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Abstract 
The mechanisms and signaling pathways of the neuroprotective effects of hypercapnia and its combination with hypoxia 
are not studied sufficiently. The study aims to test the hypothesis of the potentiating effect of hypercapnia on the systems 
of adaptation to hypoxia, directly associated with A1-adenosine receptors and mitochondrial ATP-dependent K+ -channels 
(mitoK+

ATP-channels). We evaluated the relative number of A1-adenosine receptors and mitoK+
ATP-channels in astrocytes 

obtained from male Wistar rats exposed to various respiratory conditions (15 times of hypoxia and/or hypercapnia). In addi-
tion, the relative number of these molecules in astrocytes was evaluated on an in vitro model of chemical hypoxia, as well as 
in the cerebral cortex after photothrombotic damage. This study indicates an increase in the relative number of A1-adenosine 
receptors in astrocytes and in cells next to the stroke region of the cerebral cortex in rats exposed to hypoxia and hypercapnic 
hypoxia, but not hypercapnia alone. Hypercapnia and hypoxia increase the relative number of mitoK+

ATP-channels in astro-
cytes and in cells of the peri-infarct region of the cerebral cortex in rats. In an in vitro study, hypercapnia mitigates the effects 
of acute chemical hypoxia observed in astrocytes for A1-adenosine receptors and mitoK+

ATP-channels. Hypercapnia, unlike 
hypoxia, does not affect the relative number of A1 receptors to adenosine. At the same time, both hypercapnia and hypoxia 
increase the relative number of mitoK+

ATP-channels, which can potentiate their protective effects with combined exposure.
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Introduction

Intermittent hypoxia is effective in increasing the resist-
ance of organs and tissues to ischemia (Chen et al., 2005; 
Yang et al., 2009). There is evidence of the effectiveness 
of hypoxia for the prevention and treatment of cardiovas-
cular disease (Neckár et al., 2002; Shatilo et al., 2008) and 
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ischemic brain damage (Sharp et al., 2004). However, the 
use of intermittent hypoxia in practice is limited due to long 
exposures (1–6 h) and long therapeutic courses (at least 7 
times) (Neckár et al., 2002; Yang et al., 2009).

In recent years, interest in the therapeutic effects of car-
bon dioxide has increased significantly (Laffey et al., 2000; 
Tao et al., 2013). Permissive hypercapnia has been found 
to have neuroprotective properties (Tao et al., 2013; Zhou 
et al., 2010). It may be mediated by the inhibition of neu-
ronal apoptosis (Tao et al., 2013; Zhou et al., 2010), anti-
oxidant effect (Zakynthinos et al., 2007), and activation of 
angiogenesis (Siafakas et al., 2001).

Earlier, we proved that permissive hypercapnia and 
hypercapnic hypoxia led to a more intensive when com-
pared to intermittent hypoxia increase in the resistance of 
the body and brain to acute ischemia (Tregub et al., 2013, 
2015). However, the mechanisms and signaling pathways 
underlying the neuroprotective effects of hypercapnia and its 
combination with hypoxia are studied insufficiently.

Adenosine receptors have long been a target for the devel-
opment of neuroprotective agents (Coppi et al., 2020). This 
mainly refers to A1-receptor agonists, which prevail in the 
central nervous system, reduce glutamate excitotoxicity, and 
modulate neuroinflammation in various neurological pathol-
ogies (Mahmoud et al., 2019; Martí Navia et al., 2020). Stud-
ies by Cao et al. (2019) showed that A1-adenosine receptor 
agonists have a protective potential in hypoxic brain damage 
by maintaining Ca2+ homeostasis, and Li et al. (2019) found 
a similar protective effect in an in vitro model.

Maintaining energy homeostasis and mitochondrial per-
meability is a key link in the protective paradigm of precon-
ditioning, where mitochondrial ATP-sensitive K+ channels 
are one of the important signaling pathways (Smith et al., 
2017). It was shown that the effect of neuroprotection after 
preconditioning of the brain is mediated by the opening of 
mitochondrial ATP-sensitive K+ channels with a subsequent 
increase in the elimination of nitric oxide (Deryagin et al., 
2017). Activation of ATP-dependent potassium channels 
is neuroprotective in in vivo models of focal and global 
ischemia, and in vitro results suggest that these effects are 
mediated, not only by neuronal, but also by astrocytic chan-
nels (Szeto et al., 2018).

Under the exposure to intermittent hypoxia, adeno-
sine and adenosine receptors (mainly the A-subtype) are 
involved in the development of the brain’s resistance to 
ischemia (Heurteaux et al., 1995). Adenosine leads to 
the activation of mitoK+

ATP-channels (Kulinskiĭ et al., 
2006) and reduces transmission of synaptic excitation 
(Ilie et al., 2006). Moreover, activation of adenosine A1 
receptors fully reproduces the effect of preconditioning 
(Björklund et al., 2008; Yellon & Downey, 2003). Addi-
tionally, mitoK+

ATP-channels are the end effectors of the 
signaling pathway of hypoxic preconditioning (Mayanagi 

et al., 2007). Activation of these channels causes a protec-
tive effect similar to ischemic preconditioning, and their 
inhibition, on the contrary, enhances ischemic damage 
(Ahmet et al., 2004). Herewith, carbon dioxide can cause 
the induction of Ca2+-activated and ATP-dependent mem-
brane potassium channels (Lindauer et al., 2003). There-
fore, the assessment of the role of A1-adenosine receptors 
and mitoK+

ATP-channels in the mechanism of development 
of resistance to ischemia after the combined exposure to 
hypercapnia and hypoxia is of great interest.

In one study, we found that A1-adenosine receptors and 
mitoK+

ATP-channels are involved in increasing resistance to 
acute oxygen deprivation after the combined exposure to 
hypercapnia and hypoxia (Tregub et al., 2014). Moreover, 
adenosine receptors were mainly affected by hypoxia, with-
out the hypercapnic component. However, due to the lack 
of experimental data, it was not possible to draw reliable 
conclusions about the role of hypercapnia in the activation 
of A1-adenosine receptors and mitoK+

ATP-channels.
We suggest that hypercapnia alone and/or in combination 

with hypoxia can activate signaling pathways of adaptation 
to ischemia/hypoxia associated with A1-adenosine recep-
tors and mitoK+

ATP-channels, since carbon dioxide has an 
effect on the factors of adaptation to hypoxia that are directly 
associated with these molecules. Testing this hypothesis was 
the goal of this study.

Establishing the role of A1-adenosine receptors and 
mitoK+

ATP-channels in the molecular mechanisms of the 
neuroprotective efficacy of hypercapnia and hypercapnic 
hypoxia opens prospects for reducing the labor intensity and 
increasing the effects through the use of pharmacological 
modulators of ischemic and hypoxic preconditioning.

Materials and Methods

Animals

The studies were performed using in  vivo and in  vitro 
models on 60 male Wistar rats (Institute of Cytology and 
Genetics of the Siberian branch of the Russian Academy 
of Medical Sciences, Novosibirsk, Russia), with an average 
weight of 250–300 g. Animal experiments were approved 
by the bioethical board of the local ethical committee of 
the Krasnoyarsk State Medical University named after prof. 
V.F. Voino-Yasenetsky and conducted in compliance with 
the principles of the European Convention for the Protection 
of Vertebrate Animals. The animals were randomized using 
SPSS 11.5 (SPSS Inc, Chicago, IL). The rats have been 
kept in cages at controlled room temperature (~ 23 °C) and 
natural lighting. The rats had free access to food and water. 
Before and after the experiments, the animals were weighed.
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Groups and Experimental Design

The study consisted of three series of experiments, with 
each series including four groups of samples/animals as 
shown in the experimental design (Online Resource 2). The 
first and second series were performed in in vitro models, 
and the third series was performed in an in vivo model. In 
each series of experiments, the groups differed in the partial 
oxygen pressure (PO2) and partial carbon dioxide pressure 
(PCO2), depending on the in vitro/in vivo model used:

NbH (normobaric hypoxia): in vivo—PO2 ≈ 90 mmHg 
and PCO2 ≈ 1 mmHg; the rest was N2; in vitro—PO2 ≈ 
35 mmHg and PCO2 ≈ 35 mmHg; the rest was N2;
PermH (permissive hypercapnia): PO2 ≈ 150 mmHg; PCO2 
≈ 50 mmHg; the rest was N2;
HyperH (hypercapnic hypoxia): in vivo—PO2 ≈ 90 mmHg 
and PCO2 ≈ 50 mmHg; the rest was N2; in vitro—PO2 ≈ 
35 mmHg and PCO2 ≈ 50 mmHg; the rest was N2;
Con (control group): in vivo—PO2 ≈ 150 mmHg and PCO2 
≈ 1 mmHg; the rest is N2; in vitro—PO2 ≈ 150 mmHg and 
PCO2 ≈ 35 mmHg; the rest is N2. Animals in this group 
underwent all experimental procedures, but without expo-
sure to hypoxia and/or hypercapnia.

In the first experimental series, the respiratory effects 
in rats (n = 20) were performed in a special chamber for 
15 days, 30 min per day. 24 h after completion of exposure 
courses, 5 rats from each group were subjected to eutha-
nasia by decapitation. The hippocampus was removed to 
obtain a primary tissue culture of central nervous system 
progenitor cells and neurospheres (Kuvacheva et al. 2015). 
Neurospheres were used for further differentiation into astro-
cytes and neurons. After differentiation, immunostaining of 
adenosine A1 receptors and mitochondrial ATP-dependent 
potassium channels was performed in cells cultured in nor-
mal conditions and in chemical hypoxia.

In the second series of experiments, astrocytes obtained 
from the primary tissue culture of progenitor cells were cul-
tured in the hypoxic chamber under conditions of normo-
baric hypoxia (PO2 ≈ 35 mmHg; PCO2 ≈ 35 mmHg; rest—
N2) and hypoxia in combination with hypercapnia (PO2 ≈ 
35 mmHg; PCO2 ≈ 50 mmHg; the rest—N2) for 24 h. In 6 h, 
they were subjected to chemical hypoxia followed by immu-
nostaining of adenosine A1 receptors and mitochondrial 
ATP-dependent potassium channels. As a control for this 
series, cells cultured in standard conditions were used: tem-
perature—37 °C, relative humidity—80%, PO2 ≈ 150 mmHg 
and PCO2 ≈ 35 mmHg; the rest was N2.

In the third experimental series, respiratory exposures 
were performed in rats (n = 40) in a special chamber for 
15 days, 30 min daily. On the next day after completion of 
the course of the exposure, focal ischemic brain damage was 

modeled in all animals by photochemical thrombosis (Barth 
& Mody, 2011; Pevsner et al., 2001). 72 h after the surgery, 
perfusion fixation was carried out followed by decapitation 
and extraction of the brain.

Respiratory Exposure

To conduct respiratory exposure, the flow chamber described 
earlier was used (Tregub et al., 2015). The experimental 
groups of rats breathed a gas mixture corresponding to the 
experimental group. The control group was placed in the 
chamber under similar conditions, but instead of the gas 
mixture, atmospheric air was pumped by the compressor. 
The gas composition in the chamber was controlled by a 
“Microlux O2 + CO2” gas analyzer (Microlux Ltd., Russia).

Surgical Procedures and Photochemical Thrombosis

On the day before the surgery inducing focal ischemic dam-
age, all animals did not receive food but had free access to 
water. Each rat was anesthetized by intraperitoneal adminis-
tration of chloral hydrate (400 mg/kg). A sterile incision was 
made in the left inguinal region. A 4% solution of pink rose 
bengal (Sigma-Aldrich, Germany) was injected into the left 
femoral vein in 0.9% NaCl solution at a dose of 40 mg/kg.

Ischemic damage to the cerebral cortex was performed 
by transcranial photochemical thrombosis (Barth & Mody, 
2011; Pevsner et al., 2001). A 10-min illumination of the 
scalped bones of the skull was performed with a green laser 
(532 nm, 20 mW). A section of the right parietal bone, 2 mm 
in diameter, located in the middle between the bregma and 
the lambdoid suture, and 2 mm lateral to the sagittal suture 
was illuminated on the skull.

Before decapitation, the animals underwent transcardial 
perfusion (jet injection of 500 ml of PBS followed by the 
perfusion with 250 ml of 4% PBS-buffered paraformalde-
hyde). After perfusion, the brain was removed and kept for 
2 days in a 4% solution of PBS-buffered paraformaldehyde 
and 2 days in a 30% sucrose solution. Next, the brain was 
partitioned on a vibratome (thickness of the frontal sections 
was 60 μm). The sections were individually transferred 
to a 30% sucrose solution in 24-well plates for storage or 
analysis.

Obtaining the Initial Culture of the Neurospheres 
and the Primary Culture of Neurons and Astrocytes

The hippocampus was separated and removed from the brain 
in a 2% glucose solution in PBS. The resulting fragments 
were transferred to a fresh 2% glucose solution in PBS, fol-
lowed by removal of the supernatant after passive sedimen-
tation. After sedimentation, the tissue was resuspended in 
1 ml of the medium from the NeuroCult Proliferation Kit 
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(Mouse & Rat) (StemCell, Canada) and triturated to a homo-
geneous cell suspension. Further, the supernatant obtained 
after sedimentation was centrifuged at 150g for 5 min.

Progenitor cells isolated from the brain, with a density 
of 6–12 million viable cells/ml, were plated in T-25 cm2 
culture vials in 10 ml of NeuroCult Proliferation Kit (Mouse 
& Rat) culture medium (StemCell, Canada). Subsequently, 
the cells were incubated in a CO2 incubator at 5% CO2 and 
a temperature of 37 °C.

Differentiation of the Neurospheres

After 24-h incubation, establishment of freely floating neu-
rospheres (a conglomerate of cells proliferating as spheroids) 
was observed. Neurospheres were used to differentiate the 
cells into astrocytes after 4–5 days of culture.

To differentiate the neurospheres, differentiation factors 
were added to the culture medium. The commercial Astro-
cyte Medium kit media (Cat. No. 1821, ScienCell, USA) 
were used as nutrient media. After 7 days, an immunocyto-
chemical assessment of the purity of the obtained cultures 
was carried out. GFAP was used as an astrocyte marker. 
Then astrocytes were transferred to 24-well plates for further 
experiments.

In Vitro Chemical Hypoxia Model

Astrocytes were incubated with sodium iodoacetate for 
30 min at 37 °C in a CO2 incubator. The concentration of 
sodium iodoacetate in the medium was 50 μM. At the end 
of the incubation, the cells were washed and the culture 
medium was completely replaced, and cells were further 
cultured under standard conditions for 24 h.

In Vitro Modeling of Hypoxia and Hypercapnia

Modeling of hypoxic and hypercapnic-hypoxic effects in a 
culture of astrocytes isolated from progenitor cells of rats of 
the control group was carried out in the HypoxyLab cham-
ber (Oxford Optronix Ltd, UK) (PO2 ≈ 35 mmHg; PCO2 ≈ 
50 mmHg; the rest is N2), at 37 °C and a humidity level of 
80% for 24 h.

Immunocytochemistry

The immunocytochemical assessment of A1-adenosine 
receptors and Kir6.2 (a subunit of the mitochondrial ATP-
dependent potassium channel) relative number in astrocytes 
was performed by double indirect immunofluorescence. Pre-
liminarily, the cells were prefixed with 2% paraformaldehyde 
solution in the culture medium for 5 min. Subsequent cell 
fixation was carried out with a 4% paraformaldehyde solu-
tion for 15 min.

After the fixation, permeabilization with 0.1% Triton 
X-100 solution (10 min at room temperature) and blocking 
with 10% BSA in PBS (30 min at 37°) have been performed. 
After BSA was removed and washed 3 times with PBS, the 
primary antibody solution was added to astrocytes for 2 h 
at 37 °C. After removing the primary antibodies and wash-
ing 3 times with PBS, a solution of secondary antibodies 
was added to the astrocytes for 1 h at 37 °C. To contrast the 
nuclei, a DAPI solution was used.

We used polyclonal rabbit antibodies to A1-adenosine 
receptors (Thermo Fisher, Cat. No. PA1-041A) at a dilu-
tion of 1:500 and monoclonal rabbit antibodies to Kir6.2 
(Thermo Fisher, Cat. No. PA5-75331) at a dilution of 1:200 
as primary antibodies. Polyclonal goat anti-rabbit antibod-
ies conjugated with AlexaFlour555 at a dilution of 1:500 
(Thermo Fisher, Cat. No. A-21428) were used as secondary 
antibodies.

Fluorescence microscopy was carried out on a ZOE cell 
analysis system (Bio-Rad, USA) including a count of the 
number of immunopositive cells relative to the total num-
ber of cells. Microphotographs were processed using ImageJ 
1.41 (Scion Inc., USA).

Immunohistochemistry

An immunohistochemical study was performed on free-
floating sections of the brain. A blocking solution with 10% 
BSA in PBS was added to the sections for 60 min at 37 °C. 
After removal of BSA and washing twice with PBS solu-
tion, a primary antibody solution was added to the sections, 
incubating on a shaker overnight at + 4 °C. After the primary 
antibodies were removed and washed twice with PBS solu-
tion, a secondary antibody solution was added to the sections 
for 2 h at room temperature. Primary and secondary anti-
bodies were used as indicated in “Immunocytochemistry” 
section.

After incubation with secondary antibodies and washing 
three times, the sections were transferred onto glass slides 
with the addition of fluoromount and DAPI. Counting the 
number of immunopositive cells in the peri-infarction region 
was performed in at least 5 fields of view using an FV10i-W 
confocal microscope (Olympus, Japan).

Statistical Analysis

The size of the total sample and of each group was calcu-
lated from previous studies on a similar model using the 
quantitative scale method (Dell et al., 2002). Statistical anal-
ysis was performed with the SPSS 11.5 program (SPSS Inc, 
Chicago, IL). The hypothesis of distribution normality was 
tested by the Shapiro–Wilk test. Due to the fact that some of 
the data did not correspond to the normal distribution, uni-
variate Kruskal–Wallis analysis of variance was performed 
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to compare the differences between groups. In the analysis, 
the dependent variables were the percentage of A1-adeno-
sine receptors in astrocytes, the percentage of A1-adenosine 
receptors in the peri-stroke region of the cerebral cortex, 
the percentage of mitoK+

ATP-channels in astrocytes, and the 
percentage of mitoK+

ATP-channels in the peri-stroke region 
of the cerebral cortex.

Quantitative data are presented as median (Me), lower 
quartile (25%) and upper quartile (75%). The differences 
were considered significant if the probability of error (p) 
was < 0.05.

Results

Relative Number of A1‑Adenosine Receptors 
in Astrocytes In Vitro

The relative number of A1-adenosine receptors in astrocytes 
isolated from rat hippocampus after 15 respiratory effects of 

hypoxia and/or hypercapnia in vivo (Fig. 1) differed between 
groups both during cell growth under normal conditions and 
after chemical hypoxia modeling.

Moreover, under normoxic conditions (Fig.  1A), a 
decrease in the relative number of A1 receptors for adeno-
sine was found in the PermH group compared to the con-
trol group by 26% (p < 0.05), and in the NbH and HyperH 
groups, there was an increase in the relative number of 2 and 
2.5 times, respectively (p < 0.001).

After chemical hypoxia (Fig.  1B), the control group 
(p  <  0.001) and the PermH group (p  <  0.05) had an 
increased relative number of adenosine A1 receptors in more 
than twofold compared to normoxic conditions. In the NbH 
group, on the contrary, there was a twofold decrease in their 
relative number relative to the control group (p < 0.001). 
Moreover, the number of A1 receptors in the HyperH group 
did not change under conditions of chemical hypoxia, 
remaining comparable to the control group.

The relative number of A1-adenosine receptors in 
astrocytes after a 24-h exposure to in vitro hypoxia and/or 

Fig. 1   The relative number of A1-adenosine receptors in astrocytes 
isolated from rat progenitor cells subjected to respiratory exposure 
in  vivo: A, B the percentage of immunopositive cells in relation to 
the total number of cells under normal and hypoxic conditions. Data 
are presented as Me (25; 75%). *Differences compared to control 
(p < 0.05); **differences compared to the control (p < 0.001); #dif-
ferences compared to the NbH group (p  <  0.001); &differences 

compared to the PermH group (p  <  0.001). C, D A1-adenosine 
receptors in astrocytes under normal and hypoxic conditions. Magni-
fication ×175. Blue color—DAPI; Red color—primary antibodies to 
A1-adenosine receptors associated with a secondary antibody conju-
gated to AlexaFlour555. NbH normobaric hypoxia, PermH permis-
sive hypercapnia, HyperH hypercapnic hypoxia
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hypercapnia (Fig. 2) differed between groups both during 
cell growth under normal toxic conditions and after chemical 
hypoxia modeling.

An increase in the relative number of A1-adenosine 
receptors under normoxic conditions (Fig. 2A) was found 
in the NbH group, exceeding control values by 3 times 
(p < 0.001). After modeling chemical hypoxia (Fig. 2B) in 
the astrocytes of the control group (p < 0.001), the relative 
number of A1-adenosine receptors increased by 2.3 times, 
in the HyperH group by 20% (p < 0.01), and, in contrast, 
in 2.7 times (p < 0.01) in relation to normoxic conditions. 
Moreover, the values in the experimental groups remained 
below the corresponding control level (p < 0.01), without 
differences.

The Number of A1‑Adenosine Receptors 
in the Peri‑infarct Zone

The number of A1-adenosine receptors in the near-stroke 
region of the cerebral cortex (Fig. 3) in the NbH group was 
twice as high as in the control (p < 0.001). In the HyperH 

group, this value was higher by 45%, relative to the control 
values (p < 0.05). Moreover, exposure in the PermH group 
reduced the number of A1-adenosine receptors by almost 
half (p < 0.05).

The Relative Number of mitoK+
ATP‑Channels 

in Astrocytes In Vitro

The relative number of mitoK+
ATP-channels in astrocytes 

isolated from rat hippocampus after 15 respiratory effects of 
hypoxia and/or hypercapnia in vivo (Fig. 4A) was increased 
under normoxic conditions in all experimental groups 
(p < 0.001). Moreover, in the HyperH group the relative 
number of mitoK+

ATP-channels increased by almost 7 times, 
in the PermH group by 2.5 times, and in the NbH group by 
1.8 times.

The exposure to chemical hypoxia (Fig. 4B) caused a 
decrease in the relative number of mitoK+

ATP-channels, 
compared with the corresponding control. Minimal val-
ues were observed in astrocytes from the PermH group, 
where there was a decrease in the relative number of 

Fig. 2   The relative number of A1-adenosine receptors in astrocytes 
subjected to hypoxia and hypercapnia in  vitro: A, B the percentage 
of immunopositive cells in relation to the total number of cells under 
normal and hypoxic conditions. Data are presented as Me (25; 75%). 
*Differences compared to control (p  <  0.05); **differences com-
pared to control (p < 0.001); #differences compared to the NbH group 

(p < 0.001). C, D A1-adenosine receptors in astrocytes under normal 
and hypoxic conditions. Magnification ×175. Blue color—DAPI; Red 
color—primary antibodies to A1-adenosine receptors associated with 
a secondary antibody conjugated to AlexaFlour555. NbH normobaric 
hypoxia; HyperH hypercapnic hypoxia
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mitoK+
ATP-channels by 5.4 times (p < 0.001). Moreover, 

groups with the hypoxic component had a decrease of 
24% (p < 0.05 for NbH; p < 0.001 for HyperH).

Notably, in the control and NbH groups, adding 
sodium iodoacetate increased the relative number of 
mitoK+

ATP-channels in relation to normoxic conditions 
(p < 0.001), while the opposite effect occurred in the 
groups PermH (p < 0.001) and HyperH (p < 0.05).

The relative number of mitoK+
ATP-channels in astro-

cytes after a 24-h exposure to hypoxia and/or hypercapnia 
in vitro under normoxic conditions (Fig. 5A) increased in 
the NbH group by 4.2 times, and in the HyperH group by 
3.2 times (p < 0.001).

After modeling chemical hypoxia (Fig.  5B) in the 
control group (p  <  0.001), the relative number of 
mitoK+

ATP-channels was increased by 7 times, and in the 
NbH group, it was reduced by 2.4 times (p < 0.001), com-
pared to normoxic conditions. Moreover, after the addi-
tion of sodium iodoacetate in the HyperH group, the rela-
tive number of mitoK+

ATP-channels did not change when 
compared to the normoxic conditions and was 53% higher 
than that of the NbH group (p < 0.001). At the same time, 
both experimental groups showed significantly lower val-
ues when compared to the controls (p < 0.001).

The Number of mitoK+
ATP‑Channels 

in the Peri‑infarct Zone

The number of mitoK+
ATP-channels in the peri-infarct region 

of the cerebral cortex (Fig. 6) in rats from the NbH group was 
almost 2 times higher compared to the control (p < 0.001), in 
the PermH group 2.6 times (p < 0.001), and in the HyperH 
group it is 3.4 times higher (p < 0.001). Moreover, the values 
of the PermH and HyperH groups were higher compared to the 
NbH group (p < 0.01), without showing mutual differences.

General data on the effects of exposure (activation/inhi-
bition) of permissive hypercapnia, normobaric hypoxia, and 
hypercapnic hypoxia on the relative number of A1-adenosine 
receptors in astrocytes, the number of A1-adenosine receptors 
in the peri-infarct region of the cerebral cortex, the relative 
number of mitoK+

ATP-channels in astrocytes, and the number 
of mitoK+

ATP-channels in the peri-infarct region of the cerebral 
cortex are presented in Table 1.

Fig. 3   The number of A1-adenosine receptors in the peri-infarct 
region of the cerebral cortex (A). Microphotographs of a peri-infarct 
region of the cerebral cortex (B). Data are presented as Me (25; 75%). 
**Differences compared to control (p  <  0.001); *differences com-
pared to control (p < 0.05); #differences compared to the NbH group 
(p  <  0.05); ##differences compared to the NbH group (p  <  0.001); 

&differences compared to the PermH group (p < 0.001). Magnifica-
tion ×250. Confocal microscopy. Blue color—DAPI; red—primary 
antibodies to A1-adenosine receptors associated with a secondary 
antibody conjugated to AlexaFlour555. NbH normobaric hypoxia; 
PermH permissive hypercapnia; HyperH hypercapnic hypoxia
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Discussion

In recent years, much attention has been paid to the neu-
roprotective effect of ischemic/hypoxic preconditioning 
(Sharp et al., 2004; Obrenovitch, 2008; Zhao et al., 2012). 
However, the clinical application of these methods has sig-
nificant limitations (Lukyanova et al., 2009; Rybnikova & 
Samoilov, 2015). At the same time, the study of signaling 
pathways of preconditioning is important for understanding 
the molecular mechanisms of neuroprotection and the devel-
opment of new methods of prevention/treatment of central 
nervous system pathology.

The combination of intermittent hypoxia with hyper-
capnia is one of the promising neuroprotective strategies 
for the development of resistance of the brain to ischemia. 
Hypercapnic hypoxia likely causes a neuroprotective effect 
due to increased brain perfusion (Faraco et al., 2015; Hau-
brich et al., 2011; Qi et al., 2012), inhibition of apoptosis 
in the peri-infarct region (Tao et al., 2013; Zhou et al., 
2010), increased activity of the transcription factor HIF-1α 

(Kulikov et al., 2015), antioxidant effect (Kniffin et al., 
2014; Zakynthinos et al., 2007), and increasing angiogene-
sis and levels of chaperone HSP-70 (Bespalov et al., 2014).

Ischemic/hypoxic preconditioning and intermittent 
hypoxia affect similar signaling pathways, but with differ-
ent intensities (Rybnikova & Samoilov, 2015; Sharp et al., 
2004), which allows us to propose a hypothesis about their 
neuroprotective effects. According to the classical model 
of preconditioning, the neuroprotection mechanism con-
sists of a cascade of events: the release of adenosine, stim-
ulation of A1 receptors, and opening of ATP-dependent 
K+-channels sensitive to sulfonylurea (Heurteaux et al., 
1995; Kulinskiĭ et al., 2006; Wang et al., 2011). According 
to Yellon and Downey (2003), activation of A1-adenosine 
receptors reproduces the effect of preconditioning and 
increases the tolerance of myocardial cells to ischemia. 
Additionally, activation of ATP-dependent K+-channels in 
the brain causes an effect similar to ischemic precondition-
ing (Mayanagi et al., 2007).

Fig. 4   The relative number of mitoK+
ATP-channels in astrocytes 

isolated from rat progenitor cells subjected to respiratory exposure 
in  vivo: A, B percentage of immunopositive cells in relation to the 
total number of cells under normal and hypoxic conditions. Data 
are presented as Me (25; 75%). *Differences compared to control 
(p  <  0.05); **differences compared to control (p  <  0.001); #differ-
ences compared to the NbH group (p  <  0.001); &differences com-

pared to the PermH group (p < 0.001). C, D mitoK+
ATP-channels in 

astrocytes under normal and hypoxic conditions. Magnification ×175. 
Blue color—DAPI; red color—primary antibodies to Kir6.2 (a subu-
nit of mitoK+

ATP-channel) associated with a secondary antibody con-
jugated to AlexaFlour555. NbH normobaric hypoxia; PermH permis-
sive hypercapnia; HyperH hypercapnic hypoxia
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This study was conducted to evaluate the role of A1-aden-
osine receptors and mitoK+

ATP-channels in the neuropro-
tective effect after the combined intermittent exposures to 
hypercapnia and hypoxia (Tregub et al., 2015). To perform 
intermittent respiratory exposures, we used those parameters 
(gas concentrations, multiplicity, and duration of sessions) 
that have the maximum neuroprotective potential (Tregub 
et al., 2013, 2015). To assess the neuroprotective poten-
tial of the studied signaling pathways directly, we used the 
model of photoinduced cerebral vascular thrombosis (Barth 
& Mody, 2011; Pevsner et al., 2001). We also evaluated the 
effect of hypoxia and hypercapnia on the relative number of 
A1-adenosine receptors and mitoK+

ATP-channels in astro-
cytes, which are considered as potential targets for neuro-
protection and recovery in ischemic stroke (Björklund et al., 
2008; Liu & Chopp, 2016).

It is established that ischemic and hypoxic precondition-
ing increases the level of adenosine and activates A1-aden-
osine receptors, which leads to an increase in the brain’s 
resistance to ischemia (Heurteaux et al., 1995; Obrenovitch, 
2008). Moreover, Liu et al. (2011) proved that the activation 

of A1-adenosine receptors reduces the chemosensitivity of 
respiratory neurons to increased CO2, but not decreased O2. 
This suggests the antagonism of these receptors and permis-
sive hypercapnia.

The data obtained in cell models in vitro (“Relative Num-
ber of A1-Adenosine Receptors in Astrocytes In Vitro” sec-
tion) suggest some important conclusions. First, the stimu-
lating effect of intermittent hypoxia, but not hypercapnia, 
on A1-adenosine receptors in astrocytes was detected after 
their isolation into a culture. This indicates the absence of a 
direct effect of CO2 on these receptors when combined with 
hypoxic exposure. In addition, this shows that intermittent 
hypoxia might affect the epigenetic regulation of the rela-
tive number of A1-adenosine receptors in astrocytes even 
after their cultivation. This can be attributed to the effects of 
the transcription factor HIF-1, which enhances the activity 
of adenosine receptors (Howell & Tennant, 2014) or to the 
effect of hypoxia on the G-proteins that are associated with 
these receptors (Jacobson & Gao, 2006).

Assessment of the relative number of A1-adenosine 
receptors in astrocytes under in vitro chemical hypoxia 

Fig. 5   The relative number of mitoK+
ATP-channels in astrocytes 

subjected to hypoxia and hypercapnia in  vitro: A, B the percent-
age of immunopositive cells in relation to the total number of cells 
under normal and hypoxic conditions. Data are presented as Me (25; 
75%). *Differences compared to control (p  <  0.001); #differences 
compared to the NbH group (p  <  0.05); ##differences compared to 

the NbH group (p  <  0.001); C, D mitoK+
ATP-channels under nor-

mal and hypoxic conditions. Magnification ×175. Blue color—
DAPI; Red color—primary antibodies to Kir6.2 (a subunit of the 
mitoK+

ATP-channel) associated with a secondary antibody conjugated 
to AlexaFlour555. NbH normobaric hypoxia; HyperH hypercapnic 
hypoxia
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demonstrates the protective effect of the combined expo-
sure to hypercapnia and hypoxia. This effect stabilizes the 
relative number of receptors in relation to the control level. It 
is observed both in astrocytes after exposure to hypercapnic 
hypoxia in vivo, and in astrocytes subjected to an equivalent 
in vitro exposure. Moreover, a decrease in the relative num-
ber of A1-adenosine receptors in astrocytes after exposure to 
normobaric hypoxia, detected under conditions of chemical 
hypoxia, may indicate a decrease in their adaptive potential 
(Obrenovitch, 2008).

It is important to note that hippocampal A1-adenosine 
receptors are mainly localized in neurons, in particular 
in synapses (Rebola et  al., 2003; Tetzlaff et  al., 1987). 

However, astrocytes were the main object of our in vitro 
studies because we were interested in the general patterns of 
the adaptive response of nervous tissue to hormetic stimuli, 
which were intermittent hypoxia and hypercapnia. It can be 
assumed that the results obtained for A1-adenosine recep-
tors, which are less characteristic of astrocytes, will be true 
for neurons (Björklund et al., 2008). This is confirmed by 
the results from “The Number of A1-Adenosine Receptors 
in the Peri-infarct Zone” section, where the assessment of 
the density of receptors in neurons of the peri-infarct region 
corresponded to the trend described in “Relative Number 
of A1-Adenosine Receptors in Astrocytes In Vitro” section. 
In addition, we sought to study A1-adenosine receptors and 

Fig. 6   The number of mitoK+
ATP-channels in the peri-infarct region 

of the cerebral cortex (A). Data are presented as Me (25; 75%). *Dif-
ferences compared to control (p  <  0.001); #differences compared 
to the NbH group (p  <  0.001). Microphotographs of a peri-infarct 
region of the cerebral cortex (B). Magnification ×250. Confocal 

microscopy. Blue color—DAPI; red color—primary antibodies to 
Kir6.2 (subunit of mitoK+

ATP-channel) associated with a secondary 
antibody conjugated to AlexaFlour555. NbH normobaric hypoxia; 
PermH permissive hypercapnia; HyperH hypercapnic hypoxia

Table 1   Effects of hypercapnia, 
hypoxia, and hypercapnic 
hypoxia on A1-adenosine 
receptors and mitoK+

ATP-
channels in experimental series

NbH normobaric hypoxia, PermH permissive hypercapnia, HyperH hypercapnic hypoxia, ↓ inhibition; ↑ 
activation/induction

Experimental series PermH NbH HyperH

Normal Hypoxia/
ischemia

Normal Hypoxia/
ischemia

Normal Hypoxia/
ischemia

A1-adenosine receptors
 1. In vivo → in vitro ↓ – ↑ ↓ ↑ –
 2. In vitro ↑ ↓ – ↓
 3. In vivo ↓ ↑ ↑

mitoK+
ATP-channels

 1. In vivo → in vitro ↑ ↓ ↑ ↑ ↑ ↑
 2. In vitro ↑ ↓ ↑ ↓
 3. In vivo ↑ ↑ ↑
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mitoK+
ATP-channels on one type of neural cells in order to 

correctly interpret the experimental results.
The functioning of K+

ATP-channels depends on the redox 
state of the active groups of protein channels, and redox 
agents modulate their activity (Garlid & Beavis, 1986). 
Under conditions of hypoxia and ischemia, an increase in the 
concentration of reactive oxygen species (Mironova et al., 
2010), a change in the ratios of GSH/GSSG and NAD+/
NADH, which lead to the modification of thiol groups of 
cysteines in membrane structures (Obrenovitch, 2008) have 
been demonstrated. Moreover, an increase in the intracel-
lular level of reactive oxygen radicals leads to a pronounced 
activation of mitoK+

ATP-channels (Zhang et al., 2001). This 
is also facilitated by an increase in the synthesis of NO with 
the formation of peroxynitrite (Dahlem et al., 2004; Lacza 
et al., 2003; Sasaki et al., 2000) and subsequent activation 
of protein kinase C (Krenz et al., 2002). In addition, there 
is evidence that the selective activation of mitochondrial 
ATP-dependent K+ channels in astrocytes induces delayed 
preconditioning (Rajapakse et al., 2003) and increases the 
uptake of glutamate in culture, which may provide an addi-
tional protective advantage (Sun et al., 2008).

Evaluation of the relative number of mitoK+
ATP-channels 

in astrocytes (“The Relative Number of mitoK+
ATP-Channels 

in Astrocytes In Vitro” section) after exposure to in vivo 
normobaric hypoxia and permissive hypercapnia indicates 
the possibility of regulating their number through epige-
netic mechanisms. This may be due to O2-deficient oxida-
tive stress (Mironova et al., 2010) and activation of pro-
tein kinase C, caused by an increase in the concentration 
of CO2/bicarbonate and an increase in intracellular Ca2+ 
(Obrenovitch, 2008). In addition, the effect on sodium 
iodoacetate astrocytes demonstrates the stabilizing effect 
of hypercapnia on the regulation of the relative number of 
mitoK+

ATP-channels. This effect is to maintain the number 
of channels after the exposure to hypercapnic hypoxia at 
the control level, which can be interpreted as an indicator of 
ischemic/hypoxic tolerance (Obrenovitch, 2008). This may 
be due to the antioxidant effects of carbon dioxide (Barth 
et al., 1998; Goss et al., 1999; Zakynthinos et al., 2007; Zhao 
et al., 1998) and the subsequent limitation of oxidative stress 
in astrocytes.

Modeling the focal ischemic stroke (“The Number of 
A1-Adenosine Receptors in the Peri-infarct Zone” and 
“The Number of mitoK+

ATP-Channels in the Peri-infarct 
Zone” sections) revealed trends similar to in vitro results. 
We found that permissive hypercapnia inhibits A1 recep-
tors in cells surrounding stroke region and reduces their 
number when combined with normobaric hypoxia. At the 
same time, permissive hypercapnia increases the num-
ber of mitoK+

ATP-channels both in isolated exposure and 
when combined with normobaric hypoxia (Fig. 7). These 
data, in the context of higher neuroprotective potential of 

hypercapnic hypoxia, can be considered as a protective 
mechanism against excessive induction of the adenosine 
signaling link with an emphasis on the final precondition-
ing effectors—mitoK+

ATP-channels (Heurteaux et al., 1995; 
Obrenovitch, 2008). This assumption is also supported by 
data that prolonged activation of adenosine A1 receptors 
may have a negative role in the pathogenesis of neurological 
disorders (Stockwell et al., 2017).

The results of this study are consistent with the previ-
ously obtained data (Tregub et al., 2014), which showed 
that application of A1-adenosine receptor blockers and 
mitoK+

ATP-channels before exposure to hypercapnic 
hypoxia precludes the formation of brain’s resistance to 
hypoxia. At the same time, blocking adenosine receptors 
did not affect the neuroprotective efficacy of permissive 
hypercapnia, in contrast to normobaric hypoxia. However, 
blocking mitoK+

ATP-channels had an inhibitory effect on 
the formation of resistance to hypoxia for both permissive 
hypercapnia and normobaric hypoxia. Also, Lindauer et al. 
(2003) showed that exposure to hypercapnia stimulates 
Ca2+-activated and ATP-dependent potassium channels in 
the brain vessels.

The observed effect of the combined exposure to moder-
ate doses of hypoxia and hypercapnia can be discussed from 
the perspective of the hormesis paradigm (Leak et al., 2018). 
The main reason for this is the fact that both a deficiency 
of oxygen and carbon dioxide and their excess in the body 
causes serious damage. Therefore, the positive effects found 
in the intermittent effects of moderate doses of hypoxia and 
hypercapnia will be relevant only for a certain therapeutic 
range of gas concentrations, duration of sessions, and fre-
quency of courses. It is also important to emphasize that a 
hypothesis has already been formulated regarding hyper-
capnia and hypoxia reflecting the possibility of their use as 
a hormetic stimulus (Pruimboom & Muskiet, 2018).

Changes in the relative number of A1-adenosine recep-
tors and mitoK+

ATP-channels affect many cellular functions 

Fig. 7   The role of A1-adenosine receptors and mitoK+
ATP-channels 

in the molecular mechanisms of the neuroprotective efficacy of 
hypercapnia and hypercapnic hypoxia. Red lines—inhibition; Green 
lines—activation/induction. References to primary sources are indi-
cated in square brackets
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and should be considered as a target for novel preventive 
and therapeutic methods in hypoxic/ischemic damage of 
the central nervous system. The combination of hypercap-
nic-hypoxic respiratory exposures with pharmacological 
modulators (2-chloroadenosine, diazoxide) is a promising 
approach (Li & Roth, 1999; Sun et al., 2012). At the same 
time, combination of pharmacological modulators with 
the exposure to hypercapnic hypoxia and drugs that affect 
other adaptogenic signaling pathways can be most effective 
(Baillieul et al., 2017). This is confirmed by the data on the 
increase in the neuroprotective effects of hypoxia in combi-
nation with a NOS inhibitor (Malyshev et al., 1999), as well 
as an increase in the cardioprotective effect when combin-
ing hypoxic preconditioning with opioid receptor activators 
(Maslov et al., 2009).

Conclusions

According to the results of the study, we can conclude that 
hypercapnia, unlike hypoxia, does not have a stimulating 
effect on the relative number of A1-adenosine receptors. 
Moreover, hypercapnia, regardless of hypoxia, causes an 
increase in the relative number of mitoK+

ATP-channels when 
they are combined, which is an important component of the 
mechanism of neuroprotective effectiveness of hypercapnic 
hypoxia. These results open prospects for the development 
of new neuroprotective techniques based on a combination 
of hypercapnic-hypoxic exposures and pharmacological 
modulators of the signaling pathways in preconditioning.
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