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Abstract

Tissue Distribution of Free and Protein-Associated
BMAA in Rat Tissue After Neonatal Exposure Using
UHPLC-MS/MS
Tim Forsgren Malmström

Beta-methylamino-L-alanine (BMAA) is a non-protein 
amino acid that has been linked to neurodegenerative 
diseases such as Alzheimer’s disease, Amyotrophic 
lateral sclerosis (ALS) and Parkinson’s disease, through 
its possible involvement as an environmental factor in 
the rare condition ALS Parkinsonism-dementia 
complex (ALS/PDC) common on the Pacific island 
Guam. BMAA has been shown to induce symptoms 
similar to that of neurodegenerative diseases in vivo, 
and a tissue distribution similar to that of protein 
forming amino acids have been observed. It has been 
hypothesized that BMAA is associated with, or even 
incorporated into proteins, causing misfolding and 
aggregation. Others have suggested that BMAA is 
accumulated in proteins and recycled in the free pool 
of amino acids. This study further examined the tissue 
distribution and protein-association of BMAA in 
neonatal rats, administered one daily injection over a 
period of two or five days, using a selective and 
sensitive UHPLC-MS/MS method. Furthermore, the 
possible involvement of the protein synthesis in BMAA 
protein-association was studied using an in vitro 
protein synthesis system. BMAA was found both in free 
and protein-associated form in vivo in all studied 
tissues, with a higher degree of protein association in 
non-cerebral organs with a high rate of protein 
synthesis, indicating a correlation with protein 
synthesis. Over time, BMAA appeared to be eliminated 
from both free and protein associated form, 
contradicting an accumulation, suggesting toxicity via 
some other mechanism. Furthermore, the in vitro 
experiment did not provide any evidence of protein 
incorporation.
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Populärvetenskaplig1sammanfattning11
Utvecklingen av neurodegenerativa sjukdomar, såsom Parkinsons sjukdom, ALS, och Alzheimers 
sjukdom kan bero på en kombination av faktorer. Både genetiskt arv, levnadssätt och -miljö kan ha en 
betydelse. En rad nervcellsskadande ämnen, så kallade neurotoxiner, har föreslagits kunna bidra till 
neurodegenerativa sjukdomar.  
 Under 1950-talet observerades ett extremt högt insjuknande av det i västvärlden mycket ovanliga 
tillståndet ALS/PDC, som har komponenter av både ALS, Parkinsons sjukdom och Alzheimers 
sjukdom, på ön Guam i Stilla havet. När lokalbefolkningen senare övergick till en mer västerländsk 
livsstil sjönk insjuknandet, vilket tydde på att något i den traditionella kosten kunde vara orsaken. 
Senare hittades ett neurotoxiskt ämne, β-metylamino-L-alanin (BMAA) i cycadpalmer på ön som 
föreslagits vara en orsak till ALS/PDC. Palmernas frukter åts av flygande hundar (fladdermöss), som 
sedan fångades och konsumerades av lokalbefolkningen. Människorna fick på så sätt i sig BMAA. Detta 
toxin produceras av cyanobakterier (blågröna alger), som lever i cycadpalmernas rötter. BMAA har de 
senaste åren hittats även i vattensystem över hela världen, bland annat Östersjön, där det har påvisats i 
alger, plankton och skaldjur. Det finns därför en misstanke om att fler människor kan exponeras för 
BMAA, och att det skulle kunna vara en miljöfaktor som kan bidra till neurodegenerativa sjukdomar. 
Djurförsök har visat att BMAA kan påverka hjärnan hos försöksdjur på ett sätt som liknar det hos 
patienter med neurodegenerativa sjukdomar. BMAA är en aminosyra, men inte en av de normala 
aminosyror kroppens celler använder för att tillverka proteiner. BMAA har visat sig associera till 
proteiner på något sätt, och vissa forskargrupper tror att BMAA kan ta de normala aminosyrornas plats, 
och leda till felveckning av proteinerna så att de klumpar samman, och aggregerar. Detta är vanligt vid 
många neurodegenerativa sjukdomstillstånd. Det är också möjligt att BMAA orsakar cellskador via 
andra mekanismer, utan att ämnet blir en del i aminosyrakedjan som bygger upp proteiner.  
 Djurförsök har tidigare visat att BMAA fördelar sig till vävnader på ett sätt som liknar det hos 
normala aminosyror, och det finns misstankar om att mer BMAA kan fördelas till organ som tillverkar 
mer protein. För att klarlägga detta behöver vävnadsfördelningen av BMAA i fler organ och vävnader 
undersökas. 
 Det finns ingen överenskommen standard för analys av BMAA, och inom forskningsområdet har 
man varit oense, då koncentrationerna olika grupper har hittat har skiljt sig mycket åt. Vissa grupper har 
till och med hävdat att det inte funnits något BMAA i de prover andra grupper rapporterat höga 
koncentrationer i, men det är möjligt att somliga metoder inte kan skilja BMAA från andra liknande 
ämnen, så kallade isomerer. 
 I den här studien undersöktes vävnads-distributionen av fri och proteinassocierad BMAA hos 
neonatala (nyfödda) råttor som injicerats med ämnet med hjälp av UHPLC-MS/MS. Analysmetoden kan 
skilja mellan BMAA och de liknande isomererna, samt kan detektera mycket låga halter av ämnet. 
Vidare gjordes ett provrörsförsök (in vitro-försök), där BMAA tillsattes till ett vävnadssystem där 
proteintillverkning (proteinsyntes) ska pågå. Detta gjordes med och utan tillsats av så kallad 
proteinsynteshämmare, som stoppar proteinsyntesen. Skulle det vara så att BMAA misstas för en normal 
aminosyra och blir en del i aminosyrakedjan, kan det vara så att halten i proverna med tillsats av 
proteinsynteshämmare blir lägre. 
 I djurförsöket visade det sig att BMAA fanns i både fri och proteinassocierad form i alla analyserade 
vävnader, bland annat hippocampus och striatum, som är hjärnområden inblandade i Alzheimers 
sjukdom och Parkinsons sjukdom. Dessutom visade det sig att andelen BMAA som fördelat sig till 
proteiner jämfört med andelen i fri form var högre i organ som mjälte, lever och bräss, som har högre 
proteinsyntes än vissa hjärnområden. Detta kan tyda på att det finns ett samband mellan 
proteinassociering av BMAA och proteinsyntes. Dock behöver fler vävnader undersökas och eventuell 
proteininkorporering påvisas för att kunna dra mer långtgående slutsatser.  
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 In vitro-försöket gav inga bevis på ett sådant samband, utan snarare indikationer på en 
proteinassociering genom till exempel kemiska reaktioner. Det går inte utesluta att metoden som 
användes var otillräcklig, och fler experiment krävs för att dra några slutsatser.  
 Djurförsöket gav också indikationer på att BMAA elimineras ur kroppen över tid, något som setts i 
tidigare studier. Detta tyder på att BMAA inte ackumuleras i kroppen, som vissa forskare har föreslagit, 
utan utövar sin toxicitet genom andra mekanismer.  

 ! !
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General1abbreviations1
AD, Alzheimer’s disease; ALS, amyotrophic 
lateral sclerosis; ALS/PDC; amyotrophic lateral 
sclerosis/parkinsonism-dementia complex; BBB, 
blood-brain barrier; b.w., body weight; CID, 
collision induced dissociation; ESI, electrospray 
ionization; HILIC, hydrophilic interaction 
chromatography; LC, liquid chromatography; 
LOD, limit of detection; LOQ, limit of 
quantification; PD, Parkinson’s disease; PND, 
post natal days; RPLC, reversed phase liquid 
chromatography; s.c, subcutaneous; SEM, 
standard error of the mean; SRM, selected 
reaction monitoring; UHPLC-MS/MS, ultra high 
performance chromatography with tandem triple 
quadropole mass spectroscopy. 

1.1Introduction1
Non-protein amino acids are not among the 
around 20 amino acids that are normally utilized 
by plants, animals and microorganisms to 
synthesize proteins [1]. Many of the more than 
1000 compounds in this category are synthesized 
by plants or microorganisms as nitrogen storage, 
or as biological defense, since some of them can 
act as antimetabolites in competing organisms 
exposed to the non-protein amino acids [1]. 
Recently, some non-protein amino acids have 
been proposed as important environmental factors 
in the development of multifactorial neuro-
degenerative diseases such as Amyotrophic 
lateral sclerosis (ALS), Parkinson’s disease (PD) 
and Alzeimer’s disease (AD) [1]. For instance, 
the synthetic dopamine precursor L-dopa, a 
standard treatment in the PD patient population, 
has been suggested to accelerate the progression 
of the disease by misincorporation into cell 
proteins, causing protein misfolding and 
aggregation [2]. 
 β-Methylamino-L-alanine (BMAA) is a non-
protein amino acid that has been linked to 
neurodegenerative diseases [3-6]. It was first 
discovered when an abnormally high incidence of 
the rare medical condition Amyotrophic lateral 
sclerosis and Parkinsonism-dementia complex 
(ALS/PDC), with components of ALS, PD and 
AD, was observed on the pacific island Guam 
[3,7-8]. The natives on the island, the Chamorro 
population, had a two orders of magnitude greater 

incidence of the disease than in the USA, and 
people of the same population on a neighboring 
island did not develop the condition, suggesting 
an environmental factor [9]. The neurotoxin 
BMAA is produced by cyanobacteria in the roots 
of Cycas cirinalis, and is biomagnified in flying 
foxes, both traditional foods of the Chamorro 
people [10-11]. Furthermore, the incidence of 
ALS/PDC on Guam declined as the consumption 
of these foods decreased on the island [12]. When 
administered to cynomolgus monkeys, BMAA 
resulted in motor-system degeneration similar to 
human ALS [7]. BMAA has been found in brain 
tissue of diseased Chamorro ALS/PDC patients, 
as well as in U.S. Alzeimer’s patients [4]. BMAA 
has later been shown to be produced by most 
cyanobacteria, as well as diatoms common in 
algal blooms [13-14]. It has also been detected in 
higher aquatic life forms such as fish and 
shellfish in several aquatic ecosystems all over 
the world, and there are indications of 
biomagnification within the food webs, providing 
possible routes for human exposure [14-18]. In 
addition, BMAA has been shown to be excreted 
into rat milk, and subsequently transferred to the 
suckling offspring, suggesting mothers and cows 
milk might be other possible exposure routes 
[19]. It has also been hypothesized that exposure 
to cyanobacterial BMAA in desert dust could be 
responsible for the increased incidence of ALS 
observed in Gulf war veterans [20]. 
 The oral bioavailability of BMAA is high [21], 
but in adult rats, it does not cross the blood-brain 
barrier (BBB) to a great extent [22]. However, 
neonatal rats exposed to BMAA showed a 
selective uptake to distinct parts of the brain 
including hippocampus and striatum [23-24]. 
Furthermore, learning and memory impairments 
have been demonstrated in adult rats treated with 
BMAA during the neonatal period [25]. Recent 
studies have suggested that BMAA can be 
associated with, or even misincorporated into cell 
proteins [26-27]. In addition, there is a selective 
distribution to tissues with high cell proliferation 
and/or protein synthesis, similar to that of protein 
forming amino acids [22,26]. Increased 
ubiquitination and fibril formation have also been 
observed in the hippocampus of adult rats treated 
neonatally with BMAA [28,29]. Misincorp-
oration into proteins could cause protein 
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misfolding and truncation, leading to aggregation, 
a hallmark feature of neurodegenerative diseases 
[30]. 

There has been some controversy regarding 
the analytical methods for the detection and 
quantification of BMAA [31-32] as the 
concentrations reported by different research 
groups has varied considerably. For example, 
levels reported from South Florida bay water 
samples are very high compared to findings of 
other groups [15]. Most notable, the findings of 
BMAA reported from brain samples of diseased 
Alzeimer’s patients [4] have by other groups been 
impossible to detect, and they have argued that 
the conflicting results of others might be false-
positives [33]. There is no coordinated analytical 
standard for BMAA analysis, and several 
different methods have been used, ranging from 
high voltage paper electrophoresis, HPLC-UV 
with FMOC-Cl derivatization, packed column 
GC-MS with different types of derivatization, 
HILIC-MS/MS, ToF-MS and UHPLC-MS/MS 
with or without the use of derivatization agents 
[32]. One main argument against methods not 
using tandem mass spectroscopy with 
derivatization as the detection method is that they 
might be incapable of distinguishing BMAA from 
its isomers, notably α-γ—diamino butyric acid 
(DAB), thus giving falsely high results [32,34]. 
The use of derivatization can improve the signal 
to noise ratio, as the molecular weight is shifted 
towards areas which are less populated by other 
molecules in biological samples, which otherwise 
could cause ion suppression [32,35]. For this 
study, a previously validated UHPLC-MS/MS 
method with derivatization was used, as it is 
proven both highly sensitive and is capable of 
selective quantification of BMAA and its isomers 
[32]. The method can also distinguish between 
free and protein-associated BMAA in the 
biological samples [28]. 
 It has been suggested by some groups that 
BMAA is incorporated into the amino acid 
sequence of cell proteins [27]. However, this 
remains controversial, as clear evidence of 
protein incorporation is still lacking. It is 
therefore of interest to further study the possible 
connection between protein synthesis and BMAA 
protein association. It has been shown that total 
homogenates prepared from fresh animal tissue 

can be used for protein synthesis in vitro [37-38]. 
Incubation with BMAA in such a system with 
and without the addition of a protein synthesis 
inhibitor could possibly provide more information 
if protein synthesis is involved in BMAA protein 
association, or if this could be via an alternative 
mechanism.  

1.1.1Aim1
The aim of this study is therefore to further 
examine the tissue distribution of free and 
protein-associated BMAA after neonatal 
exposure using an UHPLC-MS/MS method 
utilizing derivatization. The second aim is to 
gather more information about the mechanism(s) 
of the possible incorporation or association of 
BMAA into proteins, using an in vitro set up. 

2.1Experimental1

2.1.1Statistics1
For statistical analysis, one-way ANOVA was 
used to identify significant differences in whole 
data sets, i.e. within individual dosage groups 
(Table 6 in Appendix B). Unpaired two-tailed t-
test was used to examine significance between 
individual tissue types (Table 7 in Appendix C). 
The level of statistical significance was set to 5%. 

2.2.1Chemicals1
6-Aminoquinolyl-N-hydroxysuccimidyl 
carbamate (AQC), (AccQ-Tag derivatization kit, 
WAT05288, Waters, Milford, MA, USA); 
Acetone, (HPLC grade, Fluka Analytical, Buchs, 
Germany); Acetonitrile, (HPLC grade, Merck, 
Darmstadt, Germany); β-Amino-N-methyl-
alanine (BAMA) was available in-house, 
synthesized as described previously by Jiang et 
al. [39]; Chloroform (AnalR Normapur® with 
0.6% stabilizing ethanol, VWR International, 
Spånga, Sweden); d3-BMAA (Internal standard, 
IS) was available in-house, synthesized as 
described previously by Jiang et al. [36]; 
Methanol (HPLC grade, Rathburn Chemicals, 
Walkerburn, GB); L-2,4-diamino butyric acid (L-
DAB) dihydrochloride, (D8376, Switzerland); 
Milli-Q grade water was prepared in-house 
(Resistivity: 18,2 MΩ, Millipore Synergy 185, 
Molsheim, France); Mobile phase A: 5% 
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Acetonitrile in Milli-Q H2O with 0.3% (v/v) 
Formic acid; Mobile phase B: 0.3% Formic acid 
(v/v) in acetonitrile; N-(2-aminoethyl glycine 
(AEG), (A1153, TCl, Japan); Trichloro acetic 
acid (TCA), (Reagent grade, Merck, Darmstadt, 
Germany); Acetic acid (reagent grade), 
Ammonium hydroxide solution (~25% in H2O, 
reagent grade); Adenosine triphosphate (ATP); β-
N-Methylamino-L-alanine hydrochloride 
(BMAA); Creatine phosphorkinase; Formic acid 
(reagent grade); Guanosine triphosphate (GTP); 
Hank’s balanced salt solution (HBSS) and 
Phosphocreatine were all obtained from Sigma-
Aldrich Co. St. Louis, MO. 

2.3.1Materials1&1Equipment1
All abbreviations for the materials and equipment 
used for sample preparation and subsequent 
analysis are listed here. Scales, (AE 200 
Deltarange, Mettler, Greifensee, Switzerland); 
Ultrasonification probe, (VibraCellTM, Sonics & 
materials Inc. Danbury, CT, USA); SpeedVac, 
(Savant with refrigerated vapor trap, RVT400, 
Technum lab AB, Stockholm, Sweden) In 
between all runs in the SpeedVac, the inside of 
the machine was cleaned thoroughly with Milli-Q 
H2O followed by methanol for two cycles.; 
Centrifuge, (5415R, Eppendorf, Hamburg, 
Germany); Oven (Modell 100. Memmert, 
Schwabach, Germany); Vortex, (IKA-WERK 
VF2, Janke & Kunkel GmbH, Staufen, 
Germany); Ultrasonification bath (Sonorex 
Digital 10P, Bandelin, Berlin, Germany); 
Centrifugal filters (F2517-5, National Scientific, 
United States); SPE (Isolute HCX column in an 
IST VacMaster sample processing manifold, 
Biotage AB, Uppsala, Sweden); Pipettes, 
(Pipetman P20. P100. P200 and P1000. Gilman, 
Middleton, WI, USA); LC vials (V2M-
0309CF100. Cronus X-Vial with 350 µl fused 
insert, Dalco ChromTech AB, Märsta, Sweden) 
The UHPLC-MS/MS system used was a TSQ 
Vantage triple quadropole spectrometer (Thermo 
Fischer Scientific, San Jose, USA) with an Accela 
pump, and Accela autosampler (Accela Inc., San 
Ramon, CA, USA) and an additional pump 
(Rheos 4000. Flux instruments, Reinach, 
Switzerland) for post column addition of mobile 
phase, using a AccQ-TAGTM ULTRA C18 

column (100 mm x 2.1 mm, 1.7 µm particle size, 
Waters, Milford, MA, USA)!

2.4.1Methods1

2.4.1.1Animal1experiments1
Wistar rats from Taconic (Ejby, Denmark) were 
housed in 59 cm x 38 cm x 20 cm Makrolon 
cages with nesting material and wood-chip 
bedding in a temperature- and humidity-
controlled environment (12 hour light/dark cycle 
with lights on 6 a.m.). The rats were fed with a 
standard pellet food (R36 Labfor, Lantmännen, 
Kimstad, Sverige) and water ad libitium. The 
animal experiments were approved by the 
Uppsala animal ethical committee, and the 
guidelines of Swedish legislation on animal 
experimentation (Animal Wellfare Act 
SFS1998:56) and the European Union legislation 
(Convention ETS123 and Directive 86/609/EEC) 
were followed. 
 Male neonatal rats were administered one 
subcutaneous (s.c.) injection of BMAA freshly 
dissolved in HBSS (40 mg/kg b.w., n=4; 150 
mg/kg b.w., n=4) daily on post-natal days (PNDs) 
9 and 10.  One group of rats were administered 
daily for 5 days (PND 9-13, 40 mg/kg b.w., n=4). 
The last group (n=4) was injected with vehicle 
only on PND 9 and 10 and served as a control 
group. All animals were killed by decapitation 24 
h after the last injection. See Figure 1 for a 
timeline of the animal experiment schedule.  
Tissue samples from hypothalamus, cerebellum, 
striatum, hippocampus, cortex, liver, kidney, 
spleen, thymus, pancreas and muscle (gracilis) 
were collected and frozen immediately on dry ice 
(-80°C). The tissue samples were then stored at -
80°C, then transported on dry ice and stored at -
20°C immediately prior to sample preparation 
and UHPLC MS/MS analysis.  

!
 Figure 1. The animal experiment schedule. 



! 9(29)!

2.4.2.1Sample1preparation1
The sample preparation used is an adapted 
version of a method previously developed by 
Jiang et al. [26,36]. Figure 2 shows an overview 
of the sample preparation protocol used. 

Tissue samples (approximately 30 mg) were 
placed in 1.5 ml eppendorff tubes, and the exact 
weight was recorded. Milli-Q H2O was added so 
that a 300 µl aliquot of homogenate would 
contain 10 mg tissue. The cells were lysed by 
ultrasonification for 3 min (total on-time, 1 s 
on/off pulse at 70% power).  Between every 
sample, the probe was cleaned with Milli-Q H2O 
followed by methanol, after which 300 µl aliquots 
were transferred to new tubes. Internal standard 
was added (10 µl, d3-BMAA, 100 ng/ml). 
Samples were frozen/thawed in liquid N2 twice. 
The homogenate was mixed with 1.2 ml cold 
acetone to stop the incubation and kept at -20°C 
overnight for protein precipitation. The samples 
were then centrifuged (16,100 x g, 4°C, 5 min) 
and the supernatant separated from the protein 
pellet immediately. 

2.4.2.1.%Determination%of%free%BMAA%
The supernatant was evaporated in a fume hood 
overnight. The remaining solvent was evaporated 
in the SpeedVac (70°C, 1 h) and then stored in  
-20°C. The samples were dissolved in HCl 
solution (20 µl, 20 mM) and derivatized using the 
AQC tag kit. The solvent was evaporated in the 
SpeedVac (room temperature, 3h). The 
precipitate was dissolved in 30 µl mobile phase 
A, and centrifuged (16,100 x g, 5 min, room 
temp.) and the supernatant transferred to HPLC 
tubes. 10 µl sample solution was injected to the 
UHPLC-MS/MS system. 

2.4.2.2.% Determination% of% protein4associated%
BMAA%
The surface of the protein pellet was washed with 
cold acetone (200 µl, -20°C) (1). Milli-Q H2O 
(700 µl) and TCA (700 µl, 20%) was added and 
the samples stored on ice for protein 
precipitation. (2). Step 1-2 was repeated once. 
The protein pellet was dissolved in HCl (750 µl, 
6M). For some tissue samples (liver, spleen, 
pancreas) ultrasonification (1 min, 1 s on/off 
pulse, 100% amplitude) was needed to fully 
dissolve the pellet. The samples were then 

transferred to glass vials and internal standard  
(d3-BMAA, 10 µl, 100 ppb) was added and the 
samples were incubated in a heating oven (110°C, 
20h) for protein hydrolysis. The hydrolysate was 
then filtered using a centrifugal filter (12,200 x g, 
1 min, room temp.), then dried in the SpeedVac 
(70°C, 3 h). The residues were dissolved in 550 
µl Milli-Q H2O, and cleaned with 1 ml chloro-
form (tubes were shaken for 5 minutes manually). 
The samples were then centrifuged (16,100 x g, 3 
min) and 500 µl of the upper aqueous layer was 
transferred to a new tube and mixed with 500 µl 
0.2% (v/v) formic acid solution in Milli-Q H2O.%%

%

Figure 2.  A schematic overview of the sample 
preparation protocol used in this study. 

%

The samples were purified by mixed mode solid 
phase extraction (SPE; C8 and strong cation 
exchange). The columns was conditioned with 1 
ml methanol, and then equilibrated with 1 ml 



! 10(29)!

0.1% (v/v) formic acid in Milli-Q H2O. 1 ml 
sample solution was loaded, and the column was 
then washed with 1 ml 0.1% (v/v) formic acid in 
Milli-Q H2O followed by 1 ml methanol. BMAA 
was then eluted from the column using 2x800 µl 
saturated aqueous ammonium hydroxide solution 
(25:75 v/v NH3:H2O) in methanol (2:98 v/v NH3 
solution:Methanol). The eluate was dried in the 
SpeedVac (50°C, 2.5 h), stored at -20°C. and 
derivatized using the AQC tag kit. The solvent 
was evaporated in the SpeedVac (room 
temperature, 3h). The precipitate was dissolved in 
30 µl mobile phase A, and transferred to HPLC 
tubes. Ten µl sample solution was injected to the 
UHPLC-MS/MS system. 
!

2.4.3.1 Protein1 synthesis1 dependent1 in% vitro1
BMAA1incubation1of1cell1homogenate1
The in vitro protein synthesis system used was an 
adapted version of a system previously reported 
[37]. Wistar rats were sacrificed at PND 9, and 
cerebellum and liver were immediately removed 
and rinsed with cold HBSS (4°C) and transported 
on ice. Cold HBSS containing adenosine 
triphosphate (ATP, 2 mM), guanosine 
triphosphate (GTP, 0.2 mM), phosphocreatine (10 
mM) and creatine phosphokinase (500 units/ml) 
was added (10 µl/mg tissue). The samples were 
homogenized with 20 up-down strokes with a 2 
ml glass homogenizer. Then 250 µl aliquots were 
transferred to 3 ml round bottom eppendorff tubes 
and stored on ice. Cykloheximide (5 µl, 1 mg/ml 
in HBSS) was added to samples 16-27 and 
allowed to incubate for 1 min to inhibit protein 
synthesis. BMAA (25 µl, 2.5 mM in HBSS) was 
added to samples 4-9 and 16-21. BMAA (25 µl, 
10 mM in HBSS was added to samples 10-15 and 
22-27.  See Table 1 for an overview of the 
experimental design. The homogenates were 
incubated for 1 hour at 37°C on a shaking table. 
112 µl aliquots were transferred to new tubes and 
HBSS was added to achieve a total volume of 300 
µl. Ice cold acetone (1.2 ml) was added and the 
samles stored at -20°C overnight for protein 
precipitation. The samples were then centrifuged 
(16,100 x g, 4°C, 5 min). The supernatant was 
immediately removed, and the surface of the 
resulting protein pellet was washed with acetone 
(200 µl) (1), and precipitated with TCA (1.4 ml, 

10% (w/v) in H2O) (2). Step (1)-(2) was the 
repeated once. The protein pellets were stored at -
20°C prior to continued sample preparation, with 
the same sample preparation routine as for the in 
vivo samples described above, starting with the 
hydrolysis step with HCl. 
 

Table 1. The experimental design for the in vitro 
incubation experiment. *0.25 mM, #1 mM. 

 
 

2.4.4.1UHPLCLMS/MS1Analysis1
The analytical method used was previously 
developed by Jiang et.al. [36], and validated with 
respect to LOD/LOQ, selectivity, accuracy, 
precision and linearity. The instrument LOD and 
LOQ values were both reported as 0.5 pg injected 
BMAA [36]. The LOD and LOQ for the rat tissue 
matrix used in this study has been reported as 
“below 0.02 ng BMAA/mg of wet brain tissue” 
with signal to noise ratio = 40 [26]. The instru-
ment setup used is described in the Materials & 
Equipment section. For the chromatographic 
separation of BMAA and its isomers, as well as 
from interfering compounds from the sample 
matrix, a gradient system was used. The 
composition of the two mobile phases (A & B) 
can be found in the Chemicals section. An 
overview of the gradient system used can be 
found in Table 2 below.  
! !

!

! ! !

Animal!
#!

Sample!
ID!

Without!protein!synthesis!
inhibitor!

Control! Liver!
1" 1!
2" 2!
3" 3!

Low!conc.!
BMAA*!

Liver!
1" 4!
2" 5!
3" 6!

Cerebellum!
1" 7!
2" 8!
3" 9!

High!conc.!
BMAA#!

Liver!
1" 10!
2" 11!
3" 12!

Cerebellum!
1" 13!
2" 14!
3" 15!

With!protein!synthesis!
inhibitor!

Low!conc.!
BMAA*!

Liver!
1" 16!
2" 17!
3" 18!

Cerebellum!
1" 19!
2" 20!
3" 21!

High!conc.!
BMAA#!

Liver!
1" 22!
2" 23!
3" 24!

Cerebellum!
1" 25!
2" 26!
3" 27!
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Table 2. The LC gradient system used. 

!
To increase the instrument sensitivity, an 
additional flow of 600 µl/min of mobile phase B 
was added after the chromatographic separation 
column. This is reported to increase the detection 
sensitivity four fold [36], as BMAA dissolved in 
a higher concentration of organic solvent when 
entering the ion source is more readily 
ionizationable compared to the more aqueous 
solvent the analyte is eluted in early in the 
gradient. More organic solvent increases the ESI 
response, and thus sensitivity. 
 For the mass spectroscopic detection, an ESI 
ion source was used, operating in selected 
reaction monitoring (SRM) mode with positive 
ion detection. One general SRM transition and 
three diagnostic SRM transitions were used to 
detect both BMAA and its three isomers AEG, 
DAB and BAMA, seen in Table 3 below, 
together with the LC retention times for the 
isomers. Thus, a combination of the LC 
separation, and the peak area ration between the 
general SRM transition and the diagnostic 
transitions can be utilized to selectively detect 
and distinguish BMAA from its isomers. Other 
relevant instrument parameters can be reviewed 
in Table 4. Samples of 2 mg dried broccoli 
(Spain) were subjected to the sample preparation 
and analysis together with the tissue samples, and 
were used as a negative blank, as broccoli do not 
contain detectable levels of BMAA. For 
quantification and for monitoring of instrument 
performance and LC separation, a standard 
solution containing 20 µl of a mixture containing 
50 ppb BMAA, 50 ppb BAMA, 50 ppb AEG and 
200 ppb DAB and 10 µl 100 ppb internal standard 
was prepared and derivatized according to the 
normal derivatization routine. The peak area 
ratios between internal standard and BMAA in 
this standard solution and in the samples were 
compared for BMAA quantification. A reagent 
blank solution (20 µl 20 mM HCl subjected to the 

AQC derivatization step) was used to evaluate LC 
carryover. The 4 isomer standard solution and 
reagent blank solution was injected frequently in 
between real samples, to assess instrument 
performance and stability. Figure 5 in the 
“Results and Discussion” section shows the 
chromatographic separation of BMAA, DAB, 
AEG and BAMA in an injected standard solution. 
Aliquots of blank liver samples were spiked with 
10 µl 20 ppb and 50 ppb BMAA respectively, and 
subjected to the entire sample preparation routine, 
to ensure that there was no carryover of BMAA 
from the free form to the protein pellet (Data not 
shown). 

&

Table 3. The SRM transitions and retention times used 
for detection and quantification of BMAA and its 
isomers. Adapted from [36]. A larger version (Table 9) 
can be found in Appendix D. 

!
&

Table 4. Other tandem MS instrumental parameters.&
!
Vaporizer!temperature!(°C)! 380!

Capillary!temperature!(°C)! 300!

Sheath!gas!pressure!(psi)! 65!

Ion!sweep!gas!pressure!(psi)! 0!

Auxiliary!gas!pressure!(psi)! 20!

Declustering!voltage!(V)! E2!

Argon!collision!gas!pressure!(mTorr)! 1,5!

3.1Results1and1discussion1

3.1.1 Tissue1distribution1of1 free1and1proteinL
associated1BMAA1
As can be seen in Figure 2 and Figure 3, both free 
and protein-associated BMAA could be detected 
in all analyzed tissue types in all different dosage 
groups, although at levels approaching the LOQ 
for some protein samples in the lowest dosage 
group. This shows that BMAA is readily 
available to all the analyzed brain regions and 
organs in the neonatal rat. All individual data 
points can be reviewed in Table 6 in Appendix A. 

t"(min)" %"B"
Flow"rate"
(μl/min)"

0" 0" 200"
10" 10" 200"
11" 80" 400"
12" 80" 400"

12,1" 0" 400"
16" 0" 400"

!

Analyte( SRM(transition S0lens((V) Collision(energy((eV) Scan(time((s) Scan(width((m/z) RT((min)

Identification All#analytes 459.18>119.08 110 20 0.2 0.01
BMAA 459.18>258.09 115 25 0.4 0.01 7.17

BAMA 459.18>258.10 115 25 0.4 0.01 5.8

AEG 459.18>214.10 115 35 0.2 0.01 7.69
DAB 459.18>188.08 110 35 0.2 0.01 8.05

Quantification BMAA 459.18>119.08 110 20 0.5 0.01 7.17
D3;BMAA 462.2>122.10 110 20 0.5 0.01 7.17
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The concentrations determined in hypothalamus 
are highly comparable to those from an earlier 
study using the same method [26], which proves 
the stability and reproducibility of the method. 
Hypothalamus had a high level of free BMAA in 
all dosage groups, which can be explained by it 
not being fully protected by the BBB. The 
concentrations of free BMAA detected in all the 
other brain regions (Cortex, Hippocampus, 
Striatum and Cerebellum) are all similar to each 
other. However, the concentration of protein-
associated BMAA is significantly higher in 
Hippocampus (p<0.05), compared to cortex, 
striatum and cerebellum. This is an interesting 
finding, as earlier studies have identified a 
distinct localization of radiolabelled BMAA to 
the hippocampus [24], which is a brain region 
involved in memory. The distribution of free and 
protein-associated BMAA to striatum is also 
intriguing, as damages to this region is involved 
in the etiology of PD. An uptake in this region in 
the neonatal age allows the possibility of BMAA 
to be involved in the development of the disease 
via some long-term mechanism. Earlier studies 
have indeed shown cognitive impairments in 
adults rats treated neonatally with BMAA [25]. 
While selective distribution to these regions have 
been indicated before [23], this study confirms 
that unchanged BMAA indeed is distributed to 
these regions, and not only its metabolites. 
Interestingly, the concentrations of free BMAA in 
thymus and spleen are significantly lower 
(p<0.05) than those found in all analyzed brain 

regions, even though most of these regions are to 
some extent protected by the BBB. This could 
possibly be explained by the higher blood flow in 
the brain, or it could be an indication that BMAA 
is transported into the brain regions via some 
amino acid transporter, for example the large 
amino acid transporter (LAT1), which has been 
proposed [19]. It is noteworthy that the 
developing neonatal brain efficiently utilizes 
dietary amino acids, and the high uptake of 
BMAA into the brain could be because the brain 
regions incorporate higher amounts of amino 
acids during this period compared to later in life, 
as the protein synthesis rate in the immature brain 
is reported to be about twice that of adult rats 
[40]. However, the fraction of BMAA that is 
associated to proteins is significantly higher in 
thymus (p<0.01) and spleen (p<0.05) compared 
to for example cortex, cerebellum and striatum, 
see Figure 6.  This could be an indication that the 
association of BMAA is correlated to the rate of 
protein synthesis, which would highly likely be 
the case if BMAA is indeed misincorporated into 
proteins as suggested by Dunlop et al. [27]. The 
rate of protein synthesis and turnover is higher in 
these organs compared to the brain [40-41]. An 
implication of this hypothesis is that a higher 
proportion protein-associated BMAA would have 
been expected be found in cerebellum, as a high 
degree of BMAA localization to this region has 
been seen in isotopic labeling studies [23].  
 

!
Figure 2. The concentration of free BMAA in the tissue samples from the three dosage groups. Mean values (ng/mg wet 
tissue) ± SEM are plotted. Significance levels can be found in Appendix B and C. 
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!
Figure 3. The concentration of protein-associated BMAA in the tissue samples from the three dosage groups. Mean 
values (ng/mg wet tissue) ± SEM are plotted. Significance levels can be found in Appendix B and C.

 

!
Figure 4. The fraction protein-associated BMAA (defined as conc. bound BMAA/conc. free BMAA) in the tissue samples from 
the three dosage groups. Mean values ((ng bound BMAA/mg wet tissue)/(ng free BMAA/mg wet tissue)) ± SEM are plotted. 
Significance levels can be found in Appendix B and C.

This could be explained either by that the 
radioactivity seen in cerebellum could originate 
from BMAA metabolites, or that it is only distinct 
parts of cerebellum that incorporate high levels of 
BMAA, which would be diluted in the sample 
preparation used in this study, as larger parts of 
cerebellum might be used. Performing an 
analogous calculation of the degree of protein 
association on the results obtained from neonatal 
rat liver samples in an earlier study [26] yields a 

degree of protein association approximately more 
than four times that of for example striatum, 
cortex and cerebellum.  This is in line with what 
would be expected because of the higher rate of 
protein synthesis in the liver [40]. The possibility 
that the high degree of protein association in 
thymus, spleen and liver is correlated to the 
degree of protein synthesis is intriguing, as it 
would be another line of indications of protein 
incorporation of BMAA, and data from more 
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non-cerebral organs would be of great value to 
support or reject this hypothesis. 
 Hippocampus has a significantly higher degree 
of protein association than cortex, striatum and 
cerebellum in all studied dosage groups (p<0.01 
for both groups treated for two days, and p<0.05 
in the group treated for 5 days), as does 
hypothalamus (p<0.05 in the groups treated for 
two days).  This could perhaps be explained by 
differences in the rate of growth between 
different regions during neonatal development, 
but needs to be examined further.  
 As can be seen in Figure 2 and Figure 3, the 
concentration of both free and protein-associated 
BMAA appears to be dose-dependent, with much 
higher concentrations seen in the 150 mg 
BMAA/kg b.w. x2 days group compared to the 
40 mg BMAA/kg b.w. x2 days group in all tissue 
types, as would be expected. However, the group 
that was administered daily BMAA injections for 
5 days shows clearly lower concentrations, both 
in the free and protein-associated form, than what 
would have been expected if BMAA would have 
been accumulated into proteins and recycled in 
the free pool of amino acids, as some groups have 
suggested [42]. The fraction BMAA associated to 
proteins also appears to be higher in this group 
compared to the other treatment groups, reaching 
statistical significance (p<0.05) for striatum and 
cerebellum, indicating that BMAA is cleared 
faster from the free form, which support the 
hypothesis of protein association. An earlier study 
has shown that no free or protein-associated 
BMAA could be detected 28 weeks after BMAA 
administration [26]. The data presented here 
shows that there has been considerable 
elimination of BMAA in the studied tissues, even 
from the protein-associated form, as early as a 
few days from the first administration. This 
strongly contradicts that BMAA would recycle in 
the free pool of amino acids, and thereby exerting 
long-term toxicity. The data instead provide more 
support for the hypothesis that BMAA induced 
damages are initiated during neonatal 
development. 

3.2.1Evaluation1of1the1analytical1method1
(UHPLCLMS/MS1with1AQC1derivatization)11
As previously mentioned, there is a large 
discrepancy between the quantitative analytical 

results reported by different groups [31-32]. For 
example, concentrations reported in different 
aquatic systems have spanned over orders of 
magnitude, from (ng/g dry weight) [17,43] up to 
(mg/g dry weight) [15]. Additionally, some 
groups have even been unable to detect BMAA in 
biological samples where high concentrations 
have been reported by others [34,44-46].  It is 
likely that these discrepancies can be partly 
explained by the wide variety of analytical 
methods used, and there is a lack of consensus 
and very few comparative studies evaluating the 
different analytical methods used for BMAA 
quantification. One could categorize the most 
commonly used methods into two main 
categories: methods that use derivatization, and 
methods that analyze native BMAA. In the 
former category, methods that have been 
published include GS-MS [47], and reversed 
phase liquid chromatography (RPLC) with UV, 
fluorescence, MS or MS/MS detection of 
derivatized BMAA [36,48-49]. Almost all 
published methods that are used to detect and/or 
quantify underivatized BMAA utilize HILIC 
(Hydrophilic interaction chromatography) 
columns with MS or MS/MS detection [34,50], as 
a great separation performance is needed to 
satisfyingly separate BMAA from the complex 
sample matrix. While it can be convenient to 
exclude a derivatization step in the sample 
preparation, a main implication against such 
methods is that the m/z region of BMAA is 
populated by a variety of biomolecules in the 
sample matrix. This both increase noise, and 
leads to ion suppression, an effect that decreases 
the sensitivity of the method, which can lead to 
difficulties detecting trace levels of BMAA. 
Indeed, some groups that have been unable to 
detect BMAA in samples where it has been 
reported by others have used HILIC separation of 
underivatized BMAA [34]. While these methods 
might be capable of detection of BMAA in some 
sample types, the sensitivity might be too low to 
detect it in samples with lower concentrations, 
such as human brain tissue. The studies that have 
been unable to find BMAA brain samples from 
diseased AD patients used liver from BMAA fed 
mice as a positive control [46], which likely had a 
much higher concentration than the brain 
samples, based on the data obtained in this study 
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and in an earlier study [26]. In the neonatal rat, 
the concentration in the liver can be one order of 
magnitude higher than in the brain, and human 
brain samples would likely contain even less 
BMAA than brain tissue from BMAA fed 
animals. It has also been argued that some 
methods might be incapable of distinguishing 
BMAA from its isomers [32,34], especially DAB 
and BAMA, which can lead to false positive 
results, as DAB have been found in 
cyanobacterial samples in which BMAA has been 
frequently reported. [45]. On the other hand, LC 
methods that use tandem mass spectroscopy as 
detection method can be considered highly 
selective, as they rely on four identification 
criteria: chromatographic separation, m/z ratios 
for both the parent ion and product ions, as well 
as the peak area ratio between the two latter [31]. 
 The method used in this study uses AQC 
derivatization, tandem MS detection, and an 
UHPLC column, which provides good separation 
of BMAA and its three structural isomers AEG, 
DAB and BAMA, see Figure 5. The use of an 
analytical standard solution with these isomers 
prevents misidentification. This greatly reduces 
the likelihood of false positive results. The use of 
the AQC derivatization agent has the advantage 
of shifting the m/z of the derivatized BMAA to a 
region where there is less interference from 
biomolecules in the sample, which decreases ion 
suppression thus increasing sensitivity [32,36].  

 
Figure 5. The chromatographic separation of BMAA 
and its structural isomers. Used with permission from L. 
Jiang et al. (Unpublished data). A larger version (figure 
6) can be found in Appendix D. 

AQC derivatized BMAA is also more readily 
ionized by the ESI ion source, as the more 
hydrophobic derivatized molecule migrates 

towards the surface of the droplets in the spray, 
which increases sensitivity further [36]. One 
implication against the gradient system used here 
is that the derivatized BMAA elutes early, when 
the water content in the mobile phases is high, 
which can decrease ionizationability. However, 
the use of a post column flow with the addition of 
more organic solvent prevents this, and is 
reported to increase the sensitivity four fold [36]. 
The extensive sample preparation protocol used 
in this study is a clear advantage of this method, 
as the removal of unwanted compounds from the 
sample matrix can increase both sensitivity and 
selectivity, even if there are losses during the 
multiple steps. It is also possible that the 
derivatization efficiency when using the AQC 
reagent is not complete when derivatizing large 
sample amounts. The early addition of internal 
standard compensates for these losses when 
quantifying BMAA, and the results obtained 
using methods without the use of internal 
standard runs the risk of being falsely low.  This 
method can be used on a wide range of sample 
types [14,26,36]. A disadvantage of the method is 
that the sample preparation is time consuming, 
and that the time span from the collection of the 
samples to quantitative results can be long. 
However, the versatility of the method, making 
relevant quantitative comparisons between a 
broad variety of different sample types greatly 
overcomes this, as using a single method makes 
such comparisons much more confident.  
 Worth noting, is that despite the rigorous 
sample cleanup used, liver samples had a severe 
impact on column life, which is the reason that 
the liver samples from the in vitro incubation 
experiment have been excluded. Further sample 
cleanup might be needed, if one desires to 
analyze a larger set of liver matrix samples. One 
might also note that the variation in some sample 
types, notably spleen samples, is a bit higher than 
in other samples. This might be because only 
portions of the larger organs are cut prior to cell 
lysis, which could have different protein 
composition and/or content. The incorporation of 
BMAA into organs might also be different in 
different regions within the same organ. 
Homogenization of the entire organ would 
possibly yield data with less variability. 
Additionally, the quantification of protein-
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associated BMAA only determines the 
concentration/mg wet tissue. It would also be 
interesting to relate the BMAA concentration to 
protein content, as this content differs between 
different tissue types, for example by measuring 
the protein content of the samples. However, if 
the degree of incorporation of BMAA is 
dependent on protein synthesis, this effect might 
still be observed regardless of protein content. 
Furthermore, variation is introduced when cutting 
and recording the weight of tissue samples. As 
the wet weight is recorded, water evaporation 
from the samples will introduce variation if the 
extent of this effect is dissimilar in different 
tissue types. The impact of this effect is likely 
minor compared to the total inter-sample 
variation. One source of error in this method is 
that the internal standard added for quantification 
of protein-associated BMAA is added after the 
protein pellet has been subjected to rigorous 
washing, in which there will be some losses. 
These losses also seem to vary between different 
tissue types, and this effect could underestimate 
the BMAA concentration in the protein pellet. 
However, the impact of this effect is likely minor, 
as the visual depletion of the protein pellets was 
never significant in any of the analyzed tissue 
types. One additional source of error is the 
possibility of BMAA-containing small peptides in 
the supernatant, which could lead to 
underestimation of the free BMAA content [32]. 
The extent of this effect could be tested by 
hydrolysis of the supernatant.  

In summary, the method used in this study is 
highly versatile, selective and sensitive, which is 
highly desirable both for confident quantification 
and detection of BMAA. As there is still 
controversy regarding the analytical methods in 
this research field, it would be of great value to 
compare the methods used by different groups, 
for example by sharing and co-analysis of 
samples. 
!

3.3.1Protein1synthesis1dependent1in%vitro1
BMAA1incubation1in1cell1homogenates1
As functional in vitro protein synthesis systems 
using cell homogenates prepared from fresh 
tissue have been reported before [37-38], it is 
interesting to examine if such a system could 

incorporate BMAA, and if there is a difference 
when the synthesis is inhibited by a protein 
synthesis inhibitor. The liver homogenate 
samples from the in vitro incubation experiment 
have not yet been analyzed, because liver samples 
had a severe impact on column life. Only one 
liver sample was analyzed, as it served as a 
control. The quantification of BMAA in 
homogenates of the cerebellum (Table 5) showed 
no significant differences between the groups 
with and without protein synthesis inhibitor 
added.  This could indicate that there is an 
association of BMAA into proteins via a 
mechanism not related to protein synthesis. 
However, it cannot be conclusively excluded that 
the two-cycle washing procedure used in the 
sample preparation was enough to fully remove 
all excess BMAA at the high concentrations used 
in this experiments. Further testing of this step, 
where e.g. two-cycle and five-cycle washing is 
compared will be required to completely interpret 
these data. Additionally, the in vitro protein 
synthesis model needs to be validated to ensure 
that the protein synthesis is fully functional, for 
example by incubation with a 14C-labelled protein 
forming amino acid such as serine or alanine. 
!

Table 5. UHPLC MS/MS quantification (ng/mg wet 
tissue) of the cerebellum samples from the in vitro 
incubation with BMAA. *One point excluded due to 
total loss of protein pellet during the washing step. 

! !

4.1Conclusion1
The aim of this study was to examine the tissue 
distribution of free and protein-associated BMAA 
in the neonatal rat following s.c. injections on 
PND 9-10 or PND 9-13. Both free and protein-
associated BMAA was detected and quantified in 
all analyzed tissue types, notably in brain regions 
associated with neurodegenerative diseases such 
as PD, ALS and AD. A significantly higher 
degree of protein association was observed in 
thymus and spleen, compared to the brain 
regions, which could be an indication of a 
correlation between BMAA protein association 

In vitro cerebellum
Without inhibitor With inhibitor
0,25 mM BMAA 1 mM BMAA 0,25 mM BMAA 1 mM BMAA

n 2* 3 3 3

Mean 0.665 2.737 0.723 2.175

STD 0.371 1.512 0.249 1.606

SEM 0.214 0.873 0.144 1.135
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and protein synthesis rate, especially taken 
together with earlier findings of high protein 
association in liver samples. Such a correlation 
would strongly suggest that BMAA is indeed 
incorporated into proteins. However, data from 
more tissue types needs to be obtained to fully 
examine this possible correlation. This study also 
confirmed that BMAA is readily eliminated from 
the studied tissues both in the free and protein-
associated form, which strongly indicates that it is 
not long-term accumulated in proteins or recycled 
in the free amino acid pool. However, it cannot be 
excluded that there are specific pools of slowly 
turned over proteins in which BMAA will be 
present for longer periods of time. 
 Although there is controversy, confusion and 
discrepancy around methods used for BMAA 
analysis, the method used in this study can 
sensitively and selectively detect and quantify 
BMAA in a variety of biological sample types. 
 The results from the in vitro incubation of 
BMAA in cell homogenates provide no additional 
evidence for a protein synthesis dependent 
incorporation of BMAA into proteins. 
Additionally, the possibility remains for an 
association via some other (i.e. chemical) 
mechanism. However, it cannot be completely 
excluded that the washing routine used in the 
sample preparation was insufficient to remove all 
free BMAA that could interfere with the analysis. 
More research is needed both to assess the 
washing efficiency in this system and to show 

that the in vitro protein synthesis system is fully 
functional. This could be done for example by 
incorporation of a 14C-labelled protein forming 
amino acid, such as serine or alanine. 
 Obtaining an increased understanding of the 
biological properties of BMAA is important, as 
this neurotoxin is a possible environmental 
contaminant associated with the development of 
neurodegenerative diseases. To characterize and 
identify underlying causes of neurodegenerative 
diseases is important to be able to develop a new 
generation of pharmaceuticals that can be used in 
the treatment of these wide spread disorders. 
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Appendix1A1L1Quantification1of1individual1tissue1samples1
&

Table&6.&Detected&concentration&of&free&and&proteinAassociated&BMAA&and&the&variance&observed&in&
the&data&sets.&

&

free  BMAA (ng/mg wet tissue) bound BMAA (ng/mg wet tissue)
40mg/kg 150mg/kg 40x5mg/kg 40mg/kg 150mg/kg 40x5mg/kg

2.04 39.47 5.08 0.014 0.151 0.043
2.47 30.52 6.11 0.010 0.182 0.036
2.52 33.80 4.94 0.014 0.105 0.060
0.82 55.46 9.92 0.007 0.269 0.038

Mean 1.964 39.809 6.512 0.011 0.177 0.044
STD 0.793 11.068 2.328 0.003 0.069 0.011
RSD 40.37% 27.80% 35.75% 30.15% 39.04% 24.59%
SEM 0.39641 5.53391 1.16415 0.00166 0.03450 0.00544
n 4 4 4 4 4 4

40mg/kg 150mg/kg 40x5mg/kg 40mg/kg 150mg/kg 40x5mg/kg
2.80 54.95 8.54 0.003 0.067 0.025
3.63 41.27 10.43 0.004 0.072 0.023
6.16 35.28 8.07 0.005 0.021 0.027
3.67 56.80 11.00 0.003 0.034 0.020

Mean 4.065 47.077 9.510 0.003 0.048 0.024
STD 1.452 10.478 1.422 0.001 0.025 0.003
RSD 35.73% 22.26% 14.95% 26.13% 50.77% 13.28%
SEM 0.72618 5.23890 0.71077 0.00045 0.01231 0.00157
n 4 4 4 4 4 4

40mg/kg 150mg/kg 40x5mg/kg 40mg/kg 150mg/kg 40x5mg/kg
1.93 35.54 4.97 0.002 0.021 0.014
2.84 30.34 5.54 0.002 0.039 0.012
3.53 45.51 4.73 0.003 0.007
2.48 37.70 2.14 0.002 0.062 0.004

Mean 2.692 37.270 4.347 0.002 0.040 0.009
STD 0.673 6.304 1.507 0.001 0.021 0.005
RSD 25.00% 16.91% 34.66% 24.82% 50.92% 51.87%
SEM 0.33649 3.15183 0.75329 0.00026 0.01029 0.00241
n 4 4 4 4 3* 4

40mg/kg 150mg/kg 40x5mg/kg 40mg/kg 150mg/kg 40x5mg/kg
3.35 77.22 9.20 0.019 0.183 0.027
6.52 65.48 15.55 0.021 0.269 0.055
11.40 42.50 29.35 0.021 0.224 0.060
15.41 139.81 5.87 0.022 0.391 0.029

Mean 9.170 81.251 14.992 0.021 0.267 0.043
STD 5.315 41.618 10.380 0.001 0.090 0.017
RSD 57.96% 51.22% 69.24% 5.09% 33.60% 39.78%
SEM 2.65748 20.80889 5.19025 0.00052 0.04482 0.00854
n 4 4 4 4 4 4

free  BMAA (ng/mg wet tissue) bound BMAA (ng/mg wet tissue)

Hippocampus

Striatum
free  BMAA (ng/mg wet tissue) bound BMAA (ng/mg wet tissue)

Cerebellum

Hypothalumas
free  BMAA (ng/mg wet tissue) bound BMAA (ng/mg wet tissue)
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!
*One!bound!BMAA!cerebellum!data!point!in!the!150!mg!BMAA/kg!b.w.!x!2!groups!was!excluded!due!to!an!obviously!
unreasonably!low!intensity!of!IS,!which!resulted!in!a!falsely!high!BMAA!concentration!!in!the!quantification.!This!error!
was!likely!caused!by!a!mistake!made!when!dosing!the!internal!standard!in!that!sample.!
! !

40mg/kg 150mg/kg 40x5mg/kg 40mg/kg 150mg/kg 40x5mg/kg
3.26 70.28 5.98 0.004 0.100 0.004
3.95 67.52 11.92 0.005 0.123 0.030
6.60 58.28 7.68 0.008 0.021 0.021
4.39 51.27 4.98 0.003 0.077 0.005

Mean 4.551 61.839 7.640 0.005 0.081 0.015
STD 1.445 8.717 3.062 0.002 0.044 0.013
RSD 31.76% 14.10% 40.08% 45.26% 54.48% 86.46%
SEM 0.72260 4.35857 1.53089 0.00113 0.02194 0.00642
n 4 4 4 4 4 4

40mg/kg 150mg/kg 40x5mg/kg 40mg/kg 150mg/kg 40x5mg/kg
0.61 11.04 1.45 0.004 0.064 0.013
0.76 11.15 1.58 0.005 0.073 0.013
1.18 12.53 1.61 0.008 0.074 0.010
0.73 18.10 1.10 0.006 0.095 0.012

Mean 0.819 13.207 1.435 0.006 0.076 0.012
STD 0.249 3.335 0.234 0.001 0.013 0.001
RSD 30.46% 25.25% 16.32% 24.61% 17.09% 9.29%
SEM 0.12471 1.66762 0.11712 0.00072 0.00653 0.00056
n 4 4 4 4 4 4

40mg/kg 150mg/kg 40x5mg/kg 40mg/kg 150mg/kg 40x5mg/kg
1.22 11.63 1.97 0.005 0.078 0.016
1.30 11.21 1.99 0.014 0.035 0.041
1.63 11.65 2.06 0.013 0.054 0.010
1.54 11.76 2.22 0.003 0.134 0.044

Mean 1.423 11.564 2.060 0.009 0.075 0.028
STD 0.194 0.242 0.117 0.006 0.043 0.017
RSD 13.65% 2.09% 5.65% 65.03% 56.75% 61.95%
SEM 0.09717 0.12098 0.05826 0.00284 0.02137 0.00867
n 4 4 4 4 4 4

Spleen
bound BMAA (ng/mg wet tissue)free  BMAA (ng/mg wet tissue)

Cortex
free  BMAA (ng/mg wet tissue) bound BMAA (ng/mg wet tissue)

Thymus
bound BMAA (ng/mg wet tissue)free  BMAA (ng/mg wet tissue)



! 24(29)!

Appendix1B1–1One1way1ANOVA1
!
Table&7.&One&way&&ANOVA&calculations&showing&that&there&exists&significant&differences&between&
tissue&types&within&all&dosage&groups.&

1

!

!

Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 7.856 1.964 0.629
Striatum 4 16.259 4.065 2.109
Cerebellum 4 10.77 2.692 0.453
Hypothalamus 4 36.678 9.17 28.249
Cortex 4 18.204 4.551 2.089
Thymus 4 3.275 0.819 0.062
Spleen 4 5.694 1.423 0.038

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 192.301 6 32.0501 6.67149 0.00046 3.26096
Within Groups 100.885 21 4.804

Total 293.185 27

Analysis of Variance (One-Way)
40 mg BMAA/kg b.w. x2 free

Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 159.237 39.809 122.496
Striatum 4 188.307 47.077 109.784
Cerebellum 4 149.081 37.27 39.736
Hypothalamus 4 325.003 81.251 1732.04
Cortex 4 247.356 61.839 75.989
Thymus 4 52.826 13.207 11.124
Spleen 4 46.254 11.564 0.059

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 14968.13 6 2494.688 8.35051 0.00011 3.26096
Within Groups 6273.684 21 298.747

Total 21241.814 27

Analysis of Variance (One-Way)
150 mg BMAA/kg b.w. x2 free

Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 26.05 6.512 5.421
Striatum 4 38.042 9.51 2.021
Cerebellum 4 17.389 4.347 2.27
Hypothalamus 4 59.966 14.992 107.755
Cortex 4 30.558 7.64 9.374
Thymus 4 5.741 1.435 0.055
Spleen 4 8.242 2.06 0.014

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 529.284 6 88.214 4.86567 0.00293 3.26096
Within Groups 380.728 21 18.13

Total 910.011 27

Analysis of Variance (One-Way)
40 mg BMAA/kg b.w. X 5 free
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Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 0.0441 0.011 0.0000111
Striatum 4 0.0136 0.0034 0.0000008
Cerebellum 4 0.0084 0.0021 0.0000003
Hypothalamus 4 0.0822 0.0205 0.0000011
Cortex 4 0.0199 0.005 0.0000051
Thymus 4 0.0234 0.0058 0.0000021
Spleen 4 0.0349 0.0087 0.0000323

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 0.00095 6 0.00016 20.96155 0. 3.26096
Within Groups 0.00016 21 0.00001

Total 0.0011 27

Analysis of Variance (One-Way)
40 mg BMAA/kg b.w. x2 protein bound

Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 0.707 0.17675 0.00476
Striatum 4 0.19392 0.04848 0.00061
Cerebellum 3 0.05958 0.02979 0.00017
Hypothalamus 4 1.06705 0.26676 0.00804
Cortex 4 0.32216 0.08054 0.00193
Thymus 4 0.30559 0.0764 0.00017
Spleen 4 0.30124 0.07531 0.00183

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 0.15657 6 0.02609 9.50826 0.00007 3.35313
Within Groups 0.05214 19 0.00274

Total 0.20871 25

Analysis of Variance (One-Way)
150 mg BMAA/kg b.w. x2 protein bound

Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 0.17701 0.04425 0.00012
Striatum 4 0.09462 0.02365 0.00001
Cerebellum 4 0.03711 0.00928 0.00002
Hypothalamus 4 0.17169 0.04292 0.00029
Cortex 4 0.05938 0.01484 0.00016
Thymus 4 0.04803 0.01201 0.000001
Spleen 4 0.11202 0.028 0.0003

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 0.00489 6 0.00081 6.26635 0.00068 3.26096
Within Groups 0.00273 21 0.00013

Total 0.00762 27

Analysis of Variance (One-Way)
40 mg BMAA/kg b.w. x5 protein bound
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Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 0.02438 0.0061 0.000003066
Striatum 4 0.00344 0.00086 0.000000012
Cerebellum 4 0.00314 0.00079 0.000000004
Hypothalamus 4 0.01211 0.00303 0.000003805
Cortex 4 0.00436 0.00109 0.000000096
Thymus 4 0.02904 0.00726 0.00000133
Spleen 4 0.02475 0.00619 0.000016462

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 0.00019 6 0.00003 9.11119 0.00006 3.26096
Within Groups 0.00007 21 0.

Total 0.00027 27

Analysis of Variance (One-Way)
40 mg BMAA/kg b.w. x2 bound/free

Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 0.01775 0.00444 0.0000016
Striatum 4 0.00416 0.00104 0.0000003
Cerebellum 3 0.00186 0.00093 0.0000002
Hypothalamus 4 0.17169 0.04292 0.0002915
Cortex 4 0.00513 0.00128 0.0000004
Thymus 4 0.02346 0.00587 0.0000003
Spleen 4 0.02588 0.00647 0.0000128

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 0.00536 6 0.00089 18.44196 0. 3.35313
Within Groups 0.00092 19 0.00005

Total 0.00628 25

Analysis of Variance (One-Way)
150 mg BMAA/kg b.w. x2 bound/free

Summary
Groups Sample size Sum Mean Variance

Hippocampus 4 0.03032 0.00758 0.0000128
Striatum 4 0.01026 0.00256 0.0000005
Cerebellum 4 0.00831 0.00208 0.0000004
Hypothalamus 4 0.01353 0.00338 0.0000015
Cortex 4 0.00682 0.0017 0.0000011
Thymus 4 0.03427 0.00857 0.0000031
Spleen 4 0.05387 0.01347 0.0000651

ANOVA
Source of Variation SS df MS F p-level F crit
Between Groups 0.00047 6 0.00008 6.42194 0.00059 3.26096
Within Groups 0.00025 21 0.00001

Total 0.00072 27

Analysis of Variance (One-Way)
40 mg BMAA/kg b.w. x5 bound/free
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Appendix1C1–1Unpaired1twoLtailed1tLtest1
!
Table&8.&pAvalues&from&the&statistical&significance&testing&of&the&results&of&
individual&tissue&types,&using&an&unpaired,&twoAtailed&tAtest.&

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.04414 0.21082 0.03645 0.02010 0.03303 0.23345
Striatum 0.13725 0.11332 0.65190 0.01249 0.01130
Cerebellum 0.05200 0.05853 0.00197 0.01105
Hypothalamus 0.14453 0.02010 0.02688
Cortex 0.00224 0.00515
Thymus 0.00872

Free8BMAA8408mg8x2

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.37707 0.70392 0.10261 0.02039 0.00368 0.00222
Striatum 0.15984 0.16236 0.07345 0.00084 0.00050
Cerebellum 0.08163 0.00382 0.00052 0.00018
Hypothalamus 0.39643 0.01726 0.01544
Cortex 0.00005 0.00003
Thymus 0.35935

Free8BMAA81508mg8x2

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.07030 0.16944 0.16203 0.57921 0.00488 0.00877
Striatum 0.00249 0.33575 0.31010 0.00003 0.00005
Cerebellum 0.08872 0.10190 0.00876 0.02320
Hypothalamus 0.22312 0.04006 0.02779
Cortex 0.00680 0.01081
Thymus 0.00306

Free8BMAA8408mg8x5

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.00444 0.00182 0.00159 0.02357 0.02863 0.51069
Striatum 0.04442 0.00000 0.24340 0.01654 0.11353
Cerebellum 0.00000 0.04736 0.00274 0.05901
Hypothalamus 0.00002 0.03399 0.00645
Cortex 0.54160 0.26500
Thymus 0.36184

Protein8bound8BMAA8408mg8x2

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.01280 0.02282 0.16263 0.05680 0.02887 0.04655
Striatum 0.66648 0.00334 0.24960 0.09191 0.31833
Cerebellum 0.00853 0.20844 0.03548 0.25526
Hypothalamus 0.00972 0.00567 0.00841
Cortex 0.86236 0.87004
Thymus 0.96277

Protein8bound8BMAA81508mg8x2
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p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.0109 0.0011 0.8998 0.0129 0.0000 0.1637
Striatum 0.0024 0.0682 0.2307 0.0004 0.6392
Cerebellum 0.0090 0.4478 0.3114 0.0827
Hypothalamus 0.0391 0.0112 0.2662
Cortex 0.6752 0.2684
Thymus 0.1153

Protein8bound8BMAA8408mg8x5

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.00099 0.00091 0.05770 0.00134 0.30910 0.96865
Striatum 0.27845 0.06845 0.21083 0.00003 0.03936
Cerebellum 0.06134 0.10128 0.00003 0.03741
Hypothalamus 0.09763 0.00966 0.20998
Cortex 0.00005 0.04624
Thymus 0.62871

Fraction8bound/free8408mg8x2

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.00250 0.00871 0.41134 0.00410 0.07938 0.32545
Striatum 0.77180 0.01078 0.58584 0.00003 0.02410
Cerebellum 0.02978 0.81232 0.00008 0.05559
Hypothalamus 0.01810 0.01979 0.05298
Cortex 0.00003 0.02911
Thymus 0.75010

Fraction8bound/free81508mg8x2

p<x Striatum Cerebellum Hypothalamus Cortex Thymus Spleen
Hippocampus 0.03310 0.02300 0.06795 0.01983 0.63774 0.06059
Striatum 0.33648 0.28851 0.22639 0.00074 0.03595
Cerebellum 0.10522 0.10522 0.00045 0.03058
Hypothalamus 0.08412 0.00294 0.04837
Cortex 0.00057 0.02769
Thymus 0.28056

Fraction8bound/free8408mg8x5
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Appendix1D1–1Enlarged1figures1and1tables1
&

Table 9. An enlarged version of table 3. 

!
!
!

!
Figure 6. An enlarged version of figure 5. 

Analyte( SRM(transition S0lens((V) Collision(energy((eV) Scan(time((s) Scan(width((m/z) RT((min)

Identification All#analytes 459.18>119.08 110 20 0.2 0.01
BMAA 459.18>258.09 115 25 0.4 0.01 7.17

BAMA 459.18>258.10 115 25 0.4 0.01 5.8

AEG 459.18>214.10 115 35 0.2 0.01 7.69
DAB 459.18>188.08 110 35 0.2 0.01 8.05

Quantification BMAA 459.18>119.08 110 20 0.5 0.01 7.17
D3;BMAA 462.2>122.10 110 20 0.5 0.01 7.17


