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Äèíàì³÷íà âçàºìîä³ÿ ñòðóêòóð ïëàçìàòè÷íî¿ ìåìáðàíè
ç âíóòð³øíüîêë³òèííèìè êàëüö³ºâèìè äåïî
â íåéðîíàõ ñïèííîìîçêîâèõ ãàíãë³¿â

Â ðàáîòå èññëåäîâàëñÿ âêëàä ó÷àñòèÿ ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà è ìèòîõîíäðèé â
ôîðìèðîâàíèå òðàíçèåíòîâ, âûçâàííûõ äåïîëÿðèçàöèåé ïëàçìàòè÷åñêîé ìåìáðàíû â ìàëûõ
(18�24 ìêì) íåéðîíàõ ñïèííîìîçãîâûõ ãàíãëèåâ êðûñ. Àïïëèêàöèÿ 10 ìêìîëü/ë ìèòîõîíä-
ðèàëüíîãî ïðîòîíîôîðà ÑÑÑÐ ïðèìåíÿëàñü äëÿ áëîêèðîâàíèÿ çàõâàòà èîíîâ êàëüöèÿ
ïîñðåäñòâîì ìåõàíèçìà óíèïîðòåðà. Äëÿ îïóñòîøåíèÿ äåïî ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà
èñïîëüçîâàëàñü ïðåàïïëèêàöèÿ 1 ìêìîëü/ë áëîêàòîðà ÀÒÔàçû ýíäîïëàçìàòè÷åñêîãî
ðåòèêóëóìà � òàïñèãàðãèíà. Ñðàâíèâàëèñü òðàíçèåíòû, âûçâàííûå äåïîëÿðèçàöèåé
ïëàçìàëåììû â êîíòðîëüíûõ óñëîâèÿõ è â óñëîâèÿõ, êîãäà îäèí èç âíóòðèêëåòî÷íûõ ìåõàíèçìîâ
(ýíäîïëàçìàòè÷åñêèé ðåòèêóëóì èëè ìèòîõîíäðèè) íå ïðèíèìàåò ó÷àñòèÿ â ôîðìèðîâàíèè
êàëüöèåâîãî ñèãíàëà. Ýòî ïîçâîëèëî íàì îïðåäåëèòü êèíåòèêó ó÷àñòèÿ ìèòîõîíäðèé è
ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà â ôîðìèðîâàíèè êàëüöèåâîãî ñèãíàëà â ïðîöåññå êëåòî÷íîé
àêòèâíîñòè. Áûëè îïðåäåëåíû îñíîâíûå âðåìåííûå õàðàêòåðèñòèêè ôóíêöèîíèðîâàíèÿ
ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà è ìèòîõîíäðèé ïðè îòâåòå êëåòêè íà ñòèìóë. Ïðè
äåïîëÿðèçàöèè ïëàçìàòè÷åñêîé ìåìáðàíû è âõîäå èîíîâ êàëüöèÿ ÷åðåç ïîòåíöèàëóïðàâëÿåìûå
êàíàëû ïðîèñõîäèò óñèëåíèå êàëüöèåâîãî ñèãíàëà ïîñðåäñòâîì êàëüöèéèíäóöèðîâàííîãî
êàëüöèåâîãî âûñâîáîæäåíèÿ èç äåïî ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà. Â òî æå âðåìÿ
ìèòîõîíäðèè îãðàíè÷èâàþò àìïëèòóäó òðàíçèåíòà, âûçâàííîãî äåïîëÿðèçàöèåé. Ïðè ýòîì
ìèòîõîíäðèè è ýíäîïëàçìàòè÷åñêèé ðåòèêóëóì àêòèâíî âçàèìîäåéñòâóþò ìåæäó ñîáîé �
ìèòîõîíäðèè çàõâàòûâàþò êàëüöèé, âûñâîáîæäàåìûé èç äåïî ýíäîïëàçìàòè÷åñêîãî
ðåòèêóëóìà, à èíãèáèðîâàíèå óíèïîðòåðà ìèòîõîíäðèé ïðåàïïëèêàöèåé ÑÑÑÐ óìåíüøàåò
àìïëèòóäó êîôåèíèíäóöèðîâàííîãî òðàíçèåíòà ïðè åãî ïîâòîðíîé àïïëèêàöèè. Ýòî
ïîçâîëÿåò íàì ïðåäïîëîæèòü âîçìîæíîñòü âûñâîáîæäåíèÿ èîíîâ êàëüöèÿ èç äåïî
ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà â îòâåò íà èõ âûâåäåíèå èç ìèòîõîíäðèé. Áûëî ïðîâåäåíî
ñðàâíåíèå êèíåòèêè ðàáîòû ìèòîõîíäðèé ïðè ðàçëè÷íûõ èñòî÷íèêàõ ïîâûøåíèÿ öèòîçîëüíîé
êîíöåíòðàöèè êàëüöèÿ.

©  ².Â. Ñòåïàíîâà, Ï.Ã. Êîñòþê, Î.Ï. Êîñòþê

ÂÑÒÓÏ

Êàëüö³é � øèðîêî ðîçïîâñþäæåíèé âòîðèí-
íèé ïîñåðåäíèê ó êë³òèí³. Â³í ïðÿìî àáî
îïîñåðåäêîâàíî çàëó÷åíèé ó áåçë³÷ ïðîöå-
ñ³â, ùî ìîäóëþþòü ïðàêòè÷íî âñ³ ô³ç³îëî-
ã³÷í³ âëàñòèâîñò³ êë³òèí. Çì³íà êîíöåíòðàö³¿
³îí³â â³ëüíîãî âíóòð³øíüîêë³òèííîãî êàëü-
ö³þ ([Ca2+]

i
) ó çáóäëèâèõ êë³òèíàõ â³ä³ãðàº

âàæëèâó ðîëü ó ¿õ â³äïîâ³äÿõ íà ð³çí³ çîâ-
í³øí³ ñòèìóëè. Êîðîòêî÷àñíå ï³äâèùåííÿ

êîíöåíòðàö³¿ ³îí³â êàëüö³þ â öèòîïëàçì³ ï³ä
÷àñ ô³ç³îëîã³÷íî¿ àêòèâíîñò³ (òàê çâàíèé
êàëüö³ºâèé òðàíçèºíò) º óí³âåðñàëüíèì ìå-
õàí³çìîì, ùî ïåðåäàº ñèãíàë â³ä ñòðóêòóð
ïëàçìàòè÷íî¿ ìåìáðàíè äî âíóòð³øíüîêë³-
òèííèõ ñòðóêòóð, çàïóñêàþ÷è òàê³ ìåõàí³ç-
ìè, ÿê âèâ³ëüíåííÿ íåéðîòðàíñì³òåðà, ðåãó-
ëÿö³ÿ çáóäëèâîñò³, ñèíàïòè÷íà ïëàñòè÷í³ñòü,
ðåãóëÿö³ÿ ãåí³â [1, 3]. Â îñòàíí³ ðîêè âåëèêà
óâàãà çîñåðåäæåíà íà âèâ÷åíí³ ó÷àñò³ ð³ç-
íèõ âíóòð³øíüîêë³òèííèõ îðãàíåë ó ãëî-
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áàëüíèõ çì³íàõ [Ca2+]
i
 ï³ä ÷àñ ô³ç³îëîã³÷íî¿

àêòèâíîñò³ êë³òèíè. Äîñë³äæóþòüñÿ ôóíê-
ö³îíóâàííÿ ì³òîõîíäð³é ³ åíäîïëàçìàòè÷-
íîãî ðåòèêóëóìà â ð³çíèõ òèïàõ êë³òèí, à
òàêîæ âçàºìîä³ÿ öèõ îðãàíåë ó ïåð³îä ôîð-
ìóâàííÿ êàëüö³ºâîãî ñèãíàëó.

Ðàí³øå ââàæàëîñÿ, ùî ì³òîõîíäð³¿
â³äíîñíî ñëàáêî ÷óòëèâ³ äî ô³ç³îëîã³÷íèõ
çíà÷åíü [Ca2+]

i
. Òàêèì ÷èíîì, ï³äâèùåí-

íÿ öüîãî ïîêàçíèêà äî 500 íìîëü/ë � 1
ìêìîëü/ë ïðè ââåäåíí³ ³íîçèòîëòðèôîñôàòó
àáî ð³àíîäèíó ââàæàëîñÿ íåäîñòàòí³ì äëÿ
àêòèâàö³¿ ì³òîõîíäð³àëüíîãî óí³ïîðòåðó �
ìåõàí³çìó, çà äîïîìîãîþ ÿêîãî ì³òîõîíäð³¿
çàõîïëþþòü Ñà2+. Îäíàê íîâ³ ìåòîäèêè
áåçïîñåðåäíüîãî âèì³ðþâàííÿ êîíöåíòðàö³¿
³îí³â êàëüö³þ â ì³òîõîíäð³àëüíîìó ìàòðèêñ³
³çîëüîâàíèõ êë³òèí ïðîäåìîíñòðóâàëè ¿¿
çá³ëüøåííÿ, ùî â³äáóâàºòüñÿ îäíî÷àñíî ç
ï³äâèùåííÿì [Ca2+]

i
 [8, 10, 11]. Ïðè÷îìó

ïðàêòè÷íî â óñ³õ äîñë³äæåíèõ êë³òèíàõ áóëî
âèÿâëåíî, ùî øâèäê³ñòü çàõîïëåííÿ òà
ê³ëüê³ñòü ³îí³â, ÿê³ íàäõîäÿòü äî ì³òîõîíä-
ð³é, çàëåæàòü íå ò³ëüêè â³ä àìïë³òóäè
òðàíçèºíòíîãî ï³äâèùåííÿ [Ñà2+]

i
, àëå ³ â³ä

äæåðåë íàäõîäæåííÿ Ñà2+ ³ ìåõàí³çì³â,
çàâäÿêè ÿêèì â³äáóëîñÿ öå ï³äâèùåííÿ
[14].  Øâèäêå çá³ëüøåííÿ êîíöåíòðàö³¿ Ñà2+

â ì³òîõîíäð³àëüíîìó ìàòðèêñ³ ìîæå â³äáó-
âàòèñÿ çà äîïîìîãîþ ÿê ³îí³â êàëüö³þ,
âèâ³ëüíåíèõ ç âíóòð³øíüîêë³òèííèõ êàëüö³º-
âèõ äåïî, òàê ³ ¿õ âõîäîì ç ïîçàêë³òèííîãî
ñåðåäîâèùà, àáî, çàëåæíî â³ä òèïó êë³òèí,
îáîìà öèìè ìåõàí³çìàìè.

Åíäîïëàçìàòè÷íèé ðåòèêóëóì º óí³âåð-
ñàëüíîþ ñèãíàëüíîþ îðãàíåëîþ, ùî ðåãó-
ëþº øèðîêèé ñïåêòð ôóíêö³îíàëüíèõ êë³òèí-
íèõ â³äïîâ³äåé. Çîêðåìà, âèâ³ëüíåííÿ êàëü-
ö³þ ç äåïî åíäîïëàçìàòè÷íîãî ðåòèêóëóìà
ëåæèòü â îñíîâ³ ïîñèëåííÿ êàëüö³ºâîãî
ñèãíàëó, çóìîâëåíîãî âõîäîì Ñà2+ ÷åðåç
ïîòåíö³àëêåðîâàí³ êàëüö³ºâ³ êàíàëè [2, 4].

Åíäîïëàçìàòè÷íèé ðåòèêóëóì ³ ì³òî-
õîíäð³¿ áåðóòü àêòèâíó ó÷àñòü ó êàëüö³ºâ³é
ñèãíàë³çàö³¿, òîìó ìåõàí³çì ¿õíüî¿ âçàºìîä³¿
ïðåäñòàâëÿº âåëèêèé ³íòåðåñ. Ìåòîþ íàøî¿

ðîáîòè áóëà ê³ëüê³ñíà îö³íêà ó÷àñò³ ì³òî-
õîíäð³é ³ åíäîïëàçìàòè÷íîãî ðåòèêóëóìà ó
ôîðìóâàíí³ àìïë³òóäè òà ê³íåòèêè êàëüö³º-
âîãî ñèãíàëó, âèêëèêàíîãî äåïîëÿðèçàö³ºþ
ïëàçìàòè÷íî¿ ìåìáðàíè â íåéðîíàõ ñïèííî-
ìîçêîâèõ ãàíãë³¿â ìàëîãî ä³àìåòðà (íîöè-
öåïòèâíèõ) 21-äîáîâèõ ùóð³â, à òàêîæ âèâ-
÷åííÿ âçàºìîä³¿ âèùåçãàäàíèõ îðãàíåë ó
ïðîöåñ³ êë³òèííî¿ àêòèâíîñò³.

ÌÅÒÎÄÈÊÀ

Åêñïåðèìåíòè ïðîâîäèëè íà ãîñòðî³çî-
ëüîâàíèõ íåéðîíàõ ñïèííîìîçêîâèõ ãàíãë³¿â
ùóð³â. Íåéðîíè ³çîëþâàëè çà äîïîìîãîþ
ôåðìåíòàòèâíî¿ îáðîáêè â ñîëüîâîìó ðîç-
÷èí³ Ò³ðîäå ç äîäàâàííÿì 1 ìã/ìë êîëàãå-
íàçè (òèï IV, �Sigma�, ÑØÀ) òà 2 ìã/ìë
ïðîòå¿íàçè (òèï XXIII, �Sigma�, ÑØÀ) [15].
Êîíöåíòðàö³þ öèòîçîëüíîãî êàëüö³þ â
íåéðîíàõ âèì³ðþâàëè çà äîïîìîãîþ êàëü-
ö³é÷óòëèâîãî ôëóîðåñöåíòíîãî áàðâíèêà
Indo-1/AM (�Sigma�, ÑØÀ). Ââåäåííÿ
ôëóîðåñöåíòíîãî ³íäèêàòîðà â öèòîçîëü
â³äáóâàëîñÿ çà äîïîìîãîþ ìåòîäó ³íêóáàö³¿
êë³òèí ó ðîç÷èí³ Ò³ðîäå, ÿêèé ì³ñòèâ 10
ìêìîëü/ë Indo-1/AM òà 0,02 % Ðlurîn³ñ F-
127 (�Molecular Probes ²nñ.�, ÑØÀ). Äëÿ
ïðîâåäåííÿ âèì³ð³â ÷àøêè Ïåòð³ ç êë³-
òèíàìè ïîì³ùàëè â åêñïåðèìåíòàëüíó
êàìåðó, óñòàíîâëåíó íà ñòàíèí³ ³íâåðòî-
âàíîãî ôëóîðåñöåíòíîãî ì³êðîñêîïà, îñíà-
ùåíîãî âîäî³ìåðñ³éíèì îá�ºêòèâîì (x40), ³
ïîñò³éíî ïåðôóçóâàëè. Çàïèñè êàëüö³ºâèõ
òðàíçèºíò³â çä³éñíþâàëè çà äîïîìîãîþ
ïðîãðàìíîãî çàáåçïå÷åííÿ Ò³äà (Tida soft-
ware, �Batelle�, Í³ìå÷÷èíà). Çíà÷åííÿ
[Ca2+]

i
 îá÷èñëþâàëè çà äîïîìîãîþ ð³âíÿííÿ

Ãð³íêåâè÷à [5].
Áàçîâèì ïîçàêë³òèííèì ðîç÷èíîì, ùî

âèêîðèñòîâóâàëè äëÿ ïåðôóç³¿ åêñïåðè-
ìåíòàëüíî¿ êàìåðè òà ïðèãîòóâàííÿ âñ³õ
³íøèõ ïîçàêë³òèííèõ ðîç÷èí³â, áóâ ìîäèô³-
êîâàíèé ðîç÷èí Ò³ðîäå íàñòóïíîãî ñêëàäó
(ììîëü/ë): NaCl � 140, KCl � 2, MgCl

2
 � 2 ,

CaCl
2
 �  2 , HEPES � 10, ãëþêîçà � 10; ðÍ 7,35.

Äèíàì³÷íà âçàºìîä³ÿ ñòðóêòóð ïëàçìàòè÷íî¿ ìåìáðàíè
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Äëÿ îòðèìàííÿ ðîç÷èíó ç ï³äâèùåíèì
âì³ñòîì êàë³þ ³îíè íàòð³þ ³çîòîí³÷íî
çàì³ùàëè ³îíàìè êàë³þ. Óñ³ ðåçóëüòàòè
äîñë³äæåíü íàâîäèëè ó âèãëÿä³ ñåðåäíüîãî
çíà÷åííÿ ± ñåðåäíüîêâàäðàòè÷íå â³äõè-
ëåííÿ. Äîñòîâ³ðí³ñòü ñòàòèñòè÷íèõ â³äì³í-
íîñòåé äëÿ äâîõ ãðóï ðåçóëüòàò³â åêñïå-
ðèìåíò³â âèçíà÷àëè çà äîïîìîãîþ êðèòåð³þ
t Ñòüþäåíòà. Äîñòîâ³ðíèìè ââàæàëèñÿ
çíà÷åííÿ ïðè P<0,05.

ÐÅÇÓËÜÒÀÒÈ

Ïðîâåäåí³ íàìè äîñë³äæåííÿ ïîêàçàëè, ùî
çì³íà ôóíêö³îíóâàííÿ âíóòð³øíüîêë³òèííèõ
êàëüö³ºâèõ äåïî ó íåéðîíàõ ñïèííîìîçêîâèõ
ãàíãë³¿â ìàëîãî ä³àìåòðà â³ä 18 äî 24 ìêì
(åíäîïëàçìàòè÷íîãî ðåòèêóëóìà ³ ì³òîõîíä-
ð³é) ïðèçâîäèòü äî ³ñòîòíèõ çì³í àìïë³òóäè
òà ê³íåòèêè êàëüö³ºâèõ ñèãíàë³â, âèêëèêàíèõ
äåïîëÿðèçàö³ºþ ïëàçìàòè÷íî¿ ìåìáðàíè.
Ìè äîñë³äæóâàëè âïëèâ óí³ïîðòåðó ì³òî-
õîíäð³é ³ ð³àíîäèíîâîãî ðåöåïòîðà åíäîïëàç-
ìàòè÷íîãî ðåòèêóëóìà íà àìïë³òóäó òà
ê³íåòèêó êàëüö³ºâî¿ â³äïîâ³ä³ êë³òèí, ÿêà
âèíèêàº ïðè ¿õ ñòèìóëÿö³¿.

Ó êîíòðîë³ ñåðåäíº çíà÷åííÿ [Ca2+]
i
 ó

íåéðîíàõ ñòàíîâèëî 118 íìîëü/ë ± 9 íìîëü/
ë (n=11). Çíà÷åííÿ ìàêñèìàëüíî¿ àìïë³òóäè
êàëüö³ºâèõ ñèãíàë³â, âèêëèêàíèõ òðèñåêóíä-
íîþ äåïîëÿðèçàö³þ ïëàçìàòè÷íî¿ ìåìáðàíè
ã³ïåðêàë³ºâèì ðîç÷èíîì áóëî 377 íìîëü/ë ±
21 íìîëü/ë (n=11). Êàëüö³ºâèé òðàíçèºíò ïðè
öüîìó ìàâ ôàçó øâèäêîãî íàðîñòàííÿ (3,7
ñ ± 0,4 ñ) ³ ôàçó ñïàäó, ùî ñêëàäàºòüñÿ ç
ôàçè øâèäêîãî ñïàäó (10,0 ñ ± 1,1 ñ) ³ ôàçè
ïëàòî (236 ñ ± 24 ñ). Ñòàá³ë³çàö³ÿ [Ca2+]

i

â³äáóâàëàñÿ íà 230�270-é ñåêóíä³ ï³ñëÿ
ïî÷àòêó äåïîëÿðèçàö³¿ íåéðîíà.

Äëÿ îö³íêè ó÷àñò³ åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà ó ôîðìóâàíí³ òðàíçèºíòíîãî
ï³äâèùåííÿ êîíöåíòðàö³¿ Ca2+ â öèòîçîë³,
äåïîëÿðèçàö³þ ïëàçìàòè÷íî¿ ìåìáðàíè
çä³éñíþâàëè ï³ñëÿ ïðåàïë³êàö³¿ 1 ìêìîëü/ë
òàïñèãàðã³íó � áëîêàòîðà Ñà2+-ÀÒÔàçè
åíäîïëàçìàòè÷íîãî ðåòèêóëóìà. Àìïë³òóäà

êàëüö³ºâîãî ñèãíàëó â öüîìó ðàç³ çíèæó-
âàëàñÿ äî 246 íìîëü/ë ± 7 íìîëü/ë (n=8), ó
â³äñîòêîâîìó ñï³ââ³äíîøåíí³ çíèæåííÿ
àìïë³òóäè ñòàíîâèëî 35 % ïîð³âíÿíî ç
êîíòðîëüíèìè óìîâàìè (ðèñ. 1,à). Àíàëî-
ã³÷í³ ðåçóëüòàòè áóëî îòðèìàíî ïðè ïðåàï-
ë³êàö³¿ 200 íìîëü/ë ³îíîì³öèíó, ùî ñïóñòî-
øóº åíäîïëàçìàòè÷íèé ðåòèêóëóì çà íåçà-
ëåæíèì â³ä ðåöåïòîð³â ìåõàí³çìîì. Òàêèì
÷èíîì, åíäîïëàçìàòè÷íèé ðåòèêóëóì
çíà÷íî ï³äñèëþº êàëüö³ºâèé ñèãíàë, ÿêèé
íàäõîäèòü â³ä ïîòåíö³àëêåðîâàíèõ êàíàë³â
ïëàçìîëåìè.

Äëÿ îö³íêè ó÷àñò³ óí³ïîðòåðó ì³òî-
õîíäð³é ó êàëüö³ºâ³é ñèãíàë³çàö³¿ äåïî-
ëÿðèçàö³ÿ ïëàçìàòè÷íî¿ ìåìáðàíè çä³éñíþ-
âàëàñÿ íà ôîí³ ïðåàïë³êàö³¿ 10 ìêìîëü/ë
ÑÑÑÐ (carbonyl cyanide m-chlorophenyl-
hydrazone), ì³òîõîíäð³àëüíîãî ïðîòîíîôîðà,
ùî ðîç�ºäíóº ïðîòîííèé ãðàä³ºíò íà âíóò-
ð³øí³é ìåìáðàí³ ì³òîõîíäð³é. Àìïë³òóäà
êàëüö³ºâèõ ñèãíàë³â, âèêëèêàíèõ ó òàêèé
ñïîñ³á, ñÿãàëà 525 íìîëü/ë ± 14 íìîëü/ë
(n=8), çá³ëüøèâøèñü â³äíîñíî êîíòðîëüíèõ
óìîâ íà 39 %. ²ñòîòíî çì³íèëàñÿ ³ ê³íåòèêà
òðàíçèºíòà. Òðèâàë³ñòü ôàçè íàðîñòàííÿ
ï³äâèùèëàñÿ ïîð³âíÿíî ç êîíòðîëüíèìè
óìîâàìè â ÷îòèðè ðàçè ³ ñòàíîâèëà 15,8 ñ ±
1,3 ñ, à ôàçà ñïàäó âòðàòèëà ïëàòî ³ ñòàëà
îäíîêîìïîíåíòíîþ ç òðèâàë³ñòþ 24,6 ñ ±
2,1 ñ (ðèñ. 1,á). Îòðèìàí³ ðåçóëüòàòè
äîçâîëÿþòü çðîáèòè âèñíîâîê ïðî òå, ùî
ì³òîõîíäð³¿ îáìåæóþòü àìïë³òóäó êàëüö³º-
âîãî ñèãíàëó, âèêëèêàíîãî äåïîëÿðèçàö³ºþ,
àêòèâíî çàõîïëþþ÷è êàëüö³é, êîòðèé íàäõî-
äèòü äî öèòîçîëÿ ÷åðåç ïîòåíö³àëêåðîâàí³
êàëüö³ºâ³ êàíàëè. Êîíöåíòðàö³ÿ Ñà2+ ó
ì³òîõîíäð³ÿõ çá³ëüøóºòüñÿ ï³ä ÷àñ íàðî-
ñòàííÿ é á³ëüøîþ ì³ðîþ ï³ä ÷àñ ôàçè
øâèäêîãî ñïàäó òðàíçèºíòà. Ôàçà ïëàòî
çóìîâëåíà âèâåäåííÿì Ñà2+ ç ì³òîõîíäð³é
íàçàä ó öèòîçîëü.

Äëÿ á³ëüø äåòàëüíîãî àíàë³çó ó÷àñò³
âíóòð³øíüîêë³òèííèõ îðãàíåë ó êàëüö³ºâîìó
ãîìåîñòàç³ áóëî ïðîâåäåíî ìàòåìàòè÷íó
îáðîáêó îòðèìàíèõ ðåçóëüòàò³â. Íà ðèñ. 2

².Â. Ñòåïàíîâà, Ï.Ã. Êîñòþê, Î.Ï. Êîñòþê
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ÀÒÔàçîþ åíäîïëàçìàòè÷íî-
ãî ðåòèêóëóìà ïðîòÿãîì 6�7 ñ
³ç öèòîçîëÿ â ëþìåíè, à ïî÷è-
íàþ÷è ç 48�58-¿ ñåêóíäè ï³ñëÿ
ïî÷àòêó äåïîëÿðèçàö³¿ Ñà2+

çíîâó âèâîäèâñÿ â öèòîçîëü.
Çàõîïëåííÿ ³îí³â êàëüö³þ
ì³òîõîíäð³ÿìè ïî÷èíàëîñÿ ç
4�8-¿ ñåêóíäè ³ ñÿãàëî ìàêñè-
ìóìó íà 14�18-é ñåêóíä³.
Ïðîöåñè âèâ³ëüíåííÿ Ñà2+ ç
ì³òîõîíäð³é ïî÷èíàëè ïåðåâà-
æàòè íàä ïðîöåñàìè çàõîï-
ëåííÿ óí³ïîðòåðîì íà 38�43-é
ñåêóíä³ ôîðìóâàííÿ êàëüö³º-
âîãî ñèãíàëó, âèêëèêàíîãî äå-
ïîëÿðèçàö³ºþ. Ñï³ëüíèé àíà-
ë³ç ê³íåòèêè ðîáîòè ì³òîõîíä-
ð³é ³ åíäîïëàçìàòè÷íîãî ðåòè-
êóëóìà äàº çìîãó ïðèïóñòèòè
ôóíêö³îíàëüíèé çâ�ÿçîê ì³æ
öèìè îðãàíåëàìè: ³îíè êàëü-
ö³þ, âèâ³ëüíåí³ ç ì³òîõîíäð³é,
ìîæëèâî, âèêëèêàþòü êàëü-
ö³é³íäóêîâàíå ¿õ âèâ³ëüíåííÿ
ç äåïî åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà.

Ó íàñòóïí³é ñåð³¿ åêñïåðè-
ìåíò³â ìè âèâ÷àëè ê³íåòèêó
ðîáîòè ì³òîõîíäð³é ó ðàç³,
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Ðèñ. 2. Çì³íè àìïë³òóäè ³ ê³íåòèêè êàëüö³ºâîãî ñèãíàëó, âèêëèêàí³
êàëüö³é³íäóêîâàíèì âèâ³ëüíåííÿì Ñà2+ ç äåïî åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà (1) òà éîãî çàõîïëåííÿì óí³ïîðòåðîì ì³òîõîíäð³é (2)

Ðèñ. 1. Çì³íà âíóòð³øíüîêë³òèííî¿ êîíöåíòðàö³¿ Ñà2+, âèêëèêàíà
àïë³êàö³ºþ ã³ïåðêàë³ºâîãî ðîç÷èíó â êîíòðîëüíèõ óìîâàõ (1) ³ ï³ñëÿ
ïðåàïë³êàö³¿ ð³çíèõ ðå÷îâèí (2): à � òàïñèãàðã³íó, á � ÑÑÑÐ
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ïîêàçàíî êðèâ³, ÿê³ õàðàêòåðè-
çóþòü çì³íè àìïë³òóäè òà ê³íå-
òèêè êàëüö³ºâèõ òðàíçèºíò³â,
âèêëèêàí³ çàõîïëåííÿì Ñà2+ óí³-
ïîðòåðîì ì³òîõîíäð³é ³ êàëüö³é-
³íäóêîâàíèì âèâ³ëüíåííÿì Ñà2+ ç
äåïî åíäîïëàçìàòè÷íîãî ðåòèêó-
ëóìà. Öå âèâ³ëüíåííÿ, ³í³ö³éîâàíå
íàäõîäæåííÿì Ñà2+ ÷åðåç ïîòåí-
ö³àëêåðîâàí³ êàëüö³ºâ³ êàíàëè
ïëàçìàòè÷íî¿ ìåìáðàíè, ïî÷èíà-
ëîñÿ íà 1�3-é ñåêóíä³ ³ ñÿãàëî
ìàêñèìóìó íà 3,8�4,4-é ñåêóíä³
ï³ñëÿ ïî÷àòêó àïë³êàö³¿ ã³ïåðêàë³º-
âîãî ðîç÷èíó. Ïîò³ì ñïîñòåð³ãà-
ëîñÿ çàõîïëåííÿ ³îí³â êàëüö³þ
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êîëè äæåðåëîì Ñà2+ º åíäîïëàçìàòè÷íèé
ðåòèêóëóì. Âèâ³ëüíåííÿ Ca2+ ç åíäîïëàç-
ìàòè÷íîãî ðåòèêóëóìà ó öèòîçîëü âèêëè-
êàëîñÿ ÷åðåç àêòèâàö³þ ð³àíîäèíîâèõ
ðåöåïòîð³â. Äëÿ öüîãî âèêîðèñòîâóâàëè
ïîçàêë³òèííó àïë³êàö³þ 30 ììîëü/ë êîôå¿íó.
Àìïë³òóäà êîôå¿í³íäóêîâàíèõ òðàíçèºíò³â ó
êîíòðîëüíèõ óìîâàõ ñòàíîâèëà 295 íìîëü/ë
± 8 íìîëü/ë (n=12), ï³ñëÿ ïðåàïë³êàö³¿ 10
ìêìîëü/ë ÑÑÑÐ ñÿãàëà 217 íìîëü/ë ± 11
íìîëü/ë (ðèñ. 3). Çìåíøåííÿ àìïë³òóäè
êîôå¿í³íäóêîâàíîãî êàëüö³ºâîãî òðàíçèºíòà,
ìîæëèâî, ïîâ�ÿçàíî ç³ çãàäàíèì âèùå ïðî-
öåñîì ì³òîõîíäð³é³íäóêîâàíîãî êàëüö³ºâîãî
âèâ³ëüíåííÿ ç åíäîïëàçìàòè÷íîãî ðåòèêó-
ëóìà. Ó â³äïîâ³äü íà àïë³êàö³þ ÑÑÑÐ
â³äáóâàºòüñÿ âèâåäåííÿ Ñà2+ ç ì³òîõîíäð³é,
ùî ó ñâîþ ÷åðãó ìîæå âèêëèêàòè êàëüö³é-
³íäóêîâàíå âèâ³ëüíåííÿ Ñà2+ ç åíäîïëàç-
ìàòè÷íîãî ðåòèêóëóìà. Çì³íà ê³íåòèêè êî-
ôå¿í³íäóêîâàíîãî êàëüö³ºâîãî òðàíçèºíòà,
éìîâ³ðíî, ïîâ�ÿçàíà ç òèì, ùî â êîíòðîëüíèõ
óìîâàõ ì³òîõîíäð³¿ àêòèâíî çàõîïëþþòü
Ñà2+, âèâåäåíèé ç åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà. Äëÿ ï³äòâåðäæåííÿ öüîãî ôàê-
òó, àïë³êàö³ÿ ÑÑÑÐ â³äáóâàëàñÿ íà ð³çíèõ
åòàïàõ ôàçè ñïàäó êîôå¿í³íäóêîâàíîãî êàëü-
ö³ºâîãî òðàíçèºíòà (ðèñ.4). ßêùî òàêà
àïë³êàö³ÿ â³äáóâàëàñÿ íà òðåò³é ñåêóíä³
ôàçè ñïàäó, òî àìïë³òóäà äîäàòêîâîãî

ï³äâèùåííÿ [Ca2+]
i
 ñòàíîâèëà

223 íìîëü/ë ± 42 íìîëü/ë
(n=14), à ÿêùî íà 5�6-é ñåêóíä³,
òîä³ � 416 íìîëü/ë ± 35 íìîëü/ë
(n=8). Ïðè êîôå¿í³íäóêîâàíîìó
êàëüö³ºâîìó ñèãíàë³ çàõîï-
ëåííÿ Ñà2+ ì³òîõîíäð³ÿìè ïî-
÷èíàëîñÿ íà 3�6-é ñåêóíä³ â³ä
ïî÷àòêó àïë³êàö³¿ êîôå¿íó, ìàê-
ñèìàëüíî åôåêòèâíèì çàõîï-
ëåííÿ Ñà2+ ì³òîõîíäð³ÿìè áóëî
íà 12�16-é ñåêóíä³ ñïàäó òðàí-
çèºíòà, ïðîöåñ âèâåäåííÿ ³îí³â
ïî÷èíàâ ïåðåâàæàòè íàä ïðî-
öåñîì çàõîïëåííÿ íà 36�40-é

².Â. Ñòåïàíîâà, Ï.Ã. Êîñòþê, Î.Ï. Êîñòþê

Ðèñ. 3. Êàëüö³ºâ³ òðàíçèºíòè, âèêëèêàí³ àïë³êàö³ºþ êîôå¿íó â êîíòðîëüíèõ
óìîâàõ (1) òà ï³ñëÿ ïðåàïë³êàö³¿ ÑÑÑÐ (2)
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ñåêóíä³ ñïàäó. Íà ðèñ. 5 ïðåäñòàâëåíî
ê³íåòèêó ðîáîòè óí³ïîðòåðó ì³òîõîíäð³é ïðè
ð³çíèõ äæåðåëàõ íàäõîäæåííÿ êàëüö³þ â
öèòîçîëü. Òàêèì ÷èíîì, ì³òîõîíäð³¿ âêëþ-
÷àþòüñÿ ó çàõîïëåííÿ Ñà2+ íåçàëåæíî â³ä
òîãî, º äæåðåëîì ³îí³â êàëüö³þ ïîçàêë³òèí-
íå ñåðåäîâèùå ÷è âíóòð³øíüîêë³òèíí³ êàëü-
ö³ºâ³ äåïî.

ÎÁÃÎÂÎÐÅÍÍß

Îòðèìàí³ ðåçóëüòàòè ñâ³ä÷àòü ïðî àêòèâíó
ó÷àñòü ì³òîõîíäð³é ³ åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà ó ôîðìóâàíí³ êàëüö³ºâèõ
ñèãíàë³â, à òàêîæ ïðî ò³ñíèé âçàºìîçâ�ÿçîê
öèõ îðãàíåë ó ïðîöåñ³ ô³ç³îëîã³÷íî¿ àêòèâ-
íîñò³. Ó íåéðîíàõ ñïèííîìîçêîâèõ ãàíãë³¿â
àêòèâíèì êàëüö³ºâèì äåïî º íå ò³ëüêè
ì³òîõîíäð³¿, à é åíäîïëàçìàòè÷íèé ðåòèêó-
ëóì; òàêèì ÷èíîì, ôîðìóâàííÿ êàëüö³ºâèõ
òðàíçèºíò³â, âèêëèêàíèõ àêòèâàö³ºþ ïîòåí-
ö³àëêåðîâàíèõ êàíàë³â ïëàçìàòè÷íî¿ ìåìá-
ðàíè, çóìîâëåíî ñêëàäíèì âïëèâîì êàëü-
ö³ºâèõ êàíàë³â ïëàçìîëåìè, ì³òîõîíäð³é ³
åíäîïëàçìàòè÷íîãî ðåòèêóëóìà. Ò³ñíà
âçàºìîä³ÿ ì³òîõîíäð³é ³ åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà ñïîñòåð³ãàëàñÿ íà êë³òèíàõ
ìîçêîâî¿ ðå÷îâèíè íàäíèðêîâèõ çàëîç [9],
êóëüòóð³ êë³òèí HeLa [4], ë³í³¿ RBL-2H3

òó÷íèõ êë³òèí [7]. Îòðèìàí³ ðåçóëüòàòè
äîçâîëÿþòü ñóäèòè ïðî ³ñòîòí³ â³äì³ííîñò³
ó âçàºìîä³¿ âíóòð³øíüîêë³òèííèõ îðãàíåë
çàëåæíî â³ä òèïó êë³òèí. Îñíîâíèì ôàêòî-
ðîì, ùî âèçíà÷àº õàðàêòåð âçàºìíîãî
ôóíêö³îíóâàííÿ âíóòð³øíüîêë³òèííèõ îðãà-
íåë, º ïðîñòîðîâå ðîçòàøóâàííÿ ì³òî-
õîíäð³é ó öèòîïëàçì³ êë³òèíè. Íà êóëüòóð³
íåéðîí³â ã³ïîêàìïà çà äîïîìîãîþ àãåíòà,
ùî äåñòàá³ë³çóº ì³êðîòðóáî÷êè öèòîñêå-
ëåòà � â³íáëàñòèíó, áóëî ïîêàçàíî çì³íè ó
êàëüö³ºâ³é ñèãíàë³çàö³¿ çàëåæíî â³ä ïðîñòî-
ðîâîãî ðîçïîä³ëó ì³òîõîíäð³é ó öèòîçîë³ [6].
Ó íàø³é ëàáîðàòîð³¿ ðàí³øå áóëî äîâåäåíî,
ùî ó íåéðîíàõ ñïèííîìîçêîâèõ ãàíãë³¿â, íà
â³äì³íó â³ä íåéðîí³â äîðñàëüíîãî ðîãó
ñïèííîãî ìîçêó, îñíîâíà ìàñà ì³òîõîíäð³é
ðîçòàøîâàíà ó äîñèòü òîíêîìó ïðèìåìá-
ðàííîìó øàð³.  Öå çóìîâëþº àêòèâíó
ó÷àñòü óí³ïîðòåðó ì³òîõîíäð³é ó çàõîï-
ëåíí³ Ñà2+, ùî íàäõîäèòü óñåðåäèíó êë³-
òèíè ÷åðåç êàëüö³ºâ³ êàíàëè ïëàçìîëåìè
[12]. Ðåçóëüòàòè íàøèõ åêñïåðèìåíò³â
ï³äòâåðäæóþòü öå ïîëîæåííÿ. Ì³òîõîíäð³¿
àêòèâíî âêëþ÷àþòüñÿ ó çàõîïëåííÿ Ñà2+,
ùî ïðîíèêàº ÷åðåç ïëàçìàòè÷íó ìåìá-
ðàíó, âîäíî÷àñ àêòèâíî âïëèâàþòü íà
ôóíêö³îíóâàííÿ åíäîïëàçìàòè÷íîãî ðåòè-
êóëóìà. Ïðè÷îìó íà â³äì³íó â³ä íåéðîí³â
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Ðèñ. 5. Ê³íåòèêà îáì³íó Ñà2+ ì³òîõîíäð³ÿìè ïðè íàäõîäæåíí³ ³îí³â ç
ïîçàêë³òèííîãî ñåðåäîâèùà (1) òà ç äåïî åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà (2)

120

äîðñàëüíèõ ãàíãë³¿â ìèøåé [13],
ì³òîõîíäð³¿ áåðóòü ó÷àñòü ó
çàõîïëåíí³ Ñà2+, ùî âèâ³ëü-
íÿºòüñÿ ç åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà. Ö³êàâèì º ³ ôàêò
ìîæëèâî¿ çâîðîòíî¿ âçàºìîä³¿ �
âèâ³ëüíåííÿ Ñà2+ ç äåïî åíäî-
ïëàçìàòè÷íîãî ðåòèêóëóìà ó
â³äïîâ³äü íà ¿õ âèâåäåííÿ ç
ì³òîõîíäð³é [16]. Âàæëèâèì ³
ö³êàâèì îá�ºêòîì ìàéáóòí³õ
äîñë³äæåíü ìîæå áóòè öèòî-
çîëüíà ³ ì³òîõîíäð³àëüíà áó-
ôåðíà ºìí³ñòü êë³òèí ³ ¿¿ âïëèâ
íà âçàºìîä³þ ì³òîõîíäð³é ³
åíäîïëàçìàòè÷íîãî ðåòèêó-
ëóìà.
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DYNAMIC  INTERACTION  BETWEEN  PLASMA
MEMBRANE  STRUCTURES  AND  INTRACELLU-
LAR  CALCIUM  STORES  IN  DRG  NEURONS

We studied the dynamic contribution of endoplasmic reticulum
and mitochondria to depolarization-induced Ca2+ transients in
small (18-24 µm) DRG neurons of rats. We have used the
application of 10 µM of mitochondrial protonophore CCCP
for switching off the calcium uptake by mitochondrial
uniporter. For depletion of the store of endoplasmic reticulum
we applied 1 µM of thapsigargin. Depolarization-induced tran-
sients in control conditions and in conditions when one of the
mechanisms (mitochondria or endoplasmic reticulum) does
not participate in the forming of the shape of Ca2+ transient
have been studied. This allowed us to clarify the kinetics of
mitochondrial and endoplasmic reticulum uptake and release
of calcium in the process of the neuronal activity. We have
determined the main characteristics of functioning of above-
named calcium stores in the process of cell excitation, such as
time of the beginning of uptake, time and duration of maximum
activity etc. We concluded, that mitochondria and endoplas-
mic reticulum are acting in opposite directions at least in the
phase of the beginning of the transient. Mitochondria are
limiting the amplitude of  the transient during depolarization,
at the same time the endoplasmic reticulum is increasing the
amplitude of the transient by CICR (calcium-induced calcium
release) mechanism.  Mitochondria store calcium released from
endoplasmic reticulum by application of 30 mM caffeine. In-
hibition of the mitochondrial uniporter results in reduction of
amplitude of repetitive caffeine application compared with
control conditions. We have compared the kinetics of mito-
chondrial participation in the formation of calcium signal when
the initial sources of calcium ions were different. Our results
allow us to suggest a close functional dynamic interactions
between mitochondria and endoplasmic reticulum during
calcium signaling in sensory neurons.

Î.Î. Bogomolets Institute of Physiology, National Academy
of Sciences of Ukraine, Kyiv

International Centre for Molecular Physiology, Kyiv
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