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Abstract
Hyper-homocysteinemia is an independent risk factor for stroke and neurological abnormalities.
However the underlying cellular mechanisms by which elevated homocysteine can promote
neuronal death is not clear. In the present study we have examined the role of NMDA receptor
mediated activation of the extracellular-signal regulated mitogen activated protein (ERK MAP)
kinase pathway in homocysteine-dependent neurotoxicity. The study demonstrates that in neurons
L-homocysteine-induced cell death is mediated through activation of NMDA receptors. The study
also shows that homocysteine-dependent NMDA receptor stimulation and resultant Ca2+ influx
leads to rapid and sustained phosphorylation of ERK MAP kinase. Inhibition of ERK
phosphorylation attenuates homocysteine mediated neuronal cell death thereby demonstrating that
activation of ERK MAP kinase signaling pathway is an intermediate step that couples
homocysteine mediated NMDA receptor stimulation to neuronal death. The findings also show
that cAMP response-element binding protein (CREB), a pro-survival transcription factor and a
downstream target of ERK, is only transiently activated following homocysteine exposure. The
sustained activation of ERK but a transient activation of CREB together suggest that exposure to
homocysteine initiates a feedback loop that shuts off CREB signaling without affecting ERK
phosphorylation and thereby facilitates homocysteine mediated neurotoxicity.
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INTRODUCTION
Homocysteine, a sulfur-containing amino acid, is formed as an intermediate during
methionine metabolism. Nutritional deficiency of the cofactors or genetic mutations and
impaired activity of the key enzymes in the homocysteine metabolic pathway cause
accumulation of plasma homocysteine resulting in hyper-homocysteinemia. Additionally,
general health status of an individual that involves advanced age, insufficient renal and
hepatic function, diabetes mellitus, hypothyroidism, as well as medications including folate
and vitamin B6 antagonists may raise plasma homocysteine levels (Hankey and Eikelboom
2001; Austin et al. 2004; Obeid and Herrmann 2006; Zoccolella et al. 2006). Individuals
with hyper-homocysteinemia are known to be at risk for neurological diseases including
vascular dementia and stroke (Gottfries et al. 1998; Sacco et al. 1998). Hyper-
homocysteinemia is also associated with neurological abnormalities such as mental
retardation, age-associated dementia, Alzheimer’s disease, Parkinson’s disease, cerebral
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atrophy and seizures (Watkins and Rosenblatt 1989; Van den Berg et al. 1995; Gottfries et
al. 1998; Miller 1999; Seshadri et al. 2002).

Recent reports indicate that hyper-homocysteinemia in otherwise healthy elderly people
results in reduced size and volume of hippocampus and cortex (den Heijer et al. 2003).
Studies in animal models of neurological disorders indicate that hyper-homocysteinemia
sensitizes hippocampal neurons to excitotoxic insults (Kruman et al. 2000) and greatly
enhances neuronal death in mouse models of cerebral stroke (Endres et al. 2005),
Alzheimer’s and Parkinson’s diseases (Duan et al. 2002; Kruman et al. 2002). In vitro
studies in cultured hippocampal neurons suggest that homocysteine induces a dose-
dependent increase in apoptotic cell death (Kruman et al. 2000). However the underlying
cellular mechanisms by which elevated homocysteine induce neuronal death or exacerbate
the consequences of other insults are still unclear. It has been suggested that elevated
homocysteine may induce brain damage by increasing cellular oxidative stress as well as by
leading to hypo-methylation of DNA and proteins (Obeid and Herrmann 2006). Increased
homocysteine levels may also play a role in neuronal death via stimulation of glutamate
receptors (Kruman et al. 2000; Zieminska et al. 2003; Obeid and Herrmann 2006).
Homocysteine is an agonist for metabotropic glutamate receptors as well as for NMDA (N-
methyl-D-aspartate) and AMPA (amino-3-hydroxy-5-methyl-4-isoxazolepropionate)/
Kainate ionotropic glutamate receptors (Lipton et al. 1997; Yuzaki and Connor 1999;
Lazarewicz et al. 2003; Shi et al. 2003; Zieminska et al. 2003; Luchowska et al. 2005;
Robert et al. 2005). Recent in vitro studies indicate that elevated homocysteine induces
oxidative injury in nerve terminals and involves NMDA receptor stimulation, neuronal nitric
oxide synthase activation and associated free radical formation (Jara-Prado et al. 2003). In
addition, tau protein phosphorylation by elevated homocysteine also involves NMDA
receptor stimulation (Ho et al. 2002). Furthermore, homocysteine sensitizes cultured neurons
to excitotoxic or oxidative insults to allow larger Ca2+ influx (Kruman et al. 2000). The
associated homocysteine-mediated cell death observed was also NMDA receptor-dependent
(Kruman et al. 2000). Therefore homocysteine-NMDA receptor stimulation may be the
initial key step for inducing neuronal damage.

Stimulation of NMDA receptors by various agonists triggers a multitude of signaling
cascades that regulate a diverse array of neuronal functions. The extracellular-signal
regulated (ERK) MAP kinase signaling cascade is one such target that may play a critical
role in neuronal cell survival or death depending on its magnitude and duration of activation.
Generally, ERK MAP kinase is transiently stimulated by neurotrophic factors and
neurotransmitters such as glutamate and has been shown to be important in neuronal
survival and long-term potentiation (Boulton et al. 1991; Xia et al. 1995; Segal and
Greenberg 1996). A possible role for ERK MAP kinase in neuronal death is less clear but
there is evidence that sustained activation of the ERK MAP kinase pathway is detrimental to
cell survival (Marshall 1995; Herdegen and Leah 1998; Alessandrini et al. 1999; Irving et al.
2000; Stanciu et al. 2000; Stanciu and DeFranco 2002). Although homocysteine is an
agonist for NMDA receptors very few studies have investigated the role of homocysteine in
the regulation of ERK MAP kinase signaling pathways and its effect on neuronal cell
survival and death. In this regard a recent study (Robert et al. 2005) has shown elevated
levels of phosphorylated ERK in the hippocampus of hyper-homocysteinemic cystathionine
beta synthase knockout mice and a transient phosphorylation of ERK by elevated
homocysteine in an ex vivo model of mice hippocampal slice cultures. However the role of
ERK MAP kinase in facilitating homocysteine-mediated neuronal cell death is unclear.

The aim of the present study is to examine the effect of a pathological level of homocysteine
on NMDA receptor mediated neuronal cell death and activation of the ERK MAP kinase
signaling pathway. Our results show that homocysteine-NMDA receptor mediated Ca2+
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influx results in a rapid and relatively sustained ERK MAP kinase phosphorylation. Our
findings also demonstrate that activation of the ERK MAP kinase-signaling pathway plays a
critical role in mediating homocysteine dependent neuronal cell death.

MATERIALS AND METHODS
Materials and reagents

All tissue culture reagents were obtained from Invitrogen, Carlsbad. L-homocysteine
thiolactone, L-Glutamate, NMDA, glycine, cytosine D-arabinofuranoside, DL-2-Amino-5-
phosphonopentanoic acid (APV), 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX), (+) α-
methyl-4-carboxyphenylglycine (MCPG), EGTA were from Sigma-Aldrich, USA.
Nifedipine, Genistein, H89, Ro-32-0432, PD98059, NG-Propyl-L-arginine (N-PLA), 7-
nitroindazole (7-Ni), were obtained from EMD biosciences. Anti-phospho-ERK monoclonal
antibody recognizing phosphorylation at residues Thr202/Tyr204 of ERK 1 and 2 (TPEYP-
ERK), anti-phospho-CREB (Ser133) polyclonal antibody, anti-total CREB polyclonal
antibody, anti-phospho-p38 polyclonal antibody and anti-total p38 polyclonal antibody were
obtained from Cell Signaling Technology. Anti-total ERK2 polyclonal antibody was
purchased from Santa Cruz Biotechnology. Anti-rabbit and anti-mouse secondary antibodies
conjugated to Alexa 488 and Cy3 were obtained from Molecular Probes, Invitrogen.

Primary cortical neuronal cultures
The Institutional Animal Care and Use Committee of the University of New Mexico
approved all experimental protocols involving animals. Pregnant female Sprague Dawley
rats (16-day gestation) were obtained from Harlem Laboratories. Primary neuronal cultures
were established from rat embryos that were 16–17 day old as described earlier (Paul et al.
2003). Briefly, the cortex with the adjoining striatum were dissected out, dissociated
mechanically and re-suspended in Dulbecco’s minimum essential medium/F12 (1:1)
supplemented with 5% fetal calf serum. Cells (8 × 106 cells/60 mm dish) were plated on
poly-D-lysine coated tissue culture dishes (BD Biocoat) and grown for 12–14 days in vitro
(DIV) at 37°C in a humidified atmosphere consisting of 5% CO2. To inhibit proliferation of
non-neuronal cells, we added 10μM cytosine D-arabinofuranoside to the cultures 72 hours
after plating. Thereafter we placed neurons in Minimal Essential Medium containing 5%
fetal calf serum until the day of experiment. The experiments were performed on cortical
neuron cultures (14 DIV) that were ~95% pure as determined by immunocytochemical
staining with antibodies to neuron specific enolase (neuronal marker) and Glial fibrillary
acidic protein (astrocyte marker).

L-Homocysteine preparation, treatment and inhibitor studies
L-homocysteine (200 mM stock) was prepared by alkali hydrolysis followed by
neutralization as described earlier (Poddar et al. 2001). For homocysteine treatment, cells
were washed twice with Hank’s balanced salt solution (HBSS) followed by treatment in
HBSS containing 50 μM glycine (Lipton et al. 1997). Cells were stimulated with various
concentrations of L-homocysteine as specified in experiments for the indicated times at
37°C. For inhibitor studies, all pharmacological compounds were added 20 minutes before
addition of L-homocysteine. After treatment, the cells were washed with phosphate buffered
saline (PBS, pH 7.4) containing 50 mM NaF; 10 mM Na4P2O7; 1 mM Na3VO4 and lysed in
SDS sample buffer followed by SDS-PAGE and immunoblot analysis.

Immunoblotting procedure
Equal amounts of protein lysates, as estimated using a BCA protein assay kit (Pierce), were
resolved by 8% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF)
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membrane. The membranes were blocked for 1 h at room temperature with 5% non-fat dry
milk, then incubated overnight at 4°C or for 1 h at room temperature with the appropriate
rabbit polyclonal or mouse monoclonal antibodies as indicated in each figure according to
manufacturer’s protocol. Horseradish peroxidase coupled to anti rabbit or anti mouse IgG
that are raised in goat were used as secondary antibodies. Immune complexes were detected
on X-ray films after treatment with the West Pico supersignal chemiluminescence reagents
(Pierce Biotechnology, USA). Densitometric analysis of the images obtained from X-ray
films was performed using the Image J software. Statistical comparison was done using
One-way analysis of variance (ANOVA, Bonferroni’s multiple comparison test) and
differences were considered significant when p < 0.05.

Immunocytochemical and Hoechst DNA-staining procedures
Neuronal cultures were grown on 2-well glass chamber slides coated with poly-d-lysine (BD
BioCoat) for 14 days in vitro. After stimulation, samples were fixed with 4%
paraformaldehyde for 10 minutes. For immuno-cytochemistry the cells were permeabilized
with 0.1% Triton X-100 in PBS (pH 7.4) for 10 minutes, blocked with 10% normal goat
serum and 1% BSA in PBS for 1 hour followed by incubation with a mixture of anti-TPEYP-
ERK and anti-ERK antibodies overnight at 4°C. Samples were then incubated with a
mixture of anti-rabbit and anti-mouse secondary antibodies conjugated to Cy3 and Alexa
488, respectively, washed with PBS and mounted with Vectashield mounting fluid (Vector
laboratories). For assessment of nuclear damage cells were incubated with Hoechst 33342
dye for 15 minutes, washed with PBS (pH 7.4) and mounted with Vectashield mounting
medium. The percentage of pyknotic nuclei was quantitatively assessed under a fluorescent
microscope. A total of 1500 cells were counted for each set of experiments. Mean ± s.e.m.
(n = 3) were used for statistical comparison using ANOVA (Bonferroni’s multiple
comparison test). Differences were considered significant when p < 0.05.

RESULTS
Homocysteine mediated regulation of ERK MAP kinase

Initial studies examined whether homocysteine can lead to the phosphorylation and
subsequent activation of ERK MAP kinase in neurons. For these experiments cortical
neuronal cultures were treated with increasing concentrations of L-homocysteine (0, 5, 50,
100, and 500 μM) for 5 minutes and analyzed by immunoblotting with anti-TPEYP-ERK.
We observed a dose-dependent increase in ERK2 phosphorylation, which was significantly
higher than the basal amount with 50 μM and greater concentrations of homocysteine
(Figure 1A, upper panel). Total ERK2 amounts remained unaltered by this treatment (Figure
1A, lower panel).

We next treated neuronal cultures with L-homocysteine (50 μM) for various lengths of time
(0, 2.5, 5, 10, 30 and 60 minutes) to examine the temporal profile of ERK2 phosphorylation.
A significant increase in ERK2 phosphorylation was observed within 2.5 minutes of
stimulation that remained elevated throughout the time course examined (Figure 1B and
1C). It has been previously demonstrated that ERK MAP kinase is phosphorylated in
response to the neurotransmitter glutamate, which plays a key role in neuronal survival,
long-term potentiation as well as in neuronal cell death. To investigate the temporal profile
of ERK2 phosphorylation following exposure to glutamate we treated neurons with 50 μM
of glutamate for various time periods (0, 2.5, 5, 10, 20 and 30 minutes). As shown in Figure
1D and 1E, phosphorylation of ERK2 increased within 2.5 minutes of glutamate stimulation
followed by a time-dependent decrease to basal levels by 30 minutes. These findings suggest
that homocysteine-mediated regulation of ERK MAP kinase signaling pathway may have
varied consequences on gene expression as compared to that with glutamate.

Poddar and Paul Page 4

J Neurochem. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Homocysteine mediated phosphorylation of ERK2 is NMDA receptor dependent
We next examined the possible role of ionotropic (NMDA and AMPA/kainate) and
metabotropic glutamate receptors in homocysteine-mediated ERK2 phosphorylation.
Immunoblot analysis in Figure 2A shows that incubation of neurons with the NMDA
receptor antagonists, MK801 or APV before treatment with L-homocysteine (50 μM, 5
minutes) blocked the phosphorylation of ERK2. In contrast, the AMPA/kainate receptor
antagonist, CNQX and the metabotropic glutamate receptor antagonist, MCPG had no effect
on the homocysteine-mediated phosphorylation of ERK2. Treatment with both APV and
CNQX blocked homocysteine-mediated ERK2 phosphorylation. Immunocytochemical
studies further demonstrated that under basal conditions ERK2 was primarily in the
dephosphorylated form and retained in the cytoplasm (Figure 2B, left panel). Treatment with
L-homocysteine (50 μM, 5 minutes) resulted in the phosphorylation and nuclear
translocation of the phosphorylated ERK2 (TPEYP-ERK) by 5 minutes (Figure 2B, center
panel). Pre-incubation with APV, inhibited the phosphorylation and nuclear translocation of
ERK2. Taken together these results indicate that NMDA receptors play a role in
homocysteine-mediated phosphorylation and subsequent nuclear translocation of ERK2.

Recent findings suggest the existence of two functionally distinct pools of NMDA receptors
(Luo et al. 1997), NR1/NR2A containing NMDA receptors (NR2A-NMDAR) and NR1/
NR2B containing NMDA receptors (NR2B-NMDAR). We next examined the effect of
NR2B-antagonists, Ro 256981 and Ifenprodil on homocysteine-mediated phosphorylation of
ERK2. Figure 2C shows that addition of either of the NR2B antagonists before treatment
with homocysteine for 5 or 30 minutes had no effect on ERK2 phosphorylation, suggesting
that homocysteine-induced phosphorylation of ERK2 is mediated primarily by NR2A-
NMDAR. At present there is no selective NR2A-NMDAR antagonist available to provide a
better indication for the involvement of NR2A-NMDAR activation.

Homocysteine-NMDA receptor mediated phosphorylation of ERK2 is Ca2+-dependent
We next determined the role of extracellular Ca2+ in homocysteine-NMDA receptor
mediated phosphorylation of ERK2. Removal of extracellular Ca2+ present in the media by
chelating with EGTA prior to treatment with L-homocysteine (50 μM, 5 minutes) blocked
homocysteine-dependent ERK2 phosphorylation (Figure 3A). EGTA alone had no effect on
the phosphorylation of ERK2 (Figure 3A). Another principal mediator of Ca2+ entry
involved in the activation of ERK MAP kinase in neurons is the L-type voltage-gated Ca2+

channel (Dolmetsch et al. 2001). Next we wanted to determine if, in addition to NMDA
receptors, L-type voltage-gated Ca2+ channels also play a role in homocysteine-mediated
activation of ERK2. Treatment with Nifedipine, a L-type voltage-gated Ca2+ channel
blocker prior to stimulation with L-homocysteine (50 μM, 5 minutes) shows that blocking L-
type voltage-gated Ca2+ channels did not have any effect on homocysteine-induced
phosphorylation of ERK2 (Figure 3B). To ensure the efficacy of nifedipine in the above
experiment, in control studies neurons were treated with KCl (60 mM, 5 minutes) in the
absence or presence of Nifedipine and analyzed for phosphorylation of ERK2 (Figure 3B).
Consistent with earlier findings (Lenz and Avruch 2005), our result shows that nifedipine
can effectively block KCl-mediated phosphorylation of ERK2, demonstrating the
involvement of L-type voltage-gated Ca2+ channels.

Role of protein kinases and neuronal nitric oxide synthase in homocysteine-NMDA
receptor mediated ERK2 phosphorylation

Cyclic-AMP dependent protein kinase A (PKA), protein kinase C (PKC), several tyrosine
kinase family members (PTKs) and neuronal nitric oxide synthase (nNOS) are known to
play a critical role in transducing intracellular signals in response to NMDA receptor
stimulation (Durkin et al. 1996; Yun et al. 1999; Banko et al. 2004; Salter and Kalia 2004).
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To evaluate the role of these kinases in the phosphorylation of ERK2, neuronal cultures
were treated with L-homocysteine for 5 minutes in the presence or absence of, H89,
Ro-32-0432 or genistein, specific inhibitors of PKA, PKC and PTK respectively. Figure 4A
shows that inhibition of PKA, PKC or PTK resulted in attenuation of ERK2 MAP kinase
phosphorylation. Next cells were incubated with the selective nNOS inhibitors N-PLA or 7-
Ni prior to treatment with L-homocysteine. Figure 4B shows that nNOS inhibitors had no
significant effect on homocysteine-mediated phosphorylation of ERK2 demonstrating that
NO is not involved in this phenomenon. As a positive control, for the pharmacological
inhibition of nitric oxide, in some experiments neurons were treated with glutamate (50 μM,
5 minutes) in the presence or absence of N-PLA or 7-Ni and phosphorylation of p38 MAP
kinase was analyzed by immunoblotting. Confirming previous reports (Cao et al. 2005) our
data showed that both N-PLA and 7Ni effectively blocked glutamate-mediated
phosphorylation of p38 MAP kinase (Figure 4C).

Inhibition of ERK2 attenuates homocysteine-NMDA receptor mediated neuronal cell death
To determine the effect of homocysteine on cell death, neurons were exposed to L-
homocysteine (50 μM) either for 1 hour (short term exposure) or 18 hours (long term
exposure). Neurons that were treated for 1 hour were maintained in the experimental
medium without homocysteine for another 17 hours. Cells were then processed for Hoechst
DNA staining, an early indicator of apoptosis (Daxhelet et al. 1989; Kruman et al. 2000).
Figure 5A and 5B show that under basal condition 17.4 ± 1.32% of the cells were apoptotic.
Following exposure to L-homocysteine for 1 hour 30.4 ± 1.6% of the cells became apoptotic
whereas exposure for 18 hours resulted in 44.7 ± 1.57% of the cells to become apoptotic.
Immunoblot analysis also showed that ERK2 remained phosphorylated for 18 hours (data
not shown). To determine a role for NMDA receptors in homocysteine-mediated neuronal
cell death APV was added to the cells prior to treatment with L-homocysteine for 18 hours
and analyzed for death by Hoechst DNA staining. Figure 6A and 6B show that pretreatment
with APV leads to a significant reduction in the percentage of apoptotic cells (16.6 ± 1.4%).

To further clarify the role of ERK2 in homocysteine-NMDA receptor mediated neuronal cell
death neurons were treated with L-homocysteine (50 μM, 5 minutes) in the absence or
presence of PD98059, a selective inhibitor of MEK1/2, an upstream kinase of ERK MAP
kinase. Immunoblot analysis showed that PD98059 completely prevented homocysteine
induced ERK2 phosphorylation without affecting total ERK2 levels (Figure 7A). In a
parallel series of experiments neurons were treated with homocysteine (50 μM) in the
absence or presence of PD98059 and 18 hours later cell death was assessed by Hoechst
DNA staining. Figure 7B and 7C show that inhibition of ERK2 phosphorylation
significantly attenuated homocysteine-induced neuronal cell death (23.3 ± 1.6%). Incubation
with PD98059 alone had no effect on cell death (17.89 ± 1.58%) in these experiments.
These findings indicate that phosphorylation and subsequent activation of ERK MAP kinase
pathway plays a critical role in homocysteine-NMDA receptor mediated neuronal cell death.

Homocysteine leads to transient phosphorylation of cAMP response-element binding
(CREB) protein

An important downstream target of ERK-dependent signaling is the transcription factor
CREB, which is known to promote cell survival (Vanhoutte et al. 1999). To determine the
temporal profile of CREB phosphorylation neurons were treated with L-homocysteine (50
μM) for different time periods (0, 2.5, 5, 10, 30, 60 and 120 minutes) followed by
immunoblot analysis with anti phospho-CREB antibody. Figure 8A shows that
phosphorylation of CREB increased within 2.5 minutes of stimulation and this gradually
declined to basal levels within 30 minutes. When compared with the kinetics of
homocysteine induced ERK2 phosphorylation (Figure 8A) the onset of CREB
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phosphorylation coincided with the phosphorylation of ERK2. However unlike the sustained
nature of ERK2 phosphorylation, the phosphorylation of CREB was transient. On the other
hand, Figure 8B shows that in neurons treated with NMDA (50 μM) for specified time
periods (0, 2.5, 5, 10, 30, 60 and 120 minutes) phosphorylation of both CREB and ERK2
followed the same temporal profile. This later result is consistent with previous findings,
which showed that treatment with glutamate or NMDA resulted in transient increase in
phosphorylation of both ERK2 and CREB within 2.5 minutes followed by a time-dependent
decrease to basal levels by 30 minutes (Chandler et al. 2001; Paul et al. 2003). Finally, to
confirm that homocysteine-mediated phosphorylation of CREB is downstream of ERK
MAP kinase neurons were pre-incubated with PD98059 prior to treatment with L-
homocysteine (50 μM, 5 minutes). Figure 8C shows that treatment with PD98059 blocked
homocysteine-mediated phosphorylation of CREB.

DISCUSSION
A key finding of the present study is that prolonged exposure to homocysteine leads to
significant increases in neuronal cell death over basal levels that is dependent on NMDA
receptor activation. Most importantly, the study demonstrates a role of ERK MAP kinase in
neuronal cell death. Stimulation of NMDA receptors by homocysteine lead to a rapid and
sustained activation of ERK2 and the inhibition of ERK2 protected the neurons against
homocysteine-induced cell death. In contrast, CREB a downstream target of ERK and a pro-
survival factor is only transiently activated following treatment with homocysteine. This
indicates that homocysteine not only leads to the activation of ERK but also stimulates a
negative feed back loop that involves dephosphorylation and inactivation of CREB. As a
consequence certain pro-apototic targets of ERK2 (Zhuang and Schnellmann 2006) may be
activated that eventually leads to neuronal cell death.

Mild to moderate hyper-homocysteinemic conditions exist in individuals whose plasma
homocysteine concentration ranges between 15–100 μM and these levels are considered to
be a risk factor for neurodegenerative diseases (Hankey and Eikelboom 2001; Austin et al.
2004; Obeid and Herrmann 2006; Zoccolella et al. 2006). Severe hyper-homocysteinemic
conditions prevail when plasma levels of total homocysteine are >100 μM and may be found
in individuals with inherited genetic disorders (Hankey and Eikelboom 2001; Austin et al.
2004; Obeid and Herrmann 2006; Zoccolella et al. 2006). In mammalian brain, under
normal conditions total homocysteine levels as high as 10 μM has been reported in certain
regions (Broch and Ueland 1984). During hyper-homocysteinemia, elevated homocysteine
concentrations in brain may either result from cellular metabolism within the brain itself or
by diffusion and carrier/receptor mediated transport mechanisms across the blood brain
barrier (Obeid and Herrmann 2006). In animal models of hyper-homocysteinemia it has
been shown that plasma homocysteine levels of 100 μM compromises the integrity of the
blood-brain barrier resulting in leakage and exposure of brain cells to relatively higher
homocysteine levels (Kamath et al. 2006). Additionally, disruption of the blood-brain barrier
following cerebral stroke (Phillis et al. 1994) or head trauma (Palmer et al. 1994) in animals
results in exposure of the brain to near plasma levels of amino acids including homocysteine
(Lipton et al. 1997). In stroke patients the brain may remain exposed to high homocysteine
levels for prolonged periods (Lindgren et al. 1995; Perry et al. 1995; Selhub et al. 1995).
This implies that even moderate plasma homocysteine levels, resulting from common
vitamin cofactor deficiency, medications or diseases (Obeid and Herrmann 2006), may
contribute to neuronal damage in vivo (Lipton et al. 1997). In this context a recent in vitro
study has shown that treatment with DL-homocysteine (0.5 – 250 μM) results in a dose-
dependent increase in apoptosis in hippocampal neurons (Kruman et al. 2000). Our results
also demonstrate that 50 μM L-homocysteine induces significant cell death in cortical
neurons.
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ERK 1 and ERK 2 are versatile protein kinases that are ubiquitiously expressed in the
central nervous system. They have been implicated in numerous signaling cascades within
neurons. Functions assigned to ERK activity include neuronal maturation and survival
during development (Dolmetsch et al. 2001), changes in synaptic plasticity underlying
learning and memory (English and Sweatt 1997; Kornhauser and Greenberg 1997; Atkins et
al. 1998; Blum et al. 1999; Coogan et al. 1999) and regulation of immediate early genes
CREB and Elk-1 (Pende et al. 1997; Vanhoutte et al. 1999; Mabuchi et al. 2001; Lee et al.
2005). Recent studies indicate that ERK MAP kinase may also play a role in promoting
neuronal cell death both in development and in neurodegenerative disorders. Bhat and
Zhang (1999) first reported that inhibition of ERK MAP kinase using PD98059 rescues
oligodendrocytes from H2O2-induced cell death and this observation was subsequently
confirmed in neurons (Lesuisse and Martin 2002). Inhibition of ERK also improved cell
survival of neurons subjected to oxidative stress and seizure like activity (Murray et al.
1998). Evidence for the involvement of ERK MAP kinase in neurodegeneration in vivo was
obtained from an animal model of stroke induced by transient occlusion of the middle
cerebral artery. An increased phosphorylation of ERK was detected following stroke and
pretreatment with inhibitors that blocked phosphorylation of ERK resulted in a significant
decrease in infarct volume (Alessandrini et al. 1999; Namura et al. 2001; Wang et al. 2004).
ERK MAP kinase was also activated in the damaged brain tissue obtained from a mice
model of traumatic brain injury and pre-treatment with PD98059 prior to trauma resulted in
a significant reduction in cortical lesion (Mori et al. 2002; Clausen et al. 2004).

It has been proposed that transient activation of ERK MAP kinase has different
consequences as compared with sustained activation (Colucci-D’Amato et al. 2003; Zhuang
and Schnellmann 2006). Transient activation of ERK plays a pivotal role in neuronal
maturation, survival and long-term potentiation (Boulton et al. 1991; Xia et al. 1995; Segal
and Greenberg 1996). Whereas sustained activation of ERK may play a critical role in
triggering pro-apoptotic signals and neuronal cell death. For example, sustained activation of
ERK by inhibition of protein phosphatases has been shown to induce neuronal cell death in
hippocampal slices (Runden et al. 1998). Again sustained activation of ERK following a
relatively prolonged (6–9 hours) treatment with glutamate (5 mM) leads to caspase-
dependent neuronal cell death (Stanciu et al. 2000). Inhibition of ERK protected the neurons
against this glutamate-induced cell death even if the inhibition was initiated 1 hour after
addition of glutamate. However the underlying signaling mechanisms that lead to the
transient or sustained phosphorylation of ERK is not completely understood. As evident
from earlier studies as well as our findings, NMDA receptor stimulation by glutamate or
NMDA leads to transient increase in ERK2 phosphorylation (Jiang et al. 2000a, b; Chandler
et al. 2001; Paul et al. 2003). This is consistent with the suggestion that glutamate mediated
NMDA receptor stimulation leads to activation of both stimulatory and inhibitory pathways
involved in the modulation of ERK signaling (Marshall 1995; Vincent et al. 1998;
Vanhoutte et al. 1999; Chandler et al. 2001; Paul et al. 2003; Waxman and Lynch 2005a, b).
Supporting this hypothesis recent findings demonstrated that glutamate-mediated NMDA
receptor stimulation not only activates the phosphatidylinositol 3-kinase pathway leading to
phosphorylation of ERK but also initiates a negative feedback loop that involves inhibition
of the phosphatidylinositol 3-kinase pathway (Chandler et al. 2001; Kim et al. 2005) as well
as the activation of the tyrosine phosphatase STEP (Paul et al. 2003). The later in turn
dephosphorylates ERK and limits the duration of its activation. Furthermore it has been
shown that activation of NR2A-NMDARs promotes ERK MAP kinase activation whereas
NR2B-NMDARs inhibits ERK activation (Kim et al. 2005; Waxman and Lynch 2005b;
Ivanov et al. 2006). Our findings now demonstrate that homocysteine-mediated NMDA
receptor stimulation leads to sustained activation of ERK2, which is mediated through
NR2A-NMDARs. Taken together these findings suggest that homocysteine may lead to a
lower level of receptor stimulation that is sufficient to activate NR2A-NMDARs and
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promote ERK2 activation. While glutamate or NMDA may lead to a higher-level of receptor
stimulation that can activate both NR2A- and NR2B-NMDA receptors resulting in
sequential activation of both the stimulatory and inhibitory pathways to reduce the duration
of ERK2 activation. Thus the duration of ERK MAP kinase activation following NMDA
receptor stimulation depends on the nature of the extracellular stimulus and may have
different consequences on intracellular signaling pathways eventually leading to different
cellular responses.

The dual role of ERK MAP kinase in cell survival and death suggests that a unique profile
of gene expression may be elicited depending on the duration and/or magnitude of ERK
MAP kinase activation (Marshall 1995; Herdegen and Leah 1998). One downstream target
of ERK-dependent signaling is the transcription factor CREB (Pende et al. 1997) and is a
potentially important component of the survival pathway (Vanhoutte et al. 1999; Mabuchi et
al. 2001; Hara et al. 2003; Lee et al. 2005). Our findings show that homocysteine induced
phosphorylation of CREB (serine133) is mediated through ERK MAP kinase but the
duration of CREB’s phosphorylation is transient as compared to phosphorylation of ERK.
Persistent phosphorylation of CREB at serine133 has been correlated with cell survival and
neuroprotection (Mabuchi et al. 2001; Hara et al. 2003; Lee et al. 2005). This suggests that
in spite of the initial ERK mediated phosphorylation of CREB, homocysteine-dependent
NMDA receptor stimulation may activate a feedback loop that shuts off the CREB signaling
without affecting phosphorylation of ERK. This in turn facilitates the activation of ERK
dependent pro-apoptotic pathways that may eventually lead to neuronal cell death. In
conclusion the present study provides new insights into the signaling mechanisms
underlying homocysteine mediated NMDA receptor stimulation that may be associated with
the pathology of hyper-homocysteinemia. Further studies are necessary to elucidate the
signaling mechanisms downstream of homocysteine-NMDA receptor stimulation of ERK
MAP kinase that may lead to neuronal cell death.
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Figure 1.
Homocysteine stimulates phosphorylation of ERK2 in neurons. (A) Immunoblot analysis of
neurons treated with (A) different concentrations of L-homocysteine (L-Hcy) for 5 minutes,
(B, C) L-homocysteine (L-Hcy, 50 μM) or (D, E) glutamate (100 μM) for the specified
times. Total ERK2 was also analyzed to indicate total protein loading. (C, E) Quantification
of phosphorylated ERK2 by computer assisted densitometry. Values are mean ± s.e.m.
(n=3). Asterisk * indicates significant difference from 5 minutes L-homocysteine or
glutamate treatment (p < 0.05).
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Figure 2.
Homocysteine mediated NMDA receptor stimulation leads to phosphorylation and nuclear
translocation of ERK2 in neurons. (A) Immunoblot analysis of cells treated with control
buffer, MK810 (2.5 μM), APV (200 μM), CNQX (50 μM), APV and CNQX or MCPG (500
μM) before treatment with L-homocysteine (L-Hcy, 50 μM) for 5 minutes. Quantification of
phosphorylated ERK2 by computer-assisted densitometry is shown below. Values are mean
± s.e.m. (n=3). Asterisk * indicates significant difference from 5 minutes L-homocysteine
treatment (p < 0.001). (B) Immunocytochemical staining of cells with anti-TPEYP-ERK
antibody (orange) and anti-ERK2 antibody (green) demonstrating nuclear translocation of
phosphorylated ERK2 in neurons. Nucleus is counterstained with DAPI (blue). (C)
Immunoblot analysis of the effect of Ro-2506981 and Ifenprodil on homocysteine mediated
ERK2 phosphorylation. Quantification of phosphorylated ERK2 by computer-assisted
densitometry is shown below. Values are mean ± s.e.m. (n=3). Asterisk * indicates
significant difference from 5 minutes L-homocysteine treatment (p < 0.001).
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Figure 3.
Homocysteine-NMDA receptor mediated ERK2 phosphorylation is Ca2+-dependent.
Immunoblot analysis of cells incubated with either (A) EGTA (2 mM) or (B) Nifedipine (15
μM) prior to treatment with 50 μM of L-homocysteine (L-Hcy) or 60 mM of KCl for 5
minutes.
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Figure 4.
Effects of protein kinase and nNOS inhibitors on homocysteine mediated ERK2
phosphorylation in neurons. Cells were pre-incubated with (A) protein kinase inhibitors
Genistein (100 μM), H89 (40 μM), Ro-32-0432 (2 μM) or (B) nNOS inhibitors N-PLA (1
μM) or 7-Ni (3 μM) before exposure to 50 μm of L-homocysteine (L-Hcy) and (C) nNOS
inhibitors N-PLA (1 μM) or 7-Ni (3 μM) before treatment with glutamate. Immunoblot
analysis was performed with anti-TPEYP-ERK antibody and anti-ERK2 antibody (A and B);
and anti-phospho-p38 (p-p38) antibody and anti p38 antibody (C). Quantification of
phosphorylated ERK2 by computer-assisted densitometry is shown below. Values are mean
± s.e.m. (n=3). Asterisk * indicates significant difference from 5 minutes L-homocysteine or
glutamate treatment (p < 0.001).
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Figure 5.
Homocysteine induces cell death in neurons. Neuron cultures were treated with L-
homocysteine (L-Hcy, 50 μM) for either 1 hr and then maintained in the experimental
medium for another 18 hours or continuously exposed to homocysteine for 18 hours. (A)
Representative photomicrographs of Hoechst DNA staining. Examples of pyknotic DNA are
indicated with arrows. (B) Quantitative analysis of the percentages of neurons with pyknotic
nuclei is represented as mean ± s.e.m. (n = 1500 cells/condition from 3 experiments).
Asterisk * indicates significant difference from control (p < 0.05).
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Figure 6.
Homocysteine induced neuronal cell death is mediated by NMDA receptor. Neuronal
cultures were treated with 50 μM of L-homocysteine (L-Hcy) for 18 hours in the presence or
absence of APV (200 μM). (A) Representative photomicrographs of Hoechst DNA staining.
Examples of pyknotic DNA are indicated with arrows. (B) Quantitative analysis of the
percentages of neurons with pyknotic nuclei is represented as mean ± s.e.m. (n = 1500 cells/
condition from 3 experiments). Asterisk * indicates significant difference from control (p <
0.001), and ** indicates significant difference from L-Hcy treatment (p < 0.001).
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Figure 7.
Homocysteine-NMDA receptor induced neuronal cell death is regulated by ERK MAP
kinase. (A) Immunoblot analysis of neurons pre-incubated with PD98059 (15 μM) before
treatment with 50 μM of L- homocysteine (L-Hcy) for 5 minute. (B, C) Neuronal cultures
were treated with 50 μM of L-homocysteine (L-Hcy) for 18 hours in the presence or absence
of PD98059 (15 μM). (B) Representative photomicrographs of Hoechst DNA staining.
Examples of pyknotic DNA are indicated with arrows. (C) Quantitative analysis of the
percentages of neurons with pyknotic nuclei is represented as mean ± s.e.m. (n = 1500 cells/
condition from 3 experiments). Asterisk * indicates significant difference from control (p <
0.001), and ** indicates significant difference from L-Hcy treatment (p < 0.001).
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Figure 8.
Homocysteine leads to transient phosphorylation of CREB in neurons. Neuronal cultures
were either treated with (A) 50 μM of L- homocysteine (L-Hcy) or (B) 50 μM NMDA for
specific time periods as indicated. Immunoblot analysis was performed with an antibody that
recognizes CREB phosphorylated at ser133 (pCREB), anti-CREB, anti-TPEYP-ERK and
anti-ERK2 antibodies as indicated. Time-dependent phosphorylation of CREB and ERK2 by
computer-assisted densitometry is quantitated. Values are mean ± s.e.m. (n=3). Asterisk *
indicates significant difference from 2.5 minutes L-Hcy or NMDA treatment (p<0.05). (C)
Immunoblot analysis with anti pCREB and anti-CREB antibody, of cells pre-incubated with
PD98059 (15 μM) before treatment with 50 μM of L-Hcy for 5 minutes.
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