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Domoic acid (DomA) is a potent marine neurotoxin. By acti-
vating α-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid/
kainate receptors, DomA induces oxidative stress–mediated 
apoptotic cell death in neurons. The effect of prolonged (10 days) 
exposure to a low, nontoxic concentration (5nM) of DomA on 
acute (intermediate concentration) neurotoxicity of this toxin was 
investigated in cerebellar granule neurons (CGNs) from wild-type 
mice and mice lacking the glutamate cysteine ligase (GCL) modi-
fier subunit (Gclm˗/˗). CGNs from Gclm˗/˗ mice have very low glu-
tathione (GSH) levels and are very sensitive to DomA toxicity. In 
CGNs from wild-type mice, prolonged exposure to 5nM DomA 
did not cause any overt toxicity but reduced oxidative stress–medi-
ated apoptotic cell death induced by exposure to an intermedi-
ate concentration (100nM for 24 h) of DomA. This protection was 
not observed in CGNs from Gclm˗/˗ mice. Prolonged DomA expo-
sure increased GSH levels in CGNs of wild-type but not Gclm˗/˗ 
mice. Levels of GCLC (the catalytic subunit of GCL) protein and 
mRNA were increased in CGNs of both mouse strains, whereas 
levels of GCLM protein and mRNA, activity of GCL, and levels of 
GCL holoenzyme were only increased in CGNs of wild-type mice. 
Chronic DomA exposure also protected wild-type CGNs from 
acute toxicity of other oxidants. The results indicate that CGNs 
from Gclm˗/˗ mice, which are already more sensitive to DomA tox-
icity, are unable to upregulate their GSH levels. As Gclm˗/˗ mice 
may represent a model for a common human polymorphism in 
GCLM, such individuals may be at particular risk for DomA-
induced neurotoxicity.
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Domoic acid (DomA) is a potent neurotoxin, which was 
identified as the toxic agent responsible for an outbreak of poi-
soning due to consumption of contaminated shellfish in Eastern 
Canada in 1987 (Perl et al., 1990). Neuronal loss, particularly 
in the hippocampus and the amygdala, was observed in the 
four individuals who died in this incident (Teitelbaum et al., 

1990), and similar brain lesions have been seen in primates, 
rats, and mice following administration of DomA (Pulido, 
2008). The pattern of brain damage observed in humans and 
animals following exposure to DomA resemble that observed 
after administration of kainic acid (Teitelbaum, 1990). DomA 
is indeed a structural analog of kainic acid and exerts its tox-
icity by activating the AMPA (α-amino-3-hydroxy-5-methyl-
4-isoxazoleproprionic acid)/kainate subtype of glutamate 
receptors (Berman and Murray, 1997; Berman et  al., 2002; 
Hampson and Manalo, 1998; Novelli et  al., 1992). In vitro 
studies have shown that in mouse cerebellar granule neu-
rons (CGNs), DomA causes necrotic or apoptotic cell death, 
depending on its concentration (Giordano et al., 2006, 2007, 
2009). Necrosis is observed at higher concentrations of DomA 
(10µM) and involves activation of both AMPA/kainate and 
NMDA receptors, the latter activated by DomA-induced glu-
tamate release (Giordano et  al., 2006). In contrast, apoptotic 
damage predominates at lower concentrations of DomA (e.g., 
100nM); DomA-induced apoptosis is solely due to activation 
of AMPA/kainate receptors (Giordano et al., 2007).

Both necrosis and apoptosis have been shown to be mediated 
by oxidative stress, as evidenced by the following observations 
(Giordano et al., 2006, 2007): (1) DomA causes a concentration-
dependent increase of reactive oxygen species (ROS); lipid 
peroxidation is also increased; (2) various antioxidants inhibit 
DomA-induced neurotoxicity; (3) glutathione (GSH) levels 
modulate the necrotic and apoptotic effects of DomA. In 
particular, neurotoxicity of DomA is enhanced in CGNs from 
Gclm˗/˗ mice, which lack the modifier subunit of glutamate-
cysteine ligase, the first and rate limiting step in the synthesis 
of GSH, and as a consequence display very low levels of GSH 
(Yang et  al., 2002). Depletion of GSH in CGNs from wild-
type mice also significantly increases DomA neurotoxicity 
(Giordano et al., 2006).

While acute exposure to high doses of DomA (e.g., 2–4 mg/
kg) is clearly neurotoxic in humans (see references in Costa 
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et  al., 2010), less is known on the potential neurotoxicity of 
repeated low-level exposures to this toxin. Indeed, only few 
studies have investigated the effect of repeated exposure to 
DomA, at doses below those inducing overt clinical symp-
toms. In vivo observations in rodents and primates suggest that 
subsymptomatic doses of DomA do not increase sensitivity or 
enhance neurotoxicity (Truelove et al., 1996, 1997). A study in 
mice similarly indicates that repeated asymptomatic doses of 
DomA did not result in any clinical sign of toxicity, and upon 
repeated symptomatic doses, symptoms did not increase (Peng 
et al., 1997). Similarly, although a single dose of DomA (1 or 
2 mg/kg) caused memory impairment in mice, repeated expo-
sures appeared to cause a lesser effect (Clayton et al., 1999). 
These findings may be due to toxicokinetic factors, i.e., to the 
fact that DomA is rapidly cleared and does not accumulate 
(Truelove et  al., 1996, 1997; and references in Costa et  al., 
2010). In vitro studies have provided conflicting results; in one 
study, pre-exposure with lower doses of DomA produced tol-
erance to the effect of higher concentrations, which was not 
related to receptor downregulation (Kerr et al., 2002), whereas 
in another study, a similar pretreatment enhanced the neurotox-
icity of a subsequent DomA exposure (Qiu et al., 2006).

Different investigators or agencies have determined values of 
tolerable daily intake (TDI) for DomA ranging between 0.018 
and 0.1 mg/kg (Costa et al., 2010). Limits of 20 µg DomA/g 
shellfish meat have been adopted all around the world based on 
the findings of the 1987 Canadian outbreak. This limit appears 
to be protective of the human population because no other 
known human poisonings due to DomA have been reported 
since 1987. However, food consumption data from the United 
States and the European Union indicate that at this limit or even 
at lower, more realistic levels of contamination, the TDI level 
may be exceeded (Costa et al., 2010). Thus, chronic, repeated 
low-level exposures to DomA may indeed occur. Upon oral 
administration, DomA is poorly absorbed, has a short half-life 
in blood, and poorly permeates the blood-brain barrier (Preston 
and Hynie, 1991; Truelove and Iverson, 1994). These charac-
teristics may limit access of low levels of DomA in the central 
nervous system (CNS). However, the situation may differ dur-
ing development, a period of suggested particular sensitivity 
to DomA neurotoxicity (Costa et al., 2010). In pregnant rats, 
a study by Maucher and Ramsdell (2007) indicated concentra-
tions of DomA in blood in the high nanomolar range, lower 
levels in amniotic fluid, and comparable levels (low-mid nM) 
in the brain of the dam and the fetuses. More recent studies by 
the same authors (Maucher Fuquay et al., 2012a, b) have also 
shown that levels of DomA in amniotic fluid and brain remain 
elevated for longer periods, indicating a different kinetic from 
plasma.

The aim of this study was to determine whether a prolonged 
exposure to low levels of DomA would result in neurotoxicity 
and/or in altered susceptibility to a subsequent DomA exposure 
in cultured mouse CGNs. Neurons from wild-type mice and 
from Gclm˗/˗ mice, already known to be highly susceptible to 

DomA neurotoxicity (Giordano et al., 2006, 2007), were com-
pared for this purpose.

MATeRIALS AND MeTHoDS

Materials. Neurobasal-A, Hibernate A, and B27 Minus AO media, Hank’s 
balanced salt solution, GlutaMax, Superscript reverse transcriptase III, dis-
pase, fetal bovine serum, and gentamycin were from Invitrogen (Carlsbad, 
CA). DomA, poly-D-lysine, horseradish peroxidase–conjugated anti-mouse 
IgG, horseradish peroxidase–conjugated anti-rabbit IgG, dimethylsulfoxide 
(DMSO), 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), hydrogen peroxide (H

2
O

2
), and 2,3-dimethoxy-1,4-naphtoquinone 

(DMNQ) were purchased from Sigma Chemical Co. (St Louis, MO). Mouse 
anti-β-actin antibody was from ABCAM (Cambridge, MA). Hoechst DNA 
binding dye and 2,7′-dichlorofluorescin diacetate (DCF-DA) were from 
Molecular Probes (Eugene, OR). Monobromobimane (MBB) was from EMD 
Biosciences, Inc. (San Diego, CA). The bicinchoninic acid assay for protein 
determination was from Pierce (Rockford, IL). Tissue culture plastic ware was 
from Corning Costar (Cambridge, MA).

Generation of Gclm-null mice and genotyping. All procedures for ani-
mal use were in accordance with the National Institute of Health Guide for 
the Use and Care of Laboratory Animals and were approved by the University 
of Washington Animal Care and Use Committee. Gclm null (Gclm˗/˗) mice 
were derived by homologous recombination techniques in mouse embryonic 
stem cells, as previously described in detail by Giordano et  al. (2006) and 
McConnachie et al. (2007). Pups were genotyped as described by Giordano 
et al. (2006).

Cultures of CGNs and cell treatments. CGNs were chosen for these stud-
ies as these cells have been extensively utilized for in vitro studies on the neu-
rotoxicity of DomA (Berman and Murray, 1997; Berman et al., 2002; Giordano 
et  al., 2006, 2007; Novelli et  al., 1992). CGN cultures were prepared from 
7-day-old mice, as described by Giordano et al. (2006, 2007). Neurons were 
grown for 10–12  days before treatments. All compounds were dissolved in 
Locke’s solution. For prolonged low-dose exposure, DomA (5nM) was added 
on day 1, and cultures were left untouched for 10 days. For acute intermediate-
dose exposure, naïve or DomA-pretreated CGNs were incubated with DomA 
(100nM) for 1 h in Locke’s buffer, followed by washout, and an additional 23-h 
incubation (Giordano et al., 2007).

Assessment of cytotoxicity. Cell viability was quantified by a colorimetric 
method utilizing the metabolic dye MTT (Giordano et al., 2006).

Measurement of apoptosis. To visualize nuclear morphology follow-
ing DomA treatment, cells were fixed with methanol and stained in 10  μg/
ml Hoechst DNA binding dye for 15 min. All cells exhibiting either classical 
apoptotic bodies or shrunken, rounded nuclei were scored as being apoptotic. 
Five fields placed across the diameter of each well were assessed using a 20× 
objective on an inverted fluorescence microscope (Giordano et al., 2007).

Assay of ROS formation. ROS formation was determined by fluorescence 
using DCF-DA, as previously described (Giordano et al., 2006, 2007). Upon 
entering cells, DCF-DA is de-esterified to DCFH, which is then oxidized by 
ROS to form the fluorescent DCF. In a typical experiment, cells were first 
washed with Locke’s solution and then preincubated for 30 min (37ºC) with 
DCF-DA (50 nmol/mg cell protein) in Locke’s solution. DCF-DA was added 
from a stock solution in DMSO; the quantity of DMSO never exceeded 0.1% 
and was also added to the blank. Cells were then washed with Locke’ solution 
to remove extracellular DCF-DA, and fluorescence was immediately read using 
a fluorescence microplate reader (excitation 488 nm, emission 538 nm).

Immunoblotting analysis. Neurons were scraped in lysis buffer (Tris 
50mM, pH 7.5, 2mM EDTA, 0.5mM dithiothreitol, 0.5mM PMSF, 10 μg/ml 
leupeptin, and 2 μg/ml aprotinin, 1mM sodium orthovanadate, 1mM NaF, 1% 
Triton, and 0.1% SDS), and whole homogenates were subjected to SDS-PAGE 
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and immunoblotting using rabbit anti-GCLC (1:2000), anti-GCLM (1:1000), 
or mouse anti-β-actin (1:2000) antibodies. After electrophoresis, proteins 
were transferred to polyvinylidene difluoride membranes and incubated with 
the above antibodies. Membranes were rinsed in Tris-buffered saline Tween 
and incubated with horseradish peroxidase–conjugated anti-rabbit IgG or with 
horseradish peroxidase–conjugated anti-mouse IgG (for actin) at the appropri-
ate dilutions (1:2000, 1:5000, respectively).

Measurement of GSH levels. CGNs were homogenized in Locke’s buffer, 
and an aliquot was taken to measure the protein concentration, whereas a second 
aliquot was diluted (1:1) in 10% 5-sulfosalicylic acid (SSA) for the measurement 
of GSH (Giordano et al., 2006). The SSA fraction was centrifuged for 5 min at 
4°C, and the supernatant was used for GSH determinations. Aliquots from the SSA 
fraction were added to a black flat-bottomed 96-well plate, and pH was adjusted 
to 7 with 0.2M N-ethylmorpholine/0.02M KOH. Oxidized GSH was reduced by 
adding 10 µl of 10mM tris (2-carboxyethyl)-phosphine hydrochloride (TCEP) for 
15 min at room temperature. The pH was then adjusted to 12.5 by using 0.5N 
NaOH before derivatizing the samples with 10mM naphthalene dicarboxaldehyde 
for 30 min. Finally, the samples were analyzed on a spectrofluorometric plate 
reader (λ

EX
 = 472 and λ

EM
 = 528 nm). After incubation, the total amount of GSH in 

the sample was expressed as nanomoles per milligram of protein.

Measurement of GCL activity. GCL activity was assayed by a high-
performance liquid chromatography (HPLC)–based method, as previously 
described (White et  al., 1999). CGNs were scraped and sonicated on ice in 
TES buffer (20mM Tris, 1mM EDTA, 250mM sucrose, pH 7.4) containing 
20mM serine, 1mM boric acid, and peptidase inhibitors. Protein levels were 
measured in the supernatant by the bis-cinchoninic acid method (Pierce). 
Samples were dissolved in Tris/EDTA buffer containing 21.3mM L-glutamate, 
10.67mM ATP, 10.7mM MgCl

2
, and 10mM cysteine at 37°C. The reaction was 

stopped by ice-cold SSA solution, and baseline GSH levels were determined. 
Precipitated proteins were removed, and the supernatant was analyzed after 
MBB derivatization by HPLC. Gamma-glutamylcysteine (γ-GC) and GSH 
peaks were identified in the chromatographs; GCL activity level was normal-
ized to protein concentrations and expressed as nanomoles of γ-GC formed per 
milligram protein per minute.

Measurements of GCLC and GCLM levels and of GCL holoen-
zyme. GCLC and GCLM, as well as GCL holoenzyme (GCLholo), were 
measured by Western blot as described by Lee et al. (2006). Standard curves 
were generated by loading incremental amounts of purified mouse GCLC and 
GCLM (kindly donated by Dr Christopher C. Franklin) on to each gel. Aliquots 
of supernatant containing 40 μg of total soluble proteins were separated by 
one-dimensional SDS/PAGE using 10% (wt/vol) gels. SDS/PAGE was run 
under nonreducing conditions without adding DTT or heat before loading. 
The presence of complex was detected adding increasing amounts of GCLM 
to GCLC and followed the formation of holoenzyme by nondenaturing PAGE. 
Upon the addition of GCLM to GCLC, a more slowly migrating complex was 
formed (data not shown), representing GCLholo; antibodies to either GCLM or 
GCLC recognized this complex and confirmed its identity.

Measurement of Gclc and Gclm mRNA  levels. Levels of mRNA of 
Gclc and Gclm were determined by quantitative RT-PCR, using a fluorogenic 
5′  nuclease-based assay developed by the Functional Genomics Laboratory 
at the University of Washington. Briefly, reverse transcription was performed 
according to the manufacturer’s established protocol using total RNA and the 
SuperScript III First-Strand Synthesis System (Invitrogen). For gene expres-
sion measurements, 4 µl of cDNA was included in a PCR reaction (25 µl final 
volume) that also consisted of the appropriate forward and reverse primers at 
360nM each, 80nM TaqMan probe, and TaqMan Gene Expression Master Mix 
(Applied Biosystems Inc., Foster City, CA). The PCR primers and the dual-
labeled probes (6-carboxy-fluorescein and 6-carboxy-tetramethyl-rhodamine) 
for all genes were designed using ABI Primer Express v.1.5 software (Applied 
Biosystems Inc.). Amplification and detection of PCR amplicons were per-
formed with the ABI PRISM 7900 system (Applied Biosystems Inc.) with the 
following PCR reaction profile: 1 cycle of 95°C for 10 min, 40 cycles of 95°C 
for 30 s and 62°C for 1 min. Beta-actin amplification plots derived from serial 

dilutions of an established reference sample were used to create a linear regres-
sion formula in order to calculate expression levels, and beta-actin gene expres-
sion levels were utilized as an internal control to normalize the data.

Statistical analysis. Data are expressed as the mean ± SD of at least 
three independent experiments. Statistical analysis was performed by one-way 
ANOVA followed by Bonferroni’s Multiple Comparison Test.

ReSuLTS

Prolonged exposure to a low level of DomA (5nM for 
10 days) caused no overt neurotoxicity, as evidenced by simi-
lar percentage of apoptotic cells in control and treated CGNs 
cultures of wild-type and Gclm˗/˗ mice (Fig. 1A). Acute inter-
mediate-dose exposure to DomA (100nM for 1 h, followed by 
washout and by additional 23-h incubation) caused significant 
apoptotic cell death in CGNs from wild-type mice (25%) and 
an expected greater apoptosis (40%) in CGNs from Gclm˗/˗ mice 
(Fig. 1A). Pretreatment of neurons for 10 days with 5nM DomA 
significantly reduced the acute toxicity of DomA in wild-type 
mice (by ~50%) but not in CGNs from Gclm˗/˗ mice (Fig. 1A). 
Figure 1B shows representative fields of CGNs from Gclm+/+ 
mice upon different treatments, evidencing apoptotic cells.

DomA-induced neurotoxicity and apoptotic neuronal 
death have been previously reported to involve the induction 
of oxidative stress (Giordano et  al., 2006, 2007). We, thus, 
measured oxidative stress induced by acute exposure to DomA 
(100nM) in CGNs of both genotypes without or with a pre-
exposure to a low dose of DomA (5nM for 10 days). As shown in 
Figure 2A, acute DomA-induced ROS were significantly lower 
in CGNs from Gclm+/+ mice after chronic low-dose exposure to 
DomA. In contrast, oxidative stress induced by acute DomA in 
CGNs from Gclm˗/˗ mice, which was higher than in wild-type 
neurons, was not altered by prior DomA exposure (Fig. 2B).

As GSH has been shown to be a major determinant of neuronal 
susceptibility to DomA-induced apoptosis (Giordano et  al., 
2007), we measured GSH levels in CGNs following chronic 
DomA exposure. As expected, GSH levels in CGNs from wild-
type mice were significantly higher than those present in CNS 
from Gclm˗/˗ mice (Fig. 3). Indeed, in the absence of GCLM, the 
efficiency of the catalytic subunit GCLC is greatly diminished 
(Giordano et  al., 2006). After 10  days of exposure to 5nM 
DomA, GSH levels were significantly increased in CGNs from 
wild-type mice (by ~75%) but not in neurons from Gclm˗/˗ mice 
(Fig. 3).

Measurements of levels of GCLC protein in control CGNs 
indicated that they were higher in Gclm˗/˗ mice than in Gclm+/+ 
mice (Fig.  4A). This confirms previous findings (Giordano 
et al., 2006) and may represent an attempt to compensate for the 
lack of GCLM. Chronic exposure to low-level DomA increased 
GCLC levels in CGNs of both mouse genotypes (Figs. 4A and 
C). GCLM was obviously absent in CGNs from Gclm˗/˗ mice 
(Fig. 4B). In neurons from wild-type mice, prolonged exposure 
to 5nM DomA also increased the levels of GCLM protein (Figs. 
4B and C). The observed effects of chronic DomA exposure on 
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the two GCL subunits were likely due to enhanced transcription, 
as levels of mRNA of Gclc and Gclm were altered by chronic 
low-dose DomA exposure, similar to what was observed for 
GCLC and GCLM proteins (Figs. 4D and E).

In CGNs from Gclm+/+ mice, the increase in GCLC and 
GCLM (Fig.  4) due to chronic low-level DomA should also 
result in an increase in GCL activity, which would be responsi-
ble for the increased synthesis of GSH (Fig. 3). This is indeed 

FIG. 1. Prolonged exposure to low-level DomA protects CGNs of Gclm+/+ mice from acute DomA neurotoxicity. CGNs were prepared from Gclm+/+ and 
Gclm˗/˗ mice. Forty-eight hours after seeding, 5nM DomA was added to the culture medium. After 10 days, cultures were challenged with 100nM DomA, and 
apoptosis was measured by Hoechst staining. (A) Summary of results (mean ± SD) of three separate experiments. Values that are significantly different from 
neurons pretreated with 5nM of DomA are indicated (*p < 0.05). (B) Pictures of apoptotic CGNs from Gclm+/+ mice under different experimental conditions.
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the case, as shown in Fig. 5A. In contrast, GCL activity was 
not increased in CGNs from Gclm˗/˗ mice (Fig. 5A). This was 
not unexpected as GCL activity has been shown to be regulated 
not only by changes in the amount of GCLC but also mostly 
by changes in the k

cat
 for the enzyme due to formation of the 

holoenzyme (GCLholo) between GCLC and GCLM (Chen 
et al., 2005; Lee et al., 2006). Indeed, the catalytic efficiency 
of GCLholo is more than fourfold higher than that of GCLC 
(Chen et al., 2005). Figure 5B shows that levels of GCLholo 
were increased in neurons from wild-type mice; as expected, 
GCLholo was not present in CGNs from Gclm˗/˗ mice (Fig. 5B).

In addition to protecting neurons of wild-type CGNs from 
the acute toxicity of DomA, the increase in GSH induced 
by chronic low-dose DomA exposure also provided protec-
tion against other oxidative stressors. As shown in Table  1, 
the toxicity of H

2
O

2
 and DMNQ was significantly lower (by 

~threefold) in CGNs from wild-type mice previously exposed 

to DomA (5nM for 10 days) than in control CGNs. In contrast, 
in CGNs from Gclm˗/˗ mice, already highly susceptible to oxi-
dant toxicity because of low GSH levels (Table  1), chronic 
DomA exposure did not provide any protection against these 
agents.

DISCuSSIoN

Results of this study show that prolonged exposure to 
low-level DomA in vitro provides protection against toxicity 
of a higher acute exposure of the same neurotoxin and other 
toxicants. The underlying mechanism appears to be related 
to the ability of chronic low-dose DomA to upregulate GSH 
synthesis though additional mechanisms cannot be ruled 
out. Genetic conditions leading to low GSH levels, which 
already increase susceptibility to DomA neurotoxicity, could 
potentially negate such protective mechanisms.

DomA is a potent human and animal neurotoxin, and its 
mechanisms of neurotoxicity at the cellular level have been 
characterized (Berman and Murray, 1997; Berman et al., 2002; 
Giordano et  al., 2006, 2007; Liu et  al., 2001; Novelli et  al., 
1992; Puttfarcken et  al., 1993). At relatively high concentra-
tions (> 1µM), DomA induces neuronal cell death which is 
primarily necrotic in nature. By activating AMPA/kainate 
receptors, DomA causes an increase in [Ca2+]

i
, which then 

results in a release of L-glutamate. This released glutamate in 
turn activates NMDA receptors and promotes further gluta-
mate release. This combined action causes a rapid accumula-
tion of [Ca2+]

i
, promotes GSH efflux, and causes a concomitant 

decrease in intracellular GSH. High [Ca2+]
i
 and low GSH lead 

to production of ROS, which, because of the insufficient GSH 
for scavenging, increases lipid peroxidation and leads to neu-
ronal cell death (Giordano et al., 2006). In contrast, at lower 

FIG. 2. Prolonged exposure to low-level DomA prevents the increase in ROS induced by acute intermediate-dose DomA in CGNs from Gclm+/+ mice. (A) 
Time course of ROS production induced by acute DomA (100nM) in CGNs from Gclm+/+ control mice and after 10 days of exposure to 5nM DomA. (B) Time 
course of ROS production in CGNs from Gclm˗/˗ mice, treated as in (A). Results are expressed as the mean (± SD) of three separate experiments. Values that are 
significantly different from neurons pretreated with 5nM DomA are indicated (*p < 0.05; **p < 0.01).

FIG.  3. Prolonged exposure to low-level DomA increases intracellular 
GSH level in CGNs from Gclm+/+ mice. Results represent the mean (± SD) 
of three separate experiments. Values that are significantly different from the 
respective control are indicated (*p < 0.05).
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concentrations (100nM or less), DomA causes primarily apop-
totic cell death of neurons (Giordano et al. 2007). Apoptosis is 
only due to activation of AMPA/kainate receptors as these lower 

concentrations of DomA do not stimulate L-glutamate release 
(Giordano et al., 2007). A small and transient increase in [Ca2+]

i
 

is followed by sequestration of calcium in the mitochondria, 

FIG. 4. Prolonged exposure to low-level DomA increases GCLC and GCLM protein and mRNA levels in CGNs from Gclm+/+ mice. Shown are levels of 
GCLC (A) and GCLM (B) protein levels, as determined by Western blot after normalization with β-actin. Results represent the mean (± SD) of three separate 
experiments. In (C), a representative blot is shown. Levels of mRNA for Gclc (D) and Gclm (E), as determined by quantitative RT-PCR are shown, after normaliza-
tion with β-actin. Values represent the mean (± SD) of three separate determinations. Values that are significantly different from control are indicated (*p < 0.05; 
**p< 0.01).
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which leads to a loss of mitochondrial membrane potential, an 
increase in mitochondrial oxidative stress, and the opening of 
the permeability transition pore. This is then followed by the 
release of cytochrome c, activation of caspase-3, and degrada-
tion of poly (ADP-ribose) polymerase (Giordano et al., 2007). 
Both DomA-induced necrosis and apoptosis, thus, involve oxi-
dative stress, are inhibited by antioxidants, and are more pro-
nounced in GCNs from Gclm˗/˗ mice, which have very low GSH 
levels (Giordano et al., 2006, 2007).

The first important finding of this study is that prolonged 
exposure of mouse CGNs to low-level DomA (5nM applied on 
day 1 and left for 10 days) protects neurons from a subsequent 
insult by a high concentration of DomA itself and by other 
oxidants as well. The mechanism of such protection appears 
to be related to the ability of chronic low DomA to increase 
the levels of the two subunits of GCL (GCLC and GCLM) and 
those of GCLholo, leading to increased GCL activity and GSH 
synthesis. An alternative mechanism would be represented by 
downregulation of AMPA/kainate receptors or of high-affinity 
GTPase activity (Hesp et  al., 2004). However, these possi-
bilities appear unlikely as they would be expected to occur in 
CGNs from both Gclm+/+ and Gclm˗/˗ mice, where instead dif-
ferent results were obtained (Fig. 1).

The regulation of GCL has been the subject of several inves-
tigations (Bea et  al., 2003; Dasgupta et  al., 2007; Franklin 

et al., 2002; Huang et al., 2000; Hudson and Kavanagh, 2000; 
Iles and Liu, 2005; Krejsa et al., 2010; Krzywanski et al., 2004; 
Moellering et al., 1999; Moinova and Mulcahy, 1999; Mulcahy 
and Gipp, 1995; Mulcahy et  al., 1997; Soltaninassab et  al., 
2000; Thompson et al., 2009; Toroser et al., 2006; Wild et al., 
1999). Increases in GCL activity are often due to a transcrip-
tional mechanism, involving an increased level of Gclc, and in 
some cases of Gclm mRNAs. Transcription of GCL subunits 
occurs through the sequence-specific binding of NF-E2-related 
factor to antioxidant response elements present in the promot-
ers of these two genes (Bea et al., 2003; Huang et al., 2000; 
Hudson and Kavanagh, 2000; Moinova and Mulcahy, 1999; 
Mulcahy and Gipp, 1995; Mulcahy et  al., 1997; Wild et  al., 
1999; Yang et  al., 2001; Zipper and Mulcahy, 2000). GCL 
activity has been shown to be regulated both by changes in the 
amount of GCLC and by changes in the k

cat
 for the enzyme due 

to formation of the holoenzyme (GCLholo) between GCLC 
and GCLM (Chen et al., 2005; Lee et al., 2006). The catalytic 
efficiency of GCLholo is more than fourfold higher than that 
of GCLC (Chen et al., 2005), providing an explanation for the 
low activity of GCL in Gclm˗/˗ mice, despite an upregulation of 
GCLC (Giordano et al., 2006; Yang et al., 2002).

The effect observed with DomA in wild-type CGNs resem-
bles the phenomenon of preconditioning, which is considered 
part of hormesis and has been defined as the situation in which 
“exposure to a low dose of an agent that is toxic at high doses 
induces an adaptive, potentially beneficial effect on the cell or 
organism if exposed to a subsequent more massive dose of the 
same or related stressor agent” (Calabrese et al., 2007). Low 
levels of DomA may thus elicit a mild degree of oxidative 
stress, particularly in mitochondria (Giordano et  al., 2007), 
which would lead to increased transcription of Gclc and Gclm, 
ultimately leading to increased GSH synthesis and neuropro-
tection. This mild oxidative stress may also favor the forma-
tion of GCLholo (Krejsa et  al., 2010), which would also be 
expected to increase GCL activity and GSH synthesis.

FIG.  5. Prolonged exposure to low-level DomA increases GCL activity 
and GCLholo formation in CGNs from Gclm+/+ mice. (A) Activity of GCL 
measured after 10  days of exposure to 5nM DomA. Results represent the 
mean (± SD) of three separate experiments. Significantly different from con-
trol, *p < 0.05. (B) Representative blot of GCL holoenzyme in CGNs from 
both mouse genotypes after 10 days of exposure to 5nM DomA. Shown is the 
shift of GCLC from monomer to the holoenzyme form. The experiment was 
repeated thrice with similar results.

TABLe 1 
Prolonged exposure to Low-Level DomA Protects CGNs From 

Gclm+/+ Mice From Toxicity of oxidants 

Compound Control Chronic DomA Ratio

CGNs from Gclm+/+ mice
 H

2
O

2
6.1 ± 0.5 19.0 ± 1.3* 3.1

 DMNQ 9.4 ± 1.8 24.7 ± 1.5** 2.6
CGNs from Gclm˗/˗ mice
 H

2
O

2
1.5 ± 0.2 2.2 ± 0.3 1.5

 DMNQ 1.8 ± 0.5 2.4 ± 0.4 1.3

Notes. CGNs from Gclm+/+ or Gclm˗/˗ mice were treated for 10 days with 
5nM DomA. After washout, cells were treated for 24 h with different concen-
trations of H

2
O

2
 or DMNQ. Cell viability was measured by the MTT assay as 

described in Materials and Methods section. Results indicate values of IC
50

 
(µM), determined from concentration-response curves using 3–4 concentra-
tions of each compound in duplicate, and represent the mean (± SD) of three 
separate experiments.

Significantly different from control, *p < 0.05; **p < 0.01.
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As shown in this study, the protective effect of prolonged 
low-level DomA is not apparent in CGNs from Gclm˗/˗ mice. 
Gclm˗/˗ mice lack GCLM, the modifier subunit of GCL, the 
first and rate-limiting enzyme in the synthesis of GSH (Yang 
et al., 2002). In the absence of GCLM, the ability of the cata-
lytic subunit GCLC to synthesize GSH is drastically reduced 
(Dalton et al., 2004; Giordano et al., 2006; McConnachie et al., 
2007). Indeed, in CGNs from Gclm˗/˗ mice, GCLM is absent, 
and GSH levels are only 20% of those present in CGNs from 
wild-type animals, despite an upregulation of GCLC (Giordano 
et al., 2006). Chronic exposure to low-dose DomA, which by 
itself does not elicit any toxicity, upregulates GCLC (Fig. 4). 
However, in the absence of GCLM, this increase is not suffi-
cient to increase GSH synthesis.

The Gclm˗/˗ mouse used in this study may represent a model 
for a relatively common polymorphism (C588T) in the 5′-flank-
ing region of the GCLM gene, which has been associated with 
low plasma levels of GSH (Nakamura et al., 2002). If individu-
als with the T allele display lower levels of GSH also in the 
central nervous system, they may be more susceptible to the 
neurotoxicity of DomA, as well as to other excitatory amino 
acids, including glutamate itself, that activate AMPA/kainate 
and NMDA receptors. The present findings suggest that these 
individuals may also be unable to mount a hormetic response, 
i.e., to “build up” protection upon chronic exposure. We had pre-
viously shown that a mechanism for counteracting DomA neu-
rotoxicity, i.e., inhibition of apoptosis by increased signalling of 
endogenous acetylcholine-activated M

3
 muscarinic receptors, 

was also only partially effective in CGNs from Gclm˗/˗ mice 
(Giordano et  al., 2009). Thus, individuals with genetic poly-
morphisms of Gclm (1) may be more susceptible to the acute 
neurotoxic effects of DomA (Giordano et al., 2006, 2007), (2) 
may be unable to provide protection through other antiapop-
totic pathways (e.g., acetylcholine and muscarinic receptors; 
Giordano et al., 2009), and (3) may also be unable to build up 
protection upon chronic exposure to DomA (this study). Of 
much interest would also be an investigation of the effects of 
low DomA exposure in CGNs from Gclm+/˗ mice. These cells 
have GSH levels only slightly lower than wild-type animals 
(Giordano et al., 2006) but may be less capable of compensa-
tory reactions upon repeated exposures to oxidative stress, as 
shown in vivo in Gclm heterozygote mice (Weldy et al., 2011).

The findings of this study may be potentially relevant in 
“real-life” situations, particularly during development. Due to 
the rapid serum clearance and elimination of DomA in humans, 
no information is available on potential blood levels upon expo-
sure in adults (Costa et al., 2010). Similarly, in nonhuman pri-
mates and rodents, DomA has been shown to have a very short 
half-life (Truelove and Iverson, 1994). In pregnant rats, a study 
by Maucher and Ramsdell (2007) indicated concentrations of 
DomA in blood in the high nanomolar range, lower levels in 
amniotic fluid, and comparable levels (low-mid nM) in the 
brain of the dam and the fetuses. Moreover, recent studies by 
the same authors (Maucher Fuquay et al., 2012a, b) have shown 

that levels of DomA in brain and amniotic fluid remain elevated 
for longer periods, indicating a different kinetic from plasma. 
Thus, the present findings may be most relevant in humans 
when exposure occurs in utero; indeed, it has been shown that 
women of child-bearing age are often exposed to DomA lev-
els that approximate or exceed the recommended safety limits 
(Costa et al., 2010; Tsuchiya et al., 2008).

The dose-response curve for DomA in animals and humans 
is very steep. For example, in humans a dose of 0.3 mg/kg is 
asymptomatic, whereas exposure to 2 mg/kg results in frank 
neurotoxicity (Todd, 1993). As said earlier, the proposed TDI 
levels range from 0.018 to 0.1 mg/kg/day, and these values are 
often exceeded in populations consuming DomA-contaminated 
foods at the current limit (20 ppm) (Costa et al., 2010; EFSA, 
2009; Tsuchiya et al., 2008). Thus, the low nanomolar levels of 
repeated exposure to DomA used in this study are within real-
istic exposure scenarios, and individuals with genetic polymor-
phisms of GCLM may be particularly at risk for the neurotoxic 
effects of DomA.
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