ABSTRACT
MARTIN, RUBIA MAYSA. Investigation ofCyanotoxinsas Trigger®f Neurodegeneration,
Using ContemporaryProteomics StatisticalMixture Design andBehavioralAnalysis. (Under
the direction oDr. Michael S. BeremaandDr. Kurt C. Marsden)
Cyanobacteria are found ubiquitously in the environment and produce numetaimlites,
which are commonly known ayanotoxinsExposure t@nvironmentatyanotoxirsis an
emerging concern due to their association with neurodeggareediseases, including
amyotrophic lateral sclerosf8LS), Al zhei mer 6s, asnDeéspite#e haiurals on 6 s
co-occurrence of many cyanotaxtompoundsmost studies have focused on a single
cyanotoxin b-methylamineL-alanine (BMAA).However sngle-toxin studies poorly
recapitulate natural exposures, and our knowledge of how cyanotoxic compounds may interact is
limited. To determine thmdividual and/olinteractive effectslue to exposure tadividual
cyanotoxns and/or cyanotoximixtures | have combined toxicity and behawvioased assays
with mass spectrometry proteomic techniques in bottitro andin vivo systems. | first
conducted doseesponse studies for individual cyanotoxins and revehkidadverse effect
levels. | then implemented a novel mixture design approach to more closely moaendal
exposures and screened for interactive effects. Bgareh showthe firstevidence of
interactions between BMAA and other cyanotogomponentat the organismal, cellular, and
molecular levels. Specifically, cyanotoxic mixtutestweerBMAA and itsnatural occurring
isomers2,4-diaminobutyric acid (24AB) and N2-aminoethylglycine (AEG)synergistically
decrease viability of motoneurdike cellsin vitro. In contrastsimilar mixture solutios
betweerthesecyanotoxinsshowedlittle overt toxicity interactionn vivo, revealing2,4-DAB as
the most potearncyanotoxin followed by BMAA, and AE@gainstzebrafish larvaeAdditionally,

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



metabolic pathways, triggering protein damage, and downregulation of tweagddiated

genes, SOD1 and UBQLNRemarkably, gposure to a mixture of BMAA and the most
ubiquitouscyanotoxin in the environmenticrocystinLR (MCLR), synergistically increaske

acoustic startle sensitivity in zebrafish larvadjch isa hyperexcitable phenotype that may
represent an early stage of excitotoxic neuropathology. Supporting these cellular and behavioral
results, proteomic analysis of BMAZndMCLR mixtureexposed ebrafish larvae revead

significant dysregulation of proteins involved in ALS pathology, including dddrincrease in
TDP-43, of which cytoplasmic aggregates represent a hallmdrktbfforms ofALS pathology

(i.e., familial and sporadicPathway aalysis of differentially expressed proteins shows further
disruption of multiple canonical pathways involved in neuronal stress sweticasm ILK, and

Rho GTPase signaling. Together, my research demonstrates that there are significant interactions
betwe=n cyanotoxingn bothin vitro andin vivosystems, 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 owralt teating clinical
features of neurodegenerative pathologies is approximately $500 billion péf skaawa,
Thompson et al. 2015Yariable clinical features can include cognitive decline, speech
difficulties, and/or motor impairments; these rob people their quality of life and persdRality
Hardy et al. 2018)Neurodegeneration is characterized by the progressive loss or dysfunction of
neurons in specific areas of the brain and/or spinal @pilantini and Goedert 2013)
Frontotemporal dementia (FTD), Alzheimer disease (AD), Parkinson disease (PD), Huntington
disease (HD), and Amyotrophic Late&lerosis (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 diseakfying
therapies.
Among allneurodegenerative 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 thestade disease is characterized bpirasory
failure, suggesting that ALS is a very heterogenous disease. An ALS patient has a median
survival period of 3 to 5 years from symptom or{§stinnen and Robberecht 201&ene
mutations only explain 5 t010% of all ALS cases (i.e., familial Al&)asemi and Brown 2018)

The most common mutated gene in ALS are COORS@N1, TARDBP and FU@rown and



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 sporadicSAdccur 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 becausesd@ch 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 20073moking habit¢Nelson, McGuire et al. ZID), exposure to heavy
metals as well as pesticides/chemig¢8lstedja, Veldink et al. 200@esidential and/or
occupational exposures to electromagnetic fiBlaaken, Dechent et al. 2QAilippini, Hatch et
al. 2021)and more. However, exposure to a naturally produced environmental cyanotoxin has
beenfound 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 tosieod sporadic ALS.
1.2  Environmental Cyanotoxins

Environmental exposure to the cyanotoxin BetaethylamineL-alanine (BMAA) was
the most likely risk factor for the high incidence of Ap&rkinsonisrrdementia complex (PDC)
in Guam in the 1950s. BMAA is nezanonical amino acid, and it was first isolatesm seeds
of cycad trees on the island of Guam in the 19&@ga and Bell 1967)The indigenous

population of Guam developed ALS/PDC with approximately-fod@ greater incidence when



compared to the resf the world(Bradley and Mash 20097 he elevated tas 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 pg/@anack and Cox 2003Jwo other additional
evidence supports BMAA as a major risk factor for the ALS/PDC cases in Guam. First,
researchers identified a significant accumulation of BMAAlying foxes (ranging from 1,287
to 7,502 pg/g)Cox and Sack2002) 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 flogBanack and Cox 2003Because flying foxes were commonly consumed
by the Chamorro population during traditional feasts, it is thought that this behavior also
contributed tats 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 patienfslurch, 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 ALBDC cases decreased and maintained relatively stable at
rates similar to the resf the world during the last 60 yegRlato, Garruto et al. 2003} his
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
presenceén the environment and because of the noted increase wgtdea algal blooms
throughout the world, which suggests a possible increase of human exposure to this natural toxin.
Previously, researchers have detected significant concentrations of BMA&tmartem brain

specimens of North American ALS (range of 86 to 238 pg/g) and AD (range of 24 to 228 ug/q)



patients, suggesting an etiological role for BMAA outside of Guam and in other forms of
sporadic neurodegenerative patholodisdley 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 habeen detected in large amounts in seafood (range of 0.29 to 700(Bugig)

Pablo et al. 2010, Salomonsson, Fredriksson et al. 20tbypex marine animals such as
dolphins (rangefa20i 748 ug/g)(Davis, Mondo et al. 2019nd sharks (range of 34 to 2011
ng/mg)(Mondo, Hammerschlag et al. 2012, Hammerschlag, Davis et al..Z®ddy, due to
continued increase of cyanobacterial blooms, biomagnification of BMAA in marine life is also
expected to rise. Thus, it is nmreasonable 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 Gam(Cox, Banack et al. 2003)ther epidemiological studies have alserbesported

in North America. For instance, inhabitants of New Hampshire that lived nearby lakes that had
history of multiple cyanobacteria blooms wereZ®times more likely to develop ALS when
compared to the rest of the population due to the posgibflinhalation of aerosolized toxins,
consumption of contaminated fish, and/or ingestion of contaminated water from nearby lakes
(Caller, Doolin et al. 2009)n Maryland, BMAA has also been linked as the major risk factor
for sporadic ALS patients who were exposed weekly to BivodAtaminated crab fogdrield,
Metcalf et al. 2013)Another epidemiological study has implicated BMAA in neurodegenerative
diseases outside of Guam wheayttiound another ALS cluster along the French Mediterranean
coast where the locals routinely consumed shellfish that were found to contain BMAA

(Masseret, Banack et al. 2013Jthough these studies have identified sporadic ALS clusters



based ora 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 natosahtin commonly consumed food items.
However, humans can be exposed to BMAA via inhalation as well. When Bpaducing
cyanobacteria was found in the sands of large desert areas in Qatar, it was postulated to be linked
to the increased risk of sporadit.8 amongst Gulf War military veteraf8ox, Richer et al.

2009) This hypothesis brought up a largely unexplored, but potentially important route of
human exposure 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 filte@€heng, Zhou et al. 200%ps increasd 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 st(@@mmel, Field et al. 2013lHere, they surveyed

a sample of 26 individuals deemed at high risk (living within ¥ mile from a water body
containng cyanobacteria) and low risk (further than ¥ mile from a water body containing
cyanobacteria). Interestingly, their postmortem results showed that of theghigiatients,

84.6% showed the presence of cyanobacteria within the lung tissue compargdiAd@% of
low-risk patients. Interestingly, BMAA uptake via inhalation and distribution throughout the
body have been recently demonstrated in(@tstt and Downing 2019but researchers did not
observe clinical signsf toxicity or any obvious behavioral changes in the animals exposed to

BMAA in this experiment.



Despite the route of exposure, none of these past studies was a clear reproduction of the
behavioral and neurodegenerative changes observed within th® BC®atients in the island
of Guam. Unfortunately, to this date there is not a single animal model of Bividuced
neurodegeneration. However, a recent study have demonstrated that a single neonatal exposure
to BMAA is sufficient to produce commonly assocateurodegenerative pathologies,
i nc | u-amyloidydedosition, neurofibrillary tangles of hyg#rosphorylated tau, TDE3
inclusions, Lewy bodies, microbleeds and microgliosis as well as severe neuronal loss in the
hippocampus, striatum, substantia aigars compacta in a rat mo¢®tott, Downing et al.
2017) Two years later the same group demonstrated that BMAA cause neurodege et
behavioral deficits in adult rats in a dedependent mannéscott and Downin@019)
Although, these studies in rats reproduce the pathology very similarly to human ALS, BMAA is
still one of the most checkent 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 arcofgerblic
health as the number of cyanobacteria bloom are increasing around the world. The main cause of
increased cyanobacteria is eutrophication, which is the excessioéf mfmutrients in a lake or
other body of water, and the rise of water terapees due to global warmirglyixon 1995,
Moffat 1998) Under these favorable conditions, cyanobacteria thrive in aquatic environments,
and they can produce metabolites of various toxicological profiles. Although BMp@dsiced
by a diverse taxa of cyanobactei@ox, Banack et al. 2005} still just one metabolite of several
hundred produced by cyanobacteria in which some of these metabolites have been reported to

co-occur with BMAA aound the world Table 1.J).



Table 1.1: Cyanotoxins that are known to capccur together in the environment.

Known to co-occur Place Citations
Anatoxin-a and microcystin France (Sabart, Crenn et al.
2015)
Anatoxina, BMAA, and 2,4DAB Nebraska, (Al-Sammak, Hoagland
USA et al. 2014)
Microcystin LR and BMAA New (Metcalf, Banack et al.
Hampshire, | 2008, Banack, Caller et
USA al. 2015)
Cylindrospermopsin, anatoxin, 2RIAB, BMAA, | Canada (Roy-Lachapelle, Solliec
AEG, and saxitoxin et al. 2015, Vo Duy,
Munoz et al. 2019)
Microcystin LR and AEG, anatoxia Qatar (Metcalf, Richer et al.

2012, Chatziefthimiou,
Metcalf et al. 2016)

Microcystin, BMAA, AEG, 2,4DAB Antarctic (Jungblut, Wilbraham et
al. 2018)

BMAA and 2,4DAB Netherlands | (Lance, Arnich et al.
2018)

Cylindrospermopsin, microcystin LR and Nation Lake, | (Loftin, Graham et al.

Saxitoxin USA 2016)

Consequently, in the environment an individual is more likely to be exposed to a cocktail
of cyanotoxins. Although the existent-oocurrence of BMAA with other cyanotoxins allows for
the possibility of an even more enhanced toxicity, most studiestdwoount 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 otheyaootoxic
neurotoxins such as mercury (Hg) have biomagnifieautiph 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 pr@donte,
Hammerschlag et al. 2012he 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 (10uM) potentiated neuronal danragiro when in combination with

other noRcyanotoxic insultgLobner,Piana et al. 2007Hence, there is a critical need to



recreate redife exposure scenarios 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 d{®edatar,
Wuu et al. 2013because the disease phepeatgxtends to include both clinical axonal sensory
neuropathylsaacs, Dean et al. 200and front temporal dysfunctions, including a broad range
of neuppsychological, speech, language, or behavioral patholfid@szczynski, Hintermayer
et al. 218) Little information is currently available due to exposure to mixtures of cyanotoxins
(i.e., BMAA with other cyanotoxins and/or other neurotoxins) in ltitro andin vivo
systems. Thus, a systematic study consisting of multidisciplinary approachigsaswhen
investigating the link between cyanotoxins and neurodegeneration. For example, combining both
in vitro andin vivoinvestigations are essential as they can generate more comprehensive toxicity
data sets for risk assessment of environmegtiaoxins. A fewn vitro studies have made
advances in understanding neurotoxicity due to exposure to environmental cyan@bxins
Braidy et al. 2015, Beri, Nash et al. 2017, Main, Main et al. 2048yever,n vitro approaches
do not recapitulate the complexity of an organism, meaning that they are only ableilaea
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 oh Baeage, 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 respoas of whole organism system and testing for neurotoxicity in animal

models is also of interest.



The zebrafish is a powerful alternativevivo model for studying toxiinduced human
neurological and movement disorders because it offers a vertebratethaideMell suited for
screening compounds using phenotipased approaché€urrie and Lieschke 2007lts many
strenghs include small size, low cost, high fecundity, availabilityarious transgenic lines
expressing fluorescent markers in select neuronal populations, and ability to measure complex
behavior during starting at their larval stg§¢ewart, Braubach et al. 2014he later is of
extremely importance in studies of toimduced 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 zafish 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 approximated$% of human disease associated genes have a zebrafish counterpart
(Howe, Torroja et al. 2013Yhus, making zebrafish is a powerifulvivo model for investigating
both sporadi¢Fragyset, Khan et al. 201&nd familial ALS casé®McGown, McDearmid et al.

2013)

Additionally, combining this multisystem approach with a mosediséc 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 refert@ds ondactoratatime (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 pcess usually take time and resources as it can require too many

experiments to reach the desired outcgWahid and Nadir 2012Additionally, tre OFAT



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 ofingle 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 reallife situation, it is expected that multiple variables may interact to generate a joint

effect; thus, anore efficient approach is desired because it could address the issue of interaction
between these variabléRiter, Vitek et al. 2005)Ronald A. Fisher was the first to derive more
informative experiments that could esti mat e
experiment while estimating potential interactions between each factor, calling this approach
design of experiment®QE) (Fisher 1966)The DOE methodology proposes that multiple
variables are changed in a single analysis but in a controlled manner across the entire
experinent. 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 scenaifmmati, Orlandi et al. 2008\dditionally, 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
generateonclusions even in the presence of errors, noise, or other unknown vafataes

Vitek et al 2005) DOE aims to reduce random experimental variability and efficiently explore
causal relationships between many independeatdhlas. A DOE experiment provides contrast

of averages. For instance, DOE allows for eight possible factor settings ((x1,+1,+1))Wisere

the low and +1 is the high endpoints visualized as the vertices of the shape skayunari.l
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Figure 1.1.Cube plot of all possible combinations of factorph ph p . 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
conneted by the blue dashed linésdure 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 oknvironmental 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
cellularlevel. For example, previousig vitro exposure to BMAA showed evidence of activities
and/or functions that lead to cellular death, including mitochondrial dysfunction, oxidative stress,
and protein damag@eri, Nash et al. 2017However, specific molecular mechanisms of
neurotoxicity remain not fully understood as these environmental exposures can influence a
multitude of hological 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 guantitat
proteomics a power ful Aomi cso method in the

biomarkers of the ALS pathology, for example, that may arise due to environmental exposures to
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cyanotoxins. A mass spectromebgsed proteomics study offerseguence of information that
represents the global gene products. Nowadays, due to great improvemeniresbigtion

mass spectrometers, a scientist, can accurately determine global expressed proteins, for example.
Moreover, despite the complexity afyacell line/organism proteommass spectrometebased
techniques still provide high degree of selectivity, accuracy, and sengiiaypireddi, 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
separatin and liquid chromatography retention predictions for better detection and/or
measurement during multiple biological ri @ ombs 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 @mnid®58, 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 prateabundance is explained by mRNA lev@shrimpf, 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 endpointainexposure study usually

involves the use of antibodimsed 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 thesassment of novel mediators. Mass
spectrometnybased proteomics has been successful for functional analysis of both intact proteins
(i.e., topdown proteomicsPark, Piehowski et al. 201@hd digested proteins (i.e., bottam

proteomicsMayne, Ning et al. 2016 A major advantage of mass spectrométaged
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proteomic over traditional methods is to be able to accurately characterize and quantify
thousand®f 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 depin
toxicological assessment for several biological endpoints while usthgrbatro andin vivo
systems and combine these with statistical and analytical disciplinanpstateapproaches.
Although my studies did not assess exact mechanisms of action due to exposure of cyanotoxins,
my studies support the hypothesis thatasxpe 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. Takéogether , these data serve as a strong molecular and phenasgoke
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 amn vitro andin vivo system. A systematic study consistwfgnultidisciplinary
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 cyanotoxifise 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 eexposure with other environmental cyanotoxins.

Chapter 2 evaluates the cytotoxic effects ofixture of cyanotoxins using amvitro

system. This chapter elucidates neuronal cellular toxicity in response to BMAA and two other
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related cyanotoxins, the isomers AEG, andR2AB in which they have been found to naturally
co-occur with BMAA. The eperimental setup included a 72hrs exposure of mouse motoreuron
like NSG34 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 treatmealis;anonical pathwegs, 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 leveWhile 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 2,4DAB alone or in combination. Although BMAA has been the focus in the inatigtiy
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 neurotoxiaig.

To test this hypothesis, we describe the use of a simplex axialrendegign to mimic
environmentally relevant mixtures. Then, we assess larvae viability during exposure and larvae
behavior after developmental exposure via the use of two commonly useithtuigbhput
behaviorbased toxicity assays (spontaneous movemehtrenacoustic ¢ startle assays) when

the larvae were 6 days old. Surprisingly, the isomeiDAB was the most potent cyanotoxin

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

larval zebrafish exposed 2[JAB attwo developmental stages: &1d 4days post fertilization.
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Chapter 4 explores the vivoadverse effects due to exposure to two of the most highly
prevalent cyanotoxins in the environmémMAA and Microcystin LR (MCLR). The focus of
this chapter is telucidate neurotoxicity in response to BMAA and MCLR individually or and
their combination while using the powerful zebrafish model. Here, we hypothesized that the
neurodegeneratielinked cyanotoxins BMAA and MCLR interaat vivoto disrupt behavior
andmolecular 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 highthroughput behaviebased toxicity assayselrafish larvae at day 6
were assessed for cyanotoxinduced changes. Finally, global proteomics techniques were also

implemented here to assess cyanotéxduced molecular changes related to neurodegeneration.
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2.1  Abstract

The goal of this study was to implement powerful mixuesign techniques, commonly
used in process optimization, to investigate enhanced adverse effects wpgqosore to
environmental cyanotoxins. Exposure to cyanobacteria, which are found ubiquitously in
environmental water reservoirs, have been linkeskt@ral neurodegenerative diseases. Despite
the known ceoccurrence of various cyanotoxins, the majority of studies investigating this link
have focusednthei nvesti gation of a single cyanotoxi n,
methylamineL-alanine BMAA), which poorly recapitulates an actual environmental exposure.
Interactions amongst cyanotoxic compounds is an area of great concern and remains poorly
understoodTo 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
(pO0.01) interaction between RAEGBANdR2Ad its iso
diaminobutyric acid 2,4-DAB). Cyanotoxic mixturesignificantly decreased cell viability by an
average of 19% and increased caspases 3/7 activities by an average of 110% when compared to
individual cyanot oxi ns peftpbedvarious piologi€@ypatiways o x i ¢ m
associated with neurodegeneration, including inhibition of protective autophagy and activation of
mitochondrial dysfunction ¢(score >|2|). Additionally, exposure to mixtures pertulibgubrtant
upstream regulators inWwed in cellular dysfunction, morbidity, and development. Taken
togetherpur results highlight: (1) the need to study combinations of cyanotoxins when
investigating the link between cyanobacteria and neurodegenerative pathologies and (2) the
applicationof design of experimenDOE) as an efficient methodology to study mixtures of

relevant environmental toxins.
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22  Introduction

Cyanotoxins are naturally released into water bodies by cyanobacteria, and their presence
in the environment may kexpected during the entire life and collapse of the cyanobacteria
bloom (Hardy et al. 2015). The number of cyanobacteria blooms are prddiatecease as
global temperatusise (Manning and Nobles 2017), and as a result, this represents a growing
public health hazardExposure to cyanotoxins can occur giinking contaminated waters,
inhaling both aerosolized cyanobactearal/or cyanotoxins from water bodies containing blue
green algae, and ingesting contaminated food siya@eotoxinsare known to lmaccumulate and
be transferred to higher trophic levels (Brand et al. 2010; Corbel et al. 2014;-Bakvikwr o Es k a
et al. 2013). Consequently, these toxins are known to be ubiquitous environmental stressors
(Waters 2016) and have been linked to the devedoyp of neurodegenerative diseases including
sporadic amyotrophic lateral sclerosis (SALS) (Torbick et al. 2018). The vast majority of the
studies i nvestigat i nanmgethylaminag-alaninen(BMAR)aanerpréteinc u s e d
amino acid that was 8t 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 increasegndanelgal growth
throughout tie world (Hallegraeff 1993At 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 Romnus
2009). Even though these mechanisms of toxicity are yet to be fully understood, a few studies
have shown that BMAA Isthe potential to become systemic via ingestion (Duncan et al. 1992)
and inhalation (Scott et al. 2018) exposure routes. FurtherBii&A has been previously

detected in postortem brain tissue of individuals who have died from sporadic ALS (Cox et al.
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2003) but was absent in noreurological disease controls as well as individuals who died from
Huntingtonds di s eegenerativealisorder fPlatdoret at. 20@)mbired r o
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 2ddaminobutyric acid ,4-DAB) and aminoethyl glycine
(AEG), which have previously been reported teocour with BMAA in the environment
(Faassen et al. 2009; Jiang et al. 2012; Lance et al. 2018; Reveillon et al.T2@léne 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 desigied 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 othkinematially; causing the enhanced toxic response (Hernandez 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 Inagiray
single chemicals at a time while keeping all other factors con&tadbubtedly, these designs
are important and have been used for decades with great suictgggely, they allow the
detailedst udy of the toxicitouadifnga@ciht cwietmh ctath e we ft
factors (.e.,, chemicals, duration). This type of experimental design, which is commonly referred
to astheonefactoratatime (OFAT) strategy, is performed exclusively in many scientific

environmentsHo we v er , i n reality OFAT yi eleffest poor i n:
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because (1) each test will contain information about the toxicity of only one chemité?)
DOEsnot consider the possibility that the toxicity of one chemical depends on genpeeof
others (Zeliger 2003). In the latter case, a chemical could intgitlicbne or various
compounds. | n wabae d the3iBtdesearchiens ® potout how poorly these
experiments are designed and derived more informative expesitinat could estimate each
factordés effect using all the runs in the
interactions (Fisher 1935).

Consequently, in order to efficiently probe interactions observed by simultaneous

exposure to combiniains of cyanotoxins, we describe the use of a mixture dediigture

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 (CornelT2@&EE) desigs were

pioneered by Scheffe in the DOkisastalisical@oéls ( Sc he

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

efficiently optimizing outputs, using a minimum number of@xmental 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. 20@H#E has been

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

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

application ofDOE for evaluating toxicity of environmental cyanotoxic mixtures.
We have previously deomstrated that exposure to BMAA causes perturbatbns

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 mitdeondrial dysfunction (Beri et al. 201 7he 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 anaigsie 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 NS32 cells, which is agwerfulin 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 protedinicsesults
demonstrated that exposureci@notoxic mixtures significantly decreased cell viability, caused
additional perturbation of canonical pathways, upstream regulators, and biological functions
when comparetb individual cyanotoxin responses.
23  Materials and Methods
Cells and Chemicals

Fetal bovine serum (FBS) and penicHitreptomycin were purchased from Thermo
Fisher ScientificDMEM 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 spectromeff/SQ QuantivaThermo Scientific). The cell line NS84 was
obtained from Cefarlane (Burlington, NC). The
developed through the fusion of mouse neuroblastoma cells and motor neuroedespicial
cord cells. This hybrid cell line allows for the existence of a nelikerimmortal cellline andis
highly benefcial because it overcomes problems.( low yields and inferior purityassociated
with the culturing of primarymotare ur ons. The NSC 34 model exhib
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 expressn of neurofilament proteins, form synapses with cultured myotubes and induce
myotube twitching (Cashman et al. 1992). The
establishedh vitro models for neurodegeneration research. N8Cells were cultured in
DMEM supplemented with 10% FBS and 1% penicifitnreptomycin at 37°C and 5% @O
Once cells reached 80% confluence, they were trypsinized and seeded into specific well plates
(Corning Incorporated COSTAR®): 24ell plates (flat bottom) for Trypan blue exclasiand
MTS assays, 99vell plate (black plate clear bottom) for the caspase 3/7 assay, awelbplate
to collect cells for the proteomic experiments.
Cyanotoxins Dose Response

To assess the effect of cyanotoxinduced cytotoxicity and determine appriate
concentration for the mixture design, NS& cells were exposed to BMAA, AEG, ad-DAB
at 100, 500, 1000, 100Q™ 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 absael if thecellular 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 C&lter 96 ® Aqueous One Solution Reagent
(Promega Corporation, Madi son, WI , USA) was

protocol. In brief, MTS reduction is carried out by dehydrogenases present in the mitochondria.
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Formation of colored formazan pnact 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 -&NE® Homogeneous Caspad&
Assay (Promega Corporation, Madison, WI) was measairecc or di ng t o t he manu
protocol. The experiment was conducted with the same design as for viability/cytotoxicity
testing. In brief, this assay provides a-fitmrescent caspase 3/7 substrate, which conéains
peptide sequence that when cleavedhe caspases releases the fluorescent substrate (rhodamine
110). To the appropriate wells this gitoorescent caspase 3/7 substrate was added, and after 8h,
the fluorescence signal was detected using a plate reader.
Cyanotoxin Mixture®OE Exposure

In this study, theno/low-observeeadverseeffectlevel (NOAEL and LOAEL
concentrations were chosen based on the previous dose response results againsBtheeNSC
line because there is no data available for guideline values{GI) in drinking water,
tolerable daily intake (TDI) ofNOAEL) for the cyanotoxins used in this study.

To assess the effect of cyanotoxin mixtdireduced cytotoxicity, NS€34 cells were
exposed to 13 different cyanotoxic mixtures composed of 3 cyanotoxin components: BMAA,
AEG, and2,4-DAB. The mixture design was generated using Design Expert® software where
each run was controlled to a total concentration off80OONOAEL (10QuM) and LOAEL
(500uM) were employed as the low and high limits constraints during genecditgach
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 relspogss 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 Metiadein Digestion. Details
regarding the datdependent LEMS/MS data collection are provided in tBapplemental
Method- LC-MS/MS Analysis. Raw data files obtained in this experiment have been made
available on the Chorus NS datarepository andan be assessed under the project ID#1536
Proteomics Data search and Data Analysis

Label free quantitatiofLFQ) was performed in MaxQuant (version.1.5.60), which uses
the Andromeda algorithm (Tyanova et al. 2016a
andNt er mi nal acetyl ation) and a s i-nmethylaton)ly x ed mo c
were useddr the databassearcing 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 i dentAlyptheadearoh parametess wsre left afadit valuesO 1 .
Data were searched against the Mus musculus Swiss Prot protein database (hnumber of sequences
16 657, data accessed 02/11/20Bhiroch 2000).

Comparison of LFQ intensities across the whole set of measurements were investigated
in the freelyavailable Perseus softwafeersion 1.5.1.6). The LFQ intensities frdviaxQuant
were imported and transformed to logarithmic scale with base two. The missing values were
replaced (imputated) with values from the normal distribution where perseus rdtices t
di stributions to a f aschtiofrt sofb yA OA.13. 08 o( wsitdatnhd)a radn

simulating random valuestoe pl ace t he missing values. The pr
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cal cul ation of st eatriedott usm@tivovay Stigemd stestamdd&RR we r e
(pO0.05) (Tyanova et al. 2016b).
Pathway Analysis

Ingenuity pathway analysis (IPA) software was used to identify the significant pathways
of the differentially expressed proteins. Canonical pathwdigsases/biofunctions and upstream
regul ators were identified from the I PA |ibra
proteins (pO0.05) were submitted to | PA.
Statistical Analysis
Dose Response

Dose response experiments in this study werducted in at least three independent
repetitions. Experimental results were expressed as mean + standard error. Differences were
analyzed for significance -¥alues less than or equal to 0.05 were considered to be statistically
Si gni y c a stttestwdS useddteconmpéare the experimental groups to the controls.
Mixture DOE

Mixture designs were created, and data were analyzed using the Design Expert® software
(Minneapolis, MN). Pvalues less than or equal to 0.05 were considered to be statistically
sign ycant .
24  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; MSstiltured cells were
treated with increasingoncentrations (100, 500, 1000, 10Q0) of BMAA, AEG, and2,4-
DAB, separately. Cytotoxicity was evaluated by Trypan Blue exclusion and MTS assays. Based

on these data, a mixture design of experimPQE) was createdndused to evaluate potential
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interations amongst cyanotoxins, using MTS and caspase 3/7 assay responses. To investigate
perturbed molecular pathways associated with cyanotoxic mixture exposure, treat@d NSC

cells were subjected to shotgun proteomics and label free quantitation.
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Figure 2.1. Experimental design (A) NSG-34 cell culture and exposure to individual cyanotoxins

- a dose response experiment via Trypan Blue Exclusion and MTS assays. (B) cyanotoxic mixtures
Design of ExperimentOE) and mixtureDOE exposure plan. (C) Exposed NS2 cells, protein
extraction and tryptic digestion of extracted proteins into peptides. (D)}MSIMS via HPLCi

Q Exactive HF Orbitrap system and label fpgeteinquantitation via MaxQuant software.
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Cell Viability Assays: Selection of Appropriate Mixtid®E Parameters

Becausef the existing lack of guidelines regarding safe dosage of these cyanotoxins in
the environmentne limitation was finding environmenigakelevant doses to use in our
experiments. To overcome this challenge,aimed to identify the LOAELSs against NSC
cells for each cyanotoxin viaypanblue exclusion and MTS assays, which are suitable
indicators of cell viability. The trypan blue exclusion assay was used to determine the number of
nonviable cells, using the prindgthat intact plasma membranedlwixclude dyes when cells
are alive (Louis and Siegel 2011) while the MTS assay principle involvestiversion of a
tetrazolium salt into a colored, agueous soluble formazan product by mitochondrial activity of
viable cells at 37°C (Malich et al. 1997)

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

concentrations (100, 500, 1000, and 10000uM). BMAA and its structural isc2#B3AB and

AEG (Supplemental Figure22) caused significankrand pO0. 05)
permeability at 500, 1000, and 10Q00, but no significant increase was observed at the 100uM
level. All three cyanotoxins increased plasma membrane permeability in a dose response
manner; however, BMAA and AEG exhibited more toxicity tharRRAB at 72hrspost

exposure. Our results show that all three cyanotoxin componentsiea 508 toxic to NSE€34

cells, showing an average increase in cell mortality of approximately 25% when compared to
untreated controls. While there were no significaffedénces in toxicity among all three
cyanotoxic components at the 500uM level, our @x@Esnot support a recent finding that only
2,4-DAB and BMAA are directly toxic, using an vitro system (Main and Rodgers 2018). Our
study describes cellular toxigith a mouse derived neurdike cell (NSG34) while Main and

Rodgersd study shows toxic r d34peoY)sBothcellsi ng a
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lines display many of the unique morphological and physiological characteristics of motoneurons
(Cashmaret 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 émodshesed.
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 aftéinrs of exposure. BMAA ah AEG caused significant
reduction in cell wviability at 500, 1000, and
reduction was observed at the u0level. However2,4-DAB was only able to significantly
reduce viability at the highest concenimattested (10000pMp O0 . 05) .

Based on these data, the cytotoxic raftect observed in the form of LOAEL€.,
mortality effect of at least 20%were set as the total concentration for our mixRE@E. Via
trypan blue exclusion assay, we found that LOAEw BMAA, AEG, and2,4-DAB were equal
to 500uM,respectively All levelsdemonstra a significant increase of cell mortality from 6.5%
(contrd) to approximately 25%. Similar to trypan blue exclusion assay results, the MTS assay
providedrelated cell viability responses after exposure to BMAA A& of 500uM,
demonstrating a significant reduction of cell survival from 100% (control) to 85% @MAd
to 80% (AEG).Interestingly, only the highest concentration teste®, 4DAB (1000QuM)
showed a significant reduction of cell survival of approximately 30% viability when compared to
the untreated control, suggesting tAgkDAB may not directlymterfere with mitochondrial
functions; this finding should be further explored. Given that cyanotox@sBMAA) have the
potential to bioaccumulate in the food chai®EAL results could be highly dependent on the

duration of the exposure (Tyne et2015).
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Figure 2.2. Cyanotoxins Dose Responsgtudy. Cell viability assessed by (A) Trypan Blue
Exclusion and (B) MTS assays in N&2 cells aftei72hrsexposure to {10,00uM of BMAA,
AEG, and2,4DAB, r especti vel yidommedaodtm) ** pO0. 01

Interaction amongst Cyanotoxin Components: MixiDeE

In the present study, we evaluated cell viability and caspases 3/7 activities #ANSC
cellstreated 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 te syaglotoxin

components. As shown in Figure 3A, the majority of the treatments significantly decreased cell
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viability when compared t o t-doraporemtequimaar ( pOO0. 0
cyanotoxic mixture exhibited the greatest decrease in ieddility on averag€32%).

Additionally, activity of caspase 3/7 was measured by quantifying the cleavage of a
fluorescent peptide substra@aspases share essential regulatory properties in both apoptotic and
necrotic cell death (Li and Yuan 2008asgase 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
neurodegenert i ve pathol ogies, including ALS, Al zhei
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% whesredrno
single cyanotoxin componentEigure 2.3B illustrates that all 13 cyanotoxin treatments showed
significant increase in caspases 3/ 7 activat.i
only the threecomponent equimolar cyanotoxin mixtureMBA at 166.67uM +2,4-DAB at
166.67uM + AEG 166.67uMp O0. 001) provi ded the highest | e\
activation when compared to the control, indicating interaction of compounds.

Next, we used results from the MTS and Caspasas¥ays to investigate initial
interactions amongst cyanotoxin components while using a special cubic fitted mixture
experiment model to incorporate the curvature effectsh@svn inFigure 2.3C, the triangular
2D contour of the mean percent viabilitpm the MTS assaghows positive interaction (blue
area) between BMAA, AEG, arti4-DAB, and negative interaction (red area) betw2dn
DAB and AEG. We observed a trend towards interactions between cyanotoxin components
BMAA and 2,4-DAB as well as BMAA and EG, but they were not statistically significant

(Table 2.2.1a). However, interactions betwe@w-DAB and AEG and between BMAA, AEG,
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and2,4-DAB were statistically significant (p=0.032 and p=0.0028, respectively). In concordance
with MTS results, the triggular 2D contour of the caspase 3/7 activity also displays positive
interaction (blue area) amongst all three cyanotoxic components: BMAA, AEQ@,4Dd\B,
indicating interaction among them (Figure 3B). We also observed negative interaction (red area)
betveen2,4-DAB and AEG, indicating an antagonistic response, which should be further
investigatedThe interactions between cyanotoxin components BMAAZAMAB as well as
interactions between BMAA and AEG were not statistically significhable 2.2.1b).

Interactions betweed,4-DAB and AEG and interactions between equimolar concentrations of
BMAA, AEG, and2,4-DAB were statistically significant (p=0.0004 and(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 changescimkinetic

induced by at least one compound (Lydgle004). 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). Interestingl, 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 reposed specialubic model to

describe the experimental relationship (Fang et al. 2017). However, becatde seaharios
represent exposure to a cocktail of cyanotoxins over a period of timejrthatse observed

cytotoxic effects should be further investigatedc8use 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 ap@aches shoulbetter mimic realife exposure scenarios. Therefore,
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prediction of adverse risks for the common population would better be detelnyiesdluating

the longterm effects as well as the acute effects of environmental exposure to complaesnixt

(Tsatsakis et al. 2016a).
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Figure 2.3. Cyanotoxic Mixtures Design of Experiment DOE) Study. (A) Mean percent
viability by MTS assay and (B) caspases 3/7 activation @&hrsexposure of NS€4 cells to

500uM of cyanotoxic mixture®OE involving BMAA, AEG, and2,4DAB ( * p ODcondpared

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 indieigarabtoxin.
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Table 2.1.The ANOVA results of thén 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. Caspase3/7

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 + 2,4DAB 0.58 0.4898 4.90 0.0687
BMAA + AEG 4.26 0.1080 2.65 0.1549
AEG + 2,4DAB 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 expressiif.CG-34 cells treated with cyanotoxic mixtures for
72hrswere collected for protein extraction and digestion. Proteomes for all 13 treatments were
investigated via nHPLBIS/MS where approximately 4000 proteins were identified in each
treatment Supplemental Figure2.3). As shown inFigure 2.4A, we found more gnificantly
differentially expressed proteins (DEPS) in the tliwemponent cyanotoxic mixtures with
exception of one (BMAA at 83.33uM 2,4-DAB at 333.33uM + AEG at 83.33uM). On
average, exposure to threemponent cyanotoxic mixtures yielded 78% increaghe number
of DEPs when compared to individual cyanotoxBisnilarly, there were more unique DEPs in
the threecomponent cyanotoxic mixtures treated celafplemental Figure2 .4), reflecting
augmentation of protein expression upon exposure to aydnahixtures.Overlapof statistical
significancebetween DEPs is highlighted in the volcano plag(re 2.4B) where we show that
exposure to the thremedmponent equimolar cyanotoxic mixtures (BMAA at 166.67 2\
DAB at 166.67uM + AEG at 166.67uM) resulted in 65 up and 219 down regulated proteins in
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which these proteins were of interest as
cyanotoxic mixture exposure. To provide a comprehernmvepective oDEPs werlap between
the four treatment groups, a Venn diagram comgdPEPs from NSE34 cell exposed to
individual cyanotoxin versusxposed t@yanotoxic mixtures thatvere previouslyprovidedto
havesignificant interactionKigure 2.4C). Interestingly, thex 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 reveahbddhe three
component equimolar cyanotoxin mixture are associatedinvjibrtant 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 exposurdiwAEG and2,4-DAB are associated witbrotein
metabolic and catabolic process8sijplemental Figure2.5). GO analysis also revealed that
the enriched DEPs belong to the cytoplasmic part of the cellular comp&@ugpiemental
Figure 2.6). Theseaesults suggest that cyanotoxic mixtures have the potential to interfere with
protein processes. Not only the cyanotoxic mixtbre also the individual cyanotoxinRBMAA,
AEG and2,4-DAB, all appear to be acting via different mechanisms of toxicitgohrtordance
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 mechasisiraction (Hernandez et al. 2013).
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Figure 2.4. Differentially expressed proteins (DEPs)(A) Number of DEPs per cyanotoxin

mixture. (B) Volcano plotepresentation of the thr@@mponents equimola@yanotoxic mixture

BMAA (166.67uM) + 2,4DAB (166.67uM) + AEG (166.6pM). Orange dot represents
significantly (pO0.05) regtliagtndd imgramttdiyn g ;p ODI.
proteins. (D) Venn diagram showing protein overlap between 4 treatment groups (blue oval is the
BMAA group, green oval is th2,4DAB 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 differergigiessed
biomarkers between thihreecomponent equimolar cyanotoxic mixture and from exposure to
individual cyanotoxic components. Our results indicate that exposure to cyanotoxic mixture
significantly disturbed normal cellular homeostasis when comparedch cyanotoxin alone,
and mixtures up/downregulat relevant protein biomarkers involved in important biological
processes such as mitochondrial stress, protein ubiquitination, and autdpigagy 2.5).
Remarkably, several of these proteins wereiagmtly upregulated, including Bad/Bak,
Cytochrome C, Caspases 3/7/8, and Mtafgptosis is known to be regulated by the B cell
leukemia2 protein family (Bcl2, Bckx, Bax, Bak and Bad) along with caspase proteins where
apoptosis is prevented by B2IBcl-x proteins and promoted by Bax, Bak, Bad, and caspase
proteins (Strasser and Youle 2008 the other hand, Peal5, PAK2, and Bcl2 were
significantly downregulated in our analysis. Since Peal5, PAK2, and Bcl2 are commonly known
to negatively regulatapoptosis (Formisano et al. 2012; Strasser and Youle 2008; Zeng et al.
2015),regulation of thessuggest that cyanotoxic mixture may act as an apoptotic
environmental stimuli, upregulating papoptotic proteins and downregulating eagoptotic
proteinmarkers. Our resultlso 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 cyanotoximérgat which are

findings that should be further explored.
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Figure 2.5. Biomarkers of mitochondrial stress, protein ubiquitination, and autophagyBar
graph showing regulation of enriched protein biomarkers followetRbysexposure of NS4
cells with cyanotoxic mixture (BMAA at 166.aK + 2,4DAB at 166.6pM + AEG at
166.67uM) andindividual cyanotoxins (BMAA, AEG, and,4DAB) at 50QuM.

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 functioRgy(ire 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 phosphorytatj death receptor signaling, and apoptosis signaling (Asthana
et al. 2018; Kulasekaran and Ganapasam 20t&se canonical pathways corresponded to
bioprocesses including morbidity/mortality, mitochondria dysfunction, ubiquitination of proteins,
and apotosis, which are hallmarks of neurotoxicity upon exposure to environmental stressors
(D6Mel l 0o et al. 2017, Franco et al. 2009).
threecomponent equimolar cyanotoxic mixtures@ore<2). In our study, ihibition of

autophagy was expected because NFE2trecriptionfactor, was also predicted to be
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inhibited. Inhibition of this transcription factor suggesialfunctionedmisfolded 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 bymiisgedisease 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 associatedscoresare listed inrSupplemental table2.1and table 22, respectively.
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25 Conclusions

Taken together, our studies examined the neurotoxic effecygobtoxic mixtures on of
NSGC-34 cells at a molecular level. Based on optimal mixture deBI@E), seven different
cyanotoxic mixtures were formulated by blending three cyanotoxins (BMAA, AEQ?,dnd
DAB), and 13 runs were designed including three raf@itests to evaluate the reproducibility
and the Lack of Fit of the derived models. We have shown the significanaaigfure model,
and the effects of cyanotoxinso6 interaction
assays: Trypan Blugxclusion and MTS assay. An integrative analysis of proteomic data was
also needed to provide molecuiaformation that may not be depicted via basic toxicological
assays. Additionally, we have shown how cyanotoxic mixtumesact and regulate relevant
canonical pathways, bioprocesses, and upstream regulators. Therefore, it is critical to evaluate
the potential for cyanotoxinso®d interabQ@E ons.
is a useful statistical tool in the quantification of cytatoeffect among cyanotoxin mixtures,
using ann vitro model. Additional mixture studies are ongoing in zebrafish.
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2.8  Supplementallnformation

NSG34 cells Isolation

Cells were treated with Dul beccods modi fied
sodium bicarbonate, 0.01 g/L glycine, 3.5 g/L glucose, 10% (v/v) FBS, 100 U/mL penicillin, 100
pHg/mL streptomycin. To slow cell proliferation and enhance differgotiathe culture medium

was exchanged for DEMEM with 1% FBS, and 1% PS every 2 days for a period of(EgigsH,
Crosier et al. 200QFigure 1).Media was removed, and cells were rinsed with 1 mL sterile PBS,
which was then removednother 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 minutése PBS supernatant was finally removed, and the
cdls were flash frozen in liquid nitrogen before storage28PC until cell lysis and LBAS/MS
analysis could be carried out. Each experiment was carried out in triplicate to account for biological

variability.

SupplementalFigure 2.1. Differentiated NSE€34 cells

Protein Digestion
Each cell sample was suspended in gi.0€olution of 50 mM ammonium bicarbonate (pH 8.0)
containing 1% SDCCells were lysed by probe sonication via 2 pulses at 20 seconds per pulse at

a 20% amplitude settin@.ell debris wasemoved 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 ezh sample for analysis. Themglstion was diluted to a final volume of 100

with the 50 mM ammonium bicarbonate and 1% SDC solution. DTT was added to a final
concentration of 5 mM and incubated at 60°C for 30 minutes to reduce disulfide $angsdes

were cooled to room temperature, and then IAM was added to a final concerdfdttomM and
incubated at room temperature in the dark for 20 minutes to achieve alkylation of cysteine residues.
Samples were then subjected to filééded sample preparation (FAS®isniewski, Zougman et

al. 2009)for protein cleanup using Vivacon 30,000 kDa molecular weight cutoff filters and
reconstituted with 1Q€L of 50 mM ammonium bicarbote solution. Tryptic digestion was
carried out by hydrating lyophilized trypsin to a stock solution of 1 pg/uL 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 37°C for 4 hourdAfter digestion, peptides were acidified with HCI at a final concentration of

250 mM (pH O 3).

LC-MS/MS Analysis

3uL of each sample were injected and analyzed using an Easy nanoLC 1000 coupled to a Q
Exactive HF mass spectrometer (Thermo Fisher, Bremenm@ny). PicoFrit columns were
packed to 45 cm in house usingM C18 silica particlesSeparation 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%cetonitrile and 0.1% formic acidljhe LC method applied consisted of a
gradient of 09%40% B over 90 minutes, followed by a ramp to 80% B in one mifiie column

was washed at 80% B for 14 minutes, therquilibratedat 0% B for 15 minuteSlandem mas
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spectrometry was carried out in a conventional top 12-digpp@ndent acquisition modelS1

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 1®. MS2 scans were performed at a tesw power of 17,500 and

an AGC target of 5 x Y@. A 30-second dynamic exclusion window was applied during sampling

to avoid repeated interrogation of highundant species.

AEG 2,4 DAB

Suppl ement2a.lRhEi g e eni c af-methylaminet-alanineBMAA) and
its isomers AEG (aminoethyl glycine) aB@-DAB (2,4-diaminobutyric acid).

Total Number of Proteins
3900
3890

3880
3870
3860
3850
3840
3830
3820

2,4DAB AEG BMAA BMAA BMAA 2,4 DAB BMAA BMAA BMAA BMAA
(250); (83.33); (250); (250); (83.33);(166.67)(333.33);

AEG 2,4DAB AEG 2,4 DAB2,4DAB 2,4DAB 2,4DAB

(250) (333.33); (250) (250) (83.33);(166.67);(83.33);

AEG AEG AEG AEG

(83.33) (333.33)(166.67) (83.33)

Suppl ement2ale &nngL30)e a | number of eparcoygtaenion
mi x tDWOrEeond.i t i on
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Suppl e Menlk @Al categories of canonical pathways and their associasabes.

Z-SCORES
BMAA BMAA (166.67)+
(500u | AEG 2,4DAB | AEG (166.67)+
Canonical Pathway M) (500uM) | (50QuM) | 2,4DAB (166.67)
Oxidative Phosphorylation 2.2360 0 0 1.88982236¢
Sirtuin Signaling Pathway -2.2360 0 0 -1.632993164
Neuroinflammation Signaling
Pathway 0 -2 0 2.645751311]
Adrenomedullin signaling pathway 0 -2 0 2.449489749
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-inositol5-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 1.632993167
Protein Kinase ASignaling 0 -1 0 -0.832050294
Superpathway of
Geranylgeranyldiphosphate
Biosynthesis | (via Mevalonate) 0 0 0 -2
Cardiac Hypertrophy Signaling 0 -2 0 1.13389341¢
Superpathway of Cholesterol
Biosynthesis 0 0 0 -2
CCR5 Signaling in Macrophages 0 -2 0 2
IL-1 Signaling 0 -2 0 2
Fatt y -oddatioddl b 0 0 0 -2
HMGBL1 Signaling 0 0 0 2.236067977
Inhibition of Angiogenesis by
TSP1 0 -1 0 2.236067977
PPARU/ RXRU Acti 0 -1 0 -1.341640786
Huntington's Disease Signaling 0 0 0 -1.632993167
NGF Signaling 0 0 0 1.34164078¢
IL-6 Signaling 0 0 0 2.236067977
PAK Signaling 0 0 0 1.632993167
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Supplemental Table 2.1(continued).

NRF2mediated Oxidative Stress

Response 0 0 0 2.121320344
Type | Diabetes Mellitus Signaling 0 0 0 2.449489744
Amyotrophic Lateral Sclerosis

Signaling 0 0 0 1
Cholecystokinin/Gastrimediated

Signaling 0 0 0 2.236067977
4-1BB Signaling in T Lymphocyte! 0 0 0 2.236067977
TGFb 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 2.2360679771
LPS-stimulated MAPK Signaling 0 0 0 2.236067977
CD40Signaling 0 0 0 2.236067977
BMP signaling pathway 0 0 0 2.236067977
Fc Epsilon RI Signaling 0 0 0 2.236067977
Endothelinl Signaling 0 0 0 1
ReninAngiotensin Signaling 0 0 0 1.632993167
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 |l 0 0 0 0
IL-17A Signaling in Gastric Cells 0 0 0 2
CDKS5 Signaling 0 0 0 0
Mevalonate Pathway | 0 0 0 -2
GDNF FamilyLigand-Receptor

Interactions 0 0 0 2
April Mediated Signaling 0 0 0 2
Apoptosis Signaling 0 0 0 0.632455537
Leukocyte Extravasation Signalin 0 0 0 1.414213562
Signaling by Rho Family GTPase! 0 0 0 0.377964473
EIF2 Signaling 1.3416 0 0 0.377964473
Insulin Receptor Signaling 0 0 0 0.81649658]
B Cell Receptor Signaling 0 0 0 1.632993167
ErbB Signaling 0 0 0 1.632993167
UVB-Induced MAPK Signaling 0 0 0 1.632993167
Colorectal Cancer Metastasis

Signaling 0 0 0 1.133893419
AMPK Signaling 0 1 0 0
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Supplemental Table 2.3(continued).

p70S6K Signaling 0 0 0 1
Rac Signaling 0 0 0 0.447213595
CXCRA4 Signaling 0 0 0 1.34164078¢
Paxillin Signaling 0 0 0 1.34164078¢
Pancreatic Adenocarcinoma

Signaling 0 0 0 1.34164078¢
TNFR1 Signaling 0 0 0 1.34164078¢
IL-8 Signaling 0 0 0 1.34164078¢
ATM Signaling 0 0 0 1.34164078¢
ILK Signaling 0 0 0 0.816496581]
CCRa3 Signaling in Eosinophils 0 0 0 1
Type |l Diabetes Mellitus Signalin 0 0 0 1
Acute MyeloidLeukemia Signaling 0 0 0 1
Cdc42 Signaling 0 0 0 0.816496581
Pyridoxal 5'phosphate Salvage

Pathway 0 0 0 0.81649658]
Salvage Pathways of Pyrimidine

Ribonucleotides 0 0 0 0.81649658]
14-3-3-mediated Signaling 0 0 0 0.377964474
FLT3 Signaling inHematopoietic

Progenitor Cells 0 0 0 0.447213594
CD27 Signaling in Lymphocytes 0 0 0 0.447213594
Agrin Interactions at

Neuromuscular Junction 0 0 0 0.447213595
Antioxidant Action of Vitamin C 0 0 0 -0.377964473

Suppl e me n22aAll calegobies @& Diseases and Biological Functiand their

associated-scores.

Z-SCORE

AEG BMAA | BMAA(166.67¢M
Diseases and Bio (500 2,4DAB | (500 (166. 6Z4¢ M) +
Functions e M) (500 | M) DAB( 166. 6 7¢ M)
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
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Supplemental Table 2.4 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 2.4 continued).

Cell death of embryonic

tissue 0.00 0.00 0.00 1.07
Replicative senescence (

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 hippocampz

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 (

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 lymphocyte 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 hippocampza

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 2.4 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 potentig

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 cance

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

anophthalmiscoloboma

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 2.4 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 eukaryoti

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

cervicalcancer cell lines -0.10 0.00 0.00 0.00
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Supplemental Table 2.4 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 RNAvirus 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

cancercell 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 carbohydrats 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 2.4 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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Supp!l ememReBnri chment of differentially
MAPKs signaling pathway.
Expr Log
Symbol Gene Name UniProt Ratio Expr p-value | ocation
mitogen-activated protein
MAP2K2 kinase kinase 2 Q63932 0.398 0.0179 Cytoplasm
mitogen-activated protein
MAP2K4 kinase kinase 4 P47809 0.215 0.0538 Cytoplasm
mitogen-activated protein
MAPK1 kinase 1 P63085 0.244 0.0459 Cytoplasm
mitogen-activated protein
MAPK9 kinase 9 QIWTUG 1.509 0.0313 Cytoplasm
mitogen-activated protein
MAPK14 kinase 14 P47811 1.918 0.0377 Cytoplasm
Supp!l e Memnlk adll categories of upstream regulators and their associstedres.
BMAA(166. 6
AEG 2,4DAB BMAA AEG (166.6
Upstream Regulators (500uM) | (500 uM) | (500 uM) 24DAB( 166 . 6 1
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-30¢5p (and other
mMiRNAs 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
MGEAS5 0 0 0 1.889822
CDKN1A 0 0 0 1.812714
CST5 0 0 -0.8165 1.807392
miR-16-5p (and other
mMiRNAs 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 24 (continued).

TNFESF10 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 24 (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
PDGFDD 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
imiguimod 0 0| 0.105925 0
tunicamycin 0 0| 2.201281 0
methylprednisolone -0.16151 0 0 0
EPAS1 0 0 -2 0




Supplemental Table 24 (continued).

miR-1-3p (and other

mMiRNAs w/seed

GGAAUGU) -0.90784 0 0 0
monao-(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
mMiR-1555p (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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The cyanotoxin 2,4DAB 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 | ateral sclerosis, Al zheimeroés, a
methylamineL-alanine (BMAA) has received much attention, cyanobacteria producg man
cyanotoxic compounds, several of which have been detected in nature alongside BMAA
including 2,4diaminobutyric acid (24DAB), and N(2-aminoethyl)glycine (AEG). Thus, the
guestion of whether DAB and AEG also cause neurotoxic effeeisois of greainterest, 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. 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 locommtBMAA and AEG enhanced acoustic startle
sensitivity, and they interacted in an additive manner to exert their effe&BAB, however,
only modulated the startle kinematics, an indication of motor dysfunction. To investigate the
mechanisms of 2;®0 A Bséffects, we analyzed the protein profile of larval zebrafish exposed to
500uM 2,4DAB at two time points and identified molecular signatures that are consistent with
neurodegeneration, including disruption of metabolic pathways and downregulatioAaShe
associated genes SOD1 and UBQLN4. Together, our data demonstrate that BMAA and its
isomers AEG and 2;BDAB all cause neurotoxic effeciis vivo, with 2,4DAB as the most potent

of the three in the zebrafish model.
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3.2  Introduction

Exposure to BMAA b-N-methylamineL-alanine), a nortanonical amino acid, has been
extensively associated with the onset of sporadic neurodegenerative diseases, including
amyotrophic | ateral sclerosis (ALCostadgtddanack
2020)and A* hei mer 6s di seases (Silva et al. 2020).
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. 201&sbun terrestrial
ecosystems (Metcalf et al. 2012). BMAA can also bioaccumulate and be transferred to higher
trophic levels (Li et al. 2019)n vitro studies have shown that BMAA causes excitotoxicity in
primary neuronal and glial cell cultures (Chiwaét2012; 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 epidmiological 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 (ZDAB) and aminoethyl gicine
(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, aather ceoccurring 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 (1100uM) and nethylmercury (3uM) in primary cortical cell
cultures (Rush et al. 2012). We have also previously demonstrated how BMAA can interact with

isomers (i.e., 2ADAB and AEG) in ann vitro system to enhance caspase activity and induce
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neurodegenerative processe motor neurotike cells (NSCG34) (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., mGIuR5) (Schneider et al. 2020). Like BMABAB 4
activates NmethytD-aspartate (NMDA) receptors (Spasic et al. 2018), a mode of action this is
also a primary mechanism of BMA#duced neurotoxicity (Lobner 2009)hesen vitro

studies confirm the neurotoxicity of 2[4AB and AEG and highlight the importance of

examining their potential combined effects with BMA#Avivo.

Here we aimed to identify which individual cyanotoxic isomer and/or which combination
of BMAA, AEG, and 2,4DAB 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. Weak@ted behavioral
indicators of neurotoxicity with a higthroughput behavior testing platform and found that there
was little interaction between the toxins, and thail2B is a more potent toxin than either
BMAA or AEG in vivo. To then identify eayl 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, incltiding Ca
signaling, the unfolded ptein response, and endoplasmic reticulum stress. Together, our data
highlight the importance of studying mixtures and reveal2MB to be a more potent

neurotoxin than BMAA and AEG in the zebrafish model.
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3.3 Materials and Methods
Chemicals

SyntheticBMAA, AEG and 2,4DAB standards were obtained from Sigma Aldrich (St.
Louis, MO). Water, acetonitrile, methanol, acetic acid, and formic acid were all Optiid3.C
grade solvents purchased from Fisher Scientific (Tewksbury, MA, USA). Stockossl i
BMAA, AEG, and 2,4DABat10mg.m:kl wer e used for all/l mi xtur eo
were prepared in HPLC grade water.
Mixture Design

Experiments were designed to addiiesgvotoxicity after exposure to BMAA, AEG,
and 2,4DAB alone or in canbination, in which both variation in experiment replicates and
reproducibility were assessed. To detect interactive effects in adbmggonent mixture we
used simplex axial design (Cornell 2011). Three compounds were studied at 7 different mixture
combhations. The simplex axial design generally includes a test solution namedpzenten
which all factors are studied at their equimolar concentrations and the linear average value
between their maximum (1) and minimur)(levels, allowing for an accate estimation of
pure error, laclof-fit (Cornell 2011). The mixture design was generated using Design Expert®
soft ware where each run was cofidfheolblO®@d Mt 0 a t
concentration were chosen based on the lowest observabklisadifect 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) embrgdrom 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 sortechio 24 well plates (@0 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, atigir threecomponent 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:10hignk cycle, and 100% of the media was
exchanged for fresh solutie daily. Embryos/ larvae were exposed to treatments until 6 days
post fertilization (6 dpf).
Zebrafish Viabilityand Behavior Assessment

Mortality due to treatment toxicity was assessed daily and dead fish were counted and
removed. During daily media chges, 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
exhbiting these phenotypes was removed. Significant differences in viability data were analyzed
via KaplanrMeir survival analysis with MantgCox Logrank test using Prism 8.
Behavior assays and analysis

Screened 6 dpf larvae were adapted to the testingpigghnd 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 36éwell lasercut acryic 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-6Xhighspeed camera. The same set of larvae

were then presentedtiv a total of 60 acoustic stimuli, 10 at each of 6 intensities (13.6, 25.7,
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29.2, 35.5, 39.6, and 53.6 dB), with a 20 s interstimulus interval (ISl). Startle responses were
recorded at 1000 fps. Stimuli were delivered by an acoeustrational shaker tavhich 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 beliawwas done using FLOTE
software as described previously (Marsden et al. 2018). Startle respbesel£were
automatically identified using defined kinematic parameters. A startle sensitivity index was
calculated for individual larvae by calculating tirea 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 megnssing TukeyKramer HSD, Alpha 0.05. Bar graphs were
generated using Prism 8.
Global Proteomics Study
The cyanotoxin 2;:{DAB exposure

Zebrafish embryos from at least ten different fish pairs per batch were collected and
randomized immediately after fditiation and transferred in groups of 10 into\2dll plates in
E3 media. At 6 hpf, zebrafish embryos were treated with vehicle @A&Blat 50QuM in E3.
Embryos were incubated at 29°C on a 14h:10h4ighk cycle, and 100% of the media was
exchanged fofresh treated solutions daily. Embryos/ larvae were exposed-oABAuntil 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-&d°C.
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Samplepreparation 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-M8/MS
data collection are also provided in the Supplemen&hbts. Raw data files obtained in this
experiment have been made available on the Chortgl&@ata repository and can be assessed
under the project ID#1738.
Proteomics Data Analysis

Label free quantification (LFQ) was performed in MaxQuant (versio®@)5which uses
the Andromeda algorithm (Tyanova et al. 2016). Both dynamic (i.e., methionine oxidation and
N-terminal acetylation) and fixed modifications (i.e., cysteine carbamielhylation) were used
for the databasgearch along with a maximum of twaissed cleavages. The minimum peptide
length was set to 7 amino acids and the false discovery rate (FDR) for peptide and protein
identiycation was set to 0.01. AlIl other sear
searched against the Dan@yio 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
was determined usingtww a y St utdeesntt dasnd FPR (p value OO0.05)
Pathway Analysis

Ingenuity Pathway Analysis (IPA) software was used to identify the function, specific
processes, and enriched pathways of the differentially expressed proteinis iseng A Cor e
Analysiso function. Only significantly differ

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 akitne proteins that were detected in
our samples (Khatri and Dritghici 2005) .
3.4 Results

An overview of the experiments in this study is illustrateBigure 3.1. An optimal
mixture design was created using Design of Experim®@E] to establish the concentrations
of BMAA, AEG, and 2,4DAB to be used in the exposures. The 2D axial design generates a
symmetrical triangle plot for a thre@riable case, displaying 7 mixtures of different ratios along
with each individual cyanotoxin.additional 4 replicate tests were applied for a total of 14
runs to evaluate reproducibility and the lack of fit for the derived médiglie 3.1A). In brief,

zebrafish larvae were exposed to BMAA, AEG, andRAB as well as their binary/three

componetmixture 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-DitB2oxicity,
the 2,4DAB-exposed larvae were collected and subjected to discovery proteomics at two

developmental stages: 2 dpf and at 4 &gire 3.1B).
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A 2D Simplex Axial Design Randomized DoE Design Grid (uM)
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Figure 3.1. Experimental design. 2D simplex axial design and randomized Design of
Experimentg 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 testimgpteomics analysis, and endpoints measurements for
these studies.
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Viability Assessment: 2BAB 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 zebrah larvae during exposure to BMAA, AEG, and-DAB alone
or in combination. We exposed zebrafish larvae from 6 hpf to 6 dpf to cyanotoxic solutions as
illustrated inFigure 3.1 We did not observe any significant overt developmental phenotypes in
any of he exposed larval zebrafish groups. We performed Kagkinsurvival analysis with a
MantelCox Logrank test to determine if BMAA, AEG, and 2DXAB significantly alter
survival over time. While there was a trend toward a slight decrease in viabilitydiE®t
significantly decrease larval survival when compared to the control group (P=0.0531). However,
larval survival after exposure to either BMAA or DAB was significantly reduced by 16%
(P=0.0008) and 50% (P<0.0001), respectfufiig(re 3.2A). Suprisingly, 2,4DAB was the
most potent cyanotoxin, and its EC50 for induced death igM0The survival model standard
errors, coefficients, and probability of survival values are includ@alote 3.1 These data

indicate that 2,/DAB is highly toxic tozebrafish larvae at moderately low concentrations.
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Figure 3.2. Viability Assessment(A) KaplanMeier cumulative survival plots comparing percent
survival between four treatment groups: Control (n=108), BMAA (n=162), AEG (n=162) , and
2,4DAB (n=108) P<0.001, ManteCox log rank test). (B) Bar graph representing percent
viability across all treatment groud€) 2D contour plot representing zebrafish percent viability
in response to each mixture of BMAA, AEG aad-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
2,4DAB 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 2DIAB, 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 ofRAB (Figure 3.2B) . Thus, 2,4DAB alone
drives the reduced viability of zebrafish larvae exposed to cyanatoxiares, and when
combining it with other cyanotoxin, toxicity is not enhanced. Then, we tested if there existed a
significant relationship between 2DIAB and decreased viability using the simplex axial design.
Figure 3.2Cillustrates the viability across all mixture conditions, and it indicates a plot of
viscosity as a function of all thramixture components, BMAA, AEG and 2[IAB. The grid
lines representing percent viability decease in value towards ti2ABAertex.At 500uM,
2,4-DAB exhibited the lowest viabilityRigure 3.2C). The analysis of variance indicates that a

linear model is statistically significant (P<0.000Txable 3.2.
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Table 3.2. Analysis of Variance (ANOVA): Viability.
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

ANOVA results, showing thsignificance a linear model (DFdegrees of freedom).

Thus, we conclude that these three cyanotoxins do not interact to decrease isurvival
vivoand that 2,4DAB is more toxic than BMAA and AEG, meaning the viability response is
tracking linearity with 2,4DAB alone. The response is modeled by the below linear model in
whi ch Yi represents the predictnred iftheisponse,

coefficient of the linear regression.

ANON I RQ (1)

Mixture of cyanotoxins modulate spontaneous behavior in larval zebrafish.

To determine if exposure to BMAA, AEG, and DAB alone or in combination causes
neurotoxicity n larval zebrafish, we first examined spontaneous locomotion across all 10
treatment groupg={gure 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,
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AEG, or 2,4DAB compared to their respective vehicle contréligigre 3.3A). Thus, exposure

to BMAA, AEG, or 2,4DAB aloneDOEsnot grossly impact motor function. Albugh the
average speed of the BMAA and DDAB-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 teased spontaneous
movement, with AEG plus BMAA reducing speed and AEG plusdB decreasing both
distance travelled and spedddure 3.3B). We also observed that exposure to the equimolar
threecomponent mixture significantly decreased both distamasellied 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 individe@hcentrations 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 ResponséA - C) Bar graphs represent the total distance
travelled duing the 18.5 min spontaneous movement assay for each larva and average speed across
the same assay for BMAA, AEG, and DAB alone, their binary mixtures and threemponent
mixtures, respectivelj.evels not connected by the same lettersggrificantly different (Tukey
Kramer HSD, Alpha 0.05).
The cyanotoxin 2:4DAB DOEsnot alter acoustic startle sensitivity, but BMAA and AEG do.

To determine if exposure to BMAA, AEG, and IDAB alone or in combination affects
specific sensorimotor bekiors 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 celdependent short latencytigénds (SLCs) are displayedkigure 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 DAB did not Figure 3.4A). We also observed thtite 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 émxyuof long latency ®@ends (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 isomersignificantly altered LLC response frequen8&upplemental

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 3.4Dshows the grid lines representing the SLC response across all 10 tested
mixtures. SLC sensitivity increased towards the pure doses of BMAA (500uM) and AEG
(500uM) as well as their binary mixture (BMAA at 500uM plus AEG at 500uM). The analysis

of variance indicates that the linear model is statistically significant (P<0.00akle(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 enbeBLC responses in

larval zebrafish. These data also reveal thaO?A alone or in combination with BMAA

and/or AEGDOEsnot affect the initiation of the SLC response.
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Table 3.3. Analysis of Variance (ANOVA): Short Latency CStartle (SLC).
Sum of Squares DF Mean Square F Value P Value

(@11

Model 2. 148E+ 2 1.074E 5.2 0.02

(@11

Linear Mixture 2. 148E+ 2 1. 074E 5.2t 0.02

Residual 2. 271E+11 20641.
Lack of Fit 1. 253 E+ 7 17906. 0. 7( 0.67F¢
Pure Error 1. 017E+ 4 25428.

ANOVA results, showing the significance a linear model (Ofegrees of freedom).
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Figure 3.4.BMAA and AEG augment the short latency c startle (SLC) respons€A-C) Bar
graphs display the distribution of the short latendyeid(SLC) sensitivity indices for each tested
larva after exposure to individual cyanotoxins, binary mixtures and three component mixtures,
respectively(n = 108 siblings; mean + SEMLevels not connected by the same letter are
significantly different (TukeyKramer HSD, Alpha 0.05). (D) 2D contour plot for the SLC
sensitivity at different points in the design space, including each individual cyarsdaoxiseven
different mixture ratios (Linear regression model, P=0.0257).
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The cyanotoxin 2:{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 2007 Eukéethat 2,4DAB
at 50QuM, but not BMAA or AEG, increased the curvature of thbehd response, as shown in
three representative exampl&sgure 3.5A) and quantified ifFigure 3.5C. We also observed
that the average latency of response in fish expwsBMAA, and AEG was significantly
reduced Figure 3.5B). The BMAA/AEG binary mixture produced the same effect on latency as
the individual toxins $upplemental Figure 3.24, indicating that at 250uM BMAA and AEG
interact in an additive mannigr vivoto dter startle performancé&(@pplemental 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 onfirmed for latency and curvature responses using the same linear model described
above Figure 3.5D-E; Tables 3.43.5), indicating that BMAA and AEG drive the decrease in
latency and that 2;DAB alone drives the increase in curvature. Consistent wétlnitrease in
curvature we observed, the ZXAB-exposed larvae also displayed higher angular velocity and
longer duration of the SLC respon$eégure 3.5F~G). Together, our behavioral analyses show

that AEG affects larval zebrafish behavior similarly td/&A, 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 34. Analysis of Variance (ANOVA): Latency.
Sum of Squares DF Mean Square F Value P Value

Model 1.65 2 0. 83 10. 2 0. 00¢
Linear Mixture 1.65 2 0.83 10. 2 0.00¢
Residual 0.89 11 0.081
Lack of Fit 0.56 7 0.080 0.9 O0.54¢
Pure Error 0. 33 4 0.082

ANOVA results, showing the significance a lineagression model (DF degrees of freedom).

Table 35. Analysis of Variance (ANOVA): Curvature.
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

ANOVA results, showing the significance a linear regression model (@dgrees of freedom).
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Figure 3.5.2,4DAB modulates kinematics of theshort 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[3AB at 500uM (bottom). (B and C) Bar graphs quantifying
theresponsesurvature andatency respectively. (D and E)D contour plot for both the
curvature anddtency responses at different points in the design space, including individual
cyanotoxins andeven different mixture ratios (Linear regression model, P<0.05). (F and G) Bar
graghs quantify responses maximum angular velocity and duration, respectively. Levels not
connected by the same letter are significantly diffef€nkey-Kramer HSD, Alpha 0.05).
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Exposure t®,4-DAB affects biological processes and protein homeostasis iallaebrafish.

Our data show that 2BAB not only alters motor function during the startle response
but more significantly reduces viability of larval zebrafish by approximately 50% by 4 days of
developmentKigure 3.2A). To understand the molecular prages by which 24AB may
exertthese effectse used -apdG bohotognun proteomics approac
mechanisms that may cause death as well as those that may induce behavioral neurotoxicity, we
collected larval zebrafish exposed to 500uM-RAB at two time points: 2 dpf, prior to most of
the toxininduced mortality, and 4 dpf, after the wave of mortality had passed as well as their
respective control larvaéigure 3.2A). Then, control and 2;BAB-exposed larvae were each
pooled in threeiblogical replicates and flash frozen in liquid nitrogen, followed by proteomic
analysis via LGMS/MS. Approximately 2200 proteins were identified in each sample.

First, we analyzed the regulation of protein abundance by identifying all differentiatiysseol
proteins (DEPSs) in the 2BAB samples by comparing the mean abundance at each time point
(i.e., 2 dpf and 4 dpf) to their respective controls using aviveoy St utese(P<D.@% Allt
DEPs in both larval groups along with their significancei@s and fold change can be found in
Supplemental table3.1, and volcano plots illustrating the direction of protein regulation at both
time points are shown Bupplemental 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 differentiatexseapre
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 sarRjges(3.6A). There

were no DEPs that were dysregulated at both time pointéystsated by the absence of overlap
in the Venn diagram ikigure 3.6A. These results suggests thatRAB 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 regulatedtpins in the 4 dpf groug-{gure 3.6B) included
several associated with apoptosis (API5, PEA15) and metabolic function (MPC1, FTCD, UOX).
To determine whether these functions were significantly affected bp&Blat both timepoints,
we performed gene ority (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 bimalgprocesses can be found in
Supplemental Tables 3.8.4. We next used Ingenuity Pathway Analysis (IPA) software to
identify perturbed canonical pathways following exposure tedAB8. Canonical pathways
were predicted utesttodernane the psobabilitydttsat DERsdrant thet
dataset correspond with targets which are known to be activated/inhibited by those molecules
based on knowledge in the Ingenuity database (Kramer et al. 2014). Only two canonical
pathways were significantly enrietl at 2 dpf: 1) neuronal nitrous oxide synthetase (nNOS)
signaling and 2) protein ubiquitination pathw&upplemental Figure3.4A). Moreover, only
eight proteins were significantly dysregulated within these canonical pathways in our samples
(SupplementalFigure 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 sampl&upplemental table3.2). Figure 3.6D shows the
top 20 canonical pathways that were predicted to be altered {3AB4500uM) exposure,
based on a-palue less than 0.05 and an activatiescare that was greater than an absolute

value of 2. In agreement with our GO analysis, several of these cdruativaays 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 inhibgedréx?2), leading to

the predicted activation of metabolic disessuch as glucose metabolism disorders (z
score=2.227; overlapyalue=1.46E03). Moreover, five key regulators in the data set (HSPAb,
CAT, SOD2, HSP90, SOD1) were altered in the direction consistent with increased protein
damage (Bcore=2.219; overlap-value=2.67E04). 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. Differentialy expressed proteins (DEPs)A) Venn diagram shows no overlap in
the differentially Expressed Proteins (DEPS) betweetDAB (500uM) zebrafish larvae
exposed groups atdpf (left) and 4 dpf (right). (B) TofO DEPs found to be up or
downregulated in theebrdish larvae groups that were exposed tcRAB 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 Diifs points: 2and 4day post fertilization. (D) Tog0
canonical pathways found to be activated or inhibited in the zebrafish larvae groups that were
exposed to 2;:ADAB until 4 days post fertilization (4 dpf). Red shading indicates predicted
activation (z score > 2), and blue shading indicates predictedtiahifz 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[AB 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-RAB exposed group. This systematic analysis revealed
868 DEPs fothe control group and 606 DEPs for the-RAB-exposed group, with 349 DEPs
common to both group$igure 3.7A). We found that DEPs in the control group were mostly
upregulated while those in the ZYAB-exposed group were mostly downregulated, perhaps
reflecting a widespread impairment in the ability to activate gene expreSsipplémental
Figure 3.5). Our enrichment analysis of control and-BAB DEPs revealed 7 highly enriched
canonical pathways (overlapvalue<0.05 and z score>|2Zhigure 3.7B). In agreement with our
previous enrichment analysis showing downregulation at 4Figdie 3.6C), glycolysis and
gluconeogenesis were both strongly activated in the control samples but only mildly activated in
the 2,4DAB samples. Protein kinase A and-348 protein signaling were similarly impaired in
their activation by 2 4AB relative to control, while calcium signaling was more strongly
activated by 2 DAB than in controls.

To further investigate how 2AB impacts developmental protein regulatiarg next
performed upstream regulation and disease prediction analyses of the controtRA® 2,4
DEPs. The upstream regulator analysis evaluates linkage to DEPs through coordinated
expression. Thus, it identifies potential upstream regulators (i.e., rifgtist factors or
signaling proteins) that have been observed experimentally to affect protein expression (Kramer
et al. 2014). Here, we have presented a subset of the top scored (owedap<®.05 and z
score>|2|) upstream regulators and disedsgare 3.7C-D). All activated and inhibited

upstream regulators can be foundupplemental table3.7. Among the top upstream
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regulators, we found that RICTOR was aberrantly strongly activated in ti@AB4amples (z
score= 5.18Figure 3.7C) but not the control samples. RICTOR is a key component of mTOR
signaling, which was highly enriched in our saegp{pvalue= 0.0007Supplemental table3.6)
and regulates cell proliferation and neurodevelopment (Karalis and Bateup 2021). Interestingly,
two other identified upstream regulators and known transcription fadii¥E2L1/2 were
predicted to be inhibitefbverlap z score2.83) in the 2,4DAB exposed sample&igure
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 reglators, multiple other importantly neurodegenerative related regulators have been
identified Figure 3.7C; Supplemental table3.6). Several diseases and biofunctions that
implicate motor control were affected by the changes in protein expression frofdptn
control and 2,4DAB-exposed fishKigure 3.7D). Control samples showed an increase in muscle
contractility and neurotransmitter secretion that was absent from t#ixAB4amples, and
controls had decreased association with ataxia and movemertetsthat was not seen in 2,4
DAB. These changes suggest reduced motor function in tHeAB4exposed larvae, which is
consistent with the altered startle kinematics we observed in our behavioral afadysis (
35).

Finally, we explored the effects 2,4DAB on biological networks in zebrafish larvae.
We found significant differential regulation of key proteins associated with cellular damage and
inflammatory respons&s(pplemental table3.5). Within the highest scored network (score=68),
we found bat the ALSassociated superoxide dismutase 1 (SOD1; Enrichmealue= 0.012;
Log?2 fold-change=1.41) was significantly downregulated in our samples. We also found that

another ALSassociated protein, ubiquilin (Brettschneider et al. 2012; Eden2&1al), was
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one of the top 10 most downregulated proteins in the 4 dgd2B samples (UBQLN4;
Enrichment pvalue= 0.012; Log?2 folthange=3.67;Figure 3.6B). These data demonstrate the
power of proteomic screens to identify developmental effects af Bxposures. Furthermore,
this study indicates that 2[2AB 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. Systematicproteomics analysis of developmental changes in protein expression

in control and 2,4-DAB (500uM) treated zebrafish larvae.(A) DEPs were identified in by
comparing 4 dpf and 2 dpf samples in control anel3%dB-treated larvae. Venn diagram shog/

DEP overlap between control and the-BAB treatment.(B) Canonical pathways impacted
during development from 2 to 4 dpf in control and-RAB samples. (C) Predicted upstream
regulators (D) Diseases and biological functions. The red ocbloesd rectangles in each column
indicates the 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 greatiiem the absolute value of 2.
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3.5 Discussion

Here, we provide a detailed report of thevivotoxic effects of the bete-methylamine
[-alanine (BMAA) isomer 2 4liaminobutyric acid (2;4DAB) on zebrafish larvae. For many
years, BMAA has been studiéar 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 paduce
by cyanobacteria alongside its structural isomerdDAB 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 sisksscleat Sormecentin t he t o
vitro studies have found that AEG and-BAB are toxic to neurons in culture (Main et al. 2018;
Martin et al. 2019), but whether they exert neurotoxic effiacts/o has not been established. To
the best of our knowledgenly one prior study has tested the toxic effects of3A4B 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-BAB in vivo. Using the
larval zebrafish model, we identified impacts on organismal viability, sensorimotor behavior, and
global protein expression after developmental exposure {DARBRBL

Our data showhat 2,4DAB is a more potent toxin than BMAA and AEGvivo. The
principle finding from our study is that 2[3AB caused 50% mortality at 5AM 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;4DAB on viability are dose dependent, as the lowest observed
effect level was 250uM (data not shown). These results are supported by a previous dose

response study using zebrafish | agnsafe i n whi c
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cardiotoxicity (Ferraiuolo et al. 2019). These results contrast with thoserfreitno studies in
which 2,4DAB did not elicit an effect on viability at concentrations lower than 2000uM or
1000uM in human liver/ brain cancer cells or mouse madoonilike cells, respectively
(Ferraiuolo et al. 2019; Martin et al. 2019). This distinction underscores the importance of
studying toxin exposures in amvivo context. Although exposure to BMAA or 2[2AB alone
has previously been shown to cause maiqioal 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;/DAB at 500uM. This could be due to differences in zebrafish
strain, embryo mediungxposure 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).

Realworld cyanotoxin exposures are likely to involvemmthan one toxin, and our
previous studies indicate that BMAA, AEG, and-BAB can interactn vitro (Martin et al.
2019), and that BMAA and MCLR can interaatvivo (Martin et al 2021). Building on these
findings, here we employed a simplex axial degminvestigate the combined effects of
exposure to BMAA, AEG, and 2BAB in vivo. Although Design of Experiment®QE)
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 s also an excellent tool for toxicological investigations oftares (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 obged effects. Even though BMAA, AEG, and -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 speedFigure 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 viDhE,4
(Figure 3.3.

Our analysis of sensorimotor function using an acoustic startle assay with precise
kinematic tracking further revealed that BMAA, AEG, and-RAB all impair startle
performance. We have previously shown that BMAA increases the frequency ofndieceh
dependent shotatency Cbends (SLCs) in larval zebrafish (Martin et al 2021), and our current
data reinforce that findindg-{gure 3.4A), indicating that the startle circuit is made
hyperexcitable by BMAA. The isomer AEG also elicited the sanpeisensitivity 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 latgangnotypesKigure 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 (mGIuR5) (Schneider et al. 2020), and BMAA can
also act through mGIuRs as Wwas 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 2,4DAB can also agonize NMDA receptors and depolarizeoreufSpasic et
al. 2018), we did not observe the same hypersensitive startle phenotyp®iBgxposed
zebrafish larvae. Rather, we observed thai2B modulates startle kinematics, suggesting that

2,4-DAB acts through distinct mechanisms to causeatewicity. 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 axialuscles. If startle kinematic defects are observed, this is an
indication of motor dysfunction (Spasic et al. 2018). As2AB did not alter the frequency or
latency of SLCs, in contrast to BMAA and AEG, but instead impacted curvature, angular
velocity, and durationKigure 3.5, 2,4DAB likely acts downstream of the commaliikk

Mauthner neurons. In a recent forward genetic screen in larval zebrafish, several genes were
identified that regulate the magnitude of the startle response, with mutationsit2rdiolk,

and kcnala causing the same increase in body curvature (Spasic et al. 2018), in which it was
seen in our 24DAB-exposed larvae. Dolichol kinase (dolk), a key enzyme in the protein
glycosylation pathway, can regulate the hindbrain expressithre gfotassium Shakéke

channel encoded by kcnala (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. 2019heke studies support the idea thatRAB impacts

similar molecular pathways to cause neurotoxicity.

Our unbiased proteomics analysis followingrivo 2,4-DAB exposure, to the best of our
knowledge the first such dataset, further implicatesD8 in neurotoxic processes. We found
that at both 2 dpf and 4 dpf 2IAB strongly impacts metabolic functioRkigure 3.60), and
consistent with the exaggerated startle phenotype caused-ByB,4nd shared with dolk
mutants, 2,49DAB inhibited glycosylationigure 3.6D, 3.78. We also found that 2;DAB
strongly disrupts several canonical pathways related to protein damage, including those
associated with the NRFRediated oxidative stress response, the unfolded protein response, and

endoplasmic reticulum strefiSigure 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 beeobserved in BMAAexposed zebrafish (Frgyset 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 patb@gStieinert

et al. 2010; Tripathi et al. 2020). We found thatRAB-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 pathweicates the likelihood of protein
damage due to 2BAB 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 thaan cause irreversible cell damage (Bohme 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, afd&s&hdent gene (Zou et al. 2016).

We also observed significant downregulation of wiygpe 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 betweerl2B and ALS, the ALSassociated

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 patiederived gene variant in mice motor newas 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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36  Conclusions
Altogether, our finthgs provide new evidence that Z)AB drives toxicity in zebrafish
larvae. Although all three cyanotoxins shows signs of both toxicity and neurotoxicity in larval
zebrafish, 2,4DAB causes both increased mortality and motor dysfunction. Finally,
developmatal exposure to 2;DAB affects zebrafish protein homeostasis and biological
processes related to neurodegeneration. These results highlight the need for further investigation

into24DAB6s role in disease and t hetseffeute.ci fi ¢ mec
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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
100pL solution of 50 mM ammonium bicarbonate (pH 8.0) containing 1% ZBi@afish

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 minhées.
supernatant was retained and assessed for protein quamtifibgtbicinchoninic acid (BCA)

assay.

Protein digestion

One hundred micrograms of protein were diluted to a final volume @fL1@@th the 50 mM
ammonium bicarbonate and 1% SDC solution. DTT was added to a final concentration of 5 mM
and incubated at 60°C for 30 minutes to reduce disulfide b8adsples were cooled to room
temperature, followed by alkylatiaf cysteine residues thi iodoacetamide (15 mM) at room
temperature and in the dark for 20 minu@amples were then subjected to filaded sample
preparation (FASP) (Wisniewski et al. 2009) for protein cleanup using Vivacon 30,000 kDa
molecular weight cutoff filters and rewstituted with 10QL of 50 mM ammonium bicarbonate
solution.Tryptic digestion was carried out by hydrating lyophilized trypsin to a stock solution of

1 pg/uL with 0.01% acetic acid in water followed by addition of trypsin to the protein mixture at
a 1:50ratio and then incubated at 37°C for 4 hoAiffter digestion, peptides were acidified with

HCI at a final concentration of 250 mM (pH O
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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 withan EASYpr ay system, consisting of
PepMap RSLC, C18, 100 j, 2em par-nliCutltrees, i n wh
UHPLC system (Thermo Scientific, San Jose, (3gparation 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 atiddLC method applied

consisted of a gradient of 5%9% 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 moda thitee 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 10MS2 scans were performed at a resolving

power of 15,000 and an AGC target of 5 x 10880 secad dynamic exclusion window was

applied during sampling to avoid repeated MS2 interrogation ofdiigimdant species.
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Supplemental Figureand Legends
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Supplement Figure3.1: Long latencyc 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 different
Tukey-Kramer HSD, Alpha 0.05.
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Supplement Figure3.2: Mixture of cyanotoxinglo not affect larval zebrafish behavior. (A) Bar
graphs quantify responses latency and duration, respectivelafBjraphs quantify responses
curvature and maximum angular velocity, respectively. Analysiseafl orientation allows for
automated identification and measurements of kinematic responses of the c startle behavior. Levels
not connected by the same letter are significantly différdntkey-Kramer HSD, Alpha 0.05.
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Supplement Figure3.3. Volcano plots. (AB) Volcano plots representation of regulated proteins.
Orange and green dots represent significantly
fertilization group and 4 days prost fertilization group, respely. Black dot represents nen
significantly (p O 0.05) proteins compared to
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Supplement Figure3.4. 2,4DAB at 50QuM causes minimal molecular changes at 2 days post
fertilization. (A) Top10 differentially expressed proteif@mund to be up or downregulated in the
zebrafish larvae groups that were expose®, 4eDAB until 2 days post fertilization (2 dpf). (B)

Bar chart of the only two significantly enriched canonical pathways derived from the differentiated
expressed proteirfsom the zebrafish larvae 2 dpf grougeft 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 folldwye? days o2,4-DAB 500uM
exposure.
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(A-B) Volcano plots representation of regulated proteins. Gray and orange dots represent
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Suppemental Tables and Legends

SupplementalTable 3.1: Differentiated expressed proteins for the zebrafish larvae groups that
were exposed to 2BAB at 50QuM up to 2 (a) or 4 @ys post fertilizatiorfb).

2,4DAB (500uM) at 2 dpf 2,4DAB (500uM) at 4 dpf
T: Protein IDs | N: -Log N: T: Protein IDs | N: -Log N:
Student's | Student's Student's T- | Student's
T-test p- T-test test pvalue | T-test
value Difference Difference
E9QHY5 4.0582 3.89242 Q5RKP8 3.82992 -0.723495
A7TMBZ3 4.04427 2.26146 Q80317 3.78745 -0.712429
A7TMBZ5 3.98208 6.54447 A2RV44 3.69622 -3.62119
AOA2R8RUH | 3.97736 3.04445 AOAOR4IUO3 3.67685 -5.39335
9
AOA286YAS1 | 3.93549 7.31167 Q29RA4 3.39752 -0.827574
ASJETS 3.72475 4.4238 Q7SY34 3.3326 -3.13203
A9JRES 3.67158 7.43674 F1QGKO 3.31447 -1.52686
F1QC84 3.66437 4.81155 AOA2R8Q3A3 | 3.31055 -0.716787
E7F6Q4 3.56858 4.80839 A9JRTO 3.23777 -1.89038
Q6PHF1 3.5393 -0.499031 | B8A516 3.23665 -0.814496
Q1RM40 3.52488 6.80842 Q6NZUO0 3.18117 -0.976518
ABWFS6 3.36947 6.21725 Q800A2 3.12301 -3.70929
Q6NW70 3.28577 8.2868 Q66180 3.07461 -1.24447
E7FCS3 3.19578 5.31067 E7FEH9 3.05449 -4.06614
F1QY35 3.14101 5.95342 Q1L8P1 2.97058 -1.14025
F1QVWS8 3.07498 6.28033 E9QHX7 2.85213 -2.80204
B3DFK4 3.07322 -3.29978 AOAOR4IKD6 2.83627 -1.77165
AOA2R8QN17 | 3.06482 4.57999 ABKBV7 2.82468 -2.56536
Q642H0 3.05261 1.60278 Q5SPD5 2.78379 -1.49854
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SupplementalTable 3.1(continued).

HOWED7 2.94921 2.69402 Q1JQO08 2.7633 -1.69081
Q7SXA3 2.94109 0.659412 F1QUS3 2.71465 4.62
AOA2R8RTZ6 | 2.73697 6.80017 B2GS10 2.68689 -2.17426
E7FFZ3 2.66332 4.60283 Q6P3J2 2.6447 -1.13167
F1IREDS 2.6237 452534 E9QFX2 2.6071 -3.66567
Q77358 2.602 0.737941 F1QVC6 2.55286 2.38661
Q3B744 2.59649 5.94992 QOV973 2.53625 -3.27424
Q504C0 2.41874 -0.648837 | Q5BLAZ2 2.53594 -2.69125
Q5RGQ4 2.41615 -1.74401 F1QNAY 2.5091 1.14347
F1QIP9 2.39872 6.11185 F8W5B2 2.50807 -1.67826
Q6DH63 2.39408 2.52792 AOAOR4IAD4 2.50061 -2.83958
AOAOR4IKW3 | 2.38188 0.212849 E9QDF8 2.49651 -1.27598
B2CQD3 2.37682 2.05888 Q9PWC7 2.48179 4.46039
Q4QRCY 2.30917 -1.7705 Q503E2 2.47047 -1.62604
Q6P959 2.30843 0.362307 QI1LYCH 2.46271 -1.14488
F1IREP2 2.24873 4.25418 A7MBZ6 2.44695 2.50871
Q6IQV5 2.23941 -0.404558 | R4GEX2 2.43945 -0.746715
Q8QGVS5 2.22758 -2.34149 F1R3J9 2.43669 -0.675093
BOV0J5 2.21699 4.27192 Q6DI36 2.42372 -0.751933
Q6PC90 2.20791 0.261508 | ABKBR9 2.40667 0.838566
Q6IQT1 2.1973 -0.186917 | F1R5A5 2.40227 -1.46816
Q1ED17 2.18349 0.430036 F1QJN9 2.39603 -3.75071
QI1LYNO 2.08027 3.31138 AOAOR41S05 2.38958 -1.47175
Q0D294 2.05553 0.197168 F1QMC6 2.38272 -1.31358
A7E2J33 2.02884 4.82254 AOA2R8RPQY9 | 2.37142 -1.1395
AOAOR4ID68 | 2.00771 0.321396 Q3B7E4 2.36254 -3.11588
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Supplemental Table 3.1(continued).

Q6PBYS8 1.95546 0.580386 Q9PW37 2.35571 -1.08107
Q61Q64 1.91112 0.60131 Q8JH37 2.35567 5.13687
B3DFWA4 1.90127 -0.509134 | Q6NYAl 2.35368 -0.849555
Q5BJB9 1.88925 0.607092 Q7SY03 2.33801 -0.952874
AOA2R8RHQ | 1.84465 0.31934 AOAOR4IA10 2.31078 -0.286714
3

Q5TZ29 1.8422 -0.126497 | ETFE90 2.29747 -0.988392
Q5XJ76 1.79724 -1.5074 Q7ZUJ8 2.28822 -0.358571
AOAOR4I9F5 | 1.76835 -0.390299 | B8JL43 2.27947 -1.42003
F1IRBW3 1.74323 0.603799 Q7ZTW2 2.2771 -2.48521
A8BAS1 1.74273 4.76811 QO08BF9 2.27699 -2.43032
A3KQR6 1.72362 3.76881 Q568N9 2.27219 -0.893655
A9JRE3 1.71276 2.2415 A2AR68 2.25614 -1.09885
F1QYES3 1.69603 3.92225 AOA2R8QFMS8 | 2.25255 -0.586418
B8A565 1.68571 1.98561 F1QZN3 2.24268 -1.00358
X4YKC7 1.65454 2.03211 Q8AYES 2.23438 -1.01782
AOAOR4IBGS8 | 1.62512 -1.19725 AOAOF6PK88 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 QI1LYL6 2.20707 -1.76517
AOAOR4IDI3 | 1.61042 0.91652 A9JRTS8 2.20637 -1.13116
AOAOR4ILNG6 | 1.59811 1.92649 1I3ITC7 2.19511 -1.48446
Q6DG44 1.59521 -0.664821 | Q6PC65 2.1902 -0.763195
Q66137 1.59349 2.54263 Q6P5M5 2.18769 -0.960421
F1QET7 1.58419 -0.463005 | E7TFBD3 2.18486 -0.696739
Q1ED16 1.57734 0.336009 Q6NYUS8 2.18269 -0.566284
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SupplementalTable 3.1(continued).

AOAOR4IY17 | 1.56562 -0.534305 | A2BIM7 2.18071 -1.41621
Q8JHH3 1.54855 0.311961 B3DKCO 2.18035 -0.326256
AOAOUZNKZ | 1.54182 -1.31436 AOA0J9YJIC9 2.16095 -1.00286
2

Q1RMB1 1.53705 2.44674 AOA2R8RJC4 | 2.16058 -2.94922
ABKB68 1.51572 2.39521 Q6DRN5S 2.15745 -0.857063
Q5BLEG 1.51519 -2.60841 F1Q7P7 2.15488 -0.963346
Q7ZWES 1.51255 0.74817/8 | ATYT77 2.14848 -2.84563
B2GNT9 1.491 -0.718457 | Q6PFT7 2.13998 -0.95356
Q6PC22 1.48838 0.359627 F1R5WA4 2.13914 -2.83986
Q7SZQ6 1.48772 1.28309 A7TYYE9 2.12636 -0.528002
Q5RH28 1.48695 0.834299 Q803Vv8 2.1256 -1.4253
Q6IQI3 1.48129 -0.351069 | Q6NYV1 2.12512 -0.466992
Q1lED27 1.4747 -1.25903 F1Q6Z3 2.12106 3.37445
ATE2K4 1.47387 -0.260997 | F1IR4N4 2.08676 4.09859
E7FDL8 1.43827 1.35618 A9JSV9 2.08269 4.98599
Q9I8US8 1.42887 0.307999 Q6DHT4 2.07973 -1.15372
F1QWV5 1.42171 -1.44157 Q7SX88 2.06854 -1.18948
E7FOAl 1.41702 -0.318904 | Q56177 2.06746 -5.44761
AOAOR4ICN9 | 1.41383 -0.260391 | Q7ZW04 2.05776 -1.38192
F8W442 1.40752 -1.41154 Q503D5 2.05303 -0.575359
AOAOG2L5F9 | 1.37732 1.21986 B3DFP9 2.04345 -1.39274
Q66HY3 1.37151 -0.382655 | AOAOR4IM65 2.04278 -0.967028
AOAOR4IQNS8 | 1.36678 -0.298943 | B2BWH5 2.0402 -2.24681
AOAOR4IMS3 | 1.36408 -0.155223 | Q1LXJ7 2.01816 -1.15755
Q72YX0 1.36046 0.718764 | AOA286YBA4 | 2.0164 -0.850412
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SupplementalTable 3.1(continued).

Q66HV8 1.35004 2.0324 F1QDQ1 2.00087 -0.40832
AOAOB5JWA3 | 1.34076 -0.351802 | Q6P2MO 1.99565 -0.23717
Q72SZ0 1.33 -0.471355 | HOGX78 1.98347 -0.65601
A4I1GC2 1.31907 0.605777 Q802C9 1.9825 -0.493238
Q803B0 1.30811 1.48428 Q6NYV3 1.97237 3.47054
AOA2R8RR15 | 1.30635 -1.15719 Q90238 1.9681 -1.1735
E9QFD2 1.96218 -3.31978
E7EZ90 1.94483 -1.30019
Q90237 1.93573 -1.34261
Q6NY25 1.92978 -0.607272
Q1L8Z0 1.92398 0.99628
A2BGU3 1.90792 -0.136616
QOD2W2 1.89896 1.4302
Q72ZVi4 1.89137 -1.28913
Q7SXKO 1.88891 -0.431388
Q803R9 1.8843 -0.514395
E7F4R9 1.88321 -1.02264
Q8AWD9 1.8822 -0.895341
Q6DHO7 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
Q24IW?2 1.86101 -0.687023
Q7SXW9 1.86054 -0.995616
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SupplementalTable 3.1(continued).

AOAOR4IHU9 1.85829 -0.957825
AOA2R8QTH3 | 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
AOAOB5JK63 1.82978 -1.00081
Q6DI22 1.82761 -1.05468
Q90Y38 1.82606 -2.12686
F6P9M5 1.82474 0.32185
AOAZ2R8RKG2 | 1.82015 -0.588513
Q1LXD2 1.81972 -0.621051
BOV3S2 1.80926 -2.37699
AOA286YAP4 | 1.79989 -0.593744
A5PLF4 1.79896 -0.606078
Q6P124 1.79882 -1.02623
BOVEQ?2 1.79713 -2.29307
Q1LXVS5 1.79519 -1.0979
F8W3N3 1.78747 -1.45636
Q6DRES 1.7837 -0.906656
AOAOG2KEX1 |1.7824 -0.994219
F1QFK2 1.78014 -0.92639
F1QVD2 1.7798 -0.285099
A7TMCJ2 1.77949 -4.0131
AOA2R8RPC7 | 1.7787 0.678196
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SupplementalTable 3.1(continued).

Q7T3B1 1.77513 -0.300215
Q568Q7 1.77044 -0.702129
F1QoU6 1.76177 -0.887945
F1R1P6 1.76015 -0.626989
Q6NY60 1.75356 -1.34856
Q568H8 1.75303 -0.622067
131SH4 1.75057 -1.2586
Q29RA2 1.74697 -0.309451
AOAON4SU18 | 1.7398 -1.53683
AOA2R8Q5K7 | 1.73484 -0.379589
Q6DHE2 1.73122 -0.932569
Q7ZVQ9 1.7306 -0.53157
QB8AX65 1.73049 -1.24939
Q6DGP6 1.72784 -0.765021
F1QZA5 1.7254 -0.908111
AOA2RBRYX8 | 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

138



SupplementalTable 3.1(continued).

A3FKT8 1.70642 -1.13953
AOAOR41JP7 1.69904 -1.1636
F1Q4Q8 1.69444 -0.62413
AOA2R8RLZ9 | 1.68942 -0.824247
Q9DGR6 1.68911 -0.937433
F1QML8 1.68849 -0.613628
Q7ZUYO0 1.68849 -0.486017
F1IRDQ9 1.68661 -2.01399
A8ES5LO 1.68514 -0.927063
F1IQONG7 1.68308 -1.33081
Q803T5 1.68266 -0.908128
Q7ZUAO 1.68265 -0.9486
Q9PWDS8 1.68257 -0.956165
Q4Val4 1.6819 -0.680722
Al1L2CO 1.67993 -2.00495
AOA2R8QBA9 | 1.6782 -0.604831
Q9I9P6 1.67386 -0.831944
Q6DI13 1.67119 -0.884586
Q72V23 1.66799 1.14884
QO6NXAG6 1.66042 -0.945162
A7MCL3 1.65468 -1.40826
AOA2R8QIZ6 1.6529 -1.07103
Q7SXG5 1.65217 -1.08307
E7FCP7 1.65106 -2.18885
AOAORA4IF09 1.65046 -0.617827
AOAOR4IDD1 1.64825 -0.758561
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SupplementalTable 3.1(continued).

B2GT73 1.64168 -2.19592
I3IRX8 1.63605 -1.37299
RAGEH4 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
Q804WO0 1.62952 -1.51527
A9JSTO 1.62911 -0.751495
ABE7N8 1.62484 -0.464805
Q6PBX2 1.62405 -0.965524
B5DDES8 1.62375 -0.292793
E7FCN9 1.62337 1.04811
A7TMCAZ2 1.62263 -0.307996

AOA2R8RQC2 | 1.62164 0.867122

Q801E6 1.62159 -1.09706

E7F8Y5 1.62135 -0.856995
Q80272 1.61566 -0.726257
B8A552 1.61543 -0.614219
Q6PC12 1.61439 -0.966407
Q7zUl4 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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SupplementalTable 3.1(continued).

Q6IQNS 1.60595 -0.820419
BOS6CO 1.60312 -1.28408
B8JIS6 1.60111 -1.78188
Q7ZSY?2 1.60061 -1.41966
F1R5I2 1.60034 -0.976732
Q504E8 1.59998 -1.73613
Q6NXA1 1.59593 -0.519956
Q5CZQ1 1.59138 -1.35382
AOAOR4IWE1l | 1.59042 -1.34771
AOAOR4IKFO 1.58877 -0.705229
A2CEF4 1.58717 3.20864
Q6PFL9 1.58656 -0.406681
A9JRWO 1.58494 -0.45687
Q4VBI5 1.5843 0.476168
AOA286YA42 1.58064 -0.880753
Q6PC35 1.57773 -0.598238
Q7SZD3 1.57747 -0.349764
X1IWHF1 1.57559 0.397497
AOAORA41189 1.57353 -0.402028
Q3B7R1 1.5735 -0.686892
Q568G3 1.56915 -0.863675
AOAOR41XJ1 1.56811 -0.231111
AOA2R8RK83 | 1.56224 -1.11326
B8JLJ3 1.56075 -1.03291
A5A4L9 1.55421 0.289016
AOAOG2L4S8 | 1.548 -1.1163
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SupplementalTable 3.1(continued).

FIR1E9 1.547 -0.902438
Q1L8Q3 1.54667 0.506811
E7EZW7 1.54611 -1.48681
AOAOR4IPV5 | 1.53773 -0.504957
F1Qz40 1.53709 -3.75906
Q6Y149 1.53445 -0.775828
BOUYRS 1.53315 -5.63875
HOWE38 1.53275 -1.095
X1WDZ2 1.53046 -3.0706
Q6ZM23 1.52973 0.311012
Q6DGX8 1.52774 -0.516187
AOAOR4IPH8 | 1.52736 -1.32006
Q804V8 1.52689 -1.57198
Q7ZVG1 1.52342 -0.809268
F8W4M7 1.52331 -0.684727
131S66 1.52304 -0.998013
E9QGO01 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
ATYYG7 1.49079 -2.99221
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SupplementalTable 3.1(continued).

F1QEG3 1.48343 -1.57734
AOA2R8RUB5 | 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
AOA2R8Q860 | 1.46376 -0.384536
E9QGM5 1.45981 -1.59585
Q6GTE7 1.45962 -0.705737
Q52317 1.45741 1.07666
F1R319 1.45151 0.792249
AOAOR4IGG3 | 1.44962 -1.02849
Q7ZTT4 1.4464 -1.19664
Q5GIL7 1.44568 -1.54851
Q6P5L2 1.44435 -1.09075
AOAOR4IH39 | 1.44393 -0.454965
Q6PC38 1.44245 -1.0796
ABE585 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
QODF44 1.42463 -1.59278
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SupplementalTable 3.1(continued).

H1ZYM5 1.42453 -1.1652
Q7ZV76 1.4228 0.406517
Q7T156 1.41923 -1.88022
AOAOR4IRNS 1.4189 -1.15884
Q6PBW4 1.41877 -0.263955
F1QP56 1.41559 -0.898946
AOAOR4I9C1 1.41516 -1.0798
F1IRCA1 1.41324 -0.763175
F1R653 1.41322 -0.370133
Q6NYM4 1.41229 -0.326156
Q6TGV4 1.41162 -0.262999
AOA2R8QHO8 |1.41128 -0.312284
FGNTAO 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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SupplementalTable 3.1(continued).

B3DJ97 1.3906 -0.969916
F1QCD4 1.38949 -0.457088
AOAOB5JW24 | 1.38838 -1.31154
F1R4Z8 1.38703 -1.22689
Q7SZP6 1.38619 1.7254
Q803K3 1.38604 -0.318909
Q9PTF4 1.38445 -0.836648
AlL1W1 1.38435 -0.501252
F1QL66 1.38373 -0.620274
Q6PFS4 1.38036 0.567421
Q5TZG5 1.37906 -0.622723
E7F5A4 1.3765 -0.478291
AOAON4SUF2 | 1.37644 -0.915457
F1QUNS 1.37346 1.73253
B5DDM9 1.37219 -0.269396
AOAOB5JPZ1 1.37112 -0.894225
AOA2R8QASS5 | 1.37013 -0.412477
Q7T3F3 1.36975 -0.763591
Q7ZUD3 1.36759 -0.919408
F1QFCO 1.36697 -0.392207
B0S671 1.36692 -0.42805
AOA2R8QEY3 |1.36642 -0.838039
B8BA5D3 1.36615 -0.889902
AOA140LGQ3 | 1.36495 -1.30568
A7MC88 1.36442 2.28923
F1QUSO 1.36406 -1.55159
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SupplementalTable 3.1(continued).

ABWGSO0 1.36373 -0.863475
Q4V8S1 1.36361 -2.59733

Q5RGAY 1.36294 -1.49842

Q6NYP6 1.36146 -0.838071
F8W4J1 1.35801 -4.58485

Q567X5 1.35759 -2.55369

F1R9Y5 1.35747 -0.927973
QO6NSN3 1.35728 0.325931
F1QY43 1.35684 -0.494035
F1R5M2 1.35593 -0.446496
Q9I9E9 1.35451 -0.592558
AOAZ2R8QA71 | 1.35072 -0.771836
Q6PO0I2 1.34824 -0.585986
A8BBAO 1.3479 -0.881634
F1R3I9 1.34597 -0.627086
Q4V8R9 1.34538 -0.538153
Q4KMES8 1.34534 -0.492283
AOA0J9YJJ2 1.3363 0.841864
BOS7W5 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
Q801MO0 1.32857 -0.58626

Q6PH48 1.32698 -0.905899
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SupplementalTable 3.1(continued).

B3DKLO 1.32337 -0.711011
A4QN90 1.32087 -0.164621
AOA2R8QI78 | 1.32039 -0.365772
A41G19 1.31719 -0.715611
Q5XIZ2 1.31125 -1.17041
Q61Q94 1.311 -1.82809
F1Q629 1.30886 -0.710541
Q2TV65 1.3065 -0.526681
Q5R2V3 1.30449 0.685958
Q7SXW?7 1.30168 -0.865082
F1R3F7 1.30012 -0.32752
A7Y224 1.29925 1.50364
Q6TGUO 1.29734 -0.594523
BBA5M8 1.29664 1.51888
B8JLQ3 1.29471 -0.233745
Q4VBKO 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 wexposed to 2:4DAB at 50QuM 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 NoWRiosynthesis 3 -2.449
Pyrimidine Ribonucleotides Interconversion 2.87 -2.236
Aspartate Degradation Il 2.86 -2
Endoplasmic Reticulum Stress Pathway 2.86 -2

HI F1U Signaling 2.68 -0.577
Unfolded protein response 2.5 -2.646
Role of PKR ininterferon Induction and Antiviral Respon| 2.48 2.121
ERKS5 Signaling 2.4 -2.236
Cell Cycle: G2/M DNA Damage Checkpoint Regulation | 2.4 NA
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SupplementalTable 32 (continued).

BAG?2 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 | 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
PPARU/ RXRU Activation 1.66 0.707
Regulation of Cellular Mechanics by Calp&rotease 1.66 -2
Xenobiotic Metabolism AHR Signaling Pathway 1.66 -1.134
Glutathione Redox Reactions | 1.61 NA
Methionine Degradation | (to Homocysteine) 1.61 NA
Cysteine Biosynthesis Ill (mammalia) 1.61 NA
Vitamin-C Transport 1.61 NA
Apelin Adipocyte Signaling Pathway 1.59 -2.449
Prostate Cancer Signaling 1.55 NA
NFFe B Signaling 1.55 -1.342
Pyrimidine Deoxyribonucleotides De Novo Biosynthesis| 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 Il (Animals) 1.43 NA
Thioredoxin Pathway 1.43 NA
D-glucuronate Degradation | 1.43 NA
GDP-L-fucose Biosynthesis | (from GBP-mannose) 1.43 NA
RapoporiLuebering Glycolytic Shunt 1.43 NA
L-cysteine Degradation | 1.43 NA
Formaldehyde Oxidation Il (Glutathiorteependent) 1.43 NA
Glutamate Degradation Il 1.43 NA
Aspartate Biosynthesis 1.43 NA
Th17 Activation Pathway 1.43 NA
Glycolysis | 1.36 -2.646
PI3K/AKT Signaling 1.33 -2.828
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SupplementalTable 32 (continued).

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 proteiinsthe zebrafish larvae groups that were expos&J4®AB at
500uM until 2 days post fertilization (2 dpf).

Fold
Term P Value | Enrichment

Metabolic processes

G0:0009141~nucleoside triphosphate metabolic process 0.003 7.946
G0:0009123~nucleoside monophosphate metabolic process 0.004 7.646
G0:0042278~purine nucleoside metabolic process 0.006 6.869
G0:0009117~nucleotide metabolic process 0.008 4.768
G0:0006753~nucleoside phosphate metabolic process 0.008 4.752
G0:0009119~ribonucleoside metabolic process 0.008 6.203
G0:0009116~nucleoside metabolic process 0.011 5.655
G0:0055086~nucleobas®mntaining small molecule metabolic

process 0.014 4.121
G0:0006163~purine nucleotide metabolic process 0.015 5.195
G0:0009259~ribonucleotide metabolic process 0.016 5.087
G0:0019693~ribose phosphate metabolic process 0.017 4.942
G0:0009132~nucleoside diphosphate metabolic process 0.021 13.026
G0:0019362~pyridine nucleotide metabolic process 0.028 11.397
G0:0006518~peptide metabolic process 0.037 2.754
G0:0006733~oxidoreduction coenzyme metabolic process 0.040 9.233
G0:0006002~fructose-phosphate metabolic process 0.044 44.208
G0:0006096~glycolytic process 0.009 20.841
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SupplementalTable 33 (continued).

Developmental process

G0:2000344~positive regulation of acrosome reaction 0.001 56.110
G0:0035036~spermgg recognition 0.001 56.110
G0:0007339~binding of sperm to zona pellucida 0.001 56.110
G0:0035803~egg coat formation 0.001 56.110
G0:0007340~acrosome reaction 0.003 38.391
G0:0007338~single fertilization 0.006 24.315
GO:0009566~fertilization 0.008 22.104
G0:0006096~glycolytic process 0.009 20.841
G0:0048477~00genesis 0.011 18.703
G0:0007292~female gamete generation 0.012 17.368
G0:0007281~germ cell development 0.026 11.765
Cellular

G0:0006412~translation 0.019 3.242
G0:0043043~peptide biosynthetic process 0.020 3.199
G0:0043604~amide biosynthetic process 0.030 2.914
G0:0030036~actin cytoskeleton organization 0.045 3.662
G0:0034622~cellular macromolecular complex assembly 0.053 2.872
Other

G0:0044724~singkerganism 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 proteiinsthe zebrafish larvae groups that were exposed tDAR at
500uM until 4 days post fertilization (4 dpf).

Fold
Enrichmen
Term P Value t
Metabolic processes
G0:0009132~nucleoside diphosphate metabolic process 0.0000 11.9402
G0:0019752~carboxylic acid metabolic process 0.0000 3.7147
G0:0043436~0x0acid metabolic process 0.0000 3.6725
G0:0009116~nucleoside metabolic process 0.0000 4.6650
G0:0009119~ribonucleoside metabolic process 0.0000 4.8329
G0:0042278~purine nucleoside metabolic process 0.0000 5.0369
G0:0055086~nucleobas®mntaining small molecule metabolic
process 0.0000 3.4629
G0:0009141~nucleoside triphosphate metalmiocess 0.0000 5.0986
G0:0009117~nucleotide metabolic process 0.0000 3.4598
G0:0006753~nucleoside phosphate metabolic process 0.0000 3.4485
G0:0006163~purine nucleotide metabolic process 0.0000 3.8100
G0:0009259~ribonucleotide metabolic process 0.0000 3.7303
G0:0019693~ribose phosphate metabolic process 0.0000 3.6241
G0:0009123~nucleoside monophosphate metabolic process 0.0001 4.2053
G0:0019362~pyridine nucleotide metabolic process 0.0001 6.9651
G0:0006733~oxidoreduction coenzyme metabolic process 0.0005 5.6426
G0:0006220~pyrimidine nucleotide metabolic process 0.0019 9.2868
G0:0019318~hexose metabolic process 0.0040 5.6665
G0:0005996~monosaccharide metabolic process 0.0060 5.1435
G0:0006213~pyrimidine nucleoside metabolic process 0.0146 7.6856
G0:0046500~sdenosylmethionine metabolic process 0.0157 15.1966
G0:0009112~nucleobase metabolic process 0.0280 6.0239
G0:0006631~fatty acid metabolic process 0.0312 2.9549
G0:0006096~glycolytic process 0.0000 11.1442
Developmental Processes
G0:0001654~eye development 0.0250 2.0520
G0:0043010~camettype eye development 0.0320 2.1506
G0:0034728~nucleosome organization 0.0146 3.5139
G0:0060218~hematopoietic stem cell differentiation 0.0224 6.5554
G0:0006334~nucleosome assembly 0.0335 3.3433
G0:0031497~chromatin assembly 0.0400 3.1840
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SupplementalTable 34 (continued).

Cellular Processes

G0:0009163~nucleoside biosynthetic process 0.0015 4.7422
G0:1901659~glycosyl compound biosynthetic process 0.0016 4.6434
G0:0072528~pyrimidineontaining compound biosynthetic procg  0.0027 8.4426
G0:0090407~organophosphate biosynthetic process 0.0029 2.7335
G0:0044744~protein targeting to nucleus 0.0040 5.6665
G0:1902593~singlerganism nuclear import 0.0040 5.6665
G0:0006606~protein import into nucleus 0.0040 5.6665
G0:0072522~purineontaining compound biosynthetic process 0.0045 3.4585
G0:0009165~nucleotide biosynthetic process 0.0047 3.1304
G0:1901293~nucleoside phosphate biosynthetic process 0.0053 3.0785
G0:0017038~protein import 0.0058 4.2862
G0:0072594~establishment of protein localization to organelle 0.0115 3.2538
G0:0006913~nucleocytoplasmic transport 0.0124 3.6453
G0:0051169~nuclear transport 0.0124 3.6453
G0:0006333~chromatin assembly or disassembly 0.0135 3.5784
G0:0046390~ribose phosphate biosynthetic process 0.0138 3.1392
G0:0045333~cellular respiration 0.0180 3.9332
G0:0009142~nucleoside triphosphate biosynthetic process 0.0210 4.7221
G0:0006605~protein targeting 0.0306 2.6693
G0:0046112~nucleobase biosynthetic process 0.0324 10.4477
G0:1902582~singkerganism intracellular transport 0.0332 2.6222
G0:0071103~DNA conformation change 0.0353 2.8680
G0:0046166~glyceraldehydiephosphate biosynthetic process 0.0354 55.7208
G0:0065004~proteHDNA complex assembly 0.0364 2.8470
G0:0033365~protein localization to organelle 0.0390 2.5328
G0:0009226~nucleotidsugar biosynthetic process 0.0445 8.7980
G0:0006869~lipid transport 0.0446 2.7087
Other

G0:0044724~singkerganism carbohydrate catabolic process 0.0000 8.3581
G0:0030163~protein catabolic process 0.0002 2.7049
G0:0044275~cellular carbohydrate catabolic process 0.0002 16.3885
G0:0051603~proteolysis involved in cellular protein catabolic

process 0.0002 2.7008
G0:0044257~cellular proteiratabolic process 0.0003 2.6802
G0:0043632~modificaticdlependent macromolecule catabolic

process 0.0012 2.6299
G0:0044265~cellular macromolecule catabolic process 0.0028 2.1829
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SupplementalTable 3.5: Differentially expressed proteins found to be up/downregulat@gin
DAB exposed larval zebrafish compared to control (Top score 68).

UniProt/SwissProt Expr p Expr Log

Symbol | Entrez Gene Name | Accession value Ratio
acidic nuclear
phosphoprotein 3

ANP32B | family member B F1Q4N7 0.008 -0.992
COPI coat complex

COPE subunit epsilon F1R7S1 0.010 -0.535
dihydrolipoamide S

DLST succinyltransferase | Q6NZW7 0.033 1.402
dynein light chain

DYNLL2 | LC8-type 2 Q7SZP6 0.044 1.986
eukaryotictranslation
elongation factor 1

EEF1G | gamma Q8JIU6 0.016 -0.498
eukaryotic translation

EEF2 elongation factor 2 Q6P3J5 0.039 -0.306
elongation factor Tu
GTP binding domain

EFTUDZ2 | containing 2 F1Q6N0 0.046 -0.390
EWS RNA binding

EWSR1 | protein 1 Q6NUX1 0.020 -0.411
glucosidase Il alpha

GANAB | subunit F10Q6Z9 0.020 -0.914

GYG1 glycogenin 1 Q8030Q1 0.046 -0.809
heterochromatin
protein 1 binding

HP1BP3 | protein 3 AOA140LGU1 0.005 1.365

KTN1 Kinectin 1 F1QJAl 0.007 2.847
lysosomal associated

LAMP1 | membrane protein 1 | E9QCP4 0.009 -1.290
lin-7 homolog C,
crumbs cell polarity

LIN7C complex component | AOA2R8QIA2 0.008 1.769

LMNB2 | lamin B2 B3DFN3 0.033 0.264
malate dehydrogenas

MDH2 2 Q77334 0.028 -0.722
oligosaccharyltransfel
ase complex nen

OSTC catalytic subunit AOAOR4I9P9 0.046 -0.492
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Supplemental Table 35 (continued).

protein disulfide
isomerase family A

PDIA4 member 4 Q6P3I1 0.032 -0.856

PLEC plectin AOAZ2R8QLG6 0.047 1.963
peptidylprolyl

PPIA isomerase A B8JKNG 0.014 -1.158
peptidylprolyl

PPIB isomerase B Q6PBW4 0.018 -0.457

PRDX4 | peroxiredoxin 4 F1QSP8 0.001 -1.228
protein kinase C

PRKCSH | substrate 80KH Q80222 0.029 -0.772
prostaglandin

PTGR1 |reductase 1 AO0A2R8RPQ9 0.007 -1.590
glycogen

PYGB phosphorylase B A41G19 0.023 -0.931
ras homolog family

RHOA member A A7MCP4 0.042 0.286

RPN1 ribophorin | Q8AYB9 0.012 -1.458

RPN2 ribophorin I Q72VvVO07 0.012 -0.346
SEC13 homolog,
nuclear pore and
COPIl coat complex

SEC13 | component AOA2R8RKG2 0.034 -0.491

SLC25A1 | solute carrier family

1 25 member 11 F1R319 0.012 1.112
SET and MYND

SMYD1 | domain containing 1 | Q2MJQ9 0.014 1.021

SNX6 sorting nexin 6 F8W5C6 0.003 2.240
superoxide

SOD1 dismutase 1 B2GRH9 0.012 -1.413

TKT transketolase E7F8S4 0.007 3.172
vesicle amine

VAT1 transport 1 A7TYYF7 0.000 3.804
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Supplemental Table 3.6: All categories of enriched canonical in the systemic analysis for the
control and2,4-DAB treated zebrafish larvae along with their associateais log of p value and
z-scores.

Minus Log of P 7 Score
Value
Canonical Pathways (CTRL vs2,4-DAB) CTRL 2,4DAB CTRL 2,4DAB
EIF2 Signaling 2.0 9.9 -4.4 -5.0
Coronavirus Pathogenesis Pathway 1.1 7.1 3.5 4.7
Glycolysis | 3.0 2.5 3.7 1.5
Gluconeogenesis | 2.3 2.5 3.6 1.5
Calcium Signaling 1.5 2.2 2.3 2.6
Regulation of elF4 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 antiDAB treated zebrafish larvae along with

their associated-gcores.

Upstream Regulators

(CTRL vs 2,4-DAB) CTRL 2,4DAB
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
betaestradiol 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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Supplemental Table 3.7 continued).

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
torinl -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 15 1.994
phenylbutazone 1.499 -1.98
FMR1 -1.885 -1.29
poly rl: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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Supplemental Table 3.7 continued).

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

KDMS8 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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CHAPTER 4

Exposure to a binary mixture of BMAA and MCLR modulates behavior in larval zebrafish
and exacerbates molecular changes related to neurodegeneration.
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4.1  Abstract

Exposure to toxins produced by cyanobacteria (i.e., cyanotoxins) is an emerging health
concern due to their incres 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 oftwaoco c ur r i n g angthaylaminelo-x i ns,
alanine BMAA) and microcystin leucine and arginine (MCLR), using the larval zebrafish
model. We combined higtihroughput behaviebased toxicity assays with discovery proteomic
techniques to identify behavioral and molecular changes, following 6 days of exWhilee.
neither toxin caused mortality, morphological defects, or altered general locomotor behavior in
zebrafish larvae, both toxins increased acoustic startle sensitivity in-alelosedent manner by
at least 40% (p<0.0001). Furthermore, startle senyitivés 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 reveal@idarcrease in the
number of differentially expssed proteins (DEPS) in the mixtweeposed group. Additionally,
prediction analysis reveals activation and/or inhibition of 8 enriched canonical pathways
(enrichment pralue<0.0l;s cor eO| 2| ), including | LK, Rho Far
calcium signalg pathways, which have been implicated in neurodegeneration. We also found
that expression of TDR3, of which cytoplasmic aggregates are a hallmark of ALS pathology,
was significantly upregulated &y7-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 interactin vivoto 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 AtChalabi 2017). It is defined by a progressive lafsisoth 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). Fbe 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 dfficult 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 additiorthere is also strong evidence that exposumyamotoxins is a
major risk factor for sAL§Bradley and Mash 2009).

The link between betmethylamineL-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/parkinsonisradementia (PD) neurodegenerative complex with afb@Dgreater incidence
than the rest of the world (Bradley and Mash 2009). The elevated rates of ALS/PD im@ream
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 40,000
fold greater than in free living bacteria (3,556 pg/g BMAA) (Banack@ox 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). Thesdeapiological 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 neurodegenerativeadise (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 limtation 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 reportedtarcaith
BMAA around the world (Banack et al. 2015; Sabart et al. 2015). Thus, to olvteirea
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 (~1M) in combination with other neayanotoxic
neurotoxins has beeonudnd to potentiate neuronal damamgeitro (Lobner et al. 2006). More
recently, our laboratory demonstrated thatgposure to BMAA and its isomers (i.e., AEG and
2,4-DAB) at low concentrations (~1661) produces a synergistic interactionvitro, pertubing
regulation of various canonical pathways, bioprocesses, and upstream regulators involved in
neurodegenerative processes (Martin et al. 2019). Recent studies have shown that microcystin
leucinearginine (MCLR) is also a potent neurotoxin (Tzima eR@l7; 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 shewn to co
occur with BMAA (Banack et al. 2015; Jungblut et &118; 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 vivo, we exposed larval zebrafish to BMAA
and/or MCLR and assessed neural function with a deglwdvioral assays using a high
throughput testing platform. While neither BMAA nor MCLR caused changes in locomotion,
both toxins increased acoustic startle sensitivity in a-dependent manner. Furthermore, a
mixture of BMAA and MCLR enhanced toxicity 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 TD®3 (Mackenzieet 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 Aldrichl{&@tis, 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 OptiiTd&C
grade solvents purchased from Fisher Scientific (TewksbdA, USA). A stock solution of
BMAA at 10 mg.ml-1 and MCLR at 1 mg.nHil 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 predures were approved by the North Carolina State University
IACUC. Zebrafish (Danio rerio) embryos from multiple crosses of-jiftke tupfel longfin
(TLF) strain adults were collected and placed into Petri dishes containing E3 medium, and

unfertilized egg 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 plat&6 éhimals per well)
containing 1 mL of E3 per well.

At 6 hpf, all E3 was removed and replaced with veh(idleLC-grade water),100, 500, or
100QuM BMAA in E3, vehicle (DMSO), 1, 2.5, 5, or i MCLR in E3, or 100M BMAA
plus UM 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:1@atigbycle, and
100% of the media was exchanged for fresh solutions daily. Embryos/ larvaexpesed 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 conalitBthsnfnutes
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 lasercut acrylic testing grid. Larvae douoated 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 UX0 highspeed camera. The same set of larvae were then
presented with a total of 60 acousticrali, 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 (I1SI). Startle responses were recorded at
1000 fps. Stimuli were delivered by an acoustlirational shaker (Bruel and Kjaer) to which
the esting 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 wasusamg FLOTE
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software as described previously (Burgess and Granato 2007; Marsden et al. 201-8teStoyrt
C-bends (SLCs) and loAgtency Gbends (LLCs) were determined by defined kinematic
parameters. A startle sensitivity index was calculated faviohehl 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 betwa the groups (comparison of means), using Tidkayner 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 aidedesampl
preparation (FASP) can be found in Supplemental Methods. Details regarding-M8/MS
data collection are also provided in the Supplemental Methods. Raw data files obtained in this
experiment have been made available on the Chortgl&@ata repositorgnd can be assessed
under the project ID#1679.
Proteomics Data Analysis

Details for the label free quantitation (LFQ) have been previously describe(Maatim
et al. 2019). In brief, LFQ was performed in MaxQuant (version.1.5.60), and data weredearch
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 calculattomadfs st i c al sign

was determined using twway Student t est and FPR (p OO0.05).
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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 exprpssedlt ei ns using t he
Analysiso function. Only significantly differ
submitted to IPA. We used an empirical background protein database to evaluate the significance
of pathway enrichment. The database was edelay using all the proteins that were detected in
our samples (Bereman et al. 2018; Khatr i and
4.4 Results

An overview of the experimental design is illustrateéigure 4.1. In brief, we first
conducted a dosesponse study tetermine 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 pdesttilization (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 NOAELSs 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 mixturexposed group and their respective controls wangested 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: awi testing grid is mounted on an
acoustic shaker above an infrai@d) LED array and below an Hensitive higkspeed 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 expased groups were pooled for protein extraction and tryptic digestion of extracted
proteins into peptides. nL@IS/MS label free protein quantitation via MaxQuant statistical
analysis via Perseus software and enrichment analysis via ingenuity pathway #ékadysis
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BMAA and MCLR Dose Response Study: identification of NOAELSs

To determine if exposure to environmentally relevant concentrations of BMAA or MCLR
cause neurotoxicity in wildlype zebrafish, we treated TLF strain embryos from 6 hpf to 6 dpf
with increasing concentrations of BMAA (100, 500, and 10@pand MCLR (1, 2.5, 5, and
10uM). We did not observe increased mortality, morbidity, or any overt developmental
phenotypes in any of the exposed groups of larvae. First, we examined the afel&Afand
MCLR on general locomotiori-{gure 4.2) using a custom built, higthroughput behavior
platform and unbiased, automated FLOTE tracking and analysis software (Burgess and Granato
2007). In order to investigate if various concentrations of BMAA@EICLR could alter
spontaneous movement, 6 dpf larvae were adapted to the testing conditions for 30 min,
transferred to a mukivell grid mounted below a higépeed camera, habituated for 5 additional
minutes, and then their spontaneous movements wearalegtfor 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 contrBlgre 4.2A). Average speed was also
unchanged in all groups, excdpt larvae treated with 10001 BMAA, whose speed was
significantly reducedRigure 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 differaces in the ratio of turns to swims in BMAA or MCLR treated lanFgure
4.2C). The overall frequency of these movements was also unchanged, except for a slight
increase in turn frequency in 18 MCLR-treated larvaeSupplemental Figure4.1). These
dataindicate 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 movessay. Levels not connected
by the same letter are significantly diffefehtikey-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 se-stimulus interval Eigure 4.3). In

response to an acoustic stimulus, zebrafish larvae perform one of two typesatlbigty
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startle behaviors: Shelatency Cbends (SLCs), which rely on the Mauthner neurons (Burgess
and Granato 2007), or Lorgtency Gbends (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 acrossstieuwis
assay Figure 4.3). Figure 4.3A highlights both the SLC and LLC response frequency disparities
between zebrafish larvae exposed to J00BMAA and vehicle control. 2100(M 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 inFigure 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 eibeyggendent manner
(Figure 4.3B). LLC responses decreased in a ddspendent manner in both BMAA and
MCLR-treatedarvae, supporting an overall shift in response btagufe 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 BMB&u{)
and MCLR (1M), with NOAEL was defined as the highest miatistically significant dose

tested.
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Figure 4.3. BMAA and MCLR significantly increase acoustic startle sensitivity.(A) Startle
frequency curves for shelitency Gbends (SLCs, left axis, sigmoidal curve fits) and katgncy
C-bends (LLCs, right axis, sigmoidal curve fits) in control larvae (black) and treated larvae
(100QuM BMAA; green). n = 54 larvae; mean + SEKB) 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 differenTukey-Kramer HSD, Alpha 0.05.
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4.4.2BMAA and MCLR Mixture Study: Interaction Amongga@otoxins at a Behavioral Level

We next aimed to assess whether BMAA and MCLR intéragitvo by measuring the
effects of a mixture of BMAA and MCLR at their respective NOAELSs in larval zebrafish. We
exposed wiletype zebrafish embryos from 6 hpf to & dp4 different treatment conditions: 1)
vehicle controls, 2) 1M BMAA, 3) 1uM MCLR, and 4) 10AM BMAA + 1uM 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, MBMAA very dightly decreased total distance
traveled over 18.5 mirF{gure 4.4A), and all three treatment groups showed a minor reduction
in average speed during the asdayg\re 4.4B). No differences were observed in turning or
swimming behaviorsHigure 4.4C). These data reinforce the results from our dossponse
study that BMAA and MCLR do not substantially alter locomotor activity.

We next measured startle frequency in the same 4 groups of lBiyare 4.4D
highlights both the SLC and LLC response frequatisparities between zebrafish larvae
exposed to BMAA/MCLR mixture solution (101uM) and controls. Neithen@M@@BMAA nor
1uM MCLR altered startle behavior, as both SIEIy(re 4.4E) and LLC sensitivity indices
(Figure 4.4F) were unchanged. The 0 BMAA/MC LR mixture, however, significantly
enhanced SLC sensitivitfFigure 4.4E) while leaving LLC sensitivity unchangeBigure 4.4F),
in contrast to the effect of BMAA alon€&ifure 4.3). These data demonstrate not only that
BMAA and MCLR interacin vivoto erhance SLC circuit activity, but because of the different
effects of the mixture and the individual toxins on LLC resporiSigsife 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 tiaissvims. (D)Startle frequency

curves for SLCs (left axis) and LLCs (right axis) in control larvasM@f cyanotoxin, black) and
mixture-treated larvae (1Q0M BMAA plus 1uM MCLR, purple). n = 54 siblings; mean = SEM.

(E,F) SLC and LLC indices for eadirVa. Levels not connected by the same letter are significantly
different Tukey-Kramer HSD, Alpha 0.05.
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