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TTpusemcmaue eAaBHO20 pedakmopa

IIpuBeTcTBME TAABHOTO PEAAKTOPA

Irybokoysamaemvie korrezu!

ITepea Bamu nepBbIit 3a 2023 rop HoMep XXypHaaa «VIHTerpatrBHast pU3NOAOTYS», BR)KHENIIAS LIeAb
KOTOPOT0 — CIIOCOOCTBOBATb Pa3BUTUIO UHTEIPATUBHON (PU3MOAOTMM, HAlJlEeAEHHOI Ha TIOHVMaHUe,
KaK/M 00pa3oM Ka>KAbll KOMIIOHEHT OpraHyuaMa paboTaeT Kak 4acTb, MHTEIPUPOBaHHAs B QYHKLIMO-
HUPOBaHME OpraHK3Ma KaK EAVHOTO LIeAOT0, B 3A0POBbE U OOAE3HMU.

JKypHaa «VIHTerparuBHast Gpu3MOAOTMsI» BBICTYIAET 32 YKPEIA€HMe IO3ULNIA PUBNOAOTUY, OAHO
13 BOXKHENIINX PYHAAMEHTAABHBIX HayK, €3 mporpecca KOTOpOil HEBO3MOXKHO IIPEACTABUTD YCTOMYN-
BOe pa3Butue MeAnLyHbl. O Bo3BpaljeHry GU3MOAOTMM HA LIEHTPAABHYIO TIO3ULIUIO MTPOBO3TAACUA
Ha KOHrpecce Me>XxAyHapoAHOTo coro3a ¢pusnorornyeckux Hayk (International Union Physiological
Sciences, IUPS) B Bpasuauu B 2017 ropy Ilpesupent IUPS Aenuic Hoba. 9To craso poeBusom [UPS aast
pasBuTHs GU3MOAOTUN.

Ha ykpenaeHue nmosuuuit Gpu3moAOr1y, MHTEIPATUBHOM (M3MOAOTUY HALIEAEHO U IIPOBEAEHME
B MHcTuTyTe Pusnororum um. V. I1. [TaBaoBa PAH exxeropHoit Beepoccuiickoit KoHpEpeHLMN C MeX-
AYHapOAHBIM yuyacTueM «VIHTerpaTuBHas pusmnosorusi». TpapuLMOHHO KOH(pepeHLMs TPOBOAUTCS
B AeKabpe, B AHU, OAM3KMeE K 5 pAekabpsi, AHI0O poxpaeHus VIHctutyTa. B 2023 ropy oHa nmaaHupyeTcst
6—8 pexabps.

Ha npoueatueit 7-9 aexabpst 2022 ropa konbepenunn (https://www.infran.ru/Hayka/Hay4sbie mMe-
ponpusaTus/) y4aCTHUKOB NMPUBETCTBOBAaAM BbiAatolyecs: pusnoaoru coppemenHoctu Opuit Brukro-
poBuu Harounn u Aexnc Ho6a (Oxford University), KoTopble BHECAU ¥ BHOCST HEOLIEHMMBbIN BKAQA
B COXpaHEHNe, YKPeIAeHIe, Pa3BUTHE U BO3POKAEHME PU3MOAOTMN KaK KAKOYEBOIT U3 OMOAOTMIEeCKIX
HayK.

[Tospnee, 27 pexabpst 2022 ropa, CTAAO U3BECTHO, YTO BbICIIAs Harpapa Poccuiickoi akapeMuy HayK
Boaburas 3or0Tast meparb PAH nm. M. B. AomonocoBa B 2022 roay IpuUCy>KAeHa BbIAQIOIIMMCS GU3u-
oaoraM [Oputo Buxroposuuy Hatounny u Aenncy Hobay. BiepBbie aTa MeaaAb IpUCY>KaeHa GuUano-
aoram. Harpaskpenue cocroutcst Ha O6mem cobpanuum PAH (23-24 mast 2023 roaa).

PepkoaAerus >xypHaaa «JVIHTerpatuBHasi pU3MOAOTUS» CEPAEYHO MO3APaBAsieT akapeMuka PAH
IOpus BukTtoposuya Hatounna u nnocrpanHoro uaena PAH Aennca Hobaa ¢ mpucy>xpeHueMm BoIciIen
Harpaabl Poccuiickoit akapemuy HayK — boabiont 3oaotont mepaau PAH um. M. B. AomoHocoBa.

Mpi 6aaropapum 0. B. Harounna n Aennca Hobaa 3a BO3MOXKHOCTD ITyOAMKaLIMK B IEpBOM HOMepe
JKYpHaAa MX MPUBETCTBUS 1 0030PHOI CTAaTbU.

3 npusetcTBus Ha KoHGepenuuu 0. B. HatounHa: TpeHA COBpeMeHHOM GU3MOAOTUN — «MPUOAU-
3UMbCA K 3ABEMHOLL MeHme BeAUKUX YMOB HAUUX NpeOulecmBeHHUKOB pusuorozos XIX—XX sexos
Bocco30amb 00pa3 PyHKUUIL 4eA0CHIHO20 OP2AHUSMA KAK BbiCULE20 NPUOPUNENA (PUSUOAOUU.

W3 npuBetcTBus Ha KoHpepenuyu Aernca Hobaa: «DusnoAoruss — 1eHTp OMOAOTUM».

«The third decade of the 21** Century must and will see the Return of Physiology to Centre Stage in the
biological sciences» — «TpeTbe pecsiTureTne 21-r0 BeKa AOAXKHO CTaThb CBUAETEAEM BO3BpAllleHMsI
¢bu3MoAOrMM Ha LIEHTPAaAbHOE MECTO B OMOAOTMYECKMX HAYKaX».

ITpuBeTCTBYsI YMTaTEAE} IIEPBOTO HOMepa KypHaAa «VIHTerpaTtuBHas GM3MOAOTMSI», BBIPAXKAIO
HAAEKAY Ha IIOAYUYEHMEe PYKOIIICEN, COAEP>KALLVIX HOBBIE 3HAHMS O (PM3MOAOTMYECKMX ITPOLIECCAX LIEAOCT-
HOTO OpraHu3Ma.

C 0AaropapHOCTBIO KO BCEM, KTO CAEAAA PEAABHOCTDBIO BBIITYCK IIEPBOrO HOMepa >XypHaAa
«/IHTerpaTuBHas ¢pusnororus» 3a 2023 roa.

C yBaxmeHnuem,
21aBHbLIL pedaKmop
A. Il Qurapemosa
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Letter from the Editor-in-Chief

Greeting from the Editor-in-Chief

Dear Colleagues,

I am pleased to introduce the first issue of the journal Integrative Physiology in 2023. Its mission
is to encourage the development of integrative physiology. It is a science that aims to gain an insight into
the way every part of human body works to facilitate its effective functioning as a whole, in health and
disease.

We stand for strengthening the position of physiology as one of the most important fundamental
sciences. It is hardly possible to imagine the sustainable development of medicine without its progress.
The return of physiology to central stage was announced at the Congress of the International Union
of Physiological Sciences (IUPS) in Brazil, 2017, by Denis Noble, the-then President of IUPS.
This has become the IUPS motto and has added more momentum to the development of physiology.

Integrative Physiology is also a namesake annual Russian conference with international participation
hosted by the Pavlov Institute of Physiology, RAS. It shares the mission of strengthening the positions
of physiology and integrative physiology. Traditionally, the conference is held in December, on the days
close to 5 December, the birthday of the Institute. In 2023, it is scheduled for 6—8 December.

At the conference that took place 7-9 December, 2022 (https://www.infran.ru/Hayka/Hay4uHbie
Meponpusrtusi/), the participants were welcomed by Yuri V. Natochin (Russian Academy of Sciences,
Saint Petersburg) and Denis Noble (Oxford University) —two outstanding physiologists who have made
an invaluable contribution to the preservation, strengthening, development and revival of physiology as
a key biological science.

Later, 27 December 2022, it was announced that Yuri V. Natochin and Denis Noble were awarded the
Lomonosov Grand Gold Medal RAS—the highest award of the Russian Academy of Sciences. It is
the first time this medal has been awarded to physiologists. The award ceremony will take place at the
General Meeting of the Russian Academy of Sciences, 23—24 May 2023.

The Editorial Board of Integrative Physiology extends its heartfelt congratulations to Academician
of the Russian Academy of Sciences Yuri V. Natochin and Foreign Member of the Russian Academy
of Sciences Denis Noble on receiving the highest award of the Russian Academy of Sciences, the Lomonosov
Grand Gold Medal RAS.

We would like to thank Yuri V. Natochin and Denis Noble for the opportunity to publish their welcome
address and a review article in the first issue of the Journal in 2023.

In his welcome address to the conference participants Yuri V. Natochin says that the vistas for modern
physiology are “To get closer to the dream cherished by the great 19"-20" century physiologists—
to recreate the image of the whole organism functions as the highest priority of physiology.

At the conference Physiology is the Centre of Biology Denis Noble said, “The third decade of the 21*
century must and will see the return of physiology to centre stage in the biological sciences.”

I welcome the readers of the first issue of the journal Integrative Physiology in 2023 and invite
manuscripts containing new knowledge about the body’s physiological processes at the whole organism
level.

I would like to extend my appreciation to all those who made the first issue of the journal Integrative
Physiology for 2023 a reality.

Yours respectfully,
Editor-in-chief
Lyudmila P. Filaretova
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Ipusemcmaue akademuka FO. B. Hamoyuna

YAK 612

YuyactHukam koHpepenun «/IHTerpaTuBHas GusnoAOrus»

0. B. Hatounu™!

! VIHCTUTYT 9BOAIOLMOHHOM ¢usnosorun u ouoxumun uM. V. M. Ceuenona Poccuiickoit akapeMun Hayk,
194223, Poccus, 1. Cankt-IleTep6ypr, np. Topesa, A. 44

CgedeHus 06 asmope

FOpuit Bukroposud Hatounn, SPIN-koa: 8488-3727, ORCID: 0000-0003-2075-5403, Scopus AuthorID: 35557160500
e-mail: natochinl @mail.ru

Inybokoysamaemvie yuacmHuuku Kongepenyuu!

Aropmuaa [TaBAOBHA TIpUTAACUAA MEHSI CKa3aTh BaM HECKOABKO cAOB IIpuBerctBus. IIpobaemsi,
KOTOpBIE BBl OypaeTe 00CY’KAATh, COBPEMEHHBI I CBOEBPEMEHHBI, Ballll BCTPEYM CTAHOBSITCS TPAAULIV-
OHHBIMM, NIPUBAEKAIOT BCe OOABIIIE YYaCTHMKOB. 3HAKOMCTBO ¢ nporpammoii KonpepeHuun ropoput
He TOABKO 00 OYeHb IIMPOKOM OXBaTe MpoOAeM GU3MOAOTUN CEHCOPHBIX U BUCLIEPAABHBIX CUCTEM,
ABUT'AaTEABHBIX CHCTEM U MOBEAEHMSI, HO U CTPeMAEeHMS IPOAEMOHCTPMPOBATh COBPEMEHHBIN YPOBEHb
MPOHVKHOBEH!S B MOAEKYASIPHbIE MEXaHU3Mbl MHTETPaL KaXXAO U3 QYHKLUI B KOHCTPYKLIUSAX
1JeAOCTHOT'O OPraHM3Ma, BBIICHUTDb T€HEeTUYEeCK/e OCHOBBI X OCYLIECTBAEHMA. DTO OTPa)KaeT TPEHA
COBpeMeHHOI/vI (bI/ISI/IOAOI'I/H/I B IIOIIBITKE HA OCHOBE OI'POMHDBIX MAaCCMBOB 3KCII€EPVMEHTAABHbBIX AAQHHbBIX
NpUOAM3UTHCS K 3aBETHON MeuYTe BEAMKUX YMOB HAIIMX IPEAIIeCTBEHHUKOB (PU3MOAOrOB
XIX—XX BeKOB BOCCO3AATh 00pa3 PYHKLMI LIeAOCTHOTO OpraHM3Ma Kak BbICILIero npuopurera ¢pusmno-
AOTHU. AOCTVDKEHUSI MOAEKYASIPHOM OMOAOTMY U T€HETUKU TTOCAEAHUX AECSITUAETUN MTO3BOAUAU
HEe TOABKO NMPUOAUBUTHCS K MOHMMAaHUIO (PYHKLMOHAABHOI OPraHM3aly OTAEAbHBIX SAEMEHTOB
OpraHu3Ma, HO U CA€AAQTh HOBBIIT LIIAT AAST IPOHUKHOBEHMSI B CBATAS CBSATHIX — MEXaHU3MbI, 0becrevu-
BalOIIVie Pa3yMHBbIe AEVICTBUS apXUTEKTYPHOTO PM3MOAOTMYECKOTO aHCAMOASI 1IEAOCTHOTO OpPraHM3Ma.
Taxkoy MOAXOA UMEET BaXKHOE 3HAUEHUE AAS KAUHUYECKOV MEAVLIVHBI, peLIeHVsI MHOTUX ITPUKAAAHBIX
3apau. JKeaaro ycrenrHbIX BBICTYIIA€HUI, OCTPBIX AMCKYCCHUIL, PAAOCTU IIO3HAHMSI, HOBOTO Iara
AASL pacLiBeTa pU3MOAOTUU.
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Dear Delegates,

Prof. Lyudmila P. Filaretova kindly invited me to give a welcome address. Attracting a growing number
of experts every year, the conference is becoming a tradition and offers its guests and participants
a topical and relevant agenda. The Conference programme embraces a wide range of issues in the
physiology of sensory, visceral, motor systems and behavior. It also aims to share insights into the molecular
and genetic mechanisms that facilitate the integration of these functions in the organism as a whole.
This is indicative of the vistas for modern physiology, namely, to use substantial experimental data to get
closer to the dream cherished by the great 19""-20™ century physiologists—to recreate the image of the
whole organism functions as the highest priority of physiology. A few recent decades have seen huge
advances in molecular biology and genetics. They bring us closer to the understanding of how separate
parts of body form a functional whole. On top of that, they open up new opportunities to gain an insight
into the holy of the holies—the mechanisms that ensure a reasonable behaviour of the physiological
architecture of the body as a whole. This approach is crucial for clinical medicine and may prove effective
in solving numerous applied tasks. I wish all the participants success with their presentations, a heated
debate, the joy of learning. I hope the Conference will blaze new trails to encourage the flourishing
of physiology.

Academician Yuri V. Natochin
Head of the Russian National Committee of Physiologists
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Abstract. The Neo-Darwinist Modern Synthesis of evolutionary biology mistakenly relied on Crick's Central
Dogma of molecular biology as excluding any control of genome sequences by organisms. The mistake can
be unraveled by considering how DNA is replicated. The most important part of that process is open
to control by organisms. The reason is that only a small part of the process can be attributed to a mechanism
of replication “like a crystal’, as proposed by the Selfish Gene theory. The larger part is attributable to extensive
proof-correction by cut and paste enzymes that are coordinated by the living cell. That process reduces
the error rate of replication from 1 to 10* nucleotides to 1 in 10*°, which is a million-fold increase in accuracy.
There is therefore no replicator separate from its vehicle, the living cell. That error rate is under control
by organisms. The mechanisms by which Electro-Transcription (ET) coupling is achieved have now been
identified. Similar mechanisms must exist for Electro-Gene-engineering (EG) coupling. Such mechanisms
change the fundamentals of biology.

Keywords: physiology of evolution, Electro-Transcription coupling, jumping genes, DNA replication and
repair, Central Dogma, Weismann Barrier, trans-generational inheritance

Be3 3HaHus mo2o, KMo s u 3a4em s 30€ch,
MU3HD HEBOZMONHA.

Without knowing who I am and why I am here,
life is impossible.

Where the Modern Synthesis theory
of Evolution went wrong

I begin with a question: Why was physiology
excluded from the central problem in biology:
how organisms evolved? The answer to that ques-
tion comes from studying the way in which
the theory of evolution developed into the Modern
Synthesis in 1942, and how the subsequent develop-
ment of that theory became hardened and
dogmatic in the mid 1960s.

The Modern Synthesis was first defined by Julian
Huxley in his book Evolution: The Modern Synthe-
sis (Huxley 1942). That book was subtitled
“The Modern Synthesis” because it explained how
evolutionary biology had developed during the first

Lev Tolstoy “Anna Karenina”

Introduction

This article sets out the reasons why physiology
was systematically excluded from developments
of the theory of evolution, why that exclusion was
a profound mistake, and how physiology now needs
to rise to the challenge of repairing the damage

to the fundamentals of biology. This is nothing less
than “The Fight for the Future of Biology” (Noble
2022c).

half of the 20* century from a synthesis of neo-
Darwinism and Mendelian genetics. Neo-Darwin-
ism contributed the ideas of the Weismann
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Barrier (strict isolation of the germline cells from
influences from the body and environment) and
the elimination of organism choice (Darwin’s sex-
ual selection idea, and Lamarck’s “pouvoir de la
vie”). Mendelian genetics provided the basis for
a gene-centric view of evolution, using the Weis-
mann Barrier as justification for isolation of the
genome from the body and environment.
The Weismann Barrier idea eliminated the inheri-
tance of acquired characteristics, as Weismann
himself intended (Weismann 1892; 1893). This became
the motivating factor for the Modern Synthesis.

Yet, there was no experimental evidence for the
Weismann Barrier (Noble 2016). Moreover, the first
edition of Huxley’s book was a relatively broad
interpretation of evolutionary biology within its
chosen framework. It did not, for example, commit
itself to what exactly constituted the Mendelian
idea of a gene. As Johannsen said, it was seen as
anything (ein Etwas) that could transmit the phe-
notype characteristic from generation to generation
(Johannsen 1909). Although it was a gene-centric
view of evolution, the question what exactly is
a gene was open. In fact, Huxley’s book included
many physiological processes by which evolution
occurs (see historical analysis in Noble, Noble
2023b), even including control of the genetic mate-
rial in response to stress. Full-blown gene-centrism,
and the consequent marginalization of physiology,
had to wait until the nature of the genetic material
became clearer.

That happened when DNA was found to contain
the templates on the basis of which organisms could
determine the amino acid sequences for building
proteins. When the double helical nature of DNA
was discovered by Watson and Crick, using
the X-ray data of Rosalind Franklin, the idea grew
that gene centrism could become what Crick called
the Central Dogma of Molecular Biology (Crick
1958; 1970). This idea (which should never have
been called a ‘dogma’) is that DNA templates are
used first to create RNA templates, which are then
used to specify amino acid sequences in proteins,
with no possibility of ‘back-translation’ from proteins
to DNA.

On the basis of Crick’s ‘dogma; Julian Huxley
and other adherents to the Modern Synthesis con-
cluded that molecular biology had “dethroned
proteins in favour of DNA” and that “the Weismann
Barrier was now embodied in the Central Dogma”
(Huxley 1963). The full history of this development
can be found in Noble and Noble works (Noble,
Noble 2023a; 2023b). Gould called this the harden-
ing of the Modern Synthesis, in which the study
of development and functions within organisms
became rigidly excluded from playing any role
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whatsoever in the evolutionary process (Gould
2002). Physiology became completely excluded
from evolutionary biology and, in many countries,
evolutionary biology was no longer taught within
physiology and medical courses in universities. Nor
has physiology been taught in Evolutionary Biol-
ogy courses. Several generations of scientists have
now been brought up to think that the two subjects
have nothing to contribute to each other since the
Weismann Barrier was interpreted to be absolute.

Discoveries of new maternal and paternal
physiological effects

Yet, physiologists have of course continued
to discover many embryonic and early life effects
that must have epigenetic, not genetic, origins.
These have been fully reviewed elsewhere (Allis
et al. 2015; Hanson, Gluckman 2014; Hanson,
Skinner 2016). These are only some of the many
experimental discoveries that require re-examination
of the hardened version of the Modern Synthesis
(see Noble 2021; Shapiro, Noble 2021 for many
further examples), but they alone are sufficient to
demand an answer to the question: How can such
processes somehow bypass the prohibition of the
Central Dogma? Would they require back-translation
of amino acid sequences to nucleotide sequences?

Surprising as it may seem to many scientists
brought up on acceptance of the Central Dogma,
there is no reason why such back-translation should
ever be required! It is not required because,
as I shall show, this is not how organisms can control
their genomes. The key to resolving this issue lies
in the way in which DNA replicates.

DNA replication processes

Accurate copying during cell division cannot be
explained in the way “how crystals are formed”
(Dawkins 1976, 17). On the contrary, it becomes
replicated via two quite distinct processes (Noble
2018), only one of which bears any resemblance
to crystal formation:

The first process allows us to draw an analogy
with the way crystals self-replicate. Crystals do this
when molecules in solution fit themselves into the
crystal lattice somewhat as a key fits into a lock.
DNA inaliving cell is not at all like a crystal. Instead,
it takes the form of a flexible double helical thread,
where each of the two threads mirrors the other,
so that an A bonds with a T and a C with a G, and
when the threads are unwound, an A will attract
a T, and a C will attract a G. This bears comparison
with the process of crystal replication, and
in organisms such as prokaryotes, that is all there
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is to the process of DNA replication—two new
double helical threads can be formed almost
automatically from one. Almost — but in eukaryotes
‘almost’ is far from sufficient.

This purely biochemical process cannot be
accurate enough in nucleotide strands of more than
around 10,000 base pairs (Noble 2018; Rennie 1991).
The natural error rate of the process is one error
in around 10,000 base pairs. Such short genomes,
for which this error rate is not critical, are found
only in small viruses. In a human genome of 3 billion
base pairs that error rate would generate nearly
a million errors (Preston et al. 2010). Organisms
would not be able to survive such a high error rate.
The genome would become seriously degraded and
useless after only a few cell duplications. So, there
must be, and there is, another and more important
process.

The second process is the organisation by the living
cell, and only by the living cell, of a set of cut and
paste enzymes that proof-read and correct almost
all of those errors. This is a physiologically controlled
process, and living organisms use that control precisely
to side-step the Central Dogma! Here is the central
mistake in the Modern Synthesis of evolutionary
theory: in contradiction to Dawkins’ (1976) selfish
gene theory, the replicator (DNA) is not separate
from its vehicle, the living cell. Furthermore, such
physiological control is universal in biology.
Physiological control must continually sense what
is needed to drive the correction, in the case of
genome replication, these are the mismatch errors.

As an example, consider the way in which
the immune system constructs new immunoglobulins
with the correctly shaped variable part designed

relative
mutation
frequency

distance from transcription start site

b

\Y%

to fit and neutralize a new invading virus or bacterium.
In a highly targeted part of the genome, that forms
the template for the variable part of the
immunoglobulin protein, the cell generates new
immunoglobulin sequences using a non-random
cut and splice process (Fig. 1). This region of the
genome then hypermutates to augment specificity.
The result is that large numbers of new DNA
sequences are generated through the creation
of targeted stochasticity. When some of those succeed
in producing the correct shape of immunoglobulin
to neutralize the new invader, the successful cells
are induced to reproduce. Others are induced
to apoptose. I call this kind of process the harnessing
of stochasticity (Noble 2017), since it uses chance
to generate a highly targeted functional outcome.
The harnessing of stochasticity breaks the fundamental
rule of the Modern Synthesis, according to which
all DNA variations must be purely random and
cannot be physiologically functional. Once a variation
gets selected and harnessed, we can no longer call
it random. Neo-Darwinists should have no difficulty
in understanding this form of selection because it
is precisely what they attribute to the process
of Natural Selection. All they need to add is that
selection of random change can also occur within
organisms, as part of their normal physiological
functioning.

Is the immune system just a rare example? Not
at all. Barbara McClintock (1953), in plants, and
James Shapiro (2011; 2013; 2022), in bacteria,
found much the same control of chance variations
to achieve new functional DNA sequences.
McClintock’s work on Indian corn (maize) showed
that the process can cause large sections of chro-

MAR Ck 3’Ex

Fig. 1. Schematic diagram of gene-specific targeted hypermutation in immunoglobulin gene loci. The mutation
rate is greatly increased only in the variable part of the genome, which is an approximately 1.5 kb region in each
of the three immunoglobulin loci. In this figure, the graph above the rearranged variable (V) and joining (J) gene
segments that form the variable region of Igk depicts the mutation domain in the k-light chain (Igk) locus. 30Ek,

Igk 30 enhancer; Ck, Igk constant; iEk, Igk intronic enhancer; MAR, matrix attachment region
(from Odegard, Schatz 2006)
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mosomes to jump around in the cell nucleus, so
discovering the phenomenon of jumping genes,
for which she won the Nobel Prize in 1983
(McClintock 1984). A similar process can occur in
bacteria as they rapidly evolve resistance to antibi-
otics. Cancer tumours also use hypermutation
to evade aggressive forms of chemo- and radio-
therapy (Shapiro, Noble 2021b). The process
of physiologically controlled hypermutation seems
to be universal in organisms.

Have these processes been involved in macro-
evolution leading to speciation over millions of
years? Clear evidence for that being true emerged
when the first results of the human genome project
were announced in 2001 (International Human
Genome... 2001). Figure 2 shows domain accretion
in chromatin proteins. From this we can see that
these proteins must have evolved when species like
yeast, worms, flies, vertebrates, humans diverged
from their common ancestors. The chances of such

Yeast Worm, Fly, Vertebrates

Ao Frm

Yeast ! Worm

domain accretion occurring entirely by chance are
effectively zero. Organisms must therefore have the
ability to select functional parts of the genome when
shifting them around, just as the immune system
is able to select just the variable domain of immu-
noglobulins.

This highly significant outcome offers a marvellous
opportunity for further investigations in physiology.
Just as it is impossible for the immune system
to function without careful targeting of specific
regions of the immunoglobulin genome, so it must
be true that organisms have the ability to distinguish
functional from non-functional regions in other
protein-coding genome domains. The opportunity
arises because, in both cases, we do not yet know
precisely how physiological control processes achieve
these outcomes. We just know that they do, and
that those processes must exist. I predict major
accolades for those researchers who can discover
the precise pathways involved.

Yo X
[T 1OD@0)0
* Fly, Human

Q= St Bop=mS

Worm

OC]

Fly, Human

Yeast, Fly, Vertebrates OMO@ %G)OO-O@

FIy Human
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Fig. 2. Evidence for how gene domains must have moved around during evolution to form different functional
proteins by domain accretion. This figure shows diagrammatic representations of three groups of individual
proteins that contribute to the formation of chromatin, the backbone of chromosomes. Each coloured shape

shows a single protein domain. Each protein is made up of several domains. In each case, as we move from yeast
(unicellular) to worm, fly, various vertebrates and the human, the number of domains increases. The significant
fact is that the development from one to the other did not occur by gradual accumulation of small mutations.
Instead whole domains hundreds of amino acids in length have come together to form the new protein.

The white stars show the domains that must have moved in this way. It is extremely unlikely that this result could
have been achieved by gradual accumulation of small random mutations (Redrawn from Fig. 42 of International
Human Genome... 2001, as Fig. 7-4 in Noble 2016). For full details of the domains and proteins involved see
the original Nature paper (Noble 2016)
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Summary of ways of bypassing
the Central Dogma

Figure 3 shows what those control processes
must be capable of achieving. The diagram is based
on the experimental facts I have already presented
in this article. But many of the physiological details
remain to be worked out.

Direct effects of e.g. radiation on DNA

Networks control

The processes involved in Crick’s formulation
of the Central Dogma are shown at the bottom
of the diagram. Crick’s original 1958 version was
severely restricted to the horizontal black arrows:
DNA —> RNA —> protein. The important 1970
modifications are represented by the gray arrows:
back transcription from RNA to DNA, and replication
of RNAs. Both of these modifications are important

ENVIRONMENTAL INFLUENCES

RNAs form parts
of networks

Fig. 3. How the processes that the Central Dogma seeks to describe (that is, the relations between DNA, RNA
and proteins shown on the bottom row) fit into the context of physiological control by the functional
physiological networks. Those networks are subject to environmental influences (black arrow) as well as
contributing to the environment (white arrow). The networks control DNA replication, proofreading,
mutagenesis and rearrangement. DNA expression and reorganisation is therefore under control by the
functional networks (hatched arrow). RNAs and proteins form important components of the functional
networks (upward shaded arrows), while the functional networks determine how protein amino acid chains are
folded (downward arrow from networks to proteins). The physical environment also has direct effects on DNA,
for example, through radiation breakage (Noble 2022a)
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since they mean that new DNAs can be incorporated
into the genome from new RNAs and that RNAs
can also be replicated. Most representations of the
Central Dogma show only those arrows that represent
the processes Crick envisaged. Clearly, something
must be missing since I have already shown that
the Central Dogma has been bypassed.

So my diagram adds in all the interactions
involving cellular physiological networks, (represented
by the functional networks in the centre). Control
of DNA replication and the error correcting processes
is represented by the left hand downward arrow
from networks to DNA. A similar downward arrow
(middle) represents possible control of RNA
replication. The networks may also control protein
folding (right hand downward arrow) which is
critical to their physiological function. There are
also biochemical modifications, such as methylation,
acetylation, ubiquitinylation and proteolytic cleavage.
The physiological networks also interact in both
directions with the environment. Finally,
the environment can also directly cause DNA
changes via radiation and chemicals, represented
by the vertical downward arrow at the far left.

Note that I speak of “Functional Networks” rather
than using terminology like “Gene Regulatory
Networks.” There are two reasons for this. One is
that, in the context of reductive gene-centric
explanations of living systems, the more usual
terminology slides too easily into thinking that
genes are themselves causally regulating the networks,
whereas the reverse is true. One of the purposes
of the cellular networks is precisely to regulate gene
expression, control the accuracy of replication, and
to exploit stochasticity by generating new sequences.
The second is that the functional networks are not
just located at the cellular level in multicellular
organisms. All levels of interaction are important.

The big challenge for physiology now is to discover
ways of filling out this kind of diagram. We can
already say that the diagram is broadly correct, but
we are still woefully ignorant of many of the precise
mechanisms.

Physiologists have already signposted
the way forward

Nevertheless, physiologists have already
discovered important clues to how physiological
control of the genome happens. In concluding this
article I will therefore describe two examples, since
I believe they point the way forward to physiology’s
role in the future development of the mechanisms
that have been used in the processes of the evolution
of life here on earth.
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The problem is to discover how living cells can
directly control the DNA in their nuclei when
stimulated by processes in their environment. Thus,
the immune system exemplifies this with somatic
hypermutation and IgH class switch recombination.
Both modify immunoglobulin encoding DNA
in response to events at the cell surface (membrane
bound IgM binding to antigen to “activate”
the encoding B cell). The events at the cell surface
must therefore trigger messaging to the nucleus.
The scale of the problem is best illustrated
by imagining magnifying a cell to the scale at which
a single nucleotide sitting in the nucleus would be
the size of a golf ball. To be specific, let’s place that
‘golf ball’ somewhere in Saint Petersburg. Where
would the surface of the cell be?

I encountered this problem of imagining
the vast difference between molecular and cellular
scales when I was a student at University College
London in the 1950s. Hugh Huxley (Huxley, Hanson
1954) was using an electron microscope to visualise
the actin and myosin filaments in muscle. Working
at the very limit of the resolution of his microscope,
he could see (if only just!) the tiny cross-bridges
between the filaments, and, to give us students
an idea of the magnification, he explained that, at
that scale, the muscle fibre itself would be around
the size of a large part of the city of London.
Well, I am imagining a scale one or two orders
of magnitude larger than he was working with.

If we imagine a single nucleotide to be the size
of a golf ball, the cell surface would be somewhere
around 700 Km away in Moscow! That is how large
cells can be on such a scale.

How then do cell surfaces connect with their
nuclei? They do so via the vast network of tubules
and filaments forming the cytoskeleton. The filaments
made of tubulin enable a very important means
of communication. They are like roadways.
Tiny molecular motors charge along them. Label
those molecules with a fluorescent chemical and
you will then see them dart around the cell. Yet, on
the scale I am imagining, those roadways are not
more than the width of a small footpath. In Paleolithic
times, humans would have made the journey between
Saint Petersburg and Moscow by laboriously walking,
or riding horses, along footpaths, snaking their way
through the forests and hills. Resizing our scale
back to that of a real cell, the molecular motors can
make that kind of journey in just a matter of seconds.

How do living cells communicate
to their nuclei?

Now, I come to the work of two physiologists
who have shown how such ‘roadway molecular
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motors’ carry signals from the cell surface to the
nucleus. I refer to the work of Dick Tsien (one
of my former students at Oxford in the work on the
heart’s pacemaker mechanisms, now working
at New York University) and Anant Parekh (now
working in my department at Oxford University).
In a recent article in Experimental Physiology (Noble
2022a) here is how I described their work:

“Yet accurate and targeted transport of messenger
molecules over these tiny cell ‘roadways’” have been
discovered in living cells. Examples of recent
physiological studies that demonstrate this process
can be found in the papers of Ma et al. (2014) and
Kar et al. (2016), working on the transmission
of signals from calcium concentration changes that
control the relevant gene activity in the nucleus.
The molecular motors can achieve this transport
ata speed of up to 2 pm/s. The nucleus can therefore
be reached within just a few seconds. Visualising
these processes using fluorescent markers reveals
avast trafficking system with messenger molecules

2. Unmasking of

NLS by dephos- @
phorylation (Ser334)

3. Nuclear
translocation

5. Phosphorylation
of CREB

moving rapidly in all directions between the cell
and its nucleus. The work of Kar et al. is ground-
breaking in showing the dependence on two calcium
compartments (Kar et al. 2016). Multiple causation
must surely be the norm in physiological control
systems.

Tsien’s team (Ma et al. 2014) showed how
the signalling molecule yCaMKII is critical for rapid
phosphorylation and gene transcription of CREB
(a cellular transcription factor), so unravelling
a mechanism for Electro-Transcription (ET) coupling.
The diagram from their article showing the stages
involved is reproduced here as Figure 4. Their work
is a phenomenal achievement. Who can doubt that
similar communication processes must exist
to complement Electro-Transcription coupling with
Electro-Genetic-engineering (EG) coupling?
The immune system, and the other living systems
I have highlighted in this article, must be able to do it.
I surmise that EG coupling uses similar pathways
that have yet to be identified.

1. Ca**/CaM trapping by
phosphorylation (Thr287)

4. Delivery of Ca?*/CaM
to nuclear kinases

%,

“ Gene expression
N

Fig. 4. The mechanism that mediates long-distance communication within cells: “a shuttle that transports Ca**/
calmodulin from the surface membrane to the nucleus. The shuttle protein is yCaMKI], its phosphorylation
at Thr287 by BCaMKII protects the Ca?*/CaM signal, and CaN triggers its nuclear translocation.

Both pCaMKII and CaN act in close proximity to CaV1 channels, supporting their dominance, whereas
yCaMKII operates as a carrier, not as a kinase. Upon arrival within the nucleus, Ca*/CaM activates CaMKK and
its substrate CaMKIV, the CREB kinase. This mechanism resolves long-standing puzzles about CaM/CaMK-
dependent signaling to the nucleus”” (from Ma et al. 2014)
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Parekh’s team (Kar et al. 2016) went one stage
further in showing how two calcium-dependent
signals can communicate simultaneously with the
nucleus. That is important since multi-factorial
causation must be very common in living control
processes. The logic must be multi-conditional.
Unravelling such multi-conditional logic in physi-
ological control systems will be difficult, but the
cutting edge experiments I have described here
show that it is, in principle, possible.

What remains to be done?

So what remains to be done? Both experiments
I have described here concern Electro-Transcription
(ET) coupling. Electro-Gene-engineering (EG)
coupling must also exist, as emphasized also in the
recent book Transformer: The Deep Chemistry
of Life and Death by Nick Lane (2022, 277-284),
and as I have proposed in Figure 3. What I call
Hodgkin Cycles (Noble 2022b), coupling membrane
potentials to the control of molecular networks,
must exist everywhere in living systems.

This article celebrates being awarded the highly
prestigious Lomonosov Grand Medal for my work
on modelling the heart’s pacemaker mechanisms.
For this I am extremely grateful to the Russian
Academy of Sciences. I am now 86 years old. In my
remaining years I look forward to physiologists
somewhere in the world—and why not here
in Russia?—clarifying the processes I have imagined
must exist to enable functional physiological networks
to control the genome. Those EG coupling processes,
when they are discovered, will become a cornerstone
for our understanding of how physiology controls
the evolution of genomes, which will forever change
the fundamental nature of biology.

The word “physiology” means the “Logic of Life”.
By showing how physiology drives evolution, we
bring back the scientific interpretation, the logic,
of purpose in life, without which it is impossible
to understand it (Noble, Noble 2022). Hence my
quotation from Tolstoy at the top of this article. We
cannot understand ourselves as humans without
understanding who we are. Being alive is definitively
purposeful. That is true of all organisms.

Commitment

As the former President of the International
Union of Physiological Sciences, I am totally devoted
to ensuring that this happens. I showed the way
forward in a large Cultural Festival in the UK,
the Festival of the Institute of Art and Ideas, held
in Hay-on-Wye in June 2022, where I was invited
to debate with the author of The Selfish Gene and
populariser of the Modern Synthesis, Richard
Dawkins (1976; 2016). Readers of this article may
view that debate on the IAI website in the reference
list (Institute of Art and Ideas 2022), or from my
website (Denis Noble. The music of life 2022).
In addition to explaining that DNA cannot accurately
self-replicate “like a crystal’, I also referred to the
fact that physiologists have now discovered Darwin’s
“gemmules” (Noble 2019, 2022b), so completing
his explanation of Lamarckian inheritance.

The assumed molecular biological foundations
of the Modern Synthesis, which led to its hardening
in 1963, are now revealed as illusions (Noble 2021).
They do not support the isolation of the genome,
nor do they support the exclusion of organisms
controlling their genomes. No longer is it possible
to exclude physiology from the centre of biology.
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AnHomauyus. [IpoBeA€eH aHaAV3 BOBMOXXKHBIX MEXaHV3MOB BAVISIHVSI Pa3HOMOAAABHOI CEHCOPHO MH(bOpMaLyn
Ha aKTUBHOCTb «KAETOK MeCTa» 1 GOPMUPOBaHNME aCCOLMALIMI «3aMlaX — OOBEKT — MeCTO» B TUIIIIOKAMIIE,
a TaK’Ke POAb IMIITIOKAMIIAAbHOI popMaLuyl B TIOSIBAEHNUM «KAETOK MECTa» B Pa3HBIX 00AACTSIX KOPBL.
/lcnioAb30BaHbI M3BECTHBIE AQHHBIE O TOM, YTO KPOMe ITIOTOKOB MH(GOPMALINK «YTO» U KTA€», MOCTYIIAIOLINX
B TUIIIIOKAMII COOTBETCTBEHHO Yepe3 AATePAAbHYI0 Y MEAMAABHYIO YaCTU 3HTOPMHAABHON KOPBI,
Ha aKTMBHOCTb IUIIIIOKAMIIA BAMSIOT pa3AMYHble 00AACTM KOPBI Yepe3 TaAaMUYeCcKue sSiApa — MepeAHIE,
PEeyHUEHC U MEAMOAOP3aAbHOE. AHaAU3MpPYyeMas HEIIPOHHAS CeThb, 00eCIeynBaoiast B3aMO3aBUCUMYIO
00paboTKy pasHOMOAAABHOI CEHCOPHO 1 IPOCTPAHCTBEHHOI MH(OpMALIMYL, BKAIOYAIOLIAs TONOrpaduiecKu
CBsI3aHHbIE 00AACTY KOPBI, IUIIITOKaMITAABbHOI (pOpMaLy, 6a3aAbHBIX TAHTAMEB, MO3KEUKA, TAAAMUYECKIIX
Y APYTVIX IOAKOPKOBBIX SIA€P, TPEACTABASIET COOO0T1 BCEOOBEMAIOLINIT KOHHEKTOM. DTOT KOHHEKTOM COCTOUT
13 Tonorpaduyecky OpraHN30BaHHBIX KOHHEKTOMOB, B K)KAOM 13 KOTOPBIX IPOMCXOAUT 00paboTKa CBOVICTB
CEHCOPHBIX CTUMYAOB OIIPEAEAEHHON MOAAABHOCTMU. [ I[pEeATIOAOXKEHO, YTO AAUTEABHDBIE AOAMMH-3aBUCHMbIE
IAacTUYeCKye u3MeHeHs 3P PEeKTUBHOCTM CMHANITMYECKON TIepeAayy MEKAY HeIpOHaMU B KOHHEKTOMeE
MOTYT A€XaTb B OCHOBE AVTHAMWYECKMX ITEPECTPOEK B AKTUBHOCTY «KAETOK MECTa» B I'MIIIOKAMIIAABHOI
¢dbopmanum 1 B Kope, 0becrieuynBasi aAeKBaTHYIO IPOCTPAHCTBEHHYIO HABUTALIMIO C YY€TOM Pa3HOOOPa3HOTO
CeHCOpHOTro OKpYy>XeHus1. CAeACTBUS IIPEAAATAEMOT0 MeXaHM3Ma COTAACYIOTCSI C U3BECTHBIMMU U3 AUTEPATYPhI
pe3yAbTaTaMy SKCIEPUMEHTAAbHBIX MICCAEAOBAHMIL.

Karoueswoie c10Ba: KAETKU MECTA, TUTIIIOKAMITAAbHAS Q)opMauI/m, MYABTVIMOAAQABbHAsI CEHCOPHast I/IH(l)OpMa]_U/IH,
KOHHEKTOM, CMHaIITU4YeCKasd MAACTUYHOCTb

18


http://www.intphysiology.ru
https://www.elibrary.ru/YOLZJY
https://doi.org/10.33910/2687-1270-2023-4-1-18-42
https://crossmark.crossref.org/dialog/?doi=10.33910/2687-1270-2023-4-1-18-42&domain=pdf&date_stamp=2023-04-06
https://www.elibrary.ru/author_profile.asp?id=78542
https://www.scopus.com/authid/detail.uri?authorId=7004815840
file:///D:/%d0%9d%d0%b0%d1%83%d1%87%d0%bd%d1%8b%d0%b5%20%d0%b6%d1%83%d1%80%d0%bd%d0%b0%d0%bb%d1%8b/%d0%98%d0%bd%d1%82%d0%a4/%d0%98%d0%bd%d1%82%d0%a4_%d1%82.%204%2c%20%e2%84%96%201_%d0%bd%d0%b0%20%d0%b2%d0%b5%d1%80%d1%81%d1%82%d0%ba%d1%83/%d0%9b%d0%b5%d0%bd%d0%b0/%d0%9b%d0%b5%d0%bd%d0%b0/ 
https://orcid.org/0000-0002-7622-2684
mailto:isa-silkis%40mail.ru?subject=
https://doi.org/10.33910/2687-1270-2023-4-1-18-42
https://www.elibrary.ru/YOLZJY
https://creativecommons.org/licenses/by-nc/4.0/

. I Curvkuc

Possible mechanisms of interdependent processing
of multimodal sensory and spatial information in the CNS

L. G. Silkis"™™

! Institute of Higher Nervous Activity and Neurophysiology, Russian Academy of Sciences,
5A Butlerova Str., Moscow 117495, Russia

Author

Isabella G. Silkis, SPIN: 7279-2039, Scopus AuthorID: 7004815840, ResearcherID: AAB-9949-2021, ORCID: 0000-0002-

7622-2684, e-mail: isa-silkis@mail.ru

For citation: Silkis, I. G. (2023) Possible mechanisms of interdependent processing of multimodal sensory and spatial
information in the CNS. Integrative Physiology, vol. 4, no. 1, pp. 18—42. https://doi.org/10.33910/2687-1270-2023-4-1-18-42

EDN YOLZJY

Received 16 January 2023; reviewed 14 March 2023; accepted 23 March 2023.

Funding: The study had no financial support.

Copyright: © 1. G. Silkis (2023). Published by Herzen State Pedagogical University of Russia. Open access under CC BY-NC

License 4.0.

Abstract. We performed an analysis of possible mechanisms of influence of multimodal sensory information
on the activity of “place cells” and the generation of “odor — object — place” associations in the hippocampus,
as well as the role of the hippocampal formation in the appearance of “place cells” in different areas of the
cortex. The research was based on the readily available data that, in addition to the “what” and “where”
information entering the hippocampus through the lateral and medial parts of the entorhinal cortex,
respectively, various areas of the cortex influence hippocampal activity through the anterior, reuniens,
and mediodorsal thalamic nuclei. The analyzed neural network interdependently processes multimodal
sensory and spatial information. This network includes topographically connected areas of the cortex,
hippocampal formation, basal ganglia, cerebellum, thalamic and other subcortical nuclei, thus forming
a global connectome. This connectome consists of topographically organized connectomes, each of which
processes the properties of sensory stimuli of a certain modality. It has been suggested that long-term
dopamine-dependent plastic changes in the efficacy of synaptic transmission between neurons
in the connectome may underlie dynamic reorganizations in the activity of “place cells” in the hippocampal
formation and in the cortex providing adequate spatial navigation based on a diverse sensory environment.
The consequences of the proposed mechanism are consistent with the experimental results known from
the literature.

Keywords: place cells, hippocampal formation, multimodal sensory information, connectome, synaptic

plasticity

BBepaenue

ITpu HaXOXKAEHUU )KUBOTHOTO B OTIPEAEAEHHON
00AaCTU IPOCTPAHCTBA (MI0A€ MeCTa) B TUMITOKaAM-
ne (['VTIIT) BO3OyXXAQIOTCST «KAETKM MeCTa».
Ha aKTMBHOCTD «KAETOK MECTa» BAUSIOT 3PUTEAD-
Hbl€, CAYXOBbIEe, TAKTUAbHbIE I OOOHSITEABHbIE
CEHCOpHBbIe CUTHAABL. [loAaraior, 4To «KAETKHU
mecTa» B [VIITIT peacTaBAsIIOT COO0IT MyABTUMO-
AQABHBIV KAQCC HEIPOHOB, MOAYYaIOIMX MHPOP-
MaLMIo 3 MHOKECTBA Pa3AMYHBIX CEHCOPHBIX
MCTOYHMKOB, U 9TO MO3BOASIET IIPABUABHO OTO-
Opa’kaTh B X aKTMBHOCTY OTPAaHNYEHHYI0 00AaCTh
okpyKaroiueit cpeabl (Jeffery 2007). PasHomopaAb-
Hasl ceHcopHas nHbopmauys nocrymnaer B IUTIIT
13 MIePBUYHBIX, BTOPUYHBIX U aCCOLMATUBHBIX 00-
Aacreit kopel (Esteves et al. 2021). Cuuraror, 41O
HauboAee CyleCTBEHHO Ha aKTMBHOCTb «KAETOK
MeCTa» BAMUSIIOT 3pUTEAbHbIE CUTHAABI 1 T€, KOTOPbIE

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1

cBs13aHbl ¢ ABWKeHueM (Gener et al. 2013). 3nayu-
TEADbHBIIT BKAAA B T€HEPAaL[MIO Pa3PsIAOB «KAETKaMU
MeCTa» BHOCUT aKTUBALMS 3pUTEABHON 1 TEMEHHOI
obaacreit kopsl (Poucet et al. 2003), a oast popmu-
POBaHUS IIPOCTPAHCTBEHHOI MAMSITU HEOOXOAUMO
B3aumoaerctsue I'MIII c accouuaTuBHOM TEMEH-
HoIT Kopou (Save et al. 2005). Xots sputeAbHas
MHpOpMaLMs, KOTAQ OHa AOCTYIIHA, UMeeT IIPUOPU-
TETHOE BAVUSTHME Ha CpabaThIBaAHME «KAETOK MECTa»
B [UIIII, AOKaAbHBIE OOOHATEAbHBIE U/UAU TaK-
TUAbHbBIE CUTHAABI B COYETAHUM C CUTHAAAMU,
CBSI3aHHBIMU C ABVDKEHMEM, TAK)Ke MOTYT obecrie-
4uBaTh CTabMABHOE CpabaThiBaHME 9TUX KAETOK
(Poucet et al. 2000). MimeroTcst pasAuyHbIe CBUAE-
TEAbCTBA TOTO, YTO Y I'PbI3YHOB, Y KOTOPBIX OTHO-
CUTEABHO MAOXasl OCTPOTA 3PEHUsI, HO OYEeHb
pasBuTa 00OHITEAbHAsI CUCTEMA, 3aIIaXxy CII0Co0-
CTBYIOT (OPMUPOBAHMUIO TIPOCTPAHCTBEHHBIX OTO-
Opa’keHMIT OKPY>KAIoIllell CPeAbl B aKTUBHOCTU
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Bo3mowHble MexaHUu3MbL B3AUMO3ABUCUMOLL 06p6l6OH’IKM...

HevipoHoB ['MIITIT 1 urparoT Ba)kKHYIO POAb B IIPO-
crpaHcTBenHoi HaBurauuu (Aikath et al. 2014).
Pe3yAbTaTbI 3KCIIEPUMEHTAABHBIX ICCAEAOBAHUIA
yKa3bIBalOT Ha TO, YTO METPUYECKIE Y KOHTEKCTY-
aAbHbIE€ BXOAHBIE AQHHBIE€ B3aVIMOAEVICTBYIOT
B TaKMX CTPYKTYpax, KaK SHTOpPMHAaAbHasl Kopa
(3K) u Apyrue o6AacTy KOpbI, KOTOpPbIe 0becrneyn-
BalOT OOAee CAOXKHBIN XapakTep 00pabOTKU MH-
dbopmaLuu MO CPaBHEHMIO C «KAETKAMU MeCTa»
B ['UIIIT (Jeffery 2007). B BoimoAHeHUM TTOBEAEH-
YeCKMX 3aAa4, CBSI3aHHBIX C HABUTALIMEN, YYaCTBYeT
" MeAuaAbHas npedppoHTasbHas Kopa (MITpK)
(Sauer et al. 2022). Panee nccaea0BaHMSI TIPOCTPAH-
CTBEHHOII TAaMSATU B OCHOBHOM OBIAM COCPEAOTO-
4YeHbl BCEI'0 HAa HECKOABKMX CTPYKTYpax MO3ra,
BKAIOYasl TMIINOKaMIIaAbHy0 ¢popmauuio n IK,
OAHAKO COBpEMEHHbIE aHATOMUYECKNE, TIOBEAEH-
JyecKye Y 9AeKTPO(U3MOAOTMIECKYIE ICCAEAOBAHNS
MO3BOAVIAM AOTIOAHUTD 3TY CETh TAKVMU CTPYKTY-
pamu, KaK MepeAHue sSiApa TaAaMyca, CPeAVHHbBIE
siApa Taaamyca u orpapa (kaaycrpym) (O’Mara,
Aggleton 2019). B aTux obaacTsax oOHapy>XeHbI
MPOCTPAHCTBEHHO HACTPOEHHbIE KAETKI, B TOM
41CA€ KAETKM CO CBOICTBAMMU, IOAOOHBIMU «KAET-
kaM Mecta» ['VIITIT (O’Mara, Aggleton 2019).
Mprl noaaraem, 4To IpeAAOXKEHHDIV HAMY paHee
BO3MOXXHBIIT MexaHusMm hbopMUpoBaHUs 0TOOpa-
JKEHUM acCcoLMaluil «3arnax-o0beKT-MeCcTO»
Ha Heriponax [UITIT (Cuabkuc 2021c) MoXxeT s1B-
ASITbCSI OAHOM M3 COCTABASIIOIIMX OoAee 00Iiero
MeXaHM3Ma y4acTusi CEHCOpHOM uH}opMauumn
B IPOCTPAHCTBEHHON HABUTAL[MM, B OCHOBE KOTO-
pOTO AeKaT MAacTU4ecKue nepecTpoitku addek-
TUBHOCTHU CBSA3€M MEXAY HeIpOHAMM Pa3ANYHbIX
KOPKOBBIX U MMOAKOPKOBBIX CTPYKTYp. AHaAM3
HEKOTOPBIX 0COOEHHOCTEN y4acTusl 3TUX Iepe-
CTPOEK B peopraHusaluy aKTUBHOCTY HEMPOHOB
B KOHHEKTOMeE, BKAIOYAIOIIEeM TaK/e CTPYKTYPBI
KakK HoBas kopa, [MITI], Taaamyc, MO3>ke4oK, Oa-
3aAbHbIE TAHTAUN U APYTVe ITOAKOPKOBBIE SIAPA,
6b1A IpoBepeH Hamu paHee (Cuabkuc 2022). Lleabto
HACTOs1Iell pabOThI SIBASIACS @HAAU3 BO3MOXXKHBIX
M€XaHM3MOB B3a/IMO3aBUCHMOI0O (PYHKLMOHUPO-
BaHMs1 pasAanyHbIX cTpyKTyp B LJHC, obecrieunBa-
IOLMX Y4aCTVe Pa3HOMOAQABHOV CEHCOPHOI VH-
dbopmaLuM B MPOCTPAaHCTBEHHON HABUTALIUN.

OToOpaskeHUsI HPOCTPAHCTBEHHOI
undopmanuu B pasupix crpykrypax LIHC
(0630p AQHHBIX AUTEPATYPbI)

Omobpamenus noiell mecma 8 AKIMUBHOCHY
«KAMOK MeCma» B 2UNNOKAMHe

3amnuch akTUBHOCTY 100 «KAETOK MeCTa» B IIOAE
CA1 npu BbINTOAHEHUY KPbICAMU 3aAQUM HaBUTALY

C BO3Harpa>kAeHlueM IO03BOAMAQ I10Ka3aTh, YTO
«KAETKU MECTa», KOTOpble KOAUPYIOT CXOAHBIE
MPOCTPAHCTBEHHbIE MECTOIOAOXKEHNSI, UMEIOT
TEHAEHLIMIO K 00pa30BaHMI0 HEOOABIINX TPOCTPaH-
ctBenHbIX KAacTepoB (Wirtshafter, Disterhoft 2022).
ITU KAACTEPBI B OCHOBHOM (OPMUPYIOTCS KAET-
KaMl, KOTOpbIe OTOOPa’KaIOT ITOASI MECTA BOKPYT
AOKYCOB, B KOTOPBIX paHee ObIAO AQHO BO3HArpax-
aAeHre. OAHaKO O4eBMAHOTO Tonorpaduyeckoro
0TOOpaKeHMsI MECTOMIOAOXKEHMST OKPY KaIoLen
cpeab! B akTuBHOCTU KAeToK ['MITIT, xak 31O Ha-
OAI0AQETCSI B 3pUTEABHOI KOpe, He 0OHapy)KeHO
(Wirtshafter, Disterhoft 2022). [Tocae nepectanos-
KU XapaKTEePHBIX OPUEHTUPOB B OKpY>Kalollen
cpeae HerpoHsl oas1 CA3, oTobpakaroliye moAs
MeCTa, COXPaHSIOT 00Aee BBICOKYIO CTEIIEHb KOore-
penTtHOCTH, YeM HeltpoHbl moAst CA1 (Knierim et
al. 2006). OToT a3dDeKT coraacyercs ¢ mpeACTaB-
AeHyeM o noae CA3 kak 06 ayTo-accoLaTUBHOM
cetu. B moae CA2, xaxk u B nnoae CAl, umerorcsa
«kAaeTku mecta» (Alexander et al. 2016). Ouu pe-
arMpoBaAU Ha HOBbIE TOAOXKEHUS B TPOCTPAHCTBE
yBEeAUYEHMEM CpeAHEN YaCTOThI Pa3psiAOB, XOTS
B moae CA2 o1ieHKa MTOAOXKEHUSI B IPOCTPAHCTBE
6b1Aa xyxe, ueM B oae CA1 (Bhasin, Nair 2022).
ITpocTpaHCTBEHHbIE TATTEPHBI BO30Y>KAEHMSI OT-
AEABHBIX NMMPAaMUAHBIX HelIpOHOB B noae CA2,
OTOOPa’KAIOIINX MOASI MECTA, CYI[eCTBEHHO OT-
AVYAAVICh IO XapaKTePUCTHUKAM OT IATTEPHOB
B moae CA1l (Mankin et al. 2015).

Bsaumozasucumas 06pabomka 3pumervHoli
U NPOCMPAHCMBEHHOU UHPOPMAYUY

C 0AHOII CTOPOHBI, B 00pabOTKe MPOCTpaH-
crBeHHol uHdopmanuu B [MIIIT yyacTByior 3pu-
TeAbHble CTUMYABL Tak, B IMITIT oO6Hapy>keHbl
HEVIPOHBI, Pearupyoliye Ha CAOXKHbIE 3pUTEAbHbIE
CTVIMYABI IAY X OTA€ABHBIe CBOVICTBA. Hampumep,
HexoTopsble Hertpoubl [T, kak 1 HelpoHBI 3pu-
TEABHBIX 00AACTEl HOBOW KOPbI, OTBEYAAU
Ha CTUMYABI OIIpeAeAeHHO GOPMBI U pa3Mepa,
a TAlOKe Ha CTYMYABI, ABVDKYIIMECS B OTIPEAEACHHOM
HanpaBAaeHuu (Kazarian et al. 1995). C pApyroin
CTOPOHBI, IOAOKEHME )KMBOTHOI'O B OKpY Kalollen
CcpeAe BAMSIET Ha BbI3BaHHble 3pUTEAbHBIMU CTU-
MyAaMM peaKLii HeIpOHOB NepBUYHOM 3pUTEAb-
Hoi1 KopbI (V1). B aKTUBHOCTU HEPOHOB B MOA€
V1 KoAMPYIOTCA Te )Ke IPOCTPaHCTBEHHbIE AOKYCHI,
KOTOpBIE KOAVPYIOTCS «KAETKaMU MECTa» B ITOAE
CA1 (Saleem et al. 2018). [TpocTpaHCTBEHHAS UH-
dbopMaLMs CUAbHee MOAYAMPYET ¥ aKTMBHOCTD
HEMPOHOB PeTPOCIAEHMAAbHO KOPHL. [Ipu aToM
9(bdeKT ObIA BBIPAKEH CUABHEE, Y€M AAST HEIIPOHOB
noAst V1, mpuyeM y 3TUX HEIPOHOB HAOAIOAAAV
YAUMBUTEABHO CXOXKYIO IIPOCTPaHCTBEHHYIO Ha-
crpouky (Fischer et al. 2020). Ha akTuBHOCTB
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. I Curvkuc

«KAETOK MecTa» B roae CAl BAMsSeT He TOABKO
3peHue. HanmpuMmep, mpeAnoyYTeHe «KAETOK MeCTa»
3aBMCEAO OT IPOMAEHHOro paccTostHus (Ravassard
et al. 2013). ITpu oAHOBpEMEHHOI perucTpanun
AKTUBHOCTV HEMPOHOB B 3pUTEABHOM ITOAe V1
u B moAe CA1 65140 0OHAPY>KEHO, YTO B 3HAKOMOI
cpeae ceHcopHast o6paborka B moae V1 u mpo-
CTpaHCTBeHHOe KopaupoBaHue B moae CAl mopy-
AVIDYIOTCSI HE TOABKO 3PUTEABHBIMU CUTHAaAAMU
(Fournier et al. 2020).

Y KpbIC B CBOOOAHOM TIOBEAEHUU B TepeAHeNn
YaCTU OIPaAbl 3aPerYICTPUPOBAHBI «KAETKY MECTa,
B aKTMBHOCTM KOTOPBIX KOAMPYeTCs MH(OpMaLys
0 MecTe 1 rpaHuiax oobekra (Jankowski, O’Mara
2015). ITpocTpancTBeHHast MHGOPMALIUSI MOXKET
MOCTYMAaTb B OIPaAy U3 MEAVAABHOM JacTy SHTO-
puHaAbHOM KOpbI (DKM). Kpome Toro, akTuBHOCTD
«KAETOK MeCTa» B Orpaje KpbIC MOAYAUPYETCsI
BXOAQMU U3 3PUTEABHBIX 00AaCTell KOPBHI.
Tak, 0OHapy’)KeHO, YTO aKTUBHOCTbh HEMPOHOB
nepeAHelt YaCTy OTrPaAbl 3aBUCUT OT OKpY’Kalolile-
IO KOHTEKCTA U OT CKOPOCTY IepeABIDKEHMS KPbI-
cbl (Jankowski et al. 2017). I'Tpu yAaaeH M 3pUTEAD-
HBIX CUT'HAAOB 13 OKPY’Kalolllell CpeAbl aKTUBHOCTD
«KAETOK MeCTa» B Orpaje KpbIC MEHSAACh, IPUYEM
s dekr 3aBucea ot aktuauy HMAA-petienTopos
(Rizzello et al. 2022). V13 3T1X AQHHBIX CAEAYET, UTO
B OCHOBe 9TOr0 3(deKTa AeKaT MmAacTuyecKue
nepecTpoitku 3pHEeKTUBHOCTU CUHATITUYECKOIT
nepepaun Me>XxAy HelipoHamu. C Apyroi CTOpOHBI,
HEJIPOHBI OTPaAbI, KOTOpble MIHHEPBUPYIOT HEMPO-
HbI B PAa3AMYHBIX 00AACTSIX KOPBI, MOT'YT HAIIPSIMYIO
MOAYAUPOBATb UX aKTUBHOCTbD, IPEAOCTABASIS
nHpopMaLNI0 O MOAOXKEHNU TeAa, rpaHULjaX
u opuentupax (Jankowski, O’Mara 2015).

Bsaumozasucumas 06pabomka 000HsmMeAbHOU
U NPOCMPAHCMBEHHOU UHPOPMAYUY

OO6p14HO B GOPMUPOBAHUM «IIOAEN MeECTa»
KAIOUEBBIMI 9AEMEHTaMU SABASIOTCS 3pUTEABHO-
MpoCTpaHCTBeHHbIe accoanun. OAHAKO U B OT-
CYTCTBME BU3YyaAbHON MH(POPMALIY KaK AIOAY, TaK
VI APYTi€ I03BOHOYHbIE, CIIOCOOHBI FeHEPUPOBATh
oueHb 3 PeKTVBHBIE TPOCTPAHCTBEHHBIE OTO-
OpaxeHusi. BosaericTBue 3armaxoB yCMAMBAeT aK-
TMBHOCTDb HelpoHoB VI, cBsi3aHHBIX ¢ 0Opa-
60TKOM MpocTpaHCTBeHHOI uHbopmayuu. [1pu
BBIITIOAHEHVM 3aAaHVS, TPeOYIOLIero y4acTus 0060-
HSTeAbHOI paboueit mamsTy, B moae CA1 rummo-
KaMIIa MbIIIM aKTMBUPOBAAUCH «KAETKU 3aIaxa,
MpUYeM UX peLelITUBHbIe IIOASl OCTaBAAUCH CTa-
6uapHbIMU B TeyeHre cyTok (Taxidis et al. 2020).
Y roay6ert, moABepraBIIMXCsI BO3AEICTBUIO 3aI1aX0B,
B popcoaaTtepaabHolt yactu I MITTIT akTBMpoBasoch
3HAYMTEABHO OOABIIIE HEIPOHOB, YeM Y TOAYOe],
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MMOABEPTaBIINXCS BO3AECTBUIO GUABTPOBAHHOTO
BO3AyXa Oe3 3amaxos (Jorge et al. 2014).

B cBo10 ouepepb, MHPOPMALIUA O MPOCTPAH-
CTBEHHOM DAaCIOAOXKEHUU 3aIaXxa MOKET BAMSITD
Ha ero BOCIIPUSTHE, IOCKOABKY OHa IOCTYIIaeT
He ToAbKO B ['VTIIT, Ho 1 B iepepHee 0O0HATEAbHOE
SIAPO, KOTOPO€ TIOAyYaeT MHHEPBALIVIO 113 000H-
TEABHOV AYKOBULIBI Y [TePEAAET e€ B MUPUPOPMHYIO
xopy (ITK) (Aqrabawi, Kim 2020). Pabouyo mamsTh
0 3amaxe IMoOAAep>KMBaeT BeHTpaAbHas yacTb I MITIIT
(Kesner et al. 2011). IToaararoT, 4To 3a CYET MPO-
exuuit us BeHTpaabHoro ['UITIT B mepepHee 060-
HSTEABHOE SIAPO OIIOCPEAYETCsI acCoLaLus 3a-
maxa c¢ ero kourexcrom (Levinson et al. 2020).
He uckAo4eHo, 4TO B mepeaHeM 00OHATEAbBHOM
sIAP€ XPaHSTCSI KOHTEKCTYaAbHO 3HaYMMble DH-
rpaMMbl 3aI1aX0B, U YTO 9Ta AKTUBHOCTb HEOOXO-
AVIMa U AOCTATOYHA AAS TOBEAEHYECKOTO BbIpaske-
HUs mamsTu o 3anaxe (Aqrabawi, Kim 2020).
ITpocTpaHCTBeHHAsI TAMSTh Ha 3araxX HapylLlaAach
IIOCA€ MHIMOMPOBaHus Tonorpaduyecky opraHm-
3oBaHHbIX myTelt u3 I'VIITIT B mepeaHee 060OHATEAD-
Hoe s1Apo (Aqrabawi, Kim 2018). O6parumoe mo-
BpEXAEHME ANOO TTEPEAHETO OOOHATEABHOTO SIAPA,
Aanbo TUTIIT nocae oOyveHust accoumaLum 3amax —
3pPUTEABHO-TIPOCTPAHCTBEHHBIN KOHTEKCT Hapy-
IIIaAO BbITIOAHEHME 3apa4n. [Ipy 5TOM AUCKPUMU-
HAl[MsI 3al1aX0B, HE CBSI3aHHBIX C KOHTEKCTOM,
He Hapyuraaach (Levinson et al. 2020).

CoBpeMeHHbIe AQHHBIE YKa3bIBAIOT HA TO, YTO
BHYTPEHHSISI CBSI3b MEXKAY OOOHSHVEM Y IIPOCTPaH-
CTBEHHOIT MaMSThIO TOAAEP)XMBAETCS] B3aMMO3a-
BucuMbIM GyHkLIMonuposaHuem IUTIIT u mepn-
aabHOI opbutodponTasbHoi kops (OPK) (Dahmani
etal. 2018). Y mauneHTOB C OpakeHeM MEAVAAD-
ot ObK HabaopaAn AePUITUT KaK UpaeHTUDUKA-
LMY 3aTIAXOB, TaK U MPOCTPAHCTBEHHON MaMSITU
(Dahmani et al. 2018).

Bsaumozasucumas 06pabomka 38yK0BoLL
U NPOCMPAHCIMBEHHOU UHPOPMAYUY

B cAyxoBoI1 cucTeMe MpOCTPAaHCTBEHHAS MH-
dbopmaLst KOAMPYETCS C yY€TOM IOAOXKEHMST UC-
TOYHMKA 3BYKa OTHOCUTEABHO HaOAIOAATEAS
VI CUMTAETCS TOLEHTPUYECKOI Ha MPOTSHKEHUN
Bcero cayxoBoro myty (Amaro et al. 2021). B aktus-
HOCTY HEVIPOHOB B TEPBUYHOM CAYXOBOM MoAe Al
reHepyUPYIOTCsl OTOOpa’KeHNs TAKMX CBOVICTB 3BY-
KOBOT0 00'beKTa, KaK IPOCTPAHCTBEHHOE TOAOXKE-
HIe, UCXOAHASI MACGHTUYIHOCTD U 3HauMMOoCTh (Nelken
et al. 2003). ToHMYECKM aKTUBHbIE KACTKM ITOASL Al
pearMpoBaAM Ha IOAOXKEHME 3BYKa M3MeHEHNEM
vacrtotsl (Sakai et al. 2009). AKTMBHOCTb HEIIPOHOB
B roae Al oTtobpakaeT 3ByKM C TOYKU 3PEHMUS
3BYKOBBIX OOBEKTOB, 2 He C TOYKU 3pEHUs
VIHBApMaHTHBIX aKyCTUYECKUX XapaKTepPUCTUK
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(Nelken 2004). Panbiiie Tako€e BOCIIPUSATIE OTHO-
CUAY K BBICIIVIM CAYXOBBIM 00AQCTSIM.

ITpu coyeTaHMM YCAOBHOI'O 3BYKOBOI'O pa3apa-
JKUTEASI U 6€3YCAOBHOTO Pa3APKUTEAS B BUAE
DAEKTPUYECKOTO TOKa «KAeTkM Mecta» B ['MIIIIT
KPbIC HAUVMHAAY OTBEYATb Ha 3BYKOBOJ YCAOBHBIN
CTUMYA TOABKO TOTAQ, KOTAQ KPbICA HAXOAMAACDH
B IpeA€eAaX IOASI MeCTa, I He OTBEYAAU Ha 3TOT
CTUIMYA, €CAU €TO IIPEADbSIBASIAUL U30AMPOBAHHO
(Moita et al. 2003). DTu AaHHBIE YKa3bIBAIOT Ha TO,
yto I'MIIIT crrocobcTBYyeT HOPpMUPOBAHMIO KOH-
TEKCTHO-3aBMCMMOJ ITaMATU BO BpeMs accolya-
TUBHOTO O0Y4YeHNsI C y9acTyeM 3ByKa. Y OOABILINH-
CTBa IPOCTPAHCTBEHHO UYBCTBUTEABHBIX HEVIPOHOB
B CAYXOBBIX 00AACTSIX IPEAIIOUTEHME TOAOKEHNS
MICTOYHMKA 3BYKa CYIL[eCTBEHHO M3MEHSIAOCh B 3a-
BUCUIMOCTM OT KOHKpeTHO 3apauM (Amaro et al.
2021). Ipu oOyyeHuM mmecyaHOK 3apaye MOMCKA
MUIIN, KOTOpasi TpeboBaAa AOKAAU3ALUY U UAEH-
TU(UKALMY VICTOYHMKOB 3BYKa BO BpEeMsI CBOOOA-
HOU HaBUrauuu, B moae Al ObIAM BBISIBAEHBI OTO-
OpakeHust 06bexToB (Aronov et al. 2017). C apyroi
CTOPOHBI, IIPU OAHOBPEMEHHON PEerucTpaLun aK-
tuBHOCTU HevipoHoB B I'MIIIT n B DK xpric
BO BpeMs 3aAaHMs, B KOTOPOM MEHSAAACh YaCTOTa
3BYKOBOT'O TOHA, B 00€MX CTPYKTYpax ObIAM OOHa-
PY>KEHBI AICKPETHbIE AOKYChI BO30Y>KAEHMS AAST
OTIpeAEAEHHBIX 3BYKOBBIX 4acToT (Aronov et al.
2017).

Bsaumosasucumas 06pabomka makmuibHol
U NPOCMPAHCMBEHHOU UHPOPMAYUY

VccaepoBaHME aKTUBHOCTY HEIPOHOB B AOD-
3aABHOI1 YaCTY KOPbI MbILIEN, 6eryumx 110 6eroBon
AOPO>XXKe B OKPY>KEHUM TAaKTUABHBIX CTVIMYAOB,
MoKaszaao, 4To 40—80% HelpOHOB, pacroAaraBILX-
Cs B IIEPBUYHBIX, BTOPMYHBIX M aCCOLMAaTUBHBIX
00AaCTSIX KOPbI, XapaKTePU3YIOTCSI BbIPa)KEHHBIMU
MMaTTEPHAMU aKTUBHOCTY, OTPAKAOIIMMHU IIPO-
CTPAHCTBEHHYIO AOKAAM3ALMIO 3TUX CTMMYAOB
(Esteves et al. 2021). Takas cBS3aHHas C AOKAAU-
3auuen crneludUIHOCTh HAPYIIAAACh IIOCAE T10-
BpexxpeHus [MIIIT. VI3 aTux AaHHBIX CA€AYeT, 4YTO
CYLIeCTBYeT 3HAUMUTEAbHAsI IIMPOKO PACIIPpEAEAEH-
Hasl 110 KOpe IOMYASILVs HEMPOHOB, KOTOpbIEe
B COBOKYITHOCTM OOpPa3yIOT HeIpepbhIBHOE OTO-
Opa’keHle MICCAEAYEMOII CPEADL, IIPUYEM AAST ITOA-
A€P>KaHMsI TOYHOTO OTOOpakeHUs IPOCTPAHCTBA
B Kope HeoOxoauMbl Bxoabl u3 [UAITIT (Esteves et
al. 2021). B mepBUYHOIT COMAaTOCEHCOPHO KOpe
KpbIc S1 06Hapy XeHbI MPOCTPaHCTBEHHO-M30Mpa-
TeAbHbIE TATTePHBI BO30Y)XAEHMS, IOAOOHBIE TEM,
KOTOPbIE HAOAIOAQIOTCS B TUTIIIOKAMITAABHO-9HTO-
PMHAABHOM CETU, B YACTHOCTHU, «KAETKU MeCTa»
Yl KA€TKU HarpaBAeHus roaoBsl (Long, Zhang 2021).
OTU KAETKM POPMUPYIOT MPOCTPAHCTBEHHYIO

kapty 3a npepeaamu I'VIIIIT 1 moATBepkAQIOT
TUIIOTE3Yy O TOM, YTO MHPOPMALMSI O MECTOIIOAO-
YKEHUM MOAYAMPYET OTOOpakeH1e Teaa B COMATO-
CEHCOPHOI1 Kope.

TakTuabHas nHoOpMaLys, cobupaemas ycamu,
IIMPOKO IIPEACTaBA€HA B KOpe TOAOBHOTO MO3ra
KpbIC. BAussHMe Ha «kaeTku MecTa» B I'UTIIT Tak-
TUABHBIX CTYMYAOB, OOHAPY>KEHHBIX C IOMOLIBIO
YCOB, M3y4YaAU B 00OTall[eHHON TAKTUABHOII CPeAe,
TOTAQ KaK OCTaAbHble CEHCOPHBIE CUTHAABI ObIAU
cKpbIThl. OKa3aA0Ch, YTO IIOCAE NTOBOPOTA TAK-
TUABHBIX CTUMYAOB 90% moAel MecTa IOBEPHYANCH
Bmecte ¢ Humu (Gener et al. 2013). TTocae TaKTUAB-
HO1 AenpuBaLuy (C ITOMOILIbI0O HAHECEHUST AMAO-
KayHa Ha MMOAYILIEYKY YCOB) y OOABLIMHCTBA «KA€-
TOK MeCTa» CHIDKaAaCh YacCTOTa CpabaTbIBaHMUs,
a X MoAsI MecTa pacupsiauch (Gener et al. 2013).
DTN pe3yAbTAaThl CBUAETEABCTBYIOT O TOM, UTO
B TaKTMABHO-O0OTAIIeHHOI CpeAe, KOTAA Apyrue
CEHCOPHbIE CTMMYABI HEAOCTYITHBI, TAKTMABHAS
nHGOpMALMsI UHTETPUPYETCS «KAETKaMU MeCTa»
TUIIIT.

Yuacmue memeHHOU U npehpoHmMarbHOU
obAacmeli Kopbi BO B3AUMO3ABUCUMOLL
00pabomke NpocmMpancmBeHHOT
U PA3HOMO0AAbHOLL CEHCOPHOL UHPOPMAYULL

Y KOHTPOABHBIX KPBIC OOABIIMHCTBO MOA€I
MeCTa OCTaBAAMCH CTAOMABHBIMU IIPU BpallleHUN
00OOHATEABHBIX U/MAU APYTUX CEHCOPHBIX CTUMYAOB
(Save et al. 2005). TTocKOABKY Yy KpBIC C TOBPEXAe-
HIEM aCCOL[MATUBHOI TEMEHHOI KOPbI OOABIIMHCTBO
IIOA€}T MeCTa CMECTUAOCh OOPAaTHO B MICXOAHOE
CTAHAAPTHOE TIOAOKEHME, OBIAO TIPEATIOAOXKEHO,
YTO B TAKOM CAYYae AAS TIOAAEP>KaHUsS CTabVAD-
HOCTMU TIOASI M€CTa KPbIChI TOAAraAMChb Ha HEKOH-
TpoAupyeMmble poHOBbIe curHaabl (Save et al. 2005).
DTN AQHHBIE CBUAETEABCTBYIOT O TOM, UTO IIpU
¢dbopmupoBanuy npocTpaHcTBeHHou namsitu [VTITT
1 aCCOLIMATMBHAsI TeMEHHAsl KOpPa B3aXIMOAEICTBYIOT.
AaHHbBIE, TOAyYEeHHBbIe NIPY 3aMMCU OTAEAbHBIX
HelIPOHOB TeMEHHO}l KOpbl, KaK y KpPBbIC, TaK
1y 00€3bsIH, I03BOASIIOT IIPEATIOAOXKUTD, YTO CU-
cTeMa OTCYeTa, MCIIOAb3yeMasl TeMEHHOM KOpoli,
MOXXET OBITh a0CTPAKTHOM IO CBOEN IPUPOAE.
Tak, moka3aHo, YTO aKTMBHOCTb HEIIPOHOB T€MEH-
HOI1 KOPBI y TPBI3YHOB B CBOOOAHOM IIOBEAEHUY
OpPraHM30BaHa B COOTBETCTBUU C IPOCTPAHCTBOM,
oIpeAeAsieMbIM MapLIPyTaMy, TaK YTO 3Ta 00AaCTh
KOPbI BHOCUT BKAQA B pellleHle HAaBUTALIOHHBIX
3apau (Nitz 2009). TemenHasi Kopa BO B3aIMOA€I-
ctBum ¢ I'MIITT urpaeT KxpuTHYeCKy BaKHYIO POAb
B BpIOOpe HanboAee IOAXOASIET0 MapUIpyTa
MexxAy AByMs Toukamu (Nitz 2009). ITpu Bbioa-
HEHUM 3apauM B AaOupuHTe Xe66a — Yuabsimca
ABYCTOpOHHee NoBpexkaeHne poopsaabHoro I'MIIII
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YXYALIQAO YCBOEHME AAAOLIEHTPUYECKON 3aAaul,
TOTAQ KaK ABYCTOPOHHEE IIOBPEXXAEHVE TEMEHHOI
KOPBI YXYAILIAAO YCBOEHME 3TOLIEHTPUYECKON
3apaun (Rogers, Kesner 2006). Cyast 1o pesyabTaTam,
HIOAYY€EHHBIM B yKa3aHHOI paboTe, BO BpeMsi cbopa
aaHHbix TUTIIT 1 TemeHHast Kopa 0O6pabaThiBalOT
IPOCTPAHCTBEHHYIO MHPOPMALIMIO ITAPAAAEABHO;
OAHAKO KOTAQ 9TO HEOOXOAVMO AASI TOVICKA U/UAY
AOCTYIa K 3T0i1 MH$OpMaLyK, TpebyeTCsi COBMECT-
Hoe QyHKLMOHMPOBaHMe 00euX CTPYKTYP.

VHTerpauus u npuBs3Ka 3BYKOBBIX CTUMYAOB
K PacCTOSIHVSIM B ITpOLiecce 00y4YeHNs TaKkKe OIoC-
peayeTcst HyKHelt TemeHHo Kopoit u TUTTIT (Chan
etal. 2012). [TpaBas yacTb KAMHOOOPa3HON 06AACTU
KOPBbI (cuneus), BO3MOXKHO, 00pa3yeT yCHAEHHYIO
CeTb AASI TIEPEKPECTHOTO CAYXO-IIPOCTPAaHCTBEH-
HOro o0y4eHus1. DTa PyHKLMOHAABHAS CETh, BEPO-
SITHO, YHUKAAbHA AASL AIOA€V C PAaHHEN CAETIOTOM,
MTOCKOABKY Y AIOAE€VI C HOPMaAbHBIM 3peHMEM
AQHAAOTMYHAsI aKTUBHOCTb ITPOMCXOAUT TOABKO
B TemeHHoM Kope (Chan et al. 2012).

ITokasaHo, yto B MI1pK nmeeT MecTo AHAMU-
yecKoe Tororpapuyeckyt OpraHn30BaHHOE KOAM-
poBanue noaeit Mmecta (Sauer et al. 2022). O6paru-
mast HaktvBauys MI1dK Hapyiiasa BeimoaHeHMe
KpbICAaMU 3aAaHMsI, B KOTOPOM TPeOOBaAOCh aCcCo-
LIMMPOBAaTh ABAa Pa3HbIX 3BYKOBBIX TOHA C BXOAOM
B ABa pa3HBIX pyKaBa Y-00pasHOro AabupuHTA
(Wang et al. 2015). I'1pu atom 14,5% HelipoHOB
MIIpK akTMBMPOBAAOCH NPENMYILIECTBEHHO NP
$bopMUPOBaHMM acCCOLMALIUI «3BYK — MECTO».
CyASL 110 5TUM AQHHBIM, AASI PELIeHNS pa3AUYHbBIX
3apa4 HeoOxopauMO B3auMoAaenctsue T'MITITT
¢ ¢pponTaapHbIMU OOAACTsIMU KOpBI. B TUTIIT BbI-
SIBA€HO 00'bEKTHO-OPUEHTUPOBAHHOE OTOOpaXkKeHe
IPOCTPAHCTBA, KOTAQ YYaCTHUKU OOHApY)XMBAaAU
cebs1 B cpepe c 00beKkTaMy, B TO BpeMs Kak B MI 1K
5TO MPOCTPAHCTBO OTOOPAXKAAOCH ITPU BCIIOMMHA-
HUYM MECTOIOAOXKEHUS 1IeA€BOro oObeKkTa.
Bo Bpems BocrioMuHaHMit QYHKLVIOHAABHAS CBSI3b
MEXAY 3TUMU ABYMsI CTPYKTYPaMy YBEAUYMBAAACh
VI 3aBMCeAQ OT XapakTepa 3aaauu (Zhang, Naya 2020).

QyHKIMOHAABHASI OPTAHU3ALMS CBSA3€I MEXAY
HellpOHaAMU TUNIOKaMIIaAbHON popManuy,
KOpPBI M TAaAAMYCa

CBA3U 2unnokamnarvHou opmayun
C PA3AUMHBIMU A0PAMU MALAMYCA

Cxema opraHusanyy B3auMOCBsI3ell TUIITOKaM-
MaAbHOI GOPMAINU C Pa3HBIMU OOAACTSIMU KOPBI
U TAAAMUYECKUMU SAPaMU MPEACTaBAEHA Ha PU-
cyHke 1. EcTeCTBEHHO NPEATIOAOXKUTD, YTO TaAa-
MUYECKME SIAPa, KOTOPbIE PELUIIPOKHO CBSI3aHBI
u ¢ ['MITIT, v c Kopoi1, MOT'YT y4aCTBOBAaTbh B 0TOOpa-
YKEHMM TTPOCTPAHCTBA C YYETOM Pa3HOMOAAABHOM
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ceHCcOpHOI MHpopMalmu. B yacTHoCTH, B IIpo-
CTPAHCTBEHHOI HaBUTaLIM ¥ IIPOCTPAHCTBEHHOM
MaMSTY Y4aCTBYeT TAAAMUYECKOE SIAPO PEYHUEHC,
KOTOpO€ PaCIlOAO>KEHO B CPEAMHHOI 4aCTU BeH-
TPAABHOTO TAaAaMyCa U PELMIIPOKHO CBSI3aHO
¢ TUTIIT u ¢ mITbK (puc. 1) (Griffin 2021). ITo-
BpeXAEHMe sIAPA PEYHMEHC U3MEHSIAO TOBEAEHYe-
CKYIO CIIOCOOHOCTb pacIO3HaBaTh M3MEHEHMs
MeCTOMOAOXKeHMs1 oobekTa (Jung et al. 2019),
HapYIIaAO BBIMIOAHEHME 3aAaYM Ha TaKTUABHO-
3PUTEABHYIO AVCKPUMMHALMIO, 3aBUCAILIYIO
ot pabouent mamsatu (Hallock et al. 2013), u usme-
HSIAO aKTMBHOCTD «KAETOK MecTa» B moae CAl npu
HaxokpeHun B 3Hakomoir cpeae (Cholvin et al.
2018). SIApO peyHMEeHC yUacTBYeT B AOATOBPEMEH-
HOJ KOHCOAVIAQLIMM IIPOCTPAHCTBEHHO NMaMsTU
Ha cucteMHoM ypoBHe (Loureiro et al. 2012).
OHO MOXeT SIBAATbCSA KAIOYEBOJ CTPYKTYPOIL,
criocoOcTBYIOIEel TpaHCPOopMaLy HOBOM MPO-
CTpaHCTBeHHOU namsTy, 3aBucsuienn ot ['MIIII,
B YAQACHHYIO, 3aBUCSILYIO X OT KOPKOBBIX CeTell.
ITockOABKY oboraiieHHasi OKpy)Kaklas cpeaa
0CcAaOAsIAQ HETaTUBHOE BAMSIHUE YAQAEHMSI SIApPA
peyHueHC Ha MPOCTPAHCTBEHHYIO MAMSITh, OBIAO
MPEATIOAOKEHO, UTO 3TOT 3(PHEKT MOXKET SIBASATH-
Csl CAGACTBMEM YCUAEHHON aKTMBALMY HEIPOHOB
B MI1pK (Ali et al. 2017).

OAVH 113 OCHOBHBIX MH(POPMALMIOHHBIX IIOTOKOB,
YKM3HEHHO BaXXHBIN AASI GOPMUPOBAHNS SIIU30AU-
YeCcKOI IaMsITY, IOCTYIaeT B IUIIIOKAMIIAAbHYIO
dopmaimio u3 nepeaHux sipep rasamyca (Tsanov,
O’Mara 2015). K aT0i1 rpymnie TaaAaMU4eCKuX siaep
OTHOCST aHTEPOMEANAABHOE, aHTEPOAOPCAABHOE
VI QaHTEPOBEHTPAABHOE, A MHOTAQ U AATE€PAABHOE
AopcaabHoe. I lepeaHnie siApa TaaaMyca peLuIpoKHO
CBsI3aHBI C CYOUMKYAIOMOM, ITOSICHOL U PETPOCIIAE-
HUaAbHOIT 06AacTsamu Kopsi (Kaitz, Robertson 1981;
Robertson, Kaitz 1981). ITepeaHue siaApa Taaamyca,
KaK U SIAPO PEYHMEHC, PELIUIIPOKHO CBSI3aHbI
u ¢ TUTIIIT, u ¢ MITpK. OpHako pasHble rpyIIIbI
HelipoHoB B I1pK 1 B osicHOI KOope IpoeLypyoT-
Cs1 B peYHMEHC U B IlepepHMe iapa Taaamyca. EcTb
HeKOTOpble pasanuus u cpeau Heiponos ['MIITI,
IPOELVIPYIOIVIXCS B 3T TaAaMudeckue sgapa (Ma-
thiasen et al. 2021). ABTOpBI yKazaHHOV pabOThI
II0AQraiT, YTO aHATOMUYECKME PA3ANYIMS MOTYT
A€XaTh B OCHOBE B3aMIMOAOITOAHSIOIIVIX KOTHU-
TUBHBIX (PYHKLMIT 5TUX ABYX IPYILI TAAAMUYECKUX
sipep. HellpoHbl mepepHMX sipep TaAaMyca CMABHO
" 130MpaTEAPHO VHHEPBUPYIOT MaA€HbKIE 1pa-
MUAHBIE KAETKV B PETPOCIIA€HUAABHOI KOpE,
TOTAQ KaK aKTMBHOCTb COCEAHMX KAETOK peTpo-
CIIA€HVIAABHOV KOPBI C PETYASIPHBIMM CHAMKaMU
NpeyMYIIeCTBEHHO KOHTPOAMPYIOT BXOABDI
113 OTPaAbI 1 ITepeAHell TosIcHOM Kopbl (Brennan et
al. 2021). ITepeaHue siapa TaraMyca SIBASIFOTCSI
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Fig. 1. A simplified scheme of the organization of interneuronal connections of the hippocampal formation with
the neocortical areas and thalamic nuclei. DN — dentate nucleus; CA1, CA2, CA3 — hippocampal fields;
Sub. — subiculum. Thalamic nuclei: LDN — laterodorsal; MDN — mediodorsal; AN — anterior; RE — reuniens.
Thal. — thalamic nuclei connected with sensory cortical areas. OB — olfactory bulb. Cortical areas:
mPfC — medial prefrontal; OfC — orbitofrontal; PC — perirhinal; CC — cingulate, RsC — retrosplenial,

PC — parietal, EC — entorhinal. Arrows — excitatory connections, bidirectional arrows — reciprocal excitatory
connections.

hitps://www.doi.org/10.33910/2687-1270-2023-4-1-18-42

24


https://www.doi.org/10.33910/2687-1270-2023-4-1-18-42

. I Curvkuc

YKM3HEHHO BO)KHBIM Y3AOM B LIEIISIX, CBSI3bIBAIOLIMX
ux u ¢ I'MINI, u ¢ mossicHoi usBuAMHON. OHU
He TOABKO TIOAAEP)KMBAIOT IIPOCTPAHCTBEHHOE
00y4eHMe U TaMSTh, HO M yYaCTBYIOT B 00paboTKe
Pa3AMYHON KOHTEKCTYaAbHOI MHOpMaLUM,
a TaKkKe B HeIpocTpaHcTBeHHOM 00yueHuu (Nelson
2021). ITopakeHusI mepeAHUX SAEP Taramyca
Y CaMILOB KPbIC CHVPKAAO IIPOCTPAHCTBEHHYIO Ia-
MSITb, XOTsI Ha aKTUBHOCTb «KAE€TOK MECTa» B IIOA€
CA1 B 3HauuTeAbHOM cTeneHu He BAUSAO (Frost et
al. 2021). [Topo6HO TOMY, Kak mopakeHust [TTTIT
B OCHOBHOM OTBETCTBEHHBI 32 «BUCOYHYIO» AMHe-
3110, TIOPA)KEHMS TIEPEAHNX SIAEpP TaAaMyca B OC-
HOBHOM OTBETCTBEHHBI 32 aHAAOTMYHYIO ITOTEPIO
MaMsITU, Ha3BAHHOM «AUSHIebAABHOIT» aMHEe3Uell
(Frost etal. 2021). ITepeaHue sipapa Taaamyca 1 SAPO
PEeYHMEHC COAEPYKAT HEMPOHBI, pearupyloniye
Ha IIpOCTpaHCTBeHHble CTUMYABI (Mathiasen et al.
2020). OpHaKO, TOCKOABKY SIAPO peYHMEHC 60Ablie
cBs3aHo ¢ 19K, a nepepHue sippa Taaamyca —
C TIOSICHOM KOPOMU, AAPO PEYHMEHC BHOCUT CBOM
BKAQA B KOTHUTHBHBIN KOHTPOAbD, TOTAQ KaK IIEPeA-
HUe SAPa TaAaMycCa MMEIOT peliaioliee 3HaYeHe
AASI MHOTVIX aCIIEKTOB IIPOCTPAHCTBEHHOTO KOAM-
poBauus B [UITIT (Mathiasen et al. 2020). IToaa-
raioT, YTO HEMPOHHAas ceTh, cBsidbiBawuas [1HK,
cpeaVHHbIe siApa Tasamyca 1 ioae CA1/cyOuxyarom,
y4acTBYeT B NPOCTPAHCTBEHHOV HaBUIaLUU
u npuHsiTuu peurernit (Bueno-Junior, Leite 2018).

CBA3u nepupuHarbHoll, NOCMPUHAALHOLL
U SHMOPUHAAbHOTL 00Aacmel KOpbi

B nepupuHaAbHYI0 KOPY IPOELMPYIOTCS AP
PeyHUEHC, CyNIpareHNKyAspHOe I BHyTpEHHee KO-
A€HYaTOE TeAO (IIPOEKLIMOHHOE SIAPO, Yepe3 KOTOpoe
B LIHC nocTtynaet 3BykoBasi MHGOpMaLys), 4TO
COOTBETCTBYET POAU 3TOI 00AACTM KOPBI B BOCIIPHU-
STUU 11 00pabOTKE MyABTUMOAAABHOM MHpOpMALMN
u popmupoanuu accoumanmii (Tomds Pereira et al.
2016) (puc. 1). B mocTprHaAbHYI0 KOPY IIpOeLpyeT-
Cs1 AOPCAABHBIN TAAAMYC, OCOOEHHO 3aAHee Aare-
paabHoe siapo (lateral posterior nucleus), koropoe
Y4aCTBYeT B 3pUTEAbHO-IIPOCTPAHCTBEHHOM BHMMa-
Huu (Tomas Pereira et al. 2016). [TepupunaapHas kopa
HIOAYYaeT CaMble MHOTOYMCAEHHbIE POEKLVM TAKXKe
u3 9K, I1K, B koTopoit 06pabaThiBaeTCst 000OHITEAD-
Hast uHdopMaLisL, 1 U3 OCTPOBKOBOIT (MHCYASIPHO)
obaactu xopsl (Burwell, Amaral 1998). B moctpu-
HAABHYIO KOPY CaMble MHOTOYMCAEHHbBIE ITPOEKLINN
MOCTYTAIOT 13 3pUTEABHOI aCCOLIMAaTUBHON KOPBI U
3PUTEABHO-TIPOCTPAHCTBEHHBIX 00AACTEI, TAKMX KaK
3apHssa TemeHnHast kopa (Burwell, Amaral 1998).
IToxasaHo, YTO HEVPOHBI TOCTPMHAABHOM KOPbI
Y4aCTBYIOT B 3pUTEABHO-TIPOCTPAHCTBEHHBIX QYHK-
LIVISIX, OTCA€XXMBasI i3MEHEHVS OKPY>KalolLjeil CpeABI
(Burwell, Hafeman 2003).
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B AaTepaAbHYIO YaCTb SHTOPMHAABHON KOPBI
(9KA) B OCHOBHOM TIOCTYTMAIOT CUTHAABI U3 TTEPU-
PMHAABHOI, OCTPOBKOBOM, TUPUGOPMHON U TO-
CTPUHAABHOV 00AaCTell KOpbl. B MeAraAbHYI0 yacTb
SHTOPMHAABHOM KOpbI (DKM) B OCHOBHOM IOCTY-
narT curHaAbl u3 1K 1 nmocTpuHaAbHOM KOpBI,
a TaK)Ke MeHblllee KOAMYECTBO MPOEKLUIT U3 pe-
TPOCIIACHUAABHOM, 3aAHEl TEMEHHON U 3pUTEABHO
acconmatuBHoOM obAacTeit kopel (Burwell, Amaral
1998). KopkoBbie mpoekiyu B DKa 60Aee MHOTO-
yncaeHHbl, yem B DKM (Burwell, Amaral 1998).
Pe3yabTaThl COBpEMEHHBIX MICCAEAOBAHMI ITOKA-
3bIBAIOT, YTO HEMPOHBI NEPUPUHAABHON KOPbI
1 DKA HeAb3st paccMaTpUBaTh TOABKO KaK AE€TEK-
TOPBI CBOVICTB 0O'bEKTOB, a HelIpOoHbI DKM — TOAB-
KO KaK AETEKTOPbI MMOAOXKEHUST 00beKTa. DT pe-
3yABTaThl YKa3bIBAIOT Ha OOA€€ CAOXKHYIO OpraHu-
3aLMI0 OTOOPaKEHMIT KOHTEKCTA B YKa3aHHBIX CTPYK-
Typax. Tak, B aKkTMBHOCTY HEJIPOHOB IIepUPUHAAD-
HoU Kopbl U DKA oToOparkaoTcsi 1 00bEKTHI,
M MECTQ, TA€ OHM PACIIOAOKEHBI, @ B aKTUBHOCTU
HelpoHOB DKM 0TOOpaXkaloTCsi MECTOIIOAOKEHE
1 Haxoasuecs B HeM 06bekThl (Keene et al. 2016).
[MTokaszaHo, 4To B KA KOMOMHUPYOTCS OTOOpaXke-
HMS HENIPOCTPAHCTBEHHON U MPOCTPAHCTBEHHONI
nndopmauuu (Deshmukh et al. 2012). C touxu
3pEeHUs MPEAAOKEHHOTO HaMU MeXaHusMa hbopmu-
posanus accormauuit (Cuabkuc 2021c), ykazaHHble
93¢ dexTs MOTyT OBITH CBSI3aHBI, B YaCTHOCTH,
c TeM, uto u B KA, u B OKM Bo3BpamarmTcs cur-
HaAbl 13 oAst CAl, B KOTOpoM yxe chopMMpoBa-
HbBI 0TOOPaKeHNs «3anax-o0beKT-MecTo». CoBpe-
MEHHbIE MICCAEAOBAHMS TOAYEPKUBAIOT B&XKHOCTD
B3aumoAevicTeust DK u IUTIIT aasa popmupoBanus
0TOOpaXKeHUsT TIPOCTPAHCTBA «KAETKAMU MECTa»
B nnoae CAl. I'lpu noBpexxpennn DK 3ameTHO
YMEHbIIIAAMCh YACTOTA Pa3PsSIAOB 3TUX KAETOK
" pasMep 0ToOpaykaeMoro umu moast mecta. Kpo-
Me TOTO, YMEHbIIAAACh CTAOMABHOCTb OTOOPKEHNS
9TOrO IOAS, KaK B IIOCTOSIHHBIX YCAOBMSIX, TaK
VI TIOCA€ BpallleHMs AU YyAaaeHMs1 oobekTa (Van
Cauter et al. 2008). ITockoapky nopaxenuss OKm
BAMSIAY HA CTaOMABHOCTD MIOASI MECTA U PSIA CBOJICTB
«KAeTOK MecTa» B toAe CA1, moAararoT, 4To mpo-
CTpaHCTBeHHas uHpopmauus nepepaaetcs 13 IKm
B ['VIIIT, uT065I CITIOCOOCTBOBATDH 3aKPEIAEHUIO
U TIOAAEPKAHIO CTAOMABHOTO IIPOCTPAHCTBEHHOTO
oTobpaxenus (Jacob et al. 2020).

CBA3U 2UNNOKAMNAAbHOLL (hopMayul ¢ 02padol,
NOSCHOLL, 0pOUMOoPpPOHMAIbHOU, MeMEHHOU,
0CMPOBKOBOU, pempoCnieHUAIbHOL
U CEHCOPHBIMU 00AACAMU KOPbL

B ITHC Bcex MAEKOIUTAIOIIVIX UMEEeTCS CTPYK-
Typa — orpaaa, KoTopasi paclioOAOXKeHa MEXXAY
OCTPOBKOBOJ 00AQCTBIO KOPbI I CTPUATYMOM
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(Kim et al. 2016). HeitpoHbl orpapbl 00pasyioT
MHOTOYVICAEHHbBIE PELMIIPOKHbIE CBS3U C KOPKO-
BBIMU U TOAKOPKOBBIMUM O0OAQCTSIMM MO3ra
(Kitanishi, Matsuo 2017; Terem et al. 2020) (puc. 1).
B yacTHOCTH, Orpaaa CBsi3aHa C Pa3HbIMU YaCTSAMU
Kopbl 60AbIMX oAyurapuit, [VITTIT u xBocTaTsiM
saapoM ctpuatyMma (Smith, Alloway 2010). Camas
AOpCaAbHasl YaCTb OTpaAbl boAee TECHO CBsI3aHa
c ceHcopHbiMu obaacTsivu Kopsl (Witter et al. 1988).
BeHTpaAbHast 4aCTh OIPaAbl PELIUITPOKHO CBsI3aHA
npeuMyiecTBeHHO ¢ K, mepeaHNM 000HATEABHBIM
sapoMm u 1K, 1. e. cTpyKTypamu, B KOTOPBIX 00-
pabaTsiBaeTcst oboHsITeAbHast uHpopmanus (Wit-
ter et al. 1988). Boaee AOp3aAbHO PaCIIOAOXKEHHAS
4acTb OTPaAbI IPEUMYILEeCTBEHHO cBsidaHa ¢ OPK,
OCTPOBKOBOI1, IEpEAHEN AUMOUYECKOI U TTOSICHOI
00AaCTSIMU KOPBI, @ TAKXKe C TEPYPUHAABHON KOPO
u cyoukyaromoM. Taioke oHa cBsizana ¢ 9Ka (Wang
et al. 2017) u ¢ I1pK (Tanné-Gariépy et al. 2002).
OAHOJ1 Y3 OCHOBHBIX MUILEHEN IepeAHell YacTu
orpaapl siBAsieTcst DKM, mpuyeM HelfpOHBI, TpOeL-
pyroumecss B DKM, B 3HAUUTEABHOI CTETIEHN OT-
AEAEHBI OT HEMPOHOB, IIPOELMPYIOIINXCS B TIep-
BuuHbie 00AacTy Kopst M1, S1 uau V1 (Kitanishi,
Matsuo 2017). IToAaraioT, YTO MyTh M3 OrpaAbI
B DKM aKkTUBUpYyeTCs HOBBIM KOHTEKCTOM U BAU-
seT Ha yyacTue DKM B KOHTEKCTyaAbHO NMaMATU
(Kitanishi, Matsuo 2017).

HeripoHbl orpaAbl, IPOELMPYIOLIMECS B TIEPEA-
HIOIO TIOSICHYIO KOPY U B APyTMe AOOHbIe 00AaCTH,
MOAYYaI0T MOHOCHHANITUYECKIE BXOABI OT OCTPOB-
KOBOI1 KOpbl. CEHCOMOTOPHbIE 00AACTM KOPBI IIpe-
VIMYIL|eCTBEHHO IHHEPBUPYIOT Te HEMIPOHBI OTPaABI,
KOTOPBIE He IPOELMPYIOTCS B IEPEAHIOI0 IOSICHYIO
Kopy. B cBOI0 0YepeAb, HEPOHBI OIPaABbL, TPOEL-
pymoliyecs: B IEPBUYHYI0 CEHCOMOTOPHYIO KOpY,
130MpaTeAbHO MHHEPBUPYIOT U APYTM€ CEHCOMO-
topHbie obaacTu (Chia et al. 2020). DTu pAaHHbIE
CBUAETEABCTBYET O TOM, YTO CBSI3U MEXAY OTPAAO
Y1 HOBOJVI KOPOJ1 00pa3yioT QpyHKIMOHAABHbBIE MO-
AYAU, KOTOpbIE MOTYT CIELVIAAM3VPOBATBCS AAS
00paboTku pasanyHbIX TUNOB nHpopmarum. Cae-
AYET OTMETUTD, YTO CBSI3U MEXAY HelIpOHaMU
OTpaAbl, IPOELMPYIOLIIMUCS B KOPY, AOBOABHO
PeAKM, TOTAQ KaK MOHOCHMHANTUYECKVEe BXOADBI U3
KOpBI B orpaay MHorouncaentsl (Kim et al. 2016).
CyAsi 110 9TUM AQHHBIM, pEKYPPEHTHbIE BO30YKAa-
IOLI[/€ L|eTIX TOABKO B OTPaAe BPsIA AU CIIOCOOCTBY-
10T MHTETPaLMy Pa3HBIX CEHCOPHBIX MOAAQABHOCTEI,
HO OHU TOAAEP>XKMBAIOT MOAYABHBIN XapaKTep
06paboTKu. Aaske pelUIIPOKHbIE CBSI3U C OTPAAOIT
BCEX CEMMU CAYXOBBIX 00AACTeN KOPbI, BKAIOYAS
HEPBUYHYIO 00AacTh Al, pasAnyaTCs MO CHAE
u/uau tonorpapumu (Beneyto, Prieto 2001).
ITpu 5TOM KOpPTUKaAbHbIE TIPOEKLIMY B OTPAAY I10-
KPBIBAIOT MMAOLIAAM, B 3HAYUTEABHOW CTEIEeHU

NepeKpbIBaloIINecs ¢ TeMU, KOTOpble 3aHMMAaIOT
HEeIPOHBI OTPAABI, MIpOeLpyoLKecss 06paTHO
B Ty )Xe o0AacTb Kopsl (Beneyto, Prieto 2001). Xors
B Orpajpe MMernTcs obaacTy, obpadarpiBaoLe
MHGOPMALMIO KaKOIT-AUOO OAHOIT OIIPEAEAEHHOIT
CEHCOPHOJ MOAABHOCTM, OHAa IMEET eAMHOO0pas-
HO€ CTPO€HMe U COCTOUT U3 OAVHAKOBBIX TUIIOB
KAETOK, YTO yKa3bIBaeT Ha CXOACTBO 00paboTKu
Pa3HOMOAAABHO MH(GOPMAaLY B 3TOV CTPYKTYype
(Smith, Alloway 2010). [TockoABKY orpapa umeet
CUABHBIE PELIUITIPOKHBIE CBSI3Y C IPePPOHTAABHOI
U TOSICHO 00AACTSIMU KOPBI, & TAK)KEe CUAbHbIE
PELMITPOKHBIE CBSI3U C BUCOYHBIMY U PETPOTMII-
MOKaMITAABHBIMI O0OAQCTSIMU, OHA MOKET UIPATh
PeLIAIOLIYIO POAb B Pa3AMYHBIX KOTHUTUBHBIX ITPO-
neccax (Wang et al. 2017).

PeTpocnaeHnaabHasi KOpa, KOTOpast peLIIpOK-
HO CBsI3aHa C CEHCOPHBIMM OOAACTSIMU KOPBI,
C IepeAHMMH SIAPAMM TaAAMYCa U ITAparnuImnoKaM-
MaAbHOM 00AACTBIO0 (TOMOAOT MTOCTPUHAABHOM
KOpBI) (puc. 1), UrpaeTt BaXkKHYIO POAb B 00paboTKe
MPOCTPAHCTBEHHON MHPOPMaLMM, YIaCTBYSI Kak
B HaBurauuu, Tak u B mamsatu (Czajkowski et al.
2014). CyiiecTBEHHBIT BKAAA B 3TU MPOLIECCHI
BHOCUT CBSI3b PETPOCIAE€HUAABHOM KOPBI C 10-
CTPUHAABHOM (ITaparuImoKaMIaAbHOI) 06AACTbIO
kopbI (Bucci, Robinson 2014). ITpumeyaTeAbHO, YTO
Y HEJIPOHOB PETPOCIAEHNAABHOM KOPbI HaOAIOAR-
AV HACTPOVIKY IIOAOXKEHVS M OPUEHTALIVM CTVMYAR,
a TaKoKe PeTMHOTONMYECKYI0 OPraHM3aLMIo, YAU-
BUTEABHO CXOAHYIO C HEMIpOHaMMU II€PBUYHOM
3PUTEABHON KOpBI V1, UbM aKCOHBI, IPOELVPYIOT-
cs1 B perpocnaeHnaspHyo Kopy (Powell et al. 2020).
DTU AAHHBbIE CBUAETEABCTBYIOT O CTaOMABHBIX
MPOCTPAHCTBEHHO U30MPaTEAbHBIX OTOOPaXKEHMSIX
3pUTEABHBIX CUTHAAOB B PETPOCIIAEHUAABHOV KOpe.
VHakTuBauys peTpOCIAEHUAABHOV KOPBI U3Me-
HsIAQ HOPMaAbHOE PaCIIOAOXKEHME MTOAEN MeCTa
B ['MIIIT, xoTs1 Apyrue aAeKTpopU3NOAOTNIECKIIE
CBOICTBA «KAETOK MecTa» He MeHsAuch (Cooper,
Mizumori 2001). ITo MHeHMIO aBTOPOB YKa3aHHO
paborsl, peTpocniaenasbHast kopa u TUTIIT sBast-
IOTCS YaCTSAMM MHTEPAaKTVBHOV HEMPOHHON CeTH,
obecreunBawllell HABUraLUIo.

PaHee moAaraAu, 4To rumnmnokammnasbHas Gop-
Malys MMeeT pellamlee 3HaYeHNEe AAS KOAUPO-
BaHMsI UHOpMaLMK O KOOPAMHATAX, TOTAQ KaK
TeMeHHasI KOpa BaXKHA AASI KOAVPOBAHMSA KaTeropui
npocTpaHcTBeHHOU MHPopmauuu (Baumann,
Mattingley 2014). OpHaKoO COBpeMeHHbIe AQHHbIE
YKa3bIBAIOT Ha B3aMIMOAEIICTBME ITUX CTPYKTYP.
TeMeHHas1 Kopa y4acTBYeT B IIPOCTPAHCTBEHHOM
NaMsTY M HaBUTaLMY, IIOCKOABKY CBsI3aHa C I10-
SICHOU VMI3BUAMHOMN, PETPOCIAEHNAABHOM KOpPOM
u TUTIIT (Rolls et al. 2022b). C TemeHHOIT KOpOIt
u ['UITIT cBsi3aHbl Takoke BeHTpoMearaabHast [THK
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U 3aAHe-BEHTPAaAbHbIE YaCTY TOSICHOV U3BUAVHBI,
KOoTOpbIe 3PP EeKTUBHO B3aIMOAENICTBYIOT CO 3pH-
TEABHBIMU U CAYXOBBIMU 00AQCTSIMY KOPBI U 00e-
cnieurBalT 00paboTky u nocrynaenve B ['VITIT
undopmaruu «uto» (Rolls et al. 2022b). [Tepeane-
AOP3aAbHbIE OTAEABI ITOSICHON U3BMAVHBI, & TAKKe
peTpoCIAeHMaAbHAsI KOpa CBSI3aHbl CO 3pUTEAD-
HBIMI 00AAQCTSIMU KOPbI, BEPXHEel TeMEeHHOI1 KOpPOii
u TUTIIL. OTtu cBasu obecrneynBaT 06pabOTKY
nHbOpMALMM «TAe» AASL POPMUPOBAHNUS SIU30-
amdeckoit namsaty B [UTIIT u mpocTpaHcTBEeHHOM
Hasurauuu (Rolls et al. 2022b).

Opb6urodppoHTaAbHas KOpa, KOTOPast B3aMMO-
AEVICTBYeT C OOOHSTEABHBIMY, BUCOUYHBIMU 3PU-
TEABHBIMU ¥ CAYXOBBIMM 00AACTSIMU KOPBI, CBsI3a-
HA C epeAHeN U 3aAHelT 00AACTSIMU TIOSICHOM KOPBI
VI TUIIIIOKaMITaAbHOM (popMaliyeii, 4TO 03BOASIET
ell y4acTBOBaTb B IPOCTPAHCTBEHHON ITaMATHU
u HaBurauuu (Rolls et al. 2022a). [TpumeyvaTeAbHO,
yto B OdK, kxak u B BeHTpo-MepnarbHOU [1HK
1 DKM, o6HapyKeHsI «HelpoHbI perreTkn» (Raith-
el, Gottfried 2021). Cyas 1o sKCriepuMeHTaAbHbIM
AQHHBIM, B aKTMBHOCTU HelipoHoB OdK popmu-
PYIOTCSI IPOCTPAHCTBEHHbIE OTOOPaXKeHNs, YKa-
3BIBAIOLMIE€ HA MTOCAEAYIOIIYIO L[EeAb ABVDKEHUS
Ha IPOTs)KeHMU BCell IPOCTPAHCTBEHHOM HaBUIa-
uuu (Basu et al. 2021).

B03MO>KHbIE MEXaHU3MBI B3aUMO3aBUCHMOTO
GYHKIMOHMPOBAHYS TUITOKAMIAABHOM
bopmaium u CEHCOPHBIX CUCTEM

BosmoHbie MexaHu3mbL popmMupoBanus
0mMobpameHuli AcCoOyUAYULL «3anax-o00veKm-
MeCmo» Ha HelpoOHAX UNNOKAMNA

BoamosxHbie MexaHU3Mbl GOPMUPOBAHMUS OTO-
OparkeHMIT aCCOLUALINIT «OOBEKT-MECTO» U «3aTax-
00BEKT-MeCTO» Ha HellpoHax pasubix yactent [ TIT
6b1AM TIpepAOKeHbl Hamu paHee (Cuabkuc 2009;
2021c). Mbl oaaraem, 4To HelpOHHbIE MTATTEPHBI,
oTOoOpaXkarolye TaK1e acColmaLy, BHayaAe pop-
MUPYIOTCS B 3ybuaroit usBuauHe (3V1), rae KoH-
Beprupytor nocrynatwoiue B I'MIIIT notoku nu-
¢dbopmarmu o cBoiicTBax 0obekTa 13 DKa 1 o mecte
ero pacnoaoxkeuus nsz DKm (puc. 1). Caepyer
OTMETUTH, YTO 00a HTUX MOTOKA MOCTYIAIOT
u B Apyrue noast [VIIIL, 1. e. B CA3, CA2 u CAl
(Naber et al. 2001). ITosTomy, mpu nepeHocCe Cur-
HAAOB OT HEVIPOHHOTO NaTTepHa, CHOPMUPOBAH-
Horo B 3V, k HeltpoHaM oAt CA3 nocae cymMmmanyu
¢ curHaaamu 13 9Ka u 9Kwm B akTMBHOCTU Helipo-
HOB 1oast CA3 dopmupyeTcst 60aee CAOXKHBIN
HeIPOHHBII IATTEPH, 0TOOPAXKAIOIMI ACCOLMALIIIO
«3anax-o0obekT-MecTo» (Cuabkuc 2021c). AHaro-
TMYHBIE IIPOLECCHI IOCAEAOBATEABHO IIPOUCXOAST
B noasix CA2 u CAl. Hamu Taxke oTMeuyeHbl

UnmeepamusHas gﬁusuwloeu,q, 2023, m. 4, Ne 1

MPEeUMYILEeCTBA TAKOTO MepapXu4ecKoro obooiie-
HUSI M XpaHEHUSI OTOOPaKEeHUI acCOLMAI[UI
B aKTMBHOCTMY HEIPOHOB 13 pasHbIx noaent [T
(Cuabxuc 2011).

3HAaUUTEABHBIN BKAAA B pOPMUPOBaHME ACCO-
LUALINIT «3aMaX-00beKT-MecTO» BHOCUT moae CA2,
pacrioaokeHHOe MexAy oasimu CA3 u CAl. [u-
paMupHble HelipoHbl ToAass CA2 B AOIIOAHEHUE
K IIPSIMOMY BXOAY OT HellpoHOB cao4 11 DK moay-
vaioT Bo30yxpeHue n3 noast CA3 u n3 3V (Kohara
et al. 2014) (puc. 1). Ha nupaMuaHbIX HelfpoHaX
moAst CA2 B Tpu pasza 6oablIiie Bxop0B 13 IKa, uem
Ha HeltpoHax rmoAst CA1, a BIICII B 5-6 pa3 60Ab-
e, yeM B moae CA1. Taxoro Bo30yxaenns ns OKa
AOCTaTOYHO AAS TeHepalM CIIaliKOB HeMpOHaMU
roAast CA2, Ho He moas CAl (Srinivas et al. 2017).
Bo30yxaeHe, mocTymnamiee Ha MPOKCUMaAbHbIE
AeHAPUTHI HelipoHOB 1oAst CA2 u3 noas CA3,
sBasieTcs caabbim (Chevaleyre, Siegelbaum 2010).
ITockoabKy Bo30ykpeHre n3 K, mocrynawliee
Ha AMCTAABHbIE AEHAPUTHI HeIPOHOB 1moAst CA2,
3aTeM npeoOpasyeTcsi B CMABHOE BO30Y)KAeHMe
9TUX HeNpoHOB, nmoae CA2 crocobCTByeT mpo-
ABkennio curHaaoB u3 3V B moae CA1 (Chevaleyre,
Siegelbaum 2010). Ha ¢pyHKIMOHMpOBaHuMe Helpo-
HOB B 1foae CA2 cyijecTBEHHOE BAMSHME OKa3bl-
BAIOT HEVPOHBI PA3AUYHBIX SIAE€P IMIIOTAAAMYCA,
HEIIOCPEeACTBEHHO MHHEPBUPYIOIIVe HeIPpOHDI
3TOrO IOASI ¥ AaKTUBUPYIOLIME PACIOAOKEHHbIE
Ha HUX peLleNTOPbl, YyBCTBUTEABHBIE K ITOCTYIIA-
IOLUM 13 TUIIOTAAAMYCa HePOMOAyAsiTopaM (Benoy
et al. 2018). C yueToM AQHHBIX O TOM, YTO UHPOP-
Marys o 3anaxe rocrymnaet 13 OKa B pasHble oAs
I'MITIT, a Taxke O TOM, YTO HEIPOMOAYASITOPBI,
nocrymnamuye B moae CA2 us runorasamyca,
CIIOCOOCTBYIOT MHAYKLIMM AAUTEABHO ITOTEHLIMA -
yun 3pbEeKTUBHOCTU CUHATITUYECKOI Mepeaaun
B iyt CA2-CA1 1 cymManuu Bo30y>KAEeHMs, T10-
crynatoutero us noaeir CA3 u CA2 B nmoae CAl,
noae CA2 AOAXKHO UTPaTh CYLeCTBEHHYIO POAb
B GOpMMPOBAHMM aCCOLMALINI «3aMmax-00beKT-
MecTo» Ha Helponax [UIIIT (Cuabkuc 2021c¢).
Ha T0, uTO 6Aaropapsi yHUKaAbHOCTU CBSI3€ll, OT-
Anvaomux moae CA2 or nmoaenn CA1 u CA3,
a Takke ot 3V, 5T0O MOAe MOXXET BHOCUTb BasKHBII1
BKA3A B KOAUPOBaHMeE U 3alIOMUHAaHKe MHPOpMa-
LI O KOHTEKCTe, ObIAO YKa3aHo 1 paHee (Benoy
et al. 2018; Hitti, Siegelbaum 2014). Mimerotcst pas-
AVIYHBIE CBUAETEABCTBA TOTO, YTO HEMPOHBI MOAS
CA2 yyacTBYIOT B 00pabOTKe pasAMYHbIX BUAOB
nubopmaiuu 1 B GOPMUPOBAHUY TUMIIOKAMIT-
saBucumon mamaATu (Lehr et al. 2021). B yactHoCTH,
noae CA2 urpaeT Ba)XKHYIO POAb B 3allOMMHAaHUU
" U3BA€YEHUH U3 MAMSTU MHGOPMALIK, CBSI3aHHOIT
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c obonsiuem (Middleton, McHugh 2020; Stevenson,
Caldwell 2014).

Tak Kak uHbopmaIus 06 0TOOPaKEHMSIX aCCO-
LMaLnit «3armax-00beKT-MecTo», CHOpMUPOBAHHBIX
Ha HeripoHax noAasi CAl, mepepaeTcss OT HUX 00-
paTHoO B OK, a TaKKe B TaAaMMUeCKIe SIAPA U uepe3
HUX B KOpY, TO Ha aKTMBHOCTb KAETOK-MUIIEHEN
T'MTIIT p0AKHA HAKAAABIBATbCS MHGOpMaLUs
0 pe3yAbTaTax COBMECTHOI 00pabOTKM pa3HOMO-
AQABHOI CEeHCOPHOI MH(MOpMALIUU U IPOCTPaH-
CTBEHHOM PAaCIIOAOXKEHUV CEHCOPHBIX CTVMYAOB.
CaeayeT OTMETUTD, YTO He TOAbKO moae CAl,
Ho ¥ moAae CA2 noceiraeT oOpaTHbIe TPOEKLUK
B DK, npuyeM GOABLIMHCTBO MPSIMBIX BXOAOB
n3 rumnmnokammna B DKm HaunHaertcs He B moae CAl,
aBmnoae CA2 (Rowland et al. 2013). CymjecTBeHHYI0
POAB B yKasaHHBIX Ipoleccax KpoMe DK AOAKHBI
UTpaTh TaAaMUYecKue sApa.

Bsaumosasucumoe pyHKYUOHUPOBAHUE
CEHCOPHDLX CUCTEM U 2UNNOKAMNAAbHOU
(popmayuy 8 KOHHeKmoMme

Bo3Mo)xHbIT MexaHN3M QYHKLVMOHUPOBAHUS
HEPOHHOIT CeTU, BKAIOUaOIIIeln Tonorpadpuieckn
CBsI3aHHBIE 00AACTV HEOKOPTEKCA, ITUITITOKAMITAAb-
HOV1 popmaLuy, 6a3aAbHBIX TAHTAVEB, MO3KEUKa,
TaAaMyca M CBSI3aHHBIX C HUMU TOAKOPKOBBIX SIAED,

HAa3BaHHOI KOHHEKTOMOM, OBIA TTPEAAOYKEH B HaIlIEN
npealiectByomen pabore (Cuapkuc 2022).
C y4eTOM U3BECTHBIX PE3YABTaTOB MOP(dOAOTMYE-
CKVX ¥ 9AEKTPOU3MOAOTMYECKUX VICCAEAOBAHMI
OBbIAO YKa3aHO Ha TO, YTO MO3’KEUOK MOXXET BAUSTh
Ha ¢pyHkuoHupoBaHnye [VIIIT yepes Taaamuueckoe
SIAPO PEYHMEHC, PETPOCIAEHUAABHYIO U IpeppOH-
TaABHYI0 00AACTH KOPBI, 8 TAK)Ke Yepe3 MeAaAb-
HYIO IIEPETOPOAKY U CyIIPaMaMUAASIDHOE SIAPO
TUIIOTAAAMYCa, KOTOpble HHEPBUPYIOT pa3Hble
yactu TUIIIT (puc. 2). B cBoto ouepeab, TUIIIT
MOJKET BAVATD Ha QYHKLMOHMPOBAHYE MO3)KeuKa
yepe3 HEOKOPTEKC U SIAPA MOCTA, a TAkOKe yepes
0a3aAbHble TAaHTAUY, MULLEHSIMY BBIXOAHBIX SIAED
KOTOPBIX SIBASIIOTCS CYOTaAQMUYECKOE U TEAYHKY-
AonouTuitHoe siapa (Cuabkuc 2022).

B ocHOBe QYHKIIMOHMPOBaHMS Ka’KAOTO U3
Tonorpaduyecky OpraH1u30BaHHbIX KOHHEKTOMOB
AeKaT AodaMUH-3aBMCUMBbIE TIepecTpoiiKu 3 dex-
TUBHOCTY CUHAIITMYECKOM ITePeAuM Y aKTUBHOCTHU
HEePOHOB B LIeNsAX Kopa-0a3aAbHble FAaHTAUM-
TaAaMyC-KOpa, & TAK)Ke CBSI3aHHBIX C HUMU CTPYK-
Typax (Cuapkuc 2014; 2021a; 2021b; 2022). B xax-
AOM V13 TaKVX KOHHEKTOMOB IIPOVICXOAUT 00paboTKa
CBOVICTB CEHCOPHBIX CTIMYAOB Pa3HBIX MOAQABHOCTEI.
AodammH Taioke BAMAET Ha PyHKLMOHMPOBaHUE
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Puc. 2. VipolijeHHasi cxeMa KOHHEKTOMA, CBSI3bIBAOIIET0 IUITIIOKAMITAABHYIO (OPMALIMIO C KOPOIL, TAAAMYCOM,
6a3aAbHBIMM TAHTAVMSIMY, MO3)KEUKOM U ADYTMMM IIOAKOPKOBBIMM CTpyKTYypamu. Ob6aactu kopol: Cenc. K, Orp.,
Tewm. K, ITEP, I[TOP — ceHcopHBIe, OTpapa, TEMEHHasl, epUpUHaAbHAs, IOCTPUHAABHAS.

BI' — 6asaabHble rauraun; Moax. — Mo3xedok; [1I15] — meAyHKYAOTIOHTUITHOE SIAPO;

CMA — cynpamamuaasipHoe sppo; MIT — meapnasbHas neperopoaka; IM — sapa mocrTa.

Aunnn ¢ pombaMy — TOpMO3HbIe Bxoabl. OcTaAbHbIe 0603HaUEHNsT KaK Ha puc. 1
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Fig. 2. A simplified scheme of the connectome connecting the hippocampal formation with the cortex,
thalamus, basal ganglia, cerebellum and other subcortical structures. Cortical areas: Sens. C—sensory;
Clau.—claustrum; Par.C—parietal; PER—perirhinal; POR—postrhinal. BG—basal ganglia. Crb.—cerebellum.
PPN—pedunculopontine nucleus. SMN—supramammillary nucleus. MS—medial septum. PN—pontine nuclei.
Lines with rhombs—inhibitory inputs. For the other abbreviations see Fig. 1

T'MTIIT u cBsI3aHHOE C HUM IPOCTPAHCTBEHHOE 00Y-
yenue (Cuabvkuc 2016). B vactHocTu, pAodpamuu
yAy4ILIaeT YCAOBUs GOPMUPOBAHUS OTOOPasKEHNI
accoLmannit «00beKT-MeCTO» Ha MMPaMUAHBIX
kaeTkax moAst CA1, v 9Tu oTOOpakeHMsT MEHbIIIe
VICKQ)KAIOTCSI He OTHOCSIILENICS K HUM MH}OopMaL-
e, nocrynatomen ns K u Taramyca (Cuabkuc
2016). Taxxe AoodpaMuH BAMsieT Ha PYHKLIMOHUPO-
BaHMe TaAaMycCa M MO3’Ke4yKa (Cuabkuc 2021a;
2021b; 2022). ITaacTuyecKue nepecTpomKu Bbli-
SIBA€HBI U B Liemy, cBsa3biBatolieil moae CAl ¢ MITpK
" MEAMOAOP3aABHBIM SIApOM TaAamyca (Bueno-
Junior et al. 2018). AuchyHKLUMM B 5TUX B3auMO-
AEVICTBUSIX IPUBOAST K KOTHUTUBHOMY AepuLITY.

B coBpemeHHOI1 AUTepaType TaKXe 00CYKAQIOT
AQHHbIE, TOCBSIeHHble GYHKIIIOHAABHBIM U aHa-
TOMMYECK/M MHOT'OYPOBHEBbIM B3aIMOAEMCTBUAM
mo3zkeuka u I'VIIII, a Taxke poau 3TUX B3auMO-
AEVICTBUI B LleAeHanpaBAeHHON HaBuranuu (Ron-
di-Reig et al. 2022). Hanpumep, nopuepkuBaercs,
YTO CBSI3YM MO3KEUKa TO3BOASIOT eMy KOMOVHMPO-
BaTh pa3HOOOpa3HbIe CEHCOPHbIE CUTHAABI U BAU-
ATb Ha IpocTpaHcTBeHHY0 KapTy B I MITIT (Rondi-
Reig et al. 2014). [Tpu 5TOM BaXXKHYIO POAb UTPAIOT
CBS3U C TEMEHHOII KOpoll. B Hee Tonorpaduyeckn
OpraHM30BaHHBIM 00Pa30M Yepes TaAaMyC IPOeLM-
PYIOTCSI HEMPOHBI TAYOOKMX SIA€P MO3XKe4yKa
(Giannetti, Molinari 2002). BeisiBAeHO y4yacTue
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B [IPOCTPAHCTBEHHOI HABUT'ALIMY TOIIOTpapuyecKn
OPraHM30BAaHHOTO AVMHAMUYECKOTO B3aUMOAEVICTBIUS
aopcaabHoro ['MITIT ¢ orpannyeHHBIMY y4acTKaMU
obaacren mosxeuka (Watson et al. 2019).

Hamu yuyteHO TO 006CTOSITEABCTBO, UTO AAS
B3aMOAENCTBUS 0a3aAbHbBIX TaHTAKEB C AODaMu-
HePriu4ecKuMM CTPYKTYPaMM XapaKTepHa CIIMPaAb-
Hasl opraHusanusi. [T0saToMy n3MeHeHUsT aKTUB-
HOCTU B AMMOMYECKUX LEMsIX Kopa-baszaAbHbIe
FaHTAMM-TaAaMyC-Kopa (OHU BKAIOYAIOT U UIIIO-
KaMITaAbHYI0 (pOpMALINI0) BAUSIOT Ha MPOLIECCH
B CEHCOPHBIX LIETIsIX, 2 TIOCAEAHVE BAUSIIOT Ha IIPO-
eccol B motopHoit enu (Joel, Weiner 2000).
VccaepOBaHMSI TTOKA3aAM, YTO TIPU BBITOAHEHUY
MIOBEAEHYECKUX 3aAa4 B aKTMBHOCTb IIOCAEAOBA-
TEABHO BOBAEKAIOTCSI pasHbIe YaCTU BCEOObEMAIO-
mero koHHekToMa (Fermin et al. 2016). Buayaae
AKTUBUPYETCS LIellb, BKAIOYAIOIAS BEHTPOMEAU-
aabHYI0 [1K, BeHTpaAbHBIN CTPUATYM U 3AAHIOK0
JyacTh MO3euka. [To Mepe mporpecca o6yueHus
AKTUBMPYETCS ACCOLMATUBHASI KOTHUTHBHAS LI€llb,
BKAIOYaroLiasi Aoop3orarepasbuyio [1dK, oopzome-
AVIAABHBIV CTPUATYM U AATEPAABHYIO 3aAHIOIO0 YaCThb
MO3)Ke4yKa. 3aTeM aKTMBHOCTbh CMeEIIaeTCsI B MO-
TOPHYIO Liellb, KOTOPast BKAIOYAET AOIIOAHUTEABHYIO
MOTOPHYI0 00AaCTh KOPBI, CKOPAYIIy CTpUATyMa
Y IEPEAHIOI0 YacTh Mo3keuka (Bostan, Strick 2018).
Takum ob6paszom, o6paboTKa MmocTymamien
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nHbopMaLuy, BIOOP KOMaHABI AASI LieA€HaIpaB-
AEHHOTO TIOBEAEHMSI U €I0 OCYILECTBAEHNE SIBASI-
I0TCSI pe3YABTaTOM (PYHKLIMOHMPOBAHMSI BCEX YacTeil
KOHHEKTOMA.

C yueToM Tomnorpaduyeckoy opraHmusanum
CBsI3€Ml MEXAY CTPYKTYPaMM BBIABMHYTO IIPEATIO-
AO>KEHNeE, YTO MO3T MOKHO pacCMaTpuBaTh Kak
BCEOOBEMAIOIINIT KOHHEKTOM, COCTOSIIINIT U3 OT-
AEABHBIX, CXOAHBIM 00pa3oM GYHKLMOHUPYIOINX
KOHHEKTOMOB, K&KABII 13 KOTOPBIX YYaCTBYET
B 00paboTKe OompeaseAeHHOTo Braa MHboOpMaLun
(Cuabkuc 2022). C yueToM MexaHU3Ma, IPEAAAra-
€MOrO0 B HaCTOsI1Iel paboTe, B K&KAOM 13 KOHHEK-
TOMOB OAHOBPEMEHHO 00pabaThIBAIOTCSI CEHCOPHAs
Y IPOCTpPaHCTBeHHas MHpOpMaLMs, a B OCHOBE
AVHAMMYECKVX ITEPECTPOEK AKTUBHOCTY «KAETOK
MeCTa» B Pa3HbIX CTPYKTYPax AeXKaT AAUTEAbHbIE
MAACTUYECKME TTePeCcTPOiKY 3P PeKTUBHOCTU
CUHAIITMYECKOII TepeAaqy MEeXXAY BCEMU HelIpOHa-
MU B KOHHEKTOME.

[ToAaraioT, YTO MPOCTPAHCTBEHHAS] HABUTAL[US
10 CBO€IT CYTU SIBASIETCSI AVHAMUYHBIM U MYABTH-
MOAQABHBIM IIPOLIECCOM, KOTOPBIIT MOKET CAY)KUTb
MOAEABHON CUCTEMOI B KOTHUTUBHOI HEPOOUO-
aorum (Chersi, Burgess 2015; Ekstrom et al. 2017).
B pa6ore (Chersi, Burgess 2015) mpoBeaeH aHaAK3
0CcoOeHHOCTeN 00YUeH s C TOAKPEIIAEHIEM U BO3-
AEVICTBMEM Ha CTPUATYM (BXOAHYIO CTPYKTYPY
6a3aAbHBIX TAaHTAMEB), OCHOBAaHHOT'O Ha 3TOL[€H-
TPUYECKUX OTOOPAKEHVSIX CEHCOPHBIX COCTOSTHU
1 Xe060BCKOI accoLjMaliuu CEHCOPHOI MHpOpMa-
LU C AAAOLEHTPUYECKUMU OTOOPaKEHUSIMU CO-
crosiuuyt B I'MIIII, a Tak)Xe OLleHKY BBIXOAHBIX
AaHHbIX 00eux cucteM B MI1pK. ABTOpSHI paboThI
(Ekstrom et al. 2017) moaarawoT, 4TO MPOCTPaH-
CTBEHHbIE OTOOPa’KEeHMsI BKAIOYAIOT KOHTUHYYM
CeTeBbIX B3aMMOAECNCTBUI, COCPEAOTOYEHHDBIX
B PeTPOCIIA€HUAABHOM U 3apAHE TEMEHHOI1 Kope.
B npeasaraemoMm HaMu MexaHM3Me B IIPOCTPaH-
CTBEHHOJI HaBUT'aLlMM YYACTBYIOT pa3AMYHbIE 00-
AQCTU KOPBI, BKAIOYAsI IEPBUYHBIE CEHCOPHBIE,
aCCOLIMATHBHBIE U BBICIINE, KOTOPBIE CBSI3aHBI APYT
¢ Apyrom, Taaamycom, I'VITTIT u 6azaAbHBIMY raH-
TAVSIMMU.

Careocmsus npea/meaezvloeo MexXaHusma
u ux conocmaBieHue C U3BeCrmHbviMU
IKCNEepUMeEHMaAbHbIMU OaHHbIMU

/3 npepaaraemoro Mmexanuama GpopMUPOBaAHUS
accoLMaLnil «3anax-00beKT-MeCTO» CAEAYET, UTO
HaAMYMe 3aI1axa MOXKET YCUAUTD aKTUBHOCTD «KAe-
TOK MecTa» B moAe CA1 3a cueT AOIIOAHUTEABHOI
aKTUBALUM HEIPOHOB B 3TOM IIOA€ CO CTOPOHBI
«KAeTOK MecTa» B moae CA2. AeliCTBUTEABHO MO-
Ka3aHo, UTO BO BpeMsI 00yueHMsI 3aAaue, B KOTOPOI
OPMEHTMPAMMU SIBASIAMIC 3aI1aXy, OHU YAYYLIaAU

0TOOpa’keHe MPOCTPAHCTBA «KAETKAMM MECTa»
B1ioAe CAl 1 3HAUUTEABHO OOAEI'YAAY HABUTALIAIO
(Fischler-Ruiz et al. 2021). TIpeabsiBA€HUE OAHOTO
VI TOTO K€ 3aIaxa B pasHbIX AOKYCaX MOPOXKAAAO
pasHble OTOOPa’KEeHVSI ATUX AOKYCOB «KAETKaMy
MecTa». CUTHAABHBII 3aI1aX YBEAUMBAA IAOTHOCTD
«KAETOK MeCTa», a TAIOKe IMIPUBOAMA K 00pa30BaHMIO
«KAETOK MeCTa» 3a MPeAeAaMU AOKAAU3ALIUY CUT-
Haaa (Fischler-Ruiz et al. 2021). 910 crioco6cTBO-
BaAO PACIO3HABAHMIO BTOPOTO, 00AE€e OTAAAEHHO-
ro CUTHAABHOTO 3aIlaxa B KaueCTBE OTAEABHOIO
opuenTupa (Fischler-Ruiz et al. 2021). Y «kaeTox
MecTa» 0Asi CAl, BOBAEUEHHBIX B YIIPABASIEMYIO
3aI1axoM YCTOMYMBYIO BUPTYaAbHYIO HaBUTALIUIO,
IIPOSIBASIAMICh CBOJICTBA, QaHAAOTMUHBIE TEM, KOTO-
pble XapaKTEPHbI AASI HABUTALIMY B YCAOBUSIX BU-
3yaAbHOTO HabAwAeHus 3a cpepoyt (Radvansky,
Dombeck 2018). 13 aToro caeayet, 4ToO Ipu Ha-
BUTAL[VIM, OCHOBAQHHOJ Ha CUTHAAaX Pa3AMYHBIX
CEHCOPHBIX MOAQABHOCTEIT, CIIOAB3YIOTCSI CXOAHBIE
KOTHUTVBHBIE KapThlL. XOTS «IOASI MECTa» CAEAYIOT
3a BpallleH1eM TOAbKO 3pUTEAbHbBIX CUTHAAOB, 000-
HSITeAbHbIE CUTHAABI BCE K€ BAUSIOT Ha 0TOOpa-
>xeHue npocrtpanctsa B ['UIIIL. Tak, yaaaeHue
3HAKOMBIX 3aI1aXOB CEPbE3HO HAPYIIAAO KaK AOATO-
BPEMEHHYIO CTaOMABHOCTD, TaK ¥ IOBOPOT K 3pU-
TEABHBIM CTUMYAaM B HOBOM cpeae (Aikath et al.
2014). IlTo MHeHMIO aBTOPOB yYKa3aHHOU paboTHl,
3aIraxy Co BpeMeHeM CTAHOBSITCSI HEOTbEMAEMO
4aCThI0 KOHTEKCTA Y OKa3bIBAIOT CUABHOE BAVISIHYE
Ha ero ctabuabHOCTb. COBPEMEHHBI aHAAU3 T10-
Kazaa, yto DKA, KoTopasi SIBASIETCSI LIEHTPOM MH-
TerpaLuyu MyAbTMCEHCOPHO MHPOpMaLK, UTpa-
€T B&KHYI0 POAb B GOPMUPOBAHNY STTU30ANIECKON
namstu Ao [MITIT u B po0ATOBpeMeHHOI accorya-
TUBHOI MMaMSTU «3anax-KoHTekcT» (Persson et al.
2022). Kpsicol ¢ nopaxeHuem DKA HOpMaAabHO
pacro3HaBaAy 0OBEKTbI M MECTA VX PACIIOAOXKEHNS,
HO He3aBUCKUMO APYT oT Apyra (Wilson et al. 2013).

/13 mpepAaaraeMoro MexaHusMa CAEAYeT, YTO
VI APyTVi€ CEHCOPHBIE CTUIMYABI, TaK/i€ KaK 3BYKOBbIE
VIAY TaKTMABHBIE, TAKOKE YYaCTBYIOT B IIPOCTPaH-
CTBEHHOM KapTMPOBaHUM, TOCKOABKY MH(OpMaLs
0 HUX, KaK U O 3araxax, IIOCTyIaeT BO BCe IOAS
['VIIIT uepe3 DKa. ITokasaHo, UTO CAeIble AIOAU
MOTYT AEMOHCTPUPOBATbh UCKAIOYUTEABHBIE CITO-
COOHOCTM K CAYXOBOJ NMPOCTPAHCTBEHHON 0Opa-
00TKe, 1 YTO TaKMe yAYUILIEHHbIE XapaKTePUCTUKN
MOTYT OBITh HEPa3PbIBHO CBSI3aHBI C BOBAEYEHMEM
3aTBIAOYHBIX 00AACTEN, AULIEHHBIX CBOUX HOP-
MaAbHBIX 3puTeAbHBIX BX0AO0B (Collignon et al.
2009). Takue paHHbIE TOAYEPKUBAIOT CIOCOOHOCTD
MO3ra MepernporpaMMIpoBaTh CBOY CTPYKTYPBHI,
4YTOOBI KOMIIEHCHPOBATh HapylLIeHNE 3PEHUs.
BoBAeueHMe 3aTBIAOYHBIX 3PUTEABHBIX 00AaCTeN
B 00paboTKy MH}OpPMALMM APYTOIl MOAQABHOCTH
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. I Curvkuc

XapaKTEPHO He TOABKO AASI AUL], TOTEPSIBIINX
3peHue B paHHEM MAQAEHYECTBE, HO U IIPU ITOTepe
3peHus B 6oAee mo3pHeM Bo3pacTte. CyAsi 0 3TUM
AQHHBIM, AQKe Y 3PSIUMX AIOAEM 3aThIAOYHBIE 00-
AAQCTM UTPAIOT O0Aee BaXXHYIO POAb B IPOCTPaH-
CTBEHHOI1 00pabOTKe 3BYKOB, YeM ITPEATIOAATAAOCH
paHee. VIMeIOTCsI AQHHBIE O TOM, UTO Y MBbILIEN
MMEITCS MOAAABHO-MHBApUAHTHBIE HEMPOHBDI,
oToOpakaroue abCTPaKTHYIO TIOBEAEHYECKU pe-
AEBAHTHYI0 KOOPAMHATY HE3aBUCKUMO OT ee Gpu3u-
yeckont mopaabHOCTU (Radvansky et al. 2021).
[To-Bupumomy, IIITIT oTobpaskaeT mpoCTpaHCTBO
He KaK OAHY GU3MUYECKYIO IIepEMEHHYIO, a KaK
KOMOUHAIMIO CEHCOPHBIX U a0CTPAKTHBIX CUCTEM
OTCYeTa, ONpPEAEASIEMbIX TIOBEAEHYECKOII LIEABIO
(Radvansky et al. 2021).

CymectByer MHeHue, uto ['MIIIT 1 xBocTaToe
SIAPO CTpUaTyMa (BXOAHAsI CTPYKTYpa 6a3aAbHBIX
TaHTAMEB) MMEIOT pellarliee 3HaYeHIe AASl Ha-
BUTALM¥, OCHOBAHHOI Ha MPOCTPAHCTBEHHOM
peakLuy 1 peakLuy Ha CEHCOPHBIN CTUMYA COOT-
BeTcTBeHHO (Dahmani, Bohbot 2015). ABTOpbI
yKa3aHHOM paboThl, 0a3MPysICh Ha TTOAYYEHHBIX
VIMU 9KCIIEPUMEHTAABHbIX AQHHBIX, TPEAITOAOXKM -
AU, uTo BeHTpoMmepunaabHas [1PK, Bkatouas OPK,
MOAAEPKMBAET IIPOCTPAHCTBEHHOE OOyYeHNe,
KOAMPYSI aCCOLMaLIM CTUMYA-BO3HArpaXkAeHue,
B TO BpeMsI Kak poopcomeanaabHas [1pK mopaep-
XXMBaeT 00y4eHIe, KOAMPYS aCCOLMALIVIIO AEVICTBYE-
Bo3HarpakpeHue. C TOUKM 3peHMs] MEXaHM3Ma,
IIpeAAAraeMoro B HaCTOs1Lell paboTe, IpK pelleHnn
MHoroo6pasusix 3apad I VT u 6a3aAbHbIe raHTAUK
B 1]eAOM, BKAIOUYAsI HE TOABKO XBOCTATOE€ SIAPO
CTpPUATYMa, HO i BEHTPAABHYIO YaCTh CTPUATYMA,
B KoTopyio npoenupytorcs [T u T1)K, a raxke
BBIXOAHBIE SIAPa 023aABHBIX TAHTAMEB (IIPOELpY-
IOLI1eCS] B TAAAMMYECKME SIAPA), QYHKLMOHUPYIOT
B3aMMO3aBUCHMO.

JakAuenne

B 0630pe (Chao et al. 2022) Ha ocHOBe aHaAU3a
COBpPEMEHHBIX 9KCIIEPVIMEHTAABHBIX AQHHBIX OT-
MeYeHO, YTO MaMsATh paclio3HaBaHMs OOBEKTOB
M MeCTa UX PacllOAOXKeHMs 6a3upyeTcs: Ha Mpo-
1]eccax B HEMPOHHBIX LieMsiX, cBsi3aHHbIX ¢ MITpK
u I'IIIL. Tlpn onpeaeAeHHBIX YCAOBHUSX B NPO-
LleCChbI TAaMSTY BOBAEKAIOTCS IE€pUPUHAADBHAS,
SHTOPMHAABHAS U PETPOCIIAEHMAABHASI 00AACTHU
KOPBbI TaAaMUYeCKNe AP PEYHUEHC, MEAVIOAOP-
3aAbHOE I IIepeAHIE, 2 TAIOKE CTPUATYM, MO3)KEYOK
11 HEIPOMOAYASITOPHbBIE CTPYKTYPBbI, BKAIOYAs
MeAMAABHYIO IIEPETOPOAKY. Y YeAOBeKa, KpoMe
nocrynawomux B [VIITITyepes 9Ka 1 DKM noroxos
MHpOpMaLU, UMEIOTCS 00IIMPHbIE KOPKOBbIE

UnmeepamusHas gﬁusuwloeu,q, 2023, m. 4, Ne 1

BXOABI, KOTOpbie B 06x0p DK coepunstior [T
C IepUPUHAABHON U IaparuMiniokaMIIaAbHOU
00AAQCTSIMU KOPBI, C PETPOCIIAEHUAABHOI KOOI
Y A@Ke C pAHHMMU CEHCOPHBIMM 00AACTSMIU KOPBI
(Huang et al. 2021; Ma et al. 2022). [TockoAbKy
KOPKOBbBIE CBA3 MEeHee ViepapXU4Hbl U pa3AeAeHbl,
yeM 3TO IIPUHATO B CXeMe AASI ABYX TIOTOKOB Uepes
OKa u 9KM, 0AHUM U3 CAEACTBUIT TAKOM OpPraHu-
3alMM CBA3eN SIBASIETCSA TO, UTO Maparumnmnokam-
MaAbHasl U epupuHaAbHasI 00AACTU KOPbI MOT'YT
BBIITOAHSTD CIIELIAAV3MPOBAHHYI0 00PabOTKY
MH(GOPMALIVIHY, UCTIOAb3YS AQHHBIE OT IOTOKOB «YTO»
u «rpe» (Huang et al. 2021).

C y4eTOM IIPOBEAEHHOIO aHaAM3a QYHKLIO-
HAABHBIX B3aMIMOAEVICTBUIT Pa3HbIX 00AaCTel KOPHI,
IUMIIOKaMITaAbHOI popMaLyy, CBSI3aHHBIX C HUMU
TaAAMUUYECKMX SIA€P U MO3’KeuKa, HAMJ BHECEHbI
AOTIOAHEHU S B IPEAAOKEHHBIN paHee BO3MO>KHBIN
MeXxaHu3M GOpMUPOBaHMS OTOOPaXKEHMIT aCCOLIM-
auit «3amax-06beKT-MecTo» Ha Herponax [T
(Cuabxuc 2021c¢). TTpepaaraembliit MEXaHU3M B3a-
MMO3aBUCUMON 00paboTKu MHbOpMALMM B KOH-
HEKTOMe MOXXeT AeXXaTb B OCHOBE 3KCIIepYIMEH-
TAaAbHO HAOAIOAABIINXCS «KAETOK MECTa» B PA3HBIX
00AaCTSIX KOPbI ¥ BAMSIHVSI PAa3HOMOAQABHOI CEH-
copHoit MHGOopMaL K Ha PYHKLIMOHMPOBAHME
«xaeTok Mecta» B [VTIIT 1 Ha mpocTpaHCTBEHHYIO
HaBUTaLMIO.

Cnncok cokpaueHuit

['MIIIT — runnokamn; 3V — 3ybuaras usBUAU-
Ha; MI1GK — MepnaabHasi npedpoHTaAbHAS KOPa;
O¢K — opburodponTaspHas kopa; [TK — nupu-
dbopmuas kopa; [IPK — npedbponTasbHast KOPa;
OK — sHTOpmHaAbpHas1 Kopa; OKa u DKM — aate-
paAbHasi U MeAMaAbHAS YaCTV S9HTOPUHAABHOM
KOPBI, COOTBETCTBEHHO.

Abbreviations

HIPP—hippocampus; DG—dentate gyrus;
mPFC—medial prefrontal cortex; OfC—orbitofrontal
cortex; PC—piriform cortex; PfC—prefrontal cortex;
EC—entorhinal cortex; ECl and ECm—Ilateral and
medial parts of the entorhinal cortex, respectively.
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AnHomayus. B craTbe nprBepeHbl pe3yAbTaTbl 20-A€THEr0 HaOAIOAEHIST AAAIITALIMY 0OCKO (PUHHO-YTOPCKOI
rpymnbl KopeHHbIX HapoaoB CeBepa K ypbaHusatum HedreaobbiBatolero pernona 3amaaxon Cubupu XaHTsI-
Mascuitickoro aBTOHOMHOro okpyra lOrpa, n3MeHeHMs BereTaTUBHOM PETyASILINM, KAPAMOMETA0OANYECKYE
HapyuieHus (OKUpeHue, INIIePXOAECTEPUHEMIS], HAPYILIEHNs yTAEBOAHOTO 0OMeHa, apTepyaAbHasi TUIIEPTOHNS,
aTEPOCKAEPO3) CPEAV TPAAMLIMOHHBIX 1 YPOaHM3MPOBAHHBIX XAHTOB, IIPOTHO3MPOBAHE KAPAVOMETA00ANYECKOTO
pucka y KopeHHbIX HapopoB CeBepa. B reHeTiaecku OAHOPOAHOI CYOIIOyASsILIMY 0OCKMX PUHHO-YTOPCKUX
KOpeHHbIX HapoAOB CeBepa XaHTOB M3MeHEHe TPAANLIMOHHBIX YCAOBMII TPOXKUBAHMSI HA YPOAHUBMPOBAHHYIO
CpeAy IPUBOAUT K YBEAMYEHMIO YaCTOTHI U30BITOYHOI MACChl TeAd U OXKMpeHUsI B 2,8 pasa, HapylIeHu
yrA€BOAHOTO oOMeHa B 2,7 pasa, rurnepxoaectepuHeMuu B 1,7 pasa. B koroprax TpapMLMIOHHBIX
Y ypOaHM3MPOBAHHBIX XaHTOB M30BITOYHAsI Macca TEAA U OXKMPEHYe Yallle BCTPEYaIOTCs Y SKEHIVH, YeM
Y MY>KUMH; HapyIIEHNs YTAEBOAHOTO OOMeHa 1 AMabeT 2 TUIA Yallje BCTPEYaIOTCs Y MY>KUMH, UeM Y >KEHIIVH;
ITOAOBBIX Pa3AMYMIA ITO YACTOTE PA3BUTHS TMIIEPXOAECTEPMHEMIN He BbIsIBAEHO. [ [oBbIIlIeH1e CUMITaTMYeCKO
AKTUBHOCTY BereTaTMBHON HEPBHOI CUCTE€Mbl KOPPEAUPYET C IUIIEPXOAECTEPMHEMYEN IPY HOPMAAbHON
1 M30BITOYHON Macce TeAa KaK B KOropTe ypOaHM3MPOBaHHbBIX XaHTOB, TaK I BEAYIMX TPAAULIMOHHBIN 00pa3
XM3HU B POAOBBIX YTOABSIX. BBICOKUIT pUCK KapAMOMETab0AMIECKHX 3A00AE€BAHUII C YYETOM [TOKa3aTeAel
CUMITATMYECKOI aKTUBHOCTY BETE€TaTVBHOI HEPBHO CYICTEMBI PETUCTPUPYETCS B KOTOPTe YpOaHU3MPOBaHHbBIX
XaHTOB MOAOAOTO Bo3pacTta B 18,0%, cpepHero Bo3pacta — B 26,0%, B KOTOpTe MOAOABIX XaHTOB
C TPAAULIMOHHBIM 00Pa30M XU3HM B POAOBBIX YTOABSIX — B 5,0%, CpeAM TPAAMLIMOHHBIX XaHTOB CPEAHETO

BospacTta — B 8,0% cayuaes.
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Abstract. The article presents the results of a 20-year observation of the adaptation of the Ob Finno-Ugric
group of indigenous peoples of the North (Khanty) to the urbanization of the oil-producing region
of Western Siberia—Khanty-Mansi Autonomous Okrug Yugra. It reports changes in autonomic regulation,
cardiometabolic disorders (obesity, hypercholesterolemia, carbohydrate metabolism disorders, arterial
hypertension, atherosclerosis) among traditional and urban Khanty. It also provides prediction
of cardiometabolic risk in the indigenous peoples of the North. Khanty are a genetically homogeneous
subpopulation of the Ob Finno-Ugric indigenous peoples of the North. The transition from traditional living
conditions to an urbanized environment has increased the frequency of overweight and obesity
by 2.8 times, carbohydrate metabolism disorders by 2.7 times, and hypercholesterolemia by 1.7 times.
In traditional and urbanized Khanty cohorts, overweight and obesity are more common in women than
in men; carbohydrate metabolism disorders and type 2 diabetes are more common in men than in women;
no gender differences were found in the incidence of hypercholesterolemia. An increase in the sympathetic
activity of the autonomic nervous system correlates with hypercholesterolemia in normal and overweight
Khanty in both urban and traditional environments (ancestral lands). Considering the indicators of the
sympathetic activity of the autonomic nervous system, a high risk of cardiometabolic diseases is recorded
in the cohort of urbanized Khanty in young and middle age in 18.0% and 26.0%, respectively, while it stands
at 5.0% and 8.0% among Khanty with a traditional way of life in ancestral lands.

Keywords: adaptation, urbanization, Ob Finno-Ugric group of the indigenous peoples of the North, Khanty,
autonomic regulation, obesity, carbohydrate metabolism, lipid metabolism, cardiometabolic risk, Western
Siberia

BBepenne

Crparerusi CoxpaHeHMsI TOIYASILINI KOPEHHBIX
HapopoB CeBepa Poccuu mpepycMaTpuBaeT akTHB-
Hble MepblI TI0 pa3paboTke MPOPUAAKTUIECKUX
MpOrpaMM Ha OCHOBE PErMOHAABHBIX HayYHBIX
nccaepoBaHui. Takast HEOOXOAMMOCTb BO3HMKAQ
IIpY OCBOEHUM CTPATErnYeCKy 3Ha4/IMbIX CEBEPHBIX
parioHoB 3anapHoi Cubupy, rae ¢ 60-x rr. mpo-
IIIAOTO CTOAETVSI HayaAach aKTUBHAsA AOObIYa
He(dTU U raza Co CTPEMUTEABHBIM POCTOM IIPO-
MBIIIAEHHBIX TOPOAOB. B HauboAbILIeN CcTereHn
3TOT mpolecc 3aTpoHYA TromeHckuit Cesep, rae

COCpPeAOTOYEHAa OCHOBHAS MOMYASILIUS 00CKOM
(PMHHO-YTOpCKOJ1 I'PYIIIBI KOPEHHBIX HAPOAOB
CeBepa — XaHTBI ¥ MAHCH, AAQBLIVX Ha3BaHMe XaH-
ThI-MaHCHIICKOMY aBTOHOMHOMY OKpyry — IOrpe.
Ha Tromenckom CeBepe npoxuBaeT 30 ThIC. XaHTOB,
u3 Hux 6oaee 20 Teic. — B XaHTbI-MaHCUIICKOM
aBTOHOMHOM OKpYyTe 1 0KOAO 10 Teic. — B fIMano-
Henenjkom aBTOHOMHOM OKpyTe. [ [pakTiuecku Bce
11 teICc. MaHCcU AoKaAau3oBaHbl B XMAO-IOrpe.
ITo panHbiM EAMHOro odulimaAbHOrO camra
TOCYAQPCTBEHHBIX OpraHoB XaHTbl-MaHCUIICKUI
aBTOHOMHBIN 0KpyT — FOrpa (XMAO-IOrpa) (Ean-
HBbIN OPUIMAABHBI CAT ... 2023) — OCHOBHOI1
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M. A. Ilonosa, A. C. Ilartouwkesuy

He(dTerasoHOCHbIN pernoH Poccum M oAuMH
13 KpYIHeNImX HepTeAOOBIBAIOIMX PErMOHOB
mupa. [Taomaab okpyra cocraBasier 534 801 km®
(9-e mecTo B Poccunm).

B peitTyHre CcoOlMaAbHO-9KOHOMUYECKOIO I10-
AoKeHMsI perroHoB Poccuu (PelTuHT colaAbHO-
SKOHOMMUYECKOTO MOAOXKEHMUsT pernoHoB 2021)
XMAO 3aHumaer 3-e mecto, nnpu atom XMAO
HaXOAUTCSI Ha 2-M MeCTe 10 pa3Mepy 9KOHOMMUKY,
ycTynas auib Mockse.

Haceaenne XMAOQO Ha 1 ssHBaps1 2022 1. ¢ yueToM
Bcepoccuiickoit nepenucu HaceaeHust 2020 r.
coctaBuAO 1 MAH. 713 ThiC. 763 XUTeEAs
(KpyIHeMMi1 MoKa3aTeAb CPEAU aBTOHOMHBIX
okpyros Poccun). XMAO Ha CEropHsIIIHUI A€Hb
caMblil ypOaHM3MPOBAaHHBI aBTOHOMHBII OKPYT,
B KOTOPOM I'OPOACKOE HaceA€HMe HAaCUMThIBAEeT
1 MAH. 577 ThIC. 963 )uTeas (92,1%), ceAbckoe —
Bcero 135 Tric. 800 (7,8%) (UncaeHHOCTD HaceAe-
Hus... 2022).

ITo moka3aTeAl0 YMCAEHHOCTY T'OPOACKOTO
HaceAaeHUs pernoH ¢ 2015 1. 3aHuMaeT 6-e MecTo
B Poccun u 1-e mecto B YpaabckoM pepepasbHOM
OKpYyre.

CooTHollIeHre MY)XUMH U )KEHIVH B OKpyre
cocraBasiet 0,93 (826582/887181), cpeaut TOPOA-
ckoro HaceaeHust — 0,92 (757670/820293), cpean
ceAbCKOro Haceaenusa — 1,03 (68912/66888).

KopenHoe HaceaeHVe OKpyra CKOHLIEHTPUPO-
BaHO TAABHBIM 00pa3oM 1o Geperam OO B CeAbCKOIT
MEeCTHOCTH.

IToauTHnyeckas 1 s5KOHOMUYECKas MTOAAEPIKKA
KOpeHHBbIX HapopoB CeBepa NMpaBUTEABCTBOM
XMAO-IOrpsl okazaaa MIOAOXKUTEABHOE BAVISIHIE
Ha COXpaHEeHME X YMCAEHHOCTU Ha AQHHOW Tep-
putopun. beian 06pazoBaHbl HALMOHAABHBIE T10-
CEeAeHMsI C HEOOXOAMMO MHPPACTPYKTYpOIt —
MEAVULVHCKUMY YUPEXAEHUSIMU U IIKOAAMU,
IIOAUTUKON COXPAaHEHMsI TPAAULIMI U SI3bIKOBOM
KYABTYPBI. DTV HallIOHAAbHbIE IIOCEAEHUS NIpY-
HSITO paCcCMaTpUBATh KaK YaCTUYHO YpOaHM30BaH-
HYIO CpeAy 00MTaHMs KOpeHHbIX HapoaoB CeBepa
B OTAMYME OT TPAAULIIOHHOTO BEAEHMSI XO35I1ICTBA
B A€CHBIX YTOADSIX.

[Tepeceaenyie B ypOaHU3MPOBAHHYIO 1 YACTUYHO
ypOaHM3UPOBAHHYIO CpeAy (HAaLMOHAABHbIE TTOCe-
A€HUST) 3aTPOHYAO 3a mocaepHre 20 AeT 0KoA0 20%
KOPEHHOT'O HaCeAE€HMs], YTO BBI3BAAO IMOSBAEHME
CpEeAM XaHTOB 1 MaHCU HECBOMCTBEHHBIX UM 3200-
A€BaHUIL, TAQBHBIM 00Pa30M CBSI3aHHBIX C A€3aAaIl-
TUBHBIMY META00ANYECKVMY IBMEHEHVSIMMUL.

B XaHTbI-MaHCUIICKOM aBTOHOMHOM OKpYre
HaXOAUTCSI TEPPUTOPYS], HA KOTOPOJ B YCAOBMSIX
YHMKAABHOTO €CTeCTBEHHOI'O 9KCIIEPMMEHTA BO3-
MO>KHO OOBEKTVBHO OLIEHVBATh aAaNTaLMIo abo-
pureHo CeBepa K ¢akTopam ypbOaHusauuu

UnmeepamusHas gﬁusuwloeu,q, 2023, m. 4, Ne 1

B reHeTUYeCKY OAHOPOAHOM I'PYTIIe PeACTaBUTe-
Aelt 00cKuX GUMHHO-YITPOB — XaHTOB. Takoit Tep-
putopuent sBasieTcsa CypryTckuil pailoH okpyra
VI KPYITHBI TIPOMBIIIAEHHBIN LJeHTp HepTeA0ObI-
Bamower orpacau ropoa Cypryr, paclioAO>KeHHBII
Ha TEpPUTOPUN AAHHOIO palioHa. 3AeChb B HeIlo-
CPeACTBEHHOI 6AM30CTH, B papnyce 200 KM, Ipo-
JKMBAIOT B TPAAMLIMOHHBIX YCAOBMSX B POAOBBIX
YTOABSIX ¥ TEXHOT€HHO! ypOaHM3MPOBAHHO Cpe-
A€ IPEACTABUTEAY 0OCKOI PUHHO-YTOPCKOL IPYII-
IIbI KOpeHHBIX HapoAOB CeBepa XaHTBHI.

B nocaepHMe ABa AECATHAETHS HA TEPPUTOPUA
Cypryrckoro paiioHa IIpo)XuBaeT OKOAO TPeX Thl-
CsIY IIpeACTaBUTEAEl KOpeHHbIX HapoaoB CeBepa
(o cocTostHuio Ha 1 stHBaps 2022 1. — 2 ThiC. 669),
13 H1X 98% — XaHTBI. /13 BCeX TOpOAOB M IOCEAKOB
ropoackoro Tuna XMAQ, B KOTOpbIe IepeMeCcTU-
AOCb KOpeHHOe HaceAeHMe, YCAOBUAM >KeCTKOI
TEXHOT€HHOJ ypOaHM3MPOBAaHHO CPEABI OTBEYaeT
ropop CypryT, rae CTabMABHO IIPO>KMBAIOT OKOAO
1000 abopureHoB, U3 HUX 2/3 COCTABASIIOT XaHTbI
(mo coctosinuo Ha 1 sHBaps 2022 — 636)
n1/3 — mancu.

AMHAMMKA YUCAEHHOCTHU TPAANIIMOHHBIX
¥ YpOQHM3MPOBAHHBIX XaHTOB
n Mancu 2000-2021 rr. 8 XMAO

ITo paunbIM Becepoccuiickoi mepenucu Haceae-
Husa B 2002 r. B8 XMAO 3aperucrpupoBaHo
17 Tric. 128 xanToB (1,20% OoT Bcero HaceAeHUs
oxpyra) u 9 treic. 894 maHcu (0,69%), B 2010 1. oT-
MeueHO yBeAMY€eHMe YMCAa XaHTOB A0 19 Tbic. 068
(1,24%) u mancu — A0 10 ThIC. 977 (0,72%), B 2020 1.
3apermcTpupoBaHo XxaHtoB 19 Teic. 568 (1,14%)
u 11 Thic. 635 mancu (0,65%).

I'To pesyabTaTaM MOHUTOPUHIA MEAVUKO-aHAAU-
TUYECKOro LieHTpa AenapTaMeHTa 3ApaBoOXpaHe-
a1 XMAO-IOrpsl 3a mepruop manpemuu ¢ 2019 .
YMCAO XaHTOB YMEHbIIMAOCH C 19 Tbhic. 148
A0 16 ToIic. 955 yearoBek Ha 1 sHBaps 2022 1.,
YMCAO MAaHCU M3MEHMAOCDH HECYIIeCTBEHHO —
¢ 11 bic. 635 p0 11 ThIC. 435 yeaoBek ([Tokasareau
110 MEAVILITHCKOMY OOCAY>KMBAHUIO ... 2022).

ITO MOXXHO OOBSCHUTD TEM, YTO MAaHCU AOKa-
AV30BaHbl B OTAAAE€HHBIX CEBEPHBIX palloHaX OKPY-
ra (bepesoBckuit 1 KOHAMHCKMIT) ¥ UMEAU MeHbliIe
KOHTaKTOB ¢ MHGULMPOBAHHBIM KOPOHABUPYCOM
HaCeAeHMEM, YeM XaHTbI, HaL[IOHAAbHBIE IIOCEAEHMST
Y1 POAOBBIE YTOABSI KOTOPBIX PACIIOAOXKEHBI BOAU3N
TOPOAOB OKpyTa.

3aboaeBaemoctb COVID-19 B3poca0ro KopeH-
Horo HaceaeHud B 2021 r. cocraBuaa 40,4 Ha 1000
HaceAeHUs], CpeAr HeKOpeHHOro HaceaeHust — 81,0
Ha 1000 HaceaeHus. CaepyeT OTMETUTD, YTO 3a-
6oaeBaemocts COVID-19 y pAeTelt XaHTbI U MAHCU
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B Bo3pacTe oT 0 A0 14 AeT, HAXOAMBIIMXCA B Opra-
HU30BAaHHBIX KOAAEKTVBAX B MHTEPHATaX HALMO-
HaAbHBIX nmoceAeHnM, coctaBuaa 39,0 Ha 1000 co-
OTBETCTBYIOIIel I'PYIIIbl, KaK U Y AeTell 2TOro
BO3pacTa HeKopeHHOoro HaceaeHust — 39,5 na 1000.
DTO MOXET CAY>KUTb KOCBEHHBIM IIOATBEP>KAEHMU-
€M TOT0, YTO MMMYHHBII OTBET B KOTOPTax KOpeH-
HOT'O Y1 HEKOPEHHOI'0 HaCeA€HMsI COIOCTAaBUM,
a 0oaee yeM B 2 pa3a BbICOKAasl YaCTOTA Pa3BUTUS
COVID-19 y B3pOCABIX IPEACTAaBUTEAE HEKOPEH-
HOI'O HACEAEHMSI MOXET ObITh 0ObsICHEHA TE€M, YTO
0OABIIIAsT YaCTh KOPEHHOTO HACEAEHUsT BO BpeMs
MTAaHAEMUY HaXOAMAACh B POAOBBIX YTOABSX.

AMHaMUKa pacnpoCcTpaHEeHHOCTH
ACCOLMMPOBAHHBIX C HAPYIIEHNSAMY AAANTALUU
3a00AeBaHNIT CPeAU KOPEHHBIX HAPOAOB
Cesepa XMAO B 2000-2021 rr.

AHaAU3 eKerOAHBIX AQHHBIX MEAMIIMHCKO
CTAaTUCTUKU AerapTaMeHTa 3APaBOOXPaHEHUs
XMAO c 2000 p0 2021 rT. BBISIBUA POCT O0A€3HEN
oOMeHa BelecTB CpeAM KOpeHHbIX HapoAoB CeBe-
pa okpyra (puc. 1).

YacToTa 9HAOKPMHHOM IATOAOT UM YBEAUYMAACD
€ 2000 x 2021 r. B 5,8 pa3 ¢ 11,8 po 68,3 Ha 1000
B3POCAOTO HaceAeHNsl. PacipocTpaHeHHOCTb AMa-
6era 2 Tuma c¢ 2000 x 2021 r. Bo3pocaa B 6,7 pas
¢ 2,7 po 18,0 Ha 1000 KOpeHHOro HaceAeHus.

OAHOI1 13 TPUYMH AMadeTa 2 TUIA Y KOPEHHbIX
HapoaoB CeBepa siBAsieTCsI TarybHoe ynorpebaeHne
AAKOTOAS C pa3BUTHEM aAKOTOABHOT'O TTAaHKpeaTH-
Ta, 9HAO- U 9K30KPMHHOI HEAOCTATOUYHOCTU TTOA-
JKEAYAOUHOI1 )KeAae3bl. Ho 3TO He eAMHCTBeHHas

100

278

s W7

2000 2001 2002 2003 2004 2005 2006

2007 2008 2009 2010 2011 2012 2013 2014 2015

MpUYMHa AnabeTa cpear abOpUTeHOB, TOCKOABKY
¢ 2017 r. 3aperucTpupoBaHO CHU)KEHME pacIIpo-
CTPaHEHHOCT! AAKOTOAM3Ma B 2 pa3a 10 CPaBHEHMIO
€ 2000-2010 rr. (0k0A0 20%), TEM HE MEHee AAHHBIN
IoKasaTeAb ocTaeTcs BbICOKUM U B 2021 1. cocTa-
BUA 325 yeaoBek u3 28 Thic. 380 mpeacTaBUTEAE
KOpEeHHbIX HapoAOB (11,5%).

AvHaMMKa pacrpoCTpaHeHHOCTH aAKOTOAM3Ma
Ha 100000 HaceAeHMs y KOpeHHBIX HapoAoB CeBepa
XMAO npuBepeHa Ha pUCYHKe 2.

K aAKOroAbHOMY MOpa)KEHUIO MevYeHn 1 00y-
CAOBAEHHO TOTaAbHBIM MH(EKIMIOHHBIM IOpa-
JKEHMeM OMMICTOPX030M 0OCKOr0 KOPEHHOTrO Ha-
CeAeHMs MMATOAOTMM NPU U3MeHeHuu obpasa
JKU3HU AOOABMAACh HEAAKOTOAbHAS XUPOBast 60-
Ae3Hb IIeYeH!, aCCOLIMMPOBAHHAS C BUCLIEPAABHBIM
O’KMIpEHMEM U HapyLIeHNSIMY AUIIMAHOTO OOMeHa,
HO B 11eAOM 3a(pMKCYPOBAHO CHIDKeHME O0Ae3Hel
IeYeHU U >KEAYEBBIBOASIIIMX IyTel OAaropaps
MpodUAAKTUIECKUM MPOTUBOIMUAEMUUECKUM
meponpusaTusm (puc. 3).

Cpean KopeHHBIX HapopoB CeBepa oTMeuYeH
HEYKAOHHBIN pOCT 60Ae3HelT KpOBOOOpalieHns
¢ 59,7 B 2000 1. o0 177,1 B 2021 1. Ha 1000 B3poC-
AOTO HaceAeHus (puc. 4).

HabaropaeTcst yBeAnueHre pacrpoCTpaHeH-
HOCTU apTepuaAbHOU runepreHsuu ¢ 19,9 8 2000
A0 68,6 Ha 1000 B3pocabix B 2021 1. TTocaepnne 10 aetT
TEHAEHLMY K CHVDKEHMIO B ITONYASILIMY OOA€e3HeN
C TIOBBILIEHHBIM apTepMaAbHBIM AaBAE€HUEM
He oTMeueHo. Takoke He CHIKaeTCsl paclpocTpa-
HEHHOCTb aTEPOCKAEPOTUYECKUX 3a00AeBaHU,
KOTOpasi oTMeydaAach B npepeaax 11,7-14,2 va 1000
B3POCAOT0 KOpeHHOro HaceaeHus B 2010-2021 rr.

Py 48,3

23
59 40,6

52,2

41,9
355

278 275 278 4.4

132 152 18

92 9.8 10,6
sa |87 |4

2016 2017 2018 2019 2020 2021

Puc. 1. AMHamMuKa pacpocTpaHeHHOCTH OoAesHell oOMeHa BeleCcTB U AnabeTa 2 THIa Y KOPEHHBIX HAPOAOB
Cesepa XMAO B nepuop 2000-2021 rr. Ha 1000 Haceaenust. J)KeaTble cTOAOMKM — OOA€3HM OOMeHaA BellecTs,
KOpUYHEBble CTOAOMKY — AnaberT 2 Tuna

Fig. 1. Dynamics of the prevalence of metabolic diseases and type 2 diabetes among the indigenous peoples
of the North of Khanty-Mansi Autonomous Okrug in 2000—-2021 per 1.000 population. Yellow bars—metabolic
diseases, brown bars—type 2 diabetes
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Puc. 2. AuHaMuKa pacIpoCTpaHeHHOCTY AAKOTOAM3Ma Y KopeHHbIX HapopoB CeBepa XMAO B nepuop
2000-2021 rr. Ha 100000 HaceaeHus. YKeAaTble CTOAOMKY — aAKOTOAM3M U AAKOTOAbHbIE IICUXO3bL,
KOpUYHEBble CTOAOMKY — BIIEpPBbIE B3SIThI HA y4YeT

Fig. 2. Dynamics of the prevalence of alcoholism among the indigenous peoples of the North of Khanty-Mansi
Autonomous Okrug in 2000—2021 per 100.000 population. Yellow bars—alcoholism and alcoholic psychoses,
brown bars—registered for the first time
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Puc. 3. AMHaMuKa pacipocTpaHeHHOCT! MHQEKLIMOHHBIX 60Ae3Hei, 00Ae3Hel eYeHN 1 )KeAYE€BBIBOASIX
myTeit y KopeHHbIX HapopoB Cesepa XMAO B nepuop 2000-2021 rr. Ha 1000 HaceaeHus1.
JKeaTble cTOAOMKY — MHEKLVOHHbIE 1 ITapasuTapHble 3a00AeBaHIS, KOPUUHEBbIE CTOAOVKM — OOA€3HU
MeYyeHY, )KeAYeBBIBOAALIMX ITyTeil

Fig. 3. Dynamics of the prevalence of infectious diseases, diseases of the liver and biliary tract among
the indigenous peoples of the North of Khanty-Mansi Autonomous Okrug in 2000-2021 per 1.000 population.
Yellow bars—infectious and parasitic diseases, brown bars—diseases of the hepatobiliary system
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Puc. 4. AvHaMMKa pacIpOCTpPaHEHHOCTY apTePUAAbHON IMIIEPTEH3UN U aTEPOCKAEPO3a Y KOPEHHBIX HAPOAOB
Cesepa XMAO B nepnop 2000-2021 rr. Ha 1000 HaceAeHusI.
JKeatpie cTOAOMKM — 6OAE3HM OPraHOB KPOBOOOpAILjeHNsI, KOPUIHEBBIE CTOAOMKM — apTepUaAbHAasI TUIePTEeH3Ns

Fig. 4. Dynamics of the prevalence of arterial hypertension and atherosclerosis among the indigenous peoples

of the North of Khanty-Mansi Autonomous Okrug in 2000-2021 per 1.000 population.
Yellow bars—cardiovascular diseases, brown bars—arterial hypertension
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PacrpocTpaHeHHOCTb LiepeOpPOBaCKYASIPHBIX
OCAOXXHEHUU B 3TOT MEPUOA PETUCTPUPOBAAACH
B Anamnasose 5,8—10,6 Ha 1000 B3pocAOro KopeH-
HOI'O0 HaceAeHMs. DTU 3a00AeBaHUS CBSA3aAHbI
C YBeAYeHMEM KapAMOMeTabOAMYECKOTO PUCKA
cpeay abOpUTeHOB, 00YCAOBAEHHOTO IICHXOCOLIM-
AABHBIM CTPECCOM U U3MeHeHreM 00pa3a >KU3HMU.

KoropTHoe o6cAaepOBaHME XaHTOB, BEAYIUX
TPaAULIMOHHBIN 00pa3 >KM3HU B POAOBBIX YTOABSIX
Cypryrckoro paitoHa, 1 YaCTUYHO YpOaHU3UPO-
BaHHBIX XaHTOB, MPOXXUBAIOIINX B OPTaHN30BAaHHOM
HAL|MIOHAaABHOM IoceAeHnM PyccKmHCKas AAHHOTO
palioHa, nmpoBepeHHoe B nepuop 2005-2012 rr.,
BBISIBUAO BeAyiye GaKkTopbl KapAroMeTaboAMYe-
CKOTO pUCKa MPU U3MeHeHUM obpasa >KU3HU.
Cpeaut HakTOpOB KapAMOMETAOOAUYECKOTO TIPO-
(1AL BBIIBAEHO Upe3MepHOe oTpebAeHre aAKO-
TOASI ¥ HUKOTUHOBAsI 3aBUCUMOCTb (TPAAULMOHHOE
KypeHue 1 >keBaHue Tabaka) (ITonosa, Kyapsiosa
2011). Cpear MY>KUMH U >KEHIIMH OPraHM30BaHHO-
ro MmoceAeHusi ObIAO 4Yallle PacIpOCTPaHEHO
KYp€eHMe, UeM Y XaHTOB, BEAYIIVX TPAAULIMIOHHBIN
00pas >XusHM. AAKOTOAb YPE3MEPHO MOTPEOASIAU
yalrje MY>KYMHBI POAOBBIX YTOAUI U >)KEHIIMHBI Ha-
LMOHAaABHOIO ITOCEAEHUS (KYAP}IH_[OBa 2014
Kyapsiuosa, TTonosa 2012).

Ao 2012 r. AAsT TPAAULIMOHHBIX XaHTOB ObIAA
XapaKkTepHa HOPMOTEH3MsI, HOpMaAbHas Macca
TeAd, HOPMAABHBIN YPOBeHb XoAecTepyrHa (Kyaps-
oBa, IToroa 2012).

YacTuyHO ypOaHU3MPOBaHHbBIE XaHTHI, IIPO-
>KMBaMOIIie B HALIMOHAABHOM IIOCEAEHNM, OTAMYA-
AVICb OT BEAYIIMX TPAAMLIVMOHHBIN 00pas >KU3HU
yBeAYeHEM MacChl TeAQ B COUYETAHUM C apTepy-
AABHOI TUIIEpTEH3Mel, TOBbILIEHeM YPOBHS XO-
AeCTEepUHa, IPU 3TOM MeTabOANIeCKIe HAPYILEHUS
ObIAM B OOABILIEN Mepe XapaKTePHBI AAST BEAYIIIX
0CeAABIIT 00pa3 KU3HU KEHIUH-XaHTOB (Bacuab-
KoBa, Mataes 2009; Kyapsmosa 2014; Kyapsmosa
u Ap. 2015).

«KapanomeTraboandeckuii mopTper»
COBPEMEHHbIX TPAANLIVIOHHBIX XaHTOB

MOHUTOPUHT COCTOSIHUSI 3A0POBBSI XaHTOB,
IIpoBeAeHHbIN Hamu B iepuop 2015-2018 rr., BbI-
SIBUA KQUECTBEHHOE 3MEHEHIEe KapAMOMETa00AN-
4eCKOTo NMpOo(dUAsL Y TPAAULIMOHHBIX XaHTOB
10 CPAaBHEHUIO C TEPBBIM pAecsaTuaeTrieM XXI Beka.
MeTtaboAnyeckue HapylIeHs, KApAMOMETAO0AK-
yeckye 3a00AeBaHMS U X COYETAHME BbISIBAEHBI
y 23,4% XaHTOB 13 POAOBBIX yroauii (ITorosa u Ap.
2018a).

ITo MpOTOKOAY AMCIIAHCEPHOTO HAOAIOAEHVSA
OLIeHVBAAU AQHHbIE CKPMHMHIA METabOAMIECKUX
($baKkTOpOB, ACCOLMMPOBAHHBIX C KApAMOMETA00-

AMYECKUMM 32800A€BaHVUSIMH, U TIPOBOAMAK MHCTPY-
MeHTaAbHOE 00CAeAOBaHIE, IO BaprabeAbHOCTU
PUTMa CepALIa OL[EHUBAAY HANIPSDKEHHOCTD apall-
tauun ([MaaromkeBuya 2019; [Tomosa u Ap. 2017c¢;
2018b).

Bbicokuit puck KapAnoMeTaboAnyecKnx 3a6o-
A€BAHUI OIIPEAEASIeTCSI KAACTEPOM HECKOABKMX
MeTaboAnyeckux HakTopoB pucka, BKAKYas ab-
AOMMHAAbHOE OKUpeHMe. B cBsi3u ¢ TeM, 4TO
MopdoMeTpuyecKrie KpUTepUn aOAOMIHAABHOTO
oxxupenusi aast abopurenos CeBepa He paspabo-
TaHbl, CPABHUTEAbHBI aHAAU3 M3MEHEeHMI1 MacChl
TeAaa (MT) nmpoBeAeH TOABKO IO MHAEKCY MacChl
teaa (VIMT).

XaHTbI, BeAyliye TPAAULIMOHHBIN 00pa3 )XMU3HH,
MMeAM HOPMAABbHYIO Maccy Teaa B 75,4% cayyaeB
(My>xumHbBl — 83,6%, >KEHIHBI — 66,1%), 130bI-
tTouHyto MT B 16,7% (My>xunHbl — 14,9%, KeH1u-
Hbl — 18,6%), o)xupenue 1-1i crernenun — B 2,4%
cayyaeB (Myxuunbl — 1,5% s>xeHumuer — 3,4%),
oXupeHue 2-11 crerent — B 1,5% cayyaeB (KeH-
IHBI — 3,4%).

I'Tpu HOpMaAbHOV Macce TeAa B AQHHOM KOTOp-
Te rUIepXxoAecTepuHeMus BbIiBAeHA B 12,5%, Ha-
pYLUIEHMS TAMKEeMUM HaTollak — B 3,5%, apTepu-
aAbHas rurnepreHsust — B 7,5% caydaes.

ITpu M30BITOUHON Macce TeAa y TPAAULIMOHHBIX
XaHTOB TMIIEPXOAECTEPUHEMUS 3aPETUCTPUPOBAHA
B 37,6%, HapyleHNs TAMKeMuH HaTolak — B 14,8%,
apTepuaAbHas runeprensus — B 17,0% caydaes.

ITpy KAMHIYECKY 3HAYMMOM OXXMPEHUY TUIIEP-
xoaecTepuHemus orMmeudeHa B 40,0%, HapyleHus
raukemun Hatomak — B 40,0%, apTepuasbHast
runepreHsusa — B 60,0% cayyaes.

ITo pe3yAabTaTraM UCCAEAOBaHMS BapuabeAb-
HOCTM PUTMA CEPALIA BBISIBAEHBI IPM3HAKY CYMITA-
TUYECKO aKTMBALMM, CHIKEHME BAUSHUS I'YMO-
PaAbHO-MeTaboAMYECKUX GAKTOPOB BEreTaTMBHOM
PEeryASILIMY Y TPAAULIIOHHBIX XaHTOB C IIATOAOTU-
YeCKUM TOBBIIIEHVEM MAaCChl TEAQ U TUIIEPXOAE-
crepunemueit (ITomosa u ap. 2017¢; 2018b).

«Kapanomeraboandeckuii mopTper»
COBpEMEeHHBIX YpOAHU3UPOBAHHBIX XaHTOB

MeTtaboanyeckrie HapylIeHsI M KapAUOMeTa-
b6oAnYecKue 3a00AeBaHNs 3apErMCTPUPOBAHbI
B CyOmonyasiuy ypOaHM3MPOBaHHBIX XaHTOB
B 40,2 % cayuaes (ITaaromkeBuy 2019; [ToroBa u Ap.
2017b).

ITpu M3MeHeHUM TPaAULIMOHHOTO 06pasa Kus-
HU Ha YpOaHM3MPOBaHHYIO CpeAy B 2,8 pasa BO3-
pacTaAa 4acToTa pasBUTHUSA U30BITOYHON MacChl TEAQ
1 oKupeHus (puc. 5).

Cpean ypOaHU3MPOBAHHBIX XaHTOB OXXMPEHUE
BBISIBACHO B 4,2 pa3a vallle y >KeHIIVH, YeM Yy MY>K4UMH,
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UHaekc MT (UMT): 18-25 kr/m2—HopmaasHas MT; 25-29,9 kr/mM2 u3bbiTouHas MT; 30-34,9 kr/m2 — oxxmpenue 1;
35-39,9kr/m2 - oxxupeHue 2; = 40,0 kr/m2 - oxxupeHue 2

TPAAWLLMOHHBIE XQHTbI
23.5¢%, kr/m2
24%  1.5%

4% 32%

B HOPMAABHAA MT = M3BbiTo4Haa MT
= o¥upeHue 1
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YpEaHM3UMPOBAHHbI® XCAHTbI
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70%
40%
50%
40%
30%
20%
10%

TPUAMLMOHHbBIE Vs YPBGAHU3MPOBAHHLIE,
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oXupeHue 2 H oXupeHue 3

Puc. 5. YacToTa HOpMaABHOI MaCChI T€AQ, M30BITOUYHON MACChI TEAQ U OXKMPEHNST B TEHETUYECKI OAHOPOAHBIX
KOTOPTaxX TPAAULIMOHHBIX U YPOAHUSMPOBAHHBIX 00CKUX (GUMHHO-YIPOB XaHTOB, IPOXXUBAIIUX B OAMHAKOBBIX
KAMMATO3KOAOrMueckux ycAoBusix (Cypryrckuit paitot, ropoa Cypryr)

The body mass index (B} 18-25 kg/m2— normal BA; 25-2%,7 kg/m2 excess BM; 30-34,7 kg/m2 — obesity 1; 35-3%,7 kg/m2 - cbesity 2

Traditional and Urbanized Khanty,

Traditional Khanty Urbanized Khanty Female and Male, %
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Fig. 5. The frequency of normal body weight, overweight and obesity in genetically homogeneous cohorts
of traditional and urbanized Ob Finno-Ugrian Khanty living in the same climatic and ecological conditions
(the city of Surgut, Surgut Okrug)

IIPY 3TOM CAEAYET OTMETUTD, YTO Y >KEHIIMH BCTpe-
4YaAOChb OXMpeHUue 1-11, 2-71 U 3-71 CTeleHu,
Y MY>KUMH — TOABKO 1-i1. CpeAy ypOaHM3MPOBaHHBIX
JKEHIIVH OXMpeHue 3aperucTpuponaHo B 10 pas
yaiile, YeM y BEAYIIUX TPAAULIMOHHBIN 06pas3
xusuu ([TomoBa u aAp. 2017a; 2017b).

ITpu M3MeHeHUM TPAAULIMIOHHOTO 00pasa XXus-
HY Ha ypOaHU3MPOBAHHYIO CPEAY YACTOTA Hapylle-
HUI YTAEBOAHOTO OOMeHa B MOMYASILIMM XaHTOB
yBeAnunaach B 2,7 pasa (puc. 6).

Hapyenns yraeBopHOro o6MeHa ObiAM B 60Ab-
111eJ1 CTETIeHM BBIPa)KeHbI CPEAV YPOAHM3MPOBAHHBIX
XaHTOB-MY)KUMH, Y KOTOPBIX IIOCA€ AOOOCAEAOBA-
HUS TIPY BBIIBA€HUM HapYLIEHUI TAVIKEMUU

UnmeepamusHas gﬁusuonoeuﬂ, 2023, m. 4, Ne 1

HaTOIIaK BbISIBUAU B 11% cAayuyaeB mpeppunader
u B 6% — amnaber 2 tuna (ITasromkesuy 2019;
Popova 2021).

I[Tpu u3MeHeHUM TPAAULIIOHHOTO 00pa3a XU3HU
Ha ypOaHM3MPOBAHHYIO CPeAY y XaHTOB B 1,7 pa3
BO3pacTaAa 4acTOTa TUIIEPXOAECTEPUHEMUN.
Tem He MeHee HEOOXOAMMO OTMETUTD, YTO TUIEP-
XOAECTEPVHEMUS 3aperMCTPUPOBAHA C BBICOKOI
qyacToToii (28,6%) B rpyIie TpaAULIMOHHBIX XaHTOB,
B rpymnre yp6aHM3MpOBaHHBIX XaHTOB — B 48,8%
cayyaes (puc. 7). He 6bI1A0 BBISIBAEHO CYII[€CTBEHHBIX
PasAMYMIl B YACTOTE TUIIEPXOAECTEPUHEMIY MEXAY
MY>KUMHAMU ¥ )KEHIIMHAMU B COOTBETCTBYIOLINX
rpynmnax (ITaaromkesny 2019; Popova 2021).
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Taloko3a naasmel Hatowtak (HIT): Hopma <5.6 MMoAb/A; HapyweHHe raMkemun Hatowak (HIH) 5.4-7.8 MMOAB/A, FAIOKO30TOAEPOHTHBIN
TeCT; HOpYLUeHWe TOAePAHTHOCTU K FAloko3e HTT 7.8-11.0 Mmoab/A; avabeT 2 tuna (D) - HIH >7.0 MMoAB/A; HTT>11.0 MmoAb/A; A1C 26.5%*

TPOAMUMOHHbIE XAHTbI YPBUHMIMPOBAHHbIE XAHTBI TPAAWLMOHHbBIE VS YpEAHU3UPOBAHHbIE

KEHLLLUHBI VS MYX4MHbI, %
4.28+0.7 MMOAB/A 5.2+0,7 mmol/l 100%
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16% | e
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Puc. 6. HYacrora HapyleHuT yTAeBOAHOrO 0OMeHa (HapylleHne FTAMKeMIY HATOLIAK, HapYIIeHe TOAePAaHTHOCTHI
K TAIOKO3€, ArabeT 2 TUIIa) B FeHETNYECKM OAHOPOAHBIX KOTOPTaX TPAAMLIMOHHBIX Y YPOaHM3MPOBaHHBIX
00CKMX (GMHHO-YTPOB XaHTOB, MPO>KMBAOIVX B OAMHAKOBBIX KAMAaTO9KOAOTMUECKUX YCAOBMSIX
(Cypryrckuit paitoH, ropoa Cypryr)
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Fig. 6. The frequency of carbohydrate metabolism disorders (impaired fasting glycemia, impaired glucose
tolerance, type 2 diabetes) in genetically homogeneous cohorts of traditional and urbanized Ob Finno-Ugric
Khanty living in the same climatic and ecological conditions (the city of Surgut, Surgut Okrug)

OGLLMIA XOAECTEPHUH: HOPMA 5 MMOAB/A; TUNepXxoAecTepPHUHEMMA >5 MMOAB/A

TPAAMULHOHHbIE XAHTBI ypﬁdHHJMpOBdHHhIe XAHTBI TRPAAWLHMOHHbIE VS yp5C|HI13HPOBCIHHbIe
JKEHLLUHEI VS MY>XXYMHbI, 76
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Puc. 7. YacToTa runepxoAecTeprMHeMMUM B TeHETMUECKM OAHOPOAHBIX KOTOPTaX TPAAMLIMOHHBIX
" ypOaHM3UPOBAHHBIX 00CKUX (PMHHO-YIPOB XaHTOB, IPOKUBAIOLINX B OATHAKOBBIX
KAMMATO3KOAOrMuecKuX ycAoBusix (Cypryrckuit paitos, ropoa Cypryr)
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Total cholesterol: norm =5 mmol/l; hypercholesterolemia =5 mimol/1

Traditional Khanty
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mnorm = hypercholesterclemia = nonm
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Fig. 7. The frequency of hypercholesterolemia in genetically homogeneous cohorts of traditional and urbanized
Ob Finno-Ugric Khanty living in the same climatic and ecological conditions (the city of Surgut, Surgut Okrug)

ApTepuaApHasi TUIepTeH3us CpeAr ypOaHU31po-
BaHHbBIX XaHTOB 3aperucTprpoBaHa B 23,0%, aTepockae-
po3 — B 6,4% cayyaes.

Yp6aHM3MpOoBaHHbIE XaHTBI MOAOAOTO BO3pac-
Ta ABASIOTCS LleAeBbIM KOHTUMHI€HTOM AAS IIPO-
bUAAKTUKY KapAIOMETabOANIECKIX 3a00AeBaHNUIL.
Metaboanyeckue HapylLIeH)sI, U30AMPOBAaHHbIE
VIAU B COUYETAHUY C KaPAVOMETabOAMYeCKIMH 3a-
00A€BaHUMH, CPEAV MOAOABIX >KEHIIVIH-XaHTOB
BbIsiBAeHBI B 40,4% caydaeB, CpeAl MOAOADBIX
MY)XYMH-XaHTOB — B 55,6%.

CaeayeT OTMeTUTD, 4TO B 23,1% cAayyaeB y )KeH-
wyH 1 40,7% — y My>KYMH HapyIIeHMs KapAYOMe-
TabOAMYECKOTO TPOGYAS BBISIBAEHBI TPV HOPMAAb-
HOVI Macce TeAa.

Ipu usbsrTounoit MT yacToTa MeTAOOAMYECKUX
HapYLIEHNUI Y MOAOABIX YpOaHM3MPOBAHHBIX XaHTOB
Bo3pacTaeT A0 54,4% y >KeHIIVH 1 69% y My>KUuH.

M36piTounass MT cpear MOAOABIX ypbaHM3U-
POBAHHBIX >XEHIMH-XaHTbI BbIsiBA€HA B 1,5 pasa
yalie, 4eM CPeAU MY)XUMH MOAOAOIO BO3pacTa
(TTortoBa u Ap. 2017b).

BausiHue QYyHKIVOHAABHOTO COCTOSTHUS
BereTaTuBHON HEPBHOM CUCTEMbI
Ha popmMupoBaHue MeTabOAMYEeCKIX
HapyLIeHUil B KOropTe 00CKuX GUHHO-YTPOB
XaHTOB

[unepxoaecTepuHeMus, apTepuaAbHasI TUTIEP-
TeH3Us, aTEPOCKAEPO3 3aperucTpUpOBaHbl B KO-
ropTax TPAAMLIMOHHBIX U YPOaHM3MPOBaHHBIX
XaQHTOB, KaK MPU U3OBITOYHO, TaK I HOPMAABHOI
Macce TeAa BO BCeX BO3PACTHBIX Ipymnmax. B cBa3u
C 9TUM TPAAULMOHHBIN TPOTOKOA 00CAEAOBAHUS
KOpeHHbIX Hapop 0B CeBepa B IIEPUOABI AVICITAHCE-
pU3aLM MBI AOTIOAHMAY aHAAV30M QYHKLIMOHAAD-
HOT'O COCTOSIHMSI BereTaTMBHOM HEPBHOM CUCTEMbI
IO NTPOTOKOAY MICCAEAOBAHMS BapMabEeAbHOCTH

UnmeepamusHas gﬁusuozloeu,q, 2023, m. 4, Ne 1

puUTMa CepALia, peKkoMeHAOBaHHOro EBpormnenckum
o61ecTBOM KapAroAoroB 1 CeBepoaMepuKaHCKUM
obiiecTBOM sAekTpodusnosoros (Heart rate vari-
ability... 1996).

AnHaAn3 BapnabeAbHOCTI PUTMaA CepALA ITO0-
Ka3aA, YTO BbICOKAasl CUMIIATUYeCKasi aKTUBHOCTD
BEreTaTUBHOI HEPBHOI CUCTEMBI KOPPEAUPYET
C ATOAOTMYECKUM YBEAMYEHMEM MACChI TeAd
Yl TUIIEPXOAECTEPUHEMMENT U SIBASIETCST AOTIOAHM-
TeAbHBIM (PAKTOPOM KapAMOMETaOOANYECKOTO
pucka y kopeHHbIX HapopoB Cesepa (ITormoBa u Ap.
2017b; 2017c; 2018b). MeTaboAndeckum Hapyliie-
HVSIM TIPY HOPMAABHOM MacCCe TeAa TAK)Ke CII0Co0-
CTBYET CUMITaTUKOTOHUSA (puc. 8).

[IpakTHyeckoe uCnoAb3oBaHne OLEHKN
(YHKLIIMOHAABHOTO COCTOSIHUSA BETeTATUBHOI
HEPBHOVI CUCTEMBI M KAPAMOMETA0OANYECKUX

HapylleHUil y KopeHHbIX HapopoB CeBepa

ITpodumaakTHyecKre MEpONPUSITHSI, HAIIpaB-
A€HHbIE Ha COXpaHeHlVe reHOPOHAA KOPEHHBIX
HapoAoB CeBepa, YYUTHIBAIOT PETVMIOHAABHbIE KA~
MaTKU4ecKye ¥ COLMAAbHO-29KOHOMMYEeCKye PpaKkTo-
PBI C BBIAEAEHMEM BeAYLIMX GaKTOPOB puUCKa
M MEXaHM3MOB PasBUTUS COLMAABHO-3HAYMMON
narororuu (Kyapsimosa u ap. 2012; 2015; IToroBa
1 Ap. 2018a). IToayueHHble HaMK GaKThI 00 U3Me-
HEHUU MeTabOoAMIECKOTO MPOMUAS IPU HATIPSTKE-
HUY PETYASITOPHBIX MEXQHM3MOB B ITPOL{ECCE AAQTL-
TalMM K HOBBIM YCAOBUSIM CPEABI IIOCAYXXUAU
OCHOBOI AASL AATOPUTMA AEVICTBUII IIPU OIpeAe-
AeHUY 00beMa TPOPUAAKTUIECKIX MEPOTIPUSTUI
CHIDKEHUSI pUCKa KapAMOMeTaboAMYeCcKX 3a00-
A€BaHUIL.

Hamu 3anaTeHTOBaH CrI0cO0 IPOrHO3MPOBAHMS
KapAMOMeTabOANYeCKIX 3a00AeBaHMI Y KOPEHHBIX
HapoaoB CeBepa C TOMOILBIO OIIPEAEAEHNS MTHAEK-
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BapuabeAbHOCTb pUTMA cepald: C —CMMNATUKOTOHMA; BP —BereTaTueHoe pasHosecue; I — NAPACHMNATUKOTOHUA™

. TPUAWLMOHHBIE XCHTbI

[ yp6CUHM3IMPOBAHHbBIE XCHTbI

WMT, kr/m2 7
35 4
0 25,7 5 e
25 221 . 428
4
20
3
15
10 @
5 |
5 DﬂOGWS 520052 5 p=0043 Pz0.056
cpeaHee Cc BP n cpeAHee

TH, MmMmoAB/A

43158
P=0.03 IS

O = N W A th & N D
I
"

p=0 OSI p=0/ 06|

o p=0,012 p=0,00

n cpeaHee Cc

UMT - uHaekc maccel Tead; TH — raoko3a naasmel HaTowLak; Xc — o6LLMA XoAeCTEPHH

Puc. 8. MeTaboAmveckue MoKasaTeAu IpyU CUMITATUKOTOHUM, BET€TATUBHOM PAaBHOBECUM
M TapaCUMIIATUKOTOHUU Y TPAAULMOHHBIX U YpOaHU3MPOBaHHBIX 0OCKMX GUHHO-YIPOB XaHTOB
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Fig. 8. Metabolic parameters in sympathicotonia, vegetative balance and parasympathicotonia in traditional and
urbanized Ob Finno-Ugric Khanty

ca BBICOKOIO pUCKa KapAMOMeTabOAMYEeCKMX
3aboaeBanuit (VIBPkm3) ¢ yuyeTom mokasareAeit
BapuabeabHoCTU puTMa cepaua (ITomoBa u Ap.
2020).

AOTIOAHUTEABHBIMY KPUTEPUSIMU BBICOKOTO
pUCKa PasBUTHSI ACCOLIMUPOBAHHBIX C METAOOAM-
yeckuMu HapyumeHusmu (MH) 3aboaeBaHuit
II0 PE3YABTATaM HAIlIer0 MICCAEAOBAHNS SIBASIFOTCSI
COOTHOIIIEHME HU3KOYACTOTHOM COCTABASIOIIEN
CrieKTpa BapuabeAbHOCTM PUTMa CEPALIA K BBICOKO-
yactoTHoit LF/HF > 1,4 y. e. mpu doHoBoI1 3amucu
KapAMOPUTMOTPAMMBI 1 MHAEKC BBICOKOTO KapAMO-
meTtaboandeckoro pucka (VIBP ) > 19,5, koTopbiit
MOJKET OBbITb OIIPEAEAEH IO POpPMYAE:

BP,, ., = 0,0000127 [BospacTt (aet) x (OXC
(Mmmoab/A) x VIMT (xr/m?) x LE/HE (y. €) x VLE(mc?) x
BP ()],

rae VIBP, .. — AMCKpUMMHaHTa (D), moayuennas
npu AMCKpuMuHaHTHOM aHaAnu3ze, OXC — o0rmumit
xoaectepuH, MIMT — mHAEKC Macchl Teaa,

LE/HF (y. e.) — OTHOLIE€HME HU3KOYACTOTHOM CO-
CTaBASIOIIEN K BBICOKOUYACTOTHOM COCTABASIOLEN
criekTpa Kapanopurmorpammsi, VLF(mc?) — mor-
HOCTb CIIEKTPA B AVATIa30HE OYEHb HU3KUX YaCTOT,
BP — BapuauMOHHBIN pasMax, pa3HULA MEXAY
MaKCUMAaAbHBIM Y MUHUMAAbHBIM 3HAYEHUSIMU
RR-unTepBaroB Kapauopurmorpammbl (I[Tomosa
u Ap. 2019).

B 3aBUCHMMOCTM OT 3HAUEHMUsI MHAEKCA MOYXKHO
MAQHUPOBATH MPOPUAAKTUIECKME MEPOTIPUSIITHUS
TI0 M3MeHeHMIo 00pasa >K13Hu, A0 paccMaTpuBaTh
HEOOXOAMMOCTD HapMaKOAOTMYECKOI KOPPEKLIUU
BBISIBA€HHBIX MeTaboAnuecKux HapyieHuit. Oap-
MaKOAOTMYeCcKasi KOPPeKLVs TPaAULMIOHHBIX Me-
TabOAMYECKUX PAKTOPOB PUCKA U AOTIOAHUTEABHBIX
(cuMnaTuKoTOHMM) TIOKasaHa npu VIBP, . > 19,5.

ITpu BBISIBAEHUU BBICOKOI CUMIIATUYECKOIT
AKTUBHOCTU BEre€TaTUBHOI HEPBHOM CUCTEMBI He-
00XOAVIMO YYMUTHIBATh HAAMYYE CUHAPOMOB @HEMIY,
BOCITaA€HMsI, IPOBOAUTD VICCAEAOBAHVE YPOBHS
TOPMOHOB IIUTOBUAHOM >KeAe3bl U TPOBOAUTH
COOTBETCTBYIOILYIO (hapMaKOAOTMYECKYI0 KOPPEKLIUIO
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MIPUYMH AQHHBIX COCTOSIHMIL. B MpaKkTuKy AMcraH- IToBpllIeHNEe CMMIIATUYECKON aKTUBHOCTU Be-
cepusaluy KopeHHbIX HapopoB CeBepa B XMAQO-  reTaTMBHONM HEPBHON CUCTEMbI KOPpPEAUPYET
IOrpe HaM1 BHEAPEH aATOPUTM AEMCTBUI, I0O3BO- € TUIIEPXOAeCTEePUHEMMUI TIPY HOPMAABHOM U U3-
ASIIOILIVIVL OIIPEAEAUTD 00beM MPOGUAAKTUYECKMX  OBITOYHOI Macce TeAa, KaK B KOropTe ypbaHusu-
MepOIPUATUI NIPU BbISIBAEHUM A€3aAANTUBHBIX  POBAHHBIX XaHTOB, TaK U BEAYILIVX TPAAULMIOHHBII
HapyuieHui (puc. 9). 00pa3 )XM3HU B POAOBBIX YTOABSIX.

CKpuHMHT MH (MMT, OXC, TH)
+BAPHABEALHOCTbE PUTMA CEpALLa

|
| | ] |

Hopmanbhas MT WU36biTouHAA MT HopmanbHas MT WU3bbiTouHaa MT
MH — | oxupeHnue MH + | oXupeHue
KM3- MH -/ KM3- KM3-/+ MH +/ KM3-/+

AQ /HeT AQ l l ArafHer
LF/HF21,4

LF/HF21,4

Aunuaorpfamma
UckaouuTh UcKkAloHUTS
aHemuio/ B TMPeOTOKCHKO3 —He;@a 219,5
BOCMAAEHHe/ “MBPmy <18,5 CIHpeMMIO, ' :
TUPEOTOKCHKO3 BOCMAAEHHE Ad

Lo l sa sa ,L

Koppekums HabaoaeH1e, Koppexuus PapmakoTepanus
aHemuu/ KOpPPeKUUa aHemuu/ MH
BOCNAAEHHA,/ 06pasa KUIHU BOCnaneHus/ KM3
TMPEOTOKCHMKO3a THPEOTOKCHKO3A

Puc. 9. AAropuTM OIpeAeAeH st KapAMOMETaOOANYECKOTO PUCKA U TAKTUKY ITPOPUAAKTIKY META0OANIECKMX
HapyIIeHU ! TIpY TAAHOBOY AMCIIAHCEPU3aLM KOPEeHHBIX HapoAoB CeBepa C yueToM HYHKLMOHAABHOTO
COCTOSIHVSI BETeTaTVBHON HEPBHOI CYICTEMBI IO AQHHBIM KapAUOpUTMOrpadun (BaprabeAbHOCTY PUTMA CEPALIA).
MH — mertaboanyeckue HapyureHusi, KM3 — xapauomeraboanyeckue 3aboaeBanns, IMT — uHaekc maccel
teaa, OXC — o6umit xoaecteput, 'H — runepraukemus Haromak, VIBPkmM3 — mnHpekc Beicokoro pucka KM3

Screening of BMI, TC, FPG
+ heart rhythm variability

|
! | ] |
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Fig. 9. Algorithm for determining cardiometabolic risk and tactics for the prevention of metabolic disorders
during the planned medical examination of the indigenous peoples of the North, considering the functional state
of the autonomic nervous system according to cardiorhythmography (heart rate variability). MD—metabolic
disorders, CMD—cardiometabolic diseases, BMI—body mass index, TC—total cholesterol, FPG—fasting
plasma glucose, HRI, . —High Risk Index of CMD
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Boicokuit puck KapproMeTaboanyeckux 3abo-
A€BAHUI C yYETOM IOKa3aTeAell CUMIATUYEeCKO
AKTMBHOCTU BereTaTUBHOM HEPBHOM CUCTEMbI
perucTpupyeTcs B KOropte ypOaHU3MpOBaHHbIX
XaHTOB MOAOAOTO Bo3pacTa B 18,0% cayuaes,
cpeAHero Bo3pacTta — B 26,0%, B KOropTe MOAOABIX
XaHTOB C TPAAMLIVOHHBIM 00pa3oM >KM3HM B POAO-
BBIX YTOABAX — B 5,0%, cpeAM TPaAULIMOHHBIX
XaHTOB CpepaHero Bo3pacta — B 8,0%.

[IporHo3upoBaHue KapANOMeTabOANYECKO
MATOAOTUU C Y4eTOM PYHKLMOHAABHOTO COCTOSIHUS
OpraHM3Ma MMeeT IPAKTUIeCcKoe 3HaYeHle B BbI-
6ope TaKTUKU MPODUAAKTUIECKIX MEPOTIPUSITUIA,
HalpaBAEHHBIX Ha CHIDKEHNE KapAloMeTaboAnYe-
CKOT'O pUCKa B MOMYAALMM KOPEHHBIX HAPOAOB
CeBepa B YCAOBMSX M3MeHeHMsI 00pasa >KU3HU,
CBsI3aHHBIX C ypOaHM3aLyel CTpaTernyecky 3Ha-
YMMBIX AASI TOCYAQPCTBa HedpTerazop00bIBaIOIMX
ceBepHbIX paitoHoB 3amapHoit Cubupu.
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Abstract. To reduce obesity and cardiovascular risk, a combination of low carbohydrate diet and sport is
a good choice in otherwise healthy individuals. However, among patients with type 1 diabetes mellitus
(T1DM), consuming a minimum of 130 g carbohydrates per day is recommended, and the desire to exercise
decreased as well. We wanted to demonstrate that a low carbohydrate diet during physical activity in TIDM
patients is safe with the right choice of insulin dosing and reduces the development of both short- and long-
term complications. To this end, we collected data from T1DM patients on a normal and low carbohydrate
diet using a questionnaire as well as measured blood glucose levels while exercising in healthy and T1DM
patients. The main benefit of the diet was that it provided a safe exercise option with more stable blood
glucose levels and lower bolus insulin requirements. Our data support that the emergence of new types of
insulins, tissue glucose sensors, and pumps has provided the conditions for a freer, less complicated life for
patients with T1DM, for which the combined use of a normal and low carbohydrate diet can be an important

tool.

Keywords: diabetes, TIDM, low carb diet, physical activity, blood glucose level

Introduction

Being overweight and the concomitant type 2
diabetes mellitus (T2DM) is one of the most sig-
nificant health problems today, which is almost
epidemic (Kjaer et al. 2015). However, the incidence
of type 1 diabetes mellitus (T1DM), which has
a completely different mechanism, is also rising
rapidly, especially among children (Haszon-Nagy
2019). This has tripled in the last 30 years, making
T1DM the most common childhood chronic disease
by now. However, these two basic types of diabetes
mellitus (DM) are not mutually exclusive as over-
weight and the accompanying cardiovascular risk

58

factors are much more common among T1IDM
diabetes patients than among healthy people,
so they may also develop T2DM. This condition
with the simultaneous diagnosis of TIDM and
T2DM is called double diabetes mellitus (Minges
et al. 2013).

A combination of diet and exercise is recom-
mended to treat overweight and increased cardio-
vascular risk in healthy individuals. The question
arose if a low carbohydrate diet (low carb diet, LCD)
works well for non-DM individuals (Shai et al. 2008),
why it should not work for DM patients as well, and
why it should not be combined with exercise. One
might think that what is healthy is good for everyone,
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which is partly true. However, there are obviously
different needs for a developing youth body that is
more prone to T1DM and an older, potentially obese
adult who is more prone to T2DM. For the treat-
ment of overweight and increased cardiovascular
risk in healthy individuals many types of diets have
spread, including fashionable, not necessarily evi-
dence-based (e.g. paleolithic diet, ketogenic diet),
as well as official recommendations (Skerrett,
Willett 2010). Diets typically focus on weight loss,
for which LCD is a possible choice. However,
the American Diabetes Association (ADA) has been
recommending LCD for DM patients only since
2019 (Kussin 2019). Until then, there was a gen-
eral belief that with less than 130 g of carbohydrates
a day, our brains are not functioning properly, and
basic nutrient requirement is not fulfilled. How-
ever, the proven reduced insulin requirement and
cardiovascular risk associated with lower carbohy-
drate intake ultimately convinced decision makers.

We must emphasize that it is always necessary
to take individual needs into account, there is no
“one-size-fits-all” rule. Low carb (and not low fat)
can be considered as a uniform principle as an
approach, but exact amounts and timing should be
personalized. Based on literature data, a diet
in which less than 26% of the total energy intake
(in contrast to the normal 45-65%) comes from
carbohydrates alone (<130 g carbohydrate/day for
an average adult) can be considered low carb
(Oh et al. 2022). It is important to emphasize that
LCD is not the same as starvation ketogenic ther-
apy (Westman et al. 2018), which was used in DM
patients before the discovery of insulin. Nowadays,
not only human insulin has appeared, but we also
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have long-term insulin analogues and insulin pumps
that can meet the body’s basic insulin needs. Thanks
to them, we avoid the complete lack of insulin and
the consequent ketoacidosis, which sooner or later
became inevitable with the old ketogenic treatment.
Less carbohydrate intake requires less insulin, which
means less interference in the body’s own metabo-
lism, which we believe can lead to a greater degree
of balance (Fig. 1). This could mean fewer acute
complications in the short term and a reduction
in the likelihood of chronic complications in the
long term. Indeed, oscillating glucose levels seem
to be more deleterious to our health than even
a higher but steady glucose level (Ceriello et al.
2008; Sparks et al. 2021). Based upon latest obser-
vations, flattering our glucose curves seems to be
a good choice (Inchauspé 2023).

Diet is just one tool for maintaining health, and
the other is known to be beneficial exercise.
Unfortunately, DM patients also lag behind their
healthy counterparts in this area (Mottalib et al.
2017), in which fear of the most common acute
complication (Burr et al. 2012), of low blood glucose
(hypoglycaemia) is believed to play a role (Colberg
etal. 2015). Sport should play a particularly important
role in young people’s lives and T1DM mainly affects
them. The regulations of handling TIDM require
attention to several things that deprive the patient
of his/her freedom of movement and joy, and
meanwhile the risk of hypoglycemia is continuously
present.

We aimed to demonstrate that in TIDM patients,
LCD is safe even during exercise with the right
choice of insulin dosing and may reduce both short-
and long-term complications.
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Fig. 1. The effect of the amount of bolus insulin on the fluctuation of blood glucose levels. Hypothetic drawing
representing the flattering of the blood glucose curve after lower insulin doses
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Materials and methods

Experiment 1. Questionnaire survey

Online data collection was performed based
on the voluntary completion of pre-designed ques-
tionnaires, which were sent specifically to patients
with TIDM. Aggregate data were stored anony-
mously, based on code, in an Excel file, from which
individuals could not be identified. Two populations
were included in the studies: those on a normal
carbohydrate diet (daily carbohydrate intake:
186.0 + 8.5 g; Semmelweis University, 1st Dept
Pediatrics) and a group on a low carb diet (LCD,
average daily carbohydrate intake: 45.8 + 6.4 g;
closed international LCD T1DM Facebook group).
Our main question was how their blood glucose
levels and their body mass index (BMI; calculated
as weight (in kg)/height? (in m)) and laboratory
parameters change during their physical activity,
whether there is a correlation between the exami-
ned parameters (e. g. we hypothesized that
the longer someone has been on LCD, the lower
are their levels of harmful blood lipids and glycosy-
lated hemoglobin (HbA1c)).

We surveyed what kind of sport the person was
doing. Aerobic activities included basketball, foot-
ball, physical education, running, biking, and wal-
king, while anaerobic activities included weightlif-
ting, wrestling, home gymnastics, and gym training.
We also asked about the length and duration
of a typical workout (finally, the data of the first
40 minutes were taken into account uniformly for
everyone), blood glucose values measured before
and during the workout, as well as carbohydrate
consumption and insulin dosage related to the
workout.

Finally, laboratory plasma values were asked:
lipids (total cholesterol; low density lipoprotein
(LDL), considered harmful; high density lipopro-
tein (HDL), protective), liver enzymes (alkaline
phosphatase (ALP); gamma-glutamyl transferase
(GGT); glutamate oxaloacetate aminotransferase
(GOT); pyruvate aminotransferase (GPT)), total
protein and albumin levels, which also reflect
the synthetic activity of the liver, as well as creatinine
values reflecting muscle activity and renal function.

Experiment 2. Blood glucose during training

To confirm previous, self-reported results, three
healthy adults (two men and one woman) and three
adults with T1IDM (three men) were examined
during a standard (40 minutes of running) aerobic
exercise. To imitate LCD, the test was done at least
four hours after the last meal in all individuals,
without bolus insulin, but with basal insulin

(Degludec) in TIDM patients. The average age was
29.6 + 5.4 years and BMI was 21.4 + 0.9 kg/m?
The evolution of their blood glucose level was fol-
lowed in every five minutes, in a blood sample
taken from the fingertip (by DCont HUNOR mea-
suring device; the sampling involved a stop for less
than half a minute). There was no difference between
the two examined groups in the average distance
traveled (control: 6.59 + 0.51 km; T1DM:
6.90 + 0.30 km) and speed (control: 9.90 + 0.33 km/h,
T1DM: 9.86+0.57 km/h), as well as in the average
heart rate measured by a wrist heart rate monitor
(control: 137.5 + 0.75/min; T1IDM: 138.5 + 0.75/min).
That is, the load can be considered the same in both
groups.

Statistical analysis

The data were given as mean+SEM (standard
error of mean). The analysis was performed
by StatSoft 15.0 software (TIBCO, USA). A t-test
was used to compare two samples, two-way ANOVA
analysis was used to compare the four groups
(factors: normal or low carbohydrate diet, type
of training) and repeated-measures ANOVA was
performed for blood glucose parameters during
training. Fisher’s LSD test was used for posthoc
comparisons. The correlation between the parameters
was examined using the Pearson test. A value
of p < 0.05 was considered significant.

Results

Experiment 1. Questionaire survey

In this study T1IDM patients with a normal diet
and LCD were included.

General parameters

The age of the LCD T1DM group was significantly
higher compared to the group on the normal car-
bohydrate diet (normal: 15.1 + 0.5 years; LCD:
37.9 £ 3.2 years; p < 0.01), but no difference was
found between those performing aerobic or an-
aerobic work (p = 0.50) (Table 1). Nevertheless, the
height, weight, and BMI of the examined individu-
als did not show significant differences according
to either diet or type of training (p > 0.05).

Although larger body sizes would normally be
expected in men, strangely, we found no difference
in height and weight between the sexes (Table 1).
BM]I, on the other hand, was higher among women
(males: 20.8 + 0.7 kg/m? females: 24.8 + 1.3 kg/m?,
p = 0.01), which was more pronounced in the
younger age group consuming normal carbohydrates
(normal carbohydrate group male-female difference:
p = 0.019, low carbohydrate group male-female
difference: p = 0.26).

60 https://www.doi.org/10.33910/2687-1270-2023-4-1-38-68



https://www.doi.org/10.33910/2687-1270-2023-4-1-38-68

Z. Zelena, D. Zelena, A. Korner

Table 1. General parameters of TIDM patients who consumed normal or low carbohydrate diets (Experiment 1)

Normal diet Low carb diet
Training type aerob anaerob aerob anaerob
of glstinlli)s;nts 19 7 1 10
Ratio of man/woman 61.11 60.00 45.45 44.44

Age 15.08 + 0.57 15.14 + 1.37 39.91 +4.99 35.56 + 4.09
Height (cm) 165.21 £ 2.93 162.86 + 8.18 165.05 £ 6.13 170.00 + 2.20
Body weight (kg) 60.38 + 4.46 56.61 + 6.87 65.65 £ 5.20 69.72 £ 2.69
BMI 21.86 + 1.43 20.82 + 1.34 23.66 + 1.44 24.13 + 0.84

Note: In the normal diet group more men than women were involved, while in the low carb diet group it was
the other way round. The average age of the low carb diet group was higher than in the normal diet group. Analyzed by
two way ANOVA. Abbreviation: BMI—body mass index, calculated as weight (in kg) / height? (in m).

basal insulin requirement and body weight (corre-
lation: p < 0.05) and BMI index (correlation: p < 0.05)
(Table 2). Body weight and BMI parameters showed
no correlation with either duration of diabetes mel-
litus or LCD, or interestingly, with daily carbohydrate
intake and HbA1c levels.

Carbohydrate metabolism

We found higher basal insulin requirements
in women than in men (approximately 1.4-fold, men:
15.078 + 1.400unit/day, women: 21.205 + 3.051unit/
day; p = 0.036) and—in women only—a positive
correlation was found between the amount of daily

Table 2. Correlation between general body parameters (height, weight, BMI) and typical carbohydrate parameters
of the TIDM patients (Experiment 1)

correlation r P
Height 0.18 0.23
duration of DM Weight 0.21 0.16
BMI 0.19 0.22
Height 0.08 0.61
basis insulin / day Weight 0.34 0.02
BMI 0.45 0.002
Height 0.08 0.59
carbohydrate / day Weight -0.18 0.23
BMI -0.28 0.06
Height 0.18 0.45
duration of LCD Weight 0.15 0.52
BMI 0.05 0.83
Height -0.01 0.93
HbAlc Weight 0.004 0.98
BMI 0.04 0.78

Note: Significant correlations are marked as bold. Analyzed by Pearson test. Abbreviations: BMI: body mass index,
DM: diabetes mellitus, LCD: low carb diet.
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However, insulin sensitivity is believed to be best
inferred from basal insulin requirement per kilogram
body weight and the bolus insulin values necessary
for 10 g of carbohydrate (Table 3). Examining these,
the gender difference disappeared in basal insulin
values (p = 0.103), but those on LCD had approximately
15% less basal insulin requirements than those on
anormal carbohydrate diet (p = 0.028). Accordingly,
the amount of bolus insulin required for 10 g
of carbohydrate was also significantly lower among
those on LCD (by about 37%, p = 0.042). The longer
the diabetes mellitus existed, the more basal insulin
was needed (r = 0.576, p = 0.008) and the amount
of bolus required for 10 g of carbohydrates also
increased (r = 0.646, p = 0.002).

A more stable glucose metabolism was expected
in the LCD group (Fig. 1). This was confirmed by
the fewer hypoglycaemic episodes detected in LCD
compared to normal diet group over 30 days (normal:
10.5 £ 1.9, LCD group: 3.9 £+ 1.1; p = 0.018) and
lower HbA1c levels reflecting long-term blood
glucose levels (approximately 28% lower values
in the LCD group; p < 0.001) (Table 3). Indeed,
the higher the daily carbohydrate intake was,
the higher HbAlc level was detected (r = 0.445,
p=0.002). The gender had no effect on these parameters.

Acute effect: changes in blood glucose levels
during exercise

Based on the questionnaires, a typical 40-min
physical activity led to lower blood glucose values
in the LCD group than in the normal diet group

(based on 0, 15, and 30-min values in the analysis;
p < 0.05), which was mainly observable in the initial
values (Fisher posthoc test: p = 0.021) (Fig. 2).

Because the nature of the physical work per-
formed (aerobic or anaerobic) did not affect
the measured blood glucose levels (p = 0.59),
we merged these two groups and compared those
on a normal diet and LCD only. Diet significantly
affected the time course of blood glucose levels
(diet x time interaction: p < 0.05). Blood glucose
levels gradually decreased during sports in those
on a normal diet, whereas no such change was
observed in the LCD group. If we looked at the
change in blood glucose level during the 40 min
physical activity (comparing 0 and 40 min values)
those on LCD had a much smaller decrease in blood
glucose levels (—=0.16 + 0.28 mmol/l) than those on
a normal diet (-2.36 + 0.47 mmol/l) (p < 0.01).
Comparing the standard deviations of the two
groups, we found that the values of those on the
normal diet showed greater variability than those
on the LCD (p < 0.01) (Fig. 2).

The change in blood glucose during exercise
(between 0 and 40 min) negatively correlated with
the amount of carbohydrate consumed per day
(r= —0.689, p = 0.002), but did not depend on the
amount of basal insulin (r = —0.077, p = 0.769).

Long-term effect: laboratory results
Since acute physical activity is not expected
to affect laboratory values in the long run,
but along-term LCD does, we focused on the latter
effect here and compared two groups (Fig. 3).

Table 3. Questionnaire-based evaluation of carbohydrate metabolism parameters in T1IDM patients (Experiment 1)

Man

Woman

normal diet

LCD

normal diet LCD

basis insulin (n) 17.700 + 1.615 (14)

11.000 + 1.944 (9)

21.938 + 3.804 (8) 20.673 + 4.638 (11)

basis insulin/bwkg 0.329 + 0.034 0.167 + 0.026 0.348 + 0.039 0.301 + 0.065
bolus insulin necessary 1.971 + 0.350 1.333 £ 0.166 2.300 + 0.744 1.236 + 0.257
to 10 g carbohydrate
number of hypoglycae- |1, 557 | 5 gg 4444 + 2.180 9.812 + 3.789 3.545 + 1.163
mic episodes / month
HbAlc 7.892 + 0.373 5.611 + 0.256 8.600 + 0.613 5.900 + 0.292

Note: The basis insulin per body weight as well as bolus insulin per 10 g carbohydrate requirements were significantly
lower in the LCD than in normal diet group. Moreover, the number of hypoglycaemic episodes as well as the HbAlc
levels were lower in this group, too. Note that if men and women are combined, then in the LCD group a number of
participants was lower than in the group with a normal diet. Analyzed by two way ANOVA. Abbreviation: LCD: low

carb diet.
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Fig. 2. Effect of physical activity on blood glucose levels. Data were collected by a self-reporting questionnaire.
The low carb diet group reported lower blood glucose level before and during the exercise. N = 7-19.
Analyzed by repeated measure ANOVA. *— p < 0.05 significant difference between the group consuming normal
and low carbohydrates (Fisher LSD posthoc test on main diet x time interaction), #— p < 0.05 significant
difference the 0 and 30-minute values of the group consuming normal carbohydrates
(Fisher LSD posthoc test on main diet x time interaction)

180 - Laboratory values
160 -

140 ~
120 - B Normal diet ™ Low carb diet
100
80 -
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' ]
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Fig. 3. Laboratory values in TIDM patients consumed normal or low carbohydrate diets. Analyzed by t-test.
Abbreviation and units: albumin: g/L; ALP: alkaline phosphatase, U/L; cholesterine: mmol/L;
creatinine: pmol/L; GGT: gamma-glutamyl transferase, U/L; GOT: glutamate oxaloacetate aminotransferase, U/L;
GPT: pyruvate aminotransferase, U/L; HDL: high density lipoprotein, mmol/L; LDL: low density lipoprotein,
mmol/L; protein: g/L. N = 8-20. *—p < 0.05 significant difference with t-test
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We found significant differences in three
parameters (although the measured values still fell
in the physiological range). Those on LCD had (1)
lower total protein (but not albumin) levels and (2)
higher creatinine and (3) HDL cholesterol (so-called
“good” cholesterol) levels without significant
difference in total cholesterol levels. There was
anegative correlation between the duration of DM
and albumin concentration (p < 0.05) (Table 4).
Height, body weight, and BMI data, as well as
duration of diabetes mellitus (excluding albumin),
were not significantly correlated with any of the

laboratory parameters. However, HbAlc levels
showed a positive correlation with GPT and GGT.

Experiment 2

Pre-running blood glucose values measured
after a minimum of 4 h of fasting did not show
a difference between the two groups (control and
T1DM; Fig. 4). Running did not lead to temporal
fluctuations and the fact of diabetes mellitus did
not affect the time course. However, we found
a significant difference between the two groups
during sports: the TIDM group had higher blood
glucose values (p < 0.01).

Table 4. Correlation of laboratory parameters with characteristic parameters of diabetes (Experiment 1)

Duration Basis insulin / | Carbohydrate /
of DM day day HbAlc
r -0.08 0.88 0.94 0.19
total protein
p 0.95 0.31 0.22 0.88
r -1.00 -0.42 0.39 -0.97
albumin
p 0.02 0.72 0.75 0.15
r 0.52 -0.57 -0.99 0.28
total cholesterine

p 0.65 0.61 0.08 0.82

r -0.56 -0.98 -0.53 -0.76
HDL

p 0.62 0.11 0.65 0.45

r 0.99 0.54 -0.26 0.99

TG

p 0.10 0.64 0.83 0.07

r 0.87 0.80 0.09 0.97
GOT

p 0.32 0.41 0.95 0.15

r 0.95 0.66 -0.12 1.00
GPT

p 0.19 0.54 0.93 0.02

r 0.94 0.69 —-0.08 1.00
GGT

p 0.22 0.52 0.95 0.05

r -0.62 0.47 0.97 -0.39
ALP

p 0.58 0.69 0.15 0.75

r 0.30 -0.75 -0.99 0.04

creatinine
p 0.81 0.46 0.08 0.98

Note: Significant correlations are marked as bold. Analyzed by Pearson test. Abbreviation: ALP: alkaline phosphatase;
GGT: gamma-glutamyl transferase; GOT: glutamate oxaloacetate aminotransferase; GPT: pyruvate aminotransferase;
HDL: high density lipoprotein; LDL: low density lipoprotein.
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Fig. 4. Evolution of blood glucose levels during 40 minutes of running in healthy and T1DM people 4 hours after
the last meal. N = 3. Analyzed by repeated measure ANOVA. **—p < 0.01 higher blood glucose values were
observed in patients with diabetes mellitus

Discussion

Our studies demonstrated that LCD in TIDM
patients reduced the risk of developing acute comp-
lications (hypoglycemia). In addition, we observed
favorable changes in several parameters that can
lead to chronic complications (HbA1c, blood lipids).
The main benefit of the diet was that it provided
a safe sport opportunity, which was also supported
by a 2019 summary report (Scott et al. 2019).
This might be because hypoglycemia is not caused
by exercise but by bolus insulin. LCD is accompa-
nied by fewer bolus insulin requirements, leading
to more stable blood glucose values (Fig. 1). There-
fore, lower HbAlc values can be achieved.

Despite younger age, the TIDM normal diet
group had similar height and weight to the older
LCD group (Table 1). It is likely that in the 15-year-
old age group, the anabolic effect of insulin re-
sulted in an early increase in body size. Indeed,
some studies have reported that TIDM populations,
especially those with early onset, are higher than
healthy pediatric populations, yet their adult height
is normal (Santi et al. 2019). A possible background
mechanism might be that insulin directly acts
on insulin-like growth factor-1 receptors promot-
ing body growth.

Our data on higher BMI values in women than
men confirmed previous results in 197 TIDM

UnmeepamusHas gﬁusumoeuﬂ, 2023, m. 4, Ne 1

patients (Szadkowska et al. 2015). The authors
of the study found that all body fat mass parameters
studied were higher in DM women than in controls,
whereas in men only the relative fat mass of the
lower extremities increased with T1IDM. One pos-
sible explanation is that — according to a study
of more than 1,400 people — insulin sensitivity
of fat and muscle tissue in women is more affected
by T1DM than in men (Millstein et al. 2018).
It cannot be ruled out that the aromatase-stimu-
lating effect of insulin promotes the conversion
of androgens to estrogens. This mechanism may
also play a role in the development of more frequent
insulin resistance and polycystic ovary syndrome
in women (Millstein et al. 2018). In support,
we confirmed that women had higher basal insulin
requirement than men and their insulin require-
ments correlated positively with their body weight
and BML

The insulin sensitivity was better in LCD than
in normal diet group based upon both the basal
insulin requirement per kilogram body weight and
the bolus insulin values necessary for 10 g of car-
bohydrate consumption (Table 2). Similar to our
results, a 12-week LCD (< 50g/day) improved in-
sulin sensitivity and body composition in healthy
individuals (LaFountain et al. 2019). This may be
explained by a hepatic-peripheral distribution ratio
of exogenous insulin. Physiologically, insulin first
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reaches the periphery through the portal circulation,
touching the liver. However, individuals treated
with subcutaneous insulin will have a much higher
ratio of peripheral to hepatic insulin than healthy
individuals. A similar condition has been observed
in T2DM, which explains the metabolic disturbanc-
es in patients with TIDM and the phenomenon
of dual diabetes mellitus mentioned in the intro-
duction, which may lead to the relatively rapid
development of insulin resistance in T1IDM patients.
This is also supported by the fact that the longer
diabetes mellitus existed, the more basal insulin
was required, and the amount of bolus required for
10 g of carbohydrate also increased. However, we
cannot close out the confounding effect of age, as
there is insulin resistance in puberty and the group
on a normal carbohydrate diet belonged to that age
group in contrast to the LCD group.

Our data — in accordance with the literature —
support more stable blood glucose values during
sports in those on LCD than normal diet (Scott et
al. 2019). It may be due to the fact that the body is
in a starvation-like state and bolus insulin is also
missing. Under aerobic conditions, red muscle fibers
burn fatty acids, white muscle fibers form lactate,
while under anaerobic conditions, both types
of muscle fibers produce lactate, which is con-
verted to glucose in gluconeogenesis using energy
from fatty acids in the liver, ensuring constant blood
glucose level. Ultimately, in both aerobic and an-
aerobic cases, energy comes from lipids. This phe-
nomenon is supported by the fact that there was
no difference in the course of blood glucose levels
measured during aerobic or anaerobic movements.
In contrast, higher baseline blood glucose levels
were detected in the group consuming normal
amounts of carbohydrates, so muscle instead
of fatty acid oxidized excess glucose circulating
in the blood. Additionally, the bolus insulin was
also applied in the normal diet group, which may
have acted even when the muscle has already re-
moved the excess glucose and switched to burning
fatty acids. This is probably why blood glucose
levels dropped further in this group until hypogly-
caemia. This can, of course, be avoided by reducing
insulin doses appropriately or by taking in extra
carbohydrates, but this balance is always difficult
to strike accurately. This is also shown by the
greater variance in blood glucose values in the
normal carbohydrate group and the higher incidence
of hypoglycemic episodes. Unfortunately, even
in this case, we cannot rule out the confounding
effect of the younger age in normal diet group (see
larger hormone fluctuations during puberty).

The data from the acute measurement (Experi-
ment 2) were consistent with the findings of the

questionnaire (Experiment 1). In this case, exercise
was carried out in both healthy and T1DM-treated
subjects in fasted (LCD-like) conditions. The absence
of extra carbohydrate intake did not require extra
bolus insulin administration before exercise.
The lack of bolus insulin and the appropriately
adjusted amount of long-acting insulin analog
adequately stabilized glucose levels even in TIDM
patients. Therefore, there was no significant change
in blood glucose during exercise in either group.
This also supports the first experiment that physi-
cal activity in the absence of a bolus insulin does
not lead to a significant reduction in blood glucose
levels. This is due to the activation of the counter-
regulatory processes that may have contributed
to the maintenance of blood glucose levels e. g.
by enhancing gluconeogenesis (glucagon, adrenaline,
growth hormone, glucocorticoids, thyroid hormo-
nes, etc.) (Wilcox 2005). Moreover, during exercise,
we observed higher blood glucose values in DM
patients. This is also due to the aforementioned
activation of the gluconeogenesis, and presumably
the retained insulin-producing ability of healthy
subjects, which allowed for more precise regulation.
This is consistent with the fact that in the first ex-
periment there was no association between
the amount of injected basal insulin and the decrease
in blood glucose. Thus, we might conclude that
basal insulin at the appropriate dose has no hypo-
glycemic effect during exercise and the presence
of insulin protects against ketoacidosis. In fact,
atenth of the insulin dose required for blood glucose
control is sufficient to limit ketone body synthesis.
From the reported changes in laboratory values,
the decrease in total protein levels in LCD group
compared to the normal diet TIDM group could
be explained by the fact that in this case the body
basically uses protein breakdown to maintain blood
glucose levels. Most of the proteins come from the
muscles, and their degradation can lead to higher
creatinine levels as well in the LCD. However,
we cannot rule out, that — because of fear of hy-
poglycemia — members of the normal carbohydrate-
consuming group exercised less, resulting in less
microinjury in their muscles, manifested in their
lower creatinine levels. Because albumin synthesis
is stimulated by insulin (Chen et al. 2016), its rise
over time, during disease progress, could be ex-
pected due to increasing insulin demand. Howev-
er, instead of the expected positive correlation,
a negative correlation was observed between disease
duration and measurable albumin concentration.
A possible explanation is that insulin resistance
increased to a greater extent than insulin levels,
thus, ultimately reducing the effect of insulin.
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As for the lipid levels, HDL transports lipids back
from the periphery to the liver, the so-called reverse
cholesterol transport, thereby protecting — among
other things — our blood vessels. During LCD,
decreased insulin intake also results in lower
cholesterol synthesis, which may necessitate
the mobilization of peripheral “reserves,” leading
to an increase in HDL-associated reverse choles-
terol transport. It is expected that the levels of other
lipoproteins (e. g. LDL) that transport lipids from
the liver to the periphery will decrease and therefore
the level of total cholesterol in the blood will remain
unchanged.

Interestingly, the value of HbAlc showed
a positive correlation with GPT and GGT param-
eters. Elevated HbA1c indicates persistently poor
carbohydrate metabolism, which may be charac-
terized by elevated levels of GPT (Abe et al. 2009)
and GGT. This typically occurs with increased
hepatic lipid accumulation and insulin resistance
(Thamer et al. 2005). However, age may also play
a role here, as HbAlc is known to be the highest
in puberty.

Our study has several limitations. First of all,
the first dataset was based upon an online ques-
tionnaire and there was a high age difference between
the two dietary groups. The reported sports were
rather heterogenous, and the small number of items
per group all limit the correctness of our conclusions
to be drawn. Therefore, further research is needed
on this topic.

Nevertheless, in T1IDM patients during current
sport recommendations tend to recommend extra
carbohydrate intake and a combinational hormone

therapy (insulin + glucagon) to prevent hypoglycemia
(Basu et al. 2014). In contrast, our results support
the safety of LCD with less short and long term
negative consequences. Moreover, a diet may be
beneficial for common comorbidities as well.
For example, it can help to maintain a gluten-free
diet, as the main carbohydrate sources mostly
contain gluten. However, the combined use of
a normal diet and LCD can better tailor the treat-
ment of diabetes mellitus. Among others, con-
comitant use of the two diets may help to slow
the progression of T1DM, prolonging the “honey-
moon” (Téth-Heyn 2018). Nevertheless, LCD
definitely has a place among the therapeutic options
for TIDM. This flexible therapy is possible due to
new types of insulins, tissue glucose sensors, and
pumps, providing the conditions for a freer, more
uncomplicated life for those with T1DM as well.
A proper diet combined with physical activity can
have many other beneficial effects, e.g, reducing
the cardiovascular risk and the development
of tumors (Boér 2021).
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Annomayus. PaboTa MOCBSIIeHa UICCAEAOBAHUIO TOOOYHBIX 5 (HEKTOB TPUMEHEHIsI CEAEKTUBHOTO HAOKaTopa
HaTpuii-KaAbL1eBoro oomenHyka KB-R7943 kak mpoTuBO6G0OAEBOro Mperapara y KpbIC CO CTPENTO30TOLMH-
MHAYLIMPOBAHHBIM CaXapHbIM ArabeToMm 1-ro Tuma. [ToBpexxaeH1e HeIPOHOB IIPY AMA0ETIIECKOIT HeMpOTaTnu
NIPUBOAUT K TMIIEPAKTUBALIMY MOHOTPOMIHBIX pelienTopoB N-MmeTua-D-acrnaprara. AktuBauus NMDA -
peLienTOPOB BbI3bIBAET PAa3BUTHE LIEHTPAABHOM CEHCUTU3ALMM, KOTOPasi B CBOIO OYePEeAb IIPUBOAUT
K IIOSIBAEHUIO HellpomaTuyeckoi 6oau. IlpsiMoe Bo3aeiicTBME Ha yKasdaHHbIE PELIENITOPBI CBA3aHO
C IPOsBAEHMEM MHOKECTBA I0OOYHBIX 3P (HEKTOB, IIO3TOMY AAS 0€30IIACHOTO A€YEHVS IIPEATIOYTUTEABHO
OIIOCPEAOBAHHOE BO3AEICTBIE, HAIPUMED, Yepe3 OAOKMPOBaHYe HATpUil-KaAbLineBoro oomenHnka (NCX).
B aTo0i1 cBs3U npuMeHeHne ceaekTuBHOro 6A0KkaTopa NCX KB-R7943 MoXeT ObITh MEPCIEKTUBHBIM [IPU
npotuBoboaeBont Tepanuu. Anaaus JKI' He BpisiBuA HeratuBHOro BausiHus KB-R7943 na coctosiHue
CEepAEYHO-COCYAVICTOM CUCTEMBI Y KOHTPOABHBIX U AMa0eTUUeCKX KpbIC. TeCTUpoBaHMe B OTKPBITOM MOA€
MOKa3aA0, 4YTo mocAe BeepeHus: KB-R7943 moBeaeHune Kpbic (ABUTaTEAbHASI AKTUBHOCTD U TIPUSHAKU
TPEBOXKHOCTH) He MeHs1eTCs1. [IpoBeAeH aHAA3 YPOBHSI 9KCIIPECCHY F'eHA TOTEHLIAA-3aBICMOTO HATPUEBOrO
kaHaaa Navl.7 (SCN9A), a28-1 cyObeAMHULIBI TIOTEHL[MAA-3aBUCUMbIX KaAbLIMEBBIX KaHAAOB T-Tuma
(CACNA2D1), Bax v Bcl-2, 3apeiiCTBOBaHHBIX B IMaTOreHe3e AMabeTUYeCcKoil HeMpOmaTum, B TKaHsIX
IMIIOKaMITa U runoTtasamyca. [Tokasano, yto mpu BBeaennn KB-R7943 B runmnokamie y aAnabeTnyecKux
kpoic axcnpeccusi CACNA2DI Bospacrasa, a SCN9A — cHmXaAach; y )KUBOTHBIX KOHTPOABHO TPYIIIBI
IOA BAMSIHMEM npernapara nosbimaacs ypoenb MPHK Navl.7. Dxcnpeccust Bax u Bcl-2 ycrauBaaach
B TUITIIOKaMITE Y KOHTPOABHBIX >KUBOTHBIX IocAe BBeaeHys1 KB-R7943. YV anabernueckux xpsic Tepanusa KB-
R7943 npuBoamaa K cHpkeHmio ypoBHs MPHK Bcl-2 B runorasaMyce 1 He BAMSIAQ HA YPOBEHb sKcIpeccun Bax.

Karoueswre crosa: caxaphbiii Anabet, auabernyeckas: Hertporartust, DKI, KB-R7943, oTkpbiTOE IOAE, KpbICa
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Abstract. This article reports the results of the study of side effects of selective sodium-calcium exchange
blocker KB-R7943 used as an analgesic drug in rats with streptozotocin-induced type 1 diabetes mellitus.
ECG analysis showed no negative effect of KB-R7943 on the cardiovascular system of control rats and rats
with type 1 diabetes mellitus. In open field testing, the behavior (motor activity and signs of anxiety)
of rats did not change after the administration of KB-R7943. The tissues of the hippocampus and hypothalamus
were analyzed for the level of the gene expression of the voltage-gated sodium channel Nav1.7 (SCN9A),
the a28-1 subunit of voltage-gated T-type calcium channels (CACNA2D1), Bax and Bcl-2 involved in the
pathogenesis of diabetic neuropathy. It was shown that in the hippocampus of rats with DM1,
the administration of KB-R7943 led to an increase in CACNA2DI expression and a decrease in SCN9A
expression, while in the control group the level of Navl.7 mRNA increased under the influence of the drug.
The expression of both Bax and Bcl-2 in the hippocampus of control animals after the administration
of KB-R7943 increased. In the hypothalamus of the diabetic group, KB-R7943 therapy reduced the level

of Bcl-2 mRNA, leaving the level of Bax expression unchanged.

Keywords: diabetes mellitus, diabetic neuropathy, ECG, KB-R7943, open field, rat

BBepenne

OAHMM U3 paclpoOCTpaHEHHbIX U HanboAee
TSDKEABIX OCAOXKHEHUI caxapHoro auabera (CA)
sBAsieTcs Anabetnyeckast Henpornatust (AH), BbI-
3BaHHas [Opa)kKeHNeM COMaTUYeCKMX aBTOHOMHBIX
uAY nepudepuieckuX HEPBHBIX BOAOKOH. Ha oc-
HOBAHUY AQHHBIX SIVAEMUOAOTMYECKIX UCCAEAO-
BaHUIT PACIIPOCTPAHEHHOCTb AMAOETUYECKON Hell-
ponaruu Bappupyet oT 14% A0 65% cpeart 60ABHBIX
CA (Bouhassira 2019, Boulton et al. 2005).
AH HepeAKO ABAsIeTCSI IPUYMHOM HapYLIEHUS
TPYAOCIIOCOOHOCTHU, paHHEN MHBAAVAM3ALUN
M CMepTY nauueHToB. [loBpeXxpeHre HeMIPOHOB
npy AH npuBOAUT K rUIIepaKkTUBALIMY MOHOTPOTI-
HbIX peuentTopoB N-metna-D-acaprara (NMDA -

peuenTopsl). AktuBanyss NMDA-penentopoB
BbI3bIBAET PAa3BUTHE LIEHTPAABHOI CEHCUTU3ALINY,
KOTOpasi, B CBOIO OU€PeAb, IPUBOAUT K ITOSIBAEHUIO
HeliponaTuyeckoit 6oau. [Ipsmoe BosaeiicTBIE
Ha YKa3aHHbIE PELIeNTOPbI CBSI3aHO C IPOSIBAEHIEM
MHO>XeCTBa IMOOOYHBIX 3P PEKTOB, TOITOMY AAS
0€e30I1aCHOTr0 Ae4YeHMs IPEATTOYTUTEABHO OTIOCpPe-
AOBaHHOE BO3AENICTBIE.

OAHMM 13 HENpPsIMbIX METOAOB BO3AENCTBUS
SIBASIETCST KAABLIUII-3aBUCUMAsl A€CEHCUTHU3ALNS
NMDA-peuentopos (Stepanenko et al. 2019).
KA4eByi0 poAb B 3TOM MPOL[ECCE UTPAET HATPUII-
KaabueBbin oomMeHHuK (NCX). Ha memb6pane
HerpoHoB 6eAkrt NMDA-peuentopa u NCX pac-
MTOAOYKEHBI HA OAHOM AUTIMAHOM MAOTUKE (padTe)
" QpYHKILIMOHAABPHO B3aMIMOCBSI3aHbI TAKMM 00pasoM,
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N. B. Cyxos, O. B. Yucmsakosa, A. B. barnosa, H. H. lllecmakosa

4YTO MHrMOMpoOBaHME OOMEHHMKA yCHAUBAET
KaABLMII-3aBUCUMYIO AeceHcuTu3dauuo NMDA-
peuenTopos (Sibarov, Antonov 2018; Sibarov et al.
2018). OpAHUM M3 CeAeKTMBHBIX OAOKaTOPOB Ha-
TpUIT-KaAbLIE€BOro 0OMeHHMKa siBAsteTcst KB-R7943.
briro BpickasaHo npeanoaoxeHue, yto KB-R7943
MO>KET 00AaAATh QaHAABTE€TNYECKON aKTVBHOCTBIO
AAST 0OAErYeHNsT HeIPOTaTUIeCKOil GOAM, TOCKOAD-
Ky NCX KOCBEHHO BAMSIET HA IOHHYIO IIPOBOAVIMOCTD
noHotponHeix NMDA -pelienTopoB, y4acTBYOMINX
B IaToreHe3e HeponaTnuyeckoro 0OAeBOro CHH-
apoma (Shestakova et al. 2019; Sibarov et al. 2015).
HaxkomnaeHsl AaHHBIE O TOM, YTO MHTMOUTOpBI NCX
MOTYT VICIIOAB30BATbCsI B KAMHMKE KaK PEr'YASTOPBI
KaAbLIMSI B KAETKE, B TOM UMCAE AASI CHSITUSI CUH-
APOMOB HEePOTIATUYECKO OOAU U AAST HEMPOTIPO-
texuyu (Huang et al. 2019; Jaggi, Singh 2011; Sibarov,
Antonov 2018; Sibarov et al. 2018). A st pa3paboT-
K IPOTUBOO0OAEBOI Teparnuu Ha ocHoBe KB-R7943
HEOOXOAVIMO M3Y4YUTb BO3MO>XXHBIE TTIOOOYHBIE
2bdeKkTrl AQHHOTO MpemnapaTa Ha >XUBOTHOI
MOAEAU.

Anabetnyeckrie 60AbHBIE TPEACTABASIOT IPYII-
Iy pYCKa 10 GOPMMPOBAHUIO HAPYLIEHUI CEPAELY-
HOTO puTMa 1 npoopumoctu (Inanir et al. 2020,
Kittnar et al. 2015), B cBsA31 ¢ YeM Ba)KHO MUHUMMU-
3MPOBATh HETaTUBHBIN 5P PEKT MPUMEHIEMOI
Tepanuy Ha CepAeuHyIo MbIILY. Beicokas BeposT-
HOCTb o6ouHOTrO AericTBust KB-R7943 Ha cepaeu-
HO-COCYAMCTYIO CUCTEMY PaCCMAaTPUBAETCS B CBS-
31 ¢ BbIcOKOM aKcrpeccuein NCX B MuoKapAe.
Apyrum Bo3aMo>XHbIM 3 pexTom KB-R7943 siBAsi-
€TCsI BAVSIHYE Ha SKCIIPECCUIO TeHOB 0eAKOB, PyHK-
LIIOHAABHO Ba)KHBIX B pa3Butum AH, BkArouas
0EeAKM MIOHHBIX KAHAAOB, 3aA€ICTBOBAHHBIX B Ia-
toreHese AH, arontosa, B 0TA€AaX TOAOBHOI'O
MO3ra, OTBevyanlnx 3a GopMupoBaHue 60AEBOrO
owymenusi. Kpome Toro, olieHKa BO3MO>XHBIX I10-
60uHbIx 3pPexToB KB-R7943 A0AKHA BKAIOYATDH
TecTupoBaHyue «OTKPBITOE TIOAE», SIBASIOLEECS
00513aTEABHBIM IIPU NCCAEAOBAHMY (HPaPMaAKOAOT -
YeCcKMX IIperaparos.

Lleablo AQHHOI pabOTHI SIBASIETCS U3yUeHMe
3¢ PeKTUBHOCTU MPUMEHEHMsI CEAEKTUBHOTO OAO-
KaTopa HaTpuit-KaAbLieBoro oomeHHuka KB-R7943
KaK IPOTUBOOOAEBOrO Mpernapara y KpbIC C 9KC-
HepUMEHTAABHBIM CaXapHbIM AabeToMm 1-ro Tuma
(CA1) u BbIIBA€HME €I0 BO3MOXKHBIX ITOOOYHBIX
53¢ }eKTOB Ha CEPAEUHO-COCYAUCTYIO CUCTEMY.

MaTepI/[aAbI N METOADI

JKusomHuvie

VccaepoBaHMSI IPOBOAMAM Ha CaMLaxX KpbIC
nopoabl Wistar B Bo3pacTte 4—4,5 mecsles.

UnmeepamusHas gﬁusuwloeu,q, 2023, m. 4, Ne 1

JKMBOTHBIX copeprKaau B BuBapuu 1mo 5 ocobeit
B KAeTKe Ipu 12/12 4 pexxume AHSI, CO CBOOOAHBIM
AocTymoM K muite (cyxomy kopmy ABK-120, 3A0
«TocHeHCKUIT KOMOMKOPMOBBIIT 3aBOA», AeHUH-
rpaackasi 00AacTb) U BOAE.

B Bo3pacrte 4 — 4,5 Mecs1ieB Y 4aCTU XMBOTHbBIX
npousBopuAau uHAYKUMIO CAl. Yepes yeTnipe He-
A€AU TOCA€ MHAYKLMY BBIIIOAHSIAM BBEAEHUE
KB-R7943 u naaueb60 eXXeAHeBHO B TedyeHUe He-
Aeau B po3e 10 Mr Ha KT Beca IIepOpPaABHO C IO-
MOIIbIO BETEPUHAPHBIX MUTATEABHBIX 30HAOB
AavHo 80 MM, AnameTtpoM 1,6 MM (Suzhou Fengshi
Laboratory Animal Equipment Co., Ltd, China).

Bo Bpems CCA€AOBaHUS )KUBOTHBIX PA3ACASIAU
Ha yeTbipe rpymmnbl: C — KOHTPOAbHAs IPYIINa,
MIOAYYaBIIAsl PAaCTBOP KapOOKCMAMETHUALIEAAIOAO-
3p1 (KMLI) (2,5%) B xauecTBe maanebo (n = 9);
C+KBR — KOHTpOAbHas rpyImna, IoAy4aBilas
KB-R7943 B pactBope KMII (2,5%) (n = 10);
D — puabeTtnyeckasi TpyIIa, HOAyYaBIlasi paCTBOP
KMII (2,5%) B xauecTtBe maaue6o (n = 10);
D+KBR — auabernyeckas rpyIrma, IOAyYaBLIas
KB-R7943 B pactBope KM1I (2,5%) (n = 10).

ITocae 7-pAHEBHO Tepanuu MpenaparaMu KpbiC
BBIBOAVIAY 13 SKCIIEPYMEHTA IIYTEM A€KalMTaLUuK
MMOCA€ TIPEABAPUTEABHOI AHECTE3UU UHTAASIIOH-
HBIM 130(AYPaHOM (B TeUeHVe ABYX MIH, ABE Y. €.
o6bema mopaum Ha anmnapate Zoom med, Medical
supplies & services Int. Ltd, UK). Aaaee npoBo-
AVIAY OTOOP 00pa3I[0B TKaHEN MO3Ta.

Ilpenapamut

KB-R7943 — CAS 182004-65-5, MeTACYyABpOHAT
2-[2-[4-(4-HuTpOobeH3nAOKCH)heHUA]|oTUA ] U30TIO-
moueBuHbI (Taizhou Crene Biotechnology Co., Ltd,
China).

Moodeav caxapHozo ouabema 1-20 muna

CaxapHblit Anaber 1-ro TUIIAa MHAYLIMPOBAAU
BHYTPUOPIOLIVHHBIM BBEAEHVEM CTPENTO30TOL-
Ha (CT3), pacrBopennoro B 0,1 M yurparHom
oydepe (pH 4,5), B A03e 32 mr Ha Kr Beca. JKuBort-
HBIM KOHTPOABHBIX TPy BBOAVIAV LIMTPaTHBIN
O0ydep B sKkBuUBaAeHTHOM obObeme. B mpoiecce
pasButusi CAl oCyieCTBASAY KOHTPOAD MaCChI
TeAQ )KVBOTHBIX, YPOBHSI TAIOKO3bI B KDOBY >KUBOT-
HBIX Ha 3-11 1 14-11 Ay mocae BBepeHuss CT3 v mpu
BBIBEAEHUY U3 DKCIIEPMMEHTA. YPOBEHb I'AIOKO3BI
OIIPEAEASIAY C IIOMOUIBIO TAIDKOMETPA U TeCT-
moaocok Select plus (One Touch, Johnson & Johnson,
AaHust). B KOHLie MCCAEAOBAHMIT OIIPEAEASIAY YPO-
BEHb MHCYAVHA B KPOBU C IIOMOIIbIO HA0Opa AAS
MMMYyHOpepMeHTHOro aHaau3sa Rat Insulin ELISA
(«Mercodia AB», llIBenus).
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TecmuposaHue noBedeHUs

YcTaHOBKa AASI TpOBeAeHMs TecTa « OTKPBITOE
MMOA€» MPEACTaBAsIAQ CO0O0IT KPYTAYIO apeHy
13 MIOAVBBUHUAXAOPUAQ C YEPHBIMU CTEHKAMU
u pooM (OOO «HITK OTtkpsitas Hayka», . Kpac-
Horopck, MO, Poccus). Beicora creHok 40 cm,
anametp apenbl 100 cm. OcBelleHne B LieHTpe
apeHbI cocTaBAsia0 300 AIOKC. ApeHy YyCTaHaBAU-
BaAM Ha TEAEKKe Ha BBICOTE OAVH METP OT IOAQ.
B HavyaAe TecTMpOBaHUSA )XMBOTHOE MTOMEIAAY
B LIEHTP apeHbl. [lepep KaXXABIM TECTMPOBaHUEM
apeHy obpabartbiBaaM 3%-M pacTBOPOM IepeKuUcU
BOAOPOAQ C IIOMOIIbIO BUCKO3HOV CaA(peTKN.
HaxoxpeHune KMBOTHOTO B apeHe GpUKCUpOBaAU
BUAE0KAMEepPOI1 B TeUEHMeE MISTI MUH, U PE3YABTAThI
TeCcTUpoBaHUs oOpabaTbiBaAu B IporpaMmme
EthoVision XT (Noldus, Wageningen, the Netherlands).
ApeHy IIpy BUAEOTPEKMHIE€ AEAVAM Ha LIEHTPAABHYIO
u ieprepruecKyio 30HbL LleHTpaAbHast 30Ha ObIAa
MpeACTaBAE€HA ABYMS BapMaHTaMU — OOABLIUM
Y Y3KVM.

B cooTBeTCTBMYU C AUTEPATYPHBIMU AQHHBIMMU
(Sestakova et al. 2013) mapameTpbl TeCTUPOBAHUS
ObIAM pa3peAeHbl Ha ABa OCHOBHBIX TUIIA aKTVB-
HOCTM 5KCIIEPUMEHTAABHBIX )KUBOTHBIX: AOKOMO-
TOpPHasl aKTUBHOCTb U aKTUBHOCTD, OTPaKaIOLast
TPEBOXKHOCTH KMBOTHOTO.

TapamempbL A10KOMOMOPHOL AKIMUBHOCHIL:

1) oOiee paccTosiHME, TIPOMAEHHOE 32 TIEPUOA

TeCTUPOBAHNS;

2) CKOPOCTb IEPEABVKEHNS;

3) cpeaHsIsT aKTUBHOCTb ABVKEHUS B %;

4) w4acroTa BpaleHusi TOAOBOIL.

Tapamempbt mpeBoycHoCMu:

1) wyacTOTa epeceyeHMsI LIEHTPAABHOII 30HBI;

2) oO01ast MPOAOAKUTEABHOCTD MpeObIBaHMUS

B LIEHTPAABHOI 30HE;

3) BpeMsi MepBOro BbIXOAQ B LIEHTPAABHYIO

30HY.

Pezucmpayus 31eKkmpoKkapouopammbL

B poarocpounbix akcniepumenTtax cHATre DKI
BBIMOAHAAU AO MHAYKUMY CA1 1 mocAe BBepAeHMs
KB-R7943 cooTBeTcTBYIOLIMM IPYINaM. 3aluch
IKT mpoBOAMAY C TOMOILBIO YEThIPEX 9AEKTPOAOB
II0 METOAY CTAaHAQPTHBIX OTBEAEHUI IO DVHTXO-
BEHY C IOMOIIIbI0 000PYAOBAHMS Y IPOrPAMMHOIO
obecnevenus [Toan-Crekrp Berepunapus (OOO
«Herpocodpt», Poccust). PesyabraTsl ycpeAHSIAU
C IOMOIIIBIO CIELIIAABHO Pa3pabOTaHHOIO MAaKeTa
nporpamm Ha MatLab (O. A. ®uaunmnos, E. B. Ho-
BrKoBa, M. I. Ao6penos, IDDb PAH).

ITo 5-muuyTHBIM Pparmentam IKI paccunTs-
BaAM 4acTOTY cepaeudHbix cokpaiennnt (HCC),

nmapamMeTpbl BapuabeabHoCTy putMa cepaLa (BPC)
BO BpEMEHHOM AOMEHE, XapaKTepusaywljue:
1) 061yto BPC o SDRR; 2) BAusiHME TapacuMia-
TUYECKOTO OTAEAQ BereTaTMBHON HEPBHOI CUCTe-
mbl (BHC) mo RMSSD (kBappaTHbBIT KOpEeHb
13 CPEAHEro KBaApaTa PasHOCTEN BEAUYUH AAU-
TEABHOCTY CMeXHBIX RR-MHTepBaAOB CMHYCOBOTO
npoucxoxxpernst) u pNN3 (mpoieHt RR-uHTEpBaAOB
CUHYCOBOTO TPOMCXOXKAEHNS, OTAUYAIOLINXCS OT
IpeAbIAYIIero 6oAee 4eM Ha TPU MC); 3) BKAAA
cumnarmyeckoro otaeaa BHC (cBHC) mo SDAvgRR
(cTaHAQpPTHOE OTKAOHEHME CPEAHEro 3HAYEHUs
RR-MHTepBaAOB, BBIYMMCACHHOIO 110 1-MUHYTHBIM
cermenTtam 3amucu), SDAvgHR (cranpapTHoe oT-
KAOHEHMe cpeAHero 3HaueHus1 RR-uHTepBaAoB,
BBIYMICAEHHOTO MO 1-MMHYTHBIM CEeIrMEHTaM
3amucn); u napametpsl DKI: aMnauTyab! 3y010B
P, T, Q, R, S, aoauteapHocTh KOMnAekca QRS, uH-
TepBaaoB RR, PQ, RT, QT u ux xoppurupoBaHHbIe
3HauYeHus 1o cAepyomuM popmyaam (Morozova
et al. 2019):

. RT
cC=—
VRR

QT o
C=—
VYRR

AAst 60Aee A€TAABHOTO M3YYeHUST U3MEHEeHUI
3youa T 6b1AM pacCUMTaHBI AOTIOAHUTEABHBIE I1a-
pametpsl: SdoT — maoiaab oA 3youom T Ao nuxa,
SposleT — naomaap nop 3ybuom T mocae muka,
SdoT/SposleT — oTHoLIEHME ITAOLIAAETE TTOA 3YOLIOM
T a0 1 mocae nuka, SsumT — MOAHasI MAOIIAAD
mop 3youom T, T50 — pauteabHoCTb 3ybua T, u3-
MepeHHas npu 50% NMUKOBOM aMIIAUTYABI, Bblpa-
Kaolasi LIXPUHY STOTO 3y0La.

Onpeae/leﬂue YPOBHA dKCNpeECCUU 2EHOB

AAsT UCCAEAOBAHUST BAUSIHUS TTEPOPAABHOTO
BBepeHnst KB-R7943 ObiAM BbIOpAHBI T€HbI, KOAU-
pyioiie 6€AKM MOHHBIX KQHAAOB, Y4aCTBYIOLIX
B riaroreHese Anaberuyeckoit Herpomatuu (SCN9A
(natpueBsin noHHbINN KaHaa VGSC Navl.7),
CACNAIH (ol cybbeayHMIIA KaABLIMIEBOTO MOH-
Horo kaHaaa VGCCs T-tuna), CACNA2D1 (a28-1
cy0beAMHNMIIA KaAbLieBOro MOHHOro kanaaa VGCCs
T-tumna)), u 6eaxu, peryaupyioigue anontos (Bcl-2
u Bax). OLjeHKY YpOBHsI 9KCITPECCHY T€HOB ITPOBO-
AVIAVL B 00pasLiax TKaHel IMII0TaAaMyca ¥ TUIIITIOKaM-
ma ¢ niomotipio [TL[P B peaAbHOM BpemeH! (aMIIAU-
¢dukarop 7500 Real-Time PCR System (Life
Technologies, Thermo Fisher Scientific Inc., USA))
I10 METOAVIKE, OTMCcaHHOM patee (Romanova et al. 2018).
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Pe3yAbTarsl 1 00CyKAEHME

Memaboruueckue xapakmepucmuxu

ITocae BBeaeHust CT3 passutue CAl 6b1A0
MIOATBEP)KAEHO Y BCEX KMBOTHBIX AMA0eTUYECKIX
IpymIL. B AoOATOCPOYHOM 2KCTIepMMeHTe Yepes MAThb
HEeAEAD ITOCAE MHAYKLIY HabAI0AaAK popMupoBa-
Hue CAl: ymeHbllleHe Macchl Teaa Ha 9,2%
(p < 0,0001), Bo3pacTaHue CpeAHErO YPOBHSI CAY-
YaMlHOM TAIOKO3bI A0 25,1 + 1,7 MMOAB/A IPOTUB
KoHTpoAbHoI1 rpynmnsl C 6,7 + 0,1 (p < 0,0001)
VI CHUDKEHVIE CPEAHETO YPOBHSI MHCYAVHA B KPOBU
A0 0,4 £ 0,1 Hr/MA IPOTUB KOHTPOABHOI TPYIIIIBI
C1,2 +£0,1 ur/ma (p = 0,012).

Tecmupomz—tue noBeoeHUus

AHaAu3 pe3yAbTaTOB TECTUPOBAHMUS B TECTE
«OTKpPBITOE TIOAE» KOHTPOABHBIX U AUAOETUYECKIX
JKUBOTHBIX, moayyaBimx KB-R7943 B Teuenue He-
A€AU, He OOHAPY)KMA CTATUCTUYECKU 3HAYMMBIX
OTAMYUI B CPABHEHUY C KOHTPOABHOI 1 AMA0eTH-
yeckoy rpynnamu (puc. 1).

TecTupoBaHMe SKCIIEPUMEHTAABHBIX KMUBOTHBIX
B «OTKPBITOM MIOA€» HE BBISIBUAO CTATUCTUYECKNU
3HAYMMBIX UBMEHEHMI AOKOMOTOPHOI aKTUBHOCTH.
OAHAKO M0 AUTEPATYPHBIM AQHHBIM STOT METOA
MIO3BOASIET OIIPEAEASITh UIBMEHEHUS YPOBHSI TPEBO-
ruipu CA1 (Seibenhener, Wooten 2015), yto yacto
conpoBoxpaet passutre AH (Guan et al. 2019).
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BeposiTHO, AAS BBISIBAEHVS HEMPOIIATUYECKOIT OOAM
Ha YpOBHE AOKOMOTOPHOM aKTUBHOCTY U TPEBOX-
HOCTU TpeOyeTcst 60Aee BbIpa)KEHHOE pa3BUTHE
CALl y kpbic (60Aee BOCBMU HEAEAD).

Anarusz SKT'

CpaBHuteabHbit aHaAau3 IKI' y >XMBOTHBIX
AO U TOCA€e (B KOHLIE MICCAEAOBAHMSI) MHAYKLMA
CAl BpIsIBUA pSIA M3MEHEHUI OLIeHVBaeMbIX IIapa-
MeTpPOB. BbpIsIBAEHHBIE CTATUCTUYECKYM 3HAYMMOE
cHmkeHne cpepHenn YCC Ha 14%, yBeaAnueHne
RR-yHTepBaAa 1 aMIAUTYABI R-3y6ua Ha 17%
1 14% MOTyT CBUAETEABCTBOBATD O pa3BUTUM Opa-
AvKapAun. IIpy aToM He OTMEYEeHO 0XKMAQEMOTO
cHbKkeHus nokasaTteaein BPC, Takux kak SDRR,
xapakTepusyioliero oburyio BPC, a taoke SDavgRR
n SDavgHR, oTpaxatomux Bkaap cBHC B Berera-
THBHYIO PETYASILIMIO CEpALIA Y MEAAEHHBIE I3MeHe-
Hus cepaevHoro putma (Morozova et al. 2019).
Hanpotus, napamerpst SDRR n SDavgRR craru-
CTUYECKM 3HAauMMO Bo3pacTaau Ha 29% u 79%,
1 MMeAacCh TeHAeHLMs K yBeandeHuio SDavgHR.
DTO MO3BOASIET 3aKAIOUNUTD, UYTO B MHHEPBALIUIO
cepALIa y AMabeTIeCKrX KPbIC BO3PACTAeT BKAAA
CHIMITATUYEeCKOM PeryAsLIuN.

Taxxe y AabeTn4eCKIX >KMBOTHbIX BbISIBAEHBI
CTaTMCTUYECKY 3HAYMMble MU3MEHEHMsI XapaKTepu-
CTUK KakK caMoro T-3y01ia — yBeAMdYeHre aMIIAU-
Tyabl, mvpuHbl (T50) u maomaam (S, T) Ha 38%,
42% n 81% COOTBETCTBEHHO, TaK U MapaMeTpOB,

201
15+

10+

C C+KkBR D

D+KBR

Cumulative duration in central zone, sec

(o2

Puc. 1. [TapameTpsl Tecta «OTKPBITOE MTOAE» B SKCIIEPVIMEHTE C HeAeAbHbIM BBepeHneM KB-R7943
KOHTPOABHBIM U AMabeTHYeCKMM XMBOTHBIM: @ — 0O0lIlee pacCTOsTHIE, IIPOMACHHOE 33 BPeMsI TeCTUPOBAHMS,
b — ob1ast IPOAOAKUTEABHOCTD IIPEObIBAHNUS B Y3KOII LIEHTPAABHOI 30He

Fig. 1. Parameters of the open field test in the experiment with a week-long administration of KB-R7943
to control and diabetic animals: a—total distance traveled during the test,
b—total duration of stay in the narrow central zone

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1
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CBsI3aHHBIX ¢ T-3y01I0M — yBeAUYEHUE AAUTEAD-
HocTu RT-uHTepBasa u 3HaueHusa RTc Ha 23%
u 17%. YBeAanueHue napametpoB T-3y01ia siBAsieT-
CsI IPM3HAKOM HapyLIEHVsI CMHXPOHM3aLuy U 3a-
MEeAAEHVSI PETIOASIPU3ALUY KEAYAOUKOB CepAlLia
npu CA1 (di Bernardo et al. 2000). O6Hapy>keHHOe
y AMabeTH4YeCcKX KpbIC CTaTUCTUYECK) 3HAUMIMOe
Bo3pacTtanue QT-uHTepBasa u 3HaueHus Qlc
Ha 23% 1 11% coraacyeTcs ¢ AQHHBIMU AUTEPATyPBI
(Amione et al. 2017; Esina et al. 2016; Inanur et al.
2020) 1 CBMAETEABCTBYET 00 YBEeAMYEHUM OOIIeN
IIPOAOAYKUTEABHOCTH PETIOASIPU3ALIY MVOKAPAQ JKe-
AYAOUKOB y Arabetimyeckyx kuBoTHbIX (Kittnar 2015).

B 11eA0M, BBISIBAEHHBIE Y AMA0ETUYECKUX K-
BOTHbIX 0ocobeHHocTy DKI — yBeanueHue 3y6110B
T n R, yBeanuenne unrepsaaos QT u RT u ux
KoppurupoBauubix 3Hauennit (QTc u RTc), Opapu-
KapAUs — MTOATBEPXKAQIOT pa3BUTME HApPYILEHU
CepAEYHOM AESITEABHOCTM.

Y KOHTPOABHBIX )XMBOTHBIX IIOCA€ HEAEABHOTO
BBepaeHnst KB-R7943 (rpynma C+KBR) amnanTyaa
3ybua R crarucTuyecky 3Ha4MMO BO3pacTasa
Ha 8%. OAHAKO 3HAUMMBIX pa3AMYMI ITApaMeTPOB
OKT mexay >xuBotHbiMU U3 rpynmn C nu C+KBR
He ObIAO OOHapy)KeHO. BpepHBIM MOOOYHBIM

NN
1

w
1

N
1

Relative quantity mRNA (RQ)

o
1

CACNA1H CACNA2D1

SCN9A

AeiicTBreM HapMaKOAOTMYECKUX ITPEnapaToB MOXK-
HO pacCMaTpuBaTh He YBeAUUYEHVE, BBIIBAEHHOE
B HacTosAMeln paboTe, a CHIDKEHE TTapaMeTPOB
BPC, MOCKOABKY MMEHHO 3TO YCUAUBAET DAEKTPU-
YeCKyI0 HECTaOMABHOCTb MMOKapAQ U TEM CaMbIM
CO3A2€T YCAOBVISI AASI BO3HVIKHOBEHVIS 3A0Ka4eCTBEH-
HBIX J)KEAYAOUKOBbIX apuTmuii (Morozova et al. 2019).
Y ArabeTn4ecKyX >XMBOTHBIX, moAy4aBumx KB-
R7943 B Teuenue Hepeau (rpynma D+KBR),
He BBISBAEHO CTaTUCTUYECKM 3HAYUMBbIX OTAUYUIA
napameTpoB DKI' oT TakoBBIX Yy AMabeT4eCcKux
JKUBOTHBIX 0e3 Tepanuu (rpymma D).
ITpoBepennbiit anaan3 DKI nmosBoaseT 3akaro-
YUTh, UYTO HepAeAbHas Tepanus npernaparom KB-
R7943 He BAUAET Ha CEpAEUHYIO AKTUBHOCTDb KaK
Y KOHTPOABHBIX, TaK 11 Y AMa0€eTUYECKMX )XMBOTHBIX.

AHaiu3 YPOBHA dKCNpeccuu MCC/le()yeMblx 2EeHOB

AHaAU3 ypPOBHS 9KCIIPECCU ICCAEAYeMbIX TeHOB
B TUIIOTaAaMYyce BbISIBUA CTATUCTUYECKY 3HAYMMbIe
M3MeHeHMe TOABKO AAS TeHa Bax: ypoBeHb 9KC-
IIpeccyuyl FeHa CTaTUCTUYECKY 3HAYMMO CHVDKAACS
B rpynne D+KBR no cpaBHeHuto ¢ rpynmnoin D
(p = 0,038) (puc. 2). Kpome Toro, obHapyxeHo
O’KMAQeMOe CHIDKEeHMe YPOBHSI 9KCIIPeCCUM TeHa

Oc
[ C+KBR
BED
Il D+KBR

Bcl-2

Bax

Puc. 2. Yposensb akcnpeccuy MPHK reHoB, Koaupyommx 6€AKY, yYaCTBYIOLIME B CUTHAABHOM TPAHCAYKLIMM TIPU
AnabeTIyecKoi HeMIpOnaTHy U alloITO3€e B IUIIOTAAAMYCe KPbIC B CPABHEHUM C 9TUM MOKa3aTeAeM
Y KOHTPOABHBIX )KMBOTHBIX. 3HaueHMs1 RQ paccuMTaHbl MO OTHOLIEHMIO K KOHTPOABHOII IPyIIIe. YPOBEHb
skcrpeccun MPHK rexnos HopmupoBan o Rn18S (pPHK 18S-cyO6beAnHMLIBI) B IUIIOTAAAMYCE KPBIC 10 AQHHBIM
[TLIP B peaabHOM BpeMmenu. AauHble npeacTaBAeHsl Kak M + SEM. Pasanuns mexay rpynnamu C u C+KBR (¥),
mexxay rpynmnamu D u D+KBR (#), a Takxe mexxay rpynnamu C u D (&) craructuyecku 3HauuMel npu p < 0,05

Fig. 2. The level of mRNA expression of genes encoding proteins involved in signal transduction in diabetic
neuropathy and apoptosis in the hypothalamus of rats in comparison with this indicator in control animals.
RQ values are calculated relative to the control group. The level of gene mRNA expression was normalized
by Rn18S (18S subunit rRNA) in the hypothalamus of rats according to real-time PCR data. Data are presented
as M + SEM. Differences between groups C and C+KBR (*), between groups D and D+KBR (#), and between
groups C and D (&) are significant at p < 0.05
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Bcl-2 B pnabeTnyeckoit rpymnie D no cpaBHeHMIO
¢ koHTpoAbHOI rpymmoit C (p = 0,026).

OLleHKa 3KCIpeccuy MCCAEAYEMBIX T€HOB
B I'MITITOKAaMIIe KPBIC [T0Ka3aAa 3HAYMTEABHOE, B ABa
pasa, yBeAuyeHue YPOBHS KCIIpeCcCUM reHa
CACNA2D1, xopnpymouiero a2d-1-cyopepnHuiy
MOTEHLIVMAA-3aBUCYMBIX KAaAbL[MEBBIX KaHAAOB,
y AnabeTrdecKux X1BOTHBIX rpymibl D+KB-R7943
TI0 CPaBHEHMIO C rpymmnoit D, moAy4yaBumx naawe6o
B TeuyeHue Takoro ke cpoka (p = 0,021) (puc. 3).
Anaanus pesyabraTtoB ITLIP aast rena SCNYA,
KOAVPYIOIIET0 MOTEeHLUMAA-3aBUCUMBbII HAaTPUEBbI
kaHaA Na,1.7, 00Hapy>K1A yBeAnueHNe SKCIIPeCccun
y rpymnnbl C+KBR (p = 0,041), a Taxoke y AnabeTn-
yeckoit rpynmsl D (p = 0,021) B cpaBHeHUY C KOH-
tpoabHoI1 rpynmon C. Y rpynnst D+KBR 3a¢puk-
CHIpOBAHO CTaTUCTUYECKY 3HAYMMOE CHIDKEHMe
akcrpeccuy reHa SCN9A 110 CpaBHEHUIO C IPYIIION
D (p = 0,008) (puc. 3).

IToAy4yeHHBIE pe3yABTAaThl MO’KHO OOBSICHUTD
TeM, YTO IPU AMAOETNYECKOM ITOBPEXAEHUY TO-
BBIILIAETCS KCIIPECCUs T€HOB U, KaK CAEACTBIE,
YCHAMBAeTCs aKTMBHOCTbD IIOTEHILIVIAA-3aBYICYMbIX
HaTpueBbiX KaHaroB Navl.7 (Alles, Smith 2021).

N w S (3]
1 1 1 1

Relative quantity mRNA (RQ)
3

o
1

CACNA1H CACNA2D1 SCN9A

OAHaKo B CAyYae ITOTEHLIMAA-3aBYCUMbIX KAABLIMEBBIX
KaHAaAOB He HaOAIOAAACST O>KMAQEMBIV Pe3YABTaT.
Tak, paHee nmokasano, uro npu AH skcnpeccus
reHoB He MeHsieTcs (Alles, Smith 2021), a KB-R7943
BBI3BIBA€T ABYXKPAaTHO€ yBeANYeHVe SKCIIPeCCUN
CACNA2D1. BoisiBAeHHbIe B pab0Te M3MeHEHNUs
9KCIIPeCCUY TeHOB MIOHHBIX KAHAAOB MOTYT CBUAE-
TeAbCTBOBATb O HEOAHO3HAYHOM BAMsIHIY KB-R7943
Ha pacrnpocTpaHeHre O0OAE€BOrO CUTHAAA U TUIIep-
BO30YAMMOCTM HEVIPOHOB B OTA€AaX FOAOBHOTO
MO3ra, Y4acTBYIOIUX B 00paboTKe 6OAEBOIT MH-
dbopmaLuy, MOCKOABKY MOBBIIIEHHAS 9KCIIPECCUs
a28-1 cyobeaunuibl VGCCs T-Tumna u yBeanueHue
akTuBHOCTU Nav1l.7 accouunpoBaHbl C pa3BUTHEM
60AeBoIT runepyyBcTBUTEABHOCTH TpU AH.
YpoBeHb aKcrpeccuu reHoB Bax u Bcl-2 yBeau-
ynacs B rpymnie C+KBR B cpaBHeHIY C KOHTPOABHOI
rpymnnoi C (p = 0,0007 u p = 0,004, COOTBETCTBEHHO).
B rpynne D+KBR oTMeueHO cHMKeHMe 9KCIIpeccun
Bcl-2 orHocuTeabHo rpymmsl D (p = 0,0004).
Kpowme Toro, ypoBeub akcnpeccun Bcl-2 yBeau-
4YMACS B AMabeTnyeckoit rpymnme D no cpaBHEHMIO
¢ koutpoawsHou C (p = 0,0007) (puc. 3).

OcC
] C+KBR
=D
Il D+KBR

Bcl-2

Bax

Puc. 3. Yposenb akcnpeccun MPHK reHoB, kopaupyowux 6€AKY, y4aCTBYIOLIME B CUTHAABHO TPAHCAYKLIMN
IpU AMA0eTUYECKOI HEMPOIIATUY 1 alTONITO3€ B IUIIIIOKAMITe KPbIC B CDAaBHEHUY C STUM [TOKa3aTeAeM
Yy KOHTPOABHBIX )KUBOTHBIX. 3HaUeHMs1 RQ paccunMTaHbl IO OTHOIIEHUIO K KOHTPOABHOI TPYIIIIe.
Vposens axcnpeccuu MPHK renos Hopmuposas o Rn18S (pPHK 18S-cy6beAnHM1IbI) B TUIIIIOKaMITE KPBIC
o paHHbIM TILIP B peaabHOM BpeMeHU. AaHHble TpeAcTaBAeHbI Kak M + SEM. Pasanuns mexxay rpymmamu C
1 C+KBR (¥), mexxay rpymmamy D 1 D+KBR (#), a Taioke mexxay rpymmamu C u D (&) cratuctirdecky sHauumbl pu p < 0,05

Fig. 3. The level of mRNA expression of genes encoding proteins involved in signal transduction in diabetic
neuropathy and apoptosis in the hippocampus of rats in comparison with this indicator in control animals.
RQ values are calculated relative to the control group. The level of gene mRNA expression was normalized
by Rn18S (18S subunit rRNA) in the hippocampus of rats according to real-time PCR data. Data are presented
as M + SEM. Differences between groups C and C+KBR (*), between groups D and D+KBR (#), and between
groups C and D (&) are significant at p < 0.05
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OO6HapysKeHHbIe B paboTe MOBBILIEHIE YPOBHS
9KCIIpeccuu reHa Bax v cHUDKeHMe sKCIpeccun
reHa Bcl-2 B oTpeAax Mo3ra y AuabeTuyecKmx Kpbic
COTAQCYIOTCSI C AUTEPATYPHBIMU AAHHBIMU
(Soleymaninejad et al. 2017).

BoiBoABI

Beepaenne KB-R7943 B TeueHne HeAeAU KaK
KOHTPOABHBIM, TaK U AMA0ETUYECKUM KPbICAM
He OKa3bIBaeT BO3AENCTBUS Ha paboTy cepalia
1o pAaHHbIM DKT.

Beepenune KB-R7943 B TeueHue HepAeAU KakK
KOHTPOABHBIM, TaK U AMA0ETUYECKUM KpbICaM
He OKa3bIBaeT HEraTMBHOTO BAUSIHIS Ha IOBEAEHIE,
YTO BBIPAXKAETCSI B OAMHAKOBOM IIPOXOXKAEHUM
TecTa «OTKPBITOE ITOAE» KUBOTHBIMY, KaK MOAY-
YaBIUIVMMY, TaK U He IIOAYYaBLUIVMY IIperapar.

BBepenne KB-R7943 B TeueHne HeAE€AU KOH-
TPOABHBIM KPbICAaM ITPMBOAUT K MOBBILIEHNIO YPOB-
Ha MPHK Nav1.7, Bo3pacTaHmio aKCIpeccuy reHOB
Bax, Bcl-2 B runmnoxkamrie. B aonabeTndeckoit rpyn-
ne B runorasamyce Tepanua KB-R7943 cHipkaer
yposenb MPHK Bax. Beepenne KB-R7943 B TeueHne
HeAeAU AMabeTUYecKM KpbICaM IPUBOAUT K yBe-
anyenuto akcripeccuyi reHa CACNA2D 1, cHVKeHUIo
sxcrnpeccun rena SCN9A, Bcl-2 u He BAuser
Ha ypOBeHb 3KcIpeccuy Bax B TUIIIOKaMITe.

KB-R7943 m0>HO paccMaTpuBaThb Kak MOTEH-
LIMAABHOTO KaHAMAATA AASI AAABHENIIETrO UCCAe-
AOBaHISI B KaueCTBe MPOTMBOOOAEBOrO Ipernapara.
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Cnmcok cokpaueHuit

AH — aAmabernueckass Henpomartusi; KML] —
KapbokcuaMeTrnALiearorosa; CA — caxapHsiil
aunaber; CA1l — caxapusiit Anaber 1-ro Tuma; CT3
— crpenTo3orouyH; C — KOHTPOAbHAsI IPYIIIA,
noay4asiuas pacteop KMLI (2,5%) B kauecTBe maane6o;
C+KBR — KOHTpOAbHasA rpymnmna, noayyasmas KB-
R7943 B pactBope KM1] (2,5%); D — Anaberuyeckas
rpymma, noay4asuias pactsop KML] (2,5%) B kauecTBe
naanebo; D+KBR — apnabeTnueckas rpymmna,
noayuyasuiast KB-R7943 B pactsope KMII (2,5%).

List of Abbreviations

C — control group treated with CMC solution (2.5%) as
placebo; C+KBR — control group treated with KB-R7943
in CMC solution (2.5%); CMC — carboxymethylcellulose;
D — diabetic group treated with CMC solution (2.5%)
as placebo; D+KBR — diabetic group treated with
KB-R7943 in CMC solution (2.5%); DM—diabetes
mellitus; DM1 — type 1 diabetes mellitus; DN — diabetic
neuropathy; STZ — streptozotocin.
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B BOAHOM Aa0OupuHTe Moppiuca, 4TO COUeTaAOCh C H0Ae€e BBICOKIM COAEPKAHIEM KOPTUKOCTEPOHA B IIAA3Me
KPOBU [TOCAE TECTVPOBAHNUA AOATOBpeMeHHO MaMAT. DAYOKCeTVH He U3MEeHMA TT0Ka3aTeAU IPOU3BOAUTEABHOCTU
MaMATU ¥ TOPMOHAABHOTO MTOKa3aTeAsI KaK Y KOHTPOADBHBIX, TaK Y TUTIOKCUYECKMX B3POCADbIX KpbIC. DAyOoKCceTUH
HOPMaAM30BaA AQTEHTHBIN TEPUOA AOCTIDKEHUS TAAT(GOPMBI y TUIIOKCUYECKMX KPBIC IPY TECTUPOBAHUY
00y4YeHUs ¥ He CHU3MA MOKa3aTeAb AOATOBPEMEHHOI IaMATH, YAYUIIEeHHbIN runokcuent. [ToayueHHble
PEe3YABTATBI TO3BOASIIOT IIPEAIIOAArATh, YTO HEOHATAABHASI HOPMOOap1IecKast FUIOKCHSI IIPY OIIPEAEAEHHBIX
YCAOBUSAX IIOMOTa€eT YAYYIIUTD TaMATh, PAYOKCETVH OKa3bIBaeT IPOTEKTUBHOE BAUSHYE HA KOTHUTUBHbBIE
cniocobHocTy 1 ITAKC y B3pOCABIX CAMOK KPBIC.

Karuesvie croBa: HeoHaTaAbHAsI TUIIOKCUS U (PAYOKCETUH, IPOCTPAHCTBEHHOE O00yuyeHNMe, TaMAITh,
KOPTUKOCTEPOH, B3pOCAas KpbIca
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Abstract. The study investigated the effects of 1) acute normobaric hypoxia with a reduced oxygen
concentration in inhaled air and 2) the selective serotonin reuptake inhibitor fluoxetine in newborn female
rat pups on spatial learning, the performance of spatial short-term and long-term memory and reactivity
of the hypothalamic-pituitary-adrenal axis (the HPA axis) in adult rats. The newly obtained data indicate
a deterioration in the ability for spatial learning only in the first out of five training days. Hypoxia did not
change the performance of memory in the test “recognition of a new object” and caused an improvement
in long-term memory in the Morris water maze. This was combined with a higher content of corticosterone
in blood plasma after testing long-term memory. Fluoxetine did not change the performance indicators
of memory or hormonal indicators in either control or hypoxic adult rats. Fluoxetine normalized the latent
period of reaching the platform in hypoxic rats when testing learning, and did not reduce the indicator
of long-term memory improved by hypoxia. The obtained results suggest that neonatal normobaric hypoxia
under certain conditions helps improving memory, while fluoxetine has a protective effect on cognitive

abilities and the HPA axis in adult female rats.

Keywords: neonatal hypoxia and fluoxetine, spatial learning, memory, corticosterone, adult rat

Beepenne

[UmoKcKsi y HOBOPO>XKAEHHBIX, CBSI3aHHAS C He-
AOCTAaTKOM KVCAOPOAQ, SIBASIETCSI PACIIPOCTPaHeH-
HBIM CTPECCOM Y AOHOILIEHHBIX U1 HEAOHOLIEHHBIX
MAQAEHLIEB VI MOXKET BAUSTD Ha Pa3BUTIE€ MHOTUX
bU3MOAOTMYECKIX CUCTEM U IOBEAEHST, BKAIOYASI
CTPECCOPHYIO TUITOTaAAMO-TUTIO(GU3APHO-aAPEHO-
koprukaabHyio cuctemy (ITAKC) 1 KorHUTHBHBIE
¢yukumn (Gehrand et al. 2020; Giannopoulou et
al. 2018; Lipner et al. 2023). [To pAaHHBIM AUTEpa-
TYPBI, IPU POXXAEHUM CTeNeHb HEBPOAOTMYECKOI
3PEAOCTY HOBOPOXXAEHHOI KPbICHI IPUMEPHO
COOTBETCTBYET TAKOBOI1 Y HEAOHOLIEHHOTO HOBO-
POKAEHHOTO pebeHKa Ha 24 HepeAe OepeMeHHOCTI

(Dobbing 1981). Panee mpu uCIoAb30BaHUM pas-
paboTaHHO B Halei AabopaTopuy Ha Kpbicax
MOA€EAY HEAOHOLIEHHOV 0€pPeMEHHOCTH, TI03BOASI-
IO1Ilell ICCAEAOBATb IIOCAEACTBS TIEPUHATAABHOM
IUIOKCUK-3HL[ePAAOTIATIN HOBOPOXKAEHHBIX, OBIAK
BBISIBAEHBI OTKAOHEHMSI OT HOPMBI CTPYKTYPHO-
(bYHKLIMOHAABHBIX XapaKTEePUCTHUK HEOKOPTEKCa
VI TUIIIIOKaMIIa y KpbIc paHHero Bo3pacta (Khozhai,
Otellin 2022). B HacTOs111€11 pabOTE MBI MCTIOAB3Y-
€M IIOAOOHYIO MOAEAD AASI ICCAEAOBAHVIS BAVSTHUIA
TUIIOKCUY B HOBOPO>KAEHHOM IIEPUOAE Y CAMKU
KPbIChI HA KOTHUTUBHYIO Cepy Y B3pOCAOI 0CcObH,
MOAOOHBIE ICCAEAOBAaHMS B AUTEPAType HaMu
He 6bIAM 0OHapY>keHbl. CBOJICTBEHHASI TOAOBHOMY
MO3Iy B paHHEeM BO3pacTe VMHTEHCUBHAS HENPO-
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N. I1. Bymxkesuy, B. A. Muxaiirenko, E. A. Bepwununa

ITAQCTUYHOCTbD OIIPEAEASIET BBICOKYIO YYBCTBUTEAD-
HOCTb HEIIPOHOB K CTPECCOPHBIM Pa3APAKUTEASIM,
HapsIAY C 9TUM MO>KET CIIOCOOCTBOBATD aAANTALINN
K Bo3AeNicTBUIO cTpecca. CyllecTByolee pa3Ho-
obpasue GpopM rMIOKCUYECKOTO CTpecca U UX
SKCIIEPMMEHTAABHBIX MOA€EAEI 00YCAOBAMBAET
HaAnYMe MPOTUBOPEYUBBIX AAHHBIX IO BAUSHUIO
IUITOKCUM Ha Mo3T U rtoBepeHue (Millar et al. 2017;
Semenov et al. 2022). B AutepaType BHUMaHue
MpeVMYILEeCTBEHHO YAEASIETCSI TepUHATaAbHOI
UIIOKCUU-UIIIEMUU, KOTOPAS IPUBOAUT K TSDKEABIM
HEBPOAOTMYECKUM U CEPAEYHO-COCYAUCTBIM ITATO-
AOTUSIM, K TUITOKCUY€ECKO dHIlepaAOTIaTh, BIAOTh
AO TUOEAU HE TOABKO B HOBOPOXXAEHHBIN TIEPUOA
PasBUTUS, HO U B AQAbHEIIIIeM MOCTHATAaABHOM
onrorenese (Duran-Carabali et al. 2022). BaxxHpim
PEryAsiTopoM AI060ro cTpecca, BKAIOYas ITMIOKCH-
yeckuii crpecc, siBasieTcsi [TAKC ¢ ee rarokokop-
TUKOVAHBIMU PELIENITOPAMU U TAOKOKOPTUKOMAQ-
MU, IIPOAYLIMPYEMBIMY B KOP€ HAAIIOYEYHUKOB
B OTBET Ha CTpecC. [AIOKOKOPTMKOMABI BO3AEI-
CTBYIOT Ha FAIOKOKOPTUKOUAHBIE peLlenTOPHI,
KOTOPBIX 0COOEHHO MHOT'0 B IUIIITOKAMIIE, KAIOYe-
BOM PETyASITOpe NMaMsITH, 8 TAKKe B IpepPOHTAAD-
HOJ1 KOp€e, aMUTAaA€ — CTPYKTYpax M0o3ra, BOBAe-
YEHHBIX B PEAAM3ALUIO ITPOLECCOB O0yUeHNs
u mamsaTu (Yavas et al. 2019), 1 USMEHSIOT TaKUM
ob6pasom ux akTuBHOCTB (Rybnikova, Nalivaeva
2021). UpeamepHast ceKpeLysi TAKOKOPTUKOMAOB
VI TTOBBIIIEHHAS aKTUBHOCTb TAOKOKOPTUKOMAHBIX
PeLIeNTOpOB B OTBET Ha I'MITOKCUYECKU-UIIeMIYe-
CKUII CTpecc HapyllaeT HOPMAaAbHOe pa3BUTHeE
MO3TOBBIX CTPYKTYP, UYTO IIPUBOAUT B AQAbHeIIIeM
K OTKAOHEHVSIM B HEMPOMAQCTUYHOCTH, IOBEAEHUN
1 KoTHUTUBHOU cbepe. BMmecTe ¢ TeM nmerTCs
AQHHBIE, YKa3bIBaloOlllyie Ha IIPOTUBOIIOAOKHbIE
a¢ddeKThI 1 Ha ApYyTUeE, ellje He CCAEAOBaHHBIE,
MeXaHM3MBbI BO BAMSIHUY APYTOI'O TUIIA TUIIOKCUY,
YMEPEHHOV I'MITOKCUY, He OTATOL€HHOM MIIEeMUEI.
[TpoaeMOHCTpUPOBaHBI 3aIUTHBIE 9D HEKTHI FAIO-
KOKOPTUKOVAOB IIPOTUB I'MITOKCUYECKOTO TOBPEX-
AEHMSI B TOAOBHOM Mo3re. Hanpumep, Ha rppI3yHax
IT0OKa3aHO, UTO BBEAEHVE TAIDKOKOPTUKOMAOB II0-
BBIIIAET YCTONYMBOCTbh MO3ra K runokcun (Knox-
Concepcion et al. 2019). OpHaKO BAUSIHYE TAIOKO-
KOPTUKOMAOB Ha aAQNTALMIO MO3ra K IMIOKCHUm/
UIIEMUM BCe ellje HEAOCTAaTOYHO U3YY€eHO.

Apyras pusnororuyeckast CCTeMa, CEpOTOHUH-
epruueckas, koropas tak e, Kak u [TAKC, uys-
CTBUTEAbHA K HEOHATAABHOI TMITOKCUIM U MOXXET
MOBPEXAATHCS €10, YUACTBYET B apaNTalUU K I'U-
noxcuyeckomy crpeccy. Obe cucTeMbl BOBAEUEHbBI
B peryasiuuio GyHKLMY IMIIIOKaMIIa OAaropapsi
HaAUYMIO B HEM T'AIOKOKOPTUKOMAHBIX U CEPOTO-
HUHepruyeckux peuentopos (Bombardi et al. 2021;
Carneiro et al. 2022). Tunnokamn sIBASeTCs

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1

KAIOYEBOM CTPYKTYPO B pOPMUPOBaHMUM TAMSTU
(Vorhees, Williams 2014), mosTomy cepoTOHUHEP-
IMYEeCKOll MHHEPBALMM I'MIIIIOKAMIIA YAEASIeTCS
60AbI110e BHUMaHKe. BaxkHo, uto cepotonuH (5-HT)
B PaHHEM pPa3BUTUY, KaK Tpoduueckuii GaxTop,
UITPaeT OINPEAEASIOLIYI0 POAb B GOPMUPOBAHUY
CEepOTOHMHEPIMYECKON Y ADYTUX CUCTEM, PETYAU-
Py IpOLieCChI HellporeHesa, cHanToreHesa (Azmi-
tia 2001). 5-HT BbIOAHSIET BOKHYIO POAB B pas-
Butuu u peryasiuuu I'TAKC, nmostomy nsmenenue
B ypoBHe 5-HT B KpuTHiueckuii nepuoa pasButus
MO>KeT IPUBECTU B AAAbHENIIEM K OTKAOHEHMIO
korHutuBHOM U [TAKC byHKUMIL, KaK 1 MHOTHX
APYTUX HeripobuoAornyeckux cucreM (Brummelte
et al. 2017). YBeanuenne ypoBHa 5-HT crnoco6-
CTBYeT HOpMaAM3aLM, I0O3TOMY CEPOTOHVHEPI M-
YeCKYIO CICTEMY MOYKHO MICIIOAb30BaTh B KaUeCTBe
MUIIEHU AAST papMaKOAOTMYECKMX MpenapaTosB.
CeAeKTUBHBIN MHIMOUTOP 0OpaTHOro 3axBaTa
CEepOTOHMHA aHTUAENPECCAHT (PAYOKCETUH IMpU-
MEHSIETCS B KAVHUKE AASI A€YEHUS Aelpeccun
y OepeMeHHBIX, XOTsI UMEIOTCSI Pa3HOTAACHs B BO-
mpoce 0 BAMSIHUY (GAYOKCETVHA Ha pa3BMBAOLINIL-
cs mo3r (Edinoff et al. 2021; Ramsteijn et al. 2020;
Rotem-Kohavi, Oberlander 2017). AerictBue dayoxce-
THHA 3aKAI04aeTcs1 B OA0Kaae TpaHcroptepa 5-HT, uro
MPUBOAUT K HAKOIIAEHMIO OMIOAOTMYECKOTO areHTa
B CMHANITMYECKON I[eAV Y MEKKAETOYHOM IIPO-
CTpaHCTBe. DKCIIePYIMEHTAAbHbIE Y KAMHIYECKMe
AQHHbIE O AOATOBPEMEHHOM BAVSIHUM T'MIIOKCUM,
KaK Y NMEePVHATAABHOTO BAVSHUA (PAYOKCETUHA,
IIPOTUBOPEYMBBI, IIOAYYEHbI B OCHOBHOM Ha 0CO05IX
MY>XCKOT'O IT0AQ, TOYHBIII MEXaHU3M UX AECTBUS
Ha KoruutusHble GpyHkyuu u I'TAKC ocraercs
HEeSICHBIM, YTO TPeOyeT AQAbHENIIIX CCAEAOBAHMI
C BKAIOUEHMEM 0Cco0elt >keHCKOro moaa. CoBpeMeH-
HbIJI TepaleBTUYECKUM IOAXOA K A€YEHUIO
IIOCAEACTBUI IIepUHATAABHON T'MIIOKCUHU BCe ellje
OrpaHMUYeH.

Lleap MccaepOBaHMS COCTOSIAQ B M3YYEHUNU
BAVSIHMSI OCTPOJ YMEPEHHOI HOpMOOapnyecKoii
TMITOKCUY VI XPOHUYECKOTO BBEAEHMS PAYOKCETH-
Ha B HEOHATAABHBII IIEPUOA PA3BUTMSI HA CIIOCO0-
HOCTb K IPOCTPAHCTBEHHOMY OOY4€eHUIO, TPOU3-
BOAUTEABHOCTb naMsATH U peakTuBHoCcTb [TAKC
Y B3POCABIX CAaMOK KPBIC.

MaTepI/IaAbI " METOADI

Bapocable caM1ipl ¥ caMKU KpbIC AMHMY BucTap
ob1av moAyveHsl U3 LIKTT «brokoasexums 1O PAH
AASL ICCAEAOBaHMSI MHTEI PATVBHBIX MEXaHM3MOB
AESITeAbHOCTY HEPBHOII M BUCLIEPAABHBIX CUCTEMY.
DKCIIepMMEHTAABHBIN IPOTOKOA yTBepKAeH Ko-
MICCHel1 II0 TYMaHHOMY OOpalLeHNIO C KMBOTHBIMU
Nucruryra pusnororun um. V. I1. [TaBaosa PAH
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(N202/09 oT «09» peBpaas 2022 r.); pabOTy IPOBO-
AVIAM B COOTBETCTBUM C MEXAYHapPOAHBIMU
NPUHLUIIAMY OMOMEAMLITHCKUX VICCAEAOBaHUMI
¢ ucnoabsoanueM xuBoTHbIX (CIOMS, Kenesa,
1985). J)KUBOTHBIX COAEP’KaAM B CTAHAAPTHBIX
YCAOBMSIX BUBapMsi IPU CBOOOAHOM AOCTYTIE K BOAE
¥y nuie 1 cBeToBoM pexxume 12:12 4. [Tocae aparn-
TaLMY K YCAOBMSM AQ0OPAaTOPHOTO BUBAPYSA Y KPbIC
OBIAO MOAYYEHO IOTOMCTBO. Ha BTOpOIT A€HB
JKM3HU CaMKU KPBICSIT OBIAU TIOABEPTHYTHI BO3-
AEVICTBUIO OAHOPAa30BOM YMePEHHOT HOpMobapu-
4eCKOV IMIIOKCUH (COAepIKaHMe KUCAOPOAA B ra-
30BO3AYyIIHOM cmMecu — 7,6—7,8%, YTAEKUCAOTO
raza — 0,15-0,21%, azora — 91,8% npu Temnepa-
Type 35-36°C) B TeueHue 60 MUHYT, KOHTPOAbHbIE
CaMKJ HaXOAMAMCH B ITOAOOHBIX YCAOBMSIX Oe3
BO3AENCTBUS ITUITOKCUML.

Cpasy nocae rmmoKCU4ecKoro BO3AENCTBYS IKC-
IepVIMEHTAABHBIX Y1 KOHTPOABHBIX KPBICAT ITIOABEP-
raAll eXXeAHeBHO BBeAeHMIo payokcernHa (10 mMr/kr,
5 MKA B XOAKY) UAU PUBMOAOTMIECKOTO PACTBOPA
B T€UeHUE ABYX HeAeAb. Bce XXMBOTHBIE OBIAK ITOA-
pasAeAeHbI Ha IPYIIILL: IIepBast SKCIIePYMEHTAAbHAS
(rumokcuyeckasi) rpymma, KpbIChl, IOABEPTHYThIE
TUIIOKCUY U Cpasy MOCA€ I'MIIOKCUY TOAyYaBIINe
BBEAEHIE B XOAKY (PM3MOAOTMYECKOTO PacTBOPA;
BTOpasi KOHTPOAbHAs I'PYIIIA, KPBICHI, HE IOABEP-
THYTble ITMITOKCUY Y TIOAYYaBILVie BBEAEHME B XOA-
Ky p113M0AOTMYECKOTO PACTBOPA; TPEThS SKCIIEPH -
MEeHTaAbHasl (TMIIOKCHYecKas) TpyIna, KpPbICH,
IIOABEPIHYTbIE TUITOKCUY U CPa3y IOCA€ TUIIOKCUU
IIOAYYaBIINe BBEAEHME B XOAKY MHIMOuTOpa 06-
paTHOro 3axBaTa CepoTOHMHA GAYOKCETHHA; YeT-
BepTas KOHTPOAbHAS IPYIIA, KPBICHI, HE TIOABEP-
THYTble TUIOKCUM U IOAYyYaBIlIVe BBeAeHUE
B XOAKY ¢dayokceTuHa. Kaxkpast rpymma cocTosiaa
13 8—10 KpbIcAT. JKUBOTHBIE OCTAaBAAMCH B THE3AE
Co cBOMMU MarepsiMu A0 30-AHEBHOTO BO3pacTa,
3aTeM pa3HOIIOABIX 0CO0O€l pacCa)KMBaAU B pa3Hble
KAeTKH. B paboTe 1CII0Ab30BaAu TOABKO CAMOK.

Y 90-AHEBHBIX KPBbIC, IPEABAPUTEABHO aAAIITH-
POBaHHBIX K 00CTaHOBKE 3KCIIEPMMEHTA, HaYMHa -
AV ICCAEAOBaHMe IIPOU3BOANTEABHOCTY NMaMATU
B TeCTe «Paclio3HaBaHye HOBOTO 00beKTa», OCHO-
BaHHOM Ha €CTeCTBEHHOM AASI IPBI3YHOB MIPEATIO-
uyrennn HoBu3HbI (Cohen, Stackman 2015). Kpeicy
nomerasu B kamepy (50 x 50 cm), orpaHndeHHYI0
CTEHKaMU 13 OPI'CTEKA], B LIEHTPe KOTOPOI1 ObIAU
pasMelreHbl ABa 00'beKTa (CBETABIE TAACTMACCOBbIE
KYOVKM), AASI O3HAKOMAEHUS B T€UEHNE TISITU MU-
HYT. PerucTprpoBaau BpeMsi NCCAEAOBAHMS KadK-
AoOro obmekTa (c). 3aTeM KpbIC IepeMellaAn
B AOMAIIHIOIO KAeTKYy Ha 10 MyH. 3a 3TO BpeMs
A€BBINl 00OBEKT 3aMEHSIAM HOBBIM HE3HAKOMBIM
paHee IIPeAMETOM, BBIITOAHEHHBIM 13 TeMHOIO
MAACTUKA, OKPYTAO¥ (POPMBI, IIPaBbIil 00bEKT

OCTABASIAM HEM3MeHHbIM. JKVMBOTHBIX TIOMeLaAU
00paTHO B YCTAHOBKY AASI ICCAEAOBAHMSI HOBOTO
1 3HAKOMOT'O 00'BEKTOB U PETUCTPUPOBAAY BpEMS,
B TeueHMe KOTOPOIO KpbhICa YAEeAsiAQ BHUMaHMe
K&KAOMY U3 HUX. AAS OLIEHK! IIPOAYKTUBHOCTHU
MaMsTU UCIOAB30BaAU K03 duLMeHT pacno-
3HaBaHus (Kp) — pasHuily MeXAy BpeMeHeM
MCCAEAOBAHMSI HOBOTO U 3HAKOMOTO O0bEeKTOB
II0 OTHOLIEHUIO K CYMMapHOMY BpeMeHU UX UC-
caepoBaHuA. Yem MeHblne Kp, TeMm Xy>ke maMsTh
pacro3HaBaHuA.

Kp = Bpewmst (O6bexT HoBbiin) — Bpems (O6bekT
3nakowmbiit / Bpemsa (O6bexkt HoBslit) + Bpems
(O6bexT 3HaKOMBII).

Uepes Tpoe CyTOK OTABIXA B AOMAILIHEN KAETKE
Y >KMBOTHBIX HAYMHAAY TECTMPOBAHME CIIOCOOHO-
CTY K IPOCTPAHCTBEHHOMY O0Y4YeHMIO B BOAHOM
AabupuHTe Moppuca (Morris 1981), koTopoe mpo-
AOAXKAAOCH TISITh AHell. bacceliH ¢ Boaol1 (AameTp
120 cm, BbicoTa 72 cM, TeMmeparypa Boabl 22—24°C)
BUM3YaAbHO ObIA pa3A€A€H Ha YeThIpe paBHbBIX KBa-
ApaHta (ceBep C, ror 1O, BocTok B, 3amap 3).
Ha aAHe bacceitHa HAXOAMAACh METaAAMYeCKas IIAAQT-
dbopma, MOBEPXHOCTb KOTOPOIT OblAQ HA ABA CM
HV/>KE YPOBHSI BOABI, OKpPAalEeHHOM MEAOM.
B nepBy1o nomnbITKy KpbIcy noMeriasu sceraa B C3
KBaAPAHT, CAEAYIONIYIO MONBITKY — B 310 KBappaHT
u TaK Aaaee. Kpbica A0oAKHa Ob1Aa HaliTy AT op-
My Aas criaceHust. Ecan oHa He Haxoauaa ee 32 60 ¢,
TO AaTeHTHbIN nepuoA (AIT) poocTirkeHus maat-
¢dbopmbl npuHMMaau 3a 60 ¢, a KpbICy MOMeIaAK Ha
naatdopmy Ha 20 ¢, BO BpeMsI KOTOPBIX OHa MOTAQ
COPMEHTUPOBATHCS B IPOCTPAHCTBE. 3aTEM CAEAO-
BaA 15-CeKyHAHBIN IIEpPUOA MTOKOS B CYXOM KAETKe,
YTO BMeECTe IIPEACTABASIAO IIEPBYIO MOMBITKY. Kax-
ABLI1 A€Hb KpbICa MeAa ABe MPOOBI IO YeThIpe
MOTIBITKU B KQXKAOM MPO0e, C IepepbIBOM MEXXAY
npobaMu B YyeTbIpe MUH AASI OTABIXA. B Kakpo0it
nonbiTKe peructpupoBasu AlT AOCTVKeHUsT KpbI-
COIt TAQT(HOPMBI.

KpaTkoBpeMeHHYI0 IaMsTh PerucTpUpPOBAAU
6e3 nmaaTdopMbl Ha MATHIN A€Hb IIOCAE TIEPBON
npoOkl, a yepe3 96 4 mocae KpaTKOBPEMEHHON
MaMAT — AOATOBPEMEHHYIO ITaMsITh, AASL Uero
KpbICy Ha 60 c momelaAu B 0aCCeiiH ¥ perucTpu-
poBaau ATl AOCTUIKeHMS LjeAeBOro KBaApaHTa,
MeCTa, TA€ HaXOAMAACH MAaTdOpMa B TIEPUOA 006-
y4YeHUsI, @ TAaK)Ke BpeMsl peObIBaHMUS B LIEAEBOM
kBappaHTe. C MOMOII[bI0 BeOKaMepbl U ClieLMaAbHO
KOMIIBIOTEPHOJ NPOrpaMMbl PErMCTPUPOBAAU
TPaeKTOPUIO ABVDKEHMUSI KPBICHI (C).

ITocae TecTpOBaHUS AOATOBPEMEHHO ITAMSI-
TU y KPBIC AeKanuTalyen cooupaam oo6pasibl
KPOBM AASI AQABHEJIILIETO OIIPeAEAEHNS COAEPIKAHMS
KOPTMKOCTEpPOHA B I1Aa3Me KPOBYU, KOTOPYIO Xpa-
HuAu npu temmneparype —20°C. Koptukocrepox
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OIIPEAEASIAUL B ABYX DK3EMIIASIPAX METOAOM UMMY-  BO3AeNCTBUE (PU3MOAOTMYECKIIT pacTBOP, PAYOK-
HO(EPMEHTHOTO aHAA3A C UCTIOAb30BAHMEM CTaH-  CeTUH). [AaBHbIe 3P bEKThI AAAY 3HAYMMOE BAUSHUE
AapTHBIX HabopoB («Xema-Medica Co» Cat AAs HoBoro/craporo oobekra F(1,31) = 144,8,
Ne: K210R; Poccust) ¢ momotbio ciekrpodorome-  p < 0,001, n? = 0,824, a TaioKe AASI B3aIMOAEVICTBYS
Tpuueckoi nmaactunsl (Spectrostar NANO, BMG  ¢akTOpoB HOBBINT OOBEKT, YCAOBME U BO3AEVICTBYE
Labtech, Tepmanus). F(1,31) = 5,56, p = 0,025, n* = 0,152 u AAs1 B3auMo-
Aannble npeacTaBAeHbl Kak M + SE. [Tocae  AeiicTBust ycaoBue u Bosaeiictsue F(1,31) = 8,49,
IIPOBEPKY I'MITOTe3bl 00 OTKAOHeHUY pacrpepese-  p = 0,007, n? = 0,215. [Tocaepyrouuii anocrepuop-
HUIT AQHHBIX OT HOPMaABHOTO C MCIIOAb30BAHMEM  HBIil aHaAU3 C MOTPaBKoli o boHdeppoHu mokasaa,
kputepusi Koamoroposa-CMupHOBa MpMMEHsIAM ~ 4TO B TecTe «Pacro3HaBaHue HOBOrO 0ObeKTa»
pa3Hble MOAEAM AMCIIEPCHMOHHOTO aHAaAM3a KaK Yy CAMOK BO BCEX MICCAEAOBAHHBIX TPYIIIIaX BpeMs
cmerranHoro, Mixed ANOVA, Tak 1 AUCITIEPCUOH-  MCCAEAOBAHUS «HOBOTO» O0'bEKTa OBIAO 3HAYMMO
HOTO aHAAM3a AASL HE3aBUCHMBIX TIEPEMEHHBbIX  BBIIIE, YeM «3HAKOMOTO» obbekTa (p < 0,001)
ANOVA, c nocaepyomumu anocrepuopHeiMu  (puc. 1A).
mornpaBkamu 1o boudeppouu. Craructuvyeckue Bpems mccAepAOBaHUSI 3HAKOMOTO O0BEKTa
peleHys MPMHMMAAKUCH Ha 5%-M YDOBHE 3HaUM- Yy KOHTPOABHBIX CAMOK OBIAO 3HAYVMMO BBIIIIE, YeM
MOCTU. AHAaAU3 AAHHBIX IPOBOAMAM Ha OCHOBE Y CaMOK, IIOABepPruyThix rumnoxcuu (p = 0,016), ana-

IporpaMMHoOro kommaekca SPSS 20. AOTUYHAsI 3aKOHOMEPHOCTb BbISIBAEHA BO BpEMeHU
nccAeAoBaHus HOBOro oobexTa (p < 0,001). Pazanuns
Pesyabrarsi ccaepoBaHms MEXAY BPEMEHEM MICCAEAOBAHVISI MEXKAY KOHTPOAD-

CMelaHHBI AUCIIepCUOHHBI aHaAu3 ANOVA ~ HbIMIM KPbICAMM 1 KPbICAMI BCEX OCTAABHBIX TDYIII
OBIA MICIIOAB30BAH AASI AQHHBIX, IIOAY4YEHHBIX ObiAM TaKoKe 3HauUMBI (p < 0,05 — p < 0,01), Kak 3Ha-
B TeCTe «paclio3HaBaHMe HOBOrO 00beKTa»; 3a- KOMOIO, TaK 1 HE3HAKOMOTI'O obbexToB (puc. 1A).
BUCHMBbIe TIepeMeHHble — HOBBIN 1 CTapbiit 06b-  K09ULMEHT pacriosHaBaHMst CTATUCTUIECKM 3Ha-
eKTBI, GaKTOPhI: YCAOBME (KOHTPOAD, TUTIOKCHsI), VMO HE PasAMHMAACS MEXAY rpyrmamu (puc. 1B).

A B

35 0.8
e
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25

0.5

20
L

++H 0,3

Time, s

H

Novel object  Familiar object

[[] - Control+saline [ - Control+fluoxetine
. - Hypoxiatsaline . - Hypoxia+fluoxetine

Puc. 1. ViccaepoBaHMe TPOM3BOAUTEABHOCTH NTAMSITH B TECTE «PACIIO3HABAHYE HOBOI'O 00bEKTa» Y B3POCABIX
CaMOK KPBIC, TIOABEPTHYTHIX BO3AENCTBUIO TUIIOKCHY, PAYOKCETUHA U GU3MOAOTMYECKOTO PACTBOPa
B HEOHATAABHBII Tepuop pasButust. OpAMHaTa: BpeMsi AASI HOBOT'O VA 3HAKOMOTO 00beKTa (C).

(A): HOBBIIT M 3HAKOMBII1 00beKTHI, (B): K0adduimeHT pacnosHaBaHus. YpoBeHb 3HaUMMoOCTH: " — p < 0,001,
BpeMsI ICCAEAOBAHUS KHOBOTO» 0ObEKTA VS «3HAKOMOro» 00beKTa; * — p < 0,05, ** — p < 0,01, KOHTPOAD +
bUBMOAOTMYECKMIT PACTBOP VS TUIOKCYST + (PU3MOAOIMYIECKNIT PACTBOP. AQHHbBIE IIPEACTABAEHBL B BUAE
CPEAHEro + CTaHAApTHasI ommnbKa

Fig. 1. The study of memory performance in the test “recognition of a novel object” in adult female rats exposed
to hypoxia, fluoxetine and saline in the neonatal period of development. Ordinate: exploration time of a novel
or a familiar object. (A): novel and familiar objects, (B): recognition coefficient.

The level of significance: +++—p < 0.001, exploration time of novel vs. familiar object; *—p < 0.05, **—p < 0.01,
control + saline vs. hypoxia + saline. The data are presented as Mean + SEM
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ITpu nccaep0BaHMY CIIOCOOHOCTHM K IIPOCTPaH-
CTBEHHOMY 00y4€HMIO CMEIIaHHbII AVICIIEPCUOHHBII
aHaan3 ANOVA, dakTopsl: ycAOBMe (KOHTPOAb,
TUIOKCHUST), BO3AeNCTBIE (PU3UOAOTMUECKUN pac-
TBOP, AyokceTuH), AuHamuka (1, 2, 3, 4, 5 AeHb)
AAsT TIepBoIt Ipo6bI U (1, 2, 3, 4 AeHb) AAST BTOPOIT
MpOOBI TOKa3aA, UTO rAaBHbIe 9P HEKThI AAAY 3HA-
yrMoe BAMsiHMe AuHamuku F(4,28) = 73,83, p < 0,001,
n? = 0,913 1 B3auMOAECTBYUS AVHAMUKY Y YCAOBYST
F(4,28) = 3,4, p = 0,022, n* = 0,327, a TaK>Ke AMHA-
MUK 1 BosaevcTBus F(4,28) = 3,2, p = 0,028,
n? = 0,313 AAs mepBoit MpoObL. ABYX(paKTOPHBI
AVICTIEpDCUOHHBIN aHAAU3 TTOKa3aA, YTO TAaBHbIE
9pPexTh AaAM 3HAUMMOE BAUSIHUE YCAOBUS
F(1,31) =4,72, p = 0,038, n* = 0,132 11 BO3A€NCTBUSA
F(1,31) = 8,79, p = 0,006, n? = 0,221, a TaKkXe B3a-
VIMOAEVICTBUS yCAOBYS 1 Bo3aevicTBus F(1,31) = 6,65,
p = 0,015, n* = 0,177 AAst IepBOJ TPOOBI U IIEPBOIL
NoNbITKY. [TepBbIil AGHb TPEHNPOBKY B IIpOLjecce
IPOCTPaHCTBEHHOTO 00y4eHus B TecTe Moppuca
MPUHSTO PACCMATPMBATh KaK CaMblil 00'beKTHBHBII

-.O--- - Control+saline
—_—— Hypoxia+sa]ine
— -3 — - - Control+fluoxetine
—@— - Hypoxia+fluoxetine

254

20

Latency, s

[M0Ka3aTeAb AASI IPOCTPAHCTBEHHOTO O0Yy4YeHMs
(Vorhees, Williams 2014). AocTepropHbIit aHaAK3
¢ nomnpaBkoii 1o boudepponu nmokasaa, 4to B nep-
BbII1 A€Hb O0Y4YeHMsI TUTIOKCHSI YBEAMYMAQ BPeMs
AOCTVKEHMSI IAATPOPMBI (AATEHTHBIN MIEPUOA,
ATT) B nepBoii mpobe y B3pocabix Kpbic (p = 0,007)
(puc. 2A, B) 1o cpaBHEHMIO C KOHTPOAbHBIMM >KU-
BOTHBIMU.

HeoHaraAbHOe XpOHMYeCKOe BBeAeHMe PAYOK-
CeTMHA XMBOTHBIM, TOABEPTHYTHIM B II€PUOA HOBO-
POXXAEHHOCTH BO3AEVICTBUIO TUTIOKCUY, YMEHbLIN-
AO AaHHBIN MoKasaTeAb (p = 0,005), To ecTb
bayokcetun BocctaHoBUA Al AO KOHTPOABHOTO
ypoBHs (puc. 1A, B).

ITpu TecTMpOBaHMYM AMSATH CMELIAHHBIN AVIC-
nepcronHbi aHaAu3 ANOVA (daxTopsl: mamsTh
(KpaTKOBpeMeHHasl ¥ AOATOBPEMEHHasI), YCAOBUE
(KOHTPOAB, TUIIOKCHS), BO3AeCcTBIE (HU3NOAOTH-
4eCKUI1 pacTBOP, (PAYOKCETVH)) OOHAPYXKUA, YTO
rAaBHble 5 (DEKTBI AAAM 3HAYMMOE BAUSIHUE AAS
namsatu F(1,31) = 14,98, p = 0,001, n* = 0,326

- Control+saline

W - Hypoxia+saline
;
3 - Hypoxia+fluoxetine

30 Control+fluoxetine

25

20

Latency, s

Puc. 2. AaTeHTHBIIT TEPHOA AOCTVDKEHVST TAAT(GOPMBI B BOAHOM AabupuHTe Moppuca B IIepByIo mpody
B TeUYeHME MIATY TPEHUPOBOYHBIX AHEIT U BTOPYIO IIPOOY B TeYeHME YeThIPeX TPEHMPOBOYHBIX AHE
[IPOCTPAHCTBEHHOI'O 00yYEeHMsI Y BBPOCABIX KPBIC, IOABEPIHYTBIX BO3AEICTBIIO TUITOKCUM, (PAYOKCETMHA
1 PUBMOAOTMIECKOTO PACTBOPA B HEOHATAABHbIN 1epuoA passutusi (A). Abcuucca: mpobsi (1, 2), nsiTh
TpeHI/IPOBO‘IHbIX auent (D1-D5). OpanHara: Bpemsi AoCTDKeHMsI maardopmbl (aareHTHbI epuoA, AlT) (c).
(B) rpaq)MK MAAIOCTPUPYET PE3YABTAThI CTATUCTUYECKOTO QHAANM3A B IIEPBbII TPEHMPOBOYUHBIN A€Hb B ITpobe 1.
*—p < 0 01, KOHTPOAB + (HUBNOAOTMYECKUI PACTBOP VS TUIOKCYS + (PU3MOAOIMIECKUIL PACTBOP;
— p < 0,01, rumoxcust + GpU3MOAOrMYECKUIT PACTBOP VS TUIIOKCHUS + (PAYOKCETHH.
AaHHbIEe TPEACTABAEHBI B BUAE CPEAHETO + CTAaHAAPTHAsS OLIKOKa

Fig. 2. The latency of reaching the platform in the Morris water maze in the first trial during five training days
and the second trial during four training days of spatial learning in adult rats exposed to hypoxia, fluoxetine and
saline in the neonatal period of development (A). Abscissa: trials (1, 2), five training days (D1-D5). Ordinate:
the time of reaching the platform (s). (B): the results of statistical analysis on the first training day in trial 1.
**_—p < 0.01, control + saline vs hypoxia + saline; **—p < 0.01, hypoxia + saline vs hypoxia + fluoxetine.

The data are presented as Mean + SEM
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u ycaoBus F(1,31) = 11,02, p = 0,002, n* = 0,262.
Ilpu TecTupoBaHMM KPaTKOBPEMEHHON MaMsTU
aTNOCTEPUOPHBIN aHAAU3 C IOMIPABKO 1o boudep-
POHM IOKa3aA OTCYTCTBME 3HAUMMOTO Pa3AUYMs
MeXXAY BpeMeHeM IpeObIBaHus B LleA€BOM KBa-
APaHTe y TMIIOKCMYECKUX ¥ KOHTPOABHBIX KPBIC.
DAYOKCETVH YBEANYMA NPOM3BOAUTEABHOCTD
naMsITU Y IMIOKcUYeckux Kpoic (p = 0,017),
HO He M3MEHMA Y KOHTPOABHBIX XMBOTHBIX (p1C. 3A).
Ilpu TecTpoBaHUM AOATOBpPEMEHHOM MMaMATU
IUITOKCUST YBEAUYMAQ BpeMsi TIpeObIBaHMSI B LieAe-
BOM KBaApaHTe 10 CPAaBHEHUIO C KOHTPOAEM
(p =0,044), TO eCcTh yAyULLIMAQ IPOV3BOAUTEABHOCTD
AoAroBpemenHoM mamsiTu (puc. 3B). HeonaraabHoe
XpOHMYECKOEe BBeAeHE GAYOKCETVHA HE 3MEHMU-
AO 9TOT IIOKa3aTeAb MaMITU KaK Y KOHTPOABHBIX
KPBIC, TaK M Y KPBIC C BO3AENCTBMEM I'MIIOKCUN
(puc. 3B). Pazanumst MeXKAY IPOU3BOAUTEABHOCTBIO
KPaTKOBPEMEHHO! Y AOATOBPEMEHHOM MaMsTh
OOHapy’KeHbI Y TUTIOKCUYECKUX KPBIC C BBEAEHMEM

A

dbayokceruna (p = 0,007) (puc. 3A, B), a y KOHTpOAB-
HBIX KpbIC — Ha YpoBHe TeHAeHUMH (p = 0,054).
Takum 06pasoMm, Y B3pOCABIX KPBIC, TOABEPTHY-
TBIX YMEPEHHOI HOPMOOApHUUeCKOi TMIIOKCUN
VI BBEAEHMIO (P13M0AOTIYECKOTO PACTBOPA B HOBO-
POXAEHHOM IIepUoAe B TeueHue 14 AHell, yBeAu-
Y1AACh IPOU3BOAUTEABHOCTb AOATOBPEMEHHOI
HaMSITI 10 CPABHEHUIO C KOHTPOABHBIM 3HAYE€HMEM.
BBeaeHne PpAyoKceTUHA HE OKa3aA0 BPEAHOTO
BAUSIHUSI HA KOTHUTMBHBIE CIIOCOOHOCTU KakK
Yy KOHTPOABHBIX, TaK U Y )KUBOTHBIX, [TOABEPIHYThIX
IUITOKCUY B HOBOPOXKAEHHOM BO3pacTe.
OpAHOGMAKTOPHBIN AUCIIEPCUOHHBINT AHAAUS
ANOVA (daxTopsr: ycAoBHUE (KOHTPOAD, TUITOKCHSI),
Bo3AelcTBIE (Ppu3noAOrMIeCcKUil pacTBOP, GAYOK-
CeTUH)) TOKa3aA, YTO rAaBHbie 3G PEKThI AaAU
3HauMmoe BAMsiHue ycaoBusi: F(1,31) = 10,97,
p = 0,002, 1]2 = 0,261. AntocTepuOpHBIT aHAAN3
C onpasKoi1 1o boHpeppoHy okasaa, 4To ruIoK-
CUsI YBEAUYMAA COAEP’KaHMe KOPTUKOCTEPOHA

B Vv

40 1

35 1

30 A

251

20

Time, s

|:| - Control+saline

. - Hypoxia+tsaline

40 1

35

30 1 I

25 1

20 A1

Time, s

0 - L 1]

[ - Control+fluoxetine

Bl - Hypoxia+fluoxetine

Puc. 3. KparkoBpemenHasi (A) u AooaroBpemeHHast (B) mamsiTe B BoAHOM aabupunTte Moppuca y BSpOCABIX KPBIC,
HOABEPIHYTBIX BO3AENCTBUIO ITUITOKCUH, (HPAYOKCEeTHHA U PM3MOAOTMYECKOTO PAaCTBOPA B HEOHATAABHBII IIEPUOA
pasBuTust. OpAuHaTa: BpeMsi, IPOBEAEHHOE B LieAeBOM KBaapaHTe (c). * — p < 0,05, KOHTPOAb +
bU3MOAOTMYECKUIT PACTBOP VS TUIIOKCUS + Ppuanosorndeckuit pacteop; * — p < 0,05, KOHTPOAb + PAYOKCETUH
vs runokcust + payokcetus; ¥V — p < 0,01, KpaTKOBpeMeHHasl VS AOATOBPEMeEHHAsI IaMsITh.

AaHHbI€e TPEACTABAEHBI B BUAE CPEAHETO + CTAaHAAPTHAS OLIMOKa

Fig. 3. Short-term (A) and long-term (B) memory in the Morris water maze in adult rats exposed to hypoxia,
fluoxetine and saline in the neonatal period of development. Ordinate: the time spent in the target quadrant (s).
*—p < 0.05, control + saline vs hypoxia + saline; “—p < 0.05 control + fluoxetine vs hypoxia + fluoxetine,
YW—p < 0.01 short-term vs. long-term memory. The data are presented as Mean + SEM

UnmeepamusHas gﬁusumoeuﬂ, 2023, m. 4, Ne 1

85



Tunokcus u gﬁ/LyOKcemuH Y HOBOpO}I'[aeHHblx CAMOK KpblLC...

[0 CPaBHEHUIO C KOHTPOAbHBIM 3HAYEHUEM
(p = 0,028). HeoHaTaAbHOE XpOHUYECKOE BBEAEHIIE
bAyOKCeTHHA He U3MEHMAO YPOBEHb FOPMOHA KaK
Y KOHTPOABHBIX KPBIC, TAK U TIOBBILLIEHHBII YPOBEHb
TOPMOHA Y KPbIC C TUIIOKCHEN, 3HAYeHe KOPTUKO-
CTEpPOHA y KPBIC C TUITOKCHEN U GAYOKCETHHOM
OBIAO BBIIIIE, YeM Y KOHTPOABHBIX KPBIC C BBEAEHN -
eM paHHoro npemnapata (p = 0,024) (taba. 1).

Oo6cyxpaeHne

I'Tpu nccaepoBaHMM BAVISIHMSA HEOHATAaAbHOI
HOpPMO0ApUYeCKOy TUITOKCUM C TOHVKEHHO KOH-
LIeHTpaLiell KUCAOPOAQ BO BABIXaeMOM BO3AYXE,
BBI3bIBAIOLIEN AePULUT KMCAOPOAQ Y KPBICAT,
Ha CIOCOOHOCTD K IIPOCTPAHCTBEHHOMY 00y4€eHMIO,
MPOU3BOAUTEABHOCTD IPOCTPAHCTBEHHON KPaTKO-
BPEMEHHOV I AOATOBPEMEHHOV MaMSTU U COAEP-
JKaHMe KOPTUMKOCTEPOHA B ITAa3Me KPOBU B OTBET
Ha TeCTUPOBaHME AOATOBPEMEHHOI NMaMsITU
Y B3POCABIX CAMOK KPbIC 0OHaPY>KEHBI CAEAYIOLIVE
M3MeHeHM 10 CPAaBHEHUIO C KOHTPOAbHBIMY 3Ha-
YeHMSIMU. YXYALIEHVE CIIOCOOHOCTU K IIPOCTPaH-
CTBEHHOMY OOy4Y€eHMI0 HaOAIOAAAOCH TOABKO
B [IEPBBIIT A€Hb TPEHUPOBKH, CAMbII1 00bEKTUBHBII
NoKasaTeAb IIpU OLleHKe NMPOCTPAaHCTBEHHOIO
o6yuenus (Vorhees, Williams 2014). ['nnokcust
He BBI3bIBaAa AePULIUT KPAaTKOBPEMEHHO MaMATU
U AaXKe YAYYIIMAA MPOU3BOAUTEABHOCTD AOATO-
BpPeMEeHHO! MmaMATU. Pe3yAabTaThl, TOAyYEeHHBIE
B TeCTe «PaCIO3HaBaHVe HOBOTO OObEKTa» U BOA-
HOM AabupuHTe MOppuCa, MOATBEP)KAQIOT BBIBOA

00 OTCYTCTBUM HEOAATOIPUSITHOTO BAUSIHUS TH-
MOKCUY Ha IPOU3BOAUTEABHOCTD TaMsTU. [ToBbI-
IIIEHHAsI IPOVI3BOAUTEABHOCTb AOATOBPEMEHHO
HaMsATH COYETAAACH C DOAE€e BBICOKOI peaKTUBHO-
ctpio [TAKC B oTBeT Ha TeCTUpPOBaHME AOATOBpe-
MEHHOV MaMsATU. XpOHUYECKOe BBeAeHME (PAYOK-
CeTMHA HeOHATAAbHBIM KPBICSITaM He M3MEHMAO
MMOKa3aTeAU NMPOM3BOAUTEABHOCTU O0OUX TUIIOB
MaMSATU ¥ TOPMOHAABHOTO NTOKa3aTeAs KaK Y KOH-
TPOABHBIX, TaK Y TUITOKCUYECKMX B3POCABIX KPBIC.
[Tpu yxyaAllleHMM CIIOCOOHOCTU K OOy4YeHUIO,
BBI3BAaHHOM I'MITOKCHEN, PAYOKCETHH HOPMaAK30-
BaA AQTEHTHBII IIEPUOA AOCTVDKEHUS TAATGOPMBI,
a MpU YAYYIIEHUM NTPOM3BOAUTEABHOCTU AOATO-
BpPEMEHHOII MTaMSTH y TUITIOKCUYECKUX KPbIC (Ay-
OKCETVH He CHU3VA YAYUILIEHHBIV TOKA3aTEAD.
VImeroyiecst HEMHOT O4MICAE€HHBIE ICCAEAOBAHNSA
IO BAVISTHMIO HOPMOOApMUeCKol 'MIIOKCUM OOHa-
PY>XMBAIOT IPOTMBOPEYNBbIE AAHHbIE, B OTANYME
OT U3001AYSI pabOT 10 BAVSTHUIO TUIIOKCUM-ULIIEMUH,
KOTOPbIEe CBUAETEABCTBYIOT 00 YXYALIEHNUM KOTHU-
TUBHBIX, GM3MOAOTMYECKUX U MOPOreHeTUIeCKIX
nokasareaeit (Duran-Carabali et al. 2022; Sanches
et al. 2013). OTcyTCTBME EAMHCTBA B AM3AIIHE 9KC-
MEPUMEHTOB Y Pa3HbIX aBTOPOB (BO3PaCT U TI0A,
COCTaB ra30BOV CMeCH, BpeMsI BO3AENICTBUS TU-
IIOKCHY, MICIIOAb3YEMBbIN TECT) 3aTPYAHSIET CpaBHe-
HJi€ PE3YABTATOB C AAHHBIMY 10 BAUSIHIIO HOPMO-
6apuyeckon runokcun. Hanpumep, anokcus (100%
a30THas1 CMeCb, CEAbMOV A€HB )KV3HJ) He BbI3bIBa-
AQ VIBMEHEHMI1 B IIPOCTPAHCTBEHHOM O0y4YeHUNn
B BOAHOM AabVpuHTe Moppuca y B3pOCABIX CAaMLIOB

Taba. 1. CopeprkaHue KOPTMKOCTEPOHA B ITAa3Me KPOBM Y B3POCABIX CAMOK KPBIC B OTBET HA TECTMPOBAHME
AOATOBPEMEHHOII IaMsATH B BOAHOM AabupuHTe Moppuca

I'pynmsr

KopTukocrepoH (HMOAB/A)

KoHTpOAB + $p131OAOrMYECKUIT PACTBOP

669,5 £ 111,9

Iunoxcus + GpU3MOAOTMUECKMIT PAaCTBOP

1102,1 £ 125,2%

KoHTpoAb + dAyoKceTUH

735,4 £ 128,0

I'nokcust + GpAayokceTuH

1191,1 £ 125,2+

Ipumenanue: * — p < 0,05 0 CPABHEHUIO C KOHTPOAD + (PUMOAOTUYECKUIT pacTBop, * — p < 0,05 Mo cpaBHEHUIO

C KOHTPOAD + (PAYOKCETHUH.

Table 1. Corticosterone content in blood plasma in adult female rats in response to testing long-term memory
in the Morris water maze

Groups Corticosterone (nmol/l)
Control + saline 669.5+111.9
Hypoxia + saline 1102.1 + 125.2*

Control + fluoxetine 735.4 + 128.0

Hypoxia + fluoxetine

1191.1 £ 125.2+

Note: *—p < 0.05 compared with control + saline, +—p < 0.05 compared with control + fluoxetine.
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kpbic (Casolini et al. 2005); mpeHaTaAbHast TUTTOKCHSE
(7% xncaopopa, 14-i1 AeHb OepeMeHHOCTU) BbI-
3BaAa y 20-30-AHEBHOI'O MY>XCKOTO MOTOMCTBA
HapylleHye IaMsITh B TecTe «PacrosHaBaHyie HOBOTO
obbekTa» (Zhuravin et al. 2019). I'mnoxcus (8%
KMCAODPOAQ, BTOPOI A€Hb )KM3HU) HE BbI3BAAA U3-
MEeHEeHU! B MPOCTPAHCTBEHHOI MAMSTU B AabOu-
punte bapHca y 41-47-AHeBHBIX CaMLOB KpBbIC;
OAHAKO AOOaBA€HME HOBOTO CcTpecca (3ByKOBOM
CUTHAA) BBISIBUAO Y TUITOKCUYIECKMX KPBIC AePULIAT
namsitu (Sukhanova et al. 2019). B nepeuncaeHHbIX
paborax caMKu He OBIAY UCITOAb30BAHBIL.

BbIsiBAEHHOE HAMM OTCYTCTBUE IIOBPEXKAAIOLLe-
IO BAUSIHUS TUTIOKCUY Ha KOTHUTYBHBIE IT0Ka3aTe-
AU Y CAMOK KPBIC MOTAO OBITh BBI3BAaHO Helpore-
He30M B I'MIIIIOKaMIIe B3POCABIX KPBIC, YCMAMBAIOLIM
HEVIPOHAABHYIO ITAQCTUYHOCTD, OCHOBY MaMsTU
(Kempermann 2022; Toda, Gage 2018). Heitpore-
He3 BO B3POCAOM IMITIIOKAMIIE SIBASIETCSI yCTAHOB-
AennbiM ¢aktoMm (Kuhn et al. 2018), Toraa kax
nccAepoBaHme GopMUPOBaHMSI HEMIPOTeHe3a B XOA€E
MMOCTHAaTaABHOIO Pa3BUTHSI TOAPKO HAYMHAETCS
(Bond et al. 2022). Tak, moAy4eHHbIe B 3TOI 00-
AQCTU AQHHBIE TO3BOAUAU CAEAATH TIPEATIOAOXKEHIE
0 TOM, YTO PYHKLSI HEIPOHOB, KOTOPbIE TreHepy-
pyroTcs B 3y04aTol U3BMAMHE TMIITIOKAMIIA B paH-
HEM IMOAPOCTKOBOM BO3PaCTe U KOTOPbIE OIIpeAe-
ASIIOT TIOSIBA€HME TTPOCTPAHCTBEHHON HaBUT AL,
SIBASIETCST BpeMeHHOI1. [Ipu AOCTUKEeHUY TTOAOBO3-
PEAOro COCTOSIHMSI B AQHHOV CTPYKTYpe T'MIIIO-
KaMIIa [MOSIBASIIOTCSI HOBbIE HEPOHbI, BBITOAHSIIO-
11e AN THUBHYI0 GyHKLMIO HeiiporeHesa (Bond et
al. 2022; Masachs et al. 2021). Ecau npuHsTh
K CBEAEHUIO 3TU AQHHBIE, TO MOYXHO ITPEATIOAOXKIUTb,
YTO UHTEHCUBHOCTH U MPOAOAKUTEABHOCTD TIPU-
MEHEHHOT0 HaMM TUIMOKCUIECKOrO CTpecca
He MPEMATCTBOBAAU 0OPa30BAHIIO HOBBIX HEMPO-
HOB B I'MIIIIOKAMIIe Y BBPOCABIX KPbIC, 4TO CII0CO0-
CTBOBAAO YAYYIIEHWIO IPOCTPAHCTBEHHO MTAMSITH.
Kpowme Toro, ecTb AQHHBIE O TPOTEKTUBHOM BAUS-
HUY XSHAAVHIA IIPY MI3YYEHUU MTOCAEACTBUI M-
nokcuu-umemuu (Muntsant et al. 2019). B namem
9KCIIEPUMEHTE KPbICSITA TOCAE TUITOKCUU TOABED-
FaAMCh XOHAAMHTY (YKOABI GAYOKCeTUHA UAY u-
3MOAOTMYECKOTO PACTBOPA) B TEUEHVE ABYX HEAEAD.
CoueTaHue pasHbIX TUIIOB cTpecca (HEOHATaAbHAS
IUITOKCUS U TECTUPOBAHME MAMSITU Y KPBIC B ABYX
Pa3HBIX METOAMKAX) MOTAO TAK)Xe YAYYIINUTDb UC-
cAaepoBanHble mokasarean (Butkevich, Mikhailen-
ko 2018).

YBeAuveHNe BpeMeH! PeObIBaHUS B [EAEBOM
KBaApaHTe B BOAHOM AabupuHTe Moppuca y ru-
MOKCUYECKMX CAMOK COYETAAOCh C YBEAVYEHUEM
COAEP>KaHMSI KOPTUKOCTEPOHA B MAa3Me KPOBU
B OTBET Ha TECTUPOBaHIE AOATOBPEMEHHO IaMsi-
. DAYOKCETVH He 3MEHUA COAEPIKaHMEe KOPTH-

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1

KOCTEePOHA Y KOHTPOABHBIX KPbIC ¥ COXPaHMA MO-
BBILIEHHBI/I YPOBEHb CTPECCOPHOrO rOPMOHA
y I'MIIOKCUYECKUX KpbIC. TecHOe B3auMOAEICTBYIE
ITAKC c cepoTOHMHEPr1yecKoil CICTEMOI B OTBET
Ha CTPEeCC IOATBEPXKAAIOT AQHHBIE O TOM, UTO IIPU-
BBIKaH/E K CTPeCCy COIIPOBOXKAAETCS YBEANUEHM -
€M YYBCTBUTEABHOCTU MOCTCUHANTUYECKUX pe-
gernropoB 5-HT 1A (Goel et al. 2022; Philippe
et al. 2022). CepoTOHMH, KaK y>Ke YIOMJHAAOCH,
y4yacTByeT B GOPMUPOBAHUA U PETYASILIMU QYHKLUY
TUIIIOKAMIIA, UTPAIOIETO BEAYLIYIO POAB B Gop-
MMPOBAHUM NMPOCTPaHCTBeHHOM mamsaTu (Bom-
bardi et al. 2021).

[TpuHMMast BO BHUMaHMe UMEIOILYIOCs MHPOP-
Maluio 00 y4yacTuM CepOTOHMHEPTMYECKOI CUCTe-
™Mbl Hapspy ¢ ITAKC B apanranum K rumnoxcuye-
CKOMY CTpecCy, a TaKXe O IIPOTMBOPEUYNBOCTHU
AQHHBIX IT0 BAVSIHUIO (PAYOKCETVMHA B TIEPUHATAAD-
HBIJI IIEpMIOA Ha AQAbHelllllee pa3BUTVe KOTHUTYB-
HOVI Cepbl, MBI OLIEHVAU AOATOBPEMEHHOE HEOHA-
TaAbHOE AelICTBME (PAYOKCETVHA HA KOTHUTVIBHBIE
criocobHocTy 1 ITAKC y B3pOCABIX TUITOKCUYECKIX
VI KOHTPOABHBIX KMBOTHBIX. [loAyuyeHHBIE HAMU
Pe3yABTaTBl CBUAETEABCTBYIOT O TOM, YTO XPOHMU-
yecKoe BBeAeHNUe (PAYOKCeTVHA HEOHATAABHBIM
KpbICaM He BBI3bIBAET HEOAArOMPUSITHOIO BO3AEN-
CTBMUSI Ha MICCAEAOBAHHbIE IIOKa3aTeA IaMsTU
Y KOHTPOABHBIX 1 TUIIOKCUYECKUX KpbIC. OTCyTCTBYE
pasanuui B KoadodulmeHTe pacrnosHaBaHUs
B ADYTOM IIOBEAEHYECKOM TeCTe «paclo3HaBaHNe
HOBOI'O 00'beKTa» TAaK)Ke YKa3bIBaeT Ha OAaronpu-
SATHOE BAMSTHYE KaK HOPMOOapUUYeCcKoil TUITOKCUMY,
TaK 1 PAyOKCeTMHA Ha IIPOU3BOAUTEABHOCTD I1a-
MSTY B3POCABIX KPBIC. Y KOHTPOABHBIX KPBIC (PAY-
OKCETVH He BbI3bIBAaA IBMEHEHMII B IPOCTPAHCTBEH-
HOM OOy4YeHUM U MIPOU3BOAUTEABHOCTY MAMSTH,
a Y TMIIOKCUYECKUX KPbIC COXPaHUA YCUAEHNE ITPO-
U3BOAUTEABHOCTY AOATOBPEMEHHOI IIAMSITH, BbI-
3BaHHOE rurnokcueit. Pe3yabraTsl 0 60Aee HU3KO
IIPOM3BOAVUTEABHOCTY AOATOBPEMEHHO 110 CPaB-
HEHVIO C KpaTKOBPEMEHHOM NMaMATbIO MOTYT CBU-
AETEeAbCTBOBATb B IIOAB3Y IPEACTAaBAEHUN
00 yyacTuy pasHbIX TUIIOB CMHANTUYECKOI IAQ-
CTUYHOCTH B PA3HBIX TUIIAX NAMATHU. AelICTBUTEAD-
HO, €CTb AQHHBIE, UYTO B OCHOBE KPaTKOBPEeMeHHOI
11 AOATOBPDEMEHHOJ MaMATU A€XAT Pa3ANYHbIE
TUIIBI CMHANITUYECKOV ITAACTUYHOCTY, MHOTME U3
KOTOPBIX 3aBUCAT OT aKTMBALIM PA3HDIX IIOATUIIOB
peLieriTopa TAyTaMaTa, KOTOPbIl 3aHMMaeT LieH-
TpaAbHOE MeCTO B bopmupoBanuu nmamsitu (France
et al. 2022).

AevicTBre GAyOKCETVHA 3aKAIOYAETCS B OAOKa-
Ae Tpa"cnopTepa 5-HT, uTo npuBOAUT K HaKoTAe-
HUIO MeAMaTOpa B CMHAITMYECKON IeAV M MeX-
KAETOUYHOM IIpocTpaHcTBe. [Ipoucxoasiiiee npu
3TOM yCHMAEHVE aKTUBHOCTU CepOTOHMHOBBIX
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peLienToOpOB B3aMOCBSI3aHO C UI3MEHEHUSIMU Hell-
POIAQCTUYHOCTH, YTO CIIOCOOCTBYET MOBBIILIEHUIO
PETYASILIMY CUHANITUYECKMX O€AKOB 1 IIOCAEAYIOLLEN
IIAOTHOCTM A€HAPUTHBIX IIVIMKOB, KOTOPBIE Ur'pa-
I0T B&)KHYIO POAB B QYHKLMOHMPOBAHUY MEXaHU3-
MOB CHHAIITU4YeCKON MAACTUYHOCTHU U HOpMUPO-
BaHuM namsatu. CoobiiaeTcs, 4YT0 KOAUYECTBO
VI TUIL AEHAPUTHBIX LIUITMKOB MOTYT OBITh ICITOAB-
30BaHBI AASI OTIPEAEAEHUS B3aMMOCBSI3Y MEXAY
(YHKLVMOHAABHBIM COCTOSIHMEM HEPBHBIX KAETOK
VI IOBeAeHMEM, 0COOEHHO B KOTHUTVBHOM QYHKLIMN
(Alizadeh-Ezdini, Vatanparast 2022). O6HapyxeHO
XOPOILO AOKYMEHTMPOBAHHOE B3aVIMOAENCTBIE
MEXAY >KEHCKMMU TIOAOBBIMY TOPMOHaMMU 3CTPO-
reHaMu, MaMsIThI0 U IIAOTHOCTBIO AEHAPUTHBIX
mnnyKoB Kak B CAl runmnokama, Tak ¥ B MEAU-
aabHoI1 pedpponTaspHOM Kope (Frankfurt, Luine
2015). HoBbie MmopdoreHeTnvYeCKrEe AaHHbIE
Ha MBIIIAX MI03BOASIIOT IIPEAITOAOXKUTD CBSI3b A€H-
APWTHBIX LIMITMKOB B TUIIITOKAMITE, TOBPEXXAQEMBIX
TUITOKCYEN, U KOTHUTUBHOTO MTOBEAEHUS C TPAHC-
noptepom 5-HT, ocobeHHO B paHHMIT KPUTUYECKUIT
nepuoA passutus mosra (De Gregorio et al. 2022).
ITo AaHHBIM AUTEpPATYPBl, PAYOKCETUH CTUMYAU-
PYeT 9HAOTEHHBIl HellporeHes, ClIoCoOOCTBYeT
BbDKMBaHUIO HerpoHoB (Khodanovich et al. 2018),
a TaKKe MHAYLMpYeT ayTodarmio u ycuAmuBaeT
(barouuTO3 B MUKPOTAUY, YTO, KaK II0AAraioT, MO-
JKET OBITh HOBBIM MOAEKYASIPHBIM ME€XaHU3MOM
HEPOBOCIIAAUTEABHOTO U HEMPOIPOTEKTOPHOTO
s dexTa payokceruna (Park et al. 2021).

B 3akAwueHMe, TOAYYEeHHbIE HOBbIE AQHHBIE
CBUAETEABCTBYIOT O TOM, YTO OCTpast HopMobapu-
YyecKasi TUIIOKCUST Y HOBOPOXXAEHHBIX CAMOK KPBIC
He M3MEHsIeT NPOV3BOAUTEABHOCTD KpPaTKOBpe-
MEHHO MaMST! U YCUAMBAET AOATOBPEMEHHYIO
maMsThb BO B3POCAOM BO3PacTe, YTO COYETAETCS
c yBeanuenueM peakTuBHocTu ITAKC. AerictBue
(bAyOKCeTMHA MOYKHO PaCCMaTpPUBATh KAK IMPOTEK-
TUBHO€, XpPOHMYECKOEe BBeAeHMe (PAyoKceTHHa
HEOHATAABHBIM KPBICSITAM HOPMaAU3yeT CHVDKEH-
HYIO TMITIOKCHEN CITOCOOHOCTb K 00y4YeHMIo, HO He
HAapYyILIaeT IPOM3BOAUTEABHOCTD TAMSTH Y KOHTPOAD-
HBIX )KUBOTHBIX U He CHV)KQeT BbI3BAHHOE TMITOKCH-
el yCUA€HVe TIPOMBBOAUTEABHOCTH ITAMSITH.
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Annomanyusa. C momenta otkpbitus T. X. Mopranom B 1910 r. ren white ApO30(pUABI CTAA OAHUM U3
HanboAee MHTEHCUBHO M3y4aeMbIX U LIMPOKO MCIIOAB30BAACS B KaueCTBE I€HETUYECKOr0 MapKepa.
MHorouncAeHHble KAIOUEBbIe HAyUHble OTKPBITHS ObIAY CAEAQHBI C IIPUBA€YEHVEM TPAHCTEHHBIX AVIHUIA
Drosophila melanogaster, MHOTe 13 KOTOPBIX CKOHCTPYMPOBAHbI Ha FeHETUYECKOM (POHE MyTaHTHBIX AMHUI
white. Kopupyewmpiit reHoM white ABC-1iepeHOCYIK KPUTUYECKM BayKEH He TOABKO AASI OMIOCHHTE3a TAA3HBIX
MUTMEHTOB, HO U AASI TPAHCIIOPTMPOBKY MHOTMX MOAEKYASIPHBIX CYOCTPaTOB, B TOM 4MCA€ OMOTEHHBIX
AMMHOB 1 HEJIPOTPAHCMUTTEPOB. DTUM 00YCAOBAEH TOT PAKT, YTO AQHHASI MyTaLsI IPUBOAUT K 0OPa3oBaHMIO
CAOXKHOTO (peHOTUIIA, 3aTParkBalOIIero He TOAbKO HapyIIeHMs 3pEeHNs, HO ¥ ABUTaTEABbHYIO U IIOAOBYIO
aKTUBHOCTb, YCTOMYMBOCTb K AEIICTBUIO CTPECCA, CIOCOOHOCTb K 00YYeHUI0 ¥ GOPMUPOBAHUIO TAMATH.
T'eH white urpaeT poAb B HECKOABKMX ITApaAMTMaX 00yueHNsl, YXyALllast OTlepaHTHOe O0y4eHMe 1 He 3aTparusasi
oAabdakTopHoe. LleAb AaHHOI paboThI COCTOSIAA B OLIEHKE pOoAU MyTauuu w''’ Aposoduabl B 00yuyeHUn
1 GOpMUPOBaHUY TAMSITI B TAPAAUTME YCAOBHO-PEPAEKTOPHOTO TOAABAEHMSI YXQKMBAHWSI, OCHOBAHHOTO
Ha 0Ab(GAKTOPHBIX CTUMYAaX. BriepBble MOKa3aHoO, YTO MYTaHTHasi AMHuUs w'’® sBAsieTCs ciocoOHOI
K 00Y4YEeHMIO U XapaKTepu3yeTCs HOPMAABHBIM IPOTEKAHVEM IIPOLIECCOB CPEAHECPOYHON U AOATOCPOYHOI
HaMATH, KaK B HOPMAAbHBIX YCAOBUSAX, TaK IIPU BO3AENICTBUY TEIIAOBOTIO IIOKA.

Karouesote crosa: pApozoduaa, myrauust white, 06ydeHue, MaMsATh, YCAOBHO-Pe(PAEKTOPHOE IIOAABAEHIIE
YXQKUBAHMS
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Abstract. Since the discovery by T. H. Morgan in 1910, Drosophila white gene has become one of the most
intensively studied and has been widely used as a genetic marker. Numerous key scientific discoveries have
been made involving Drosophila melanogaster transgenic stocks, many of which are engineered against
the genetic background of white mutant stocks. The white gene encoded ABC-transporter is critical not
only for the biosynthesis of eye pigments, but also for the transport of many molecular substrates, including
biogenic amines and neurotransmitters. This is due to the fact that this mutation leads to the formation
of a complex phenotype that affects not only vision, but also locomotor and sexual activity, resistance to
stress, learning and memory formation. The white gene plays a role in several learning paradigms, degrading
operant learning and not affecting olfactory. The aim of this study was to assess the role of Drosophila w''*¢
mutation in learning and memory formation in the conditioned courtship suppression based on olfactory
stimuli. For the first time, it has been shown that the w'/”® mutant is capable of learning and has normal
medium-term and long-term memory, both under normal conditions and under the influence of heat

shock.

Keywords: Drosophila, white mutation, learning, memory, conditioned courtship suppression

Beaviii — amo BoBce He HeUmpaibHblil UBerm.
2o UBem CHOKOLICHBUA — APKULL, HO He KPUHAUAUIL.

Yormep Atizexcon «Cmus Awobc: buoepagpus»
2011

Beepaenue

VicTopusi usydeHus reHa white (w) Apo30¢duAbI
HacuuTbiBaeT y>xe cBbilie 100 aeT. BriepBble oH
ormucad B 1910 r. Tomacom Xantom MopraHow,
OTMETUBILM, UTO 3TOT ['eH HaCAEAYETCSI CLIEIIAEH-
HO ¢ moAoM (Morgan 1910). MaaBuH Ipun moaa-
raeT 3TO OTKPBITYE HAYAAOM COBPEMEHHOI reHe-
tuku (Green 2010). DKcmepuMeHTaAbHbIE
AOKa3aTeAbCTBa CBsI3u reHa white ¢ X-XpoMOCOMOIt
6b1AM TIOAYYeHbI B 1916 1. KaaBuHoM Bpuaskecom
(Bridges 1916). PoAp AQHHOTO reHa B CTAHOBAEHUY
U Pa3BUTUM TEHETUKY HEBO3MOYXHO ITEePEOLIeHUTb.
K ero nsyueHnio oobpaIjaanch yueHsble IIpy UCCAE-
AOBAHIY reTePOXPOMATIHA 1 3P PeKTa MOAOKEHNS,
AO30BOJT KOMIIEHCAL[Y, MOOVABHBIX T€HETUYECKIX
SAE€MEHTOB, MEXaHM3MOB MHCEPLIMIOHHOTO MyTare-
He3a, KpoccuHroBepa (Green 2010).

OAHaKO I10 BOIIPOCY IIPUPOABI TOTO I'eHa yde-
Hble AOATO He MOTAY IPUITU K €AMHOMY MHEHHIO.
daBapA Abouc orMmeuaet, 4To Aabdpea Tenpu
CrépreBaHT CUMTaA 3TO CrielPpUIHOI MyTaLyel],
a Askopax Yaac bupa — HabopoMm aaseAelt, BKAIO-
varowum Aukuit i (Lewis 1995). Ha ceropHsmsmin
A€HDb 1I3BECTHO, YTO AOKYC While XapaKTepu3yeTcs
AOCTAaTOYHO CAOXXHOM AAA€ABHOM CTPYKTYPOJ.
CoraacHo FlyBase nacuntbiBaetcs 1024 xaaccu-
YeCKMX MAY MHCEPLIMOHHBIX aAA€AbHBIX BAPMAHTA,
313 xpomocomHbIX abeppatiuii u 436 TpaHCTeHHBIX
KOHCTPYKTOB. VI3MeHeHMs, Aexkalliyie B OCHOBe 3TOM
BapuabeAbHOCTH, Pa3HOOOPAa3HBI 110 CBOEI Ipy-
poAe: OT eAVHUYHBIX 3aMeH HYKA€OTUAOB AO Ae-
A€, MHCepLMI U AYNIAMKaLuil. BcaeacTBue
3TOro o06pasylTCsa pasAUYHble PEeHOTUMNYECKIe
BapMaHTHI (OT MIOAHOM AENUIMEHTALMU TAa3 AO
KOPUYHEBBIX OTTEHKOB) (puc. 1).

T'en white* kopupyeTt TpancmeM6panHbiit ABC-
MepeHoCuYuK (puc. 2), KOTOPbIN OCYLIECTBASIET
TPaHCIOPT 3-TUAPOKCUMKMHYPEHNHa — IpeAlie-
CTBEHHMKA IAQ3HOT0 MUrMeHTa oMmMoxpoma. OpHa
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E. A. HukumuHa

Puc. 1. Aaaeau aokyca white Drosophila melanogaster. A — pvxuit tun, B — white'''s, C — white

mdh

(Gibert, Peronnet 2021)

Fig. 1. Drosophila melanogaster white locus alleles. A—wild type, B—white!!’$, C—white"*
(Gibert, Peronnet 2021)

13 QYHKLMIT MATMEHTHBIX TPAHYA rAa3a MyXu —
YAY‘IH_U/[Tb OCTpOTY 3pE€HMA 3a CUET ONITUYECKON
MBOASILIMY PAOAOMEPOB BHYTPU KaXKAOT'O OMMATH-
Avisi. COOTBETCTBEHHO, MYyX! W MMEIOT ITOBBIILIEH-
HYIO CBETOUYBCTBUTEABHOCTb (Wu, Wong 1977),
HO HEAOCTATOYHYI0 ocTpoTy 3peHus (Kalmus 1943).
Apyras GyHKUus OeAaKa white 3aKAI0YAETCS B 3a-
e GOTOPELENTOPOB CETYATKM OT YPE3MEPHOTO
BosaenctBus csera (Richard et al. 2022). Aanubin
reH 9KCIPeCCUPYETCsi B OCHOBHOM B IIUTMEHTHBIX
KAETKAX IAa3, MAABIIUTMEBBIX KAHAABLIAX Y CEMEH-

3HN

Hukax (Evans et al. 2008; Sullivan, Sullivan 1975).
OueHb HU3KME YPOBHU DKCIIPECCUU OTMeEYEHbI
B TAMM U HeilpoHax Mosra (Borycz et al. 2008).
Kpowme Toro, 6eaok white TpaHcioptupyeT b1uoammu-
HBI, HEIPOMEAMATOPBL, IPOMEXYTOYHbIE TPOAYKTHI
MeTaboAM3Ma, BTopuuHble mocpeAHuKn (Borycz et
al. 2008; Evans et al. 2008). Ten white aBasieTcs
TeHOM AOMaAIIIHEro XO3sMICTBa B LIeHTPAaAbHOM
HEPBHOM CHCTeMe B AOIIOAHEHME K CBOe KAACCU-
4eCKOM pOAMU B murmeHTauuu raas (Xiao, Robertson
2017).

COOH

CYTOPLASM

Puc. 2. MoaeAb cyObeaAHNLIBL, KOAMPYeMOTL wWhite. Y1CAa BHYTPU [TETEAD YKa3bIBAIOT KOAMYECTBO AMUHOKUCAOT
B meTAe. PacrpepeAeHne 3apsoKeHHBIX aMUHOKUCAOT 0003HaueHo + uAau — (Ewart et al. 1994)

Fig. 2. A model of the white-encoded subunit. The numbers inside the intra-helical loops indicate the number
of amino acids in the loop. The relative distribution of charged amino acids is indicated by + or — (Ewart et al. 1994)
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ITpoAyKT rena white yqacTByeT B MeTaboAM3Me
ryaHMHa U TpUnrTodpaHa, HEOOXOAMMBIX AASI CUH-
Te3a KpacHOro (ApO30mTeprHa) U KOPUYHEBOTO
(omMoxpoma) nmurmeHTOB Hacekombix (Ewart et al.
1994). Y Apo3o¢uabl MeTabOAM3M AQHHBIX AMVHO-
KICAOT CBsI3aH C OMOCHHTE30M AOTIAMVHA 1 CEPOTOHU-
Ha (puc. 3). MyTaHTBI 110 TeHy white XapaKTepU3yTCst
VI3MEHEHHBIM KOAMYECTBOM UM pacCIipeAeAeHMeM
B TKQHSIX 9TUX HelpoTpaHcMuTTepoB (Borycz et al.
2008). Takum o6pa3om, reH white BOBA€YEH B Hell-
POHAABHBII KOHTPOAb Pa3AMYHBIX (POPM ITOBEAEHNSL.

Pa3AuyHbIEe MYTaHTHbIE AMHUY T10 AOKYCY White
XapaKTePU3YITCS OTAUYUSMY B YPOBHE AOKOMO-
TOPHO aAKTUBHOCTH, A€KAI[ell B OCHOBE OOABIINH-
CTBa IIOBEAEHYECKMX AaKTOB — C YBEAUYEHUEM
VIHTEHCVBHOCTM ITUTMEHTALMM BO3PACTAAM 3HAUE-
HJS1 AOKOMOTOPHOM aKTMBHOCTY CAMOK Y CaMILIOB,
HaVMeEHBIIVIMY IT0Ka3aTeAsIMM XapaKTepPU30BaALCh
6eaoraasbie myxu w! (Kostenko, Vorobyova 2012).
[MTpu sTom myTauus w8 npuBoAUT K U36UpaTeAb-
HOMY YBEAVYEHUIO BBICOKOYACTOTHbIX (> 0,1 I')
ABUTaTeAbHbIX KOMIIOHeHTOB (Xiao, Qiu 2021).

v LU B
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CEPOTOHHH o= TpEOTOgAE 1 THPO3IHH
TeTparHIpoOHONTEepHE -""’-’ l
1 JONAMHH
OMMOXpOM Opo30NTEePHH

~

/

UK TTE W

Puc. 3. BoBaeueHHOCTD GeAka white B OMOCHHTE3 TAA3HBIX IUTMEHTOB APO30(]UABI I HEIPOTPAHCMUTTEPOB
CEPOTOHMHA U AOTIAMMHA
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Fig. 3. Involvement of white protein in the biosynthesis of Drosophila eye pigments and neurotransmitters
serotonin and dopamine
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Tax)ke BbIsIBA€Ha BOBAEYEHHOCTD I'eHa White B BOC-
CTAHOBAEHME ABUTaTEAbHON aKTUBHOCTU —
[0 CPAaBHEHMIO C AUKUM TUIIOM MYTaHTbI w!!8
3HAUUTEABHO MEAAEHHEEe BOCCTAHABAMBAAU AOKO-
MOTOPHYIO aKTMBHOCTB IocAe aHokcuu (Xiao,
Robertson 2016). 9To MOATBEP>KAQET MAEMOTPOII-
Hoe AevicTBue myTauvv white (Hersh 2016).

AomaMuH y Ap030pUABI MOAYAMPYET IIUPOKUI
CIIEKTP MOBEAEHMSI, OT CHA U ABVDKEHUSI AO YXKM -
BaHMS U 00y4yeHus1. Ero moBbIIEeHHDIN YPOBEHD
NPUBOAUT K YBEAMYEHMIO 001ero BO30yXAeHus,
4TO BA€YET 32 COOOI MOBBILIEHHYIO TIOBEAEHYECKYIO
PeakTUBHOCTD, @ UMEHHO OOAee SHEPIUYHbIE AKThI
yxakuBanus (Van Swinderen, Andretic 2011).
ITO COrAaCyeTCsi C pe3yAbTaTaMy MCCAEAOBAHUS
arpeccMBHOCTY MYTaHTOB White. MyTaHTHbIe caM-
1Ibl, HECYII[Vie HYAEBYIO aAAeAb w5, neMoHCTpU-
POBaAY pe3KO CHVDKEHHBIN YPOBEHb arpeccuu (AULIb
3% OT YpOBHSI AMKOTO THUIA). DTO MOXET OBITh
00BSICHEHO HEOOXOAUMOCTDBIO AASI pPeaAM3aLnn
arpecCUBHOTO MTOBEAEHNS IOAHOLIEHHOTO 3PUTEAD-
HOTO BOCIIPUSTUS, HAPYLIEHHOTO Y 6€AOrAa3bixX
Myx. OAHaKO Y TPQHCTE€HHBIX MYX C HOPMaAbHBIM
[[BETOM I'Aa3 Ha reHeTuyeckoMm doue w!i ckaou-
HOCTb K arpeccuy BOCCTaHABAMBAAACh AMIIb Ya-
ctuaHo (Hoyer et al. 2008). HeTpuBuaabHble AaH-
HbI€ TIOAYYEHBI IIPY U3YYEHUN CHA Y APO30UABI,
OTAMYAIOLIEr0CsI BBIPQXKEHHBIMY MEXXAMHENHBIMU
pasamumsaMu. Aass myTaHToB w!!’® xapakTepHa
00ABILIas TIPOAOAKUTEAPHOCTb HOYHOT'O CHA CaM-
110B I10 CPAaBHEHMIO C CAMKaM/ Y OTIAOAOTBOPEHHBIX
CaMOK II0 CPaBHEHUIO C AeBCTBEeHHbIMU (Zimmer-
man et al. 2012).

MyTrauus white TaK)ke IPUBOAUT K U3MEHEHUIO
MOBEAEHMS YXa)KMBAHUS U CIIOCOOHOCTU K 00yyue-
Huto. Enre B 1915 1. CrépreBaHT MucaA, YTO CaMLibl
white MeHee YCIIeIIHbI B yXa)KMBaHUH 32 CAMKaMU,
HEXXKEeAU caMlibl AKoro tuma (Sturtevant 1915).
OAHaKO AO CUX ITOpP HET IPSIMBIX AOKa3aTEAbCTB
BOBAEYEHHOCTH 3TOTO I'eHa B YCIIEIHOCTb CIIapy-
BaHusA caMmua 1 caMku. VccaepoBanue Kocrenko,
IOCBSII[EHHOE aHAAM3Y IOAOBOTO IIOBEAEHMS, T10-
Ka3aA0, YTO MYTAHTBI [0 AOKYCY White c 6oAee
VIHTEHCVBHON MUTMEHTALell XapaKTepu3yoTCs
AKTVBHBIM [TOBEAEHVEM HA CTAAMSX YXQKUBAHMSL.
BbisiBA€HA CBSI3b MEXXAY BpEMEHHBIMY PU3HAKAMU
IIOAOBOTO TIOBEAEHMSI U CTENEHbIO MUTMEeHTaLUN
rAaas MMaro, KOTOpasi IOKa3bIBAET, YTO AASI MHTEH-
CUBHO MUTMEHTHPOBAHHBIX 0COOEN XapaKTepHbIM
SIBASIETCST MEHbIIIAS 3aA€P>KKa KOMYASILIUA U, CAe-
AOBaTeAbHO, 60Aee AAMTeABHDIN ee Tporiecc (Kosten-
ko 2017). CxoaHble AQHHBIE TIOAYYEHBI Y KaHAA-
CKMMMU yueHbIMM: 82,5% MyX AMKOTO TUIIa KOITyAU-
poBaau B TeueHue 60 MMH, B TO BpEMS AULIb €AV-
HUYHbIE MYTaHTbl W'!/® BCTymaAu B KOIYASILIMIO,
IIpUYEeM 3Ta CIOCOOHOCTD ObIAQ HApYIlIeHa IMEHHO

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1

y camuos (Xiao et al. 2017). ITo-Bupumomy, Ha-
0Ar0paeMble usMeHeHust moaoBoro (Kostenko 2017)
u paBurareabHoro nosepenus (Kostenko, Voro-
byova 2012) Ha MOA€AY AOKYCa White IMEIOT O0IIyI0
IIPUPOAY U CBSI3aHBI C IIAEMIOTPOIHBIM 3PP eKTOM
MyTalMii, HapylIalouux ooMeH TpunrodaHa
Y TIPUBOASIIVIX K HAKOIIAEHUIO ITPOMEXKYTOUHBIX
MeTab0AUTOB B opranuame myxu (Zhuravlev et al.
2020).

YnoMsiHyTOe Bblllle YBeAUdeHMe 001iero Bos-
Oy>XAEHNs CAaMLIOB W, IIPUBOASILIIee K BO3PACTAHUIO
VIHTEHCUBHOCTY yX2)XMBAHNUsI, MOXKET VIMETDb KOC-
BeHHBIM 3G (PEKTOM YCUAEHHOE yXa)KMBaHUeE CaM-
11a 3a caML[OM. B psiae nccaepoBaHMIT MOKa3aHoO,
YTO SKTONMMYECKAs] SKCIIPECCHsI TeHa White UHAY-
LMpYyeT yXa)KMBaHMe caMLja 3a camioM. [Tpu aTom
B IPYIIIIE HACEKOMBIX MOT'YT 00pa30BbIBAThCS 1ie-
IIOYKY Y KPYT'M M3 YX@KMBAIOIVX APYT 32 APYTOM
camuoB (Anaka et al. 2008; Zhang, Odenwald 1995).

MyTauus white BAUSIET Ha ITOBEAEHNE YXQKU-
BaHuA. Y camuioB W//'® akTMBHOCTD yXa)KMBaHU
OblAQ PEe3KO CHIKEHA IO CPABHEHMIO C AVKUM
TUIIOM IIPM AHEBHOM CBETE, HO He B TEMHOTE.
ABTOpDBI [TOAATAIOT, YTO HAOAIOAQEMbIE IMU 13-
MEHEHMsI TIOBEAEHUS YXQKUBAHUS MOTYT OBITh
00ycAOBA€HbI HU3KMM YpoBHeM cepoToHMHa (Krstic
et al. 2013). K paccMoTpeHU0 poAU CEPOTOHMHA
obpatuauch 1 CutapamMaH ¢ COaBTOpaMM, ITOKa-
3aBlIye HapyLIeHVe OTIEPAHTHOTO IIPOCTPAHCTBEH-
HOTO 00yuYeHMs M maMATU y MyTaHTa w'''8, AHaan3
AQHHBIX 10 (PapMaKOAOTMYECKOI KOPPEKLIM YPOB-
Hell CEPOTOHMHA 1 AOTIAMVHA T03BOASIET ITPEATIO-
AOXUTbD, YTO MMEHHO CEPOTOHMH MOXET ObITh
BOBA€YeH B (pOpPMUPOBaHME MIPOCTPAHCTBEHHOM
namsaTu y Aposoduasr (Sitaraman et al. 2008).
OAHaKO YPOBHM CEPOTOHMHA B TOAOBaX AMKOIO
TUIIA B 9TOM UCCAEAOBAHUY OBIAU BBILLE MO CPaB-
HEHMIO C ApyruMu paboramu. boaee Toro, fpaan
C COQBTOpaMU He OOHAPY)XMAM Pa3AMUMIL B YPOBHSIX
CepOTOHMHA B MO3re MyTaHTa w!/’®y Mmyx AMKoro
tuna (Yarali et al. 2009). B aT0i1 cBSI31 BHUMaHMUe
VICCAEAOBATeA€ ObIAO HAIIPaBAEHO Ha ApyTue 6110-
XuMuyeckue myT. Maitepc ¢ KOAAeraMi CBSI3bI-
BalOT OOHapy>KeHHbIe MU AedeKTbl 0Ab(AKTOp-
HOT'O aCCOLMATUBHOrO o0y4yeHus y Mmyranra w'i's
C HapylLIeHMsIMY ToOMeocTa3a XoaecTepuHa (Myers
et al. 2021). ABTOpBI TIOKA3aAH, YTO B MTAPAAUTME
0Ab(PAKTOPHOTO ACCOLIMATUBHOIO O0YY€EHNs C He-
TaTUBHBIM MOAKDEIIAEHMEM SAEKTPOILIOKOM MY-
TaHTHbIE caMLbl W!!'¥ 0Oy4aroTCs Xy>Ke 10 CpaBHe-
HUIO C AMKUM TuUnoM. KpaitHe MHTepeCcHBIM
SIBASIETCSI TOT aKT, YTO NPU AOTIOAHUTEABHBIX
TPEHMPOBKaX MyTaHTHbIe caMLipl W/ pocTuraan
ypOBHsI 00y4eHnst Avkoro tuma. [Topo6HbI1 adexT
OBIA IIOKa3aH U paHee APYTMMM VICCAEAOBATEASIMY —
IpEABAPUTEAbHbIE TPEHUPOBKY MOBBIIIAAY YACTOTY
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KomyAsityu y mytanTa w'!’8 (Xiao et al. 2017). Omnpit
CIIapUBAHMUSL CIOCOOCTBYET U YAYUIIEHUIO SIIM30-
AVYECKOM ABUTAaTEABHOM aKTUBHOCTU, CHUKEHHOM
y mytanTa w''’® (Qiu et al. 2021).

B 57011 CBS1311 BO3HMKaeT 0OOCHOBAHHBIIT BOITPOC —
BAMsIET AU MyTauus white Ha oOy4yeHre 1 TaMsITh
APO30]UABI B TapaAUrMe yCAOBHO-pe(dAEKTOPHO-
ro nopaBaeHust yxaxxupaHus? IIpeumyinecTBo
AQHHOI METOAVIKM — €€ eCTeCTBEHHOCTD U pU3No-
AOTMYHOCTD, B OTAMYME OT METOAQ O0y4eHUs
C HEraTUBHBIM MOAKPEIIAEHNEM SAEKTPOLIOKOM
(Zhuravlev et al. 2015). Kpome Toro, mokasaHo, 4To
y MyTaHToB W///8 HapyleHa yCTONYMBOCTD K pas-
AVYHBIM BUAAM CTpecca (roaop, oboraimeHHas
CcaxapoM AMETa, BO3AENCTBUE IIEPEKNUCHI0 BOAO-
poaa) (Ferreiro et al. 2018). KaxoB >xe OyaeT apdexr
APYTMX BUAOB CTpecca, B YaCTHOCTHU, TEIIAOBOTO
mwoka (TII)? B npeabiaymux padoTax HaMu 6BIAO
BoIsiBAeHO BAMsiHue T1II Ha 06yuenne u popmupo-
BaHMe MaMsITU Y APO30GUABL, TPUBOAMBIIIEE KaK
K ux yxyalrenuto (Nikitina et al. 2003; 2012; Zhurav-
lev et al. 2022), Tak ¥ K BOCCTaHOBAEHMIO AO YPOB-
Hsa aukoro tuna (Nikitina et al. 2014), a Taxxe
OTCYTCTBUME TAaKOBOro BAusiHus (Savvateeva-
Popova et al. 2007; 2008).

Takum 06pasom, 1ieAb AQHHOIU PAbOThI COCTOSIAQ
B OlleHKe poAu myTtauuu w'’® pposocduabr
B 00y4eHnu 1 pOPMUPOBAHUY TAMSITH B TAPAAUTME
YCAOBHO-Pe(pAEKTOPHOTO IIOAABAEHNS YXKUBAHMSL.

Martepnaa n MeTOABI

Aunuuy 0po3ogpuint

Pabota npoBeaena Ha skuBoTHbIX 13 LIKIT «Buro-
Koasekuys VIO PAH aAAst uccaepOBaHMS MHTErpa-
TUBHBIX MEXaHU3MOB AESITEABHOCTU HEPBHOI
" BUCLIEPAABHBIX CHCTEM». VICIIOAB30BaAY CAEAY-
owyie Aviuu Drosophila melanogaster:
1) Canton S (CS) — AMHUS AMKOTO TUIIA;
TEeMHO-KPACHBIII LIBET IAA3.

2) white'® (w'18) — myTaHTHas AMHUS, He-
Cyljasi YaCTUYHYIO AEAELIO AOKyca white
(X: 3B6-3B6); oTCyTCTBME rAQ3HBIX TUTMEH-
TOB, OEABIII 1[BET IAa3.

Myx BbIpaliMBaAl B CTaKaHYMKaX 00beMOM
160 MA Ha CTaHAQPTHOM M3IOMHO-APOX>KEBO
cpeae ipu +25 °C + 0,5 °C, 60% BAQXXHOCTH U CBETO-
TEeMHOBOM LIMKAe 12 : 12 4.

HpeA’bﬂBAeHI/le TEIIAOBOI'0 IIOKa

TerrA0BO€e BO3AEVICTBYIE IPOBOAVIAY B BOASTHOM
tepmocrtare GFL 1086 (GFL, [epmaHust) mpu Tem-
neparype +37°C B TeueHue 30 MUH Ha CTaAUU
CaMLIOB-/IMaro, KOTOpPbIX IIOMELIaAU B TEPMOCTAT
B IIpEABApUTEABHO IPOTPETHIX IMPOOMPKaX,

nmorpy>keHHbIX B Boay. T1I ocyiecTBAsIAM 32 OAVIH
yac AO IIPOBEAEHS TIOBEAEHYECKOTO SKCIIEPUMEHTA
(Nikitina et al. 2003).

Ouyenka cnocobHocmu K 00y4eHuw0
U YOPMUPOBAHUIO NAMAMU

AASI IOBEAEHYECKMX OIBITOB MCIIOAB30BaAU
CaML0B AP030(dMABI B BO3pacTe MATU CYTOK, KO-
TOPBIX cCOOMpaAu 6e3 apupHOro HapKO3a U COAEP-
YKaAU MHAMBYIAYaAbHO Ha M3IOMHO-APOXOKEBOM
cpeAe. B kauecTBe 00b€KTOB yXa>KMBAHMSI MICTIOAD-
30BaAM OTIAOAOTBOPEHHBIX 38 CYTKU AO OIBITA
camok AnHuu CS B BospacTe AT CYyTOK. TpeHu-
POBKY 1 TeCTUPOBaHIE IPOBOAVAN B 9KCIIEPUMEH-
TAABHbIX KaMepax 13 oprcrekaa (Auamerp — 15 mMm,
BBICOTAa — 5 MM).

AAsI OLIEHKM CITOCOOHOCTH K 00y4eHuIo 1 pop-
mupoBaHuio cpepHecpouHoit (CCIT) u pooarocpou-
Hoit (ACIT) mamsTu camii0B Ap030(duAbl ObIAa
VICIIOAB30BaHA METOAVIKA YCAOBHO-PE(PAEKTOPHOTO
nopaBaeHus yxakuauus (YPITY) (Kamyshev et
al. 1999). A Ast BBIpaOOTKY YCAOBHO-pe(hAEKTOPHO-
ro MOAABAEHMS yXaXXMBaHUs (TPEHUPOBKM)
MSTUCYTOYHOTO CaMLja MCCAEAYEMOI AVHUM,
He MMEIOIIero OMIbITa MOAOBOIO IOBEAEHMS,
MIOMeELIaAM BMeCTe C OIIAOAOTBOPEHHOI ISATUCY-
TOo4HOI1 caMKoll CS: AASI OLIEHKU CIIOCOOHOCTU
K obOyuenHuwo u ¢dopmuposanuw CCIT —
B 9KCIIEPMMEHTAABHYI0O KaMepy Ha 30 MUH; AAS
OLIEHKM CITOCOOHOCTHM K 00y4eHMIo 1 GopMMUpoBa-
Huio ACIT — B cTakaH c NMTaTeAbHON CPeAOIt
(06beM CBOOOAHOTO IPOCTPAHCTBA — OKOAO 3 CM°)
Ha I1ATh YacoB. [ TaMsTb TecTUpOBaAK yepes pasHble
VIHTEPBAABbl BpEMEHMU NTOCAE€ TPEHUPOBKMU: AAS
OLIEHKM CITOCOOHOCTH K 00y4eHMIo 1 GopMMUpoBa-
Huto CCIT — 0 u 3 4; AASL OLIEHKM CITOCOOHOCTU
K 00yuenuio u popmuposanmio ACIT— 0,2 u 8 cyTok.
B xauecTBe KOHTPOASI UCIIOAB30BAAU CAMLIOB,
He MMEMIIMX OIBbITa IMOAOBOTO ITOBEAEHMUSI.
DTOrpaMMy MOBEAEHUS caMlja PerMCTPUPOBAAU
B TeyeHre 300 ¢, Gukcupys BpeMst Ha4aAa OTAEAb-
HBIX 9AEMEHTOB YXa)XIBaHUs (OpUeHTaLMs U TIpe-
CAeAOBaHue, BUOpaLysl, AM3aHMe, OTbITKA KOITy-
ASILIMY), @ TAK)Ke BpeMs MICIIOAHEHMSI SAEMEHTOB,
He CBSI3aHHBIX C yXa)kK1BaHeM (T00eXKa, IPYHYHT,
nokoit). Peructpanuio HaunmHaAu yepes 45 c mocae
HoMelljeH!sI MyX1 B KaMepy. B Kaxxpoit rpymme
(KOHTPOABHOI1, Cpa3y IO0CA€ TPEHUPOBKY U Yepes
OIpeAeAeHHbIe HTEPBAAbl BpEMEHU MTOCAE Tpe-
HUPOBKU) TeCTUPOBaAK He MeHee 20 map MyX.

AAsT K&KAOTO CaMLja BBIYMCASIAY UHAEKC yXa-
xuBauus (1Y), 1. e. BpeMs yXa)XMBaHUs camLa
3a CAaMKOI1, BBIPQ)KEHHOE B IIPOLIEHTAX OT 00IIero
BpeMeHU HabAAeHVs. AAST KOAMYECTBEHHOM
OLI€HKM P€3yABTaTOB 00y4YeHN s BBIYMCASIAYI MIHAEKC
o0yuenus (J1O) o caeayroieit popmyae:
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VIO = [(UY, - 1Y) / Y, ] x 100% =
(1-WY,/Y,) x 100%,

rae IY ulY — cpepHie MHAEKCHI yXaKUBaHKs
AAST HE3aBUCUMbIX BBIOOPOK CaMI[OB, HE UMEOIIUX
OIIbITA TOAOBOTO TIOBEAEHS, I CAMIIOB, IIPOLIEATLIIX
TpernpoBKy (Kamyshev et al. 1999; Sokal, Rohlf
1995).

Craructnyeckyno o6paboTKy pe3yAbTaToB IIPO-
BOAVAM TIPU MOMOIIM PAaHAOMM3ALIMOHHOTO aHa-
amsa (a, < 0,05).

Pe3yabTarnl

Ouenka cnocobHocmu K 06y4eHu0
U (POPMUPOBAHUI CPEOHECPOYHOU NAMAMU

Y Aunun pankoro tura CS B MHTaKTHOM KOH-
TPOAe MPOUCXO0AMAA BeIpaboTka YPITY, uto roso-
puT 0 crrocobHoCTK K 00y4yeHuto. Yepes Tpu yaca
MO He cCHMKAACSA IO CPABHEHNIO C YPOBHEM, AO-
CTUTHYTBIM Cpa3y II0CAe OKOHYaHUS TPEHUPOBKY,
YTO CBUAETEABCTBYET O HOPMAABHOM (HpOpMUpPO-
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Bauuu tnipouieccoB CCIT (puc. 4A). DTo BoAHe
COTAACYeTCs C HALVMMU MPEABIAYIIIMY paboTaMu
(Nikitina et al. 2021).

Y myraHTa w'/’® B MHTAKTHOM KOHTPOA€ TaloKe
TPeHMPOBKa PUBOAMAA K BeipaboTke YPITY, n 1O
AAUTEABHOE BpeMs COXPAHSACS Ha ICXOAHOM
YPOBHe, He OTAMYASICh OT IOKa3aTeAell AMHUU
Aaukoro tumna (puc. 4A). D10 ele pa3 yoexpaer
B OTCYTCTBMM HapyueHuit ooyyenus u CCII,
HEAQBHO IPOAEMOHCTPMPOBAHHOM Hamu (Zat-
sepina et al. 2021; 2022).

ComnocTaBAsIsl IOAYYEHHbIE PE3yABTATbHI, MBI
3aAQAVCb 3aKOHOMEPHBIM BOIIPOCOM — OYAET AU
MyTauusi white BAMSITb Ha IIPOLIECCH OOYYeHMsT
n namAatu npu crpecce? OpHako Bo3pericteue TII
He OKa3bIBaAO BAMSHUS Ha NPOLIECCHI 00yueHMs
u CCII y obeux nccaepyempix aunmit. VIO cpasy
II0OCA€ TPEHMPOBKM U Yepe3 TPU 4yaca II0CAe Hee
OBIAM COIIOCTAaBMMBI C TAKOBBIMU B MHTAaKTHOM
KOHTpoAe Kak y auHuu CS§, Tak u y myTaHta w''’®
(puc. 4B). MeXXAVHEHBIX pa3AMYMII TAKOKE He Ha-
OAIOAQANL.
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Puc. 4. AvHaMMKa COXpaHEHNsT YCAOBHO-PE(PAEKTOPHOIO TOAABAEHNS YXKMUBAHMS TIPY TECTUPOBAHNU
CPEAHECPOYHOI MaMATH Y CaMLIOB AMHUK AuKoro tuna Canton S v myTtanTa white''® Drosophila melanogaster.
A — VMHTaKTHBI KOHTPOAB, B — BO3A€IICTBIE TEMAOBBIM IIOKOM. ITo 0cu abciyce: BpeMst OCAe 3aBepIIeHNs

TPEeHUPOBKU (MUH); 110 ocu opAmHaT: LI — nHpexc obyuenns (learning index), v. e.

Fig. 4. Dynamics of learning acquisition and medium-term memory retention of conditioned courtship
suppression in D. melanogaster males of wild type strain Canton S and white'!'® mutant. A—intact control,
B—exposure to heat shock. Abscissa: time after training (min); ordinate: LI—learning index, standard units
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Takum o6pasom, H1 y AuHMK AMKoro tuna CS§,
HU y MyTaHTa W''’® He BpIsIBAEHO Ae(peKTOB 00yye-
Hus u CCIT HU B HOpMe, HU B YCAOBUSAX CTpecca.

Ouyenka cnocobHocmu K 00y4eHuw0
U POpMUPOBAHUI 00A20CPOHHOLL NAMAMIU

YUYuThIBasi CAOXKHYIO HEPODU3MOAOTUYECKYIO
ocHoBy npoueccoB ACII (Zhuravlev et al. 2015),
MBI OTAEABHO ITPOAHAAM3MPOBaAY ee POPMUPOBa-
Hle VI COXPAHEHVE Y ICCAEAYEMBIX AVIHMIA

Y Aunuu pnkoro tuma CS B MHTaKTHOM KOH-
TpoAe HabAI0AaAY BbIpaboTKy YPITY nocae naru-
4acoBoi1 TpeHUPOBKU. VIO coOXpaHsIACS Ha BBICOKOM
YPOBHE Ha MPOTSHKEHUM BOCBMU CYTOK ITOCAE
TPEHUPOBKH, YTO SIBASIETCS] CBUAETEABCTBOM HOP-
MaABHOTO IPOTEKAHUS MPOLIECCOB 00yueHNMs
u popmuposauust ACIT (puc. 5A) 1 HaxoAUTCS
B PYCA€ HAIllVX MIPEABIAYIIMX MICCAEAOBAHUIA.

Y myraHTa w'''® B MHTaKTHOM KOHTpPOA€ IpU
ISITUYACOBOV TPEHMPOBKE He OTMEYEHO HapyLIEHNI
CIIOCOOHOCTY K OOYUYEeHMIO TaK >Xe, KaK U Mpu

30-muuyTHOM. VIO coxpaHsAcs Ha BBICOKOM ypOB-
He I Yepe3 ABOe CYTOK II0CAe TPeHNPOBKU. Yepes
BOCEMb CYTOK oTMeueHO cHIpKeHue V1O, opHako
He BBISIBAEHO AOCTOBEPHBIX OTAMYMIT HU oT V1O
Cpasy I0CAe TPEHUPOBKY, HU OT AUHUU AUKOTO
tumna (puc. 5A). DTo MOATBEPXKAAET OTCYTCTBIUE
Hapymennit ACITy myTtanta w!!® (Zatsepina et al.
2021; 2022).

O6parumcs K paccmoTpenuio Bavsiuust TIIT
Ha npoueccol ACIT y nccaepyemMbIx AMHUIL

Y auHun puxoro tumna CS MO cpasy nocae
TPEHMPOBKU COMOCTABUM C MUHTaKTHBIM KOHTPOAEM,
4YTO yKa3bpIBaeT Ha COXPAHHOCTb CIIOCOOHOCTU
K 06yuenuio. V1O uepes ABOe 11 BOCEMb CYTOK ITOCAE
TPEHNPOBKU CHVIKEHDI 11O CPABHEHMIO C MHTAKTHBIM
KOHTPOAEM, OAHAKO AOCTOBEPHBIX OTAUYUI
He BbIsIBA€HO (puc. 5B).

Y mytanta w'!’® TIII He oKka3bIBaeT BAUSHUS
Ha npoueccsl popmupoBanus u coxpaHenus ACIT,
ITIOATBEPIKAEHIEM YEMY CAY>KAT CXOAHBIE BEAUYN-
Hb! /1O Ha Bcex BpeMeHHbIX MHTePBaAaX B MHTAKT-
HOM KoHTpoAe u tipu aerictBuu TII (puc. 5B).

Canton § A whitenit
100 q 100 ~
a0 80
= 60 1 = B0
40 40 A
20 - 20 4
04 — 0 4 —
time(days) time(days)
ml m2 of ml m2 o8
B
Canton S white'18
100 - 100 -
80 80
= 60 A _ B0 A
40 ~ 40
20 4 20 A
0 - 0 =
time(days) time(days)
m0) =2 oOf m0 B2 O3

Puc. 5. AunaMuka CoxpaHeHuUs] yCAOBHO-Pe(PAEKTOPHOIO [TOAABAEHNS YXKUBAHMS IIPU TECTUPOBAHNU
AOATOCPOYHOI1 IIAMSTHU y CaMLIOB AMHUY AvKoro tuma Canton S v mytanta white'!*® Drosophila melanogaster.
A — VHTaKTHBI KOHTPOAB, B — BO3A€IICTBIE TEMAOBBIM IIOKOM. ITo 0cK abcLyce: BpeMst OCAE 3aBepIIeHNs

TpeHMPOBKU (AHU); TIO0 0cu opAMHAT: LI — unaekc o0yyenus (learning index), y. e.

Fig. 5. Dynamics of learning acquisition and long-term memory retention of conditioned courtship suppression in
D. melanogaster males of wild type strain Canton S and white''’® mutant. A—intact control, B—exposure to heat
shock. Abscissa: time after training (days); ordinate: LI—learning index, standard units
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HTak, y 06enx AuHmit He 0OOHAPY>KEHO Hapylile-
Hut1 o0yuenus u ACIT Hi B MHTaKTHOM KOHTPOAE,
Hu nipu AerictBuu T1II.

Pe3oMupys pe3yAbTaThl 9KCIIEPUMEHTOB, MOX-
HO cKa3saTb, yTo 00e AuHuu (CS u w!'i8) gpasiorcs
CIIOCOOHBIMM K OOYYEHMIO TPY PA3AMYHOM PEXN-
Me TPpeHUPOBOK (30 MUHYT 1 MSATh YaCOB) U XapaK-
TEepPU3YIOTCS HOPMAABHBIM IIPOTEKaHMeM IIpoLec-
COB KaK CPEAHECPOYHON, TaK U AOATOCPOYHON
namsatu. Ilpu stom TII He BAusieT Ha 0Oy4yeHue
1 GopMUpOBaHye pa3AMYHBIX TUIIOB ITAMSITH Y 9TUX
AvHUN. EcAn pAAst AviHUM pAvKOTO Tuma CS 310 ObIAO
0XXMA2EMO, TO AASI MyTaHTa W'!® moka3aHo BriepBbIe.

O6cyxpenne

Y yeAOBeKa CYIIeCTBYET [0 MEHBIIIEN Mepe BO-
CceMb TOMOAOTOB reHa white Apo3o¢uabl. IToan-
mMopdusmbl opHoro us Hux, ABCGI, cBsi3aHbl
C MAaHUYECKMMMU PACCTPOVICTBAMU Yy MY)KUYMH
(Nakamura et al. 1999). VI3BeCTHO O BOBA€YEHHO-
CTU 9TUX T€HOB B HOCHOAUTIUAHBIN MeTabOAU3M
1 B aTnomnatoreHes 6oaesuu Tawxepa (Schmitz et
al. 2001), a Tak)Ke B pa3BUTHE aTEPOCKAEPO3a
(Matsuo 2022). Takum 06pa3om, B TO BpeMs KaK
PasAMYMS MEXAY MO3TOM U IOBEAEHMEM YEAOBEKA
1 Ap030(UABI HEOCTIOPUMBI, T'eH White ApO30PUABL
KpaliHe Ba>XeH AASI IPOBEAEHMST MOAEABHBIX UC-
CAEAOBAHMUIA, SIBASISICb BBICOKOKOHCEPBATUBHBIM
1 Kopupyst ABC-niepeHOCYMK METaOOAUTOB C M-
POKOII CIIeLUPUIHOCTHIO, YTO MOXKET 0OYCAOBAM-
BaTh MHOKECTBEHHbIE OIOAOTYECKIIE POAM, BKAIO-
4yasi HEMPOHAABHBIN KOHTPOAb Pa3AUYHBIX GopM
IIOBEAEHMSI.

IToaoBO€ oBeAeHVIE APO30DVIABI IPEACTABAS-
€T co0O0J CAOXKHBIN perepTyap AeiiCTBUIL, BKAIO-
YaoIMX 0OMeH 3pUTEABHBIMM, 3BYKOBBIMU U Xe-
MOCEHCOPHBIMYU CUTHAAAMM MEXAY NapTHEpamu
(Sturtevant 1915). 9ToT 06MeH MPOUCXOAUT
B OTIPEAEA€HHOM THOPSIAKE U 3aBUCUT OT AUHAMU-
4eCKOI1 00PATHOI CBSI3Y, IIPUYEM KKADBII TAPTHEP
U3MEHSET CBOE ITIOBEAEHVE B OTBET Ha IPMHMUMAe-
Mble CUTHaABbl. BOABIIVMHCTBO aCIIeKTOB ITOBEAEHUS
yXa>KMBaHUS APO30QUABI IMEET MOAUTEHHYIO
IIPUPOAY, IIPMYEM BOBAEYEHHbBIE T€HbI YACTO MMe-
10T nAeitoTporntbie adpdextst (Hall 1994).

Pa3paboTka METOAOB TpaHCPOPMALIY 3aPOABI-
1IEBOVI AMHUY NIPYBEAQ K IOAYYEHMIO ThICSY TPAHC-
T€HHBIX AVIHUI APO30(]MABI, ICIIOAb3YEMbIX AAS
M3y4YeHUs LIVPOKOTO CIEKTPa 0MOAOTMYECKUX
BOIIPOCOB, B TOM YMCA€E U TOBEAEHMSI. DTO TEXHO-
AOTVSI OCHOBaHa TAQBHBIM 00Pa30M Ha MCIIOAB30-
BaHUY White-MyTaHTHBIX SMOPUOHOB AASI KOHCTPY-
MPOBaHMSI TPAHCTE€HHbIX AMHUI MyX (St. Johnston
2013). B aT0i1 CBsI3M HEOOXOAMMO CKPYITyA€3HO
VHTEPIIPETUPOBATh PE3YABTATHI SKCIIEPVMEHTOB

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1

C MCIIOAB30BAHMEM TPAHCTEHHBIX AMHUM, IIOAY-
YEeHHBIX C MICIIOAb30BaHMEM MYTaHTOB White, 0CO-
OEHHO B 00AACTU MCCAEAOBAHUI IIOBEAEHMUS.
IT0 00YCAOBAEHO TEM, YTO AQHHASI MyTaLUsI IPU-
BOAUT K 00pa3soBaHMIO CAOXKHOTO eHOTUIa, 3a-
TparmBalolllero He TOAbKO HapYIIEeHUs 3peHus,
HO U TIPOAOAXKUTEABHOCTD KU3HU, ABUTATEABHYIO
Y TOAOBYIO aKTMBHOCTb, YCTONYMBOCTD K AEICTBUIO
cTpecca, CHOCOOHOCTDb K 00yueHUIo 1 GopMUpo-
BAHUIO TTAMSITU.

Kputnuecknit BOnpoc, BOSHUKAIOIINI B AAHHOM
KOHTEKCTe, — BAMSIET AU HapylleHue 3peHNns
y MyTaHTa w'/’® Ha MoBeAeHMe YXa>KUBaHUS, Tpe-
Oyroijee 0OMeHa 3pUTEAbHBIMY CUTHAAAMMK? 3AeCh
KpailHe Ba)XHO YUYUTHIBATb CIELUPUKY METOAUK
UCCAEAOBAHUS TOAOBOTO MTOBeAeH M. [Ipu ucroab-
30BaHNIU METOAVK, OCHOBAHHBIX Ha OAb()AKTOPHOM
00yuYeHNY, BEAYLIVIMU SBASIIOTCSI OOOHSTEAbHbBIE
CTUMYABL XOTs, 6€3yCAOBHO, HEAB3sI OTBEPraTh
POAB 3pUTEABHBIX CUTHAAOB. Tak, B HAIIMX 5KC-
NepyMeHTaxX MyTaHTbl w!'!/® pemoHCTpuUpoBaAu
CHIDKEHHYIO 110 CPAaBHEHUIO C AUKUM TUIIOM MH-
TEHCUBHOCTb YX)KMBAHMsI, COMIOCTABUMYIO C Ha-
OAIOAQEMOIT HAMU B PaHHUX paboTax AAst GeAo-
raazoro myranra [(1)ts403, Hecyllero Takxe
myTauuu brown v scarlet, B3auMoA€iCTBY€ KOTOPBIX
aaet 6eabi user raas (Nikitina et al. 2003). Huskuii
YPOBEHb YX&)K/BaHMsI MOXKeT OBITb O0YCAOBAEH
HapylLIeHeM 3peHNs, a He CTIeLpUIHBIM AENICTBU-
eM myTauuu white, T. K. myxu [(1)ts403; bw; st HecyT
araeab w'. CAeAyeT OTAEABHO OTMETUTb, uTo VIO,
VICTIOAB3Y€EMBIN AASI KOAUYECTBEHHOM OLIEHKH pe-
3YABTATOB 00Y4Y€eHNsI, HEIIOCPEACTBEHHO He 3aBUCUT
OT MHTEHCUBHOCTH YXQKMBAHMUSL.

B TO >Xe BpeMs Ol[eHKa OCTPOTHI OOOHSIHUA
He BBISIBMAQ 3HAUMMBIX Pa3AUYMIl MEXAY MyTaH-
TaMu w u AuHuein aoukoro tTuna CS (Diegelmann et
al. 2006), uTo KpaitHe BaXXHO AASI MHTEPIIpeTalun
PE3YABTATOB UCCAEAOBAHMIL C MCIIOAb30BaHMEM
METOAVK OAb}AKTOPHOTrO 00y4YeHMsi. ABTOPBI CO-
IIOCTaBMAY pa3Hble ITAPAAUT MBI 00yYEHMST — OAb-
dbaxTopHOE U omepaHTHOe. BbIAO BBISIBAEHO Ha-
pyllIeHle OMEepPaHTHOTO MPOCTPAHCTBEHHOTIO
00y4yeHMs U MaMsTH y MyTaHTa w''’8, MoATBEpK-
A€HHOE BIIOCAEACTBUM APYTVIMU ICCAEAOBATEASIMU
(Sitaraman et al. 2008). OpHako B mapapurme
0AB(}AKTOPHOIO aCCOLMATUBHOIO O0YYeHMsI C He-
raTUBHBIM IOAKPENAEHUEM SAEKTPOIIOKOM AAHHBIN
MYTAHT He AEMOHCTPUPOBAaA HapyleHn 1 00ydeHus
Y KpaTKOCpOYHOI naMATY. HanmpoTus, npy HU3KUX
3HaueHusx Hanpsbkenus (10—30 B) ypoBenb 00y-
yeHus: w!!/® Bpiiie o0 CpaBHEHUIO C AUKUM TUTIOM
CS (Diegelmann et al. 2006). 9T pesyAbraTsl
He COTAACYIOTCSI C HepaBHell paboroir Marepc
C KOAA€raMy, IOKa3aBIIMMU YXYALLIEHMe 00y deHNsT
M KpaTKOCpOUHOU mamMsatu w!'’® mo cpaBHeHMIO
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C AVIKMM TUIIOM B AaHHOI1 mapapurme (Myers et al.
2021). Heo6xoAuMO yka3aThb Ha METOAUYECKUE
AETAAU MTOCTAHOBKU SKCIIEPMMEHTOB — pasHble
BpeMeHHbIe IHTEPBAABI MEXAY YAApaMyu TOKOM,
TaK HasblBaeMasl KOPOTKasi MporpamMma Io Cpas-
HEHUIO C KAACCUYECKOI AAMHHOIT. A BeAb B paboTe
SIpaAu c KOAA€raMU Kak pas MOAMEYEHO, YTO Be-
AVIYVHA BDEMEHHBIX MHTEPBAAOB SIBASIETCSI KPUTU-
yeckon (Yarali et al. 2009). BaxkHO OTMETUTD, 4TO
Mariepc ¢ coaBTOpaMiu MPUMEHSIAU HATIPsDKEHME
90 B, xoTs1 M3BeCcTHO, YTO MyTaHT W!!!8 xapakTepu-
3yeTCsI TIOBBILIEHHON YYBCTBUTEABHOCTDBIO K DAEK-
Tpuyeckomy 1oky (Diegelmann et al. 2006). Kpo-
Me TOTrO, aBTOPbl OTMEYAIOT, YTO MPOBEAEHIE
AOTIOAHUTEABHBIX TPEHUPOBOK MTPUBOAUT K COIO-
CTaBUMBIM YpOBH:M oOy4yenust w8 u CS. B koH-
TEKCTe 00CY>KAQeMOI1 IIPOOAEMBI XOUETCST COrAa-
cutbcsi ¢ MHeHueMm CépeHa AUreAbMaHHa
0 HEUAEAABHOCTU METOAA OABMAKTOPHOTO aCCo-
LIMaTUBHOTO O0YY€eHUS C HEraTUBHBIM MIOAKPEIIA€e-
HYEM 5AEKTPOIIOKOM.

BosBpaiijasch K KAIOUEBOMY BOIpocy 06 MHTep-
IpeTaLuy Pe3yAbTaTOB [TOBEAEHYECKMX SKCIIEPH-
MEHTOB C NMPUBAEYEHMEM TPAHCTEHHBIX AUHUI
Ha reHeTu4ecKoM dhoHe white, HEOOXOAUMO aKI[eH-
TUPOBATh BHUMaHIE HA HEOOXOAVMMOCTY TIATEAD-
HOTO IIPOAYMBIBAHUSI METOAMYECKMX TIOAXOAOB,
OCHOBBIBASICb B TOM YMCA€ Ha X GUBUOAOTUIHOCTI.
Taxo>ke BaXKHO yYUTHIBATh OCOOEHHOCTY MYTAHTOB
white, B YaCTHOCTHU, U3BECTHO, YTO A€(hEKTHI, BbI-
3BaHHbIe MyTaLuen W', caabo BbIpaskeHbl B MO-
aopoMm Bospacrte (Ferreiro et al. 2018).

3akAuenne

VcrioAb30BaHMe MyTaHTHOM AMHUM White TIpu
KOHCTPYVPOBAHNY TPAHCT€HHBIX AMHUIL APO30dU-
ABI OIIPAaBAQHHO B CBeTe HAAMYMA AETKO M OAHO-
3HAYHO OIPEAEAMMBIX TeHEeTUYECKMX MapKepoB.
OAHaKO 5TO MPUBHOCUT CAOXXHOCTU B MHTEPIIpe-
TaLMIO 9KCIIePMMEHTAABHBIX PE3YABTATOB, TAK KaK
AAHHBIV I'€H XapaKTepU3yeTCs IMAEMOTPOITHBIM
AeVICTBMEM, 3aTparuBalolllM He TOAbKO 3peHue,
HO U APYTHe€ aCIeKTbl )XKI3HeAeATeAbHOCTH, BKAIO-
Jas IoBeAeHue, o0ydyeHue 1 namATb. OTCyTCTBME
CBETOSKPAHMPYIOIMX IUTMEHTOB YXYAIIAeT CIIO-
COOHOCTD CaMlia BUSYaAbHO OTCAEXKMBATb ITApTHE-
pa, yMeHbLIas ycIiex npu crapuBaHum. len white
UT'PaeT POAb B HECKOABKMX TAPAAUTMaX 00y4eHMs,
YXYAlLIasl OTIepPaHTHO€e O0y4eHue 1 He 3aTparmsas
0Ab(}AKTOPHOE, UTO MOATBEP)KAAET PA3AUIMS Me-
XaHM3MOB MX peaausayunu. OcoOeHHOCTM Kak
00yueHMsI, TaK 1 IOBEAEHMSI yXa)KMBAHNS MyTaHTa
white MOTYT OBITb 0OOYCAOBAEHBI HEIPOMEAMATO-
paMM, YPOBHM KOTOPBIX 3aBUCAT OT KOAUPYEMOTO
atuM reHoM ABC-niepeHocunka. X0TsI MHOTO4MC-
A€HHbIE VICCAEAOBAHM CBA3BIBAIOT NPOSBAEHU
white c UBMeHeHeM YPOBHS CepOTOHMHA, UX 6110-
XMMMUYECKNEe MeXaHM3MbI II0OKa AETAAbHO HESCHBI.
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um. A. V1. Tepuena. OTKpoIThI AOCTYH Ha ycAoBMsiX Antiensuy CC BY-NC 4.0.

Annomayus. Apo3odua yxe MOABeKa CAYXUT MOAEAbHBIM 00bEKTOM B 61I0MEAMLIMHCKIX MCCAEAOBAHMAX
BAMSAHUA GAKTOPOB KOCMUYECKOTO II0AETa Ha CTAOMABHOCTb F€HOMA, IPOAOAKUTEABHOCTD XXU3HMU,
MeTab0AM3M, UMMYHUTET. AO HACTOSILETO BPEMEH! U3y4eHIe [TOBEAEHNSI TIPOBOAMAN Y IOTOMKOB MYX,
MOOBIBABIINX B KOCMOCE, A0O Y MyX HETIOCPEACTBEHHO Ha MEXXAYHAPOAHOIT KocMudeckoit craHumy (MKC).
Hamu BriepBble II0Ka3aHO, YTO Y CAMLIOB APO30(MABI IOCAE BO3BpalleHMst Ha 3eMAl0 u3 moaeta Ha MKC
MIPOMCXOAUT HapyIlleHle peaKLiy re0TaKCHUCa, CHIDKEHIE O0Iero YpoBHs AOKOMOTOPHOI aKTUBHOCTH
Y MHTEHCUBHOCTH yXa)XuBaHus. HapylleHus moBeApeHMs: COXPAHAIOTCS He MeHee ABYX HeAeAb. Bo Bpems
KOCMUYECKMX TIOAETOB OCHOBHBIM CTPECCUPYIOIUM HaKTOPOM AAsL GH3MOAOIMYECKNX IIPOLIECCOB B OpPraH13Me
SIBASIETCSI MMKPOTPAaBUTALIVL. B yCAOBMSIX MUKpOrpaBUTALIMY HAPYILAETCSI CIOCOOHOCTD KMBOT'O OPTraHM3Ma
KOHTPOAMPOBATb [TIOAOXKEHVE CBOErO T€AA B IPOCTPAHCTBE U 0€3 CIELMAABHOI TOATOTOBKM CHIKAETCS
BO3MO)XHOCTb COBEPILIATD LieA€HANIPaBACHHbIE ABIDKEHVSI. B yCAOBMSIX MUKPOTpaBUTALIMM OTCYTCTBYET
TEIAOBas KOHBEKLIMS BO3AYXa, YTO MOXKET IIPUBOAUTD K AOKQABHBIM M3MEHEHNSIM IIPOLIEHTHOT'O COOTHOLIEHNS
KICAOPOAQ 1 YTAEKICAOTO Ta3a. B pesyabrare B IOAETHBIX KOHTEIHEPaX C MyXaMy CO BpeMeHeM U3MEHAETCs
MMKPOKAMMAT, YTO MOXKET OTPAXXAThCSI HA HPM3MOAOTMIECKOM COCTOSIHUY AP030(bUABL V3MeHeH e (yXyAlLieHne)
(bUBMOAOIMYECKOTO COCTOSIHISI MYX MOYKET OKa3bIBaTh BAVSIHIE HA PE3YABTATBI TOCAEIIOAETHBIX UCIIBITAHUIL.

Karouesnte crosa: ApOBOCt)I/IAa, KOCMUYECKUI TIOAET, MMKpPOTpaBUTaALMA, MEXXAYHAPOAHAS KOCMIYECKast
CTaHUuA, Bs6mpa1-n/1e, AOKOMOTOPHAas1 aKTUBHOCTbD, ITIOBEAEHME YXA)KVMBAHN?, 3BYKOIIPOAYKIMA
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Abstract. For about half a century Drosophila has served as a model subject in biomedical research in the
influence of spaceflight factors on genome stability, lifespan, metabolism and immunity. Up to now behavioral
investigations have been performed either with offspring of flies that had been to space or directly with flies
onboard the International Space Station (ISS). Ours is the first research providing evidence that upon return
to the Earth after the spaceflight to the ISS, drosophila males show impaired geotaxis, reduced locomotor
activity and decreased courtship intensity. The behavioral changes retain for at least two weeks. The main
stress factor during the spaceflight is microgravity. Under these conditions living organisms are less able
to control posture and goal-directed movements. Microgravity disturbs warm air convection that may cause
local changes in oxygen-carbon dioxide balance. This creates unfavorable conditions in vials worsening
the physiological state of flies that may influence the results of postflight tests.

Keywords: Drosophila, spaceflight, microgravity, International Space Station, climbing, locomotion, courtship,
courtship song

BbIAM KOHTENHepBI C MyXaMu U Ha Kopabae Boc-
ToK-1 BMmecTe ¢ IOpuem larapunubim B 1961 1.
B AaAbHeillleM MyXM PeryAsIpHO AeTaAM Ha O1o-
CIyTHMKAX, IMAOTUPYEMBIX KOPaOAsIX ¥ Ha OpOu-
TAABHBIX CTAHLMAX. Ap030dUAY UCITOAB30BAAU

BBeaenue

Yxe 60Aee Beka Ap0301IAa SIBASIETCS] YHUBEP-
CaABHBIM MOAEABHBIM 00BEKTOM B OMOMEANLIMHCKIX
MCcCAeAOBaHMsIX. Apo3oduaa oKazasachb IepBBIM
JKMBBIM CYIIleCTBOM, KOTOpOe ITOOBIBAAO B KOCMO-
ce — B 1947 r. BO BpeMs1 IOA€Ta HA DAAAUCTUYECKOIT
paKeTe MyX# OKOAO TPeX MUHYT HaXOAUAUCH
B CyOOpOMTAABHOM MPOCTPAHCTBE, a 3aTeM OAAro-

AASI BBISICHEHVS BAUSIHYSI PAaKTOPOB KOCMMYECKO-
ro noAeTa (MMKpOrpaBUTaLIMY, KOCMUYECKUX AyYeit
Y Ap.) Ha YaCTOTY BO3HMKHOBEHMS MYTaLMil, Ha-

MMOAYYHO BEPHYAMCH Ha 3€MAIO Ha MapallioTe
(Harrington 2014). B 1960 r. BMecTe cO 3HaMeHU-
ThIMU cobakamu Beakoit u CTpeAkoir Myxu B Te-
yeHMe CYTOK AeTaAu Ha Kopabae CryTHUK-5.

104

pylueHMs pasBUTHUS U MeTabOAM3Ma, TPOLIECCHI
CTapeHUsi, UMMYHHBII OTBET U IIp. Pe3yAbTaThl
OCHOBHBIX VICCAEAOBaHMUIT 32 TIOABEKA OBIAM CYM-
MupoBaHsl B 0030pe Vepa (Iyer et al. 2022).
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IO. B. Bpazuna, H. I. Beceduna, A. B. Aanurenkosa, E. A. Kambiuwesa, O. H. Aapuna,

A. A. Bypaaxkosa, H. I. Kaviviues

BAusiHMe MMKpOTrpaBUTALMM HA [TOBEAEHUE
Ap030(]1ABI HaYaAM M3YYATh TOABKO B KOHLIE ITPO-
mwaoro Beka (Benguria et al. 1996). B ycaoBusx
HEBECOMOCTY HAOAIOAQETCsI yBEAMYEHME ABUTA-
TEABHOV aKTMBHOCTY, MYX) CIIOCOOHBI YCIIELITHO
MOA3aTh IO CTEHKAM MOAETHBIX KOHTETHEPOB,
CIIapMBaThCs U OTKAAABIBATD SIVLA, XOTS U VCIIBI-
TBIBAIOT [IPU 3TOM OIIpEAEAEHHbIE TPYAHOCTM.
Taxke ObBIAO TPOBEAEHO MHOTO SKCIIEPYMEHTOB
10 MOAEAMPOBAHUIO MUKPO- U TUIIEPrPaBUTALIUN
B A200PATOPHBIX YCAOBHUSIX C IIOMOLIBIO LIEHTpUYT
(Mhatre et al. 2022). B 11eA0oM aBTOpBI OTMEYAIOT,
4TO 3¢ PEKT 3aBUCUT OT MUHTEHCUBHOCTY BO3AE-
CTBUSI, BpEMEHU 9KCIO3ULIY U CTAAUM Pa3BUTUS
Apo30duABbL V3yueHre IPOAOAKUTEABPHOCTY AAQTI-
TaLVY K YPOBHIO 3€MHOJI TPaBUTALIY ITOCAE KOC-
MMYECKMX TIOAETOB Y MyX ITOKa elle He IPOBOAMAOCH.

Apo3odraa B yCAOBUSAX KOCMUYECKOTO IIOAETA
HaXOAUTCS B KOHTeIHepax C BO3AYXOIIPOHMLIae-
MBIMU KPBIIIKaMu. B yCAOBMSIX MUKpOTpaBUTALIAN
OTCYTCTBYeT TEMAOBasi KOHBEKLIMS BO3AYXQ, ,
CAEAOBATEAbHO, KOHL[EHTPALISI KUCAOPOAQ U yTAE-
KIMCAOTO ra3a MOXKET OTAMYATHCS B Pa3HbIX y4acCT-
KaX KOCMMYECKMX aIllapaToB Aa)Ke HECMOTPsI
Ha IIPUHYAUTEABHYIO BEHTUASLMIO. /3-3a Hapylie-
HYSI HOPMaABHOT'O BO3AYX000OMeHa MUKPOKAMMAT
BHYTPU KOHTEITHEPOB C AP030pMAOIT MEHSETCS,
MYXHY, BO3MOXXHO, VCIIBITBIBAIOT KMCAOPOAHOE
TOAOAQHME, YTO MOXKET OKa3bIBaTh HecreLyduyie-
ckuit 3¢ PeKT Ha perucTpupyemole Gpruanorornye-
CKMe IT0Ka3aTeAr 61000 bEeKTOB.

LleAb AQHHOV pabOTBI — UBYYUTb AAUTEABHOCTD
COXpaHeHUsl M3MEeHEeHMII MMOBEAEHUsI CaMLOB

AP0300MABI TIOCAE TTOAETA Ha MeXAYHapOAHYIO
Kocmuueckylo ctanumio (MKC) u B akcniepumenTe
C MOAEAVIPOBAHMEM OrPAHMYEHMSI BO3AYX000OMeHa
B Aa0OPaTOPHBIX YCAOBUSIX.

MaTepI/IaAI)I " ME€TOADI

McnoAb3oBaAu cami[oB nHOpeAHOI AutHnu BB09,
BBIAEAEHHOIT 113 BOATOrpapckom mprupoAHOI 1o-
nyadauuu B 2009 1. Aasee AMHUIO TOAAEP)KUBAAU
B /IHCTUTYTE MeAMKO-0MOAOTMYECKUX TPOOAEM
PAH u Mucturyte pusnoaorum um. V1. I1. ITaBao-
Ba PAH. Myx coaep>kaAu Ha CTAaHAQPTHOM M3I0MHO-
APOXOKeBOM cpeae, pu 12:12 cBeTOBOM LIMKAE,
npu temneparype 25°C. Bce MaHUIyAsIUMU € MY-
XaMM IPOBOAMAM 0€3 HapKOTHU3ALUN.

Ilorem Ha MKC

AocTtaBka camiioB Ha MKC cocrosiaach 8 Aeka-
6pst 2021 1., Bo3Bpamienne — 20 aexabps 2021 .
Ha Kopabae Coro3 MC-20. O611asi IpOAOAKUTEAD-
HOCTb IoAeTa cocTaBMAa 11 cytok 19 yacos.

ITo 50 cam10B B Bo3pacTe 1-2 cyToK momelaau
B [TOAETHBIE IAACTUKOBbIE KOHTelHepbI (28x115 MMm)
C MUTaTeAbHOM cpepoil. KoHTeltHephl 3akpbiBaAu
BMHTOBO KPBILIKOV C BO3AYXOITPOHMLIAEMOI MeM-
6panoit. CBoOOAHBI 00beM BO3AYXa B KOHTEIHe-
pax cocTtaBAsiA 0K0AO 40 MA. KoHTelHeph! yrako-
BBIBAAM B YKAAAKY «Apo3oduaa» (puc. 1).
3a CyTKM AO CTapTa YKAAAKY 3akpbiBaau. ITocae
aoctaku Ha MKC yKAaAKy OTKpBIBaAl 1 YCTaHAB-
AVBAAU B CAY)XEOHOM MOAYA€ POCCUIICKOTO Cer-
menTa MKC. Bo Bpemsi moaera ocBeljeHue Ob1A0

Puc. 1. TToAeTHBIII KOHTEIHEP U YKAaAKa «Apo3oduaar»

Fig. 1. ‘Drosophila’ a vial and a transport packaging set
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MOCTOSIHHBIM, TeMIiepaTypa Bapbuposaaa (17-27 °C).
3a AeHb AO OTIIPAaBKM Ha 3eMAI0 YKAAAKY CHOBa
3aKpbiBaAu. KOHTPOABHBIX CaMIJOB TTOMEIAAU
B @HAAOTMYHbIE KOHTEHEPDI, COAEPKAAY IIPU TIO-
CTOSIHHOM IPUTAYLIEHHOM OCBelLlleHU! U TeMIIe-
parype 25 °C B AaGoparopum.

9KCﬂ€pMM6Hm C 0epaHUu4eHuem 3036)/96006M6H(/Z

DKCIEPUMEHT TIPOBOAVAM C 28 Masi 110 8 MIOHS
2022 r. 50 aKCrepMMeHTaAbHBIX CAaM1IOB B BO3pacTe
1-2 cyToK nomeuaAmn B MOAETHbIE KOHTEMHEpBI,
YIAKOBBIBAAU B YKAAAKY, 3aKPbIBAaAU Ha CYTKIU.
ITocae OTKPBITHA YKAQAKY TAOIAAD BO3AYXOIIPO-
HH1IaeMOl TOBEPXHOCTY B KOHTEHepaX yMeHbIlIa-
AM Ha 90%. YKAQAKY pa3Meliaau B AaOOpaTOPHBIX
YCAOBMSAX IIPY TOCTOSIHHOM IIPUTAYIIIEHHOM OCBe-
LIIeHUM U NepeMeHHOl TeMIlepaType CpeAbl
(17-27 °C). 3a CyTKM AO OKOHYAHUSI SKCIIEPUMEH-
Ta YKAAAKY 3aKpbiBaAy. O0111ast IPOAOAKUTEABHOCTD
BCeX MaHUIYASLUI cocTaBasgaa 12 cytok. KoH-
TPOABHBIX CaMLOB COAEPKAaAM B IIOAETHBIX KOH-
TelHepax IpY IOCTOSHHOM IIPUTAYLIEHHOM OCBe-
wenuu u temmneparype 25 °C.

TGCWIMPOBélHue noBeoeHud

ITocae 3aBepiIeHMsI BO3AEIICTBUI MYX Tlepeca-
JKUBaAU B AabopaTopHbie cTakaHIMKX (25 x 90 Mm)
110 20-23 o0cobei1, OCTaBASIAY Ha CYTKY B CTAHAQPT-
HBIX AAOOPATOPHBIX YCAOBMSIX AASI aAaITaALIUM
IIOCA€ TPAHCIIOPTUPOBKU. Bcex akcrepumeHTaAD-
HBIX CaML[OB A€AMAU Ha TpU Ipymibl. Peructpatuio
B30MPaHUSA 1 AOKOMOTOPHON aKTUBHOCTY TIEPBOIA
TPYTIIbI IPOBOAMAM Ha TPETUI A€Hb ITOCAE 3aBep-
IIeHUSI OKCIIEPUMEHTOB (BO3PACT CaMIJOB COCTAB-
Asia 1617 anein). TTocae TeCTOB caM1l0B paccaxku-
BaAl IO OAHOMY B CTaKaH4YMK. Ha MATHIN AeHb
TMOCA€ 3aBePIICHV SKCIIEPYMEHTOB CaMLIOB 3TOM IPYTI-
bl (Bo3pacT 18—19 aAHel) AeAVAM Ha ABE YaCTU —
Y OAHMX PETMCTPUPOBAAY TIOBEAEHVE YXAXKMBAHNS,
Y BTOPBIX 3aIMChIBAAY IIECHIO YXaXMBaHMs. CaM1I0B
BTOPOM TPYIIIbI TECTUPOBAAY COOTBETCTBEHHO
Ha cepbMble (Bo3pacT camiioB — 20—21 AeHb)
1 AeBsATbIe (Bo3pacT — 22—23 AHsI) CYTKM, CAMLIOB
TpeTbell IPYIIIbl — Ha OAMHHAALIAThIE (BO3PACT CaM-
OB — 24—25 aAHel) u TpuHapLaTbie (Bo3pact —
26—27 AHeil) CyTKU TIOCA€ 3aBepIIEHNs SKCIIePU-
MeHTOB. KOHTPOABHBIX MyX TECTUPOBAAM IO TAKOMI
ke cxeme. KoanuecTBo ocoben cocraBuao 30—40
B TeCTax B3bupaHue/AOKOMOTOPHAsI aKTUBHOCTb,
15-22 — B TecTax IoBeAeHMe YXaKUBaHNs1/3BYKO-
MPOAYKL VS

Pezucmpayus 836upanus

ITpubop AAsl perucTpauuy B30OMpaHUs TIPeA-
CTaBAsIeT COOO0J CTEKASIHHYIO TPYOKy (15 x 450 MMm)
C TIOPOAOHOBBIMU TPOOKaMy Ha KoHLax. [pymmy
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13 18—24 cam110B MOMeIaAK B TPYOKY C TIOMOLIbIO
BOPOHKU. TPyOKy ycTaHaBAMBAAM BEPTUKAABHO,
MYX CTPSIXMBAAM BHU3 U Y€Pe€3 AECSITb CEKYHA
dbororpadupoBasn pacnpeseAeHre MyX, IPOLIEAY-
Py NMOBTOPSIAM AeCATb pas. BeicoTa TpyOKu Oblaa
pa3buTa Ha AEBSITb CEKTOPOB I10 MATh CAHTUMETPOB.
ITo ¢poTorpadusivm NpOBOAVAY IIOACUET U PACCUU-
TBIBAAV MHAEKC B30MPaHMs IPYIIIBI 0 popMyAe

Y(nm) /N,

A€ N — KOAMYECTBO 0COOEN B CEKTOpe m,
m — MOPSIAKOBBII HOMEP CEKTOPa IO BBICOTE TPYO-
K11 (OT OAHOTO AO A€BSITH), N — KOAMYECTBO MYX.

Pezucmpayus A0KOMOMOPHOU AKIMUBHOCIIU

ITocAe 3aBeplieHUsT perucTpaLuy B3OUpaHUs
CaMIIOB C TIOMOII[bI0 aCIIMPaTOpa PaCCaKUBAAY
II0 OAHOMY B KaMepbl AASI PETUCTPALIM AOKOMO-
TOPHOI AKTUBHOCTU. AASI pErUCTPALIMM [TAPAMETPOB
AOKOMOLIMY MCITOAB30BaAM CTAHAAPTHYIO METOAVKY
(Fedotov et al. 2014; Panova et al. 2013). C moMo11b0
HECKOABKUX BebO-KaMep ¥ KOMIIbIOTEPHO MPO-
rpammel «Drosophila Tracks» (H. I. Kambies)
B T€YEHMe IISATU YaCOB PETUCTPUPOBAAU TOBEAEHNE
Ao 80 camLoB opHOBpeMeHHO. [lapameTpnl AOKO-
MOTOPHOM aKTUBHOCTU — UHAEKC aKTUBHOCTHU
(% BpemeHM, 3aHATHIN TOOEKKAMI), YACTOTY MHU-
LALLM, AAUTEABHOCTb, CKOPOCTb ITOOEXKEK — BbI-
YMCASIAY C TTOMOIIbI0 aHAAUBUPYIOLIETO MOAYASI
HporpaMmbl. PacueTsl IpeACTaBAEHBI 10 TEPBOMY
4yacy HabOAIOAEHUSI.

Pezucmpayus nosedeHus yxanusaHus

B skcnepuMeHTax B Ka4eCTBe NAPTHEPOB CTAH-
AQPTHO MCIIOAb30BaAu caMoK AuHuu Canton-S
(Bo3pact 3—5 CyTOK), OTTAOAOTBOPEHHBIX CaMLIaMu
9TOV >)Ke AMHUN. AASI peTUCTpaLy U aHAAKM3a AQH-
HBIX MCIOAb30BaAu nporpammy «Drosophila
Courtship» (H. I. KambliieB). DTorpamMmmy noBepe-
HYs caMua QUKCHUPOBAAY B T€UEHME IISTU MUHYT.
AAsI BBIUMICAEHMS TIApAMETPOB 3TOTPaMMBbI (3Ae-
MEHTBI PUTYaAa YX&KUBAHUS U TIOBEAEHMsI, He-
CBSI3aHHOT'O C YXQ)KVMBaHMEM) MCIIOAb30BaAY aHa-
AVIBVIPYIOLIUI MOAYAB IIPOTPaMMBIL

Pezucmpayus 38ykonpo0yKuyuu

Perucrparimio 3ByKONPOAYKLMM OCYILIIECTBASIAY
C IOMOIIbIO YYBCTBUTEABHBIX AEHTOYHBIX MUKPO-
(bOHOB B TeuyeHMe MATU MUHYT. 3BYKO3AMMUCHU CO-
XpaHSAU B BMAE 3BYKOBBIX (danaoB (wav dana,
mono, 44100 I, 16 bit). 3anucu aHaAusupoBaAu
¢ nomougpio nporpammel «Drosophila courtship
song analysis» (DCSA, H. I. Kambiiies), koTopas
ABTOMATMYECKM PACIIO3HABAAA MMITYABCHYIO TIECHIO
Y IOCA€ PYYHOTO PEAAKTVPOBAHUS PEe3YABTATOB
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pacro3HaBaHus PAaCCYUTHIBAAA €€ TTapaMeTPhI
(MHAEKC, YaCTOTa, AAUTEABHOCTb, MEKVMITYABCHBIN
unrepsaa) (Fedotov et al. 2018).

CrarucTuyeckyio o0paboTKy IPOBOAUAM C 110-
MOIIIbI0 ABYCTOPOHHEIO TeCTa PAHAOMM3ALIUYI
(p < 0,05).

Pe3yAbTarhl U 00CYKAEHME

B36upa1-1ue U AOKOMOMOpPHAA AKIMUBHOCHb

B3bupaHue 1 AOKOMOTOPHYIO aKTUBHOCTbD pe-
TMICTPMPOBAAY Ha OAHMX M T€X YK€ MYXaX IIOCAEAO-
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BaTeAbHO B OAUH AeHb. [Tocae moaeTa Ha MKC
Yy MyX HaDAIOAQ€ETCS 3BHAUUTEABHOE CHVDKEHME CITO-
COOHOCTM K B30MPaHMI0. DTO CHIDKEHME COXPaHSI-
eTcs 10 KpaliHell Mepe B TedeHue 11 cyTok rocae
3aBepireHus nmoaeta (puc. 2A). Ha ciocobHoCTb
K B30MpaHMIO 10 BEPTUKAABHOI IOBEPXHOCTU
BAMSIIOT ABa (pakTOpa — OOIMI YPOBEHb ABUTa-
TEeAbHOI aKTUBHOCTU U TeoTakcuc. AAst Apo3odu-
ABI B HOpMe XapaKTepeH OTPULATEAbHBIN T€0TaKCUC
(HampaBA€HHAsT ABUTaTEAbHAs PeaKLiyisi, BbI3bIBa-
eMasi 3eMHOI rpaBuTaluein). BrioaHe oxnpaaemo,
4YTO AAUTEABHOE ITpeObIBaHNE B YCAOBUSIX MUKPO-
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Puc. 2. B3bupanue u AokoMoTOopHast akTUBHOCTb. [ToaeT Ha MKC: A — uHpekc B36upauus, B — unaekc
ABUTATEABHOM aKTUBHOCTY, C — CKOPOCTb MOOEXKM. DKCIIEPUMEHT C OTPaHMYeHEM BO3AYX000OMeHa:
D — unaekc B36upaHusi, E — MHAEKC ABUTaTEABHOI aKTUBHOCTY, F — CKOPOCTh MOOEXKKH.
Beable cTOAOL[BI — KOHTPOAB, Cepbie CTOAOLIBI — 9KCIIepUMEHT. I10 TOpr30HTAABHON OCU — AHU TIOCAE
aKcriepuMeHTa. [lokasaHbl CpeAHVe 3HaYeHMsI CO CTAHAQPTHBIMU ommbkamu. * — p < 0,05

Fig. 2. Climbing and locomotion. Flight to the ISS: (A) Climbing index; (B) Locomotor activity index;
(C) Running speed. Experiment with poor ventilation: (D) Climbing index; (E) Locomotor activity index;
(F) Running speed. White—control, gray—experiment. Horizontal axis—days after the experiment.
The diagram shows mean values with standard errors. *—p < 0.05
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rpaButanuy Ha MKC npuBoAUT K HapylIeHUAM
reoTakcuca M CHYKEHUIO CITOCOOHOCTU K B36upa-
Huo. IToaer Ha MKC TakKke BbI3BaA AAUTEABHOE
CHIUDKeHVEe AOKOMOTOPHON aKTMBHOCTU HAa TOPU-
30HTaABHOM MoBepxHOCTU (puc. 2B). Vinaekc ABU-
raTeAbHOI aKTUBHOCTHU SIBASIETCSI MHTETPATUBHBIM
MOKa3aTeAeM, OH 3aBUCUT OT AAUTEAbBHOCTU
M YaCTOTBI MHULIMALMY TOOeXXeK. B oaHHOM caydae
OKa3aAMCh CHVDKEHBbI 00a moKasaTeAsi (AaHHbIE
He TIpeACTaBA€eHbI). TakKe ObIAO OOHAPYKEHO AO-
CTOBepHOE CHIDKeHe CKOpocTu mobexexk (puc. 2C).
Takum obpasom, nocae noaera Ha MKC npowuc-
XOAUT HapylleHle peakLuy reoTakcuca u odulee
CHIDKEHYE YPOBHSI ABUTaTEAbHOM aKTUBHOCTH.

B sKcniepuMeHTe ¢ OrpaHnueHeM BO3AYX000-
MeHa AOCTOBEPHOE CHIKEHYE MHAEKCa B30MpaHus
HAOAIOAAAY TOABKO B IIEPBOI KOHTPOABHON TOUKE
(4epes TpOe CYTOK ITOCA€ 3aBepILEeHMsI IPOLIEAYPbI)
(puc. 2D), oAHaKO YpOBEHb AOKOMOTOPHO aKTUB-
HOCTM OKa3aACSI AOCTOBEPHO HIDKE, YeM B KOHTPO-
A€ BO BCeX KOHTPOABHBIX Toukax (puc. 2E). Cuu-
J)KeHlMe MHAEeKCa ABUTATEAbHOIN aKTUBHOCTHU
MPOUCXOAMAO TOABKO 32 CUET CHIKEHUSI YaCTOThI
yHuLManuy nobexxek. CKOpoCTb MOOEKEK y IKC-
NepUMEHTAABHbBIX MYX 0Ka3aAach BblIllle B IIEPBOII
KOHTPOABHOII TOYKE, AAA€e He OTAMYAAACH
ot KOHTpOAs (puc. 2F). Caep0BaTeAbHO, OTCYTCTBUE
HOPMAaAbHO BEHTUASILIUY TIOA€THBIX KOHTETHEPOB
(11, TPEATTOAOKUTEABHO, KUCAOPOAHOE TOAOAAHIE
MYX B OTCYTCTBMY KOHBEKLIM BO3AYXa B YCAOBMSIX
mukporpasutaiuu Ha MKC) MoxkeT oka3biBaTh
BAMSIHME HA [MOKa3aTeAM AOKOMOTOPHO aKTUB-
HOCTU U He BAUSIET Ha T€0TAKCUC Y MYX.

IloBedeHue yXamuBanus u 38yKonpooyKyus

Perucrpalimio moBeAeHMsI YXaKMBaHUS caMLja
32 OIIAOAOTBOPEHHOJ CaMKOJ U 3aIUCh IECHU
YX&KMBaHMUsI CaMLia BBIMIOAHSIAM Ha ABYX He3aBMU-
CMMBIX BbIOOPKaX MYX B OAVIH 1 TOT )XKe AeHb. [ToaeT
Ha MKC npusea K CylleCTBEHHOMY AAUTEABHOMY
CHVDKEHUIO MTHTEHCUBHOCTY YXa)KuBaHus (puc. 3A).
AHaAU3 5AEMEHTOB PUTYaAa YXaKUBAHNSI BbISIBUA,
4TO [IPOMCXOAUT B OCHOBHOM CHIDKEHVE YaCTOTHI
VIHMLIMALIMY U B MEHbILEl CTENIeHN AAUTEABHOCTY
OpMEeHTaLMN/TIPECAEAOBAHMSI CAMKM CaMIL[OM.
Bo BpeMmst HabAIOA€HMS 32 yXaKMBaHMEM caMija
TaKKe PUKCUPOBAAU MTPOAOAXKUTEABHOCTD DAE-
MEHTOB [TOBEAEHS], He CBSI3aHHBIX C YXa)KMBaHUEM
(mobexka, mpuHUHT, TTOKOM). [TocAe moaeTa
Ha MKC Myxu npoBOAVAM B COCTOSIHUM NOKOS
B ABa pa3a 0OAbIlle BpeMeHY, YeM Ha3eMHBI1 KOH-
TPOAb, B YEThIpe pas3a BO3POCAA IPOAOAXKUTEAD-
HOCTb IIPMHUHTA (AQHHBIE He ITPEACTaBAEHBI). DTOT
PEe3YABTAT COTAACYETCSI C OTMCAHHBIM paHee 00IM
CHIDKEHMEM YPOBHSI AOKOMOTOPHOM aKTUBHOCTH.
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OTAnuusa B nmapaMeTpax MMITYAbCHOM II€CHU
YX&KUBaHUs (MHAEKC, YaCTOTa VHULIMALIY, AAK-
TEABHOCTb) Y CaMLjOB MocAe moaetra Ha MKC
VI Ha3eMHOTO KOHTPOAS OBIAY BBISIBA€HBI TOABKO
yepes 13 AHell MOCAe BO3BpallleHUsI Ha 3eMAI0
(puc. 3B). B mepBoit KOHTPOABHOI TOYKe (IATH
AHeEl1) BeAMYMHA MEXUMITYAbCHOTO MHTEepBaAa
He OTAMYAAACH Y A€TABIIMX MYX ¥ HA3€MHOT'O KOH-
Tpoasi (puc. 3C). OpHaxo yepe3 9 1 13 cyTok Ob1AO
3aperucTpYpPOBAHO AOCTOBEPHOE yBEANUYEHNeE
3TOTrO MOKaszaTeAsl y MyX rnocae rnoaera Ha MKC.
BeanunHa Me)XMMITYAbCHOI'O MHTEPBAAA II03BOASI-
€T HaNpsIMYI0 CYAUTb O paboTe IeCeHHOro LjeH-
TPaABHOI'O TeHepaTopa MOTOPHOTO MaTTEPHA.
YBeAndeHMe MHTEePBaAA MEXAY MMITYAbCAMU CBU-
AETEABCTBYET O 3aMeAAEHUY PabOThI reHepaTopa.

B skcniepuMeHTe C OrpaHNYeHNEM BO3AYX000-
MeHa perucTpauyus IMOBEAEHUsI YXa>KUBaHUS
1 00I[MX TAPaMEeTPOB 3BYKOIIPOAYKLIVM He BBISIBU-
A2 OTAMYMI MEXAY KOHTPOABHOI U 3KCIIepUMEH-
taapHOU rpynnamu (puc. 3D, E). O6HapyxeHb
pa3HOHAIpaBAEHHbIE I3MEHEeHMsI BEAUVHDI MeXX-
VIMITyABCHOTO MHTEpPBaAa B pasHble CPOKU ITOCAE
3aBepiueHus skcrnepumenTa (puc. 3F). Takum 06-
pa3oM, HapylleHre KOMIIAEKCHOTO ITOBeAEHM S,
TaKOT0, KaK PUTYaA YXQKUBAHNSI, HATIPSIMYIO CBSI-
3aHO Y 3aBUCHUT OT OOIIlero CHIYKeHUSI ABUTATEAD-
HOJ aKTUBHOCTU nocAe noreta Ha MKC.

JakAueHue

BriepBble 1iccA€AOBaHbI UI3BMEHEHMSI TIOBEAEHNS
Y AVHAMMKa aAaNTalyuy K 3eMHOI IpaBUTAL
IIOCA€ HEBECOMOCTU B yCAOBMAX noaeTa Ha MKC.
[Tocae 12-CyTOYHOTO BO3AECTBMS MUKPOTPAaBU-
TALMU IPOVICXOAUT HapylleHMe PeaKLuy reoTak-
C1ca, CHIDKEHME YPOBHSI AOKOMOTOPHOM aKTUB-
HOCTY ¥ CKOPOCTH MOOEXeK CAMLIOB APO30(DMABDIL.
CHMXeHMe MHTEHCUBHOCTY yXaKMBaHMs caMLja
3a CaMKOJl II0-BUAMMOMY OOYCAOBAEHO OOIM
CHIVDKEHVEM YPOBHSI ABUTaTE€AbHOM aKTUBHOCTMU.
YpoBeHb 3BYKONIPOAYKLIMY CAMLIOB He U3MEHSIeTCs,
OAHaKO OOHApY>KeHbI HapYILIEeHNUsI B IlapaMeTpax
VIMITYABCHOJI ITECHM YXQKUBAHUSI — yBeAUYEHMe
MEXVMITYAbCHOTO MHTEPBAAR, YTO MOXKET CBUAE-
TEAbCTBOBATD O HApYLIeHUM (3aMeAAeHNM) pabOThI
TIECEHHOT O LIeHTPAABHOTO TeHepaTopa MOTOPHOTO
narTepHa. Bce oOHapy)KeHHbIe HapyLIEHNs ITOBe-
A€HMSI COXPAHSIIOTCS B TeYEHVE ABYX HEAEAD ITOCAE
3aBeplIeHNs KOCMIYECKOTO ITOAETa.

/I3MeHeHne MUKPOKAMMATA BHYTPY KOHTeEHe-
POB C MyXaMU 13-3a OTPaHNYEHNSI BO3AYX00OMeHa
B YCAOBMSIX MUKPOTPaBUTALIMY MOXKET OKa3bIBaTh
Hecreyuduyeckoe BAMSHNE Ha PE3YABTATbI
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Puc. 3. [ToBepeHne yxa>kuBaHus U 3BYKOpoAykiyst. [Toaer Ha MKC: A — mnHpeKc yxakuBaHus, B — nHpekc
MIMIIYAbCHOII nlecHY, C — MEXMMITYAbCHBII MHTePBaA. DKCIIEPUMEHT C OTpaHMYeHeM BO3AYX000MeHa:
D — unpekc yxaxusaHusl, E — MHAEKC MMITYAbCHO ITeCHY, F — MeXMMITyAbCHBI MHTEPBAA.
Beable CTOAGLBI — KOHTPOAD, CEpble CTOAOLIBI — SKCIIepUMEHT. 110 rOpM3OHTaABHOM OCU — AHU ITOCAE
aKcriepuMeHTa. IToKasaHbl CpeAHME 3HAYEHUS CO CTAHAAPTHBIMU ommbkamu. * — p < 0,05

Fig. 3. Courtship behavior and sound production. Flight to the ISS: (A) Courtship index; (B) Pulse song index;
(C) Interpulse interval. Experiment with poor ventilation: (D) Courtship index; (E) Pulse song index;
(F) Interpulse interval. White—control, gray—experiment. Horizontal axis—days after the experiment.
The diagram shows mean values with standard errors. *—p < 0.05

ITOCAEITIOAETHBIX ITOBeAeHYecKuX TecToB. Obecrme-
yeHyre GU3MOAOTUIECKOTO COCTaBa AbIXaTeAbHOI
CMeCy BHYTPU IIOAETHBIX KOHTEIHEPOB C MYXaMU
MO3BOAUT CHU3UTD HecleuuduiecKkoe BAUSIHNE
MMKpPOKAMMATA.
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6. beceanna Haraabs TenHapbeBHa — cOoOp
1 06paboTKa AQHHBIX;

B. AaHnaeHkoBa Aapuca BaapumuposHa — cbop
1 00paboTKa AQHHBIX;

r. KambiieBa Eaena ApkapbeBHa — cOop 1 06-
paboTrka AQHHBIX;

A. AapuHa Oabpra HukoaaeBHa — maest, AaHU-
pOBaHUe U IPOBeAEHE SKCIIEPVIMEHTOB;

e. BypaakoBa AHHa AAekceeBHa — obecrieyeHue
IIOAETHOTO aTamna skcrnepumenTta Ha MKC;

K. KampiieB Hukoaan I[puropbeBuy — Hanm-
CaHyeE U PEAAKTUPOBAHVE PYKOIIVICHUL.
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Annomayus. CUHAIITNYECKME TPOLIECCHI B BECTUOYASPHOI CUCTEME TOABEP>KEHbI BAVISTHUIO MHOTOUMICAEHHBIX
5K30TeHHBIX U SHAOTEHHBIX (PaKTOPOB, OAHUMMU 13 KOTOPBIX SIBASIIOTCSI aKTUBHbIE MOAEKYABI BPOXXAEHHOTO
M QAQNITMBHOTO IMMYHUTeETA. AO HEAQBHETO BPEMEHM CUMTAAOCD, YTO CTPYKTYPbI BHYTPEHHETO yXa AMILIEHDI
cBoeii crieLip1yeCcKor MMMYHHOM 3alMThI 13-32 OTCYTCTBMS AUMbOAPEHarKa ¥ HAAMYYSI TeMaTOAAOMPYHTHOTO
b6appepa. B HOpMe KOAMYECTBO MMMYHHBIX KA€TOK ¥ KOHLIEHTPALMsI IIPOBOCIIAAUTEABHBIX LIMTOKIMHOB
B CTPYKTYPax BHYTPEHHETO yXa HAXOASTCS Ha KpailHe HM3KOM YPOBHE, HO 3HAYMTEABHO BO3PACTAIOT P
maroAorun. 3apada paboThl COCTOSIAA B CPABHUTEABHOM UBYUEHIM BAUSHIS IPOBOCIIAAUTEABHOIO LIUTOK/HA
untepdepoHa (VIOH) u sHporeHHOro HeTpoduAbHOro aHTHOMOTUKA AepercuHa (AED) Ha adpdepeHTHYIO
TAyTaMaTepruyecKyro CUHATUYECKYIO [lepeAaqy IIPY OMOLIY METOAQ PETMCTPALIMY MMIIYABCHOI aKTUBHOCTY
HepBa, KOHTAKTUPYIOLIEro C MOAYKPY>KHBIM KaHaaoM (ramus ampulla posterior). I®H (0,2—40 Hr/MA)
B 3aBMCUMOCTY OT KOHLIEHTPALMY BBI3BIBAA YBEAMYEHVE YACTOTHI (POHOBOI MMIIYABCHOM aKTUBHOCTHU
addepeHTHBIX BOAOKOH, KOTOPOE TP BHICOKMX KOHLIEHTPALIUSIX COIIPOBOXKAAAOCH IIOCAEAYIOIVM YMeHbIIIEHEM
yacToThl paspsipoB. AED (0,001-10 HM), oxa3bIBaA MPOTUBOIMIOAOXKHOE AEICTBUE, TIOHVDKAS YaCTOTY
¢dboHoBOI MMIYAbCHO aKTUBHOCTU addepeHTHbIX BOAOKOH. Kak VIOH, Tak 1 AED ymMeHbIaAM aMIIAUTYAY
OTBeTa Ha anmaukauuio rayramata ¥ NMDA 0THOCUTEABHO HOBOTO, UMM M3MEHEHHOTO YPOBHS (HOHOBOI
AKTMBHOCTMU. A\ aHHbIE CBUAETEABCTBYIOT O HOAV(YHKILIMOHAABHOM HEMIPOMOAYAUPYIOIEM BAVISTHIY IMMYHHOM
CHUCTEMBI Ha CMHAIITUYECKIE TIPOLIECCHI BHYTPEHHETO yXa.

Karwuesoie cr0Ba: BecTUOYASIPHBIN anIapaT, BOAOCKOBbIE KAETKM, TAyTaMaTEPrUueCKUil CUHAIIC,
HePOMMMYHOMOAYASILMSL, UHTepdepoH, AedeHCUH, OnMaTHbIE PeLeNTOPbI
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Abstract. Synaptic processes in the vestibular epithelium are modulated by numerous exogenous and
endogenous factors, including the active molecules of innate and adaptive immunity. Normally, the number
of immune cells and proinflammatory cytokines in the cochlea and vestibular organs is extremely low, but
they increase significantly in pathology. The objective of the study was to compare the effect of the
proinflammatory cytokine interferon a2b (IFN) and the endogenous neutrophil antibiotic defensin (DEF)
on glutamatergic synaptic transmission using the method of multiunit recording of pulse activity of afferent
fibers. IFN (0.2-40 ng/ml), depending on the concentration, caused an increase in the frequency
of background pulse activity of afferent fibers, which at high concentrations was accompanied by a subsequent
decrease in the frequency of discharges. DEF (0.001-10 nM) displays the opposite effect, lowering
the frequency of resting pulse activity of afferent fibers by 30%. Both substances reduced the amplitude
of L-glutamate and NMDA evoked responses. The data indicate a multifunctional neuromodulating effect
of the immune system on the synaptic processes of the inner ear. This suggests a range of different mechanisms
that control the afferent flow from the vestibular organs to the central nervous system.

Keywords: vestibular apparatus, hair cells, glutamatergic synapse, neuroimmunomodulation, interferon,

defensin, opiate receptors

BBepenne

BectubyasipHast cucrema UrpaeTt BEAYILYIO POAb
B IIOAAEPYKaHMY DAAQHCA, TI03bI U MBIIIEYHOTO TO-
Hyca. BecTuOyasipHbie pedAeKChI SIBASIOTCS OAHUMU
13 HamboAee OBICTPBIX pedAEKCOB, UTO TpebyeT
ObICTpOIT 00PabOTKM BeCTUOYASIPHOI MHDOpMaLIMNL.
B BecTHOYASIpHBIX OpraHax Ha KA€TOYHOM YPOBHE
5TU TPeOOBaHNS YAOBAETBOPSIIOTCS BOAOCKOBBIMU
kaetkamu I u II Tumnos, y 6azaapHON MeMOpaHbI
KOTOPBIX PACIIOAAraeTCsi XOPOIIO Pa3BUTOE CUHATI-
TUYEeCKOE TeAO, ObecIieunBalilee ObICTPOE U AAU-
TeAbHO€E BBICBOOOXKAEHIE TAyTaMaTa M3 IPeCHaIl-
Tuyeckux 30H (Moser et al. 2006; Nouvian et al.
2006). Beicokasi MAQCTMYHOCTb TAyTaMaTepruye-
CKOTro CHHAarica obecrneynBaeTcsi MOCPEACTBOM
HEKBAHTOBOTO U KBAHTOBOTO BBIAEAEHUS MeAUa-
topa (Highstein et al. 2015; Holt et al. 2007),
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ay KAeTOK [ Tma — 3a cueT CimAAOBepa rayramara
(Sadeghi et al. 2014), BbICBOOOXXAEHMS TPOTOHOB
H* ¢ yuactuem mexanusma sxkctpysun (Highstein
etal. 2014). CoBOKYITHOCTb 3TUX MEXaHU3MOB 00e-
CIe4YBaeT BbICOKYIO YyBCTBUTEABHOCTD U ITAQ-
CTUYHOCTD apPepeHTHOTO rAYyTaMaTEPrNIECKOro
cuHarica. B To ske BpeMs CUHAIIC TOABEPYKEH 9KCali-
TOTOKCUYHOCTY U KpaliHe YyBCTBUTEAEH K BAVSIHUIO
sHaoredHsIx (Andrianov et al. 2009; Gonzdalez-Garrido
et al. 2015; Ryzhova et al. 2018; 2020) 1 oToTOKCH-
yeckux daxTopos (Barbieri et al. 2019; Jiang et al.
2017), IPUBOASIIX K TATOAOT MY CUHAIITUYECKOI
nepeAau B CTPYKTypax BHYTpeHHero yxa. Mo)XHO
MIPEATIOAOXXUTD, YTO AKTUBHBIE MOAEKYABI UMMYH-
HOJ1 crcTeMbl, 0Opasyoluecs B npoiecce GyHK-
LIMOHUPOBAHUS U TIPU BOCITAAEHUY, UIIEMUY UAK
MUKDPOTPaBMe, MOTYT MOAYAMPOBaTh adHepeHTHYIO
CUHANTUYECKYIO [IEpeAayy.
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U. B. Puimosa, T. B. Tobuac

CTpyKTypbl BHYTPEHHETO yXa 3all/IeHbl reMa-
TOAQOVPUHTHBIM 0apbepoM, KOHTPOAUPYIOIUM
00MeH MeXAY KPOBbIO Y UHTEPCTULIMAABHBIM ITPO-
CTPaHCTBOM B YAUTKE U B BECTUOYASIPHBIX OpraHax
VI IOAAEP>KMBAIOIVIM IOHHBIV TPAAVEHT S9HAOKOX-
A€APHOTO PELIENTOPHOrO MOTEHLIMAA] AASI AKTYBHBIX
IIPOLIECCOB MEXAHO-2AEKTPUYECKON TPAHCAYKLINN
BOAOCKOBBIX KA€TOK (Zhang et al. 2015). CoraacHo
COBpPEMEHHBIM TPEACTABAEHISIM, MECTHBIIT UMMY-
HUTET B BECTUOYASIDHOM U CAYXOBOJ CHCTeMax
peryAupyercst sHAOAUMMATUIECKUM MELIOUYKOM,
paspyleHe CTEHOK KOTOPOTO BbI3bIBAET CHIDKEHIE
VMIMMYHHOTO OTBETA BHYTPEHHEro yxa. AHTuTeAa
Yl AUTIOIIOAVICAXaPUABI TIOBPEXAAIOT FeMaToAAOM -
PMHTHBIN Oapbep MyTeM paspylleHusi 6€AKOB
IIAOTHBIX KOHTaKTOB OKKAIOAMHA, KapxepuHa, ZO-1
U KAAyAMHa U INOAQBAEHMUS UX DKCIIPECCUU
(Shi 2016; Zhang et al. 2015.) IToBbieHHast TIpo-
HM1]aeMOCTb FeMaTOAQOMPUHTHOTO bapbepa Conpo-
BOXKA2eTCst MOPOPYHKLMOHAABHBIMY IBMEHEHM-
SIMU [IEPULIUTOB U IIePUBACKYASIPHO-PE3MAEHTHBIX
MaKpoQaronop0OHbIX MEAAHOLIUTOB U YBeAUYEHU -
eM ux KoAndecTBa (Zhang et al. 2015). XeMOKuHbBI
" UUTOKUHBI, Harpumep, ppakraskuu, CX3CL1,
CTUMYAUPYIOT ABVDKeHMe makpodaros (Liu et al.
2019).

Y 3AOpOBBIX AIOA€IL B CTPYKTYpPaxX BHYTPEHHETO
yXa KOAMYeCTBO MMMYHHBIX KA€TOK, YPOBEHb LM~
TOKVMHOB Y XEMOKVHOB HaXOAUTCSI Ha KpaiiHe
HU3KOM ypoBHe. OpHaKo npu naroaorun (6oaesHu
MeHbepa) HaOAI0AQ€TCS TTOBBILLIEHNE YPOBHS TAaKMX
LIMTOKMHOB M XeMOKMHOB, Kak IL-10, IL-1pB, IL-6,
CCL5, CXCL1, IFNA2, CXCL5 (Flook et al. 2019).

I[Tpu akycTM4eCKoi TpaBMe HAOAIOAAAOCH YBe-
AMYEHVe KOAMYECTBa MMMYHHBIX KAETOK, TPUYeM
npeobaaparommu ABAsIAUCE B, T, NK u mueaoua-
Hble KAeTKU (Makpodaru 1 HeMTPOPHUABI), YTO
IIPEATIOAAraeT X PEKPYTUPOBaHME B IOBPEXXAEH-
HYIO YAUTKY B pa3Hble MOMEHTBI BpEMEHU U BbIAE-
A€HVIe Pa3AVYHBIX IIPO- U TPOTUBOBOCITAAUTEABHBIX
yutoknHoB (Rai et al. 2020). ITpu maToaornyeckmx
BO3AEVICTBUAX aKTMBMPOBaHHbIEe T-AMMdOLMTHI
MOT'YT ITOIIAAATh B YAUTKY U MIHULIMVIPOBATh CUHTE3
VIOH-y (Baek et al. 2006). B cBoro ouepeapb LuTO-
KMHOBBIN KACKaA MOXXeT aKTUBUPOBATb MUTPALIUIO
B YAUTKY KAETOK KPOBETBOPHOTO IIPOMCXOXKAEHIS,
B yacTHOCTH, Makpodaros (Fujioka et al. 2014; Liu
et al. 2019). OcTpoe nmopaxeHue BHYTPEHHETO yXa
Yy MblLIE MOA BO3AEVICTBMEM LIYMa VAU OTOTOK-
CMYECKUX IpernapaTroB BbI3bIBAET BOCIIAAEHME
Y IPUBOAUT K YBEAMYEHNIO KOXA€APHBIX MaKpO-
¢dbaroB 1 HEMTPOPUAOB B COCYAUCTOI IMTOAOCKE
u cripaabHOM ranrauu (Zhang et al. 2012).

AKTyaAbHOII 3apa4eil CEHCOPHOI MaTopusno-
AOTUM SIBASIETCS TIOMCK MapKepOB IIpU BeCTUOY-
ASIPHBIX PACCTPONCTBAX, TPABMaX M UMIIAQHTALIUA

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1

CTPYKTYPp BHYTPEHHEIO yXa, HelipOCEHCOPHOM
TYTOYXOCTH, BbI3BAaHHOI LIYMOBOI TPaBMOIL
1 cTapeHueM. HeCOMHEHHBIM YCIIeXOM SIBASIIOTCS
AQHHBIe, YKa3bIBaIolI[Vie Ha TOBBIIIEHHBIN YPOBEHD
IIPOBOCIIAAUTEABHBIX IUTOKMHOB IL-6, TNF-«
1 CXCL1 B BOAOCKOBBIX KAETKaX, & TAKXXe MTOBBI-
meHHbI ypoBeHb LuToKMHa CXCL1 B omopHbIX
kaeTkax yautku (Landegger et al. 2019). Oco6yio
AVIATHOCTUYECKYIO0 Ba’)KHOCTb IIPEACTABASIIOT UC-
cAepOBaHUs crielduyecKoro npoduas IpoBocC-
MAAUTEABHBIX LIUTOKVHOB B iepuanmMde BeCcTudy-
ASIPHBIX OPTaHOB IIPY PA3AMYHBIX BECTUOYASPHBIX
paccTpoiCcTBax, HO OAMHAKOBBIX CUMIITOMAX, 4YTO
II03BOASIET OTAMYUTb MTALIEHTOB C BECTUOYASIPHOI
MUTPEHbBIO OT MALMEHTOB C O0Ae3HbI0 MeHbepa
(Flook et al. 2019).

B nepuaumpe y 60AbHBIX C IOTEPENL CAYXa, BbI-
3BaHHOJ IIBAHHOMOJI, 0OHapy>KeHa MOBBIIIEHHAS
sKcnpeccusi pakTopa Hekposa omyxoan o (TNF«),
xeMokuHoBoro peuentopa-4 (CXCR4) (Lassaletta
etal. 2019), 6eaka p-xpuctasauna (CRYM), 6eaka 2,
CBSI3aHHOTO C PeLieNITOPOM AUIIOIIPOTEVHOB HUBKOIA
naotHoctu (LRP2). Konnenrpauus TNFaq, skc-
Ipeccusi KOTOPOro HAXOAMUTCSI Ha KpaliHe HU3KOM
ypOBHe B 3A0poBoI1 yautke (Zou et al. 2005), mo-
BbIIIIaeTCs pU BocmaAeHuu (Aminpour et al. 2005),
akyctudeckoi TpaBme (Fujioka et al. 2006; Landegger
et al. 2019), Bubpauuu (Zou et al. 2005), npu ayto-
VIMMYHHBIX paccTpoiicTBax (Svrakic et al. 2012)
Yl TIPU A€YEHUM OTOTOKCUYECKVIMY IpernapaTamu
(Altun et al. 2014; Jiang et al. 2017).

Takum 06pasom, aHaAU3 COBPEMEHHOII AUTEpa-
TYPBI TO3BOASIET 3aKAIOYUTD, YTO TIPU IATOAOTUN
CTPYKTYpP BHYTPEHHEro yXa MMMYHHBIN OTBET
B nepuauMbe YAUTKU U BECTUOYASIPHBIX OpPraHOB
XapaKTepu3yeTcs IPUCYTCTBYEM UMMYHHBIX KAe-
TOK, & TAaK)K€ XEMOK/HOB U IIPOBOCIAAUTEABHBIX
LIUTOKVHOB, BAUSIH/IE€ KOTOPBIX HA CUHAIITUYECKIEe
IIPOLIECCHI B CTPYKTYPax BHYTPEHHETO yXa OCTaeT-
Cs1 IPaKTUYECKM HEVICCAEAOBAHHBIM. VI3BeCTHO,
YTO LIUTOKVMHBI MOTYT OKa3blBaTb pa3HOHAIIPaB-
A€HHBIE MOAYAVIPYIOLLVIE BAMSIHYSI HA CHHAITUYECKYe
¢dyukuym LIHC ¢ yyactreM pa3An4HBIX MEXaHM3MOB
(Loseva et al. 2008; Miller et al. 2013). VuTepde-
POHBI U3MEHSIOT 6aAaHC TaKUX GpU3MOAOTUYECKU
AKTMBHBIX MOAEKYA, KaK TpUNTO(daH, CEPOTOHUH,
TAYTaMaT, IOHI>KAIOT YPOBEHb aCTPOLUTAPHOIO
nepeHocuyuka rayramara — acrnaprara (GLAST)
(Hosseini et al. 2020), n3MeHSAIOT KOHI[EHTPAI[UI
3HAOTeHHBIX AuranpoB NMDA perienTtopoB KuHy-
peHoBOI 1 KyuHOAMHOBOM KucAoT (Erhardt et al.
2007; Haroon et al. 2014; Miller et al. 2013; Raison
et al. 2010). MO>KHO IIPEATIOAOXUTb, YTO AaKTUBHbIE
MOAEKYABI IMMYHHOJ CHCTEMBI, 00pa3ymoliecs
B ITpoLiecce pyHKIMOHMPOBAHYS U IIPU BOCITAAEHNY,
VILIEeMVUM AV MUKPOTPaBMe, MOTYT MOAYAVIPOBAThb
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apdepeHTHYIO CMHANITUYECKYIO IlepeAady BeCTH-
OyAsIpHOTO ammapara.

LleAb paboTBI COCTOSIAQ B CPABHUTEABHOM aHa-
AVI3€ BAVSTHVUSI MOAEKYA BPOXXAEHHOTO IMMYHUTE-
Ta SHAOTE€HHOTO HENTPOPUABPHOTO AHTUOMOTHKA
aedbencrua (AED®) u mpoBoCaAUTEABHOTO LIUTO-
kuHa unrepgpepona (MOH) I Tumna Ha cuHanTnve-
cKue mpolecchl adppepeHTHOro rayramareprmye-
cKoro cuHarca. HecMoTpsi Ha TO, 4TO MHTEP(EPOHBI
OTHECEHBI K OTOTOKCUYECKUM BemecTBam (Mendes-
Corréa et al. 2011; Sharifian et al. 2013), MmexaHusm
MX HEPOMOAYAMPYIOIIEr0 X OTOTOKCUYECKOTO
BAMSIHMSI HA CUHANTUYeCKNe TPOLEeCChl BeCTHOY-
ASIDHOTO ammapara A0 CUX IOp He M3Y4YaACs.
ViccaepoBaHME BAUSIHUSI SHAOTEHHOI'O aHTUOMO-
tnka AE® Ha cuHanTUyeckue Mpolecchl BHYTPEH-
HETO0 yXa IIPEACTABASIAO OCOOBIV IHTEPeC B CPaBHEHUN
C OTOTOKCUYECKUM BAUSIHMEM aMUHOTAMKO3UAHBIX
AQHTMOMOTUKOB, TAaK)Ke BbI3bIBAIOIUM ITATOAOTUIO
cAayxa u paBHoBecus (Jiang et al. 2017).

Aaunbpie o BavsiHuu AE® u VIOH Ha cuHantu-
YeCKie IPOLeCChl BHYTPEHHETO yXa OTCYTCTBYIOT.

MartepuaAabl 1 METOABI MICCACAOBAHUS

DKCIIepVIMEHTBI BBIIIOAHEHBI i/ Vitro Ha 53 Be-
CTUOYASIPHBIX ITpeTapaTax AATyIIKY Rana temporaria
B A€THe-OCeHHe-3MIMHUI IIepuoA. BecTnOyasipHbIit
anmapar NoMelllaAM B BAHHOYKY, HeIIPEePbIBHO
nepoysupyemyo GU3MOAOTMYECKUM PACTBOPOM,
MaKCUMMaAbHO NPUOAVIKEHHBIM K COCTaBY Iepu-
AuMdsl (N), mpy KOMHATHOI TEMIIepaType.

Perucrpainyio MHOXeCTBEHHO MMITYAbCHOI
aKTMBHOCTY HepBa ramus ampulla posterior, KOH-
TaKTUPYIOLIEro C PeLeNTOPHBIMY KAeTKaMU 3a-
AHETO IIOAYKPY)KHOTO KaHAAR, OCYLIECTBASIAY IIPU
IIOMOIIY 3aCaChIBAIOLIEr0 CTEKASIHHOTO 9AEKTPOAA
¢ AnametpoM KoHuuka 100-300 mxm. Peructpu-
pyeMble CUTHAABI TOAQBAAM HA ycuAUTeAb AM
systems, Inc. 3000, KOHTpoAMpOBaAU Ha 3KpaHe
KaToAHOro ocumarockorna C1-93, mpeobpasoBsi-
BaAU B IIPSIMOYTOAbHbIE MMITYABCBI AAUTEABHOCTBIO
1,5 mc npu nomowu ALITT. ChopmupoBaHHbIe
NPSIMOYTOABHBIE VIMITYABCHI B T€YEHVE BCErO IKC-
NEepPUMEHTA PETUCTPUPOBAAY HA KOMIIBIOTEPE IIPU
IIOMOIIIY OPUI'MHAABHON nporpammbl. Kaxaas
TOYKA 3aIVICU IPEACTABASIAQ YCPEAHEHHOE 3Haye-
HYe 4acTOThI adpPpepeHTHON UMITYAbCHOV aKTUB-
HOCTHU, peructpupyemoi 3a 10 c. VsyueHune Baus-
HUS pa3AMYHbIX KoHLeHTpauyun VIOH u AED
MIPOBOAVAY Ha OAHOM U TOM >Ke IIperapare.

B ombITax MCroAb30BaAu peaKTUBBI GUPMBI
SIGMA: rayramar (L-Glu), aroH1CT MOHOTPOITHBIX
rayramatHbix petientopoB N-methil-D-aspartic
acid (NMDA), nentpoduabusiit AED yeaoBexa
(HNP-1), a Takxke MM®H a2b npoussBoacTBa
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«AabteBrp» OO0 Qapmanapk (pacTBOp B aMITyAaxX
5 man ME Ha 1 mA). UIOH mopBepraau o4ncTKe
C MOMOLIBI0 BBICOK03G(EKTUBHOI XXUAKOCTHOI
xpomatorpaduu. VIOH «IFN-alpha 2b human
Sigma-Aldrich SRP4595B» ucroab3oBaAu B Kaue-
CTBe cTaHAApTa. PacTBOpBI MOAQBaAM B CHHAIITHU-
4eCKyI0 00AaCTb METOAOM BHEIIHeN nepdysun
C ICTIOAB30BaHMeM LIECTUKAHAABHOV ITepdy31OH-
Hol1 cucteMbl Warner Instruments VC-6.

Bausune VIOH n AE® Ha ypoBeHb $OHOBOI
aKTUBHOCTU adpdepeHTHBIX BOAOKOH OLIEHVBAAU
B IIPOLIEHTaX KaK OTHOILIEHJEe MaKCUMaAbHOIO
3Ha4YeHMsI UMITYAbCHOM aKTMBHOCTY IIPY QIllIAMKa-
LMY BelleCcTB K 4YacToTe POHOBOV aKTUBHOCTH,
npealecTByolien nepdysun. CTaTuCTUYeCKyIo
00pabOTKY MPOBOAVAY AASI HOPMUPOBAHHBIX AQHHBIX.

Pe3yAbTaThl MpeACTAaBAEHBI CPEAHVMMY 3HAUe-
HUSIMU + OIIMOKa cpeaHero. AHaAM3 AQHHBIX IIPO-
BOAMAM C UCIIOAB30BaHMEM ABYXBBIOOPOYHBIX
KpuTepueB MaHHa — YuTHU, BUAKOKCOHA, a TaKoKe
npuMeHsiAu t-tect. ViccaepoBaHue apdHeKkToB BAK-
SIHYSI TIpeIapaToB Ha MMITYAbCHYIO aKTUMBHOCTD
IIPOBOAMAY METOAAMU AVCIIEPCMOHHOI'O QaHAAM3a
ANOVA RM AA4 3aBUCUMBIX IIepEMEHHBIX.

I'padpyky M3MeHeHMsI YaCTOThI UMITyAbCHO
aKTUBHOCTU MOA BAUsiHMEM pevicTBust VIOH u AED
cTpouau B mporpamMmme MS-Excel.

Pe3yAbTarsl 1 00CyKAEHME

AASL CPaBHUTEABHOTO aHAAM32a BAVSTHUSA aKTVB-
HBIX MOAEKYA BPOXXAEHHOTO IMMYHUTETA Ha CHU-
HaIllTM4YeCKYI aKTUBHOCTb BECTUOYASIPHOIO
amnmapara M3y4aAll BAMSIHYE SHAOTEHHOIO aHTU-
6uoruka HNP-1 1 mpoBOCIIaAUTEABHOTO [[UTOKHU-
Ha VIOH a2b Ha cMHanTH4ecKyIo mepeaavy B IAy-
TaMaTepruiecKoM CYHAIICe B INMPOKOM AMAIa30He
KOHL|€eHTPaL /.

[Tepdysus cuHanTueCKo 06AaCTH PaCTBOPOM
VNOH B xonuentpauusx 0,2, 1, 2 u 10 Hr/mMA cTa-
TUCTUYECKU 3HAYMMO YBEAMYMBAAQ YaCTOTY o-
HOBOJI aKTMBHOCTU addepeHTHBIX BOAOKOH
TI0 CPAaBHEHMIO C TIePBOHAYAABHBIM YPOBHEM (pOHOBOII
axTuBHOCTU (prc. 1) coorBeTcTBeHHO Ha 30,1 + 4,3%,
p = 0,018, 25,1 + 5,9%, p = 0,028, 30,5 £ 5,8%,
p = 0,001 u 31,1 £ 7,1%, p = 0,004 (xputepuit Bua-
KokcoHa). Ctumyaupyoimuit a¢pdext VIOH Opia
00paTuM, UMITyAbCHAsI aKTUBHOCTb BO3BpalllaAach
K IepBOHAaYaAbHOMY YpoBHIO B N pacTBope. B aTom
AMaIia3oHe KOHLIEHTPALMi1 He HAOAIOAQAY AO303a-
Bucumoro addexra. VIOH B konuentpayuu 20 Hr/MA
yBEAMUYMBAA YPOBeHb (GOHOBOI aKTUBHOCTHU
Ha 90 + 35,6%, p = 0,021, a npu KOHLeHTpaLumn
40 ur/mMA — Ha 165,6 £ 71,9%, p = 0,028, o cpas-
HEHUIO C GOHOBBIM YPOBHEM.
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Puc. 1. Bansiuue pasanunsix koHueHtpauuit AE® (HNP-1) (A, B) u IOH o2b (C, D) Ha ypoBeHb ¢poHOBOI
aKTUBHOCTHU apPpepeHTHBIX BOAOKOH ramus ampulla posterior, "THHEPBUPYIOIX 3aAHUI IOAYKPY)KHBIN KaHaA
aarymkn. A, C: opUrmHaAbHbIe 3aIMCU SKCIIepUMeHTOB. Ka)kpast TouKa 3ammycy IpeACTaBAsIeT yCpeAHEHHOe
3HaYeHye 4acTOThl apPpepeHTHOI UMITYAbCHON aKTUBHOCTH, perucTpupyemor 3a 10 c.
TopusonTtaabHble AMHUYM — oTMeTKM annaukanuy HNP-1 u IOH. A: HaaoXeHMe KPUBBIX, TOAYYEHHBIX
B OAHOM OIIBITE IIPY BO3AENCTBUY padAnyHbIX KoHLleHTpauuit AED: 1 — 0,001 uHM; 2 — 0,01 HM; 3 — 0,1 HM;
4 — 1 uM. TIpoMeXXyTOK MeXAyY aNMAMKaLyel penapaTroB COCTAaBASIA He MeHee 15 MuH. B: cymmapHas kpusas
MHIMOMpPOBaHMs GOHOBOM aKTUBHOCTU pa3AMIHbIMU KoHLeHTpaLusiMu HNP-1. Kaxxpast Touka mpeacTaBAsieT
cpeaHee 1 ombKy cpeatero (%). N = 6. C: usMeHeH1€e 4aCTOTbI POHOBOI MMITYABCHOI AKTUBHOCTY
addepeHTHBIX BOAOKOH IIPY ANIAUKALIMY PasAMYHbIX KoHLieHTpauuit VIOH a2b, 3aperncTpupoBaHHbIX B OAHOM
ombiTe. D: AnarpamMma, OTpaskarolasi CpeAHMe 3HaYeHNsT U oUMOKY cpeAHero (%) yBeAMYeHMsT UMITYAbCHOI
aKTUBHOCTU ramus ampulla posterior ipu Bo3aeicTBuM pasAnyuHbix KouueHTpayuin IOH. N =6 — 13
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Fig. 1. Effect of different concentrations of DEF (HNP-1) (A, B) and IFN a2b (C, D) on the background activity of
ramus ampulla posterior afferent fibers. A, C: original records of experiments. The horizontal bars above each
record indicate the duration of drug application. A: overlay of the impulse activity traces, recording in the same
experiment. HNP-1 concentrations: 1—0.001 nM; 2—0.01 nM; 3—0.1 nM; 4—1 nM. Each trace point was
determined over sequential 10s periods from the corresponding computer records. The interval between the
applications of drugs was at least 15 minutes. B: summary curve of background activity inhibition by different
concentrations of HNP-1. The influence of DEF is presented as a change in the frequency of background activity, %.
Each point represents the mean + SEM. N = 6. C: effects of different concentrations of IFN a2b on the resting
activity in the semicircular canal nerve afferent fibers, recording in the same experiment. D: average chart of the
impulse activity (the mean + SEM, %) in response to various concentrations of IFN. N = 6 — 13
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HNP-1 okasbiBaa nportusonosoxHoe VIOH-y
A€IIpecCoOpHOe BAMSIHME Ha YPOBEHb GOHOBOM
aKTUBHOCTU. [ToporoBasi KOHLIEHTpaLMsI COCTaB-
asira 0,1 mM. B Anamasone KOHIeHTpaLui AedeH-
cuna ot 0,1 1M Ao 1 HM uHrubupyiouee AelicTBre
AQHTUOMOTVIKA YBEAUYMBAAOCH I AOCTUTAAO MaK-
cuMaAbHOro 3¢ dexTa, Ao 30% ot pona.

Aast Toro uro6b1 nmokasatb, uto AE® u MOH
OKa3bIBAIOT MOAYAMPYIOllee BAUSHYE MEHHO
Ha rAyTaMaTHbIE pPeLlelITOPbI, CPAaBHUBAAY AMIIAK-
TYAY OTBETOB Ha amnAukauuio L-Glu u aronucra
MIOHOTPOITHBIX TAyTaMaTHBIX perienrropoB NMDA
AO 1 Ha ¢poHe niepdysuu cMHATITUYECKOIT 00AaCTHU
pactBopamy HNP-1 u VI®H a2b B TeueHne AByx
MUHYT (puc. 2). AASI 9TOT0 BHaYAA€ CHHANTUYECKYIO
obaacTp nepgysuponaau pacrBopom L-Glu nan
NMDA, nocae Bo3BpallieHNs UMITyAbCHOM aKTVB-
HocTy B N pacTBOpe K IIepBOHaYaAbHOMY YPOBHIO
1 15-MMHYTHOJ OTMBIBKM IIperniapara almAuLypo-
Baau VIOH (nau AED), a satem L-Glu uau NMDA
Ha ¢one nepdpysuu VIOH (nam AED®). Hecmotpst
Ha TO, YTO AedpeHCUH 1 MHTepdepOoH OKa3bIBAAU
MPOTUBOIIOAOXKHOE AEVICTBYE Ha YPOBEHb (GOHOBOII
AKTUBHOCTY, 00a Bell[eCTBa YMEHBIIAAU OTBETHI
L-Glu 1 NMDA oTHOCUTEABHO M3MEHEHHOT'O MU
HOBOT'O YPOBHSI MMIIYABCHOJ aKTVMBHOCTM.

Hamu BniepBble peACTaBAEHBI AQHHBIE O TOM,
4TO adPepeHTHDIN TAyTaMaTePrnyeCcKunil CUHAIIC
BECTUOYASIPHOTO arrapara sBASIeTCS] MUILEHBIO
AKTMBHBIX META0OAUTOB MMMYHHOJ CHCTEMBI.
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AeCTBUTEABHO, TaK/ie MOAEKYABI BPOXXAEHHOTO
nMmmyHuterta, kak HNP-1 u IFN moryr 3Haunmo
1 Pa3HOHAIIPABACHHO M3MEHATDb CUHANTUYECKYIO
aKTVMBHOCTD BECTUOYASIPHOTO SIIUTEAUS.

B Bectu0yasipuom snureanu VIOH I tuna 3na-
YMMO YBEAMYMBAA YPOBEHb GOHOBOI MMITYABCHOI
aKTUBHOCTU addepeHTHBIX BOAOKOH, YTO HabAIO-
AQAOCB yKe py KoHLeHTpanuu 0,2 Hr/MA (cooT-
BETCTBYeT 268 IMOAB/A).

Crumyanpyomee Bansaue VIOH Ha rayrama-
TePruyecKyro CHUHAINTUYECKYIO Iepepady ObIAO
BbIsIBAeHO KyIH ¢ coaBTOpamu, KOTOpble Ha cpe3ax
CIIMHHOTO MO3ra KpbIC Nokasaau, 4yTo IFN-a po-
303aBMCHMO YBEAVYMBAA YACTOTY BO30Y)KAQIOIVIX
CIIOHTAHHBIX OCTCUHANTUYECKNX TOKOB B HEJIPO-
HaX )KEAATMHO3HO CyOCTaHLMU. ABTOPBI IPUXOAAT
K BBIBOAY 0 TOM, 4TO IFN-a ycuanBaeT Bo36yxaa-
IOII[Mie IIPOLIECCHl HAa NIPECUHANITUYECKOM YPOBHE
(Qin et al. 2012).

ITpoTUBOMOAOXKHOE AEMIPECCOPHOE BAUSHME
JIOH Ha yacToTy pOHOBOI aKTMBHOCTY HEIPOHOB
3aAHMX POTOB CIIMHHOTO MO3ra OBIAO OTMEYEHO
MpY KOHLIEHTpauuy 25 HI/MA, YTO COIOCTaBUMO
C KOHL|eHTPpaLsIMUY, BbI3bIBAIOLIVIMU MOAYAVPYIO-
it apdext B adpdepeHTHOM CHHAIICE BeCTUOY-
asipHoro snuteaus (Liu et al. 2016).

B npotusomnoaoxxHocts VIOH sHAOreHHBIN
aHTUOMoTUK HNP-1 B MMKOMOASIPHBIX KOHIIEHTpPa-
LI MHTMOMPOBaA YPOBEHb (POHOBOI aKTUBHOCTH,
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Puc. 2. VIamMeHeHre aMIAUTYABI OTBeTOB L-Glu 1 aroHncTa MOHOTPOIHBIX TAyTaMaTHBIX perienTopoB NMDA
Ha ¢oHe nepdysun cuHanTdeckoi obaactu pactsopamu AE® (HNP-1) (A, C) u IOH a2b (B, D).
OpurrHaAbHbIE 3aIIMCH OIIBITOB
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Fig. 2. Effects of DEF (HNP-1) (A, C) and IFN a2b (B, D) on the amplitude of L-Glu and NMDA evoked
responses. Original records of experiments

a ero TOpMO3HBIII MaKCUMAAbHBIN 9P PeKT HabA0-
AQACSI TPV HAHOMOASIPHBIX KOHLIEHTPaLMsIX.

ConocTaBAsisi MUKPOMOASIPHBI YPOBEHb aHTHU-
baxkTeprasbHOTo AeicTBUs AedeHcruHa (Azimova
et al. 2015; Raj, Dentino 2002) 1 MMKOMOAsIpHbIE
KOHL|EHTPALIUY €r0 HEPOMMMYHOMOAYAMpYIOLle-
rO BAMSIHUS B BECTUOYASIDHOM SIIUTEAUM, MOXKHO
MPEAITIOAOXKUTD, UTO MOAYASILIVISI TAyTaMaTepruye-
CKOJ CHHAIITUYECKOJ IlepeAaull B BOAOCKOBBIX
KAETKaX OCYIIeCTBASIETCS C y4aCTHeM MEeXaHU3MOB,
OTAMYHBIX OT IMMYHOAOTMYECKMX.

B BeCTMOYASIPHOM 3IIUTEAUY OCHOBHBIM MEAM-
aQTOPOM SIBASIETCSI TAyTaMaT, CIOHTAaHHOE BbIAEAe-
HYe KOTOPOro 13 6a3aAbHOI MEMOPaHbI BOAOCKO-
BOI1 KAETKI 00yCAOBAMBaET (POHOBYIO aKTUBHOCTD
apdepeHTHBIX BOAOKOH BECTUOYASIPHBIX HEPBOB,
KOTOpas OCylIeCcTBASeTC myTeM akTuBaty AMPA
peLenTOpPOB MOCTCUHANTUYECKON MeMOpaHbI
(Bonsacquet et al. 2006). O0paiaeT Ha ce6s1 BHU-
MaHMe TOT $aKT, YTO, HECMOTPSI Ha Pa3AUYHbIN
BekTop BAMsiHUSA AED 1 VIOH Ha ypoBeHb poHOBOI
aKTMBHOCTH, 00a BelljeCTBa YMEHbBIIAIOT aMIIAUTY-
Ay oTBeTOB Ha anmnaukauuo L-Glu 1 NMDA or-
HOCHUTEABHO HOBOT'O IMM CO3AQHHOTI'O YPOBHSL. DTO
MpeAIIOAAraeT, YTO MOHOTPOIIHbIE TAyTaMaTHbIE
peterrtopel NMDA 11 AMPA noATUIIOB SIBASIIOTCSA
MMUILIEHBIO PA3AMYHOTO0 HEIPOUMMYHOAOTMYECKO-
IO BAMSIHVSI MOAEKYA BPOSKA€HHOTO UMMYHUTETA.

®DaxkT pasHoHanpaBAeHHOro BausaHua AED
u VIOH Ha ypoBeHb HOHOBOIT aKTUBHOCTU T'UIIO-

UnmeepamusHas gﬁusuwloeu,q, 2023, m. 4, Ne 1

TeTUYECKU MO>KHO OOBSICHUTb pa3AUYHBIMU MeXa-
HU3MaMU BAMSIHUSI UCCAEAYEMBIX BeleCTB
Ha Ipe- 1 MOCTCHMHANTMYeCKOM YpoBHe. PaHee HamMu
OBIAO TIOKa3aHO, YTO AenpeccopHblit adpdext AED
Ha POHOBYIO aKTUBHOCTD apdepeHTHBIX BOAOKOH
OCYIIECTBASIETCS C YYaCTHEM |- U K-OIMATHBIX
PeLIeNnTOPOB Ha Ipe- U IOCTCUHANTUYECKOM YPOB-
He (Ryzhova et al. 2013), 4To 0AHaKO He MCKAIOYA-
eT 1 Apyrue MmexaHusmbl BanusgHua AED, otanuHble
OT OMMUOUAHBIX.

VIOH MosxeT oka3blBaTb HEMIPOMMMYHOMOAY-
AVIpYIOLIlee AEVICTBYUE ITOCPEACTBOM LIEAOTO PsIAQ
mexaHusmoB. VIOH cBssbiBaeTcs co crenuduye-
ckumu perjenrtopamu uHTepdepoHa IFNRI (Cohen
et al. 1995) u c onuatHpiMU penenTopamu (Pan-
chenko et al. 1987), KoTopble MOAYAMPYIOT CHHAII-
TUYECKYIO TlepeAauy Ha IIpe- 1 IOCTCUHAIITUYEeCKOM
ypoBHe (Reeves et al. 2022). [Toxazano, uro VIOH
006AeryaeT BHIXOA MEAMATOPOB 13 MPeCUHATITUYe-
CKMX MeMOpaH 1 U3MeHsieT uX OOpaTHbIN 3aXBaT
(Miller et al. 2013). I®OH MoXeT KOCBEHHO M3MEHATh
ypoBeHb (GOHOBOI aKTMBHOCTU adpdepeHTHOro
CUHAIICA TOCPEACTBOM BAUSHIUS HA MEAUATOPHBIE
npoueccel 3pPepeHTHON CUCTEMBI, MOAYAUPYS
AOTIAMVHEPIMYEeCKYIO ¥ XOAMHEPIMYeCKYIO CUHAII-
TUYECKYIO IIepeAayy.

MexaH13Mbl BAUSIHYS MHTepdepoHa Ha CUHAT-
TUYeCKI€e IPOLEeCChl B BECTUOYASIPHOM SIIUTEAUN
OCTAaIOTCSI COBEPIIEHHO Heu3yuyeHHbIMU. OTCyT-
CTBYIOT AQHHbIE O AOKaAM3aLUM PELEeNTOPOB
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uHTepdepoHa Ha BOAOCKOBBIX Y OTIOPHBIX KAETKAX,
U, CAEAOBATEABHO, OCTAETCSI OTKPBITBHIM BOIIPOC
o mopayaupyomeM BansgHuu JAK-STAT curnaab-
HOTO KacKapa Ha GpyHKuMIo adpepeHTHOTrO CUHAII-
ca. CoBepllIeHHO HEVICCAEAOBAHHBIM OCTAETCs
BOIIPOC U O BOBA€YEHUM ONMMOUMAHOI CUCTEMBI
B MoAyAMpYlowuit 3 ekt unTepdepona.

Aaxe 5TV HEMHOTOUMCAEHHbIE AQHHBIE YKa3bl-
BAIOT Ha HaAMYMe PAa3AMYHBIX MEXaHM3MOB B MO-
AYASILIMY CMHANTU4eCKO (PpyHKLYM BeCTUOYASp-
HOTO SIIUTEAMSI CO CTOPOHBI MIMMYHHOJ CUCTEMBI.
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Abstract. The present study aimed to investigate the relationship between postural stability, external breathing,
and sex, as this area of research is not yet well explored. The study included 19 healthy participants, both
male and female, and compared their breathing parameters in three positions: sitting, standing, and supine.
The objective was to collect data to develop a non-contact method for recording external respiration.
The analysis included measurements of vital capacity and forced vital capacity pulmonary tests, as well as
parameters of natural breathing. We confirmed that the lung volume component was higher in males than
in females in the sitting position. Additionally, postural influence on breathing was observed only in male
participants, with no significant impact on females. Men also exhibited an increased respiratory rate in both
standing and supine positions, as well as increased minute ventilation when standing as compared to sitting.
Furthermore, men demonstrated higher maximum inspiratory and expiratory vital capacities in all positions
as compared to women. These results have important implications not only for the development of non-
contact methods for recording respiration but also in the studies of vertical stance, in clinical investigations.

Keywords: external breathing, tidal volume, vital capacity, respiratory rate, sex differences, posture

Introduction

The human vertical pose is affected by the
breathing parameters (Neiva et al. 2018), and vice
versa, the parameters of external breathing depend
on the human pose (Kocjan et al. 2017). The same
complex relationship exists between sex and
breathing, and between sex and posture.
Morphological and functional differences exist
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between the male and female pulmonary systems
(Dominelli, Molgat-Seon 2022). Moreover,
the relationship between sex and postural stability
is also complex (Dean et al. 2020).

There is a lack of comprehensive information
on the mechanisms of maintaining an upright stance
in humans, particularly with regards to sex-based
differences in external respiration parameters.
To investigate these mechanisms non-contact
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methods for recording external respiration parameters
are needed. We studied the breathing parameters
of healthy men and women in standing, sitting, and
supine positions to create the non-contact method
for recording external respiration.

Methods

Subjects

Twenty volunteers participated in the study (ten
males) (Table 1). Four men are smokers, all women
are non-smokers. The subjects, by signing an in-
formed consent to participate in the study, confirmed
that they were healthy. To check the normal state
of the respiratory system, we determined the Tift-
eneau-Pinelli index.

Protocol

Seven recordings of breathing parameters were

performed in the following order:

1) sitting position: vital capacity and forced
vital capacity pulmonary tests were con-
ducted three times each;

2) sitting position; natural breathing; 1 min;

3) sitting position; vital capacity pulmonary
tests, three times each;

4) standing position; natural breathing; 1 min;

5) standing position; vital capacity tests, three
times each;

6) supine position; natural breathing; 1 min;

7) supine position; vital capacity tests, three
times each.

All pulmonary tests were performed in accor-

dance with the Guidelines of the Russian Respira-
tory Society (Aysanov et al. 2021).

Equipment
The Diamant KM-AP-01 clinical spirograph
(Diamant LLC, Russia) was used for recording No. 1.
The system combining PowerLab C, Octal Bio Amp
and Spirometry Pod with a 1000 L respiratory flow

head (ADInstruments Pty Ltd, Australia) was used
for recordings No. 2-7.

Before each recording of the breathing,
the equipment was calibrated using a one-liter
calibration syringe.

Tested breathing parameters

The following breathing parameters were obtained
in recording No. 1: tidal volume (TV) calculated
from the forced vital capacity test, inspiratory vital
capacity (IVC), expiratory vital capacity (EVC),
forced vital capacity (FVC), forced expiratory vol-
ume in the first second during forced exhalation
after maximal inspiration (FEV1), peak expiratory
flow (PEF), and the FEV1/FVC ratio (Tiffeneau-Pinel-
li index).

In recordings No. 2-7, the following parameters
were registered: TV from the entire recording,
minute ventilation (MV), respiratory rate (RR),
maximum inspiratory vital capacity (IVC__ ),
and maximum expiratory vital capacity (EVC__ ).
Toregister IVC__ andEVC__we asked participants
to perform 3-5 series of maximum inspiration
followed by maximum expiration.

Statistical analysis

Data were presented as median + standard
deviation and extremum range. Comparisons between
sexes for anthropometric variables were performed
using the Mann-Whitney test. Paired comparisons
within sex subgroups were performed using
the Wilcoxon signed-rank test for dependent
variables. Spearman’s correlation analysis was used.

Results

One of the twenty participants, a 36 years old
male had an FEV1/FVC ratio of 63% which indi-
cated airway obstruction (Swanney et al. 2008),
therefore we excluded his data from further anal-
ysis. The remaining participants had an FEV1/FVC
ratio of over 75% (94.6 + 4.6%) which demonstrates

Table 1. Anthropometric parameters

Men (N =9) Women (N = 10) p-value!
Age (years) 31.5 +12.7 [18-55] 27.2 + 9.4 [24-48] p > 0.05
Weight (kg) 78.1 + 27.5 [67-160] 60.1 + 8.2 [60-78] p<0.01
Height (cm) 179.5 + 5.7 [172-191] 169 + 5.7 [158-175] p<0.01
Note: '—comparison between men and women.
Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1 123
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the absence of obstructive and restrictive lung
disease (Forced Expiration 1995).

The anthropometric characteristics of the entire
group were divided based on sex (Table 1). The two
sex subgroups were homogeneous in age but differed
in weight and height (p < 0.01).

The results of the study showed significant dif-
ferences in TV, IVC, EVC, FVC, and PEF between
men and women obtained from recording No. 1
(Table 2). FEV1 and FEV1/FVC ratio did not differ
significantly. Men have higher TV, IVC, EVC, FVC,
and PEF compared to women. These results are
consistent with the global reference values for
static lung volumes in individuals of European
ancestry for men and women (Hall et al. 2021).
However, there are currently no reference values
for standing and supine positions.

The Spearman’s correlation analysis showed that
breathing parameters obtained in the sitting posi-
tion were highly influenced by sex (Fig. 1).

There were significant negative (p < 0.01) correla-
tions between sex and breathing parameters which
indicates differences between female and male
breathing patterns. Women had lower TV, IVC,
EVC, FVC and PEF (correlation coefficients were
-0.70, -0.73, -0.60, —0.51 and —0.61, respectively).
The lung volume components also correlated with
weight and height (Dominelli, Molgat-Seon 2022),
which were higher in the men in our study group.
There were also expected significant correlations
between FVC and EVC (0.85, p < 0.001), PEF and
all volume characteristics regardless of sex. At the
same time correlation between these volume breath-
ing parameters in the subgroups was not similar in
all cases. Coefficients in pairs EVC/FVC and EVC/
PEF were over 0.7 (p < 0.01) in the female subgroup,
and these ones were ~0.5 (non-significant) in the
male subgroup.

To analyse the impact of posture, we used
the sitting position as a control measurement and

Table 2. Respiratory parameters of males and females differed significantly in the sitting position (p < 0.05)

Sex TV (1) IVC (1) EVC () FVC () PEF (I/s)
Male 1.06 £ 0.29 4.19 + 1.04 5.07 £ 0.96 4.67 +1.08 9.96 + 2.50
Female 0.63 £ 0.68 2.61 £ 0.55 3.62 £ 0.74 3.39 £ 0.82 6.96 £ 1.74
Sex ™) [{e ()] EVC () FVC (1) PEF {Ifs)

0.6 Corr: -0.70%* Corr: -0.73*%* Corr: -0.60%* Carr: -0.51%* Corr: -0.671%*

0.4 £

02

0.0-
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Fig. 1. Spearman’s correlations between breathing parameters in sitting position grouped by sex. Correlations
between breathing parameters and sex are shown in black font at the first row. Correlations between breathing
parameters ungrouped by sex are shown in black font in all other rows. Correlations grouped by sex are shown
in red (female) and blue (male) fonts. *—p < 0.05, **—p < 0.01, ***—p < 0.001. Density plots are arranged

diagonally, scatter plots are presented under the diagonal. The breathing data of smokers are circled in black
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compared natural breathing data in the standing
and supine positions separately in each subgroup
(Table 3). The results showed that RR significantly
increased in the supine and standing positions
in men, while MV increased only in the standing
position, whereas there were no changes in TV.
The position did not affect breathing parameters
in women. There were also statistically different TV
values in the supine position between the two sub-
groups.

We calculated IVC__ and EVC___from record-
ings No. 3, No. 5 and, No. 7 (Table 4). The data
corresponds with the results obtained from natural
breathing. Two subgroups showed statistically
different IVC___and EVC__ in all the registered
positions (Table 4; Fig. 2).

Influence of smoking on breathing parameters

We checked whether the obtained difference
in the parameters of male and female breathing is

associated with the presence of smokers in the male
group. The analysis was repeated after excluding
the data of four smokers and it showed the same
correlations as demonstrated in Fig. 1 (-0.70, -0.72,
—0.64, —0.62 and —0.62 for TV, IVC, EVC, FVC and
PEF, respectively, without smokers). The breathing
data of four smokers was plotted in Fig. 1 and their
TV, EVC, IVC and PEF were evenly distributed
among the data of non-smokers.

Conclusion

The significant differences in lung volume com-
ponent between male and female subgroups observed
in the sitting position were not revealed in the
standing and supine positions. The position did not
affect breathing parameters in women. The postur-
al influence was observed in the male subgroup
with a significant increase in RR in standing and
supine positions and increased MV in the standing

Table 3. Spirometry data by sex in supine, sitting and standing positions during natural breathing

Sex Position TV (1) MV (1) RR (bpm)
Supine 0.78 £ 0.20¢ 11.10 £ 5.20 14.05 + 4.10%Y
Male Sitting 0.80 £0.13 10.65 + 2.85 13.25 + 3.10
Standing 0.73 +0.16 13.00 + 4.73F 15.95 + 4.01P
Supine 0.56 + 0.08 9.64 +2.93 18.60 + 3.06
Female Sitting 0.52 + 0.25 9.25 +4.12 15.90 + 2.70
Standing 0.55 + 0.21 9.40 + 3.96 17.10 + 2.38

Note: “—p < 0.05 with female supine, P—p < 0.01with male sitting, *—p < 0.01 with male standing.

Table 4. IVC___and EVC_ of males and females

Sex Position IVC ..o EVC ..o
Supine 9.7 + 3.3% 9.8 +3.2%
Male Sitting 11.8 + 3.5° 12.2 + 3.5P
Standing 9.8 +4.77 11.4 + 4.5

Supine 7.35+ 1.8 74+19

Female Sitting 75+1.7 79+1.8
Standing 79+1.8 7.8+1.9

Note: *—p < 0.01 with female supine, PF—p < 0.01with female sitting, *—p < 0.05 with female standing.

Humeepamusuas ¢pusuoroeus, 2023, m. 4, \e 1
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sitting

standing

supine

Fig. 2. Individual IVC__ and EVC__ in all registered positions in female EA, 42 y.o. at the upper part and male
OV, 30 y.o. From a to b—natural breathing, from c to d—IVC__, from d to e—EVC__

compared to the sitting position. Men also had
statistically higher IVC__and EVC__ in all positions
compared to women.

The results obtained can be used in studies
of the participation of respiration in maintaining
vertical balance, in clinical studies. The authorita-
tive clinical guidelines for spirometry (Graham et
al. 2019) say that posture affects respiratory per-
formance and there is no information that posture
effects are different in the male and female subgroups.
These data will be used for the development
of non-contact methods for recording respiration.
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