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Abstract: 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease 

characterized by progressive muscle paralysis that reflects the motoneurons’ 

degeneration. Several studies support the relationship between β-N-

methylamino-L-alanine (L-BMAA), a neurotoxic amino acid produced by 

cyanobacteria and diatoms, and the sporadic occurrence of ALS and other 

neurodegenerative diseases. Therefore, the study of its neurotoxicity 

mechanisms has charged great relevance in recent years. 

Recently, our research group has proposed a model of ALS in rats by 

administration of L-BMAA that presents a number of pathophysiological features 

of ALS in humans. In this paper, we deepen the characterization of this model 

corroborating the occurrence of alterations present in ALS patients: decreased 

muscle volume, thinning of the motor cortex, enlarged lateral ventricles of the 

brain, alteration of both bulbar nuclei and neurotransmitters levels. 
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Abbreviations:  

CHESS: Chemically sHift Selective Saturation 
ET: echo time 
FID: free induction decay 
FOV: field of view 
FSE: fast spin echo 
MRI: Magnetic Resonance Imaging 
MRS: Magnetic resonance spectroscopy 
NA: number of acquisitions 
OVS: Outer Volume Suppression 
PRESS: point-resolved spectroscopy sequence 
PT1/PT7: post-treatment day 1/ post-treatment day 7 
PTFE: polytetrafluoroethylene 
RARE: relaxation enhancement 
T2WI: T2-weighted image 
TauT: taurine transporter 
TR: repetition time 
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1. INTRODUCION 
1.1. Amyotrophic Lateral Sclerosis 

Amyotrophic Lateral Sclerosis (ALS) is a disease characterized by progressive 

muscular paralysis reflecting the degeneration of motoneurons in the primary 

motor cortex, the corticospinal tracts, the brainstem and the spinal cord 

(Wijesekera and Leigh, 2009). Among ALS patients, most cases are sporadic 

and only 5-10% are familiar. 

This illness may debut, mainly, in two clinical forms: the spinal onset, which has 

two thirds of the cases, and the bulbar onset (Wijesekera and Leigh, 2009). In 

spinal onset, symptoms are related to focal muscle weakness in the upper and 

lower limbs. Gradually, spasticity may lead to weak atrophied limbs. Patients 

with bulbar onset usually present dysarthria and dysphagia for solids and 

liquids. Limbs’ symptoms can be developed almost simultaneously with the 

bulbar symptoms in these patients. 

The degeneration of different neuronal groups in ALS affects the patients’ wide 

variety of clinical symptoms, that can show signs of spastic paresthesia and 

hyperreflexia, typical of cortical motoneurons, dysphagia and dysarthria, 

characteristic of bulbar palsy, or weakness, fasciculations and progressive 

muscular atrophy, typical of the lesion of spinal motoneurons, or a combination 

of them all (Berciano et al., 2003; Kato et al., 2014; Provenzale, 2004). 

Neural impairment in ALS leads to alterations in neurotransmitter systems, 

reflected in a phenomenon of neuronal hyperexcitability. In addition to this 

phenomenon, changes in neurotransmitter levels in ALS patients have been 

extensively studied, detecting altered levels of glutamate, GABA and taurine 

(Malessa et al., 1991; Perry et al., 1987). 

1.2. L-BMAA 

The β-N-methylamino-L-alanine (L-BMAA) is a non-protein and non-lipophilic 

amino acid, highly neurotoxic produced by most cyanobacteria (Banack et al., 

2007; Cox et al., 2005) and diatoms (Jiang et al., 2014). This amino acid has 

been linked to the sporadic appearance of several neurodegenerative diseases 

such as the amyotrophic lateral sclerosis-Parkinson dementia complex (ALS-
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PDC), Alzheimer's disease (AD) and amyotrophic lateral sclerosis (ALS) 

(Holtcamp, 2012); therefore the study of its mechanisms of neurotoxicity has 

charged great relevance in recent years. 

The first studies about this molecule were performed regarding the high 

incidence of ALS-PDC in Guam, which was estimated to be 50-100 times higher 

than the global rate among the local population Chamorro in 1954 (Arnold et al., 

1953; Kurland et al., 1954 a, b; Mulder and Kurland, 1987). The study of the 

Cycas’ seeds (Cycas micronesica Hill.), which were consumed by the 

Chamorros, led to the discovery in 1967 of the L-BMAA (Vega y Bell, 1967; 

Vega et al., 1968). Then, in 2002 it was hypothesized that this amino acid could 

accumulate in animals that consume Cycas (Cox and Sacks, 2002). Finally, it 

was reported that both L-BMAA is produced by cyanobacteria of Nostoc genus 

that live as symbionts within specialized coral-shaped roots of Cycas (Cox et 

al., 2003), and the amount of L-BMAA that accumulates within proteins through 

the food chain in Guam ecosystem, is much higher than that initially estimated 

given only the free amino acid (Murch et al., 2004).  

Recently, Dunlop et al. (2013) have shown that L-BMAA may be 

misincorporated into human protein chains in place of L-serine. Therefore, in 

humans or animals exposed to L-BMAA there is an internal neurotoxic reservoir 

which is slowly released even for years or decades after its consumption, by the 

hydrolysis of proteins. This fact may explain the long latency presented by ALS-

PDC. As Rodgers (2014) points out in a major review about this topic, the entry 

of non-protein amino acids in the human food chain and its incorporation into 

proteins can significantly contribute to neurodegenerative damage. 

The discovery of L-BMAA in ALS and AD patients, besides being found in low 

concentrations in a patient who died of Huntington's disease (HD), has led 

some authors to propose the hypothesis that the accumulation of L-BMAA is a 

factor in the development of several neurodegenerative diseases (Pablo et al., 

2009). Therefore, there may be a gene/environment interaction, with the L-

BMAA triggering neurodegeneration in genetically susceptible individuals 

(Rodgers and Dunlop, 2011). 
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Regarding to its pathophysiological mechanisms, it is known that L-BMAA 

reacts with carbon dioxide (CO2) under physiological conditions to form a 

carbamylated adduct, the β-(N-carboxy-N-methyl)-amino-L-alanine (BMAA-β-

NCO2) (Myers and Nelson, 1990), which has a high structural similarity to 

glutamate and was proposed as the main responsible for the excitotoxic activity 

of L-BMAA. This carbamylated adduct acts on glutamate receptors NMDA, 

AMPA and metabotropic glutamate receptors (mGluRs). Furthermore, it has 

been suggested that the different susceptibility of different neuronal types to this 

amino acid, may depend on the glutamate receptor subtypes that they express 

(Liu et al., 2010). 

1.3. ALS animal models 
There are several models of ALS with transgenic animals that recapitulate some 

features of this disease. At least 13 lines of transgenic mice have been 

developed, which express human SOD1 proteins linked to familial ALS, 

including mutant active and inactive enzyme, and mutants with C-terminal 

truncated and deficient in metals (Turner and Talbot, 2008), although there are 

some transgenic models focused on the mutation of other proteins, such as the 

wobbler mouse (Boillèe et al., 2003). The SOD1G93A transgenic mouse model 

was the first to be developed and is currently the most studied (Walker and 

Atkin, 2011). 

Although these rodent models develop several ALS neuropathological features 

(muscular denervation, astroglial and microglial activation, loss of 

motoneurons), it remains to be demonstrated that the findings obtained in the 

mutant SOD model can be applied to other forms of familial or sporadic ALS 

(Robberecht and Philips, 2013). In particular, the mouse model over-expressing 

mutated human SOD1, has been criticized for its poor predictive value in terms 

of potential therapies. 

It should be noted that although the majority of ALS cases are sporadic 

(approximately 90% of cases), so far there are only genetic animal models 

expressing mutations linked to familial ALS. 

Following the hypothesis that L-BMAA may be involved in the development of 

neurodegenerative diseases, several authors have examined the effects of 
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poisoning with this amino acid to some animal species reaching substantial 

differences in their results. Most of these studies were compiled in an excellent 

review conducted by Karamyan and Speth (2008). The first studies were carried 

out in mice and nonhuman primates (Nunn et al., 1987; Ross and Spencer, 

1987; Spencer et al., 1987 a, b.). Although various motor symptoms were 

described, the high doses used were strongly criticized and symptoms in 

primates were acute or subacute only. 

In spite of the several studies about the toxicity and effects of L-BMAA made so 

far, there are not succeeded in establishing a sporadic ALS animal model that 

was easily reproducible and shows the progressive worsening of the disease. 

Recently, we have proposed in our research group a model of ALS in rats by 

administration of L-BMAA (de Munck et al., 2013), which mimics many of the 

pathophysiological features of ALS in humans. In the present work we delve 

into the characterization of this model focusing on the possible morphometric 

changes detected by Magnetic Resonance Imaging (MRI) and neurotransmitter 

levels in animals treated with L-BMAA. 

2. MATERIALS AND METHODS 
2.1. Experimental animals 

Assays were carried out using male rats of Rattus norvegicus, albino variety, 

Wistar strain, that were supplied by Harlan Interfauna Ibérica S.A. (Barcelona, 

Spain). Animals were kept at a constant temperature (21 ± 1 °C) on a reversed 

light/dark cycle with diets and water ad libitum (A04 commercial rodent diet, 

Panlab, Barcelona, Spain). The trials were approved by the Ethics Committee 

for Animal Experimentation of the Universidad Complutense de Madrid. 

2.2. L-BMAA treatment 
At weaning time (postnatal day 21) treated animals were intraperitoneally (i.p.) 

injected with 300 mg/kg of L-BMAA (L-BMAA hydrochloride, Sigma-Aldrich, Ref. 

B107) during 5 consecutive days. L-BMAA was dissolved in phosphate buffered 

saline (PBS), giving a similar volume to control animals. 

2.3. Neurological evaluation 



7 
 

In order to assess long term evolution of symptoms in treated animals, the 

neurological tests were carried out as described by de Munck et al. (2013), 

once a week during 14 months. 

2.4. Magnetic Resonance Imaging (MRI) 

To check the possible damage that could have caused the administration of L-

BMAA in muscular and nervous tissue, magnetic resonance imaging (MRI) 

analysis was performed, in vivo and ex vivo, in 6 treated animals and their 

respective controls. 

2.4.1. In vivo MRI  

The acquisition of images from the brain and the hind limbs of the animals was 

performed using MRI. During the procedure, the animals were anesthetized with 

isoflurane (Isoba®vet, Schering-Plough, S.A.) to 1.5-2%, and were maintained 

at 37°C. A breathing sensor compatible with magnetic resonance imaging was 

used to control them. 

The MRI experiments consisted of two-dimensional and three-dimensional 

T2WI. All the experiments were performed on a BIOSPEC BMT 47/40 (Bruker, 

Ettlingen, Germany) spectrometer operating a 4.7 T, equipped with an 11.2 cm 

actively shielded gradient system, capable of 200 mT/m gradient strength and 

80 μs of rise time. A 7-cm birdcage radiofrequency coil was used for 

transmission and reception.  

T2WI were acquired using a fast spin eco (FSE), rapid acquisition with 

relaxation enhancement (RARE) technique, with a repetition time (TR) = 1650 

s, RARE factor = 16, and interecho interval = 10 ms, resulting in an effective 

echo time (ET) = 80 ms, with a number of acquisitions (NA) = 2. A field of view 

(FOV) = 3.5 × 3.5 × 1.75 cm3 were used in case of the images acquired from 

the brain, and a FOV = 8.0 x 4.0 cm3 were used for the images acquired from 

the hind limbs. The acquired matrix size was 256 × 256 × 64. These data were 

zero-filled to obtain a reconstructed matrix size of 256 × 256 × 256. 

T2WI image analysis was performed using ImageJ 1.33u (National Institutes of 

Health, Bethesda, MD). Brain areas analyzed were total cerebral cortex, the 



8 
 

motor cortex (areas M1 and M2) and the lateral ventricles, which were selected 

according to the atlas of the rat brain (Paxinos and Watson, 2005). In the case 

of hind limbs, the total volume of skeletal muscle was measured. Regions of 

interest were manually drawn for each slice subsequently adding the total value 

obtained in each of them to obtain the total number of voxels. To calculate the 

total volume, the total number of voxels was multiplied by the volume of each 

voxel (previously calculated by multiplying the resolution obtained in the three 

dimensions of the voxel). Volumes obtained are finally represented as volume 

(mm3) / total brain volume (mm3) x 100 for the brain regions measured, and as 

muscle volume (mm3) / total animal weight (g) for the hind limbs, thus taking the 

weight of the animal as a reference to the total size. 

2.4.2. Ex vivo MRI 

Fourteen months-old animals, both treated and control, were sacrificed under 

general anaesthesia (ketamine (100 mg/ml) (Imalgene 1000®, Merial) / xylazine 

(2%) (Rompun, Bayer)). Subsequently, they underwent a perfusion with a 

fixative solution of 10% formalin (37-40% formaldehyde (Panreac) in a 

phosphate buffer). After the fixation, the whole brain of each animal was 

removed, keeping the tissue at 4°C in a solution of 10% formalin until image 

acquisition. 

The MRI scanner used ex vivo was the same as the one used to obtain images 

in vivo but with a different gradient and birdcage systems: gradient system of 6 

cm with a maximum gradient strength of 450 mT/m, a rise time of 80 

microseconds and a volume birdcage of 3 cm (Bruker). To carry out the MRI 

scanner, the brains were placed in Fluorinert FC-40 (3M, Minnesota, USA). 

T2W images were acquired using a 3D sequence FSE with the following 

parameters: TR = 1.6395 s; Effective ET = 72 ms; FOV = 2.5 x 2.5 x 2.5 cm3, 

NA = 1. The dimensions of the matrix acquisition and reconstruction were 256 x 

192 x 64 and 256 x 256 x 64, respectively. 

2.5. High-performance liquid chromatography (HPLC) 
In order to study neurotransmitter levels in the short term after treatment with L-

BMAA, two groups of 10 animals each and their respective controls were used. 

The animals were sacrificed under conditions of strong sedation with isoflurane 
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(Isoba®vet, Schering-Plough, SA), 5% constant flow of O2, at two different post-

treatment times: 24 hours after the last injection (PT1) and one week after the 

last injection (PT7). Mass brain was quickly removed, frozen in liquid nitrogen 

and stored at -80°C. After the extraction of the motor cortex, samples were 

maintaining in cold conditions to prevent degradation. Each sample was 

weighed and homogenized in 500 ml of ultrapure H2O, immediately centrifuged 

at 11000 rpm for 10 min at 4°C. Supernatants were collected with sterile 

syringes of 1 ml (Omnifix®-F Braun) and filtered with filters PTFE 

(polytetrafluoroethylene) 0.45 µm pore (OlimPeak® Teknokroma). 

Samples were derivatized with OPA reagent (30 mM o-phthalaldehyde (Sigma-

Aldrich), 0.75% 3-mercapto-propionic acid (Sigma-Aldrich), 10% methanol 

(HPLC grade, LabScam), in borate buffer (0.4M boric acid, Merk)) at pH 9.5. 

Determinations were performed by HPLC (Varian 920 LC) with fluorescence 

detector (excitation λ of 365 nm, emission λ of 455 nm) using a Nucleosil 100 

C18 (150 x 4.6 x 5 µm, Varian) column. To perform the calibration curves, a 

number of aminoacid standard solutions were prepared: glutamate (Sigma, ref 

G8415), GABA (Sigma, ref A2129) and taurine (Sigma, ref. T0625). From these 

solutions, calibration curves were obtained in a range of 0.2 ppm to 1.4 ppm. 

The chromatograms were integrated using Varian software Galaxie®, finally 

transforming the data plotted as mg of amino acid / g of tissue.  

2.6. Magnetic resonance spectroscopy (MRS) 
The study of the levels of neurotransmitters by magnetic resonance 

spectroscopy (MRS) in the motor cortex (figure 1), was carried out 5 months 

post-treatment (10 treated and 10 control rats) under the same conditions and 

with the same birdcage as the other in vivo MRI experiments (section 2.4.1). 

MRS was performed using a point-resolved spectroscopy sequence (PRESS) 

from an 8 x 3 x 5 mm3 voxel with TR/TE=3000/136 ms, NA=256, number of 

points=4096 and spectral bandwidth=2003.21 Hz. Shimming was performed 

over the spectroscopy voxel by adjusting the currents in the three linear and z2 

shim coils. Typically, the water linewidth was around 20 Hz. For water signal 

suppression, CHESS pulses (Chemically sHift Selective Saturation) was used, 

saturating a spectral width of 60 Hz and using the option OVS (Outer Volume 

Suppression) with a width of 15 mm. The FID (free induction decay) was zero-
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filled to 32000 points, multiplied by an exponential function with a 2 Hz line 

broadening, baseline corrected, Fourier transformed and phased. The spectra 

obtained were processed with TOPSPIN software, version 1.3 (Bruker 

Rheinstetten, Germany). 

Figure 1: Representative images of selected area for the MRS study, in a 

sagittal (A), axial (B) and coronal (C) section. 

2.7. Statistical analysis 
The results are expressed in the graphs as mean ± standard error of the mean 

(SEM). Data were analyzed using a t-test when only the groups of control and 

treated animals were compared (volume of the hind limbs and the brain regions 

and neurotransmitters at post-treatment level of the long term) and using one-

way ANOVA when more than two groups were compared (neurotransmitters 

level short term post-treatment). 

All analysis and data processing were performed with GraphPad Prism v 5.03. 

Differences were considered significant at a p-value ≤ 0.05. 

3. RESULTS 
3.1. Long-term neurological evaluation 

In figure 2 it is shown that the neurological evaluation of rat males treated with 

300 mg/kg of L-BMAA for 5 consecutive days at weaning time, increases 

progressively during the period of study. Although during the first 3 months the 

evolution increase fast, then there is a stabilization phase in which the 

assessment increases more slowly. 
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Figure 2: Neurological evaluation evolution during 14 months in male rats 

treated with 300 mg/kg/day of L-BMAA 5 consecutive days. Control animals 

evaluation is not shown because it coincides with abscise axis. 

3.2. Hind limbs muscular volume 
Analysis of muscular volume of the hind limbs by in vivo MRI revealed that there 

is a progressive loss of muscle volume in animals treated with L-BMAA 

compared to control animals. 6 months-old treated rats showed a significant 

decrease in muscle volume in the left hind limb (t = 3.186, p = 0.033), with a 

17.5% of volume loss, whereas, the right hind limb showed no significant 

differences, although a 15% volume decrease is appreciated (figure 3A). 

At 8 months of age (figure 3B), these animals show a greater loss of muscle 

volume in both hind limbs. The left hind limb shows a significant volume 

decrease (t = 3.186, p = 0.021), arround 24% of volume loss, while in the right 

hind limb there is a significant volume decrease (t = 3.281, p = 0.031), of almost 

20%. 
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Figure 3: Muscular volume of the hind limbs relative to the animals’ weight, A) 

at 6 months of age (5 months post-treatment) and B) at 8 months of age (7 

months after treatment). * Indicates differences p-value <0.05 to the control 

group. 
3.3. Brain MRI study 

In order to check for possible alterations through the motor pathway, magnetic 

resonance imaging (MRI), a technique of 3D image that has been used in 

morphometric studies for the quantification of the volume of gray matter and 

white matter in the central nervous system, was used (Ashburner and Fristone, 

2000; Kollewe et al., 2012). 

3.3.1. Volume of the cerebral cortex 
The analysis of changes in volume of the cerebral cortex by in vivo MRI 

revealed that, at 8 months of age (7 months after treatment), treated animals 

showed no significant differences in the total volume of cerebral cortex of both 

hemispheres (figure 4A) compared to their respective controls. However, 

significant differences in the volume of the motor cortex (M1 and M2 areas) are 

observed. Significant decreased volume is observed in the right motor cortex (t 

= 5.28, p = 0.0061) of 10.28%, and in the left motor cortex (t = 4.965, p = 

0.0077) (figure 4B) with a decrease of 18.77% in animals treated with L-BMAA 

compared to controls. 
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Figure 4: Volume percentage of both, the cerebral cortex (A) and the motor 

cortex (B), relative to the total volume of the brain. ** Indicates differences p-

value <0.01 to the control group. 

3.3.2. Volume of the lateral ventricles 
MRI images taken in vivo from 8 months old rats (7 months after treatment) 

showed an increased volume of the lateral ventricles in treated animals (figure 

5). However, subsequent processing of the images showed no significant 

differences in right or left ventricles, although a tendency to increase the volume 

of them was shown (figure 6). Should be noted that the increased volume of the 

right lateral ventricle is 59.39% and the left is 27.65% with respect to controls. 

The absence of significance in the statistical analysis would exist because these 

data show great variability. 
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Figure 5: MRI from the brain of both, a representative control animal (images A, 

B and C) and a representative treated animal (images D, E and F), eight 

months after the end of the treatment. Large differences in the volume of the 

lateral ventricles (marked with arrows) between control and treated animals can 

be appreciated.  

Figure 6: Percentage of volume of the lateral ventricles relative to the total 

brain volume.   
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3.3.3. Altered bulbar nuclei 
Through MRI obtained ex vivo, differences in intensity throughout the brainstem 

between treated and control rats were analyzed. Our results show a clear 

increase in the intensity of the trigeminal motor nucleus and the solitary tract 

nucleus (figure 7), both involved in the swallowing process, in animals treated 

with L-BMAA compared to control animals. 

Figure 7: Magnetic resonance imaging ex vivo at bulbar level, representative of 

the observed changes between the control group and the treated group. A-B) 

Pictures took at level of the motor trigeminal nucleus of control and treated 

animals, respectively. C-D) Pictures at level of the solitary tract nucleus of 

control and treated animals, respectively. Hyperintensities found in the treated 

animals are indicated by arrows. 

3.4. Neurotransmiters alteration in the motor cortex 

In order to study the neurochemical changes caused by treatment in vivo with L-

BMAA in the motor cortex, two diferent tests were conducted: on the one hand, 

neurotransmitter levels were measured in the short term after the end of 

treatment by HPLC, and on the other hand, to determine whether there are 

alterations in neurotransmitter systems in the long term, these levels were 
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measured by magnetic resonance spectroscopy. Although HPLC provides more 

accurate measurements, long term analisys were carried out with magnetic 

resonance spectroscopy to prevent the slaughter of animals and to continue the 

study about their evolution in the longer term. 

3.4.1. Short-term neurochemical alterations  

In short-term assays, rats treated with L-BMAA one day post-treatment (PT1) 

and seven days post-treatment (PT7) and their respective controls were used. 

Control groups at PT1 and PT7 showed no significant difference between them, 

so that only one control group was represented in figure 8 to simplify illustration. 

Glutamate levels (figure 8A) were elevated in the motor cortex of treated 

animals (F = 49.36, p = 0.0005). The post-test revealed that significant increase 

in the concentration of glutamate at PT1 (t = 8.120, p <0.01) and highly 

significant increase at PT7 (t = 8.752, p <0.001) occurs. There were no 

significant differences between animals treated in the two post-treatment time 

points 

GABA levels were significantly decreased by treatment with L-BMAA (F = 

24.70, p = 0.0026) (figure 8B). The post-test showed that the concentration of 

GABA was significantly less on both PT1 (t = 4.942, p <0.05) and PT7 day (t = 

6.964, p <0.01). There were no significant differences in GABA levels between 

the two post-treatment days. 

Taurine concentration was significantly higher in the motor cortex (F = 0.0007, p 

= 44.44) (Figure 8C). In PT1 day, treated animals showed a highly significant 

increase compared to controls (t = 9,421, p <0.001) whereas in the PT7 day the 

increase is significant (t = 4.532, p <0.05). Taurine levels were significantly 

higher at PT1 than PT7 (t = 3.894, p = 0.05). Therefore, there was an increase 

in taurine levels in response to treatment with L-BMAA that remained elevated 

one week after the treatment, but less than at the end of treatment. 
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Figure 8: Neurotransmitters concentration (µg/g tissue) in the motor cortex of 

control animals and animals treated with L-BMAA one day after treatment (PT1) 

and 7 days after treatment (PT7). A) Concentration of glutamate. B) 

Concentration of GABA. C) Concentration of taurine. *, **, *** Indicate 

differences p-value <0.05 <0.01 <0.001 with the control group, respectively. # 

indicates differences p-value <0.05 between L-BMAA treated animals in the day 

PT1 and PT7. 

3.4.2. Long-term neurochemical alterations 

In the motor cortex of treated animals, 5 months after treatment, glutamate 

concentration was significantly higher than in control animals (p = 3.986, p = 

0.0163) (figure 9A), while levels of GABA were highly significantly lower (t = 

10.17, p = 0.0005) (figure 9B). Although no significant difference in the 

concentration of taurine relative to the control group was observed, a trend is 

seen to stay higher in treated animals (figure 9C). 

Figure 9: Level of neurotransmitters in the motor cortex of control animals and 

animals treated with L-BMAA, at 5 months posttreatment. The assessment is 

indicative of the level of NAA and expressed in arbitrary units (Arb. units). A) 

Concentration of glutamate; B) Concentration of GABA; C) Concentration of 
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taurine. *, *** Indicate p-value differences <0.05 <0.001 with the control group, 

respectively. 

4. DISCUSSION 
4.1. Neurological evaluation 

The observation of long-term neurological evaluation (figure 2) shows that there 

are several phases in the evolution of symptoms in the treated animals. First, a 

stage of rapid development occurs during the first three months after treatment, 

possibly due to excitotoxicity caused by L-BMAA in the central nervous system, 

which is consistent with that observed by other authors (Ross et al., 1987; 

Lobner et al., 2007). Then, a second stabilization stage in which symptoms 

develop more slowly occurs, possibly due to a gradual release of the reservoirs 

of L-BMAA in brain. This observation is consistent with the explanation given by 

Murch et al. (2004) for the late onset of ALS-PDC among the Chamorro. 

4.2. Morphometric changes in MRI study 
This study has revealed that animals treated with L-BMAA present a 

progressive decrease in muscle volume in the hind limbs that could involve 

muscular atrophy, being indicative of a loss of innervation from the 

motoneurons of the spinal cord. The muscle atrophy is consistent with results 

obtained in previous studies with rats treated with this dose of L-BMAA (Munck 

et al., 2013), which describes a loss of motor control, analyzed by functional 

tests, which may be due to alterations in several points of the motor pathway. 

In ALS cases, particularly in patients with spinal disease onset, it has been 

observed focal muscle atrophy in early testing, in the upper limbs and lower 

limbs (Wijesekera and Leigh, 2009). These clinical features are indicative of the 

loss of neurons at all levels of the motor system, from the cortex to the anterior 

horn of the spinal cord (Mitchell and Borasio, 2007). 

By means of this volumetric study, it has been shown a decrease in the motor 

cortex volume in animals treated with L-BMAA compared to control animals. In 

contrast, no differences in the total volume of the cerebral cortex were found, 

indicating that there is a much focused damage on specific regions of the cortex 

involved in movement control. It is important to note that this occurs 

concomitantly with a huge increase in the volume of the lateral ventricles, of 
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almost 60% in the right lateral ventricle and over 27% in the left lateral ventricle 

(figure 6). 

Several studies have reported volumetric atrophy of primary motor cortex in 

patients (Kollewe et al., 2012) but, surprisingly, there is no consensus in all the 

papers published so far (Agosta et al., 2007; Filippini et al., 2010; Grosskreutz 

et al., 2006; Mezzapesa et al., 2007). Recently, Mezzapesa et al. (2013) have 

confirmed the reduction in volume of the primary motor cortex in ALS patients 

compared with healthy controls while Cosottini et al. (2013) described the gray 

matter atrophy in motor and extra-motor areas of the cortex. This volume loss 

can be explained by Nishihira et al. (2008) studies, which describes severe 

neuronal loss evident in the upper and lower motoneurons’ systems in analysis 

of samples of sporadic ALS patients. 

Other works combine morphometric studies with diffusion studies (diffusion 

tensor imaging - DTI) to check the alterations in white matter tracts. Using this 

technique it has been found in ALS patients alterations involving rostral 

corticospinal tract and corpus callosum (Filippini et al., 2010; Prell et al., 2013). 

Recently, it has been found that these changes, along with the thinning of the 

primary motor cortex, correlate with the progression of the disease (Lillo et al., 

2012; Verstraete et al., 2010). 

Importantly, Kolind et al. (2013) found in patients a significant demyelination in 

the brain and spinal pyramidal tract. They investigated these degenerative 

processes using a new MRI sequence (mcDESPOT) sensitive to water pools in 

myelin and in the intracellular and extracellular spaces. Thus, they showed that 

ALS patients show an increase of intracellular and extracellular water, a sign 

indicating neuroinflammatory activity. 

Neuroinflammation has been established as an important factor in the 

pathogenesis of many neurodegenerative diseases, including ALS. At various 

points along the course of the disease both, astrocytes and microglia appear 

markedly activated, causing neuroprotective and pro-inflammatory molecules, 

which may decrease or increase the rate of degeneration of primary 

motoneurons, respectively (Evans et al., 2013). There is a significant activation 
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or proliferation of microglia and astrocytes in specific stages of the disease in 

transgenic mouse models of ALS (Hall et al., 1998; Weydt et al., 2002) that 

have also been observed in humans in vivo (Turner et al., 2004) and in post 

mortem examinations (Anneser et al., 2004). Andjus et al. (2009) found a patent 

dilatation of the lateral ventricles in a genetic rat model of ALS, which was 

related to neuroinflammatory processes, which were possibly facilitated by the 

presence of a compromised BBB. 

Although our study has not been proven activation of the immune system, signs 

of neurodegeneration, i.e., decreasing volume of the motor cortex and, above 

all, the remarkable increase in ventricular volume that represents a significant 

increase in extracellular water, lead us to think that this type of 

neuroinflammatory processes have been activated. 

4.3. Bulbar nuclei alterations 
Routine diagnostic examinations using MRI in humans are mainly aimed at the 

detection of neuronal degeneration, which is seen as hyperintensities on MRI 

(Andjus et al., 2009). Although motor deficits typically predominate in the limbs, 

bulbar innervation can also be severely affected, leading to atrophy of the 

tongue, dysphagia and dysarthria (Guegan and Przedborski, 2003). There are 

evidences of a differential vulnerability among motoneurons, being certain 

motor nuclei of cranial nerves typically affected in ALS, as the trigeminal, facial, 

hypoglossal and ambiguous (Reiner et al., 1995). 

Rats treated with L-BMAA in our experimental model show clear intensity 

increase in the motor trigeminal nucleus and the nucleus of the solitary tract, in 

the images taken by MRI ex vivo. The nucleus of the solitary tract is an 

important center for afferent visceral information. Among other functions 

receives direct sensory stimulus taste buds and is a major control center of the 

autonomic nervous system. It also receives visceral sensory stimuli of the vagus 

nerve, so that this nucleus is a key center of integration in the control of feeding 

and metabolism. On the other hand, the motor trigeminal nucleus is responsible 

for the efferent innervation of the muscles of mastication, the mylohyoid and 

palate tensor involved in the process of chewing and swallowing. Both nuclei 

are involved in the neural control of swallowing and throwing up. 
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Our results agree with those obtained in ALS genetic models in which it is 

described a foci of neurodegeneration in the brainstem, in areas corresponding 

to the motor trigeminal nucleus and the vagus nuclei, the spinal trigeminal tract 

and nucleus ambiguous among others (Andjus et al., 2009; Angenstein et al., 

2004; Bataveljić et al., 2009; Bucher et al., 2007; Niessen et al., 2006; Zang et 

al., 2004). In addition, MRI hyperintensities were found in similar regions of the 

brainstem of patients with ALS (Basak et al., 2002, Hecht et al., 2002, Zhang et 

al., 2003). 

Moreover, the involvement of the bulbar nucleus in the later stages after the 

treatment in which problems have not yet observed in swallowing, implies that 

these animals developed more type of pathology similar to that present in 

patients with ALS debut cord, where the disease present with symptoms in the 

limbs and only in the final stages bulbar symptoms develop. 

4.4. Impaired neurotransmiters systems 
As indicated by Bae et al. (2013), there is an open debate on the origin of ALS, 

but there is now growing support for the theory that hyperexcitability develops 

due to the cortical origins of ALS. Hyperexcitability in ALS appears to be 

developed in a closely related manner with the affected interaction between two 

different parts of the human neocortex, projection neurons (excitatory) and 

interneurons (inhibitory) interaction (Bae et al., 2013). 

The precise mechanisms that lead to the death of motoneurons in ALS are still 

unknown, although it is generally accepted that excitotoxicity plays a role, as the 

primary action or as an indirect consequence of oxidative stress (Leigh and 

Meldrum, 1996; Robberecht, 2000). However, different results have been 

obtained in several studies regarding the levels of neurotransmitters in the 

analysis of different samples of patients, possibly due to the heterogeneity of 

the disease and/or the different methodologies used to analyze the content of 

excitotoxic aminoacids (Dunlop et al., 2013). Spreux-Varoquaux et al. (2002) 

detected high concentrations of glutamate in the cerebrospinal fluid of patients 

with ALS, also correlated with both the spinal disease onset, more impaired 

function of the limbs and a higher rate of muscle deterioration. 
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Our results show that there are increased levels of glutamate in the motor 

cortex at the end of treatment with L-BMAA, which increases one week later 

(figure 8A) and remain high 5 months after treatment (figure 9A). This fact 

involves a long-term damage on the glutamatergic system or a loss of 

depolarization control in the glutamatergic neurons. It could indicate that L-

BMAA can cause excitotoxic processes, which remain long time after the end of 

the treatment. Moreover, it correlates with the volume loss in the motor cortex 

detected. These findings are consistent with the detection of damaged 

mitochondria in nervous tissue of rats treated with L-BMAA (Munck et al., 2013), 

suggesting that excitotoxic mechanisms might play a role in the pathogenesis 

developed due to the action of this neurotoxic. 

The glutamate increase detected may also be due to the actions of L-BMAA on 

xc- system, including increased glutamate release into the extracellular 

medium, and which have been directly related to the neuronal death induced by 

L-BMAA (Fogal et al., 2007; Liu et al., 2009; Murphy et al., 1989, 1990). The 

glutamate-induced excitotoxicity can cause neurodegeneration through 

activation of calcium-dependent enzyme pathways (Bae et al., 2013), and by 

the increased production of free radicals, which can cause neurodegeneration 

through damage to organelles and upregulation of proinflammatory mediators 

(Hensley et al., 2006). Both excitotoxicity and glutamate defective metabolism 

have been implicated in the pathogenesis of ALS (Andreadou et al., 2008). 

The motoneuron excitability is tightly regulated by presynaptic inhibition 

mediated by glycinergic and GABAergic innervation. GABA release is a function 

of interneurons (that is 20-25% of the neocortical neurons). Despite the findings 

in ALS suggest that must be affected, the integrity of the inhibitory systems that 

regulate motoneurons has not been sufficiently studied (Martin and Chang, 

2012). Physiologically, GABAergic transmission in the cortex has been found to 

provide a protective effect of excitatory projection neurons (Bae et al., 2013). 

Importantly, in addition to the hyperexcitability of the projection neurons, the 

weak inhibitory GABAergic transmission has been documented in 

electrophysiological and pathological studies in patients with ALS. Nihei et al. 

(1993) demonstrated that GABAergic inhibitory neurons were reduced in the 
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motor cortex of ALS patients compared to healthy subjects. Recently, Foerster 

et al. (2012, 2013) showed a decrease in the content of GABA in the motor 

cortex of these patients, by using magnetic resonance spectroscopy 

techniques. 

Decreased GABA levels detected in this study, both short term and long term 

(figures 8B and 9B) implies a loss of GABAergic signaling in the motor cortex 

that would worsen with the neurological symptoms in animals treated with L -

BMAA. It also suggests that the decline in volume in the motor cortex may be 

due to loss of GABAergic interneurons. Vucic et al. (2009) demonstrated in 

patients with ALS that intracortical inhibition mediated by inhibitory interneurons 

was significantly reduced, possibly by loss of interneurons. 

In summary, we have described changes in rats treated with L-BMAA in 

glutamate and GABA levels which indicate that the neurotoxic effects of this 

amino acid could mimic important features of ALS in humans, such as 

hyperexcitability of cortical projecting neurons due to loss of GABAergic 

inhibition. 

Taurine has gained great importance in recent years in the study of 

neurodegenerative diseases, since it plays an important protective role against 

glutamate-induced excitotoxicity, mainly through three mechanisms: inhibiting 

the influx of calcium into the cell induced by glutamate; inhibiting the opening of 

calcium channels and voltage-dependent calcium release from intracellular 

stores; and inhibiting internal glutamate induced apoptotic pathway (Menzie et 

al., 2014; Wu and Prentice, 2010). Recently, it was described in SOD1 

transgenic mouse model of familial ALS, an increase of taurine in the brain in 

the later stages of the disease (Choi et al., 2009). 

Our results show that, at least in the early times after administration of L-BMAA, 

taurine levels rise, possibly in response to excitotoxic processes caused by 

elevated levels of glutamate. Altered levels TauT has been proposed as a new 

disease marker for motoneuron under stress in ALS (Jung et al., 2013). 

However, the possible relationship between ALS and taurine require further 

study to confirm the possible therapeutic potential that may have this aminoacid 

to counteract the effects of excitotoxicity. 
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5. CONCLUSIONS 
In this paper we have shown that L-BMAA treated rats mimic several of the 

disorders presented by ALS patients, such as loss of hind limbs’ muscle 

volume, which could imply muscular atrophy. On the other hand, these animals 

show motor cortex (M1 and M2 areas) thinning and ventricular enlargement. In 

addition, the trigeminal motor nucleus and the nucleus of the solitary tract, two 

bulbar nuclei involved in the motor control of swallowing, are affected by 

treatment with this neurotoxin. Moreover, these animals present alterations in 

the levels of glutamate, GABA and taurine in the motor cortex, which are 

consistent with the excitotoxic mechanism involved in neurodegeneration.  
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Highlights: 

- Rats treated with L-BMAA have progressive muscular loss of volume. 

- L-BMAA causes thinning of the motor cortex and the enlargement of the 

lateral ventricles. 

- Animals treated with L-BMAA show damage in motor nuclei involved in 

swallowing. 

- L-BMAA causes deregulation of the glutamatergic and GABAergic 

systems in the long term. 


