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Abstract

Introduction: Domoic acid is a potent marine neurotoxin produced by certain species of the diatom genus Pseudo-
nitzschia. To our knowledge, there are no studies that have investigated neurotoxic effects of domoic acid on dopa-
minergic neurons. Accordingly, the present study was carried out to investigate the potential neurotoxic effects of
domoic acid on dopaminergic neurons in primary mesencephalic cell culture.

Material and methods: Cultures prepared from embryonic mouse mesencephala (total of 250 embryos) were treated
with different concentrations of domoic acid (0.1, 1, 10, 100 uM) on the 10t DIV for 48 h. On the 12" DIV, culture
media were used for measurement of lactate dehydrogenase and cultured cells were subjected to immunostaining
for tyrosine hydroxylase, neuronal nuclear antigen and glial fibrillary acidic protein, and fluorescence staining using
H,DCFDA, JC-1 and DAPI stains. Moreover, roles of AMPA/KA and NMDA receptors in domoic acid neurotoxicity were
also investigated.

Results: Domoic acid significantly decreased the number of dopaminergic neurons, decreased the expression of neu-
ronal nuclear antigen and slightly affected astrocyte populations, and increased the release of lactate dehydrogenase
into the culture media. AMPA/KA receptor antagonist NBQX but not NMDA receptor antagonist MK-801 significantly
inhibited the neurotoxic effect of domoic acid on dopaminergic neurons. H,DCFDA, JC-1 and DAPI fluorescence
staining, respectively, revealed that DomA slightly raised ROS production, and significantly decreased mitochondrial
membrane potential and increased apoptotic cell death of cultured cells.

Conclusion: The current study presents for the first time the neurotoxic effects of domoic acid on dopaminergic neu-
rons and this effect appears to be attributed to activation of AMPA/KA receptors on dopaminergic neurons.
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about 1% of the population above 60 years. The dis-
ease is characterized neuropathologically by the loss

Parkinson’s disease (PD) is the second most pre-  of dopaminergic neurons in the substantia nigra pars
valent neurodegenerative disease globally affecting compacta (SNpc) and formation of a-synuclein-con-
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taining Lewy bodies [20]. The characteristic symp-
toms of PD are motor in nature, most notably tremor
at rest, rigidity and bradykinesia. Non-motor symp-
toms like sleep problems, depression and loss of smell
have recently gained an increased attention and were
included among the diagnostic criteria [21]. Although
PD has been extensively researched since its discov-
ery by James Parkinson in 1817, the exact etiology and
pathogenesis that underlie dopaminergic cell death
are still unclear [11]. However, numerous epidemiolog-
ical studies revealed that there is a strong association
between sporadic PD which represents more than
90% of PD cases and environmental factors such as
environmental toxins, pesticides and heavy metals [9].
Besides their colluding with the genetic agents, envi-
ronmental factors have been demonstrated to cause
nigrostriatal cell death through interfering with mito-
chondrial dysfunction, inducing oxidative stress and
modifying proteasomal function [19].

Domoic acid (DomA) is a naturally occurring neu-
rotoxin produced by some marine organisms such as
the red alga Chondria armata and planktonic diatom
of the genus Pseudo-nitzschia [6]. DomA can enter
the food chain through accumulation in shellfish and
finfish, and other types of seafood [2,8]. Consump-
tion of these contaminated foods can lead to DomA
intoxication in sea mammals, birds and humans [7].
In 1987, DomA caused an outbreak of human poison-
ing following consumption of DomA-contaminated
blue mussels Mytilus edulis in eastern Canada [14], in
which, four people died and more than 100 suffered
from seizures, short-term memory loss, hallucinations
and coma, a syndrome known as amnesic shellfish
poisoning (ASP) [14,16]. The Center for Food Safety
and Applied Nutrition (CFSAN), a branch of the Food
and Drug Administration (FDA), has included ASP as
one of the five recognized fish poisoning syndromes
in the USA [12]. Neurotoxicity of DomA was report-
ed in some in vitro and in vivo experimental models.
For example, Giordano et al. [5] reported that expo-
sure to acute intermediate-dose of DomA caused the
significant apoptotic cell death in cerebellar granule
neurons (CGNs). Vieira et al. [22] found that treatment
of rats with DomA induced neuronal cell death, astro-
gliosis and microgliosis in the hippocampus, amygda-
le, olfactory tubercle, septal nuclei, piriform, perirhinal
cortices and thalamus.

As so far no studies have shown the neurotoxic
effects of DomA on dopaminergic neurons, the pres-
ent study was conducted to investigate the neuro-
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toxic potential of DomA on dopaminergic neurons
in primary mesencephalic cell culture relevant to PD.

Material and methods

Preparation of primary mesencephalic
cell cultures

All experimental procedures in this study were
done in accordance with the guidelines of the Euro-
pean Communities Directive of 24 November 1986 for
the use of laboratory animals. In our experiments, pri-
mary mesencephalic cell cultures were prepared from
the OF1/SPF embryos (250 embryos) at gestation day
14. After collecting the embryos under aseptic condi-
tion in Dulbecco’s phosphate buffered saline (DPBS,
Invitrogen, Germany), brains were released, mesen-
cephala were excised and cultures were prepared
according to Radad et al. [17]. Briefly, mesencephala
were carefully cleaned from meninges, and enzymat-
ically and mechanically dissociated using 0.2% trypsin
solution (Invitrogen, Germany) and fire-polished Pas-
teur pipettes, respectively. Then, obtained cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 mM HEPES buffer, 4 mM gluta-
mine and 10% heat-inactivated fetal calf serum (FCS).
The medium was exchanged with DMEM supplement-
ed with FCS on the 15tand 3™ DIV. On the 5t DIV, half of
the medium was replaced with serum-free DMEM con-
taining 0.02 ml B-27/ml (Invitrogen, Germany). Serum-
free DMEM supplemented with 0.02 ml B-27/ml was
used for feeding of cultured cells from the 6 DIV and
was subsequently replaced every 2" day.

Treatment of cultures with DomA

A stock solution of 1 mM DomA (Sigma, Ger-
many) was prepared in distilled water and further
diluted in DMEM to the final concentrations. On the
10t DIV, cultures were treated with different con-
centrations of DomA (0.1, 1, 10, 100 pM) for 48 h.
The lethal concentration (LC.) that leads to loss of
50% of dopaminergic neurons was determined.

Identification of dopaminergic neurons

Dopaminergic neurons in primary mesencephalic
cell cultures were identified by immunostaining against
tyrosine hydroxylase (TH). On the 12t DIV, cultured cells
were rinsed carefully with PBS (pH 7.2) and fixed with
histochoice for 15 min at room temperature. Then, cul-
tured cells were washed with PBS and permeabilized
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with 0.4% Triton X-100 for 30 min at room temperature.
After washing 3 times with PBS, cultured cells were
incubated with 5% horse serum (Vectastain ABC Elite
kite) for 90 min to block non-specific binding sites. To
visualize dopaminergic neurons (THir neurons), cultures
were sequentially incubated with anti-TH primary anti-
body overnight at 4°C, biotinylated secondary antibody
(Vectastain) and avidin-biotin-horseradish peroxidase
complex (Vectastain) for 90 min at room temperature.
The reaction product was developed in a solution of
diaminobenzidine (1.4 mM) in PBS containing 3.3 mM
hydrogen peroxide (H,0,). Dopaminergic neurons were
counted with a Nikon inverted microscope in 10 ran-
domly selected fields per well at 10x magnification.

Detection the effects of DomA on total
neuronal cells and astrocytes

Two sets of cultures were treated with DomA (10
and 100 pM) on the 10t DIV for 48 h. On the 12t DIV,
cultures were stained immunocytochemically using
anti-neuronal nuclear antigen (anti-NeuN) and anti-glial
fibrillary acidic protein (anti-GFAP) antibodies (Chemi-
con, USA) for visualizing postmitotic neuronal cell
types and astrocytes, respectively. The same staining
procedures were carried out as described for anti-TH
immunostaining except that the anti-TH antibody was
replaced with the anti-NeuN or anti-GFAP antibodies.

Measurement of lactate
dehydrogenase (LDH) in the culture
medium

LDH is usually used to quantitatively assess cell
damage. After treatment of cultures with different con-
centrations of DomA (0.1, 1, 10, 100 pM) on the 10t DIV
for 48 h, culture media were collected and used to mea-
sure LDH with the cytotoxic detection kit according to
the manufacturer’s instructions. In brief, NADH + H* pro-
duced from NAD* by LDH is transferred by diaphorase
to the yellow tetrazolium salt 2-{4-iodophenyl]-3-[4-ni-
trophenyl]-5-phenyltetrazolium chloride (INT) resulting
in red formazan formation. The latter was measured
spectrophotometrically at 490 nm with a reference at
688 nm. Supplemented medium was used as a blank
and subtracted as background.

Treatment of cultures with NBQX
and MK-801

To show the role of AMPA/KA and NMDA recep-
tors in DomA neurotoxicity, two sets of cultures were
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separately pretreated with 10 uM NBQX, an AMPA/
KA receptors antagonist and 10 uM MK-801, a NMDA
receptor antagonist, respectively, on the 10t DIV.
After 10 min, cultures were treated with DomA
(10 and 100 uM) for 48 h. On the 12t DIV, cultures
were stained using anti-TH antibody and the num-
ber of dopaminergic neurons was counted.

Measurement of reactive oxygen
species (ROS) with H,DCFDA

H,DCFDA is a general oxidative stress indicator in
cell cultures. A 50 mM stock of H,DCFDA in DMSO was
diluted in colourless DMEM to a final concentration of
10 puM. Prepared cultures in black 96-well plates were
treated with DomA (10 and 100 pM) on the 10t DIV
for 48 h. On the 12t DIV, culture media were removed
and cells were incubated with 10 pM H,DCFDA at 37°C
for 30 min. Cultured cells were then washed twice with
colourless DMEM and kept with DPBS (100 pl/well).
Semiquantitation of the fluorescence intensity was
obtained by using a 2300 Enspire multilabel reader
(Perkin Elmer) at an emission wavelength of 520 nm.
Data were transferred to Excel software and presented
as means + SEM in which control was set to 100%.

Measurement of mitochondrial
membrane potential (Aym) of cultured
cells by JC-1 fluorescence dye

JC-1is a cationic dye that can selectively accumulate
in mitochondria by electrochemical gradient, indicated
by a fluorescence emission shift from red (~590 nm) to
green (~529 nm). At the end of the treatment incuba-
tion period, culture media were removed and cells were
loaded with JC-1 (5 pg/mlin DMEM) for 15 min at 37°C.
Mitochondrial depolarization is indicated by a decrease
in the red/green fluorescence intensity ratio. Semiquan-
titation of fluorescence intensity was obtained by using
black 96 well plates and a 2300 Enspire Multilabel Read-
er. Data were transferred to Excel software and present-
ed as means = SEM in which control was set to 100%.

Counting of apoptotic cells by DAPI
fluorescence dye

As DAPI passes through intact cell membranes
and binds to DNA, it is usually used to assess apop-
totic nuclear changes. In which, cultures were treat-
ed with DomA (10 and 100 uM) on the 10t DIV for
48 h. After fixation of cultured cells with histochoice
for 15 min at room temperature, cells were washed
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Fig. 1. Effects of DomA on the survival of dopaminergic neurons in primary mesencephalic cell culture.
A) DomA (10 and 100 uM) significantly decreased the survival of dopaminergic neurons when added to the
cultures from the 10-12t" DIV. 100% corresponds to the total number of dopaminergic neurons (the average
number was 20.75 cells/field) after 12 DIV in untreated controls (*p < 0.001). B) Representative micrographs
of dopaminergic neurons after 12 DIV. Control cultures showed many dopaminergic neurons with long and
branched processes. DomA-treated cultures show few numbers of dopaminergic neurons with short and

dysmorphic neurites.

with PBS (pH 7.2) and permeabilized with 0.4% Tri-
ton X-100 for 30 min at room temperature. Then,
cultured cells were loaded with 2 uM DAPI solution
for 5 min in the dark, washed with DPBS and photo-
graphed (6 photos/well) on an inverted fluorescence
microscope using an ultraviolet (UV) filter (Nikon,
Japan). Cells with condensed and fragmented chro-
matin were considered apoptotic.
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Statistics

Three 4-well plates obtained from three different
preparations were used to evaluate each experimental
parameter. Data were expressed as mean * standard
error of mean (SEM). Comparisons were made using
ANOVA and post-hoc Duncan’s test using IBM SPSS
statistics 22. P < 0.05 was considered as statistically
significant.
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NeuN + neurons

Fig. 2. Effects of DomA on the expression of neuronal and astrocyte markers NeuN and GFAP in primary
mesencephalic cell culture. Treatment of cultures with DomA (10 and 100 uM) on the 10t DIV for 48 h
markedly decreased the expression of the neuronal marker NeuN and did not affect the expression of the

astrocyte marker GFAP compared to untreated controls. Some astrocytes showed slight vacuolation com-
pared to untreated controls (see the insets).

Results

Neurotoxic effect of DomA
on dopaminergic neurons

Treatment of primary mesencephalic cell cultures
with different concentrations of DomA (0.1, 1, 10,
100 uM) on the 10t DIV for 48 h significantly reduced
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the number of dopaminergic neurons by about 15 and
46% at the concentrations 10 and 100 pM, respec-
tively, compared to untreated controls (Fig. 1A).
The LC,, of DomA for dopaminergic neurons was
100 puM (Fig. 1A). Moreover, DomA altered the morphol-
ogy of surviving dopaminergic neurons. It decreased
the number and length of their neurites compared
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to untreated cells which showed long and branched
neurites (Fig. 1B).

Effect of DomA on the total neuronal
cells and astrocytes

Incubation of primary mesencephalic cell cultures
with 10 and 100 pM DomA on the 10t DIV for 48 h
decreased the expression of the neuronal marker
NeuN compared to untreated controls (Fig. 2). On
the other hand, similar treatment of cultures with
DomA did not affect the expression of the astrocyte
marker GFAP. However, some astrocytes showed
slight shrinkage and vacuolation at the concentration
100 pM compared to untreated controls (Fig. 2, see
the insets).

Effect of DomA acid on LDH release

Consistent with its neurotoxic effect on dopami-
nergic and NeuN+ neurons, DomA showed an over-
all toxic effect on primary mesencephalic cell culture
as it increased LDH release into the culture medium
by 83% at the concentration 100 uM compared to
untreated controls (Fig. 3).

Effects of NBQX and MK-801
on DomA-induced neurotoxicity
n dopaminergic neurons

When primary mesencephalic cell cultures were
separately treated with NBQX and MK-801, the AMPA/
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Fig. 3. Effects of DomA on the release of LDH
into the culture medium. DomA (100 uM) sig-
nificantly increased LDH release into the cul-
ture medium when added from the 10-12th DIV.
100% corresponds to the amount of LDH in the
culture medium after 12 DIV (*p < 0.01).
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KA and NMDA receptor antagonists, 10 min prior to
DomA, a significant number of dopaminergic neurons
(23%) was rescued in the cultures treated with NBQX
but not MK-801 compared to DomA-treated cultures
(Fig. 4A). Fig. 3B shows a higher number of dopami-
nergic neurons in cultures co-treated with NBQX and
DomA compared to those treated with DomA alone.
On the other hand, no difference between cultures
co-treated with MK-801 and DomA, and those treat-
ed with DomA alone was observed (Fig. 4B).

Effect of DomA on ROS production
in cultured cells

DomA at concentrations 10 and 100 uM
increased ROS production by 12-23%, respectively,
which did not reach statistical significance com-
pared to untreated control cultures (Fig. 5A).

Effect of DomA on Aym of cultured cells

Incubation of cultures with DomA on the 10t DIV
for 48 h significantly reduced the red/green fluores-
cence ratio of JC-1 by 20% and 27% at the concen-
trations 10 and 100 pM, respectively, compared to
untreated controls (Fig. 5B).

Effect of DomA on apoptotic cell death
of cultured cells

DAPI staining showed that treatment of primary
mesencephalic cell cultures with DomA on the 10t
DIV for 48 h significantly increased the number of
apoptotic nuclei by 64% and 200% at the concen-
trations of 10 and 100 pM, respectively, compared to
untreated controls (Fig. 6A). Apoptotic nuclei showed
shrinkage, fragmentation and chromatin condensa-
tion compared to untreated controls (Fig. 6B).

Discussion

As currently there is a broad range of environ-
mental factors linked to neurodegeneration, scien-
tific understanding of the role of these environmen-
tal agents in the development of neurodegenerative
diseases is critical and will help develop new thera-
pies. Accordingly, the present study adopted primary
mesencephalic cell culture to test the potential neu-
rotoxic effect of DomA and reveal whether it could
be implicated in PD. DomA at higher concentrations
(10, 100 uM) was shown to significantly decrease
the number and alter the morphology of dopaminer-
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Fig. 4. Effects of NBQX and MK-801 on DomA neurotoxicity in primary mesencephalic cell culture. A) DomA
(10 and 100 uM) significantly reduced the number of dopaminergic neurons when added to the cultures
from the 10-12t" DIV compared to untreated controls (*p < 0.001). NBQX and not MK-801 rescued a signifi-
cant number of dopaminergic neurons in the 100 uM DomA-treated cultures (*p < 0.001). 100% corresponds
to the total number of dopaminergic neurons after 12 DIV in untreated controls. B) Representative micro-
graphs of dopaminergic neurons after 12 DIV. NBQX- and not MK-801-co-treated cultures showed a higher
number of dopaminergic neurons compared to cultures treated with DomA alone.

gic neurons in primary mesencephalic cell culture.
In addition, it markedly decreased the expression
of NeuN and slightly affected astrocyte populations.
Similar neurotoxic effects of DomA were reported
in some different in vitro and in vivo animal mod-
els since the 1987’s outbreak in Eastern Canada.
For instance, Xu et al. [24] and Giordano et al. [5]
reported that exposure to DomA induced cell death
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in the motor neuron-like cells (NSC34) and mouse
cerebellar granule cells (CGN), respectively. In in
vivo animal models, Costa et al. [2] found that oral
administration of DomA to rats caused some behav-
ioral abnormalities such as hind limb scratching fol-
lowed by seizures and hippocampal degeneration.
Vieira et al. [22] reported that treatment of rats with
DomA induced neuronal cell death in hippocampus
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Fig. 5. Effects of DomA on ROS production and Aym in primary mesencephalic cell culture. A) Treatment
of cultures with DomA (10 and 100 pM) on the 10t DIV for 48 h resulted in an insignificant increase in ROS
compared to untreated controls. B) Treatment of cultures with DomA (10 and 100 uM) on the 10t DIV for
48 h significantly decreased the red:greed fluorescence ratio of JC-1 in cultured cells compared to untreated
controls. 100% corresponds to the level of ROS and Aym in untreated control cultures after 12 DIV (*p < 0.01).
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Fig. 6. Effects of DomA on apoptotic cell death in primary mesencephalic cell culture. A) Treatment of cul-
tures with DomA (10 and 100 uM) on the 10t DIV for 48 h significantly increased the numbers of apoptotic
nuclei showing shrinkage, fragmentation and chromatin condensation. 100% corresponds to the number
of apoptotic nuclei (the average number was 185 nuclei/photo) in untreated control cultures after 12 DIV
(*p < 0.01, **p < 0.0001). B) Representative micrographs show increased numbers of apoptotic nuclei in

DomA-treated cultures compared to untreated controls. Insets show normal and apoptotic nuclei at 20x
magnification.
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and amygdala. Consistent with the slight effects on
astrocytes, Gill et al. [3] found that DomA had no
effect on GFAP expression in the cultures of prima-
ry astrocytes prepared from the hippocampus and
brain stem. Moreover, DomA significantly increased
LDH release into the culture medium at the concen-
tration of 100 pM. Likewise, release of LDH into the
culture medium was reported by Berman and Mur-
ray [1] following treatment of cerebellar granule neu-
rons by DomA. A higher LDH concentration in the
culture medium usually serves as a marker of gener-
al cytotoxicity and reflects a necrotic cell death. Both
increase of LDH in the culture medium and decrease
of NeuN expression reveal that DomA neurotoxici-
ty was not restricted or selective to dopaminergic
neurons in primary mesencephalic cell culture which
form 1-2% of culture neuronal populations.

DomA as a structural analog of kainic acid was
reported to induce its neurotoxicity through activa-
tion of AMPA/KA receptors. In this context, Larm et al.
[10] reported that DomA produced neuronal cell death
in primary cortical neurons via stimulating AMPA and
KA-sensitive glutamate receptors. Giordano et al. [4]
found that DomA induced apoptotic cell death in
mouse cerebellar granule cells through activation of
AMPA/KA receptors. Pérez-Gomez et al. [13] found
that the neurotoxic effect of DomA on primary cul-
tured cerebellar granule neurons was fully prevented
by the AMPA/KA antagonist. Similarly in the present
study, the neurotoxic effect of DomA on dopaminer-
gic neurons appeared to be mediated by the activa-
tion of AMPA/KA receptor as treatment of cultures
with the AMPA/KA receptor antagonist NBQX prior to
DomA administration rescued a significant number
of dopaminergic neurons compared to the cultures
treated with DomA alone. Activation of AMPA/KA by
higher concentrations of DomA in some in vitro cel-
lular models was reported to provoke an increase of
intracellular calcium (Ca?*) levels leading to release of
the glutamate neurotransmitter which in turn acti-
vates NMDA receptors [2]. Activation of NMDA recep-
tors is further resulting in increased intracellular Ca?*
concentrations leading to an oxidative stress (0S)-in-
duced mitochondrial dysfunction and activation of
caspases, events leading to apoptotic cell death [5].
Inconsistently, NMDA receptors were seen to have no
role in DomA-induced neurotoxicity on dopaminergic
neurons in our culture model. This is because pre-
treatment of cultures with the NMDA receptor anta-
gonist MK-801 did not block DomA neurotoxicity on
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dopaminergic neurons. In parallel, Pérez-Gémez et al.
[13] reported that NMDA receptor was not involved in
DomA-induced neurotoxicity in primary cultured cer-
ebellar granule neurons.

Fluorescence staining of cultured cells with H,DCFAD,
JC-1 and DAPI stains respectively revealed that DomA
increased production of ROS which did not reach sig-
nificance, decreased the red : green fluorescence ratio
of JC-1 and increased the number of apoptotic nuclei
compared to untreated control cultures. Similarly, it
was reported that DomA neurotoxicity was mediated
by oxidative insults in Caco-2 cells [18], mitochondri-
al dysfunction in rat’s cardiac muscle [23] and DNA
damage in Caco-2 cells [15]. Taken collectively, these
findings provide important insights into the underly-
ing mechanisms of DomA neurotoxicity on cultured
dopaminergic cells. An insignificant increase in ROS
production by the higher concentrations of DomA
(10 and 100 uM) might indicate that activation of
AMPA/KA increased Ca?* to a level that is insufficient
to release much glutamate but on the other hand,
can damage mitochondria as evaluated by JC-1 fluo-
rescence staining. Mitochondrial damage seemed
to mediate both apoptotic and necrotic cell death
of cultured cells. In contrast, apoptotic cell death
was reported to occur at the lower concentrations
of DomA (< 1 pM) in mouse CGNs [5]. These lower
concentrations did not affect both dopaminergic and
NeuN+ neurons in our culture model.

In conclusion, our study presents for the first
time the neurotoxic effects of the marine neuro-
toxin DomA on dopaminergic neurons in primary
mesencephalic cell culture. This effect appears to
be attributed to activation of AMPA/KA receptors on
dopaminergic neurons.
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