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Íà îñíîâå óïðîùåííîé ñèñòåìû ðåàêöèÿ−äèôôóçèÿ−ìåõàíèêà ñ ãëîáàëü-
íîé ñâÿçüþ ÷èñëåííî èññëåäîâàíî âîçáóæäåíèå ñòðóêòóð è ðàñïðîñòðàíåíèå
âîëí â âîçáóäèìîì ñîêðàòèìîì âîëîêíå â çàâèñèìîñòè îò ðåæèìà ñîêðàùåíèÿ
è ñèëû ãëîáàëüíîé ñâÿçè. Îïðåäåëåíû äâà îñíîâíûõ ðåæèìà ðàñïðîñòðàíå-
íèÿ âîçáóæäåíèÿ ïî âîëîêíó: îáû÷íîå êâàçèñòàöèîíàðíîå ðàñïðîñòðàíåíèå è
ðàñïðîñòðàíåíèå ïðè íåìåäëåííîì âîçáóæäåíèè çíà÷èòåëüíîé ÷àñòè âîëîê-
íà. Îáíàðóæåíû íîâûå îñöèëëÿòîðíûå ðåæèìû: ñîëèòîíîïîäîáíîå ðàñïðî-
ñòðàíåíèå, âçàèìîäåéñòâèå èìïóëüñîâ âîçáóæäåíèÿ è êëàñòåðèçîâàííûå àâòî-
êîëåáàíèÿ. Ïîêàçàíî, ÷òî îäèíî÷íûé ëîêàëèçîâàííûé â ïðîñòðàíñòâå è âî
âðåìåíè ñòèìóë ìîæåò ïðèâîäèòü ê ýêñòðåìàëüíî ïðîäîëæèòåëüíîé ïåðåõîä-
íîé äèíàìèêå áëàãîäàðÿ ýôôåêòó ïîñëåâîçáóæäåíèÿ, çàêëþ÷àþùåìóñÿ â ïî-
âòîðíîì âîçáóæäåíèè ðàíåå âîçáóæäåííûõ ó÷àñòêîâ âîëîêíà âñëåäñòâèå ãëî-
áàëüíîé ñâÿçè. Ïðîâåäåííîå èññëåäîâàíèå äåìîíñòðèðóåò çíà÷èòåëüíóþ ðîëü
óñëîâèé ìåõàíè÷åñêîãî çàêðåïëåíèÿ ñîêðàùàþùåéñÿ òêàíè è íåîáõîäèìîñòü
ó÷åòà ñâÿçàííûõ ñ ýòèì ýôôåêòîâ â àíàëîãè÷íûõ èññëåäîâàíèÿõ.

Êëþ÷åâûå ñëîâà: ñîêðàùåíèå, ýëåêòðîìåõàíè÷åñêàÿ àêòèâíîñòü ñåðäå÷íîé
òêàíè, ñèñòåìû ðåàêöèÿ−äèôôóçèÿ−ìåõàíèêà, âîëíû âîçáóæäåíèÿ, ïåðåõîäíàÿ
äèíàìèêà ðàñïðåäåëåííûõ ñèñòåì.

Ââåäåíèå

Íåîáõîäèìîñòü èññëåäîâàíèÿ ðåàêöèîííî-äèôôóçèîííûõ ïðîöåññîâ â äåôîð-
ìèðóåìûõ ñðåäàõ âîçíèêàåò â ðàçëè÷íûõ çàäà÷àõ ôèçèêè, õèìèè è áèîëîãèè, òàêèõ
êàê, íàïðèìåð, õèìè÷åñêèå ðåàêöèè â ãåëÿõ è íà ïëåíêàõ [1], ìîðôîãåíåç â ìíîãî-
êëåòî÷íûõ îðãàíèçìàõ [2], äèíàìèêà ìûøå÷íûõ òêàíåé [3]. Îäíèì èç íàèáîëåå çíà-
÷èìûõ íàïðàâëåíèé çäåñü ÿâëÿåòñÿ èññëåäîâàíèå ñàìîñîãëàñîâàííîé äèíàìèêè
áèîïîòåíöèàëîâ â ñåðäå÷íîé ìûøöå è åå ñîêðàòèòåëüíûõ äåôîðìàöèé [4−10]. Äëÿ
ìîäåëèðîâàíèÿ ýëåêòðîìåõàíè÷åñêîé äèíàìèêè â ñåðäå÷íîé ìûøöå ïåðñïåêòèâ-
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íûì ïîêàçàë ñåáÿ ïîäõîä, ïðåäñòàâëåííûé Ïàíôèëîâûì è Íýøåì [4], â ðàìêàõ êî-
òîðîãî â ðåàêöèîííî-äèôôóçèîííûå ìîäåëè ýëåêòðè÷åñêîé àêòèâíîñòè ââîäèòñÿ
äîïîëíèòåëüíûé òîê, çàâèñÿùèé îò ëîêàëüíûõ äåôîðìàöèé òêàíè. Ñëåäóåò îòìå-
òèòü, ÷òî èíòåðåñ çäåñü ïðåäñòàâëÿþò íå òîëüêî ñîáñòâåííî àòòðàêòîðû èññëåäóå-
ìûõ äèíàìè÷åñêèõ ñèñòåì, íî è ïåðåõîäíûå ïðîöåññû, òàê êàê êðàòêîâðåìåííîå
èçìåíåíèå äèíàìè÷åñêîãî ðåæèìà ìîæåò óæå áûòü êðèòè÷íûì äëÿ ðàáîòû ñåðäöà.
Òåì íå ìåíåå äàæå òàêîé âàæíûé âîïðîñ, êàê âîïðîñ î ðåæèìàõ îäíîìåðíîãî ðàñ-
ïðîñòðàíåíèÿ âîçáóæäåíèÿ ïðè íàëè÷èè ìåõàíîýëåêòðè÷åñêîé îáðàòíîé ñâÿçè, îñ-
òàåòñÿ íåèññëåäîâàííûì. Îñòàåòñÿ íåèçó÷åííîé è ðîëü ðåæèìà ñîêðàùåíèÿ òêàíè,
òî åñòü ïàðàìåòðîâ ìåõàíè÷åñêîãî çàêðåïëåíèÿ ñîêðàùàþùåéñÿ ìûøöû è ïðèëî-
æåííîé íàãðóçêè, êîòîðûå ìîãóò ÿâëÿòüñÿ âàæíûìè óïðàâëÿþùèìè ïàðàìåòðàìè â
áèîëîãè÷åñêèõ ýêñïåðèìåíòàõ [9, 10].

Íàñòîÿùàÿ ñòàòüÿ èññëåäóåò ýòè ïðîáëåìû ñ ïîìîùüþ ïðåäëàãàåìûõ ïðîñòûõ
ìîäåëåé ñèñòåìû ðåàêöèÿ−äèôôóçèÿ−ìåõàíèêà ñ ãëîáàëüíîé ýëåêòðîìåõàíè÷åñêîé
ñâÿçüþ. Ñ ïîìîùüþ ýòèõ ìîäåëåé äåìîíñòðèðóåòñÿ, ÷òî äàæå ñëàáûé ëîêàëèçîâàí-
íûé âî âðåìåíè è ïðîñòðàíñòâå âíåøíèé ýëåêòðè÷åñêèé ñòèìóë ìîæåò êàê ïðèâî-
äèòü ê ïðàêòè÷åñêè îäíîâðåìåííîìó âîçáóæäåíèþ çíà÷èòåëüíûõ ó÷àñòêîâ òêàíè,
òàê è èíèöèèðîâàòü ñëîæíûå è äîëãîæèâóùèå ïðîñòðàíñòâåííî-âðåìåííûå ñòðóê-
òóðû. Çíà÷èòåëüíóþ ðîëü ïðè ýòîì èãðàåò ýôôåêò ïîñëåâîçáóæäåíèÿ, êîãäà ýëåêò-
ðîìåõàíè÷åñêàÿ ñâÿçü ïðèâîäèò ê âîçíèêíîâåíèþ äîïîëíèòåëüíûõ èìïóëüñîâ âîç-
áóæäåíèÿ â ìåñòå ïðèëîæåíèÿ èñõîäíîãî ñòèìóëà, êîòîðûå çàòåì âëèÿþò íà ðàñ-
ïðîñòðàíåíèå èñõîäíîãî èìïóëüñà. Ñóùåñòâåííî èçìåíÿþòñÿ è àâòîêîëåáàòåëüíûå
ðåæèìû: ãëîáàëüíàÿ ñâÿçü ìîæåò ïðèâîäèòü ê íåóñòîé÷èâîñòè îäíîðîäíîãî àâòî-
êîëåáàòåëüíîãî ñîñòîÿíèÿ è êëàñòåðèçàöèè. Ìîäåëü ïîçâîëÿåò èññëåäîâàòü ðàçëè÷-
íûå ðåæèìû ñîêðàùåíèÿ òêàíè è óáåäèòüñÿ, ÷òî ðåæèì ñîêðàùåíèÿ ñóùåñòâåííî
âëèÿåò íà ãåíåðèðóåìûå ïðîñòðàíñòâåííî-âðåìåííûå ñòðóêòóðû. Äðóãîå ïðåèìó-
ùåñòâî ìîäåëè ñâÿçàíî ñ âîçìîæíîñòüþ ïðÿìîé ýêñïåðèìåíòàëüíîé ïðîâåðêè îïè-
ñûâàåìûõ ýôôåêòîâ, òàê êàê èññëåäóåìûå ìåõàíè÷åñêèå êîíôèãóðàöèè ñîîòâåòñòâó-
þò ÷àñòî èñïîëüçóåìûì ýêñïåðèìåíòàëüíûì êîíôèãóðàöèÿì [9, 10].

Ìîäåëü

Èñïîëüçóåìàÿ ìîäåëü ðåàêöèÿ−äèôôóçèÿ−ìåõàíèêà îñíîâàíà íà äâóõêîìïîíåíò-
íîé ðåàêöèîííî-äèôôóçèîííîé ìîäåëè Àëèåâà − Ïàíôèëîâà äëÿ áåçðàçìåðíûõ ìåì-
áðàííîãî ïîòåíöèàëà V(t, x) è ýôôåêòèâíîé ïðîâîäèìîñòè W(t, x) ðåïîëÿðèçóþùèõ
èîííûõ êàíàëîâ â âîçáóäèìîé ñåðäå÷íîé òêàíè. Ñëåäóÿ [4], ââåäåì â óðàâíåíèÿ
ìîäåëåé äåïîëÿðèçóþùèé òîê IS èîííûõ êàíàëîâ, àêòèâèðóåìûõ ðàñòÿæåíèåì òêà-
íè:
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Çäåñü è äàëåå âñå ïåðåìåííûå áåçðàçìåðíûå: x − ïðîñòàíñòâåííàÿ êîîðäèíàòà, t −
âðåìÿ, σ − êîýôôèöèåíò äèôôóçèè, Iext − çàäàííûé âíåøíèé ýëåêòðè÷åñêèé ñòèìóë,
ñëàãàåìîå −kV(V − a)(V − 1) − VW ñîîòâåòñòâóåò òðàíñìåìáðàííîìó òîêó, íå ñâÿ-
çàííîìó ñ ìåõàíè÷åñêèìè äåôîðìàöèÿìè (a = 0,08, k = 8), ε(V ) = ε1 ïðè V < Vt è
ε(V ) = ε2 ïðè V ≥ Vt (ε1 = 1, ε2 = 0,1, Vt = 0,05). Çíà÷åíèå òîêà IS çàâèñèò îò ëîêàëü-
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íîé äåôîðìàöèè òêàíè è îòëè÷íî îò íóëÿ òîëüêî ïðè ëîêàëüíîì ðàñòÿæåíèè òêàíè.
Òàê êàê ðàññìàòðèâàþòñÿ òîëüêî îäíîìåðíûå äåôîðìàöèè, òî ëîêàëüíàÿ äåôîðìà-
öèÿ ïîëíîñòüþ õàðàêòåðèçóåòñÿ åäèíñòâåííîé íåíóëåâîé êîìïîíåíòîé e(t, x) òåí-
çîðà ìàëûõ äåôîðìàöèé. Ýòà êîìïîíåíòà âõîäèò â âûðàæåíèå äëÿ òîêà IS , àíàëî-
ãè÷íîå èñïîëüçîâàâøåìóñÿ â [4], IS = GSR(e)(V − VS). Çäåñü GS  è VS õàðàêòåðèçóþò
ñîîòâåòñòâåííî ìàêñèìàëüíóþ ïðîâîäèìîñòü è ïîòåíöèàë ïîâîðîòà èîííûõ êàíà-
ëîâ, àêòèâèðóåìûõ ðàñòÿæåíèåì, R(z) = z ïðè z ≥ 0   è R(z) = 0 ïðè z < 0.

Ðàññìàòðèâàåòñÿ ñëåäóþùàÿ ìåõàíè÷åñêàÿ êîíôèãóðàöèÿ ñèñòåìû. Îäèí êîíåö
âîçáóäèìîé óïðóãîé òêàíè çàêðåïëåí æåñòêî, à äðóãîé êîíåö çàêðåïëåí óïðóãî ïî-
ñðåäñòâîì íåâîçáóäèìîé íåïðîâîäÿùåé òêàíè èëè ìàòåðèàëà, òàê ÷òî ñóììàðíàÿ
äëèíà âîçáóäèìîé òêàíè è íåâîçáóäèìîãî çàêðåïëåíèÿ ïîñòîÿííà âî âðåìåíè è ðàâ-
íà L + L′ + D. Çäåñü L è L′ − äëèíû âîçáóäèìîãî è íåâîçáóäèìîãî ó÷àñòêîâ â íåðàñ-
òÿíóòîì ñîñòîÿíèè ñîîòâåòñòâåííî, D − ñóììàðíîå óäëèíåíèå âîçáóäèìîãî è íå-
âîçáóäèìîãî ó÷àñòêîâ îòíîñèòåëüíî íåðàñòÿíóòîãî ñîñòîÿíèÿ. Ïðåäïîëàãàåòñÿ óï-
ðóãàÿ ñòàòèêà [4] äëÿ òêàíè è çàêðåïëåíèÿ, ïîýòîìó ìåõàíè÷åñêîå íàïðÿæåíèå T0
îäíîðîäíî êàê íà âîçáóäèìîì, òàê è íà íåâîçáóäèìîì ó÷àñòêàõ (äëÿ ïðîñòîòû ñ÷è-
òàåì, ÷òî ïîïåðå÷íûå ñå÷åíèÿ âîçáóäèìîãî è íåâîçáóäèìîãî ó÷àñòêîâ îäèíàêîâû).
Â âîçáóäèìîé ÷àñòè ìåõàíè÷åñêîå íàïðÿæåíèå ïîìèìî ïàññèâíîé óïðóãîé ñîñòàâ-
ëÿþùåé Te, îïðåäåëÿåìîé ëîêàëüíûìè äåôîðìàöèÿìè, òàêæå èìååò àêòèâíóþ ñî-
ñòàâëÿþùóþ Ta, îïðåäåëÿåìóþ ëîêàëüíîé äèíàìèêîé ïîòåíöèàëà V. Â âû÷èñëåíè-
ÿõ ñ÷èòàåì, ÷òî ïàññèâíîå íàïðÿæåíèå îïðåäåëÿåòñÿ çàêîíîì Ãóêà, Te = Ee, ãäå
E − ìîäóëü Þíãà âîçáóäèìîé òêàíè, à àêòèâíîå íàïðÿæåíèå ïðîïîðöèîíàëüíî ìåä-
ëåííîé ýëåêòðè÷åñêîé ïåðåìåííîé, Ta = αW. Â íåâîçáóäèìîé ÷àñòè àêòèâíîå íà-
ïðÿæåíèå îòñóòñòâóåò è T0 = E′e, ãäå E′ − ìîäóëü Þíãà íåâîçáóäèìîãî ìàòåðèàëà.
Òàêèì îáðàçîì, e = (T0 − αW)/E â âîçáóäèìîé òêàíè (ïðè 0 < x < L) è e = T0/E′ â
íåâîçáóäèìîì çàêðåïëåíèè (ïðè L < x < L + L′). Èíòåãðèðóÿ äåôîðìàöèþ e ïî äëè-
íå âîçáóäèìîãî è íåâîçáóäèìîãî ó÷àñòêîâ, ïîëó÷àåì
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IS = GnR(en + γ〈W 〉  − W )(V − VS), (3)

ãäå Gn = (α/E)GS è en = (E/α)e0 − íîðìèðîâàííûå çíà÷åíèÿ GS è e0.
Óðàâíåíèÿ (1)−(3) îáðàçóþò çàìêíóòóþ ñèñòåìó óðàâíåíèé, êîòîðàÿ äàëåå èñ-

ñëåäóåòñÿ ÷èñëåííî. Êàê ìîæíî âèäåòü èç ïîëó÷åííîé ñèñòåìû, ìåõàíîýëåêòðè÷åñ-
êàÿ îáðàòíàÿ ñâÿçü âûðàæàåòñÿ â ãëîáàëüíîé ñâÿçè ïî ìåäëåííîé ïåðåìåííîé W, à
ïàðàìåòð Gn õàðàêòåðèçóåò ñèëó ýòîé ñâÿçè. Ïîëó÷åííàÿ ñèñòåìà óðàâíåíèé ïîçâî-
ëÿåò èññëåäîâàòü ðàçëè÷íûå ìåõàíè÷åñêèå ðåæèìû ïîñðåäñòâîì âûáîðà ðàçëè÷-
íûõ çíà÷åíèé ïàðàìåòðîâ γ è en, õàðàêòåðèçóþùèõ ìåõàíè÷åñêóþ êîíôèãóðàöèþ
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ñèñòåìû. Ïàðàìåòð γ ôàêòè÷åñêè îïðåäåëÿåò òèï ðåæèìà ñîêðàùåíèÿ òêàíè. Çíà÷å-
íèå γ = 0 ñîîòâåòñòâóåò èçîòîíè÷åñêîìó ñîêðàùåíèþ òêàíè, êîãäà ôèêñèðîâàíà ïðè-
ëîæåííàÿ ê òêàíè ñèëà. Ïðèëîæåííàÿ ñèëà â ýòîì ñëó÷àå ïðîïîðöèîíàëüíà ïàðà-
ìåòðó en. Çíà÷åíèå γ = 1 ñîîòâåòñòâóåò èçîìåòðè÷åñêîìó ñîêðàùåíèþ, êîãäà ôèêñè-
ðîâàíà äëèíà âîçáóäèìîé òêàíè. Ïàðàìåòð en â ýòîì ñëó÷àå ïðîïîðöèîíàëåí îòíî-
ñèòåëüíîìó óäëèíåíèþ òêàíè. Ïðîìåæóòî÷íûå çíà÷åíèÿ γ ñîîòâåòñòâóþò àóêñîòî-
íè÷åñêîìó ñîêðàùåíèþ.

Ñèñòåìà (1)−(3) ðåøàëàñü ñ ïîìîùüþ ìåòîäà ïðÿìûõ ñ øàãîì ïî x, ðàâíûì 1, è
ñòàíäàðòíîãî ìåòîäà Ðóíãå − Êóòòû ÷åòâåðòîãî ïîðÿäêà ïî âðåìåíè ñ øàãîì, ìåíü-
øèì 10−3. Çíà÷åíèå äëèíû L áûëî ðàâíî 100, ÷òî ïîñëå äèñêðåòèçàöèè ïî x ñîîò-
âåòñòâîâàëî öåïî÷êå èç 100 ñâÿçàííûõ ýëåìåíòîâ. Íà êîíöàõ öåïî÷êè èñïîëüçîâà-
ëàñü ðàçíîñòíàÿ àïïðîêñèìàöèÿ ãðàíè÷íûõ óñëîâèé Íåéìàíà. Çíà÷åíèÿ êîýôôèöè-
åíòà äèôôóçèè è ïîòåíöèàëà VS áûëè ôèêñèðîâàíû (σ = 5 è VS = 1), à çíà÷åíèÿ
îñòàëüíûõ ïàðàìåòðîâ, âõîäÿùèõ â ôîðìóëó (3), ìåíÿëèñü â øèðîêèõ ïðåäåëàõ.
Âîçáóæäàþùèé âíåøíèé ñòèìóë Iext ïðÿìîóãîëüíîé ôîðìû ñ äëèòåëüíîñòüþ 0,5 è
âåëè÷èíîé −2 ïðèêëàäûâàëñÿ ê îäíîìó èç ýëåìåíòîâ öåïî÷êè. Íà÷àëüíûå óñëîâèÿ
ñîîòâåòñòâîâàëè óñòîé÷èâîìó ñîñòîÿíèþ ðàâíîâåñèÿ.

Ðåçóëüòàòû

Ïðè îòñóòñòâèè âíåøíåé íàãðóçêè (en = 0) èíäèâèäóàëüíàÿ äèíàìèêà ñèñòåìû
ÿâëÿåòñÿ íåîñöèëëèðóþùåé (âîçáóäèìîé). Êàê ñëåäñòâèå ýòîãî, â äëèííîé öåïî÷êå
ýëåìåíòîâ ïðèëîæåíèå ëîêàëüíîãî ñòèìóëà ïðèâîäèò ê ëîêàëüíîìó âîçáóæäåíèþ,
êîòîðîå çàòåì ìîæåò ðàñïðîñòðàíèòüñÿ ïî öåïî÷êå. Èç âèäà âûðàæåíèÿ (3) äëÿ òîêà
IS ñëåäóåò, ÷òî ñóùåñòâóåò êàê ìèíèìóì äâà ðåæèìà òàêîãî ðàñïðîñòðàíåíèÿ. Â ñà-
ìîì äåëå, ïðè Gn = 0 èëè γ = 0, W ≥ 0 òîê IS îòñóòñòâóåò è ìîäåëü ïåðåõîäèò â
îðèãèíàëüíóþ ðåàêöèîííî-äèôôóçèîííóþ ìîäåëü Àëèåâà − Ïàíôèëîâà, â êîòîðîé
âîçìîæíî ñòàáèëüíîå ñòàöèîíàðíîå ðàñïðîñòðàíåíèå âîçáóæäåíèÿ ñ êîíå÷íîé ñêî-
ðîñòüþ. Ñ äðóãîé ñòîðîíû, ïðè γ = 1 è äîñòàòî÷íî áîëüøîì çíà÷åíèè Gn âñêîðå
ïîñëå íà÷àëà ðàñïðîñòðàíåíèÿ â åùå íåâîçáóæäåííûõ îáëàñòÿõ âîçíèêíåò äîñòà-
òî÷íî áîëüøîé âîçáóæäàþùèé òîê IS è âñÿ öåïî÷êà âîçáóäèòñÿ ïðàêòè÷åñêè îäíî-
âðåìåííî.

Äëÿ òîãî ÷òîáû óáåäèòüñÿ â ñêàçàííîì âûøå, áûëè ïðîâåäåíû ÷èñëåííûå ðàñ-
÷åòû, ðåçóëüòàòû êîòîðûõ â âèäå ïðîñòðàíñòâåííî-âðåìåííûõ äèàãðàìì äëÿ ïîòåí-
öèàëà ïðåäñòàâëåíû íà ðèñ. 1 (÷åðíûå òî÷êè îòìå÷àþò ìåñòî ïðèëîæåíèÿ âíåøíåãî
ñòèìóëà).
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Ïðè ìàëûõ γ èëè Gn èìååò ìåñòî êâàçèñòàöèîíàðíîå ðàñïðîñòðàíåíèå èìïóëü-
ñà âîçáóæäåíèÿ ñ êîíå÷íîé ñêîðîñòüþ (ñì. ðèñ. 1à, Gn = 0,1, γ = 1, en = 0). Ïðè
áî′ëüøèõ γ è Gn (âûøå íåêîòîðîé ïîðîãîâîé ãðàíèöû) ìîæåò ïðîèñõîäèòü ïîñëå-
âîçáóæäåíèå: â ìåñòå ïðèëîæåíèÿ èñõîäíîãî âíåøíåãî ñòèìóëà ïîñëå òîãî, êàê àê-
òèâíîñòü ïî÷òè çàêîí÷èëàñü, òîê IS, îáóñëîâëåííûé àêòèâíîñòüþ â äðóãèõ ìåñòàõ,
ìîæåò ïðîèçâåñòè äîïîëíèòåëüíîå âîçáóæäåíèå. Â îòíîñèòåëüíî óçêîé ïðèïîðîãî-
âîé îáëàñòè ïàðàìåòðîâ γ è Gn ýòî äîïîëíèòåëüíîå âîçáóæäåíèå ìîæåò óéòè èç
ìåñòà ñâîåãî âîçíèêíîâåíèÿ, ãäå òîê IS ñïîñîáåí âíîâü îáåñïå÷èòü âîçáóæäåíèå
(ñì. ðèñ. 1á, Gn = 0,133, γ = 1, en = 0). Òàêèì îáðàçîì, ôîðìèðóåòñÿ ñòðóêòóðà,
ñõîäíàÿ ñ âåäóùèì öåíòðîì, êîòîðàÿ ìîæåò ïîääåðæèâàòü ñåáÿ äîñòàòî÷íî äîëãî,
ïîñëå ÷åãî èñ÷åçàåò ëèáî òðàíñôîðìèðóåòñÿ â ñòàáèëüíûé âåäóùèé öåíòð. Ïðè åùå
áî′ëüøèõ çíà÷åíèÿõ γ è Gn, ëåæàùèõ âûøå óïîìÿíóòîé ïðèïîðîãîâîé îáëàñòè, âñêîðå
ïîñëå íà÷àëà ðàñïðîñòðàíåíèÿ òîê IS â íåâîçáóæäåííûõ îáëàñòÿõ îêàçûâàåòñÿ äîñ-
òàòî÷íûì, ÷òîáû âîçáóäèòü èõ îäíîâðåìåííî (ñì. ðèñ. 1â, Gn = 0,3, γ = 1, en = 0).
Â äîñòàòî÷íî äëèííûõ öåïî÷êàõ â îáëàñòè ïðèëîæåíèÿ èñõîäíîãî ñòèìóëà ìîæåò
âîçíèêíóòü íåñêîëüêî äîïîëíèòåëüíûõ èìïóëüñîâ ïîñëåâîçáóæäåíèÿ, ïðåæäå ÷åì
âîçáóäèòñÿ âñÿ öåïî÷êà. Òàêèì îáðàçîì, áëàãîäàðÿ ýôôåêòó ïîñëåâîçáóæäåíèÿ êî-
ëè÷åñòâî èìïóëüñîâ âîçáóæäåíèÿ, èíèöèèðîâàííûõ åäèíñòâåííûì ëîêàëüíûì âíåø-
íèì ñòèìóëîì, ìîæåò îêàçàòüñÿ ðàçëè÷íûì íà ðàçíûõ ó÷àñòêàõ öåïî÷êè. Çàìåòèì,
÷òî õàðàêòåð èíèöèèðóåìîé ïðîñòðàíñòâåííî-âðåìåííîé ñòðóêòóðû çàâèñèò îò ìå-
ñòà ïðèëîæåíèÿ èñõîäíîãî ñòèìóëà. Â ñëó÷àå ñòèìóëà, ïðèêëàäûâàåìîãî â ñåðåäè-
íå öåïî÷êè, ðàñïðîñòðàíåíèå íà÷èíàåò ïðîèñõîäèòü â äâóõ íàïðàâëåíèÿõ, ÷òî ýô-
ôåêòèâíî óâåëè÷èâàåò ìåõàíîýëåêòðè÷åñêèé òîê ïî ñðàâíåíèþ ñî ñëó÷àåì ïðèëî-
æåíèÿ èìïóëüñà ê êðàÿì öåïî÷êè (ñð. ðèñ. 1à è ðèñ. 1ã, îòâå÷àþùèå îäíèì è òåì æå
çíà÷åíèÿì ïàðàìåòðîâ, íî ðàçíûì ëîêàëèçàöèÿì âîçáóæäàþùåãî ñòèìóëà).

Ïðè íàëè÷èè âíåøíåé ìåõàíè÷åñêîé íàãðóçêè (en > 0) äèíàìèêà îäèíî÷íîãî
ýëåìåíòà ìîæåò áûòü áèñòàáèëüíîé. Ïðè ýòîì â äëèííîé öåïî÷êå ëîêàëèçîâàííûé
âíåøíèé ñòèìóë, ïðèêëàäûâàåìûé ê îäíîìó èç åå ýëåìåíòîâ, ìîæåò â îáùåì ñëó-
÷àå êàê âûçûâàòü ðàñïðîñòðàíåíèå âîëí, òàê è ïðèâîäèòü ê âîçáóæäåíèþ ïðîñòðàí-
ñòâåííî îäíîðîäíûõ êîëåáàíèé âîëîêíà. Êðîìå ýòîãî, ñóùåñòâóþò îáëàñòè ïàðà-
ìåòðîâ, â êîòîðûõ ìîãóò ñóùåñòâîâàòü èíûå ïåðèîäè÷åñêèå ðåæèìû, íåõàðàêòåð-
íûå äëÿ èñõîäíîé ìîäåëè Àëèåâà − Ïàíôèëîâà ñ ïðèëîæåííûì ïîñòîÿííûì âíå-
øíèì òîêîì, ñì. ðèñ. 1ä−1æ. Îñîáîãî âíèìàíèÿ çàñëóæèâàþò ñîëèòîíîïîäîáíûå
ðåøåíèÿ, â êîòîðûõ âîëíû âîçáóæäåíèÿ îòðàæàþòñÿ îò ãðàíèö öåïî÷êè è ìîãóò
âûæèâàòü ïîñëå ñòîëêíîâåíèÿ äðóã ñ äðóãîì (ñì. ðèñ. 1ä, Gn = 0,5, γ = 0, en = 0,6).
Êðîìå ïðîñòðàíñòâåííî îäíîðîäíûõ êîëåáàíèé, êîòîðûå íå îáÿçàòåëüíî óñòîé÷è-
âû, ìîãóò ñóùåñòâîâàòü êâàçèîäíîðîäíûå êîëåáàòåëüíûå ðåæèìû, ïðè ïîìîùè êî-
òîðûõ â òêàíè ìîæíî âûäåëèòü íåñêîëüêî ñèíõðîííî êîëåáëþùèõñÿ êëàñòåðîâ ýëå-
ìåíòîâ (ñì. ðèñ. 1å, æ, Gn = 0,5, γ = 0,3, en = 0,6). Èç ðèñ. 1å, æ âèäíî, ÷òî àòòðàê-
òîð, ê êîòîðîìó ïðèáëèæàåòñÿ ñèñòåìà, â îáùåì ñëó÷àå çàâèñèò îò ìåñòà ïðèëîæå-
íèÿ èñõîäíîãî ñòèìóëà, à ïåðåõîäíàÿ äèíàìèêà ìîæåò áûòü ïðîäîëæèòåëüíîé.

Çàêëþ÷åíèå

Èññëåäîâàíî âîçáóæäåíèå ñòðóêòóð è ðàñïðîñòðàíåíèå âîëí â âîçáóäèìîì ñî-
êðàòèìîì âîëîêíå â çàâèñèìîñòè îò ðåæèìà ñîêðàùåíèÿ è ñèëû ãëîáàëüíîé ñâÿçè.
Îïðåäåëåíû îñíîâíûå ðåæèìû ðàñïðîñòðàíåíèÿ âîçáóæäåíèÿ ïî âîëîêíó. Ïîêàçà-
íî, ÷òî îäèíî÷íûé ëîêàëèçîâàííûé â ïðîñòðàíñòâå è âî âðåìåíè ñòèìóë ìîæåò
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ïðèâîäèòü ê ýêñòðåìàëüíî ïðîäîëæèòåëüíîé ïåðåõîäíîé äèíàìèêå. Ïðîâåäåííîå
èññëåäîâàíèå äåìîíñòðèðóåò çíà÷èòåëüíóþ ðîëü óñëîâèé ìåõàíè÷åñêîãî çàêðåïëå-
íèÿ ñîêðàùàþùåéñÿ òêàíè è íåîáõîäèìîñòü ó÷åòà ñâÿçàííûõ ñ ýòèì ýôôåêòîâ â
àíàëîãè÷íûõ èññëåäîâàíèÿõ.

Ñïèñîê ëèòåðàòóðû

1. Yoshida R., Ueki T. Evolution of self-oscillating polymer gels as autonomous polymer systems
// NPG Asia Materials. 2014. V. 6, ¹6. P. e107.

2. Weijer C.J. Dictyostelium morphogenesis // Current Opinion in Genetics & Development.
2004. V. 14, ¹4. P. 392−398.

3. Sato K., Kuramoto Yo., Ohtaki M., Shimamoto Yu., Ishiwata Sh. Locally and globally coupled
oscillators in muscle // Physical Review Letters. 2013. V. 111, ¹10. P. 108104.

4. Weise L.D., Panfilov A.V. Emergence of spiral wave activity in a mechanically heterogeneous
reaction-diffusion-mechanics system // Physical Review Letters. 2012. V. 108, ¹ 22. P. 228104.

5. Trayanova N. A., Rice J.J. Cardiac electromechanical models: from cell to organ // Frontiers
in Physiology. 2011. V. 2. P. 43.

6. Katsnelson L.B., Vikulova N.A., Kursanov A.G., Solovyova O.E., Markhasin V.S. Electro-
mechanical coupling in a one-dimensional model of heart muscle fiber // Russian Journal of
Numerical Analysis and Mathematical Modelling. 2014. V. 29, ¹5. P. 275−284.

7. Chen J.X., Peng L., Zheng Q., Zhao Y.H., Ying H.P. Influences of periodic mechanical
deformation on pinned spiral waves // Chaos: An Interdisciplinary Journal of Nonlinear Science.
2014. V. 24, ¹3. P. 033103.

8. Yapari F., Deshpande D., Belhamadia Y., Dubljevic S. Control of cardiac alternans by
mechanical and electrical feedback // Physical Review E. 2014. V. 90, ¹1. P. 012706.

9. Patrick S.M., White E., Shiels H.A. Rainbow trout myocardium does not exhibit a slow ino-
tropic response to stretch // The Journal of Experimental Biology. 2011. V. 214, ¹7. P. 1118−1122.

10. Dvornikov A.V., Dewan S., Alekhina O.V., Pickett F.B., de Tombe P.P. Novel approaches to
determine contractile function of the isolated adult zebrafish ventricular cardiac myocyte // The
Journal of Physiology. 2014. V. 592, ¹9. P. 1949−1956.

References

1. Yoshida R., Ueki T. Evolution of self-oscillating polymer gels as autonomous polymer systems
// NPG Asia Materials. 2014. V. 6, ¹6. P. e107.

2. Weijer C.J. Dictyostelium morphogenesis // Current Opinion in Genetics & Development.
2004. V. 14, ¹4. P. 392−398.

3. Sato K., Kuramoto Yo., Ohtaki M., Shimamoto Yu., Ishiwata Sh. Locally and globally coupled
oscillators in muscle // Physical Review Letters. 2013. V. 111, ¹10. P. 108104.

4. Weise L.D., Panfilov A.V. Emergence of spiral wave activity in a mechanically heterogeneous
reaction-diffusion-mechanics system // Physical Review Letters. 2012. V. 108, ¹ 22. P. 228104.

5. Trayanova N. A., Rice J.J. Cardiac electromechanical models: from cell to organ // Frontiers
in Physiology. 2011. V. 2. P. 43.

6. Katsnelson L.B., Vikulova N.A., Kursanov A.G., Solovyova O.E., Markhasin V.S. Electro-
mechanical coupling in a one-dimensional model of heart muscle fiber // Russian Journal of
Numerical Analysis and Mathematical Modelling. 2014. V. 29, ¹5. P. 275−284.

7. Chen J.X., Peng L., Zheng Q., Zhao Y.H., Ying H.P. Influences of periodic mechanical
deformation on pinned spiral waves // Chaos: An Interdisciplinary Journal of Nonlinear Science.
2014. V. 24, ¹3. P. 033103.

8. Yapari F., Deshpande D., Belhamadia Y., Dubljevic S. Control of cardiac alternans by
mechanical and electrical feedback // Physical Review E. 2014. V. 90, ¹1. P. 012706.

9. Patrick S.M., White E., Shiels H.A. Rainbow trout myocardium does not exhibit a slow ino-
tropic response to stretch // The Journal of Experimental Biology. 2011. V. 214, ¹7. P. 1118−1122.

10. Dvornikov A.V., Dewan S., Alekhina O.V., Pickett F.B., de Tombe P.P. Novel approaches to
determine contractile function of the isolated adult zebrafish ventricular cardiac myocyte // The
Journal of Physiology. 2014. V. 592, ¹9. P. 1949−1956.



363

SELF-CONSISTENT ELECTROMECHANICAL ACTIVITY
IN AN ELASTICALLY FIXED FIBER OF THE CARDIAC MUSCLE

Kostin V.A., Osipov G.V.

Based on a simplified reaction-diffusion-mechanics scheme with a global coupling, excitation of
structures and wave propagation in an excitable contractive fiber is numerically investigated as a
function of the contraction regime and the strength of the global coupling. Two main propagation
regimes of excitation along the fiber are found: usual quasi-stationary propagation and propagation
with immediate excitation of a considerable part of the fiber. New oscillatory regimes are found:
soliton-like propagation, interaction of excitation pulses and clustered self-oscillations. It is shown
that a single stimulus, localized in space and time, can lead to extremely prolonged transient dynamics
caused by the post-excitation effect expressed in repeated excitation of the earlier excited regions
of the fiber due to the global coupling. The conducted investigation testifies to a significant role of
the conditions of mechanical fixture of the contracting tissue and the necessity of accounting for
the related effects in similar studies.

Keywords: contraction, electromechanical activity of the cardiac tissue, reaction-diffusion-mechanics
systems, excitation waves, transient dynamics of distributed systems.


