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Memantine protects the cultured
rat hippocampal neurons treated
by NMDA and amyloid f1-42

Nataliia M. Rozumna?*, Vita V. Hanzha and Elena A. Lukyanetz

Department of Biophysics of lon Channels, Bogomoletz Institute of Physiology, National Academy of
Sciences of Ukraine, Kyiv, Ukraine

Alzheimer's disease (AD) is a devastating neurodegenerative condition with no
effective treatments. Recent research highlights the role of NMDA receptors in AD
development, as excessive activation of these receptors triggers excitotoxicity.
Memantine, an NMDA receptor antagonist, shows promise in curbing
excitotoxicity. What sets our study apart is our novel exploration of memantine’s
potential to protect hippocampal neurons from neurotoxicity induced by NMDA
and amyloid p1-42, a hallmark of AD. To achieve this, we conducted a series
of experiments using rat hippocampal cell cultures. We employed Hoechst and
propidium iodide double staining to assess neuronal viability. Analyzing the
viability of neurons in normal conditions compared to their status after 24 h of
exposure to the respective agents revealed compelling results. The incubation of
hippocampal neurons with NMDA or amyloid p1-42 led to a more than twofold
increase in the number of apoptotic and necrotic neurons. However, when
memantine was co-administered with NMDA or amyloid p1-42, we witnessed
a notable augmentation in the number of viable cells. This unique approach
not only suggests that memantine may act as a neuroprotective agent but also
emphasizes the relevance of hippocampal neuron cultures as valuable models for
investigating excitotoxicity and potential AD treatments.

KEYWORDS

Alzheimer's disease, beta amyloid, cell culture techniques, hippocampus, neurons,
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1 Introduction

Alzheimer’s disease (AD) stands as a multifaceted neurodegenerative disorder,
predominantly distinguished by the accumulation of senile plaques and neurofibrillary tangles
within the cerebral tissue. These hallmark features primarily consist of insoluble beta-amyloid
(AP) deposits and hyperphosphorylated tau protein (Bloom, 2014; Breijyeh and Karaman, 2020;
Busche and Hyman, 2020; Tyshchenko and Lukyanetz, 2020; Ashrafian et al., 2021). The
formation of these plaques is intricately linked to the proteolytic processing of the amyloid
precursor protein (APP) by - and y-secretases. In contrast, neurofibrillary tangles manifest as
intraneuronal aggregates rich in hyperphosphorylated tau protein. Recent research endeavors
have illuminated the diverse array of Ap forms and their unique impacts on cellular structures
(Kravenska et al., 2020). Notably, soluble AP oligomers have surfaced as highly neurotoxic
entities, significantly disrupting synaptic function and precipitating cognitive impairments
(Wang and Reddy, 2017; Battaglia et al., 2023; Polydk et al., 2023). AP also exerts significant
influence on neuronal function, affecting impulse activity and other crucial cellular processes
(Yavorsky et al., 2023). Intermediate forms known as protofibrils, bridging oligomers and fibrils,
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The study's exploration of memantine's potential as a neuroprotective agent against
excitotoxicity and Alzheimer's disease-associated degeneration

GRAPHICAL ABSTRACT

have been identified as potent instigators of inflammation and
disruptors of intracellular signaling. Insoluble fibrillar Af, a hallmark
of AD seen in amyloid plaques, inflicts physical harm upon cells,
incites inflammation, and activates immune responses. Nevertheless,
contemporary studies have underscored that it is the soluble Ap
oligomers, rather than the insoluble plaques, which primarily drive
neurodegeneration and synaptic dysfunction in AD (Citron, 2010).
These oligomers play a pivotal role in inducing clinically significant
cognitive impairments, even before conspicuous neuronal loss
emerges (Tanaka et al., 2022b; Liu et al., 2023; Tanaka et al., 2023). The
hippocampus, a region vital for learning and memory, becomes
particularly susceptible to AD pathology, with up to 80% of its neurons
at risk of demise during the course of the disease, thereby substantially
contributing to cognitive deterioration. Recent insights further hint at
the interaction between soluble AP oligomers and glutamatergic
receptors, especially the N-methyl-D-aspartate (NMDA) receptor, in
the pathogenesis of AD (Findley et al., 2019; Penke et al., 2020; Xu
et al.,, 2023). Glutamate, the principal excitatory neurotransmitter in
the brain, is widely distributed in the neocortex and hippocampus. In
normal physiological conditions, glutamate release into the synaptic
cleft activates NMDA receptors, thereby regulating neuronal activity
through calcium ion influx (Gonzalez et al., 2015; Carvajal et al,,
2016). However, in the presence of excess glutamate or AB-induced
excitotoxicity, these NMDA receptors are prone to overactivation,
thereby setting off a chain of degenerative processes in neurons,
encompassing oxidative stress, calcium overload, and apoptosis
(Mody and MacDonald, 1995; Correa et al., 2022). In stroke, activation
of NMDARSs can lead to excitotoxicity and neuronal damage (Wu and
Tymianski, 2018). Altered NMDAR function has been associated with
epileptic seizures. Both hypoactivity and hyperactivity of NMDARs
can contribute to the dysregulation of synaptic transmission, leading
to the development and progression of epilepsy (Ghasemi and
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Schachter, 2011). Dysfunction of NMDARs, particularly the subunit
NR2A, has been implicated in the pathophysiology of schizophrenia
(Nakazawa and Sapkota, 2020). Impaired NMDAR-mediated synaptic
plasticity and hypofunction of NMDARs contribute to the cognitive
deficits observed in this disorder (Finke et al., 2012).

Taking into attention the pivotal role of hippocampal neurons in
AD pathogenesis and the intricate involvement of glutamatergic
signaling, there arises a critical need to explore potential
neuroprotective strategies targeting NMDA receptors. Among these
strategies, memantine, serving as an NMDA receptor antagonist, has
displayed notable promise in both preclinical investigations and
clinical trials, accentuating its potential therapeutic significance not
only in AD but also in other neurological disorders (Tanaka et al.,
2020; Kim et al., 2021; Delussi et al., 2022; Tanaka et al., 2022a).

Given this backdrop, our hypothesis posits that the interaction
between soluble AP oligomers and NMDA receptors, along with other
glutamate-related proteins, plays a pivotal role in the pathogenesis of
AD. Our study seeks to assess and compare the impact of two
neurodegenerative agents, NMDA and A, on the viability of hippocampal
neurons within a cell culture model of AD. Additionally, we aim to
investigate the potential neuroprotective properties of memantine
(3,5-dimethyladamantan-1-amine), an NMDA receptor antagonist, on
neurons exposed to these detrimental agents. Our investigation seeks to
illuminate the potential involvement of glutamate receptors in the
pathogenesis of AD, offering a fresh perspective on the interplay between
these neurotoxic agents and neurodegeneration.

2 Materials and methods

The following section outlines the methodologies and procedures
employed in our study to investigate the neuroprotective potential of
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memantine in the context of Alzheimer’s disease (AD). Through a
series of carefully designed experiments, we sought to examine the
impact of two neurodegenerative agents, NMDA and Ap1-42, on
hippocampal neuron viability within a cell culture model. Additionally,
we aimed to assess the potential therapeutic efficacy of memantine, an
NMDA receptor antagonist, in mitigating the neurotoxic effects of
these agents.

All experimental procedures followed the European Commission
Directive (86/609/EEC) and ethical guidelines of the International
Association for the Study of Pain and were approved by the local
Animal Ethics Committee of the Bogomoletz Institute of Physiology
(Kyiv, Ukraine). All efforts were made to minimize the number and
suffering of animals used.

We used the method described in detail previously (Korol et al.,
2008; Kravenska et al., 2012, 2016) to prepare hippocampal neurons’
primary dissociated culture. We took neurons for the experiment on
day 12-13 of cultivation (see Supplementary Figure S1). It was during
this period of neuronal development in our cultures hippocampal
neurons demonstrated the presence of well-developed dendritic
spines and the formation of synaptic connections. This was confirmed
using techniques such as electrophysiology and fluorescent Ca*
measurements in our laboratory (Rozumna et al., 2020; Shkryl, 2022;
Pendeliuk and Melnick, 2023). And as we know from the literature
(Harrill et al., 2015; Napoli and Obeid, 2016; Karapetyan et al., 2022)
and protocols for working with cultures (Vicario-Abejon, 2004; Yang
et al.,, 2017; Sahu et al.,, 2019) the neuronal properties, such as the
formation of functional synapses, the ability to generate action
potentials, and the development of dendritic arborization, serve as
indicators of neuronal maturation.

Hippocampal cultures are widely used to study the mechanisms
and strategies for treating the central nervous systems disorders,
including AD (Calvo-Rodriguez et al., 2019; Coelho et al., 2019;
Hanzha et al., 2023). In our studies, the AD model was obtained by
24-h incubation of hippocampal culture neurons with 2pM Ap1-42
(Sigma-Aldrich, St. Louis, MO, United States). To study the effect of
non-competitive low-affinity NMDA receptor antagonist - memantine
(Sigma-Aldrich, United States) and the NMDA (Sigma-Aldrich,
United States), an agonist of the receptors on the viability of neurons,
we incubated hippocampal cell culture with these compounds
with  AP1-42
Supplementary Figure S1). The concentrated Ap1-42 solution was
prepared on dimethyl sulfoxide (DMSO) and stored at —20°C. The
final concentration of DMSO did not exceed 0.5% in media.

In our study, we utilized different groups to investigate the distinct

separately and  together reagents  (see

effects and interactions of various substances or combinations. These
group classifications were based on the specific objectives of our
research and the substances involved:

Group 1:

Control: this group served as the baseline or reference group to

provide a comparison point for the other groups.

o Memantine: this group was exposed to memantine to assess its
individual impact.

o NMDA: NMDA was administered to understand its effects on
its own.

o NMDA + Memantine: this group was established to examine the

potential interplay between memantine and NMDA, assessing
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whether memantine could provide neuroprotection against
excitotoxicity induced by NMDA.

Group 2:

« Control: similar to Group 1, this control group acted as a
reference for the specific substances involved in Group 2.

o Memantine: this group received memantine to assess its
effects independently.

o AP: the introduction of API1-42 aimed to study its
individual effects.

o AB+Memantine: this group was included to evaluate any
potential protective effect of memantine against the harmful
actions of Ap.

The inclusion of these different groups allowed us to systematically
examine the impact of individual substances and potential synergistic
effects when they were used together. This approach was crucial for
addressing our research questions and achieving a comprehensive
understanding of the interactions and outcomes associated with these
substances. Experiments were repeated at least four different times.

The selection of treatment dosages for NMDA, Af1-42 and
memantine in our scientific work was a carefully considered process,
grounded in a synthesis of our previous experiments, existing
literature, consensus protocols, and the specific objectives of our
research. To determine an effective toxic dose of AP1-42,
we previously conducted a series of experiments in which
we evaluated the effects of AP p1-42 at doses of 1, 2, 5, and
10 pM. Our analysis indicated that AB1-42 had a low toxic effect at
a dose of 1 pM, moderately decreased cell viability at doses of 2 pM,
and significantly decreased cell viability at doses of 5 and
10 pM. Based on these results and a comprehensive review of the
existing literature (Danysz and Parsons, 2012; Calvo-Rodriguez
etal., 2016; Kodis et al., 2018; Caballero et al., 2022), we decided to
use AP1-42 at a dose of 2 pM for the remaining experiments. The
dosage of NMDA was determined through a review of pertinent
scientific literature and research articles. Various studies have
employed a range of NMDA concentrations, typically falling
between 10 pM and 500 pM, depending on their specific objectives
and models (Calvo et al, 2015; Calvo-Rodriguez et al., 2017;
Caballero et al., 2022). By systematically reviewing and analyzing
these articles, we gathered valuable insights into dosing strategies
and the efficacy outcomes associated with this drug. The dosage
we selected for our research (10pM), in accordance with the
literature, falls within the range known to produce the desired effects
without inducing excessive toxicity. The dosage selection for
memantine in our study was based on existing literature, preliminary
experiments, and the specific goals of our research. Several cell
culture-based studies have shown that memantine exhibits
pharmacological activity at doses ranging from 1 pM to 100 pM,
depending on the specific cell types (Alley et al., 2010; Danysz and
Parsons, 2012; Hirano et al., 2019; Kolcheva et al., 2021; Boehringer
etal, 2023; de Wet et al., 2023). Consequently, we chose a single dose
of 50 uM for memantine in our current study.

The number of living, apoptotic, and necrotic cells was determined
by double staining with Hoechst 33258 (Sigma-Aldrich, United States)
and propidium iodide (PI, Sigma-Aldrich, United States) (see
Supplementary Figure S1).
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Images (1,024 x 1,024 pixels) were acquired using an FV1000-
BX61WT laser scanning microscope (Olympus, Japan) using a
20 x objective (see Supplementary Figure S1). The excitation laser
wavelengths were 352/405nm (using Hoechst 33258) and 543 nm
(using PI). For five spatially distant areas of each specimen, contained
from 100 to 300 cells, three images were obtained: the phase contrast
signal (to distinguish neurons from glial cells), Hoechst (to detect
living and apoptotic cells), and a PI (to detect cell necrosis). Cells were
counted using the Image] cell counter plugin for brain sections
(https://imagej.nih.gov/ij/plugins/cell-counter.html, National
Institutes of Health, Bethesda, MD, United States) and classified
as follows:

a living cells (normal nuclei: blue chromatin with

organized structure);
b apoptotic cells (condensed or fragmented nuclei with bright
blue chromatin);
cells (red, with smooth

¢ necrotic enlarged nuclei

normal structure).

Based on the staining we count the total number of cells in each
category, which includes living, apoptotic, and necrotic cells. Then the
relative number of cells (living, apoptotic, and necrotic) was calculated
by dividing the number of cells in each category by the total number
of cells.

Example calculation:

e % Living Cells=(Number of Living Cells/Total Number of
Cells) x 100.

« % Apoptotic Cells = (Number of Apoptotic Cells/Total Number
of Cells) x 100.

o % Necrotic Cells = (Number of Necrotic Cells/Total Number of
Cells) x 100.

We performed a one-way analysis of variance ANOVA to compare
cell viability between experimental groups using Origin software
(OriginLab Corporation, Northampton, MA, United States).

3 Results

In vitro experiments on hippocampal neurons in culture were
devoted to role of the
non-competitive low-affinity NMDA receptor antagonist memantine

investigating the neuroprotective

on these cells’ viability in modeling excitotoxicity and AD. To this end,
we conducted six series of experiments: (1) Control conditions; (2)
Introduction of memantine; (3) Introduction of NMDA; (4)
Simultaneous administration of NMDA and memantine; (5)
Introduction of Af1-42; (6) Simultaneous administration of
memantine and AB1-42.

The cells were then stained twice with two DNA-binding dyes
(Hoechst and PI), and we assessed the viability of the neurons by
counting them using confocal laser scanning microscopy, comparing
the fluorescence of the cells under control conditions and after 24 h of
incubation with the above these reagents. In control samples of rat
hippocampal cell culture, the vast majority of cells (average
75.1%+1.72) did not show any signs of pathological changes, and
we evaluated them as alive (Figure 1). The nuclei of such neurons
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uniformly accumulated the nucleophore Hoechst 33258 and were 5
characterized by faint blue fluorescence. They had clear contours and
an intact nuclear architecture. The nuclei of a relatively small
proportion of neurons in control samples (10.7% + 1.34) with bright
blue fluorescence showed physiological changes in nuclear chromatin,
such as its condensation and fragmentation, which are all signs of
apoptosis. Those neurons, which under control conditions, were
stained with PI and gave red fluorescence indicating their necrotic
degeneration, amounted to 14.1%+0.98 on average in the group
(Figures 1, 2).

At first, we conducted a series of experiments to test whether
memantine would prevent apoptosis and necrosis of neurons caused
by excessive activation of NMDA receptors in our experimental
conditions. To do this, we treated cultures with memantine (50 pM)
and simultaneously with NMDA (10 uM) for 24 h.

After incubation with NMDA receptor antagonist memantine
(50 M, 24h) in the second series of experiments, we found that the
proportion of living neurons averaged 71.1%+1.70, apoptotic -
13.0% +1.10, necrotized - 15.0% + 1.30 of the total number of studied
neurons. We did not detect statistically significant changes in this
group of cells compared with the control, so memantine itself had no
side effects on the hippocampal culture cells (Figure 2).

After incubation of hippocampal cell culture samples in NMDA
containing medium (10pM, 24h), the number of living cells was
approximately one-third of the control group (mean 31.9% +2.18).
Neurons with apoptotic changes in these conditions were observed in
20.6%+1.11 of cases. The group of cells with signs of necrosis was
more numerous than in control samples by approximately 33%
(p<0.001), on average, their number was 47.5% +2.21 (Figure 2).
Thus, the introduction of NMDA into the culture medium induced
intense death of hippocampal neurons. In half of the cells of the
studied samples, there were pronounced pathological changes.

After co-incubation of hippocampal neurons with NMDA (10 pM,
24h) and memantine (50 pM, 24h), the proportion of living neurons
relative to the total number of cells was 75.4%, + 1.72 apoptotic -
10% +0.54, necrotic - 14.6%+ 1.31 (Figure 2). Comparing these results
with those obtained during incubation with the addition of alone
NMDA, the number of living cells increased by 43.5% (p <0.001), the
number of apoptotic and necrotic decreased by 10% (p <0.001) and
32% (p<0.001), respectively. The latter indicates that memantine in
our experimental conditions had a protective effect against
excitotoxicity caused by NMDA’ addition in the culture medium.

In the following series of experiments, we investigated
memantine’s neuroprotective ability against the neurotoxic effects of
AP1-42. To do this, we treated cultures with Ap1-42 (2pM) and
simultaneously with memantine (50 uM), the specific NMDA receptor
antagonist, for 24 h.

Introduction of AB1-42 (2uM, 24h, AD simulation) into the
incubation medium resulted in a decrease in normal cytological cells
(average 42.0%+2.08). Neurons with signs of apoptosis in these
conditions were observed in approximately 24.5% +2.29. The group
of neurons with necrotic changes was also more numerous than in
control samples (on average, their number was 33.5%+2.45)
(Figures 3, 4). Thus, Ap1-42 added to the culture medium caused a
neurotoxic effect and induced hippocampal neurons’ death.

With the simultaneous introduction of AB1-42 and memantine
in the incubation media, the results indicated preserving a larger
number of living cells than under conditions of alone action of
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The effect of memantine on the viability status of hippocampal neurons treated by NMDA. The images of hippocampal culture neurons are shown that
were incubated in control (control) media, in the presence of an activator of NMDA type glutamate receptors (NMDA), and in the presence of NMDA
and memantine (NMDA + MEM). The images were obtained in phase-contrast mode (phase-contrast), using Hoechst 33258 dye to determine living
and apoptotic cells (Hoechst 33258) and propidium iodide (Pl) dye to determine the necrotic cells.

AP1-42. The relative number of neurons without signs of apoptosis or
necrosis, in this case, was much more than half of the analyzed cells
(average 69.3% *2.60) and statistically significant differed from the
corresponding values in the alone action of AB1-42 (Figure 4). The
number of neurons with apoptotic changes in the described group was
approximately the same as in the control conditions (9.4% +1.20 of the
total number), and this indicator was approximately twice less than
the same value in the above group of cells with alone action of Ap1-42.
The addition of memantine provided a decrease in the number of
apoptotic cells (p <0.001). The relative number of cells with clear signs
of necrosis in these two groups also differed by approximately by 1.5
times (when memantine was added simultaneously with AB1-42 in
the media, this indicator averaged was 21.0% +2.00, p <0.01). That is,
the addition of memantine suspended the pathological effect of
AP1-42 on hippocampal culture neurons.

The observed changes in cell viability in our study carry significant
biological implications that shed light on the pathophysiology of
Alzheimer’s disease (AD) and potential mechanisms underlying the
neuroprotective effects of memantine. Our findings revealed a striking
contrast in cell viability. Exposure to NMDA or Af1-42 led to a
substantial increase in apoptotic and necrotic neurons, underscoring
the neurotoxic nature of these agents. This aligns with the prevailing
understanding of AD, where the accumulation of Af and NMDA
receptor overactivation plays a crucial role in the loss of neuronal
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integrity. What sets our study apart is the remarkable increase in viable
cells when memantine, an NMDA receptor antagonist, was
co-administered with NMDA or AP1-42. This suggests that
memantine holds potential as a neuroprotective agent against the
detrimental effects of these neurotoxic agents. By mitigating the
excitotoxicity driven by NMDA receptors, memantine may help
protect hippocampal neurons from the damage associated with AD.
Moreover, our use of hippocampal neuron cultures in this context
emphasizes the significance of this model in exploring excitotoxicity
and potential therapeutic interventions for AD. The outcomes of our
study not only contribute to the understanding of the pathophysiology
of AD but also offer insights into the mechanisms by which memantine
exerts its neuroprotective effects. In a broader context, this research
advances our knowledge of the interplay between NMDA receptors,
AP toxicity, and potential therapeutic interventions. While AD
remains a complex challenge, our study provides a promising avenue
for further investigations into the development of treatments that may
ultimately alleviate the burden of this devastating condition.

4 Discussion

Research in AD and the development of new substances like
memantine are critically important. AD is a leading cause of dementia,
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FIGURE 2

The effect of memantine on the relative numbers of hippocampal
neurons treated by NMDA at different state. The relative numbers of
living cells (A), cells with signs of apoptosis (B), and necrosis (C) in
the culture of rat hippocampal neurons with the addition of NMDA
or/and memantine. ***p < 0.001.

with a growing global impact. Understanding the disease’s mechanisms
is essential for developing effective treatments. Memantine shows
promise in mitigating cognitive decline. These studies have the
potential to enhance our understanding of AD’s complex mechanisms
and offer innovative therapeutic approaches.

Our study delves into the intricate realm of AD and explores the
potential neuroprotective properties of memantine, specifically in the
context of NMDA receptor activation and AP1-42 exposure. The
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primary aim was to evaluate the impact of memantine on neuronal
viability in the presence of these neurotoxic agents.

A growing body of evidence suggests that some amyloid-induced
neuron degeneration is associated with the overactivation of NMDA
(Wang and Reddy, 2017; Companys-Alemany et al., 2022). Several
publications highlight memantine as a potential therapeutic agent for
AD (Bond et al., 2012; Olivares et al., 2012; Tan et al., 2014; Marotta
etal., 2020; Majidazar et al., 2022; Saeedi and Mehranfar, 2022). Based
on this, we first start to test whether memantine would prevent
apoptosis and necrosis of neurons caused by excessive activation of
NMDA receptors in our experimental conditions. To do this,
we conducted a series of experiments with the addition of NMDA, the
actual agonist of these receptors, and the simultaneous introduction
of memantine for 24 h into the incubation medium. The results of our
studies showed that under the influence of NMDA, the number of
living cells significantly decreased, and at the same time, there was a
significant death of neurons by apoptosis and necrosis. Thus, in our
experiments we reproduced the excitotoxicity associated with the
overactivation of glutamatergic receptors. The latter is a cascade of
degenerative reactions in neurons related to a massive influx of
calcium ions into neurons. Calcium ions activate proteases and
phospholipase A2, disrupting oxidative phosphorylation, inducing
mitochondrial dysfunction, and releasing arachidonic acid, which
contributes to neuronal damage and death through apoptosis or
necrosis (Danysz et al., 2000; Rozumna et al., 2020).

Among the drugs targeting the glutamatergic system, memantine,
an NMDA receptor antagonist, stands out. Memantine rapidly binds
and reversibly interacts with NMDA receptors, distinguishing it
favorably from other NMDA receptor antagonists and contributing to
its efficacy. Acting as a non-competitive, low-affinity, voltage-
dependent antagonist, memantine blocks the cation channel during
resting state, thereby interrupting the cascade of neurodegeneration
caused by calcium influx and oxidative stress in postsynaptic neurons
(Majlath et al., 2016; Majidazar et al., 2022; Ippoliti et al., 2023). This
mechanism helps to stop this type of receptors’ excessive activity while
maintaining the possibility of conducting physiological glutamatergic
receptor-effector reactions (Danysz et al., 2000; Volbracht et al., 2006;
Folch et al.,, 2018). Experiments have consistently demonstrated that
treatment with memantine leads to a reduction in both the volume
and extent of neuronal damage, suggesting its potential
neuroprotective properties. The effectiveness of memantine has been
observed in various experimental models, including cerebral
infarction (Gorgiilii et al., 2000), hemorrhage, chronic ischemia,
traumatic injury (Padovani et al., 2023; Thakral et al., 2023), in cortical
culture neurons (Lopes et al., 2013), granular cells of the cerebellum
(Volbracht et al., 2006) and retinal ganglion cells (Hassan et al., 2022).
Under the conditions of our experimental model after co-incubation
of hippocampal neurons with NMDA and memantine the number of
living cells increased, and the number of apoptotic and necrotic cells
decreased compared to the values obtained with the isolated addition
of NMDA alone, approaching to the control values. Hence, memantine
had a protective effect against excitotoxicity caused by NMDA
addition in the culture medium in our experimental conditions. Thus,
our experimental studies’ results as well as the data of other researchers
provided evidence supporting the promising therapeutic strategy of
inhibiting NMDA receptors in AD. By reducing the activity of this
receptors involved in triggering the apoptosis cascade, it is likely to
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slow down neurodegeneration and alleviate disease symptoms by
enhancing the viability of specific neuronal populations.

Based on the fact that, according to the literature, the neurotoxicity
of AP1-42 can be mediated by the excitotoxicity of glutamate (Yu
etal, 2023; Zhang et al., 2023), and that memantine, as an antagonist
of glutamate NMDA receptors, by blocking them prevents neuronal
death as a result of this excitotoxicity, it is reasonable to hypothesize
that the memantine may have a neuroprotective effect against the
neurotoxicity of AP1-42. To test this hypothesis we conducted our
second series of experiments where we investigated memantine’s
neuroprotective ability against the neurotoxic effects of Ap1-42.
Incubation our cultures with AB1-42 within 24 h resulted in a decrease
in the number of normal cytological cells, and there were more
neurons with apoptotic and necrotic changes than in the control
samples. Thus, Ap1-42 added to the culture medium induced a
neurotoxic effect and led to the death of hippocampal neurons. This
confirms that we have reproduced the conditions of amyloid
neurotoxicity in our experiments, Other researchers obtained similar
data on the toxic effects and reduced viability of cells under the action
of AP1-42, for example, in the hippocampus’s organotypic culture
(Arbo et al, 2017), in the primary culture of the hippocampus
(Hooshmandi et al., 2020). In these studies, after incubating these cells
with AP, the amyloid-induced morphological changes, such as
shrinkage of neuronal bodies, increased the number of dead cells, and
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cell fragments were observed. Simultaneously adding Ap1-42 and
memantine to the incubation medium resulted in the preservation of
a greater number of living cells and a reduction in the number of
apoptotic and necrotic cells compared to when only AB1-42 was
present. Taken together, our results demonstrate that blocking NMDA
receptors in hippocampal neuron culture model of AD leads to the
regulation of potent and prolonged survival pathways, preventing
apoptosis and necrosis. There are not many studies similar to ours on
cell cultures at present, but they are, to some extent, consistent with
our results. Thus, in in vitro experiments, memantine has
demonstrated the ability to neutralize beta-amyloid effects, including
its soluble oligomers, in cultures of cortical and hippocampal neurons
(Lacor et al., 2007; Companys-Alemany et al., 2022; Wilcox et al.,
2022). Previously it was also found that memantine prevents
pathological apoptosis and neuronal loss in the hippocampus when
co-administered with Ap1-40 (Miguel-Hidalgo et al., 2002; Chayrov
et al,, 2022) i.e., it has a neuroprotective effect. Memantine has also
shown procognitive effects in preclinical AD models. In rat
experiments, memantine prevented short-term memory deficits
caused by AP1-40, improved long-term memory consolidation
impaired by soluble beta-amyloid, enhanced spatial memory in
animals injected with AB1-42 oligomers, and improved performance
in other behavioral memory tests (Kruchenko et al., 2014; Tyshchenko
and Lukyanetz, 2017; Gorbachenko and Lukyanetz, 2020).
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The effect of memantine on the relative numbers of hippocampal
neurons treated by Ap1-42 at different state. The relative numbers of
living cells (A), cells with signs of apoptosis (B), and necrosis (C) in
the culture of rat hippocampal neurons with the addition of AB1-42
and memantine. **p <0.01, ***p <0.001.

The outcomes of our experiments highlight the potential of
memantine as a neuroprotective agent against NMDA and Ap-induced
neurotoxicity. This not only reinforces the significance of NMDA
receptors but also opens avenues for innovative treatments targeting
excitotoxicity. We posit that memantine’s efficacy suggests promising
prospects for ameliorating cognitive decline in AD patients. This study
paves the way for future investigations into the intricate interactions
within the AD pathogenesis. Exploring memantine’s effectiveness in
complex conditions remains an avenue brimming with potential.
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We acknowledge that our study has certain limitations,
including its reliance on in vitro cell culture models. However, its
merits lie in the clarity of results and the promise it holds for
further exploration. The potential translation of our findings into
clinical practice is a beacon of hope for AD patients, offering
that may safeguard

the prospect of interventions

cognitive function.

5 Conclusion

In summary, memantine has the potential to reduced neurons
damage caused by NMDA and AB1-42 based on our study. This
finding advances our understanding of AD and might carry
translational implications for AD treatment. However, further
research to explore NMDA and A interactions is needed to
understand the impact of memantine on AD model animal and
AD patient.
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