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ABSTRACT. Structural and functional peculiarities of the peripheral part of the olfactory analyzer in
fish are considered. The article is devoted to the characteristics of the main types of receptor cells: their
morphology, the peculiarities of their location in the olfactory epithelium, and functional specificity.
Some data on the threshold values of fish chemosensitivity to chemical agents, which have an important

signaling value for them are presented.
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1. Introduction

Currently, one of the most urgent problems
in neuroscience is the study of the fundamental
mechanisms of adaptive functioning of the olfactory
analyzer in animals and humans (Smith and Bhatnagar,
2019; Dan et al., 2021; Zhu et al., 2021). First of all,
these questions concern deciphering the mechanisms
providing chemoreception processes at the level of the
peripheral part of the olfactory system. Attempts to
identify correlations between the structure of receptor
neurons, their sensitivity, and the implementation
of specific forms of animal behavior have not yet
yielded inambiguous results. In this regard, one of
the important problems is the search for morpho-
functional criteria for the sensitivity levels of receptor
cells in animals at different stages of their evolutionary
development. In particular, this concerns the adaptive
behavior of fish, which in the course of evolution have
mastered various water horizons and are characterized
by the high plasticity of their chemosensory apparatus
(Korsching, 2020; Calvo-Ochoa et al., 2021). In this
regard, one of the key tasks is to study the types of
receptor cells, their molecular receptors, and the
mechanisms of transduction of chemical signals from
the external environment. The data obtained in fish
may be important for understanding the structural
and functional organization and evolution of the
mechanisms that provide olfactory perception.

2. Functional specialization of olfactory
receptor cells

Olfaction plays a leading role in the organisation
of feeding, reproductive, social, and other complex
behaviors in fish (Kasumyan, 2004; Calvo-Ochoa
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and Byrd-Jacobs, 2019; Korsching, 2020; Bowers et
al., 2023; Oka, 2023). Similar to other vertebrates,
phylogenetically different fish have a sensory
section of the olfactory analyzer that is essentially a
pseudostratified neuroepithelium consisted of three
types of cells: receptor, supporting, and basal. The
attribution of the cells to a certain type depends
on their location in the thickness of the olfactory
epithelium (OE), on morphological features, and on the
presence of specific antigenic determinants (markers)
(Bronshtein, 1977; Graziadei and Graziadei, 1979;
Schwob, 2002; Villamayor et al., 2021). The OE of fish
was described to contain five types of olfactory sensor
neurons (OSNs): ciliated, microvillous, pear-shaped,
crypt, and kappe (Ahuja et al., 2014; Yoshihara, 2014
Wakisaka et al., 2017).

Similar to other vertebrates, neurogenesis
in the OE of fish is maintained throughout life by
the proliferative activity of regional stem cells,
which produce various types of cells (Graziadei and
Graziadei, 1979; Demirler et al., 2020; Calvo-Ochoa
et al., 2021; Kocagoz et al., 2022). Model experiments
in fish and other animals show that various forms of
sensory deprivation can tangibly increase the natural
neurogenesis rate typical of intact animals. It was
previously shown that neurogenesis processes in the
OE can be activated after intranasal administration of
toxic or neurotrophic factors, after axon transection, or
as a result of bulbectomy (Graziadei et al., 1978; Carr
and Farbman, 1992; Frontera et al., 2016; Cervino et
al., 2017). It was found recently in fish that prolonged
exposure to a non-toxic mixture of amino acids and
peptides leads at first to local neurodegenerative
changes in the OE and then to the development of
compensatory neurogenesis processes (Klimenkov
et al., 2020). Mature OSNs in fish are monospecific
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and express only one type of receptors (Sato et al.,
2007). The axons of OSNs expressing a given olfactory
receptor converge on a few defined glomeruli within
the olfactory bulb (OB). This way, a topographical
map of olfactory signal processing emerges in the brain
(Friedrich and Korsching, 1997; Shao et al., 2017;
Imamura et al., 2020).

Different fish species have a representation
of several tens to over a thousand functionally
active genes coding receptive proteins (Saraiva and
Korsching, 2007; Alioto and Ngai, 2006; Calvo-Ochoa
et al., 2019; Policarpo et al., 2022). The detection of
odorous substances is mediated in fish by a superfamily
of receptors associated with G protein (Korsching,
2009; Calvo-Ochoa et al., 2019; Policarpo et al., 2022).
There are three types of receptors: olfactory receptors
(ORs) (Alioto and Ngai, 2006; Bayramli et al., 2017);
trace amine-associated receptors (TAARs) (Michel et
al.,, 2003; Saraiva and Korsching, 2007; Dieris et al.,
2021; Dewan, 2021); and vomeronasal receptors (V1R,
V2R), which are thought to be able to bind pheromones
(Matsunami and Buck, 1997; Pfister and Rodriguez,
2005; Kowatschew and Korsching, 2022; Kowatschew
et al., 2022).

The most abundant group of receptor cells is
composed of ciliated and microvillous OSNs. These
are bipolar neurons whose bodies are located in the
thickness of the OE. The cells are spindle-shaped with
a transverse diameter of 5-8 um. The perinuclear
zone is a place of localization of granular endoplasmic
reticulum channels, the Golgi apparatus, mitochondria,
multivesicular bodies, free ribosomal rosettes, and
other organelles. The body of the lower part of the
cell narrows sharply to form an axon, which, together
with other axons of similar cells, forms part of the
unmyelinated olfactory nerve connecting receptor
cells to the OB of the forebrain. A dendrite extends
from the upper pole of the cell body; the diameter of
the dendrite is 1-3 pm. The cytoplasm of the dendrite
contains usually fragments of smooth endoplasmic
reticulum, mitochondria, and microtubules. The apical
part of the receptor cells (olfactory knob) can have
processes of two types (cilia or microvilli), which have
no microtubular apparatus. Based on this characteristic
, they are divided into ciliated and microvillous receptor
cells (Yamamoto, 1982; Zeiske et al., 1992; Belanger et
al., 2003; Lazzari et al., 2007; Hansen and Zielinski,
2005; Pintos et al., 2020; Rincén-Camacho et al., 2022;
Bettini et al., 2023). Ciliated OSNs use a Golf/adenylyl
cyclase signaling cascade to activate CNG channels;
microvillous OSNs use a Gg/phospholipase C pathway
together with TRPC2 (Speca et al., 1999; Hansen et al.,
2003; Sato et al., 2005). Electroolfactogram recordings
were used to show that ciliated OSNs (cORNs) respond
to bile salts and microvillous cells (mORNs) are
sensitive to amino acids (Thommesen, 1983). Similar
responses of microvillous neurons to amino acids were
also recorded in (Speca et al., 1999; Lipschitz and
Michel, 2002). Based on a study of olfaction in rainbow
trout, Sato and Suzuki (2001) argued that cORNs are
“generalists”, i.e., they respond to a wide range of odors
including pheromones, while mORNs are “specialists”,
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specific to amino acids. Hansen et al. (2003) conducted
a study in channel catfish to show that microvillous
neurons can respond to nucleotides and that amino
acid odorants activate both ciliated and microvillous
neurons, but via different signaling pathways.

Owing to the development of
immunocytochemistry methods, intravital visualization
of the functional activity of cells, and transcriptome
analysis, recently researchers began to identify new
morphological types of receptor neurons in fish. In
addition to the ciliated and microvillous neurons
mentioned above, they discovered another type of
sensitive elements, i.e., crypt cells (Hansen and Zeiske,
1998; Hansen and Finger, 2000; Ferrando et al., 2010;
Ahuja et al., 2014; Lazzari et al., 2022). This type of
cells is the least abundant group of receptor neurons.
For example, their proportion in trout and mackerel
is only 2% of the total number of neurons while that
of microvillous and ciliated neurons is 8 and 90%,
respectively (Schmachtenberg, 2006). In some fish
species, these cells are identified not only in adult
specimens but also on the second or third day of their
development (Camacho et al., 2010). A distinctive
feature of crypt cells is that their bodies are located
in the uppermost layer of the OE and are spherical or
pear-shaped. They are usually completely surrounded
by the bodies of one or two supporting cells, with which
they form local gap contacts to ensure the sustainability
of the cells to mechanical stress (Schmachtenberg,
2006). Crypt cells are though to have no conspicuous
dendrites and their receptive area has both cilia and
microvilli (Hansen and Finger, 2000). Crypt cells
are characterized by an unusual way of expression,
i.e., “one cell type—one receptor”, where the same
receptor is expressed by the entire population of crypt
neurons (Ahuja et al., 2013). In order to determine the
functional specialization of these cells, attempts are
made to identify specific markers that do not occur in
other types of olfactory neurons. They were shown to
express the G proteins Gao and Gagq, adenylate cyclase
III, and the glial marker protein S-100 and TrkA.
Nevertheless, it was noted that these proteins may not
be present in all crypt cells (Hansen et al., 2003; 2004;
Catania et al., 2003; Vielma et al., 2008). Subsequently,
TrkA proved to be a reliable molecular marker of crypt
cells in zebrafish (Bettini et al., 2016). To determine
the spectrum of odorous substances perceived by crypt
cells, studies are carried out to identify their odorant-
binding receptors. Crypt cells were shown to express
a single V1R receptor, i.e., VIR4, coupled to Gai;
although their ligands are unknown, it was suggested
that these receptors respond to pheromones (Ahuja et
al., 2013). Cytochemical studies in crucian carp have
shown that the localization of pheromone-sensitive
crypt cells varies substantially throughout the year;
in summer, i.e., during the transition to spawning,
their bodies move to more superficial layers of the
epithelium (Hamdani and Dgving, 2007). The authors
believe that these observations demonstrate a direct
relationship between hormones circulating in the blood
and the perception of sex pheromones. To determine the
spectrum of olfactory sensitivity of crypt cells, it makes
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sense to look at studies identifying neural projections of
these cells in the central structures of the brain. Thus,
it was found in crucian carp that the axons of second-
order neurons (forming synapses with crypt cells)
are connected to the olfactory cortex via the medial
tract, which transmits sensory information relevant to
reproduction (Hamdani and Dgving, 2007). Based on
these facts, the authors of the latter work assume that
crypt cells ensure selective perception of pheromonal
sex signals involved in the chemical communication in
fish during spawning. Recently, the patch clamp method
and intravital Ca?* ion imaging were used in a study
on mackerel and juvenile trout to show that different
subpopulations of crypt cells respond to amino acids,
bile acids, or pheromonal signals (Schmachtenberg,
2006; Vielma et al., 2008; Bazaes and Schmachtenberg,
2012). In adult trout specimens, the majority of crypt
cells responded only to reproductive pheromones,
suggesting that their response profile is largely
dependent on the sexual maturity and sex of a given
fish (Bazdes and Schmachtenberg, 2012). Moreover,
experiments in zebrafish with retrograde labeling of
cell crypts by injecting a fluorescent dye into the OB
showed that these cells send their axons to only one
OB glomerulus. This finding indicates the existence of
a specialized “labeled line” that combines odor signals
from all crypt cells present in the epithelium in one OB
glomerulus (Ahuja et al., 2013).

In the course of studying the olfactory apparatus
of zebrafish, other “crypt-like” cells were also
identified within the OE, which sent their axons to a
glomerulus that was different from other cell types
(Braubach et al., 2012; Ahuja et al., 2014), which is
contrary to the principle of convergence of axons in
one glomerulus (Mombaerts, 2006). It turned out that
these unusual cells, which were called kappe neurons
for their characteristic shape, express Ga s/olf proteins
and produce no specific markers typical of ciliated,
microvillous, or crypt cells. Immunochemical staining
of kappe cells revealed no tubulin in them, leading some
authors to believe that they contain no cilia (Ahuja et
al.,, 2014). The same study revealed positive staining
for actin filaments concentrated mainly in the apical
part of the cell. Since actin is an important component
of microvilli, the authors are inclined to believe that
kappe cells contain only microvillous processes. In
our opinion, actin as a marker of crypt cells should be
used with caution because it was later discovered in
teleost fishes of the suborder Cottoidei in the dendrites
and terminals of young OSNs for a short period of
time during their migration and incorporation into the
surface of the OE (Klimenkov et al., 2018). Particularly,
in the apical side of receptory cells was shown the
forming of a dense layer of actin microfilaments with
the central pore. It is assumed that the functional
receptors of odorants generate across this pore the first
intracellular signal from environmental water-soluble
odorants. At the final stage of morphogenesis, the
actin perimembrane layer disappears and is preserved
only at the sites of tight junctions with neighbouring
supporting cells (Fig. 1). Accordingly, these data points
that actin polymerisation may be temporally, what
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correspond to specific stage of OSN development.

Recently, another small population of OSNs, pear-
shaped neurons, was described in the surface layers
of the OE in zebrafish (Wakisaka et al., 2017). These
neurons were shown to express the A2c receptor, which
is present in lower aquatic organisms and mediates the
recognition of adenosine (Kowatschew and Korsching,
2021). The gene encoding this receptor was not found in
terrestrial vertebrates. Another cell type, olfactory rods,
was recently reported to be found in the OE of zebrafish
larvae (Cheung et al., 2021). The bodies of these cells
are located in the upper parts of the epithelium, and
their apical region has an abundance of actin and a
5-10-um rod-shaped protrusion capable of moving.
These cells have no axons; however, it is assumed that
they can perform mechanosensory, chemosensory, or
multimodal functions.

3. Olfactory sensitivity of fish

The olfactory sensitivity of vertebrates, including
fish, depends on their age and physiological state as
well as ecology (Keller-Costa et al., 2014; Wakisaka
et al.,, 2017; Doyle and Meeks, 2018; Li et al., 2023;
Wagner et al., 2023).

To determine the various parameters of
olfactory sensitivity in fish to biologically relevant
signals, researchers apply both behavioral (Kasumyan
and Marusov, 2018; Wagner et al, 2023) and

Fig.1. Young (a, b) and mature (c) stages of olfactory
receptor cells morphological differentiation (by laser scanning
confocal microscopy) of Cottocomephorus inermis Jakowlew,
1890 (Cottoidei). (A) - The ellipsoidal nucleus with
mitochondria and thick layer of perimembrane F-actin inside
the young cell. At the dendritic terminal the perimembrane
F-actin layer has a pore which opens to cytoplasm. The apical
fragment with the pore is highlighted and enlarged (the
membrane patch upper the pore painted with red color);
(b) - the hole of the pore is significantly expanded due to
actin microfilaments dissociation; (c) — mature cell containing
the F-actin only in the tight junctions area (pointed with
brace). Notation: 1 — pore in the actin layer; 2 - F-actin;
3 - mitochondria; 4 — nucleus; 5 — plasmalemma; 6 — the
membrane patch upper the pore in actin layer.
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electrophysiological approaches (Valdés et al., 2015;
Sato and Sorensen, 2018). Fish demonstrate high
sensitivity to chemical agents that shape complex forms
of their feeding and reproductive behavior. For instance,
electrophysiological recordings from individual goldfish
OSNs revealed that cells are specialized to detect odors
associated with specific biological functions such as
feeding, reproduction, and aggregation (Sato and
Sorensen, 2018). It was also noted that information
about sex pheromones is transmitted by individual,
narrowly tuned OSNs whereas amino acids and other
nutritional signals (polyamines, nucleotides) appear
to be detected by a large number of OSNs (Sato and
Sorensen, 2018). The sensitivity threshold to some L
amino acids (alanine, arginine, glutamine acid, and
methionine) associated with common feeding stimulants
(Hara, 2006; Rolen et al., 2003) is 10®M (Sato and
Sorensen, 2018; Rolen et al., 2003). The sensitivity
threshold to polyamine (feeding stimulants) is 10°M
(Rolen et al., 2003). The minimum concentration of
the male sex pheromone androstenedione is 10'M
(Sorensen et al., 2005). The sensitivity threshold to the
sex pheromone prostsglandin 2a is 101°M (Sorensen et
al., 1988). An even lower threshold of 10'1'M was found
for putative aggregation cues (Li et al., 1995) (bile acid
mixture) (Sato and Sorensen, 2018).

In recent years, a combination was used of site-
directed mutagenesis and molecular modeling of the
interaction of ORs with potential odorants (de March et
al., 2018; Cong et al., 2019). This approach provides an
opportunity to identify the type of ligands and the time
profile of their interaction with the G protein-coupled
receptors.

4. Conclusion

The analysis of works devoted to the study
of adaptive properties of the olfactory system of fish
demonstrates the multivariate features structural
development of their olfactory epithelium. This is
especially true of the representation of certain types
of resceptor cells specific to molecular receptors, the
class of perceived odorants and the mechanism of
their transduction. This is important not only from the
point of view of studying the mechanisms of odorant-
dependent behavior of hydrobionts, which is of great
independent importance. The evolutionary similarity
of the molecular and celluar mechanisms of olfactory
reseption in fish and mammals (Saraiva et al., 2015;
Calvo-Ochoa et al.,, 2019) shows that fish can also
be used as a model for studying the fundamental
meshanisms of functioning of the olfactory analyzer
in humans in normal and with the development of
neurodegenerative diseases, the course of which is
accompanied by anosmia.
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AHHOTAIIHUS. PaccMaTpUuBalOTCs CTPYKTYPHO-QYHKIMOHAIbHBIE 0COOEHHOCTU Nepudeprnyeckoro otT-
JAesa 060HATeIbHOro (016(aKTOPHOI0) aHaanu3aTopa y peio. [IpenMyliecTBeHHO yAesiAeTcs BHUMaHue
OCHOBHBIM THIIaM PeLIeNTOPHBIX KJIETOK: NX MOpP()OJIOruH, 0COOEHHOCTAM PacIoJIOXKeHHA B 000OHATEJIb-
HOM 3IUTEJINU U QyHKIMOHAIbHAA cienuduka. IIpeacrasieHsl HEKOTOPhIE JaHHBIE O IIOPOrOBBIX 3HA-
YeHHAX XeMOYyBCTBUTEIbHOCTH PBHIO K XMMUYECKUM areHTaM, UMeIoIIUM AJiA HUX BaXXHOe CUTHAJIbHOE

3Ha4YeHHe.

Kroueauie cjioéa: 060HATENNbHAs KJIETKA, IOBEIEHNE, HENPOreHes3, XeMOPeIleNIis

1. BBeapenue

B mnacrodmee BpeMs OJHOU U3 aKTyaJIbHBIX
npob6sieM HeUpoOUOJIOTUU SBJIsAETCS U3yveHUue QyH-
JaMeHTaJIbHbIX MeXaHHW3MOB aJanTHBHOro (GyHKIINO-
HUPOBaHUsA 00OHATEJIBHOI'O aHaIN3aTopa y *KUBOTHBIX
u yesoBeka (Smith and Bhatnagar, 2019; Dan et al.,
2021; Zhu et al., 2021). B nepByio ouepenp, 3TU BO-
IIPOCHI KacaloTcs pacmudpoBKU MeXaHU3MOB, KOTOpEIe
obeclieunBalOT IIpoliecchl XeMopeLeNuy Ha YpOBHe
nepudepuyeckoro orjesa OOOHATEJIBHON CHUCTEMBEI.
[TonbITKK BBIABUTH KOPPEJIALMU MeXAY CTPYKTypoH
pelLlelITOPHBIX HePOHOB, UX YyBCTBUTEJIBHOCTBIO U
peasm3anuell KOHKpeTHBIX (POpM IOBeJeHHsA XHBOT-
HBIX He JjaJii [1I0Ka OJJHO3HAYHBIX pe3yJIbTaToB. B cBA3n
C 9TUM, OJHOI U3 BaXHBIX NPOOJieM ABJIAETCA IOUCK
MOpG0-GYHKIIMOHAJIBHEIX KPUTEpPUEB YPOBHEN YyB-
CTBUTEJIBHOCTH PpeLeNTOPHBIX KJIETOK Y JXMBOTHBIX,
HaxXOAAMMXCA Ha PasHBIX CTYNEHAX WX DBOJIOIMOHHO-
ro pas3Butus. B yacTHOCTH, 3TO KacaeTcs ajanTHBHOIO
[oBeJileHUs pbl0, KOTOphble B XOJie 3BOJIIOLUY OCBOWJIU
pas3yinyHble BOAHBlE T'OPM3OHTHL M XapaKTepu3yITCA
BBICOKOI IJIACTUYHOCTBI0 MX XEMOCEHCOPHOI'O ama-
para (Korsching, 2020; Calvo-Ochoa et al., 2021). B
3TOM IJIaHe OJHA U3 KJII0UeBhIX 3a7jad COCTOUT B U3Y-
YeHUU TUIOB PelleTOPHBIX KJIETOK, UX MOJIEKYJIAPHBIX
pelelITOPOB 1 MeXaHNU3MOB TPAHCAYKINN XUMUYeCKUX
CUTHAJIOB BHeIIHel cpefbl. J[aHHBIe, NOJIyuyeHHble Ha
pBIbax, MOI'YyT MMeTh BakHOe 3HaueHue JJisg [OHKMa-
HUA CTPYKTYPHO-(QYHKIIMOHAJIBHON oOpraHusanuu u
SBOJIIOLIUY MeXaHU3MOB, 0OecleurBaloluX 000OHATEIb-
HOe BOCIIpuATHE.
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E-mail address: iklimen@mail.ru (M.B. KiimMeHKOB)

INocmynuwna: 28 Hosi6ps 2023; IIpunama: 10 nexabps 2023;
Ony6tukoaana online: 13 nexa6ps 2023

197

2. PyHKuMOHaAbHaA cneuuanu3auusa
060HATEAbHBIX peLenTOPHbIX KAeTOK

O6oHAHME BBHIIOJIHACT BEAYIIYIO POJIb B OpraHu-
3ali MUIIEeBOT0, PENpPOAYKTUBHOIO, COLHMAJIBHOIO U
JPYTUX CJIOXHBIX ¢opM noBedeHus y poid (Kasumyan,
2004; Calvo-Ochoa and Byrd-Jacobs, 2019; Korsching,
2020; Bowers et al., 2023; Oka, 2023). ¥ ¢duioreHe-
TAYECKU PAa3HBIX PHIO, KaK U y APYT'UX MO3BOHOYHBIX,
CEHCOPHBIN OTAEN 0JIb(PAaKTOPHOTO aHAIM3ATOpa Mpes-
craBJisieT coOOM TICEeBIOMHOIOCJIONHBIN HEWpOo3MUTe-
JINA, COCTOAMMUN U3 KJIETOK TPeX TUIIOB: pelenTop-
HBIX, OOPHBIX U 6a3aJIbHBIX. [IpUHAIIEXHOCTD KJIETOK
K OIpeJleJIEHHOMY THIy OIpeessieTCsl M0 MeCTy X
PacHoJIOKEHUs B TOJIIEe OOOHATEIBHOIO JIUTENHA
(03), mopdoJsiornueckuM OCOOEHHOCTAM U HaJIWYHI0
Te€X WIM WUHBIX crenuduiecKNX AHTUTeHHHBIX OeTep-
MuHAHT (MapkepoB) (Bronshtein, 1977; Graziadei and
Graziadei, 1979; Schwob, 2002; Brann and Firestein,
2014; Doty, 2015; Glezer and Malnic, 2019; Villamayor
et al.,, 2021). B O3 pwI6 omycaHO AT TUNOB OOOHSA-
TeJIbHBIX CeHCOPHBIX HellpoHOB (OCH): XryTHKOBHIE,
MUKPOBWUIIDHEIE, TpyIIeBUJHble, KPUIT U Karie
HeripoHnl (Hansen et al., 1999; Ahuja et al.,, 2014;
Yoshihara, 2014; Wakisaka et al., 2017).

Kak u y Apyrux 1o3BoHOYHBIX, HeliporeHe3 B 0D
PBIO IMOAIEepKUBAETCS HA HPOTSKEHUM BCEH XHU3HU 3a
cueT nposrdepaTUBHON AaKTUBHOCTH PerMOHAIBHBIX
CTBOJIOBBIX KJIETOK, NPOU3BOAIMINX PA3JINYHBIE TUIIHI
kitetok (Graziadei and Graziadei, 1979; Demirler et al.,
2020; Calvo-Ochoa et al., 2021; Kocagoz et al., 2022).
MopenibHbIe DKCIIEpUMEHTHI, IPOBeJeHHble Ha pHIOax
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U JPYTUX XUBOTHBIX, MOKa3bIBAIOT, YTO pPa3JIUYHBIE
bopMBI CEHCOPHO AenpuBalUM MOTYT CYIIECTBEHHO
aKTUBUPOBAaTh €CTECTBEHHYIO CKOPDOCTh HelporeHesa,
CBOIMCTBEHHYI0 WHTAKTHHIM >XXWBOTHBIM. PaHee OBLIO
MMOKa3aHO, YTO aKTUBAIlMs IMPOIECCOB HelporeHesa B
OD MoxeT OHITh BbI3BaHa WHTpPaHa3aJIbHbBIM BBEJE€HU-
€M TOKCHYeCKHX W HenpoTpodudeckux (GHakTopoOB,
nepepe3koii aKCOHOB WM B pe3yJibTaTe OyJIbO3KTO-
muu (Graziadei et al., 1978; Carr and Farbman, 1992;
Frontera et al., 2016; Cervino et al., 2017). HegasHo Ha
phI0ax yCTaHOBJIEHO, YTO MPOODKUTEIHHOE BO3Mel-
CTBUE€ HETOKCUYHOIN CMeCH aMHHOKKCJIOT U TENTH0B
BHayajie BeJleT K JIOKaJIbHBIM HelpojereHepaTUBHBIM
usMeHeHusaAM B 0D u fasiee pa3BUTHI0 KOMIIEHCATOP-
HBIX TporieccoB HeliporeHe3a (Klimenkov et al., 2020).
3pesisie OCH pei6 MoHOCHENUGUYHBL U 3KCIPECCUpy-
10T TOJIBKO OJJMH TUIl OGOHATEbHBIX perienTopos (OP)
(Sato et al., 2007). HelipoHBI, 3KCIIpECCUPYIOIINE JaH-
bl OP, 00beAUHAIOT CBOU aKCOHBI B HECKOJIBKO OIpe-
JeJIEHHBIX KJIYOOUKOB BHYTPU OOOHATEJIBHOM JIyKOBU-
ubl (OJI). 3Tto dopmupyer TOomorpaduUIecKyrd KapTy
06paboTKY OGOHATEBHBIX CUTHAJIOB B MO3ry (Friedrich
and Korsching, 1997; Shao et al., 2017; Imamura et al.,
2020).

V pa3sHbIX BU/I0B PHIO MPEJICTABIIEHO OT HECKOJIb-
KHX JIECATKOB 10 6ojiee ThICAYM (PYHKIIMOHAJIPHO aK-
TUBHBIX T€HOB, KOIUPYIOUIUX peIenTOpHbe 6esKu
(Saraiva and Korsching, 2007; Alioto and Ngai, 2006;
Calvo-Ochoa et al., 2019; Policarpo et al., 2022). O6-
HapyXeHHe MMaxXy4ynux BEMecTB y PbI0 OMOCpeayeTCs Cy-
MepCceMeCTBOM PeleNTOPOB, CBA3AaHHBIX ¢ G-OeKkoM
(Korsching, 2009; Calvo-Ochoa et al., 2019; Policarpo
et al., 2022). Pa3InyaoT TpU TUIA PELENTOPOB: OOOH-
TesibHEBIe perienTopsl (Alioto and Ngai, 2006; Bayramli
et al., 2017), pelenTophl, aCCOIMHUPOBAHHbIE C BOCIIPU-
aruem cienos amuHoB (TAARs) (Michel et al., 2003;
Saraiva and Korsching, 2007; Dieris et al., 2021,
Dewan, 2021) u BomepoHa3asbHble perienTopsl (V1R,
V2R), KOTOpbIe, KaK IPeI0JIaraeTcs, MOTYT CBA3bIBATh
depomonnl (Matsunami and Buck, 1997; Pfister and
Rodriguez, 2005; Kowatschew and Korsching, 2022;
Kowatschew et al., 2022).

CaMy10 MHOTOYMCJIEHHYIO TPYIIY pPelenTOPHBIX
KJIETOK 00pasyioT XI'yTUKOBBIE W MHKPOBUJLIAPHBIE
OCH. Onu aBJiA0OTCA OUIOJAPHBIMUA HEMpOHaMU, TeJjia
KOTOPBIX HaxofATcA B Tojme O3. KieTku uMmeroT Be-
peTeHOBUAHYI0 GOPMYy C TIONEePEeyHbIM JUaMeTpoM 5-8
MKM. B mpusiepHoOii 30He JIOKaJINU3YITCsA KaHaJbl I'pa-
HYJIAPHOTO 3HOMJIa3MaTUYeCKOr0 PeTUKYJIyMa, aflra-
patr ToibaXu, MUTOXOHAPUH, MYJIbTUBE3UKYJIAPHBIE
TeJiblla, CBOOOHBIE PO3ETKH PUOOCOM U JIPyTHE Oopra-
HeJUTbl. TeJlo HUXHEH YacTU KJIETKHU, PEe3KO CyXascCh,
o6pasyeT aKCOH, KOTOPBI B COBOKYITHOCTU C JPYTUMU
aKCcoOHaMM aHaJIOTUYHBIX KJIETOK BXOIUT B COCTaB He-
MUEJTM3UPOBAHHOTO 0OOHATEILHOTO HEPBa, CBA3HIBAIO-
mero penentopHsele kiieTku ¢ OJI nepegnero mosra. Ot
BEpPXHETO T0JII0Ca TeJjia KJIETKU OTXOAUT AEHIPUT, OU-
aMeTp KOTOpOro cocrarjisger 1-3 MkM. B nuTomiazme
JeHapuTa 0OBIYHO pacroJiaralTcs GparMeHTHl IJ1aKO-
r0 DH/IOIJIa3MaTHUYECKOTO PETUKYJIyMa, MUTOXOHIPUU
Y MUKPOTPYOGOUKH. ATTUKAJIbHBIH Y4aCTOK PEIENTOPHBIX
KJIETOK MOXeT MMETh BBIPOCTHI JBYX Pa3sHOBHUHOCTEL
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— XTYTUKU WM MUKPOBWJLIBI, HE MMEOIE MUKPOTY-
OyJsisipHOTO anmapara. I1o 3ToMy IpU3HAKY WX MOApa3-
JIeJIAI0T Ha XTYTUKOBBIE W MUKPOBUUIAPHBIE peller-
TopHbIe KjleTku (Yamamoto, 1982; Zeiske et al., 1992;
Belanger et al., 2003; Lazzari et al., 2007; Hansen and
Zielinski, 2005; Pintos et al., 2020; Rincén-Camacho et
al., 2022; Bettini et al., 2023). Xrytukossie OCH wc-
MOJIb3YIOT CUTHAJIbHBIN Kackaj Golf/ageHniaTiiikiasa
JUIA aKTUBANWU IUKJIMYECKUX HYKJIEOTU-yIpaBJisie-
mbix (CNG) kaHaJioB, MUKpoBwLIsspHsie OCH ucIoJib-
3ytoT Gq/docdoumnasy C smecte ¢ TRPC2 (Speca et al.,
1999; Hansen et al., 2003; Sato et al., 2005). C momo-
IIBI0 3JIEKTPOOJIH(AKTOrPAMMBI TTOKA3aHO, YTO XIYTH-
kxoBrele OCH (xkOCH) pearupyioT Ha XUPHBIE KHUCJIOTHL,
a MUKpOBWLIsIpHbIe KjieTku (MOCH) 4yBCTBUTETBHEI K
amunokuciaoraM (Thommesen, 1983). [Toxoxue peak-
UM MUKPOBWUIAPHBIX HEHPOHOB HA AMUHOKHCIIOTHI
OBLIM 3aperucTpUpPOBAHBI U B Apyrux pabdorax (Speca
et al., 1999; Lipschitz and Michel, 2002). [To MHeHUI0
Sato K., Suzuki N. (Sato and Suzuki, 2001), ocHoBaH-
HOMYy Ha u3yuyeHUu OOOHAHUA y pafgyXHoOU ¢openy,
x*OCH sABIAIOTCA «yHUBEPCAJIMCTaMU», KOTOPHIE pea-
TUPYIOT HA IMAPOKUU CIIEKTP 3amaxoB, BKJIOYas Ghepo-
MOHBI, Toraa kak MOCH ABJIAIOTCA «CHelraiicTaMm1»,
criennGUIHBIMU JIJII aMUHOKUCIIOT. B mcciieqoBannu
(Hansen et al., 2003) Ha kaHaJbHBIX COMUKAaX IOKa3a-
HO, YTO HYKJIEOTUBI JEACTBYIOT HA MUKPOBUJLJISIPDHBIE,
a AMUHOKUCJIOTHI HA XT'YTUKOBhIE I MUKPOBUJLISAPHBIE
KJIETKY, HO Yepe3 pa3Hble CUTHAJIbHBIE MY THU.

B cBsA3U Cc pa3BUTHEM METOJI0B UMMYHOIIUTOXU-
MUY, TPWXU3HEHHON BU3yaJM3aluv (YHKIMOHAJIIb-
HOHM aKTHMBHOCTU KJIETOK U aHAJM3a TPAHCKPUITOMA
B TIOCJIeJTHEE BpeMs y PHIO CTajil BHIAEJIATH HOBBIE
MoOpGOJIOTUYeCKHe TUIB PEIeNTOPHBIX KJIeTOK. Kpo-
Me yXe YHIOMSHYTBIX XTYTUKOBBIX W MHUKPOBUJLIAP-
HBIX HEIDOHOB HeJaBHO OblyIa OOHapyXeHa elle OJHa
Pa3HOBUIHOCTh YYBCTBUTEJIbHBIX 3JIEMEHTOB — KPUIIT
kietku (Hansen and Zeiske, 1998; Hansen and Finger,
2000; Ferrando et al., 2010; Ahuja et al., 2014; Lazzari
et al.,, 2022). JTaHHBII TUN KJIETOK MPECTAaBJIAET CO-
001 caMyl0 HEMHOTIOYMCJIEHHYI0 TPYIIy perenTop-
HBIX HeHpoHOB. Hampumep, y dopenu u ckymOpuu
Ha UX JOJII0 IPUXOAUTCA TOJIBKO 2 % KJIETOK OT 00-
IIEr0 YKCja HEMPOHOB, TOTAA KAaK MUKPOBUJLIAPHBIE
U XT'yTUKOBBIE COCTABJIANT 8 1 90 % COOTBETCTBEHHO
(Schmachtenberg, 2006). ¥ HEKOTOPHIX BUAOB PHIO 3TU
KJIETKU BBIABJIAIOTCA HE TOJBKO Y B3POCJIBIX 0CcO0€l, HO
u Ha 2-3 cyTku ux passutusa (Camacho et al., 2010).
OTjanuuTesbHasd 0COOEHHOCTh KPUNT KJIETOK COCTOUT
B TOM, YTO UX TeJia PacIoJIiaraiTcsA B CAMOM BEPXHEM
cioe O3 u nmerT cheprudecKylo WM TpyHIeBUAHYIO
dopmy. OOGBIYHO OHM TOJTHOCTBIO OKPYXKEHBI TeJaMu
OIHOU WJIU ABYX OMOPHBIX KJIETOK, C KOTOPBIMH OHU
(GopMUpYIOT JIOKAJIbHBIE IJIOTHBIE KOHTAKTHI, ObOecre-
YHBAIOIIE YCTONYMBOCTD KJIETOK K MEXaHUYECKUM Ha-
npspkeHusM (Schmachtenberg, 2006). Cuurtaercs, 4To
KPUIIT KJIETKW HE UMEIOT BBIPaXXEeHHBIX JEeHAPUTOB, a
WX peleNnTOPhIN yIacTOK CHaOXeH KaK XI'yTUKaMU, TaK
u mukpoBwutiamu. (Hansen and Finger, 2000). Kpunt
KJIETKU XapaKTepU3yITCs HEOOBIYHBEIM CIIOCOOOM 3KC-
npeccu — «OAWH THUN KJIETOK — OJUH PEIenTOp»,
MpuYeM OAWH U TOT XK€ PEIENnTOp 3KCIPECCUPYETCS
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Bcell momyJiAIyeii Kpunt HelipoHoB (Ahuja et al., 2013).
UtoO6s! onpeAesinuThb GyHKIIMOHAIBHYIO ClIeNaIn3anuio
3TUX KJIETOK, NMPEeAIPUHUMAIOTCS TONBITKU BBHIABUTH B
HUX crneruduyecKkre MapKepbl, He BCTPEYANI[Uecs B
ApYyrux THUIIaX OOOHATEJNIbHBIX HeHpoHOB. [lokaszaHo,
YTO OHU 3KcrnpeccupyT G-6enku Gao u Gaq, afgeHu-
nariukiaaldy III, rauanapHBI MapKepHBIN Gesok S-100
u TrkA-ir. Tem He MeHee, OTMEYAETCs, YTO ITU OEJIKU
MOTYT OBITh TIPEJICTABJIEHBI HE BO BCEX KPUIT KJIETKAax
(Hansen et al., 2003; 2004; Catania et al., 2003; Vielma
et al., 2008). ITo3xe, B KauecTBe HAJEXHOTO MOJIEKY-
JIAPHOTO MapKepa KPUIT KJIETOK y JaHMO 3apeKOMeH-
noBajia cebsi TUPO3MHOBas MpoTenHkrMHa3za A (Bettini
et al., 2016). [l;ia ompefesieHUs CIIEKTpa 3araxOBBIX
BEIIEeCTB, BOCIPUHNMAEMBbIX KPUNT KJI€TKaMH, B HaCTO-
Alee BpeMsA BeAyTcsA paboOTHl MO0 UAEHTUPUKALUU UX
OOPaHT-CBA3BIBAIIINX pernenTopoB. I[lokazaHO, dTO
KPUIIT KJIETKU 3KCIPECCUPYIOT €UHCTBEHHBIN peler-
top Tuna V1R, V1R4, cBazanHsii ¢ Gai, U XOTA UX JIU-
ra’Absl HEU3BECTHBI, ObLJIO BHICKA3aHO IPETOJIOKEHNE,
YTO 3TU PELEeNTOpH pearupywT Ha ¢epomonn (Ahuja
et al., 2013). B IUTOXUMUYECKUX HUCCIIEJOBAHUAX, MTPO-
BeJleHHBIX Ha KapacsX, YCTaHOBJIEHO, YTO JIOKAJIU3AIHs
YYBCTBUTEJIBHBIX K ()epPOMOHAM KPUIIT KJIETOK B pa3HOe
BpeMsI TO/1a CyleCTBEHHO U3MEHSIeTCs, IpUYeM, JIETOM
— MpU Tepexo/ie K HEPEeCTy — UX TeJia MepeMenanTcs
K 6oJlee MOBEPXHOCTHHIM cjiosM amutennsa (Hamdani
and Dgving, 2007). Kak moJjiaraior aBTOpHI, 3TU HaGJII0-
JeHUs1 JEMOHCTPUPYIOT HaJImuvie TPSMOM B3aUMOCBS-
31 MEX/y IMPKYJUPYIOIUMU B KPOBU TOPMOHaMH U
BOCIIPUATHEM I10JIOBBIX (€pOMOHOB. [[JIs1 onpeesieHus
CIIEKTPA OJOPAHTHOMN YyBCTBUTEIBHOCTU KPUIIT KJIETOK
MPEeCTaB/IAIT UHTEPEC UCCJIEOBAHUS 10 BHISBJIEHUIO
HENMPOHHBIX TPOEKIUN 3THX KJIETOK B I[€HTPAJIbHBIX
CcTpyKTypax mosra. Tak, ycTaHOBJIEHO, YTO y Kapacs
aKCOHBI HEHPOHOB BTOPOTO Nopsifika (o6pasyromue cu-
HAIlChl C KPUIIT KJIETKAMM) CBA3aHBI C OOOHATEJIbHOU
KOpPOH 4Yepe3 MequaJIbHBI TPAKT, KOTOPHIN MepefaeT
CEHCOPHYI0 WHMOpPMAIUIO, CBA3aHHYI0 C Pa3MHOXEHMU-
eM (Hamdani and Dgving, 2007). Ha ocHOBaHUU 3TUX
(dakToB aBTOpH mNocjegHel pabOTH NpeAIoJarawr,
YTO KPUNT KJIETKU OOECHevYrBaIOT CEeJIEKTUBHOE BOC-
NpUATHE TOJIOBHIX (PEPOMOHAJIBHBIX CUTHAJIOB, yYa-
CTBYIOIIUX B XUMUYECKON KOMMYHUKAINU PHIO BO Bpe-
Ms HepecTa. HefaBHO ¢ moMornpio Metoia Patch Clamp
U NPWXU3HEHHO!N BU3yayu3auuu HoHoB Ca?* ynaioch
1oKa3arth, 4YTO y CKyMOpUHM U MoJIoau (popesu pa3iiid-
Hble CyONOMyJIAIUY KPUIIT KJIETOK PearupyoT HA aMu-
HOKUCJIOTHI, )XeJTYHbIE KUCJIOTHI, JINO0 (hepOMOHATHbHBIE
cur"assl (Schmachtenberg, 2006; Vielma et al., 2008;
Bazdes and Schmachtenberg, 2012). Ilpu 3ToMm y 3pe-
JIBIX 0ocobell ¢opes OOJIBIIMHCTBO KPUMT KJIETOK OT-
BEYAJI0O TOJIBKO Ha PENpOAYKTUBHBIE (PEPOMOHEI, UTO
TOBOPHUT O TOM, YTO MPOGUIb UX OTBETOB CYIECTBEHHO
3aBUCHUT OT TOJIOBOH 3pPEJIOCTH U ToJjia peiOwl (Bazaes
and Schmachtenberg, 2012). Kpome Toro, skcmnepu-
MEHTHl Ha JJAHWO C PETPOTPAAHBIM MeYeHUEM KPUIIT
KJIETOK IIyTEM UHBEKITUU BJIYOPECIEHTHOTO KPaCUTEIsS
B OJI nmokaszaju, 4TO JaHHbIe KJIeTKU MOCHLIAI0T CBOU
aKCOHBI TOJIBKO B OJIWH KJIy0ouek OJI. OTo cBUAETENb-
CTBYET O CYIIECTBOBAaHUM CIENNAJIM3UPOBAHHON «Me-
YyeHOU JIMHUW», OObeNHSAIOIIe 3amaxoBble CUTHAJIbI
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OT BCeX MPeACTaBJIEHHBIX B JMUTEJINN KPUNT KJIETOK B
oxHoi riaomepyse OJI (Ahuja et al., 2013).

B xofze n3yueHus oJibpakTOpHOro anmapara Ja-
HHO B mpefesax O3 O6bUIM UAEHTUDUIUPOBAHBI TaKXe
JpyTrue «KpUNT-MmogoOHBIE» KJIETKHM, KOTOPbhIE MOChLIa-
JI1 CBOM AaKCOHHI B OTJIMYHBIN OT APYTUX TUIOB KJIETOK
wiybouek (Braubach et al., 2012; Ahuja et al., 2014),
YTO HE COOTBETCTBYET MPUHIUIY CXOAUMOCTH aKCOHOB
B ofHol riomepyjie (Mombaerts, 2006). Oxasaocs,
YTO 3TU HEOOBIYHbIE KJIETKU, Ha3BaHHBIE M3-3a UX Xa-
pakTepHO! GOpMHI “Kanne” HelpoHaMu, SKCIIpecCcupy-
10T Ga s/olf Gesku 1 He TIPOU3BOIAT criennudUYeCKUX
MapKepOB, CBOWCTBEHHBIX [JI XT'YTUKOBBIX, MUKPO-
BWUISADHBIX U KPUIT KJIETOK. HMMMyHOXUMHYECKOE
OKpalMBaHUE Kamre KJIETOK He BHISABUJIO Y HUX TyOy-
JINHA, BCJIEACTBHE Yero o0 MHEHMI0 HeKOTOPBIX aBTO-
pOB OHU He cofepxar pecHuuek (Ahuja et al., 2014).
B aT0i1 xe paboTte oOHapyXeHO MO3UTHMBHOE OKpallu-
BaHUeE HAa aKTUHOBBIE (PHUJIAMEHTHI, COCPENOTOYEHHBIE
rJaBHBIM 00pa3oM B anMKaJIbHOM OTAejle KJIEeTKU.
B cBsi3u ¢ TeM, YTO aKTHH SABJIAETCA BaXXHBIM KOMIIO-
HEHTOM MHWKPOBUJLJI, aBTOPHI CKJIOHAITCSA K TOMY, 4TO
Kanme KJIeTKH cofepXaT TOJIbKO MUKPOBUJLIADHBIE
oTpocTku. Ilo HameMy MHEHNIO, Hy’)KHO C OCTOPOXHO-
CTBIO OTHOCUTHCS K UCIIOJIb30BAHUIO aKTHHA B KauecTBe
MapKepa KpHUNT KJIETOK, TaK Kak [03[4Hee OH OBl 00-
HapyXeH y KOCTUCTHIX pbi6 nomoTpsaaa Cottoidei B neH-
JpUTax U B TeEpMUHAJIAX y MoJiobix OCH Ha KOpOTKOM
OTpe3Ke BpeMeHU B IIpollecce MX MUTpallyl U BCTpa-
uBaHus B mosepxHocth 0D (Klimenkov et al., 2018).
B vacTHOCTH, yCTaHOBJIEHO, YTO [0 Mepe pa3BUTHUA B
anuKaJbHOM OTAeJIe pelleITOPHBIX KJIeTOK obpa3syeTcs
TJIOTHBIN CJION aKTUHOBBIX MUKPO(PMIIaMEHTOB, BHY TPU
KoToporo ¢opmupyercsa nopa. IIpeamnosiaraercs, 4to
(pyHKIMOHAIBHBIE PENENTOPH OJIOPAHTOB T€HEPUPYIOT
Yyepe3 3Ty MOPYy HEPBbIN BHYTPUKJIETOYHBIN CUTHAJI OT
BOZOPACTBOPUMBIX OJOPAHTOB OKpY’XKalolleil Cpemsl.
Ha 3akmounTesipHON cTaguu MopdoreHesa MNpUMeM-
OpaHHBIN CJIOU aKTHMHA McYe3aeT U COXpaHsAEeTCA JIUIIb
B MeCTaX IJIOTHBIX COEIMHEHUN C COCETHUMU OTIOPHBI-
Mu kietkamu (Puc. 1). Takum o6pa3om, 3TU JaHHBIE
MMOKa3bIBAIOT, YTO MOJIMMEPU3AIUs aKTUHA MOXET OBITh
BPEMEHHON U OTPAXaTh ONPeEeJIEHHbIN 3Tal Pa3BUTHA
OCH.

HenaBHO B MOBepXHOCTHBIX cjiosax OO maHUO
OblyIa onucaHa emle ogHa HeOoJbIIaA MONMYJIANNUA Hel-
poHOoB — rpymenogobHele kietku (Wakisaka et al.,
2017). [loka3zaHo, YTO 3TV HEHPOHHI IKCIIPECCUPYIOT pe-
1entop A2c, KOTOPHIN MPEACTaBJIeH Y HU3MIUX BOJTHBIX
OpraHusMoB U obeclieuyMBaeT BOCIPUATHE aJeHO3UHa
(Kowatschew and Korsching, 2021). I'eH, KoqupyoIuii
3TOT pelenTop, He oOHapyXeH y MO3BOHOYHBIX, Bely-
IIMX Ha3eMHBIH 00pa3 xu3Hu. HegaBHo coobmaniocs 00
elje OQHOU Pa3HOBUIHOCTHU KJIETOK, OOHapyXeHHOH! B
O3 NMUYMHOK AaHUOo — 060HATe bHBIE a0k (Cheung
et al., 2021). Tesa 3TUX KJIETOK PACIIOJIOXEHH B BEPX-
HUX OTAeJIaX SMUTEUs, TPpUYeM, UX alTMKaJIbHbIN y4a-
CTOK COJIEepPXUT CIIOCOOHBIN K ABMXEHUIO IMaJIOUKOBU-
HBIN BBICTYN JAJIMHOU 5-10 MKM. Y HaHHBIX KJIETOK He
oOHapyXeHHl aKCOHBI, TEM He MeHee, IIpeAroJiaraeTcs,
YTO OHM MOTYT BBINIOJIHATh MEXaHOCEHCOPHBIE, XeMO-
CEHCOPHBIE WJIU MYJIbMOJaJIbHble (QYHKINU.



KnumeHkoe U.B. u dp. / Limnology and Freshwater Biology 2023 (6): 190-203

3. 0O6oHATEAbHAA YYBCTBUTEABHOCTDb Y Pbib

O6oHATebHASA YYBCTBUTEJBHOCTh IO3BOHOY-
HBIX, BKJIIOYas phIb, 3aBUCUT OT UX Bo3pacTa, GrU3Hu0JI0-
ruyeckoro cocroaHua u sxosioruu (Keller-Costa et al.,
2014; Wakisaka et al., 2017; Doyle and Meeks, 2018; Li
et al., 2023; Wagner et al., 2023).

JJ1s omipeiesieHUs pa3JIMYHBIX ITapaMeTpPOB OJIb-
(akTOPHOTO BOCHPUATHSA PhIOaMH OMOJIOTUYECKH 3Ha-
YUMBIX CHT'HAJIOB MCIIOJIb3YIOTCS KaK IOBeqeHYeCKUe
(Kasumyan and Marusov, 2018; Wagner et al., 2023),
Tak U 3JiekTpodusuosiornueckre mnonxonsl (Valdés
et al., 2015; Sato and Sorensen, 2018). PbIOB JeMOH-
CTPUPYIOT BBHICOKYI0 YYBCTBUTEJIBHOCTh K XUMHYECKUM
areHTam, KOTOpbIe MpeAonpeaesIsiioT CIIOKHBIE (POPMBI
UX MHUIIEBOTO U PENPOAYKTUBHOIO MOBefeHusA. B yacT-
HOCTH, 3JIEKTPOU3UOJIOTNYecKash 3amuch OT OTHENb-
Helx OCH 30J10TOro Kapacs IOKasblBaeT, YTO KJIETKU
crienaJIM3upOBaHbl HA 0OHAPYyXXeHNHU 3allax0B, CBA3aH-
HBIX C KOHKPETHBIMH OHOJIOTUYECKUMHU QYHKIUAMHU,
BKJIIOYAsl MHMTaHWeE, pa3MHOXeHHe U arperaiuio (Sato
and Sorensen, 2018). IIpu 3TOM, OTMeYaeTCs, YTO WUH-
dopmanus o moJI0BEIX (GepOMOHAX MepefaeTCs OT/ e/ Ib-
HBIMU y3KO HacTpoeHHBIMU OCH, B TO BpeM Kak amu-
HOKHUCJIOTH W APYTY€e CUTHAJIBI MUTaHUA ([TOJTMaMUHBI,
HYKJIEOTHUIBI), IO-BUAUMOMY, PACIIO3HAIOTCS OOJIBIITM
kosmuectBoM OCH (Sato and Sorensen, 2018). ITopor
obHapyXeHUs OTHeJbHbIX L aMHUHOKUCIOT (ajaHuH,
apruHUH, TJIyTAMUHOBAs KHCJIOTA, METHOHUH), OT-
HOCAIMMXCA K pacrnpocTpaHeHHBIM muieBbiM (Hara,
2006; Rolen et al., 2003) cTumysiam, cocrasisier 108M
(Sato and Sorensen, 2018; Rolen et al., 2003). ITopor
YYBCTBUTEJIBHOCTU K IMOJIMaMHHaM (MUIIEBBIE CTHUMY-
JIBI) HaxXoOuTcs Ha TakoM e ypoBHe — 108M (Rolen
et al., 2003). MuHUMAaJIbHAA KOHI[EHTPALUUA MYKCKOTO
1oJiIoBoro ¢pepoMoHa, aHAPOCTEHANOHA COOTBETCTBY-
er101!M (Sorensen et al., 2005). [Topor BoCHpUATHA
oJioBoro pepoMoHa npocrarjaasguHa 2a paseH 101°M
(Sorensen et al., 1988). Emre 60Jiee HU3KHEI TOPOT OOHA-
pPyXeH 1A mpeAnojiaraemMoro curHasa arperauuu (Li
et al., 1995) (cMmech xeyTuHBIX KucjoT) — 101'M (Sato
and Sorensen, 2018).

B mocyie/iHME TObI WCIIOJIB3YIOTCA TaKXe METO-
Bl COBMECTHOT'O HCIIOJIb30BaHUA CAalT-HAIIPaBJIEHHOTO
MyTareHe3a U MOJIEKYJISIPHOTO MOIeJIMPOBAHUs B3au-
MOJENCTBUS OOOHATEJbHBIX PELENTOPOB C IOTEHIU-
anpHBIMU ofopaHTamu (de March et al., 2018; Cong et
al., 2019). 3To gaeT BO3MOXHOCTh MAeHTUDULNPOBATh
THUI JINTAHIOB U AUHAMUKY WX B3aUMOJEHCTBUA C pe-
LIeNTOpaMH, CBSI3aHHBIMU ¢ G GeTKoM.

4. 3aknioueHue

AHanmu3  paboOT, TMOCBAIIEHHBIX  U3YUYEeHUIO
a[anTHUBHBIX CBOMCTB OOOHATEJBPHOM CHCTEMBI PBHIO,
JEeMOHCTpUpPYeT  MHOrOBapuaHTHbBle  OCOOEHHOCTU
CTPYKTYPHOTO pa3BUTUA UX OOOHATEJBHOTO JIIUTe-
usa. OcobeHHO 3TO KacaeTcsA MpeACTaBUTEbCTBA TEX
WJIU UHBIX TUIIOB pPelleNTOPHBIX KJIETOK, CHeluDUYHBIX
0 MOJIEKYJIAPHBIM pelenTopaM, Kjaccy BOCIPUHU-
MaeMBIX OAOPAHTOB U MYyTAM WX TPAHCAYKIUAH. ITO
BaXXHO He TOJIBKO C IO3ULMU HU3YYeHHUs MeXaHU3MOB
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Puc.1. Pannue (a, 6) u 3penas (B) craguu mopdosio-
ruyeckort uddepeHIIPOBKY OOOHATEJIBHBIX pelenTop-
HBIX KJIeTOK (10 AaHHBIM KOHGOKaJIbHOM MUKDPOCKOIUH) Yy
Cottocomephorus inermis Jakowlew, 1890 (Cottoidei). (A) -
BHYTPU MOJIOAOHN KJIETKH PACIIOJIaraeTcsi BRITAHYTOE sJpO,
MUTOXOHJIpUU U MIUPOKUH cJI0H npuMeMmbpanHoro F-akTuHa.
B TOJme aKTHHOBBIX MUKPOGUIAMEHTOB TEePMHUHANb J€H-
JIpUTa COZIEPXXUT IOPY, KOTOPas OTKPHIBAETCS B IIUTOILUIA3MY.
BrigesieH u yBenunueH ¢parMeHT BepUIMHBI C MOPOH (Kpac-
HBIM OTMeueH y4acTOK MeMOpaHbI HaJ| opott); (6) — mpocBeT
IIOPHI CYIIEeCTBEHHO pacCIIMpeH BCJIe[ICTBHE Pa30OpKU aKTH-
HOBBIX MUKpo(dUIaMeHTOB; (B) — 3pesias kileTtka: F-akTuH co-
JIEPXXUTCS TOJIBKO B 00JIACTH IJIOTHBIX KOHTAKTOB (IIOKa3aHO
durypHolt ckobkoil) ¢ coceqHUMU KyieTkamu. O603HaUeHUs:
1 - nopa; 2 — F-aktuH; 3 — Mutoxouapuy; 4 — Aapo; 5 — no-
BepXHOCTHass MeMOpaHa; 6 — y4aCTOK IIOBEPXHOCTHOH MeM-
OpaHbl HaJ| TOPOIA.

O[OpaHT-3aBUCUMOI0 IOBeeHUs T'MAPOOHOHTOB, YTO
nMeeT OOJIBIIOE CaMOCTOATeIbHOE 3HaueHUe. DBOJI0-
I[IOHHOE CXOACTBO MOJIEKYJIAPHBIX U KJIETOYHBIX MeXa-
HH3MOB OOOHATEJIBHOU pelLiennuy y pbld U MJIEKOUTa-
omux (Saraiva et al., 2015; Calvo-Ochoa et al., 2019)
[IOKA3bIBaeT, YTO PHIOBI MOTYT HCIIOJIb30BAThCA TaKxke
B KauecTBe MOJeu AJjiA n3ydeHus GpyHAaMeHTaIbHBIX
MeXaHU3MOB QyHKINOHUPOBaHUA O0OHATEJIBHOIO aHa-
JiuzaTopa y 4ejioBeKa B HOpMe U NpU pa3BUTUHU HeW-
poaereHepaTUBHBIX 3a0oJieBaHUI, TeueHHe KOTOPBIX
COTIPOBOXAeTcsl aHOCMUEH.
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