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AHHOTALMA

CvHanTWYecKas MNacTUYHOCTb WUIPaeT BaKHYl0 pofib B (YHKLMOHMPOBAHWUM HEMPOHHBIX CETEM B MPOLECcax pasBuTUA,
nepuenuum, oby4eHnn n namatn. OfHaKo, NOCKONBKY KNETOYHbIE U MOMIEKYNIAPHbIE MEXaHU3MbI CUHAMTUYECKOW NNacTuy-
HOCTW MccnefyloTcA rMaBHbIM 06pa3oM Ha YNpOLLEHHbIX mpenapartax, NpeacTaBleHWA 0 PO CUHANTUYECKOW MnacTuy-
HOCTW B MexaHM3Max paboTbl KOPKOBLIX CETEN ABNAIOTCA B 3HAUMTENIbHOM CTENeHW KoppenaTMBHbIMU. B HacTosLee BpeMs
nofaenAtwLiee 60MbIUMHCTBO paboT Mo CMHANTUYECKOM MAACTUYHOCTM MOCBALLEHO UCCNEAO0BaHUI0 MOMOCUMHANTUYECKOM
(accoumaTnBHoM, xe660BCKO) NNACTUYHOCTU, NPU KOTOPO MOAMOMKALMM NOABEPraloTCA Te e CMHANChl, KOTopble He-
MocpeACcTBEHHO y4acTBOBaNM B NpoLiecce MHOYKLMM nnacTuyHocTW. OfHaKo NOMMMO FOMOCMHANTUYECKOM MAACTUYHOCTK,
B paboTe HEMPOHHBIX CETEW UIPAET BaHYI0 Pojib ropa3fo MeHee M3yveHHas reTepocUHanTUYecKas NiacTUYHOCTb, BO3HU-
KaloLLiaA B CMHancax, KoTopble He Bbiv akTUBHBI Bo BpeMA MHAYKuMu [1, 2]. B xope Halen paboTbl Mbl MccriefoBany posib
reTepoCMHaNTUYECKOM NNACTUYHOCTM, BbI3BaHHOM BHYTPUKNETOYHOWM TeTaHW3auuend NMpaMUaHbIX HEMPOHOB 3pPUTENbHOM
KOpbl MbILLKM, B MOOU(GUKALMM OTBETOB 3TUX KIETOK Ha 3PUTESTbHYI0 CTUMYAIALMIO in Vivo.

B nepBoii cepuu 3KCNEPUMEHTOB HEMPOHBI 3PUTENBHOM KOpbl HAPKOTU3MPOBAHHOW MBILLIV PErUCTPUPOBANNCH BHYTPUKNETOUHO
metopoM whole-cell patch clamp. [Ina uccnenoBaHWA BIUAHUA reTepoCMHANTUYECKOW NIACTUYHOCTU Ha 3pUTENbHbIE OTBETHI
B Halleii paboTe MCMo/b30BasICA MPOTOKOS BHYTPUKNETOUHON TeTaHU3aLmu. Bo BpeMA TeTaHU3aumMmn B perncTpupyeMoM He-
POHe BbI3biBanuMch cepuu 13 10 navek no 5 noteHumanos aenctua ¢ Yactotoi 100 'y Karkaylo cekyHAay; Bcero 6bino 5 Takux
cepui ¢ uHTepeanoM 60 cekyHA. B MHOrouMcneHHbIX 3KCNEpUMEHTaX Ha Cpe3ax Mo3ra paHee 6bio NoKasaHo, YTo Nofo6HbIN
MPOTOKON BbI3bIBAaET MacCUPOBaHHbIE MIACTUYECKME NEPECTPOMKMA CUHANTUYECKMX BXOLOB HA JaHHbIM HEMpPOH: YacTb BXOAOB
NOTEHLMMPYETCA, YacTb JenpeccupyeTcs, YacTb ocTaeTcA 6e3 M3MeHeHu (cM. 0630p [3]). B KauecTse 3puTENbHBIX CTUMY-
JI0B Mbl MCMONb30Bany BePTUKaNbHbIE M FOPU3OHTANbHBIE MOMOChI, ABUMKYLLMECA B ABYX NMPOTUBOMOOHKHBIX HAaMpaBNeHMAX.
[nA npeoTBpaLLEHMA reHepaLm NOTEHLMAN0B NENCTBUSA B KNETKY NOCTOAHHO NofaBancs He60bLLOM FMNepnonApuU3yLLmi
TOK U, TaKMM 06pa3oM, 0TBETbI Ha 3pUTENbHbIE CTUMYSbI NPEACTaBAANM o060/ M3MEHEHUA MEMOPAHHOTO NOTEHLMANA KNeTokK.
Bbino BbIABNEHO, UTO BHYTPUKNETOYHAA TETaHU3aLWMA BbI3bIBAET [OCTOBEPHOE YBESIMYEHWE aMMAMTYabI U NNOLWAaM OTBeETa
Ha OMTUManbHbIA CTUMYN (MO OPUEHTALMW W HaMNpPaBNEHWI0 JBUMEHMUA), MPUTOM, YTO OTBETHI HA APYrye CTUMYbl 3HAUMMO
He MeHAlTcA. CneacTBYEM 3TOr0 ABMUNOCh YBENMYEHUE YNPOLLEHHOO MHAEKCA OMPEKLMOHANBHON CENEKTUBHOCTU HEMPOHOB
B rpynne C TeTaHW3aLMen, KOTOpbIM Mbl PaCCUUTLIBANM KaK OTHOLLEHWE aMMIMTYAbl 0TBETA Ha CTUMYT, ABUMKYLLUMIACA B ONTU-
Ma/bHOM HanpaBneHUM K aMMAMTye 0TBETA Ha CTUMYJ, ABUMKYLLMIACA B MPOTVUBOMOJIOKHOM HanpaBfieHnU.

[nAa nckniovenna a¢derta nepdysnm BHYTPUKNETOUHOW Cpefbl KNETKU, HEMUHYEMO MPOMUCXOAALLEN NpU perncTpaumm Me-
TogoM whole-cell patch clamp, a TakKe AnA BO3MOMHOCTM 3anMCLIBaTb OTBETHI KNETOK B Te4eHUe bonee A/IMTeNbHOMO Bpe-
MEHM Mocrie TeTaHW3aLMK, Mbl NPOBENM OTAESNBbHYI0 CEPUI0 SKCMEPUMEHTOB C SKCTPAKIETOUHOW PerncTpaLmen akTMBHOCTM
KNETOK M WX ONTOreHETUYECKOW CTUMYMALMEN C MOMOLLbIO OMTUYECKOr0 BOMIOKHA, 3aBEAEHHOM0 BHYTPb PErvCTpUpYIoLLEro
MWKpO3neKTpoda. 3a ABe Hedenn A0 3KCnepuMeHTa BbICTPbIN KaHanbHbIM pogoncuH oChiEF 6bin sKkcnpeccypoBaH MeTogoM
BMPYCHOW TPaHCOYKUMM B NWMpaMUOHbIX HEMpOHaX 2/3 crioA 3pWUTeNbHOM Kopbl Mbllei. B xofe aKcnepuMeHTa B TeyeHue
15—40 MUHYT Npon3BoaMNach perucTpaLms 3puTesbHbIX 0TBETOB, MOC/IE Yero Npou3BoamMach OTNTOreHeTUYECKan TeTaHU3a-
LMA, BbI3bIBAIOLLAA B MCC/IeyeMOM HEMPOHE NayKmM NOTeHLMaNoB aercTmA ¢ Yactotoun ot 75 go 100 i, nocne yero Mol npo-
[0/MKanu perucTpupoBatb 3puTeNbHble OTBETHI UCCIedyeMbiX HEMPOHOB, MO KpalHel Mepe, B TeueHue 40 MUHYT U bonee.
B 3T0M cepuu aKcnepuMeHTOB Mbl PerMcTPMpOBany NoTeHLManbl AeNCTBUA, BO3HMKAIOLLME B HEMPOHaX B OTBET HA 3pUTeSlb-
HYI0 CTUMYNALMIO, KOTOpan bblnia aHaNnorMYHOM TOM, KOTOpas MCMOMb30Banach B SKCMEPUMEHTAX C BHYTPUKNETOUHOW peru-
cTpaumen. 3aTteM No OTBETaM CTPOMSINCb CyMMapHble MOCTCTUMYTIbHbIE TUCTOMPaMMbl. Bbino BbIABNEHO, YTO MOCNE BHYTpU-
KMETOYHOMN TETaHU3ALMM NPOMCXOANT [OCTOBEPHOE CHUMEHWE aMMNIUTYObl OTBETA HA ONTUMASIbHBINA CTUMYN NPU OTCYTCTBUM
3HauYMMbIX M3MEHEHUI OTBETOB Ha [pyryue OpMEeHTaLMM 1 HanpaBfieHnA OBUKEHWA cTuMyna. TakvuM 06pa3oM, B 3ToW cepum
3KCMEPUMEHTOB BHYTPUKNETOYHAA TETaHU3aLMA NPUBOOMIA K CHUMEHWIO MHOEKCA OUPEKLUMOHHON CENEKTUBHOCTU KNETOK,

Pykonucb nonyyena: 15.05.2023 Pykonucb opobpena: 26.11.2023 Ony6nukoeaHa online: 20.01.2024
V-2
ECOeVECTOR Article can be used under the CC BY-NC-ND 4.0 International License

© Eco-Vector, 2023


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.17816/gc623273
https://crossmark.crossref.org/dialog/?doi=10.17816/gc623273&domain=PDF&date_stamp=2023-12-15

MATEPNAJTTE KOHOEPEHLIM TOM 8, N2 4, 2023 [eHBI 1 KNEeTHN
CONFERENCE PROCEEDINGS 18 (4) 2023 Genes & cells

T0 eCTb bl NoNyYeH pe3ynbTaT NPAMO NPOTUBOMOOMKHBINA TOMY, KOTOPbIM GbiN MOMY4YeH B 3KCNEPUMEHTAX C BHYTPUKIETOYHON
peructpaumen. [inA 06bACHEHNA AAHHOrO NPOTMBOPEYMA Mbl MPOBENM TEOPETUYECKME SKCNEPUMEHTbI Ha MOAENbHOM Heli-
poHe Leaky Integrate and Fire (LIF). [InA Bocnpon3seeHWA OUPEKLMOHANBHOW CENEKTUBHOCTM HEMPOHOB Mbl MCMONb30BaNN
Mofenb, B KOTOPOW AVPEKLMOHaMbHAA CeNeKTUBHOCTb BO3HMKAET B pe3ynbTaTte TOro, YT0 MUKW TOPMO3HbIX 1 BO3OYHOAIOLLMX
KOMMOHEHT 3pWUTeNbHOr0 0TBETA MMEIOT HECKONIbKO pa3Hoe MOMOHKeHNe NpU ABUMEHUM CTUMYNA B OMTUMANBHOM M HEOMNTH-
ManbHOM HanpaBneHuu [4]. Mbl npoBenn MogenMpoBaHme Npy ABYX pasHbix noTeHumanax nokoa: —90 MB, yto nMmTMpoBano
3KCMEPUMEHTbI C BHYTPMKIIETOUYHON perncTpaument M MHbeKLMEN rneprnosApu3yloLLero ToKa, 1 npu —65 MB, uto Mogenmpo-
Baso 3KCMePUMEHTbI C SKCTPAKNETOYHOM PermcTpaLMen CnankoBoro 0TeeTa KieTku B pexkuMe UP-state. Okasanock, Yto Ha-
bniogaeMan HaMy CUTYaLMA MOMKET BbITb OMMCaHa MOLENbIO, ECII NPELNONOKUTb, YTO TETAHW3ALMA BbI3bIBAET NOTEHLMALMI0
Kak B036y/aloLLiero, Tak 1 TOPMO3HOr0 KOMMOHEHTa OTBETOB.

B aKcnepuMeHTax Ha nepexkmBaloLLIMX Cpe3ax 3puTeNbHOM Kopbl HaMU BbIN0 BbIABNEHO, YTO BHYTPUKETOUHAA TETaHM3aLUMA
NMPaMMIHOr0 HeMpoHa 2/3 cnos 3puTenbHOW Kopbl MPUBOAMT K CHanaHCUPOBaHHLIM FeTePOCUHANTUYECKUM U3MEHEHWUAM
BO36YKalOLLMX BXOAOB, NPUXOJALLMX HA YAANEHHbIE OT COMbI YHaCTKMU AeHAPUTOB (CyMMa U3MEHEeHMIA BCex BXOAO0B nocne
TeTaHU3aLWM paBHa Hynio, TO eCTb NOTEHLMALMA YPaBHOBELUMBAET JEMPECcHio), NpK 3TOM Bbi3biBaA HecbanaHCMpOBaHHYI0
noTeHUMaLMIio BO36YKAIOWMX NepucoMaTUyecknx Bxodos. KpoMe Toro, paHee 6bino HaWAaeHo, YTO reHepaLmA BbICOKO-
YaCTOTHbIX NayeK NOTeHLManoB AEeMCTBMA B NMMPaMUIHbLIX HEMPOHaX 5-T0 CNOA HEOKOPTEKCa Bbi3biBaeT NOTEHLMALMIO UX
TOPMO3HbIX NEPUCOMATUYECKMX BXOAOB, MPUXOAALLMX OT 6nM3nerkallmx napeanbbyMMHOBBIX MHTepHepOoHOB [5]. Mo aHa-
NOrUKN C BbILIELIMTUPOBAHHOM paboToi Mbl MpefnonaraeM, YTo BHYTPUKIETOYHAA TeTaHW3aUMA NMUPaMUMAHOTO HempoHa
2/3 cnoA 3puTeNbHOM KOPbl B HALLMX 3KCMEPUMEHTaX TaKKe MOrfia NpUBOAWTL K MOTEHLMALMM NepyucoMaTUyeckmx Top-
MO3HbIX BXO[J0B M O[JHOBPEMEHHOM MOTEHLMALIMW NEPUCOMATUYECKMX BO36YKOAIOLLMX BXOJ0B, PAa3BMBAIOLLMXCA MO Mexa-
HW3My reTepoCMHaNTUYeCKoi NacTMyHocTK. [1pym obLen cbanaHCMpOBaHHOCTH M3MeHEeHWI BO36YAAIOLLMX U TOPMO3HBIX
BXO[OB 370, KaK MOKa3blBalOT HalUWM MOAESbHbIE 3KCMEPUMEHTBI, MOr/I0 MPUBOAUTL K HabNIAaeMbIM HaMU N3MEHEHWUAM
AVPEKLMOHANBHON CENEKTUBHOCTM KIETOK.

TakMM 06pa3oM, MOXKHO NPeanoNoXMTb, YTO BbICOKOYACTOTHAA CMAMKOBaA aKTMBHOCTb, BO3HWKAlOLIAA B 3PUTENbHOM
KOPKOBOM HeMpOHe B OTCYTCTBMM CMeLMGUYECKOW CEHCOPHOM aKTUBALMK, HaNpUMep, BO BPEMA CHA, MOXeET NpPUBOAWTbL
K CHUXKEHWI0 AMPEKLMOHANBHOW CENEKTUBHOCTU KNETOK, Y4TO 0becrneynBaeT HeipoHaM BO3MOMHOCTb 6oniee TOHKOM noa-
CTPOMKM XapaKTEPUCTUK MX 3PUTENIbHBIX OTBETOB K HOBbIM 3pUTENIbHBIM CLieHaM BO BpeMA 60fpcTBOBaHMA. Bo3MoKHO,
YTO MEeXaHW3MOM, NeXaluMM B OCHOBE TaKOW MOACTPOVKM, ABNAETCA MOTEHUMALMA NEPUCOMATUYECKMX BO3BYHKOAMLMX
W TOPMO3HbIX CMHANTUYECKWX BXOAOB, Pa3BMBAIOLLAACA M0 MeXaHWU3My reTepoCMHaNTUYeCKOW NNACTUYHOCTML.

KniouyeBbie cnoBa: cMHanTU4eCKan N1acTUYHOCTb; FeTePOCUMHANTUYECKanA MIACTUYHOCTD; 3pUTENbHaA KOpa; 3puTesbHas
CTUMYNALMA; ONTOreHeTUKa; BHYTPUKIETOUHAA perucTpaums; patch-clamp; sKcTpakneTouHas perucTpaums; in vivo.
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Role of heterosynaptic plasticity in the modification
of sensory responses of mouse visual cortex
neurons

l.V. Smirnov, A.A. Osipova, N.A. Simonova, M.P. Smirnova, A.A. Borodinova, A.Yu. Malyshev*

Institute of Higher Nervous Activity and Neurophysiology, Russian Academy of Sciences, Moscow, Russian Federation

ABSTRACT

Synaptic plasticity is a critical factor in neural network function during development, perception, learning, and memory.
However, current ideas on the role of synaptic plasticity in cortical network mechanisms are mainly correlative because
cellular and molecular mechanisms are predominantly studied in reduced preparations. Currently, the majority of research on
synaptic plasticity mechanisms is focused on studying homosynaptic (associative, Hebbian) plasticity. This type of plasticity
involves modifying the same synapses that are directly involved in the induction process. However, heterosynaptic plasticity,
which occurs in synapses that were inactive during induction, plays a crucial role in the function of neural networks, in
addition to the more extensively researched homosynaptic plasticity [1, 2]. In this study, we examined how heterosynaptic
plasticity, triggered by intracellular tetanization of pyramidal neurons in the visual cortex of mice, affects their response to
visual stimulation in vivo.

In the initial stage of the experiment, we recorded intracellularly the visual cortex neurons of anesthetized mice by
means of the whole-cell patch clamp approach. We employed an intracellular tetanization procedure to assess the effect
of heterosynaptic plasticity on visual responses. Specifically, we applied ten bursts of 5 action potentials each second
at a frequency of 100 Hz during the tetanization process in the recorded neuron, repeating the procedure five times at
60-second intervals. Previous studies in brain slices have shown that this protocol leads to substantial plastic changes in
the synaptic inputs of a given neuron, including potentiation, depression, and no change (see review [3]). As visual stimuli, we
used vertical and horizontal bars moving in opposite directions on the computer screen. A small hyperpolarizing current was
continuously applied to the cell to prevent the generation of action potentials. As a result, the changes in the cell membrane
potential represented the responses to the visual stimuli. Intracellular tetanization led to a noteworthy amplification in
the amplitude and area of the response to the optimal stimulus, which was based on the orientation and movement direction.
The reaction to other stimuli, on the other hand, did not encounter any substantial change. A consequence of this was an
elevation in the simplified index of directional selectivity of tetanized neurons, computed as the ratio of the optimal stimulus
response amplitude to the response amplitude in the opposite direction (null direction).

To minimize the influence of intracellular perfusion, which unavoidably arises during whole-cell patch clamp recordings,
and to extend the duration of cell response recording after tetanization, we conducted additional experiments involving
extracellular recording of cell activity and optogenetic stimulation through an optical fiber inserted into the recording
microelectrode. Two weeks prior to the experiment, the pyramidal neurons in the 2/3 layer of the mouse visual cortex
underwent viral transduction to express the fast channel rhodopsin oChiEF. During the experiment, visual responses
of neurons were recorded for 15-40 minutes. Subsequently, we induced bursts of action potentials with a frequency of 75
to 100 Hz in the recorded neuron using otptogenetic tetanization and continued to record the visual responses for at least
40 minutes. In this series of experiments, we recorded action potentials induced in neurons by visual stimulation, which was
similar to that used in experiments with intracellular recording. Finally, we calculated total post-stimulus histograms from
the responses. Intracellular tetanization was found to cause a significant reduction in response amplitude to the optimal
stimulus, while responses to stimuli with other orientations and directions of movement remained unaffected. As a result,
the index of cell directional selectivity decreased in this series of experiments, indicating a direct opposition to the results
obtained through intracellular recording experiments. To clarify this discrepancy, we conducted theoretical simulations
using the Leaky Integrate and Fire (LIF) model neuron. We used a model in which orientation is determined by different peak
positions of inhibitory and excitatory components of visual responses when moving in optimal and opposite orientations [4].
Simulations were carried out at two different resting potentials: —90 mV, which simulated experiments involving intracellular
recordings and injections of hyperpolarizing currents, and —65 mV, which simulated experiments involving extracellular
registrations of spiking cell responses in the UP-state mode. Our findings suggest that tetanization causes potentiation
of both excitatory and inhibitory components of the responses, leading to the observed situation.
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During our experiments on visual cortex slices, we discovered that intracellular tetanization of pyramidal neurons in layer
2/3 of the visual cortex causes balanced heterosynaptic changes in excitatory inputs to dendritic regions distant from
the soma. This means the net change in all inputs after tetanization equals zero, balancing potentiation and depression.
Conversely, it causes unbalanced potentiation of excitatory perisomatic inputs. Furthermore, previous research has
demonstrated that the occurrence of high-frequency action potentials in layer 5 pyramidal neurons within the neocortex
results in the strengthening of their inhibitory perisomatic inputs originating from adjacent parvalbumin interneurons [5].
Based on the above-cited work, our experiment suggests that intracellular tetanization of the pyramidal neuron in the 2/3
layer of the visual cortex may result in the potentiation of perisomatic inhibitory inputs and the development of simultaneous
perisomatic excitatory inputs through heterosynaptic plasticity mechanisms. If the changes in excitatory and inhibitory inputs
are balanced, our model experiments show that this can lead to changes in the directional selectivity of the observed cells.
Thus, high-frequency spike activity in the absence of specific sensory activation, such as during sleep, may decrease
the directional selectivity of visual cortical neurons. This prepares the neurons to adjust their visual responses more
finely to new scenes during wakefulness. The potentiation of perisomatic excitatory and inhibitory synaptic inputs, through
heterosynaptic plasticity, may be the mechanism responsible for such tuning.

Keywords: synaptic plasticity; heterosynaptic plasticity; visual cortex; visual stimulation; optogenetics; intracellular re-
cording; patch-clamp; extracellular recording; in vivo.
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