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Abstract
Although oxygen/glucose deprivation (OGD) has been widely used as a model of ischemic brain
damage, the mechanisms underlying acute neuronal death in this model are not yet well
understood. We used OGD in acute hippocampal slices to investigate the roles of reactive oxygen
species and of the mitogen-activated protein kinases (MAPKs) in neuronal death. In particular, we
tested the neuroprotective effects of two synthetic superoxide dismutase/catalase mimetics,
EUK-189 and EUK-207. Acute hippocampal slices prepared from 2-month-old or postnatal day 10
rats were exposed to oxygen and glucose deprivation for 2 h followed by 2.5 h reoxygenation.
Lactate dehydrogenase (LDH) release in the medium and propidium iodide (PI) uptake were used
to evaluate cell viability. EUK-189 or EUK-207 applied during the OGD and reoxygenation
periods decreased LDH release and PI uptake in slices from 2-month-old rats. EUK-189 or
EUK-207 also partly blocked OGD-induced ATP depletion and extracellular signal-regulated
kinases 1 and 2 (ERK1/2) dephosphorylation, and completely eliminated reactive oxygen species
generation. The MEK inhibitor U0126 applied together with EUK-189 or EUK-207 completely
blocked ERK1/2 activation, but had no effect on their protective effects against OGD-induced
LDH release. U0126 alone had no effect on OGD-induced LDH release. EUK-207 had no effect
on OGD-induced p38 or c-Jun N-terminal kinase dephosphorylation, and when the p38 inhibitor
SB203580 was applied together with EUK-207, it had no effect on the protective effects of
EUK-207. SB203580 alone had no effect on OGD-induced LDH release either. In slices from p10
rats, OGD also induced high-LDH release that was partly reversed by EUK-207; however, neither
OGD nor EUK-207 produced significant changes in ERK1/2 and p38 phosphorylation. OGD-
induced spectrin degradation was not modified by EUK-189 or EUK-207 in slices from p10 or 2-
month-old rats, suggesting that their protective effects was not mediated through inhibition of
calpain activation. Thus, both EUK-189 and EUK-207 provide neuroprotection in acute ischemic
conditions, and this effect is related to elimination of free radical formation and partial reversal of
ATP depletion, but not mediated by the activation or inhibition of the MEK/ERK or p38
pathways, or inhibition of calpain activation.
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Cerebral ischemia is the disruption of blood supply to the brain and is the third leading cause
of death in the United States (Gupta and Sharma 2006). Ischemia triggers a variety of
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pathological events, including excitotoxicity, inflammation, delayed neuronal dysfunction
and cell death, and has also been implicated in Alzheimer’s and other neurodegenerative
diseases (reviewed in Koistinaho and Koistinaho 2005; Zipp and Aktas 2006). The
mechanisms underlying ischemic neuronal death are not completely understood. Cerebral
ischemia induces over-activation of glutamate receptors, production of oxygen free radicals,
pathological increase in intracellular calcium concentration, rapid ATP depletion, and
activation of various proteolytic enzymes (Karadottir et al. 2005; Al Majed et al. 2006;
Kovacs et al. 2006). Drugs that provide neuroprotection against ischemia-induced cell death
might act on any of those downstream events following ischemia.

Oxygen/glucose deprivation (OGD) in in vitro preparations is widely used as a model of
ischemic conditions, as it triggers all the above-mentioned processes and results in neuronal
damage. The present experiments were designed to test the involvement of some of these
mechanisms in OGD-induced cell death in acute hippocampal slices. Participation of
reactive oxygen species was tested by using two salen-manganese complexes, EUK-189 and
EUK-207, which have been shown to act as synthetic superoxide dismutase/catalase
mimetics, and thus eliminate both superoxide and hydrogen peroxide (Doctrow et al. 2003).
The compounds have shown efficacy in different disease models associated with reactive
oxygen species (ROS) formation. For example, they protected hippocampal slices from
hypoxia-, acidosis-, and β-amyloid protein- (Aβ) induced cell death, reduced brain infarction
volume in a rat focal cerebral ischemia model, blocked neurotoxicity produced by kainic
acid or MPP+, prolonged lifespan of Caenorhabditis elegans and sod2 null mouse, and
reversed cognitive deficits and protein oxidation in 11-month old mice (Musleh et al. 1994;
Baker et al. 1998; Rong et al. 1999; Melov et al. 2000, 2001; Pong et al. 2001; Doctrow et
al. 2002; Liu et al. 2003; Peng et al. 2005). Different compounds differ in their SOD
activity, catalase activity, lipophilicity and stability, and all these properties determine their
neuroprotective efficiency.

Another type of intracellular pathways frequently implicated in mechanisms of cell death/
cell survival consists of the family of mitogen-activated protein kinases (MAPKs), which
comprises the extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38, and stress-
activated protein kinases (SAP-Ks)/c-Jun N-terminal kinase (JNK). In particular, the role of
ERK1/2 in ischemia remains ambiguous, as ERK1/2 has been shown to be either activated
or inactivated following ischemia and reperfusion depending on the models, and activation
of this pathway has been reported to promote neuronal survival as well as cell death (Murray
et al. 1998; Namura et al. 2001; Fahlman et al. 2002; Zhu et al. 2005). MEK1/2 is a serine/
threonine protein kinase that activates ERK1/2, and MEK1/2 inhibitors, such as U0126 and
SL327 are widely used to study the role of MEK/ERK in different animal ischemia models
(Namura et al. 2001; Wang et al. 2003). P38 and JNK are also involved in cellular responses
to stress, such as cerebral ischemia, and p38 inhibition has been shown to provide neuronal
protection in cerebral ischemia (Sugino et al. 2000b; Barone et al. 2001), although p38
activation is also involved in neuronal protection against some insults (Lin et al. 2006;
Claytor et al. 2007).

Calpains are calcium-activated proteases implicated in physiological conditions, such as
synaptic modifications during neuronal development and adult synaptic plasticity, and also
in pathological states including excitotoxic neuronal death, oxidative stress and free radical
generation, Alzheimer disease and several neurodegenerative conditions (Lynch and Baudry
1987; Ray et al. 2000; Kelly and Ferreira 2006). Calpain is also activated in brain ischemia
and reperfusion (Yamashima et al. 2003), and the calpain inhibitor MDL 28170 has been
reported to protect newborn rat brain from hypoxic ischemia by decreasing both necrosis
and apoptosis (Kawamura et al. 2005). Our results indicate that reactive oxygen species play
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a critical role in acute neuronal death resulting from ischemia, while neither the MAPK
pathways or calpain activation contributes to neuronal death, at least in adult rats.

Materials and methods
Materials

EUK-189 and EUK-207 were generously provided by Eukarion Inc. (now Proteome
Systems Ltd, Woburn, MA, USA). U0126 was purchased from Tocris Bioscience (Ellisville,
MO, USA). Antibodies were obtained from Cell Signaling Technology Inc. (Danvers, MA,
USA). All other chemicals used were purchased from Sigma Chemical Co. (St Louis, MO,
USA), unless indicated otherwise.

Hippocampal slice preparation
Hippocampi were rapidly dissected from postnatal day 10 or 2-month old Sprague–Dawley
rats, and submerged in chilled cutting medium containing 220 mmol/L sucrose, 20 mmol/L
NaCl, 2.5 mmol/l KCl, 1.25 mmol/L NaH2PO4, 26 mmol/L NaHCO3, 10 mmol/L glucose, 2
mmol/L MgSO4 saturated with 95% O2–5% CO2; transverse slices (400 μm thick) were
prepared with a McIlwain tissue chopper and placed in incubation baskets in an artificial
cerebrospinal fluid (aCSF) containing 124 mmol/L NaCl, 2.5 mmol/L KCl, 1.25 mmol/L
KH2PO4, 26 mmol/L NaHCO3, 10 mmol/L glucose, 1.5 mmol/L MgSO4, 2.5 mmol/L CaCl2
saturated with 95% O2–5% CO2 and incubated for a 1 h-recovery period at 37°C.

Oxygen and glucose deprivation followed by reoxygenation
After 1 h recovery, hippocampal slices in control groups were washed twice with fresh aCSF
solution and transferred into individual vials containing 1.5 mL aCSF solution, saturated
with 95% O2–5% CO2. When hippocampal slices were treated with drugs dissolved in
dimethylsulfoxide, dimethylsulfoxide was also added to the control group at the same final
concentration as used for the drugs (0.05%). Hippocampal slices in OGD groups were
washed twice with an OGD solution containing 124 mmol/L NaCl, 2.5 mmol/L KCl, 1.25
mmol/L KH2PO4, 26 mmol/L NaHCO3, 1.5 mmol/L MgSO4, 2.5 mmol/L CaCl2 (pH 7.4),
and then transferred into individual vials in 1.5 mL OGD solution, saturated with 95% N2–
5% CO2. Hippocampal slices were incubated in OGD solution at 34°C for 2 h in anaerobic
vials saturated with 95% N2–5% CO2. At the end of the OGD period, slices were further
incubated for 2.5 h in 1.5 mL fresh aCSF solution saturated with 95% O2–5% CO2.

Western blots
Hippocampal slices were homogenized on ice in a lysis buffer containing 150 mmol/L NaCl,
5 mmol/L EDTA, 1% Triton X-100, 10 mmol/L Tris–HCl (pH 7.4), 0.5 mmol/L
phenylmethylsulphonyl fluoride, 1 mmol/L sodium orthovanadate, and 1 : 200 protease
inhibitor cocktail (Sigma). After sample preparation, 5 or 30 μg total proteins were loaded to
each lane of 6% or 8% SDS-PAGE gels and, after separation, proteins were transferred onto
polyvinylidene difluoride membranes. The polyvinylidene difluoride membranes were
blocked with 5% non-fat milk at 22°C–25°C for 1 h and probed with different primary
antibodies (spectrin, 1 : 10 000 dilution; pERK and ERK antibodies, 1 : 1000 dilution; p-p38
and p38 antibodies, 1 : 1000 dilution; pJNK and JNK antibodies, 1 : 2000 dilution) at 4°C
overnight. Membranes were then incubated with secondary antibodies for 1 h and developed
with ECL solutions. Western blots were scanned and analyzed quantitatively by
densitometry with ImageJ software. Levels of phosphorylated proteins were normalized to
levels of the respective total proteins.

Zhou et al. Page 3

J Neurochem. Author manuscript; available in PMC 2011 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cell viability assay
Neuronal damage was assessed by measurement of lactate dehydrogenase (LDH) released
into the incubation solution. At the end of the various treatments, 0.3 mL of medium
solution was mixed with 0.7 mL potassium phosphate buffer (100 mmol/L K2HPO4,
adjusted to pH 7.5 with KH2PO4). After 20 min, 0.5 mL freshly made sodium pyruvate and
NADH solutions were added to this solution immediately followed by measuring
absorbance at 340 nm. LDH release was normalized to the corresponding protein
concentration in the slices and results are shown as fold of controls. Neuronal damage was
also assessed by propidium iodide (PI) uptake. PI (4 μg/mL) was added to the incubation
medium at the beginning of treatment, and PI uptake at the indicated times after treatment in
hippocampal subfields CA1, CA3, and DG was visualized using a 10X objective with a
LSM 510 META inverted microscope fitted with a laser confocal system (Zeiss,
Thornwood, NY, USA). Excitation was set at 543 nm and emission was detected with a 560
nm long-pass filter. For each slice, the exact location of the slice surface was determined
with the addition of microbeads (Invitrogen, Carlsbad, CA, USA) and by moving the stage
up and down until the layer with the brightest fluorescent intensity was found. Images of
CA1, CA3, or DG 60 μm below surface were then acquired and analyzed. Fluorescence
intensity of confocal images was estimated by the following method: first, images were
adjusted to gray levels and captured with Adobe Photoshop, with the background of images
in white and PI-stained structures in black; second, modified images were analyzed
quantitatively by densitometry with ImageJ software. Finally, data were normalized to the
average value found in control slices for each experiment.

ATP measurement
ATP levels were determined by the luciferin-luciferase luminescent reaction using the
method described by Rieger (1997). The ATP assay kit was purchased from Sigma (FL-
ASC). After treatment, hippocampal slices were homogenized and then centrifuged at 12
000 g for 5 min. The supernatant was collected and processed following the kit instructions.
Luminescence produced by the luciferin-luciferase reaction was recorded with a scintillation
counter. ATP levels were normalized to protein concentration and expressed as nanomole
ATP per milligram protein.

Evaluation of ROS production in slices
Levels of ROS production in slices were determined with the fluorescent probe 2′,7′-
dichlorofluorescin diacetate (DCFH-DA). A 10 mmol/L DCFH-DA stock solution was
prepared and stored at −20°C. Hippocampal slices were subjected to OGD for 2 h in the
absence or presence of EUK-189 or EUK-207, and after 1.5 h reoxygenation, they were
incubated with 10 μmol/L DCFH-DA for 1 h and then washed twice with PBS. Fluorescent
images were obtained with a 5X objective from a microscope fitted with fluorescence
detection, and captured with a CCD camera; at this magnification, one image was sufficient
to analyze an entire hippocampal slice. Fluorescence intensity was estimated by the same
method as for PI uptake described above.

Statistical analysis
Data were generally calculated as fold of control and expressed as means ± SEM from the
indicated number of independent experiments. One-way ANOVA with Tukey’s post hoc test
was used to analyze the effects of EUK-189 and EUK-207 on OGD-induced LDH release
and PI uptake, and student’s t-test was used for statistical analyses of other results. p-values
< 0.05 were considered as statistically significant.
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Results
EUK-189 and EUK-207 attenuate OGD-induced cell death in acute hippocampal slices from
2-month-old rats

Acute hippocampal slices from 2-month-old rats were subjected to OGD for 2 h, in the
absence or presence of EUK-189 (50 μmol/L) or EUK-207 (50 μmol/L), and LDH release
was measured at the end of treatment. OGD treatment induced a 4.13 ± 0.26-fold increase in
LDH release, which was partly blocked by EUK-189 (3.21 ± 0.20) and EUK-207 (2.93 ±
0.21, Fig. 1a). At the end of 2 h OGD treatment, hippocampal slices were transferred to
fresh aCSF solution and further incubated for 2.5 h in the absence or presence of EUK-189
or EUK-207, saturated with 95% O2–5% CO2. LDH release was measured at the end of this
recovery period. Compared to control, OGD/reoxygenation treatment induced a 7.33 ± 0.46-
fold increase in LDH release, which was again significantly blocked by EUK-189 (5.80 ±
0.32) and EUK-207 (3.85 ± 0.24, Fig. 1b). When hippocampal slices were first subjected to
OGD for 2 h, and then transferred to fresh aCSF and incubated for 2.5 h in the absence or
presence of EUK-189 or EUK-207 (EUK-189 or EUK-207 applied only during the 2.5 h
reoxygenation period), only EUK-207 significantly reduced OGD-induced LDH release
(4.90 ± 0.41 vs 7.33 ± 0.46, Fig. 1c).

The neuroprotective effects of EUK-189 and EUK-207 against OGD-induced cell death
were also determined by analyzing propidium iodide (PI) uptake in CA1, CA3, and DG
regions 60 μm below surface (selection of this level was based on analysis of PI uptake in
control slices; the upper layers exhibited intense PI staining as a result of neuronal damage
produced during slice preparation) (Fig. 2). Hippocampal slices were treated with OGD for 2
h followed by 2.5 h reoxygenation, in the absence or presence of EUK-189 (50 μmol/L) or
EUK-207 (50 μmol/L) throughout the incubation. Compared to control, OGD treatment
induced a significant increase in PI staining in the pyramidal layers of CA1 (1.81 ± 0.19-fold
increase over control values) and CA3 (1.97 ± 0.17-fold increase over control values), and in
the granular layer of DG (1.56 ± 0.14-fold increase over control values). EUK-189 partly
decreased PI uptake (1.35 ± 0.21 in CA1, 1.51 ± 0.11 in CA3, and 1.26 ± 0.17 in DG, when
compared to control values), while EUK-207 completely reversed OGD-induced PI uptake
(0.97 ± 0.11 in CA1, 1.13 ± 0.16 in CA3, and 0.92 ± 0.14 in DG, when compared to control
values). One-way ANOVA and Tukey’s post hoc test indicated that, when compared to
EUK-189, EUK-207 provided more protection against OGD-induced neuronal death with
both LDH and PI uptake assay.

EUK-189 and EUK-207 partly blocked OGD-induced ATP depletion in acute hippocampal
slices

ATP depletion is one of the initial events triggered by ischemia and has been proposed to
play a crucial role in cell death. To examine whether treatment with EUK-189 or EUK-207
had any effect on OGD-induced ATP depletion, ATP levels were measured following
various experimental treatments. Compared to control, hippocampal slices subjected to
OGD for 2 h exhibited ATP levels representing about 25% of control values, an effect that
was only slightly changed by treatment with EUK-189 or EUK-207 (Fig. 3a). ATP levels
were also measured at the end of the 2.5 h recovery period following the 2 h OGD treatment
in the absence or presence of EUK-189 or EUK-207 throughout the incubation. Partial
recovery of ATP levels (55% of control values) was observed after 2.5 h reoxygenation
under control conditions, and this recovery of ATP levels was further enhanced by treatment
with EUK-189 or EUK-207 during the OGD and reoxygenation periods (up to 73% or 76%
of control values respectively, an effect which was significantly different from OGD
treatment alone (Fig. 3b) On the other hand, when EUK-189 or EUK-207 was applied only
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during the 2.5 h reoxygenation period, only small and no significant increases in ATP levels
were observed (Fig. 3c).

EUK-189 and EUK-207 completely blocked OGD-induced ROS generation in acute
hippocampal slices

To determine whether EUK-189 or EUK-207 protected hippocampal slices from OGD-
induced cell death by eliminating free radical formation, ROS accumulation was evaluated
with the fluorescent probe DCF. After 2 h OGD treatment followed by 2.5 h reoxygenation
in the absence or presence of EUK-189 or EUK-207, DCF fluorescence over the whole
hippocampal slices was analyzed with fluorescent microscopy. Compared to untreated
control slices, hippocampal slices subjected to OGD exhibited a significant increase in
fluorescence intensity (about 156% of control values, Fig. 4); in contrast, slices subjected to
OGD in the presence of EUK-189 or EUK-207 exhibited a decrease in DCF fluorescence
intensity (86% and 80% of control values, respectively; Fig. 4).

The protective effect of EUK-207 against OGD-induced cell death did not involve the ERK
or the p38 pathway

To determine the role of the ERK pathway in our ischemia model, we first determined
whether ERK was activated as assessed with measurement of levels of double-
phosphorylated ERK1/2 in hippocampal slices subjected to OGD for 2 h followed by 2.5 h
reoxygenation (Fig. 5a). Under these conditions, p-ERK1/2 levels were decreased to about
20% of control values. Addition of EUK-189 or EUK-207 in the incubation medium
throughout the OGD and reoxygenation periods resulted in a significant recovery of p-
ERK1/2 levels to 80% and 50% of control values, respectively (Fig. 5b). When the MEK
inhibitor, U0126 (10 μmol/L), was applied alone or together with EUK-189 or EUK-207, it
completely blocked ERK1/2 phosphorylation, as expected. However, treatment with U0126
had no effect on OGD-induced LDH release or on the protective effects of EUK-189 and
EUK-207 against OGD-induced LDH release (Fig. 5c and d).

We previously reported that the mechanisms underlying OGD-induced cell death were
different in slices prepared from neonatal as compared to adult rats (Zhou and Baudry 2006).
We therefore tested the roles of ROS and of ERK on OGD-induced cell death in slices from
neonatal rats. In contrast to the striking OGD-induced decrease in ERK phosphorylation in
slices from adult rats, slices prepared from postnatal day 10 rats and subjected to OGD for 2
h followed by 2.5 h reoxygenation showed a slight increase in ERK1/2 phosphorylation
(Fig. 6a and b). OGD-induced LDH release was also significantly reduced by EUK-207
(Fig. 6c). Treatment with EUK-207 did not modify ERK1/2 phosphorylation levels when
compared to either control or OGD. As observed in slices from adult rats, U0126 completely
blocked ERK1/2 activation when applied alone or together with EUK-207 (Fig. 6a and b),
and also had no effect on OGD-induced LDH release either by itself or in the presence of
EUK-207 (Fig. 6c).

To determine the roles of p38 and JNK pathways in the neuroprotective effects of EUK-207,
we tested the levels of phosphorylated p38 and JNK. Acute hippocampal slices from 2-
month-old and postnatal day 10 rats were subjected to OGD for 2 h followed by 2.5 h
reoxygenation (Fig. 7). Under these conditions, p-p38 levels were slightly decreased to 81%
of control values (p > 0.05, t-test) in slices from postnatal day 10 rats and decreased to 60%
of control values (p < 0.05, t-test) in slices from 2-month-old rats (Fig. 7a and b). ANOVA
with Tukey’s post hoc test indicated that in slices from either 2-month-old or postnatal day
10 rats, there were no significant differences between any group of treatment when slices
were subjected to OGD in the absence or presence of EUK-207 (50 μmol/L), EUK-207 plus
PD98059 (MEK1/2 inhibitor, 10 μmol/L), or EUK-207 plus SB203580 (p38 inhibitor, 1
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μmol/L). When slices were subjected to OGD for 2 h followed by 2.5 h reoxygenation, p-
JNK levels were significantly decreased to below 20% of control values (p < 0.05, t-test) in
slices from both 2-month-old and postnatal day 10 rats (Fig. 7c and d). ANOVA with
Tukey’s post hoc test indicated that there were no significant differences between any
treatment in slices from both ages either. When hippocampal slices from 2-month-old and
postnatal day 10 rats were subjected to 2 h OGD w/o reoxygenation, or 2 h OGD followed
by 2.5 h reoxygenation, PD98059 or SB203580 did not modify OGD-induced LDH release
or the protective effects of EUK-207 against OGD-induced LDH release when applied alone
or together with EUK-207 (Fig. 8).

The neuroprotective effects of EUK-189 and EUK-207 against OGD-induced cell death did
not involve blockade of calpain activation

We previously reported that acute hippocampal slices from postnatal day 7 or adult rats
subjected to OGD followed by reoxygenation exhibited calpain activation as evidenced by
increased levels of calpain-mediated spectrin breakdown products (SBDPs) with an apparent
molecular weight of 145–150 kD (Zhou and Baudry 2006). However, when slices were
treated with EUK-189 or EUK-207 during the OGD and reoxygenation periods, no
significant changes in SBDPs were observed compared to OGD alone (Fig. 9).

Discussion
Our results indicate that, among the multiple pathways activated as a result of ischemia/
reperfusion, excessive production of reactive oxygen species represents a critical step in the
rapid phase of neurodegeneration observed in both neonatal and adult hippocampal slices.
On the other hand, ERK, p38, JNK and calpain activation do not seem to play a major role
in this initial phase of neuronal death, although calpain activation does play some role in
neonatal rats (Zhou and Baudry 2006). OGD has been shown to elicit rapid decrease in ATP
levels, increased intracellular calcium concentration, release of glutamate followed by
overactivation of glutamate receptors, excessive generation of ROS, mitochondria
dysfunction, and ultimately cell death by both necrosis- and apoptosis-mediated cell death
(reviewed in Koistinaho and Koistinaho 2005; Zipp and Aktas 2006; Won et al. 2002). The
exact temporal sequence of events and the relative importance of these different events
remain far from being understood. Our results indicate that increased formation of reactive
oxygen species might take place relatively early in this sequence, possibly even before
reoxygenation occurs, as the two synthetic superoxide dismutase/catalase mimetics,
EUK-189 and EUK-207, produced better neuroprotection when applied at the beginning of
the OGD period than only during the reoxygenation period.

In his comprehensive 1999 review, P. Lipton proposed a sequence of events comprising
initiators and activators followed by perpetrators leading from the initial ischemic insults to
cell death (Lipton 1999). Accordingly, the loss of ATP initiates membrane depolarization,
glutamate release, and increased intracellular calcium. Ischemia also induced gene activation
possibly mediated through MAP kinase activation, as well as increased production of
oxygen free radicals and peroxynitrite. These events are followed by activation of proteases,
including calpain, mitochondrial dysfunction, prolonged changes in kinases and
phosphatases, cytoskeletal damage and cell death. It has also previously been suggested that
the degree of ATP depletion determines the form of death cells will exhibit, with gradual
ATP depletion after mild ischemia inducing caspase-3 release and apoptosis, while rapid
ATP depletion with severe ischemia will elicit extreme cytochrome c release and necrosis
(Li et al. 1997; Saikumar et al. 1998). Drugs that prevent ATP depletion or promote ATP
recovery after ischemia have been reported to increase cell survival when applied before,
during or after the ischemic insult (Riepe et al. 1997; Galeffi et al. 2000).
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In our model, 2 h OGD treatment decreased ATP levels to about 25% of control, an effect
that is not modified by the presence of EUK-189 or EUK-207. Thus, as expected, the
neuroprotective effect of these compounds is not the result of prevention of the ATP loss
produced by ischemia. The significant degree of ATP recovery observed when EUK-189 or
EUK-207 was applied during and after the OGD period, as compared to control, is probably
the result of the decrease in cell damage produced by these compounds. ATP depletion can
further contribute to the collapse of the mitochondrial membrane potential, the opening of
mitochondrial perme-ability transition pore (MPTP), the release of small proteins, such as
apoptosis-inducing factor and cytochrome c, and accumulation of free radicals (reviewed by
Fiskum et al. 1999; Murphy et al. 1999). ATP depletion initiates MPTP opening and
increases ROS levels, which then in turn potentiate ATP depletion. It is thus expected that
the EUK compounds will provide some degree of protection for mitochondria as previously
described in the SOD1 null mice (Melov et al. 2001).

Our DCF fluorescence results indicated that EUK-189 or EUK-207 completely blocked the
formation of ROS elicited by OGD and reoxygenation. These results strongly suggest that
the rapid OGD and reoxygenation-induced cell death in acute hippocampal slices is, at least
in part, as a result of increased free radical production, and that the neuroprotective effects
of EUK-207 and EUK-189 are linked to their ability to eliminate ROS. Although EUK-189
and EUK-207 are both synthetic superoxide dismutase/catalase mimetics with relatively
similar structures (Liu et al. 2003), our results with LDH release and PI uptake indicated that
EUK-207 exhibited better neuroprotective effects than EUK-189. The PI staining results in
different hippocampal subfields indicated that PI uptake after OGD/reoxygenation was
higher in CA1 and CA3 than in DG, and that only EUK-207 exhibited significant
neuroprotection in all three subfields. The difference in neuroprotective effects between
EUK-189 and EUK-207 might occur as a result of their structural differences as EUK-207
has similar catalytic activities but greater biological stability than EUK-189 (Liu et al.
2003), which might be an important factor in our OGD model in acute hippocampal slices.

MAP Kinase pathways have often been implicated in ischemia-induced cell death, although
the role of MEK/ERK pathway remains controversial. It has generally been proposed that
MEK/ERK activation is involved both in cell death and neuroprotective/survival effects
during ischemia and after reperfusion (Alessandrini et al. 1999; Fahlman et al. 2002). Some
studies have shown that MEK inhibitors, such as U0126 or PD-98059 can reduce cell death
induced by seizures, glutamate excitotoxicity, and OGD (Murray et al. 1998; Namura et al.
2001; Zhu et al. 2005); however, recent studies have also shown that inhibition of the MEK/
ERK pathway blocked the neuroprotective effects of N-acetyl- O-methyldopamine
(NAMDA), or fructose-1,6-bis-phosphate against ischemia/hypoxia (Fahlman et al. 2002;
Park et al. 2004), or had no effect in ischemia-induced cell death (Abe and Saito 2000;
Sugino et al. 2000a). The dual role of the MEK/ERK pathway may depend on the animal
model, or the duration of ERK activation (Park et al. 2004). In our experiments, ERK1/2
was inactivated after OGD and reoxygenation in slices from 2-month-old rats, an effect that
was partially restored by EUK-189 or EUK-207. The MEK inhibitor U0126 completely
blocked ERK1/2 activation whether slices were treated with or without EUK-189 or
EUK-207; however, U0126 did not modify OGD-induced cell death, nor did it modify
EUK-189- or EUK-207-mediated protection against OGD-induced cell death. Moreover,
while OGD and reoxygenation treatment elicited high-LDH release in hippocampal slices
prepared from postnatal 10 rats, ERK1/2 activation levels were not affected and U0126 did
not modify EUK-207 mediated neuroprotection against OGD-induced cell death under these
conditions. Thus, our results clearly indicate that ERK1/2 is not involved in early ischemia-
induced cell death. It remains possible though that this pathway participates in more delayed
forms of ischemia-induced cell death.
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A similar conclusion can be drawn for the other members of the MAP kinase pathways, p38
and JNK. EUK-207 had no effect on OGD-induced slight p38 dephosphorylation and
significant JNK dephosphorylation in slices from either 2-month-old or postnatal day 10
rats. Although p38 inhibition has been shown to provide neuronal protection in cerebral
ischemia (Sugino et al. 2000b; Barone et al. 2001), in acute hippocampal slices the p38
inhibitors, SB203580 or SB202190 (data not show), did not modify OGD-induced cell death
or EUK-207-mediated neuroprotection against OGD-induced cell death. All these results
suggest that the MAP kinase pathways are not involved in OGD-induced cell death and are
not involved in the neuroprotective effects of EUK-189 or EUK-207 against the rapid phase
of OGD-induced cell death in acute hippocampal slices.

Calpain activation has also been reported to be involved in hypoxia and ischemia,
presumably because overactivation of glutamate receptors, and in particular receptors,
increases intracellular calcium concentration (Neumar et al. 2001; Yamashima et al. 2003;
Yokota et al. 2003). Calpain inhibitors have been shown to reduce neurodegeneration and
cell death in different ischemia models both in neonatal and adult animals (Bartus et al.
1994; Markgraf et al. 1998; Kawamura et al. 2005; Khalil et al. 2005). Our results indeed
showed that spectrin degradation increased after OGD and reoxygenation, indicating that
calpain was activated following OGD/reoxygenation in hippocampal slices from both
neonatal and adult rats. However, this effect was not modified following treatment with
EUK-189 or EUK-207. This result suggests that, although calpain might play an important
role in ischemia-induced neuropathology, the neuroprotective effects of EUK-189 or
EUK-207 is not the result of inhibition of calpain activation. As mentioned above, ATP
depletion induces glutamate release and increased intracellular calcium concentration
resulting in stimulation of the calcium-dependent protease, calpain. Our results suggest that
calcium influx and calpain activation might precede free radical production; alternatively,
these 2 sets of events are unrelated and calpain activation might participate in delayed forms
of ischemia-induced neuronal death.

We previously reported data indicating that the mechanisms underlying OGD-induced cell
death were different in slices from neonatal and adult rats (Zhou and Baudry 2006), and our
present results further confirm this interpretation. In the present experiments, OGD/
reoxygenation in neonatal slices was not associated with decreased levels in ERK1/2, in
contrast to what was observed in slices prepared from adult rats. This effect could be related
to the much lower decrease in ATP levels resulting from OGD in slices from neonatal
compared to adult slices (data not shown), an effect possibly correlated to the anaerobic
nature of metabolism in neonatal animals (Bickler et al. 1993; Folbergrova 1993).

In conclusion, our data indicate that like many salen-manganese complexes that are
neuroprotective in various models of neurological diseases, EUK-189 and EUK-207 provide
significant protection against rapid OGD-induced cell death in acute hippocampal slices, by
eliminating free radicals generation, but not through the MAP kinase pathways or
attenuation of calpain activation. While our results also document the critical roles of
oxygen free radicals in rapid ischemia-induced neuronal death, they stress the needs for
further studies to better understand the links between early events set up by ischemic insults
and delayed forms of ischemia-induced cell death.
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ERK extracellular signal- regulated kinase

JNK Jun N-terminal kinase
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Fig. 1.
Effects of EUK-189 and EUK-207 on OGD-induced LDH release in acute hippocampal
slices from 2-month-old rats. (a) Hippocampal slices were subjected to OGD for 2 h in the
absence or presence of EUK-189 (50 μmol/L) or EUK-207 (50 μmol/L). LDH release was
measured at the end of 2 h OGD treatment. Results are expressed as fold increase over
control values and are means ± SEM of 25 experiments. (b) Hippocampal slices were
subjected to OGD for 2 h followed by 2.5 h reoxygenation (in fresh aCSF in the presence of
normal O2/CO2 conditions), in the absence or presence of EUK-189 or EUK-207 throughout
the treatment. LDH release was measured at the end of the 2.5 h reoxygenation treatment.
Results are means ± SEM of 30 experiments. (c) All hippocampal slices were subjected to
OGD for 2 h, transferred to fresh aCSF and treated for 2.5 h in the absence or presence of
EUK-189 or EUK-207 (with EUK-189 or EUK-207 applied only during the 2.5 h
reoxygenation). LDH release was measured at the end of the 2.5 h treatment. Results are
means ± SEM of eight experiments. Statistical analysis was carried out by one-way
ANOVA followed by Tukey’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 2.
Effects of EUK-189 and EUK-207 on OGD-induced increase in PI uptake in different
regions of acute hippocampal slices from 2-month-old rats. Hippocampal slices were
subjected to OGD for 2 h followed by 2.5 h reoxygenation in the absence or presence of
EUK- 189 (50 μmol/L) or EUK-207 (50 μmol/L). Representative images of PI staining in
CA1 region (a), CA3 region (b), or DG region (c) 60 μm below the surface of acute
hippocampal slices are displayed (d and e), and (f) Quantification of PI staining in different
hippocampal subfields (d: CA1; e: CA3; f: DG). PI staining intensity was analyzed as
described under Materials and methods. Results are expressed as percent of control values
and are means ± SEM of 11 experiments. Statistical analysis was carried out by one-way
ANOVA followed by Tukey’s post hoc test (*p < 0.05, **p 0.01).
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Fig. 3.
Effects of EUK-189 and EUK-207 on OGD-induced ATP depletion in acute hippocampal
slices from 2-month-old rats. (a) Hippocampal slices were subjected to OGD for 2 h in the
absence or presence of EUK-189 (50 μmol/L) or EUK-207 (50 μmol/L). ATP levels were
measured at the end of the 2 h OGD treatment. (b) Hippocampal slices were subjected to
OGD for 2 h followed by 2.5 h reoxygenation in the absence or presence of EUK-189 or
EUK-207. ATP levels were measured at the end of the 2.5 h reoxygenation treatment. (c)
All hippocampal slices were subjected to OGD for 2 h. They were then transferred to fresh
aCSF and treated for 2.5 h in the absence or presence of EUK-189 or EUK-207 (with
EUK-189 or EUK-207 applied only during the 2.5 h reoxygenation period). ATP levels were
measured at the end of treatment. Results are expressed as percent decrease over the
respective control values and are means ± SEM of five experiments. Statistical analysis was
performed by student’s t-test (*p < 0.05 as compared to OGD-treated slices).
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Fig. 4.
Effects of EUK-189 and EUK-207 on OGD-induced ROS generation in acute hippocampal
slices from 2-month-old rats. Hippocampal slices were subjected to OGD for 2 h followed
by 1.5 h reoxygenation in the absence or presence of EUK-189 (50 μmol/L) or EUK-207 (50
μmol/L). DCFH-DA (10 μmol/L) was then added for another 1 h-period of reoxygenation.
(a) Representative images of DCF fluorescence in whole hippocampal slices subjected to
OGD for 2 h followed by 2.5 h reoxygenation in the absence or presence of EUK-189 or
EUK-207. (b) Quantification of DCF fluorescence intensity. Results are expressed as
percent of control values and are means ± SEM of 15 experiments. (*p < 0.05 as compared
to OGDtreated slices, student’s t-test).
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Fig. 5.
Effects of U0126, EUK-189, or EUK-207 on OGD-induced changes in ERK1/2
phosphorylation, and on OGD-induced LDH release in acute hippocampal slices from 2-
month-old rats. Acute hippocampal slices were subjected to OGD for 2 h followed by 2.5 h
reoxygenation. At the end of incubation, slices were homogenized and aliquots were
processed for immunoblotting with antibodies against double-phosphorylated ERK (pERK)
and total ERK. (a) Representative images of western blots indicating the pERK and ERK
levels at 42 and 44 kDa in the absence or presence of EUK-189 (50 μmol/L), EUK-207 (50
μmol/L), EUK-189 plus U0126, EUK-207 plus U0126, or U0126 (10 μmol/L). (b)
Quantitative analysis of blots similar to those shown in A. Blots were scanned and the
intensities of pERK bands were quantified and normalized to the intensities of ERK bands.
Results were expressed as percent of control values and the data represent means ± SEM of
five experiments. (c) Hippocampal slices were subjected to OGD for 2 h and LDH release
was measured at the end of the 2 h OGD treatment. Results are expressed as fold increase
over control values and are means ± SEM of 10 experiments. (d) Hippocampal slices were
subjected to OGD for 2 h followed by 2.5 h reoxygenation. LDH release was measured at
the end of the 2.5 h reoxygenation treatment. Results are means ± SEM of 10 experiments
(*p < 0.05 as compared to OGD-treated slices, student’s t-test).
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Fig. 6.
Effects of U0126 or EUK-207 on ERK1/2 phosphorylation, and on OGD-induced LDH
release in acute hippocampal slices from postnatal day 10 rats. Acute hippocampal slices
from postnatal day 10 rats were subjected to OGD for 2 h followed by 2.5 h reoxygenation
in the absence or presence of U0126 (10 μmol/L) or EUK-207 (50 μmol/L). At the end of
treatment, slices were homogenized and aliquots were processed for immunoblotting with
pERK and ERK antibodies. LDH release in medium was measured as an index of toxicity.
(a) Representative images of western blots indicating the pERK and ERK levels at 42 and 44
kDa in the absence or presence of EUK-207, U0126, or EUK-207 plus U0126. (b)
Quantitative analysis of blots similar to those shown in (a). Blots were scanned and the
intensities of pERK bands were quantified and normalized to the intensities of ERK. The
results are expressed as percent of control values and the data represent means ± SEM of
four experiments. (c) Hippocampal slices were subjected to OGD for 2 h followed by 2.5 h
reoxygenation, in the absence or presence of EUK-207, U0126, or EUK-207 plus U0126.
LDH release was measured at the end of the 2.5 h reoxygenation treatment. Results are
expressed as fold increase over control values and are means ± SEM of 10 experiments (*p
< 0.05 as compared to OGD-treated slices, student’s t-test).
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Fig. 7.
Effects of EUK-207 on OGD-induced changes of p38 and JNK phosphorylation in acute
hippocampal slices from 2-month-old and postnatal day 10 rats. Acute hippocampal slices
were subjected to OGD for 2 h followed by 2.5 h reoxygenation. At the end of incubation,
slices were homogenized and aliquots were processed for immunoblotting with antibodies
against phosphorylated p38 or JNK and total p38 or JNK. (a) Representative images of
western blots indicating the p-p38 and p38 levels at 43 kDa in the absence or presence of
EUK-207 (50 μmol/L), EUK-207 plus PD98059 (10 μmol/L), or EUK-207 plus SB203580
(1 μmol/L). (b) Quantitative analysis of blots similar to those shown in (a) Results are
expressed as percent of control values and the data represent means ± SEM of four
experiments. (c) Representative images of western blots indicating the p-JNK and JNK
levels at 46 and 54 kDa. (d) Quantitative analysis of blots similar to those shown in C.
Results represent means ± SEM of five experiments (PD: PD98059; SB: SB203580).
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Fig. 8.
Effects of EUK-207, PD98059, and SB203580 on OGD-induced LDH release in acute
hippocampal slices from 2-month-old and postnatal day 10 rats. Hippocampal slices from 2-
month-old rats were subjected to (a) 2 h OGD or (b) 2 h OGD followed by 2.5 h
reoxygenation, in the absence or presence of EUK-207 (50 μmol/L), EUK-207 plus
PD98059 (10 μmol/L), or EUK-207 plus SB203580 (1 μmol/L). Results are expressed as
fold increase over control values and are means ± SEM of 10 experiments. Hippocampal
slices from postnatal day 10 rats were subjected to (c) 2 h OGD or (d) 2 h OGD followed by
2.5 h reoxygenation, in the absence or presence of EUK-207, EUK-207 plus PD98059, or
EUK-207 plus SB203580. Results are expressed as fold increase over control values and are
means ± SEM of 10 experiments (*p < 0.05 as compared to OGD-treated slices, student’s t-
test. PD: PD98059; SB: SB203580).
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Fig. 9.
Effects of EUK-207 and EUK-189 on OGD-induced calpain activation. Acute hippocampal
slices from postnatal day 10 or 2-month-old rats were subjected to OGD for 2 h followed by
2.5 h reoxygenation in the absence or presence of EUK-189 (50 μmol/L) or EUK-207 (50
μmol/L). At the end of treatment, slices were homogenized and aliquots were processed for
immunoblotting with spectrin antibodies. (a) Representative images of western blots
indicating the levels of calpain-mediated spectrin breakdown products (SBDP) at 150 and
145 kDa in the absence or presence of EUK-189 or EUK-207. (b) Quantitative analysis of
blots similar to those shown in A. Blots were scanned and the intensities of SBDP bands
were quantified and expressed as percent of control values and the data represent means ±
SEM of four experiments.
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