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The neurotransmitter and network mechanisms of hypoxic preconditioning are practically unknown. Previously, in rats, we
identified the key role of the hippocampus and its cholinergic projections in the preconditioning mechanism of single-ex-
posure of moderate hypobaric hypoxia (HBH) based on the association between the efficiency of HBH and the magnitude
of Prepulse Inhibition of Acoustic Startle (PPI). This study presents the first data on PPI-dependent neuronal networks
of hypoxic preconditioning and their cholinergic components. The activity of synaptic choline acetyltransferase (ChAT),
an indicator of cholinergic function, was used for a correlation analysis of ChAT response to HBH in the hippocampus,
cerebral cortex, and caudal brainstem in animals with different levels of PPL. In rats with PPI < 40%, ChAT activity was
correlated in the hippocampus, cortex and caudal brainstem, while in rats with PPI > 40% in the hippocampus and cortex. It
is hypothesized that HBH is realized through topographically different sensory inputs, namely through respiratory neurons
of the brainstem in rats with low PPI and respiratory neurons of the olfactory epithelium in rats with high PPI.
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INTRODUCTION

Changes in the oxygen content of the inhaled air
can have both positive and negative effects on the
aerobic organism. This depends on the depth of oxy-
gen deficiency and the length of stay in such condi-
tions (Navarrete-Opazo, Mitchell, 2014; Ando et
al., 2020).

Moderate hypoxia is a necessary natural factor in
cellular differentiation and proliferation at different
stages of prenatal ontogenesis (Radhakrishnan et al.,
2021). This suggests the presence of genetic and met-
abolic pathways of cell adaptation to hypoxic influ-
ences in all body tissues and explains the phenome-
non of the ‘cross-adaptation’ of hypoxic training to
damaging factors of other origins (Rybnikova, Zen-
ko, 2019).

That’s why treatment of the body or individual or-
gans with an adaptive, moderately reduced concen-
tration of oxygen in the air in courses (interval) or in
short-term one-day hypoxic training (hypoxic pre-
conditioning) can increase the resistance of organs
and tissues to the damaging effects of severe hypoxic
or ischemic strokes (Das, Das, 2008; Gavrilova et al.,

2008; Lukyanova et al., 2008, 2009; Maslov et al.,
2011; Rybnikova et al., 2022).

It is known that the brain is the most sensitive or-
gan to hypoxia (Akopyan et al., 1984; Maslov et al.,
2011; Liu et al., 2022) and the brain is a leading regu-
latory system in all body functions. The central nerv-
ous system is realized through the neural networks.
Currently, the question of the neural networks of cog-
nitive functions is being actively examined, and this
includes investigations of synaptic plasticity (Ober-
mayer et al., 2019; Appelbaum et al., 2022; Lara-
Gonzélez et al., 2022). At the same time, the neu-
ronal, including the synaptic organization of hypoxic
adaptation functions remains poorly understood.

Our studies on the one-time moderate hypobaric
hypoxia model (HBH) allowed us to analyze the cen-
tral cholinergic systems in the neuronal organization
of hypoxic preconditioning.

In rats, HBH (5000 m, pO, is 85 mm Hg, 60 min)
initiates a most pronounced preconditioning effect in
the first minutes of reoxygenation that provides in-
creased resistance to severe hypobaric hypoxia, in-
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compatible with life (SHBH, 11500 m, pO,is 31 mm
Hg) (Lukyanova et al., 2008, 2009). Using the same
hypoxic regime, we confirmed the pronounced pre-
conditioning effect of HBH after 4 min of reoxygen-
ation (Zakharova et al., 2011; Zakharova, Dudchen-
ko, 2016). By using the HBH-SHBH test, we found
that the efficiency of HBH was associated with the
efficiency of sensory-motor gating estimated by the
magnitude of Prepulse Inhibition of Acoustic Startle
(PPI). The values of HBH efficiency were inversely
proportional to the PPI values (Dudchenko et al.,
2014). All subsequent experiments confirmed this
regularity (Zakharova et al., 2018a, 2018b, 2020).
This allowed us to investigate the preconditioning
mechanisms of HBH by using the PPI test readings as
a predictor of the efficiency of hypoxic training.

By studying the cholinergic brain system in the
mechanism of HBH, we identified the following reg-
ularities:

(1) Administration of cholinergic ligands PNU-
282987 (PNU), a selective agonist of alpha7 subtype
of nicotinic receptor (nAChR), and dimethyl sulfox-
ide (DMSO), an anti-acetylcholinesterase agent at a
concentration of 2—3% (Sawada, Sato, 1975), had
the multidirectional effects on the efficiency of HBH
in rats with PPI greater and less than 40%. The results
suggest the involvement of the cholinergic system in
the preconditioning mechanism of HBH and the ex-
istence of at least two cholinergic mechanisms
(Zakharova et al., 20218a, 2018b, 2020).

(2) Choline acetyltransferase (ChAT, acetyl-CoA:
choline O-acetyl transferase, EC 2.3.1.6) is a marker
of cholinergic neurons and the most specific indica-
tor for monitoring the functional state of cholinergic
neurons (Monmaur et al., 1984; Dunbar et al., 1993;
Zakharova, Dudchenko, 2014; Bagwe, Sathaye,
2022; Kirstein et al., 2022; AlQot, Rylett, 2023). We
measured ChAT activity in the synaptic membranes
(membrane-bound ChAT, mChAT) and synapto-
plasm (water-soluble ChAT, sChAT) subfractions.
This made it possible to identify mChAT, whose ac-
tivity is a minor part of the total synaptic ChAT
(Zakharova, Dudchenko, 2014).

Under HBH, synaptic mChAT changed its own
activity in different directions in subgroups of rats
with PPI greater and less than 40%. This was observed
in only the hippocampus, but not in the caudal brain-
stem or cerebral cortex (Zakharova et al., 2020). The
biochemical data coincided with the results of our
pharmacological study and allowed us to assume that
the hippocampus is crucial for the preconditioning
effect of HBH.
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(3) The hippocampus hypothesis was confirmed
in our pharmacological study with the intrahip-
pocampal administration of cholinergic ligands in
rats with PPI > 40% (Zakharova et al., 2021).

(4) Multidirectional changes in the mChAT activ-
ity were observed selectively in the light fraction of
hippocampal synaptosomes, in which the presynaps-
es of cholinergic projections from forebrain nuclei
are concentrated (Zakharova, Dudchenko, 2014).
Thus, we have clarified that a key role in the mecha-
nisms of hypoxic preconditioning is played by the
hippocampal cholinergic projections.

(5) In the brain cortex and caudal brainstem, the
synaptic ChAT response to HBH did not agree with
our pharmacological data. At the same time, the cau-
dal brainstem is a primary sensor of vegetative infor-
mation, including respiratory signals (‘the primary
respiratory network’) (Ashhad et al., 2022; Kara-
lis, Sirota, 2022) and the cortex is a structure, in
which the processing of sensory information preced-
ed that in the hippocampus (Yang et al., 2021; Kara-
lis, Sirota, 2022). This suggested the involvement of
these brain structures in hypoxic preconditioning
neuronal networks.

To identify HBH-initiated interstructural con-
nections, in this study, a correlation analysis of bio-
chemical parameters of the hippocampus, cerebral
cortex and caudal brainstem was carried out. The ac-
tivity of mChAT, sChAT and the content of mem-
brane and synaptoplasmic proteins (Pr, mPr and sPr)
in subfractions of synaptic membranes and synapto-
plasm isolated from light and heavy synaptosomes of
each brain structure were analyzed.

In the models of hypoxic preconditioning, the
cholinergic components of neuronal network in the
mechanisms of their protective action have not yet
been studied, especially taking into account the de-
pendence of these mechanisms on the PPI value.
Thus, the proposed study is the first in this scientific
direction.

The main purpose of the study was to determine
whether there are connections between HBH-initiated
cholinergic changes in the hippocampus, caudal brain-
stem and cerebral cortex, and the specificity of these
connections in rats with PPI < 40% and PPI > 40%?

METHODS

The behavioral experiments were carried out in
male albino laboratory outbred rats that were aged
2.5—3.5 months (250—350 g). The animals came from

the Light Mountains Nursery (Moscow region, Rus-
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sia) and were kept in the vivarium of the Institute of
General Pathology and Pathophysiology. The number
and suffering of the experimental animals has been
minimized. The rats were housed in a tempera-
ture-controlled room (20—24 °C) and were exposed to
a 12 h light—dark cycle. They were kept with 5—7 ani-
mals per rat cage with a size of 40 x 60 cm, and they
had free access to food and water. All animal care and
experimental procedures were carried out in accord-
ance with EU Directive 2010/63/EU. All experimen-
tal protocols were approved by the Ethical Committee
of the Institute of General Pathology and Pathophysi-
ology. After the behavioral experiments, the rats were
selected for the biochemical experiment.

Acoustic startle reaction model

The acoustic sensorimotor startle reaction model
(PPI Test) (Wood et al., 1998) was measured by using
a startle response system (TSE System, Bad Hom-
burg, Germany) as previously described (Zakharova
etal., 2021).

Rats were tested in soundproof boxes within re-
straining metal cages that were installed on a platform
(27 x 9 x 19 cm). The acoustic stimuli were issued
from two loudspeakers, which were mounted on the
walls of the metal cages. Broadband noise with dura-
tion of 100 ms and a loudness of 110 dB was used as
the main stimulus. The background-masking sound
signal had broadband noise with a loudness of 72 dB,
and the prestimulus (prepulse) had signal duration of
40 ms and a loudness of 85 dB. The animals were ex-
posed to a total of 12 trials after 5 min of adaption.
The first two trials were pulse-only trials (habitua-
tion). The remaining 10 trials were presented in a
pseudo-random order and included five pulse-only
trials and five pulse trials with a preceding prepulse of
100 ms in a lead-off interval. The intertrial intervals
had a mean value of 15 s (from 10 to 20 s). The PPI
value was estimated by using the formula (Am — Ap)/
Am x 100%, where Am is the average reaction ampli-
tude in the samples without a prepulse, excluding the
first two (n = 5), and Ap is the average reaction ampli-
tude in the samples with a prepulse (n = 5).

Hypoxic preconditioning model

The HBH and SHBH models were used as previ-
ously described (Zakharova, Dudchenko 2016;
Zakharova et al., 2020).

In the HBH model, a pressure chamber was used
for the simultaneous testing of few rats (a branded
pressure chamber from “Schrodeu.Co”, Germany).
The chamber was connected to a single-stage vacuum
pump (model VP 115, 2016, YANG YI, China) and an
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altitude gauge, which was calibrated to an altitude
above sea level (model VD-20, # 152300254, 2016,
RF). The rats in the chamber were “raised” at a speed
of 12—15 m/s to the adaptive altitude of 5000 m (pO, is
85 mm Hg, equivalent to 11% O,, 60 min) and “de-
scended” at the same speed at the end of the training.

In the SHBH model, pressure chambers were used
to test one rat in each of them. Each chamber is
equipped with a vacuum cap with a needle valve and
valves for a vacuum pump and altimeter inlets. The rat
was “raised” at a speed of 63.5—64 m/s to the critical
altitude of 11.500 m (pO,is 31 mm Hg, equivalent to
4.5% O,). In the critical altitude test, the resistance to
hypoxia was recorded as the time (T) until agonal in-
spiration (apnoea) in combination with a loss of con-
trol of body tone. When these symptoms were
achieved, the animal immediately “descended” using
wide access of atmospheric air into the chamber.

Preparative and Biochemical procedures

The methods of preparation of the synaptosomal
subfractions from the brain tissue structures and the
determination of the ChAT activity and protein con-
tent were the same as previously described (Zakharo-
va et al., 2020, 2022).

The preparative procedures were performed at 2—4 C°.
The hippocampus, cerebral cortex, and caudal brain-
stem (medulla oblongata + pons Varolii) were sepa-
rated from a brain. From each structure, the light and
heavy fractions of synaptosomes were obtained from
the rough mitochondrial fraction. The synaptosomal
fractions were precipitated and disrupted. From each
disrupted synaptosomal fraction, the subfractions of
synaptoplasm and synaptic membranes were ob-
tained. All samples were stored at -80 °C.

The ChAT activity was determined by using Fon-
num’s radiometric method (Fonnum, 1969). The
protein content was measured by using Lowry’s spec-
trophotometric method (Lowry et al., 1959).

Experimental Protocol

The rats were handled for at least two consecutive
days before starting the experimental procedures.

All experimental rats (n = 60) were tested with the
acoustic sensorimotor startle reaction model (PPI
model), and the values of PPI were estimated. After
that, the rats were subdivided into the control group (n
= 6) and HBH group (n = 6). As far as possible, for the
control and HBH groups, the rats with the lowest and
highest PPI values were taken to more clearly identify
the biochemical correlates of the PPI-associated val-

ues. PPI values were, respectively, -4.4, +11.9, +29.8
Ne 3
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and-1.1,+19.2, +37.5 for the control and HBH rats in
the subgroups with PPI < 40% and + 68.0, +87.2,
+91.7 and +64.3, +83.9, +93.2 for the control and
HBH rats in the subgroups with PP1 > 40%.

Several days after the PPI testing, the rats were
subjected to subsequent experimental procedures.

The rats in the HBH group were subjected to an
HBH session; 4 min after it ended, they were taken
for an acute biochemical experiment. The first min-
utes of reoxygenation after HBH had the most pro-
nounced preconditioning effect (Das, Das, 2008;
Lukyanova et al., 2008, 2009), and we selected 4 min
as the optimal time period for our experimental con-
ditions. The animals in the control group were taken
directly for the biochemical experiment, bypassing
HBH.

In the same HBH regime, rats were tested for re-
sistance to SHBH (‘HBH + SHBH’ group). Intact
rats (‘SHBH’ group) served as controls. Animals
within a similar range of PPI values were selected into
both SHBH groups. PPI values were, respectively,
from —13.1% to +36.6 (n = 13) and from -12.2% to
+37.8 (n=11) for the ‘SHBH’ and ‘HBH + SHBH’
rats in the subgroups with PPI < 40% and from
+38.3% to +92.5% (n = 11) and from +39.6% to
+91.1 (n = 10) for the ‘SHBH’ and ‘HBH + SHBH’
rats subgroups with PPI > 40%.

The activity of ChAT and the protein content was
determined in the subfractions of the synaptic mem-
branes and synaptoplasm of light and heavy synapto-
somes isolated from the cortex, hippocampus, and
caudal brainstem. Thus, the membrane-bound
mChAT activity and mPr content were estimated in
the synaptic membrane subfractions, while the wa-
ter-soluble sChAT activity and sPr content were esti-
mated in the synaptoplasm subfractions.

All data were obtained in a blind manner. The ex-
perimenters did not know the key characteristics of
tested rats at the stage of obtaining experimental data;
the experiments and animal preparation were per-
formed by different experimenters.

Statistics

The results of the biochemical experiments were
expressed in units of ChAT activity per minute or
units of protein content in 1 g of raw tissue from a
corresponding brain structure.

The normality of all data was assessed with STA-
TISTICA 8.0 (StatSoft Inc. USA) by using the Kol-
mogorov—Smirnov test (parameter d and p-values).
No deviations from normality were found.
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The results were statistically processed with STA-
TISTICA 8.0 (StatSoft Inc. USA) by using the
non-parametric Fisher’s exact test (FET criterion)
and/ or Wilcoxon-Mann-Whitney test (u-criterion).
A correlation analysis was performed by using Pear-
son’s r-criterion in Microsoft Excel, and a correcting
formula was used for small samples where n < 15
(Kobzar, 2006). For correlation analysis, the varia-
tion samples included the values of the corresponding
control and HBH subgroups, n = 6 for each sample.
The differences and correlations were considered sig-
nificant at p < 0.05.

RESULTS

Resistance to SHBH in the PPI-Associated Subgroups
of Rats under the Control and HBH Conditions

The control rats (‘SHBH’ group) exposed to direct
SHBH showed a usual spectrum of innate resistance to
severe hypoxia from 37 s to 1289 s in a PPI-independ-
ent manner. Average T values (M + m) were, respec-
tively, 344 £ 89s(n=13)and 362+ 91s(n=11) for
the ‘SHBH’ rats in the subgroups with PPI < 40% and
PPI > 40%. T-PPI values were not correlated (in the
general data array, r = -0.098, n =24, P > 0.05).

In the ‘HBH + SHBH’ group, Average T values
were, respectively, 802 £ 72s(n=11) and 656 = 63s
(n = 10) for the rats in the subgroups with PPI less
and greater than 40%. HBH increased resistance to
SHBH by 2.4 times in rats with PPI < 40% (P <
0.001) and by 1.8 times in rats with PPI > 40% (P <
0.005). T-PPI values were correlated (in the general
data array, r = -0.594, P < 0.01, n = 21).

Synaptic ChAT Activity and Protein Content in the
PPI-Associated Subgroups under the Control and HBH
Conditions

The values of synaptic ChAT activity and protein
content in the control and HBH subgroups of rats
with PPI < 40% and > 40% are shown in Figures 1
and 2, respectively. These data formed the basis for
the correlation analysis.

The main results on ChAT activity were published
and discussed in detail previously (Zakharova et al.,
2020). Here we present new data on protein content,
as well as data on ChAT activity in a new format.

The ChAT activity was present in natural quanti-
ties (Figure 1). This made it possible to demonstrate
the PPI-associated features of the enzyme’s reaction
to HBH. It can be seen that reciprocal changes in
ChAT (mChAT) activity were observed only in the
hippocampus and in the subfraction of synaptic
Ne 3
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Fig. 1. Individual values of the synaptic ChAT activity in the control and HBH subgroups of rats with PPI values of <40%
and >40%. Designations. The ChAT activity is presented in nmol ACh/1 min in 1 g wet weight of the corresponding brain
structure. The software package STATISTICA 8.0 (StatSoft., USA) was used to visualize the data. I, hippocampus; II,
cerebral cortex; 111, caudal brainstem. C, the fraction of light synaptosomes. D, the fraction of heavy synaptosomes. Synaptic
membranes, the subfraction of synaptic membranes. Synaptoplasm, the subfraction of the synaptoplasm. Control, the control
subgroups of rats. HBH, the subgroups of rats after one-time moderate hypobaric hypoxia (85 mm Hg, equivalent to 11% O,,
60 min). N = 3 for each subgroup. *, the significant differences in ChAT activity values between the paired subfractions of rats
with PPI < 40% and PPI > 40%, p < 0.05. #, the significant changes in the ChAT activity values after HBH were compared
with the corresponding control subgroup, p < 0.05. Fisher’s exact test (FET criterion).

Puc. 1. UuauBunyanbHble 3HaU€HUSI cMHANTU4YecKOi akTuBHOCTU XAT B KoHTponbHOM 1 HBH moarpynmax xpbic co
sHaueHusMU TICT < 40% u > 40%. O603HayeHus. AKTuBHOCTh XAT mnpencraBieHa B HMoib AX/1 MUH B 1 T chIpoii
MaccChl COOTBETCTBYIOIIECH CTPYKTYphl Mo3ra. sl BU3yanu3aluy TaHHBIX UCITOIb30Baiu makeT rmporpamMm STATISTICA
8.0 (StatSoft., CIIIA). I — runmokamit; 11 — kopa ronoBHoro moara; 111 — KaynanbHbIit CTBOJ TOJIOBHOTO MO3ra (ITpoa0JIro-
BaThIii MO3r + BaponmeB moct). C — dhpakius JeTKuX CMHanTocoM. D — dpakims TSKeTbIX CHHATITOCOM. Synaptic mem-
branes —cyb6dpakius ciHanTHYecKX MeMopaH. Synaptoplasm — cyddpakiivst cuHanToria3Mbl. Control — KOHTPOJIbHbBIE
noarpyrnsl Kpeic. HBH — moarpynmbl Kpbic mociie OMHOKPAaTHON YMEPEHHOM TMIo6apuieckKoii TMIoKCcUu (85 MM prT. CT.,
9KBUBaJEHTHO 11% O,, 60 MuH). N = 3 171 KaX10ii MOArpynbl. * — 10CTOBEPHLIE Pa3nnuyus B akTuBHOCTH XAT Mexay
cyodpakuusmu y kpbic ¢ TICT < 40% u TICT > 40% B nipenenax noarpymibl, p < 0.05. # — 10CTOBepHbIe U3MEHEHUS B
aktuBHOCTH XAT nocne I'BI' mo cpaBHEHUIO ¢ COOTBETCTBYIOLIEH KOHTPOJbHOM noarpymnmoii, p < 0.05. Tounslit Meron
®umepa (TMP-kputepwuit).

membranes in the light fraction of synaptosomes. In
most other subfractions, the ChAT response to HBH
was manifested in one of the subgroups or the chang-
es in ChAT activity were unidirectional (in the syn-
aptoplasm subfraction in the heavy synaptosomes of
the cerebral cortex).

As a result, under the influence of HBH, the

vector of differences in the mChAT activity in the
light synaptosomes of the hippocampus significant-
ly changed to the opposite value. In the remaining
subfractions, there was an alignment of the initial,
control differences in ChAT values between the
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subgroups. The exception to the latter pattern was
the heavy hippocampal synaptosomes, in which,
due to a drop in mChAT activity in the subgroup of
rats with PPI > 40%, the differences in enzyme ac-
tivity observed in the control subgroups became
even more pronounced under the influence of
HBH.

The results revealed by protein content replicate
changes in ChAT activity in response to HBH in a
number of subfractions in both subgroups of rats, and
also exhibit a response independent of the response of
ChAT activity to HBH (in subfractions D of the hip-
pocampus in rats with PPI < 40%), (Figure 2). We
will present the results of the ChAT-Pr correlation
analysis below.

341

Conjugacy of HBH-initiated Changes in the Synaptic
ChAT activity and Protein Content in the Hippocampus,
Cerebral Cortex, and Caudal Brainstem in the Subgroups
of Rats with PPI values of < 40% or > 40%

To perform correlation analysis of biochemical
parameters, we included data on HBH and the corre-
sponding control in each sample (n = 6). This made
it possible to identify the consistency of the response
of identical indicators to hypoxia in different brain
structures, as well as different indicators within the
synaptosomal fraction (ChAT-Pr, mChAT-sChAT
and mPr-sPr correlations).

Subgroup of Rats with PPI < 40%

In the subgroup of rats with PPI < 40%, a decrease
in ChAT activity and Pr content prevailed (Figure 3,
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Fig. 2. Individual values of the protein content in the control and HBH subgroups of rats with PPI values of <40% and >40%.
Designations. The protein content is presented in mg in 1 g wet weight of the corresponding brain structure. The remaining

designations are the same as those in Figure 1.

Puc. 2. UHnuBuayanbHble 3HAUYCHUS colepXaHus Oesika B KoHTposbHOUM M HBH monrpyrimax Kpeic co 3HaYeHUSMU
TMCT<40% u >40%. O6o3Hauenusi. ConepxkaHue Gesika MPEACTaBICHO B MI' B 1 T' ChIpOif MacChl COOTBETCTBYIOIICH

CTPYKTYpbl MO3ra. OcTajbHbie 0003HAYeHMS KaK Ha puc. 1.
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Table 1, I — III). A positive correlation was observed
between changes in mChAT activity and in mPr con-
tent between the fractions of light synaptosomes of
the caudal brainstem and hippocampus, as well as be-
tween the caudal brainstem and cerebral cortex. In all
three fractions, the decrease in mPr content was as-
sociated with a decrease in mChAT activity. When
comparing the mChAT—mChAT and mPr—mPr val-
ues in these fractions between the hippocampus and
cerebral cortex, there was no conjugacy of changes.

In addition, HBH initiated the changes in Pr con-
tent that did not depend on the cholinergic index: an
increase in mPr and a decrease in sPr in the heavy
fraction of the hippocampal synaptosomes. The in-
crease in mPr content was negatively correlated with
the decrease in mPr content in the light fraction of
the hippocampus, and the decrease in sPr content
was positively correlated with the decrease in mPr
content in the light fractions of both the hippocam-
pus and caudal brainstem.

Subgroup of Rats with PPI > 40%
In the subgroup of rats with PPI > 40%, after

HBH, ChAT activation prevailed without changes in
the Pr content (Figure 4, Table 1, IV — VI).

The following interstructural associations of
ChAT activity were identified: (1) a positive correla-
tion between the activation of mChAT in the light
fraction of hippocampal synaptosomes and mChAT
in the heavy fraction of cortical synaptosomes; (2) a
negative correlation between the inhibition of
mChAT in the heavy fraction of the hippocampus
and the activation of sChAT in the heavy fraction of
the cerebral cortex; (3) a positive correlation of the
sChAT activation in the light fraction of the hip-
pocampus with the sChAT activation in the light
fraction of the caudal brainstem and, simultaneously,
a negative correlation with the inhibition of mChAT
in the heavy fraction of the caudal brainstem.

An increase in sPr content was associated with an
increase in SChAT activity only in the light fraction of
synaptosomes of the caudal brainstem. In addition,
the increased sPr content in this fraction turned out
to be negatively correlated with a decrease in mPr
content in the heavy fraction of the hippocampus. In
the heavy fractions of the hippocampus and caudal
brainstem, the values of both cholinergic and protein
s-indicators decreased, but no significant intrastruc-
tural correlations were found.

DISCUSSION

In the rats of ‘HBH + SHBH’ group tested at the
critical altitude, HBH significantly increased SHBH
tolerance (T values) in a PPI-dependent manner, av-
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eraging 2.4- and 1.8-fold in the subgroups with PPI
less than and greater than 40%, respectively. In the
‘HBH + SHBH’ group, a significant T-PPI depend-
ence was observed, in contrast to the SHBH control
group. Data on all characteristics are fully consistent
with those obtained previously (Dudchenko et al.,
2014; Zakharova, Dudchenko, 2016; Zakharova et
al., 2018a, 2018b, 2020).

Our study revealed for the first time a number of
related changes in the synaptic ChAT activity and Pr
content in the cerebral cortex, hippocampus and
caudal brainstem under HBH conditions.

The presynapses of cholinergic projections of the
hippocampus and cerebral cortex were mainly con-
centrated in the light fractions of synaptosomes and
the presynapses of cholinergic interneurons in the
heavy fraction of synaptosomes (see the review in
(Zakharova, Dudchenko, 2014)).

Only the light synaptosomes of the hippocampus
were a fraction whose cholinergic presynapses re-
sponded to HBH with multidirectional changes in
ChAT activity. This cholinergic reaction correspond-
ed to the division of rats into subgroups at the bound-
ary of approximately 40% PPI in our pharmacologi-
cal data. Activation of cholinergic mediator function
by DMSO reduced the preconditioning effect of
HBH on resistance to SHBH in rats with PPI < 40%
in IP administration and potentiated it in rats with
PPI > 40% in IP and intrahippocampal administra-
tion (Zakharova et al., 2020, 2021, 2022).

From this it followed that the hippocampus is a
key structure in the mechanisms of hypoxic precon-
ditioning, namely, its cholinergic projections from
the corresponding forebrain nuclei (Figure 5).

Participation of the hippocampal cholinergic pro-
jections in generation of the hippocampal theta
rhythm in response to significant stimuli of any mo-
dality is known (Kitchigina, 2004; Yoder, Pang,
2005). In the electrophysiological studies, an in-
crease in the power of slow wave activity in the EEG
spectrum is a stable symptom of moderate brain hy-
poxia in a wide range of its values, starting at an alti-
tude of 2000 m (pO2 is 125 mm Hg). This has been
shown in both rodent and human brains, and all pub-
lications mention the theta rhythm (Akopyan et al.,
1984; Ramadan et al., 2020).

Therefore, when analyzing interstructural corre-
lations, we took into account coherence with mChAT
activity in the presynapses of light synaptosomes of
the hippocampus as the elements of neural network
Ne 3
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Fig. 3. Conjugacy of HBH-initiated changes in the synaptic ChAT activity and Pr content in the hippocampus, cerebral
cortex, and caudal brainstem in rats with PPI < 40%. Designations. The ChAT activity and Pr content values are represented
as a percentage change (mean £ SEM %) relative to the values in the corresponding control subgroup, which were taken as
100%. Cortex, the cerebral cortex. Stem, the caudal brainstem. C and D, the fractions of light and heavy synaptosomes,
respectively, as in Figure 1. SM, the synaptic membrane subfraction. Sp, the synaptoplasm subfraction. The SM and Sp
indicators are shown in pairs according to their belonging to a synaptosome fraction. ChAT, top row, the ChAT activity.
PROTEIN, bottom row, the Pr content. Accordingly, in each brain structure, changes in mChAT/mPr values are presented
in SM, and changes in sChAT/ sPr values are presented in Sp. For better perception, the indicators of different brain
structures (Cortex, Hippocampus, Stem) are presented in different colors (different shades of gray). In the Hippocampus, C,
the SM column is highlighted in red in the ‘ChAT’ row, as it is a key indicator for the mechanism of hypoxic preconditioning.
* significant differences from the corresponding control subgroups, p < 0.05, n = 3, Fisher’s exact test (FET-criterion),
which for ChAT is similar to the ‘#’ marker in Figure 1. Ovals represent a significant correlation between changes in ChAT
activity and Pr content in a subfraction (an intrafractional association), Pearson’s test (r-criterion). Horizontal brackets
indicate a significant correlation of indicator changes (ChAT or Pr) between different subfractions (an interfractional and
interstructural coherence) according to Pearson’s test (r-criterion). +r/ -r, positive/negative correlation, respectively; r*/
rE¥/pxF% p <0.05/p <0.02/p <0.01, respectively; n = 6 for each sample.

Puc. 3. ConpscxkenHocts HBH-mHuImmpyemsix nusMeHeHuit B ciHanTUIeckoir aktuBHOCTH XAT u comepxkaHuu Gerka
(Pr) B runmnokamrie, Kope roJJOBHOIO MO3ra 1 KayaaJbHOM CTBOJIe TOOBHOro Mo3ra y Kpbic ¢ IICT< 40%. OGo3HayeHUsI.
H3menenus B aktuBHOCTH XAT 1 conepkaHnu Gesika IpencTaBIeHb! B ITpolieHTax (M & M%) 1o OTHOIIEHMIO K 3HAYSHUSIM
B COOTBETCTBYIOIIMX CYO(PpaKIIMSIX KOHTPOJIbHOM HOArPYIIbl, IpuHATHIM 3a 100%. Cortex — Kopa ToJIOBHOTO MO3ra. Stem —
KayHaJbHbII cTBOJ royioBHOro Mo3ra. C u D — (pakLiyu Jerkux v TSKeJIbIX CUHAIITOCOM COOTBETCTBEHHO, KakK Ha puc. 1.
SM — cyb6dpakumsi CMHaNTUYeCKMX MeMOpaH. Sp — cyodpakius cuHanToruiasmbl. MHaukatopsl SM u Sp cnapeHbl B
COOTBETCTBUMU C UX MPUHAMIEKHOCTBIO K (ppakiuu cuHantocoM. ChAT — BepxHuit psn, aktuBHOocTh XAT. PROTEIN
— HWXKHUU psiO, comepxkaHue O6enka. COOTBETCTBEHHO, B KaXIOM CTPYKTYpe Mo3ra, B cyodpakiusax SM mpencTraBiaeHbI
u3MeHeHus 3HayeHuit mChAT/mPr, a B cyddpakuusix Sp npeacrapieHbl usmeHeHus 3HayeHuit SChAT/sPr. [list aydiero
BOCTIPUSATHS TTOKA3aTe TN Pa3HbIX CTPYKTYP MO3ra (KOpbI, TMITIOKAMITa, CTBOJIA) MPEICTABICHbI Pa3HBIMA OTTEHKAMU Ce-
poro. B psany “ChAT”, B runmokamiie C ctos6err SM BbleJIeH pO30BBIM LIBETOM, ITOCKOJIBKY 3TO KITIOY€BOM MHINKATOD
B MEXaHU3Me TMITOKCUYECKOTO MPEKOHAUIIMOHUPOBAHUS. * — TOCTOBEPHBIE OTJIMYUS OT COOTBETCTBYIOLIMX KOHTPOJIbHBIX
TIONTPYIIN, UIEHTUYHBI MapKepy “#” Ha puc. 1 1 2, p < 0.05, n = 3, Tounstit Meton ®umepa (TM®P-kputepuii). OBajbl
0003HAYAIOT 3HAYMMYIO KOPPEJISILINIO MEXKIy M3MEeHEHNSIMU B akTUBHOCTH XAT 1 conepkanuu 6eska B Iipeaesiax cyodpak-
1K (BHYTpUGbpaKIIMOHHAas accouuanus), Tect [TupcoHa (r-kputepuii). [opr3oHTaIbHbIE CKOOKH MHAEKCUPYIOT 3HAYMMYIO
KOPPEJIIUIO UBMEHEHU I OMOXUMUYECKUX MToKa3aTeseit (aktTuBHocTH XAT wiu cofepkaHusi 0enka) B pa3HbIX CyOhpakImsIx
(MeXpaKIIMOHHAST M MEXCTPYKTYpHasi KOT€PEHTHOCTb, r-KpUTEepHii). +r/ -r — TIOJOXUTEIbHAsI/OTpULIaTeIbHAS
KOPPEJISILIS COOTBETCTBEHHO; 1/ 1**/ r*** — p < 0.05/ p < 0.02/ p < 0.01 cOOTBETCTBEHHO; N = 6 IS KaXI0 BHIOOPKMU.
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Table 1. Significant correlation values of HBH-initiated changes in the synaptic ChAT activity and Pr content in the hippocampus,
cerebral cortex, and caudal brainstem in rats with PPI < 40% (I — I1I) and > 40% (IV — VI)

Ta6muma 1. 3HaueHUs nocToBepHBIX Koppensiuii mauimupyeMmbix ['BIT maMenenuit cuHantndeckoit aktuBHOCTH XAT 1
coziepkaHus1 OeslKa B TMITITOKaMITe, KOpe TOJIOBHOTO MO3Ta U KayJIaJbHOM CTBOJIe TojloBHOrO Mo3ra y kpbic ¢ TICT < 40%
(I—TIT) u TICT > 40% (IV — VI)

I, ChAT — ChAT
Fraction Pirson’s test/ Fraction Hippocampus, C,SM Hippocampus, D, Sp Cortex, C, SM
Stem, C, r +0.936 +0.863
M P P <0.02 P < 0.05
II, Pr— Pr
Fraction Pirson’s test/ Fraction Hippocampus, C, SM Hippocampus, D, Sp Cortex, C, SM
Stem, C, r +0.880 +0.956 +0.878
SM P P <0.05 P <0.02 P <0.05
r -0.823
Hippocampus,D, SM
P P<0.05
r +0.867
Hippocampus,D, Sp
P P <0.05
Cortex, C r +0.895
Sp P P <0.02
111, ChAT - Pr
Hippocampus, C, Cortex, C,
Fraction Pirson’s test/ Fraction Stem, C, ppSM }I))r SM. Pr
SM, Pr > 5
Stem, C, SM, r 0911
ChAT P P <0.02
Hippocampus, C, SM, r +0.977
ChAT P P<0.01
Cortex,C, SM, r +0972
ChAT P P <0.01
IV, ChAT - ChAT
. . s . Hippocampus, C, Hippocampus, C, Hippocampus, D,
Fraction Pirson’s test/ Fraction SM Sp SM
COI’teX, D, r +0.898
SM p P<0.02
Cortex, D, r -0.960
Sp P P<0.01
Stem, C, r +0948
Sp P P<0.01
Stem, D, r -0.968
SM P P<0.01
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V, Pr-Pr
. . , . Hippocampus, C, Hippocampus, C, Hippocampus, D,
Fraction Pirson’s test/ Fraction SM Sp SM
Stem, C, r -0.878
Sp P P<0.05
VI, ChAT — Pr
Fraction Pirson’s test/ Fraction Stem, C Hippocampus, C, Hippocampus, D,
Sp Sp SM
Stem, C, r +0.866
Sp P P <0.05

Designations. The table includes only samples with significant ChAT—ChAT, Pr-Pr and ChAT-Pr correlations presented in Fig. 3 and 4. The
designations are the same as in Figures: Cortex, the cerebral cortex; Stem, the caudal brainstem; C and D, the fractions of light and heavy
synaptosomes, respectively; SM, the synaptic membrane subfraction; Sp, the synaptoplasm subfraction; ChAT, the ChAT activity; Pr, the
protein content. Pearson’s test (r-criterion), n = 6 for each sample.

O60o3navenus. B TabIMIly BKIIIOYEHBI 3HAUYEHUS TOJIBKO TOCTOBEpHTBIX Koppesituii XAT-XAT, 6enok-6e10k 1 XAT-6e10K, IpeacTaBiIeHHbIe
Ha puc. 3 u 4. O6o3HaYeHUsI Kak 1 Ha pucyHkax: Cortex — Kopa roJJoBHOro Mo3ra; Stem — KaygaJbHblii CTBOJI TojloBHOro Mosra; C u D —
bpakLMK JIETKUX U TSKEJIbIX CHHAIITOCOM COOTBETCTBEHHO; SM — cyO(dpakiiyst CMHAaNTUYECKUX MeMOpaH; Sp — cyOodpaKiIvsl CMHANTOIUIa3Mbl;
ChAT — aktuBHocTb XAT; Pr — comepxxanue 6enka. Meron [upcona (r-kpurepuit), n = 6 I KaXI0i BEIOOPKH.
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Fig. 4. Conjugacy of HBH-initiated changes in the synaptic ChAT activity and Pr content in the hippocampus, cerebral
cortex, and caudal brainstem in rats with PPI > 40%. The designations are the same as those in Figure 2.

Puc. 4. Conpstxennocts ['BI-uHUTIMMpPYeMBIX M3MeHeHNIT B cMHANTHYeCKOi akTUBHOCTH XAT U comepxxaHnm 6eika B
TUIIIIOKaMIIe, KOpe TOJIOBHOTO MO3ra M KayaaJbHOM CTBOJIE rojioBHOro Mo3ra y Kpbic ¢ ITICT > 40%. O603HaueHMsI KaK Ha
puc. 3.
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Bra!nstem

Fig. 5. Scheme of the sources of cholinergic influences in the cerebral cortex and hippocampus, as well as components of
neural networks of hypoxic preconditioning. The scheme is based on the Rat Brain Atlas by Paxinos and Watson (Paxinos,
Watson, 1998) and later data on the stereotaxic coordinates of the prefrontal cortex (Sampath et al., 2017; Wirt, Hyman,
2017). Designations. B, nucleus basalis magnocellularis. CA1, CA2, CA3, fields of the hippocampus. Caudal Brainstem,
medulla oblongata + pons Varolii. Ent, entorhinal cortex. LDTg, laterodorsal tegmental nucleus. LC, locus coeruleus. MS,
medial septal nucleus. mPFC, medial prefrontal cortex. OB, olfactory bulb. Pir, piriform cortex. PPTg, pedunculopontine
tegmental nucleus. VDB, nucleus of the vertical limb of the diagonal band. Red ovals with short processes in the cerebral
cortex and hippocampus, cholinergic interneurons (predominantly bipolar neurons). Red lines, cholinergic projections from
the nuclei of the forebrain and tegmental nuclei of the midbrain. Black lines, projections of other neuromediation (most
often glutamatergic). The arrows indicate a direction of projections to a target structure. Where known, a line thickness
reflects the relative power of single-color projections. The scheme shows only the brain structures and connecting fibers that
are mentioned in the text.

Puc. 5. CxeMa UCTOYHUKOB XOJIMHEPTMUECKUX BIUSTHUI B HEOKOPTEKCE M TUTIIIOKAMIIE, a TaKKe KOMITOHEHTOB HEMPOH-
HBIX CeTeil TMMOKCUIEeCKOTOo MPeKOHANIIMOHNpoBaHus. CxemMa OCHOBaHa Ha ATiace Mo3ra KpbIchl [lakcrHoca 1 YoTcoHa
(Paxinos, Watson, 1998) 1 6osiee MO3IHUX JaHHBIX O CTEPEOTAKCUYECKMX KOOpAUHATaX MpedpoHTaabHOI Kophl (Sampath
et al., 2017; Wirt, Hyman, 2017). O603HaueHus. B — 6a3anbHoe KpymnmHokiaeTouHoe snpo. CAl, CA2, CA3 — mnojs rur-
nokammna. Caudal Brainstem — KaymaiabHBII CTBOJI TOJIOBHOTO MO3Ta (IIpOaoJTroBaThiii Mo3r + Bapommes Moct). Cerebral
Cortex — Kopa roJioBHOro Mmo3ra. Ent — sHTopuHanbHas Kopa. Hippocampus — runnokami. LDTg — natepomopcaibHoe
TerMeHTaIbHOE s11po. MS — MenuanbHoe snpo neperopoaku. mPFC — MeauanbHas npedpoHTanbHasa Kkopa. OB — 060-
HATeNbHaA JyKoBulia. Pir — rpymesuaHasa kopa. PPTg — nenyHKy/IOIMOHTUHHOE TerMeHTaabHOe sapo. VDB — sapo Bep-
TUKAJIBHOTO JTUMOa TUaroHaIbHOMI CBSI3KU. KpacHble oBajibl ¢ KOPOTKMMU OTPOCTKAMU B KOPE TOJIOBHOTO MO3ra M TUIl-
ToOKaMIIe — XOJIMHepruIecKre MHTEPHEMPOHHI (ITPeruMYIIIeCTBEHHO OUTTONSIpHBIe). KpacHbIe TMHUY — XOJTMHEPTUIecKre
MPOEKLINY U3 SIAEp TEPEeTHET0 MO3Ta M TETMEHTATBHBIX sSIIep CpeaHero Mo3ra. YepHbie TMHUY — TIPOEKIINY IPYTUX Hel-
poMenuaTopoB (Yalilie Bcero riryramarepruueckux). CTpesku yKa3blBaloT HallpaBjieHre MPOEeKLUiA Ha LEJIEeBYIO CTPYKTYPY.
Eciu u3BecTHO, TONIIMHA JTUHUHM OTPaXKaeT OTHOCUTENIbHYI0 MOIITHOCTh OJHOIIBETHBIX MpoeKiuii. Ha cxeme moka3aHbI
TOJIBKO T€ CTPYKTYPBI MO3Ta U COEAMHUTENIbHBIE BOJIOKHA, KOTOPBIE YIIOMSIHYTHI B TEKCTE.

involved in the generation of theta rhythm in the pre-
conditioning mechanism of HBH.

tions of the hippocampus, cortex and caudal brain-
stem. Thisindicated the inhibition of neurotransmitter
function in the cholinergic projective neurons of the

Analysis of the Composition of the Neuronal Network hippocampus and cortex, as well as in the population

of Hypoxic Preconditioning in Rats with PPI < 40%
(Figure 3)

Cholinergic Presynaptic Components of the Neu-
ronal Network

In the subgroup of rats with PPI < 40%, HBH ini-
tiated a decrease in mChAT activity in the light frac-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

of the cholinergic synaptic pool of the caudal brain-
stem. The decrease in mChAT activity in the caudal
brainstem was positively correlated with a decrease in
mChAT activity in both the hippocampus and cortex.
There was no correlation between the cortex and hip-
pocampus. Therefore we concluded that the reaction
in the caudal brainstem was primary, and its effects
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extended to the cholinergic projective neurons of the
forebrain nuclei of the cortex and hippocampus.

The synaptic response in all three structures —
through a decrease in mChAT activity — was corre-
lated with a decrease in mPr content in the corre-
sponding fractions. The decrease in both biochemical
parameters occurred conjugately (positive intrafrac-
tional correlations mChAT—mPr). Moreover, the
mPr content showed the same correlations of the
caudal brainstem with the hippocampus and cortex as
those for mChAT.

The density of the cholinergic fibers of projective
cholinergic laterodorsal (LDTg) and pedunculopon-
tine (PPTg) nuclei from the middle-brain tegmen-
tum is much more powerful than that of any other
network of cholinergic fibers in the caudal brainstem
(Woolf, Butcher, 1989; Jones, 1990). For both teg-
mental nuclei, the synaptic manner of transmitting
cholinergic signals was characteristic and size of these
synapses (medium and small) corresponded to the
presynapses of the light fraction of synaptosomes
(Bautista et al., 2010). Thus, it is likely that a reaction
of projective presynapses from LDTg and PPTg was
manifested in the fraction of light synaptosomes of
the caudal brainstem.

PPTg and LDTg are the main relay nuclei be-
tween the cortical cholinergic projective neurons and
brainstem formations (Semba et al., 1989). This sig-
nal transmission scheme can provide an interstruc-
tural association that explains the coherence of the
cholinergic reaction in both the cerebral cortex and
hippocampus with the cholinergic reaction in the
caudal brain stem (Figure 5). However, there is a lack
of association between the cortex and hippocampus
in this cholinergic response. Therefore, it is possible
that another source of innervation of the cholinergic
nuclei of the forebrain is also involved in the precon-
ditioning mechanism.

Noncholinergic Presynaptic Components
of the Neuronal Network

The study of synaptic proteins also revealed a re-
action to HBH of a noncholinergic nature in the pre-
synapses in the heavy fraction of hippocampal synap-
tosomes. The increase in mPr and the decrease in sPr
content were not correlated with each other, but both
indicators were correlated with the mPr content in
the light fraction of the hippocampus. In addition,
the sPr content was correlated with the mPr content
of the synaptic presynapses in the light fraction of the
caudal brainstem. Thus, these correlations reflect the
involvement of the noncholinergic synaptic pool of

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

347

the hippocampus in the hypoxic preconditioning
neural network.

Note that in the heavy fractions of synaptosomes,
GABAergic and glutamatergic presynapses dominate
(see the review in (Zakharova et al., 2018b)). In the
hippocampus, GABAergic and glutamatergic neu-
rons are both mandatory components of the theta os-
cillation network and targets of projected cholinergic
influences (Miiller, Remy, 2018; Zinchenko et al.,
2020; Gu, Yakel, 2022).

Analysis of the Composition of the Neuronal Network
of Hypoxic Preconditioning in Rats with PPI > 40%
(Figure 4)

Cholinergic Presynaptic Components of the Neu-
ronal Network

In the subgroup of rats with PPI > 40%, the acti-
vation of mChAT in the light fraction of hippocam-
pal synaptosomes was associated with the activation
of mChAT in the heavy fraction of the cerebral cor-
tex. There were no correlations of the mChAT activ-
ity in this fraction with the synaptic populations of
the caudal brainstem.

Unlike mChAT, the activation of SChAT in the
same light fraction of the hippocampus was associat-
ed with the activation of sSChAT in the light fraction
of synaptosomes and a negative correlation with the
decrease in mChAT activity in the heavy fraction of
the caudal brainstem. However, this reorganization
led to intersubgroup alignment in ChAT activity in
both the hippocampus and caudal brainstem. There-
fore, this did not meet the criterion for the involve-
ment of corresponding cholinergic synaptic popula-
tions in the performance of hypoxic preconditioning.

The lack of coherence of key neurons with the as-
cending airways in the HBH mechanism became
possible to explain by scientific research over the past
20 years on the existence of breathing-sensitive neu-
rons in the cerebral cortex.

It was found that neurons in the nasal olfactory
epithelium respond to mechanical stimuli, including
airflow pressure (Connelly et al., 2015; Girin et al.,
2021; Juventin et al., 2023) and an odorless airflow
(Carey et al., 2009; Phillips et al., 2012; Vaaga, West-
brook, 2016, Salimi et al., 2023). Moreover, nasal
respiratory rhythms have been shown to modulate
cortical rhythmic activity (Fontanini et al., 2003;
Connelly et al., 2015; Lockmann et al., 2016; Vaaga,
Westbrook, 2016; Heck et al., 2019; Girin et al.,
2021; Sheriff et al., 2021, Salimi et al., 2023), and it
has been shown that cortical rhythms disappear after

tracheotomy and they reappear by artificially passing
Ne 3
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air through the nose (Fontanini et al., 2003; Lock-
mann et al., 2016).

It is especially important that that several years
ago, an atypical class of sensory neurons, the type B
cells, were identified in the main olfactory epitheli-
um. These type B cells are not sensitive to atmos-
pheric oxygen (pO, is 159 mm Hg) and are activat-
ed by low O,, starting from pO, is 138 mm Hg
(Bleymehl et al., 2016; Koike et al., 2021). Such
data allow us to assume the existence of own corti-
cal regulatory mechanism under the conditions of
adaptive hypoxia.

The presynapses of cholinergic interneurons are
concentrated in the heavy fraction of synaptosomes
of the cerebral cortex. At the same time, the anatom-
ical connections of the olfactory brain with the corti-
cal regions and hippocampus are well known. In the
olfactory brain, the piriform area is the main switch-
ing link of sensory information (Sheriff et al., 2021).
Direct connections of the piriform area with the hip-
pocampus and cortex have been shown, including the
prefrontal and entorhinal cortical areas, and the pri-
macy of the signal in the piriform cortex in relation to
the hippocampus and entorhinal cortex has been
traced (de Curtis et al., 2019; Sheriff et al., 2021;
Zhou et al., 2021), as well as that with forebrain sub-
cortical cholinergic nuclei, which are projected both
in the hippocampus and cortex (Biagioni et al., 2019).

Therefore, it is likely that the piriform area is the
structure that transmits respiratory stimuli from the
olfactory epithelium to the cholinergic interneurons
of the cortex and to the corresponding cholinergic
subcortical nuclei that innervate the hippocampus
(Figure 5).

In our study, both mChAT and sChAT were acti-
vated in the heavy fraction of the cortex. There were
no correlations between these indicators. Therefore,
we believe that the observed changes occurred in the
presynapses of different populations of interneurons.

Noncholinergic Presynaptic Components
of the Neuronal Network

In the heavy fraction of synaptosomes in the hip-
pocampus, there was a decrease in the mPr content in
presynapses of a noncholinergic nature. The negative
correlation with the increase in the sPr content in the
fraction of light synaptosomes of the caudal brain-
stem indicated the involvement of this population of
noncholinergic presynapses (GABA- or glutamater-
gic) in the same neural network as that of the corre-
sponding cholinergic populations of the caudal brain-
stem and hippocampus.
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Physiological Significance of the Brain’s
Cholinergic Response to HBH

In this experiment, after HBH, the lower limit of
resistance to SHBH was 5 min 29 s for the rats with
PPI > 40%, while for the rats with PPI < 40%, it was
8 min 51 s.

In all of our experiments, for the rats with PPI >
40%, this lower limit was 4 min 20 s, while for the rats
with PPI < 40%, it corresponded to the above (Dud-
chenko et al., 2014; Zakharova et al., 2018a, 2018b,
2020). The network differences in the implementa-
tion of hypoxic preconditioning in the rats with PPI
values of < 40% or > 40% may be critical for the effi-
ciency of HBH.

Increase of resistance to severe hypoxia in these
subgroups of rats as a result of multidirectional func-
tional changes in the same population of neurons is a
poorly understood problem. Apparently, we first for-
mulated this problem in this and our previous re-
search (Zakharova et al., 2020). In the previous study,
we hypothesized that the differential changes in
ChAT activity in the subgroups of animals with PPI
less than or greater than 40% may be a biochemical
equivalent of theta filtering mechanism. And also we
hypothesized that a physiological cause of these dif-
ferences may be the different ways of its regulation.
The second assumption is supported by the results of
this study, which suggest radically different ways of its
regulation in these subgroups of animals.

ChAT activity is the specific indicator for moni-
toring the functional state of cholinergic neurons and
has become increasingly in demand over the years.
This has been demonstrated both in the studies of
ChAT activity and registration of EEG patterns in the
hippocampus (Monmaur et al., 1984), and in experi-
mental impairment of nervous functions or at early
stages of neurodegenerative disorders in animals and
humans (Dunbar et al., 1993; Zakharova, Dudchen-
ko, 2014; Bagwe, Sathaye, 2022; Kirstein et al., 2022;
AlQot, Rylett, 2023).

The activation of synaptic mChAT reflects, as a
rule, the activation of synaptic cholinergic function
(see the review in (Zakharova, Dudchenko, 2014)). It
has been repeatedly shown that the activation of cho-
linergic projections of the hippocampus is necessary
for the generation of theta rhythm (Miiller, Remy,
2018; Ma et al., 2020; Gu, Yakel, 2022). Thus, our
data in rats with PPI > 40% are consistent with the
literature.

On the contrary, in rats with PPI < 40%, a conju-
gated synaptic reaction in all three structures occurred

through a decrease in mChAT activity. A similar re-
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sponse to HBH of synaptic protein in the same sub-
fractions reinforces these data. This, at first glance,
contradicts the ideas about the role of the cholinergic
mechanisms of the hippocampal theta rhythm in the
rats with PPI > 40%, but this is a question that re-
quires careful investigation. Thus, a number of studies
have data that the interaction of cholinergic projec-
tions with hippocampal interneurons contributes to
an adaptation of the theta rhythm to a current form of
behavior (Gu, Yakel, 2022). In particular, the authors
of this study provided data on the potentiation of the
theta rhythm after cholinergic blockade.

The equalization of ChAT activity in response to
HBH in the cerebral cortex and caudal brainstem
may indicate the completion of the phase of percep-
tion and integration during the dominance of hip-
pocampal phase of preconditioning. This “leveling”
may reflect the filtering inherent in the theta rhythm,
which provides insensitivity to stimuli from other
modalities.

We also attributed the mChAT inhibition in the
heavy fraction of hippocampal synaptosomes in the
subgroup of rats with PPI > 40% to the filtration
mechanism. This was the only fraction in which HBH
did not even out but rather further deepened the in-
tergroup differences. The cholinergic presynapses in
this fraction are necessary for successful consolida-
tion of early spatial memory (Zakharova et al., 2022).

These data could be consistent with our pharmaco-
logical experiments. Alpha7 subtype of nAChRs is rec-
ognized as procognitive receptors, the elimination of
which blocks the possibility of memory consolidation
during learning (Lykhmusetal., 2020; Sadigh-Eteghad
et al.,2020; Shenkarev et al., 2020; Cheng et al.,
2021). In our experiments, selective agonist of recep-
tors of this subtype PNU abolished the effect of its
DMSO solvent on HBH and, at high concentrations,
suppressed the preconditioning effect of HBH in rats
with PPI > 40% under IP and intrahippocampal ad-
ministration (Zakharova et al., 2020, 2021).

It is also known that alpha7 nAChRs is involved in
the hippocampal theta rhythm (Hummos, Nair,
2017; Gu, Yakel, 2022). Therefore it seems obvious
that the theta rhythm is realized through different
neural networks and various neurotransmitter recep-
tors depending on the source of significant sensory
stimulation and from PPIL.

CONCLUSIONS

1. The first data on the central cholinergic compo-
nents of neural networks in the mechanism of hypox-
ic preconditioning are presented.
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2. Differences in the composition of hypoxic pre-
conditioning network were revealed in rats with PPI
values <40% and >40%. The neural network includ-
ed cholinergic synapses of the hippocampus, caudal
brainstem and cerebral cortex in rats with low PPI
and only of the hippocampus and cortex in rats with
high PPI.

3. A working hypothesis is substantiated that in the
subgroups of rats with different PPI levels, hypoxic
preconditioning is realized in the hippocampus
through neural networks that include topographically
different sensory inputs, namely respiratory neurons of
the brainstem in rats with low PPI and respiratory neu-
rons of the olfactory epithelium in rats with high PPI.

4. We hope that this direction of research will help
to best realize the innate individual abilities of the
body while optimizing personalized modes of adapta-
tion to hypoxia.
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I'MITOKCUYECKOE ITIPEKOHAUIIMOHNPOBAHUE Y KPBIC C
HU3KUM U BBICOKUM ITPEACTUMYJIbHBIM TOPMOXEHUNEM
AKYCTUYECKOTI'O B3IPATUBAHUA OCYIIECTBJIAETCA YEPE3
TOITIOT'PAONYECKU PA3JINYHBIE CEHCOPHbLIE BXO/IbI.
PABOYAA T'NIIOTE3A

E. W. 3axaposa'*, 3. . CropoxesaZ, A. T. IIpommn?, M. FO. Monakos!, A. M. [IynueHKo!
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HeiipomenuatopHble ¥ ceTeBble MeXaHWU3Mbl TUIIOKCUYECKOrO MNPEKOHIWLIMOHUPOBAHUS TMPaKTUYECKU He
u3yyeHbl. PaHee Ha Kpbicax Mbl BBISIBWIM KJIIOYEBYIO POJIb TMIIIIOKAMIIA U €r0 XOJIMHEPIUYECKUX TMPOEKIUiA B
MPEeKOHIULIMOHUPYIOIIEM MeXaHM3ME OJHOKPAaTHOM yMepeHHoi rumobapuyeckoit runokcuu (I'BI') 6maromaps
acconmaumu Mexny 3 dextuBHocThio [ BI' 1 BeTMunHOM MPpeacTUMYIbHOTO TOPMOXKEHUS B aKYCTUUECKO CTapTiI-
peakuuu (ITCT). B HacTosiiem uccienoBaHuU NpeacTapieHbl epBbie JaHHble 0 [ICT-3aBUCUMBIX HEMPOHATBHBIX
CEeTSIX TUIMOKCUYECKOTO MPEKOHANIIMOHNPOBAHUS Y UX XOJTMHEPTUIECKUX KOMITOHEHTaxX. Uit KOppensioHHOTO
aHaiu3a MCMOJb30BaJlaCh AKTMBHOCTb CHUHAaNTUYeCKOW xonuHauetuiaTpaHcdepassl (XAT), wuHOuKatopa
XOJIMHEPruyeckoit pyHKIIMMY Kak rnokasaresb peakiiuu Ha ['BI B runmnokamrie, Kope roJIOBHOTO MO3ra U KayJAaJIbHOM
OT/IeJIe CTBOJIA TOJIOBHOTO MO3Tra y XXMBOTHBIX ¢ pa3audHbiM ypoBHeM TICT. Y kpoic ¢ IICT < 40% akruBHocTb XAT
KOppeJIMpoBaia B TUIIIOKaMIIe, KOpe U KayIaJbHOM OT/esie CTBoJIa Mo3ra, a y Kpbic ¢ [ICT > 40% — B rumnmokamre
1 Kope rosioBHOTO Mo3ra. [Ipenmonaraercst, uto ['BI' peanusyercst yepes Tonorpadnyeckul pa3TuaHbIe CEHCOPHbIE
BXOJIbI, 4 UIMEHHO Yepe3 IbIXaTelIbHble HEeMPOHBI CTBOJIA MO3ra y Kpbic ¢ HU3KUM ypoBHeM [1CT u mpIxaTeiabHbIe
HEeWPOHBI OOOHSTEILHOTO AIUTEUS Y KPbIC ¢ BEICOKMM ypoBHeM [1CT.

Knrouesvie croga: TUMOKCHUYECKOE TPEKOHIUIIMOHUpPOBaHUE; HeiipoHHbIe (Ouonormuyeckue) cetu; I'BI; T1CT;
TUIINOKAMII; KOpa TOJOBHOIO MO3ra; KaylajdbHbIif CTBOJ TOJOBHOIO MO3ra; XOJMHEPIUYecKue MPOEeKIMHHbBIE
HEWPOHBI U3 SIAEP MEPENHEro Mo3ra U MHTEPHEMPOHBI; “Jerkue” U “TsikKesble” CUHANTOCOMbBI; CMHAIITUYeCcKast
MeMOpaHOCBsI3aHHas1 U BogopacTBopuMast XAT
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