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Íåéðîíû è ýíäîêðèííûå êëåòêè ìîãóò âûñâîáîæäàòü áîëåå îäíîãî òðàíñìèòòåðà, ïðè-
÷åì îáëàäàþò ïëàñòè÷íîñòüþ, êîòîðàÿ ïîçâîëÿåò äèôôåðåíöèðîâàííîå âûñâîáîæäåíèå
ðàçëè÷íûõ òðàíñìèòòåðîâ â çàâèñèìîñòè îò ñòèìóëÿöèè. Íàñòîÿùèé îáçîð ïðåäñòàâëÿåò
íàêîïëåííóþ ê äàííîìó ìîìåíòó èíôîðìàöèþ î ìîëåêóëÿðíûõ äåòåðìèíàíòàõ, êîòîðûå
ðåãóëèðóþò äèôôåðåíöèðîâàííîå âûñâîáîæäåíèå íåéðîòðàíñìèòòåðîâ. Â ïîñëåäíèå ãîäû
îòêðûòî, ÷òî ñèíàïòè÷åñêèå âåçèêóëû, íåñóùèå òðàíñìèòòåðû è íåéðîïåïòèäû, ãåòåðî-
ãåííû ïî ñâîåìó ìîëåêóëÿðíîìó ñîñòàâó. Íåäàâíî áûëè îïèñàíû áåëêè ñèíàïòè÷åñêèõ
âåçèêóë, êîòîðûå ñåëåêòèâíî ðåãóëèðóþò ñïîñîáíîñòü ýòèõ âåçèêóë âûñâîáîæäàòüñÿ
ñèíõðîííî èëè àñèíõðîííî â îòâåò íà ñòèìóëÿöèþ, èëè ñïîíòàííî íåçàâèñèìî îò ñòèìó-
ëÿöèè. Èçîôîðìû ñèíàïòîòàãìèíà, êëþ÷åâîãî áåëêà, âîâëå÷åííîãî â âûñâîáîæäåíèå
ñèíàïòè÷åñêèõ âåçèêóë, ðàçëè÷àþòñÿ ïî ñâîèì áèîõèìè÷åñêèì ñâîéñòâàì è, áóäó÷è ëîêà-
ëèçîâàíû â ðàçëè÷íûõ ñèíàïòè÷åñêèõ âåçèêóëàõ, ìîãóò ó÷àñòâîâàòü â âûñâîáîæäåíèè ðàç-
íûõ òðàíñìèòòåðîâ â îòâåò íà ðàçíûå ñòèìóëû. Áûëî ïîêàçàíî òàêæå, ÷òî òðàíñìèòòåðû
ìîãóò âûñâîáîæäàòüñÿ äèôôåðåíöèðîâàííî â çàâèñèìîñòè îò ñïîñîáà ýêçîöèòîçà —
÷àñòè÷íîãî (íàçûâàåìîãî kiss-and-run) èëè ïîëíîãî ñëèÿíèÿ ñèíàïòè÷åñêèõ âåçèêóë ñ ìåì-
áðàíîé.

Êëþ÷åâûå ñëîâà: íåéðîòðàíñìèòòåð, ñèíàïòè÷åñêèå âåçèêóëû, ñèíàïòîòàãìèí, ýêçî-
öèòîç.
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Neurons and endocrine cells can release more than one transmitter, and they possess plastici-
ty, which allows differential release transmitters depending on stimulation. This review describes
the information accumulated to date about the molecular determinants that regulate the differenti-
al neurotransmitters release. It has been discovered recently that synaptic vesicles are heteroge-
neous in their molecular composition. Recently, synaptic vesicle proteins have been described
that selectively regulate the ability of these particles to be fused synchronously or asynchronously
in response to stimulation or spontaneously independent of stimulation. The isoforms of synapto-
tagmine, a key protein involved in the release of synaptic particles, differ in their biochemical pro-
perties and, being localized to various synaptic particles, can participate in the release of different
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transmitters in response to a different stimulus. It has also been shown that the transmitters can be
released differentially depending on the mode of exocytosis-partial — kiss-and-run, or the comp-
lete fusion of synaptic particles with the membrane.

Key words: neurotransmitter, synaptic vesicles, synaptotagmin, exocytosis.

RUSSIAN JOURNAL OF PHYSIOLOGY. V. 104. N 5. P. 536—544. 2018

Íà íà÷àëüíûõ ýòàïàõ èçó÷åíèÿ íåéðîòðàíñìèññèè îäèí èç êëàññèêîâ íåé-
ðîáèîëîãèè Ãåíðè Äåéë ïðåäïîëîæèë, ÷òî êàæäûé íåéðîí âûäåëÿåò îäèí ãëàâ-
íûé òðàíñìèòòåð èç âñåõ àêñîíîâ è, òàêèì îáðàçîì, ìîæåò áûòü èäåíòèôèöèðî-
âàí ïî ýòîìó ïðèçíàêó [16]. Â äàëüíåéøåì ýòî ïðåäïîëîæåíèå áûëî íàçâàíî
ïðèíöèïîì Äåéëà. Ñ ðàçâèòèåì ìåòîäîâ èììóíîöèòîõèìèè, îäíàêî, áûëî îòêðû-
òî ìíîãî ñèíàïñîâ, â êîòîðûõ â çàâèñèìîñòè îò ñòèìóëà íàðÿäó ñ äîìèíàíòíûì
òðàíñìèòòåðîì âûäåëÿëèñü è íåéðîïåïòèäû [27]. Îäíèì èç âàæíûõ îòêðûòèé ñòà-
ëî îòêðûòèå ñîâûñâîáîæäåíèÿ äîïàìèíà è ãëþòàìàòà íåéðîíàìè ñðåäíåãî ìîçãà
[53].

Ê íàñòîÿùåìó âðåìåíè óæå èçâåñòíî ìíîãî ïðèìåðîâ òîãî, ÷òî íåéðîíû è ýí-
äîêðèííûå êëåòêè ìîãóò âûcâîáîæäàòü áîëåå îäíîãî òðàíñìèòòåðà [9, 24, 25, 33, 38, 48,

55, 63]. Ñèìïàòè÷åñêèå ýôôåðåíòíûå íåéðîíû îáëàäàþò ñâîéñòâîì âûñâîáîæäàòü
ìíîæåñòâî íåéðîòðàíñìèòòåðîâ: àöåòèëõîëèí, íåéðîïåïòèä Y, ìîíîàìèíû —
ýïèíåôðèí è íîð-ýïèåíôðèí, äîïàìèí, ñåðîòîíèí, à òàêæå ïóðèíû (ÀÒÔ, ÓTÔ)
[22, 36, 41]. Ýòèì æå ñâîéñòâîì îáëàäàþò è õðîìàôèííûå êëåòêè, à òàêæå êëåòêè,
âûäåëåííûå èç ôåîõðîìîöèòîìû PC12 [58]. Èíòåðåñíî, ÷òî ñèìïàòè÷åñêèå íåé-
ðîíû â êóëüòóðå êëåòîê ìîãóò áûñòðî ìåíÿòü òèï íåéðîòðàíñìèññèè: â òå÷åíèå
5 ìèí ïîñëå ñòèìóëÿöèè íåéðîòðîïíûì ôàêòîðîì ìîçãà (BDNF) èëè öèëèàðíûì
íåéðîòðîôè÷åñêèì ôàêòîðîì (CNTF) ïðåèìóùåñòâåííîå âûñâîáîæäåíèå àöåòèë-
õîëèíà ñìåíÿåòñÿ íà âûñâîáîæäåíèå êàòåõîëàìèíîâ [31].

Òàêèì îáðàçîì, íåéðîíû è ýíäîêðèííûå êëåòêè îáëàäàþò ïëàñòè÷íîñòüþ,
êîòîðàÿ ïîçâîëÿåò äèôôåðåíöèðîâàííîå âûñâîáîæäåíèå ðàçëè÷íûõ òðàíñìèòòå-
ðîâ â çàâèñèìîñòè îò ñòèìóëÿöèè. Âîïðîñ î òîì, êàê ìîãëî áû ðåãóëèðîâàòüñÿ
äèôôåðåíöèðîâàííîå âûñâîáîæäåíèå íåéðîòðàíñìèòòåðîâ, êðàéíå èíòåðåñåí.
Â íàñòîÿùåì îáçîðå áóäåò ïðåäïðèíÿòà ïîïûòêà ñèñòåìàòèçèðîâàòü íàêîïëåí-
íóþ ê äàííîìó ìîìåíòó èíôîðìàöèþ î ìîëåêóëÿðíûõ äåòåðìèíàíòàõ, êîòîðûå
ðåãóëèðyþò ýòîò ïðîöåññ.

ÐÀÇËÈ×ÍÛÅ ÊËÀÑÑÛ ÑÈÍÀÏÒÈ×ÅÑÊÈÕ ÂÅÇÈÊÓË

Íåéðîíû ñîäåðæàò äâà ãëàâíûõ êëàññà ñèíàïòè÷åñêèõ âåçèêóë — ìàëåíüêèå
ïðîçðà÷íûå (small, clear synaptic vesicles (SSV)), êîòîðûå â îñíîâíîì ñîäåðæàò
íèçêîìîëåêóëÿðíûå òðàíñìèòòåðû, çàãðóæàåìûå ñïåöèôè÷åñêèìè ìîëåêóëàìè-
òðàíñïîðòåðàìè èç öèòîïëàçìû, òîãäà êàê íåéðîïåïòèäû çàãðóæàþòñÿ â áîëåå
êðóïíûå âåçèêóëû, íåïðîçðà÷íûå ïðè ýëåêòðîííî-ìèêðîñêîïè÷åñêîì àíàëèçå
(larger, dense-core vesicles (DCVs)), ôîðìèðóþùèåñÿ â òðàíñ-Ãîëüäæè àïïàðàòå
[68]. Òàêîå ðàçäåëåíèå òðàíñìèòòåðîâ â ðàçíûå êëàññû âåçèêóë ìîãëî áû ñîçäà-
âàòü âîçìîæíîñòü äëÿ òîãî, ÷òîáû îíè âûñâîáîæäàëèñü íåçàâèñèìî äðóã îò äðó-
ãà. Áûëî ïîêàçàíî, ÷òî ðàçíûå êëàññû âåçèêóë, SSVè DSV, èìåþò ðàçëè÷íóþ
÷óâñòâèòåëüíîñòü ê ñòèìóëÿöèè [6, 27, 56, 66]. Îäíàêî êàê â íåéðîíàõ, òàê è â ýíäî-
êðèííûõ êëåòêàõ ÷àñòî â îäíîì òèïå âåçèêóë ìîãóò ñîäåðæàòüñÿ êàê íèçêîìîëå-
êóëÿðíûå òðàíñìèòòåðû, òàê è íåéðîïåïòèäû îäíîâðåìåííî [27, 46]. Òàêèì îáðà-
çîì, ñàìî ïî ñåáå íàõîæäåíèå òðàíñìèòòåðîâ â ðàçëè÷íûõ êëàññàõ ñèíàïòè-
÷åñêèõ âåçèêóë íå ÿâëÿåòñÿ îïðåäåëÿþùèì ôàêòîðîì èõ äèôôåðåíöèðîâàííîãî
âûñâîáîæäåíèÿ.



ÏÎËÍÎÅ ÈËÈ ×ÀÑÒÈ×ÍÎÅ (KISS-AND-RUN) ÑËÈßÍÈÅ ÑÈÍÀÏÒÈ×ÅÑÊÈÕ

ÂÅÇÈÊÓË Ñ ÏÐÅÑÈÍÀÏÒÈ×ÅÑÊÎÉ ÌÅÌÁÐÀÍÎÉ

Ýêçîöèòîç íåéðîòðàíñìèòòåðîâ è ãîðìîíîâ ìîæåò ïðîèñõîäèòü äâóìÿ ðàçëè÷-
íûìè ñïîñîáàìè — kiss-and-run, ïðè êîòîðîì ïðîèñõîäèò òîëüêî ÷àñòè÷íîå ñëè-
ÿíèå ñèíàïòè÷åñêèõ âåçèêóë ñ ìåìáðàíîé, è ïîëíîå ñëèÿíèå (full fusion) [1, 11].
Ïðè ÷àñòè÷íîì ñëèÿíèè ñîäåðæèìîå âåçèêóë âûñâîáîæäàåòñÿ ÷åðåç íåáîëüøèå
ïîðû ñëèÿíèÿ (fusion pores) è, òàêèì îáðàçîì, èõ ðàçìåð îãðàíè÷èâàåò ðàçìåð ìî-
ëåêóë, êîòîðûå ìîãóò ïðè òàêîì ñïîñîáå ýêçîöèòîçà âûéòè íàðóæó. Ïðè ïîëíîì
ñëèÿíèè âûñâîáîæäàþòñÿ âñå ñîäåðæàùèåñÿ â âåçèêóëàõ ìîëåêóëû.

Õðîìàôèííûå êëåòêè ìîãóò âûñâîáîæäàòü êàòåõîëàìèíû è íåéðîïåïòèäû èç
îäíîé âåçèêóëû ïî÷òè îäíîâðåìåííî [62], îäíàêî â çàâèñèìîñòè îò ôîðìû ñòèìó-
ëÿöèè íîð-ýïèíåôðèí âûñâîáîæäàåòñÿ ïóòåì kiss-and-run, òîãäà êàê ïðè ïîëíîì
ñëèÿíèè âåçèêóë âûñâîáîæäàþòñÿ íîð-ýïèíåôðèí è íåéðîïåïòèäû [21]. ÀÒÔ è
èíñóëèí, ñîâìåñòíî íàõîäÿùèåñÿ â ïàíêðåàòè÷åñêèõ áåòà-êëåòêàõ, òàêæå ìîãóò
ñåêðåòèðîâàòüñÿ äèôôåðåíöèðîâàííî èëè îäíîâðåìåííî â çàâèñèìîñòè îò ñïîñî-
áà ýêçîöèòîçà [34]. Òàêèì îáðàçîì, òèï ýêçîöèòîçà — kiss-and-run èëè ïîëíîå ñëè-
ÿíèå — îïðåäåëÿåò, êàêîé èç íåéðîòðàíñìèòòåðîâ âûñâîáîæäàåòñÿ.

ÌÎËÅÊÓËßÐÍÀß ÃÅÒÅÐÎÃÅÍÍÎÑÒÜ ÑÈÍÀÏÒÈ×ÅÑÊÈÕ ÂÅÇÈÊÓË

Äèôôåðåíöèðîâàííîå âûñâîáîæäåíèå òðàíñìèòòåðîâ î÷åíü òðóäíî áûëî îáú-
ÿñíèòü èç-çà òîãî, ÷òî äàííûõ î ìîëåêóëÿðíîì ñîñòàâå ñèíàïòè÷åñêèõ âåçèêóë
áûëà íåäîñòàòî÷íà, è âñå âåçèêóëû àïðèîðíî ñ÷èòàëèñü îäèíàêîâûìè. Îäíàêî â
òå÷åíèå ïîñëåäíèõ 10 ëåò íàêîïèëèñü äàííûå î ãåòåðîãåííîñòè ìîëåêóë, âõîäÿ-
ùèõ â ñîñòàâ ñèíàïòè÷åñêèõ âåçèêóë.

Ñèíàïòîòàãìèí (syt) — êëþ÷åâîé áåëîê ñåêðåòîðíûõ âåçèêóë, îáåñïå÷èâà-
þùèé ýêçîöèòîç â îòâåò íà ïîâûøåíèå êîíöåíòðàöèè êàëüöèÿ [2, 12, 52]. Èçâåñòíî
17 åãî èçîôîðì, êîòîðûå ðàçëè÷àþòñÿ ñâîèìè áèîõèìè÷åñêèìè ñâîéñòâàìè [8, 30,

35, 51]. ×åòûðå èçîôîðìû ñèíàïòîòàãìèíà (syt I , syt II, syt VII è syt IX) ôóíêöèî-
íèðóþò êàê ñåíñîðû Ca2+ â ïðîöåññå ýêçîöèòîçà ñèíàïòè÷åñêèõ è íåéðîýíäî-
êðèííûõ âåçèêóë [51, 52], òîãäà êàê syt IV íå ñâÿçûâàåò Ca2+ è èíãèáèðóåò ýêçîöèòîç
[7]. Èíòåðåñíî, ÷òî íàèáîëåå ðàñïðîñòðàíåííûé syt I ìîæåò âûïîëíÿòü ïðîòèâî-
ïîëîæíûå ôóíêöèè: îí ñòèìóëèðóåò èíäóöèðîâàííûé è èíãèáèðóåò ñïîíòàííûé
ýêçîöèòîç â çàâèñèìîñòè îò åãî êîíôîðìàöèè [4]. Êðîìå òîãî, ñèíàïòîòàãìèíû
èìåþò ðàçëè÷íîå ñðîäñòâî ê êîìïîíåíòàì ëèïèäíûõ ìåìáðàí, íàïðèìåð ê ôîñ-
ôàòèäèëñåðèíó: syt VII ñâÿçûâàåòñÿ ñ ôîñôàòèäèëñåðèíñîäåðæàùèìè ëèïîñî-
ìàìè ýôôåêòèâíåå, ÷åì syt I, ïðè ýòîì syt IX èìååò ê íèì ïðîìåæóòî÷íîå ñðîäñò-
âî [64].

Ñëåäóåò îòìåòèòü, ÷òî ðàçëè÷íûå ñïåöèôè÷åñêèå èçîôîðìû ñèíàïòîòàãìèíà
ýêñïðåññèðóþòñÿ â ðàçíîé ñòåïåíè â ðàçíûõ òèïàõ íåéðîíîâ è íåéðîýíäîêðèí-
íûõ êëåòîê [10, 52]. Òàê, â PC12 ïðèñóòñòâóþò syt I, syt IV, syt VII è syt IX [19, 20, 57,

60]. Â ðàáîòå Z. Zhang è ñîàâò. [65] ñ ïîìîùüþ èììóíîýëåêòðîííîé ìèêðîñêîïèè
áûëî ïðîäåìîíñòðèðîâàíî, ÷òî ðàçëè÷íûå èçîôîðìû ñèíàïòîòàãìèíîâ ëîêàëèçó-
þòñÿ â PC12 êëåòêàõ ê DSV ðàçíîãî ðàçìåðà: syt I — ïðåèìóùåñòâåííî ê ñàìûì
ìàëåíüêèì âåçèêóëàì, syt IV è VII — ê âåçèêóëàì ñðåäíåãî ðàçìåðà è syt IX —
ê ñàìûì êðóïíûì âåçèêóëàì (ðèñ. 1, ïî: [65]). Â ýòîé è ïðåäûäóùèõ ðàáîòàõ ýòîé
æå ëàáîðàòîðèè áûëî ïîêàçàíî, ÷òî ýòè ñèíàïòîòàãìèíû ðàçëè÷àþòñÿ ïî ÷óâñò-
âèòåëüíîñòè ê ðàçëè÷íûì äâóõâàëåíòíûì èîíàì, ê èíãèáèðîâàíèþ syt IV è ïî
ïðåäïî÷òåíèþ ê kiss-and-run èëè ïîëíîìó ñëèÿíèþ [64, 65]. DSV íàèìåíüøåãî ðàç-
ìåðà íåñóò syt I è èìåþò ïðåäïî÷òåíèå ê kiss-and-run ôîðìå ýêçîöèòîçà, íàèáîëü-
øèå íåñóò áîëüøå syt VII è ïðåäïî÷èòàþò ïîëíîå ñëèÿíèå, à ñðåäíèå íåñóò syt IX
è òàêæå ïîêàçûâàþò ïðîìåæóòî÷íîå ïðåäïî÷òåíèå ê kiss-and-run ýêçîöèòîçó. Ïî-
ñêîëüêó ïðè kiss-and-run ýêçîöèòîçå ïðåèìóùåñòâåííî âûñâîáîæäàþòñÿ ìîëåêó-
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ëû ìåíüøåãî ðàçìåðà, ó÷àñòèå îïðåäåëåííûõ èçîôîðì ñèíàïòîòàãìèíîâ, ïðåä-
ïî÷òèòåëüíî âîâëå÷åííûõ â kiss-and-run, áóäåò îïðåäåëÿòü âûñâîáîæäåíèå ìîëå-
êóë ìåíüøåãî ðàçìåðà. Òàêèì îáðàçîì, ðàçíîîáðàçèå èçîôîðì ñèíàïòîòàãìèíà
îáåñïå÷èâàåò ðåãóëÿöèþ âûñâîáîæäåíèÿ ðàçëè÷íûõ ìîëåêóë èç îäíèõ è òåõ æå
êëåòîê.

Â ðàáîòå ëàáîðàòîðèè Ýìè Õàðêèíç (Amy Harkins) áûëî ïîêàçàíî, ÷òî íîêàóò
syt I â PC12 êëåòêàõ ïî-ðàçíîìó âëèÿåò íà âûñâîáîæäåíèå ðàçíûõ òðàíñìèòòå-
ðîâ: ïðè ñòàáèëüíîé ýêñïðåññèè ïëàçìèäû, êîäèðóþùåé shRNA äëÿ syt I, âûñâî-
áîæäåíèå ÀÒÐ è NPY áûëî ïîäàâëåíî ïîëíîñòüþ, òîãäà êàê âûñâîáîæäåíèå
íîð-ýïèíåôðèíà áûëî òîëüêî óìåíüøåíî íà 50 % [45]. Ïðîäîëæàÿ ýòî íàïðàâëå-
íèå, èññëåäîâàòåëè ïîêàçàëè, ÷òî òèòðóÿ óðîâåíü ýêñïðåñèè syt I â PC12 îíè ìî-
ãóò ïî-ðàçíîìó âëèÿòü íà âûñâîáîæäåíèå ðàçëè÷íûõ òðàíñìèòòåðîâ, ò. å. êàæäûé
òðàíñìèòòåð èìååò îïðåäåëåííûé ïîðîãîâûé óðîâåíü ýêñïðåññèè syt I [39].

Ïî ìåðå èçó÷åíèÿ ìîëåêóëÿðíîãî ñîñòàâà ñèíàïòè÷åñêèõ âåçèêóë áûëè âûÿâ-
ëåíû íîâûå áåëêè, êîòîðûå îïðåäåëÿþò èõ ãåòåðîãåííîñòü. Ñëèÿíèå ñèíàïòè÷åñêèõ
âåçèêóë ñ ìåìáðàíîé — ñëîæíûé ïðîöåññ, ðåãóëèðóåìûé áåëêîâûìè êîìïëåêñà-
ìè. Êëþ÷åâîé áåëîê, ðåãóëèðóþùèé ñëèÿíèå ìåìáðàí â íåéðîíàõ, áûë îòêðûò â
ëàáîðàòîðèè Äæåéìñà Ðîòìàíà â 1987 ã. è èäåíòèôèöèðîâàí ïî ÷óâñòâèëüíîñòè ê
N-ýòèë-ìàëåèìèäó — NSF [5, 61]. Âñëåä çà ýòèì áûëè îòêðûòû áåëêè, âçàèìîäåé-
ñòâóþùèå ñ NSF — òàê íàçûâàåìûå «ðåöåïòîðû» NSF — SNARE (soluble NSF
attachment protein receptor v-SNARE) [13, 49]. SNARE-ðåöåïòîðû, íàõîäÿùèåñÿ
íà ñèíàïòè÷åñêèõ âåçèêóëàõ, áûëè íàçâàíû âåçèêóëÿðíûìè (v-SNARE), à ðå-
öåïòîðû, íàõîäÿùèåñÿ íà ïëàçìàòè÷åñêèõ ìåìáðàíàõ íåéðîíîâ — t-SNARE
(target-SNARE). Âî âðåìÿ ýêçîöòîçà v-SNARE è t-SNARE áåëêè âçàèìîäåéñòâó-
þò ïîäîáíî çàñòåæêå-ìîëíèè, çàêðûâàþùåéñÿ îò N- ê C- êîíöó, è òàêèì îáðàçîì
ñáëèæàþò ó÷àñòêè ìåìáðàí, ñîäåðæàùèå èõ C-êîíöû [33, 41, 54].

Â îáùåïðèçíàííîé ìîäåëè v-SNARE áåëîê ñèíàïòîáðåâèí-2 (syb2), òàêæå íà-
çûâàåìûé VAMP-2, ñâÿçûâàåòñÿ ñ t-SNARE áåëêîì ñèíòàêñèíîì-1 è áåëêîì, àñ-
ñîöèèðîâàííûì ñ ñèíàïòîñîìîé SNAP-25, ÷òîáû ñáëèçèòü ìåìáðàíó ñèíàïòè÷å-

Ðèñ. 1. Ðàçëè÷íûå èçîôîðìû ñèíàïòîòàãìèíîâ ëîêàëèçóþòñÿ â ñèíàïòè÷åñêèõ âåçèêóëàõ
ðàçíîãî ðàçìåðà (ïî: [65]).

À — ëîêàçèçàöèÿ ðàçëè÷íûõ èçîôîðì ñèíàïòîòàãìèíîâ ê DCV ðàçíîãî ðàçìåðà, âèçóàëèçèðîâàííàÿ ñ
ïîìîùüþ ýëåêòðîííîé ìèêðîñêîïèè; Á — ðàñïðåäåëåíèå DCV, ñîäåðæàùèõ syt I, syt VII, syt IX è

syt IV ïî ðàçìåðàì.



ñêîé âåçèêóëû ñ êëåòî÷íîé ìåìáðàíîé, ïðè÷åì ýòîò ïðîöåññ êàòàëèçèðóåòñÿ ñè-
íàïòîòàãìèíîì 1 â îòâåò íà ïîâûøåíèå êîíöåíòðàöèè Ñà2+ [33].

Âûäåëÿþò òðè ôîðìû âûñâîáîæäåíèÿ ñèíàïòè÷åñêèõ âåçèêóë â çàâèñèìîñòè
îò ñòèìóëà: ñïîíòàííîå, èíäóöèðîâàííîå ñèíõðîííîå è àñèíõðîííîå âûñâîáîæ-
äåíèå [14, 18, 23]. Â ïîñëåäíèå ãîäû ðàñòåò ÷èñëî èññëåäîâàíèé, â êîòîðûõ ïîêà-
çàíî, ÷òî ñîñòàâ âåçèêóë, ó÷àñòâóþùèõ â âûñâîáîæäåíèè ïðè ðàçíûõ ñïîñîáàõ
ñòèìóëÿöèè, ðàçëè÷åí. Òàê, îêàçàëîñü, ÷òî êëþ÷åâîé v-SNARE áåëîê ñèíàïòî-
áðåâèí-2 ïðåèìóùåñòâåííî ñîäåðæèòñÿ â âåçèêóëàõ, âûñâîáîæäàþùèõñÿ ïðè èí-
äóöèðîâàííîì ñèíõðîííîì âûñâîáîæäåíèè. Â êóëüòèâèðóåìûõ íåéðîíàõ ãèï-
ïîêàìïà ìûøåé, â êîòîðûõ îòñóòñòâîâàë syb2, èíäóöèðîâàííàÿ òðàíñìèññèÿ
ïîëíîñòüþ îòñóòñòâîâàëà, òîãäà êàê ñïîíòàííàÿ íåéðîòðàíñìèññèÿ ñîõðàíèëàñü ñ
óìåíüøåííîé ÷àñòîòîé [17, 47]. Êðîìå òîãî, ñ ïîìîùüþ ìèêðîñêîïíîé òåõíèêè ñó-
ïåððàçðåøåíèÿ STED áûëî ïðÿìî ïîêàçàíî, ÷òî âåçèêóëû, ñîäåðæàùèå syb2,
ïðåèìóùåñòâåííî âûñâîáîæäàþòñÿ èíäóöèðîâàííûì îáðàçîì [44]. Ñèíàïòîáðå-
âèí-1 òàêæå ó÷àñòâóåò ïðåèìóùåñòâåííî â èíäóöèðîâàííîì âûñâîáîæäåíèè ñè-
íàïòè÷åñêèõ âåçèêóë.

Äðóãîé v-SNARE áåëîê VAMP4, íàïðîòèâ, âîâëå÷åí â àñèíõðîííîå è ñïîí-
òàííîå âûñâîáîæäåíèå, êàê áûëî âûÿâëåíî â ýêñïåðèìåíòàõ ñ èñïîëüçîâàíèåì
íîêàóòà ãåíà VAMP4 â êóëüòèâèðóåìûõ íåéðîíàõ ãèïïîêàìïà [42, 44]. Ýêñïåðè-
ìåíòû ñ èñïîëüçîâàíèåì îïòè÷åñêîãî ðåïîðòåðà íà îñíîâå pH-÷óâñòâèòåëüíî-
ãî ôëóîðåñöåíòíîãî áåëêà, ñøèòîãî ñ VAMP4, ïîêàçàëè, ÷òî VAMP4-ñîäåð-
æàùèå âåçèêóëû ãîðàçäî ìåíåå ÷àñòî âûñâîáîæäàþòñÿ â îòâåò íà ñòèìóëÿöèþ,
÷åì âåçèêóëû, ñîäåðæàùèå syb2 [42]. pH-÷óâñòâèòåëüíûé ôëóîðåñöåíòíûé áåëîê
(pHfluorin) ïðàêòè÷åñêè íå èìååò ñâåòèìîñòè ïðè êèñëûõ çíà÷åíèÿõ pH. Òàêèì
îáðàçîì, áóäó÷è ñøèò ñ âíóòðèìåìáðàííûìè äîìåíàìè áåëêîâ ñèíàïòè÷åñêèõ
âåçèêóë, îí ïî÷òè íåâèäèì. Ïðè ýêçîöèòîçå, êîãäà ñîäåðæèìîå âåçèêóë âûñâî-
áîæäàåòñÿ è ïîïàäàåò â îáëàñòü áîëåå íåéòðàëüíûõ pH, ñâåòèìîñòü ýòîãî áåëêà
ðåçêî âîçðàñòàåò è äàåò âîçìîæíîñòü îïðåäåëèòü äèñêðåòíûé ôëóîðåñöåíòíûé
ñèãíàë, ñîîòâåòñòâóþùèé âûñâîáîæäåíèþ îäíîé âåçèêóëû [37]. Ýêñïåðèìåíòû,
â êîòîðûõ èñïîëüçóþòñÿ èññëåäóåìûå áåëêè, ñøèòûå ñ pH-÷óâñòâèòåëüíûìè
ôëþîðåñöåíòíûìè áåëêàìè ñ ðàçëè÷íûìè ñïåêòðàëüíûìè õàðàêòåðèñòèêàìè, äà-
þò âîçìîæíîñòü ïðÿìî èçó÷èòü ýêçî- è ýíäîöèòîç ñèíàïòè÷åñêèõ âåçèêóë, â êîòî-
ðûõ ñîäåðæàòñÿ ýòè áåëêè.

Íåäàâíî áûëî îòêðûòî, ÷òî v-SNARE áåëîê vti1a (vps10p tail interactor 1a)
ó÷àñòâóåò â ñïîíòàííîì ýêçîöèòîçå ñèíàïòè÷åñêèõ âåçèêóë. Íîêàóò ãåíà vti1a
â êóëüòèâèðóåìûõ íåéðîíàõ ãèïïîêàìïà óìåíüøàë ÷àñòîòó ñïîíòàííîãî ýêçîöè-
òîçà, è âåçèêóëû, ìå÷åííûå ôëóîðåñöåíòíûì ðåïîðòåðîì ýòîãî áåëêà â îòâåò íà
ñòèìóëÿöèþ, íå ïåðåìåùàëèñü òàê æå ýôôåêòèâíî, êàê âåçèêóëû, ñîäåðæàùèå
syb2 [28, 43, 44]. Êðîìå òîãî, âåçèêóëû, ñîäåðæàùèå vti1a-ôëóîðåñöåíòíûé áåëîê,
ïðè ñïîíòàííîì âûñâîáîæäåíèè äâèãàëèñü íåçàâèñèìî îò âåçèêóë, ñîäåðæàùèõ
syb2. Ýòè ýêñïåðèìåíòû ïîäòâåðæäàþò, ÷òî syb2 è vti1a ìàðêèðóþò ðàçëè÷íûå
ïîïóëÿöèè ñèíàïòè÷åñêèõ âåçèêóë [43]. Íîêàóò ãåíà, êîäèðóþùåãî áåëîê vti1a â
õðîìàôôèííûõ êëåòêàõ, óìåíüøàåò ÷èñëî DSV, ó÷àñòâóþùèõ â ñåêðåöèè ãîðìî-
íîâ [59].

Äðóãîé v-SNARE áåëîê, VAMP7, òàêæå ó÷àñòâóåò ïðåèìóùåñòâåííî â ñïîí-
òàííîì ýêçîöèòîçå ñèíàïòè÷åñêèõ âåçèêóë [4, 29, 43].

Òàêèì îáðàçîì, ñóùåñòâîâàâøàÿ ðàíåå êëàññè÷åñêàÿ ìîäåëü, â êîòîðîé ñèíàï-
òè÷åñêèå âåçèêóëû ðàçëè÷àëèñü òîëüêî ïî ïðèíàäëåæíîñòè ê ðàçíûì ôóíêöèî-
íàëüíûì ïîïóëÿöèÿì — ïîêîÿùèåñÿ, ãîòîâûå ê íåìåäëåííîìó âûñâîáîæäå-
íèþ, è ðåöèðêóëèðóþùèå, â íàñòîÿùåå âðåìÿ ñóùåñòâåííî äîïîëíåíà (ðèñ. 2,
ïî: [15]).

Ïîñêîëüêó ñèíàïòè÷åñêèå âåçèêóëû, àêòèâèðîâàííûå ïðè ðàçëè÷íîé ñòèìóëÿ-
öèè, ðàçëè÷àþòñÿ ïî ñâîåìó áåëêîâîìó ñîñòàâó, âîçìîæíî ïðåäïîëîæèòü, ÷òî
îíè íåñóò è ðàçëè÷íûå íåéðîòðàíñìèòòåðû. Òàêèì îáðàçîì, îïðåäåëåíèå ìîëå-
êóëÿðíûõ ìàðêåðîâ ðàçëè÷íûõ ñèíàïòè÷åñêèõ âåçèêóë ñîçäàëî îñíîâó, îïèðàÿñü
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Ðèñ. 2. Ðàçëè÷íûå ïóëû ñèíàïòè÷åñêèõ âåçèêóë (À), êëàññè÷åñêàÿ ñõåìà (Á). Ìîëåêóëÿðíàÿ
ãåòåðîãåííîñòü ïðåñèíàïòè÷åñêèõ ÷àñòèö (ïî: [15]).

À — îáùåïðèíÿòàÿ ðàíåå ìîäåëü îðãàíèçàöèè ñèíàïòè÷åñêèõ ÷àñòèö â ïðåñèíàïòè÷åñêîé çîíå íåéðî-
íà; Á — ñèíàïòè÷åñêèå ÷àñòèöû ãåòåðîãåííû ïî ñâîåìó ìîëåêóëÿðíîìó ñîñòàâó. ×àñòèöû, ñîäåðæàùèå
syb2, ïðåèìóùåñòâåííî ñëèâàþòñÿ ñ ïðåñèíàïòè÷åñêîé ìåìáðàíîé ïðè èíäóöèðîâàííîì ñèíõðîííîì
âûñâîáîæäåíèè; VAMP7 è vti1a — ïðè ñïîíòàííîì âûñâîáîæäåíèè; VAMP4 — ïðè èíäóöèðîâàíîì

àñèíõðîííîì âûñâîáîæäåíèè.



íà êîòîðóþ ìîæíî áîëåå äåòàëüíî èññëåäîâàòü ìåõàíèçìû äèôôåðåíöèðîâàííî-
ãî âûñâîáîæäåíèÿ íåéðîòðàíñìèòòåðîâ.

Ðàáîòà ïîääåðæàíà ãðàíòîì ÐÔÔÈ 16-04-01122.

ÑÏÈÑÎÊ ËÈÒÅÐÀÒÓÐÛ

[1] Alabi A. A., Tsien R. W. Perspectives on kiss-and-run: role in exocytosis, endocytosis,
and neurotransmission. Annu Rev. Physiol. 75: 393—422. 2013.

[2] Augustine G. J. How does calcium trigger neurotransmitter release? Curr. Opin. Neuro-
biol. 11: 320—326. 2001.

[3] Bai H., Xue R., Bao H., Zhang L., Yethiraj A., Cui Q., Chapman E. R. Different states of sy-
naptotagmin regulate evoked versus spontaneous release. Nature Communic. 22(7):10971. 2016.

[4] Bal M., Leitz J., Reese A. L., Ramirez D. M., Durakoglugil M., Herz J., Monteggia L. M.,
Kavalali E. T. Reelin mobilizes a VAMP7-dependent synaptic vesicle pool and selectively aug-
ments spontaneous neurotransmission. Neuron. 80: 934—946. 2013.

[5] Balch W. E., Dunphy W. G., Braell W. A., Rothman J. E. Reconstitution of the transport of
protein between successive compartments of the Golgi measured by the coupled incorporation of
N-acetylglucosamine. Cell. 39: 405—416. 1984.

[6] Bean A. J., Zhang X., Hokfelt T. Peptide secretion: what do we know? FASEB J. 8:
630—638. 1994.

[7] Bhalla A., Chicka M. C., Chapman E. R. Analysis of the synaptotagmin family during re-
constituted membrane fusion. Uncovering a class of inhibitory isoforms. J. Biol. Chem. 283:
21 799—21 807. 2008.

[8] Bhalla A., Tucker W. C., Chapman E. R. Synaptotagmin isoforms couple distinct ranges
of Ca2+, Ba2+, and Sr2+ concentration to SNARE-mediated membrane fusion. Mol. Biol. Cell. 16:
4755—4764. 2005.

[9] Burnstock G. Cotransmission. Curr. Opin. Pharmacol. 4: 47—52. 2004.
[10] Cao P., Yang X., Südhof T. C. Complexin activates exocytosis of distinct secretory vesic-

les controlled by different synaptotagmins. J. Neurosci. 33(4): 1714—1727. 2013.
[11] Cárdenas A. M., Marengo F. D. How the stimulus defines the dynamics of vesicle pool

recruitment, fusion mode, and vesicle recycling in neuroendocrine cells. J. Neurochem. (6):
867—879. 2016.

[12] Chapman E. R. How does synaptotagmin trigger neurotransmitter release? Annu. Rev.
Biochem. 77: 615—641. 2008.

[13] Clary D. O., Griff I. C., Rothman J. E. SNAPs, a family of NSF attachment proteins in-
volved in intracellular membrane fusion in animals and yeast. Cell. 61: 709—721. 1990.

[14] Colmeus C., Gomez S., Molgo J., Thesleff S. Discrepancies between spontaneous and
evoked synaptic potentials at normal, regenerating and botulinum toxin poisoned mammalian
neuromuscular junctions. Proc. R. Soc. Lond. Ser. B. 215: 63—74. 1982.

[15] Crawford D. C., Kavalali E. T. Molecular underpinnings of synaptic vesicle pool hetero-
geneity. Traffic. (4): 338—364. 2015.

[16] Dale H. Pharmacology and nerve-endings. Proc. R. Soc. Med. 28: 319—332. 1935.
[17] Deak F., Schoch S., Liu X., Sudhof T. C., Kavalali E. T. Synaptobrevin is essential for fast

synaptic-vesicle endocytosis. Nat. Cell Biol. 6: 1102—1108. 2004.
[18] Fatt P., Katz B. Spontaneous subthreshold activity at motor nerve endings. J. Physiol.

117:109—128. 1952.
[19] Fukuda M., Kanno E., Satoh M., Saegusa C., Yamamoto A. Synaptotagmin VII is targe-

ted to dense-core vesicles and regulates their Ca2+-dependent exocytosis in PC12 cells. J. Biol.
Chem. 279: 52 677—52 684. 2004.

[20] Fukuda M., Kowalchyk J. A., Zhang X., Martin T. F., Mikoshiba K. Synaptotagmin IX re-
gulates Ca2+-dependent secretion in PC12 cells. J. Biol. Chem. 277: 4601—4604. 2002.

[21] Fulop T., Radabaugh S., Smith C. Activity-dependent differential transmitter release in
mouse adrenal chromaffin cells. J. Neurosci. 25: 7324—7332. 2005.

[22] Furshpan E. J., Landis S. G., Potter D. D. Synaptic functions in rat sympathetic neurons
in microcultures. I. Secretion of norepinephrine and acetylcholine. J. Neurosci. 6:1061—1079.
1986.

542



543

[23] Glitsch M. D. Spontaneous neurotransmitter release and Ca2+ — how spontaneous is
spontaneous neurotransmitter release? Cell Calcium. 43:9—15. 2008.

[24] Jo Y. H., Schlichter R. Synaptic corelease of ATP and GABA in cultured spinal neurons.
Nat. Neurosci. 2: 241—245. 1999.

[25] Jonas P., Bischofberger J., Sandkuhler J. Corelease of two fast neurotransmitters at a
central synapse. Science. 281: 419—424. 1998.

[26] Hanson P. I., Roth R., Morisaki H., Jahn R., Heuser J. E. Structure and conformational
changes in NSF and its membrane receptor complexes visualized by quick-freeze/deep-etch elect-
ron microscopy. Cell. 90(3):523—535. 1997.

[27] Hokfelt T., Johansson O., Goldstein M. Chemical anatomy of the brain. Science.
225(4668):1326—1334. 1984.

[28] Hoopmann P., Punge A., Barysch S. V., Westphal V., Buckers J., Opazo F., Bethani I.,
Lauterbach M. A., Hell S. W., Rizzoli S. O. Endosomal sorting of readily releasable synaptic ve-
sicles. Proc. Natl. Acad. Sci. USA. 107:19 055—19 060. 2010.

[29] Hua Z., Leal-Ortiz S., Foss S. M., Waites C. L., Garner C. C., Voglmaier S. M., Ed-
wards R. H. v-SNARE composition distinguishes synaptic vesicle pools. Neuron. 71:474—487.
2011.

[30] Hui E., Bai J., Wang P., Sugimori M., Llinas R. R., Chapman E. R. Three distinct kinetic
groupings of the synaptotagmin family: candidate sensors for rapid and delayed exocytosis. Proc.
Natl. Acad. Sci. USA. 102: 5210—5214. 2005.

[31] Landis S. K. Quick-change artist: from excitatory to inhibitory synapse in minutes. Natu-
re Neurosci. (6):503—504. 2002.

[32] Lee S., Kim K., Jimmy Zhou. Role of ACh-GABA cotransmission in detecting image mo-
tion and motion direction. Neuron. 68: 1159—1172. 2010.

[33] Lin R. C., Scheller R. H. Structural organization of the synaptic exocytosis core complex.
Neuron. 19: 1087—1094. 1997.

[34] MacDonald P. E., Braun M., Galvanovskis J., Rorsman P. Release of small transmitters
through kiss-and-run fusion pores in rat pancreatic beta cells. Cell Metab. 4: 283—290. 2006.

[35] Marqueze B., Berton F., Seagar M. Synaptotagmins in membrane traffic: which vesicles
do the tagmins tag? Biochimie. 82: 409—420. 2000.

[36] Matsumoto S. G., Sah D., Potter D. D., Furshpan E. J. Synaptic functions in rat sympat-
hetic neurons in microcultures. IV. Nonadrenergic excitation of cardiac myocytes and the variety
of multiple-transmitter states. J. Neurosci. 7 (2): 380—390. 1987.

[37] Miesenböck G., Dino A. De Angelis, James E. Rothman.Visualizing secretion and synap-
tic transmission with pH-sensitive green fluorescent proteins. Nature. 394: 192—195. 1998.

[38] Nishimaru H., Restrepo C. E., Ryge J., Yanagawa Y., Kiehn O. Mammalian motor neu-
rons corelease glutamate and acetylcholine at central synapses. Proc. Natl. Acad. Sci. USA.
5245—5249. 2005.

[39] Papke J. B., Moore-Dotson J. M., Watson D. J., Wedell C. D., French L. R., Ren-
dell S. R., Harkins A. B. Titration of synaptotagmin I expression differentially regulates release of
norepinephrine and neuropeptide Y. Neuroscience. 218: 78—88. 2012.

[40] Poirier M. A., Xiao W., Macosko J. C., Chan C., Shin Y. K., Bennett M. K. The synaptic
SNARE complex is a parallel four-stranded helical bundle. Nat. Struct. Biol. 5: 765—769. 1998.

[41] Potter D. D., Landis S. C., Matsumoto S. G., Furshpan E. J. Synaptic functions in rat
sympathetic neurons in microcultures. II. Adrenergic/cholinergic dual status and plasticity. J. Ne-
urosci. 6: 1080—1098. 1986.

[42] Raingo J., Khvotchev M., Liu P., Darios F., Li Y. C., Ramirez D. M., Adachi M., Lemie-
ux P., Toth K., Davletov B., Kavalali E. T. VAMP4 directs synaptic vesicles to a pool that selecti-
vely maintains asynchronous neurotransmission. Nat. Neurosci. 15: 738—745. 2012.

[43] Ramirez D. M., Khvotchev M., Trauterman B., Kavalali E. T. Vti1a identifies a vesicle
pool that preferentially recycles at rest and maintains spontaneous neurotransmission. Neuron.73:
121—134. 2012.

[44] Revelo N. H., Kamin D., Truckenbrodt S., Wong A. B., Reuter-Jessen K., Reisinger E.,
Moser T., Rizzoli S. O. A new probe for super-resolution imaging of membranes elucidates traffic-
king pathways. J. Cell Biol. 205:591—606. 2014.

[45] Roden W. H., Papke J. B., Moore J. M., Cahill A. L., Macarthur H., Harkins A. B. Stable
RNA interference of synaptotagmin I in PC12 cells results in differential regulation of transmitter
release. Am. J. Physiol. Cell Physiol. 293(6): C1742—Ñ1752. 2007.



[46] Salio C., Lossi L., Ferrini F., Merighi A. Neuropeptides as synaptic transmitters. Cell
Tissue Res. 326: 583—598. 2006.

[47] Schoch S., Deak F., Konigstorfer A., Mozhayeva M., Sara Y., Sudhof T. C., Kavalali E. T.
SNARE function analyzed in synaptobrevin/VAMP knockout mice. Science. 294:1117—1122.
2001.

[48] Seal R. P., Edwards R. H. Functional implications of neurotransmitter co-release: Gluta-
mate and GABA share the load. Curr. Opin. Pharmacol. 6: 114—119. 2006.

[49] Söllner T., Whiteheart S. W., Brunner M., Erdjument-Bromage H., Geromanos S.,
Tempst P., Rothman J. E. SNAP receptors implicated in vesicle targeting and fusion. Nature. 362:
318—324. 1993.

[50] Söllner T., Bennett M. K., Whiteheart S. W., Scheller R. H., Rothman J. E. A protein as-
sembly-disassembly pathway in vitro that may correspond to sequential steps of synaptic vesicle
docking, activation, and fusion. Cell. 75: 409—418. 1993.

[51] Sudhof T. C. Synaptotagmins: why so many? J. Biol. Chem. 277: 7629—7632. 2002.
[52] Südhof T. C. The molecular machinery of neurotransmitter release (Nobel Lecture). An-

gew. Chem. Int. Ed. Engl. 53(47):12 696—12 717. 2014.
[53] Sulzer D., Rayport S. Dale’s principal and glutamate corelease from ventral midbrain do-

pamine neurons. Amino Acids. 19(1):45—52. 2000.
[54] Sutton R. B., Fasshauer D., Jahn R., Brunger A. T. Crystal structure of a SNARE comp-

lex involved in synaptic exocytosis at 2.4 A resolution. Nature. 395: 347—353. 1998.
[55] Tsen G., Williams B., Allaire P., Zhou Y. D., Ikonomov O., Kondova I., Jacob M. H.

Receptors with opposing functions are in postsynaptic microdomains under one presynaptic ter-
minal. Nat. Neurosci. 3: 126—132. 2000.

[56] Verhage M., McMahon H. T., Ghijsen W. E., Boomsma F., Scholten G., Wiegant V. M.,
Nicholls D. G. Differential release of amino acids, neuropeptides, and catecholamines from isola-
ted nerve terminals. Neuron. 6: 517—524. 1991.

[57] Vician L., Lim I. K., Ferguson G., Tocco G., Baudry M., Herschman H. R. Synaptotag-
min IV is an immediate early gene induced by depolarization in PC12 cells and in brain. Proc.
Natl. Acad. Sci. USA. 92: 2164—2168. 1995.

[58] Winkler H., Apps D. K., Fischer-Colbrie R. The molecular function of adrenal chromaf-
fin granules: established facts and unresolved topics. Neuroscience. 18: 261—290. 1986.

[59] Walter A. M., Kurps J., de Wit H., Schoning S., Toft-Bertelsen T. L., Lauks J., Ziomkie-
wicz I., Weiss A. N., Schulz A., Fischer von Mollard G., Verhage M., Sorensen J. B. The SNARE
protein vti1a functions in dense-core vesicle biogenesis. EMBO J. 33:1681—1697. 2014.

[60] Wang P., Chicka M. C., Bhalla A., Richards D. A., Chapman E. R. Synaptotagmin VII is
targeted to secretory organelles in PC12 cells, where it functions as a high-affinity calcium sensor.
Mol. Cell. Biol. 25: 8693—8702. 2005.

[61] Wilson D. W., Wilcox C. A., Flynn G. C., Chen E., Kuang W. J., Henzel W. J.,
Block M. R., Ullrich A., Rothman J. E. A fusion protein required for vesicle-mediated transport in
both mammalian cells and yeast. Nature. 339(6223):355—359. 1989.

[62] Whim M. D. Near simultaneous release of classical and peptide cotransmitters from chro-
maffin cells. J. Neurosci. 26: 6637—6642. 2006.

[63] Wojcik S. M., Katsurabayashi S., Guillemin I., Friauf E., Rosenmund C., Brose N.,
Rhee J. S. A shared vesicular carrier allows synaptic corelease of GABA and glycine. Neuron. 50:
575—587. 2006.

[64] Zhang Z., Hui E., Chapman E. R., Jackson M. B. Regulation of exocytosis and fusion po-
res by synaptotagmin-effector interactions. Mol. Biol. Cell. 21: 2821—2831. 2010.

[65] Zhang Z., Wu Y., Wang Z., Dunning M., Rehfuss J., Ramanan D., Edwin R., Chapman
E. R., Jackson M. B. Release mode of large and small dense-core vesicles specified by different
synaptotagmin isoforms in PC12 cells. Mol. Biol. Cell. 22(13): 2324—2336. 2011.

[66] Zhou Z., Misler S. Action potential-induced quantal secretion of catecholamines from rat
adrenal chromaffin cells. J. Biol. Chem. 270: 3498—3505. 1995.

[67] Zhou Z., Misler S., Chow R. H. Rapid fluctuations in transmitter release from single ve-
sicles in bovine adrenal chromaffin cells. Biophys J. 70: 1543—1552. 1996.

[68] Zupanc G. K. Peptidergic transmission: from morphological correlates to functional im-
plications. Micron. 27(1):35—91. 1996.

Ïîñòóïèëà 29 III 2018

544


