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Abstract

In mouse cerebellar granule neurons (CGN) the marine neurotoxin domoic acid (DomA) induces
neuronal cell death, either by apoptosis or by necrosis, depending on its concentration, with apoptotic
damage predominating in response to low concentrations (100 nM). DomA-induced apoptosis is due
to selective activation of AMPA/kainate receptors, and is mediated by DomA-induced oxidative
stress, leading to mitochondrial dysfunction and activation of caspase-3. The p38 MAP kinase and
the c-Jun NH,-terminal protein kinase (JNK) have been shown to be preferentially activated by
oxidative stress. Here we report that DomA increases p38 MAP kinase and JNK phosphorylation,
and that this effect is more pronounced in CGNs from Gclm (/=) mice, which lack the modifier
subunit of glutamate-cysteine ligase, have very low glutathione (GSH) levels, and are more sensitive
to DomA-induced apoptosis than CGNs from wild-type mice. The increased phosphorylation of INK
and p38 kinase was paralleled by a decreased phosphorylation of Erk 1/2. The AMPA/kainate
receptor antagonist NBQX, but not the NMDA receptor antagonist MK-801, prevents DomA-
induced activation of p38 and JNK kinases. Several antioxidants (GSH ethyl ester, catalase,
phenylbutylnitrone) also prevent DomA-induced phosphorylation of INK and p38 MAP kinases.
Inhibitors of p38 (SB203580) and of JNK (SP600125) antagonize DomA-induced apoptosis. These
results indicate the importance of oxidative stress-activated JNK and p38 MAP kinase pathways in
DomA-induced apoptosis in CGNs.
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Mitogen-activated protein kinases (MAPK) are a family of kinases that regulate diverse cellular
functions such as embryogenesis, proliferation, differentiation and apoptotic death (Raman et
al. 2007). The best known MAPK are the extracellular signal-regulated kinases 1 and 2 (Erk

1/2), the Jun N-terminal kinases [JNK (1-3)], also known as stress-activated protein kinases

(SAPK), and the p38 kinases (a, B, v, 8) (Raman et al. 2007).

Xia et al. (1995) found that Erk 1/2, JINK and p38, exert opposing effects on apoptosis. Upon
nerve growth factor withdrawal, PC12 cells undergo apoptotic cell death; this is preceded by
a decrease in phosphorylated Erk 1/2, and an increase in the activation (by phosphorylation)

Correspondence: Dr. Lucio G. Costa, Department of Environmental and Occupational Health Sciences, University of Washington, 4225
Roosevelt Way NE, Suite 100, Seattle, WA 98105, Tel (206) 543-2831, Fax (206) 685-4696, Email: Igcosta@u.washington.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Giordano et al.

Page 2

of INK and p38. Convincing evidence has since emerged that sustained activation of JINK and/
or p38 has a pro-apoptotic role (Yang et al. 1997; Kawasaki et al. 1997; Luo et al. 1998). INK
and p38 are preferentially activated by cell stress-inducing signals, such as oxidative stress,
environmental stress, and toxic chemical insults (Davis, 2000; Kyriakis and Avruch, 2001;
Raman et al. 2007). Additionally, a number of neurotoxic chemicals have been shown to cause
apoptosis in various neuronal cell preparations that is mediated by activation of JNK and/or
p38 (Namnung and Xia, 2000; Caughlan et al. 2004; Newhouse et al. 2004; Klintworth et al.
2007).

We have recently shown that the marine neurotoxin domoic acid (DomA) causes apoptotic cell
death in mouse cerebellar granule neurons (CGNs) (Giordano et al. 2007). DomA is a potent
neurotoxin, that was identified as the toxic agent responsible for an outbreak of poisoning due
to consumption of contaminated shellfish (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 (Tryphonas et al. 1990; Strain and Tasker, 1991; Scallet et
al. 1993; Sobotka et al. 1996). The pattern of brain damage observed in humans and animals
following exposure to DomA resembles that observed after administration of kainic acid
(Teitelbaum, 1990). DomA is indeed a structural analog of kainic acid, and exerts is toxicity
by activating the AMPA/kainate subtype of glutamate receptors (Hampson and Manalo,
1998). In vitro studies have shown that in mouse CGNs DomA causes necrotic or apoptotic
cell death, depending on its concentration (Giordano et al. 2006, 2007). Necrosis is observed
at higher concentrations of DomA (10 uM) and involves activation of both AMPA/kainate and
of NMDA receptors, the latter activated by DomA-induced glutamate release (Berman and
Murray, 1997; Giordano et al. 2006). In contrast, apoptotic damage predominates at lower
concentrations of DomA (100 nM); 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 CGNSs from wild-type
mice also significantly increases DomA neurotoxicity (Giordano et al. 2006).

Given that activation of INK and p38 has been associated with oxidative stress generated by
ultraviolet or gamma radiation, or by direct exposure to hydrogen peroxide (Torres and Forman,
2003; McCubrey et al. 2006), the present study was aimed at determining whether DomA-

induced apoptosis would involve activation of one or both of these two kinases in mouse CGNs.

Experimental procedures

Materials

Domoic acid, poly-D-lysine, (+)-5-methyl-10,11-dihydro-5H-dibenzo[a.d] cyclohepten-5,10-
imine-maleate (MK-801), catalase (CAT), glutathione ethyl ester (GSHEE), N-tert-butyl-
alpha-2-sulfophenyl-nitrone (PBN), horseradish peroxidase-conjugated anti-mouse,
horseradish peroxidase-conjugated anti-rabbit IgG and dimethylsulfoxide (DMSQ) were from
Sigma Chemical Co. (St. Louis, MO, USA). Mouse anti-f-actin antibody was from ABCAM
(Cambridge, MA, USA). 2,3-Dihydroxy-6-nitro-sulfamoylbenzo(f) quinoxaline (NBQX) was
from Tocris Cookson (Ellisville, MO, USA). The reagents for enhanced chemiluminescence
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were from Amersham (Arlington Heights, IL, USA). Neurobasal, Hibernate A and B27
MinusAO media, Hank’s balanced salt solution, GlutaMax, dispase, fetal bovine serum and
gentamycin were from Invitrogen (Carlsbad, CA, USA). Phospho 44/42 MAP Kinase, phospho
p38 MAP Kinase and phospho SAPK/JNK antibodies were from Cell Signaling (Danvers,
MA\). The inhibitors 4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1H-imidazole
(SB 203580) and 1,9-pyrazoloanthrone (SP600125) were purchased from Calbiochem (San
Diego, CA). OxyBurstR Green H2HFF BSA was from Molecular Probes (Eugene, OR, USA).

Generation of Gelm-null mice and genotyping

All procedures for animal 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. Gelm-null [Gelm (—/-)] mice were derived by
homologous recombination techniques in mouse embryonic stem cells, as previously described
in Giordano et al (2006). Pups were genotyped as described by Giordano et al (2006).

Cultures of cerebellar granule neurons and cell treatments

Cultures of cerebellar granule neurons (CGN) were prepared from 7 day-old mice, as described
by Giordano et al. (2006). Neurons were grown for 10-12 days before treatments. All
compounds were dissolved in Locke’s solution, with the exception of PBN which was dissolved
in DMSO.

Incubations with DomA were for 1 h, followed by washout, and cells were harvested at different
times, depending on the end-point measured, as specified in Results.

Measurements of apoptosis

To visualize nuclear morphology following toxin treatment, cells were fixed with methanol
and stained in 10 pg/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 across a diameter were counted per well at 20x, using a fluorescence microscope.

Immunoblotting analysis

Neurons were scraped in lysis buffer (Tris 50 mM pH 7.5, 2 mM EDTA, 0.5 mM EGTA,
0.5mM dithiothreitol, 0.5 mM phenylmethylsulfonylfluoride (PMSF), 10 ug/ml leupeptin, and
2 ug/ml aprotinin, ImM sodium orthovanadate, 1 mM NaF, 0.25% SDS). Whole homogenates
were subjected to SDS-PAGE and immunaoblotting as previously described (Giordano et al.,
2006), using rabbit antibodies against pSAPK/INK, phospho-p38, p44/42 MAPK (1:1000) or
mouse anti-B-actin antibody (1:2000). After electrophoresis, proteins were transferred to PDVF
membranes that were incubated with the above antibodies. Membranes were rinsed in TBS-T
and incubated with horseradish peroxidase-conjugated anti-rabbit 1gG for pSAPK/INK,
phosphor-p38, p44/42 MAPK, or with horseradish peroxidase-conjugated anti-mouse 1gG for
actin at the appropriate dilutions (1:1000 and 1:5000 respectively). Densitometric
quantification of the immunoblot bands was performed using Epson Perfection high-resolution
flatbed scanner and NIH image J densitometry software. The values of phosphorylated forms
were normalized according to the values of the actin.

Statistical Analysis

Data are expressed as the mean + SD of three independent experiments. Statistical analysis
was performed by Student’s t-test for paired samples or by one way ANOVA followed by a
Bonferroni post-test.
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In CGNs from Gcelm (+/+) mice DomA (100 nM) caused a time-dependent increase in the
phosphorylation of INK (Fig. 1) and of p38 (Fig. 2) kinases, with a maximal effect at 3 h. At
this time point, DomA caused a 2.4 +/- 0.5 and 2.2 +/— 0.1-fold increase in phosphorylation
of INK and p38, respectively. In CGN from Gclm (—/-) mice, the effect of DomA was much
more pronounced, with a 8.2 +/— 1.0 and a 6.7 +/— 0.8-fold induction of JNK and p38,
respectively, at 3 h (Fig. 1 and Fig. 2). Such increases were not due to an up-regulation of
kinase expression, since the total levels of these proteins were unchanged. Furthermore, in
agreement with the findings of Xia et al. (1995), we found that DomA caused a decrease in the
phosphorylation of Erk 1/2, without altering Erk 1/2 expression (Fig. 3). The higher levels of
phosphorylation of JINK and p38 kinase induced by DomA in CGN from Gclm (—/-) mice,
which have a reduced level of GSH, suggest that activation of these kinases involves oxidative
stress.

DomA neurotoxicity has been ascribed to activation of both non NMDA (AMPA/kainate) and
NMDA ionotropic receptors. At higher concentrations (e.g. 10 uM), DomA neurotoxicity is
mediated by both AMPA/kainate and NMDA receptors [the latter activated by DomA-induced
glutamate release (Berman and Murray, 1997; Giordano et al. 2006)], while apoptosis induced
by 100 nM DomA is antagonized only by inhibitors of AMPA/kainate receptors (Giordano et
al. 2007). As shown in Fig. 4A and 4B, the AMPA/kainate receptor antagonist NBQX, but not
the NMDA receptor antagonist MK-801, prevented the increases in phosphorylation of both
kinases, again suggesting that p38 and JNK kinases may play an important part in Dom-A
mediated apoptosis.

DomA-induced apoptosis is more pronounced in CGNs from Gclm (—/-) mice which have a
reduced ability to respond to oxidative stress due to their low levels of GSH (Giordano et al.
2007). In addition, the antioxidant melatonin and glutathione ethyl ester (GSHEE) completely
prevented the apoptosis caused by DomA, and apoptotic concentrations of DomA (100 nM)
caused an increase in intracellular reactive oxygen species (Giordano et al. 2007). This
evidence suggests that apoptosis induced by DomA is mediated by oxidative stress. Since
induction of p38 and of JNK kinases by DomA was also higher in CGNs from Gclm (—/-)
mice, it is conceivable that oxidative stress may activate phosphorylation of both kinases. Fig.
5C and 5D show that catalase, GSHEE, and the spin trapping agent N-tert-butyl alpha nitrone
(PBN) prevented phosphorylation of both p38 and JNK.

To examine the functional consequence of p38 and JNK activation in DomA-induced neuronal
apoptosis, we utilized inhibitors of both signaling pathways, the p38 inhibitor SB203580 ( Lal
etal., 1999; Gould et al., 1995), and the JNK inhibitor SP600125 (Wang et al., 2004). DomA-
induced apoptosis was significantly reduced when cells were treated with these inhibitors
alone, and even more when they were used in combination (Fig. 6).

Discussion

The present study indicates that a concentration of DomA causing apoptotic cell death of mouse
CGNs causes sustained activation of both JNK and p38. Such activation is blocked by an
AMPA/kainate receptor antagonist, but not by an antagonist of NMDA receptors. The same
pharmacological profile has been previously seen in regard to DomA-induced apoptosis
(Giordano et al. 2007). Activation of both kinases is inhibited by the antioxidants catalase and
PBN, and by GSHEE, which significantly increases intracellular GSH levels (Giordano et al.
2006). Furthermore, DomA-induced activation of JINK and p38 is significantly more
pronounced in CGNs from Gclm (—/—) mice, which have very low GSH levels (2.4 nmol/mg
protein vs. 12.4 nmol/mg protein in CGNs from wild-type mouse; Giordano et al. 2006).
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Finally, inhibition of JNK or p38 antagonizes the apoptotic effect of DomA, confirming the
involvement of these two kinases in the apoptotic process.

There are no prior reports on the involvement of JINK and p38 in DomA-induced apoptosis.
Limited evidence is, however, available for kainic acid. In rat CGNs, the p38 inhibitor
SB203580 was found to partially attenuate kainic acid-induced apoptosis (Giardina and Beart,
2002). In addition, activation of p38 by kainic acid, and protection against excitotoxicity by a
p38 inhibitor, have also been observed in vivo (Kim et al. 2004; Segura-Torres et al. 2006).
With regard to JNK, it has been reported that JNK-3 knockout mice are more sensitive than
wild-type animals to kainic acid neurotoxicity (Yang et al. 1997; Brecht et al. 2005).

JNKSs are activated in response to inflammatory cytokines, heat shock, ionizing radiation,
oxidative stress, and DNA damage (Kyriakis and Avruch, 2001), and phosphorylate various
transcription factors such as c-Jun, p53, Elk-1, which in turn regulate the expression of genes
involved in cell proliferation or apoptosis (Weston and Davis, 2007; Raman et al. 2007).
Interestingly, both a transient (< 1 h) and a sustained activation of JNK contribute to induction
of gene expression; however, only prolonged activation of INK promotes apoptosis (Ventura
etal. 2006; Weston and Davis, 2007). As shown in Fig. 1, DomA caused a sustained activation
of INK. As for all MAPKSs, JNKSs are activated by a cascade of mitogen-activated protein kinase
kinases (MAPKKS), and the predominant MAP2Ks upstream of INK are MKK4 and MKK?7,
in turn activated by various MAPKKKs (Raman et al. 2007). The p38 kinases are activated by
the same stimuli as INK; however, upstream MAPKKs are MKK3 and MKK®6. JNK and p38
MAPKSs share a large number of common substrates including transcriptional factors and
cytoskeletal proteins (Raman et al. 2007).

While both JNK and p38 kinase appear to be involved in DomA-induced apoptosis in CGNS,
in some cases only one kinase is involved. For example, apoptosis induced by the herbicide
paraquat in dopaminergic neurons requires JNK, but not p38 (Peng et al. 2004; Klintworth et
al. 2007). JNK has also been shown to be involved in caspase-independent, non-apoptotic cell
death (Zhang et al. 2007). The activation of JNK and p38 kinase by DomA was paralleled by
a decrease in the phosphorylation of Erk 1/2 (Fig. 3), thus substantiating the findings of Xia et
al. (1995) suggesting that these three MAPKS exert opposing effects on apoptosis.

In summary, the present findings indicate that a relatively low concentration of DomA (100
nM) causes activation of both JNK and p38 kinase, and that this activation is involved in the
ability of this neurotoxin to induce a caspase 3-dependent apoptosis in mouse CGNs (Giordano
etal. 2007). As an increase of ROS was shown to mediate DomA-induced apoptosis (Giordano
et al. 2007), the signals for JNK and p38 kinase activation are most likely ROS. Indeed,
antioxidants antagonize their phosphorylation (see Fig. 5); phosphorylation of JNK and p38 is
also 3—4-fold more pronounced in CGNs from Gclm (—/-) mice, which display low levels of
GSH (Giordano et al. 2006), and in which levels of ROS induced by DomA are much higher
than in CGNs from wild-type mice (Giordano et al. 2007). The results provide another model
indicating a role for sustained induction of JNK and p38 kinase in mediating apoptosis, and
their opposing effect to Erk 1/2 in modulating the apoptotic process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

DomA induces JNK phosphorylation in mouse CGNs. A. CGNs from Gclm (+/+) and Gclm
(=/-) mice were incubated with 0.1 uM DomA for 1 h, and JNK activation was determined at
the indicated times by Western analysis using an antibody recognizing phosphorylated JNK.
The anti beta-actin antibody was used to confirm equal protein loading in each gel lane, while
an anti-JNK antibody was used to determine levels of JNK protein. B. Quantitation of the
experiments shown in panel A, representing the mean (+/— SD) of three independent
experiments from three separate cultures. *Significantly different from control, p < 0.05;
**Significantly different from control, p<0.01.
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Figure 2.

DomA induces p38 phosphorylation in mouse CGNs. A. CGNs from Gclm (+/+) and Gelm
(—/-) mice were incubated with 0.1 uM DomA for 1 h, and p38 activation was determined at
the indicated times by Western analysis using an antibody recognizing phosphorylated p38.
The anti beta-actin antibody was used to confirm equal protein loading in each gel lane, while
an anti-p38 antibody was used to determine levels of p38 protein. B. Quantitation of the
experiments shown in panel A, representing the mean (+/— SD) of three independent
experiments from three separate cultures. *Significantly different from control, p < 0.05;
**Significantly different from control, p<0.01.
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Figure 3.

DomaA decreases the phosphorylation of Erk 1/2 (p42/p44) in mouse CGNs. A. CGNs from
Gclm (+/+) and Gelm (—/-) mice were incubated with 0.1 uM DomA for 1 h, and Erk 1/2
activation was determined at the indicated times by Western analysis using an antibody
recognizing phosphorylated Erk 1/2. An anti-Erk 1/2 antibody was used to determine levels of
Erk 1/2 proteins. B. Quantitation of the experiments shown in panel A, representing the mean
(+/— SD) of three independent experiments from three separate cultures. *Significantly
different from control, p < 0.05; **Significantly different from control, p<0.01.
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Figure 4.

A. Activation of JNK and p38 activation by 0.1 uM DomA in mouse CGNs is inhibited by the
AMPA/kainate receptor antagonist NBQX (10 uM) but not by the NMDA receptor antagonist
MK-801 (5 uM). CGNs were incubated with DomA for 1 h, antagonists were added 1 h before
DomA, and JNK and p38 phosphorylation was assessed at 3 h. B. Quantitation of the
experiments shown in panel A, representing the mean (+/— SD) of three separate experiments.
** Significantly different from DomA, p<0.01.
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Figure 5.

A. Antioxidants prevent DomA-induced JNK and p38 phosphorylation. CGNs from Gclm (+/
+) mice were exposed for 1 hr to 0.1 uM DomA alone or after 1 h pre-treatment with 100 U/
ml catalase (CAT), 2.5 mM GSH ethylester (GSHEE), or 100 uM PBN. JNK and p38
phosphorylation was assessed at 3 h. B. Quantitation of the experiments shown in panel A,
representing the mean (+/— SD) of three separate experiments. ** Significantly different from

DomA, p<0.01.
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Figure 6.

Antagonists of the p38 and JNK signaling pathways prevent DomA-induced apoptosis. CGNs
from mice of both genotype were pretreated for 30 min with SB203580 (10 uM) or SP600125
(5 uM), and then exposed to 0.1 uM DomA for 1h. Apoptotic cells were determined at 24 h.
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