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ABSTRACT

Exposure to toxins produced by cyanobacteria (ie, cyanotoxins) is an emerging health concern due to their increasing
prevalence and previous associations with neurodegenerative diseases including amyotrophic lateral sclerosis. The
objective of this study was to evaluate the neurotoxic effects of a mixture of two co-occurring cyanotoxins, p-methylamino-
-alanine (BMAA) and microcystin leucine and arginine (MCLR), using the larval zebrafish model. We combined high-
throughput behavior-based toxicity assays with discovery proteomic techniques to identify behavioral and molecular
changes following 6 days of exposure. Although neither toxin caused mortality, morphological defects, nor altered general
locomotor behavior in zebrafish larvae, both toxins increased acoustic startle sensitivity in a dose-dependent manner by at
least 40% (p < .0001). Furthermore, startle sensitivity was enhanced by an additional 40% in larvae exposed to the BMAA/
MCLR mixture relative to those exposed to the individual toxins. Supporting these behavioral results, our proteomic
analysis revealed a 4-fold increase in the number of differentially expressed proteins in the mixture-exposed group.
Additionally, prediction analysis reveals activation and/or inhibition of 8 enriched canonical pathways (enrichment p-
value < .01; z-score>|2|), including ILK, Rho Family GTPase, RhoGD], and calcium signaling pathways, which have been
implicated in neurodegeneration. We also found that expression of TDP-43, of which cytoplasmic aggregates are a hallmark
of amyotrophic lateral sclerosis pathology, was significantly upregulated by 5.7-fold following BMAA/MCLR mixture
exposure. Together, our results emphasize the importance of including mixtures of cyanotoxins when investigating the link
between environmental cyanotoxins and neurodegeneration as we reveal that BMAA and MCLR interact in vivo to enhance

neurotoxicity.
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Amyotrophic lateral sclerosis (ALS) is the most common neuro-
degenerative disease of midlife and is rapidly fatal with a me-
dian survival period of 3 years from symptom onset (Brown and
Al-Chalabi, 2017). It is defined by a progressive loss of both up-
per and lower motor neurons, resulting in muscle spasticity,
weakness, and atrophy (Swinnen and Robberecht, 2014).
Approximately 10% of ALS cases are classified as familial due to
the inheritance of single gene mutations (Renton et al., 2014).
For the remaining 90% of cases, the disease etiology is unknown
and likely stems from a complex interplay between genetic and
environmental factors (Ingre et al., 2015; Jones, 2009). Although

the contribution of environmental factors to sporadic ALS
(sALS) is difficult to assess as the search space is infinite, sev-
eral studies have associated ALS incidence with exposure to
heavy metals, pesticides, and electromagnetic fields (reviewed
in Bozzoni, 2016). In addition, there is strong evidence that ex-
posure to cyanotoxins is a major risk factor for sALS (Bradley
and Mash, 20009).

The link between beta-methylamino-i-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

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

251


http://orcid.org/0000-0001-8087-6181
https://academic.oup.com/

252 | INVESTIGATION OF INTERACTIONS AMONG BMAA AND MCLR IN VIVO

Guam succumbed to an ALS/parkinsonism-dementia (PD) neu-
rodegenerative complex with a 100-fold greater incidence than
the rest of the world (Bradley and Mash, 2009). The elevated
rates of ALS/PD in Guam were attributed to BMAA exposure as
the indigenous population consumed flour made from BMAA-
containing cycad seeds as well as flying foxes in which BMAA
was biomagnified up to 10,000-fold greater than in free living
bacteria (3556 pg/g BMAA) (Banack and Cox, 2003). Several stud-
ies have since 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; Field et al.,
2013; Masseret et al., 2013). These epidemiological studies pro-
vide evidence that exposure to BMAA is associated with neuro-
degeneration. Epidemiological findings are further supported by
laboratory studies in which BMAA was found to cause neuro-
toxic effects consistent with neurodegenerative disease (Beri
et al., 2017; Karlsson et al., 2017). Furthermore, neonatal BMAA
exposure in rats has been shown to produce motor defects
(Scott et al., 2017), indicating that exposure during neural devel-
opment may enhance sALS risk. However, a major limitation for
these and many other BMAA studies is that BMAA is just one of
many toxic metabolites produced by cyanobacteria, some of
which have been reported to co-occur with BMAA around the
world (Banack et al., 2015; Sabart et al., 2015). Thus, to obtain a
more thorough understanding of the risk posed by exposure to
cyanotoxic blooms, it is essential to investigate the toxicity of
other cyanotoxins with BMAA.

BMAA at low concentrations (~10uM) in combination with
other non-cyanotoxic neurotoxins has been found to potentiate
neuronal damage in vitro (Lobner et al., 2007). More recently, our
laboratory demonstrated that co-exposure to BMAA and its iso-
mers AEG and 2,4DAB at 166uM (total concentration 500 uM)
produces a synergistic interaction in vitro, reducing viability of
motor neuron-like NSC-34 cells and perturbing regulation of
various canonical pathways, bioprocesses, and upstream regu-
lators involved in neurodegeneration (Martin et al, 2019).
Although widely known as a hepatotoxin, microcystin leucine-
arginine (MCLR) is also a potent neurotoxin, as demonstrated in
multiple species including nematodes, zebrafish, birds, and
mammals (Li et al., 2009; Paskov4 et al., 2008; Tzima, 2017; Zhao
et al., 2015). Microcystins are the most abundant cyanotoxins in
the environment and have been shown to co-occur with BMAA
at levels ranging from ngl™ to pgl™* concentrations (Banack
et al., 2015; Jungblut et al., 2018; Metcalf et al., 2012), and like
BMAA, MCLR can bioaccumulate in tissues (Wang et al., 2008;
Zhao et al, 2015). Previously, BMAA and MCLR have been
detected together in 7 of 12 waterbodies analyzed in the United
Kingdom (Metcalf et al., 2008). Therefore, co-exposure to BMAA
and MCLR is of increasing toxicological significance.

To identify potential neurotoxic effects in vivo, we exposed
larval zebrafish to BMAA and/or MCLR and assessed neural
function by analyzing changes in behavior using a high-
throughput testing platform. We tested both spontaneous loco-
motion and acoustic startle responses as both behaviors require
proper motor function, and defects in these assays would indi-
cate dysfunction within the underlying motor circuits, thus giv-
ing them direct relevance to motor neuron diseases such as
ALS. Indeed, spontaneous locomotion has been used to validate
several zebrafish motor neuron disease models including for
ALS and spinal muscular atrophy (SMA) (Ciura et al., 2013; Hao
et al., 2012; McGown et al., 2013; Ramesh et al., 2010). The startle
response is a rapid, high-velocity movement that requires coor-
dinated activation of motor neurons in every segment of the
fish’s body. Furthermore, sensory defects are also found in ALS

cases (Tao et al., 2018), so the startle assay provides an opportu-
nity to probe both sensory and motor dysfunction in
cyanotoxin-exposed larvae. Although neither BMAA nor MCLR
caused changes in locomotion, both toxins increased acoustic
startle sensitivity in a dose-dependent manner. Furthermore, a
mixture of BMAA and MCLR enhanced toxicity in the startle as-
say. Finally, we examined the protein profile of larval zebrafish
exposed to the BMAA/MCLR mixture and identified molecular
signatures consistent with neurodegeneration, including upre-
gulation of the ALS-associated protein TDP-43 (Mackenzie et al.,
2010). Together, our data highlight the importance of studying
toxic mixtures and reveal novel mechanisms that may link cya-
notoxin exposure to motor diseases such as sALS.

MATERIALS AND METHODS

Chemicals

Synthetic BMAA standards were obtained from Sigma Aldrich
(St Louis, Missouri), and purified MCLR (purity >95%) was
obtained from Enzo Life Sciences, Inc. (Farmingdale, New York).
Water, acetonitrile, methanol, acetic acid, and formic acid were
all Optima LC-MS-grade solvents purchased from Fisher
Scientific (Tewksbury, Massachusetts). A stock solution of
BMAA at 10mgml* and MCLR at 1mg-ml~" was used for all
dilutions. All BMAA dilutions were prepared in high-
performance liquid chromatography (HPLC)-grade water while
MCLR dilutions were prepared in DMSO (Fisher Scientific).

Zebrafish Husbandry and Exposures

All animal use and procedures were approved by the North
Carolina State University IACUC. Zebrafish (Danio rerio) embryos
from multiple crosses of wild-type tupfel longfin (TLF) strain
adults were collected and placed into Petri dishes containing E3
medium, and unfertilized eggs were removed as described pre-
viously (Burgess and Granato, 2007). Embryos from all clutches
were mixed and randomly sorted into 24 well plates (8-10 ani-
mals per well) containing 1 ml of E3 per well.

At 6 hpf, all E3 was removed and replaced with vehicle
(HPLC-grade water),100, 500, or 1000pM BMAA in E3, vehicle
(DMS0), 1, 2.5, 5, or 10 uM MCLR in E3, or 100 uM BMAA plus 1M
MCLR in E3. All treatments were performed in triplicate and
were repeated in each of 3 separate experiments. Embryos were
incubated at 29°C on a 14h:10h light-dark cycle, and 100% of
the media was exchanged for fresh solutions daily. During me-
dia changes, each fish was assessed for a set of developmental
phenotypes (pericardial edema, otolith malformations, pigmen-
tation defects, small eyes, small heads, body axis defects such
as curved or bent tails, and uninflated swim bladders), and any
fish exhibiting these phenotypes was removed. Embryos/larvae
were exposed to treatments until 6days post fertilization (6

dpf).

Behavior Assays and Analysis

Screened larvae were adapted to the testing lighting and tem-
perature conditions for 30 min prior to testing. Behavior testing
was done as described previously (Burgess and Granato, 2007;
Marsden et al., 2018). Briefly, 6 dpf larvae were transferred to in-
dividual 9mm round wells on a 36-well laser-cut acrylic testing
grid. Larvae acclimated for Smin and then spontaneous loco-
motor activity was recorded for 18.5min at 640 x 640 px resolu-
tion at 50 frames per sec (fps) using a Photron mini UX-50 high-
speed camera. The same set of larvae were then presented with
a total of 60 acoustic stimuli, 10 at each of 6 intensities (13.6,



25.7,29.2, 35.5, 39.6, and 53.6 dB), with a 20-s interstimulus inter-
val (ISI). Startle responses were recorded at 1000 fps. Stimuli
were delivered by an acoustic-vibrational shaker (Bruel and
Kjaer) to which the testing grid was directly mounted. All stim-
uli were calibrated with a PCB Piezotronics accelerometer (no.
355B04) and signal conditioner (no. 482A21), and voltage outputs
were converted to dB using the formula dB = 20 log V. Analysis
of recorded behaviors was done using FLOTE software as de-
scribed previously (Burgess and Granato, 2007; Marsden et al.,
2018). Short-latency C-bends (SLCs) and long-latency C-bends
(LLCs) were determined by defined kinematic parameters. A
startle sensitivity index was calculated for individual larvae by
calculating the area under the curve of startle frequency versus
stimulus intensity using Prism 8 software (GraphPad).
Statistical analyses were performed using JMP pro 14 from SAS
Institute, Cary, North Carolina. Data were analyzed for effects
between the groups (comparison of means), using Tukey-
Kramer HSD, Alpha 0.05. Violin plots were generated using
Prism 8. All testing and analysis was performed blind to the
treatment condition, with the data decoded only at the comple-
tion of the experiment. All behavioral data are available upon
request to the corresponding author.

Proteomics Analysis

Sample preparation and LC MS/MS. Details of sample preparation,
protein extraction, and digestion via filter-aided sample prepa-
ration (FASP) can be found in Supplemental Methods. Details re-
garding the high-pressure liquid chromatography combined
mass spectrometry (LC-MS)/MS data collection are also provided
in the Supplemental Methods. Raw data files obtained in this
experiment have been made available on the Chorus LC-MS
data repository and can be assessed under the project ID1679.

Proteomics data analysis. Details for the label-free quantitation
(LFQ) have been previously described here (Martin et al., 2019).
In brief, LFQ was performed in MaxQuant (version.1.5.60), and
data were searched against the Danio rerio Swiss Prot protein
database (no. of protein sequences = 56 281, accessed March 22,
2019). Comparison of LFQ intensities across the whole set of
measurements was investigated using Perseus software (ver-
sion 1.5.1.6), where calculation of statistical significance was de-
termined using two-way Student t test and FPR (p <.05).

Pathway analysis. Ingenuity pathway analysis (IPA) software was
used to identify the function, specific processes, and enriched
pathways of the differentially expressed proteins (DEPs) using
the “Core Analysis” function. Only significantly DEPs (p <.05)
were submitted to IPA. We used an empirical background pro-
tein database to evaluate the significance of pathway enrich-
ment. The database was created by using all of the proteins that
were detected in our samples (Bereman et al., 2018; Khatri and
Draghici, 2005).

RESULTS

An overview of the experimental design is illustrated in
Figure 1. In brief, we first conducted a dose-response study to
determine the no observed adverse effect levels (NOAELs) to be
implemented in subsequent mixture analyses. Zebrafish larvae
were exposed to increasing concentrations of BMAA or MCLR
from 6 hours post-fertilization (hpf) to 6days post-fertilization
(dpf). At 6 dpf, neurotoxicity was evaluated via two behavioral
assays: spontaneous locomotion and acoustic startle response
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analysis. Based on these data, a mixture was created using
BMAA and MCLR at their respective NOAELs in which zebrafish
larvae were exposed as before, followed by behavior analysis to
identify potential interactions between BMAA and MCLR.
Finally, to investigate perturbed molecular pathways associated
with cyanotoxic mixture exposure, the mixture-exposed group
and their respective controls were subjected to shotgun
proteomics.

BMAA and MCLR Dose-Response Study: Identification of NOAELs

To determine if exposure to environmentally relevant concen-
trations of BMAA or MCLR cause neurotoxicity in wild-type
zebrafish, we treated TLF strain embryos from 6 hpf to 6 dpf
with increasing concentrations of BMAA (100, 500, and 1000 uM)
and MCLR (1, 2.5, 5, and 10 uM). As the mass of each group of ap-
proximately nine zebrafish larvae is 0.5mg, these concentra-
tions are equivalent to 2.36-23.6mg.g ' BMAA and 0.2-2mg.g '
MCLR of dry weight, comparable to levels found in environmen-
tal samples (Lance et al., 2018; Sahin et al., 1996). We did not ob-
serve increased mortality or any overt developmental
phenotypes including uninflated swim bladder, pericardial
edema, otolith defects, pigmentation changes, small eyes, or
body axis defects such as bent tails in any of the exposed groups
of larvae. First, we examined the effect of BMAA and MCLR on
general locomotion (Figure 2) using a custom built, high-
throughput behavior platform and unbiased, automated FLOTE
tracking and analysis software (Burgess and Granato, 2007). In
order to investigate if various concentrations of BMAA and/or
MCLR could alter spontaneous movement, 6 dpf larvae were
adapted to the testing conditions for 30 min, transferred to a
multi-well grid mounted below a high-speed camera, habitu-
ated for 5 additional minutes, and then their spontaneous
movements were recorded for 18.5 min. We detected no signifi-
cant differences in total distance travelled for zebrafish larvae
treated with either BMAA or MCLR compared with their respec-
tive vehicle controls (Figure 2A). Average speed was also
unchanged in all groups, except for larvae treated with 1000 uM
BMAA, whose speed was significantly reduced (Figure 2B). We
also examined the frequency of turning and swimming behav-
iors, as defined by specific kinematic parameters (Hao et al.,
2012). There were no significant differences in the ratio of turns
to swims in BMAA or MCLR treated larvae (Figure 2C). The over-
all frequency of these movements was also unchanged, except
for a slight increase in turn frequency in 10 pM MCLR-treated
larvae (Supplementary Figure 1). These data indicate that devel-
opmental exposure to BMAA or MCLR does not substantially af-
fect general locomotor activity in larval zebrafish.

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-s inter-stimulus interval (Figure 3). In re-
sponse to an acoustic stimulus, zebrafish larvae perform one of
two types of high-velocity startle behaviors: SLCs, which rely on
the Mauthner neurons (Burgess and Granato, 2007), or LLCs,
which are independent of the Mauthner cells but require a set
of prepontine neurons (Marquart et al., 2019). To investigate if
BMAA or MCLR alters startle performance, we measured SLC
and LLC frequency across the 60-stimulus assay (Figure 3).
Figure 3A highlights both the SLC and LLC response frequency
disparities between zebrafish larvae exposed to 1000 uM BMAA
and vehicle control. 1000pM BMAA increases SLC responses
while decreasing LLC responses, indicating that BMAA shifts
the behavioral response bias toward SLCs.
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Figure 1. Experimental design. A, Cyanotoxin exposure plan for zebrafish from 6 hpf to 6 dpf. B, High-throughput behavior testing apparatus: multi-well testing grid is
mounted on an acoustic shaker above an infrared (IR) LED array and below an IR-sensitive high-speed camera. A white LED is mounted above the grid to simulate day-
light conditions. Videos are analyzed with automated tracking software (FLOTE). C, Proteomics workflow: zebrafish larvae from the mixture exposed groups were
pooled for protein extraction and tryptic digestion of extracted proteins into peptides. nLC-MS/MS label-free protein quantitation via MaxQuant statistical analysis via

Perseus software and enrichment analysis via ingenuity pathway analysis (IPA).

To quantify SLC and LLC sensitivity, we calculated the area
under the startle frequency curves in Figure 3A for each individ-
ual larva to create a startle sensitivity index (Marsden et al.,
2018). Both BMAA and MCLR increased SLC sensitivity in a dose-
dependent manner (Figure 3B). LLC responses decreased in a
dose-dependent manner in both BMAA and MCLR-treated lar-
vae, supporting an overall shift in response bias (Figure 3C).
These data indicate that environmentally relevant concentra-
tions of BMAA and MCLR enhance activity of the SLC circuit. In
addition, these startle sensitivity data reveal NOAELs for BMAA

(100 M) and MCLR (1puM), with NOAEL defined as the highest
nonstatistically significant dose tested.

BMAA and MCLR Mixture Study: Interaction Among Cyanotoxins at
a Behavioral Level

We next aimed to assess whether BMAA and MCLR interact
in vivo by measuring the effects of a mixture of BMAA and MCLR
at their respective NOAELs in larval zebrafish. We exposed wild-
type zebrafish embryos from 6 hpf to 6 dpf to 4 different treat-
ment conditions: (1) vehicle controls, (2) 100 uM BMAA, (3) 1M



A ASDD— a a a a ab b ab ab a
£ 400-
gaoo-
® 500
2200 ] :
s s\ 4w
=] 100 2\
. Gy
c L) 1 ) 1
CTRL 100 500 1000
B 0.5+
5 a ab ab b
5 0.4
E
£ 0.31
b
@
2 0.2- A
0.1 5 969
< @ 4
oﬂ
ko 1 1 1 T
CTRL 100 500 1000
c 10+
a a a a
(=]
s 8
@
g 6
3
g
E oo
E 2-
ol 2

T " :‘ —T
CTRL 100 500 1000
BMAA (M)

MCLR (M)

Figure 2. BMAA and MCLR do not substantially alter general locomotor activity.
A, Violin plots depict the total distance travelled during the 18.5-min spontane-
ous movement assay for each larva. B, Average speed across the same assay. C,
The ratio of turning movements to swimming movements performed during
the spontaneous movement assay. Levels not connected by the same letter are
significantly different—Tukey-Kramer HSD, alpha 0.05.

MCLR, and (4) 100 M 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, 100 uM BMAA very slightly de-
creased total distance traveled over 18.5 min (Figure 4A), and all
3 treatment groups showed a minor reduction in average speed
during the assay (Figure 4B). No differences were observed in
turning or swimming behaviors (Figure 4C). These data rein-
force the results from our dose-response study that BMAA and
MCLR do not substantially alter locomotor activity.

We next measured startle frequency in the same 4 groups of
larvae. Figure 4D highlights both the SLC and LLC response fre-
quency disparities between zebrafish larvae exposed to BMAA/
MCLR mixture solution (101uM) and controls. Neither 100 uM
BMAA nor 1pM MCLR altered startle behavior, as both SLC
(Figure 4E) and LLC sensitivity indices (Figure 4F) were
unchanged. The 101 uM BMAA/MCLR mixture, however, signifi-
cantly enhanced SLC sensitivity (Figure 4E) while leaving LLC
sensitivity unchanged (Figure 4F), in contrast to the effect of
BMAA alone (Figure 3). These data demonstrate not only that
BMAA and MCLR interact in vivo to enhance SLC circuit activity,
but because of the different effects of the mixture and the indi-
vidual toxins on LLC responses (Figure 3C vs. Figure 4F), they
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Figure 3. BMAA and MCLR significantly increase acoustic startle sensitivity. A,
Startle frequency curves for short-latency C-bends (SLCs, left axis, sigmoidal
curve fits) and long-latency C-bends (LLCs, right axis, sigmoidal curve fits) in
control larvae (black) and treated larvae (1000 uM BMAA; green). n=54 larvae;
mean + SEM. B and C, SLC and LLC sensitivity indices, calculated for each larva
using the curves as in (A). Levels not connected by the same letter are signifi-
cantly different—Tukey-Kramer HSD, alpha 0.05.

also suggest that different cellular and/or molecular mecha-
nisms are impacted by the mixture.

Global Proteomics Study: Interaction Among Cyanotoxins at a
Molecular Level

To explore the molecular underpinnings of these behavioral
phenotypes, we performed shotgun proteomics on larval zebra-
fish exposed to 100 uM BMAA and 1M MCLR alone and in com-
bination. After behavioral testing, we carefully collected and
flash-froze the treated zebrafish larvae, followed by protein ex-
traction and digestion. Proteomes of larvae for each treatment
condition were analyzed by LC-MS/MS, and approximately 3100
proteins were identified in each sample.

DEPs were determined by comparing the mean abundance
within treatment to the control group for each protein using a
two-way Student-t test (p < .05) (Tyanova et al., 2016). DEPs in all
treatments can be found in Supplementary Tables 2-4. Volcano
plots were used to visualize statistically significant differences
in protein abundance across treatments in comparison to con-
trols (Supplementary Figure 2). Notably, the BMAA/MCLR
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mixture induced the greatest molecular perturbation, with 259
DEPs compared with 79 for BMAA and 112 for MCLR, represent-
ing a 25-fold increase for the mixture-exposed group
(Figure 5A). Although minimal overlap in DEPs between treat-
ments was observed, we were intrigued by the nine proteins
that were significantly differentially expressed in all 3

treatment groups (Figure 5B; Supplementary Table 1). Out of
these 9 proteins, 4 proteins were mapped in the enrichment
analysis (Table 1), and their general cellular functions include
roles in cellular assembly, organization, and development.
Interestingly, exposure to the BMAA/MCLR mixture also en-
hanced the abundance of these 4 DEPs by at least 2.5-fold
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Heat map displaying the impacted canonical pathways from IPA functional analysis. The red or blue-colored rectangles in each column indicates the z-score activities.
Red shading indicates predicted activation and blue shading indicates predicted inhibition according to the scale at right. This heat map represents the z-scores

obtained from the comparison between significantly expressed proteins (p <.05).

relative to the individual cyanotoxins. These results reflect an
enhanced toxicity after BMAA/MCLR mixture exposure in vivo.
To further analyze the identified DEPs across treatments, we
performed enrichment analysis to identify significantly per-
turbed pathways. Supplementary Table 5 lists all canonical
pathways found to be significantly perturbed (z-score >|2|)
along with their associated z-scores. Exposure to the BMAA/
MCLR mixture enhanced the predicted activation/inhibition of
8 canonical pathways (z-score > |2|) compared with BMAA (0)
and MCLR (2), which supports the observation of a interaction
in vivo (Figure 5C). RhoGDI signaling (z score = —2.121) and cal-
cium signaling (z score = —2.449) were inhibited, while signaling
by Rho Family GTPases (z-score =2.121) and ILK (z-score =2.121)
were activated. Although exposure to MCLR at 1uM did not
cause behavioral modulation, 2 canonical pathways were sig-
nificantly affected: (1) inhibition of RhoGDI signaling (z-score =
—2) and (2) activation of signaling by Rho family GTPases (z-
score =2) (Figure 5C). All 4 canonical pathways impacted by
mixture exposure are broadly associated with neurotoxic

processes related to reorganization of the actin cytoskeleton.
Moreover, these pathway analysis results are reinforced by our
protein interaction network analysis, in which we found signifi-
cant differential regulation of key proteins associated with skel-
etal/muscular disorder and cellular assembly/organization
(Supplementary Table 6). Within these networks, key neuronal
proteins, including cell division cycle 42 (CDC-42; enrichment p-
value =.0049; log, fold change =1.8525), glutamate dehydroge-
nase 1 (GLUD1; enrichment p-value =.0299; log, fold change =
2.6413), and the ALS-associated TDP-43 (TARDBP; ENRICHMENT
p-value =0.0299; log, fold change = 2.5508) were significantly
upregulated. Because TDP-43 is significantly associated with
ALS disease pathology, we looked at expression of TDPBP and
TDPBPL in all treatment groups. TDPBP was increased by MCLR
exposure, but not BMAA exposure, and this increase was fur-
ther enhanced by exposure to the BMAA/MCLR mixture
(Table 2). Together, these data indicate that BMAA and MCLR in
combination impact neurodegenerative processes in larval
zebrafish.
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Table 1. Shared DEPs Among Treatments

Protein IDs Gene Names p-Value Log, Fold Change
MCLR Q4QRD2 myl4 0.0029 1.5834
(1 uM) QoI8V1 actclb 0.0076 1.2424
Q7T368 pdhb 0.0187 1.0509
Q6POV6 rpl8 0.0491 0.8516
BMAA Q6POVE pl8 0.0023 —0.892
(100 M)  Q4QRD2 myl4 0.0047 1.0115
QoIgv1 actclb 0.033 —0.9068
Q7T368 pdhb 0.0487 —0.9224
Mixture QOI8V1 actclb 0.0002 5.3546
(101 uM) Q4QRD2 myl4 0.0135 2.7762
Q6POV6 pl8 0.0215 1.6328
Q7T368 pdhb 0.025 2.3007

Table 2. Impact of Cyanotoxin Exposure on TDP Pathway Proteins

Protein IDs  Gene Names pValue Log,Fold Change

BMAA Q802C7 tardbp 0.3614 -1.3194
(100 pM)  QENYX2 tardbpl 0.9402 0.0674
MCLR Q802C7 tardbp 0.0245 1.6390
(1 uM) QBENYX2 tardbpl 0.7002 0.5127
Mixture  Q802C7 tardbp 0.0159 2.5508
(101uM) QENYX2  tardbpl 0.0520 2.2426
DISCUSSION

Since the 1950s, BMAA has been investigated for its potential to
contribute to neurodegenerative diseases, including ALS (Reed
et al., 1966). However, BMAA is only one of thousands of toxic
metabolites produced by cyanobacteria (Dolman et al., 2012).
Although an increasing number of studies have singly
addressed BMAA and its adverse effects, major knowledge gaps
remain regarding the neuropathological effects of combined ex-
posure to a cocktail of cyanotoxins. A number of studies have
reported that cyanotoxins co-occur in natural environments
(Banack et al.,, 2015; Jungblut et al.,, 2018; Metcalf et al., 2008;
Sabart et al., 2015), including BMAA and the most abundant cya-
notoxin, MCLR (McKindles et al., 2019). Although first considered
to be primarily a hepatotoxin, MCLR has recently been shown to
have neurotoxic effects both in vitro and in vivo (Li et al., 2012,
2015; Wang et al., 2017; Wu et al., 2016). Thus, because BMAA
and MCLR are ubiquitously present in the environment, have
been previously detected together, and are neurotoxic, our
study addresses the important question of whether they inter-
act in vivo to enhance adverse effects. Building on prior work
demonstrating that cyanotoxins can interact in vitro (Main et al.,
2018; Martin et al., 2019), we show that (1) both BMAA and MCLR
alter the behavior of larval zebrafish (Figure 3), (2) a simple bi-
nary mixture of BMAA and MCLR at their NOAELs enhances be-
havioral neurotoxicity (Figure 4), and (3) BMAA and MCLR alter
molecular changes associated with neuromuscular dysfunction
(Figure 5).

Larval zebrafish have emerged as a powerful vertebrate
model for studying neural development and behavioral circuits,
as well as for translational toxicology (Tal et al., 2020; Wolman
and Granato, 2012). Although studying larvae is less directly rel-
evant for studies of neurodegeneration, there is increasing evi-
dence that developmental exposures can lead to disease later in
life (Heindel and Vandenberg, 2015). Indeed, neonatal exposure
to BMAA has been found to cause motor defects and

neurodegeneration in adult rats (Scott et al., 2017; Scott and
Downing, 2019). Thus, understanding the developmental im-
pact of cyanotoxin exposure is critical for identifying potential
early indicators of degenerative pathology. Here, we show that
larval zebrafish behavior is modulated upon exposure to rela-
tively low concentrations of both BMAA and MCLR in a dose-
dependent manner. Although only traces of soluble BMAA and
MCLR have been found in natural bodies of water (BMAA: 2 uM;
MCLR: 0.23uM) (Wiltsie et al.,, 2018), BMAA and MCLR can be
found at relatively high concentrations (from ~0.02 to
8 mg.kg 'dry weight) in freshwater fish, crustaceans, and other
types of seafood (Lance et al., 2018; Sahin et al., 1996) due to bio-
accumulation through the food web. Thus, our mixture para-
digm is an appropriate model of natural exposures.

Previous studies in larval zebrafish have indicated that
BMAA may cause clonus-like convulsions (Purdie et al., 2009)
and pericardial edema and altered heart rate (Frgyset et al.,
2016; Purdie et al., 2009). We did not observe these effects, but
this could be due to differences in strain, embryo medium, ex-
posure route, and analysis methods. In contrast to our data
showing no effect on locomotion in bright light conditions
(Figure 2), MCLR has previously been shown to reduce activity
in zebrafish larvae in a light-dark assay (Tzima et al., 2017; Wu
et al., 2016). This discrepancy could also arise from strain and
media differences, but in agreement with these studies, we did
not observe mortality or morphological defects in MCLR-
exposed larvae. However, we detected significant, dose-
dependent changes in acoustic startle behavior upon exposure
to both BMAA and MCLR (Figure 3). These data reveal a need for
greater standardization in zebrafish rearing methods, and they
also show that our acoustic startle assay using high-speed cam-
eras and kinematic analysis may be a broadly useful and highly
sensitive addition to standard behavioral neurotoxicity testing.

The increased frequency of Mauthner cell-dependent SLCs
in BMAA and MCLR-treated larvae indicates that the underlying
sensorimotor circuit is hyperexcitable. BMAA is known to di-
rectly agonize glutamatergic receptors (Chiu et al., 2012, 2013),
so the startle hypersensitivity in BMAA-treated fish could reflect
that startle circuit neurons fire more easily following acoustic
stimuli. Alternatively, hypersensitivity from exposure to these
cyanotoxins could result from a reduction in inhibitory control
of the startle circuit. Interestingly, both of these mechanisms
have implications for ALS pathology, as excitotoxicity either
from direct overstimulation of excitatory pathways, or from a
loss of inhibitory input have been implicated in motor neuron
death (Martin et al.,, 2012). Furthermore, our data show that
BMAA and MCLR interact to enhance startle sensitivity at their
respective NOAELs (Figure 4). This greater-than-additive effect
strongly suggests a synergistic interaction between BMAA and
MCLR (Greco et al., 1996), but defining synergy often requires
testing an array of binary mixture ratios (McCarty and Borgert,
2006; Roell et al., 2017). Thus, further analysis is needed to pre-
cisely define the nature of the BMAA/MCLR interaction. To the
best of our knowledge, only one previous study has examined
the effects of exposure to BMAA and MCLR as a mixture.
Anxiety-like behavior, exploratory behavior, and general loco-
motion were all found to be unchanged by acute exposure to a
BMAA/MCLR mixture in the adult C57BL/6 mouse model (Myhre
et al.,, 2018). This could indicate that the effects of the BMAA/
MCLR mixture are limited to specific brain circuits, and/or that
these neurotoxins exert their effects more strongly during early
developmental stages (Karlsson et al., 2012; Scott et al., 2017).
Future studies will examine the long-term effects of develop-
mental exposure to BMAA and MCLR.



To understand how BMAA and MCLR drive neurotoxicity, we
used a label-free proteomics approach to identify the molecular
pathways disrupted by BMAA/MCLR exposure in larval zebra-
fish. Our proteomics data display a clear trend toward enhanced
toxicity in the mixture exposed group versus single exposures
(Figure 5A), further supporting the conclusion from our behav-
ioral data that the two toxins interact in vivo. Interestingly, DEPs
displayed minimal overlap between treatments (Figure 5B), sug-
gesting they act through different modes of action. It is notable
that the BMAA/MCLR mixture impacted multiple critical cellular
pathways, including signaling by ILK, Rho Family GTPases,
RhoGDI, and calcium (Figure 5C), which all impinge on regula-
tion of the actin cytoskeleton. For example, overexpression of
proteins in the Rho Family GTPase pathway such as CDC42 has
specific effects on the actin filamentous system (Nobes and
Hall, 1995). CDC42 has a well-established role in triggering the
formation/assembly of stress fibers mediated by Arp2/3-
dependent actin nucleation (Aspenstrém, 2019). These data are
consistent with prior work showing that loss-of-function muta-
tions in cytoplasmic FMRP-interacting protein 2 (cyfip2), a key regu-
lator of Arp2/3-mediated actin polymerization, cause startle
hypersensitivity in larval zebrafish similar to that seen with
BMAA/MCLR exposure (Marsden et al., 2018). In addition, previ-
ous reports show that MCLR induces neurotoxicity by triggering
reorganization of actin cytoskeleton components (Li et al., 2012;
Meng et al., 2011) by inhibiting serine/threonine-specific protein
phosphatases (PPs) 1 and 2A (Huynh-Delerme et al,, 2005;
MacKintosh et al., 1990). Here, we show here that MCLR in com-
bination with BMAA at low concentrations inhibits expression
of these same protein PPs associated with cytoskeletal organiza-
tion (PP1CAB [Q7ZVR3], enrichment p-value=.0106; log, fold
change = —-2.476; PP2CA [F1Q6Z7], enrichment p-value =.0110;
log, fold change = —4.03; Supplementary Table 3). Together, our
molecular proteomics data support the idea that acoustic startle
hypersensitivity may be an early indicator of neuronal stress.

That our unbiased proteomic analysis also revealed an upre-
gulation of TDP-43 in BMAA/MCLR-exposed larvae (Table 2,
Supplementary Table 6) is particularly striking. Cytoplasmatic
TDP-43 inclusions are the key pathological hallmark in 98% of
SALS cases (Mackenzie et al., 2010). Although our results cannot
verify the sub-cellular localization of upregulated TDP-43, previ-
ous reports have shown that overexpression of TDP-43 in the
cytoplasm leads to depletion of nuclear TDP-43, which has det-
rimental effects in mice (Fratta et al.,, 2018; Wils et al., 2010).
Although MCLR—but not BMAA—exposure also increased TDP-
43 expression, this increase was exacerbated by the mixture, in-
dicating that exposure to multiple cyanotoxins may enhance
sALS disease processes. Although the molecular mechanisms
that specifically drive cyanotoxin-mediated neurotoxicity are
not fully understood, our data support a model in which cyano-
toxin mixtures cause neural dysfunction through multiple
disease-associated pathways.

Together, our data provide new evidence that cyanotoxins
interact in vivo to cause changes not only at the molecular level
but also at the whole-organism level, as demonstrated by al-
tered behavioral performance. Future work will seek to link spe-
cific molecular pathways, behavior regulation, and neuronal
dysfunction, with the goal of revealing novel therapeutic and/or
diagnostic targets for intractable neurodegenerative diseases
such as ALS.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences online.
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