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Acute 𝛽-N-Methylamino-L-alanine Toxicity in a Mouse Model
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The cyanobacterial neurotoxin 𝛽-N-methylamino-L-alanine (BMAA) is considered to be an “excitotoxin,” and its suggested
mechanism of action is killing neurons. Long-term exposure to L-BMAA is believed to lead to neurodegenerative diseases including
Parkinson’s and Alzheimer’s diseases and amyotrophic lateral sclerosis (Lou Gehrig’s disease). Objectives of this study were to
determine the presumptive median lethal dose (LD

50
), the Lowest-Observed-Adverse-Effect Level (LOAEL), and histopathologic

lesions caused by the naturally occurring BMAA isomer, L-BMAA, in mice. Seventy NIH Swiss Outbred mice (35 male and 35
female) were used. Treatment group mice were injected intraperitoneally with 0.03, 0.3, 1, 2, and 3mg/g body weight L-BMAA,
respectively, and control mice were sham-injected. The presumptive LD

50
of L-BMAA was 3mg/g BW and the LOAEL was 2mg/g

BW.There were no histopathologic lesions in brain, liver, heart, kidney, lung, or spleen in any of the mice during the 14-day study.
L-BMAAwas detected in brains and livers in all of treatedmice but not in control mice.Males injected with 0.03mg/g BW, 0.3mg/g
BW, and 3.0mg/g BW L-BMAA showed consistently higher concentrations (P < 0.01) in brain and liver samples as compared to
females in those respective groups.

1. Introduction

𝛽-N-Methylamino-L-alanine (BMAA) is a nonprotein amino
acid. Its molecular formula is C

4
H
10
N
2
O
2
(Figure 1), its CAS

number is 15920-93-1, and it has a molar mass of 118.13 g/mol.
The naturally occurring isomer of BMAA is L-BMAA [1].
Exposure to L-BMAAmay cause neuronal death in the brains
of humans and animals, and exposure may play a role in
the pathogenesis of Parkinson’s and Alzheimer’s diseases and
amyotrophic lateral sclerosis or Lou Gehrig’s disease.

Various doses of L-BMAA have been administered
intraperitoneally (IP) to mice, rats, and chickens [1–3], orally
to monkeys and mice [4–6], and intracerebroventricularly
to mice and rats [7–11]. Several studies demonstrated that a
single dose of L-BMAA causes hyperexcitability, inability to
extend the legs, a dragging gait, myoclonus, and convulsions
[1, 2, 7].

Additional studies demonstrated similar findings, and
this is likely because L-BMAA crosses the blood-brain barrier
and causes irreversible damage [3, 8, 12, 13]. In rats, L-BMAA

adversely affects monoamine neurons in the substantia nigra,
and it decreases noradrenaline levels in the hypothalamus
[13].

Clinical symptoms caused by L-BMAAneurotoxicitymay
be due to changes in cholinergic and glutamatergic neuro-
transmission, primarily due to a decrease in the number of
glutamatergic receptors [9–11]. Glutamate acts on the ligand-
gated receptor channels N-methyl-D-aspartic acid (NMDA),
2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propionic acid
(AMPA), and kainate receptors at the postsynaptic mem-
brane. This is an important mechanism in memory function
and for the sensing of environmental cues [14–18]. Because L-
BMAA has glutamate receptor agonist activity in mammals
and plants [19, 20], Couratier et al. [21] suggested that neu-
ronal degeneration in ALS is initiated at the level of glutamate
AMPA/kainate receptors.The initiation of neurotoxicity may
be due to direct action on NMDA receptors and activation
of metabotropic glutamate receptors 5 (mGluR5) and/or by
inducing oxidative stress [22–26].
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Figure 1: L-BMAA chemical structure.

Additional studies demonstrated that L-BMAA inhibits
the cysteine/glutamate antiporter (system Xc-) that mediates
cysteine uptake and increases oxidative stress [26], and/or it
may activate AMPA/kainate receptors which causes selective
death of motor neurons [24]. L-BMAA concentrations as low
as 30 𝜇M cause motor neuron death [24], a concentration of
10 𝜇M enhances neuronal death [25, 26], and a concentration
of 3mM causes death of entire cortical neuron populations
[27]. L-BMAA is actively transferred across the blood-brain
barrier [28] where it also increases output of dopamine by
affected neurons [29].

Fruit bats, a known source of L-BMAA, are used to make
a traditional soup by the Chamorro people in Guam [30,
31]. Cox and Sacks [32] calculated that a human weighing
70 kg body weight (BW) and eating two fruit bats of 500 g
each will ingest approximately 28mg L-BMAA/kg BW [32].
Perry et al. [5], however, did not observe any behavioral,
neurochemical, or neuropathological changes in mice orally
dosed with 0.5mg of L-BMAA/g BW/day for 11 weeks, and
lesions were not seen histopathologically in the brain. Cruz-
Aguado et al. [6] also did not observe neuronal damage after
orally dosing mice with 1mg LBMAA (28mg/kg daily) for 30
days.

Spencer et al. [4] were the first to demonstrate that
administering 100–315mg L-BMAA/kg daily for up to 12
weeks to monkeys caused clinical symptoms very similar to
amyotrophic lateral sclerosis/Parkinson dementia complex
(ALS/PDC), and, in another study [4], they suggested a
significant role for L-BMAA in the etiology of ALS-PDC
[4]. However, Dawson Jr. et al. [33] reported sex-dependent
changes in motor function and spinal cord neurochemistry,
and they concluded that these changes were not related to
ALS/PDC. More recently, L-BMAA has been detected in
many fish species and aquatic plants, as well as open water
samples from reservoirs in Nebraska, USA, which suggests
that a direct human exposure to L-BMAAmay occur through
the food chain [33, 34].

Although earlier studies have investigated the acute
neurotoxic effects of L-BMAA in several animal species
[35], Buenz and Howe [36] demonstrated that direct admin-
istration of BMAA to the mouse’s brain causes sporadic
death of hippocampal neurons, and they demonstrated this
histopathologically using TUNEL staining after subcuta-
neous injection of 600mg/kg of L-BMAA in rat pups.

The objectives of the present study were to determine
the presumptive LD

50
and LOAEL for L-BMAA in mice.

Table 1: L-BMAA doses and study design. BW: body weight.

Group L-BMAA dose (mg/g BW) Number of mice
Male Female

A 0.03 7 7
B 0.3 7 7
C 1 6 6
D 2 6 6
E 3 6 6
Control 0 3 3

In addition, brain and other selected tissue specimens were
examined for histopathologic lesions.

2. Materials and Methods

2.1. L-BMAA and Doses. Five doses of L-BMAA (supplied
by the Institute for Ethnomedicine, Jackson Hole, WY, USA)
were prepared in sterile water and adjusted to pH 6.5 with
NaOH [1] prior to IP injection.

Each dose was dissolved in 0.5mL of sterile H
2
O and

calculated as follows depending on each mouse weight:

Dose (mg/g BW) × mouse weight (15–20 g) = 𝑌
mg/mouse (L-BMAA/mouse), for example, Group E
Dose (3mg/g BW) × 18 g = 54mg/0.5mL.

2.2. Animals and Housing. Thirty-five male and 35 female
NIH Swiss Outbred mice (Harlan Laboratories, Indianapolis,
IN, USA) weighing 15–20 g each were used. Males and
females were housed separately, and they were fed a standard
mouse diet and water ad libitum. The mice were allowed
to acclimate for 3 days prior to IP injection, and they were
housed and treated according to University of Nebraska-
Lincoln Institutional Animal Care andUseCommittee guide-
lines.

2.3. Study Design. Duration of the study was 14 days. Mice
were randomly assigned to six groups, and equal numbers
of males and females were included in each group (Table 1).
Each mouse was injected with 0.5mL of the respective L-
BMAA preparation depending on individual body weight
and observed 4 times daily for 14 days; control mice received
sterile water only.

2.4. Presumptive Median Lethal Dose (LD
50
) and the Lowest-

Observed-Adverse-Effect Level (LOAEL). Presumptive LD
50

was defined as the L-BMAA dose that caused one-half of
the mice receiving that dose to display clinical symptoms
requiring humane euthanasia. The LOAEL was defined as
the lowest dose of L-BMAA that caused adverse clinical
symptoms after IP injection [37].

2.5. Tissue Samples and Histopathology. Mice displaying
adverse clinical symptoms were humanely euthanized, and
all remaining mice were euthanized 14 days after injection.
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Table 2: Number of brain and liver specimens collected from each
mice group.

Group L-BMAA dose mg/g BW Female Male
Control 0 1 1
A 0.03 3 3
B 0.3 3 3
E 3 3 3

Specimens of brain, liver, lung, heart, spleen, and kidney from
one male and one female in each group were immediately
immersed in 10% phosphate-buffered formalin. After 24
hours of fixation, brains were transversely sectioned at five
levels in a cranial to caudal fashion, and then all specimens
were routinely processed for histopathology. Sections of each
specimen were cut at 4-5 𝜇m and stained with hematoxylin
and eosin. Brain and liver specimens from all remainingmice
were frozen for L-BMAA extraction [3].

2.6. L-BMAA Extraction. Frozen liver and brain specimens
from 20 mice representing Control, A, B, and E group
(Table 2)were thawed, and 50mgof the frontal brain lobe and
50mg of the liver from each mouse were weighed separately
in 2mL glass amber tubes.

Five hundred 𝜇L of 6M HCl was added, and the mixture
was sonicated for 30 seconds and then vortexed. After heating
for 16 hours at 110∘C, 100 𝜇L of the mixture was transferred
to a Millipore Ultrafilter centrifuge tube (EMD Millipore
Corporation, Billerica, MA, USA) and centrifuged for 3min
at 1300 rpm. The filtered solution was then evaporated to
dryness by using N

2
gas and heating at 45∘C [34].

2.7. L-BMAA Detection Methods. Brain and liver samples
from the 20 male and female mice (Table 2) were dried using
established protocol and analyzed using Ultra Performance
Liquid Chromatography (UPLC), and Liquid Chromatogra-
phy/Mass Spectrometry/Mass Spectrometry (LC/MS/MS) at
the Institute for Ethnomedicine (IEM), Jackson Hole, WY,
USA [38, 39].

2.7.1. Ultra Performance Liquid Chromatography Method
(UPLC-UV). L-BMAA was detected in mouse tissues using
Waters Acquity pressure UPLC-UV and in-line single
quadrupole mass spectrometry (UPLC-MS) following a val-
idated method [39]. Hydrolyzed samples were derivatized
with AQC. Eluents were purchased from Waters (Eluent A:
part #186003838, Eluent B: part #186003839); composition
is proprietary. Separation was achieved by reverse phase
chromatography over 9.5 minutes on a Waters AccQ-Tag
Ultra column (part #186003837, 2.1 × 100mm) at temperature
of 55∘C and flow rate of 0.7mL/min. The elution gradients
were 0.0min = 0.1% B; 0.54min = 0.1% B curve 6; 6.24min
= 9.1% B curve 7; 7.74min = 21.2% B curve 6; 8.04min =
59.6% B curve 6; 8.73min= 0.1% B curve 6; 9.5min = 0.1%
B curve 6. L-BMAA was identified using mass and retention
time in comparison with an authenticated L-BMAA standard
[38, 40–42].

2.7.2. Liquid Chromatography-Tandem Mass Spectrometry
Method (LC/MS/MS). Hydrolyzed samples were deriva-
tized with 6-aminoquinolyl-N-hydroxysuccinimidyl carba-
mate (AQC). L-BMAA analyses were performed using a
triple quadrupole instrument (Thermo Scientific Finnegan
TSQ Quantum UltraAM, San Jose, CA) and separation was
performed by using Waters Acquity-UPLC system with a
Binary Solvent Manager, Sample Manager, and a Waters
AccQ-Tag Ultra column (part #186003837, 2.1 × 100mm)
at 55∘C. Separation was completed using 0.65mL/min in
aqueous 0.1% (v/v) formic acid (Eluent A) and 0.1% (v/v)
formic acid in acetonitrile (Eluent B) with the following
elution gradient: 0.0min = 99.1% A; 0.5min = 99.1% A curve
6; 2min = 95% A curve 6; 3min = 95% A curve 6; 5.5min =
90%A curve 8; 6min = 15%A curve 6; 6.5min = 15%A curve
6; 6.6min = 99.1% A curve 6; 8min = 99.1% A curve 6. The
heated electrospray ionization (H-ESI) probe was supplied
with nitrogen gas at a nebulizing pressure of 40 psi and a
vaporizer temperature of 400∘C.

The mass spectrometer operating conditions were as
follows: capillary offset of 35, capillary temperature of 270∘C,
auxiliary gas pressure of 35, spray voltage 3500V, source
collision energy of 0 eV, multiplier voltage of −1719V, and
tube lens offset of 110.The second quadrupolewas pressurized
to 1.0m Torr with argon. In the first quadrupole filter, ion
m/z 459 was isolated as the precursor ion and subjected to
collision induced dissociation (CID). The second step mass
filtering was completed using selective reaction monitoring
(SRM) of L-BMAA after CID in the collision cell.

The m/z transitions monitored were 459–119 CE 21 eV;
459–289 CE 17 eV; 459–171 CE 38 eV. The three product
ion resultants originating from derivatized L-BMAA (119,
289, and 171 m/z) were scanned and detected by the third
quadrupole and their relative abundances quantified. The
ratio of the three product ions was compared to the product
ion ratios of an authenticated L-BMAA standard [38–41].

2.8. Statistical Analysis. Results were presented as mean ±
standard deviation (SD) using three results’ reading. The
statistical analysis was used in our study to show the degree
of significance of our data.

3. Results

3.1. Presumptive Median Lethal Dose (LD
50
). The presump-

tive LD
50
, the dose at which 50% of the mice became

moribund and required euthanasia, was 3mg/g L-BMAA
BW. Four males and three females in the group given this
dose developed myoclonus, convulsions, and uncontrolled
urination and defecation within 20 minutes of injection.

3.2. Lowest-Observed-Adverse-Effect Level (LOAEL). The
lowest administered dose that caused the previously
described clinical symptoms was 2mg/g L-BMAA BW;
one female mouse in the group given this dose required
euthanasia 45 minutes after injection.
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Table 3: L-BMAA concentrations (𝜇g/g) in brains and livers of mice as detected by UPLC-UV. Each value is the mean of three replicates ±
standard deviation. BW: body weight; F: female; M: male. A, B, and E: mice treated (0.03, 0.3, and 3mg/g BW) groups.

L-BMAA dose (mg/g BW) Gender L-BMAA (𝜇g/g) in brain L-BMAA (𝜇g/g) in liver

Control (0) F 0.00 ± 0.00 0.00 ± 0.00
M 0.00 ± 0.00 0.00 ± 0.00

(A) 0.03 F 0.06 ± 0.03 0.05 ± 0.01
M 0.28 ± 0.05 0.10 ± 0.01

(B) 0.30 F 0.16 ± 0.02 0.14 ± 0.05
M 1.83 ± 0.69 1.15 ± 0.04

(E) 3.00 F 2.45 ± 0.33 1.80 ± 0.09
M 4.49 ± 0.21 2.35 ± 0.30

Table 4: L-BMAA concentrations (𝜇g/g) in brains and livers of mice as detected by LC/MS/MS chromatography. Each value is the mean of
three replicates ± standard deviation. BW: body weight; F: female; M: male. A, B, and E: mice treated (0.03, 0.3, and 3mg/g BW) groups.

L-BMAA dose (mg/g BW) Gender L-BMAA (𝜇g/g) in brain L-BMAA (𝜇g/g) in liver

Control (0) F 0.00 ± 0.00 0.00 ± 0.00
M 0.00 ± 0.00 0.00 ± 0.00

(A) 0.03 F 1.61 ± 0.41 1.12 ± 0.10
M 3.34 ± 0.52 1.53 ± 0.21

(B) 0.30 F 4.69 ± 0.34 2.64 ± 0.28
M 8.41 ± 0.56 3.85 ± 0.22

(E) 3.00 F 21.79 ± 0.92 11.94 ± 0.64
M 32.62 ± 0.99 15.59 ± 0.57

3.3. Gross Examination and Histopathology. There were no
gross lesions at necropsy in any of the mice. There were no
histopathologic lesions in the brain, liver, lung, kidney, heart,
or spleen from any of the mice, including one male and one
female in the 3mg L-BMAA/g BW group and the one female
in the 2mg L-BMAA/g BW group that had displayed adverse
clinical symptoms.

3.4. L-BMAA in Brain and Liver Specimens

3.4.1. Ultra Performance Liquid Chromatography Results.
Table 3 shows L-BMAA concentrations in brains and livers
as detected by UPLC-UV, with the concentrations of L-
BMAA in male subgroups being higher than that in female
subgroups. Figure 2 will show UPLC-UV chromatographic
detection figure of L-BMAA in male mouse brain injected
with 3mg/g BW. Figures 3 and 4 will show UPLC-UV results
comparison of L-BMAA concentrations in (𝜇g/g) in brains
and liver of male and female mice.

3.4.2. Liquid Chromatography-Tandem Mass Spectrometry
Results. To confirm the results of L-BMAA concentrations
detected in extracted brain and liver samples from treated and
control mice using UPLC-UV, LC/MS/MS chromatography
was performed on these same samples. Results are given
in Table 4. Figure 5 will show LC/MS/MS chromatographic
detection figure of L-BMAA in male mouse brain injected
with 3mg/g BW. Comparison of L-BMAA concentrations
in male and female brains and livers using LC/MS/MS
chromatography is shown in Figures 6 and 7, respectively.

4. Discussion

Results of this study indicate that the presumptive LD
50
of L-

BMAA is 3mg/g BW and the LOAEL of L-BMAA is 2mg/g
BW in male and female NIH Swiss Outbred mice when
administered intraperitoneally. Clinical symptoms such as
myoclonus, convulsions, and uncontrollable urination and
defecation seen in some of the mice are symptoms similar
to those reported by other investigators [2, 7, 8] regardless
of animal species used or routes of L-BMAA administration
[43]. Other symptoms included a dragging gait, weakness,
and convulsions [2]; hyperexcitability and shaking [7]; ataxia,
rolling, unsteady gait, andmyoclonia [8]. Studies that did not
report any clinical symptoms or neuropathological changes
presumably used insufficient doses of BMAA or routes of
administration, that is, mainly by mouth [5, 6, 43]. Tissue
sections were cut at 4-5 𝜇m and stained with hematoxylin
and eosin. Only the front lope of brain and a part of
the liver were used to measure the accumulated BMAA
from our original doses [44]. This lack of histopathologic
lesions in the brain may not be uncommon. However, Pablo
et al. [44] failed to detect lesions in brain samples taken
from ALS and AD deceased patients. Also, Perry et al. [5]
could not detect any neurochemical and neuropathological
changes in BMAA orally exposed mice [6]. In addition,
no histopathologic changes were seen in the hippocampus
of neonatal rats injected subcutaneously with 0.2mg/g BW
BMAA [45]. Exposure to BMAA is believed to kill neurons in
the brain, leading to neurodegenerative diseases. In one study,
neuronal death occurred within 24 hours after 0.6mg/g BW
BMAA was injected subcutaneously in neonatal rats.
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Figure 2: UPLC chromatography of L-BMAA level (4.66 𝜇g/g) in brain of male mouse with dose 3mg/g BW.
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Figure 3: Comparison of L-BMAA concentrations (𝜇g/g) in brains
of male and female mice as detected by UPLC-UV. T-bars represent
the mean of 𝑛 (𝑛 = 3) ± SD. A, B, and E: mice treated (0.03, 0.3, and
3mg/g BW) groups.

The results showed a significantly higher concentration of
L-BMAA, again demonstrating that the LC/MS/MSwasmore
sensitive than the UPLC-UV method. Other investigators
have reported that IP administration of L-BMAA causes
selective degeneration of cerebellar cortical neurons in rat
pups [3] and intracerebral administration of L-BMAA causes
sporadic death of hippocampal neurons in mice [36].

Histopathologic lesionswere not seen in brains or in other
selected tissues from treated mice, including symptomatic
mice, in the present study.This lack of histopathologic lesions
might suggest that L-BMAA causes a “biochemical lesion” as
opposed to a histopathologic lesion in brain and other tissues
under the conditions of this study. To truly focus on possible
histopathologic changes caused by L-BMAA in tissues from
mice, however, future studies might examine larger num-
bers of mice and employ perfusion fixation and advanced
staining techniques. Buenz and Howe [36] demonstrated
that direct administration of L-BMAA to the mouse’s brain
causes sporadic death of hippocampal neurons, and they
demonstrated this histopathologically using TUNEL staining
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mean of 𝑛 (𝑛 = 3) ± SD. A, B, and E: mice treated (0.03, 0.3, and 3mg/g BW) groups.
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Figure 5: LC/MS/MS chromatography of L-BMAA level (33.6 𝜇g/g) in male mouse brain tissue with a dose of 3mg/g BW.
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ofmale and femalemice as detected by LC/MS/MS chromatography.
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Figure 7: Comparison of L-BMAAconcentrations (𝜇g/g) in livers of
male and femalemice as detected byLC/MS/MS chromatography. T-
bars represent the mean of 𝑛 (𝑛 = 3) ± SD. A, B, and E: mice treated
(0.03, 0.3, and 3mg/g BW) groups.

after subcutaneous injection of 600mg/kg of L-BMAA in
rat pups [45]. The method of administrating L-BMAA was
intraperitoneal injection which was found to be accurate to
induce acute neurotoxicity in mice brain as was shown in a
study in 1990 [3].

LC/MS/MS chromatographywas shown to bemore sensi-
tive (𝑃 < 0.01) than UPLC-UV when determining L-BMAA
concentrations in tissues. The use of both methods consis-
tently detected higher concentrations of L-BMAA in brain
and liver samples frommales in Groups A (0.03mg/g BW), B
(0.3mg/g BW), and E (3.0mg/g BW) as compared to females
in those groups (𝑃 < 0.01) which could be result of lower
metabolic rate in female than in male [46, 47].

5. Conclusions

In conclusion, the presumptive LD
50
of L-BMAA is 3mg/gm

BW and the LOAEL of L-BMAA is 2mg/g BW in male
and female NIH Swiss Outbred mice when administered
intraperitoneally, and this animal model may prove useful
for investigating the role of L-BMAA in neurodegenerative
diseases. LC/MS/MS chromatography is more sensitive (𝑃 <
0.01) than UPLC-UV when determining L-BMAA concen-
trations in mouse tissues.

Future studies should further examine whether L-BMAA
concentrations in brain, liver, and perhaps other tissues are
influenced by gender. Studies might be designed to examine
the long-term, chronic effects of administering L-BMAA
at doses lower than the LOAEL for longer than 14 days.
Perhaps then a relationship between L-BMAA exposure and
neurodegenerative diseases in humans can be determined.
L-BMAA has been shown clearly to be a neurotoxin in our
mousemodel and in other laboratory animals.This reinforces
the notion that L-BMAA can cause serious neurodegen-
erative diseases in humans (and animals) as it can pass
easily through the blood-brain barrier [12], and it can also
transfer from mother to offspring through their milk [48].
When administered intraperitoneally tomice at doses greater
than 2mg/g BW, the onset of adverse clinical symptoms is
rapid. A long-term study of the relation between human
neurodegenerative diseases such as ALS and the presence
of BMAA in the same geographic environment can help
us to determine the effect of the cyanobacterial neurotoxin
(BMAA) on human inUSA andworldwide, similar to the one
recently done by Delzor and his colleagues in France [49].

Conflict of Interests

The authors declare that they have no conflict of interests.

Acknowledgments

This research was supported by the Ministry of Higher
Education & Scientific Research, Republic of Iraq, and the
Iraqi Cultural Office inWashington, DC, and by a USGS 104b
Grant to Kyle D. Hoagland through the UNL Water Center.
Additional funding was provided by Kyle D. Hoagland from a
USDA Hatch project (no. 38-073) through the UNL Agricul-
tural ResearchDivision. Also, the authors would like to thank
the staff of School of Veterinary Medicine and Biomedical
Sciences and the Water Science Laboratory, University of
Nebraska-Lincoln. Special thanks are due to S. Banack, J.
Metcalf, and P. Cox from the Institute for Ethnomedicine
in Jackson Hole, Wyoming, for their support and assistance
in analyzing our samples using UPLC-UV and LC/MS/MS
methods. Special thanks are due to Ahmed Esmael from
the Nebraska Center for Virology, University of Nebraska-
Lincoln/Faculty of Science, Benha University, Egypt.

References

[1] A. Vega, E. A. Bell, and P. B. Nunn, “The preparation of
L- and D-𝛼-amino-𝛽-methylaminopropionic acids and the



8 Journal of Toxicology

identification of the compound isolated from Cycas circinalis as
the L-isomer,” Phytochemistry, vol. 7, no. 10, pp. 1885–1887, 1968.

[2] F. I. Polsky, P. B. Nunn, and E. A. Bell, “Distribution and toxicity
of alpha-amino-beta-methylaminopropionic acid,” Federation
Proceedings, vol. 31, no. 5, pp. 1473–1475, 1972.

[3] A. A. Seawright, A. W. Brown, C. C. Nolan, and J. B. Cavanagh,
“Selective degeneration of cerebellar cortical neurons caused by
cycad neurotoxin, L-𝛽-methylaminoalanine (LBMAA), in rats,”
Neuropathology andAppliedNeurobiology, vol. 16, no. 2, pp. 153–
169, 1990.

[4] P. S. Spencer, P. B. Nunn, J. Hugon et al., “Guam amyotrophic
lateral sclerosis-parkinsonism-dementia linked to a plant exci-
tant neurotoxin,” Science, vol. 237, no. 4814, pp. 517–522, 1987.

[5] T. L. Perry, C. Bergeron, A. J. Biro, and S. Hansen, “𝛽-N-
methylamino-L-alanine. Chronic oral administration is not
neurotoxic tomice,” Journal of the Neurological Sciences, vol. 94,
no. 1–3, pp. 173–180, 1989.

[6] R. Cruz-Aguado, D. Winkler, and C. A. Shaw, “Lack of behav-
ioral and neuropathological effects of dietary 𝛽-methylamino-
L-alanine (BMAA) in mice,” Pharmacology Biochemistry and
Behavior, vol. 84, no. 2, pp. 294–299, 2006.

[7] S. M. Ross and P. S. Spencer, “Specific antagonism of behavioral
action of ‘uncommon’ amino acids linked to motor-system
diseases,” Synapse, vol. 1, no. 3, pp. 248–253, 1987.

[8] S. E. Smith and B. S. Meldrum, “Receptor site specificity
for the acute effects of beta-N-methylamino-alanine in mice,”
European Journal of Pharmacology, vol. 187, no. 1, pp. 131–134,
1990.

[9] Z. Rakonczay, Y.Matsuoka, and E. Giacobini, “Effects of L-𝛽-N-
methylamino-L-alanine (L-BMAA) on the cortical cholinergic
and glutamatergic systems of the rat,” Journal of Neuroscience
Research, vol. 29, no. 1, pp. 121–126, 1991.

[10] Y. Matsuoka, R. Zoltan, G. Ezio, and N. Dean, “L-beta-
methylamino-alanine-induced behavioral changes in rats,”
Pharmacology, Biochemistry and Behavior, vol. 44, no. 3, pp.
727–734, 1993.

[11] Y. Chang, S. Chiu, and K. Kao, “𝛽-N-methylamino-L-alanine
(L-BMAA) decreases brain glutamate receptor number and
induces behavioral changes in rats,” Chinese Journal of Physiol-
ogy, vol. 36, no. 2, pp. 79–84, 1993.

[12] M.W. Duncan, N. E. Villacreses, P. G. Pearson et al., “2-Amino-
3-(methylamino)-propanoic acid (BMAA) pharmacokinetics
and blood-brain barrier permeability in the rat,” Journal of
Pharmacology and ExperimentalTherapeutics, vol. 258, no. 1, pp.
27–35, 1991.

[13] H. Lindström, J. Luthman, P. Mouton, P. Spencer, and L. Olson,
“Plant-derived neurotoxic amino acids (𝛽-N-oxalylamino-L-
alanine and 𝛽-N-methylamino-L-alanine): effects on central
monoamine neurons,” Journal of Neurochemistry, vol. 55, no. 3,
pp. 941–949, 1990.

[14] L. Nowak, P. Bregestovski, P. Ascher, A. Herbet, and A. Prochi-
antz, “Magnesium gates glutamate-activated channels in mouse
central neurones,”Nature, vol. 307, no. 5950, pp. 462–465, 1984.

[15] I. Izquierdo and J. H. Medina, “Correlation between the phar-
macology of long-term potentiation and the pharmacology of
memory,” Neurobiology of Learning and Memory, vol. 63, no. 1,
pp. 19–32, 1995.

[16] J. Z. Tsien, P. T. Huerta, and S. Tonegawa, “The essential
role of hippocampal CA1 NMDA receptor-dependent synaptic
plasticity in spatial memory,” Cell, vol. 87, no. 7, pp. 1327–1338,
1996.

[17] J. P. Pin and R. Duvoisin, “The metabotropic glutamate recep-
tors: structure and functions.,” Neuropharmacology, vol. 34, no.
1, pp. 1–26, 1995.

[18] A. Lau and M. Tymianski, “Glutamate receptors, neurotoxicity
and neurodegeneration,” Pflügers Archiv—European Journal of
Physiology, vol. 460, no. 2, pp. 525–542, 2010.

[19] O. J. J. Manzoni, L. Prezeau, and J. Bockaert, “𝛽-N-
methylamino-L-alanine is a low affinity agonist ofmetabotropic
glutamate receptors,” NeuroReport, vol. 2, no. 10, pp. 609–611,
1991.

[20] E. D. Brenner, N. Martinez-Barboza, A. P. Clark, Q. S. Liang, D.
W. Stevenson, and G. M. Coruzzi, “Arabidopsis mutants resis-
tant to S(+)-𝛽-methyl-𝛼, 𝛽-diaminopropionic, acid, a cycad-
derived glutamate receptor agonist,” Plant Physiology, vol. 124,
no. 4, pp. 1615–1624, 2000.

[21] P. Couratier, P. Sindou, J. Hugon et al., “Cell culture evidence
for neuronal degeneration in amyotrophic lateral sclerosis being
linked to glutamate AMPA/kainate receptors,” The Lancet, vol.
341, no. 8840, pp. 265–268, 1993.

[22] S. M. Ross, M. Seelig, and P. S. Spencer, “Specific antagonism
of excitotoxic action of ‘uncommon’ amino acids assayed in
organotypic mouse cortical cultures,” Brain Research, vol. 425,
no. 1, pp. 120–127, 1987.

[23] J. H. Weiss and D. W. Choi, “Beta-N-methylamino-L-alanine
neurotoxicity: requirement for bicarbonate as a cofactor,” Sci-
ence, vol. 241, no. 4868, pp. 973–975, 1988.

[24] S. D. Rao, S. A. Banack, P. A. Cox, and J. H. Weiss, “BMAA
selectively injures motor neurons via AMPA/kainate receptor
activation,” Experimental Neurology, vol. 201, no. 1, pp. 244–252,
2006.

[25] D. Lobner, P. M. T. Piana, A. K. Salous, and R. W. Peoples,
“𝛽-N-methylamino-L-alanine enhances neurotoxicity through
multiple mechanisms,” Neurobiology of Disease, vol. 25, no. 2,
pp. 360–366, 2007.

[26] X. Liu, T. Rush, J. Zapata, andD. Lobner, “𝛽-N-methylamino-L-
alanine induces oxidative stress and glutamate release through
action on system Xc−,” Experimental Neurology, vol. 217, no. 2,
pp. 429–433, 2009.

[27] J. H. Weiss, J.-Y. Koh, and D. W. Choi, “Neurotoxicity of 𝛽-
N-methylamino-L-alanine (BMAA) and 𝛽-N-oxalylamino-L-
alamine (BOAA) on cultured cortical neurons,” Brain Research,
vol. 497, no. 1, pp. 64–71, 1989.

[28] Q. R. Smith, H. Nagura, Y. Takada, and M. W. Duncan, “Facili-
tated transport of the neurotoxin,𝛽-N-methylamino-L-alanine,
across the blood-brain barrier,” Journal of Neurochemistry, vol.
58, no. 4, pp. 1330–1337, 1992.

[29] M. Santiago, E. R. Matarredona, A. Machado, and J. Cano,
“Acute perfusion of BMAA in the rat’s striatum by in vivo
microdialysis,”Toxicology Letters, vol. 167, no. 1, pp. 34–39, 2006.

[30] P. A. Cox, S. A. Banack, and S. J. Murch, “Biomagnification
of cyanobacterial neurotoxins and neurodegenerative disease
among the Chamorro people of Guam,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 100, no. 23, pp. 13380–13383, 2003.

[31] S. A. Banack and P. A. Cox, “Biomagnification of cycad neu-
rotoxins in flying foxes: implications for ALS-PDC in Guam,”
Neurology, vol. 61, no. 3, pp. 387–389, 2003.

[32] P. A. Cox and O. W. Sacks, “Cycad neurotoxins, consumption
of flying foxes, and ALS-PDC disease in Guam,” Neurology, vol.
58, no. 6, pp. 956–959, 2002.



Journal of Toxicology 9

[33] R. Dawson Jr., E. G. Marschall, K. C. Chan, W. J. Millard,
B. Eppler, and T. A. Patterson, “Neurochemical and neu-
robehavioral effects of neonatal administration of beta-N-
methylamino-L-alanine and 3,3-iminodipropionitrile,” Neuro-
toxicology and Teratology, vol. 20, no. 2, pp. 181–192, 1998.

[34] M. A. Al-Sammak, K. D. Hoagland, D. Cassada, and D. D.
Snow, “Co-occurrence of the cyanotoxins BMAA, DABA and
anatoxin-a in Nebraska reservoirs, fish, and aquatic plants,”
Toxins, vol. 6, no. 2, pp. 488–508, 2014.

[35] V. T. Karamyan and R. C. Speth, “Animal models of BMAA
neurotoxicity: a critical review,” Life Sciences, vol. 82, no. 5-6,
pp. 233–246, 2008.

[36] E. J. Buenz and C. L. Howe, “Beta-methylamino-alanine
(BMAA) injures hippocampal neurons in vivo,” NeuroToxicol-
ogy, vol. 28, no. 3, pp. 702–704, 2007.

[37] C. D. Klaassen, Casarett & Doull’s Toxicology: The Basic Science
of Poisons, McGraw-Hill, 8th edition, 2013.

[38] S. A. Banack, J. S. Metcalf, Z. Spáčil et al., “Distinguish-
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