ISSN 1990-7478, Biochemistry (Moscow), Supplement Series A: Membrane and Cell Biology, 2019, Vol. 13, No. 4, pp. 319—333. © Pleiades Publishing, Ltd., 2019.
Russian Text © The Author(s), 2019, published in Biologicheskie Membrany, 2019, Vol. 36, No. 5, pp. 342—357.

A Complex Neuroprotective Effect of Alpha-2-Adrenergic Receptor
Agonists in a Model of Cerebral Ischemia—Reoxygenation In Vitro

S. G. Gaidin“, M. V. Turovskaya?®, V. N. Mal’tseva“, V. P. Zinchenko?,
E. V. Blinova* <, and E. A. Turovsky* *

4 [nstitute of Cell Biophysics, Russian Academy of Sciences, Russian Academy of Sciences,
Pushchino, Moscow oblast, 142290 Russia

bSechenov First Moscow State Medical University, Ministry of Health of the Russian Federation, Moscow, 119991 Russia

¢National Research Ogarev Mordovia State University, Saransk, Republic of Mordovia, 430005 Russia
*e-mail: turovsky.§4@mail.ru
Received April 2, 2019; revised May 20, 2019; accepted May 23, 2019

Abstract—The mechanism of the neuroprotective action of o,-adrenergic receptor agonists in a model of
oxygen-glucose deprivation (OGD) in vitro was investigated. Using fluorescent microscopy, immunostain-
ing, inhibitor analysis, and real-time PCR analysis, we demonstrated that OGD evokes a biphasic [Ca”]i
increase in all cells. Initial Ca?" impulse in astrocytes and Ca?" oscillations in neurons were followed by a
slower global increase of [Ca2+]i in both cell populations. Accumulation of pro-inflammatory factors, such
as IL1b and TNFa, was observed during 40-min OGD. It was established that reoxygenation is followed by
hyperexcitation of neurons, caspase-3 activation, and subsequent cell death. We showed that a 24-h pretreat-
ment of cell cultures with selective 0,-adrenergic receptor agonists guanfacine and UK-14,304 abolished the
global [Ca”]i increase in astrocytes and neurons but did not suppress the first phase of the OGD-induced
Ca?* impulse in astrocytes. In addition, the number of dead cells after OGD was decreased in cell cultures pre-
treated with the a,-agonists. Guanfacine inhibited caspase-3 activation and suppressed apoptosis in our exper-
iments. In particular, the expression of antiapoptotic genes Stat3 and Bcl-2was enhanced after the pretreatment
with guanfacine. On the contrary, the expression of proapoptotic genes (Socs-3, p53, fas, and Ikk) was
decreased. Moreover, application of guanfacine evoked Ca2* response in astrocytes and led to Ca2*-mediated
ATP release and this way suppressed hyperexcitation of the neurons. Thus, activation of astrocytes and Ca?*-
mediated ATP release possibly contribute to the complex neuroprotective effects of the o,-adrenergic recep-
tor agonists.
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INTRODUCTION

In stroke, neurons are damaged and die due to a
rapid secretion of excitatory amino acids, primarily
glutamate, and its accumulation in the extracellular
space, the disruption of transmembrane gradients and
the associated acidosis [1]. Excitotoxic glutamate con-
centrations cause an increase in the concentration of
Ca’* ions in the cytosol of neurons [2], leading to
increased production of free radicals, activation of
lipid peroxidases, proteases, phospholipases, develop-
ment of oxidative stress and accumulation of free fatty
acids in the cytosol [3, 4]. All these processes lead to
the destruction of cell membrane structures and
death. The depolarization of neurons and the Ca?*
entry into the cytosol through voltage-gated Ca?**
channels leads to the release of other neurotransmit-
ters, in particular norepinephrine. There is evidence
that the release of norepinephrine observed during

ischemia may contribute to post-ischemic brain dam-
age [5, 6]. However, norepinephrine, activating
o,-adrenergic receptors, can play a protective role in
ischemia through inhibition of adenylate cyclase and
suppression of excitatory neurotransmitters secretion
by neurons [7].

Adrenergic receptors are widely expressed in mam-
malian tissues and belong to receptors associated with
G proteins. They are divided into several types (o, O,,
B, By, B5) differing in the affinity to agonists and rep-
resented by several subtypes. Of greatest interest are 0,
adrenoreceptors, expressed in astrocytes, glutamater-
gic and GABAergic neurons, which respond by
increasing [Ca”"]; to the application of a selective agonist,
guanfacine [8—10]. However, in experiments performed
on rat hippocampal culture, o,-adrenoreceptor ago-
nists at concentrations that have a neuroprotective
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effect, increased [Ca®"]; only in astrocytes, which is
apparently due to the increased expression level of
these receptors in glial cells [11].

All subtypes of o, adrenoreceptor activate Gi pro-
teins, which, on the one hand, inhibit the activity of
adenylate cyclase and protein kinase A (PKA) through
the a-subunit of Gi [12]. PKA regulates the activity of
the kinase phosphorylase, MAP-2, AMPA receptors,
and L-type Ca®" channels [13, 14]. On the other hand,
By-subunit of Gi can participate in the mobilization of
calcium from intracellular stores through the activa-
tion of phospholipase C [15], in glial cells in particular
[16].

The potential for use of 0,,-agonists for treatment of
various pathologies of the nervous system [17], includ-
ing cerebral ischemia [7], has been studied for a long
time. Moreover, some of the agonists are quite suc-
cessfully used in clinical practice [18]. However, there
are significant limitations due to the lack of knowledge
about the intracellular mechanisms of action of
0,-adrenoreceptor agonists on brain cells, as well as
side effects (hypotension and bradycardia) produced
by o,-adrenoreceptor activators used for prophylactic
purposes. Molecular and cellular processes activated
by a,-adrenergic receptors in order to protect the brain
from ischemic damage need to be studied in detail. In
this work, we studied the relationships between neuro-
protective effects of selective o,-adrenoreceptor ago-
nists, guanfacine and UK-14,304, and changes in the
cytosolic calcium concentration, release of gliotrans-
mitters, expression of protective genes, and suppres-
sion of apoptosis and inflammation that occur during
ischemia and reoxygenation.

MATERIALS AND METHODS

Hippocampal cell culture. A mixed neuroglial hip-
pocampal cell culture was obtained from newborn
(P1-3) linear Spraque Dawley rats. After decapita-
tion, the hippocampus was removed and transferred to
ice-cold Hanks solution. The tissue was minced with
scissors, placed in the Versene solution with 0.2%
trypsin, and incubated for 10 min at 37°C in a ther-
moshaker at 600 rpm. The enzyme-treated pieces of
tissue were washed three times with neurobasal
medium, carefully pipetted, and centrifuged (2 min at
300 g). Then the supernatant was removed, the cells
were resuspended in neurobasal medium containing
glutamine (0.5 mM), Supplement B27 (2%), and gen-
tamicin (15 pg/mL). The suspension was set into glass
cylinders with ground ends with an internal diameter
of 6 mm, standing on round cover glasses with a diam-
eter of 25 mm (VWR International) coated with poly-
ethylenimine, and placed in 35 mm Petri dishes
(Greiner). One hundred UL of the cell suspension was
added to each cylinder and left for 2 h to attach in a
CO, incubator at 37°C. After that the cylinders were
removed, and the volume of the culture medium was
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adjusted to 1.8 mL. Every 3 days, 2/3 of the volume of
the culture medium was replaced with fresh. Experi-
ments were performed on cultures at the age of 10 days
in vitro (10 DIV).

Cell staining. The concentration of calcium ions in
the cytoplasm ([Ca®"];) was estimated using a two-
wave Fura-2 probe in accordance with a well-known
method [19]. For staining of hippocampal cells, Fura-
2 AM ether was used at a final concentration of 4 uM
in Hanks solution containing (in mM): 156 NaCl, 3 KCl,
1 MgSO,, 1.25 KH,PO,, 2 CaCl,, 10 glucose, and
10 HEPES, pH 7.4. Freshly prepared dye solution
(200 uL) was added to each cover glass with cell cul-
ture and incubated in a thermostat for 40 min at 37°C.
After that the culture was washed with Hanks solution
and incubated for 10—15 min to complete the deester-
ification of the dye.

Fluorescence measurements. Changes in the level of
cytosolic calcium in the cells were recorded using the
Cell Observer image analysis system (Carl Zeiss, Ger-
many) based on an Axiovert 200M inverted micro-
scope equipped with an AxioCam HSm monochrome
CCD camera and a Ludl MAc5000 high-speed change
filter system. A Plan-Neofluar 10x /0.3 lens was used.
An illuminator with an HBO 103W/2 mercury lamp
was used as a source of fluorescence excitation. For
the excitation and recording of Fura-2 fluorescence, a
Filter set 21HE light filter set (Carl Zeiss, Germany)
with BP340/30 and BP387/15 excitation filters, an
FT409 splitter, and a BP510/90 emission filter were
employed. To measure fluorescence intensity, a round
cover glass with a cell culture was mounted in a special
measuring chamber. The volume of medium in the
chamber was 0.5 mL. Application of the reagents and
washing were carried out by replacing the medium
with a tenfold volume by a perfusion system at a rate of
15 mL/min. The measurements were carried out at
28°C. A series of images were obtained with an interval
of 1 frame in 3 s. To identify neurons in the experi-
ment, 35 mM KCl was applied to the cells for 30 s; this
short-term test application causes depolarization and
an increase in the concentration of cytosolic calcium
in excitable cells, neurons in our case. Ca®>" response in
neurons evoked by the application of high concentra-
tions of K" is characterized by a rapid rise and a slow
decline [20]. This response is absent in glial cells [21].
For identification of glial cells, astrocytes in particular,
a short-term application of ATP was used. Astrocytes
respond to ATP with a fast biphasic Ca?' response
with a slow decline [22]; in hippocampal neurons ATP
does not evoke such a response [20].

The obtained time series of two-channel images
(excitation wavelengths, 340 and 380 nm) were pro-
cessed in the ImagelJ program with a software module
Time series analyzer. The calcium response amplitudes
of single cells were evaluated as the ratio of Fura-2 fluo-
rescence signals upon excitation at 340 and 380 nm.
Plotting and statistical analysis was performed using
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Origin 8.5. The results are presented either as single cell
signals typical of neurons and astrocytes or as an average
cell signal in the field of view * standard error (SE).

Analysis of cell survival. The number of dead cells in
the same culture area before and after oxygen-glucose
deprivation was determined by staining cultures with
propidium iodide (1 uM). Since propidium iodide is
able to stain both neurons and glial cells, neuron iden-
tification was performed by application of 35 mM
potassium chloride prior to oxygen-glucose depriva-
tion. In response to the addition of potassium chloride
neurons generate a fast transient calcium signal. The
form of calcium signal upon oxygen-glucose depriva-
tion (the presence or absence of a global increase in
[Ca?*], during OGD) was an additional parameter for
assessing cell viability.

To study the effects of o,-adrenoreceptor agonists
on OGD-induced initiation of apoptosis and necrosis
processes, double staining with propidium iodide and
fluorescent substrate of caspase-3, NucView488, was
used. For this purpose, cultures were loaded for 1 h
with NucView488 (final concentration 2 M) before
the experiments. The cultures were then subjected to a
40-min oxygen-glucose deprivation and after that
stained with propidium iodide (1 uM). The dye fluores-
cence was recorded using an image analysis system
based on the Axiovert 200M inverted fluorescence
microscope equipped with a Hamamatsu ORCA-Flash
2.8 high-speed monochrome CCD camera. A Lambda
DG-4 Plus illuminator (Sutter Instruments, USA)
with a high-pressure mercury lamp was used. For exci-
tation and registration of fluorescence emission, the
following sets of light filters were used: Filter Set 10
with excitation filter BP 450-490, beam splitter FT510,
emission filter BP 515—565, and Filter Set 20 with
excitation filter BP 546/12, beam splitter FT560, filter
emissions of BP 575—640. Five independent regions of
each cover glass with cell culture were analyzed. Each
experimental series consisted of at least three repeats. All
results are presented as mean =+ standard error (SE).

ImagelJ and Origin 8.5 software were used for data
analysis and graph plotting. Statistical analysis was
performed using the GraphPad Prism 5 software
(GraphPad Software, La Jolla, USA). The statistical
significance of the differences between the experimen-
tal groups was assessed by the analysis of variance
(ANOVA) using the Tuki—Kramer test. Differences
were considered significant at p < 0.001.

Immunocytochemical staining of hippocampal cells.
TNFo in cells was detected using immunocytochemi-
cal staining. Cells were fixed for 4 min with 4% solu-
tion of paraformaldehyde in PBS with the addition of
0.25% glutaraldehyde. This was followed by three
5-min washes of the cells with an ice-cold PBS solu-
tion. Glutaraldehyde was added to fixative solution to
prevent excessive leakage of TNFo from cells during
the permeabilization period. For permeabilization,
cells were incubated for 15 min in 0.1% Triton X-100
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solution. Blocking of non-specific antibody binding
was performed using a 10% donkey serum solution in
PBS. Cells were incubated in blocking solution for
30 min at room temperature.

Primary antibodies were loaded for 12 h at 4°C.
Polyclonal anti-TNFo goat antibodies (Santa Cruz
Biotechnology, USA) dissolved in 1% donkey serum
ina 1 : 500 ratio were used as primary antibodies. After
incubation with primary antibodies, the cells were
washed three times with PBS solution with 5-min
intervals. Then the cells were loaded with secondary
antibodies — polyclonal donkey antibodies to goat
antibodies conjugated with the Alexa Fluor 488 dye
(Abcam, United Kingdom). Incubation with second-
ary antibodies was performed at room temperature in
the dark for 90 min. Secondary antibodies were dis-
solved in PBS at a ratio of 1 : 200. The fluorescence of
antibodies was visualized using a Leica TCS SP5
inverted laser scanning confocal microscope (Leica,
Germany). An argon laser with a band of 488 nm was
used to excite the fluorescence. The emission was
recorded in the range of 505—565 nm.

Simulation of ischemia-like conditions in vitro. To
create an oxygen-glucose deprivation (OGD) in Hanks
solution, glucose was replaced with an equivalent
amount of sucrose, and dissolved oxygen was replaced by
blowing the solution with argon in a special hermetic sys-
tem. The oxygen level in the ischemic medium, mea-
sured with a Clark electrode, was 30—40 mm Hg. The
ischemic medium was delivered to the experimental
chamber with cells for 40 min using a perfusion system
with a constant inert gas blow, which made it possible
to avoid contact with atmospheric oxygen. The effect
of oxygen-glucose deprivation on cells was assessed by
the amplitude and pattern of Ca2* signals.

Quinacrine staining. To visualize ATP-containing
vesicles, astrocytes were stained by incubating the cell
culture with 5 uM quinacrine in Hanks solution con-
taining 10 mM HEPES at 37°C for 15 min. Quina-
crine, a derivative of acridine, is a weak base that binds
ATP with high affinity [23, 24]. After the incubation
the cells were washed 5 times with Hanks solution and
used to visualize vesicles using TIRF microscopy.

TIRF microscopy. To visualize and investigate the
dynamics of the release from astrocytes of ATP-con-
taining vesicles stained with quinacrine, TIRF
microscopy was used. An inverted TIRF microscope
(IX71, Olympus, Japan) equipped with an immersion
oil lens with a high numerical aperture (60x/1.65 NA)
and a cooled high-resolution camera (Hamamatsu,
Japan) was used for this. Series of images were
obtained and analyzed using the Olympus Cell soft-
ware package tool (Olympus). The quinacrine fluores-
cence was excited using an argon laser at a wavelength
of 488 nm, emission was recorded at a wavelength
range 500—530 nm. To assess changes in the fluores-
cence intensity, an area of interest (ROI) was selected,
in which fluorescent granules containing ATP were
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Table 1. Genes and their primers

Gapdh | Forward 5'-ccacggcaagttcaacggcac-3'
Reverse 5'-gatgatgacccttttggecccacc-3'

Tkk2 Forward 5'-gtctgggaggtgcccgage-3'
Reverse 5'-ggtccctgtggattatgtcagecgag-3'

11b Forward 5'-gaagcagctatggcaactgtccctga-3'
Reverse 5'-caggtcgtcatcatcccacgagtcac-3'

Thfa Forward 5'-ccgagatgtggaactggcagaggag-3'
Reverse 5'-ttggccaggagggcgttgg-3'

Stat3 Forward 5'-cagctggacacgcgctacctg-3'
Reverse 5'-ctgcttctecgtcactacggeag-3'

Socs3 Forward 5'-cgtgcgccatggtcaccca-3'
Reverse 5'-gctgccececctegeact-3'

pS3 Forward 5'-gcagagttgttagaaggcccagagg-3'
Reverse 5'-gccgtcaccatcagagcaacg-3

Fas Forward 5'-gtttggagttgaagaggagcgttcgt-3'
Reverse 5'-cattggcacactttcaggacttggg-3'

Bcl2 Forward 5'-tggagatgaagactccgegcecectga-3'
Reverse 5'-cgtggcaaagegtcccctegeggt-3

116 Forward 5'-tgggactgatgttgttgacagccactg-3'
Reverse 5'-ccaggtagaaacggaactccagaagacc-3'

detected. A decrease in the fluorescence intensity in
the region of interest testified to the secretion of vesi-
cles into the extracellular space. Experiments were
performed at 37°C.

Isolation of total RNA. Total RNA was isolated from
the primary culture of neurons using the Mag Jet RNA
reagent kit (Thermo Scientific, USA) according to the
manufacturer’s instructions. The quality of the RNA
was assessed by electrophoresis in 2% agarose gel in
TBE buffer in the presence of ethidium bromide
(1 ug/mL). The RNA concentration was measured
using a NanoDrop 1000c spectrophotometer (Thermo
Scientific, USA).

cDNA was synthesized using the RevertAid H
Minus First Strand kit according to the protocol rec-
ommended by the manufacturer (Thermo Scientific).
Single-stranded cDNA preparations were used as a
template for real-time PCR analysis.

Real-time polymerase chain reaction (Real-time
gPCR). RT-qPCR was performed in 25 pL of a mix-
ture containing 5 UL of gPCRmix-HS SYBR (Evro-
gen, Russia), 1 uL (0.2 umol) of each primer, 17 uL of
water, and 1 UL of cDNA. Amplification was per-
formed in a 48-well Dtlite5 amplifier (DNA Technol-
ogy, Russia). At the beginning, denaturation was car-
ried out for 5 min at 95°C, then 40 amplification
cycles: denaturation at 95°C, 30 s; annealing at a
primer-specific temperature (60—62°C), 20 s; elonga-
tion at 72°C, 30 s. Reporter fluorescence was read at
the stage of elongation at a temperature of 62°C.

The RT-PCR data were analyzed using Dtlite soft-
ware (DNA-Technologiya, Russia). Three indepen-
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dent RT-PCR experiments were performed (three
independent hippocampal cell cultures). In all experi-
ments, each cDNA sample was amplified in triplicate
and average values were found. Primers specific for the
investigated genes were selected using FAST PCR 5.4
programs and the NCBI Primer-BLAST system and
were synthesized by Evrogen (Russia) (Table 1).

Gene expression was normalized to the control
gene GAPDH encoding glyceraldehyde-3-phosphate
dehydrogenase. The results were calculated in accor-
dance with the standard method [25].

RESULTS

Agonists of o,-adrenergic receptors inhibit OGD-
induced global increase of [ Ca’* ]; in astrocytes and protect
cells from damage. We have previously shown that activa-
tors of o, adrenoreceptors, guanfacine and UK-14,304,
depending on the exposure time (15 to 40 min), can
inhibit the global [Ca’"], OGD-induced increase in

hippocampal cells in vitro [11]. OGD causes Ca’" sig-
nals similar in shape and amplitude in hippocampal
neurons (Fig. 1a) and astrocytes (Fig. 1b), having a
transient first phase and a global [Ca®"]; increase at a
second phase. The global [Ca?*]; increase occurs in
neurons (65 + 25% of the cells in the field of view of
the microscope) and astrocytes (57 + 32%), is not syn-
chronous, and can vary from culture to culture. Incu-
bation of cell cultures with 3 uM guanfacine (GF) for
24 h significantly suppresses the amplitude of the
global [Ca?*]; increase in 90 + 8% neurons (Fig. 1c).
In 10 £ 2% neurons (Fig. 1¢), the effect of guanfacine
is less pronounced, and the global [Ca®"]; increase is
recorded in them, which begins 37—40 min after the
onset of OGD, i.e., there is a 20-min lag period. In
astrocytes, 24-h incubation with guanfacine causes
inhibition of the primary OGD-induced Ca?* signal
by 65 *+ 14% and a complete suppression of the global
[Ca?"]; increase (Fig. 1d) in all cells.

When cells were stained with propidium iodide
prior the experiments (Fig. le, panel PI), it can be
seen that the non-selective membrane permeability, as
a sign in necrotic death, is recorded in single cells, the
number of dead cells did not exceed 11 + 5%, whereas
during OGD there is a massive death of hippocampal
cells in the network (Fig. le, panel PI + OGD). After
OGD, of the total number of damaged cells (compris-
ing more than 80% in the field of view of the micro-
scope), 65 + 23% of neurons and 82 * 11% of astro-
cytes die on average (Fig. 1f, black columns). Incuba-
tion of cell culture for 24 h with 3 uM guanfacine
reduces the number of hippocampal cells dying during
OGD (Fig. le, GF line, PI + OGD), while the num-
ber of dying neurons decreases to 27 + 12%, and astro-
cytes, to 11 = 6% (Fig. 1f, gray columns).

Thus, a global [Ca?*]; increase in the brain cells
leads to their rapid death due to necrosis [26], and
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Figz. 1. Neuroprotective effect of a 24-h incubation of hippocampal cells with 3 UM oi,-adrenergic receptor agonist guanfacine (GF).
Ca?* signals of neurons and astrocytes during 40-min OGD in control (a, b) and after 24-h incubation with 3 UM o,-adrenergic recep-
tor agonist guanfacine (c, d). Ca?t signals of cells in single experiments obtained using the same cell culture are presented. (¢) Images
of hippocampal cell culture in transmitted light (BF) and propidium iodide fluorescence recording channel (PI) before the start of the
experiment and 40 min after OGD (PI+OGD). The white dots are Pl-stained nuclei of necrotic cells. (f) The average number of
PI-stained cells that died due to the OGD-induced necrosis in neurons and astrocytes of the hippocampus in the absence of guanfacine
(OGD) and after 24-h incubation with 3 uM guanfacine (GF+OGD) (mean % * SE). *Differences are statistically signifi-
cant, p = 0.009; ***differences are statistically significant, p <0.001. Short-term applications of 35 mM KCl and 10 uM ATP were used
to detect neurons and astrocytes, respectively.
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inhibition of the increase in Ca’>" concentration by
guanfacine correlates with a decrease in the percentage
of dead cells, primarily astrocytes. These data indicate
the existence of the Ca?"-dependent mechanism of
the neuroprotective action of guanfacine on astrocytes
subjected to OGD.

Agonists of a,-adrenergic receptors exert an anti-
apoptotic effect during OGD and reoxygenation. In
addition to the lack of oxygen and the absence of glu-
cose, a second damaging factor in OGD is reoxygen-
ation—the restoration of the normal partial pressure of
oxygen in the medium. Usually, reoxygenation is
accompanied by symptoms of hyperexcitation in neu-
rons [27, 28], selective death of individual populations
of GABAergic neurons [26], oxidative stress, necrosis
and apoptosis [4, 29]. To investigate the anti-apop-
totic action of guanfacine under OGD and acute reox-
ygenation (2 h after OGD), experiments were per-
formed, the results of which are shown in Fig. 2. Cell
cultures were preliminarily loaded for 1 h with a fluoro-
genic substrate of caspase-3, NucView-488. Prior
OGD, NucView-488 fluorescence (Fig. 2a, column 0'),
which indicates the apoptotic processes associated with
the activity of caspase-3, was observed only in single
cells. Then the cell culture was subjected to 40-min
OGD (Fig. 2, designated OGD 40'"), followed by 2-h
reoxygenation (designated 2 h. Reox.) performed by
replacing the OGD medium with the medium satu-
rated with oxygen. During the whole experiment,
NucView-488 fluorescence was recorded with a fre-
quency of 1 frame in 30 s (Fig. 2b). In a control exper-
iment, in which the cells were not exposed to OGD
and reoxygenation, a slight appearance of NucView-488
fluorescence (Fig. 2b, curve /) was observed after 1—
1.5 h of the fluorescence recordings, which may be due
to the photodamaging effect of the light used for fluo-
rescence excitation. During OGD, the fluorescence of
NucView 488 in cells due to activation of caspase-3
was noticeable already in 10—20 min, and an exponen-
tial increase in intensity was observed over the next
40 min (Fig. 2b, curve 2). During reoxygenation, the
caspase-3 activity increased 4—5-fold, as compared
with the level recorded during OGD. At the same
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time, the number of cells, in which NucView-488 flu-
orescence appeared, reached 80—95% of the total
number of cells in the field of view of the microscope
and was subsequently taken as 100% (Fig. 2c). Cell
cultures incubated for 24 h with micromolar concen-
trations of guanfacine were characterized by a weaker
activation of caspase-3 during OGD and reoxygen-
ation (Fig. 2a), as is also indicated by the averaged
time course of the fluorescence intensity (Fig. 2b,
curve 3), the values of which did not exceed the control
(Fig. 2b, curve I). During OGD, caspase-3 was acti-
vated in 20 + 4% of cells incubated with guanfacine,
and during reoxygenation, the number of fluorescent
cells increased up to 22 + 3% (Fig. 2c), in stark con-
trast to 80—95% in experiments without guanfacine.
The anti-apoptotic effect was partially reversed in the
presence of 1 uM of Bafilomycin Al, an inhibitor of
V-ATPase, added during OGD (Fig. 2a, BafAl + GF).
Against BafAl, caspase-3 activation occurred predom-
inantly during reoxygenation (Fig. 2b, curve 4), although
the fluorescence level of NucView-488 was 50% higher
than the control, but the number of cells, in which
apoptosis was activated, reached 40—43% during the
reoxygenation period (Fig. 2c). Consequently, BafAl
abolished the protective effect of guanfacine by
increasing the percentage of cells with induced apop-
tosis that develops as a result of reoxygenation.

The anti-apoptotic effect of guanfacine during
OGD and reoxygenation correlates with a change in
the basic level of the gene expression of apoptosis reg-
ulators (Fig. 2d). After 24-h incubation of cell cultures
with 3 uM guanfacine, the expression of anti-apop-
totic genes Stat3 and Bcl-2 is increased by 120% and
19%, respectively, while the level of pro-apoptotic
genes is significantly reduced: Socs-3, by 50%; p53, by
96%, and fas, by 72%. In addition, after 24-h incuba-
tion of cells with 3 uM guanfacine, IKK expression
(IxB kinase, Fig. 2d), which is involved in the regula-
tion of apoptosis and inflammation, decreases by 58 %
[30]. The IKK inhibitor (BMS 345541, 5 uM) added
24 h before the experiments produced a neuroprotec-
tive effect similar to that of guanfacine (Fig. 2e), i.e., a
decrease in the number of dead cells in OGD. At the

Fig. 2. Anti-apoptotic effect of 24-h incubation of hippocampal cells with o,-adrenergic receptor agonist guanfacine. The role of
the pool of acidic secretory vesicles and IKK. (a) Images of hippocampal cell cultures loaded with fluorogenic caspase-3 substrate
NucView-488, and incubated for 24 h with 3 UM guanfacine (+GF) and in the presence of 1 uM bafilomycin Al (BafAl) and
guanfacine (BafAl1+GF). Bafilomycin Al was added to the cells during OGD and reoxygenation. Images are presented before
the start of the experiments (0'), 40 min after OGD (40' OGD), and 2 h after reoxygenation (2 h Reox.). Numbers 1—4 correspond
to the curves presented in panel (b). (b) Hydrolysis of the fluorogenic substrate of caspase-3 (NucView-488) during OGD
(40 min) and reoxygenation (Reox., 2 h), indicating the induction of apoptosis in hippocampal cells. Designations: /, control
(cell culture was not exposed to OGD and reoxygenation); 2, cells were subjected to OGD (40 min) and reoxygenation (2 h);
3, cells were incubated for 24 h with 3 uM guanfacine after OGD and reoxygenation; 4, cells were incubated for 24 h with 3 uM
of guanfacine, 1 UM of bafilomycin Al was added during OGD and reoxygenation. (c¢) The number of cells (%) with NucView-
488 fluorescence. The number of cells with apoptosis in the group without the addition of guanfacine is taken as 100%. (d) Effect
of 24-h incubation of hippocampal cells with 3 M guanfacine on the expression of genes regulating apoptosis. (e) Images of hip-
pocampal cell cultures incubated for 24 h with an IKK inhibitor (BMS 345541, 5 uM): BF, in transmitted light; PI, fluorescence
channel before experiments; PI+OGD, fluorescence channel 40 min after OGD. (f, g) Ca + responses of neurons (f) and astro-
cytes (g) of the hippocampus to OGD (40 min) after 24-h incubation with 5 uM of IKK inhibitor BMS 345541. Ca * signals in
single experiments, in the same cell culture are presented. Short-term applications of 35 mM KCI and 10 uM ATP were used to

detect neurons and astrocytes, respectively.
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Fig. 3. Anti-inflammatory effect of 24-h incubation of cells with 0,-adrenergic receptor agonists. (a) Staining of cell cultures with
antibodies against TNFa. (b) Level of fluorescence (in arbitrary units) of secondary antibodies to primary antibodies against
TNFo in cells after incubation with o,-adrenergic receptor agonists. (c) Effect of 24-h incubation of hippocampal cells with 3 uM
guanfacine on the expression of pro-inflammatory genes. Designations: BF, images of cell cultures in transmitted light; TNFo ,
fluorescence of secondary antibodies to primary antibodies against TNFa; +GF, cells were incubated for 24 h with 3 uM guan-
facine; OGD, cells after 40-min OGD and 24 h of reoxygenation; GF+OGD and UK+OGD, images of cultures after 40-min
OGD and 24 h reperfusion, incubated for 24 h in the presence of 3 UM guanfacine and 1 uM UK 14,304, respectively. **Differ-
ences are statistically significant, p = 0.005; ***differences are statistically significant, p < 0.001.

same time, neurons show a complete suppression of
OGD-induced [Ca®"]; increase (Fig. 2f). In most
astrocytes, BMS 345541, like guanfacine, does not
affect the generation of OGD-induced Ca?" signal
during the first phase, but inhibits the global increase of
[Ca?*], in the overwhelming number of cells (Fig. 2g).

Thus, the activator of o,-adrenergic receptor guan-
facine has an anti-apoptotic effect on the hippocam-
pal cells during OGD and reoxygenation: it inhibits

caspase-3 and regulates the expression of anti- and
pro-apoptotic genes.

Agonists of o,-adrenergic receptor inhibit OGD-
induced accumulation of pro-inflammatory cytokines in
neuroglial culture. Activation of apoptosis in the brain
during ischemia—reoxygenation is closely associated
with pro-inflammatory signaling cascades [31]. Hip-
pocampal cells incubated in the presence of 3 uM
guanfacine for 24 h (Fig. 3a, + GF) and then stained
with antibodies against TNFao (Fig. 3a) are character-
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ized by the presence of secondary antibody fluores-
cence only in single cells. After 40-min OGD the cells
were returned to the CO, incubator for 24 h and then
stained with antibodies against TNFo (Fig. 3a, OGD),
the fluorescence was recorded in 80% of the cells in
the field of view, indicating the development of a cel-
lular inflammatory response. However, cell cultures
that were pre-incubated for 24 h with o,-adrenergic
receptor agonists, guanfacine (3 uM) or UK-14,304
(1 uM), are characterized by a smaller number of
cells stained with antibodies against TNFo Fig. 3a,
GF+0OGD, UK+0GD), which indicates the suppres-
sion of inflammation by these agonists. The level of
fluorescence of secondary antibodies reflects the
amount of intracellular protein. After 24-h incubation
of cells with o,-adrenergic receptor agonists, there is a
decrease in the amount of TNFa protein compared to
OGD without agonists (Fig. 3b).

PCR data show that incubation of cells with 3 uM
guanfacine for 24 h leads to a decrease in the expres-
sion of the gene encoding TNFa by 46% (Fig. 3c),
which is in good agreement with the immunocyto-
chemical staining (Figs. 3a, 3b). The level of pro-
inflammatory cytokine IL-6 does not change after
incubation with guanfacine, and the expression of the
gene encoding the pro-inflammatory cytokine IL-1b
increases by 130% (Fig. 3¢) and can have a precondi-
tioning effect on neuroglial cultures.

Thus, a,-adrenergic receptor agonists, guanfacine
and UK-14,304, have a neuroprotective effect in
OGD and reoxygenation by suppressing the inflam-
matory process and inhibiting the expression of the
gene and TNFa protein.

o,-Adrenergic receptor agonists induce ATP secre-
tion by astrocytes and suppress hyperexcitation of neuro-
nal networks. Adrenergic receptors are widely distrib-
uted in the brain, but the expression of o,-adrenergic
receptors in astrocytes is 2—3 times greater than in neu-
rons [32]. Application of o,-adrenergic receptor ago-
nists, guanfacine (3 UM, GF) and UK-14,304 (1 uM,
UK) to the rat hippocampal cultures caused Ca’*
responses in astrocytes (Fig. 4a, black curves) but not
in neurons (Fig. 4a, gray curve). Astrocytic Ca’" sig-
nals in most cases had the appearance of a pulsed
increase in [Ca?*]; or were irregular oscillations. The
basal level of [Ca?*]; after application and washing of
0o,-adrenergic receptor agonists in the vast majority of
experiments was maintained at a slightly elevated level.
One of the main ionotropic excitatory receptors involved
in the damaging effect of OGD on neuronal networks
are NMDA receptors. An increase in the concentration
of Ca%" ions in the cytosol of neurons and astrocytes
during ischemia causes the release of glutamate by
neurons and gliotransmitters, primarily ATP [33], by
astrocytes.

The removal of magnesium ions from the medium
(Mg?*-free) causes the appearance of synchronous
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Ca’" oscillations of high frequency in cultured hippo-
campal neurons, a sign of hyperexcitation. The appli-
cation of 5 uM ATP suppressed these oscillations and
caused a transient Ca?*-response in astrocytes (Fig. 4b,
gray curve). Using TIRF microscopy and staining of
ATP-containing vesicles in astrocytes with the vital
quinacrine probe (Fig. 4c), we were able to show that
the application of the o,,-adrenergic receptor agonist
dexmedetomidine at a concentration of 1—-10 uM
(Fig. 4c, +Dex) causes secretion of ATP registered as
a rapid and significant decrease in quinacrine fluores-
cence intensity in the astrocyte soma (Fig. 4d).

The application of 3 UM guanfacine with Mg?*-
free medium causes Ca?" signal in astrocytes and leads
to the rapid suppression of Mg?*-free induced Ca®"
oscillations in neurons (Fig. 4e, gray curve). Thus,
selective 0,-adrenergic receptor agonists induce tran-

sient Ca?" signal in hippocampal astrocytes and Ca?*-
dependent ATP secretion, which leads to suppression
of the Mg?*-free induced hyperexcitation of neuronal
network. Apirase (35 U/mL), an enzyme that hydro-
lyzes ATP, applied before the Ca?>" oscillations
induced in neurons by Mg>"-free solution, does not
affect the generation of oscillations but reduces their
frequency (Fig. 4¢). At the same time, the application
of 3 UM of guanfacine with apyrase still causes the
generation of Ca?* signal in astrocytes but does not
lead to the suppression of Ca?' oscillations, which
indicates the involvement of guanfacine-dependent
ATP secretion in suppressing hyperactivity in neurons.

Bafilomycin Al (BafAl, 1 uM) that inhibits V-AT Pase
in acidic compartments, including ATP-containing
vesicles [34], partially reverses the effect of guanfacine
(Fig. 4f) by inhibiting Ca?" oscillations in neurons in
3—5 min, whereas with the first application of guanfa-
cine, the suppression of oscillations occurs simultane-
ously with the generation of Ca?* signals by astrocytes.
An increase in incubation time with Baf Al upto 1 h
removed the inhibitory effect of guanfacine (Fig. 4g),
confirming the hypothesis about the leading role of
ATP-containing vesicles in astrocytes in the inhibition
of hyperexcitation of neuronal networks by o,-adren-
ergic receptor agonists.

Thus, investigation of the neuroprotective proper-
ties of o,-adrenergic receptor agonists have shown
their anti-inflammatory and anti-apoptotic action
during ischemia and reoxygenation, which is realized
by changing the base expression of the regulator genes
of these processes and the post-ischemic level of pro-
teins encoded by them. At the level of Ca?" signaling,
the effect of o,-adrenergic receptor agonists leads to
inhibition of the global increase in [Ca?*], in the hip-
pocampal cells during OGD in vitro and to a decrease
number of cells that die by necrosis. Ca2"-dependent
ATP secretion by astrocytes is involved in the mecha-
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Fig. 4. The mechanism of the neuroprotective action of o,-adrenergic receptor agonists during epileptiform activity. (a) Applica-
tion of selective o -adrenergic receptor agonists guanfacine (3 UM GF) and UK-14,304 (1 uM, UK) to hippocampal cell cul-
tures. Light gray curve is an averaged Ca“" signal of several dozen neurons. Black curve is an averaged Ca“" signal of several dozens
of astrocytes. (zb) Application of 5 uM ATP during epileptiform activity of the hippocampal neurons (black and dark gray curves),
caused by Mg?*-free medium, leads to the suppression of the hyperexcitation of these neuronal network and an increase in the
Ca“" concentration in the astrocytic cytosol (dark gray curve). (c) Images of near-membrane localization of quinacrine-stained
ATP-containing vesicles obtained by TIRF-microscopy before and after the application of 10 uM dexmedetomidine (+Dex). A
single astrocyte is presented. (d) Time course of secretion of AT P-containing vesicles obtained using TIR F-microscopy, reflect-
ing an increased secretion (decrease in quinacrine fluorescence) upon application of 10 uM dexmedetomidine (Dex). Secretion
of single ATP-containing vesicles prior to exposure of dexmedetomidine is a normal spontaneous secretory activity of astrocytes.
(e) The application of guanfacine (3 UM, GF2 leads to the generation of Ca?* signals in astrocytes and the suppression of epilep-
tiform Ca?" oscillations in neurons in a Mg2 -free medium. Guanfacine-produced suppression of hyperexcitation of neurons is
canceled by apyrase (apyrase, 35 U/mL) hydrolyzing ATP. (f) Guanfacine-produced suppression of neuronal hyperexcitation in
a Mg2+—free medium is partially canceled in the presence of a V-ATPase inhibitor bafilomycin Al (BafAl, 1 uM). (g) Ca?" oscil-
lations of neurons in Mg *_free medium are not suppressed by the application of 3 UM guanfacine (GF) after a 60-min pre-incu-
bation of the cell culture with 1 uM bafilomycin Al. Short-term applications of 10 uM ATP and 35 mM KCI at the end of the
experiments were performed to detect astrocytes and neurons in culture, respectively. Ca?t signals of single cells characteristic of
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most neurons and astrocytes in the network are presented.

nism of the protective action of o,,-adrenergic receptor
agonists.

DISCUSSION

This work shows the complex protective effect of
o,,-adrenergic receptor agonists on the survival of neu-
rons and astrocytes of the hippocampus under condi-
tions of oxygen-glucose deprivation in vitro.

One of the effects of a,-adrenergic receptor activa-
tion in the mixed hippocampal neuroglial culture is
the secretion of ATP by astrocytes. This process is the
fundamental mechanism of communication of glial
cells among themselves and with other types of cells in
the brain [35]. It is known that in ATP vesicles it can
be packaged simultaneously with other neurotrans-
mitters, such as acetylcholine, adrenaline, etc. [36],
which can indicate the secretion of several active sub-
stances at once upon activation of o, adrenoreceptors.
Astrocytes are known to be able to secrete glutamate in
the form of vesicles via the Ca?*-dependent mecha-
nism [37]; however, glutamate is stored in vesicles
other than ATP-containing ones [38]. When guanfa-
cine is applied, there is no increase in Ca?* oscillations
in neurons, as well as excitotoxic effects, on the con-
trary, there is a complete suppression of hyperexci-
tation, which indicates the secretion of the pool of
ATP-containing vesicles upon activation of o, adreno-
receptors. This assumption is confirmed by the results
of TIRF microscopy.

ATP has a rather diverse effect on neuroglial net-
works [35], but in the context of this work, the sup-
pression of neuronal activity shown by other authors
[39] is most significant and interesting. It is estab-
lished that ATP secreted by astrocytes suppresses the
activity of neural networks. A similar effect was also
shown by us in experiments where the suppression of
calcium oscillations by guanfacine in neurons induced
by the application of Mg?*-free medium was detected.
This effect was canceled in the presence of a vesicular
ATPase inhibitor, bafilomycin Al, or an ATP-degrad-

ing enzyme apyrase, indicating that vesicular trans-
mission is involved in this process. A similar phenom-
enon was described earlier in [40]. Activation of ade-
nosine receptors by adenosine, resulting from the
extracellular degradation of ATP, can be considered as
one of the putative mechanisms of suppression of neu-
ronal activity by ATP secreted from astrocytes [33].
ATP secreted by astrocytes can also affect glial cells by
activating P2Y1 and P2X7 receptors. Activation of
these receptors leads to an increase in the concentra-
tion of cytosolic calcium due to mobilization from
internal stores (P2Y1-mediated action) or influx from
the outside (via P2Y7 receptors) and further calcium
wave propagation with the subsequent release of glio-
transmitters. The physiological role of these phenomena
still remains a subject of discussion [33], which makes it
difficult to put forward hypotheses about the possible
contribution of astrocytic ATP secretion to the protective
effect of o, agonists in ischemia.

A possibility of the involvement of o, adrenorecep-
tors in the glutamate secretion regulation should also
be considered. The preferential presynaptic localiza-
tion [41], as well as participation in the regulation of
the activity of potassium and voltage-gated calcium
channels [42], allows o,-adrenergic receptors to
change the intensity of neurotransmitter secretion
[43], excitatory in particular [44]. This fact may be one
of the possible explanations for the suppression of
Ca?* signals at OGD after 24-h incubation with
o,-adrenoreceptor agonists, as well as the suppression
of high-frequency oscillations in neurons induced by
an Mg?*-free medium. This assumption is supported
by the results of a number of investigations, in which
o,-adrenoreceptor agonists inhibit the secretion of
excitatory amino acids, such as glutamate and aspar-
tate [45, 46].

At the same time, the effects of prolonged incuba-
tion are difficult to explain by secreting ATP, lactate
(or reduced glutamate release), since the release of
transmitters from both neurons and glial cells is a
quantized process [47]. In addition, desensitization
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processes should be taken into account aimed at
reducing over-activation of receptors [48], as well as
the limited pool of neurotransmitters, which can be
depleted quickly enough, even despite recycling
through reuptake mechanisms [49]. Therefore, the
conclusion is that the above effects of guanfacine and
other o,-adrenergic receptor agonists, coupled with
the regulation of vesicular secretion of gliotransmit-
ters, can be viewed as rapid effects (minutes). The
presence of rapid effects can explain the therapeutic
potential of using o, agonists for diseases associated
with hyperexcitation of neuronal networks, for example,
for epilepsy [50], as well as for using these compounds as
anesthetics [18]. However, one should take into account
the long-term effects, the development of which can be
observed during prolonged incubation and occur 1 h after
the application of agonists. It is logical to assume that
prolonged incubation with o,-adrenoreceptor agonists
leads to the activation of signaling cascades involved in
the regulation of transcription of the genes regulating
apoptosis and the inflammatory response of the cells.
Activation of these cascades can make a significant
contribution to the implementation of the neuropro-
tective effect of o, agonists.

It is known that cAMP regulates the activity of cal-
cium channels, the conductivity of which decreases
with decreasing cAMP concentration [51], thus weak-
ening the total influx of calcium ions. The activity of
calcium-activated potassium channels of low conduc-
tivity, on the contrary, increases with decreasing con-
centration of cAMP, increasing the outflow of potas-
sium ions [52]. Thus, reducing the concentration of
cAMP in the cytosol of neurons contributes to hyper-
polarization and the prevention of calcium overload. In
addition, through the phosphorylation of the GluAl
subunit of the AMPA receptor by the Ser845 residue,
protein kinase A regulates the subunit traffic and their
incorporation into the membrane [53]. Reduced
activity of protein kinase A, due to the low level of
cAMP in the cytosol (and, as a result, reduced inten-
sity of CREB phosphorylation), can lead to the fact
that the number of functionally active AMPA recep-
tors on the membrane can decrease [54]. Since the
primary depolarization required for the removal of the
magnesium block of NMDA receptors is also due to
the influx of cations through AMPA receptors [55],
the contribution of NMDA receptors to the total
depolarization and the influx of calcium ions from the
external environment can also be reduced. Summing
up these facts, we can assume that the reduced ampli-
tude and rate of global increase in [Ca?"]; during the

second phase of the Ca?* response of neurons to OGD
can be explained by a decrease in the concentration of
cAMP in the cytosol of cells caused by activation of o,
adrenoreceptors.

In our experiments, we showed that the number of
dead cells after simulating ischemia—reperfusion in
cultures preincubated for 24 h with guanfacine was sig-
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nificantly less than in cultures without guanfacine. On
the basis of these data we conclude that o,-adrenore-
ceptor agonists have a powerful anti-apoptotic effect.
A possible explanation for such a high cell survival is
the activation of NF-kB. This transcription factor is
located at the “intersection” of many intracellular sig-
naling cascades, among which the following should be
noted: cascades involving cAMP, TNFa, IL-1, signal-
ing pathway PI3K-Akt [56—58]. As for the cAMP-
linked pathway of NF-kB activation, as a result of
inhibition of the adenylate cyclase by the G, subunit
of o, adrenoreceptors, the number of cAMP and the
activity of protein kinase A should be significantly
reduced, which eliminates this signaling cascade.

It should be noted that o,-adrenergic receptor ago-
nists can alter the balance of expression of pro- and
anti-inflammatory cytokines [59]. The amount of IL-13
mRNA increased significantly after 24-h incubation
with guanfacine, while no change in the amount of
IL-6 mRNA was detected in our experiments. A sig-
nificant increase in expression could lead to increased
secretion of I1L-1, followed by activation of the corre-
sponding receptors (IL-1R). The signaling cascade of
this receptor is associated with the activation of JAK
and STAT [60]. We have shown that the expression of
Stat3 increased after incubation of cultures with guan-
facine, which may indicate a significant contribution
of this pathway.

The decrease in TNFo expression (including the
decrease in protein levels), shown in our experiments,
is consistent with the data obtained on immune cells
[59]. Such a decrease may be associated with the acti-
vation of astrocytes. Thus, it has been established that
activation of astrocytes plays a protective role during
neurodegenerative processes resulting from inflam-
matory processes in the hippocampus during isch-
emia, reducing the level of TNFo [61]. Common to
the TNFo and PI3K-Akt signaling pathways is that
the activation of NF-kB occurs via IKK [62], but the
expression of IKK was reduced in our experiments.
Therefore, most likely, the contribution of TNFa to
the activation of the NF-kB upon activation of o,
adrenoreceptors is minimal, whereas the PI3K-Akt
cascade may be partially involved in this process. It is
known that activation of PI3-kinase can also occur
directly through the G;_g, subunit of the o,-adrenergic
receptor [63]. We have previously shown that activa-
tion of PI3 kinase promotes the survival of neuroglial
culture cells upon oxygen-glucose deprivation [11].
The participation of the PI3K-Akt cascade in the
implementation of the anti-apoptotic action of o,
adrenoreceptors is evidenced by the fact that the
expression of genes p53 and fas in our experiments was
reduced, possibly due to the activation of this signaling
cascade. Akt-induced reduction of the p53 expression
is known to contribute to the survival of hippocampal
neurons during hypoxia [64]. It should be noted that
the expression of anti-apoptotic factor Bcl-2 increased
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after prolonged incubation with guanfacine. Bcl-2
may be known to play an important role in suppressing
apoptosis in neuronal cells after excitotoxic damage or
ischemia [65]. Activation of this factor can occur both
within the PI3K-Akt [66], and JAK-STAT cascade
(with the participation of STAT-3) [67]. On the basis
of the foregoing it can be concluded that the anti-
apoptotic effect of o,-adrenoreceptor agonists can be
due to both PI3K-Akt and JAK-STAT cascades and
include activation of the factors NF-kB and Bcl-2;
IL-1 in this case can be considered as a protective sub-
stance.

Much attention is paid to the effect of o,-adreno-
receptor agonists on neurons. However, considering
such a complex system as neuroglial networks, one can-
not but take into account glial cells. In this paper, we have
shown the complex effect of o,-adrenoreceptor agonists
on both neurons and astrocytes. In addition to long-term
effects associated with changes in gene expression and
suppression of apoptosis and the inflammatory response,
guanfacine and other o, agonists have been shown to
activate a rapid protective effect consisting of the stimu-
lation of vesicular ATP secretion by astrocytes, which
suppress hyperexcitation in neurons.

ACKNOWLEDGMENTS

The work was supported by the grants of the President of
Russian Federation (project nos. MK-626.2018.4 and
MK-677.2019.4).

COMPLIANCE WITH ETHICAL STANDARDS

The authors declare that they have no conflict of interest.

All procedures were performed in accordance with the
European Communities Council Directive (November 24,
1986; 86/609/EEC) and the Declaration on humane treat-
ment of animals. The Protocol of experiments was approved
by the Commission on Bioethics of Institute of Cell Bio-
physics, Russian Academy of Sciences.

REFERENCES

1. Xing C., Arai K., Lo E.H., Hommel M. 2012. Patho-
physiologic cascades in ischemic stroke. Int. J. Stroke.
7 (5), 378—385.

2. Bano D., Ankarcrona M. 2018. Beyond the critical
point. Neurosci. Lett. 663, 79—85.

3. Berliocchi L., Bano D., Nicotera P. 2005. Ca2* signals
and death programmes in neurons. Philos. Trans. R.
Soc. Lond., B, Biol. Sci. 360 (1464), 2255—2258.

4. Turovskaya M.V., Gaidin S.G., Mal’tseva V.N.,
Zinchenko V.P., Turovsky E.A. 2019. Taxifolin protects
neurons against ischemic injury in vitro via the activa-
tion of antioxidant systems and signal transduction
pathways of GABAergic neurons. Mol. Cell Neurosci.
96, 10—24.

5. Gustafson 1., Miyauchi Y., Wieloch T.W. 1989. Pos-
tischemic administration of idazoxan, an alpha-2 ad-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

331

renergic receptor antagonist, decreases neuronal dam-
age in the rat brain. J. Cereb. Blood Flow Metab. 9 (2),
171—174.

. Ozog M.A., Wilson J.X., Dixon S.J., Cechetto D.F.

1998. Rilmenidine elevates cytosolic free calcium con-
centration in suspended cerebral astrocytes. J. Neuro-
chem. 71 (4), 1429—1435.

. Zhang Y., Kimelberg H.K. 2005. Neuroprotection by

alpha 2-adrenergic agonists in cerebral ischemia. Curr.
Neuropharmacol. 3 (4), 317—323.

Hertz L., Lovatt D., Goldman S.A., Nedergaard M.
2010. Adrenoceptors in brain. Neurochem. Int. 57 (4),
411—-420.

. Modirrousta M., Mainville L., Jones B.E. 2004. Gab-

aergic neurons with alpha2-adrenergic receptors in bas-
al forebrain and preoptic area express c-Fos during
sleep. Neuroscience. 129 (3), 803—810.

Wang L., Li C.-C., Wang G.-W., Cai J.-X. 2009. The
effects of centrally administered fluorocitrate via inhib-
iting glial cells on working memory in rats. Sci. China C
Life Sci. 52 (8), 701—-709.

Turovsky E.A., Turovskaya M.V., Gaidin S.G.,
Zinchenko V.P. 2017. Cytokine IL-10, activators of
PI3-kinase, agonists of alpha-2 adrenoreceptor and an-
tioxidants prevent ischemia-induced cell death in rat
hippocampal cultures. Arch. Biochem. Biophys. 615,
35—43.

Yeo J.H., Yoon S.Y., Kim S.J., Oh S.B., Lee J.H.,
Beitz A.J., Roh D.H. 2016. Clonidine, an alpha-2
adrnoceptor agonist relieves mechanical allodynia in
oxaliplatin-induced neuropathic mice; Potentiation by
spinal p38 MAPK inhibition without motor dysfunc-
tion and hypotension. Int. J. Cancer. 138 (10), 2466—
2476.

Goldstein D.S. 1998. Catecholamine receptors and signal
transduction. Goldstein D.S., Eisenhofer G., McCarty R.,
Eds. Elsevier, p. 379—390.

Summers R.J., McMartin L.R. 1993. Adrenoceptors
and their second messenger systems. J. Neurochemistry.
60 (1), 10—-23.

Turovsky E.A., Turovskaya M.V., Berezhnov AV., Tol-
macheva A.V., Kaimachnikov N.P., Dolgacheva L.P.,
Zinchenko V.P., Maevskii E.I., Dynnik V.V. 2012. Con-
vergence of Ca?" signaling pathways in adipocytes. The
role of L-arginine and protein kinase G in generation of
transient and periodic Ca?* signals. Biochemistry (Mos-
cow) Suppl. Ser. A: Membrane and Cell Biology. 6 (1),
35—44.

Enkvist M.O.K., Himalainen H., Jansson C.C., Kuk-
konen J.P., Hautala R., Courtney M.J., Akerman K.E.O.
1996. Coupling of astroglial o2-adrenoreceptors to sec-
ond messenger pathways. J. Neurochem. 66 (6), 2394—
2401.

Ma D., Rajakumaraswamy N., Maze M. 2005. o.2-Ad-
renoceptor agonists. Br. Med. Bull. 71 (1), 77-92.

Giovannitti J.A., Thoms S.M., Crawford J.J. 2015. Al-
pha-2 adrenergic receptor agonists. Anesth. Prog. 62 (1),
31-38.

Grynkiewicz G., Poenie M., Tsien R.Y. 1985. A new

generation of Ca®" indicators with greatly improved fluo-
rescence properties. J. Biol. Chem. 260 (6), 3440—3450.

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: MEMBRANE AND CELL BIOLOGY Vol. 13 No.4 2019



332

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

GAIDIN et al.

Diaz-Hernandez M., del Puerto A., Diaz-Hernandez J 1.,
Diez-Zaera M., Lucas J.J., Garrido J.J., Miras-Portu-
gal M.T. 2008. Inhibition of the ATP-gated P2X7 re-
ceptor promotes axonal growth and branching in cul-
tured hippocampal neurons. J. Cell Sci. 121 (Pt 22),
3717—3728.

Robertson G., Bushell T.J., Zagnoni M. 2014. Chemi-
cally induced synaptic activity between mixed primary
hippocampal co-cultures in a microfluidic system. /n-
tegr. Biol. (Camb.). 6 (6), 636—644.

Hashioka S., Wang Y.F., Little J.P., Choi H.B.,
Klegeris A., McGeer P.L., McLarnon J.G. 2014. Puri-
nergic responses of calcium-dependent signaling path-
ways in cultured adult human astrocytes. BMC Neurosci.
15, 18.

Bodin P., Burnstock G. 2001. Evidence that release of
adenosine triphosphate from endothelial cells during
increased shear stress is vesicular. J. Cardiovasc. Phar-
macol. 38 (6), 900—908.

Akopova 1., Tatur S., Grygorczyk M., Luchowski R.,
Gryczynski 1., Gryczynski Z., Borejdo J., Grygorczyk R.
2012. Imaging exocytosis of ATP-containing vesicles
with TIRF microscopy in lung epithelial A549 cells.
Purinergic Signal. 8 (1), 59—70.

Livak K.J., Schmittgen T.D. 2001. Analysis of relative
gene expression data using real-time quantitative PCR
and the 2(—Delta Delta C(T)) method. Methods. 25 (4),
402—408.

Turovsky E.A., Turovskaya M.V., Kononov A.V.,
Zinchenko V.P. 2013. Short-term episodes of hypoxia
induce posthypoxic hyperexcitability and selective death
of GABAergic hippocampal neurons. Exp. Neurol. 250,
1-7.

Yang Y.-S., Son S.J., Choi J.H., Rah J.-C. 2018. Syn-
aptic transmission and excitability during hypoxia with
inflammation and reoxygenation in hippocampal CAl
neurons. Neuropharmacology. 138, 20—31.

Turovskaya M.V., Turovsky E.A., Zinchenko V.P.,
Levin S.G., Godukhin O.V. 2012. Interleukin-10 mod-
ulates Ca2+i response induced by repeated NMDA re-
ceptor activation with brief hypoxia through inhibition
of InsP(3)-sensitive internal stores in hippocampal
neurons. Neurosci. Lett. 516 (1), 151—155.

Coimbra-Costa D., Alva N., Duran M., Carbonell T.,
Rama R. 2017. Oxidative stress and apoptosis after
acute respiratory hypoxia and reoxygenation in rat
brain. Redox Biol. 12, 216—225.

Yanl., XiangJ., Lin Y., Mal., ZhangJ., Zhang H., SunJ.,
Danial N.N., Liu J., Lin A. 2013. Inactivation of BAD
by IKK inhibits TNFalpha-induced apoptosis inde-
pendently of NF-kappaB activation. Cell. 152 (1-2),
304-315.

Kawabori M., Yenari M.A. 2015. Inflammatory re-
sponses in brain ischemia. Curr. Med. Chem. 22 (10),
1258—1277.

CahoyJ.D., Emery B., Kaushal A., Foo L.C., Zamani-
an J.L., Christopherson K.S., Xing Y., Lubischer J.L.,
Krieg P.A., Krupenko S.A., Thompson W.J., Barres B.A.
2008. A transcriptome database for astrocytes, neurons,
and oligodendrocytes. J. Neurosci. 28 (1), 264—278.

Bazargani N., Attwell D. 2016. Astrocyte calcium sig-
naling. Nat. Neurosci. 19 (2), 182—189.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Kasymov V., Larina O., Castaldo C., Marina N., Pa-
trushev M., Kasparov S., Gourine A.V. 2013. Differen-
tial sensitivity of brainstem versus cortical astrocytes to

changes in pH reveals functional regional specialization
of astroglia. J. Neurosci. 33 (2), 435—441.

Butt A.M. 2011. ATP. Semin. Cell Dev. Biol. 22 (2),
205—213.

Zimmermann H. 1994. Signalling via ATP in the ner-
vous system. Trends Neurosci. 17 (10), 420—426.

Araque A., Li N., Doyle R.T., Haydon P.G. 2000.
SNARE protein-dependent glutamate release from as-
trocytes. J. Neurosci. 20 (2), 666—673.

Coco S., Calegari F., Pravettoni E., Pozzi D., Taverna E.,
Rosa P., Matteoli M., Verderio C. 2003. Storage and re-
lease of ATP from astrocytes in culture. J. Biol. Chem.
278 (2), 1354—1362.

Guzman S.J., Gerevich Z. 2016. P2Y receptors in syn-
aptic transmission and plasticity. Neural. Plast. 2016,
1207393.

https://doi.org/10.1155/2016/1207393

Boué-Grabot E., Pankratov Y. 2017. Modulation of
central synapses by astrocyte-released ATP and post-
synaptic P2X receptors. Neural. Plast. 2017, 9454275.

Milner T.A., Lee A., Aicher S.A., Rosin D.L. 1998.
Hippocampal o2A-adrenergic receptors are located
predominantly presynaptically but are also found post-

synaptically and in selective astrocytes. J. Comparative
Neurol. 395 (3), 310—327.

Westfall T.C. 2009. Sympathomimetic drugs and adren-
ergic receptor antagonists. Squire L.R. Oxford: Acad.
Press, p. 685—695.

Bucheler M.M., Hadamek K., Hein L. 2002. Two
alpha(2)-adrenergic receptor subtypes, alpha(2A) and
alpha(2C), inhibit transmitter release in the brain of
gene-targeted mice. Neuroscience. 109 (4), 819—826.

Bickler P.E., Hansen B.M. 1996. Alpha 2-adrenergic
agonists reduce glutamate release and glutamate recep-
tor-mediated calcium changes in hippocampal slices
during hypoxia. Neuropharmacology. 35 (6), 679—687.

Koyuncuoglu H., Aricioglu F., Uresin Y., Dizdar Y.,
Esin Y. 1992. Effects of tizanidine on morphine physi-
cal dependence. Pharmacol. Biochem. Behav. 42 (4),
693—698.

Talke P., Bickler P.E. 1996. Effects of dexmedetomi-
dine on hypoxia-evoked glutamate release and gluta-
mate receptor activity in hippocampal slices. Anesthes.
85 (3), 551-557.

Sahlender D.A., Savtchouk I., Volterra A. 2014. What
do we know about gliotransmitter release from astrocytes?
Philos Trans. R Soc. Lond., B, Biol. Sci. 369 (1654),
20130592.

Heck D.A., Bylund D.B. 1998. Differential down-reg-
ulation of alpha-2 adrenergic receptor subtypes. Life
Sci. 62 (17-18), 1467—1472.

Alabi A.A., Tsien R.W. 2012. Synaptic vesicle pools and
dynamics. Cold Spring Harb. Perspect Biol. 4 (8), a013680.

Szot P., Lester M., Laughlin M.L., Palmiter R.D., Li-
les L.C., Weinshenker D. 2004. The anticonvulsant and
proconvulsant effects of alpha2-adrenoreceptor ago-
nists are mediated by distinct populations of alpha2A-
adrenoreceptors. Neuroscience. 126 (3), 795—803.

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: MEMBRANE AND CELL BIOLOGY Vol. 13 No.4 2019



51.

52.

53.

54.

55.

56.

57.

58.

59.

A COMPLEX NEUROPROTECTIVE EFFECT OF ALPHA-2-ADRENERGIC RECEPTOR

Gray P.C., Scott J.D., Catterall W.A. 1998. Regulation
of ion channels by cAMP-dependent protein kinase and
A-kinase anchoring proteins. Curr. Opin. Neurobiol.
8 (3), 330—334.

Lancaster B., Hu H., Gibb B., Storm J.F. 2006. Kinet-
ics of ion channel modulation by cAMP in rat hippo-
campal neurones. J. Physiol. (Lond.). 576 (Pt 2), 403—
417.

Diering G.H., Heo S., Hussain N.K., Liu B.,
Huganir R.L. 2016. Extensive phosphorylation of
AMPA receptors in neurons. Proc. Natl. Acad. Sci. USA.
113 (33), E4920—E4927.

Fan N., Yang H., Zhang J., Chen C. 2010. Reduced ex-
pression of glutamate receptors and phosphorylation of
CREB are responsible for in vivo Delta9-THC expo-
sure-impaired hippocampal synaptic plasticity. J. Neu-
rochem. 112 (3), 691—-702.

Chahal H., D’Souza S.W., Barson A.J., Slater P. 1998.
Modulation by magnesium of N-methyl-D-aspartate
receptors in developing human brain. Arch. Disease
Childhood, Fetal Neonatal Ed. 78 (2), F116—F120.

Lawrence T. 2009. The nuclear factor NF-kappaB
pathway in inflammation. Cold Spring Harb. Perspect.
Biol. 1 (6), a001651.

Lilienbaum A., Israel A. 2003. From calcium to NF-kB
signaling pathways in neurons. Mol. Cell. Biol. 23 (8),
2680—2698.

Gerlo S., Kooijman R., Beck I.M., Kolmus K.,
Spooren A., Haegeman G. 2011. Cyclic AMP. Cell.
Mol. Life Sci. 68 (23), 3823—3841.

Chavez-Valdez R., Kovell L., Ahlawat R., McLemo-
re G.L., Wills-Karp M., Gauda E.B. 2013. Opioids and
clonidine modulate cytokine production and opioid re-
ceptor expression in neonatal immune cells. J. Perinatol.
33 (5), 374—382.

60.

61.

62.

63.

64.

65.

66.

67.

333

Liu K.D., Gaffen S.L., Goldsmith M.A. 1998. JAK/STAT
signaling by cytokine receptors. Curr. Opin. Immunol.
10 (3), 271-278.

Ouyang Y.-B., Xu L., Yue S., Liu S., Giffard R.G. 2014.
Neuroprotection by astrocytes in brain ischemia. Neu-
rosci. Lett. 565, 53—58.

Sanchez-Alegria K., Flores-Leén M., Avila-Muioz E.,
Rodriguez-Corona N., Arias C. 2018. PI3K signaling in
neurons. Int. J. Mol. Sci. 19 (12).
https://doi.org/10.3390/ijms 19123725

Turovsky E.A., Turovskaya M.V., Dolgacheva L.P.,
Zinchenko V.P., Dynnik V.V. 2013. Acetylcholine po-
motes Ca2* and NO-oscillations in adipocytes implicat-
ing Ca** 5NO—cGMP—cADP-ribose—Ca?" positive
feedback loop — Modulatory effects of norepinephrine
and atrial natriuretic peptide. PLoS One. 8 (5), e63483.
Yamaguchi A., Tamatani M., Matsuzaki H., Namikawa K.,
Kiyama H., Vitek M.P., Mitsuda N., Tohyama M.
2001. Akt activation protects hippocampal neurons from
apoptosis by inhibiting transcriptional activity of p53.
J. Biol. Chem. 276 (7), 5256—5264.

Ay 1., Sugimori H., Finklestein S.P. 2001. Intravenous
basic fibroblast growth factor (bFGF) decreases DNA
fragmentation and prevents downregulation of Bcl-2
expression in the ischemic brain following middle cere-
bral artery occlusion in rats. Brain Res. Mol. Brain Res.
87 (1), 71-80.

Hein A.L., Ouellette M.M., Yan Y. 2014. Radiation-in-
duced signaling pathways that promote cancer cell sur-
vival (review). Int. J. Oncol. 45 (5), 1813—1819.
Stephanou A., Brar B.K., Knight R.A., Latchman D.S.
2000. Opposing actions of STAT-1 and STAT-3 on the
Bcl-2 and Bcl-x promoters. Cell Death Differ. 7 (3),
329-330.

Translated by E. Turovsky

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: MEMBRANE AND CELL BIOLOGY Vol. 13 No.4 2019



	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	REFERENCES

		2020-01-17T11:29:50+0300
	Preflight Ticket Signature




