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The amino acid variant f-methyl-amino-; -alanine (BMAA) has long been associated with the increased
incidence and progression of the amyotrophic lateral sclerosis/Parkinsonism dementia complex (ALS/
PDC). Previous studies have indicated that BMAA damages neurons via excitotoxic mechanisms. We have
challenged rat olfactory ensheathing cells (OECs) with exogenous BMAA and found it to be cytotoxic.
BMAA also induces a significant increase in Ca*>* influx, enhanced production of reactive oxygen species
(ROS), and disrupts mitochondrial activity in OECs. This is the first study investigating BMAA toxicity
using pure glial cells. These findings align BMAA with the three proposed mechanisms of degeneration in
ALS, those being non-cell autonomous death, excitotoxicity and mitochondrial dysfunction.

he modified amino acid, f-methyl-amino-; -alanine (BMAA), has long been associated with the elevated

incidence of the amyotrophic lateral sclerosis/Parkinsonism dementia complex (ALS/PDC) within the local

Chamorro people of Guam'~*. It has been repeatedly suggested that exposure to BMAA is also associated
with the development of other neurodegenerative disorders, such as Alzheimer’s disease (AD)*~”. Numerous in
vitro investigations conducted on mice, rat, leech, and recently human cells, have revealed the detrimental effects
of BMAA to neurons® . Excitotoxicity, the process of cell death occurring due to activation of excitatory amino
acid (EAA) receptors (notably glutamate receptors), is the most commonly implicated mechanism of action for
this naturally occurring compound®™"”.

In vivo, neuronal cells are dependent on support from glial cells and neurotrophic factors to function efficiently.
The olfactory ensheathing cell (OEC) is a specialized glial cell that associates with the olfactory nerve, surrounding
the sensory axons as they leave the olfactory epithelium and accompanying them from the nose to the brain'®.
Physiologically OECs exist both inside and outside the central nervous system and have the ability to generate
neurons throughout adult life". In medical research, they have been used extensively as transplant cells in both
accidental and neurodegenerative pathologies and have shown the ability to functionally adapt to different
microenvironments in which they have been transplanted®**'. The expression of a variety of functional glutamate
receptor subtypes have previously been characterised in glial cells*, however, the excitotoxic potential of BMAA
on pure glial cells has not yet been determined. Previous observations have concluded that BMAA causes no
damage to glial cells, although these observations were made on mixed cultures containing a variety of cell types,
and did not rely on data from thorough toxicological assays'"'>'°.

The main objective of this study was to investigate the in vitro effects of BMAA on glial cells. We monitored the
effects of BMAA on mitochondrial activity, cell viability, Ca’" influx and generation of reactive oxygen species
(ROS). The results provide greater insight into BMAA’s potential role in neurodegeneration, with particular
emphasis on the non-cell autonomous death mechanism of neuronal degradation which is central to the proposed
aetiology of ALS™.

Results

Cytotoxicity effects of BMAA on OECs. BMAA induced a significant (p < 0.001) increase in lactate
dehydrogenase (LDH) release from OECs at 100 pM, 500 uM and 3 mM exposure concentrations (Fig. 1A).
The greatest LDH release occurred at 500 puM BMAA (15.57 = 0.22%) compared to the control (12.40 % 0.38%; p
<C0.001). Glutamate did not induce a significant increase in LDH release, however, 100 uM exposure resulted in a
significant reduction in LDH release (p < 0.0001) when compared to control cells.

| 3:1482 | DOI: 10.1038/srep01482 1



18

>
*
*

16

B

i

14

Hi

%LDH release

O BMAA
B Glutamate

-
N
o

1 4K
H K

108

106 T

104

102

100 T

96 +—]

%mitochondrial activity O

92 T T

O BMAA
| Glutamate

Untreated 100uM

500uM

1mM 3mM

Treatment

Figure 1 | LDH release and mitochondrial activity in OECs. (A) LDH release in OECs treated for 48 h with BMAA or glutamate. (B) Mitochondrial
activity in OECs treated for 48 h with BMAA or glutamate. LDH and MTS assays were conducted simultaneously on cultures from a common plate.
*P < 0.01 compared to control, *P < 0.001 compared to the control, "P < 0.05 compared to the control. "P < 0.02 compared to control. Error bars

represent SEM, n = 5.

Effect of BMAA on mitochondrial activity of OECs. BMAA and
glutamate induced significant increases in mitochondrial activity at
all concentrations studied. Similar increases of 6.89 * 1.48% (p <
0.006) and 6.83 = 1.39% (p < 0.003) were observed for both BMAA
and glutamate at 1 mM, respectively (Fig. 1B). The highest increase
for BMAA was 8.28 * 0.76% (p < 0.002) at 3 mM.

BMAA associated changes to Ca>* influx in OECs. A moderate, but
significant (p < 0.05), increase in Ca®* influx was observed in OECs
treated with 1 mM BMAA and HCO;™. A greater influx was
observed after treatment with 500 pM and 1 mM glutamate, both
in the presence and absence of HCO5~ (p < 0.05) (Fig. 2).

BMAA associated generation of ROS. A significant increase (p <
0.005) in the generation of ROS was observed in OECs treated with
BMAA at 500 uM (823 = 49%), 1 mM (812 * 48%) and 3 mM (756
* 20%) in the presence of HCO;~ (Fig. 3). Smaller, though
significant (p < 0.005), increases in ROS levels were observed in
the absence of HCO;™ in OECs treated with 1 mM (283 * 10%)
and 3 mM (302 = 10%) BMAA (Fig. 3).

Discussion

In this study we conducted a series of assays to determine if the
reported activities of BMAA on neurons also occur in glial cells.
Toxicity of BMAA on glial cells would imply that it plays an import-
ant role in the onset of ALS, in particular, where glial cells are known
to have a supportive role in the prevention of underlying neuronal
damage and loss.

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay provides informa-
tion pertaining to mitochondrial metabolic enzyme activities**. The
MTS data obtained here indicated a significant increase in mitochon-
drial activity in glial cells treated with both BMAA and glutamate
over a range of concentrations from 100 pM to 3 mM (Fig. 1B). Data
for LDH release presented here indicated that BMAA can induce a
significant increase in LDH release in OECs at 100 pM (Fig 1A).
These assays were conducted simultaneously using the same cul-
tures, demonstrating that a reduction in the viability of OECs corre-
lated directly with alterations in mitochondrial activity.

Calcium signalling is essential in regulating and maintaining neur-
onal function under physiological conditions. Disruption of Ca®*
homeostasis results in dysregulation of neurotransmitter release,
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Figure 2 | Ca?* influx in OECs. Ca2" influx of OECs treated with BMAA or glutamate. Fluorescence of fura-2-am was read (ex: 485 nm, em: 520 nm)
immediately after addition of treatment conditions. *P < 0.05 compared to control. ‘P < 0.05 compared to same treatment without HCO; ™

Error bars represent SEM, n = 3.

excitability, gene transcription, synaptic plasticity and cell survival®.
Disruption of the intracellular Ca®* ion concentration has been
reported in rat and mouse neurons after exposure to BMAA at 1-
5 mM*". Our findings are in line with these reports on neuronal
effects, with a significant increase in intracellular Ca** influx being
observed in OECs at 1 mM BMAA (Fig. 2). The observation that
BMAA requires the presence of HCO;™ in order to induce Ca**
influx in OECs supports the proposal of Weiss and Choi that the
glutamate homolog of BMAA, B-carbamate, represents the active
form of BMAA®.

BMAA has also been shown to induce an increase in ROS genera-
tion in mouse neurons'"'*'®. The present study demonstrated that
exposure to BMAA at 500 uM and above also increased ROS levels in
glial cells, similar to the effect recently described in human neurons
(Fig. 3)". The increased generation of ROS in glial cells to around
800% is four-fold greater than any BMAA-induced increase prev-
iously reported. The similarity between the observations of the
effect of BMAA on OECs and our previous data using human neu-
rons'” suggests that BMAA may also affect glial cells via a similar
mechanism, notably excitotoxicity due to hyperactivation of EAA
receptors.

The fact that BMAA also induced significant increases in ROS
generation in the absence of HCO;™ (~300%) suggested that it exerts
an unknown mode of toxicity that does not utilize a glutamatergic
pathway or EAA activation, but further adds to the oxidative stress
load on neural tissues. Such significant increases in ROS generation
are indicative of severely stressed mitochondria, which would lead to
leakage of electrons from the respiratory chain into the cell””. The
resulting free radicals, superoxide (O*7) and hydrogen peroxide
(H,0,), would also likely undergo further reactions to produce more
potent oxidizing agents capable of altering proteins and fatty acids,
and damaging DNA and RNA?¥. In order to repair DNA damage the
cells also require high levels of ATP, which in turn has a demand for
efficiently functioning mitochondria®. Cells with mitochondrial dys-
function have been highlighted as being particularly vulnerable to
oxidative stress®. In addition, deficient DNA repair systems have
been linked to the development of ALS/PDC and AD***. The
observed increase in mitochondrial activity in OECs may reflect
the extra metabolic effort required by cells attempting to counter this
incident damage they are incurring, as well as general dysfunction.

The non-cell autonomous death hypothesis proposes that the
death of neuronal cells occurs indirectly as a consequence of
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Figure 3 \ Generation of ROS in OECs. Generation of ROS in OECs treated with BMAA, with and without HCO5~. Fluorescence of DCFDA was read
(ex: 485 nm, em: 535 nm) at 0 (background) and 60 min after addition of treatments. *P < 0.005 compared to the untreated control. “P < 0.003
compared to same sample without HCO; ™. "P < 0.001 compared to same sample without HCO; ™. Error bars represent SEM, n = 3.
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deficiencies in their supporting cells and neurotrophic factors®. If
glial cells or these factors are inhibited or damaged, the neuronal cells
that they support will also be compromised. This hypothesis is sup-
ported by the improved survival of diseased animals after trans-
plantation with neural nurse cells or stem cells, including the use
of OECs* 7. Therefore, any alteration to these neuronal support cells
could be a major contributor to the progression of neural degenera-
tion®*,

Since neurons perform a highly specialised function and are lim-
ited in many metabolic pathways, most of their basic requirements
are provided by the surrounding glial cells. Dysfunctional glial cells
would therefore increase the vulnerability of neurons to excitotoxic
stress agents, such as BMAA, thereby contributing to the overall
effect of exposure to the agent®. An increase in the oxidative stress
load in neurons leads to increases in damage to cellular proteins,
lipids and cellular biochemistry**. Physiologically glial cells should
provide support and protection for neurons, however, ROS gener-
ated by glial cells has been shown to induce neuronal damage in
vivo®. In the present study, we observed a substantial increase in
the generation of ROS in OECs (>800%) compared to the control
cells. When exposed to BMAA, primary neurons would therefore be
under injurious and sustained oxidative attack from these surround-
ing cells that would otherwise protect them from such insults. This
single observation strongly supports the non-cell autonomous death
mechanism of ALS progression®**.

While we have shown that there are statistically significant effects
of BMAA on OECs, those effects are not as large as those observed in
a recent report where similar assays were conducted on primary
neurons'’. The peak LDH release in OECs (Fig. 1A) displayed an
approximate 30% increase, whereas in primary neurons it was more
than 400% higher than the control”. In addition, the observed
increase in Ca** influx was greater in primary neurons than in
OECs. This indicated that primary neurons are generally more sens-
itive and vulnerable to damage from direct exposure to BMAA com-
pared to their protective glial cells.

These observations direct us to an interesting hypothesis that may
be explained by the disease with which BMAA has been associated.
ALS is generally a late onset disease with people only presenting
symptoms in their middle age* despite likely being exposed to its
causative agent(s) for the majority of their lives. Data presented in
previous studies has shown that neurons are quite sensitive and easily
damaged following direct exposure to BMAA. As glial cells surround
the neurons in vivo, they may be capable of effectively shielding
neurons from BMAA exposure, as long as they maintain relatively
normal function. The assays conducted in this study were performed
over 48 h, and we have described the significant changes this expo-
sure induced. In the case of environmental exposure to agents, such
as BMAA, the exposure periods are almost certain to be much longer
than 48 h, particularly if the bioaccumulation hypothesis of BMAA is
accurate®. It is highly likely that longer exposure periods, even at
lower doses, could lead to greater damage occurring to glial cells,
culminating in apoptotic cell death. This may correlate with the point
of onset of disease symptoms and diagnosis. The failure and death of
glial cells not only deprives sensitive neurons of the support they
require to efficiently function, but also leaves them vulnerable to
direct insult, which they have been demonstrated to be particularly
sensitive to. This may explain the relatively short time period
between diagnosis/disease onset and death observed in sufferers. If
this hypothesis is correct, attention should be focused on identifying
the complete pathway of BMAA toxicity, primarily the etiology of
early glial cell damage. This could also provide earlier detection of the
disease state, and potentially identify key treatment targets, enabling
abetter chance of reducing neurodegeneration attributable to BMAA
or similar environmental exposures.

In this study, we have assessed the cytotoxicity of BMAA on prim-
ary cultures of rat OECs. We have demonstrated that these cells are

significantly compromised after treatment with BMAA. The data
suggest that BMAA can act on OECs by at least two different
mechanisms, those being direct excitotoxicity as well as disturbance
of mitochondrial activity. These results also represent the first evid-
ence for the potential role of BMAA in gliotoxicity, aligning it with
the third proposed mechanism of ALS progression, that being non-
cell autonomous death. These findings therefore provide further
evidence indicating that BMAA has the potential to play a major role
in neurodegenerative conditions globally due to its reported ubiquit-
ous environmental exposure.

Methods

Animal ethics approval. Five week-old Wistar rats were anaesthetized with sodium
pentobarbital (100 mg kg™ i.p.), sacrificed by decapitation and the heads bisected
sagittally. All animal experiments were approved by the Animal Care and Ethics
Committee at the University of New South Wales (06/53A).

Isolation and culture of olfactory ensheathing cells (OECs). The isolation method
used was previously described by Mar¢al et al.”’. Briefly, cells were surgically removed
from the rats before being placed into 75 cm” culture flasks containing 15 ml OEC
expansion media containing Dulbecco’s modified eagle media (DMEM)

(Cambrex) supplemented with 50 ng/mL Neurotrophin-3 (Sigma-Aldrich)*.
Following isolation the OECs were maintained in DMEM media (containing 44 mM
HCO; ") supplemented with 10% FBS (Gibco) in 75 cm? culture flasks. All OEC
assays were conducted in this medium unless otherwise stated. For all assays, cells
were seeded into 96-well plates at 4000 cells/well. Cells were incubated overnight
following plate seeding before assays were commenced. All cell culture supplements
were supplied by Invitrogen unless otherwise stated. All cells were incubated at
37°C with 5% CO,.

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay for mitochondrial activity. MTS and LDH assays were
conducted simultaneously in DMEM supplemented with 5% heat inactivated FBS
(Gibco). Cells were exposed to treatment conditions for 48 h prior to the

MTS assay being conducted. MTS reagent (Promega) was added to each well and
incubated for 4 h before the absorbance was read at 490 nm and 690 nm
(VersaMax, Molecular Devices). The 690 nm readings were subtracted from the
490 nm readings as background. The data is presented as a % metabolism
compared to an untreated sample that was considered to be 100% (normal)
metabolic activity.

Lactate dehydrogenase (LDH) release. The release of LDH into the culture media
correlates with the amount of cell death and membrane damage in the treated
population, providing an accurate measure of cellular toxicity. Cells were exposed to
treatment conditions for 48 h prior to the LDH release assay being conducted. Briefly
the media in each well was mixed thoroughly and 50 pL was transferred to a 96-well
plate. LDH activity (indicating relative release amounts) was measured in each well as
per the manufacturers protocol (Sigma). The plate was incubated for 90 min before
the absorbance was read at 490 nm and 690 nm (VersaMax, Molecular Devices).
690 nm readings were subtracted from 490 nm readings as background. The data is
normalised against a lysed healthy cell sample that was considered to be 100% release.

Ca*>* influx assay. Intracellular Ca** influx was measured in OECs as previously
described®. Briefly, cells were incubated concomitantly with 3.5 pg/ml Fura-2-AM
(Molecular Probes) prepared in Hanks balanced salt solution (HBSS) (Gibco)
supplemented with 50 mM glycine (Sigma) at 37°C for 1 h. Treatment chemicals
were diluted in HBSS. Fluorescence was read with an excitation wavelength of

485 nm and an emission wavelength of 535 nm. The data is presented as

a % of Ca*>" influx relative to an untreated sample where 100% is considered

to be normal influx.

2',7'-Dichlorofluorescin diacetate (DCFDA) assay for production of reactive
oxygen species. Cells were incubated in 10 puM DCFDA (Sigma) in PBS at 37°C for
30 min. Treatments were added in PBS. After addition of treatments, fluorescence
was measured at 0 min and 60 min with an excitation wavelength of 485 nm and an
emission wavelength of 535 nm. The initial zero point readings were subtracted from
the 60 min readings as the assay background. The data is presented as a % of an
untreated sample that was deemed to be 100% (normal ROS generation level).

Treatment compounds. BMAA, glutamate and sodium bicarbonate were supplied
by Sigma. All chemicals used to challenge the OECs were dissolved in filtered milliQ
water.

Data analysis. Results obtained in this study are presented as the means * the
standard error of measurement (SEM). LDH and MTS assays were performed in
quintuplicate. Ca®* influx and DCFDA assays were conducted in triplicate. Replicates
were assays performed in different culture vessels. One-way analysis of variance
(ANOVA) and post hoc Tukey’s multiple comparison tests were used to determine
the statistical significance between treatment groups.
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