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OnHodryopoOpHBIE TEeHETUYECKM KOAUPYEMBIE KaJbLIMEBblE MHAUKATOPHI, TaKUe
kak GCaMP, gBasioTcs IIMPOKO KCITOJIb3YEMbIMU WHCTPYMEHTAMU [Jisl U3yYeHUS
HelipoHaJIbHO# aKTMBHOCTU. VX TIIaBHBIM NTPEMMYIIIECTBOM SIBJISIETCSI CITIOCOOHOCTDH B
peXMMe pealbHOrO BpEMEHU U C BBICOKOI YyBCTBUTEILHOCTBIO PEarnpoBaTh HA U3Me-
HEHUSI KOHLIEHTPALlMU MOHOB KaJIbLIMs B KJIETKe. DTO 0COOEHHO BaXKHO IIJISI UCCIIEIO-
BaHUS HEMpOHAJIBHBIX TTPOIIECCOB M HEMPOHHBIX aHCAMOJIel, TIe KaJablIMeBble CUTHA-
JIBI UTPAIOT KJIIOYEBYIO POJIb B Ilepenade nHdopmaruu. JlaHHbIil 0030p paccMaTpuBaeT
CeMeiCTBO KaibliMeBbiX MHAMKaTOpoB GCaMP, onuchiBaeT X pa3HOBUIHOCTH, OCO-
OEHHOCTH M TIEPCIIEKTUBBI MUCITOJIb30BaHUS ISl BU3yaIn3alluii HEMPOHHOI aKTUBHO-
ctu. Ocoboe BHUMaHME yaelsieTcs TeHOAeHIUM coBepiieHcTBoBaHUsT GCaMP, B wact-
HOCTHU HaIlpaBJICHHOM Ha pacIlIMpeHNe UX CIIEKTPaJbHBIX CBOMCTB U CIIOCOOHOCTH pe-
TUCTPUPOBATh BHICOKOYACTOTHYIO CTIAMKOBYIO aKTUBHOCTb.

Karouesovie crosa: KayiblineBble MHAUKATOPBI, HEIIPOHHAsI aKTUBHOCTD, TMHAMUKa, (iry-
OpeCIICHITUS
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COKPALIEHWA U TEPMUWHDbI

AnokansmonymuH (apoCaM) — cBoGonHast oT Ca?" dopMma KanbMOLYIMHA, KOTOPash MOXET
B3aMMOJIECTBOBATD C OIpeAesIeHHBIMU OeJIKaMU B OTCYTCTBUE KaJIbLIUSI.

BuomoMuHeCIIEHIINSI — 3TO €CTECTBEHHOE SIBJICHUE, KOTOPOE BO3HUKAET B Pe3yJIbTaTe OUOXU-
MMYECKOI peakliM, BKIIOYAIOIIeH OKMCIIeHUE HEOOJIbILIONW MOJIEKYJIbI JIIoLM(epruHa, BHYTPU KU~
BBIX OPTaHU3MOB.

I'eKKW (reHernyecku-Koaupyemble KajlblMeBble MHAUKATOPbI) — TUIT OMOCEHCOPOB, UCMOJIb-
3yeMBbIX ISl OOHAPY>XKEHUST M UBMEPEHUSI KOHLIEHTPALIMU MOHOB KaJIbLIMSI B XKUBBIX KJIETKAX.

Herutenivsi — MpoLEece YMEHbILICHUSI WU UCUYePIIaHuUsT KAKOTO-JIM0O0 BELIeCTBa B KIIETKE.

KanblLueBblit TpaH3UEHT — 3TO U3MEHEHUE KOHIEHTPALMUM MOHOB KaJbliMsl BHYTPU KJIETKU B
OTBET Ha OMpeeeHHbII CUTHAJ, HalIpUMEpP, CUTHAJI OT HelipoMeauaropa Wiv ropMoHa.

KanbmonymuH — 3T0 HeOOIbIIOK KabLIMA-CBSI3bIBAIOIIMI 0€JI0K, KOTOPBI y4acTBYeT BO MHOTHX
KJIETOYHBIX Tpolieccax, BKIIOYasi COKpAIlleHNEe MBIIIL, BHICBOOOXICHUE HEUPOTPAHCMUTTEPOB U
TpPaHCKPUIILIMIO reHoB. Koraa KayblLinii CBSI3bIBAaeTCSl ¢ KaJIbMOIYJIMHOM, OH MpeTeprieBaeT KoHdop-
MalMOHHbIE U3BMEHEHMUSsI, YTO TTO3BOJISIET €My B3aUMOICHCTBOBATh C Pa3IMYHBIMU 1IEJIEBBIMU G-
KaMM, BKJIouasi GepMEHTbI U MOHHbIE KaHAJIbI.
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KBanTOBBIiT Bbixon (®P) — 310 mokaszaresib 3(PEHOEKTUBHOCTH MPeoOpa3oBaHUS MOIIOIIEHHOIO
cBeTa B (hJTyOpeCIeHIINIO, MIPENCTABISIET COO0I OTHOIIIEHHE YKCiia NCITyCcKaeMbIX (DOTOHOB (hiyo-
PECLIEHTHBII CUTHAT) K YHUCIY MOMIOIIEHHBIX (POTOHOB (MOMIOLIEHHBIN cBeT). KBaHTOBBII BbIXOA
M3MepSIeTCS B TPOLIEHTAX WX B NOJIIX equHUIIBI (0T 0 1o 1).

KoHcTanTa auccounanyu no KUcaoTHoctu (pK,) — 310 3HayeHue pH, nmpu KoTopoM NosIoBUHA
Moutekysl narkatopa GCaMP HaxoauTcs B IpOTOHMPOBAHHOM (hopMe (HeCBSI3aHHOM ¢ KaJlbIM-
€M) M TIOJIOBUHA B ICNIPOTOHMPOBAHHOM (hopMe (CBSI3aHHOM C KaIbIIMEM).

KoaddunmeHT sxctuHKIMM (€, MOJISIPHBIN KO3(h(PUITUEHT SKCTUHKIIUN) — 3TO Mepa, KOTopast
XapaKTepu3yeT CIOCOOHOCTD BELIECTBA MOIIOLIATh CBET ONPEIeIeHHOM JJTMHBI BOJHBI, ONIpenesi-
eTcsl KaK OTHOILIIEHUE MOMIONIEHHON MHTEHCUBHOCTH cBeTa K KoHlieHTpauu GCaMP B pacTBope.
Koah®GULIMEHT 3KCTUHKIIMU TTO3BOJISIET OLIEHUTh, HACKOJBbKO 3 dektnBHo GCaMP mnommoiaer
CBET ONpee/IeHHOW JUIMHBI BOJHbBI, YTO BJUSIET HA €ro CIIOCOGHOCTbh OOHAPYXUBATh M3MEHEHUsI
KOHLICHTpalMM Kaiblius B KieTke. KoadhduumeHT SKCTUHKIIMU U3MEPSIETCST B JIMTPAX, ASJIEHHbIX
Ha MOJIb U Ha CAHTUMETp (J1 MOJIb ' cM™ ') mim B MonsIpHBIX enuHMIIax akcTrHKImy (M~ em™ ).

MoTuB — y4acTok 6eJiKa, KOTOPBIif UMEET ONpeaeICHHYIO CTPYKTYPY Y BBITIOJHSIET OIpeneJIeH-
HYI0 (PyHKIIUIO.

HeiipuThbl (W11 aKCOHBI) — 3TO NIMHHBIE, TOHKME BETBU HEIPOHA, KOTOPHIE MepeaaloT HHPop-
MalMIO B BUIE DJIEKTPUUECKUX UMITYJILCOB OT TeJia KJIETKU (COMBI) K IPYTMM HelpoHaM, MbIIIIaM
WU KeJie3aM.

HeiipoHHblit aHcaMOJIb — 3TO Ipyrniia HEUPOHOB, KOTOPble aKTUBUPYIOTCS CUHXPOHHO U COB-
MECTHO YYacCTBYIOT B BBITIOJIHEHUM OTpeAesIeHHbIX GYHKIMI U 3a1a4 B MO3Te.

Heiiponuab — 3T0 001aCTh HEPBHOM TKAaHU, IJIe¢ HEMPOHBI YCTAaHABIMBAIOT CBS3U MEXIY COOOM
W APYTUMU KJIETKaMU.

OrICHUHBI — 3TO GEJIKM, KOTOPBIE COAEPKATCS B IJIa3aX KMBbIX OPraHU3MOB M YUaCTBYIOT B MPOLIECCe
3peHusi. OHU CBSI3bIBAIOTCS C MUTMEHTAMU, TAKMMU KaK PeTUHANIb, U 00pasyloT ¢hOTONPUEMHUKHU,
KOTOpBbIE€ CIIOCOOHBI pearnpoBaTh Ha CBETOBbIE CTUMYJIBI M TPAHCIMPOBATh MX B HEPBHbBIE UMITYJIb-
ChI IS TaJibHelIIeii 00pabOoTKU B TOJIOBHOM MO3Te.

Onruyeckas 31eKTpodusnonaorus (OnTodu3nogaorus) — 3To 00JacTh HAyYHbBIX UCCJICIOBAHUIA,
KOTOpast O0bEeNMHSIET METOIbI ONITUKH Y JIEKTPOMDU3NOIOTUH TSI M3yYEHUs] JIEKTPUIECKON aKTUB-
HOCTH KJIETOK U TKaHei B opranu3max. OHa UCMOJIb3yeT ONTUYECKUE METOIbl, TAKUE Kak (ryopec-
LEHIUS, TSI U3MEPEHUSI SJIEKTPUUECKUX TTOTEHIINAIIOB Y TOKOB B HEPBHOU CHUCTEME, MBIIIIEUHBIX
TKaHSIX U IPYTUX TUIAX TKaHei, KOTOpbIe TEHEPUPYIOT DJIEKTPUUECKYIO aKTUBHOCTbD.

ITenntug M13 — 3TO mocienoBaTeIbHOCTb U3 13 aMMHOKMKCIIOT, KOTOpasi 00J1agaeT BBICOKUM
CPOICTBOM K KaJbMOIYJWHY U MOXET CHeUM(MUUIECKH CBSI3bIBATHCS C HUM JaxXe B MPUCYTCTBUM
JIPYTUX Kbl -CBS3bIBAIOIINX OETKOB.

INpecuHanTyeckasi TepMUHaIbL (OyTOH) — paclIMpeHre KOHLIA HEPBHOTO BOJIOKHA, KOTOPOE
COIEepPXXUT MeMOpaHHbBIE OCJIKM (CMHANTUYEeCKUe OeJIKM), HeoOXomuMBbIe ISl Tiepeaadyd HEpBHOTO
MMIIYJIbca Ha MTOCTCUHANITUYECKUI HeMPOH WM 3(h(HEKTOPHYIO KIIETKY.

Craiik — KOpOTKUi 3JIEKTPUUECKHM UMITYJIbC, KOTOPBI TeHepUPYyeTCss HEHPOHOM U TepenaeT-
Csl MO aKCOHY K ApYruM HeiipoHaM uin 3¢ eKTOPHBIM KJIeTKaM, TAKUM KaK MBIl WM KeJIe3bl.
Craiik 4acTo MCITOJIb3YETCST JUTsl OTTMCAHUS SJIEKTPUIECKOM aKTUBHOCTU HEMPOHOB Ha YPOBHE 1ie-
JIBIX HEMPOHHBIX CeTeil WJIM OPraHU3MOB, B OTIMYME OT TEPMUHA “TIOTEHIMAT AeHCTBUS”, KOTO-
PbIii OOBIYHO MCITOJIB3YETCS IJIsT ONUCaHUsI (PU3UOJTOTUIECKUX MTPOLIECCOB, TPOUCXOASIINX BHYTPU
HeKlpoHa.

Tponusm Bupyca — 3T0 cHOCOOHOCTb BUPpyca MHMULIMPOBATD ONPEAETIEHHbIE TUTIBI KJIETOK WU
TKaHeil B OpraHu3Me CBOETo X03sIMHA.

TponoHuH-C — 3TO GENIKOBBIE KOMITOHEHT TPOIIOHMHOBOTO KOMILJIEKCA, COCTOSIIIIUMN U3 IBYX
I0OYISIPHBIX JIOMEHOB, KaXKIbIi U3 KOTOPBIX CBSI3bIBACT IO BA MOHA KaJIbLYsI, U3MEHsIsI KOH(DOP-
Mall1io KOMIUIEKCa M BbI3bIBasi COKpAIIEHNE MBIIIEYHOU KJIeTKU. TpormoHWH-C IUPOKO UCHOJb-
3yeTcsl B IMarHOCTHUKE OCTPOro KOPOHAPHOTO CUHAPOMA U APYTUX CepACUYHO-COCYIUCThIX 3a00JIe-
BaHMI1, TaK KaK ero ypoBeHb B KPOBU MOXKET YKa3bIBaTh Ha MTOBPEXAeHEe MUOKap/Aa.

®Db — dbyopeciieHTHBII GeJToK.

DayopecueHIus — 3TO SIBJIECHUE, TPU KOTOPOM BEILIECTBO MOIIOLIAET CBET OINpPeAeIEHHOMN TN -
HbI BOJTHBI, @ 3aTEM UCITyCKaeT CBET OOJIbIIIeH JUIMHBI BOJIHBI, OOBIYHO C MEHBIIICH SHEPTHEH.

dayopodop — 3T0 MoJieKyJsla, KOTopasi MOIJIOIIaeT CBEeT OINpeAe/IeHHOM IJIMHBI BOJIHBI, a 3aTeM
MU3JTy4aeT cBeT OoJblIeil ITMHBI BOJTHBI. Dyopodopbl MOTYT OBITH €CTECTBEHHOTO MPOUCXOXKIIES-
HUSI, HapuMep, 3eJieHblil diryopecueHTHBIN 6eoK (GFP), oOHapykeHHBII B MeIy3ax, WIN CUH-
TeTUYEeCKHe, TaK1e Kak (DJIyopecleH WX POJaMUH.

LluToMOpOUIHOCTD — HapylleHUe QYHKIIMU KIETOK WIM UX CTPYKTYPbI, BBI3BAHHOE Pa3IUYHbI-
MM (haKTOpaMu, TAKUMU KaK MH(HEKIMN, TOKCUHBI, HapyLIeHUsI OOMeHa BeIleCTB U IpyTHe.

LIMTOTOKCUYHOCTb — 3TO CIMIOCOGHOCTD BEIECTBA MM MUKPOOPTaHM3Ma ITOBPEXAaTh U YHU-
YTOXaTh KJIETKU. Hanpumep, MOBBILLIEHHbI YPOBEHb KaJIbIIVsI B HEMPOHE MOXKET BbI3BAaTh aKTUBA-
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LIMIO KaJIbLIMIA-3aBUCUMBIX MPOTEa3, TaKMX KaK KaJbllauH W KaTercuH, KOTOPbIe MOTYT pa3pyliaTh
KJIETOYHbBIE OEJTKM, BKJTIOYasi GeJIKU KJIETOYHOTO CKeJleTa.

LIunuk (criaiikiietT) — 3To MaJeHbKHUI1 BLICTY Ha ASHAPUTAX UK COME HeiipoHa, KOTOPbIit MO-
JKET KOHTAKTHPOBATh C OKPYKAIOIIUMHU KJIETKaMU, B TOM YMCIIe U APyrUMMU HeiipoHamu. Llunuku
OOBIYHO WMTPAIOT BAXHYI POJIb B (POPMMPOBAHUM W MOAACPXKAHUM CUHANITUUYECKUX KOHTAKTOB
MEXIy HEMpoHaMu.

Aequorin — 9710 (hoTONPOTENH, BBIICIEHHBIN U3 Mely3bl Aequorea victoria, KaqblLMii-4yBCTBU-
TeJIbHBII OEJIOK, KOTOPbIiA U3JTydyaeT CUHUI CBET, KOTIa CBS3bIBACTCS C MIOHAMM KAJIbLIMSI.

Arch (Archaerhodopsin) — apxpomorcuH, ceMeiiCTBO peTMHaIb-CoaepXkKalnx (hOTOpeenTo-
POB, OOHAPYXEHHBIX Y OAHOKJIETOYHBIX MUKpOOpranusMoB Halobacterium v Halorubrum.

CaMKK (Calcium/calmodulin-dependent protein kinase kinase) — KuHa3a KaabI1il/KaJIbMOMIY-
JINH-3aBUCUMOM MPOTEUHKUHA3HI.

ChR2 (Channelrhodopsin-2) — KaHaI10pOOOIICUH-2, CEMEIICTBO peTUHAJIb-COIEePXKaIIUX (POTO-
peLenTopoB, 0OHAPYKEHHBIX Y OMHOKJIETOYHBIX CMHMX Bopopocieit Chlamydomonas reinhardtii.

ckkap (CaM-dependent kinase kinase peptide) — nenrrun CaM -3aBUCUMOIA KMHA3HI.

cpGFP (circularly permuted green fluorescent protein) — KpyroBoii mepMyTUPOBAHHBIN 3eJie-
HBII (iryopectieHTHBII 6e10K. Bapuant GFP, B KOTOpoM aMUHOKHUCIIOTHBIE TTOCIIEI0BATEILHOCTHI
OBLIM IIepeCTaBICHEI IJISI CO3MaHMsI KPyroBoit hopMbl 6eika. O61agaeT 60j1ee BBICOKOM MHTEHCHUB-
HOCTBIO (hJTyOpecleHLIMY 1 60Jiee KOPOTKUM BPEMEHEM IMepexoa MEeXIAY COCTOSIHUSIMU, YTO JIesia-
eT ero 6oJiee MOAXOASIIIUM JIJIsi PETUCTPAIIMU ObICTPBIX MPOLIECCOB B KJIETKAX.

Cre-pekoMOMHAa3a — 3TO (hepMEHT, KOTOPBIl MCITOJIb3YETCS B TEHETUYECKO MHKEHEPUU IS
yIIpaBJIeHUs dKcIpeccueit reHoB. Cre-peKoMOrHa3a MOXET pacrno3HaBaTh cenupudyeckue JTHK-
MOCJeN0BAaTEeIbHOCTY, Ha3bIBaeMble “JIOKYCAaMM”, M BbI3bIBAaTh PEKOMOMHALIUIO MEXIY HUMU. DTO
MO3BOJISIET UCCIIEI0BATESIM YAAISITh, BCTABJISITh UJIW TIEPECTAaBISATh ONpeneeHHbIe TeHbl B TeHOME
opraHusma.

EGFP (Enhanced Green Fluorescent Protein) — ynyuineHnbiii Bapuant GFP, koTopslii umeer
0oJree SIpKyIo U cTabmibHyIo diyopecueHuio. EGFP MeHee CKIIOHEH K Aerpagamnuu, T.e. K moTepe
¢yopecleHLIMY C TeYeHUEeM BPEMEHU.

EGTA (B3tuneHmmmkomnb-6uc(2-aMuuostadup)-N,N,N',N'-TeTpaykcycHasl KMCJI0Ta) — OpraHu-
YecKoe COeMHEeHHUE, UCTIONb3yeMOe B OMOXMMUU Y MOJIEKYJISIDHOI OMOJIOTMU B KaUeCTBE XeJIaTh-
pytoiiero areHta. EGTA 1mmMpoko nmpuMeHsieTcs [Jisl CBSI3bIBaHUS U yIaJIeHUsI MBAJICHTHBIX NIOHOB
METaJLIOB, 0COGEHHO NOHOB Kaibius (Ca2t), u3 pacTBOpoB.

eNOS (Endothelial Nitric Oxide Synthase) — sHHOTeTMATbHAS CMHTAa3a OKCHUIA a30Ta.

GFP — 3enenHblii iyopeclieHTHBII OeJIoK, BIIepBbie OOHApYyXeH B Meny3e Aequorea victoria B
1962 1.

HR (Halorhodopsin) — rajopomorncuH, ceMeicTBO peTUHAb-CONepKaInX (POTOPEILeNTOPOB,
0OHApYKEHHbBIX Y OIHOKJIETOUHBIX MUKPOOPTaHM3MOB, U3BECTHBIX KaK rajlo0akTepru.

mApple — OIVH U3 BUIOB MYTAHTHOTO 3€JIeHOT0 (DJIyOPECLIEHTHOTO OejKa, UMEIOIIUi KpacHO-
BaTO-OPaHXEBBIN LIBET, 00JIee BEICOKYIO CTAOMIILHOCTD M SIPKOCTh, YeM opurnHaiabHbliit GFP.

MOPS — 3710 xXuMHYeCcKOe COeAUHEHNE, UCIOIb3YyEMOE B OMOXUMUYECKUX U OMOJIOTUIYECKUX
HCClIeIoBaHUSIX B KauecTBe Oydepa. OH sBisercs cnaboit Kucaoroii ¢ pK, okoio 7.2, uto genaer
ero 3(dOeKTUBHBIM ST TToIAepKaHKs TocTostHHOro pH B nnanasone 6.5—7.9.

mRuby — oguH U3 BUIOB MyTaHTHOTIO 3ejJeHoro duyopecueHtHoro 6enka (GFP), nmerommii
KpacCHBII IIBET, 60Jiee BBICOKYIO CTAOMIIBHOCTh U IPKOCTh, YeM opurnHaibHbIN GFP.

RFP (Red Fluorescent Protein) — 3T0 KpacHbIil (hiiyopecLieHTHBII 6e10K, KOTOPbI UCITONb3Y-
eTcsl B OMOJIOrMYECKUX UCCIEIOBAHMSIX IJISI MADKHUPOBKHU KJIETOK M OEJIKOB.

SNR (Signal-to-Noise Ratio, cooTHOIIeHe CUTHAJI—IIIyM) — 3TO MOKa3aTellb, XapaKTepPU3yIo-

IIUIA COOTHOIIIEHUE MECXIY YPOBHEM CUTHAJIa M1 YPOBHEM IIIyMa B USMEPECHNU NN SKCIICPUMCHTEC.

BBEAEHUME

Buzyanuzanms Kanbuus (Ca2+), KOTOpasi TIpeACTaBisieT COO0I ONTUYECKOE U3MEpe-

HUE KOHLICHTpALMU KaJIbLUs C TMOMOIIBIO CHEUATbHBIX (DJIyOPECLHIEHTHBIX MHIMKATO-
poB [1, 2], nMeeT DoJITYyI0 U 6OraTylo UCTOPUIO, BOCXOISIIYIO K KOHITYy 1960-x — Havamy
1970-x ronoB. B TO Bpems uccnenoBaTev BliepBble OOHAPYXKUJIM, YTO U3MEHEHUST YPOB-
HST BHYTPUKJICTOUHOTO KaJIbIIMs CBSI3aHbI C aKTUBHOCTBIO HEMPOHOB [3, 4], 1 Havaau uc-
MOJIb30BaTh CUHTETUYECKHE (DIIyOpEeCUEHTHbIE KaTbLIMIA-UyBCTBUTENbHbBIE KPACUTEIN
(Hanpumep, Quin-2, Fura-2 uiu Fluo-3) B kauecTBe MHAMKATOPOB aKTMBHOCTU HEMpO-
HOB [5—7]. XoTsl 3TO ObLjIa PEBOJIOLMOHHAS TEXHOJOTUSI, HEOOXOIMMOCTh JTOCTaBKU
9TUX MOJIEKYJI C TIOMOIIBIO MTaTY-ITUTIETKNA WJIM OOBEMHOI BHEKJIETOUHOI 3arpy3Ku B JIM-
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l'lO(i)I/lJ'lele YCJIIOBUAX OrpaHUYMBaia Cl'lCLll/ld)l/l‘{CCK]/Ie JJ11 KOHKPETHOI'O TUIla KJIETOK
YCIIOBUS JOCTaBKU 1 Busyanusanuu [8]. B 1980-x n 1990-x romax TOCTHXXEHUS B 00JIaCTU
MUKPOCKOTIMM M TEXHOJIOTMI BU3yalu3allMy, BKJIIOYasi M300peTeHHe 3JIEKTPOHHOTO
MHUKPOCKOIIa, pa3BUTHE (PIyopeCclieHTHOII MUKPOCKOIIMH, N300peTeHNEe YCOBEPIIEHCTBO-
BaHHBIX CTEPEOMUKPOCKOIIOB, Pa3BUTHE ONTUYECKMX M CIEKTPAJIBHBIX METOIOB KOJIMYE-
CTBEHHOI BU3yaIn3allii, Pa3BUTUE METOIOB MapPKUPOBKU (DJIyOPECLIEHTHBIX OSIKOB, I103-
BOJIMJIA MCCJIEIOBATENISIM BU3YaIM3MpOBaTh U3MEHEHUSI BHYTPUKIJIETOYHOTO YPOBHSI Kajlb-
U B HeWpoHAaxX KakK inm vifro, TaK W in vivo B pexXHWMe peadbHOro BpeMeHu [9—11].
BriocnenctBuu 06acTh BU3yaau3allMy KaibliMs B HEMPOOUOJIOTUM MTPOIOJIKaia pa3BU-
BaTbCs U PACIIUPSTHCS, 9YTO OBLIO 00YCIOBIIEHO TEXHOJIOTMISCKIM IIPOIPECCOM U PaCTy-
el TOTpeOHOCThIO B 00JIee CIIOXKHBIX METOMAaX PErucTpalyd aKTUBHOCTU HEMPOHOB.
DTO NpUBEJIO K pa3pabOTKe HOBBIX KIbIIMEBBIX MTHAMKATOPOB, TAKMX KaK reHETUIECKHU -
koaupyemble KanblieBble MHAUMKATOpbl (TeKKW), KoTopble MO3BOIWIM PErUCTPUPO-
BaTh U3BMEHEHUS YPOBHSI BHYTPUKJIETOYHOTO KaJIbIIMsI C BBICOKOI YYBCTBUTEIBHOCTBHIO U
crrennuaHOCThIO [12, 13]. CeromHs KajableBask BU3yaJIM3alysl IIMPOKO UCIIOIb3YeTCsI
B HUCCJICIOBAHMSIX IJIsI M3YYCHUSI CUHAIITUYECKOM IIepeaadn, PerucTpalid aKTUBHOCTU
HEWpPOHOB M MOHMMAHUS BIUSHUS JIEKapCTB U 3a0oJieBaHMIT HA MO3T. JJaHHBIM MeTox
OoCTaeTcsl BaXKHEUIIIMM MHCTPYMEHTOM IUISI McclienoBaTesieil B 3Toi 00JIacTH U IIPOIO-
>KaeT UrpaTh BaxKHYIO pOJIb B U3yYeHUU HEPBHOI CUCTEMBI.

IT’EHETUYECKU-KOANPYEMbIE MHANKATOPHI KAJIBLIUA

Uon xampumst (Ca’") siBisieTcsi pachpOCTpaHEHHBIM BTOPUYHBIM TMOCPEIHUKOM B
KJIETOYHO1 TIlepeiaye CUTHAJIOB, C TTIOMOII[BbIO KOTOPOTO PEryJMpyIOTCsi MHOTHE OHOJIOTH-
yecKue SIBJICHUSI, B YACTHOCTU HellpOHHasi aKTUBHOCTH [3, 4, 14—16]. YpoBeHb LIUTO-
IJIa3MaTUIECKOTO KaIbIUS B COCTOSIHUM TTOKOSI 00bI9HO coctaBisieT 50—100 HM, omHa-
KO aKTMBHOCTb HEHPOHOB CTUMYJIMpPYET ero puTok |1, 13]. Bo BpeMs pacnpocTpaHeHUsT
noreHumana neiicreus (I1J1), moTeHLMaN-3aBUCUMBbIE KaJlbLIMEeBble KaHAIbI TIPUBOJIST K
YBEJIMYEHUIO coMaTudecKoro Kajiablius 10 ~1 MkM [17, 18]. [Mostomy T1d MoryT GbITH
KOCBEHHO OLICHEHBI ITYTeM M3MepeHMsT M3MeHeHu T BHyTpuKieTounoro Ca?t [1, 19—21].
Jlns monydeHust 60jiee IOoaApOOHOM MHMOPMAIUM O PA3IMYHBLIX (POpMax BO30YKICHUS
Ca?*, 0 ToM, KaK OHM pa3INyaloTcsl B pa3HbIX TUIIAX HEHPOHOB, U O GUOXMMIYECKHIX Me-

xaHM3Max cBs3biBaHmst Ca2t ¢ hayopecLieHTHBIMY U3MEHEHHUSIMU YMTATEIN MOTY O3Ha-
KOMUTKCS B 0630pax [1, 13, 22].

TepBble SKCMEPUMEHTBI [0 BU3YaIM3allui BHYTPUKIIETOUHbIX n3MeHeHuit Ca?t [23,

24] 6bUIN IPOBeNEHBI ¢ ucnoib3oBaHneM Ca?'-uyBCTBUTEIBHOTO GUOTIOMUHECLIEHTHO-
ro 6enka aequorin [25]. DTU 3KCEpUMEHTHI TIPEAIIECTBOBAIM IMOSIBJICHUIO T€HETUUECKU -
konupoBaHHbIX Ca’-uHIMKaTOpoB [26], Tak ke, KAK OTKPBITHE 3e1eHOTO (DIyOpeCcIIeHT -
Horo 6enka (GFP) [25], co3maHue pasznuuHbix BapuaHToB GFP [27] u GuoxuMHnueckoe
usydeHue cesizbiBaHMst Ca’’ rmyTeM cIMsHUS KAJbMOIYJIMHA C €ro CBSI3BIBAIOIINM Tell-
TuaoM M13, MojlydeHHBIM M3 KWHA3bl JIETKOM 1Ieru MUo3uHa [28]. Dpa coBpeMeHHBIX
IeKKW Hayajlach ¢ mosiBJIeHUEM OMOCEHCOPOB Ha OCHOBe (hJIyOPECIIEHTHBIX OEJIKOB
(®B), cNOCOGHBIX OMPEAEISThL U3MEHEHMSI YPOBHSI BHYTPUKJIETOYHOTO Kajnbuust [21, 29],
HanpskeHUs: MeMOpaHsI [30] 1 ceKpenny CHHANITUISCKUX ITy3hIPhKOB [31].
[eHeTUYECKM-KOAUPYyEeMble KaJblIMeBble MHAMKATOPbI — 3TO TUM OMOCEHCOPOB, MC-
TOJTB3YEMBIX JIJTSI U3BMEPEHUS KOHIIEHTPAIIUM MOHOB KaJIbLIMS B XKUBbIX KiteTkax. [e KKN
CO3MAI0TCS TIYTeM CIIMSTHUST KaJIbLIMiA-CBSI3BIBAIONIETO OelIKa, TAKOTO KaK KaJTbMOIYJIUH
wiu TpontoHuH-C [26, 32], ¢ ¢payopeclieHTHBIM 6enkom, Hanpumep, GFP, s perucrtpa-
MM BHYTPUKIJIETOUHOTO YypoBHSI Kajblusi. CyliecTByeT HecKojbko TumnoB [eKKU,
Bkitouast onHodyopodopHble [eKKW (nHTeHCMOMeTpuyeckue), nByxdiayopodopHbie
IeKKMH (pesonancHoro nepeHoca sHepruu Mépcrepa, FRET, parmomerpuyeckue) [33—
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35] u 'eKKM Ha ocHOBe daryopeclieHTHBIX 6e1koB, oTaudHbix oT GFP. e KKW Han6o-
Jiee IUPOKO MCIIONB3YIOTCS IUTST TIPYKU3HEHHOM BU3yaTU3allii B MOJETbHBIX CUCTEMAX,
BKJTIouast uepBeit [36, 37], 3ebpacdwm [38], myx [39], rpeizyHOoB [40, 41] 1 HeuenoBeue-
CKUX ITpuMaTtoB [42, 43].

B maHHOM 0630pe peub MoineT 06 NHTeHcHoMeTprdeckix Ca’t-ceHcopax, TaKnX Kak
GCaMP, T.x. ator Tun I'eKKMW siBsieTcss OmHMM M3 CaMBIX paclpOCTPaHEHHBIX CEHCO-
POB IUIST BU3yaIu3alliy HeipOHHOIT aKTUBHOCTH [44]. JlaHHEBII 0030p OyIeT IoJIe3eH Y-
TaTesIM, HAUMHAIOIUM paboTaTh B 00JIaCTH (hJIyOpPECLIEHTHON BU3yaIM3allu HEMPOH-
HOW aKTUBHOCTHU.

NMPEMMYIIECTBA 1 HEAOCTATKM TEHETUYECKU-KOAWUPYEMBIX
KAJIbBUHUEBBIX UHIANKATOPOB

IMpeumymectBo [e KKHW B TOM, 4TO OHU MO3BOJISIIOT MPOBOJAUTH XPOHUYECKYIO HEMH-
Ba3WBHYIO BU3yaJM3allUIO ONIpeae/IeHHBIX KJIETOK U KOMIIApTMEHTOB [45] 3a cyeT onTu-
yecKoit iryopeciieHTHOM BU3yan3aluu, KOTopasi B CBOIO 0Yepelb MO3BOJISIET OTHOBPE-
MEHHO MCCIIeN0BaTh OOMBIINE TTOMY/SIIIMA HEMPOHOB, N30€XaTh CEPbE3HOTO MOBPEXIS-
Hus uHTepecyomux Kietok [13]. e KK moryt OBITh BBEIEHBI C IIOMOIIBIO BUPYCHOM
JIOCTaBKM T'€HOB WJIM TpaHCcreHe3a (IIOCTOSIHHOM reHOMHOI Moaudukaiun). I'eHetuue-
CKHUI1 KOHTPOJIb CHUKAeT (DOHOBBIN CUTHAJ OT UCTOYHUKOB, HE SIBJISIIOLIMXCSI OOBEKTOM
KCCIIe0BaHUSI, TIOBBIIIAs COOTHOIIeHHe curHaI—InyM (SNR) [46] v TO3BOISISI KCCTEenO-
BaTh MOIYJISILIMIO KJIETOK, KOTOpasi aHAaTOMUYECKU MU (DYHKIIMOHAIBHO cBsi3aHa. Ha-
npuMmep, ['eKKW nmo3Bonstior crienmuyecKk MapKUPOBaTh HEPOHBI IIPSIMBIX U HEMIPSI -
MBIX TIyTelt B ctpuatyme [47], a Takke Bo3oyxaatoive [48] u Topmo3Hbie [49] HeltpOHBI.
Taxxe e KKW mo3Boasi0T 0fHOBpEMEHHO PErMCTPUpPOBATh JaHHbIE C OOJIBILION TOITy-
JISIAM KJIETOK C JIYYIIUM MPOCTPAHCTBEHHBIM pa3pelIeHueM, YeM 31eKTpOGhU3NOIOT U -
gyeckue MeTonnl [50, 51]. DTo He 03HaAYaeT, YTO ONTHUYECKAsT BU3yaJId3allisl YCTpaHSIET
HEOOXOIMMOCTh TIPUMEHEHUS JIEKTPUUECKUX METOAOB B Helipobuonoruu. HamnpoTus,
METO/IbI DJIEKTPUYECKON PETUCTPALIMU TaAKXKe MTPOTPECCUPYIOT U MOTYT MPEIJIOXKUTH JTyU-
IIee WIM COIOCTaBMMOE IPOCTPAHCTBEHHOE pa3pelieHue [52].

Bo3MOXHOCTh MPOBOAUTH XPOHUYECKYIO PETUCTPALIMIO OMHUX U TeX Xe KIETOK B Te-
YyeHMe IJINTeJIbHOTO nepuoaa BpeMeHu [34, 41, 53] sBasgeTcs OTHUM U3 KIIOYEBBIX Ipe-
umyliectB [eKKHM. Ux npruMeHeHue 1ajio BO3MOXHOCTb I10JIy4aTh U300pakKeHuUs AHA-
MUKM YPOBHEI BHEKJIETOYHBIX HEMPOTPAHCMUTTEPOB U HEMPOMOIYJISITOPOB Y CBOOOIHO
HepeaBUTaIOIINXCS KMBOTHEIX [54, 55]. KpoMme Toro, BaxkHBIM ITpeUMYIIIECTBOM BH3ya-
m3anyy Ca?* siBjIsieTcst COBMECTHMOCTb 9TOTO METOIA C APYTMMH ONTHYECKUMH METO-
namu. Hampumep, coderanue Busyanmmsaumy Ca’’ ¢ ONTOreHETMYECKUMHU MOIXONAMU
MO3BOJISIET peaIM30BaTh ONTUYECKYIO JIEKTPOMU3NOIOTUIO, B KOTOPOU OMHOBPEMEHHO
MPOUCXOAUT BU3YyATU3alIMs Y MOAYJISILINSI CBETOM OIHMX M TEX XKe TPYII HeMpoHOB [56].

K sepocratkam [e KKWM MOXHO OTHECTH HEOOXOOUMOCTH ITIOA00pa YPOBHSI KCIIpEC-
cun. Huskuii ypoBeHb SKCIIPECCUM HCKIIOYAeT BU3yaJIM3allMI0 CEHCOpa W CHUXAeT
SNR. OH Takxe TpeOyeT BU3yaan3auu ¢ 60jee BEICOKOIT MOIITHOCTHIO MCTOUHHMKA CBETa
U OoJiee AJIUTETbHBIM BPEMEHEM 3KCIO3ULIMU, YTO MOXET MPUBECTHU K (POTOTOKCUYHO-
CTU, CHUXKEHMIO CKOPOCTHU BU3yau3alluy U yBeJndeHuIo otoobdeciiBeunBanus. C npy-
Toii CTOPOHBI, BLICOKWI YPOBEHB 3KCIPECCUN TMOIpa3yMeBaeT UCITOJIb30BaHWE MEHbIIIEH
MOIITHOCTH UCTOYHUKA BO3OYXICHUS, HO TaKKe yBEJIMYMBaeT Oydhepu3anuio Kajlblus U
MOXET HapyUIUTb CUTHAJIbHBIC TTYTH KJIETKU, YTO MOXET MPUBECTU K IIMTOTOKCUYHOCTH
¥ uutomMopounHoctu [12, 41, 57, 58]. IIpobiiema, Kak IIpaBUIIO, peIIaeTCss BHIOOPOM CO-
OTBETCTBYIOIIIETO 3a/Ja4aM HMCCJIeIOBaHUSl CEPOTUIIA BUpYyca C Pa3IUYHBIM TPOMU3MOM
IIJIST Pa3HbIX TUIIOB KJIETOK M OMIIUPUYECKUM TMOOIOOPOM ero KoHueHTpamuu [59, 60].
Cpenu HOBBIX CEPOTHUIIOB C YJIYUIIIEHHOM TPaHCIYKIIMENW U HOBBIMU CBOMCTBAMMU JOCTaB-
ku cienyeT otMeTuTb AAV-PHP.eB. JlaHHbiit cepotun siBisieTcsi mpou3BOOHbIM AAVY,
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KOTOPBI 3(h(eKTUBHO TpeoaoseBaeT reMaTodHIedaTnyecKuit 6apbep mocjae BHYTpU-
BEHHOI nHbeKINM [61], 00ecrnieurBasg yaoOHBIH CrIOCOO SKCITPECCUU HEOOXOAMMBIX MH-
INKATOPOB B HECKOJIBKMX OO0JACTSIX MO3ra rpbI3yHOB [62]. MHOUKATOPBI ¢ BBICOKUM
cponctBoM K Ca®" MoryT Hapymath coberBeHHbIe Ca’t-3aBICHMEBIE TIPOLIECCHI B KIIETKE
[63, 64]. Tak, HatpuMep, BapuanThl [e KKHW Ha ocHOBE KajabMOIYJIMHA MOTYT BJIUSITh HA
paboty kanpuueBbix KaHasoB L-Tuna (Cay1), npensiTcTByst Kak UX OTKPBITUIO, TaK U Te-
penaue curHana [65]. Peienuem gaHHOM ITpoOeMbl MOXET ObITh MCITOJIb30BaHUE Gec-
KalibLeBO#t (popMbl KanbmonyianHa (apoCaM) [66]. Kpome Toro, e KKUW Moryt cBsI3bI-
BaTbCs C KAJIbLIMEM HE TOJIBKO B MECTax, Ifie ero KOHLEHTpAallKs MOBbIIlIeHa, HO U TaM,
I1e KaJblius HET, HO €CTh APYTUe KaTUOHbBI, HAIIPUMEDP, MarHuii. 3TO MPUBOAUT K JIOX-
HOIOJIOKUTEIBHBIM CUTHAIaM, KOTOPbIE MOTYT UCKaXKaTh MHTEPIIPETALIMIO JaHHbIX [67].
OnHUM U3 BapuMaHTOB ycTpaHeHUsl TpobieMbl Bhicokoro cpoactBa [eKKHW k kanbluio
SIBJISIETCSI CO3MaHNe HOBBIX BepCUil MHAWKATOpa ¢ U3MEHEHHBIMM cBoiicTBamu [68]. Ha-
TMpUMEpP, CYIIECTBYIOT WHIMKATOPbl C HU3KUM CPOACTBOM K MarHUIO, Takue Kak
GCaMP6, koTopbie TTO3BOJISIIOT CHU3UTh KOJIMYECTBO JIOXKHOITOJOXKUTEIBHBIX CUTHA-
JioB [69]. Takke BO3MOXKHO MCITOJIb30BaHWE MHIAMKATOPOB, KOTOPBIE PEarupyloT Ha apy-
rve MoHbl, HaripumMmep, Hatpuit [70] unu kanuii [71]. [eKKH, takue kak GCaMP, umetor
MeIJIeHHYI0 (MUJUTUCEKYHIHYI0) KUHETUKY, YTO MOXET 3aTPyIHSTh HaOM0aeHe ObICT-
PO U3MEHSIIONIECSl aKTUBHOCTH KJIETOK, T.€. PETMCTPALIMI0 BBICOKOYACTOTHBIX TOTEHIIM -
ayioB aeuicTBu [72, 73].

B nenom, HecMotpst Ha ripo6iaembl, [e KK B coueTaHuu ¢ COBpeMeHHBIMU METOAaMU
MUKPOCKOIIMU CETOMHS IIMPOKO UCTONIB3YIOTCS IJIsI UCCIAEN0BaHUSI HEHPOHHOI aKTUB-
HOCTHU B CaMbIX pa3HbIX YCJIOBUSIX KaK in Vitro, Tak W in vivo [74].

OJHOPJITYOPOPOPHDBIE TEKKH

IMepBbiM ogHODIIyopodopHBIM (MHTeHcUOMeTpruueckuM) [eKKHW 611 Camgaroo —
WHIWKATOP KaJIbIIUSI, peaIM30BaHHbBIN HAa ocHOBE KajibMonysinHa (CaM) u xentoro ¢iy-
opecueHTHoro 6enka (YFP) [75]. Camgaroo Obl MepBbIM MHAMKATOPOM, B KOTOPOM
Ca’*-3aBrucuMBble KOHDOPMAIIOHHBIE 3MeHeHNs B CaM, BBI3BIBAIN MOHU3ALINIO XPO-
Mmocdopa, KoTopasi mpuBoamia K yBeandeHuio ¢iyopecueHuuu [13]. CToutr oTMeTUTh,
4YTO OnHO(MIyOpodOpHbIE MHAUKATOPHI OTAMYAIOTCS OT ABYX(hIyopOohOpPHBIX, KOTOPbIE
M3MEHSIIOT KOH(MOpMaLMIO OejiKa OT BBITSHYTOM 10 00Jiee KOMIAKTHO MpU CBI3bIBAHUU
KaJIbLIMSL, UTO MpUBOIMT K yBeandeHuto apdekrnBHoct FRET ot @b ¢ kopoTtkoii niv-
Hoit BoyiHBI K DB ¢ 6obiieii ;iinHoit BoHEL [21]. Y onHOMyopodh OpHBIX MHAUKATOPOB
WCITOJIb30BAJICS AM3aiiH, OTJIWYHBINA OT mnomxona, ocHoBaHHoro Ha FRET, B ciyuae
Camgaroo KaJblinii-cBs3biBatolunii tomeH CaM BctaBieH B cepenuHy YFP. B nanbHeii-
mreM, nHauKaTopsl Pericams [76] u G-CaMP (mio3nHee cokpaiieHHbIH 1o GCaMP) [77]
pacmmpwin 3Ty KoHuenuuto, rpucoenuHuB CaM k C-koHiy u CaM-cBsI3bIBaOIIMIA
nentua K N-KOHILy KpyroBOTo IepMyTUpPOBaHHOTO (hyopeciieHTHOoTOo Oenka [75, 78]. Ha
TeKyIIUiA MOMEHT, OCHOBHEIMU TIpeacTaBuUTe siMu ogHodiyopodopHbIXx [e KKW saBist-
oTcs nHauKaTopsl cemerictBa GCaMP [77], koTopble Bce Jallle UCIOIb3YIOTCS TSI BH -
3yanu3auuu Kanbuus in vivo [39, 79, 80].

Kaxk otMmeuanocs Boilie, nuzaitH GCaMP ocHoBaH Ha MOJIEKYJISIDHOM CIIUSTHUM OBICT -
poii KanblMii-CBsA3bIBaIoONIeit yactu 6eiaka (CaM), KaabMOIYJIMH-CBSI3BIBAIOIIETO IeT-
TUAA U3 KWHA3BI JIETKOH 1IeT MUOo3WHA miankux Mbi (RS20, Takke M3BECTHOTO Kak
M13 [77]) u onHOTO KpyroBOTro NEpMyTUPOBAHHOTO (hJTyOpECLIEHTHOTO OeJika, KaK Tpa-
B0, 3eseHoro (cpEGFP) [44]. TIpu cesizpiBanuy ¢ Ca?™ motuB CaM (MOXeT CBSI3bl-
BaTh JI0 YETHIPEX MOHOB KaJIbliMsl) BbI3bIBAET KOH(OPMALIMOHHbIE NU3MEHEHUS, KOTOPbIE
obecrieunBaloT cBs3biBaHKEe ¢ M13. DTU B3auMoOAeiicTBYSI BbI3BIBAIOT JIEMPOTOHUPOBA-
HUe xpoModopa, YTO TIPUBOJUT K UBMEHEHUIO CHEKTPAJbHBIX CBOMCTB M YBEIMYEHUIO
MHTSHCUBHOCTH M3JTydeHus curHana (puc. 1) [41, 81, 82].
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Ca®* binding

Puc. 1. Cxematnueckoe u3oopaxeHue oqHodIyopodOpHBIX TeHETUYECKH KOIUPOBAHHBIX MHIUKATOPOB Kajlb-

+ N
1ust. CBsi3bIBaHUE Ca? (KpacHble KPy>XKU) ¢ Kalabluii-cBsi3biBalomiuM nomeHoM (CaM—M13) yBenuuuBaet

ryopecueHLMI0 KPyroBOro NepMyTUPOBaHHOTO (hITyopeclieHTHOTO Geika (M300paxKeH 3eJIeHBIM OTTEHKOM).

Ontnyeckuii curHai, co3gaBaeMblii GCaMP, mponoplimoHaieH J0j1e MOJIEKYJT UHIN-
Katopa, cBsi3aHHbIX ¢ Ca?" [44]. @nyopecuenumio GCaMP 06bIYHO perMCTPUPYIOT TPH
BO30Yy>kIeHUM Ha JuinHe BOHBI 470—480 HM 1ipu onHOpoTOHHOM, 920—940 HM TTpU ABYX-
doronHoM 1 ~1300 HM npu TpexdpoToHHOM BO30OyxKmeHuu [47, 83—85]. IIpu 3TOoM CcKoO-
pocThb piyopectieHTHBIX KoHpopmanuiit GCaMP moxkeT ObITh OrpaHYeHA He TOJIBKO CKO-
POCTBIO CBSI3BIBAaHMSI KaJIbLIMSI, HO U CKOPOCThIO B3aumopaeiicteuss CaM u M 13 [44]. Taxke
CTOMT OTMETHUTb, 4To Ut Ca’'-MHIMKAaTOpOB BpeMs BKITIOUEHUS] OOBIYHO GBICTpEE, YeM
3aTyXaHUsI, TIOCKOJIbKY TIEPBOE OGBIMHO OTPaHITIeHO CBsI3bIBaHMeM Ca’' ¢ MHIMKaTopoM,
a BTopoe — Gydepusanueiil u otkperviennem Ca? ot nngukaropa [63].

OCHOBHBIE [TAPAMETPbI, XAPAKTEPU3UPYIOLIIME
OJHOPJITYOPOPOPHDBIE TEKKH

Baxubsimu xapaktepuctukamu e KKW sBasiiorcs: nuHaMuyeckuid n1uamna3oH, COOT-
HOIIIEHWE CUTHAJI—IIIyM, OTHOIIIEHUE CUTHaJIa K 6a30BOMY YPOBHIO, KOHCTAHTA IMCCOLIM-
aluu u koadduument Xuuna.

Junamuyeckuii nuana3oH (D) siByisieTcs OMTHUM U3 Haubosiee BaXKHBIX XapaKTepUCTUK
T'eKKMH, xoTopsiii mj1st omHOMIyopoOPHEIX MHINKATOPOB OIIpeAessieTcs mo (popmyiie:

D = Fmax
Fmin

roe D — nuHamuuyeckuil nuanasoH, a F,,, u F,;, — COOTBETCTBEHHO MaKCUMaJIbHasl U
MUWHUMAJIbHasg UHTCHCHUBHOCTU d)J'lyOpCCLlCHLll/ll/l, IMMOJIYYEHHbBIC B YCJIOBUAX Caz+—HaCbl-
wenust uin Ca®*-nenenun.

JvHamMu4yecKUil Auana3oH TakXe MOXET ObITh BbIPAXEH B MPOLIEHTaX U MOXET ObITh
OTpEeeIIeH CIeNyIOUIUM 00pa3oMm:

D= (h—ljxloo%.

min

Kak BUIHO 13 ypaBHEHUSI, ABYKPATHOE YBEIMYCHUE MHTEHCUBHOCTH (DJIyOpeCLeHITUN
cootBeTcTBYET 100%-HOMY YBEIMYESHUIO TMHAMWYECKOTO IUana3oHa.

OrHollleHUe curHajia K 6a30BoMy YpoBHIO (SBR) uiu Mepa cUrHajia, coodIaeMoro
WHIWKATOPOM BO BpeMsl M3MEHEHUsI BHYTPUKIJIETOYHOM KOHIEHTPAUM KalbIUS ISt
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MHTEHCUOMETPUYECKOTO MHIMKATOpa, OIpEAeisieTcsl OTHOILIeHUEM (JIyOpeClIEHTHOTO
oTBeTa K 0a30Boii piryopecteHumu [19]:
spr=AF - (F-F)
Fy Fy
rne AF — n3MeHeHre MHTEHCUBHOCTH (hIyOpeCIlIeHIIMY, 3apeTMCTPUPOBaAaHHOE TIPU W3-
meneHun Ca?*, Fy — cpenHsist 6a3oBast GiryopecLeHLIMS B YCJIOBUSIX TOKOSI.

Kax mpaBmiIo, crioco6HOCTh MHIMKATOpa perucTpupoBaTth Ca’ -TpaH3ueHT Ha BoHe
dIryopeclieHIIMK OIIPeAcIsIeTCs Ha OCHOBE COOTHOIIeHUsT curHai—Inym (SNR), xapak-
TEpHOTO TSI WHAMKATOpa, KOTOPOE BBIYMCISIETCS KaK OTHOIIEHWE MEXIY CUTHAJIOM
dbnyopecueHunu (AF) u IpoOGHBIM IITyMOM 6a30Boii ¢ryopectieHuu [19]:

SNR = AF

SDg,’

e SDg, — CTaHAAPTHOE OTKJIOHEHKE 6a30BO# (iyopecieHIY (110 U3MEHEHWsI KOHLIEH-
Tpaluy KaJblUs B KJIETKE).

E11ie ogHO BaxkHOM XapaKTEepUCTUKOM MHTEHCUOMETPUYECKUX UHINKATOPOB SIBJISIET-
cs ¢pakLMoOHHOE HachileHue (8) [86], KOTOpoe MOXET ObIThH OMpPeAesIeHO CAeIyIOIINM
obpa3zom:

0= (F_ Fmin)
(Fmax_ Fmin),

rae F'— MHTeHCUBHOCTD duiyopecueHunw, F . v F ;. — COOTBETCTBEHHO MaKCUMaJbHas
¥ MUHUMAaJIbHAs MHTEHCUBHOCTH (pIyOpEeCLEHIINH, TTOTydeHHBIe B yeiaoBusax Ca’t-Ha-
coimeHus win Ca?t-nemnenuy. ®pakiMOHHOE HACHIIIEHHE 3aBUCHUT KaK OT KOHLIEHTPA-
uun Ca?" B mccienyeMoii cpene, Tak i OT CBOMCTB cBsizbiBaHmst Ca2t nHoukaropom. Ec-
71 (PpaKLUMOHHOE HACHILIEHIE BHICOKOE, TO JajbHelee yBemmaeHre Ca’> mpusenet K
He3HauYuTeIbHOMY U3MeHeHn1o SNR.

Peakuuu, criocodcTBy101IMe U3MeHeHUI0 onTuueckux cBoiicTB [e KKW npu cBsi3biBa-

HUN C8.2+ B YCJIOBUAX paBHOBECUsA, MOTYT OBITb OMUCAHBI C MMOMOIIBIO KOHCTAHThI JUC-
counanuu (Ky):

Kd = k()i
kon
rae ko M ko, — CKOPOCTU aCCOLMALIMU U AUCCOLIMALIMM MEXY JIMTaHIOM U PELENTOPOM,
9TU MapaMeTpbl ONMPENessiIoT, HACKOJIbKO OBICTPO U 3(h(EeKTUBHO MHAMKATOP CBSI3bIBA-
€TCSI U BICBOOOXKIAET MOHBI KaJbIIMsI B OTBET HAa UBMEHEHUSI KOHLIEHTPALIMU KaJabIIUsI.
3HaueHue K, nospossieT kauecTBeHHO cpaBHuBaTh [eKKHM Mexny coboit u naet npen-
CTaBJIeHHME O INPUOIM3HUTENBHOM IMAala3oHe KoHIeHTpaumii Ca’', B KOTOpOM MOTYT
dyukunonupoaTte [e KKHW. Yem Huxe 3HaueHue K, TEM MEHbLIE KOHLIEHTPALIMS KaJlb-
118, HeoOxonaumasl Uil HAChIIIEHUsI MHAMKATOpa, U, CIedoBaTelbHO, TeM 0oJjiee 4yB-
CTBUTEJIbHBIM SIBJISIETCS UHAUKATOP K U3MEHEHUSIM KOHLIEHTPALIMU KaJlblIUs B KJIETKeE.
CBs13b MeXy (PpaKIIMOHHBIM HACHIILIEHUEM UHAUKATOPA, KOHLIEHTpalluei Kaablius U

[Ca2+]n

)
(lca? ) +x,)

rme n — Ko3dduumeHT Xuijia, a OCTAIbHbBIE IEPEeMEeHHbIE UMEIOT TO XK€ 3HAUYeHHUE, YTO
ornucaHo Bbille. KoHcraHTa Xumjuia rmoka3bIBaeT KPUBU3HY 3aBUCHUMOCTHU MECXKIY KOH-
LIEHTpalMe Kaiabliisl U curHaiaoMm (diyopecueHiueir nHaukaropa). KoadduimeHr
Xuiij1a MOXeT MpUHUMATh 3HaYeHUs 6osblie, MeHblle uiv paBHblie 1. Eciu koaddunm-

s

Ky nHnukaTopa BbIpaxaeTcsl ¢ HOMOILbI0 ypaBHeHUs Xwina [87]: 6 =
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eHT XuJIJ1a paBeH 1, TO 3aBUCMMOCTbh MEX/y KOHILICHTpalLIMe KaJIbLIUsI U CUTHAJIOM JIM-
HertHa. Ecim koadduiment Xunia 6onbliie 1, To 3aBUCMMOCTL UMeEeT OojIee KPyTOii Ha-
KJIOH U SIBJISIETCSI CUTHAJIOM C YCUJIEHUEM, YTO MOXET ObITh TOJIE3HO IS U3MEPEHUS
KanbLUs B 0oJice BHICOKMX KOHIeHTpauusx. Ecim koadduiment Xunura MeHbine 1, To
3aBHCUMOCTb UMeeT OoJiee MJIaBHbI HAKJIOH U SIBJISIETCS CUTHAJIOM C OCJIa0JIeHUEeM, YTO
MOXET OBbITh MOJIE3HO JJIs1 U3BMEPEHUS KaJibLIUs B 00siee HU3KUX KOHLEHTpaLMSIX.

st onpenenenus koadduiimenTa Xuia 1 KOHCTAHTBI TUCCOLIMAIIAM MTPOBOJISIT Ka-
mbpoBKy [eKKW. KamubpoBka mpencTaBiisieT CO0OM IIPOLIECC OIPEASICHMS CBS3U
Mexny (JIyOpeClieHTHBIM CUTHAJIOM, KOTOPBIN TeHEepUpYyeT KaJlbLIMEBbIIT MHAMKATOD, U
KOHIIeHTpaluei noHoB Kajblus. B mpouecce kannopoBku e KKMW npoBoasitcs akcre-
PUMEHTBI, B KOTOPBIX U3MEPSIOT (hIyOpPECLeHTHBIN CUTHA MHAMKATOpA MPU Pa3IndHbIX
M3BECTHBIX KOHIEHTpaIMSIX Kajablivs. Ha ocHOBe TOJlydeHHBIX TaHHBIX CTPOUTCS Ka-
JIMOPOBOYHAsSI KpUBasi, KOTOpasi TO3BOJISIET 00paTHO TMpeodpa3oBaTh (hyopecleHTHBIN
curHast [eKKW B cooTBeTCTBYIOIIYI0O KOHIIEHTPAIIUIO MOHOB KaJIbIIUsI, HEOOXOAUMYIO
TSI TaJIbHEMIIeTo u3MepeHusl KaTbIIMEBON aKTUBHOCTU B OMOJIOTUYECKUX CUCTEMAaX.

st KarnOpoBKY UCTIONB3YIOT ouniieHHbIN 6e1ok [eKKHW [12]. TutpoBaHue Kajb-
1IMST TIPOBOJISIT MO HECKOJILKUM TOYKaM, U3MEHSISI KOHIIeHTpaluio Kaibius ot 100 HM
mo 10 MM. s aToro pasbasisgioT ounineHHbI 6e1ok e KK B cootHomenun 1 : 50 B
oydepHom pacTtBope, coaepxkamiem 30 MM MOPS (pH 7.2) u 100 MM KCI. B 3aBucumo-
CTU OT TpeOyeMoli KOHIIEHTpallMM CBOOOMHOIO KaJlblivs, B Oydep mobOaBisiOT 100
10 MM EGTA (6e3 cBobonHoro kKanbuus), 1uo6o 10 MM CaEGTA (~39 MkM cBoGogHOTO
KaJIbLIMSI), CMEIIUBAIOT B pa3JIMYHbBIX Npornopuusix. Jdanee, UCIoONb3yst crieKTpodoTo-
MeTp ¢ MUKPOIUIAHIIESTHBIM puuepoM, HanpuMep, Safire 2 (Tecan), peructpupyior iry-
OpEeCHeHIIIO MHAMKATOpAa IIpHU OIpele/IeHHBIX IMHAX BojH. Hampumep, mrs GCaMP
BO30YXKIeHME OCYIIECTBIISICTCS Ha IIMHE BOJHBI 485 HM, a SMUCCHS U3MEPSIETCS Ha IUIMHE
BoJIHBI 510 HM. 3aTeM MOJydYeHHbIe JaHHBIC MCIIOJbL3YIOTCS IJIsl MOCTPOSHUST KalnuOpo-
BOYHBIX KPUBBIX CBA3bIBAHUSI UHAUKATOPA C KaJbLiMeM. [{J1g annpoKcuMalum 3TUX Kpu-
BBIX HCITOJIB3YIOT CUTMOMAAIbHBIE (DYHKIIMU, TIOCJIe Yero OnpenessiorT Ko3dDdUIeHT
Xwmnan K.

Hapsny ¢ kanubposkoii [eKKW onpenensitor 3HaueHUs psiia MapaMeTpoB, TAKUX KaK
KOHCTaHTa AUCCOLMALUU MO KUCIOTHOCTU (pK,), KOOD@MULUUEHT SKCTUHKLUUU (£) U
KBaHTOBBII BbIxon (D).

OrnpenesieHre KOHCTAHTBI IUCCOLMALUU M0 KUCTOTHOCTU (pK,) OCyIleCTBIIsIETCS My~
TeM TuTpoBaHus 1o pH. pK, npencrasisiet codoii 3HaueHre pH, npu KOTOpoM MoOJI0BU-
Ha mosiekyn [eKKW Haxomutcst B MpOTOHUPOBaHHOM (hopMe (HECBSI3aHHOM C KaJbleM) U
NOJIOBMHA B JENPOTOHUPOBAHHOM (popme (cBsizaHHO ¢ KanbuueMm). [Tpu pH Huxe pK,
oompinas yactb [e KKHM Oynet HaxoguThest B IpOTOHUPOBAaHHOM popMme, a ipu pH Breiire
pK, — B nenpoToHUpoBaHHOM popme. [l onpenesieHrs] KOHCTAaHThI AMCCOLIMALUKM OYr-
weHHbl 6enok [e KK pazoasnsitor B pH-6ydepax, conepxauux 6o 5 MM CaCl, nis
WHIMKATOpPa B CBA3aHHOM C KayibLiieM cocTosiHuM, 1u6o 5 MM EGTA mnst TeKKU B He-
CBSI3aHHOM C KaJIbIIUEM COCTOSIHUU COOTBETCTBEHHO. Bydepnl ToTOBST TaKuM 00pa3om,
9TOOHBI TIOJIyYUTh ABEHAALIATh pa3IMYHBIX 3HaYeHUit pH B quama3zone ot 4.5 mo 10.5 [12].
3HaueHus pK, onpenensitor o TouKe nepernda Kpusoit GJayopecLieHLIMU B 3aBUCUMOCTHU
ot pH. Onpeznenenne pK, g I'e KKU nossossier nonodpats ontuMansHoe pH, pu ko-
TOPOM OyJIeT JOCTUTHYTA Hauaydlasi (pJiyopecLieHTHas akTUBHOCTb U CTAOUJIbHOCTb UH-
nuvKaropa.

Kosddunument sxkctunkimm (€) e KKW onpenensiercsi kak OTHOILIEHUE TTOMIOIIEH-
HOIf MHTEHCUBHOCTH CBeTa K KOHLIEHTPalluM UHAUKATOPA B paCTBOPE U MO3BOJISIET Olie-
HUTb, HACKOJIBKO 3PP eKTUBHO (Dryopodop MomIolIaeT CBET ONpeaeAeHHOM JIUHBI BOJ-
Hbl. Koaddunument skcrunkunu e KKW BaxkeH 15l BBIMUCICHUS KOHLIEHTPAIIMU Kalb-
1S B KJIETKE Ha OCHOBE M3MEHEHWI WHTEHCUBHOCTHU (DJIyOPECLICHIIMM, BBbI3BAHHBIX
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Puc. 2. XpoHosiorysi pa3BUTHSI OCHOBHBIX TIpencTaButelieil cemeiictBa GCaMP 1o gataM cOOTBETCTBYIOIINX

MyOIVKaLUiA.

B3aMMOJIEHICTBMEM HHAWKATOpa C KajblimeM. Yem Oojblile 3HaueHUe KoadduiimeHTa
9KCTUHKIIMU, TeM OoJibllle CBeTa morjouiaercs: Guyopodopom, U TeM CUJIbHEE MOXET
OBITh €ro (yopecueHTHbI cUrHaia. 3HaueHWe Kod(dduilmeHTa 3KCTUHKIMU MOXHO
OTpPENEUTh 3KCIIEpUMEHTAILHO, UCTIONB3YsI N3BeCTHYIO KoHIeHTpanuio [e KKHW u 3Ha-
YyeHUe MOMIOIMIEHHON MHTEHCUBHOCTU CBETa, M3MEPEHHOE C MOMOIIIBIO CIIEKTPODOTO-
Metpa. I onpeneneHust KoadduiimeHTa SKCTUHKIIMY MHIWKATOPA B CBI3aHHOM M He-
CBSI3aHHOM C KaJIbLIMEM COCTOSIHUSX, ouMilieHHbI 6enok ['eKKW pacTBopsiior B 50 MM
MOPS, 100 MM KCI (pH 7.2), conepxarem 6o 5 MM CaCl,, 1u6o 10 MM EGTA co-
OTBETCTBEHHO. 3aTeM M3MepsieTCsl TOMIoIeHHass MHTEHCUBHOCTb CBETa TPU COOTBET-
CTBYIOILIEH JUTMHE BOJHBI, Hanpumep, it GCaMP — npu 497 wiau 505 um [12]. KoHueH-
Tpauuio [eKKHW B pacTBope onpeneasitor nyteMm aeHatypauuu o6enka B 0.1 M NaOH c¢
ucrnosnb3oBaHneM KoddduimenTa sketuHku 44 000 M~ ! cm™! ipu 447 Hm s neHa-
TypupoBaHHOro xpomodopa GFP [12].

KBaHTOBBII1 BeIXOM (D) orpenelisieTcsl Kak OTHOIIEHWE KOJTMYECTBA UCITycKaeMbIX (ho-
TOHOB (hJTlyOPECLIEHTHOTO CUTHAaja) K KOJIMYECTBY MOIJIOIIEHHBIX (DOTOHOB (BO30YX1a-
IOIIIETO CBETa) U ITOKa3kiBaeT, HacCKOAbKO 3¢ dektuBHO [e KKW mpeobpasyeT sHepruio
TMOTIOIIEHHOTO CBeTa B (DIIyOpecleHTHBIN curHai. KBaHTOBBIN BBIXOH WU3MeEpsIeTCST B
OpoleHTaX WK B noJisix eqruHULbl (oT 0 mo 1). HampuMmep, eciim KBaHTOBBII BBIXOH CO-
craBisteT 0.6, aTo o3Havaet, uro [eKKHW wmcnyckaer npumepHo 60% ¢GHOTOHOB B BUIE
(TyopeclIeHTHOTO CUTHaJIa, a OCTAaTOK SHEPTUU TepsieTCs B BUAEC HarpeBa WM JPYTUX
npolieccoB. YeMm BhIllle 3HaY€HNE KBAHTOBOTO BbIXO/a, TeM 0osee 3¢hheKTUBHO (h1yopo-
dop mmpeodpa3yeT MOMIOIICHHBIE (DOTOHEI B UCITyCKaeMyIo (iryopecieHmo. /st ompe-
NeJIeHUsT KBAHTOBOTO BbIXOona, ouynIiIeHHbIN 6enok e KKWM, HachIeHHBIN KaJbIEM,
pacteopsitoT B 50 MM MOPS, 100 MM KCl u 5 MM CaCl,. 3ateM, ¢ MOMOLIBIO CIIEKTPO-
doToMeTpa aHAIM3UPYETCS KOJUUECTBO MCITyCKaeMBbIX U TTOIIONIEHHBIX (DOTOHOB. JIJIst
GCaMP mmku BO30yXIEHHUS/SMHUCCUM 03 KalblUsI M C KaJdbIUEM COCTaBIISTIOT
505 um/517 um 1 497 HmM/515 HM cooTBETCTBEHHO [ 12].

PA3BBUTHUE GCaMP

OpuruHanpHas Bepcust ceHcopa GCaMP [77] Obuta nTepaTMBHO yCOBEPIIEHCTBOBAaHA
HECKOJIBKMMM TPpYIIaMU UCCIeAoBaTeNeil IyTeM MHOTOUMCIICHHbBIX paAYHIIOB MyTareHe3a
U cenekiuu (puc. 2, Taba. 1) [13]. B pesynbrare nosiBUUIMCH Cenyolue BEpCUU CeHCopa:
GCaMP1.6 [88], GCamp?2 [89], GCamp3 [41], BeicokouyBcTBUTENbHBIE GCaMP, Takue
kak GCaMP-HS [83], Fast-GCaMPs [90], GCaMP4.1 [91], GCamp5 [92], GCamp6
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Ta6auuma 1. XapakTepucTUKU OCHOBHBIX MpencraBurelieit cemeiictea GCaMP

Bapuant GCaMP Kanbunﬁ;{((:)}ﬁlg:ma}omnﬁ K,; (u1M) Koa());(i);;aneHT HNcrouHuk
GCaMP 235 33 [77]
G-CaMP2 146 3.8 [89]
GCaMP3 330 3.2 [100]
GCaMP5A 307 2.7 [92]
GCaMP5G 460 2.5

GCaMP5K 189 3.8

GCaMP6s CaM-M13 144 29 [12]
GCaMP6m 167 2.96

GCaMPo6f 375 2.27

jGCaMP7f 174 2.3 [93]
jGCaMP7s 68 2.49

jGCaMP7c 298 2.44

jGCaMP7b 82 3.06

jGCaMP8f 334 2.08 [94]
jGCaMP8m CaM-eNOS 108 1.92

jGCaMPS8s 46 2.2

(GCaMP6s, GCaMP6tm u GCaMP6f) [12], jGCamp7 (1.e. jGCaMP7s, jGCaMP7f,
jGCaMP7b u jGCaMP7c) [93], jGCaMPS8 (jGCaMPS8f, jGCaMP8m u jGCaMP8s) [94].
CambiMu BocTpedboBaHHBIMU BepcusiMu GCaMP 3a uckimodeHneM mociaemHux Mogudm-
Kanuit uaaukatopa 6eutn GCaMP3, GCaMPS5, GCaMP6 [95].

CremyeT OTMETUTh, UYTO HEKOTOPbIE HAYYHBIE TPYITITHI NCITOIB3YIOT OTAEIBLHYIO CUCTE-
My HyMmepanuu s BappantoB GCaMP [95], kotopeie Bkmodator GCaMP6 [96], G-
CaMP7 [96], GCaMP7a [97], G-CaMP7.09 [98] u GCaMP8 [96], GCaMP9a [99],
GCamp-X [65]. Ogxako ot GCaMP gBISIIOTCS TTOCTENEHHBIM YCOBEPIIEHCTBOBAHMUEM
He cepun GCaMP6, a 6Gosee panHux Bepcwit [12].

GCaMPs nponeMoHCTpHUpOBaIu CBOe MpUMeHeHue njisi ooHapyxeHus I1/1 1 onpene-
JIEHHBIX CyOKJI€TOUHBIX COOBITUI in vivo. OHO U3 UX IIePBbIX IIPUMEHEHUI in vivo — BU-
3yain3alus OJOPaHTHEIX OTBETOB Y MyX, rime ucnonb3doBaiics GCaMP1 [39]. C Tex mop
GCaMPs ucronb30BagucCh sl BU3yaIu3allii aKTUBHOCTU B MO3Te YepBeil U pbl0, YTO
MO3BOJIWJIO BBISIBUTH CITelI(UIeCKUe HEHPOHBI, YIaCTBYIOIINE B MIPUHSITUN pPEIIeHUM
wiu ooydenun [101—104]. Perucrpatus I1/1 B omHOM 1 TO# ke MOMYJISILIAN HEAPOHOB C
TeyeHHeM BpeMeHH ¢ nomolnbio GCaMP mo3Bonuiia BeISIBUTHh HMPOILECC, IPU KOTOPOM
onpe/eeHHbIe HEHPOHBI B MO3Te HAUMHAIOT paboTaTh BMECTE JIJIs1 BHITIOJTHEHUSI OTpeie-
JIeHHOM (pyHKUMHU (peKpyTUpOBaHUE) BO BpeMst o0ydyeHus y Mbliiu [105—107]. GCaMP
TakKe WCITOJIb30BaIUCh IS JIOKAJIU3ALIMM aKTUBHOCTU B OTIPEe/IeHHBIX TTOCTCUHATITU-
YeCKUX U IIpeCMHAaNTUIeCKIX KoMmapTMeHTax [108].

C momenTa nogBieHnst GCaMP2 I'e KKH Ha ero ocHOBe cTaii peryIsipHO UCIHOIb30-
BaTbhCS IS BUSYaJIM3allnu in vivo, mockosibky GCaMP2, B oTinume oT peabIay X Bep-
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cuii GCaMP, o6nagan NMOHMXXEHHON YyBCTBUTEIBHOCTbIO K PH M OBLI MOJIHOCTHIO
dynkimonaneH nipu 37°C [109]. Bnaronapst atum ocobeHHocTssM GCaMP2 ucnonb3o-
BaJics ISl OTCJIEXKMBAHUS TIPECUHANTUYECKUX KaJIbLIMEBBIX TPAH3UEHTOB, OTIEIbHBIX
CITaliKOB 1 OOJIbIIMX nonyJisiuii HeipoHoB [12, 110]. B pesynbpratre GCaMP2 nociyxun
1a0JI0HOM JIJIs CO3MaHMsI BBICOKOUYBCTBUTENbHBIX GCaMP ¢ ynmydliieHHBIM BpeMeHHBIM
U TIPOCTPAHCTBEHHBIM pa3pelieHueM IS in vivo ucciaenoBanuii [73, 83].

3HaYUTeNbHBIN TIporpecc 66T OocTUTHYT B Bepcuu GCaMP3, koTopast o6ianana mo-
BBILICHHO} SIPKOCTBIO, IMHAMIYECKIM IHAIa30HOM M cporncTBoM K Ca’’, 4To mo3Boimio
peructpupoBath nosbinieHe Ca?t, BbI3BAHHOE OTICIBHBIMK MMOTEHIIMAIAMH ACCTBHS
in vitro [41]. GCaMP3 6511 nepBboiM BapuanTtoM [eKKW, nis koToporo 6putu co3naHbl
TpaHCTeHHBIE MBIIIU, 0GecrneYnBalonie HEMHBa3UBHYIO, XpPOHUIECKYIO 9KCITPECCHIO C
ncnoab3oBanneM Cre-pekoMmObmHasbl [111, 112]. Hammune Takmx MbIlieil 3HaYMTEIIHHO
paciupuiio Bo3MoxXHOCTH ucroyb3oBaHuss GCaMP3. Kpome toro, GCaMP3 6611 nc-
MOJIb30BaH 11 0OHAPYXXEHUSI aKTUBHOCTHU B OOJIBIIIMX MOMYJISILUSIX HEMPOHOB B MOTOP-
HoM Kope [41], 6oukooOpa3Hoii kope [113] u runmokamite [80] mbleii. JonrocpouyHast
BU3yanmsalus ¢ ucrnoiab3oBanueM GCaMP3 BbisiBUIa UI3BMEHEHUSI B HEMPOHHOI CETH,
CBsI3aHHBIE C o0ydeHueM, in vivo [114]. GCaMP3 takske ncnoIb30BaICs IS KCCIIeIOBa-
HUS aKTUBHOCTH ITOMYJISIIINY HEMPOHOB B cJioe 5 (L5) comaToceHCOpHOIT KOPHI B3pOCIOi
MbIu [115], U3ydyeHUsT ceTYaTKU MBI HA KJIETOYHOM U CYOKJIETOYHOM YpPOBHSIX [116],
3PUTEJTBHOTO TpakTa 3ebpaduin [117] v 3pUTebHO-MOTOPHOTO MyTH apo3odusl [118] u op.
Tem He MeHee, Ha TOT MOMeHT BpeMeH, GCaMP3 ocraBasics HecoBepieHHbIM [e KK, T.K.
He MO3BOJISUT CTaOWJIBHO peTucTprupoBaTh onuHoOUYHbIe 111 in vivo n oTcTaBaj mo ckopo-
CTH OOHAPYKEHUS aKTUBHBIX KJIETOK OT TTOKa3aTeJlel CUHTETUIECKUX KaJbIIMEBBIX CeH-
copos [41].

Ha ocHoBe GCaMP3 6b111 coznan Habop BapuantoB GCaMP5 mytem 1iejieBoro myra-
reHesa JIMHKEePHBIX TocienoBaTeIbHoCcTel, coenuHsomux M13/CaM ¢ cpGFP [81, 92,
119]. Aeenanuats GCaMP5 (5A, 5D, 5G, 5K, 5L u np.) Oblu cucteMaTu4ecku oxapak-
TepU30BaHbI B KYJIbTUBHUPYEMBIX HelipoHaX, acTpouuTax, a Takxke B Caenorhabditis ele-
gans, npo3oduiie, 3e6pacduill 1 MbIIIU B pa3inyHbIX yciaoBusix. Bce Bapuantet GCaMP5
MPOJEMOHCTPUPOBAIM  YAYUYIIEHHBIA NMHAMUYECKUI Juama3oH IO CPaBHEHUIO C
GCaMP3, cpenu KOTophIX OTAENbLHO oTMedaiauch BapuanTtel GCaMP5SA, GCaMP5G u
GCaMP5K [95]. B pesynbrare yiaydinenus: xapakrtepuctuk, GCaMP5 ucnonbs3oBajcs
IUTST TOKAJTM3AllM OMMHOYHBIX COOBITUI BEICBOOOXIEHUS HEMPOMETNAaTOPOB B HEPBHO-
MBIIIIEYHOM COSTMHEHUN MYXH, MTOKa3aB, YTO CIIOHTAHHBIE U BBI3BAaHHBIE COOBITHS TTPO-
MCXOIIST Ha pa3HbIX OyToHax [120].

BriocienctBun Ha ocHoBe GCaMPS5 6ot cozman GCaMP6 nyreM momudukanmia
amMuHokucioT mexay cpGFP-CaM u M13-CaM [12]. Ha nuccoumupoBaHHOM KYJIbBType
HelipoHOB ObUIM TIpoBepeHbI 447 BapuanToB GCaMP, B pesynbrare 4ero ObLIN ITOTyYEHBI
TPU CBEPX4YBCTBUTENbHBIX BapuaHTa GCaMP6 ¢ pasznmuuHoit kuHetukoi: GCaMP6s,
GCaMP6m u GCaMP6f, xapakTepusyroniecss MeUICHHOM, CpeIHeil U ObICTPOU KMHE-
TUKOM cOoOTBeTCTBEHHO. 1o cpaBHeHMIO ¢ GCaMP5, 511 ceHcopsl uMenu 1.1—1.6-kpar-
HOe yBeJMUYEeHHME TMHAMUYECKOTO Ararna3oHa U B TpU pasa 6osiee BhICOKYI0 adh(MHHOCTD
cesizbiBaHmst Ca?t. Kpome toro, GCaMP6f Ha TO BpeMsl JeMOHCTPHPOBAT CAMYIO OBICTPYIO
KMHETUKY cpenu Bcero cemeiictrBa GCaMP Gnaronapss myrauuu B nomeHe M13-CaM.
[TokosieHe TeHETUYECKU KOTUpoBaHHBIX ceHcopoB GCaMP6 (GCaMP6s, GCaMP6m
n GCaMP6f) crano cambIM BOCTpeOOBAHHBIM U IIPOU3BEJIO MPOPHIB B 00JIACTU MPUKUA3-
HEHHOI KayblineBoit Busyanusaunu [95]. Tak, HanmpuMep, GCaMP6 ncrions3oBaics mis
perucTpaivy KajbIIMEBBIX TPAH3MEHTOB OT JEHIPUTHBIX OTPOCTKOB BO30YXKAAIOIIMX
TOPMO3HBIX MHTEPHEMPOHOB, PACIIOJOXEHHBIX B TMEPBUYHON 3puTeSbHON Kope [12].
B akcniepuMenTax ¢ ucronb3oBaHueM GCaMP6s OBIIO TTOKa3aHO, YTO pa3HbIe OTPOCTKH
Ha OTHOM U TOM ke HeiipOHe 3pUTEeIbHOI KOPbl OTBEYAIOT Ha 3pUTEJIbHBIE CTUMYJIBI Pa3-
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Hoit opueHtauuu [12]. C momombio GCaMP6s 6bl10 OOHAPYXKEHO, YTO JIOKATbHBIE
NEeHIPUTHBIE IITUMUKU KOPPEIUPYIOT C CUHATITUMECKUM MOTEHLIMPOBAaHUEM B HEMipOHax
KOpHI ToJIOBHOro Mo3ra [121] u nmpuobGpeTeHrMeM crneuuGUIHOCTM MecTa B HelpoHax
runmnokammna [122]. Kpome Toro, GCaMP6s ucronb3oBaiu ajist 00HapyKeHUsI OpUEHTa-
LIMOHHOM M30MPaTebHOCTU OTIAEIbHBIX aKCOHAJTBbHBIX OYyTOHOB B MPOEKILIUSX 3PUTETb-
Hoii kopslI [123]. B cBoto ouepennb, GCaMP6f ucrosib3oBaics st U3y4eHUs] HePOHHBIX
ceTeil y 60IpCTBYIOIINX CBOOOIHO MEPEABUTAIOIIMXCS MBIIICH ¢ BBICOKUM BPEMEHHBIM
paspenieHueM MmyTeM OIHO(POTOHHON MIMPOKOIIOIbHON BU3yaIM3alliu ¢ TOMOIIIBIO MU-
HUATIOPHBIX MUKpOCKOMOB [124]. B menoMm, MoXHO cka3aTh, yTo BapuaHTel GCaMP6
aKTUBHO MCITOJIb30BAIMCH [IJISI BU3yaIM3allMM aKTUBHOCTUM HEHPOHOB y OOAPCTBYIOIIMNX
KUBOTHBIX [125—130].

HanbHeitmasg onrumusanus GCaMP6 nipusesa kK co3ganuio cepuit jGCaMP7 (Janelia
GCaMP7) [93] u jGCaMP8 (Janelia GCaMP8) [94]. jGCaMP7 6b11 co3naH myTeM Mo-
mudukauuii amuHokuciaoT mexny cpGFP-CaM, M13-CaM u M13-cpGFP. Ha aucco-
LIMUPOBAHHOM KyIbType HeMpOHOB ObLTHM MpoBepeHbl 662 BapuanTta GCaMP [93]. B pe-
3yabTare ObUTM 0TOOpaHkbI cienytoiue Bapuantel GCaMP7 ¢ pa3nnyHbIMU CBOMCTBaAMU:
jGCaMP7s (uyBctBuTenbHbiit), jGCaMP7b (sapkuit), jGCaMP7c (KoHTpacTHBI),
jGCaMP7f (6bicTphiit). jGCaMP7s nmokasan 6ojiee HU3KYIO KOHCTaHTY JAMCCOLMALINU
(Gostee BhICOKOE CPOICTBO) st cBsi3biBanust Ca2™ rmo cpaBHenuio ¢ GCaMP6s (68 mpo-
tuB 147 HM). jGCaMP7f, jGCaMP7b u jCaMP7s nponeMoHCTpUpoBaJin 6ojiee BbICO-
Kylo 6a30ByI0 (hyopecleHLNIO, a TaKXKe 00bllyto aMuTyny AF/Fy mo cpaBHEHUIO C
GCaMP6f. Kunernka jGCaMP7f okazanachk ObICTpee, 4yeM y apyrux ceHcopos jGCaMP7, u
6buta cpaBarMa ¢ GCaMP6f. jGCaMP7s, B otiinuue ot apyrux Bepcuii jGCaMP7, umen
6osiee MemeHHOe BpeMs 3aTyxaHust. jGCaMP7b nemoHcTpupoBan 50%-Hoe yBeandeHe
6a30Boro ypoBHs ¢iyopecueHLmnu 1mo cpapHeHuio ¢ GCaMP6s. B cpaBHeHuu ¢ ceMeii-
crBoM GCaMP6, unaukaropsl jGCaMP7 obecrnieunBaiin yaydilieHHOe OOHapyKeHUE OTIeIb-
HbIX criaiikoB (jJGCaMP7s,f), Busyammzanuro B Helipurtax u Helipormte (jGCaMP7b) u mo3Bo-
JISLIW OTCJIeXUBATh OOJbILIME MOMYISLIMU HEMPOHOB C MOMOIIBIO ABYX(POTOHHOM
(jGCaMP7s,f) unu mmpokononbHoi (jGCaMP7¢) Busyanuzamnum [93].

jGCaMP8 6bu1 pazpaboTtaH mmyTeM 3aMeHbI nienTtuaa M 13 Ha menTyn 3HA0TeIMaTbHOM
cuHTa3bl okcuaa azora (eNOS) [94]. Takass KOHCTpyKUMSI MpuaaBaja ceHcopy Oosee
OBICTPYIO KUHETUKY, YTO YJAydlllajio OTCIeXXUBaHUe MOoTeHUManoB neiicreus. Ha nucco-
LUMPOBAHHOM KyJIbType HeiipoHOB ObLIY ITpoBepeHkbl 32 BapuanTta GCaMP. B pesynbra-
Te ObLJIO OTOOpaHoO TpuU IepcneKTuBHLIX BapuaHTa: jGCaMP8s (ObicTpoe HapacTaHue,
MeIlJIeHHOE 3aTyXaHUe, BbICOKasl YyBCTBUTEIbHOCTD), jGCaMPS8f (6bicTpoe HapacTaHue
u 6bicTpoe 3aryxanue) u jGCaMP8m (6bicTpoe HapacTaHue U cpefaHee 3aTyxaHue). Bee
nHaukaTopel jGCaMP8 umenu 6oee ObicTpoe BpeMst Hapactanus (~10 Mc) u crmama
(~50—200 mc) dpayopecueHm, 4eM Bpems HapactaHus (~50—200 mc) u crmaga (~150—
500 mc) y GCaMP6 [12]. Bapuantsl jGCaMP8 mo3BoJIsiin perucTpUpOBaTh OTAEIbHBIE
criaiiku B HelipoHax ¢ yactotoi 10 50 Iix. AF/Fy u SNR mis Bcex mHnukaropoB jGCaMP8 6b1-
u 6onbire, yeM it jGCaMP7, npu atom jGCaMPS8f B Tpu 6picTpee jGCaMP7f. Ce-
meiictBo jGCaMP8 nneanbHO TTOOXOAUT UISI OTCJIEXUBAHUSI aKTUBHOCTH OBICTPOCHIAi -
KYIOIIMX UHTepHEepoHOB. M3-3a ObIcTpOro BpeMeHu 3aTyxaHusl payopecleHIIMY MHIM -
karopbl jGCaMP8 Gosiee mpearnoyTuTesibHbl Ui BU3yaJu3aluud ¢ 0oJjiee BBICOKOIt
YacTOTON NMCKpeTH3allMMi, YeM IIUPOKO HCIoJib3yeMble MHaukaropbl jGCaMP7s u
GCaMPé6s.

IBETOBBIE PASBHOBUJIHOCTU GCAMP

C noseinenueM GCaMP6, jGCaMP7 u jGCaMP8 ontumusauuss TeKKW Ttuna
GCaMP, 1o kpaitHeit Mepe IS 3eJIeHON (hIyOpeCLIEeHTHOM Pa3HOBUIHOCTH, Ka3ajaoCh,
JIOCTUTJIA CTaINU, KOTAa JajbHelllee yayqiieHrne TpyTHOIOCTUKIMO WIIM HEBO3MOXKHO.
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Tem He MeHee ObLTA CO3IaHbl BAPUAHThI MHTEHCHMOMETPUUECKUX KaTbLIMEBBIX CEHCOPOB
¢ ®b ormmunbsiMu ot GFP [68, 69, 131]. B pesynbrate nmytem 3amenbl cpEGFP Ha cp-
mApple 1 cpmRuby 6bU1H co3nanbl KpacHble diyopectieHTHbIe Ca’t-MHIMKATOPbI, Ta-
kue kak R-GECO [68] 1 RCaMP [119]. Bnocnencteuu B cemeiictBe GECO 6blu co3na-
HBI MHorouBeTHble BapuaHTE: B-GECO (cunwme), Y-GECO (xenteie) u NIR-GECO

(uHdpakpacHbie) [132—135]. 3eneHsle dayopecueHTHble Ca’t-HHIMKATOPHI, KaK mpa-
BWJIO, PaboOTAIOT JIydllle BCEro, HO HaJIM4YWE APYTUX IIBETOBBIX BapMAHTOB TO3BOJISIET
MOJT30BATENSIM OMHOBPEMEHHO TMONydaTh n3o6paxkeHnst Ca’'-aKTUBHOCTH pa3IMYHBIX
TUNOB KJIETOK B pa3HbBIX 1LiBeTax uiau BeiOupaTh [e KK, ciekTpaibHO COBMECTUMBIE C
JNPYTUMM UHAWKATOPaMU, UCTIONb3yeMbIMU B 3KcriepuMeHTe. CTOUT OTMETUTD, YTO hity-
OpECLEHTHbIE MHIUKATOPBI CO CMEIIIEHHBIMU B KPACHYIO 00J1aCTh CIIEKTPaMU BO30YXKIe-
HUS 00J1a1al0T CHUXKEHHOM (DOHOBOI aBTOdIyopecleHIIMei, MeHbIel (POTOTOKCUUHO-
CTBIO W JIYYIIIMM COOTHOIIEHWEM CUTHAJ—IIyM Ojaromapsi MEHbIIEMY MOIIOIICHUIO
KPACHBIX IJINH BOJIH B TKaHSIX Mo3ra [68].

Cencopsl cemerictea GECO [68] 0b11H co3manbl Ha ocHoBe GCaMP3 nyteM citydaii-
Horo mytareHe3a. GECO mo3BoJisiii MapKUpoBaTh HECKOJBKO KJIETOYHBIX TMOITYJISIIAN
pa3HbIMM IIBETAaMU W OCYIIECTBIISITh BU3yalIn3alluio B MIyOOKUX ciosix Mo3ra. OnmHako
9TM BapMaHTHI CTpajav CIaboil MHTEHCUBHOCTBIO W OTpaHMYCHHBIM KOHTPACTOM LISt
BU3YaIU3aLUU in Vivo.

Ananoruyno GCaMP, R-GECO 6bl1 BIOCIEICTBUM ONTUMU3UPOBAH U CKOHCTPYU-
poBan B R-CaMP1.07, R-CaMP2, XCaMP-R, jRGECO n K-GECOI [69, 131, 136]. Tak,
HanpuMep, R-CaMP2 6511 co3man myteM 3aMeHEI ¢pparmerta M 13 B R-CaMP1.07 (B TOo
BpeMsi 00iagaBIlIeT0 HAWBBICIIMMU XapakTepucTtukamu KpacHoro I'eKKW) Ha mentun
ckkap u3 kuHa3zel CaMK (CaMKK) u3 150 myTranuii, KoTopble ObLIM BHECEHBI B JOMEH
cpRFP-CaM. R-CaMP2 umen B Tpu pasa Golee BHICOKYIO YyBCTBUTENbHOCTh K Ca’’
(K;= 70 1M) n koadduumuent Xwuna 1.2. BTOT noaxon 6L TAKXKe UCHOIb30BaH MPU

paspaboTke KpacHoro duyopecueHTHoro Ca?t-mannkaropa K-GECO1, KOTOpBIit BKITIO-
yas ckkap B kauectBe CaM-CBsI3BIBAIOIIETO TIENITUIA U TEMOHCTPUPOBAJ YIYUIIIEHHYIO
YyBCTBUTEJBHOCTh, OBICTPYIO KWHETUKY U JIMHEIHBII OTBET Ha cnaiiku [ 136].

OTaeabHO CTOUT YITOMSIHYTh GoJjiee mo3aHuit Habop MHorouBeTHbIX [eKKUW, co3naH-
Hblil Ha ocHoBe GCaMP4.1 u nonyyuBiuumii HazBaHue X-CaMP (cunuii: XCaMP-B, 3e-
nenbnii: XCaMP-G, xenterit: XCaMP-Y, kpachusrii: XCaMP-R) [131]. B cepuu XCaMP
ObUI MUCITOB30BaH MOAXOMN, aHAJOTUUYHBINA co3mannio R-CaMP2. B otimmune ot Kitaccmu-
geckux npencrasuteieit GCaMP, 8 XCaMP nentun M 13 6b11 3amMeHeH Ha nentun ckkap
n3 CaMKK. IIpenbioyiie ouoxumudeckue aHaanu3bl mokasanu, 4to CaMKK oGranaer
BBICOKUM cponcTBoM K Ca?t n Huskum kosdduumentrom Xuma (~1), T.e. TMHeitHO pea-
rupyeT Ha Kaubluit [131]. XCaMPs nmo3BosisieT oOHapyXuBaTh ONMHOYHBIE CITAliK1 B Te-
yeHue 3—10 Mc 1tocJie Havasia crnaiika, YTo OCOOEHHO BaXKHO JIJIsI OLICHKM ObICTPOCITAliKYy-
OIIMX UHTepHepoHOB [131], B To BpeMsl KaK y MHOTHMX IpencTaBUTeNeil ceMeiicTBa
GCaMP koadhduuments Xumwa st cBsizbiBaHusi Ca™ Gojbliie eUMHULBI, YTO IeiaeT
MX MEHEe YYBCTBUTEILHBIMU K OMHOMY WJIM HECKOJBKUM craiikam [22]. Kpome Toro, 1mo-
BhIIIEHHAas1 60a3oBast ¢uryopecueHunss X-CaMP ob6ieryaeT ncIojib3oBaHUE KaJbIIMEBOM
BU3YyaJIM3aLMU JJI1 OLEHKU MOANOPOrOBbIX COOBITUI B IIIMMUKAX U CUHANTUYECKUX TeP-
muHausix [131]. HoBble 1iBeTOBBIE BapuaHThl (CMHMIA, XEAThIM M KpacHbBI) B cepuu
X-CaMP o6seryaroT MHOTOLIBETHYIO BU3yaJIM3alinio ¢ 1-(hOTOHHBIM MU 2-(hOTOHHBIM
BO30OYXIeHUEM (piyopeclieHIuH.

Ha cerogHsiiHuii neHb MHOTOLIBETHASI BU3yaln3allisl C MCTIOJIb30BAaHUEM Kaslblie-
BbIX CEHCOPOB CTAaHOBUTCSI Bce Oojiee akTyanbHa. Hampumep, ucnonb3oBaHue pasiny-
HBIX MHOTOIIBETHBIX CEHCOPOB MOXET CIOCOOCTBOBATbh PACKPBITUIO B3aUMOJEHCTBUS
MEXIy HelipOHaMM M acTpOLIMTaMM B Tpoliecce (GopMUPOBaHUSI HEIPOHHBIX CBsi3eit [95].
Tak, wucrionb3oBaHUE ABYXIBETHON OMHOBPEMEHHON NBYX(hOTOHHOIN BM3yalu3aluu
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HEMPOHOB M aCTPOLIMTOB B 3pUTEIbHOI KOpe OOAPCTBYIOLICH MBILIM UMEJIO pellalolee
3HA4YEHME MJIs1 OOHApYKEHUS 3pUTEIBHOIO OTBETA aCTPOLIMTOB, B YACTHOCTU TOro, Kak
3TOT OTBET CBSI3aH C aKTMBHOCTBIO COCETHMX HEMPOHOB [137].

Flle OMHMM TPEeUMYILECTBOM MHOTOIBEeTHOI Ca’'-BU3yanusaium sBisieTcsl OXHO-
BpeMeHHasi BU3yaau3aiius 1pe- U MOCTCUHANTUIECKUX, CyOKIIETOUHBIX KOMITAPTMEHTOB
HEHPOHOB U3 MEPEKPHIBAIOIIMXCS aKCOHOB U NEHAPUTOB WIM OTPOCTKOB aCTPOLIMTOB
[69, 131, 138]. IByxLBETHBIE OMHOBPEMEHHBIE HAOIIOAEHUS B CIoe 1 GOYKOBOI KOpPBI
MBI ¢ ucnoiab3oBaHeM XCaMP-R B meHmputax nupaMugaibHBIX HEHPOHOB U
XCaMP-Y B akcone SST-HelipoHOB MO3BOJIMIM OXapaKTepru30BaTh 00pabOTKy MHGOp-

Maumu uepe3 cuHarchl [131]. TTocrcunanTtuueckue Ca?t-coBbITUsI GbUIM MOLABICHBI
TOJIBKO B JE€HAPUTHBIX CETMEHTaxX C MEePeKPhIBAIOIIMMUCI aKCOHaMU. JIeHIpUTHbBIE CO-
OBITUSI TaKXe INOCTOBEPHO MONABJISUIMCH 32 CEKYHAY OO M MOCJe aKTUBAllMU aKCOHA.
B COBOKYMMHOCTHM 3TU pe3yabTaThl OMPENesIIoT MPOCTPAHCTBEHHbIE U BPEMEHHbIE Mac-
ITa0bl JTOKAJIbHOTO JEHAPUTHOTO TOPMOXKEHHUS B alTMKAJbHBIX OTPOCTKAX MUPpaMUIaAb-
HbIX HEUPOHOB.

Kpowme Bcero Bblllie CKa3aHHOTO, OTAEJIbHO CTOUT YIIOMSIHYTh UCITOJIb30BaHUE MHOTO-
nBeTHbIX [e KKMW B onToreHeTMYecKux akcrepuMeHTax. OnroreHeTu4ecKast MOIYJISIIIMST
B COUYETAHUU C MOHUTOPUHTOM KJIETOYHOIT aKTMBHOCTU Ha ocHoBe GCaMP mo3Bousier
HCIIOIb30BaTh MOJHOCTBIO ONTUYECKYIO 3yeKTpodusnosoruto (09). [NepBoHavaibHbIe
ycusist o co3aanuio OO ObUTHM 3aTpyTHEHBI U3-3a CIIEKTPAJIBHOTO pa3feeHrs] MHANKA-
TopoB. Hanmpumep, 3emernsie GCaMP He MOryT OBITh MCITOJIB30BaHBEI B KJIETKaX, 9KC-
npeccupyomux KaHamoponorcuH-2 (ChR2), ramoponorncun (HR) mnm apxpomoncun
(Arch), mockonbKy criekTp Bo3oyxnatoiiero cseta [e KK niepekpriBaeTcst co crieKTpa-
MU aKTUBAIlMM CBETOUYYBCTBUTENbHBIX KaHaoOB [44]. [TpuMmepom kpacHoro e KKH,
KOTOPBII yIaJIOCh UCITOJIb30BAaTh B COYETAHUU C ONTOTCHETUKOM, SIBJISIETCS BapUaHT
JRGECO1a [93]. ITonbiTku emie Gombiine caBUuHYTh crekTp Bo30OyxneHusi [EKKU B
KpacHyto o0J1acTh MPUBEJIA K CO3MAHUIO MHIMKATOpa KaIblMs OJMVDKHEro WHGpaKpacHOTO
(NIR) nuamazona, NIR-GECO1, KkoTopblIii COCTOUT M3 KaTbIUIACBI3bIBAIOIINX TOMEHOB
CaM u M 13, BcTaBiIeHHBIX B OCHOBaHHBIM Ha 6akTepuodutoxpome NIR-dayopeciieHT-
Hblii 6e1ok mIFP [134]. JononmHuTenbHbie crieKTpbl Bo30ykaeHusi [eKKHW o6ecnieunBa-
IOT THOKOCTh B MHCTPYMEHTapUU ONTOMU3NOJOTHHU, TTIO3BOJISISI aHAJIM3UPOBATh Pa3iny-
HbIe HefipoHHbBIE aHcaMOu [68].

PacimupeHue 1BETOBOro CIIEKTpa 3HayMTeJbHO yBeanuusio noreHuuan ITeKKHM B
MHOTOLBETHOI BU3yanu3auuu. [IpuMeHeHne KpacHbIX (DJIyOpECLIEHTHBIX MHAUKATOPOB
MO3BOJIWJIM YMEHBIIUTh paccesiHUe TKaHU, (POTOTOKCUYHOCTb U (DOHOBYIO (hJTyOpecLieH-
1110, CTIOCOOCTBYSI BU3yaJIM3allMM B ITyOOKUX closiXx Mo3ra. [IpumMeHeHne CUHUX U XeJl-
ThiXx BapuaHToB [eKKW, momMumo KpacHbIX M 3eJIeHbIX, TMO3BOJIMINU MCCIEeIOBATENSIM
MPOBOJIUTH OMHOBPEMEHHYIO BU3yaJIM3ALIMIO PA3IMYHBIX HEPOHHBIX aHCaMOJIeit, a Tak-
K€ KOMOMHHUPOBATh IPUMEHEHUE TeHETUUYECKU KOAUPYEMbIX KaJlbLIMEBbIX UHAUKATOPOB
C ONTOTeHETUYECKUMU MHCTpyMeHTamu [ 119].

SAKJTIOYEHUE

[IpuMeHeHUe TeHEeTUYECKU KOAMPYEMBbIX KaJblIMEBbIX WHIMKATOPOB TPEACTABIISICT
co0O0i1 BaXXHbBII MHCTPYMEHT ISl M3yYeHUsS HEHPOHAJbHBIX TMPOLECCOB U HEWPOHHBIX
aHcaMOJieii B pealbHOM BpeMeHH. B aToM 0630pe Oblia mpeacTaBieHa HeoOXoaumast MH-
dopmatust 06 omHodyopodopHbX [e KKW: nx mpenMyliecTBax 1 HeIoCTaTKaX, pa3Ho-
BUIHOCTSIX, OCOOEHHOCTSIX TEKYIIEeTO UCTIOIb30BAaHUS U TTePCTIEKTUBAX MPUMEHEHMST TSI
BU3yaJU3allii HEMPOHHOI akTUBHOCTU. OnuH 13 IaBHBIX I1tocoB e KK 3akmiouaer-
Csl B TOM, YTO OHM TTO3BOJISIIOT MTOJIyYaTh AeTalbHYI MHMOPMAIIMIO O KAJIBIIMEBBIX CUTHA-
Jlax B peaqbHOM BpeMmeHU. CoBpeMeHHbIe TeHIeHIuu coBepiieHcTBoBaHUsI [e KKHW Ha-
MpaBJieHbI HA pacIIMPEHME UX CTIEKTPATbHBIX CBOMCTB U CITOCOOHOCTU PErMCTPUPOBATh
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BbICOKOYACTOTHYIO CHAalKOBYIO aKTMBHOCTb MyTeM Moaudukaiuii nomeHa CaM-M13.
bnaromapst MHOTOLIBETHOI in vivo Budyanuzauuu ¢ ucrnoab3oBaHueM [eKKHW u ee kom-
OMHUPOBAHUIO C TAKUMU METOAAMM, KaK ONTOTeHETUKA, HEMPOOMOJIOT BHOCST IOTOJI-
HUTEJIbHBII BKJIaJ B Hallle ToHUMaHue MyHKIUi Mo3dra. OueBUIHO, YTO B OivKaiiive
roasl Mbl yBuaAUM HoBbie Bepcuu [e KKU, yanteiBast 6osbiioe KoandecTBo CaM-CBsI3bI-
Barouux 0enkoB (6osnee 300) [139], koTopble MOTYT ObIThH MOJIE3HBI ISl JaJbHEHILIETO
YCOBEPIICHCTBOBaAHUSA 9TUX MHAUKATOPOB.

COBJIIOAEHUE 5TUYECKHWX CTAHIAPTOB

Hacrosiiast cratbst He COOCPXKUT KaKUX-JIMOO MCCIeNOBaHUM C UCTOAb30BAHUEM YXMBOTHBIX
WNJIN ydaCTUEM J0AeH B KauecTBe 0OOBbEKTOB.

NCTOYHUKUN ®PUHAHCHUPOBAHUA

PaGora BeinosiHeHa nipu rouepxke rpanta PH® “MccienoBanue KalablMEBON U 3J1€KTPOPU-
3MOJIOTMYECKOI aKTUBHOCTU HEMPOHOB TUIIIIOKAMIIA in Vivo y MbILIEH ¢ MOJEJIbIO 00Je3HU AJIbII-
reitMepa” (Homep roc. perucrpauuu 22-75-00028).

KOH®JINUKT MHTEPECOB

ABTOpBI IEKJIApUPYIOT OTCYTCTBUE SIBHBIX Y TIOTEHIIMAITLHBIX KOH(MIUKTOB MHTEPECOB, CBSI3aH-
HBIX ¢ MyOJMKanueil JaHHOM CTaTbU.

BKJIAZ1 ABTOPOB

A.N.E., E.K.B., O.J1.B., 1.b.b. BHecu CyllleCTBEHHBII BKJ1aJ B HAITMCAHKUE U PEIaKTUPOBaHUE
CTaThU, a TAaKXe o100puiv (GUHAJIBHYIO BEPCUIO, MOIJIEXKAILYIO ITyOIMKaLVK.

BJIIATOJAPHOCTHU

Mpbl GinarogapHbl bosbliiiakoBoit AHactacuu BUKTOpOBHE 3a aAMUHUCTPATUBHYIO TTOMOIIb, a
Takke coTpynHukam Jlabopatopuu MoIeKyJIIpHOI HelipoaereHepalMu 3a MOMOILb U MOJIE3HbIE CO-
BETHI B HAIMCAaHUY JJaHHOTO 0630pa.
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GCaMP — a Family of Single-Fluorophore Genetically Encoded Calcium Indicators
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Single fluorophore genetically encoded calcium indicators (GEClIs) such as GCaMP are
widely utilized tools for investigating neuronal activity. Their primary advantage lies in
their capacity to provide real-time and highly sensitive responses to fluctuations in intra-
cellular calcium ion concentrations. This characteristic is of significant importance
when studying neuronal processes and ensembles, wherein calcium signals play a crucial
role in information transmission. This comprehensive review focuses on the GCaMP
family, encompassing an analysis of their various types, distinctive features, and poten-
tial applications for visualizing neuronal activity. Special attention is dedicated to the on-
going advancements in GCaMP technology, particularly the endeavors to expand their
spectral properties and enhance their capability to detect high-frequency spike activity.

Keywords: calcium indicators, neuronal activity, dynamics, fluorescence
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