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Abstract Current knowledge concerning the molecular
mechanisms of the cellular response to excitotoxic insults in
neurodegenerative diseases is insufficient. Although gluta-
mate (Glu) has been widely studied as the main excitatory
neurotransmitter and principal excitotoxic agent, the neuro-
protective response enacted by neurons is not yet completely
understood. Some of the molecular participants have been
revealed, but the signaling pathways involved in this protec-
tive response are just beginning to be identified. Here, we
demonstrate in vivo that, in response to the cell damage and
death induced by Glu excitotoxicity, neurons orchestrate a
survival response through the extracellular signal-regulated
kinase (ERK) signaling pathway by increasing ERK expres-
sion in the rat hippocampal (CA1) region, allowing increased
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neuronal survival. In addition, this protective response is
specifically reversed by U0126, an ERK inhibitor, which
promotes cell death only when it is administered together with
Glu. Our findings demonstrate that the ERK signaling path-
way has a neuroprotective role in the response to Glu-induced
excitotoxicity in hippocampal neurons. Therefore, the ERK
signaling pathway may be activated as a cellular response to
excitotoxic injury to prevent damage and neural loss,
representing a novel therapeutic target in the treatment of
neurodegenerative diseases.
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Introduction

Neurodegenerative diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease, multi-
ple sclerosis, and stroke continue to represent major chal-
lenges for devising therapies that reverse or prevent neuronal
loss. Our knowledge regarding the fundamental regulation of
cellular processes that lead to cellular demise is incomplete. In
addition, there is insufficient information regarding the mech-
anisms utilized by cells to protect themselves after the
excitotoxic injuries that accompany degenerative processes.

Glutamate (Glu) is the main excitatory neurotransmitter in
the mammalian brain. It functions through two main types of
Glu receptors (GluR), ionotropic and metabotropic (Kew and
Kemp 2005, and it has been shown to play important roles in
many brain processes, including neurodevelopment (e.g., dif-
ferentiation, migration, and survival) (Maiese et al. 2005) and
learning (e.g., long-term potentiation and depression)
(Gladding et al. 2009; Kullmann and Lamsa 2008). In con-
trast, Glu has also been implicated in acute neurodegeneration
(e.g., cerebral ischemia, traumatic brain injury) (Grewer et al.
2008; Paschen 1996), chronic neurodegeneration (e.g.,
Huntington’s disease, Alzheimer disease) (André et al. 2010;
Lee et al. 2004), and stress response and anxiety disorders
(Cortese and Phan 2005). Therefore, Glu is also considered
the major cause of excitotoxic damage. This excitotoxic effect
has been widely studied (reviewed in Schousboe and
Waagepetersen 2005; Lau and Tymianski 2010), but the mo-
lecular mechanisms underlying endogenous neuroprotection
are not completely understood.

Understanding the molecular mechanisms involved in
protecting neurons from excitotoxic cell death has been a
significant focus of neuroscience research. Recently, we dem-
onstrated that both in vitro and in vivo Glu-induced
excitotoxicity increases the astrocytic expression of NCX3/
Slc8a3, an Na'/Ca®" membrane exchanger, which partially
explains the activation of a molecular response to cell damage
(Ortufio-Sahagun et al. 2010). In addition, we described the
hippocampal gene expression profile after neonatal
monosodium glutamate (MSG)-induced excitotoxicity, which
is consistent with the activation of mechanisms that modulate
the N-methyl-D-aspartic acid (NMDA) receptor function and
intracellular calcium homeostasis (Ortufio-Sahagin et al.
2010); however, the specific signaling pathways involved in
the brain cells remain unknown.

Mitogen-activated protein kinases (MAPKs) are signal
transducers that have been implicated in cellular events that
result in both cell death (Yoon et al. 2009) and survival (Park
et al. 2008). Of the three major mammalian MAPK pathways,
the MAPK/extracellular signal-regulated kinase (ERK) path-
way is commonly associated with survival (Anderson and
Tolkovsky 1999), whereas the p38/MAPK (Asomugha et al.
2010; O’Sullivan et al. 2009) and stress-activated protein

kinase/Jun N-terminal kinase (JNK) pathways are often im-
plicated in cell death (Asomugha et al. 2010; Verheij et al.
1998; Lei and Davis 2003).

Interestingly, some evidence indicates the relevance of
MAPK for regulating physiological responses to Glu in the
central nervous system in vivo. For instance, following the
systemic administration of either of the Glu analogs quinolinic
acid (Ferrer et al. 2001) or kainic acid (KA) at convulsant
doses (Ferrer et al. 2002) in rats, the expression levels of
MAPK, JNK, and p38 vary, particularly in the hippocampus,
which strongly suggests that co-regulation could exist among
these pathways in association with either cell death or cell
survival triggered by overactivation of the glutamatergic sys-
tem. Therefore, these pathways might be involved in the
response to excitotoxic injury.

Recently, Karmarkar et al. (2011) demonstrated that
MAPK/ERK is essential for endogenous neuroprotection in
suprachiasmatic nuclei 2.2 (SCN2.2) cells in vitro. This find-
ing is noteworthy because the SCN is resistant to Glu
excitotoxicity (Barnes et al. 2003; Tischkau et al. 2000). The
neuroprotective effect of ERK1/2 activation usually results in
the subsequent activation of several key regulators. Among
these, B cell lymphoma-2 (Bcl-2) is a key regulator of apo-
ptosis and one of the main targets of ERK proteins (Wang
et al. 2006) that regulates the transcriptional activities of
multiple transcription factors related to apoptosis/survival
(Feng et al. 2004).

However, the role of ERK in the regulation of neuronal
survival during an excitotoxic process induced in vivo during
the early stages of life is not clear. The goal of this work was to
delineate the contribution of the MAPK/ERK signaling path-
way to neuronal survival under neonatal excitotoxic conditions
by using an in vivo model of neonatal excitotoxicity induced by
MSG. We measured the expression levels of the phosphorylat-
ed ERK1/2 protein under excitotoxic conditions with or without
an ERK inhibitor. In addition, we performed a histological
analysis in the different areas of the rat hippocampus. Our
results indicate that the MAPK/ERK signaling pathway is
induced in response to in vivo excitotoxic neuronal damage.

Materials and Methods
Animal Treatment

Neonatal Wistar rats were utilized in all of the studies. The rats
were maintained under normal conditions (free access to water
and food, 12/12-h light-dark cycles, and 23-25 °C) during
and after treatment. Animal care and handling was performed
in agreement with the Mexican General Laws of Health and its
corresponding chapters (1987) and in accordance with proce-
dures approved by the University of Barcelona animal exper-
imentation ethics committee, which conform to governmental

@ Springer



368

J Mol Neurosci (2014) 52:366-377

regulations, and with the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals
(NIH publication no. 80-23, revised 1996). The experimental
scheme was designed to minimize animal suffering and the
number of animals used.

All litters were adjusted to eight pups per mother on the day
of birth. The experimental animals received subcutaneous
(s.c.) administration of MSG (4 mg/g body weight [BW])
according to a procedure described previously (Ortufio-
Sahagun et al. 1997; Beas-Zarate et al. 1994). A total of 30
animals were treated with MSG on postnatal days (PND) 1, 3,
5, and 7, and 18 animals did not receive any treatment (intact
control groups). The animals were killed by decapitation at 3,
6, 12, 24, 72, or 120 h after the last MSG dose, and the
hippocampus was dissected out at 4 °C for further molecular
analysis. Brains from different groups of animals were used
for the histological analysis.

In a parallel series of experiments, 15 animals divided into
three groups were used to determine the optimal concentration
of U0126, an efficient inhibitor of MAPK/ERK signaling
(Satoh et al. 2000; Duncia et al. 1998). We tested different
doses (0.15, 0.30, and 0.50 pug/g BW) of U0126 (U-120;
Sigma-Aldrich, St. Louis, MO, USA) diluted in 10 % dimeth-
yl sulfoxide (DMSO, D-8418; Sigma-Aldrich, St. Louis, MO,
USA) and administered s.c. 30 min prior to each MSG treat-
ment following the previously described experimental
scheme. A 0.1-M sodium phosphate-buffered solution (PBS)
was used as a vehicle to obtain a maximum volume of 25 pL.
The maximum amount of DMSO applied on the last treatment
day and with the highest dose of U0126 was approximately
1 pL per animal. In addition, two control groups of three
animals each were included as follows: one was treated with
10 % DMSO + vehicle (0.1 M PBS) and the other was treated
with the higher experimental dose of U0126 (0.500 ug/g of
BW) under the same experimental conditions.

Western Blot Analysis

After treatment, the animals were killed, and their hippocampi
were rapidly removed and frozen at =95 °C. The tissues were
homogenized in 1 mL cold lysis solution containing 920 pL
of lysis buffer (1 M Tris base pH 7.5, 5 M NaCl, 0.2 M NaF,
and 10 mM Na3;VO,) and 80 uL of a protease inhibitor
cocktail (complete tablets, 1842196; Hoffmann-La Roche,
Basel, Switzerland). Then, the homogenates were incubated
on ice for 30 min and centrifuged at 13,000xg for 30 min at
4 °C. The supernatants were collected, and the protein content
was determined using the bicinchoninic acid method (Pierce
Company, Rockford, MI, USA). Samples containing 50 pg of
protein were placed in sample buffer, denatured by boiling,
and separated by electrophoresis on 10 % acrylamide gels.
Next, the proteins were transferred onto polyvinylidene
fluoride sheets (0.45 wm; Millipore, Bedford, MA, USA).
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The membranes were blocked for 24 h with 100 g/L nonfat
milk in Tris-buffered saline with 0.1 % Tween (TBST) and
then incubated with anti-phospho-ERK1 and ERK2 antibody
(cat. E 7028 anti-MAPK, 1:1,000; Sigma, St. Louis, MO,
USA) for 24 h at 4 °C. Subsequently, the blots were thorough-
ly washed in TBST buffer and incubated for 24 h with horse-
radish peroxidase-conjugated anti-mouse IgG (1:1,000;
Vector Laboratories, Burlingame, CA, USA). The immunore-
active proteins were revealed with an ABC Standard Kit
(Vectastain; Vector Laboratories, Burlingame, CA, USA)
and detected by diaminobenzidine (DAB) (Sigma-Aldrich,
St. Louis, MO, USA). Using the same blot, we also detected
actin (1:10,000; Sigma-Aldrich, St. Louis, MO, USA) using a
method that has been described previously. Protein expression
levels were measured using Quantity One (Bio-Rad
Laboratories, Hercules, CA, USA). The optical density (OD)
of ERK /2 bands was normalized to the actin band.

Histological Procedures

For histological analysis, the control and experimental ani-
mals were intracardially perfused with 4 % paraformaldehyde
in 0.1 M phosphate buffer after MSG treatment. The brains
were extracted from the animals on PND 12 and fixed in
fixing solution for 1 week. Next, the whole brains were
processed and embedded in paraffin, and 8-um-thick coronal
sections were obtained every 50 um using an American
Optical 820 Microtome. Finally, the sections were stained
with hematoxylin and eosin (H&E) and mounted for
observation.

For all morphological studies, the data correspond to three
animals for each group studied. For the immunohistochemistry
experiments, five animals were studied from each group and
four to six sections from each animal were examined. The
images were captured using a Media Cyberetics Photometric
CoolSNAP-Pro CF color digital camera mounted on a binocular
Olympus IX50 inverted microscope. The immunolabeling in-
tensity was measured using Image-Pro Plus ver4.5 analysis
software. The OD of the immunopositive cells/counting area
was plotted for each hippocampal region (CA1, CA2, and CA3)
of both cerebral hemispheres and expressed as the mean + the
standard error of the mean (SEM). For the neurodegenerative
index (H&E method), four to six sections were examined for
each animal, and cell counting was performed for each hippo-
campal region of both cerebral hemispheres using a Leica DME
light microscope and a 1-mm? square reticule. The mean per-
centage of dead cells was plotted for each hippocampal region
and expressed as the mean = SEM. For the neurodegenerative
index (H&E method), cell counting was performed to determine
the number of neurons with normal characteristics in the dorsal
hippocampus at that level. The cells in the CA1, CA2, and CA3
regions were included in the counting. In each region, the
amount of neurons with normal characteristic against those with
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neuronal damage was determined using a Leica DME light
microscope and a 1-mm? square reticule. The data were obtain-
ed by analyzing eight fields per section in four sections from
each of the five animals from each group studied. The results
were expressed as the number of cells with morphology indi-
cating neuronal damage.

Immunohistochemistry

For the immunohistochemistry studies, the animals were anes-
thetized by pentobarbital injection (50 mg/kg BW, intraperito-
neally) at the previously determined time point of maximum
ERK1/2 expression. Perfusion was performed using 4 % para-
formaldehyde in 0.1 M phosphate buffer. The brains were
removed and postfixed for 1 week at room temperature (RT).
Then, the brains were sliced with a vibratome (Leica VT1000
S, Wetzlar, Germany) to obtain 40-pum-thick coronal sections.

Free-floating sections were rinsed in sodium borohydrate
for 10 min and with 0.5 % Triton X-100 for 1 h. These
sections were then preincubated in blocking solution (normal
serum with PBS—sodium azide, 1:100) for 30 min. Later, the
sections were incubated for 72 h at4 °C with an anti-phospho-
ERK1 and ERK2 antibody (cat. no. E 7028 anti-MAPK, 1:1,
000; Sigma-Aldrich, St. Louis, MO, USA). Subsequently, the
sections were sequentially incubated for 24 h with an anti-
mouse IgG (1:1,000; Vector Laboratories, Burlingame, CA,
USA) and an avidin—biotin complex (ABC Vectastain; Vector
Laboratories, Burlingame, CA, USA) for 2 h. Finally, the
tissues were visualized with DAB (Vector Laboratories,
Burlingame, CA, USA). Each step of the technique was
performed at RT and preceded by a minimum of three 15-
min washes in PBS. The preparations were dehydrated and
mounted for microscopic observation.

Hippocampal Cell Culture

Primary hippocampal neurons were isolated from the frontal/
parietal hippocampus of embryonic Wistar rats (E16-E18) as
previously described (Petegnief et al. 2001). The tissue sec-
tions were pooled in ice-cold PBS/glucose and dissociated
with trypsin (trypsin 0.05 %—-EDTA 0.53 mM for 15 min at
37 °C). After centrifugation (5 min at 800xg), the supernatant
was transferred onto Neurobasal™ A complete medium
(Gibco, Carlsbad, CA, USA) containing penicillin/
streptomycin (Sigma-Aldrich, St. Louis, MO, USA), 45 %
glucose solution (Sigma-Aldrich, St. Louis, MO, USA), sodi-
um bicarbonate 7.5 % (Sigma-Aldrich, St. Louis, MO, USA),
glutamine (Sigma-Aldrich, St. Louis, MO, USA), and B27
supplement (Gibco, Carlsbad, CA, USA). The dissociated
cells were plated onto poly-L-lysine-coated (25 mg/mL) cul-
ture dishes at a density of 0.25x 10° cells/mL. The cells were
maintained in culture for up to 12—14 days at 37 °C in an
atmosphere of 5 % CO,/95 % air. The culture medium was

replaced at 7 and 10 days in vitro (DIV). To prevent non-
neuronal cell proliferation, 6 M cytosine arabinoside (Sigma,
Madrid, Spain) was added at 4 DIV and 3 uM cytosine
arabinoside was added at 7 and 10 DIV.

Treatment of Hippocampal Neurons

The hippocampal cells were treated at 12—-14 DIV. A 24-h
dose-response curve was generated for Glu (0-50 uM). The
ERK inhibitor U0126 (Calbiochem, Darmstadt, Germany)
was added to the cell culture at a concentration of 25 uM for
30 min prior to Glu treatment. The cell viability was measured
24 h after treatment.

Cell Viability

Cell death was determined by two different methods: lactate
dehydrogenase (LDH) release and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich,
St. Louis, MO, USA). We evaluated the toxicity of Glu by
assaying cell death, which was based on the measurement of
the LDH released from the cytosol of damaged cells. Culture
medium was collected for each well after a 24-h Glu incuba-
tion period and placed on ice until use.

LDH was assayed with a kit (Roche Diagnostics GmbH,
Mannheim, Germany). Photometric measurements were per-
formed at 490 nm in a Benchmark plus microplate spectro-
photometer (Bio-Rad Laboratories, Hercules, CA, USA). The
results were expressed as percentages of LDH released vs.
non-treated cells. Cell cytotoxicity was measured utilizing the
MTT assay. The MTT stock solution (5 mg MTT/mL distilled
water) was added to cell cultures at a final concentration of
0.5 mg/mL for 1 h at 37 °C. MTT was reduced to non-water-
soluble violet formazan crystals within the cell. The medium
was removed, and the cells were dissolved in DMSO.
Formazan formation was determined spectrophotometrically,
employing a microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA). Viability was expressed as the percent-
age of absorbance measured in non-treated cells.

PCR of Identified Genes and Densitometric Scanning

The oligonucleotide primers used for polymerase chain reac-
tion (PCR) were the following: Bcl-2 sense 5-TAAAAA
GCTGAAAGGAATTTGAATA-3', antisense 5'-AAGTCG
CGACGGTAGCGACGAGAGA-3' (24 cycles) and [3-actin
sense 5'-CACCACAGCTGAGAGGGAAATCGTGCGT
GA-3', antisense 5'-ATTTGCGGTGCACGATGGAGGGGC
CGGAACT-3' (18 cycles) as a control gene. All PCRs were
performed after a single denaturation step at 94 °C for 5 min,
and they involved 24 or 18 denaturation cycles, respectively,
at 94 °C for 1 min, annealing at 60 °C for 1 min, and extension
at 72 °C for 1 min, followed by a final extension for 5 min at
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72 °C. The samples were electrophoresed and photographed
with a Kodak Digital Science Scanner, and the analysis was
carried out with the same system. The amplified PCR products
were calculated automatically and normalized against the area
representing the expression of the constitutive gene. The
results are expressed as the relative intensity in arbitrary units
(AU) compared to the control value. Statistical comparisons
were conducted using analysis of variance (ANOVA) for
comparison between groups; a p <0.05 was considered
significant.

Statistical Analysis

For the analysis of neuronal viability and LDH release exper-
iments, the data were analyzed using one-way ANOVA
followed by Bonferroni post hoc tests; p <0.05 was consid-
ered significant. Statistical comparisons of the morphological
findings and Western blot analyses were performed by
ANOVA, and the Fisher test was utilized to perform compar-
isons between groups; p <0.05 was considered significant.
The data represent the values obtained from four to five
independent experiments, each of which was performed in
duplicate.

Results

MSG Treatment Induces an Early Increase in ERK1/2
Expression in the Hippocampus

To explore the contribution of ERK signaling to the neuro-
protective response, its expression level was determined by
Western blotting. The results are presented in reference to the
control levels. The data indicate that, from 3 to 120 h after
MSG treatment, phosphorylated ERK1/2 expression levels
increased, reaching a maximum at 24 h after treatment and
decreasing thereafter (Fig. 1). The treatment of cells with the
mitogen-activated protein kinase kinase enzyme (MEK)-spe-
cific inhibitor U0126 has been demonstrated to block the
enhanced human kidney-type glutaminase activity with paral-
lel inhibition of ERK phosphorylation (Thangavelu et al.
2012). When 150 ng/g U0126 was administered before
MSG, the results clearly indicated that the levels of phosphor-
ylated ERK1/2 were reduced (Fig. 2). This finding indicates
that ERK phosphorylation is involved in the cellular response
to excitotoxicity induced by neonatally administered MSG.
In addition, the neurodegenerative index under excitotoxic
conditions was evaluated and quantified (as the percentage of
dead cells) in the control, MSG, and MSG+U0126 groups.
The severity of neuronal damage in the evaluated regions was
estimated based on the mean number of dead neurons and the
observation of degenerative signs, including the following
types of cells with neuronal necrosis patterns: fusiform
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neurons with cytoplasmic retraction or high basophilic inten-
sity (live—blue); cells with pyknotic nuclei; condensed chro-
matin and without apparent nucleoli; and dark and edematous
neurons.

Histological analysis confirmed that U0126 inhibited ERK,
which increased the percentage of cell death (Fig. 3) and the
number of neurons exhibiting degenerative changes. This
phenomenon was observed throughout the CA region of the
hippocampus, from CA1 to CA3 (Fig. 3), indicating that the
protective response orchestrated in this region involves the
ERK signaling pathway.

Glutamate Induces LDH Release to Mediate In Vitro
Hippocampal Neuron Viability Through ERK Signaling

We confirmed previously published results that Glu clearly
compromised hippocampal neuronal viability in culture. Our
results show that Glu treatment caused a significant reduction
in cell viability (a decrease between 25 and 50 %) (Fig. 4a).
This effect markedly correlated with the increase in LDH
release (Fig. 4b). In addition, the ERK inhibitor U0126 further
affected cell viability, but only when it was administered
together with Glu (Fig. 4c). U0126 increased LDH release in
treated cells, but not in controls (Fig. 4d), indicating that the
ERK signaling pathway is involved in the cellular response to
excitotoxic damage in hippocampal neurons and that blocking
this pathway increases cell survival.

Hippocampal CA Regions Respond to Excitotoxicity
by Increasing the Levels of Phosphorylated ERK Protein

We evaluated hippocampal phosphorylated ERK immunore-
activity to determine the precise area (CA1, CA2, or CA3) in
which ERK activity was highest under excitotoxic conditions.
The ERK-immunopositive cells were counted, and the results
obtained confirm a high increase in phosphorylated ERK
immunoreactivity in the hippocampi of the treated animals
(Figs. 5, 6, and 7). When selected CA regions were evaluated,
we found a higher increase of immunoreactivity in CA2
(Fig. 6) and CA3 (Fig. 7). The increase was also significant
in CA1l, but to a lesser extent (Fig. 5). Therefore, although the
excitotoxic response appears to increase ERK protein phos-
phorylation throughout the hippocampus, a partial regionali-
zation can be observed (Figs. 5, 6, and 7).

Finally, as a measure of a neuroprotective mechanism that
reinforces the role of ERK1/2 on hippocampal neurons, we
assessed Bcl-2 mRNA expression and found a significant
increase in the hippocampi of animals treated neonatally with
MSG (Fig. 8). This result strongly suggests that an anti-
apoptotic response through ERK1/2 activation appears to
mediate this neuroprotective mechanism, although further
experiments are required to test whether the effect can be
blocked by inhibitors of ERK activation.
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Discussion

There is abundant evidence that excitotoxicity has a key role
in neurodegenerative processes (reviewed in Dong et al. 2009;
Wang and Qin 2010) and that neurons can trigger protective
mechanisms that lead to neuronal survival (reviewed in Naoi
and Maruyama 2010; Esposito and Cuzzocrea 2010; Sahota
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and Savitz 2011). Importantly, neurons attempt to control
Ca*" disruption, inactivate excitatory inputs, and reestablish
homeostasis. All of these responses could be coordinated by
either one or a few intracellular signaling pathways.

The link between ERK signaling and survival has been
widely studied in different neuronal models (Hetman and
Gozdz 2004), but its specific participation after excitotoxic
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Fig. 3 Left panel representative
photomicrograph showing the
effect of MSG on neuronal
survival in the presence and
absence of U0126 in different
hippocampal areas (CA1, CA2,
and CA3). The magnifications are
x4 in the upper photo and x10 in
the lower photo. The
hippocampal slices were stained
with the Nissl technique. Right
panel respective quantitative
analysis expressed as the
percentage of neuronal death. The
data represent the mean + SEM of
five independent experiments
(n=5) with duplicate samples.

F value=3.5, *p <0.05 was
considered significant (bar=

25 pm)

Fig. 4 Extracellular signal-
regulated protein kinase (ERK)
inhibition decreases hippocampal
neuronal viability after 24 h of
Glu treatment. (a) Glu decreases
neuronal viability at
concentrations ranging from 10 to
50 uM, measured by the MTT
assay. (b) The LDH released
increases after 24 h of Glu
treatment. (¢) Pretreatment with
U0126 decreases cell viability
and (d) increases LDH release.
The data are expressed as the
mean + SEM of three independent
experiments (n=3). F value=
23.4, p<0.05 was considered
significant. *p <0.05, **p <0.01,
**¥p<0.001 vs. control (CTL);
&&p<0.01 vs. Glu
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CTL

Fig. 5 Left panel representative image showing phosphorylated extra-
cellular signal-regulated protein kinase (ERK)-immunopositive neurons
in the control (CTL) group (a) and the MSG group (b) in the CAl
hippocampal area (magnification, x4). The square indicates ERK-
immunopositive cells (arrows) at a greater magnification in the CTL

damage during early postnatal stages in vivo was previously
undetermined.

The ERK signaling pathway is known to be involved in the
neuroprotective role of some factors, such as brain-derived
neurotrophic factor (BDNF) (Melo et al. 2013; Almeida et al.
2005; Hetman et al. 1999), vascular endothelial growth factor
(Ma et al. 2011; Zachary 2005; Matsuzaki et al. 2001), stem

CTL MSG

Fig. 6 Left panel images showing phosphorylated extracellular signal-
regulated protein kinase (ERK)-immunopositive neurons in the control
(CTL) group (a) and the MSG-treated group (b) in the CA2 hippocampal
area (magnification, x4). The square indicates ERK-immunopositive
cells (arrows) at the greatest magnification in the CTL (¢) and the
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(c) and the MSG-treated (d) groups. Right panel quantitative analysis
of the number of ERK-immunoreactive cells (upper right graphic) and
their intensity expressed as the OD (lower right graphic). The data
represent the mean £ SEM of five independent experiments (n=5), each
performed in duplicate; *p <0.05 was considered significant

cell factor (Dhandapani et al. 2005), and 173-estradiol (Wu
etal. 2005). Additionally, ERK activation has a protective role
during pilocarpine-induced seizures (Berkeley et al. 2002) and
after KA-induced damage (Ferrer et al. 2002). In these cases,
upregulation of the senescence marker protein-30 (SMP30) in
astrocytes (Son et al. 2009) is observed, indicating an impor-
tant supportive role for SMP30 after brain damage.
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MSG-treated (d) groups. Right panel quantitative analysis of the number
of ERK-immunoreactive cells (upper right graphic) and their respective
intensities expressed as OD (lower right graphic). The data represent the
mean + SEM of five independent experiments (n=5). *p <0.05 was
considered significant
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Fig. 7 Left panel images showing phosphorylated extracellular signal-
regulated protein kinase (ERK)-immunopositive neurons in the control
(CTL) group (a) and the MSG-treated group (b ) in the CA3 hippocampal
area (magnification, X4). The square indicates the ERK-immunopositive
cells (arrows at greatest magnification) in the CTL (c¢) and the MSG-

More recent evidence directly relates ERK signaling to the
response to neural cell damage induced by Glu excitotoxicity
in vitro, especially in cerebellar granule neurons (Ortega et al.
2011), rat adrenal pheochromocytoma 12 cells (PC12) (Wang
etal. 2011), SCN neurons (Karmarkar et al. 2011), cultured rat
hippocampal neurons (Melo et al. 2013), CA1/CA3 hippo-
campal neurons from organotypic hippocampal slices exposed
to NMDA insult (Boscia et al. 2009), and cortical neurons
affected by mechanical traumatic injury in vitro, which un-
dergo a response mediated by the MEK/ERK pathway that is
modulated by metabotropic glutamate receptor 5 (mGIuRS5)
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Fig. 8 Upper panel representative RT-PCR products demonstrating the
Bcl-2 expression levels after MSG-induced excitotoxicity in the presence
or absence of the extracellular signal-regulated protein kinase (ERK1/2)
inhibitor U0126. Lower panel semiquantitative analysis. The results
represent the mean = SEM of five experiments (n=5), each performed
in duplicate. *p <0.05 was considered significant
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treated (d) groups. Right panel quantitative analysis of the number of
ERK-immunoreactive cells (upper right graphic) and their respective
intensities expressed as OD (lower right graphic). The data represent the
mean + SEM of five independent experiments (n=5). *p<0.05 was
considered significant

(Chen et al. 2012). In addition, the neuroprotective effect
mediated via ERK1/2 and Bcl-2 has also been demonstrated
in cultured primary cortical neurons against oxidant injury
(Sanchez et al. 2012). However, until now, in vivo evidence
has been absent. Combined with the previous evidence ob-
tained in vitro, the present in vivo results suggest that ERK
may be a common signaling pathway that is activated in
response to excitotoxic injury and that promotes cell survival.

Neonatally administered MSG has been broadly described
by our group and others as a useful in vivo model of
excitotoxicity (Babai et al. 2006; Ortufio-Sahagun et al.
1997; Beas-Zarate et al. 1994). Some of the molecular mech-
anisms involved have been partially elucidated (Ortufio-
Sahagun et al. 2010). Here, we reveal another piece of the
puzzle by demonstrating the involvement of the ERK1/2
signaling pathway, which could coordinate the protective
cellular response to excitotoxic damage. Previously, we
showed that the p38 pathway could be involved in the re-
sponse to excitotoxicity induced by MSG in the brain cortex
(Segura Torres et al. 2006). Given that, in the hippocampus,
the three main MAPK pathways can be differentially activated
(Giovannini et al. 2008), it is possible to interpret the results
presented here, in which the ERK pathway is involved in the
excitotoxicity process in the hippocampus. Our in vitro and
in vivo results support the key role of MAPK and ERK1/2
signaling in cellular mechanisms that are induced by
excitotoxic damage. These results are reinforced by synergis-
tic responses at the genomic and proteomic levels. It is note-
worthy that there is an apparently higher protection in vivo
than in that obtained in vitro, in the pure cultures of hippo-
campal neurons; therefore, it could be feasible to speculate
about the relevant participation of not only glial cells (mainly
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astrocytes) but also others that provide some additional pro-
tection or at least somehow participate in the protective re-
sponse. Thus, additional experiments, such as coculturing of
hippocampal neurons with astrocytes, would be necessary to
determine whether the non-neuronal cells are also modified in
their ERK expression and/or its phosphorylation.

The active role of ERK in neuroprotection is also con-
firmed by the increase in Bcl-2 mRNA levels in our model.
Bcl-2 is a member of the Bcl-xL protein family that functions
as an anti-apoptotic factor in several cell types, including
neurons (Akhtar et al. 2004). Overexpression or upregulation
of Bcl-2 mRNA indicates that ERK1/2 activation possesses an
active role in the neuroprotection of hippocampal neurons by
inducing downstream molecular mechanisms that augment
the neuroprotective response induced by MSG excitotoxicity.
Taken together, the results presented here indicate that ERK 1/
2 involvement is a pivotal piece of the neural response to
excitotoxicity, which is ongoing and successfully described
by others and our group.

On the basis of previously reported in vitro studies, one
attractive hypothesis of the molecular mechanism involved in
neuroprotection against Glu excitotoxicity is that it could be
mediated by c-fos expression (Rogers et al. 2004; Zhang et al.
2002), which in turn induces BDNF expression (Dong et al.
2006). BDNF is involved in the low-level stimulation of
NMDA receptors, which protect hippocampal neurons in
culture against Glu excitotoxicity by activation of the ERK
pathway (Melo et al. 2013; Almeida et al. 2005) through TrkB
receptor activation (Numakawa et al. 2010; Jiang et al. 2003).
However, given that nearly all of the knowledge about the
molecular pathways that may be involved in Glu
excitotoxicity in neurons is derived from in vitro studies using
isolated neurons or explants, it will be relevant to translate
these results into an in vivo model, such as the one we describe
here (this work and previously in 13 other studies; Malik et al.
2011), to establish the relative participation of each compo-
nent in the neurotrophin-mediated neuroprotection against
Glu excitotoxicity.

Deviation from the strict control of MAPK signaling path-
ways (ERK, p38, and JNK) has been implicated in the devel-
opment of neurodegenerative diseases, including AD, PD, and
amyotrophic lateral sclerosis (reviewed in Zhu et al. 2003;
Kim and Choi 2010). Additionally, these three MAPK path-
ways are differentially activated in the hippocampus of the
CRNDS transgenic mouse, a model of AD (Giovannini et al.
2008), which suggests a final equilibrium under these patho-
logical neurodegenerative conditions.

Collectively, the results presented here further suggest that
the ERK signaling pathway is involved in the in vivo cellular
response to extracellular Glu injury. This evidence implies that
it would be beneficial to explore ways to manipulate the ERK
pathway, such as treatment with imipramine, a tricyclic anti-
depressant drug, which has recently been shown to promote

neurogenesis and improve the survival rate of neurons in the
hippocampus by activation of the MAPK pathway (Peng et al.
2008), as well as other therapeutic avenues to protect neurons
from neurodegenerative disease pathophysiology.
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