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The subject of study is the comparative assessment of electrical activity of the
brain and cardiorespiratory response during normobaric and hypobaric hypoxia.
For the normal functioning of the mechanisms for maintaining the body’s
energy balance, it is necessary to preserve the parameters that characterize the
functional abilities of oxygen transport systems. The experimental results show that
atmospheric pressure is not the main factor influencing the electrical activity of
brain cells and the autonomic functions of the body. It turns out that in both
hypobaric and normobaric hypoxia, the cause of the observed changes in indicators
is a decrease in the partial pressure of oxygen (PO2) in the environment, which leads
to a decrease in oxygen tension in the blood (PaOz).
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Introduction. Providing the body with oxygen is one of the most pressing
problems of modern physiology and theoretical medicine, since hypoxia underlies
the pathogenesis of most diseases, and an in-depth study of these processes is of
great practical importance.

For the normal functioning of the mechanisms for maintaining the body’s
energy balance, it is necessary to preserve the parameters that characterize the
functional abilities of oxygen transport systems. Several classifications of hypoxic
conditions are known. The most well-known classification includes 4 large classes:
hypoxic hypoxia, anemic hypoxia, congestive or circulatory hypoxia, histotoxic or
tissue hypoxia [1].

In addition to these classes, acute and chronic hypoxia are also distinguished.
Acute hypoxia occurs, when there is a sharp decrease in the access of oxygen to the
body: during fast flight on aircraft, when “ascending” to a height, when the body
breathes under conditions of a gas mixture containing little oxygen (hypobaric
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hypoxia, HH). Chronic hypoxia develops with chronic diseases of the blood and
respiratory system, as well as with prolonged stay in the mountains, in environmen-
tally unfavorable conditions (densely populated cities, regions with large industrial
facilities), where there is low PO; in the atmospheric air.

For all types of hypoxia, the vector of metabolic disorders is the same: the
formation of energy bonds slows down, the energy potential of the cell decreases,
and biosynthesis processes are suppressed. The latter is especially pronounced in the
synthesis of proteins and their complexes, as well as lipids of various types,
i.e. substances included in the structure of cell membranes. All types of oxygen
deficiency, regardless of their genesis, necessarily lead to disruption of oxidation
processes in the cells of the central nervous system. Weakening of oxidative proce-
sses in the brain, including neurons of the respiratory center, leads to weakening of
breathing and its stop (apnea). Studies of the effect of hypoxia on the body are carried
out by reducing the partial pressure of ambient O, (PO,) either by reducing
barometric pressure (HH), or by reducing the O; fraction in the inhaled air under
normal atmospheric pressure conditions 760 mm Hg (normobaric hypoxia, NH).

In some studies, barometric pressure is taken as the main parameter of
interest [2-5]. Recent evidence challenges these assumptions, suggesting that
physiological responses to hypoxic stimuli are PO, dependent, independent of
barometric pressure [6-11].

The results of experiments on studying cognitive functions in conditions of
NH and HH are ambiguous. The human brain requires a constant supply of oxygen
to function effectively. Therefore, moderate to severe hypoxia can impair cognitive
abilities, leading to possible problems in decision making. It has been suggested that
cognitive abilities do not differ between NH and HH [12].

It was further hypothesized that all physiological variables (capillary and
tissue oxygenation, cardiovascular performance) and subjective variables (perceived
exertion, dyspnea, sleep quality, response to hypoxia and workload index) would
differ between NH and HH [13]. However, physiological differences after exposure
to NH and HH are currently the subject of much debate. It also remains unclear how
brain cells respond to NH and HH.

The purpose of this study was to study the effect of acute NH and HH on
neuronal activity of the brain and heart (HR) and respiration rate (RR).

Materials and Methods. The experiments were carried out under acute
experimental conditions on white male rats weighing 180-230 g, anesthetized by
intraperitoneal injection of Nembutal (40 mg/kg). Animals were purchased from
“Sedward Limited Liability Company” (sedvardd@mail.ru). All of the above studies
were carried out on 2 groups of animals. There are 12 rats in each group. Animals
were obtained and kept in a special breeding facility that operates according to
international bioethics standards. All data generated or analysed during this study
are included in this published article (and its supplementary information files).
All experimental protocols were approved by Yerevan State University.

All experimental protocols were approved by Yerevan State University.

All methods were carried out in accordance with relevant guidelines and
regulations. All methods are reported in accordance with ARRIVE guidelines
(https://arrivequidelines.org/).
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Pecording of Neuronal Activity. For the purpose of extracellular recording of
the impulse activity of neurons in the medulla oblongata and the cerebral cortex
(sensomotor zone), anesthetized animals were fixed on a stereotaxic apparatus,
and glass microelectrodes (diameter 1 mm, resistance 3-5 m Ohm) filled with a
2 M NaCl solution were inserted into the corresponding brain structures. To record
the electrical activity of neurons in the respiratory center (RC) of the medulla
oblongata, the cerebellum was removed, and the search for RC neurons was carried
out in the obex zone.

Registration and analysis of the impulse activity of neurons was carried out
using a computer program specially developed for the analysis of biological signals.
Consecutive sections of interimpulse intervals, including up to 1200 action potentials,
were analyzed. This article presents indicators of the average firing rate of neurons.

Recording of RR and HR. Respiration rate is measured using a carbon sensor
attached to the rat’s chest. The sensor consists of a thin elastic tube filled with
graphite. Through electrodes coming out of the ends of the tube, the respiratory rate
signal is transmitted and evaluated by a computer. The heart rate was recorded using
a cardiograph.

Hypobaric Hypoxia Conditions. In the first series of studies, changes in the
above indicators were studied under conditions of HH. Various degrees of HH
(moderate and acute) oxygen deficiency were created in a laboratory pressure
chamber (36x26x50 cm) by pumping out air. After searching for a working neuron
in the corresponding area of the brain, the animal was placed in a pressure chamber.

Registration was carried out under conditions of normal atmospheric pressure
(PO2 = 142 mm Hg, N), then in the dynamics of oxygen deficiency (at different
“heights”): with moderate hypoxia (I phase) — at an “altitude” of 4500-5000 m
(PO2= 98-85 mm Hg), with acute hypoxia (I phase) at an “altitude” of
7500-8000 m and (PO, = 64-58 mm Hg,) and after “descent” to conditions of
normal atmospheric pressure (NY).

The “ascent” and “descent” of the animals in pressure chamber was carried
out at a speed of 15-20 m/s. At all altitudes, impulses from the pressure chamber
were fed to the monitor screen, where impulse activity and respiratory rate were
displayed, as well as to an electrocardiograph.

Normobaric Hypoxia Conditions. In the second series of studies, a model of
NH was created. Tracheotomized animals, fixed on a stereotactic apparatus with
implanted microelectrodes and electrodes for recording impulse activity, HR and
RR under normal atmospheric pressure (PO, = 142 mm Hg, N), were supplied with
a hypoxic gas mixture (7% O in nitrogen) from a Douglas pouch through a trachea-
tomy tube [14]. The hypoxic gas mixture was composed according to the formula

02 (%) = ((B-47) x 21) / (B1-47),
where Oz (%) is Oz content in % in the gas mixture at the simulated height;
21 — value of O, content (in %) in atmospheric air; B is the barometric pressure at

the simulated altitude (8000 m); 47 — partial pressure of water vapor (t = 37°C);
B is the barometric pressure, at which the experiment is carried out.

02 (%) = ((267-47) x 21) / (690-47) = 7%,
7% O- in nitrogen corresponds to an altitude of 8000 m.
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The RR of gases in the bag was obtained using a gas analyser OXYBABY®
6.0 P. Registration of HR, RR and impulse activity of the cortex and medulla
oblongata was carried out normally (before breathing the gas mixture), after 2 min
and 5-6 min of breathing the gas mixture (NH) and after disconnecting from the gas
mixture and transferring the animal back to breathing ordinary atmospheric air.

In the acute hypoxic stage of NH and HH, the animal can be kept for no more
than 10 min. The reliability of the average values was determined using the Student’s
t-test (p<0.05). All work with animals was carried out in accordance with the rules
of the European Convention for the Protection of Experimental Animals (Directive
2010/63/EV).

After the experiments, the animals were first anesthetized and then were
euthanized by intra-abdominal injection of Nembutal (Nembutal 40 mg/kg x 3).

Results and Discussion. The central nervous system plays a major role in the
adaptive activity of physiological systems and the adaptation of the body to various
environmental conditions. An objective criterion of the functional state of the central
nervous system, in particular the cortex and other brain structures where the processing
and integration of afferent impulses occurs, is the electrical activity of these structures.

In our experiments, in the zone of the respiratory center (RC) of the medulla
oblongata, in addition to phasic respiratory (expiratory and inspiratory) neurons,
reticular neurons (RN) were recorded that did not detect respiratory periods in the
impulse. The number of these neurons (54 neurons) is 3—4 times more than phasic
ones. As is known, RNs localized in the RC region are involved in the regulation of
breathing and, depending on the functional state, either have a general tonic effect
on them or are themselves involved in generalized respiratory reactions [15].

Full compliance with the activity of the central nervous system, its electro-
physiological correlates and behavioral reactions is also found when animals are at
an “altitude” of 8000 m (Tab. 1) and after 5-6 min of exposure to NH (Tab. 2).
The basis of all these changes is the restructuring of the central nervous system
activity under severe conditions of hypoxia, which is reflected in the electrical
activity of the brain [16].

Table 1

Changes in the frequency (imp/s) of impulses of neurons of the cortex and
medulla oblongata in the dynamics of oxygen deficiency (p < 0.05)

Conditions Cerebral cortex Medulla oblongata
Before the “rise” (N) 145+11 196+14
4500-5000 m (I phase) 245+1.9 225+1.9
7500-8000 m (11 phase) 5.9+0.31 6.3£1.2
After the “descent” (N1) 13.4+0.9 255+2.1
Table 2

Changes in the average frequency (imp/s) of impulses of neurons in the cortex and
medulla oblongata under conditions of a hypoxic gas mixture (p < 0.05)

Conditions Cerebral cortex Medulla oblongata
Norm (N) 135+1.2 18.6+1.3
In 2 min (I phase) 26.5+1.9 22.7+1.9
In 5-6 min (Il phase) 79+0.5 10.3+1.3
After switch off gas mixture (N') 14.4+0.9 23.5+1.9
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In the dynamics of hypoxic exposure, phase changes in the electrical activity
of individual neurons are observed: two minutes after inhalation of the hypoxic gas
mixture, activation of neuronal impulses is observed, as in moderate hypoxia (at an
“altitude” of 4500-5000 m) created in a pressure chamber. Direct exposure to oxygen
deficiency causes depolarization of the cell membrane and an increase in the impulse
discharge of neurons. Deepening of oxygen deficiency — at an “altitude” of 7500—
8000 m, suppression of the impulse activity of neurons is observed, which also
occurs in animals of the second group 5-6 min after inhalation of the hypoxic gas
mixture. This is due to further deepening of depolarization, which leads to a decrease
in the membrane potential and gradual inhibition of the impulse activity of neurons.
These changes are explained by a violation of the mechanisms of membrane
permeability and cellular metabolism due to insufficient oxygen content in the cell.
The direct effect of oxygen deficiency causes depolarization of the cell membrane
and an increase in the impulse discharge of neurons [17, 18].

In conditions of acute hypoxia — at an “altitude” of 7500-8000 m, suppression
of the impulse activity of neurons in brain structures is observed; further
development of depolarization occurs, leading to a decrease in the membrane
potential and a gradual inhibition of the impulse activity of neurons.

When comparing the results of the experiments, phase changes in the electrical
activity of individual neurons are observed. These changes are explained by
disruption of the mechanisms of membrane permeability and cellular metabolism
due to insufficient oxygen content in the cell [17, 18].

Two minutes after inhalation of the hypoxic gas mixture, activation of
neuronal impulses is observed, as with moderate hypoxia (at an “altitude” of
4500-5000 m) created in the pressure chamber. Changes in the impulse activity of
neurons 5-6 min after inhalation of a hypoxic gas mixture correspond to those
obtained under conditions of acute hypoxia when “ascending” to an “altitude” of
7500-8000 m in a pressure chamber.

When comparing the data obtained under conditions of hypoxic gas mixtures
with the data from studies under pressure chamber conditions, it is clear that changes
in the electrical activity of neurons in both cases are of the same nature, i.e.,
the observed changes in the electrical activity of neurons are not caused by ambient
atmospheric pressure. Consequently, the observed changes are mainly due to the
effect of reduced environmental PO,, which leads to a decrease in oxygen tension in
the blood (Pa0O,).

Oxygen in the blood is in two states: free (dissolved in plasma) and chemically
bound (as part of hemoglobin). O binding to hemoglobin, i.e., the formation of
oxyhemoglobin depends on the tension of dissolved O; in the plasma. There is a
direct relationship between PaO, in plasma and the degree of saturation (the ratio of
the amount of oxyhemoglobin to the total oxygen capacity of the blood in %) of the
blood with oxygen. In healthy people and animals this is 95-97%. The stability of
this indicator is determined by the activity of subtle regulatory mechanisms that
control respiration and blood circulation [11].

Changes in the electrical activity of the brain are accompanied by
characteristic shifts in behavioral reactions: intensification of breathing and cardiac
activity, increased motor activity of the animal, etc.
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In our study, phase changes under the influence of increasing oxygen
deficiency were also recorded in indicators of the body’s autonomic functions: heart
rate and rate of respiratory movements (Tabs. 3, 4).

Table 3

Changes in heart rate (HR, beats/min) and respiratory rate (RR, beats/min)
in the dynamics of oxygen deficiency in pressure chamber conditions (p < 0.05)

Conditions HR RR
Before the “rise” (N) 460 £ 28 125+ 11
4500-5000 m (I phase) 490 + 32 156 + 17
7500-8000 m (11 phase) 360 +£2 76 £12
After the “descent” (N%) 470 + 26 104£10

Table 4

Changes in heart rate (NR, beats/min) and respiratory rate (RR, beats/min)
under conditions of a hypoxic gas mixture (p < 0.05)

Conditions HR RR
Norm (N) 450 + 30 130+ 10
In 2 min (I phase) 480 +22 160+ 15
In 5-6 min (11 phase) 350+35 83+7.0
After switch off gas mixture (N%) 460 + 25 115+9.0

Restructuring of indicators of vegetative functions: phase changes in heart rate
and respiration at different degrees of hypoxia (Tabs. 3, 4) indicates their partici-
pation, in addition to the nervous system, in the adaptive activity of the body in
extreme environmental conditions: with moderate hypoxia (altitude 4500-5000 m)
observed increase, and in conditions of acute oxygen deficiency — decrease in
frequency.

Conclusion. So, the experimental results show that atmospheric pressure is
not the main factor influencing the electrical activity of brain cells and the autonomic
functions of the body. It turns out that in both hypobaric and normobaric hypoxia,
the cause of the observed changes in indicators is a decrease in the partial pressure
of oxygen (PO,) in the environment, which leads to a decrease in oxygen tension in
the blood (Pa0,).
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. hhynpwphly hhynpuhuwh wuwydwbbtpnid: Opgubhqih titipghnhy hwgu-
uwpulpnnipniip wuwhwywinn dthwbhqittph pbwjuin gnpén btinipjub
hudwp wbhpudb)wn L wuwhyuwit] peywoth mnuhnjudwd hwdwljuipgtph
PnLtyghnin upnnnipynLtibtipn pimipwgnnn gniguthyttipp: @npdah wpnniip-
titipp gnyg G wwihu, np nintinh pehetiiph Litjupuubt wimhynigub W
opquibihquh Ytghnmwwmhy gnpownnypitph Yypuw wignnn hhdbwjui gnpdnbp
Uplnnpuuyhtt Gbpnidp ok Muwpqynid E, np W hhwynpuiphy, W Gnpinpwnphl
hhwjopuhuyh ntiwgpnid tagwd gnigubihttiph nhwwplynn thnthnfuniynibbtinh
wuwnawnp 2ppwljun thowuypnid ppyudtth dwubwlh atpdwi (PO2) tfugnidh
E, htyp hmbiglignid £ wipyut dte preywobth jupguoni pjub (PaO2) tiuqiwbp:

M. A. KAPAIIETSH, H. 0. AJAMSH, 3. C. TEBOPKSH

BJIMSTHUE HOPMOBAPUYECKOM U TUTIOBAPUYECKOM 'MITOKCUN
HA SJIEKTPMYECKVYIO AKTUBHOCTDL I'OJIOBHOI'O MO3T'A
N KAPIUOPECIIMPATOPHVYIO CUCTEMY

[MpeameTroM mccieq0BaHUs SBISIETCS CPABHUTEIbHAS OLCHKA DIIEKTPUIECKOM
AKTUBHOCTH 'OJIOBHOT'O MO3Ta ¥ KapAHOPECIIMPATOPHOIO OTBETA B YCIOBHUIX HOPMO-
OapuuecKkoi ¥ rUMmodapuIecKkoil TUIOKCHH. J{i1st HOpMaTbHOTO (PYHKIIMOHHPOBAHUSI
MEXaHH3MOB TMOJIepP’KaHHsl HYHEPreTHUecKoro OajmaHca opraHuzMa HeoOXOaAnMO
COXpaHEHHE MapaMeTPOB, XapaKTepU3YIOUINX (YHKIHOHAIbHBIE BO3MOKHOCTH
CHCTEM TpPAHCIOPTa KHUCIOponAa. Pe3ynbTaTel 3KCIIEPUMEHTA IIOKa3bIBAIOT, YTO
aTMocepHOe JIaBICHUE HE SBIISIETCS OCHOBHBIM (DaKTOpOM, BIMSIOIINM Ha
JIEKTPUYECKYI0 aKTHBHOCTBH KJIETOK T'OJIOBHOTO MO3ra M BEreTaTHUBHbIE (PYHKIMH
opranusma. BrrsicHseTcs, 4To Kak mpu rurnoOapuveckoi, Tak U mpu HopMoOapu-
YEeCKOW T'MIOKCHHM NPUYUHON HaOII0MaeMbIX M3MECHEHHMH IOKa3aTelNeil SBISeTCs
CHIDKEHHE TaplualbHOro nasienus kuciopoga (PO2) B okpyxaromieit cpese, 4ro
HPHUBOJHT K CHIXKSHHUIO MAPLHAIBLHOTO IaBICHUs Kucnopoa B kposH (Pa0y).



