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ITpusemcmaue eAaBHO20 pedakmopa

IIpuBeTcTBME TAABHOTO PEAAKTOPA

Irybokoysamaemvie korrezu!

ITepea Bamu mepsbiit B 2021 roay HoMmep >KypHaAa «V/IHTerparuBHast puaMoAOrusa». 3a maevyaMu
y KYPHaAa OIIBIT IEPBOTO I'OAQ, KOTOPBIN, OAaroaapst aBTOpaM U CAQXKEHHOJ aKTUBHOM paboTe peAKOA-
A€TMM U PpeAaKLVM, MO>KHO OLIEHUTDb KaK YCIelHbI1. B yeTbipex mepBbix Bbimyckax 2020 ropa onyoan-
KOBaHbI 43 CTaThy, CpeAr KOTOPbIX 9 cTaTen 3apybeskHbIX aBTOpOB. B 2020 roay )XypHaa BoiieA B 6asy
PVIHLI, 4TO, HECOMHEHHO, CBUAETEABCTBYET O €ro IPM3HAHUM B HAyYHOM COO0ILeCTBe.

JKypnaa «VIHTerpatuBHasi GU3MOAOTUsI» BBICTYIIAET 32 YKpelA€HMe MO3ULUI GU3MOAOTUMN.
B nmocaepHue AeCSATUAETHS eCTeCTBEHHBIE YT Pa3BUTYS HAYKU IPUBEAU K TOMY, YTO B GU3MOAOTUY,
KaK ¥ B APYTMX HayKaX, IIOSIBUAVCH Y3KMeE CIIELMAAVCTBI, ¥ IIPOU30IIAO0 ApoOAeHMe 3HaHMil. CrielaAu-
3aLysl ICCAEAOBAHMIT, HECOMHEHHO, CIIOCOOCTBYET A€TAaAU3ALUY 3HAHUI O TAYOMHHBIX PU3MOAOTMYECKIX
npoueccax. OAHaKO TaKoil X0A Pa3BUTHsI HAYKM MMeeT Y 00paTHYIO, HETaTUBHYIO, CTOPOHY: Upe3MepHasi
CreLaAM3aLyisl 3aCAOHSIET OT MICCAEAOBATEAEN LIeAOCTHBIN >KMBOJ OPraHu3M, O0l1/ie 3aKOHOMEPHOCTY
ero GpyHKLUVMOHMPOBAHMS M MEXaHU3MBI, KOOPAVHVPYIOLIVIE B3aMOAEVCTBYE GU3NOAOTYECKMX CUCTEM.
B aTo0i1 cuTyaunn 0oco60 BoCTpe6GOBaHHBIM CTAHOBUTCS Pa3BUTVE MHTETPATUBHO (GU3MOAOTMH, Halle-
A€HHOJI Ha TOHMMaHMe, KaKMM 00pa3oM Ka>KAbIl KOMIIOHEHT OpraHu3Ma paboTaeT Kak 4acCTb, MUHTErpy-
poBaHHas1 B QYHKLMOHMPOBaHME OpPraHn3Ma Kak eAVHOTO 1IeAOT0, B 3A0POBbe U OOAE3HM.

Upe3BbIYalTHO BBICOKASA AKTYaAbHOCTb Pa3BUTHS MHTEIPATUBHON (PU3MOAOTUM OMPEACASETCS
Yl ee BOCTPeOOBAHHOCTBIO AASI MEAVLIVHBI, OCOOEHHO B CBS3M C BCE OOABIIVM IIOHMMaHUEM TOTO, YTO
OCHOBHbIE XpOHMYECKME 3a00AeBaHMs, TaK/e KaK OHKOAOTMYECKE, HEBPOAOTMYECKME U CEPAEYHO-
COCYAMCTBIE, 3a00A€BaHVS )KEAYAOUHO-KUIIIEYHOTO TPAKTA, IBASIIOTCS ITO CBOEIT IIPMPOAE KOMITAEKCHBIMMU.
VIHTerpaTuBHasi GU3MOAOTMSI — BKHENILAS AAS MEAVLIVIHBI 00AACTh PU3NOAOTY, ee BepILUHA.

AAsI BBISICHEHVSI IPVHLIMIIOB Y MEXQHM3MOB PETyAsILY QYHKLMOHUPOBAHNUS LJEAOCTHOTO OPraHu3-
Ma TpeOyeTcsl KOMIAEKCHBI IOAXOA C BOBA€YEHMEM COTPYAHMYECTBA MICCAEAOBATEAEI, CIIeLIaAU3Y-
PYIOLMXCSI HA Pa3HBIX YPOBHSX OPTraHM3aLMy >KU3HU: OT OTAEABHBIX MOAEKYA AO NoBepeHMs. OcHoBa-
TeAeM MHTErpaTuBHON ¢u3noaoruu no npasy cuutaercs ViBan IlerpoBuy ITaBaoB. B rop 170-aetus
co AHs1 poxkpeHus VBana [TerpoBuya (2019) MHctutyT dmsnororuu umenn V. IT. TTaBaosa PAH opra-
HI30BaA U yCIelHo nposea IlepByio Bcepoccuiickyio KOHpepeHLMIo C MEXXAYHAPOAHBIM y4acTieM
«V/IHTerpaTuBHasi GpU3MOAOTUSI», KOTOPasi ObIAQ HalleA€HA Ha YKPEIA€HMEe HayYHOTO COTPYAHMYECTBA
($131OAOTOB U NMO3ULIUI UHTErPaTUBHON GU3MOAOTMM. MaTepuaabl padMellleHbl Ha caitTax VIHCTUTyTa
1 MeXXAyHapoAHOro corosa ¢pusnororndeckux Hayk (IUPS), nmpesuaeHT KoToporo, mpodeccop AXyAus
Yen (IUPS President Julia Chan), mpunumaasa yyactue B KoHpepenuun. Bropas Beepoccurickas KoH-
bepeHLsI C MEXXAYHAPOAHBIM yyacTueM «VIHTerparuBHas ¢pusmoaorusi» 6piaa OpraHnusoBaHa 1 yCIell-
HO IpoBeAeHa B pAekabpe 2020 ropa, xorpa ViHcTuTyT, co3pannbii V. I1. TTaBAoBbIM, OTMeuYaA cBoe
95-AeTue. YeTBePTHI HOMEP >KYPHAaAa YILIEALIErO roAd ObIA TIOCBSILEH 3TOMY I00MAETHOMY COOBITHIO.

B nepBom HoMepe >)XypHaAa «/IHTerparuBHas ¢pusnosorus» 3a 2021 rop BHUMaHMIO YATATEAEN TIPEA-
AQraloTCsl CTaTbU, IOATOTOBAEHHbIE HA OCHOBE ITAEHAPHBIX AEKLIUI M YCTHBIX AOKAAOB M30paHHBIX
YYaCTHMKOB HEAABHO IpolleAleii KoHdepeHuun «VIHTerparuBHas gpusmororus». B nmpeacraBAeHHBIX
CTaTbsIX OTPA’KeHBI (PYHAAMEHTAAbHBIE HAyYHbIEe IPOOAEMBI, ICCAEAOBaHVE KOTOPBIX SIBASIETCS] BXKHBIM
C TOYKM 3p€HVS Pa3BUTHS MHTETPATUBHON PU3MOAOTUN.

[TpuBeTCTBYIO UMTaTEAEN )KYPHaAQ «VIHTerpaTuBHast Gpr3noAorusi» 1 6Aaropapro Beex, KTo obecredna
YCIEIHbIN BbITYCK BCEX IEePBBIX YeTbIpeX HOMEPOB XXypHaAa B 2020 roay 1 BbIIIyCK HOBOTO HOMeEpa.

C ysaweHuem,

2AABHDLUL pedaKmop
A. II. Qurapemosa

4 UnmeepamusHas ¢u3u0/102u;1, 2021, m. 2, Ne 1



Letter from the Editor-in-Chief

Letter from the Editor-in-Chief

Dear colleagues,

This is the first issue of Integrative Physiology in 2021. The journal is one year old and it has been
a success due to the authors and the effective work of the editorial board and staff. The first four issues
of 2020 feature 43 articles, including 9 contributions from foreign scholars. In 2020, the journal was
included in the RSCI database which means it is now recognized by the research community.

Integrative Physiology aims to raise the profile of physiology. In recent decades, due to the natu-
ral development of science, physiology as well as other fields of knowledge witnessed the emergence
of field experts and a growing body of specialized knowledge. The trend has both pros and cons.
On the one hand, more focused and specialised research provides more insights into the deep
physiological processes. On the other hand, this narrow specialization does not allow researchers to
get a complete picture of a living organism, the general laws of its functioning and the mechanisms
that coordinate the interaction of physiological systems. In this context, integrative physiology is a very
much wanted field of knowledge that aims to understand how each component of the body works
as a part integrated into the functioning of the body as a whole, weather healthy or sick.

Another factor that makes further development of integrative physiology paramount is its high
relevance for medicine. It is especially true in connection with the growing awareness that the reasons
for major chronic diseases—oncological, neurological, cardiovascular and gastrointestinal—are com-
plex. Integrative physiology is the key field of physiology capable of making the most effective contribu-
tion into the development of medicine.

It is impossible to clarify the principles and mechanisms that regulate the functioning of an or-
ganism as a whole without a holistic approach. This requires contributions from a plethora of re-
searchers specializing in different levels of life organization: from individual molecules to behavior.
It is widely acknowledged that integrative physiology was founded by Ivan P. Pavlov. The year 2019
celebrated his 170th anniversary. To mark the occasion, the Pavlov Institute of Physiology of the Rus-
sian Academy of Sciences hosted the conference “Integrative Physiology’, the First Russian Confer-
ence that attracted international participants. It was organised to enhance networking and coopera-
tion between physiologists and raise the profile of integrative physiology. The materials are available
on the websites of the Pavlov Institute of Physiology and the International Union of Physiological Scienc-
es (IUPS), whose President, Professor Julia Chan, took part in the conference. The Second Russian
Conference with international participants “Integrative Physiology” took place in December 2020 and
was also a success. It was held to mark the 95th anniversary of the foundation of the Institute established
by L P. Pavlov. Another initiative to mark the occasion in 2020 was the release of the fourth issue of the journal.

The first issue of Integrative Physiology in 2021 is a collection of selected articles based on the ple-
nary lectures and reports made by the participants of the recent conference “Integrative Physiology”
The articles focus on fundamental issues in integrative physiology crucial for its further effective
development.

Welcome to Integrative Physiology and a thank-you to all those who contributed to the success
of the first four issues of the journal in 2020 and the release of its new issue.

Ludmila P. Filaretova,
Editor-in-Chief

Integrative Physiology, 2021, vol. 2, no. 1 5
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Abstract. The hypothalamic-pituitary-adrenocortical axis is one of the main
components of stress adaptation. Corticotropin-releasing hormone (CRH)
coming from the nucleus paraventricularis hypothalami (PVN) is the canonical
central regulator of the axis. This CRH acts on the CRH-R1 receptors of the
pituitary, and, through adrenocorticotropin, stimulates glucocorticoid release
from the adrenal cortex. However, it may be synthetized in other parts of the
brain as well, and may act both on CRH-R1 and CRH-R2 receptors. These
areas form the central CRH network. Many of them are also stress reactive
and participate in physical and psychological stress response. The central
nucleus of the amygdala and bed nucleus of stria terminalis are two areas best
known for their role in emotions, while hippocampus is mostly involved in
glucocorticoid feedback as well as memory formation, all heavily connected
to stress adaptation. Among others, the brainstem raphe nuclei get dense
CRHergic innervation that, through CRH-R1 receptors, may influence
the serotoninergic tone of the brain. Both stress and serotonin are strongly
implicated in depression, therefore, it is not surprising that CRH-R1 antagonists
were developed as therapeutic tools that extensively act on the brain CRH
system. Our review suggests a general role of brain CRH network in stress
adaptation which is not restricted to PVN.

Keywords: corticotropin-releasing hormone (CRH), paraventricular nucleus
of hypothalamus (PVN), bed nucleus of stria terminalis (BNST), amygdala,
raphe nuclei, corticotropin-releasing hormone receptor of type 1 (CRH-R1).

Introduction

Stress, as a biological response of an organism
to internal and external stimuli, has important
physiological and psychological implications. Stress-
induced changes are often temporary and reversible
whenever the stressor is removed, however,

the time and efficacy of the recovery vary (Char-
mandari et al. 2005). The main role of adaptation
is to guarantee a quick and effective reaction to
life-threatening situations. The sympathetic adre-
nomedullary system (SAS) as well as the hypotha-
lamic-pituitary-adrenocortical axis (HPA) are re-
sponsible for the activation of biological mechanisms
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of fighting or fleeing (Johnson et al. 1992). Feedback
inhibition is an integral part of the optimal stress
response (Backstrom, Winberg 2013).

Depending on chronicity, intensity, frequency
and modality of stressors as well as on individual’s
inner state (determined by genes and early environ-
ment), the activation of stress adaptation pro-
cesses may be manifested in many forms, being
either adaptive or maladaptive (pathological) (Adler
2009). Chronic stress load may supersaturate the
adaptive systems and lead to various pathological
states, including psychiatric disorders (Chrousos
2009; Phillips et al. 2021). In fact, anxiety and de-
pression are generally related to malfunctioning
stress adaptation (Yehuda et al. 2015).

Here, we would like to focus on the HPA axis
and on its hypothalamic component — the corti-
cotropin-releasing hormone (CRH), and highlight
its general role in stress adaptation, which seems
to be general in the whole brain.

Stress regulation by CRH

How neurohormone systems respond
to stress — the HPA axis

The HPA axis is a regulatory pathway of stress
adaptation, ensuring homeostatic maintenance of
the body, partly mediated by the bidirectional
communication between the neuroendocrine and
immune systems (Dunlavey 2018; Joseph, Whirledge
2017). This complex network is activated in response
to physical or psychological stressors (Herman etal.
2016).

After a stressful event, initially noradrenaline
and adrenaline are secreted as part of SAS. Reacting
to the signal from A2 noradrenergic and C2 adrenergic
brainstem neurones, parvocellular cells of the
nucleus paraventricularis hypothalami (PVN) secret
CRH into the hypophyseal portal blood. In the
pituitary CRH binds to G-protein coupled receptors
(corticotropin releasing hormone R1 receptors
(CRH-R1)) and activates adenylate cyclase that
results in the secretion of adrenocorticotropic
hormone (ACTH). ACTH, reaching the adrenal
gland, binds to melanocortin 2 receptors in the zona
fasciculata of the adrenal cortex that leads to increased
intracellular cAMP levels, which cause a rapid
elevation in cholesterol biosynthesis. Cholesterol
is the precursor for glucocorticoids (corticosterone
in rodents, cortisol in primates). Glucocorticoids
reach various peripheral organs and also provide
feedback to the central nervous system. Indeed,
bilateral adrenalectomy (ADX), removing the
glucocorticoids, induced a robust increase of the
CRH mRNA in the PVN measured by in situ
hybridization (Makino et al. 1994a).
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However, stress itself activates CRH transcription
(Imaki et al. 1995). Expression of the protooncogene
c-Fos has been validated as a biomarker of neuronal
activation. Rapid alterations in c-Fos mRNA
expression were demonstrated in the PVN, followed
by CRH mRNA accumulation in response to acute
stressors (among others, restraint). The intensity
of the c-Fos mRNA signal peaked at 30 min, then
decreased and was undetectable 120 min after stress
onset. In contrast, the concentration of CRH mRNA
increased gradually and a significant elevation was
first detected 60 min after the beginning of stress.
ADX enhanced while administration of glucocorticoids
inhibited c-Fos mRNA and CRH mRNA induction
after stress.

Corticotropin-releasing hormone (CRH)
and its receptors

CRH is a 41-amino-acid peptide that is present
on many brain areas as well as at the periphery
(adrenal gland, testis (Thompson et al. 1987), thy-
mus, spleen (Keegan et al. 1994)). Its best known
role is the regulation of the HPA axis and the
physiological response to stress (Nezi et al. 2000).
In this regard, CRH is primarily synthetized in the
PVN located in the hypothalamus not only in ro-
dents (Backstrom, Winberg 2013), but also in humans
(Goncharuk et al. 2002). As a neuropeptide, its
synthesis is secondary to the main, classical neu-
rotransmitter — glutamate in hypophysiotropic
cells of the PVN (as well as of the piriform cortex
(Dedic et al. 2019)) characterised by vesicular glu-
tamate transporter 2 (VGIuT2) (Hrabovszky et al.
2005). In other areas, CRH colocalises with GABA
(Dedic et al. 2019).

Anyhow, CRH is produced in many areas of the
brain (Swanson et al. 1983). It is generally accepted
that the area of synthesis (i. e., the cell body of the
neurones) is where the mRNA of the peptide can
be found as the peptide synthesis happens near the
nucleus. By RNA blot analysis in rats (Thompson
et al. 1987) as well as by in situ hybridization his-
tochemistry in mice (Keegan et al. 1994), it was
confirmed that the brainstem (medulla/pons)
contained significant amount of CRH mRNA, but
it was also detected in the hypothalamus, hippo-
campus, cerebral cortex and striatum, but not in
the cerebellum. On the other hand, the peptide is
transported rapidly to the axon terminals, thus, it
can be detected mainly on the target areas. There-
fore, at the peptide level, the area of synthesis can
be detected only after administration of colchi-
cine — an axonal transport inhibitor. All in all,
based upon immunohistochemical distribution and
functional considerations three major distinct
CRH-producing networks were detected in rats
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(Swanson et al. 1983) (Figure): (i) PVN forming the
HPA axis; (ii) telencephalon, hypothalamus and
brainstem regulating autonomous responses (cen-
tral nucleus of the amygdala (CeA), bed nucleus of
the stria terminalis (BNST), substantia innomi-
nata, medial and lateral preoptic areas, lateral hy-
pothalamic area, central gray matter, laterodorsal
tegmental nucleus, locus coeruleus (LC), parabra-
chial nucleus, dorsal vagal complex, and regions
containing the A1l and A5 catecholamine cell groups);
(iii) scattered CRH-cells can be found in interneu-
rones of the cerebral cortex (prefrontal areas) and
hippocampus as part of the limbic system regulat-
ing emotions. Similarly, after colchicine treatment
in male golden hamsters CRH immunopositivity
was detected in the hypothalamus, especially, in
the PVN and preoptic area as well as in CeA, BNST
and cortical areas (Delville et al. 1992). Interest-
ingly, only the PVN was sensitive to glucocorticoid
negative feedback modelled by ADX (Makino et al.
1994a).

In these areas CRH executes the function of
neurotransmitter and neuromodulator (Kovécs
2013) and its expression is linked to a wide range

of stress adaptive responses, including behavioural,
autonomic, endocrine, reproductive, cardiovascu-
lar, metabolic and immunosuppressive (Kageyama
et al. 2003; de Kloet et al. 2005; Slominski 2009;
Takefuji, Murohara 2019). In vitro CRH proved to
be neuroprotective against -amyloid toxicity
(Pedersen et al. 2001). Similarly, in vivo models
of neuronal injury suggest that CRH may be protec-
tive. For instance, the levels of CRH mRNA rap-
idly and profoundly increased after focal cerebral
ischemia in the cerebral cortex and amygdala
of rats (Wong et al. 1995).

CRH effects are regulated by two distinct types
of receptors, the CRH-R1 and CRH-R2. These
G protein-coupled receptors are widespread in the
brain (Wong et al. 1994), having high affinity to the
neuropeptides urocortin, sauvagine and urotensin
(Backstrom, Winberg 2013), and are responsible
for mediating the stress response. CRH-R1 is in-
volved in HPA axis regulation at the level of the
pituitary, strongly connected to, e. g., anxiety.
On the other hand, CRH-R2 appears to be linked
to the regulation of other physiological responses
to stress, also participating in the anxiety control

Fig. Brain corticotropin releasing hormone expression and stress reactivity (adapted from: Futch et al. 2017).
3D brain atlas: https://scalablebrainatlas.incf.org/composer/?template=ABA v3. a) side view, b) top view;

Abbreviations: PVN: paraventricular hypothalamic nucleus, LH: lateral hypothalamic area, VTA: ventral tegmental
area, PB: parabrachial nucleus, CeA: central amygdalar nucleus, BNST: bed nuclei of the stria terminalis,
HC: hippocampus, FrCx: frontal pole, cerebral cortex, CCx: cingular cortex, IA: insular area, OB: olfactory bulb
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(Grammatopoulos, Chrousos 2002). Interestingly,
CRH-R2 can also be found in the pituitary (Klen-
erova et al. 2008), providing a link to the gonadal
axis (Kageyama et al. 2003) and in amphibian par-
ticipating in thyroid-stimulating hormone regula-
tion (De Groef et al. 2003). In many studied brain
areas (PVN, CeA, hippocampus) CRH co-localised
with CRH-R1 and R2, suggesting a well-developed
autoregulation (Fan et al. 2014). As a result, the two
receptors are often involved in opposite responses,
e. g., amygdala neurones are activated by CRH-R1
and inhibited by CRH-R2 (Ji, Neugebauer 2008).

We have to mention that CRH binding protein
(CRH-BP) modulates CRH-R function (Ketchesin
etal. 2017). Although not much is understood about
this process, CRH-BP binds CRH with high affin-
ity, reducing the availability of the free ligands.
This suggests that CRH-BP functions as a negative
regulator of CRH activity.

CRH producing brain areas reactive to stress

Amygdaloid complex
Central nucleus of amygdala (CeA)

Amygdala is known for its complex role in emo-
tional behaviour, especially in fear responses (Janak,
Tye 2015). The complex is made up of more than
a dozen sub-nuclei, which have intricate inter- and
intranuclear connectivity, as well as extensive af-
ferent and efferent projections (see review: Du-
varci, Pare 2014). According to the proposed func-
tional model of the amygdala, different sensory
information (e. g.: sound, light, pain) is directly
relayed via sensory cortical areas and indirectly via
the thalamus, and converge mostly, but not exclu-
sively, on the basolateral nuclei (BLA). Addition-
ally, other already processed information, such as
memories and past experiences, are mediated by
the hippocampus to the amygdala. This information
is thoroughly processed via intranuclear connec-
tions and reciprocal projections. Most, but not all
outputs arise from the CeA (LeDoux 2007). These
efferents include projections to major behaviour
and autonomic response regulating areas, such as
the prefrontal cortex, the nuclei of the monoami-
nergic system, ventral tegmental area (VTA), stri-
atum or the hypothalamus (PVN) (Sah et al. 2003),
modulating stress induced behavioural and auto-
nomic responses.

CRH is expressed in the CeA (Gray, Magnuson
1992), mainly in GABAergic neurones (Dedic et al.
2019). With in situ hybridization histochemistry,
increased CRH mRNA was found in the CeA after
corticosterone administration (Makino et al. 1994a).
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This increased signalling was accompanied by
elevated viscerosomatic sensitivity (Myers,
Greenwood-Van Meerveld 2010). In line with these
findings, pharmacogenetic activation of CeA elicited
anxiety-like behaviour, impaired short-term memory
and object recognition (Paretkar, Dimitrov 2018).
On the other hand, disruption of CRH signalling
by RNA interference (Regev et al. 2012) or short
hairpin RNA (Bolton et al. 2018) attenuated anxiety-
like behaviour in response to restraint stress (Regev
et al. 2012), or reversed early-life stress induced
anhedonia (Bolton et al. 2018) without affecting
depressive-like behaviour or fear learning. However,
another study showed that activation of CRH positive
amygdala neurones via pharmacogenetics had
a positive effect on stress-induced depressive-like
behaviour, a phenomenon at least partially mediated
by dorsal raphe (DR) serotonergic neurones (Prakash
et al. 2020). In connection with fear, deletion of
CeA glucocorticoid receptors (GR) via LoxP-Cre
system resulted in a decreased CRH mRNA expression
and impaired fear behaviour (Kolber et al. 2008).

Thus, CRH synthesized in CeA seems to be
highly stress sensitive and may orchestrate behavioural
adaptation.

Bed nucleus of stria terminalis (BNST)

BNST plays a pivotal role in regulating trait
anxiety, contextual fear memory and appetitive
behaviour (Kalin et al. 2005), but it is also critical
for mediating the neuroendocrine stress response
(Vranjkovic et al. 2014). BNST is one of the most
complex structures in the central nervous system
(Larriva-Sahd 2006), which is densely connected
with amygdala, hypothalamus, midbrain, and lower
brainstem regions (Dong et al. 2001; Kalin et al.
2005).

CRH is highly expressed in BNST, especially in
the oval nucleus of dorsolateral BNST (ovBNST)
(Daniel, Rainnie 2016; Ju, Swanson 1989), colocalising
with GABA (Dedic et al. 2019). The highest
concentration of CRH neurones in the brain can
be found in this area, however, high CRH fibres
density has been also shown here (Daniel, Rainnie
2016; Morin et al. 1999).

A growing body of evidence suggests that stress
activates the CRH system in the BNST and the
dysfunction of CRH signalling here is associated
with mood disorders, such as anxiety and depression
(Walker et al. 2009). Chronic (2 weeks) high dose
corticosterone administration increased CRH mRNA
in BNST similarly to amygdala, with higher sensitivity
of the dorsolateral than ventral parts (Makino et al.
1994b). However, ADX was ineffective (Pedersen
et al. 2001), and the restrain stress-induced c-Fos
expression was blocked by intracerebroventricular

9



Brain corticotropin releasing...

(icv) administration of a competitive CRH-R
antagonists (Arnold et al. 1992). Moreover, the ICV
injection of CRH induced c-Fos expression in BNST
(Arnold et al. 1992) and CRH microinjection into
BNST increased heart rate (Nijsen et al. 2001).
Based upon pharmacogenetic examinations CRH
neurones of the BNST do not seem to participate
in modulation of fear (Bruzsik et al. 2021).

All these changes suggest that CRH innervation,
rather than locally produced CRH, is implicated in
stress regulation. However, chronic variable stress,
a model of depression, was able to enhance the
cellular excitability of ovBNST CRH neurones in
ex vivo slices, suggesting stress-related plasticity of
this local system (Bock et al. 2005; Hu et al. 2020).

Brainstem

RNA blot analysis in rats suggested that rat
brainstem (medulla/pons) contained the largest
amount of CRH mRNA (Thompson et al. 1987).
VTA, a well-known brain centre of reward consist-
ing of dopaminergic neurones, also co-expresses
CRH both in rodents and humans (Grieder et al.
2014). These dopamine-CRH cells were activated
not only by nicotine administration, but by the
highly stressful, adverse effect of nicotine with-
drawal as well, providing a link between the stress
system and drug abuse-induced brain changes.
Of the brainstem nuclei, even nucleus tractus
solitarius (N'TS)/vagal complex plays an important
role in the regulation of acute and chronic stress
(Herman 2018). Indeed, NTS provides a link between
the periphery, the SAS and the HPA by transmitting
the vagal information to the PVN.

At the same time, CRH-Rs are also highly ex-
pressed in the brainstem (Fan et al. 2014), modulat-
ing serotonergic activity in the DR (Kirby et al.
2000), noradrenergic activity in the LC (Valentino
et al. 1983) and dopaminergic activity in the VTA
(Refojo et al. 2011). Several evidences indicated that
CRHergic projections to these brain areas are
deeply implicated in stress-induced behavioural
alteration (e. g., DR in the depression model of
learned helplessness (Hammack et al. 2003), amyg-
dala-induced anxiety (McCall et al. 2015)).
The CRH-R1 in the dorsal periaqueductal grey
matter might also have an important role in anxiety
disorders (Del-Ben, Graeff 2009).

One of the most common biological changes
reported in depressed patients is HPA axis hyper-
activity with enhanced CRH synthesis (Pariante,
Lightman 2008), which might also be detected in
extra-hypothalamic brain regions, including brain-
stem (Austin et al. 2003). Indeed, 30% higher CRH
immunoreactivity was detected in the LC, 39% in
the median raphe, and 45% in the caudal DR. How-

ever, this radioimmunocytochemistry study con-
cluded on the role of CRH innervation (i. e. CRH
in axon terminals) rather than locally produced
CRH.

Cortical areas

Prefrontal (PFC), cingulate, and insular cortical
areas contain CRH producing cells, which might
also contribute to psychological and behavioural
consequences of stress (Pedersen et al. 2001). Indeed,
depressed patients who committed suicide showed
enhanced CRH mRNA level in their PFC in com-
parison to age-matched controls (Zhao et al. 2015).
However, during the fearful stimulus of fear con-
ditioning there was no measurable increase in ex-
tracellular CRH concentration of the PFC (Mount-
ney et al. 2011). Moreover, CRH-Rs are also present
here, which might bind CRH coming from other
areas (e. g. amygdala) and contribute to habituation
(Jaferi, Bhatnagar 2007).

CRH is also expressed in the olfactory bulb
(Delville et al. 1992). A specific area of the olfactory
cortex of mice may transmit volatile predator odour-
induced fearful olfactory signal directly to the PVN,
thereby promoting CRH release (Kondoh et al.
2016). However, the role of locally synthesized CRH
in stress adaptation is not clear yet.

In chicken, CRH neurones in the nucleus of the
hippocampal commissure initiate, while PVN CRH
neurones sustain the early response of the HPA axis
to stress (Kadhim et al. 2019). In rodents and humans,
through mineralocorticoid receptors, hippocampus
is highly involved in negative feedback regulation
of the HPA axis (Reul et al. 1990). Moreover,
hippocampus is well known for its role in memory
formation. CRH expressing interneurones of the
hippocampus form local regulatory circuitry (Gunn
etal. 2019). Not only in rodents but also in humans
this hippocampal CRH/CRH-R system regulates
neurogenesis, affecting spatial memory (Koutmani
etal. 2019). Indeed, local administration of a CRH-R1
antagonist prevented acute stress-induced cognitive
impairment (Chen et al. 2010).

CRH-R antagonists and depression

In the past years, a lot of attention has been given
to CRH-R1 antagonists by the pharmaceutical
industry. However, despite all the interest, no phase
III study has revealed a definitive advantage of these
compounds over different types of placebo (active
and inactive). In fact, many studies were discontinued
due to the strong adverse effects (Contoreggi 2015).
Nonetheless, there are still growing evidences that
these antagonists have the potential to become
a new standard for the pharmacological treatment
of stress-related diseases, including depression, as
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CRH-R1 antagonist compounds NBI-30775/RS121919
and NBI-34041 have shown promising results in
reducing the secretion of the stress hormone and
having antidepressive effects without serious side
effects (Kunzel et al. 2003; Spierling, Zorrilla 2017).

Conclusion

ever, in some brain areas CRH innervation
(i.e., CRH-Rs) rather than the locally synthesized
neuropeptide seems to be more important (see
BNST, raphe). We cannot disregard the local auto-
regulation of CRH biosynthesis either (Aguilera,
Liu 2012). Moreover, different stress stimuli may
induce CRH synthesis in cells normally lacking this

neuropeptide, e. g., hypertonic load in oxytocin
producing magnocellular PVN cells (Kovécs, Saw-
chenko 1993), which should be take into consider-

ation as well.

CRH is widely expressed in the brain, and the
whole network seems to be stress sensitive, forming
an ancient, unified stress regulatory system. How-
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Abstract. This minireview summarizes some of our results on the structure,
origin, and functions of thymic mast cells, as well as their role in stress-induced
thymic atrophy. A comparison of the thymic mast cells with the connective
tissue and mucosa mast cells is carried out. The morphological and cytochemical
similarity of thymic and mucosa mast cells has been proven. The mechanisms
of neuro-mast cell interaction, as well as the features of intercellular signaling
are analyzed. Another aspect of the review is related to the assessment of
thymic mast cell functions in stress-induced atrophy. It is hypothesized that
the main function of these cells under stress is to regulate the T-cell emigration.
The role of the thymus as an endocrine gland is also discussed. Probably, its
endocrine function is mainly associated with the thymic mast cells which are
regulated by the nervous system. Regardless of their localization and despite
their hemopoietic origin, all mast cells are an important addition to the nervous
system. They are a unique combination of both receptor and effector cells
located in all organs and tissues. The mast cells supply the central nervous
system with information about any local changes in tissue homeostasis and
enhance local nervous influences. At the same time, mast cells are extremely
important for neuro-immune communication as well as their mutual control
on local defense reactions and mucosa conditions.

Keywords: mast cells, thymus, neuroimmune interactions, mast cell-nerve
contacts, stress, mediators.

Introduction

The role of mast cells (MCs) in neuroimmune
interactions has been the subject of intense research
in recent years. By PubMed, about 1,700 publications
on this topic are published in the world per year.
Such interest in MCs is associated with their detection
in almost all organs and tissues, including the brain
(Grigorev, Korzhevskii 2021), their involvement in
allergic reactions (Gushchin 2020), their ability to
synthesize a broad spectrum of cytokines,

chemokines, and growth factors, with potential
autocrine, paracrine, local, and systemic effects
(Da Silva et al. 2014; Mukai et al. 2018). These
molecules play a critical role in the regulation
of both immune reactions and a variety of brain
and physiological functions (Forsythe 2019).
The involvement of MCs in the regulation of the
maturation and differentiation of immunocompetent
cells and the immune response became an undoubted
fact after the discovery of the intrathymic MC
population (Bodey et al. 1987).
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Interest in MCs physiology arose after the
discovery of intercellular contacts between MCs
and nerve terminals and experimental evidence of
functional interactions between them (Pearce et al.
1989). Based on these results, it was suggested that
MC are simultaneously cells of the nervous and
immune systems, which provide bilateral translation
and transformation of signals from peptides,
cytokines, hormones, and other macromolecules
as well as mutual regulation of functions (Forsythe
2019). This hypothesis is valid for all the described
MC populations, their participation in neuroimmune
interactions in connective tissue and mucosa. But
the thymic MC population remains poorly studied.

Therefore, a brief analysis of the intrathymic
mast cell population and mechanisms of its
participation in neuroimmune interactions under
stress will be carried out in this minireview.

Morphology and physiology
of thymic mast cells

MCs appear in the thymus already during
embryogenesis. According to our data, they are
detected in the mouse thymus from the 19* day of
gestation. MCs are localized in the medulla and
deep cortex during embryogenesis, and they are
found mainly in the connective tissue of septa,
trabeculae, and perivascular area in adult animals
(Guselnikova et al. 2012). Thymic mast cells have
a large, light, unsegmented nucleus (4—7 pm).
The linear dimensions of rounded or oval thymic
MCs are 8—12 pum in embryogenesis and they
increase till 15—25 pm in adult mice. The cytoplasm
of mature mast cell contains approximately
1,000 granules (Komi et al. 2020).

The composition of the granules of all MCs,
including thymic ones, is rather similar.
To characterize the functions of MCs, it turned out
to be very convenient to divide the components of
their granules into preformed ones, which provide
MC immediate reactions and synthesize de novo
in response to activation, which, in turn, are associated
with long-term MC responses (Forsythe 2019).
Preformed components of thymic MC granules are
proteases (cathepsins C, G, B, L, D, E, caspases-1,
-3, serine proteases tryptase and chymase,
metalloproteinases), biogenic amines (histamine,
serotonin, dopamine, polyamines), proteoglycans
(chondroitin-4- and -6-sulfates, but not heparin)
as well as numerous cytokines and growth factors
(TNFa, IL-4, GM-CSE, FGFp, VEGF, NGF). Upon
activation, MCs synthesize a wide range of regulatory
cytokines (IL-1, -3, -4, -5, -6, -9, -10, -12, -13, -14,
-16,-18, -25, -37, TNFa), chemokines (IL-8, MCP-1,
MIP-1a, -13, RANTES, TARC (CCL-17), eotaxin),

growth factors (TGEB, SCF, GM-CSE, MCSF, FGEB,
PDGF, VEGF, NGF), as well as neuropeptides (CRF,
VIP, SP) and eicosanoids (LT-B4, -C4, PAF, PGD2)
(Da Silva et al. 2014; Forsythe 2019; Komi et al.
2020; Mukai et al. 2018).

In humans, MCs are traditionally classified based
on the composition of produced serine proteases,
tryptase and chymase. There are two main phenotypes
of human MCs: MCs containing only tryptase
(predominantly reside in the mucosa of the small
intestine and alveolar septa) and MCs containing
tryptase, chymase, and carboxypeptidases (generally
found in the skin, submucosal layers of the small
intestine, and tonsils). MCs containing only chymase
are rare and found in synovial tissue. MCs of rodents
are also classified in two main subsets: connective
tissue MCs (CTMC:s) located in the skin, peritoneal
cavity, and intestinal submucosa and the mucosal
MCs (MMCs) residing in mucosal layers (Komi et
al. 2020; Krystel-Whittemore et al. 2016).

The nature of the thymic MCs is still unclear.
There are variants of their origin from a bone marrow
progenitor (common with blood basophils)
(Da Silva et al. 2014; Forsythe 2019) or immature
thymocytes (Scripture-Adams et al. 2014; Winandy,
Brown 2007). Our results do not allow us to conclude
the nature of MCs. But we found out that immature
thymic MCs pass all stages of differentiation within
one thymic lobule (Gusel'nikova, Polevshchikov
2013). The first MCs appear in the deep cortex and
the medulla of the mouse thymus on the 19" day
of gestation (Guselnikova et al. 2012). During granule
maturation, they move to the subcapsular region
as well as to the capsule and connective tissue
trabeculae (Gusel’nikova, Polevshchikov 2013),
where they come into contact with nerve terminals
(Gusel'nikova et al. 2015). The intrathymic stages
of MCs maturation indirectly testify in favor of the
lymphoid origin of thymic MCs.

The existence of contacts between thymic MCs
and nerve terminals gives an opportunity to estimate
their role in neuroimmune interactions and a possible
mediating function (Schiller et al. 2020). The key
molecules in neuro-MC contacts are N-cadherin
and CADM1 on both cells, as well as nestin-3 on
the nerve terminals (Forsythe 2019). Intrathymic
MCs have been linked to neuro(endocrine)-immune
circuits involving MCs-peptidergic nerve contacts
and changes in the number of MCs inside the organ
have been reported in a series of experimental
conditions related to the manipulation of the
neuroendocrine axis (Ribatti, Crivellato 2016).
According to the latest data, MCs interact with the
nervous system through degranulation, de novo
synthesis, extracellular vesicles, tunneling nanotubes,
and extracellular traps (Mittal et al. 2019).
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MCs express receptors for various neurotransmitters
and neuropeptides and are modulated by them,
allowing neural control of mast cell function.
Conversely, MCs also directly trigger neuron
activation through mediators, including cytokines,
histamine, neurotransmitters, and neurotrophic
factors, causing acute activation and long-lasting
changes in excitability and neuronal phenotypes
(Forsythe 2019; Xu et al. 2020).

Soluble mediators realize nerve-MC interaction but
itis possible to move the whole granule to the neuron
cytoplasm (Wilhelm et al. 2005). The Figure 1
shows key mechanisms and a shortlist of the signaling
molecules that are exchanged between MCs and
neurons. Importantly, MC can act as both a receptor
cell and an effector cell. MC can generate an afferent
signal to the CNS, as well as translate the efferent
signal from the CNS into a set of secreted cytokines
and growth factors. This contact is often referred
to as a “neuro-MC functional unit” (Kleij, Bienenstock
2005). The role of MC as a receptor cell is effectively
illustrated by the presence of serotonin and dopamine
in its granules, which may be key mediators for
afferent signals to the brain about any inflammatory
disorders (Wernersson, Pejler 2014; Herr et al.
2017).

Perivascular localization of MCs in the thymus
may be directly related to the thymic endocrine

function (Hadden 1992). Until the beginning of the
1990s, the thymus was considered as one of the
sources of somatostatin, CGRP, CRE, VIP, SP, oxytocin,
and vasopressin (Savino et al. 1999). However, it is
MCs that are the only thymic cells capable of
secretion. The set of thymus hormones is very close
to the set of MC secretory products (Fig. 1). There
is a reason to believe that all thymic hormones are
the results of neuro-MC interactions synthesized
by either MCs or nerve terminals.

Role of thymic MCs in stress

Stress-induced thymic atrophy is the classic and
most obvious manifestation of thymic responses to
the effects of the hypothalamic-pituitary-adrenal
axis, and MCs are actively involved in this process
(James et al. 2018). The number of degranulating
thymic MCs increases in 4—8 hrs after an increase
in corticosteroid levels in the blood (Guselnicova,
Polevshchikov 2013). The triggering of degranulation
may be associated with signals from adrenergic and
noradrenergic nerve endings (Bellinger et al. 1992).
The perivascular localization of thymic MCs and
the set of MC mediators suggest their participation
in the processes of cell extrathymic migration in
response to a stress stimulus (Godinho-Silva et al.
2019). Direct morphological data confirm the exit

Mast cell

tryptase
histamine chl)lfma'se
serotonin TNFa, CGRP, cathepsins
dopamine NGF, SP

N O.

neurokinins A, B

Nerve terminal

Fig. 1. The main mediators and ways of transferring molecules in neuro-mast cell contacts
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of a significant part of living cells from the thymus
throughout the lymphatic vessels in response to
glucocorticoid hormone releasing (Kato, Schoefl
1989). This result was indirectly confirmed by the
results of a cytometric assessment of thymocyte
viability during stress-induced atrophy. Inside the
thymic cortex, only 60-70% of immature DP
thymocytes die by apoptosis under stress, while the
rest of the cortical cells leave the organ (Starskaya
et al. 2015). The role of the alive DP-thymocyte
releasing during the stress reaction from the thymus
to the bloodstream remains unclear.

The subsequent involvement of thymic MCs in
the repopulation of cortical thymocytes after the
stress reaction has also been studied in detail.
It was found that the number of thymic MCs
significantly increases within 4—7 days after stress-
induced thymic involution. It is assumed that
peptidergic nerve terminals play an important role
in this process stimulating the differentiation and
degranulation of new MCs (Bellinger et al. 1992;
Forsythe 2019; Varricchi et al. 2019). MC growth
factors and cytokines (especially SCF, VEGE, TGF-f3,
NGF, PDGF, GM-CSF, FGF-$, IL-2, -3, -4, -10)
provide accelerated repopulation of cortical
thymocytes after stress (Da Silva et al. 2014).

The influence of MC neuropeptides on the
thymocytes maturation and differentiation occurs
after a stress reaction as well as during the normal
T-cell development and the immune response. VIP
has an anti-inflammatory effect and inhibits the
functions of Th1 and Th17 (Ran et al. 2015). CGRP
has a similar anti-inflammatory effect, which provides
the predominant formation of Th2 in the thymus
and their production of IL-4 (Assas et al. 2014).
It is CGRDP, acting together with somatostatin and
neuropeptide Y, that very effectively ensures the
attachment of proliferating thymocytes to fibronectin
of the thymic stroma and their proliferation (Springer
et al. 2003). On the contrary, tachykinins have
opposite proinflammatory effects on maturing
thymocytes. SP and neurokinin A have a particularly
significant effect at all the stages of intrathymic
T-cell development and their activation in peripheral
lymphoid organs. At the same time, both nerve
terminals and MCs can be the source of all these
neuropeptides, however, the local concentration of
peptides created by MCs will be much higher
(Forsythe 2019). It was found that both CD4 and
CD8 T-cells express functional NK1R that, together
with SP and hemokinin-1, co-localize within the

immune synapse during cognate activation of T-cells.
Simultaneous TCR and NK1R stimulation is necessary
for the survival of activated T-cells, helper 1 (Th1)
and Th17 bias (Morelli et al. 2020).

From integrative physiology
to personalized medicine

MCs are a good example of the relevance of an
integrative approach in physiology. The history of
MC study over 140 years has led to the description
of many phenomena, but the real role of MCs is
being revealed only now. Probably, MCs are a unique
addition to the nervous system capacities. Their
combination of receptor and effector capacities and
their localization in all organs and tissues
simultaneously supply the CNS with information
about any local changes in tissue homeostasis and
enhance the local regulatory effects of the nervous
system. MCs are instrumental in the communication
of the nervous and immune systems as well as in
their mutual control of the barrier epithelium.

At present, the prospects for the application of
knowledge about MC physiology in the clinical
practice of many diseases are already being considered.
Data on neuro-MC interactions are already used
in the study and treatment of solid and hematologic
cancers (Sammarco et al. 2019; Varricchi et al. 2017).
New approaches to the therapy of heart diseases
and atherosclerosis are also based on the information
about neuro-MC interactions. The new data on MC
functions are extremely important for solving the
problems of Crohn’s disease, intestinal and upper
respiratory tract polyposis, atypical forms of bronchial
asthma and rhinitis of unknown etiology (Da Silva
etal. 2014; Varricchi et al. 2019). Within a few years
the image of neuro-mast cell contacts may be found
on the cover of new guidelines on integrative

physiology.
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immature thymocytes, Epi — epinephrine (adrenaline), FGFf — fibroblast growth factor-f3,
GM-CSF — granulocyte-macrophage colony-stimulating factor, IL — interleukin, LT — leukotriene,
MC — mast cell, MCP-1 — monocyte chemoattractant protein-1, MCSF — macrophage colony-stimulating
factor, MIP-1 — macrophage inflammatory protein-1, NEpi — norepinephrine (noradrenaline), NGF
— nerve growth factor, PAF — platelet-activating factor, PDGF — platelet-derived growth factor, PG
— prostaglandin, RANTES — chemokine CCL5 (Regulated on Activation, Normal T-cell Expressed and
Secreted), SCF — stem cell factor, SP — substance P, TARC — chemokine CCL-17 (Thymus and Activation
Regulation Chemokine), TGFB — transforming growth factor-f, Th — T-helper,
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AnHomayus. B 0CHOBe COBPEMEHHOTO ITOHMMAHMSI PErYASILUM aIlleTUTa
AEXIT TaK Ha3bIBaeMasi «COMEOCTATHYECKAsI MOAEAD», KOTOPasi IPEATIOAATAET,
YTO MMEePexop OT YYBCTBA TOAOAQ K CHITOCTM M HAa00OOPOT 3aBUCUT
OT MHTEHCUBHOCTHU SHEPIreTU4eCKOro obmeHa B opranusme. [Ipu aTom
M3MEHEHVE COAEPKAHUS SHEPreTUIeCKUX CyOCTPATOB B OPraHax U TKaHsIX
KOAMPYETCSI U IEPEAAETCSl B MO3T HEPBHOM 11 SHAOKPMHHONM CUCTEMaMU.
OaHaKo HU3Kast MeTaboAMYeCKast AKTUBHOCTb OCHOBHBIX SHEPIOEMKIIX TKaHell,
HAINpYMeP XMPOBOIL, He II03BOAsIET OOBSICHUTD KPATKOCPOUHYIO PETYASILIUIO
amreruTa. B HacTosel cTaThe IPEACTAaBAEHBI AQHHbIE, YKa3bIBAOLIME HA
ydacTue MUKPOOMOTBI B peryasiuu anmneturta. [I[pexxae BCero, CyTodHas
MeTaboAMYEeCKasi aKTUBHOCTb KUIIEYHBIX OaKTepuit (2 KKAA/T) IpUMEpPHO
B 100 pas Bbllile, 4YeM y OPraHM3Ma B3POCAOTO YEAOBEKA, YTO MOXKET SIBASITHCSI
OCHOBOI1 OBICTPOrO BO3AENCTBUSI IPOAYKTOB CHUHTe3a OGakTepuit
Ha KPAaTKOCPOYHYIO peryasuuo ammeruta. Kpome Toro, coBnapenme AMHaMuKu
pocrta 6aKkTepuil, peryAupyemMon BHyTpeHHUMM $aKTopaMy MUKPOOHOM
MTOMYASILMM, C UBMEHEHNEM aIllleTUTA XO035MHA SIBASIETCSI MUHAUKATOPOM
bYHKLMOHAABHOTO B3aUMOAEICTBUSL 000UX NPOLECCOB. AeCTBUTEABHO,
OBIAO IIOKA3AHO, YTO IIPU PErYASIPHOM MUTAHUU [IPOAOAKUTEABHOCTD
SKCIIOHEHLMaAbHOI (asbl poCTa KULIEYHBbIX bakTepuil paBHa 20 MUH, 4TO
B TOYHOCTM COOTBETCTBYET BpPEeMeHU, HEOOXOAUMOMY AAsL pOpMUpPOBaHMS
¢dusmoaoruyeckoro yyBcTBa HachineHns. OnpepeseHne 6akTeprasbHOTO
6eaxa KazenHoAuTrdeckoi nporeassl (ClpB) B poan MuMeTrKa KAIOYEBOTO
AHOPEKCUT€HHOI'O FOPMOHA MEAAHOTPOIIMHA O3BOAMAO IIOHSITh MOAEKYASPHBII
MeXaHN3M B3alMOAENCTBMS OAKTEPUI C CUCTEMON IIepPeAaYM CUTHAAOB
HachlllleHUsI B KuuieyHrke. [loBpieHHoe copepkanue beaka ClpB
B CTallMOHAPHOM (ase pocTa baKTepuil yKasbplBaeT Ha ero Gpr3MOAOTMYECKYI0
POADb B MHAYKIIMM YYBCTBA CPITOCTU Y XO3sAMHA. npaKTI/I‘IeCKI/IM TIPMMEHEHEM
STUX UCCAEAOBAHUM siBUAACH paspaborka ClpB-copeprkaiyx npoOuoTUKOB
AASL IOBBIIIEHNsI 1yBCTBA CHITOCTY U CHVDKEHISI BECA TEAQ IIPU OKUPEHUN.
Takum 00pasoM, IO MHEHUIO aBTOPA, aKTUBHAsI (PUSMOAOTMYECKAsT POAD
KMIIEYHbIX OAKTEPUIT B MEXaHM3Me YyBCTBA HACBILEHVSI U CBITOCTU AOAXKHA
CTaTh HEOTHEMAEMOM YaCTbI0 «TOMEOCTAaTUYCCKOM MOACAU» PETYASLIUU
anrmeTurTa.

Karuesnie crosa: AIlIMIeTUT, NMUIIEBOE IIOBEAEHME, CBITOCTD, SHepI'eTI/I‘-IeCKI/HZ
O6M€H, IIMTaHUue, MI/IKpO6I/IOTa KUIIIEeYHIMKa, He];[pOl'[er[TI/IAbI, MO3T, HPO6I/IOTI/IKI/I.

21


http://www.intphysiology.ru
https://www.doi.org/10.33910/2687-1270-2021-2-1-21-32 
https://www.elibrary.ru/author_profile.asp?id=84536
https://publons.com/researcher/2263515/serguei-o-fetissov/
https://orcid.org/0000-0002-2491-4945
mailto:Serguei.Fetissov@univ-rouen.fr
https://www.doi.org/10.33910/2687-1270-2021-2-1-21-32
https://www.doi.org/10.33910/2687-1270-2021-2-1-21-32
https://creativecommons.org/licenses/by-nc/4.0/deed.ru
https://crossmark.crossref.org/dialog/?doi=10.33910/2687-1270-2021-2-1-21-32&domain=pdf&date_stamp=2021-04-30

O poau kuuweuHvlx bakmepuii...

Role of gut bacteria in the physiological regulation of appetite

and energy metabolism

S. O. Fetissov =423

! Rouen University, 1 Rue Thomas Becket, Mont-Saint-Aignan 76130, France
2 Institute of Experimental Medicine, 12 Akad. Pavlova Str., Saint Petersburg 197376, Russia
3 Pavlov Institute of Physiology, Russian Academy of Sciences, 6 Makarova Emb., Saint Petersburg 199034, Russia

Author

Serguei O. Fetissov,

SPIN: 7974-1782,

ResearcherID: H-6023-2016,
ORCID: 0000-0002-2491-4945,
e-mail: Serguei.Fetissov@univ-rouen.fr
For citation:

Fetissov, S. O.

(2021) Role of gut bacteria in the
physiological regulation of appetite
and energy metabolism. Integrative
Physiology, vol. 2, no. 1, pp. 21-32.
https://www.doi.org/10.33910/2687-
1270-2021-2-1-21-32

Received 9 February 2021;

reviewed 28 February 2021;
accepted 1 Mart 2021.

Funding: This study was supported
by the Pavlov Center for Integrative
Physiology for Personal Medicine,
High-Tech Healthcare, and Stress
Resistance Technology

(grant no. 075-15-2020-921 as

of 13 November 2020).

Copyright: © The Author (2021).
Published by Herzen State
Pedagogical University of Russia.
Open access under CC BY-NC
License 4.0.

Abstract. The current “homeostatic theory” of appetite regulation assumes
that alternation of hunger and satiety depends on energy balance in the host
tissues encoded and transmitted to the brain by neuronal and hormonal
signals. However, relatively low metabolic activity of fat tissue cannot explain
short-term regulation of appetite. In this paper, l am presenting the evidence
supporting bacterial contribution to the appetite regulation by showing that
energy metabolism of gut bacteria can be linked to the host appetite cycles.
Indeed, the daily metabolic activity of gut bacteria (~2 kcal/g) is about
100 times higher than that of the human body. Importantly, the reproduction
cycle of gut bacteria, which is independently regulated from the host, is
temporally identical to the short-term changes of appetite; 20 min of the
bacterial exponential growth duration corresponds to 20 min necessary for
physiological satiation. In further support of the “microbial theory’, molecular
pathways linking gut bacteria with the host regulation of appetite have been
identified. For instance, bacterial caseinolytic protease B (ClpB), whose
production increases during the bacterial stationary growth phase, i. e., when
the host is satiated, acts as a conformational mimetic of anorexigenic
a-melanocyte-stimulating hormone and activates the intestinal satiety pathway.
The practical utility to stimulate this pathway and to control body weight gain
in obesity was recently validated using ClpB-expressing probiotics. Thus,
an important functional contribution of gut bacteria to the host energy
metabolism should be considered as a new integral part of the “homeostatic
theory” of appetite regulation.

Keywords: appetite, feeding behavior, satiety, energy metabolism, nutrition,
gut microbiota, neuropeptides, brain, probiotics.

«Hedapom HA0 BceMu ABAEHUAMU HeA0BEHECKOU HUSHU
20cnodcmayem 3a60ma 0 HACYyusHOM xAebe...»
M. II Ilasros

BBeaenue

Peryasiuus anmneTuTa M NUILEBOTO IOBEAEHNS
SIBASIETCSI OAHOM 13 KAIOUEBbIX TeM MHTeTrPaTUBHOM
¢dbusnororvy. BaxkHeIIyI0 POAD B 3TON PETYASLIUN
UI'PaeT B3aMMOAENCTBHME KUILIEeYHMKA C MO3IOM,
BbIsIBAEHHOE y)Xe 60Aee 100 AeT Hazap V. I1. [Tas-
AOBBIM I €0 KoAAeTraMu. B cBoell peun 1o cayyaro
npucyxpenuss Hobeaesckoit npemun B 1904 .
. T1. ITaBAOB roBopuA: «...TouHOE 3HaHME CYABOBI
MUIIY B OpraHM3Me AOAYKHO COCTaBUTb IpepMeT
MA€aAbHON pusnorornn, Gr3noAorum OyAyLIero...»
(ITaBaoB 1951, 347). CoBpeMeHHas1 HayKa AeiCTBU-
TEeAbHO 3HAUYMTEABHO IPOABMHYAACH B IOHVIMaHNN
peryAsuMy nuieBapeHns, anrneTuTa 1 MUILeBOro
MOBEAEHUS IIyTeM OTKPBITUS MOAEKYASIPHO-

22

reHeTU4eCcKX OCHOB 3TUX IPOLeccoB. VI3HayaAb-
Hasl MaBAOBCKasl KOHLeNUUs PYHKIMOHAABHOI
CBS3U «KUILIEUHUK — MO3I'» AdAee Pas3BMUBAAACD
U YKpeNASIAACh, HAIIpUMeEP, OTKPbITUEM PSAAA TIel-
TUAHBIX TOPMOHOB (XOAEI[MCTOKUHIH, HEMPOTIET -
TUA TUPO3UH U AP.), IPOAYLIMPYEMBIX OAHOBpE-
MEHHO U B KMIIEYHUKE, U B MO3Te, KOTOpbIe
Y4YaCTBYIOT B MHTeTpalliy MPOL[eCCOB MulIleBapeHms,
anneTuTa U KOTHUTUBHOM PyHKuum (Mayer 2011;
Mutt 1988). OpHaKO, HECMOTPS Ha 3HAYUTEABHBI
Mporpecc B MOHMMAaHNU MOAEKYASIPHBIX OCHOB
PeryAsiLiM anIeTnTa, 3Ta IpobAeMa MO-MIPEXKHEMY
OCTaeTCs HepaspellleHHOM. Tak, MMpoBast «anuae-
MUs» OXKUPEHUSI B OOABIION CTeleHU CBsI3aHa
c OaHAABHBIM IE€peeAaHMEM U OTCYTCTBUEM
9P HEeKTUBHBIX U OE30TTACHBIX AHOPEKCUTEHHBIX
MEAUKaMEHTO3HBIX CPEACTB AASI TPOPUAAKTUKI
u AedeHus runepdarunu. C Apyrom CTOPOHBI,
MeXaHU3Mbl IIPOMCXOXKAEHMSI HeMpoIcuxmua-
TPUYECKUX 3a00AeBaHMIT, COMPOBOXKAAOLUXCS
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C. O. Qemucos

BbIPa)KeHHbIMM HapYLIEHNSIMY ITMIIEBOTO IIOBeAe-
HJSI, TAKUX KaK HepBHasl aHOPeKCUs U OyAMMMS,
He OKOHYaTeAbHO PAaCKpPBIThl. DTO BbIpaXkaeTcs
B TOM, YTO CIeLpUIeCKOro AeueHMsI TUX 3a00-
A€BaHMM He CyILeCTBYeT, ¥ npuMepHo 50% manu-
€HTOB CTPAAAIOT OT UX XpoHndeckux ¢popm. Kpome
TOI'0, CMEPTHOCTb OT HEPBHOJ aHOPEKCUY COCTaB-
AsteT 0KoAO 10%, 4TO ABASIETCS CAMBIM BbICOKUM
MOKa3aTeAeM CPeAM BCeX IICUXMAaTPUYeCKUX 3a-
6oaesanmit (Harris, Barraclough 1998). AHopekcust
KaK CIHAPOM IIpY HEKOTOPbIX (OpMax paka Takxe
IIPEACTaBASIET CEPbE3HYI0 KAMHUYECKYIO ITpo0Ae-
MY, YXYAlllas IPOrHO3 BbI3AOPOBAeHU:. Takas
TPEBO’KHAsI CUTYaLMsI OTPaXkaeT HeAOCTaTOYHOe
NOHMMaHMe PU3MOAOTMIECKMX MEXaHNU3MOB pery-
ASILIMY ANIEeTUTA U NUIIEeBOro IMOBEAEHNUs U BbI-
3bIBaeT HEOOXOAVMOCTD MX AQABHEIIEro VICCAE-
AoBaHuA. Hacrosias cTarbs IpoAMBaeT CBeT Ha
HOBOE HallpaBA€HME B ICCAEAOBAHUAX PeTyASALIUU
anmneTuTa. B cTarbe 06Cy)KAQIOTCS TeOpeTUYeCK e
1 9KCTIepMMEeHTAAbHbIE AQHHBIE, YKa3bIBaoLI[/ie Ha
BO3MO>KHYIO KAIOUEBYIO POAD KVIIEYHBIX OaKTEPUIL.

PaspuTHe T€OpMI1 peryAsaLuu anmeTuTa

ANIMeTUT 4acTO aCCOLMUPYETCS C YYBCTBOM
TOAOAQ, OTAUYASICH OT HOAE€e IUPOKOTO IIPUMEHE-
HUS 9TOTO TEPMUHA B HAYYHOI AUTEPATYPE, B KO-
TOPOW OH OIMUCHIBAETCS KaK (PU3MOAOTUIECKAS
U SMOIMOHAABHASI COCTABASIOIIME PA3AUIHBIX
BUAOB MOTUBUPOBAHHOTO IMOBEAEHUS, ITUIIEBOTO
B TOM 4MCA€. AINIETUT BKAIOYAET B ce0s1 BUCLE-
paAbHbIE 1 DMOLIMOHAABHBIE OLIYI[€HMsI, XapaK-
TepPHBbIE AASI KQXKAOIT U3 ero Tpex OCHOBHBIX (as:
YYBCTBO TOAOAQ, YYBCTBO HACBILIEHNUSI U YYBCTBO
cortoctu (Blundell et al. 2010). B HacTosien ctatbe
VICTIOAB3YETCSI UMEHHO TaKOe IOHSATHE allleTUTa.
ITepexoa OT YyBCTBa rOAOAAQ Yepe3 IpoLiecc
HACBIIIEHUS K CBITOCTU, IIPOAOASKAIOIIENCS AO
MOSIBAEHMSI HOBOTO UYBCTBA TOAOAQ, COCTABASIET
OAVH IIUKA anmeTuTa. YepeaoBaHme TaKUX IIUKAOB
SIBASIETCSI ABVDKYIL[EV CUAOL (APAiBOM) MAY MOTH-
Baljleil AASI OCYILIeCTBAEHSI TMILEBOTO IIOBEAEHMS,
BBIPAYKEHHOT'O B MOUCKE, TOTAOIIIEHUN U TiepeBa-
puBaHUM L. AHaAM3 BbIOOpA MUIIM U TIPOLieC-
ca ee MOTPEOAEHUS B HOPME U TATOAOTUU SBASIOT-
CSI OCHOBHBIMU ITOAXOAAMM K MICCAEAOBAHUIO
anneTuTa. BbIAO YCTaHOBAEHO, YTO AAUTEABHOCTD
¢dusmorornyeckon ¢paspl HaChILIEHNS Y YeAOBEKa
cocTaBAsieT 20 MMH IIOCA€ HayaAa NpueMa nuiny,
3aTeM Iepexops B ¢asy ChITOCTU CpeAHeN Mpo-
AOAKUTEABHOCTU 5—6 1 (Labouré et al. 2002). Taxoi
VHTEPBaA MeXAY IIpYeMaMy MUY COOTBETCTBYET
IIPOMEXYTKaM MeXAY 3aBTPAKOM, 00€AOM U Y>KH-

Humeepamusuas ¢pusuoroeus, 2021, m. 2, \e 1

HOM, T. €. 0OBIYHOMY PUTMY IIUTaHUs, CPOPMUPO-
BaHHOMY I10A BO3AENICTBMEM €CTEeCTBEHHOTO KO-
Ae0aHNs aNIeTUTA B TE€YEHME CYTOK.

[TopasuteAapHast CTAOMABHOCTD YepeAOBAHMS
LIMKAOB aIIeTUTa 0APa3yMeBaeT X TOYHYIO pe-
ryasiquio. Ilpupoaa anmerura Bceraa BbI3bIBaAa
MHTepec Y GpM3M0AOTOB, OAHAKO AO CHX ITOP He BCe
MeXaHM3MBbl 3TOT0 Ipoliecca scHbl. Hanpumep, HeT
YeTKMX OTBETOB Ha BOIIPOCHI, [I0YEMY HaChlIlIleHe
HacTyIaeT MMeHHO uepe3 20 MUH, VAU IIOUYEMY
HeAb3sI HAeCThCS BIIPOK, TaK KaK TOAOA BCE PaBHO
MOSIBUTCS yepe3 5—6 yacos. B HacTos1len craTbe
aBTOP MPEAAATAET HOBBIE TIOAXOABI AAST PelLleHUS
3TUX BOIPOCOB. B ucTopuyeckom naane popmy-
AVIPOBKA T€Opuil, OOBACHSIOMMX PETyASILIVIO all-
MEeTUTA, CAEAOBAAQ TTOSIBAEHUIO HOBBIX AQHHBIX
0 BAMSTHUM T€X AU UHBIX (DAKTOPOB HA MU3MEHEH U
B IUIIEBOM IOBEAEHUY, BBIPA)KABIIMECS B ITOBbI-
mweHun uAM cHiokeHuu npuema muiu (Hopkins,
Blundell 2017). OcHOBHBIE TEOpPUM AIIIETUTA MOX-
HO YCAOBHO Pa3A€AUTbh Ha MeXaHU4Yeckue, O1o-
xummyeckue u meraboamyeckue. OUeBUAHO, YTO
HOBbIe TEOPUY YUMUTBIBAAY IIPEABIAYLIVIE U CTAHO-
BUAMCBH O00Aee KoMIAeKCHbIMU. O630p paHHUX
TEOpUIl PEryAsiiMM amlleTUTa IPEeKPACHO IIPeA-
craBAeH B MoHorpadpuu A. M. Yroaesa (Yroaes
1991).

Tak, Baabrep Kannon, coBpemennuk V. I'T. T1as-
AOBa U aBTOP TEOPUU TOMEOCTa3a, CUUTAA,
YTO pacCTsDKEeHME JKeAYAKA IIOCAe IIpyieMa MUK
CAY>KUT I'AQBHBIM CUTHAAOM K HacChllleHuo. V3me-
HEHUsI YPOBHSI IUTATEABHbBIX BeleCTB B KPOBU
A€TAY B OCHOBY pa3AUYHBIX TEOPUI aIIleTUTA,
MOAYUYVMBIIVX Ha3BaHMSI B COOTBETCTBUM C K&SKABIM
MaKpPOHYTPMEHTOM: YTAEBOABL — «TAIOKOCTaTHde-
ckasi» — Maitep, 1953 (Mayer 1953); >xupsr —
«annocrtatuyeckasi» — Kennean, 1953 (Kennedy
1953); 6eAKM M aMUHOKUCAOTHI — «aMUHOCTATAYE-
ckasi» — Meannkodd, 1956 (Mellinkoff et al. 1956).
OrpaHn4eHHOCTDb Ka)KAO 13 TeOPUI MAaKPOHYTPU-
€HTOB OYEBMAHA, ¥ aKapeMUKoM A. M. YroAaeBbIM
OblAa IpEAAOIKEHA «MeTaboAMYeCKasi» TeOPUs
alIeTnTa, KOTOpas MOAPa3yMeBaeT M3MepeHe
OPraHM3MOM 3HEPIUM, COAEPIKAIIEeICs BO BCEX
Tunax HyTpueHToB (Yroaes 1991). [Toxoxas naes
HAIIIAQ CBO€ OTPAKEHME B «UCXUOMETPUIECKON»
teopuu Huxoaamauca (1974), npeanoaararoiiei,
YTO HEPBHbIE KAETKM B TUIIOTAAAMYCE MOTAU OBl
CAY>KUTb CEHCOPaMU SHEPTeTUYeCKUX CyOCTpaToB
(Nicolaidis 2011). B paAbHeitiiem onpeaeAeHue
5’ AM®-aKkTUBMpPYEMOII IPOTEUHKMHA3BI B POAU
YHUBEPCAABHOTO AETEKTOpPa dHEPreTUYECKOro
0aAaHCa KAETKU SBUAOCH OMOXMMUYECKUM TIOA-
TBep)KkAeHreM mMeTaboAmdyeckux Teopuit (Hardie,
Carling 1997).
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TomeocTaTuveckas MOAEAD
peryasaunun anmneTnrta

AASI MHTErpalyy pasAMYHbIX TEOPUI PETYASLN
amnreTuTa Ha opraHu3aMeHHOM yposHe llIBapiem
1 KoaAeramu B 2000 1. OblAa IIpeAAOKEHA TOMEO-
craTuyeckass MopeAb (Schwartz et al. 2000). DTa
MOAEAD TIPEATIOAATAET, YTO [TEPEXOA OT YyBCTBA
TOAOAQ K CBITOCTU 1 HA00OPOT 3aBUCUT OT MHTEH-
CUBHOCTM SHEPreTUYeCKOro o0MeHa B OpraHu3Me.
Hanpumep, cHIO>KeHMEe YPOBHS MOTEHL[MAABHO
SHEpPrUM B TKAHSX, COAEPIKALIMX SHEPTreTUIeCKe
cybcTpaTsl (B OCHOBHOM B KMPOBOIL), AOAXKHO BBI-
3bIBaTbh YYBCTBO I'OAOAQ, & VX ITOBBILIEHNE — YYB-
CTBO cbITOCTH. [Ip1 5TOM M3MEHEeHYEe COAePIKAHVST
SHepreTUYECKUX CyOCTPATOB B OpraHax M TKaHsIX
KOAVIDYIOTCSI U TIEPEAAIOTCSI B MO3I HEPBHOM
Y1 BHAOKpUHHO cucteMamMu. OCHOBHOM MOA€EKY-
ASIPHBIN TIYTh CUTHAAU3ALIMN, AEKAIINIT B OCHOBE
9TOI MOAEAU, IPEACTaBAEH OEAKOBBIM TOPMOHOM
aentrHoM (16 KAa), mpoAyLipyeMbIM B >KMPOBOJI
tkanu (Friedman, Mantzoros 2015). AkTuBayus
PeLienTOpOB K AENTHHY B MO3T€ BeAET K CHVKEHUIO
npueMa IUILM, TOTAQ KaK OTCYTCTBUe QYHKLMO-
HAABHOT'O AENITMHOBOTO ITyTY, HAIIPYMEP Y MYTaHT-
HbIX Mbl1en 0b/ob uan db/db, BepeT K runepdarun
1 OKMpeHMIo. [IPOAYKLIMSI AETITMHA U €T0 KOHLIEH-
TpaLus B IAa3Me KPOBU IIPSIMO ITPOIOPLIMIOHAABHBI
KOAMYECTBY >KMPOBOW TKaHU, YTO IPEATIOAATAET
€ro QyHKLMIOHAABHYIO POADb KaK aIlleTUT-PeryAn-
PYIOLLEro TOPMOHA, TOCBIAAIOLIETO B MO3T CUTHAABI
0 3aracax sHepPIrum B XXVMPOBOU TKaHU.

HecmoTps Ha BaykHYI0 KaTaboAMYECKYI0 QyHK-
LIVIIO A€TITVHA, Y )KUBOTHBIX C €TI0 OTCYTCTBMEM VA,
HA000POT, Y )KUBOTHBIX C M30BITKOM AEIITUHA IIPU
OKMpEHUM KPATKOCPOYHAsI PEryAsiLivs aleTnTa
COXpaHsETCsI, 03HaYasl, YTO HU AEIITVH, HU KUPOBast
TKaHb per se He SIBASIIOTCSI TeHepaTOpaMy LIMIKAOB
roaopa/HaceieHusi/corroctu (Strohmayer, Smith
1987). Kpome Toro, Huskast MeTaboAanyeckas ax-
TUBHOCTb >KMPOBOJI TKaHY, 8 TAK)Ke YYBCTBO TOAO-
AQ TIpU ee M30BITKe a priori He MO3BOASIIOT 00b-
SICHUTD KPaTKOCPOYHYIO PEryAsLiMIO aleTuTa
00MeHOM SHEPIUU B KMPOBOI TKaHU. MeaAeHHast
CYyTOYHasi AVHAMMKA M3MEHEHMSI YPOBHEN 3KC-
IIpeccuy ¥ KOHLIEHTPALMM AENTHHA TaKXXe He CO-
OTBETCTBYET MUIIEBBIM LUKAAM. YTOOBI KOMITEH-
CUPOBAaTh 3TOT HEAOCTATOK, FTOMEOCTATUYECKasI
MOA€EAD OOBIYHO BKAIOYAET B C€0s1 POAb KUIIIEYHBIX
TOPMOHOB, CEeKpeLysl KOTOPbIX AeICTBUTEABHO
COOTBETCTBYET M3MeHeHMsIM amnmeTuTa. [Ipy sTom
UTHOPUPYETCSI OTCYTCTBUE MIPSIMOI CBSI3U MEXAY
JKMPOBOM TKaHbIO U CeKpeLj/iel KMILIeUYHbIX TOPMO-
HOB, T. €. TEPSIETCS TeopeTnYecKasi OCHOBA pery-
ASIIMM QIIEeTUTA Ha OCHOBE MHTEHCUBHOCTU

SHEPTeTUYECKOTO 0OMeHa, B AAHHOM MOAEAY 00'b-
sICHsieMasl 3a11acaMy SHEPTUU B KMPOBOIT TKaHMU.

HecMoTpst Ha Bce HEAOCTATKH U POTUBOPEYNSI
«IOMEOCTATUYECKO MOAEAU», HA CErOAHSIIHMII
AEHb OHa IIPOAOAYKAET OCTABATbCS AOMVHYPYIOLLEN
Teopuen peryAsiyuy anmneTuTa, BKAIOUEHHON
B YH/BEPCUTETCKMe IporpaMMbl. JKuByuecTb AaH-
HOJI MOAEAY MO>XKHO OOBSICHUTD KaK OTCYTCTBMEM
aAbTepHaTI/IBHOiI TGOpI/II/I peI‘YASILU/II/I aIrrieTuTa, TakK
" HaAM4YVeM 0e3yCAOBHO NPAaBUABHONM U BCEMU
MPUHUMAEMOW O0IIell HaIIPaBASIIOIIEN UAEN 00
OCHOBOIIOAQTraloIeN POAU SHEPTETUIECKOTO TOMEO-
CTa3a B PEryASLIMY IIOTAOLIEHV SHEPT UM COTAACHO
BTOPOMY 3aKOHY TEPMOAVHAMMKMU.

Ocb «KuIevyHasi MUKPOOMOTa — MO3T»

B kxumeuyHuke BceX JKMBOTHBIX COAEPIKATCS
MHOTOYMCAEHHbIE OaKTepun, a TaKXKe apXeu, BU-
PYChI 1 rpMOBbI, COCTABASIOLIE BMECTE MUKPOOIO-
Ty KuieyHyKa. [To yTouHeHHBIM AQHHBIM, CYMMap-
HBIV BeC KMIIEYHBIX OAKTepUil Y YeAOBEKA BECOM
70 xr coctaBasieT okoAo 200 1, ipu aTOM 0OIilee
KOAMYECTBO OAaKTepuil IOUTU PAaBHO KOAUYECTBY
KAETOK YeAOBeKa, cCocTaBAAAd 3,8 x 10 u 3,0 x 103
cooTrBercTBeHHO (Sender et al. 2016). BaxkHo oT-
METHUTD, YTO AAST IOAAEP)KAHMSI CBOMX OCHOBHBIX
OMOAOTMYECKUX MPOLIECCOB, BKAIOYAS MUTAHUE
" pa3MHOX€eHIEe, MUKPOOMOTa 3aBUCUT OT pU3UO-
AOTMM XO35IMHA, KOTOPBI IPEAOCTABASIET U CPEAY
obuTaHus, 1 nuTaTeAabHble Beuectsa (Turnbaugh
et al. 2007). OyHKLMOHAABHBIE B3aVIMOAEICTBYS
MEXAY KUIIEYHBIMY OAaKTEPUSIMU U UX XO3SMHOM
SIBASIIOTCSI CAOXKHBIMU U B OCHOBHOM OTIPEAEAEHbI
KaK cuMOuoTmyeckue. AeiiCTBUTEAbHO, DaKTe-
PMaAbHBIT BKAAA B PU3MOAOTUIO XO3sIMHA BapbU-
pyeT OT NepeBapMBaHMs NMUIEBBIX BOAOKOH
Y BBIPAOOTKYM KOPOTKOLIEITOUEYHBIX KUPHBIX KIUC-
Aot (KLIPKK) 1 BUTaMMHOB AO HOPMaAbHOTO PYHK-
LUUOHMPOBaHMs uMMyHHoOI cucteMsl (Hooper et al.
2012). C Apyroit CTOpOHBI, MO>XKHO ITPEATIOAOXKUTb,
4TO PUAOTEeHEeTUYECKN OOAEE APEBHIE MUKDPOOP-
raHU3MbI BAUSIAU B TIPOI[ECCE BOAOIMYU Ha Gop-
MUPOBaHME OPTaHU3Ma XO3sIMHA, CIIOCOOHOTO
AOOBIBaTh U3 AOCTYITHOV OKPY)KAIOLIeN CPeAbI
nuieBble CyOCTPAThl X SKCTPAarupoBaTh U3 HUX
NUTaTEAbHbIE DAEMEHTBI, CTIOAb3YeMble OaKTepy-
ssMu. Takoe BAVsIHYE BBIPQXKAETCS B CYIL|€CTBOBAHUN
TaK Ha3bIBaeMOI OCU «KUILIeYHass MUKPOOMoTa —
MO3I'», KOTOPYI0O MOYKHO PacCMaTpuBaTh KaK He-
OTbEMAEMYIO YaCTh PYHKLUVOHAABHOM CBSI3U
«kumevHnKk — mo3r» (Cryan, Dinan 2012). Vc-
CAEAOBaHVE OCU «KUIIEYHAsI MUKPOOMOTa — MO3T»
B HACTOSIIEE BPEMSI SIBASIETCSI OAHUM U3 TIPUOPU-
TETHBIX HalIlpaBA€HUI B ITaTOTeHe3€e HelPOIICUXH-
aTpuuecknx 3aboaeBanumit (Hooks et al. 2018).
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LIMKABI pa3MHOXXeHMsI KUILIEYHBIX OaKTepuit
M anneTuT

LleAb AaHHOI CTaTbU — MOKa3aThb, YTO KUIIIEY-
Hble 0aKTepUM MPEACTABASIIOT Ba)KHOE 3BEHO
B LlenoyKke QpU3MOAOTrMYeCKMX MEXaHU3MOB pery-
ASILIMY QTIIIETUTA U UTO VX BKAIOUEHVE B TOMEOCTa-
TUYECKYI0 MOAEAb AOA’KHO 3aMEHUTD >KUPOBYIO
TKaHb B KQUeCTBe SHEPro3aBUCUMOro reHepaTopa
PUTMOB IOAOAQ/HACHILEeHNsI/CBITOCTY. BriepBoie
3Ta MAES VI HOBAsI BepCHsi TOMEeOCTaTU4eCKOM MO-
A€eAV ObIAU TIPEeAAOXKeHBbI aBTOpoM B 2017 T.
VI CTaAM PE3YABTATOM KaK COOCTBEHHBIX MICCAEAO-
BaHMI, TaK U aHAAM3A AUTEPATYPHBIX AAHHBIX
(Fetissov 2017). 3a 3 ropa mocae myOAMKaLy 9TOM
CTaTby HAKOIIMAVICb HOBBIE AQHHBIE O POAY KUILIEY-
HbIX OaKTepuit B peryAsum anmnerura (van de Wouw
etal. 2017), BkAIOYast pa3pabOTKy MX KAUHUYECKO-
O MPUMEHEHNs], 0 YeM OYAeT CKazaHO HIDKe.

CyTb «MUKPOOHOIT» T€OPUY B PETYASLIMM all-
MeTUTA 3aKAIYAETCS B TOM, YTO IpUeM MULU
pedpAEKTOPHO aKTUMBUPYET CEKPELVIO HYTPUEHTOB
B [IOAOCTD KMIIEYHVKA, BKAIOYASI TOACTBIN KUIIEeY-
HIIK, 3aITyCKasl TaKMM 00pa30M aBTOHOMHBIV LKA
Pa3MHOXXeHMsI KMIIEYHBIX OaKTepuil, KOTOpbie
B IIpOLiecce CBOEro MeTaboAM3Ma BpIpabaThIBAIOT
Bell[eCTBA, aKTUBMPYIOL[/Ie MOAEKYASIDHbIE IIYTU
HacbleHMsI U cbITOCTU. CHYDKEHE JKe KOHLIEHTpa-
LMY TaKuX BELEeCTB BO BpeMsl eCTECTBEHHOI I'ii-
OeArt OaKTepUIT MOXKET BbI3bIBATb YYBCTBO FOAOAR,

MOTMBMPYSI K HOBOMY NpPUEMY NULIYU U, COOTBET-
CTBEHHO, 3aITyCKY HOBOTO LJMKAQ Pa3MHOXXeHMs
6axrtepuit (Fetissov 2017). baaropapsi Takomy
B3aMMOAEVICTBUIO OAKTEPUI C OPraHM3MOM XO35I-
VIHa, OHU CIIOCOOHBI MTOAAEP>KMBATh BBICOKYIO
IMAOTHOCTb MUKPOOHOM MONYASILIMY, BapbUPYIO-
meicst okoAo 10'? 6akTepraAbHBIX KAETOK/MA
TOACTOTO KMUILIEYHUKA.

AAST IOATBEP>KAEHUSI AQHHOI Teopuu HeobXo-
AMMO II0Ka3aTh, YTO AMHAMMKa pa3MHOXXEHMUs
KUILIEYHbIX OaKTePUI COOTBETCTBYET dazaM arie-
TUTA, a TAK)Ke BBISIBUTb MOAEKYASIDHbIE ITYTH,
cBaspiBatomue $asbl pocTa bakrepuit ¢ pasamu
afreTuUTa, HAPUMEP CTALMOHAPHYIO (asy c 4yyB-
CTBOM CBITOCTU. AeICTBUTEABHO, UICCAEAOBAHIE,
npoBepeHHOe B 2016 I. Top pyKOBOACTBOM aBTOpa
AQHHOJ CTaTbl, TOKA3aA0, YTO IIPU PETyASIPHOM
IMUTaHUM OAKTEPUI M ITPU AOCTVKEHUM VX BBICOKO
IIAOTHOCTY B IIONYASILIM i Vitro Y1 in vivo 6akTepun
AEMOHCTPUPYIOT CIIeLPUIECKYIO AVHAMUKY POCTa
(Breton et al. 2016b). OTa AMHaMMKa BbIpaXkaeTcst
B 20 MUH 5KCIIOHEHLIAABHOTO POCTA C TIOCAEAYIOLLEN
craiuoHapHou Gha3on, AASILIECsS He MeHee 2 4.
Takum 06pasom, BriepBbie OBIAO 0OHAPYKEHO, YTO
AVIHAMMKa POCTa KMIIEYHBIX OAKTEPUIT B YCAOBUSIX
PEeryAsipHbBIX IPUEMOB IMUIIM U MAOTHOCTU
VX TMOMYASILIMY, COOTBETCTBYIOIEN TOACTOMY
KMLIEYHVKY, COBIIAAAET C AVHAMMKOV M3MEHEeHNs
anmnerura (puc. 1).

®dasbl anneTuTa U cTagum pocrta 6aktepuin

Mpuém
nuwm

HacbiweHve

3ken

B TO/ZICTOM KULWIEYHUKe

CbiToCTb

Hosbiit
NpUEM NULWMN
\J

mbenb
6akTepuii

YpoBeHb CbITOCTU U NIOTHOCTb
6akTepuanbHOIi Nnonynaunmn

20 miH

Puc. 1. COOTBETCTBME UMKAMIECKMX U3MEHEHUI ATIIIeTUTA AUHAMUKE POCTa OAKTEPUIL B TOACTOM KUIIEYHUKE
CoraacHo «MUKPOOHOI» TeOPUN ATIIETUTA, IPUEM NI XO35IMHOM COBIIAAAeT ¢ peAEKTOPHBIM BbIAEACHIEM SKUAKOCTI
Y HYTPMEHTOB B KUIIEYHMK, KOTOPbIE 3aITyCKAIOT A€AeHNe KUIIeYHBIX 6aKTepuil. AAUTEAbHOCTb SKCIIOHEHLIMAABHOM (DKCIT)
¢aspl pocta — 20 MUH — COOTBETCTBYET BpeMeH!, HEOOXOAVMOMY AAS TIOSIBAEHVS UyBCTBA HACBIIEHMs], a AAUTEABHOCTD
craugyonapHoli (Ctar) da3bl COOTBETCTBYeT YyBCTBY ChITOCTY. CTapus rubeAnr 6aKTepuii COOTBETCTBYET POIPECCUBHO
YBEAMYMBAIOIEMYCsI YYBCTBY FOAOAQ, KOTOPBIN BBI3bIBAET HOBBIN IpueM muiy (apantuposaHo us: Fetissov 2017)

Fig. 1. Cyclic changes of appetite correspond to the dynamics of bacterial growth in the large intestine
According to the “microbial” theory of appetite, food ingestion coincides with the reflex secretion of water and nutrients
into the gut triggering the growth of intestinal bacteria. The duration of the exponential (9xcm) growth phase (20 min.)
corresponds to the time necessary for satiation; while the duration of the stationary (Crat) phase, to the feeling of satiety.
The decline phase (rubeap 6axTepnit) corresponds to the progressively increasing feeling of hunger which triggers a new
meal. Y-axis, “Feeling of fullness and density of bacterial population in the large intestine” (adapted from: Fetissov 2017)
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Ha yem ocHOBaHa Takasi AVHAMMKA pa3MHOXe-
Hus OakTepuit? Ba)kHO OTMETUTbh, YTO HECMOTPSI
Ha TO, YTO XO35IMH U 00ecreynBaeT KUIIeYHble
OaKTepuM HYTpUEHTAMU, OAKTEpUU CAMU PETYAU-
pyoT cBou ¢asbl pocTa. AAUTEABHOCTD 3KCIIO-
HEHLMAAbHOI $a3bl 3aBUCUT OT UCXOAHOTO KOAU-
YyecTBa OaKTepuil ¥ TOTOBHOCTY MX F€HETNYECKOTO
annapara K AEA€HUIO TPV IIOAYYE€HUM TUTATEABHON
cpeabl. B mpoiiecce pocTa, pu AOCTVIKEHUM OIT-
TUMAaABHOJ IIAOTHOCTH, OaKTepUM HAUMHAIOT BbI-
AEASITb XIMUYECKII€ BEell|eCTB, Ha3bIBa€MbI€ «4yB-
CTBO KBOpyMa» (quorum sensing), KOTopblie
TOPMOS3SIT AQAbHEITIIIee AEAEHME BCEIT MUKPOOHOIT
MOMYASILIVIY, YYBCTBUTEABHOI K 3TUM BeELeCTBAM.
DTOT Ba)kKHBIN NPOLIeCC 0OBSICHSIET, TOUEMY K-
IIEYHNK HEe «PasAyBaeT» OT 0ECKOHTPOABHOTO
pasmMHoskeHust bakTepuit. [Teproa pocTa, paBHBI
20 MMH, COOTBETCTBYeT MVMH/MaAbHOMY BpEMEHM,
HE0OXOAMMOMY AASl 1 AeAeHUs OaKTepUaAbHOM
AHK, T. e. MOXXHO CcKa3aTh, YTO NPy pMEMeE MU
KOAMYECTBO OAaKTepui yABauBaeTCs. AAUTEABHOCTD
cTaluMoHapHOI (asbl, IPU KOTOPOM KUIIEUHbIE
OaKTepuu HaXOASATCS B COCTOSIHUM dHepreTuye-
CKOTO PaBHOBeCHsI, TOUHO He YCTaHOBAeHa. Takoe
paBHOBeCHE, II0 CYTH, COOTBETCTBYET COCTOSIHUIO
SHEpPreTUYECKOTO PaBHOBECUS, T. €. CBITOCTHU
Y X035IMHa, KOTAQ HET HU ITOMCKa HYTPUEHTOB, HU
ux noraoienus. IToa BosaeiicTBueM GaKTOpoB
OKpY)Kalolel cpeAbl cTalloHapHast pasa mAaBHO
HepexoAUT B a3y orMupaHus 6akTepuil. B Tonkom
KMIIeYHVKe K TaKUM OaKTepULMAHBIM (paKkTOpam
OTHOCSITCS TIPEKAE BCEro >KEAYHble KMCAOTDI
Yl pa3AMYHbIe NUIeBapuTeAbHble pepMeHThI. OT-
CyTCTBME 3TUX (PAaKTOPOB B TOACTOM KUIIEYHUKE
00BbsICHSIET HAUBBICLIYIO B OPTaHU3Me, AQ 1 BOOOIIIe
B MPUPOAE, KOHIIeHTpauuio baktepuit. HecmoTpst
Ha 3TO, CHVDKEHNE YlCAa OaKTepUil B 9TOM CaMOM
HaCeA€HHOM MMKPOOPraHU3MaMy OTAeA€e KUIIeY-
HVKa TaK>Ke PErYASIPHO MPOUCXOAUT ITyTeM AU3U-
ca bakteprocdaramu. baktepuodaru sIBASIOTCS
BUpYCaMy, KOTOpbIE IPUCYTCTBYIOT B HOPMAABHO
MMUKpPOOMOTe KUIIEeYHUKa B KOAUYECTBE, Ha I10-
PSIAOK IIpeBBILIAIOIIEM YMCAO OakTepuit. OHU ce-
AEKTVBHO Pa3pyIlIAlT OaKTepuaAbHblE KAETKY,
CrIoco0CTBYs TaKUM 00pa3oM Pp1310AOrMYECKOMY
BBIAEAEHMIO COAEP>KMMOTO OaKTepuil B KUIIEYHNK.
Kpowme Toro, noteps 6akTepuit IpOMCXOAUT 3a CYET
aebexanuu (~15 r 6akTepuri/AeHb).

MeTaboAnyeckast akTHBHOCTD
KUIIEeYHBbIX OAKTepHit  OpraHu3Ma Xo3si1MHa

PeryasipHoe pa3MHOKeHMe 1 OTMUpaHue Oak-
TepUIl B KUIIEYHNKE O3HAYAET, YTO MUKPOOMOTA
KUILEeYHVKA SIBASIETCS, IO CYTH, OMOPEaKToOpoM,
peryAsipHo mpoAyLupymommm buomaccy. B cocraBe
TAKO¥ 0MOMaCChl UMEIOTCS KaK YMCTO MUTATEAbHBIE,

TaK M pa3sAMYHble OMOAKTUBHBIE BeljeCTBa, KaK
YIIOMMHAAOCH BbIlIe. Tak Kak CpeAHee COAep>KaHue
Oeaka B OaKTepraAbHBIX KAETKaX cocTaBasieT 15%
OT X 0O01el Macchl (MAM TIOAOBMHBI OT CYXOM
Macchl), TO yaBoeHure 200 I KMIIeYHbIX OaxTepuit
C TIOCAEAYIOIIVM AM3MCOM CIIOCOOHO obOecreunThb
opranusm yeaoBeka 30 r 6eaka (O’Connor, Adams
2010). BaxxHast 6eAOK-CUHTE3MPYIOLasi POAb K-
IIEYHBIX OAKTEPUII XOPOLIO M3BECTHA Y TPABOSIAHBIX
CeABCKOXO3SMCTBEHHBIX XMBOTHBIX. KAaeTOuHOE
A€A€eHIe — MPOLeCC SHEPTrOeMKMIL: IO IPUOAU3U-
TEABHBIM IIOACUYETAM, AASI BOCIIPOM3BOACTBA 1 T
6aktepuit Tpebyercs 1 kkaa. COOTBETCTBEHHO, AAST
nosiBaeHys 200 r HOBBIX OakTepuit norpebyeTcs
200 KKaA, a eCAU [IUKA POCTA OAKTEPU TIOBTOPSI-
eTcs 2 pasa B AeHb, TO 400 kxaa B cyTku. Takum
00pa3oMm, Ipy CpeAHEM CYTOYHOM IOTpeOAeHUM
B3pOCABIM YeAoBeKoM 2 000 KKaA Ha AOAIO OaKTe-
puit npuxoautca 20% Bcell IOTAOLL@HHOM 9HePIUN.
YuuTsiBasi 0OABLIYIO Pa3HULY B CYMMapHOM Bece
6axTepuit (200 r) u B3pocaoro yeaoBeka (80 kr),
CYTOYHAsI MHTEHCUBHOCTb MeTa00AM3Ma Y baKTepuit
(2 xxaa/r) mpesbiiaeT B 100 pa3 TaKOBYIO y Y€AO-
Beka (0,02 KKaA/T), yCpEAHEHHYIO 110 Macce TeAa.
Takas BbicOoKasi MeTabOAMYECKasT aKTUBHOCTD
baxTepuii, K TOMYy Xe paboTarolasi KaK 4acbl —
AeAeHue B TeueHue 20 MUH AO BBIXOAQ B CTaLIMIO-
HapHYIO a3y, — MOXKET SIBASITbCS M SHEPTeTUYECKOI
OCHOBOI, U IIeICMEKEPOM, 3aAAI0LMMY MTUIEeBOM
PUTM U per'yAUPYIOLIVMY LIMKABI aIlIIeTUTA.

MoaeKyAsipHbIe OCHOBBI BAUSHUA
KUIIEeYHBIX OaKTepuit Ha aNmeTUT

AHopexcureHHbI 9P PEKT AUONIOANICAXaPUAOB
(ATIC), KOMITOHEHTOB KAETOYHOM CTEHKU IPaMM-
OTPULIATEABHBIX OaKTEepUil, U3BECTEH AABHO
VI SIBASIETCS YaCThI0 OOAE€3HEHHOT'O TOBEAEHYECKO-
ro otBera (sickness behavior) na undexuuio (Chaskiel
et al. 2016). Poap ATIC B pusmoaroruyeckoi pery-
ASILIM QNIITETUTA HeSICHA, XOTsI OH MPUCYTCTBYET
B KPOBU Y 3A0POBBIX AIOA€ 11 €T0 YPOBEHD ITOBBI-
IIAeTCS TOCAE IpreMa XupHou iy (Amar et al.
2008). Hanboaee nsyuennsie KLIDKK, mpoaykTbt
dbepmeHTALMM MUIIEBBIX BOAOKOH OaKTepUsSIMU
KMIIEYHNKA, alleTaT, IPOMMOHAT U OyTHPAT TakKe
00AaAQI0T aHOpeKCUreHHbIM 3¢ dexToM, XOTsI ObIAO
OITVICAHO U IIPOTUBOIIOAOXKHOE BAMsiHME (Byrne et al.
2015).

C no3uLmm «MUKpOOHO» MOAEAU PEryAsLUM
amIeTuTa HeOOXOAMMO MTOATBEPAUTD, UTO IIPO-
AYKTBI CMHTe3a OaKTepuil ClIoCOOHBI BbI3bIBATH
4yBCTBO CBITOCTY BO BpeMsl CTAllMOHApHO (asbl
Y YTO TAKVUX IIPOAYKTOB HET AU HEAOCTATOYHO BO
BpeMsI SKCITIOHEHLIMaAbHO (asbl pocTa, KOTOpast
COOTBETCTBYET MpueMy M. AAsi IpOBEPKU 3TOM
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TUNOTE3bI OBIAY ITPOTECTUPOBAHBI 3P PEKTHI BHY-
TPUOPIOIIMHHOTO BBEAEHUS SKCTPAKTOB HeAKa
kuieuyHoy nmaaouku (E. coli, Escherichia coli),
B3STBHIX B 00eux ¢azax pocTa, Ha MuUILeBOeE IOBe-
A€HUe y KpbIC. VIccAepAOBaHMS TIOKA3aAY, YTO TOAb-
KO OeAku cTayuoHapHoit ¢assl E. coli poocToBEpHO
CHIDKAAM IIpYeM MUY Y )KUBOTHBIX U aKTUBUPO-
BaAl aHOpeKCUTeHHble ITyTy B Mo3re. Kpowme Toro,
npy MHQY3UU B KMIIEYHMK KPBIC TAKOM SKCTPAKT
CTUMYAMPOBAA CEKPELMI0 aHOPEKCUTEHHOTO T1ell-
THAQ TUPO3UH-TUPO3UH (PYY, peptide YY) B KpoBb
(Breton et al. 2016b). [TockoApKy GakTeprasbHbie
OeAKM BBIAEASIIOTCS M3 KUIIEYHBIX OAaKTepum
Y B TIPOLECCE CEKPELIVM, U TIPY €CTECTBEHHOM AM-
31Ce, ITOT KCIIEPUMEHT KOHLIENTYaAbHO IIOATBEP-
AVIA, UTO CTalMOHapHas ¢das3a OaKTepUil MOXET
OBITb MEXaHUCTUYECKY aCCOLIMMPOBAHA C YYBCTBOM
CBITOCTMU.

Kpome Toro, ObIA BBISIBAEH OAVH Y3 OCHOBHBIX
KOMITOHEHTOB 0aKTepuaAbHON OEAKOBOV CMecu
E. coli, oTBeTCTBEHHBII1 32 QHOPEKCUT€HHBII 3P PeKT.
VM oka3aAcst 6€AOK Ka3eMHOAUTUYECKOI TpoTea-
3b1 (ClpB, caseinolytic protease B) C MOAEKYASIPHO
maccoir 96 KAa. AeiictButeapto, ClpB siBasieTcst
0eAKOM TaK Ha3bIBA€MOTO «AYHHOI'O CBeTa»
(moonlighting), 1. e. UMeOWMIT OOAEE YEM OAHY
¢byHxumio. C 0AHOV CTOPOHBI, OH BBIITOAHSIET PYHK-
LIMIO IIATIEPOHA, T. €. MOAEKYASIPHOI CTPYKTYPBHI,
Y4YacTBYIOIEN B AXCCOLMALy OE€AKOB M BOCCTa-
HOBAEHUU MX TPETUYHON CTPYKTYPBI, HAIIpUMep
npu Tepmudeckom 1oke (Mogk, Schlieker et al.
2003). C apyroit croponsl, ClpB ObIA onpepeAeH
KaK KOH(PpOPMALMOHHBIT MUMETUK aHOPEKCUTEH-
HOTO TTENTUAHOTO TOPMOHA MeAaHOTporHa (a-MSH,
a-melanocyte-stimulating hormone) (Tennoune et al.
2014). DTO OTKPBITHE OBIAO CAEAQHO TIPU TIOUCKE
MMKPOOHOIO aHTUr'€Ha, BBI3bIBAOLIIEr0 00pa3oBa-
HIe [TepeKPeCTHO-PEaKTUBHBIX aHTUTeEA K a-MSH.

Hapsipay ¢ aenTuHOM nentup a-MSH siBasieTcs
Ba)KHEJIIMIM MEAMATOPOM, aKTUBUPYIOLIMM YyBCTBO
HACBIIEHMS M CBITOCTHU, & TAKXXe YCKOPSIOLIUM
KaTabOAMYECKYEe IIPOLIECCHI, B TOM YMCA€ B KUPO-
Bol1 TKaHu (Anderson et al. 2016). AAst ocyuect-
BAeHUA 3ToN GyHKUuuM a-MSH cBsA3bpIBaeTCs
C MEAQHOKOPTUHOBBIM PeLenTOpoM 4 Tuma Ha
HEPBHBIX KAETKaX B LIeHTPaAbHOM U niepudepuye-
CKOJ HEPBHBIX cUCTeMax. Peljentop Takxe sKc-
MPECCUPYETCS U B APYTMX TKaHSIX, HAIIpUMeEpP
B DHTEPOIHAOKPMHHBIX KAETKaX KUIIEYHUKA, TAE
€ro aKTMBaLlMsI BbI3bIBAET CEKPELIMI0 TOPMOHA Ha-
cemmenust PYY (Panaro et al. 2014). VinTepecHo,
4TO, HECMOTPSI Ha KCIPECCUI0 MEAAHOKOPTMHOBBIX
pPeLenToOpOB B KMIIEYHMKE, AOKAABHOE HaAUYye
€ro HAOTE€HHOTO AuraHpa a-MSH MUHMMAaABHO,
T. K. OCHOBHBIE €r0 MICTOYHVMKY HaXOASATCS B KA€T-
Kax MO3ra U MPOMEXYTOYHOI AOAe rumnodusa.
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Takum 00pa3oM, MO>XKHO IPEATIOAOXKUTD, YTO Me-
AQHOKOPTUHOBbIE PELIENTOPBI B KUIIIeYHUKE (r31o-
AOTMYECKM aKTUMBUPYIOTCS HE CAMUM IENTUAOM
oa-MSH, a a-MSH-110A0OHBIMY O€AKAMU U IIEIITU-
AaMU, TIPOMBBOAHBIMY OEAKOB KMILIEYHBIX OAKTEPUIL.
AeViICTBUTEABHO, B iM Vitro ICCAEAOBAHUSX OBIAO
nokasaHo, uto ClpB crniocobeH aKTMBMPOBATb Ce-
kpeuuio PYY (Dominique et al. 2019). bakrepuu
yBeAMYMBaOT NpoAykLuoo ClpB B cTalOHApHO
¢dase pocTa, 4YTO CBSI3aHO C HEOOXOAMMOCTDBIO AUC-
couuanmu 6eakoB B KaeTke (Mogk, Deuerling et al.
2003). ClpB taxxe cekpeTupyercsi 6aKTepusmu,
MO-BUAVMOMY IIPUHMMAsI yYacTHe B PeryAsiuu
CcTabMABHOCTH 6aKTepUaAbHOM MOMyAsiLy. Takum
obpa3oM, b6aktepuaabHblit ClpB, BBIAEASIOLMIICS
B KUILIeYHVKe Yepe3 20 MMH [TOCAE HaYaAa IpremMa
MY, MOXKET CTMYAMPOBATb SHTEPOIHAOKPVHHbIE
KAETKU Y BBICBOOOXKAQTh TOPMOHBI HAaCBIIIEHNS,
HarpuMmep PYY, myTeMm aKTMBaLiyI MEAQHOKOPTH-
HOBBIX PEL[ENITOPOB.

AeNCTBUTEABHO, B COCTaBe aMUHOKUCAOTHOI
nocaepoBateabHocTU ClpB E. coli umeetcs dpar-
MEHT, KOMIIAEMEHTapHbIN nentupy a-MSH, 06-
Aapamoiuit apGUHHOCTBIO K MEAAHOKOPTUHOBBIM
peuenTopam (Ericson et al. 2015). VsHavyaAbHbIi1
61oMHbOPMATUYECKUIT AHAAUS TTOKA3AA, YTO TAKOI
¢dparmenT npucyrctByet B ClpB Bcex BUAOB bak-
Tepuit cemenicTBa Enterobacteriaceae, HO eTo HeT
B OOABIIVHCTBE APYTVX OaKTepuil, BKAIOYAs KAAC-
cUYecKye IpoOMOTVIKY, OTHOCSIIMECS K BUAAM
Lactobacillus, Bifidobacterium n Enterococcus
(Fetissov et al. 2019). OpAHaKO HepaBHEE MCCACAO-
BaHle M0Ka3aAo0, 4YTo cHwkeHue ¢pyuxkuun ClpB
3a CYET YMEeHbIIEeHVsI HEKOTOPBIX APYTMX KUILIEYHBIX
6aktepuit, Hanpumep Clostridia, accouuupyercs
c oxupenneMm (Arnoriaga-Rodriguez et al. 2020).
AeicTBUTEABHO, HOBBIN OMOMHPOPMAaTUYECKUIT
aHaAU3 BbISIBUA Haanuue o-MSH-KoMIIAeMeHTapHOT O
¢dparmenTa B MoAekyAe ClpB y HEKOTOPBIX KHILey-
HBIX OaKTepuit, oTHOCAIMXCs K KAaccy Clostridia,
Hanpumep y Faecalibacterium prausnitzii.

MukpoOroTa KulIleYHNKA HAaXOAUTCS B HEIO-
CPEACTBEHHOM KOHTAKTe He TOABKO C SHTEPOLM-
TaMU U SHTEPOIHAOKPMHHBIMU KAETKaMMU, HO
Y1 C OKOHYAHMSIMU OAY)KAQIOILET0 HEpBa B CAUBUCTO
000A0UKe KUIIIeYHUKA. AeICTBUTEABHO, apdepeHT-
Hble BOAOKHA /1. Vagus IPUCYTCTBYIOT B BOPCUHKAX
KUIIIEYHMKA U 00AapAQl0T HAOOPOM pelenTopoB
K OOABIIMHCTBY HYTPMEHTOB, & TAKXKE OMIOAKTUBHBIX
BelleCTB, BKAIOYAsI KMlIeyHble ropMoHbl (Powley
et al. 2011; Williams et al. 2016). BaktepuaAbpHbie
MeTtaboantsel, Hanpumep KLDKK, moryT aktuBu-
poBatb 1. vagus (Chen et al. 2019). ApdepenTs
OAY>KAQIOLIETO HEPBa IMEIOT MEAAQHOKOPTMHOBBIE
peLenTopbl, YTO HE UCKAKYAEeT BO3MOXKHOCTb UX
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IpsIMO aKTUBaLK bakTeprasbHbiM 6eakom ClpB
(Campos et al. 2014).

ITomumo kuineynvika, ClpB E. coli o6Hapyxu-
BaeTCsl B [Aa3Me KPOBU 3AOPOBBIX AIOAEIL, YTO
IpeATIOAaraeT CUCTEMHOE GU3MOAOTMIECKOE A€~
cTBUe 3TOTO bakTepuaabHOro beaka (Breton et al.
2016a). B akcriepuMeHTe Ha MbILIax ObIAO ITOKa3a-
HO, 4TO ClpB CTUMYAUPYET SAEKTPUYECKYIO AKTUB-
HOCTb O-MSH-CUHTe3UpYIOINX HEeNPOHOB
apKyaTHOTO sIApA IMIIOTAAAMYCa, T. €. HEIIOCPEA-
CTBEHHO aKTVBUPYET LeHTPaAbHBbI€e ITy TV HaChILIle-
Hust u ceitoctu (Breton et al. 2016b). Hapsiay
C SIApaMU CTBOAQ MO3ra, NpMHMUMamymu apde-
PEHTHbIe BOAOKHA OAY)KAQIOILIEr0 HEPBA, AKTUBALIMS
HeIPOHOB apKYaTHOTO SIAPa KMUIIEYHBIMU FOPMO-
HAMU U AETITMHOM CYMTAETCsI KAIOYEBBIM IPOLieC-
COM B PEryASILIMY QIITIETUTA U MUILIEBOTO TIOBEAEHMSL.
Takym 06pa3oM, LIeHTPAABHBII CEHCOPHBIN MeXa-
HM3M, 00€eCIeurBaloIMil MHTETPaLio MeTaboAN-
YeCKMX MPOLIECCOB B OPraHax U TKAHSX, TAKXKe
CIO0CO0O€EH MOAYYaTh MHGOPMALIMIO OT KUIIEYHBIX
baKkTepuit.

IToMMMO BAMSIHMSI Ha YYBCTBO TOAOAQ M HACBI-
I[€HVST, UMEIOTCSI AQHHBIE O POAM KUIIEYHbBIX OaK-
TepUil B PEryAsILiUM NUIIEBOTO MPEATIOYTEHMS
Y X03s51Ha, KOTOpast IPOSBASIETCSI B CTUMYAMPO-
BaHUMU €0 K BBIOOPY MUILY, CoAepyKallleil cyocTpa-
Thl OaKTepuaAbHOTO MeTaboamama. MexaHusm
TAKOM peryAsuu GopMUPYETCsI IOA BO3AEICTBU-
€M OKPY>KaIOIIell CPEABI, COAEPIKalLiell Te AV MIHbIE
HyTpuenTsl (Alcock et al. 2014). Hanpumep, 66140
MOKa3aHO, YTO TUPAMWH, CUHTE3MPYEeMbII1 KUILIeY-
HbIMU OaxkTepussmMu Providencia, AeICTBOBAA Kak
HEPOTPaHCMUTTED U BbI3bIBAA NPEAINIOUYTEHNE
y uepBeii C. elegans noTpeOAATD B uiiy 6aKTepun
umeHHO 3T0oro Buaa (O’Donnell et al. 2020).

HexoTopble acnekTsl «MUKPOOHOI» Teopun
anneTuTa TpeOYIOT AaAbHelIero yrouHenust. Ha-
IpuMep, HEOOXOAMMO OIIPEAEAUTD, KaK1ie KOHKPET-
Hble OaKkTepuy y yeaoBeka mpoayuupyiot ClpB u,
COOTBETCTBEHHO, YYaCTBYIOT B PETYASILIUM allIie-
tuta. KpoMe TOro, HeM3BeCTHO, UMEIOTCS AU APY-
rve 0aKTepuaAbHble OEAKM, CIIOCOOHBIE aKTUBUPO-
BaTb MOAEKYASIPHBIE ITyTH HACBILIEHNs, BKAIOYAs
KaK CYICTEMY MEAQHOKOPTHMHOBBIX PELIeNTOPOB, TaK
Yl PeLIeNITOPbI APYTMX MENTUAHBIX TOPMOHOB, Ha-
npuMep PYY u xoaeuucTokuHMHA. Taioke Ipea-
CTOUT BBISICHUTD, CYIIECTBYET AU pedAEKTOPHBII
MeXaHM3M aKTUBalUM 0aKTepUaAbHOTO pocTa
B KUILIEYHMKE.

JKusHb 0e3 GakTepuit u anneTuT

YyacTue KUILIeYHbIX OAKTEPUIT B PETYASILIUU
MUILEBOTO IMTOBEAEHMSI MHOTAQ CTABUTCS I1OA CO-
MHEeHMe, TaK KaK TaKas peryAsLus IpUCYyTCTByeT

Yy aKCEeHMYHBIX )XMBOTHBIX, T. €. BbIpall[eHHbIX
B CTEPUABHBIX U30ASITOPAX, O6e3 Kakux-Anbo Oak-
Tepuil B UX opraHuame. AeCTBUTEABHO, TaKue
KMBOTHBIE (ICCA€AOBaHMSI TIPOBOAVAMCH Ha MbIIIaX
U KpbICax), )XUBYylKe Oe3 Oaxktepuit (germ free),
Pa3BMBAIOTCS BHELIHE HOPMaAbHO, HO C HEKOTO-
PbIMM M3MEHEHUSIMU B MeTabOAM3Me 1 TOBEAEHUM.
Tax, y aKCEeHUYHBIX MBbILIIei COAEP>KaHMe )XIPOBOI
TKaHM 1 YPOBHU AEIITVHA 1 TAIOKO3bI B KDOBU CHM-
JKEHBI, SHEPreTUYeCKUil 0OMeH TaK>Xe CHIKEH
MpUMepPHO Ha 27%, HO IIPU 9TOM HAOAIAQETCS
noBbiteHHbI puem iy (Backhed et al. 2004;
Swartz et al. 2012). CHMXeHMe dHEPTreTUYeCKOro
oOMeHa OBIAO TaK)Ke OOHAPYKEHO B 60A€e paHHUX
VICCAEAOBAHMSIX Ha aKCeHMYHbIX Kpbicax (Wostmann
1981). DTu sKCIeprMeHTaAbHbIE AQHHBIE B LIEAOM
HIOATBEP)KAQIOT IIPEACTABAEHHBIE BbIIIE TEOPETH-
YyecKie pacueTsl 00 yqacTuy KMLIEYHbIX OaKTepuil
B CYMMapHOM MeTaboAu3Me xo3sauHa. Haanune
PeryAsiLiy MUILEBOTO OBEAEHMS y XMBOTHBIX Oe3
MUKPOOMOTHI YKa3bIBaeT Ha AOCTATOYHOCTh MeXa-
HM3Ma FeHeTNYECKOTO KOHTPOASI TAKOI PETryASILINI
B opraHusme Xxo3sinHa. [Ipu aToM OTCYyTCTBUE
MMKPOOMOTBI BBIPAXKAETCSI B HEAOCTATOYHOCTH
MeXaHNM3MOB YYBCTBA HACBIIL[EHUS ¥ HApYLIEeHUN
SHepreTUYeCcKoro obMeHa. YKasaHHbI€e BbILIE pa3-
AVUMSL, & TaKkKe AuddepeHimaAbHas SKCIIPeCCust
PErYASITOPHBIX IIENITUAOB 1 OEAKOB B TUIIOTAAAMY-
ce (Liu et al. 2021), ykasbIBaroT Ha p131OAOTMYECKYIO
POADb OaKTepuil, BCeraa MPUCYTCTBYIOIMX B KN-
IIIeYHVKE B €CTECTBEHHBIX YCAOBMSIX OOMTAHNS
JKMBOTHBIX, B PETYASILIUY IUILEBOTO TIOBEAEHMSL.
B3auMooTHOLIEHNsT MUKPOOMOTBI U XO3sIMHA
B PEryAsILIMY TOMEOCTAaTUIeCKOI QYHKLIVM MOXKHO
00pa3HO CPAaBHUTDH C MUAOTOM U aBTOIMAOTOM
COOTBETCTBEHHO. ABTONMAOT HACTPOEH Ha BbI-
MMOAHEHVE M3HAYaAbHO 3aAaHHOV IIMAOTOM 33Aa4H,
a TPQHCIIOPTHOE CPEACTBO, XOTb U IIEPEABUTAETCS,
HO A€A2ET 3TO PaAU MMAOTOB U Maccaxupos. Kor-
HUTVBHBIE CIIOCOOHOCTM YEAOBEKa BAMSIOT Ha
PErYASILIMIO QIIIETUTA, HO HE CIIOCOOHBI €€ KOHTPO-
AvpoBatb. OAHAKO ITPY HEKOTOPBIX 3a00A€BAHMSIX,
HaIpyMep NpY HEPBHON aHOPEKCUM, MOXKET IO0sI-
BUTBCSI AOXKHOE YYBCTBO KOHTPOASI HaA aleTUTOM.

AAsI TOHVMMaHMsI BAUSIHUS COCTaBa MUKPOOMO-
ThI Ha OPTaHN3M X035I/Ha B IIOCAEAHee BpeMsi ITPO-
BEAEHO OOABIIIOE KOAMYECTBO MCCAEAOBAHUI Ha
AKCEHMYHBIX M THOTOOMOTUYECKUX (T. €. C KOHTPO-
AVIPYEMOJ1 MUKPOOMOTOI) Mbliax. Tak, TpaHc-
MAQHTaAUA crienudnUIecKuX BUAOB OaKTepuit,
a TaK’Ke KOMITAEKCHBIX (heKaAbHBIX MUKPOOUOT OT
Pa3AMYHBIX AOHOPOB, BKAIOYAsI 9KCIIEPVIMEHTAAD-
HBIX KMBOTHBIX 1 Y€AOBEKA, IO3BOAMAY IIOKA3aTh
BAMSIHVIE TAKOTO IIEPEHOCA HA PETYASILIVIIO SHepre-
TUYECKOr0 0OMeHa Y MIHOTAQ IMIIEBOTO TOBEAEHNS
y peuunuenTta. Kaaccuueckumy cUMTAIOTCS 9KC-
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MepVIMEHTHI 110 BbI3BIBAHMIO O’KMPEHMS Y MBILLEN,
HOAYYMBIIVX (PEKAABHYIO MUKPOOMOTY OT AOHOPOB
c oxupenneM (Turnbaugh et al. 2006). C apyroi
CTOPOHBI, TEPEHOC MUKPOOUOTHI OT MALIMEHTOB
C HEPBHOIT aHOPEKCHEN BbI3bIBAA CHIDKEHME IIPU-
eMa IUILY ¥ Habop Beca TeAa y peunmnuenToB (Hata
et al. 2019). Hap0o OTMETUTD, YTO SKCIIEPUMEHTBI
Mo peKaAbHOI TPAHCIIAAHTALIMU He BCErAa BOC-
MIPOM3BOAVMBI, UYTO CKOp€e BCET0 CBSA3aHO C pas-
AVYHBIM UMMYHHBIM OTBETOM Ha MUKPOOHYIO
TPaHCIIAQHTALIUIO.

IIpakTnyeckoe npuMeHeHmne

BaxHO 0OTMETUTD, YTO AASI BO3AEVICTBUS Ha
PETYASILIMIO IIUILEBOTO IIOBEAEHNSI KUILEYHAS] MUKPO-
61oTa, B OTAMYME OT MO3ra, OOA€e AOCTYITHA AAS
TepaneBTUYECKOTO BMELIATEAbCTBA, HATIPUMeEpP
yepe3 MpoOMOTHKN. AeICTBUTEABHO, PSIA IPOOO-
TUKOB, Y>K€ CTaBLIMX KAQCCUYECKMMHU, ObIAU pa3-
paboTaHBbI B IPOIIAOM CTOAETHY, B YeM €CTh BKAQA
Y pOCCUNICKMX yueHbIX (Suvorov 2013). Moaeky-
ASIpHBIE MEXaHU3MBI, Ae)KalllVie B OCHOBE BAVMSIHUS
KUIIEYHBIX O0AKTepUIl Ha peryAsuuio GyHKLUN
MO3ra, BKAIOYAsI MII[eBOE MOBEAEHYEe, HAYaAU MC-
CA€AOBaTbCSI TOABKO HEAQBHO, Y OHU TPEOYIOT
AQABHEJILIEr0 M3y4YeHNs AASL X BO3MOYXHOTO ITPH-
MeHEHUS B MEAULIMHCKOIT IPaKkTHKe. TeM He MeHee,
UCXOASL U3 PUBMOAOTMIECKON POAU OaKTepUaAb-
Horo Oeaka ClpB B CTUMyAVPOBaHUM YYBCTBA
CBITOCTU U HachllleHus1, 6b1a paspadoran ClpB-
MPOAYLIMPYIOLINIT TPOOMOTUK AAST YAYULIEHMS
KOHTPOASI YyBCTBA HaCBILEHNs Y MalMieHTOB
C M30BITOYHBIM BECOM.

Kputuueckas poab ClpB B KOppeKLUu rumep-
daruu u cHIKeHusT Habopa Beca TeAa ObIAa IMO-
Ka3aHa B CepUU 9KCIIEPVIMEHTOB Ha MBILIAX C OXKMU-
peHreM C mpUMeHeHMeM OaKTepuil C MyTaLuen
reHa ClpB B KauecTBe KOHTPOAsL. B ocaeayoriem
B KaueCTBe MMOTEHLIMAABHOTO MPOOMOTUKA OBIAU
BbIOpaHbl 1 onpoboBanbl bakTepun Hafnia alvei
(H. alvei). 9ToTr Bua bakTepuin paHee BXOAUA
B ceMelicTBO Enterobacteriaceae, HO B HaCToOsI1Iee
BpeMsI OHU KAACCUPULMPYIOTCS KaK OTAEABHOE
ceMmelicTBO Hafniaceae. B A1o60M cAyyae, TAaBHBIM
KpUTEpUEM BbIOOpA IMOCAY>KMAO HAaAUYME Y ITUX
6akrepuit 6eaka ClpB ¢ a-MSH-11opA0OHBIM 2111-
tornioM. Kpome Toro, 6e30macHoOCTb IpYMeHeHMs
H. alvei 4eAOBEKOM MOATBEP)KAEHA MHOTOAETHEI
MPAKTUKOW MCIIOAb30BAHMUSI 3TUX OAKTEPUI AAS
IIPOM3BOACTBA MSTKMX ChIPOB, HAIPUMepP KaMaM-
Oepa. XpoHMYECKOE BHYTPIDKEAYAOUHOE BBEAEHIE
H. alvei MplliaM ¢ o>KupeHuEM IPUBOAMAO K CHU-
JKEHUIO IIpueMa Muinu 1 Habopa Beca 3a cueT
yMeHbLIIEHNsI COAep>KaHus >KupoBoit Tkauu (Legrand
etal. 2020). HepaBHME KAMHMYECKME VICCAEAOBAHUS
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rmoxasaau, 4to npuem H. alvei Taxxe appextrBeH
IO 3TUM IOKA3aTeAsIM Yy AIOAEN C MOBBILIEHHOM
MacCcCOI1 TeAa.

3akAuenne

Ha ocHoBe BblllleyKa3aHHbBIX AQHHBIX HE BbI-
3bIBa€T COMHEHUSI, YTO MeTab0OAM3M KUIIEYHBIX
6aKTepuit AOA’KEH PaCCMaTpUBATHCS KaK HEOTb-
eMAeMasl YaCTb dHePreTMYecKoro ooMeHa BCEro
Makpoopranusma. Oco0eHHOCTY 6aKTepUaAbBHOIO
MeTab0AM3Ma, B YACTHOCTYU €r0 MHTEHCUBHOCTD
VI AVHAMMKa, peryArpyeMasi BHyTpeHHUMM paKTo-
pamu MUKPOOHOI IIOMYASILIVIY, B YCAOBMSIX IIOCTO-
STHHOM AOCTYITHOCTU HYTPUEHTOB IPEATIOAAraioT
POAB KMILIEYHBIX OAKTEPUIL B PETYASLIMY ATIIIeTUTA
¥ IIUILEBOTO MOBeAeHus xo3siuHa. [Ipu aTom opra-
HM3M XO35IMHA He TOABKO CHa0O)KaeT KUIIeYHbIe
OaxkTepun HyTPUEHTaMU U BOAOU, HO U B PE€3YAb-
TaTe MOoAy4yaeT 6MoMaccy, MCIOAb3YEMYIO B pas-
AVMYHBIX pu3MOAOrMYecKux npoieccax. Takue
TpoduuecKre B3aMOOTHOLIEHST MEXAY KUILIeY-
HBIMM OAKTEepUSIMU Y XO35IMHOM MO>KHO paccMa-
TPUBATh B PAMKaX «TPO(POAOTUN», IPEAAOSKEHHOI
A. M. YroAeBbIM B KaueCTBe HayKi, 00beAVHSION el
BCe XUBbIe opraHusmbl (Yroaes 1991).

B 3akAoueHme Hap0 AOOGABUTD, UTO MPEAAOIKEH-
Hasl MOAEAD PEryAsLiMU aMMeTUTa C y9acTUueM
KHUIIEYHBIX OAKTEPUIT IBASETCSI TOMEOCTATUIECKOI
Y HE BBIAEASIET HE3ABUCUMYIO POADb FeAOHNYECKO-
ro KOMIIOHEHTa, T. €. YyBCTBA YAOBOABCTBUSI,
B PEryAsiiMy MUIEBOTO MOBEAEHMS KaK YacTu
rAOOAABHOI CHCTEMBI BO3HAT PAKAEHMS 32 BOBAE-
YyeHMe U OCYIeCTBA€HVE MOTVB/POBAHHOTO IIO-
BepeHus (Shechter, Schwartz 2018). Aodbamun,
CeKpeTyupyeMbli B mpuaexaiteM sippe (NAc, nucleus
accumbens), SIBAsIETCsI KAIOUEBBIM HePOTpPAHC-
MUTTEPOM B reHepaLuy 4yBCTBA YAOBOABCTBUSL.
HeAb3s1 UCKAIOYATD IPSIMYIO MAM OIIOCPEAOBAHHYIO
POAD KUILIEYHBIX OaKTepuIl B TeAOHNYECKOI pery-
asiguu. Hanpumep, HaKOIIMAOCh MHOXXECTBO KOC-
BEHHBIX AAHHBIX O CBSI3U1 MUKPOOMOTBI KMIIEYHNKA
c rpeanHoM (Schalla, Stengel 2016). [peanH, opex-
CUT€HHDIV TOPMOH, CEKPeTUPYEMblIl JHTEPO3IHAO-
KPMHHBIMU KAETKaMU JKEAYAKA ITepeA MPUEMOM
MY, CTUMYAMPYET AOpaMyHepruyecKyie HepBHbIe
KAeTKU BeHTpaAbHOIT mOKpbitiku (VTA, ventral
tegmental area), mpoeuupyoumecs B NAc (Al Massadi
et al. 2019). Hapyuenns metaboansma podpammHa
ObIAY OOHAPY>KEHBI B MO3T€ Y aKCEHWYHBIX MbIIIIEN
(Diaz Heijtz et al. 2011). Takum 06pa3om, AAS ITOA-
TBEP>KAEHMST BO3MOKHO POAM KUILEYHBIX OaKTe-
pUiT B TEAOHUYECKOI PEryAsLiuM HEOOXOAMBI
AQAbHeIIIIe UCCAEAOBaHMS. BaKHO OTMETUTD, YTO
y YeAOBEKa FeAOHNYECKas COCTABASIOIIAS alleTH-
Ta IOABEP’KEHA BAUSIHUIO COLIMAABHBIX U KYABTYP-
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HBIX ()aKTOPOB, YACTO IPUBOASIIVX K IIepeeAaHNI0 BAaropapHoCTH
! NIOBBIIIEHHOMY Becy TeAd. BosHMKHOBeHMe 10-
POYHOTO Kpyra, TA€ COLMOKYABTYPHbIE (PaKTOPBI
BBI3BIBAIOT CABUT B MMKPOOMOTE KMILIEYHMKA, KO-
TOpas, B CBOIO 0YePeAb, CTOCOOCTBYeT HOpMUPO-
BaHMIO peHOTUIIa MEeTaOOANYECKOTO CMHAPOMA
U OXXKMPEHMs], IPEACTABASCTCA aKTyaAbHOM MeAU-
LIMTHCKO1 Tp00AEeMOJi, TpeOyrolieil KOMITAEKCHBIX
IpOPUAAKTUYECKX Y TEPANEBTUYECKIX IOAXOAOB.
[ToHuMaHMe POAM KUIIEYHOV MUKPOOMOTHI B pe-
IYAALMM aNNeTUTa U MUIIeBOTo IOBeAeHNs, 6e3 ABTOD sIBAsIETCS COOCHOBaTeAeM OMOTEXHOAO-
COMHEHMs, TO3BOAUT pa3paboTaTh TaKMe MOAXOAbL ~ MUeckoir kommanuy TargEDys.

Astop BbipakaeT 6aaropapHocts E. C. Popno-
HoBou (DOusnmorornvyeckum oraea um. V. IT. ITas-
A0Ba VIHCTUTYTa 5KCIIepUMEHTAABHOV MEAULIVIHBI)
3a MIOMOILb B PEAAKTUPOBAHUY CTATBU.
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Annomayus. O630p MOCBSIIEH aHAAUSY AUTEPATYPHBIX M COOCTBEHHBIX
AQHHBIX O HETAaTUBHBIX MOCAEACTBUSIX TICUXOCOIMAABHOTO CTpecca
MepeHaceAeHHOCTH B 00IIeCTBE AASL OPraHKM3Ma YeAOBEKA, 2 TAKXKE O BAVSTHUN
CKY4€HHOCTU (9KCIIEPYMEHTAABHOI MOAEAY IIEPEHACEAEHHOCTH) B YCAOBMSIX
BMBapYsI HA OPraHU3M IPBI3YHOB (KpbIC 1 Mblirelt). HanboAbiee BHUMaHue
[PU aHaAM3€e SKCIIEPUMEHTAABHBIX pabOT, B TOM YUCA€ U COOCTBEHHBIX,
Ha IPbI3YHAX YAEAEHO BAVSIHMIO CKYYEHHOCTH Ha 0011jee COCTOSIHME OPTAaHUBMA,
PasBUTHE CTPECC-PEAKLUY, COAEP)KaHE MOHOAMUHOB U UX METAbOAUTOB
B MO3re, COCTOSIHME MMMYHHOI CUCTEMbl — LIUTOKUHOBBIN NPODUAD
u uHTephepoHoBeit cTaryc. CAEAaHO 3aKAIOUEHE, YTO AOATOBPEMEHHAs
CKYYeHHOCTD y IPBI3YHOB (TAQBHBIM 00pPa3oM KPbIC) B YCAOBUSIX BUBAPMUSI
SIBASIETCSI MOLIIHBIM CTPECCOPOM, IIPU KOTOPOM YXVALLIAETCsI 0011jee COCTOSTHIE
OpraHu3Ma, pasBUBAETCsI TPEBOXKHO-AETIPECCUBHOE ITOBEAEHNE, HAPYLIAETCS
AEATEABHOCTb TMIIOTAAAMO-TUTIO(PU3APHO-AAPEHAAOBOIT CUCTEMBI, TPOUCXOAUT
AMCOAAAHC MOHOAMUHOB 1 X METADOAMTOB B PSIA€ CTPYKTYP MO3I'a, CHUXKAETCSI
VIMMYHUTET. B COOCTBEHHBIX 9KCIIEPUMEHTAX MPUMEHSIAACh NUHTEHCUBHAS
CTPeccoBasi MOAEAb CKYYEHHOCTU B OPAHMYEHHOM IIPOCTPAHCTBE, TP
KOTOPOJIT KPBICHI-CAMLIbI IIOCAE MeCSILIa )XU3HU B CTAHAQPTHBIX YCAOBUSIX
BuBapus (4—6 ocobeil B KAETKe) IIOMELIAANCh B CKYYeHHbIE YCAOBUS
(15-17 ocober1 B KAeTKe) Ha AAUTEABHOE BpeMsi (ABe Hepaean). [Ipepnoaaraercs,
YTO TaKast MOAEAb MOXKET ObITh MCITOAb30BaHA AAS AOKAVHUYECKOM OLEHKI
AQHKCUOAUTUYECKHX, AHTUAETIPECCUBHBIX, UMMYHOMOAYAUPYIOLIMX U APYTUX
CBOVICTB PasAMYHBIX OMOAOTMYECKM aKTUBHBIX BEIIECTB U MPENapaTos,
KOTOPBIE MOT'YT OBITh TIOAE€3HBI AASI KOPPEKLIMU HETaTUBHBIX TIOCAEACTBUIA
AOATOBPEMEHHBIX TICUXOCOLIMAABHBIX CTPECCOB.

Karouesnpie crosa: HCI/IXOCO]_U/IaAbeII;[ CTpECC, IEPEHACEACHHOCTD, O6IJ.[€CTBO,

CKY4Y€HHOCTD, I'PbI3YHbI, HEpPBHAsI CICTEMA, ITIOBEAEHNE, MOHOAMIHbI MO3ra,
VIMMYHUTET.
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Abstract. The paper provides an overview of literature and our own data on
the negative consequences of psychosocial stress induced by overpopulation
for humans. It also explores the effect of crowding on rodents (rats and mice)
in a vivarium as an experimental model of overpopulation. Experimental
studies on rodents (the existing and our own research) focus on the influence
of crowding on the general state of the body, the development of stress
reactions, the content of monoamines and their metabolites in the brain,
the state of the immune system, e. g., cytokine profile and interferon status.
It was concluded that long-term crowding in rodents (mainly rats) in a vivarium
is a huge stress factor. It has a negative impact on the general state of the body,
leads to anxiety / depressive disorders, interferes with the hypothalamic-
pituitary-adrenal system, creates an imbalance of monoamines and their
metabolites in a number of brain structures, and compromises the immunity.
In our own experiments, we used the model of crowding to test the effect of
stress induced by a confined space: after a month in standard vivarium
conditions (four to six individuals in a cage), a group of male rats was placed
in crowded conditions (from fifteen to seventeen individuals in a cage) for
2 weeks. It is assumed that the model may be used for preclinical assessment
of anxiolytic, antidepressant, immunomodulatory and other properties of
various biologically active substances and drugs used in fighting the negative
consequences of long-term psychosocial stress.

Keywords: psychosocial stress, overpopulation, society, crowding, rodents,
nervous system, behavior, brain monoamines, immunity.

MY CTPECCY INIOABEPTAIOTCA AIOAU, IIPpUEIKAIOIINIE
13 CEAbCKOW MECTHOCTU B KpYITHbIE TOPOAAQ, TIPO-

B Hacrosiiiem 0630pe poBeAeH aHAAU3 HayYHO
AUTEPATYPBI O HETATUBHBIX ITOCAEACTBUSIX IICUXO-
COLIMaABHOTO CTpecca TepeHaCeAeHHOCTH B 0011je-
CTBE AASI OPTaHM3Ma YeAOBEeKa, a TAKXKe AUTepa-
TYPHBIX U COOCTBEHHBIX AQHHBIX O BAUSHUU
CKY4YEHHOCTH (9KCIIEPUMEHTAaABHOM MOAEAU TIepe-
HACEAEHHOCTH) B YCAOBUSIX BUBApMsI HA OPraHM3M
IPbI3yHOB (KpbIC 11 MblLiei). [Ipy oLjeHKe BO3AEICTBUS
CKYYEHHOCTU Ha IPBI3YHOB aKLIEHT CAeAaH Ha ob1iiee
COCTOsIHVe OpraHK3Ma, TIOBEAEHNE B PA3HBIX TECTAX,
pasBUTHE CTPECC-PEAKLNY, COAEPIKaHVe MOHOAMU-
HOB U X METaOOAUTOB B MO3T€, UMMYHHBIII CTATYC.

HepeHaCeAeHHOCTb B Y€eAOBE€YE€CKOM 06HI€CTB€

OAHMM M3 IIVPOKO PaCIpOCTPAHEHHBIX COLIM-
AABHBIX CTPECCOPOB SIBASIETCSI [TEPEHACEAEHHOCTb,
VIAY CKYYE€HHOCTb — CYO'beKTMBHOE OIIylIeHIe
HexBaTKy npoctpanctsa (Myers 2007). [TopoOHO-

)KUBAIOLIIE B TOPOAE OOABILIMMU CEMbSIMU B CTEC-
HEHHBIX YCAOBUSIX, BOCIUTAHHVUKI AETCKIX AOMOB,
AML[A, HAXOASILIMECS] AAUTEABHOE BPeMsi B HEOOAD-
IIVIX IEPEHACEAEHHBIX 3aMKHYTHIX IIPOCTPAHCTBAX
(MOpSIKM, KOCMOHABTbI, IIAXTEPbI, 3aKAKYEHHbIE
TIOPEM U T. A.), AULIA, YACTO MOAB3YIOIMECS 0011e-
CTBEHHBIM TPAHCIIOPTOM B 4achl MUK u T. A. Co-
LIAABHBIV CTPECC MIEPEHACEAEHHOCTY B YeAOBeYe-
CKOM 00lIeCTBe NMPUBOAUT K PA3AUYHBIM
HEraTUBHBIM MTOCAEACTBUSIM AASL OpraHusma. Vis-
BECTHO, YTO [T€PEHACEAEHHOCTb, IIPU KOTOPOI, KaK
MPaBUAO, BOSHUKAET aHTUCAHUTAPUS, SIBASIETCS
OAHUM U3 OCHOBHBIX (PAKTOPOB pUCKA AAST pas-
BUTUS pecrimpaTtopHbix 6oaesHeit (Hoge et al. 1994;
Sethi 1992), a Takxe 3a00A€BaHUIT )KEAYAOUHO-
kuureyHoro Tpakra (Fabiana et al. 2007). ITpearmno-
AQraoT, YTO MPYU TMEePEHACEAEHHOCTU U HEAOCTa-
TOYHOM T'UIMEHE B YEAOBEYECKOM OO0IecTBe
MPOUCXOAUT HapylueHre paboThl UMMYHHON
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E. B. Aocesa

CHCTEMBbI, BCAEACTBME YerO MOTYT BO3HUKATh
AyTOMMMYHHbBIE U aAAepPIUYeCcKye OOAE3HN, a TaK-
)Xe XxpoHuveckoe Bocraaenue (Martin et al. 2009).
[TepeHaceAeHHOCTD SIBASIETCSI OAHUM 13 (aKTOPOB,
IPOBOLMPYIOLINX OHKOAOTMYECKIE 3a00A€BaHMS
(Chawinska et al. 2014). Kpome Toro, oHa siBAsieT-
C51 ICUXOCOLIMAABHBIM CTPECCOPOM, TIPU AAUTEAD-
HOM BO3AEVCTBUM KOTOPOTO MOXKET YBEAUYMBATD-
Csl PUCK Pa3BUTUSA CEPAEUYHO-COCYAUCTBIX
3aboaeBanmit (Williams et al. 2009). [TepeHaceaen-
HOCTb B AETCTBE SIBASIETCSI PAKTOPOM PUCKA AAS
Pa3sBUTHUS AEIPECCUM BO B3POCAOM BO3pacTe
(Sadowski et al. 1999). )Kuteau rycToHaceA€HHbIX
rOPOAOB YaCTO UCIIBITHIBAIOT CTPAX, YTO CBS3bIBA-
I0T C aKTMBaLJell B X MO3I'e€ MUHAAAMHBI (aMuT-
Aaabl) (Lederbogen et al. 2011). Ypbauusauus
MOYKET PUBOAUTD K IICUXUATPUYECKUM PACCTPOII-
cTBaMm, B TOM uncAe K mmsodpenuu (Costa e Silva,
Steffen 2019). Ilpu cKyueHHOCTU B OOABHUYHBIX
YCAOBMSIX MOKET AK€ YBEAUUUBATHCSI CMEPTHOCTD
(Sprivulis et al. 2006).

VccaepoBaHMeE TIPOSIBAEHUI U MEXaHU3MOB
maryOGHOTO BAMSIHUSI CTpecca CKYYe€HHOCTU
Ha OPraHU3M SIBASIETCSI OAHOM M3 Ba>KHEMIIMX
MEAUKO-OMOAOIMYECKUX Y MEAVKO-COLMAABHBIX
3apay. HecMoTpsi Ha MOHUMaHME TOTO, YTO STU
3aKOHOMEPHOCTU AASI YEAOBEYECKOTO 00IecTBa
VIMEIOT CBOIO CrelndUKY, AAST UX UCCAEAOBAHUS
4acTO MpuUbEralT K MOAEAMPOBAHUIO CKYYEH-
HOCTM y TpbI3yHOB, 4auie Bcero kpeic (Love,
Zelikowsky 2020).

MoaeAn nepeHaceAeHHOCTH (CKY4Y€HHOCTH)
KPbIC B YCAOBUSIX BUBApUs

CKYy4eHHOCTD Y KPBIC B BUBAapPUM MOAEAUPYIOT
Pa3sHBIMU CIIOCOOAMU: HEe PACCEASIIOT KPBICAT
C PO>XKAEHUS MAU CCAKUBAIOT B OAHY KAETKY IO
10—20 moA0BO3peABIX 0COO€elt OAHOTO AU PA3HBIX
oAoB. TakoMy cTpeccy >KMBOTHbIE TIOABEPraloTCs
B Te4eHle Pa3HOIo BpeMeH!. VI3BeCcTHO, 4TO KpbI-
CBbI B IIPUPOAE >KUBYT IPYIIIAMU CO CAO>KHBIMU
MepapXMIecK1Mi B3auMOOTHoOLIeHusiMU (Armitage
2004). Takue ke OTHOLIEeHMSI BO3HUKAIOT U B BUBa-
pPUI Y KPBIC, COAEP>KALIMXCS B CTAHAAPTHBIX YCAO-
BusIX (1o 4—6 ocobeit B kaeTke). [Tpu cKyueHHOCTH
STU OTHOLIEHMSI AOAYKHBI HAPYIIAThCS. AI0OOIBIT-
HO, UYTO CKY4E€HHOCTb IIPUBOAMAA K CTPECCY Y KPbIC-
CaMLIOB, TOTAQ KaK CAMOK OHa, HA00OpOT, YCIIOKa-
uBaaa (Brown, Grunberg 1995).

YuuTbiBas AQHHble AUTEPATYPhl, B HAIIMX MHO-
TOAETHUX ICCACAOBAHMSIX, CBA3aHHBIX C ICCAEAO-
BaHMEM BO3AEICTBUA CKYYeHHOCT! Ha HEPBHYIO
Yl UMMYHHYIO CICTEMBI KPBIC, ObIAQ MICIOAB30BaHa
cAeAyoliast MopeAb. [ToAOBO3peAbIX KpbIC-CaM1IOB,
KOTOpbIe Mecsl] TIOCA€ TIPMBO3a U3 MMTOMHMKA

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

JKMAM B BMBapuM B HOPMAaAbHBIX YCAOBUAX
(o 5—6 ocobeit B kAeTKe pasmepom 55 x 30 x 20
CM), CCRKMBAAU 13 TPEX KAETOK B OAHY TaKYIO JKe
KAETKY. DTO OAHA 13 HanboAee CTPECCOBBIX, Ha
Halll B3TASIA, MOAEAEN TIepeHaCEAeHHOCTU B 3aM-
KHYTOM IOMeIeH!!, KOTAQ Y KPbIC TIOCA€ AOATOI
JKM3HU B XOPOUIMX YCAOBMSIX HEe TOABKO Pe3KO
YMEHbIIAeTCsI )KM3HEHHOe IPOCTPaHCTBO, HO
Y HapYyUIAITCS MepapXuuecKye OTHOIIEHMUS.
B pe3yabTaTe MOr'yT BO3HMKATb Pa3AMYHOTO POAQ
HeraTUBHbIE 3MEHEHUS B AESITEABHOCTY HEPBHO,
MMMYHHO! Y 3HAOKPVHHO CUCTEM, IPOSIBASIEMbIE
MPEXXAE BCETO B ITIOBEAEHUM )KUBOTHBIX U 3aTparu-
Barole OMOXMMIYECKIE [TOKA3aTeAY AKTUBHOCTI
3TUX cucteM. ECTb AaHHBIE O TOM, UTO CTpecC
B TeCTe BBIHY>KAEHHOTO ITAABaHUs Y KpbIC OoAee
BBIPa’KEH B TeUEHMe IIePBbIX ABYX HEAEAD, a 3aTeM
MOXXET HaCTYNUTb HeKoTopas apanTauus (Nagaraja,
Jeganathan 1999). MbI IpeATIOAOXKMAM, YTO CKYY€EH-
HOCTb OOA€ee ABYX HEAEAb TOXKE MOXKET IPUBECTHU
K apanrauuy opraHusma. [Toaromy B Haureit pabo-
Te DKCIIEPYMEHTBI CO CKYYEHHBIMY >KMBOTHBIMU
MPOBOAUAUCH He OoAee 14—16 anelt. EcTb paHHbIE,
YTO MMOKA3aTEAU TPEBOXKHOCTYU B OTKPBITOM ITOAE
U B PUMTOAHSATOM KPeCTOOOPa3HOM AQOUPUHTE He
VM3MEHAAUCDH NIPU CKYYEHHOCTHU 12 KPbIC B KAETKE,
HO YBEAUYMBAAMCH, KOTAQ B KAETKE COAEPIKAAU
16 uau 24 xxuBoTHbIX (Botelho et al. 2007). ITosTo-
My B Hallell paboTe AASI aHaAM3a TPEBOXKHO-
AETIPECCHBHOTO TIOBEAEHUSI IIPY MOAEAVPOBAHNU
CKYYEHHOCTH OBIAO PEIIeHO CCaXXUBATh B OAHY
KAeTKY 1o 15—17 >xuBOTHBIX. B TeueHne Bcex aKc-
HIepVIMEHTOB OBbIA MCKAIOYEH (PaKTOp aHTUCAHUTA-
pUM, TOCKOABKY KAETKU YMCTUAU €KEAHEBHO.
JKuBOTHBIE MEAU CBOOOAHBIN AOCTYII K ITUIIE
U BOAE U He UCIIBITBIBAAYM B HUX HEAOCTATKa.

[ToBeaeHune KpbIC IpM CKYYEHHOCTHU

B o6AacTu nccaepOBaHMS TIOBEAEHMST KPBIC
B YCAOBVSIX CKYYEHHOCTY €CTb pabOTBI, OCBSIIEH-
Hble ero COLMaAbHOM cocTaBAstolelt. Hanpumep,
Axon KaaxyH 06Hapy>kuA, UTO BBICOKasI IAOTHOCTb
MOTTYASILIMY CEPBIX KPBIC IPUBOAVAQ K A€3VHTETpa-
LM CEMEVHOM )KU3HY, BBICOKOV CMEPTHOCTY HOBO-
PO>KAEHHBIX, MaABIM padMepaM IIOMeTa, K HEAO-
CTaTOYHOMY CTPOUTEABCTBY I'He3A, K TOMY, UTO
B3POCABIE KPBICHI HAaUMHAAM OpOCAaTh MOAOAHSIK,
K KaHHMOaAM3My u capusmy. KaaxyH oxapakrepu-
30BaA CUTYaLMIo Kak moBeaeH4yeckuit crap (Calhoun
1962). O6 arpeccun rppI3yHOB IIpY CKY4Y€HHOCTU
CBUAETEABCTBYIOT U Apyrue padotsl (Christian
1963; Ramsden 2009).

EcTb pAaHHBIE O TOM, UTO y KpbIC Ha (hOHE CKY-
YEeHHOCTU MaMSTh U CIOCOOHOCTD K 00y4YeHUIo
yxyamatorcs (Goeckner et al. 1973).
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Psip paboT MOCBSIIEH UCCAEAOBAHUIO TTOKA3a-
TeAell TPEBOXKHO-AEMPECCUBHOTO MMOBEAEHUS
Y KPBIC IIPY CKYYEHHOCTH, HO PE3YAbTAThI 3TUX
MCCAEAOBAHUI 4aCTO MPOTUBOpeYunBbl. Tak, ecThb
AQHHBIe 00 yBeArueHUM AedeKaLuil U yXyALLIeHUN
VICCAEAOBATEABCKON aKTUBHOCTU Y CAMLIOB KPbIC
MpU CKYYEHHOCTU (AEBSITH KPbIC B KAETKE) IO
CPaBHEHUIO C KOHTPOAEM (TpU KPBICHI B KAETKE),
4YTO FOBOPUT 00 YBEAMYEHMU SMOLIMOHAABHOCTHU
(Armario et al. 1984). B To ke BpeMsI IMOKa3aHo,
YTO YeM OOAbIIle CKYYeHHOCTb B ITOMYASILIUY KPBIC
Sprague-Dawley, TeM y HUX MeHee BbIpa>keHa 3MO-
ymoHaAbHOCTD (Morrison, Thatcher 1969). ITpu
CKY4YeHHOCTH, KaK [TOKa3bIBaEeT PSIA MCCAEAOBAHUIA,
TPEBOXKHOCTB Y KpbIC yBeanunBaetcs (Botelho et al.
2007; Daniels et al. 2000; Moiseeva et al. 2009). EcTb
AQHHBIE, UTO Y KPBIC, COAEPYKALVIXCSI B YCAOBMSIX
CKYYEHHOCTHU, B TECTE BBIHY>KAEHHOTO IAABaHUS
MIPOMCXOAVIAY CYAOPO>KHbIE IOAEPTMBAHNS TOAOBBI,
YTO ABTOPBI CBSA3BIBAIOT C MPOSIBAEHUEM A€Ipec-
cuHoro coctosHud (Naitoh et al. 1992).

B Haumx sKCriepuMeHTax mpu AOATOBPEMEHHOI
(10-13 AHeil), HO HE KPAaTKOBpEMeHHOM (OAUH —
4yeTbIpe AHSI) CKyueHHOCTH (17 KpbIC B KAETKe)
HaOAIOAAACS ITOBBIILIEHHBI YPOBEHD TPEBOXKHOCTHU
IO PSIAY ITOKa3aTeAell B TECTAX KOTKPBITOE ITOAE»,
«CBET — TEMHOTa», «IIPUIOAHSITBIN KpecTooOpas-
HbII1 AabupuHT» (Knyazeva et al. 2012). 9Tu TecTsI
MPUHATBI B MUPOBOIT MPAKTUKE AASL OL[EHKU Tpe-
BOXKHOCTU. KpoMe TOro, 1o HalmmuM AaHHBIM,
B TECTe BBIHY)XAEHHOTO [TAaBaHUI (TECT Ha AeTIpec-
CUI0) TIPU CKYYeHHOCTU Y KpbIC (10 AHeiT) yBeAn-
YMBAAOCH BpeMsI UMMOOMAM3ALIMY U YMEHBIIAAOChH
BpeMsI IIePBOTO SI130AA AKTUBHOTO TAABAHUS, YTO
yKa3bIBaAO Ha Pa3BUTHE AENPECCUBHOIIOAOOHOTO
coctosinus (Loseva et al. 2015). Takum o6pasom,
HAIIIM SKCTIEPUMEHTHI IOATBEPKAQAIOT T€ AUTEPA-
TypHbIe AQHHBIE, KOTOPble AEMOHCTPUPYIOT YCU-
A€HI€e TPEBOXKHO-AEIIPECCUBHOTO MIOBEAEHNS TIPU
AOATOCPOYHOI CKYYeHHOCTH Y KPBIC.

Ousnororuyeckoe COCTOsIHIE OopraHmsma
I'PBI3YHOB IIPU CKYY€HHOCTH

CKYy4eHHOCTb BbI3bIBaeT HapylieHue u pusmo-
AOTMYECKOTO COCTOSIHMSI OpraHM3Ma IPhI3YHOB.
Tax, mpy CKy4eHHOCTM Y MBIILIEN HapYIIAAUCh Oa-
pbepHbIe GYHKLUM KOXKU 1 BopooOMeH (Aioi et al.
2001). Cky4yeHHOCTb (OAVIH U CEMb AHEI), KaK
Yl ADYTHi€ CTPECCHI, BbI3bIBaAA [TOBBILLIEHNE YPOBHSI
TpaHCaMMHa3 B CHIBOPOTKE KPOBU KpbiC Bucrap
(Nagaraja, Jeganathan 1999), 4To MOXXeT CBuUAe-
TEAbCTBOBATb O MMATOAOTUYECKUX U3MEHEHUIX
HeyeHu, MBI, Mo3ra. [Ipy CKy4eHHOCTH y KpbIC
YBEAUUMBAAOCH TOTpebAeHye aakoroAs (Anacker,

Ryabinin 2010; Nagaraja, Jeganathan 2003). Ectp
AQHHBIE O TOM, UTO NPV XPOHNYECKOJ CKYYEHHOCTHU
(AEBSITb HEAEAD) Y MbILLIEl TPY HEM3MEHHOM Macce
TeAa YBEAMYMBAAOCH OXXMpeHue. B cooTBeTCcTBMM
C MOBBIILIEHHBIM COAEP>KaHMEM >KMPA YBEANUMBAA-
Cs1 YypOBeHb AenTuHA B nAazme kposu (Lin et al.
2015). CoraacHo Hall¥M AQHHBIM, CKYYEHHOCTb
y KpbIC-caM1i0B (16 )KMBOTHBIX B KAETKE) B TEUEHME
15 AHei BbI3bIBAAA CHIKEHME AUHAMUKY TIPUBECA
maccol Teaa (Loseva et al. 2013).

IlposiBAeHus cTpecc-peakuuu
Y IPBI3YHOB IIPY CKYYEHHOCTHU

CyleCcTBYIOT HEMHOTOYVICAEHHbIE AQHHbIE
0 BO3AEVICTBMY CKY4YE€HHOCTY Ha HEVIPO-MMMYHHO-
9HAOKPVHHBIV KOMIIAEKC, KOTOPbII IIPUHYMAET
aKTVBHOE y4acTVe B MeXaHI3MaX CTPecca 1 MHTe-
rpaTUBHAsS AESITEABHOCTb KOTOPOIO AOKasaHa
B MHOTOYVMCAEHHBIX CCAEAOBaHMX. Tak, mpu
xpoHuueckoM (19 AHeiT) copepsKaHUU CaMI[OB Mbl-
1ert B Cy0OpAMHATHBIX KOAOHMSIX OBIAY BBISIBAE€HBI
runepTpodus HAAIOYEYHNKOB, CHVDKEHME 0011ero
Beca, aTpo¢usi TUMYCa U BOCITAAEHVE TOACTOV KUIII-
ku. ITpu popmupoBaHuy CyOOpPAMHATHBIX KOAOHMI
JeTbIpe MOAUMHEHHBIX 0CO0M, KOTOPBIE COAEPKAAUCD
B MHAUBMAYaABHBIX KAeTKax (16 x 22 x 14 cm),
MOMEIIAANCh B OAHY KAETKY (38 x 22 x 35 cm)
¢ OOABIIVM AOMUHAHTHBIM CaMLOM. B 31011 KA€T-
Ke He TOABKO ITOAUVHEHHbIE MBIV IIOABEPTaAKCh
AQBAEHUIO CO CTOPOHBI AOMMHAHTHOI'O caMlja
(cam1ipl MEHSIAUCH BO U3bexaHue IPUBBIKAHMSI),
HO U Ha K&’KAYIO0 MBIIIb IIPUXOAMAOCH B ABa pasa
MeHBIIIE TTAOLLIAAY, YeM B MUHAVBMAYAABHBIX KAETKAX
(Reber et al. 2007). Y xpsic mipu ocTpoit (Tpu yaca)
cKy4eHHOCTH (12 KpbIC B KAETKE), KaK 1 [IPU APYTUX
CTpeccax, yCUAMBAAACh aKTUBHOCTb IMIIOTAAAMO-
runodusapHo-appeHasoBoit ocu (Djordjevié et al.
2003). B aApyroit paboTe CKY4eHHOCTb Yy KPbIC
B TeueHue Tpex AHel (24 0cobu B KAeTKe) 3HaYU-
TEAbHO yMEHbIIaAd YPOBEHb LIEHTPAAbHOTIO
Ba30IpeCcCyHa, HO He M3MeHsIAQ CUCTEMY KOPTHU-
KOTPOIMH-PUAM3MHI TOPMOHA, Y4aCTBYIOIIETro
B CTUMYASILIMY TMIIOTaAaMo-TunodusapHo-appe-
HaAoBol1 cucteMbl (Bugajski et al. 1995). Y moaoabIx
(38—65 AHeiT OT poXkAeHMsT) KpbIc-caMiioB Bucrap
IIPY CKYYEHHOCT!U YBEAMYMBAAOCH COAEPKaHNMe
KOPTMKOCTEpPOHA KaK B IIAa3Me KPOBH, TaK U B BO-
aocax (Uarquin 2016). ITpu ckyyeHHOCTH (TISTH
Y AECSITh HEAEAD) MIOBBILIAACS] YPOBEHD IIPOTUBO-
MO3TOBBIX (K HEIpOHAM U FAMM) QHTUTEA B CbIBO-
portke kpoBu (Andrejevic et al. 1997). Bce atu
AQHHbIE TOBOPST O Pa3BUTUY CTPeCCa IPU CKy4YeH-
HOCTU y I'PbI3YHOB.
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E. B. Aocesa

CerpmaHVle MOHOAMUHOB ¥ X META0OAUTOB
B MO3re KpbIC IPU CKYY€HHOCTHU

VmeeTcst HEOOABIIOE KOAUYECTBO AUTEPATYPHBIX
AQHHBIX O BAUSIHMM CKYYEHHOCTH Ha COAepIKaHMe
MOHOAMVHOB Y X METaOOAUTOB B Pa3HbIX CTPYK-
Typax Mo3ra. Tak, ObIAO [TOKa3aHO, UTO MPU CKY4€eH-
HOCTU CHIDKaeTcs yposenb SHT-1A-penenrtopos
B runmokamiie (Daniels et al. 2000). TTpu ocTpoit
CKY4YeHHOCTHU (BTOPOJ A€Hb) B MO3Te KpbIC HA0AI0-
AQAM TIOBBIILIEHIE COAEP>KaHMsI METabOAMTA CEPO-
TOHMHA 5-TMAPOKCH-3-MHAOA-YKCYCHOM KMCAOTBI
(5-ONYK), a mpu 60aee AAUTEABHOM (AECSITHIN
Aenb) — 5-ONVYK, cepoTroHnHa 1 HOpappeHaAMHa
(Boranic et al. 1982).

B nameir pabore (Loseva et al. 2013) uccaepo-
BaAM COAEp)KaHVe MOHOAMMHOB 1 X META0OAUTOB
y CKy4eHHBIX B TeuyeHue 15 pHen (15 xpbic
B KA€TKE) I KOHTPOABHBIX XMBOTHBIX (IISITh KPBIC
B KA€TKe) B CTPYKTYpax MO3ra, OTBETCTBEHHBIX 32
TPEBO)KHOE IIOBEAEHNE, — TUIIOTAAAMYCE, aMUTAQ-
Ae, TUIIIIOKaMIIe, CENTyMe. BbIA0 ITOKasaHo, 4To
CoAep)KaHMe HOpaAPeHaAMHa U AoodaMyHa B Cell-
TYMe CHVDKAAOCh, 8 B TMIIOTAAAMYCe ITOBBIIAAOCD,
coaepxaHue meTaboAanTa poodpamuua pAnoxcude-
HUAYKCYcHOM KucAOoTbl (AODYK) cHmkaaoch
B 00eMX CTPYKTYpaXx, a IIoKa3aTeAb ero ooMeHa —
cootHouieHne AODYK/pAopaMuH — TOABKO
B runorasamyce. CKy4eHHOCTb He M3MeHsIAQ I0-
KasaTeAeil HOpaApEeHePruuecKoil u AodpaMuHepru-
4eCKOJ CHICTEM B aMUTAAA€ Y TUITIIOKAMIIE,  CEPO-
TOHVHEPIMYEeCKOV CUCTEMBI — BO BCEX YeTbIpeX
CTPYKTYypax.

B apyroit Haweit pabote (Loseva et al. 2015)
MCCAEAOBAAU BAMSIHME CKYYEHHOCTU Ha YPOBHU
MOHOAMMHOB U X MeTAOOAUTOB B CTPYKTYpax
MO3ra, OTBETCTBEHHBIX 32 AEIIPECCHBHOE ITOBEAE-
HUe, — TIpedPOHTAABHOI KOpe, 0OOHSITEABHOM
AYKOBHILIE, TPUAEXKALIEM SAPe, CTPUATYMe U TUIIO-
TasnaMyce. CKy4YeHHOCTb BbI3bIBaAd YMEHBIIEHE
copep>kaHus AooaMyHa B CTpUATYMe, ero MeTabo-
AUTOB (FOMOBAHUAMHOBOI KuUcAOTbI — I'BK
n AODYK) 1 o6meH podammHa B rUIIOTaAaMyCe,
HO YBEAYMBaAA COAEP>KaHMe HopappeHaanHa, [ BK
n AOOYK B oboHsTeabHON AyKoBuLue u ['BK
B IpedpOHTAAbHOI Kope. B mpuaesxaiiem sppe
VI3MEeHeHNI BbIsIBAEHO He Ob1a0. CopepikaHe ce-
POTOHMHA He M3MEHSIAOCH BO BCEX ICCAEAOBAHHBIX
CTPYKTYypax.

ITo pesyabraTaM 06eux pabOT MbI IIPEATIOAO-
YKUAU, YTO BBISIBAEHHbBIE IBMEHEHSI B COAEPKaHUM
MOHOAMMHOB U X METAOOAUTOB B OIIPEAEAEHHBIX
CTPYKTYpax MO3ra MOTYT SIBASITbCS HEMPOXMMU-
4eCKVUMU KOPPEASITAMY TPEBOXKHO-AETIPECCUBHOTO
IIOBEAEHMS, BBI3bIBAEMOT'O CKY4eHHOCTBIO Y KPBIC.

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

JIMMyHOAOTMYECKME TOKAa3aTeAr B KpOBM
Y I'PbI3YHOB NP CKYYEHHOCTHU

VmeroTcst eAuHMYHbBIE GAKTDI, CBUAETEABCTBY-
IO1I[/ie O Pa3BUTUM UMMYHHOTO OTBETA IIPU CKY4Y€eH-
HOCTU. TaK, B CTUMYASILIMIO TUITOTAAAMO-TUTIO (K-
3apHO-aAPEHAAOBOIT OCH TIPU CKy4eHHOCTH (7 AHET)
y KpbIC (24 0cOOM B KAE€TKE) BOBAEKAAMCH UHTEP-
aevikui 1 (IL-1 beta) u mpocroraanauust (Gadek-
Michalska et al. 2008). [Toxa3aHo, UTO py CKy4eH-
HocTu y crapbix mbimenn aunuu CBA/CA
B T-AuMdonyTax ceAe3eHKM YMEeHbIIAACS, & Y MO-
AOABIX — H€ M3MEHSIACS MeTa0OAM3M KaAbLMSI.
DTO CBUAETEABCTBYET 00 0CAAOAEHNY UMMYHHOTO
OTBETA y CTapbIX KUBOTHBIX, COAEPIKALUXCS
B ycaoBusix ckydyeHHocTu (Csermely et al. 1995).
Y Mblieil MoOCA€ XPOHUYECKOIO0 COAEP>KaHMs
B CYOOPAMHATHBIX KOAOHMSIX YCUAMBAAACh CEKpe-
LIS [IPO- U IPOTUBOBOCIAAUTEABHBIX LIUTOKMHOB
KAETKaMM Me3€HTEePUAABHBIX AMMQaTUYeCKNX
y3a0B (Reber et al. 2007).

B namueir pabore (Loseva et al. 2013) meTopom
00paTHO TPAHCKPUIILIUU U TIOAUMEPA3HOI LIETTHOI1
peakuyy ObIAO ICCAEAOBAHO BAVISIHVIE XPOHUYECKO
CKY4eHHOCTU Y KpbIC (16 KMBOTHBIX B KAETKE)
Ha YPOBHMU 3KCIIpeCCuy reHoB 11 IIMTOKMHOB
no cunte3y ux MPHK (4uToknHOBBI TPpOodUAD)
B KpoBu. Kpome Toro, uccaepoBaau nurepgepo-
HOBBII CTATYC, BKAIOYAIOLINIL B ce0s1 MHTEphEpOH
(I®H), crioHTaHHO NMPOAYLIMPYEMbI KA€TKaMU
KPOBU U LIMPKYAUPYIOIMI B [1Aa3Me KPOBH, & TaK-
Xe crocoOHOCTh K mpoaykuuu UOH-a n VIOH-y.
OkasaAoCh, YTO B YCAOBMSIX CKYYEHHOCTH Y KPBIC
yrHETaAaCh 3KCIIpeccyusi FeHa IMPOTUBOBOCIAAK-
TEABPHOTO LUUTOKMHA uHTepAeikuHa-4 (IL-4), ak-
THUBMPOBAAACHh TPAHCKPUIILIMSI TPOBOCITAAUTEAD-
Horo 1mToKuHa IL-17 1 6biAa ocAabAeHa CITIOCOOHOCTD
K ITPOAYKLIMY MHTeP(HEPOHOB Y U . DTU AQHHBIE
YKa3bIBaIOT Ha 0CAADAEHVE KaK TYMOPAABHOTO, TAK
Yl KAETOYHOTO 3B€HbEB MIMMYHUTETA MPYU CKY4eH-
HOCTH Y KPbIC; @ TAK)Xe B CKYYEHHBIX YCAOBUSIX
60Aee BEPOSITHO Pa3BUTHE AAAEPTUIECKUX U AYTO-
MMMYHHBIX peakuui. IIpu aTom HapymawoTcs
TOHKVE MEXaHU3MbI PETYASILIUYM CUCTEMbI UHTEP-
(dbepoHOB, 4YTO rOBOPUT 0O 0CAAOAEHUY TIPOTUBO-
BUPYCHOTO UMMYyHUTeTa. [ToAyuyeHHbIE AaHHbIE
MOT'YT OBITb MUMMYHOAOTMYECKMMY KOPPEAsITaMU
TPEBO>KHO-AETPECCUBHOTO OBEAEHNS ITPY CKYY€eH-
HOCTU Y KpBIC.

3akAuenue

Taxum O6p330M, AHAAU3 AUTEPATYPBI IIO3BOAI-
€T 3aKAKYNTDb, YTO HCVIXOCOLU/IaAbeII;I cTpecc
NNEpeHaCceA€HHOCTU B O6IIL€CTB€ MIPpUBOAUT K LIEAO-
MY pAAY HEraTMBHbIX l'IOCAeACTBI/IIZ AA OpraHM3Ma
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yeAaoBeKa 1 ero moBeAeHus1. COraacHO AUTEpaTyp-
HBIM U COOCTBEHHBIM AQHHBIM, AOATOBPEMEHHAasI
CKY4€HHOCTbD Y IPbI3YHOB (TAQBHBIM 00pa3oM KpbIC)
B YCAOBUSIX BUBapus (MOA€Ab IIepeHACEAEHHOCTH
B 3aMKHYTOM IIPOCTPAHCTBE B YEAOBEYECKOM 0011je-
CTBe) SIBASIETCS] MOII[HBIM CTPECCOPOM, IIPU KOTOPOM
HapyuaeTcs: obljee COCTOsIHME OPraHU3Ma, pas-
BUBAETCsI TPEBOXKHO-AEMPECCUBHOE TIOBEAEHIE,
HapYILIAeTCs AeSITEABHOCTb ITUITIOTAAAMO-TUITIO(U-
3apHO-aAPEHAAOBOI CUCTEMBI, IPOUCXOAUT AUC-
0aAaHC MOHOAMUHOB U UX METAOOAUTOB B PsIAE
CTPYKTYP MO3Ta, CHI)KAETCSI UMMYHUTET.

MpbI noaaraeM, 4ToO MOAEAb AOATOBPEMEHHO
(ABe HepeAM) TIepeHAaCEAEHHOCTH, UCIIOAb3yeMast
B COOCTBEHHBIX 9KCIIEPUMEHTAX, PU KOTOPOIT 10~
AOBO3PEABIX KPBIC-CAaMIIOB TIOCAE MeCSIa XU3HU

B CTaHAAPTHBIX YCAOBUSIX (4—6 KpBIC B KAETKeE)
MOMELIAIOT B YCAOBMS CKYYEHHOCTU (He MeHee
15 KpbIC B KAETKe), YAOOHA AASI AOKAMHMYECKO
OLIeHKM aHKCUOAUTUYECKNX, aHTUAETPECCUBHBIX,
VIMMYHOMOAYAVPYIOIMX U APYTMX CBONCTB pas-
AVYHBIX OMOAOTMYECKM aKTUBHBIX BeleCTB U Ipe-
IIapaToB, KOTOPbIE MOT'YT OBITH TOAE3HBI AASI KOP-
peKLMM HeraTMBHBIX MOCAEACTBUI XPOHUYECKUX
MICHXOCOLIMAABHBIX CTpeccoB. CAEAYET OTMETUTD,
YTO MPU CKYUYEHHOCTU >KUBOTHbBIE, IIOAYYAIOL/ie
pa3AMYHbIE IIpernapaThl UAU MAaLeb0, MOTyT CO-
Aep>KaTbCs B OAHOM KAeTKe, IIOABEPrasich OAMHA-
KOBOMY CTPEeCCOBOMY BO3AENCTBUIO. DTO MO3BO-
AsieT 60Aee KOPPEKTHO CPaBHUBATh PAa3AUYHBIE
MOKa3aTeAM aKTUBHOCTY HEPBHOM M MMMYHHOM
CUICTEM Y KOHTPOABHBIX Y TOAOTIBITHBIX IPYTIII KPBIC.
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Abstract. Glucocorticoids (GC) are crucial regulators of homeostasis and
function. Despite its negative side effects, glucocorticoid therapy in neonates
is widely used antenatally for accelerating fetal lung maturation in cases
of preterm birth. GC action is mediated via glucocorticoid receptors — ligand-
activated transcription factors. Cell death and viability in the neonatal brain
are regulated by many factors, but the glucocorticoid receptor signalling
is high above them. The present work studies the changes in the expression
of genes for apoptosis regulators with Bcl-2 homology (BH) domains (Bcl-xL,
Bax, Bim, Bok, Bid) in the neonatal rat hippocampus after dexamethasone
(DEX) and CpdA administration. CpdA is a dissociative ligand — glucocorticoid
receptor modulator — that shifts glucocorticoid receptor (GR) activity toward
transrepression. Ligands administration to P2 pups caused different patterns
of timeline changes in the expression of the studied genes. We observed the
first increase in the mRNA level of the genes which have glucocorticoid
response element (GRE) (Bcl-xL, Bim) in their promoter 30 min after DEX
administration. Activated GR action on cells in the neonatal hippocampus is
complex and long-lasting; it could also contain receptor homo- and hetero-
dimerisation. Using rat pheochromocytoma PC12 cells as a test system, we
assessed GR-GR and GR-MR (mineralocorticoid receptor) dimerisation with
proximity ligation assay (PLA) assay separately in the nucleus and cytoplasm
after DEX and CpdA administration. An increase in GR-GR dimers in the
cell nucleus was observed only after DEX administration. In the cell cytoplasm,
we observed a gradual (DEX more than CpdA) increase in the number of
both GR-GR and GR-MR dimers.

Keywords: glucocorticoid receptor, brain cell type markers, development,
hippocampus, neocortex, apoptosis regulator protein, proximity ligation assay
(PLA).
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Introduction

High levels of glucocorticoids (GCs) resulting
from hormonal therapy or early life stress severely
affect the development of the brain (Lanshakov et al.
2016; Oitzl et al. 2010). It causes cell death of certain
brain areas by indirect excitotoxicity (Lanshakov
et al. 2016). During the neonatal period, elevated
GC levels also cause behavioural abnormalities as
well as impairment of learning and memory in the
future (Holson et al. 1995; Nagano et al. 2008). The
long-lasting neuro-behavioural consequences of
early life exposures to stress or its hormones evi-
dently occur due to the hormonal effects on the
sensitive cells that express glucocorticoid receptors
(GRs) (Shaburova, Lanshakov 2020; Shishkina et
al. 2015a; 2015b). Among the key processes that
GCs could affect in the neonatal brain are cell vi-
ability and apoptosis. GC acts via its receptors —
intracellular ligand-activated transcription factors.
Activated glucocorticoids receptors (GRs) could
affect expression of the main apoptosis regulator
proteins (Shishkina et al. 2015b). The BCL2 family
of proteins is the hallmark of apoptosis regulation
(van Delft, Huang 2006). This family has pro-
apoptotic and anti-apoptotic members. Some of
them possess glucocorticoid response element
(GRE) in their promoter, some have nGRE or both,
some do not seem to be regulated by GCs. Acti-
vated GR could affect transcription in several ways:
by transactivation on positive +GRE, by transre-
pression on negative nGRE and by interaction
(tethering) with other transcription factors, which
has complex consequences for transcription (Sur-
jit et al. 2011). Preferable pathways to affect tran-
scription are determined mostly by the ligand.
Several compounds that shift GR activity toward
transrepression were recently discovered (Dezitter
et al. 2014). Detailed molecular dynamics of clas-
sical and transrepression GR ligands on expression
of Bcl apoptosis regulators in the neonatal brain is
unclear and requires additional studies. To assess
the influence on brain cell viability, we investigated
the expression timeline of apoptosis regulatory
genes with Bcl-2 homology (BH) domains — Bcl-xL,
Bax, Bim, Bok, Bid — in the rat neonatal hippo-
campus after administration of dexamethasone
(DEX) and CpdA — a GR modulator ligand that
selectively activates GR-mediated transrepression.
The negative glucocorticoid response element
(nGRE) mediates DNA-dependent transrepression
by GR and differs dramatically from classical acti-
vating response elements (GRE). Therefore, CpdA
action on rat neonatal hippocampus could be
completely different from DEX. In the process of
GR transactivation, it dimerizes with itself. In

transrepression, dimerization with mineralocorti-
coid receptor (MR) could happen. These two types
of interaction could have an impact on GR genom-
ic action. To assess GR-GR and GR-MR interaction
after DEX and CpdA, the proximity ligation meth-
od (PLA) was used on PC12 cells.

Materials and methods

Animals and experimental design

All procedures were conducted in accordance
with Directive 2010/63/EU of the EU and the Rus-
sian Ministry of Health regulations on Good Lab-
oratory Practice (supplement to order No. 199n
of 1 April 2016) and approved by the Animal Care
Committee, Institute of Cytology and Genetics.
All efforts were made to minimise animal suffering
and to reduce the number of animals used. Pregnant
Wistar rats were housed individually (22-24 °C,
12 hours light/dark cycle) with free access to food
and water. The day of birth was considered as
PO. DEX phosphate 0.2 mg/kg (KRKA, Slovenia),
CpdA (sc-221677, Santa-Cruz) 0.2 mg/kg were
injected subcutaneously in 25 pl saline (SAL); for
the control group, the same volume of SAL was
injected. For the gene expression experiments, there
were 6—8 animals in the group. Pups were injected
sequentially with a 7 min interval needed for further
brain snap freezing. After injection, pups were
returned to the mother. When the needed time had
passed, hippocampi were dissected and snap freezed
in liquid nitrogen.

Real-time RT-qPCR analysis

Total cellular RNA was isolated using a single-step
acidic phenol extraction as previously described
(Lanshakov et al. 2016). Reverse transcription was
performed with MMLV Reverse Transcriptase
(Sibenzyme) 1pug total RNA and oligo(dT) primer
(Evrogen). All real-time PCR reactions were per-
formed using the ABI ViiA7 system (Thermofisher
scientific) and a standard two-stage cycle. Ampli-
fications were done using the real time PCR Master
Mix SYBR qPCRmix +LowROX (Evrogen) and
primers from Table 1.

Immunohistochemistry

Immunohistochemistry was done as previously
described (Drozd, Lanshakov 2020; Lanshakov et al.
2017; 2016; Menshanov et al. 2015) with antibodies
from Table 2.

PLA staining

PC12 cells were cultivated using standard pro-
tocols. 12 hours before the experiments the cells
were seeded on poly-l-lysine covered coverslips
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Table 1. Sequences and catalogue numbers of primers and tagman assays used in this study

Gene Sequence or catalog number
Bid-F agtcatccacaacattgccagg
Bid-R gcaccctcagtccatctcatttcta
Bim-F agagatacggatcgcacagg
Bim-R gtcttecgecteteggtaat
Bok-F gaatttgtacgcaagaccctgg
Bok-R gctgaccacacacttgagga
Bcl-x1 Rn00437783_m1(Thermofisher scientific)
Bax Rn02532082_g1 (Thermofisher scientific)

Table 2. Antibody numbers, host species, dilutions used in the study for BCL-XL immunohistochemistry

Cat No. Target Host species Dilution
sc-8392 (Santa-cruz) BCL-XL mouse 1:200
A10037 (Thermofisher donkey anti mouse .
scientific) Mouse IgG conjugated Alexa 568 1:400

in a 24-well plate at the density of 0.1 x 10°.
The following morning 100 pM DEX or CpdA
in the culture medium was applied for 30 min.
After that the cells were fixed with 4% buffered
paraformaldehyde for 5 min. Then the coverslips
were washed 2 times for 10 min in 1xPBS, following
cell permeabilisation in 1xPBS containing
0.2% Triton X-100 (PBST). Nonspecific binding
blocking was done with Duolink blocking solution
for 1 h at 37 °C. Then the coverslips were incubat-
ed in respective primary antibody pairs (Table 3)
overnight at 4 °C. Afterwards the coverslips were
washed with PBST twice for 10 min. Duolink
(DUO92102-1KT) probes and signal amplification
were conducted according to the manufacturer’s
protocol. After the final washes for cytoplasm and
nuclear counterstain, the cells were incubated with
Alexa 488 conjugated phalloidin 20 uM in 1xPBS
and 300 nM DAPI in 1x PBS, respectively. After-
wards cells were washed twice for 10 min in 1xPBS
and mounted on glass slides with Mowiol.

Microscopy

All images were acquired using Zeiss LSM 780
confocal microscope using 488 nm, 561 nm and

405 nm lasers. Panoramic images of the whole brain
were taken using the tile scan mode with the 20x
objective. For the BCL-XL immunohistochemistry
analysis, hippocampal non-confocal panoramic
images were taken with the tile scan mode,
the Plan-Apochromat 20x/0.8 M27 objective and
a 200 um pinhole. Then, fluorescence intensity
of the red channel in the CA3 area was measured
using the ZEN software in 10 images per animal.
For the PLA image acquisition, the Plan-Apochro-
mat 100x objective NA = 1.4 was used, and Z-stacks
were taken with the pinhole set at 1AU. The PLA
images were analysed using the Cell Profiler pro-
gram. A software pipeline that counts Cy3 labelled
PLA interaction signal separately in nucleus and
cytoplasm was created. Total 20 cells per group
were analysed in the PLA analysis.

Statistics

Gene expression data were analysed using
the one-way ANOVA with Fisher’s LSD post-hoc
aposterior analysis. The PLA data were analysed
using the one-way ANOVA with the Bonferroni
multiple comparison test. Differences between
means were estimated using the above analyses

Table 3. Antibody numbers, host species, dilutions used in the PLA assay staining

Cat No. Target Host species Dilution
MABS1250 (Millipore) MR mouse 1:200
12041S (Cell Sign.) GR rabbit 1:200
sc-56851(Santa-cruz) GR mouse 1:200
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Effects of the factors as well as differences between
groups were considered significant at probability
less than 0.05.

Results

Expression timeline of apoptosis regulator
proteins with BH domains in the neonatal
hippocampus after DEX and CpdA

To assess the GR impact on hippocampal cell
viability, we studied the expression timeline of
apoptosis regulators with BH domains after two
different GR ligands administration to P2 rat pups:
classical dexamethasone and CpdA. A glucocorti-
coid receptor modulator, CpdA is a “dissociating”
GR ligand. It prevents GR dimerization and shifts
GR activity towards transrepression. Expression of
different apoptosis regulatory genes was investi-
gated. Some of them are pro-apoptotic, others are
anti-apoptotic. Bim and Bcl-xL have classical GRE
in their promoters, while Bcl-xL also has several
negative nGRE besides classical GRE (Fig. 1A).
We did not observe any significant changes in the
mRNA level for any studied genes after the SAL
injection (all p > 0.05). These groups were merged
for further statistical analysis. Interestingly,
an elevation of the mRNA level of genes with

GRE (Bim, Bcl-xL) was observed 30 minutes
after the subcutaneous DEX injection [Bim —
F(6, 45) = 3.9962, p = 0.00273; Bcl-xL —
F(6, 46) = 7.4192, p = 0.00001] (Fig. 1B). The mRNA
level of Bid proapoptosis regulator elevated 1 h
after DEX administration; F(6, 43) = 3.2729,
p = 0.00969 (Fig. 1B). The mRNA elevation of Bok
proapoptosis regulator was observed 2 h after DEX
administration; F(6,42) = 6.2119, p = 0.00010 (Fig. 1B).
This 2 h interval is greater than 30 min response
time interval for the genes with GRE. We did not
observe any changes in the Bax mRNA level after
DEX administration. Not so much expression change
was observed after CpdA administration. A small
decline in the Bid mRNA level was observed 6 h
after administration; F(11, 83) = 1.2525, p = 0.05.
The Bax mRNA level did not change after DEX,
but its small increase was observed 30 min after
CpdA administration; F(11, 84) = 3.0167, p = 0.00196.
Changes in the mRNA level were accompanied by
changes in the protein levels. The BCL-XL protein
level increased 1 h after DEX administration;
F(1, 8) =23.393, p = 0.00129 (Fig. 1C, D). Remarkably,
intensive BCL-XL staining was observed in the hip-
pocampal CA3 region where the Brain-derived neu-
rotrophic factor (BDNF) expression site is (Fig. 1C).

A. Presence or absence GRE and nGRE in the promoter of studied genes B )
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Fig. 1. Changes in the expression timeline of apoptosis regulators genes after DEX and CpdA administration.
(A) Presence or absence of GRE and nGRE in the promoters of the genes for apoptosis regulatory proteins.
(B) Changes in the expression timeline of the apoptosis regulatory proteins after DEX 0.2 mg/kg (red lines)

and CpdA 0.2 mg/kg (blue lines) administration. Black asterisk for the group after DEX administration compared
to the control group with SAL injection using the one-way ANOVA (p < 0.05); blue asterisk for the group
after CpdA injection compared to the control group with SAL injection using the one-way ANOVA (p < 0.05).
(C) Representative microscopic images of Bcl-xL immunostaining on P2 rat hippocampi 1 h after
DEX administration. Yellow arrow shows CA3 neurons with intensive Bcl-xL staining. Scale bar 100 pm.
(D) Quantification of Bcl-xL immunohistochemical signal in hippocampal CA3 area (n = 4-5),
one-way ANOVA, F(1, 8) = 23.393, p = 0.00129, compared to the SAL control group
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Evaluation of GR-GR and GR-MR
dimerization after DEX and CpdA

To assess the impact of the GR homo- and hetero-
dimerization on transcription changes after DEX
and CpdA, proximity ligation assay (PLA) was
chosen. PLA is a method that allows in situ detec-
tion of protein interaction. It is based on the detec-
tion of proximity between two proteins with
secondary antibodies conjugated with oligonucleo-
tide (PLA probe). Two different PLA probes in close
proximity could form a template for rolling circle
polymerase, and so the signal is amplified (Fig. 2A).
Fig. 2B shows representative confocal images where
red dots are PLA signals labelled with Cy3. 30 min-
utes after GR ligands administration to the PC12
cells there was a significant elevation of GR-GR
dimers in the cell nucleus only after DEX ad-
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ministration compared to the control group
(E(5, 1707) = 12,712, p < 0.05; Fig. 2C). As is ex-
pected, no elevation of GR-GR dimers was observed
after CpdA administration. Interestingly, after the
CpdA administration the number of MR-GR
heterodimers decreased (Fig. 2C), but after DEX
we did not observe any changes in MR-GR dimers
in the cell nucleus (Fig. 2C). In the cell cytoplasm
there was a completely different situation. DEX
administration produces the highest increase in
both types of dimers: GR-GR and MR-GR
(E(5,1062) = 13.496, p < 0.05; Fig. 2D). CpdA applied
to the culture media causes low elevation in the cell
cytoplasm of both dimer types as well (Fig. 2D).
It should be noted that with our Cell profiler pipe-
line, average PLA detected signals in the nucleus
were higher than in the cytoplasm.

Fig. 2. Homo- (GR-GR) and hetero-dimerization (GR-MR) in the PC12 cells after DEX and CpdA
administration. (A) Schematics of the method. Primary antibodies (AB) raised in different species binds
to the target proteins, then secondary antibodies with conjugated nucleotides bind to respective primary AB.
Afterwards, a template for rolling circle amplification polymerase is formed, and it makes concatamers.
The fluorescently labelled probe binds to the concatamerased template. (B) Representative confocal images
of PC12 cell after the PLA assay. Red — the PLA signal, Cy3 labelled; green — Alexa 488 phalloidin staining
for counterstain cytoplasm; blue — nuclear counterstain DAPI staining. Scale bar 5 um. (C) Evaluation
of the GR-GR and GR-MR dimerization with the PLA assay on the PC12 as a test system. The PLA signal
in the nucleus; one-way ANOVA, asterics — p < 0.05, compared to the untreated control group.
(D) The PLA signal in the cytoplasm; one-way ANOVA, asterics — p < 0.05, compared to the untreated control group
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Discussion

In the present work we studied expression of
the main apoptotic regulatory proteins with BH
domain in the neonatal hippocampus after admin-
istration of dexamethasone or a novel dissociative
GRligand — CpdA. Interestingly, the action of DEX
on expression of genes possessing GRE in their
promoters (Bcl, Bim) in vivo was observed 30 min
after the DEX subcutaneous injection to P2 rat
pups. It is similar to the GR action on genes expres-
sion in cell culture experiments (Reddy et al. 2009).
This observation is consistent with the timeline
tracking results for stress-induced GR activation
in GRE luciferase reporter transgenic mice (Lee et al.
2016). Usually, for most of the genes an interval of
18-40 min is required for the gene expression re-
sponse in cell culture (Reddy et al. 2009). Repression
of the genes caused by activated GR in cell culture
experiments begins later: in 44—53 min (Reddy et
al. 2009). After a subcutaneous injection of the
dissociative glucocorticoid modulator ligand (CpdA),
we observed a small decline only in the Bid mRNA
level 6 hours after the injection. That is much longer
than the time needed for cells in culture. An increase
in the Bid mRNA level was also observed 1 hour
after DEX administration. These data could lead us
to the conclusion that the Bid promoter could
possibly possess GRE and nGRE as well; however,
there have been no reports proving that yet.
For the gene repression, much longer time might be
needed for the mRNA level to decline, usually around
1-6 hours, but it depends on the particular mRNA
stability or binding with RNA binding proteins like
YTHDEF?2 that affect RNA stability (Du et al. 2016).
Recent sci-fate and single cells transcriptomic
studies revealed that glucocorticoids cause shifts
of cells to a new transcriptional state that could
take up to 10 hours (Cao et al. 2020). Overall, the
investigated changes in the expression timeline in
neonatal hippocampus after DEX had the opposite
effect on the expression of BH3 apoptosis regulators.
After DEX, an increase in the mRNA level of
pro-apoptotic members — Bid, Bim, Bok — and
anti-apoptotic Bcl-xL was observed. BCL-XL pro-
tein level increased in the neonatal hippocampus
1 h after DEX administration as well. Remarkably,
BCL-XL elevated in the hippocampal CA3 region
(Fig. 2C). BDNF is also more prominent in this
hippocampal region. Bcl-xL and Bdnf are both
regulated intensively by neuronal activity, stress
and by GR’s as well (Lanshakov et al. 2017; Shish-
kina et al. 2015b). Taking into account the same
expression site in the hippocampus, a complex
intersected mutual self-regulation net of Bcl-xL and
Bdnf could be proposed.

As reported before, glucocorticoids could possibly
cause cell death by indirect mechanisms like excito-
toxicity in the neonatal brain (Lanshakov et al. 2016).
Activated GR causes a glutamate release or tran-
scription changes within the first hour and this,
in turn, causes secondary changes in genes tran-
scription. Bok is implicated in autophagy (Kalkat
etal. 2013). The Bok mRNA level elevated 2 h after
DEX administration, which is postponed from the
direct events observed within the first hour. Con-
sidering time and absence of GRE in the promoter,
itis likely that changes in the Bok mRNA level could
be due to a secondary event that happened after
the primary one activated by GR action.

GR homo- and hetero-dimerization can influence
its genomic action. We analysed GR-GR homo- and
GR-MR hetero-dimerization using proximity liga-
tion assay after applying different ligands — DEX
and CpdA. As is expected, in the cell nucleus, where
the GR genomic action is happening, we observed
a significant increase in GR-GR dimers only after
DEX. The number of GR-MR heterodimers did not
change after DEX and even went down after CpdA.
In the cell cytoplasm, a gradual elevation of both
dimer types was observed. The highest increase in
the number of GR-MR dimers in the cytoplasm was
observed after DEX. Fewer GR-MR dimers were
detected after CpdA. Possibly, GR-MR dimers in
the nucleus are minor to GR-GR ones and should
be detected with more precise methods involving
next generation sequencing. In the cytoplasm GR-
MR heterodimers could be formed in the same
number as GR-GR dimers, before transfer to the
nucleus. It could be due to a possibly more dynam-
ic dimers formation in the cytoplasm than in the
nucleus (Tiwari et al. 2017).

Besides glucocorticoids, multiple other factors,
such as neurotrophin BDNF and its precursor
(Menshanov et al. 2015) as well as hypoxia (Bulygina
et al. 2014) affect babies during labour and delivery
(Alotaibi et al. 2015) and influence brain development.
Nevertheless, the effect of glucocorticoids may be
one of the most practically important ones, because
these hormones and their synthetic analogues are
widely used to prevent chronic lung disease in
premature infants (Barrington 2001). Some effects
of natural glucocorticoids may be positive for the
developing nervous system and reduce apoptotic
cell death (Kalinina et al. 2019). However, more
often synthetic hormones induce cell loss, reduce
neurogenesis and glial proliferation, attenuate
dendrite formation, inhibit brain growth and cause
abnormalities of brain structure and function
(de Kloet et al. 2014; Reynolds 2013). These effects
could be attributed to the direct action of the
hormone on the GR-expressing cells as well as to
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the indirect effects of glucocorticoid that are
mediated, for example, through glutamate
excitotoxicity (Lanshakov et al. 2016). Nowadays,
two potential approaches can be used to prevent
some deleterious effects of glucocorticoids on the
developing brain. The first approach is to block
glutamate excitotoxicity with antagonists of glutamate
receptors (Li et al. 2014). The second approach is
to activate intracellular processes that interfere with
the glucocorticoid action, such as that induced by
mild hypoxia (Bulygina et al. 2014). However, both
approaches are only suggestions and require further
investigation.

Conclusion

In this work we showed that DEX administration
to P2 rat pups leads to an increase in the mRNA
level of various apoptosis regulatory genes with BH
domain, both pro-apoptotic (Bid, Bim, Bok) and

anti-apoptotic (Bcl-xL). We observed a rise in the
mRNA level of genes with GRE 30 min after injection.
After CpdA, a small increase in the Bax mRNA
level was observed 30 min after injection and
asmall decrease in the Bid mRNA level was observed
6 hours after administration. Such discrepancies in
action could be explained by different GR-GR and
GR-MR dimer formation. On the PC12 cell line we
showed that the number of GR-GR dimers in the
cell nucleus increased only after DEX administration.
In the cell cytoplasm, a gradual increase (DEX more
than CpdA) in the number of both dimer types
(GR-GR and GR-MR) was observed. Possibly, dimers
formation after ligand administration goes faster
in the cytoplasm than in the cell nucleus.
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Annomayus. ITpobaeMa MPOAOASKUTEABHOCTHU XU3HM, 0COOEHHOCTEN
MEAVILIMHCKOJ TIOMOIIY HACEA€HMIO ITOXKMAOTO U CTapYecKOro Bo3pacTa
CTAQHOBUTCSI BCe aKTyaAbHee B OOABLIMHCTBE CTPAH MMpPA, B TOM YMCAE
u B Poccun. C yBeAnueHeM IPOAOAKUTEABHOCT )KU3HI HEMIPOAETeHePATUBHbIE
3aboaeBanust (HA3) BBIXOAAT B pa3BUTBIX CTPaHaX Ha Beayiiee Mecto. OpHa
13 IPUYMH BO3SHUKHOBEHMSI HEMPOAETeHEPATMBHBIX MU3MEHEHMIT B MO3re —
HapylleHye KMHYpeHMHOBOro myty oomeHa Tpuntodana (KITOT). MytaHTb
KITOT Apo30o¢uAbl IpeACTABASIOT COOOM apeKBaTHbIE MOAEAM AAS
9KCIIEPYMEHTAABHOTO U3YYEHNsI POAU HEVPOKMHYPEHVHOB B M3MEHEHUSIX
MO3TOBBIX (PYHKIIUIT, KOTOPbIE IPUBOAST K HAPYLIEHVSIM O0yYeHNS U TaMSITH.
/I3BeCTHO HECKOABKO MYTAHTHBIX AVHWI1 D. melanogaster, xapakTepu3yIOLIXCsI
AedexTamMy KMUHYPEHMHOBOTO YT MeTaboAM3Ma TpUnTodaHa, B TOM YMCAE
vermilion (v', 6AOK Ha ypOBHe pepMeHTa TPUITOPAHOKCUT€HA3DI, TPUBOASILINIA
K OTCYTCTBUIO KMHYPEHVHOB 1 HakomAeHuo Tpuntodana). IToxasaHo, 4to
MYTaHT V' COXpaHseT HOPMAAbHYIO CIIOCOOHOCTD K 00y4yeHMIo py pOpMUPOBaHIN
KaK CPEAHECPOYHOIT, TaK Y AOATOCPOYHOM mamsiTu. AedexToB popmMupoBaHMs
CPEAHECPOYHON IaMsITH He 0OHapys>keHO. HanpoTuB, BbISIBAE€HBI HAPYILIEHNS
COXPaHEHMSI AOATOCPOYHOI IIAMSITH Y AAHHOT0 MyTaHTa. OTCYTCTBUE 8-CyTOYHOM
AOATOCPOYHOIT MaMsITU Yy MyTaHTa V' ¢ nopaBaeHueMm KITOT moxkeT ObITH
CAEACTBYEM AMCOAAQHCA KVHYPEHVHOB.

Karouesote crosa: ppozodraa, oOyueHne, TaMsATh, KUHYPEHVHOBBI ITyThb
obmena TpunTodaHa, HeMPOKUHYPEHVHBL
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BBeaenue

Abstract. Such issues as life expectancy and medical care for the elderly are
gaining momentum all over the world, including Russia. With an increase in
life expectancy, neurodegenerative diseases (NDD) are on the rise in developed
countries. One of the reasons for neurodegenerative changes in the brain is
a disturbance of the kynurenine tryptophan metabolism pathway (KTMP).
Drosophila KTMP mutants are suitable models for the experimental study
of neurokynurenines that change brain functions resulting in learning and
memory impairments. There are several mutant stocks of D. melanogaster
with defects in the kynurenine pathway of tryptophan metabolism, including
vermilion (v', a block at the level of the tryptophan oxygenase enzyme that
stops the production of kynurenines and leads to the accumulation
of tryptophan). The mutant v has been shown to maintain normal learning
ability, both in medium- and long-term memory formation. No defects in
medium-term memory formation were detected. In contrast, the mutant
showed the disturbances of long-term memory. The absence of eight-day
long-term memory in the KTMP-suppressed mutant v/ may be a consequence
of kynurenine imbalance.

Keywords: Drosophila, learning, memory, kynurenine pathway of tryptophan
metabolism, neurokynurenines.

€CTECTBEHHOM CTap€HMM, TaK U B YCAOBUAX 6oAes-
HUM Ha HallMX TAa3aX IIPpOMCXOAUT Cl)aKTI/I‘—IeCKaH

OAHOI 13 GYHAQMEHTAABHBIX 3aA24 COBPEMEH-
HOI1 HeVIPOHAYKU SIBASIETCS NO3HAHME TOrO0, KaK
MOS3T y4acCTBYeT B IpPUOOpETEeHUN, XpaHEHUU
Y1 BOCIIPOM3BEAEHUM Pa3AVYHBIX GOPM MaMsITU
(Savvateeva-Popova et al. 2015). DTo KpaiiHe BaxK-
HO B CBeTe POCTa YMCAA HellpoAereHepaTUBHbIX
3aboaeBanun (HA3), COpOBOXAQIOLIMXCS MPO-
rpeccupympouiei noTepen naMsaTu.

CeropHst 6AaroAapst OTKPBITUIO PSIAQ YHUBED-
CAaAbHBIX MEXAHM3MOB HellpOoAereHepaLy Kak pu

CMeHa BeCbMa PaCIIABIBUATON 00IIelt Teopun mna-
toreHe3a HA 3 coBpemeHHbIMM KOHLIEMAMMU. TaK,
B 90-e ropb! XX Beka OblAa IIPEAAO’KEHA TAyTaMa-
TepruyecKkasi Teopusi HeipoAereHepaTUBHOIO ITPO-
recca. CoraacHo 3TOJ TeOpuM, YyHUBEPCAABHBIM
MexaHu3MoM pa3Butus Bcex HA3 aBasgeTcs sk-
CaITOTOKCUYHOCTD, ITOA KOTOPOM IMTOHUMAIOT I10-
BpeXAeHUe 1 I'MOeAb HEIPOHOB B pe3yAbTATe 13-
OBITOYHOM aKTMBaLVY ocTcuHanTUYeckux NMDAR
(N-methyl D-aspartate receptor) (Beal 1992).
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Ba)kHemyio poAb B 3TUX MIPOL[eCCax UTPAIOT Hell-
POKMHYPEHUHBI, SIBASIOIIMECS] arOHUCTAMU U aH-
taronucrtamu NMDAR.

HesameHnmast aMuHOKMCAOTA TPUIITObAH TO-
CTYIIaeT B OPTaHM3M C IUIIEeN U MTOABEPraeTcs
CAEAYIOIMM IIpeBpAIleHMsIM: PeCUHTe3 0EAKOB,
BBIAEAEHIE C MOYOI, paciienaeHne 6akTepusiMu
KUILIeYHNKA, IPOMEXKYTOUYHbIT 00MeH. Kunypenn-
HOBBIIT TyTb 06MeHa Tpuntodana (KITOT) — ma-
TMCTPAABHBI YTh KaTab0OAM3Ma 3TOI AMUHOKIC-
AOTBI B opraHuame yeaoBeka (~95%) (Badawy 2017).
Ao nmocaepnero Bpemenu metaboautsr KITOT
Ha3bIBaAU «KUHYPEHVHBI» (II0 HA3BAHUIO IEPBOTO
13 AOATOXXMBYIMX METabOOAUTOB 3TOTO IYTU).
Tenepb cunTaercs, YTO UX HOAEE TOUYHO CAEAYET
HaspIBaTh HelipokuHypeHnHamu (HEKM) — no
AQHAAOTUU C HEPOIIENTUAAMHU, HEMPOTOPMOHAMMU
u T. 1. (Aarmmu 2004).

EcTtecTBeHHbBIE GAYKTYALIMM YPOBHS MO3TOBBIX
HEKV MOAYAMPYIOT NMPOLIECCHI CMHANTUYECKO
HelpoTpaHcMmuccun. Tak, KMHypeHOBask KMCAOTA
(kynurenic acid, KYNA) B OBBILIIEHHBIX KOHL|€H-
TPaLUSX SIBASIETCS] QHTAaTOHMCTOM IIMPOKOTO CIIEeK-
Tpa BO30Y)XAQIOIINX MOHOTPOIHBIX PELIENTOPOB
rayramara (iGluR), a Takke o7 MOATHIIA HUKOTU-
HOBBIX al|eTUAXOAMHOBBIX penenTopoB (nAChR).
XunoannoBas kucaota (quinolinic acid, QUIN),
HaTpOTUB, ABAsIETCS aroHUCTOM NR2A-cyObeArHNMLIBI
noHoTponHoro rayramarHoro NMDAR, B noBbI-
IIEHHBIX KOHIIEHTPALIMSIX BbI3bIBASI PA3BUTHE Hell-
pOAereHepaTUBHBIX MPOLECCOB B TKaHM MO3Ta.
3-ruApPOKCUKMHYpeHUH (3-hydroxykynurenine,
3-HOK), QUIN u 3-TMAPOKCHAaHTPAHUAOBAS KIC-
AOTa T€HEPUPYIOT MEPOKCUA BOAOPOAR, MHAYLIM-
PYIOLLUIT TUTIEPIPOAYKLIMIO TOKCUYHBIX CBOOOAHBIX
papukasoB B kKAaeTke (Schwarcz, Pelliccari 2002).
CpeAy HEMPOTOKCUYECKMX METAOOAUTOB KMHYpe-
HUHOBOT'O IIyTX 0COOOT0 BHUMAHMS 3aCAYKMBaeT
3-HOK, xoToppli1 TOABEP)KEH aBTOOKUCAEHUIO,
A€TKO TeHepUpyeT CBOOOAHbIE PAAMKAABL, CIOCOOEH
MpeTeprieBaTbh CIIOHTAHHOE Ae3aMUHUPOBaHUE
u pekapbokcuaupoBanue (Nikitina et al. 2018).

Murerpaabusiil a¢pdext npoaykros KITOT
OIpeAEeAsIETCSI COOTHOLIEHVEM KOHLIEHTpaLuii
B030yxAaoimyx Metaboantos (QUIN, kunypennH
(kynurenine, KYN), 3-HOK) u nx aHTaroHucToB
(KYNA, 3-okcumnupysar, HUKOTMHaM1A) (AamuH
2004). Hapyuienns MeTab0AM3Ma KMHYPEHNHOBBIX
IIPOAYKTOB SIBASIIOTCSI TIEpBUYHBIM 3BEHOM B pas-
BUTUU PSIAQ HEMIPOTIATOAOTMYECKUX TIPOLIECCOB.
3menenus ypoBHa Metaboantos KITOT y yeao-
BeKa HaOAIOAQIOTCS TIPU PSIAE HEMPOAOTUIECKUX
U ncuxmuyeckux saboaesanui (Schwarcz et al. 2012).
/I3BeCTHBI ABa OCHOBHBIX MOAEKYASIPHBIX MeXa-
HY3Ma HeJPOaKTUBHOCTY KMHYPEHNHOB — MOAY-
ASIUUSI aKTUBHOCTU KAETOYHBIX PELeNTOpPOB

Humeepamusuas ¢pusuoroeus, 2021, m. 2, \e 1

1 MOAYASLIVISL OKMCAUTEABHO-BOCCTAHOBUTEABHBIX
IpOLIECCOB B HEpBHOM KAeTKe (XKypaBaeB u Ap.
2020).

BaskHble cBeAeHMsT O HEMPODU3MOAOTYECKO
aKTMBHOCTY KMHYPEHMHOB IIOAyY€HBI Ha Oecrio-
3BOHOYHBIX )XVMBOTHBIX, TAKMX KaK Apo3oduaa
1 mueAa. [eHeTnueckoe OAOKMpOBaHYE TEX UAU
nHbIX cTrapuyt KITOT y myranTos D. melanogaster
u A. mellifera TpuBOAUT K OTCYTCTBUIO AU Ha-
KOIIAEHUIO OIIPEAEAEHHBIX META0OOAUTOB TOTO
YT, PEALIECTBYIOIINX MYTaLIIOHHOMY OAOKY,
YTO CONIPOBOXKAQAETCS 3aMETHBIMU M3MEHEHUIMI
ITOBEAEHYECKOl aKTMBHOCTY HaCeKOMBIX U Hapy-
meHueM psiaa pusmororndeckux npoweccos B LIHC.
MytanTtst KITOT Apo30QpuABI 1 TYeABI SIBASIOTCS
€CTECTBEHHBIMU MOAEASIMU AASI ICCAEAOBAHMUS
BO3AEVICTBYS 3TUX METaOOANTOB Ha IOBEAEHYECKYIE
IIPOLIECCHI Y )KMBOTHBIX C BBICOKOOPI'aHV30BAHHO
IJHC, a Taioke AASI M3yUeHUS MOAEKYASIPHBIX Me-
XQHM3MOB MX aKTUBHOCTM.

K uncay myranros no KITOT y aposoduabt
otHocuTCs vermilion (v!) c GAOKMPOBaHHO TIEPBOIT
KAIOU€EBOIT CTapMen paciaaa Tpurnrodana (bepmeHt
TpunrodaHnupposasa MAU MHAOAAMUH-2,3-
anokcurenasa, EC 1.13.11.52) u mosTomy xapak-
TEPUBYIOLUIICS OTCYTCTBMEM BCEX METAOOAUTOB
KuHypeHnHoBoro nytu (puc. 1). Ten vermilion
AokaausoBaH B X-xpomocome (X: 9F11), ero mo-
CAEAOBATEABHOCTh BKAIOUaeT 6 5K30HOB: 83, 161,
134, 607, 94 u 227 n.H. (Searless et al. 1990).
Y myrauTa cinnabar (cn, 2R: 43E16) HeakTuBeH dep-
MEeHT KUHypeHuH-3-Tuapokcraasa (EC 1.14.13.9) —
COOTBETCTBEHHO, OAOKMPOBAHA CTaAUs IpeBpa-
wexnst KYN B 3-HOK. YV myranTa cardinal (cd, 3R:
94A1-94E2) nHakTUBUPOBaH (HEePMEHT pacrapa
3-HOK ¢enokcasunoncunrerasa (PC) (EC 1.10.3.4),
PEe3YABTAaTOM Yero ABASIeTCS HAaKOIMAEHME B TKaHAX
mosra 3-HOK. CaeayeT HalmloMHUTBD, YTO Iy Tb OMO-
cuHTe3a HuKotTnHammaa us 3-HOK, Bkarouasi mpo-
MexxyTouHblil MeTaboant QUIN, y HacekoMbIX
orcytcTByeT (AomaruHa u Ap. 2004).

Y mytantoB KITOT Apo3o¢duabl 1 mueAbl Ha-
OAt0AQeTCA PsIA PM3MOAOTMYECKMX Y TOBEAEHYECKIX
u3MeHeHU. AepULUT KMHYPEHVNHOB MHTMOUPYeT
AOATOBpeMeHHYI0 mamsTh y mieabl (Lopatina et al.
2011). [TaMATh Y TO3BOHOYHBIX 11 6€CIIO3BOHOYHBIX
JKMBOTHBIX [TPEACTABASIET COOO CAOYKHBIII MHOTO-
CTaAUIHBII IPOLIECC: K&KAas1 U3 ero ¢gas Bo Bpe-
MEHU peryAmpyeTtcs crenupuiecKumMy reHaMu
1 beAkaMu, a ee MaTepruaAbHO OCHOBOIT CAYXar
CTPYKTYPHO-(QYHKL[MOHAABHbIE 3MEHEHVS B OIIpe-
AeAeHHBIX yyacTKax Mo3ra (JKypasaes u pop. 2015).
Ecan coxpaHeHMe MaMsITU Ha paHHUX CTAAUSIX
CBSI3aHO C aKTMBaLMell BHYTPUKAETOUYHBIX CUTHAAD-
HBIX KaCKaAOB, B YaCTHOCTY CUCTEM MeTaboAM3Ma
gAM® (Davis, Kiger 1981), To KOHCOAMAQLMS
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Puc. 1. Cxema KMHYPEHMHOBOI'O obMeHa TpVII'ITOCI)aHa Y HAaCE€KOMBbIX. KpaCHbIM YKa3aHbl Ha3BaHMA MYTaHTHBIX
T€HOB Y ApOSOd)I/IAbI, CYHVIM — Y ITY€ADI

Fig. 1. Kynurenine tryptophan metabolism pattern in insects. Red indicates the names of mutant genes
in Drosophila, blue — in bees

naMsTu 1 popMUpOBaHME AOATOCPOYHOI MAMSTU
(ACIT) TpebyeT akTMBaLMy HOBBIX T€HOB, B TOM
qrcAe peryaupyeMbix LA M®-3aBMUCHMBIM TPAHC-
kpunumoHHbIM pakTopom CREB (Bailey et al. 1996).

B HacTos1eM 1cCAeAOBaHNM ITAMSITh Y MYX OLje-
HUBAAY METOAOM YCAOBHO-Pe(pAEKTOPHOTO IIOAAB-
aeHus yxaxuanus (YPITY) (Siegel, Hall 1979).
B saroaornueckom naane YPITY — a10 cHmKeHue
nHAeKca yxakuBanus (V1Y) camiia 3a camkamu 1o-
CA€ TPEHVPOBKM CaMLia C OTAOAOTBOPEHHON CAMKOI.
Ousnoaormyeckoyt ocHopoi YPITY mHorue uccae-
AOBaTeAU CUMTAIOT GOPMUPOBaHME B Ipoliecce
TPEHMPOBKU CIEeLIUECKOI aCCOLMALINY MEXAY
6e3ycaoBHbIM cTMYAOM (BC, pereaAeHT) 1 yCAOB-
HbIM CcTUMYAOM (YC, aTTpakTaHT). DTO BAEYET I10-
AQBAEHUE YXa>KUBaHUS B IPUCYTCTBUM TOABKO YC
(Zawistowski 1988). B kauecTBe aTTpakTaHTa MOT'YT
BBICTYIIaTh XVMUYECKME€ KOMIIOHEHThI KYTUKYABI,
KOTOPBIE y CAMKI MEHSIIOTCSI C BO3PACTOM, 00YCAOB-
AVIBasi CrieliPUYHOCTDb TIOAQBAEHNSI B OTHOLLIEHNUN
3peAbIX AM0O0 He3peAbIX caMoK. PerieaaeHTOM >Ke
MOJKET OBbITb SHAOTE€HHBIN CTUMYA — HeraTMBHas
MOTMBaLMsI, cPOpMUPOBaHHAs Y cCaMlia IIOCA€E He-
YAQUHBIX IIOTIBITOK yXa)KMBaHNS 32 OIIAOAOTBOPEH-
Hoit camkoi (Ejima et al. 2005). BaxxHyio poab
B 3TOM IIPOLeCCe TAKXe OTBOAST PEIeAAEHTY —
LMCBAKLeHNAOBOI KucaoTe (BA), koTopas nepe-

AQeTCs OT caMlja CaMKe B IIpoliecce KOMYASILINY,
OTCYTCTBYSI Y AeBCTBEHHBIX caMOK. COraacHo He-
koTtopbiM aBTopaM (Keleman et al. 2012), B mpo-
1jecce TPEHMPOBOK y caMlia IIPOVICXOAUT IMOBBI-
IIeHVe YYBCTBUTEABHOCTD K IIBA, AOCTaTOYHBIM
yCAOBMEM KOTOPOTO SIBASIETCSI HEYCIIeIIHOCTD
yXa)KMBaHUI IpU TpeHupoBKe. OUeBUAHO, B CHU-
xeHue VY y Myxy BHOCAT BKAAA KaK YCAOBHasI, TaK
11 6e3yCAOBHAasI KOMIIOHEHTHI. VIX cpaBHUTEABHBIN
BKAQA, @ TAIOKe XapakTep naMsaTu (yCTON4MBOCTD
BO BPeMEHMU U 3aBUCYMOCTb OT YCAOBMIL TECTUPO-
BaHUsI) PA3AUYAIOTCS TIPU TE€X MAU UHBIX MOAUDU-
Kayusix skcrepumenta (Griffith, Ejima 2009).
Takum obpasom, mexanusm YPITY Becbma cao-
>KEH U He AO KOHI1Ja IOHATeH. TeM He MeHee AaHHbI
MTOAXOA IIMPOKO MPUMEHSIOT AASL OLIEHKU YPOBHS
o0yueHMst 1 mamMsTU y Apo3oduast. [TpuunHa — ero
TEeXHUYECKAsI IPOCTOTA U €CTECTBEHHOCTD, YTO
OTAMYAET AAHHBIN METOA OT APYTO¥ HIMPOKO UC-
MOAB3yEeMOM 5KCIIEPUMMEHTAABHON MMapaAUTMbl —
IIaBAOBCKOT'0 00y4eHMsI C HETaTVBHBIM ITOAKPeIIAe-
HMEM dAeKTPOIIOKOM. 3Aech B KauecTBe BC
VICTIOAB3YIOT HEeCTEeCTBEHHBIN AAS MYXV CTUMYA —
YAQp 9AEKTPUYECKMM TOKOM, TAKOKe AAS TIOAYYEHMSI
AOCTOBEPHBIX Pe3YABTaTOB OOBIYHO Tpebyercs
3HAYMTEABHO OOAbILIast BbIOOpPKa (mMOpsAKa
100 ocobeir; B mapapurme YPITY — mopsiaka 20).

52 https://www.doi.org/10.33910/2687-1270-2021-2-1-49-60



https://www.doi.org/10.33910/2687-1270-2021-2-1-49-60

E. A. HuxumuHa, A. B. ’Kypasaes, E. B. Cassameesa-Ilonosa

LleAb HallIero UCCAAOBAHNS — OL|eHKA BAVSHMS
aucperyasuyiv KITOT Ha mporjeccsl cpepHecpoyHoit
Yl AOATOCPOYHOJI TaMATU Y MyTaHTa vVermilion (v')
D. melanogaster, MOA€ABHOTO OOBEKTA, LIVPOKO
VICIIOAB3YEMOTO AASI U3Y4YEHMSI MOAEKYASIPHBIX
OCHOB HEJPOIMATOAOTUIL. YAOOCTBO APO30]UAbI
KaK MOAEAU OIIPEAEASIETCS PSIAOM ee XapaKTepu-
CTUK: KOPOTKMIT )XU3HEHHBIN LKA U AETKOCTb
IIOCTAHOBKM MOAEKYASIPHO-TEHETMYECKUX JKCITe-
PMMEHTOB, KOHCEPBATUBHOCTb I'€HOB, PETYAUPYIO-
VX DA€MEHTapHbI€ ITOBEAEHYECKNE MTPOLIECCHI,
a TaKOKe HaAM4Me Y APO30(DUABI CAOXKHO YCTPOEH-
HOTO MO3ra, CIOCOOHOTO K BBIPA0OTKE YCAOBHBIX
pedaexcos, 06yueHMI0 1 GOPMUPOBAHUIO PA3ANY-
HBIX BUAOB IAMSTH.

MarepuaAbl 1 METOADBI

AuHuu 0po3odpurpt

Pabota npoBeaena Ha kuBoTHbIX 13 LIKIT «Bro-
KoAaAexusi VIO PAH AAst uccaepOBaHMS MHTerpa-
TUBHBIX ME€XaHNU3MOB AE€SITEABHOCTV HEPBHOM
U BUCLIEPAABHBIX CUCTEMY.

B paboTe MCIIOAB30BaAM CAEAYIOIINE AVHUU
D. melanogaster:

1. Canton-S (CS) — AMHMS AVIKOTO TUIIA; TEMHO-
KPaCHBII L[BET IAas.

2. vermilion (v') — myTauus B reHe Tpunrodas-
2,3-anokcurenassl (X:9F11); oTcyTcTBME KMHYpE-
HUHOB, SIPKO-KPaCHBIN LJBET TAa3.

MyTaHT V! OBIA IpUMBEAEH K T€HETUYECKOMY
¢dbony anHum pukoro tuna CS myrem 30 LuKAOB
«KaHTOHM3aLMM». MyX BbIpallJBaAU B CTaKaHYU-
Kax 06beMoM 160 MA Ha CTAHAAPTHOI U3IOMHO-
ApoxokeBoli cpepe ipu +25 °C £ 0,5 °C, 60% Baax-
HOCTU U CBETO-TEMHOBOM LIMKAe 12:12 4.

Ouenka cnocobHOCMU K 00y4eHUI0
U popMUpoBaHUI0 NAMAMU

AASI IOBEAEHUECKMX OIBITOB BBIAYIMBIIMXCS
HaCeKOMbIX 0€e3 HApKOTU3aLUK COPTUPOBAAU
1o moAy. OTOMpaAu caMIlOB UCCAEAYEMBIX AMHUI
U COAEPYKAaAU MX UHAVBMAYAABHO Ha U3IOMHO-
APOXCOKEBOI cpepe. B kauecTBe 00BEKTOB yXaXKu-
BaHMS AAS CAMILIOB BCeX aHAAUBMPYEMBIX AVHUI
JMICTIOAB30BaAM ONAOAOTBOPEHHBIX 32 CYTKHU
AO ombITa caMOK AMHMYM CS B BO3pacTe AT CYTOK.
VccaepoBaHMS IPOBOAMAY HAa B3POCABIX MyXax
B Bo3pacTe 5 pAHelt ipu Temmeparype +25 £ 0,5 °C
B [1€PBOII TOAOBMHE AHSI. OOyueHye U TeCTUPOBa-
HIie TIPOBOAVIAU B BKCIIEPMMEHTAABHBIX KaMepax
u3 oprcrekaa (Auamerp — 15 MM, Bpicota — 5 MM).

Metopuka YPITY Obiaa UCIIOAB30BaHA B MOAM-
¢ukauun Kamsiea (Kamyshev et al. 1999) —
KaK B IIPOLieCCe TPEHUPOBKMY, TaK U IPU TECTUPO-

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

BaHUY VCIIOAb30BAaAY ONAOAOTBOPEHHBIX CAMOK.
Aast Beipabotku YPITY (TpeHMpOBKM) MATUCYTOY-
HOTO CaMlja TeCTUPYEMOI AMHUM, HE MIMEIOIIero
OTIBITA IIOAOBOTO IIOBEAEHMS, IOMELIAAU B 9KC-
IEPYMEHTAABHYI0 KaMepy BMeCTe C OIIAOAOTBO-
peHHo nATHCYyTOYHOM caMKoi CS. ITamaTb TecTu-
pOBaAM yepe3 pa3Hble MHTEPBAAbI BPEMEHM.
B xauecTBe KOHTPOAS MCIIOAB30BAAY CAMIL[OB, HE
VIMEIOILVIX OIIbITA TOAOBOTO [TOBEAEHMS. DTOTPaM-
MY [TOBEAEHNsI CaMLja PETMCTPUPOBAAK B TeUEHME
300 ¢, pukcupyst BpeMsi HadyaAa OTAEABHBIX dAe-
MEHTOB YXa>K/BaHMsI (OpMEHTALVIS U IPECAEAOBA-
HUe, BUOpauMsi, AU3aHue, TOMbITKA KOIYASILIUN),
a TAaK)Ke BpeMsI MCTIOAHEHMSI DAEMEHTOB, He CBsI-
3aHHBIX C yX@)KMBaHueM (aKTUBHOCTD (MMOOEXKa),
IIPMHMHI, TTIOKOM). Perncrpanuio HaunHaAK yepes
45 ¢ mocae MoMelleHsI MyXy B KaMepy. B kaxxpoit
rpynie (KOHTPOABHOI, Cpa3y IOCAE€ TPEHUPOBKHU
¥ yepe3 OTpeAeAEHHbBIE IHTEPBAABI BpEMEHN II0CAE
TPEHMPOBKM) TECTUPOBAAU He MeHee 20 map MyX.
AAst pacuidpoBKY 1 aHaAM3a AAHHBIX UCIIOAB30-
BaAN CIIELIMAABHO Pa3paboTaHHbIe KOMIIbIOTEPHbIE
nporpammel (aBTop nporpamm — H. I. Kambiies).
AAST K&KAOTO caMlia BBIYMCASIAYL MHAEKC yXa-
xxuBaHus (1Y), T. e. BpeMst yxa)KUBaHUS caMlia 3a
CaMKOJ, BBIPQ)KEHHO€E B IIPOLIEHTaX OT O0LIero
BpeMeHU HabAAeHMs. AAST KOAMYECTBEHHOM
OLI€HKM PE3yABTaTOB 00y4YeHNs BEIYMCASIAYI MIHAEKC
ooyuenus (V1O) o caeayroieit popmyae:

O = (Y, - 1Y,) / Y, ] x 100% =
= (1- 1Y,/ NY,) x 100%,

rae IY ulY — cpeaHne MHAEKChI yXaXKUBaHUSA
AASI HE3aBUCHMBIX BBIOOPOK CAMIL{OB, HE IMEIOIIIIX
OIIBITa TIOAOBOTO IIOBEAEHNST, Ul CAMLIOB, IIPOLLEALINX
TpeHupoBKy (Kamyshev et al. 1999; Sokal, Rohlf
1995).

MeToauKa yCAOBHO-pe(hAEKTOPHOTO ITIOAABAE-
HUS YXQXKMBaHMS ObIAQ MICIOAB30BaHA AASI OLIEHKN
CIIOCOOHOCTY K 00y4eHMo 1 pOpMUPOBAHUIO
cpeprecpounont (CCIT) u poarocpounon (ACII)
NaMATU CAMLIOB APO30(UABL

AASI OLIEHKY CITOCOOHOCTH K 00y4eHuIo 1 ¢pop-
MUPOBAHUIO CPEOHECPOHHOL HAMAMU ITUCYTOY-
HOTO CaMLja TeCTUPYEMOIl AMHUM, HE MMEIOIIero
OTIBITA IIOAOBOTO IIOBEAEHUS, IOMELIAAU B DKC-
MEPUMEHTAABHYIO KAMePY BMECTE C OIAOAOTBO-
PEeHHOII MATUCYTOUYHOM camKoil CS U OCTaBASIAU
Ha 30 myH. O6y4yeHue 1 NaMATb TECTUPOBAAU
cpasy (0 muH) 1 yepes 3 yaca (180 muH) nocae
TPEHMPOBKY, MICIIOAB3YS] HOBBIX OTIAOAOTBOPEHHBIX
camok CS B Bo3pacTe 5 CyTOK.

Aoazocpoynyro namsamp y CaM1iOB BbIpabaThl-
BaAU B COOTBETCTBUM C NpoToKoaoM YPITY, mo-
anbuumposanuoit Aast ACIT (Redt-Clouet et al.
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2012). ITATHCYTOYHOrO CaMlja TECTUPYEMOI AMHMY, ~ HYTOM Cpa3y II0CA€ OKOHYaHUS TPEHUPOBKHU, YTO
He VIMeIOIIlero OITbITa IIOAOBOTO IIOBEAEHMS, TI0-  CBUAETEABCTBYET O HOPMAaAbHOM IIPOTEKAHUMU ITPO-
MeIljaAY BMECTE C OTIAOAOTBOPEHHOI IIATUCYTOY-  LieccoB o0yuenus u popmupoanusi CCIT (puc. 2A).
Hoyt camkoit CS B CTakaH C MMUTAaTEABHON CpeAoi Y mytanTa v! HabAtopaau YPITY, u VIO panTean-
(00BeM CBOOOAHOTO IIPOCTPAHCTBA — OKOAO 3 CM?)  HO€ BpeMsl COXPAHSACS Ha YPOBHE, AOCTUTHYTOM
M OCTaBAsSIAM Ha 5 4. OOyueHue U MaMATb TECTU-  CPa3y IIOCA€ OKOHYAHUS TPEHUPOBKY, UTO CBUAE-
poBaAl yepe3 pa3Hble MHTePBAAbl BpEMEHI: CPa3y  TEAbCTBYeT O HOPMAaAbHOM IIPOTEKAaHUM ITPOLIeCCOB
IIOCA€ TPEHVPOBKY, uepe3 2 CyTOK 1 uepe3 8 cyTok  obyueHus u popmuposanus CCIT.

MIOCA€ TPEHUPOBKMU, VICIIOAB3Ys HOBBIX OMAOAO- Takum obpasom, HU y AMHUM AuKoro Tuma CS,
TBOpeHHBIX caMoK CS B Bo3pacTe 5 CyTOK. HU Y MyTaHTa V' He BBISIBA€HO Ae(peKTOB 00yueHus

Cratuctuyeckyo o6paboTky paHHbeix mpoBo- u CCIL

AVIAYL C ICTIOAB30BaHMEM PaHAOMM3ALMIOHHOTO
aHaau3sa (aBrop nporpamm — H. I. Kampiiues).
CraTucTU4YeCcKy 3HAYMMbBIMU CUUTAAM Pa3AUYMA

Ouenka cnocoOHoCcmU K 00y4eHUI0
U hopmMupoBanuio 00120CPOYHON NAMAMU

npu p < 0,05. Y aunuu Aukoro tumna CS MHAeKC 00y4yeHus Ha
MPOTSDKEHUU 8 CYTOK COXPAHSIACS Ha YPOBHE, AO-
PesyAbraTsl CTUTHYTOM Cpa3y I0CA€ OKOHYQHMSI TPEHUPOBKH,
4TO SIBASIETCSI CBUAETEABCTBOM HOPMAABHOTO IIPO-
Ouenka cnoco6HoCHU K 00y4eHUI0 TeKaHUsI MpolieccoB 00ydyeHrs 1 GOpMUPOBAHUS

U POPMUPOBAHIIO CPEOHECPOHHOI HAMAMU  ACT] (puc. 2B).
Y auHum pAukoro tuna CS MHAEKC oOydeHus Y AuHuM v' TaKKe He OTMEYeHO HapyLIeHU

AAUTEABHOE BPEMSI COXPAHSIACS HA YDOBHE, AOCTUT-  CTIOCOOHOCTU K 06y4denuto. V1O uepes 2 cyTok co-
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Puc. 2. AvHaMMKa COXpaHEHMs YCAOBHO-Pe(AEKTOPHOTO MOAABAEHMS yXa)KUBaHMsI IPU TECTUPOBAHUYI
cpepHecpouHoit (A) 1 AooarocpouHoit (B) mamsitu y camuioB anHuM Aukoro tuna Canton S v myTanTa vermilion
Drosophila melanogaster. TTo ocu abcuycc: BpeMst IIOCAe 3aBepIIeHsI TPEHUPOBKIA; IO OCY OPAVHAT:

1O — uHpexc obyuenus, y. e. # — VIO B OTCPOYEHHOM TeCTe AOCTOBEPHO HIDKE, YeM B TECTE CPa3y IIOCAE
TpeHnpoBKy; & — VO pocToBepHO HIKe, 4eM Y AMHUM AMKOro Tumna CS B @aHAAOTMYHBIX YCAOBUAX
(AByCTOpOHHUII TecT paHAOMU3aLuy, p < 0,05)

Fig. 2. The dynamics in the suppression of the conditioned courtship reflex when testing medium-term (A)
and long-term (B) memory in D. melanogaster males of wild type stock Canton S and mutant vermilion.
The horizontal axis: time after the completion of training; the vertical axis: LI (I0) — learning index.

# — L1 in delayed test is reliably lower than immediately after training; & — LI is reliably lower than in wild type
line of CS under analogous conditions (bilateral randomization test, p < 0.05)
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XpaHsACS Ha BbICOKOM ypoBHe. OAHAKO yepes
8 cyrox VMO 3HaunMTEeAbHO CHMYKAACS, AOCTOBEPHO
OTAMYASACh OT AMHMU AMKOro Tumna CS ¥ npuHuMas
OTpULaTeAbHble 3HaYeHUsA. AASI AQHHON AMHUU
BbIIBAEHO HapyleHue coxpaHeHus ACIL

OO0cyKAeHUe pe3yAbTaToB

IToAyyeHHble HAMM AQHHbIe BeCbMa HETPUBMU-
AABHBI, T. K. BO MHOTUX (U3MOAOTMYECKUX U TI0-
BEAEHUYECKVX TeCTaxX KMHYpPEeHMHOBbIE MYTaHTbI
BEAYT cebs mo-pasHoMmy. Tak, y cd HaumHas
¢ 12 cyTok HabAOAQ€ETCS ITpOrpeccupyollee CHI-
xenue CCII, Toraa KaK y ¢z moA0OHbIe HapyLIeHus
OTCYTCTBYIOT (Savvateeva et al. 2000). Aast cd
IOKa3aHbl BO3PACT-3aBUCYMble HapyLIeH)s Opay-
HOJI TIECHM CaMlia ¥ ITOBBILIEHVE YPOBHS allOIITO-
TUYECKON HelpoAeTreHepauyy, IIpY 3TOM Y ¢/ Ha-
OAIOAQETCS MPOTUBOIOAOXKHASL TEHAEHLUS
(Savvateeva-Popova et al. 2003). ¥V ¢d B Bo3pacTe
13—-29 cyTOK CKOPOCTb M1 AAUTEABHOCTb CITOHTAH-
HBIX TI00EeXeK BbIIllE, & YaCcTOTa HIKe, yeM y CS,
AASL c1Ke KapTuHa obpartHas (Zhuravlev et al. 2020).
BMmecre ¢ TeM BblllIeyKa3aHHbIE TECTHI HE BBISIBAS-
10T pasanuuit Mexxay CS, cn v cd B Bo3pacTe 5 CyTOK.
IlposaBAeHME MEXAVHENHBIX pa3ANdMiL, TaKUM
00pa3oM, HOCUT OTAOKEHHBIII XapaKTep. DTO MOA-
TBEPXKAQIOT U Hauu AaHHble: CS 1 V! AeMOHCTpPU-
PYIOT OAMHAKOBYIO CIIOCOOHOCTD K POPMMPOBAHNIO
CCITI, a Taxxke 2-cytounont ACIT. CHmbkeHue xe
8-cyrounoit ACII y v/ MoxeT OBITb CAEACTBUEM
BO3pacCT-3aBUCUMBIX I3MEHEHU], BbI3BAHHBIX OT-
cyrcTtBueM KuHypeHuHoB B LIHC pAposoduasr.
Hapyuenus ACII npu HepoCTaTKe KMHYPEHMHOB
HabAoAaeTcs Takke u y miea (Lopatina et al. 2011).

®opmupoBaHMe, COXpaHeHMEe U BOCIIPOM3BEAe-
Hue ACITy Aposoduasl B mapapurme YPITY nme-
€T AOCTaTOYHO CAOXKHYIO HeMIPO(DU3NOAOTYECKYI0
ocHOBY. CyIlleCTBEHHYIO POAb B AQHHOM IIpoLjecce
urpaioT rpuboBupHble Teaa (I'T) — mapHasi cTpyk-
Typa MO3ra, OTBETCTBEHHAs 32 pa3AUYHbIE GOPMBI
aCCOLMATVBHOIO 00y4YeHNs], IPEeUMYIeCTBEHHO
oabdakTopHoro (Heisenberg 2003). B cocras I'T
BXOAUT KaAMKC M OKpy>Karoliye ero Kaetky KeHnbo-
Ha. /Ix HepBHbIe OTPOCTKM GOPMUPYIOT CTEOEAEK
(meAyHKYAIOC), pa3BETBASISICh 3aT€M Ha BEPTUKAAD-
Hble (o, o) v ropusoHTasbHble (B, ' 1 y) AomacTu,
KOTOPBbIE, B CBOIO OU€PeAb, TIOAPA3AEASIOTCS Ha
psia MmopdodyHKIMoHaABHBIX 30H (Aso, Hattori et al.
2014). 3onb! aomacreit I'T u3bupaTeabHO BOBAE-
YeHbI B ITPOLIECCH COXPAHEHUS 1/VMAYM BOCIIPOU3-
BeAEHVS pa3AMYHBIX popM nmaMsTi. BakHyI0 poAb
B YPITY Taxke urpaeT BEHTPaAbHBIN AOOABOYHBIN
KaAMKC, TIOAY YOIV VTHHEPBALIMIO OT 3pUTEABHBIX
AOAE€I1 Y TIOCBIAQIOIINX OTPOCTKU B 00AaCTh Y5
(Aso, Hattori et al. 2014; Montague, Baker 2016).
D10 coraacyetcs ¢ pAaHubimu L. Mak6parpa

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

¢ xoaaeramu (McBride et al. 1999), coraacHo Ko-
TopbIM AASL YPITY cyimecTBeHHOe 3HaU€HVEe MEIOT
BU3yaAbHbIE CTUMYABL

3A€ech HY)KHO OTMETUTb, YTO Y BCeX KMHYPEHMU-
HOBBIX MYTQHTOB HapyllleHa MUTMEHTALVs TAas.
MHupexco! yxaxxusauus y CS, cn, cd He pazaanvaor-
CS U TAKOKe CYIIeCTBEHHO He M3MEHSIIOTCS C BO3-
PacToM — CAEAOBATEABHO, peaKLysl Ha OAbak-
TOPHBIE U BU3YaAbHbIE CTMMYABI Y KMHYPEHVHOBBIX
MYTaHTOB B 1LIeAOM COXPaHSIeTCsI HA YpPOBHE HOPMBI
(Savvateeva et al. 2000). HeAb3st UCKAIOYATD,
OAHAKO, YTO AedeKT MUIrMeHTaLMK IPUBOAUT
K VICKQ)KEHUIO 3PUTEABHOI'O BOCIIPUSTYS CAMLIOM
CaMKU, BAMSISI HA COXPaHEHNE VA BOCIIPOU3BEAE-
Hue 8-cyrounon ACIL

OcHoBo 3aBucumoro ot I'T accouuaTuBHOrO
00y4YeHMsT Y APO30DUABI CAYXUT MOAVDUKALIVS
aKTUBHOCTMY CUHANTH4ecKkuX BoixopoB I'T, peryan-
PYIOLIVIX Te VAU VIHBIe IIPOrPaMMBbl ITIOBEAEHMS.
KaroueBylo poAb B AQHHOM IIpOlLiecce Urpaer
AodamMuHepruyeckasi CUCTeMa, BAMSIOLIAS HA aK-
TUBHOCTb CMHANITUYECKMX KOHTaKTOB MEXAY COO-
crBenHo HerpoHamu I'T (kaerkamu KenboHa)
" HeMlpOHaMU, pacroAararoumucs Ha soixope I'T
(mushroom body output neurons, MBON).
AodaMmHoBas cucTemMa B MO3re APO30QUABI OT-
BETCTBEHHA 332 pa3AUYHbIe BUABI BHYTPEHHETO
MOAKpEINAeHMs], KaK aTTPaKTMBHOIO, TaK U aBep-
CUBHOTO. B M03re Apo30(duAbI MeeTCsI HECKOABKO
KAACTepOB A0baMMHEPTUYECKMX HEMPOHOB
(Mao, Davis 2009), koTopble aKTUBUPYIOTCS Oe3-
YCAOBHBIMM CTUMYAQMU Pa3AVYHON IIPMPOABL.
AXCOHBI 3TVX HEJIPOHOB B3aMOAENICTBYIOT C CU-
Hancamu ['T — MBON B cocTaBe crierjuduyeckmx
KoMrapTMeHToB. Akconsl MBON npoenupyrorcs
B BBICLIJE UHTErPAaTUBHbIE LIEHTPbI MO3ra, TaKue
KaK BepXHUI NMPOToLepeOpyM 1 OOKOBOII pOr.
B aTux xe paltoHax cocpepoToueHo nopsaxa 90%
AEHAPUTOB A0(DaMUHOBBIX HENMPOHOB. Takum 06-
pasoM, AaHHble CTPYKTYpPbl GOPMUPYIOT CBOE-
00pa3HbII KPYT, SIBASIIOIUIICS OCHOBOM accoLiua-
TUBHOTO 00y4yeHus u mamsaru (Aso, Hattori et al.
2014).

AxTtuBHOoCcTh MBON oTpa’kaeT He CXOAHYIO
MOAQABHOCTD TIOCTYTIAIOIIEro cTUMYyAa (0Abdak-
TOPHBIIT, BU3YaABHBIN U AP.), @ €r0 6M0AOTMYECKOe
3HavyeHue (aTTPaKTUBHBIN/ABEPCUBHBII).
[To-BUAMMOMY, B HOpMe TOAAEP>KMBAETCs DasaHC
MEXAY «aTTPAKTUBHBIMU» U «aBEPCUBHBIMU»
MBON. O0yueHme xe BBIBOAUT CUCTEMY 13 PABHO-
BeCUsl, CKAOHSIA €€ B Ty MAU VMHYIO CTOPOHY, UTO
U OIIpeAeAsieT ITIOBEAEHYE MYXU — IIPEAIIOUTEHME
HEKOTOPOro CTUMYAa MAU €ro msberaHue
(Aso, Sitaraman et al. 2014). XapakTep peaxuuin
TAKKe 3aBUCUT OT IIPEACYLECTBYIOILIMX ACCOLIALINIA
YC — BC (Aso, Rubin 2016).
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Takum o6pasom, YPITY 4yBCTBUTEABHO K KOH-
TEKCTY ¥ MO>KET BBI3bIBATbCSI COYETAHUEM CTUMY-
AOB pa3HoOIT MPUPOABL. AI0OOT AMICOAAQHC B TAKOI
CAO>KHOM CUICTeMe MOYKeT HapylIaTh ee PyHKIIMO-
HUPOBaHMe, 0COOEHHO B TeX CAyYasX, KOTAQ peyub
UAET O AOATOBpEMEHHbBIX 3 peKTax.

beaok-3aBucumast koHcoaupauusa 24 4 ACIT
B mapapurme YPITY tpebyer akTuBauuu Aoopamu-
Hepruyeckux HeilpoHoB aSP13, nHHepBUpPYOLIMX
Y5 Heviponsl I'T, mexay 8 1 11 4 mocae Hayaaa
TpeHupoBKU. B npouecc o6yuyenns 6eaok Orb2A
AOKAAM3YeTCs B CMHArcax Y HelipoHoB ['T, koTopbie
3aTeM MOTYT ObITh BOBA€YEHBI B KOHCOAUAQLMIO.
ITpopoaxuTeAbHas aKTUBHOCTD aSP13 MHAyLMpY-
et popmupoBanue poumepoB Orb2A — Orb2B
B CMHarIcax, siBasiooiuxcst cyocrparom ACIT (Kele-
man et al. 2007). AxtuBauus aSP13 HeoOxoauMa
U AOCTATOYHA AASI TIOAABAEHMS YXQKMBaHUS, I10-
BBIIIIAsI YYBCTBUTEABHOCTD MYX K aHTUapPOA3U-
aky — BA (Keleman et al. 2012). aSP13 npoaoH-
TpyeT aKTMBHOCTb CMHAICOB Y5 — M6 MBON
(Zhao et al. 2018). B koHCOAMAQLIM TAK)Xe y4a-
CTBYeT Apyras Ba)KHas CTPYKTypa MO3ra — LieH-
TPaAbHBIM KOMIIAEKC, @ MMEHHO — HelIPOHbI Bee-
poBupHOrO Teaa VEB, aktuBupyromue aSP13
u BbI3bIBamoIue y myxu coH (Dag et al. 2019).

Takum obpasom, cuctema HelipoHoB aSP13 —
Y5 — M6 sIBAsIeTCS KAIOUEBOVI AASL GOPMUPOBAHNS
ACII B AQHHOT 5KCIIepUMEHTAABHO MapapzUTrMe.
B oaAHOIT 13 paboT, 0OAHAKO, OBIAO TOKA3aHO, YTO
HapylueHue QyHKLUMOHUPOBaHUs Y-HelipoHoB I'T
He BAMsIET Ha BOCIPOU3BeAeHMe 3-4aCcOBOM —
8-cyTouHOI naMATU. BO3MOXHO, Y-HEeMPOHBI
HeobxoauMBI AAst popmuposanust ACIT, a opyrue
HeripoHsl I'T, Takme Kak af}, peryAupyor ee Boc-
npousBeperue (Redt-Clouet et al. 2012).

Heriponsr M6 MBON, urparmoine KAIO4eBYIO
POAD B Ipoliecce KOHCOAMAALIMHU, SIBASIIOTCSI TAY-
TaMaTepruyeckumu Heiiponamu (Zhao et al. 2018).
B KoHCoAMAQLIMY OABGAKTOPHON MAMSITU Y APO30-

buABI TAaK)Ke IPUHMUMAIOT Y4acTye FeHbl CyObeAn-
Hul, NR1 1 NR2 NMDAR, A0OKaAM30BaHHbBIX
B 9AAUIICOMAHOM TeA€ LIeHTPAAbHOTO KOMIIAEKCA
(Wu et al. 2007). TTocaepHee MOXeT OOBACHATD
OTCYTCTBUE 8-CyTOUHOI MaMATU y MyTaHTa V'
c mopaBaeHmeM KITOT, mpu koTopoMm MoXeT 1o-
poimatrbesa uHpaekec KYNA/3-HOK (Breda et al.
2016). Hakonaenre KYNA, aHTaroHucTa rayra-
MAaTHBIX PELIENTOPOB, B 3HAYUTEABHBIX KOAUYECTBAX
MO>KeT HapylIaTb HOPMAaAbHO€ IIPOTeKaHMe IIPo-
neccoB B LJHC, B yacTHOCTM npy mmnsodpeHnn
(Wonodi, Schwarcz 2010), a Tak)Xe MOXKEeT OKa3bl-
BaTb TOKCUYECKOE AEVICTBYE HA HEPBHYIO CUCTEMY,
CHIVDKas TIPOAOAKUTEABHOCTD XX13HU y cn (Kambl-
meB 1980). BmecTe ¢ Tem psip GUMOAOTUYECKUX
1 IOBEAEHUECKMX XapaKTePUCTUK Y V U3MEHSIeTCS
MPOTUBOMOAOXHBIM 00pasoM CpaBHUTEABHO
¢ AvkuM tunom (Aomaruna u Ap. 2004; CMUPHOB,
ITonomapenko 1981). He MCKAIOUEHO, UTO HETaTUB-
Hoe Bo3AeiicTBMe Ha coxpaHeHne ACITy v/ moxxer
0Ka3bIBaTh 6-KPaTHBIN U30BITOK TPUNTODAHA U €T0
nepeHarnpaBaenue ¢ KITOT Ha cepoTOHMHOBBIN
Y TPUIITAMMUHOBBIN IyTU. IIpu 3TOM 00€ AMHUYU
COXPaHSIOT HOPMAABHYIO CIIOCOOHOCTD K 00y4YeHMI0
npu popmuposanuu kak CCIT, Tak u ACIL

3akAuenue

B mocaepHee BpeMs B HEMPOOMOAOTUM HaMe-
THUACSI BO3BpAaT MHTEpeca K KMHYpeHMHaM, 00y-
CAOBAEHHBIN X BOBA€YEHHOCTBIO B LIEABIN PSA
3aboaeBaHuit (0oAe3HU AablreiiMepa, XaHTUHT-
ToHa, [TapkuHcoHa, 60KOBOM aMUOTpOodUIeCKuit
CKA€pO3), a TAKKe Mpoliecch crapenus (XKypasaes
n Ap. 2020). AAst TOMCKa CIIOCOOOB AeveHMs 3a-
OoAeBaHMI1, 3aBUCSIMX OT HapylleHus OaraHca
KV/HYPEHVHOB, HEOOXOAVMO MOHMMAaHUEe MOAEKY-
ASIPHBIX M€XaHM3MOB aKTUBHOCTY MeTabOAUTOB
KIIOT, uto nmpepomnpepeAsieT BaXHOCTD IIpUBAe-
YeHMsI )KUBOTHBIX MOA€EAEN, B TOM YMICAE MYTAaHTOB
APO30(dUABL
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Annomayus. Takyie ICYIXOIIATOAOT MY, KaK AETIPeCCHsI M TOCTTPaBMaTHUueCcKoe
crpeccoBoe pacctpoitctBo (ITTCP), KOTOPBIMU CTPAAAIOT OTIbI
B PENPOAYKTMBHOM BO3paCTe, MOTYT OKa3bIBaTbh BAMsIHME Ha (P13MOAOTIUECKIIE
(yHKUMY TOTOMKOB, B TOM 4YMCA€ Ha KOTHUTUBHbIE (PYHKLUMYU U IaMSITh.
LleAbIo ICCAEAOBAHUS SIBASIAOCH COMIOCTaBA€EHME 3P PEKTOB CTPECCUPOBAHMS
CaMILIOB KpbIC B ABYX mapapurmax, mopeanpytoumux ITTCP («ctpecc —
pecTpecc») AM AeTpeccuo («BblydeHHas1 6eCIIOMOIHOCTD» ), Ha MaMSTh MX
B3POCABIX TTIOTOMKOB-CAaMILJOB, KOTOPYIO M3y4aAU B Te€CTaX «ITACCUBHOE
nsberaHue» 1 «paclo3HaBaHue HOBOTO 00beKTa». B CBA3Y ¢ BOBAEYEHHOCTDIO
MHCYyAMHOIIOAOOHOTO (akTopa pocra 2 (Igf2) u ero penenropa 2-ro tuma
(Igf2r) B XKOHTPOAD AMSTHM B IUIIIIOKAMITE IOTOMKOB M3y4YeHa 3KCIIPEeCcCHs
reHoB Igf2 u Igf2r metopom TILIP ¢ 0OpaTHOI TpaHCKPUIILME B peXUMe
peaabHOro Bpemenu. ITokazaHo HapylleHye NaMsITU IIOTOMKOB CaM1[OB-OTLIOB
¢ ITTCP-mopAOOHBIM COCTOSIHMEM, COIPOBOXKAAIOIEECs CHIDKEHVEM
B rumnmnokxamie skcrnpeccuu Igf2, Ho He Igf2r. Y MOTOMKOB CcaM1jOB
B AEMPECCUBHOMMOAOOHOM COCTOSIHUM HApPYLIEHMIT IAMSITU U SKCIIPECCUn
I€HOB B I'MIIIIOKaMIle He BbIsIBA€HO. CA€AaHO 3aKAIOYEHME, YTO OAHUM
13 $aKTOpOB, 00ecreynBaIOIMX BAUSIHME COCTOSIHMS OTLIa Ha MMaMsTh
IIOTOMKOB, MOXET CAY>XUTb MHTEHCUBHOCTb CTPECCOPHOTO BO3AENCTBUS,
KOTOPOMY ITOABEPIaeTCs CaMell-0Tell, @ TAKOKE O 3HAUMMOCTHY POAY CHYDKEHMST
B IUIINOKaMIle skcrpeccuu Igf2 B HapyiieHur GOpMUPOBAHMS TAMSITU
U AAUTEABHOCTH ee COXPaHEeHNsL.

Karouesnote croBa: TNOCTTPAaBMATUYECKOE CTPECCOBOE paCCTpOI;ICTBO, A€Ipeccus,

MOAEAB, TOTOMKY, TAMSITh, MTHCYAMHOIIOAOOHBIIT (haKTOP poCTa 2, peLenTop
VHCYAVHOIIOAOOHOro0 (hakTopa pocTa 2, TUIIIOKAMII, KpbICa.
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Abstract. Psychopathologies such as depression and post-traumatic stress
disorder (PTSD), which fathers suffer during reproductive years, can affect
the physiological functions of the offspring, including cognitive function and
memory. The aim of the study was to compare how the stress in male rats
affected the memory of their adult male offspring. The experiment modeled
two stress paradigms: PTSD (“stress — restress”) and depression (“learned
helplessness”). The methodology included a passive avoidance test and
recognition of a new object test. In connection with the involvement
of insulin-like growth factor 2 (Igf2) and its receptor type 2 (Igf2r) in memory
control, the expression of Igf2 and Igf2r genes in the hippocampus of the
offspring was studied by reverse transcription real-time PCR. The study
revealed memory impairment in male offspring with a PTSD-like status.
It was accompanied by a decrease in the expression of Igf2, but not Igf2r
in the hippocampus. The offspring of depressive males did not show impaired
memory and gene expression in the hippocampus. We concluded that the
influence of the paternal stress on the memory of their offspring may be
dependent on the intensity of stress to which the male was exposed. We also
concluded that a decrease in Igf2 expression in the hippocampus contributed
to impaired memory and the duration of memory retention.

Keywords: post-traumatic stress disorder, depression, modeling, offspring,

memory, insulin-like growth factor 2, receptor of insulin-like growth factor 2,
hippocampus, rat.
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H. 3. OposHn, O. B. Marviuwesa, B. K. Akyarosa u 0p.

BBepenne

B AuTeparype nosiBUAMCH KAMHUYECKIE U DKC-
NepYMEeHTAAbHbIE AQHHBIE O BAMSIHUM HAPYIIEHUS
YPOBHS IAIOKOKOPTUKOMAHBIX TOPMOHOB Y OTLIOB
Ha pasAnyHble pusnorornyeckrie GyHKLUYU M10-
TOMKOB. B niccaepoBanmsax A. AexHepa 1 COaBTOpPOB
OBIAO TIOKA3aHO, YTO MOTOMKU OTLIOB, KOTOPBIE
CTPaAAAM TIOCTTPABMATUIECKUM CTPECCOBBIM pac-
ctporictBoM (ITTCP), AeMOHCTPUPYIOT HapylleHMe
AKTUBHOCTY rUIo}p13apHO-aAPEHOKOPTUKAABHON
cuctemsl (I'AC), cBuAeTEeABCTBYIOLIEE O CHYPKEHUN
YYBCTBUTEABHOCTU 3TOM TOPMOHAABHOM OCU
K CUTHAaAaM OTPUIIATEABHON OOpaTHOV CBsI3U
(Lehrnera et al. 2014). B skciepuMeHTax, rae
y AaOOPaTOPHBIX IPHI3YHOB MOAEAMPOBAAHL A€TIpec-
CHIO C ICTIOAB30BaHMEM XPOHUYECKOTO YMEPEHHO-
'O CTPECCa, BHISIBAEHO, HATIPOTUB, CHIKEHUE CTPeC-
coproit aktuBHoCcTM AC (Rodgers et al. 2013). 9tn
AQHHBI€E YKa3bIBAIOT, YTO Pa3Hble ICUXOMATOAOT U
OTLIa KaK B KAVHMKE, TaK U TIPU MOAEAUPOBAHUN
B 9KCIIEPVMEHTE MOTYT OKa3bIBaTh Pa3AMYHOE 110
CBOEI HAIIPAaBACHHOCTHU AEVICTBYME HAa IIOTOMKOB.
Takne pasAn4us MOTYT OBITH OOYCAOBAEHBI TEM,
YTO MPU YKA3aHHBIX IICUXOMATOAOTMSIX HabAOAR-
€TCsI AMaMETPAABHO IPOTUBOTIOAOKHASI AKTUBHOCTb
T'AC. I'lpu penpeccuy aKTUBHOCTb 3TOM T'OPMO-
HAABHOJ CUCTEMBI YBEAUYEHA, YTO MPOSBASIETCS
B TOBBIIIEHNY 6a3aABHOTO YPOBHS TAIOKOKOPTH-
KOMAOB B KPOBY Y CHVDKEHIY €€ UyBCTBUTEABHOCTH
K CUTHaAaM OTPULIATEAbHON OOpaTHON CBsI3U
(Pariante, Lightman 2008). ITpu ITTCP, HanpoTuB,
yaie BCero HabAKAAETCs CHIDKEeHME 0a3aAbHOTO
YPOBHSI KOPTUKOCTEPOHA C YCUAEHUEM PEeTyASILIVS
I'AC mo MexaHU3My OTPULATEABHOI 0OpPaTHOM
cBasu (Andreasen 2011).

B nccAepOBaHUSX, BBINIOAHEHHBIX paHee, ObIAO
Moka3aHo, 4To mopeAaupoBanue [TTCP B mapapur-
Me «CTPeCC — PeCTPEeCc» y CAMLIOB KPbIC B IIEPHOA
CIiepMaToreHe3a He TOAbKO OKa3bIBaeT AECTPYK-
TUBHOE BAVSIHME HA VX PETIPOAYKTMBHbBIE PYHKLMN
(Pivina et al. 2019), HO ¥ TPOSIBASIETCSI B HAPYILIEHNN
HaMATU Y YX TIOTOMKOB-CaMIL[OB B TECTE «PeaKLys
naccuBHoro usberanus» (Ordyan et al. 2020). Bsr-
sIBA€HHbIe HapyIIeHVsI TTaMSITU COIPOBOXKAAANCH
CHIDKeHVEeM KCIIPeCCHY TreHa MHCYAMHOIIOAOOHO-
ro ¢axtopa pocra 2 (VIOP2, Igf2) B runmnokamie.
OcraeTcst HeM3BECTHBIM, OKa3bIBAET AU AeTpec-
CUBHOITOAOOHOE BAMSIHME HAa COCTOSIHIE CaMIIOB-
OTLIOB Ha KOTHUTUBHBbIE PYHKLUYU TOTOMKOB
U 3KCIIpeccuio reta Igf2 B Mmosre.

B CBsI3M C 9TUM LIEABIO ICCAEAOBAHMUS SIBASIAOCH
COTIOCTaBAEHIE CTPECCUPOBAHUS CAMI[OB-OTI[OB
B ABYX napapurmax, mopeaupytomux ITTCP nan
Aenpeccuio. CAeAYeT OTMETUTD, YTO B OOABIIVHCTBE
paboT, TAe M3y4YaAy IIOCAEACTBUS CTPECCUPOBAH

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

CaMLIOB-OTL[OB Y X [IOTOMKOB, UCIIOAb30BaAY pa3-
AVYHBbIE BUABI XPOHUYECKOTO CTPECCUPOBAHUS
(Dietz et al. 2011; Rodgers et al. 2013). Aast moae-
AVIDOBAHUS AETIPECCUU MbI ICIIOAB30BaAU Mapa-
AUI'MY «Bbly4eHHas 0eCIIOMOIHOCTb». BbI6Op aT0I1
MOAEAU AeTpeccuy 000CHOBBIBAACS T€M, UTO
B AQHHOII MTapaAUrMe >KMBOTHBIM IPEABSIBASIETCS
OAHOKpaTHOe Hensberaemoe CTPeCCOPHOEe BO3-
AevictBue B TedyeHre 1 4. OAHOKpaTHOE CTpeccop-
HOEe BO3AENCTBIE UCIIOAB3YETCS U IPU MOAEAVPO-
BaHuu ITTCP B mapapurme «crpecc — pecTpecc,
U XOTSI 3A€Ch )KUBOTHBIX AOTIOAHUTEABHO CTPECCU-
PYIOT yepe3 7 CyTOK IIOCA€e IIepBOHAYAABHOI'O BO3-
AENCTBUS C LieAbI0 co3paHus ctoukoro ITTCP-
IMOAOOHOI0 COCTOSIHUS, 3Ta AOIIOAHUTEAbHAS
CTpeCcCOpHasi MPOLieAYpa SIBASIETCSI KpaTKuM 30-Mu-
HYTHBIM OT PAHMU€HMEM IIOABVKHOCTU. Y TIOTOMKOB
camuoB-oT1oB B [ITCP-nop06HOM MAU Aempec-
CUBHOIIOAOOHOM COCTOSIHUM ObIAA MCCAEAOBAHA
HaMATb, A B TUIIIIOKaMIIe M3y4yeHa SKCIIpeccysi reHa
Igf2 u ero peyenitopa Broporo tuna (Igf2r) B cBsi3u
C UMELIVIMUCS B AUTEPATYpPE AAHHBIMY O BOBA€-
YEHHOCTU STOT0 POCTOBOrO (paKkTOpa B KOHTPOAD
runmnokami-sasucumont maMatu (Chen et al. 2011;
Yu et al. 2020).

OODBEKTBI U METOABI MCCACAOBAHUS

AAsI IPOBEAEHUST SKCIIEPUMEHTOB OBIAO UC-
MOAb30BaHO 15 kpbic auHuu Wistar (camigsl, Bec
250-300 r) us LIKIT «buoxoarexkuus VId PAH aas
VICCAEAOBAHNSI UHTETPATUBHBIX MEXQaHM3MOB A€si-
TEABHOCTU HEPBHOM U BUCLIEPAABHBIX CUCTEM»
M MIX TOTOMKM CaMLIbl, TIOAYYeHHble OT MHTAKTHBIX
camok (Bec 200—-230 r) To1 ke AuHuN. JKMBOTHBIX
COAEP>KaAM B CTAHAQPTHBIX YCAOBUSIX BUBapus 6e3
OTPaHMYEHMUS AOCTYIIA K BOAE M NUILE I CBETOBOM
pexxume 12:12 4. Bce aKcrnepuMeHTbI BbIITOAHEHDI
B COOTBETCTBUM C TPeOOBAHUSIMU, N3AOXKEHHBIMU
B AupeKkTrBe EBpomeiickoro coobmectsa 2010 r.
(2010/63/EEC). Cam1ibl ObIAM CAYHANTHBIM 0Opa3oM
pasAeAeHbl Ha TpU Ipymnibl (MOAeAMPOBaHUE
IITCP — 5 xppIc, MOAEAVPOBaHME AETIPECCUN —
5 KpbIC 1 KOHTpOAbHasE — 5 kpbic). [Tocae mpo-
LleAypbI CTpeccrpoBaHus yepe3 46—48 cyToK Kax-
ABIIT camel] ObIA TIOACAXKEH K PeLIeNITUBHOI CAMKE,
HaxopdlleNcs B cTapuu acTpyca. Ha caeayrommin
A€Hb OCYILIECTBASIAY KOHTPOAD HaCTyIAeHUs Oe-
PEMEHHOCTU IO HAAUYMIO CIIEPMATO30MAOB BO
BAaraAmMIIHOM Ma3Ke. bepeMeHHbIX caMOK cpasy
OTCaKMBAAM OT CaMLia U COAEP>KaAU 10 5 ocobert
B KAETKe A0 17 AHs1 OepeMeHHOCTH, a ¢ 18 AHT —
B MHAVIBUAYaABHBIX KAeTKax. [TomeTsl copeprkaan
c maTtepbio A0 30-AHEBHOIrO BO3pacTa, a paAee
1o 6—7 0cob6e B COOTBETCTBUM C TOAOM. OT Kax-
AOTO caM1ia OBIAO ITOAYYEHO IO ABA [TIOMeTA.
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B xauectBe mopeau ITTCP ucnoap3oBaAu ma-
PAAUTMY «CTPeCC — pecTpecc», B KOTOPOJ CAM1IOB
MOABEPraAu KOMOVMHMPOBAHHOMY BO3AEICTBUIO,
COCTOAILEMY 13 IOCA€AOBATEAbHO NTPYMeHAeMbIX
CTPEeCcCOpoOB (AByX4acoBasi UMMOOMAM3ALIVS B Y3KIX
MAQCTMKOBBIX IEHaAaX, ABAaALQTYMUHYTHOE IAa-
BaHle B CTEKASIHHBIX LIMAMHAPAX AMAaMeTPOM
40 cm u rayouHOM 60 CM, 3aIIOAHEHHBIX BOAO
¢ Temneparypoit 24 + 2 °C, a mocae HeOOABLIOI
riay3bl — 3QUPHBIN CTpecc B TeueHre 1 MuH). Yepes
IIECTh CYTOK MTOCA€ KOMOMHMPOBAHHOTO CTpecca
MPOM3BOAVAK TPUALIQTUMUHYTHYI0 UMMOOMAM3a-
L0 — «PECTPECC», KOTOPBIN CAY>KUT TPUTTEPOM
AAst pasButus cronikoro [TTCP-mmopo06HOTO Co-
crosinusi. Koutpoas paszsutus [ITCP-nopo6HOrO
COCTOSIHUS OCYILECTBASIAU IO YPOBHIO KOPTUKO-
cTepoHa Ha 10 CyTOK ImocaAe «pecTpeccar, KOTOPbIi
OIIPEAEASIAY B ITPOOAX KPOBY, B3SITBIX 113 XBOCTOBOIA
BeHbI. AASI CITapMBaHMs C CAMKaMU VICTIOAB30BaAU
TOABKO T€X CaMILIOB, 6a3aAbHbBIN YPOBEHb KOPTHU-
KOCTEpOHa B KPOBU KOTOPBIX ObIA CHVXEH IO
CpaBHEHMIO C COOTBETCTBYIOIIMM ITOKa3aTeAEM
KOHTPOABHBIX CAMLOB.

AAst MOAEAMPOBaHNS AETIPECCUM MICTTOAB30BAAU
MAPAAUTMY «BbIy4eHHas1 0€CIIOMOIHOCTh». CaMLj0B
MMOABEPTaAU SAEKTPOKOXKHOMY pa3Apa’keHUIo
B KA€TKEe C TOKOIPOBOASIIMM IIOAOM pa3MepoM
30 x 18 x 20 cM. Yaapbl 2A€KTPUUECKOTO TOKa
(1mA, 50 I'u) poauTeAbHOCTBIO 15 ¢ mopaBaAu
60 pa3 B TeueHMe 1 4 C AAUTEABHOCTDBIO MHTEpBaAa
MeXAY YAapaMyu TOKOM OT 15 A0 54 c. Takoit pexxum
9AEKTPOKO>KHOI CTUMYASILIUU CO3AaeT Heusbera-
€MOCTb Y HEKOHTPOAMPYEMOCTb BO3AENCTBYS,
B pe3yAbTaTe Yero y XMBOTHOTO GOPMUPYeETCs
COCTOsIHIE «BbIy4eHHAas1 0€CIIOMOIHOCTD», XapaK-
Tepusylolieecs: psIAOM ITOBEAEHYECKMX U TOPMO-
HAAbHBIX HapYIIEeHMT, BOCIIPOU3BOAALINX CUMIITO-
MaTuKy Aenpeccun y aropeint (Czén et al. 2016).
KOHTpoAB pasBUTHUSI AETIPECCUBHOIIOAOOHOTO
COCTOSIHUS OCYILECTBASIAU IO YPOBHIO KOPTUKO-
cTepoHa Ha 10-e CyTKM IOCA€ DAEKTPOKOKHOM
CTUMYASILIMY, KOTOPBIN ONpeAeAsiAu B Tpobax
KPOBM, B35IThIX I3 XBOCTOBO BeHbl. AAs cllapyBa-
HUS C CAMKaMU ICTIOAb30BaAY TOABKO Te€X CaMLOB,
0a3aAbHBIN yPOBEHb KOPTUKOCTEPOHA B KPOBU
KOTOPBIX OBIA MOBBILIEH IO CPABHEHMIO C COOT-
BETCTBYIOLIVM II0Ka3aTE€AE€M KOHTPOABHBIX CAMLOB.

IToMyMoO KOPTUKOCTEPOHA, B KPOBM CaMIIOB,
Y KOTOPBIX MOAEAMPOBAAY IICUIXOTIATOAOT UM, OTIpe-
AEASIAVL YpPOBeHb TecTocTepoHa. KpoBb )KMBOTHBIX
ueHtpudyruposaau npu 2 500 06/MuH 1 Teme-
patype 4 °C. IloAydyeHHyI0 TAA3MYy XPaHMAU NIpU
—20 °C A0 MOMeHTa OIIpeAeAeH!sI B Hell YPOBHA
KOPTUKOCTepoHa 1 TecTocTepoHa. CopeprkaHue
TOPMOHOB B IIAa3Me CaMLIOB aHAaAM3MPOBAAU Me-
TopoM VIDA, ncrnoab3ys cTaHAQPTHBIE HAOOPBI

npousBoacTBa «XEMA» (Poccust) n aHaAusarop
Multickan FS (ThermoFisher Scientific, ®unasin-
AUS).

[TaMsITP HOTOMKOB M3y4YaAl B TECTAX «PeaKLys
naccuBHoro usberanusi» (PTIM) u «pacnosHaBanue
HoBoro oobekTa» (PHO). Ocobennoctb Tecta PITU
3aKAIOYAETCS B TOM, UYTO MICIIOAb3yeMbIIl B AQHHOM
TecTe yAAp dAEKTPUUYECKOIO TOKA ITOCAE 3aX0Aa
B TEMHYIO KaMepy KMBOTHBIM 3alIOMMHAETCs Ha
AOCTAaTOYHO AAUTEABHBIM CPOK, a yralleHue 3TON
peakuuu (3abbIBaHME) MOXKHO OTIPEAEAUTD, TIPO-
BOASI AOTIOAHUTEABHbBIE TECTUPOBAHMS KUBOTHBIX
yepes HEKOTOpbIe IIPOMEXYTKM BPeMeH! IOCAe
nepBoii ceccuu 0byueHus1. Bropoii Tect cBsizaH co
CIMTOCOOHOCTBIO KUBOTHOTO Pa3AMYaTh CTaPbIi
00BEKT U HOBBIN, a MIPU MPEABSIBAEHUN HOBOTO
00'beKTa — IPOSIBASITD ITOBBILIEHHYIO ICCAEAOBA-
TEAbCKYI0 aKTUBHOCTD IO OTHOLIEHUIO K HEMY.
TecTrpoBaHye TAMATH OCYLIECTBASIAUL TOABKO Y IIO-
AOBO3PEABIX IIOTOMKOB caM1oB BecoM 230-250 1, po-
AMBIINXCS OT OTLOB ¢ [TTCP-1mopAOOHBIM MAM Ae-
MIPECCUBHOMOAOOHBIM COCTOSIHMEM, a TAKXKE OT
KOHTPOABHBIX OTLOB (n = 10 B Ka)KAOM rpyIime
KUBOTHBIX). C 1[€eABI0 HUBEAUPOBAHUS BAUSHUS
MaTepUHCKOTO YXOAQ Ha ICCA€AYyeMble ITapaMeTpPhl
IPYIIIBI TOTOMKOB GOPMUPOBaAY TAKUM 00pa3oMm,
4TOOBI B KQXXAOI TPYIIIE IPUCYTCTBOBAAO TOABKO
0 ABa caMija 13 ImoMeTa. TeCThbl BBIIOAHSIAU
¢ 13:00 a0 17:00.

Buauaae BbimoaHsiAu Tect PHO kak meHee
ctpeccorenHbil. PHO BpipabaTbiBaAl B yCTAaHOBKE
«OTKPBITOE TIOAE». B KauecTBe 00'bEKTOB UCIIOAD-
30BaAM TPU MPEAMETA OKPYTAOI POPMBI, BBIITOA-
HEHHBIX 13 MAACTHKA. B mepBylo ¢asy, «03HaKOM-
A€HUsI», KPbICAM MO3BOASIAUL UICCAEAOBATDH ABa
HE3HaKOMbIX 00beKkTa B TeueHue 5 MuHyT. Peru-
CTPUPOBAAY BPEM:I UCCAEAOBAHMS KQXKAOTO U3 HUX.
3areM KpBICY ITOMeIlaAM B AOMAIIIHIOI KAETKY.
Bo BTOpyio dasy, «TecToBy0», KOTOPYIO IPOBO-
AVAU uepe3 24 9 mocAe mepBou Gasbl, OAUH U3
00'BEKTOB MEHSIAM Ha HOBbIN 00beKT. ITocae aToro
B TeyeHye 5 MUHYT PErMCTPUPOBAAU BpeMsI VC-
CAEAOBaHUsI 3HAKOMOTO ¥ HOBOT'O 00BEKTOB. AAsI
OLIEHKM MMaMsITU paclio3HaBaHUsI 00bEKTOB UC-
0Ab30BaAM KoahduumeHT puckpumumHaumu (Ka),
KOTOPBIN pacCYMTBIBAAU IO popmyae:

_ Bpewms (O0pext Hogeiit) — Bpems (O0beKT 3HaKOMELT)

Kn x100

~ Bpems (O0bexT Hoeblit) + Bpems (OObekT 3HAKOMBII)

UYem menblre Kp, TeM XyXKe KMBOTHOE pasAu-
yaeT HOBBIN 1 cTapbii 00bekThl (Cinalli et al. 2020).
Ha caepayromue cytku BeipabaTbiBaau PTIN
B KaMepe, COCTOSIILEN 113 ABYX OTCEKOB — CBETAO-
IO 11 TEMHOTIO, Pa3A€A€HHBIX IIeperopoAKOI C OT-
BepcTreM U ABepueil. [Toa TeMHOro orceka ObIA
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NPEACTABAEH METAAANYECKVIMU NPYThSIMY, IIOA-
KAIOYEHHBIMM K ICTOYHUKY TOKa. B repBbIii AeHb
npoBopuau obyuenne PITV (mepBast ceccust): Kpbl-
Cy MOMeIIlaAM B CBETABIM OTceK, 4yepes3 10 cex
ABepLy B TEMHBIII OTCeK OTKpbIBaAu. ITocae nepe-
XOAQ KPBICBI B TEMHBIN OTCEK ABEPLY 3aKPBIBAAM,
A >KMBOTHOE IIOAYYAAO IAEKTPOKO)KHOE pasApaxe-
Hue 0,9 MA pAMTeAbHOCTBIO 2 cek. Uepes cyTku
nocae 00y4yeHtsI TPOBOAVAY TIepBOE TeCTUPOBaHMe
(Tect 1), TA€ )KMBOTHOE CHOBA IIOMEIIIAAY B CBETABINI
oTcek (BTOpasi ceccusi) U MOBTOPSIAU TIPOLIEAYPY
MePBOII CECCUY, TIPU ITOM YAAP DAEKTPUYECKUM
TOKOM He IIPOM3BOAUAU. AASI ICCAEAOBAHUS yra-
meHus PTTV KpbIC TeCTMPOBaAY C Pa3HULIEN B OAHY
HepeAalo (TecT 2, 3, 4), MOBTOPSIS IPOLIEAYPY BTOPOI
ceccunt. B kaXkAoM TecTe GUKCUPOBAAY AQTEHTHBII
MepuroA BXOAA KPbICHI B TeMHbI1 oTcek. Obiee
BpeMsI TECTUPOBAHMS B KQXKAOI CECCUY COCTABUAO
180 cexk.

dxcnpeccuto reHoB Igf2 u Igf2r B runmokamie
M3YYaAU Y OTAEABHBIX IPYIII IIOTOMKOB, PO’KAEHHBIX
OT OTLIOB C MOAEAMPOBaHMEM ICHUXOIATOAOTUIA
(n = 6 AAST KQXKAOV IPYIIIBI) MAU KOHTPOABHBIX
cam1ioB (n = 6). KpbIc AeKamuTUpOBaAl, U3 MO3Ta
BBIAEASIAY TUITIIOKAMII, KOTOPBIN TOMEII[aAY B pac-
TBOp AAs cTabuamsanuu PHK («EBporen», Poccust)
Ha 24 4, a 3aTeM XpaHUAU AO BbipeaeHus1 PHK
npu -80 °C.

Bripeaenue ToraabHoit PHK nmpoBopmau c uc-
moAb3oBaHueMm Habopa Pure Link RNA Mini Kit
(ThermoFisher Scientific, CIIIA) coraacHo mpo-
TOKOAY GpupMbl IpousBopnTeAs. OOpaTHYIO TpaHC-
KPUIILIMIO IPOBOAMAM C MOMOIIbI0 Habopa High
Capacity Reverse Transcription Kit (Thermo Fish-
er Scientific, CIIIA). Ka)xAyio peaxijio IpOBOAVAU
B o0'beme 20 MKA, B ipucytcTBumn 10 Mmoab ANTP,
200 Ea/mA obpatHoit Tpanckpuntazsl MMLYV, pac-
CesTHHOI 3aTpaBKu (3 Mr/MA) u ¢ A06aBA€HMEM OT
100 A0 500 ur TotaabHoM PHK. IToayuyennyio kAHK
MCIIOABb30BaAU AAsL TpoBepeHus TILIP B peaabHOM
BpEMEHN.

AAst MccaepoBaHMS aKcnpeccuu resa Igf2
MCIIOAB30BaAM HAOOp 30HAOB U IpaitMepoOB
(Rn01454518_m1, TagMan® Gene Expression Assays,
ThermoFisher Scientific, CIIIA). AAs aHaAM3a SKC-
npeccuu reHa Igf2r 6p1Aa UCITIOAb30BAHA TEXHOAO-
rusi ¢ MHTepKaAupywoium Kpacuteaem (Eva Green)
VI OAUTOHYKAEOTUAHBIE ITpaliIMepPbl, CUHTE3U-
poBaHHble «AAKopbuo», Poccusa: mpsamoin
TTGCCCTCCAGAAACGGAAG, obparHblit
TACACCACAGTTTCGCTCGT. AaHHble mpaii-
Mepbl paHee ObIAY PaHee NCIIOAb30BaHbI APYTUMU
aBropamu (Yu et al. 2020). [TpeaBapuTeabHO Ipo-
BOAVIAU NIPOBEPKY CIEeLUPUYHOCTY IPaiMepPOB
c nomolubio cepBrca BLAST 1 reHoMHBIX 6a3 paH-
Heix (Ensemble). AAst ouenku cneyguduaHocTm

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

NpoAyKTa nocae nposepenus I[P cuumaan mo-
KasaHMs KpUBO IIAaBA€HYS. B KauecTBe BHYTpeH-
HEro KOHTPOASI MCIIOAb30BaAu reH Hprtl
(Rn01527840_m1, TagMan® Gene Expression Assays,
ThermoFisher Scientific, CIITA). OTHOCUTEABHBIN
ypoBeHb akcnpeccun MPHK paccunTpiBaau MeTo-
AOM 2220 lccaeAOBaHMSI BBITIOAHSIAM Ha TpUOOpe
Real-Time PCR System 7500 (Applied Biosystems,
CIIIA).

CrarncTuyecknii aHaAn3 IPOBOAVAY C UICITOAb-
30BaHMeEM ITapaMeTPUYECKNX KpUTepueB U Mpo-
rpammbl «STATISTICA 8.0». Aast mpoBepku rumo-
Te3bl HOPMAaABHOCTU paCIIpeAEAeHMsT AQHHBIX
B BBIOOPKaxX UCITOAb30BaAu Kputepuit [llanmnpo —
Vuaxka. B cBs13u ¢ TeMm, uyTo nmokasareAau tectos PITU
He COOTBETCTBOBAAY HOPMAaABHOMY pacIpeAeAeHMIo,
VX TIPUBOAMAY K HOPMAaAbHOMY pacIIpeAeAeHuIo,
AorapudMupysi 1o OCHOBaHuIO 2. Aasee AASI CTa-
TUCTUYECKOro aHaAu3a pe3yAbTaTtoB PIIV ncnoab-
3oBaAM AByxdaxTopHbiit ANOVA (AeHb TecTHpo-
BaHMI X IPYIIA XMBOTHBIX) C MOCAEAYIOIINMU
napHbIMU post-hoc cpaBHeHus MU (TecT ThloKnM)
PE3YABTaTOB OTAEABHBIX TECTOB. AASI OLIEHKYM MeX-
rpynmnoBbix pazanuuit B recte PHO, peayapraTon
IoKasaTeAell SKCrpeccuy reHoB Igf2, Igf2r v ypoB-
HS1 TOPMOHOB B IIA@3Me€ KPOBU IIPVIMEHSIAY £-KPUTEPUIL
CrpiopeHTa. CTaTUCTUYECKM 3HAYMMbBIMY CINTAAU
pasanuus npu p < 0,05. AaHHbIe TpeACTAaBAEHBI
B BuAe M + m.

Pesyabrarsl

BausHue M0oOeAbHbIX NCUXONAMOA02ULL
Ha YpOBeHb CMeEePOUOHbLX 20pMOHOB B KPOBU
CaMy0B-0MuU0B

C ueabto kKoHTpOAs pasButus [TTCP-nopo6HOro
VIAUL AETIPECCUBHOIIOAOOHOTO COCTOSIHUS Y CAMLIOB
oTLI0B Ha 10 AeHb IIOCAE «pecTpecca» UAU DIAEKTPO-
KO>XKHOV CTUMYASILIMY B KPOBY OIIPEAEASIAY Oa3aAb-
HBII1 YPOBEHb KOPTUKOCTEPOHA U TECTOCTEPOHA.
BpIsIBAEHO CHVDKEHME YPOBHSI KOPTUKOCTEPOHA
u TecroctepoHay camuos ¢ [ITCP-nmopo6HbIM co-
CTOSIHVEM U MOBBILIEHVIE YPOBHS KOPTUKOCTEPOHA
y CaMI1IOB C AETIPECCUBHOMOAOOHBIM COCTOSIHUEM,
COIIPOBOYKAQIOII[eeCsT CHIDKEHEM YPOBHSI TeCTO-
crepoHa (puc. 1).

Bausanue [ITCP-10006H020 cOCMOAHUSA
Camya-omuya Ha cnocoOHoCmy K 00yHeHU0
U NAMAMb NOMOMKOB

Pe3yAbTaThl 9KCIIEPUMEHTOB, TAE ICCAEAOBAAU
BbIpab0TKYy 1 yramenue PITV, a Takxe mokasareab
pasAudyeHuss HOBOro u craporo obbekrta (Ka)
B TecTe PHO y NOTOMKOB IOAOIBITHBIX U KOH-
TPOAbBHBIX CaMILIOB-OTLIOB, NpPEACTAaBAEHBI
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Puic. 1. BAusiHME 5KCIIepUMEHTAABHBIX IICUXOMIATOAOTMIT HA YPOBHU KOpPTUKOCTepoHa (A) 1 TecTocTepoHa (B)
B KPOBM CaML0B KpbIC. CBETAbIE CTOAOMKY — KOHTPOABHBIE CAMLIbI, TEMHBIE CTOAOMKY — CaMLIbl
C MOAEAMPOBAHNEM AETIPECCHY, CTOAOMKY CO LITPUXOBKOI — caMLjbl ¢ MoAeArpoBaHueM ITTCP.
* — AOCTOBEpHBIE OTAMYVSI OT KOHTPOABHBIX cam1oB (p < 0,05)

Fig. 1. The influence of experimental psychopathologies on corticosterone (A) and testosterone (B) levels in the
blood of male rats. Light bars — control males, dark bars — simulated depression males, dashed columns —
simulated PTSD males. * — significant differences from control males (p < 0.05)

Ha puUCyHKe 2. ABYX(}aKTOPHBIN AMCIIEPCYOHHBIN
aHaAn3 pesyabraToB Tecta PITV meropom ANOVA
MOKa3aA B3aMOAeNCTBYEe GaKTOPOB AeHb TeCTHU-
poOBaHUsA — TIpyIIa >XMBOTHBIX (F(3’79) =93,
p = 0,00004). Post-hoc aHaau3 mMOKa3aTeAeln 9KC-
MEPUMEHTAABHBIX IPYIII AASI K&KAOTO AHSI TECTHU-
POBaHUS BBISIBUA, YTO AQTEHTHBII IIEPUOA 3aX0AQ
B TEMHBbII1 OTCEK KaMephl U IEPBOM TECTUPOBA-
HUY OBbIA CHVDKEH Y CAMLIOB — ITIOTOMKOB CTPECCH-
POBaHHBIX OTLOB, 110 CPABHEHUIO C KOHTPOABHBIMU
KpbpICaMU. AOCTOBEPHbIE PA3AUYNS AATEHTHOTO
IeprioAa 3aX0Aa B TEMHYIO KaMepy MeXKAY KOH-
TPOABHBIMU U TIOAOTBITHBIMU KPbICAMU OBIAU
oOHapy>KeHbI yepe3 3 HeaeAl (TecT 4) ocAe epBoit
ceccuu obyueHus (puc. 2A).

B Tecte PHO Takke Ob1AM 0OHapYy)KeHbI pas-
AVYVIS MEXKAY CAMLIAMY — MOTOMKAMMU ITOAOTIBITHBIX
VAU KOHTPOABHBIX CaMI[OB-OTIIOB (puc. 2B).
Ka y camiios, popuBinxcs ot oruos B [TTCP-
MOAOOGHOM COCTOSIHUY, ObIA CTATUCTUYECKU 3HA-
YMIMO CHIPKEH 10 CPAaBHEHUIO C 3TUM IIOKa3aTEAEM
Yy HOTOMKOB KOHTPOABHBIX CAML0B-OTLIOB.

IToAy4yeHHbBIE AQHHBIE CBUAETEABCTBYIOT O 3Ha-
YUTEAbHOM HapYIIEHM! IaMSITU U AAUTEABHOCTHU
ee COXpaHeHMsI Y CAaMLIOB, POAMBILMXCS OT OTLIOB
¢ [TTCP-1topAOOHBIM COCTOSTHUEM.

BausHue denpeccuBHono0o6H020 cocmosHug
OMUA-Camyda Ha cHoCOOHOCHIb K 00YHeHUI0
U NamMamb NOMOMKOB

Pe3yAbTaThl AQHHOJ Cepuy 3KCIIEPUMMEHTOB
IIpeACTaBAEHBI Ha PUCYHKe 3. AHAaAU3 CIIOCOOHOCTHU
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K BboIpaboTke PITV u ee yraueHus y camioB, po-
AVIBIIMIXCS OT OTLIOB B AEINPeCCMBHOMOAOOHOM
COCTOSIHUY AV KOHTPOABHBIX OTLIOB, C ICIIOAB30-
BaHMeM AByxdakTopHoro ANOVA mokasaa oT-
CYTCTBME AOCTOBEPHOTO BAMAHMA (HAaKTOpa IPyIIa
KMBOTHBIX Ha BbIpaboTKy PITV 1 ee coxpaHHOCTD
(F<3,79) =0,34, p = 0,58). B recte PHO Takske He ObIAO
BBISIBA€HO CYIIeCTBEHHOTO BAVSHMS A€TIPeCcCUB-
HOIIOAOOHOTO COCTOSsIHUA caMLa-oTia Ha Ka ux
IIOTOMKOB-CaMI|OB.

MO>XHO 3aKAI0UYUTD, UYTO CTPECCUPOBAHME CAM-
LJOB-OTL|OB B ITApAaAUIMe «Bbly4eHHasl 0eCrioMoll-
HOCTb» He OKa3blBaeT 3HAYMMOTO BAMSIHMUS Ha
NaMATb UX IIOTOMKOB MY>KCKOTO IOAAQ.

Bausnue ITTCP- uru denpeccusHonodo6Ho2o
COCMOAHULL OMUA-CAMYA HA IKCHPECCUID
eeHoB Igf2 u Igf2r 8 eunnoxkamne nomomxos

AHaAM3 9KCIpeccu reHOB B TUIIIIOKAMIIE TMO-
TOoMKOB OTLOB C [TTCP-nopo0GHBIM COCTOSIHUEM
BBISIBUA CHIDKEHME aKCIpeccuy reHa [gf2 rmo cpas-
HEHMIO C aHAAOTMYHBIM II0Ka3aTEAEM Y IOTOMKOB
KOHTPOABHBIX OTLIOB, TOTAQ KaK 9KCIIPeCCus reHa
Igf2r cyuecTBEHHBIX M3MEHEHMII He TIpeTepIieBaAa
(puc. 4). B runmokamiie mOTOMKOB OTLIOB C AeTpec-
CUBHOITOAOOHBIM COCTOSIHMEM M3MEHEHUI 9KC-
npeccuy 000uX reHoB He 0OHapyXeHOo. AaHHbIe
CBUAETEABCTBYIOT 0 TOM, uTo [ITCP-nnopoOHOe
COCTOsIHME OTIIa B IIEPUOA CIIEPMATOreHe3a OKa-
3bIBaeT 0OAee BBIPAKEHHOE BAUSIHYE HA 9KCIIPECCUI0
Igf2 B MO3re MOTOMKOB.
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Puc. 2. Bausuune ITTCP-11opA0OHOT0 COCTOSIHUA
CaMIIOB Ha TaMsITh IOTOMKOB B TECTaX «peaKLyus
naccuBHOTO usberanus» (A) 1 «pacrnosHaBaHme
HOBOro obbexTa» (B).

[MTaneapb A: mo ocu oppMHaT — Log, AaTeHTHOTO
[EP1OAQ 3aX0AA B TEMHBIN OTCEK KaMephl
B % OT ob1ero Bpemenu tectupoBanust (180 c).
[Taneab B: o ocu opauHat — KoaduimeHT
AMCKpuMuHauuu (c).

CBeTAbIE CTOAOMKY — MOTOMKY KOHTPOABHBIX
camuoB. TeMHbIe CTOAOMKY — ITOTOMKU
CTPECCUPOBAHHBIX OTLIOB. * — AOCTOBEpHBIE
PasAMYMS MEXAY TOTOMKAMU KOHTPOABHBIX
u cTpeccupoBanHbix oTHOB (p < 0,05). ** — (p < 0,01)

Fig. 2. The influence of paternal PTSD-like status on
the offspring memory in the passive avoidance (A) and
novel object recognition tests (B).

Panel A: ordinate — Log, of latency period of entering
the dark compartment of the chamber in % of the total
testing time (180 s).

Panel B: ordinate — discrimination coefficient (s).
Light bars — the offspring of control fathers.
Dark bars — the offspring of stressed fathers.

* — significant differences between the offspring
of control and stressed fathers (p < 0.05). ** — (p < 0.01)

OO6cyKAeHUe TOAYYEHHDBIX Pe3YAbTaTOB

B nmocaepnue ropnt VIOP2 npuBaekaeT npu-
CTaAbHOE BHMMaHUE NCCAEAOBATEAEN BCEro M1pa
B CBA3U C MOSBUBLIMMICS AAHHBIMY O BOBA€UEHUU
9TOTO POCTOBOTO (haKTOpa B 0becredeHre KOrHu-
TUBHBIX MPOLIECCOB B HOPME U MPU PA3AUYHBIX
MaTOAOTUSIX, TAKUX KakK mu3obpeHus, 60Ae3Hb
AAblreiiMepa, aAKOTOAVI3M M HEKOTOPBIX APYTHMX
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Puc. 3. BAusiHUE AETIPECCUBHO-TTOAOOHOTO COCTOSTHUS
caMLa—OTLia Ha MaMsITh IOTOMKOB B TECTaX «PeaKLys
MacCUBHOTO u3beranus» (A) U «pacrosHaBaHue
HOBOro obbekTa» (B).

IMTaneapb A: mo ocu oppuHaT — Log, AaTeHTHOTO
MEePUOAA 3aX0AQ B TEMHbIIT OTCEK KaMepbl B %
oT ob1ero Bpemenu tectupoBanus (180 c).
ITaxeAn B: mo ocu oppuHar — koadduiieHt
avckpumuHauuu (c). CBeTAble CTOAOUKM — MOTOMKMU
KOHTPOABHBIX CaMI1[OB. TeMHbIE CTOAOUKM —
[TOTOMKM CTPECCUPOBAaHHBIX OTLIOB

Fig. 3. The influence of paternal depressive-like status
on the offspring memory in the passive avoidance (A)
and novel object recognition tests (B).

Panel A: ordinate — Log, of latency period of entering
the dark compartment of the chamber in %
of the total testing time (180 s).

Panel B: ordinate — discrimination coefficient (s).
Light bars — the offspring of control fathers.
Dark bars — the offspring of stressed fathers

(Pardo et al. 2019). B nccaep0OBaHMAX, BBITOAHEHHbIX
Ha AabOpPATOPHBIX IPhI3yHAX, OBIAO TOKA3aHO, YTO
noBbIlIeHNe copepkanus VIOP2 B runmnokamie
npu o6yuennn B Tecte PIIV siBAsieTCst HEOOXOAM-
MBIM YCAOBUEM AASI KOHCOAMAQLMU HaAMSITU
u pauTeAbHOCTU ee coxpaHenus (Chen et al. 2011;
Lee et al. 2015). BoBaeuennocts VIOP2 B pouec-
Cbl, CBsI3aHHbIE C NMAMSATbIO, ITIOATBEP>KAAETCS
Y HallIMU AQHHBIMMU, KOTOPbIE AEMOHCTPUPYIOT
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Puc. 4. YposeHs akcnpeccun reHos Igf2 (A) u Igf2r (B)
B TMIIIIOKaMIIe IOTOMKOB, POAMBILMXCS OT CaMLiOB
¢ mopeauposanueM ITTCP nau penpeccun.
CBeTAble CTOAOMKY — ITOTOMKI KOHTPOABHBIX CAMLIOB.
TemHbIe CTOAOMKY — NTOTOMKM OTLIOB
C AETIPECCUBHOMOAOOHBIM COCTOSIHUEM.
CTOoAGUKM CO LITPUXOBKOI — MOTOMKM OTLIOB
¢ [ITCP-1top0OHBIM COCTOSIHMEM. * — AOCTOBEpPHBIE
OTAMYMSI OT IOTOMKOB KOHTPOABHBIX OTLOB (p < 0,05)

Fig. 4. Expression level of Igf2 (A) and Igf2r (B) genes
in the hippocampus of the offspring born from males
with modelled PTSD or depression.

Light bars — the offspring of control males.
Dark bars — the offspring of males
in depressive-like status.

Dashed columns — the offspring of males
in PTSD-like status. * — significant differences from
the offspring of control males (p < 0.05)

yXyAllleHMe aMATU NoTOoMKOB oTLoB ¢ ITTCP-
MOAOOHBIM COCTOSIHMEM, YTO COIIPOBOXAQETCS
CHIDKEHMEM 3KCIpeccuy reHa Igf2 B rummokamie.
CaepyeT OTMETUTD, UTO YXYyAlLeHVe TaMATH HaMU
BBIIBAEHO He ToAbKO B TecTe PITVI, KoTophii co-
IIPOBO>KAQETCS OTPULIATEABHBIM IOAKPEIIAEHNEM,
Ho 1 B Tecte PHO. B paborax, rae usyyaau yyacTvie
MO®OP2 B rumnmokaMIi-3aBUCUMOM IAMSITU, ICIIOAb-
30BaAU IIPEVIMYIIECTBEHHO TeCThI C OTPULATEAbHbIM
HOAKpeIAeHreM. Mbl BIIlepBble TOKa3aAH, YTO 3TOT
POCTOBOM (PaKTOP MOKET NPUHMMATh y4yacTue
U B APYTMX BUAQX MAMSTY, HAIIpUMep MaMsITi 00
00beKTe, 3aBUCALIEN OT IUITIIOKAMITA 1 HEKOTOPBIX
obaacrent kopsl (Cinalli et al. 2020). [Tpumeyarean-
HO, YTO Y TIOTOMKOB OTLIOB C A€TIPECCUBHOIIOAOOHBIM
COCTOsIHMEM IaMATb He HapylLIaeTcs, TaK ’Ke, KaK
U aKcrpeccus Igf2 B runmoxamie.

MexaHusmsl, 6aaropapst Koropbim VDP2
peryAupyeT naMsith, AO CUX IIOP aKTMBHO 00CYX-
parorcs. Kak nssectro, VIOP2 mokeT CBA3bIBATh-
cs ¢ perentopoMm VIOP1 u ¢ peyentopom camoro
nHcyarHa (Kolychev 2000). OpHako pAaHHBIe,
noayyeHHble A. YeH c coaBTOpaMy, MOKa3aAlu,
4YTO BBEAEHME B TUIIIIOKaMII TOAbKO VIDOP2,
HO He VIDP1 criocobCcTBYeT KOHCOAMAQLIMM TTAMSI-
TU U AAUTEABHOCTH ee coxpaHeHus B TecTe PITN
(Chen et al. 2011).

IToMMMO yKa3aHHBIX Bblllle peLenTopoB, IOP2
crielprIeCcKy CBS3BIBAETCS C KATMOH-HE3aBUCH -
MBIM MaHHO030-6-(0oCpaTHBIM peLenTOPOM, KOTO-
poIit Takoke MMeHYIoT VIOP2 perjenrtopom 2-ro Tuna
(M6D/VIDP2P). OTOT peuentop He CBsI3aH C Ka-
KUMU-AMO0 BTOPUYHBIMY OCPEAHMKAMY (MAM OHU
IOKa He UAEHTUULMPOBAHBI), I AOATOE BpeMsI
CYMTAAOCH, YTO OCHOBHAS ero QYHKLMs 3aKAI0Ya-
€TCs1 B CEeKBECTPMPOBAHUM KaK LIPKYAUPYIOLIETO,
TaK X AOKaAbHO cuHTe3upyemoro VIOP2 (Brown
et al. 2009).

HeaaBHo Ob1AO YcTaHOBAEHO, uTO M6D/VIOP2P
BoBAeueH B pelicTBue VIDP2 na maMaTh, CBS3aHHYIO
¢ runmnokamroMm. Takoit 5pbekT ObIA BBISIBACH KaK
B Tecte PINV], Tak 1 B TecTe Ha IPOCTPAHCTBEHHYIO
namaTh (Yu et al. 2020). Tem He MeHee MbI He 00-
Hapy>XVAU M3MEeHEHUI aKcIpeccuu reHa Igflr
B I'UIIIIOKaMIIe CaMI1I0B, KOTOpble AeMOHCTPMPOBa-
AV HapylIeH)S NMaMsITU. BeposiTHO, B AQHHOM
cAydae OoAblilee 3HaUYEHNUE VIMeeT M3HAa4aAbHO
CHIDKeHHasl 9KCIipeccusi reHa Igf2 1, COOTBETCTBEH-
HO, camoro 6eaxa /IOP2 B runnokamiie, KOAUIECTBO
KOTOPOTO HEAOCTATOUYHO AASI peaan3anuu apdex-
TOB 5TOr'O POCTOBOrO (aKTopa Ha MaMATb AQKe
MpY HeM3MeHHOM KoAndyectBe M6D/VIDOP2P.

CaeayeT IOAYEPKHYTb, UTO HApYLIEHVE TaMsATH
Mbl OOHaPY>KUAM TOABKO Y IIOTOMKOB OTLIOB
¢ ITTCP-mmop00HBIM COCTOSIHMEM, HO HE Aerpec-
CUBHOIIOAOOHBIM COCTOSIHMEM. DTU MOAEAY XapaK-
TEepPU3YIOTCA PAa3AMYHBIM (PYHKLMIOHAABHBIM CO-
ctosinueM I'AC, 4TO OBIAO BBISIBAEHO IIpU
MICCAEAOBaHMY 0a3aABHOTO YPOBHSI KOPTUKOCTE-
poHa B xope popMMPOBaHMS MOAEABHBIX IICUXO-
naToAoruit. [IpeumymecrsenHoe BausiHue ITTCP-
MOAOOHOTO COCTOSIHUSI OTL[OB Ha IOTOMKOB MBI
CBSI3BIBa€M C MHTEHCUBHOCTBIO CTPECCOPHOTO
BO3AENCTBYSI, KOTOPOMY ITOABEPraAl CaMLIOB-
oTLoB. B cayuyae mopeaupoBanua [TTCP ucnoab-
30BaAM KOMOMHMPOBAHHBIN CTPECC, KOTOPBIN
B 00111eiT CAOXKHOCTYU AAUTCSI OOABILIE ABYX 4aCOB,
a 3aTeM IPUMEHSIAY TIOBTOPHOE CTPECCOPHOE
BO3AeiCcTBMEe MeHblel unTeHcuBHocTu. [TTCP-
II0AOOHOE COCTOSIHYE B 3TOV MOAEAM COXPAHSIETCS
AanTeAabHO, Ao 30 cyrtok (Pivina et al. 2016).
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AAST MIHAYKLIM A€TIPECCUBHOIIOAOOHOTO COCTOSIHMUS
UCIIOAb30BAAY OAHOKPATHOE Heusberaemoe u He-
KOHTPOAVPYEMOE CTPECCOPHOE BO3AENCTBUE
B TeueHMe 1 4. 3a 3TO BpeMsI )KMBOTHOE ITOAYYAAO
60 yaapoB TOKOM AAUTeAbHOCTBIO 15 cek. ITo pan-
HBIM AUTEPATYPhl AETIPECCUBHOIIOAOOHOE COCTO-
sIHMe Yy KPBIC B 3TOII ITApaAUTMe COXPaHsIeTCs He
6oaee AByx HepeAb (Czén et al. 2016). Hecmotpst
HAa TO, YTO Y CaMLjOB-OTLIOB B 00€eMX SKCIIepUMeH-
TAABHBIX MOAEASIX MbI BBISIBUAY CHIDKEHIME YPOBHS
TECTOCTEPOHA, BEPOSITHO, UHTEHCUBHOCTD CTPeC-
COPHOTO BO3AEMCTBUS AAST GOPMUPOBAHNS ACTIPEC-
CUBHOITOAOOHOTO COCTOSIHUSI HEAOCTATOYHA AAS
HapYyILIeHNUs IPOLECCOB, CBSI3aHHBIX CO CIIEPMATO-
reHe30M, U, B YaCTHOCTHU, AASI HAPYLIEHNUs dIure-
HETUYECKUX MPOL[ECCOB IIPU CO3PEBAHNU CTIepMa-
TO30MAOB, KOTOPBIM OTBOAVTCS BEAYIJasi POAD
B TPaHCreHePaLIOHHOM BAMSHUM OTL[OB Ha IO-
toMmKoB (Yeshurun, Hannan 2019).

3akAuenne

Haum nccaepoBaHms TOKa3aAn: MOAEAMPOBaHYe
IITCP y caM1I0B-OTLIOB OKa3bIBaeT BBIPa>KEHHOE
BAVSIHYE Ha IIAMATh VX IIOTOMKOB, YTO COIIPOBO-
XKAQeTCs CHIDKeHMeM 9KCIIpeccuy reHa Igf2 B ru-
nokamre. Bmecte ¢ Tem akcnpeccusi reHa Igf2r,
Kopupytomero M6®/VIOP2P, y Takux MOTOMKOB
He MI3MEHSAACD, YTO CBUAETEAbCTBYET O 3HAYMMO-
CcTU cHIKeHUA uMeHHo VIDP2 B HapylleHuu na-
MATU 3TUX )KUBOTHBIX. MoaeApoBaHue pAerpeccun
y CaMIIOB-OTLIOB He BAMSIAO HM Ha NaMsITh, HY Ha
aKcrpeccuio reHoB Igf2 u [gf2r B runmnoxamiie mo-
TOMKOB. MBI rloAaraem, 4To OAHUM U3 HaKTOPOB,
YCUAMBAIOIIMX BAMSIHME COCTOSIHMSI OTLIA Ha UX
IIOTOMKOB, MOXXET CAYKUTb MUHTEHCUBHOCTb CTpeC-
COPHOT'O BO3AENCTBUS, KOTOPOMY ITOABEpraeTcs
caMmel-oTeL,.
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T. €. CTOCOOCTBOBATh KUIIEYHOI TUIIEPAATE3UN.

Karouesvie cA0Ba: KuilledyHOe BOCIIaAeHMe, CTPYKTYPbI CTBOAA MO3IA,

akcnpeccust c-fos 6€AKOB, HellpOHaAbHASI AKTUBHOCTD, KOAOPEKTAAbHOE
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BBepenne

BocmaanuTteabHble 3a00A€BaHUA KUIIEUHMKA

Abstract. Inflammatory bowel diseases (Crohn’s disease, ulcerative colitis)
are characterized by chronic abdominal pain that persists even in the disease
remission. The main cause of such pain is believed to be intestinal hyperalgesia,
which develops as a result of the peripheral inflammation-induced impairments
in the central, in particular, supraspinal mechanisms controlling visceral
nociception. However, which brain structures and neuronal events are involved
in the process remains unclear. Our study was aimed to determine the colitis-
associated changes in neuronal properties of supraspinal structures, which
can underlie development of intestinal hyperalgesia. The work was performed
on urethane anesthetized male Wistar rats. Neuronal activity in various brain
areas was assessed in healthy animals and rats with trinitrobenzenesulfonic
acid-induced colitis by using the immunohistochemical method of determining
c-fos protein expression and the microelectrode technique. Intestinal
inflammation was accompanied by increased basal and nociceptive colorectal
distension (CRD)-caused c-fos production in the caudal ventrolateral medulla
(CVLM), nucleus tractus solitarius (N'TS), parabrachial complex, and locus
coeruleus. Under colitis, neuronal c-fos expression in the dorsal raphe nucleus
was indifferent to CRD, whereas nociceptive c-fos activation in the midbrain
central gray (MCG) was significantly reduced compared to that in norm.
The microelectrode study in inflamed rats revealed an increase in the CRD-
induced CVLM and N'TS neuronal excitation and a decrease in the proportion
of CRD-responsive MCG cells. The observed colitis-associated sensitization
of the viscerosensory brainstem areas with a simultaneous decrease
in excitability of the key structures belonging to the brain antinociceptive
system can facilitate ascending visceral pain transmission, promoting intestinal
hyperalgesia.

Keywords: intestinal inflammation, brainstem structures, c-fos expression,
neuronal activity, colorectal distension, intestinal hyperalgesia, abdominal
pain.

VIMYMBOCTD K BHYTPUKHUIIEYHBIM OOAEBBIM CTUMY-
AaM (Ceuleers et al. 2016; Farmer, Aziz 2013).
[ToAaraT, YTO BEAYILYIO POAb B Pa3BUTUU I10-

(B3K), x xotopbiM oTHOCSTCS 60Ae3Hb KpoHa
U S13BEHHBI KOAUT, XapaKTE€PU3YIOTCSI XPOHUYECKOI
a6 AOMUHAABHOM OOABIO, KOTOPAsi IPOAOAXKAET
6eCITOKOUTh MALIMEHTOB AQXKE B [IEPUOA PEMUCCUN,
IIpM OTCYTCTBUM BBIPR)KEHHOTO OPTraHMYeCKOIO
BocmnareHus (Bielefeldt et al. 2009; Ceuleers et al.
2016). CoraacHO COBpeMEHHBIM MPEACTaBAEHUSIM
OCHOBHOJ IIPUYMHON TaKOV OOAU SIBASETCS KU-
IIeYHas TUIepaATe3ysl, T. €. MOBBILIEHHAS BOCIIPU-

CA€AHEN UI'PAKT BbI3BaHHbIE MepudepudecKon
MIATOAOTMEN U3MEHEHMs B LIEHTPAAbHBIX MEXaHU3-
MaxX KOHTPOASI BUCLIEPaAbHOI 60AeBOI MH(POpMa-
L1, KOTOPble MOTYT COXPAHSITHCS AAUTEABHOE
BpeMsI IOCA€ HOPMaAM3ALUU COCTOSTHUS KULIKU
(Moshiree et al. 2006; Siegel, MacDermott 2009).
K HacTosiiieMy BpeMeH! AeTaAbHO U3Y4€eHbI ACCO-
I_[]/H/[pOBaHHbIe C KMII€YHbIM BOCITAA€HUEM Hel?[po-
HAAbHbIE NIEPECTPONKM HA CIIMHAABHOM YPOBHE
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(Farrell et al. 2014; Lu et al. 2017; Lu, Westlund
2001). MeXAY TeM YCUAEHYE AU BO3HUKHOBEHIE
a0AOMIMHAABHON 60AM Y MHAMBMAYYMOB ¢ B3K
B YCAOBUSIX IICHXOAOTMYECKOIO CTpecca, TPEBOTU
VIAVI AETIPECCUM YKA3bIBA€T Ha HEMAAOBKHYIO POAD
B [TaTOTreHe3e KUIIEeYHO I'MITePAATe3UM CYTIPaC-
HaAbHBIX MexaHusmoB (Bhamre et al. 2018;
Greenwood-Van Meerveld, Johnson 2018). OpHa-
KO TIIOCAEAHYE AO CHX IIOP OCTAIOTCSI MAaAOM3yYeH-
HBIMU, YTO CYI[ECTBEHHO CAEP>KMBAET Pa3pabOTKy
9P PEeKTUBHBIX METOAOB A€UEHUS] XPOHUIECKNX
a0AOMMHAABHBIX 00AEBBIX CMHAPOMOB 1ipu B3K.
[ToaTOMY 1ieAbIO HAIlIEr0 MCCAEAOBAHMSI, BBIIIOA-
HEHHOT'O Ha KPbICaX C VICTIOAb30BaHMEM MMMYHO-
TUCTOXUMUYIECKOTO U HEMPODU3MOAOTUIECKOTO
METOAOB, SIBASIAOCH OTIPEAEAEHIE ACCOLMUPOBAH-
HBIX C KOAUTOM U3MEHEHUIT B HEePOHAABHBIX
CBOJICTBAX CYNPACIVHAABHBIX CTPYKTYP, KOTOpbIE
MOT'YT CIIOCOOCTBOBATb Pa3BUTUIO KUIIEYHOI TU-
nepaAres3uin.

MaTepMﬂAbI " METOADI

VccaepoBaHMe BBIIIOAHEHO Ha aHECTE3MPOBaH-
HbIX ypeTaHoM (Sigma-Aldrich, CIIA; 1,5 mr/xr,
BHYTPUOPIOLIMHHO) B3POCABIX CaMLIaX KPBIC AVHUN
Bucrap (KoAaekumst AaGOpaTOpHBIX MAEKOITUTAO-
IIMX Pa3HOV TAKCOHOMMYECKON IIPUHAAAEKHOCTHU
Mucturyra pusnorornn um. V1. IT. ITaaoBa PAH).
AAst vHuIaly abAOMMHAABHOM HOLIMLEITLIN
JICIIOAB30BAAU MEXaHMYECKOE PACTsDKEHNE KOAO-
pexTaAbHOI 06AacTu TOACTOM Kuiku. Koaopek-
taAbHOe pacTspkeHue (KPP) ocyiecTBAsIAM B Teue-
Hyle 60 CEKYHA TIOCPEACTBOM Pa3AyBaHMSI BO3AYXOM
(A0 paBAeHMS 80 MM PT. CT.) UHTPapEKTaAbHO BBe-
AEHHOTO Pe3MHOBOr0 0AAAOHA aBTOMATUYECKUM
mnpuueBbiM Hacocom ALL-09 (Bucma-TTaanap,
BeAapycs). DKCeprMeHTAAbHBIN KOAUT BbI3bIBAAY
1o MeToAy Ak. Moppuca ¢ coaBropamu (Morris et al.
1989) ocpeACTBOM TPaHCPEKTAABHOTO BBEAEHUS
B TOACTYIO KMIIKY CIIPTOBOTO PAaCTBOpPA MUKPUA-
cyabdonneoit kucaotel (TNBS, Sigma-Aldrich,
CIIIA; 20 mr B 0,25 ma 50% sTaHOAQ).

VIMMYHOTMCTOXMMUYECKAS! YACTh ICCAEAOBAHNS
BBIIIOAHEHA Ha YeTblpex I'PYIIIax KpbIC IO Tpoe
JKUBOTHBIX B K&XKAOI: 1) HOpMa KOHTPOAB (3A0pO-
Bble, 0e3 0oaeBoll cTuMyAsiuuM), 2) Hopma KPP,
3) KOAUT KOHTPOAB (C KOAUTOM, 6e3 60AeBOII CTU-
myasityn), 4) koant KPP. )KMBOTHBIM KOHTPOABHBIX
TPYILI OCYIECTBASIAY TPAHCPEKTAABHOE BBEAEHIE
Pe3MHOBOrO 0AAAOHA, OCTABASIAUL €70 B TOACTOI
kuike Ha 60 MmuHyT, HO KPP He mpousBopnam.
B rpynnax co crumyasuuen 60-cekynpHoe KPP
OoCyleCTBASAU 12 pa3 ¢ 4-MUHYTHBIM UHTEPBAAOM
(ob1uee Bpemst mpoueAypsl — 60 muuyT). Cpasy
IIOCA€ 3aBepPLIEHVST KOHTPOABHBIX Y CTUMYASILIU-
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OHHBIX IIPOLIEAYP KPBIC TPAHCKapAMAABHO 1epdy-
3MpOBaAU MOCAeA0BaTeABHO 0,9% dusnorormyeckum
pactBopoMm 1 4% pacTBopoM mapapopmMaAbaerupa
B 0,01 M pocarrom 6ydepe (OB, buoaoT, Poccus;
pH 7.4). ToAOBHOI MO3I ITOCAE€ U3BAEYEHMUS BbI-
AepxuBaau B 20% u 30% pacTBOpax caxapo3bl
80,01 M OB (4 °C) 1 Ha 3aMOpPa>KMBaIOIL[EM MUKPO-
toMme (Reichert, [epmanus) usroraBanBaau GppoH-
TAAbHBIE CPe3bl Yepe3 00AACTH CCAEAYEMBIX CTPYK-
Typ ToammHoOM 40 MKM. AAsl BusyaAusauuu
HEPOHOB ¢ c-fos-CMHTe3MpPYIOLIMMHU SIAPaMU Cpe-
3bI TIOABEPTAaAU UMMYHOTMCTOXMMUYECKOIT 0Opa-
60TKe 10 aBUAUH-OMOTUH-TIEPOKCUAAZHOMY Me-
TOAY C MCIIOAB30BaHUEM IEPBUYHBIX
IIOAMKAOHAABHBIX aHTUTeA K c-fos (ABE457, Sigma-
Aldrich, CIIIA; pasBeaenne 1:10000) v BTOPUYHBIX
OMOTMHMAVPOBAHHBIX aHTUTeA (goat anti-rabbit
IgG, PK-4001 kit, Vector Laboratories, CIIIA; pas-
BepeHye 1:600). ITocae MHKYOMpOBaHMS B aBUAMH-
6unoTuH-nepokcupasHom kommnaekce (PK-4001 kit,
Vector Laboratories, CIIIA) cpe3sl BbIAEP>KMBAAU
B XPOMOT€HCOAEP>KallleM pacTBOpe AUaMUHOOEH-
3MAVHA, HUKEAS U IlepeKucy Boaopoaa. Linudposere
1300pa’keHNsI TOTOBBIX MPENAPaTOB IMOAYYAAU
B CBETAOM ITOA€ CBETOBOro Mukpockomna Olympus
CX41 (Olympus Corporation, frmonusi), ocHaleH-
Horo Bupeokamepoit Nikon (Nikon Corporation,
Snonus). Aaaee ¢ TOMOIIBIO TPOTPAMMHOrO TIa-
keta «Cell Annotation Software» (Nurzynska et al.
2017) B mpepeAax MCCAEAYEMBIX CTPYKTYP OIIpeAe-
ASIAVL KOAMYECTBO U pedepUpOBaHHYIO K GOHY
ONTUYECKYIO0 IIAOTHOCTb C-fOS-TTO3UTUBHBIX KAe-
TOYHBIX sIAEP. AaAee OLeHNBAAU CPeAHIE 3HAYEHNS
STUX IIOKa3aTeA€el Ha Cpe3 B pa3HbIX 00pa30BaHm-
SIX MO3Ta Y Pa3HbIX IPYIII )KUBOTHBIX.
Henpodusumoaoruyeckasi 4actb paboThbl BbI-
MMOAHEHA Ha ABYX IPYIIax KpPbIC — 3A0POBBIX
1 ¢ KOAUTOM (110 30 )KMBOTHBIX B K&KAOI1 IPYIIITE).
[oAOBY aHeCTe3MpOBaHHOTO JKMUBOTHOTO 3aKPETASI-
AV B CTEPEOTAKCUYECKOM ITPUOOPE Y XMUPYPrUYECKUM
nyTeM obecreyrBaAl AOCTYII K AOPCaAbHOI ITO-
BEPXHOCTHU MMPOAOATOBATOTO MAU CPEAHETO MO3TA.
AAsl BHEKAETOYHOI1 perUCTpalii aKTUBHOCTH
HEPOHOB B MICCAEAYEMBIX CTPYKTYpaX UCIIOAB30-
BaAY BOAb(PAMOBBIE MUKPOIAEKTPOABI C KOHIMKOM
1 mxM 1 conporuBaeHreM 1 Mowm (Science Products
GMBH, T'epmanus), KOTOpbIE TIEPEMEIAAL B TIpe-
A€AaX CTepeoTaKCUYEeCKUX KOOPAUHAT AQHHOM
ob6aactu (Paxinos, Watson 1998) ¢ nmomouibio
MukpomaHnunyasitopa (MIT-2, Poccus). ITocae
ycuaenus (DAM 80; World Precision Instruments,
CIIIA) curHaA mopaBaAM Ha BXOA 3BYKOBOJI KapThl
KOMITIbIOTEPA, BU3YAAU3MPOBAAU U COXPAHSIAU
¢ omo1ibio porpammbel Audition 3 (Adobe Corp,
CIIIA). Perncrpaijio HeifpOHaAbHO aKTUBHOCTU ITPO-
M3BOAMAM Ha 3-MMHYTHOM MHTepBaAe (1 MuH Ao,
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1 muH Bo Bpems u 1 My nocae KPP). [Tocaepyio-
II[YIO CEAEKLIMIO HEIPOHAABHBIX Pa3psIAOB 110 Gpop-
Me BBIIIOAHSIAY C ITOMOLIbIO IporpamMmbl Spike 2
(CED, Beankobpurtanus). AAst pasHBIX MUMITYAbCHBIX
IIOTOKOB OIIPEAEASIAUL CPEAHIOIO YACTOTY Pa3psiAOB
Ha MMHYTHBIX OTpe3KaX, YKa3aHHBIX BbIIIE.
CraTucTtuyeckyo o06pabOTKy, CpaBHEHUe
u rpaduyeckoe opopMA€eHYe AQHHBIX, TOAYYEHHBIX
B 00elX 9KCIepUMEHTAABHBIX CEPUSX Ha Pa3HbBIX
TPYIIIax XMBOTHBIX, IPOU3BOAUAU C IIOMOILIBIO
nporpammHoro nakera Origin 8 (OriginLab Corp,
CIUIA) ¢ npuMeHeHMeM IMapHbIX U HEMapHBIX
HelapaMeTpUYeCKNX TECTOB.

Pe3yAbTarhl U 00CYXAEHME

Kak noxasaAy MMMyHOTUCTOXMMMUYECKME VC-
CA€AOBaHNs, Y 3AOPOBBIX KPbIC 00AEBOE pacTsDKe-
HMe TOACTOV KUILKY BbI3bIBaeT CyllleCTBEHHOe
110 CPAaBHEHUIO C KOHTPOABHOM I'PYIIIION yBEeAUYe-

HIe KOAMYeCTBa C-fOS-MO3UTUBHBIX HEVPOHOB,
T. €. HeIIPOHAABHYIO aKTUBALMIO, B KayAAQABHOI
BEHTPO-AQTEPAABHON PETUKYASIPHON 00AaCTu
npopoarosaroro mosra (BAPO, puc. 1A), sppe
oannounoro tpakra (AOT, puc. 1B), mapabpaxu-
aApHOM KoMmriAekce mocTa (puc. 1C), roaybom
nsatHe (puc. 1D), poopcaabHoM sippe mBa (puc. 1E)
U LIEHTPAABHOM CEPOM BellleCTBe CPEAHETO MO3ra
(LICB, puc. 1F). CTaTuCcTU4eCKM 3HAYMMBIX Pa3-
Anumit io Bei3BaHHOM KPP c-fos-cuntesupyioliein
AKTMBHOCTY B YKa3aHHBIX CTPYKTYpaX MeXXAY A€BOII
V1 IPaBOJ CTOPOHaMM MO3Tra 0OHapY>KeHO He OBIAO
(Aast Bcex cTpykTyp p > 0,05, mapHbIil TeCcT
Buakoxcona). B mapabpaxmnaAbHOM KOMITAEKCE
HanboAee PeaKTUBHOM K CTUMYASILIMM OblAa €ro
MeAMaAbHas 4yacThb, B LICB — AaTepaabHasi U BeH-
TpoaarepaabHasi KOAOHKU. CyllleCTBEHHOE 10 CPaB-
HEHUIO C KOHTPOAEM YBeAUUEeHIe ONITUYECKOI ITAOT-
HOCTY IMMYHOIIO3UTV/BHBIX KA€TOUYHBIX SIAEP ITOCAE
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3 501 = Konur 14 100- [ Konut 2 [ Konur
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Puc. 1. KoanuecTBo ¢-f0S-1103UTUBHBIX HEMIPOHOB B BEHTPOAAQTEPAABHON PETUKYASIPHOI 06AACTI
MPOAOATOBaTOro mMosra (A), siape oauHouHoro Tpakra (B), mapabpaxuaapHom Kommaekce mocrta (C),
roayoom nistHe (D), B poopcaapHoM sippe 1Ba (E) u LleHTpaabHOM cepoM BelnjecTBe cpeaHero mosra (F)
6e3 crumyasiumu (KoHTp) 11 mocae koaopekTaspHoro pactspkeHust (KPP) y spoposbix kpeic (Hopma)
n y )X1BOTHBIX ¢ KoanToM (Koanr). ITokazaHb! CpeAHMe 3HAYEHVSI U MX CTAHAQPTHBIE OLIMOKIL.
3uaunmble pasanuns (tect Manna — YurtHu): * p < 0,05 u *#* p < 0,001 — 1o cpaBHEHMIO C KOHTPOAEM;
*p<0,05 *p<0,01u**p<0,001 — 1o cpaBHEHUIO C HOPMOIL

Fig. 1. Numbers of c-fos-positive neurons within the caudal ventrolateral medulla (A), nucleus tractus solitarius (B),
parabrachial complex (C), locus coeruleus (D), dorsal raphe nucleus (E), and midbrain central gray (F) without
stimulation (Control) and after colorectal distension (CRD) in healthy (Norm) and colitic rats (Colitis).

The mean values and their standard errors are shown. Significant differences (Mann — Whitney test): # p < 0.05
u ### p < 0.001, in comparison to the control; * p < 0.05, ** p < 0.01 u *** p < 0.001, in comparison to the norm
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KPP HabAI0AQAOCH TOABKO B AQT€PAABHON 4aCTH
AO0T (p = 0,04, U = 103, Tect ManHa — YurHm).

Y KMBOTHBIX C 9KCIIEPYIMEHTAABHBIM KOAUTOM,
MOATBEP>KAEHHBIM BM3YaABHBIM Y MUKPOCKOIT/Ye-
CKVIM aHAaAM30M TOACTOV KUIIKY, OBIAO OTMEYEHO
CylleCTBEHHOE II0 CPAaBHEHMIO C HOPMOII yCHAEHMe
Kak GOHOBOII (B OTCYTCTBUE HOAEBOI CTUMYASILIUM),
Tak u Bei3BaHHOI KPP c-fos-cuHTesupyromen ak-
THUBHOCTU B 00€eCIeurBaoX BUCLIEPOCEHCOPHYIO
TpaHcmuccuio KayaaabHort BAPO (puc. 1A), 0T
(puc. 1B) 1 mapabpaxmnaAbHOM KOMIIAEKCE MOCTA
(puc. 1C), a Tak)xe B HOpaAPEHEPIUIECKOM TOAYOOM
nsatHe (puc. 1D). ITpu 5ToM 65IA0 OTMEYEHO TAKKe
YBEAMYEHVE ONITUYECKOV MAOTHOCTY MIMMYHOIIO-
3UTUBHBIX KAeTOUHBIX sipep B BAPO (p = 0,005,
U =808, rect Manna — Yurun) u 10T (p < 0,0001,
U =502). 9T nu3MeHeHMs CBUAETEABCTBYIOT O BbI-
3BAHHBIX [TATOAOTVEN] TOBBIILIEHNY OOII[eT0 YPOBHS
HePOHAABHON BO30YAMMOCTY YKa3aHHbIX CTPYK-
TYP Y YCUA€HUY VIX PEaKTUBHOCTY K 80AOMMHAAD-
HBIM OOAEBBIM CUTHaAaM, T. €. O Pa3BUTUM B HUX
ceHcuTU3auun. MeXAy TeM AOPCAaAbHOE SAPO 1IBa
B YCAOBMSIX KMIIIEYHOT'O BOCIIAAEHMSI He TIPOSIBASI-
AO KaKMX-AKOO BbIPa)KEHHbIX M3MEHEHUIT B KOAU-
yecTBe C-fOS-TIO3UTHMBHBIX KAETOK B IIOKO€E U He
pearupoBaao Ha 60aeBoe KPP (puc. 1E). B cBomw
ouepeab, B LICB cpepHero mosra, AéMOHCTPUPY-
IOLIleEM aCCOLMMPOBAHHOE C KOAUTOM yCUAEHMeE
6a3aAbHOI HEMIPOHAABHO aKcnipeccuu c-fos, yBe-
AVdeHMre nocaepHen nmocae KPP 6biA0 MeHee
BBIpa)K€HO, 4yeM B HopMe (puc. 1F), utro moxer
yKa3bIBaTb Ha CHYDKEHVE HOLMLENITYBHOM YYBCTBU-
TEABHOCTU 3TOM CTPYKTYPBHI.

B Hellpodu3MoAOrnyecKnX sKCIepruMeHTax
B KaypaabHoi BAPO n mepmaapHoit yactu A0T
MIPOAOATOBATOrO0 MO3ra y 3A0POBBIX KPBIC U JKM-
BOTHBIX C KOAUTOM OBIAM OOHApPY>KeHbI TPU II0-
IYASILVIVL HEVIDOHOB, KOTOPBIE BO BpEeMsI HOLIULIEII-
TuBHOro KPP apeMoHcTpupoBaAu ycuaeHue,
TOPMO’KEHME VMITYAbCHOM aKTMBHOCTU VAU OT-
CYTCTBYE BBIPO)KEHHOI peaKLii COOTBETCTBEHHO.
CXOAHBIE TpY I'PYIIIBI HEMPOHOB OBIAM 3aperu-
CTPMPOBaHbI B BEHTPOAaTepaAbHOM KoaoHKe L]CB
cpepaHero moara. Cpeau KPP-peakTuBHBIX HeVIpo-
HOB B BAPO npeo0aapaAy KAETKY C BO3OYAUTEAD-
HpiMu otBetamu Ha KPP (puc. 2A), Torpa Kax
B AOT HeltpoHbI yallle AeMOHCTPUPOBAAY TOPMO3-
Hble peakiuu Ha pasppaxkenue (puc. 2B). Dtu
CTAaTUCTUYECKU 3HaYMMble pasanuus (p = 0,002,
TOYHBIN TecT Duiiepa) MOr'yT CBMAETEABCTBOBATD
00 MCXOAHO pa3HOM BKAQAE 3TUX CTPYKTYP B KOH-
TPOAB BUCLIEPAABHON HOLMLENLMN. B cBoto o4yepeap,
B L[CB 3A0pOBBIX )KUBOTHBIX ITPEOOAAAAAU KAETKU
¢ Bo30yauTeabHbIMU oTBeTamu Ha KPP, xots Top-
MO3SIIIMEeCs] HEIPOHBI TOXKe COCTABASIAM 3HAUU-
TEABHYIO 110 YiCAeHHOCTH nomyasiuuio (puc. 2C).
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Y KpBIC C KOAUTOM B M3YY€HHBIX OYABOApPHBIX
CTPYKTypax npeobaapaAu Bo30y>KAAOIMeECs
B orBeT Ha KPP HellpoHbI pu Cy1[eCTBEHHO CHU-
YKEHHO1 110 CPAaBHEHUIO C HOPMOJI AOA€ TOPMO35I-
muxcst kaetok B BAPO (puc. 2A) u meHbliueM
qyycae MHAVGPEPEHTHBIX K BUCLIEPAABHOI HOLIM-
yenuuu HeitpoHoB B SOT (puc. 2B). I1pu sTom
B 00enx 006AaCTsIX OBIAO OTMEUYEHO 3HAYUTEAbHOE
yCUAeHUe BO30YAUTEABHBIX HEMPOHAABHBIX peaKLit
Ha KUIIEYHYI0 CTUMYASILIMIO, UYTO He ObIAO Xapak-
TEPHBIM AASI TOPMO3HBIX 0TBeTOB (puc. 2D, E).
DTU HeIPOHAABHbIE ITEPECTPONKY CBUAETEABCTBY-
10T 0 BoBaedeHr BAPO u JOT B ycuaennymo
BO30Y)KAQIOLIYIO BUCLIEPAABHYIO HOLIMLIENTUBHYIO
TpaHcMuccuio npu koaute. Hanporus, B LICB
CpeAHEro Mo3ra Ipy KUIIEYHOI MTATOAOTUM OBIAO
3aperucTprUpOBaHO CHIDKEHHOE 10 CPaBHEHUIO
C HOPMOJ1 KOAMYECTBO BO30Y>KAQIOIVIXCS V1 TOPMO-
3SILIMXCSI KA€TOK TPV 3HAUMTEABHO IIPEBOCXOASILIIEN
aoae uupuddepentHsix k KPP HeitpoHos (puc. 2C).
ITapaaaeapHo LICB XMBOTHBIX C KOAUTOM
AEMOHCTPUPOBAAO YCUAEHME BO30YAUTEABHBIX
1 ocAabAeHre TOPMO3HBIX M3MEHEHWIT B UMITYAbCHO
AKTUBHOCTHU TpU OOAEBOM pasApPayKeHUM KULIKU
(puc. 2F). DT AaHHbBIE AOIIOAHSIIOT Pe3yAbTaThl
VIMMYHOTMICTOXMMUYECKVX KCIIEPYIMEHTOB U SIBASI-
I0TCS AOKa3aTeAbCTBOM HApYLIEHMI] HEIpOHAABHBIX
npoueccoB B LICB npu kuiieyHot MaTOAOTUN.

B 11eAOM IMOAYY€HHbIE HAMY MMMYHOTVICTOXM-
MUYeCKIe AQHHBIE COTAACYIOTCSI C pe3yAbTaTaMu
paHee IIPOBEAEHHBIX VICCAEAOBAHMIL, IPOAEMOH-
CTPMPOBABIIMX YBeAMUeHMe KoAndyecTBa c-fos-
VMMYHOIIO3UTUBHBIX HEIPOHOB B U3y4Y€HHBIX
CTPYKTypax CTBOAQ MO3ra IocAe 60A€BOro pac-
TsDKeHus ToacToit kuuky (Lyubashina et al. 2012;
Monnikes et al. 2003; Panteleev et al. 2013; Wang
et al. 2009). Tax)xe OHM COOTBETCTBYIOT AQHHBIM
APYT'MIX aBTOPOB, KOTOPbI€ YCTAHOBUAY aCCOLIUM-
POBaHHOE C KOAUTOM ycrAeHre GOHOBO (6asaab-
Hol1) akcnpeccuu c-fos 6eaxos B LICB cpepHero
MO3ra, napabpaxmaAbHOM KOMIIAEKCE MOCTa, IO-
ayoom nisitHe, AOT u xaypaapHoit BAPO mnpo-
aoarosaroro mosra (Goehler et al. 2005; Lu, West-
lund 2001; Porcher et al. 2004; Zhang et al. 2014).
BMmecTe ¢ TeM B Halllei1 paboTe BriepBble OOHapyXe-
HBI BbI3BAaHHbIE KMILIEYHOI ITATOAOT eV U3MEHEHN A
B YpOBHe C-fOS-TIO3UTMBHON PEAKTUBHOCTYU STUX
CTPYKTYP K BUCLIEPAABHBIM OOAEBBIM CUTHAAAM.

B cBolo ouyepeab, MOAyyeHHbIe HaMU Helipodu-
3MOAOTMYECKIE AQHHbIE O CYI[eCTBOBAHMM B BUC-
1LIepOCEHCOPHBIX 00AACTSX IPOAOATOBATOTO MO3ra
IPYIII HEMPOHOB, Pa3AMYAIOLIVXCS MO0 XapaKTepy
oTBeTa Ha 60AEBOE KOAOPEKTAABHOE PACTSDKEHMeE,
COTAACYIOTCS C Pe3yAbTAaTaMM APYTVIX ICCAEAOBAHMIA,
IIPOAEMOHCTPMPOBABIIMX TaKMe >Ke MOIYASILIUI
HepBHBIX KAETOK B KayAaabHou BAPO (Lyubashina
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Puc. 2. TlpoueHTHOE COOTHOLIEHE BO3OY)KAatowuxcst (Bos6), Topmossimuxcs (Topm) B oTBeT
Ha KOAOPEKTaAbHOE pacTspkeHue u nHAnd dpepentHsix K Hemy (VIHAMGD) HelpoHOB (BepxHMe rpadmkim)

M aMIIAUTYAQ X HOLMLIENITUBHBIX peakuuil (HVKHIe IrpaduKy) B BEHTPOAATEPAABHON PETUKYASPHOI 00AaCTI
npopoArosaroro mosra (A, D), sape opnHouHoro TpakTa (B, E) 1 leHTpaAbHOM cepoM BelieCTBe CPEAHETO
mosra (C, F) y spopoBbix xuBorHbix (Hopma) 1 kpbic ¢ koantom (Koaut). Ha ¢pparmenrax A—C 3Haummble

pasAnuysa MeXAY HOpMOI1 ¥ KoauToM: * p < 0,05, ** p < 0,01 1 *** p < 0,001 — AAS BCceX TUIIOB HEVIPOHOB
(rect Xu-kBappar); “ p < 0,05 u “* p < 0,01 — past AByx Tunos (tounsiit rect Ouirepa). Ha pparmentax D-F
3HaYMMbIe PAa3AMYMUs CO 3HaYeHueM B HOpMe (TecT ManHa — YutHn): * p < 0,05 u ** p < 0,01; moxasaHsl cpeAHUe
3HAYEHUS U UX CTAHAAPTHBIE OLIOKK

Fig. 2. Percentages of neurons exhibiting excitatory (Bos6), inhibitory (Topm), or no response (Vuand) to colorectal
distension (upper graphs) and magnitudes of their nociceptive responses (bottom graphs) in the caudal
ventrolateral medulla (A, D), nucleus tractus solitarius (B, E), and midbrain central gray (C, F) in healthy (Hopma)
and colitic rats (Koant). In A-C, significant differences between the norm and colitis: * p < 0.05, ** p < 0.01

n X p < 0.001, for all neuronal types (Chi-square test);

&p <0.05u* p<0.01, for two types (Fisher’s exact test).

In D-F, significant differences between the norm and colitis (Mann — Whitney test): * p < 0.05 u ** p < 0.01;
the mean values and their standard errors are shown

etal. 2016; Ness et al. 1998; Pinto-Ribeiro et al. 2011)
n 40T (Liu et al. 2014; Panteleev et al. 2021).
OAHaKo Mbl BIIepBble OOHAPY)KMAU CXOAHBIE 1O
peaxLMsIM Ha BUCLIEPAABHYIO OOAB I PYIIIIBI HENPO-
HOB B LICB cpeapHero mo3sra u rnoxasaau, 4To Ipu
KUIIEYHOM BOCIIAA€HUM COOTHOILeHVe U PYHKLVIO-
HaAbHbIE XapaKTEePUCTUKU TAaKUX HeMPOHAABHBIX
TPYIII He TOABKO B OyABOApHBIX CTPYKTYpax, HO
Y1 Ha CPEAHEMO3TOBOM YPOBHE IIPeTepIEeBAIOT Cy-
II[eCTBEHHbIE U3MeHeHMs. VIMeromecs: K HaCTOsI-
1[eMy BPEMEH! CBEAEHVSI MTO3BOASIOT IIOAATaTh,
YTO BbISIBAEHHbIE HAMI TIEPECTPOIIKY B HOLIULIETI-
tuBHbBIX cBoiicTBax AOT u LICB moryT 6bITH
CBSI3aHBI C MTHAYLIMPOBaHHBIMM BMCLI€PAABHON
IIATOAOTVEll HapYILIEHNSIMY AOKAABHOI TAyTaMa-
TePruyecKoil HePOTPAHCMMUCCUY B 3TUX CTPYKTY-
pax (Bai et al. 2019; Ko et al. 2020).
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Takum 06pa3om, IpoBeAeHHbIE UCCAEAOBAHUS
BII€pBble IPOAEMOHCTPMPOBAAY ACCOLMMPOBAHHOE
C KOAUTOM YCHA€HME HOLMLeNITUBHON aKTUBaLUU
BMCLIEPOCEHCOPHBIX CTBOAOBBIX CTPYKTYpP U Hell-
POHOB HOPaAPEHEPTUYECKOTO TOAYOOTO MATHA
C TTapaAAeAbHBIM OCAaOAEHUEM PeaKTUBHOCTU
K a0AOMMHaABHOM OOAM TaKMX KAIOUEBBIX 00pa3o-
BaHUM SHAOT€HHOM aHTMHOLIMIENITMBHOM CUCTEMBI,
KaK CepOTOHMHEPr1yecKoe AOPCaAbHOE SIAPO 1IBa
U LIeHTPAaAbHOE Cepoe BelleCTBO CPEAHEro MO3ra.
B cBoel1 COBOKYITHOCTU BbIsIBA€HHbIE Ha CYIIPacCIy-
HAABHOM YPOBHE U3MeHEHsI MOTYT CII0COOCTBOBATD
00AervYeHunIo POBeAEHSI BUCLIEPAABHBIX O0AEBBIX
CUTHAAOB K BBILIECAEKAIIVM CTPYKTYpaM MOS3TIa,
T. €. AeKaTh B OCHOBeE IMaTOreHesa KUIIEeYHON TY-
NEPYYBCTBUTEABHOCTU Y XPOHUYECKON abAOMM-
HaAbHOM 0OAM.
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Annomayus. TToMcK apeKBaTHBIX SKCIIEPUMEHTAABHBIX MOAEAEN AAS
MICCAEAOBAHM BCAChIBAHNA FAIOKO3bI B TOHKOM KMIIKe OCTAeTCS aKTYaAbHOM
3apauell pusuororos. Hanboaee KpynHble ycrexy B HALIMX 3HAHMSIX
0 MeXaHM3MaX ee BCAChIBAaHMsI OBIAY AOCTUTHYTBI C ICIIOAb30BAaHNEM PA3AUYHbIX
aHAAUTUYECKMX (YIIPOIIeHHbIX) SKCIIEPYMEHTAABHBIX MOAEAE (OT OTPe3KOB
Y TIOAOCOK TOHKOJ KMILIKM AO M30AMPOBAHHBIX KMIIEYHBIX KAETOK I MEMOPAHHbIX
Be3UKYA). BMecTe ¢ TeM OCHOBHbIE 3aKOHOMEPHOCTH PErYASILIIM ITPOTEKAOINX
B OpraHu3Me IIPOLIECCOB, KAK U UX PeaAbHble MACLITA0bl, MOXXHO BBIIBUTD
AVIIb IIPY MICITIOAB30BAHMY PAa3AMYHBIX MHTET PAaTMBHbIX 9KCIIEPYMEHTAABHBIX
MoAeAell. B cTaTbe KpaTKO pacCMOTpPEHBI ABA BApMAHTA TAKMX MHTET PATUBHBIX
MoOAeAelL: a) Tepdys1st UB0AMPOBAHHOTO y4acTKa KUIIKY PaCTBOPAMY TAIOKO3BI
B YCAOBMSIX XPOHMYECKOTO OIIbITA 1 0) OLIEHKA BCACHIBATEABHO CIIOCOOHOCTI
TOHKOII KUIIKY TI0 CKOPOCTU CBOOOAHOrO MOTPeOAEHVST KUBOTHBIMU
KOHLIEHTP/POBAHHOI'O PaCTBOPa IAIOKO3bL. [ [p1BeAeHbI IpYMepbl ICIOAb30BaHUSA
3TUX MOAEAEV AASL UICCA@AOBAHMI PeaAbHBIX CKOPOCTE BCAChIBAHMUSA TAIOKO3bI
B TOHKOI1 KMILIKE KPBIC B YCAOBMSAX, MAKCUMAABHO OAUBKMX K QU3MOAOTYECKIM,
ecTecTBeHHBIM. OTMeUyeHbI OCHOBHBIE METOANYECKIE OCOOEHHOCTY KaXKAOTO
113 BApUAHTOB, X AOCTOMHCTBA U OIpaHUYEHMsI. DTU SKCIIePUMEHTAAbHbIE
IIOAXOABL B COYETAHUNU B3alIMHO AOIIOAHSIOT APYT APYTa M 3HaYUTEABHO
PaCIIMPSIIOT CYIIECTBYIOLI/E IPEACTABAEHISI O PEAABHBIX MaclITabax
Y MeXaHM3MaX PeryASILM BCAChIBAHNSA TAIOKO3bI B TOHKOJ KMILIKe B HOPMAABHBIX,
(HUBMOAOTMYECKNX YCAOBMSIX.

Karouesnte cr0Ba: BcacbIBaHVIE TAIOKO3bI, TOHKAS KUIIKA, 9KCII€PVIMEHTAAbHbIE

MOAEAU, TUAPOAN3-3aBUCUMBII TPAHCIIOPT, XPOHUYECKUI CTpecc, Auaber
2-T0 TUIIA.
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Abstract. The search for adequate experimental models to study glucose
absorption in the small intestine stands high on the research agenda for
physiologists. The most substantial advancements in the study of glucose
absorption mechanisms were reached by using various analytical (simplified)
experimental models: from pieces and strips of the small intestine to isolated
intestinal cells and membrane vesicles. At the same time, the main regularities
of the processes occurring in the body, as well as their real scale, can be
revealed only through various integrative experimental models. The article
is a brief overview of the two versions of such integrative models: 1) perfusion
of the isolated loop of the small intestine with glucose solutions in chronic
experiment and, 2) evaluation of the absorptive capacity of the small intestine
by the rate of free consumption of concentrated glucose solution by animals.
The paper provides examples of applying the two experimental models to
study the real rates of glucose absorption in the small intestine of rats under
conditions close to natural physiological ones. The paper outlines the main
methodological features of each approach, their advantages and limitations.
The two experimental approaches complement each other and significantly
expand the modern understanding of the real scale and mechanisms of glucose
absorption regulation in the small intestine under normal physiological
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conditions.

BBepenne

Bpiparoumuiicsi oTeuecTBeHHbIT GU3UOAOT
A. M. YroAeB 0TMeYaA, YTO OCHOBHbIE 3aKOHOMED-
HOCTY (PYHKLMOHMPOBAHMS U PETYASILIUY Pa3ANY-
HBIX CUCTEM B LIEAOCTHOM OpPraHM3Me U PeaAbHbIE
MaciTabbl MPOTEKAIINX B HEM TPOIECCOB
MO>XHO BBISIBUTD AUIIb IIPU UCITOAb30BAaHUU UHTE-
I'PaTMBHBIX KCIIEPYIMEHTAABHBIX MOAEAEN, B yC-
AOBUSIX, MAKCUMAAbHO MPUOAMKEHHBIX K HU3UO-
Aoruveckum (Yroaes u Ap. 1984).

[lpyMepoM TaKoO! MHTErpaTUBHON MOAEAU
CAYXXUT pa3paboTaHHas YTOAEBBIM U 3apUMOBBIM
YHMKaAbHasI METOAMKA Tepy31UM UBOAUPOBAHHO-
IO y4aCTKa TOHKOV KMIIKY KPbIC B XPOHUYECKOM
ombiTe (Yroaes, 3apumos 1979).

KpomMme Toro, B mocaepHee BpeMs CAEAAH ellle
OAMH IIar B PasBUTUN MHTEIPATUBHBIX PU3MOAO-
IMYECKUX MOAEAEN — paspaboTaHa HOBast METO-
AMKa OLIEHKM BCACBIBaHUSI TAIOKO3bl B TOHKOU
KHIIIKE B YCAOBMSIX, MaKCMMaAbHO OAUBKMX K eCcTe-
crBeHHbIM (IpysakoB u aAp. 2015; I'pomosa
u Ap. 2019; 2020).

Keywords: glucose absorption, small intestine, experimental models, hydrolysis-
dependent transport, chronic stress, type 2 diabetes.

B cTaTpbe paeTcs KpaTKoe OMMCaHMe 3TUX MOAe-
A€l ¥ TIPEACTABAEHBI IPUMEPBI X UCIIOAb30BAHUSI
AASI ICCAEAOBAHMS BCACBIBAHMS I'AIOKO3BI B TOHKOM
KUILKe KPBIC B GM3MOAOTMYECKUX YCAOBMSIX.

lccaepoBaHme BcacbIBaHMS TAIOKO3BI B TOHKOM
KHIIKEe KPBIC B XPOHUYECKUX OTBITAX

MeTOAMKa U YCAOBUSI TIPOBEAEHVISI XPOHUIECKIMX
OIIBITOB MIOAPOOHO OIMCAHBI B IEAOM PSIAE TTYOAMU-
Kauuit (Yroaes, 3apumnos 1979; Yroaes u Ap. 1981;
1984; 1986a; Ugolev et al. 1986b; Gromova, Gruz-
dkov 1999).

HccaredosaHue conpsineHus npoyeccos
MeMOPaHH020 2UOPOAU3A OUCAXAPUOOB
U BCACLIBAHUS 00pA3y0u,elics 2A0K03bl

B HOpMaABHBIX YCAOBMSIX BCACBIBAHVE TAIOKO3BI
U3 Ai- I OAUTOCAXapUAOB IIPOYICXOAUT C BBICOKOI
3¢ PEeKTUBHOCTDIO U TECHO COTIPSIKEHO C UX MEM-
OpaHHBIM I'MAPOAM30M OAAroAapsi MpsIMOI Iepe-
Aade oOpasyloljenicsi TAIOKO3bl ¢ (pepMmeHTa
Ha creuuuyecKuil TPAaHCIIOPTEP B allMKAAbHOM
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A. A. Ipysokos, A. B. Ipomosa

MeMbpaHe sHTepouTOB (YroAeB u Ap. 1984).
ITo mHeHuI0 Apyrux nccaepoBateaeit (Pappenheimer
1990; 1993), a¢pdeKTUBHOCTD TUAPOAU3-3aBUCK-
MOTO BCaChIBaHMsI TAIOKO3BI O0BSICHSIETCS ee IIpe-
VIMYIL|ECTBEHHO MapalleAAIOASIPHBIM TPAHCIIOPTOM
B TOHKOJI KMILIKe.

B XpoHMYeCcKMX OMbITaX COMOCTABAEHO BCACHI-
BaHIe TAIOKO3bl, 00pa3yoleiics Ipy paciierAeH!n
AMCAXapuUAOB C BBICOKOU (MaAbTO3a) U HU3KOII
(Tperaaosa) ckopocTbio ruapoaunsa (Gromova,
Gruzdkov 1999).

Ipy HM3KMX KOHLIEHTPALIUSIX MAABTO3BI CKOPOCTD
BCachIBaHUsI 00pasyrolencs ralkossl (puc. 1,
KpuBasi 2), ObIAQ TAKOI e, KaK 1 CKOPOCTb BCACHI-
BaHUS CBOOOAHOIT TAIOKO3BI (puc. 1, KpuBas 3), HO
P BBICOKVX KOHLIEHTPALMSIX — 3aMETHO MEHbIIIE.
CKOpOCTb BCAaChIBaHMsI TAIOKO3bI, 00pasyolencs
13 TPEraAo3bl, He OTAUYAAACH OT CKOPOCTH €e T~
APOAM32a BO BCEM AMAIa3oHe ee KOHLIeHTpaLuil
(puc. 1, xpuBas 2a).
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CKOpOCTHM ruponusa u BcacbiBaHUS (MKMOMb / MyH)

DTO MOKAa3bIBAET, YTO CTEMEHb COMPSIKEHUS
IMAPOAM32 U TPAHCIIOPTA 3aBUCUT HE OT UHTEHCUB-
HOCTU TPAHCOMUTEAUAABHBIX MTOTOKOB BOABI
(Pappenheimer 1993), a 0T COOTHOILIEHMST CKOPOCTEN
TMAPOAM3A AVICAXaPUAOB U BCACBIBAHMS 00pasyo-
I[EVICST TAIOKO3bl. B XpOHUYECKOM OIIbITE 3TO CO-
npspkeHune obecrnevynBaeTcsi 6Aaropapsi BbICOKOI
9P eKTUBHOCTU FAIOKO3HBIX TPAHCIIOPTEPOB,
KOTODBIE, [T0-BUAMMOMY, Pa300I1I[e€HbI B IPOCTPAH-
cTBe ¢ Ancaxapuaasamu (Gromova, Gruzdkov 1999).

Ouyenka poru 061e24eHHOL OudPy3uu
BO BCACHIBAHUY 2AHOKO3bL B MOHKOU KUUIKE KPbLC
8 PU3UOL02UHECKUX YCAOBUSX

ITo coBpemenHbim mipepcTaBAeHusm (Ferraris
2001; Wright et al. 2007), BcacbiBaHM€e TAIOKO3BbI
B TOHKOJI KUMIIKEe MAEKOMUTAIOLINX IPOUCXOAUT
ITyTeM ee aKTMBHOT'O TPAHCIIOPTA Yepe3 alMKaAbHYIO
MeMOpaHy SHTEPOLUTOB C Yy4YacCTUEM KO-
TpaHcropTepa Na* 1 rarokossl (SGLT1) u mocae-
AYIOLLIETO ee TlepeHoca Yepe3 0a3oAaTepaAbHYIO

o

0 25

50 75

KoHueHTpauwnm cybcTpaToB B MCXOOHOM
nepdcpysarte (B MM rnokosbl)

Puc. 1. Tuppoaus maabrossl (1) 1 Tperaaossl (Ia) v BcacbiBaHue TAIOKO3bI, CBOOOAHOII (3) 1 06pasyroweiics
[PV TMAPOAV3€ MAABTO3BI (2) 1 Tperaaossl (24) B MU30AMPOBAHHOM YYaCTKe TOHKOI KHUIIKY KPbIC
npu ero nepdy3un B XpOHUIECKOM OTIbITE

Fig. 1. Hydrolysis of maltose (1) and trehalose (1a) and the absorption of free glucose (3) and glucose derived
from maltose (2) and trehalose (24) in the isolated part of the small intestine in rat during perfusion
in the chronic experiment
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MeMOpaHy myTeM obAerdyeHHon Anddysuu c yda-
CcTHeM TpaHcnopTepa raoko3sl GLUT2.

OpaHako ecTb GaKThl, MPOTUBOpPEYAIie€ STUM
npeacraBaenusim (Ferraris 2001; Kellett 2001; Pap-
penheimer 2001). Bbiaa Bpicka3aHa rumoresa
(Au et al. 2002; Kellett 2001), coraacHo KOTOpOI1
IIPY BBICOKMX KOHLIEHTPALIUSIX TAIOKO3BI B KUILIKE
GLUT?2 MoxXeT BCTpauBaThCA B allMKaAbHYIO MEM-
OpaHy SHTEPOLMTOB U NPUMHUMATh y4acTHe B ee
nepeHoce 4yepe3 3Ty MeMOpaHy. IIpu aTom obaer-
yeHHas AV y3usI OKa3bIBaeTCsI OCHOBHBIM MeXa-
HM3MOM BCaChIBaHMs IAIOKO3bI. [11oTe3a ocHoBa-
Ha Ha AQHHBIX OIBITOB, MIPOBOAMBIINMXCS Ha
aHeCTe3MPOBAHHbIX )KMBOTHBIX. BO3HIKaA BOIIPOC
0 TOM, KaKOBa OTHOCUTEAbHAsI POAb AKTUBHOTO
TpaHcrnopTa u obAeryeHHon Audysnun Bo Bcachl-
BaHMIM TAIOKO3bI B OTCYTCTBME HapKO3a.

B Hammmx XxpoHNYeCKMX OMbITaX PaKT BKAIOYEHMS
GLUT?2 B anuKaAbHYI0 MeEMOpaHy SHTEPOLIUTA IPU
HOBBIIIEHHOV KOHLIEHTPALIY TAIOKO3bI B IOAOCTH
kuukyu nopTBepauacsa (Ipomosa u Ap. 2006).
OAHaKO aHaAM3 3KCIIEPYMEHTAABHBIX AQHHBIX
Yl MaTeMaTU4eCKOTO MOAEAVIPOBAHS TIOKA3aA, YTO
B AMAIIa30HE PEAABHBIX KOHLIEHTPALUI TAIOKO3bI
B noaocty Kuiku (< 50 mM) (Ferraris 2001) poomu-
HMPYeT ee aKTUBHBIT TPaHCHOPT (puc. 2, KpuBasi 2),
a obaeruennas aAncddysus (puc. 2, kpusas 3), Ha-
YMHAeT UrPaTh 3aMETHYIO POAb AULIb IIpU O6oAee
BBICOKUX KOHI[eHTPAusX (> 75 MM) rAIOKO3bI
B moAoctu kuiiku (IpomoBa u Ap. 2006).
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OTMeTUM, YTO OCHOBHOE AOCTOMHCTBO 3TOM
MHTETPATUBHON MOAEAU COCTOUT B NMPOBEAEHUU
OTIBITOB B (pMBMOAOTMYECKUX YCAOBMSIX, B OTCYT-
CTBME HapKoO3a U OlepalMoHHO TpaBMbl. OHa
M03BOASIET TIPOBOAUTH MHOTOKPATHbBIE OIBITHI Ha
OAHOM U TOM K€ KMBOTHOM B Te€YeHUEe AAUTEAb-
HOT'O BpeMeHU (A0 HECKOABKMX MECSILIEB), @ HAAEXK-
HOCTb IIOAYYaeMbIX AQHHBIX AOCTUIAEeTCs MpU
HeOOADBIIOM KOAUYECTBE SKCIEPUMEHTAABHBIX
>KUBOTHBIX.

K orpaHnyeHusIM 3TO METOAUKU MOXKHO OT-
HECTY CAO>KHOCTBD OIlepaLiuy 110 U30ASLUN YIaCT-
Ka KMILIKY, @ TAK)Ke MPOrpecCcUpYIoLyIo aTpoduIo
9TOr0 Y4aCTKa 13-32 OTCYTCTBYS B HEM 9K30T€HHO
(bYHKLMOHAABHOI HATrPY3KIUL.

Memoouka oyeHKU BCACbIBAMEAbHOU
CHOCOOHOCU MOHKOU KUWKU KPbLC
1o ckopocmu c80600H020 NompeOAeHUs
PAcmBopa 2AK03bl

Viaest 9TOTO MMOAXOAQ BO3HUKAA TIPU PACCMO-
TPEeHUM BPEMEHHO AUHAMUKY CBOOOAHOTO ITUThS
KOHLIEHTPUPOBAHHOTO PACTBOPA TAIOKO3bI IIPEA-
BapUTEABHO FOAOAABLIMMU KPbICAMU B OIIBITAX,
IIPOBOAVBIIVXCS IT0A PYKOBOACTBOM YTOA€Ba
(CxBopuoBa u Ap. 1975). Ob6paiiaa Ha cebst BHU-
MaHue TOT PaKT, YTO 0OBEM BBIITMBAEMOTO KPbICa-
MU PacTBOPA AIOKO3bI IOYTH AMHEITHO BO3PACTaA
BO BpeMeHM, HaumHas ¢ 30-11 MUHYTBI, Ha MIPOTSI-
YKEHU TIOCAEAYIOLINX TPeX YacOoB.

CKopocTu BcachbliBaHWSA MMIOKO3bI
(MKMOIb /MWH Ha I CYXOro Beca TKaHN)

1 I
126 250

o

l 1 ]
55.0 75.0 100.0

KoHueHTpauma rnwko3el B nepdysate (MM)

Puc. 2. Poab akTuBHOrO TpaHcnopta (2) u obaerdenHoit Auddysun (3) B cyMMapHOM BCAChIBAHUU AIOKO3bI (1)
B TOHKOH KUIIIKe

Fig. 2. The role of active transport (2) and facilitated diffusion (3) in the total absorption of glucose (1)
in the small intestine
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OuU3nMOoAOrMYECKM ITOT PAKT OTPAKAET ACUCTBIUE
“ileal brake” — MexaHM3Ma peryAsLiuy sBaKyaTop-
HO1 PYHKIIMM >)KEAYAKA B COOTBETCTBUY CO CKOPO-
CTSIMU paclllelIA€HMS M BCAChIBaHMS IMILEBBIX
BellleCTB B TOHKOV Kuike (Maljaars et al. 2008).
CKkopocTb TOTpeOAEHNST KPhICAMY PAaCTBOPA FAIOKO-
3bI, 11O CYTU, OTPA)KAET CIIOCOOHOCTDH TOHKON KUK
K BCACBIBAHMIO TOTO MOHOCaXaprpa. DTOT (HakT ObIA
UCTIOAB30BaH AASI OObEKTUBHOIN OLIeHKM BCaChIBa-
TEABHOM CIIOCOOHOCTM TOHKOW KUIIKU
Y >KMIBOTHBIX, HAXOASAIIVXCSI B €CTeCTBEHHBIX YCAO-
Busix (IpysakoB 1 Ap. 2015; IpomoBsa u ap. 2019; 2020).

OrbITEI TPOBOAMAM Ha >KMBOTHBIX, 3apaHee
MOATOTOBAEHHBIX K IIMTHIO PACTBOPOB I'AIOKO3BI
C ee BBICOKON KoHIjeHTpauuen. [locae mpeaBapu-
TEABHOI'O TOAOAQHMS B TeuyeHue 18—20 4 KpbIC
paccakuBaAyl B OTA€AbHbIE KAETKU C IIOMAKAMY,
COAepKalMMU pacTBOp TAI0K03bI (200 r/A) M BOAY,
U 3aTeM B TedyeHue 3—4 4acoB perucTpupoOBaAAU
00’beM BBITUTOTO pacTBopa. [locae ombiTa >KUBOT-
HBIX BO3BPAIL[AAU B 0011[1ie KAETKU CO CTAHAAQPTHBIM
KopMmoM. [To paHHBIM perucTpanuy METOAOM AM-
HEJHO perpeccum ONpeAeAsiAU CPEAHIOI0 CKOPOCTh
notpeOAeHNs rAI0K03bI B uHTepBase 60—300 MUH.

legeHKd CKOpOCMU BCACbIBAHUA 2AHKO3blL
B MOHKOU KUULKe KpblC npu XpOHUYECKOM
MMM06MAM36II/§MOHHOM cmpecce

XpOoHMYECKUIT CTPECC CIIOCOOCTBYET Pa3BUTHIO
TaKMX IIATOAOI'MI, KaK AMadeT 2-ro Tuma, Mmetabo-
AVYECKUI CUHAPOM, BOCITAAUTEABHbIE 32a00A€BaHNS
kuineyHuka (Konturek et al. 2011; Patterson, Abizaid
2013). [IpeAcTaBASIA MHTEPEC BOMPOC O PeAKLIUU
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CKOpOCTb BcacbIBaHUA MMIOKO3bl

Ha HEro CO CTOPOHBI CUCTEMbBI BCACBIBAHUS TAIOKO-
3bl B TOHKOU KUIIIKE.

OrmnpepeAsiAach KOHILIEHTPAL[MSI KOPTUKOCTEPO-
Ha B KPOBU KaK ITOKa3aTeAs] CTPECCOPHOTO BO3-
AEVICTBUS U OLIEHVMBAAOCH BCAChIBAHME TAIOKO3bI
B TOHKO KUIIIKEe TIPU CTPeCCe, BbI3BAHHOM eXKe-
AHEBHOI TPEX4YaCoBOIl UMMOOMAM3aLIMEeN )XUBOT-
HBIX Tpy KOMHATHO (20—22 °C) MAY OHVKEHHOI
(5—-6 °C) remneparypax Ha IpoTsDKeHUM 3—16 AHeIL.
(TpomoBa u Ap. 2020). KOHTpOAbHBIMM OBIAY KPbI-
Cbl, KOTOPBIX He TOABEPraAy CTPECCY U Ha TPU Yaca
AVIIIAAY KOPMa U BOABIL

XpoHuveckast UMMOOUMAU3ALINS KPBIC ITPU KOM-
HATHOJ TeMIIepaType BbI3bIBaAa IIOBbIILIEHVE CKO-
poCTU CBOOOAHOTO MOTPEOAEHUsT PaCTBOPA TAIO-
k035! (200 r/A) (M, COOTBETCTBEHHO, CKOPOCTHU €€
BcachIBaHMUs) Yyepes Tpu AHS (puc. 34), Toraa Kak
B COYETAHUN C XOAOAOM OHA TIPUBOAMAQ K 3HAUU-
TEAbHOMY IOBBIIIEHVIO CKOPOCTHU NOTPebAeHM
" BCAChIBaHMs FAIOKO3bI B TOHKOI KUIIKE Ha BCEX
CPOKax CTPeCCOpHOTro Bo3AencTBus (puc. 3B).

DTU U3MeHeHUsI KOPPEAVPOBAAU C YPOBHEM
KOPTUKOCTEPOHA B TIAA3Me KPOBU, YTO CBUAETEAD-
CTBYET O POAU DHAOTEHHOTI'O KOPTMKOCTEPOHa
B M3MEHEHMM BCAChIBAHUS TAIOKO3bl B TOHKOM
KUIIKE B HAIIIEN MOAEAU XPOHUYECKOTO CTpecca.

Ouyenka BcacvblBaHUs 2AKO3bL B MOHKOU KUULKe
npu ouabeme 2-20 Muna no cKOpocmu
nompebieHUs Kpbicamu
ee KOHYeHMpUupoBaHH020 pacmsopa

Anabet 2-ro TMna SIBASETCS LIMPOKO PACIIpo-
CTpaHeHHbIM 3a00A€BaHMEM, NPV KOTOPOM pas-
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Puc. 3. CkopocTb CBOOOAHOTO IOTPeOAEHNS KPbICAMM KOHLIEHTPMPOBAHHOTO pacTBOpa raloko3sl (200 r/a)
B XOA€ XPOHMYECKOTO UMMOOMAM3ALMOHHOTO cTpecca (1) u B KoHTpoAe (6es3 cTpecca) (2) mpu komHaTHOI (A)
U MoHWKeHHo! (B) TemnepaTypax

Fig. 3. The rate of voluntary consumption of concentrated glucose solution (200 g/L) by rats during chronic
immobilization stress (1) and in the control (without stress) (2) at room (A) and lowed (B) temperatures
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BMBAETCs I'UIIEPIAUKEMISI — ITOBBILIEHHOE COAEP-
)KaHMe TAI0K03bl B KpoBu (Wong et al. 2009).

OaHUM 13 GAaKTOPOB, BHOCSIINX BKAAA B Pas-
BUTHME TUIIEPTAUKEMUN TIPU AnabeTe 2-TO TUIIA,
SIBASIETCSI TIOBBILIEHHOE BCAaChIBaHME TAIOKO3BI
B TOHKOU Kuiike. COBpeMeHHbIe MTPeACTaBAEHUS
00 M3MeHeHUM BCAChIBAHUSI TAIOKO3bI IIpU AriabeTe
IPOTMBOPEYMBDI 1 6a3MPYIOTCSI B OCHOBHOM Ha AQH-
HBIX, TOAYYEHHBIX B OIIBITAX i/ Vitr0 1 OCTPBIX OITBITAX
in Vivo, He BIIOAHE aA€KBAaTHO OTPKAIOLIVIX PeaAbHbIe
3aKOHOMEPHOCTH ITPOTEKAIOLINX ITPOLIECCOB.

MBI OLleHMBAaAY BCAChIBaHME TAIOKO3BI IIPU AMa-
beTe 1Mo CKOPOCTU CBOOOAHOTO TMOTPEOAEHMSI KPbI-
camu ee KOHIEHTPUPOBAHHOTO PaCTBOPA.

Amnabet 2-ro TuIa BBI3BIBAAU ITyTEM UHDBEKLIUN
CTPENnTO30TOLMHA KPbICAM, COAEP>KABILIUMCS AO
3TOTO B TEYEHNE ABYX MECSLIEB Ha )XVPOBOIL AVETE.

ITo pesyabraTaM OpaAbHOTO AIOKO30TOAEPAHT-
Horo Tecta (OI'TT) KpbIC paciipeAeAVAY Ha OIIBITHYIO
(c AabeToM) 1 KOHTPOABHYIO IpyHIIbL. B ocaepHeit
BMECTO CTPEITTO30TOLMHA BBOAMACSI €T0 PaCcTBO-
puteab (unTparHsit 6ydep, pH 4,5).

B rpymme Kpbic ¢ AnabeTom 2-ro TUIa CKOpOCTb
NOTPeOAEHNS FTAIOKO3BI 13 €€ KOHLIEHTPUPOBaHHO-
ro pactBopa (200 r/A) yBeAMYMAACH TIOYTH Ha TPETh
M0 CPAaBHEHUIO C HAOAIOAABIIENICS B KOHTPOAE,
a TaK>Ke CO CKOPOCTBIO B TOM >Ke IPYIIIIEe 32 TPU He-
AeAu A0 MHAYKLMM Anabeta (p < 0,05) (puc. 4, 2a)
(I'pomoBa u Ap. 2019). DTO CBUAETEABCTBYET
O TOBBILMIEHUU CIIOCOOHOCTU TOHKOWM KUIIKU
K BCaChIBAaHUIO TAIOKO3bI NIPU ArabeTe U XOPOLIOo

80-

60

CkopocTb NOTPEONEeHNS rMOKO3bI
(MKMORNb / MUH)
N
o
1

COTAQCYeTCsl C AQHHBIMU APYTMX aBTOPOB, TaKKe
OTMETUBILIUX OOAe€e BBICOKYIO CKOPOCTb BCAChIBa-
HMSI TAIOKO3bI Y KPBIC C Aa0€TOM B OCTPBIX OIIBITAX
in vivo u in vitro (Wong et al. 2009).

3akAuenue

OnbIT IPUMEHEHMS ABYX PAaCCMOTPEHHBIX Me-
TOAMYECKMX TTOAXOAOB ITOKa3aA, YTO METOAUKA
XPOHMYECKUX OIBITOB Ha KPbICaX, paspaboTaHHasI
YroaeBbiM 1 3apunoBbiM O6oAaee 40 AeT Hasaa,
BIIOAHE aA€KBaTHA AASI ICCAEAOBAHMS MEXaHV3MOB
BCACbIBaHMSI TAIOKO3bl B TOHKOM KMIIIKEe KPBIC
B YCAOBMSIX, OAM3KMX K pMBNOAOTMYECKIM, U OCTa-
eTCst BOCTpeOOBaHHON AO HACTOSIILETO BpEMEHU.

MeToaVKa OLeHKU BCaChIBaTEABHOU CIIOCO0-
HOCTY TOHKOI1 KUIIKU IO CKOPOCTU CBODOAHOTO
noTpeOAEHIS XUBOTHBIM €€ KOHLIEHTPUPOBAHHO-
I'o pacTBOpa B HEKOTOPOM OTHOLIEHUY YHUKAABHA,
TaK KaK OHa BIIEPBbIE AQ€T BO3MOXXHOCTh 0ObEK-
TUBHO ¥ KOAMYECTBEHHO OLIEHUTDb PEaAbHYIO CKO-
POCTb BCAaChIBaHUSI TAIOKO3bI B TOHKOM KUIIIKe
B YCAOBMSIX, MaKCMMAABHO OAM3KUX K €CTECTBEH-
HBIM, IIpMYe€M MHOTOKPATHO Y OAHOTO UM TOTO Xe
>KMBOTHOTO Ha MPOTSIKEHUM AAUTEABHOTO BpeMe-
HU (AO HECKOABKIX MECSILIEB).

CouyeTaHue 3THX IIOAXOAOB, B3aVIMHO AOTIOAHSI-
IOIIVX APYT APYTQ, TO3BOASIET IOAYYUTDb PE3YABTa-
TBI, paCIIMPSIIOLIEe TIPEACTABAEHMSI O PEaAbHBIX
MacurTabax 1 MeXaHu3Max PeryAsiLiuy BCaCbIBaHMUS
IAIOKO3bI B TOHKOJ KMIIIKE B HOPMaAbHbIX, GU3UO-
AOTMYECKMX YCAOBUAX.

1T 2

1a 2a

Puc. 4. CkopocTb CBOOOAHOTO MOTpebAEHMS KpbIcaMu pacTBopa raiokosbl (200 r/A) Ao (I, 2) u uepes
TPU HEAEAM [TOCAE MHBEKLMHU CTPenTo30ToLMHA (24) 1 ero pactBoputeast (KOHTpoAb) (1a). * p < 0,05 K KOHTPOAIO

Fig. 4. The rate of voluntary consumption of glucose solution (200 g / 1) by rats before (1, 2) and three weeks
after the injection of streptozotocin (2a) and solvent (control) (Ia). * p < 0.05 to control
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AuHomayus. XpoHNUYecKas MovyeyHasi HEAOCTATOYHOCTh LINMPOKO
pacrpocTpaHeHa U IIPUBOAUT K HAPYIIEHUIO PYHKLIMOHAABHOTO COCTOSHUS
LiepeOpaAbHBIX aPTEPUIL, YTO COTPOBOKAAETCSI KOTHUTUBHBIMU HAPYILEHUSIMU
VI TOBBILIEHVEM PYCKA Pa3BUTHUS ULLIEMMYECKOT0 MHCYABTA. B nccaepoBaHmmM
13y4aAach POAb SHAOTEAMAABHOTO runeprnoaspusymouero paxropa (EDHF)
OTOCPEAOBaHHOTO MexaHusMa u H,S B sHAOTeAMII-3aBUCUMOI AMAATALIAN
LepebpaAbHbIX apTepuit y HedppakTomupoBaHHbix (HI) xpsic. Ha camiax
KpbIc Wistar, MOABEPrHYTBIX pe3eKLnu 5/6 MacChl TKaHU IMTOYeK I KOHTPOABHBIX
AO>XKHOOIIEPMPOBAHHbIX, M3y4€HbI PEAKLIIM LIepeOPAABHBIX APTEPUIL AUAMETPOM
60—-80 MM u < 20 MxM Kpbic Ha aueTuaxoant (ACh) u pu aertcrBuu ACh
Ha ¢poHe nHrubuTopa NO-CUHTa3bl, HXCTATUOHNH-Y-AKA3bl U OAOKMPOBaHUS
Ca*-aktuBupyembix K'-xaHaaos. ITokasaHo, yTo ocaabaenue ACh-
MHAYLIMPYEMOI AMAQTALMN LiepeOpaAbHbIX apTepuit HD KpbIC nmpu mpuMeHeHnn
L-NAME 6bIA0 MeHee BHIPAsKEHO [0 CPABHEHUIO C PEAKLIMSMY KPbIC KOHTPOABHOI
rpymmel. B MeAKMx apTepusix KpblC KOHTPOABHOI IPYIIIbI OAOKMPOBaHME
Ca*-akTuBupyembix K'-kaHaAOB conpoBoxparoch ymeHbliennem ACh-
MHAYLMpyeMol amaarauuy Ha 11,2 + 0,7%, y HD xpeic — Ha 18,8 + 1,3%.
VHrubrpoBaHue LMCTaTHOHUH-Y-ANA3bl B MEAKIX APTEPVSIX KOHTPOABHBIX KPBIC
ocaabasao ACh-nHAyLupyeMyto avaarauuio Ha 14 + 0,9%, y HD xpbic — Ha
22,8 + 1,6%. Taxum obpasom, HapyiueHre ACh-MHAYLIMPYeMOIT AMAAQTALINM aPTEPUit
H3 xppic 06ycaoBaeHO AedurmToM (cHipkeHeM bropoctynHocTi) NO. B Mmeaxnx
apTepUsIX YaCTb SHAOTEAUN3ABUCUMOIL AVAQTALIVY PEAAU3YETCSI TOCPEACTBOM
mexaHnsma EDH-tuma, y HD kpbIc poab aTOro MexaHusMa BO3pacTaer.
H,S nprHumaeT y4acTue B SHAOTEAUI-3aBUCUMON AMAATALMU MEAKUX
1iepebpaAbHBIX apTepuit KOHTPOABHBIX U HI kpbIc (y mocaeprnx poab H,S
KaK BasoAMAaraTopa boaee sHAUMMA).

Karouesoie croBa: xpoHnueckast 60Ae3Hb TIOYEK, HehPIKTOMMUS, LiepebpaAbHbIE
apTepuu, AuAaraLys, aueTuaxoAnt, NO, SHAOTEAMAABHBII IUITEPIIOASIPUSYIOLMIL
¢dakrop (EDHF), H,S, K*-kaHaAbL
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Beepaenue

Abstract. Chronic renal failure is widespread. It disrupts the functional state
of cerebral arteries, leads to cognitive impairment and an increased risk
of ischemic stroke. The study investigated the role of the endothelium-derived
hyperpolarizing factor (EDHF) mediated mechanism and H,S in endothelium-
dependent dilatation of cerebral arteries in nephrectomized (NE) rats.
The study explored the reactions of cerebral arteries with a diameter of 60—80 pm
and < 20 um NE and sham-operated male Wistar rats to acetylcholine (ACh)
as well as to ACh acting under an NO synthase inhibitor, cystathionine y-lyase
and blocking of Ca?*-activated K*-channels. The attenuation of ACh-induced
dilatation of cerebral arteries in NE rats with L-NAME was lower than in the
control group. In the small arteries of the control group of rats, blocking
of Ca** -activated K*-channels was accompanied by a decrease in ACh-induced
dilatation by 11.2 + 0.7%, in NE rats — by 18.8 + 1.3%. Inhibition
of cystathionine-y-lyase in small arteries of control rats weakened
ACh-induced dilatation by 14 + 0.9%, in NE rats — by 22.8 + 1.6%. It was
concluded that the impairment of ACh-induced dilatation of arteries in NE
rats is caused by a deficiency (bioavailability decrease) of NO. In small arteries,
part of endothelium-dependent dilatation is realized through the EDH-type
mechanism; in NE rats, the role of this mechanism increases. H,S is involved
in endothelium-dependent dilatation of small cerebral arteries in control and
NE rats (in the latter, H,S is a more significant vasodilator).

Keywords: chronic kidney disease, nephrectomy, cerebral arteries, vasodilation,
acetylcholine, NO, endothelium-derived hyperpolarizing factor (EDHF), H_S,
K*-channels.

(Drew et al. 2013; Kamata et al. 2000). ITosiBAsieTcs
Bce OOAbILIE AOKA3aTEABCTB TOro, yTo XBI1 cBs3a-

Xpounueckass 6oaesub mouek (XBIT) mupoko
pacrpoctpateHna (y 10—13% HaceAeHUs perucTpu-
pyercsa XBIT I-V craamit), HeoOpaTuma, Herpe-
PBIBHO IIPOTPECCUPYET U CBSI3aHA C BBICOKUM PUCKOM
CEepPAEYHO-COCYAUCTBIX 3a00AeBanui (Ammirati
2020; Coresh et al. 2007). BeposiTHOCTb CMepTU OT
CepAEYHO-COCYAMCTBIX 3200A€BaHMI Y TALIIEHTOB
¢ XBIT B HeCKOABKO pa3, a pUCK pa3BUTUA UILIEMU-
4ecKOro MHCYAbTa B 8—10 pas Bblllle [10 CPaBHEHUIO
¢ ocHoBHOI nomyasitueit (Power 2013; Saritas,
Floege 2020). ¥ mayuenToB ¢ XBIT ropaspo uaiie
BBISIBASIETCSI 0OA€3Hb MEAKVMX COCYAOB FOAOBHOTO
mosra (Eldehni et al. 2019), nposiBasiiomascs B Buae
KOTHUTUBHOV AUCPYHKLMM BIIAOTD AO Pa3BUTUS
COCYAMCTOM AeMEeHLIU U LiepebpaabHO aTpodun

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

Ha C HapylieHueM QYHKLUMM SHAOTeAUsI (SHAOTe-
AviaAbHast AMchyHKUMs, D), KoTopast ocaabAsieT
CIIOCOOHOCTD COCYAOB AA€KBAaTHO pearupoBarhb Ha
dbusmorornyecKre pasppakKUTeAU U, 0 MHEHUIO
PSIAQ MCCAEAOBATEAEN, IBASIETCSI OOLIMM MeXaHU3-
MOM, Pe3KO YBEAYMBAIOLIMM PUCK LiepebpoBacKy-
AsipHbIx ocaoxkHeHuit (Higashi et al. 2012; Martens
etal. 2016). DA BbI3bIBA€TCSI HETATUBHBIM BO3AEN-
CTBMEM Ha SHAOTEAUIL TOCTOSIHHO LIMPKYAUPYIOLIMX
B KPOBU YPEMUYECKUX TOKCUHOB. OAHUM U3 IIPO-
SIBAEHUI DA SBASIETCSI CHUIKEHME IIPOU3BOACTBA
" OMOAOCTYITHOCTU SHAOTEAMAABHOTO OKCHAQ
aszora (NO) (Baylis 2008), BeI3BaHHOTO MHIMOMPO-
BaHueM cuHTasbl NO acCUMMETPUYHBIM AUMETU-
AQPTUHMHOM — OAHUM U3 HanuboAee OMacCHbIX
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Porv K*-kaHaar0B u cepoBo00opoda B pe2yiiyul mMoHyCA...

ypeMUUeCcKMX TOKCMHOB. B HEKOTOpPBIX uccAepO-
BaHMAX NTOKa3aHo, yTo npu XbBI1, momumo yruere-
HUs nipon3BoAcTBa NO, IPOMCXOAUT CHUKEHME
MPOAYKLIMY APYTMX Ba3OAMAATaTOpOB. B Meakux
COCYAAX BKHENIIVM Ba30AMAATATOPOM, IIPOU3-
BOAVIMBIM 9HAOTEAMVEM, SIBASIETCS SHAOTEAMAABHBIN
runeprnioasipusytouuit paxkrop (EDHF) (Félétou,
Vanhoutte 2009). C. BeTTopeTT 1 COaBTOPbI
(Vettoretti et al. 2006) nccaeAOBaAK peAaKCaLMIO
apTepuit KpbIC OCAe CYOTOTAaABHO HePPIKTOMMUMY,
peaaunsyemyo nocpeactBoMm EDH-mexannama. OHu
obHapyxuan, yto EDHF-omocpeaoBaHHas peaak-
cauysi B MEAKUX OpbDKEEUHbIX apTepusX y aTUX
JKUBOTHBIX ObIAa 0cAabAeHa. UTO KacaeTcss KOM-
MEHCATOPHBIX 1lepeOpPOBACKYASPHBIX SHAOTEAUI-
3aBUCHMBIX PETYAATOPHBIX MexaHn3MoB npu XBIT,
TO HEOOXOAVMO OTMETUTH, YTO OHU OCTAIOTCS
OTHOCUTEABbHO HendydyeHHbIMU (Sprick et al. 2020).
Poap EDHEF B 11epe6paAbHbIX apTepUsX IIPU YpeMUN
13y4aAach B eAMHMYHbBIX paboTtax (Lobov, Sokolova
2020), 1 B HUX AQA€KO He IMOAHOCTBIO PaCKpbIT
MeXaHM3M ITOBPEXAQIOIIEro AeICTBUSA YpeMUM Ha
SHAOTEAVAAbHbBIE U TAQAKOMBIILIEYHbIE KAETKI.

B HacTosImeM MCCAEAOBAHUM MBI IPOBEPUAU
runoresy o ToM, yTo XbI1 npuBOAUT K HapyIIeHMIO
EDHF-omocpeA0BaHHOI AMAATALINY 1IEPEOPAABHBIX
apTepui1 y HeppIKTOMUPOBAHHBIX KPBIC, ICCAEAO-
Baau yyactue Ca?*-akTuBupyempix K*-kaHaaoB
B 9HAOTEAUN-3aBYICUMON AVAQTALIM STUX apTEPUI,
a TaKKe oleHuAM poAb H,S B peryasumm ToHyca
1lepeOpaAbHBIX apTEPUI IIPU YPEMUMN.

Martepuaa u METOABI

B nccaepoBaHye ObIAY BKAIOYEHBI CAMLIBI KPBIC
Wistar B BozpacTe 3 Mec. ABe IpyIIIbI KPbIC ObIAU
chopMUPOBaHbI METOAOM CAYYalHOM BBIOOPKMU.
JKuotHbeiM mepBoit rpynmsl (n = 14) 6biAa mpo-
BeAeHa HeppaKTOMIUS (ABYXDTaIHast pe3eKuusi 5/6
maccel todyeyHout tkaHu) (Ivanova et al. 2019).
Bropyto (koHTpoABHYIO) rpymy (n = 12) cocTaBu-
AVl AOYKHOOIIEPUPOBAHHbBIE KPbICHI, KOTOPBIE TTOA-
BEpPrAMCbh QHAAOTMYHOMY OIlepaTMBHOMY BMella-
TEAbCTBY 0e3 yAaAeHMs I[MOYEeYHOM TKaHU.
[Tocaeaytouive 4 MecsiLja KpbIChI TIOAYYaAM CTaH-
AQPTHBIN MUIEBON PALMIOH U MUTHEBYIO BOAY
ad libitum. Bce xupyprudeckue u nocaeaymoiuue
9KCIIEPVIMEHTAAbHbIE MAaHUIYASILIIY TPOBOAVAY
II0A HapKo30M (30AeTHA, Virbac, 20 mr/xr, BHyTpuU-
OproiHHO). ViccAepOBaHMEe TPOBEAEHO B COOT-
BETCTBUMU C IpUHLMIIaMu badeAbCKoiT AeKAapaLmm
u pekomeHpauusimu Komuccnun o stmke VHctn-
tyta ¢pusnosoruu um. V. I'1. ITaproBa PAH.

Yepes 4 Mmecsilia mocAe IPOBEAEHUS OllepaLnin
JKMBOTHBIX B3BEIIVBAAU M UBMEPSIAY CUCTOANYECKOE
apTepnaAbHoe paBaeHue (AA) ¢ MOMOIbIO aBTO-

MaTu3upoBaHHON crucTembl «Cuctorar» (PD). 3atem
KPbIC HAPKOTM3VPOBAAY Y IPOBOAVIAY ICCAEAOBA-
HMe COCTOSHMS U peakLuil apTepuil CCHCOMOTOP-
HOJ1 KOpbI TOAOBHOT'O MO3I'a Ha BO3AEVICTBYE aro-
HUCTOB U QHTaroHUCTOB. B TeMeHHOI 0b6AacTu
yeperna KpbIC YAQASIAU KOXY, KOCTHYIO TKaHb
V1 TBEPAYIO MO3TOBYIO 000A0uKy. Ha npoTspkeHnn
BCEro MCCAEAOBAHMS IIOBEPXHOCTb MO3ra
opomaau carypuposanHbiM (95% O, + 5% CO,)
¢dusunorornueckum coaeBbim pacrBopom (PSS)
(8 MM: NaCl — 120,4; KCl — 5,9; NaHCO, — 15,5;
MgCl, — 1,2; CaCl, — 2,5; NaH, PO, — 1,2;
EDTA — 0,026; rarokosa — 11,5). pH pacrtBopa
CTaOMAMBUPOBAAY HA yposHe 7,38 + 0,02, Temmne-
parypy — +38 + 0,2 °C. Temneparypy Teaa XUBOT-
HOTO0 NopAepXuBaAu Ha yposHe 38 0,2 °C. @oto-
1 BUAEOPETVCTPALIMIO MMAABHBIX apTePUIL IIPOBO-
AVIAVI C IOMOIIBIO YCTAHOBKY, BKAIOYAIOIeN B ce0s
crepeockonuueckuit Mukpockon MC-2 ZOOM
(Mukpowmea, Poccust), UBETHYIO BrAEeOKaMepy
DCM-510 (Scopetek, Kurait) u nepcoHaAbHbIN
KOMIIBIOTEP.

B nporecce uccaepoBanus pororpadrpoBasu
1 aHAAM3MPOBAAM M3MEHEHMS AlaMeTpa apTepUil
ABYX I'DYIIL: KpyIHBIX (AraMeTpoM 60—80 MKM)
1 MeAKux (Anamerpom < 20 Mmxm). Ha moBepxHoCTb
MO3ra OCYIECTBASIAU AllIIAMKALMI0 PAaCTBOPOB
aroHMCTOB M QHTArOHMCTOB, AKTUBUPYIOIMX VAU
VIHTOVIPYIOIVIX MEXKKAETOYHbIE Y BHYTPUKAETOY-
Hble CUTHAAbHBIE ITyTy: aLleTMAXOAVH (Acetylcholine
chloride, ACh, 1 MmxM), L-NAME (N(w)-nitro-1-
arginine methyl ester, 10 MxM), mponapruArAMLH
(D-Propargylglycine, PPG, 5 MKM), "HAOMeTaLVH
(Indomethacin, 50 MmxM), TRAM-34 (10 MKM).
Bce peakTuBbl Ob1AM iproOpeTeHs! B Sigma-Aldrich.
HemocpeaAcTBeHHO nepep dKCIIEPUMEHTAMU TIPU-
MeHsieMble BellecTBa pacTBopsiau B PSS. Mnpome-
tatuH 1 TRAM-34 npeABapuUTEABHO PacTBOPSIAU
B anMeTnacyAabdokcupe (DMSO). Iepep Bozaei-
CTBJEM HEOOXOAVMOE KOAMYECTBO KOHILIEHTpaTa
A06aBAsiAM B pr3norormyeckuit pactBop. KoHueH-
tpauyyusa DMSO B KOHeYHOM pacTBoOpe He NpeBbI-
nraaa 0,02%. PaHee mpoBepeHHbIe ICCAEAOBAHNS
nmokasaay, yro DMSO B Takoll KOHLIEHTpaLuy He
OKa3bIBaA BAMSIHUS Ha AMAMETP U peakLuu Lepe-
OpaAbHBIX apTepUIL

Craructuyeckast 00pab0OTKa AQHHBIX BHITIOAHEHA
C IOMOLIBIO 9AeKTPOHHBIX TabAML Microsoft Excel
U TaKeTa MPUKAAAHBIX ITporpamm Statistica for
Windows, v.10. PesyAbTaThl aHaAM3a IPEACTABAEHbI
CPEAHMMM 3HAYEHUSAMU AAHHBIX (M) 1 BeAuunHamu
CTaHAQPTHOM oumMOKu. HopMaabHOCTD pacmpepe-
A€HUS TIOAYUYEHHBIX AQHHBIX OIIPEAEASIAU IIO
W-xpurepuro lllanupo — Ynaka. OueHka craTu-
CTMYECKON 3HAUVMMOCTY Pa3AMYMI CPEAHMX OCY-
IIeCTBASIAACh HA OCHOBe t-kpuTepusi CTbIOAEHTA.
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CrarucTuyecky 3HaUMMbIMY CIMTAAY PE3YABTATDI
npu p < 0,05.

PesyAbTaThl U 00CYXKAEHME

B peryasiijuu MO3roBoro KpoBOTOKa NNPMHKUMAa-
I0T yJacTue pasAMyHble MeXaHM3Mbl. B paborax
pasHbIX AabOPaTOPUIL B TOCAEAHIE TOABI OOABIIIOE
BHYMaHME YAEASIETCSI AOKAAbBHBIM MeXaHM3MaM
MOAYASILIMY 1jepeOpaAbHOTO KPOBOTOKA, B T. Y.
sHpoTeAnmsaBucuMbIM (Mulders et al. 2009; Peterson
etal. 2011). imeroTcst AQHHBIE, CBUAETEABCTBYIOLIME,
yTo NO, MpOAYLMPYEMBINT S9HAOTEANAABHBIMU
KAETKaMU, SIBASIETCSI OAHUM U3 OCHOBHbBIX GaKTO-
POB MECTHOM PeryAsiLiM TOHYcCa LiepeOpaAbHbIX
apTepuit 1 MO3roBoro KpoBotoka (Peterson et al.
2011). B nocaepHME ACCATUAETUS TTOSABUAKUCH TAK-
)Ke AQHHbIe, AOKa3bIBAIOIIIE, YTO B LiepeOpaAbHBIX
apTepusiXx AOBOABHO 3¢ PeKTUBHO GYHKLIMOHUPY-
€T MeXaHN3M Ba30AMAATALIHU, OMTOCPEAOBAHHBIIN
EDHF (Leo et al. 2011).

Y HepoIKTOMUPOBAHHBIX KPbIC uepe3 3—4 mec.
IIOCA€ OIlepalyyl pa3BMBAeTCs ypeMUsl — COCTOS-
HIEe, MAKCUMAaABHO MPUOAIKEHHOE K TEPMUHAAD-
HOT CTaAUM XpOHUYecKon 6oae3uu noyuek (XBIT)
y YeAOBeKa, ¥ apTepuaabHas runepTeHsust. [locae
He(pPIKTOMUM Y KPBIC IIPOMICXOAUT HapylLIeHNe
(G YHKLIMOHAABHOTO COCTOSIHUSA LiepeOpaAbHBIX
apTepuii, KOTOpOe OIIPEAEASIeTCS AeMICTBYEM KOM-
IIA€KCA HETaTUBHBIX PaKTOPOB (B MEPBYIO OUEpPEAD
TUIEPTeH3MeN Y BAUSHIEM YPEeMUYECKIX TOKCUHOB).

B Hatrem nccaepoBaHuY yepes 4 Mecsiia mocae
MPOBEAEHUS OIepalnil )XUBOTHBIX B3BEIIMBAAU
U U3MepsAuU apTepuaAbHoe pAaBaeHne (AA).
PasHuia B Macce TeAaa KPbIC Pa3HBIX IPYIII
OblAQ HECYleCTBEHHON (HepPIKTOMUPOBAHHbIE
Kpbicbl — 367,4 + 13,1 1, AOXKHOOIIEpUPO-
BanHble — 389,2 + 15,3 r). B To xe Bpems cucro-
Andeckoe A A y HeppaKTOMMPOBAHHBIX KPBIC OBIAO
3HAYMTEABHO BBIIE [0 CPABHEHUIO C AOYKHOOIIE-
pUpOBaHHBIMY KMBOTHBIMU (167,2 £ 3,3 MM PT. CT.
n 128,4 + 2,8 MM PT. CT. COOTBETCTBEHHO, p < 0,01),
T. €. y Hux 6b1Aa crornkasi Al. B poaHHOI paboTe Mbl
HE ICCAEAOBAAU OMOXMMUYECKIE TIOKA3ATEAU KPO-
BMU KPBIC, HO paHee HaMy ObIAO ITOKA3aHO, YTO MTOCAE
He(PIKTOMUU B CBIBOPOTKE KPOBU 3HAYUTEABHO
MOBBILIAETCS COAEPKaHME MOYEBMHBI U KPEATVHU-
Ha, a TaKXXe FOMOLMCTENHA U AaCCUMMETPUYHOTO
aumetmaapruamHa (Ivanova et al. 2019).

PaHee B Haleil AabopaTopuy OBIAO M3Y4EHO
¢dbyHkunonaapHoe 3HaueHre NO B peryasium Le-
pebpasbHOro KpOBOTOKA Y HE(DPIKTOMUPOBAHHBIX
kpbic (Ivanova et al. 2019). B AaHHOM MCCAEAOBaHNM
OCHOBHO€ BHMMaHMe 0b1A0 yaeaeHO poau EDHF
B peryasiLiuy IpocBeTa LiepeOpaAbHbBIX apTepuit
Yy KpbIC € ypeMuell. Ho mockoAbKy B mpoliecce

Humeepamusuas ¢pusuoroeus, 2021, m. 2, \e 1

PEryAALIMY COCYAUCTBIX TAAAKOMBIIIEYHBIX KAETOK
NO u EDHF oka3bIBalOT CAO’KHOE BAUSHME APYT
Ha Apyra (Félétou, Vanhoutte 2009), MbI oLieHMBa-
AY 1 GyHKIMOHaAbHOe 3HayeHre NO.
Kaaccruecxnit mopxop, kK naydenmio poau EDHF
B AMIAQTaLMV COCYAOB 3aKAIOUAETCSI B IIPOBEAEHIV 9KC-
HepMEHTOB ¢ Mcrioab3oBaHreM ACh Ha pone npu-
MeHeHust KombuHauy: uHrnomtop NO-cuHTass! +
MHIMOUTOP LIMKAOOKCUTEHA3BI C LIEABI0 OAOKMPO-
BaHus cuHTe3a NO u npocraraaHpuHOB (Leo et al.
2011). B Hammx ompITax Ha IMEPBOM STaIlle Yepe3
20 MMH IIOCA€e BCKPBITHS Yeperna y KpbIC U u3Mepe-
HUS ICXOAHOTO AMlaMeTpa LiepeOpaAbHbIX apTepuit
Ha MOBEPXHOCTb MO3ra annauuuponsaau PSS,
copepxaumit ACh, 1 yepes 3 MUH u3Mepsiau Aua-
MeTp apTepuil. 3aTeM Ha NMPOTsHKeHMM 20 MUH
ITOBEPXHOCTb MO3ra oMmbiBaau PSS, mocae atoro
AoGaBAasiau L-NAME; uepes 15 MuH B pacTBOp,
copepxxamuii L-NAME, BBoauau ACh u yepes
3 MUH U3MeEPSIAU AMaMeTP apTepuil. 3aTeM Ha IIpo-
TsDKeHU 20 MMH NOBEPXHOCTb MO3ra OMbBIBAAU
PSS. 3arem B PSS BBOAUMAYM L-NAME 1 uHpoMeTa-
1uH, yepe3 15 muH po6aBasian ACh n uepes 3 MyH
n3MepsiAu AuaMeTp apTepuil. Ha 3akArounTeAbHOM
aTarme B paCTBOP OAHOBpeMeHHO BBopuAu L-NAME,
nupomeTtald 1 TRAM-34 1 yepe3 15 MuH B oue-
peAHoI pas oueHnBaau ACh-MHAYLIMPOBaHHYIO
AVIAQTALIVIIO apTepUIL.
AaHHbIe, TOAyYEeHHbIE B XOA€ OTOI CepUM KC-
IIEPUIMEHTOB, IPEACTABAEHBI Ha PUCYHKe 1.
IToCKOABKY aHAaAM3 AQHHBIX, IPEACTABAEHHBIX
Ha PUCYHKe 1, AOCTaTOYHO CAOXKEH 1 Ha TOAOOHO
AVarpamMMe TPYAHO ITI0Ka3aTb AOCTOBEPHOCTD pas-
AVIYMII TApaMeTPOB, HIDKe, HA PUCYHKeE 2, MBI IO-
Ka3bIBaeM 3T )Ke AAHHbIe B ADYTOM BUAE U ADYTOM
Maciitabe, YAOOHOM AASI CDaBHEHUsI U aHaAU3a.
[TepBoe, 4TO HEOOXOAMMO OTMETUTH, — ITO YMEHb-
weHe aMnAnTYAbl ACh-MHAYLIMIpYeMOTT AvAaTaL K
LlepeOpaAbHBIX apTepuil Y HeppaKTOMMUPOBAHHBIX
KpbIC. AOCTOBEPHOE YMEHDBIIIEHNE AMAATALIVY Ha-
OAI0AAQAOCH KaK B KPYITHBIX, TaK X B MEAKHUX apTe-
pusix. OcaabAeHre SHAOTEAUN-3aBUCUMOI AMAQ-
tauuy npu XBIIl xapakTepHO AAs apTepuit
PasAMYHBIX COCYAUCTBIX OaccertHoB (Thambyrajah
et al. 2000), 1 B 9TOM OTHOIIIEHUU LIepebpaAbHbIe
COCYABI He SIBUAVCDH ICKAIOUEHEM.
Murubuposanme npoaykuyu NO (Ao6aBAeHMe
B pacTBop L-NAME) npuBOAMAO K 3HAYUTEABHO-
My ocrabaernio ACh-MHAYLIMPOBaHHOM AMAQTALIN
KPYIIHBIX ¥ MEAKVX liepeOpaAbHBIX apTepuil KaK
KOHTPOABHOM IPYIIIIBI, TaK X HeHPIKTOMMPOBAHHBIX.
MakcuMaabHOE YMEHbBIIEHNE AUAQTALY TIPU
AenictBun L-NAME HabA10A2AOCh B KPYITHBIX ap-
TepUsIX, UTO AQe€T OCHOBAHME 3aKAIOUUTD, YTO 10
MexaHusMy AenctBusi ACh-uHaAyuupoBaHHas
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Puc. 1. Beanunna ACh-unAyLMpyemoit auAaTanmm LepebpaAbHbIX apTepuil Kpsic pameTpom 60—80 Mxm (A)
n <20 MxM (B) Ha pone nurnbuposanusa: NO-cunTas ([), uukaookcurenassl (§§) 1 OAOKMpOBaHUA
sHpoTeAnasbHbix Ca* -akTuBupyembix K*-xaHaAoB mpomexyTouHoi nmpoBoaumocty ([).

AaHHble peacTaBaeHsl B % oT BeanunHbl 061iert ACh-MHAYLMPYeMOiT AAaTalmy epeOpaAbHbIX apTepuil
KPBIC KOHTPOABHOI Tpymbl. Control — KOHTpoAbHbIE KPbIChI, NE — KPBICHI TOCAE HEPPIKTOMUM

Fig. 1. The value of ACh-induced dilatation of cerebral arteries in rats with a diameter of 60—80 um (A)
and < 20 um (B) under inhibition of: NO synthases (Eg), cyclooxygenase (§§) and blocking
of endothelial Ca?*-activated K*-channels of intermediate conductance ([l]). The data are presented
as a percentage of the value of the total ACh-induced dilatation of the cerebral arteries of the rats
of the control group. Control — control rats, NE — nephrectomized rats

AVIAQTaLVS B 9TUX apTepUsAX SIBASETCS IIpeUMylie-
crBenHO NO-omnocpepoBanHoii. HedpskTomus
MPUBOAVIAQ K OCAAOAEHMIO 3TOr0 KOMIIOHEHTA
ACh-MHAYLMPOBaHHOM AMAQTALMY KaK B KPYITHBIX,
TaK ¥ B MEAKUX apTepusX.

VHrubupoBaHue CMHTe3a MPOCTATAQHAVHOB
0Ka3bIBaAO cAaboe BausiHue Ha aMnauTysy ACh-
MHAYLMIPOBaHHOM AMAATaLMU KPYIIHBIX Y MEAKUX
LepeOpaAbHBIX APTEPUI )KUBOTHBIX KOHTPOABHO
rpynnbsl. HeppakToMmus npuBeAaa K BO3pacTaHUIO
PG (rpapMeHT AaBAEHMsI) — OIIOCPEAOBAHHOTO
KoMIoHeHTa KoMmnoHeHTa ACh-uHAyLMpyeMon
AMIAQTALIV KaK KPYITHBIX, TaK I MEAKMX LiepeOpaAb-
HBIX apTepull Kpbic. Mbl noAaaraem, 4To Bo3pac-
TaHMe POAU IIPOCTATAQHAVHOB B AMAQTaLluy apTe-
puit ipy XITH MoXXeT 00BsICHATBCS SKCIIpeccuent
COX-2. I'lpu XITH uupxyaupyioljye B aasme
KPOBU ypeMuuecKrie TOKCYHBI BbI3bIBAIOT IIOBPEX-
A€HIe TKaHell I CUCTEMHOE BOCITaA€HNe, OOBIYHO
conpoBoxkparmieecsa skcnpeccuein COX-2
(Cobo et al. 2018).

TpeTuii, HaMeHee M3y4YeHHbIIT, MeEXaHU3M SHAO-
TeAUII-3aBMCHMO Ba30AMAATALIY — 3TO TUIEPIIO-
ASIpM3aLys, 00yCAOBAEHHASI pa3AMYHBIMY XVIMUYe-
CKVIMM BellleCTBaMI, IPOAYLIVIPYEMBIMY SHAOTEAVEM

U paHee 00beAVHsIeMbIMU B eAnHOe TioHsiTe — EDHF
(Luksha et al. 2009). VImeroTcst sKCIIepMeHTaAbHbIE
AaHHbIE, CBUAETEAbCTBYIOIIMeE, YTO poab EDHF
moryT BbmoAnATs H O,, CO, H,S n Apyrue Bemectsa
(Félétou, Vanhoutte 2009), mpu 3TOM MeXaHU3M
UX AEVICTBUS UAEHTUYEH: oTKpbiBaHue Ca?*-akTu-
BrpyeMbIx K*-KaHaAOB Ha MeMOpaHe SHAOTEAVOLU-
TOB — T'UIIEPITOASPU3ALINS MEMOPAHbI SHAOTEAU-
AABHBIX KAETOK — IepeAaya IMIIepPIOASpU3aALUN
Yyepe3 MUOSHAOTEANAABHBIE IIleA€Bble KOHTAKThI Ha
raapkombiieyHele kKaeTky (TMK), B peayabTare yero
noTeHLaA-ynpaBasieMble Ca?*-kaHaAbl L-Tuma pe-
aKTUBUPYIOTCsA, KoHLeHTpauysa [Ca*'] B yuTonaasme
I'MK BoccTaHaBAMBAeTCs, UTO CIIOCOOCTBYeET VX
paccaabaennio u Bazopeaakcauuu (Behringer 2017).
Ha memOpaHe sSHAOTeAMaABHBIX KAETOK MMEIOTCS ABa
tuna Ca*-aktuBupyembix K*-kaHaAoB: MaAoit ipo-
BOAVIMOCTH Y TIPOMEXXYTOYHOM ITPOBOAVIMOCTY, TIPU
5TOM POAB IOCAEAHNX O0Aee 3HaumMa (Grgic et al. 2009)

B pAaHHOI paboTe MbI He M3YYaAl XMMUYECKYIO
IIPUPOAY BellleCTBa, IPOAYLIMPYEMOI'O SHAOTEAVIEM
Y IPUBOASIIIIETO K TUTIEPTIOASIPU3ALIY U BA30AMAQ-
taiyu. C yyeToM Toro ¢axTa, 4YTo BCe KaHAMAATBI
B EDHF okasbiBatoT BAMsHMe Ha cocypucTbie TMK
IIOCPEACTBOM IMIIEPIIOASIPM3ALIUN, 00YCAOBAEHHO
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Puc. 2. Paccunranusie Beanunnbsl NO-onocpepoBantoit (A) u EDHF-onocpeaosantoit (B)
ACh-uHpyLMpyemoit Auaaranum LepebpasbHbix aprepuit AuameTpom 60—80 MM 1 < 20 MKM
KPbIC KOHTPOABHOII TPYIIIIbI M HePIKTOMUPOBAHHBIX KMBOTHBIX. AaHHbIE IIPEACTABAEHBI B % OT BEAUYMHBI
o6ueit ACh-MHAYLIpYeMOIT AMAaTaLMK LiepeOpaAbHBIX apTepHil KPbIC KOHTPOABHOM IPYIIIIBL.
Contr — xoHTpoAbHas rpynna, NE — rpymmna Kpsic ¢ HedpaKkTOMUen. Pasanunst MEXAY IpyNIIaMy )XMBOTHBIX
3HauMMbl: * — p < 0,05, # — p <0,01

Fig. 2. Calculated values of NO-mediated (A) and EDHF-mediated (B) ACh-induced dilatation of cerebral
arteries with a diameter of 60—80 pm and < 20 pm in rats of the control group and nephrectomized animals.
The data are presented as a percentage of the value of the total ACh-induced dilatation of the cerebral arteries
of the rats of the control group. Contr — control rats, NE — nephrectomized rats. Differences between groups
of animals are significant: * — p <0.05, # — p <0.01

oTkpeiBaHueM Ca’'-akTuBupyembix K*-kaHaAoB,
MBI IpUMeHsIAU 6AoKaTOp Ca?*-aKTUBMPYEMBIX
K*-xaHaAOB NMPOMEXYTOUYHO MPOBOAMMOCTY —
TRAM-34. TRAM-34 p06aBASIAY B paCcTBOp IIOCAE
nHruouposanus NO- u PG-onocpepoBaHHBIX
MeXaHU3MOB BasopuaaTaiuu. AeiictBue TRAM-34
MIPUBOAMAO K BbIpQXK€HHOMY YMeHbILIEHMIO aMITAY-
TyAbl ACh-MHAYLIMPYEMOIT AMAQTALM MEAKUX
1jepeOpaAbHBIX apTepuil, B KPYIIHBIX apTePUsIX
AVIAQTALMS TAK)KE OCAAOASIAACH, HO B 3HAYUTEABHO
MeHble cTeneHy (puc. 1 u 2). V3 moAyyeHHBIX
AQHHBIX MOKHO 3aKAIOUUTH CAepylolee: 1) B pu-
3MOAOTMYECKUX YCAOBMSIX B MEAKKX LiepeOpaAbHbBIX
apTePUSIX KPBIC SHAOTEAUIN3aBUCUMAsT AAQTALVIS
peaAnsyeTcs He TOABKO 3a c4yeT npoaykuum NO,
Ba)XHYIO poab urpaet EDH-mexaHusm, 2) y He-
¢bpaxTOMMPOBaHHBIX KpbIC poAb EDH-MexaHnama
3HAYUTEABHO BO3PACTaET, YTO Ha (POHE CHIDKEHUS
npoaykuyy NO MOXXHO paclieHUMBaThb KakK IIPOsIB-
A€HVE AAANITALIMY K TATOAOTMYECKOMY COCTOSIHUIO,

xkomneHcupymoueit Aedpuunt NO (Félétou, Vanhoutte
2009).

UnmeepamusHas gﬁusumoeuﬂ, 2021, m. 2, Ne 1

XoTs B 3apa4y AQHHOT'O ICCAEAOBAHMS HE BXO-
AVAQ UAEHTUGUKALUSA XUMUYECKON TIPUPOADI
BEII[eCTBA, POAYLMPYEMOT'O SHAOTEAVEM U IIPU-
BOASILIETO K AMAATALIVIY apTEePUI TOCPEACTBOM
EDH-mexaHusma, ¢ yueToM Bce 6oaee Bo3pacTa-
romjero uuTepeca Kk H,S kak K peTbemy rasorpamc-
mutTepy (Chen et al. 2007) MmbI TpoBeAr KCCAEAO-
BaHnume poau H,S B sHpOTeAMII-3aBUCUMON
AvAaTauuu LiepebpasbHbIX apTepuit Kpbic. C aToit
L[eABIO MbI UCITOAb30BAAU UHTMOUTOP CUHTE3a
sHporedHoro H,S — PPG. C y4eTom CAOXHOTO
B3auMOAeNCTBYs B TKaHsax NO u H,S (Dongd et al.
2018) PPG BBOAMAM B PacTBOP MOCAE MHTMOMPO-
BaHuA npoaykuum NO. AaHHble, TOAYYEHHbBIE
B 9TO CEPUMU OIBITOB, TIPEACTABAEHBI B TabAuIe 1.
Vnrubuposanue cunTesa H,S mpuBopnAo K 3Ha-
YUTEABHOMY OCAAOAEHMIO Ba30AMAATALIVIN B MEAKKX
1epeOpaAbHBIX aPTEPUSX KPbIC KOHTPOABHOIT
rpymnmnsl (yMeHbIIeHVe COCTABASIAO B CPEAHEM
25,2 + 1,8% ot BeAnunHbl He NO-0mocpepOBaHHOM
anaarauun). ¥ HeppsKTOMUPOBAHHBIX KPbIC TIPU-
MeHeHne PPG conpoBoskAaAOCh HoAee BhIpaskeH-
HBIM CHYDKEHIEM aMIAUTYABI AvAataun (43,3 +2,9%
ot BeAnunHbl He NO-0mocpeAOBaHHOI AMAATALIUMN).
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Taba. 1. Beanunna ACh-nHAyLMpYyeMOIt AvaaTalyy LepebpasbHbIX apTepuit KpbIC Ha GoHe
uHru6mposauus npoaykuuu NO u H,S

Table 1. ACh-induced dilatation of rat cerebral arteries under inhibition of NO and H,S production

Auamerp aprepuii I'pynna kpbic ACh ACh + L-NAME ach II}‘I_’EAME
KouTtpoab 100% 21,2+ 1,7% 16,3 + 1,1%*
60-80 MxMm
H2 86,2 + 5,1% 17,4 + 1,4% 10,3 £ 0,7%*
Kontpoap 100% 31,1 £2,0% 17,6 £ 1,2%#
<20 MKM
H3 74+ 4,2% 29,6 + 1,8% 8,4 + 0,4%#

TpumeuaHue: pasandusi AOCTOBEPHBI [0 OTHOLIEHUIO K BEAMYMHE AMAATALUM LiepebpaAbHbIX apTepuil Ha GpoHe
L-NAME, * — p <0,05; # — p <0,01.
Note that the difference is significant relative to the dilatation value of cerebral arteries under L-NAME, * — p <0.05;

#—p<0.01.

B KpymnHbIX LlepeOpaAbHbBIX apTepUSIX IPMMEHEeHre
PPG conpoBOXAQAOCH HE3HAUUTEABHBIMU M3Me-
HeHyssMM BearunHbl ACh-uHAyLIMpyeMoit AuaaTta-

Hble He(PPIKTOMMEN, IPUBEAN K HAPYLIEHUIO
SHAOTEAUN3aBUCUMON AUAATAIIUY TIepeOPAABHBIX
apTepui KpbiC; 2) Y HeppIKTOMUPOBAHHBIX KPBIC

Uyu. AaHHbBIE 3TO CepUY IKCIIEPYMEHTOB TI03BO- HapYIIEHO MPOU3BOACTBO (61opocTymHOCTD) NO

ASIIOT 3aKAIOUMTD: 1) B MEAKUX LjepeOpaAbHbIX g KPYIIHBIX M MEAKHUX LlepeGpaAbHbIX apTepUsX;

APTEPUAX KPBIC AOCTATOYHO 3P HEKTUBHO q’YHK: 3) B MeAKUX LiepeOpaAbHBIX apTEPUSIX KPbIC YaCTh

HVOHMPYET MEXAHIEM AMAATALIIN, PEAAVBYEMDIN o\ e Apif-3aBUCKMOI AMAQTALIMY PEAAMSYETCS
A A n p Y

c yuactuem H.S; 2) poap EDHF B meakux uepe-
2 MOCPEACTBOM MexaHusMa AnAarauuu EDH-tuma;

OpaAbHbBIX apTePUAX KPBIC MOXKET BhIMOAHATD H,S;
4) sapdextuBHOCTD AMAaTauyu EDH-Tumna B MeAkux

3) IpM ypeMuu poAb 9TOTO MeXaHM3Ma Ba30AMAA-
apTepusx HePppPIKTOMMUPOBAHHBIX KPBIC BO3pac-

Taluy BO3pacTaeT.
Takum 06p330M B IPOLIECCe NMPOBEAEHHOTO TaeT, T. €. 9TOT ME€XaHM3M BBIIIOAHAET KOMII€HCa-
’

MICCA€AOBAHUA YCTAaHOBAEHO: 1) aprepuaapHass  TOPHYHO $ynxuyo npu pAedpumre NO; 5) sHpOTeH-

rmmnepreHsmnsa "M ypemusi, CIIpoBOLMPOBaH-

HbIt H,S B MeAKMX 1iepe6paAbHbIX apTePUAX CIOCOOCTBYET MX AMAATALMM M MOXKET BBICTYIATh B POAU
sHpoTeAnasbHoro EDHE.
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Annomauyus. Hay pe3yAbTaTbl CBUAETEABCTBYIOT O TOM, UTO SHAOTE€HHBIN
yabauH 3aIycKaeT ABa PasHbIX CUTHAABHBIX mpoliecca. [1epBbiii, ObICTPDI
NIPOLIeCC, IPUBOAUT K MOAYASILIMY aKTHBALMOHHOTO BOPOTHOI'O YCTPOJICTBA
kaHaAoB Na, 1.8, uTo cHDKaeT Ux QYHKIMOHAABHYIO aKTUBHOCTD. BTopois,
MEAAEHHBIV MPOIECC, BEAET K CHVDKEHMIO TAOTHOCTU KaHaAoB Na, 1.8
B MeMOpaHe NepBUYHOTO CEHCOPHOTO HepoHa. Mbl IIpeAlioAaraem, 4To
B 9TOM CAy4Yae SHAOTEHHBIIT yabarH 3aIyCKaeT BHYTPUKAETOYHBIN KaCKaA,
BeAYLIMIT K CHVDKeHMIo aKcrpeccyy reHa SCN10A, TpoAyLIMPYIOILEro KaHaAbl
Na, 1.8. MO>XHO 3aKAKOUUTD, 4YTO SHAOTEHHDII yabauH BbITOAHSET BaXKHEITYI0
YHKLMIO MOAYASLIMY (QPYHKLMOHAABHOI aKTVBHOCTY KaHAAOB Na, 1.8 npu
B3aMIMOAEVICTBMU C IIEPBUYHBIM CEHCOPHBIM HEMPOHOM. B cooTBeTCTBUMU
C HAIIMMU AQHHBIMU, SHAOTEHHBIN yabauH MOXET SIBASITHCSI SHAOT€HHBIM
aHAABIeTUKOM. [ [paKTUUeCKUM pe3yAbTaTOM IIPOBEAEHHOTO MICCAEAOBAHMS
CTAAO TIPEAITIOAOXKEHME, COTAACHO KOTOPOMY AOCTaBKa yabauHa B KaueCcTBe
A€KapCTBEHHOM CyOCTaHLUUM K MeMOpaHe HOLMLENTUBHOIO HeIPOHa
B HaHOMOASIPHOJ KOHLIEHTPaLIMM AOAXKHA IPUBOAUTL K 6€30MacHOMY
1 3P PeKTUBHOMY aHTMHOLIULIEITYIBHOMY A€JICTBMIO 3TOT'O areHTa Ha YPOBHE
opraHusMa.

Karouesbie croBa: HOLMLIENTUBHbIE HENIPOHBI, KaHaAbl Na, 1.8, meToa
AOKaABHOI (pUKCALMY MOTEHLMAA], METOA OPTaHOTUIINIECKON KYABTYPBI
TKaHM, KOH(POKAABHASI AQ3€PHAS CKAHUPYIOIAs MUKPOCKOINSI, SHAOT€HHbII
yabauH.
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Beepaenue

Abstract. Our results suggest that endogenous ouabain triggers two different
signaling processes. The first, fast process, modulates the activation gating
device of the Na, 1.8 channels, thereby reducing their functional activity.
The second, slow process, decreases the density of Na, 1.8 channels in the
membrane of the primary sensory neuron. We assume that in this case,
endogenous ouabain triggers a downstream cascade leading to a decrease
in the expression of the SCN10A gene that produces Na, 1.8 channels. It can
be concluded that endogenous ouabain, when it interacts with the primary
sensory neuron, performs important function of modulating functional activity
of Na, 1.8 channels. The practical result of the study was the assumption that
the delivery of ouabain as a drug substance to the membrane
of a nociceptive neuron in nanomolar concentration should lead to a safe and
effective antinociceptive action of this agent at the organismal level.

Keywords: nociceptive neurons, Na, 1.8 channels, patch-clamp method,
organotypic nerve culture method, confocal laser scanning microscopy;,
endogenous ouabain.

MeMOpaHbl OAAaroAapPsT TOAAEP>KUBAHUIO TPAAVEH-
TOB KOHLIEHTPALIMIT MOHOB HATPUSI U KAAVISI MEXKAY

Na,K-AT®a3a — 2T0 2AeKTpPOTreHHasl TpaHC-
meMmbpanHas ATDa3a, HAXOAIIASICS BO BHEIIHEI
naasmaruyeckon membpase kaetok (Skou 1957).
DTOT pepMeHT CO3AaeT PA3HOCTh MOTEHI[MAAOB
MeXXAY HapYy’>KHOJ M BHYTPEHHEll CTOPOHAaMU
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BHe- U1 BHYTPUKAETOYHOI CpPeAOit KaeTKu. B Ha-
cTosiilee BpeMsi IIOSIBUAOCH OOABIIOE KOAUYECTBO
AQHHBIX O TOM, YTO 3TOT OEAOK TaKKe BBIIIOAHSIET
elje ¥ TPaHCAYKTOpHY0 ¢yukumio (Askari 2019;
Cui, Xie 2017; Kometiani et al. 1998;
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Krylov et al. 1999; Lichtstein et al. 2018; Xie, Askari
2002). Cretduueckue moayasitopsl Na,K-ATDa3b,
KapAMOTOHMYECKVE CTEPOMABDI, 3BECTHBIE KaK
SHAOTE€HHbIE AUTVITAAMCOIIOAOOHBIE BELIECTBA,
BAMSIIOT Ha pepMeHTaTUBHYI0 aKTUBHOCTh Na,K-
AT ®as3bpl, 4TO MPOSIBASIETCS B PETYASILINUA TIPOAU-
dbepanuy, AuddepeHUMPOBKY, B CTUMYAVPOBAHUN
ayTrodarumy, anonrosa. v 3pPeKTh pasAnIaIOT-
€A B 3aBMCHMMOCTU OT TUIIA KAETOK, a TaKXe OT
KOHLIEHTPALY KapAMOTOHNYECKIX CTEPOMAOB.
DHAOreHHbIT yabarH (DY) obHapy>XeH B Kpo-
BOTOKE U B TUIIOTaAaMYyCe TEIAOKPOBHBIX )KMBOT-
HBIX B HaHOMOAsIpHOM KoHUeHTpayuu (Hamlyn
etal. 1991; Kawamura et al. 1999). MoAeKyAsIpHbIi
MeXaHU3M €ro BAMSIHUS B TaKUX HU3KUX KOHLIEH-
TpauysX Ha HOLMLENTVBHYIO CUCTEMY OCTAeTCs
MaAOV3y4Y€eHHBIM. BpIsICHEHIIO BO3MOXKHOI pu3no-
AOTMYECKOI poAM DY MOCBsIeHa HACTOSIAs pa-
6oTa. Hamu 1crioAb30BaHbI 0COO0 YYBCTBUTEABHbIE
METOABI AASI TIPVOKVM3HEHHBIX MCCAEAOBAHUM
MOAEKYASIDHBIX MEXaHU3MOB MOAYASILIUM OTBe-
TOB IEPBUYHOTO CEHCOPHOrO HENpPOHA, TAe
Na,K-AT®as3a, BpicTynasi B KaueCTBe TPAHCAYKTO-
pa curHaaa, cnocobHa MOAYAMPOBATh MOTEHLIMA-
AOYYBCTBUTEABHOCTDb KaHaAOB Na, 1.8, 0TBETCTBEH-
HBIX 32 KOAVPOBaHME HOLMLENTUBHBIX CUTHAAOB
(Krylov et al. 1999; 2017; Penniyaynen et al. 2019).

MeToAbI ICCAEAOBAHUS

Memoo 10KaAbHOUL PUKCAyUYU NOMEeHUUANA

DKCIepUMEHTBDI BHITTOAHEHBI C ICIOAb30BaHIEM
MOAUGULIMPOBAHHOTO METOAQ KPAaTKOCPOYHOTO
KYABTMBMPOBAHMS AVICCOLIMMPOBAHHBIX M30AMPO-
BaQHHBIX CEHCOPHBIX HEIPOHOB AOP3aABHBIX I'aH-
raveB Kpbic AuHun Wistar, KoTopblit 6bIA TOAPOO-
Ho omucaH paHee (Krylov et al. 1999; 2017;
Penniyaynen et al. 2019; Plakhova et al. 2019).
Mertopa AoKaAbHOI puKcaruu moreHiaaa (patch-
clamp method) 6»1A McrioAb30BaH B KoHuUryparmm
«PEruCTpalvsi aKTUBHOCTU L[EAON KAeTKI» («whole-
cell recording») (Hamill et al. 1981). B pabore uc-
TIOAB30BAAMCh CTAHAQPTHbIE pacTBOpbI (Penniyaynen
et al. 2019; Plakhova et al. 2019). PeakTuBs! npu-
obpetaanch B pupme Sigma (CILIA). KoanvecTBeH-
Hoe usmepenue adppexTrBHOrO 3apsaa (Z ), mepe-
HOCMMOT'0O aKTUBAaLIMOHHOM BOPOTHOM CUCTEMOM
NP OTKpbIBaHUM KaHaAoB Na, 1.8, ocyijecTBAsAn
IyTeM IOCTPOEHMS AOTapUPMUYECKOIT TOTEHLM-
aaouyBcTBuTeAbHOCTU L(E) (Krylov et al. 1999;
2017; Penniyaynen et al. 2019; Plakhova et al. 2019),
UCTOAB3YsI MeToA Aamepca (Almers 1978).

Opeanomunu4eckas KyAbmypa HEPBHOT MKAHU

ITprMeHseMBIT HAMY METOA TIOAPOOHO OIMCaH
B HAIIMX MpeAbIAyIuX paborax (Lopatina et al.
2012; Penniyaynen et al. 2019; Plakhova et al. 2019).
OObeKkTaMu KCCAEAOBAHMS OBIAM KCIIAQHTATbI
CIVMHAABHBIX TaHTAMeB 10—12-AHeBHbBIX KyPUHBIX
5MOPMOHOB. DKCIIepMMEHTAAbHbIE SKCIIAQHTAThI
KYABTMBMPOBAAU B IPUCYTCTBUM yabanHa (Sigma,
CIIA) B xoHuentpaunuu 0,1 HMOAB/A B TeueHUe
TpeX CyTOK. DKCIAAHTAThl CIIMHAAbHBIX TAaHTAMEB
MICCA@AOBAAM C NTOMOIIbI0O METOAQ AQ3€PHO CKa-
HUPpYIOIIell KOHGOKAAbHON MMUKPOCKOIMNM.
AASI 5TOr0 IPOBOAVAYL UMMYHOLIMTOXV/IMUYECKOE
OKpalllBaHMe SKCIIAQHTATOB.

WmmyHnoyumoxumuyeckuii memoo

AAst BU3yaAu3alyy SKCIIAQHTATOB U AAAbHEI-
1IET0 MUMMYHO]AYOPECLIEHTHOTO aHaAM3a IPOBO-
AVIAVL UMMYHOLMTOXVMMMUYECKOe OKpalllBaHue
OPTaHOTUIINYECKOI KYABTYPbI CIIMHAABHBIX T'aH-
TAMeB K MapKepy KaHaAoB Na, 1.8 u Helipoduaa-
MeHTaM. VICIIOAB30BaAM CAEAyOLVie TIEPBUYHbIE
¥ BTOpMYHbIe aHTUTeAa: anti-sodium channel Na, 1.8,
anti-neurofilament 200, anti-rabbit-TRITC u anti-
rabbit-FITC. AuTuteaa, ucrnoabsyemsie B paboTe,
nprobpeTaauch B pupme Sigma (CILIA). Dxcrnaan-
TaThl PUKCUPOBAAY 4%-HBIM pacTBOpOM mnapadop-
maabaerupa (pH 7.4) B docdartHo-coaeBoMm Oyde-
pe (PBS; Sigma, CIIIA) B TeyeHre 3 MUHYT, 3aTeM
npombiBaau PBS. [Tocae mpoBopuAM mepmeabuan-
zauuio B 0,3%-HoMm pactsope Triton X-100 B PBS
B TeueHMe 15 MMHYT Ipy KOMHATHO TeMIlepaType
C AAAbHel11IIelT OTMBIBKOIT 00pa31joB, 3aTeM KAeTKU
MHKYOupoBaau B 10%-HoM pacTBOope eTasbHOI
CBIBOPOTKM KOpoBbI B PBS mpu KoMHaTHOI TeMite-
parype B TeyeHue 1 yaca. DKCIIAQHTAThI MHKYOMU-
pOBaAM C IEPBUYHBIM AaHTUTEAOM B T€YeHVE HOUU
npu 4 °C. ITocae 3TOro mpombIBaAu KAETKMU pac-
tBopoM PBS 3 pasa. lIHKy6upoBaAu KyAbTypy
KAETOK CO BTOPMYHBIMY aHTUTeAaMU 1 yac B TeM-
HoTe 11pu 37 °C. AAs BU3yaAU3aLMu SAeP 9KCIAQH-
taThl okpammBaau DAPI (Sigma, CIIA). ITpena-
patbl xpaHuau npu 4 °C, 3aTeM X UCIIOAb30BAAU
AASL AAABHEMIIVX VICCAEAOBAHMIA.

HmmyHogpryopecueHmHbiii Menoo

AAST OLIEHKM PEe3YABTATOB MMMYHOLIUTOXVIMU-
4eCKOr'0 OKPALIMBAHUSA U AASI KOAMYECTBEHHOTO
aHaAM3a AelicTBUA DY NMPUMEHSAAY CUCTEMY KOM-
IbIOTEPHOIO aHAAM3a MUKPOCKOIMYECKNX M30-
Opa’keHuI1, COCTOSILIYIO U3 AA3ePHOTO CKaHUPYIO-
mero Mmukpockomna «LSM 710» (Carl Zeiss,
TepmaHMsI), MHTETPUPOBAHHOTO C MHBEPTUPOBAH-
HbIM MUKpockonoM Axio Observer Z1 (Carl Zeiss,
TepmaHus1), MEPCOHAAPHOIO KOMIIbIOTEPA U MPO-

98 https://www.doi.org/10.33910/2687-1270-2021-2-1-96-101



https://www.doi.org/10.33910/2687-1270-2021-2-1-96-101

B. A. Ilennusiinen, B. B. I1raxosa, C. A. ITo03oposa u op.

rpamMmmHoro obecnevenuss ZEN_2012 (Carl Zeiss,
Tepmanusi). VIHTeHCMBHOCTD dAyopecLeHIIMM KO-
AVIYECTBEHHO PErMCTPUPOBAAY B OTHOCUTEABHBIX
epAvHuLax (o. e.). Pabora BeimoAHeHa Ha 000pyAO-
Banun LIKIT «KoHdokaapHasi MUKPOCKOTIUS»
Wucturyra dpusmoaroruu um. V. IT. [TaBaoa PAH.

Craructuveckas o0paboTka

CraTucTiecKyro 06paboTKy HOAYYEHHBIX PE3YAD-
TaToB BbINTOAHsIAU B iporpamme STATISTICA 10.0
(StatSoft, CIIIA) ¢ ncroAb3oBaHMEM t-KPUTEPUS
CrpropeHTa. AaHHbIE IPEACTABAEHBI B BUAE CPeA-
Hero 3Ha4eHus + CTAaHAAQPTHAs OMIMOKa CPeAHETO.
Pa3AnyMst NPUHUMAAY CTATUCTUYECKU 3HAYMMbIMU
npu p < 0,05.

Pe3yabTarhl 1 uX 00CyKA€HME

AaHHbIe, IOAYUYeHHble METOAOM AOKAaAbHOM
¢dburKcaLM MOTEHLMAA], TOKA3aAY, UYTO TOCAE TIPU-
AOXKeHVS 1 HMOAB/A yabauHa B HApY>KHBII PacTBOP
BeAnYMHa 3P PeKTUBHOrO 3apsAa CHMXKAAACH
C KOHTPOABHOTO 3HaYeHus 3apsipa Z . = 6,7 + 0,4
(n = 15) A0 4,8 £ 0,5 (n = 15). OOHapy>KeHHBI
a3 deKT He yCTpaHSIACS NpeABAPUTEABHBIM A€li-
CTBUEM HecreupnuIeckoro 6AOKaTopa OIIMOUAHBIX
pelienTopoB HaATpekcoHa (50 MKMOAB/A). DTOT
(baKT CBMAETEABCTBYET O HETIOCPEACTBEHHOM B3a-
VIMOAEVICTBUY yabalHa C COOTBETCTBYIOIUM Cail-
ToM Na,K-AT®a3spl, a He ¢ OIMOUAOIIOAOOHBIMU
pelLienTopaMy, CBsI3b KOTOPBIX C MEAAEHHBIMU
HaTpUeBbIMM KaHaAaMU OblAa OOHapy)KeHa paHee
(Krylov et al. 1999; 2017). CnieunduaHoctb 0OHa-
PY’>KEHHOTO MeXaHM3Ma IIPOSIBASIETCA ellle U B TOM,
YTO APYTOJ CEPAEUHBIN TAUKO3UA, AUTOKCUH, He
BAMSIET Ha NOTEHLIMAAOYYBCTBUTEABHOCTD MEA-
A€HHBIX HaTpUeBbIX KaHaAOB. Ilpuaoxenue 100
HMOAB/A AUTOKCVHA C HapY>KHOV CTOPOHBI MEM-
OpaHbl He U3MEHSIAO BeANYMHY 3P PEeKTUBHOTO
3apsiAQ aKTUBALMIOHHOV BOPOTHO CUCTEMBI MEA-
AEHHBIX HAaTpUeBBbIX KaHaA0B. OTMeTUM, UTO 0CO-
OEHHOCTM XMMMYECKOI CTPYKTYPbl MOAEKYABI
AUTOKCMHA He TIO3BOASIIOT eMY, B OTAMYME OT yaba-
MHA, CIIOCOOHOTO XeAaTUPOBATh CBOOOAHBIE MOHBI
KaAbLIMSI C YYaCTUEM TMAPOKCUABHBIX TPYIIII
CTEPOMAHON YaCTU MOAEKYABI, aKTUBUPOBATh
TPaHCAYKTOPHBIN CAlT CBS3bIBAHUSI MOAEKYADBI
Na,K-AT®a3pr meMOpaHbl UCCAEAYEMOTO HOLM-
LIEITMBHOI'O HEIIPOHa.

AetaapHoe nccaepoBare abPeKTOB HUBKUX
KOHLIeHTpaLMil yabauHa MoKa3aA0, YTO BAUSHUE
9TOro areHTa Ha 3P PeKTUBHBIN 3apsIA U, KAK CAEA-
CTBUe, Ha TPAHCAYKTOPHYIO pyHKLmio Na,K-ATPa3zpr
HOCUT MOHOTOHHBIN AO0303aBMCHMBII XapaKTep
B AuamasoHe oT 1 mMoAb/A A0 1000 HMOAB/A. AaAb-

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

Herllllee MOBbIILIeH)e KOHLIEHTpaLuy yabauHa rmpu-
BOAMAO K HapyIIEHIIO MOHOTOHHOCTM KOHILIEHTpa-
LJMIOHHOJ 3aBUCUMOCTU. DTOT 3G PEKT MOXKeET
TPaKTOBATbCS KaK PE3yAbTAT BO3AEVICTBUS Upes-
BBIYAITHO HU3KMX (9HAOTEHHBIX) KOHLIEHTpaLil
yabauHa MMEHHO Ha TPAaHCAYKTOPHYIO, a HE Ha
HacocHyo ¢pyHkumio Na,K-AT®as3b1. JTa 3aBucu-
MOCTb MOYKET OBbITb alMPOKCMMMUPOBaHA C TOMOLIBIO
ypaBueHus Xuaaa (Ka = 3 HMoAb/A). VimeHHO OHa
OTpa)kaeT MPOLIECC AUTAHA-PELIEIITOPHOTO CBSI3bI-
BaHUS «IHAOTEHHOrO» yabauHa, IPUAOKEHHOTO
B HAHOMOASIPHBIX KOHLIEHTPALIVSIX, C TPAHCAYKTOP-
HbIM caiiToM Na,K-AT®asper. OueBupHO, UTO y3-
HaBaHMeE aTaKYIOLIe! MOAEKYABI «TPAHCAYKTOPHBIM»
CaliTOM MOXXET IMPOUCXOAUTH B COOTBETCTBUM
C HaAMYMEM AOMOAHUTEABHOTO (aKTopa. DTUM
($baKTOpOM, COTAACHO HAIIEMY IIPEAITOAOXKEHUIO,
CAY>KUT CITOCOOHOCTD yabauHa XeAaTHpOBaTh CBO-
60aHbIe MOHBI Ca**, HAXOAALIECs B TpUMeMOpaH-
HOM IIPOCTPAHCTBE C HApY)KHOJ CTOPOHBI MeMbpa-
HBI HOLIULIEITUBHOTO HeMpoHa. TOABKO XeAaTHBIN
KoMIIAeKC yabanH-Ca?* criocobeH aKTUBMPOBATh
TpaHcaykTopHblit caiiT Na, K- AT®a3bl, CBOOOAHBI
yabauH 3TUM CaiiTOM He y3HaeTcs. BeposiTHo,
BOKHENIINM PaKTOPOM AUTAHA-PELEITOPHOTO
CBSI3bIBAHMS SIBASIETCSI 00pa30BaHe MOH-MIOHHBIX
CBsI3€l1 MeXXAY XeAaTHbIM KOMIAeKCOM yabauH-Ca**
VI TPAHCAYKTOPHBIM cainToM. [TopuepkHeM, 4TO,
COTAQCHO HAllleMY IPEANOAOXKEHUIO, CBOOOAHAS
MoAeKyAa yabayHa (6e3 KaAbLMs) HECITOCOOHA
aKTVBMPOBATb 3TOT CAT.

JIHTeHCUBHOCTb dAyopecueHLMM OblAa M3Me-
peHa MeTOAOM KOH(OKAABHOI Aa3epHON MUKPO-
CKOTIMM HA SKCIIAQHTATaX CIIMHAABHbBIX FAHTAMEB,
KaK B KOHTPOABHBIX OITBITaX, TaK i TIOCAE BO3AEN-
crBust DY B KoHUeHTpauuu 0,1 HMoAb/A. [Tpume-
HEHe ICCAEAYEMOTO areHTa B CyOHaHOMOASIPHO
KOHLIEHTPAaLUy IIPUBOAKUAO K UHI MOV POBAHMIO
pocTa HePUTOB CEHCOPHBIX HEMIPOHOB CITMHAABHbBIX
TaHTAMEB, YTO OBIAO BU3YaAU3MPOBAHO C VICIIOAD-
30BaHMEM aHTUTeA K KaHaAaM Na, 1.8 u Heitpodu-
AaMeHTaM U OLIEHEHO ITyTeM U3MepeHMsi payopec-
LleHIIMM aHTUTeA K KaHaaam Na 1.8 (puc.).
JIHTeHCUBHOCTD PAyOpEeCLIEHIINM AHTHUTEA K KaHa-
Aam Na, 1.8 B MeMbpaHe CEHCOPHBIX HEIPOHOB
CNMHAABHBIX TAHTAMEB UBMEPSIAU B OTHOCUTEABHBIX
epunuuax (o. e.). [Tocae Bospenctus DY oHa co-
craBasiaa 4,0 £ 0,6 0. e. (n = 16), a B KOHTPOABHbIX
ombiTax — 5,2 £ 0,4 0. e. (n = 17). Pe3yabrarsl
MMMYHO(GAYOPECLIEHTHOTO aHAAM3a CBUAETEAD-
CTBYIOT O CTaTUCTUYECKN AOCTOBEPHOM CHVKEHUN
YPOBHs GAyOpecLieHL[UM aHTUTeA K KaHaaaM Na, 1.8
IOCA€ BO3AENCTBUS DY.

Haumm pe3yAbpTaThl CBUAETEABCTBYIOT O TOM, UTO
Y 3amyckaeT ABa pa3HbIX CUTHAABHBIX IIpOLiecca.
ITepBblit, OBICTPBII IPOLIECC, TPUBOAUT K MOAYASILII
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Puic. BAusiHue sHAOTeHHOTO yabanta (3Y) Ha TAOTHOCTb KaHaAOB Na, 1.8 B OpraHOTUIIIMECKON KyABTYPe HePBHOV TKaHI.
OparMeHT 30HbI POCTA 9KCIAAHTATA CIIMHAABHBIX TAHTAMEB. A — KOHTPOAb; B — mocae Bo3aelicTBus Y.
Oxpacka aHTUTeAaMu K HetipoduaameHTaM (KpacHbit), kaHaaam Na, 1.8 (seaenbit) n sapa DAPI (cunwmit), x10

Fig. Effect of endogenous ouabain (EO) on the density of Na, 1.8 channels in organotypic nerve tissue culture. Fragment
of the explant growth zone of the dorsal root ganglia (third day of culturing). A — control; B — EO-treated explant.
Immunostaining with antibodies to neurofilaments (red), Na, 1.8 channels (green) and DAPI nuclei (blue), x10

AKTMBAaLIMOHHOI'O BOPOTHOTO YCTPOJICTBA KAHAAOB
Na, 1.8, uTo cHMKaeT ux GyHKIMOHAABHYIO aKTUB-
HOCTb. BTOpOI1, MEAAEHHBIN IPOLECC, BEAET
K CHVM)KEHUIO MAOTHOCTU KaHaAoB Na,1.8
B MeMOpaHe NMepBUYHOTO CEHCOPHOIO HelpOHa.
MbI pealioaaraeMm, 4To B 3TOM cAydae DY 3amy-
CKaeT BHYTPUKAETOUHBIN KacKa, BEAYIINI K CHU-
>keHnio akcrpeccuy reHa SCN10A, mpoayuupyro-
1Iero KaHaAbl Navl.8. MO>XKHO 3aKAIOUUTH, YTO
SHAOTEHHBIN yabaVH BBITIOAHSIET Ba>KHEIIYIO
OYHKUMIO MOAYASILIMY QYHKLMOHAABHOV aKTUB-
HOCTU KaHaAoB Na, 1.8 npu B3auMoaencTBumn

C TIepBUYHBIM CEHCOPHBIM HeIPOHOM. B cooTBeT-
CTBMM C HalIUMU AQHHBIMU, DY MOJKeT SBASITbCS
DHAOTEHHBIM aHaAbreTUKoM. [IpakTuuecKum
Pe3yAbTATOM ITPOBEAEHHOTO ICCAEAOBAHVIS CTAAO
IPEATIOAOKEHNE, COTAACHO KOTOPOMY AOCTaBKa
yabauHa B KaueCTBe A€KapCTBEHHOI CyOCTaHLIMK
K MeMOpaHe HOLIMLIENTUBHOTO HEMIPOHA B HAHOMO-
ASIDHOV KOHLEHTPALMU AOAXKHA TPUBOAUTH
K 6e3omacHoMy U 3¢ PeKTMBHOMY aHTMHOLMLIEI-
TUBHOMY AE€VCTBMIO 3TOTO areHTa Ha ypOBHe
opraHusma.
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Annomanyus. CTpecc B KPUTUYECKIE IEPUOABL Pa3BUTHsI (HEOHATAABHBIIL,
AAOAECLIEHTHBII ITEPMOADBI) MOXKET OKa3bIBaTb aOHOPMaAbHOE BAMSHUE Ha
pasBUTME IUIIOTAAAMO-TUITIOdU3APHO-aApeHOKOpTHKaAbHOI cucTeMbl ([TAKC),
MOpQOTreHeTNYECKUX Y HEMPOXMMUYECKMX IIPOLECCOB TOAOBHOTO MO3Ia,
yBeAnIMBas pUCK TICUXOITATOAOI M. Hap;IAy C 9TUM YBEANYNMBACTCS YMCAO
paboT, yka3blBaOIMX HA BO3MOXKHOE AAANTUBHOE BAMSIHIE CTpecca.
[MpakTuyeckasi 3HaYUMMOCTDb 3TOV IPOOAEMBI BbI3BIBAET OOABLION MHTEPEC
K M3y4YEeHMIO MEXaH3MOB, C IIOMOLIbI0 KOTOPBIX CTPECC B paHHEM BO3pacTe
MOBBILIAET CTPECCOYCTONIMBOCTD OPraHI3Ma, HO MHOT}e BOIIPOCHI OCTAIOTCS
HepelleHHbIMU. VIMelolyecss AOKAMHIYECKIIe AAHHBIE, TIOAYYEHHbIE IIPU
MCIIOAB30BAaHUM PA3AUYHBIX TUIIOB CTpecca (MaTepuHCKas AerpUBaLus,
AVIMUTHPOBQHHO€E THE3A0, COLUMAABHBIN U IIPEHATAABHBI CTPECC), AQIOT
BO3MOXXHOCTb BBIABUHYTD IIPEANIOAOXKEHME O BKHOM BKAaA€E U3MEHEHUI
BO BpeMsI PasBUTUSI CEPOTOHMHEPIMYECKON CUCTEMbBI B MHAVMBMAYaAbHbIE
pasAMYMs BOCIIPUIMYMBOCTY CTPECCOBBIX COOBITII B AAAbHEIIIIIEM OHTOTEHE3eE.
baaanc mexay ITAKC 1 cepoToHMHeprnyeckoy CUCTEeMOI B Ipoliecce
pPa3BUTUA SABAAECTCA OAHMM U3 T'AABHDBIX yCAOBI/II;[ HOPMAaAbHOTO
(YHKUMOHMPOBAHMS CTPECCOBOV CUCTEMBL. BriepBble IPYMeEHEHHBIT HaMU
6OA€BOI1 CTpeCC MPU COYETAHUM C IPEHATAABHBIM CTPECCOM IIO3BOAUA
00HAPY>KUTb AOATOBPEMEHHOE MOBBILIEHNE PE3UCTEHTHOCTY O0AEBOI CUCTEMBI
y KpbIChl. PaHee Mbl TOKa3aAll yCUAEHME BOCITAAUTEABHOTO OOAEBOT0 OTBETA,
TPEBO>XKHO-AEMPECCUBHOIO MOBEAEHNS Y TIPEHATAABHO CTPECCUPOBAHHBIX
B3POCABIX CAMLIOB 1 CAMOK KpbIC. LleAb HacTos1IIel pabOThI — UCCAEAOBATD
BAMSIHIME CTPECCA B IIPery0epTaTHBIN [TEPUOA PA3BUTHS HA TPOAOHIMPOBAHHBII
BOCITAAUTEABHBINI OOAEBOIT OTBET, TPEBOXXHO-AEIIPECCUBHOE IIOBEAEHNE
u crpeccopHyo peakTuBHOCTb ITAKC y nmpeHaTaAbHO CTpeCCHpPOBaHHbBIX
B3POCABIX CaMLIOB M caMOK Kpbic. Kpome Toro, Hac nHTEpecoBaA BOIPOC,
M3MEHUT AY IIPeNy0epTaTHbIN CTPECC BAMSHYE aTOHMCTA CEPOTOHMHEPIMYECKUX
peuenropos 5-HT1A 6ycriupona u MHrM6MTOpa 0OPATHOTO 3aXBATA CEPOTOHMHA
dbAyokceTnHa, KOTOpble BBOAUAU AEIPECCUBHBIM KPbICAM BO BpeMsl
OepeMeHHOCTH, Ha IOBEAEHYECKIIEe Y1 TOPMOHAABHYIO PEaKUU ¥ B3POCAOLO
[IPEHATAABHO CTPECCHPOBAHHOIO IIOTOMCTBA.

Karuesnoie croBa: CTpecCC, BOCITAaAUTEAbHAs 60Ab, AereCCI/IBHOHOAO6H08
TIOBEAEHNIE, KOPTUKOCTEPOH, OHTOI€He3, KpbICa.
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Beepaenue

Abstract. Stress during critical periods of development can have an abnormal
effect on the development of the hypothalamic-pituitary-adrenocortical
system (HPA axis), morphogenetic and neurochemical processes of the brain,
increasing the risk of psychopathologies. Along with this, there is an increasing
number of works indicating the possible adaptive influence of stress. This
issue is of practical value which explains the popularity of studies in the
mechanisms by which stress at an early age increases the body’s resistance
to stress. The available data suggest an important contribution of the serotonergic
system to individual differences in the susceptibility to stress events further
in life. The balance between the HPA axis and serotonergic system during
development is one of the main conditions for the normal functioning of the
stress system. We were the first to use pain stress to study the mechanisms
of stress neutralization by another pain stress. Previously, we showed an
increase in inflammatory pain response in prenatally stressed adult male and
female rats. The aim of this work was to investigate the effect of stress during
the prepubertal period of development on inflammatory pain, anxiety /
depression disorders, and stress reactivity of the HPA axis in prenatally
stressed adult male and female rats. In addition, we studied the question of
whether prepubertal stress may change the effect of the 5-HT1A receptor
agonist buspirone and the serotonin reuptake inhibitor fluoxetine administered
to depressed rats during pregnancy on behavioral and hormonal responses
in the adult prenatally stressed offspring.

Keywords: stress, inflammatory pain, depressive-like behavior, corticosterone,
ontogenesis, the rat.

natuyeckont HepBHou cuctemoir (de Kloet et al.
2005). ITepudepuuecknit ropmon [ TAKC xoptusoa

Crpecc Bo BpeMsi KpUTUYECKUX IEPUOAOB pas-
BUTUS YBEAUYMBAET PUCK GOPMUPOBAHMS IICUXM-
YECKIX OTKAOHEHMII, YTO TOATBEP)KAAETCS AQHHBI-
MM, TOAYYEHHBIMY Ha YeAOBeKe U >KMBOTHBIX (Monk
et al. 2019). [unoraaamo-runodusapHo-aApeHo-
koprtukaabHas cucrtema (ITAKC) B Hopme o6e-
Cre4YMBaeT aA€KBaTHbBIN CTPECCOPHBIN OTBET, MO-
OMAM3YsI 3a1ac SHEPIUM, MOAABASISL UMMYHHBIN
OTBeT U ycuAuBast aGdeKThl, OocpeAyeMble CHM-
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y 4yeAoBeKa 1 KOPTUKOCTEPOH Yy >KMBOTHBIX IPO-
HUKaeT yepe3 reMarosHledasnyeckuil 6apbep,
BAMsIET Ha pa3BUTNEe TOAOBHOTO MO3ra 4 9TUM Ha
nosepeHue. [ Ipy cuAbHOM cTpecce B IIpeHaTAAbHOM
IepuoAe TOPMOHAABHAS 3alMTHAsI CUCTeMA IAa-
LIEHTbI He CIIPaBASIETCS C 9TOM QYHKLMEN, YTO
MIPUBOAUT K IIOCTYIAEHUIO M30BITOYHOTO KOAMYE-
CTBa FAIOKOKOPTMKOVAOB B TOAOBHOM MO3T ITAOAQ
1, KaK CAEACTBME, K HAPYIIEHWIO B HEM MHTEHCUB-
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HO MPOMCXOASILMX B 3TOT IIEPUOA Pa3BUTUS MOP-
¢doreHeTnyeckux npoueccon. ITocaeacTBUs 3TUX
HapyLIEHUI1 UMEIT AOATOBPEMEHHBIV XapaKTep,
HPOSIBASIIOIVIICS BO MHOTMIX HEJPOOMOAOTMYECKIX
cucremax, Bkalovast [TAKC, pasHbie TuIbl nose-
AeHMs ¥ HouunenTrBHylo cuctemy (Knaepen et al.
2014). Ctpecc B npenybepTaTHBIN ITIEPUOA pas-
BUTHSI, KOTOPBI XapaKTepU3yeTCsl peopraHu3aLiy-
€1 B HeIPOTOPMOHAABHBIX I MEAVATOPHBIX CUCTe-
MaXx U BBICOKOT IIAQCTUYHOCTHIO, 00YCAOBAMBAIOLLEN
HOBBIIIEHHYIO YYBCTBUTEABHOCTD K Pa3APKUTEASIM,
ABASIETCS, KaK Y IIPEHATAABHBIN CTpecc, pakTopoM
pUCKa AASI HapyLIEeHWs TOBeAeHMS M PYyHKLMOHAAD-
HOJ aKTVMBHOCTU HEMPOIHAOKPUHHBIX CUCTEM
(McCormick et al. 2010).

B nocaepHee BpeMsi yBEAMUMBAETCSI YMCAO pa-
60T, yKa3bIBaIOLIMX HA BO3MOXXHOE aAAITBHOE
BAMsiHMe cTpecca (van Bodegom et al. 2017). ITpak-
TUYeCKasi 3HAYMMOCTD 3TOV IPOOAEMBI BBI3bIBAET
OOABIION MHTEpeC K M3yYEeHNI0 MEeXaHMU3MOB,
C IIOMOLIbI0 KOTOPBIX HETATUBHDIN CTPECC B pAHHEM
BO3pacTe, MOAMGMULIMPYS IIPOLECChl Pa3BUTUS
B LIEHTPAAbHOI HEPBHOJ CUCTEME, MOXKET CO3AaTh
YCAOBUSI AASI TIOBBILIEHUST CTPECCOYCTONUMBOCTU
opraHyuaMa K HOBOMY IIOAOOHOMY CTPeCCy B AQAb-
HeJfleM IToCTHaTaAbHOM oHToreHese (Daskalakis
et al. 2013). [IpoBepeHHbIE UICCAEAOBAHMS HA JKU-
BOTHBIX, B KOTOPBIX B KaueCTBe CTpecca PUMeHsI-
AVI MATEPUHCKYIO AETIPUBALIVIO, AUMUTVPOBAHHOE
THe3A0, XpPOHUYECKUI YMEepPEeHHBIN CTPecC, COLU-
AADBHBI VAV IIPEHATAABHBIN CTPECC, & BAUSIHUE
CTpecca B paHHEM BO3pacTe M3Yy4aAl IpeuMylile-
CTBEHHO Ha CTPeCCOyCTOMYMNBOCTb K SMOLIMIOHAAD-
HOMY U COLIIaABHOMY TUIIaM CTPECCa, T03BOAUAU
CAEAATb NMPEANIOAOXKEHNE O Ba)KHOM BKAAAE U3-
MeHEeHMI1 BO BpeMsI paHHEro pa3BUTUS CEPOTOHU-
HEpPIr1YecKoll CHCTEMBI B MHAVBMAYaAbHbIE pas-
A4V BOCIPUMMYMBOCTY CTPECCOBBIX COOBITHUI
BO B3pocAoM Bospacte (Brummelte et al. 2017).

BriepBble pyMeHeHHbIT HaMK 60AEBOIL CTpecc
B COYETAHMM C [IPEHATAABHBIM CTPECCOM IT03BOAUA
OOHaApPY>KUTb AOATOBPEMEHHOE MOBBIIIEHNE Pe3U-
CTeHTHOCTU 60A€BOIT crcTeMbl Y Kpbichl (Butkevich
et al. 2016). IToAyueHHbIe HAMM AQHHbIE TIO3BOAM-
AV MICTIOAB30BaTb OOAEBOJ CTPECC AASI ICCAEAOBA-
HMSI MEXaHU3MOB (heHOMEeHA HelTPaAU3aLM CTPeC-
ca Apyrum ctpeccom (Mooney-Leber et al. 2020).
OAHUM 13 TAQBHBIX YCAOBUI1 HOPMAAbHOT'O (PYHK-
LIMOHMPOBAHMS CTPECCOBOI CUCTEMBI SIBASIETCS
6aaaHc B mpouecce pasButus Mmexxpay ITAK u ce-
POTOHMHEpruyeckoi cucremamu. MopdodyHkimo-
HaabHble cBA3U MexxAy ITAKC, ceporonnHepru-
YeCKOM M HOLMLENTUBHOM CUCTeMaMUu
OIIPEAEASIIOT VX TECHOE HEMpOOMOAOTMYECKOe
B3aMMOAENCTBYe. PaHee MBI IIOKa3aAM yCUAEHMe
IIPOAOHTVIPOBAHHOI'O BOCIIAAUTEABHOTO OOAEBOTO
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OTBeTa, TPEBOXXHO-AENPECCYBHOTO ITOBEACHNS
y IIpeHaTaAbHO CTPECCHPOBAHHBIX B3POCABIX CaM-
1oB 1 camok Kpbic (Butkevich et al. 2019). 1lean
HacTosIIeN paboThl — MICCAEAOBATh BAMSIHUE
cTpecca B IIpeny0epTaTHBIN IIepruoA PasBUTH Ha
MPOAOHTUPOBAHHBIN BOCIAAUTEABHBIN OOAEBOIL
OTBET, TPEBOKHO-AENPECCUBHOE IOBeAeHMe
n crpeccopuyio peaktuBHOCTb [TAKC y nmpeHa-
TAaAbHO CTPECCUPOBAHHBIX B3POCABIX CaMLIOB
1 caMoK Kpbic. Kpome TOro, Hac MHTepecoBaA BO-
IIPOC, UBMEHUT AU MIPENyDepTATHBIN CTPECC BAU-
sIHM€ arOHMCTA CEPOTOHMHEPIMYECKUX PeLelITOPOB
5-HT1A 6ycniupona 1 uHrn6uTOpa 006paTHOro 3a-
XBaTa CepOTOHMHA PAYOKCETHHA, KOTOPbIE BBOAU-
AU VIX AETIPECCHBHBIM MaTepPsIM BO BpeMsi OepeMeH-
HOCTU, Ha IIOBEAeHUYeCKNe Y TOPMOHAABHYIO
peakLMM y B3POCABIX IPEHaTaAbHO CTPECCHPOBAaH-
HBIX KpbIC. Bompoc siBAsIeTCsl aKTyaAbHBIM, BO-
MepBbIX, IOTOMY, YTO CEPOTOHMHEPIUYECKUIl pe-
yenrop tumna 1A (5-HT1A peuenTop) siBAsieTcst
OAHOJI 13 Ba)KHBIX MUILIEHEel IIPeHAaTaAbHOIO CTpecC-
ca, 1, BO-BTOPDIX, KaK 3BECTHO, He BCeM ITallieH-
TaM, CTPAAQIOLIVIM Aellpeccrel, TOMOTraloT aHTU-
AETIPeCcCaHTbl. MOKHO MPEATIOAOXKUTD, YTO OAHOM
13 TIPUYVH SIBASETCA CTPecC, MepeXUTDIN B KPU-
TUYECKMe TIEPMOADBI Pa3BUTYA, KOTOPBIN CHYDKAeT
YYBCTBUTEABHOCTDb K QHTUAEIPECCaHTaM.

MarepuaAbl 1 METOADBI

DKCIEePUMEHTBI TTPOBEAEHBI Ha B3POCAOM
(90-pHeBHOM) TTOTOMCTBE Bucrtap kpbic (camku
n = 82 u camipl n = 78), poskAeHHOM OT 50 caMoK,
HIOAYYEHHBIX, Kak 1 cam1ipl (n = 30), 13 OMOKOAAEK-
uyu (LIKIT Bruokoasexuys VI® PAH) u poocTaBAeH-
HBIX B BUBapum Aaboparopuu. B mporiecce akc-
NePUMEHTOB OBIAY COOAIOAEHBI OCHOBHbIE HOPMbI
1 npaBuAa buomeanuHckoit atuku (European
Community Council Directives 86/609/EEC). Bce
JKMBOTHbIE COAEPYKAANCH B CTAHAQPTHBIX YCAOBUSIX
(CBOOOAHBI AOCTYII K BOA€ M TiMiIe, 12-yacoBom
AeHb, ceT ¢ 8:00). bepeMeHHOCTh OTIPeAEASIAU TTO
MasKy 13 BAAraAmiia, HaAu4yue CriepMaTo30MAOB
B Ma3Ke 0003HaYaAM HyA€BbIM AHEM OepEMEHHOCTH.
BHYTpPUOPOIMHHYIO MHBEKLMIO IPENapaToB IPo-
BOAMAM C AEBSITOTO AHSI GEPEMEHHOCTU AO POAOB
(dbayoxcerun 10 mr/xr, Sigma, 6ycripon 3,5 Mr/xr,
Sigma, pusnoaornyeckuit pacTBop), KOHTPOAbHBIE
KPBICHI TIOABEPTAAMICH TOABKO B3SITHUIO B pyKit. Vc-
MIOAB30BaHHbIE AO3bI IIPENapaToB ObIAM arpoOu-
poBaubl Hamu paHee (Butkevich et al. 2019).
C 15-ro AHs1 6€peMEHHOCTY AO POAOB CAMOK, TTOA-
BEPTHYTHIX MHBEKLMSIM (KpOMe KOHTPOABHBIX
CaMOK), YTPOM U Be4epoM B TeueHue 60 MUH ITOA-
BepraAl OrpaHMYUTEABHOMY CTPECCY, IToMelasi
KPBIC B LIMAMHADPBI, PE3KO OTPpaHUYMBAOI/E

https://www.doi.org/10.33910/2687-1270-2021-2-1-102-110
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ABVDKeHIe XUBOTHBIX. CTpecc B IOCAEAHIOI0 He-
A€AI0 0€pEeMEHHOCTY CaMKM KPBICBI BBI3bIBAET Y
IIAOAQ Ype3MepPHOE MOBBILIEHE YPOBHS KOPTUKO-
CTEepOHa, UTO IPUBOAUT B AAABHEJIIIIEM K Pa3BUTUIO
AETIPEeCCUBHOIIOAOOHOTO TIOBEAEHMSI Y IOTOMCTBA
(Weinstock 2017), mosToMy TaKoil TUII CTpecca
VICTIOAB3YIOT B Ka4eCTBE MOAEAM IIPEHATAABHOTO
CTpecca AAsI TOTOMCTBA. BBepeHMe cTpeccupoBaH-
HbIM OepeMeHHBbIM KPbICAaM aHTUAEINPeCcCaHTa
(bAyOKCeTHHA MAM @aHKCHOAUTHKA OYCIIMpOHA HMU-
BEAMPYET HeraTMBHOE BAMSIHME ITPEHAaTaAbHOIO
crpecca (Butkevich et al. 2019).

Ha caepyroiye CyTKM OCA€ POXKAEHUS B KaXK-
AOM IIOMETE OCTABASIAY IO 4 Pa3HOTIOABIX KPBICEH-
Ka. B iccaepoBaHMe ObIAY BKAIOUEHBI CAEAYIOLIIIE
TPYILIBI KPBIC: IPEHATAABHO HE CTPECCHPOBaHHBIE
(KOHTpOABHBIE), IPEHATAABHO CTPECCUPOBAHHbBIE
Cc BBepeHUEM (PU3MOAOTMYECKOIO pacTBOpa
(Ha rpadukax 0603HaYEHBI KaK MPEHATAABHbIN
CTpecc), MPEeHATAABHO CTPECCUPOBAHHbBIE C BBEAE-
H1eM (PAYOKCETMHA, IPEHATaAbHO CTPECCUPOBAH-
HbIE C BBEAEHIEM OYCIMpPOHA.

Kpsic (camipt n = 40, camxu n = 44) B Bospacre
25 AHeit (paHHMIT TIperyOepTaTHBIN EPUOA Pas-
BUTUSI) IOABEPTAAY CTPECCY BOCIIAAUTEABHO 60AK
(moaxoxxHast MHbeKLus popmaanHa 2,5%, 10 pl
B IIOAOILIBY A€BOJT 3aAHE KOHEYHOCTH) U Yepe3
TPU AHSL — CTPECCY IPUHYAUTEABHOTO ITAQBAHMSI.
ITpu poctmxeHnn 90-AHEBHOTO BO3pacTa y 3TUX
KVMBOTHBIX ICCAEAOBAAY BOCITAAUTEABHBIN 00AEBOII
0TBeT B (OPMAAMHOBOM TeCTe (TOAKOXKHASI UH'DB-
exuysa popmaanHa 2,5%, 50 pl B mopomBy aeBoit
3aAHel KOHEYHOCTM) U Yepe3 TPOe CYTOK — YPOBEHb
BBIPQ)KEHHOCTU AETIPECCUBHOIIOAOOHOrO IMOBEAE-
HISI B TECTE IPUHYAUTEABHOTO MAaBaHMst. OCTaAb-
Hble KPbICBI C IPEHATAABHBIMU BO3AEVCTBUSIMU
" KOHTPOABbHbBIE KPbICHI (CaMLibl N = 38, caMKu
n = 38) He OBIAM TIOABEPTHYTBI CTPECCY B IIpeIy-
6epraTHOM mepuoae. B 90-pAHeBHOM Bo3pacTe
Yy HUX MICCAEAOBAAV BOCIIAAUTEABHBINI OOAEBOI
oTBeT B GOpPMaAVHOBOM TeCTe U YPOBEHb BbIpa-
JKEHHOCTU AEIPECCUBHOIIOAOOHOTO MOBEAEHMS
B TeCTe NPUHYAUTEABHOT'O IIAABaHU 110 TOV >Ke
cXeMe, UTO U Y )KUBOTHBIX, [IOABEPTHYTBIX MpeIry-
OepTaTHOMY CTpeccy.

B craHpapTH3MpoBaHHOM GOPMAAMHOBOM TECTE,
IIMPOKO UCIIOAB3YEMOM AASI OLIEHKEe aHTUHOLM-
LIENITUBHOTO AEMICTBUS IIPENnapaToB, pernucTpupo-
BaAM B TOHMYECKYIO pa3y AByx(]asHOro noBepeH-
YECKOTO OTBETA YMCAO CTMOAHUIT + BCTPSIXMBAHUI
(crIMHAABHBIN YPOBEHD) U TIPOAOAKUTEABHOCTD
peaxiy BBIAM3bIBAHYS B CeK (CYNpacIHAABHBIN
YPOBEHD) B OTBET Ha IIOAKOKHYIO MHbEKLINIO HOp-
MaAVHa B IIOAOLIBY A€BOII 3aAHEV KOHEYHOCTU
(Butkevich, Vershinina 2003). B Tecte npunyau-
TEABHOTO TAQBAHUS KAXXAYI0 KPBICY TIOMEIIaAU
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Ha 5 MUH B IIUAMHAD C BOAOI (AaMeTp 25 CM, Bbl-
cora 60 cM, TemnepaTypa BoAbl 24—25 °C) u peru-
CTPUPOBAAY BpEMSI UMMOOMABHOCTH, TIPOBEAEHHOE
KPBICOI1 B HETTOABI)KHOM COCTOSIHMY (TTOKa3aTeAb
A€TIpeCCHBHONIOAOOHOro moBeaeHust). Yepes
30 MMH NOCA€e 3aBeplleHNs] TeCTa IPUHYAUTEAD-
HOTO IIAABaHMSA y CaMOK KPbIC AeKaluTaLyen co-
6upaau kpoBb. KpoBb LieHTpudyrnposaau, naasmy
KpoBu xpanuau npu remmneparype —20 °C. Copep-
YKaHye KOPTHUKOCTEepOHA B [TAa3Me KPOBHU OIIpeAe-
ASIAVL C TIOMOIIbI0 UMMYHO(EPMEHTHOTO aHAAU3a
C UCIIOAb30BaHMeM peakTUBOB ¢upmbl (Xema-
Medica Co Cat No: K210R).

[ToAy4yeHHbBIE AQHHBIE TPOBEPSIAY HA HOPMAAb-
HOCTb BBIOOPOK C MCIIOAB30BaHMEM KPUTEPUS
KoamoropoBa — CMHUpPHOBa C IOCAEAYIOLYM
TEKCTOM CTaTUCTUYECKVX METOAOB. AHAAM3 ITOAY-
YEHHBIX AQHHBIX IIPOBOAMAU C VICIIOAB30BaHVEM
aucniepcuoHHoro anaanza ANOVA B mporpaMMHOM
komnaekce SPSS Inc ¢ mocaepyoumyMy MHOXe-
CTBEHHBIMU allOCTEPUOPHBIMU CPaBHEHUSIMU 10
boHdepponn. AaHHble IPpEACTABAEHBI B BUAE
cpeAHero + craHpapTHast onmmbka. CraTucTuyeckne
peleHMst IpUHUMaAu Ha 5%-HOM YpOBHe 3Haul-
MOCTH.

Pe3yAbTaThl MCCAAOBAHUIT M OOCYKAEHUE

Bocnarumervnwiii 60aesoii omsem

ITpeHaTaABHBIN CTPECC yBEAUYMA OOAEBOIL OT-
BeT CruHaAbHOrO (puc. 1A) u cynpacumHaAbHOTO
ypoBtei (p < 0,01) (puc. 1C, D) mo cpaBHeHMIO
C OTBETOM y KOHTPOABHBIX KPBIC; IPEHATAABHO
BBeA€HHbIE (PAYOKCETUH U OYCIIMPOH YMEHbBILIVAU
00A€BOJI OTBET 10 CPABHEHUIO C COOTBETCTBYIO-
MY OOAEBBIMY OTBETAMM Y IIPEHATAABHO CTPEC-
cupoBaHHbIX KpbIC (p < 0,05 Bo Bcex cAyvasix)
(puc. 1A, B, C, D).

[TpenyOepTaTHbIiI CTPECC BHEC CAEAYIOLIVIE 13-
MeHeHsI B 00AeBOJ OTBET Ha CIIMHAABHOM YPOBHE
Yy KPBIC C TIPEHATAAbHBIMU BO3AEVCTBUSIMU I10
CpaBHEHUIO C OTBETaMU Y KpbIC 6e3 mpemnybeprar-
HOTO CTpecca: yBeAn4rA O0AEBOIT OTBET y CAMLIOB
10 CpaBHEHUIO ¢ KOHTpoAeM (p < 0,01), y mpeHa-
TaABHO CTpeccHpoBaHHbIX camioB (p < 0,05)
(puc. 1A) u camox (p < 0,01) (puc. 1B). BcaepacTBre
TOTO, UTO NpenybepTaTHbIN CTPeCC yBeAndna 60-
A€BOJI OTBET y IMPEHATAABHO CTPECCHPOBAHHBIX
KpPbIC, PAYOKCETHH M OYCIIMPOH MPOSIBUAYU QHTHU-
HOLMLIENTUBHBINA 3 (EKT ¥ YMEHbIIVAN OOAEBO
OTBeT y NMPEHATAABHO CTPECCHMPOBAHHBIX CAMLIOB
(p < 0,05 1 p < 0,01 payoxceTuH 1 6yCIIMpoH co-
OTBETCTBEHHO) 1 caMoK (p < 0,01 ¢payokceTuH
u O0ycnupoH). Ha cynpacnuHasAbHOM ypoBHE
(puc. 1C, D) npenybepTaTHbIil CTpeCC OKa3aa
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Puc. 1. CpepHue 3HaueHUs1 uncAa crubanmii + Berpsixuauuii (A, B) u mpopoaxuteabHocty BoiauapiBanus (C, D)
y cam1oB (A, C) u camok (B, D) KpbIc, HOABEPTHYTBIX ITpeHAaTaABHBIM BO3AEVCTBUAM (IIpeHaTaAbHbII CTPeC,
BBeAeHMe (pAYOKCeTMHA 1 OYCIIVPOHA) M COYETAHUIO STVIX BO3AEIICTBUIL Y CTPECCY B IPEIyOepTaTHBII IEPHOA PA3BUTHAL.
1 — KOHTPOAD, 2 — IpenyOepTaTHbI CTPECC, 3 — MPEHATAABHBIN CTPECC, 4 — IPeHATaAbHBIN
CTpecc + mpenybepTaTHbI CTPecc, 5 — (HAYOKCETHH + MPEHATAABHBII CTPECC,

6 — (bAYOKCETHMH + IpeHATaAbHBIN CTPECC + MpernydepTaTHbI cTpecc, 7 — OYCIMPOH + NMPEeHaTAABHBII CTPeCC,
8 — OyCIMpOH + NMpeHaTaABHBII CTpeCC + MpenybepTaTHbIl cTpecc. *p < 0,05 MEXAY COUueTaHMEM ABYX
CTpPeCCOB U IMpenybepTaTHbIM CTpeccoM; **p < 0,01 Me>XAy TpeHaTaAbHBIM CTPECCOM M KOHTPOAEM;

*p < 0,05, MeXAY «(DAYOKCETMH + MPEHATAABHBII CTPECC» U MPEHATAABHBIM cTpeccoM; *p < 0,05 u **p < 0,01
MeXAY «(AYOKCETUH + COUeTaHMe ABYX CTPECCOB» 1 COUeTaHMEM ABYX CTpeccoB; *p < 0,05 mexxay
«OyCIUPOH + IPEeHATAABHBII CTPECC» U MPEHAaTAABHBIM CTpeccoM, M p < 0,01 Mexxay «OyCIIUPOH + coueTaHue
ABYX CTPECCOB» U COYETAHMEM ABYX CTPECCOB; ““p < 0,01 MeXAY IperybepTaTHBIM CTPECCOM U KOHTPOAEM;
p < 0,05, *p < 0,01, **p < 0,001 MeXXAY TpeHaTAABHBIM CTPECCOM U COYETaHUEM ABYX CTPECCOB,

a TAKOKE MEXAY IpenaparoM (GAYOKCeTHH MAM OYCIMPOH) + MPEHATAABHBIN CTPECC U IIPENapaTom
(dbAyokceTrH MAM GYCIIMPOH) + COUETAHNME CTPECCOB

Fig. 1. Average values of the number of flexions + shaking (A, B) and the duration of licking (C, D) in male (A, C)
and female (B, D) rats exposed to prenatal effects (prenatal stress, administration of fluoxetine or buspirone)
and the combination of these influences and stress in the prepubertal period of development.

1 — control, 2 — prepubertal stress, 3 — prenatal stress, 4 — prenatal stress + prepubertal stress,

5 — fluoxetine + prenatal stress, 6 — fluoxetine + prenatal stress + prepubertal stress, 7 — buspirone + prenatal
stress, 8 — buspirone + prenatal stress + prepubertal stress. *p < 0.05 between a combination of two stresses and
prepubertal stress; **p < 0.01 between prenatal stress and control; *p < 0.05, between fluoxetine + prenatal stress
and prenatal stress; °p < 0.05 and *p < 0.01 between fluoxetine + combination of two stresses and combination
of two stresses; *p < 0.05 between buspirone + prenatal stress and prenatal stress, *"p < 0.01 between
buspirone + combination of two stresses and a combination of two stresses; “¢p < 0.01 between prepubertal
stress and control; “p < 0.05, “p < 0.01, **p < 0.001 between prenatal stress and combination of two stresses,
and between drug (fluoxetine or buspirone) + prenatal stress and drug (fluoxetine or buspirone) + stress combination
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MIPOTUBOIIOAOKHOE BAVSIHME HA BOCITAAUTEABHBIN
6OAEBOIT OTBET IO CPABHEHUIO C BAUSIHMEM HA OT-
BeT CIMHAABHOTO YPOBH3L. Tak, y KpbIc 000€ero moaa
ObIAO OOHAPY’KEHO YMEHbIIIEHVE TIPOAOAXKUTEAD-
HOCTY BBIAM3BIBAHNSA Y KOHTPOABHBIX (p < 0,01),
y IPeHaTaAbHO CTPECCHPOBAHHBIX KPBIC D0A€e YeM
Ha 50% (p < 0,001, B 060X CAy4asix) U y KpbIC
c npeniapatamu (p < 0,001 ¢ pAyoKkceTMHOM y caM-
LJOB U CaMOK, ¢ 6ycriuponoM — p < 0,01 y camiioB
u p < 0,001 y camoK).

AenpeccusHonooobHoe nosedeHue

ITpeHaTaAbHbBIN CTPECC YBEAUUMA BPEMSI UMMO-
O6MABHOCTU Y KpbIC 000ero moaa (puc. 2A, B) no
CPaBHEHMIO C 3TUM II0Ka3aTeAeM y KOHTPOAbHbBIX
KPBIC; IPEHAaTAaAbHO BBeAE€HHbIE (PAYOKCETUH
¥ OYCITMPOH YMEHBIIMAY 3TOT TOKa3aTeADb Y CAMLIOB
(p < 0,001 dpayokceTnH u OyCHMPOH) U CAMOK
(p<0,01, p<0,001 payokceTuH 1 OYCIUPOH COOT-
BETCTBEHHO). [ToAOBbIe pasanunsi oOGHapy>KeHbl
Yy KOHTPOABHBIX KpbIC (p < 0,01) 1 y mpeHaTaAbHO
cTpeccrpoBaHHbIX (p < 0,001) ¢ MeHbIINM TOKa3a-
TeAEM y CaMOK B 000MX CAyYasX.

[TpenybepTaTHBINI CTPECC BHEC CAEAYIOLVe
VI3MEHEHMsI B ATIPECCUBHOIIOAOOHOE MTOBEAEHNE
Y KPBIC C IIPEHAaTaAbHBIMI BO3AEVICTBYSIMY IO CPaB-
HEHMIO C II0Ka3aTEeAEeM AENpPEeCCUBHOMIOAOOHOrO
MOBEAEHMSI y KPBIC 0e3 MperybepTaTHOro crpecca:
YBEAMYMA BPeMsI UMMOOVABHOCTH Y IIPEHATAABHO
CTpeccupOoBaHHbIX caMOK (p < 0,001), HO He U3MEHUA
y IPEHATAABHO CTPECCUPOBAHHBIX CAMLIOB M CAMOK C
(bAyoKceTMHOM U OyCITMpOHOM. Y KPBIC C Iperyoep-
TaTHBIM CTPECCOM OYCIVIPOH YMEHBIIVA BPeMs VM-
MOOMABHOCTU y CaMLIOB U CAMOK, (PAYOKCETUH —
TOABKO y caMuoB (p < 0,01 Bo Bcex cAyyasix)
(puc. 2A, B). IIpenybepTaTHBII CTpECC HUBEAVPOBAA
IIOAOBBIE Pa3ANYIsl, OOHAPY>KEHHBIE Y IPEHATAaABHO
CTPeCCUPOBAHHBIX KpbIC (puc. 2A, B).

Kopmuxocmepon

IlpenaTaAbHbBIN CTPECC YBEAUYMA COAEPIKAHME
KOPTUKOCTEPOHA B ITAa3Me KPOBM B OTBET Ha IpH-
HYAUTEABHOE NIAQBaHME Y B3POCABIX CAMOK KPBIC
10 CPAaBHEHMIO C COAEP)KaHVEM T'OPMOHA y KOH-
TPOABHBIX KPBIC, IPEHaTaAbHOE BBEAEHME OyCrm-
poHa cuusuao peaktusHoctb [TAKC (p < 0,05
B 06oux cayyasx). Crpecc B npenybepTaTHbII
IIepUOA Pa3BUTHS YBEAUUMA COAEPIKaHIe KOPTH-
KOCTEpOHA B OTBET Ha IPUHYAUTEAbHOE TIAQBAHIE
II0 CPaBHEHUIO C COAEP)KaHMeM T'OpPMOHA Y KOH-
TPOABHBIX KPbIC, Y TPEHATAABHO CTPECCUPOBAHHBIX
I10 CPaBHEHMIO C IPEHATAABHO CTPECCUPOBAHHBIMU
6e3 mpeny0epTaTHOTO CTpecca, a TaKXXe y IpeHa-
TAaABHO CTPECCUPOBAHHBIX KPBIC C (PAYOKCETMIHOM
(p < 0,05 Bo Bcex cayyasix) u 6ycnpoHoM (p < 0,01)
(puc. 3).

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 1

CpaBHeHMe HaCTOSILIMX M paHee HaMU IIOAY-
YEHHBIX PE3YAbTATOB B YCAOBMSIX COUETAHUA IIpe-
HATAABHOTO CTpecca U CTPecca BOCIIaAUTEAbHOI
60Au B 60Aee paHHMit teproa passutus (Butkevich
et al. 2020a; 2020b) MO3BOASIET CACAATD 3aKAIOUEHUE,
4TO OOAEBOIT CTPECC KaK B HEOHATAAbHBIN, TaK
VI B IIpeINTyOepTaTHBIN TePUOABI Pa3BUTHS BbI3bIBA-
€T Y IpeHaTaAbHO CTPECCHPOBAHHBIX KPBIC CHIUKe-
HYie IPOHOLMLIENITYBHOTO BAVSIHMSI TPEHATaABHO-
ro crpecca. B pesyapTraTe yMeHBIIEHHOIO
60AeBOro orBeTa GAYOKCETUH U OYCIIMPOH He
HPOSIBASIIOT QHTVHOLMLIENITUBHBIN 2 deKT. Bepo-
SITHO, MEXaHM3MBI, A€Xalljyie B OCHOBE CAOXKHOTO
B3aVIMOAEVICTBYS MEXAY IIPEHATAABHBIM 1 OOAEBBIM
CTPEeCcCOM B UCCAEAOBAHHbIE HAMU KPUTUUYECKIE
MEPUOABI pa3BUTUS, YIaCTBYIOT B YCUAEHUU B3al-
MOCBS3U CepOTOHMHEPIUYECKON, HOLMLeIITMBHOM
cuctem u ITAKC, B pesyabTaTe KOTOPOTO IIPOUC-
XOAUT KOPPEKLSI HEMIPOHAABHO AMICPETYASILINY,
MIPUBOASIIIEN K MOAYASILIMY aKTUBHOCTU aHTUAE-
IIPEeCCAHTOB B 3aBUCUMOCTY OT YPOBHSI OpraHusa-
yun 6oaeBoro orBera B LIHC. AuteparypHbie
AQHHBIE O BAUSIHMM ITPEHATAABHOTO CTpecca 1 60AK
Ha CEpOTOHVHEPIUYECKYI0 U UMMYHHYIO CUCTEMBI,
a TaK>Ke AQHHBIE O TIPOTVBOBOCIIAAUTEABHBIX CBOI-
cTBax QpAyoKceTVHA U OYCIMPOHA MPEATIOAAraloT
y4acTue B3aMMOAEVICTBMA UMMYHHOM 1 HEPBHOM
CUCTEM B OTIOCPEAOBAHMM aHTUHOLIMLIENITVBHBIX
adbdextoB mpemaparos (Sharifi et al. 2015).

OG6Hapy>KeHHas B HaUMX paborax AuddepeH-
LIMPOBaHHas YyBCTBUTEABHOCTb OOAEBOTO OTBETA
CIIMHAABHOTO U CYIPacHVMHAABHOTO YpPOBHeN
K 60AEBOMY CTpeCCy, AeMICTBYIOLIEMY OAHOHAIIPaB-
A€HHO B pa3Hble KPUTUYECKIME TEPUOABI UHAUBU-
AYaABHOTO Pas3BUTHS, YCUAUBAET MHPOPMATUBHOCTD
(hOpMaAMHOBOTO TeCTa AASL OLIeHKU BAUSIHUI CTpec-
COBBIX COOBITHMIT Ha HOLMLIENITUBHYIO CUCTEMY.
Vcxoasl M3 CylLeCTBYIOLErO IPeACTABAEHUS
0 B3aUMOCBSI3U OOAU U AETIPECCUY, MOXXHO TIPEA-
IIOAQraTh, YTO OCAAOAEHNME POHOLULIENTUBHOTO
s dekTa MpeHaTaAbHOTO CTPEeCCa, BhI3BAHHOTO
npenybepTaTHBIM CTPECCOM, B OOAEBOM OTBETE
CYNIPaCIMHAABHOTO YPOBHSI OYAET COOTBETCTBOBATh
0CAAOAEHMIO AETIPECCUBHOIIOAOOHOTO MOBEAEHUS
B TeCTe IPUHYAUTEABHOTO MAaBaHus. OAHAKO
0Ka3aA0Ch, HA000POT, MpenybepTaTHBIN CTpecc
He CMATYUMA BAMSIHUE MPEHATaAbHOTO CTpecca,
a'y CaMOK AaKe YCUAMA ero, 0OHapy>K1UB CXOACTBO
C BAMSIHMEM IIPey0epTaTHOro cTpecca Ha 60AeBoit
OTBeT CIITHAABHOTI'0 YpOBH:L. BeposiTHO, 3aBUCKMBIe
OT TI0AQ, CTPeCcca ¥ TOPMOHOB U3MEHEHV S HEIPO-
VIMMYHHOU Y TAMAQABHOJ aKTMBALMU MOTAU I10-
BAMSTD Ha KOPTUKOAMMOMYECKME CTPYKTYPBI U UX
byHKUMN.
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Puc. 2. CpepHue 3HaYeHVsI BpeMeHM UMMOOMABHOCTY ¥ caMLoB (A) 1 camMoK (B) KpbIC, TOABEPIHYTHIX
IIPEHATAABHBIM BO3AEIICTBUSAM (IIPEHATAABHBII CTPECC, BBeAeHMe (pAyOoKceTrHA 1 OyCIMPOHA) 1 COYETAHNIO
9TUX BO3AEICTBUIL U CTPECCY B IPeIybepTaTHBII ePUOA PAa3BUTHUS. 1 — KOHTPOAD, 2 — IpenybepTaTHBbI1
CTpecc, 3 — MpeHaTaAbHBII CTPecc, 4 — IMpeHATaAbHbIN CTPeCC + IpenydepTaTHBII CTpec,

5 — bAYOKCeTUH + MpeHaTAABHBI CTPECC, 6 — (HAYOKCETUH + IIPEHATAABHBIN CTPECC + MpemnydepTaTHbI
cTpecc, 7 — OYCIMPOH + MpeHATAAbHbIN CTpecc, 8 — OYCIMPOH + NMPEHATAABHBIN CTPECC + MpenyboepTaTHbIN
cTpecc. **p < 0,01 Me>XXAY IpeHaTaAbHBIM CTPECCOM U KOHTpoAeM; ***p < 0,001 MexxAy coueTaHueM ABYX
CTPeccoB U mpenydepraTHbIM cTpeccoM; **p < 0,01, ***p < 0,001 MexxAy «PAYOKCETUH + ITPEHATAABHBI CTPECC»
M IPEHATaABHBIM CTpeccoM; *p < 0,01 MeXAY «PAYOKCETHH + COUeTaHMe ABYX CTPECCOB» U COUETAHUEM ABYX
cTpeccos; M p < 0,001 MeXAY «OYCITMPOH + IpeHATaABHBIN CTPeCC» U IPEeHATaAbHBIM CTpeccoM, M p < 0,01
MEXAY «OYCIIMPOH + COUeTaHMe ABYX CTPECCOB» 1 COUETaHIEM ABYX CTPeccoB; “p < 0,001 mexAy
MIPEHATAAbHBIM CTPECCOM U COYeTaHueM ABYX CTpeccoB; ®p < 0,01, ®p < 0,001 moaoBbIe pasAnuys
Y KOHTPOABHBIX 1 TPEHAaTaAbHO CTPECCHPOBAHHBIX KPBIC

Fig. 2. Average values of the immobility time in male (A) and female (B) rats subjected to prenatal effects
(prenatal stress, administration of fluoxetine and buspirone) and the combination of these effects and stress
in the prepubertal period of development. 1 — control, 2 — prepubertal stress, 3 — prenatal stress, 4 — prenatal
stress + prepubertal stress, 5 — fluoxetine + prenatal stress, 6 — fluoxetine + prenatal stress + prepubertal
stress, 7 — buspirone + prenatal stress, 8—buspirone + prenatal stress + prepubertal stress. **p < 0.01 between
prenatal stress and control; ***p < 0.001 between a combination of two stresses and prepubertal stress;

“p < 0.01, **p < 0.001 between fluoxetine + prenatal stress and prenatal stress; **p < 0.01 between
fluoxetine + combination of two stresses and the combination of two stresses; **"p < 0.001 between
buspirone + prenatal stress and prenatal stress, **p < 0.01 between buspirone + combination of two stresses
and a combination of two stresses; **p < 0.001 between prenatal stress and the combination of two stresses;
p <0.01, ®p <0.001 sex differences in control and prenatally stressed rats
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Puc. 3. CpepHue 3HaUeHMsI CTPECCOPHOTO OTBETa KOPTMKOCTEPOHA B ITAa3Me KPOBM Ha IIPUHYAUTEABHOE
[AaBaHMe Y CAMOK KPBIC, IOABEPTHYTHIX IIPEHATAABHBIM BO3AEVCTBUSM ([IPEHATAABHBI CTPECC, BBEAEHME
dbAayoxceTyHa u OyCIMpPOHA) 1 COUETAHMIO STUX BO3AEMICTBUIL M CTPECCY B IPeIyOepTaTHBII IIEPUOA Pa3BUTHUA.
1 — KOHTPOAB, 2 — IpenyOepTaTHbIN CTPECC, 3 — MPEHATAABHBIN CTpecC, 4 — IpeHaTaAbHBII
CTpecc + Ipeny0epTaTHbII CTpecc, 5 — GAYOKCETUH + NpeHaTaAbHBII CTPecC,

6 — (bAYOKCETHUH + IPEeHATaAbHBIN CTPECC + MpenybepTaTHbIi cTpecc, 7 — OYCIMPOH + NPEHaTAABHBII CTPeCC,
8 — OycnMpoH + NMpeHaTaABHBII CTpecc + mpenybepraTHblii cTpecc. *p < 0,05 MEXAY IIpeHaTaAbHBIM CTPECCOM
M KOHTpoAeM; P < 0,05 MeXAY IIpeHaTaAbHBIM CTPECCOM 1 COUETAHMEM ABYX CTPeccoB; “p < 0,05 MexAy
IpenybepTaTHBIM CTPECCOM M KOHTpoAeM; “p < 0,05 MexXAY «PAYOKCETUH + COYETaHME CTPECCOB»

" «(AYOKCETUH + NMPEHATAABHBI cTpecc»; “p < 0,01 MeXXAy «OyCIIMPOH + COYeTaHMe CTPECCOB»

U «OyCIMPOH + IPEHAaTAABHBIV CTPECC»

Fig. 3. Average values of stress response of corticosterone in blood plasma in response to forced swimming
in female rats subjected to prenatal effects (prenatal stress, administration of fluoxetine and buspirone)
and the combination of these effects and stress in the prepubertal period of development. 1 — control,

2 — prepubertal stress, 3 — prenatal stress, 4 — prenatal stress + prepubertal stress, 5 — fluoxetine + prenatal
stress, 6 — fluoxetine + prenatal stress + prepubertal stress, 7 — buspirone + prenatal stress,
8 — buspirone + prenatal stress + prepubertal stress. *p < 0.05 between prenatal stress and control;
“p < 0.05 between prenatal stress and a combination of two stresses; “p < 0.05 between prepubertal stress
and control; “p < 0.05 between fluoxetine + stress combination and fluoxetine + prenatal stress;
*p < 0.01 between buspirone + stress combination and buspirone + prenatal stress

Takum o6pasom, mpenybepraTHblil cTpecc Gpop-
MMUpyeT (EHOTUIl C IOBBIIIEHHON CTPecco-
YCTOMYMBOCTBIO K BOCIIAAUTEABHON OOAM Y IIpeHa-
TAABHO CTPECCHPOBAHHBIX B3POCABIX KPbIC 000€ro
noAa. AOCTOBEpPHOCTb Pa3AMYMI B COAEP’KaHUNU
KOPTUKOCTEPOHA B ITAa3Me KPOBY B OTBET Ha IPH-
HYAUTeAbHOE ITAaBaHue, 0OHapy>KeHHasl y KPbIC
C IIpeHaTaAbHBIMU BO3AEVCTBUSAMY, HUBEAVPYETCS
y 0Co0elt, TOABEPIHYThIX COYETAHUIO IPEHATAABHBIX
BO3AENCTBMUI ¥ CTpecca B IperybepTaTHOM Iepu-
ope. HabAaropaemoe «BbIpaBHMBaHME» CTPECCOPHOM
peaktuBHOCTU [TAKC y nocaepHMX CTIEKYASITUBHO
MOYXHO CPaBHUTb C «BbIDAaBHMBAHMEM» Y HUX 00-

Humeepamusuas ¢pusuoroeus, 2021, m. 2, \e 1

A€BBIX OTBETOB, OPraHM30BAHHBIX Ha CYIpPaCIH-
HAaAbPHOM YPOBHE, TOTAQ KaK ITOBBIIIEHNE COAEP-
JKaHMsI KOPTUKOCTEepPOHAa B IAa3Me KpOBU —
C yBeAnyeHreM OOAEBBIX OTBETOB CIIMHAABHOTO
YPOBHSL

baaropaprocTu

Mpi 6aaropapum E. H. AaBpoBy n H. A. Yaaso-
BY, CTapLIMX Aa0OpaHTOB AabopaTopuu, HALIUX
0eccMeHHbBIX MHOTOAETHYX aCCHCTEHTOB 32 TOMOLIIb
B IIPOBEAEHMM IKCIIEPUMEHTOB, @ TAKOKe A. 0. H.
E. V1. TioAbKOBY (Aa0. peryasiyu QyHKLMIT HEMIPO-
HOB MO03r4a, 3aB. A. 0. H. E. A. Pei6HUKOBA) 32 mIpo-
BeA€He aHAAM3a [I0 KOPTUKOCTEPOHY.
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