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AHHOTaI M. B cTaTbe pacCMaTpPHUBAIOTCS BO3MOKHOCTH IIPUMEHEHH I CKAHUPYIOIIeH 30HI0BOKM MHUKPOCKOIIUH
(C3M) mis BcCcenoBaHUS HEMPOHHOM aKTHBHOCTH HAaCEKOMBIX, BK/IIOUASI PETUCTPALIHIO IOTEHLIMAJIOB ek~
CTBUS U BU3ya/IHU3allHI0 MOPdOIOruiecKux ocobeHHOCTe! HePBHOM cUCTeMBbl. Ocoboe BHMaHHUe yJe/leHO IIpe-
MMYIIeCTBAM UCIIONB30BAHM S HACEKOMBIX, TAKHX KaK KOMaphl, B Ka4eCTBe MOJe/IbHBIX 00beKTOB /1IJ1s1 HeHPodH-
3HOJIOTMYeCKHUX UCCIefOBAaHUI. ObCY>KIAIOTCS COBpEMeHHbIe MeTOIUKH PerUCTPALlUU HEMPOHHBIX HMIIYJ/Ib-
COB, BKJIIOYAs BHYTPUK/IETOUHYIO K BHEKJIETOUHYIO 3aI1HCh, METO[ JIOKAJIBHOM QHUKCALIMY IIOTeHIIHaIa (1aTy-
KJIaMII), & TaKKe CpaBHeHHe [1apaMeTPOB IIOTeHIIMAaJa AeHCTBUS Y HACeKOMBIX U YeloBeKa. [IpecTaBIeHb
[epCIIeKTHUBB HHTerpauuu C3M c ONTOreHeTHKOM U KaJIbIIHeBOI BU3yaIH3alHen [J/Is [T0J1yYeHHU T KOMIITIeKC-
HOTO IIpeACTaBIeHHU s 0 QYHKIIMOHAIBHON AKTUBHOCTH HEMPOHOB in vivo.
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Abstract. The paper discusses the possibilities of using scanning probe microscopy (SPM) to study the neural
activity of insects, including recording action potentials and visualizing the morphological features of the ner-
vous system. Particular attention is paid to the advantages of using insects such as mosquitoes as model objects
for neurophysiological research. Modern methods of recording neural impulses are discussed, including intra-
cellular and extracellular recording, the local potential fixation method (patch clamp), as well as a comparison of
action potential parameters in insects and humans. The prospects for integrating SPM with optogenetics and cal-
cium imaging to obtain a comprehensive understanding of the functional activity of neurons invivo are presented.
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BBEJLEHUE
HM3ydeHHe QyHKLHMOHAIBHON aKTHBHOCTH HePBHOM
CHCTEeMBI SIBJISIeTCSI OLHOM M3 BAKHEHIIHX 3aa4 COBpe-
MeHHO! HeMpobHoIoruu. PasBUTHe MeTO[0B Hekpo-
GH3KOIOTHH M CKAHUPYIONIEHN 30H0BOM MHKPOCKO-
MM OTKPhIBaeT HOBbIE BO3MOKHOCTH [JISl AaHAJIH3a
3JIeKTPUYECKOM AaKTHUBHOCTH OTIEe/bHBIX HEHPOHOB,
HeMPOHHBIX CeTeHr 1 MO3ra B 11eJIoM. OIHAKO HCCIefio-
BaHMSI HEMPOHHOM aKTUBHOCTH BBICIINX OPraHHU3MOB
CTQJIKUBAIOTCS C PSIIOM OFPAaHHUYEHU M, CBSI3aHHBIX KaK
C TEXHUYECKUMHU CJIOKHOCTSIMH, TaK U C STHUECKUMH
acreKTaMHu. JTO eaeT 0CoOeHHO IIPUBJIeKATeIbHBIM
HCII0/Ib30BaHHUeE B 9KCIIepHMEeHTA/IBHBIX paboTax Kiiacca
6eCI103BOHOYHBIX WIEHHUCTOHOIUX SKUBOTHBIX ~ HACEKO-
MBIX — B KaueCcTBe MOJe/IbHBIX chcTeM (pHc.l).
Hacexomble 061aafoT KOMIIAKTHOM, HO QYHKIIHUO-
HaabHO 50 OeKTUBHOMN HEPBHOM CHCTEMOL, YTO I103BO-
7seT IIPOBOOUTH 3KCIIEPHMEHTHI C BBICOKKM pa3pelie-
HHeM, obecriedrBaeMbIM 30HJOBOM MHKPOCKOIIHEH,
U MUHHUMAJbHBIMU 3THYECKHMHU OTPaHUYEHHUSIMHU.

Puc.l. Onmuyeckas ¢omozpadus npedcmagumenst Kaac-
ca 6ecno380HOYHbIX YAEHUCMOHOZ2UX XUBOMHbBIX — MYyXU.
Obvekma 049 uccredos8aHus Memodamu CKaHupyoujel 30H-
dosoli Mukpockonuu. Pazmep u3obpaxeHus 5 x 3,8 mm2.
Juamemp 2naza myxu — okono 0,28 mm

Fig.1. Optical photograph of a representative of the class of inver-
tebrate arthropods - fly. Object for research by scanning probe
microscopy. Image size 5 x 3.8 mm?Z. The diameter of the fly’s eye
is about 0.28 mm

INTRODUCTION

The study of nervous system functional activity is one
of the most important tasks in modern neurobiology.
Development of neurophysiology methods and scan-
ning probe microscopy opens new opportunities for ana-
lyzing electrical activity of individual neurons, neu-
ral networks, and the brain as a whole. However, stud-
ies of neural activity in higher organisms face a number
of limitations related to both technical challenges and
ethical aspects. This makes the use of invertebrate
arthropods - insects - particularly attractive in experi-
mental work as model systems (Fig.1).

Insects have a compact yet functionally efficient ner-
vous system, which allows for high-resolution experi-
ments provided by probe microscopy and minimal eth-
ical constraints. Due to the ease of fixing insect neu-
rons, they serve as a convenient subject for studying
the generation mechanisms and nerve impulses trans-
mission. Combination of traditional electrophysiological
methods with the capabilities of scanning probe micros-
copy, which allows for obtaining high-precision topo-
graphic data without damaging the sample, appears par-
ticularly promising.

Scanning probe microscopy allows for obtaining three-
dimensional images with nanometer resolution, which
is particularly important for studying various morpho-
logical structures of insects, for example: cuticles (chitin-
ous coverings) [1], sensilla (sensory hairs), nanostructures
affecting hydrophobicity and aerodynamics of wings,
and adhesion devices of legs. A series of works was car-
ried out to study the faceted eye of insects and its struc-
tural unit - the ommatidium using atomic force micros-
copy methods [2].

In 2024, the results of mapping the brain
of the fruit fly, obtained through electron microscopy,
were published [3]. Researchers completely mapped
the connections between neurons throughout
the brain of the adult fruit fly. The work presented
a complete picture of the structure of the adult female
Drosophila melanogaster brain, containing 5-10” chemi-
cal synapses between 139,255 neurons. With the signifi-
cant capabilities achieved in electron microscopy, there
remains no possibility of working with live specimens.

The only methods that allow us to study living objects
with nanometer resolution in air or in liquids are
the tools of scanning probe microscopy. However, to date,
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Brnaromaps npocTtoTe pUKCALMKU HEHPOHOB HaCeKo-
MBIX, OHHU SIBJISIIOTCS YAOOHBIM 06beKTOM /1 H3yue-
HHS MeXaHH3MOB I'eHepalluu U Iepefayl HepBHEIX
MMIYIbCOB. OCOOeHHO MepCeKTUBHBIM IIPe/ICTaB-
JeTCs CoYeTaHHe TPALULMOHHBIX 3JIeKTPOPH3HO-
JIOTHYeCKHUX MeTOZ0B C BO3MOKHOCTSIMH CKaHHPYIO-
IIel 30HI0BOM MHUKPOCKOIIHH, I103BOJISIONIEN 10Ty~
YJaTh BBICOKOTOYHBIE TOIOrpadrudecKkre faHHEIe 6e3
MOBpeXXIeHHU s obpasiia.

CkaHUpyIOLas 30HJ0Bas MUKPOCKOIIMS II03BOJIseT
IoJy4yaTh TPeXMepHble U306paskeHHsI C HAHOMETPO-
BBIM pa3pelleHHeM, YTO 0COOeHHO BasKHO JJ1s1 UcCiie-
JOBaHHSA Pa3lHMYHBIX MOP(OJIOTHUUYECKHUX CTPYK-
Typ HaCceKOMBIX, HallPUMep: KyTHUKYJ (XUTHHOBOIO
noxkposa) [1], ceHcua (4yBCTBUTENIbHBIX BOJIOCKOB),
HaHOCTPYKTYP, BAHSIOMUX Ha TUAPOPOOHOCTH U a3PO-
OUHAMHKY KPbIIbeB, IIPUCIIOCOOIeHH I /IS afire3uH
namok. COBOKYITHOCTh PaboT 6bla IpoBeieHa 10 H3y-
YeHHI0 GaceTOYHOTO I71a3a HaCeKOMBIX H eT0 CTPYK-
TYPHOH eJMHHUIIBI ~ OMMATH/IH S MEeTOJaMH aTOMHO-
CHJIOBOM MHKPOCKOITHH [2].

B 2024 romy 6bUTH OIy6IMKOBAHBI Pe3y/IbTAaThl Kap-
THUPOBaHM S MO3ra JP0O30QUIIb, II01yYeHHbIe C IIOMO-
b0 IPOCBeYHBAOIIEH 3T1eKTPOHHOM MHKPOCKO-
nuu [3]. MccmemoBaTeau IIOJHOCTBIO COCTABHIIH
KapTy CBI3eH Me>XXAYy HepOHaMU BCero Mo3ra B3poc-
JIOM IUIOJOBOY MYIIKHU. B paboTe Obl1a ImpeacTaBieHa
MOJIHasl KapTHHA CTPYKTYPBI MO3ra B3POCION CAaMKH
Drosophila melanogaster, conepskamast 5107 XuMude-
CKHX CHHAIICOB MeXX Iy 139255 HeripoHaMM. IIpu cyie-
CTBEHHBIX JOCTUTHYTBIX BO3MOKHOCTSIX 3JIeKTPOH-
HOM MHKPOCKOIIMH y Hee He 0CTaeTCsl BO3MOXKHOCTH
PaboThI C SKUBBIMHU OOBEKTAMH.

ENMHCTBeHHBIM MeTOJ/IM, KOTOPBIH I103BO/ISIET U3Y-
YaTh KK Bble 06beKThl C HAHOMETPOBBIM pa3pelleHHeM
Ha BO3ZyXe H/IH B >KUIKOCTH, — 3TO HHCTPyMeHTapHuH1
CKaHHUpYIOIeN 30HL0BOM MHUKPOCKONMHH. OLHAKoO,
[0 HAaCTOSII[ero BpeMeHH HaMHU He HaHJleHBl 3KCIle-
PHMeHTa/IbHEIe Pe3y/IbTaThl 30H/I0BOKM MUKPOCKOIIUH
10 MCCIef0BaHNI0 QyHKIHOHAJbHOM aKTHBHOCTH
MO3ra >KMBOTO CYLIeCTBA.

[lepes TeM KaK MBI PaCCMOTPHM IofpobHee BO3-
MO>KHOCTH II0 TIPOBeJleHHI0 TaKHUX HCC/IeJlOBaHHUU
HaCeKOMBIX Ha IIpEUMepe KoMapa, CpaBHUM CXOLHbIe
YepTHL M pa3/iM4yKs MO3ra 4eioBeKa 1 Komapa.

Y 4yesoBeKa MaKCHMaJIbHasl 4aCTOTa HEHMPOHHBIX
MMIIYJIbCOB — 0K0sI0 200-500 I'1 (B HEKOTOPBIX CEHCOp-
HBIX HeﬁpOHax), Ho B cpegHem 10-100 I'11.

Y HaceKOMBIX HepBHble KJIeTKH 4acTO KpyIlHee
1 BpICTpee, YeM y M/IEKOMUTAIOMIUX, YTO KOMII@HCH-
PyeT uXx MaJjioe KOJIU4ecTBo.

O611iee KOTHMYeCTBO CUTHAJIOB B MO3Ty HaC@KOMOIO
MOYKHO OLIeHHUTb C/IeyIoI UM 06pa3oMm.

Ecnu ydyecTs, 4TO y Komapa okosio 200000-
400000 HerpoHOB (A1 CpaBHeHMS: Y MyxH —~200 000,
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we have not found experimental results from probe

microscopy regarding the study of the functional activity

of the brain of a living being.

Before we take a closer look at the possibilities for
conducting such insect studies using the mosquito as
an example, we try to examine the similarities and dif-
ferences between a human brain and a mosquito’s brain.

In humans, the maximum frequency of neural
impulses is about 200-500 Hz (in some sensory neurons),
but on average it is 10-100 Hz.

In insects, nerve cells are often larger and faster
than in mammals, which compensates for their small
number.

The total number of signals in an insect’s brain
can be estimated as follows. Taking into account that
a mosquito has about 200,000 to 400,000 neurons (for
comparison: a fly has about 200,000, a bee has about
1 million), and each can generate dozens of impulses
per second, then the total number of nerve signals in
its brain can reach millions per second. The nervous
system of insects is optimized for quick reactions, and
although their brains are small, they process informa-
tion very efficiently. On average: a single neuron fires
50-200 impulses/second. The entire brain processes mil-
lions of signals per second.

How do the nervous impulses of a mosquito’s brain
differ from those of a human? Nervous impulses (action
potentials) in mosquitoes and humans operate on simi-
lar biophysical principles, but there are key differences in
speed, organization, and functionality.

Main differences:

The impulse transmission speed in mosquitoes and
insects is slower.

« Ininvertebrates, there are no myelinated fibers (like
in vertebrates), so the transmission speed is approx-
imately 1-5 m/s (in thick axons). The frequency of
impulses in individual neurons can reach up to 200-
500 Hz (in sensory neurons at peak activity);

 In humans, the speed of nerve signal transmission
occurs faster. Myelinated fibers transmit signals at
speeds of up to 120 m/s. The frequency of impulses can
reach 500-1000 Hz (in some neurons), but on average it
is10-200 Hz.

Organization of the nervous system
Mosquito:

The decentralized system consists of the brain
(supraesophageal ganglion)+the ventral nerve cord
with ganglia. The mosquito’s brain is made up of several
divisions:

Protocerebrum - is responsible for processing visual
information (coming from the compound eyes) and com-
plex behavioral responses;

Deitocerabrum - processes signals from the antennas
(organs of smell, touch, and thermoception);
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y muesel - ~1 MJIH), U KaskIblF MOXeT TeHepHUPOBaTh

HecsiTKH MMIIYJIbCOB B CeKYHAY, To obIllee KolHnue-

CTBO HEPBHBIX CUTHAJIOB B €I0 MO3Ty MOXKeT JOCTUIaTh

MHMJIJIMOHOB B CEKYHJY.

HepBHas cucTeMa HaCeKOMBIX OIITUMH3HMPOBaHA
17151 OBICTPOM peaKI[UH, U, XOTS KX MO3T MaJl, OH obpa-
6arpiBaeT nHGOPMALHIO OueHb 3PeKTHUBHO. B cpen-
HeM: OTZe/bHBIN HeHpoH —- 50-200 uMITy1bCcOB/C. Bech
MO3I ~ MHMJITMOHBI CUTHAJIOB B CEKYHY.

YeM HepBHBIE HMITY/IbChl MO3Ta KOMapa OTIHYa-
I0TCS OT HePBHBIX MMIIY/IbCOB YejoBeKa! HepBHEBIe
MMIIyJbCHl (IOTEHILIMA/bl AeHCTBUS) y KOMapOB
U 1ofel paboTaloT Ha CXOKUX 6OPH3HUeCKHUX ITPHUH-
LIMIIaX, HO eCTh KJII0YeBhle Pa3juyHs B CKOPOCTH,
OpraHM3alMU ¥ QYHKIIMOHATBHOCTH.

OCHOBHBIE OTIHYH A
* CKOpOCTbH IlepeJadyy MMIIYIbCOB y KOMapOB U Hace-

KOMBIX MeJlJIeHHee;

* y 0ecII03BOHOUYHBIX HET MHeJTHHHU3UPOBAHHBIX
BOJIOKOH (KaK y II03BOHOYHEIX), [I03TOMY CKOPOCTb
Iepefavuu cocTaBisieT ~1-5 m/c (y TOJICTBIX aKCoO-
HOB). YacToTa UMIIYIbCOB B OTAEAbHBIX HEHpo-
Hax - 10 200-500 I'1 (B CeHCOPHBIX ITPH ITMKOBOM
AKTUBHOCTH);

* Yy YeJIoOBeKa CKOPOCTh IlepeJayl HepBHBIX CUTHA-
JIOB IIPOUCXOAUT ObICTpee. MUeTHMHU3UPOBAHHbBIE
BOJIOKHA IepefalT CHUTHAJBl CO CKOPOCTHIO
no 120 m/c. YacToTa UMIynbcoB — Jo 500-1000 I'ry
(B HEKOTOPHIX HEMPOHAX), HO B cpegHeM 10-200 I'LI.

OpraHu3auus HepBHOIi CUCTEMbI
Y komapos.
¢ JlelleHTpa/IM30BaHHAs CUCTeMa ~ MO3T (HaATI0TOY-

HBIM TAHIJIMMN) + OpIOIIHas HePBHAs L[ell0YKa C TaH-

IIUSIMH. MO3T KOMapa COCTOUT M3 HeCKOIbKUX

OT/Ie/IOB:

poToLepedpyM — 0TBeuaeT 32 06paboTKy 3pHUTeNb-
HOM MHOOpMalUU (IIOCTyIAIOIEeH 0T GaceTOUHbIX
I71a3) U CJIOKHBIe [TOBeleHYeCKHe PeakIhH;

nentounepebpym - obpabaTeiBaeT CHUT-
HaJIbBl OT aHTeHH (OpraHbl OOOHSIHUS, OCS3aHUS
Y TepPMOpeLeNIINH);

TpUTOLIepe6pyM - CBS3aH C MOATTOTOYHBIM T'aH-
IJIMeM U YIIPaB/isieT POTOBBIMH allllapaTaMHU.

Kpome Toro, y KoMapoB ecTh OpIoIIHasi HepBHAs
LIe[IoYKa C TAHIJIUSIMHU, KOHTPOJHUPYIOUIMMH I BHKe-
HMUSI KOHEUHOCTE! U KPBLIbeB.

Y HaceKOMBIX MeHbllle HelpoHOB (~200000-400000),
HO ITPOSIBJISIeTCS BBICOKAs 3pPeKTHUBHOCTD B IIPOCTHIX
peaxiusx (MOKCK KepTBbI, M3beraHue yrpos).

Y uenosexa.

LleHTpaIU30BaHHBIN MO3T (86 MJpJ HEHPOHOB)
C HepapxHU4ecKkon CTPYKTypoH (kopa, MOAKOPKO-
BBI€ SIAPA U T. [.). CJIOKHBIe KOTHUTUBHBIe QYHKIIUHU
(maMsiTh, obyueHUe, abCTPaKTHOE MBIIIIEHHE).

The tritocerebrum is connected to the subesophageal
ganglion and controls the mouthparts.

In addition, mosquitoes have an abdominal nerve
chain with ganglia that control the movements of their
limbs and wings.

In insects, there are fewer neurons (~200,000-400,000),
but a high efficiency is manifested in simple reactions
(searching for prey, avoiding threats).

Ina human:

A centralized brain (86 billion neurons) with a hier-
archical structure (cortex, subcortical nuclei, etc.).
Complex cognitive functions (memory, learning, abstract
thinking).

Types of neurons and synaptic transmission

Mosquitoes: Neurotransmitters: acetylcholine, gluta-
mate, GABA (as in humans, but receptors may differ).
Less synaptic plasticity - learning is limited (e.g. mos-
quitoes can remember dangerous odours but not complex
associations).

Human: More complex neurotransmitter systems
(dopamine, serotonin, noradrenaline - regulate emo-
tions, motivation). High synaptic plasticity - formation
of long-term memory, complex neural networks.

Energy efficiency
Mosquitoes: Nervous system consumes minimal energy
asitis optimised for survival. Rapid response to key stim-
uli (CO,, heat, blood odour).

Human: Brain consumes ~20% of body energy as
it supports complex computations.

Sensitivity to neurotoxins
Mosquitoes: Their neurons are more resistant to some
poisons (e.g. nicotine) but sensitive to insecticides (pyre-
throids block sodium channels).

Humans: Neurons are more vulnerable to neurotoxins
(mercury, lead, botulinum toxin).

DISCUSSION

Mosquito and human nerve impulses are similar at
the cellular level, but differ in speed, organisation and
complexity of information processing. Mosquitoes are
fast, energy efficient, but primitive reactions. Humans
are slower in individual neurons, but have complex
thinking and adaptive behaviour.

In brief: a mosquito is a "microcomputer” for find-
ing blood, while a human is a "supercomputer”
with advanced intelligence.

How do nerve impulses in the mosquito brain differ
from human nerve impulses? Nerve impulses (action
potentials) in mosquitoes and humans operate on sim-
ilar biophysical principles, but there are key differences
in speed, organisation and functionality. The key differ-
ences are:
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Tunbl HeMPOHOB M CMHANTMYeCKas nepeAaya

Komapei. HeripoMennaTopsl: alleTH/IXOAHH, [JIyTa-
MaT, TAMK (Kak y 4esioBeKa, HO pPel[elITOPbl MOTYT
OT/IMYaThCS). MeHbIlle CHHANITHYeCKOU IJIaCTHYHO-
CTH - obydyeHHe orpaHHYeHO (HallpuMep, KOMaphl
MOTYT 3aIIOMHHATh OIlaCHbIE 3aIlaXH, HO He CJIOKHbBIe
ACCOLIMALIHHN).

Yenosek. Boyee C/loKHBIe HeHpoMegHaTOPHBIe
cucTeMbl (DOoPpaMHUH, CePOTOHHH, HOpaJpeHa-
JIMH ~ PeryJIupyoT 3MOLMH, MOTUBAIIHI0). BrlcoKkast
CHHAITHYeCKas [JIaCTUYHOCTD ~ QOPMHUPOBaHUE [0/
rOBpeMeHHOM IIaMSITH, CJIOKHBIe HEHPOCETH.

JHeproag¢peKTUBHOCTb
Komapei. HepBHas cucTeMa noTpebiaseT MUHHMAIb
HYIO SHEePrUIo, TaK KaK OIITUMHM3HUPOBaHA [J/I BBIXKK-
BaHHUA. BRICTpas peakuys Ha KJIIOYeBble CTUMYJIbI
(COZ, TeIlJ1o, 3alax KpOBH).

Yenosek. Mo3r noTpebiser ~20% 3Hepruu Teja, Tak
KaK IOAJePKUBAET CJIOKHbBIE BRIYHCIEHH .

YyBCTBUTEILHOCTb K HEPOTOKCUHAM
Komape!. X HerIpoHBI 60J1ee YCTOMYKBBI K HEKOTOPBIM
snaM (HalpuMep, HUKOTHHY), HO YyBCTBUTE/IbHBI
K MHCeKTUIIHUAM (I PeTPOU bl 6JIOKHPYIOT HaTpHe-
BbIe KaHAaJIbL).

Yenosek. HeripoHBI 6oJiee ysI3BUMBI K HEHMPOTOKCH-
HaM (PTyTb, CBUHeL], 60TYIIOTOKCHH).

OBCY)XAEHME

HepBHbIe MMIIYIbCHl KOMapa U 4ejioBeKa II0XO0XKH
Ha KJIeTOYHOM yPOBHE, HO Pa3JIMYalTCsa CKO-
pPOCTbIO, OpPTaHH3alLlMel U CI0XHOCTbIO ob6pa-
6oTku uHGopManuu. Komapsl - 6bICTPBIE, SHEP-
ros¢ppexTHBHEIE, HO IPUMUTHUBHbEIE PeaKI[KH.
YenoBeK - MeJj/leHHee B OT/eJbHBIX HeHPOHAX, HO
3aTo o61afaeT CJIOKHBIM MBIIIJIEHHEM U aJallTHUB-
HBIM IIOBeIeHHEM.

Ecu roBOopUTh KPaTKO: KOMap — 3TO "MHUKPOKOM-
IbpIOTep" [JIs IIOMCKA KPOBH, a YeJIOBeK — 'CyIIepKOM-
IBIOTEpP' C Pa3BUTBIM UHTEJIEKTOM.

YeM HepBHBIE HMITY/IbChl MO3Ta KOMapa OT/IHYa-
IOTCSI OT HePBHBIX UMIIY/IbCOB YesnoBeka? HepBHEIe
MMIIyJbCHl (IOTEHILIMA/bl JAeHCTBUS) y KOMapoB
U TIofie paboTaroT Ha CXOKHUX OHOPH3UYeCKUX TPHH-
LIMIIaX, HO eCTh KJ/II0YeBhle pa3juyHus B CKOPOCTH,
OpraHM3alMy ¥ QYHKIIMOHATBHOCTH.

OCHOBHBIE OT/IMYHA — IIOTeHIIHal gercTBus (IT10)
y KOMapoB H JII0flel OCHOBaH Ha OJHHUX U TeX ke QyH-
JaMeHTa/lbHBIX NPUHLHUNAX (M3MeHeHHe HOHHOHN
IIPOHUIIAeMOCTH MeMOpaHbl HeHPOHA), HO eCTh KJII0-
yeBble Pa3/IMYHUS B TapaMeTpax (leTaJibHOe CPpaBHe-
HHe [T0Ka3aHo B Tab11.).1

KnroyeBble pa3InyMs:

HoHHBbIe KaHAaIBI.
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The action potential (AP) in mosquitoes and humans
is based on the same fundamental principles (changes
in the ionic permeability of the neuron membrane), but
there are key differences in the parameters. A detailed
comparison is shown in Table 1.

Key Differences:

Ionuc crystals

Mosquitoes: Sodium (Na*) and potassium (K*) chan-
nels are less selective than in mammals. Some channels
are resistant to tetrodotoxin (TTX), which blocks AP in
vertebrates.

Human: Channels are more specialised (e.g. fast
Navl.1-Navl.9). Sensitive to TTX and other neurotoxins.

Action potential transit velocity

Mosquitoes: No myelination, so, speed 1-5 m/s (up to
10 m/s in thick axons, e.g. in giant cockroach neurons).

Human: Myelinated fibres, so, speed up to 120 m/s
(e.g. motor neurons).

Energy assumption

Mosquitoes: AP requires less energy (ATP) because
ionic gradients are recovered more slowly.

Human: Up to 60% of neuronal energy is spent
to maintain Na’/K*-ATPase.

Temperature dependence

Mosquitoes: AP is possible at lower temperatures (some
insects are active at +5 °C).

Humans: When cooling below +20 °C, pulse conduc-
tion is impaired.

What accounts for these differences? In insects, as
a result of evolutionary adaptation, the AP is optimised
to minimise energy for a small body size. In humans,
it is optimised for speed and precision in a complex ner-
vous system.

Neuronal size: Mosquito axons are shorter, hence no
myelination is needed. Note that some insects (e.g. grass-
hoppers) have giant axons (up to 50 pm in diameter) that
conduct signals at speeds of up to 25 m/s - a record among
invertebrates!

The following conclusions can be drawn:

The action potential in mosquito and human is similar
in mechanism but different in mosquito:

« Smaller amplitude (by 10-20 mV);
 Longer PD (1.5-2 times);

* Resistance to toxins (e.g., TTX);

« Slower conduction due to lack of myelin.

These features reflect a general principle: the insect
nervous system sacrifices "precision” for energy efficiency
and compactness.

REGISTRATION METHODS

How to experimentally record the nerve impulse
potential of the mosquito brain? Experimental
recording of action potentials (APs) in the mosquito
nervous system is a difficult task due to the small
size of neurons (often less than 5 pm in diameter).
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Tabnuua 1. OcHo8Hble napamempbl nomeHyuana oeticmeaust
Table1. OcHogHble napamempbl nomeHuuaad delicmeus

XapakTepucTuka

Characteristics

Komapbi (Hacekombie)
Mosquitoes (insects)

Yenosek
Human

AMNANTYAA ~70-90 MB | mV/ ~100-110 MB | mV
Amplitude

AnnTenbHoCTb 1-2mc | ms 0,5-Tmc|ms
Duration

Mopor Bo36y>AeHMs
Threshold of excitation

—40 MB (0T ypOBHS NoKkos)
—-40 mV (from the rest level)

—55 MB (0T ypOBHSA Nokos)
—55 mV (from the rest level)

dasbl

Phases runepnonsipusanns

hyperpolarization

Oenongpusaumsa (Na*), penonapusaumsa (K+),

Depolarization (Na*), repolarization (K*),

AHANOrM4HO, HO C 6osiee BLICTPLIMMK
WOHHbLIMM KaHanamm
Similarly, but with faster ion channels

Komaput. Hatpuessle (Na*) u Kanuesle (K*) KaHabI
MeHee CeJleKTHBHBIe, YeM y MJIeKOIHUTAKIUX.
HekoTopble KaHa/Ibl YCTOMYUBBI K TeTPOAOTOKCHHY
(TTX), koTopbIX 610KKUPYeT I1]] y T03BOHOUHBIX.

Yenogek. KaHanel 6osee creruaaIu3UpOBaAHBI
(Hampumep, 6bicTprle Navl.1-Navl.9). UyBCTBUTE/IBHBI
KTTX ¥ IPYTUM HelPOTOKCHHAaM.

CKOPOCTb IIPOXOKJAeHHU S IIOTeHIThajla e HCTBH.

Komapbl. HeT MHeJIIMHHU3aLMK - CKOPOCTh 1-5 M/c
(y TOZCTBIX aKCOHOB, HAaIIPUMep, B TUTAaHTCKUX HeH-
POHaX TapaKaHoOB - 7o 10 mM/c).

Yeaosek. MHeTHHHU3UPOBAHHEIE BOJIOKHA -
1o 120 m/c (HanpuMep, JBUraTe/lbHble HEHPOHBI).

JHeprosaTparhl.

Komapet. I1[, TpebyeT MeHbIle 3Hepruu (ATO),
TaK KaK MOHHBbIe IpaJHUeHThl BOCCTAHABIHUBAIOTCS
MeJJIeHHee.

Yenosex. Ha mopaepskanue Na'/K-ATda3bl TpaTUTCS
10 60% 3Hepruy HeHMpoHa.

TeMmmepaTypHas 3aBUCHMOCTb.

Komapel. T1][] BO3MOKeH IpHu 60/ee HU3KUX TeM-
nepaTypax (HeKOTOpble HaceKOMble aKTHUBHBI IIPU
+5°Q).

Yeaosek. ITpu oxyakaeHUU HUKe +20 °C mpoBefe-
HHe UMITY/IbCa HapylIaeTCs.

YeM 06yC/IOBIEHBI 3TH Pa3nU4YUsg! Y HACEKOMBIX
B pe3yjipTaTe SBOJIIOLIMOHHOM afganTaluu [1]] orITH-
MHU3HUPOBAH [/ MUHUMUH3ALUU 3HEPTUU IPHU
HebosbIIOM pa3Mmepe Tena. Y dyesoBeKa - /15l CKOPO-
CTH U TOYHOCTHU B CJIOKHOU HEPBHOU CUCTEMe

Pa3Mep HEHPOHOB.

AKCOHBI KOMapa Kopoue, CJef0BaTe/IbHO, He
HY>KHa MHe/THHH3anusa. OTMeTUM, YTO Yy HEKOTOPBIX
HaceKOMBIX (HallpuMep, Ky3HeUHUKOB) eCTh TUTAHT-
CKHe aKCOHBI (10 50 MKM B iMaMeTpe), IPOBOJsIIIILe

However, modern neurophysiological methods make
it possible.

The main approaches are:
1. Intracellular recording

How it works. Uses a glass microelectrode (tip diam-
eter <1 pm) filled with electrolyte (KCl) that is injected
directly into the neuron.

Measures changes in membrane potential with high
accuracy (down to 0.1 mV).

Application to mosquito: Suitable for large neurons
(e.g. in the abdominal nerve chain or optic ganglia).

Difficulties:

The mosquito’s neurons are easily damaged.

Requires fixation of the insect (often with wax or spe-
cial glue).
2. Extracellular recording

How it works. An electrode is placed next to a neuron
or axon, recording extracellular currents.

Methods: Succinylcholine electrodes - for recording
antennal nerve activity.

Microcontact arrays - for simultaneous recording from
multiple neurons.

Examples: Recording the response of olfactory neurons
to CO, and blood odours.

Study of neuronal activity in ganglia of the ventral
nerve chain.

Advantages: Less invasive method. Allows for long-
term recordings.
3. Patch-clamp

How it works. A microelectrode is tightly adhered
to the membrane of a neuron, recording ionic currents
through individual channels.

Options: Cell-attached is recording without damag-
ing the cell. Whole-cell means full access to intracellular
environment.
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CHUTHAJIBL CO CKOPOCTBIO [0 25 M/C — PeKOpPJ Cpelu
6eCII03BOHOYHBIX!
MO>KHO CJ1eaTh /e YOI e BBIBOZBL.
[ToTeHIIMAJI IeHCTBHS y KOMapa U 4YesloBeKa II0X0XK
I10 MeXaHH3MY, HO OT/IMYaeTCs Y KoMapa:
¢ MeHbIIeH aMIUTUTYAoH (Ha 10-20 MB);
* 6onee pnutensHbIM I1]] (B 1,52 pasa);
* YCTOMUYMBOCTHIO K TOKCHHAM (HarmpuMmep, TTX);
* MeJJIeHHOM IIPOBOAMMOCTBIO M3-3a OTCYTCTBHS
MHUe/THHa.
9TH 0CO6EHHOCTH OTPA’KAIOT OOIIHK IPHUHIIMIIL:
HepBHAas CUCTeMa HaCeKOMBIX KepTBYeT 'TOYHOCTHIO"
pazu 5Hepro3GPeKTUBHOCTH U KOMIIAKTHOCTH.

METOAbI PETUCTPALIUU

KaK 3KCIlepUMeHTa/IbHO PerUCTPUPOBATH MOTEH-
LMaJl HepBHOrO HMMIIyJbca MoO3ra Kkomapa’
IKCIIepUMeHTa/IbHAs perucTpalus MOoTeHI[HalIoB
nericTBus (II]]) B HepBHOM CHCTeMe KOMapa — CI0XK-
Has 3afjlaya KM3-33 MaJblX Pa3MepoB HEeHPOHOB (IHa-
MeTp 4acTo MeHee 5 MKM). OflHaKO COBpeMeHHEIe
HelpOQU3HOTOTHYECKHEe MEeTOAbl II03BOISIOT 3TO
cllenaTs.

OCHOBHBI€ ITO/IXOMb:

1. BuytpukierouHas 3anucs (Intracellular recording)

Kaxk paboTaet? Hcronb3yeTcs CTeKISSHHBIN MHUKPO-
3/1eKTpoJ (IMaMeTp KOHUYMKA <1 MKM), 3aIl0JIHEeH-
HBIH 71eKTponuToM (KCl), KoTOpBIZ BBOGUTCS IIPSIMO
B HEHPOH.

M3MepsieT H3MeHeHHUsI MeMOPaHHOro IOTeHIMana
C BBICOKOM TOYHOCTBIO (10 0,1 MB).

[IprMeHeHHe K KOMapy: MOAXOAUT JJIsl KPYIIHBIX
HeMPOHOB (HaIlpuMep, B OPIOIIHON HEPBHOM LIeII0UKe
WJIY 3pUTE/IbHBIX TAaHIIHSX).

C/I0’KHOCTH: HeHPOHBI KOMapa JIerKO IIOBPeXKIAI0TCSI.

TpebyeT duKCalIK HACEKOMOIO (4acTO C IIOMOIIIBIO
BOCKa MJIH CIIeLIHaIbHOIO KJIes).

2. BHekseTouHas 3anuck (Extracellular recording)

Kaxk paboTtaeT? I/eKTpof, pasMeliaeTcsl psioM C Hel-
POHOM HIJIM aKCOHOM, PeruCTpPUPys BHEK/IeTOUHbBIe
TOKH.

MeTozpl: CyKIIMHHIXOMUH-31eKTPO/IBI — 1715 3aIIUCH
AKTUBHOCTHU aHTeHHa/IbHBIX HEPBOB.

MUKPOKOHTaKTHbIe MaCCHUBBI — [I/I51 OTHOBPeMeHHOH
3aIIMCH C HeCKOIbKHX HEHPOHOB.

[IprMephl: PerucTpalus peakIiuu 060HSTeTbHBIX
HelpoHOB Ha CO, 1 3aIlax¥ KPOBH.

M3y4deHHe aKTHBHOCTH HEHPOHOB B TaHIVIMSIX OPIOLI-
HOM HepBHOM LIEIIOUKHU.

[IperMyImecTBa: MeHee HMHBAa3HMBHBIM MeTO[,.
I[103BOJISIeT HOITOCPOYHBIE 3AITHCH.

3. IMary-xnamn (Patch-clamp)

Kaxk paboTaeT? MUKPO3/1eKTPOJ, II/IOTHO IIPHCAChIBa-
eTcst K MeMbpaHe HelpoHa, GUKCHUPYS. HOHHbIE TOKH
yepes OT/e/IbHble KaHAJIBL.
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Application: Study of properties of sodium and potas-
sium channels in mosquito neurons.

Example: Study of resistance to insecticides (e.g.
pyrethroids).

Limitations: Requires isolation of individual neurons
(e.g. from cultured larval brain cells).

4. Optogenetics and calcium imaging

How it works. Calcium dyes (e.g. GCaMP) - fluo-
resce when bound to Ca*, which enters the neuron
during AP.

Optogenetics - introduction of light-sensitive ion
channels (Channelrhodopsin) to activate neurons by
light. Examples: Real-time visualisation of olfactory
neuron activity. Control of wing motor neurons in
genetically modified mosquitoes. Pros: Does not
require mechanical contact with the neuron. Allows for
the study of neural networks.

5. Scanning probe microscopy

Scanning probe microscopy (SPM) is a unique tool for
studying structure and functional activity of biological
objects at the nanoscale. Unlike electron microscopy,
which allows obtaining high-resolution images but
requires harsh conditions (vacuum, metallisation),
SPM works under ambient conditions - in air or in lig-
uid, which makes it particularly useful when working
with living samples.

One of the most well-known representatives of SPM
is atomic force microscopy (AFM). It allows not only
to obtain three-dimensional images of cell and tissue
surfaces with nanometre resolution, but also to record
mechanical properties of the surface, such as stiffness,
adhesion and viscoelasticity. These parameters can be
related to changes in state of the neuron membrane dur-
ing the action potential.

SPM opportunities:

« obtaining topographic maps of neurons and axons;

 studying morphological changes during neuron
excitation;

« registration of local mechanical oscillations associ-
ated with pulse generation;

« combination with optical methods (e.g. fluorescence
microscopy);

« study of dynamic processes in real time.

Sample preparation for scanning probe microscopy:
Immobilisation of the insect: Chilling or CO,-narcosis.
Fixation in a special holder (e.g. wax substrate);

Access to the nervous system:

For recording from the brain, opening the head
capsule. For peripheral neurons - exposure of nerves
(e.g. antennal nerve).

Example of an experiment (AP registration in
the antennal nerve):

Fix the mosquito, open the antennal segment. Bring
the extracellular electrode to the nerve. Apply a stimulus
(blood odour or heat). Record bursts of activity.
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BapuanTsl: Cell-attached - 3anucs 6e3 moBpeskieHHU S
ki1eTku. Whole-cell - monH»I# fOCTYII K BHY TPHKIIETOU-
HOM Cpefie.

[IpuMeHeHMe: HCC/lefloBaHHe CBOMCTB HaTPHUEBBIX
Y KaJIMeBbIX KaHAJIOB B HELIPOHAX KOMapa.

[IprMep: M3yueHHe YyCTOMYUBOCTH K MHCEeKTUIIUIAM
(HampuMep, K IHUPETPOUIAM).

OrpaHuueHUs: TpebyeT Bblie/IeHU S OTAEbHbIX Hel-
POHOB (HaIlpUMep, U3 KyJIbTUBHUPYeMBbIX KJIeTOK MO3Tra
JTUYHUHKH).

4. OnToreHeTHKa U KajibliyeBasi BU3yaIH3aLls

Kaxk paboTaet? KanblieBble KpacuTend (HallpuMep,
GCaMP) - diyopecHpyIOT IIpH CBSI3bIBAHUU Cc Ca®,
KOTOPBIH II0CTyIIaeT B HeHpoH npu I1/1.

OnToreHeTHKa — BBeleHHe CBETOYYBCTBUTE/IbHBIX
HOHHBIX KaHa1oB (Channelrhodopsin) ans akTuBanuu
HEeMPOHOB CBETOM. [IprMephl: BU3yaaH3allksl aKTUB-
HOCTH 000HSITe/IbHBIX HEHPOHOB B PeaIbHOM BpeMeHH.
KOHTpO/Ib BHUTaTeIbHBIX HEHPOHOB KPBLIbEB Y TeHeTH-
YeCKH MOAU(HUIIMPOBAHHBIX KOMApOB. II/II0CHI: He Tpe-
byeT MeXaHHUUYeCKOTo KOHTAKTa C HePOHOM. [103BosIsieT
M3y4aTh HEHPOCETH.

5. CKaHUpYyOIIAsl 30HA0BAsI MUKPOCKOIIH S

CKaHHUPYOIasi 30HA0Bass MUKpocKonus (C3M) mpen-
CTaB/sgeT co60M YHUKATbHBIN HHCTPYMEHT JJ15 KCCle-
JOBaHMUS CTPYKTYPhl U QYHKIIHOHA/TbHOM aKTHBHOCTH
6roMornYecKUx 06eKTOB Ha HAHOYPOBHe. B oTnnune
OT 3/IeKTPOHHON MUKPOCKOIIHMH, I103BOJISIIONIEH IOy~
4YaTh U306paskeHHUsI C BLICOKMM pa3pelleHreM, HO Tpe-
OyroIme sKeCTKUX YCIOBUM (BaKyyM, MeTa/UIM3aLIHs),
C3M paboTaeT B yC/IOBHSIX OKPY>KaIOIeH Cpe/ibl — Ha BO3-
IyXe UK B KHAKOCTH ~ YTO [ie/laeT ee 0CODeHHO Io/1e3-
HOM ITpH paboTe C >KUBBIMHU 06pasiaMu.

OnHUM K3 Haubosee M3BeCTHBIX IIPeCTABUTEIEH
C3M sIB/ISIETCSI AaTOMHO-CHJIOBAsI MUKpOCKomus (ACM).
OHa I103BOJISIeT He TOJIbKO II0/1y4aTh TpeXMepHbIe H30-
OpaskeHHU S IOBEPXHOCTH KJIETOK M TKaHeH C HaHOMe-
TPOBBIM paspelleHueM, HO M PeTHCTPUPOBATh MeXaHHU-
YecKHe CBOMCTBA [TI0OBEPXHOCTH, TaKKe KaK KeCTKOCTb,
ajresHsl M BA3KOYIIPYroCcTb. DTH IapaMeTphl MOTYT
OBITH CBSI3aHBI C H3MeHeHHeM COCTOSIHUSI MeMOpaHBI
HeHPOHa BO BpeMsi IIOTeHI[HasIa JeHCTBUS.

BosmoskHoCcTH C3M:

e mojy4eHHe Tomorpapuueckux KapT HEHPOHOB

M aKCOHOB;

* u3ydyeHHe MOPHOIOrHUeCKHUX U3MeHEeHU IIPU BO3-

Oy>KIeHUH HelpoHa,;
¢ PperucTpauus JOKAJIbHBIX MeXaHH4YeCKUX Koseba-

HHM, CBI3aHHBIX C FeHepallier HMITyJIbCOB;
¢ KOMOHMHHPOBaHHE C ONTHUYECKHUMHU MeTOJAMH

(HarpuMep, PprryopeclieHTHOM MUKPOCKOIIHEN);

* HCCIel0OBaHHe JUHAaMHUYeCKHUX IIPOLIeCCOB B peasb-

HOM BpeMeHH.

[TogroToBKa 06pasLa A/ CKAHUPYIOLEk 30H0BOM
MHUKPOCKOIIUH:

Such methods help to study how mosquitoes find prey
by smell and why insecticides stop working, as well as
how the insects’ "brain" works.

With scanning probe microscopy, you can start
with extracellular recording - this is the easiest way to
"hear" the mosquito’s nerve impulses! When measuring
an action potential, one electrode (atomic force micro-
scope probe) touches the neuron, but where is the second
electrode placed? In action potential (AP) recording,
the second electrode plays a critical role - it serves as
a reference (ground) electrode and closes the electrical
circuit. It is placed outside the cell but close to the neu-
ron (e.g., in insect haemolymph or physiological solu-
tion). Chlorinated silver electrode (Ag/AgCl) is often used
to minimise interference. Important: Both electrodes
must be in the same ionic environment to avoid diffusion
potentials.

Control experiments. To exclude artefacts check
that the signal disappears when the active electrode
is removed from the neuron, then make sure that
the reference electrode does not create noise (e.g. using
low impedance electrodes).

Why is this important? Without a reference elec-
trode it is not possible to measure the potential differ-
ence - the circuit will remain open. Incorrect placement
of the reference adds noise (e.g. due to differences in
the ionic composition of the media). The analogue is as
in a voltmeter - one probe is connected to the measuring
point, the other to the ground potential. The right choice
of reference electrode is the key to clear AP registration in
microscopic mosquito neurons!

To maintain cells viability and tissues of insects out-
side the body, a modified Ringer’s solution adapted
to their haemolymph is used. Approximate composition
(in mM):

NacCl - 120-150 (main osmotic component);

KCl - 3-5 (membrane potential maintenance);

CaCl, - 1-2 (for membrane stabilisation and synaptic
transmission);

MgCl, - 1-4 (enzyme cofactor);

Clucose - 5-10 (energy source);

Buffer (HEPES or Tris) - 5-10 (sustaining pH on 7.0-
7.4 level).

The use of Ringer’s solution is essential for scanning
capillary microscopy when surface imaging is performed
in an electrolyte that conducts an electric current.

Observation of the Drosophila eye using scan-
ning capillary microscopy was carried out in the group
of Yu.Korchev [4]. It was shown that capillary microscopy
allows obtaining topographic data without damaging
the specimen, but with lower resolution than electron
microscopy. Electron microscopy gives clearer images
of nanostructures (e.g. ommatidia of the eye), but
requires vacuum and metallisation. Capillary micros-
copy is better suited for dynamic studies of living cells.
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HMMMobuIM3anys HaCeKOMOI0: OXJIasKAeHHe UIIU
CO,-Hapko3. PUKcallUs B CIIe]MaIbHOM JlepsKaTese
(HampuMep, BOCKOBOM ITOJJIOKKe).

JocTyn K HepBHOM CHCTeMe: AJS 3aIllUCHU
C MO3ra - BCKpBITHeE TOJIOBHOM KAIICYIbl. s nepude-
PHYECKHX HEMPOHOB — 0OHa kKeHHe HepBOB (HAIIpHMeD,
AHTEeHHaJILHOrO),

[TpuMep 3KcIlepuMeHTa (perucTpanus I1]] B aHTeH-
HQJIBHOM HepBe).

DUKCUPYIOT KOMapa, BCKPBIBAIOT aHTeHHA/IbHBIN
cerMeHT. I10f1BOASIT BHEK/IETOUHBIH 3/1eKTPOJ, K HEPBY.
[TomatoT CTUMYII (3a1axX KPOBH HJIH TEIUIO). 3aIIKCHIBAOT
BCIIJIECKH AaKTHBHOCTH.

Takye MeTOABI IOMOTal0T U3y4YaTh KaK KOMapbl HAX0-
JSIT SKePTBY 110 3aIlaXy M [I04eMy MHCeKTHUIIMBI Ilepe-
CTAIOT JEeHCTBOBATh, a TaKXe Kak paboraer "mo3r"
HaCeKOMBIX.

C IIOMOIIbIO CKAaHU PYIOLEL 30HJ0BOKM MHUKPOCKOIIMH
MO>XHO Ha4yaTb C BHEKJIETOUHOL 3aIlKCH ~ 9TO CAMBIN
IIPOCTOM Cr1ocob "ycnbplmaTs' HepBHBIE MMIIY/IbCHI
komapa! IIpu H3MepeHUH MOTeHIHaJa AEUCTBUS
O HUM 3JIeKTPOZIOM (30HJOM aTOMHO-CHJIOBOTO MHUKPO-
CKOIIa) KaCcaTCsl HeMPOHA, a I/ie PacIosaraloT BTO-
pott 3nekTpox? IIpu perucTpalvy IOoTeHIIMANA Jek-
crBus (I1]1) BTOPOM 371eKTPOJ, UIpaeT KPUTHUECKYIO
POJIb - OH CIIY>KUT pedepeHCHBIM (3eMISIHBIM) 3/1eKTPO-
JIOM M 3aMBIKaeT 37IeKTPHUUeCKYIo Liellb. Pa3MemaeTcs
BHe KJIeTKH, HO BOIIM3K HeNpOHa (HallpuMep, B reMo-
nrMde HACEKOMOT0 MK GPHU3HOIOTMYeCKOM PacTBOpe).
YaCTo HCITONB3YeTCs XJIOPHPOBAHHBIH CepeOpSTHBII ITPO-
BOJI, (Ag/AgCl) IS MUHUMM3aLUU ITIoMeX. BaskHo: oba
371eKTPojia AO/I’KHBI HAXOAUThCS B OHOL HOHHOM Cpefie,
4TO6BI H36€3KaTh AUPDY3UOHHBIX ITIOTEHIIMAJIOB.

KOHTpO/IbHBIE SKCIIEPUMEHTHI. UTOOB! HCKITIOUUTh
apTedaKThl IIPOBEPSIIOT, YTO CUTHAJ HCYe3aeT NPHU
yOaJleHUH aKTHBHOTO 371eKTPofa OT HEHPOHA, 3aTeM
ybeskIaroTCsl, YTO pedepeHCHBIH IeKTPO, He CO3[aeT
IyMOB (HaIlpHMep, HCIIOIb3Ys 3IeKTPOABL C HU3KHUM
UMIIeaHCOM).

[Touemy 3TO BaskHO? be3 pedepeHCHOr0 3/1eKTpofa
HEBO3MOXKHO M3MepHUThb Pa3HOCTh [TIOTEHIIHAJIOB — LIellb
OCTaHeTCA pa3oMKHYTOM. HempaBHU/IbHOe pa3Melle-
HuUe pedepeHca fobasiseT myM (HaIlpuMep, U3-3a pas-
HULIBI HOHHBIX COCTABOB Cpefl). AHAJIOL — KaK B BOJIBTMe-
Tpe - OOWH IIYII IIOAK/II0YA0T K TOUKe U3MepeHUsl, BTO-
PO K IOTEHIHAJTY "3eMJIH . [IpaBUIIBHBIE BEIOOP pede-
PEeHCHOro 3/1IeKTpofa ~ K04 K YeTKOM perucTpanuu I1]]
y MHKPOCKOIIMYeCKHX HEHPOHOB KoMmapa!

Jly1s o e pskaHUSL KU 3HECIIOCOOHOCTH KJIETOK M TKa-
Hel HaceKOMBIX BHe OPraHHM3Ma HCIIOIb3YI0T MOTHUH-
LIMPOBAaHHBIM pacTBOp PUHrepa, afalTHPOBAHHBIU
K X reMonuMde. [IprMepHBIH cOcTaB (B mM):

NaCl - 120-150 (0CHOBHOM OCMOTHYECKHHU
KOMIIOHEHT);

KCl-3-5 (mopmepskanue MeMOPaHHOIO [IOTEHIUAJIA);
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Significantly, scanning capillary microscopy allows
obtaining three-dimensional images of neurons and
maps of local stiffness distribution of their membrane.
Additionally, the aforementioned patch-clamp, extracel-
lular and intracellular recordings of nerve signals can be
performed with the capillary microscope.

CONCLUSIONS
Based on the presented data, it is possible to note signif-
icant methodological advantages of neurophysiological
studies using insects. In particular, itis their high avail-
ability and compact size, which is important for scan-
ning probe microscopy. Insects can be induced into an
immobile state - anabiosis - by reducing the temperature
or increasing the concentration of carbon dioxide. This
also greatly simplifies the experiment. The percentage
ratio of the number of neurons and other cells in insects
is much higher than in humans, which gives certain
advantages in studies with atomic force microscopy.
Unlike other methods - patch-clamp, optogenetics, elec-
tron microscopy - probe microscopy makes it possible
to visualise the insect brain in 3D with nanometre
resolution in a natural environment. Thus, combin-
ing electrophysiological methods with the capabilities
of scanning probe microscopy allows:

+ obtain information on structure and function of
neurons;

« study dynamics of action potentials;

« study the influence of external factors on the pas-
sage of nerve impulses (temperature, chemicals,
insecticides);

+ develop new approaches to insect population man-
agement and biosensors.

This research is not only of fundamental importance
but also has practical applications, from gaining new
insights to developing neural interfaces based on biologi-
cal systems.
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NANOTECHNOLOGIES

CaCl, - 1-2 (my1st ctabrin3anvy MeMOpaH U CUHAIITH-
YeCKOH Iepeiavn);

MgCl, - 1-4 (kodpaxTop dpepMeHTOB);

I1roko3a - 5-10 (MCTOYHUK 3HeerH);

Bydep (HEPES munu Tris) - 5-10 (mopmepskanue pH
Ha ypoBHe 7,0-7,4).

Hcnonp3oBaHHe pacTBopa PuHTrepa Heobxo-
OUMO [JIsl CKAHUPYIOIe KaMUIAsIPHON MUKPO-
CKOIIKH, KOTJla BU3ya/lH3al1sl IOBEPXHOCTHU IIPO-
BOJUTCS B 3JIeKTPOJIUTE, IPOBOASIIEM 3TeKTPU-
YeCKHH TOK.

Habnronenue riasa Drosophila ¢ momomsio cka-
HUPYOLIel KaluIAsIpHON MUKPOCKOIIUHU IIPOBeIHU
B rpynne 0.Kopyesa [4]. TIoka3aHO, 4TO KaIlHJ-
NSpHAs MUKPOCKOIIHS [I03BOJISIeT I0Ay4YaTh TOIO-
rpadudeckue gaHHEe 6e3 moBpexxAeHUs 06pasiia,
HO C MeHBIIUM pa3pelleHHeM, YeM 371eKTPOHHas
MHUKPOCKOMHS. DIeKTPOHHAsI MUKPOCKONHS JaeT
bosee ueTkHe U306pa>keHUSI HAHOCTPYKTYP (HAIIpH-
Mep, OMMaTHJHeB Ila3a), HoO TpebyeT BaKyyMma
U MeTalnu3aluuu. KanuanisgpHasgd MHKPOCKOIHS
Jydllle NOAXOOUT [J151 AHHAMUYeCKUX UCC/IeJOBAaHU I
SKUBBIX K/IeTOK. CyIeCTBEHHO, YTO CKaHHpYIOIlas
KA1 PHAsi MUKPOCKOIIH S [103BO/IsIeT MONy4YaTh
TpexMepHble H300paskeHH I HEHPOHOB U KapThl pac-
npefeneHMs TOKaJIbHOM KeCTKOCTH UX MeMOpaHBI.
JIOIIOJTHUTE/IPHO C IIOMOIIbIO KAaIIHJIISIPHOIO MUKPO-
CKOIIa MOXKHO IPOBOAUTH YIIOMSIHYThle BbIIIe IaTy-
KJIaMII, BHEK/IETOUHYIO U BHYTPeK/IeTOUHYIO 3aIlHCH
HePBHBIX CUTHAJIOB.

BbIBO/Lbl

Ha ocHOBaHMM IpeACTaBIeHHBIX JaHHBIX MOXKHO
OTMETHUTb CyllecCTBeHHbIe MeTOJ0I0TMUeCKHe IIpeu-
MyllecTBa HeHpOoQHU3UOIOrHUeCKUX HCCIel0BaHU I
C HCII07Ib30BaHHEM HAaCeKOMBIX. B 4aCTHOCTH, 3TO
BBICOKASl MX JOCTYIIHOCTh U KOMIIAaKTHOCTb pasme-
POB, UTO Ba>KHO [/ CKAHU PYIOIIeH 30H/I0BOM MHUKPO-
CKOIMHU. HaceKOMBIX MOKHO BBOLUT B HEIIOABHKHOE
COCTOsIHMeE — aHabMo03 - 33 CYeT CHUKeHU S TeMIlepa-
Typbl UM YBeJIHUYeHUS] KOHLEHTPALlUU yIJIeKHuC-
70r0 rasa. 3To TaKxKe CYLIeCTBEHHO YIIPOIIaeT IIPo-
BeJleHHe 3KCIIePUMeHTa. [IpolleHTHOe COOTHOLIeHHe
KOJIMUeCTBa HeHMPOHOB U OCTAa/IbHBIX KJIETOK Y Hace-
KOMBIX 3HAaUMTe/JbHO BbIIIE, UeM Yy 4YejoBeKa, YTO
JaeT oIpe/le/leHHble IIPeMMYIIecTBa IPU UCCIel0Ba-
HUSIX C IOMOIIbI0 aTOMHO-CHUI0BOM MHKPOCKOIIHH.
B oTiiuMe 0 IPYruxX MeTOZOB —~ IIaTyU-KJIaMIIa, OITO-
reHeTHUKH, 3/IeKTPOHHOK MHUKPOCKOIHH ~ B 30H0-
BOM MUKPOCKOIIUH IOSBI/ISIeTCSI BO3MOXKHOCTD BU3ya-
JTH3aLMKU MO3ra HaceKoMoro B 3D ¢ HAHOMETPOBBIM
paspellleHHeM B eCTeCTBeHHOH cpejie. TakuM o6pa-
30M, KOMOMHHPOBAaHHE 37TeKTPOPHU3UOTOrHUeCKUX
MeTOJI0B C BO3MOKHOCTSIMH CKaHHPYIOIIeH 30H/10BOK
MHKPOCKOITM U I103BOJISIET:

* I0/y4aTbh MHPOPMAILIHIO O CTPYKTYpe U GyHKLIHUHU
HelPOHOB;

* MCC/IefloBaTh JUHAMUKY II0TeHIIHA/IOB IeHCTBUS;

* M3y4yaTh BIMSIHUE BHENIHUX GPaKTOPOB Ha IIPOXOK-
IeHre HePBHBIX HMIIY/IbCOB (TeMIlepaTypa, XHUMHU-
YyecKHe BellleCTBa, MHCeKTULIH/IBI);

* pa3pabaTsiBaTh HOBBle MOJAXOABl K yIIpaBie-
HHUIO IONYASIUSMU HaCeKOMBIX M CO3JaHUIO
6HOCeHCOPOB.
9TH UCCIeJOBAHUS UMeIOT He TOIbKO QyHIaMeH-

TaJIbHOe 3HaUeHHe, HO U IpaKTHYecKoe IIpUMeHe-

HUe - OT [T0Jly4eHH I HOBBIX 3HAHHUH /10 pa3paboTKu

HelpoHHTepdercoB Ha OCHOBe OMOJOTHYeCKHUX

CUCTEM.

B/IATOAAAPHOCTU

HccnenoBaHue IPoBeleHO B OCHOBHOM MHHUIIMATHB-
HBIM 06pa3oM. YacTHUYHO HCC/Ie/loBaHUE BBIIIOTHEHO
B paMKax roCyAapCTBeHHOro 3agaHus MI'Y uMeHH
M.B.JlomoHocoBa. O60opymoBaHHe 30HI0BOK MUKPO-
ckonuu cepun "®eMToCKkaH" U IporpaMMHOe obe-
criedyeHue "PemToCKaH OHJIANH" IIpPefoOCTaBIEHO
OOO HIIII "lleHTp HepCIeKTHUBHBIX TeXHOJIOIHH ',
www.femtoscan.ru.

WHOOPMALINA O PELLEH3UPOBAHUU

Pemakuus 61arogapuT aHOHKHMHOIO pelleH3eHTa
(pelLleH3eHTOB) 3a UX BK/IaJ, B peLleH31POBaHUe 3TOM
paboThl, a TakKe 3a pa3MellleHHe CTaTell Ha CanTe
JKypHasIa U Ilepefady Ux B 3JIeKTPOHHOM BHU e B HOB
eLIBRARY.RU.

Jekaapauus o KoHpAuKMme uHmepecos. Asmopsl 3a384at0m 06
0mcymcmauLL KOHPAUKITIOB UHMEPecos UAL AUYHBLX OMHOUeHU,
Komopble Mo2Au bbl no8AUAMb HA pabomy, npedcmagAeHHyto 8 daH-
Holl cmambe.
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