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THE P2X3 RECEPTOR BLOCKER AF-353 (Ro-4) REDUCES BIOENERGETIC INDEX
OF A PRIMARY MIXED CULTURE OF HIPPOCAMPAL NEURONS

A.S. Zelentsova, M. Yu. Skorkina*, A.V. Deykin

Belgorod State National Research University,
85 Pobedy str., Belgorod, 308015 Russia; *e-mail: marinaskorkina0077@gmail.com

In clinical studies, the purinergic receptor P2X3 is considered as a molecular target for pain correction in spinal
sensory neurons by highly selective antagonists based on diaminopyrimidine derivatives. In the CNS, P2X3 receptors
are involved in synaptic plasticity underlying memory and learning. Currently, potent and selective allosteric
modulators of P2X3 and P2X2/3 receptors have been recognized among diaminopyrimidine derivatives. These include
5-(5-iodo-2-isopropyl-4-methoxyphenoxy)pyrimidine-2,4-diamine (Ro-4 or AF-353), gefapixant, which have a good
pharmacokinetic profile and are less active with respect to a wide range of kinases, receptors, and ion channels.
Although the therapeutic value of P2X3 receptor blockade in CNS neurons has not been studied, however, certain
evidence exists in the literature that this receptor could represent a new target in the search for antiepileptic drugs,
as well as drugs that reduce anxiety and stress. The aim of the work was to study the effect of the P2X3 receptor
antagonist AF-353 (Ro-4) on the neuronal bioenergetic health index (BHI) in a primary mixed hippocampal culture.
The P2X3 receptor blockade in embryonic and postnatal mouse hippocampal neuron cultures increased
non-mitochondrial respiration by 27.5% and 15.8%, respectively, proton loss by 31.0% and 61.4%, and decreased
basal respiration by 89% and 39% compared to the control. The neuronal BHI decrease in the postnatal culture
was 68% compared to the control. The obtained results indicate the effect of AF-353 on mitochondrial respiration
of a primary mixed culture of hippocampal neurons; this reveals the potential of the P2X3 receptor as a pharmacological

target in hypoxic conditions of the brain.
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INTRODUCTION

Intercellular communication in the nervous system
includes the family of purinergic P2 receptors, which
are divided into two classes: ligand-gated P2X channels
and metabotropic P2Y receptors associated with
G-protein [1]. Each of the families is divided
into subclasses P2X1-7, P2Y 1,2,4,6,11-14 [2].
It is known that the P2X3 receptor of sensory neurons
is involved not only in the occurrence and development
of neuropathic and inflammatory pain [3, 4], but it also
plays aneuroprotective role after damage to the integrity
of the nerve fiber [5, 6], participating in the process
of regeneration of nerve endings [7, 8]. In the central
nervous system (CNS), P2X3 receptors are involved
in the regulation of synaptic plasticity due to their
high permeability to calcium [9]. Researchers
suggest its participation in fast excitatory synaptic
transmission via zinc-sensitive ATP-dependent channels
on the pyramidal cells of the CA3 hippocampus [10].
P2X3 and P2X1 can modulate synaptic transmission
of mossy fibers in the hippocampus at the pre- and
postsynaptic level [11]. P2X3 receptors are significantly
activated in temporal epilepsy, and their inhibition
leads to relatively low-frequency discharges [12].

Mice lacking the P2X3 receptor exhibit abnormalities
in hippocampal synaptic plasticity with impaired
long-term depression at CAl, CA3, and the dentate
gyrus of the hippocampus. Calcium influx through
postsynaptic P2X3 channels is thought to play
a key role in the induction of long-term depression [13].
Despite the deficit in hippocampal long-term
depression, P2X3 receptor knockout (P2X3KO) mice
performed normally spatial learning tests in a water
maze, provoking the authors to speculate that
the P2X3 gene knockout improved learning.
Additionally, P2X3KO mice performed better than
wild-type mice on a task that involved visually locating
and swimming to a platform [13]. To date, a number
of diaminopyrimidine derivatives acting as potent and
selective allosteric modulators of P2X3 and P2X2/3
receptors have been developed. These include
5-(5-i0do-2-isopropyl-4-methoxyphenoxy)pyrimidine-
2 A-diamine (Ro4 or AF-353, IC5,=3.16 nM), gefapixant
(ICs of 0.03 uM for P2X3 and 0.250 uM for P2X2/3
receptors), which have a good pharmacokinetic
profile [14—-16]. AF-353 (Ro-4) is 100 times less active

against a wide range of kinases, receptors,
and ion channels [15]. Diaminopyrimidine class
P2X3 receptor antagonists have improved
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physicochemical properties compared to earlier
developed P2X3 antagonists and are likely to bind
to the allosteric site of the channel [16, 17].
The therapeutic significance of P2X3 receptor
blockade in CNS neurons has not been studied yet;
however, certain evidence exists in the literature,
that this receptor may be a new target in the search
for antiepileptic drugs [12]. Although various signaling
pathways involving the P2X3 receptor have been
described in neuropathic and inflammatory pain [3, 5],
the involvement of this receptor in mitochondrial
respiration mechanisms has not been studied. However,
activation of P2X3 channels mediates the influx
of extracellular calcium [18], which can trigger various
signaling cascades.

The aim of the work was to study the effect
of the P2X3 receptor antagonist AF-353 (Ro-4)
on the neuronal bioenergetic health index (BHI)
of a primary mixed hippocampal culture.

MATERIALS AND METHODS

Animals

Two-month-old CD1 mice weighing 23-25 g
were used in this study. The animals were purchased
from the Stolbovaya branch of the Scientific
Center for Biomedical Technologies of the Federal
Medical and Biological Agency (certificate No. 18980
dated 23.05.2023). The animals were kept
in the conventional vivarium of the Belgorod
State National Research University (NRU “BelSU”)
with a 12 h: 12 h day/night cycle and a temperature
of 22-26°C with free access to food and water.

Isolation of a Primary Mixed Culture
of Hippocampal Neurons

To obtain a mixed culture of hippocampal neurons,
mice were euthanized using the cervical dislocation
method. For preparation of an embryonic culture (E18),
hippocampal tissue from 24 well-formed embryos
on day 18 of gestation was taken. A postnatal
primary mixed culture of hippocampal neurons (P2)
was prepared using ten 2-day-old newborn CD1 mice.
All manipulations were performed on ice. The abdominal
cavity was opened, the uterus was excised with
embryos, which were placed in a Petri dish with
cooled Hanks' solution (PanEco, Russia). The embryos
were separated from the uterine wall and washed
in cooled Hanks' solution. The embryos were
sequentially transferred to a dry Petri dish. In newborn
mice, the upper part of the skull was dissected
from the skin and fascia, the skull bones were
removed, exposing the brain, which was then
extracted and placed in a Petri dish with
cooled phosphate-buffered saline (PBS). The brain
was isolated from embryos and newborn mice
using a Leica Microsystems EZ4 stereomicroscope
(Leica, Germany). The hippocampus was transferred
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to a glass well with cooled PBS pH 7.4 (PanEco),
PBS was removed, the hippocampus was divided into
4-5 parts with a scalpel and transferred to a test tube with
1 ml of 0.25% trypsin-ethylenediaminetetraacetic acid
(trypsin-EDTA; PanEco) [19].

Trypsinization of E18 and P2 Hippocampal Tissue

The brain tissue was trypsinized in 0.25% trypsin-
EDTA solution for 20 min at 37°C, 5% CO,
in a Binder CB150 incubator (Binder, Germany). After
trypsinization, 1 ml of ice-cold Dulbecco's solution
(PanEco) was added, and then the cell suspension
was washed three times with PBS (pH 7.4). After that,
2 ml of neurobasal medium (PanEco), 2% neuromax
supplement (PanEco), 0.5 mM L-glutamax
(Thermo Fisher Scientific, USA), 1% penstrep (PanEco)
were added to the resulting suspension.

Seeding and Cultivation of a Primary Mixed Culture
of Hippocampal Neurons

The primary mixed culture of hippocampal neurons
was cultivated using pre-prepared 8-well plates
for the Seahorse XF HS mini cell metabolism
analyzer (Agilent, USA). 400 pl-Aliquots of sterile
distilled water were added to the grooves around
the wells. Culture wells B-G were coated with
10 pl of 0.01 mg/ml poly-D-lysine (Thermo Fisher
Scientific), and 180 ul of distilled water were added
for blank correction in wells A and H. The plates were
left for 1 h in a laminar flow hood under a UV lamp.
Then the plates were washed three times with
distilled water and dried in a laminar flow hood.
Each well of the Cell Culture Miniplates (Agilent)
was coated with 80 pl of cell suspension containing
2x10* hippocampal cells. The number of cells
for seeding and the selection of the optimal
FCCP concentration for performing the Mitostress test
were determined by pre-calibrating the device
to optimize the number of cells and finding
the FCCP concentration for a given cell type according
to the manufacturer's instructions. The cells in the plates
were grown for three days with a daily change of half
of the medium portion.

Pharmacological Blockade of P2X3 Receptor

Pharmacological P2X3 receptor blockade
was achieved by adding the highly selective blocker,
12 nM AF-353 (Ro-4) (5-(5-iodo-2-isopropyl-4-
methoxyphenoxy)pyrimidine-2,4-diamine monochloride
salt, Selleckchem, USA). The choice of the final
concentration (12 nM) was based on the known
half-maximal inhibitory concentration (ICs,) of 3.16 nM
for this receptor ligand [14]. The blocker was prepared
in a culture neurobasal medium and introduced
into the culture plates 24 h after the start of cultivation
in the experimental wells (B, C, D) during medium
change. Wells (E, F, H) with a culture medium without
the inhibitor served as a control.
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The Mitostress Test

Mitochondrial respiration was measured using
a Seahorse XF HS mini cell metabolism analyzer
(Agilent). The Agilent Seahorse XFp sensor cartridge
(Agilent) was hydrated 24 h before analysis by filling it
with a calibrant (200 pl per well). The cartridge
was placed in a CO,-free incubator for 24 h at 37°C.
The analytical medium was prepared using
Seahorse XF DMEM Media (Agilent) containing
10 mM glucose (Glucose XF 1.0 M; Agilent),
1 mM pyruvate (Pyruvate XF 100 mM; Agilent), and
2 mM L-glutamine (L-Glutamine XF 200 mM; Agilent)
according to the manufacturer's recommendations.
Mitochondrial functioning was assessed using
a Seahorse XF Cell Mito Stress Test Kit (Agilent). Stock
solutions were prepared according to the manufacturer's
instructions. The kit includes oligomycin, FCCP,
a mixture of rotenone and antimycin A.
In the experiment, working solutions were prepared
in the final concentration per well: oligomycin — 1 uM,
FCCP — 2.5 uM, rotenone/antimycin A — 0.5 pM.
Mitostressors were injected into cell cultures through
the ports of the Cartridge Agilent Seahorse XFp sensor
cartridge (Agilent). The cartridge was calibrated, and
then the calibration plate was replaced with a plate
with cells and the oxygen consumption rate (OCR),
reflecting the degree of aerobic mitochondrial
respiration in the cell, was measured. In each
experimental and control well, 3 technical
measurements were made. The obtained experimental
data were processed using Wave 2.6 software (Agilent),
the data were normalized by the number of cells
using the “Normalization” tab in the program.
Basal respiration, proton leak, maximum respiration,

respiration, ATP production, respiratory coupling
coefficient (Fig. 1), and the bioenergetic index
of cell health were calculated [20].

The bioenergetic index of neuronal health
was calculated according to formula (1):

BHI - SRCxATP .
 nonMitxH leak 0,
where BHI is the bioenergy health index

in arbitrary units; SRC is the spare respiratory
capacity in pmol/min; ATP is the ATP production
in pmol/min; nonMit is the non-mitochondrial
respiration in pmol/min, H'leak is the leak of protons
in pmol/min.

Oxygen consumption rate (OCR) curves
of E18 embryonic culture and postnatal hippocampal
culture were obtained in real time. The measured
OCR data were used to calculate:

— non-mitochondrial respiration rate (minimal OCR value
after injection of the rotenone/antimycin A mixture);

— basal respiration rate (last measured OCR value before
the first injection minus non-mitochondrial respiration);

— maximal respiration rate (difference) between
maximum OCR values after FCCP injection and
non-mitochondrial respiration;

— proton leakage as minimal OCR value after oligomycin
injection minus non-mitochondrial respiration;

— ATP production (after addition of oligomycin
by the difference between the last OCR value);

— spare respiratory capacity (difference between
maximum respiration and basal respiration);

— coefficient of respiratory coupling efficiency

spare  respiratory  capacity, non-mitochondrial (ratio of ATP production to basal respiration).
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Figure 1. The Wave 2.6 software profile.
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Statistical Analysis

Experimental results were processed using
Wave 2.6 software (Agilent) and the Excel 10.0
descriptive statistics package. The experimental data
are presented as median and minimum and
maximum values. The hypothesis about the type
of distribution of the obtained data was tested using
the Pearson goodness-of-fit criterion. Considering
that all the obtained numerical data do not follow
the hypothesis of normal distribution, the Mann-Whitney
criterion for samples with non-normal distribution and
the number of measurements n<20 was used to assess
the reliability of the obtained results. The critical level
of significance when testing statistical hypotheses
in this study was taken at p=0.05

RESULTS AND DISCUSSION

Results are given in Table 1.

In the EI18 hippocampal neuron culture,
the AF-353 blocker, increased non-mitochondrial
respiration and proton loss by 27.5% and 31%,
respectively  (p<0.05), while ATP production
decreased by 25% (p<0.05) compared to the control.
The other parameters of the mitochondrial bioenergetic
status insignificantly differed from the control.

Analysis of the mitochondrial functioning
in the P2 neuron culture treated with the P2X3 receptor
blocker revealed an increase in non-mitochondrial
respiration by 15.8% (p<0.05) and proton loss by 61.4%
(»<0.05) compared to the control. At the same time,

Table 1. Parameters of mitochondrial respiration of primary mixed hippocampal culture of neurons under conditions

of P2X3 receptor blockade

E18 culture P2 culture
Parameter, pmol/min/cellsx10*
Control AF-353 blocker Control AF-353 blocker
M 888.0 1224.0* 1731.9 2058.3*
Non-mitochondrial respiration min 610.0 1141.4 1616.2 2003.6
max 1030.8 1331.4 1912.6 2199.8
M 3298.0 2948.0 1065.7 1158.6
Basal respiration min 2602.2 2407.2 659.0 591.2
max 3786.6 3612.2 1706.4 1661.0
M 4316.2 3982.7 3710.2 4040.5
Maximal respiration min 3270.8 2804.8 2465.0 3581.8
max 5134.2 4959.2 4290.6 4764.2
M 2146.5 3104.6* 496.5 1286.8*
Proton leakage min 1665.0 3835.8 232.0 1072.2
max 2796.2 3467.0 642.4 1696.8
M 4433.6 3544.2% 1530.5 1405.2
ATP production min 3454.0 2520.0 1177.4 1124.6
max 5598.0 4590.0 1738.8 1717.4
M 1024.2 1032.6 2644.2 2892.6
Spare respiratory capacity min 213.6 128.3 1451.4 1990.8
max 1454.6 1910.6 3405.6 3700.6
M 1364.2 1472.6 3188.6 2772.6
Respiratory efficiency coefficient, % min 1103.6 440.6 1664.8 1716.4
max 1653.4 2752.0 4547.6 5215.2
M 0.9 0.8 5.0 1.6*
Bioenergetic health index, % min 0.5 0.1 2.8 1.0
max 3.1 4.7 9.7 2.7

* — statistically significant difference (p<0.05) versus
min — minimal value.
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no significant differences were found in ATP production,
the efficiency of coupled respiration and spare
respiratory capacity between the experimental and
control groups.

Based on the data obtained for E18 and P2
hippocampal cultures, BHI was calculated for normal
conditions and under P2X3 receptor blockade.
According to the data obtained, P2X3 receptor
blockade led to a decrease in the BHI both
for E18 and P2 cultures. The P2 culture was
characterized by a significant BHI decrease by 68%
(»<0.05) compared to the control (Table 1).

In this study, the effect of the highly
selective P2X3 receptor antagonist AF-353 (Ro-4)
on the BHI was studied in the primary mixed
culture of hippocampal neurons. The hippocampus
has been chosen because it is a key brain structure
involved in the formation of spatial navigation,
emotional memory and learning, and at the same time,
it is an ideal model for creating primary high-frequency
neuron cultures to study pathophysiological processes
in the nervous system [21]. At the cellular level,
the hippocampus is represented by pyramidal cells
with a minimal number of interneurons and glial cells
compared to other areas of the brain [22].
In the hippocampus of rodents, the P2 family
receptors are represented by the following subtypes:
P2X2 [23], P2X3 [24, 25], P2X4 and P2X7 [26],
as well as P2Y1l and P2YI11-13 [27-29].
The P2Y1 and P2X1-3 receptors are assigned
a specific function in the processes of learning and
memory [5, 30]. Purinergic receptors are expressed both
on glial cells and on true neurons of the hippocampus;
the presence of P2X2, P2X3, P2X4, P2X7 has been
described [31]. The study of two hippocampal
cultures at the embryonic and postnatal stages
is due to the different function of the P2X3 receptor
at different stages of the nervous tissue formation.
In the early stages of embryonic development,
the P2X3 receptor plays a key role in neurogenesis;
researchers indicate that it may be the only
receptor subtype involved in fast ATP-mediated
excitatory signaling [32]. In addition, embryonic
cultures are characterized by high resistance
to chemical dissociation and survival after mechanical
impact on tissue. Embryonic hippocampal cultures
are characterized by a high degree of purity, a smaller
number of complex neurites, lower connectivity
between neurons and less dependence on culture
substrates compared to postnatal cultures [33, 34].

Postnatal hippocampal culture is a convenient
model to study the physiological processes underlying
learning and memory, as well as the P2X3 receptor
involvement in the adaptation of neural networks
during the development of anxiety and motivation
processes [13]. In contrast to embryonic tissue, postnatal
brain tissue is relatively sensitive to the cultivation
process and has reduced viability due to physical
degradation of neurons and removal of intraneuronal

trophic support [33]. Postnatal cultured neurons
become more susceptible to glutamate-mediated
excitotoxicity during their development [35] and
exhibit increased caspase activation and apoptosis [36].

Treatment of both E18 and P2 cultures with
AF-353 (Ro-4) increased OCR due to an increase
in non-mitochondrial respiration and proton leakage
under conditions of decreased basal respiration.
The decrease in basal respiration indicates
the development of cellular stress upon receptor blocker
addition. It has been proven that oxidative stress
changes bioenergetic parameters, increases oxygen
consumption associated with proton leakage [37].
The loss of protons and an increase in non-mitochondrial
respiration under conditions of a significant decrease
in ATP production indicates a shift in intracellular
homeostasis and the generation of free radicals. In this
context it should be mentioned that non-mitochondrial
oxygen consumption usually increases in the presence
of stressors, including reactive oxygen (ROS) and
nitrogen species [37, 38]. At the same time, the increase
in proton loss induced by the AF-353 (Ro-4) treatment
can be considered as a protective mechanism
that reduces mitochondrial damage by negative
feedback. This is consistent with the data obtained
on the mitochondrial spare respiratory capacity and
the respiratory efficiency coefficient, which were
maintained at the control level in the experimental
group. Currently, increasing evidence exists
for the presence of a protective feedback loop,
where increased ROS generation activates mechanisms
that trigger proton leakage, and they, in turn,
reduce ROS production, thereby limiting damage
to mitochondrial function [39, 40]. The fact that
the respiratory reserve is not depleted under conditions
of the P2X3 receptor blockade in both E18 and P2
cultures indicates that the AF-353 (Ro-4) antagonist
does not cause the development of severe oxidative
stress in the cell. Previously, using cardiac cells
exposed to severe oxidative stress it was shown that
the respiratory reserve depleted under conditions
of decreased basal respiration threshold, thus leading
to cell death [41, 42]. In general, researchers note
that the spare respiratory capacity is a parameter that
depends on a cell type. Mitochondria in excitable cells
such as cardiomyocytes and neurons function
in conditions of high calcium and other ion flows
that will use the proton gradient and thus
increase the rate of oxygen consumption regardless
of the need for ATP [43]. The higher the values
of the reserve respiratory capacity, the more effectively
the mitochondria can meet the need for ATP and
cope with metabolic stress [37].

The treatment with AF-353 (Ro-4) revealed
a difference in ATP production by E18 and P2 cultures.
In the E18 culture, ATP production was sharply
reduced, while in the P2 culture no significant
differences were found. This indicates high plasticity
and the presence of compensatory-adaptive mechanisms
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of the P2 culture, most likely due to complex neuroglial
connections and synaptic exchange mechanisms [44].
The P2 culture is characterized by a high respiratory
reserve compared to the embryonic E18 culture.

Analyzing the BHI of neurons in the embryonic
hippocampal culture, it is evident that initially
it is 5 times lower compared to the postnatal
culture; this indicates low mitochondrial activity
under physiological conditions. Treatment with
the P2X3 receptor antagonist AF-353 increased
non-mitochondrial respiration and proton loss
in the embryonic culture under conditions of decreased
ATP production. It is known that respiration
in the absence of ATP synthesis is caused by proton
leakage across the inner mitochondrial membrane [45].
Surin et al. demonstrated that in embryonic cultures
the neuronal mitochondrial potential was significantly
lower than in postnatal cultures, due to the increased
permeability of the inner mitochondrial membrane
for protons [46]. It has been shown that in 84% neurons
of rat E17-E18 cultures mitochondrial ATP synthase
does not produce ATP, but consumes it to maintain
the mitochondrial membrane potential. In embryonic
cultures, ATP synthesis is predominantly glycolytic [46].
Thus, blockade of the P2X3 receptor under
conditions of uncoupled mitochondrial respiration
leads to a decrease in ATP production and an increase
in non-mitochondrial respiration. It is possible that
such changes are associated with increased proton
conductivity of the inner mitochondrial membrane
in embryonic cultures, compared with postnatal ones,
as well as features in the energy phenotype of the cell.
According to our previously obtained results, blockade
of the P2X3 receptor does not affect the metabolic
profile of the embryonic culture [47]. Embryonic
hippocampal culture is characterized by aerobic
respiration both in the control and with the blockade
of the P2X3 receptor, most likely due to glial cells [47].
Astrocytes, which are synthesizers and exporters
of bioenergetic molecules (lactate/ketone bodies)
for oxidative phosphorylation, can play a significant
role in this case [48]. Blockade of the P2X3 receptor
function in embryonic cultures under conditions
of reduced mitochondrial function can negatively
affect cell morphology, the formation of processes
and synaptic contacts between neurons. In a mouse
model of Alzheimer's disease, impaired hippocampal
neurogenesis, a decrease in proliferation and
underdevelopment of neurites in the brain under
conditions of inhibition of the p2rx3 gene
were found [49].

CONCLUSIONS

In postnatal hippocampal culture, blockade
of the P2X3 receptor with the highly selective
antagonist AF-353 (Ro-4) leads to a decrease
in the BHI index and ATP production, but increases OCR
and preserves the spare respiratory capacity
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of the neuron. This is important in terms the cell energy
sources and its ability to cope with metabolic stress.
Embryonic hippocampal culture initially has a fairly low
BHI value compared to postnatal culture; this
indicates the prevalence of glycolytic processes
in ATP synthesis. P2X3 receptor blockade in embryonic
culture leads to increased proton loss and decreased
ATP production, which can have further negatively
impact on the formation of interneuronal connections
in the culture. The data obtained indicate the potential
of the P2X3 receptor as a pharmacological target
in hypoxic conditions of the brain during neurogenesis.

FUNDING

This study was supported by a grant from Russian
Science Foundation (project No. 23-24-00600).

COMPLIANCE WITH ETHICAL STANDARDS

All experiments were performed in compliance
with ethical standards of the Helsinki Declaration
on the Humane Treatment of Animals (Helsinki
Declaration of Ethical Principles, 2008), EU Directives
on the protection of animals used for experimental and
other scientific purposes, as well as the ethical standard
adopted by the expert councils of the RSF “Position
on the Ethics of the Use of Animals in Research
Supported by the Russian Science Foundation”
dated 09.08.2022 and approved by the Committee
for the Control of the Care and Use of Laboratory
Animals of the National Research University “BelSU”
(expert conclusion No. 01i/23 dated 23.01.2023).

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Burnstock G., Kennedy C. (1985) Is there a basis
for distinguishing two types of P2-purinoceptor?
Gen. Pharmacol., 16(5), 433—440.
DOI: 10.1016/0306-3623(85)90001-1

2. Koles L., Kato E., Hanuska A., Zadori Z.S., Al-Khrasani M.,
Zelles T, Rubini P, Illes P. (2016) Modulation of excitatory
neurotransmission by neuronal/glial signalling molecules:
interplay between purinergic and glutamatergic systems.
Purinergic Signal., 12(1), 1-24.
DOI: 10.1007/s11302-015-9480-5

3. Brederson J.D., Jarvis M.F. (2008) Homomeric and
heteromeric P2X3 receptors in peripheral sensory neurons.
Curr. Opin. Investig. Drugs, 9(7), 716-725.

4. Burnstock G. (2017) Purinergic signalling: therapeutic
developments. Front. Pharmacol., 8, 661.
DOI: 10.3389/fphar.2017.00661

5. Burnstock G (2015) Physiopathological roles of P2X receptors
in the central nervous system. Curr. Med. Chem., 22(7),
819-844. DOI: 10.2174/0929867321666140706130415



Zelentsova et al.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Pedata F., Dettori 1., Coppi E., Melani A., Fusco .,
Corradetti R., Pugliese A.M. (2016) Purinergic signalling

in brain ischemia. Neuropharmacology, 104, 105-130.

DOI: 10.1016/j.neuropharm.2015.11.007

Heine C., Heimrich B., Vogt J., Wegner A., llles P, Franke H.
(2006) P2 receptor-stimulation influences axonal outgrowth
in the developing hippocampus in vitro. Neuroscience,
138(1), 303-311. DOI: 10.1016/j.neuroscience.2005.11.056
Heine C. Sygnecka K. Franke H. (2016) Purines in neurite
growth and astroglia activation. Neuropharmacology, 104,
255-271. DOI: 10.1016/j.neuropharm.2015.10.022
Pankratov Y, Lalo U., Krishtal O.A., Verkhratsky A. (2009)
P2X receptors and synaptic plasticity. Neuroscience, 158(1),
137-148. DOI: 10.1016/j.neuroscience.2008.03.076

Seguéla P, Haghighi A., Soghomonian J.J., Cooper E. (1996)
A novel neuronal P2x ATP receptor ion channel with
widespread distribution in the brain. J. Neurosci., 16(2),
448-455. DOI: 10.1523/JNEUROSCI.16-02-00448.1996

. George J., Cunha R.A., Mulle C., Amédée T. (2016)

Microglia-derived purines modulate mossy fiber synaptic
transmission and plasticity through P2X4 and A1 receptors.
Eur. J. Neurosci., 43(10), 1366—1378.

DOI: 10.1111/ejn.13191

Zhou X., Ma L.-M., Xiong Y., Huang H., Yuan J.-X., Li R.-H.,
Li J.-N., Chen Y.-M. (2016) Upregulated P2X3 receptor
expression in patients with intractable temporal lobe epilepsy
and in a rat model of epilepsy. Neurochem. Res., 41(6),
1263-1273. DOI: 10.1007/s11064-015-1820-x

Wang Y., Mackes J., Chan S., Haughey N.J., Guo Z.,

Ouyang X., Furukawa K., Ingram D.K., Mattson M.P. (2006)
Impaired long-term depression in P2X3 deficient mice

is not associated with a spatial learning deficit.

J. Neurochem., 99(5), 1425-1434.

DOI: 10.1111/j.1471-4159.2006.04198.x

Carter D.S., Alam M., Cai H., Dillon M.P., Ford A.PD.W,
Gever J.R., Jahangir A., Lin C., Moore A.G., Wagner P.J.,
Zhai Y. (2009) Identification and SAR of novel
diaminopyrimidines. Part 1: The discovery of RO-4,

a dual P2X(3)/P2X(2/3) antagonist for the treatment of pain.
Bioorg. Med. Chem. Lett., 19(6), 1628-1631.

DOI: 10.1016/j.bmcl.2009.02.003

North R.A., Jarvis M.F. (2013) P2X receptors as drug targets.
Mol. Pharmacol., 83(4), 759-769.

DOI: 10.1124/mol.112.083758

Gever JR., Soto R, Henningsen RA., Martin R.S., Hackos D.H.,
Panicker S., Rubas W., Oglesby 1.B., Dillon M.P, Milla M.E.,
Burnstock G, Ford A.P.D.W. (2010) AF-353, a novel,

potent and orally bioavailable P2X3/P2X2/3 receptor
antagonist. Br. J. Pharmacol., 160(6), 1387—-1398.

DOI: 10.1111/j.1476-5381.2010.00796.x

Ballini E., Virginio C., Medhurst S.J., Summerfield S.G.,,
Aldegheri L., Buson A., Carignani C., Chen Y.H.,
Giacometti A., Lago 1., Powell A.J., Jarolimek W. (2011)
Characterization of three diaminopyrimidines as potent and
selective antagonists of P2X3 and P2X2/3 receptors with

in vivo efficacy in a pain model. Br. J. Pharmacol., 163(6),
1315-1325. DOI: 10.1111/j.1476-5381.2011.01322.x

Xia L.-P, Luo H., Ma Q., Xie Y.-K., Li W, Hu H., Xu Z.-Z.
(2021) GPR151 in nociceptors modulates neuropathic pain
via regulating P2X3 function and microglial activation.
Brain, 144(11), 3405-3420. DOI: 10.1093/brain/awab245
Zelentsova A.S., Borisova A.Y, Shmigerova V.S, Skorkina M Y,
Deykin A.V. (2024) Mitochondrial respiration of a primary
mixed culture of neurons from hippocampus at various
stages of differentiation. Genes and Cells, 19(1), 201-210.
DOI: 10.17816/g¢529662

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Divakaruni A.S., Paradyse A., Ferrick D.A., Murphy A.N.,
Jastroch M. (2014) Analysis and interpretation

of microplate-based oxygen consumption and pH data.
Methods Enzymol., 547, 309-354.

DOI: 10.1016/B978-0-12-801415-8.00016-3

Zhang J., Yang H., Wu J., Zhang D., Wang Y., Zhai J.

(2022) Recent progresses in novel in vitro models

of primary neurons: a biomaterial perspective.

Front. Bioeng. Biotechnol., 10, 953031.

DOI: 10.3389/fbioe.2022.953031

Kaech S., Banker G. (2006) Culturing hippocampal neurons.
Nat. Protoc., 1(5), 2406-2415. DOI: 10.1038/nprot.2006.356
Florenzano F., Viscomi M.T., Mercaldo V., Longone P,
Bernardi G, Bagni C., Molinari M., Carrive P. (2006)
P2X2R purinergic receptor subunit mRNA and protein

are expressed by all hypothalamic hypocretin/orexin neurons.
J. Comp. Neurol., 498(1), 58—67. DOI: 10.1002/cne.21013
Chen C.C., Akopian A.N., Sivilotti L., Colquhoun D.,
Burnstock G, Wood J.N. (1995) A P2X purinoceptor
expressed by a subset of sensory neurons. Nature, 377(6548),
428-431. DOI: 10.1038/377428a0

Lewis C., Neidhart S., Holy C., North R.A., Buell G,
Surprenant A. (1995) Coexpression of P2X2 and P2X3
receptor subunits can account for ATP-gated currents

in sensory neurons. Nature, 377(6548), 432—435.

DOI: 10.1038/377432a0

Rubio M.E., Soto F. (2001) Distinct localization

of P2X receptors at excitatory postsynaptic specializations.
J. Neurosci., 21(2), 641-653.

DOI: 10.1523/JINEUROSCI.21-02-00641.2001
Moran-Jiménez M.J., Matute C. (2000) Immunohistochemical
localization of the P2Y(1) purinergic receptor in neurons
and glial cells of the central nervous system.

Brain Res. Mol. Brain Res., 78(1-2), 50-58.

DOI: 10.1016/50169-328x(00)00067-x

Communi D., Gonzalez N.S., Detheux M., Brézillon S.,
Lannoy V., Parmentier M., Boeynaems J.M. (2001)
Identification of a novel human ADP receptor coupled to G(i).
J. Biol. Chem., 276(44), 41479-41485.

DOI: 10.1074/jb¢.M105912200

Laitinen J.T, Uri A., Raidaru G., Miettinen R. (2001)
[(35)S]GTPgammaS autoradiography reveals a wide
distribution of G(i/0)-linked ADP receptors in the nervous
system: close similarities with the platelet P2Y(ADP)
receptor. J. Neurochem., 77(2), 505-518.

DOI: 10.1046/j.1471-4159.2001.00265.x

Rodrigues RJ., Almeida T, Diaz-Herndndez M., Marques J M.,
Franco R., Solsona C., Miras-Portugal M.T., Ciruela F.,
Cunha R.A. (2016) Presynaptic P2X1-3 and a3-containing
nicotinic receptors assemble into functionally interacting

ion channels in the rat hippocampus. Neuropharmacology,
105, 241-257. DOI: 10.1016/j.neuropharm.2016.01.022
Lommen J., Detken J., Harr K., von Gall C., Ali A.A.H.
(2021) Analysis of spatial and temporal distribution

of purinergic P2 receptors in the mouse hippocampus.

Int. J. Mol. Sci., 22(15), 8078. DOI: 10.3390/ijms22158078
Cheung K.-K., Burnstock G. (2002) Localization

of P2X3 receptors and coexpression with P2X2 receptors
during rat embryonic neurogenesis. J. Comp. Neurol., 443(4),
368-382. DOI: 10.1002/cne.10123

Brewer G.J., Torricelli J.R. (2007) Isolation and culture

of adult neurons and neurospheres. Nat. Protoc., 2(6),
1490-1498. DOI: 10.1038/nprot.2007.207

Tomassoni-Ardori F., Hong Z., Fulgenzi G, Tessarollo L.
(2020) Generation of functional mouse hippocampal neurons.
Bio Protocols, 10(15),e3702. DOI: 10.21769/bioprotoc.3702

143



AF-353 REDUCES BIOENERGETIC INDEX OF NEURONS

35.

36.

37.

38.

39.

40.

41.

42.

Brewer K.L., Yezierski R.P. (1998) Effects of adrenal
medullary transplants on pain-related behaviors following
excitotoxic spinal cord injury. Brain Res., 798(1-2), 83-92.
DOI: 10.1016/s0006-8993(98)00398-9

Brewer L.D., Thibault O., Staton J., Thibault V., Rogers J.T,
Garcia-Ramos G, Kraner S., Landfield PW., Porter N.M.
(2007) Increased vulnerability of hippocampal neurons
with age in culture: temporal association with increases

in NMDA receptor current, NR2A subunit expression and
recruitment of L-type calcium channels. Brain Res., 1151,
20-31. DOI: 10.1016/j.brainres.2007.03.020

Hill B.G,, Benavides G.A., Lancaster J.R. Jr., Ballinger S.,
dell'ltalia L., Jianhua Z., Darley-Usmar V.M. (2012)
Integration of cellular bioenergetics with mitochondrial
quality control and autophagy. Biol. Chem., 393(12),
1485-1512. DOI: 10.1515/hsz-2012-0198

Dranka B.P, Hill B.G, Darley-Usmar V.M. (2010)
Mitochondrial reserve capacity in endothelial cells:

the impact of nitric oxide and reactive oxygen species.
Free Radic. Biol. Med., 48(7), 905-914.

DOI: 10.1016/j.freeradbiomed.2010.01.015

Echtay K.S., Roussel D., St-Pierre J., Jekabsons M.B.,
Cadenas S., Stuart J.A., Harper J.A., Roebuck S.J.,
Morrison A., Pickering S., Clapham J.C., Brand M.D. (2002)
Superoxide activates mitochondrial uncoupling proteins.
Nature, 415(6867), 96-99. DOI: 10.1038/415096a

Brookes P.S. (2005) Mitochondrial H(+) leak and

ROS generation: an odd couple. Free Radic. Biol. Med.,
38(1), 12-23. DOI: 10.1016/j.freeradbiomed.2004.10.016
Dranka B.P, Benavides G.A., Diers A.R., Giordano S.,
Zelickson B.R., Reily C., Zou L., Chatham J.C., Hill B.G,
Zhang J., Landar A., Darley-Usmar V.M. (2011) Assessing
bioenergetic function in response to oxidative stress

by metabolic profiling. Free Radic. Biol. Med., 51(9),
1621-1635. DOI: 10.1016/j.freeradbiomed.2011.08.005
Schneider L., Giordano S., Zelickson B.R., Johnson M.S.,
Benavides GA., Ouyang X, Fineberg N., Darley-Usmar V.M.,
Zhang J. (2011) Differentiation of SH-SYS5Y cells

to a neuronal phenotype changes cellular bioenergetics and
the response to oxidative stress. Free Radic. Biol. Med., 51(11),
2007-2017. DOI: 10.1016/j.freeradbiomed.2011.08.030

144

43.

44.

45.

46.

47.

48.

Chacko B.K., Kramer PA., Ravi S., Benavides GA., Mitchell T,
Dranka B.P, Ferrick D., Singal A.K., Ballinger S.W.,

Bailey S.M., Hardy RW, Zhang J., Zhi D., Darley-Usmar V.M.
(2014) The Bioenergetic Health Index: a new concept

in mitochondrial translational research. Clin. Sci. (London),
127(6), 367-373. DOI: 10.1042/CS20140101

Liu Y, Shen X., Zhang Y., Zheng X., Cepeda C., Wang Y.,
Duan S., Tong X. (2023) Interactions of glial cells with
neuronal synapses, from astrocytes to microglia and
oligodendrocyte lineage cells. Glia, 71(6), 1383-1401.

DOI: 10.1002/glia.24343

Cadenas S. (2018) Mitochondrial uncoupling, ROS generation
and cardioprotection. Biochim. Biophys. Acta Bioenerg.,
1859(9), 940-950. DOI: 10.1016/j.bbabio.2018.05.019
Surin A.M., Khiroug S., Gorbacheva L.R., Khodorov B.1,
Pinelis V.G, Khiroug L. (2013) Comparative analysis

of cytosolic and mitochondrial ATP synthesis in embryonic
and postnatal hippocampal neuronal cultures.

Front. Mol. Neurosci., 5, 102.

DOI: 10.3389/famo1.2012.00102

Zelentsova A.S., Shmigerova V.S., Stepenko Y.V, Skorkina M.Yu.,
Deikin A.V. (2024) Elastic properties of the cell surface and
metabolic profile of an embryonic primary mixed culture

of hippocampal neurons under conditions of P2X3 receptor
blockade. J. Evol. Biochem. Phys., 60, 1846—1856.

DOI: 10.1134/S002209302405017X

Rose J., Brian C., Pappa A., Panayiotidis M.1., Franco R.
(2020) Mitochondrial metabolism in astrocytes regulates
brain bioenergetics, neurotransmission and redox balance.
Front. Neurosci., 14, 536682.

DOI: 10.3389/fnins.2020.536682

. Gong M., Ye S., Li WX, Zhang J., Liu Y., Zhu J., Lv W,,

Zhang H., Wang J., Lu A., He K. (2020) Regulatory

function of praja ring finger ubiquitin ligase 2 mediated

by the P2rx3/P2rx7 axis in mouse hippocampal neuronal cells.
Am. J. Physiol. Cell Physiol., 318(6), C1123—-C1135.

DOI: 10.1152/ajpcell.00070.2019

Received: 18. 11. 2024.
Revised: 18. 12.2024.
Accepted: 20. 01. 2025.



Zelentsova et al.

BJIOKATOP P2X3 PEIIEIITOPA AF-353 (Ro-4) CHUKAET BUOHEPTETUYECKHI HHAEKC
HNEPBUYHOM CMEIIAHHOM KYJIBTYPBI HEHPOHOB I'MITIIIOKAMITA

A.C. 3enenyosa, M.I0. Cxopkuna*, A.B. /leiikun

Benropoackuii rocyiapcTBeHHbIN HalIMOHAIBHBIN HCCIIE0BATENbCKUN YHUBEPCUTET,
308015, Bearopos, ya. [Tobexsl, 85; *351. moyra: marinaskorkina0077@gmail.com

B xnuHMueckux HCclenoBaHMAX NypuHeprudeckuil peunentop P2X3 paccmarpuBaeTcst Kak MOJIEKYJsIpHas
MHIIEHb JUI KOPPEKUUH OONM B CIMHAJIBHBIX CEHCOPHBIX HEHpOHAX C MCIOJIBb30BAHHUEM BBICOKOCEIICKTHBHBIX
AHTaroHUCTOB Ha OCHOBE MPOM3BOAHBIX quamuHonupumuania. B IIHC P2X3 perientopsl y4acTBYIOT B CHHAIITUYECKOM
IUTACTUYHOCTH, JISKAIIEH B OCHOBE MaMsTH M 0OydeHUs. B Hacrosimiee BpemMsi M3BECTHBI MOIIHBIE W CEICKTUBHBIC
aJUTOCTEPHYECKHE MOIYISITOPBl peuentopoB P2X3 um P2X2/3 — mnpousBomHble psifga JUAMHUHOMMPUMHUIHHA.
Cpenu Hux 5-(5-ion-2-uzonponmi-4-merokcudeHoken)nupumMuant-2,4-nnamut (Ro-4 wim AF-353), redanukcanr,
KOTOpbIE MMEIOT XOpOUIMH (apMaKOKMHETHYECKHH NpOo(UIIb U MEHEe aKTHBHBI B OTHOIICHWHU IIMPOKOTO CHEKTpa
KMHa3, pelenTOPOB ¥ HOHHBIX KaHasoB. TepaneBrnieckoe 3HadueHne OokupoBanus perentopos P2X3 B neitponax [THC
HE M3y4yalocCh, OJHAKO, CyAs IO JHUTEPaTypHBIM JTaHHBIM, 3TOT PEIENTOP MOXET CTaTh HOBOM MHIICHBIO
IPU TIOMCKE TPOTHBOSIMMICIITHYECKIX MPENapaToB, a TaKKe INPENaparoB, CHWKAIOIMINX TPEBOXHOCTh M CTPECC.
enpto paboTel OBUIO M3y4HMTh BiUsHUE aHTaronucta P2X3 penentopa AF-353 (Ro-4) Ha OumosHepreTHdecKuit
uHaekc 3noposbs (BHI) HelipoHOB mepBUYHOI CMENIAHHOM KyJIbTypbl THUNIOKaMIa. B ycnoBusx Oyoxajibl
P2X3 peuenTopa B 3MOpHOHAIBHON 1 ITOCTHATAIBHBIX KYJIBTYpax HEHPOHOB T'MIITOKaMITa MBIIIH HEMUTOXOHIPUAIIbHOE
JIBIXaHUE YBEIUYWIOCh Ha 27,5% u 15,8% cooTBETCTBEHHO, moteps npotoHoB — Ha 31,0% u 61,4%, a OazanpHOE
JbIXxaHue cHU3mIoch Ha 89% u 39% mno cpaBHennto c¢ koHTponeMm. CHuxenne BHI B mocTHaTtanmpHON KynmbType
coctaBmio 68% 1o cpaBHEHHIO C KOHTposieM. llomydeHHbIEe pe3ynabTaThl yKa3plBaroT Ha BinsHue AF-353
Ha MHUTOXOHJPHAIBHOE MAbIXaHWE IIEPBUYHON CMEIIAHHOW KyJNbTypbl HEHPOHOB THIINOKAaMIa, YTO PAaCKpPBIBACT
noreniuan P2X3 penentopa B kauecTBe (HapMaKOJIOTMYECKOW MHIICHH ITIPU THUIOKCHYECKHUX COCTOSHUSX
TOJIOBHOTO MO3Ta.

Tonuwiii mexcm cmamuvu Ha PyccKoM s3biKe docmynel Ha cavime sxcypuana (hitp://pbmce.ibme.msk.ru).
KiroueBsble cioBa: P2X3 penentop; antaronuct AF-353 (Ro-4); MUTOXOHApHATBHOE IbIXaHHUE; TUIIIOKAMIT; HEHPOHBI
®unancupoBanue. Pabora BrimonHeHa npu noanepxkke rpanra PH® cormamenune Ne 23-24-00600.
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