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Alzheimer's disease (AD) is the most common type of dementia and is characterized by accumulating
amyloid (Ap) plaques and neurofibrillary tangles in the brain. Excessive stimulation of glutamate receptors,
mainly NMDA-type, causes intense entry of calcium ions into cells and is a key early step in glutamate-
induced excitotoxicity, resulting in many neurological diseases, including AD. Memantine, an NMDA
receptor antagonist, blocks NMDA receptors and reduce the influx of calcium ions into neuron. In our
experiments, we have modeled AD on cultured rat hippocampal neurons to test the effects of memantine
on calcium signaling in neurons. Our results show that the neuroprotective effect of memantine could be
provided not only through the inhibition of NMDA receptor current but also through the suppression of
voltage-dependent Ca’" channels, most likely L-type. This study suggests that NMDA receptor antagonist
memantine can protect hippocampal neurons from calcium overloading induced by AfI1-42 amyloid
exposure via blocking Ca’* channels.
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INTRODUCTION

Alzheimer’s disease (AD) is clinically charac-
terized by progressing cognitive impairment,
memory loss, and behavioral changes. Currently,
more than 26.6 million people worldwide suffer
from this disease, and this number is growing
sharply every year. By 2050, the number of
patients is expected to quadruple to more than
106 million globally, and an estimated 1 from
85 people will be subject to the disease [1].
For this reason, both scientific and clinical
studies covering all aspects of AD have become
extremely relevant and have expanded greatly
in recent decades. So far, the etiology of AD
remains unknown. However, it was shown
many factors had been involved in AD, and
several hypotheses were proposed to explain the
onset and progression of the neurodegenerative
process observed in this disorder. One such
hypothesis is “the amyloid hypothesis”, which
supports the idea that accumulation of neurotoxic
forms of beta-amyloid peptide (AP) leads to
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amyloid plaques, which play a special role in the
pathogenesis of AD [2, 3]. Finally, AP plaques
cause neuronal loss. Recent evidences suggest
that soluble AP oligomers, rather than plaques,
are a major cause of synaptic dysfunction leading
to neurodegeneration. The soluble AP oligomer
has been shown can interact with glutamatergic
N-methyl-D-aspartate (NMDA) receptors and
other proteins involved in maintaining glutamate
homeostasis as uptake and release.

Calcium plays a particularly important role
in neuronal cells, where it mediates numerous
vital physiological processes and plays a
central role in controlling synaptic plasticity
[4]. For normal functioning, neurons require
extremely precise control of Ca®* concentration
in certain compartments. One of the common
factors underlying AD pathogenesis is a
violation of the regulation of Ca’" in neurons.
Constant disturbances in Ca®" signaling have
significant consequences for neurons’ health
and functionality throughout the organism’s life
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and form the basis of “the calcium hypothesis”
in AD [5]. At rest, cytosolic Ca®" is maintained
at a low nanomolar concentration by pumps,
buffers, and transport mechanisms. Ca?*
entry from the extracellular environment is
carried out by activation of voltage-gated
Ca?* channels (VGCC), ionotropic glutamate
channels (NMDA), and acetylcholine receptors
[6]. Besides, intracellular depots — mitochondria
and endoplasmic reticulum (ER) — regulate
calcium in the cell [7-9].

It is known that memantine, a selective
antagonist of NMDA-receptors, is used in
medical practice for treatment of different
types of dementia, including AD [10, 11]. We
previously tested meantime action on memory
tests in rats [12-15]. These experiments have
shown that memantine markedly increases the
fulfillment of a conditioned reflex in old and
young rats, which indicated its effect on memory
processes. Therefore, this study aimed to test
memantine’s effects on calcium signaling in
cultured hippocampal neurons treated with Ap1-
42 (AD modeling).

METHODS

All experimental procedures were performed
following the European Commission Directive
(86/609/EEC) and were approved by the local
Animal Ethics Committee of the Bogomoletz In-
stitute of Physiology (Kyiv, Ukraine). All efforts
were made to minimize the number and suffering
of animals used. Studies were performed on rat
hippocampal culture neurons using a common
technique described earlier [16, 17]. In our
studies, we used a control set of cells, which
were incubated in standard conditions — nutrient
medium, which included 90% of the Minimum
Essential Media (MEM, Sigma-Aldrich, USA),
2.2 g/l NaHCO,, 10% horse serum (Gibco,
USA), 10 pg/ml insulin and antibiotics: 50 U/
ml benzylpenicillin sodium and 50 pg/ml strep-
tomycin sulfate. Prolonged culturing of CNS
cells in vitro is widely used for AD modeling
[18, 19]. In our study, the model was obtained
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by 24-hour incubation of hippocampal culture
neurons with AB1-42 (Sigma-Aldrich, USA) at
a final concentration of 2 uM.

We used the electric field stimulation (EFS)
of neurons to depolarize cell membrane and
fill endoplasmic reticulum with Ca?*. Field
stimulated Ca?' transients were induced with
a standard protocol by lowering two parallel
platinum electrodes (20+25 mm apart) into the
chamber in near contact with the surface and
then passing 15 current pulses at 15 Hz of 1
msec between the electrodes, yielding fields of
~12+15 V/cm across the surface of the coverslip
[20]. The resistance between medium and cells is
negligible as electrodes are not in direct contact
with cells, and EFS is delivered to cells through
the medium.

To measure intracellular calcium con-
centration, we used fluorescent microscopy
and calcium-sensitive dye Fura-2 AM as was
described previously [21, 22]. Before the ex-
periment, neurons were stained in a solution of
Fura-2 AM dye (5 pM) for 30 min. Coverslips
with neurons were then washed and placed in the
chamber with the experimental solution included
in mM: NaCl - 140.0; KCI - 2.0; CaCl, - 2.0;
MgCl,—2.0; HEPES —10.0; pH = 7.4. To induce
Ca’" transient we used depolarization solution,
its composition was equivalent to bath solution
described above except that S0 mM of NaCl was
replaced by KCI. Using a digital video camera,
we recorded changes in the level of fluorescence
intensity of Fura-2 dye in the soma of neurons
at 340 and 380 nm excitation. Cell M software
(Olympus, Japan) was used for data collection,
and data analysis was performed using the
IDL programming environment (ITT Visual
Information Solutions). We performed further
data analysis, and the ratio of 340 to 380 nm
fluorescence intensity (ratio; F340/F380) was
calculated. We estimated the data according to
the protocol described in [23] to calculate F340/
F380 by subtracting the resulting background
level (calculated outside the cells). Dynamic
changes in this indicator assessed changes in
the level of free calcium in neurons’ cytosol.
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The obtained results were processed using
variation statistics using Origin software (Mi-
crocall Inc., USA). Numerical data are given as
mean + mean error. The data were tested to be
normally distributed. Intergroup comparison was
performed using analysis of variance (ANOVA).
If intergroup differences were found, the Tukey
test was used. The results were considered sta-
tistically significant at P < 0.05.

RESULTS

In the first series of experiments, we used hip-
pocampal culture neurons in control conditions.
We used the protocol of experiments to apply
3 EFS stimuli (1 s duration of each) with 3 s
intervals between them, Fig. 1A. These were
necessary to fill intracellular depots. After that,
we applied caffeine (10 mM) for 5 s to induce
Ca’" release from the ER stores by ryanodine
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receptors (RyRs) and estimate their contribution
to the Ca®" signaling of these cells. Accord-
ingly, after the next three-time EFS, we applied
a high KCI solution (50 mM) to depolarize the
membrane and induce Ca?" transients evoked
by the activity of voltage-operated Ca>" chan-
nels, Fig. 1A.

Further, we conducted the same set of the
protocol but in the presence of 20 pM memantine
to test its effect on the mentioned participants
of the Ca?* signaling in the same tested neurons.
As it can be seen, the application of meman-
tine in extracellular solution led to a decrease
in calcium loading in endoplasmic depot and
decreased the amplitude of calcium transient
during depolarization of the membrane by KCl
but slightly influenced the basal free calcium.

In the next series of experiments, we used the
same protocol but tested neurons, which were
incubated 24 h before the experiments with
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Fig. 1. The action of memantine on changes in the intracellular calcium levels under control conditions and after incubation
AP1-42. A —representative registration of changes in intracellular concentration in value of ratio of free calcium on the cultured
neuron in control and the presence of 20 uM memantine. Peaks were induced by three-time EFS (black circles), application of
10 mM caffeine (5 s), and 5-second depolarization with 50 mM KCI; B — the same stimuli were used for the neuron which was

previously incubated during 24 h with 2 uM Ap1-42
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5 uM AB1-42. An example of such registrations
is presented in Fig. 1B. We first measured
calcium signal changes before memantine was
added to the external solution and then measured
from the same cell in the presence of 20 uM of
this reagent. Such a form of experiment reduced
the differences between the registrations’ condi-
tions and allowed a convincing study of meman-
tine’s effect. As can be seen from the presented
registrations of calcium signal changes, 20 uM
memantine induced a significant decrease in
values of Ca?" transients evoked by 5 s depo-
larization (50 mM KCIl) and 5 s 10 mM caffeine
application compared to the control.

Statistics data of observed effects are pre-
sented in Fig. 2. Thus, the ratio value of basal
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level of free calcium under control conditions
was 1.05 £ 0.07 (n = 15) and 0.95 + 0.02
(n = 14) in the presence of 20 UM memantine.
These values in the neurons which were previ-
ously incubated for 24 h with 2 uM AB1-42 in
culturing medium, were 0.97 = 0.04 (n = 20)
and 1.01 £ 0.03 (n = 16) in the presence of 20
uM memantine.

The level of free calcium (in ratio value)
before the second Ca®" transient caused by
EFS under control conditions was 1.07 + 0.04
(n=15)and 1.02+0.02 (n = 14) in the presence
of 20 uM memantine. These values in the cells,
which were previously incubated for 24 h in
culture medium with 2 uM AB1-42 (AP), were
1.17£0.07 (n=20) and 1.07 £ 0.04 (n=16) in
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Fig. 2. Diagrams represent statistical data of memantine’s effect on the changes in the level of intracellular calcium concentration
in value of ratio. Part A is mean values of the basal Ca®" level before induction of the second Ca”" transient caused by EFS; part B
is the mean values of the peak of the second Ca?" transient caused by EFS; part C is the mean values of the peak of signal evoked
by 5 s application of 10 mM caffeine; part D is the mean values of the peak of the Ca?" transient evoked by the application of the
depolarizing solution (50 mM KClI; 5 s). For all cases, data represent values in control conditions (control), during application
of 20 uM memantine (mem) and for case 24 h preincubation of neurons with 2 pM AB1-42 (AB). *P < 0.05
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the presence of 20 uM memantine, as shown in
the diagram 2A.

Memantine almost unchanged the peak value
of Ca®" transients caused by EFS. Thus, the mean
peak value of Ca?" transients was reduced from
1.69 = 0.04 (n = 15) in control to 1.64 + 0.08
(n = 14) after memantine application. Under
B-amyloid treatment, this parameter was sig-
nificantly reduced from 1.56 £ 0.05 (n=19) in
control conditions to 1.39 £ 0.02 in the presence
of memantine (n = 16, P < 0.05). The data are
presented in Fig. 2B.

Statistical data concerning RyRs endo-
plasmic depo involvement in Ca?" responses
are presented in Fig. 2C. We used caffeine, an
agonist of RyRs, to induce Ca®" release from
the endoplasmic reticulum, which can appear
as Ca?" transient during registrations. As shown
in Fig. 2C, the peak values of calcium signals
induced by 10 mM caffeine application were
significantly reduced in the presence of 20 uM
memantine in comparison with control values.
They decreased from 1.56 = 0.24 (n = 14) in
control to 1.24 = 0.12 (n = 12, P < 0.05) after
memantine action. In the neurons, which were
previously treated with B-amyloid, this value
was reduced from 2.16 £ 0.36 (n=17) in control
to 1.57+£0.25 (n=16, P <0.01) after memantine
application.

We also calculated statistical data concern-
ing the peaks of Ca?" transients induced by 5 s
depolarizing solution (50 mM KCl) applications.
They also were significantly reduced from 3.71 +
0.34 (n = 15) in control to 2.95 £ 0.16 (n = 14,
P < 0.05) after 20 puM memantine applications.
In the neurons previously incubated with AB1-
42, this parameter was also noticeably decreased
by memantine, Fig. 2D. These values were
reduced from 5.21 £ 0.35 (n = 19) in control to
4.02 £ 0.36 (n = 16, P <0.05) after memantine
application.

DISCUSSION

Glutamate is the major fast excitatory neuro-
transmitter and is involved in almost all
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CNS functions, especially in the cortex and
hippocampus: 70% of all excitatory synapses
in the CNS use glutamate as a neurotransmitter.
Ionotropic glutamate receptors, responsible
for rapid neural communication at excitatory
synapses, contain three subfamilies: a-amino
3-hydroxy 5-methyl 4-isoxazole-propionic
acid (AMPA), kainate receptors, and NMDA
receptors. Among them, NMDA receptor ion
channels are the most permeable to Ca®", which
can, in turn, function as a second messenger in
different signaling pathways [24].

The hippocampus has a high density of
glutamate NMDA receptors and is extremely
important for learning and memory. Normally,
they are activated only in certain physiological
processes, such as the induction of synaptic
plasticity, and are capable of long-term poten-
tiation of synaptic transmission, which is
considered one of the key mechanisms for
providing higher functions: learning, memory,
behavioral and other reactions.

NMDA receptor has been implicated as
a mediator of neuronal damage associated
with many neurological disorders, including
ischemia, epilepsy, brain injury, dementia,
and neurodegenerative disorders such as
AD. Pathological elevations in glutamate
levels and other disturbances that alter the
resting membrane potential (e.g., metabolic
disturbances) may cause over-stimulation of
NMDA receptors, which induces excitotoxicity
and promotes cell death. This process underlies
the potential mechanism of neurodegeneration
that occurs in AD.

Under normal synaptic transmission, NMDAR
channels are blocked by Mg?" inside the channel
and are activated only for a short period.
However, under pathological conditions, the
normal Mg?" block of the ion channels is
removed and abnormally enhances the activity of
NMDA receptors. Excessive receptor activation
leads to an excessive influx of Ca®' into the
neuron, which then triggers various processes
that can lead to necrosis or apoptosis [25].
Various pathologies, such as AP oligomer action,
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oxidative stress, mitochondrial dysfunction,
elevated glutamate concentrations, and neuronal
inflammation, have been associated with
hypersensitivity and activity glutamatergic
system, leading to neuronal dysfunction and cell
death in AD [26].

Memantine, a non-competitive NMDA re-
ceptor antagonist, blocks the NMDA ion chan-
nels with fast kinetics. Complete depolarization
of the membrane leads to memantine removing
from the channel, which provides normal
synaptic transmission. It is suggested that these
properties underlie memantine’s ability to ensure
the receptor’s normal physiological functioning
while disrupting receptor pathological activation.
It has also been shown that NMDA receptor
blockade alleviates AB-induced degeneration
in rat hippocampal neurons [24]. Preclinical
data suggest that NMDA receptor-mediated
excitotoxicity may be associated with the effects
of abnormal A deposition during AD.

In our experiments, we tested the effects
of memantine on the components of calcium
intracellular signaling, such as basal Ca”>" level
in the cytoplasm, changes in Ca®’ transients
evoked by membrane depolarization with EFS,
activation of voltage-depended Ca?" channels by
high KCl solution and Ca?" release from ryanodine
receptors of the endoplasmic reticulum. As well,
we estimated these parameters in neurons, which
were treated with AB1-42 (cell model of AD). It is
proved that AB1-42 increased all tested parameters
in our experiments except for EFS’ amplitude,
which had a tendency to be decreased, Fig. 2.
Thus, the ratio (F,,/F,¢,) of basal level of Ca’*
increased by 8.7%, the peak of KCl-transient —
40.32%, caffeine peak — 40,2%, whereas the EFS
peak was slightly decreased by 7,7%. These data
show that AB1-42 significantly affects membrane
voltage-dependent channels, increasing the flow
of calcium into the cell and, consequently, more
filling of the ER-depot and the release of calcium
from it into the cytoplasm during RyRs agonist
action.

Our experiments have shown that memantine
decreased all tested indicators in control condi-
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tions and neurons treated with the Ap1-42 (AD
model) but with different degrees. It only tended
to decrease the basal level, and this value was in
the range not exceeding 8%. Also, the effect was
weakly expressed in the case of EFS, it did not
exceed 3% in control and was more noticeable
in cells treated with AB1-42 (~11%). The most
pronounced effect of memantine was found in
the case of caffeine and KCl applications. It was
20.5% in the case of ER-depots and 20.7% in the
case of Ca’*-channels. In the cells treated with
AP1-42, these values were some more — 28.2 and
22.8% correspondingly, Fig. 2C, D.

Interestingly, the effects of AB1-42 and
memantine on calcium peaks at EFS were
significantly less pronounced than those at
the depolarization of membrane by KCI. It
was previously shown that EFS could affect
calcium channels, Ca2"-stores, stretch channels,
Na® channels [27]. It was also known that
EFS is better to use mainly for modulation of
electrosecretory coupling at the nerve endings
where it can be better investigated by evoking
synaptic release with electrical pulses. We
suppose that EFS evoked electrical pulses are
very short in duration to produce remarkable
membrane depolarization. Our experiments
show that EFS is not well suited for studying
the chemical compound effects, but it can be
successfully used mainly to fill ER depots with
Ca?".

Although it is known that memantine is an
antagonist of NMDA receptors, our research has
shown that it can partially block L-type calcium
channels of hippocampal neurons in the con-
centration of 20 uM. This observation is in line
with data obtained on a single retinal ganglion
cell of adult frogs Rana temporaria [28]. In
these experiments, the authors have shown that
memantine (30+45 pM) largely inhibited the
L-type Ca?" channels. Their results suggested
that memantine’s neuroprotective effect could
be provided not only through the inhibition of
NMDA receptor currents but also through sup-
pressing L-type channels. Our results obtained
on rat hippocampal neurons completely support
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above-mentioned conclusion that memantine
also suppresses voltage-dependent Ca**-chan-
nels, which are most likely of L-type.
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XBopoba AnbrreiiMepa (XA) € HaWNOMNPEHIIINM BHIOM
JIEMEHIIIT 1 XapaKTePU3y€eThCsl HAKOMIMYCHHSAM [3-aMiJIOiTHUX
(AB) Onsmrox Ta HeHpoiOPUIAPHUX KIYyOKIB Yy MO3KY.
HanmipHa cTUMYIIAILIS Ty TaMaTHAX PELENTOPIB, IIEPeBaKHO
NMDA-Tumy, cipu4uHs€ iHTEHCHBHE HAJXOKECHHs 10HIB
KJIBIIIIO B KJTITHHH 1 € KITFOYOBUM PaHHIM €TarioM iHyKOBaHOT
[JIyTaMaTOM €KCaHTOTOKCHYHOCTI, IO HPHU3BOJIUTH 10
6araTb0X HEBPOJIOTIYHUX 3aXBOPIOBAHb, BKIIOUAIOUH XA.
Anraronicr NMDA-penientopis, MemanTrH, 6:110kye NMDA-
pelenTopy i 3MEHIIyE BXiJ 10HIB KalbIlil0 B HEHpOH. Y
HAIIMX eKCIIEPUMEHTaX MU BUKOPHCTOBYBAIIM MOJICIFOBAHHS
XA Ha KyIbTYpi HSHPOHIB rilTOKaMIIa IIypiB JUIs TECTYBaHHS
e(eKTy MEMaHTHHY Ha CHTHAJI3allil0 KaJbI[iF0 B HEHpOHaX.
Haumri pe3ynpraTi, OTpUMaHi Ha HEHPOHAX TilloKamIa Iypis,
[OKa3yI0Th, [0 HEHPONPOTEKTOPHUH e(peKT MEeMaHTHHY
Moxke OyTH 3abe3nedeHnii He TUTbKY iHri0yBaHHAM NMDA-
peuenTopiB, ajge TAaKOX 3a JOMOMOTOI0 NMPUTHIYEHHS
notenuiansanexunx Ca’'-kananis, Hali6iIbI HMOBIpHO
L-tumy. Antaronict NMDA-penenTopiB MEMaHTHH MOXe
3aXUIIATH HEHPOHU KYJIBTYPH TiITOKaMIIa BiJl TepeBaHTaKSHHS
KaJbLieM, CIIpHYUHEHOTO BIUIMBOM AP1-42 GrokyBaHHSIM
Ca?*-kananis.

Kiro4oBi cioBa: KysbTypa HEHpOHIB rinmokaMmna; -amMijoin;
NMDA; MmeMaHTHH; KaJblliii; FOMEOCTa3 KallbIlif0; XBopoba
Aunprreimepa.
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BJIMAHUE MEMAHTHUHA HA KAJIBHUEBY1O
CUT'HAJIM3ALNNIO B TNIIITIOKAMITAJIBHBIX
HEHPOHOB KYJbTUBUPYEMBIX

C B-AMHUJIONI0M

Bonesns Anprreiivepa (BA) sBiseTca Haubonee pacnpocT-
PaHEHHBIM BHAOM AEMEHIMH M XapaKTepu3yeTcs HaKoIlIe-
HUeM (-aMUIouAHBIX (AP) Onsmex 1 HelpopuOPMILIAPHBIX
KIIyOKOB B MO3Ty. UpesmepHas CTUMYNAIHS [TyTaMaTHBIX
peuentopos, npeuMyiectBeHHO NMDA-Tuma, BbI3bIBaeT
MHTEHCHBHOE NOCTYIJICHHE HOHOB KaJbIHUsS B KIETKU M
SIBIIIETCSA KJIIOYEBBIM PAaHHUM 3TAlOM HHIYLHUPOBAHHOM
TITyTaMaTOM 9KCAHTOTOKCHYHOCTH, YTO MIPUBOIUT KO MHOTHM
HEBPOJIOTNYECKNM 3a001eBaHMsIM, BKItouast BA. AHTaroHucT
NMDA -penenTopoB MEMaHTHH OJIOKHPYET UX H YMEHBIIIAET
BXOJl HOHOB KaJIbLIUs B HEHPOHBI. B Hammx skcrepuMeHTax
MBI HCIIOB30BaNU MofenrpoBanue bA Ha KynbsType HeHpOHOB
THIIIOKAaMIIA KPBIC JUIsl TECTUPOBaHMS ddppekTa MeMaHTHHA
Ha CUTHAJIM3AIMIO KaabLus B Heliponax. Hamm pesynbrarsl,
MOTyYeHHBIE HA HEHPOHAX TUIIMOKAMIIA KPBIC, TIOKA3bIBAIOT,
YTO HEHPOMPOTEKTOPHBIN H3PPEKT MEMAaHTHHA MOXKET OBITh
obecriedyeH HEe TOJIBKO 3a cueT mHruouposanus NMDA-
perienTopos, Ho u Ca’-kananoB, Hanbonee BepoATHO L-THma.
AmnTaronuct NMDA -perienTopoB MEMaHTUH MOXKET 3alll-
aTh HEHPOHBI KyAbTYpBI THIIMOKAMIIA OT MEPErpy3KH Kallb-
LMeM, BbI3BaHHOW BiusiHHEM AP1-42 myTem OIOKHpOBaHHUSA
Ca?*-kaHaJos.

KnroueBble caoBa: KyabTypa HEHpPOHOB T'HINOKAMIIA;
B-amunonn; NMDA; memaHTHH; KaJabLHil; TOMEOCTa3
KajbLus; 0oae3Hb AbIreiimepa.
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