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Ïîðóøåííÿ ôóíêö³é âíóòð³øíüîêë³òèííèõ
êàëüö³éðåãóëþþ÷èõ ìåõàí³çì³â ïåðâèííèõ
³ âòîðèííèõ ñåíñîðíèõ íåéðîí³â
ïðè ïåðèôåðè÷íîìó çàïàëåíí³

Â ïðåäñòàâëåííîé ðàáîòå ñóììèðîâàíû äàííûå ïî èññëåäîâàíèþ èçìåíåíèé âíóòðèêëåòî÷íîãî
êàëüöèåâîãî ãîìåîñòàçà â ñåíñîðíûõ íåéðîíàõ ìûøåé è êðûñ ñ êàðàãåíèíèíäóöèðîâàííûì
âîñïàëåíèåì. Ïðè ñðàâíåíèè êàëüöèåâûõ ñèãíàëîâ, âûçâàííûõ äåïîëÿðèçàöèåé öèòîïëàç-
ìàòè÷åñêîé ìåìáðàíû íåéðîíîâ çàäíåêîðåøêîâûõ ãàíãëèåâ êîíòðîëüíûõ ìûøåé è ìûøåé ñ
êàðàãåíèíèíäóöèðîâàííûì âîñïàëåíèåì, íå áûëî îáíàðóæåíî äîñòîâåðíûõ ðàçëè÷èé â èõ
ãëàâíûõ õàðàêòåðèñòèêàõ, òàêèõ, êàê áàçàëüíîå ñîäåðæàíèå öèòîïëàçìàòè÷åñêîãî êàëüöèÿ
([Ca2+]

i
), ñðåäíÿÿ àìïëèòóäà, ñêîðîñòè íàðàñòàíèÿ è ñïàäà êàëüöèåâûõ òðàíçèåíòîâ. Ñëåäóåò

îòìåòèòü, ÷òî äàííûå îòëè÷èÿ íå áûëè âûÿâëåíû êàê â áîëüøèõ, òàê è â ìàëûõ ïåðâè÷íûõ
ñåíñîðíûõ íåéðîíàõ. Îäíàêî îòìå÷àëîñü äîñòîâåðíîå çàìåäëåíèå êèíåòèêè ñïàäà
äåïîëÿðèçàöèîííûõ òðàíçèåíòîâ âî âòîðè÷íûõ ñåíñîðíûõ íåéðîíàõ çàäíåãî ðîãà ñïèííîãî
ìîçãà êðûñ ïðè âîñïàëåíèè. Íàìè òàêæå áûëî ïîêàçàíî äîñòîâåðíîå ñíèæåíèå àìïëèòóäû
[Ca2+]

i
-òðàíçèåíòîâ, âûçâàííûõ ïðèëîæåíèåì êîôåèíà, â íåéðîíàõ çàäíåêîðåøêîâûõ ãàíãëèåâ

ìûøåé è íåéðîíàõ çàäíåãî ðîãà ñïèííîãî ìîçãà êðûñ ñ ïåðåôåðè÷íûì âîñïàëåíèåì ïî ñðàâíåíèþ
ñ íåéðîíàìè êîíòðîëüíûõ æèâîòíûõ. Òàêæå áûëî ïîêàçàíî äîñòîâåðíîå ñíèæåíèå àìïëèòóäû
[Ca2+]

i
-òðàíçèåíòîâ, âûçâàííûõ ïðèëîæåíèåì àäåíîçèíòðèôîñôàòà â áåñêàëüöèåâîì

âíåêëåòî÷íîì ðàñòâîðå, â íåéðîíàõ çàäíåêîðåøêîâûõ ãàíãëèåâ ìûøåé ïðè âîñïàëåíèè.
Ïðèëîæåíèå ìèòîõîíäðèàëüíîãî ïðîòîíîôîðà íà ôîíå äåïîëÿðèçàöèè öèòîïëàçìàòè÷åñêîé
ìåìáðàíû âûçûâàëî äîïîëíèòåëüíîå óâåëè÷åíèå ñîäåðæàíèÿ [Ca2+]

i
, ÷òî ñâèäåòåëüñòâîâàëî

î âûñâîáîæäåíèè èîíîâ êàëüöèÿ, êîòîðûå áûëè çàõâà÷åíû ìèòîõîíäðèÿìè ïðè äåïîëÿðèçàöèè.
Âî âñåõ òèïàõ èññëåäîâàííûõ íåéðîíîâ ýòî âûñâîáîæäåíèå áûëî äîñòîâåðíî ñíèæåíî â
íåéðîíàõ æèâîòíûõ ñ âîñïàëåíèåì ïî ñðàâíåíèþ ñ òàêèìè êîíòðîëüíûõ æèâîòíûõ. Âîçìîæíîé
ïðè÷èíîé èçìåíåíèÿ [Ca2+]

i
-òðàíçèåíòîâ, âûçâàííûõ àêòèâàöèåé ìèòîõîíäðèé, ðèàíîäèíîâûõ

è ïóðèíîðåöåïòîðîâ, ÿâëÿåòñÿ ñíèæåíèå êàëüöèéàêêóìóëèðóþùèõ ôóíêöèé ìèòîõîíäðèé è
ýíäîïëàçìàòè÷åñêîãî ðåòèêóëóìà â ïåðâè÷íûõ è âòîðè÷íèõ ñåíñîðíûõ íåéðîíàõ ïðè âîñïàëåíèè.

ÂÑÒÓÏ

Ïåðèôåðè÷íå çàïàëåííÿ ìîæå âèêëèêàòè
äîâãîòðèâàë³ çì³íè â íåðâîâ³é ñèñòåì³, ÿê³
â ñâîþ ÷åðãó ðîáëÿòü âíåñîê ó âèíèêíåííÿ
áîëüîâèõ ñèíäðîì³â, à ñàìå:  ñïîíòàíîãî
áîëþ, àëîäèí³¿ (çíèæåííÿ áîëüîâîãî ïîðîãó
òà ïåðåòâîðåííÿ íå áîëüîâîãî ñòèìóëó â
áîëüîâèé) ³ ã³ïåðàëãåç³¿ (ïîñèëåíà â³äïîâ³äü
íà áîëüîâèé ñòèìóë). Ïåðèôåðè÷íà ñåíñè-

á³ë³çàö³ÿ áîëüîâèõ ðåöåïòîð³â òàêîæ áåðå
ó÷àñòü ó âèíèêíåíí³ ã³ïåðàëãåç³¿ òà àëîäèí³¿
[10].

Íåäîñòàòí³ñòü åêñïåðèìåíòàëüíèõ äà-
íèõ ñòîñîâíî ðîçâèòêó ð³çíèõ òèï³â çàïàëåí-
íÿ ðîáèòü äîö³ëüíèì ïðîäîâæåííÿ äîñë³ä-
æåíü ð³çíèõ àñïåêò³â ïåðåá³ãó çàõâîðþâàíü.
Ó íàøèõ åêñïåðèìåíòàõ çà îñòàíí³ ðîêè
óâàãà áóëà ñêîíöåíòðîâàíà íà âèâ÷åíí³ çì³í
êàëüö³ºâîãî ãîìåîñòàçó ó ïåðâèííèõ ³ âòî-
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Ïîðóøåííÿ ôóíêö³é âíóòð³øíüîêë³òèííèõ êàëüö³éðåãóëþþ÷èõ ìåõàí³çì³â

ðèííèõ íîöèöåïòèâíèõ íåðâîâèõ êë³òèíàõ.
Öå ïèòàííÿ ñòàíîâèòü ³íòåðåñ â çâ�ÿçêó ç
ìîæëèâ³ñòþ âïëèâó ïåðèôåðè÷íîãî çàïà-
ëåííÿ íà ïîðóøåííÿ êàëüö³ºâî¿ ñèãíàë³çàö³¿
òà çì³í ó áîëüîâ³é ÷óòëèâîñò³ òà ñèíàï-
òè÷í³é ïåðåäà÷³ [3, 10].

Ó ïîïåðåäí³õ äîñë³äàõ áóëî âñòàíîâ-
ëåíî, ùî â ïðîöåñ³ ðîçâèòêó íåéðîïàòè÷íîãî
áîëþ â³äì³÷àºòüñÿ ïîäîâæåííÿ ñïàäó
êàëüö³ºâîãî òðàíçèºíòà òà ï³äâèùåííÿ
âì³ñòó çàëèøêîâîãî öèòîçîëüíîãî êàëüö³þ
ïðè çáóäæåíí³ êë³òèíè [7, 23]. Áóëî òàêîæ
ïîêàçàíî, ùî ó öèõ ïðîöåñàõ ñóòòºâó ðîëü
â³ä³ãðàþòü ïîðóøåííÿ ôóíêö³¿ ì³òîõîíäð³é
[6, 18, 18] òà çì³íè â åôåêòèâíîñò³ çàñòîñó-
âàííÿ áëîêàòîð³â ïîòåíö³àëçàëåæíèõ êàëü-
ö³ºâèõ êàíàë³â ãðóïè äèã³äðîï³ðèäèí³â [5,
24]. Ö³ ðåçóëüòàòè êîðåëþþòü ç äàíèìè
³íøèõ ëàáîðàòîð³é [2] ³ ìîæóòü ñâ³ä÷èòè ïðî
çì³íó ôóíêö³îíàëüíî¿ àêòèâíîñò³ êàëüö³é-
ðåãóëþþ÷èõ ñèñòåì íåðâîâèõ êë³òèí ïðè
åêñïåðèìåíòàëüíî âèêëèêàíèõ áîëüîâèõ
ñèíäðîìàõ. Îäíàê, ÿê íå äèâíî, äîíåäàâíà
íå áóëà äîñë³äæåíà âíóòð³øíüîêë³òèííà
êàëüö³ºâà ñèãíàë³çàö³ÿ ó ïàòîãåíåç³ ñèëü-
íîãî áîëþ, ÿêèé âèíèêàº âíàñë³äîê çàïà-
ëåííÿ òêàíèíè [22].

Ó ïðîöåñàõ ðåãóëþâàííÿ âì³ñòó âíóò-
ð³øíüîêë³òèííîãî êàëüö³þ áåðóòü ó÷àñòü íå
ëèøå ïîòåíö³àëçàëåæí³ êàëüö³ºâ³ êàíàëè, àëå
é ë³ãàíäêåðîâàí³ ðåöåïòîðè, à òàêîæ âíóò-
ð³øíüîêë³òèíí³ êàëüö³éðåãóëþþ÷³ ñòðóê-
òóðè, òàê³, ÿê ì³òîõîíäð³¿ òà åíäîïëàç-
ìàòè÷íèé ðåòèêóëóì [12, 14, 27]. Êàëüö³é-
³íäóêîâàíå âèâ³ëüíåííÿ êàëüö³þ ç ð³àíî-
ä³í÷óòëèâîãî äåïî åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà ôîðìóº àìïë³òóäó êàëüö³ºâèõ
ñèãíàë³â, âèêëèêàíèõ äåïîëÿðèçàö³ºþ [9, 13,
15, 26]. ²íîçèòîëòðèôîñôàò÷óòëèâå äåïî
ðåòèêóëóìà òàêå ðåãóëþâàííÿ, ìîæëèâî,
çä³éñíþº çà äîïîìîãîþ çâ�ÿçêó ç ì³òîõîíä-
ð³ÿìè [19]. Çì³íè ôóíêö³é çàçíà÷åíèõ
ñòðóêòóð ìîæóòü ñïðèÿòè ïîðóøåííÿì
ïðîöåñ³â çáóäæåííÿ êë³òèíè, âèä³ëåííÿ
íåéðîìåä³àòîð³â ³ ðîçâèòêó ÿâèù àïîïòîçó
[21, 22].

Íèí³ çíà÷íà óâàãà ïðèä³ëÿºòüñÿ çì³íàì
êàíàá³íî¿äíèõ ³ âàíà¿ëî¿äíèõ ðåöåïòîð³â ó
ñåíñîðíèõ íåéðîíàõ çàäíüîêîð³íöåâèõ
ãàíãë³¿â, ùî òàêîæ â³äïîâ³äàþòü çà ïðèãí³-
÷åííÿ òà ïîñèëåííÿ ïåðåäà÷³ íîö³öåïòèâíèõ
ñèãíàë³â [1]. Âîäíî÷àñ íå ³ñíóº òî÷íèõ
äàíèõ ïðî õàðàêòåð çì³íè ôóíêö³¿ ïóðèíî-
ðåöåïòîð³â, îñîáëèâî ¿õ ìåòàáîòðîïíîãî
êîìïîíåíòó, ïðè ïåðèôåðè÷íîìó çàïàëåíí³.

Ìåòîþ íàøîãî äîñë³äæåííÿ áóëî âèâ-
÷åííÿ ôóíêö³¿ ð³àíîä³í ³ ³íîçèòîëòðèôîñ-
ôàò÷óòëèâîãî êàëüö³ºâèõ äåïî åíäîïëàç-
ìàòè÷íîãî ðåòèêóëóìà, à òàêîæ êàëüö³éðå-
ãóëþþ÷î¿ ôóíêö³¿ ì³òîõîíäð³é ñåíñîðíèõ
íåéðîíàõ ìèøåé ç åêñïåðèìåíòàëüíî-
âèêëèêàíèì ïåðåôèðè÷íèì çàïàëåííÿì.

ÌÅÒÎÄÈÊÀ

Åêñïåðèìåíòè ïðîâîäèëè íà ñâ³æî³çîëüî-
âàíèõ íåéðîíàõ çàäíüîêîð³íöåâèõ ãàíãë³¿â
ìèøåé òà çàäíüîãî ðîãó ñïèííîãî ìîçêó
ùóð³â. Òâàðèí áóëî ïîä³ëåíî íà äâ³ ãðóïè:
êîíòðîëüíó (30 ìèøåé ³ 25 ùóð³â) ³ ç
êàðàãåí³í³íäóêîâàíèì ïåðåôèðè÷íèì çàïà-
ëåííÿì (34 ìèø³ òà 28 ùóð³â). Çàïàëåííÿ
áóëî âèêëèêàíî ï³äøê³ðíèì ââåäåííÿì
êàðàãåí³íó (l-carrageenan, �Sigma�, 30 ìêë
2%-ãî ðîç÷èíó, ðîçâåäåíîãî â 0,9 %-ìó ðîç÷èí³
NaCl) ó çàäíþ ëàïó äîðîñëî¿ òâàðèíè).
Êîíòðîëüíèì òâàðèíàì ðîáèëè ³í�ºêö³þ
0,9 %-ãî ðîç÷èíó NaCl. Òâàðèí áðàëè â
åêñïåðèìåíò ÷åðåç 3 ãîä ï³ñëÿ ³í�ºêö³¿.

Íåéðîíè çàäíüîêîð³íöåâèõ ãàíãë³¿â òà
çàäíüîãî ðîãó ñïèííîãî ìîçêó ³çîëþâàëè çà
ñòàíäàðòíèìè ìåòîäèêàìè [11, 20] ï³ñëÿ
ôåðìåíòàòèâíî¿ îáðîáêè â ñîëüîâîìó
ðîç÷èí³ T³ðîäe ç äîäàâàííÿì 1 ìã/ìë
ïðîòåàçè (Ðrotease, �Sigma�, òèï XIV) òà
2 ìã/ìë êîëàãåíàçè (ñollagenase, Worthing-
ton Biochemical Corporation, òèï 1). Ðîç÷èí
T³ðîäe ì³ñòèâ (ììîëü/ë): NaCl � 140, KCl �
2, CaCl

2
 � 2, MgCl

2
 � 1.2, HEPES/NAOH �

10, ãëþêîçà � 10; pH 7,4. Äëÿ ïðèãîòóâàííÿ
çîâí³øíüîêë³òèííîãî ðîç÷èíó ç ï³äâèùåíèì
âì³ñòîì êàë³þ ³îíè íàòð³þ ³çîòîí³÷íî çàì³-
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ùàëè ³îíàìè êàë³þ. Âñ³ åêñïåðèìåíòè áóëî
ïðîâåäåíî ïðè 32�35° C.

Êîíöåíòðàö³þ öèòîçîëüíîãî êàëüö³þ
([Ca2+]

i
) â íåéðîíàõ âèì³ðþâàëè çà äîïî-

ìîãîþ êàëüö³é÷óòëèâîãî ôëóîðåñöåíòíîãî
áàðâíèêà Indo-1. Íåéðîíè çàâàíòàæóâàëè
³íäèêàòîðîì êàëüö³þ ²ndo-1 ìåòîäîì
³íêóáàö³¿ êë³òèí ó ðîç÷èí³ T³ðîäe, ùî ì³ñòèâ
7 ìêìîëü/ë Indo-1/AM òà 0,02% Pluronic
F-127. Ôëóîðåñöåíö³ÿ çáóäæóâàëàñÿ ñâ³òëîì
äîâæèíîþ õâèë³ 360 íì ± 5 íì. Ñâ³òëî åì³ñ³¿
çáèðàëè ïàðîþ ôîòîåëåêòðîííèõ ïîìíî-
æóâà÷³â ïðè äîâæèí³ õâèë³ 400 ± 10 ³ 500 íì ±
10 íì. Öèòîïëàçìàòè÷íó êîíöåíòðàö³þ
êàëüö³þ ðîçðàõîâóâàëè çà ôîðìóëîþ Ãð³íêå-
âè÷à [4]. Àíàëîãîâ³ ñèãíàëè ïîäàâàëèñÿ â
IBM-ñóì³ñíèé ïåðñîíàëüíèé êîìï�þòåð
÷åðåç âíóòð³øí³é ³íòåðôåéñ TIDA (TIDA
Batelle, Í³ìå÷÷èíà). Ñòàòèñòè÷íèé àíàë³ç
ðåçóëüòàò³â çä³éñíþâàëè ïðîãðàìíèì çàáåç-
ïå÷åííÿì TIDA, âåðñ³ºþ 5.5 ³ Microsoft Excel.

ÐÅÇÓËÜÒÀÒÈ

Ïîð³âíÿííÿ êàëüö³ºâèõ ñèãíàë³â, âèêëèêàíèõ
äåïîëÿðèçàö³ºþ öèòîïëàçìàòè÷íî¿ ìåìá-
ðàíè, ó íåéðîíàõ çàäíüîêîð³íöåâèõ ãàíãë³¿â
ó êîíòðîë³ òà ïðè çàïàëåíí³, íå âèÿâèëî
æîäíèõ â³äì³ííîñòåé ¿õ ãîëîâíèõ õàðàêòå-
ðèñòèê, òàêèõ, ÿê áàçàëüíèé âì³ñò êàëüö³þ

([Ca2+]
i
), ñåðåäíÿ àìïë³òóäà òà øâèäê³ñòü

ï³äâèùåííÿ òà ñïàäó êàëüö³ºâèõ òðàíçè-
ºíò³â, òàê ñàìî ÿê ³ çàëèøêîâèé âì³ñò êàëü-
ö³þ íà 60-é ñåêóíä³ ï³ñëÿ ïðèïèíåííÿ
äåïîëÿðèçàö³¿. Ñë³ä â³äçíà÷èòè, ùî ³ñòîòíèõ
çì³í àìï³òóäè êàëüö³ºâèõ òðàíçèºíò³â ó
â³äïîâ³äü íà äåïîëÿðèçàö³þ öèòîïëàçìà-
òè÷íî¿ ìåìáðàíè íå áóëî âèÿâëåíî ÿê ó
âåëèêèõ, òàê ³ ó ìàëèõ ñåíñîðíèõ íåéðîíàõ
ìèøåé. Ïîð³âíÿííÿ àíàëîã³÷íèõ êàëüö³ºâèõ
ñèãíàë³â, âèêëèêàíèõ äåïîëÿðèçàö³ºþ
öèòîïëàçìàòè÷íî¿ ìåìáðàíè ó íåéðîíàõ
çàäíüîãî ðîãó ñïèííîãî ìîçêó ùóð³â ó
êîíòðîë³ òà ïðè çàïàëåíí³ ïîêàçàëî â³äñóò-
í³ñòü äîñòîâ³ðíèõ â³äì³ííîñòåé ó ¿õí³é
àìïë³òóä³ òà ê³íåòèö³ ôàçè ï³äâèùåííÿ
òðàíçèºíòà. Òàêîæ íå â³äì³÷åíî çì³í ó
áàçàëüíîìó âì³ñò³ öèòîçîëüíîãî êàëüö³þ.
Íàòîì³ñòü, çíà÷íî óïîâ³ëüíþâàëàñÿ ê³íå-
òèêà ñïàäó äåïîëÿðèçàö³éíèõ òðàíçèºíò³â
ïðè çàïàëåíí³ (ðèñ. 1). Òàê, íà 15-é ñåêóíä³
ï³ñëÿ ïðèïèíåííÿ äåïîëÿðèçàö³¿ âì³ñò
çàëèøêîâîãî êàëüö³þ ó êîíòðîë³ áóâ 12,7% ±
1,5% (n=39) â³ä ìàêñèìàëüíî¿ àìïë³òóäè
òðàíçèºíòà, à â êë³òèíàõ çà óìîâ çàïàëåííÿ
18,8% ± 2,1% (n=60; P<0,001). Íà 30-é
ñåêóíä³ âì³ñò çàëèøêîâîãî [Ca2+]

i
 ñòàíî-

âèòü 6,5 ± 0,6 ³ 9,3% ± 0,7% â³äïîâ³äíî
(Ð<0,01), à íà 60-é ñåêóíä³ � 4,3 ± 1 ³ 4,8% ±
1,2% â³äïîâ³äíî; P>0,05).

Ðèñ. 1. Óïîâ³ëüíåííÿ ê³íåòèêè ñïàäó äåïîëÿðèçàö³éíèõ òðàíçèºíò³â ó íåéðîíàõ çàäíüîãî ðîãó ñïèííîãî ìîçêó
ùóð³â ó êîíòðîë³ (à) ³ ïðè çàïàëåíí³ (á)
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ßê áóëî ïîêàçàíî ðàí³øå, åíäîïëàçìà-
òè÷íèé ðåòèêóëóì áåðå ó÷àñòü ó ï³äòðèìö³
êàëüö³ºâîãî ãîìåîñòàçó â âåëèêèõ (ïðîïð³î-
öåïòèâíèõ), àëå íå â ìàëèõ (íîöèöåïòèâíèõ)
íåéðîíàõ çàäíüîêîð³íöåâèõ ãàíãë³¿â ìèøåé
çà äîïîìîãîþ âèâ³ëüíåííÿ ³îí³â êàëüö³þ
÷åðåç ð³àíîäèíîâ³ òà ³íîçèòîëòðèôîñôàòí³
(InsP3)-ðåöåïòîðè. Òîìó íàñòóïíó ñåð³þ
åêñïåðèìåíò³â ìè ïðîâîäèëè íà âåëèêèõ
íåéðîíàõ çàäíüîêîð³íöåâèõ ãàíãë³¿â. Áóëî
çä³éñíåíî àïë³êàö³þ êîôå¿íó (20 ììîëü/ë)
äëÿ âèâ³ëüíåííÿ ³îí³â êàëüö³þ ç åíäîïëàç-
ìàòè÷íîãî ðåòèêóëóìó àêòèâàö³ºþ ð³àíîäè-
íîâèõ ðåöåïòîð³â. Àìïë³òóäà êàëüö³ºâîãî
òðàíçèºíòà, âèêëèêàíîãî êîôå¿íîì, äîñòî-
â³ðíî çìåíøèëàñÿ ç 345 ± 86 (n=8) ó êîíòðîë³
äî 123 íìîëü/ë ± 27 íìîëü/ë (n=10; P<0,05)
ïðè çàïàëåíí³ (ðèñ. 2,à). Òàêà ñàìà àïë³êàö³ÿ
êîôå¿íó ó íåéðîíàõ çàäíüîãî ðîãó ñïèííîãî
ìîçêó ùóð³â âèêëèêàëà êàëüö³ºâèé òðàí-
çèºíò ç àìïë³òóäîþ 69 íìîëü/ë ±13 íìîëü/ë
(n=15) ó êîíòðîë³ òà 55 íìîëü/ë ±11 íìîëü/ë
(n=15; P>0,05) ïðè çàïàëåí³.

Ó âåëèêèõ íåéðîíàõ çàäíüîêîð³íöåâèõ
ãàíãë³¿â ³ íåéðîíàõ çàäíüîãî ðîãó ñïèííîãî
ìîçêó ñåðåäíÿ àìïë³òóäà êàëüö³ºâîãî
òðàíçèºíòà, âèêëèêàíîãî êîôå¿íîì, áóëà
çíà÷íî á³ëüøîþ ï³ñëÿ ïîïåðåäíüîãî ï³äâè-
ùåííÿ [Ca2+]

i
, ñïðè÷èíåíîãî äåïîëÿðè-

çàö³ºþ öèòîïëàçìàòè÷íî¿ ìåìáðàíè çà
äîïîìîãîþ àïë³êàö³¿ ã³ïåðêàë³ºâîãî ðîç÷èíó
(KCl, 50 ììîëü/ë). Öå ÿâèùå ãîâîðèòü ïðî
ïåðåçàïîâíåííÿ êàëüö³ºâîãî äåïî çà ó÷àñòþ
Ca2+-ATÔàçè åíäîïëàçìàòè÷íîãî ðåòèêó-
ëóìà. Ï³ñëÿ öüîãî ïðîöåñó àìïë³òóäè âèê-
ëèêàíèõ êîôå¿íîì [Ca2+]

i
-òðàíçèºíò³â òàêîæ

äîñòîâ³ðíî çìåíøóâàëèñü ó íåéðîíàõ òâà-
ðèí ñ ïåðèôåðè÷íèì çàïàëåííÿì ïîð³âíÿíî
ç íåéðîíàìè êîíòðîëüíèõ ìèøåé. Ó ñåðåä-
íüîìó àìïë³òóäà êàëüö³ºâîãî òðàíçèåíòà, âèê-
ëèêàíîãî êîôå¿íîì, ñòàíîâèëà 658 íìîëü/ë
± 139 íìîëü/ë (n=8) ó êîíòðîë³ òà 251 íìîëü/ë ±
32 íìîëü/ë (n=14; P<0,001) ïðè çàïàëåíí³ â
íåéðîíàõ çàäíüîêîð³íöåâèõ ãàíãë³¿â ìèøåé
(äèâ. ðèñ. 2,à) òà 302 íìîëü/ë ± 23 íìîëü/ë
(n=15) ó êîíòðîë³ òà 238 íìîëü/ë ± 41 íìîëü/ë
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Ðèñ. 2. Âïëèâ çàïàëåííÿ íà âèâ³ëüíåííÿ êàëüö³þ ç åíäîïëàçìàòè÷íîãî ðåòèêóëóì³ ïðè ä³¿ êîôå¿íó (²) òà ÀÒÔ (²²) ó
âåëèêèõ íåéðîíàõ çàäíüîêîð³íöåâèõ ãàíãë³¿â ìèøåé: à � êîíòðîëü, á � çàïàëåííÿ
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(n=15; P<0,05) ïðè çàïàëåí³ â íåéðîíàõ
çàäíüîãî ðîãó ñïèííîãî ìîçêó ùóð³â (ðèñ.
3). Òàêèì ÷èíîì, íàø³ ðåçóëüòàòè âêàçóþòü
íà òå, ùî ïðè ïåðèôåðè÷íîìó çàïàëåíí³
ïîã³ðøóºòüñÿ ôóíêö³ÿ ð³àíîäèí÷óòëèâîãî
äåïî åíäîïëàçìàòè÷íîãî ðåòèêóëóìà.

Äëÿ òîãî, ùîá ³í³ö³þâàòè ïðîäóêóâàííÿ
InsP

3
 ç íàñòóïíèì âèâ³ëüíåííÿì êàëüö³þ ç

åíäîïëàçìàòè÷íîãî ðåòèêóëóìà íåéðîí³â
çàäíüîêîð³íöåâèõ ãàíãë³¿â ÷åðåç InsP

3
-ðå-

öåïòîðè, ïðîâîäèëàñü àïë³êàö³ÿ àäåíîçèí-
òðèôîñôàòó (ATÔ,100 ìêìîëü/ë) ó áåçêàëü-
ö³ºâîìó ðîç÷èí³. Â öüîìó ðàç³ ñèòóàö³ÿ áóëà
ö³ëêîì àíàëîã³÷íîþ äî [Ca2+]

i
-ñèãíàë³â,

âèêëèêàíèõ êîôå¿íîì. Àìïë³òóäà êàëüö³º-
âîãî òðàíçèºíòà, ³íäóêîâàíîãî ATÔ, äîñòî-
â³ðíî çìåíøèëàñÿ ç 98 ± 15 (n=12) ó êîíòðîë³
äî 35 íìîëü/ë ± 3 íìîëü/ë (n=9; P<0,005)
ïðè çàïàëåíí³ (äèâ. ðèñ. 2,á). Ï³ñëÿ ïåðåçà-
ïîâíåííÿ êàëüö³ºâîãî äåïî åíäîïëàçìà-
òè÷íîãî ðåòèêóëóìà çà äîïîìîãîþ äåïîëÿ-
ðèçàö³¿, àìïë³òóäè âèêëèêàíèõ ATÔ [Ca2+]

i
-

òðàíçèºíò³â òàêîæ äîñòîâ³ðíî çìåíøó-
âàëèñü ó íåéðîíàõ òâàðèí ç ïåðèôåðè÷íèì
çàïàëåííÿì ïîð³âíÿíî ç òàêèìè êîíòðîëü-
íèõ ìèøåé. Ó ñåðåäíüîìó àìïë³òóäà êàëü-
ö³ºâîãî òðàíçèºíòà, âèêëèêàíîãî ATÔ, ñòà-
íîâèëà 158 íìîëü/ë ± 15 íìîëü/ë (n=12) ó
êîíòðîë³ òà 60 íìîëü/ë ± 7 íìîëü/ë (n=9;

Ð<0,001) ïðè çàïàëåíí³ (äèâ. ðèñ. 2,á). ßê
áóëî ïîêàçàíî ðàí³øå [8], àïë³êàö³ÿ ÀÒÔ ó
áåçêàëüö³ºâîìó ðîç÷èí³ ó íåéðîíàõ çàäíüî-
ãî ðîãó ñïèííîãî ìîçêó íå âèêëèêàº ï³äâè-
ùåííÿ [Ca2+]

i
 (n=100), ùî ñâ³ä÷èòü ïðî

â³äñóòí³ñòü àêòèâíèõ InsP
3
-ðåöåïòîð³â íà

¿õí³é ñîì³.
Äëÿ àíàë³çó ìîæëèâîãî âíåñêó ì³òîõîíä-

ð³é ó çì³íè êàëüö³ºâî¿ ñèãíàë³çàö³¿ ñåíñîðíèõ
íåéðîí³â ìèøåé ïðè ³íôëàìàòîðíîìó áîëþ,
ïðîâîäèëàñÿ ïðåàïë³êàö³ÿ ì³òîõîíäð³àëü-
íîãî ïðîòîíîôîðó êàðáîí³ë ö³àí³ä m-õëîðî-
ôåí³ëã³äðàçîíó (ÑÑÑÐ), ÿêèé ïîïåðåäæóâàâ
íàêîïè÷åííÿ ³îí³â êàëüö³þ ì³òîõîíäð³ÿìè.
Ó êîíòðîëüíèõ êë³òèíàõ àïë³êàö³ÿ CCCP 
(10 ìêìîëü/ë) ïåðåä äåïîëÿðèçàö³ºþ KCl
ñïðè÷èíèëà çá³ëüøåííÿ àìïë³òóäè ï³äâè-
ùåííÿ [Ca2+]

i
, âèêëèêàíîãî äåïîëÿðèçàö³ºþ,

ùî ñâ³ä÷èòü ïðî ó÷àñòü ì³òîõîíäð³é ó
ïðîöåñ³ øâèäêîãî çàõîïëåííÿ ³îí³â êàëüö³þ
ï³ä ÷àñ äîñÿãíåííÿ ï³êó òðàíçèºíòà. Íå
çíàéäåíî æîäíèõ ³ñòîòíèõ çì³í ó öüîìó
ï³äâèùåíí³ ó òâàðèí ç ³í�ºêö³ºþ êàðàãåí³íó.
Àïë³êàö³ÿ CCCP ï³ñëÿ äîñÿãíåííÿ ï³êà
òðàíçèºíòà, ñïðè÷èíÿëà äîäàòêîâå ï³äâè-
ùåííÿ [Ca2+]

i
, ùî ãîâîðèòü ïðî çíà÷íèé

âèêèä êàëüö³þ, ÿêèé áóâ ïîïåðåäíüî íàêî-
ïè÷åíèé ì³òîõîíäð³ÿìè. Â óñ³õ òèïàõ
íåéðîí³â ç çàïàëåííÿì òàêå ï³äâèùåííÿ
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Ðèñ. 3. Âïëèâ çàïàëåííÿ íà âèâ³ëüíåííÿ êàëüö³þ ç åíäîïëàçìàòè÷íîãî ðåòèêóëóìà ïðè ä³¿ êîôå¿íó ó íåéðîíàõ
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çíà÷íîþ ì³ðîþ çìåíøóâàëîñÿ (ðèñ. 4, 5).
Ó ñåðåäíüîìó ó ìàëèõ íåéðîíàõ çàäíüî-
êîð³íöåâèõ ãàíãë³¿â àìïë³òóäà êàëüö³ºâîãî

òðàíçèºíòà, âèêëèêàíîãî àïë³êàö³ºþ CCCP,
ï³ñëÿ äåïîëÿðèçàö³¿ (ó â³äñîòêàõ â³ä ìàêñè-
ìàëüíî¿ àìïë³òóäè òðàíçèºíòà, ³íäóêî-
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Ðèñ. 4. Âèâ³ëüíåííÿ êàëüö³þ ç ì³òîõîíäð³é ïðè ä³¿ ì³òîõîíäð³àëüíîãî ïðîòîíîôîðà êàðáîí³ë ö³àí³ä
m-õëîðîôåí³ëã³äðàçîíó (ÑÑÑÐ, 10 ììîëü/ë) ó ìàëèõ (²) ³ âåëèêèõ (²²) íåéðîíàõ çàäíüîêîð³íöåâèõ ãàíãë³¿â ìèøåé ó
êîíòðîë³ (à) òà ïðè çàïàëåíí³ (á)
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Ðèñ. 5. Âèâ³ëüíåííÿ êàëüö³þ ç ì³òîõîíäð³é ïðè ä³¿ ì³òîõîíäð³àëüíîãî ïðîòîíîôîðà êàðáîí³ë ö³àí³ä m-
õëîðîôåí³ëã³äðàçîíó (ÑÑÑÐ, 10 ììîëü/ë) ó íåéðîíàõ çàäíüîãî ðîãó ñïèííîãî ìîçêó ùóð³â ó êîíòðîë³ (à) òà ïðè
çàïàëåíí³ (á)
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âàíîãî äåïîëÿðèçàö³ºþ), äîñòîâ³ðíî çíèçè-
ëàñÿ ç 84 ± 15 (n=35) ó êîíòðîë³ äî 49 % ± 6 %
çà óìîâ çàïàëåííÿ  (n=22; P<0,05; äèâ. ðèñ.
4,à), à ó âåëèêèõ íåéðîíàõ ç 71 ± 10 (n=21)
ó êîíòðîë³ äî 38 % ± 9 % (n=25; P<0,05,
äèâ. ðèñ. 4,á) â³äïîâ³äíî. Ó íåéðîíàõ
çàäíüîãî ðîãó ñïèííîãî ìîçêó ùóð³â
çíà÷åííÿ öèõ ïîêàçíèê³â ñòàíîâèëè 36 ± 6
(n=34) ³ 16 % ± 4 % (n=9; P<0,05) ó êîíòðîë³
òà ïðè çàïàëåíí³ â³äïîâ³äíî (ðèñ. 5).
Îòðèìàí³ ðåçóëüòàòè ñâ³ä÷àòü ïðî òå, ùî
çàïàëåííÿ ïîâ�ÿçàíå ç ³ñòîòíèì çíèæåííÿì
ì³òîõîíäð³ÿìè çàõîïëåííÿ êàëüö³þ ó âåëè-
êèõ ³ ìàëèõ íåéðîíàõ çàäíüîêîð³íöåâèõ
ãàíãë³¿â òà íåéðîíàõ çàäíüîãî ðîãó ñïèííîãî
ìîçêó, â òîé ÷àñ ÿê åôåêòèâí³ñòü Na+ �
Ca2+-îáì³ííèêà ì³òîõîíäð³é, çäàºòüñÿ, çàëè-
øàºòüñÿ íåïîðóøåíîþ.

ÎÁÃÎÂÎÐÅÍÍß

Ó ö³é ðîáîò³ äîñë³äæåí³ ìîæëèâ³ ìåõàí³çìè,
ÿê³ ëåæàòü â îñíîâ³ ðîçâèòêó öåíòðàëüíî¿
ñåíñèòèçàö³¿ ï³ä ÷àñ çàïàëåííÿ. Îñîáëè-
â³ñòü ïîëÿãàº â òîìó, ùî çàïàëåííÿ, âèêëè-
êàíå êàðàãåí³íîì, ïðîäóêóº çì³íó ôóíêö³¿
âíóòð³øüîêë³òèííèõ Ñà2+-àêóìóëþþ÷èõ
ñòðóêòóð ó ïåðâèííèõ ñåíñîðíèõ íåéðîíàõ
ìèøåé ³ âòîðèííèõ ñåíñîðíèõ íåéðîíàõ
ùóð³â. Ö³ çì³íè ñòîñóþòüñÿ ôóíêö³é ì³òî-
õîíäð³é ³ êàëüö³ºâ³õ äåïî åíäîïëàçìàòè÷-
íîãî ðåòèêóëóìà íåéðîí³â, à ñàìå çìåíøåí-
íÿ àìïë³òóä êîôå¿í, ÀÒÔ, òà ÑÑÑÐ ³íäóêî-
âàíèõ òðàíçèºíò³â, ùî âèì³ðÿí³ ó íåéðîíàõ
çàäíüîêîð³íöåâèõ ãàíãë³¿â ³ çàäíüîãî ðîãó
ñïèííîãî ìîçêó, ³çîëüîâàíèõ ç áîêó, äå áóëî
ïðîâåäåíî ³í�ºêö³þ ï³ñëÿ 3 ãîä ³í³ö³þâàííÿ
çàïàëåííÿ. ×àñîâèé õàðàêòåð öèõ çì³í
äîáðå êîðåëþº ç ðîçâèòêîì àëîäèí³¿ ³
ã³ïåðàëãåç³¿, ùî äîñë³äæåí³ â òîìó ñàìîìó
³íòåðâàë³ ï³ñëÿ ïîøêîäæåííÿ [16]. Íàø³
ðåçóëüòàòè äîïóñêàþòü ìîæëèâ³ñòü òîãî,
ùî çìåíøåííÿ êàëüö³éàêóìóëþþ÷î¿ àêòèâ-
íîñò³ ì³òîõîíäð³é òà åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà ìîæå áóòè ÷èííèêîì, ÿêèé
ðîáèòü âêëàä ó öåíòðàëüíó ñåíñèò³çàö³þ. Ó
ïðèðîäíèõ óìîâàõ çíàéäåí³ çì³íè ìîæóòü

äî ïåâíî¿ ì³ðè êîðåãóâàòèñÿ ÷àñòîòîþ, ê³ëü-
ê³ñòþ òà ðèòì³÷í³ñòþ âèä³ëåííÿ íåéðîìåä³à-
òîðà ç ñèíàïòè÷íèõ çàê³í÷åíü ïåðâèííèõ
íåéðîí³â ³ ïîñèëåííÿì éîãî ä³¿ ïðè çàïàëåíí³.

Ðàí³øå âæå îáãîâîðþâàâñÿ ôàêò ïîðó-
øåííÿ ôóíêö³¿ âíóòð³øíüîêë³òèííèõ äåïî
ïðè ³íøèõ áîëüîâèõ ñèíäðîìàõ [30]. Ïîêà-
çàíî ñóòòºâå çíèæåííÿ ïðîäóêö³¿ ì³î³íî-
çèòîëó, çì³íó àêòèâíîñò³ ôîñôîë³ïàçè Ñ ³
öèêëó àðàõ³äîíîâî¿ êèñëîòè [29], ùî ìîæå
áóòè ïðè÷èíîþ ïîðóøåííÿ ôóíêö³¿ ³íîçèòîë-
òðèôîñôàòíîãî äåïî åíäîïëàçìàòè÷íîãî
ðåòèêóëóìà. Âèñóâàëèñÿ ïðèïóùåííÿ, ùî ö³
ïîðóøåííÿ ìîæóòü ñïðèÿþòè ðîçâèòêó
íåéðîïàòè÷íîãî áîëþ [28]. Çã³äíî ç íàøèìè
ðåçóëüòàòàìè, çìåíøóºòüñÿ àêòèâí³ñòü
ð³àíîäèíîâèõ ³ ìåòàáîòðîïíèõ ðåöåïòîð³â
ÀÒÔ ïðè ïåðèôåðè÷íîìó çàïàëåíí³, ùî òåæ
ìîæå ïðèçâîäèòè äî çíèæåííÿ àêòèâíîñò³
ðåòèêóëóìà. Ïðèãí³÷åííÿ ôóíêö³¿ ìåòàáî-
òðîïíèõ ïóðèíåðã³÷íèõ ðåöåïòîð³â ìîæå
â³ä³ãðàòè âàæëèâó ðîëü ó ñèñòåì³ ïåðåäà÷³
íîöèöåïòèâíèõ ñèãíàë³â. Çíà÷åííÿ ì³òîõîíä-
ð³é ó ïîñòòåòàí³÷í³é ïîòåíö³àö³¿ òà âèä³ëåíí³
íåéðîìåä³àòîð³â òàêîæ äîâåäåíî áàãàòüìà
àâòîðàìè [9, 17, 25].

Íà çàâåðøåííÿ ñë³ä âêàçàòè, ùî ç ðå-
çóëüòàò³â óñ³õ ïðîâåäåíèõ äîñë³äæåíü
âèïëèâàº ùå îäíå ö³êàâå ñïîñòåðåæåííÿ.
Íåçâàæàþ÷è íà ïîðóøåíÿ ôóíêö³¿ âíóòð³ø-
íüîêë³òèííèõ ñòðóêòóð, çì³í ó áàçàëüíîìó
âì³ñò³ öèòîçîëüíîãî êàëüö³þ, øâèäêîñò³
ï³äâèùåííÿ êàëüö³ºâèõ òðàíçèºíò³â, âèêëè-
êàíèõ äåïîëÿðèçàö³ºþ öèòîïëàçìàòè÷íî¿
ìåìáðàíè, òà ¿õ àìïë³òóä ó íåéðîíàõ òâàðèí
ç ñèíäðîìîì ³íôëàìàòîðíîãî áîëþ íå â³ä-
ì³÷àºòüñÿ. Öå ìîæå áóòè ïîâ�ÿçàíî ç³ çì³-
íîþ ìåìáðàííîãî ïîòåíö³àëó íåéðîí³â òà
åêñïðåñ³¿ ð³çíèõ òèï³â êàëüö³ºâèõ êàíàë³â
ïðè çàïàëåíí³. Âèâ÷åííÿ ïèòàíü, ïîâ�ÿçàíèõ
ç³ çì³íàìè êàëüö³éðåãóëþþ÷î¿ ôóíêö³¿
âíóòð³øíüîêë³òèííèõ ñòðóêòóð ³ ìåìáðàí-
íèõ ³îííèõ êàíàë³â ïëàçìàëåìè ïðè ïåðèôå-
ðè÷íîìó çàïàëåíí³, ñòàíîâèòü áåçóìîâíèé
³íòåðåñ äëÿ ïîäàëüøèõ äîñë³äæåíü.
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N. Voitenko, E. Potapenko, V. Shishkin

ÑHANGES  OF  INTRACELLULAR  CALCIUM-
REGULATING  MECHANISMS  OF  PRIMARY
AND  SECONDARY  SENSORY  NEURONES
UNDER  PERIFERAL   INFLAMMATION

Here we summarize the results of experimental investigation
of changes in intracellular calcium homeostasis in mice and rat
primary (dorsal root ganglia, DRG) and secondary (dorsal
horn, DH) sensory neurons under carrageenan-induced periferal
inflammation. A decrease in a calcium accumulation in both
inositoltriphosphate- and caffeine-sensitive endoplasmic
reticulum calcium stores has been detected in primary sensory
neurons under condition of peripheral inflammation. We have
also shown a decrease in the caffeine-induced calcium release
in dorsal horn neurons of inflamed rat as compared to control
ones. Decrease in the Ca2+- accumulating properties of mito-
chondria has been demonstrated in both DRG and DH neurons
with carrageenan-induced inflammation as compared with
neurons of control animals. We conclude that changes in Ca2+ -
regulating structures of primary and secondary sensory neurons
could possibly lead to alterations in the transmission of
nociceptive signals during inflammation.

A.A.Bogomoletz Institute of physiology, National Academy of
Sciences of Ukraine, Kiev
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