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Abstract
Andersson, M. 2015. Cellular transport and secretion of the cyanobacterial neurotoxin BMAA
into milk and egg. Implications for developmental neurotoxicity. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 1316. 72 pp.
Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9408-7.

The cyanobacterial amino acid β-N-methylamino-L-alanine (BMAA) is a neurotoxin implicated
in the etiology of neurodegenerative diseases. Cyanobacteria are cosmopolitan organisms
present in various environments. BMAA can cause long-term neurodegenerative alterations in
rats exposed during the neonatal period, a period that corresponds to the last trimester and the
first few years of life in humans. As BMAA has been reported to be bioaccumulated in the
aquatic food chain and detected in mussels, crayfish and fish used for human consumption, the
main aim of this thesis has been to investigate the final step in the mammalian food-chain, i.e.
the transfer of BMAA into breast milk.

Autoradiographic imaging and mass spectrometry analysis showed an enantiomer-selective
uptake of BMAA and that the neurotoxin was transferred from lactating mice and rat, via
the milk, to the brain of the nursed pups. The results show that transport of BMAA may
be disproportional to dose. In addition, BMAA was found present both as free amino acid
and tightly associated to proteins in rat brains. Surprisingly, however, no association to milk
proteins was found. In vitro studies of murine (HC11) and human (MCF7) mammary epithelial
cells suggest that BMAA can pass the human mammary epithelium into milk. Additional
transport studies on human intestinal, glioblastoma and neuroblastoma cells showed that L-
BMAA was consistently favored over D-BMAA and that the transport was mediated by several
amino acid transporters. We also demonstrated that egg-laying quail transfer BMAA to its
offspring by deposition in the eggs, particularly in the yolk but also in the albumen. Furthermore,
comparative analysis of carboxyl- and methyl-labeled [14C]-BMAA suggested that BMAA was
not metabolized to a large degree.

Altogether, the results indicate that BMAA can be transferred from mothers, via the milk,
to the brain of nursed human infants. Determinations of BMAA in mothers’ milk and cows’
milk are therefore warranted. We also propose that birds’ eggs could be an additional source
of BMAA exposure in humans. It might therefore be of concern that mussels are increasingly
used as feed in commercial egg production.
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ALS Amyotrophic lateral sclerosis 
ALS/PDC  ALS/Parkinsonism dementia complex  
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
ASCT2 Alanine serine cysteine transporter 2 
ATP Adenosine triphosphate 
AVM Avian vacuolar myelinopathy 
BBB Blood brain barrier 
BMAA -methylaminoalanine   
Caco-2 Human intestinal epithelial cell line 
cDNA Complementary deoxyribonucleic acid 
FBS Fetal bovine serum 
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase  
GLAST Glutamate aspartate transporter 
GLT-1 Glutamate transporter 1 
HBSS  Hank’s Balanced Salt Solution  
HC11 Murine mammary epithelial cell line  
i.v.  Intravenous   
LAT Large neutral amino acid transporter 
LC-MS/MS Liquid chromatography/ tandem mass spectrometry  
MCF7  Human mammary epithelial cell line 
mGluR Metabotropic glutamate receptor  
mRNA Messenger ribonucleic acid 
MS Mass spectrometry 
NCBI National center for biotechnology information (part of  

the US National Institutes of Health) 
NMDA N-methyl-D-aspartic acid  
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PND Postnatal day 
RT-PCR Reverse transcriptase polymerase chain reaction 
s.c. Subcutaneous 
SHSY5Y Human neuroblastoma cell line 
SLC Solute carrier (groups of cell membrane tranporters) 



 

SNAT2 Sodium-coupled neutral amino acid transporter 2 
TCA  Tichloracetic acid 
tRNA Transfer ribonucleic acid 
U343 Human glioblastoma cell line 
UGC Uppsala genome center 
xc- Cystine/glutamate antiporter 
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Introduction 

The BMAA hypothesis 
During the end of 1940, attention was drawn to the island of Guam when it 
was reported to the medical officer in command of the United States Navy, 
that remarkably many patients from the local community had been admitted 
to the clinic showing signs of the rare neurodegenerative disease amyotrophic 
lateral sclerosis (ALS) (Zimmerman, 1945, Arnold et al., 1953). The indige-
nous population, the Chamorros, was diagnosed with a high incidence of the 
disease amyotrophic lateral sclerosis/ Parkinsonism dementia complex 
(ALS/PDC). ALS/PDC includes clinical symptoms of several neurodegener-
ative diseases such as ALS, Parkinson’s disease and neurofibrillary tangles 
often seen in Alzheimer’s disease (Malamud et al., 1961, Hirano et al., 1966). 
The incidence of ALS/PDC in the 1950s was for the population of Guam much 
higher (up to a 100-fold) compared to similar neurodegenerative disorders in 
the rest of the world (Kurland and Mulder, 1954). Even though there has been 
a decrease in incidence of ALS/PDC on Guam during the second half of the 
20th century, there is still evidence that the people of Guam are affected to a 
higher degree than the rest of the world (Waring et al., 2004). In spite of ex-
tensive genetic studies, no genetic locus has been identified which would ex-
plain the etiology of ALS/PDC on Guam or ALS elsewhere (Morris et al., 
2004, Steele and McGeer, 2008). 

The anthropologist Deborah Whiting early recognized the lifestyle and diet 
of the Chamarros. She found that a particular component of their diet was the 
seeds of the cycad plant Cycas circinalis (today known as Cycas micronesica). 
The seeds of the cycads were cut into chips, washed thoroughly, dried and 
grounded into flour that later was used for tortillas and soups (Whiting, 1963). 
The ingestion of cycads flour increased during famines and in the anthropo-
genic study in 1964, Whiting reported that populations that included cycads 
in their diet were more prone to develop ALS or show other neurological ef-
fects (Whiting, 1964).  

Vega and Bell were in 1967 able to identify and characterize a new amino 
acid in the cycad seed, -amino--methylaminopropionic acid, also called  -
methylaminoalanine (BMAA) (Vega and Bell, 1967, Vega, 1968). They found 
BMAA to be neurotoxic when fed to chickens. Spencer et al. (1987c, 1987d) 
later hypothesized that BMAA could be the cause of ALS cases found on 
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Guam and neighboring islands where cycad seeds were consumed. Toxico-
logical studies on macaques and rats fed high doses of BMAA revealed symp-
toms similar to those of ALS (Spencer et al., 1987a, 1987b) and it was sug-
gested that BMAA acts via excitotoxicity on the N-methyl-D-aspartic acid 
(NMDA)-preferring glutamate receptors (Ross et al., 1987, Spencer et al., 
1987a, Spencer et al., 1987b). Richter and Mena (1989) then revealed that 
BMAA, in interaction with bicarbonate, indeed inhibited glutamate binding to 
the NMDA-receptor. 

 
Figure 1. Cycas micronesica (Cox, Stewart and Banack 2004, with permission) 

The BMAA-hypothesis was however challenged by the fact that most of the 
neurotoxic BMAA was washed away during the preparation of the flour 
(Duncan et al., 1990). Calculations done by Garruto et al. (1988) estimated 
that the average Chomorro man would have to ingest 1500 kg of unwashed 
cycas flour during a 30 day period to be able to develop the same symptoms 
as described by Spencer’s in vivo study on macaques. Similarly, high doses of 
BMAA were needed in all in vivo studies, independent on species, to cause 
effect. Moreover, the effects were of an acute nature and no long-term effect 
of BMAA could be observed (Perry et al., 1989, Rakonczay et al., 1991) as 
would have been expected for diseases with a slow progression and an onset 
late in life. The research around BMAA-derived ALS/PDC thereafter de-
clined. 

The BMAA hypothesis did however take a new turn in early 2000 when 
Cox and colleagues revived the idea and demonstrated BMAA in a local food 
chain at Guam (Cox et al., 2003). They showed by mass spectrometry that 
another part of the Chomorros diet, the traditional delicacy fruit bats that also 
fed on cycads, contained BMAA. The level of BMAA in the bats was higher 
than those found in the seeds of the cycads, suggesting biomagnification 
(Banack and Cox, 2003). In addition, brain specimens from deceased 
ALS/PDC patients were analyzed and shown to contain BMAA (Murch et al., 
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2004, Pablo et al., 2009). They moreover revealed that the origin of BMAA 
in the cycad plant was from symbiotic cyanobacteria within the coralloid root 
system of the plant (Cox et al., 2003). The BMAA-ALS-hypothesis was there-
after transformed from a local cycad consumption disease to a worldwide con-
cern as cyanobacteria are cosmopolitan organisms being present in aquatic, 
marine and terrestrial habitats. 

 
Figure 2. Coralloid roots of C. micronesica. Insert shows the layers of the symbiotic 
cyanobacterium Nostoc in a transected root (Cox, Stewart and Banack, 2004, with 
permission). 

 -N-methylaminoalanine, BMAA 
In 1967, Vega and Bell identified a new non-proteinogenic amino acid in the 
seed of the Cycas circinalis, now Cycas micronesica (Vega and Bell, 1967). 
They defined it as -amino-β-methylaminopropionic acid, also referred to as 
2-amino-3-(methylamino)-propanoic acid or β-methyl-α, β-diaminopropionic 
acid. Today the commonly used name is -N-methylaminoalanine (abbreiv-
ated BMAA). BMAA has a molecular weight of 118 g/mol, 154.6 g/mol in-
cluding the HCl-salt. The structures of the L and D enantiomers of BMAA are 
given below. 

 
 

 L-BMAA                    D-BMAA 
                 (S)-BMAA                  (R)-BMAA 
 

Figure 3. The enantiomers of BMAA 
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BMAA contains a carboxyl group, a primary amine and a secondary amine. 
Nunn and O’Brien (1989) calculated the pK1 of the carboxyl group to be 2.1, 
the pK2 of the primary amine to 6.5 and pK3 of the secondary amine to 9.8. 
This infers that at pH below 2.1, the net charge of BMAA will be fully proto-
nated (+2), at pH between 2.1 and 6.5, the overall charge of BMAA will be 
protonated (+1), at pH between 6.5 and 9.8 the net charge will be zero and at 
pH above 9.8, BMAA will be deprotonated. So, at physiological pH (7.4) 
BMAA has been estimated to have a roughly neutral net charge (Nunn and 
Ponnusamy, 2009). The isoelectic point, pI, has however been determined to 
be 8.1 (Nordic, 2007) and BMAA will therefore most probably have slightly 
different charges in vivo, depending on the local pH.  

In the presence of bicarbonate, two carbamate derivatives will be formed, 
i.e. β-(N-carboxy-N-methyl)-amino-L-alanine (BMAA-β-NCO2) and α-N-
carboxy-β-N-methylamino-L-alanine (BMAA-α-NCO2) (Weiss and Choi, 
1988, Nunn and O'Brien, 1989, Myers and Nelson, 1990). At physiological 
pH, temperature and bicarbonate concentrations, about 31% of BMAA would 
form one of the two carbamates, while 69% will be present as native BMAA 
(Nordic, 2007). 

Amino acid transporters 
The production and secretion of milk depend on the activity of the membrane 
transport systems present in the mammary secretory cells. Likewise, uptake 
of nutrients from ingested food depends on amino acid transporters present in 
the intestinal epithelium. In the brain, amino acid transporters play several 
roles. The blood-brain-barrier (BBB) consists of a protective barrier of endo-
thelial cells with many transport proteins expressed. This will ensure that vul-
nerable CNS-cells are protected from harmful molecules but also makes sure 
that the high energy need of the brain is met.  As neurons have lower capacity 
of de novo synthesis of amino acids than other cells, they are particularly de-
pendent on transporters for uptake of amino acids generated elsewhere. Fur-
thermore, certain amino acids act as neurotransmittors. The direction of amino 
acids into the correct compartments, e.g. vesicles, and clearance from the syn-
aptic cleft, depend on the action of amino acid transporters.  

The solute carrier family (SLC) is a group of membrane transport proteins 
that consists of almost 400 members organized into 52 families. Approxi-
mately 120 are still considered to be orphan transporters where substrate or 
function is unknown. The SLC transporters are gate-keepers for small mole-
cules such as amino acids, sugars, nucleotides and ions. They transport mole-
cules across membranes in a passive or active fashion. Passive transporters 
carry molecules across membranes along their electrochemical gradient, while 
active transporters transport molecules across membranes against a concen-
tration gradient using an energy source, e.g. adenosine triphosphate (ATP) 
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(primary active transport). Typically, amino acid transporters are passive 
transporters (facilitated transporters, uniporters) or secondary active transport-
ers (co-transporters) using an electrochemical gradient to transport amino ac-
ids against a concentration gradient (He et al., 2009). Co-transporters can be 
further divided into symporters, where the amino acid and the co-transported 
ion move in the same direction across the membrane, and antiporters, where 
they move in opposite directions. Almost all amino acid transporters transport 
the L-enantiomeric form of the amino acids, which is the most common form 
found in biological processes. However, the D-enantiomer of some amino ac-
ids are increasingly recognized in biological reactions, e.g. D-serine as a neu-
rotransmitter, but there are only a few amino acid transporters known to 
transport D-amino acids. 

Characterization of amino acid transporters by Halvor Christensen’s group 
during the 1960s resulted in the division of transporters into systems (re-
viewed by Christensen (1990)). Stereospecificity, substrate specificity, type 
of amino acid (acidic, basic or zwitter ions) and type of transport (uniport, 
symport or antiport) are characteristics for grouping the transporters. Amino 
acid transporters can have promiscuous, or very specific, substrates profiles, 
and certain cell types can have a varied transporter repertoire. This arrange-
ment makes it possible to ensure, regulate and fine tune cell-specific amino 
acid transport. Table 1 compiles some amino acid transporters expressed in 
barrier and secretory cells (Palacin et al., 1998, Broer, 2008, Alexander et al., 
2013). 
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Table 1. A selection of epithelial amino acid transport systems and their substrates 

Gene(s) Protein System Substrate Analogs Expression 

Na+ dependent:    Zwitterionic amino acids      

SCL38A2 SNAT2   A 
Ala, Met, Asn, Gln, Ser, 

 Pro, Gly, Thr, Leu, Phe, AA+ 
MeAIB 

1 

SLC1A4 ASCT1 ASC Ala, Ser, Cys  2 

SLC1A5 ASCT2  ASC Ala, Ser, Cys, Thr, Gln  2,3a,3b 

SLC6A19 B0AT1  B0 AA0  4, 5 

SLC6A15 B0AT2  B0 Pro, Leu, Val  4,5 

 Na+ independent:         

SLC7A10 / SLC3A2 asc-1/4F2hc asc Gly, Ala, Ser, Cys, Thr D-AA0 3a,5,6 

SLC7A5 / SLC3A2 LAT1/4F2hc  L 
His, Met, Leu, Ile, Val,  

Phe, Tyr, Trp 
BCH 2,3,5 

SLC7A8 / SLC3A2 LAT2/4F2hc  L AA0 BCH 2,4,5,3c 

SLC43A1 LAT3  L Leu, Ile, Met, Phe BCH  

SLC43A2 LAT4  L Leu, Ile, Met, Phe BCH 4,5 

Na+ dependent:   Cationic amino acids     

SLC6A14 ATB0,+  B0,+ AA0, AA+  2,5 

 Na+ independent:         

SLC7A1 CAT 1  y+ Arg, Lys, His  1, 3a 

SLC7A7 / SLC3A2 y+LAT1 y+L Lys, Arg, Gln, His, Met, Leu  1,2,3c,6 

SLC7A6 / SLC3A2 y+LAT2 y+L 
Lys, Arg, Gln, His,  
Met, Leu, Ala, Cys 

 
2,3c,6 

SLC7A9 / SLC3A1 b0,+/rBAT b0,+ Arg, Lys, Cystine   4 

Na+ dependent:   Anionic amino acids     

SLC1A2 GLT-1 X-
AG Glu, Asp D-Asp 2,3b 

SLC1A3 GLAST X-
AG Glu, Asp D-Asp 2,3b 

 Na+ independent:         

SLC7A11 / SLC3A2 x-
C/4F2hc x-

C Cystine, Gln   1 

1=Ubiquitous, 2=Mammary gland, 3a=BBB, 3b=astrocytes, 3c=neurons, 4=kidney, 
5=intestine, 6=placenta, 7=liver. AA+= cationic amino acids, AA0=neutral amino ac-
ids. 
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Toxicity of BMAA 

Toxicity in vivo 
The ALS/PDC-BMAA hypothesis has been abandoned on a couple of occa-
sions. The main reasons have been the inability to develop a model of the 
disorder (a slow progression disease) in laboratory animals fed with cycad 
material (in the late seventies) and the criticism of the high doses needed to 
cause acute/subacute effects in primates (in the late eighties). Most studies 
have been done in adult animals and Karamyan and Speth (2008) have com-
piled the early studies done on BMAA. Dawson et al. (1998), however, ad-
ministrated BMAA to neonatal rats and found subtle effects in motor function 
and spinal cord neurochemistry in the adult animals. The animals also showed 
an increased anxiety-like behavior when tested in the open field test.  

A decade later, a series of studies in neonatal rats were carried out and de-
velopmental neurotoxicity of BMAA was demonstrated (Karlsson et al., 
2009b, 2009c, 2011). Rats were typically exposed on postnatal day 9 (PND9) 
and 10, which is a period of massive growth and maturation of the brain neural 
networks (Dobbing and Sands, 1979). These studies confirmed and extended 
the results of Dawson et al., and showed that when administered in early neo-
natal life, BMAA has the potential to cause cognitive impairments when the 
animal had reached adulthood. Even though no histopathological findings 
could be found at the lower doses studied, there were clear cognitive impair-
ments in rats exposed after single exposures of 40 mg/kg b.w. BMAA 
(Karlsson et al., 2011). Further studies using Matrix-Assisted Laser Desorp-
tion Ionization (MALDI) imaging mass spectrometry (IMS) and laser capture 
micro dissection revealed localized proteomic, lipidomic and peptidomic al-
terations in restricted brain regions, i.e. in hippocampus and striatum 
(Karlsson et al., 2012, 2013, Hanrieder et al., 2014a, 2014b, Karlsson et al., 
2014a). Severe progressive damage was demonstrated at the higher dose (460 
mg/kg b.w.) in hippocampus, including massive intracellular fibril formation, 
calcium deposits, neuronal loss, and astrogliosis (Karlsson et al., 2012, 
2015a). In addition, at concentrations where no histopathological findings 
were visible, subtle changes in protein expression involving intermediary me-
tabolism and intracellular signaling pathways were observed (Karlsson et al., 
2012, Engskog et al., 2013).  

A Spanish research group further showed that exposure of rat pups at a later 
stage in development (PND21), resulted in motor dysfunction in the adult an-
imal (de Munck et al., 2013, Munoz-Saez et al., 2015). Even though PND21 
represents a postnatal stage where the so called brain growth spurt (BGS) has 
started to decline in rats, it is still known to be a critical period in the develop-
ment of local cortical networks (Mathew and Hablitz, 2011) .  
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In addition to mammals, BMAA-induced neurotoxicity has been observed 
also in invertebrate species such as Drosophila (Zhou et al., 2009, Goto et al., 
2012, Islam et al., 2012), honeybee (Okle et al., 2013a), brine shrimp and the 
protozoan Nassula sorex (Purdie et al., 2009). Both cognitive impairments and 
motor dysfunction were described in drosophila and honeybee, suggesting a 
general capacity of BMAA to provoke neurotoxicity in various organisms.  

In summary; apart from the acute toxic effects of BMAA seen at high dose 
exposures, BMAA also appears to cause subtle effects that may be of im-
portance in the developing nervous system. It is well established that early 
life-stage exposure to toxicants may result in functional and/or morphological 
abnormalities that will not become evident until the organism reaches adult 
age (Becher et al., 2013). It is therefore interesting that the early epidemiolog-
ical study on Chamorros by Torres et al. (1957) and later by Garruto et al. 
(1980), showed that emigrated Chamarros still developed the disease long af-
ter leaving Guam. They hypothesized that Guam-related ALS/PDC was either 
of genetic origin (Torres) or of other unknown causes (Garruto) but not cycad-
related. A later epidemiological study by Borenstein et al. (2007) investigated 
the relationships of cycad handling (harvesting and consuming) and the other 
parts of the disease complex present on Guam, i.e. Guam dementia, mild cog-
nitive impairment and Parkinson’s disease. They concluded that there was a 
strong relationship between handling and consuming cycads during childhood 
and adolescence, and the development of neurodegenerative disease later in 
life. 

Toxicity in vitro 
As discussed above, it was early suggested that the toxicity of BMAA originates 
from an excitotoxic action in the presence of bicarbonate (Weiss et al., 1989). 
The BMAA-carbamate is structurally similar to glutamate (Myers and Nelson, 
1990). Glutamate is a major neurotransmitter in the nervous system, along with 
glycine and D-serine, and mediates signaling between nerves by binding to ex-
citatory receptors. Upon binding, there is an influx of ions into the nerve cell, 
most typically Na+, Ca2+, and Cl-, causing the membrane to depolarize. The sig-
nal is propagated along the axon by opening of ion channels and the subsequent 
influx of ions. Abnormal or prolonged binding to the excitatory receptors results 
in altered ion concentrations in the neuron, which in turn activates apoptotic 
enzymes. This phenomenon is called excitotoxicity (Meldrum and Garthwaite, 
1990). Excitotoxicity has for a long time been thought to be an important com-
ponent for the onset in neurodegenerative disease, and BMAA has been demon-
strated to interact with several excitatory binding sites. For example, BMAA 
has been shown cause toxicity to neurons via NMDA sensitive receptors at mM 
concentrations (Weiss et al., 1989, Zeevalk and Nicklas, 1989, Lindstrom et al., 
1990, Cucchiaroni et al., 2010) and via α-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA)/kainite-sensitive receptors at µM concentrations 
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(Rakonczay et al., 1991, Rao et al., 2006, Cucchiaroni et al., 2010). BMAA-
induced toxicity by AMPA/kainate sensitive receptors could however not be 
demonstrated using murine brain cortical cells (Liu et al., 2009). A third class 
of glutamate-receptors shown to interact with BMAA is metabotropic glutamate 
receptors (mGluRs) (Copani et al., 1991, Aronica et al., 1993). Unlike NMDA- 
and AMPA/kainate-sensitive receptors, mGluRs are G-protein coupled recep-
tors which mediate activation of intracellular signaling cascades. Binding of 
BMAA to mGluR1 and mGluR5 induced apoptotic cytochrome c and reactive 
oxygen species production in primary neurons (Lobner et al., 2007, Liu et al., 
2009, Cucchiaroni et al., 2010). In addition, activation of mGluR5 in mixed pri-
mary neurons resulted in the inhibition of protein phosphatase 2A with a subse-
quently increased hyperphosphorylation of the neurodegenerative associated 
protein tau (Arif et al., 2014). mGluRs are highly expressed in hippocampus and 
cerebellum and shown to be important for learning and memory (Condorelli et 
al., 1992, Fotuhi et al., 1994). mGluR1 and mGluR5 are especially thought to 
be involved in shaping synaptic plasticity by long-term potentiation and long-
term depression (Volk et al., 2006). 

It has, however, been disputed in several publications whether possible hu-
man toxicity of BMAA origins from excitotoxicity (Perry et al., 1989, Cruz-
Aguado et al., 2006, Karamyan and Speth, 2008). The criticism concerns the 
BMAA concentrations needed to produce excitotoxic effects. As mentioned 
above, exposures levels for humans have been assumed to be much lower than 
the concentrations needed to cause effect in vivo (Garruto et al., 1988, Duncan 
et al., 1991, Smith et al., 1992).     

There is additional evidence that BMAA may exert its toxicity by interfer-
ence with the intermediary metabolism. Signs of stress to the endoplasmatic 
reticulum (ER), protein ubiquitination and caspase-12 release has been shown 
in neural cells at low µM concentrations (Okle et al., 2013b). BMAA may also 
potentiate toxicity caused by other factors, e.g. amyloid- and MPP+ (Lobner 
et al., 2007). The toxicity of methylmercury, another environmental toxin 
known to be biomagnified in the aquatic food web (Ruus et al., 2015), has also 
been shown to be potentiated by low concentrations of BMAA (Rush et al., 
2012). 
   An alternative hypothesis for BMAA-induced neurodegeneration was pro-
posed by Dunlop et al. (2013). They hypothesized that BMAA is misincorpo-
rated into proteins via mischarging of transfer RNA (tRNA). Glover et al. 
(2014) demonstrated, using a cell-free system, that BMAA could substitute 
for other amino acids during protein synthesis. This would presumably cause 
misfolding of proteins, which is a hallmark of several neurodegenerative dis-
eases (Ross and Poirier, 2004). Several in vivo studies support that BMAA is 
tightly associated to proteins, as hydrolysis of precipitated protein samples 
causes a release of BMAA (Cox et al., 2003, Murch et al., 2004, Pablo et al., 
2009, Karlsson et al., 2014b, 2015b). It is however still unclear whether 
BMAA in vivo is truly misincorporated or very tightly associated to proteins. 
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Toxicokinetics and metabolism 
Few studies on the metabolism of BMAA have been published. Duncan and 
colleagues (1991) made a series of investigations on rat tissue homogenates 
and found that BMAA concentrations were not altered at incubation. They 
also found that the oral bioavailability of BMAA in rat is high (>93%). The 
uptake in the adult brain is slow (Duncan et al., 1991), but shown to be more 
rapid during the pre- and neonatal period (Karlsson et al., 2009b). BMAA has 
been suggested to enter the brain by the large neutral amino acid carrier (LAT) 
(Duncan et al., 1991, Smith et al., 1992) and by the glutamine/cystine anti-
porter xc- (Liu et al., 2009). Other in vitro studies indicate that BMAA may 
form metabolites through reaction with L-amino acid oxidase (L-AAO) 
(Hashmi and Anders, 1991), a semicarbazide sensitive amino acid oxidase 
(SSAO) (Nunn and Ponnusamy, 2009) or by de-methylation (Kisby and 
Spencer, 2011). Metabolite/s measured in these studies were N-methylgly-
cine, methylamine and 2,3-diamiopropanoic acid. Methylamine can be further 
metabolized into formaldehyde, a compound suggested to be involved in age-
related memory decline (Tong et al., 2013). Formaldehyde also cross-links 
with and denaturizes proteins (Gubisne-Haberle et al., 2004). However, there 
is currently limited knowledge to what degree such a metabolism might occur 
in vivo. 

An environmental neurotoxin 
BMAA research made a leap forward when it was discovered that it was pro-
duced by cyanobacteria living in symbiosis with the cycad tree (Cox et al., 
2003, Banack et al., 2007). It has later been reported that almost all cyanobac-
terial strains produce BMAA (Cox et al., 2005, Esterhuizen and Downing, 
2008). Seasonal cyanobacterial blooms, also known as blue-green algal 
blooms, occurs worldwide and have increased due to eutrophication (Heisler 
et al., 2008, Kahru and Elmgren, 2014). Figure 4 shows an algal bloom at the 
coast of Gotland, a Swedish island in the Baltic Sea. Moreover, cyanobacteria 
are present in biota such as the marine biome (Brand et al., 2010), brackish 
waters (Jonasson et al., 2010), fresh water lakes (Berg et al., 1986, Metcalf et 
al., 2008, Faassen et al., 2009, Lage et al., 2015), mosses (DeLuca et al., 2007) 
and even desert crust (Thomas and Dougill, 2007, Cox et al., 2009). The het-
erocyst’s of the cyanobacteria contain a nitrogen fixating enzyme which sup-
ports the vegetative cells with nitrogen for biosynthesis (Stewart et al., 1969). 
Following nitrogen depletion in a cyanobacterial culture, the production of 
BMAA is elevated (Downing et al., 2011). BMAA is consequently a natural 
component of the cyanobacterial machinery but the full physiological function 
of BMAA remains to be elucidated. Berntzon et al. (2013) reported that 
BMAA acts as an inhibitor of nitrogenase activity in the strain Nostoc sp. 
7120. They found that the effect was time-limited to seven days and suggested 
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that BMAA might be a regulator of programmed cell death known to occur in 
cyanobacterial blooms, perhaps as part of a self-preservation mechanism when 
the bloom faces nutrient and/or light depletion. Apart from being produced by 
cyanobacteria, recent research reveals that BMAA may also be produced by 
diatoms and dinoflagellates (Jiang et al., 2014a, Lage et al., 2014), suggesting 
that the sources of BMAA production are wider than previously anticipated. 

 
 Figure 4. Cyanobacterial bloom off the coast of Gotland, Baltic Sea. NASA God-
dard Space Flight Center Credit: USGS/NASA/Landsat 7. Flickr: Van Gogh from 
Space. 

Although being released by lysed cells in a dying cyanobacterial bloom, free 
BMAA has not been found in the water column. It has however become clear 
that BMAA is present at both lower and higher trophic levels that feed, di-
rectly (zooplankton) or indirectly (fish, crustacean, mussels and oysters) on 
cyanobacteria (Jiang et al., 2014b, Lage et al., 2015). Even though being a 
polar molecule, BMAA behaves like a persistent pollutant and bioaccumulates 
to higher trophic levels, such as older fish (Lage et al., 2015) and top predators 
such as sharks (Mondo et al., 2012). There are many reports on BMAA being 
present in food used for human consumption (Brand et al., 2010, Jonasson et 
al., 2010, Spacil et al., 2010, Christensen et al., 2012, Banack et al., 2014, 
Contardo-Jara et al., 2014, Jiao et al., 2014, Lage et al., 2014, Mondo et al., 



 22

2014, Banack et al., 2015, Baptista et al., 2015) and BMAA has been shown 
to be present in human brains obtained post mortem (Murch et al., 2004, Pablo 
et al., 2009) and in cerebrospinal fluid obtained ante mortem (Berntzon et al., 
2015). However, so far the analytical data are somewhat conflicting (Montine 
et al., 2005, Rosen and Hellenas, 2008, Snyder et al., 2009, Faassen et al., 
2012). Analytical methods of BMAA have improved during the last decade 
but lack of consensus and validated methods may play a role in the large dis-
crepancies in reported values, especially in the early publications (Faassen, 
2014).  
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Objectives 

The overall objective of this thesis has been to increase the understanding of 
how BMAA exposure may occur in humans. BMAA may be present in the 
aquatic food chain and humans may be exposed following consumption of e.g. 
mussels, crayfish and fish. Most importantly, as BMAA is a developmental 
neurotoxin in rodents following neonatal exposure, it is of importance to in-
vestigate whether BMAA passes over to mother’s milk and therefore may 
pose a risk to the nursed infant. The specific aims of this thesis have been to: 

 
- Investigate the body distribution, and secretion of L-BMAA and/or 

D-BMAA into breast milk of lactating mice and rats by mass spec-
trometry and autoradiographic imaging (paper I and II). 
 

- Investigate the uptake and transport of L-BMAA and D-BMAA in 
murine and human breast epithelial cells and other human cell lines 
(paper I and III). 

 
- Investigate the short-term and long-term protein-association of L-

BMAA in milk and tissues of rats and/or mice by mass spectrometry 
(paper II and IV).  
 

- Investigate the metabolic stability of BMAA by comparative imaging 
of carboxyl- and methyl-labeled L-BMAA in rats, mice and quail (pa-
per III, IV and V). 

 
- Investigate by autoradiographic imaging whether BMAA is deposited 

in the eggs of laying quail (paper V). 
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Material and Methods 

Material 
For more detailed description of material used, I refer to the individual papers 
appended to this thesis.  

-N-methylaminoalanine 
-N-methylamino-L-alanine (L-BMAA), ≥ 97 % purity, used in the in vitro 
studies throughout the thesis and the in vivo study in paper IV was purchased 
from Sigma Aldrich Co., LLC, cat. no. B107, CAS no. 16012-55-8. -N-me-
thylamino-L-alanine (L-BMAA), 99 % purity, used in the in vivo study in pa-
per II was provided by the Institute of Ethnomedicine, Jackson Hole, Wyo-
ming, USA. 

The HCl-salt of [methyl-14C]--N-methylamino-L-alanine and [methyl-
14C]--N-methylamino-D-alanine were purchased from OncoTargeting AB, 
Uppsala, Sweden. Specific radioactivities were 57 mCi/mmol for both enan-
tiomers and radiochemical purities were 99% at time of purchase.  

The HCl-salt of [carboxyl-14C]--N-methylamino-L-alanine used in paper 
II, III and V was purchased from Novandi AB, Södertälje, Sweden. The spe-
cific activity was 53 mCi/mmol and the radiochemical purity 99 % at pur-
chase. 

The radiochemical purity of the compounds were tested before every in 
vivo study by thin-layer chromatography (TLC) using n-butanol:HAc:H2O 
(4:1:4) as the mobile phase. No evident degradation of radiolabeled com-
pounds was observed and radiochemical purities were ≥ 98% throughout the 
studies of this thesis. 

Comments on Methods 
In the current work, the transport of BMAA has been examined both in vitro 
and in vivo. BMAA was analyzed in the different studies by either; 

- Liquid scintillation 
- Mass-spectrometry 
- Phosphoimaging and autoradiographic imaging using X-ray film 

In addition, quantitative real time polymerase chain reaction (PCR) was run. 
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Below follows a general description of the methods used in this thesis, i.e. 
autoradiographic imaging, phosphoimaging, in vitro transport experiments, 
real-time qPCR and mass-spectrometry analysis. For detailed information of 
the experiments I refer to the individual papers of this thesis. A compilation 
of the different experiments performed is given in Table 1. 

 

Table 2. Compilation of experiments performed and animal and cell lines used. 
Papers Tracer Animal In vitro cell system Studies and methods used 

 
Paper I [methyl-14C]L-BMAA 

[methyl-14C]D-BMAA 
Mouse HC11 (mouse mam-

mary epithelial cells) 
Milk transport study: 

Autoradiographic imaging 
Liquid scintillation analysis 

 
In vitro transport studies 

 

 
Paper II [methyl-14C]L-BMAA 

[carboxyl-14C]L-BMAA 
Rats - Milk transport study: 

Autoradiographic imaging 
Phosphoimaging 

Mass-spectrometry analysis 
 

 
Paper III [carboxyl-14C]L-BMAA 

[methyl-14C]D-BMAA 
 

- HC11 (mouse mam-
mary epithelial cells) 
MCF7 (human mam-
mary epithelial cells) 

Caco-2 (human intesti-
nal epithelial cells) 

U343 (human glioblas-
toma cells) 

SHSY5Y (human neu-
roblastoma cells) 

 

In vitro transport studies 
 

qPCR 

 
Paper IV [methyl-14C]L-BMAA 

 
Rats - Time course study: 

Autoradiographic imaging 
TCA extraction 

Mass-spectrometry analysis 
 

 
Paper V [methyl-14C]L-BMAA 

[carboxyl-14C]L-BMAA 
Quail - Autoradiographic imaging 

Phosphoimaging 
 

In vivo transport experiments 

Animals 
Pregnant mice (C57BL/6) and rats (Wistar) were bought from Taconic, Ejby, 
Denmark. They were housed individually in standard macrolon cages supplied 
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with wood-chip bedding, paper houses and paper towels as nesting material. 
The animals were given standard pellet food (R36 Labfor; Lantmännen, Kim-
stad, Sweden) and tap water ad libitum. The environment was temperature and 
humidity-controlled with a 12 h light/dark cycle (lights on at 6 a.m.). The an-
imals were carefully monitored during gestation and delivery. On postnatal 
day 1 (PND1) the litter sizes where adjusted to either 9 pups/dam (paper I) or 
8 pups/dam (paper II).  

Egg-laying quail were bought from a local breeder (Tjärdalens Fågel, Upp-
sala, Sweden) and kept in the poultry research facility of the Swedish Univer-
sity of Agricultural Sciences, Lövsta, Uppsala. They were housed in pairs of 
two in bird cages normally used for egg-production lined with paper-plastic 
and supplied with wood-chip bedding and paper houses. The birds had ambi-
ent lighting (a few shades up for natural sun light) and a 14h/10h light/dark 
cycle (according to breeders’ instruction, lights off at 10 p.m.). The tempera-
ture was 22°C. They were given standard bird feed obtained from the breeder 
(Värp Optimal, Svenska Foder, Linköping, Sweden) and tap water ad libitum. 
The birds were allowed to acclimatize before start of experiment. 

All animal experiments were approved by the Uppsala animal ethical com-
mittee and followed the guidelines of Swedish legislation on animal experi-
mentation (Animal Welfare Act SFS1998:56) and European Union legislation 
(Convention ETS123 and Directive 86/609/EEC).  

 

Administration of [14C]-BMAA  
The lactating mouse and rat dams were separated from their pups at post natal 
day 8 (PND8) (paper I) or PND9 (paper II), and injected intravenously with 
[14C]-labeled BMAA before being placed back with their pups. Injections were 
done when lactation peaks, which is around postnatal day 9-15 (PND9-15).  

In paper I, mice were injected with either [methyl-14C]L-BMAA or [methyl-
14C]D-BMAA, 250 µCi/kg body weight, 0.7 mg/kg body weight. In paper II, 
the lactating rat dam was injected with [carboxyl-14C]L-BMAA, 125 µCi/kg 
b.w., corresponding to 0.36 mg L-BMAA/kg b.w. The radiolabeled BMAA so-
lutions were diluted in Hanks balanced salt solution (HBSS). The pups were 
allowed to be nursed for different time periods (1, 3, 8 and 24h in paper I and 3, 
8, 24 and 48h in paper II) before being removed and killed by gaseous CO2. The 
dams were killed at 24h post injection and the remaining to rat pups in paper II 
were cross-fostered with an unexposed dam for the remaining 24 h. 

In paper V, seven egg-laying quail were selected following palpation of 
eggs or ovulated follicles in the oviduct. Five quail were injected subcutane-
ously (s.c.) with [carboxyl-14C]L-BMAA, 120µCi/kg b.w., corresponding to 
0.34 mg/kg b.w. Two quail were injected with [methyl-14C]L-BMAA, 120 
µCi/kg b.w., corresponding to 0.34 mg/kg b.w. Laid eggs were collected dur-
ing the exposure period and later frozen and sectioned for autoradiography. 
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Four quail, two methyl-exposed and two carboxyl-exposed, were killed by de-
capitation after 8 and 24h. The remaining three carboxyl-exposed quail were 
killed at 36, 48 and 72h. They were immediately plucked and subjected to 
autoradiographic imaging. 
 

Analysis of BMAA in vivo 

Autoradiographic imaging 
Autoradiographic imaging is a powerful tool for the acquirement of a distri-
bution pattern for a substance. The radiolabeled substance will blacken the X-
ray film and therefore the distribution can be studied in the organs and tissues 
of an intact animal. Following protein precipitation washes, i.e. trichloracetic 
acid (TCA) extraction, it is also possible to understand the nature of the sub-
stance; if it is tightly associated, or incorporated in proteins it will still remain 
in the sections and if it is unbound, it will be washed away (Blomquist, 1969). 
When a substance with radioactive labels in different positions are used, e.g. 
either in the methyl group or the carboxyl group in BMAA, there is also a 
possibility to understand whether the substance is readily metabolized or not. 
The autoradiograms generated by the two labels would, if the substance was 
metabolized, give rise to different distribution patterns. The whole-body auto-
radiography was carried out according to the procedures developed by Ullberg 
(1977).   

Animals intended for imaging were immediately embedded in a 2.5% aque-
ous gel of carboxymethyl cellulose (CMC) and frozen in a dry-ice/hexane 
bath. The frozen blocks were mounted in a cryostat microtome and 20µm thick 
sagittal tissue sections were collected on adhesive tape which, after freeze-
drying were mounted on X-ray film. After a defined time-period the films 
were developed and high resolution images prepared.  
 

Phosphoimaging 
Digital autoradiographic images were generated by placing freeze dried tis-
sue-sections on freshly erased phosphoimaging plates. The phosphoimaging 
plates were developed by a helium-laser scanner (Fujifilm FLA7000, Science 
Imaging Scandinavia AB) and the soft-ware program (Multi Gauge 3.0) was 
used to make quantitative measurements. This enables comparison of concen-
trations of radioactivity in organs and tissues. 

 

Scintillation counting 
In paper I, the radioactivity concentrations of [methyl-14C]L-BMAA or [me-
thyl-14C]D-BMAA were measured in the milk and brain of nursing mice pups. 
2 pups/dam (5 resp. 4 dams) were taken at the time points 1, 3, 8 and 24h and 
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killed by decapitation. The coagulated milk in the pup stomachs and the neo-
natal and maternal brains were dissected, weighed and dissolved in Solu-
ene®350 (Perkin Elmer). Radioactivity was measured using a Scintillation 
counter (TriCarb, Perkin Elmer) after the addition of 10x volumes of the scin-
tillation cocktail Ultima Gold (Perkin Elmer). Radioactivity levels were re-
ported as counts per minute (cpm)/g tissue. 

Transport studies using liquid chromatography-tandem mass-
spectrometry 
In paper II, three lactating rats were briefly removed from their pups and sub-
cutaneously injected with 115 mg/kg b.w. L-BMAA. At 8 and 24h post injec-
tion, 2 pups/dam were taken and killed by decapitation. Milk, brain and liver 
samples were dissected and immediately frozen on solid CO2. Immediately 
after the 24h time-point, another injection of 115 mg/kg b.w. L-BMAA was 
given to the dams. At 32h (8h after the second injection) and 48h, 2 pups/dam 
were killed and dissected. The dams were killed after 48h and brain and liver 
samples were dissected and immediately frozen on solid CO2.  

 

Sample preparation 
In paper II, sample preparation and liquid chromatography- tandem mass 
spectrometry (LC-MS/MS) analysis was performed at the Institute of Ethno-
medicine, Jackson Hole, Wyoming, USA. In short, defrosted samples were 
precipitated in 20% TCA and sonicated. Following an overnight incubation at 
4°C the samples were centrifuged and the supernatants containing free BMAA 
were collected and stored at 4°C. The precipitated pellets were washed an ad-
ditional time by repeating the precipitation step above but with shorter time-
intervals. The supernatants for each sample were pooled, filtered and stored at 
4°C until analysis. The precipitated protein pellets were hydrolyzed by the 
addition of a double volume of 6 M HCl and incubating the samples at 110°C 
overnight. Hydrolyzed samples were diluted in purified Milli-Q water.  

In paper IV, sample preparation and LC-MS/MS analysis was performed 
at the Deptartment of Analytical Chemistry, Stockholm University, Sweden. 
In short, defrosted brain and liver samples were lysed together with the inter-
nal standard deuterium-labeled BMAA by ultrasonication, followed by 
freeze/thawing in liquid nitrogen. Acetone was added and the samples were 
kept at -20°C overnight for precipitation of proteins. The supernatant was sep-
arated from the protein pellet by a centrifugation step and evaporated under 
hood overnight. The supernatant was further dried in a Speedvac and then re-
dissolved in a set volume of Milli-Q water. The protein pellet was rinsed by 
an additional wash in cold acetone followed by two more cycles of protein 
precipitation steps by using 10% TCA. The protein pellet was hydrolyzed by 
the addition of 6 M HCl and incubated at 110°C overnight. The hydrolysate 
was filtered and dried in a Speedvac. The hydrolysate was further cleaned by 
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a liquid-liquid extraction step using Milli-Q water and chloroform and solid 
phase extraction (SPE).  
 

Tandem mass spectrometry, LC-MS/MS 
By using high performance liquid chromatography (HPLC), coupled with tan-
dem mass spectrometry (MS/MS), the chemical components of the sample 
matrix will first be separated according to size and/or charge, all depending 
on the stationary and mobile phase of the separating column (LC). In a fol-
lowing ionization step the molecules are ionized by bombardment of electrons 
in the mass spectrometer (MS). A precursor ion (quantifier) of BMAA is cho-
sen by a mass filter for a second ionizing step by the second mass analyzer 
(MS) deriving a qualifier ion which will further increases the sensitivity of the 
analyzing step. The resulting mass spectrum consists of the relative abundance 
of detected ions as a function of the mass-to-charge ratio. 

In paper II, a TSQ Quantiva triple quadrupole mass spectrometer (Thermo 
Fisher Scientific, San Jose, USA) was used to analyze the samples. In paper 
IV, a TSQ Vantage triple quadrupole mass spectrometer (Thermo FisherSci-
entific, San Jose, USA) was used. Due to the small size of BMAA, mass spec-
trometer analysis is difficult and a derivatization kit commonly used for amino 
acid analysis were used to tag the molecule with AccQ-tags. The resulting 
derivatized molecules results in an enhanced resolution. Separation was 
achieved using a Phenomenex Kinetex column (paper II) or ACCQ-TAG-
TMULTRA C18 column (paper IV) and for the tandem mass analysis the sam-
ples were analyzed in positive ion, single reaction monitoring (SRM) mode. 
 

 

 
Figure 5. Example of a chromatogram from paper II showing free BMAA in rat dam 
liver. Panels show the transitions from m/z 459 to m/z 171 (quantitation ion) and m/z 
459 to m/z 119, 289, 258 and 188 (qualifier ions). 
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In vitro transport experiments  
The uptake of BMAA in cells was studied using the mouse mammary epithe-
lial cell line HC11, the human mammary epithelial cell line MCF7, the human 
intestinal cell line Caco-2, the human glioblastoma cell line U343 and the hu-
man neuroblastoma cell line SHSY5Y. Cells were seeded in 12-well or 24-
well tissue culture plates and subjected to a series of transport experiments. 
Typically, the cells were exposed to radiolabeled BMAA, either at increasing 
time-points (uptake studies), at increasing concentrations (kinetic studies) or 
with additional amino acids (inhibitory studies). The transport was stopped by 
the addition of ice-cold phosphate buffered saline (PBS) and after extensive 
washes with ice-cold PBS, the cells were lysed in 1M NaOH. Radioactivity 
was measured in aliquots of cell lysates after addition of liquid scintillation 
cocktail Ultima Gold (Perkin Elmer). Samples were measured in a Tri-Carb 
liquid scintillation counter (Perkin Elmer). The protein concentration in the 
cell lysates was determined using Pierce TM BCA protein assay, either directly 
or after a neutralization step with 1M HCl. The radioactive content of cells 
was expressed as cpm/mg protein.  

In paper I, uptake and efflux of BMAA was studied using the mouse mam-
mary epithelial cell line HC11, a kind gift of Dr. B Groner, Institute for Tumor 
Biology and Experimental Therapy, Frankfurt Am Main, Germany. HC11 
cells have previously been characterized and shown to be able to differentiate 
into a lactating mode and produce casein, a major milk protein (Ball et al., 
1988). In paper III the human cell lines MCF7, Caco-2, U343 and SHSY5Y 
were used to investigate BMAA uptake in humans. The MCF7 cell line and 
the SHSY5Y cell line were bought from the American tissue culture collection 
(ATCC). The Caco-2 cell line was a kind gift from Dr. P. Artursson, Depart-
ment of Pharmacy, Uppsala University, Sweden, and the U343 cell line was a 
kind gift from Dr. M. Nister, Department of Oncology-Pathology, Karolinska 
Institutet, Sweden. To further increase the comparison between in vitro and in 
vivo- studies, the cell lines were differentiated when applicable. The immor-
talized cell lines were grown according to general procedures. The mouse 
mammary epithelial cell line, HC11, was differentiated into a lactogenic state 
according to the protocol of Jäger et al (2008). The human mammary epithelial 
cells, MCF7, have previously been reported to be able to form lipid droplets 
and produce beta-casein mRNA (You et al., 2001, Krause et al., 2010), char-
acteristics of milk production. There are also reports of its ability to form tis-
sue-like architecture but most cultures required growth on 3D gel culture 
(Takahashi and Ono, 1990, Vantangoli et al., 2015). We found however that 
if MCF7 cells were allowed to grow into a highly confluent state, they form 
structures resembling domes, pseudoacini- and acini and sometimes even tub-
ular structures, see figure 6. The growth pattern followed the reported growth 
pattern of the rat mammary epithelial cell line, LA7, which has been charac-
terized by Zucchi and Cocola (Zucchi et al., 2002, Cocola et al., 2008). The 
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neuroblastoma cell line SHSY5Y was differentiated into neurons with ex-
tended axons according to the protocol previously reported by Dodurga et al. 
(2013). The intestinal cells Caco-2 were grown on Transwell®-filter inserts 
according to the protocol of Tavelin et al. (2002). After 20 days of culture the 
cells had formed an epithelium expressing tight junctions. The only cell line 
which was not differentiated was the glioblastoma cell line U343.   
 

 
Figure 6.Acini confluent MCF7 in light microscope, 100x magnification. Insert 
shows an acinus-like structure, 400x magnification. 

In paper I and III, two different buffers were used. In paper I, Hank’s Bal-
anced Salt Solution (HBSS) was used as buffer but in paper III, the buffer was 
changed to Kreb’s Ringers solution. The reason for the change was that the 
neuroblastoma cell line SHSY5Y, and the gliablastoma cell line U343 to a 
certain degree, could not tolerate the HBSS buffer without detaching from the 
wells. We therefor changed the buffer solution to Kreb’s Ringers solution 
commonly used for ex vivo experiments. Sodium bicarbonate has been shown 
to interact with BMAA to form a carbamate and early suggested to be a caus-
ative co-factor of toxicity. However, as only 30% of BMAA are thought to be 
present as carbamate at physiological pH we decided to exclude sodium bi-
carbonate in the buffer for the following studies in paper III. For comparative 
reasons we did however conduct separate uptake studies of L-and D-BMAA 
in Kreb’s Ringers solution including sodium bicarbonate, but no altered up-
take profile could be seen (data not shown). 

Real-time RT-PCR  
Total RNA from undifferentiated and differentiated HC11 cells and undiffer-
entiated MCF7 cells was extracted using Aurum™ Total RNA Fatty and Fi-
brous tissue kit from BioRad. An additional DNase treatment was added to 
eliminate problems with contaminating DNA. The RNA quality was ensured 
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by electrophoresis on a denaturating gel and by Nanodrop measurements. 
RNA was converted to cDNA in a reverse transcriptase reaction using iS-
cript™ cDNA synthesis kit (BioRad). Primers were designed over intron-exon 
junctions of the amino acid transporter genes listed in table 3 using the primer 
designing software primer-blast (NCBI). Primers and nucleotide sequences of 
genes of interest were aligned and controlled in the software alignment tool 
program ClustalW (EMBL-EBI) and RT-PCR products were verified by se-
quencing at Uppsala Genome Center (UGC). As no product could be obtained 
from the HC11 cell using primers for Lat2, they were subsequently tested on 
cDNA from whole mouse brain. Sequencing of RT-PCR product at UGC ver-
ified that the primers worked. Concentration curves were run for each primer 
pair and efficiencies (E) were calculated using the Rotor-gene software. Rel-
ative transcript levels were calculated by using the method of Pfaffl (Pfaffl, 
2001) and by using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as 
reference gene. Actine- and 18s rRNA were other genes that were tested for 
this purpose as it is preferable to have more than one reference gene. These 
genes were however not suitable for this material as they were not stable over 
the differentiation process. 
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Results and Discussion 

Secretion of BMAA into milk (Paper I and II) 
Lactating mice were exposed to [methyl-14C]L-BMAA or [methyl-14C]D-
BMAA at postnatal day 9 (Paper I). Whole-body autoradiographic images re-
vealed high levels of BMAA-derived radioactivity in stomach milk of the 
nursed pups (figure 7). Scintillation analysis of the coagulated milk confirmed 
the autoradiographic pictures, i.e. BMAA-derived radioactivity peaked at 8h 
and decreased at the last time point studied, 24h (figure 8). The concentrations 
in the brains did however continue to increase during the investigational pe-
riod and at the end (24h), the concentrations of radioactivity in the pup brains 
exceeded the concentrations found in the brains of the dams. The transfer of 
the L-enantiomer was more pronounced than that of the D-enantiomer. 

Analogous to previous studies on mice (s.c. injection of [methyl-3H]L-
BMAA in PND10 pups) (Karlsson et al., 2009a), the distribution of [methyl-
14C]L-BMAA in mice that had fed from a BMAA exposed dam, showed a 
selective distribution pattern in discrete regions of the brain. Striatum, hippo-
campus, cerebellum, brain stem and spinal cord were structures that retained 
higher concentrations of radioactivity. This uptake was less pronounced for 
the D-enantiomer of BMAA. 
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Figure 7. Autoradiographic images of pups taken after 24h of nursing, demonstrat-
ing the transfer of [methyl-14C]-L-BMAA (A) and [methyl-14C]-D-BMAA (B) to 
pup stomach milk. After absorption, both enantiomers contribute to a general tissue-
distribution pattern in the animals with increased BMAA-derived radioactivity in or-
gans with a fast cell-turnover/protein synthesis such as the liver, intestinal epithelia, 
thymus and spleen. Thymus (Th), heart (He), liver (Li), intestine (In), kidney (Ki), 
spleen (Sp), stomach (St). White areas correspond to radioactivity. Sections were ex-
posed to the X-ray film for 240 days. 

 
Figure 8. BMAA-derived radioactivity in stomach milk and brain following admin-
istration to the nursing dam. Concentrations of both enantiomers in milk peaked at 
8h and the concentrations of L-BMAA were significantly higher than those of 
[14C]D-BMAA. At 24 h there were significantly higher concentrations of the L-en-
antiomer than of the D-enantiomer in the brain. Also, at 24 h the concentrations of 
[14C]L-BMAA in pup brain exceeded those of the maternal brain (# p=0.027). Statis-
tical significance was determined by Mann-Whitney U-test and the dam was consid-
ered to be the statistical unit (* p=0.05).  
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Lactating rats showed a similar distribution pattern and elimination via 
milk as mice (paper II). The concentration in milk peaked at 8h and then de-
creased as determined by autoradiography. Mass spectrometry data of pups 
stomach milk and brain confirmed the data of autoradiographic imaging. Met-
abolically intact, free BMAA was found in both pup stomach milk and brains. 
The highest concentrations of free BMAA, mean of 53.2 ng BMAA/mg wet 
tissue, were present in the 8h milk samples (figure 9). The concentrations in 
stomach milk at 24, 32 and 48h had decreased and were considerably lower 
than the initial 8h time point. This decrease occurred despite a second admin-
istration of BMAA was given at 24h. The expected elevation of BMAA in pup 
stomach milk at 32h, i.e. 8h after the second dosing is demonstrated as a 
shaded bar in figure 9. These data, which are based on three dams and two 
pups/dam/time point, suggest that secretion of BMAA into milk in vivo may 
not follow classical dose-response kinetics, at least not at the doses tested here. 
The secretion of high doses of BMAA in rat milk may rather be dispropor-
tional to dose and the question arises whether the first dose has had an inhibi-
tory effect on itself. If this was due to down-regulation and/or saturation of 
amino acid transporters or other factors, further studies would have to eluci-
date. 

 
Figure 9. Free BMAA (ng BMAA/mg wet weight) measured in pup stomach milk 
after feeding from a BMAA exposed dam. The dam was injected s.c. with 115 mg 
BMAA/kg b.w. at two time points (dose 1 and dose 2, see arrows).  The shaded area 
corresponds to the expected level after the second dosing. 

In order to address whether BMAA would potentially pass over the mammary 
epithelia in humans, we examined the uptake and kinetics of BMAA in vitro 
using immortalized mammary epithelial cells. In paper I, we used differenti-
ated mouse mammary epithelial cells HC11 which is a casein producing cell 
line (Jäger, 2008). The HC11 cells showed an increased uptake (7-fold ) of 
[14C]L-BMAA compared to that of [14C]D-BMAA, and the uptake of both 
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enantiomers was diminished at 4°C (figure 10A). The uptake of [14C]L-
BMAA was higher in differentiated cells compared to undifferentiated cells 
(2.5-fold), which could not be seen for [14C]D-BMAA. Interestingly, the dif-
ferentiated HC11 cells were able to clear cells pre-loaded with [14C]L-BMAA 
of radioactivity when placed in fresh buffer (figure 10B). The difference in 
enantiomer selective uptake indicates an active or facilitated transport process 
of the amino acid, otherwise no such difference would be expected for the 
enantiomers. Most amino acid transporters only transport the L-enantiomer 
form of amino acids, asc-1 excluded. The ability to clear the cells of radioac-
tivity also indicates that the cells express transporters that are normally present 
in the basolateral membrane of polarized cells, even though these cell were 
not polarized per se. 

 

 
Figure 10. Time-dependent uptake (A) of [14C]L-BMAA and [14C]D-BMAA and 
time-dependent efflux (B) of [14C]L-BMAA in differentiated HC11 cells. 

In paper III, the proliferating and acini confluent human mammary epithelial 
cells (MCF7) were used to study the uptake of [14C]L- and [14C]D-BMAA. 
The uptake studies showed, similar to the HC11 cells, that both enantiomers 
were taken up and the L-enantiomer being favored also by the human cells 
(figure 11). The capacity of the MCF7 cells to accumulate BMAA seemed to 
exceed that of the HC11 cells. This might however be due to the fact that 
HC11 cells seemed to have a functional efflux of BMAA, which the MCF7 
cells lacked. Normally, polarized cells are required in order for cells to express 
functional efflux transporters. This is attained by growing cells on filters or in 
3D gel matrixes and allowing them to differentiate, a process that is sometimes 
difficult and time consuming and might not always fit the purpose of the study. 
The HC11 cells, however, seemed to express efflux transporters despite grow-
ing in a 2D culture. The uptake of BMAA in MCF7 cells does however point 
toward the possibility that humans, like rodents, can transfer BMAA to the 
breast milk. 
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Figure 11. Time-dependent uptake of [14C]L-BMAA and [14C]D-BMAA in prolifer-
ating MCF7 (A) and acini confluent MCF7 cells (B). 

General distribution of BMAA in mice, rats and quail 
(paper I, II and V) 
Mice 
Whole body autoradiographic imaging of lactating dams revealed that BMAA 
gave rise to a general tissue distribution pattern similar to that of protein-form-
ing amino acids (figure 12A and C) (Masuoka et al., 1973). High uptake of 
BMAA-derived radioactivity was seen in the epithelia of the gastro-intestinal 
tract, liver, bone marrow and the milk producing mammary glands (figure 12B 
and D). The same distribution pattern was present in the nursing pups (figure 
7). These results also corroborated results from [methyl-3H]L-BMAA exposed 
mouse previously reported by Karlsson et al. (2009a). The uptake of [14C]D-
BMAA in these tissues was less pronounced than that of [14C]L-BMAA. 
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Figure 12. Autoradiograms showing the retention of [methyl-14C]L- (A and B) and 
D-BMAA (C and D) derived radioactivity in lactating mice at 24h after administra-
tion. White areas correspond to high concentrations of radioactivity. Mammary 
gland (MG), liver (Li), stomach (St), kidney (Ki), pancreas (Pa), intestine (In) and 
bone marrow (BM). Sections were exposed to the X-ray film for 200 days. 

Interestingly, a BMAA-exposed dam with discontinued nursing retained 
higher levels of BMAA-derived radioactivity in the body than the nursing 
dams. This suggests that the mice did not eliminate BMAA or its possible 
metabolites to a great extent via other pathways than milk. 
 

Rats 
The distribution pattern of [14C]L-BMAA in lactating rat dam was similar to 
that of the lactating mice, despite the different sites of radiolabeling ([methyl-
14C] in mice and [carboxyl-14C] in the rat) (figure 13). Radioactivity was re-
tained in tissues and organs, with a high protein synthesis and/or cell turnover, 
i.e. liver, mammary gland, thymus and spleen. Notably, at 24 h, the concen-
tration of radioactivity in the liver of the rat dam was higher than in the mam-
mary gland, which was contradictory to the situation in lactating mouse dam. 
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Figure 13. Lactating rat dam retaining [carboxyl-14C]L-BMAA in tissues with a 
high protein synthesis and cell turnover. White areas correspond to high radioactiv-
ity. Brain (Br), mammary gland (MG), thymus (Th), heart (He), liver (Li), stomach 
(St), spleen (Sp), kidney (Ki), pancreas (Pa), intestine (In) and bone marrow (BM). 
Section exposed to X-ray film for 300 days. 

Similar to mice pups, BMAA-derived radioactivity in the whole body distri-
bution images of rat pups increased over time. The overall radioactive con-
centrations in nursing rat pups were, however, lower than in nursed pups, and 
rat pups seemed to be cleared of radioactivity to a higher degree. It was there-
fore interesting that we found BMAA-derived radioactivity in the urine of rat 
pups, a finding that we did not observe in mice. Whether this was due to the 
fact that the mice had emptied their bladders cannot be concluded. Despite 
other organs seemingly being cleared of radioactivity during the time interval 
studied in paper II, the concentrations of radioactivity in brain and spinal cord 
remained constant. This was especially demonstrated in rat pups that were 
cross-fostered for another 24h with an unexposed dam. These data were con-
firmed by the LC-MS/MS analysis of pup brains in the high dose study. Con-
centrations of free BMAA in the brains of the nursed pups gradually increased 
during the time interval studied (figure 14). It was however notable that simi-
lar to the mass spectrometry data on BMAA in milk (figure 9), the second high 
dose of BMAA to the lactating dams did not result in an accelerated rate of 
transfer of BMAA to the neonatal brain. These results therefore imply that 
secretion in milk was blocked following the second high dose to the dam. The 
increased concentration the pup brains may therefore result mainly from the 
first BMAA dose.  



 41

 
Figure 14. Free BMAA (ng BMAA/mg wet weight) in brains of rat pups measured 
with LC-MS/MS after feeding from a BMAA exposed dam. The rat dam was in-
jected s.c. with 115 mg BMAA/kg b.w. at two different time points (dose 1 and dose 
2, see arrows). 

Quail 
When egg-laying quail were exposed to [14C]BMAA (paper V), a pronounced 
secretion of radioactivity in the eggs was observed, particularly in the yolk but 
also in the albumen. The concentration in the yolk of ovarian follicles and in 
the yolk of eggs seemed to peak at about 24-72h after dosing (figure 15), while 
the radioactivity in the tissues peaked at 8h and then declined. In figure 16, a 
quail exposed to [carboxyl-14C]BMAA and killed at 24h is shown. Kidney and 
liver were organs that retained high concentrations of BMAA-derived radio-
activity, however, these organs were cleared of radioactivity over time while 
concentrations of radioactivity in yolks remained unchanged (table 4). The 
distribution images resulting from the [14C]BMAA preparations labeled in the 
methylamino- and carboxyl groups were very similar and could not be distin-
guished from each other. These results imply that the radioactivity secreted in 
the eggs mainly represented intact BMAA. The results further suggest that 
secretion in eggs may be an important elimination pathway for BMAA in lay-
ing birds, as was the case for milk in lactating rodents. Considering that birds’ 
eggs are used for human consumption, deposition of BMAA in eggs would be 
of major concern, provided that the birds are exposed to BMAA via their diet. 
It should therefore be noted that fish are used as a feed additive in commercial 
egg production and mussel meal is frequently suggested for replacement (Wall 
et al., 2010, Jonsson et al., 2011, McLaughlan et al., 2014). Being filter-feed-
ers, mussels are a recognized source of BMAA contamination in marine envi-
ronments (Jonasson et al., 2010, Masseret et al., 2013, Jiang et al., 2014b, Lage 
et al., 2014). 
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Figure 15. Autoradiograms of eggs in the oviduct of quails after a single administra-
tion of [14C]L-BMAA. White areas correspond to high concentrations of radioactiv-
ity. The section was exposed to a X-ray film for 120 days 

 
Figure 16. Autoradiogram of egg-laying quail showing [14C]BMAA retention in 
egg, kidney (Ki), liver (Li), oviduct (Ov), muscular wall of the gizzard (St*) and 
pectoral muscle (P. mu) 24 h after dosing. White areas correspond to high concentra-
tions of radioactivity. The section was exposed to a X-ray film for 120 days. 

During the last 25 years, some wild birds in northern Europe are declining 
(Donal et al., 2001) and some are found dying of an idiopathic paralytic dis-
ease. Symptoms in affected animals are inability to keep their wings alongside 
their body, inability to walk and fly and eventually death (Balk et al., 2009). 
Also, there are many reports of the bald eagle (Haliaeetus leucocephalus) and 
American coots (Fulica Americana) suffering from the lethal neurodegenera-
tive disease avian vacuolar myelinopathy (AVM) (Thomas et al., 1998). Even 
though some research on AVM points toward it being a fast progression dis-
ease (Rocke et al., 2002), BMAA has shown to decrease the expression of 
myelin basic protein (MBP) in adult rats that were exposed as young (Karlsson 
et al., 2014a). Also, as the bald eagle are top-predators, they are likely to con-
sume BMAA-exposed fish (Bidigare et al., 2009). Hence, our results justify 
further research on possible correlation between ingestion of BMAA and 
avian paralytic disease. 
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Table 4. Quantitative measurements on tape-sections from laying quail exposed to 
phosphoimaging plates for 9 days. 

Tissue Time point (P-B)/mm2 

Liver 24 h 471 

Yolk 24 h 226 

Liver 48 h 151 

Yolk 48 h 452 

Liver 72 h 51 

Yolk 72 h 315 

Pixels-Background/mm2 (P-B/mm2) measured in liver and sections of yolk that has 
formed after administration of [14C]BMAA. 

Protein association (Paper II and IV) 
In view of the fact that milk proteins, such as casein, are rapidly synthesized 
in lactating animals, it was surprising to note that no protein-associated 
BMAA could be detected in the rat milk samples in paper II. Only free BMAA 
was found by LC-MS/MS. These results were unexpected because 2 and 6 % 
of the total BMAA concentration in maternal brain and liver were associated 
to protein and released following hydrolysis (1.4 ± 1.0 ng/mg, and 7.5 ± 2.0 
ng/mg wet brain and liver, respectively). Furthermore, as shown in paper IV, 
BMAA was associated to proteins in a dose-dependent manner also in brain 
and liver of directly exposed rat pups. Similarly, the images generated from 
TCA-precipitated tissue-sections that had been extensively washed, pointed 
toward protein-association, as the levels of radioactivity were reduced but not 
completely washed away. Other studies have also reported that BMAA is as-
sociated to protein (Murch et al., 2004, Dunlop et al., 2013, Okle et al., 2013b, 
Karlsson et al., 2015b).  

The two mass spectrometry studies were performed at different laborato-
ries. Despite slight differences in sample preparation, equipment and experi-
mental set up, i.e. direct exposure to pups versus exposure of pups via lactating 
dams, the concentrations of BMAA retained in the tissues correlated well. The 
brains of the pups studied in paper II were however devoid of protein-associ-
ated BMAA but this was probably due to limits of detection of the analysis 
method. 

The reason for the lack of protein association of BMAA in the milk samples 
is currently not understood. If it was due to matrix differences, i.e. milk being 
different from other tissues in the way it is prepared for LC-MS/MS, further 
studies would have to elucidate. Another difference of the milk samples com-
pared to other preparations is that the proteins studied have been secreted and 
are not associated to cells/tissues. One particular organelle that has been im-
plicated in several neurodegenerative diseases is the mitochondria (Sinha et 
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al., 2014, Lionaki et al., 2015). The mitochondria are producers of cellular 
ATP and initiators of apoptosis. They are involved in cellular and oxidative 
stress, e.g. production of reactive oxygen species. Apart from containing mi-
tochondria specific DNA and proteins, they also express their own mitochon-
dria-specific transfer-RNA’s (tRNA’s) (Schon and Manfredi, 2003). Although 
farfetched, the idea that BMAA is misincorporated in mammalian mitochon-
dria-specific proteins is very intriguing as Dunlop et al. (2013) have already 
presented a hypothesis of misincorporation of BMAA via mischarging of 
tRNA’s.  

Toxicokinetics and Metabolic stability (Paper II and V) 
As previously discussed, little is known about the metabolism of BMAA, and 
the few studies done show that it may be complex. Studies indicate that me-
tabolism may occur by independent mechanisms and that it may be tissue spe-
cific. For example, it was early shown that N-methylated-L-amino acids un-
dergo demethylation by a flavoprotein in rat kidney and liver homogenate with 
the production of formaldehyde (Ling and Tung, 1948), and it has been hy-
pothesized that BMAA should be able to undergo such a demethylation (Kisby 
and Spencer, 2011). Nunn and Ponnusamy (2009) used rat brain, liver and 
kidney homogenates to examine the metabolic fate of BMAA. They reported 
that BMAA reacted with pyridoxal-5´-phosphate, a co-enzyme in transamina-
tion reactions, resulting in formation of methylamine, ammonium and 2,3-di-
aminopropionic acid, the de-methylated product of BMAA. Formation of me-
thylamine was only seen in liver and kidney homogenates and not in brain 
homogenate. They also hypothesized that methylamine is further metabolized 
to yield formaldehyde, hydrogen peroxide and ammonium by a semicarbax-
ide-sensitive amine oxidase (SSAO). Formaldehyde is known to be mutagenic 
and also to be able to crosslink proteins and cause protein aggregates (Jiang 
and Schwendeman, 2000).  

The results of paper V did not support a pronounced de-methylation and 
formaldehyde formation in laying quail, as this would have resulted in differ-
ent whole-body images for the methyl- and carboxyl-labeled BMAA expo-
sures. Another interesting feature in the quail study was that we unintention-
ally ended up with a bird that did not produce any egg after being exposed to 
[carboxyl-14C]L-BMAA, much like the mouse dam with an interrupted nurs-
ing in paper I. Similar to the lactating mouse with interrupted nursing, which 
excreted the radioactivity more slowly than the nursing mice, the non-laying 
hen retained a higher concentration of radioactivity in the tissues than the lay-
ing birds. The concentrations in the non-laying hen at 72h were equivalent to 
the concentrations in a laying hen at 24h. This observation supports the con-
clusion that that secretion in the eggs is an important elimination pathway for 
BMAA in laying birds. 
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The distribution patterns of rats exposed to either [methyl-14C]L-BMAA or 
[carboxyl-14C]BMAA in paper II were generally identical. The images of the 
brains for the [carboxyl-14C]L-BMAA exposed rat and the [methyl-14C]-
BMAA exposed rat were also identical. Higher concentrations of radioactivity 
were seen in hippocampus and cerebellum in both animals. Even though only 
one pup/radioactive label was studied, the images conformed to those of pre-
viously [14C]BMAA-exposed animals (mouse dam and pups in paper I, rat 
pups in paper IV and rat dam in paper II). Another interesting finding was that 
BMAA-derived radioactivity was present in the urine in both animals (figure 
17). Amino acids are generally not excreted in urine (Silbernagl et al., 1975), 
although Duncan observed that about 8 % of a BMAA dose was excreted in 
the urine of rats within 5 days (Duncan et al., 1991). The high radioactivity in 
the urine may also indicate formation of a metabolite that was readily excreted 
in urine. In conclusion, the results of the studies in mice, rats and quail indicate 
that there is no extensive metabolism of BMAA in vivo. Nevertheless, a spe-
cies or tissue-specific metabolism of BMAA, as proposed by Nunn and col-
leagues, cannot be ruled out.  

 
Figure 17. Autoradiograms of rat pups injected s.c. with [carboxyl-14C]L-BMAA 
(A) and [methyl-14C]L-BMAA (B). White areas correspond to high levels of radio-
activity. Brain (Br), thymus (Th), liver (Li), stomach (St), spleen (Sp), urine (Ur) 
and bone marrow (BM). The sections were exposed to the X-ray films for 70 days. 
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Transport of BMAA in murine and human cells (Paper I 
and III) 
In addition to studying the uptake and efflux of BMAA in mammary epithelial 
cells we expanded the cell repertoire to intestinal Caco-2 cells, glioblastoma 
U343 cells and neuroblastoma SHSY5Y cells. Both competition experiments 
and saturation studies were performed. Transport of [14C]BMAA in HC11 
cells was saturated with a Km-value of 3.1 mM and a Vmax-value of 30.4 
nmol/mg protein/min (paper I). In the competition experiments on HC11 cells, 
the uptake of [14C]BMAA was inhibited with the competing amino acids phe-
nylalanine, alanine and serine. Phenylalanine was the most potent inhibitor of 
the three. In previous studies, BMAA has been suggested to be transported 
over the blood-brain-barrier by the sodium-independent LAT1 transporter 
(Duncan et al., 1991, Smith et al., 1992). The inhibition of BMAA by phenyl-
alanine supports that BMAA was transported by LAT1. However, as alanine 
also inhibited the uptake of BMAA in a dose-dependent manner, and alanine 
is not transported via LAT1 (Rossier et al., 1999, Rajan et al., 2000), we con-
clude that BMAA may be transported by other sodium-independent transport-
ers present in the mammary epithelia, e.g. LAT2. 

In the competition experiments on MCF7 cells we expanded the list of com-
peting amino acids and it was notable that the uptake of [14C]BMAA was in-
hibited to the same degree by phenylalanine, serine and alanine as in the HC11 
cells (figure 18A). The most potent inhibitors of [14C]BMAA uptake were the 
neutral amino acid transporter 2 (ASCT2) specific inhibitor benzylserine and 
L-leucine, which almost completely inhibited the uptake of [14C]BMAA in 
acini confluent cells. The ASCT2 transporter belongs to the sodium-depend-
ent System ASC family and transports alanine, serine and cysteine at a high 
rate (Utsunomiya-Tate et al., 1996). It has been shown to be expressed in 
mammary cells (Aleman et al., 2009), and also in the BBB where it functions  
to protect the brain from elevated levels of L-aspartate (Tetsuka et al., 2003). 
L-leucine is transported by several amino acid transporters, however at a high 
rate via the sodium-independent system L transporters LAT1, LAT3 and 
LAT4 (Wang and Holst, 2015). Interestingly, the cationic amino acids L-ly-
sine and L-arginine also inhibited [14C]BMAA uptake to a high degree (>70%) 
in acini confluent cells. L-lysine and L-arginine are normally transported by 
the cationic transporters CAT-1, y+Lat1 and y+Lat2. This further strengthens 
the conclusion that BMAA is transported via several types of amino acid trans-
porters. 
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The saturation kinetics as determined by Michaelis-menten were in accord-
ance with the HC11 cells. The Km and Vmax –values for BMAA were also in 
accordance with general Km and Vmax –values for amino acids in other epithe-
lial cells (Evers et al., 1976, Broer, 2008). 

 
Figure 18. The uptake of [14C]L-BMAA in proliferating (grey) and acini confluent 
(white) MCF7 cells  in the presence of 1mM of competing substances (A). Satura-
tion kinetics calculated by Michaelis-menten (B) Abbreviations: L-ser =L-serine, L-
ala =L-alanine, L-phe-ala =L-phenylalanine, L-glut =L-glutamate, L-asp =L-aspar-
tate, BCH =2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid, L-leu=L-leucine and 
L-cyst=L-cysteine. Data represent mean (± SEM) of at least 3 experiments with 2-4 
replicates. 

By using monolayers of human intestinal Caco-2 cells, it was apparent that 
the transport of BMAA from the apical compartment to the basolateral com-
partment (A-B, gut to blood absorption model) favored the L-enantiomer over 
the D-enantiomer (figure 19). The permeability coefficient, Papp, for A-B 
transport was calculated to 3.71 x10-6 cm/s which represents full absorption of 
a drug in vivo (Artursson and Karlsson, 1991). These data conform to the phar-
macokinetic data on oral bioavailability of BMAA in adult rats (Duncan et al., 
1991). No difference between the enantiomers could be seen in the efflux 
model, where transport from the basolateral to the apical compartment (B-A, 
blood to gut reabsorption model) was measured. The rate of transport of L-
BMAA was significantly higher in the A-B model compared to the B-A model 
(10-fold) indicating that the net flux of BMAA will be to the blood side, and 
that BMAA will not be redistributed to the luminal contents. This directional 
movement of BMAA may be an effect of the Caco-2 monolayers, where dif-
ferent transporters localize to different sides of the polarized cells. Another 
aspect of the Caco-2 assay that might affect the transport of BMAA is the 
difference in pH in the different compartments. A lower pH of 6.5 resembling 
the pH of the jejunum, was used in the apical compartment. This would pos-
sibly have an effect of the ionization pattern on the zwitterionic BMAA, re-
sulting in different efficiencies of the transporters and/or the employment of 
other types of transporters. 
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Figure 19. Permeability of BMAA over intestinal epithelial Caco-2 cell monolayers. 
Apical to basolateral transport (A) and basolateral to apical transport (B). Data are 
presented as mean ± SEM, n=4 for A-B and n=3 for B-A transport. A one-way 
ANOVA with Bonferroni’s post-hoc test was run in order to determine significant 
differences. P values of <0.05 were assumed to denote significant differences. 

Transport experiments using the glioblastoma cell line U343 and the neuro-
blastoma cell line SHSY5Y revealed that uptake rates, kinetics and amino acid 
inhibitory profiles of BMAA differed between the two cell lines. However, 
similar to the epithelial cell lines, the uptake of the L-enantiomer of BMAA 
was favored over the D-enantiomer in both cell lines (figure 20A and B). The 
U343 cells reached plateau after 3-5 minutes while the SHSY5Y cell line 
reached the plateau after 15-17 minutes of incubation. The saturation experi-
ments also clearly showed a difference between the two cell lines. U343 cells 
transported BMAA at a faster rate than the SHSY5Y cells as denoted by the 
different Vmax values. SHSY5Y had a lower rate of uptake, but due to a lower 
affinity (higher Km) of BMAA, the cells were not saturated, resulting in equal 
uptake in regards to cpm/mg protein. 
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Figure 20. Uptake of [14C]L-BMAA (circles) and [14C]D-BMAA (squares) in U343 
cells (A) and SHSY5Y cells (B). Saturation kinetics were determined at increasing 
concentrations of L-BMAA in U343 cells (C) and SHSY5Y cells (D) after 2.5 min 
and 15 min of incubation, respectively. 

In the competition experiments (figure 21A and B), 1mM of L-phenylalanine, 
L-serine and L-alanine competed with the uptake of [14C]BMAA in the U343 
and SHSY5Y cell lines, as in HC11 cells and MCF7 cells. Also the ASCT2 
inhibitor, benzylserine, competed with the uptake of [14C]BMAA in both cell 
lines. The LAT inhibitor BCH was equally competitive for [14C]BMAA up-
take in the glioblastoma cell line, while it did not inhibit [14C]BMAA uptake 
in the neuroblastoma cell line. These results indicate that both ASCT2 and 
system L transporters may have an important function in transporting BMAA 
into astrocytes. This is also supported by the notion that both ASCT2 and the 
LAT transporters have been shown to be highly expressed in astrocytes (Broer 
et al., 1999, Kopka et al., 2001, Kim et al., 2004, Gliddon et al., 2009). The 
LAT-specific inhibitor BCH did not, however, affect the uptake of [14C]L-
BMAA in the neuronal cell line SHSY5Y. 
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Figure 21. Competition experiments with [14C]L-BMAA in glioblastoma U434 cells 
(A) and neuroblastoma SHSY5Ycells (B), in the presence of 1mM of competing 
substances, with exception for L-PDC at 0.1mM. Abbreviations: D-ser =D-serine, L-
ser =L-serine, L-ala =L-alanine, L-phe-ala =L-phenylalanine, L-glut =L-glutamate, 
L-asp =L-aspartate, BCH =2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid, L-
PDC =L-trans-2,4-pyrrolidine dicarboxylate. Data represent mean (± SEM) of at 
least 3 experiments with 3-4 replicates. 

 

Comparative expression of amino acid transporters in non-
differentiated and differentiated mammary epithelial cells 
As differentiation of the murine mammary cell line HC11 altered the uptake 
of BMAA, the expression of some amino acid transporters were compared in 
undifferentiated and differentiated HC11 cells (figure 22). A few genes were 
subsequently selected and tested for comparison in proliferating MCF7 cells. 
A real-time reverse transcriptase PCR method using SYBR® Green was used 
for this purpose. Of the tested amino acid transporters, the mRNA for gluta-
mate transporter 1 (Glt-1) showed a 10-fold increase in expression and the 
neutral amino acid transporter 2 (Snat2) increased 3.6-fold in expression fol-
lowing differentiation. The relative abundance of Glt-1 mRNA in both undif-
ferentiated and differentiated HC11 cells were however low. Glutamate did 
not affect the uptake of [14C]BMAA in neither of the cell lines tested and we 
therefore conclude that even though the high fold-change in expression, Glt-1 
is most likely not responsible for the increased uptake of [14C]BMAA in dif-
ferentiated HC11 cells. The large neutral transporter 1 (Lat1) and y+Lat2 were 
two genes that were significantly down regulated during differentiation.  



 51

              
Figure 22. Fold change of selected amino acid transporters in HC11 cells are shown 
as an effect of differentiation. Relative gene transcript levels were calculated by us-
ing the method of Pfaffl (2001), using the house-keeping gene glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) as a reference gene. A nonparametric Mann-
Whitney U-test was applied to determine the statistical significance between undif-
ferentiated and differentiated HC11 cells (*=p ≤ 0.05, ** p ≤ 0.01)   

 
All of the selected genes tested on proliferating MCF7 cells (table 3) were 

expressed (data not shown), including the large neutral transporter 2 (LAT2). 
By representing the mRNA expression relative to the LAT4 expression within 
respective cell line, a clear difference in the pattern of transporter expression 
could be seen between the two mammary epithelium cell lines. The dominat-
ing transporter mRNA in proliferating HC11 cells was LAT1, whereas in pro-
liferating MCF7 cells the dominating transporter mRNA was SNAT2.  

 
In conclusion, by acquiring a deeper knowledge of the types of amino acid 
transporters BMAA uses, a better understanding may be achieved on how 
BMAA may reach toxic levels in an organ that has been reported to have a 
low general uptake, i.e. the adult rat brain (Duncan et al., 1991, Karlsson et 
al., 2009a). Also, site-specific toxicity may be accounted for due to site-spe-
cific accumulation. For example, Raymond Lasek (1968) demonstrated that 
when [14C]leucine was injected in the L7 dorsal root ganglion in cats, the 
amino acid traveled by axoplasmic movement and accumulated in the sur-
rounding Schwann-cells. An intriguing possibility is whether BMAA would 
have a similar travel path as L-leucine, accumulating in the Schwann-cells. 
Also, a common misconception is that the BBB in young animals is gener-
ally leaky and that young animals are more vulnerable for toxic substances 
for this reason. On the contrary, the BBB in the young animals have been 
shown to be fully functional (Cornford and Cornford, 1986). The composi-
tion of transporters are however different which results in a better capacity to 
transport essential amino acids to the growing brain (Braun et al., 1980, 
Pardridge and Mietus, 1982). This may very well be the reason why BMAA 
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show late neurotoxic effects when administrated to developing rats and why 
emigrated Chamarros still develop neurodegenerative disease at a higher in-
cidence long after leaving Guam. 
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Concluding Remarks 

The results of this thesis show that BMAA was secreted in milk in lactating 
mice and rats. BMAA was subsequently absorbed from the intestine and partly 
redistributed to the brain of the nursed pups. This implies that breast-fed hu-
man infants could be at risk of being exposed to BMAA, provided that mothers 
are exposed to the amino acid. Such an exposure would be of relevance as 
BMAA has been shown to be a neurodevelopmental toxicant with impair-
ments in long-term learning and neurodegenerative changes in the adult brain 
as a result of a neonatal exposure in rats. 

The best characterized human exposure group is the Chamarros on Guam, 
that were exposed to BMAA following picking and consuming the seed of the 
false sago plant Cycas Micronesica. As discussed in paper III, there is some 
evidence that exposure during childhood and adolescence could be of partic-
ular importance for development of the neurodegenerative diseases within the 
ALS/PDC-complex found on Guam. These epidemiological studies, together 
with the neurotoxic properties of BMAA seen in rats, support the notion that 
the developing central nervous system could be vulnerable to BMAA also in 
humans. The results in our study on lactating rats revealed that secretion into 
milk may be disproportional to dose. Exposure to lower and more environ-
mentally relevant concentrations of BMAA, as in the case of our autoradio-
graphic imaging studies, may therefore result in relatively higher concentra-
tions of BMAA in milk than is the case of high dose exposure scenarios. Stud-
ies to determine the secretion of BMAA in mothers’ milk are therefore war-
ranted.  

BMAA has previously been suggested to associate to proteins and in paper 
IV we found a dose-dependent protein-association of BMAA in brain and liver 
of BMAA exposed rat pups. However, in paper II, one surprising finding was 
that BMAA did not associate to milk proteins. BMAA was only detected in 
the free fraction of the samples and none were detected in the protein fractions. 
Whether these results may be due to the difference of milk compared to other 
tissues and thus may require other processing steps, further studies would have 
to elucidate. Taken together, these results imply that there is more to learn 
about the physiological interactions of BMAA and proteins. 

In vitro studies using mouse mammary epithelial cells confirmed a more 
rapid uptake and efflux of the L-enantiomer of BMAA than of the D-enantio-
mer. The uptake of the L-enantiomer was further enhanced when the cells 
were differentiated into a casein producing phenotype. In order to consider the 
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excretion of BMAA in human breast-milk, we used human mammary epithe-
lial MCF7 cells to study the transport of BMAA. Similar uptake-profiles of L- 
and D-BMAA were seen in the human cell line as in the murine cell line. 
These data reinforce the notion that humans would transfer BMAA into the 
breast milk. Inhibition studies using amino acids known to be transported by 
several types of amino acid transporters revealed that BMAA was most likely 
transported by several amino acid transporters. The most potent inhibitors of 
[14C]BMAA uptake in the mammary cell lines were L-leucine, which uses 
several amino acid transporters but most commonly the LAT-transporters, and 
the ASCT2 specific inhibitor benzylserine. Interestingly the cationic amino 
acids L-lysine and L-arginine also inhibited [14C]BMAA uptake, indicating 
the involvement of cationic-preferring transporters. The qPCR-data on mam-
mary epithelial cells support the notion that BMAA uses several types of trans-
porters. By attaining more knowledge of which type of amino acid transport-
ers BMAA might use, a greater understanding of site-specific dose and tox-
icity in the tissues may be achieved. For example, as shown previously by our 
group, BMAA causes very site-specific toxicity resulting in intracellular fibril 
formation and calcification to cells in the CA1 region in hippocampus as com-
pared to cells in a neighboring region (Karlsson et al., 2015a). The glioblas-
toma cell line U343 with astrocytic properties showed a more rapid uptake of 
BMAA than the neuroblastoma cell line SHSY5Y. This indicates that at lower 
doses, as assumed to be relevant in in vivo, astrocytes would be the type of 
cells that would accumulate BMAA before the neurons. This is in line with 
the current belief of astrocytes being involved in neurodegenerative diseases 
(Finsterwald et al., 2015). Both cell lines did however favor the L-enantiomer 
over the D-enantiomer. In addition, the inhibition of [14C]BMAA uptake by 
other amino acids indicates, in a similar way as in the mammary epithelial 
cells, that BMAA was transported by different types of amino acids transport-
ers in the CNS-derived cells.  

Since the feed for hens used in the egg production industry is currently 
supplemented with fish meal and it is advocated to use mussel meal, we in-
vestigated whether laying birds deposit BMAA into their eggs in a similar way 
as mice and rats excrete BMAA into milk. [14C]BMAA exposed quail did in-
deed deposit BMAA to a high degree in their eggs, particularly in the yolk but 
also to some extent in the albumen. These result imply that eggs may be an 
additional exposure pathway for humans, provided that the laying birds are 
exposed to BMAA themselves via their feed. In addition, as two different la-
bels of [14C]BMAA were used in the quail study, i.e. [methyl-14C]BMAA and 
[carboxyl-14C]BMAA, the metabolic stability of these positions of the BMAA 
molecule could be compared. The distribution patterns in quail exposed to the 
two labels were indistinguishable from each other, implying that no major me-
tabolism of BMAA had occurred at these positions. This was also the case in 
the two rat pups that were exposed to the two labels, including the site-specific 
uptake of radioactivity in hippocampus and cerebellum. 
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In conclusion, the results of this thesis suggest that human breast-fed in-
fants may be at risk of being exposed to BMAA during a vulnerable time in 
their development, provided that the mother is exposed to BMAA. Further-
more, egg may be a hitherto overlooked source of exposure to BMAA in hu-
mans. Studies on possible presence of BMAA in human breast milk as well as 
cow milk are therefore justified. Similarly, mussel meal used as feed supple-
ment in egg-production should be tested for presence of BMAA. 
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Swedish summary/ Svensk sammanfattning 

Cellulär transport och utsöndring av det 
cyanobakteriella nervtoxinet BMAA i mjölk och ägg: 
Konsekvenser för utvecklingstoxikologi 

 
Avhandlingen utforskar exponering och upptag av den neurotoxiska aminosy-
ran -N-methylaminoalanine (BMAA) hos digivande möss/råttor och äggläg-
gande vaktlar. 

BMAA är en icke-proteinbildande aminosyra vilket innebär att den inte 
tillhör de 20 aminosyror som normalt är byggstenar för den mänskliga krop-
pens proteiner. BMAA identifierades under 1960-talet som en okänd kompo-
nent av cycadmjölet som en grupp lokala invånare på ön Guam vanligtvis dry-
gade ut sin kost med. Forskarnas uppmärksamhet riktades mot Guam då det 
upptäckts att många i den inhemska befolkningen led av en ovanlig nervsjuk-
dom som senare visade sig vara en samling av sjukdomarna amyotrofisk late-
ral skleros (ALS), Parkinsons sjukdom och demens. Samlingsnamnet är 
Amyotrophic Lateral Sclerosis/Parkinsonism Dementia Complex, förkortat 
till ALS/PDC. Risken för att drabbas av någon av dessa sjukdomar var under 
1960-talet upp till 100-gånger högre på Guam än i något annat land i världen. 
Då orsaken till nervsjukdomarna till största delen var okänd, blev invånarna 
på Guam intressanta ur ett forskningsperspektiv. Fortfarande är orsaken till 
ALS/PDC inte fullt klarlagd. Endast 5-10 % av fallen kan förklaras av en känd 
genetisk disposition.  

Det visades tidigt att BMAA är neurotoxisk och om aminosyran ges till 
djur så kan den ge upphov till degenerering av nervceller i centrala nervsyste-
met. Kopplingen mellan BMAA och ALS/PDS blev dock tidigt ifrågasatt då 
höga doser krävdes för att se effekt hos djur. Dessutom var de effekter som 
uppstod av det akuta slaget och inte progressiva, vilket tros behövas för att 
utveckla sjukdomar som uppstår sent i livet. Om råttor däremot exponeras för 
BMAA under utvecklingsfasen - den fas som svarar mot den sista trimestern 
och de första levnadsåren hos en människa- så påvisas senare i livet en rad 
förändringar och skador i specifika regioner i hjärnan. Råttor som exponerats 
för BMAA klarar sig dessutom sämre i beteendetester som mäter minne och 
inlärning jämfört med en kontrollgrupp. 
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BMAA i cycadplantornas frön på Guam visade sig ha sitt ursprung från 
cyanobakterier som lever i symbios med cyadplantans rötter. Cyanobakterier 
är universella organismer som lever i de flesta ekosystem, både i symbios med 
andra organismer och fritt levande. I Sverige är cyanobakterier kända som 
blågröna alger som under varma sommarperioder kan ge upphov till algblom-
ning i sjöar och hav. BMAA:s fysiologiska funktion i cyanobakterierna är del-
vis okänd men tros involvera funktioner för kontroll av blomning. BMAA har 
rapporterats ackumulera i den akvatiska näringskedjan och har påvisats i skal-
djur och fisk avsedd som föda för människor. Detta medför att människor ris-
kerar att exponeras för BMAA. I denna avhandling har ett av målen varit att 
undersöka det sista steget i en potentiell födoämneskedja för det känsliga 
spädbarnet, dvs. transport av BMAA ut i bröstmjölk. 

I artikel I och II utnyttjades radioaktivt märkt BMAA för att studera hur 
aminosyran fördelar sig i lakterande möss och råttor, och deras diande avkom-
mor. Lakterande möss och råttor exponerades för BMAA för att sedan låta 
ungarna dia i upp till 48 timmar. Höga nivåer av radioaktivitet uppmättes i 
mjölken från de diande ungarnas magar. L-enantiomeren av BMAA visades 
överföras mer effektivt till bröstmjölken än D-enantiomeren. In vitro-studier 
på musbröstkörtelceller gav likartade resultat, d.v.s. upptaget av L-enantiome-
ren i cellerna var effektivare än av D-enantiomeren. Transporten var till viss 
del natriumberoende och hämmades vid testning vid 4°C. Resultaten indikerar 
att transporten av BMAA är en aktiv/faciliterad process som regleras av så 
kallade aminosyratransportörer. Aminosyratranportörer är proteiner som har 
till uppgift att transportera aminosyror över cellmembranet. De diande ung-
arna absorberade BMAA från tarmen och distribuerade aminosyran vidare till 
kroppens organ. En uttalad ackumulation av radioaktivitet observerades i spe-
cifika hjärnregioner som hippocampus och delar av lillhjärnan, bl.a. i regioner 
som är involverade i inlärning, minne och motorisk kontroll. Masspektromet-
riska analyser av bröstmjölk och hjärna från råttungar som diat styrkte fynden 
från musstudierna, d.v.s. att den fria formen av BMAA förs över i bröstmjöl-
ken och transporteras upp i hjärnan.  Studien på råttor designades dessutom så 
att modern fick en upprepad administrering av en hög dos av BMAA, vilket 
resulterade i ett intressant men oväntat dosberoende resultat. Den väntade ök-
ningen efter den andra BMAA-dosen uteblev, vilket avslöjar att transportki-
netiken av BMAA kan var mer komplicerad än vi tidigare trott. En efterföl-
jande studie av BMAA i bröstmjölk bör inkludera en dosdesign som speglar 
lägre, mer miljörealistiska nivåer, likt våra autoradiografiska studier.  

De autoradiografiska studierna visade vidare att BMAA ansamlas i organ 
som har en snabb proteinsyntes, exv. tymus, mjälte, benmärg och tarmens epi-
tel. Histologiska helkroppssnitt och samt homogenat av hjärna och lever som 
denatureras med triklorättiksyra (TCA) innehöll BMAA trots efterföljande 
tvättar, vilket tyder på en uttalad bindning/association mellan BMAA och pro-
teiner. Enligt en rådande hypotes kan BMAA inkorporeras i proteinsyntesen 
av misstag och på så sätt orsaka felvecklade proteiner. Felvecklade proteiner 
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är karakteristiska fynd vid många neurodegenerativa sjukdomar. Däremot 
kunde vi inte se att BMAA associeras med mjölkproteiner. Detta resultat var 
oväntat men mycket intressant. Vidare studier krävs för att slå fast om 
BMAA:s proteinassociering skiljer sig mellan sekretoriska proteiner (mjölk) 
och cellassocierade proteiner. 

För att simulera BMAA:s eventuella transport ut i human bröstmjölk gjor-
des en serie jämförande studier på humana bröstkörtelceller in vitro (artikel 
III). Upptag och upptagsprofil av BMAA i humana bröstkörtelceller, var näst-
intill identiskt med upptaget i muscellinjen. Detta indikerar att människan, 
förutsatt att hon är exponerad för BMAA, kommer att utsöndra BMAA i bröst-
mjölken. Vidare valde vi att studera transporten av BMAA i fler typer av hu-
mana cellinjer, d.v.s. i tarmcellinjen Caco-2 och de två nervcellinjerna U343 
och SHSY5Y. U343 är en glioblastomcellinje som till mesta delen består av 
astrocyter, vilket är hjärnans och nervcellernas hjälparceller. SHSY5Y är en 
neuroblastomcellinje som till mesta delen består av nerverceller och som står 
för överföring och lagring av information. Transporten av BMAA över Caco-
2 celler tyder på ett fullständigt upptag i tarmen hos människa, likt det upptag 
som setts i råtta. Transporten av BMAA var enkelriktad mot blod och BMAA 
återförs troligtvis inte till tarminnehållet. Transportstudierna i de två hjärncel-
linjerna visade att astrocytcellinjen har ett mycket snabbare upptag av BMAA 
än nervcellinjen. Tillsats av hämmande aminosyror visade att upptaget är be-
roende av olika typer av aminosyratransportörer, något som även sågs i bröst-
körtelcellerna. Dessa resultat styrktes av qPCR-mätningar av mRNA-ut-
trycket för några transportörer i mus- och humanbröstkörtelceller. Bröstkör-
telcellerna ackumulerade samma mängd BMAA trots att uttrycket av mRNA 
för aminosyratransportörerna skiljde sig åt mellan de olika cellinjerna. 

I en avslutande studie som presenteras i artikel V, undersökte vi huruvida 
fåglar exponerar sin avkomma för BMAA via ägget. Detta kan också vara en 
möjlig exponeringsväg för människa, då animalt hönsfoder till viss del kan 
bestå av fiskmjöl och i ökande grad föreslås gå över till mjöl av musslor. I 
fågelstudien användes två varianter av BMAA som var radioaktivt märkt på 
två positioner i molekylen. Genom att jämföra fördelningen av radioaktivitet 
i autoradiografiska snitt så kan eventuell metabolism påvisas, något som det 
finns begränsad kunskap om. De autoradiografiska bilderna på vaktlar som 
exponerats för de olika inmärkningarna var identiska, vilket tyder på att det 
inte fanns en betydande metabolism av BMAA-molekylen vid de märkta po-
sitionerna. En betydande del av radioaktiviteten återfanns i äggets gula och 
vita, vilket betyder att ägg kan vara en ny exponeringskälla för BMAA hos 
människa. 

 
Sammanfattningsvis pekar resultaten på möjligheten av att BMAA kan trans-
porteras via mjölken till ett ammat spädbarn, förutsatt att modern själv är ex-
ponerad för BMAA. Då risken för att BMAA ger upphov till skador i hjärnan 
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är som störst under den tidiga utvecklingsfasen, bör halten av BMAA i bröst-
mjölk från kvinnor undersökas. Det föreslås vidare att fisk- och musselmjöl 
som användas till foder inom äggproduktionsindustrin kan behöva undersökas 
med avseende på BMAA. En betydande orsak till att BMAA förekommer i 
näringskedjan är övergödningen av sjöar och hav, eftersom det leder till ökad 
utbredning av cyanobakteriella algblomningar. 
 



 60

Acknowledgements 

The majority of the studies were carried out at Uppsala University, Evolution-
ary Biology Center, Department of Organismal biology and sub-department 
of Environmental toxicology and they were financially supported by the Swe-
dish research council Formas. There has been a large number of people who 
have helped me, directly or indirectly, to make this thesis possible and to 
whom I would like to express my sincere gratitude: 

 
Ingvar Brandt, my main supervisor, it seems like you and I were meant to 
be. It didn’t matter that I first turned down the first PhD-position you offered 
me in 2003, I got a second chance (by chance) in 2009 and I am so happy I 
took it! Thank you for your continuous encouragement and confidence in me 
and for providing an optimal environment for learning and development. I 
have learned so much! Thank you for always having an open door and for 
critically reading my thesis over and over again, and supporting me in the 
writing process. 

Ulrika Bergström and Oskar Karlsson, my co-supervisors. You have 
both played huge roles during my years as a PhD-student. Ulrika, thank you 
for stepping in at a time when I really needed your support in organizing plans 
and ideas. Thank you for always keeping me on track, for your excellent sci-
entific advice and for your enthusiasm and encouragement. I will always re-
member your “heja, heja!”-cheers over the phone, they meant a lot. Oskar, 
thank you for all the good times at the animal facility, for introducing me to 
the scary world of animal trials the way they should be introduced and for our 
good collaborations. Thank you guys for all the help! 

I also wish to thank my co-authors, Lisa Ersson, for sharing the joyful 
tasks of running transport experiments and discussing BMAA-science. Eva 
Brittebo and Leopold Ilag for your excellent contributions to the work pre-
sented in this thesis. Special thanks to Sandra Banack for excellent collabo-
ration and for inviting me to the Institute of Ethnomedicine to do hands-on 
work on the mass spectrometry analysis in paper II. Also for being such a great 
host the way only Americans can be. I will forever remember the kayaking 
trip you took me on.  

My present and past colleagues at Ekotox – for making fika and lunches 
fun and enjoyable. Special thanks to Kristina Beijer, for your warm and car-
ing personality and for being my friend. Moa Säfholm, for your great person-
ality, strong opinions and for always being able to perk up a fika. Johan 



 61

Svensson, for putting up with my phone always ringing, helping me with 
qPCR and statistical matters and for always keeping the beat to your music. 
Björn Brunström, for all the super delicious gluten free cakes you’ve made 
(and you too Anna Mattsson!) and more importantly for reviewing this thesis 
and for being such a great boss. Kai Gao, even though not here at the depart-
ment anymore, I did appreciate having you as a roommate for most of my 
years here. Thank you Margareta Maggan Mattsson for all the help on sec-
tioning and for teaching me how to do it. Also thanks for reminding me to 
drink coffee and to have a “fruktstund” every day and for being a good friend. 
I will miss you. I will miss you all! 

I also wish to say thanks to colleagues at neighboring departments, for al-
ways being friendly, helpful and creating a fun place to work at. Katarina, 
Judith, Bettina, Katarzyna, Ling, Rose-Marie and Helena to mention a 
few. Raili at the Department of Pharmaceutical Biosciences, thank you for 
help with injections and for having such an inspiring personality. 

So now I am at the part where I want to say thanks to my nearest and dearest 
friends. You are so many so to be fair I’ll group you together and say that I 
am so, so grateful for having so many great friends that I know care deeply 
for me. Some I get to see once a year (if I’m lucky) and some more often, but 
I cherish you all! Special thank you goes to Jenny, Anna, Anna Karin and 
Helena for keeping me sane with cheering phone calls, lunches, work outs 
and yoga, dinners, chanterelle picking and long relaxing walks. 

My families, as I am so lucky to have several. Mom (Birgitta) and dad 
(Staffan), for believing in me and for raising me in such a way making me, 
believe in me. My sister Linda and her husband Patrik, for all the lovely 
dinners you have treated us and for being a sister that you want to go on holi-
day with. My second family, Agneta, Göran, Elisabeth and Anna Karin. I 
am forever grateful for the times I could pick up the phone and just call for 
help with small, everyday matters such as driving my Clara home from school 
when her day had been too long. Ellinor, Dexter and Celeste, my extended 
American family. Thank you for taking me in all those years ago and making 
me your daughter and sister for the year. Furthermore, thank you for not letting 
me go and for being my forever best American-family. Ellinor, you are a truly 
inspiring person and I owe you a lot, especially my driver’s license! 

Last, but definitely not the least, my loving family. This thesis would prob-
ably have taken much less time to finish if you were not in my life. But that 
would not have been any life I would have enjoyed. My Johan, who may not 
always be my equal when it comes to housecleaning (even though you say so), 
you always try and whenever I ask, you do. For that I want to thank you. I also 
want to thank you for always being my number one supporter and for loving 
me the way you do. Alice and Clara, my BEAUTIFUL girls! Thank you for 
still wanting to hang out with your old mom and for forcing me not work too 
hard. You bring balance to my life. 
 



 62

References 

Aleman G, Lopez A, Ordaz G, Torres N, Tovar AR (2009) Changes in messenger 
RNA abundance of amino acid transporters in rat mammary gland during preg-
nancy, lactation, and weaning. Metabolism 58:594-601. 

Alexander SP, Benson HE, Faccenda E, Pawson AJ, Sharman JL, Spedding M, Peters 
JA, Harmar AJ, Collaborators C (2013) The Concise Guide to PHARMACOL-
OGY 2013/14: transporters. Br J Pharmacol 170:1706-1796. 

Arif M, Kazim SF, Grundke-Iqbal I, Garruto RM, Iqbal K (2014) Tau pathology in-
volves protein phosphatase 2A in parkinsonism-dementia of Guam. Proceedings 
of the National Academy of Sciences of the United States of America 111:1144-
1149. 

Arnold A, Edgren DC, Palladino VS (1953) Amyotrophic lateral sclerosis; fifty cases 
observed on Guam. The Journal of nervous and mental disease 117:135-139. 

Aronica E, Nicoletti F, Condorelli DF, Balazs R (1993) Pharmacological characteri-
zation of metabotropic glutamate receptors in cultured cerebellar granule cells. 
Neurochem Res 18:605-612. 

Artursson P, Karlsson J (1991) Correlation between oral drug absorption in humans 
and apparent drug permeability coefficients in human intestinal epithelial (Caco-
2) cells. Biochemical and biophysical research communications 175:880-885. 

Balk L, Hagerroth PA, Akerman G, Hanson M, Tjarnlund U, Hansson T, Hallgrims-
son GT, Zebuhr Y, Broman D, Morner T, Sundberg H (2009) Wild birds of de-
clining European species are dying from a thiamine deficiency syndrome. Pro-
ceedings of the National Academy of Sciences of the United States of America 
106:12001-12006. 

Ball RK, Friis RR, Schoenenberger CA, Doppler W, Groner B (1988) Prolactin regu-
lation of beta-casein gene expression and of a cytosolic 120-kd protein in a cloned 
mouse mammary epithelial cell line. EMBO J 7:2089-2095. 

Banack SA, Caller T, Henegan P, Haney J, Murby A, Metcalf JS, Powell J, Cox PA, 
Stommel E (2015) Detection of cyanotoxins, beta-N-methylamino-L-alanine and 
microcystins, from a lake surrounded by cases of amyotrophic lateral sclerosis. 
Toxins 7:322-336. 

Banack SA, Cox PA (2003) Biomagnification of cycad neurotoxins in flying foxes: 
implications for ALS-PDC in Guam. Neurology 61:387-389. 

Banack SA, Johnson HE, Cheng R, Cox PA (2007) Production of the neurotoxin 
BMAA by a marine cyanobacterium. Marine drugs 5:180-196. 

Banack SA, Metcalf JS, Bradley WG, Cox PA (2014) Detection of cyanobacterial 
neurotoxin beta-N-methylamino-l-alanine within shellfish in the diet of an ALS 
patient in Florida. Toxicon : official journal of the International Society on Tox-
inology 90:167-173. 

Baptista MS, Vasconcelos RG, Ferreira PC, Almeida CM, Vasconcelos VM (2015) 
Assessment of the non-protein amino acid BMAA in Mediterranean mussel Myti-
lus galloprovincialis after feeding with estuarine cyanobacteria. Environmental 
science and pollution research international 22:12501-12510. 



 63

Becher G, Bergman Å, Bjerregaard P, Bornman R, Brandt I, Heindel JJ, Iguchi T, 
Jobling S, Kidd KA, Kortenkamp A, Muir DCG, Ochieng R, Skakkebaek NE, 
Toppari J, Woodruff TJ, Zoeller RT (2013) State of the Science of Endocrine 
Disrupting Chemicals - 2012. In: UNEP/WHO (Bergman, Å. et al., eds). 

Berg K, Skulberg OM, Skulberg R, Underdal B, Willen T (1986) Observations of 
toxic blue-green algae (Cyanobacteria) in some Scandinavian lakes. Acta veteri-
naria Scandinavica 27:440-452. 

Berntzon L, Erasmie S, Celepli N, Eriksson J, Rasmussen U, Bergman B (2013) 
BMAA inhibits nitrogen fixation in the cyanobacterium Nostoc sp. PCC 7120. 
Marine drugs 11:3091-3108. 

Berntzon L, Ronnevi LO, Bergman B, Eriksson J (2015) Detection of BMAA in the 
human central nervous system. Neuroscience 292:137-147. 

Bidigare RR, Christensen SJ, Wilde SB, Banack SA (2009) Cyanobacteria and 
BMAA: possible linkage with avian vacuolar myelinopathy (AVM) in the south-
eastern United States. Amyotroph Lateral Scler 10 Suppl 2:71-73. 

Blomquist L (1969) Species differences in the accumulation of 4-iodophenylalanine 
in the exocrine pancreas. Comp Biochem Physiol 28:777-782. 

Borenstein AR, Mortimer JA, Schofield E, Wu Y, Salmon DP, Gamst A, Olichney J, 
Thal LJ, Silbert L, Kaye J, Craig UL, Schellenberg GD, Galasko DR (2007) Cy-
cad exposure and risk of dementia, MCI, and PDC in the Chamorro population of 
Guam. Neurology 68:1764-1771. 

Brand LE, Pablo J, Compton A, Hammerschlag N, Mash DC (2010) Cyanobacterial 
Blooms and the Occurrence of the neurotoxin beta-N-methylamino-L-alanine 
(BMAA) in South Florida Aquatic Food Webs. Harmful Algae 9:620-635. 

Braun LD, Cornford EM, Oldendorf WH (1980) Newborn rabbit blood-brain barrier 
is selectively permeable and differs substantially from the adult. Journal of neu-
rochemistry 34:147-152. 

Broer A, Brookes N, Ganapathy V, Dimmer KS, Wagner CA, Lang F, Broer S (1999) 
The astroglial ASCT2 amino acid transporter as a mediator of glutamine efflux. 
Journal of neurochemistry 73:2184-2194. 

Broer S (2008) Amino acid transport across mammalian intestinal and renal epithelia. 
Physiological reviews 88:249-286. 

Christensen HN (1990) Role of amino acid transport and countertransport in nutrition 
and metabolism. Physiological reviews 70:43-77. 

Christensen SJ, Hemscheidt TK, Trapido-Rosenthal H, Laws EA, Bidigare RR (2012) 
Detection and quantification of b-methylamino-L-alanine in aquatic inverte-
brates. Limnol Oceanogr: Methods 10:891-898. 

Cocola C, Sanzone S, Astigiano S, Pelucchi P, Piscitelli E, Vilardo L, Barbieri O, 
Bertoli G, Reinbold RA, Zucchi I (2008) A rat mammary gland cancer cell with 
stem cell properties of self-renewal and multi-lineage differentiation. Cytotech-
nology 58:25-32. 

Condorelli DF, Dell'Albani P, Amico C, Casabona G, Genazzani AA, Sortino MA, 
Nicoletti F (1992) Development profile of metabotropic glutamate receptor 
mRNA in rat brain. Mol Pharmacol 41:660-664. 

Contardo-Jara V, Schwanemann T, Pflugmacher S (2014) Uptake of a cyanotoxin, 
beta-N-methylamino-L-alanine, by wheat (Triticum aestivum). Ecotoxicology 
and environmental safety 104:127-131. 

Copani A, Canonico PL, Catania MV, Aronica E, Bruno V, Ratti E, van Amsterdam 
FT, Gaviraghi G, Nicoletti F (1991) Interaction between beta-N-methylamino-L-
alanine and excitatory amino acid receptors in brain slices and neuronal cultures. 
Brain research 558:79-86. 



 64

Cornford EM, Cornford ME (1986) Nutrient transport and the blood-brain barrier in 
developing animals. Fed Proc 45:2065-2072. 

Cox PA, Banack SA, Murch SJ (2003) Biomagnification of cyanobacterial neurotox-
ins and neurodegenerative disease among the Chamorro people of Guam. Pro-
ceedings of the National Academy of Sciences of the United States of America 
100:13380-13383. 

Cox PA, Banack SA, Murch SJ, Rasmussen U, Tien G, Bidigare RR, Metcalf JS, 
Morrison LF, Codd GA, Bergman B (2005) Diverse taxa of cyanobacteria pro-
duce beta-N-methylamino-L-alanine, a neurotoxic amino acid. Proceedings of the 
National Academy of Sciences of the United States of America 102:5074-5078. 

Cox PA, Richer R, Metcalf JS, Banack SA, Codd GA, Bradley WG (2009) Cyano-
bacteria and BMAA exposure from desert dust: a possible link to sporadic ALS 
among Gulf War veterans. Amyotroph Lateral Scler 10 Suppl 2:109-117. 

Cruz-Aguado R, Winkler D, Shaw CA (2006) Lack of behavioral and neuropatholog-
ical effects of dietary beta-methylamino-L-alanine (BMAA) in mice. Pharmacol-
ogy, biochemistry, and behavior 84:294-299. 

Cucchiaroni ML, Viscomi MT, Bernardi G, Molinari M, Guatteo E, Mercuri NB 
(2010) Metabotropic glutamate receptor 1 mediates the electrophysiological and 
toxic actions of the cycad derivative beta-N-Methylamino-L-alanine on substan-
tia nigra pars compacta DAergic neurons. J Neurosci 30:5176-5188. 

Dawson R, Jr., Marschall EG, Chan KC, Millard WJ, Eppler B, Patterson TA (1998) 
Neurochemical and neurobehavioral effects of neonatal administration of beta-N-
methylamino-L-alanine and 3,3'-iminodipropionitrile. Neurotoxicol Teratol 
20:181-192. 

de Munck E, Munoz-Saez E, Miguel BG, Solas MT, Ojeda I, Martinez A, Gil C, Ara-
huetes RM (2013) beta-N-methylamino-l-alanine causes neurological and patho-
logical phenotypes mimicking Amyotrophic Lateral Sclerosis (ALS): the first 
step towards an experimental model for sporadic ALS. Environmental toxicology 
and pharmacology 36:243-255. 

DeLuca TH, Zackrisson O, Gentili F, Sellstedt A, Nilsson MC (2007) Ecosystem con-
trols on nitrogen fixation in boreal feather moss communities. Oecologia 
152:121-130. 

Dobbing J, Sands J (1979) Comparative aspects of the brain growth spurt. Early hu-
man development 3:79-83. 

Dodurga Y, Gundogdu G, Koc T, Yonguc GN, Kucukatay V, Satiroglu-Tufan NL 
(2013) Expression of URG4/URGCP, Cyclin D1, Bcl-2, and Bax genes in retinoic 
acid treated SH-SY5Y human neuroblastoma cells. Contemporary oncology 
17:346-349. 

Donal PF, Gree RE, Heath MF (2001) Agricultural intensification and the collapse of 
Europe's farmland bird populations. Proc Biol Sci 268:25-29. 

Downing S, Banack SA, Metcalf JS, Cox PA, Downing TG (2011) Nitrogen starva-
tion of cyanobacteria results in the production of beta-N-methylamino-L-alanine. 
Toxicon : official journal of the International Society on Toxinology 58:187-194. 

Duncan MW, Steele JC, Kopin IJ, Markey SP (1990) 2-Amino-3-(methylamino)-pro-
panoic acid (BMAA) in cycad flour: an unlikely cause of amyotrophic lateral 
sclerosis and parkinsonism-dementia of Guam. Neurology 40:767-772. 

Duncan MW, Villacreses NE, Pearson PG, Wyatt L, Rapoport SI, Kopin IJ, Markey 
SP, Smith QR (1991) 2-amino-3-(methylamino)-propanoic acid (BMAA) phar-
macokinetics and blood-brain barrier permeability in the rat. The Journal of phar-
macology and experimental therapeutics 258:27-35. 



 65

Dunlop RA, Cox PA, Banack SA, Rodgers KJ (2013) The non-protein amino acid 
BMAA is misincorporated into human proteins in place of L-serine causing pro-
tein misfolding and aggregation. PloS one 8:e75376. 

EMBL-EBI Multiple sequence alignment program ClustalW2.   
http://www.ebi.ac.uk/Tools/msa/clustalw2/. 

Engskog MK, Karlsson O, Haglof J, Elmsjo A, Brittebo E, Arvidsson T, Pettersson C 
(2013) The cyanobacterial amino acid beta-N-methylamino-l-alanine perturbs the 
intermediary metabolism in neonatal rats. Toxicology 312:6-11. 

Esterhuizen M, Downing TG (2008) Beta-N-methylamino-L-alanine (BMAA) in 
novel South African cyanobacterial isolates. Ecotoxicology and environmental 
safety 71:309-313. 

Evers J, Murer H, Kinne R (1976) Phenylalanine uptake in isolated renal brush border 
vesicles. Biochimica et biophysica acta 426:598-615. 

Faassen EJ (2014) Presence of the neurotoxin BMAA in aquatic ecosystems: what do 
we really know? Toxins 6:1109-1138. 

Faassen EJ, Gillissen F, Lurling M (2012) A comparative study on three analytical 
methods for the determination of the neurotoxin BMAA in cyanobacteria. PloS 
one 7:e36667. 

Faassen EJ, Gillissen F, Zweers HA, Lurling M (2009) Determination of the neuro-
toxins BMAA (beta-N-methylamino-L-alanine) and DAB (alpha-,gamma-dia-
minobutyric acid) by LC-MSMS in Dutch urban waters with cyanobacterial 
blooms. Amyotroph Lateral Scler 10 Suppl 2:79-84. 

Finsterwald C, Magistretti PJ, Lengacher S (2015) Astrocytes: New Targets for the 
Treatment of Neurodegenerative Diseases. Curr Pharm Des 21:3570-3581. 

Fotuhi M, Standaert DG, Testa CM, Penney JB, Jr., Young AB (1994) Differential 
expression of metabotropic glutamate receptors in the hippocampus and entorhi-
nal cortex of the rat. Brain Res Mol Brain Res 21:283-292. 

Garruto RM, Gajdusek C, Chen KM (1980) Amyotrophic lateral sclerosis among 
Chamorro migrants from Guam. Annals of neurology 8:612-619. 

Garruto RM, Yanagihara R, Gajdusek DC (1988) Cycads and amyotrophic lateral 
sclerosis/parkinsonism dementia. Lancet 2:1079. 

Gliddon CM, Shao Z, LeMaistre JL, Anderson CM (2009) Cellular distribution of the 
neutral amino acid transporter subtype ASCT2 in mouse brain. Journal of neuro-
chemistry 108:372-383. 

Glover WB, Mash DC, Murch SJ (2014) The natural non-protein amino acid N-beta-
methylamino-L-alanine (BMAA) is incorporated into protein during synthesis. 
Amino acids 46:2553-2559. 

Goto JJ, Koenig JH, Ikeda K (2012) The physiological effect of ingested beta-N-me-
thylamino-L-alanine on a glutamatergic synapse in an in vivo preparation. Comp 
Biochem Physiol C Toxicol Pharmacol 156:171-177. 

Gubisne-Haberle D, Hill W, Kazachkov M, Richardson JS, Yu PH (2004) Protein 
cross-linkage induced by formaldehyde derived from semicarbazide-sensitive 
amine oxidase-mediated deamination of methylamine. The Journal of pharmacol-
ogy and experimental therapeutics 310:1125-1132. 

Hanrieder J, Gerber L, Persson Sandelius A, Brittebo EB, Ewing AG, Karlsson O 
(2014a) High resolution metabolite imaging in the hippocampus following neo-
natal exposure to the environmental toxin BMAA using ToF-SIMS. ACS chemi-
cal neuroscience 5:568-575. 

Hanrieder J, Karlsson O, B. Brittebo E, Malmberg P, G. EA (2014b) Probing the lipid 
chemistry of neurotoxin-induced hippocampal lesions using multimodal imaging 
mass spectrometry. Surf Interface Anal 46:375–378. 



 66

Hashmi M, Anders MW (1991) Enzymatic reaction of beta-N-methylaminoalanine 
with L-amino acid oxidase. Biochimica et biophysica acta 1074:36-39. 

He L, Vasiliou K, Nebert DW (2009) Analysis and update of the human solute carrier 
(SLC) gene superfamily. Hum Genomics 3:195-206. 

Heisler J, Glibert PM, Burkholder JM, Anderson DM, Cochlan W, Dennison WC, 
Dortch Q, Gobler CJ, Heil CA, Humphries E, Lewitus A, Magnien R, Marshall 
HG, Sellner K, Stockwell DA, Stoecker DK, Suddleson M (2008) Eutrophication 
and harmful algal blooms: A scientific consensus. Harmful Algae 8:3-13. 

Hirano A, Malamud N, Elizan TS, Kurland LT (1966) Amyotrophic lateral sclerosis 
and Parkinsonism-dementia complex on Guam. Further pathologic studies. Arch 
Neurol 15:35-51. 

Islam R, Kumimoto EL, Bao H, Zhang B (2012) ALS-linked SOD1 in glial cells en-
hances ss-N-Methylamino L-Alanine (BMAA)-induced toxicity in Drosophila. 
F1000Res 1:47. 

Jiang L, Eriksson J, Lage S, Jonasson S, Shams S, Mehine M, Ilag LL, Rasmussen U 
(2014a) Diatoms: a novel source for the neurotoxin BMAA in aquatic environ-
ments. PloS one 9:e84578. 

Jiang L, Kiselova N, Rosen J, Ilag LL (2014b) Quantification of neurotoxin BMAA 
(beta-N-methylamino-L-alanine) in seafood from Swedish markets. Sci Rep 
4:6931. 

Jiang W, Schwendeman SP (2000) Formaldehyde-mediated aggregation of protein 
antigens: comparison of untreated and formalinized model antigens. Biotechnol-
ogy and bioengineering 70:507-517. 

Jiao Y, Chen Q, Chen X, Wang X, Liao X, Jiang L, Wu J, Yang L (2014) Occurrence 
and transfer of a cyanobacterial neurotoxin beta-methylamino-L-alanine within 
the aquatic food webs of Gonghu Bay (Lake Taihu, China) to evaluate the poten-
tial human health risk. The Science of the total environment 468-469:457-463. 

Jonasson S, Eriksson J, Berntzon L, Spacil Z, Ilag LL, Ronnevi LO, Rasmussen U, 
Bergman B (2010) Transfer of a cyanobacterial neurotoxin within a temperate 
aquatic ecosystem suggests pathways for human exposure. Proceedings of the 
National Academy of Sciences of the United States of America 107:9252-9257. 

Jonsson L, Wall H, Tauson R (2011) Production and egg quality in layers fed organic 
diets with mussel meal. Animal 5:387-393. 

Jäger (2008) Lactogenic differentiation of HC11 cells is not accompanied by down-
regulation of AP-2 transcription factor genes. BMC reseach notes 1. 

Kahru M, Elmgren R (2014) Multidecadal time series of satellite-detected accumula-
tions of cyanobacteria in the Baltic Sea. Biogeosciences 11:3619-3633. 

Karamyan VT, Speth RC (2008) Animal models of BMAA neurotoxicity: a critical 
review. Life sciences 82:233-246. 

Karlsson O, Berg AL, Hanrieder J, Arnerup G, Lindstrom AK, Brittebo EB (2015a) 
Intracellular fibril formation, calcification, and enrichment of chaperones, cyto-
skeletal, and intermediate filament proteins in the adult hippocampus CA1 fol-
lowing neonatal exposure to the nonprotein amino acid BMAA. Archives of tox-
icology 89:423-436. 

Karlsson O, Berg AL, Lindstrom AK, Hanrieder J, Arnerup G, Roman E, Bergquist 
J, Lindquist NG, Brittebo EB, Andersson M (2012) Neonatal exposure to the cy-
anobacterial toxin BMAA induces changes in protein expression and neurodegen-
eration in adult hippocampus. Toxicol Sci 130:391-404. 

Karlsson O, Berg C, Brittebo EB, Lindquist NG (2009a) Retention of the cyanobac-
terial neurotoxin beta-N-methylamino-l-alanine in melanin and neuromelanin-
containing cells--a possible link between Parkinson-dementia complex and pig-
mentary retinopathy. Pigment Cell Melanoma Res 22:120-130. 



 67

Karlsson O, Bergquist J, Andersson M (2014a) Quality measures of imaging mass 
spectrometry aids in revealing long-term striatal protein changes induced by ne-
onatal exposure to the cyanobacterial toxin beta-N-methylamino-L-alanine 
(BMAA). Molecular & cellular proteomics : MCP 13:93-104. 

Karlsson O, Jiang L, Andersson M, Ilag LL, Brittebo EB (2014b) Protein association 
of the neurotoxin and non-protein amino acid BMAA (beta-N-methylamino-L-
alanine) in the liver and brain following neonatal administration in rats. Toxicol 
Lett 226:1-5. 

Karlsson O, Jiang L, Ersson L, Malmström T, Ilag LL, Brittebo EB (2015b) Environ-
mental neurotoxin interaction with proteins: Dose-dependent increase of free and 
protein-associated BMAA (β-N-methylamino-L-alanine) in neonatal rat Nature 
scientific reports. 

Karlsson O, Kultima K, Wadensten H, Nilsson A, Roman E, Andren PE, Brittebo EB 
(2013) Neurotoxin-induced neuropeptide perturbations in striatum of neonatal 
rats. Journal of proteome research 12:1678-1690. 

Karlsson O, Lindquist NG, Brittebo EB, Roman E (2009b) Selective brain uptake and 
behavioral effects of the cyanobacterial toxin BMAA (beta-N-methylamino-L-
alanine) following neonatal administration to rodents. Toxicol Sci 109:286-295. 

Karlsson O, Roman E, Berg AL, Brittebo EB (2011) Early hippocampal cell death, 
and late learning and memory deficits in rats exposed to the environmental toxin 
BMAA (beta-N-methylamino-L-alanine) during the neonatal period. Behav Brain 
Res 219:310-320. 

Karlsson O, Roman E, Brittebo EB (2009c) Long-term cognitive impairments in adult 
rats treated neonatally with beta-N-Methylamino-L-Alanine. Toxicol Sci 
112:185-195. 

Kim DK, Kim IJ, Hwang S, Kook JH, Lee MC, Shin BA, Bae CS, Yoon JH, Ahn SG, 
Kim SA, Kanai Y, Endou H, Kim JK (2004) System L-amino acid transporters 
are differently expressed in rat astrocyte and C6 glioma cells. Neurosci Res 
50:437-446. 

Kisby GE, Spencer PS (2011) Is neurodegenerative disease a long-latency response 
to early-life genotoxin exposure? International journal of environmental research 
and public health 8:3889-3921. 

Kopka K, Riemann B, Friedrich M, Winters S, Halfter H, Weckesser M, Stogbauer F, 
Ringelstein EB, Schober O (2001) Characterization of 3-[(123)I]iodo-L-alpha-
methyl tyrosine transport in astrocytes of neonatal rats. Journal of neurochemistry 
76:97-104. 

Krause S, Maffini MV, Soto AM, Sonnenschein C (2010) The microenvironment de-
termines the breast cancer cells' phenotype: organization of MCF7 cells in 3D 
cultures. BMC cancer 10:263. 

Kurland LT, Mulder DW (1954) Epidemiologic investigations of amyotrophic lateral 
sclerosis. I. Preliminary report on geographic distribution, with special reference 
to the Mariana Islands, including clinical and pathologic observations. Neurology 
4:355-378. 

Lage S, Annadotter H, Rasmussen U, Rydberg S (2015) Biotransfer of beta-N-me-
thylamino-L-alanine (BMAA) in a eutrophicated freshwater lake. Marine drugs 
13:1185-1201. 

Lage S, Costa PR, Moita T, Eriksson J, Rasmussen U, Rydberg SJ (2014) BMAA in 
shellfish from two Portuguese transitional water bodies suggests the marine dino-
flagellate Gymnodinium catenatum as a potential BMAA source. Aquatic toxi-
cology 152:131-138. 

Lasek R (1968) Axoplasmic transport in cat dorsal root ganglion cells: as studied with 
[3-H]-L-leucine. Brain research 7:360-377. 



 68

Lindstrom H, Luthman J, Mouton P, Spencer P, Olson L (1990) Plant-derived neuro-
toxic amino acids (beta-N-oxalylamino-L-alanine and beta-N-methylamino-L-al-
anine): effects on central monoamine neurons. Journal of neurochemistry 55:941-
949. 

Ling KH, Tung TC (1948) The oxidative demethylation of monomethyl-L-amino ac-
ids. The Journal of biological chemistry 174:643-645. 

Lionaki E, Markaki M, Palikaras K, Tavernarakis N (2015) Mitochondria, autophagy 
and age-associated neurodegenerative diseases: New insights into a complex in-
terplay. Biochimica et biophysica acta. 

Liu X, Rush T, Zapata J, Lobner D (2009) beta-N-methylamino-l-alanine induces ox-
idative stress and glutamate release through action on system Xc(-). Experimental 
neurology 217:429-433. 

Lobner D, Piana PM, Salous AK, Peoples RW (2007) Beta-N-methylamino-L-alanine 
enhances neurotoxicity through multiple mechanisms. Neurobiol Dis 25:360-366. 

Malamud N, Hirano A, Kurland LT (1961) Pathoanatomic changes in amyotrophic 
lateral sclerosis on Guam. Special reference to the occurrence of neurofibrillary 
changes. Arch Neurol 5:401-415. 

Masseret E, Banack S, Boumediene F, Abadie E, Brient L, Pernet F, Juntas-Morales 
R, Pageot N, Metcalf J, Cox P, Camu W, French Network on ALSCD, Investiga-
tion (2013) Dietary BMAA exposure in an amyotrophic lateral sclerosis cluster 
from southern France. PloS one 8:e83406. 

Masuoka DT, Alcaraz AF, Cohen MB, Spolter L (1973) Acute distribution of 14C-
amino acids in mice as determined by whole-body autoradiography: adjunct for 
radiopharmaceutical synthesis. The International journal of applied radiation and 
isotopes 24:705-707. 

Mathew SS, Hablitz JJ (2011) Presynaptic NMDA receptors mediate IPSC potentia-
tion at GABAergic synapses in developing rat neocortex. PloS one 6:e17311. 

McLaughlan C, Rose P, Aldridge D (2014) Making the Best of a Pest: The Potential 
for Using Invasive Zebra Mussel (Dreissena Polymorpha) Biomass as a Supple-
ment to Commercial Chicken Feed. Environmental Management 54:1102-1109. 

Meldrum B, Garthwaite J (1990) Excitatory amino acid neurotoxicity and neuro-
degenerative disease. Trends Pharmacol Sci 11:379-387. 

Metcalf JS, Banack SA, Lindsay J, Morrison LF, Cox PA, Codd GA (2008) Co-oc-
currence of beta-N-methylamino-L-alanine, a neurotoxic amino acid with other 
cyanobacterial toxins in British waterbodies, 1990-2004. Environmental microbi-
ology 10:702-708. 

Mondo K, Broc Glover W, Murch SJ, Liu G, Cai Y, Davis DA, Mash DC (2014) 
Environmental neurotoxins beta-N-methylamino-l-alanine (BMAA) and mercury 
in shark cartilage dietary supplements. Food and chemical toxicology : an inter-
national journal published for the British Industrial Biological Research Associa-
tion 70:26-32. 

Mondo K, Hammerschlag N, Basile M, Pablo J, Banack SA, Mash DC (2012) Cya-
nobacterial neurotoxin beta-N-methylamino-L-alanine (BMAA) in shark fins. 
Marine drugs 10:509-520. 

Montine TJ, Li K, Perl DP, Galasko D (2005) Lack of beta-methylamino-l-alanine in 
brain from controls, AD, or Chamorros with PDC. Neurology 65:768-769. 

Morris HR, Steele JC, Crook R, Wavrant-De Vrieze F, Onstead-Cardinale L, Gwinn-
Hardy K, Wood NW, Farrer M, Lees AJ, McGeer PL, Siddique T, Hardy J, Perez-
Tur J (2004) Genome-wide analysis of the parkinsonism-dementia complex of 
Guam. Arch Neurol 61:1889-1897. 



 69

Munoz-Saez E, de Munck Garcia E, Arahuetes Portero RM, Martinez A, Solas Alados 
MT, Miguel BG (2015) Analysis of beta-N-methylamino-L-alanine (L-BMAA) 
neurotoxicity in rat cerebellum. Neurotoxicology 48:192-205. 

Murch SJ, Cox PA, Banack SA, Steele JC, Sacks OW (2004) Occurrence of beta-
methylamino-l-alanine (BMAA) in ALS/PDC patients from Guam. Acta Neurol 
Scand 110:267-269. 

Myers TG, Nelson SD (1990) Neuroactive carbamate adducts of beta-N-methyla-
mino-L-alanine and ethylenediamine. Detection and quantitation under physio-
logical conditions by 13C NMR. The Journal of biological chemistry 265:10193-
10195. 

NCBI NCBI primer design software primer-blast. 
http://www.ncbi.nlm.nih.gov/tools/primer-blast/. 

Nordic CoM (2007) Analysis, occurrence, and toxicity of ß-methylaminoalanine 
(BMAA): Nordic Council of Ministers. 

Nunn PB, O'Brien P (1989) The interaction of beta-N-methylamino-L-alanine with 
bicarbonate: an 1H-NMR study. FEBS Lett 251:31-35. 

Nunn PB, Ponnusamy M (2009) Beta-N-methylaminoalanine (BMAA): metabolism 
and metabolic effects in model systems and in neural and other tissues of the rat 
in vitro. Toxicon : official journal of the International Society on Toxinology 
54:85-94. 

Okle O, Rath L, Galizia CG, Dietrich DR (2013a) The cyanobacterial neurotoxin beta-
N-methylamino-l-alanine (BMAA) induces neuronal and behavioral changes in 
honeybees. Toxicology and applied pharmacology 270:9-15. 

Okle O, Stemmer K, Deschl U, Dietrich DR (2013b) L-BMAA induced ER stress and 
enhanced caspase 12 cleavage in human neuroblastoma SH-SY5Y cells at low 
nonexcitotoxic concentrations. Toxicol Sci 131:217-224. 

Pablo J, Banack SA, Cox PA, Johnson TE, Papapetropoulos S, Bradley WG, Buck A, 
Mash DC (2009) Cyanobacterial neurotoxin BMAA in ALS and Alzheimer's dis-
ease. Acta Neurol Scand 120:216-225. 

Palacin M, Estevez R, Bertran J, Zorzano A (1998) Molecular biology of mammalian 
plasma membrane amino acid transporters. Physiological reviews 78:969-1054. 

Pardridge WM, Mietus LJ (1982) Kinetics of neutral amino acid transport through the 
blood-brain barrier of the newborn rabbit. Journal of neurochemistry 38:955-962. 

Perry TL, Bergeron C, Biro AJ, Hansen S (1989) Beta-N-methylamino-L-alanine. 
Chronic oral administration is not neurotoxic to mice. J Neurol Sci 94:173-180. 

Pfaffl MW (2001) A new mathematical model for relative quantification in real-time 
RT-PCR. Nucleic acids research 29:e45. 

Purdie EL, Metcalf JS, Kashmiri S, Codd GA (2009) Toxicity of the cyanobacterial 
neurotoxin beta-N-methylamino-L-alanine to three aquatic animal species. Amy-
otroph Lateral Scler 10 Suppl 2:67-70. 

Rajan DP, Kekuda R, Huang W, Devoe LD, Leibach FH, Prasad PD, Ganapathy V 
(2000) Cloning and functional characterization of a Na(+)-independent, broad-
specific neutral amino acid transporter from mammalian intestine. Biochimica et 
biophysica acta 1463:6-14. 

Rakonczay Z, Matsuoka Y, Giacobini E (1991) Effects of L-beta-N-methylamino-L-
alanine (L-BMAA) on the cortical cholinergic and glutamatergic systems of the 
rat. J Neurosci Res 29:121-126. 

Rao SD, Banack SA, Cox PA, Weiss JH (2006) BMAA selectively injures motor neu-
rons via AMPA/kainate receptor activation. Experimental neurology 201:244-
252. 

Richter KE, Mena EE (1989) L-beta-methylaminoalanine inhibits [3H]glutamate 
binding in the presence of bicarbonate ions. Brain research 492:385-388. 



 70

Rocke TE, Thomas NJ, Augspurger T, Miller K (2002) Epizootiologic studies of avian 
vacuolar myelinopathy in waterbirds. J Wildl Dis 38:678-684. 

Rosen J, Hellenas KE (2008) Determination of the neurotoxin BMAA (beta-N-me-
thylamino-L-alanine) in cycad seed and cyanobacteria by LC-MS/MS (liquid 
chromatography tandem mass spectrometry). Analyst 133:1785-1789. 

Ross CA, Poirier MA (2004) Protein aggregation and neurodegenerative disease. Nat 
Med 10 Suppl:S10-17. 

Ross SM, Seelig M, Spencer PS (1987) Specific antagonism of excitotoxic action of 
'uncommon' amino acids assayed in organotypic mouse cortical cultures. Brain 
research 425:120-127. 

Rossier G, Meier C, Bauch C, Summa V, Sordat B, Verrey F, Kuhn LC (1999) LAT2, 
a new basolateral 4F2hc/CD98-associated amino acid transporter of kidney and 
intestine. The Journal of biological chemistry 274:34948-34954. 

Rush T, Liu X, Lobner D (2012) Synergistic toxicity of the environmental neurotoxins 
methylmercury and beta-N-methylamino-L-alanine. Neuroreport 23:216-219. 

Ruus A, Overjordet IB, Braaten HF, Evenset A, Christensen G, Heimstad ES, Gabri-
elsen GW, Borga K (2015) Methylmercury biomagnification in an Arctic pelagic 
food web. Environ Toxicol Chem. 

Schon EA, Manfredi G (2003) Neuronal degeneration and mitochondrial dysfunction. 
J Clin Invest 111:303-312. 

Silbernagl S, Foulkes EC, Deetjen P (1975) Renal transport of amino acids. Rev Phys-
iol Biochem Pharmacol 74:105-167. 

Sinha A, Kohrer C, Weber MH, Masuda I, Mootha VK, Hou YM, RajBhandary UL 
(2014) Biochemical characterization of pathogenic mutations in human mito-
chondrial methionyl-tRNA formyltransferase. The Journal of biological chemis-
try 289:32729-32741. 

Smith QR, Nagura H, Takada Y, Duncan MW (1992) Facilitated transport of the neu-
rotoxin, beta-N-methylamino-L-alanine, across the blood-brain barrier. Journal of 
neurochemistry 58:1330-1337. 

Snyder LR, Cruz-Aguado R, Sadilek M, Galasko D, Shaw CA, Montine TJ (2009) 
Parkinson-dementia complex and development of a new stable isotope dilution 
assay for BMAA detection in tissue. Toxicology and applied pharmacology 
240:180-188. 

Spacil Z, Eriksson J, Jonasson S, Rasmussen U, Ilag LL, Bergman B (2010) Analyti-
cal protocol for identification of BMAA and DAB in biological samples. Analyst 
135:127-132. 

Spencer PS, Hugon J, Ludolph A, Nunn PB, Ross SM, Roy DN, Schaumburg HH 
(1987a) Discovery and partial characterization of primate motor-system toxins. 
Ciba Found Symp 126:221-238. 

Spencer PS, Nunn PB, Hugon J, Ludolph AC, Ross SM, Roy DN, Robertson RC 
(1987b) Guam amyotrophic lateral sclerosis-parkinsonism-dementia linked to a 
plant excitant neurotoxin. Science 237:517-522. 

Spencer PS, Ohta M, Palmer VS (1987c) Cycad use and motor neurone disease in Kii 
peninsula of Japan. Lancet 2:1462-1463. 

Spencer PS, Palmer VS, Herman A, Asmedi A (1987d) Cycad use and motor neurone 
disease in Irian Jaya. Lancet 2:1273-1274. 

Steele JC, McGeer PL (2008) The ALS/PDC syndrome of Guam and the cycad hy-
pothesis. Neurology 70:1984-1990. 

Stewart WD, Haystead A, Pearson HW (1969) Nitrogenase activity in heterocysts of 
blue-green algae. Nature 224:226-228. 



 71

Takahashi K, Ono T (1990) Cytoskeleton in human mammary carcinoma cells form-
ing three-dimensional cellular structures within collagen gels. Cell Struct Funct 
15:229-236. 

Tavelin S, Grasjo J, Taipalensuu J, Ocklind G, Artursson P (2002) Applications of 
epithelial cell culture in studies of drug transport. Methods Mol Biol 188:233-
272. 

Tetsuka K, Takanaga H, Ohtsuki S, Hosoya K, Terasaki T (2003) The l-isomer-selec-
tive transport of aspartic acid is mediated by ASCT2 at the blood-brain barrier. 
Journal of neurochemistry 87:891-901. 

Thomas AD, Dougill AJ (2007) Spatial and temporal distribution of cyanobacterial 
soil crusts in the Kalahari: Implications for soil surface properties. Geomorphol-
ogy 85:17-29. 

Thomas NJ, Meteyer CU, Sileo L (1998) Epizootic vacuolar myelinopathy of the cen-
tral nervous system of bald eagles (Haliaeetus leucocephalus) and American coots 
(Fulica americana). Vet Pathol 35:479-487. 

Tong Z, Han C, Luo W, Wang X, Li H, Luo H, Zhou J, Qi J, He R (2013) Accumulated 
hippocampal formaldehyde induces age-dependent memory decline. Age (Dordr) 
35:583-596. 

Torres J, Iriarte LL, Kurland LT (1957) Amyotrophic lateral sclerosis among Guama-
nians in California. Calif Med 86:385-388. 

Ullberg S (1977) The technique of whole body autoradiography, cryosectioning of 
large specimens. Sci Tools LKB Instr J 2-29. 

Utsunomiya-Tate N, Endou H, Kanai Y (1996) Cloning and functional characteriza-
tion of a system ASC-like Na+-dependent neutral amino acid transporter. The 
Journal of biological chemistry 271:14883-14890. 

Wall H, Jonsson L, Johansson L (2010) Effects on egg quality traits of genotype and 
diets with mussel meal or wheat-distillers dried grains with solubles. Poultry sci-
ence 89:745-751. 

Wang Q, Holst J (2015) L-type amino acid transport and cancer: targeting the 
mTORC1 pathway to inhibit neoplasia. Am J Cancer Res 5:1281-1294. 

Vantangoli MM, Madnick SJ, Huse SM, Weston P, Boekelheide K (2015) MCF-7 
Human Breast Cancer Cells Form Differentiated Microtissues in Scaffold-Free 
Hydrogels. PloS one 10:e0135426. 

Waring SC, Esteban-Santillan C, Reed DM, Craig UK, Labarthe DR, Petersen RC, 
Kurland LT (2004) Incidence of amyotrophic lateral sclerosis and of the parkin-
sonism-dementia complex of Guam, 1950-1989. Neuroepidemiology 23:192-
200. 

Vega A, Bell EA (1967) α-Amino-β-methylaminopropionic acid, a new amino acid 
from seeds of Cycas circinalis. Phytochemistry 6:759-762. 

Vega A, Bell, E. A., Nunn, P. B. (1968) The preparation of L- and D-a-amino-fl-
methylaminopropionic acids and the identification of the compound isolated from 
cycas circinalis as the L-isomer. Phytochemistry Vol.7:1885-1887. 

Weiss JH, Choi DW (1988) Beta-N-methylamino-L-alanine neurotoxicity: require-
ment for bicarbonate as a cofactor. Science 241:973-975. 

Weiss JH, Koh JY, Choi DW (1989) Neurotoxicity of beta-N-methylamino-L-alanine 
(BMAA) and beta-N-oxalylamino-L-alanine (BOAA) on cultured cortical neu-
rons. Brain research 497:64-71. 

Whiting M (1963) Toxicity of cycads. Economic Botany 17:270-302. 
Whiting MG (1964) Food Practices in Als Foci in Japan, the Marianas, and New 

Guinea. Fed Proc 23:1343-1345. 



 72

Volk LJ, Daly CA, Huber KM (2006) Differential roles for group 1 mGluR subtypes 
in induction and expression of chemically induced hippocampal long-term de-
pression. Journal of neurophysiology 95:2427-2438. 

You H, Yu W, Sanders BG, Kline K (2001) RRR-alpha-tocopheryl succinate induces 
MDA-MB-435 and MCF-7 human breast cancer cells to undergo differentiation. 
Cell growth & differentiation : the molecular biology journal of the American 
Association for Cancer Research 12:471-480. 

Zeevalk GD, Nicklas WJ (1989) Acute excitotoxicity in chick retina caused by the 
unusual amino acids BOAA and BMAA: effects of MK-801 and kynurenate. 
Neuroscience letters 102:284-290. 

Zhou X, Escala W, Papapetropoulos S, Bradley WG, Zhai RG (2009) BMAA neuro-
toxicity in Drosophila. Amyotroph Lateral Scler 10 Suppl 2:61-66. 

Zimmerman HM (1945) Monthly report to the medical officer in command. United 
States Navy Medical Research Unit No 2 June, Dayton, OH, USA. 

Zucchi I, Bini L, Albani D, Valaperta R, Liberatori S, Raggiaschi R, Montagna C, 
Susani L, Barbieri O, Pallini V, Vezzoni P, Dulbecco R (2002) Dome formation 
in cell cultures as expression of an early stage of lactogenic differentiation of the 
mammary gland. Proceedings of the National Academy of Sciences of the United 
States of America 99:8660-8665. 

 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1316

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-265865

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2015


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	The BMAA hypothesis
	b-N-methylaminoalanine, BMAA
	Amino acid transporters
	Toxicity of BMAA
	Toxicity in vivo
	Toxicity in vitro
	Toxicokinetics and metabolism
	An environmental neurotoxin


	Objectives
	Material and Methods
	Material
	Comments on Methods
	In vivo transport experiments
	In vitro transport experiments
	Real-time RT-PCR

	Results and Discussion
	Secretion of BMAA into milk (Paper I and II)
	General distribution of BMAA in mice, rats and quail (paper I, II and V)
	Protein association (Paper II and IV)
	Toxicokinetics and Metabolic stability (Paper II and V)
	Transport of BMAA in murine and human cells (Paper I and III)

	Concluding Remarks
	Swedish summary/ Svensk sammanfattning
	Cellulär transport och utsöndring av det cyanobakteriella nervtoxinet BMAA i mjölk och ägg: Konsekvenser för utvecklingstoxikologi

	Acknowledgements
	References



