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CuHanTonaTuu — pa3HOPOIHAsl TpyIra HEBPOJOTMYECKUX 3a00JIeBaHUI 4eloBeKa,
BBI3BAHHBIX HapylICHUEM CTPYKTYpbl U (yHKIUMM cuHancoB. K pacrnpocTpaHeHHbIM
CHHAIITOIATUSIM OTHOCSTCS SIWIETICUsI, PACCTPOMCTBA ayTUCTUYECKOTO CIEKTPa, Psit
ayTOMMYHHBIX 3a00JIeBaHUII M CIIyXOBbIe CMHAITOonaTuM. [laToreHe3 cuHamTONaTHiA
0O0YCJIOBJIEH pa3IMYHBIMU (DaKTOpaMu, BKJIIOYAsi TeHETUYECKUE U CpenoBbie. TeM He
MeHee HeIOCTaTOK 3HAaHUM 00 X CUCTEMHBIX MeXxaHu3MaxX U He3((HEKTUBHOCTD Tepa-
MUY OAYEPKUBAIOT aKTYAJIbHOCTh JAIBHEHIIINX KIMHUYECKUX U 9KCTIEPUMEHTATbHBIX
ucclieloBaHUi cuHanTonaTuit. B padore 006CyX1aloTcs CyLECTBYIOIINE IKCTIEPUMEH -
TaJIbHbIE MOJIEJIM CUHAITOIATUI Ha KUBOTHBIX, C aKIIEHTOM Ha MCIOJIb30BaHUE aJlb-
TepHATUBHBIX MOJAEJIBHBIX 00bEKTOB — PbIO 3e0pananuo (Danio rerio, zebrafish), a Takxkxe
paccMaTpuBalOTCSl BOBMOXHbBIE HOBbIE HampaBjeHUs Ul MccienoBaHuil. B 1enom,
3e0pagaHro CIYXWT TEePCIIEKTUBHBIM OPTaHU3MOM IUISI MOJEIMPOBAHUS IITUPOKOTO
CMeKTpa CUHAIITONATUI, TOTOMHSISI U PACIIUPSIsl CYIIECTBYIOLINE MOIEIN HAa OCHOBE
IPBI3YHOB.

Karouesvie cnoea: cuHanTyeckast nepenaya, CMHanToOnaTu, raToreHe3, rpbI3yHbl, pr6I)I,
OKCIICPUMEHTAJIbHBIE MOIECIN
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BBEAEHHWE

CuHanToInaTuy NpeacTaBsioT CO00M OOIIMPHYIO U KIMHUYECKU Pa3HOPOIHYIO TPyII-
My HEBPOJIOTMYECKUX 3a00JIeBaHUi, OOIIMM MEXaHMU3MOM I1aTOreHe3a KOTOPBIX SIBISIETCS
HapyllleHue CMHanTuYeckKoit nepenayu [1]. CuHanTornaTum MOryT ObITh BbI3BaHbI T'eHE-
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TUYECKUMU MYyTalUUSIMU, ayTOUMMYHHBIMM TpOlIECCaMU, BOCTIaJIeCHUEM, BO3IEHCTBUEM
TOKCHHOB 1 PSIOM ApYrux ¢pakTopoB [2—4]. KiimHn4YecKu pacipocTpaHeHHBIMA BUIAMU
CUHANTONATUI SIBJISTIOTCSI PACCTPOIMCTBA ayTMCTUYECKOTO crieKkTpa [5—7], snmnencus [§8],
mm3odpenust [9], nmpuoHHbie 6one3Hu [10], a Takke ayTOMMyHHBIE [2] M cilyXoBbie
(koxyieapHbie) cuHarnronatuu [11]. Otu 3a6oeBaHUs TPOSIBISIIOTCSI B BUAEC TUCHYHKIIMIA
HEPBHOM CHUCTEMBbI, B TOM YHUCJIe — 3aI€PXKKU Pa3BUTHS, MPOOJIEM C KOOpAMHALIMEN BU-
KEHUI, MBIIIIEYHOM C1abO0CTH, CYIOpOr, a Takxke HapylleHuid peuu U nmamsatu [1, 5].
[7MaBHBIM TpUTTEPOM CUHANTONATUN SBJSIETCS HapylIeHVEe BICBOOOXIEHUS, TepeHoca
WV CBSI3bIBAaHUSI HEMpOMENMATOPOB, B MEPBYIO oUYepelb alleTUIXOJIMHA, TaMMa-aMUHO-
macisiHHoi kuciotel (TAMK), riyramara u gnodamuna [1, 6, 7].

Hanpumep, K TOKCUYECKMM CUHAITOMNATUSIM OTHOCUTCSI OTpaBJieHUE OOTYJIOTOKCU-
HOM M TeTaHOCITa3MUHOM, KOTOpbIe HapylatoT XoiauH- U TAMK-epruueckyio nepenayvy,
COOTBETCTBEHHO, W MPUBOMIAIT K Mapajanyy MbILIL U cymoporam [12—15]. YacTo BcTpeya-
IOLMECS CIIyXOBblE CUHAMNTONATUU MPEACTABISIOT COOOM paccTpoiicTBa ciyxa, BbI3BaH-
HbIE HApYIIEHHOUW CMHAINTUYECKOM TMepeaavyeil MeXay BOJOCKOBBIMU KJIETKAMU U KJIET-
KaMM CITyXOBOTO HepBa — HaIpuMep, Tpyu CTApPEHUHU U JIEMUCTBUM TPOMKHUX 3BYKOB UJIU OTO-
TOKCUYHBIX TiperapatoB [16]. K TreHeTWYeCKMM CHHAIITONATUSIM OTHOCST IIUPOKUI
CreKTp 3a00JieBaHU, BBI3BAHHBIX MYTallUSIMU KOHKPETHBIX TEHOB WJIM yTPaTOil yacTei
XpOoMOCOM. XapaKTepHbIM UX MPUMEPOM CIIYXKUT CUHAPOM KOIIAUbero Kpuka (CUHAPOM
JlexxeHa) — penkoe reHeTHYecKoe 3a0ojieBaHUEe, BI3BAHHOE ITOTepeit yacTu S5-it Xxpomo-
COMBI, UTO BBI3bIBAET HEBPOJIOTMYECKUE HAPYIIIEHUSI, B TOM YUCIE 33epKKy Pa3BUTHUS,
HapylIeHNs KOMMYHMKAaTUBHBIX HaBBIKOB M KoopauHaumu nBrkeHuii [17]. Taxske pac-
IpPOCTpPaHEeH CUHAPOM JIOMKOM X-XpOMOCOMEI (cuHIpoM MaptuHa—besn) — reHeTnye-
cKoe 3abosieBaHMEe, 00OyciaoBIeHHOEe MyTalveit B reHe 6eska FMRI1 (fragile X messenger
ribonucleoprotein 1), BeI3bIBalolleii CHHANITUYECKUE 1e(DEKThl, yYMCTBEHHYIO OTCTAJIOCTh,
NMCKOOPAMHALIMIO IBUKEHUI, a TakXXe HapylleHWe peyd, COLMaJbHOIO U UHBIX HopM
noBeneHus [5]. Cuagpom PeTTa — reHeTnyecKass CMHANTONATHS, BRI3BAHHAS MyTalluei
reHa MeTmwi-CpG-cBa3piBaroniero 6enka (MECP2), B pe3ynbraTe 4ero Ha (poHE CHMHaIm-
TUYECKUX HApYLICHU MPOUCXOMIST, 3aMeJIEHHOE MBIIILIEHUE, TTOTEPsI PYKOTTMCHBIX Ha-
BBIKOB, a TAKXKe HapYIIEHUSI peYr M COLIMaILHOTO noBeaeHus [18].

AyTOMMMYHHbIE CUHANTONIATUN XapaKTePU3YIOTCSI aTAKOW UMMYHHOI CUCTEMbI Ha CO0-
CTBEHHbBIE CUHANTUYECKUE CTPYKTYpPHI [2], 1 BKIIIOYAIOT B cebsi MuacTeHuto rpaBuc (MI),
cuHnpom Jlambepra—HToHa, AepMaTOMUO3UT U MPUOOPETEHHYIO HeiipoMuoToHuto. MI™ —
XPOHUYECKOE ayTOMMMYHHOE 3a0osieBaHue, MPUBOJsIIEe K c1abOCTU U yTOMJIIEMOCTH
bt [19]. Tlpu Heit *MMYHHAas cucTeMa opraHu3Ma aTakyeT alleTUJIXOJMHOBBIE pelierl-
TOPBI MBI, MPUBOMA K UX Pa3pyLICHUIO WIM MHTMOUpoBaHUIO [2, 19], yTO BbI3bIBAET
HapylIeHUsI pe4yr, MbIIeuyHble cra3Mbl [20] u (B TSDKENBbIX CIydasix) MUACTCHUYECKUA
Kpu3, TpeOyIouii HeMenJIeHHO MequiimHcKoii oMoty [21]. ITpu cunapome Jlambep-
Ta—WTOHa ayTOMMMYHHasl aTaka HalpaBjieHa Ha MOTEHUMAaT-3aBUCUMBbIE KaJlbl[MeBbIe
KaHaJIbl HEPBHBIX OKOHYaHUI, MPUBOIAS K HapylLIEHUIO Mepeaayd HepBHO-MBbIIIEYHBIX
CUTHAJIOB M ciaboctu mbimi [2, 22, 23]. Ero KiMmHWYeCKre CUMIITOMBI BKJTIOYAIOT aTak-
CHI0, HapyllIeHUe KOOPAWHAIIMY NBUKEHU I, U3BMEHEHHYIO UyBCTBUTEJIBHOCTb U CYXOCTh BO
pTy 1 miasax [22]. JlepMaTOMHO3UT XapaKTepU3yeTCs BOCIIAJICHUEM MEIIIIL U KOXU [24].
[Tpu 5TOM aTaka UMMYHHOI CUCTEMBbI MOKET OBITh HallpaBJeHa Ha CUHAICHI B MBIIIIIAX,
Hapylllasi HepBHO-MBbIIIEUYHYIO mepenadyy [25] u BbI3bIBas C1abOCTb U YTOMJISIEMOCTH
wmbln [24]. IIpuoOGpeTeHHass HEHPOMUOTOHMSI XapaKTepU3yeTCsl TTOBBIIIIEHHO BO30Y-
JMIMMOCTBIO HEPBHO-MBILIIEUHBIX COENMHEHU [2], BBI3bIBASI CYIOPOTH, IPOXKAHUE, HEPB-
HOe BO30yXIeHre 1 00JIM B MEIIIIAX. AyTOMMMYHHasl ee (popMa CBsI3aHa ¢ HapabOTKOit
AHTUTEN K COOCTBEHHBIM KaJIMEBBIM KaHajaM B HEPBHO-MBIIIEYHbBIX COCTUHEHUSX, YTO
MOBBIIIAET BO30YIUMOCTh 3TUX COENMHEHUI M Ype3MEPHO aKTUBUPYET MBIIIILIBI [26].
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TPAANIINMOHHBIE SKCITEPUMEHTAJIbHBIE
MOJIEJN CUHAIITOITATHUM HA IT'PBI3YHAX

ZKuBOoTHBIE 3KCTIIEPUMEHTAIbHbIE MOJIEJIN IITMPOKO MCTONB3YIOTCS ISl UBYYEHUST Me-
XaHU3MOB MaToreHe3a cuHanrornaruii. Hanpumep, Ha kpbicax uHumM Wistar paspabotaHa
MOJIeJIb HeMponaTUiecKoi 00, BBI3BAHHON MOPaXXEHUEM TPOMHUYHOTO HEepBa, KOTOpast
MO3BOJISIET U3y4yaTh MAaTOJOrMYecKUue U3MEHEHMs B CUHAIcax, CBSI3aHHbIE C XpOHUYE-
CKOI1 00J1b10, U TECTUPOBATh HOBBIE JIeKapcTBa-aHalbreTuku [27, 28]. Ilpu mogenupoBa-
HUM TEeHETUYECKNX CMHAMNTONATHUI IIMPOKO MCIOIB3YIOTCS] TPAHCTEHHbIE TPbI3YHbI C MyTa-
LUSIMU, HapyIIAIIMMUA CUHAINTUYECKYo dyHKkuMio. Hanpumep, myraiiumu reHa PSD-95,
KOIMpYIOIIEero 0eoK ImocTcuHanTrudeckoro yriotHeHus1 (PostSynaptic Density) [29], y
MBIIIEH MPOSIBISIOTCS B BUIE HAPYILIEHUI MOBEIEHUS — TUTIEPAKTUBHOCTU B OTKPHITOM
rnoJsie, HapylIeHUU MaMsITU B BOOHOM JabupuHTe Moppuca, a TakxKe CHUXEHUU COLM-
aJIbHOTO B3auMMOJECHCTBUSI B TpEXKaMEepPHOM TecTe Ha coluaibHoe nmoseaeHue [30]. Ho-
KayT reHa SHANK3, xonupyroiero 6eiaku SH3 1 MHOXeCTBEHHBIX JOMEHOB aHKMPUHOBBIX
noBTOpoB (ANK — KOMIMOHEHTHI MOCTCUHANTUYECKO! TJIOTHOCTU, OOecreyrnBaroimne
CBSI3b MEXIY pelLenTopaMyu HEeMpPOTPaHCMUTTEPOB, MOHHBIMU KaHaJlaMU U JPYTUMU
MeMOpaHHBIMU OeJIKaMU ¢ aKTUHOBBIM LIMTOCKEJIETOM U CUTHAJIBHBIMU TIyTsiMu G-06e-
KOB), y MBbILIE}! BbI3bIBAET MOBBILLIEHHbII TPYyMUHT U J1e(ULIMT COLIMATIbHBIX B3aUMOAEH-
crBuii [31]. Emre onHa Moaenb reHeTUYEeCKUX CUHAIITOINATUI UCIIOAb3YeT MyTallIO MbI-
mmHoro reHa r1g4510, konupymouiero ¢popMy Tay-6enka (hyHKIIMEir KOTOPOToO SIBJISIETCS
CBSI3BIBAHUE C MUKPOTPYOOUYKAMU, CIIOCOOCTBYSI MHUIIMALIMU U CTAOUJIM3ALIMM MUKDPO-
TpyOoOuUeK (3TO BaXKHO IS aKCOHAJIbHOTO TPAHCTIOPTA U CUHANITUYECKOM Tiepenadn), 4To
MPUBOAUT K PACCTPOMCTBY NMPOCTPAHCTBEHHOM MaMsITU, HEpoIeTeHepallu U Hapylle-
HUIO CMHANITUYECKOM TIacTUYHOCTH [32].

Hpyroii moaxon K 3KCIMEPUMEHTAILHOMY MOJEIMPOBAHUIO CUHANTONATUN OCHOBaH
Ha aKCOHAJIbHBIX MOBPEXICHUSIX Y TPBIZYHOB IYTEM HAHECEHMSI YepPEeITHO-MO3TOBBIX
TpaBM, YTO MPUBOAUT K MATOJOTMYECKUM KaJbLIM-UHAYLIMPOBAHHBIM MOIU(UKALIMSM
IUTOCKEJIEeTa aKCOHa, pa3pylIeHUIO CHMHAIICOB U B UTOore rmbenu HelipoHoB [33]. Uc-
MOJIb30BAaHUE JAaHHOUW MOJENM TI03BOJISIET UCCIEN0BaTh MEXaHU3Mbl pEreHepaluu Cu-
HarcoB 1 pa3padaTbhiBaThb HOBbIE METOIbI CTUMYJISILIMM POCTAa HEPBHBIX BOJIOKOH U BOC-
CTaHOBJIEHUSI cuHanTudecko dyHkiuu [33]. st BbI3oBa CIyXOBBIX CHMHANTOIIATUIA
TPBI3YHBI TTOABEPTaOTCS PA3TUYHBIM 3KCIEPUMEHTAIbLHBIM BO3aeicTBHsIM [16, 34], Ha-
npuMep, U30BITOYHO TPOMKUM 3BYKOM [11]. DT Moaenu MMpoKO MPUMEHSIFOTCS IS Te-
ctupoBaHusl 3(MdEKTOB pa3IMYHBIX (hapMaKoOJIOrMYECKUX IMpernapaTroB (Harpumep,
IeKcaMeTa30Ha, IPeIHN30JI0Ha, MUHOLIMKIMHA U Apyrux) [35], a Takke 11 M3ydeHUs
TepareBTUYECKHUX TOAXOI0B, HAIIPUMEpP, YCTPaHEHUS WM CMSATUEHUS CIIyXOBOI CUHAII-
TONaTUM Mpu oMol dorodoromonyisaiuu [34]. Ha naHHBIX MoAesIsIX TakKe U3ydaloT-
csl BO3pacTHbIE U3MEHEHUSI Cyxa, BbI3BaHHBIC YXyIAILIEHUEM PabOThl CUHANTUYECKOTO
arrapara BOJIOCKOBBIX KJIETOK [36].

Ha rpeisyHax uccienyercsl BAUSHUE Pa3IUIHBIX (PaKTOPOB SMOPUOHAIBHOTO pa3BU-
THsI, CIIOCOOHEBIX ITpUBeCcTH K cuHantonatusM |37, 38]. HanpuMmep, achukcust 6epeMeH-
HBIX KPbIC BBI3bIBAET KUCIOPOMHOE rojiogaHue y ruiona [39], mpuBoas K HapylIEHUIO
(byHKIIMIT CMHANTUYECKOTO armrapara HeHPOHOB MO3ra MOCPEeNCTBOM HapylleHus hoJ-
IIHTA W MAaTOJOTMYECKOM arperaliuy CUHaNTU4YeCKUX OeKOB B HEWpPOHaX IMOJOCATOro
tena [37]. I1pu 3TOM TeparieBTUUECKas TUITOTEPMUSI, a TaK>Ke TperapaTbhl HUKOTUHAMMIL,
3CTPATUO U MAaJIbMUTOWISTAHOJAMHUI 00JIafaloT HePOIIPOTEKTOPHBIMU CBOMCTBAMM,
CHIXasl Bpell CHHANTUIECKOMY allfapaTy HepBHBIX KJIETOK, HAHOCHUMOTO TTepUHATab-
Holt runokcueit [38]. CylIecTBYIOT XOpOIIIO BAIMANPOBAHHBIC MOMIEIM HA TPBI3yHAX IJIsI
MHOTHMX IPYTUX paclpocCTpaHeHHbIX cuHanTonatuii [9, 10], B ToM yucie snuiencuu (8]
U pacCTPOICTB ayTUCTUYECKOTO cIieKTpa [6]. OHU MO3BOJISAIOT UCCIEI0OBATH ITATOJIOTUYE-
CKMe U3MEHEHUSI B CUHArcax, pa3pabaTblBaTh HOBbIE JIeKAPCTBEHHBIE TTpernaparhl U Te-
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paneBTUYECKHE MOAXObI, @ TAKXKE BBISIBJIITH MEXaHU3MbI pereHepaliuiyi CUHAIICOB 1 BOC-
CTaHOBJIEHUS UX QYHKIIMU. B TO ke BpeMsi MOHMMaHMe OOIIINX, IBOJTIOIIMOHHO KOHCEP-
BaTHMBHBIX TMATOJIOTMA MoO3ra HEBO3MOXHO ©0€3 WCIOIb30BaHUs 3BOJIOIMOHHO-
(busronornyeckoro momxoma ¢ MpUMeHEHMEM MEXTAaKCOHHOTO aHaIM3a M paclIupeHus
CIIeKTpa 3a/1eiiICTBOBAHHBIX MOJIEJIbHBIX OPTaH3MOB.

MOZEJIN CUHATITONNATUN HA 3EBPAJIAHUO

Pwi6b1 3e0pananuo (Danio rerio, zebrafish) MMpoKo MCHONB3YIOTCS KaK MOJEIbHBIN
OpraHu3M B HelpoOuojorudyeckux uccienoBanusx [40, 41], 1 UMeIOT MHOXECTBO Mpe-
MMYILECTB ISl MCCIENOBAaHUSI HEBPOJIOTUUYECKUX 3a00IeBaHM, TAKUX KaK CMHAMTOTA-
tun. Hanpumep, BbICOKasi penpoayKTUBHOCTb 3e0pamaHuo [42] cylliecTBeHHO obJjierdyaer,
yIEIIEBIsSIET U TOBBIIIAET PENPE3eHTAaTUBHOCTh pe3yibTaToB TecTupoBaHus. [Tpo3pau-
HOCTb AMOpMOHA 1 JTMYMHOK 3e0pagaHuo 1aeT BO3MOXHOCTb HAa0I101aTh U U3y4yaTh IPoO-
LIECChI, MTPOUCXOASIIIME BHYTPU HUX C BBICOKUM pa3pelieHUueM, YTO 0COOEHHO BaXKHO IS
W3yUYeHUsl Pa3BUTHSI HEPBHOM CUCTEMBI U (POPMUPOBAHUSI CUHATICOB, KOTOPBIE MPOUCXO-
JIST HA PAHHUX CTaIUSIX SMOPUOHAIBHOTO pa3BUTHS. C TMTOMOIIIBIO PA3IMYHBIX METONMK,
B TOM YMCJIe MUKPOCKOTIUM B P€aJIbHOM BPEMEHH 1 MCTIOJIb30BaHMS TeHETUYECKU MOIH -
(GULMPOBAHHBIX 3¢0pagaHNO, BO3MOXKHO BU3YAIM3MPOBATh U aHAIU3UPOBATh (GOPMUPO-
BaHMe U (GYHKIIMOHATBLHOCTh CUHAIICOB Ha MOJIEKYJISIPHOM YPOBHE U C BEICOKMM pas3pe-
meHueM [43]. Hakonerr, 3e6pagaHno XapaKTepU3yIOTCS JOCTATOYHO XOPOIIO U3YyYeHHOMN
TEHETUKOM, TTO3TOMY Ha 3THUX OOBEKTax MPUMEHSETCS IMUPOKU HaGOp TeHEeTUIECKUX
MeTonoB [44]. B yacTHOCTH, MMEETCSI MHOXKECTBO T€HETUUECKM M3MEHEHHBIX JIMHUK
3e0paTaHno, KOTOPBIC TTO3BOJISIIOT UCCIEN0BaTh Pa3INyHbIe acTIeKThl CUHATITOIIATHIA.
Hampumep, reHeTndecKn MoanGUIIMpOBaHHBIE 3e0paTaHuO IJIsT MOJAEIMPOBAHUS CU-
HanTonaTuii MOTYT ObITh co3naHbl ¢ moMmouibio cucteMbl CRISPR/Cas9, nns BBenenus
VT U3MEHEHMST KOHKPETHBIX TeHETUYECKMX MyTalluii, CBI3aHHBIX C CHHATITUYECKUMU
paccrpoiictBamu (cM. manee). Takue Momesn 00ecednBalOT BO3MOXKHOCTh 00J1e€ TOYHOTO
W3y4eHUs MaTOJIOTMYeCKNX M3MEHEeHH I B HEipOHaX, a TAKKe TeCTUPOBAHWSI HOBBIX MO -
XOIOB K JICYEHHIO C YIETOM TeHeT4IeCcKoit ocHOBBI paccTpoiicTB [IIHC.

ITpu MoaenMpoBaHUM CUHATIITOIIATHI Ha 3e0pagaHno ocoboe BHMMaHWe CTOUT oOpa-
TUTh Ha UX CITOCOOHOCTH K pereHepaly HepBHBIX KJIETOK 1 cuHarcoB. Hampumep, 3¢6-
pagaHuo MOTYT OBITh MCTIOJIB30BaHBI IUIST M3yUeHUs TIPOLIECCOB pereHepau 1 BOCCcTa-
HOBJICHUST CUHAIICOB IIOCJIe MOBPEXICHNI MK 3ab6oeBanuii [45]. Y peib umeercss 60Ib-
1II0€ YMCJI0 HEMPOTEHHBIX HUII U TIPOUCXOIUT aKTUBHBII HEliporeHe3 B 3peJIoM Bo3pacTe
[46], yTO maeT BOBMOXKXHOCTH ITPOBENECHUS IIMPOKOTO CIIEKTPa TPAHCISIIIMOHHBIX HCCITe-
noBaHUit B cepe HeliporeHesa. Tak, Ha 3eGpagaHroO M3ydyeHa MHULIMAIIUS HeliporeHe3a
Ha MOJEJW BbI3BAaHHON TMIEPJIOKOMOIIMY, TIPY KOTOPOI aKTUBAIIMS XOJMHEPTUIECKOMN
nepenayu OT CIIUHAIBHBIX JIOKOMOTOPHBIX HEMPOHOB CTUMYJIMPYET CITMHAIBHBIE HEPB-
HBIE CTBOJIOBBIC KJIETKH, IIPUBOMASI K HEMporeHe3y y B3pOCabiX phib [47]. JIr0G0OEBITHO,
YTO y YeJIoBeKa HabIIoaroTcsl TOMOOHBIE MPOIIECChl aKTUBAIIMK HeliporeHe3a B OTBET Ha
dusnueckue ymnpaxHeHus [48], moaTBepxkmas BaXXHOCTh 3eOpagaHUO IUISI CO3MaHUS
TPAHCIISIIIMOHHBIX MOJENIeil KaK CUHAIITONAaThi, TaK M HelipopeabmimTaunu. Takxke, B
CpPaBHEHUU C TPBI3yHAMHM M YEJIOBEKOM, 3e0pamaHo 001amaioT 60j1ee BEICOKOM CImoco6-
HOCTBIO K pereHepallii HEPBHOM U IPYTUX TKaHeil, YTO MO3BOJISIET BOCIOJIHSATH MOTe-
pPSIHHBIE WJIM MOBPEXIEeHHbIE HEpBHBIC KJIETKU U cMHarChl [49]. Hanmpumep, ripu nepe-
pe3Ke CITMHHOTO MO3ra Y pbI0 (B OTJIMYKE OT IPHI3YHOB U Y€JIOBEKA) 3a HECKOJIBKO Heleb
BOCCTaHABJIMBAIOTCS CBSI3M MEXIy HeiipOHaMU, YTO MO3BOJISIET HOPMAJIM30BaTh HEBPO-
Jornyeckue GyHKINH, yTpadeHHEIE TTocie moBpexnenus [50]. Takum o6pa3om, 3edpa-
IAHWO SIBJISIETCS] LIEHHOW M YHUKAJILHOUN MOJEbIO ISl U3YyYeHUs TTPOIIeCCOB pereHepa-
IIMU U BOCCTAHOBJICHUST HEPBHBIX KJIETOK U CUHAIICOB.
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IeHeTMueckue MojenuM Ha OCHOBE 3e0paJaHMO TakXe LIMPOKO HCIOJIb3YIOTCS IS
usydyeHust cuHanronaruit [51]. Jast 3Toro oObIYHO UCHOJb3YIOT FTeHETUYECKU MOAUpU-
HMpoBaHHBIE 3e0panaHno, y Kotopblx MmerogoM CRISPR/Cas9 BBeneHbl Uiy U3MEHEHbI
TeHBI, OTBeYalolre 3a GyHKIIMOHUpoBaHue cuHaricoB [52]. K npumepy, co3maHbl Momen
Ha 3e0palaHNO MOCPEICTBOM BHECEHMSI MyTalldii B T€HbI, KOAMPYIOIIME OeKN ITUIUHEP-
rHYecKoi cuHantudeckoit nepemauu [53]. IlepBass Momenb mMeeT MyTallIO, IIPUBOIS -
1Iy1o K motepe GyHKImu B-cyobennuuiibl petentopa ruiuHa (GlyR), uro mposiBisieTcst
B HapylIeHUU KOOPJAMHALIMU IBVXXKEHUH y 3e0pasaHuo u3-3a nedekra B GOpMUPOBAaHUN
KJIaCTEPOB IIMIIMHOBBIX PELICTITOPOB B CMHAICAX, B PE3yJIbTaTe Yero HapylaeTcsl LIMIK-
Heprudyeckasi CMHAIITMYeCKasl IepeJada B MOTOHEMpoHaX cnimHHOro Mo3ra [53]. Bropas
MOJeIIb UMeeT MyTalIMIO B TeHe IIUIMHOBoro Tpancnoptepa 1 (GlyI'l), Heooxoaumoro st
HOPMAaJIbHOM CMHANTUYECKON Tepenayu, B pe3yJibTaTe 4ero MyTaHTbl pearupylor Ha TakK-
TWIbHBIE pa3Apa>KUTeI He OOBIYHBIM IIJIABaHUEM, a CylIoporamu. DieKTpopUu3nogoruie-
CKMIT aHAJIM3 MOKA3bIBAET, YTO TAKTUIbHBIC CTUMYJIbI BBI3BIBAIOT AapUTMUYHYIO aKTUBALIUIO
MBIIIILL Y HUX BMECTO PUTMUUYECKOTO BO30YXneHUs1 y ocobeit nukoro tumna [53]. [TomoOHbIe
MOJIeJIU TIO3BOJISIIOT U3y4yaTh MEXaHU3MBI, JieXKalllue B OCHOBE CUHAITONATUIA, U TeCTU-
poBaTh NMOTeHIIUATbHbBIE (hapMAKOJOTHYECKNE Y TEHETUYECKUE METOIbI JICUCHUS in Vivo.

3eOpamaHuo TakxKe YI0OHbI IS BU3yalIu3alMy U U3YYeHUsl MOJBUXKHOCTU CUHATIICOB
B peaJbHOM BPEMEHM, B TOM UYUCJIE C UCTIOJIb30BAaHUEM NBYX(POTOHHOI MUKPOCKOITUH,
BU3YJIM3UPYIOLIEH CTPYKTYpY U (DYHKIIMIO CUHAIICOB iN Vivo WU B MHTAKTHBIX TKaHSIX
3e0pamaHno ¢ BEICOKMM paspenreHueM [54]. C moMoIpio (payopecieHTHBIX MeTOK (Ha-
npumMep, 6eaxkoB Dronpa u Kaede), B Takux MOJIeIsIX CTAHOBUTCSI BO3MOXHBIM OTCJIEXKM -
BaTh ABUXKEHUE U B3aUMOJACHCTBUE CUHANITUYECKUX CTPYKTYP, a TAKXKE U3ydyaTb CUHAIITU-
YECKYI TJIACTUYHOCTh U U3MEHEHUsI, CBSI3aHHbIE C PA3IMYHBIMU MAaHUMYISLUSIMU [54].
B wactHocTH, ¢ UcTionb30BaHMeM Dronpa nmokasaHa 3aBUCMUMOCTb MEXy BKJIaIOM pa3-
JIMYHBIX CUHATICOB B Mepenayy CUTHAJIOB U UX PacCTOSIHMEM OT COMbI HelipoHa. bruio
BBISICHEHO, YTO CaMblii 3HAUMTENbHBIN BKJIA B Mepeaavy 3JeKTPOXMMUUECKOTO CUTHAsa
no nytu ERK (extracellular signal-regulated kinase)/MAPK (mitogen-activated protein
kinase) BHOCAT CMHAIICHI BOJIM3M COMBI, BbI3bIBasi 9KCIIPECCUIO T€HOB B sIIpe, TOrma Kak
CHHAIIChI, aKTUBUPOBAHHbIE B IUCTAJIBHBIX yJyacTKax HelipoHa, BHOCSIT BKJIAll TOJILKO B
JIOKaJIbHYI0 Tiepenady curHajoB [55]. Ilpu momomuu dayopecuentHoro 6enka Kaede
M3y4eHbl OCOOEHHOCTU OpPraHM3allMM CUHAINITMYECKOIo arrapaTta KJIeTOK MOo3Xedyka U
BBISIBJIEHBI TIPSIMbIE W/WUJTA HETIPSIMbIE CBSI3U IPAHYISIPHBIX KJIETOK MO3XKe4YKa C KJIeTKa-
mu [MypkuHbe ¥ 3pdepeHTHBIMU HelipoHaMK MO3KeuKa 3e0pagaHuo [56]. DTo mo3Bossi-
eT MOHATh QYHKIIUU CUHANTUYECKOTro anmnapara KJIeTOK MO3XeuKa, CBSI3eil pa3HbIX Yya-
CcTeil Mo3Xedka APYr C IPYroM, a TaKKe BCEro MO3Xeuka C IPyruMu obyacTsIMU MO3ra,
4YTO paciIupseT Hallle TOHUMaHWe MPUPOIbI IBUTaTeIbHBIX HAPYIIIEHW, B TOM YKCJIEe Ha
¢oHe cuHanTOMaTHIA.

J1s1 MoleIMpOBaHUSI CIYXOBBIX CUHANTONATUI TaKXKe aKTMBHO HCITOJIB3YIOTCSI MO~
JI1 Ha 3eOpananuo [57, 58]. Hanmpumep, Ha peibax nzydeHbl 3(PEKTHI KATbIIMS Ha BOJIOC-
KOBEI€ KJIETKH CIIyXOBOW CHCTEMBI 3e0pagaHMO, MOAYJIHMPYIOIINEe MX HEeHpOTpaHCMUC-
CHIO, U TI0Ka3aHO, YTO CTUMYJISIINS BOJIOCKOBBIX KJIETOK IIPUBOOUT K MAaCCUPOBAHHOMY
TIPUTOKY KaJblIKs B adpepeHTHBIE OKOHUYAHUS CIyXOBOI'O HEPBa, 3TO MOXKET IIOBPEIUTH
X BCJIEACTBUE 9KCAUTOTOKCHYECKOro Bo3aeicTus [57]. boyee Toro, Bo3neiicTBue upes3-
MEpPHO T'POMKOTIO 3ByKa OKa3bIBaeT dKCAMTOTOKCUYECKUM 3 deKT Ha BaKHEeHIIUH TUI
CHHAIICOB BOJIOCKOBBIX KJIETOK PbIO — JIEHTOUHBIC CUHATIICHI, MPUBO/S K HApYIIEHUIO UX
(YHKIIMOHUPOBAaHUS U, KaK CJIEACTBUE, IoTepe ciyxa [59]. MonmenupoBaHue CIIyXOBBIX
CHHAIITOIATHI Ha 3e0palaHro TaKKe BO3MOXHO IIPOBOIUTH C MCIIOJIB30BAHUEM UX YHU-
KaJIbHOTO JOIOJIHUTEIBHOIO CIIyXOBOI'O opraHa — 60koBoii JuHuM [60]. bokoBast tmHus —
CJIOXXHAsl CEHCOpHasl cUcTeMa, MPUCYTCTBYIoIIasl y pbl0 M am¢uouii, pearupyloias Ha
U3MEHEHUSI IBVDKEHUSI BOABI 1 yJYaCTBYIOIAsi BO MHOXECTBE MOBEICHUYECKMX aKTOB, OT
oOHapykeHUs TOObIYM 1 N30eraHusi XUIITHUKOB MTO TIJIABaHUS B CTae U MOJIOBOTO TTOBeIe-
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HuUs. B Monmesnn HaHeceHUsT pbl0aM aKyCTUYECKOI TPaBMBbl, UCITOJIb3Ysl TTOABOIHYIO KaB1-
TalUIO IS CTUMYJISILIMM BOJIOCKOBBIX KJIETOK OOKOBOIi IMHUM, OKA3aHO, YTO U30BITOU-
Hasl aKyCcTU4ecKasl CTUMYJISILIMS ITOBpeXaaeT BOJOCKOBEIE KJIEeTKM yepe3 48—72 9 mociie
HaHeceHUs1 TpaBMbl [60]. IIpu 3TOM BOJIOCKOBBIE KJIETKH, YIEIEBIINE MTOC/IE aKyCTUUE-
CKOIO BO3AEHCTBUS, IEMOHCTPUPYIOT MIPU3HAKM CHUHAITONATUM (AKyCTUUYECKasi CTUMY-
JISILIAS CTATUCTUYECKU 3HAYMMO YMEHBIIIAET KOJIMYECTBO CUHAICOB BOJOCKOBBIX KJIE-
TOK), HAITOMMHAasI CJIYXOBbI€ CHHANTONATHN Ha MilekonuTaiomux [11, 60].

3e6pagaHuo TakXkKe HKUPOKO UCIOIb3YIOTCS IJIs MOACIUPOBAHUS TOKCUYECKUX BO3-
IefCTBUII Ha HEPBHYIO CUCTEMY, Hapyllaloliux pabGoTy CHHAIITMYECKOTO arrmapara
HEPBHBIX KJIETOK. B yacTHOCTH, Ha 3e0pagaHUO CMOACJIMPOBAH IMAaTOJOTMYECKUN (e-
HOTHMIT OCTPOTO OTPaBJICHUSI aKPUJIAMUIOM, B TOM 4HCJe MaToGU3UOJIOTUIECKUE TIPU-
3HaKM, CXOXHE C MPOSIBJICHUSIMUA OTPaBJICHUSI UM Y UejioBeKa (HapylleHHue MOTOPHOI
dyHkuMu, maronornyeckue 3¢@GeKThl Ha MPECHUHANTUUYECKUX HEPBHBIX OKOHYAHMS
HEPBHO-MBIIIEYHBIX coenrHeHnit) [61]. Takke U3MEHSIINCh TPAHCKPUIILIMOHHBIE Map-
Kepbl OEJIKOB, YYAaCTBYIOIIMX B CUHANITUYECKOM ITepeaye CUTHAJIOB — HanpuMep, Ipo-
TEOMHBII aHaJIu3 HEMPOHOB 3e0palaHMo MOKa3aJjl, YTO Ha LIMCTEeMHOBBIX OCTAaTKaX He-
KOTOPBIX CUHANITUYECKUX OEJIKOB HEIIpOHOB 00pa3yloTCss MHOPOAHBIE BKIIOUCHUSI, Me-
HSOIIME WX KOHGopMmaluioo Tmartojoruyeckum obpa3oM. boiiee Toro, aHamus
KOHLIEHTpauuu AodaMuHa IoKa3ajl 3HAUUTEJIbHOE BIMSHUE OCTPOrO OTPABJIEHUS aK-
pUIaMUIOM Ha TOPaMUHEPIUUECKYIO CUCTEMY (POCT IMPEKYyPCOpoOB fodaMuHa, heHUII-
aJlaHMHa, TAPO3UHA U JIEBOAOIIbI) [61].

Ha 3e6pamaHuo TakxKe U3BECTHBI 9KCITEpUMEHTAJbHBIE MOAEIN IPYTUX PACIIpOCTpa-
HEHHBIX CHMHANTOIATUI, B TOM 4YKCie MWIenicun [8], paccTpoiCTB ayTMCTUUECKOTO
cnekrpa [6] u Apyrux HapylleHUid COLIMATILHOIO IMoBeaeHus [62]. DTu HapylIeHUS Y
3e0pagaHuo MOXHO 3(p¢hEeKTUBHO PETUCTPUPOBATh, UCIOJb3Ysl CTAaHAAPTU3UPOBAHHbIE
M XOPOIIIO BaJIMJAMPOBAHHbBIE TECTHI COLIMAIILHOTO MPEANOYTEHUST UM TTOCTPOCHUS KO-
csika [62]. Takke CylIecTBYeT MOIE/b 3e0pagaHuo, BOCCo3aatolias crielupuieckue 0co-
6eHHocTU cuHApoMa Perra [18] Ha OCHOBE PBIO ¢ MYTAaHTHBIM cp2-null (KOOUPYIOIIMU
MeTI-CpG-CcBI3bIBAOIINIT TOMEH Oeiaka 2) M AEeMOHCTPHUpPYIOIIAasl aHOMAaJIbHBIE
CEHCOpHBIE, TATMOTAKCUYEeCKIEe U ABUTaTeabHbIe peHoTuIrsl [18]. Kpome Toro, y maH-
HBIX pBIO OOHapykeHbl M3MEHEHMs IKCIIpecCUU OeJIKOB, Ube (PYyHKIMOHUPOBAHUE
HEOXOIMMO IJIsI HOPMAaJbHOTO OKUCIUTEJIbHO-BOCCTAHOBUTEIbHOIO OajlaHCca B Oopra-
HU3Me. DTO CBUIETEILCTBYET 00 YCUJIEHUY OKMCIIUTEIbHOTO CTpecca B OpraHu3Me 3e0-
pamaHuo, TeM caMbIM HalTOMHWHAS KIMHUIECKUIT CMHApOM PeTTa 1 ero Momesiv Ha TphI-
3yHax [18].

MEPCITEKTUBBI UCCIEJOBAHUM

B nenom 3edpagaHuo mpeacTaBasgeT co00i BaXKHBIM OpraHu3M IJIs UCCIeTOBaHUS
CUHAIITOIIATHI1 Y MOXET ITOMOYb CYIIIeCTBEHHO pacIIMPHUTh Hallle TOHUMaHue 3TUX Ha-
pYLIEHWI U TTOTEHLIMABHBIX HOBBIX MOJIEKYJIIPHBIX WA T€HETUUECKUX IMOIXOI0B K UX
JIedeHU10. 3e0pagaHuo SIBISIETCS MPUBJIEKATEIbHBIM MOJEIbHBIM OOBEKTOM B HEMpO-
OGUMOJIOTMYECKUX MCCIIEIOBAHUIX, B TOM 4uclie Garogaps psaay GMOJOTMYECKUX OCO-
OEHHOCTEM MX OpraHu3Ma, OCOOEHHO BBLICOKOI IJIOAOBUTOCTU M OBICTPOTO 3MOpPHO-
HaJbHOTO pa3BuUTHUSA [42]. DToO KpaliHe BaxKHO B CMHAIITUYECKOM HellpoOMOI0TUM, TIe
MHOTHE TIPOLIECCHl PA3BUTHUS U TUTACTUYHOCTHU CUHATICOB TPEOYIOT HAOIIOAeHUS Ha pa3-
HBIX CTaOMsIX XKM3HU opraHu3Ma. BeIcTpoe pasputue 3e6pagaHuo MO3BOJILIET MOaydaTh
pe3y/IbTaThl B 3HAYUTEILHO 00Jiee KOPOTKME CPOKU IO CPABHEHUIO C TphI3yHaMu [63].
JOMOJHUTENbHBIM TMIPEUMYILIECTBOM 3e0paJaHuo, KaK yXe OTMEeYalloCh, SBISIIOTCS
Npo3pavyHbie SMOPUOHBI U JIMYMHKU, YTO TTO3BOJISIET BU3yaJIU3UPOBATh MPOLIECCHI pas3-
BUTHUS HEMPOHOB U CUHAICOB [64], B TOM 4uClIE — Ha KPUTUYECKUX, PAHHUX CTaIUAX
pa3Butus [65].



DKCMEPUMEHTAJIbHBIE MOJEJIN CUHAINTOMNATUN 1607

Kpome Toro, cyiectByeT LIMPOKUI CHEKTP MOBEIEHYECKUX M TOKCUKOJIOTHUYECKUX
TECTOB, KOTOPbIE MOTYT OBbITh TPOBEJICHBI KaK Ha B3POCJIBIX 0CO0sIX 3¢0paaHuo, TaK U Ha
JIMYMHKAX. DTO TO3BOJISIET UCCAEA0BATE/ISIM OLEHUTh BIWSIHUE Pa3UYHbIX (haKTOPOB
WIV TOTEHIUAIbHBIX JIEKAPCTBEHHBIX MpPErnapaToB Ha MoBeneHYecKue (PyHKIIMU U Bbl-
SIBUTh BO3MOXHbIE T0O00UHbIE 3¢hdeKkTrl. K mpumepy, TeCT HOBOro akBapuyma MCIoIb3y-
eTcsl U151 OLIEHKU JIOKOMOTOPHBIX M aHKCUOJIUTUYECKUX/aHKCUOTeHHBIX 9 eKToB pas-
JIMYHBIX TIpenapaToB, B TOM YMUCJIE JIEKApCTB ISl JIUEHUS SMUJIETICUU U O0JIe3HU AJIblI-
reifMepa — pacCTPOICTB, aCCOLIMUPOBAHHBIX C CHHaMNTOomatusmu [66]. Jna aHanusa
MPOCTPAHCTBEHHOTO 00y4YeHUs 3e0paaHuO TPAAUIIMOHHO UCITOB3YIOT Y-00pa3HbIii 1a-
OUPUHT, MOKa3aBIIWil yIy4yllleHWe MPOCTPAHCTBEHHOIN MaMsTU 3e0pamaHuo TIpU Jeil-
CTBUM psiaa npernapaton [66, 67]. [ToMuMo Y-06pa3HOro 1abupuHTa, B MOAEIN OOIE3HU
AnblreiiMepa, BBI3BAaHHON XJIOPUIIOM aJIIOMUHUS, TakKXe 9P eKTuBeH TeCT HOBOTO 00b-
€KTa, MTOKa3aBIIMil yXyalleHne maMsatu peid [68]. HeGobioil pa3Mep U XOPOIIO OIMK-
caHHbIe (DOPMBI TIOBEACHUS AeIaloT 3e0pajaHuo TakKe YIauHbIM OPraHU3MOM ISl BbI-
CcOK03((HEKTUBHOTO CKPUHMHTA Pa3JIMYHBIX MIPEenapaToB ¢ MOTEHIIMAIbHBIMU TeparieB-
TUYECKUMU cBo¥icTBaMu [69, 70].

Mogenu cuHanTonaTuii Ha 3e0pagaHUO IMPENCTaBISIIOT COO0M BaxKHBIM MHCTPYMEHT
IUISI UCCJIEIOBAaHUS, TaK KaK OHU MO3BOJISIIOT TIOCTOBEPHO BOCCO3[aTh CUMMITOMBI pa3-
JIMYHBIX 32a00JIEBaHUIT YeJIOBEKA. DTO MOATBEPXKIACT UX PEJICBAHTHOCTD JJIsI UBYYEHUS U
MOHUMAaHUS TTATOJIOTMYECKUX MTPOIECCOB, MPOUCXOASIIMX B MO3Te U CMHarIcax. Tak, Ha-
npuMep, y 3e0palaHo MOOSINPYETCs CUHIPOM KOIlIauybero Kpuka [71] myreM ynameHus
reHa ctnnd2b, OTBETCTBEHHOTO 32 CHMHTE3 Ae/bTa-KaTeHWHAa, KOTOPBI UTPaeT BaXKHYIO
poab B n1uddepeHIMPOBKE HEMPOHOB, (GOPMUPOBAHUU U TIONJEPKAHUU IEHIPUTOB U
CHUHAIICOB, U Yb€ OTCYTCTBUE ACCOLIMUPOBAHO C JAHHBIM CUHAPOMOM KJIMHUYECKU. Y My-
TaHTHBIX JUYMHOK M B3POCJBIX 0coOeil 3e0panaHro HaOJ0MaoTCs MOBEICHYSCKUE U
HEBPOJIOTUYECKHE OTKJIOHEHUSI, HallpUMep, TMIIEPaKTUBHOCTh B TECT€ HOBOTO aKBapu-
yMma [71]. DT maHHBIE CBUAETEILCTBYIOT O BBICOKOM (DM3MOJIOTMYECKOM 1 KIIMHUYECKOM
CXOJICTBE MEXIY NAaHHOW MOMENbI0O M KIMHUYECKON KapTUHOW CHMHApPOMAa KOIIAYbero
KpHYKa, KOTOPbIi TakKXe acCOLMMPOBAH C HapyllIeHUEeM CUHTe3a AeidbTa-KaTeHuHa [72],
IUCcHYHKIME CMHAITAYECKOro anmnapaTa HepBHBIX KJIE€TOK [73] u BbIpaxkeHHOIi Tunep-
aKTMBHOCTBIO [74].

Mounenb 3e0pagaHro XOPOIIO MOAXOIUT ISl U3yYeHUs! CUHAPOMA JJOMKOU X-XpOMO-
CoMBI. Tak, peIOBI CO CHIDKEHHOM 3Kcrpeccueit reHa finrl (OpTOJIOTMYHOTO TeHy YeIoBeKa,
aCCOLUMMPOBAHHOTO C JaHHBIM CUHAPOMOM), IEMOHCTPUPYIOT MOBEACHYECKUE Hapylle-
HUSI, B TOM YHCJIE TUTIEPUYYBCTBUTEIBHOCTD K 3ByKOBBIM CTUMYJIaM [75], yxyaiieHue na-
MSTH U TPEBOXHO-MOH00HOEe noBeneHue [76]. IlogaBnenue y 3e6pagaHuo 3KCIIPECCUU
fmrl, nHoyuupoBaHHOE€ MOP(MOJIMHOBBIMU OJIMTOHYKJICOTUIAMU, CBSI3aHO C Pa3JIMYHbBI-
MU CUHANTUYECKUMU HApYLIEHUSMHU, HATIPUMED, C YMEHbIIIEHUEM YKrcJia TIOCTCUHAMTU-
YeCKMX OeHIpUTOB [77]. OTcyTcTBHE Y PHIO 3KCIIpecCHUM reHa finrl Takke BIUsIeT Ha TpaH-
CKPUIITOM MO3ra 3e0paJjaHuo — HampuMep, CHUXasl SKCIPECCUIO JIM30COMHBIX T€HOB
[77], uTO Takske OBIITO TOKa3aHO Il TPAHCKPUNITOMa MO3ra MbIIIeil ¢ OJIOKMPOBaHHOMU
aKcnipeccueit finrl [78]. DTo MO3BOJSET NOMYCTUTD, YTO TaKKUE NaHHBIE, TTOJlydeHHbIE Ha
pBIOAax, BITOJIHE MOTYT OBITh TIEPEHECEHBI Ha MJIEKOTTMTAIOIINX, B TOM YMCJIE U Ha YeJI0Be-
Ka [77].

3e0pagaHuo TakKe YCMEITHO TIPUMEHSIOTCS Iy usydeHuss MIT — Hanpumep, Ha pbl-
0ax, HOKayTHBIX T10 TeHY /rp4, OTBETCTBEHHOMY 3a CUHTE3 OenKa 4, pOICTBEHHOTO pelier-
TOPY JIMTTIONIPOTEMHOB HMU3KOM TJIOTHOCTU — MHOTOGYHKIIMOHAJIBHOTO OeiKa, aCCOLMU-
POBaHHOTO C 3a00JIeBaHUSIMU KOCTE, TTOUEK, OCTEOTIOPO30M 1 HEBPOJIOTUYECKUMMU 3a-
ooneBaHusMu, B ToM umcie MI [51]. ¥V sMOpuoHOB 3e0pamaHNO OOHAPY>KMBAIOTCS
KMCTO3HbIe 00pa30BaHUs B MJIABHUKOBBIX CTPYKTYPaX U CIUIETEHUU XBOCTOBBIX BEH, JIe-
¢dopMrIpoBaHHBIE TPYAHbIE IIABHUKMU, Ne(eKT (OPpMUPOBAHUS KOCTE 1 HAPYIIIEHUSI MOP-
(doreHesa nmoyek, 4To YaCTUYHO MOBTOPsIET (peHOTUN MyTaluu reHa L RP4 yenoBeka [51].
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Taxxe LRP4 perynupyer pasBuTue HEpBHO-MBIIIEUHbIX CUHAMICOB, OJOKUPYS MOSIBJIE-
HUE KJIaCTePOB alleTUIXOJIMHOBBIX PELIENTOPOB B HEPBHO-MBILIIEUHBIX CUHATNCAX B ONHUX
yacTsx Teja (akcuajabHasi MyCKyJlaTypa) U CTUMYIMPYS UX MOSIBJICHUE B IPYTUX (MBILLILBI
KOHeYHocTeit) [79], CBUAETENbCTBYS O CXOACTBE MeXaHU3MOB pa3Butusi MI' y uenoBeka
U 3e0pamgaHuo.

MOXHO BBIIETUTb HECKOJILKO MEPCIEKTUBHBIX HAIlpaBleHU B U3YYEHUU CUHAITO-
naTuii Ha MozieJisix 3e0panaHuo. B yacTHOCTH, 3HAYMTENTBHO YAYUIITWIMCh METOIbI TeHETUYE-
CKOTO aHajIn3a, YTO MO3BOJIWJIO BBISIBUTh HOBBIE TEHETUUECKHE MyTalliuM, CBSI3aHHbIE C CU-
Hanronarusmu [80]. K mpumMepy, Ha cMeHy 0oJjiee paHHUM METOJIaM MOJIEKYJISIPHOM 1M -
TOTEHETUKM TIPUIIIE] HOBBI IOAXON — CpaBHMUTENbHAsi rTeHOMHas rudpuausanusi. OH
MO3BOJISIET ONPEAEsATh KaK KOJTUUECTBEHHBIE, TAK U KAYeCTBEHHbIE U3BMEHEHUS B CTPYK-
Type XpOMOCOM, a TaKKe TTOMOTaeT 0OHapy>KUTh MUKPOCTPYKTYPHbIE aHOMaJIMU XPOMO-
COM, 4TO nenaet ero a¢ekTuBHee npenmectBeHHUKOB [80]. JlaHHAas MeToaKa aKTUBHO
TMPUMEHSIETCS I UCCIEA0BaHUS 3a00J€BaHUI, aCCOLIMUPOBAHHBIX C XPOMOCOMHBIMU
aHOMaJIMSIMU, HAITpUMEpP, CUHApOMa JJOMKO# X-XxpoMocoMhl [81]. [oBops 06 aBoIIOLIMN
METOJ0B TeHETUYECKOIro aHajau3a, ClIelyeT OTMETHUTh, YTO 3a TOCJCAHUE NEeCATUICTUS
IIIMPOKOE pacpOCTpaHEHHUE MOJIydYnsIa KOMMepUYecKast IMarHoCTUKAa pa3InYHbIX FTeHETH-
YeCKM 00YCIOBJICHHBIX 3a00JIeBaHMI, B TOM YKciie ¥ cuHanTonaTuii [80], 4To 1To3BoImio
3HAYUTEIbHO YIIEIIEBUTh MOAOOHBIE METOAMKM U CIOEaTh UX MIPUMEHEeHue OoJiee yno0-
HBIM U JOCTYTMHBIM. UneHTudurKanms 3Tux MyTalyii TOMOTaeT MOHSITh MEXaHU3MbI pa3-
BUTHUS 3a00J1€BaHUI U MX CBSI3b C CMHAITU4YecKoil pyHKiueii. Kpome Toro, reHetuye-
CKME HCCJIeIOBAHUSI TAKXKe CIOCOOCTBYIOT pa3paboTKe 06ojiee TOYHOM NTMAarHOCTUKU W
MPOrHO3UPOBAHMIO MIPOrPECCUPOBAHUS CUHAMNTOIATHUIA.

B HacTosiiiee Bpemsi MPOBOISITCS TPAHC/SILIMOHHBIC WCCICIOBAHUSI POJIM Pa3BUTHUU
ayTu3Ma y JIIOJIei U B ero MOIEISIX Ha rpbidyHax [6, 82]. Takxke pacTeT KOJIMYECTBO Iepe-
JIOBBIX MCCJIEAOBAHUI, B KOTOPBIX JIEJAETCS aKLIEHT Ha CBSI3W PEIKUX TEHETUYECKUX U
XPOMOCOMHBIX aHOMAaJWii, HapylIalIUX pabOTy CUHANTUYECKOTO arrnapara HEPBHBIX
KJIETOK, ¢ ayTu3MoM [5, 30, 76].

KpaiiHe nepcrieKTMBHBIM HaIlpaBJIEHUEM UCCIEIOBaHUI B JAHHOM 00JIaCTU SIBJISICTCS
M3y4YeHUe Ha JIIOISX U XMBOTHBIX MOJIEJISIX MaToreHe3a 3Muwiencuu [6], 4acTo BbI3BaH-
HOM AMCHYHKIIMEN CMHATITUYECKOTO arrnapara HeiipoHoB [8]. MccienoBaHus Ha XKUBOT-
HBIX MOJIEJISIX, BKJIIOUasi CEKBEHMPOBaHME 9K30Ma TIPU STITWJIECTICUM Y TTPOTEOMHBbII aHa-
JIN3 TIpU ayTOUMMYHHBIX CUHAITONATUSIX, TTO3BOJIWIN YCKOPUTh UACHTU(DUKALIMIO HO-
BbIX CUHANTUYECKUX T€HOB U OENKOB, CBSI3aHHBIX C 3MUJENcueil, OOJBIINHCTBO U3
KOTOPBIX UTPAIOT BaXKHYIO POJIb B CMHaMNTU4eckoil nepenave [8]. Kpome Toro, naHHbie
TMOIXOAbl CITOCOOCTBYIOT pa3paboTKe IPOTUBOIMWIECNTUYECKMX MpernapaToB M OoJjee
nIyOOKOMY MOHMMaHUIO MeXaHM3MOB CUHAITU4ecKoi nepenaun [8]. Cpenu Takux mpe-
naparoB, MCCJIEIOBAaHHBIX Ha 3e0pagaHNO, MOXHO OTMETHTb BaJIbIIPOEBYIO KHCIIOTY,
KapbamaszenuH u ¢heHuTonH. Hamprumep, B Momenu ocT-TpaBMaTUYECKOM SMUIETICUN Y
3e0paaHuo BbISIBJIEHBI HApYILIEHUsI OOyUYeHUS U TTaMSTH, TPYIHOCTb B IPUHSTHUM pellie-
HHI ¥ HapyIlIeHe COLIMAIILHOTO npeamnoyTeHus [83].

B o61iem, ucnonb3oBaHue 3e0pafaHUO B UCCIENOBAHUSIX CUHATITONATH M MTPeaCTaBIs -
eT co00ii MepCHeKTUBHBINA MOAXOA IJI1 U3YYEHUS] MOJIEKYJISIPHBIX, KJIETOYHBIX U (PyHK-
IIMOHAJIBHBIX aCITeKTOB 3THX PACCTPOMCTB. 3eOpalaHUO SIBISIOTCS LIEHHOW MOIENbIO,
BBISIBJIEHUS] KJIIOUEBBIX T€HETUUECKUX MYTAIlMii, B3aMMONIECCTBUSI MEXIY HeMpoOHaAaMU U
cuHaricaMu 1 3¢ HEKTOB HapyIlIeHU CUHATICOB HAa HEBPOJIOTUYeCKUEe (hyHKIIUH.

HccnenoBanue CMHANTOIATUIA CTAIKUBAETCS C PSIIOM MPOOJIeM U OrpaHUYeHU, KO-
TOpBIE 3aTPYAHSIOT TTOJTHOE TIOHMMaHe 3TUX 3a00JieBaHU 1 pa3paboTKy 3 (hEKTUBHBIX
MeTonoB jieueHus. [Ipexne Bcero, CHHANTONMaTUM — 3TO peakue 3abosieBaHUSs, YTO 3a-
TPYAHSIET HAOOp NOCTATOYHO OOJIBIIMX BHIOOPOK ISl IPOBEACHUS UCCIEAOBAHUI U TO-
JIYUEHUS] CTATUCTUYECKU 3HAYUMBIX PE3yIbTaTOB. BO-BTOPBIX, IMAarHOCTUKA CUHAMNTOIA-
TUI OCJIOKHEHA TeM, YTO UX CUMITOMBI YaCTO TePEKPHIBAIOTCS, B TOM YUCJIE U C CUMII-
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Ta6muua 1. OTaenbHbIE OTKPHITHIC BOIPOCHI, CBSI3aHHbBIC C M3yYEHUEM MaTOreHe3a CUHANTONATUI

Bomnpocsi

*  Co3zmaHue reHeTUYECKUX MOJIEJIel 3e0pagaHuo IT0 BpeMEHU OBbICTPEE, YeM T€HETUUECKIX
Moneneit TppI3yHoB. KakuM 06pa3zoM MOXKHO ellie O0JIbIIe YBEIUIUTh CKOPOCTh CO3IaHMSI Te-
HETUYECKUX Mojeieil Ha 3e6pagaHuo?

MoxHo 1 COKpaTuThb BPEMEHHLIC 3aTpaThl HA UCCIICAO0OBaAaHUA CHUHAMNTOMNAaTUM 3a CUET co31a-
HMUA (I)apMaKOJ'IOI‘I/I‘-ICCKI/IX JXMBOTHBIX MOJIEJIEH BMECTO CO3JaHUS FTEHETUYECKUX, U UMEET JIU
CMBICJI CO30aHNE TaKNX MO[[CJIGI;'I, €CJIM OCHOBHAaA IMpUiYrnHa BOSBHUKHOBCHUA CHUHAaITONaTum
YEJIOBECKa 06YCI[0BI[CH3 TeHEeTUYECKMMHU MeXaHU3MaMu?

M3BecTHO, YTO UBMEHEHME CTUJIS KU3HHU (TTOIepKaHKe OTPeaeIeHHBIX JUET) MOXET ITOMOYb
B JICUEHUU psiia 3a00JIeBaHU, B YACTHOCTHU, IMPU SMUJICTICUU, HECMOTPSI HAa HApylLIEeHHOe
(YHKIMOHUPOBaHME CMHATICOB [84]. MoXeT I U3MeHEeHNe BHEITHUX (PaKTOPOB XKU3HEEsI -
TEJLHOCTU 0Ka3aTh MONOOHBIN MOJIOXUTENbHBIN 3(hdeKT rnpu Apyrux cuHanTonaTusix?

*  Kakylo posb B ratoreHe3e CUHanToInaTuii y 3e0paiaHuo urpatoT anureHeTnyeckue ¢hakropbl?

*  HW3BecTHO, YTO HEKOTOpPHIE TTOTMHEHACKITIIeHHbIe XUpHbIe KnuciaoTsl ([TH2KK) crtoco6HbI MO-
IyMpoBaTh GYHKLIIMOHUPOBAHUE CUHATICOB, YTO MOXKET MCITOJIb30BAaThCS KaK TeparneBTuye-
ckas ctparerus [85]. KakoB mexanusm Bosneiicteust [TH2KK 1 Bocripon3BoauTcst i OH y 3€6-
pananno? Moxet i ypoBeHb [IH2KK ncnosib3oBaThest Kak paHHUM (PU3MOJIOTMIECKIIT O1O-
MapKep CUHATTOINaTHii?

*  ITomxomuT i MOneNb 3e0pamTaHro TS MIOVCKa TeparneBTUYECKUX CTPATETWiA B ClTyyae CUHAIT-
TOMATHIA TIpU HEMpOoJIeTeHepaTUBHBIX 3a60IeBaHU [86], yIMTHIBAsI BEICOKUIA YPOBEHD HEMHPO-
pereHepanum 3e6panaHro, KOTOPBI MOXET MacKUpoBaTh 3(hdeKT u3yyaeMoro npemnapara’?

«  Myrauuu reHoB 6e1koB NRXN—NLGN-SHANK, yuactByomux B GyHKIIMOHUPOBAHUU
CHHAICOB, aCCOLIMMPOBAHEBI C paccTpoiicTBamu ayTuctuueckoro crekrpa (PAC), onHako de-
HOTUMYECKUE TIPOSIBJIEHUS Y TPBI3YHOB ¢ HOKayTaMu NRXN I v Shank3 HeCKOIbKO oTinya-
[0TCcs OT KimHu4Yeckux nposisneHuii PAC [82]. Kakoii choeHOTHI HaGM0maeTcs1 y 3e0pagaHuo
MPU HOKJayHe 9TUX T€HOB U SIBJISIETCS JIM akBaTuueckasi Mozaesib PAC B naHHOM city4yae Gosiee
peeBaHTHOI?

« IlocpenctBom Kakux MexaHu3mMoB HapylieHue Iyt NRXN—NLGN-SHANK BiuseT Ha
MIposIBIEHNE KITMHNYecKnX cumntToMoB PAC [82]?

. KakuM 06pa3zoM MOXHO MPeonoseTh MpoodiieMy, CBI3aHHYIO ¢ pa3HooOpa3reM (heHoTumnmye-
CKUX MPOSIBJICHUI, YUIUTBIBAsI, YTO Y JIIOJei HAOII0IaeTCsI FeTepOreHHOCTh MyTalllii TeHOB
0GEJIKOB, BOBJICYCHHBIX B PETYJISILIMIO CUHATITUYECKOM aKTUBHOCTH (B yacTHOCTH, NRXN1), a
MPU CO3MaHUU XXUBOTHBIX MOJIEJICH MPOBOAUTCS TOJTHBIN HOKAyT?

«  M3BecTHO, YTO MCKYCCTBEHHAsI Cpe/ia CoMeP KaHsI IPhI3YHOB OKa3bIBACT BIMSIHUE HA MOBEAC-
HUE XUBOTHBIX, TEM CaMbIM JIEUCTBYsI Ha (PEHOTUTTMYECKUE MPOSIBJIICHUST CUHATITOITaTuii. Pe-
am3yeTcsl U Takoit xe 3 dekT B Moaenu 3edbpamanuo [87]?

. Kakwue nonoaHuTeIbHbIC HEMHBAa3WBHBIEC MeTOABI M3ydeHusT Mo3ra (Kpome MPT, [1DT u BDI*)
MOXHO IIPUMEHSTH IUTSI aHAJIN3a ¥ MEXKBUIOBOTO CPaBHEHUSI CHHAIITOTIATHIA Y YeJIOBEKA 1 MO-
TIETbHBIX 00BEKTOB?

«  KakoB MexaHW3M MPUINHHO-CJIENICTBEHHOMN CBA3M MEXIY AeeKTaMi CUHANITUIECKUX Oe-
KOB U 1mn3odpeHueii [87]?

«  Baxwblii BKJ1a1 B TOHUMaHWE POJIM CUHATITOTIATUI TIPY TTaTOTeHe3¢ HeBPOJIOTUYECKUX 00J1e3-
Heil BHECJIO CO3aHne TPEXMEPHBIX KYJIbTYpP KJIETOK YesioBedecKoro moara [86, 88]. Hackonb-
KO COIOCTaBUMBI TPEXMEPHbBIEC KYIBTYPHI KJIETOK MO3Ta YeJIoBeKa U MO3Tra MOJETbHBIX XKUBOT -
HBIX, B YaCTHOCTH, 3¢0pagaHuo?

«  [1pu MO3XEYKOBBIX CHHANITONATUSIX, BBI3BAHHBIX AyTOAHTUTEIAMU, BO3HUKAET TOJIOKUTEI b-
Hast 00paTHas CBSI3b MEXIy ITMaJIbHBIMU KJIETKaMM U rIyTamatoMm [89]. Bo3Hukaer jin aTa
CBSI3b IIPU CUHAITOIATUSIX Y 3e0pataHuo?

. MoxeT 11 BO3IeicTBE Ha acCTpOININIO NI MUKPOTJTIUIO 0CJIaOUTh CUMITTOMBI CUHAIITOTIATHIA?

*  Kakum 06pa3zoM MOXKHO pa3paboTaTh MOIEb CIyXOBOI CHHANTONATUN ITyTEM MPSIMOil CTUMY-
JISIIIAA OPTaHOB OOKOBOM JIMHUY PHIO?
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Taoauna 1. OkoHuaHMe

Bomnpocst

* KakoB MexaHM3M BOCCTaHOBJIEHUS BOJIOCKOBBIX KJIETOK TIPpU CIIYXOBbIX CUHANTONATUAX I10/Q
BJIIMSTHUEM I‘OpMOHOB?

*  Cpenu cuHanTONAaTUf MOXHO BBIIEIUTh OTAETBbHBIN KIacC MMMYHHBIX HapyIIIeHU, B KOTO-
DBIX MOAYJISALIMSI COCTOSTHMSI CMHATIICa orocpeyeTcst uHtepeiikuaoM IL-10 [90]. Moxer jin
MomyJsiiust curHaoB IL-1[ ucronb3oBaThest B Ka4eCTBE TEPATIEBTHIECKUX CTPATETHIA?

* MoXeT I MOZYJISILIMSI HEPOBOCTIATUTENBHBIX ITPOLIECCOB, B YACTHOCTH, € ToMolubio [L-1f3,
OBITh [10JIE3HO PU TepaNUK APYrOro TUIA CUHANITOTEHETUYECKUX O0JIe3Hel?

*MPT — marHutHO-pe3oHaHcHasi Tomorpadusi, DI — snekrposnnedanorpadus, [I1DT — nmo3utpoHHO-3MUC-
CHOHHas ToMorpadusi.

TOMaMU JIPYTUX HEBPOJOTMUYECKMX U MCUXMUYECKUX 3a0ojeBaHuil. B Tperbux, Takxke
OTCYTCTBYET eauHasl KjiaccuuKalus CHUHANTOIATUil, YTO 3aTPydHSIET CTaHIapTU3a-
LU0 UCCIICIOBAHUM U CpaBHEHUE PE3yJbTAaTOB Pa3JIMYHBIX IPYII. B-yeTBepThIX, IJIst
M3Y4YEeHMs] CUHANTONATUI HEOOXOAMMBI COOTBETCTBYIOIIUE 3KCIEPUMEHTAIbHbIE MO-
nenu. OgHako co3naHue MOAXOMSIINX MoJesieil, 0COOCHHO MIJIsl peIKUX U Majlou3ydae-
MBIX 3a00JIeBaHMIA, ITpOGIeMaTUYHO. B CBOIO ouepenb, MOAEIUPOBAHKE CIIOXHBIX Me-
XaHU3MOB CUHAIITUYECKON mepeaayn B 1a60paTOPUU MOXET ObITh HEJOCTATOUHO TOY-
HBIM U HE OTpaxaThb IMOJHYIO CJIOXHOCTh 3TMX MHPOLIECCOB Yy 4YejoBeKa. B-mAThIX,
CUHAMNTOIATUU TJIOXO M3YYEHBI, U MEXaHU3Mbl PAa3BUTUS U MPOTrPECCUPOBAHUS DTUX
0o0JIe3HE He BIIOJIHE SICHBI, YTO 3aTPyAHsSIET pa3paboTKy 3 HEKTUBHBIX METOIOB 1A~
THOCTUKH U jedyeHusi. HakoHell, B HacTosIIee BpeMsl JOCTYITHBIX METOIOB JIEYSHMUSI CH -
HanTonaTuii HeT, U 3(P(PEeKTUBHOCTDH UX KOPPEKILIMU MOXET OBITh IEPEMEHHOM IS pas3-
HBIX NalMEHTOB.

HecmoTpst Ha miepedunciieHHbIe TPOGJIeMbl, TPAHCISILIUOHHBIE UCCIIEIOBAHNS CUHAI -
TOIMATUIl MPONOJIKAIOTCS. DTO TPeOyeT MYJIbTUMOIAIBHOTO MOAX0Aa, COBMEILIEHUST pa3-
JIMYHBIX MOJIeNIeil UCCIeNOBaHUI, HTErpali SMUAEMUOJIOTMYECKUX TAHHBIX U COBEP-
LLIEHCTBOBAHUS METOAOB IMArHOCTUKU 1 00pabOTKU JaHHBIX. MHHOBAallMOHHKIE UCCIIe-
MOBAaHUS Ha pbI0aX W IPYrUX XKMBOTHBIX, HAIIPABJICHHbIE HA IIOMCK HOBBIX MUILIEHEH U
MOIXO0J0B, KOTOPhIE MOT'YT OKa3aThCsl 00Jiee 3(h(peKTUBHBIMU IS KOPPEKIUU TUCHYHK-
LU CUMHAIICOB, MPUOJIMKAIOT HAC K MTOHUMAHUIO 3TUOJIOTUY U MAaTOreHe3a CMHAITONa-
THIi, a TaKXe CIMIOCOOCTBYIOT pa3pabOTKe U BHEIPEHUIO Oojice COBEPIICHHBIX METOAOB
JIeYeHUsI MalUeHTOB, CTPAAAIOIINX OT CUHATITOIATHIA.

SAKJIIOYEHUE

CylliecTByOllIME 3KCIIEPUMEHTabHbIE MOJEIM CUHANTOMNATUIA, MPEeUMYIIeCTBEHHO
OCHOBaHHBIE Ha CO3MaHUU TeHETUYECKU MOAUMDUIIMPOBAHHBIX IPHI3YHOB, YCITEIITHO BOC-
MPOU3BOAIT MaTOJOTMYECKUE UBMEHEHUSI, XapaKTepHBbIe IUTSl pa3TNnIHBIX CUHAIITOIATHIA,
BKJTIOYAsl HapyIIeHUsT LIEHTPaTbHON HEepBHOI cucTeMbl. OMHAKO HOBbIE aJIbTepHATUBHbBIC
MOJIeIbHbIE OPTaHU3MBbl, TAKME KaK 3e0pagaHuo, MPEACTaBISIOT COO0M MepCIeKTUBHBII
MOAXOHd, KOTOPBIM MOXKET IOCIYXUTh sl Oojiee 3ddekTUBHOrOo (hapMaKoJIOorndeckoro
CKPMHMHTA U YXe UCITOJIb3YIOTCs IS TIOMCKA HOBBIX JIEKAPCTBEHHBIX TIperapaToB. Pac-
IMpPEHUE NCIIOb30BAHUS 3TUX MOJIEJe MMO3BOJUT YIYYIIUTh TIOHUMaHWUe TTyOMHHBIX
OCHOB JTaHHBIX TTaTOJIOTHI U caenaTh 6ojiee 3HOEKTUBHBIM MOAOO0P JICUSHUST ST TIAll-
€HTOB ¢ CMHanTomnaTusiMu. KpoMe Toro, MHOTME OTKPBITBIE BOITPOCH B 00JIACTU U3YUEHUST
3TUOJIOTMU 1 MEXaHU3MOB MaToreHe3a CMHAaNTONaTyii (Tab:1. 1) MOTyT OBITh YCIIEIIHO pa3pe-
IIEHBI C MTOMOIIBIO IIIMPOKOTO UCIMOIb30BAHUS SKCIEPUMEHTATBLHBIX MOJENe TaHHBIX
MaTOJIOTUIi, B TOM YMCJIE C UCTIOJIb30BaHUEM 3e0paiaHUo.
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Synaptopathies include a heterogeneous group of severely debilitating neurological dis-
eases characterized by structural and functional deficits of neuronal synapses. Common
synaptopathies include epilepsy, schizophrenia, prion diseases, autism spectrum disor-
ders, various autoimmune diseases and cochlear synaptopathies. Their pathogenesis is
caused by both genetic and environmental factors. However, the relationship between
the cause and clinical manifestations of each particular synaptopathy, and their therapy,
remain poorly understood. Here, we discuss animal models of synaptopathies, with a
specific emphasis on zebrafish (Danio rerio), as well as outline several lines of future re-
search in this field. Overall, zebrafish emerge as a promising organism to mimic a wide
range of synaptopahies, paralleling and complementing their existing models in rodents.

Keywords: synaptic transmission, synaptopathies, pathogenesis, rodents, fish, experi-
mental models
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