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10.22088/NMCM.BUMS.14.2.682  modulation of NMDA receptors in primary hippocampal neurons in oxidative stress
condition to understand the effects of NMDA receptor activation and inhibition. In our
experiments, primary hippocampal neurons were treated with NMDA and MK-801 to
assess their effect on cell viability and apoptosis. Oxidative stress was induced at
different concentrations, to evaluate NMDA receptor activity and the neuroprotective
effects of MK-801. Apoptosis rates were specified by applying flow cytometry, and
assaying caspase-3 activity. Intracellular calcium levels were monitored using
fluorescent dye Fura-2 AM. NMDA at 200 uM significantly prevented the cytotoxic
effect induced by H,O, (P<0.001). MK-801 with concentrations of 5 to 20 uM, could
reverse the cytotoxic effect of H.O.. As a result, it significantly inhibited the toxicity
of H20 on neuronal cells (P<0.001), while 40 uM could not reverse its effects. NMDA
(200 uM) increased neuronal survival to 88.3% in the presence of H,O, and prevented
apoptosis. MK-801 (5 uM) also elevated cell survival to 87.2%. Treatment with
NMDA (200 pM) + H,0- also did not show any changes in the Fura-2AM fluorescence
compared to the H,0, group (P>0.05). However, MK-801+ H,O; reduced the effects
of H,0, on the fluorescence ratio and calcium influx considerably in comparison with
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Introduction

The disruption of the balance between reactive
oxygen species (ROS) production and the antioxidant
defense system leads to oxidative stress. This condition
can be observed as an early factor for diagnosing
various  neurodegenerative  diseases, including
Alzheimer's disease, Parkinson's disease, and
amyotrophic lateral sclerosis (1). The hippocampus is
implicated in synaptic plasticity, and as a result, it plays
a role in learning and memory, and cognitive
processing (2). Studies have shown the signaling
pathways that are required for hippocampal function.

N-Methyl-D-Aspartate (NMDA) receptor,
calcium/calmodulin-dependent  protein  kinase I
(CaMKII), extracellular signal-regulated kinases
(ERK) signaling, brain-derived neurotrophic factor,
tropomyosin-related kinase receptor type B signaling,
and cyclic adenosine monophosphate/protein kinase A-
CAMP response element binding protein have been
identified as signaling pathways, and they need to
interact synergistically (3). Hippocampal neurons are
sensitive to oxidative damage that causes neuronal
injury and synaptic function disruption, leading to
cognitive impairment in this region (4). Having special
characteristics, such as elevated metabolic activity and
high levels of polyunsaturated fatty acids exacerbate
these negative effects (5). The NMDAR previously
mentioned, is crucial for synaptic plasticity and
memory formation (6).

NMDARs are involved in excitatory synapse
maturation and the inhibitory circuits’ regulation
during the process of neural development (7). These
receptors enhance dendritic growth and synapse
stabilization by the influx of calcium through these
receptors and the associated signaling cascades (8).
This modification of synapses can be considered a
guarantee for preserving the balance between
excitatory to inhibitory inputs, essential for the
functionality of neural circuit (9). Whenever excitation
increases, NMDAR signaling can help decrease the
firing rate of neurons or enhance the potential of
inhibitory synapses to restore balance (10).
Investigating how NMDAR respond to oxidative stress
in this region could be effective in altering our
understanding of synaptic plasticity, excitatory/inhibitory
balance, and mechanisms underlying neuronal survival.
These receptors are mainly located in the hippocampus,
and they are highly permeable to calcium ions, which

make them essential for excitatory neurotransmission
(11). NMDA receptors mediate this process due to their
involvement in excitotoxicity and calcium influx (12).
Overactivation of the NMDA receptor and transient
receptor potential melastatin2 channels (TRPM2) lead
to intracellular calcium concentration ([Ca?*]i) elevation.
Consequently, the increase in calcium levels can
activate caspases such as caspase-3, caspase-8, and
caspase-9, factors that are implicated in apoptosis and
cause the death of SH-SY5Y neuronal cells (13).
NMDA receptor modulation can mitigate oxidative
damage and enhance neuronal survival (14). However,
dose-dependent modulation must be considered, as low
doses can decrease oxidative stress without influencing
the synaptic function disruption (15, 16), while high
doses may impair neuronal connectivity (17).
Therefore, it seems that targeting NMDAR might be
associated with therapeutic potential for managing
oxidative stress in the hippocampus (18). The NMDA
receptor exhibits double-edged sword effect. (12).
Excessive activation of these receptors can lead to
excitotoxicity and excessive calcium influx, triggering
detrimental effects, including mitochondrial dysfunction,
production of ROS, and ultimately neuronal death (19).
While NMDA receptors show neuroprotective effects
through activation of synaptic NMDAR, not the extra-
synaptic ones (20). Studies have shown that these
receptors can exert their positive effects on neuronal
survival and synaptic plasticity by facilitating calcium-
dependent signaling pathways that activate antioxidant
defenses and support cellular repair mechanisms (21).
This dual function underscores the importance of
understanding the dose-dependent effects of NMDA
receptor modulation in context of oxidative stress. MK-
801 is a selective non-competitive NMDA receptor
antagonist that demonstrated neuroprotective capabilities in
a dose-dependent manner (22). When administered at
optimal doses, MK-801 effectively reverses the
oxidative stress negative effects and limits the over
entry of calcium, thus reducing oxidative stress and
maintaining neuronal integrity (23, 24). Studies
indicate that in ischemia-reperfusion conditions,
administration of MK-801 can considerably improve
the affected brain regions by decreasing neuronal death
and improving functional recovery (25). Activation of
NMDARs results in calcium influx and triggers
downstream signaling cascades such as the CaMKIl
pathway (26). CaMKII is essential for enhancing
synaptic connections by modulating the trafficking and
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phosphorylation of AMPA receptors (27). Furthermore,
cell function regulation by NMDARs, is mediated by
the Calmodulin (CaM), CAMKII, and ERK pathways
(28). MK-801 has bheen found to reverse all the
pathways through inhibiting the downstream signaling
pathways, including CaMKIl, and ERK
phosphorylation, as well as the CaM expression,
mitochondrial calcium uniporter, and Toll-like
receptor 4, the factors involved in cell death (29). As a
result, MK-801 can be considered a therapeutic agent
in ischemic stroke and related neurodegenerative
diseases by attenuating ROS production, mitigating
neuroexcitotoxicity, and maintaining mitochondrial
function.

This study aimed to elucidate the dose-dependent
effects of NMDA receptor modulation on oxidative
stress in hippocampal neurons. The hippocampus takes
into account as a location that has been designated for
studying neuroplasticity and neurodegeneration.
Findings from hippocampal studies can be generalized
to other brain functions and pathologies in various
regions. Thus, current research seeks to not only
answer the specific questions about NMDA receptor
modulation in the hippocampus but also to understand
neuronal responses to oxidative stress, which could
pave the way toward developing therapies for
neurodegenerative diseases. By changing the NMDA
receptor mode from activation to inhibition and vice
versa, we attempt to identify the points at which
NMDA receptor activity may become deleterious. This
research will target the cellular and molecular
mechanisms underlying NMDA receptor-mediated
neuroprotection and excitotoxicity. Finally, the
findings could lead to the development of targeted
therapies that could minimize the risk of oxidative
damage and simultaneously harness the protective
potential of NMDA receptors, which can be effective
for the treatment of neurological disorders.

Methods

Primary hippocampal neuronal culture

The experimental procedures in this study were
conducted in accordance with the guidelines set forth
by the National Institutes of Health (NIH) and received
approval from the Ethics Committee of Iran University
of Medical Sciences (IR.IUMS.AEC.1403.050). The
procedure for culturing hippocampal neuronal cells was
conducted as previously outlined (30). Hippocampal

neurons were acquired from newborn Wistar rats aged
between postnatal day 0 (P0) and postnatal day 1 (P1).
Following decapitation, the brains were promptly
transferred to ice-cold Hank's balanced salt solution
(HBSS). The meninges were removed gently, and the
hippocampi  were  separated  quickly.  These
hippocampal tissues were then treated with 0.05%
Trypsin-EDTA and incubated at 37 °C for 15 minutes.
After trypsin was inactivated, the tissues were rinsed
twice with HBSS and mechanically dissociated using a
fire-polished glass Pasteur pipette. The resulting cell
suspension was centrifuged at 1200 x g for 5 minutes.
Afterwards, the cells were suspended again in
neurobasal medium  supplemented with 1%
GlutaMAX, 2% B-27, 10% fetal bovine serum, and 1%
antibiotic/antimycotic. The cells were cultured on
plates coated with poly L-lysine- at a concentration of
0.1 mg/ml. Cultures were preserved in temperature of
37°Cin5% CO;, and half of the culture medium being
replaced every two days. After 7 days in culture,
immunofluorescence staining was performed to
confirm the presence of neuronal cells and assess their

purity.

Study design, treatments and oxidative stress
induction

After culturing the cells for 7 days, drug treatments
were initiated. To inducing oxidative stress,
hippocampal neuronal cells were exposed to hydrogen
peroxide (H207) at concentration of 400 uM for 24
hours (31). Additionally, the effects of different
concentrations of NMDA (ranging from 50 to 800 uM)
and MK-801 (ranging from 5 to 100 uM) were assessed
over a 24-hour period. To examine the effects of
combined treatment, NMDA or MK-801 was added to
the cells 1 hour before H,O, administration. Untreated
cells served as the control group.

MTT Assay
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was applied to evaluate the cell
viability. Neuronal cells were seeded into 96-well
culture plates at a density of 4x10* cells per well. After
seeding, the cells were treated with the respective drugs
according to the group specific group they belong to.
Following drug exposure, each group was exposed to
0.5 mg/ml of MTT solution and incubated at 37°C for
4 hours. Following incubation, the MTT solution was
discarded, and 100 pl of Dimethylsulfoxide was added
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to dissolve the formazan crystals. Absorbance at 570
nm was then measured using a microplate reader (32).

Flow cytometry analysis for apoptosis

The percentage of apoptotic cells was specified by
applying the Annexin V/Pl (FITC) detection Kit,
according to the manufacturer's protocol. Neuronal
cells were seeded in a 12-well tissue culture plate at a
density of 4x10° cells per well. After drug treatment,
the cells were collected using trypsin and centrifuged
at 2,000 g x for 5 minutes. The supernatant was
removed, and the cell pellet was washed twice with
cold PBS. A solution containing 10 ul of Annexin V
and 10 pl of Pl was added to the cell suspension, which
was then incubated in the dark at room temperature for
10 minutes. After incubation, cell apoptosis was
analyzed using flow cytometry (BD Biosciences, San
Jose, CA, USA) (33).

Caspase-3 activity assessment

Caspase activity was evaluated using a reaction
buffer containing 100 mM Tris-HCI (pH 8.0), 0.6 mM
freshly prepared MnCl, and 20 mM D, L-trisodium
isocitrate. The reaction was initiated by adding the
caspase enzyme to the reaction mixture. Absorbance
changes were recorded at 240 nm using a microplate
reader (Biotek, Synergy HTX). The caspase activity
was measured using an extinction coefficient of 3.6
mM-t.cm(34).

Calcium imaging

Following 24 hours of H20, treatment, cells were
exposed to a fluorescent dye solution (DMEM:F-
127AM = 500:1:1) for 20 minutes, followed by three
washes  with artificial  extracellular  solution.
Fluorescence signals of Fura-2 AM were recorded at
340 nm (F340) and 380 nm (F380) using an Olympus
Digital Calcium Imaging System (IX73, DG-
4PLUS/OF30, Japan) with alternating excitation every
second. Images were captured over 300 seconds to
establish baseline Ca?* levels in the presence of
extracellular Ca?* (1 mM). Subsequently, the extracellular
solution was replaced with either polyamino
carboxylic acid (BAPTA) (1 mM, Med Chem Express,
USA) or CaCl, (2 mM) solutions, and the ratio
(F340/F380) was observed. The change in ratio (A
ratio, F340/F380) was calculated to assess the variation
in intracellular Ca?* ([Ca?*]i) levels before and after
treatment with BAPTA or high calcium solution. Each

experiment was repeated independently at least three
times (35).

Statistical analysis

All analyses were performed using GraphPad
Prism 8 software. Experimental data were evaluated
using one-way ANOVA, followed by Tukey's post hoc
test for multiple comparisons. Results are expressed as
mean = SEM. Statistical significance was defined as a
p-value of less than 0.05.

Results

MK108 antagonize the NMDA stabilizing effect on
Cell Viability in Hippocampal Neuronal Cells

To determine the impact of NMDA and MK-801
on HyO.-induced cytotoxicity, the appropriate
concentrations of these components on hippocampal
neurons were determined in the first step. Cells were
exposed to varying concentrations of NMDA (50 to
800 uM) and MK-801 (5 to 100 uM) for 24 hours, and
cell viability was assessed using the MTT assay. Our
results showed that NMDA up to 800 uM had no
cytotoxic effect (P>0.05), and MK-801 treatment did
not exhibit toxicity at concentrations below 40 pM
(Figurel A, B). Consequently, we investigated NMDA
at 50 to 800 uM and MK-801 at concentrations below
40 uM on H,0,- treated cells. To identify the optimal
NMDA concentration that mitigates the cytotoxic
impact of H,O, on hippocampal cells, cells were pre-
exposed to different NMDA concentrations for 1 hour,
followed by cell viability assessment. As shown in
Figure 1C, NMDA at 200 uM significantly reduced the
cytotoxic effects of H.0, (P<0.001), leading to
increased neuronal survival (P<0.01). A similar
experiment was conducted with MK-801, and the
results showed that this antagonist could reverse the
cytotoxic effect of H.O; in a dose-dependent manner.
Concentrations of 5 to 20 pM significantly inhibited
the toxicity of H,O, on neuronal cells (P<0.001), while
40 uM could not reverse its effects (Figure 1D). Based
on these findings, we used NMDA at 200 uM and MK-
801 at 5 uM for subsequent experiments.

Flow cytometry

The results from flow cytometry indicated that a
majority of cells underwent apoptosis and necrosis,
resulting in a decrease in neuronal survival rate from
93.1% to 27.8% in the presence of H,O, (Figure 1E and
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F). Conversely, NMDA (200 pM) increased neuronal
survival to 88.3% in the presence of H,O, and
prevented apoptosis (Figure 1G). Similarly, MK-801

B
]

A

® B
& 3

IS
3

0

Cell vaiability (%)
[-3

s P F S P

NMDA (a1}

c 120

gﬂm :: g, ot

2 a0 g

E dkk

£ w0

‘=

= 40

8 =0

o0
Hzoz(oopM) — + + + + + + +
NMDA (uM) — — 50 100 200 400 600 GO0
Control H202 (400puM)

(5 uM) also elevated cell survival to 87.2% (Figure
1H). The agonist and antagonist effects on apoptosis
appeared to be roughly equivalent to each other.

B 120
2 100 Fowow
2 w0 i
E &0
T
T 20
(5]
o
S TR PR e P ¢
T
MK-801
D [
___‘20 e T
2 100 g
> e
£ e .
2] e
=
> a0
=
8 20
[}
H202 (400pM) — + + + + + +
MK-801 (UM}  _ — 25 5 10 20 40

H
H202 (400pM)+NMDA(200uM) H202 (400pM)+ MK-801(5pM)

[}]
21.2%

FL3-H: Pl
FL3-H:PI

FL3-H:PI

4301

Q2 4 Q2
Jra% ]

FL3-H:PI
=

T T T
10 1I31 10 10 10 10 II!‘ 1Ez Il)3 10

FL1-H:: Annexin V-FITC FL1-H:: Annexin V-FITG

10 10

FL1-H: Annexin V-FITC FLA-H: Annexin V-FITC

Figure 1. A and B) effect of different concentrations of NMDA and MK-801 on neuronal cells viability. C and
D) Neuroprotective effects of NMDA and MK-801 in various concentrations on H20: induced neuronal toxicity
which measured by using the MTT assay. E-H) Neuroprotective effects NMDA and MK-801 on H20:2 induced
apoptosis of hippocampal neuronal cells which measured by flowcytometry test. Q1: Necrosis Q2: Late
Apoptosis Q3: Early Apoptosis Q4: Live Cells. Data are presented as Mean + S.E.M. *P< 0.05, **P< 0.01,
***P< 0.001 vs control group, ##P< 0.01, ###P< 0.001 vs H202 group.

Effects of NMDA and MK-801 on calcium influx in
cells undergoing oxidative stress

As indicated in Figure 2A and B, Fura-2AM
fluorescence for intracellular Ca?* levels was
estimated under NMDA and MK-801 treatment. In
contrast to the control, the ratio of fluorescence
intensities after excitation at 340/380 nm and emission
at 510 nm increased (P<0.001) in the H.O. group
indicating an elevated intracellular Ca?* in the
presence of H,O, (Figure 2B).

The fluorescence intensity peaked at a wavelength
of 480 nm, reaching approximately 390 a.u. Treatment
with NMDA (200 uM) + H,0; also has no statistical
change in the Fura-2AM fluorescence compared to the
H,O, group (P>0.05). However, MK-801+ H,0,

reversed the effects of H,O, on the fluorescence ratio
and calcium influx considerably when compared to the
H20, group (P<0.01) (Figure 2A). As a result, the
fluorescence intensity for MK-801+ H,O, peaked at
around 290 a.u., showing a wide disparity of 100 a.u.
compared to the H,O; treatment.

Caspase activity

The results demonstrated that H,O, significantly
increased caspase-3 activity compared to the control
group (P<0.001).

However, treatment with MK-801 (5 pM)
effectively reversed the effects of H,O, on caspase-3
activity when compared to the H,O, group (P<0.001,
Figure 2C)
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Figure 2. A) Emission spectra of Fura-2AM fluorescence intensity were analyzed to assess intracellular calcium
levels in hippocampal cells following treatment with NMDA or MK-801 in the presence of H2O2 B) Ratio of
fluorescence intensities after excitation at 340/380 nm and emission at 510 nm. C) Caspase-3 activity. Data are
presented as Mean + S.E.M. ##P< 0.01 and ###P< 0.001 vs H202 group.

Discussion

The modulation of NMDA receptors in response to
oxidative stress opens a new window toward
understanding mechanisms, particularly in the
hippocampus, by being effective in neuronal
protection, synaptic plasticity, and learning processes.
This study investigated the dose-dependent effects of
NMDA agonists and antagonists in the hippocampus
under conditions of oxidative stress. We achieved the
result that applying a low dose of NMDA agonist in
mild oxidative stress conditions, attenuated apoptosis
and enhanced cell viability. Our result demonstrates
that under control conditions, NMDA receptor
activation can show the neuroprotective effect.
However, the agonist's effect faded in high oxidative
stress conditions, and this could reveal a threshold at
which excitotoxicity appears due to NMDA receptor
overactivation. This finding is consistent with previous

studies, in which calcium influx mediated by the
NMDA receptor can be neuroprotective or detrimental
depending on the activation status or cellular context
(36). MK-801 significantly reduced neuronal apoptosis
under oxidative stress. Additionally, this receptor
prevented the excitotoxic cascades by reducing
intracellular calcium levels and caspase-3 activity.
These results confirm the hypothesis that NMDA
receptor modulation can maintain the balance between
excitation and inhibition that disrupted by oxidative
stress. In brain ischemia and reperfusion, oxidative
stress starts different pathways in ischemic tissue that
will contribute to necrosis and apoptosis (37). Based on
the previous studies, oxidative stress enters the
negative side effects of neuronal damage of IR models
into a vicious circle that increase apoptosis and
necrosis (38). This brain region produces higher levels
of superoxide anions and shows increased expression
of genes involved in antioxidant defenses and the
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production of ROS (39). In the mature neurons of the
rat hippocampus and cortex, NR2A- and NR2B-
containing NMDA receptors show distinct expression
patterns, being localized at synaptic and extrasynaptic
sites, respectively (40). In the CAl and CA3 regions,
the ratio of NMDA subunits NR2B to NR2A increased
following ischemia, while the expression of both the
NR2B subunit (associated with the activation of
apoptotic pathways) and the NR2A subunit (associated
with the activation of survival pathways) decreased in
the CAL region (41).

It seems that modulation of NMDA receptors by
agonist and antagonist in the face of oxidative stress is
not uniform across different concentrations of
modulators. High concentrations of NMDA agonist
may reduce oxidative stress by promoting cell viability,
while lower concentrations did not exhibit protective
effects, potentially by enhancing antioxidant defenses
or modulating downstream signaling pathways. As
regards its antagonist, MK-801 was effective at lower
concentrations. Dose changes can be a therapeutic
intervention to detect a dose-dependent response and
target NMDA receptors under oxidative conditions.
NMDA at 200 puM significantly reduced H>O»-induced
cytotoxicity and prevented apoptosis and necrosis. This
finding is consistent with the results of Bahrami et al.
(2020), who reported neuroprotective effects of
NMDA receptor agonists (42).

NMDA receptors have dual roles in both
supporting neuronal survival and causing neuronal
damage (43, 44). Some reasons for these paradoxical
responses have been evaluated in previous studies. For
instance, the promising therapeutic approach for stroke
can be activation of NR2A-containing NMDA
receptors selectively while applying an NR2B
antagonist (45). Moreover, modification of thioredoxin-
peroxiredoxin system enhances antioxidant defenses and
this process is mediated by NMDAR signaling at the
level of synapses (21). Synaptic activity increases
thioredoxin activity, aids in reducing over-oxidized
peroxiredoxins, and strengthens resistance to oxidative
stress (46). The activation of NMDAR by ligands
induces an inward flow of calcium. Research indicates
that a temporary increase in Ca?* levels lead to AMP-
activated protein kinase (AMPK) activation, whereas
prolonged high levels of Ca?* inhibit AMPK activation
(47, 48). The NMDAR/AMPK/ peroxisome-proliferator-
activated receptor gamma coactivator 1 alpha (PGC-
loy) signaling pathway supports mitochondrial balance

and neuronal survival by increasing the expression of
Sirtuin-3  (SIRT3) (49). Additionally, caspase-3
activity has slightly reduced in NMDA-treated rats as
indicated in previous studies that NMDA's role in
attenuating apoptotic pathways can be exerted by
changing caspase-3 content (42). An example of
oxidative reactions and NMDARs activation in
neurodegenerative diseases can be revealed whenever
ROS are typically generated in neurons and
mitochondrial function intensified oxidative stress in
the early phases of neurodegeneration, before
occurring any neuronal cell death (50).

In the initial stage, AP interacts with NMDAR,
triggering hyperactivation and disinhibition of multiple
excitatory pathways that lead to the posterior cingulate
and retrosplenial cortical regions, ultimately resulting
in NMDAR hypoactivation (51). AB oligomers can
engage and activate NMDAR, resulting in a swift rise
in calcium levels and ROS production in cultured
mature hippocampal neurons (52) Prolonged NMDAR
hyperactivity and calcium dysregulation, persisting to
months then years, can be detrimental, contributing to
slowly progressing conditions like degenerative
excitotoxicity in the development of Alzheimer's
disease and related disorders (53). It is reasonable to
suggest that memantine (MEM) and other antagonists
of extrasynaptic NMDARs (eNMDAR) should be
administered earlier, ideally during the
presymptomatic stages of Alzheimer's disease and
related disorders (54).

MEM treatment enhanced cell viability levels
decreased by AP and high homocysteine while also
reducing the expression levels of caspase 3, caspase 9,
poly (ADP-ribose) polymerase 1 (PARP1), transient
receptor potential cation channel subfamily A member
1 (TRPAL), TRPM2, and transient receptor potential
cation channel subfamily VV member 1 (TRPV1), which
were elevated by AP and homocysteine (55). Research
has demonstrated that the quantity of NMDARs, their
subunit composition, and their postsynaptic linkers can
be modified following the administration of NMDA
antagonists such as MK-801, ethanol, and Phencyclidine
(PCP) (56-58). MK-801, an irreversible blocker of
open NMDA receptor channels, can only inhibit
NMDA receptors activated by bicuculline (59, 60). The
cell survival increments induced by NMDA and MK-
801 were confirmed by applying flow cytometry
method. A concentration of 5 uM MK-801 reduced
neuronal necrosis effectively and enhanced cell
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viability in cells exposed to oxidative stress. Excessive
NMDA receptor activity and its downstream pathway,
such as calcium influx and subsequent activation of
apoptotic pathways, was blocked by MK-801. This
reduction in apoptosis was accompanied by lower
caspase-3 activity, a critical enzyme in the execution
phase of apoptosis (61). Treatment with MK-801
results in the downregulation of genes associated with
the intrinsic apoptotic pathway, including those
encoding caspase-3 and similar proteins. Acute
administration of MK-801 provides neuroprotection
against trauma-induced hippocampal neuron loss and
related cognitive deficits in rats (62). Other studies
results indicated that MK-801 helps maintain
membrane integrity and reduces the release of lactate
dehydrogenase, a marker of cell damage in striatum
(63). kynurenic acid (KYNA) is a naturally occurring
antagonist that binds to the glycine site of NMDA
receptors (64).

This neuroprotective property of KYNA has been
suggested in various preclinical models of hypoxic—
ischemic brain injury. Additionally, the inhibition of
NMDA receptors by MK-801 has been shown to
suppress Hypoxia-inducible factor 1-alpha (HIF-1a)
expression, indicating that this mechanism may also
play a role in KYNA's effects (65). In our study MK-
801 significantly diminished calcium influx and
decreased caspase-3 activation in hippocampal neurons
subjected to oxidative stress, thereby reducing
apoptosis. MK-801 administration in I/R rats
diminished caspase-3 activity, thereby hindering
excessive cell death (61). It seems that complementary
NMDA receptor modulation has been investigated
sporadically. To enhance overall therapeutic efficacy,
the combination or alternative therapies could
modulate the side effects associated with high-dose
NMDA receptor modifications.

For instance, applying the antioxidant therapies
may synergistically enhance the neuroprotective
effects observed with NMDA receptor modulators.
These therapies would target the ROS pathways or
enhance endogenous antioxidant defenses. Genes
involved in antioxidant defense mechanisms and
cellular stress responses, such as nuclear factor
erythroid 2—related factor 2 (Nrf2) and its downstream
targets, were significantly upregulated in ischemic
brain damage to mitigate the neurological dysfunction
(66, 67). The combination of memantine, an NMDA
antagonist, with clenbuterol significantly extended the

therapeutic window of clenbuterol, lasting up to 2
hours after ischemia (68). Xanthine oxidase activation
and superoxide (O?°) production are completely
inhibited by concomitant incubation of glutamate with
MK-801(69). Practically, under oxidative stress
conditions, the application of different doses of NMDA
receptor can be applicable in mitigating neuronal
damage associated with neurodegenerative diseases
and oxidative stress-related disorders. The effects of
NMDA antagonists, particularly MK-801, in reducing
intracellular calcium content and apoptosis, may
position them as treatments for oxidative stress-
induced neuronal injury.

Theoretically, this study focuses on the NMDA
receptor activity in hippocampal neurons under
oxidative stress condition. Emphasizing balance
between excitatory and inhibitory states under
pathological conditions can stabilize neuronal function
and survival. Furthermore, the findings suggest that
intervention in receptor-mediated signaling pathways
during oxidative stress could establish a foundation for
future molecular research and therapeutic strategies.
The findings highlight the complex relation among
excitotoxicity, oxidative stress, and NMDA receptor
function. Both NMDA agonists and antagonists can
reduce hippocampal cell excitotoxicity by preventing
calcium overload and inhibiting caspase-3 activation.
It is noteworthy that blocking NMDA receptors can
potentially lead to harmful effects; however, our study
specifically utilized a low dose series of MK-801 (5-
100 uM).

This method allowed us to minimize the risk of
adverse effects typically associated with higher
dosages. The results indicate that low-dose MK-801
could reduce oxidative stress and improve neuronal
survival effectively. It seems that the upcoming studies
need to focus on refining low-dose strategies for
NMDA receptor modulation. Such an approach not
only enhances our understanding of NMDA receptor
dynamics in neurodegenerative conditions, but also it
will help us be independent of any auxiliary compensatory
responses.
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