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Abstract

Inhibition of the p38 mitogen-activated protein kinase (MAP Kinase) pathway reduces acute ischemic injury in vivo, suggesting a direct
role for this signaling pathway in a number of neurodegenerative processes. The present study was designed to evaluate further the role of
p38 MAP Kinase in acute excitotoxic neuronal injury using the selective p38 inhibitor SB-239063 (trans-1-(4hydroxycyclohexyl)-4-
(fluorophenyl)-5-(2-methoxy-pyrimidin-4-yl) imidazole). Unlike the widely used p38 inhibitor, SB-203580 (4-(4-Fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)1 H-imidazole), this second generation p38 inhibitor more selectively inhibits p38 MAP Kinase without
affecting the activity of other MAP Kinase signaling pathways and provides a more accurate means to selectively assess the role of p38 in
excitotoxicity that has not been previously possible. SB-239063 provided substantial protection against cell death induced by either oxygen
glucose deprivation (OGD) or magnesium deprivation in cultured neurons. The ability of this compound to block excitotoxicity was not due
to direct inhibition of N-methyl-D-aspartate (NMDA) receptor-mediated currents as SB-239063 did not alter NMDA electrophysiological
responses. SB-239063 did not protect against a severe excitotoxic insult induced by 60-min exposure to NMDA. However, when tested
against a less severe, brief (5 min) NMDA exposure, p38 inhibition provided substantial protection. These data demonstrate that inhibition of
p38 MAP Kinase can confer neuroprotection in vitro against mild but not severe excitotoxic exposure, and suggests that other additional

pathways/mechanism(s) may be involved in severe excitotoxic cell death. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The mitogen-activated protein kinase family (MAP Kin-
ase) regulate cell stress and survival-related signals by
phosphorylating intracellular enzymes and transcription fac-
tors (Cobb, 1999). Specific MAP Kinases are involved in cell
survival, apoptosis, inflammatory cytokine production, and
possibly secondary ischemia (Barone and Parsons, 2000;
English et al., 1999; McLaughlin et al., 2001). However,
the exact role(s) of MAP Kinases in mediating excitotoxic
central nervous system (CNS) injury have not been fully
elucidated. While a number of reports have suggested a
critical role for p38 activation following N-methyl-D-aspar-
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tate (NMDA) receptor overstimulation (Kawasaki et al.,
1997; Stanciu et al., 2000), these studies have been restricted
to the use of less selective inhibitors which can effect other
MAP Kinase signaling pathways. Recently, the selective p38
MAP Kinase inhibitor, SB-239063 (trans-1-(4hydroxycy-
clohexyl)-4-(fluorophenyl)-5-(2-methoxy-pyrimidin-4-yl)
imidazole), has been shown to provide significant neuro-
protection in rodent focal stroke (Barone et al., 2001a,b;
Legos et al., 2001). The aim of the present study was to
further evaluate the direct neuroprotective effects of p38
MAP Kinase inhibition in various in vitro neuronal cell
models of excitotoxic injury. This clarification of the direct
contribution of p38 to excitotoxicity should improve our
understanding of the mechanism(s) involved in ischemia-
induced brain injury, and hopefully lead to more effective
therapeutic strategies in ischemic and traumatic brain injury
(Barone and Parsons, 2000; Lee and Young, 1996).
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2. Materials and methods
2.1. Preparation of neuron-enriched forebrain cultures

Neuron-enriched forebrain cultures were prepared from
embryonic day 17 (E17) rat fetuses as previously described
(McLaughlin et al., 1998). Dissociated cells were plated on
poly-L-ornithine-treated tissue culture plates in a growth
medium comprised of 80% Dulbecco’s modified eagle’s
medium (DMEM) (high glucose with L-glutamine but without
sodium pyruvate), 10% Ham’s F-12 nutrients, 10% bovine
calf serum (heat-inactivated) with antimycotic/antibiotic mix-
ture (with amphotericin B and streptomycin sulfate). Cultures
were maintained in an incubator at 37 °C, 95% air/5% CO,.
Glial cell proliferation was inhibited after 48 h in culture with
1-2 uM cytosine arabinoside. After 3 days in vitro, medium
was replaced with a serum-free solution comprised of Neuro-
basal medium (without L-glutamine), B27 supplement, and
antimycotic/antibiotic mixture. At 2 weeks in vitro, these
cultures were >95% neuronal as assessed by Hoechst and
glial fibrillary acidic protein staining.

2.2. Oxygen glucose deprivation injury

Oxygen glucose deprivation (OGD) was performed on 2-
week-old cultures. Sixty minutes prior to ischemia, cells were
rinsed in Minimal Eagle’s Medium with Earle’s salts solution,
previously saturated with 10% H,/85% N5,/5% CO,. Cultures
were kept in an anaerobic chamber for various times (45, 60,
120 min) at 37 °C and anoxia—ischemia was terminated by
replacement of the Earle’s balanced salt solution with oxy-
genated growth medium containing vehicle or SB-239063
(20 uM). Cell viability was assessed 20—24 h after oxygen
glucose deprivation by measuring the extent of lactate dehy-
drogenase (LDH) release into the medium as previously
described (Hartnett et al., 1997). Media samples (40 ul) were
analysed spectrophotometrically (490:630 nm) according to
the manufacturer’s instructions.

2.3. Preparation of mixed cortical cultures for electro-
physiology and NMDA exposure

Electrophysiology and toxicity experiments assessing the
effects of SB-239063 on NMDA receptors were performed in
mixed forebrain cultures of neurons and glia. Cerebral
cortices were obtained from embryonic day 16 (E16) Sprague
Dawley rat fetuses and dissociated as previously described
(Hartnett et al., 1997). Briefly, cells were plated onto poly-L-
lysine-coated glass coverslips at a density 0of 225,000 cells/ml
of growth medium (v/v mixture of 80% DMEM, 10% Ham’s
F12, 10% calf serum, 25 mM HEPES, 24 U/ml penicillin, 24
pg/ml streptomycin, and 2 mM L-glutamine) and maintained
at 37 °C in 95% air/5% CO,. Cytosine arabinoside (2 uM)
was added once at 15 days in vitro after which growth
medium lacking F-12 and containing low serum (2%) was
added. Medium was partially replaced with fresh growth

medium three times per week. At 3—5 weeks in vitro, these
cultures contain ~ 10—20% neurons (Rosenberg, 1991; Ro-
senberg and Aizenman, 1989).

2.4. Electrophysiological recordings

Electrophysiology experiments were performed at room
temperature (25 °C) using the whole-cell patch clamp
configuration. Coverslips were bathed in external solution
containing (concentrations expressed in mM): 150 NaCl, 1.0
CaCl,, 2.8 KCI, 10 HEPES, 10 glycine, 25 tetrodotoxin
(Calbiochem) and pH was adjusted to 7.2 with NaOH.
Electrodes were pulled on a Sutter P-87 electrode puller
(Sutter Instruments, Novato, CA) to a resistance of 1.5-3
M{( when filled with internal solution containing (in mM):
140 CsF, 10 EGTA/CsOH, 1 CaCl,, and 10 HEPES (pH
adjusted to 7.2 with CsOH). Signals were amplified using an
Axopatch 200B integrating patch clamp amplifier (Axon
Instruments, Foster City, CA), filtered at 1 kHz, and
digitised at 2 kHz with a DigiData 1200 (Axon Instruments)
computer interface. Drugs were applied via a perfusion
system with a stepper motor for fast solution changes
(Warner Instruments, Hamden, CT). NMDA and SB-
239063 were dissolved in external solution for recording.
SB-239063 was diluted from a 1000 X stock. Data were
collected and analysed using commercially available soft-
ware (pCLAMP 6.11, Axon Instruments).

2.5. Preparation of hippocampal cell cultures

Neuron-enriched hippocampal cultures were prepared
from embryonic Sprague—Dawley rat fetuses (gestational
age 17.5 days; Charles River) as described previously
(Skaper et al., 2001). Hippocampi were incubated with
0.08% (w/v) trypsin, and dissociated in Neurobasal medium
containing 10% heat-inactivated fetal calf serum (Skaper et
al., 1990). Cells were pelleted by centrifugation (200 X g, 5
min) and resuspended in Neurobasal medium containing
B27 supplement, 25 uM glutamate, | mM sodium pyruvate,
2 mM L-glutamine, 50 U/ml penicillin, and 50 pg/ml
streptomycin. The cell suspension was plated onto dishes
previously coated with poly-D-lysine (10 pg/ml) and 10%
heat-inactivated fetal calf serum, at a density of 4.5 x 10*
cells/cm?. Cultures were maintained at 37 °C in a humidi-
fied atmosphere of 5% CO,/95% air. After 5 days, one-half
the medium was replaced with an equal volume of main-
tenance medium (plating medium but containing B27 sup-
plements without antioxidants, and lacking glutamate).
Additional medium exchanges (0.5 volume) were performed
every 3—4 days thereafter.

2.6. Magnesium withdrawal treatment to generate excito-
toxicity

Toxicity experiments were performed on cells between
14 and 16 days in vitro. Cultures were washed once with
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Mg? " Cl,-free Locke’s solution (pH 7.0) containing 0.1 pM
glycine and 30 uM histamine (Skaper et al., 2001). Control
cultures were exposed to Locke’s solution containing 1 mM
Mg " Cl,. Drug treatments were carried out for 15 min (22
°C) in a final volume of 0.5 ml. Thereafter, cells were
washed with complete Locke’s solution and returned to their
original culture medium for 24 h. Cell survival was quanti-
fied 24 h after the insult by a colorimetric reaction with 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) (Skaper et al., 1990). Absolute MTT values obtained
were normalized and expressed as a percentage of sham-
treated sister cultures (defined as 100%).

2.7. NMDA exposure in mixed cultures

Excitotoxicity generated by NMDA exposure was per-
formed in 4-week-old mixed cultures of neurons and glia,
prepared as described for electrophysiological recordings.
Cell cultures were pretreated for 1 h with SB-239063 (20
uM), followed by a 5-min or 1-h exposure to NMDA in the
presence of 10 uM glycine. SB-239063 was present through-
out the treatment and over the subsequent 20—24 h until
LDH readings were performed.

3. Results
3.1. SB-239063 protects against oxygen glucose deprivation

Based on the dose—response curve obtained in prelimi-
nary experiments (data not shown), the effects of SB-239063
(20 uM) on oxygen glucose deprivation toxicity were
evaluated at various time points in neuron-enriched forebrain
cultures. Cells were exposed for 45, 60, or 120 min to
oxygen glucose deprivation in the presence or absence of
the p38 inhibitor (Fig. 1). Forty-five minutes of oxygen
glucose deprivation did not significantly increase the amount
of LDH released (0.016 & 0.0003 optical density units, n=3)
compared to control (0.010 £0.001 optical density units,
n=3). However, following 60 min of oxygen glucose
deprivation, appreciable cell death was present and SB-
239063 significantly (P <0.05) decreased LDH release
(0.023 £ 0.004 optical density units, n=3) compared to
vehicle treatment (0.041 &+ 0.005 optical density units,
n=3). Although the extent of cell death after 60 min of
oxygen glucose deprivation was similar to that seen after 120
min of oxygen glucose deprivation (0.038 £ 0.006 optical
density units, n=3), SB-239063 did not protect against the
latter treatment (0.037 £ 0.007 optical density units, n=3),
suggesting that this duration of oxygen glucose deprivation
was too severe to permit pharmacological intervention.

3.2. SB-239063 does not block NMDA-mediated currents

In order to insure that any neuroprotective action of SB-
239063 was not due to a direct effect on NMDA receptor-
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Fig. 1. (A) SB-239063 blocks excitotoxicity induced by oxygen glucose
deprivation in neuron-enriched forebrain cultures. Neuronal cell cultures
were exposed for various times to oxygen glucose deprivation. Addition of
SB-239063 (20 uM) significantly decreased neuronal cell death following
60 min of oxygen glucose deprivation. Data are means = S.E.M. and were
analysed by two-tailed paired #test (significance at * P<0.05). Representa-
tive photomicrographs were taken of cell cultures 24 h after 60-min oxygen
glucose deprivation treated with either vehicle (B) or 20 uM SB-239063
(C). Cells which had lost their phase-bright appearance become shrunken
(pyknotic) and were dying following treatment are indicated by black
arrowheads. Scale bar is 75 pm.

mediated channel activity, whole cell electrophysiological
recordings were performed. In these experiments, 30 uM
NMDA was applied to mixed cultures of neurons and glia in
the presence and absence of SB-239063 (Fig. 2). The p38
inhibitor did not alter NMDA elicited currents suggesting
that any neuroprotective action of the MAP Kinase inhibitor
was not a direct effect on NMDA receptors.
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Fig. 2. SB-239063 does not alter NMDA-elicited electrophysiological
responses. A representative trace of whole-cell responses to NMDA in the
presence and absence of SB-239063 (20 uM). Application of SB-239063
was made for 3 s concomitantly during exposure to 30 uM NMDA. The
p38 MAP Kinase inhibitor did not alter responses to agonist in any of the
cells from which recordings were made (n=4).
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3.3. Excitotoxicity generated by magnesium withdrawal can
be attenuated with SB-239063

We used neuron-enriched hippocampal cell cultures to
assess the effects of p38 inhibition on moderate excitotox-
icity generated by removal of magnesium block from the
NMDA receptor. Control experiments showed that the loss
of viable neurons, as quantified by MTT assay, was propor-
tional to the number of degenerating neurons, as estimated
by trypan blue staining. By 24 h, approximately 50% of
neurons treated with vehicle were no longer viable as
assessed by MTT (52.0 £5.6%). Treatment with SB-
239063 (1-30 uM) provided dose-related reduction in
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Fig. 3. SB-239063 reduces excitotoxic hippocampal neuronal cell death. In
dissociated hippocampal cells, SB-239063 (10—30 uM) decreased neuronal
cell death by 25—43% following Mg? * withdrawal. Absolute MTT values
obtained were normalized and expressed as a percentage of sham-treated
sister cultures (defined as 100% survival). Percent cell death was calculated
from these data. Values are means = S.D. (n=3) and were analysed by
ANOVA followed by Dunnett’s post-hoc test (significance at * P<0.05).

neuronal cell death (Fig. 3). SB-239063 was maximally
neuroprotective at 10-30 puM with neuronal survival sig-
nificantly (P <0.05) increasing by 25-43% (35.8 +£2.4%
and 27.7 £ 2.4% cell depth, respectively).

3.4. SB-239063 reduces cell death associated with mild, but
not severe, NMDA exposure

As our earlier OGD experiments suggested that p38
inhibition may be more efficacious with mild excitotoxic
insults, we next assessed the relative contribution of p38 to
direct exposure to NMDA. In these studies, we assessed the
efficacy of SB-239063 at attenuating mild (5 min) and severe
(1 h) excitotoxicity in mixed cultures of neurons and glia.
Cultures that were exposed for 1 h to either 30, 100 or 300
uM NMDA were not significantly protected by 20 uM SB-
239063. However, when cells were exposed to a more mild
insult (5 min), SB-239063 (20 uM) was capable of attenuat-
ing NMDA induced injury. Statistically significant neuro-
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Fig. 4. SB-239063 is protective against mild, but not severe, NMDA
exposure in mixed cortical cell cultures. (A) Four-week-old mixed cortical
cell cultures were treated with vehicle or SB 239063 (20 uM) 1 h prior to
exposure to NMDA (30, 100, and 300 pM). NMDA was removed after 1 h
and cell death was measured 24 h later using an LDH assay. Data are
means + S.D. (n=6) and analysed by ANOVA. (B) Paired 4-week-old
mixed cultures were exposed to various concentrations of NMDA (0.01,
0.03, 0.1, 0.3, 1, and 3 mM) in the presence or absence of SB-239063 as
above except NMDA was removed after 5-min incubation. Data are
means + S.EIM. (n=5-7) and were analysed by paired Student’s r-test
(significance at * P<0.05).
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protection was observed at 100 uM, 300 uM, 1 mM and 3
mM NMDA with SB-239063 providing between 20% and
28% protection at these concentrations (Fig. 4).

4. Discussion

Several groups have reported that both glutamate and
hypoxia activate p38 in neuronal cell cultures (Clerk et al.,
1998; Kawasaki et al., 1997). However, in assessing a role for
this MAP Kinase in the observed toxicity, these studies have
relied on less specific MAP Kinase inhibitors such as SB-
203580 (4-(4-Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-
(4-pyridyl)1 H-imidazole). The use of SB-239063 in the
current study provides a number of advantages over SB-
203580. We demonstrate in this work that SB-239063 does
not directly alter NMDA induced currents, and we have
previously shown that SB-239063 does not effect other
MAP Kinases. SB-203580, however, has been shown to
inhibit c-Jun N-terminal kinase (JNK) activity with an ICs,
of 5 pM and cRaf with an ICsy of 0.4 uM (Barone et al.,
2001a). Thus, SB-239063 provides a more precise means to
assess the role of p38 in excitotoxicity. Indeed, this is the first
study to unequivocally demonstrate a role for p38 in excito-
toxicity. In this work, we demonstrates that activation of p38
MAP Kinase plays a critical role in neuronal cell death
induced by mild oxygen glucose deprivation, magnesium
withdrawal and glutamate receptor agonist exposure. These
models share a requirement for NMDA receptor activation,
(Kaku et al., 1991; Skaper et al., 2001; Speliotes et al., 1994)
and are therefore considered excitotoxic in nature.

In previous studies, we and others have shown that
several intracellular signals commonly associated with glu-
tamate receptor stimulation and excitotoxicity may contrib-
ute to p38 activation. For instance, Koh et al. (1996)
demonstrated that zinc is released during transient ischemia
and ‘free’ zinc accumulates in dying neurons. We have
recently shown that oxidant-induced zinc dysregulation is
the most proximal events in an apoptotic cascade in which
p38 activation leads to potassium efflux, and subsequently,
energetic dysfunction and caspase activation (McLaughlin
et al.,, 2001). Blockade of p38 with SB-239063 provided
substantial neuroprotection against this oxidative and ionic
dysfunction. Given the importance of oxidative stress and
zinc dysregulation in excitotoxic insults, our current obser-
vations are perhaps not surprising as they closely parallel
our previous observations.

p38 has been shown to be a critical mediator of the
inflammatory response in CNS (Irving et al., 2000). Earlier
work from our labs has shown SB-239063 can attenuate
early neuronal injury (within 2 h) in an animal model of
cerebral ischemia induced by electrocoagulation of the
middle cerebral artery (Legos et al., 2001). This protection
was maintained for at least 7 days suggesting a direct, long-
lasting protective effect against the subsequent apoptotic
cell death which is typical of this model. As cytokine

production and neutrophil infiltration might be delayed up
to 12 h (Legos et al., 2000), these initial studies demonstrat-
ing early neuroprotection by SB-239063 suggests that p38
MAP Kinase inhibitors can be beneficial via additional or
alternative pathways which do not involve inflammation per
se, such as blockade of excitotoxic signaling.

Taken together, these data demonstrate that in addition to
its role in mediating the inflammatory response, p38 MAP
Kinase may also contribute to early neuronal injury through
excitotoxic pathways. It is, however, important to note that
in excitotoxic models where significant protection was
afforded by blocking p38, a substantial amount of cell death
remained. This argues that even mild excitotoxicity clearly
has additional p38-independent components which contrib-
ute to cell death. These experiments, in conjunction with
others (Barone et al., 2001a,b; Irving et al., 2000; Walton et
al., 1998), suggest that activation of p38 and other MAP
Kinases and their functional importance may be specific to
various cell types and/or duration and intensity of the
stimulus. Low level excitotoxic insults may activate apop-
totic signaling pathways in a manner similar to what we
have previously shown in a subpopulation of cells which are
responsive to p38 inhibition. However, more severe insults
may not require apoptotic signaling cascades to cause death,
are impervious to p38 blockade, and involve other signal
transduction cascades. Taken together, these studies suggest
that in instances of mild to moderate glutamatergic over-
activation, p38 MAP Kinase inhibition may provide a
means to prevent or minimize neuronal cell death. These
results may be applicable to neurological disorders that have
been associated with excitotoxic injury such as traumatic
brain injury, stroke and epilepsy.
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