and likely perform similar functions across species. In detail, 60 – 80 % 

of genes share orthologs with humans [34], while about 40 % of human disease-

related genes are encoded in C. elegans [35].  

Despite its simplicity compared to the mammalian nervous systems, C. elegans 

possesses a well-defined nervous system consisting of precisely mapped 

neurons, which allows for detailed studies of neurotoxic effects on neuronal 

structure and function. The neuronal system spans the entire body of the 

nematode, with the majority of neurons in the head region [24,36]. These 

neurons possess dendrites, which form a nerve ring – a dense bundle of axons 

wrapped around the pharynx. [37]. The dendrites transmit information via 

neurotransmitters. C. elegans shares neurotransmitters like dopamine, 

serotonin, acetylcholine, γ-amino butyric acid, and glutamate with humans, 

facilitating research on signal transduction pathways [38]. Many fundamental 

aspects of neurobiology, including synaptic transmission, neuronal development 

and behavior are conserved in the nematode. C. elegans exhibits a wide range 

of behavior that can be quantified and manipulated, including locomotion, basal 

slowing, and chemotaxis [39]. Changes in behavior induced by neurotoxic 

compounds provide valuable insights into their effects on neuronal function and 

integrity. As C. elegans is transparent, it allows for the visualization of neuronal 

morphology and activity in living worms. An example is the fluorescence 

microscopy of dopaminergic neurons using mutant strain BY200 (dat-1::GFP) 

[40]. Strain BY200 expresses GFP in the dopamine transporter 1 (dat-1), which 

exclusively occurs within dopaminergic neurons, shown in Figure 2.  
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Figure 2: (A) The dopaminergic neurons (ADE (anterior deirid) and CEP (cephalic)) as well as 

dendrites in the worms head region are depicted schematically. (B) These neurons can be observed by 

fluorescence microscopy using mutant strain BY200 (dat-1::GFP). Parameters for capturing the 

fluorescence image are stated in section 6.2.8.   

 

Like any other model organism, using C. elegans has its limitations. Although 

its small size is beneficial, worms present a relatively simple body plan with only 

a few hundred cells, limiting its suitability for studying complex tissue 

interactions and organ systems found in higher organisms. Additionally, most 

studies are carried out in whole worm homogenates. Therefore, information can 

only be obtained for the total worm body instead of a specific location or tissue. 

While many genes and biological pathways are conserved between C. elegans 

and mammals, there are also notable differences. This can limit the direct 

translation of findings from C. elegans to higher organisms [41,42]. No model 

can be used to answer every research question. Thus, it is of paramount 

importance to decide whether a model organism is suitable depending on the 

issue being addressed. For instance, C. elegans offers utility in the realm of 

neurodegeneration research, thanks to its extensively studied and analogous 

nervous system. However, its utility in immunology research is limited due to the 

lack of an immune system [43]. Despite the limitations, the conservation of 

genes and biological processes between C. elegans and humans, along with 

the experimental advantages offered by this model organism, make it a valuable 

tool for studying human biology and disease mechanisms, as well as 

investigating the mechanisms underlying neurotoxicity and potential therapeutic 
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interventions for neurodegenerative diseases, given its simple yet conserved 

neurobiology, genetic tractability, transparent body and short lifespan. 

2.2. Copper 

Copper (Cu), is an essential micronutrient and trace element for all living species 

like mammals, plants or microorganisms, which occurs predominantly in 

oxidation states 0, +1 and +2 in the environment. It serves as both a cofactor 

and electron transporter crucial for the proper function of diverse enzymes and 

biological processes [6]. As a part of cytochrome c oxidase, Cu is involved in 

energy production and cellular respiration, as it is crucial for the final step of the 

electron transport chain in mitochondria. This process generates adenosine 

triphosphate (ATP), the primary energy molecule utilized by cells for various 

metabolic activities [7]. Cu-containing superoxide dismutases detoxify 

superoxide radicals, providing antioxidant defense [44]. Cu is required for the 

activity of lysyl oxidase, an enzyme involved in the cross-linking of collagen and 

elastin fibers. This cross-linking process is essential for the structural integrity 

and strength of connective tissues, including skin, bones, cartilage, and blood 

vessels [45]. Furthermore, Cu-dependent enzymes participate in the 

biosynthesis of neurotransmitters. It acts as cofactor for enzymes such as the 

tyrosinase, which catalyzes the hydroxylation of L-tyrosine to L-DOPA, which is 

a precursor of dopamine [46]. These functions underscore the essential role of 

Cu in various physiological processes, including energy metabolism, tissue 

formation, neurotransmitter regulation, and antioxidant defense. Therefore, 

maintaining adequate Cu levels is crucial for overall health and well-being. 

Typically, an adult human body stores an average of 80 to 100 mg of Cu. As 

advised in 2015 by the European Food Safety Authority (EFSA), an appropriate 

daily intake for humans of Cu ranges from 1.3 to 1.6 mg for adults, varying with 

gender [3]. Cu intake has seen a noticeable rise across Germany in recent 

years, with vegetarians exhibiting notably higher levels, averaging between  

2.1 and 3.9 mg per day [47]. The primary sources of Cu exposure for the general 
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population are food and drinking water. Foods such as fish, seafood, nuts, and 

legumes are notably rich in Cu. Approximately 6-13 % of Cu intake emanates 

from drinking water, a percentage that can be further elevated by Cu-containing 

water pipes, depending on the water's pH level [48]. Excess Cu can infiltrate the 

environment through various channels. Firstly, industrial operations such as 

mining, smelting, and manufacturing emit Cu into the air, water and soil via both 

emissions and waste discharge. Secondly, agricultural activities contribute to 

Cu accumulation in soil and water systems through the application of Cu-based 

pesticides and fertilizers [49]. Urban areas further exacerbate the issue as Cu 

from roofing materials, plumbing systems, and vehicle emissions is washed into 

water bodies by urban runoff, especially during rainfall events [50]. Improper 

waste disposal worsens the problem, as electronic waste, batteries and other 

Cu-containing products leach Cu into soil and groundwater in landfills. Overall, 

human activities are significant contributors to the introduction of excess Cu into 

the environment, posing risks to ecosystems and human health when not 

managed properly [49,50]. 

2.3. Cu homeostasis: import, distribution, storage and excretion 

In humans, Cu absorption primarily occurs in the small intestine, typically 

ranging from 30 % to 50 %, with absorption rates impacted by various food 

components. Cu bound to amino acids or complexed with organic acids tends 

to be more readily absorbed, while other metal ions like zinc, iron, or calcium 

can hinder Cu absorption. The liver contains the highest Cu concentration, 

where it is stored in hepatocytes, released into the plasma, or excreted through 

bile. Bile excretion stands as one of the crucial homeostatic mechanisms for Cu 

regulation [51]. Cu exists in two physiological relevant oxidation states: +1 and 

+2, which both can be transported into a cell. The majority of Cu enters the cell 

as Cu+ via a Cu+-specific high affinity copper uptake protein (CTR-1). In 

mammals, divalent Cu can be reduced by the six transmembrane epithelial 

antigen of the prostate (STEAP) metalloreductase [52]. While this reductase is 
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absent in C. elegans, Cu in the worm undergoes reduction to Cu+ by a yet 

unidentified reductase and is then transported into the cell through CTR-1.  

Cu2+ ions, which remain in the oxidized state (+II), can enter the cell through the 

divalent metal transporter 1 (DMT-1). This transporter, while not exclusively 

dedicated to Cu, serves as a conduit for various divalent metals such as iron, 

zinc or manganese [53]. Mouse experiments revealed that the absence of  

DMT-1 did not alter Cu uptake. In contrast, the absence of CTR-1 led to severe 

Cu deficiency and early lethality. This underlines that Cu is mainly imported via 

the high affinity CTR-1 transporter [54]. Figure 3 displays how Cu is distributed, 

stored and excreted within the cell.  

 

 

Figure 3: Schematic representation illustrating the presumed intracellular pathways of Cu import, 

distribution, storage and excretion. Cu uptake primarily occurs as Cu+ via CTR-1 or alternatively as Cu2+ 

via DMT-1. Cu2+ can be reduced in the golgi. ATOX-1 facilitates Cu distribution to various cellular 

compartments such as the golgi, nucleus or to COX-17, which delivers Cu into the mitochondria. Excess 

Cu is believed to be chelated by GSH and metallothionein, with the majority stored in ceruloplasmin. 

ATP7B facilitates the efflux of surplus Cu via vesicular sequestration (adapted from previously published 

work [55]). 
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Antioxidant protein 1 (ATOX-1), acting as a Cu metallochaperone, acquires Cu 

from CTR-1 and facilitates its intracellular transport to specific organelles such 

as the nucleus or golgi apparatus [56]. Given Cu's role as a cofactor for 

numerous mitochondrial enzymes, the cytochrome c oxidase copper chaperone 

(COX-17) governs the import of Cu into the mitochondria [57]. The primary 

carrier of Cu in the blood is the multifunctional protein ceruloplasmin, which 

stores approximately 90 % of the total Cu [58]. Another type of metal storage 

protein is metallothionein (MT), which serves as binding agent for metal ions 

such as cadmium, zinc and Cu, providing detoxification and shielding against 

oxidative stress [59]. ATP7A, a P-type ATPase provides certain enzymes with 

Cu, such as the lysyl oxidase. Furthermore, it takes part in human Cu resorption 

as it transports Cu from the small intestine into the blood [60]. Genetic disorder 

of ATP7A causes Cu deficiency which results in Menke’s disease [61]. Another 

P-type ATPase is ATP7B, which like ATP7A is located in the golgi network, 

especially in the liver and brain. ATP7B serves two primary functions: facilitating 

Cu loading onto Cu storage protein ceruloplasmin and orchestrating the 

vesicular sequestration and excretion of excess Cu into the bile [62]. Genetic 

disorder in ATP7B results in Wilson’s disease. This condition leads to the 

accumulation of Cu in tissues, mainly the liver and the brain, which can manifest 

in neurological symptoms and liver diseases [63]. Mammals encode genes for 

both P-type ATPases ATP7A and ATP7B, while C. elegans carries only a single 

gene of atp7a/b, nevertheless expressing both atp7a and atp7b with high 

sequence similarity to human orthologs [64]. The following table lists the 

orthologs of C. elegans taking part in Cu homeostasis. 
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Table 1: Human proteins and genes taking part in Cu homeostasis as well as their orthologs in  

C. elegans. 

Humans C. elegans 
Reference 

protein gene protein gene 

CTR-1 SLC31A1 ctr-1 chca-1 [65] 

DMT-1 SLC11A2 

smf-1 smf-1 

[66,67] smf-2 smf-2 

smf-3 smf-3 

ATOX-1 ATOX-1 atox-1 cuc-1 [68,69] 

CCS CCS no ortholog [70,71] 

COX-17 COX-17 cox-17 cox-17 [66] 

MT1A MT1A mtl-1 mtl-1 
[59,72] 

MT2A MT2A mtl-2 mtl-2 

ATP7A ATP7A atp7a 
cua-1 [64] 

ATP7B ATP7B atp7b 

Ceruloplasmin CP ceruloplasmin F21D5.3 [66,73] 

 

2.3.1. Cu chaperone ATOX-1 

ATOX-1 mediates the transfer of Cu to the Cu-transporting ATPases ATP7A 

and ATP7B, found in the trans-Golgi network and endocytic vesicles. ATOX-1 

engages in a direct interaction with the N-terminal Cu binding domain of ATP7A 

and ATP7B, facilitating the transfer of Cu ions. This intricate molecular interplay 

serves as a crucial mechanism for coordinating Cu homeostasis within the cell 

and regulating the activity of Cu-dependent enzymes [74]. In line with its role, 

ATOX-1 knockout mouse embryonic fibroblasts exhibit aberrantly elevated 

levels of intracellular Cu, underscoring the importance of ATOX-1 in Cu 

homeostasis [75]. The primary function of ATOX-1 is serving as a Cu 

chaperone, effectively binding and controlling Cu reactivity while transporting it 

to specific destinations within a cell. Secondly, ATOX-1 takes part in maintaining 

cellular redox balance and responding to oxidative stress. Elevated activity of 
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ATOX-1 possesses antioxidative properties, as increased endogenous  

ATOX-1 levels protects against oxidative stress and promote neuronal survival 

[76,77]. The role of atox-1 in C. elegans will be discussed in Chapter 4. 

2.3.2. Cu storage protein ceruloplasmin 

Ceruloplasmin is a multifunctional Cu-binding protein which is, in humans, 

primarily synthesized in liver and found in the blood plasma. Furthermore, 

ceruloplasmin, which contains six cupredoxin domains, is the major Cu storage 

protein [78]. It plays a crucial role in Cu metabolism and homeostasis as it is the 

major Cu transport protein, carrying approximately 70 % of plasma Cu. 

Ceruloplasmin indirectly contributes to Cu excretion by facilitating its transport 

to the liver for further processing by ATP7B and elimination. In the liver, Cu is 

incorporated into the bile and excreted into the intestinal lumen via the bile 

ducts. From there, Cu is eliminated from the body through fecal excretion [62]. 

In addition, ceruloplasmin functions as a ferroxidase, catalyzing the conversion 

of ferrous iron (Fe2+) to ferric iron (Fe3+). This activity facilitates iron binding to 

transferrin for distribution and prevents iron toxicity by reducing free ferrous iron 

levels. Dysregulation can lead to iron metabolism disorders, including iron 

overload and may contribute to neurodegenerative diseases [79]. Inherited 

deficiency of the protein leads to aceruloplasminemia, an autosomal recessive 

disorder marked by gradual neurodegeneration of the retina and basal ganglia 

due to specific mutations in the ceruloplasmin gene. The disease is 

characterized not only by elevated Cu levels but also by elevated iron levels, as 

excess iron gets accumulated in various organs [80]. The role of ceruloplasmin 

in C. elegans will be discussed in Chapter 4. 

2.4. Biomarkers for Cu status 

Symptoms of Cu deficiency include anemia, fatigue, impaired immune function, 

as well as bone abnormalities. Conversely, Cu overload is accompanied by 

symptoms like vomiting, gastrointestinal distress and liver damage [81]. Given 

the widespread exposure to Cu and the absence of reported deficiencies among 
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the general population, the German Institute for Risk Assessment advised 

against Cu supplementation in 2021 [82]. As alterations in Cu levels have severe 

consequences for human health, the diagnosis of Cu dyshomeostasis is crucial 

to prevent the onset and progression of Cu-related diseases [83]. Other trace 

elements such as Cu, zinc, iron and selenium also play pivotal roles in 

maintaining physiological balance. Both deficiency and excess of these 

elements are recognized as significant risk factors for various diseases. Hence, 

accurate assessment of the trace element status is paramount. Rather than 

solely focusing on total amounts, incorporating functional trace element markers 

is essential for a more nuanced understanding of individual trace element levels 

and overall health status [84]. To assess selenium status, measurements of 

selenoprotein P and glutathione peroxidase are conducted in serum and 

plasma, alongside the evaluation of total selenium levels [85]. Serum ferritin and 

transferrin saturation serve as vital functional markers in evaluating the iron 

status [86]. Free zinc is regarded as the exchangeable and biologically active 

form of zinc in serum, making it a promising biomarker for changes in zinc 

homeostasis and associated diseases [87]. 

Tools for an early detection of Cu imbalance are essential to effectively treat 

and prevent Cu-related disorders. Consequently, it exists a pressing need for 

robust and readily applicable biomarkers to gauge individual Cu status in 

humans. Regular monitoring of Cu status and prompt detection of deviations are 

pivotal steps towards an early diagnosis and the implementation of appropriate 

therapeutic interventions [88,89].  

2.4.1. Current markers 

Standard diagnostic parameters commonly employed to assess the Cu status 

include the measurement of total Cu levels and the concentration of 

ceruloplasmin in serum [83]. Nevertheless, relying solely on these markers is a 

subject of contentious debate, given their limited predictive accuracy and clinical 

significance, which complicates their interpretation as standalone indicators 
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[90,91]. Numerous factors, such as medication, hormonal fluctuations and 

inflammatory conditions impact these parameters, which reduces their 

specificity to assess Cu dysregulation [92]. The ceruloplasmin levels in serum 

are affected by age and gender, which must be taken into account [93]. 

Furthermore, these markers are unable to detect marginal changes in the 

individual Cu status but rather unsatisfactory heavy alterations [83,94]. Other 

markers which are mainly focused on the diagnosis of WD are the ceruloplasmin 

activity in serum and the urinary Cu excretion, which can give, under certain 

circumstances, false negative results (Table 2). 

 

Table 2: Overview of current Cu markers as well as their limitations and quantification methods in 

mammals 

Marker Limitations Methods 

Total Cu levels  

in serum 

Cu levels may be normalized to due reduced 

ceruloplasmin levels in WD patients 

Atomic absorption 

spectroscopy [95] 

Ceruloplasmin 

level in serum 

Level can be in normal range in certain circum- 

stances (inflammation or hormonal fluctuations) 

Immunoturbidimetry [96] or 

Immunonephelometry [93,97] 

Ceruloplasmin 

activity in serum 

False negative results during inflammation or  

in pregnancy 

Colometric method [98] using 

commercial kits 

Urinary Cu 

excretion 

False negative results in children and  

asymptomatic WD patients 

Total Cu quantification in a  

24 h urine collection [99] 

 

Others recommend the assessment of Cu-containing enzymes such as 

erythrocyte superoxide dismutase and cytochrome-c oxidase, as the enzyme 

activity is said to be proportional to changes in the Cu stores [100]. However, 

alternative studies indicate that these markers lack reliability and sensitivity [91]. 

For instance, it has been demonstrated that the enzyme activity of erythrocyte 

superoxide dismutase 1 can be influenced by dietary carbohydrate intake [101]. 

In order to diagnose the genetic Cu-metabolism disorder Wilson’s disease (WD), 

a liver biopsy, and therefore surgery, is needed [102]. Therefore, it becomes 

imperative to identify marker that can be rapidly assessed in blood serum or 
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plasma, thus avoiding the need for invasive medical procedures and facilitating 

a quicker diagnosis. 

2.4.2. Labile Cu 

Around 70 – 90 % of Cu residues within ceruloplasmin, with the remaining Cu, 

often termed as loosely bound Cu, associated with small molecules like albumin 

(10 – 15 %), α-macroglobulin (5 – 15 %), clotting factors, enzymes like 

superoxide dismutases or metallothionein [103,104]. Loosely bound Cu 

encompasses all Cu not bound to ceruloplasmin, while labile Cu refers to a 

subset of this pool that is defined only to be in equilibrium with low molecular 

weight (LMW) ligands like amino acids (Figure 4) [105], while free ionic Cu does 

almost not exist [106]. 

  

 

 

Figure 4: Overview of how Cu ions can be bound or complexed: Most of the total Cu is stored in 

ceruloplasmin, while the remaining Cu (non-ceruloplasmin bound) is termed as loosely bound Cu, which 

is complexed with a variety of proteins. Labile Cu, which is merely in an equilibrium with low molecular 

weight ligands represents a special sub-group of loosely bound Cu. 

 

Labile Cu levels can be estimated by calculation using total Cu levels and 

ceruloplasmin content, however, this is imprecise [107].  In recent years, 

increasing effort has been made to develop methods for the quantification of 

labile Cu in serum or tissue. These methods range from the use of fluorescent 

probes [104,108] to analytical approaches [83]. A fluorescent sensor for labile 
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Cu detection requires Cu-dependent fluorescence changes, high selectivity, 

sensitivity, suitable Cu affinity and reversible metal binding. Most of total Cu is 

associated with high affinity binding proteins, therefore, sensors must present 

high enough affinities to compete for Cu within its biological window (Figure 5) 

[104,109]. Available fluorescent probes for labile Cu detection present affinities 

of about KD = 10-13 M [104,108,109]. 

 

 

Figure 5: Affinities to Cu of mammal proteins involved in Cu metabolism. Cu gets transported, which 

is represented by arrows, from a protein with lower to a protein with higher affinity. Cu affinity of ATP7B 

changes upon an ATP-dependent conformational transition (adapted and modified according  

Hatori et al. [74]). 

 

The labile Cu pool is considered to be readily bioavailable for cellular uptake 

and has been discussed as potentially crossing the blood-brain-barrier as an 

LMW-Cu complex. Due to Cu’s redox activity, tight control is essential to prevent 
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an increase in labile Cu leading to the formation of reactive oxygen species and 

consequently oxidative stress [104]. Dependence solely on labile Cu levels is 

presently deemed inadequate due to the complexity of analysis and limited 

available methodologies. Nonetheless, when integrated with total Cu and 

ceruloplasmin measurements, the assessment of labile Cu holds promise as a 

valuable and robust tool for evaluating Cu status, thereby aiding in the risk 

assessment or diagnosis of Cu dysregulation-related disorders [14]. 

2.5. Oxidative stress 

Reactive oxygen and nitrogen species (RONS) represent metabolic byproducts 

within biological systems. Primarily mitochondria generate RONS under both 

physiological and pathological conditions. RONS play pivotal roles in 

fundamental processes like protein phosphorylation and apoptosis [110,111]. 

However, an escalation in RONS production poses detrimental risks to cellular 

structures including proteins, lipids and deoxyribonucleic acid (DNA). Hence, it 

is crucial to uphold an equilibrium by ensuring that RONS formation remains 

balanced with antioxidants, thereby safeguarding proper cellular function [112]. 

If the equilibrium is shifted towards an excessive RONS formation, it is 

commonly referred to as oxidative stress (Figure 6) [111,113]. 
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Figure 6: Examples for typical factors which can, among others, cause oxidative stress, which is the 

consequence of a disturbed balance of excessive RONS formation and/or weakened antioxidative 

capacity (adapted and modified from Takeshima et al. [113]). 

 

Cells are equipped with a variety of intrinsic RONS scavengers with 

antioxidative properties. These include, among others, essential vitamins like 

ascorbic acid or tocopherol and phytochemicals like carotenoids. The most 

prominent antioxidant is reduced glutathione (GSH), which protects cells against 

free radicals. GSH acts as electron donor and cofactor for the detoxification of 

peroxides by the enzyme glutathione peroxidase (GPx) [114]. Furthermore, 

superoxide dismutases (SODs) are a group of enzymes, which catalyze the 

formation of superoxide anions into oxygen and hydrogen peroxide. SODs 

control the levels of RONS and therefore limit their potential toxicity and protect 

cellular structures and functions [115]. RONS are molecules with an enormous 

range of reactivity and chemical nature. Common reactive oxygen species are, 

among others, hydrogen peroxide (H2O2), hydroxyl radicals (●OH) or superoxide 

radicals (O2
●-). Some of the reduction byproducts of oxygen exist as free 

radicals, characterized by having unpaired electrons. In contrast, e.g. hydrogen 

peroxide lacks radical properties and thus remains a chemically stable molecule. 

Common reactive nitrogen species are nitrogen dioxide radicals (NO2
●) or nitrite 
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(NO2
-) and nitroxyl anions (NO-) [116]. Endogenously, RONS are mainly formed 

as byproduct of mitochondria in processes like cellular respiration [110]. 

Exogenously, RONS formation can be triggered by environmental pollutants like 

pesticides [117] or (heavy) metals, such as cadmium, arsenic, iron and Cu, 

which catalyze Fenton(-like) reactions [118,119]. In addition, drugs, chemical 

solvents and lifestyle vices (alcohol or smoking) can stimulate the formation of 

RONS [120,121]. Excessive RONS are capable to interact with various cellular 

components and to induce alterations in cellular structures and function. The 

reactive species damage the cell integrity by attacking, among others, the 

structure of proteins, as well as the cell membrane, which initiates lipid 

peroxidation of membrane lipids. Furthermore, RONS can induce oxidative DNA 

damage [116,122]. Therefore, oxidative stress is an often-discussed 

mechanism to cause the onset of various diseases, especially 

neurodegenerative disorders [123]. 

2.5.1. Biomarkers 

The association between oxidative stress and numerous neurological diseases 

underscores its significance as either a primary or secondary contributor to 

various multifactorial syndromes. This emphasizes the necessity of a 

quantitative evaluation of oxidative stress across diverse research fields. One 

marker for oxidative stress are obviously RONS itself. Several techniques have 

been devised for the quantification of RONS, including chemiluminescent or 

fluorescent probes [124]. These have also been applied in model organisms like 

C. elegans [117], but do lack specificity and do not allow subcellular localization 

[124]. Excessive levels of RONS initiate signaling cascades that lead to the 

activation of several transcription factors responsible for orchestrating the 

antioxidant response, for example GSH synthesis. RONS activate  

mitogen-activated protein kinases (MAPKs), which phosphorylate, among 

others, transcription factors that regulate the antioxidative response and cell 

functions like gene expression, cell survival and apoptosis [125,126]. There exist 

three distinct subgroups of MAPKs: the extracellular signal-regulated kinases 
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(ERKs), the c-Jun N-terminal kinases (JNKs) and the p38 MAPKs [126]. Under 

stressed conditions, Nuclear Factor Erythroid 2-related factor (Nrf2) dissociates 

from Keap1 following phosphorylation by ERK family kinases. Subsequently, 

Nrf2 translocates into the nucleus where it binds to antioxidant response 

elements (AREs). The expression of a majority of antioxidants is governed by 

ARE-driven genes, which are under the transcriptional regulation of Nrf2 [127]. 

Furthermore, RONS trigger the phosphorylation of Forkhead box O (FOXO) by 

p38 and JNK kinases, resulting in nuclear translocalization and attachment to 

DNA [128]. Like Nrf2, FOXO coordinate the antioxidative response, but also 

other essential cellular processes like apoptosis [129]. Activation of MAPK 

signaling cascades can be assessed by protein and mRNA expression levels by 

western blotting and reverse transcription-quantitative polymerase chain 

reaction (RT-qPCR) [130]. The translocalization of Nrf2 or FOXO can be 

assessed through Western blot analysis of cytosolic and nuclear fractions or by 

utilizing cells expressing a green fluorescent protein (GFP)-tagged version of 

the target protein [131,132]. In C. elegans, orthologs are skn-1 (human Nrf2) 

and daf-16 (FOXO), which can be visualized using GFP-tagged mutant strains. 

Due to the transparency of the worm, translocalization of skn-1 or daf-16 can be 

assessed by fluorescence microscopy (Figure 7) [133].  
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Figure 7: Scheme on Nrf2 (skn-1 is the ortholog in C. elegans) and FOXO (daf-16 is the ortholog in  

C. elegans) activation due to oxidative stress. Nrf2 gets released from Keap1 and phosphorylated by 

ERK kinases, following nuclear translocalization and binding to antioxidant response elements (AREs). 

P38 and JNK kinases phosphorylate FOXO to translocalize into the nucleus. Both transcription factors 

induce signaling pathways of the antioxidative apparatus. This activation leads to the expression of 

genes involved in antioxidative defense, detoxification and cellular repair processes, ultimately 

mitigating the effects of oxidative stress (adapted and modified from Hammad et al. [134] and Nguyen 

et al. [135]). 

 

The prominent antioxidant GSH, which is a tripeptide consistent of γ-glutamyl-

cysteinylglycine, is an important marker for the antioxidative capacity of an 

organism [136]. In its reduced form, GSH is used as electron donor by GPx to 

detoxify H2O2, while 2 molecules of GSH react to its oxidized form GSSG  

(Figure 8).  
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Figure 8: Mechanism behind the antioxidative property of GSH. H2O2 gets detoxified by glutathione 

peroxidase (GPx). Thereby, 2 molecules of GSH act as electron donor and oxidize to GSSG. Under 

NADPH consumption, glutathione reductase (GR) reduces GSSG back to GSH (adapted and modified 

from Jozefczak [136]). 

 

Thus, a reduction in GSH, an increase in GSSG as well as alterations of the 

GSH/GSSG ratio serve as pivotal indicators of oxidative stress [137,138]. 

Quantification of GSH and GSSG can be carried out in different matrices, among 

others in C. elegans, by different techniques like the use of a fluorescence-

based redox-cycling assay [139] or analytical approaches like liquid-

chromatography tandem-mass spectrometry (LC-MS/MS) [140]. However, due 

to the lack of specificity and sensitivity of the redox-cycling assay, analytical 

methods for quantification should be prioritized [140]. Other major antioxidants 

besides GSH are, among others, the family of superoxide dismutases, catalase 

and GPx. Examining the expression and activity of antioxidant enzymes serves 

as an indirect marker to gauge oxidative stress and the redox status of an 

organism. Enzyme activity can be determined using (fluorescent) dye-based 

assays. Typically, a substrate is introduced, which gets converted by the 

enzyme into an absorbent or fluorescent product that can be quantified [141]. 

Additionally, mRNA levels of antioxidants can be assessed by real-time 

quantitative polymerase chain reaction (RT-qPCR), which can as well be 

conducted in C. elegans using TaqMan Gene Expression Assay probes. This 
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signifies the activation of specific signal cascades, due to a relative-fold change 

of transcription levels  [142]. As previously stated, RONS possess the capacity 

to harm macromolecules, including lipids. Hence, another marker of oxidative 

stress is malondialdehyde (MDA), which is a byproduct of lipid peroxidation of 

polyunsaturated fatty acids [143]. MDA quantification can be carried out using 

fluorescent dyes [144] or by HPLC-based fluorescent detection [143]. The 

advantages of (fluorescent) dyes are that these assays are rapidly performed, 

but often lack specificity as well as sensitivity. An example of this is the redox-

cycling assay for GSH assessment, which unspecifically binds to every thiol 

group [140]. In contrast, analytical techniques offer greater specificity and, if 

using mass spectrometry, way better sensitivity. Nevertheless, the stability of 

relevant molecules may be a concern due to partially extensive sample 

preparation for analytical approaches [140]. Since RONS can induce various 

signal cascades and alter different metabolic pathways, possessing a 

combination of different markers is of paramount importance to identify the 

underlying mechanisms of oxidative stress. 

2.5.2. Mitochondria as target of oxidative stress 

The primary function of mitochondria is to synthesize adenosine triphosphate 

(ATP), the energy currency of cells. Additionally, mitochondria play a crucial role 

in the biosynthesis of amino acids, nucleic acids, purines and various other 

essential metabolites. They also regulate intracellular calcium ion (Ca2+) 

homeostasis and oversee processes such as cell division and apoptosis [145]. 

In periods of intense oxidative metabolism, mitochondria produce and sequester 

RONS. The majority of RONS, particularly the superoxide anion, originate from 

mitochondrial respiration and are generated in the different complexes of the 

electron transfer chain [146]. In instances of RONS overproduction or 

compromised mitochondrial antioxidants, it can lead to damage of biomolecules 

like mitochondrial proteins and potentially impairing mitochondrial function [147].  
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The synthesis of ATP is intricately linked to the levels of adenosine diphosphate 

(ADP) and adenosine monophosphate (AMP), which are produced during 

metabolic activities by removing one or two phosphate groups from ATP. ADP 

and AMP are subsequently utilized within the mitochondria during oxidative 

phosphorylation to regenerate ATP, creating a direct correlation among the 

concentrations of these three adenine nucleotides [148]. Additionally, another 

crucial group of energy-related nucleotides within the mitochondria includes the 

oxidized and reduced forms of pyridine nucleotides: nicotinamide adenine 

dinucleotide (NAD+/NADH) and its phosphorylated variant (NADP+/NADPH). 

These molecules serve as co-substrates in various biochemical reactions. For 

instance, phosphorylated NADPH plays a vital role in replenishing glutathione 

within the antioxidant system (Figure 9), thus directly mitigating damage caused 

by oxidative stress. Furthermore, energy-related nucleotides are indispensable 

in a plethora of cellular processes beyond the mentioned examples [149]. 

 

Figure 9: Interplay of energy-related nucleotides and glutathione synthesis and redox cycling. 

 

Mitochondria feature both an outer and inner membrane. The inner membrane 

envelops the mitochondrial matrix, housing intricate multi-subunit enzyme 

complexes integral to the respiratory chain, along with all the enzymes crucial 

for ATP production. Therefore, the preservation of mitochondrial membrane 

integrity and the membrane potential are of paramount importance [150]. 

Mitochondrial membranes are enriched with phospholipids, notably 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and cardiolipin (CL). 

CLs are exclusively to mitochondria, constituting approximately 10 – 15 % of 

total mitochondrial phospholipid content. Located mainly in the inner 

mitochondrial membrane, CLs play a critical role in preserving membrane 
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integrity and shaping cristae morphology. Beyond its contribution to membrane 

architecture, CLs actively engage in the stabilization of the respiratory chain 

complexes [151]. During periods of stress, CLs are translocated to the outer 

mitochondrial membrane, where they serve as a signaling molecule, facilitating 

the activation of mitophagy and apoptotic signaling pathways [152]. CLs have 

garnered significant attention in neurodegenerative disease research, as 

irregularities in CL content, structure and distribution have been associated with 

compromised neurogenesis and neuronal dysfunction, thereby contributing to 

aging and the onset of neurodegenerative diseases. Moreover, the unique acyl 

chain composition of CL constitutes a promising biomarker for diagnosing and 

monitoring the progression of various neurological disorders [151,153–155].  

2.5.3. Oxidative DNA damage and DNA damage response 

The excess formation of RONS presents significant danger to cellular 

components like the DNA. For instance, highly reactive hydroxyl radicals have 

the capability to interact with individual DNA bases and to form adducts, leading 

to an array of DNA base damage [156]. Among the most prevalent types of DNA 

damage is the oxidation of the DNA base guanine to 8-oxoguanine (8oxodG), 

making it a useful marker to assess the impact of oxidative stress on DNA [157]. 

Furthermore, oxidative DNA damage can manifest in various forms, such as 

single or double strand breaks, damages to the DNA sugar backbone and the 

deletion or translocalization of individual bases. The spectrum of oxidative DNA 

damage is intricately linked to processes like aging, the onset of diseases and 

carcinogenesis [122].  

To cope with constant DNA damage, cells employ diverse repair mechanisms 

tailored to address different types of damage. DNA damage response, first 

action following DNA damage, encompasses a myriad of mechanism which 

impact DNA damage detection, DNA damage repair and apoptosis. The major 

DNA damage response mechanism is the posttranslational modification of 

proteins via poly-(ADP-ribosyl)ation (PARylation) [158]. PARylation is an  
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NAD+-consuming mechanism, beginning with poly-(ADP-ribose) polymerases 

(PARPs), which catalyze the formation of ADP-ribose chains on target proteins 

and DNA ends. This leads to a recruitment of downstream repair enzymes and 

consequently DNA repair [159]. For instance, base excision repair involves the 

removal of the damaged base followed by its replacement with an intact base of 

the same type, effectively repairing individual base damage. Alternatively, 

nucleotide excision repair can be employed for extensive DNA lesions, wherein 

a segment comprising several adjacent bases is substituted with an undamaged 

sequence, facilitating the repair of broader damage [160]. Following successful 

DNA repair, a rapid hydrolytic degradation of the ADP-ribose chains occurs, 

which is catalyzed by poly-(ADP-ribose) glycohydrolases (PARGs) [161]. Next 

to DNA damage response, PARylation takes part in, among others, chromatin 

regulation, telomer maintenance and genomic stability [162].  

2.5.4. Overexposure of (labile) Cu 

Cu, an essential micronutrient, serves as a critical catalytic cofactor in numerous 

biological processes, encompassing mitochondrial respiration, antioxidant 

defense and biocompound synthesis. Maintaining an optimal intracellular Cu 

concentration is crucial, as deviations from the optimal range, even moderate 

increases, can induce oxidative stress, cytotoxicity and cell death. Therefore, 

the uptake, distribution and elimination of Cu has to be rigorously regulated to 

ensure cellular homeostasis [163].  

Exceeding the physiological range, Cu exhibits toxic properties. He et al. 

demonstrated that Cu nanoparticles decrease the ratio of GSH and GSSG, 

thereby compromising antioxidative capacity [9]. Similarly, Baldissera et al. 

found elevated levels of RONS in Cichlasoma amazonarum, resulting in 

reduced ATP levels [8]. Similar findings were replicated in  

C. elegans. Exposure to CuSO4 resulted in heightened levels of RONS, H2O2 

and MDA [144]. Additionally, the expression of genes associated with oxidative 

stress, such as gcs-1/GCLC (glutamate-cysteine ligase catalytic subunit) were 
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upregulated in C. elegans [164]. As discussed in 2.4.2., the question arises 

whether Cu toxicity is induced by the total Cu fraction or by a specific Cu 

species. The current research spotlight is on labile Cu, known for its high 

bioavailability and redox activity. This reactivity renders labile Cu more likely to 

interact with various cellular components, including proteins, nucleic acids and 

lipids, potentially leading to cellular damage and dysfunction [165]. It is 

suggested that in the aging human brain, there is a transition from bound metal 

ion pools to labile ones. This shift leads to the loss of energy production and 

antioxidant function, while facilitating gain-of-function oxidative stress [18]. 

Chelators, with lower binding affinity compared to cuproenzymes, selectively 

bind available labile Cu. Lichtmannegger et al. observed in ATP7B knockout 

rats, a model for WD, that Cu accumulates in the liver and causes mitochondrial 

dysfunction. Using a specific Cu chelator, these effects could be suppressed 

[166]. Another study demonstrated that chelator therapy protects against Cu-

induced oxidative stress in both in vitro and in vivo models [167]. This 

underscores the hypothesis that toxic mechanisms of Cu are primarily mediated 

by labile Cu [165]. Boll et al. reveal elevated labile Cu levels in cerebrospinal 

fluid in the brain of patients diagnosed with Parkinson’s disease. Furthermore, 

elevated nitric oxide activity and lipid peroxidation products were observed [13]. 

This suggests that labile Cu isn't just a catalyst for oxidative stress; it seems like 

it actively contributes to neurotoxicity and the development of 

neurodegenerative diseases [13,14,163]. 

2.6. Neurotoxicity 

Neurotoxicity refers to any reversible or permanent harmful impact on the 

structure or operation of both the central and peripheral nervous systems 

caused by a variety of biological, chemical, or physical agents [168]. As 

consequence, neurotoxicity can lead to neurodegeneration, which is 

characterized by protein accumulation, synaptic reduction, neuronal dysfunction 

and lastly death [169]. Pesticides, metals, genetic risk factors and aging possess 
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risk factors, which contribute to neurotoxicity [169]. Nerve cells, in particular, are 

highly vulnerable to neurotoxins. The excitable membrane of neurons is a prime 

target for an extensive variety of neurotoxins, which disrupt the essential ion 

channels necessary for the proper functioning of neurons, axons and muscles 

[170]. Another target of neurotoxins are diverse structures in the synaptic cleft, 

which suppresses sufficient transmission of neurotransmitters [171]. Moreover, 

a defining characteristic of neurotoxicity is the accumulation of misfolded protein 

aggregates, contributing to the breakdown of cellular protein homeostasis. This 

may result in a toxic gain- or loss-of-function leading to cellular toxicity and 

ultimately neuronal death [172]. With its transparency, the nematode C. elegans 

allows for convenient examination of its neurons. Detailed descriptions of the 

morphology of every neuron type have been established, alongside the 

presence of neuronal fate markers for nearly all neurons, often in the form of 

fluorescent reporter genes. Leveraging fluorescence microscopy to "phenotype" 

neurons renders the nervous system of C. elegans an ideal model system for 

investigating the impacts of exogenous toxins and genetic mutations on 

neuronal morphology [173,174]. Due to advancements in characterizing  

C. elegans behaviors and their correlation with specific neural circuits, additional 

insights into underlying mechanisms have been gained. Therefore, neurotoxicity 

can be assessed through behaviors, such as thrashing, chemotaxis or 

pharyngeal pumping. Another common behavior assay used in C. elegans is the 

basal slowing response (BSR) assay, which evaluates the functionality of the 

dopaminergic system. When bacteria are present, wildtype worms exhibit 

decreased movement speed compared to their activity in the absence of 

bacteria. This bacterial sensing is facilitated by dopamine-containing neural 

circuits. Consequently, a diminished movement slowdown occurs on food when 

there is a loss of functionality in dopaminergic neurons [175]. Neuronal cells in 

C. elegans function as sophisticated information processing units. They exhibit 

intricate wiring patterns to other neurons and express a remarkable array of 

signaling molecules, including neurotransmitters and their receptors. 
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Transcriptome analysis have revealed that C. elegans possesses up to  

14 different neurotransmitter receptors per sensory neuron [176]. 

2.6.1 Neurotransmitter as Target 

Neurotransmitters are messenger molecules, which transmit excitation between 

neurons across a chemical synapse. This enables the brain to sense 

perceptions and to coordinate complex behavior [177]. The most important 

neurotransmitters, which are present both in mammals and C. elegans, are 

dopamine (DA), γ-amino butyric acid (GABA), glutamate (Glu), serotonin (SRT) 

and acetylcholine (ACh) [178–181]. Misregulation of the mentioned 

neurotransmitters is associated with the onset of various neurodegenerative 

diseases [179]. Neurotoxins interfere with neurotransmitters and disrupt their 

metabolism in various ways. These include enzymes for neurotransmitter 

synthesis as well as enzymes for metabolization, disturbed uptake and release 

processes, blocking of receptors or ion channels and post synaptic events 

associated with receptor activation. Therefore, the assessment of 

neurotransmitter levels is an essential marker to assess neurotoxicity 

[171,182,183]. Studies further advocate to use neurotransmitter ratios as 

indicator for neurodegenerative diseases [184,185]. 

DA, synthesized in the substantia nigra [186], is essential for cognitive and 

motor functions [187]. Dopaminergic neurons are under constant oxidative 

stress due to DA metabolism. Due to excitation of dopaminergic neurons 

(DAergic neurons), DA is released into the synaptic cleft (Figure 10). However, 

excess DA has to be removed for signal interruption [188] by either reuptake or 

degradation. Oxidative deamination of DA catalyzed by monoamine oxidases 

results in the formation of toxic metabolites like 3,4-dihydroxy-

phenylacetaldehyde (DOPAL), 3,4-dihydroxyphenylacetic acid (DOPAC) and 

H2O2 [189].  Since the brain consumes about 20 % of total oxygen, neurons are 

particularly susceptible to RONS [190]. However, metabolic balance in DAergic 
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neurons is essential, as reduced DA levels are associated with 

neurodegenerative diseases, such as Parkinson’s disease [191,192]. 

 

Figure 10: DA metabolism in dopaminergic neurons (adapted and modified from Xu et al. [193]). DA 

gets either taken up by the DA transporter or synthesized from tyrosine via L-dihydroxyphenylalanine 

(L-DOPA). Newly synthesized DA is stored in vesicles, which can be secreted into the synaptic cleft 

following an action potential. Cytosolic DA can be degraded in dopaminergic neurons or astrocytes to 

homovanillic acid or can be oxidized to form metabolites (DOPAL and DOPAC) as well as hydrogen 

peroxide (H2O2). 

 

SRT, which is synthesized in the brainstem raphne nuclei [194], regulates a 

broad variety of functions in the central nervous system, like the sleeping cycle 

or appetite. The most clinical relevance of SRT is its role in psychological 

disorders, as its reduction is associated with depression [195,196]. Changes in 

the ratio of GABA and Glu leads to alterations in the control of cortical 

excitability, as GABA is the main inhibitory and Glu the main excitatory 

neurotransmitter in the cortex. Therefore, synthesis of GABA out of Glu via the 

tricarboxylic acid cycle is tightly regulated [197], to ensure adequate rhythmic 
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activity [198]. ACh coordinates cognitive and affective functions through proper 

signaling of the muscarinic ACh receptor and nicotinic ACh receptor [199]. 

Synthesized out of mitochondrial acetyl-CoA and choline and stored in vesicles, 

ACh is Ca2+-dependent released into the synaptic cleft (Figure 11) [200]. Excess 

ACh has to be degraded by the enzyme acetylcholinesterase (AChE) [201]. The 

modulation of AChE activity has gained attention for the treatment of 

neurodegenerative diseases with lowered ACh synthesis, as inhibition of AChE 

elevates ACh levels [202]. On the other hand, AChE inhibitors are applied as 

insecticides or nerve agents to induce ACh accumulation and hyperstimulation 

of muscarinic and nicotinic receptors [203], which can cause rapid death [204]. 

 

 

Figure 11: ACh metabolism in cholinergic neurons (adapted and modified from Stanciu et al. [200]). The 

choline acetyl transferase (ChAT) catalyzes the synthesis of ACh out of choline and mitochondrial 

acetyl-CoA. ACh is stored in vesicles which can, dependent on Ca2+, be sequestrated into the synaptic 

cleft. Excess ACh gets degraded by the acetylcholinesterase to acetate and choline, which can be 

resumed via the choline transporter (ChT). 
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2.6.2. Neurodegenerative diseases 

Neurodegenerative diseases manifest when nerve cells in the brain or 

peripheral nervous system gradually loose function and eventually perish. While 

certain treatments may alleviate some physical or mental symptoms linked to 

these diseases, slowing their progression remains elusive, and no cures are 

currently available [205]. Neurological disorders represent the foremost cause 

of both physical and cognitive disabilities globally, affecting approximately  

15 % of the world's population. Over the past three decades, there has been a 

significant rise in the absolute number of individuals affected by these conditions 

[206]. The most common neurodegenerative diseases worldwide are 

Alzheimer’s disease (AD) and Parkinson’s disease (PD) [207].  

With aging being the main risk factor, AD is defined by a progressive decline in 

cognitive function accompanied by escalating behavioral challenges and 

neuropsychiatric symptoms [208]. The primary hallmarks of Alzheimer's 

pathology consist of amyloid plaques and neurofibrillary tangles [209]. The 

peptide amyloid β (Aβ) is generated through the sequential cleavage of amyloid 

β precursor protein (APP). APP, a transmembrane protein, holds considerable 

importance in neuronal development and growth [210]. Following cleavage, the 

released Aβ peptides can undergo oligomerization and subsequent fibrillization, 

ultimately forming the distinctive Aβ plaques observed in the atrophied brain 

tissue of deceased AD patients [211]. Aβ  plaques are rich in redox active trace 

elements, as single peptides are linked via divalent metals [212]. Furthermore, 

the accumulation of Aβ in the brain seems to precede other pathomechanistic 

alterations in the biological continuum of AD, including the propagation of 

neurofibrillary tangles and the onset of neuronal and synaptic loss [213]. In 

addition to Aβ, tau protein (p-tau) stands as the primary component of 

neurofibrillary tangles in AD. Under normal circumstances, p-tau plays a crucial 

role in maintaining microtubule stability and contributes to the regulation of 

intracellular trafficking. However, in AD, the normal function of p-tau becomes 

disrupted, leading to the formation of neurofibrillary tangle pathology. The 
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progression of p-tau pathology is a multifaceted process involving post-

translational modifications, disturbances in cytoskeletal integrity, and 

deficiencies in protein degradation mechanisms [214]. Consequently, this 

results in impaired neuronal function, particularly affecting cholinergic neurons 

AD. In addition to decreased DA levels, AD is characterized by reductions in 

choline acetyltransferase activity and ACh synthesis, along with alterations in 

choline uptake and release in the brain tissue of affected patients [215]. 

Symptoms of PD are diverse and encompass bradykinesia, tremor, rigidity, 

alongside numerous non-motor symptoms [216]. In industrialized countries, the 

prevalence of PD is 0.3 % in the general population, rising to 1 % among 

individuals over the age of 60 and further increasing to 3 % among those over 

80 years old. Consequently, age stands as one of the most significant risk 

factors for PD. The hallmark of the pathophysiology of PD is the loss of 

dopaminergic neurons and therefore DA deficiency, which is commonly 

associated with the motor deficits in PD. Decades of research suggest that 

dysfunction or dysregulation of axonal dopamine release occurs before 

neuronal loss, indicating a complex interplay of factors in the pathogenesis of 

the disease [191,192]. While the majority of PD cases are idiopathic, mutations 

in several genes have been linked to the development of the disease [217]. 

These genes listed in Table 3 and their associated proteins play critical roles in 

various cellular processes, including protein aggregation, mitochondrial 

function, oxidative stress response, and lysosomal degradation. Mutations in 

these genes can disrupt these cellular processes, increasing the risk for the 

development of PD.  
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Table 3: Overview of genes whose mutation is associated with the onset of PD as well as the associated 

proteins and their function in a healthy individual. 

Protein Gene Function 

PARK1/4 SNCA 
α-synuclein, a transport protein which forms membrane channels and 

regulates dopamine release [218] 

PARK2 PARKIN 
marks defect proteins in dopaminergic neurons by ubiquitination, defect 

proteins are then removed and degraded [219] 

PARK5 UCHL1 
antagonist of PARK2 → catalyzes the hydrolyzation following 

ubiquitination to regain ubiquitin monomers [218] 

PARK6 PINK1 
enables PARK2 to bind to depolarized mitochondria to induce autophagy, 

furthermore triggers neuronal differentiation [219] 

PARK7 DJ1 
a protein deglycase that inhibits the aggregation of α-synuclein and 

protects neurons against oxidative stress and cell death  

PARK8 LRRK2 
A kinase taking part in cellular signaling processes including the regulation 

of protein translation, vesicle trafficking and neurite outgrowth [217] 

PARK9 ATP13A2 
Involved in the transport of divalent transition metal cations and appears 

to protect cells from metal toxicity [220] 

 

In addition to cases of PD in patients with a genetic predisposition, the majority 

of individuals with PD (about 90 %) are of unknown cause. It is plausible to 

consider, next to aging, that environmental factors play a role in the onset of PD. 

Among these factors, pesticides and metals are of particular interest due to their 

documented ability to induce oxidative stress [221]. Chronic exposure to (heavy) 

metals disrupts redox homeostasis by inducing free radical generation and 

decreasing antioxidant levels [222]. Moreover, the substantial increase in 

oxidative stress linked to metal exposure compromises the activity of the 

ubiquitin-proteasome system, leading to protein aggregation. These aggregated 

proteins disrupt cellular processes, ultimately culminating in cell death [223]. 

Studies have revealed significant alterations in metal concentrations in the 

brains of deceased PD patients compared to age-matched non-PD controls, 

implying a strong association between metal exposure and the incidence of PD 

[224]. Chapter 6 will discuss the interaction of neurodegenerative diseases and 

excess Cu in C. elegans in more detail. 
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2.6.3. Cu (dyshomeostasis)-mediated Neurotoxicity 

In conjunction with the toxic effects of Aβ and p-tau, it is evident that oxidative 

stress significantly contributes to the advancement of AD symptoms and 

ultimately leads to the demise of afflicted patients [225]. The primary event in 

AD is the development of fibrils and plaques in the brains of affected patients. 

Aβ plaques exhibit elevated concentrations of trace elements, including Cu, Fe 

and Zn. Cu2+ ions demonstrate a strong affinity for Aβ peptides and can promote 

the formation of β-sheet and α-helix structures within these peptides, potentially 

contributing to Aβ aggregation. Various concentrations of Cu ions have been 

found to enhance fibril formation and the binding of Cu ions to Aβ notably 

increases its toxicity to cells [212]. The neurotoxic effects of Aβ peptides are 

believed to stem from oxidative stress, which arises from the redox cycling of 

Cu ions bound to Aβ peptides and the subsequent generation of hydrogen 

peroxide (Figure 12) [226].  

 

Figure 12: Scheme of the proposed mechanism of RONS production by Aβ-bound Cu. Cu within Aβ 

plaques remains redox active and is able to cycle between its two oxidation states +I and +II, which 

results in the formation of reactive radicals (adapted and modified from Arrigoni et al. [227]). 
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Despite overall lowered total Cu levels in the brains of AD patients compared to 

healthy individuals, numerous studies have consistently demonstrated elevated 

levels of labile Cu in the AD brain. Alterations in the distribution of serum Cu, 

marked by an increase in a Cu fraction not accounted for by ceruloplasmin, 

appear to be a distinctive feature of AD and could potentially play a role in its 

pathogenesis [228–231]. Similar to AD, total Cu levels in the brain of PD patients 

are lowered, while labile Cu is increased [232]. Additionally, Boll et al. 

demonstrate heightened levels of labile Cu in the cerebrospinal fluid within the 

brains of individuals diagnosed with PD in correlation with elevated oxidative 

stress markers [13]. Moreover, increased levels of ceruloplasmin were identified 

in the brains of patients with PD, suggesting either an acute phase response or 

a compensatory mechanism in response to escalating oxidative stress [233]. In 

summary, the intricate interplay between Cu dyshomeostasis, oxidative stress, 

protein aggregation and plaque formation significantly contribute to the 

progression of neurodegenerative diseases like AD and PD. Elevated levels of 

labile Cu in the brain of patients with neurodegenerative diseases coupled with 

increased oxidative stress markers, underscore its role in the pathogenesis of 

these neurodegenerative disorders. Understanding these mechanisms holds 

promise for targeted therapeutic interventions aimed at mitigating disease 

progression and improving patient outcomes. 
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Abstract 

Neurotransmitters like dopamine (DA), serotonin (SRT), γ-aminobutyric acid 

(GABA) and acetylcholine (ACh) are messenger molecules playing a pivotal role 

in transmitting excitation between neurons across chemical synapses, thus 

enabling complex processes in the central nervous system. Balance of the 

neurotransmitter homeostasis is essential, and altered neurotransmitter levels 

are associated with various neurological disorders, e.g. loss of dopaminergic 

neurons (Parkinson’s disease) or altered ACh synthesis (Alzheimer’s disease). 

Therefore, it is crucial to possess adequate tools to assess precise 

neurotransmitter levels, and to apply targeted therapies. An established in vivo 

model to study neurotoxicity is the model organism Caenorhabditis elegans  

(C. elegans), as its neurons have been well characterized and functionally are 

analogous to mammals. We have developed a liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) method including a sample preparation 

assuring neurotransmitter stability, which allows a simultaneous 

neurotransmitter quantification of DA, SRT, GABA and ACh in C. elegans, but 

can easily be applied to other matrices. LC-MS/MS combined with isotope-

labeled standards is the tool of choice, due to its otherwise unattainable 

sensitivity and specificity. Using C. elegans together with our analytically 

validated and verified method provides a powerful tool to evaluate mechanisms 

of neurotoxicity, and furthermore to identify possible therapeutic approaches. 
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Chapter 3 – A Reliable Method Based on Liquid 

Chromatography-Tandem Mass Spectrometry for the 

Simultaneous Quantification of Neurotransmitters in 

Caenorhabditis elegans 

3.1. Introduction 

Neurotransmitters are messenger molecules transmitting excitation between 

neurons across chemical synapses, which enable the brain to sense 

perceptions and coordinate complex behavior [177]. Here, the most important 

neurotransmitters, dopamine (DA), serotonin (SRT), γ-aminobutyric acid 

(GABA) and acetylcholine (ACh) will be discussed, as their dysregulation, 

among others, is associated with several neurological diseases. DA regulates 

body movement control, as well as memory function and cognition [234,235]. 

The most common DA-associated neurodegenerative disorder is Parkinson’s 

disease (PD), which is associated with the progressive loss of dopaminergic 

neurons in the substantia nigra [236] and is characterized, among other things, 

by the presence of alpha-synuclein inclusions (Lewy Bodies) [237]. SRT acts as 

a neurohormone controlling the function of several peripheral organs and 

modulates mood, cognition, sleep, learning and anxiety [238,239]. Hypofunction 

of serotonergic neurons is associated with depression, and disturbances in SRT 

levels lead to anxiety disorders [239]. GABA, among other functions, regulates 

blood pressure and heart rate. In addition, it binds to receptors at inhibitory 

synapses, thus decreasing neuronal excitability [240]. The balance between 

excitation and inhibition is a requisite for proper neural function; as a 

consequence, a disequilibrium contributes to neurodegeneration [241]. The 

cholinergic system, including in particular the neurotransmitter ACh, is known to 

be required for a variety of critical physiological activities, such as attention, 

learning and memory [242]. A decreased activity of choline acetyltransferase 
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(ChAT) and the subsequent altered ACh synthesis are correlated with an 

increased formation of ß-amyloid (Aβ) plaques in the brains of patients with 

Alzheimer’s disease (AD) [243]. Furthermore, a deficiency of ChAT, choline 

uptake and ACh secretion are concomitant symptoms of neuronal loss 

associated with learning deficits and memory loss [244]. Therefore, the analysis 

of basal levels of neurotransmitters is an essential tool for neurotoxicity 

assessment, especially in terms of neurodegenerative diseases such as PD and 

AD. In addition, neurotransmitter ratios are of great interest, as they interact and 

depend on each other, and in most neurodegenerative diseases the entire 

neurotransmitter system is disturbed [245,246]. In brief, it is crucial to have the 

ability to determine which neurotransmitter(s) are impaired, in order to apply 

targeted therapies. 

Neurotransmitter quantification in mouse tissue, such as the brain [247] or 

cerebrospinal fluid [248], can be employed to assess the neurodegenerative 

potential of chemical or physical agents that may be harmful, as well as to 

identify therapeutic strategies. However, animal experiments provoke great 

ethical debate, requiring novel model organisms to substitute and complement 

animal experiments for testing neurodegenerative potentials. For this purpose, 

zebrafish (Danio rerio), flies (Drosophila melanogaster) and worms are 

commonly used [249,250]. The nematode Caenorhabditis elegans (C. elegans) 

constitutes a distinguished in vivo model featuring a well-elucidated nervous 

system. All neurons are well characterized and mapped over the worm body, 

and they are structurally and functionally similar to mammals [39]. Furthermore, 

in C. elegans, orthologs are present for 60–80% of human genes related to 

various diseases, including neurodegenerative disorders [23]. Therefore,  

C. elegans is a well-established model organism in the field of neurotoxicity and 

neurodegeneration. In addition, worms are easily genetically manipulated, 

providing a variety of mutants, especially for PD [251,252] and AD [253,254]. 



Chapter 3 – A Reliable Method Based on Liquid Chromatography-Tandem Mass Spectrometry for the 

Simultaneous Quantification of Neurotransmitters in Caenorhabditis elegans 

46 
 

Neurotoxicity in C. elegans is predominantly assessed by behavioral assays. 

Commonly performed assays include that of the basal slowing response, which 

examines dopamine-dependent behavior in the presence of food [175], the 

determination of serotonin-dependent pharyngeal pumping [255], the synaptic 

transmission at neuromuscular junctions using the aldicarb-induced paralysis 

assay [256] and the assessment of functional changes in locomotion [175]. 

Additionally, genetically modified worms with fluorescence tags in neurons have 

been used to study neurodegeneration via fluorescence microscopy [257,258]. 

However, these techniques have the limitation, among others, of not being able 

to quantify absolute neurotransmitter levels. Furthermore, the majority of 

assays, such as that of basal slowing, are focused on a solitary 

neurotransmitter, in this case, DA. Other assays, namely those of locomotion, 

are mediated by several neurotransmitters, such as acetylcholine and 

dopamine; these provide broader outcomes, but can be problematic in 

interpretation. So far, only Schumacher et al. have assessed DA and SRT [38], 

but, to date, GABA and ACh have not been quantified in C. elegans. Therefore, 

a method is required for the simultaneous quantification of multiple 

neurotransmitters in C. elegans. 

The demands of such a technique are challenging, as the analysis must be 

specific for the individual neurotransmitters and, on the other hand, requires 

good sensitivity, as the basal levels of neurotransmitters are low. In addition, 

neurotransmitters display poor stability. Methods do already exist to quantify 

neurotransmitters in a variety of matrices by electrochemical detection 

[259,260], fluorescence detection [261,262] or fluorescent dyes [263–265]. 

However, here, we opted for liquid chromatography–tandem mass spectrometry 

(LC-MS/MS) as the preferred choice due to its high sensitivity and unmatched 

specificity, and given its propensity to detect distinctive mass transitions of each 

analyte, and therefore, its capacity for unequivocal identification. In addition, 

mass spectrometry allows the use of isotope-labeled standards, which 
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correspond analogously to their respective analyte throughout the entire 

analytical procedure, from sample preparation to detection. The combination of 

mass spectrometry and isotope-labeled standards of target analytes is a top-

notch technique for the analysis of several biological samples [266]. In recent 

years, a handful of LC-MS/MS-based methods have been published to quantify 

neurotransmitters. These refer almost exclusively to mouse [247,248] and rat 

[267,268] brain tissue and mostly do not provide sufficient LOQs for 

neurotransmitter quantification in model organisms like C. elegans. Only  

Tufi et al. present an LC-MS/MS analysis in zebrafish Danio rerio [269], while 

Barata et al. published a method for neurotransmitter and related metabolites 

quantification in Daphnia magna [270]. A tool for the simultaneous quantification 

of neurotransmitters, especially GABA and ACh, in C. elegans with sufficient 

sensitivity has yet to be reported. 

Here, we aim to present an established and validated LC-MS/MS-based 

method, which allows the simultaneous quantification of neurotransmitters, 

specifically DA, SRT, GABA and ACh, in C. elegans. A new extraction protocol 

assured stability and high recovery for all four analytes. The use of isotope-

labeled standards and LC-MS/MS analysis in multiple-reaction-monitoring mode 

provided an unequivocal identification, as well as specificity of all analytes and 

greater sensitivity compared to other techniques. As method validation 

parameters, the linear range, limit of detection (LOD), limit of quantification 

(LOQ), accuracy, recovery and precision were assessed. Further, we analyzed 

neurotransmitter profiles of transgenic C. elegans strains with altered 

neurotransmitter homeostasis and characterized their synaptic transmission by 

the aldicarb-induced paralysis assay in order to corroborate the analytical  

LC-MS/MS data. 
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3.2. Results  

3.2.1. Method Development for Neurotransmitter Quantification via 

 LC-MS/MS 

The aim of the chromatography was to establish a baseline-separated elution 

for all analytes, as well as maximum sensitivity with subsequent mass 

spectrometric detection. Different solvents (MeOH and ACN) were tested, with 

ACN demonstrating sharper peaks, lower noise and quicker elution of all 

analytes when we used the YMC-Triart PFP column. ACN modified with 10 mM 

FA resulted in a higher response compared to 5 mM FA. For further optimization, 

the column temperature was varied (20–40 °C), with 30 °C leading to the best 

result. A gradient of a total of 12 min (including equilibration) was generated with 

the following retention times for all analytes and their respective deuterated 

internal standards (used for internal calibration and unambiguous identification): 

GABA—2.50 min, DA—5.92 min, ACh—7.22 min and SRT—8.38 min. The 

respective chromatograms of the quantifiers of all analytes and all internal 

standards in a C. elegans matrix (wildtype) are shown in Figure 13. 

Ion source parameters were optimized with standard solutions using the 

Compound Optimization software wizard of the Sciex Analyst Software (Version 

1.7.2); they are listed in the materials and methods Section 2.4. To determine 

mass-to-charge (m/z) ratios for the precursor ions, standard solutions of the 

analytes and deuterated analytes were injected and Q1 scans were performed. 

Fragment ion scans with varying intensity in collision energy were conducted to 

determine the m/z ratios of the respective fragments. The aim was to identify at 

least two MRM transitions for each analyte with optimal intensity. The following 

mass transitions revealed the highest responses (Figure 13C–F) and were 

therefore used as quantifiers: DA m/z 154 > 91, DAd4 m/z 158 > 95, SRT m/z 

177 > 160, SRTd4 m/z 181 > 164, GABA m/z 104 > 69, GABAd6 m/z 110 > 73, 

ACh m/z 146 > 87 and AChd4 m/z 150 > 91. Quantifier precursor and fragment 
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ion structures are stated in Figure 14. Further mass transitions (qualifiers) are 

listed in Table 4. 

 

 

Figure 13: sMRM chromatograms of all analytes (A) and their respective deuterated internal srandards 

(B) (25 nM of DAd4, 25 mMSRTd4, 500 nM of GABAd6 and 25 nM AChd4) in C. elegans worm homogenate 

(wildtype). (A,B) only the quantifier mass transitions (Table 4) of DA, SRT, GABA, ACh and the 

accordant internal standards are presented. The most intensive mass transitions (listed in Table 4) of 

DA (m/z 154 > 137 not found in matrix) (C), SRT (D), GABA (E) and ACh (F) are displayed in matrix. 
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Table 4: sMRM parameters for DA, SRT, GABA, ACh and their respective internal standards. The 

quantifiers are highlighted in bold. All transitions are single-protonated ions ([M + H]+). 

Compound Q1 Q3 CE DP CXP Retention Time (min) 

DA 154 

137 15 30 15 

5.92 

119 25 30 15 

91 32 30 15 

DAd4 158 

141 15 30 15 

123 25 30 15 

95 32 30 15 

SRT 177 160 15 15 17 

8.38 115 51 30 41 

SRTd4 181 164 15 15 17 

118 51 30 41 

GABA 104 

87 15 17 10 

2.50 

69 21 18 10 

45 28 25 11 

GABAd6 110 

93 15 17 10 

73 21 18 10 

49 28 25 11 

ACh 146 87 19 27 13 

7.22 60 16 32 9 

AChd4 150 91 19 27 13 

60 16 32 9 

 

 

Figure 14: Chemical structures of precursors and their underlying fragment ions [M + H]+ (quantifiers) 

for DA, SRT, GABA and ACh. 
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3.2.2. Sample Preparation and Neurotransmitter Extraction 

Following optimization of the LC-MS/MS conditions, the method was applied to 

C. elegans homogenates. The extraction of neurotransmitters was improved by 

optimizing the composition of the applied extraction buffer. We tested the pH 

effect (acidic and neutral) on the stability and recovery of all four analytes. 

Whereas DA seems to be stable only in acidic pH, GABA shows the highest 

recovery in neutral pH. In contrast, both SRT and ACh demonstrate no 

differences in recovery in acidic or neutral pH. In order to identify a suitable 

compromise, various acids (perchloric acid and formic acid) and pH values (pH 

= 1–7) were tested. A sufficient response of all four analytes was obtained by 

adding 2.5 mM perchloric acid (pH = 4). In addition, we analyzed the impact of 

different amounts (10, 20 and 30%) of organic modifiers (MeOH and ACN) in 

the extraction buffer. A higher response, especially for GABA, was observed 

when we modified the buffer with 10% MeOH. The sample extracts were purified 

by a Spin-X® Centrifuge Tube Filter 0.22 µm (Corning). The recovery of the 

neurotransmitters as well as the protein content with and without purification 

steps were determined, and showed statistically indistinguishable results.  

3.2.3. Method Validation 

Samples were spiked with DA, SRT and ACh from 0 to 500 nM and with GABA 

from 0 to 10 µM. Linearity was observed for all analytes in the indicated range 

(Figure 15); correlation coefficients are listed in Table 5. 
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Table 5: Method validation parameters assessed in C. elegans matrix (wildtype). How parameters were 

assessed is listed in section 4.4.5. 

 
DA SRT GABA ACh 

Concentration in samples # 11.9 nM 2.2 nM 2.6 µM 38.8 nM 

Correlation coefficient (R2) 0.9966 0.9939 0.9873 0.9993 

Limit of detection (nM) 0.204 0.097 15.628 0.0009 

Limit of quantification (nM) 0.679 0.324 52.094 0.0029 

Recovery (%) 103 ± 2.7 64 ± 2.3 80 ± 4.1 56 ± 11.9 
 

# analyte concentration of worm homogenates (3000 L4 stage worms in 150 µL extraction 

buffer) before protein normalization. 

 

 

Figure 15: Calibration curves for all four neurotransmitters in the concentration range of up to 500 nM 

for DA, SRT and ACh and up to 2500 nM for GABA. Correlation coefficients are stated in Table 5. 

 

The LOD was defined as LOD = 3×SDy/b (SDy = standard deviation of analyte 

concentration in ≥12 blank measurements, b = slope of calibration curve), with 

0.204 nM for DA, 0.097 nM for SRT, 15.628 nM for GABA and 0.0009 nM for 
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ACh. The LOQ was defined as LOQ = 10 × SDy/b, with 0.679 nM for DA, 0.324 

nM for SRT, 52.094 nM for GABA and 0.0029 nM for ACh. Thus, the LOQs were 

far below the analyte concentrations in C. elegans homogenates (3000 L4 stage 

worms in 150 µL extraction buffer), which were 11.9 nM of DA, 2.2 nM SRT, 2.6 

µM GABA and 38.8 nM ACh (n ≥ 20). The LOQs underline the sensitivity of the 

method and show that considerably less than 3000 worms can be used for the 

analysis. The recovery of deuterated standards in matrix amounted to 103 ± 3% 

for DA, 64 ± 2% SRT, 80 ± 4% for GABA and 56 ± 12% for ACh, compared to 

deuterated standards in extraction buffer only. This indicates sufficient recovery, 

as the loss of neurotransmitters during sample preparation and analysis was 

always balanced by the respective deuterated standards.  

Accuracy was determined in samples with low (25 nM), middle (250 nM) and 

high (2500 nM) concentrations of all analytes and was within ± 20% of the 

nominal concentration (Table 6). The variation in neurotransmitter quantification 

from eight samples on the same day was defined as intraday precision and was 

3.1% for DA, 6.1% for SRT, 3.4% for GABA and 7.6% for ACh. The variation 

from eight samples analyzed on different days was defined as interday precision 

and was 2.6% for DA, 14.0% for SRT, 3.2% for GABA and 1.8% for ACh. 

Therefore, intra- and interday variations < 15% were considered both reliable 

and reproducible due to high precision.  

 

Table 6: Method validation parameters: accuracy for low, middle and high analyte concentrations and 

intraday and interday precision. How parameters were assessed is listed in section 4.4.5. 

 
Accuracy [%] Precision [RSD%] 

 
Low Middle High Intraday Interday 

DA 114.8 ± 8.8 111.1 ± 7.9 112.7 ± 4.1 3.1 2.6 

SRT 84.9 ± 1.3 85.6 ± 1.5 81.1 ± 1.8 6.1 14.0 

GABA 95.3 ± 8.7 108.2 ± 5.2 116.4 ± 5.4 3.4 3.2 

ACh 98.5 ± 4.9 96.6 ± 1.0 99.8 ± 0.6 7.6 1.8 
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3.2.4. Neurotransmitter Levels in Wildtype Worms and cat-2Δ and  

ace-1Δ::ace-2Δ Deletion Mutants 

By using the validated LC-MS/MS method, we investigated the impact of the 

genetic background of C. elegans strains cat-2Δ and ace-1Δ::ace-2Δ on 

neurotransmitter levels. The deletion mutant cat-2Δ lacks the enzyme tyrosine 

hydroxylase, which catalyzes the hydroxylation of tyrosine to L-DOPA (L-3,4-

dihydroxyphenylalanine), the precursor of DA [271]. Consequently, DA 

synthesis in cat-2Δ worms is restricted. C. elegans strain ace-1Δ::ace-2Δ 

displays a loss of acetylcholinesterase (AChE), which is the major enzyme to 

hydrolyze ACh into acetic acid and choline [272]. As a result, this deletion 

mutant should not be capable of degrading ACh. 

The analysis of dopamine levels (Figure 16A) revealed 2.18 ± 0.19 ng DA per 

mg protein in wildtype worms and 2.26 ± 0.15 ng DA per mg protein in ace-

1Δ::ace-2Δ deletion mutants. cat-2Δ worms displayed 0.11 ± 0.04 ng DA per mg 

protein or 0.54 nM DA in sample extracts; thus, DA levels were significantly 

lower compared to wildtype worms. This demonstrates that cat-2Δ worms do 

not suffer a total loss of DA, but nevertheless present a very low level of DA, 

which is higher than the LOD, but lower than the LOQ. As a result, cat-2Δ worms 

exhibited 95% less DA compared to wildtype worms. The quantification of SRT 

revealed no differences in the deletion mutants used compared to wildtype 

worms. SRT levels (Figure 16B) amounted to 0.067 ± 0.012 ng SRT per mg 

protein in wildtype worms, 0.063 ± 0.006 ng SRT per mg protein in cat-2Δ worms 

and 0.067 ± 0.009 ng SRT per mg protein in ace-1Δ::ace-2Δ worms. Wildtype 

worms contained 196 ± 30 ng GABA per mg protein (Figure 16C). Interestingly, 

cat-2Δ worms displayed a significantly lower amount of 121 ± 9 ng GABA per 

mg protein, whereas the deletion mutant ace-1Δ::ace-2Δ had the lowest amount 

of 104 ± 4 ng GABA per mg protein, which significantly differed compared to 

wildtype worms. The next neurotransmitter we quantified was ACh (Figure 16D); 

6.24 ± 0.64 ng ACh was contained per mg protein in wildtype worms and 4.97 
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ng ACh per mg protein in cat-2Δ worms, representing a slight decrease, 

although it was statistically indistinguishable from wildtype worms. In contrast, 

the deletion mutant ace-1Δ::ace-2Δ contained a significantly higher amount of 

ACh compared to wildtype worms, with 113 ± 9 ng ACh per mg protein. Thus, 

ace-1Δ::ace-2Δ worms contained 18-fold greater ACh levels compared to 

wildtype worms. 

 

 

Figure 16: Levels in ng per mg protein of dopamine (A), serotonin (B), GABA (C) and acetylcholine (D) 

in L4 stage worms (wildtype, cat-2Δ and ace-1Δ::ace-2Δ) quantified via LC-MS/MS. Data presented are 

mean values of n = 4 independent experiments + SEM. Statistical analysis using unpaired t-test. 

Significance levels with α = 0.05: *: p ≤ 0.05 and ***: p ≤ 0.001 compared to wildtype worms. 
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3.2.5. Aldicarb-Induced Paralysis Assay 

To investigate the consequences of our findings regarding the neurotransmitter 

quantification of the two deletion mutants, cat-2Δ and ace-1Δ::ace-2Δ, 

compared to wildtype worms, a classical applied behavioral assay was 

performed. Aldicarb is an AChE inhibitor, which leads to an accumulation of 

ACh, and therefore to a persistent activation of muscles followed by paralysis. 

The aldicarb-induced paralysis assay examines alterations in the synaptic 

transmission of C. elegans [273]. Aldicarb resistance, compared to wildtype 

worms, results in decreased synaptic transmission. By implication, aldicarb 

hypersensitivity leads to increased synaptic transmission [274]. 

Results are presented in Figure 17 and demonstrate the paralysis rate in all 

three tested worm strains over a time span of 240 min. The cat-2Δ strain showed 

an earlier onset of paralysis compared to wildtype worms, with only 65% ± 14% 

of worms moving after 60 min (wildtype: 74% ± 7%) and 15% ± 8% after 120 

min (wildtype: 22% ± 7%) when exposed to aldicarb, but the difference did not 

attain statistical significance. ace-1Δ::ace-2Δ worms, in contrast, showed 

significant aldicarb resistance compared to wildtype worms, with 94% ± 2% of 

worms moving after 60 min and 45% ± 10% after 120 min of aldicarb exposure. 

Taken together, these findings establish that the loss of AChE leads to reduced 

synaptic transmission in C. elegans due to aldicarb resistance. 
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Figure 17: Aldicarb-induced paralysis assay in wildtype worms (black), cat-2Δ (dark grey) and ace-

1Δ::ace-2Δ (light grey) deletion mutants. Displayed are fractions of moving worms [%] plotted against 

assay procedure times [min]. Data presented are mean values of n = 4 independent experiments ± SEM. 

Statistical analysis using unpaired t-test. Significance levels with α = 0.05: *: p ≤ 0.05 compared to 

wildtype worms at the same time point. 

3.3. Discussion 

Tight regulation of the neurotransmitters is required to avoid adverse 

consequences of deficiency or excess, since various neurological diseases are 

characterized by a disturbed neurotransmitter homeostasis. Diseases 

associated with dysregulated neurotransmitters include PD, AD or depression, 

among others [275]. In this context, it is important to underline that in most 

clinical disorders, more than a single neurotransmitter is altered in its 

homeostasis [184,276]. Therefore, we have developed an LC-MS/MS-based 

method to simultaneously quantify multiple neurotransmitters within a single 

sample and run, which allows the quantification of DA, SRT, GABA and ACh, as 

well as the identification of potential changes in neurotransmitter ratios. It is 

important to note that this, to our knowledge, is the first method proposed to 

quantify multiple neurotransmitters, especially GABA and ACh, in C. elegans. 

To verify the optimized and validated method, we took advantage of the fact that 
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C. elegans is easily genetically manipulated, and used worms that cannot 

synthesize DA (cat-2Δ) or degrade ACh (ace-1Δ::ace-2Δ), analyzed their 

neurotransmitter profiles, and characterized their impacts on synaptic 

transmission by a further independent assay, which refers to classically 

performed behavioral assays. 

Our method for neurotransmitter quantification distinguishes itself from other 

published MS-based methods given its advantages. First, only a low quantity of 

worms is necessary for an analysis. Furthermore, there is only minimal sample 

preparation required, as the extraction buffer has been optimized regarding pH 

and organic modifiers for all analytes, so further time-consuming extraction 

steps are not required. The pH value of the buffer used is particularly important 

for neurotransmitter extraction, since DA autoxidizes easily at a neutral pH value 

[277], and extraction must therefore take place in an acidified milieu. GABA, on 

the other hand, displayed the best extraction in the neutral to slightly acidic pH 

range, with the result that we found a good compromise of pH = 4 for maximal 

extraction, which provides a higher overall sensitivity. The limits of detection for 

all analytes in matrix are in the very low nM range, which is advantageous 

compared to other LC-MS-based methods for the quantification of 

neurotransmitters in other matrices, as well as in standard solutions only 

[267,269,278,279]. Tufi et al. present an LOQ for SRT of 1.7 nM in zebrafish 

Danio rerio, which is roughly comparable to our data, whereas for other 

neurotransmitters like DA and GABA, two-digit nM quantification limits are 

displayed [269]. Huang et al. and Wang et al.’s LOQ for GABA in mice brain 

tissue is lower than that presented by us at 10 nM; however, their LOQs for DA 

and SRT are above 1 nM, and thus higher than those demonstrated in our study 

[247,278]. Olesti et al. demonstrate LOQs in the two-digit nM range in rat plasma 

and brain homogenates [279], while in Blanco et al.’s study, the average values 

of DA and ACh in mouse cerebrospinal fluid are below the LOQ [248]. However, 

the sensitivity is increased enough in the presently evaluated method to quantify 
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the four neurotransmitters in a few 100 worms, which would allow high-

throughput analyses in order to identify, for example, neurotoxic or 

neuroprotective substances. The method also offers high accuracy, as we use 

the respective isotope-labeled standards for each analyte throughout the entire 

sample preparation to compensate for losses in recovery and allow for an 

unequivocal identification of the neurotransmitters. The use of isotope-labeled 

standards is also a special feature of this method, which is often unconsidered 

[247,268,280]. Another advantage that underlines the specificity of our method 

is the use of a tandem mass spectrometer. The fragment pattern, characterized 

by the m/z ratios of the precursor ion and fragment ions, is as unique as a 

fingerprint for each molecule [281] and enables us to specifically identify our 

targeted analytes, rather than using retention times only. Other types of 

detection, such as quantification by fluorescent dyes [263–265], are less specific 

than the method described herein. Neurotransmitter quantification by HPLC with 

fluorescence detection is also both less specific and less sensitive, since it is 

necessary to derivatize the analytes into a fluorescent product. In addition, 

external calibration is commonly necessary [261,262]. In addition, other 

methods, such as that proposed by Zhang et al., combine precolumn 

derivatization with LC-MS/MS analysis to increase the specificity and sensitivity 

[282]. This provides LOQs in the single-digit nM range comparable to those 

produced by our method, but an additional derivatization step must be 

performed, which bears a further opportunity for error and takes another 30 min. 

The roundworm C. elegans has become a prominent model organism and 

multipurpose tool to study neurotoxicity. Since only very few neurodegenerative 

diseases are linked to genetic factors, growing evidence strongly implicates 

environmental factors in their respective etiology. Therefore, the worm, with its 

existing neurodegenerative disease models (mostly transgenic worms), offers 

the opportunity for testing potential neurodegenerative substances and 

treatments, which may reflect or even accelerate the progression of 
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neurodegenerative disorders. The quantification of neurotransmitter levels 

allows for precise identification of mechanisms that mediate neurotoxicity, and 

identifies putative targets for efficient therapeutic approaches and 

neuroprotective strategies. A special feature of C. elegans is its short life cycle, 

which allows a huge sample quantity in a short time period, and in combination 

with the presented analysis offers an effective high-throughput method. A further 

advantage of the worm is its completely sequenced genome, allowing its simple 

genetic manipulation. As a result, especially for neurobehavioral assays, 

chemicals or toxins are often not used as positive controls; rather, worms with 

specific mutations are. A commonly used assay is the basal slowing response, 

which examines dopamine-dependent behavior in the presence of food [175]. 

cat-2Δ worms are a popular positive control, since they show reduced food 

sensing due to its deficiency in DA synthesis [283,284]. Mutations of C. elegans 

are also often used to model neurodegenerative diseases like PD [251] and AD 

[253]. Despite the extensive use of mutants of this worm in neurobehavioral 

assays, its neurotransmitter profile has not been characterized, to our 

knowledge. Despite the usage of behavioral assays and the microscopy of 

fluorescence-tagged neurons, only a few chromatographic approaches have 

been carried out in C. elegans to quantify DA. Only Schumacher et al. displayed 

a validated LC-MS/MS-based method to analyze DA and SRT in C. elegans, but 

they excluded GABA and ACh [38], which are, however, essential for the 

investigation of neurotoxicity [242,285]. Using our method, we were able to 

determine neurotransmitter profiles in wildtype worms, as well as in cat-2Δ and 

ace-1Δ::ace-2Δ worms. As suggested in the literature, cat-2Δ worms had lesser 

DA levels compared to wildtype worms, which was corroborated by our  

LC-MS/MS method. In addition, we could also identify altered GABA levels. The 

same applied to ace-1Δ::ace-2Δ worms, wherein we could detect increased ACh 

levels as expected, but also reduced GABA levels, which underlines the 

interdependence and homeostatic dependence of different neurotransmitters. 

Muñoz et al. demonstrated interactions between the dopaminergic and 
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serotonergic systems in PD [286]. Qi et al. reported how different 

neurotransmitters modulate neurotransmitter balance, and therefore regulate 

the function of different brain regions [245]. This emphasizes the importance of 

simultaneously quantifying multiple neurotransmitters, which has been achieved 

with this LC-MS/MS-based method. In contrast, behavioral assays do not 

constitute quantitative methods, but merely provide an insight into the 

consequences of an eventual neurotransmitter dyshomeostasis. It is noteworthy 

that the combination of instrumental analytics (especially mass spectrometry) 

and behavioral assays complement each other remarkably well. Therefore, the 

worm strains mentioned above were subjected to the aldicarb-induced paralysis 

assay in addition to neurotransmitter quantification. 

Aldicarb, an AChE inhibitor, promotes the accumulation of ACh in locomotor 

neuromuscular junctions in C. elegans [287]. This results in hyperexcitability and 

excessive muscle contraction, causing paralysis [288]. If a mutant strain 

displays higher ACh levels, it should undergo paralysis faster. However, it has 

been shown that not only ACh itself is involved in aldicarb-induced paralysis, but 

the entire cholinergic system. Upon aldicarb treatment, mutants with impaired 

cholinergic function accumulate synaptic ACh at a slower rate, resulting in 

slower paralysis, and therefore aldicarb resistance, compared to wildtype worms 

[289]. 

This is consistent with our data, where ace-1Δ::ace-2Δ mutants showed a 

slower onset of paralysis, which was also demonstrated by Oppermann and 

Chang [290]. Hypothetically, it is not an increase in total ACh levels that leads 

to the onset of paralysis, but increased ACh levels in the neuromuscular 

junction. Giles et al. [289]reported that worms with disrupted inhibitory GABA 

function had a faster paralysis rate due to a loss of relaxation. Thus, given the 

GABA deficiency, cat-2Δ worms should paralyze faster in the presence of 

aldicarb compared to wildtype worms, which does not appear to be the case. It 

appears that behavior is a not fully understood yet complex construct in  
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C. elegans, and further research is required to understand the underlying 

mechanisms of behavioral assays like the aldicarb-induced paralysis assay. 

This underscores that the combination of behavioral assays for C. elegans and 

the quantitative and validated methods such as the LC-MS/MS-based method 

developed herein provide the means for altered functional characterization 

along with its underpinning mechanisms. It is also noteworthy that the behavioral 

assays mentioned are species-specific, in this case C. elegans-specific. 

However, our LC-MS/MS method for the quantification of neurotransmitters is 

universally applicable and can be applied to other model systems and tissues in 

the future with the eventual adaption of sample preparation. 

3.4. Materials and Method 

3.4.1. C. elegans Handling and Cultivation 

C. elegans strains Bristol N2 (wildtype) and deletion mutants (Δ) CB1112  

(cat-2Δ) and GG201 (ace-1Δ::ace-2Δ) were obtained from the Caenorhabditis 

Genetics Center (CGC, Minneapolis, MN, USA), which is funded by the National 

Institutes of Health Office of Research Infrastructure Programs. Cultivation of  

C. elegans was maintained on 8P agar plates coated with the Escherichia coli 

(E. coli) strain NA22 at 20 °C as previously described [291,292]. To generate 

age-synchronous worm populations, gravid adults were treated with bleach 

solution (1% NaOCl and 0.5 M NaOH) to release eggs, which were allowed to 

hatch overnight in M9 buffer. Synchronous L1-stage larvae were placed on 

nematode growth (NGM) agar plates coated with E. coli strain OP50 for 48 h to 

reach L4 stage. 

3.4.2. Neurotransmitter Standard Solutions 

Dopamine hydrochloride (Alfa Aesar, Kandel, Germany) and 2-(3,4-dihydroxy-

phenyl)ethyl-1,1,2,2-d4-amine HCl (DAd4) (CDN Isotopes, Pointe-Claire, 

Canada) were dissolved in 200 mM HClO4 (Sigma-Aldrich, Steinheim, 

Germany), whereas γ-aminobutyric acid (Sigma-Aldrich, Steinheim, Germany) 
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and 4-aminobutyric-2,2,3,3,4,4-d6 acid (GABAd6) (EQ Laboratories GmbH, 

Augsburg, Germany) stock solutions were prepared in 10% methanol (MeOH) 

(LC-MS grade, Thermo Fisher Scientific, Waltham, MA, USA). Serotonin 

hydrochloride (Alfa Aesar), serotonin-α,α,β,β-d4 creatinine sulfate complex 

(SRTd4) (CDN Isotopes, Pointe-Claire, Canada), acetylcholine chloride  

(Sigma-Aldrich, Steinheim, Germany) and acetylcholine-1,1,2,2-d4 chloride 

(AChd4) (EQ Laboratories GmbH, Augsburg, Germany) were dissolved in 

bidistilled water. The deuterated analogue of the respective neurotransmitter 

was taken as an internal standard. 

3.4.3. Sample Preparation and Neurotransmitter Extraction 

Synchronous L4 stage wildtype, cat-2Δ and ace-1Δ::ace-2Δ worms were 

washed off from NGM agar plates using 85 mM NaCl + 0.01% Tween. The 

washing procedure was repeated three times to ensure samples were free of  

E. coli. Of each respective strain, 3000 worms were pelletized in 50 µL 85 mM 

NaCl by centrifugation at 380 g, frozen in liquid nitrogen and stored at −80 °C. 

Extraction buffer (2 mM sodium thiosulfate, 2.5 mM HClO4, 10% MeOH LC-MS 

grade, 25 mM DAd4, 25 mM SRTd4, 25 mM AChd4 and 500 mM GABAd6) was 

freshly prepared right before sample preparation. Samples were kept on ice 

during sample preparation and extracted samples were analyzed immediately 

by LC-MS/MS. In the first step, worm pellets were defrosted and 100 µL 

extraction buffer was added, as well as zirconia beads (biolab products, 

Bebensee, Germany). To homogenize the samples: 4× freeze–thaw cycles  

(1 min 37 °C, 1 min liquid nitrogen) followed by 4 × 20 sec bead beating by 

usage of a Bead Ruptor (biolab products, Bebensee, Germany). After 

centrifugation for 10 min at 16,060 × g at 4 °C, 100 µL of the supernatant was 

transferred to a Spin-X® Centrifuge Tube Filter 0.22 µm (Corning, Amsterdam, 

The Netherlands) and centrifugation was repeated. An aliquot was transferred 

to a vial with insert and analyzed via LC-MS/MS, while the rest was used for 
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protein quantification for normalization measured by bicinchoninic acid assay 

[293]. 

3.4.4. LC-MS/MS Parameters 

All analyses were conducted using an Agilent 1290 Infinity II liquid 

chromatography system (Agilent, Waldbronn, Germany) coupled with a Sciex 

QTRAP 6500+ triple quadrupole mass spectrometer (Sciex, Darmstadt, 

Germany) interfaced with an electrospray ion source, which operated in positive 

ion mode. Chromatographic separation was performed using a YMC-Triart PFP 

(pentafluorophenyl) column (3 µm, 3 × 150 mm) and an additional precolumn  

(3 µm, 3 × 10 mm) of the same column material. The elution of neurotransmitters 

was carried out with bidistilled water + 10 mM formic acid (FA) (LC-MS grade, 

Thermo Fisher Scientific, Waltham, MA, USA) and acetonitrile (ACN)  

(LC-MS grade, VWR, Darmstadt, Germany) + 10 mM FA. Three µL of the 

sample was injected. Analytes were eluted with a flow of 0.425 mL min−1 from 

the column, which was pre-heated to 30 °C. Total run time was 12 min, which 

was divided in a gradient with 0% ACN for 3 min, 0 to 60% ACN for 6 min, 60 to 

100% ACN for 0.5 min, 100% ACN for another 0.5 min, 100 to 0% ACN for 

 0.5 min and 0% ACN for re-equilibration for 1.5 min. Analysis was carried out 

in scheduled multiple reaction monitoring (sMRM) mode with detection windows 

of ±40 sec of the respective retention times (Table 4). Ion source parameters 

optimization was performed with standard solutions of DA, SRT, GABA and ACh 

using the Compound Optimization software wizard of the Sciex Analyst Software 

(Version 1.7.2). The following parameters were determined: ion spray  

voltage = 4000 V, curtain gas (N2) = 40 psi, nebulizer gas = 60 psi, drying gas 

= 50 psi, collision (CAD) gas = medium, temperature = 600 °C, entrance 

potential = 10 V. The dwell time for all analytes and deuterated standards was 

set to 20 ms. Mass transitions for the analytes and internal standards as well as 

the respective optimized collision energy (CE), declustering potential (DP) and 

collision cell exit potential (CXP) are listed in Table 4.  
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3.4.5. Method Validation 

Method validation was carried out according the “ICH guideline Q2(R2) on 

validation of analytical procedures” of the European Medicines Agency. Linear 

range, limit of detection (LOD), limit of quantification (LOQ), recovery, accuracy 

and intraday and interday precision were assessed for method validation. To 

investigate linear ranges, LODs and LOQs, solutions with fixed amounts of 

matrix (wildtype) and deuterated internal standards were added with 

neurotransmitter standards in a range of 0–500 nM for DA, SRT and ACh and 

0–10 µM for GABA, and analyzed twice. Peak areas of the analytes were 

normalized to the respective internal standards, plotted against the added 

concentrations and afterwards examined for linear correlation. Signal-to-noise 

ratios (S/N) were calculated using Multiquant Software (Sciex, Version 3.0.3) 

and plotted against the added concentrations; the slopes were determined 

subsequently. LOD and LOQ were defined as LOD = 3 × SDy/b (SDy = standard 

deviation of analyte concentration in ≥12 blank measurements, b = slope of 

calibration curve) and LOQ = 10 × SDy/b. To assess the recovery of the 

deuterated internal standards in matrix, eight samples containing extraction 

buffer only and eight samples with worm matrix in extraction buffer were 

analyzed. Recovery was defined as the ratio of the area of internal standards 

with to that without matrix. For accuracy, matrix-free samples with low (25 nM), 

middle (250 nM) and high (2.5 µM) amounts of all neurotransmitters added along 

with 250 nM of deuterated standards were analyzed twelve times. Accuracy was 

calculated in percent by how much of the neurotransmitters was actually 

detected. To determine precision, intraday variation of eight wildtype worm 

samples pelletized and analyzed on the same day, and interday variation of six 

wildtype worm samples, each pelletized and analyzed on six different days, 

were assessed. Samples were normalized for protein content for examination 

of intraday as well as interday precision. Precision is stated as relative standard 

deviation in percent (RSD%) of the above-mentioned samples. 
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3.4.6. Aldicarb-Induced Paralysis Assay 

Synchronous L1 stage worms were placed on NGM plates as mentioned above 

for 72 h until the young adult stage. The assay was performed based on 

Mahoney et al. [27]. In brief, a 100 mM aldicarb (Sigma-Aldrich, Steinheim, 

Germany) stock solution was prepared in 70% ethanol. For plates with 2 mM 

aldicarb, NGM agar was set up as previously described [270,271] and added 

with aldicarb for desired concentration. Three mL portions were poured into  

3.5 cm petri dishes and stored at 4 °C. The plates were coated at the very 

beginning of the experiment with 2 µL of E. coli strain OP50 to concentrate 

worms in the middle of the plates. The assay was always performed as a blinded 

experiment. Of each genotype, 20–25 worms were placed on an aldicarb-

containing plate, which were left at room temperature during the assay 

procedure. Every 60 min, the number of total and paralyzed worms was 

counted. Worms were defined as paralyzed if they demonstrated no movement 

after prodding carefully with a platinum wire against head and tail. 

3.4.7. Statistics 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad 

Software, La Jolla, CA, USA) via unpaired t-test. Significance levels with  

α = 0.05 are depicted as *: p ≤ 0.05, **: p ≤ 0.01 and ***: p ≤ 0.001, compared 

to wildtype worms. 

3.5. Conclusion 

In summary, here (1) we developed a novel liquid chromatography–tandem 

mass spectrometry (LC-MS/MS) method, which enables simultaneous 

neurotransmitter quantification of dopamine (DA), serotonin (SRT),  

γ-aminobutyric acid (GABA) and acetylcholine (ACh) in the nematode,  

C. elegans, an assay (2) which can readily be applied to other matrices.  

(3) Furthermore, the LC-MS/MS method combined with isotope-labeled 

standards provides exquisite sensitivity and specificity, (4) providing a validated 



Chapter 3 – A Reliable Method Based on Liquid Chromatography-Tandem Mass Spectrometry for the 

Simultaneous Quantification of Neurotransmitters in Caenorhabditis elegans 

67 
 

analytical method for the assessment of altered neurotransmission and 

neurotoxicity. Our analytical method allows the quantification of 

neurotransmitters and their ratios as a convenient tool for the identification of 

mechanisms that mediate neurotoxicity, and it should be helpful in identifying 

possible putative therapeutic approaches and targets. Neurotoxicity 

assessment in C. elegans is commonly carried out by behavioral assays, which 

provide a sensitive assay for altered neurological behaviors, but are unable to 

characterize neurotransmitter levels. Other than C. elegans species-specific 

behavioral assays, our method is equally applicable to other tissues and 

matrices. 
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Abstract 

Copper (Cu) is an essential trace element, however an excess is toxic due to its 

redox properties. Cu homeostasis therefore needs to be tightly regulated via 

cellular transporters, storage proteins and exporters. An imbalance in Cu 

homeostasis has been associated with neurodegenerative disorders such as 

Wilson’s disease, but also Alzheimer’s or Parkinson’s disease. In our current 

study, we explored the utility of using Caenorhabditis elegans (C. elegans) as a 

model of Cu dyshomeostasis. The application of excess Cu dosing and the use 

of mutants lacking the intracellular Cu chaperone atox-1 and major Cu storage 

protein ceruloplasmin facilitated the assessment of Cu status, functional 

markers including total Cu levels, labile Cu levels, Cu distribution and the gene 

expression of homeostasis-related genes. Our data revealed a decrease in total 

Cu uptake but an increase in labile Cu levels due to genetic dysfunction, as well 

as altered gene expression levels of Cu homeostasis-associated genes. In 

addition, the data uncovered the role ceruloplasmin and atox-1 play in the 

worm’s Cu homeostasis. This study provides insights into suitable functional Cu 

markers and Cu homeostasis in C. elegans, with a focus on labile Cu levels, a 

promising marker of Cu misregulation during disease progression. 
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Chapter 4 – Dysfunction in atox-1 and ceruloplasmin alters 

labile Cu levels and consequently Cu homeostasis in 

C. elegans 

4.1. Introduction 

The essential trace element and micronutrient copper (Cu) functions as a 

catalytic cofactor for a variety of enzymes in biological processes, including 

mitochondrial respiration and the  synthesis of biocompounds [163]. Cu is widely 

used in industry and agriculture, both a major contributor of soil and water 

pollution [294,295]. An excess in Cu (beyond the physiological need) can be 

harmful to organisms due to its redox properties and the ability to promote the 

formation of reactive oxygen species (ROS) [296]. In humans, altered Cu levels 

lead to oxidative stress and in consequence can result in the onset of 

neurodegenerative disorders [297], as well as cancer [298]. Therefore, the 

tightly controlled homeostasis of Cu levels is of importance to cellular and 

organismal well-being [299]. Mammals and other organisms are therefore 

endowed with a complex network of proteins which are involved in the regulation 

of Cu homeostasis. These proteins work in concert to coordinate the import, 

export and intracellular utilization of Cu, thus maintaining cellular levels within a 

specific range, thereby preventing the consequences of Cu overload [163]. The 

reduced form of Cu (Cu+) enters the cell mainly in via a high affinity copper 

uptake protein (CTR-1) dependent on intracellular Cu levels [300], while 

oxidized Cu2+ is taken up via the divalent metal transporter 1 (DMT-1) [54] 

(Figure 18). Antioxidant protein 1 (ATOX-1), a Cu metallochaperone protein 

which obtains Cu from CTR-1, engages in the intracellular transport of Cu to 

target organelles such as the nucleus or golgi [56]. As Cu serves as cofactor for 

a variety of mitochondrial enzymes, cytochrome c oxidase copper chaperone 

(COX-17) regulates mitochondrial Cu import [57]. The major Cu-carrier in the 
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blood is the multifunctional protein ceruloplasmin, which stores up to 90% of 

total Cu [58] and displays ferroxidase activity [103]. Furthermore, ceruloplasmin 

serves as an extracellular scavenger for reactive species and therefore limits 

oxidative damage [103]. Likewise, metallothioneins bind metal ions like 

cadmium, zinc and Cu for detoxification and protection against oxidative stress 

[59]. Cu excretion is mediated by ATP7B, which either delivers Cu to 

ceruloplasmin [62] for subsequent elimination via the bile [301] or translocates 

from the golgi to the plasma membrane to efflux Cu via vesicular sequestration 

[302,303]. 

 

 

Figure 18: Schematic overview of the assumed intracellular Cu import, distribution, storage and 

excretion in C. elegans. Cu is taken up primarily as Cu+ via CTR-1 or alternately as Cu2+ via DMT-1. 

ATOX-1 mediates Cu distribution to the golgi, nucleus or mitochondria via COX-17. GSH and 

metallothionein is thought to be involved in the chelating of excess Cu, while the majority is stored in the 

ceruloplasmin. The efflux of excess Cu is mediated by ATP7B via vesicular sequestration. 
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To date, serum or plasma Cu status is derived solely by determining total Cu or 

ceruloplasmin levels [94,304]. Cellular copper is partitioned between tightly-

bound pools in cuproenzymes, which bind copper with Kd values in the 10-15 M 

and tighter, and labile pools, defined as loosely bound to low-molecular weight 

ligands with Kd values that are orders of magnitude weaker, typically in the  

10-10 to 10-14 range, which can regulate diverse transition metal signaling 

processes [109,165,305–308]. The labile Cu fraction provides an estimation of 

Cu activity and may thus serve as a better functional marker than total Cu as Cu 

participates in transition metal signaling pathways beyond traditional roles in 

metabolism [309,310].  Indeed, labile Cu was recently identified as a marker for 

the Cu status in human serum [83,311]. This study aims to further our 

knowledge base regarding Cu homeostasis and dyshomeostasis, with a 

particular focus on labile Cu levels. This will shed light on the regulatory 

mechanisms involved when an organism is challenged with an oversupply of 

total Cu and/or labile Cu, respectively. For this purpose, we use the model 

organism Caenorhabditis elegans (C. elegans), which is an in vivo invertebrate 

model organism suitable to study metal homeostasis and toxicity [312]. An 

additional advantage of using C. elegans is the wide range of available deletion 

(Δ) mutants. Although the metallomic underpinning of  Cu homeostasis in  

C. elegans  shares many homologies to mammals, studies using the nematode 

in research on Cu homeostasis are scarce [64,65,68]. Here, we studied Cu 

dyshomeostasis by excess Cu feeding as well as by using models displaying 

genetic Cu disbalance, such as the mutant ceruloplasminΔ, which lacks the 

major Cu storage protein, as well as an atox-1Δ mutant. Taken together, we 

define the role of ceruloplasmin and atox-1 in Cu homeostasis and identify 

suitable functional markers in the model C. elegans. 
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4.2. Materials and Methods 

4.2.1. C. elegans handling and Cu treatment 

C. elegans strain Bristol N2 (wildtype) and deletion mutants mtl-1(gk125) 

obtained from the Caenorhabditis Genetics Center (CGC, Minneapolis, USA), 

which is funded by the National Institutes of Health Office of Research 

Infrastructure Programs. Deletion mutants atox-1 (tm1220), mtl-1(tm1770) and 

the ceruloplasmin mutant (tm14205) were obtained from the Mitani laboratory 

at Tokyo Women’s Medical University. Worm strains mtl-1;mtl-2(zs1), and Pmtl-

1::GFP and Pmtl-2::mcherry (integrated into the genome by Mos1-mediated 

single-copy insertion (MosSCI)) were generated by the Stephen Stürzenbaum 

laboratory. Note, the Pmtl-2::mcherry strain contained an addition nuclear 

localization signal (NLS). All strains were cultivated on agar plates coated with 

Escherichia coli (E. coli) at 20 °C as previously described [292]. Worms were 

synchronized as described in [313] and placed on NGM plates until L4 larval 

stage.  L4 stage worms were treated with copper-enriched inactivated E. coli 

(OP50) on NGM plates for 24 hours. The bacteria were inactivated for 4 h at  

70 °C [314]. Stock solutions of CuSO4 (≥99.99%, Sigma Aldrich) were prepared 

fresh in bidistilled water. 

4.2.2. lethality studies after Cu exposure 

For lethality testing, worms were counted manually as alive or dead after 24 h 

of Cu exposure. Worms were defined as dead if they demonstrated no 

movement after prodding with a platinum wire.  

4.2.3. Total Cu quantification via ICP-OES 

Total Cu content in worms was quantified using inductively coupled plasma-

optical emission spectrometry (ICP-OES) (Avio 220 Max, Perkin Elmer). 

Following 24 h Cu exposure, 1000 worms per condition were washed 4x using 

85 mM NaCl + 0.01 % Tween 20, pelleted by centrifugation, frozen in liquid 

nitrogen and stored at -80 °C. Pellets were homogenized using an ultrasonic 
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probe (UP100H, Hielscher) and subsequently dried at 95 °C. Yttrium (Y) 

(ROTI®STAR, Carl Roth) was added as internal standard and the samples were 

digested at 95 °C using 500 µL of a 1:1 mixture (v:v) of HNO3 (Suprapur®, Merck 

KGaA) and H2O2 (for ultratrace analysis, Sigma Aldrich) and re-dissolved in  

2% HNO3. The following parameters were used for measurements: Plasma 

power: 1500 W, cooling gas: 8 L/min, auxiliary gas: 0.2 L/min, nebulizer 

(MicroMist™) gas: 0.7 L/min, wavelengths: Cu – 327.939 and Y – 371.029. The 

analysis was performed using external calibration (multi element mix (spectec-

645) + Y) and verified by measuring certified reference material BCR®-274 

(Single cell protein, Institute for Reference Materials and Measurement of the 

European Commission) and SRM®-1643f (Trace Elements in Natural Water, 

National Institute of Standards and Technology). The Cu content was 

normalized to the protein amount determined using a BCA assay [293] using 

bovine serum albumin (Sigma Aldrich) for external calibration. 

4.2.4. Quantification of labile Cu by fluorescent dye CF4 

Labile Cu levels were assessed using the fluorescent dye Copper Fluor-4 (CF4), 

which has an apparent Kd value of 2.9 × 10-13 M for a 1:1 copper:probe 

stoichiometry that is well-matched to monitor labile Cu pools by reversible Cu 

binding without depleting the total Cu stores [108]. Stock solutions were 

prepared in DMSO (5 mM). Following Cu treatment, worms were exposed to 10 

µM CF4 for 3 h in the dark in incubation buffer (25 mM HEPES, 120 mM NaCl, 

5.4 mM KCl, 5 mM Glucose, 1.3 mM CaCl2, 1 mM MgCl2, 1 mM NaH2PO4, 

pH=7.35, 0.01 % Tween 20). Thereafter, fluorescence intensity was assessed 

by either fluorescence microscopy or plate reader measurement. Worms were 

transferred to 4% agarose pads on microscope slides and anesthetized by  

5 mM levamisole (Sigma Aldrich). Fluorescence images as well as intensities 

were obtained with a DM6 B fluorescence microscope and the Leica LAS X 

software (Leica Microsystems GmbH) using a triple band excitation filter and 

constant settings as well as light exposure times. 400 worms per well in 
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triplicates were transferred into a 96 well plate for plate reader measurements, 

while another aliquot was stored for protein measurement. Bottom reads were 

performed using a microplate reader Infinite® M Plex (Tecan) with wavelengths 

of 415 nm for excitation and 660 nm for emission.  

4.2.5. Cu imaging by ToF-SIMS 

Worms were incubated with 2 mM CuSO4, following 3x washing steps with  

85 mM NaCl and 3x washing steps with Rotipuran Ultra (Carl Roth). 

Subsequently, about 20 worms per strain were transferred to indium tin oxide 

(ITO) coated glass slides. In order to locate the 3-dimensional Cu distribution in 

non-fluorescent-labeled worms, ToF-SIMS 3D depth profiling analysis was 

performed using an IONTOF “ToF.SIMS5”. Sputtering was performed using a 

O2
+, 2 keV ion beam with a maximum current of 650 nA rastered across  

700 × 700 μm2. Analysis was performed using a Bi1+, 30 keV, 0.5 pA ion beam 

in spectrometry mode, rastered across 500 × 500 μm2 within the center of the 

sputter crater. Secondary ions of positive polarity were mass analyzed.  

4.2.6. Gene expression via quantitative real-time PCR analysis 

Total RNA content was isolated using the Trizol method, published by Bornhorst 

et al [219], of which 1 µg was transcribed using the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific) 

following the manufacturer’s protocol. Quantitative real-time PCR was carried 

out on the AriaMx Real-Time PCR System in duplicate wells for each gene using 

TaqMan Gene Expression Assay probes (Applied Biosystems, Thermo Fisher 

Scientific) according the manufacturer’s instructions. The AFDN homolog afd-1 

was used as housekeeping gene for normalization by the comparative 2-ΔΔCt 

method [315]. The probes used were: afd-1 (Ce0241573_m1), ctr-1 

(Ce02417730_g1), mtl-1 (Ce02551471_s1), mtl-2 (Ce0251627_s1), cua-1 

(Ce02454392_m1), cuc-1 (Ce02449329_g1), f21d5.3/ceruloplasmin 

(Ce02456979_m1) and cox-17 (Ce02442285_m1).  



Chapter 4 – Dysfunction in atox-1 and ceruloplasmin alters labile Cu levels and consequently Cu 

homeostasis in C. elegans 

78 
 

4.2.7. Metallothionein expression 

To assess metallothionein expression, mtl-1::GFP and mtl-2::mcherry 

transgenes were used. After Cu treatment and 4x washing steps with 85 mM 

NaCl + 0.01 % Tween 20, excess liquid was aspirated to yield 1600 worms in 

400 µL. 3x 100 µL were transferred as triplicate into a 96 well plate, the 

remaining 100 µL were used for protein quantification. Bottom read 

measurements were conducted at 488 nm (excitation) and 509 nm (emission) 

for GFP-tagged worms and 561 nm (excitation) and 610 nm (emission) for 

mcherry-tagged worms using a Tecan microplate reader Infinite® M Plex 

(Tecan, Switzerland). Additionally, worms were transferred to 4% agarose pads 

on microscope slides, followed by anesthesia using 5 mM levamisole (Sigma 

Aldrich). Images were taken using a Leica DM6 B fluorescence microscope 

(Leica Microsystems GmbH) with constant settings and light exposure time. 

4.2.8. Statistical analysis 

Statistical analyses were carried out with GraphPad Prism 6 (GraphPad 

Software, La Jolla, CA, USA). Statistical tests and significance levels are listed 

in figure captions. 

4.3. Results 

4.3.1. Lethality after Cu exposure 

Lethality testing following 24 h Cu exposure revealed no toxic effect up to 2 mM 

in wildtype worms, while atox-1Δ and ceruloplasminΔ deletion mutants 

presented a significant reduction of survival of about 10% after 2 mM Cu 

treatment (Figure 19). During lethality testing we noticed that worms exposed to 

2 mM Cu started to display shortened and thinner phenotype, which indicated 

the onset of a developmental delay. Concentrations above 2 mM were not 

considered, since worms were previously shown to avoid higher amounts of Cu, 

as described in Guo et al. [316] and Munro et al. [317]. 
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Figure 19: Lethality in wildtype worms, atox-1Δ and ceruloplasminΔ deletion mutants following an 

exposure to Cu for 24 h at age-synchronized L4 larvae stage. Data presented are mean values of n ≥ 4 

experiments ± SEM. Statistical analysis using 2-way ANOVA with Tukey’s multiple comparison.  

Significance level with α = 0.05: §: p ≤ 0.05 compared to wildtype in same condition. 

 

4.3.2. Total Cu vs. labile Cu 

Following 24 h of treatment with CuSO4-enriched E. coli up to 2 mM, total Cu 

levels of wildtype, atox-1Δ and ceruloplasminΔ deletion mutants were quantified 

by ICP-OES (Figure 20A). Cu basal levels were indistinguishable in all 3 worm 

strains with 0.42 ± 0.05 ng Cu per µg protein in wildtype worms respectively. In 

addition, a concentration-dependent increase in Cu levels was observed for all 

strains. However, mutants with impaired Cu homeostasis displayed significantly 

lower total Cu levels than wildtype worms, in particular ceruloplasmin-deficient 

worms. labile Cu levels were determined by fluorescent dye CF4 (Figure 20B). 

labile Cu levels tended to be elevated following Cu treatment of wildtype and 

atox-1Δ worms, furthermore, a higher basal level of labile Cu levels was 

observed in untreated ceruloplasmin-deficient worms. In general, labile Cu 

levels appeared to be higher in worms characterized by a disturbed Cu 

homeostasis (Figure 20C-E).  
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Figure 20: (A) Total Cu levels quantified by ICP-OES and (B) labile Cu levels assessed by using 

fluorescent dye Copper Fluor-4 (CF4). Displayed are representative images of (C) wildtype worms, (D) 

atox-1- and (E) ceruloplasmin-deficient worms after CF4 treatment (control, not treated with Cu). Data 

presented are mean values of n ≥ 4 independent experiments + SEM. Statistical analysis using 2-way 

ANOVA with Tukey’s multiple comparison.  Significance level with α = 0.05: *: p ≤ 0.05; **: p ≤ 0.01;  

***: p ≤ 0.001 compared to untreated control and §: p ≤ 0.05 and §§§: p ≤ 0.001; compared to wildtype 

in same condition. 

 

4.3.3. Cu imaging and depth profiling by ToF-SIMS 

The location of Cu in worms exposed to 2 mM Cu for 24 h was investigated by 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). 3D depth profiles 

were created to determine the Cu distribution in relation to the worms’ depth. In 

“dual-beam-mode” of ToF-SIMS depth profiling each sample surface was 

continuously sputtered by an ion beam (O2
+), while a second ion beam (Bi+) was 

used to image the respective intensity of Cu in the resulting crater surface 

(Figure 21A). Subsequently, the lateral distribution over the total sputtered depth 

excluding the first sputter seconds in order to exclude surface contaminants as 

well as the regional depth profile at the worm positions were calculated from the 

ToF-SIMS raw data stream. Images of the isotopes 63Cu+ and 65Cu+ (Figure 21A) 

were comparable in distribution. Figure 21A shows that the highest Cu intensity 
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is located in the middle part of the worm corpus for all three strains. The highest 

Cu intensity was detected in wildtype worms, whereas the ceruloplasmin-

deficient worms demonstrated the lowest Cu intensity (Figure 21B). 

 

Figure 21: ToF-SIMS analysis of wildtype, atox-1Δ and ceruloplasminΔ worms following 2 mM Cu 

treatment for 24 h. (A) Distribution of 63Cu+ and 65Cu+ over the total sputtered depth (excluding the 

first 250 sputter seconds). (B) Depth distribution of 63Cu+ for all 3 worm strains (O2+ sputtering) 

covering approximately half of the worm’s depth.  

 

4.3.4. Gene expression of Cu homeostasis-related genes upon Cu 

exposure 

The relative mRNA levels of Cu transport- and storage-related genes were 

determined via RT-qPCR in wildtype and mutants treated with Cu for 24 h 

(Figure 22). Target genes were Cu importer ctr-1 (ortholog to human high affinity 

copper uptake protein 1 encoded by SLC31A1), cytochrome c oxidase copper 

chaperone cox-17, intracellular transporter atox-1, atp7a/b (ortholog of human 

ATP7A and ATP7B) and storage-related genes ceruloplasmin, mtl-1 and mtl-2 

(orthologs to human metallothionein MT1A and MT2A). In wildtype worms, Cu 

treatment resulted in an upregulation of ctr-1, while atox-1Δ worms displayed 

already elevated basal levels. Mitochondrial Cu importer cox-17 expression was 

elevated in atox-1Δ deletion mutants at the basal level as also following Cu 

exposure. Atox-1 mRNA levels did not increase due to Cu exposure but were 
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altered in ceruloplasminΔ worms. Mammalian genomes encode for two isoforms 

per Cu exporter (ATP7A and ATP7B), whilst C. elegans carries only a single 

gene of atp7a/b, albeit with high sequence similarity to human homologs [64]. 

Cu treatment lead to an increase in atp7a/b mRNA levels in wildtype worms, 

which were already significantly elevated in both untreated deletion mutants. 

Gene expression of ceruloplasmin was amplified due to Cu treatment, in 

addition, atox-1Δ worms displayed significantly higher levels in untreated 

controls compared to wildtype worms. mRNA levels of mtl-1 were significantly 

reduced by about 90% in wildtype worms upon treatment with 2 mM Cu. The 

basal level of mtl-1 was lower in atox-1Δ and ceruloplasminΔ deletion mutants 

(compared to wildtype) but exposure to 2 mM Cu lowered mtl-1 gene expression 

further. The expression of mtl-2 increased at low level exposures (0.5 mM Cu) 

but reduced at the higher exposure concentration (2mM), this trend was 

observed in wildtype and the two deletion mutants, but the expression levels 

were notably higher in the atox-1Δ mutant.  
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Figure 22: Relative mRNA levels of Cu transport and storage-related genes following 24 h Cu treatment 

determined by RT-qPCR normalized to afd-1 (AFDN homologue) as housekeeper. Data presented are 

mean values of n = 4 independent experiments + SEM. Statistical analysis using 2-way ANOVA with 

Tukey’s multiple comparison.  Significance level with α = 0.05: *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001 

compared to untreated control and §: p ≤ 0.05; §§: p ≤ 0.01 and §§§: p ≤ 0.001 compared to wildtype in 

same condition. 

 

4.3.5. Metallothionein expression and alterations of Cu uptake in mtl-KO 

mutants 

Since Cu oversupply resulted in decrease of mtl-1 and mtl-2 expression, the 

involvement of metallothionein in Cu homeostasis was further investigated. 

Therefore, single knockout mutants of mtl-1 (mtl-1(tm1770)) and mtl-2  
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(mtl-2(gk125)), as well as the double knockout mutant (mtl-1;mtl-2(zs1) were 

incubated with Cu as described and total Cu levels were determined by  

ICP-OES. Results revealed a concentration-dependent Cu uptake for all tested 

strains, however, mtl-1KO (mtl-1(tm1770)) worms displayed significant less Cu 

uptake after 2 mM CuSO4 treatment (Figure 23A), but also lower levels in other 

trace elements (Supplementary Figure 38). Although mRNA is required for 

protein synthesis, it does not inversely dictate that mRNA levels and mRNA 

induction levels are universally proportional to each other [318]. Consequently, 

we investigated the induction of mtl-1 and mtl-2 using the fluorescence-tagged 

transgenes Pmtl-1::GFP and Pmtl-2::mcherry, generated by the Mos1-mediated 

single-copy insertion (MosSCI) techniques,  note the latter modified to contain 

a nuclear localization signal (NLS). Fluorescence plate reader measurements 

revealed a marginal increase in mtl-1 expression but mtl-2 levels remained, at 

large, unaffected by Cu exposure (Figure 23B), which was also visualized by 

fluorescence microscopy (Figure 23C).  
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Figure 23: (A) Total Cu levels quantified by ICP-OES in wildtype, and the metallothionein knockout 

strains (mtl-1(tm1770), mtl-2(gk125) and the double knockout mtl-1;mtl-2(zs1). (B) Fluorescence 

intensity [%] compared to untreated control in Pmtl-1::GFP and Pmtl-2::mcherry worms.  

(C) representative fluorescence microscopy images. Data presented are mean values of n = 4 

independent experiments + SEM. Statistical analysis using 2-way ANOVA with Tukey’s multiple 

comparison.  Significance level with α = 0.05: *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001 compared to 

untreated control and §§: p ≤ 0.01 compared to wildtype in same condition. 

 

4.4. Discussion 

Cu is an essential trace element, serving as an enzyme cofactor due to its redox 

properties [163]. In excess, however, Cu tends to promote adverse health 

effects, which are mainly caused by the excessive formation of reactive oxygen 

species at the cellular level [164]. Excess Cu, beyond the homeostatic range, 

has been linked to the onset of numerous neurodegenerative diseases, and 

foremost Wilsons disease (WD) [14,319]. It is therefore of importance to have 
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mechanisms in place that allow an efficient regulation of Cu homeostasis. It is 

crucial to gain a better understanding of how Cu homeostasis is balanced and 

characterize these regulatory mechanisms. Two key players are ceruloplasmin 

and atox-1 and the consequences of their loss of function should be 

investigated. In addition, suitable markers and new tools to assess Cu status 

are needed, and the nematode C. elegans is a powerful model to address these 

shortcomings. 

Others have demonstrated that high doses of Cu can result in cellular toxicity in 

different modes of applications [10,64,65]. Our study focused on metal 

homeostasis and investigated physiological endpoints rather than toxicology. 

Accordingly, Cu was applied via E. coli on agar plates up to 2 mM for a 24 h 

duration, which did not impact majorly on lethality rates. Having said that, 

mutants with disturbed Cu homeostasis presented a reduced survival rate of 

about 10% and are consequently Cu-hypersensitive. In addition, concentrations 

above 2 mM were avoided, as worms move away from the exposed E. coli and 

starve [316,317]. Cu2+, as used in our study, is reduced to Cu+ by a yet unknown 

reductase in C. elegans and subsequently taken up by importer CTR-1. The 

transcription of ctr-1 increased in wildtype worms exposed to 0.5 mM Cu, which 

is in contrast to observations made by Clifford et al. [300], however ctr-1 

expression was not modulated in worms challenged with the higher dosage of 

Cu (2 mM). Total Cu uptake increased in a concentration-dependent manner 

[64,65], yet significantly less in the atox-1 and ceruloplasmin deletion mutants, 

suggesting that these mutants are characterized by an altered storage capacity. 

Factors that may further contribute to a disturbed homeostasis may include a 

reduced influx, an increased efflux or a lack of sufficient storage capacity, or a 

combination thereof. Li et al. display normal Cu levels in ceruloplasmin-KO mice 

in the cerebral cortex and hippocampus [320].  The brain is, after the liver, the 

organ with the highest Cu occurrence [296]. Consequently, we investigated 

whether Cu accumulates in specific areas of the worm. ToF-SIMS analysis 
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revealed a universal distribution of Cu across the worm body, but it should be 

noted that neurons are present not only in the head region but over the entire 

body of the worm [36]. Even if ToF-SIMS analysis goes further than microscopy, 

as an additional depth profile analysis is included, the resolution is not sufficient 

to localize Cu within a cell (subcellular). Therefore, future studies should focus 

on neuronal cells by using techniques such as NanoSIMS (Nano Secondary Ion 

Mass Spectrometry) [321]. With respect to the total Cu amount, the ToF-SIMS 

results matched our ICP-OES data, where the highest Cu concentrations were 

measured in wildtype worms and the lowest in ceruloplasmin-deficient worms, 

following a 24h treatment with 2 mM Cu (Figure 24). 

 

 

Figure 24: Schematic overview of the changes in the bioavailability and expression of genes 

responsible for Cu homeostasis in C. elegans. Displayed are changes in wildtype worms (left) vs. mutant 

worms (atox-1Δ or ceruloplasminΔ) (right). Up- and downregulation of mRNA levels by excessive Cu 

feeding are indicated by green arrows, while differences in basal levels due to genetics compared to 

wildtype worms is indicated by smaller or larger font size. 

 

Studies in ATOX-1KO mice and cell culture revealed a disturbed Cu 

homeostasis [75,322]. Furthermore, Zhang et al. displayed the phenotype of a 

C. elegans atox-1KO model in form of reduced brood size and distal tip cell 
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migration defects [69]. However, data on the Cu status were lacking, which are 

critical for the evaluation of Cu toxicity. In humans, the highest mRNA levels of 

ATOX-1 in the brain were detected in the cerebral cortex and hippocampus, with 

elevated ATOX-1 activity due to increased Cu levels [76]. Moreover, ATOX-1 is 

thought to possess antioxidative properties [76], as increased endogenous 

ATOX-1 levels protect against oxidative stress and promote neuronal survival 

[77]. In our study, cox-17 expression was elevated in the atox-1Δ deletion 

mutant, which might indicate an increased Cu transport into mitochondria. Whilst 

atox-1 participates in intracellular Cu distribution, ceruloplasmin is the major Cu 

storage protein responsible for the binding of  90% of total Cu [58]. Genetic loss 

of ceruloplasmin can lead to the autosomal recessive disorder 

“aceruloplasminemia”, which is characterized by progressive 

neurodegeneration [80]. Elevated Cu or labile Cu levels are not the only concern 

in aceruloplasminemia observed in aging worms [323]. Due to ceruloplasmin’s 

ferroxidase activity, it is essential for iron (Fe) oxidation during cellular export, 

resulting in cellular Fe accumulation in aceruloplasminemia [324]. Despite its 

importance in Cu storage protein in mammals, to date no research has focused 

on the role of ceruloplasmin in Cu homeostasis in C. elegans. Our data revealed 

that Cu levels were altered due to Cu supplementation in ceruloplasmin-

deficient worms, but Fe levels seem to be unaffected in this mutant compared 

to wildtype worms (Supplementary Figure 37). In addition to neurodegeneration, 

obesity and steatosis have been reported in ceruloplasmin-KO mice [325], 

highlighting that ceruloplasmin is essential for Cu and Fe homeostasis. Our data 

revealed that Cu induced ceruloplasmin mRNA expression in wildtype and atox-

1 deletion mutants (Figure 24), possibly due to the excretion of excess Cu bound 

to ceruloplasmin. In addition, excess Cu is excreted by atp7b, which in humans, 

among others, participates in providing Cu to  ceruloplasmin [301]. 

In mammals, the two major functions of ATP7B are the supply of Cu to 

ceruloplasmin in the golgi and the excretion of excess Cu into the bile [62]. 
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ATP7B translocalizes to the plasma membrane which enables the efflux of 

excess Cu in the form of vesicular sequestration [302,303]. This aligns with our 

data where atp7a/b mRNA levels were elevated in wildtype worms following Cu 

treatment. Similar observations were made by Li et al. after Cu treatment [294]. 

The notion that ATP7B is essential for proper functioning Cu homeostasis is 

supported by experiments in ATP7B-KO models [323]. Our data reveal an 

increase of atp7a/b mRNA levels due to Cu treatment in wildtype worms, but 

further display that untreated atox-1 and ceruloplasmin deletion mutants already 

exhibit elevated atp7a/b levels (Figure 24). Interestingly, Cu treatment does not 

increase atp7a/b in those mutants further. The fact that atox-1Δ and 

ceruloplasminΔ mutants demonstrate greater atp7b expression but lower total 

Cu levels compared to wildtype worms is unexpected. This suggests that one 

should not focus exclusively on total Cu levels, but also on labile Cu levels, 

which differ among the worms used in this study and are notably increased in 

atox-1 and ceruloplasmin deletion mutants.  

Traditionally, Cu status is assessed by measuring serum or plasma total Cu and 

ceruloplasmin levels [94,304], whereas for WD diagnosis a liver biopsy is 

required [102]. Besides ceruloplasmin protein levels, its enzyme activity and 

mRNA level also affect the maintenance of Cu homeostasis [326]. Furthermore, 

labile Cu has recently emerged as a marker of Cu status, as it is assumed to be 

readily bioavailable and reflects more accurately Cu activity compared to total 

Cu [327,328]. Our data reveal that atox-1Δ and ceruloplasminΔ mutants 

displayed reduced total Cu levels compared to wildtype worms following Cu 

treatment, as well as severe alterations of Cu homeostasis, e.g. increased 

mRNA levels of atp7a/b. This could be linked to elevated levels of labile Cu. 

Nevertheless, relying on labile Cu levels is currently not considered sufficient 

due to the complexity of analysis and lack of  methodologies available 

[15,108,165,329]. Having said that, in combination with total Cu and 

ceruloplasmin measurements, the analysis of labile Cu promises to be a 
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valuable and powerful tool to assess the Cu status and thus the risk or diagnosis 

for Cu dyshomeostasis-related diseases [14]. Squitti et al. observed a 

subpopulation of patients diagnosed with Alzheimer’s disease (AD) displaying 

higher than normal non-ceruloplasmin bound Cu in serum, similar to WD 

patients, stating that labile Cu identifies a Cu subtype of AD (CuAD) [319,330]. 

They further hypothesize that Cu dyshomeostasis results in a shift of protein-

bound metal pools to labile metal pools, which is associated with the loss of 

energy production but also altered antioxidant function [330]. Labile Cu pools 

are increased even by physiological Cu amounts in different brain cells [331], 

which can exert neurotoxicity [19]. Elevated Cu levels promote the formation of 

reactive oxygen species, lipid peroxidation, apoptosis and decreased 

mitochondrial membrane potential, leading to oxidative stress [164,294]. 

Borchard et al. report that labile Cu is cell toxic with mitochondria as vulnerable 

target, which in turn can be avoided by Cu chelation [332]. Several studies 

reveal that Cu chelation reduces or even prevents Cu-mediated toxicity 

[18,65,166,333], while studies in WD models demonstrate that chelation lowers 

systemic Cu levels into the homeostatic range as possible therapeutic approach 

[63,334,335]. Chelator therapy also suggests that Cu toxicity is mainly mediated 

by labile Cu rather than by pre-protein bound Cu like in ceruloplasmin. Local 

concentrations of Cu as well as cellular distribution of Cu transporters, storage 

and excretion proteins are important to maintain a steady state [296] and tight 

regulation of Cu homeostasis, as dyshomeostasis is associated with the 

pathogenesis of neurodegenerative diseases such as WD, but also AD 

[163,163,299,336].  

Metallothionein binds excess metal ions to maintain homeostasis, thus the 

downregulation of mtl-1 mRNA levels after Cu treatment (Figure 24) seems 

surprising but supports Zhang et al. who too report a reduction of metallothionein  

mRNA levels in Cu exposed C. elegans [10]. In contrast, Tapia et al. was not 

able to identify alterations in metallothionein mRNA levels in rat fibroblast cells 
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[337], which suggests either the presence of tissue- or species- specific 

differences in metallothionein transcription. C. elegans metallothioneins seem 

to be strongly induced by other trace elements, such as zinc [314,338] as well 

as cadmium [72,339,340]. Notably, mRNA levels are not necessarily 

proportional to protein levels [318], this also applies to metallothionein [341]. 

Our data suggest slight changes in mtl-1, but not mtl-2 expression. Since mtl-2 

is present in larger quantities in C. elegans [59,340], alterations in mtl-1 are 

marginal with respect to total metallothionein levels. Nevertheless, mtl-1 still 

seems to be important for metal uptake, as mtl-1 knockouts take up less Cu and 

other trace elements in our but also previous studies [314,337]. Additionally, 

metallothionein preserves Cu-induced neurotoxicity [342]. 

In summary, we were able to uncover that ceruloplasmin and atox-1 play a key 

role in Cu homeostasis in C. elegans. ICP-OES and ToF-SIMS analysis 

revealed that total Cu levels were reduced in the ceruloplasmin and atox-1 

deletion mutants compared to wildtype worms, in contrast they displayed 

increased levels of labile Cu. Furthermore, ToF-SIMS analysis is a powerful tool 

applied in this study enabling firstly a 3D Cu localization in worms. Accordingly, 

a genetic Cu dyshomeostasis and Cu oversupply can result in a shifted ratio of 

total Cu vs. labile Cu pools. The dyshomeostasis is further reflected by an 

altered gene expression of crucial participants in Cu homeostasis like atp7a/b, 

atox-1, ceruloplasmin and metallothionein. As demonstrated here, labile Cu is a 

potential marker of the Cu status in the organism C. elegans. Taken together, 

the C. elegans genome encodes a suite of evolutionary conserved genes 

involved in Cu homeostasis and thus serves as an exquisite model to study Cu 

dyshomeostasis linked to neurodegenerative diseases. However, some aspects 

remain unanswered and require further investigation, such as the mechanistic 

regulation of atox-1 and ceruloplasmin in C. elegans. Our study demonstrates 

early observations of a defective Cu homeostasis in C. elegans, but also reveals 

a lack of knowledge of underlying mechanisms due to complexity, which should 
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be addressed in future studies. Altogether, the Cu status should be monitored 

by multiple functional markers including total Cu, labile Cu as well as gene 

expression of Cu homeostasis-related genes in order to provide specificity and 

sensitivity to detect potential alterations in Cu homeostasis. 
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Abstract 

While copper (Cu) is an essential trace element for biological systems due to its 

redox properties, excess levels may lead to adverse effects partly due to 

overproduction of reactive species. Thus, a tightly regulated Cu homeostasis is 

crucial for health. Cu dyshomeostasis and elevated labile Cu levels are 

associated with oxidative stress and neurodegenerative disorders, but the 

underlying mechanisms have yet to be fully characterized. Here, we used 

Caenorhabditis elegans loss-of-function mutants of the Cu chaperone atox-1 

and Cu storage protein ceruloplasmin to model Cu dyshomeostasis, as they 

display a shifted ratio of total Cu towards labile Cu. We applied highly selective 

and sensitive techniques to quantify metabolites associated to oxidative stress 

with focus on mitochondrial integrity, oxidative DNA damage and 

neurodegeneration all in the context of a disrupted Cu homeostasis. Our novel 

data reveal elevated oxidative stress, compromised mitochondria displaying 

reduced ATP levels and cardiolipin content. Cu dyshomeostasis further induced 

oxidative DNA damage and impaired DNA damage response as well as 

neurodegeneration characterized by behavior and neurotransmitter analysis. 

Our study underscores the essentiality of a tightly regulated Cu homeostasis as 

well as mitochondrial integrity for both genomic and neuronal stability.  
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Figure 25: Graphical abstract of: Dysfunctional Copper Homeostasis in Caenorhabditis elegans affects 

neuronal and genomic stability. 

5.1. Introduction 

Copper (Cu) is an essential trace element and micronutrient, participating in 

many physiological pathways as an enzyme cofactor [163]. Due to the overuse 

of Cu-containing chemicals and fungicides in industry and agriculture, Cu is 

increasingly introduced into the environment, leading to a global concern [144]. 

When exceeding the physiological range, Cu leads to the formation of reactive 

oxygen and nitrogen species (RONS) due to its redox activity, which may affect 

macromolecules such as lipids or the DNA [164]. Therefore, a tightly regulated 

Cu homeostasis is crucial, since a Cu imbalance has been reported to induce 

oxidative stress as well as neurodegeneration [18,332]. In a previous study, we 

demonstrated that a dysregulated Cu homeostasis results in elevated labile Cu 

levels in Caenorhabditis elegans (C. elegans) [55]. Besides total Cu levels and 
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the activity of the Cu storage protein ceruloplasmin, labile Cu is discussed to be 

an additional marker for Cu status, as it is readily available for cellular uptake 

[104]. As previously shown, a Cu imbalance leads to a shift from bound Cu 

towards pools of labile Cu [55], which is associated with the loss of antioxidant 

defense, impaired energy production and in turn mitochondrial deficits [18]. 

Indeed, Alzheimer’s disease (AD) has been posited to result from Cu imbalance 

based on a correlation between brain Cu levels and the prevalence of AD [343]. 

The underlying mechanisms remain unknown, but are often linked to oxidative 

stress, which is induced by an imbalance of RONS and antioxidants [137]. Cells 

are equipped with a variety of enzymes and small molecules for antioxidative 

defenses [138]. Reduced and oxidized glutathione are key markers for oxidative 

stress [137,138]. As previously stated, RONS can damage macromolecules, 

such as lipids. Malondialdehyde (MDA), a degradation product of lipid 

peroxidation of polyunsaturated fatty acids is a common biomarker of oxidative 

stress [143]. A unique type of phospholipid class, exclusively present in 

mitochondria, are cardiolipins (CL) [151]. CLs have recently emerged in the 

focus of neurodegenerative diseases, as a reduction in CL levels has been 

linked to oxidative stress and mitochondrial dysfunction in AD [344]. Wilson’s 

disease (WD), a Cu metabolism disorder resulting in neurological deficits, is 

characterized by a mutation in the Atp7b gene. This results in non-expression 

of the Cu exporter protein Atp7b, thereby leading to Cu accumulation, primarily 

in the liver, but also in the brain [332]. Studies reveal a progressive degradation 

of CLs in liver mitochondria of a WD mouse model (Atp7b-/-) [345], which 

underlines the link between CLs and the pathogenesis of neurodegenerative 

diseases [151]. Massive RONS formation induced by Cu may further increase 

DNA lesions. An induction of DNA damage in response to elevated brain Cu 

levels was observed in AD, Parkinson’s disease (PD), as well as in WD [346]. 

However, the mode of action of Cu-induced toxicity and neurotoxicity is still 

under debate.  
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This study aims to investigate the molecular mechanisms of labile Cu redox 

biology using the model organism C. elegans. The nematode is a  

well-established model to examine metal-induced oxidative stress and 

neurotoxicity [178]. In addition, C. elegans conserved similar proteins related to 

the mammalian Cu metabolism, making it suitable for its investigation. 

Furthermore, we recently demonstrated that the nematode can model Cu 

homeostasis. Our previous study revealed that deletion mutants lacking the 

intracellular Cu chaperone atox-1 and the Cu storage protein ceruloplasmin take 

up less total Cu, but display elevated levels of labile Cu compared to wildtype 

worms [55]. Our aim is to elucidate the toxic mechanisms upon a disrupted Cu 

homeostasis regarding oxidative stress, with special focus on mitochondrial 

integrity in terms of energy-related nucleotides such as ATP, as well as total CL 

levels and the CL profile. Furthermore, the consequences of oxidative stress on 

genomic and neuronal stability due to Cu dyshomeostasis in C. elegans will be 

investigated. 

5.2. Material and Methods 

5.2.1. C. elegans handling and treatment 

C. elegans strain Bristol N2 (wildtype) and TJ356 (daf-16::GFP) were obtained 

from the Caenorhabditis Genetics Center (CGC, Minneapolis, USA), which is 

funded by the National Institutes of Health Office of Research Infrastructure 

Programs. Additionally, deletion mutants (Δ) tm1220 (atox-1Δ) and tm14205 

(ceruloplasminΔ) were obtained from the Mitani Lab at Tokyo Women’s Medical 

University. All strains were cultivated on 8P and NGM agar plates, which have 

been coated with Escherichia coli (E. coli) and maintained at 20 °C as previously 

described [292]. All experiments were performed using synchronous worms 

[313], which were placed on NGM agar plates until L4 larval stage. L4 stage 

worms were treated with Cu-enriched inactivated E. coli (CuSO4 ≥99.99%, 

Sigma Aldrich) on NGM plates for 24 h up to 2 mM for every experiment as 



Chapter 5 – Dysfunctional Copper Homeostasis in Caenorhabditis elegans affects neuronal and 

genomic stability 

99 
 

previously shown [55]. Optionally, 100 mM paraquat (PQ)-enriched E. coli for 

24 h (Sigma Aldrich) or 6.5 mM tert-butyl hydroperoxide (t-BOOH)  

(Sigma Aldrich) for 1 h in 85 mM NaCl solution were used as positive controls, 

but in wildtype worms only to verify assay procedures.  

5.2.2. daf-16 translocalization in daf-16::GFP mutants 

Worm strain daf-16::GFP was used to assess daf-16 translocalization by 

fluorescence microscopy. After Cu treatment, worms were transferred to  

4% agarose pads on microscope slides and anesthetized using 5 mM 

levamisole (Sigma-Aldrich). Analysis was performed using DM6 B fluorescence 

microscope and the Leica LAS X software (Leica Microsystem GmbH). GFP 

localization was assessed and categorized as 1) present in cytosol, 2) as 

intermediate or 3) localized into nucleus. For each experiment, ~ 25 worms were 

analyzed for each condition.  

5.2.3. Gene expression via quantitative real-time PCR analysis 

For gene expression assessment, RNA was isolated in pellets containing 500 

worms as previously published using the Trizol method [219], which was 

transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Thermo Fisher Scientific) as stated in the manufacturer’s protocol. 

Quantitative real-time PCR was carried out using TaqMan Gene Expression 

Assay probes (Applied Biosystems, Thermo Fisher Scientific) on an AriaMx 

Real-Time PCR System (Agilent). For normalization by the comparative 2-ΔΔCt 

method, we used AFDN homolog afd-1 as housekeeping gene [315]. The 

following probes were used: afd-1 (Ce0241573_m1), sod-1 (Ce02434432_g1), 

sod-4 (Ce02451138_g1), skn-1 (Ce02434432_g1), bli-3 (Ce02413442_m1), 

mpk-1 (Ce02445290_m1), pmk-1 (Ce02456381_g1), nsy-1 (Ce02432208_g1), 

daf-16 (Ce02422838_m1), gcs-1 (Ce02436726_g1), pme-1 (Ce02415136_m1) 

and pme-2 (Ce02437339_g1). 
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5.2.4. Glutathione (GSH and GSSG) levels quantification by HPLC-MS/MS 

Reduced (GSH) and oxidized (GSSG) glutathione levels were assessed by 

liquid-chromatography tandem-mass spectrometry (HPLC-MS/MS). Following 

Cu treatment, pellets were prepared by centrifugation of 1000 worms in 100 µL 

85 mM NaCl. Sample preparation and GSH/GSSG analysis was performed as 

previously published [140].  

5.2.5. HPLC-DAD analysis of energy-related adenine and pyridine 

nucleotides  

Sample preparation as well as analysis by ion-pair reversed phase HPLC were 

performed according Bornhorst et al. [347]. 2000 worms were pelletized per 

condition in 100 µL 85 mM NaCl and immediately prepared as stated. The 

analysis was performed on an Agilent 1260 Infinity II liquid chromatography 

system with a photodiode array detector (DAD). Nucleotide contents were 

evaluated by external calibration of standard solutions of adenosine 

triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate 

(AMP), nicotinamide adenine dinucleotide phosphate (NADPH) and 

nicotinamide adenine dinucleotide (NADH and NAD+). Detection by DAD was 

performed at 259 nm and data analysis was carried out using the OpenLab 

(version 3.6) software (Agilent).  

5.2.6. Quantification of malondialdehyde 

Unbound and bound MDA were determined by high performance liquid 

chromatography with fluorescence detection (HPLC-FLD). The sample 

preparation was based on Grintzalis et al. [348] and optimized for C. elegans 

matrix. Phosphate buffer (3.54 g/L KH2PO4, 7.24 g/L Na2HPO4, pH 7.0) was 

stored at 4 °C. Following pelletizing of 2000 worms in 100 µL 85 mM NaCl, 200 

µL phosphate buffer and 1.5 µL 0.1 M 2-and-3-tert-butyl-4-hydroxyanisol (BHA) 

(Sigma Aldrich) were added and the pellet was stored at -80 °C up to one week. 

Samples were homogenized by 3 × freeze-thaw cycles (1 min liquid nitrogen,  
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1 min 37 °C), 3 × sonication with an ultrasonic probe (20 sec, cycle 1, amplitude 

100%; UP100H, Hielscher) and in an ultrasonic bath (5 min). After centrifugation 

(5 min, 18620 rcf, 4 °C), 30 µL were transferred for protein measurement. 63 µL 

of 100 % trichloroacetic acid (TCA) (Carl Roth) were added, following 5 min 

incubation on ice. Samples were centrifuged (15 min, 20000 rcf, 4 °C) and the 

entire supernatant (unbound MDA fraction) was transferred to a new tube and 

stored on ice until further use. For alkaline hydrolysis, 250 µL 1 M NaOH were 

added to the remaining pellet and incubated for 30 min at 60 °C. The hydrolyzed 

samples (bound MDA fraction) were cooled on ice and 25 µL conc. HCl was 

added. 1,1,3,3-Tetramethoxypropane (TMP) (Sigma Aldrich) was used for 

external calibration (20 – 500 nM), which forms an MDA-TBA product by 

derivatization with 2-Thiobarbituric acid (TBA) (Sigma Aldrich). For 

derivatization, 12.5 g/L TBA solution was prepared just before use by mixing 

solution A (100 % TCA, conc. HCl, ratio 5:1) and solution B (25 g/L TBA in  

0.2 M NaOH) in a ratio of 1:1. 50 µL 12.5 g/L TBA and 3 µL 0.1 M BHA were 

added to 200 µL of each a) unbound, b) bound MDA sample and c) TMP 

calibration solution. All solutions were heated at 100 °C for 20 min and 300 µL 

butanol was added after cooling. Following centrifugation (5 min, 20 000 rcf,  

4 °C), MDA levels were analyzed in an aliquot of the 1-butanol phase. Settings 

for the HPLC-FLD analysis as well as method validation parameters are listed 

in the Supplementary.  

5.2.7. Cardiolipin levels and distribution by 2D-LC-HRMS 

Cardiolipins were analyzed by 2D-HPLC-HRMS analysis. A detailed overview 

of the sample preparation and instrument parameters is listed in the 

Supplementary. 

5.2.8. 8oxodG measurement via ELISA 

8-oxoguanine (8oxodG) has been quantified by the OxiSelectTM Oxidative DNA 

Damage ELISA kit (Cell Biolabs). 2000 worms were treated with Cu and 

pelletized as stated above. In the first step, DNA was isolated of each sample 
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using the Qiagen Tissue and Blood DNA extraction kit, following the 

manufacturer’s instruction. The amount of DNA was quantified by NanoDrop 

measurements and portioned in 40 µg aliquots, which were dried. In the second 

step, DNA was hydrolyzed by enzymes to obtain mononucleotides as described 

by Nicolai et al. [349]. As third step, 8-oxodG measurement was performed 

according the above-mentioned manufacturer’s kit instructions. 

5.2.9. HPLC-MS/MS analysis of PARylation levels  

Sample preparation for poly-(ADP-ribose) (PAR) extraction was done in pellets 

of 1000 worms and according [349]. Analysis was performed by HPLC-MS/MS 

using an Agilent 1290 Infinity II liquid chromatography system (Agilent, 

Waldbronn, Germany), which is coupled to a Sciex QTRAP 6500+ triple 

quadrupole mass spectrometer (Sciex, Darmstadt, Germany). PAR 

quantification was assessed as described in [349], with minor changes in 

chromatography: Chromatographic separation was performed using a Hypersil 

Gold aQ 150 x 2.1 mm and corresponding 10 x 2.1 mm pre-column. Elution was 

carried out with bidistilled water + 0.1% formic acid (FA) and acetonitrile +  

0.1% FA and a flow of 0.3 mL/min. Total run time was 5 min, starting with  

0 – 25% of ACN in 2.5 min, to 100% ACN in 0.5 min, 100% ACN for 1 min, 

following re-equilibration to 0% ACN. Results were normalized to DNA content 

determined by Hoechst method [158].   

5.2.10. Neurotransmitter quantification via HPLC-MS/MS 

Dopamine, serotonin, γ-amino butyric acid and acetylcholine levels were 

determined by HPLC-MS/MS. Pellets of 1000 worms per 50 µL 85 mM NaCl 

were prepared after Cu incubation. Samples were added with 100 µL extraction 

buffer, processed and analyzed according to [178]. Results were normalized to 

protein content analyzed by BCA assay (Sigma-Aldrich).  
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5.2.11. Aldicarb-induced paralysis assay 

The assay is based on Mahoney et al. [256] and was performed as previously 

published [178]. Plates with 2 mM aldicarb (stock solution in 70% EtOH) were 

always prepared fresh and the assay was performed as a blinded experiment at 

all times. 

5.2.12. Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad 

Software, La Jolla, USA) using 2-way ANOVA with Tukey’s multiple comparison 

or impaired t-test for one-to-one comparison. Significance level with α = 0.05:  

*: p ≤ 0.05; **: p ≤ 0.01 ***: p ≤ 0.001 compared to untreated control and  

§: p ≤ 0.05 §§: p ≤ 0.01 and §§§: p ≤ 0.001 compared to wildtype in same 

condition. 

5.3. Results 

5.3.1. daf-16 translocation visualized by daf-16::GFP fluorescence 

microscopy and mRNA levels of mitogen-activated protein kinases 

Protein kinases activated by stress, such as c-Jun N-terminal kinases (JNK) and 

p38 mitogen-activated kinases (MAPK), can stimulate Forkhead box O-class 

proteins (FoxO) expression and translocation from cytosol to nucleus, where it 

acts as transcription factor participating in DNA repair, RONS detoxification and 

apoptosis (Figure 26A) [350]. The homolog of human FOXO4 is daf-16 in  

C. elegans, which can be visualized in the transgenic strain daf-16::GFP by 

fluorescence microscopy (Figure 26B). 24 h treatment with CuSO4 or PQ used 

as positive control leads to a significant translocation of daf-16 from cytosol into 

the nucleus (Figure 26C). Furthermore, we examined mRNA levels of daf-

16/FOXO4 itself, but also representatives of MAPK’s subgroups p38, JNK and 

ERK1/2 (extracellular signal-regulated kinases): pmk-1/MAPK11,  

nsy-1/MAP3K5 and mpk-1/MAPK1. Gene expression of daf-16/FOXO4 as well 
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as of the p38 and JNK kinases pmk-1/MAPK11 and nsy-1/MAP3K5 are not 

altered due to Cu treatment (Supplementary Figure 40), while ERK1/2 MAP 

kinase mpk1/MAPK1 is upregulated in wildtype worms in a dose-dependent 

manner (Figure 26D). Cu does not elevate mRNA levels of mpk-1/MAPK1 in 

atox-1 and ceruloplasmin-deficient worms, but basal levels are already 

increased to the level of Cu-treated wildtype worms. 

 

Figure 26: (A) Schematic daf-16 translocation from cytosol into the nucleus under oxidative stress 

conditions. (B) Exemplary fluorescence images of worms displaying cytosolic, intermediate or nuclear 

localized daf-16 in mutant worm daf-16::GFP. (C) daf-16 localization [%] of worms treated 24 h with 

CuSO4 or PQ as positive control (C+). Presented are mean values of n = 3 (N = 25) independent 

experiments + SEM. (D) Relative mRNA levels of mpk-1/MAPK1 following 24 h Cu incubation. Data 

presented are mean values of n = 4 independent experiments + SEM. 

 

5.3.2. Reduced and oxidized glutathione, gcs-1/GCLC mRNA levels and 

energy-related nucleotides 

As a marker for the antioxidative capacity, reduced (GSH) and oxidized (GSSG) 

glutathione were quantified by HPLC-MS/MS. Cu exposure (2 mM) significantly 

reduced GSH levels by 23% in wildtype worms, 34% in atox-1 and 38% in 

ceruloplasmin deletion mutants (Figure 27A). Inversely, Cu elevates oxidized 

GSSG levels in all strains (Figure 27B), however, ceruloplasmin-deficient worms 

display significantly lower GSSG levels after 2 mM Cu treatment compared to 

wildtype worms. Gcs-1/GCLC, which is involved in GSH synthesis, is not altered 

upon Cu incubation in C. elegans, but mutants with impaired Cu homeostasis 

display elevated mRNA levels (Figure 27C). Energy-related nucleotides of 
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interest, namely ATP, ADP, AMP, NADPH, NADH and NAD+ were assessed by 

HPLC-DAD analysis (Figure 27D-I). For all analytes tested, no alterations were 

detected by Cu treatment in wildtype worms. On the other hand, altered 

nucleotide levels were observed for the mutants displaying Cu dyshomeostasis, 

with ceruloplasmin-deficient worms seem to be specifically affected. 

Ceruloplasmin deletion mutants displayed reduced ATP levels compared to 

wildtype worms, which are further reduced following Cu incubation. 

Furthermore, ADP and AMP levels were increased by Cu in atox-1 as well as 

ceruloplasmin mutants. While NADPH levels were elevated in atox-1-deficient 

worms, they were significantly reduced in ceruloplasmin-deficient worms. 

Moreover, both mutants contained lesser NADH levels compared to wildtype 

worms, and this effect was more pronounced in ceruloplasmin-deficient worms 

and was further exacerbated by Cu treatment. In addition, ceruloplasmin-

deficient worms showed increased NAD+ levels following Cu treatment. 
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Figure 27: (A) GSH and (B) GSSG levels normalized to wildtype control [%]. (C) Relative mRNA levels 

of gcs-1/GCLC. Levels of (D) ATP, (E) ADP, (F) AMP, (G) NADPH, (H) NADH and (I) NAD+ compared 

to wildtype control [%]. PQ was used as positive control (C+) in wildtype worms. Data presented are 

mean values of n ≥ 4 independent experiments + SEM. 

 

5.3.3. Malondialdehyde quantification and total cardiolipin levels and 

distribution 

Using alkaline hydrolysis, unbound MDA as well as bound MDA, for example 

bound to proteins or DNA, were assessed. Our data reveal no alterations 

induced by Cu or t-BOOH on the amount of bound MDA (Supplementary Figure 

42). However, unbound MDA levels increased significantly by t-BOOH in 

wildtype worms as well as by Cu treatment in the deletion mutants atox-1 and 

ceruloplasmin (Figure 28A). CLs are exclusively found in mitochondria and are 

fundamental for the mitochondrial membrane [344]. Our data showed no 

significant alterations in the CL profile induced by Cu supplementation in the 
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tested worm strains but of the total CL content in the deletion mutant 

ceruloplasmin was reduced compared to wildtype worms  

(Figure 28B). Furthermore, our data revealed no alterations induced either by 

Cu supplementation or genetic Cu dyshomeostasis on the relative distribution 

of CL species with respect to chain length and the degree of saturation (Figure 

28C and Supplementary Figure 43).  

 

Figure 28: (A) MDA levels (unbound) normalized to wildtype control [%].(B) Total CL levels normalized 

to protein content and to wildtype control [%]. Data presented are mean values of n ≥ 3 independent 

experiments + SEM. (C) Representative distribution of CL species in terms of chain length and degree 

of saturation for untreated wildtype worms. t-BOOH was used as positive control (C+) in wildtype worms. 

 

5.3.4. Oxidative DNA damage (8oxodG), DNA damage response 

(PARylation) and pme/PARP mRNA levels 

We assessed levels of 8-oxoguanine (8oxodG), which is the most common DNA 

lesion initialized by RONS [351], as well as poly-(ADP-ribosylation) (PARylation) 



Chapter 5 – Dysfunctional Copper Homeostasis in Caenorhabditis elegans affects neuronal and 

genomic stability 

108 
 

as a marker for DNA damage response. Data reveal increased 8oxodG levels 

for ceruloplasmin-deficient worms up to 350% following 2 mM Cu treatment, 

while wildtype and atox-1-deficient worms remained unaffected (Figure 29A). 

PAR levels showed no alterations in wildtype and ceruloplasmin mutants due to 

Cu supplementation. In contrast, untreated atox-1 mutants displayed reduced 

PAR levels compared to wildtype worms, but increased PARylation following Cu 

treatment (Figure 29B). Furthermore, mRNA levels of NAD+-dependent poly 

(ADP-ribose) polymerases (PARP), were examined (Figure 29C+D). While 

pme-1/PARP1 remained unchanged, pme-2/PARP2 was downregulated to 

about 50% in untreated atox-1-deficient mutants compared to wildtype worms, 

yet it was upregulated in response to Cu treatment. 

 

 

Figure 29: Relative (A) 8oxodG and (B) PARylation levels normalized to wildtype control Relative mRNA 

levels of (C) pme-1/PARP1 and (D) pme-2/PARP2 following 24 h Cu incubation. Data presented are 

mean values of n = 4 independent experiments + SEM. [%]. As positive control (C+) t-BOOH was used 

in wildtype worms. 
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5.3.5. Quantification of neurotransmitters DA, SRT, GABA and ACh levels 

and aldicarb-induced paralysis assay 

HPLC-MS/MS-based quantification of the four neurotransmitters DA, SRT, 

GABA and ACh revealed different quantities of all analytes in C. elegans (Figure 

30A-D). Untreated wildtype worms in young adult stage displayed 2.89 ng DA, 

0.78 ng SRT, 529 ng GABA and 11.21 ng ACh each per mg of protein. Cu 

treatment failed to alter levels of all tested neurotransmitters compared to 

untreated controls in wildtype worms. In addition, in ceruloplasmin-deficient 

worms, Cu failed to induce any alterations in neurotransmitter levels, however, 

mutant strain ceruloplasmin displayed significantly reduced GABA levels 

compared to the wildtype. In contrast, atox-1-deficient worms had the similar 

basal levels of neurotransmitters in comparison to wildtype worms, but levels of 

DA, SRT, GABA and ACh were reduced upon treatment with 2 mM Cu for 24 h. 

The aldicarb-induced paralysis assay was used to examine alterations in the 

synaptic transmission rate at the neuromuscular junction in C. elegans 

[256,352]. Results revealed significant differences between wildtype and 

ceruloplasmin-deficient worms, as they displayed aldicarb resistance starting at 

240 min aldicarb treatment compared to wildtype worms (Figure 30E). Cu failed 

to alter the aldicarb-induced paralysis (Supplementary Figure 44) and thus did 

not lead to changes in the synaptic transmission rate at the neuromuscular 

junction. 

 



Chapter 5 – Dysfunctional Copper Homeostasis in Caenorhabditis elegans affects neuronal and 

genomic stability 

110 
 

 

Figure 30: Neurotransmitter levels in ng per mg protein in C. elegans quantified via HPLC-MS/MS. 

Assessed were levels of (A) DA, (B) SRT, (C) acid GABA and (D) ACh. Aldicarb-induced paralysis assay 

in (E) untreated wildtype (light grey), atox-1Δ (dark grey) and ceruloplasminΔ (black) worms. Plotted are 

the fraction of moving worms [%] against the assay procedure time [min]. Data presented are mean 

values of n ≥ 4 independent experiments ± SEM. 

5.4. Discussion 

Cu is an essential trace element, but is toxic when exceeding the homeostatic 

range, leading to oxidative stress [298]. Especially labile Cu, namely readily 

available Cu, is redox active and associated with neurodegenerative diseases, 

such as Wilson’s disease (WD), Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) [18,332]. However, the exact underlying mechanisms of Cu toxicity 

and neurotoxicity are poorly understood. It is therefore of paramount importance 

to shed light on molecular mechanisms of (labile) Cu-induced oxidative stress 

and neurotoxicity, which was addressed herein. We used C. elegans mutants 

with a disrupted Cu homeostasis and quantified, by a variety of highly specific 

and sensitive techniques, oxidative stress-related metabolites. Worm mutants 

lacking Cu chaperone atox-1 or Cu storage protein ceruloplasmin display 

elevated labile Cu levels, which was characterized in detail in our previous work 

[55]. 

MAP kinases induced by, among others, oxidative stress activate transcription 

factors like skn-1/NRF2 or daf-16/FOXO4, which then translocate into the 
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nucleus to induce apoptosis, antioxidative defense or DNA repair [353]. Cu 

treatment led to a significant activation and translocalization of daf-16/FOXO4 

in a concentration-dependent manner, corroborating earlier studies [354] and 

similar effects by other divalent metals like manganese (Mn) [355]. mRNA levels 

of daf-16/FOXO4 remained unaffected after 24 h. However, as this is one of the 

first pathways affected by RONS, mRNA levels may have returned to normal. 

Urban et al. investigated gene expression levels of the antioxidant defense 

system over a time period of 10 days and display different time frames of  

up- and downregulation of genes related to oxidative stress [356]. Other studies 

reported Mn- and zinc-induced oxidative stress and neurotoxicity, but in that 

scenario daf-16/FOXO4 mRNA levels were unaffected as well [314]. Gene 

expression studies of representatives of the MAPK family revealed Cu-induced 

increase in mpk-1/MAPK1 levels in wildtype worms, as well as altered basal 

levels in both deletion mutants of atox-1 and ceruloplasmin. He et al. corroborate 

these findings by displaying Cu-mediated cell death via p38 MAPK activation in 

vascular endothelial cells [9], while Wang et al. report the absence of  

Cu-induced apoptosis in C. elegans loss-of-function mutants of JNK and p38 

MAP kinases [357], indicating the participation of MAPKs in the regulation of 

Cu-induced oxidative stress. 

Cu overload increases the formation of RONS and leads to oxidative stress, 

which alters, among others, SOD or GPX activity, which then leads to oxidative 

stress [144,164]. It was shown that the GSH/GSSG ratio is reduced by Cu 

nanoparticles [9], supporting our data of reduced GSH and increased GSSG 

levels following Cu treatment. Notably, GSH levels were reduced by 23% in 

wildtype worms, whereas by 38% in ceruloplasmin-deficient worms, indicating a 

higher demand or consumption. A higher demand results in an increased 

synthesis [358], mediated by increased mRNA levels of gcs-1/GCLC in 

ceruloplasmin- and atox-1-deficient mutants. As stated above, Cu mediates p38 

downstream activation of transcription factors like daf-16/FOXO4 or  
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skn-1/NRF2, which activates gcs-1/GCLC expression [138]. GSH synthesis is 

ATP-dependent [359], potentially reducing ATP levels in ceruloplasmin-deficient 

worms, which are even further lowered by Cu treatment. Baldissera et al. also 

showed reduced hepatic ATP levels by Cu in Cichlasoma amazonarum [8]. In 

turn, levels of ADP and AMP, which are formed during ATP consumption [148], 

are increased by Cu supplementation in atox-1- and ceruloplasmin-deficient 

worms. In addition to GSH, Cu also alters GSSG levels in wildtype and atox-1 

mutants, but significantly less in ceruloplasmin-deficient worms. This may 

indicate a higher rate of recycling or reducing GSSG back to GSH. This process 

is, among several others, NADPH-dependent, and is decreased in 

ceruloplasmin-deficient worms. Although this could be a possible explanation, it 

is noteworthy that energy-related nucleotides take part in other metabolic 

pathways as well. Thus, NAD+ is formed in the GSH/GSSG cycling, which gets 

elevated by Cu treatment in ceruloplasmin-deficient worms. The Cu-sensing 

transcription factor Mac1 activates BNA expression and in turn quinolinic acid 

synthesis which results in de novo NAD+ synthesis, which has been 

demonstrated in yeast [360,361]. Furthermore, Li et al. described a  

Cu-dependent S-Adenosylhomocysteine hydrolase inhibition, which results in a 

shift towards NAD+ in the NADH/NAD+ pool [362].  

Recent studies have uncovered a rise in MDA levels subsequent to Cu 

treatment across various organisms [9,363,364], including C. elegans [144]. Our 

findings in wildtype worms demonstrated no alterations in either bound or 

unbound MDA levels, potentially attributed to our administration of (in wildtype 

worms) non-lethal Cu concentrations. Surprisingly, mutants deficient in atox-1 

and ceruloplasmin exhibited comparable baseline levels of unbound MDA, yet 

notably heightened levels post-Cu treatment compared to wildtype worms. This 

suggests an increased hypersensitivity to Cu-induced oxidative stress or 

impaired antioxidative response under conditions of disrupted Cu homeostasis. 

CLs are vulnerable to oxidative damage due to their exclusive location within 
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the inner mitochondrial membrane, where RONS are generated as byproduct of 

cellular respiration [147]. Oxidative stress can result in lipid oxidation and 

therefore in the formation of oxidized CL species [365]. Our findings indicate no 

observable formation of oxidized cardiolipins following Cu incubation (data not 

shown). Blume et al. demonstrated a slight reduction in the total CL content 

following iron or manganese treatment, but no formation of oxidation products 

in C. elegans [366]. Furthermore, the distribution of individual CL species, 

known as the CL profile, remains unaffected by Cu exposure or the genetic 

makeup of the worms. It is noteworthy, however, that our analysis may not 

quantify all existing CL species, thus limiting our analysis to those above the 

detection threshold. Moreover, the data presented herein were solely in 

reference to untreated wildtype worms, as the establishment of improved 

standards and normalization procedures was essential for facilitating 

quantitative assessments. Nevertheless, the total sum of analyzed CL reveals 

a notable reduction in ceruloplasmin-deficient worms compared to the wildtype. 

Monteiro-Cardoso et al. stated that the total CL content drops significantly in the 

brain of an AD mouse model [344]. Several studies have also indicated that the 

dysregulation of CL content, as well as alterations of its structure and 

distribution, mediated neuronal dysfunction. These abnormalities are associated 

with the aging process and play a pivotal role in the pathogenesis of various 

neurodegenerative disorders, including AD and PD [151]. Aberrant levels of CLs 

have been linked to mitochondrial dysfunction, oxidative stress and impaired 

synaptic transmission, which are all hallmarks of AD and PD pathology. 

Understanding the mechanisms underlying cardiolipin-mediated 

neurodegeneration may offer novel therapeutic strategies aimed at preserving 

mitochondrial function and mitigating oxidative stress-related neuronal damage 

[151,344,367]. 

Cu and Cu nanoparticles have been shown to disrupt genomic integrity by 

causing oxidative DNA damage and DNA strand breaks [11,12]. Thus, it is 
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surprising that Cu failed to induce PARylation. This leads to a first assumption 

that possible DNA damages may already be repaired and that PAR was already 

degraded in our chronic exposure scenario of 24 h. However, 8oxodG, which is 

the most common DNA lesion [351], was significantly increased in 

ceruloplasmin-deficient worms following 24 h Cu incubation, refuting our first 

assumption. Like wildtype worms, ceruloplasmin mutants exhibited no 

alterations of PARylation levels, also this strain revealed Cu-induced DNA 

damage observed characterized by increased 8oxodG levels. PARylation is one 

of the largest consumers of NAD+ [159]. Our data reveal normal levels of NAD+ 

in wildtype worms and even further increased levels in ceruloplasmin mutants. 

At first glance, this indicates that NAD+ deficiency can be ruled out as cause for 

normal PARylation levels. But it must be noted, that our data only reflect the 

total NAD+ content instead of organell-specific selective NAD+ levels. mRNA 

levels of pme-1/PARP1 and pme-2/PARP2 also remained unchanged in 

wildtype and ceruloplasmin-deficient worms. Taken together, these findings 

suggest that Cu inhibited PARylation, as previously hypothesized by Schwerdtle 

et al. [368]. Basal levels of PARylation were reduced in atox-1 mutants, possibly 

due to reduced Cu transport into the nucleus by the lack atox-1, but partially 

compensated by P-type ATPase ATP7B [369]. In addition, atox-1 interacts with 

PARPs in a detoured manner. Atox-1 induced the expression of MDC1, a crucial 

protein for double strand repair [370]. MDC1 interacts with aprataxin [371], 

which in turn works in concert with PARP’s [372], which could explain lowered 

PARylation and pme-2/PARP2 mRNA levels in atox-1-deficient mutants 

compared to wildtype worms. This needs to be further elucidated in C. elegans. 

Although 8oxodG levels were not altered in atox-1-deficient worms, Cu 

appeared to adversely affect the genomic stability of this mutants, as Cu 

treatment increased both PARylation and pme-2/PARP2 mRNA levels. The low 

basal PARylation raise further concerns, since inhibited PAR has been linked to 

cellular toxicity as well as neurological dysfunction [162]. Although herein 
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excess Cu failed to cause genotoxicity in wildtype worms, our data underline the 

importance of a properly functioning Cu homeostasis for genomic integrity. 

The loss of proper antioxidant capacity and energy production as well as 

impaired genomic integrity may cause neuronal death [18,373]. Cu is known to 

cause neurotoxicity and is associated with neurodegenerative diseases, such 

as WD [374,375]. Labile bound Cu is commonly mentioned in the context of  

Cu-induced neurotoxicity [319,332], but knowledge on underlying mechanisms 

is scarce. Ceruloplasmin-deficient worms revealed aldicarb-resistance, 

reflecting decreased synaptic transmission rate at the neuromuscular junction 

[352]. Dabbish et al. demonstrated a correlation between aldicarb-sensitivity 

and reduced GABA levels [376]. This is contrary to our findings, as 

ceruloplasmin mutants displayed, next to aldicarb-resistance, reduced GABA 

levels compared to wildtype worms, indicating that further unknown factors may 

be involved. One likely mechanism of reduced GABA levels in ceruloplasmin-

deficient worms might be that excess Cu, as described by D’Ambrosi et al. [377], 

reduces GABA receptor activity, resulting in altered GABA levels. Atox-1 

deletion mutant’s basal levels of neurotransmitters remained unchanged 

compared to wildtype worms but were reduced due to 2 mM Cu treatment. 

Kelner et al. noted that atox-1 suppressed oxidative damage and promoted 

neuronal survival [77]. Furthermore, atox-1 is known to interact with α-synuclein 

and inhibit amyloid formation [378]. This is in agreement with our findings on 

Cu-mediated reduction in neurotransmitter levels due to the lack of atox-1, 

reflecting Cu-induced neurodegeneration upon loss of atox-1. Our data support 

that the dysregulation of Cu homeostasis leads to oxidative stress and 

subsequent detrimental effects on neurocellular pathways, underlining the 

importance of a properly working Cu homeostasis. 
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5.5. Conclusion 

A comprehensive approach was adopted, employing specific and sensitive 

techniques to quantify metabolites related to oxidative stress with special focus 

on mitochondria, oxidative DNA damage, DNA damage response as well as 

neurodegeneration in the context of disrupted Cu homeostasis. Loss-of-function 

mutants of Cu chaperone atox-1 and Cu storage protein ceruloplasmin 

displayed increased labile Cu levels despite lowered total Cu uptake [55] 

concomitant with increased oxidative stress, reduced mitochondrial ATP levels 

and CL content, as well as oxidative DNA damage and impaired neuronal 

health. Our data underline the essentiality of a proper Cu homeostasis and the 

importance of valuable markers, such as labile Cu, to diagnose Cu 

dyshomeostasis. Furthermore, our study highlights the importance of 

mitochondrial integrity for genomic and neuronal health. As a future perspective, 

understanding the intricate interplay of CL dysregulation and neurodegenerative 

processes holds significant promise for the development of therapeutic 

interventions preserving genomic and neuronal stability. 
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Abstract 

The mechanisms associated with neurodegenerative diseases, such as 

Alzheimer’s disease (AD) and Parkinson’s disease (PD) have yet to be fully 

characterized, and genetic as well as environmental factors in their disease 

etiology are under appreciated. While mutations in genes such as PARKIN and 

LRRK2 have been linked to PD, the idiopathic component of the disease 

suggests a contribution of environmental risk factors, including metals such as 

copper (Cu). Cu overexposure has been reported to cause oxidative stress and 

neurotoxicity, but its role in neurodegenerative diseases is rarely studied. Using 

Caenorhabditis elegans (C. elegans) as a model organism for neurotoxicity, we 

assessed the effects of Cu oversupply in AD and PD models. Our findings reveal 

that while copper treatment did not induce neurodegeneration in wildtype worms 

or the AD model, it significantly exacerbated neurodegeneration in the  

PD-associated mutants PARKIN and LRRK2. These results suggest that 

genetic predisposition for PD enhances the sensitivity to copper toxicity, 

highlighting the multifactorial nature of neurodegenerative diseases. 

Furthermore, our study provides insights into the mechanisms underlying  

Cu-induced neurotoxicity in PD models, including disruptions in dopamine 

levels, altered dopamine-dependent behavior and degraded dopaminergic 

neurons. Overall, our novel findings contribute to a better understanding of the 

complex interactions between genetic susceptibility, environmental factors, and 

neurodegenerative disease pathogenesis, emphasizing the importance of a 

tightly regulated Cu homeostasis in the etiology of PD. 
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Chapter 6 – Copper-mediated neurotoxicity and genetic 

vulnerability in the background of neurodegenerative 

diseases in C. elegans 

6.1. Introduction 

Neurodegenerative diseases like Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) are neurodegenerative disorders exhibiting a diverse range of 

pathological patterns, making their onset mechanisms complex and often 

elusive [319]. Symptoms of PD are multifaceted, including among others, 

bradykinesia, tremor, rigidity as well as numerous non-motor symptoms [216]. 

Although the majority of PD cases are idiopathic, mutations in several genes 

have been connected to the disease including  PARK2/parkin and LRRK2 [219]. 

Parkin serves as a ubiquitin E3 protein ligase and acts as a versatile protective 

agent, especially for mitochondria [379]. Disturbance in the ligase activity of 

parkin is reported to contribute to the pathogenesis of both sporadic and familial 

forms of PD [380]. Loss-of-function mutations in Parkin can disrupt cellular 

processes, contributing to disturbances in cell function and ultimately leading to 

broader pathological changes [381]. LRRK2 (leucine-rich repeat kinase 2) plays 

an important role in various pathways and cellular signaling processes, including 

the regulation of protein translation, vesicle trafficking, and neurite outgrowth 

[217]. The most prevalent LRRK2 mutation is the G2019S variation [382]. The 

LRRK2 G2019S mutation is associated with a gain-of-function effect, which may 

lead to alterations in autophagy-lysosomal pathways and dysregulation of 

protein synthesis mechanisms, as well as oxidative stress [383]. Variations in 

the PARKIN and LRRK2 genes may result in typical clinical symptoms and age-

dependent characteristics of PD [382] by affecting dopamine metabolism and 

causing selective dopaminergic neurodegeneration [379,384]. The progressive 

loss of dopaminergic neurons and lowered dopamine (DA) levels are the 
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hallmark of PD [191,380]. AD is also characterized by neurotransmitter 

disruptions. In addition to reduced DA levels, reduction in choline acetyl 

transferase and acetylcholine (ACh) synthesis, as well as altered choline uptake 

and release are inherent to brain tissue of AD patients [215]. One key player to 

alter central cholinergic functions are plaques of aggregated β-amyloid protein 

(Aβ) [385]. Aβ formation and neurofibrillary tangles binding tau protein are in the 

center of attention in the pathology of AD [386]. The toxic range of Aβ extends 

from mitochondrial alterations, over synaptic dysfunction to oxidative stress 

[387]. Elevated concentrations of metals like copper (Cu), zinc or iron are bound 

to Aβ peptides in plaques of AD patients [212]. Some studies have therefore 

stated, that AD can be considered as a type of metal dyshomeostasis [212]. In 

AD and PD, overabundance of Cu has been implied as an environmental factor 

in disease etiology [123,388]. Due to excessive industrial and agricultural use, 

Cu is increasingly introduced into the environment [144]. Cu overexposure has 

been reported to cause neurotoxicity with oxidative stress as potential 

underlying mechanism [164]. In general, neuronal damage due to oxidative 

stress is an often-discussed mechanism in the onset of neurodegenerative 

diseases [123]. However, other studies report Cu-induced neurotoxicity, but less 

is known about its role in AD and PD [296].  

In this work, the invertebrate Caenorhabditis elegans (C. elegans) with a well-

elucidated nervous system was applied [178]. Neurotoxicity in C. elegans can 

be examined on different levels. This includes molecular trafficking of, for 

example, neurotransmitters, but also behavioral assessment. In addition, the 

transparency of the worm offers an opportunity to probe mutants with 

fluorescent tags to study neuronal morphology. Another advantage is the large 

variety of mutants, which, among others, simulate genetic AD and PD [178]. 

Within this study, we use a deletion mutant (Δ) of pdr-1 (mammalian Parkin), as 

well as a mutant harboring the g2019s variant of LRRK2 as models of PD. 

Additionally, an Aβ-expressing mutant was used as AD model. The etiology of 
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most neurodegenerative diseases has yet to be fully understood, but it has been 

hypothesized that it represents a multisystemic pathology due to the interaction 

of a challenging environment and susceptible genetic factors [221,389]. 

Therefore, the aim of this study was to investigate how an oversupply of the 

essential trace element Cu affects an individual with a genetic predisposition to 

AD and PD using the in vivo model organism C. elegans. 

6.2. Material and methods 

6.2.1. C. elegans handling and treatment 

The following strains were obtained from the Caenorhabditis Genetics Center 

(CGC, Minneapolis, USA), which is funded by the National Institute of Health 

Office of Research Infrastructure Program: Bristol N2 (wildtype), the deletion 

mutants VC1024 pdr-1 (gk448) and CB1112 cat-2 (e1112) as well as the 

transgenic strains CL2006 which expresses Aβ1-42 in the cytoplasm of body wall 

muscle cells and WLZ3 which presents the g2019s mutation in LRRK2. The 

BY200 strain [vtls1(dat-1p::GFP; rol-6)] was kindly gifted by the laboratory of 

Michael Aschner. All strains were cultivated on Escherichia coli (E. coli) coated 

NGM agar plates as previously described [292] and maintained at 20 °C, with 

the exception of CL2006 which was maintained at 16 °C. All experiments were 

conducted in age-synchronous worms [313], which were placed on NGM plates 

until L4 larval stage. For Cu treatment, L4 stage worms were fed with Cu-

supplemented (CuSO4 ≥ 99.99%, Sigma Aldrich) and heat-inactivated E. coli 

suspension on NGM plates for 24 h with up to 2 mM [390]. 

6.2.2. Total Cu levels via ICP-OES 

Total Cu content was determined by inductively coupled plasma-optical 

emission spectrometry (ICP-OES) (Avio 220 Max, Perkin Elmer). The analysis 

was conducted as previously published [390]. 
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6.2.3. Cu lethality assessment 

To determine Cu-induced hypersensitivity and lethality of the used mutant 

strains, a survival assay was performed. Worms were counted as dead or alive 

after 24 h Cu exposure and survival rate in % was calculated. Worms were 

defined as dead if they demonstrated no further movement when being prodded 

with a platinum wire. 

6.2.4. GSH and GSSG quantification by LC-MS/MS 

Levels of reduced GSH and oxidized GSSG were determined by an LC-MS/MS 

method previously published by Thiel et al. [140]. Therefore, 1000 Cu-treated 

worms were pelletized by centrifugation in 100 µL 85 mM NaCl following  

LC-MS/MS analysis and protein normalization [293]. 

6.2.5. Aldicarb-induced paralysis assay 

The aldicarb-induced paralysis assay was performed as previously described 

[178] to assess the worm’s synaptic transmission rate. Aldicarb-hypersensitivity 

indicates a reduced synaptic transmission rate, while aldicarb-resistance 

indicates an increased synaptic transmission rate. For this purpose, NGM plates 

added with 2 mM aldicarb were always prepared fresh and coated with 2 µL  

E. coli (OP50) right before the experiment. All experiments were performed 

blinded to avoid a bias in counting worms as paralyzed. 

6.2.6. Neurotransmitter quantification via LC-MS/MS 

Neurotransmitter (DA, SRT, GABA and ACh) levels of dopamine (DA), serotonin 

(SRT), γ-amino butyric acid (GABA) and acetylcholine (ACh) were assessed by 

a previously published method [178]. Pellets were prepared by centrifugation of 

1000 worms treated for 24 h with Cu in 50 µL 85 mM NaCl. Samples were 

prepared and analyzed as previously described [178] and normalized to protein 

content [293]. 
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6.2.7. Basal slowing response (BSR) assay 

After 24 h Cu incubation, worms were washed off plates using S-basal buffer, 

following 3 additional washing steps to get rid of excess E. coli. Five to ten 

worms were then transferred to uncoated and E. coli-coated (circle-shaped) 

plates each. After 5 min, the number of body bends per 20 sec were counted on 

both plates [175]. Data was calculated as body bends per 20 sec on uncoated 

plates minus body bends per 20 sec on coated plates (Δ body bends / 20 sec). 

Worm strain cat-2, which is restricted in DA synthesis [178] was used as positive 

control.  

6.2.8. Fluorescence microscopy of dopaminergic neurons 

In order to examine the integrity of dopaminergic neurons in the PD models 

using fluorescence microscopy, they were crossed with the BY200 strain. 

Successful crossing was verified by single worm PCR using the following 

primers: pdr-1 forward: CATGACTGCGAGGACTAGTGTGC, reverse: CACC-

ACACGTAGAAGCTTCCGAG. g2019s forward: AGCTTCCTCACGAGTT-

CACTTT, reverse: TCACTTAACTGCAGTGTGGGTCT. Following Cu 

incubation, worms were washed 3 times with 85 mM NaCl and transferred to 

4% agarose pads and got anesthetized using 5 mM levamisole. Fluorescence 

images were obtained with a DM6 B fluorescence microscope and the Leica 

LAS X software (Leica Microsystems GmbH) equipped with a x63 magnification 

objective, excitation at 460 – 500 nm, emission range of 512 – 542 nm, constant 

settings and light exposure times. A series of z-stacks was carried out by optical 

sectioning (25 steps of about 0.5 µm) and were superimposed by the Leica LAS 

X software (Leica Microsystems GmbH). For evaluation, 5 – 10 worms per 

condition were analyzed and scored as: no alterations, irregularities (kinks and 

bends of dendrites, shrunken soma) and severe amendments (loss of dendrites 

or soma). As positive control, 6-hydroxydopamine (6-OHDA) was used. Adult 

worms (24 h after L4 stage) of strain BY200 were treated with 25 mM 6-OHDA 

for 1 h in 85 mM NaCl, following fluorescence microscopy analysis. 



Chapter 6 – Copper-mediated neurotoxicity and genetic vulnerability in the background of 

neurodegenerative diseases in C. elegans 

125 
 

6.2.9. Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad 

Software, La Jolla, USA). Which statistical test has been applied as well as 

significance levels are stated in all figure legends.  

6.3. Results 

6.3.1. Total Cu levels analyzed with ICP-OES and worm lethality 

assessment 

Cu treatment via E. coli for 24 h led to a dose-dependent Cu uptake, which was 

observed in all tested worm strains (Figure 31A). This observation ruled out that 

different effects of Cu in the mutant strains were Cu uptake dependent. Survival 

testing after 24 h Cu incubation revealed no lethal effects for all tested worm 

strains (Figure 31B), indicating that the applied Cu doses were in the sub-toxic 

range. Higher doses than 2 mM Cu were not considered, as previous studies 

have shown that worms avoid higher Cu doses [390]. 

 

 

Figure 31: (A) Total Cu levels [ng/µg protein] and (B) survival [%] following 24 h of Cu incubation in 

wildtype worms, pdr-1, g2019s and CL2006 mutants. Data presented are mean values of n = 4 

experiments ± SEM. Statistical analysis using 2-way ANOVA test with Tukey’s multiple comparison. 

Significance level with α = 0.05: *: p ≤ 0.05; ***: p ≤ 0.001 compared to untreated control. 
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6.3.2. GSH and GSSG quantification by LC-MS/MS 

As a marker for oxidative stress we quantified reduced GSH (Figure 32A) and 

oxidized GSSG (Figure 32B). Cu treatment significantly reduced GSH levels in 

wildtype and mutant worms. In addition, basal levels of GSH were reduced in 

mutant worms to 56% (pdr-1), 30% (g2019s) and 22% (CL2006) compared to 

wildtype worms. Moreover, Cu increased GSSG levels in all worm strains, 

except for CL2006. 

 

 

Figure 32: Relative levels of (A) reduced GSH and (B) oxidized GSSG normalized to untreated wildtype 

control [%] following 24 h Cu treatment quantified by LC-MS/MS. Data presented are mean values of n 

≥ 4 independent experiments + SEM. Statistical analysis using 2-way ANOVA test with Tukey’s multiple 

comparison. Significance level with α = 0.05: *: p ≤ 0.05; **: p ≤ 0.01 and  ***: p ≤ 0.001 compared to 

untreated control and §: p ≤ 0.05 and §§§: p ≤ 0.001 compared to wildtype in same condition. 

 

6.3.3. Aldicarb-induced paralysis assay 

The synaptic transmission rate at the neuromuscular junction can be monitored 

using the aldicarb-induced paralysis assay [256]. Figure 33 reveals a significant 

hypersensitivity to aldicarb of the PD models pdr-1Δ and g2019s compared to 

wildtype worms, indicating increased synaptic transmission. On the other hand, 

strain CL2006 displayed a resistance to aldicarb compared to wildtype worms, 

indicating a lowered synaptic transmission rate. Cu does not alter the synaptic 

transmission rate in any of the tested worm strains (Supplementary Figure 45). 
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Figure 33: Aldicarb-induced paralysis assay in untreated worms. Plotted is the fraction of moving worms 

[%] against the assay procedure time [min]. Data presented are mean values of n = 4 independent and 

blinded experiments ± SEM. Statistical analysis using 2-way ANOVA test with Tukey’s multiple 

comparison. Significance level with α = §: p ≤ 0.05 compared to wildtype in same condition. 

 

6.3.4. Neurotransmitter quantification via LC-MS/MS 

The four neurotransmitters DA, SRT, GABA and ACh were quantified by  

LC-MS/MS (Figure 34A – D). The analysis revealed that Cu treatment in 

wildtype worms does not result in altered neurotransmitter levels. Compared to 

wildtype worms, the AD model CL2006 had reduced DA levels and 

concomitantly increased GABA and ACh levels. The PD models pdr-1Δ and 

g2019s had reduced basal levels of DA (Figure 34A). In contrast to wildtype 

worms, the DA levels were significantly reduced by Cu in the PD strains, pdr-1Δ 

and g2019s. 
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Figure 34: Neurotransmitter levels of (A) DA, (B) SRT, (C) GABA) and (D) ACh in ng per mg protein 

following Cu treatment. Data presented are mean values of n ≥ 4 independent experiments + SEM. 

Statistical analysis using 2-way ANOVA test with Tukey’s multiple comparison. Significance level with α 

= 0.05: *: p ≤ 0.05 compared to untreated control and §§: p ≤ 0.01 and §§§: p ≤ 0.001 compared to 

wildtype in same condition. 

 

6.3.5. Basal slowing response (BSR) assay 

Due to reduced DA levels and the Cu sensitivity of the PD models, we 

investigated DA-dependent the behavior using the BSR assay in pdr-1Δ and 

g2019s worms. BSR was evaluated as the difference (Δ) of body bends per 20 

sec off-food and on-food (Figure 35). The worm strain cat-2Δ serves as positive 

control due to its restriction in DA synthesis. Cu exposure failed to induce 

alterations in the BSR in wildtype worms. Of note was the reduced BSR in the 

untreated PD model pdr-1 compared to untreated wildtype worms. Interestingly, 

Cu treatment reduced BSR in g2019s mutants. 
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Figure 35: Basal slowing response following Cu treatment. The difference of body bends per 20 sec on 

uncoated plates and body bends per 20 sec on coated plates (Δ body bends / 20 sec) was assessed. 

cat-2Δ worms, which are restricted in DA synthesis, are used as positive control (C+). Data presented 

are mean values of n = 3 independent experiments + SEM. Statistical analysis using 2-way ANOVA test 

with Tukey’s multiple comparison. Significance level with α = 0.05: *: p ≤ 0.05 and ***: p ≤ 0.001 

compared to untreated control and §§: p ≤ 0.01 and §§§: p ≤ 0.001 compared to wildtype in same 

condition. 

 

6.3.6. Fluorescence microscopy of dopaminergic neurons 

In addition to Cu-reduced DA levels and impaired DA-dependent behavior in the 

PD models pdr-1 and g2019s, we investigated the morphology of dopaminergic 

neurons. For this purpose, we used the worm strain BY200, which expresses a 

green fluorescent protein (GFP) under the control of a promoter for the 

dopamine re-uptake transporter 1 [117]. For evaluation, an objective scoring 

system of 3 different events was used (Figure 36B): no alterations, irregularities 

(kinks and bends of dendrites, shrunken soma) and severe amendments (loss 

of dendrites or soma). 6OHDA was used as positive control in wildtype worms 

and results in severe amendments like the loss of dendrites (Figure 36C). Cu 

led to increased irregularities such as kinks and bends in dendrites in wildtype 

worms (Figure 36D – E). Both PD models pdr-1 and g2019s displayed 

alterations in the dopaminergic neuron morphology under untreated conditions, 

which worsened in response to Cu treatment.  
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Figure 36: (A) Schematic overview of the dopaminergic neurons (ADE and CEP) in C. elegans’ head 

region which can be visualized by fluorescence microscopy in the BY200 strain. (B) Exemplary images 

show different events of the neurons morphology marked by red arrows: no alterations, irregularities 

(kinks and bends of dendrites, shrunken soma) and severe amendments (loss of dendrites or soma). 

(C) 6-OHDA (25 mM) was used as positive control in wildtype worms. (D) Exemplary fluorescence 

images of wildtype worms (BY200), pdr-1 and g2019s (which were each crossed with strain BY200). 

Images display either untreated worms or supplemented with 2 mM Cu for 24h. (E) Overview of the 

number of events [%] counted in N = 5 – 10 worms per group. Data presented are mean values of  

n = 3 independent experiments. 
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6.4. Discussion 

In addition to genetics, environmental factors also play a critical role in the 

etiology of neurodegenerative diseases. (Heavy) metals, such as Cu, are often 

discussed in the context of neurotoxicity [123]. The excessive use of Cu-

containing chemicals and pesticides in both industry and agriculture has led to 

increased introduction of Cu into the environment [144]. Although redox-active 

Cu is associated with oxidative stress and consequently PD [123], studies on 

underlying mechanisms, especially in C. elegans, are rare. Here, we aimed to 

assess the interplay between environmental factors, such as Cu, and a genetic 

predisposition for AD and PD, as both are multifactorial diseases [389]. To this 

end, we used various C. elegans mutants that experimentally model AD or PD. 

In addition, we have previously shown that the nematode conserves orthologs 

of a mammalian-like Cu homeostasis and is a suitable model to study 

dyshomeostasis by excess Cu feeding [390]. Therefore, we investigated the 

neurotoxic consequences of Cu oversupply in C. elegans models of AD and PD 

to gain a better understanding on the interplay between genetic and 

environmental factors in the etiology of neurodegenerative diseases. 

Toxicity testing up to 2 mM Cu treatment revealed no lethality in wildtype or 

mutant worms. Higher doses were not considered, as worms move away from 

their Cu-enriched food source and starve [390]. Although the applied doses 

were non-lethal, their administration led to a dose-dependent increase in total 

Cu levels in all tested worm strains. As wildtype and mutant worms did not 

significantly differ in total Cu levels, toxic effects in subsequent experiments due 

to differences in Cu uptake was ruled out. A limitation of the C. elegans model 

is that we can only assess Cu levels in the total worm body due to the lack of 

organs. Several studies reported reduced levels of Cu in the brain of AD [16] 

and PD [17] patients. Ejaz et al. also showed lower total Cu levels but elevated 

labile Cu levels in different brain areas in AD, indicating abnormal Cu 

homeostasis probably due to an increment in labile Cu ions and a reduced 
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attachment to cuproproteins [391]. Some studies point out that AD patients 

should be supplemented with Cu due to significantly reduced brain 

concentrations, while others stated that (labile) Cu levels should be further 

reduced [212]. Singh et al. propose that metal imbalances contribute to 

neurodegenerative diseases like AD and PD. They furthermore state that, in 

particular Cu chelation therapy is promising for AD treatment [392]. Labile Cu 

can bind cysteine residues in proteins, which is a proposed mechanism for the 

participation of Cu in the pathogenesis of PD [46]. Furthermore, Genoud et al. 

hypothesized that Cu homeostasis was disturbed in the brain of patients of PD 

and that redox-active labile Cu increased the oxidative load due to dysfunctional 

Cu proteins [388].  

The Aβ pathway is prominently involved in AD pathophysiology, as Aβ 

aggregation leads to neuronal loss [212]. AD is therefore often characterized by 

amyloid plaques in the brain, which are formed by peptides and trace elements 

including iron and zinc, and especially Cu. Bagheri et al. posited that AD should 

be considered a disease of metal dyshomeostasis due to the integration of 

redox-active metals in Aβ plaques [212]. Indeed, redox-active metals like Cu 

can induce oxidative stress, which plays a critical role in AD pathophysiology 

[18]. Our data revealed a reduction of GSH in the AD model CL2006 down to 22 

% compared to wildtype worms, which gets further reduced by Cu treatment. 

Moreover, we demonstrate increased CL2006 worms’ synaptic transmission 

rate due to aldicarb resistance compared to wildtype worms. Meftah et al. 

suggested that Aβ may play a role in disease progression due to synaptic 

dysfunction [393]. Analysis of brain tissue of AD patients revealed altered 

choline acetyltransferase activity, ACh synthesis, as well as choline uptake and 

release, resulting in cholinergic neurodegeneration. Furthermore, some AD 

patients’ brain regions display loss of dopaminergic neurons [215]. This finding 

was corroborated by neurotransmitter analysis in the CL2006 mutant worms, 

herein. CL2006 worms had significantly elevated levels of ACh and reduced DA 
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levels. Additionally, GABA levels were increased in CL2006 mutants compared 

to wildtype worms. Our study also corroborated neurodegeneration in the 

CL2006 AD model compared to wildtype worms, likely due to disturbed 

neurotransmitter levels and altered behavior. As already stated, AD patients 

often have altered brain Cu homeostasis, which results in an increased labile 

Cu pool, but not total Cu levels [231]. Other studies also showed neuronal 

instability due to a catecholamine misbalance induced by the loss of Cu 

homeostasis [394]. However, we failed to note further alterations due to excess 

Cu feeding in the AD model CL2006 compared to wildtype worms.  

Parkin, a ubiquitin E3 protein ligase, acts as multipurpose protective agent, for 

instance in manganese-induced cell death or against dopaminergic toxicity 

[379]. Impairment of Parkin’s ligase activity is considered to play a pathogenic 

role in the onset of both sporadic or familiar PD [380]. Therefore, we used a  

C. elegans deletion mutant of pdr-1 (mammalian Parkin), since a mutation in the 

mitophagy gene causes familial PD in worms [395]. PARKIN-KO mice are 

characterized by neuronal loss and fragmented mitochondria in dopaminergic 

neurons [396]. The loss of pdr-1 in C. elegans results in lowered ATP production 

and a reduced mitochondrial membrane potential [397], indicative of elevated 

oxidative stress compared to wildtype worms. This is supported by our data of 

reduced GSH basal levels compared to wildtype. Furthermore, Cu treatment led 

to decreased GSH levels and elevated GSSG formation. Other trace elements 

like manganese comparably enhance oxidative stress and dopaminergic 

neurodegeneration upon pdr-1 deletion compared to wildtype worms [219]. 

Moreover, our data showed lowered basal levels of DA, altered DA-dependent 

behavior and disturbed dopaminergic neurons in pdr-1 mutants compared to 

wildtype worms. Therefore, pdr-1 mutants seem to display heightened 

sensitivity even in under normal exposure conditions, and upon over exposure 

to Cu, these effects are significantly magnified. Cu treatment in pdr-1 mutants 

led to significantly reduced DA levels and damaged dopaminergic neurons. 
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Thus, excess Cu exacerbates preexisting neurodegeneration in pdr-1 mutants 

and underlines the neurotoxic potential of Cu in a genetic predisposed PD-like 

worm strain.  

The most common variation in Lrrk2 is g2019s, with patients displaying typical 

clinical symptoms and age-dependent characteristics of PD [382]. The 

pathogenic mutation g2019s enhances Lrrk2 kinase activity, which induces 

neurodegeneration [398] due to impaired synaptic vesicle endocytosis, which 

leads to alterations in the DA metabolism [384]. Moreover, it results in increased 

DA oxidation and aggravation of DA-specific stress in dopaminergic neurons 

[399]. Our data established Cu-induced reduced GSH levels (down to 30%) in 

g2019s-positive mutants compared to wildtype worms. G2019s-positive 

mutants displayed, similar to pdr-1 deletion mutants, reduced DA basal levels 

and destructed dopaminergic neurons. Similar findings of reduced DA levels 

were seen in the striatum of a g2019s-positive mouse model [400]. Other studies 

have shown the progressive dysfunction of DA transporters [401] and higher 

caspase activity [402] in DA neurons due to the g2019s mutation. The effects of 

Cu in g2019s-positive worms were significantly greater than in wildtype worms, 

characterized by reduced DA levels and demolished DAergic neurons. 

Furthermore, Cu treatment impaired the basal slowing response, and in turn, 

DA-dependent behavior. hence, the effects of Cu on DA metabolism were 

exacerbated in worms with genetic predisposition for PD, namely G2019s-

positive mutants. 

In conclusion, our study corroborated DA-dependent alterations in PD models 

of C. elegans [191,192].   Additionally, we identified alterations in DA levels, 

dopaminergic neuron morphology, and DA-dependent behavior, which were 

worsened by excess Cu feeding in genetic PD models. The deletion mutant of 

pdr-1/Parkin and the mutant with g2019s variation in Lrrk2 were hypersensitive 

to Cu exposure compared to wildtype worms. This raises the question as to 

whether individuals genetically predisposed to PD might have different 
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requirements for Cu and other trace elements, and the need for special 

nutritional recommendations. Furthermore, it suggests that certain mutations 

(but not all, see below) sensitize these genetically predisposed individuals to 

develop neurodegenerative diseases, such as PD and AD. Consistent with this 

suggestion, Cu supplementation failed to induce neurodegeneration in wildtype 

worms. In addition, the AD model CL2006 failed to display elevated 

neurodegeneration due to Cu treatment. Taken together, our novel study on 

excess Cu feeding in C. elegans models of neurodegenerative diseases 

demonstrates that PD is a multifactorial disorder, probably due to a combination 

of genetics and environmental factors [221,389]. 
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Chapter 7 – Final Discussion and Future Perspectives 

Cu is an essential trace element, mainly taken up via drinking water and foods 

like fish, nuts and legumes. Daily requirements of 1.3 to 1.6 mg for adults per 

day are usually met, therefore Cu deficiency is rare [3]. Excess Cu enters the 

environment from various human activities like industrial operations, agriculture, 

urban runoff and improper waste disposal. This poses risks to ecosystems and 

human health if not managed properly [49,50]. On the one hand, Cu plays a 

crucial role within redox biology of living organisms. Thus, Cu serves as electron 

donor essential for the proper function of diverse enzymes and biological 

processes [6]. On the other hand, Cu in excess is able to lead to the formation 

of RONS, which are capable of attacking biological macromolecules like lipids 

or DNA [164]. Due to its ability to catalyze Fenton-like reactions, Cu is discussed 

in terms of oxidative stress, mitochondrial impairment and neurodegeneration 

[343]. Therefore, it is of paramount importance to be able to assess reliable 

markers with selective and sensitive techniques, which provide significant 

insights into the Cu status of an individual, especially for Cu-related diseases 

like WD [104]. Moreover, little is known on how Cu toxicity is mediated. In 

particular, molecular mechanisms of labile Cu toxicity with focus on oxidative 

stress and neurodegeneration remain unknown [137].  

Within this work, the molecular mechanism of Cu toxicity should be investigated. 

Suitable models displaying Cu dyshomeostasis were analyzed for their total and 

labile Cu levels along with the consequences on the Cu homeostasis. 

Furthermore, markers for oxidative stress and genotoxicity as well as 

neurotoxicity were assessed in terms of a disrupted Cu homeostasis. 

Subsequently, the consequences of excess Cu on an individuum genetically 

predisposed to neurodegenerative diseases like AD and PD were investigated. 

To examine neurodegenerative processes, the development of a highly 

sensitive and specific technique to quantify neurotransmitters was the first step. 
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Method development for neurotransmitter quantification as highly 

sensitive marker for neurotoxicity in C. elegans 

C. elegans has increasingly been used as alternative to animal experiments in 

the field of neurotoxicity, offering a wide variety of endpoints to analyze [403]. 

Features of the nematode have been described in section 2.1., allowing to 

assess neuronal development, connectivity, physiology and behavior impacted 

by both environmental and genetic factors in a simplified in vivo setting  

[39,404]. Behavioral assays are the primary method for evaluating neurotoxicity 

in C. elegans [405]. These typically involve, among others, to gauge the basal 

slowing response, which analyzes DA-dependent behavior on and off food 

[175], determining serotonin-dependent pharyngeal pumping [255], evaluating 

synaptic transmission at neuromuscular junctions with the aldicarb-induced 

paralysis assay [256] and analyzing functional alterations in locomotion [175]. 

Another important tool to elucidate neurotoxicity in C. elegans is to study the 

morphology of neurons. The morphological evaluation of neurons relies on the 

activation of a fluorescent protein like GFP regulated by specific promoters for 

each neuron type's genes [284,405]. The following mutant strains can be used 

to study different categories of neurons: BY200 for dopaminergic neurons  

[117,283,406], LX929 for cholinergic neurons [407] or EG1285 for GABAergic 

neurons [408]. In addition, all neurons can be observed simultaneously using 

strain OH441 with pan-neuronal GFP expression [409]. While this approach can 

provide valuable initial insights, it also presents challenges in distinguishing 

between individual neuron types. Behavioral assays as well as microscopy of 

neuron morphology lack the opportunity to make quantitative statements 

regarding neurotransmitter levels. Assays like locomotion are dependent on 

several neurotransmitters like DA and ACh, which can be difficult to interpret. 

Hence, the concurrent measurement of multiple neurotransmitters proves to be 

a valuable and potent technique. Unlike behavioral assays and neuronal 

microscopy, which merely provide insights into outcomes of a neurotransmitter 

dyshomeostasis, quantifying neurotransmitters allows for the evaluation of 
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underlying causes. Our findings indicate that the cat-2Δ strain, deficient in 

tyrosyl hydroxylase and thus limited in DA synthesis, also exhibits decreased 

GABA levels. This highlights the interconnectedness and homeostatic 

interdependence of various neurotransmitters, underscoring once more the 

significance of simultaneously quantifying multiple neurotransmitters. 

To simultaneously quantify neurotransmitters, we developed an LC-MS/MS-

based method. Meeting the requirements of such a technique presents 

challenges. On one hand, the analysis must be tailored to each individual 

neurotransmitter for specificity, while on the other hand, it necessitates high 

sensitivity due to the low basal levels of neurotransmitters in C. elegans. 

Furthermore, neurotransmitters exhibit poor stability, adding another layer of 

complexity to the process. Mass spectrometry in MRM mode was the chosen 

technique due to its unmatched specificity. Distinctive mass transitions of 

precursor as well as fragment ions were analyzed for each analyte, which allows 

for unequivocal identification, since the fragment pattern of a molecule is as 

unique as a fingerprint [281]. Moreover, mass spectrometry permits the 

utilization of isotope-labeled standards. These standards correspond 

analogously to their respective analyte throughout the entire analytical 

procedure, from sample preparation to detection. This makes our method a top-

notch tool for the analysis of biological samples [266]. In this work, this technique 

was established for measurements in C. elegans. Subsequently, this method 

was also optimized for mouse brain tissue. The method was extended to 

incorporate the neurotransmitter glutamate and adjustments were made to the 

sample preparation to accommodate the matrix. Optimization of the preparation 

was carried out for five distinct brain regions: cortex, hippocampus, striatum, 

cerebellum and brain stem. Subsequently, the analysis was employed in a 

collaborative study to investigate neurotransmitter levels in mice fed both a 

standard diet and a western diet. The findings unveiled region-specific 

dysregulation of neurotransmitters within the brain of the western diet-fed mice, 

with strongest differences observed in the cortex [410]. In addition, 
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neurotransmitter levels in C. elegans were analyzed for further projects within 

the Bornhorst working group as part of this dissertation project by using the 

presented LC-MS/MS method [117,411]. In the future, this method could be 

further expanded to encompass other neurotransmitters, such as tyramine and 

octopamine [412]. Furthermore, the quantification of neurotransmitter 

metabolites, such as DOPAC or homovanillic acid could be integrated as well to 

detect neurotransmitter changes in disease state or following toxin treatment 

[413]. Furthermore, future investigations could elucidate neurotransmitter 

alterations post-treatment with established neurotoxins in C. elegans. While 

dopamine-selective toxins like 1-methyl-4-phenylpyridinium (MPP+) [414,415] 

and 6-OHDA [40] have demonstrated damage to dopaminergic neurons, the 

nematode's neurotransmitter levels post-treatment remain unexplored. 

In the nervous system, neurotransmitters are pivotal in transmitting information 

at chemical synapses. Even minor changes within the neurotransmitter 

homeostasis can result in neurotoxicity and consequently neurodegenerative 

diseases [416,417]. This underscores the essentiality of quantifying 

neurotransmitters in exploring mechanisms of neurotoxicity and, moreover, in 

identifying potential therapeutic interventions. While neurotransmitter analysis is 

pivotal, it is insufficient as a standalone endpoint for evaluating 

neurodegeneration. To estimate neurotoxic effects and neurodegenerative 

processes, a combination of different approaches and techniques should be 

applied [418]. C. elegans presents the opportunity to quantify molecular-level 

alterations in neurotransmitter content, manifested through various behavioral 

changes and morphological alterations in different types of neurons. Taken 

together, these attributes make C. elegans, combined with highly sensitive and 

specific analytical approaches, a reliable and powerful tool for investigations in 

the field of neurotoxicity. 
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Cu homeostasis and labile Cu levels are disturbed due to the loss of 

crucial Cu chaperone atox-1 and Cu storage protein ceruloplasmin in  

C. elegans 

Exceeding the physiological range, Cu has been associated with the emergence 

of neurodegenerative diseases like WD, AD and PD [14,319]. Hence, it is vital 

to have mechanisms in place which regulate the Cu homeostasis in an efficient 

way. Therefore it is crucial to gain a better insight into the interplay of Cu-related 

proteins and their regulatory mechanisms. Ongoing research focuses 

particularly on labile Cu, as it is readily accessible for cellular absorption and 

has been suggested to potentially breach the blood-brain barrier in the form of 

a low molecular weight Cu complex [104]. Given Cu’s redox properties, a 

stringent regulation is essential to protect cells from increasing labile Cu levels, 

which can trigger the formation of RONS [15,419]. In this study, we investigated 

Cu dyshomeostasis through excessive Cu feeding and utilized models which 

exhibit genetic imbalances in Cu homeostasis. The deletion mutant of 

ceruloplasmin lacks the primary Cu storage protein, while the main Cu 

chaperone is absent in mutant strain atox-1. Collectively, our findings delineate 

the roles of ceruloplasmin and atox-1 in Cu homeostasis and identify functional 

markers in the model organism C. elegans. 

Our study revealed that the applied doses up to 2 mM for 24 h did not induce 

lethality in wildtype worms, but ceruloplasmin and atox-1 deletion mutants 

displayed reduced survival rates down to about 90%, indicating Cu 

hypersensitivity. Total Cu levels saw a concentration-dependent increase in all 

three tested worm strains, but notably less in ceruloplasmin and atox-1 deletion 

mutants. This implies that mutants with disrupted Cu homeostasis possess an 

altered storage capacity for Cu, which can be caused by a diminished influx, 

enhanced efflux, inadequate storage capacity or a combination thereof.  

ToF-SIMS analysis unveiled a uniform distribution of Cu throughout the worm's 

body. Additionally, depth profiling analysis corroborated the total Cu data 
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quantified by ICP-OES, demonstrating that wildtype worms exhibited the highest 

total Cu content, while ceruloplasmin-deficient worms displayed the lowest 

levels after 24 hours of treatment with 2 mM Cu. Moreover, our findings 

suggested that disturbances in Cu levels and Cu dysregulation accompany 

alterations in the gene expression of key players in the Cu homeostasis, such 

as atp7a/b, atox-1, ceruloplasmin, mtl-1 and mtl-2. The fact that atox-1 and 

ceruloplasmin deletion mutants display lowered total Cu levels but elevated 

mRNA levels of Cu exporter atp7a/b is unexpected. This could indicate that, 

instead of total Cu content, labile Cu is causing the alterations in gene 

expression levels. Despite lower total Cu levels, labile Cu levels of the tested 

mutant strains assessed by fluorescent dye CF4 were higher than in wildtype 

worms. These findings underline that labile Cu could be a valuable marker that 

should be included in the methodology for determining the Cu status, thereby 

aiding in the risk assessment or diagnosis of Cu dysregulation-related disorders. 

Taken together, this study underlines the importance of a proper functioning Cu 

homeostasis and that the Cu status of an individual should be monitored by 

multiple functional markers, including labile Cu, in order to provide selectivity 

and sensitivity to detect alterations in Cu homeostasis.  

Nevertheless, this study also presents several limitations. Mammals encode two 

separate genes for both P-type ATPases, one each for ATP7A and ATP7B.  

C. elegans, on the other hand, carries only one single gene of atp7a/b, albeit 

with high sequence similarity to human homologs [64]. Therefore, 

neurodegenerative diseases like WD and MD cannot be imitated in C. elegans. 

Chun et al. displayed, that a deletion mutant of atp7a/b (strain cua-1Δ) fails to 

lay eggs, indicating that atp7a and atp7b are required for normal growth and 

health in C. elegans [64]. Studies using analytical imaging techniques like  

ToF-SIMS in C. elegans are rare. Next to our work, only a handful of studies 

exist using such techniques in the nematode [420–422]. Within this study, the 

distribution of Cu could be observed over the entire worm body by ToF-SIMS. 

However, the resolution of this technique is not sufficient enough to investigate 
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the localization of Cu on a subcellular level. This would require the use of 

techniques with higher resolution, such as NanoSIMS [321]. Sample preparation 

for NanoSIMS is complex as fixation of cells and tissue is needed due to the 

high vacuum requirements of the analysis [423]. Future studies should therefore 

focus on the establishment of a sample preparation protocol for C. elegans 

samples for NanoSIMS analysis, to apply this unparalleled technique for the first 

time in worms to visualize subcellular metal localization. Another limitation of  

C. elegans is its lack of organs or specific tissue that can be isolated and 

analyzed individually. However, examining neuronal cells or isolated brain 

tissue is advantageous in the evaluation of neurotoxicity. For instance, research 

across various in vitro and in vivo models has demonstrated the presence of 

labile Cu pools within neurons and the brain [108,308,331,424]. In our study, the 

fluorescent probe CF4 was used to determine labile Cu (I) levels. In future 

studies, probes specifically designed for the detection of labile Cu (II) could also 

be utilized in C. elegans [15,104]. Since oxidative stress and neurodegeneration 

are often associated with mitochondrial dysfunction, future studies should focus 

on the isolation of mitochondria in the here used worm strains to determine 

mitochondrial Cu content [425,426]. As evidenced by our data and other studies, 

mRNA expression of metallothioneins mtl-1 and mtl-2 did not align with their 

respective protein expression levels [341]. Therefore, genes of which mRNA 

levels were assessed, the encoded protein content should be investigated as 

well, which is usually determined by western blot analysis. This underlines an 

additional limitation of C. elegans, as there is a lack of suitable antibodies 

available for the nematode [427,428]. A transcriptome analysis should also be 

carried out in future studies. Although this does not provide quantitative results 

like qPCR assessments, it does give a broad overview of differentially 

expressed genes within the complete set of RNA transcripts. In particular, 

transcription profiling of atox-1 and ceruloplasmin deletion mutants can be used 

to pinpoint alterations linked to the mutant’s phenotype [429]. The transcriptome 

analysis could therefore provide information on which metabolic pathways are 
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affected by excess Cu feeding or genetic Cu dyshomeostasis in C. elegans. This 

would provide a useful basis for the conduction of targeted mechanistic studies 

in the future [430]. 

Cu-mediated oxidative stress results in genomic and neuronal instability 

in C. elegans 

Although Cu is vital as a trace element for biological individuals, excessive Cu 

can result in an overproduction of RONS due to its redox properties [163]. 

Therefore, maintaining a tightly regulated Cu homeostasis is crucial for overall 

health [330,332]. Dysregulation of Cu levels and increased (labile) Cu levels are 

linked to oxidative stress and neurodegenerative disorders, yet the underlying 

mechanisms are still poorly understood. Therefore, this study aimed to 

investigate the molecular mechanisms of Cu redox biology using the model 

organism C. elegans. Chapter 4 revealed that transgenic loss-of-function strains 

of atox-1 and ceruloplasmin took up less total Cu compared to wildtype worms 

following 24 h Cu treatment. Simultaneously, the data demonstrated that the 

mutants with genetic-based Cu dyshomeostasis revealed elevated labile Cu 

levels compared to wildtype worms. Consequently, Chapter 5 elucidated the 

toxic mechanisms upon a disrupted Cu homeostasis and excess Cu regarding 

oxidative stress and the resulting consequences for genomic and neuronal 

stability.   

Our data revealed only few adverse effects induced by Cu in wildtype worms. 

However, it must be considered, that the applied doses in this study were  

non-lethal. Cu treatment led to a significant translocation of daf-16/FOXO4 in a 

concentration-dependent manner, while mRNA levels of daf-16/FOXO4 

remained unchanged. Furthermore, Cu supplementation resulted in reduced 

GSH and elevated GSSG levels in wildtype worms. Mutants with Cu 

dyshomeostasis, namely deletion mutants of atox-1 and ceruloplasmin, 

exhibited altered conditions regarding oxidative stress markers. Particularly 

noteworthy is the loss-of-function mutant ceruloplasmin, which demonstrated 
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reduced ATP levels and increased mRNA levels of gcs-1/GCLC, suggesting 

enhanced GSH synthesis. A significant finding of our study was the decreased 

CL content in ceruloplasmin-deficient worms, indicating impaired mitochondrial 

function and well-being. Additionally, ceruloplasmin-deficient mutants displayed 

lower GABA levels compared to wildtype worms, indicating neuronal instability 

in this transgenic worm model. Cu treatment resulted in decreased GSH and 

increased GSSG levels in both deletion mutants. Additionally, the cleavage 

products of ATP, ADP and AMP, were elevated, indicating a higher energy 

demand. Moreover, both mutant strains exhibited an increase in unbound MDA 

levels, demonstrating that Cu supplementation in the context of Cu 

dyshomeostasis induces lipid peroxidation in C. elegans. Cu induced DNA 

damage in terms of 8oxodG formation in ceruloplasmin-deficient worms. 

Surprisingly, PARylation levels remained unchanged following Cu treatment, 

contradicting expectations. Also, the mRNA levels of pme-1/PARP1 and  

pme-2/PARP2 remained unaffected, suggesting that Cu inhibits PARylation. 

These findings underscore the importance of ceruloplasmin for genomic stability 

in Cu toxicity in C. elegans. In atox-1 deletion mutants, basal levels of 

neurotransmitters remained unaltered compared to wildtype worms, but 

decreased upon 2 mM Cu treatment. This confirms the necessity of the Cu 

chaperone atox-1 and once again highlights the importance of a balanced Cu 

homeostasis for neuronal well-being in C. elegans. One notable highlight of this 

study was the analysis of CLs. Given the limited knowledge and possibilities for 

quantification, being able to detect this variety of species in the nematode is 

promising. Although no alterations in the pattern of CLs or the formation of 

oxidized CLs were detected, our study unveiled a decrease in the total CL 

content in ceruloplasmin-deficient worms.  

Studies suggest that disrupted CL levels and structure contribute to neuronal 

dysfunction and neurodegenerative diseases [151]. Abnormal levels of CLs are 

linked to mitochondrial dysfunction and are common features of AD and PD. 

Therefore, future studies should focus on understanding the role of CL in the 
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onset of neurodegeneration [344]. The brain lipidome is vast and complex and 

a variety of further lipid species take part in neurogenesis and the modulation of 

synaptic transmission. Studies indicate that in particular phosphatidylcholine 

(PC) and phosphatidylethanolamine (PE) are altered in serum and the brain in 

neurodegenerative diseases like AD and PD [431–433]. PEs and PCs should 

therefore be analyzed in addition to CLs in the future as well. Our study revealed 

neuronal instability in ceruloplasmin-deficient worms and Cu-mediated 

neurotoxicity in atox-1-deficient worms. To confirm these findings, the  

loss-of-function mutant of ceruloplasmin should be crossed with strain EG1285, 

to visualize GABAergic neurons by fluorescence microscopy [408]. 

Furthermore, atox-1-deficient worms should be crossed with the pan-neuronal 

GFP-tagged strain OH441 [409]. This would allow a comprehensive overview 

about the neuron’s morphology following Cu treatment. Our findings revealed 

an increase in 8oxodG levels but a lack of PARylation in ceruloplasmin-deficient 

worms following Cu incubation. In future investigations, it would be valuable to 

assess additional markers of DNA damage, such as the alkaline unwinding 

assay, to identify single-strand breaks [434]. Confirming Cu's genotoxicity in 

ceruloplasmin loss-of-function mutants would underscore its ability to inhibit 

PARylation. To address the possibility of a fully recovered PARylation after  

24 hours, Cu could be applied to ceruloplasmin mutants for a shorter duration, 

for example only one hour, followed by PARylation measurement. Moreover, 

treating the ceruloplasmin mutant with PAR inhibitors, such as Olaparib [349], 

and assessing 8oxodG levels post-Cu incubation could further elucidate Cu's 

impact on PARylation in C. elegans strains deficient in ceruloplasmin. If the 

same results regarding 8oxodG as in this study are obtained, it would indicate 

that Cu inhibits PARylation in C. elegans transgenic strain of ceruloplasmin. 

Additionally, deletion mutants of atox-1 exhibited diminished levels of both total 

PAR and mRNA of pme-1/PARP1. The correlation between atox-1 and its 

involvement in genotoxicity and DNA damage response, particularly 

PARylation, remains poorly understood and warrants further investigation in 
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future studies. As oxidative stress is believed to be the key player in the onset 

of genotoxicity as well as neurotoxicity, underlying mechanisms should be 

further investigated. Primarily the focus should be on mitochondria, as 

mitochondrial stress is assumed to cause the onset of genomic and neuronal 

instability [435]. The mitochondrial morphology in C. elegans can be observed 

using mitochondria-specific fluorescent dyes. Following dye incubation, 

mitochondrial structures can be visualized by confocal microscopy [395]. Using 

a Seahorse Xfe24 Extracellular Flux Analyzer delivers data on fundamental 

parameters like, among others, the basal oxygen consumption rate, ATP-linked 

respiration or proton leak within the mitochondrial respiratory chain. This 

analysis would allow a comprehensive understanding of mitochondrial 

metabolism and provides fast and reliable data on mitochondrial health in  

C. elegans [436]. A further meaningful marker is the total number of 

mitochondria, which can be analyzed via the mitochondrial DNA (mtDNA) copy 

number by RT-PCR, which allows to evaluate mitochondrial health [425,437]. 

Elevated levels of RONS are able to damage cellular components, such as 

DNA, proteins and lipids. This cellular damage can trigger signaling pathways, 

which can lead to cell death. Identifying and quantifying cell death mechanisms 

provides valuable insights into the impact of oxidative stress on cellular damage 

[438,439]. Future experiments should continue the here presented study by 

investigating the interplay between Cu dyshomeostasis and mitochondrial 

integrity as well as cell death mechanisms in the in vivo model organism  

C. elegans.  

Genetic predisposition to Parkinson’s disease leads to hypersensitivity 

towards Cu-induced neurotoxicity in C. elegans 

The characterization of the mechanisms behind neurodegenerative diseases 

like AD and PD remains incomplete, with both genetic and environmental factors 

playing pivotal roles. While the majority of patients diagnosed with PD are 

idiopathic, mutations in several genes have been linked to the disease, for 
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example PARK2/parkin and LRRK2. Additionally, metal dyshomeostasis, 

among others disturbed Cu levels, has been implicated as an environmental risk 

factor in disease development [123,388]. Cu overexposure as well as 

dysbalanced Cu homeostasis have been linked to neurotoxicity, potentially 

mediated by oxidative stress [164]. While Cu as well as oxidative stress are 

frequently discussed in the onset of neurodegenerative diseases, its role in AD 

and PD remains unknown [296]. In this study, we utilized the nematode  

C. elegans, known for its well-characterized nervous system. We employed 

models of PD using a loss-of-function mutant of pdr-1/PARKIN and a mutant 

carrying the g2019s variant of LRRK2. An Aβ-expressing mutant (CL2006) was 

utilized as model for AD. By excess Cu feeding we investigated the interplay of 

Cu and neurotoxicity on individuals with a genetic predisposition to AD and PD.  

Exposure up to 2 mM Cu revealed no lethal effects among wildtype or mutant 

worms. Despite that, all strains revealed a dose-dependent increase in total Cu 

levels. Notably, no significant differences in total Cu were observed between 

wildtype and mutants worms, ruling out variations in Cu uptake as a cause for 

toxic effects in subsequent experiments. Our data revealed a reduction of total 

GSH and an increase in total GSSG in all tested strains following Cu treatment. 

Furthermore, GSH was significantly less present in PD models, which was even 

worsened in the AD model CL2006. This finding is in line with literature, 

revealing that neurodegenerative diseases are associated with oxidative stress 

and cell death [219]. GSH depletion exacerbates oxidative stress, potentially 

leading to protein aggregation and neuronal cell death, which is prominent in AD 

and PD [440,441]. Moreover, this study demonstrated changes in synaptic 

transmission rates in all mutant strains, with AD and PD models revealing 

opposite alterations. These findings are supported by literature, since alterations 

in synaptic transmission contribute to cognitive and neurodevelopmental deficits 

[442,443]. Neurotransmitter analysis revealed no alterations in wildtype worms 

induced by Cu treatment. In contrast to wildtype worms, mutant strain CL2006 

displayed reduced DA and increased ACh levels, common for AD [215], but no 
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further impairments by Cu incubation. We revealed significantly lowered total 

DA levels in both tested PD models. Interestingly, DA levels got further reduced 

in pdr-1Δ and g2019s mutants following Cu treatment. We verified Cu-induced 

alterations of the dopaminergic apparatus in PD models, as we assessed  

Cu-induced alterations of the basal slowing rate as well as impaired morphology 

of dopaminergic neurons by fluorescence microscopy. Our data underline that 

the tested PD models pdr-1Δ and g2019s are hypersensitive to Cu 

overexposure compared to wildtype worms. It further indicates that PD is a 

multifactorial disorder, due to a combination of genetics and environmental 

factors. This raises the question whether individuals that are genetically 

predisposed to PD might have different requirements for Cu and other trace 

elements, as well as the need for special nutritional recommendations. 

In this work, reduced GSH levels were demonstrated in PD and AD models 

following Cu treatment. Since oxidative stress is considered as a trigger for 

neurotoxicity [444], future studies should further investigate the underlying 

mechanisms of Cu-mediated oxidative stress in individuals predisposed to 

neurodegenerative diseases such as AD and PD. Additionally, Chapter 5 

revealed that a Cu imbalance leads to genomic instability, which should also be 

investigated in PD and AD models following Cu treatment. 

Furthermore, the interplay between neurodegenerative diseases and Cu 

dyshomeostasis should be investigated. For instance, deletion mutants of  

atox-1 and ceruloplasmin could be crossed with the PD model g2019s. 

Neurotoxic endpoints regarding behavioral changes, alterations of neuronal 

morphology as well as neurotransmitter levels should be examined. Additionally, 

markers for the Cu status should be investigated, with a special focus on labile 

Cu levels. It would also be interesting to see whether the localization of Cu 

changes across the worm body and accumulates in the head area as a result of 

the genetic predisposition to PD and the loss of either atox-1 or ceruloplasmin. 

The Cu localization in these transgenic worms could be determined using  

ToF-SIMS. 



Chapter 7 – Final Discussion and Future Perspectives 

153 
 

AD can only be modeled to a limited extent in C. elegans. To study Aβ toxicity 

in the nematode is impossible per se, as C. elegans is unable to generate Aβ 

peptides due to the absence of the enzyme β-secretase [445]. To circumvent 

this, a transgenic line was obtained (CL2006), which expresses human Aβ in 

body wall muscle cells. This strain demonstrated an AD-like phenotype and its 

extensive Aβ deposits reacted with typical anti-Aβ antibodies [446]. However, a 

limitation of CL2006 is that Aβ is expressed in body wall muscle cells instead of 

neurons. Subsequently, a pan-neuronal Aβ-expression transgenic line (snb-1) 

has been developed. Although this strain presents intraneuronal Aβ deposits, 

they do not express an obvious phenotype [447]. The available Aβ-carrying 

transgenic strains all offer only an approximation to AD, but all have their 

limitations [445]. Even if experiments in Aβ models cannot be fully transferred 

to mammals, they offer the great opportunity to gain initial impressions of 

neurotoxic mechanisms. Although Cu did not alter neurotransmitter levels in 

strain CL2006, the effect of Cu on Aβ should be further investigated. Total Aβ 

content can be quantified using Western blot analysis, as described by 

Tangrodchanapong et al. [448]. Additionally, Aβ-specific dyes, such as 

Thioflavin S, can be employed for visualizing Aβ by fluorescence microscopy 

and for counting Aβ deposits [449]. Metal ions have been identified as a critical 

factor in modulating the aggregation of Aβ in AD [450]. To elevate our 

understanding, the quantity of Cu within Aβ fibrils could be observed and 

analyzed using imaging techniques such as NanoSIMS [321,451]. As ACh 

levels are elevated in the transgenic strain CL2006, acetylcholinesterase activity 

should be monitored as described by Stefanello et al. [452]. Additionally, GABA 

levels were significantly elevated compared to wildtype worms. In future studies, 

CL2006 should be crossed with strain LX929 and EG1285. This would allow to 

examine the morphology of cholinergic and GABAergic neurons, affected by Aβ 

deposits. Furthermore, strain CL2006 could be supplemented with substances 

like diethyl maleate to further deplete its already reduced GSH levels [356]. 

Subsequently, the effect of GSH depletion on Cu hypersensitivity in the context 
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of AD could be compared to wildtype worms. Additionally, supplementing 

CL2006 worms with N-acetyl cysteine (NAC), a GSH precursor [453], could 

reveal if NAC has a protective effect. If proven effective, NAC could be explored 

as a potential treatment for AD. 

In summary, this thesis highlights the multifaceted role of the essential trace 

element Cu, addressing the risks associated with excess Cu and a disturbed Cu 

homeostasis. Next to Cu’s pivotal role in biological processes as enzyme 

cofactor, elevated as well as disturbed Cu levels can lead to the formation of 

RONS, contributing to oxidative stress and, as shown in this thesis, leading to 

genomic and neuronal instabilities. Therefore, a variety of reliable and highly 

specific and sensitive techniques were established and applied in C. elegans to 

quantify metabolites related to oxidative stress, with special focus on 

mitochondria, oxidative DNA damage, DNA damage response as well as 

neurodegeneration in the context of a disrupted Cu homeostasis. These findings 

emphasize the critical need for well-regulated (labile) Cu levels and a tightly 

controlled Cu homeostasis and underscore the significance of reliable markers 

for the Cu status. Moreover, it underlines the vital role of RONS balance and 

mitochondrial health in maintaining both genomic and neuronal integrity. Not 

only does Cu dyshomeostasis pose a risk for Cu toxicity, but also genetic 

predisposition for PD. Data revealed Cu-mediated neurotoxicity on 

dopaminergic neurons in individuals with PD assessed by a comprehensive 

approach consisting of the analysis of DA levels, DA-dependent behavior as 

well as the morphology of dopaminergic neurons. This emphasizes a 

hypersensitivity to Cu due to a genetic predisposition to PD in C. elegans. 
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Appendix – Supplementary Material 

Supplementary for Chapter 4: Dysfunction in atox-1 and ceruloplasmin 

alters labile Cu levels and consequently Cu homeostasis in C. elegans 

 

Figure 37: Total (A) Fe, (B) Mn and (C) Zn levels quantified by ICP-OES in wildtype, atox-1Δ and 

ceruloplasminΔ mutants following 24 h Cu treatment. Data presented are mean values of n ≥ 4 

independent experiments + SEM. 

 

 

Figure 38: Total (A) Fe, (B) Mn and (C) Zn levels quantified by ICP-OES in wildtype, mtl-1KO, mtl-2KO 

and mtl-1KO::mtl-2KO mutants following 24 h Cu treatment. Data presented are mean values of n = 4 

independent experiments + SEM. Statistical analysis using 2-way ANOVA with Tukey’s multiple 

comparison. Significance level with α = 0.05: *: p ≤ 0.05; compared to untreated control and §: p ≤ 0.05; 

§§: p ≤ 0.01; §§§: p ≤ 0.001 compared to wildtype in same condition. 
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Supplementary for Chapter 5: Dysfunctional Copper Homeostasis in 

Caenorhabditis elegans affects genomic and neuronal stability 

MDA: Settings for LC-FLD analysis and method validation parameters 

LC-FLD parameters for MDA quantification 

Analysis was performed by LC-FLD using an Agilent 1260 Infinity II liquid 

chromatography system. The chromatographic separation was performed using 

a Chromolith Performance RP-18 100 x 4.6 mm column at 40 °C. 5 mM KH2PO4 

(pH 7) and MeOH were used as eluents. At a flow rate of 0.7 mL/min, the total 

run time was 9 min. The measurement started with 0 – 100% of MeOH in 1 min, 

100% MeOH for 5 min, 100 – 0% in 2 min and 1 min equilibration at 0% MeOH. 

Detection was performed by a FLD at extinction of 515 nm and emission of  

553 nm. 

Method validation parameters 

The method for determination of MDA using LC-FLD was validated according to 

the “ICH guideline Q2(R2) on a validation of analytical procedures” of the 

European Medicines Agency. All samples and standards were derivatized with 

2-Thiobarbituric acid (TBA) before the measurements. The linearity, limit of 

detection (LOD) and limit of quantification (LOQ) were determined by adding a 

defined amount of homogenized worm (wild type) matrix to TMP standards 

before derivatization with TBA. The concentration range of the standards was 

between 0 – 500 nM TMP. The LOD and LOQ were determined using following 

formulas: LOD = 3 x SDy/b and LOQ = 10 x SDy/b (SDy = standard deviation of 

analyte concentration in 4 blank measurements, b = slope of calibration curve). 

To determine the accuracy, 20 nM, 200 nM and 500 nM TMP were analyzed 

five times each. The ratio of the measured concentration to the expected 

concentration was calculated to determine the accuracy. The recovery was 

determined by analyzing four samples with a defined amount of worm matrix, 

four samples with a defined TMP concentration and four samples containing 
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both. To calculate the recovery, the ratio of the measured standard with matrix 

and the quantity of the standard without matrix was determined. To determine 

the intraday precision, five samples were pelletized on one day and for interday 

determination, five samples were pelletized on five different days. The unbound 

and bound MDA concentrations of these samples were normalized to protein 

content and the precision is stated as the relative standard deviation of the 

samples in percent (RSD%). 

Table 7: Overview of linearity, LOD, LOQ, accuracy and recovery of the MDA method validation. 

Correlation coefficient [R2] 0.9995 

LOD [nM] 9 

LOQ [nM] 30 

Accuracy [%] 

20 nM TMP 

134 ± 13 

200 nM TMP 

98 ± 10 

500 nM TMP 

100 ± 6 

Recovery [%] 98 ± 8 

 

Table 8: Overview of intraday and interday of unbound and bound MDA. 

 unbound MDA bound MDA 

intraday 16 % 10 % 

interday 19 % 29 % 

 

Experimental procedure for cardiolipin analysis 

Chemicals and materials 

Methanol (MeOH), acetonitrile (ACN), 2-propanol (LC/MS grade), formic acid 

(99-100% p.a.) and acetic acid (≥99.99%) were obtained from VWR 

International GmbH (Darmstadt, Germany). Methyl-tert-butylether (MtBE)  

(LC grade) was purchased from Merck KGaA (Darmstadt, Germany). 

Ammonium formate (≥99.995%) was purchased from Sigma Aldrich (Steinheim, 
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Germany). Ammonium acetate (≥99.99%) was delivered by Honeywell (Seelze, 

Germany). 18:2 Cardiolipin-d5 (> 99%) (d5-CL 72:8) was obtained from Avanti 

Polar Lipids (Birmingham, AL, USA). Water was purified by a Milli-Q EQ 7000-

System (18.2 MΩcm; 0.2 μm filter; Millipore, Molsheim, France). All chemicals 

were used as received. 

Lipid extraction 

Lipid extraction of C. elegans samples was carried out according to a modified 

protocol of Matyash et al. [454] including an additional extraction cycle 

previously described by Helmer et al [365]. C. elegans nematodes in the fourth 

larvae stadium (L4) were extracted in pellets of 4500 worms. For resuspension 

of the pellet, 100 µL of water was added. Additionally, 20 µL of 65 mM BHT as 

an antioxidant was added before three freeze-thaw cycles in liquid nitrogen were 

performed. This step was followed by sonication (UP200St, Hielscher 

Ultrasonics GmbH, Germany) of the sample after adding 1.5 mL MeOH and  

20 µL 5 µM d5-CL 72:8 as internal standard (IS). Lipid extraction was induced 

by adding 5 mL MtBE to the sample in 12 mL glass vials with Teflon caps. The 

sample was shaken for 1 h at 600 rpm at room temperature. For phase 

separation, 1.25 mL water was added to the extraction mixture followed by an 

additional 10 min incubation at room temperature. After centrifugation of the 

sample for 10 min at 2500 rpm (Centrifuge 5804, Eppendorf SE, Germany), the 

upper organic phase was collected. A second extraction cycle was then applied 

to the aqueous phase by adding 2 mL MtBE/MeOH/water (10:3:2.5; v/v/v). 

Pooled organic supernatants were dried utilizing a gentle nitrogen flow. The 

residue was resuspended in 200 µL of 2-propanol, resulting in a concentration 

of 0.5 µM IS and 6.5 mM BHT. Lipid extracts were then directly used for analysis.  

Cardiolipin analysis via 2D-LC-HRMS 

2D-LC-HRMS analysis was carried out utilizing a Thermo Scientific Vanquish 

Flex Duo UHPLC-system (Thermo Fisher Scientific, Dreieich, Germany) 

hyphenated to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, 
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Bremen, Germany). The instrument setup was controlled via the XCalibur 4.1 

software using the SII plug-in. The instrument and heart-cut setup was applied 

as previously described by Blume et al. [366] and Helmer et al. [365,455]. In first 

dimension (1D) HILIC separation of phospholipid classes was performed utilizing 

an iHILIC Fusion(+) column (20 x 2.1 mm, 5 µm, 100 Å) (HILICON AB, Umeå, 

Sweden). Gradient elution was performed using an aqueous ammonium 

formate buffer (35 mM, pH 3.5, 5% ACN) (A) and ACN (B) as organic solvent 

[455]. Equilibration of the stationary phase at 60% B for 20 min took place 

beforehand to ensure reproducible retention times. In second dimension (2D) 

RP separation was optimized for efficient separation of CL species on an 

Xselect Premier CSH C18 column (100 x 2.1 mm, 2,5 µm) (Waters Corporation, 

France). For gradient elution, aqueous ammonium acetate buffer (10 mM, 

0.01% acetic acid, 5% MeOH) (A) and MeOH/2-isopropanol (60:40 (v/v), 10 mM 

ammonium acetate, 0.01% acetic acid). The gradient started at 80% B with an 

equilibration step during the HILIC separation in first dimension [365]. Table 9 

gives a detailed gradient overview of 1D HILIC and 2D RP separation. For the 

heart-cut approach, a transfer window from 5.8 min to 6.4 min was applied. A 

six-port valve integrated into the column compartment was equipped with a 

400 µL stainless-steel sample loop for the heart-cut setup as described earlier 

[365,366]. Analyte transfer onto the RP column in 2D was carried out by back-

flushing the sample loop. Gradient elution as described in Table 9 started 

simultaneously. The total run time including both separation dimensions was 

28 min with a sample injection volume set to 5 µL.  
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Table 9: Gradient overview containing both gradients for the HILIC separation in the first and the RP 

separation in the second dimension and the switching positions of the six-port-valve for the heart-cut 

setup. 

1D HILIC gradient 2D RP gradient Valve set-up 

time 

/min 

flow 

/mLmin-1  %B 

time 

/min 

flow 

/mLmin-1  %B 

time 

/min position 

0.00 0.3 97 0.00 0.3 80 0.00 2_1 

0.2 0.3 97 7.70 0.3 80 5.80 1_6 

0.5 0.3 93 8.70 0.3 92 6.40 2_1 

2.75 0.3 93 22.70 0.3 98 7.70 1_6 

7.50 0.3 60 23.10 0.3 100 25.00 2_1 

11.00 0.3 60 26.90 0.3 100   

11.50 0.3 97 27.40 0.3 80   

14.00 0.3 97 28.00 0.3 80   

14.10 0.05 97      

24.50 0.05 97      

28.00 0.3 97      

 

 

Figure 39: Six-port-valve positions for the heart-cut setup. 

 

Negative electrospray ionization (ESI) was performed by a HESI-II probe 

(Thermo Fisher Scientific, Bremen, Germany) prior mass spectrometric 

detection. Probe parameters were set to the following values: source voltage -

3.5 kV, probe heater 300 °C, sheath gas flow rate 45 arbitrary units, auxiliary 
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gas flow rate 10 arbitrary units, spare gas flow rate 1 arbitrary unit, capillary 

temperature 325 °C. The s-lens rf level was set to 85. Data-dependent MS/MS 

experiments for structural elucidation were performed at a normalized collision 

energy of 24 eV (based on a m/z of 500) by HCD with a resolution of 17,500 (at 

m/z 200). Full scan resolution was set to 140,000. An isolation window of 1.5 Da 

for precursors was set to avoid isotopic interferences. The maximum C-trap 

injection time was set to 100 ms in full scan mode and 50 ms for MS/MS 

experiments.  

Data processing 

For data processing of the HRMS data, the open source software MZmine 3 

[456] (version 3.4.21) was utilized. CL annotation was performed by the lipid 

search module based on accurate mass and matching MS2 spectra. A batch 

processing method was created using the processing wizard. The UHPLC-

Orbitrap-DDA setup was chosen. Polarity was set to negative with a noise level 

of 5000 for MS1 and 1000 for MS2 level. A mass tolerance of 10 ppm was set 

for the ADAP chromatogram builder [457]. Subsequently, the created feature 

lists were aligned and gap filled. 

For the analysis of the CL distribution, all peak areas of identified CL species 

were normalized to the peak area of the IS (0.5 μM d5-CL 72:8) in addition to 

the protein content. Subsequently, all normalized peak areas of identified CL 

species were summed up and the relative abundance of all CL species in 

comparison to the overall CL amount was calculated. An absolute quantification 

was not carried out. Due to the normalization of the data set, comparable results 

in wild-type and mutant samples could be observed. 

Lipid nomenclature 

Lipids were named according to the shorthand notation proposed by Liebisch et 

al. [458] The total number of carbon atoms in the fatty acyl residues is given 

together with the number of double bonds i.e. CL 72:8. 
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Supplementary Figures 

 

Figure 40: Relative mRNA levels of (A) daf-16/FOXO4, (B) nsy-1/MAP3K5 and (C) pmk-1/MAPK11 

following 24 h Cu incubation. Data presented are mean values of n = 4 independent experiments + 

SEM. 

 

 

Figure 41: Relative mRNA levels of (A) skn-1/NRF2, (B) bli-3/DUOX2, (C) sod-1/SOD-1 and (D) sod-

4/SOD-3 following 24 h Cu incubation. Data presented are mean values of n = 4 independent 

experiments + SEM. 
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Figure 42: MDA levels (bound) normalized to wildtype control [%]. PQ was used as positive control (C+) 

in wildtype worms. Data presented are mean values of n = 4 independent experiments + SEM. 

 

 

Figure 43: Representative distribution of CL species in terms of chain length and degree of saturation 

for untreated (A) atox-1 and (B) ceruloplasmin deletion mutants. 

 

 

Figure 44: Aldicarb-induced paralysis assay in (A) wildtype, (B) atox-1Δ and (C) ceruloplasminΔ worms 

treated with 0 mM (light grey), 0.5 mM (dark grey) or 2 mM (black) CuSO4 for 24 h. Plotted are the 

fraction of moving worms [%] against the assay procedure time [min]. Data presented are mean values 

of n = 3 independent and blinded experiments ± SEM. 
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Supplementary for Chapter 6: Copper-mediated neurotoxicity and genetic 

vulnerability in the background of neurodegenerative diseases in  

C. elegans 

 

Figure 45: Aldicarb-induced paralysis assay in (A) wildtype worms and (B) pdr-1Δ, (C) g2019s and (D) 

CL2006 mutants. Worms were treated with either 0 mM (light grey), 0.5 mM (dark grey) or 2 mM (black) 

CuSO4 for 24 h. Plotted are the fraction of moving worms [%] against the assay procedure time [min]. 

Data presented are mean values of n = 3 independent and blinded experiments ± SEM. 
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