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A B S T R A C T   

Background: Amyotrophic lateral sclerosis (ALS) is a progressive and often fatal neurodegenerative disease 
characterized by the loss of Motor Neurons (MNs) in spinal cord, motor cortex and brainstem. Despite significant 
efforts in the field, the exact pathogenetic mechanisms underlying both familial and sporadic forms of ALS have 
not been fully elucidated, and the therapeutic possibilities are still very limited. Here we investigate the mo-
lecular mechanisms of neurodegeneration induced by chronic exposure to the environmental cyanotoxin L- 
BMAA, which causes a form of ALS/Parkinson’s disease (PD) in several populations consuming food and/or 
water containing high amounts of this compound. 
Methods: In this effort, mice were chronically exposed to L-BMAA and analyzed at different time points to 
evaluate cellular and molecular alterations and behavioral deficits, performing MTT assay, immunoblot, 
immunofluorescence and immunohistochemistry analysis, and behavioral tests. 
Results: We found that cyanotoxin L-BMAA determines apoptotic cell death and a marked astrogliosis in spinal 
cord and motor cortex, and induces neurotoxicity by favoring TDP-43 cytoplasmic accumulation. 
Conclusions: Overall, our results characterize a new versatile neurotoxic animal model of ALS that may be useful 
for the identification of new druggable targets to develop innovative therapeutic strategies for this disease.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive and devastating 
neurodegenerative disease characterized by the loss of Motor Neurons 
(MNs) in spinal cord, motor cortex and brainstem [1–3]. Usually, the 

disease shows an onset peak around 45–60 years and has a 
post-diagnosis survival time of approximately 3–5 years [2]. Nonethe-
less, ALS is a clinically heterogeneous pathology, and some patients 
present a less aggressive disease and survive longer. Clinically, the loss 
of motor neurons is associated to progressive muscle weakening and 
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fasciculation. In the later disease stages, the patients become paralyzed. 
Furthermore, up to 50 % of ALS patients show cognitive impairment and 
mild memory decline [3]. Ultimately, ALS induces paralysis and pre-
mature death which is generally caused by respiratory failure [3–5]. The 
neuropathological hallmarks of this neuromuscular disorder are 
degeneration of motor neurons in the spinal anterior horn and motor 
cortex and loss of axons in the lateral columns of the spinal cord [6]. 
Based on the inheritance of the disease, ALS is classified in two forms: 
the sporadic form (sALS), which includes the majority of ALS cases, and 
the familiar form (fALS), which represents about 5–10 % of the cases [7, 
8]. 

A specific form of ALS associated to dementia and Parkinson’s fea-
tures has been observed with high frequency in restricted groups of 
people such as the Chamorro of Guam and surrounding Mariana Island 
[9]. Attempts to determine the etiology of the disease included in-
vestigations of common dietary elements for potential neurotoxins, 
which led to Vega and Bell’s (1967) isolation of 2-amino-3-(methyla-
mino)propanoic acid, also called β-N-methylamino-L-alanine (BMAA). 
Acute neurotoxicity was subsequently demonstrated in chicks and rats 
[10], making BMAA a candidate for the causative agent of what had 
come to be known as amyotrophic lateral sclerosis/parkinsonian de-
mentia complex (ALS/PDC). In fact, these populations consume food 
containing high amount of L-BMAA and drinking water primarily 
deriving from eutrophic reservoirs with phytoplankton dominated by 
potentially toxic Cyanobacteria [11] and L-BMAA has been detected in 
natural water samples and in cyanobacterial cell cultures derived from 
cell isolated from these reservoirs [12]. Although the causal role of 
L-BMAA in triggering ALS/PDC features is debated [13–19], we and 
others previously demonstrated that L-BMAA exposure may induce a 
typical picture of ALS in vitro [20–22]. Nonetheless, the molecular 
mechanisms of neurodegeneration associated to L-BMAA exposure are 
not fully described and L-BMAA-based neurotoxic in vivo models of ALS 
have not been characterized yet. Even though the molecular mecha-
nisms underlying the pathogenesis of both sALS and fALS have not been 
fully elucidated, and they can be diverse for different forms of ALS, it is 
known that almost all ALS cases are characterized by specific molecular 
alterations. In particular, the dysregulation of the transactive response 
DNA-binding protein − 43 (TDP-43), a ubiquitously expressed 
DNA/RNA-binding nuclear protein involved in RNA metabolism, 
transport, and stability, is found in almost all ALS patients. In fact, 
regardless of the sporadic or familiar nature of the disease, increased 
levels of TDP-43 expression and its cytoplasmic delocalization and 
accumulation are molecular hallmarks of ALS. The dysregulation of 
TDP-43 dynamics is a key pathogenetic feature not only of ALS but also 
of other neurodegenerative diseases, such as Frontotemporal Dementia 
(FTD) [23]. Differently from ALS, FTD is characterized by progressive 
neuronal loss in the frontal and temporal cortices associated to per-
sonality and behavioral changes. However, ALS and FTD share similar 
molecular signatures. In particular, TDP-43 is recognized as a major 
component of cytoplasmic inclusions for ~98 % of ALS and ~50 % of 
FTD patients [24]. Since the biogenesis of these inclusions remains un-
known, it should be considered that environmental risk factors may play 
a causal role in this process. Several in vitro and in vivo studies suggest 
that exposure to the environmental cyanotoxin β-Methyl-
amino-L-alanine (L-BMAA) results in TDP-43 increased expression and 
cytoplasmic accumulation [25]. Overall, understanding the mechanisms 
of L-BMAA toxicity may be of relevance also for the identification of 
innovative therapeutic strategies for ALS. Currently, there are no fully 
satisfactory treatments for ALS. In fact, the only two drugs approved for 
ALS, namely the NMDA blocker riluzole and the ROS scavenger edar-
avone, only prolong life expectancy for less than 3 months [26,27]. 
Based on this evidence, in this paper we investigated the effects of 
chronic administration of L-BMAA in human SH-SY5Y neuroblastoma 
cells and in mice, finding that the treatment with this cyanotoxin re-
capitulates many ALS characteristics in both systems. In fact, L-BMAA 
has a cytotoxic effect on SH-SY5Y cells, which is associated to TDP-43 

expression increase and cytoplasmic accumulation. Consistently, 
L-BMAA-treated mice present an ALS-like phenotype characterized by 
an increase in TDP-43 total and cytoplasmic expression, apoptotic cell 
death and astrogliosis in spinal cord and motor cortex, and behavioral 
abnormalities, such as poor motor coordination and balance and altered 
spatial and recognition memory. 

2. Methods 

2.1. L-BMAA treatment in mice 

C57BL/6 mice were chronically treated with different doses of L- 
BMAA. Experimental groups of 10 mice (at 10 weeks of age) were 
administered with intraperitoneal injections of 1 and 30 mg/Kg of L- 
BMAA or vehicle each day for 30 days. General health status and motor 
capability/neurological assessment was carried out at the end of each 
week by performing specific behavioral tests. 

Additional experimental groups were administered with 30 mg/Kg of 
L-BMAA or vehicle each day for 30 days and were sacrificed at the end of 
treatment for immunohistochemical and biochemical investigations. 

Overall, 60 male mice were housed in microisolator caging under 
standard 12 h light–dark conditions with access to food and water. 6 
mice out of 60 animals were not included in the experimental groups as 
they died for unknown reasons. Dead animals were equally distributed 
among the experimental groups. Experiments were performed according 
to the international guidelines for animal research and approved by the 
Animal Care Committee of “Federico II” University of Naples, Italy and 
Ministry of Health, Italy. All efforts were made to minimize animal 
suffering and to reduce the number of animals used. 

2.2. Cell cultures 

Human neuroblastoma SH-SY5Y cells were grown in RPMI medium 
(Euroclone, Cat. #ECB2000) supplemented with 10 % Fetal Bovine 
Serum (CytivaHyClone™, Cat. #SH30070.03IH25-40) and L-glutamine 
(Euroclone, Cat. #ECB3000). Cells were maintained at 37 ◦C in a satu-
rated humidity atmosphere containing 95 % air and 5 % CO2. 

2.3. L-BMAA exposure and cell viability measurement 

Chronic exposure to L-BMAA in SH-SY5Y cells was simulated per-
forming subsequential toxin stimulations as follows: cells were starved 
for 6 h in a serum-free medium followed by stimulation with 2 mML- 
BMAA complete medium after 24 h and 48 h from seeding. After 72 h or 
96 h of L-BMAA exposure cells were harvest and analyzed. Cell viability 
was evaluated by MTT (3[4,5-dimethylthiazol-2-yl]− 2,5-diphenyl- 
tetrazolium bromide) assay. 

2.4. Nuclear/cytoplasmic fractionation 

SH-SY5Y cells nuclear/cytoplasmic fractionation was obtained using 
ReadyPrep™ Protein Extraction Kit (Bio-Rad, Cat. #1632089) according 
to manufacturer instructions. Briefly, SH-SY5Y cells grown on petri 
dishes were scraped with CPEB buffer, leaved on ice for 30 min and 
centrifuged at 1000 g for 30 min. The supernatant containing the cyto-
plasmic fraction was collected. The pellet was solved in PSB buffer, 
vortexed and centrifuged at 12,000g for 20 min and the supernatant 
containing the nuclear fraction collected. 

2.5. Western blotting and antibodies 

SH-SY5Y cells and tissues were lysed with lysis buffer RIPA as pre-
viously described [28]. Total protein extracts were separated by 
SDS-PAGE and transferred onto nitrocellulose transfer membranes 
(Perkin Elmer, Cat. #NBA085C001EA). Membranes were blocked with 5 
% BSA (bovine serum albumin protein in TBS 1 % buffer, 0.02 % sodium 
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azide) and incubated with antibodies at the appropriate dilutions. The 
filters were incubated with horseradish peroxidase-conjugated second-
ary Antibodies, and the signals were detected with ECL (Thermo Fisher 
Scientific, Cat. #32106). The antibodies used for western blotting were 
as follows: polyclonal anti-TDP-43 (Proteintech, Cat. #10782–2-AP), 
polyclonal anti-calnexin (Enzo Lifescience, Cat. #ADI-SPA-860-F), 
monoclonal anti-Sp3 (Santa Cruz, Cat. #365038), monoclonal 
anti-GAPDH (Santa Cruz, Cat. #32233). Anti β-Tubulin (Sigma-Aldrich, 
Cat. #T8328. 

2.6. RNA extraction and quantitative RT-PCR 

Total RNA isolation was performed using the TRI-reagent solution 
(Merck Life Science). cDNA was synthesized from 1 μg of total RNA 
using the QuantiTect Rev. Transcription Kit. 

(Qiagen). qRT-PCR was performed using the FluoCycle Master Mix 
(Euroclone). All these procedures were conducted according to manu-
facturer’s instructions. Gene-specific primers used for amplification 
were as follows: 

TDP-43-Fw: 5′- AATTCTGCATGCCCCAGAT − 3′;. 
TDP-43-Re: 5′- CGGATGTTTTCTGGACTGCT − 3′;. 
GAPDH -Fw: 5′- TGCACCACCAACTGCTTAGC − 3′;. 
GAPDH-Re: 5′- GGCATGGACTGTGGTCATGAG − 3′. 
The relative expression levels were calculated by using the 2–ΔΔCT 

formula. 

2.7. Tissue processing, immunostaining, and confocal 
immunofluorescence 

Animals were anesthetized and transcardially perfused with saline 
solution containing 0.01 ml heparin, followed by 4 % paraformaldehyde 
in 0.1 mol/l PBS saline solution. Brains and spinal cord were processed 
as previously described [20]. Spinal cords and brains were rapidly 
removed on ice and postfixed overnight at + 4 ◦C and cryoprotected in 
30 % sucrose in 0.1 M phosphate buffer (PB) with sodium azide 0.02 % 
for 24 h at 4 ◦C. Next, spinal cords and brains were sectioned frozen on a 
sliding cryostat at 40 µm thickness, in rostrum-caudal direction. After-
wards, free floating serial sections were incubated with PB Triton X 0.3 
% and blocking solution (0.5 % milk, 10 % FBS, 1 % BSA) for 1 h and 30 
min. The sections were incubated overnight at + 4 ◦C with the following 
primary antibodies: anti-SMI32 (Biolegend cat #SMI-32P), anti-TDP-43 
(Proteintech, Cat. #10782–2-AP), anti-GFAP (Abcam, cat #AB7260), 
anti-IBA1 (Wako, cat #019–19,741). The sections were then incubated 
with the corresponding florescent-labeled secondary antibodies, Alexa 
488/Alexa 594 conjugated antimouse/antirabbit IgG. Nuclei were 
counterstained with Hoechst. Images were observed using a Zeiss 
LSM700 META/laser scanning confocal microscope (Zeiss, Oberkochen, 
Germany). Single images were taken with a resolution of 1024 × 1024. 
Nissl staining was performed as previously described [20]. Briefly, 
slide-mounted sections were dipped 7 min in 0.5 % solution of Cresyl 
Violet in distilled water supplemented with acetic acid (16 N solution, 
60 drops/l). Slides were then rinsed in distilled water, dehydrated 
through graded ethanol baths (95 %, 100 %; 5 min each), dilapidated 8 
min in xylene, and coverslipped with Eukitt Mounting Medium. Stan-
dard 3,3′-diaminobenzidine (DAB) staining was employed on coronal 
step serial sections using antibody directed against TDP-43. 

2.8. GFAP analysis 

Frozen spinal cord was sectioned on a sliding cryostat at 20 µm, in 
lumbar spinal cord Images from the same areas of each spinal cord re-
gion were compared. Analyses were performed using image J software 
in the total number of positive signals of GFAP antibody for photo-
graphic field (mm2) in lumbar spinal cord (L1-L6) of vehicle and L- 
BMAA exposed mice. n = 3 mice per treatment group and three sections. 

Quantification of TDP-43 fluorescence intensity on tissue sections at 

the level of the lumbar spinal cord (L1-L6), was quantified in terms of 
pixel intensity value by using the NIH image software, as previously 
described [29] Briefly, digital images were taken with × 40 or × 20 
objective and identical laser power settings and exposure times were 
applied to all the photographs from each experimental set. Images were 
first thresholded to identify the positive signal; subsequently, the pixels 
expressing TDP-43 in cytoplasm and nucleus were identified. Finally, 
the number of pixels positive for TDP-43 in nucleus and cytosol was 
measured per microscope field. Images from the same areas of each 
spinal cord region were compared. Results were expressed in arbitrary 
units. n = 3 mice per treatment group and six sections. 

2.9. Motor neurons counting analysis 

MNs were counted in the spinal cord. Sections of each area were 
analyzed as previously described [30]. Frozen brain tissue and spinal 
cord were sectioned on a sliding cryostat at 20 µm, in rostrum-caudal 
direction. Analyses were performed using image J software in 
Polygonal-shaped neurons larger than 150–200 µm2 with a well-defined 
cytoplasm, nucleus, and nucleolus for MNs counting. Quantification of 
MNs was determined by counting and averaging 4 sections selected at 
equally spaced intervals spanning L1–6 under 20× magnification, n = 6 
mice for each experimental group were analyzed. Cell counting analysis 
was determined as total MNs per field (mm2) of vehicle and L-BMAA 
exposed mice. 

2.10. T-maze spontaneous alternation 

This procedure was carried out in an enclosed “T” shaped maze (Med 
Associated, St. Albans, VT) in which long arm of the T (47 cm × 10 cm) 
serves as a start arm and the short arms of the T (35 cm × 10 cm) serve as 
the goal arms. In this task the mouse was placed in the start arm and 
after 5 s the door was opened, and the mouse was allowed to choose and 
explore one of the goal arms. When the mouse had fully entered the 
choice arm (tail tip all the way in) a guillotine door was closed, and the 
mouse was confined to the choice arm for 30 s. The mouse was then 
removed, the guillotine door lifted, and the next trial initiated. This was 
repeated for a total of 10 trials. If the mouse did not make a choice 
within 2 min the trial was ended and advanced to the next. At the 
conclusion of each trial the maze was cleaned of urine and faeces [31]. 

2.11. Delay-dependent one-trial object recognition task and Open field 
test 

The behavioral tests used in this study for assessing cognitive func-
tion were carried out in arenas (50 × 50 × 40 cm) resting on an infra-red 
emitting base. Mice behavior was recorded by an infrared-sensitive 
camera placed 2.5 m above the arenas and the data were analyzed 
using the tracking program Noldus. The object recognition task is based 
on propensity of mice to explore a novel object versus a previously 
experienced object (familiar) when allowed to explore freely. Briefly, 
two identical objects were placed in the arena and animals were allowed 
to explore them for 10 min. Testing occurred 24 h later in the same arena 
in which one of the original objects was replaced by a novel object. 
Object exploration was assumed as time spent in approaching an object 
(touching it with either mouse vibrissae, snout, or forepaws). The per-
centage of time spent exploring the novel object, compared with the 
total time spent exploring both objects, was considered as a measure of 
object recognition: discrimination index = t novel/(t novel + t familiar) 
X100 [32]. The open field test for the evaluation of locomotion, anxiety 
and stereotypical behaviors was performed as previously described [33]. 

2.12. Statistical analysis 

Data were evaluated as means ± SEM. Student’s t-test was used for 
two groups comparison. One Way Anova was used for motor behavioral 
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test. Statistical significance was accepted at the 95 % confidence level (p 
< 0.05). Statistical analyses were performed by using GraphPad Prism 
5.0. 

3. Results 

3.1. L-BMAA exposure affects TDP-43 expression and subcellular 
localization in neuroblastoma SH-SY5Y cell line 

To evaluate the toxic effects of L-BMAA exposure on human neuronal 
cells, we treated the neuroblastoma-derived SH-SY5Y cell line with 2 
mM L-BMAA for 96 h (as described in the Methods section), and then we 
evaluated the treatment cytotoxicity performing a MTT assay. As shown 
in Fig. 1A, L-BMAA-treated cells showed a 50 % reduction of MTT-signal 
compared to control cells, indicating that L-BMAA exposure affected the 
survival of SH-SY5Y cells. Then, TDP-43 protein expression and sub- 
cellular distribution were evaluated performing immunoblot and 
immunofluorescence analysis (Fig. 1 B-C-D). As shown in Fig. 1B–D, 
upon L-BMAA exposure, both the total and the cytoplasmic amounts of 
TDP-43 protein increased, whereas the nuclear amount was not 

significantly affected (Fig. 1D). 
Moreover, the immunofluorescence analysis showed a strong dotted 

cytoplasmic TDP-43 fluorescent signal in cells exposed to L-BMAA for 
96 h (Fig. 1B). The same effect was observed also after 72 h of exposure 
to L-BMAA (Fig.S1). 

In order to evaluate whether L-BMAA affects TDP-43 expression at 
transcriptional level, we analyzed its mRNA levels by qPCR. As shown in 
Fig. 1E, TDP-43 mRNA abundance is not significantly different between 
vehicle- and L-BMAA-treated cells. Taken together these results show 
that L-BMAA has a cytotoxic effect in SH-SY5Y cells which is associated 
to a post-transcriptional increase in total and cytoplasmic expression of 
TDP-43 protein. 

3.2. L-BMAA treatment leads to TDP-43 cytoplasmic accumulation in 
mouse spinal cord motor neurons 

To evaluate the neurotoxic consequences of the cyanotoxin L-BMAA 
exposure in vivo, C57BL/6 mice were chronically treated with increasing 
doses of L-BMAA. Experimental groups of 10 mice (at 10 weeks of age) 
were administered with intraperitoneal injections of 1 and 30 mg/Kg of 

Fig. 1. Cell viability and TDP-43 sub-cellular localization in SH-SY5Y cells upon L-BMAA exposure. A) Cell viability of SH-SY5Y cells was assessed by MTT assay. B) 
Representative image of western blot analysis (top panel) and quantification of TDP-43 protein expression, arbitrary units (AU), (bottom panel) on total protein 
extracts from SH-SY5Y cells exposed to vehicle or L-BMAA (2 mM). The calnexin expression level was used for normalization. C) Immunofluorescence analysis of 
TDP-43 in SH-SY5Y cells exposed to vehicle or L-BMAA (2 mM). Nuclei were labeled with Hoechst dye. Original magnification 40X, scale bar = 12 µm D) Repre-
sentative image of western blot analysis (left panel) and quantification of TDP-43 protein expression, arbitrary units (AU), (right panel) on nucleus/cytoplasm 
fractionation of SH-SY5Y cells exposed to vehicle or L-BMAA (2 mM). Sp3 protein was used as control for the nuclear fraction, GAPDH for the cytoplasm fraction. E) 
TDP-43 mRNA expression in SH-SY5Y cells exposed to vehicle or L-BMAA (2 mM) was analyzed by qRT-PCR. Data are expressed as mean ± SEM (n = 3 for each 
group). *p < 0.05 **p < 0.01 ***p < 0.001. 
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L-BMAA or vehicle each day for 30 days, monitoring general health 
status and motor capabilities at the end of each of the four weeks. L- 
BMAA exposure did not affect mice body weight at any dosages, and no 
significant neurodegenerative features were observed for 1 mg/Kg of L- 
BMAA (Fig. S2). Therefore, all the following experiments were con-
ducted using 30 mg/Kg of L-BMAA. Since exposure to L-BMAA is known 
to induce cytoplasmic delocalization of TDP-43 in rat models [25], we 
evaluated whether this compound could cause TDP-43 accumulation 
also in the soma of mouse MNs. To this aim, TDP-43 expression levels 
and subcellular distribution were evaluated by immunostaining and 
immunoblot analysis of spinal cord sections from L-BMAA- and 
vehicle-treated mice. As shown in Fig. 2 A-B, TDP-43 signal was much 
stronger in the spinal MNs of L-BMAA-treated mice than in those of 
control ones. Moreover, aggregates of cytoplasmic TDP-43 were clearly 
visible in the spinal cord of animals treated with 30 mg/Kg of LBMAA 
(Fig. 2A see arrows). In addition, to evaluate TDP-43 subcellular dis-
tribution in mouse MNs, a double immunofluorescence analysis was 
performed using anti-TDP-43 and anti-SMI32 (as MNs marker) 

antibodies on spinal cord sections from L-BMAA and vehicle-treated 
mice (Fig. 2 C–J). As expected, an increase in TDP-43 cytoplasmic 
signal was found in spinal SMI32-positive MNs from L-BMAA-treated 
mice with respect to their vehicle-treated counterpart (Fig. 2 D,H). 
Furthermore, confocal microscopy experiments were quantified, as seen 
in the graph (Fig. 2K) the intensity of TDP-43 fluorescence increased in 
the cytosol of L-BMAA treated mice compared to vehicles ones while in 
the nucleus there was a reduction of the TDP-43 signal in L-BMAA mice. 
In order to investigate whether the treatment with L-BMAA influenced 
TDP-43 expression and subcellular distribution also in cortical neurons, 
immunoblotting, and immunofluorescence analysis were performed on 
motor-cortex sections from vehicle and L-BMAA-treated mice. The 
TDP-43 immunoblot analysis (Fig. 3A) and the double immunofluores-
cence assay using anti-NeuN and anti-TDP-43 antibodies showed an 
increase in total TDP-43 levels and its cytoplasmic localization in treated 
NeuN-positive neurons compared to the untreated counterpart (Fig. 3 
B–J). All together, these data indicate that L-BMAA chronic exposure 
causes TDP-43 over-expression and cytoplasmic accumulation in mouse 

Fig. 2. TDP-43 expression pattern in mice spinal MNs upon L-BMAA exposure. Representative image of TDP-43 3,3′-diaminobenzidine (DAB) staining on spinal cord. 
Original magnification, 10X (Scale bar 100 µm). Magnified views of DAB staining are shown. TDP-43 cytoplasmic deposits are indicated by arrows. B) Representative 
image of western blot analysis (top panel) and quantification of TDP-43 protein expression, arbitrary units (AU), (bottom panel) on total protein extracts from spinal 
cord. The β-tubulin expression level was used for normalization. Data are expressed as mean ± SEM (n = 4/5 for each group). * p < 0.05. C,G) Immunofluorescence 
analysis of SMI32 from mice treated with vehicle or L-BMAA (30 mg/Kg). D,H) TDP-43 labeling in green, E,I) nuclei were labelled with Hoechst dye F,J) Merge 
images. K) Quantification of nuclear and cytoplasmic TDP-43 fluorescence intensity, arbitrary units (AU). Data are expressed as mean ± SEM (n = 4 for each group). 
*p < 0.05 Error bars ± SEM; for statistical analysis, Student’s t test was used, *p < 0.05. Original magnification, 40X. Scale bar = 20 µm. 
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motor and cortical neurons. 

3.3. L-BMAA treatment induces motor neuron death in mouse ventral 
spinal horn 

In order to investigate whether the TDP-43 upregulation and cyto-
plasmic accumulation in L-BMAA-treated mouse spinal cord motor 
neurons are associated to MNs loss, mice spinal cord sections were 
stained with Nissl, and the number of MN was evaluated in the ventral 
spinal cord region. Since in ALS pathophysiology the degeneration oc-
curs preferentially in large MNs, we specifically counted the number of 
cells with a perikaryal projection area bigger than 200 µm2 (Fig. 4A). L- 
BMAA-treated mice showed lower number of spinal MNs (19 ± 1.5) 
with respect to the vehicle-treated counterpart (28.83 ± 1.4) (Fig. 4-B), 
suggesting that L-BMAA causes large MNs death in mice spinal cord. 

Therefore, to evaluate whether the observed L-BMAA-induced 
decrease of spinal MN is associated to apoptosis activation, we evaluated 
the expression levels of caspase-3 proteins by immunoblotting analysis. 
As shown in Fig. 4C, the levels of caspase-3 active (cleaved) form were 
significantly higher in spinal cord from L-BMAA-treated compared to 
vehicle-treated mice. Collectively, these results revealed that L-BMAA 
chronic exposure leads to MNs loss associated to the activation of 
apoptotic cell death. 

3.4. L-BMAA treatment induces astrogliosis in mouse spinal cord 

Since neuronal death is typically associated to astrogliosis and 
microgliosis, to verify whether the L-BMAA-treatment causes an in-
crease in astrocytes and/or microglia, GFAP immunostainings and 
immunoblot were performed on spinal cord sections from vehicle- and L- 
BMAA-treated mice. As shown in Fig. 5, the number of GFAP-positive 
cells was significantly higher in spinal cord from L-BMAA- than in 
vehicle-treated mice (Fig. 5 G). Consistently, the immunoblotting anal-
ysis revealed a strong increase in GFAP expression levels in spinal cord 
from L-BMAA-treated mice (Fig. 5 A,D). On the contrary, no difference 
in Iba1 expression levels was detected for L-BMAA-treated compared to 
vehicle-treated mice (Fig. S3). These results highlighted that severe 
astrogliosis but not microgliosis is observed upon L-BMAA chronic 
exposure in mice. 

3.5. L-BMAA exposure induces ALS neurodegenerative symptoms in mice 

To evaluate whether the above mentioned cellular and molecular 
alterations induced by L-BMAA exposure are associated to behavioral 
abnormalities typical of a ALS-like phenotype, we analyzed mouse 
motor coordination performing the Rotarod test. Interestingly, we found 
that L-BMAA treated mice showed poor motor coordination and balance 
(Fig. 6). In particular, L-BMAA-treated mice progressively showed an 
increased tendency to fall, starting from the first week, and reaching a 

Fig. 3. TDP-43 expression pattern in mice motor cortex upon L-BMAA exposure . Representative image of western blot analysis (left panel) and quantification of 
TDP-43 protein expression, arbitrary units (AU), (right panel) on total protein extracts from motor cortex. The β-tubulin expression level was used for normalization. 
Data are expressed as mean ± SEM (n = ¾ for each group). *p < 0.05. B,F) Immunofluorescence analysis of NeuN in motor cortex from mice treated with vehicle or 
L-BMAA (30 mg/Kg). C,G) Immunofluorescence analysis of TDP-43. D,H) Nuclei were labeled with Hoechst dye. Merge images in E,I. J) Quantification of nuclear and 
cytoplasmic TDP-43 fluorescence intensity, arbitrary units (AU). Data are expressed as mean ± SEM (n = 3 for each group). *p < 0.05 Error bars ± SEM; for sta-
tistical analysis, Student’s t test was used. Original magnification, 40X. Scale bar = 20 µm. 
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dramatic reduction (70 %) of the time spent on rod at the 4th week of 
treatment, whereas vehicle-mice showed a slightly improvement in the 
rotarod performance over time, as they learn how keep balance while on 
the rod (Fig. 6A). Furthermore, when tested for hindlimbs clasping, L- 
BMAA-treated mice displayed increasing duration of hindlimb retrac-
tion showing 1 min of clasping posture on a 3 min-test at the 4th week of 
treatment. Vehicle-treated mice did not show significant hindlimb 
retraction (Fig. 6B). 

Hindlimb grip test was evaluated by placing the mouse on a grid 
upside-down and the latency to fall off the grid was measured up to a 
maximum of 60 s. For the L-BMAA-treated mice the loss of limb strength 
started to be evident after 2 weeks of treatment (40,1 ± 1 s) compared to 
vehicle mice (58,2 ± 1 s) (Fig. 6C). Furthermore, after 4 weeks of 
treatment, L-BMAA-treated mice failed the test after 20 s whereas 
vehicle mice completed the test (59,3 ± 0,5 s). 

Altogether, these data indicate that 30-day long chronic treatment 
with 30 mg/Kg of L-BMAA leads to the progressive manifestation of 
motor behavior symptoms similar to those observed in mice with in-
termediate stage ALS. 

3.6. Chronic exposure to L-BMAA leads to cognitive decline in mice 

Since TDP-43 cytoplasmic accumulation is found also in FTD, we 

assessed whether L-BMAA exposure could impair mouse spatial and 
recognition memory, performing a set of cognitive tests, including open 
field test, object recognition test, and T-maze spontaneous alternation 
test. 

In particular, to assess mice motor activity, we performed an open 
field test, placing each mouse in an experimental cage (50x50cm, 40 cm 
high), and allowing it to explore the cage for 10 min, while a video 
tracking system recorded the activity. The distance traveled and the time 
spent in the center of the cage were measured. L-BMAA-exposed mice 
showed a decreased motor activity, as the total distance traveled was 
reduced (Fig. 7A,B), compared to control group animals (Fig. 7A,C). 

To evaluate also the recognition memory and the response to a novel 
environment, mice were assayed in an open field cage with two objects 
to explore while a video tracking system recorded the activity (object 
recognition test). During an initial training session, two identical objects 
were given to the mice, and the time spent exploring them was 
measured. 24 h after the removal of the objects, the mice were tested 
again providing them one of the objects with which they had interacted 
during the training session (familiar), and a new one (novel). The dif-
ference in the amount of time spent exploring the novel object rather 
than the familiar one (discrimination index) is indicative of short-term 
working memory. The discrimination index dramatically decreased for 
mice treated with L-BMAA, which spent much less time exploring the 

Fig. 4. L-BMAA impact on mice MNs survival. A) Representative image of Nissl staining of spinal cord sections from vehicle and L-BMAA exposed mice. B) Relative 
motor neurons counting analysis. Scale bar 100 µm 10x. (n = 6 for each group). C) Representative image of western blot analysis (left panel) and quantification of 
Caspase 3 full- length and cleaved protein expression, arbitrary units (AU), (right panel) on total protein extracts from spinal cord. The β-tubulin expression level was 
used for normalization. Data are expressed as mean ± SEM (n = 3 for each group). *p < 0.05 
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novel object with respect to control animals (Fig. 7D,E), thus indicating 
no recollection of the encounter with the familiar object during the 
training session. 

Finally, to test repetitive behavior and spatial working memory, mice 
were challenged with a T-shaped maze. When placed in a novel scenario 
(represented by the T-maze), mice exhibit interest in exploring different 
sections of their surroundings, because of their innate exploratory drive. 
The test consisted in ten subsequent trials, in which mice spent 5 s in the 
starting box, 60 s of maximum latency to choose to go to the right or left 
arm of the T-maze, and 30 s confined to the chosen arm (Fig. 7F). As 
shown in Fig. 7G, L-BMAA-treated mice showed a lower number of al-
ternations between the two arms of the maze compared to the control 
animals, indicating a higher rate of repetitive behavior, and suggesting 
spatial memory alteration due to the toxin exposure. 

Taken together, these results showed that L-BMAA exposure leads to 
FTD-like cognitive manifestations in mice. 

4. Discussion 

In this paper, we characterized for the first time a L-BMAA-induced 
neurotoxic mouse model of ALS/FTD. In fact, we demonstrated that the 
chronic administration of the cyanotoxin L-BMAA induces a phenotype 
that reproduces several ALS/FTD features in mice, such as apoptotic cell 
death and astrogliosis in spinal cord and motor cortex, increase in TDP- 
43 expression and cytoplasmic accumulation, and motor and cognitive 
alterations. Mechanistically, we propose the increase in TDP-43 cyto-
plasmic expression as one of the main mechanisms responsible for the 
neurotoxicity of L-BMAA. 

There are compelling reasons to investigate ALS risk associated with 
L-BMAA exposure. In fact, in several world regions drinking water de-
rives primarily from reservoirs mostly eutrophic, with phytoplankton 
dominated by potentially toxic Cyanobacteria [11] and L-BMAA has been 
detected in natural water samples and in cyanobacterial cell cultures 
derived from cell isolates from reservoirs [12]. However, the very high 
doses of L-BMAA required to produce neurotoxicity [34–37] the failure 
to produce any toxicity in some animal studies have raised questions on 

Fig. 5. Evaluation of spinal cord astrogliosis in mice exposed to L-BMAA. A–D) Immunofluorescence analysis of GFAP in spinal cord sections from vehicle or L-BMAA 
exposed mice. B-E) Nuclei were labeled with Hoechst dye. C-F) Merge images. G) Quantification of total number of activated GFAP cells per photographic field 
(mm2), arbitrary units (AU). Data are expressed as mean ± SEM (n = 3 for each group). *p < 0.05 Error bars ± SEM; for statistical analysis, Student’s t test was used, 
*p < 0.05. Original magnification, 10X. Scale bar = 100 µm. H) Representative image of western blot analysis (left panel) and quantification of GFAP protein 
expression, arbitrary units (AU), (right panel) on total protein extracts from spinal cord. The β-tubulin expression level was used for normalization. Data are expressed 
as mean ± SEM (n = 4 for each group). *p < 0.05 
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the possible involvement of L-BMAA in ALS/PDC. Despite a renewed 
interest in the so-called L-BMAA-ALS hypothesis, stimulated by a report 
showing that several cyanobacterial taxa produce L-BMAA [38], no 
single mechanism of toxicity has been identified that could justify the 
development of ALS/PDC and, even at environmentally unattainable 
exposure regimes, ALS/PDC features and symptoms had not been always 
adequately reproduced in animal models [39]. Therefore, studying the 
underlying mechanisms of ALS through an L-BMAA-treated animal 
model has assumed great relevance in recent years, and multiple doses 
of L-BMAA have been tested in different species to obtain neurotoxic 
animal models of ALS. For instance, L-BMAA (25–400 mg/kg) acutely 
administered to rats by i.v. injection into the femoral or tail vein, or 
chronically infused into the brain with osmotic mini-pumps could 
induce neuronal and behavioral changes [39]. More recently, dyskinesia 
accompanied by the gradual degeneration and loss of MNs, in the 
anterior horn of the spinal cord and brain motor cortex, has been 
described in iv L-BMAA-treated rats (300 mg/kg continuous infusion for 
3 days). Moreover, L-BMAA exposure in neonatal rats has also caused 
significant biochemical and behavioural effects [40]. By contrast, 
another study suggested that chronic oral administration of L-BMAA is 
not neurotoxic to mice. In fact, a total of 15.5 g/kg of L-BMAA was 
administered by gavage to mice over 11 weeks without observing any 
behavioral abnormalities [41]. Similar results on the lack of behavioral 
and neuropathological effects of dietary L-BMAA in mice were presented 
by Cruz-Aguado et al.,[19]. The discrepancies among the studies may be 
due to several factors, including dose, duration of treatment and gender. 
In fact, over the years, male mice have consistently shown increased 
sensitivity to L-BMAA toxicity compared to female ones [42], probably 
because L-BMAA is able to better cross BBB in male than in female mice 
[43]. This assumption has been further validated by the most recent 
paper on this topic [44]. This reflects our choice of using only male mice 

intraperitoneally exposed to L-BMAA for 30 days. 
The L-BMAA pharmacokinetics has been studied in several papers 

showing that brain L-BMAA levels peak within eight hours after injec-
tion and decline with a t1/2 similar to that of plasma [45]. After two 
weeks of continuous infusions of L-BMAA (100 mg/ kg per day), brain 
concentrations reached a steady state and are only moderately higher 
than those in plasma. This suggests that large doses of L-BMAA may 
reach potentially toxic levels in the brain (i.e. >250 μM) [46]. The latter 
justifies the choice of the dosage used in the present paper to induce 
ALS/FTD by chronic administration of L-BMAA. This represents a reli-
able model of chronic exposure to L-BMAA and a useful model to 
investigate the molecular features of sporadic ALS cases, since it shows 
motor deficits and cognitive impairment that were not observed with 
lower L-BMAA doses [41]. It is noteworthy that several in vitro and in 
vivo studies suggest that L-BMAA results in the overexpression of TDP-43 
and the formation of protein aggregates, and TDP-43 inclusions have 
been observed in neurons of two multiple sclerosis patients that pre-
sented comorbidity with ALS [25,42]. Loss of nuclear TDP-43 charac-
terizes sporadic and most familial forms of ALS [47] and the 
accumulation of cytoplasmic TDP-43 is strongly suspected of contrib-
uting to MN degeneration in ALS. In fact, under normal conditions, 
TDP-43 is primarily located in the nucleus, whereas only small amounts 
exist in the cytosol [48,49]. The accumulation and the aggregation of 
TDP-43 in the cytoplasm is considered a main driver of ALS and FTD 
pathogenesis. However, the exact mechanism of such accumulation has 
not been fully elucidated. Notably, the cytoplasmic accumulation of 
TDP-43, described also in humans, has been seen also in our L-BMAA 
model, especially at the late stage after treatment. Furthermore, 
neuronal loss and an active caspase-3 gene were observed in our model, 
confirming the role of the cytoplasmic TDP-43 in causing motor neuron 
death. For all these reasons, the use of our neurotoxic mouse model and 

Fig. 6. Effect of L-BMAA exposure on mice motor performance. A) Rotarod test on mice treated with vehicle and L-BMAA. Clasping test in panel B) Grip performance 
test in panel C) Statistical significance was evaluated using one-way ANOVA with Newman Keuls’s correction for multiple comparisons. Data are expressed as mean 
± SEM (n = 8 for each group). *p < 0.05. 
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the understanding of the mechanisms of L-BMAA toxicity may be useful 
for the identification of druggable targets to develop innovative thera-
peutic strategies for ALS. Remarkably, neurodegenerative diseases such 
as AD, PD and ALS are all characterized by the appearance of reactive 
microglial and astroglial cells, which is referred to as 
neuro-inflammation; and this can contribute to MN death [50]. In our 
L-BMAA-induced model, GFAP-positive cells infiltration was observed 
within the parenchyma of the spinal cord and brain motor cortex; and 
was sustained until the late stage when most of the MNs have undergone 
apoptosis/necrosis. This is consistent with the opinion that the accu-
mulation of reactive microglia in degenerating areas of ALS tissues is a 
key cellular event creating a chronic inflammatory environment that 
results in MN death [51]. Overall, understanding the mechanisms of 
L-BMAA toxicity may be of relevance to have a versatile, neurotoxic 
model of ALS and for the identification of druggable targets valuable to 
develop innovative therapeutic strategies in ALS. 
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