
 

 

 

ABSTRACT 

 

MARTIN, RUBIA MAYSA. Investigation of Cyanotoxins as Triggers of Neurodegeneration, 

Using Contemporary Proteomics, Statistical Mixture Design and Behavioral Analysis. (Under 

the direction of Dr. Michael S. Bereman and Dr. Kurt C. Marsden). 

 

Cyanobacteria are found ubiquitously in the environment and produce numerous metabolites, 

which are commonly known as cyanotoxins. Exposure to environmental cyanotoxins is an 

emerging concern due to their association with neurodegenerative diseases, including 

amyotrophic lateral sclerosis (ALS), Alzheimerôs, and Parkinsonôs diseases. Despite the natural 

co-occurrence of many cyanotoxic compounds, most studies have focused on a single 

cyanotoxin, ɓ-methylamino-L-alanine (BMAA). However, single-toxin studies poorly 

recapitulate natural exposures, and our knowledge of how cyanotoxic compounds may interact is 

limited. To determine the individual and/or interactive effects due to exposure to individual 

cyanotoxins and/or cyanotoxic mixtures, I have combined toxicity and behavior-based assays 

with mass spectrometry proteomic techniques in both in vitro and in vivo systems. I first 

conducted dose-response studies for individual cyanotoxins and revealed their adverse effect 

levels. I then implemented a novel mixture design approach to more closely model real-world 

exposures and screened for interactive effects. My research shows the first evidence of 

interactions between BMAA and other cyanotoxic components at the organismal, cellular, and 

molecular levels. Specifically, cyanotoxic mixtures between BMAA and its natural occurring 

isomers 2,4-diaminobutyric acid (2,4-DAB) and N-2-aminoethyl glycine (AEG) synergistically 

decrease viability of motoneuron-like cells in vitro. In contrast, similar mixture solutions 

between these cyanotoxins showed little overt toxicity interaction in vivo, revealing 2,4-DAB as 

the most potent cyanotoxin followed by BMAA, and AEG against zebrafish larvae. Additionally, 

2,4-DAB elicited molecular changes consistent with neurodegeneration, including disruption of 



 

 

 

metabolic pathways, triggering protein damage, and downregulation of two ALS-associated 

genes, SOD1 and UBQLN4. Remarkably, exposure to a mixture of BMAA and the most 

ubiquitous cyanotoxin in the environment, Microcystin-LR (MCLR), synergistically increased 

acoustic startle sensitivity in zebrafish larvae, which is a hyperexcitable phenotype that may 

represent an early stage of excitotoxic neuropathology. Supporting these cellular and behavioral 

results, proteomic analysis of BMAA and MCLR mixture-exposed zebrafish larvae revealed 

significant dysregulation of proteins involved in ALS pathology, including a 5.7-fold increase in 

TDP-43, of which cytoplasmic aggregates represent a hallmark of both forms of ALS pathology 

(i.e., familial and sporadic). Pathway analysis of differentially expressed proteins shows further 

disruption of multiple canonical pathways involved in neuronal stress such as calcium, ILK, and 

Rho GTPase signaling. Together, my research demonstrates that there are significant interactions 

between cyanotoxins in both in vitro and in vivo systems, and it highlights the implications of 

cyanotoxic mixture exposure for neurodegenerative diseases.  
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Chapter 1 

General Introduction 

1.1 Neurodegeneration 

Adult-onset neurodegenerative pathologies represent a major public health challenge as it 

presents substantial challenges for diagnosis and disease management. Patients suffering with 

neurodegeneration require special care and therapies, and the overall cost for treating clinical 

features of neurodegenerative pathologies is approximately $500 billion per year (Takizawa, 

Thompson et al. 2015). Variable clinical features can include cognitive decline, speech 

difficulties, and/or motor impairments; these rob people their quality of life and personality (Fu, 

Hardy et al. 2018). Neurodegeneration is characterized by the progressive loss or dysfunction of 

neurons in specific areas of the brain and/or spinal cord (Spillantini and Goedert 2013). 

Frontotemporal dementia (FTD), Alzheimer disease (AD), Parkinson disease (PD), Huntington 

disease (HD), and Amyotrophic Lateral Sclerosis (ALS) are among the most common adult-

onset neurodegenerative diseases. These neurodegenerative pathologies display complex and 

distinctive pathophysiological profiles, and currently there are no effective disease-modifying 

therapies.  

Among all neurodegenerative conditions, ALS is the most rapidly fatal. In ALS, upper 

and lower motor neurons in the motor cortex, bulbar region, and spinal cord are lost, leading to a 

progressive muscle weakness in which the end-stage disease is characterized by respiratory 

failure, suggesting that ALS is a very heterogenous disease. An ALS patient has a median 

survival period of 3 to 5 years from symptom onset (Swinnen and Robberecht 2014). Gene 

mutations only explain 5 to10% of all ALS cases (i.e., familial ALS) (Ghasemi and Brown 2018) 

The most common mutated gene in ALS are C9ORF72, SOD1, TARDBP and FUS (Brown and 
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Al -Chalabi 2017). Nevertheless, these implicated genes are incompletely penetrant; thus, a 

specific genotype modification does not necessarily predict the ALS phenotype due to the 

presence of oligogenic inheritance where a trait is influenced by a multiple mutations, for 

example (Bury, Highley et al. 2016). The vast majority (>90%) of cases of ALS are sporadic 

(occurring without a family history). In cases of sporadic ALS occur at random, suggesting that 

the actual complexity of ALS pathogenesis is even more complicated because in sporadic ALS, 

the environment seems to play a major role. However, the contribution of environmental factors 

is not easy to assess because the search space is infinite (i.e., exposome). The environment has 

been linked to sporadic ALS in multiple factors before, including increased physical activity 

(Lewis and Gordon 2007), smoking habits (Nelson, McGuire et al. 2000), exposure to heavy 

metals as well as pesticides/chemicals (Sutedja, Veldink et al. 2009), residential and/or 

occupational exposures to electromagnetic field (Baaken, Dechent et al. 2021, Filippini, Hatch et 

al. 2021) and more. However, exposure to a naturally produced environmental cyanotoxin has 

been found to be the biggest environmental factor to possibly underlie diseases cases because 

these exposures perfectly correlate with consistent data in spatial clustering of sporadic ALS 

cases (discussed in detail on section 1.2). Still, none of these studies provide strong enough 

evidence that these factors have a causative relationship to the onset of sporadic ALS. 

1.2  Environmental Cyanotoxins 

Environmental exposure to the cyanotoxin Beta-N-methylamino-L-alanine (BMAA) was 

the most likely risk factor for the high incidence of ALS-parkinsonism-dementia complex (PDC) 

in Guam in the 1950s. BMAA is non-canonical amino acid, and it was first isolated from seeds 

of cycad trees on the island of Guam in the 1960s (Vega and Bell 1967) . The indigenous 

population of Guam developed ALS/PDC with approximately 100-fold greater incidence when 
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compared to the rest of the world (Bradley and Mash 2009). The elevated rates of ALS/PD in 

Guam were attributed to the dietary habits of the indigenous population in which natives used to 

consume flour made from seeds of the cycad tree in which BMAA had been identified at 

relatively high doses (mean of 1,161 µg/g) (Banack and Cox 2003). Two other additional 

evidence supports BMAA as a major risk factor for the ALS/PDC cases in Guam. First, 

researchers identified a significant accumulation of BMAA in flying foxes (ranging from 1,287 

to 7,502 µg/g) (Cox and Sacks 2002). Flying foxes are commonly known to forage on cycad 

seeds, and consumption of a single flying fox would be equivalent to eating 174 to 1,014 kg of 

processed cycad flour (Banack and Cox 2003). Because flying foxes were commonly consumed 

by the Chamorro population during traditional feasts, it is thought that this behavior also 

contributed to its biomagnification up the food chain in Guam. Second, both forms of BMAA 

(e.g., free and protein bound) had been also detected in archived postmortem brain tissues of 

Guamanian ALS/PDC patients (Murch, Cox et al. 2004). These studies were the first evidence to 

implicate the biomagnification of the neurotoxin BMAA progressive neurodegenerative diseases. 

Interestingly, the incidence of ALS-PDC cases decreased and maintained relatively stable at 

rates similar to the rest of the world during the last 60 years (Plato, Garruto et al. 2003). This 

decline in incidence is due to the radical cultural and environmental changes (e.g., lifestyle and 

diet) brought about by the westernization of the Island of Guam.  

Through the years, BMAA has also gained additional attention due to its ubiquitous 

presence in the environment and because of the noted increase in blue-green algal blooms 

throughout the world, which suggests a possible increase of human exposure to this natural toxin. 

Previously, researchers have detected significant concentrations of BMAA in postmortem brain 

specimens of North American ALS (range of 86 to 238 µg/g) and AD (range of 24 to 228 µg/g) 
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patients, suggesting an etiological role for BMAA outside of Guam and in other forms of 

sporadic neurodegenerative pathologies (Bradley and Mash 2009, Pablo, Banack et al. 2009). 

Recent studies have demonstrated that BMAA is, indeed, able to biomagnify in higher trophic 

levels as it has been detected in large amounts in seafood (range of 0.29 to 7000 µg/g) (Brand, 

Pablo et al. 2010, Salomonsson, Fredriksson et al. 2015) and apex marine animals such as 

dolphins (range of 20ï748 µg/g) (Davis, Mondo et al. 2019) and sharks (range of 34 to 2011 

ng/mg) (Mondo, Hammerschlag et al. 2012, Hammerschlag, Davis et al. 2016). Sadly, due to 

continued increase of cyanobacterial blooms, biomagnification of BMAA in marine life is also 

expected to rise. Thus, it is not unreasonable that dietary exposure through consumption of 

contaminated seafood is currently considered the main vector for human exposure. Since the 

discovery that dietary exposures to biomagnified BMAA were linked to neurodegeneration in the 

island of Guam (Cox, Banack et al. 2003), other epidemiological studies have also been reported 

in North America. For instance, inhabitants of New Hampshire that lived nearby lakes that had 

history of multiple cyanobacteria blooms were 10-25 times more likely to develop ALS when 

compared to the rest of the population due to the possibility of inhalation of aerosolized toxins, 

consumption of contaminated fish, and/or ingestion of contaminated water from nearby lakes 

(Caller, Doolin et al. 2009). In Maryland, BMAA has also been linked as the major risk factor 

for sporadic ALS patients who were exposed weekly to BMAA-contaminated crab food (Field, 

Metcalf et al. 2013). Another epidemiological study has implicated BMAA in neurodegenerative 

diseases outside of Guam when they found another ALS cluster along the French Mediterranean 

coast where the locals routinely consumed shellfish that were found to contain BMAA 

(Masseret, Banack et al. 2013). Although these studies have identified sporadic ALS clusters 
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based on a small number of cases; combined, they provide strong evidence that BMAA is a 

worldwide environmental stressor. 

Dietary exposure to BMAA has been the most important human exposure route due to the 

various reports confirming the presence of this natural toxin in commonly consumed food items. 

However, humans can be exposed to BMAA via inhalation as well. When BMAA-producing 

cyanobacteria was found in the sands of large desert areas in Qatar, it was postulated to be linked 

to the increased risk of sporadic ALS amongst Gulf War military veterans (Cox, Richer et al. 

2009). This hypothesis brought up a largely unexplored, but potentially important route of 

human exposure ï inhalation. Researchers hypothesize that microorganisms, including 

cyanobacteria, could have been transported by desert dust storms, making inhalation of 

aerosolized cyanobacterial material a plausible route of human exposure. The detection of 

environmental cyanotoxins in air filters (Cheng, Zhou et al. 2007) has increased the concern that 

aerosolization of cyanobacteria and/or cyanotoxins can occur, and it may lead to human exposure 

to BMAA through the air or recreational activities. Aerosolization of cyanobacteria and BMAA 

is also supported by an epidemiological study (Stommel, Field et al. 2013). Here, they surveyed 

a sample of 26 individuals deemed at high risk (living within ¼ mile from a water body 

containing cyanobacteria) and low risk (further than ¼ mile from a water body containing 

cyanobacteria). Interestingly, their postmortem results showed that of the high-risk patients, 

84.6% showed the presence of cyanobacteria within the lung tissue compared to only 7.7% of 

low-risk patients. Interestingly, BMAA uptake via inhalation and distribution throughout the 

body have been recently demonstrated in rats (Scott and Downing 2019), but researchers did not 

observe clinical signs of toxicity or any obvious behavioral changes in the animals exposed to 

BMAA in this experiment. 
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Despite the route of exposure, none of these past studies was a clear reproduction of the 

behavioral and neurodegenerative changes observed within the ALS-PDC patients in the island 

of Guam. Unfortunately, to this date there is not a single animal model of BMAA-induced 

neurodegeneration. However, a recent study have demonstrated that a single neonatal exposure 

to BMAA is sufficient to produce commonly associated neurodegenerative pathologies, 

including ɓ-amyloid deposition, neurofibrillary tangles of hyper-phosphorylated tau, TDP-43 

inclusions, Lewy bodies, microbleeds and microgliosis as well as severe neuronal loss in the 

hippocampus, striatum, substantia nigra pars compacta in a rat model (Scott, Downing et al. 

2017). Two years later the same group demonstrated that BMAA cause neurodegeneration and 

behavioral deficits in adult rats in a dose-dependent manner (Scott and Downing 2019). 

Although, these studies in rats reproduce the pathology very similarly to human ALS, BMAA is 

still one of the most checkered molecule to have toxicological effects as multiple reports when 

were reviewed shared the inability to imitate the sporadic ALS pathology in various animal 

models (Karamyan and Speth 2008). 

The effects associated with environmental cyanotoxin exposure is a concern of public 

health as the number of cyanobacteria bloom are increasing around the world. The main cause of 

increased cyanobacteria is eutrophication, which is the excessive run-off of nutrients in a lake or 

other body of water, and the rise of water temperatures due to global warming (Nixon 1995, 

Moffat 1998). Under these favorable conditions, cyanobacteria thrive in aquatic environments, 

and they can produce metabolites of various toxicological profiles. Although BMAA is produced 

by a diverse taxa of cyanobacteria (Cox, Banack et al. 2005), it still just one metabolite of several 

hundred produced by cyanobacteria in which some of these metabolites have been reported to 

co-occur with BMAA around the world (Table 1.1). 
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Table 1.1: Cyanotoxins that are known to co-occur together in the environment.  

Known to co-occur Place Citations 

Anatoxin-a and microcystin  France (Sabart, Crenn et al. 

2015) 

Anatoxin-a, BMAA, and 2,4-DAB  Nebraska, 

USA 

(Al -Sammak, Hoagland 

et al. 2014) 

Microcystin LR and BMAA New 

Hampshire, 

USA 

(Metcalf, Banack et al. 

2008, Banack, Caller et 

al. 2015) 

Cylindrospermopsin, anatoxin, 2,4-DAB, BMAA, 

AEG, and saxitoxin 

Canada (Roy-Lachapelle, Solliec 

et al. 2015, Vo Duy, 

Munoz et al. 2019) 

Microcystin LR and AEG, anatoxin-a  Qatar (Metcalf, Richer et al. 

2012, Chatziefthimiou, 

Metcalf et al. 2016) 

Microcystin, BMAA, AEG, 2,4-DAB  Antarctic (Jungblut, Wilbraham et 

al. 2018) 

BMAA and 2,4-DAB  Netherlands (Lance, Arnich et al. 

2018) 

Cylindrospermopsin, microcystin LR and 

Saxitoxin  

Nation Lake, 

USA 

(Loftin, Graham et al. 

2016) 

 

 Consequently, in the environment an individual is more likely to be exposed to a cocktail 

of cyanotoxins. Although the existent co-occurrence of BMAA with other cyanotoxins allows for 

the possibility of an even more enhanced toxicity, most studies do not account for the potential 

of synergistic toxicity effects of other compounds with BMAA. This becomes a subject of 

concern especially because not only BMAA but also its isomers and other non-cyanotoxic 

neurotoxins such as mercury (Hg) have biomagnified through higher trophic levels of the food 

chain. For example, scientists have already provided first measures of BMAA, its structural 

isomers as well as total Hg within a commercial samples of shark fin/cartilage products (Mondo, 

Hammerschlag et al. 2012). The first laboratory study to investigate the effects of mixtures was 

performed by Doug Lobner and collaborators in the early 2000s. Their study showed that BMAA 

at low concentrations (10µM) potentiated neuronal damage in vitro when in combination with 

other non-cyanotoxic insults (Lobner, Piana et al. 2007). Hence, there is a critical need to 
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recreate real-life exposure scenarios to BMAA and investigate its neurotoxic effects not only 

alone but also in combination with other neurotoxic compounds.  

1.3  A Multisystem, Cyanotoxic Mixture Design, and Proteomics Toxicity Testing 

 ALS is also thought to be a multisystem spectrum neurodegenerative disorder (Benatar, 

Wuu et al. 2013) because the disease phenotype extends to include both clinical axonal sensory 

neuropathy (Isaacs, Dean et al. 2007) and front temporal dysfunctions, including a broad range 

of neuropsychological, speech, language, or behavioral pathologies (Moszczynski, Hintermayer 

et al. 2018). Little information is currently available due to exposure to mixtures of cyanotoxins 

(i.e., BMAA with other cyanotoxins and/or other neurotoxins) in both in vitro and in vivo 

systems. Thus, a systematic study consisting of multidisciplinary approaches is critical when 

investigating the link between cyanotoxins and neurodegeneration. For example, combining both 

in vitro and in vivo investigations are essential as they can generate more comprehensive toxicity 

data sets for risk assessment of environmental cyanotoxins. A few in vitro studies have made 

advances in understanding neurotoxicity due to exposure to environmental cyanotoxins (Chiu, 

Braidy et al. 2015, Beri, Nash et al. 2017, Main, Main et al. 2018). However, in vitro approaches 

do not recapitulate the complexity of an organism, meaning that they are only able to recapitulate 

very early stages of any biological system, and they do not deal with toxicokinetic aspects such 

as uptake, distribution, metabolism, and/or excretion levels. Moreover, cellular responses due to 

cyanotoxin exposure are usually distinct based on each lineage, making combined conclusions a 

complex paradigm. For instance, the acquisition of unique cellular phenotypes and/or cellular 

protein expression profiles are based on specialized cellular functions. Thus, these findings do 

not account for responses of whole organism system and testing for neurotoxicity in animal 

models is also of interest.  
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The zebrafish is a powerful alternative in vivo model for studying toxin-induced human 

neurological and movement disorders because it offers a vertebrate model that is well suited for 

screening compounds using phenotype-based approaches (Currie and Lieschke 2007). Its many 

strengths include small size, low cost, high fecundity, availability of various transgenic lines 

expressing fluorescent markers in select neuronal populations, and ability to measure complex 

behavior during starting at their larval stage (Stewart, Braubach et al. 2014). The latter is of 

extremely importance in studies of toxin-induced diseases as it can help assess the effects of non-

lethal doses, helping address whether behavior changes due to exposure may affect development, 

organismal quality of life and/or survival. While zebrafish are generally structurally distinct from 

mammals, the main central nervous system architecture between human and zebrafish are highly 

conserved. Remarkably, the zebrafish model shares about 70% of genetic similarity between 

humans, and approximately 85% of human disease associated genes have a zebrafish counterpart 

(Howe, Torroja et al. 2013). Thus, making zebrafish is a powerful in vivo model for investigating 

both sporadic (Frøyset, Khan et al. 2016) and familial ALS cases(McGown, McDearmid et al. 

2013).  

 Additionally, combining this multisystem approach with a more realistic environmental 

exposure design is advantageous because despite the known complexity of environmental 

exposures, conventional toxicity testing is rooted in evaluating a single chemical at a time. This 

type of experimental design is commonly referred to as one-factor-at-a-time (OFAT) strategy. 

The OFAT approach, which is also known as the scientific method, controls for variability of a 

single factor; thus, the need to conduct multiple experiments is inevitable (i.e., minimum of 3 

experiments). This process usually take time and resources as it can require too many 

experiments to reach the desired outcome (Wahid and Nadir 2012). Additionally, the OFAT 
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approach ignores the fact of interaction between variables in which it is not investigated. Thus, 

OFAT yields little information on the totality of possible adverse effects either because each test 

only contains information about the toxicity of a single chemical and/or it DOEs not consider the 

possibility that the toxicity of one chemical could depend on the presence of other components. 

In a real-life situation, it is expected that multiple variables may interact to generate a joint 

effect; thus, a more efficient approach is desired because it could address the issue of interaction 

between these variables (Riter, Vitek et al. 2005). Ronald A. Fisher was the first to derive more 

informative experiments that could estimate each factorôs effect using all the runs in the 

experiment while estimating potential interactions between each factor, calling this approach 

design of experiments (DOE) (Fisher 1966). The DOE methodology proposes that multiple 

variables are changed in a single analysis but in a controlled manner across the entire 

experiment. DOE is becoming an emerging technique in the toxicological sciences because it 

allows for a laboratory simplification of complex mixtures by mimicking environmental relevant 

concentrations and exposure scenarios (Pomati, Orlandi et al. 2008). Additionally, DOE is 

extremely powerful technique as it uses four main tools in a single experiment, which includes 

replication, blocking, randomization, and orthogonality, which allows the use of statistics to 

generate conclusions even in the presence of errors, noise, or other unknown variables (Riter, 

Vitek et al. 2005). DOE aims to reduce random experimental variability and efficiently explore 

causal relationships between many independent variables. A DOE experiment provides contrast 

of averages. For instance, DOE allows for eight possible factor settings ((±1,±1,±1)) where -1 is 

the low and +1 is the high endpoints visualized as the vertices of the shape shown in Figure 1.1.  
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Figure 1.1. Cube plot of all possible combinations of factors ρȟρȟρ. Red crosses are points 

used in DOE method. Blue dashed lines connect the points used in OFAT method. 

 

On the other hand, OFAT would only perform runs on the four setting combinations 

connected by the blue dashed lines (Figure 1.1). Consequently, a DOE experiment with 3 factors 

(i.e., three cyanotoxic components) would only require 8 runs while an OFAT experiment would 

require 16 runs to provide equivalent statistical power.  

The effects of environmental cyanotoxins (i.e., BMAA) is more complex than the 

neurotoxicological effects observed through behavior alterations. Additionally, various 

environmental cyanotoxins are known neurotoxic agents and can directly affect the organism at a 

cellular level. For example, previously in vitro exposure to BMAA showed evidence of activities 

and/or functions that lead to cellular death, including mitochondrial dysfunction, oxidative stress, 

and protein damage (Beri, Nash et al. 2017). However, specific molecular mechanisms of 

neurotoxicity remain not fully understood as these environmental exposures can influence a 

multitude of biological processes. Because behavior alterations arise due to dysfunctional 

neurological pathways, coupling the phenotypic behavioral characteristics with molecular 

characteristics can help simplify diagnostic criteria after exposure. This makes quantitative 

proteomics a powerful ñomicsò method in the investigation of neurodegenerative processes and 

biomarkers of the ALS pathology, for example, that may arise due to environmental exposures to 
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cyanotoxins. A mass spectrometry-based proteomics study offers a sequence of information that 

represents the global gene products. Nowadays, due to great improvement of high-resolution 

mass spectrometers, a scientist, can accurately determine global expressed proteins, for example. 

Moreover, despite the complexity of any cell line/organism proteome, mass spectrometers-based 

techniques still provide high degree of selectivity, accuracy, and sensitivity (Pappireddi, Martin 

et al. 2019). These advances enable global coverage of proteins while reducing the complexity of 

biological samples as these methods allows for significant improvements of biomolecule 

separation and liquid chromatography retention predictions for better detection and/or 

measurement during multiple biological runs (Coombs 2011). One can say that proteomics is the 

most valuable piece of data in exposure sciences because it provides a purpose and functionality. 

According to the central dogma proposed by Francis Crick in 1958, the sequence information in 

genes is copied and then translated into proteins, and these are the molecules that mediate 

specific biological functions and viewed as the ultimate form of gene expression. Interestingly, 

less than 40 percent of protein abundance is explained by mRNA levels (Schrimpf, Weiss et al. 

2009) , and complexity from transcriptome to proteome can be further facilitated by protein post-

translational modifications (i.e., phosphorylation, glycosylation, acetylation, methylation, and 

palmitoylation). Traditional investigation of protein endpoints in an exposure study usually 

involves the use of antibodies-based methods such as western blotting and/or ELISA. However, 

these methods although very commonly used in molecular biology, they are limited by 

availability of antibodies in which eliminates the assessment of novel mediators. Mass 

spectrometry-based proteomics has been successful for functional analysis of both intact proteins 

(i.e., top-down proteomics) (Park, Piehowski et al. 2017) and digested proteins (i.e., bottom-up 

proteomics) (Mayne, Ning et al. 2016). A major advantage of mass spectrometry-based 
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proteomic over traditional methods is to be able to accurately characterize and quantify 

thousands of proteins in a single experiments and across multiple samples in a cost and time 

effective manner.  

 Ultimately, the main objective of my dissertation thesis was to make an in-depth 

toxicological assessment for several biological endpoints while using both in vitro and in vivo 

systems and combine these with statistical and analytical disciplinary state-of-art approaches. 

Although my studies did not assess exact mechanisms of action due to exposure of cyanotoxins, 

my studies support the hypothesis that exposure to multiple environmental compound may 

synergistically contributes to the global rise of sporadic neurodegenerative pathologies. My study 

also play an important role in biomarker selection and early signs of clinical diagnosis 

neurodegeneration. Taken together , these data serve as a strong molecular and phenotype-based 

foundation for future efforts in delineating mechanisms of sporadic neurodegeneration. 

1.4  Summary of Completed Work 

The research presented in this dissertation describes the toxicological cellular, behavior 

and molecular effects due to exposure to cyanotoxins and their relation to neurodegeneration 

using both an in vitro and in vivo system. A systematic study consisting of multidisciplinary 

approaches, including advanced mixture design, toxicological assays, and integrated proteomics 

analysis, has been done to delineate modulation in behavior and overall adverse effects at the 

molecular level upon exposure to cyanotoxins. The main premise underlying each chapter is that 

not only BMAA can cause adverse toxicity, but the cellular and/or organismal toxicity can be 

augmented due to co-exposure with other environmental cyanotoxins.  

Chapter 2 evaluates the cytotoxic effects of a mixture of cyanotoxins using an in vitro 

system. This chapter elucidates neuronal cellular toxicity in response to BMAA and two other 
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related cyanotoxins, the isomers AEG, and 2,4-DAB in which they have been found to naturally 

co-occur with BMAA. The experimental setup included a 72hrs exposure of mouse motoneuron-

like NSC-34 cells to each cyanotoxin and several solutions of their combination. In addition to a 

multitude of conventional toxicological bioassays used here to describe neuronal cellular 

toxicity, the global proteome of these cells was also evaluated to correlate any signs of toxicity to 

molecular changes that occurred due to exposure. Based upon the differentiated expressed 

proteins identified after exposure to treatments, all canonical pathways, regulators, and biological 

functions that were perturbed due to exposure were also predicted using an ingenuity database 

for pathway enrichment analysis. 

Chapter 3 describes the evaluation of survivorship and behavioral modulations in an 

organism level while using the zebrafish larvae as a model. The focus of this chapter was to 

elucidate toxicological changes in zebrafish larvae during and after exposure to BMAA, AEG, 

and 2,4-DAB alone or in combination. Although BMAA has been the focus in the investigation 

of the link between cyanotoxins and sporadic neurodegeneration for over 70 years. We 

hypothesized that the isomers of BMAA also have the potential to trigger neurotoxicity in vivo. 

To test this hypothesis, we describe the use of a simplex axial mixture design to mimic 

environmentally relevant mixtures. Then, we assess larvae viability during exposure and larvae 

behavior after developmental exposure via the use of two commonly used high-throughput 

behavior-based toxicity assays (spontaneous movement and the acoustic c startle assays) when 

the larvae were 6 days old. Surprisingly, the isomer 2,4-DAB was the most potent cyanotoxin 

when compared to BMAA and AEG, respectively. Here we also describe the protein profile of 

larval zebrafish exposed 2,4-DAB at two developmental stages: 2- and 4-days post fertilization.  
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Chapter 4 explores the in vivo adverse effects due to exposure to two of the most highly 

prevalent cyanotoxins in the environment ï BMAA and Microcystin LR (MCLR). The focus of 

this chapter is to elucidate neurotoxicity in response to BMAA and MCLR individually or and 

their combination while using the powerful zebrafish model. Here, we hypothesized that the 

neurodegeneration-linked cyanotoxins BMAA and MCLR interact in vivo to disrupt behavior 

and molecular signaling in larval zebrafish. To address these goals zebrafish larvae were exposed 

to environmentally relevant concentrations of BMAA and MCLR from 6 hours to 6 days post 

fertilization. And with high-throughput behavior-based toxicity assays, zebrafish larvae at day 6 

were assessed for cyanotoxins-induced changes. Finally, global proteomics techniques were also 

implemented here to assess cyanotoxin-induced molecular changes related to neurodegeneration. 
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2.1  Abstract 

The goal of this study was to implement powerful mixture design techniques, commonly 

used in process optimization, to investigate enhanced adverse effects upon co-exposure to 

environmental cyanotoxins. Exposure to cyanobacteria, which are found ubiquitously in 

environmental water reservoirs, have been linked to several neurodegenerative diseases. Despite 

the known co-occurrence of various cyanotoxins, the majority of studies investigating this link 

have focused on the investigation of a single cyanotoxin, a noncanonical amino acid called ɓ-

methylamino-L-alanine (BMAA), which poorly recapitulates an actual environmental exposure. 

Interactions amongst cyanotoxic compounds is an area of great concern and remains poorly 

understood. To this end, we describe the use of a simplex axial mixture design to screen for 

interactive adverse effects of cyanotoxic mixtures. Using a combination of basic toxicity assays 

coupled with contemporary proteomic techniques, our results show the existence of a significant 

(pÒ0.01) interaction between BMAA and its isomers aminoethyl glycine (AEG) and 2,4-

diaminobutyric acid ( 2,4-DAB). Cyanotoxic mixtures significantly decreased cell viability by an 

average of 19% and increased caspases 3/7 activities by an average of 110% when compared to 

individual cyanotoxins (pÒ0.05). Cyanotoxic mixtures perturbed various biological pathways 

associated with neurodegeneration, including inhibition of protective autophagy and activation of 

mitochondrial dysfunction (z-score >|2|). Additionally, exposure to mixtures perturbed important 

upstream regulators involved in cellular dysfunction, morbidity, and development. Taken 

together, our results highlight: (1) the need to study combinations of cyanotoxins when 

investigating the link between cyanobacteria and neurodegenerative pathologies and (2) the 

application of design of experiment (DOE) as an efficient methodology to study mixtures of 

relevant environmental toxins. 
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2.2  Introduction  

Cyanotoxins are naturally released into water bodies by cyanobacteria, and their presence 

in the environment may be expected during the entire life and collapse of the cyanobacteria 

bloom (Hardy et al. 2015). The number of cyanobacteria blooms are predicted to increase as 

global temperatures rise (Manning and Nobles 2017), and as a result, this represents a growing 

public health hazard. Exposure to cyanotoxins can occur via drinking contaminated waters, 

inhaling both aerosolized cyanobacteria and/or cyanotoxins from water bodies containing blue-

green algae, and ingesting contaminated food since cyanotoxins are known to bioaccumulate and 

be transferred to higher trophic levels (Brand et al. 2010; Corbel et al. 2014; Pawlik-SkowroŒska 

et al. 2013). Consequently, these toxins are known to be ubiquitous environmental stressors 

(Waters 2016) and have been linked to the development of neurodegenerative diseases including 

sporadic amyotrophic lateral sclerosis (sALS) (Torbick et al. 2018). The vast majority of the 

studies investigating this link have focused on ɓ-methylamino-L-alanine (BMAA), a non-protein 

amino acid that was first isolated from seeds of cycad trees (Vega and Bell 1967).  

BMAA has gained additional attention as it is ubiquitously produced by a diverse taxa of 

cyanobacteria (Cox et al. 2005) and because of the noted increase in blue-green algal growth 

throughout the world (Hallegraeff 1993). At least three main mechanisms of BMAA toxicity 

have been previously discussed: (1) formation of toxic metabolites (2) excitotoxicity, and (3) 

misincorporation into proteins (Chiu et al. 2012; Dunlop et al. 2013; Nunn and Ponnusamy 

2009). Even though these mechanisms of toxicity are yet to be fully understood, a few studies 

have shown that BMAA has the potential to become systemic via ingestion (Duncan et al. 1992) 

and inhalation (Scott et al. 2018) exposure routes. Furthermore, BMAA has been previously 

detected in post-mortem brain tissue of individuals who have died from sporadic ALS (Cox et al. 
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2003) but was absent in non-neurological disease controls as well as individuals who died from 

Huntingtonôs disease, an inherited neurodegenerative disorder (Pablo et al. 2009). Combined, 

these studies provide strong evidence that BMAA can become systemic and is able to cross the 

blood brain barrier. 

However, cyanobacteria produce a variety of other toxic metabolites, including various 

structural isomers of BMAA such as 2,4-diaminobutyric acid ( 2,4-DAB) and aminoethyl glycine 

(AEG), which have previously been reported to co-occur with BMAA in the environment 

(Faassen et al. 2009; Jiang et al. 2012; Lance et al. 2018; Reveillon et al. 2016). The one recent 

study (Main and Rodgers 2018) examined the toxic effects upon exposure to other cyanotoxic 

compounds in conjunction with BMAA. Even though their results suggested an enhanced 

toxicity in the mixture treated cells, their experimental design failed to control the total toxic 

load, this prevents any clear conclusion related to interactions. In this sense, interaction would 

differ from simple additivity responses because these individual cyanotoxins could have the 

potential to affect each other kinematically; causing the enhanced toxic response (Hernández et 

al. 2013). 

Robust experimental designs to evaluate toxicity of exposure to mixtures is clearly a 

missing dimension in the field of toxicology. Conventional toxicity testing is rooted in evaluating 

single chemicals at a time while keeping all other factors constant. Undoubtedly, these designs 

are important and have been used for decades with great success. Intuitively, they allow the 

detailed study of the toxicity of each chemical without ñcloudingò it with the effects of other 

factors (i.e., chemicals, duration). This type of experimental design, which is commonly referred 

to as the one-factor-at-a-time (OFAT) strategy, is performed exclusively in many scientific 

environments. However, in reality OFAT yields poor information on each chemicalôs effect 
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because (1) each test will contain information about the toxicity of only one chemical and (2) 

DOEs not consider the possibility that the toxicity of one chemical depends on the presence of 

others (Zeliger 2003). In the latter case, a chemical could interact with one or various 

compounds. In the 1930ôs, Fisher was one of the first researchers to point out how poorly these 

experiments are designed and derived more informative experiments that could estimate each 

factorôs effect using all the runs in the experiment and yet still be able to estimate potential 

interactions (Fisher 1935). 

Consequently, in order to efficiently probe interactions observed by simultaneous 

exposure to combinations of cyanotoxins, we describe the use of a mixture design. Mixture 

designs are a specific type of experimental design where the independent variables in the mixture 

are expressed as a fraction of the whole and thus sum to one (Cornell 2011). These designs were 

pioneered by Scheffe in the late 1950ôs (Scheff et al. 1958). Mixture DOE is a statistical tool 

used to determine the optimum combination of compounds that deliver a specific response by 

efficiently optimizing outputs, using a minimum number of experimental runs (Edwards 2005). 

DOE has been previously used in a wide range of applications ranging from early discovery of 

compounds to optimization/validation of scientific methods (Riter et al. 2005). DOE has been 

used in various scientific fields, including agriculture sciences (Islam et al. 2009), analytical 

sciences (Hecht et al. 2016), and pharmaceutical sciences (Tye 2004). Herein, we describe the 

application of DOE for evaluating toxicity of environmental cyanotoxic mixtures. 

We have previously demonstrated that exposure to BMAA causes perturbations of 

various molecular protein pathways known to be implicated in neurodegeneration, including 

oxidative phosphorylation, TCA cycle, and NRF2 oxidative stress, endoplasmic reticulum stress 

as well as mitochondrial dysfunction (Beri et al. 2017). The effects of exposure to cyanotoxic 
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mixtures are still poorly understood. To the best of our knowledge, no systematic study 

consisting of multidisciplinary approaches, including an advanced mixture design, basic 

toxicological assays, and integrated proteomics analysis have been performed before to delineate 

overall adverse effects at the molecular level. The aim of the present study was to investigate the 

effects of cyanotoxic mixtures on NSC-34 cells, which is a powerful in vitro model to investigate 

neurodegenerative pathologies as it shares many properties of motor neurons cells (Cashman et 

al. 1992), via basic biological assays coupled with quantitative proteomics. Our results 

demonstrated that exposure to cyanotoxic mixtures significantly decreased cell viability, caused 

additional perturbation of canonical pathways, upstream regulators, and biological functions 

when compared to individual cyanotoxin responses. 

2.3  Materials and Methods 

Cells and Chemicals 

Fetal bovine serum (FBS) and penicillin-streptomycin were purchased from Thermo 

Fisher Scientific. DMEM high glucose cell medium and the toxin standards (BMAA, AEG and 

2,4-DAB) were obtained from Sigma Aldrich (St. Louis, MO). Cyanotoxin standards were 

confirmed by mass spectrometry (TSQ Quantiva- Thermo Scientific). The cell line NSC-34 was 

obtained from Cefarlane (Burlington, NC). The NSC 34 mouse motor neuron cell line was 

developed through the fusion of mouse neuroblastoma cells and motor neuron enriched spinal 

cord cells. This hybrid cell line allows for the existence of a neuron-like immortal cell line and is 

highly beneficial because it overcomes problems (i.e., low yields and inferior purity) associated 

with the culturing of primary motor neurons. The NSC 34 model exhibits many of the unique 

morphological and physiological characteristics of motor neurons, including the ability to 

produce and store acetylcholine, generation of action potentials, extension of neuritic processes, 
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and expression of neurofilament proteins, form synapses with cultured myotubes and induce 

myotube twitching (Cashman et al. 1992). The NSC 34 cell line has become one of the 

established in vitro models for neurodegeneration research. NSC-34 cells were cultured in 

DMEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C and 5% CO2. 

Once cells reached 80% confluence, they were trypsinized and seeded into specific well plates 

(Corning Incorporated COSTAR®): 24-well plates (flat bottom) for Trypan blue exclusion and 

MTS assays, 96-well plate (black plate - clear bottom) for the caspase 3/7 assay, and 6-well plate 

to collect cells for the proteomic experiments. 

Cyanotoxins Dose Response 

To assess the effect of cyanotoxins-induced cytotoxicity and determine appropriate 

concentration for the mixture design, NSC-34 cells were exposed to BMAA, AEG, and 2,4-DAB 

at 100, 500, 1000, 10000µM for 72hrs. Cytotoxicity was accessed via trypan blue exclusion, 

MTS assay, and caspase 3/7 activity. Untreated media was used as control for comparison 

purposes. Three replicates per condition were carried out.  

Trypan blue exclusion assay 

Trypan blue dye is absorbed if the cellular membrane is disrupted. Cells were harvested 

with trypsin and resuspended in PBS before addition of 0.04% trypan blue. Cell mortality was 

assessed by direct counting using a microscope. 

MTS assay  

Reduction of MTS with the use of the Cell Titer 96 ® Aqueous One Solution Reagent 

(Promega Corporation, Madison, WI, USA) was measured according to the manufacturerôs 

protocol. In brief, MTS reduction is carried out by dehydrogenases present in the mitochondria. 
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Formation of colored formazan product by viable cells was measured by absorbance at 490 nm 

after 3h of incubation in the dark.  

Caspase 3/7 activity assay 

Activity of caspases 3 and 7 with the use of the Apo-ONE® Homogeneous Caspase-3/7 

Assay (Promega Corporation, Madison, WI) was measured according to the manufacturerôs 

protocol. The experiment was conducted with the same design as for viability/cytotoxicity 

testing. In brief, this assay provides a pro-fluorescent caspase 3/7 substrate, which contains a 

peptide sequence that when cleaved by the caspases releases the fluorescent substrate (rhodamine 

110). To the appropriate wells this pro-fluorescent caspase 3/7 substrate was added, and after 8h, 

the fluorescence signal was detected using a plate reader. 

Cyanotoxin Mixtures DOE Exposure  

In this study, the no/low-observed-adverse-effect-level (NOAEL and LOAEL) 

concentrations were chosen based on the previous dose response results against the NSC-34 cell 

line because there is no data available for guideline values (GV -µG/L) in drinking water, 

tolerable daily intake (TDI) or (NOAEL) for the cyanotoxins used in this study.  

To assess the effect of cyanotoxin mixtures-induced cytotoxicity, NSC-34 cells were 

exposed to 13 different cyanotoxic mixtures composed of 3 cyanotoxin components: BMAA, 

AEG, and 2,4-DAB. The mixture design was generated using Design Expert® software where 

each run was controlled to a total concentration of 500µM. NOAEL (100µM) and LOAEL 

(500µM) were employed as the low and high limits constraints during generation of each 

mixture design (Eriksson et al. 1998). Cellular responses via cell proliferation (MTS assay) as 

well as apoptosis induction (Caspase 3/7 assay) were determined. Each response changes as a 

function of the relative proportions of each cyanotoxin component. 
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Proteomics Experiment 

Sample preparation and NanoLC MS/MS 

Details regarding cell lysis, sample reduction, alkylation, and digestion via filter aided 

sample preparation (FASP) can be found in Supplemental Method - Protein Digestion. Details 

regarding the data-dependent LC-MS/MS data collection are provided in the Supplemental 

Method - LC-MS/MS Analysis. Raw data files obtained in this experiment have been made 

available on the Chorus LC-MS data repository and can be assessed under the project ID#1536. 

Proteomics Data search and Data Analysis 

Label free quantitation (LFQ) was performed in MaxQuant (version.1.5.60), which uses 

the Andromeda algorithm (Tyanova et al. 2016a). Variable modiýcations (methionine oxidation 

and N-terminal acetylation) and a single ýxed modiýcation (cysteine carbamido-methylation) 

were used for the database searching along with a maximum of two missed cleavages. The 

minimum peptide length was set to 7 amino acids and the false discovery rate (FDR) for peptide 

and protein identiýcation was set to 0.01. All other search parameters were left as default values. 

Data were searched against the Mus musculus Swiss Prot protein database (number of sequences 

16 657, data accessed 02/11/2014) (Bairoch 2000). 

Comparison of LFQ intensities across the whole set of measurements were investigated 

in the freely available Perseus software (version 1.5.1.6). The LFQ intensities from MaxQuant 

were imported and transformed to logarithmic scale with base two. The missing values were 

replaced (imputated) with values from the normal distribution where perseus reduces the 

distributions to a factor of ñ0.3ò (width) and down-shifts by ñ1.8ò standard deviations while 

simulating random values to replace the missing values. The protein quantiýcation and 
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calculation of statistical signiýcance were carried out using two-way Studentôs t-test and FPR 

(pÒ0.05) (Tyanova et al. 2016b).  

Pathway Analysis 

Ingenuity pathway analysis (IPA) software was used to identify the significant pathways 

of the differentially expressed proteins. Canonical pathways, diseases/biofunctions and upstream 

regulators were identified from the IPA library using the ñCore Analysisò function. Significant 

proteins (pÒ0.05) were submitted to IPA. 

Statistical Analysis  

Dose Response 

Dose response experiments in this study were conducted in at least three independent 

repetitions. Experimental results were expressed as mean ± standard error. Differences were 

analyzed for significance. P-values less than or equal to 0.05 were considered to be statistically 

signiýcant. Studentôs t-test was used to compare the experimental groups to the controls. 

Mixture DOE 

Mixture designs were created, and data were analyzed using the Design Expert® software 

(Minneapolis, MN). P-values less than or equal to 0.05 were considered to be statistically 

signiýcant. 

2.4 Results and Discussion 

A general overview of the experimental design is illustrated in Figure 1. In brief, to 

determine a suitable concentration for the mixture experiment, NSC-34 cultured cells were 

treated with increasing concentrations (100, 500, 1000, 10000µM) of BMAA, AEG, and 2,4-

DAB, separately. Cytotoxicity was evaluated by Trypan Blue exclusion and MTS assays. Based 

on these data, a mixture design of experiment (DOE) was created and used to evaluate potential 



37 

 

interactions amongst cyanotoxins, using MTS and caspase 3/7 assay responses. To investigate 

perturbed molecular pathways associated with cyanotoxic mixture exposure, treated NSC-34 

cells were subjected to shotgun proteomics and label free quantitation.  

 

Figure 2.1. Experimental design. (A) NSC-34 cell culture and exposure to individual cyanotoxins 

- a dose response experiment via Trypan Blue Exclusion and MTS assays. (B) cyanotoxic mixtures 

Design of Experiment (DOE) and mixture DOE exposure plan. (C) Exposed NSC-34 cells, protein 

extraction, and tryptic digestion of extracted proteins into peptides. (D) nLC-MS/MS via HPLC ï 

Q Exactive HF Orbitrap system and label free protein quantitation via MaxQuant software. 
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Cell Viability Assays: Selection of Appropriate Mixture DOE Parameters 

Because of the existing lack of guidelines regarding safe dosage of these cyanotoxins in 

the environment, one limitation was finding environmentally relevant doses to use in our 

experiments. To overcome this challenge, we aimed to identify the LOAELs against NSC-34 

cells for each cyanotoxin via trypan blue exclusion and MTS assays, which are suitable 

indicators of cell viability. The trypan blue exclusion assay was used to determine the number of 

non-viable cells, using the principle that intact plasma membranes will exclude dyes when cells 

are alive (Louis and Siegel 2011) while the MTS assay principle involves the conversion of a 

tetrazolium salt into a colored, aqueous soluble formazan product by mitochondrial activity of 

viable cells at 37°C (Malich et al. 1997).  

As shown in Figure 2.2A, all three cyanotoxin components were studied at four different 

concentrations (100, 500, 1000, and 10000µM). BMAA and its structural isomers: 2,4-DAB and 

AEG (Supplemental Figure 2.2) caused significant (pÒ0.05) increases in membrane 

permeability at 500, 1000, and 10000µM, but no significant increase was observed at the 100µM 

level. All three cyanotoxins increased plasma membrane permeability in a dose response 

manner; however, BMAA and AEG exhibited more toxicity than 2,4-DAB at 72hrs post 

exposure. Our results show that all three cyanotoxin components at 500µM are toxic to NSC-34 

cells, showing an average increase in cell mortality of approximately 25% when compared to 

untreated controls. While there were no significant differences in toxicity among all three 

cyanotoxic components at the 500µM level, our data DOEs not support a recent finding that only 

2,4-DAB and BMAA are directly toxic, using an in vitro system (Main and Rodgers 2018). Our 

study describes cellular toxicity in a mouse derived neuron-like cell (NSC-34) while Main and 

Rodgersô study shows toxic responses using a human derived cell line (SH-SY5Y). Both cell 
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lines display many of the unique morphological and physiological characteristics of motoneurons 

(Cashman et al. 1992; (Kovalevich and Langford 2013). Furthermore, there are similarities in 

these two studies (e.g., ER stress responses and oxidative stress responses). The differences 

noted may be due to several reasons, including the different cell line and methods used. 

Additionally, we found that MTS assay results were consistent with the trypan blue exclusion 

results. Figure 2.2B displays BMAA and AEG decreasing mitochondrial dehydrogenases 

activity in a dose response manner after 72hrss of exposure. BMAA and AEG caused significant 

reduction in cell viability at 500, 1000, and 10000ÕM (pÒ0.05), but no significant cell viability 

reduction was observed at the 100µM level. However, 2,4-DAB was only able to significantly 

reduce viability at the highest concentration tested (10000µM - pÒ0.05).  

Based on these data, the cytotoxic mild-effect observed in the form of LOAEL (i.e., 

mortality effect of at least 20% ) were set as the total concentration for our mixture DOE. Via 

trypan blue exclusion assay, we found that LOAELs for BMAA,  AEG, and 2,4-DAB were equal 

to 500µM, respectively. All levels demonstrate a significant increase of cell mortality from 6.5% 

(control) to approximately 25%. Similar to trypan blue exclusion assay results, the MTS assay 

provided related cell viability responses after exposure to BMAA and AEG of 500µM, 

demonstrating a significant reduction of cell survival from 100% (control) to 85% (BMAA) and 

to 80% (AEG). Interestingly, only the highest concentration tested of 2,4-DAB (10000µM) 

showed a significant reduction of cell survival of approximately 30% viability when compared to 

the untreated control, suggesting that 2,4-DAB may not directly interfere with mitochondrial 

functions; this finding should be further explored. Given that cyanotoxins (i.e., BMAA) have the 

potential to bioaccumulate in the food chain, LOEAL results could be highly dependent on the 

duration of the exposure (Tyne et al. 2015).  
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Figure 2.2. Cyanotoxins Dose Response Study. Cell viability assessed by (A) Trypan Blue 

Exclusion and (B) MTS assays in NSC-34 cells after 72hrs exposure to 0-10,000µM of BMAA, 

AEG, and 2,4-DAB, respectively (*pÒ0.05; ** pÒ0.01 ï compared to control). 
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cells treated with cyanotoxic mixtures. Cell viability was measured by quantifying cellular 

mitochondrial dehydrogenases activity (MTS assay). We observed that cyanotoxin mixtures 

significantly decreased cell viability by an average of 19% when compared to single cyanotoxin 
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viability when compared to the control (pÒ0.05). However, the three-component equimolar 

cyanotoxic mixture exhibited the greatest decrease in cell viability on average (32%). 

 Additionally, activity of caspase 3/7 was measured by quantifying the cleavage of a 

fluorescent peptide substrate. Caspases share essential regulatory properties in both apoptotic and 

necrotic cell death (Li and Yuan 2008). Caspase 3, specifically, is a prominent cell death marker 

and is an effector enzyme in the caspase cascade, and its activation typically occurs during 

cellular apoptosis (Shalini et al. 2015). Caspase 3 has been previously shown to be activated in 

neurodegenerative pathologies, including ALS, Alzheimer, and Huntingtonôs diseases (Bredesen 

2009; Li et al. 2000; Wellington et al. 2002). Our results show that mixtures of cyanotoxins 

significantly increased the activity of caspase 3/7 by an average of 110% when compared to 

single cyanotoxin components. Figure 2.3B illustrates that all 13 cyanotoxin treatments showed 

significant increase in caspases 3/7 activation when compared to the control (pÒ0.05). However, 

only the three-component equimolar cyanotoxin mixture (BMAA  at 166.67µM + 2,4-DAB at 

166.67µM + AEG 166.67µM - pÒ0.001) provided the highest level (~25000 RFUs) of caspase 

activation when compared to the control, indicating interaction of compounds.  

Next, we used results from the MTS and Caspase 3/7 assays to investigate initial 

interactions amongst cyanotoxin components while using a special cubic fitted mixture 

experiment model to incorporate the curvature effects. As shown in Figure 2.3C, the triangular 

2D contour of the mean percent viability from the MTS assay shows positive interaction (blue 

area) between BMAA, AEG, and 2,4-DAB, and negative interaction (red area) between 2,4-

DAB and AEG. We observed a trend towards interactions between cyanotoxin components 

BMAA and 2,4-DAB as well as BMAA and AEG, but they were not statistically significant 

(Table 2.2.1a). However, interactions between 2,4-DAB and AEG and between BMAA, AEG, 
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and 2,4-DAB were statistically significant (p=0.032 and p=0.0028, respectively). In concordance 

with MTS results, the triangular 2D contour of the caspase 3/7 activity also displays positive 

interaction (blue area) amongst all three cyanotoxic components: BMAA, AEG, and 2,4-DAB, 

indicating interaction among them (Figure 3B). We also observed negative interaction (red area) 

between 2,4-DAB and AEG, indicating an antagonistic response, which should be further 

investigated. The interactions between cyanotoxin components BMAA and 2,4-DAB as well as 

interactions between BMAA and AEG were not statistically significant (Table 2.2.1b). 

Interactions between 2,4-DAB and AEG and interactions between equimolar concentrations of 

BMAA, AEG, and 2,4-DAB were statistically significant (p=0.0004 and p=0.0033, respectively). 

Our results demonstrate that cyanotoxic mixtures exhibit a larger effect than just additive 

toxicity; therefore, the possibility for adverse effects could be due to changes in toxicokinetic 

induced by at least one compound (Lydy et al. 2004). For example, interactions between 

cyanotoxic compounds potentially affect biological processes, including bioavailability, uptake, 

internal transportation, metabolization, binding to the target site, and secretion (Cedergreen 

2014). Interestingly, responses from both assays indicate that there is a measurable relationship 

between the cell viability response and the activation of caspases response. The lack of fit term 

was insignificant (p>0.05) indicating the suitability of the proposed special cubic model to 

describe the experimental relationship (Fang et al. 2017). However, because real-life scenarios 

represent exposure to a cocktail of cyanotoxins over a period of time, these in vitro observed 

cytotoxic effects should be further investigated. Because we are unaware of any studies of 

chronic exposure to cyanotoxic mixtures, it is difficult to comment if the enhanced adverse 

effects observed here are only relevant to the acute effects of cyanotoxic mixtures. For example, 

low-dose/long exposure approaches should better mimic real-life exposure scenarios. Therefore, 
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prediction of adverse risks for the common population would better be determined by evaluating 

the long-term effects as well as the acute effects of environmental exposure to complex mixtures 

(Tsatsakis et al. 2016a). 

 

 

 

Figure 2.3. Cyanotoxic Mixtures Design of Experiment (DOE) Study. (A) Mean percent 

viability by MTS assay and (B) caspases 3/7 activation after 72hrs exposure of NSC-34 cells to 

500µM of cyanotoxic mixtures DOE involving BMAA, AEG, and 2,4-DAB (*pÒ0.05 ï compared 

to control). (C) 2D contour plot for the percent viability and (D) caspases 3/7 activity at different 

points in the design space with changing compositions of each individual cyanotoxin. 
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Table 2.1. The ANOVA results of the in vitro cyanotoxin mixture study, showing the 

significance of two special cubic models, the effects of linear mixture as well as interactive 

effects on cellular viability and caspase activation. 

Cyanotoxic Mixture DOE Study 

 

FACTORS a. MTS  b. Caspases 3/7  

 F -Value P-Value F -Value P-Value 

Model 11.74 0.0154 16.88 0.0016 

Linear Mixture  3.61 0.1270 14.17 0.0053 

BMAA +  2,4-DAB 0.58 0.4898 4.90 0.0687 

BMAA + AEG  4.26 0.1080 2.65 0.1549 

AEG + 2,4-DAB 10.42 0.0320 52.05 0.0004 

BMAA + AEG +  2,4-

DAB 42.68 0.0028 22.26 0.0033 

Lack of Fit  0.084 0.7913 2.00 0.2912 

 

Differentially Expressed Proteins 

In the attempt to better understand the adverse effects at a molecular level, we aimed to 

investigate the levels of protein expression. NSC-34 cells treated with cyanotoxic mixtures for 

72hrs were collected for protein extraction and digestion. Proteomes for all 13 treatments were 

investigated via nHPLC-MS/MS where approximately 4000 proteins were identified in each 

treatment (Supplemental Figure 2.3). As shown in Figure 2.4A, we found more significantly 

differentially expressed proteins (DEPs) in the three-component cyanotoxic mixtures with 

exception of one (BMAA at 83.33µM + 2,4-DAB at 333.33µM + AEG at 83.33µM). On 

average, exposure to three-component cyanotoxic mixtures yielded 78% increase in the number 

of DEPs when compared to individual cyanotoxins. Similarly, there were more unique DEPs in 

the three-component cyanotoxic mixtures treated cells (Supplemental Figure 2.4), reflecting 

augmentation of protein expression upon exposure to cyanotoxic mixtures. Overlap of statistical 

significance between DEPs is highlighted in the volcano plot (Figure 2.4B) where we show that 

exposure to the three-component equimolar cyanotoxic mixtures (BMAA at 166.67µM; 2,4-

DAB at 166.67µM + AEG at 166.67µM) resulted in 65 up and 219 down regulated proteins in 
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which these proteins were of interest as they were significantly (pÒ0.05) regulated after the 

cyanotoxic mixture exposure. To provide a comprehensive perspective of DEPs overlap between 

the four treatment groups, a Venn diagram comparing DEPs from NSC-34 cell exposed to 

individual cyanotoxin versus exposed to cyanotoxic mixtures that were previously provided to 

have significant interaction (Figure 2.4C). Interestingly, there was not one shared DEP among 

them, indicating that each treatment may act through different mechanisms of action. 

Additionally, gene ontology (GO) analysis of unique DEPs revealed that the three-

component equimolar cyanotoxin mixture are associated with important biological processes 

related with protein functions, including protein transport and assembly. Conversely, unique 

proteins from the exposure with BMAA are involved with translational biological processes 

while unique proteins from the exposure with AEG and 2,4-DAB are associated with protein 

metabolic and catabolic processes (Supplemental Figure 2.5). GO analysis also revealed that 

the enriched DEPs belong to the cytoplasmic part of the cellular component (Supplemental 

Figure 2.6). These results suggest that cyanotoxic mixtures have the potential to interfere with 

protein processes. Not only the cyanotoxic mixture, but also the individual cyanotoxins - BMAA, 

AEG and 2,4-DAB, all appear to be acting via different mechanisms of toxicity. In concordance 

with our findings, a previous investigation of exposure to complex mixtures has also reported 

augmentative molecular adverse effects. Additionally, these chemical components affected 

different cellular components, triggering different mechanisms of action (Hernández et al. 2013). 
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Figure 2.4. Differentially expressed proteins (DEPs). (A) Number of DEPs per cyanotoxin 

mixture. (B) Volcano plot representation of the three-components equimolar cyanotoxic mixture - 

BMAA (166.67µM) + 2,4-DAB (166.67µM) + AEG (166.67µM). Orange dot represents 

significantly (pÒ0.05) regulated proteins; blue dot represents non-significantly (pÓ0.05) regulated 

proteins. (D) Venn diagram showing protein overlap between 4 treatment groups (blue oval is the 

BMAA group, green oval is the 2,4-DAB group, yellow oval is the AEG group, and the orange 

oval is the BMAA + 2,4-DAB + AEG equimolar mixture). 
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Protein Biomarkers 

To explore the regulation of protein biomarkers, we compared differentially expressed 

biomarkers between the three-component equimolar cyanotoxic mixture and from exposure to 

individual cyanotoxic components. Our results indicate that exposure to cyanotoxic mixture 

significantly disturbed normal cellular homeostasis when compared to each cyanotoxin alone, 

and mixtures up/down-regulate relevant protein biomarkers involved in important biological 

processes such as mitochondrial stress, protein ubiquitination, and autophagy (Figure 2.5). 

Remarkably, several of these proteins were significantly upregulated, including Bad/Bak, 

Cytochrome C, Caspases 3/7/8, and Mtatp6. Apoptosis is known to be regulated by the B cell 

leukemia-2 protein family (Bcl-2, Bcl-x, Bax, Bak and Bad) along with caspase proteins where 

apoptosis is prevented by Bcl-2/Bcl-x proteins and promoted by Bax, Bak, Bad, and caspase 

proteins (Strasser and Youle 2008). On the other hand, Pea15, PAK2, and Bcl2 were 

significantly downregulated in our analysis. Since Pea15, PAK2, and Bcl2 are commonly known 

to negatively regulate apoptosis (Formisano et al. 2012; Strasser and Youle 2008; Zeng et al. 

2015), regulation of these suggests that cyanotoxic mixture may act as an apoptotic 

environmental stimuli, upregulating pro-apoptotic proteins and downregulating anti-apoptotic 

protein markers. Our results also suggest that cyanotoxic mixtures enhance regulation of protein 

biomarkers that are closely associated with protein ubiquitination processes and autophagy when 

compared to the responses from exposure to individual cyanotoxin treatments, which are 

findings that should be further explored. 
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Figure 2.5. Biomarkers of mitochondrial stress, protein ubiquitination, and autophagy. Bar 

graph showing regulation of enriched protein biomarkers followed by 72hrs exposure of NSC-34 

cells with cyanotoxic mixture (BMAA at 166.67µM + 2,4-DAB at 166.67µM + AEG at 

166.67µM) and individual cyanotoxins (BMAA, AEG, and 2,4-DAB) at 500µM.  

 

Pathway Analysis 

To investigate possible molecular mechanisms activated by cyanotoxic mixtures, all DEP 

groups were analyzed by Ingenuity Pathway Analysis (IPA). DEPs were categorized in relation 

to canonical pathways and biological functions (Figure 2.6A and 2.6B). In concordance with the 

results from the toxicity assays, cyanotoxic mixtures activated several canonical pathways that 

play major roles in neurodegenerative pathologies, including NRF2 mediated oxidative stress 

response, oxidative phosphorylation, death receptor signaling, and apoptosis signaling (Asthana 

et al. 2018; Kulasekaran and Ganapasam 2015). These canonical pathways corresponded to 

bioprocesses including morbidity/mortality, mitochondria dysfunction, ubiquitination of proteins, 

and apoptosis, which are hallmarks of neurotoxicity upon exposure to environmental stressors 

(DóMello et al. 2017; Franco et al. 2009). Notably, autophagy was considerably inhibited in the 
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inhibited. Inhibition of this transcription factor suggests malfunctioned/misfolded proteins 

(Pajares et al. 2016); abnormally assembled proteins appear to play a central role in 

neurodegenerative diseases (Maria and Leonidas 2010). For example, autophagy has been 

previously described to have a role in neuropathologies by preventing disease progression in 

early stages (Vargas et al. 2008) and supporting its progression through the spinal cord in later 

stages (Neymotin et al. 2011). All categories of canonical pathways and biological functions as 

well as their associated z-scores are listed in Supplemental table 2.1 and table 2.2, respectively. 
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Figure 2.6. Heatmap comparing IPA functional analysis. From left to right: AEG, 2,4-DAB, 

and BMAA at 500µM and equimolar cyanotoxic mixture at 500µM total. (A) Canonical pathways. 

(B) Diseases and biological functions. (C) Predicted upstream regulators. The red or blue colored 

rectangles in each column indicates the z-score activities for each analysis. Red shading indicates 

predicted activation and blue shading indicates predicted inhibition. This heat map represents the 

z-scores obtained from the comparison between significantly expressed proteins (pÒ0.05). 
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2.5  Conclusions 

Taken together, our studies examined the neurotoxic effects of cyanotoxic mixtures on of 

NSC-34 cells at a molecular level. Based on optimal mixture design (DOE), seven different 

cyanotoxic mixtures were formulated by blending three cyanotoxins (BMAA, AEG, and 2,4-

DAB), and 13 runs were designed including three replicate tests to evaluate the reproducibility 

and the Lack of Fit of the derived models. We have shown the significance of a mixture model, 

and the effects of cyanotoxinsô interaction on cellular toxicity via two widely used cell viability 

assays: Trypan Blue Exclusion and MTS assay. An integrative analysis of proteomic data was 

also needed to provide molecular information that may not be depicted via basic toxicological 

assays. Additionally, we have shown how cyanotoxic mixtures interact and regulate relevant 

canonical pathways, bioprocesses, and upstream regulators. Therefore, it is critical to evaluate 

the potential for cyanotoxinsô interactions. Finally, this work has demonstrated that mixture DOE 

is a useful statistical tool in the quantification of cytotoxic effect among cyanotoxin mixtures, 

using an in vitro model. Additional mixture studies are ongoing in zebrafish. 

2.6 Acknowledgments  

We are thankful for startup funds provided by North Carolina State University, for 

support from the Center for Human Health and Environment (P30 ES025128), and for funds 

provided by National Institute of Health training grant ES007046. 

  



52 

 

2.7 References 

Asthana, P., Zhang, N., Kumar, G., Chine, V.B., Singh, K.K., Mak, Y.L., Chan, L.L., Lam, 

P.K.S. and Ma, C.H.E. 2018. Pacific Ciguatoxin Induces Excitotoxicity and 

Neurodegeneration in the Motor Cortex Via Caspase 3 Activation: Implication for 

Irreversible Motor Deficit. Molecular Neurobiology 55, 6769-6787. 

Bairoch, A. 2000. The ENZYME database in 2000. Nucleic Acids Research 28, 304-305. 

Beri, J., Nash, T., Martin, R.M. and Bereman, M.S. 2017. Exposure to BMAA mirrors molecular 

processes linked to neurodegenerative disease. Proteomics 17. 

Brand, L.E., Pablo, J., Compton, A., Hammerschlag, N. and Mash, D.C. 2010. Cyanobacterial 

blooms and the occurrence of the neurotoxin, beta-N-methylamino-L-alanine (BMAA), 

in South Florida aquatic food webs. Harmful Algae 9, 620-635. 

Bredesen, D.E. 2009. Neurodegeneration in Alzheimer's disease: caspases and synaptic element 

interdependence. MOLECULAR NEURODEGENERATION 4, 27-27. 

Cashman, N.R., Durham, H.D., Blusztajn, J.K., Oda, K., Tabira, T., Shaw, I.T., Dahrouge, S. and 

Antel, J.P. 1992. Neuroblastoma × spinal cord (NSC) hybrid cell lines resemble 

developing motor neurons. Developmental Dynamics 194, 209-221. 

Cedergreen, N. 2014. Quantifying Synergy: A Systematic Review of Mixture Toxicity Studies 

within Environmental Toxicology. Plos One 9, e96580. 

Chiu, A.S., Gehringer, M.M., Braidy, N., Guillemin, G.J., Welch, J.H. and Neilan, B.A. 2012. 

Excitotoxic potential of the cyanotoxin ɓ-methyl-amino-l-alanine (BMAA) in primary 

human neurons. Toxicon 60, 1159-1165. 



53 

 

Corbel, S., Mougin, C. and Bouaïcha, N. 2014. Cyanobacterial toxins: Modes of actions, fate in 

aquatic and soil ecosystems, phytotoxicity and bioaccumulation in agricultural crops. 

Chemosphere 96, 1-15. 

Cornell, J.A. 2011. The Inclusion of Process Variables in Mixture Experiments. John Wiley & 

Sons, Inc, Hoboken, NJ, USA, pp. 247-284. 

Cox, P.A., Banack, S.A. and Murch, S.J. 2003. Biomagnification of cyanobacterial neurotoxins 

and neurodegenerative disease among the Chamorro people of Guam. P Natl Acad Sci 

USA 100, 13380-13383. 

Cox, P.A., Banack, S.A., Murch, S.J., Rasmussen, U., Tien, G., Bidigare, R.R., Metcalf, J.S., 

Morrison, L.F., Codd, G.A. and Bergman, B. 2005. Diverse taxa of cyanobacteria 

produce beta-N-methylamino-L-alanine, a neurotoxic amino acid. Proc Natl Acad Sci U 

S A 102, 5074-5078. 

Cuadrado, A. and Nebreda, A.R. 2010. Mechanisms and functions of p38 MAPK signalling. 

BIOCHEMICAL JOURNAL 429, 403-417. 

DóMello, F., Braidy, N., Mar­al, H., Guillemin, G., Rossi, F., Chinian, M., Laurent, D., Teo, C. 

and Neilan, B.A. 2017. Cytotoxic Effects of Environmental Toxins on Human Glial 

Cells. Neurotoxicity Research 31, 245-258. 

Duncan, M.W., Markey, S.P., Weick, B.G., Pearson, P.G., Ziffer, H., Hu, Y. and Kopin, I.J. 

1992. 2-Amino-3-(methylamino) propanoic acid (BMAA) bioavailability in the primate. 

Neurobiol Aging 13, 333-337. 

Dunlop, R.A., Cox, P.A., Banack, S.A. and Rodgers, K.J. 2013. The Non-Protein Amino Acid 

BMAA Is Misincorporated into Human Proteins in Place of L-Serine Causing Protein 

Misfolding and Aggregation. Plos One 8. 



54 

 

Edwards, A.W.F. 2005. Chapter 67 - R.A. Fischer, statistical methods for research workers, first 

edition (1925). Elsevier B.V, pp. 856-870. 

Faassen, E.J., Gillissen, F., Zweers, H.A.J. and Lürling, M. 2009. Determination of the 

neurotoxins BMAA (ɓ- N-methylamino-L-alanine) and DAB (Ŭ-,ɔ-diaminobutyric acid) 

by LC-MSMS in Dutch urban waters with cyanobacterial blooms. Amyotroph Lateral Sc 

10, 79-84. 

Fang, H.-B., Chen, X., Pei, X.-Y., Grant, S. and Tan, M. 2017. Experimental design and 

statistical analysis for three-drug combination studies. Statistical Methods in Medical 

Research 26, 1261-1280. 

Fisher, R.A. 1935. The Design of Experiments, Oliver & Boyd. 

Formisano, P., Ragno, P., Pesapane, A., Alfano, D., Alberobello, A.T., Rea, V.E.A., Giusto, R., 

Rossi, F.W., Beguinot, F., Rossi, G. and Montuori, N. 2012. PED/PEA-15 interacts with 

the 67 kD laminin receptor and regulates cell adhesion, migration, proliferation and 

apoptosis. Journal of cellular and molecular medicine 16, 1435-1446. 

Franco, R., Sánchez-Olea, R., Reyes-Reyes, E.M. and Panayiotidis, M.I. 2009. Environmental 

toxicity, oxidative stress and apoptosis: Ménage à Trois. Mut.Res.-Genetic Toxicology 

and Environmental Mutagenesis 674, 3-22. 

Hallegraeff, G.M. 1993. A Review of Harmful Algal Blooms and Their Apparent Global 

Increase. Phycologia 32, 79-99. 

Hardy, F.J., Johnson, A., Hamel, K. and Preece, E. 2015. Cyanotoxin bioaccumulation in 

freshwater fish, Washington State, USA. Environmental Monitoring and Assessment 187, 

667. 



55 

 

Hayes, J.D. and Dinkova-Kostova, A.T. 2014. The Nrf2 regulatory network provides an interface 

between redox and intermediary metabolism. Trends in Biochemical Sciences 39, 199-

218. 

Hecht, E.S., Oberg, A.L. and Muddiman, D.C. 2016. Optimizing Mass Spectrometry Analyses: 

A Tailored Review on the Utility of Design of Experiments. J Am Soc Mass Spectr 27, 

767-785. 

Hernández, A.F., Parrón, T., Tsatsakis, A.M., Requena, M., Alarcón, R. and López-Guarnido, O. 

2013. Toxic effects of pesticide mixtures at a molecular level: Their relevance to human 

health. Toxicology 307, 136-145. 

Islam, M.A., Sakkas, V. and Albanis, T.A. 2009. Application of statistical design of experiment 

with desirability function for the removal of organophosphorus pesticide from aqueous 

solution by low-cost material. Journal of Hazardous Materials 170, 230-238. 

Jiang, L.Y., Aigret, B., De Borggraeve, W.M., Spacil, Z. and Ilag, L.L. 2012. Selective LC-

MS/MS method for the identification of BMAA from its isomers in biological samples. 

Anal Bioanal Chem 403, 1719-1730. 

Kovalevich, J. and Langford, D. 2013. Considerations for the Use of SH-SY5Y Neuroblastoma 

Cells in Neurobiology. In: S. Amini and M.K. White (Eds), Neuronal Cell Culture: 

Methods and Protocols, Humana Press, Totowa, NJ, pp. 9-21. 

Kulasekaran, G. and Ganapasam, S. 2015. Neuroprotective efficacy of naringin on 3-

nitropropionic acid-induced mitochondrial dysfunction through the modulation of Nrf2 

signaling pathway in PC12 cells. Molecular and Cellular Biochemistry 409, 199-211. 



56 

 

Lance, E., Arnich, N., Maignien, T. and Bir®, R. 2018. Occurrence of ɓ-N-methylamino-l-

alanine (BMAA) and Isomers in Aquatic Environments and Aquatic Food Sources for 

Humans. Toxins 10, 83. 

Li, J. and Yuan, J. 2008. Caspases in apoptosis and beyond. Oncogene 27, 6194. 

Li, M., Ona, V.O., Gu, xe, gan, C., Chen, M., Jackson-Lewis, V., Andrews, L.J., Olszewski, A.J., 

Stieg, P.E., Jean-Pyo, L., Przedborski, S. and Friedlander, R.M. 2000. Functional Role of 

Caspase-1 and Caspase-3 in an ALS Transgenic Mouse Model. Science 288, 335-339. 

Louis, K.S. and Siegel, A.C. 2011. Cell Viability Analysis Using Trypan Blue: Manual and 

Automated Methods. In: M.J. Stoddart (Ed), Mammalian Cell Viability: Methods and 

Protocols, Humana Press, Totowa, NJ, pp. 7-12. 

Lydy, M., Belden, J., Wheelock, C., Hammock, B. and Denton, D. 2004. Challenges in 

Regulating Pesticide Mixtures. Ecology and Society 9, 1-1. 

Main, B.J. and Rodgers, K.J. 2018. Assessing the Combined Toxicity of BMAA and Its Isomers 

2,4-DAB and AEG In Vitro Using Human Neuroblastoma Cells. Neurotoxicity Research 

33, 33-42. 

Malich, G., Markovic, B. and Winder, C. 1997. The sensitivity and specificity of the MTS 

tetrazolium assay for detecting the in vitro cytotoxicity of 20 chemicals using human cell 

lines. Toxicology 124, 179-192. 

Manning, S.R. and Nobles, D.R. 2017. Impact of global warming on water toxicity: cyanotoxins. 

Current Opinion in Food Science 18, 14-20. 

Maria, X. and Leonidas, S. 2010. Autophagy in the Central Nervous System: Implications for 

Neurodegenerative Disorders. CNS & Neurological Disorders - Drug Targets 9, 701-719. 



57 

 

Neymotin, A., Calingasan, N.Y., Wille, E., Naseri, N., Petri, S., Damiano, M., Liby, K.T., 

Risingsong, R., Sporn, M., Beal, M.F. and Kiaei, M. 2011. Neuroprotective effect of 

Nrf2/ARE activators, CDDO ethylamide and CDDO trifluoroethylamide, in a mouse 

model of amyotrophic lateral sclerosis. Free Radical Bio Med 51, 88-96. 

Ning, L., Ma, H., Jiang, Z., Chen, L., Li, L., Chen, Q. and Qi, H. 2016. Curcumol Suppresses 

Breast Cancer Cell Metastasis by Inhibiting MMP-9 Via JNK1/2 and Akt-Dependent NF-

əB Signaling Pathways. Integrative Cancer Therapies 15, 216-225. 

Nunn, P.B. and Ponnusamy, M. 2009. ɓ-N-Methylaminoalanine (BMAA): Metabolism and 

metabolic effects in model systems and in neural and other tissues of the rat in vitro. 

Toxicon 54, 85-94. 

Pablo, J., Banack, S.A., Cox, P.A., Johnson, T.E., Papapetropoulos, S., Bradley, W.G., Buck, A. 

and Mash, D.C. 2009. Cyanobacterial neurotoxin BMAA in ALS and Alzheimer's 

disease. Acta Neurol Scand 120, 216-225. 

Pajares, M., Jiménez-Moreno, N., García-Yagüe, Á.J., Escoll, M., de Ceballos, M.L., Van 

Leuven, F., Rábano, A., Yamamoto, M., Rojo, A.I. and Cuadrado, A. 2016. Transcription 

factor NFE2L2/NRF2 is a regulator of macroautophagy genes. Autophagy 12, 1902-

1916. 

Pawlik-SkowroŒska, B., Kalinowska, R. and SkowroŒski, T. 2013. Cyanotoxin diversity and 

food web bioaccumulation in a reservoir with decreasing phosphorus concentrations and 

perennial cyanobacterial blooms. Harmful Algae 28, 118-125. 

Reveillon, D., Sechet, V., Hess, P. and Amzil, Z. 2016. Systematic detection of BMAA (beta-N-

methylamino-l-alanine) and DAB (2,4-diaminobutyric acid) in mollusks collected in 

shellfish production areas along the French coasts. Toxicon 110, 35-46. 



58 

 

Riter, L.S., Vitek, O., Gooding, K.M., Hodge, B.D. and Julian, R.K. 2005. Statistical design of 

experiments as a tool in mass spectrometry. Journal of Mass Spectrometry 40, 565-579. 

Scheff, xe and Henry. 1958. Experiments With Mixtures. Journal of the Royal Statistical Society. 

Series B (Methodological) 20, 344-360. 

Scott, L.L., Downing, S. and Downing, T.G.J.N.R. 2018. The Evaluation of BMAA Inhalation as 

a Potential Exposure Route Using a rat Model. 33, 6-14. 

Shalini, S., Dorstyn, L., Dawar, S. and Kumar, S. 2015. Old, new and emerging functions of 

caspases. CELL DEATH AND DIFFERENTIATION 22, 526-539. 

Strasser, A. and Youle, R.J. 2008. The BCL-2 protein family: opposing activities that mediate 

cell death. Nature Reviews Molecular Cell Biology 9, 47-59. 

Torbick, N., Ziniti, B., Stommel, E., Linder, E., Andrew, A., Caller, T., Haney, J., Bradley, W., 

Henegan, P.L. and Shi, X. 2018. Assessing Cyanobacterial Harmful Algal Blooms as 

Risk Factors for Amyotrophic Lateral Sclerosis. Neurotoxicity Research 33, 199-212. 

Tsatsakis, A.M., Docea, A.O. and Tsitsimpikou, C. 2016a. New challenges in risk assessment of 

chemicals when simulating real exposure scenarios; simultaneous multi-chemicals' low 

dose exposure. Food and Chemical Toxicology 96, 174-176. 

Tsatsakis, A.M., Kouretas, D., Tzatzarakis, M.N., Stivaktakis, P., Tsarouhas, K., Golokhvast, 

K.S., Rakitskii, V.N., Tutelyan, V.A., Hernandez, A.F., Rezaee, R., Chung, G., Fenga, C., 

Engin, A.B., Neagu, M., Arsene, A.L., Docea, A.O., Gofita, E., Calina, D., Taitzoglou, I., 

Liesivuori, J., Hayes, A.W., Gutnikov, S. and Tsitsimpikou, C. 2016b. Simulating real-

life exposures to uncover possible risks to human health: A proposed consensus for a 

novel methodological approach. Human & Experimental Toxicology 36, 554-564. 



59 

 

Tyanova, S., Temu, T. and Cox, J. 2016a. The MaxQuant computational platform for mass 

spectrometry-based shotgun proteomics. Nat Protoc 11, 2301. 

Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M.Y., Geiger, T., Mann, M. and Cox, J. 

2016b. The Perseus computational platform for comprehensive analysis of (prote)omics 

data. Nat Methods 13, 731. 

Tye, H. 2004. Application of statistical ódesign of experimentsô methods in drug discovery. Drug 

Discovery Today 9, 485-491. 

Tyne, W., Little, S., Spurgeon, D.J. and Svendsen, C. 2015. Hormesis depends upon the life-

stage and duration of exposure: Examples for a pesticide and a nanomaterial. 

Ecotoxicology and Environmental Safety 120, 117-123. 

Vargas, M.R., Johnson, D.A., Sirkis, D.W., Messing, A. and Johnson, J.A. 2008. Nrf2 Activation 

in Astrocytes Protects against Neurodegeneration in Mouse Models of Familial 

Amyotrophic Lateral Sclerosis. J Neurosci 28, 13574-13581. 

Vega, A. and Bell, E.A. 1967. Alpha-Amino-Beta-Methylaminopropionic Acid a New Amino 

Acid from Seeds of Cycas Circinalis. Phytochemistry 6, 759-&. 

Waters, M.N. 2016. A 4700-Year History of Cyanobacteria Toxin Production in a Shallow 

Subtropical Lake. Ecosystems 19, 426-436. 

Wellington, C.L., Ellerby, L.M., Gutekunst, C.-A., Rogers, D., Warby, S., Graham, R.K., 

Loubser, O., van Raamsdonk, J., Singaraja, R., Yang, Y.-Z., Gafni, J., Bredesen, D., 

Hersch, S.M., Leavitt, B.R., Roy, S., Nicholson, D.W. and Hayden, M.R. 2002. Caspase 

Cleavage of Mutant Huntingtin Precedes Neurodegeneration in Huntington's Disease. J 

Neurosci 22, 7862-7872. 



60 

 

Yu, R., Chen, C., Mo, Y.-Y., Hebbar, V., Owuor, E.D., Tan, T.-H. and Kong, A.N.T. 2000. 

Activation of Mitogen-activated Protein Kinase Pathways Induces Antioxidant Response 

Element-mediated Gene Expression via a Nrf2-dependent Mechanism. J Biol Chem 275, 

39907-39913. 

Zeliger, H.I. 2003. Toxic effects of chemical mixtures. Archives of environmental health 58, 23-

29. 

Zeng, Y., Broxmeyer, H.E., Staser, K., Chitteti, B.R., Park, S.-J., Hahn, S., Cooper, S., Sun, Z., 

Jiang, L., Yang, X., Yuan, J., Kosoff, R., Sandusky, G., Srour, E.F., Chernoff, J. and 

Clapp, D.W. 2015. Pak2 regulates hematopoietic progenitor cell proliferation, survival, 

and differentiation. Stem cells (Dayton, Ohio) 33, 1630-1641. 

  



61 

 

2.8  Supplemental Information  

NSC-34 cells Isolation 

Cells were treated with Dulbeccoôs modified eagle medium (DEMEM) supplemented with 2.2 g/L 

sodium bicarbonate, 0.01 g/L glycine, 3.5 g/L glucose, 10% (v/v) FBS, 100 U/mL penicillin, 100 

µg/mL streptomycin. To slow cell proliferation and enhance differentiation, the culture medium 

was exchanged for DEMEM with 1% FBS, and 1% PS every 2 days for a period of 7 days (Eggett, 

Crosier et al. 2000) (Figure 1). Media was removed, and cells were rinsed with 1 mL sterile PBS, 

which was then removed. Another 1 mL of PBS was added to each well, the cells were gently 

scraped, the cell suspension was pipetted into a 1.5 mL Eppendorf tube, and then the suspension 

was centrifuged at 1200 rpm for 2 minutes. The PBS supernatant was finally removed, and the 

cells were flash frozen in liquid nitrogen before storage at -20ºC until cell lysis and LC-MS/MS 

analysis could be carried out. Each experiment was carried out in triplicate to account for biological 

variability. 

 

Supplemental Figure 2.1. Differentiated NSC-34 cells. 

 

Protein Digestion 

Each cell sample was suspended in a 100µL solution of 50 mM ammonium bicarbonate (pH 8.0) 

containing 1% SDC. Cells were lysed by probe sonication via 2 pulses at 20 seconds per pulse at 

a 20% amplitude setting. Cell debris was removed via centrifugation at 10,000 RPM for 2 minutes. 
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The supernatant was retained and assessed for protein concentration by nanodrop absorbance at 

280 nm. Importantly, based on nanodrop protein quantitation, exactly 100ug of protein was 

removed from each sample for analysis. Then, solution was diluted to a final volume of 100µL 

with the 50 mM ammonium bicarbonate and 1% SDC solution. DTT was added to a final 

concentration of 5 mM and incubated at 60ºC for 30 minutes to reduce disulfide bonds. Samples 

were cooled to room temperature, and then IAM was added to a final concentration of 15 mM and 

incubated at room temperature in the dark for 20 minutes to achieve alkylation of cysteine residues. 

Samples were then subjected to filter-aided sample preparation (FASP) (Wisniewski, Zougman et 

al. 2009) for protein cleanup using Vivacon 30,000 kDa molecular weight cutoff filters and 

reconstituted with 100µL of 50 mM ammonium bicarbonate solution. Tryptic digestion was 

carried out by hydrating lyophilized trypsin to a stock solution of 1 µg/µL with 0.01% acetic acid 

in water followed by addition of trypsin to the protein mixture at a 1:50 ratio and then incubated 

at 37ºC for 4 hours. Af ter digestion, peptides were acidified with HCl at a final concentration of 

250 mM (pH Ò 3). 

 

LC-MS/MS Analysis 

3µL of each sample were injected and analyzed using an Easy nanoLC 1000 coupled to a Q 

Exactive HF mass spectrometer (Thermo Fisher, Bremen, Germany). PicoFrit columns were 

packed to 45 cm in house using 3µM C18 silica particles. Separation of peptides was achieved 

through a gradient of mobile phase A (98% water, 2% acetonitrile, and 0.1% formic acid) and 

mobile phase B (99.9% acetonitrile and 0.1% formic acid). The LC method applied consisted of a 

gradient of 0%-40% B over 90 minutes, followed by a ramp to 80% B in one minute. The column 

was washed at 80% B for 14 minutes, then re-equilibrated at 0% B for 15 minutes. Tandem mass 
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spectrometry was carried out in a conventional top 12 data-dependent acquisition mode. MS1 

scans were performed at a resolving power of 70,000 from m/z 400 to 1400 and an automatic gain 

control (AGC) target of 1 x 10̂6. MS2 scans were performed at a resolving power of 17,500 and 

an AGC target of 5 x 10̂4. A 30-second dynamic exclusion window was applied during sampling 

to avoid repeated interrogation of high-abundant species. 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2.3. Mean (n=3) total number of proteins identified per each cyanotoxic 

mixture DOE condition. 
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Supplemental Figure 2.2. The chemical structure of ɓ-methylamino-L-alanine (BMAA) and 

its isomers AEG (aminoethyl glycine) and 2,4-DAB (2,4-diaminobutyric acid). 
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Supplemental Figure 2.4. Pie chart showing the number of unique proteins per each 

cyanotoxic mixture DOE condition. 

Supplemental Figure 2.5. Bar chart of significantly enriched GO Biological Processes derived 

from the unique differential proteins in the three-component equimolar cyanotoxic mixture 

(Red), BMAA (yellow), AEG (Blue), and 2,4-DAB (Green). Left axis represents the percentage 

of DEPs found in each biological process. Right axis displays the significance for each 

biological process. 
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Supplemental Figure 2.6. Bar chart of significantly enriched GO Cellular Components derived 

from the unique differential proteins in the three-component equimolar cyanotoxic mixture 

(Red), BMAA (yellow), AEG (Blue), and 2,4-DAB (Green). Left axis represents the percentage 

of DEP found in each biological process. Right axis displays the significance for each biological 

process. 
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  Z-SCORES 

Canonical Pathway 

BMAA 

(500u

M) 

AEG 

(500uM) 

 2,4-DAB 

(500uM)  

BMAA  (166.67)+ 

AEG (166.67)+  

2,4-DAB (166.67) 

Oxidative Phosphorylation 2.2360 0 0 1.889822365 

Sirtuin Signaling Pathway -2.2360 0 0 -1.632993162 

Neuroinflammation Signaling 

Pathway 0 -2 0 2.645751311 

Adrenomedullin signaling pathway 0 -2 0 2.449489743 

Superpathway of Inositol 

Phosphate Compounds -2 0 0 -1 

3-phosphoinositide Biosynthesis -2 0 0 -1 

3-phosphoinositide Degradation -2 0 0 -1 

D-myo-inositol-5-phosphate 

Metabolism -2 0 0 -1 

D-myo-inositol (3,4,5,6)-

tetrakisphosphate Biosynthesis -2 0 0 -1 

D-myo-inositol (1,4,5,6)-

Tetrakisphosphate Biosynthesis -2 0 0 -1 

Role of NFAT in Cardiac 

Hypertrophy 0 -2 0 2.236067977 

GNRH Signaling 0 -2 0 1.632993162 

Protein Kinase A Signaling 0 -1 0 -0.832050294 

Superpathway of 

Geranylgeranyldiphosphate 

Biosynthesis I (via Mevalonate) 0 0 0 -2 

Cardiac Hypertrophy Signaling 0 -2 0 1.133893419 

Superpathway of Cholesterol 

Biosynthesis 0 0 0 -2 

CCR5 Signaling in Macrophages 0 -2 0 2 

IL -1 Signaling 0 -2 0 2 

Fatty Acid ɓ-oxidation I 0 0 0 -2 

HMGB1 Signaling 0 0 0 2.236067977 

Inhibition of Angiogenesis by 

TSP1 0 -1 0 2.236067977 

PPARŬ/RXRŬ Activation 0 -1 0 -1.341640786 

Huntington's Disease Signaling 0 0 0 -1.632993162 

NGF Signaling 0 0 0 1.341640786 

IL -6 Signaling 0 0 0 2.236067977 

PAK Signaling 0 0 0 1.632993162 

     

 

     

Supplemental Table 2.1. All categories of canonical pathways and their associated z-scores. 
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Supplemental Table 2.1 (continued). 

 

NRF2-mediated Oxidative Stress 

Response 0 0 0 2.121320344 

Type I Diabetes Mellitus Signaling 0 0 0 2.449489743 

Amyotrophic Lateral Sclerosis 

Signaling 0 0 0 1 

Cholecystokinin/Gastrin-mediated 

Signaling 0 0 0 2.236067977 

4-1BB Signaling in T Lymphocytes 0 0 0 2.236067977 

TGF-ɓ Signaling 0 0 0 2.236067977 

RANK Signaling in Osteoclasts 0 0 0 2.236067977 

UVC-Induced MAPK Signaling 0 0 0 2.236067977 

Induction of Apoptosis by HIV1 0 0 0 2.236067977 

STAT3 Pathway 0 0 0 2.236067977 

IL -17A Signaling in Airway Cells 0 0 0 2.236067977 

LPS-stimulated MAPK Signaling 0 0 0 2.236067977 

CD40 Signaling 0 0 0 2.236067977 

BMP signaling pathway 0 0 0 2.236067977 

Fc Epsilon RI Signaling 0 0 0 2.236067977 

Endothelin-1 Signaling 0 0 0 1 

Renin-Angiotensin Signaling 0 0 0 1.632993162 

PEDF Signaling 0 0 0 2 

Death Receptor Signaling 0 0 0 2 

Amyloid Processing 0 0 0 1 

B Cell Activating Factor Signaling 0 0 0 2 

IL -22 Signaling 0 0 0 2 

Glycogen Degradation II 0 0 0 0 

IL -17A Signaling in Gastric Cells 0 0 0 2 

CDK5 Signaling 0 0 0 0 

Mevalonate Pathway I 0 0 0 -2 

GDNF Family Ligand-Receptor 

Interactions 0 0 0 2 

April Mediated Signaling 0 0 0 2 

Apoptosis Signaling 0 0 0 0.632455532 

Leukocyte Extravasation Signaling 0 0 0 1.414213562 

Signaling by Rho Family GTPases 0 0 0 0.377964473 

EIF2 Signaling 1.3416 0 0 0.377964473 

Insulin Receptor Signaling 0 0 0 0.816496581 

B Cell Receptor Signaling 0 0 0 1.632993162 

ErbB Signaling 0 0 0 1.632993162 

UVB-Induced MAPK Signaling 0 0 0 1.632993162 

Colorectal Cancer Metastasis 

Signaling 0 0 0 1.133893419 

AMPK Signaling 0 -1 0 0 
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Supplemental Table 2.1 (continued). 

     

p70S6K Signaling 0 0 0 1 

Rac Signaling 0 0 0 0.447213595 

CXCR4 Signaling 0 0 0 1.341640786 

Paxillin Signaling 0 0 0 1.341640786 

Pancreatic Adenocarcinoma 

Signaling 0 0 0 1.341640786 

TNFR1 Signaling 0 0 0 1.341640786 

IL -8 Signaling 0 0 0 1.341640786 

ATM Signaling 0 0 0 1.341640786 

ILK Signaling 0 0 0 0.816496581 

CCR3 Signaling in Eosinophils 0 0 0 1 

Type II Diabetes Mellitus Signaling 0 0 0 1 

Acute Myeloid Leukemia Signaling 0 0 0 1 

Cdc42 Signaling 0 0 0 0.816496581 

Pyridoxal 5'-phosphate Salvage 

Pathway 0 0 0 0.816496581 

Salvage Pathways of Pyrimidine 

Ribonucleotides 0 0 0 0.816496581 

14-3-3-mediated Signaling 0 0 0 0.377964473 

FLT3 Signaling in Hematopoietic 

Progenitor Cells 0 0 0 0.447213595 

CD27 Signaling in Lymphocytes 0 0 0 0.447213595 

Agrin Interactions at 

Neuromuscular Junction 0 0 0 0.447213595 

Antioxidant Action of Vitamin C 0 0 0 -0.377964473 

 

 

  

  Z-SCORE 

Diseases and Bio 

Functions 

AEG 

(500 

ɛM) 

 2,4-DAB 

(500 ɛM) 

BMAA 

(500 

ɛM) 

BMAA(166.67ɛM)+AEG 

(166.67ɛM)+ 2,4-

DAB(166.67ɛM) 

Organismal death 3.19 0.00 0.00 6.77 

Morbidity or mortality 0.00 0.00 0.00 6.72 

Growth Failure 2.35 0.00 0.00 4.02 

Cell death 0.00 0.54 -0.53 3.02 

Necrosis 0.00 0.24 -0.34 2.52 

Movement Disorders 0.00 0.00 0.00 2.31 

Apoptosis 0.00 0.00 0.00 2.22 

Anemia N/A 0.00 0.00 2.16 

     

Supplemental Table 2.2. All categories of Diseases and Biological Functions and their 

associated z-scores. 
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Supplemental Table 2.2 (continued). 

 

Apoptosis of breast 

cancer cell lines 0.00 0.00 0.00 2.05 

Cell death of glomerular 

cells 0.00 0.00 0.00 1.97 

Tremor 1.00 N/A 0.00 1.97 

Cell death of kidney 

cancer cell lines 0.00 0.00 0.00 1.95 

Apoptosis of connective 

tissue cells 0.00 0.00 0.00 1.83 

Apoptosis of fibroblasts 0.00 0.00 1.58 1.83 

Cell death of 

dopaminergic neurons 0.00 N/A 0.00 1.76 

Development of 

carcinoma N/A 0.00 0.00 1.73 

Apoptosis of 

hematopoietic progenitor 

cells 0.00 0.00 0.00 1.67 

Cell death of thymocytes 0.00 0.00 0.00 1.66 

Senescence of cells 0.00 0.00 0.00 1.64 

Neuronal cell death 0.00 0.00 0.00 1.62 

Cell death of 

hematopoietic progenitor 

cells 0.00 0.00 0.00 1.59 

Cell death of tumor cell 

lines 0.00 0.00 0.00 1.47 

Apoptosis of tumor cell 

lines 0.00 0.00 0.00 1.46 

Senescence of lung cell 

lines 0.00 0.00 0.00 1.46 

Apoptosis of thymocytes 0.00 0.00 0.00 1.44 

Apoptosis of embryonic 

cell lines 0.00 0.00 0.00 1.37 

Cell death of kidney cells 0.00 0.00 0.00 1.24 

Expression of protein 0.00 0.00 0.00 1.22 

Translation of protein 0.00 0.00 0.00 1.22 

Apoptosis of carcinoma 

cell lines 0.00 0.00 0.00 1.16 

Senescence of fibroblast 

cell lines 0.00 0.00 0.00 1.15 

Permeabilization of 

mitochondria 0.00 0.00 0.00 1.12 

Cell death of eye cells 0.00 0.00 0.00 1.11 

Dysmyelination 0.00 0.00 0.00 1.09 
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Supplemental Table 2.2 (continued). 

 

Cell death of embryonic 

tissue 0.00 0.00 0.00 1.07 

Replicative senescence of 

fibroblast cell lines 0.00 0.00 0.00 1.00 

Cell death of embryonic 

cell lines 0.00 0.00 0.00 0.97 

Cell death of carcinoma 

cell lines 0.00 0.00 0.00 0.95 

Fragmentation of DNA 0.00 0.00 0.00 0.94 

Cell death of hippocampal 

neurons 0.00 0.00 0.00 0.94 

Apoptosis of liver 0.00 0.00 0.00 0.90 

Cell death of lung cancer 

cell lines 0.00 0.00 0.00 0.85 

Degeneration of nervous 

system 0.00 0.00 0.00 0.83 

Degradation of DNA 0.00 0.00 0.00 0.78 

Apoptosis of kidney cell 

lines 0.00 0.00 0.00 0.74 

Cell death of kidney cell 

lines 0.00 0.00 0.00 0.70 

Cell death of cortical 

neurons 0.00 0.00 0.00 0.69 

Neurodegeneration 0.00 0.00 0.00 0.68 

Replicative senescence of 

cells 0.00 0.00 0.00 0.64 

Cell death of cerebral 

cortex cells 0.00 0.00 0.00 0.62 

Cell death of lymphocytes 0.00 0.00 0.00 0.62 

Exencephaly 0.00 0.00 0.00 0.61 

Congenital malformation 

of brain N/A 0.00 0.00 0.61 

Cell death of brain 0.00 0.00 0.00 0.53 

Development of 

cytoplasm 0.00 0.00 0.00 0.52 

Apoptosis of neurons 0.00 0.00 0.00 0.45 

Cell death of hippocampal 

cells 0.00 0.00 0.00 0.37 

Genitourinary tumor 0.00 0.00 1.00 0.33 

Apoptosis of hepatocytes 0.00 0.00 0.00 0.29 

Cell death of connective 

tissue cells 0.00 0.00 0.00 0.23 
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Supplemental Table 2.2 (continued). 

 

Cell death of central 

nervous system cells 0.00 0.00 0.00 0.12 

Nonhematologic 

malignant neoplasm 0.00 N/A 0.57 0.10 

Carcinoma 0.00 N/A 0.29 0.10 

Development of 

malignant tumor N/A 0.00 0.77 0.05 

Size of animal -1.39 0.00 0.00 0.00 

Infection of epithelial cell 

lines -0.95 0.00 0.00 0.00 

Degeneration of neurons 0.00 2.00 0.00 0.00 

Infection by HIV-1 -1.10 0.00 0.00 0.00 

Infection of kidney cell 

lines -0.95 0.00 0.00 0.00 

Infection of embryonic 

cell lines -0.95 0.00 0.00 0.00 

Transmembrane potential 

of mitochondria 1.39 0.00 0.00 0.00 

Cell death of breast 

cancer cell lines 0.00 0.00 1.07 0.00 

Malignant solid tumor 0.00 N/A 1.03 0.00 

Cell death of 

neuroblastoma cell lines -2.03 0.00 0.00 0.00 

Death of embryo 0.55 0.00 0.00 0.00 

Migration of breast cancer 

cell lines -2.37 0.00 0.00 0.00 

Concentration of 

acylglycerol -2.22 0.00 0.00 0.00 

Neonatal death 2.14 0.00 0.00 0.00 

Frequency of tumor -0.81 0.00 0.00 0.00 

Uptake of 

monosaccharide -0.28 0.00 0.00 0.00 

Protein kinase cascade 0.00 -2.00 0.00 0.00 

Microphthalmia-

anophthalmia-coloboma 

spectrum 2.00 0.00 0.00 0.00 

Cell viability of 

connective tissue cells 0.00 0.00 1.97 0.00 

Cell viability of 

fibroblasts N/A N/A 1.97 0.00 

Ruffling of plasma 

membrane 0.00 N/A 0.00 0.00 
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Supplemental Table 2.2 (continued). 

 

Migration of fibroblast 

cell lines -1.96 0.00 0.00 0.00 

Cancer 0.00 0.25 -0.07 0.00 

Cell death of 

osteosarcoma cells 0.00 1.00 -0.45 0.00 

Incidence of tumor 0.09 0.00 0.00 0.00 

Cell death of melanoma 

cell lines 0.00 0.00 1.21 0.00 

Immune response of 

macrophages -1.19 0.00 0.00 0.00 

Extracranial solid tumor 0.00 N/A 0.11 0.00 

Quantity of red blood 

cells 0.00 -0.59 0.00 0.00 

Proliferation of 

embryonic cell lines -1.03 0.00 0.00 0.00 

Growth of organism 1.02 0.00 0.00 0.00 

Cell death of retinal cells 0.00 0.00 0.00 0.00 

Intracranial hemorrhage N/A 0.00 0.00 0.00 

Disruption of plasma 

membrane 0.00 N/A 0.00 0.00 

Hypoglycemia 0.98 0.00 0.00 0.00 

Infection of cervical 

cancer cell lines -0.55 0.00 0.00 0.00 

Infection of cells -0.67 0.00 0.00 0.00 

Infection by RNA virus -0.88 0.00 0.00 0.00 

Oxidation of fatty acid -0.92 0.00 0.00 0.00 

Killing of cells 0.00 -0.91 0.00 0.00 

Liver lesion 0.69 N/A 0.00 0.00 

Engulfment of tumor cell 

lines 0.63 0.00 0.00 0.00 

Cell death of cancer cells 0.00 -0.32 0.00 0.00 

Ubiquitination of protein 0.00 0.00 0.00 0.00 

Endocytosis by eukaryotic 

cells -0.45 0.00 0.00 0.00 

Transport of molecule 0.00 0.36 0.00 0.00 

Injury of mice 0.00 0.00 0.28 0.00 

Activation of neuroglia -0.28 0.00 0.00 0.00 

Density of neurons 0.00 0.16 0.00 0.00 

Activation of microglia 0.15 0.00 0.00 0.00 

Activation of 

macrophages 0.15 0.00 0.00 0.00 

Productive infection of 

cervical cancer cell lines -0.10 0.00 0.00 0.00 



73 

 

Supplemental Table 2.2 (continued). 

 

Apoptosis of brain 0.00 0.00 0.00 -0.03 

Metabolism of protein -0.82 0.00 0.00 -0.06 

Apoptosis of 

neuroblastoma cell lines N/A 0.00 0.00 -0.19 

Metabolism of DNA -1.60 -1.13 0.00 -0.26 

Cell death of fibroblast 

cell lines 0.00 0.00 0.00 -0.55 

Organization of organelle 0.00 0.00 0.00 -0.58 

Cell death of 

pheochromocytoma cell 

lines -1.97 0.00 0.00 -0.73 

Non-melanoma solid 

tumor 0.00 N/A 0.48 -0.74 

Replication of RNA virus 0.00 0.00 0.00 -0.76 

Synthesis of protein 0.00 0.00 0.00 -0.78 

Non-hematological solid 

tumor 0.00 N/A 0.66 -0.85 

Hydrolysis of 

phosphoinositide 0.00 0.00 0.00 -1.00 

Epithelial neoplasm 0.00 0.00 0.00 -1.01 

Cell viability of breast 

cancer cell lines 0.00 0.00 0.00 -1.09 

Metabolism of nucleoside 

triphosphate 0.00 0.00 0.00 -1.15 

Stress response of cells 0.00 0.00 0.00 -1.19 

Tumorigenesis of tissue 0.00 0.00 0.27 -1.28 

Quantity of blood -0.28 0.00 0.00 -1.29 

Metabolism of nucleic 

acid component or 

derivative 0.00 0.00 0.00 -1.33 

Synthesis of nucleotide 0.00 0.00 0.00 -1.33 

Metabolism of nucleotide 0.00 0.00 0.00 -1.33 

Cleavage of carbohydrate 0.00 0.00 0.00 -1.46 

Hydrolysis of 

phospholipid 0.00 0.00 0.00 -1.54 

DNA replication -1.39 N/A 0.00 -1.56 

Branching of neurites 0.00 0.00 0.00 -1.72 

Hydrolysis of lipid 0.00 0.00 0.00 -1.85 

Quantity of blood cells 0.00 0.00 0.00 -1.86 

Repair of DNA 0.00 0.00 -0.89 -1.87 

Hydrolysis of 

phosphatidic acid 0.00 0.00 0.00 -1.91 

Methylation of DNA N/A 0.00 0.00 -1.95 
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Supplemental Table 2.2 (continued). 

 

Cellular homeostasis 0.00 0.00 0.00 -2.00 

Quantity of white pulp 0.00 0.00 0.00 -2.00 

Extension of cellular 

protrusions 0.00 0.00 0.00 -2.01 

Cell viability 0.00 0.00 0.00 -2.02 

Metabolism of 

carbohydrate 0.00 N/A 0.00 -2.04 

Autophagy 0.00 0.00 0.00 -2.06 

Cell viability of tumor 

cell lines 0.00 0.00 0.00 -2.09 

Digestive organ tumor 0.00 N/A N/A -2.18 

Abdominal neoplasm 0.00 N/A 0.25 -2.18 

Cell viability of bone 

cancer cell lines 0.00 0.00 0.00 -2.22 

Survival of sarcoma cell 

lines 0.00 0.00 0.00 -2.22 

Cell survival 0.00 0.00 0.00 -2.32 

Mitosis 0.00 0.00 0.00 -2.38 

Hydrolysis of nucleotide 0.00 0.00 0.00 -2.40 

Invasion of cancer cells 0.00 0.00 0.00 -2.43 

Transformation of 

fibroblast cell lines 0.00 0.00 0.00 -2.57 

Cell cycle progression -1.01 0.00 0.00 -2.65 

Viral Infection -1.10 0.00 0.62 -2.91 

Microtubule dynamics 0.00 0.00 0.00 -3.24 

Organization of 

cytoplasm 0.00 0.00 0.00 -3.32 

Organization of 

cytoskeleton 0.00 0.00 0.00 -3.32 

Size of body 0.00 0.00 0.00 -4.45 
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Supplemental Table 2.3. Enrichment of differentially expressed proteins involved in the 

MAPKs signaling pathway.  

 

 

 

 

 

 

 

 

 

 

 

Supplemental Table 2.4: All categories of upstream regulators and their associated z-scores. 

 

Upstream Regulators 

AEG 

(500uM) 

2,4-DAB 

(500 uM) 

BMAA 

(500 uM) 

BMAA(166.67ɛM)+ 

AEG (166.67ɛM)+  

2,4-DAB(166.67ɛM) 

arsenic trioxide 0 0 0 2.93315 

IFNB1 0 0 0 2.621093 

MAP4K4 0 0 -2 2.44949 

calcitriol 0 0 0 2.215323 

let-7 0 0 0.640184 2.137667 

     

miR-30c-5p (and other 

miRNAs w/seed 

GUAAACA) 0 0 0 2.12132 

PTEN 0 0 1.195229 2.110579 

mir-1 0 0 0 2 

KLF3 0 0 0 2 

INSIG1 0 0 0 2 

mir-29 0 0 0 1.972464 

MGEA5 0 0 0 1.889822 

CDKN1A 0 0 0 1.812714 

CST5 0 0 -0.8165 1.807392 

miR-16-5p (and other 

miRNAs w/seed 

AGCAGCA) 0 0 0 1.782084 

PD98059 0 0 0 1.763029 

IRF4 0 0 0 1.632993 

sirolimus 0 0 -0.33333 1.486329 

cisplatin 0 0 0 1.372618 
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Supplemental Table 2.4 (continued). 

 

TNFSF10 0 0 0 1.279607 

D-glucose 0 0 0 1.254714 

CDKN2A 0 0 0 1.093216 

IL24 0 0 0 1.06749 

BNIP3L 0 0 0 1 

3,3'-diindolylmethane 0 0 0 1 

RB1 -0.92848 0 1.664479 0.996928 

GnRH analog 0.447214 -0.44721 0.377964 0.880071 

ADRB 0 0 0 0.816497 

TFDP1 0 0 0 0.762493 

MTPN 0 0 0 0.738549 

doxorubicin 0 0.159313 0 0.72107 

26s Proteasome 0 0 0 0.617822 

TP53 0 0 2.172926 0.546294 

hydrocortisone 0 0 0 0.447214 

FLT1 0 0 0 0.377964 

gentamicin 0 0 0 0.377964 

valproic acid 0 0 0 0.348155 

prednisolone 0 0 0 0.333333 

FSH 0 0 0 0.130189 

methotrexate 0 0 0 0.128037 

curcumin 0 0 0 0.112509 

OSM 0 0 1.043498 0 

E2F1 0 0 0 -0.04335 

KRAS 0 0 0 -0.07981 

FN1 0 0 0 -0.11251 

TRAF2 0 0 0 -0.1525 

trichostatin A 0 0 0 -0.224 

SP600125 0 0 0 -0.23905 

PPARD -0.5547 0 0 -0.23905 

butyric acid 0 0 0 -0.39322 

nocodazole 0 0 0 -0.40423 

bortezomib 0 0 0 -0.44157 

ciprofloxacin 0 0 0 -0.44721 

ATP7B 0 0 0 -0.44721 

nitrofurantoin 0 0 0 -0.56254 

camptothecin 0 0 0 -0.60092 

MYC 0 -1.13573 0 -0.7005 

HNF4A -1.06749 0 0 -0.70711 

PGR 0 0 0 -0.87287 

HRAS 0 0 0 -0.89474 

CD3 0 0 0 -0.92338 

PPARA 0 0 0 -0.95515 
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Supplemental Table 2.4 (continued) 

 

GDNF 0 0 0 -1 

L-dopa 0.333333 0 0 -1.06904 

PPARG -1.95772 0 0 -1.11772 

FOS 0 0 0 -1.33377 

ADORA2A 0 0 0 -1.34164 

etoposide 0 0 0 -1.41177 

IL15 0 0 0 -1.43208 

APP 0 0 -0.44721 -1.49641 

bisphenol A 0 0 0 -1.63299 

GLI1 0 0 0 -1.63299 

mibolerone 0 0 0 -1.88982 

SP1 0 0 0 -1.95083 

E2f 0 0 0 -1.95083 

INSR 0 0 0.848528 -1.98248 

AGN194204 0 0 0 -2 

PDGF-DD 0 0 0 -2 

fenofibrate 0 0 0 -2 

TBX2 0 0 0 -2 

SCAP 0 0 0 -2 

SREBF2 0 0 0 -2.16762 

XBP1 0 0 0 -2.17719 

CD24 0 0 0 -2.23607 

MKNK1 0 0 0 -2.23607 

E2F3 0 0 0 -2.23607 

SREBF1 0 0 0 -2.36903 

pirinixic acid -1.38414 0 1.773442 -2.39766 

ERBB2 0 0 -2.82843 -2.4327 

TGFB1 0 -2 0 -2.46309 

TCF7L2 0 0 0 -2.53837 

ERK1/2 0 0 0 -2.58712 

E. coli B4 

lipopolysaccharide 0 0 0 -2.59763 

BDNF 0 0 0 -2.6295 

EGF 0 0 0 -2.78138 

ESR1 0 0 -2.74398 -3.02609 

genistein 0 -0.27735 0 0 

ABCB6 0 0 0 0 

DAXX  0 0 0 0 

imiquimod 0 0 0.105925 0 

tunicamycin 0 0 2.201281 0 

methylprednisolone -0.16151 0 0 0 

EPAS1 0 0 -2 0 
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Supplemental Table 2.4 (continued). 

 

miR-1-3p (and other 

miRNAs w/seed 

GGAAUGU) -0.90784 0 0 0 

mono-(2-

ethylhexyl)phthalate 0 0 0.816497 0 

ATF4 0 0 1.537534 0 

UCP1 0 0 1.479591 0 

TCR 0 0 0.113961 0 

HSF1 0 0 -0.4842 0 

daidzein 0 1 0 0 

EIF4E 0 0 1.632993 0 

MYCN 0 -0.1525 1.982481 0 

KDM5A 0.447214 0 -1 0 

IFNA2 0 0 0.301682 0 

SATB1 -0.1525 0 0 0 

TRAP1 0 0 -1.06749 0 

CD38 0 0 -1.06749 0 

HIF1A 0 0 -1.19602 0 

miR-155-5p (miRNAs 

w/seed UAAUGCU) 0 0 -1 0 

CD 437 1 0 0.377964 0 

dihydrotestosterone -0.39361 0 0 0 

thyroid hormone 0.314347 0 0 0 

1,2-dithiol-3-thione -0.83054 0 0 0 

RICTOR 0 0 -1.91265 0 
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CHAPTER 3 

 

 

 

 

The cyanotoxin 2,4-DAB enhances mortality and causes behavioral and molecular 

dysfunctions associated with neurodegeneration in larval zebrafish 
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3.1  Abstract 

Exposure to cyanotoxins has been linked to neurodegenerative diseases, including 

amyotrophic lateral sclerosis, Alzheimerôs, and Parkinsonôs disease. While the cyanotoxin ɓ-

methylamino-L-alanine (BMAA) has received much attention, cyanobacteria produce many 

cyanotoxic compounds, several of which have been detected in nature alongside BMAA 

including 2,4-diaminobutyric acid (2,4-DAB), and N-(2-aminoethyl)glycine (AEG). Thus, the 

question of whether DAB and AEG also cause neurotoxic effects in vivo is of great interest, as is 

the question of whether they interact to enhance toxicity. Here, we evaluate the toxic and 

neurotoxic effects of these cyanotoxins alone or in combination via measuring zebrafish larvae 

viability and behavior after exposure. 2,4-DAB was the most potent cyanotoxin as it decreased 

larval viability by approximately 50% at 6 days post fertilization, while BMAA and AEG 

decreased viability by just 16% and 8%, respectively. Although we only observed minor 

neurotoxic effects on spontaneous locomotion, BMAA and AEG enhanced acoustic startle 

sensitivity, and they interacted in an additive manner to exert their effects. 2,4-DAB, however, 

only modulated the startle kinematics, an indication of motor dysfunction. To investigate the 

mechanisms of 2,4-DABôs effects, we analyzed the protein profile of larval zebrafish exposed to 

500µM 2,4-DAB at two time points and identified molecular signatures that are consistent with 

neurodegeneration, including disruption of metabolic pathways and downregulation of the ALS-

associated genes SOD1 and UBQLN4. Together, our data demonstrate that BMAA and its 

isomers AEG and 2,4-DAB all cause neurotoxic effects in vivo, with 2,4-DAB as the most potent 

of the three in the zebrafish model. 
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3.2  Introduction  

Exposure to BMAA (ɓ-N-methylamino-L-alanine), a non-canonical amino acid, has been 

extensively associated with the onset of sporadic neurodegenerative diseases, including 

amyotrophic lateral sclerosis (ALS) (Banack and Cox 2003), Parkinsonôs (Nunes-Costa et al. 

2020) and Alzheimerôs diseases (Silva et al. 2020). BMAA is naturally released into the water by 

a diverse taxa of cyanobacteria (Cox et al. 2005), and it persists in the environment not only 

during and after a cyanobacteria bloom collapse (Réveillon et al. 2015) but also in terrestrial 

ecosystems (Metcalf et al. 2012). BMAA can also bioaccumulate and be transferred to higher 

trophic levels (Li et al. 2019). In vitro studies have shown that BMAA causes excitotoxicity in 

primary neuronal and glial cell cultures (Chiu et al. 2012; 2013), and it is also known to induce 

differential expression of genes and proteins associated with cellular mitochondrial dysfunction 

and protein aggregation (Beri et al. 2017; Chiu et al. 2015). These results suggest that BMAA is 

a potent epidemiological link to sporadic neuropathology. Not only is BMAA found ubiquitously 

in the environment, but it can also be found along with other highly prevalent cyanotoxins, 

including BMAA derivatives like 2,4 diaminobutyric acid (2,4-DAB) and aminoethyl glycine 

(AEG) (Chatziefthimiou et al. 2018; Metcalf et al. 2008; Réveillon et al. 2015). However, these 

isomers are hardly ever studied in context of their neurotoxicity. Because a natural exposure is 

likely to involve a combination of BMAA, its isomers, and other co-occurring cyanotoxins, it is 

particularly important to investigate the neurotoxic effects of exposure to cyanotoxic mixtures.  

A preliminary binary mixture study showed synergistic neurotoxic effects of low 

concentrations of BMAA (10-100µM) and methylmercury (3µM) in primary cortical cell 

cultures (Rush et al. 2012). We have also previously demonstrated how BMAA can interact with 

isomers (i.e., 2,4-DAB and AEG) in an in vitro system to enhance caspase activity and induce 
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neurodegenerative processes in motor neuron-like cells (NSC-34) (Martin et al. 2019). A recent 

in vitro study revealed that the isomer AEG is a more potent neurotoxin than BMAA and that the 

toxicity of AEG is mediated by the induction of free radicals as well as the activation of 

metabotropic glutamate receptors (i.e., mGluR5) (Schneider et al. 2020). Like BMAA, 2,4-DAB 

activates N-methyl-D-aspartate (NMDA) receptors (Spasic et al. 2018), a mode of action this is 

also a primary mechanism of BMAA-induced neurotoxicity (Lobner 2009). These in vitro 

studies confirm the neurotoxicity of 2,4-DAB and AEG and highlight the importance of 

examining their potential combined effects with BMAA in vivo.  

Here we aimed to identify which individual cyanotoxic isomer and/or which combination 

of BMAA, AEG, and 2,4-DAB elicits the greatest toxicity in larval zebrafish, using an axial 

simplex mixture design (Cornell 2011). Here, we evaluated the larval zebrafish viability after 

exposure to 10 different ratios of all three cyanotoxic components. We also evaluated behavioral 

indicators of neurotoxicity with a high-throughput behavior testing platform and found that there 

was little interaction between the toxins, and that 2,4-DAB is a more potent toxin than either 

BMAA or AEG in vivo. To then identify early molecular changes that trigger toxicity of 2,4-

DAB we performed discovery proteomics at two developmental timepoints after exposure. Our 

results show that processes associated with neurodegeneration are impacted, including Ca2+ 

signaling, the unfolded protein response, and endoplasmic reticulum stress. Together, our data 

highlight the importance of studying mixtures and reveal 2,4-DAB to be a more potent 

neurotoxin than BMAA and AEG in the zebrafish model. 
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3.3  Materials and Methods 

Chemicals 

Synthetic BMAA, AEG and 2,4-DAB standards were obtained from Sigma Aldrich (St. 

Louis, MO). Water, acetonitrile, methanol, acetic acid, and formic acid were all Optima LCïMS 

grade solvents purchased from Fisher Scientific (Tewksbury, MA, USA). Stock solutions of 

BMAA, AEG, and 2,4-DAB at 10 mg.mL-1 were used for all mixtureôs dilutions. All dilutions 

were prepared in HPLC grade water. 

Mixture Design 

Experiments were designed to address in vivo toxicity after exposure to BMAA, AEG, 

and 2,4-DAB alone or in combination, in which both variation in experiment replicates and 

reproducibility were assessed. To detect interactive effects in a three-component mixture we 

used simplex axial design (Cornell 2011). Three compounds were studied at 7 different mixture 

combinations. The simplex axial design generally includes a test solution named center-point in 

which all factors are studied at their equimolar concentrations and the linear average value 

between their maximum (1) and minimum (-1) levels, allowing for an accurate estimation of 

pure error, lack-of-fit (Cornell 2011). The mixture design was generated using Design Expert® 

software where each run was controlled to a total concentration of 500ɛM. The 500ɛM 

concentration were chosen based on the lowest observable adverse effect level (LOAEL) found 

in our previous zebrafish dose response studies (Martin et al. 2020). 

Zebrafish husbandry and exposures 

All animal use and procedures were approved by the North Carolina State University 

IACUC. Zebrafish (Danio rerio) embryos from multiple crosses of wild type tupfel longfin 

(TLF) strain adults were collected and placed into Petri dishes containing E3 medium, and 
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unfertilized eggs were removed as described previously. Embryos from all clutches were mixed 

and randomly sorted into 24 well plates (8-10 animals per well) containing 1 mL of E3 per well.  

 At 6 hours post fertilization (hpf), embryos were treated with vehicle, individual 

cyanotoxins, their binary mixtures, and their three-component mixtures (Figure 1) . All 

treatments were performed in triplicate and were repeated in each of 2 separate experiments. 

Embryos were incubated at 29°C on a 14h:10h light-dark cycle, and 100% of the media was 

exchanged for fresh solutions daily. Embryos/ larvae were exposed to treatments until 6 days 

post fertilization (6 dpf). 

Zebrafish Viability and Behavior Assessment 

Mortality due to treatment toxicity was assessed daily and dead fish were counted and 

removed. During daily media changes, each fish was also assessed for a set of developmental 

phenotypes (pericardial edema, otolith malformations, pigmentation defects, small eyes, small 

heads, body axis defects such as curved or bent tails, and uninflated swim bladders), and any fish 

exhibiting these phenotypes was removed. Significant differences in viability data were analyzed 

via Kaplan-Meir survival analysis with Mantel-Cox Log-rank test using Prism 8. 

Behavior assays and analysis 

Screened 6 dpf larvae were adapted to the testing lighting and temperature conditions for 

30 minutes prior to testing. Behavior testing was done as previously described (Burgess and 

Granato 2007a; Marsden et al. 2018). Briefly, larvae were transferred to individual 9 mm round 

wells on a 36-well laser-cut acrylic testing grid. Larvae acclimated for 5 min and then 

spontaneous locomotor activity was recorded for 18.5 min at 640 x 640 px resolution at 50 

frames per sec (fps) using a Photron mini UX-50 high-speed camera. The same set of larvae 

were then presented with a total of 60 acoustic stimuli, 10 at each of 6 intensities (13.6, 25.7, 



85 

 

29.2, 35.5, 39.6, and 53.6 dB), with a 20 s interstimulus interval (ISI). Startle responses were 

recorded at 1000 fps. Stimuli were delivered by an acoustic-vibrational shaker to which the 

testing grid was directly mounted. All stimuli were calibrated with a PCB Piezotronics 

accelerometer (#355B04) and signal conditioner (#482A21), and voltage outputs were converted 

to dB using the formula dB = 20 log V. Analysis of recorded behaviors was done using FLOTE 

software as described previously (Marsden et al. 2018). Startle response C-bends were 

automatically identified using defined kinematic parameters. A startle sensitivity index was 

calculated for individual larvae by calculating the area under the curve of startle frequency 

versus stimulus intensity using Prism 8 software (GraphPad). Statistical analyses were performed 

using JMP pro 14 from SAS institute, Cary, NC. Data were analyzed for effects between the 

groups (comparison of means), using Tukey-Kramer HSD, Alpha 0.05. Bar graphs were 

generated using Prism 8. 

Global Proteomics Study 

The cyanotoxin 2,4-DAB exposure 

Zebrafish embryos from at least ten different fish pairs per batch were collected and 

randomized immediately after fertilization and transferred in groups of 10 into 24-well plates in 

E3 media. At 6 hpf, zebrafish embryos were treated with vehicle or 2,4-DAB at 500µM in E3. 

Embryos were incubated at 29°C on a 14h:10h light-dark cycle, and 100% of the media was 

exchanged for fresh treated solutions daily. Embryos/ larvae were exposed to 2,4-DAB until 2 or 

4 dpf. Ten larvae were pooled for each of 3 biological replicates for each condition and then 

flash frozen in liquid nitrogen and stored at -80°C.  
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Sample preparation and LC MS/MS 

Details of sample preparation, protein extraction and digestion via filter aided sample 

preparation (FASP) can be found in Supplemental Methods. Details regarding the LC-MS/MS 

data collection are also provided in the Supplemental Methods. Raw data files obtained in this 

experiment have been made available on the Chorus LC-MS data repository and can be assessed 

under the project ID#1738. 

Proteomics Data Analysis  

Label free quantification (LFQ) was performed in MaxQuant (version.1.5.60), which uses 

the Andromeda algorithm (Tyanova et al. 2016). Both dynamic (i.e., methionine oxidation and 

N-terminal acetylation) and fixed modifications (i.e., cysteine carbamido-methylation) were used 

for the database search along with a maximum of two missed cleavages. The minimum peptide 

length was set to 7 amino acids and the false discovery rate (FDR) for peptide and protein 

identiýcation was set to 0.01. All other search parameters were left as default values. Data were 

searched against the Danio rerio Swiss Prot protein database (# protein sequences = 56 281, 

accessed 01/25/2021). Comparison of LFQ intensities across the whole set of measurements was 

investigated using Perseus software (version 1.5.1.6), where calculation of statistical signiýcance 

was determined using two-way Studentôs t-test and FPR (p value Ò0.05).  

Pathway Analysis 

Ingenuity Pathway Analysis (IPA) software was used to identify the function, specific 

processes, and enriched pathways of the differentially expressed proteins using the ñCore 

Analysisò function. Only significantly differentially expressed proteins (p value Ò 0.05) were 

submitted to IPA. We used an empirical background protein database to evaluate the significance 
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of pathway enrichment. The database was created by using all the proteins that were detected in 

our samples (Khatri and DrŁghici 2005). 

3.4 Results  

An overview of the experiments in this study is illustrated in Figure 3.1. An optimal 

mixture design was created using Design of Experiments (DOE) to establish the concentrations 

of BMAA, AEG, and 2,4-DAB to be used in the exposures. The 2D axial design generates a 

symmetrical triangle plot for a three-variable case, displaying 7 mixtures of different ratios along 

with each individual cyanotoxin. An additional 4 replicate tests were applied for a total of 14 

runs to evaluate reproducibility and the lack of fit for the derived model (Figure 3.1A). In brief, 

zebrafish larvae were exposed to BMAA, AEG, and 2,4-DAB as well as their binary/three-

component mixture combinations from 6 hpf to 6 dpf. Viability of the larvae was assessed, and 

neurotoxicity was evaluated via two behavioral assays: spontaneous locomotion and acoustic 

startle response. To investigate perturbed molecular pathways associated with 2,4-DAB toxicity, 

the 2,4-DAB-exposed larvae were collected and subjected to discovery proteomics at two 

developmental stages: 2 dpf and at 4 dpf (Figure 3.1B). 
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Figure 3.1. Experimental design. 2D simplex axial design and randomized Design of 

Experiments ( DOE) design grid representing the composition for each solution. (B) Exposure plan 

for larval zebrafish from 6 hours post fertilization (hpf) to 6 days post fertilization (dpf) followed 

by the high throughput behavior testing, proteomics analysis, and endpoints measurements for 

these studies. 
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Viability Assessment: 2,4-DAB is more toxic than BMAA and AEG in vivo. 

To determine if exposure to cyanotoxins could induce organism mortality, we aimed to 

evaluate the viability of zebrafish larvae during exposure to BMAA, AEG, and 2,4-DAB alone 

or in combination. We exposed zebrafish larvae from 6 hpf to 6 dpf to cyanotoxic solutions as 

illustrated in Figure 3.1. We did not observe any significant overt developmental phenotypes in 

any of the exposed larval zebrafish groups. We performed Kaplan-Meir survival analysis with a 

Mantel-Cox Log-rank test to determine if BMAA, AEG, and 2,4-DAB significantly alter 

survival over time. While there was a trend toward a slight decrease in viability, AEG did not 

significantly decrease larval survival when compared to the control group (P=0.0531). However, 

larval survival after exposure to either BMAA or 2,4-DAB was significantly reduced by 16% 

(P=0.0008) and 50% (P<0.0001), respectfully (Figure 3.2A). Surprisingly, 2,4-DAB was the 

most potent cyanotoxin, and its EC50 for induced death is 500µM. The survival model standard 

errors, coefficients, and probability of survival values are included in Table 3.1. These data 

indicate that 2,4-DAB is highly toxic to zebrafish larvae at moderately low concentrations. 
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Figure 3.2. Viability Assessment. (A) Kaplan-Meier cumulative survival plots comparing percent 

survival between four treatment groups: Control (n=108), BMAA (n=162), AEG (n=162) , and 

2,4-DAB (n=108) (P<0.001, Mantel-Cox log rank test). (B) Bar graph representing percent 

viability across all treatment groups. (C) 2D contour plot representing zebrafish percent viability 

in response to each mixture of BMAA, AEG and 2,4-DAB (Linear regression model, P<0.0001). 
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Table 3.1. Fitted Survival Probability and Coefficient Intervals. 

Treatment Std Error Lower 95% Upper 95% Prob Survival 

Control 0.01224 0.00173 0.08226 0.98768 

BMAA  0.04095 0.09618 0.25833 0.83856 

AEG 0.02914 0.03372 0.15543 0.92581 

2,4-DAB 0.04682 0.41143 0.59294 0.49774 

 

When we assessed the survival of zebrafish larvae exposed to the binary and three-

component mixtures of BMAA, AEG, and 2,4-DAB, we observed a trend towards reduced 

viability (i.e., ranging from 11.2% to 31.5%) for the larval group exposed to the cyanotoxic 

mixtures containing increasing concentrations of 2,4-DAB (Figure 3.2B) . Thus, 2,4-DAB alone 

drives the reduced viability of zebrafish larvae exposed to cyanotoxic mixtures, and when 

combining it with other cyanotoxin, toxicity is not enhanced. Then, we tested if there existed a 

significant relationship between 2,4-DAB and decreased viability using the simplex axial design. 

Figure 3.2C illustrates the viability across all mixture conditions, and it indicates a plot of 

viscosity as a function of all three-mixture components, BMAA, AEG and 2,4-DAB. The grid 

lines representing percent viability decease in value towards the 2,4-DAB vertex. At 500µM, 

2,4-DAB exhibited the lowest viability (Figure 3.2C). The analysis of variance indicates that a 

linear model is statistically significant (P<0.0001) (Table 3.2). 
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Table 3.2. Analysis of Variance (ANOVA): Viability. 

 

ANOVA results, showing the significance a linear model (DF ï degrees of freedom). 

 

Thus, we conclude that these three cyanotoxins do not interact to decrease survival in 

vivo and that 2,4-DAB is more toxic than BMAA and AEG, meaning the viability response is 

tracking linearity with 2,4-DAB alone. The response is modeled by the below linear model in 

which Yi represents the predicted response, ɓ ɞ is the intercept coefficient, and ɓ i is the 

coefficient of the linear regression. 

ὣὭ‍‛ ‍Ὥ ὢὭ (1) 

 

Mixture of cyanotoxins modulate spontaneous behavior in larval zebrafish. 

 To determine if exposure to BMAA, AEG, and 2,4-DAB alone or in combination causes 

neurotoxicity in larval zebrafish, we first examined spontaneous locomotion across all 10 

treatment groups (Figure 3.3). The surviving zebrafish larvae at 6 dpf were adapted to the testing 

conditions, and then their spontaneous movements were recorded for 18.5 min using a high-

throughput behavior platform and automated FLOTE tracking software (Martin et al. 2020). We 

detected no significant differences in total distance travelled for larvae treated with BMAA, 

 Sum of Squares DF Mean Square F Value P Value 

Model 3205.63 2 1602.82 68.01 < 0.0001 

Linear Mixture  3205.63 2 1602.82 68.01 < 0.0001 

Residual 259.24 11 23.57     

Lack of Fit  202.66 7 28.95 2.05 0.2549 

Pure Error  56.58 4 14.15     
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AEG, or 2,4-DAB compared to their respective vehicle controls (Figure 3.3A). Thus, exposure 

to BMAA, AEG, or 2,4-DAB alone DOEs not grossly impact motor function. Although the 

average speed of the BMAA and 2,4-DAB-exposed groups was not altered when compared to 

their respective controls, the average speed of the larvae treated with AEG was significantly 

reduced (Figure 3.3A). The binary mixtures containing AEG also decreased spontaneous 

movement, with AEG plus BMAA reducing speed and AEG plus 2,4-DAB decreasing both 

distance travelled and speed (Figure 3.3B). We also observed that exposure to the equimolar 

three-component mixture significantly decreased both distance travelled and average speed 

(Figure 3.3C). DOE models were unable to fit these data at a statistically significant level, 

precluding any conclusions on whether there were interactions between toxins in this assay. 

These data indicate that although individual concentrations of BMAA and AEG do not 

substantially reduce survival of larval zebrafish, combined they can induce toxicity at a 

behavioral level. 
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Figure 3.3. Spontaneous Locomotion Response. (A - C) Bar graphs represent the total distance 

travelled during the 18.5 min spontaneous movement assay for each larva and average speed across 

the same assay for BMAA, AEG, and 2,4-DAB alone, their binary mixtures and three-component 

mixtures, respectively. Levels not connected by the same letter are significantly different (Tukey-

Kramer HSD, Alpha 0.05).  

 

The cyanotoxin 2,4-DAB DOEs not alter acoustic startle sensitivity, but BMAA and AEG do.  

To determine if exposure to BMAA, AEG, and 2,4-DAB alone or in combination affects 

specific sensorimotor behaviors in larval zebrafish, we measured acoustic startle frequency in 

response to a range of stimulus intensities in the same 10 groups described above. The frequency 

of Mauthner cell-dependent short latency C-bends (SLCs) are displayed in Figure 3.4 A-C. We 
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previously found that BMAA increases SLC frequency, suggesting increased excitability of the 

startle circuit (Martin et al. 2020). Here, we found that like BMAA, AEG also increased SLC 

frequency, but 2,4-DAB did not (Figure 3.4A). We also observed that the binary mixture of 

BMAA and AEG caused a similar increase in SLC frequency compared to BMAA and AEG 

alone (Figure 3.4B). No other binary or three component mixture induced statistically significant 

effects compare to controls. We also analyzed the frequency of long latency C-bends (LLCs), 

which are normal responses typically elicited by weaker stimuli and that are independent of the 

Mauthner cell and instead rely on the activation of prepontine neurons (Marquart et al. 2019). 

Neither BMAA nor its isomers significantly altered LLC response frequency (Supplemental 

Figure 3.1). These data indicate that BMAA and AEG specifically enhance the sensitivity of the 

SLC circuit. We next modeled the SLC experiment by fitting the same linear equation described 

above. Figure 3.4D shows the grid lines representing the SLC response across all 10 tested 

mixtures. SLC sensitivity increased towards the pure doses of BMAA (500µM) and AEG 

(500µM) as well as their binary mixture (BMAA at 500µM plus AEG at 500µM). The analysis 

of variance indicates that the linear model is statistically significant (P<0.0001) (Table 3.3). 

These data reveal that BMAA and AEG alone can augment the SLC response and that they 

interact, likely additively, at lower concentrations to significantly enhance SLC responses in 

larval zebrafish. These data also reveal that 2,4-DAB alone or in combination with BMAA 

and/or AEG DOEs not affect the initiation of the SLC response. 
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Table 3.3. Analysis of Variance (ANOVA): Short Latency C Startle (SLC). 

 

 

ANOVA results, showing the significance a linear model (DF ï degrees of freedom). 

 

 

 Sum of Squares DF Mean Square F Value P Value 

Model 2.148E+005 2 1.074E+005 5.20 0.0257 

Linear Mixture  2.148E+005 2 1.074E+005 5.20 0.0257 

Residual 2.271E+005 11 20641.63   

Lack of Fit  1.253E+005 7 17906.09 0.70 0.6790 

Pure Error  1.017E+005 4 25428.83   
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Figure 3.4. BMAA and AEG augment the short latency c startle (SLC) response. (A-C) Bar 

graphs display the distribution of the short latency C-bend (SLC) sensitivity indices for each tested 

larva after exposure to individual cyanotoxins, binary mixtures and three component mixtures, 

respectively (n = 108 siblings; mean ± SEM). Levels not connected by the same letter are 

significantly different (Tukey-Kramer HSD, Alpha 0.05). (D) 2D contour plot for the SLC 

sensitivity at different points in the design space, including each individual cyanotoxins and seven 

different mixture ratios (Linear regression model, P=0.0257). 
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The cyanotoxin 2,4-DAB modulate acoustic startle kinematics in larval zebrafish.  

To assess whether cyanotoxin mixtures cause more subtle defects in motor control, we 

examined the kinematic performance of SLC responses in the exposed larvae, as these rapid 

movements require coordinated activation of large sets of motor neurons and muscle. Using 

FLOTE tracking software, we looked at a set of kinematic parameters including latency, body 

curvature, angular velocity, and duration (Burgess and Granato 2007b). We found that 2,4-DAB 

at 500µM, but not BMAA or AEG, increased the curvature of the C-bend response, as shown in 

three representative examples (Figure 3.5A) and quantified in Figure 3.5C. We also observed 

that the average latency of response in fish exposed to BMAA, and AEG was significantly 

reduced (Figure 3.5B). The BMAA/AEG binary mixture produced the same effect on latency as 

the individual toxins (Supplemental Figure 3.2A), indicating that at 250µM BMAA and AEG 

interact in an additive manner in vivo to alter startle performance (Supplemental Figure 3.2A). 

We used the same axial simplex design and statistical model to estimate the main effects and 

toxin interactions across the seven mixture ratios. The statistical significance and effect values 

were both confirmed for latency and curvature responses using the same linear model described 

above (Figure 3.5D-E; Tables 3.4-3.5), indicating that BMAA and AEG drive the decrease in 

latency and that 2,4-DAB alone drives the increase in curvature. Consistent with the increase in 

curvature we observed, the 2,4-DAB-exposed larvae also displayed higher angular velocity and 

longer duration of the SLC response (Figure 3.5F-G). Together, our behavioral analyses show 

that AEG affects larval zebrafish behavior similarly to BMAA, while 2,4-DAB alters distinct 

aspects of behavior from the other two toxins, playing a critical role in regulating coordinated 

movements in the zebrafish larvae model. 
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Table 3.4. Analysis of Variance (ANOVA): Latency. 

 

ANOVA results, showing the significance a linear regression model (DF ï degrees of freedom). 

 

Table 3.5. Analysis of Variance (ANOVA): Curvature.  

  

 

 

ANOVA results, showing the significance a linear regression model (DF ï degrees of freedom). 

 

  

 Sum of Squares DF Mean Square F Value P Value 

Model 1.65 2 0.83 10.27 0.0030 

Linear Mixture  1.65 2 0.83 10.27 0.0030 

Residual 0.89 11 0.081   

Lack of Fit  0.56 7 0.080 0.97 0.5453 

Pure Error  0.33 4 0.082   

 Sum of Squares DF Mean Square F Value P Value 

Model 578.8 2 289.4 4.2 0.0432 

Linear Mixture  578.8 2 289.4 4.2 0.0432 

Residual 750.9 11 68.3   

Lack of Fit  683.3 7 97.6 5.8 0.0548 

Pure Error  67.7 4 16.9   
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Figure 3.5. 2,4-DAB modulates kinematics of the short C startle response. (A) Three 

representative images of the peak SLC curvature in 6 days post fertilization (dpf) larvae exposed 

to vehicle (control, top) and to 2,4-DAB at 500µM (bottom). (B and C) Bar graphs quantifying 

theresponses curvature and latency, respectively. (D and E) 2D contour plot for both the 

curvature and latency responses at different points in the design space, including individual 

cyanotoxins and seven different mixture ratios (Linear regression model, P<0.05). (F and G) Bar 

graphs quantify responses maximum angular velocity and duration, respectively. Levels not 

connected by the same letter are significantly different (Tukey-Kramer HSD, Alpha 0.05). 
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Exposure to 2,4-DAB affects biological processes and protein homeostasis in larval zebrafish. 

Our data show that 2,4-DAB not only alters motor function during the startle response 

but more significantly reduces viability of larval zebrafish by approximately 50% by 4 days of 

development (Figure 3.2A). To understand the molecular processes by which 2,4-DAB may 

exert these effects we used a ñbottom-upò shotgun proteomics approach. To identify both the 

mechanisms that may cause death as well as those that may induce behavioral neurotoxicity, we 

collected larval zebrafish exposed to 500µM 2,4-DAB at two time points: 2 dpf, prior to most of 

the toxin-induced mortality, and 4 dpf, after the wave of mortality had passed as well as their 

respective control larvae (Figure 3.2A). Then, control and 2,4-DAB-exposed larvae were each 

pooled in three biological replicates and flash frozen in liquid nitrogen, followed by proteomic 

analysis via LC-MS/MS. Approximately 2200 proteins were identified in each sample.  

First, we analyzed the regulation of protein abundance by identifying all differentially expressed 

proteins (DEPs) in the 2,4-DAB samples by comparing the mean abundance at each time point 

(i.e., 2 dpf and 4 dpf) to their respective controls using a two-way Studentôs t-test (P<0.05). All 

DEPs in both larval groups along with their significance values and fold change can be found in 

Supplemental table 3.1, and volcano plots illustrating the direction of protein regulation at both 

time points are shown in Supplemental Figure 3.3. Overall, changes in protein levels at 2 dpf 

were less pronounced than those at 4 dpf. A total of 102 and 398 differentiated expressed 

proteins (DEPs) were identified for the 2 dpf and 4 dpf groups, respectively, representing a 4-

fold increase in the number of dysregulated proteins in the 4 dpf samples (Figure 3.6A). There 

were no DEPs that were dysregulated at both time points, as illustrated by the absence of overlap 

in the Venn diagram in Figure 3.6A. These results suggests that 2,4-DAB affects an entirely 

different set of molecules during early embryonic development than at later larval stages. 
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The top 10 up and down regulated proteins in the 4 dpf group (Figure 3.6B) included 

several associated with apoptosis (API5, PEA15) and metabolic function (MPC1, FTCD, UOX). 

To determine whether these functions were significantly affected by 2,4-DAB at both timepoints, 

we performed gene ontology (GO) enrichment analysis to reveal the classification of the 

biological processes represented by all DEPs. DEPs were classified into three major functional 

groups, including metabolism, development, and cellular functions. As shown in Figure 3.6C, 

both time points reveal the dysregulated proteins are largely involved in metabolic processes (2 

dpf: 56%; 4 dpf: 48%), cellular processes (2 dpf: 23%; 4 dpf: 29%) and developmental processes 

(2 dpf: 21%; 4 dpf: 7%). A list of all subgroups of impacted biological processes can be found in 

Supplemental Tables 3.3-3.4. We next used Ingenuity Pathway Analysis (IPA) software to 

identify perturbed canonical pathways following exposure to 2,4-DAB. Canonical pathways 

were predicted using a Fisherôs exact t-test to determine the probability that DEPs from the 

dataset correspond with targets which are known to be activated/inhibited by those molecules 

based on knowledge in the Ingenuity database (Krämer et al. 2014). Only two canonical 

pathways were significantly enriched at 2 dpf: 1) neuronal nitrous oxide synthetase (nNOS) 

signaling and 2) protein ubiquitination pathway (Supplemental Figure 3.4A). Moreover, only 

eight proteins were significantly dysregulated within these canonical pathways in our samples 

(Supplemental Figure 3.4B), but both canonical pathways are associated with neuropathology 

(Atkin and Paulson 2014; Yi et al. 2009). We identified 56 canonical pathways that were 

significantly impacted in the 4 dpf samples (Supplemental table 3.2). Figure 3.6D shows the 

top 20 canonical pathways that were predicted to be altered by 2,4-DAB (500µM) exposure, 

based on a p-value less than 0.05 and an activation z-score that was greater than an absolute 

value of 2. In agreement with our GO analysis, several of these canonical pathways are involved 
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in cellular processes such as energy metabolism and protein homeostasis. For instance, both 

gluconeogenesis and glycolysis pathways were predicted to be inhibited (z-score<-2), leading to 

the predicted activation of metabolic diseases such as glucose metabolism disorders (z-

score=2.227; overlap p-value=1.46E-03). Moreover, five key regulators in the data set (HSPA5, 

CAT, SOD2, HSP90, SOD1) were altered in the direction consistent with increased protein 

damage (z-score=2.219; overlap p-value=2.67E-04). These proteins are known to decrease 

damage of proteins in neurons (Mattson 2006; Murakami et al. 2011), and they were all found to 

be downregulated in our samples. 
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Figure 3.6. Differentially expressed proteins (DEPs). (A) Venn diagram shows no overlap in 

the differentially Expressed Proteins (DEPs) between 2,4-DAB (500µM) zebrafish larvae 

exposed groups at 2 dpf (left) and 4 dpf (right). (B) Top 10 DEPs found to be up or 

downregulated in the zebrafish larvae groups that were exposed to 2,4-DAB from 6 hpf until 4 

days post fertilization (4 dpf). (C) Pie chart showing the percentage of enriched GO Biological 

Processes derived from each set DEPs time points: 2- and 4-day post fertilization. (D) Top 20 

canonical pathways found to be activated or inhibited in the zebrafish larvae groups that were 

exposed to 2,4-DAB until 4 days post fertilization (4 dpf). Red shading indicates predicted 

activation (z score > 2), and blue shading indicates predicted inhibition (z score <-2). This bar 

graph width represents enrichment values in the form of minus log of p value that were greater 

than 1.3. 
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During normal development from 2 to 4 dpf, widespread changes in gene expression 

occur. To determine how 2,4-DAB exposure affects this developmental program, we identified 

DEPs between the 2 and 4 dpf control group and compared this set of proteins to the DEPs that 

were found between the 2 and 4 dpf 2,4-DAB exposed group. This systematic analysis revealed 

868 DEPs for the control group and 606 DEPs for the 2,4-DAB-exposed group, with 349 DEPs 

common to both groups (Figure 3.7A). We found that DEPs in the control group were mostly 

upregulated while those in the 2,4-DAB-exposed group were mostly downregulated, perhaps 

reflecting a widespread impairment in the ability to activate gene expression (Supplemental 

Figure 3.5). Our enrichment analysis of control and 2,4-DAB DEPs revealed 7 highly enriched 

canonical pathways (overlap p-value<0.05 and z score>|2|) (Figure 3.7B). In agreement with our 

previous enrichment analysis showing downregulation at 4 dpf (Figure 3.6C), glycolysis and 

gluconeogenesis were both strongly activated in the control samples but only mildly activated in 

the 2,4-DAB samples. Protein kinase A and 14-3-3 protein signaling were similarly impaired in 

their activation by 2,4-DAB relative to control, while calcium signaling was more strongly 

activated by 2,4-DAB than in controls.  

To further investigate how 2,4-DAB impacts developmental protein regulation, we next 

performed upstream regulation and disease prediction analyses of the control and 2,4-DAB 

DEPs. The upstream regulator analysis evaluates linkage to DEPs through coordinated 

expression. Thus, it identifies potential upstream regulators (i.e., transcription factors or 

signaling proteins) that have been observed experimentally to affect protein expression (Krämer 

et al. 2014). Here, we have presented a subset of the top scored (overlap p-value<0.05 and z 

score>|2|) upstream regulators and diseases (Figure 3.7C-D). All activated and inhibited 

upstream regulators can be found in Supplemental table 3.7. Among the top upstream 
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regulators, we found that RICTOR was aberrantly strongly activated in the 2,4-DAB samples (z 

score= 5.18, Figure 3.7C) but not the control samples. RICTOR is a key component of mTOR 

signaling, which was highly enriched in our samples (p-value= 0.0007; Supplemental table 3.6) 

and regulates cell proliferation and neurodevelopment (Karalis and Bateup 2021). Interestingly, 

two other identified upstream regulators and known transcription factors - NFE2L1/2 were 

predicted to be inhibited (overlap z score=-2.83) in the 2,4-DAB exposed samples (Figure 

3.7C). NFE2L1 and NFE2L2 are involved in regulation of several downstream molecules 

involved in protective responses due to injury and inflammation (Saha et al. 2020). In addition to 

these regulators, multiple other importantly neurodegenerative related regulators have been 

identified (Figure 3.7C; Supplemental table 3.6). Several diseases and biofunctions that 

implicate motor control were affected by the changes in protein expression from 2 to 4 dpf in 

control and 2,4-DAB-exposed fish (Figure 3.7D). Control samples showed an increase in muscle 

contractility and neurotransmitter secretion that was absent from the 2,4-DAB samples, and 

controls had decreased association with ataxia and movement disorders that was not seen in 2,4-

DAB. These changes suggest reduced motor function in the 2,4-DAB-exposed larvae, which is 

consistent with the altered startle kinematics we observed in our behavioral analysis (Figure 

3.5).  

Finally, we explored the effects of 2,4-DAB on biological networks in zebrafish larvae. 

We found significant differential regulation of key proteins associated with cellular damage and 

inflammatory response (Supplemental table 3.5). Within the highest scored network (score=68), 

we found that the ALS-associated superoxide dismutase 1 (SOD1; Enrichment p-value= 0.012; 

Log2 fold-change= -1.41) was significantly downregulated in our samples. We also found that 

another ALS-associated protein, ubiquilin (Brettschneider et al. 2012; Edens et al. 2017), was 
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one of the top 10 most downregulated proteins in the 4 dpf 2,4-DAB samples (UBQLN4; 

Enrichment p-value= 0.012; Log2 fold-change= -3.67; Figure 3.6B). These data demonstrate the 

power of proteomic screens to identify developmental effects of toxin exposures. Furthermore, 

this study indicates that 2,4-DAB impacts neurodegenerative pathways in larval zebrafish, 

highlighting the importance of further exploring the links between BMAA isomers and neural 

disease.  
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Figure 3.7. Systematic proteomics analysis of developmental changes in protein expression 

in control and 2,4-DAB (500µM) treated zebrafish larvae. (A) DEPs were identified in by 

comparing 4 dpf and 2 dpf samples in control and 2,4-DAB-treated larvae. Venn diagram showing 

DEP overlap between control and the 2,4-DAB treatment. (B) Canonical pathways impacted 

during development from 2 to 4 dpf in control and 2,4-DAB samples. (C) Predicted upstream 

regulators (D) Diseases and biological functions. The red or blue colored rectangles in each column 

indicates the z-score activities for each analysis. Red shading indicates predicted activation and 

blue shading indicates predicted inhibition. This heat map represents the activated of inhibited z-

scores that were greater them the absolute value of 2. 
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 3.5 Discussion 

Here, we provide a detailed report of the in vivo toxic effects of the beta-n-methylamino-

l-alanine (BMAA) isomer 2,4-diaminobutyric acid (2,4-DAB) on zebrafish larvae. For many 

years, BMAA has been studied for its association with sporadic neurodegenerative disease, with 

several epidemiological studies revealing clusters of cases linked with environmental exposure to 

BMAA (Caller et al. 2009; Field et al. 2013; Masseret et al. 2013). However, BMAA is produced 

by cyanobacteria alongside its structural isomers 2,4-DAB and N-(2-aminoethyl) glycine (AEG) 

in natural algal blooms (Jungblut et al. 2018; Lance et al. 2018; Vo Duy et al. 2019). Although 

BMAA is a well established neurotoxin, the toxicity of its isomers is less clear. Some recent in 

vitro studies have found that AEG and 2,4-DAB are toxic to neurons in culture (Main et al. 2018; 

Martin et al. 2019), but whether they exert neurotoxic effects in vivo has not been established. To 

the best of our knowledge, only one prior study has tested the toxic effects of 2,4-DAB in 

animals (Ferraiuolo et al. 2019), while none have evaluated the toxicity of AEG in an animal 

model or examined whether these cyanotoxins interact. Thus, we aimed to measure both the 

individual and the combined toxic effects of BMAA, AEG, and 2,4-DAB in vivo. Using the 

larval zebrafish model, we identified impacts on organismal viability, sensorimotor behavior, and 

global protein expression after developmental exposure to 2,4-DAB.  

Our data show that 2,4-DAB is a more potent toxin than BMAA and AEG in vivo. The 

principle finding from our study is that 2,4-DAB caused 50% mortality at 500µM after just 4 

days of exposure, while BMAA and AEG caused very little mortality under the same conditions 

(Figure 3.2). The effects of 2,4-DAB on viability are dose dependent, as the lowest observed 

effect level was 250µM (data not shown). These results are supported by a previous dose 

response study using zebrafish larvae in which 300ɛM was sufficient to produce signs of 
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cardiotoxicity (Ferraiuolo et al. 2019). These results contrast with those from in vitro studies in 

which 2,4-DAB did not elicit an effect on viability at concentrations lower than 2000µM or 

1000µM in human liver/ brain cancer cells or mouse motoneuron-like cells, respectively 

(Ferraiuolo et al. 2019; Martin et al. 2019). This distinction underscores the importance of 

studying toxin exposures in an in vivo context. Although exposure to BMAA or 2,4-DAB alone 

has previously been shown to cause morphological defects in larval zebrafish (Ferraiuolo et al. 

2019; Purdie et al. 2009), we did not observe any significant morphological defects upon 

exposure to BMAA, AEG, or 2,4-DAB at 500µM. This could be due to differences in zebrafish 

strain, embryo medium, exposure route, or observer analysis. However, the lack of overt defects 

in the present study is consistent with our previous report on BMAA and Microcystin LR 

(MCLR) exposure (Martin et al. 2020).  

Real-world cyanotoxin exposures are likely to involve more than one toxin, and our 

previous studies indicate that BMAA, AEG, and 2,4-DAB can interact in vitro (Martin et al. 

2019), and that BMAA and MCLR can interact in vivo (Martin et al 2021). Building on these 

findings, here we employed a simplex axial design to investigate the combined effects of 

exposure to BMAA, AEG, and 2,4-DAB in vivo. Although Design of Experiments (DOE) 

approaches are typically used to determine the optimum combination of constituents that 

generate an outcome (e.g., for drug formulations) (S et al. 2017), several studies have shown that 

DOE is also an excellent tool for toxicological investigations of mixtures (Groten et al. 2001; 

Pomati et al. 2008). Based on our results using the simplex axial design, we suggest evaluating 

multiple endpoints (e.g., viability, spontaneous movement, startle kinematics, etc.) to further 

establish the significance of observed effects. Even though BMAA, AEG, and 2,4-DAB did not 

cause substantial effects on spontaneous locomotion on their own, exposure to the binary 
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mixtures resulted in a significant modulation, decreasing both total distance travelled and 

average speed (Figure 3.3). Our spontaneous movement data also show that while AEG only 

exerts a minor effect on viability of larval zebrafish, it still can induce neurotoxicity at a 

behavioral level, and that that effect was enhanced when AEG was combined with 2,4-DAB 

(Figure 3.3).  

Our analysis of sensorimotor function using an acoustic startle assay with precise 

kinematic tracking further revealed that BMAA, AEG, and 2,4-DAB all impair startle 

performance. We have previously shown that BMAA increases the frequency of Mauthner-cell 

dependent short-latency C-bends (SLCs) in larval zebrafish (Martin et al 2021), and our current 

data reinforce that finding (Figure 3.4A), indicating that the startle circuit is made 

hyperexcitable by BMAA. The isomer AEG also elicited the same hypersensitivity phenotype, 

and both BMAA and AEG decreased startle latency, suggesting they may act through similar 

mechanisms. Supporting this possibility, we also found that the binary mixture of BMAA and 

AEG produced the same hypersensitivity and latency phenotypes (Figure 3.4B, Supplementary 

Figure 3.2A), indicating that they likely interact in an additive manner. AEG has been shown to 

activate metabotropic glutamate receptor 5 (mGluR5) (Schneider et al. 2020), and BMAA can 

also act through mGluRs as well as NMDA receptors (Chiu et al. 2012; Pierozan and Karlsson 

2019). Thus, there is strong evidence that both BMAA and AEG exert their neurotoxic effects by 

agonizing glutamate receptors.  

Although 2,4-DAB can also agonize NMDA receptors and depolarize neurons (Spasic et 

al. 2018), we did not observe the same hypersensitive startle phenotype in 2,4-DAB-exposed 

zebrafish larvae. Rather, we observed that 2,4-DAB modulates startle kinematics, suggesting that 

2,4-DAB acts through distinct mechanisms to cause neurotoxicity. The performance of SLC 
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responses, defined through kinematic parameters such as curvature, angular velocity, and 

duration, depends on the proper function of the underlying motor circuits in the hindbrain and 

spinal cord, along with that of axial muscles. If startle kinematic defects are observed, this is an 

indication of motor dysfunction (Spasic et al. 2018). As 2,4-DAB did not alter the frequency or 

latency of SLCs, in contrast to BMAA and AEG, but instead impacted curvature, angular 

velocity, and duration (Figure 3.5), 2,4-DAB likely acts downstream of the command-like 

Mauthner neurons. In a recent forward genetic screen in larval zebrafish, several genes were 

identified that regulate the magnitude of the startle response, with mutations in prdm12b, dolk, 

and kcna1a causing the same increase in body curvature (Spasic et al. 2018), in which it was 

seen in our 2,4-DAB-exposed larvae. Dolichol kinase (dolk), a key enzyme in the protein 

glycosylation pathway, can regulate the hindbrain expression of the potassium Shaker-like 

channel encoded by kcna1a (Meserve et al. 2021), and mutations in dolk have been identified in 

patients with neuropathological conditions such as seizures (Helander et al. 2013) and autism 

spectrum disorder (Xiong et al. 2019). These studies support the idea that 2,4-DAB impacts 

similar molecular pathways to cause neurotoxicity.  

Our unbiased proteomics analysis following in vivo 2,4-DAB exposure, to the best of our 

knowledge the first such dataset, further implicates 2,4-DAB in neurotoxic processes. We found 

that at both 2 dpf and 4 dpf 2,4-DAB strongly impacts metabolic function (Figure 3.6C), and 

consistent with the exaggerated startle phenotype caused by 2,4-DAB and shared with dolk 

mutants, 2,4-DAB inhibited glycosylation (Figure 3.6D, 3.7B). We also found that 2,4-DAB 

strongly disrupts several canonical pathways related to protein damage, including those 

associated with the NRF2-mediated oxidative stress response, the unfolded protein response, and 

endoplasmic reticulum stress (Figure 3.6D). These pathways have been implicated in 
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neurodegeneration, which often features an increased incidence of misfolded proteins within 

neurons (Zhang et al. 2018). Interestingly, disruption of molecules involved in these pathways 

has also been observed in BMAA-exposed zebrafish (Frøyset et al. 2016). Moreover, the NRF2 

oxidative stress response and the nitric oxide synthase (NOS) signaling pathways play important 

roles in maintaining cellular redox homeostasis and are implicated in ALS pathogenesis (Steinert 

et al. 2010; Tripathi et al. 2020). We found that 2,4-DAB-induced activation of the NOS 

signaling pathway was significant after just 2 days of exposure and was further enhanced with 

continued exposure at 4 days. Disruption of these pathways indicates the likelihood of protein 

damage due to 2,4-DAB exposure. For example, the nitric oxide radical is a known intracellular 

secondary messenger that can also react with superoxide anions to form peroxynitrite, which is a 

highly reactive molecule that can cause irreversible cell damage (Böhme et al. 1993). Consistent 

with our results, a previous study found that downregulation of NRF2 promotes increased levels 

of redox species and reduced expression of SODn1, a NRF2-dependent gene (Zou et al. 2016). 

We also observed significant downregulation of wild-type SOD1 and NFE2L2, and both SOD1 

and NFE2L2 have been strongly associated with neurodegeneration (Baskoylu et al. 2018; von 

Otter et al. 2010). Further supporting a link between 2,4-DAB and ALS, the ALS-associated 

gene Ubiquilin 4 (UBQLN4) was among the top ten most strongly downregulated proteins in our 

2,4-DAB-exposed samples. Ubiquilin 4 regulates autophagy and protein degradation, and 

expression of an ALS patient-derived gene variant in mice motor neurons and zebrafish altered 

motor axon morphology (Edens et al. 2017). Thus, the molecular perturbations induced by 2,4-

DAB exposure align with our behavior results and are consistent with neurodegenerative 

processes.  
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3.6 Conclusions 

Altogether, our findings provide new evidence that 2,4-DAB drives toxicity in zebrafish 

larvae. Although all three cyanotoxins shows signs of both toxicity and neurotoxicity in larval 

zebrafish, 2,4-DAB causes both increased mortality and motor dysfunction. Finally, 

developmental exposure to 2,4-DAB affects zebrafish protein homeostasis and biological 

processes related to neurodegeneration. These results highlight the need for further investigation 

into 2,4-DABôs role in disease and the specific mechanisms by which it exerts its effects. 
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3.9  Supplemental information 

Supplemental methods 

Protein Extraction 

A pool of approximately 20 zebrafish larvae whole body for each condition were suspended in a 

100µL solution of 50 mM ammonium bicarbonate (pH 8.0) containing 1% SDC. Zebrafish 

bodies were lysed by probe sonication via 2 pulses at 20 seconds per pulse at a 20% amplitude 

setting. Cellular debris were removed via centrifugation at 10,000 RPM for 5 minutes. The 

supernatant was retained and assessed for protein quantification by bicinchoninic acid (BCA) 

assay.  

Protein digestion  

One hundred micrograms of protein were diluted to a final volume of 100µL with the 50 mM 

ammonium bicarbonate and 1% SDC solution. DTT was added to a final concentration of 5 mM 

and incubated at 60ºC for 30 minutes to reduce disulfide bonds. Samples were cooled to room 

temperature, followed by alkylation of cysteine residues with iodoacetamide (15 mM) at room 

temperature and in the dark for 20 minutes. Samples were then subjected to filter-aided sample 

preparation (FASP) (Wisniewski et al. 2009) for protein cleanup using Vivacon 30,000 kDa 

molecular weight cutoff filters and reconstituted with 100µL of 50 mM ammonium bicarbonate 

solution. Tryptic digestion was carried out by hydrating lyophilized trypsin to a stock solution of 

1 µg/µL with 0.01% acetic acid in water followed by addition of trypsin to the protein mixture at 

a 1:50 ratio and then incubated at 37ºC for 4 hours. After digestion, peptides were acidified with 

HCl at a final concentration of 250 mM (pH Ò 3). 
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LC-MS/MS Analysis 

Three microliters of each sample were injected and analyzed using an Easy nanoLC 1200 

coupled to an Orbitrap Exploris 480 Mass Spectrometer (Thermo Scientific, Bremen, Germany). 

LC separation was performed with an EASY-spray system, consisting of a 50 cm, 75 ɛm ID 

PepMap RSLC, C18, 100 ¡, 2ɛm particles, in which was connected to an Easy-nLC Ultra 

UHPLC system (Thermo Scientific, San Jose, CA). Separation of peptides was achieved through 

a gradient of mobile phase A (98% water, 2% acetonitrile, and 0.1% formic acid) and mobile 

phase B (79.9% acetonitrile, 20% water and 0.1% formic acid). The LC method applied 

consisted of a gradient of 5%-50% B over 120 minutes, followed by a ramp to 95% B in two 

minute. The column was washed at 95% B for 16 minutes. Tandem mass spectrometry was 

carried out using positive ion mode and data dependent mode with a three second cycle time. 

MS1 scans were performed at a resolving power of 60,000 from m/z 375 to 1600 and an 

automatic gain control (AGC) target of 1 x 10^6. MS2 scans were performed at a resolving 

power of 15,000 and an AGC target of 5 x 10^4. A 30 second dynamic exclusion window was 

applied during sampling to avoid repeated MS2 interrogation of high-abundant species. 
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Supplemental Figure and Legends 

 

 

Supplement Figure 3.1: Long latency c startle (LLC) behavior is not affected by cyanotoxins. 

(A) Bar graphs display the distribution of the LLC sensitivity indices for each tested larva after 

exposure to individual cyanotoxins, binary mixtures and three component mixtures, respectively. 

n = 108 siblings; mean ± SEM. Levels not connected by the same letter are significantly differentï

Tukey-Kramer HSD, Alpha 0.05. 
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Supplement Figure 3.2: Mixture of cyanotoxins do not affect larval zebrafish behavior. (A) Bar 

graphs quantify responses latency and duration, respectively. (B) Bar graphs quantify responses 

curvature and maximum angular velocity, respectively. Analysis of head orientation allows for 

automated identification and measurements of kinematic responses of the c startle behavior. Levels 

not connected by the same letter are significantly different ï Tukey-Kramer HSD, Alpha 0.05. 
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Supplement Figure 3.3. Volcano plots. (A-B) Volcano plots representation of regulated proteins. 

Orange and green dots represent significantly (p Ò 0.05) regulated proteins for the 2 days post 

fertilization group and 4 days prost fertilization group, respectively. Black dot represents non-

significantly (p Ó 0.05) proteins compared to their respective controls. 
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Supplement Figure 3.4. 2,4-DAB at 500µM causes minimal molecular changes at 2 days post 

fertilization. (A) Top 10 differentially expressed proteins found to be up or downregulated in the 

zebrafish larvae groups that were exposed to 2,4-DAB until 2 days post fertilization (2 dpf). (B) 

Bar chart of the only two significantly enriched canonical pathways derived from the differentiated 

expressed proteins from the zebrafish larvae 2 dpf group. Left axis represents the percentage of 

DEPs found in pathway and right axis displays their significance in minus log of p value. (C) Bar 

graph showing regulation of enriched protein biomarkers followed by 2 days of 2,4-DAB 500µM 

exposure. 
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Supplement Figure 3.5. Ven diagrams representing the systematic analysis protein regulation. 

(A-B) Volcano plots representation of regulated proteins. Gray and orange dots represent 

significantly (p value Ò 0.05) regulated proteins for the control and 2,4-DAB exposed zebrafish 

larvae groups, respectively. Black dot represents non-significantly (p Ó 0.05) proteins compared to 

their 2 days post fertilization time points. (C) Venn diagram showing protein overlap between 

control and the 2,4-DAB treatment. From top to bottom: Control and 2,4-DAB (500µM) 

upregulated proteins (Red) and down regulated proteins (Green), respectively. 
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Supplemental Tables and Legends 

 

Supplemental Table 3.1: Differentiated expressed proteins for the zebrafish larvae groups that 

were exposed to 2,4-DAB at 500µM up to 2- (a) or 4 days post fertilization (b). 

 

2,4-DAB (500µM) at 2 dpf 2,4-DAB (500µM) at 4 dpf 

T: Protein IDs N: -Log 

Student's 

T-test p-

value 

N: 

Student's 

T-test 

Difference 

T: Protein IDs N: -Log 

Student's T-

test p-value 

N: 

Student's 

T-test 

Difference 

E9QHY5 4.0582 3.89242 Q5RKP8 3.82992 -0.723495 

A7MBZ3 4.04427 2.26146 Q803I7 3.78745 -0.712429 

A7MBZ5 3.98208 6.54447 A2RV44 3.69622 -3.62119 

A0A2R8RUH

9 

3.97736 3.04445 A0A0R4IU03 3.67685 -5.39335 

A0A286YAS1 3.93549 7.31167 Q29RA4 3.39752 -0.827574 

A5JET5 3.72475 4.4238 Q7SY34 3.3326 -3.13203 

A9JRE5 3.67158 7.43674 F1QGK0 3.31447 -1.52686 

F1QC84 3.66437 4.81155 A0A2R8Q3A3 3.31055 -0.716787 

E7F6Q4 3.56858 4.80839 A9JRT0 3.23777 -1.89038 

Q6PHF1 3.5393 -0.499031 B8A516 3.23665 -0.814496 

Q1RM40 3.52488 6.80842 Q6NZU0 3.18117 -0.976518 

A8WFS6 3.36947 6.21725 Q800A2 3.12301 -3.70929 

Q6NW70 3.28577 8.2868 Q66I80 3.07461 -1.24447 

E7FCS3 3.19578 5.31067 E7FEH9 3.05449 -4.06614 

F1QY35 3.14101 5.95342 Q1L8P1 2.97058 -1.14025 

F1QVW8 3.07498 6.28033 E9QHX7 2.85213 -2.80204 

B3DFK4 3.07322 -3.29978 A0A0R4IKD6 2.83627 -1.77165 

A0A2R8QN17 3.06482 4.57999 A8KBV7 2.82468 -2.56536 

Q642H0 3.05261 1.60278 Q5SPD5 2.78379 -1.49854 
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Supplemental Table 3.1 (continued). 

 

H0WED7 2.94921 2.69402 Q1JQ08 2.7633 -1.69081 

Q7SXA3 2.94109 0.659412 F1QUS3 2.71465 4.62 

A0A2R8RTZ6 2.73697 6.80017 B2GS10 2.68689 -2.17426 

E7FFZ3 2.66332 4.60283 Q6P3J2 2.6447 -1.13167 

F1RED5 2.6237 4.52534 E9QFX2 2.6071 -3.66567 

Q7T358 2.602 0.737941 F1QVC6 2.55286 2.38661 

Q3B744 2.59649 5.94992 Q0V973 2.53625 -3.27424 

Q504C0 2.41874 -0.648837 Q5BLA2 2.53594 -2.69125 

Q5RGQ4 2.41615 -1.74401 F1QNA7 2.5091 1.14347 

F1QIP9 2.39872 6.11185 F8W5B2 2.50807 -1.67826 

Q6DH63 2.39408 2.52792 A0A0R4IAD4 2.50061 -2.83958 

A0A0R4IKW3 2.38188 0.212849 E9QDF8 2.49651 -1.27598 

B2CQD3 2.37682 2.05888 Q9PWC7 2.48179 4.46039 

Q4QRC7 2.30917 -1.7705 Q503E2 2.47047 -1.62604 

Q6P959 2.30843 0.362307 Q1LYC9 2.46271 -1.14488 

F1REP2 2.24873 4.25418 A7MBZ6 2.44695 2.50871 

Q6IQV5 2.23941 -0.404558 R4GEX2 2.43945 -0.746715 

Q8QGV5 2.22758 -2.34149 F1R3J9 2.43669 -0.675093 

B0V0J5 2.21699 4.27192 Q6DI36 2.42372 -0.751933 

Q6PC90 2.20791 0.261508 A8KBR9 2.40667 0.838566 

Q6IQT1 2.1973 -0.186917 F1R5A5 2.40227 -1.46816 

Q1ED17 2.18349 0.430036 F1QJN9 2.39603 -3.75071 

Q1LYN0 2.08027 3.31138 A0A0R4IS05 2.38958 -1.47175 

Q0D294 2.05553 0.197168 F1QMC6 2.38272 -1.31358 

A7E2J3 2.02884 4.82254 A0A2R8RPQ9 2.37142 -1.1395 

A0A0R4ID68 2.00771 0.321396 Q3B7E4 2.36254 -3.11588 
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Supplemental Table 3.1 (continued). 

 

Q6PBY8 1.95546 0.580386 Q9PW37 2.35571 -1.08107 

Q6IQ64 1.91112 0.60131 Q8JH37 2.35567 5.13687 

B3DFW4 1.90127 -0.509134 Q6NYA1 2.35368 -0.849555 

Q5BJB9 1.88925 0.607092 Q7SY03 2.33801 -0.952874 

A0A2R8RHQ

3 

1.84465 0.31934 A0A0R4IA10 2.31078 -0.286714 

Q5TZ29 1.8422 -0.126497 E7FE90 2.29747 -0.988392 

Q5XJ76 1.79724 -1.5074 Q7ZUJ8 2.28822 -0.358571 

A0A0R4I9F5 1.76835 -0.390299 B8JL43 2.27947 -1.42003 

F1RBW3 1.74323 0.603799 Q7ZTW2 2.2771 -2.48521 

A8BAS1 1.74273 4.76811 Q08BF9 2.27699 -2.43032 

A3KQR6 1.72362 3.76881 Q568N9 2.27219 -0.893655 

A9JRE3 1.71276 2.2415 A2AR68 2.25614 -1.09885 

F1QYE3 1.69603 3.92225 A0A2R8QFM8 2.25255 -0.586418 

B8A565 1.68571 1.98561 F1QZN3 2.24268 -1.00358 

X4YKC7 1.65454 2.03211 Q8AYE3 2.23438 -1.01782 

A0A0R4IBG8 1.62512 -1.19725 A0A0F6PK88 2.21883 -1.17432 

F1R2K9 1.62391 -0.303851 Q6PC74 2.21841 -2.05242 

Q8JH72 1.61695 -0.324204 F1QBW9 2.21034 -1.43677 

B2GSF5 1.61434 0.381922 Q1LYL6 2.20707 -1.76517 

A0A0R4IDI3 1.61042 0.91652 A9JRT8 2.20637 -1.13116 

A0A0R4ILN6 1.59811 1.92649 I3ITC7 2.19511 -1.48446 

Q6DG44 1.59521 -0.664821 Q6PC65 2.1902 -0.763195 

Q66I37 1.59349 2.54263 Q6P5M5 2.18769 -0.960421 

F1QET7 1.58419 -0.463005 E7FBD3 2.18486 -0.696739 

Q1ED16 1.57734 0.336009 Q6NYU8 2.18269 -0.566284 
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Supplemental Table 3.1 (continued). 

      

A0A0R4IY17 1.56562 -0.534305 A2BIM7 2.18071 -1.41621 

Q8JHH3 1.54855 0.311961 B3DKC0 2.18035 -0.326256 

A0A0U2NKZ

2 

1.54182 -1.31436 A0A0J9YJC9 2.16095 -1.00286 

Q1RMB1 1.53705 2.44674 A0A2R8RJC4 2.16058 -2.94922 

A8KB68 1.51572 2.39521 Q6DRN5 2.15745 -0.857063 

Q5BLE6 1.51519 -2.60841 F1Q7P7 2.15488 -0.963346 

Q7ZWE5 1.51255 0.748178 A7YT77 2.14848 -2.84563 

B2GNT9 1.491 -0.718457 Q6PFT7 2.13998 -0.95356 

Q6PC22 1.48838 0.359627 F1R5W4 2.13914 -2.83986 

Q7SZQ6 1.48772 1.28309 A7YYE9 2.12636 -0.528002 

Q5RH28 1.48695 0.834299 Q803V8 2.1256 -1.4253 

Q6IQI3 1.48129 -0.351069 Q6NYV1 2.12512 -0.466992 

Q1ED27 1.4747 -1.25903 F1Q6Z3 2.12106 3.37445 

A7E2K4 1.47387 -0.260997 F1R4N4 2.08676 4.09859 

E7FDL8 1.43827 1.35618 A9JSV9 2.08269 4.98599 

Q9I8U8 1.42887 0.307999 Q6DHT4 2.07973 -1.15372 

F1QWV5 1.42171 -1.44157 Q7SX88 2.06854 -1.18948 

E7F0A1 1.41702 -0.318904 Q561Z7 2.06746 -5.44761 

A0A0R4ICN9 1.41383 -0.260391 Q7ZW04 2.05776 -1.38192 

F8W442 1.40752 -1.41154 Q503D5 2.05303 -0.575359 

A0A0G2L5F9 1.37732 1.21986 B3DFP9 2.04345 -1.39274 

Q66HY3 1.37151 -0.382655 A0A0R4IM65 2.04278 -0.967028 

A0A0R4IQN8 1.36678 -0.298943 B2BWH5 2.0402 -2.24681 

A0A0R4IMS3 1.36408 -0.155223 Q1LXJ7 2.01816 -1.15755 

Q7ZYX0 1.36046 0.718764 A0A286YBA4 2.0164 -0.850412 
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Supplemental Table 3.1 (continued). 

 

Q66HV8 1.35004 2.0324 F1QDQ1 2.00087 -0.40832 

A0A0B5JWA3 1.34076 -0.351802 Q6P2M0 1.99565 -0.23717 

Q7ZSZ0 1.33 -0.471355 H9GX78 1.98347 -0.65601 

A4IGC2 1.31907 0.605777 Q802C9 1.9825 -0.493238 

Q803B0 1.30811 1.48428 Q6NYV3 1.97237 3.47054 

A0A2R8RR15 1.30635 -1.15719 Q90Z38 1.9681 -1.1735 

      E9QFD2 1.96218 -3.31978 

      E7EZ90 1.94483 -1.30019 

      Q90Z37 1.93573 -1.34261 

      Q6NY25 1.92978 -0.607272 

      Q1L8Z0 1.92398 0.99628 

      A2BGU3 1.90792 -0.136616 

      Q0D2W2 1.89896 1.4302 

      Q7ZVJ4 1.89137 -1.28913 

      Q7SXK0 1.88891 -0.431388 

      Q803R9 1.8843 -0.514395 

      E7F4R9 1.88321 -1.02264 

      Q8AWD9 1.8822 -0.895341 

      Q6DH07 1.87788 -1.7126 

      F1QTE2 1.87475 -1.86646 

      Q6DRD6 1.87339 0.912005 

      A3KNY9 1.86872 -0.723478 

      Q6NYJ5 1.86764 -0.537466 

      Q6TNV4 1.86294 -0.55084 

      Q24JW2 1.86101 -0.687023 

      Q7SXW9 1.86054 -0.995616 
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Supplemental Table 3.1 (continued). 

 

      A0A0R4IHU9 1.85829 -0.957825 

      A0A2R8QTH3 1.85317 -0.794828 

      Q32PS5 1.85294 -1.12349 

      Q7ZVP2 1.85042 -0.711229 

      A9JT16 1.84529 -0.657157 

      E9QIF2 1.84323 -0.392258 

      Q6PC44 1.83764 -1.29811 

      A0A0B5JK63 1.82978 -1.00081 

      Q6DI22 1.82761 -1.05468 

      Q90Y38 1.82606 -2.12686 

      F6P9M5 1.82474 0.32185 

      A0A2R8RKG2 1.82015 -0.588513 

      Q1LXD2 1.81972 -0.621051 

      B0V3S2 1.80926 -2.37699 

      A0A286YAP4 1.79989 -0.593744 

      A5PLF4 1.79896 -0.606078 

      Q6P124 1.79882 -1.02623 

      B0VEQ2 1.79713 -2.29307 

      Q1LXV5 1.79519 -1.0979 

      F8W3N3 1.78747 -1.45636 

      Q6DRE8 1.7837 -0.906656 

      A0A0G2KEX1 1.7824 -0.994219 

      F1QFK2 1.78014 -0.92639 

      F1QVD2 1.7798 -0.285099 

      A7MCJ2 1.77949 -4.0131 

      A0A2R8RPC7 1.7787 0.678196 
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Supplemental Table 3.1 (continued). 

 

      Q7T3B1 1.77513 -0.300215 

      Q568Q7 1.77044 -0.702129 

      F1Q9U6 1.76177 -0.887945 

      F1R1P6 1.76015 -0.626989 

      Q6NY60 1.75356 -1.34856 

      Q568H8 1.75303 -0.622067 

      I3ISH4 1.75057 -1.2586 

      Q29RA2 1.74697 -0.309451 

      A0A0N4SU18 1.7398 -1.53683 

      A0A2R8Q5K7 1.73484 -0.379589 

      Q6DHE2 1.73122 -0.932569 

      Q7ZVQ9 1.7306 -0.53157 

      Q8AX65 1.73049 -1.24939 

      Q6DGP6 1.72784 -0.765021 

      F1QZA5 1.7254 -0.908111 

      A0A2R8RYX8 1.72507 1.02307 

      B3DGY6 1.72417 2.14314 

      F1Q8A5 1.72287 -0.817455 

      F8W493 1.72235 -0.763395 

      E9QDU7 1.72185 -0.786255 

      Q7T3G2 1.71967 -0.795235 

      E9QI62 1.71854 -0.528706 

      E7FD28 1.71707 -0.933865 

      Q6P974 1.70983 -3.62723 

      Q50LC6 1.70904 -1.34637 

      Q7ZU04 1.70734 -1.05722 
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Supplemental Table 3.1 (continued). 

 

      A3FKT8 1.70642 -1.13953 

      A0A0R4IJP7 1.69904 -1.1636 

      F1Q4Q8 1.69444 -0.62413 

      A0A2R8RLZ9 1.68942 -0.824247 

      Q9DGR6 1.68911 -0.937433 

      F1QML8 1.68849 -0.613628 

      Q7ZUY0 1.68849 -0.486017 

      F1RDQ9 1.68661 -2.01399 

      A8E5L0 1.68514 -0.927063 

      F1QNG7 1.68308 -1.33081 

      Q803T5 1.68266 -0.908128 

      Q7ZUA0 1.68265 -0.9486 

      Q9PWD8 1.68257 -0.956165 

      Q4V9I4 1.6819 -0.680722 

      A1L2C0 1.67993 -2.00495 

      A0A2R8QBA9 1.6782 -0.604831 

      Q9I9P6 1.67386 -0.831944 

      Q6DI13 1.67119 -0.884586 

      Q7ZV23 1.66799 1.14884 

      Q6NXA6 1.66042 -0.945162 

      A7MCL3 1.65468 -1.40826 

      A0A2R8QIZ6 1.6529 -1.07103 

      Q7SXG5 1.65217 -1.08307 

      E7FCP7 1.65106 -2.18885 

      A0A0R4IF09 1.65046 -0.617827 

      A0A0R4IDD1 1.64825 -0.758561 
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Supplemental Table 3.1 (continued). 

 

      B2GT73 1.64168 -2.19592 

      I3IRX8 1.63605 -1.37299 

      R4GEH4 1.63603 -2.42831 

      Q6DI07 1.63576 -0.569078 

      Q6DH18 1.63547 -1.10329 

      Q6P3J1 1.63526 -0.673339 

      Q803M8 1.63128 -1.11561 

      A2BHA3 1.63059 -0.987551 

      Q804W0 1.62952 -1.51527 

      A9JST0 1.62911 -0.751495 

      A8E7N8 1.62484 -0.464805 

      Q6PBX2 1.62405 -0.965524 

      B5DDE8 1.62375 -0.292793 

      E7FCN9 1.62337 1.04811 

      A7MCA2 1.62263 -0.307996 

      A0A2R8RQC2 1.62164 0.867122 

      Q801E6 1.62159 -1.09706 

      E7F8Y5 1.62135 -0.856995 

      Q802Z2 1.61566 -0.726257 

      B8A552 1.61543 -0.614219 

      Q6PC12 1.61439 -0.966407 

      Q7ZUI4 1.61438 -0.960465 

      F1RA36 1.61131 -0.204753 

      B2GT34 1.60861 -0.382932 

      C3S171 1.60767 -0.782011 

      Q6PHE9 1.60723 -0.970661 
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Supplemental Table 3.1 (continued). 

 

      Q6IQN8 1.60595 -0.820419 

      B0S6C0 1.60312 -1.28408 

      B8JIS6 1.60111 -1.78188 

      Q7ZSY2 1.60061 -1.41966 

      F1R5I2 1.60034 -0.976732 

      Q504E8 1.59998 -1.73613 

      Q6NXA1 1.59593 -0.519956 

      Q5CZQ1 1.59138 -1.35382 

      A0A0R4IWE1 1.59042 -1.34771 

      A0A0R4IKF0 1.58877 -0.705229 

      A2CEF4 1.58717 3.20864 

      Q6PFL9 1.58656 -0.406681 

      A9JRW0 1.58494 -0.45687 

      Q4VBI5 1.5843 0.476168 

      A0A286YA42 1.58064 -0.880753 

      Q6PC35 1.57773 -0.598238 

      Q7SZD3 1.57747 -0.349764 

      X1WHF1 1.57559 0.397497 

      A0A0R4II89 1.57353 -0.402028 

      Q3B7R1 1.5735 -0.686892 

      Q568G3 1.56915 -0.863675 

      A0A0R4IXJ1 1.56811 -0.231111 

      A0A2R8RK83 1.56224 -1.11326 

      B8JLJ3 1.56075 -1.03291 

      A5A4L9 1.55421 0.289016 

      A0A0G2L4S8 1.548 -1.1163 
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Supplemental Table 3.1 (continued). 

 

      F1R1E9 1.547 -0.902438 

      Q1L8Q3 1.54667 0.506811 

      E7EZW7 1.54611 -1.48681 

      A0A0R4IPV5 1.53773 -0.504957 

      F1QZ40 1.53709 -3.75906 

      Q6YI49 1.53445 -0.775828 

      B0UYR8 1.53315 -5.63875 

      H0WE38 1.53275 -1.095 

      X1WDZ2 1.53046 -3.0706 

      Q6ZM23 1.52973 0.311012 

      Q6DGX8 1.52774 -0.516187 

      A0A0R4IPH8 1.52736 -1.32006 

      Q804V8 1.52689 -1.57198 

      Q7ZVG1 1.52342 -0.809268 

      F8W4M7 1.52331 -0.684727 

      I3IS66 1.52304 -0.998013 

      E9QG01 1.5227 1.44444 

      F1Q6S6 1.51804 -1.88354 

      F1R1S7 1.517 2.69122 

      F1QY96 1.51687 -0.41838 

      Q7SXH8 1.51368 -1.87264 

      F1QJD1 1.51107 -1.09308 

      B2ZHD8 1.50993 -2.98952 

      E9QCE9 1.49533 -0.847612 

      A9JT49 1.49452 -0.985494 

      A7YYG7 1.49079 -2.99221 
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Supplemental Table 3.1 (continued). 

 

      F1QEG3 1.48343 -1.57734 

      A0A2R8RUB5 1.47746 -0.710625 

      E9QJ96 1.47382 -0.802926 

      B2GRZ4 1.46709 -0.90538 

      Q5U7N6 1.46611 -0.68398 

      Q502M7 1.46532 -1.98921 

      Q7T2Q9 1.46465 -0.449711 

      A0A2R8Q860 1.46376 -0.384536 

      E9QGM5 1.45981 -1.59585 

      Q6GTE7 1.45962 -0.705737 

      Q52JI7 1.45741 1.07666 

      F1R319 1.45151 0.792249 

      A0A0R4IGG3 1.44962 -1.02849 

      Q7ZTT4 1.4464 -1.19664 

      Q5G9L7 1.44568 -1.54851 

      Q6P5L2 1.44435 -1.09075 

      A0A0R4IH39 1.44393 -0.454965 

      Q6PC38 1.44245 -1.0796 

      A8E585 1.44064 -4.47252 

      Q803J2 1.4359 -0.963655 

      Q5PQY4 1.43375 -0.430407 

      Q7T334 1.43366 -0.626919 

      F1QQQ5 1.43301 -0.719625 

      F1R314 1.4285 0.76864 

      B8JIS8 1.42831 -0.848928 

      Q9DF44 1.42463 -1.59278 
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Supplemental Table 3.1 (continued). 

 

      H1ZYM5 1.42453 -1.1652 

      Q7ZV76 1.4228 0.406517 

      Q7T156 1.41923 -1.88022 

      A0A0R4IRN5 1.4189 -1.15884 

      Q6PBW4 1.41877 -0.263955 

      F1QP56 1.41559 -0.898946 

      A0A0R4I9C1 1.41516 -1.0798 

      F1RCA1 1.41324 -0.763175 

      F1R653 1.41322 -0.370133 

      Q6NYM4 1.41229 -0.326156 

      Q6TGV4 1.41162 -0.262999 

      A0A2R8QH08 1.41128 -0.312284 

      F6NTA0 1.41064 -0.838587 

      B3DJF3 1.41008 -1.50957 

      Q2YDP9 1.40995 0.987845 

      B2GRW6 1.40957 -0.958359 

      Q5U3J6 1.40694 0.80883 

      Q7T002 1.40404 -0.532053 

      Q7SYB4 1.39912 -1.0933 

      Q9PUL9 1.39816 0.269871 

      Q6DGJ6 1.39693 -0.597427 

      F1QU55 1.39536 -0.71823 

      Q6IQR3 1.39398 3.12798 

      Q7ZVR7 1.3937 -1.11538 

      A9JRA5 1.39202 -1.05268 

      Q6PBX7 1.39124 -2.82339 
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Supplemental Table 3.1 (continued). 

 

      B3DJ97 1.3906 -0.969916 

      F1QCD4 1.38949 -0.457088 

      A0A0B5JW24 1.38838 -1.31154 

      F1R4Z8 1.38703 -1.22689 

      Q7SZP6 1.38619 1.7254 

      Q803K3 1.38604 -0.318909 

      Q9PTF4 1.38445 -0.836648 

      A1L1W1 1.38435 -0.501252 

      F1QL66 1.38373 -0.620274 

      Q6PFS4 1.38036 0.567421 

      Q5TZG5 1.37906 -0.622723 

      E7F5A4 1.3765 -0.478291 

      A0A0N4SUF2 1.37644 -0.915457 

      F1QUN8 1.37346 1.73253 

      B5DDM9 1.37219 -0.269396 

      A0A0B5JPZ1 1.37112 -0.894225 

      A0A2R8QAS5 1.37013 -0.412477 

      Q7T3F3 1.36975 -0.763591 

      Q7ZUD3 1.36759 -0.919408 

      F1QFC0 1.36697 -0.392207 

      B0S6Z1 1.36692 -0.42805 

      A0A2R8QEY3 1.36642 -0.838039 

      B8A5D3 1.36615 -0.889902 

      A0A140LGQ3 1.36495 -1.30568 

      A7MC88 1.36442 2.28923 

      F1QUS0 1.36406 -1.55159 
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      A8WGS0 1.36373 -0.863475 

      Q4V8S1 1.36361 -2.59733 

      Q5RGA7 1.36294 -1.49842 

      Q6NYP6 1.36146 -0.838071 

      F8W4J1 1.35801 -4.58485 

      Q567X5 1.35759 -2.55369 

      F1R9Y5 1.35747 -0.927973 

      Q6NSN3 1.35728 0.325931 

      F1QY43 1.35684 -0.494035 

      F1R5M2 1.35593 -0.446496 

      Q9I9E9 1.35451 -0.592558 

      A0A2R8QA71 1.35072 -0.771836 

      Q6P0I2 1.34824 -0.585986 

      A8BBA0 1.3479 -0.881634 

      F1R3I9 1.34597 -0.627086 

      Q4V8R9 1.34538 -0.538153 

      Q4KME8 1.34534 -0.492283 

      A0A0J9YJJ2 1.3363 0.841864 

      B0S7W5 1.33548 -1.00197 

      Q5BJ14 1.33503 1.71655 

      Q561U0 1.33319 -0.748091 

      Q6P3H9 1.33302 0.550823 

      B2GRH9 1.33173 -0.805693 

      Q802D1 1.3293 -0.501109 

      Q801M0 1.32857 -0.58626 

      Q6PH48 1.32698 -0.905899 
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      B3DKL0 1.32337 -0.711011 

      A4QN90 1.32087 -0.164621 

      A0A2R8QI78 1.32039 -0.365772 

      A4IG19 1.31719 -0.715611 

      Q5XIZ2 1.31125 -1.17041 

      Q6IQ94 1.311 -1.82809 

      F1Q6Z9 1.30886 -0.710541 

      Q2TV65 1.3065 -0.526681 

      Q5R2V3 1.30449 0.685958 

      Q7SXW7 1.30168 -0.865082 

      F1R3F7 1.30012 -0.32752 

      A7Y224 1.29925 1.50364 

      Q6TGU0 1.29734 -0.594523 

      B8A5M8 1.29664 1.51888 

      B8JLQ3 1.29471 -0.233745 

      Q4VBK0 1.29453 0.478638 

 

Supplemental Table 3.2: List of all enriched canonical pathways that were either activated or 

inhibited in the zebrafish larvae group that were exposed to 2,4-DAB at 500µM until 4 days post 

fertilization (4 dpf) and their respective p values and z scores.  

 

Ingenuity Canonical Pathways  -log(p-value) z-score 

Protein Ubiquitination Pathway 4.23 NA 

Pyrimidine Ribonucleotides De Novo Biosynthesis 3 -2.449 

Pyrimidine Ribonucleotides Interconversion 2.87 -2.236 

Aspartate Degradation II 2.86 -2 

Endoplasmic Reticulum Stress Pathway 2.86 -2 

HIF1Ŭ Signaling 2.68 -0.577 

Unfolded protein response 2.5 -2.646 

Role of PKR in Interferon Induction and Antiviral Response 2.48 2.121 

ERK5 Signaling 2.4 -2.236 

Cell Cycle: G2/M DNA Damage Checkpoint Regulation 2.4 NA 
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BAG2 Signaling Pathway 2.25 -1.134 

Glucocorticoid Receptor Signaling 2.13 NA 

FXR/RXR Activation 2.02 NA 

IGF-1 Signaling 2.02 NA 

MSP-RON Signaling In Cancer Cells Pathway 2.02 -1.89 

LXR/RXR Activation 2.01 -2.236 

Superpathway of Methionine Degradation 2.01 -2.449 

Hypoxia Signaling in the Cardiovascular System 2.01 NA 

NRF2-mediated Oxidative Stress Response 1.91 -2.449 

Gluconeogenesis I 1.88 -2.828 

Aryl Hydrocarbon Receptor Signaling 1.8 0 

Acute Phase Response Signaling 1.8 -2.236 

Aldosterone Signaling in Epithelial Cells 1.8 NA 

eNOS Signaling 1.79 2 

Amyotrophic Lateral Sclerosis Signaling 1.77 -0.447 

Maturity Onset Diabetes of Young (MODY) Signaling 1.77 NA 

Xenobiotic Metabolism PXR Signaling Pathway 1.71 -2.111 

PPARŬ/RXRŬ Activation 1.66 0.707 

Regulation of Cellular Mechanics by Calpain Protease 1.66 -2 

Xenobiotic Metabolism AHR Signaling Pathway 1.66 -1.134 

Glutathione Redox Reactions I 1.61 NA 

Methionine Degradation I (to Homocysteine) 1.61 NA 

Cysteine Biosynthesis III (mammalia) 1.61 NA 

Vitamin-C Transport 1.61 NA 

Apelin Adipocyte Signaling Pathway 1.59 -2.449 

Prostate Cancer Signaling 1.55 NA 

NF-əB Signaling 1.55 -1.342 

Pyrimidine Deoxyribonucleotides De Novo Biosynthesis I 1.53 -2 

SPINK1 General Cancer Pathway 1.53 NA 

Xenobiotic Metabolism Signaling 1.49 NA 

Pyruvate Fermentation to Lactate 1.43 NA 

Oleate Biosynthesis II (Animals) 1.43 NA 

Thioredoxin Pathway 1.43 NA 

D-glucuronate Degradation I 1.43 NA 

GDP-L-fucose Biosynthesis I (from GDP-D-mannose) 1.43 NA 

Rapoport-Luebering Glycolytic Shunt 1.43 NA 

L-cysteine Degradation I 1.43 NA 

Formaldehyde Oxidation II (Glutathione-dependent) 1.43 NA 

Glutamate Degradation II 1.43 NA 

Aspartate Biosynthesis 1.43 NA 

Th17 Activation Pathway 1.43 NA 

Glycolysis I 1.36 -2.646 

PI3K/AKT Signaling 1.33 -2.828 
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RAN Signaling 1.3 -2 

Antioxidant Action of Vitamin C 1.3 NA 

PPAR Signaling 1.3 2 

 

Supplemental Table 3.3: List enriched of GO Biological Processes derived from the 

differentiated expressed proteins in the zebrafish larvae groups that were exposed to 2,4-DAB at 

500µM until 2 days post fertilization (2 dpf). 

 

Term P Value 

Fold 

Enrichment 

Metabolic processes     

GO:0009141~nucleoside triphosphate metabolic process 0.003 7.946 

GO:0009123~nucleoside monophosphate metabolic process 0.004 7.646 

GO:0042278~purine nucleoside metabolic process 0.006 6.869 

GO:0009117~nucleotide metabolic process 0.008 4.768 

GO:0006753~nucleoside phosphate metabolic process 0.008 4.752 

GO:0009119~ribonucleoside metabolic process 0.008 6.203 

GO:0009116~nucleoside metabolic process 0.011 5.655 

GO:0055086~nucleobase-containing small molecule metabolic 

process 0.014 4.121 

GO:0006163~purine nucleotide metabolic process 0.015 5.195 

GO:0009259~ribonucleotide metabolic process 0.016 5.087 

GO:0019693~ribose phosphate metabolic process 0.017 4.942 

GO:0009132~nucleoside diphosphate metabolic process 0.021 13.026 

GO:0019362~pyridine nucleotide metabolic process 0.028 11.397 

GO:0006518~peptide metabolic process 0.037 2.754 

GO:0006733~oxidoreduction coenzyme metabolic process 0.040 9.233 

GO:0006002~fructose 6-phosphate metabolic process 0.044 44.208 

GO:0006096~glycolytic process 0.009 20.841 
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Developmental process     

GO:2000344~positive regulation of acrosome reaction 0.001 56.110 

GO:0035036~sperm-egg recognition 0.001 56.110 

GO:0007339~binding of sperm to zona pellucida 0.001 56.110 

GO:0035803~egg coat formation 0.001 56.110 

GO:0007340~acrosome reaction 0.003 38.391 

GO:0007338~single fertilization 0.006 24.315 

GO:0009566~fertilization 0.008 22.104 

GO:0006096~glycolytic process 0.009 20.841 

GO:0048477~oogenesis 0.011 18.703 

GO:0007292~female gamete generation 0.012 17.368 

GO:0007281~germ cell development 0.026 11.765 

      

Cellular      

GO:0006412~translation 0.019 3.242 

GO:0043043~peptide biosynthetic process 0.020 3.199 

GO:0043604~amide biosynthetic process 0.030 2.914 

GO:0030036~actin cytoskeleton organization 0.045 3.662 

GO:0034622~cellular macromolecular complex assembly 0.053 2.872 

      

Other     

GO:0044724~single-organism carbohydrate catabolic process 0.024 12.157 
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Supplemental Table 3.4: List enriched of GO Biological Processes derived from the 

differentiated expressed proteins in the zebrafish larvae groups that were exposed to 2,4-DAB at 

500µM until 4 days post fertilization (4 dpf). 

 

Term P Value 

Fold 

Enrichmen

t 

Metabolic processes     

GO:0009132~nucleoside diphosphate metabolic process 0.0000 11.9402 

GO:0019752~carboxylic acid metabolic process 0.0000 3.7147 

GO:0043436~oxoacid metabolic process 0.0000 3.6725 

GO:0009116~nucleoside metabolic process 0.0000 4.6650 

GO:0009119~ribonucleoside metabolic process 0.0000 4.8329 

GO:0042278~purine nucleoside metabolic process 0.0000 5.0369 

GO:0055086~nucleobase-containing small molecule metabolic 

process 0.0000 3.4629 

GO:0009141~nucleoside triphosphate metabolic process 0.0000 5.0986 

GO:0009117~nucleotide metabolic process 0.0000 3.4598 

GO:0006753~nucleoside phosphate metabolic process 0.0000 3.4485 

GO:0006163~purine nucleotide metabolic process 0.0000 3.8100 

GO:0009259~ribonucleotide metabolic process 0.0000 3.7303 

GO:0019693~ribose phosphate metabolic process 0.0000 3.6241 

GO:0009123~nucleoside monophosphate metabolic process 0.0001 4.2053 

GO:0019362~pyridine nucleotide metabolic process 0.0001 6.9651 

GO:0006733~oxidoreduction coenzyme metabolic process 0.0005 5.6426 

GO:0006220~pyrimidine nucleotide metabolic process 0.0019 9.2868 

GO:0019318~hexose metabolic process 0.0040 5.6665 

GO:0005996~monosaccharide metabolic process 0.0060 5.1435 

GO:0006213~pyrimidine nucleoside metabolic process 0.0146 7.6856 

GO:0046500~S-adenosylmethionine metabolic process 0.0157 15.1966 

GO:0009112~nucleobase metabolic process 0.0280 6.0239 

GO:0006631~fatty acid metabolic process 0.0312 2.9549 

GO:0006096~glycolytic process 0.0000 11.1442 

      

Developmental Processes     

GO:0001654~eye development 0.0250 2.0520 

GO:0043010~camera-type eye development 0.0320 2.1506 

GO:0034728~nucleosome organization 0.0146 3.5139 

GO:0060218~hematopoietic stem cell differentiation 0.0224 6.5554 

GO:0006334~nucleosome assembly 0.0335 3.3433 

GO:0031497~chromatin assembly 0.0400 3.1840 
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Cellular Processes     

GO:0009163~nucleoside biosynthetic process 0.0015 4.7422 

GO:1901659~glycosyl compound biosynthetic process 0.0016 4.6434 

GO:0072528~pyrimidine-containing compound biosynthetic process 0.0027 8.4426 

GO:0090407~organophosphate biosynthetic process 0.0029 2.7335 

GO:0044744~protein targeting to nucleus 0.0040 5.6665 

GO:1902593~single-organism nuclear import 0.0040 5.6665 

GO:0006606~protein import into nucleus 0.0040 5.6665 

GO:0072522~purine-containing compound biosynthetic process 0.0045 3.4585 

GO:0009165~nucleotide biosynthetic process 0.0047 3.1304 

GO:1901293~nucleoside phosphate biosynthetic process 0.0053 3.0785 

GO:0017038~protein import 0.0058 4.2862 

GO:0072594~establishment of protein localization to organelle 0.0115 3.2538 

GO:0006913~nucleocytoplasmic transport 0.0124 3.6453 

GO:0051169~nuclear transport 0.0124 3.6453 

GO:0006333~chromatin assembly or disassembly 0.0135 3.5784 

GO:0046390~ribose phosphate biosynthetic process 0.0138 3.1392 

GO:0045333~cellular respiration 0.0180 3.9332 

GO:0009142~nucleoside triphosphate biosynthetic process 0.0210 4.7221 

GO:0006605~protein targeting 0.0306 2.6693 

GO:0046112~nucleobase biosynthetic process 0.0324 10.4477 

GO:1902582~single-organism intracellular transport 0.0332 2.6222 

GO:0071103~DNA conformation change 0.0353 2.8680 

GO:0046166~glyceraldehyde-3-phosphate biosynthetic process 0.0354 55.7208 

GO:0065004~protein-DNA complex assembly 0.0364 2.8470 

GO:0033365~protein localization to organelle 0.0390 2.5328 

GO:0009226~nucleotide-sugar biosynthetic process 0.0445 8.7980 

GO:0006869~lipid transport 0.0446 2.7087 

      

Other     

GO:0044724~single-organism carbohydrate catabolic process 0.0000 8.3581 

GO:0030163~protein catabolic process 0.0002 2.7049 

GO:0044275~cellular carbohydrate catabolic process 0.0002 16.3885 

GO:0051603~proteolysis involved in cellular protein catabolic 

process 0.0002 2.7008 

GO:0044257~cellular protein catabolic process 0.0003 2.6802 

GO:0043632~modification-dependent macromolecule catabolic 

process 0.0012 2.6299 

GO:0044265~cellular macromolecule catabolic process 0.0028 2.1829 
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Supplemental Table 3.5: Differentially expressed proteins found to be up/downregulated in 2,4-

DAB exposed larval zebrafish compared to control (Top score 68). 

 

Symbol Entrez Gene Name 

UniProt/Swiss-Prot 

Accession 

Expr p-

value 

Expr Log 

Ratio 

ANP32B 

acidic nuclear 

phosphoprotein 32 

family member B F1Q4N7 0.008 -0.992 

COPE 

COPI coat complex 

subunit epsilon F1R7S1 0.010 -0.535 

DLST 

dihydrolipoamide S-

succinyltransferase Q6NZW7 0.033 1.402 

DYNLL2 

dynein light chain 

LC8-type 2 Q7SZP6 0.044 1.986 

EEF1G 

eukaryotic translation 

elongation factor 1 

gamma Q8JIU6 0.016 -0.498 

EEF2 

eukaryotic translation 

elongation factor 2 Q6P3J5 0.039 -0.306 

EFTUD2 

elongation factor Tu 

GTP binding domain 

containing 2 F1Q6N0 0.046 -0.390 

EWSR1 

EWS RNA binding 

protein 1 Q6NUX1 0.020 -0.411 

GANAB 

glucosidase II alpha 

subunit F1Q6Z9 0.020 -0.914 

GYG1 glycogenin 1 Q803Q1 0.046 -0.809 

HP1BP3 

heterochromatin 

protein 1 binding 

protein 3 A0A140LGU1 0.005 1.365 

KTN1 kinectin 1 F1QJA1 0.007 2.847 

LAMP1 

lysosomal associated 

membrane protein 1 E9QCP4 0.009 -1.290 

LIN7C 

lin-7 homolog C, 

crumbs cell polarity 

complex component A0A2R8QIA2 0.008 1.769 

LMNB2 lamin B2 B3DFN3 0.033 0.264 

MDH2 

malate dehydrogenase 

2 Q7T334 0.028 -0.722 

OSTC 

oligosaccharyltransfer

ase complex non-

catalytic subunit A0A0R4I9P9 0.046 -0.492 
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PDIA4 

protein disulfide 

isomerase family A 

member 4 Q6P3I1 0.032 -0.856 

PLEC plectin A0A2R8QLG6 0.047 1.963 

PPIA 

peptidylprolyl 

isomerase A B8JKN6 0.014 -1.158 

PPIB 

peptidylprolyl 

isomerase B Q6PBW4 0.018 -0.457 

PRDX4 peroxiredoxin 4 F1QSP8 0.001 -1.228 

PRKCSH 

protein kinase C 

substrate 80K-H Q802Z2 0.029 -0.772 

PTGR1 

prostaglandin 

reductase 1 A0A2R8RPQ9 0.007 -1.590 

PYGB 

glycogen 

phosphorylase B A4IG19 0.023 -0.931 

RHOA 

ras homolog family 

member A A7MCP4 0.042 0.286 

RPN1 ribophorin I Q8AYB9 0.012 -1.458 

RPN2 ribophorin II Q7ZV07 0.012 -0.346 

SEC13 

SEC13 homolog, 

nuclear pore and 

COPII coat complex 

component A0A2R8RKG2 0.034 -0.491 

SLC25A1

1 

solute carrier family 

25 member 11 F1R319 0.012 1.112 

SMYD1 

SET and MYND 

domain containing 1 Q2MJQ9 0.014 1.021 

SNX6 sorting nexin 6 F8W5C6 0.003 2.240 

SOD1 

superoxide 

dismutase 1 B2GRH9 0.012 -1.413 

TKT transketolase E7F8S4 0.007 3.172 

VAT1 

vesicle amine 

transport 1 A7YYF7 0.000 3.804 

 

  



155 

 

Supplemental Table 3.6: All categories of enriched canonical in the systemic analysis for the 

control and 2,4-DAB treated zebrafish larvae along with their associated minus log of p value and 

z-scores. 

 

 

Minus Log of P 

Value 
Z Score 

Canonical Pathways (CTRL vs 2,4-DAB) CTRL  2,4-DAB CTRL  2,4-DAB 

EIF2 Signaling 2.0 9.9 -4.4 -5.0 

Coronavirus Pathogenesis Pathway 1.1 7.1 3.5 4.7 

Glycolysis I 3.0 2.5 3.7 1.5 

Gluconeogenesis I 2.3 2.5 3.6 1.5 

Calcium Signaling 1.5 2.2 2.3 2.6 

Regulation of eIF4 and p70S6K Signaling 0.0 3.5 2.1 0.6 

mTOR Signaling 0.0 3.1 2.6 N/A 

Phototransduction Pathway 2.5 0.6 N/A 1.0 

Sucrose Degradation V (Mammalian) 0.8 2.2 N/A N/A 

Glutamate Receptor Signaling 0.3 2.2 N/A N/A 

14-3-3-mediated Signaling 2.2 0.0 N/A N/A 

Cellular Effects of Sildenafil (Viagra) 1.5 0.3 N/A N/A 

Protein Kinase A Signaling 1.3 0.5 N/A N/A 

TR/RXR Activation 0.0 1.6 N/A N/A 

Protein Ubiquitination Pathway 0.0 1.4 N/A N/A 

 

 

Supplemental Table 3.7: All categories of upstream regulators predicted to be activated or 

inhibited in the systemic analysis for the control and 2,4-DAB treated zebrafish larvae along with 

their associated z-scores. 

 

Upstream Regulators  

(CTRL vs 2,4-DAB) CTRL 2,4-DAB  

LARP1 5.606 6.63 

MLXIPL  -5.191 -6.564 

MYCN -3.978 -5.409 

MYC -2.259 -5.868 

SMARCA4 3.283 2.84 

MEF2C 2.541 3.067 

beta-estradiol 2.536 -3.068 

sirolimus 0.926 4.613 

RICTOR N/A 5.175 

BDNF 2.334 2.796 

ISL1 -2.646 -2.236 

NOS2 -2.201 -2.333 
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ARNT2 2.496 1.89 

DNMT3B -2.111 -2.121 

SIM1 2.309 1.89 

TBX5 1.586 2.592 

5-fluorouracil N/A 4.126 

PHA-666859 -2 -2 

DMD 2.333 1.633 

1,2-dithiol-3-thione N/A -3.881 

torin1 -3.178 -0.687 

valproic acid 1.793 2.039 

ADAM12 -2.433 -1.387 

SRF 1.927 1.731 

NFE2L2 N/A -3.52 

tanespimycin 1.5 1.994 

phenylbutazone 1.499 -1.98 

FMR1 -1.885 -1.29 

poly rI:rC-RNA N/A -3.094 

EPO -1.4 -1.664 

pirinixic acid N/A -3.041 

bortezomib N/A -3.04 

TCR N/A -2.86 

UBQLN2 N/A 2.714 

RTN4 -1 1.633 

lipopolysaccharide 0.071 -2.526 

CTNNB1 1.401 1.195 

TFAP2A N/A 2.566 

N-nitro-L-arginine methyl 

ester -2.19 -0.277 

BCR-ABL1 2.449 N/A 

FAAH N/A 2.449 

LDL N/A -2.432 

2,3 butanedione 

monoxime N/A 2.415 

progesterone 2.397 N/A 

prostaglandin J2 N/A -2.376 

mir-210 -2.343 N/A 

MXD1 N/A 2.335 

uranyl nitrate -1.171 -1.127 

D-glucose 2.056 0.211 

Gm15807/Hmgn5 N/A 2.236 

SOX7 -2.236 N/A 

MUC1 N/A -2.226 

GATA4 0.969 1.248 
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cobalt chloride 1.237 0.975 

CRX 2.2 N/A 

PSEN1 -1.264 -0.933 

SRC 2.178 N/A 

dihydrotestosterone 2.106 0.06 

SREBF1 0.608 -1.548 

NFE2L1 N/A -2.138 

SMTNL1 N/A -2.121 

ciprofloxacin -2.065 N/A 

KDM8 2.01 N/A 

BCL2 1.219 0.784 

SNCA N/A -2 

MED13 -2 N/A 

EPHB4 1 1 

NGFR 1 1 

enalapril N/A -2 

MAF N/A 2 

TP53RK N/A -1.982 

BO-653 N/A 1.982 

probucol N/A 1.982 

deoxycholate N/A -1.981 

potassium chloride N/A 1.98 

APOA1 N/A -1.969 

VIP 1.964 N/A 

PPARG 1.946 N/A 

MYOD1 N/A 1.915 

KAT5 N/A -1.912 
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4.1  Abstract 

Exposure to toxins produced by cyanobacteria (i.e., cyanotoxins) is an emerging health 

concern due to their increased occurrence and previous associations with neurodegenerative 

disease including amyotrophic lateral sclerosis (ALS). The objective of this study was to 

evaluate the neurotoxic effects of a mixture of two co-occurring cyanotoxins, ɓ-methylamino-L-

alanine (BMAA) and microcystin leucine and arginine (MCLR), using the larval zebrafish 

model. We combined high-throughput behavior-based toxicity assays with discovery proteomic 

techniques to identify behavioral and molecular changes, following 6 days of exposure. While 

neither toxin caused mortality, morphological defects, or altered general locomotor behavior in 

zebrafish larvae, both toxins increased acoustic startle sensitivity in a dose-dependent manner by 

at least 40% (p<0.0001). Furthermore, startle sensitivity was enhanced by an additional 40% in 

larvae exposed to the BMAA/MCLR mixture relative to those exposed to the individual toxins. 

Supporting these behavioral results, our proteomic analysis revealed a 4-fold increase in the 

number of differentially expressed proteins (DEPs) in the mixture-exposed group. Additionally, 

prediction analysis reveals activation and/or inhibition of 8 enriched canonical pathways 

(enrichment p-value<0.01; z-scoreÓ|2|), including ILK, Rho Family GTPase, RhoGDI, and 

calcium signaling pathways, which have been implicated in neurodegeneration. We also found 

that expression of TDP-43, of which cytoplasmic aggregates are a hallmark of ALS pathology, 

was significantly upregulated by 5.7-fold following BMAA/MCLR mixture exposure. Together, 

our results emphasize the importance of including mixtures of cyanotoxins when investigating 

the link between environmental cyanotoxins and neurodegeneration as we reveal that BMAA and 

MCLR interact in vivo to enhance neurotoxicity.  
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4.2  Introduction  

 Amyotrophic lateral sclerosis (ALS) is the most common neurodegenerative disease of 

midlife and is rapidly fatal with a median survival period of three years from symptom onset 

(Brown and Al-Chalabi 2017). It is defined by a progressive loss of both upper and lower motor 

neurons, resulting in muscle spasticity, weakness, and atrophy (Swinnen and Robberecht 2014). 

Approximately 10% of ALS cases are classified as familial due to the inheritance of single gene 

mutations (Renton et al. 2014). For the remaining 90% of cases the disease etiology is unknown 

and likely stems from a complex interplay between genetic and environmental factors. (Ingre et 

al. 2015; Jones 2009). Although the contribution of environmental factors to sporadic ALS 

(sALS) is difficult to assess as the search space is infinite, several studies have associated ALS 

incidence with exposure to heavy metals, pesticides, and electromagnetic fields (reviewed in 

(Bozzoni 2016)). In addition, there is also strong evidence that exposure to cyanotoxins is a 

major risk factor for sALS (Bradley and Mash 2009). 

 The link between beta-methylamino-L-alanine (BMAA), a toxin produced by a diverse 

taxa of cyanobacteria (Cox et al. 2005) and sALS was first observed on the island of Guam in the 

1950s (Kurland and Mulder 1955). The indigenous population of Guam succumbed to an 

ALS/parkinsonism-dementia (PD) neurodegenerative complex with a 100-fold greater incidence 

than the rest of the world (Bradley and Mash 2009). The elevated rates of ALS/PD in Guam were 

attributed to BMAA exposure as the indigenous population consumed flour made from BMAA-

containing cycad seeds as well as flying foxes in which BMAA was biomagnified up to 10,000-

fold greater than in free living bacteria (3,556 µg/g BMAA) (Banack and Cox 2003). Since then, 

numerous studies have implicated BMAA in sALS cases outside of Guam, including clusters of 

ALS along the French Mediterranean coast, New Hampshire, and Maryland (Caller et al. 2009; 
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Field et al. 2013; Masseret et al. 2013). These epidemiological studies provide evidence that 

exposure to BMAA is associated with neurodegeneration. Epidemiological findings are further 

supported by laboratory studies in which BMAA was found to cause neurotoxic effects 

consistent with neurodegenerative disease (Beri et al. 2017; Karlsson et al. 2017). Furthermore, 

neonatal BMAA exposure in rats has been shown to produce motor defects in rats (Scott et al. 

2017), indicating that exposure during neural developmental may enhance sALS risk. However, 

a major limitation for these and many other BMAA studies is that BMAA is just one of many 

toxic metabolites produced by cyanobacteria, some of which have been reported to co-occur with 

BMAA around the world (Banack et al. 2015; Sabart et al. 2015). Thus, to obtain a more 

thorough understanding of the risk posed by exposure to cyanotoxic blooms, it is essential to 

investigate the toxicity of other cyanotoxins with BMAA.  

 BMAA at low concentrations (~10µM) in combination with other non-cyanotoxic 

neurotoxins has been found to potentiate neuronal damage in vitro (Lobner et al. 2006). More 

recently, our laboratory demonstrated that co-exposure to BMAA and its isomers (i.e., AEG and 

2,4-DAB) at low concentrations (~166µM) produces a synergistic interaction in vitro, perturbing 

regulation of various canonical pathways, bioprocesses, and upstream regulators involved in 

neurodegenerative processes (Martin et al. 2019). Recent studies have shown that microcystin 

leucine-arginine (MCLR) is also a potent neurotoxin (Tzima et al. 2017; Wu et al. 2016), and 

like BMAA, MCLR can bioaccumulate in tissues (Wang et al. 2008; Zhao et al. 2015). 

Microcystins are the most abundant cyanotoxins in the environment and have been shown to co-

occur with BMAA (Banack et al. 2015; Jungblut et al. 2018; Metcalf et al. 2012). Therefore, co-

exposure to BMAA and MCLR is of increasing toxicological significance.  
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 To identify potential neurotoxic effects in vivo, we exposed larval zebrafish to BMAA 

and/or MCLR and assessed neural function with a set of behavioral assays using a high-

throughput testing platform. While neither BMAA nor MCLR caused changes in locomotion, 

both toxins increased acoustic startle sensitivity in a dose-dependent manner. Furthermore, a 

mixture of BMAA and MCLR enhanced toxicity in the startle assay. Finally, we examined the 

protein profile of larval zebrafish exposed to the BMAA/MCLR mixture and identified 

molecular signatures consistent with neurodegeneration, including upregulation of the ALS-

associated protein TDP-43 (Mackenzie et al. 2010). Together, our data highlight the importance 

of studying toxic mixtures and reveal novel mechanisms that may link cyanotoxin exposure to 

sALS. 

4.3  Materials and Methods 

Chemicals 

Synthetic BMAA standards were obtained from Sigma Aldrich (St. Louis, MO, USA), 

and purified MCLR (purity > 95%) was obtained from Enzo Life Sciences, Inc. (Farmingdale, 

NY, USA). Water, acetonitrile, methanol, acetic acid, and formic acid were all Optima LCïMS 

grade solvents purchased from Fisher Scientific (Tewksbury, MA, USA). A stock solution of 

BMAA at 10 mg.mL-1 and MCLR at 1 mg.mL-1 was used for all dilutions. All BMAA dilutions 

were prepared in HPLC grade water while MCLR dilutions were prepared in DMSO. 

Zebrafish husbandry and exposures 

All animal use and procedures were approved by the North Carolina State University 

IACUC. Zebrafish (Danio rerio) embryos from multiple crosses of wild-type tupfel longfin 

(TLF) strain adults were collected and placed into Petri dishes containing E3 medium, and 

unfertilized eggs were removed as described previously (Burgess and Granato 2007). Embryos 
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from all clutches were mixed and randomly sorted into 24 well plates (8-10 animals per well) 

containing 1 mL of E3 per well.  

 At 6 hpf, all E3 was removed and replaced with vehicle (HPLC-grade water),100, 500, or 

1000µM BMAA in E3, vehicle (DMSO), 1, 2.5, 5, or 10µM MCLR in E3, or 100µM BMAA 

plus 1µM MCLR in E3. All treatments were performed in triplicate and were repeated in each of 

3 separate experiments. Embryos were incubated at 29°C on a 14h:10h light-dark cycle, and 

100% of the media was exchanged for fresh solutions daily. Embryos/ larvae were exposed to 

treatments until 6 days post fertilization (6 dpf). 

Behavior assays and analysis 

All 6 dpf larvae were thoroughly screened for developmental defects, and those with 

uninflated swim bladder, edema, or other morphological defects were removed from analysis. 

Screened larvae were adapted to the testing lighting and temperature conditions for 30 minutes 

prior to testing. Behavior testing was done as previously described (Burgess and Granato 2007; 

Marsden et al. 2018). Briefly, 6 dpf larvae were transferred to individual 9 mm round wells on a 

36-well laser-cut acrylic testing grid. Larvae acclimated for 5 min and then spontaneous 

locomotor activity was recorded for 18.5 min at 640 x 640 px resolution at 50 frames per sec 

(fps) using a Photron mini UX-50 high-speed camera. The same set of larvae were then 

presented with a total of 60 acoustic stimuli, 10 at each of 6 intensities (13.6, 25.7, 29.2, 35.5, 

39.6, and 53.6 dB), with a 20s interstimulus interval (ISI). Startle responses were recorded at 

1000 fps. Stimuli were delivered by an acoustic-vibrational shaker (Bruel and Kjaer) to which 

the testing grid was directly mounted. All stimuli were calibrated with a PCB Piezotronics 

accelerometer (#355B04) and signal conditioner (#482A21), and voltage outputs were converted 

to dB using the formula dB = 20 log V. Analysis of recorded behaviors was done using FLOTE 
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software as described previously (Burgess and Granato 2007; Marsden et al. 2018). Short-latency 

C-bends (SLCs) and long-latency C-bends (LLCs) were determined by defined kinematic 

parameters. A startle sensitivity index was calculated for individual larvae by calculating the area 

under the curve of startle frequency versus stimulus intensity using Prism 8 software (GraphPad). 

Statistical analyses were performed using JMP pro 14 from SAS institute, Cary, NC. Data were 

analyzed for effects between the groups (comparison of means), using Tukey-Kramer HSD, 

Alpha 0.05. Violin plots were generated using Prism 8.  

 Proteomics analysis 

Sample preparation and LC MS/MS 

Details of sample preparation, protein extraction and digestion via filter aided sample 

preparation (FASP) can be found in Supplemental Methods. Details regarding the LC-MS/MS 

data collection are also provided in the Supplemental Methods. Raw data files obtained in this 

experiment have been made available on the Chorus LC-MS data repository and can be assessed 

under the project ID#1679. 

Proteomics Data Analysis  

Details for the label free quantitation (LFQ) have been previously described here (Martin 

et al. 2019). In brief, LFQ was performed in MaxQuant (version.1.5.60), and data were searched 

against the Danio rerio Swiss Prot protein database (# protein sequences = 56 281, accessed 

03/22/2019). Comparison of LFQ intensities across the whole set of measurements was 

investigated using Perseus software (version 1.5.1.6), where calculation of statistical signiýcance 

was determined using two-way Student-t test and FPR (p Ò0.05).  
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Pathway Analysis 

Ingenuity Pathway Analysis (IPA) software was used to identify the function, specific 

processes, and enriched pathways of the differentially expressed proteins using the ñCore 

Analysisò function. Only significantly differentially expressed proteins (p Ò 0.05) were 

submitted to IPA. We used an empirical background protein database to evaluate the significance 

of pathway enrichment. The database was created by using all the proteins that were detected in 

our samples (Bereman et al. 2018; Khatri and DrŁghici 2005) . 

4.4  Results 

An overview of the experimental design is illustrated in Figure 4.1. In brief, we first 

conducted a dose-response study to determine the no observed adverse effect levels (NOAELs) 

to be implemented in subsequent mixture analyses. Zebrafish larvae were exposed to increasing 

concentrations of BMAA or MCLR from 6 hours post-fertilization (hpf) to 6 days post-

fertilization (dpf). At 6 dpf, neurotoxicity was evaluated via two behavioral assays: spontaneous 

movement and acoustic startle response assays. Based on these data, a mixture was created using 

BMAA and MCLR at their respective NOAELs in which zebrafish larvae were exposed as 

before, followed by behavior analysis to identify potential interactions between BMAA and 

MCLR. Finally, to investigate perturbed molecular pathways associated with cyanotoxic mixture 

exposure, the mixture-exposed group and their respective controls were subjected to shotgun 

proteomics. 
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Figure 4.1. Experimental Design. (A) Cyanotoxin exposure plan for zebrafish from 6 hpf to 6 

dpf. (B) High throughput behavior testing apparatus: multi-well testing grid is mounted on an 

acoustic shaker above an infrared (IR) LED array and below an IR-sensitive high-speed camera. 

A white LED is mounted above the grid to simulate daylight conditions. Videos are analyzed with 

automated tracking software (FLOTE). (C) Proteomics workflow: zebrafish larvae from the 

mixture exposed groups were pooled for protein extraction and tryptic digestion of extracted 

proteins into peptides. nLC-MS/MS label free protein quantitation via MaxQuant statistical 

analysis via Perseus software and enrichment analysis via ingenuity pathway analysis (IPA). 
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BMAA and MCLR Dose Response Study: identification of NOAELs 

To determine if exposure to environmentally relevant concentrations of BMAA or MCLR 

cause neurotoxicity in wild-type zebrafish, we treated TLF strain embryos from 6 hpf to 6 dpf 

with increasing concentrations of BMAA (100, 500, and 1000µM) and MCLR (1, 2.5, 5, and 

10µM). We did not observe increased mortality, morbidity, or any overt developmental 

phenotypes in any of the exposed groups of larvae. First, we examined the effect of BMAA and 

MCLR on general locomotion (Figure 4.2) using a custom built, high-throughput behavior 

platform and unbiased, automated FLOTE tracking and analysis software (Burgess and Granato 

2007). In order to investigate if various concentrations of BMAA and/or MCLR could alter 

spontaneous movement, 6 dpf larvae were adapted to the testing conditions for 30 min, 

transferred to a multi-well grid mounted below a high-speed camera, habituated for 5 additional 

minutes, and then their spontaneous movements were recorded for 18.5 min. We detected no 

significant differences in total distance travelled for zebrafish larvae treated with either BMAA 

or MCLR compared to their respective vehicle controls (Figure 4.2A). Average speed was also 

unchanged in all groups, except for larvae treated with 1000µM BMAA, whose speed was 

significantly reduced (Figure 4.2B). We also examined the frequency of turning and swimming 

behaviors, as defined by specific kinematic parameters (Hao le et al. 2012). There were no 

significant differences in the ratio of turns to swims in BMAA or MCLR treated larvae (Figure 

4.2C). The overall frequency of these movements was also unchanged, except for a slight 

increase in turn frequency in 10µM MCLR-treated larvae (Supplemental Figure 4.1). These 

data indicate that developmental exposure to BMAA or MCLR does not substantially affect 

general locomotor activity in larval zebrafish. 
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Figure 4.2. BMAA and MCLR do not substantially alter general locomotor activity. (A) 

Violin plots depict the total distance travelled during the 18.5 min spontaneous movement assay 

for each larva. (B) Average speed across the same assay. (C) The ratio of turning movements to 

swimming movements performed during the spontaneous movement assay. Levels not connected 

by the same letter are significantly differentïTukey-Kramer HSD, Alpha 0.05. 

 

We then we examined sensorimotor function using an acoustic startle assay consisting of 

60 total stimuli, 10 at each of 6 intensities with a 20 sec inter-stimulus interval (Figure 4.3). In 

response to an acoustic stimulus, zebrafish larvae perform one of two types of high-velocity 
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startle behaviors: Short-latency C-bends (SLCs), which rely on the Mauthner neurons (Burgess 

and Granato 2007), or Long-latency C-bends (LLCs), which are independent of the Mauthner 

cells but require a set of prepontine neurons (Marquart et al. 2019). To investigate if BMAA or 

MCLR alters startle performance, we measured SLC and LLC frequency across the 60-stimulus 

assay (Figure 4.3). Figure 4.3A highlights both the SLC and LLC response frequency disparities 

between zebrafish larvae exposed to 1000µM BMAA and vehicle control. 1000µM BMAA 

increases SLC responses while decreasing LLC responses, indicating that BMAA shifts the 

behavioral response bias toward SLCs.  

To quantify SLC and LLC sensitivity, we calculated the area under the startle frequency 

curves in Figure 4.3A for each individual larva to create a startle sensitivity index (Marsden et 

al. 2018). Both BMAA and MCLR increased SLC sensitivity in a dose-dependent manner 

(Figure 4.3B). LLC responses decreased in a dose-dependent manner in both BMAA and 

MCLR-treated larvae, supporting an overall shift in response bias (Figure 4.3C). These data 

indicate that environmentally relevant concentrations of BMAA and MCLR enhance activity of 

the SLC circuit. In addition, these startle sensitivity data reveal NOAELs for BMAA (100µM) 

and MCLR (1µM), with NOAEL was defined as the highest non-statistically significant dose 

tested. 
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Figure 4.3. BMAA and MCLR significantly increase acoustic startle sensitivity. (A) Startle 

frequency curves for short-latency C-bends (SLCs, left axis, sigmoidal curve fits) and long-latency 

C-bends (LLCs, right axis, sigmoidal curve fits) in control larvae (black) and treated larvae 

(1000µM BMAA; green). n = 54 larvae; mean ± SEM. (B) and (C), SLC and LLC sensitivity 

indices, calculated for each larva using the curves as in (A). Levels not connected by the same 

letter are significantly differentïTukey-Kramer HSD, Alpha 0.05. 
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4.4.2 BMAA and MCLR Mixture Study: Interaction Amongst Cyanotoxins at a Behavioral Level 

We next aimed to assess whether BMAA and MCLR interact in vivo by measuring the 

effects of a mixture of BMAA and MCLR at their respective NOAELs in larval zebrafish. We 

exposed wild-type zebrafish embryos from 6 hpf to 6 dpf to 4 different treatment conditions: 1) 

vehicle controls, 2) 100µM BMAA, 3) 1µM MCLR, and 4) 100µM BMAA + 1µM MCLR. As 

before, no overt developmental or morphological defects were observed in any exposed larvae. 

We then measured general locomotor activity and sensorimotor function using the same assays 

described above. In this cohort of animals, 100µM BMAA very slightly decreased total distance 

traveled over 18.5 min (Figure 4.4A), and all three treatment groups showed a minor reduction 

in average speed during the assay (Figure 4.4B). No differences were observed in turning or 

swimming behaviors (Figure 4.4C). These data reinforce the results from our dose-response 

study that BMAA and MCLR do not substantially alter locomotor activity.  

We next measured startle frequency in the same 4 groups of larvae. Figure 4.4D 

highlights both the SLC and LLC response frequency disparities between zebrafish larvae 

exposed to BMAA/MCLR mixture solution (101µM) and controls. Neither 100µM BMAA nor 

1µM MCLR altered startle behavior, as both SLC (Figure 4.4E) and LLC sensitivity indices 

(Figure 4.4F) were unchanged. The 101µM BMAA/MC LR mixture, however, significantly 

enhanced SLC sensitivity (Figure 4.4E) while leaving LLC sensitivity unchanged (Figure 4.4F), 

in contrast to the effect of BMAA alone (Figure 4.3). These data demonstrate not only that 

BMAA and MCLR interact in vivo to enhance SLC circuit activity, but because of the different 

effects of the mixture and the individual toxins on LLC responses (Figure 4.3C vs. Figure 

4.4F), they also suggest that different cellular and/or molecular mechanisms are impacted by the 

mixture. 
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Figure 4.4. BMAA and MCLR interact to enhance startle sensitivity. (A) Violin plots depict 

the distribution of the total distance travelled during the 18.5 min spontaneous movement assay 

for each larva. (B) Violin plot of average speed. (C) Ratio of turns to swims. (D) Startle frequency 

curves for SLCs (left axis) and LLCs (right axis) in control larvae (0µM of cyanotoxin, black) and 

mixture-treated larvae (100µM BMAA plus 1µM MCLR, purple). n = 54 siblings; mean ± SEM. 

(E,F) SLC and LLC indices for each larva. Levels not connected by the same letter are significantly 

differentïTukey-Kramer HSD, Alpha 0.05. 

 

 


