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Switching of N-Methyl-p-aspartate (NMDA) Receptor-favorite
Intracellular Signal Pathways from ERK1/2 Protein to p38
Mitogen-activated Protein Kinase Leads to Developmental
Changes in NMDA Neurotoxicity™
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Excitotoxicity mediated by overactivation of N-methyl-p-as-
partate receptors (NMDARs) has been implicated in a variety of
neuropathological conditions in the central nervous system
(CNS). It has been suggested that N-methyl-p-aspartate
(NMDA) neurotoxicity is developmentally regulated, but the
definite pattern of the regulation has been controversial, and
the underlying mechanism remains largely unknown. Here, we
show that NMDA treatment leads to significant cell death in
mature (9 and 12 days in vitro) hippocampal neurons or hip-
pocampi of young postnatal day 12 and adult rats but not in
immature (3 and 6 days in vitro) neurons or embryonic day 18
and neonatal rat hippocampi. In contrast, NMDA promotes sur-
vival of immature neurons against tropic deprivation. Interest-
ingly, it is found that NMDA preferentially activates p38 MAPK
in mature neuron and adult rat hippocampus, but it favors
ERK1/2 activation in immature neuron and postnatal day O rat
hippocampus. Moreover, it is shown that NMDA neurotoxicity
in mature neuron is mediated via p38 MAPK activation, and
neuroprotection in immature neuron is mediated via ERK1/2
activation, whereas all these effects are NR2B-containing
NMDAR-dependent, as well as Ca®>*-dependent. We also
revealed that mature and immature neurons showed no differ-
ence in the amplitude of NMDA-induced intracellular calcium
([Ca®*],) increase. However, the basal level of [Ca®* ], is shown to
elevate with the maturation of neuron, and this elevation is
attributable to the changes in NMDA neurotoxicity but not to
the switch of the NMDAR signaling pathway. Taken together,
our results suggest that a switch of NMDA receptor-favorite
intracellular signal pathways from ERK1/2 to p38 MAPK and
the elevated basal level of [Ca®*]; with age might be critical for
the developmental changes in NMDA neurotoxicity in the hip-
pocampal neuron.

Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system (CNS). Glutamatergic
transmission is mediated by two types of receptors classified

* This work was supported by Grant 30900431 from the National Natural Sci-
ence Foundation of China.

"To whom correspondence may be addressed. Tel.: 86-21-81871045; Fax:
86-21-65349829; E-mail: liuyangxiaolin@yahoo.com.cn.

2To whom correspondence may be addressed. Tel.: 86-21-81871045; Fax:
86-21-65349829; E-mail: yzchen0928@yahoo.com.

JUNE 10,2011 +VOLUME 286+NUMBER 23

primarily in terms of their pharmacological characteristics,
namely ionotropic glutamate receptors and metabotropic glu-
tamate receptors. lonotropic glutamate receptors consist of
three subtypes as follows: N-methyl-pD-aspartate receptor
(NMDAR),? a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid receptor and kainite receptor. Among them,
NMDARs play crucial roles in a wide variety of physiological
processes such as neuronal development, survival, and synaptic
plasticity. But overactivation of NMDARs can lead to intensive
excitotoxic neuronal death. It is the main mediator of brain
injury following many acute neurological toxic insults, such as
stroke, epileptic seizures, cerebral ischemia, and brain trauma
(1,2). It has also been implicated in the pathogenesis of a variety
of chronic neurodegenerative disorders (1, 3), including
Alzheimer (4), Parkinson (5), and Huntington disease (6). How-
ever, over-inhibition of NMDAR activity might also result in
neuronal death especially in the developing brain, which may
call attention to the cautious use of NMDAR blockers such as
ketamine in pregnancy or pediatric anesthesia (7-9). Thus,
NMDAR seems to exert a complex role by mediating both neu-
rotoxic and neuroprotective effects in the CNS, although the
detailed mechanism is still in debate (10, 11).

Functional NMDA receptors are heteromeric assemblies of
the following four subunits: generally two NMDA-R1 and two
NMDA-R?2 subunits. Together, the four subunits form a chan-
nel in the plasma membrane permitting influx of Ca*>* when
stimulated. The NMDA-R1 subunits (NR1) are derived from a
single gene that can exist as eight different variants based on
alternative splicing, whereas four separate genes encode the
NMDA-R2 subunits (NR2A, NR2B, NR2C, and NR2D) that dif-
fer in channel conductance, kinetic properties, and sensitivity
to various ligands (12, 13). The NR1 subunit binds to glycine
and is essential for the formation of functional NMDA receptor
channels, whereas the NR2 subunit binds to glutamate and
quinolinic acid and modifies the channel property (12) with
predominantly NR2A and NR2B in the adult rat hippocampus
(14, 15). Expression patterns of the NR2 subunits are function-

3 The abbreviations used are: NMDAR, N-methyl-p-aspartate receptor; NMDA,
N-methyl-p-aspartate; DIV, day in vitro; LDH, lactate dehydrogenase; PND,
postnatal day; E, embryonic day; P, postnatal day; i.c.v., intracerebroven-
tricular; BSS, balanced salt solution; CREB, cCAMP-response element-bind-
ing protein.
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ally regulated with development in rodent brains (14). It has
been reported that neuronal susceptibility to excitotoxicity also
changes with development both in vivo (16) and in vitro (17,18),
but the underlying mechanisms are not fully known. Although
the calcium influx and MAPK activations have been well docu-
mented to be highly involved in both NMDA-induced neuro-
toxicity and neuroprotective effects (19), the relationship
between these signals and the changes of neuronal sensitivity to
NMDA toxicity during development remains to be elucidated.
In this study, we determine this issue in cultured hippocampal
neurons and intact animals. We check the pro-survival/death
roles of NMDA in different aged neurons and test the profiles of
the correlative NMDA-evoked ERK1/2 and p38 MAPK activa-
tion as well as calcium influx during neuron maturation. We
also investigate the subunit contributions of NR2A- and NR2B-
containing NMDARs to the above effects.

EXPERIMENTAL PROCEDURES

Primary Hippocampal Neuron Culture—All animal proce-
dures were approved by the Institutional Animal Care and Use
Committee of Second Military Medical University. Procedures
were designed to minimize the number of animals used and
their suffering. Hippocampal neuron cultures were prepared as
described previously (20). Briefly, hippocampi were dissected
from embryonic day 18 (E18) Sprague-Dawley rat fetuses in
ice-cold dissection solution containing sucrose/glucose/
HEPES (DISGH solution: 136 mMm NaCl, 5.4 mm KCI, 0.2 mm
Na,HPO,, 2 mm KH,PO,, 16.7 mm glucose, 20.8 mm saccha-
rose, 0.0012% phenol red, and 10 mm HEPES, pH 7.4). Isolated
hippocampi were mechanically triturated, and then digested in
solution containing 0.25% trypsin and 1 mm EDTA at 37 °C for
15 min. Single cell suspension was obtained by repeatedly pas-
saging dissociated tissues through a fire-polished pipette in
DMEM supplemented with 10% heat-inactivated FBS and
horse serum. Cells were finally plated on poly-L-lysine (0.1
mg/ml)-coated 24-well plates or dishes for different experi-
ments at optimal cell densities. The serum containing plating
medium was replaced by a serum-free Neurobasal medium
supplemented with 2% B27 (culture medium) within 24 h after
plating. Half of the culture medium was changed every 3 days
thereafter. More than 95% cells were neurons as verified by
positive staining of microtubule-associated protein-2 (MAP2)
against Hoechst. Neurons were used at 3, 6, 9, 12, or 15 day in
vitro (DIV) according to different experiments.

In Vitro Neurotoxicity Assay—NMDA treatments of neurons
were carried out at room temperature in modified Locke’s solu-
tion (154 mm NaCl, 5.6 mm KCl, 3.6 mm NaHCO,, 2.3 mMm
CaCl,, 5.6 mm p-glucose, 10 mm HEPES, 10 um glycine, pH 7.4)
as described previously (21). Briefly, on proper in vitro culture
days, the original culture medium was collected and replaced by
Locke’s solution before drug administration. Neurons were
treated with various concentrations of NMDA diluted in
Locke’s solution or control (Locke’s solution alone) for 15 min,
followed by a washout with DMEM, and then returned to the
original culture medium. For neuroprotection study in imma-
ture neurons, cells were incubated in DMEM without any nutri-
tion supplement after NMDA stimulation (DMEM protocol).
For high calcium assay, the concentration of CaCl, in Locke’s
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solution was adjusted to 5 mm. For NMDAR antagonist testing,
neurons were preincubated with (+)-5-methyl-10,11-dihydro-
5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801,
0.3 uM), R-(RS)-a-(4-hydroxyphenyl)-B-methyl-4-(pheny-
Imethyl)-1-piperidinepropranol (Ro25-6981, 0.5 um) (Tocris,
Cookson, Bristol, UK), or [(R)-[(S)-1-(4-bromophenyl)-ethyl-
amino]-(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)-methyl]
phosphonic acid (NVP-AAMO077, 0.5 um) (a kind gift from Dr.
Yves P. Auberson, Novartis Institutes for Biomedical Research,
Basel, Switzerland) for 20 min before adding NMDA. For p38 or
ERK1/2 MAPK inhibitor treatments, neurons were preincu-
bated with SB203580 (10 M) or PD98059 (10 um) for 20 min
before adding NMDA. After a 24-h recovery period, neuronal
cell death was estimated by examination of culture morphology
under phase-contrast microscopy and quantitatively assessed
by measurement of the lactate dehydrogenase (LDH) released
into the culture supernatant by damaged or dead cells as
described previously (21). Briefly, 50 ul of cell supernatant were
taken out from each treatment and subjected to LDH assay
using a cytotoxicity assay kit (Promega). Neuronal cell damage
was measured by the absorbance at 490 nm with a microplate
reader 680 (Bio-Rad), and the relative damage intensities were
calculated by normalizing to the cells with vehicle treatment
(control). Results were from four independent experiments
with three replicates for each data point per experiment.
Nuclear Staining with Hoechst 33342—For nuclear staining
analysis of excitotoxic neuronal death, neurons subjected to
excitotoxic treatment were fixed with 4% paraformaldehyde for
20 min at room temperature after a 24-h recovery period and
washed with phosphate-buffered saline (PBS). They were then
incubated with 2 ug/ml Hoechst 33342 at room temperature
for 15 min at room temperature and washed again with PBS.
Neurons were viewed under phase and fluorescence micros-
copy. The presence of nuclear chromatin condensation or frag-
mentation was examined as damaged cells, and those that
showed round and uniform staining were judged as intact cells.
Results were from three independent experiments. In each
experiment, 20-30 randomly captured fields from each well
were counted with three replicates for each treatment. About
5000 cells were counted for each data point.
Intracerebroventricular (i.c.v.) Injection of NMDA—Young
adult (3 month) male Sprague-Dawley rats (250-300 g, n = 6)
or postnatal day 12 (PND) male pups (n = 6) were anesthetized
by vaporized ethyl ether and fixed in a stereotaxic apparatus,
and a Hamilton syringe was inserted into the lateral cerebral
ventricle through a drilled opening using the following coordi-
nates: anterior-posterior = —1 mm from bregma; lateral = 1.5
mm; dorsoventral = 3.5 mm from the skull surface (22). A dose
of 60 nmol of NMDA that was freshly dissolved in PBS (60 mwm,
1 pul) was infused slowly (0.2 ul/min) into the right lateral ven-
tricle. It has been estimated that the actual initial extracellular
(perineuronal) concentrations of NMDA would be about 1 mm
in PND12 rats under such circumstances (23). As dissolution of
NMDA in a 60 mM concentration considerably decreases the
pH value of its vehicle (~pH 4.0), the pH-equivalent PBS was
used as a control solution. Control lesions (1 ul of PBS, pH 4.0)
were performed contralaterally (left side). In utero microinjec-
tion of E18 rat embryo (# = 6) and microinjection of neonatal
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P1 pups (1 = 6) were done following the published surgical
protocol (24). For easy and reasonable comparison with young
adult and PND12 rats, two doses of NMDA were examined that
were 30 nmol (60 mu, 0.5 ul) and 60 nmol (60 mm, 1 ul), respec-
tively. NMDA or PBS was injected into the ventricles using a
mouth-controlled pipette system with the micropipette, which
was made by pulling 75-mm glass capillary microhematocrits
(Drummond Scientific, Broomall, PA) using a micropipette
puller P-97/IVF (Sutter Instruments, Novato, CA). We were
able to inject the solution approximately into the aimed site,
because the surface of the telencephalon is visible through the
uterine wall of the embryo or the skull of the P1 rat, by illumi-
nation of a fiber optics light source. Neurotoxic effects of
NMDA on hippocampal neurons were studied after 24 h.

Histological Procedures and Nissl Staining—For examination
of neuronal damage, rats were killed 24 h after i.c.v. injection
and studied by Nissl staining. Fixation of the brains was carried
out under deep sodium pentobarbital anesthesia by transcar-
dial perfusion with 350 ml (for adult and PND12 rats) or 12 ml
of fixative composed of 4% paraformaldehyde in 0.1 m phos-
phate buffer (PB, pH 7.4), which was preceded by a short pre-
rinse (50 ml) with ice-cold physiological saline. Brains were
removed from the cranial vault and post-fixed for 2 h in the
same fixative, cryoprotected by overnight storage in 30%
sucrose in 0.1 M PB at 4 °C. Thereafter, brains were embedded
in Paraplast, and coronal frozen sections were cut on a cryostat
microtome (Leica, Germany) at a 15-um thickness and col-
lected in 0.01 M PBS containing 0.1% sodium azide. Sections
were mounted and blotted onto slides before being processed
through different baths in the following order: 100% ethyl alco-
hol (EtOH), 2 min; xylene, 2 min; 100% EtOH, 2 min; 70%
EtOH, 2 min; distilled water, 5 min; cresyl violet, 3 min; distilled
water, two dips; 70% EtOH, 5 min; 80% EtOH, 2 min; 90%
EtOH, 2 min; 95% EtOH, 2 min; 100% EtOH, 5 min; xylene, 5
min; and then mounted with Permount. After 24 h, they were
observed using an Olympus IX70 light microscope.

Real Time RT-PCR Analysis of NR2A and NR2B
Expression—Total RNA was extracted using Takara RNAiso
reagent (Takara, Japan) from neurons on different culture days.
RevertAid™ first strand cDNA synthesis kits (Fermentas) were
used to synthesize cDNA, and 4% of the cDNA products were
used to determine the expression of NR2A and NR2B. Real time
PCR assays based on SYBR Green I dye detection were carried
out using the Rotor-Gen3000 system (Corbett Research, Aus-
tralia) in a total volume of 25 ul of reaction mixture following
the manufacturer’s protocol, using the 2X TagPCR master mix
(Qiagen) and 0.2 um each of the following primers: rat NR2A
(GenBank™ accession number NM-012573) forward, 5'-CAC-
GGCGGCAATAATGGT-3', and reverse, 5'-GTCTTGGGG-
GAAGCCTACAAT-3'; rat NR2B (GenBank™ accession
number NM-012574) forward, 5'-ATCAGTGCTTGCTTCA-
CGG-3’, and reverse, 5'-GGGTTGGACTGGTTCCCTAT-3';
rat B-actin (GenBank™ accession number NM-031144) for-
ward, 5'-GAGGCCCCTCTGAACCCTAAGG-3/, and reverse,
5'-TGCGGCAGTGGCCATCTCT-3". PCR conditions were
optimized according to preliminary experiments to achieve lin-
ear relationships between initial RNA concentration and PCR
products with the annealing temperature being 54 °C. The
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amplification cycles were set at 40 cycles. The specificity of the
primers was verified by examining the melting curve as well as
subsequent sequencing of the real time RT-PCR products. As a
negative control for all of the reactions, distilled water was used
in place of cDNA. NR2A and NR2B mRNAs in each sample
were normalized on the basis of its B-actin mRNA content. To
achieve comparison between samples, the relative expression of
the genes of interest was determined by using the comparative
threshold cycle (Ct) method (25). Briefly, ACt in each group was
yielded by subtracting the Ct of the actin gene from the Ct of the
target gene, which yields the ACt in each DIV point. Then sub-
tracting ACt of the control (3DIV) group from the other DIV
groups obtain the AACt, which was entered into the equation
2722 and calculated for the exponential amplification of PCR.
Results were means * S.E. from three independent experi-
ments with three replicates for each data point.

Western Blot Analysis of NMDAR Expression and MAPK
Activation—For assessment of MAPK activation in cultured
hippocampal neurons, on different days in vitro, neurons were
starved for 6 h in DMEM without any supplement and then
stimulated with NMDA or not in Locke’s solution for 15 min as
was done in the in vitro excitotoxic experiments (antagonists
were pretreated for 20 min). For calcium-free, high calcium, or
low calcium assay, NMDA stimulation was done in the absence
of the 2.3 mm CaCl, and with 5 mm EGTA or in the presence of
5 or 0.1 mm CacCl, in Locke’s solution. For KCl stimulation, 50
mMm KCl was added directly to the DMEM after starvation for 15
min. Cell were immediately washed twice with ice-cold 0.1 m
PBS, and the cell lysates were obtained by incubating cells in
ice-cold lysis buffer (0.1% SDS, 1% Igepal, 0.2 mm sodium
orthovanadate, 0.2 mm phenymethylsulfonyl fluoride (PMSF))
for 20 min. To examine the activation of MAPKs in vivo, tissue
lysates of PO or young adult (3 month) (» = 6) hippocampi were
obtained by RIPA (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1%
Nonidet P-40, 0.25% sodium deoxycholate, 1 mm PMSF, 1X
Roche Applied Science complete mini protease inhibitor) lysis
buffer 30 min after i.c.v. injection of NMDA (60 mm, 1 ul) or
PBS as done in in vivo excitotoxic experiments. For NMDAR
expression, lysates of intact neurons were also collected at dif-
ferent days in vitro for NR2A and NR2B expression analysis. All
lysates were cleared by centrifugation at 12,000 X g for 10 min
at4 °C, and protein concentration in the supernatant was deter-
mined by the BCA protein assay (Sigma). After boiling for 5
min, 15 pg of total protein from whole-cell lysates were sepa-
rated by a single layer of 15% (for p38 and ERK1/2) or double
layers of 7 and 15% (for NR2A and NR2B) SDS-PAGE denatur-
ing gel and were electrotransferred onto nitrocellulose mem-
branes (Schleicher & Schuell). Membranes were blocked with
10% nonfat dry milk in TBST (50 mm Tris, 150 mm NaCl, and
0.1% Tween 20, v/v, pH 7.4) for 1 h, and immunoblotted with
anti-phosphorylated p38, ERK1/2 (Cell signaling technology,
Inc., Beverly, MA), or anti-NR2A, NR2B (Chemicon Inc.), or
anti-actin (Kang Cheng Biotech., Shanghai) primary antibodies
at a dilution of 1:1000 for overnight at 4 °C. Horseradish perox-
idase conjugated secondary antibody was used together with
ECL detection system (Pierce Biotechnology, Inc.) to detect the
final signal. Membranes were stripped and reprobed with total
p38 or ERK1/2 antibodies. Quantifications of MAPKs activa-

JOURNAL OF BIOLOGICAL CHEMISTRY 20177



Changes of NMDAR Signaling and NMDA Neurotoxicity

tion were done by scanning densitometry analysis on phospho-
p38 and phospho-ERK1/2 against total p38 and total ERK1/2.
Quantifications of NR expression were done in a similar way
against actin. Scanning densities were normalized to control
and expressed as relative folds of control.

Measurement of [Ca”* ]—Measurement of intracellular cal-
cium concentrations ([Ca®>*];) was performed using the Ca**-
sensitive indicator fura-2. On different culture days, neurons
grown in coverslips were loaded for 1 h at 37 °C with 1 um
fura-2/AM (Dojindo, Japan) in the presence of 0.04% pluronic
F-127 in Neurobasal/B27 culture medium to minimize the dis-
turbance of neuron during handling. After fluorescence load-
ing, the coverslips were rinsed in Mg>* -free balanced salt solu-
tion (BSS in mm, 130 NaCl, 5.4 KCl, 2.0 CaCl,, 5.5 glucose, 10
HEPES, and 10 uMm glycine, pH 7.3) and mounted in a perfusion
chamber and placed on the stage of an inverted microscope
(IX70, Olympus) immediately for Ca®>* imaging. The neurons
were then perfused at a rate of 1.5 ml/min with BSS. After
recording of the basal level of [Ca®"], for 2 min, the neurons
were perfused with BSS containing NMDA (100 um) or not, and
[Ca®"], was further traced for 3—5 min. For antagonist assay,
neurons were perfused with BSS containing various NMDAR
antagonists for 2 min and then with NMDA in the presence of
antagonists for 3-5 min. For high or low calcium assay, the
concentration of CaCl, in BSS was adjusted to 5 mm. For Ca>"
imaging, light was emitted from a 75-watt xenon arc lamp
(AH2-RX, Olympus) and passed through an excitation filter set
(Chroma) to generate ultraviolet monochromatic waves of 340
and 380 nm. With the aid of a computerized filter wheel
(Lambda 10-2, Sutter Instruments), the cells on the coverslips
were alternatively exposed to the two waves through an Olym-
pus UApo objective. The resulting fluorescence emission from
Ca®"-sensitive dye was collected through a 510-nm long pass
filter (Chroma) with a cooled charge-coupled device (CCD)
camera (MicroMax, 5 MHz system, Princeton Instruments). All
image acquisitions were computer-controlled by Metafluor
Imaging program (version 4.01, Universal Imaging Corp.).
Images were acquired at 3-s intervals to reduce photobleaching.
[Ca®"], in each cell was expressed as Fs,,/Fsg0, Which is the
ratio of the fluorescence intensity at 340 nm excitation (F;,,) to
that at 380 nm excitation (Fs4,). All measurements were made
at room temperature (22-25 °C).

Statistical Analysis—Comparisons between different drug
treatments were performed using a one-way analysis of vari-
ance, followed by Student’s ¢ test. Differences were considered
significant at p < 0.05. Data are presented as mean * S.E. from
at least three independent experiments.

RESULTS

NMDA Triggers Dramatic Neurotoxicity in Mature Hip-
pocampal Neurons although It Is Neuroprotective for Immature
Neurons—Cultured hippocampal neurons were treated with
NMDA of various concentrations (0, 50, 100, 200, 500, and 1000
uM) for 15 min in Mg? " -free Locke’s solution followed by 24 h
of recovery before LDH release was detected. As shown in Fig.
1B, 3- and 6DIV neurons (immature neurons) were resistant to
and even to some extent favored the NMDA stimulation as the
LDH release of NMDA treatment groups seemed below the
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control groups. On the contrary, in the case of 9- and 12DIV
neurons (mature neurons), NMDA triggered a significant
increase of LDH release into the cultured medium. This
increase could be completely blocked by 0.3 um MK-801 (Fig.
1C), a noncompetitive NMDAR antagonist, which suggested a
direct neurotoxicity evoked by the overactivation of NMDARs
in our system. Consistent with the result of LDH release assay,
Hoechst 33342 staining demonstrated the significant increase
of nuclei chromatin condensation after treatment with 100 um
NMDA in 9- and 12DIV neurons but not in 3- and 6DIV neu-
rons (Fig. 1, A and D). To verify if NMDA is neuroprotective for
immature neurons, we further introduced a “DMEM protocol”
as described under “Experimental Procedures” to make a con-
siderable basal cell death level in the control group. Consistent
to our hypothesis, it is found that NMDA treatment dramati-
cally decreased the LDH release and nuclei condensation as
compared with control in 3- and 6DIV neurons (Fig. 1, E-G),
indicating a neuroprotective role of NMDA in those immature
neurons.

NMDA Elicits Significant Neuronal Death in Hippocampi of
Adult and Young Rats but Not of Embryonic and Newborn Rats—
To determine whether similar developmental changes of NMDA
neurotoxicity also happens concurrently in vivo, the i.c.v. injection
method was introduced. NMDA was injected into the right lateral
ventricle of E18, P1, PND12, and young adult rats. Nissl staining
showed that in hippocampi of PND12 and young adult rats, a sin-
gle injection of NMDA (60-nmol dose) resulted in dramatic loss of
neurons in the hippocampus as detected 24 h later. However, the
same dose of NMDA failed to trigger any significant neuronal
death in E18 and P1 rats (Fig. 2).

Expression of NR2A and NR2B Increases Strikingly in Cul-
tured Hippocampal Neuron during Maturation—We used both
real time RT-PCR and Western blot analysis to figure out
whether the developmental changes in NMDA neurotoxicity
are accompanied by changes of NMDA receptor expression in
hippocampal neurons during maturation. It was revealed that
the expression of NR2A and NR2B increased dramatically dur-
ing development in both mRNA and protein levels, with the
NR2B maximized at about 9IDIV and slowly came down after
12DIV (Fig. 3, A and B), whereas the NR2A continued to
increase in the time frame we examined (Fig. 3, A and C). Nota-
bly, although the protein of NR2B is expressed as early as in
3DIV neurons, the protein of NR2A is hardly detectable in
3DIV neurons and only began to appear at 6DIV neurons (Fig.
3, B and C). Moreover, the result of real time RT-PCR also
suggested that the overall abundance of NR2B was much higher
than NR2A during the whole development period examined as
the Ct value of NR2B is much smaller than that of NR2A, but
the relative ratio of 2B/2A kept decreasing (Fig. 3A4).

NR2B-containing NMDARs Mediate Both NMDA-induced
Neurotoxicity in Mature Neurons and Neuroprotection in
Immature Neurons—To find out which subtype of NMDAR:s is
attributable to the NMDA neurotoxicity in mature neurons, we
took advantage of the subunit-specific NMDAR antagonist
NVP-AAMO77, which preferentially inhibits NR2A-containing
receptors at low concentrations of 0.4-1 um (26-30), and
Ro-6981, which specifically blocks NR2B-containing receptors
(30, 31). At 12DIV, neurons were subjected to NMDA (100 pm)
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FIGURE 1. NMDA triggers dramatic neurotoxicity in mature hippocampal neurons although itis neuroprotective forimmature neuron. At different DIV,
cultured hippocampal neurons were treated with or without NMDA (100 um) for 15 min in modified Locke’s solution and washed three times with DMEM and
then incubated with the original culture medium. LDH release measurements and Hoechst staining were carried out 24 h later. NMDA neurotoxicity increased
significantly during neuron maturation (A-D). A, representative images of Hoechst staining showing the condensed nuclei (arrow) after treatment with NMDA
(100 um) or not. B, NMDA-induced neuronal release of LDH. **,p < 0.01 versus control (0). Cand D, effect of MK-801 on NMDA-induced LDH release (C) and nuclei
condensation (D). *, p < 0.05; ***, p < 0.001 versus control; ##, p < 0.01 versus NMDA. NMDA is neuroprotective against tropic deprivation in 3- and 6DIV
immature neurons (E-G). Neurons were incubated in DMEM without any nutrition supplement after NMDA challenge or not (DMEM protocol). Considerable cell
death could be seen in the control group. E and F, NMDA-induced neuronal of LDH release (E) and nuclei condensation (F). **, p < 0.05 versus control.
G, representative images of Hoechst staining showing the condensed nuclei (arrow) in groups treated with NMDA (100 M) or not. Bar, 20 um.
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FIGURE 2. NMDA elicits significant neuronal death in hippocampus of
adult and young rats but not of embryonic and newborn rats. Rats (n = 6)
ofindicated age were subjected toi.c.v.injection of NMDA (60 mm, 1 wl) in one
side and PBS in the other side and killed after 24 h. Sections were Nissl-
stained. Representative images showing the loss of Nissl stain in hippocam-
pus of adult (3 month) and PND12 rats but not in those of E18 and PO rats, n =
3. Boxed regions are amplified and inserted at the bottom left or bottom right.
Bar, 100 wm.

treatment in the absence or presence of proper antagonists. As
showed in Fig. 4, based on LDH release assay and Hoechst stain-
ing, it was found that the NR2B-specific antagonist Ro-6981
(0.5 uMm) was as potent as MK-801(0.3 um), which is a noncom-
petitive antagonist for NMDARs, to completely block the
NMDA-induced neuronal death, whereas the NR2A-specific
antagonist NVP-AAMO077 (0.5 um) failed to block the neuro-
toxicity, suggesting a dominant role of the NR2B-containing
NMDARSs in mediation of the NMDA neurotoxicity in mature
hippocampal neurons. Interestingly, there was a slight but sta-
tistically significant increase of NMDA-induced neuronal dam-
age in the presence of NVP-AAMO077 compared with NMDA
treatment alone (Fig. 4, B and C), which indicated a neuropro-
tective role of NR2A-containing NMDARs in the mature
neurons.

We also tested the subunit contribution of NMDARSs in the
neuroprotective role of NMDA in immature neurons. As
shown in Fig. 4, D and E, it was demonstrated that Ro-6981
could be as effective as MK-801 at blocking the neuroprotective
effect of NMDA in 3DIV neurons, whereas NVP-AAMO077
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failed to achieve any effects, suggesting that the neuroprotec-
tive role of NMDA in immature neurons was also mediated by
NR2B-containing NMDARs.

NMDA-induced Neurotoxicity in Mature Neuron Is p38
MAPK Pathway-dependent although Neuroprotection in
Immature Neuron Is ERK1/2-dependent—1It is well known that
ERK1/2 and p38 MAPK are intracellular signal molecules that
are highly involved in the control of neuronal survival/death
and can be regulated by NMDARSs (19, 32, 33). We next studied
the role of these MAPKs in NMDA-induced neurotoxicity in
12DIV neurons as well as the neuroprotection in 3DIV neurons.
The result showed that NMDA neurotoxicity in 12DIV neurons
could be blocked by p38 inhibitor SB203580 but not by ERK
inhibitor PD98059 (Fig. 5, A—C). On the contrary, the NMDA-
induced neuroprotection in 3DIV neurons could be blocked by
PD98059 but not SB203580 (Fig. 5, D and E). This result impli-
cates that the NMDA-induced neurotoxicity in mature neurons is
p38 MAPK pathway-dependent, whereas the neuroprotection in
immature neuron is ERK1/2-dependent. Interestingly, there was a
slight but statistically significant increase of NMDA-induced neu-
ronal damage in the presence of PD98059 in 12DIV neurons com-
pared with NMDA treatment alone (Fig. 5C), which implied a neu-
roprotective role of ERK1/2 signaling in the mature neurons.

NMDA Prefers to Activate p38 MAPK in Mature Neuron
although It Favors ERK1/2 Activation in Immature Neurons—
Because it was shown that the p38 MAPK and ERK1/2 have medi-
ated the neurotoxic or neuroprotective effect in mature and
immature neurons, respectively, we wondered if the activation of
profiles of p38 and ERK1/2 by NMDA also changed with develop-
ment. By Western blot analysis, it was found that NMDA triggered
dramatic p38 activation in 9- and 12DIV but not in 3- and 6DIV
neurons (Fig. 6). This result implies that the coupling of NMDA
receptors to the p38 MAPK pathway establishes as a function of
neuronal development. Taking the blockage effect of p38 inhibitor
on the NMDA neurotoxicity in 12DIV neurons (Fig. 5, B and C)
together, it is suggested that the dramatically increased NMDA
neurotoxicity in mature neurons can be attributed to the striking
p38 MAPK activation induced by NMDA.

We also examined the issue of ERK1/2, whose activation is
believed to be neuroprotective in many situations (33). Inter-
estingly, it was found that NMDA elicited a strong activation of
ERK1/2 in 3- and 6DIV neurons, whereas this activation is
rather weak in 9- and 12DIV neurons (Fig. 6), which was in
direct contrast to the profile of p38 activation. The significant
attenuation of NMDA-induced ERK1/2 activation in mature
neurons suggests that there might be a dramatic change in the
way that NMDA receptors link to and control the ERK1/2 path-
way with development. Taken together, the blockage effect of
ERK1/2 inhibitor on NMDA induced neuroprotection in 3DIV
neurons (Fig. 5, D and E) and the slightly enhanced neuronal
damage in the presence of this inhibitor in 12DIV neurons (Fig.
5C), and it is supposed that although the strong activation of
ERK1/2 confers the neuroprotective role of NMDA in the
immature neurons, this protective effect would be significantly
decreased in the mature neurons due to the sharp weakening
of NMDA-induced ERK1/2 activation. This might further
increase the susceptibility of mature neurons to the NMDA
neurotoxicity in addition to the p38 activation. Thus, the dra-
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matic changes in NMDA neurotoxicity during maturation
might be reasonably attributed to the switch of NMDAR-favor-
ite intracellular signaling from the pro-survival ERK1/2 path-
way to the pro-death p38 MAPK pathway with development.

NMDA Prefers to Activate p38 MAPK in Adult Rat Hip-
pocampus although It Favors ERK1/2 Activation in PO Rat
Hippocampus—We used i.c.v. injection of NMDA to test if a
similar change of NMDA-induced ERK1/2 and p38 activation
also happens concurrently in vivo with development. It was
found that NMDA triggered strong ERK1/2 activation in PO rat
hippocampus, although this was very weak in the young adult
rat (Fig. 7, A and B). On the contrary, there was dramatic acti-
vation of p38 MAPK in the young adult rat hippocampus but
notin PO rat in response to NMDA stimulation (Fig. 7, A and B).
This result was consistent with the switch of the NMDAR-fa-
vorite signal pathways from ERK1/2 to p38 MAPK in the cul-
tured hippocampal neurons during maturation, and it indi-
cated that such a switch also exists in vivo, which might be
responsible for the increased susceptibility of rat hippocampus
to NMDA neurotoxicity with development.

One may argue that this switch could be a reflection of non-
specific global changes of intracellular signal pathways to extra-
cellular stimulations during neuronal development. To rule out
this possibility, we carried out a comparative study of the
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MAPKs activation induced by NMDA and KCl in both mature
and immature neurons. We used KCI because the membrane
depolarization induced by high KCI has been well documented
to activate MAPKs in neurons (34). The result showed that
although NMDA elicited dramatic activation of ERK1/2 only in
3DIV neurons and p38 only in 12DIV neurons, KCI depolariza-
tion triggered significant activation of ERK1/2 and p38 in both
3-and 12DIV neurons (Fig. 7, Cand D). Thus, it is likely that the
switch of the NMDAR-favorite signal pathways from ERK1/2 to
p38 MAPK in hippocampal neuron is specifically occurred dur-
ing maturation.

NR2B-containing NMIDARs Mediate Both p38 MAPK Activa-
tion in Mature Neuron and ERKI1/2 Activation in Immature
Neuron—Because it was shown that the NMDA-induced neu-
rotoxicity in mature neurons was NR2B-containing NMDARs
and p38 pathway-dependent, although the neuroprotection in
immature neurons was NR2B and ERK1/2 pathway-dependent
(Figs. 4 and 5), we asked whether the activation of ERK1/2 and
p38 was also mediated specifically by NR2B-containing
NMDARs. It was revealed that the both the NMDA -evoked p38
activation in 12DIV neurons and ERK1/2 activation in 3DIV
neurons were blocked by Ro-6981 and MK-801 but not by
NVP-AAMO077 (Fig. 8), indicating that NR2B-containing
NMDA receptors mediate both the pro-death p38 MAPK path-
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way in mature neurons and the pro-survival ERK1/2 pathway in
immature neurons, as shown in a schematic diagram (Fig. 11).
Interestingly, it was also found that the much weaker activation
of ERK1/2 in 12DIV neurons (also see in Figs. 6 and 7) was
blocked by NVP-AAMO077 but not by Ro-6981. On the con-
trary, this activation was even enhanced in the presence of
Ro-6981 (Fig. 8, B and D). Taken together, the enhanced neu-
ronal damage in the presence of NR2A-specific antagonist (Fig.
4C) or ERK1/2 inhibitor in 12DIV neurons (Fig. 5C), it is sup-
posed that there also exists a pro-survival ERK1/2 signaling
pathway that is mediated by the NR2A-containing NMDARs in
the mature neurons, and this pathway could be inhibited by
NR2B signaling (as shown in Fig. 11). In fact, such a pro-survival
NR2A-ERK1/2 pathway has also been previously reported in
10DIV neurons in the same system (21).

NMDA Triggers Similar Calcium Influx Both in Mature and
Immature Neurons, Although the Basal [Ca”" ], Level Elevates
with Development—Calcium signal is extremely important for
the various physiological effects of NMDARs. Extracellular
Ca*>" influx and the consequent intracellular Ca>" overload
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have been suggested to be the major pathological disturbances
during NMDA neurotoxicity (10, 35-37). Therefore, we
checked the pattern of the NMDA-induced [Ca®"], increase in
hippocampal neurons with development. It was found that
despite the absence of NMDA-induced neurotoxicity in 3- and
6DIV immature neurons, the NMDA-induced increase of
[Ca®"], can be detected in cultured neurons of all ages (Fig. 9,
A-C). Interestingly, the amplitudes of Ca®>* influx were similar
between the responsive neurons (cell that showed Aratio =0.1)
of different developmental stages (Fig. 9C), whereas the basal
level of [Ca®"], in hippocampal neurons showed a continuous
increase with the culture age (Fig. 9D). Moreover, antagonist
assays showed that the NMDA-induced [Ca®"]; increase in
3DIV neurons could be completely blocked by MK-801 and
Ro-6981 but not affected by NVP-AAMO077, although in 12DIV
neurons, it was blocked completely only by MK-801 and par-
tially by both Ro-6981 and NVP-AAMO077 (Fig. 9E). This result
suggests that although it is predominantly NR2B-containing
NMDARSs that function in immature neurons, both NR2B and
NR2A-containing NMDARSs are functional in the mature neu-
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ron, which was in consistent with the expression patterns of the
NR2B and NR2A during development.

NMDA Neurotoxicity, but Not NMDA-induced ERK1/2 and
p38 MAPK Activation Changes with Extracellular Calcium
Level—We next asked what was the relationship was between
NMDA-induced calcium influx, activation of MAPKs, and the
ultimately pro-neuronal survival/death effect during develop-
ment. We carried out a calcium-free assay in the presence of 5
mM EGTA. It was found that in the absence of extracellular
calcium, the NMDA-induced calcium influx was completely
abrogated in both 3- and 12DIV neurons (data not shown), and
its pro-survival or pro-death effects in these neurons were also
abolished accordingly (Fig. 10A4). Moreover, the NMDA-in-
duced ERK1/2 activation in 3DIV neurons and p38 activation in
12DIV neurons was also eliminated in the calcium-free conditions.

pCEEY S
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Thus, itis indicated that the above effects of NMDA in both imma-
ture and mature neurons were all calcium-dependent.

To further see if the elevated basal [Ca®>"]; was responsible
for the increased NMDA neurotoxicity and the switch of
NMDAR-favored signaling pathways in hippocampal neurons
during maturation, we conducted high and low extracellular
calcium assays in 3- and 12DIV neurons by adjusting the con-
centration of CaCl, to 5 and 0.1 mm, respectively, in Locke’s and
BSS solution. It was found that in the presence of 5 mm CaCl,,
3DIV neurons showed significantly increased basal [Ca®"],
than in normal conditions (2 mm CaCl,), which was at a level
comparable with that of 12DIV neurons in normal conditions
(Fig. 10B). At the same time, NMDA triggered more intensive
calcium influx to reach a similar [Ca**], level as NMDA did in
12DIV neurons in normal conditions (Fig. 10B). Interestingly,
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3DIV neurons became susceptible to NMDA neurotoxicity at high
extracellular calcium conditions, although they were resistant at
normal conditions (Fig. 10D). However, when 12DIV neurons
were treated in the presence of 0.1 mm CaCl,, the basal [Ca*"],
decreased dramatically to a level comparable with that of 3DIV
neurons in normal conditions (Fig. 10B), and the NMDA -induced
neurotoxicity was also significantly decreased (Fig. 10D). Despite
the significant changes of basal [Ca®"], and the NMDA-induced
calcium influx and neurotoxicity with the changes of extracellular
calcium concentrations in 3- and 12DIV neurons, however, there
was no alteration in the patterns of NMDA-induced ERK1/2 and
p38 MAPK activation. NMDA preferentially activated ERK1/2 in
3DIV neurons at either normal or high calcium conditions, and it
favored p38 activation in 12DIV neurons at either normal or low
calcium conditions (Fig. 10C). These results indicate that the ele-
vated basal [Ca®"], is at least partially responsible for the develop-
mentally increased NMDA neurotoxicity, although it seems not to
contribute to the switch of NMDAR-favorite signaling pathways
from ERK1/2 to p38 MAPK in hippocampal neurons during
maturation.
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DISCUSSION

The six principal findings of this study are as follows: 1)
NMDA triggered dramatic neurotoxicity in mature hippocam-
pal neuron but was protective in immature neuron. 2) Expres-
sion of both NR2A and NR2B NMDAR subunits were up-reg-
ulated significantly during neuron maturation, with NR2B
preceding NR2A. 3) NR2B-containing NMDAR-mediated p38
MAPK activation was responsible for the NMDA neurotoxicity
in the mature neuron, whereas NR2B-containing NMDAR-me-
diated ERK1/2 activation was responsible for the NMDA neu-
roprotection in immature neuron. 4) NMDAR stimulation pre-
ferred to activate p38 MAPK in the mature neuron, although it
favored ERK1/2 activation in the immature neuron. 5) Both
mature and immature neurons showed a similar response pat-
tern of [Ca®>"], increase to NMDA stimulation, whereas the
basal levels of [Ca®"], kept elevating during neuron maturation.
6) NMDA neurotoxicity changed with extracellular calcium
level, although the NMDA-induced ERK1/2 and p38 MAPK
activation did not.
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Change of NMIDA Neurotoxicity during Development

It has been well reported that the neuronal vulnerability to
excitotoxicity can be developmentally regulated. However, the
underlying mechanism remains unclear, and the definite pat-
tern of the regulation has been controversial. Results from dif-
ferent models seemed not consistent with each other. Most
data suggested that neuronal vulnerability to excitotoxicity
increased with development. For example, in vivo studies by
injection of glutamate into the hippocampi of relatively mature
rats (P30-P60) resulted in significantly larger lesions than did
in more juvenile rats (P10-P20) (16). By in vitro studies, sus-
ceptibility to glutamate- or NMDA-induced cell death was also
shown to increase during maturation in cultured neurons from
rat forebrain (36), cortex (38), cerebellum (39, 40), and hip-
pocampus (41), as well as from murine cortex (18, 39, 42). How-
ever, there were also studies that showed decreased neuronal
sensitivity to excitotoxicity with development. By direct injec-
tion of NMDA into the striatum and hippocampus, McDonald
et al. (43) detected much weaker neurotoxicity in adult rats
than in P7 neonatal rats. In acute hippocampal slices, Zhou and
Baudry (17) demonstrated substantial NMDA-induced LDH
release and propidium iodide uptake in slices from P7 new natal
rats but not in those from adult ones. Additionally, it has also
been reported that hippocampal slices cultures of different ages
were equally sensitive to NMDA neurotoxicity (44). In this
study, we showed that neuronal susceptibility to NMDA neu-
rotoxicity increased with development both in hippocampal
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neuron cultures and in rat hippocampus. In the culture system,
whereas NMDA challenge evoked significant neuronal death in
mature neuron of 9- and 12DIV (Fig. 1, A-D), immature hip-
pocampal neuron of 3- and 6DIV were completely resistant to
the same concentrations (50—-1000 wm) of NMDA stimula-
tions. Surprisingly, NMDA stimulation even showed significant
pro-survival effects on immature neurons against trophic dep-
rivation insult (Fig. 1, E-G). Consistent with the in vitro result,
in vivo i.c.v. injection of NMDA elicited dramatic neuronal loss
in hippocampi of young adult and P12 rats but notin E18 and P1
rats (Fig. 2). Thus, in agreement with the most popular view that
NMDA neurotoxicity increases with development, our results
further extend it by demonstrating that NMDA is not toxic but
is instead neuroprotective to immature neuron, which indi-
cates an opposite effects of NMDA on hippocampal neuronal
survival depending on the developmental stages.

Mechanisms for Developmental Changes in NMDA
Neurotoxicity

Lack of Functional NMDARs in Immature Neurons—The
mechanism underlying the increased neuronal vulnerability to
NMDA toxicity during development is still not fully known. It
has been generally attributed to the up-regulated NMDA
receptor expression, i.e. the resistance in immature neurons is
due to the lack of NMDA receptor. As shown in the current
system, NR2B and NR2A expression both increased dramati-
cally over time in culture. Specifically, the mRNA and protein of
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scanning densitometry was quantified and normalized to control (Con) on the same Western blots. *, p < 0.05; ***, p < 0.001 versus control; #,p < 0.05; ###,p <
0.001 versus NMDA + PBS. Note that NMDA induced ERK1/2 activation in 3DIV neurons, and p38 activation in 12DIV neurons was significantly decreased in the
presence of Ro-6981 and that the NMDA-induced weak ERK1/2 activation in 12DIV was increased in the presence of Ro-6981 but decreased in the presence of

NVP-AMMO77.

NR2B was already detectable at 3DIV, which increased sharply
toreach peak at 9DIV and slowly came down after 12DIV. How-
ever, although the mRNA of NR2A was also detected at 3DIV,
the appearance of protein was delayed until 6DIV, and it exhib-
ited a continuous increase over time in culture until 15DIV, the
last time point we have examined. Moreover, it was shown that
the overall abundance of NR2B was much higher than that of
NR2A during the whole development period examined,
although the relative ratio of 2B/2A kept decreasing. The above
expression pattern is essentially in line with previous reports
that also showed the differently increased expression of NR2
subunits during development both in vivo (14, 45, 46) and in
vitro (47, 48). Based on these observations in NMDARs expres-
sion, it has been suggested that the simplest explanation for the
increase/appearance of NMDA neurotoxicity would be the
presence of functional NMDA receptors (18, 41) and the con-
sequent increase in NMDA-induced calcium influx in the
mature neuron (36), which is sufficient to confer excitotoxic
vulnerability. This argument sounds reasonable and has
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become prevalent in the past decades. However, combined with
several other studies, our data do not seem to support such a
viewpoint.

First, the mRNA and protein of NR2B and NR2A both can be
detected at 3- or 6DIV cultures in our system (Fig. 3). At these
time points, neurons were resistant to NMDA toxicity, and on
the contrary they favored NMDA stimulation to survive the
nutrition deprivation insult (Fig. 1). Second, in these immature
neurons, it is also found that NMDA can successfully trigger the
ERK1/2 activation as well as calcium influx both inan NMDAR-
dependent manner (Figs. 6, 8, and 9). These data strongly indi-
cate that functional NMDA receptors already exist in immature
neurons. Similar results were also seen in several other studies
such as the detection of NR1 puncta in 3DIV rat cortical neu-
rons (38) and 2DIV rat hippocampal neurons (49), as well as the
NR2B-sensitive NMDA-induced whole-cell current in 1-3DIV
hippocampal neurons (50). In addition, Fogal et al. (42) dem-
onstrated the cell surface expression of NR1 and NR2B in 4DIV
murine cortical neurons, whereas NR2A appeared only after

VOLUME 286+NUMBER 23+JUNE 10, 2011



Changes of NMDAR Signaling and NMDA Neurotoxicity

A F340 F380 Ratio
<
o
=
Z
y—
()]
m
<
(]
=
<
b ot
<
» Be —
© o BE . S
O Shie ) =
@95 O 3
[ é’ : AL\ 5
n . IR e 5
‘ 1.72 31.73 61.74 91.75 1224 15242 18245
E— Time (Sec)
§ 051 ° 141
© 041 s _12r wik
= S S0}
o > *ks
g 0.3F o E 08}
L o2f B Gosf
2 ® Po4f
c 0.1f o Lt
(4 @ 02}
< 0 1 L 1 m o L 1 1 J
3DIV 6DV 9DIV  12DIV 3DIV 6DIV 9DIV 12DIV
E 8 04
>
Ww 03 | ECon
—
b= [ MK-801
L o2 xx ** B Ro25
'
9 ENVP
s 01t
(4 xx *¥ *k
<
3DIV 12DIV

FIGURE 9. NMDA triggers similar calcium influx both in mature and immature neurons, whereas the basal [Ca®*]; level elevates with development.
A, representative experiment that measured the NMDA induced calcium influx in 6DIV neurons by the fura-2 method. Pseudo-colored images were captured
under the indicated excitation waves. Image showed the 14 neurons that has been selected and analyzed. B, response curves of ratio (F3,44,350) Value against
time of 14 selected neurons in 6DIV culture. Note that the ratio value increased immediately after addition of NMDA and was kept at the plateau levels within
the experimental time range of 200 s. The ratio of fura-2 fluorescence was indicated with a gray scale bar from black (low [Ca®*]) to white (high [Ca®*]).
C, amplitude of calcium influx in different developmentally staged neurons. Note that there were no obvious differences among them. D, basal level of
intracellular free calcium increased with development. The basal ratio value of F340/F380 before NMDA stimulation was compared between neurons of
different DIV. ***, p < 0.001 versus 6DIV. (328, 157, 139, and 75 total cells from 3, 6, 9, and 12 DIV points were analyzed, respectively.) E, effects of NMDARs
antagonists on Ca** influx. At 3- or 12DIV, neurons were perfused with BSS containing MK-801 (0.3 um), Ro-256981 (Ro25, 0.5 um), NVP-AMMO077 (NVP, 0.5 jum)
or not for 2 min and then with the same BSS containing NMDA (100 um) or not for 3-5 min. Results are from three independent experiments tracing about 120
total neurons for each data point. **, p < 0.01 versus control (Con). Note that NMDA-induced [Ca®"];increase in 3DIV neurons is completely blocked by Ro-6981
(Ro25) but is not affected by NVP-AMMO077 (NVP), whereas the increase in 12DIV neurons significantly and completely blocked but only partially blocked both
NVP-AMMO77 and Ro-256981. Bar, 50 um.
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FIGURE 10. NMDA neurotoxicity but not NMDA induced ERK1/2 and p38 MAPK activation changes according to extracellular calcium level. For LDH
release assay, 3-and 12DIV neurons were treated with or without NMDA (100 um) for 15 min in normal or calcium-free EGTA (5 mm) containing low (0.1 mm) and
high (5 mm) calcium (A) and Locke’s solution (D) and washed three times with DMEM and then incubated with original culture medium (A, 3DIV) or DMEM for
24 h before LDH release assay. For MAPK activation, 3- and 12DIV neurons were starved in DMEM for 6 h and treated with or without NMDA (100 pm) for 15 min
in normal or calcium-free EGTA (5 mm) containing low (0.1 mm) and high (5 mm) calcium (A) and Locke’s solution (C). Immunoblotting was done by using
anti-phosphorylated p38 or ERK1/2 antibodies (p-p38, t-ERK1/2) and anti-total p38 or ERK1/2 (t-p38, p-ERK1/2) antibodies, with the latter serving as an internal
control for protein loading to assess the activation level of p38 and ERK1/2. For calcium imaging, 3-and 12DIV neurons were perfused with low (0.1 mm) or high
(5 mm) calcium BSS for 2 min and then with the same BSS containing NMDA (100 uMm) or not for 3-5 min. A, both NMDA induced neuroprotection and
neurotoxicity as well as ERK1/2 and p38 activations are calcium-dependent. **, p < 0.05 versus Control (Con). Note that EGTA treatment abolishes both
NMDA-induced neuroprotection and ERK1/2 activation in 3DIV neurons, as well neurotoxicity and p38 activation in 12DIV neurons. B, basal [Ca®*];in 3- and
12DIV neurons can be adjusted to a similar level by changing the extracellular concentration of CaCl,. *, p < 0.05; **, p < 0.01 versus normal. Note the elevated
basal [Ca?*];level and enhanced calcium influx in 3DIV neuron under 5 mm CaCl, condition, as well as the descended basal [Ca®*]; level and decreased calcium
influx in 12DIV neuron under 0.1 mm CaCl, conditions, which have no significant differences with each other. There are no significant differences in [Ca®*];
levels between 3DIV neurons under normal conditions and 12DIV neurons under 0.1 mm CaCl,, as well as between 12DIV neurons under normal and 3DIV
neuron under 5 mm CaCl, condition both before and after NMDA stimulation. C, pattern of NMDA-induced activation of ERK1/2 and p38 in mature and
immature neurons did not change with extracellular calcium level. Representative blots are shown from three independent experiments. *, p < 0.05; ***, p <
0.001 versus control. Note the dramatic activation of ERK1/2 but not p38 in 3DIV neurons under both normal and high extracellular calcium (5 mm) conditions,
as well as the strong activation of p38 but not ERK1/2 in 12DIV neuron under both normal and low extracellular calcium (0.1 mm) conditions. D, neurotoxicity
is affected by extracellular calcium levels. *, p < 0.05; ***, p < 0.001 versus control; **, p < 0.01 versus normal. Note that NMDA triggers significant LDH release
in 3DIV neurons under 5 mm CaCl, conditions but not normal conditions, and LDH release in 12DIV neuron is significantly decreased under 0.1 mm CaCl,
conditions.

7DIV. In their system, neurons were also insensitive to NMDA
toxicity at these time points. Moreover, Zhou et al. (51) showed
that NMDA stimulated a robust increase of intracellular cal-
cium and activation of ERK1/2 and other plasticity-related sig-
naling in 3DIV rat cortical neurons. Thus, it seemed unequivo-
cal that fully functional NMDAR expression (at least NR1/2B
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receptors) was reached prior to the development of susceptibil-
ity to NMDA neurotoxicity in our cultured hippocampal neu-
rons, i.e. the mere presence of functionally mature NMDARs
cannot provide complete explanation for the excitotoxic phe-
notype observed, and therefore other factors may as well be
involved. We hypothesize it might be a matter of how NMDA
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receptors function rather than whether they are functioning
that determines the cell death/survival fate of different aged
neurons in response to NMDA stimulation.

Switching of NMDA Receptor-favorite Intracellular Signal
Pathways from ERK1/2 to p38 MAPK—It has been well docu-
mented that ERK1/2 and p38 MAPK are critical intracellular
signal molecules downstreamed from NMDARs that can medi-
ate opposite effects of glutamate in the CNS, including the reg-
ulation of synaptic plasticity and neuronal survival/death (19,
32, 33, 52). We then asked if there were any changes in the
NMDA-evoked p38 and ERK1/2 activation that are coincident
with the changes of NMDA neurotoxicity during maturation.
In accordance with this hypothesis, it was found that NMDARs
did couple differently to the above intracellular signal pathways
as a function of neuronal development. Specifically, NMDA
elicited significant activation of p38 MAPK in mature (9- and
12DIV) neurons but not in immature (3- and 6DIV) neurons
(Fig. 6). On the contrary, it triggered dramatic ERK1/2 activa-
tion in immature (3- and 6DIV) neurons, although this ability
was strikingly weakened in mature (9- and 12DIV) neurons
(Fig. 6). This result demonstrated that NMDAR stimulation
preferentially activated ERK1/2 in immature neurons, although
it favored p38 activation in mature neurons. Consistently, in
vivo studies also revealed that NMDA specifically activated
ERK1/2 in hippocampi of PO rats but p38 MAPK in adult rats
(Fig. 7). Thus, our results indicate that there is a switch of
NMDAR-favorite intracellular signaling pathways from
ERK1/2 to p38 MAPK during neuronal development. This
switch seemed to be a scheduled event rather than a result from
nonspecific global change of intracellular signal pathways to
extracellular stimulations during neuron maturation as the pat-
tern of KCl-induced ERK1/2 and p38 MAPK activations were
not changed with development (Fig. 7). Similarly, Zhou et al.
(51) revealed that although NMDA stimulated robust ERK1/2
activation in 3DIV neurons, this effect was impaired in 14DIV
neurons. Given that the majority of research has suggested a
pro-survival role of ERK1/2 activation in neuronal cells (33)
except several recent reports that imply a neurotoxic role (53,
54), and that p38 activation has been well documented to pro-
mote neuronal death (32, 55, 56), the changes in NMDA neu-
rotoxicity during maturation might therefore be possibly
attributed to the switch of NMDAR-favorite intracellular sig-
naling from a pro-survival ERK1/2 pathway to a pro-death p38
MAPK pathway with development. In fact, this probability was
confirmed by analysis using signal pathway-specific pharmaco-
logical inhibitors showing that NMDA neurotoxicity in mature
neuron could be blocked by the p38 inhibitor SB203580 and the
neuroprotection in immature neuron was blocked by ERK1/2
inhibitor PD98059 (Fig. 5). Thus, it is demonstrated that
NMDA stimulation preferentially activates ERK1/2 to promote
cell survival in the immature neuron, although it favors activat-
ing p38 MAPK to promote cell death in mature neurons.

The question is then what makes such a developmental
switch of NMDAR-favorite signaling pathways from ERK1/2 to
p38 MAPK. Because the NR2 subunit incorporation deter-
mines the property of a specific NMDAR (12, 13), and particu-
larly because the expressions of NR2B and NR2A are differen-
tially regulated during development with a delay in the
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appearance of NR2A rather than NR2B as observed in this
study (Fig. 3) and by others (14, 15, 46), it could result in the
different subunit compositions of NMDARs in different aged
neurons (46). Therefore, the developmental switch of the
NMDAR-favorite signal pathway could be a reflection of devel-
opmental changes in NMDAR subunit compositions. This may
especially be the case given that the C-terminal tails of NR2B
and NR2A show considerable sequence divergence and have
been reported to differentially associate with signaling mole-
cules (57). However, by using NR2A - and NR2B-specific antag-
onist, our result revealed that the NMDA-induced ERK1/2 acti-
vation in 3DIV immature neurons and the p38 activation in
12DIV mature neuron were both NR2B-containing NMDAR-
dependent (Fig. 8). Moreover, the corresponding NMDA neu-
roprotection and neurotoxicity were also both mediated by
NR2B-containing NMDARs (Fig. 4). Therefore, in this system,
the switch of NMDAR-favorite signal pathway from ERK1/2 to
p38 and the consequent changes in NMDA neurotoxicity with
development are not likely due to the developmental changes of
NMDAR subunit composition as others have indicated in their
systems (17).

Notably, although the NMDA-induced ERK1/2 activation
was shown to be sharply weakened compare with the immature
neurons, there was still a mild activation of ERK1/2 in the
mature neurons that retained some pro-survival effects, as
NMDA neurotoxicity in these neurons was slightly exacerbated
in the presence of PD98059 (Fig. 5C). Interestingly, this mild
ERK1/2 activation was blocked by NVP-AMO077 and was
enhanced by Ro-6981 (Fig. 8), suggesting that ERK1/2 activa-
tion in the mature neurons is mediated by NR2A-containing
NMDARs and can be inhibited by NR2B-containing NMDARs,
which is consistent with several recent reports (52, 58, 59).
Thus, our results indicate that in the immature neuron, NR2B-
containing NMDARSs signal to activate ERK1/2 and lead to pro-
survival effects, whereas in the mature neuron, NR2B-contain-
ing NMDARs switches to signal via p38 MAPK and hence leads
to a pro-death effect. It is also suggested that in the mature
neuron, the ERK1/2 activation is switched to couple predomi-
nantly with NR2A-containing NMDARs, whereas NR2B-con-
taining NMDARs, instead, have adopted a role of inhibiting its
activation, which may also contribute to the increased suscep-
tibility of mature neurons to NMDA neurotoxicity in addition
to the NR2B-mediated p38 MAPK activation. A schematic dia-
gram is shown based on our study (Fig. 11).

Although numerous studies have suggested an extreme
diversity of NMDAR functions, the underlying mechanism is
far from completely revealed. There is no doubt that the stim-
ulation intensity is critical to determine whether an episode of
NMDAR activity is neuroprotective or excitotoxic; however,
other facts that may be involved are still hotly debated.
Although the results from Hardingham and co-workers (60—
62) and others (63) strongly suggested a critical role of receptor
location (synaptic versus extrasynaptic), with synaptic NMDAR
activation promotes neuronal survival and extrasynaptic
NMDARSs activation promotes neuronal death. The laboratory
of Wang and co-workers (28, 66) and others (30, 64, 65) instead
presented solid data demonstrating that the receptor subunit
composition (NR2B versus NR2A) makes sense, with NR2B
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FIGURE 11. Schematic diagram for switch of NMDAR-favorite signaling
and the correlative changes in NMDA neurotoxicity during development
in hippocampal neurons. In immature neurons, NR2B-containing NMDAR
predominates both synaptic and extrasynaptic as well as nonsynaptic loca-
tion (in early stage when synapse is hardly formed). It signals to activate
ERK1/2 and leads to pro-survival effects and hence results in neuroprotection
after NMDA stimulation. In mature neurons, NR2B-containing NMDARs are
the predominant extrasynaptic NMDARs and signal to activate p38 MAPK,
which lead to pro-death effects and results in NMDA neurotoxicity; whereas
NR2A-containing NMDARs, which are the predominant synaptic NMDARs,
have taken the place to activate ERK1/2 and mediated pro-survival effect.
Instead, NR2B-containing NMDARs have adopted a role of inhibiting ERK1/2
activation, which might be mediated via SynGAP or/and striatally enriched
tyrosine phosphatase, and further increases the susceptibility of mature neu-
ron to NMDA neurotoxicity. The thin line represents a relative weak strength
of the signaling. See text for detail.

coupled to pro-death signaling and NR2A coupled to pro-sur-
vival signaling. It has been suggested that in immature neurons,
NR2B-containing NMDARs are predominant at both synaptic
and extrasynaptic sites, whereas in mature neurons, most
NR2A-containing NMDARs are incorporated in synapses and
NR2B-containing NMDARs become predominant only at
extrasynaptic sites (50, 67— 69). Because the above-mentioned
studies were mostly carried out in cultured mature neurons or
in adult animals, therefore, the controversy between these data
might actually be joined at this point. This is really the case
when Massey et al. (29) clearly showed that activation of extra-
synaptic NMDARs or NR2B-containing NMDARs leads to long
term depression, whereas activation of synaptic NMDARs or
NR2A-containing NMDARs leads to long term potentiating,
although Martel et al. (70) reported that within a single neuron
synaptic NR2B promoted neuronal survival and extrasynaptic
NR2B promoted cell death, whereas Liu et al. (28) demon-
strated that both synaptic and extrasynaptic NR2B promoted
cell death, and in contrast, both synaptic and extrasynaptic
NR2A promoted cell survival.

In this study, we introduced a bath application of NMDA,
which resulted in the overall activation of both synaptic and
extrasynaptic NMDARs. The intensity of stimulation was set at
awell demonstrated neurotoxic level (100 uMm, 15 min in glycine
containing Locke’s solution) for mature neurons in all of the
mechanism analysis experiments. By using the pharmacologi-
cal tools available for the time being, we attempted to dissect
the individual role of different NMDAR subunits. Our result
supports that in the mature neurons, global NR2B stimulation
exerts a pro-death role via p38 MAPK pathway, whereas global
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NR2A stimulation plays a pro-survival role via ERK1/2 path-
way. But in the immature neurons, where NR2B-containing
NMDARSs seem to be the only subtype of functional NMDARs,
the global stimulation of it leads to significant ERK1/2 activa-
tion without affecting the p38 MAPK pathway and ultimately
exerts a pro-survival role. It is interesting to find that NR2B
exerts opposing roles in regulation of neuronal survival as well
as ERK1/2 and p38 MAPK activation depending on the devel-
opmental stage of the neuron, although the underlying mecha-
nism is currently unknown. We suppose there is a possibility
that the components and assembling of the NR2B receptor sig-
naling complex changes with development and thus leads to the
different coupling to downstream signal pathways because the
expressions of many NMDA receptor-associated proteins are
differently regulated and distributed during neuron maturation
(49, 71). Consistently, it has been shown that extrasynaptic
NMDARs coupled to the cAMP-response element-binding
protein (CREB) activation pathway in 7DIV immature hip-
pocampal neurons, although they switched to coupling with a
CREB shutoff pathway in 12-14DIV mature neurons (34, 72).

The specific link of NR2B to p38 and NR2A to ERK1/2 in
mature neuron observed here seems to agree with the observa-
tions of Xu et al. (73) that extrasynaptic NMDARs coupled
preferentially to p38 and synaptic to ERK1/2 considering the
predominant location of NR2B at extrasynaptic and NR2A at
synaptic sites as mentioned above. Moreover, it is consistent
with the findings of Li et al. (52) that in mature cortical neurons,
NR2B specifically interacts with Ras-guanine nucleotide-re-
leasing factor 1 (Ras-GRF1) to activate p38, whereas NR2A spe-
cifically interacts with Ras-GRF2 to activate ERK1/2, although
it remains to be elucidated whether the Ras-GRFs also function
similarly in the current system.

The mechanism for the inhibitory effect of NR2B on ERK1/2
activation in mature neurons is unexplored in this study. Kim et
al. (58) have also reported that in cultured mature hippocampal
neurons, extrasynaptic NMDAR strongly inactivates Ras-
ERK1/2 signaling through the specific binding of NR2B with
synaptic Ras GTPase-activating protein SynGAP, the role of
which is to inhibit Ras activation. A similar pathway is expected
to be involved in the current system. Alternatively, the
NMDAR-associated striatally enriched tyrosine phosphatase,
which has abundant expression in hippocampal neurons (74), is
also an attractive candidate, because it is activated by the Ca®*-
dependent phosphatase calcineurin to directly dephosphory-
late ERK (75), and this effect is shown to be NR2B-NMDAR-
dependent (Fig. 11) (76). It also remains to be elucidated that
how NR2B signals to activate ERK/12 in the immature neurons,
especially in those 3DIV neurons, where there is seldom syn-
apse formation. Krapivinsky et al. (59) suggested that NR2B can
directly binds to Ras-GRF1 to activate ERK1/2 in relatively
young neurons. However, Tian et al. (71) indicated the involve-
ment of Sos exchange factors in immature neurons, whereas
Ras-GRFs in mature neurons to mediate the NMDA-induced
ERK1/2 activation. Future intensive studies on the early assem-
bly of NMDAR signaling complex, particularly in neurons of
pre-synapse formation period (such as in 3DIV), may reveal the
detailed mechanism.
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In brief, although the NMDA-induced ERK1/2 and p38 acti-
vations have both been extensively examined in several previ-
ous studies with different in vitro models (34, 77, 78), they have
never been assessed concurrently in such a detailed develop-
mental time course with large concentration ranges, and espe-
cially with regard to the NMDAR subunit contribution and the
changes in NMDA neurotoxicity, using the same neuron cul-
ture system as we did in this study. Our results clearly demon-
strated that switching of NMDA receptor-favorite intracellular
signal pathways from ERK1/2 to p38 MAPK may be a critical
determinant for the changes in NMDA neurotoxicity during
development.

Relevance to Calcium Signal—As calcium influx and the con-
sequent intracellular Ca®>* overloading has been suggested to
be the major mediator of NMDA neurotoxicity (10, 35, 36, 79),
we had expected a correlated developmental increase in the
NMDA-induced Ca** influx, which might also contribute to
the increased NMDA neurotoxicity. Surprisingly, NMDA trig-
gers a remarkable and identifiable [Ca®>*], increase in all devel-
opmentally staged neurons examined (Fig. 9C), which did not
support such an expectation. Consistent with the present data,
Marks et al. (80) have found differential sensitivity to excitotox-
icity in the absence of differences in NMDA-induced calcium
influx when assessed in neurons dissociated from younger (P5)
and older (P22) rats. In addition, there is no difference in
NMDA-induced **Ca*" uptake between rat cerebellar granule
cells of 9- and 16DIV (81), as well as between murine mixed
cortical neurons of 7- and 14DIV (42); yet a higher percentage
of older neurons is killed by the same stimulus. It is likely that
Ca®" neurotoxicity might be a function of the Ca®* influx path-
ways that may be associated with different signal molecules in
different situations rather than the Ca®" loading itself, as sug-
gested by Sattler et al. (82). Consistently, a growing body of
evidence that points to a Jekyll and Hyde role of the NMDAR-
mediated Ca?" influx in the mammalian CNS (10, 37). Our data
also imply that calcium influx induced by NMDA can stimulate
distinct or even opposing responses, depending on the down-
stream pathways it links to at different developmental stages
(10, 11).

Interestingly, it is found that the basal calcium level has been
continuously rising with the culture age (Fig. 9D). Thus,
although the amplitude of NMDA-induced calcium influx was
essentially identical among different aged neurons because of
elevated basal [Ca® "], the absolute [Ca®" ], level in mature neu-
rons would be much higher than immature ones after NMDA
stimulation, which might reach a threshold to confer neurotox-
icity. To test this possibility, we first confirmed the calcium
dependence of all the NMDA effects observed here, including
NMDA neurotoxicity and neuroprotection, as well as the
ERK1/2 and p38 MAPK activation in immature and mature
neurons by calcium-free assays (Fig. 104). Second, by modulat-
ing the concentration of extracellular Ca®" level, it is found that
under high Ca** (5 mm) conditions, NMDA triggered an
enhanced calcium influx in 3DIV neurons to reach a ultimate
[Ca®"], level comparable with that of 12DIV neurons after
NMDA stimulation under normal conditions (Fig. 10B), and it
resulted in significant neurotoxicity, a phenomenon that was
absent the 3DIV neurons under normal conditions (Fig. 10D).
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However, it is shown that under low Ca?* (0.1 mm) conditions,
when the basal [Ca®*],in 12DIV neurons decreased to a similar
level as that of 3DIV neurons under normal conditions, the
NMDA-induced calcium influx was also hampered at levels
similar to that of 3DIV neurons after NMDA stimulation under
normal conditions (Fig. 10B), and the neurotoxicity was correl-
atively decreased (Fig. 10D). Thus, it is indicated that the ele-
vated basal [Ca®*], level with maturation is also attributable to
the developmental changes in NMDA neurotoxicity.

NMDA-induced calcium influx is critical for consequent
activation of ERK1/2 and p38 MAPK, and it has been suggested
to be mediated by the activation of calcineurin and calmodulin-
activated protein kinase II (CaMKII) (77, 78, 83—85). It was
reported that NMDA could decrease phospho-ERK1/2 in a rel-
atively high extracellular calcium (1 mm) condition but
enhanced phospho-ERK1/2 in lower extracellular calcium (0.1
mwm) condition (77), suggesting that a mild elevation of [Ca®*],
level was favored by EKR1/2 activation, whereas an intensive
[Ca*"], elevation would instead inhibit it. This result is consist-
ent with our observation that although immature and mature
neurons showed similar amplitudes of [Ca®"]; elevation in
response to NMDA stimulation, the low basal calcium levels in
immature neurons resulted in lower absolute [Ca®"], and was
accompanied by strong activation of ERK/12, whereas the high
basal calcium level in mature neurons resulted in higher abso-
lute [Ca®"], and was accompanied by a much weaker activation
of ERK1/2. Moreover, calcium is also a well known regulator of
the cAMP-response element-binding protein (CREB). It has
been suggested that CREB could be oppositely regulated by
calcium influx mediated by differently located NMDARs and
was developmentally dependent (34, 60, 72). Therefore, it is
possible that NMDA-induced calcium influx links to a CREB
activation signaling pathway and results in pro-survival effects
in immature neurons, whereas it predominantly links to a
CREB shut-off pathway and leads to pro-death effects in mature
neurons (34, 60, 72).

We also explored if the elevated basal [Ca*>"], level with neu-
ron maturation was responsible for the developmental switch
of NMDAR-favorite signaling pathways from ERK1/2 to p38
MAPK. It was found that there was no alteration in the patterns
of NMDA-induced ERK1/2 and p38 MAPK activation in imma-
ture or mature neurons when their basal [Ca®*], was modulated
to a similar level by high and low extracellular CaCl, concen-
trations. NMDA preferentially activated ERK1/2 in 3DIV neu-
rons at either normal or high calcium conditions, and favored
p38 activation in 12DIV neurons at either normal or low cal-
cium conditions (Fig. 10C). These results indicate that the ele-
vated basal [Ca®"], is not responsible for the switching of
NMDAR-favorite signaling pathways, but it instead acts as an
additional independent fact to contribute to the changes in
NMDA neurotoxicity with development.

In sum, this study suggests that a switch of NMDA receptor-
favorite intracellular signal pathways from ERK1/2 to p38
MAPK and the elevated basal level of [Ca®"], with age might
contribute greatly to the developmental changes in NMDA
neurotoxicity in hippocampal neurons. This finding may
enhance our previous conception about the developmental reg-
ulation of neuronal susceptibility to excitotoxicity by pointing
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out that it is not simply due to the changes in NMDAR expres-
sion, i.e. it might be a matter of how NMDARs function rather
than whether they are functioning that determines the cell
death/survival fate of neurons at different developmental stages
in response to NMDA stimulation.
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