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Ó ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè 15 çäîðîâûõ äîíîðîâ èññëåäîâàíà ñïîñîáíîñòü ê ñíèæåíèþ
ðàäèî÷óâñòâèòåëüíîñòè ïîñëå îáëó÷åíèÿ èõ â íèçêîé (àäàïòèðóþùåé) äîçå — ðàäèàöèîííîìó àäàïòèâ-
íîìó îòâåòó (ÀÎ). Îöåíêó èçìåíåíèÿ ðàäèî÷óâñòâèòåëüíîñòè ïîñëå îáëó÷åíèÿ êëåòîê â àäàïòèðóþùåé è
çàòåì â âûñîêîé (ïðîÿâëÿþùåé) äîçå ïî ñðàâíåíèþ ñ îáëó÷åíèåì òîëüêî â ïðîÿâëÿþùåé äîçå ïðîèçâî-
äèëè ïî ÷àñòîòå íåñòàáèëüíûõ àáåððàöèé õðîìîñîì. Èñïîëüçîâàëè òðè ïîêàçàòåëÿ: äîëþ êëåòîê ñ àáåð-
ðàöèÿìè õðîìîñîì ñðåäè âñåõ ïðîñìîòðåííûõ êëåòîê (A), ÷èñëî àáåððàöèé õðîìîñîì íà 1 ïðîñìîòðåí-
íóþ êëåòêó (B) è ÷èñëî àáåððàöèé õðîìîñîì íà 1 àáåððàíòíóþ êëåòêó (C). Îáíàðóæåíî, ÷òî îáñëåäîâàí-
íûõ äîíîðîâ ìîæíî ðàçäåëèòü íà 4 ãðóïïû: 1-ÿ — ëèöà, ó êîòîðûõ ÀÎ íå âûÿâèëè íè ïî îäíîìó
ïîêàçàòåëþ; 2-ÿ — ëèöà ñ ÀÎ ïî ïîêàçàòåëÿì òîëüêî A è B; 3-ÿ — ëèöà ñ ÀÎ ïî ïîêàçàòåëÿì òîëüêî B è
C; 4-ÿ — ëèöà ñ ÀÎ ïî âñåì òðåì ïîêàçàòåëÿì. Îáùåïðèíÿòàÿ ðåïàðàöèîííàÿ ìîäåëü ôîðìèðîâàíèÿ ÀÎ
îáúÿñíÿåò ïîÿâëåíèå 3-é è 4-é ãðóïï äîíîðîâ, íî íå ìîæåò îáúÿñíèòü ìåõàíèçì âîçíèêíîâåíèÿ 2-é ãðóï-
ïû. Äëÿ ïîíèìàíèÿ ìåõàíèçìà âîçíèêíîâåíèÿ ÀÎ è ïðè÷èí ðàçëè÷èé â îöåíêàõ ÀÎ ïî ðàçíûì êðèòåðè-
ÿì ó âñåõ äîíîðîâ áûëè ïðîàíàëèçèðîâàíû ðàñïðåäåëåíèÿ ïðîñìîòðåííûõ ìåòàôàç ïî ÷èñëó àáåððàöèé â
íèõ. Íàéäåíî, ÷òî ó äîíîðîâ 2-é ãðóïïû â ðàñïðåäåëåíèè, íàáëþäàþùåìñÿ ïîñëå äâîéíîãî îáëó÷åíèÿ,
ïî ñðàâíåíèþ ñ ðàñïðåäåëåíèåì ïîñëå îáëó÷åíèÿ òîëüêî â äîçå 1.0 Ãð äîñòîâåðíî âîçðàñòàåò äîëÿ êëå-
òîê, íå ñîäåðæàùèõ àáåððàöèé õðîìîñîì. Òàêèì îáðàçîì, ó äîíîðîâ ýòîé ãðóïïû ÀÎ ôîðìèðóåòñÿ â ðå-
çóëüòàòå èçìåíåíèÿ äîëè êëåòîê êëàññà 0 — ïîïóëÿöèîííîãî ñäâèãà, ïðèâåäøåãî ê ýòîìó èçìåíåíèþ.
Àíàëîãè÷íûé ñäâèã íàáëþäàåòñÿ è â ðàñïðåäåëåíèÿõ ìåòàôàç ó âñåõ äîíîðîâ 4-é ãðóïïû, íî îòñóòñòâóåò
ó äîíîðîâ 3-é ãðóïïû. Ïîëó÷åííûå äàííûå ïîêàçûâàþò, ÷òî ÀÎ ëèìôîöèòîâ êðîâè ÿâëÿåòñÿ, âåðîÿòíî,
ðåçóëüòàòîì íåñêîëüêèõ ïðîöåññîâ: àêòèâèçàöèè ðåïàðàöèè ïðåäìóòàöèîííûõ ïîâðåæäåíèé ãåíîìà, ïî-
ïóëÿöèîííûõ ñäâèãîâ, âûðàæàþùèõñÿ â èçìåíåíèè äîëè íåïîâðåæäåííûõ êëåòîê, è, âîçìîæíî, àêòèâè-
çàöèè àïîïòîòè÷åñêîé ãèáåëè êëåòîê. Êîìïëåêñíûé õàðàêòåð ïðèðîäû ÀÎ â ðàçíîé ñòåïåíè îòðàæàåòñÿ
â êàæäîì èç êðèòåðèåâ îöåíêè ðàäèî÷óâñòâèòåëüíîñòè.
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Îäíèì èç ïîñëåäñòâèé äåéñòâèÿ èîíèçèðóþùåé ðàäè-
àöèè â ìàëûõ äîçàõ ÿâëÿåòñÿ èçìåíåíèå ðàäèî÷óâñòâèòå-
ëüíîñòè îáëó÷åííûõ îáúåêòîâ — åå óìåíüøåíèå (àäàï-
òèâíûé îòâåò — ÀÎ) èëè ïîâûøåíèå. Ïðèìåíèòåëüíî ê
ëèìôîöèòàì ïåðèôåðè÷åñêîé êðîâè ÷åëîâåêà ôåíîìåí
ÀÎ âïåðâûå áûë îïèñàí â 1984 ã. (Olivieri et al., 1984). Àâ-
òîðû ïîêàçàëè, ÷òî ëèìôîöèòû êðîâè ÷åëîâåêà, îáëó÷åí-
íûå â ìàëîé äîçå ã-ëó÷àìè, ñòàíîâÿòñÿ áîëåå óñòîé÷èâû-
ìè ê îáëó÷åíèþ â áîëüøîé (óäàðíîé, ïðîÿâëÿþùåé) äîçå
â ôàçå G2 êëåòî÷íîãî öèêëà. Â ïîñëåäóþùèå ãîäû ôåíî-
ìåí ïîäâåðãàëñÿ èíòåíñèâíîìó èçó÷åíèþ. Â êà÷åñòâå
êðèòåðèåâ ðàäèî÷óâñòâèòåëüíîñòè èñïîëüçîâàëè ðàçíûå
ïîêàçàòåëè, íî íàèáîëåå ÷àñòî ó÷èòûâàþò ÷àñòîòó êëåòîê
ñ àáåððàöèÿìè õðîìîñîì è ìèêðîÿäåðíûé òåñò â ñî÷åòà-
íèè ñ öèòîêèíåòè÷åñêèì áëîêîì ïðè äåéñòâèè öèòîõàëà-
çèíà B.

Îäíàêî, íåñìîòðÿ íà ñòîëü äëèòåëüíîå èçó÷åíèå ÀÎ,
åãî ìåõàíèçì âñå åùå îñòàåòñÿ ìàëîïîíÿòíûì. Áîëüøèí-
ñòâî èññëåäîâàòåëåé ïîëàãàþò, ÷òî ñíèæåíèå ðàäèî÷óâñò-

âèòåëüíîñòè êëåòîê ïðîèñõîäèò â ðåçóëüòàòå èçìåíåíèÿ
èõ ðåïàðàöèîííîãî ïîòåíöèàëà: îáëó÷åíèå â ìàëîé äîçå
èíäóöèðóåò ñèíòåç de novo ôåðìåíòîâ ðåïàðàöèè, ïîñëåä-
íèå îáåñïå÷èâàþò ïîâûøåííóþ óñòîé÷èâîñòü êëåòîê ê
ïîñëåäóþùåìó îáëó÷åíèþ â âûñîêîé äîçå (ñì. îáçîðû:
Stecca, Gerber, 1998; Wojcik, Shadley, 2000). Îäíàêî íåäàâ-
íî, èñïîëüçóÿ ìèêðîÿäåðíûé òåñò, ìû ïîêàçàëè, ÷òî àäàï-
òèâíûé îòâåò ó ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè âîçíè-
êàåò íà áàçå äâóõ ïðîöåññîâ (Ñåðåáðÿíûé è äð., 2003,
2004). Îäèí èç ýòèõ ïðîöåññîâ âíóòðèêëåòî÷íûé — èíòåí-
ñèôèêàöèÿ ðåïàðàöèè, ýòîò ïðîöåññ îáåñïå÷èâàåò ðåàëüíîå
ñíèæåíèå ðàäèî÷óâñòâèòåëüíîñòè êëåòîê ïîñëå äåéñòâèÿ
àäàïòèðóþùåãî îáëó÷åíèÿ. Âòîðîé ïðîöåññ — ïîïóëÿöè-
îííûé. Ñóùíîñòü åãî ñîñòîèò â òîì, ÷òî â îñíîâå èçìåíå-
íèÿ ðàäèî÷óâñòâèòåëüíîñòè ëåæèò íå èçìåíåíèå ÷èñëà ïî-
âðåæäåííûõ êëåòîê, à èçìåíåíèå ñîñòàâà ïîïóëÿöèè —
óâåëè÷åíèå äîëè íåïîâðåæäåííûõ äâóÿäåðíûõ êëåòîê.

Â íàñòîÿùåé ðàáîòå âûÿñíÿëè, âíîñèò ëè âêëàä èçìå-
íåíèå ñîñòàâà ïîïóëÿöèè ëèìôîöèòîâ â ìåõàíèçì ôîðìè-
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ðîâàíèÿ ÀÎ. Ïðè ýòîì â êà÷åñòâå êðèòåðèÿ ïîâðåæäàþ-
ùåãî äåéñòâèÿ ðàäèàöèè èñïîëüçîâàëè ÷àñòîòó âîçíèêíî-
âåíèÿ êëåòîê ñ àáåððàöèÿìè õðîìîñîì.

Ìàòåðèàë è ìåòîäèêà

Äîíîðàìè ñëóæèëè çäîðîâûå ëþäè îáîåãî ïîëà â âîç-
ðàñòå 20—35 ëåò.

Èñïîëüçîâàëè ñòàíäàðòíóþ ìåòîäèêó êóëüòèâèðîâà-
íèÿ ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè (Hungesford,
1965). Ê 1 ìë ãåïàðèíèçèðîâàííîé êðîâè äîáàâëÿëè 8 ìë
ñðåäû RPM1, ñîäåðæàùåé 15 % ýìáðèîíàëüíîé òåëÿ÷üåé
ñûâîðîòêè. Äåëåíèå ëèìôîöèòîâ ñòèìóëèðîâàëè ôèòîãå-
ìàããëþòèíèíîì (ÔÃÀ, 10 ìêã/ìë; Ïàíýêî, Ìîñêâà). Êóëü-
òóðó ëèìôîöèòîâ èíêóáèðîâàëè â òå÷åíèå 50 ÷ â ïðèñóò-
ñòâèè ÔÃÀ ïðè 37 °Ñ. Äëÿ íàêîïëåíèÿ ìåòàôàç â êóëüòó-
ðàëüíóþ ñðåäó çà 2 ÷ äî ôèêñàöèè ââîäèëè äåìåêîëöèí äî
êîíöåíòðàöèè 0.2 ìêã/ìë. Ïîñëå îêîí÷àíèÿ êóëüòèâèðî-
âàíèÿ êëåòêè îáðàáàòûâàëè ãèïîòîíè÷åñêèì ðàñòâîðîì
KCl (0.075 Ì) â òå÷åíèå 15 ìèí ïðè 37 °Ñ, ôèêñèðîâàëè â
ñìåñè ìåòàíîëà ñ ëåäÿíîé óêñóñíîé êèñëîòîé (3 : 1) è íà-
íîñèëè íà ïðåäìåòíûå ñòåêëà. Âûñîõøèå ìàçêè îêðàøè-
âàëè àçóðîì—ýîçèíîì. Â ïîëó÷åííûõ ïðåïàðàòàõ ïîä-
ñ÷èòûâàëè ÷èñëî ïîâðåæäåííûõ êëåòîê è ÷èñëî ìåòàôàç ñ
àáåððàöèÿìè õðîìîñîì. Ó êàæäîãî äîíîðà íà îäíó òî÷êó
àíàëèçèðîâàëè 100 ìåòàôàç. Ñïîíòàííàÿ ÷àñòîòà êëåòîê ñ
îäèíî÷íûìè àáåððàöèÿìè ñîñòàâëÿëà 0—3 êëåòêè íà 100
ïðîñìîòðåííûõ êëåòîê.

Êóëüòóðó ëèìôîöèòîâ îáëó÷àëè ã-êâàíòàìè 60Co ïðè
ìîùíîñòè äîçû 0.2 Ãð/ìèí. Îáëó÷åíèå â àäàïòèðóþùåé
äîçå 0.05 Ãð ïðîèçâîäèëè ÷åðåç 24 ÷ ïîñëå íà÷àëà êóëüòè-
âèðîâàíèÿ. ×åðåç 48 ÷ ïîñëå ñòèìóëÿöèè ÔÃÀ èõ îáëó÷à-
ëè â ïðîÿâëÿþùåé äîçå 1.0 Ãð. Ïàðàëëåëüíî ÷àñòü ïðîá
ëèáî âîîáùå íå îáëó÷àëè, ëèáî îáëó÷àëè òîëüêî â äîçå
1.0 Ãð. Çàòåì äîáàâëÿëè äåìåêîëöèí äëÿ íàêîïëåíèÿ ìå-
òàôàç è ÷åðåç 2 ÷ (50 ÷ ïîñëå ñòèìóëÿöèè ÔÃÀ) ôèêñèðî-
âàëè. Ïîñêîëüêó îáëó÷åíèå â âûñîêîé äîçå ïðîâîäèëè â
ôàçå G2 êëåòî÷íîãî öèêëà, âñå îáíàðóæåííûå àáåððàöèè
áûëè õðîìàòèäíîãî òèïà (îäèíî÷íûå ôðàãìåíòû, îáìåíû
è èçîëîêóñíûå ðàçðûâû).

Äîñòîâåðíîñòü íàëè÷èÿ ÀÎ îöåíèâàëè ñ ïîìîùüþ êðè-
òåðèÿ ÷2 è t-êðèòåðèÿ Ñòüþäåíòà (Óðáàõ, 1964). Ñðàâíåíèÿ
ðàñïðåäåëåíèé ìåòàôàç ïî ÷èñëó àáåððàöèé õðîìîñîì â íèõ ñ
ïîìîùüþ êðèòåðèåâ Ìàííà—Óèòíè è Êîëìîãîðîâà—Ñìèð-
íîâà ïðîâîäèëè, èñïîëüçóÿ ïàêåò ïðîãðàìì Statistica.

Ðåçóëüòàòû è îáñóæäåíèå

Ó ëèìôîöèòîâ 15 äîíîðîâ áûëà èçó÷åíà ñïîñîáíîñòü
ê ÀÎ. Äëÿ îöåíêè ïîâðåæäàþùåãî äåéñòâèÿ ðàäèàöèè èñ-
ïîëüçîâàëè òðè êðèòåðèÿ: äîëþ êëåòîê ñ àáåððàöèÿìè
õðîìîñîì ñðåäè âñåõ ïðîñìîòðåííûõ êëåòîê (A), ÷èñëî
àáåððàöèé õðîìîñîì íà 1 ïðîñìîòðåííóþ êëåòêó (B) è
÷èñëî àáåððàöèé õðîìîñîì íà 1 àáåððàíòíóþ êëåòêó (C).
Áûëî îáíàðóæåíî, ÷òî ÀÎ ñðàçó ïî âñåì òðåì êðèòåðèÿì
âûÿâèëñÿ ëèøü ó 4 äîíîðîâ; ó äðóãèõ 4 äîíîðîâ ÀÎ íå
âûÿâèëè íè ïî îäíîìó ïîêàçàòåëþ (òàáë. 1), ó îñòàëüíûõ
äîíîðîâ ÀÎ âûÿâèëè ïî 1—2 ïîêàçàòåëÿì â ðàçíûõ ñî÷å-
òàíèÿõ. Íàèáîëåå ÷àñòî ÀÎ íàáëþäàëè ïî ïîêàçàòåëþ B,
ò. å. ÷èñëó àáåððàöèé íà 1 ïðîñìîòðåííóþ êëåòêó (10 èç
11 äîíîðîâ ñ ÀÎ).

Äëÿ àíàëèçà âîçìîæíûõ ïðè÷èí, ïî êîòîðûì ÀÎ âû-
ÿâëÿåòñÿ íå ïî âñåì êðèòåðèÿì, îáñëåäîâàííûõ èíäèâè-

äóóìîâ ðàçäåëèëè íà 4 ãðóïïû: 1-ÿ — ëèöà, ó êîòîðûõ ÀÎ
íå âûÿâèëè íè ïî îäíîìó ïîêàçàòåëþ (4 ÷åëîâåêà); 2-ÿ —
2 ÷åëîâåêà, ó êîòîðûõ ÀÎ âûÿâèëè ïî ïîêàçàòåëþ A (äîëÿ
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Ðåàêöèè ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè ÷åëîâåêà
íà îáëó÷åíèå

Äîçà îáëó-
÷åíèÿ, Ãð

Äîëÿ àáåð-
ðàíòíûõ êëåòîê

(A), %

×èñëî àáåððà-
öèé õðîìîñîì
íà 1 ïðîñìîò-

ðåííóþ êëåòêó
(B)

×èñëî àáåððà-
öèé õðîìîñîì
íà 1 àáåððàíò-
íóþ êëåòêó (Ñ)

1-ÿ ã ð ó ï ï à

1.0 86.0 � 3.5 2.45 � 0.21 2.85 � 0.22

0.05 + 1.00 87.0 � 3.4 2.77 � 0.21 3.18 � 0.21

1.0 75.0 � 4.3 2.26 � 0.23 3.01 � 0.26

0.05 + 1.00 70.0 � 4.6 1.69 � 0.18 2.41 � 0.20

1.0 77.0 � 4.2 2.09 � 0.18 2.75 � 0.20

0.05 + 1.00 80.0 � 4.0 1.80 � 0.16 2.25 � 0.17

1.0 77.0 � 4.2 2.72 � 0.28 3.53 � 0.31

0.05 + 1.00 79.0 � 4.1 2.25 � 0.19 2.85 � 0.20

2-ÿ ã ð ó ï ïà

1.0 87.0 � 3.4 2.69 � 0.20 3.09 � 0.20

0.05 + 1.00 71.0 � 4.5à 1.90 � 0.17à 2.68 � 0.17

1.0 77.0 � 4.2 2.16 � 0.20 2.80 � 0.21

0.05 + 1.00 64.0 � 4.8á 1.48 � 0.17à 2.31 � 0.19

1.0 88.0 � 3.2 2.80 � 0.21 3.18 � 0.20

0.05 + 1.00 76.0 � 4.3á 2.28 � 0.19 3.00 � 0.18

3-ÿ ã ð ó ï ï à

1.0 75.0 � 4.3 2.69 � 0.25 3.59 � 0.26

0.05 + 1.00 69.0 � 4.6 1.81 � 0.19à 2.62 � 0.22à

1.0 77.0 � 4.2 2.50 � 0.21 3.25 � 0.22

0.05 + 1.00 82.0 � 3.8 1.93 � 0.15á 2.35 � 0.15â

1.0 74.0 � 4.4 2.20 � 0.22 2.97 � 0.24

0.05 + 1.00 64.0 � 4.8 1.50 � 0.15à 2.34 � 0.18á

1.0 76.0 � 4.3 2.17 � 0.22 2.85 � 0.24

0.05 + 1.00 71.0 � 4.5 1.43 � 0.13à 2.01 � 0.13à

4-ÿ ã ð ó ï ï à

1.0 75.0 � 4.3 2.62 � 0.24 3.49 � 0.24

0.05 + 1.00 61.0 � 4.9á 1.71 � 0.20à 2.80 � 0.23á

1.0 85.0 � 3.6 2.38 � 0.17 2.80 � 0.16

0.05 + 1.00 65.0 � 4.8â 1.43 � 0.14à 2.20 � 0.15à

1.0 80.0 � 4.0 2.73 � 0.26 3.41 � 0.28

0.05 + 1.00 64.0 � 4.8á 1.49 � 0.17à 2.33 � 0.20à

1.0 79.0 � 4.1 2.30 � 0.19 2.91 � 0.18

0.05 + 1.00 70.0 � 4.9â 1.24 � 0.15à 2.07 � 0.20à

Ï ð è ì å ÷ à í è å ê òàáë. 1 è 2. Ãðóïïû ëèö: 1-ÿ — àäàïòèâíûé îòâåò
(ÀÎ) íå âûÿâèëè íè ïî îäíîìó ïîêàçàòåëþ; 2-ÿ ãðóïïà — ÀÎ âûÿâèëè ïî
ïîêàçàòåëÿì A è B, íî íå Ñ; 3-ÿ — ÀÎ âûÿâèëè ïî ïîêàçàòåëÿì B è Ñ;
4-ÿ — ÀÎ âûÿâèëè ïî âñåì òðåì ïîêàçàòåëÿì. à—â

P < 0.01, 0.05 è 0.001
ñîîòâåòñòâåííî; â êàæäîì âàðèàíòå ïðîñìîòðåíî ïî 100 êëåòîê.



àáåððàíòíûõ êëåòîê) è B (÷èñëî àáåððàöèé íà 1 ïðîñìîò-
ðåííóþ êëåòêó), à òàêæå 1 ÷åëîâåê, ó êîòîðîãî ÀÎ åñòü òî-
ëüêî ïî ïîêàçàòåëþ A, íî ó âñåõ òðåõ íå áûëî ÀÎ ïî ïîêà-
çàòåëþ C; 3-ÿ — ãðóïïà, ó êîòîðîé ÀÎ âûÿâèëè ïî ïîêà-
çàòåëÿì B è C; 4-ÿ — ãðóïïà, ó êîòîðîé ÀÎ âûÿâèëè ïî
âñåì òðåì ïîêàçàòåëÿì (òàáë. 1).

Îáùåïðèíÿòàÿ ðåïàðàöèîííàÿ ìîäåëü ôîðìèðîâàíèÿ
ÀÎ ìîæåò ïîëíîñòüþ îáúÿñíèòü ïîÿâëåíèå 3-é è 4-é
ãðóïï äîíîðîâ: ðåïàðàöèÿ, èíäóöèðîâàííàÿ îáëó÷åíèåì â
ìàëîé äîçå, óäàëÿåò ÷àñòü ïðåäìóòàöèîííûõ ïîâðåæäå-
íèé, â ðåçóëüòàòå ÷åãî ñíèæàþòñÿ è ÷èñëî àáåððàöèé õðî-
ìîñîì â àáåððàíòíîé êëåòêå, è ÷èñëî àáåððàöèé õðîìî-
ñîì íà ïðîñìîòðåííóþ êëåòêó (3-ÿ ãðóïïà). Åñëè æå ðåïà-
ðàöèÿ óäàëÿåò âñå ïðåäìóòàöèîííûå ïîâðåæäåíèÿ, òî
íàáëþäàåòñÿ è ñíèæåíèå äîëè àáåððàíòíûõ êëåòîê â ïî-
ïóëÿöèè (4-ÿ ãðóïïà). Îäíàêî íà áàçå ðåïàðàöèîííîé ãè-
ïîòåçû òðóäíî îáúÿñíèòü ïîÿâëåíèå 2-é ãðóïïû äîíîðîâ,
ó êîòîðûõ íàáëþäàåòñÿ ÀÎ ïî ïîêàçàòåëÿì A è B, íî íåò
ÀÎ ïî ïîêàçàòåëþ C, òàê êàê ðåïàðàöèÿ äàæå ÷àñòè ïðåä-
ìóòàöèîííûõ ïîâðåæäåíèé â êëåòêå äîëæíà ïðèâîäèòü ê
èçìåíåíèþ ýòîãî ïîêàçàòåëÿ.

Äëÿ ïîíèìàíèÿ ìåõàíèçìà âîçíèêíîâåíèÿ ÀÎ ìû
ñðàâíèëè ðàñïðåäåëåíèÿ ïðîñìîòðåííûõ ìåòàôàç ïî ÷èñ-
ëó àáåððàöèé ïîñëå îáëó÷åíèÿ â äîçå 1.0 Ãð ñ ðàñïðåäåëå-
íèåì ïîñëå ïîñëåäîâàòåëüíîãî îáëó÷åíèÿ â äîçàõ 0.05 è
1.00 Ãð ñ ïîìîùüþ íåïàðàìåòðè÷åñêèõ êðèòåðèåâ Ìàí-
íà—Óèòíè è Êîëìîãîðîâà—Ñìèðíîâà. Âûÿñíèëîñü, ÷òî
äëÿ âñåõ 15 äîíîðîâ ýòè ðàñïðåäåëåíèÿ íåëüçÿ ïðèçíàòü
ðàçëè÷íûìè. Îäíàêî áîëåå äåòàëüíûé àíàëèç ïîêàçàë, ÷òî
âî ìíîãèõ ñëó÷àÿõ ïîñëå äâîéíîãî îáëó÷åíèÿ â ðàñïðåäå-
ëåíèè äîñòîâåðíî âîçðàñòàåò äîëÿ ìåòàôàç, íå ñîäåðæà-
ùèõ àáåððàöèé õðîìîñîì (êëàññ 0). Íàïðèìåð, íà ðèñóíêå
ïðåäñòàâëåíû ðàñïðåäåëåíèÿ ìåòàôàç äëÿ äâóõ äîíîðîâ:
îäíîãî èç 2-é è îäíîãî èç 4-é ãðóïïû. Âèäíî, ÷òî äîëÿ ìå-
òàôàç êëàññà 0 ïîñëå ïîñëåäîâàòåëüíîãî îáëó÷åíèÿ ëèì-

ôîöèòîâ â äîçàõ 0.05 è 1.00 Ãð âûøå, ÷åì ïîñëå îäíîêðàò-
íîãî îáëó÷åíèÿ â äîçå 1.0 Ãð. Ðåçóëüòàòû êîëè÷åñòâåííîé
îöåíêè ýòèõ ðàçëè÷èé ñóììèðîâàíû â òàáë. 2. Îêàçàëîñü,
÷òî ó 6 äîíîðîâ èç 15 äîëÿ ìåòàôàç âîçðàñòàåò ñòàòèñòè-
÷åñêè çíà÷èìî, à åùå ó 1 ïîâûøåíèå íå äîñòèãàåò ñòàòè-
ñòè÷åñêè çíà÷èìîãî óðîâíÿ (P = 0.06), íî òåíäåíöèÿ ê ïî-
âûøåíèþ î÷åâèäíà. Èíòåðåñíî, ÷òî ýòè 7 äîíîðîâ íå ðàñ-
ïðåäåëåíû ðàâíîìåðíî ñðåäè âñåõ îáñëåäîâàííûõ, à
ïðèñóòñòâóþò òîëüêî â ãðóïïàõ 2 è 4, â ýòèõ ãðóïïàõ òàê-
æå íåò äîíîðîâ áåç äîñòîâåðíîãî ïîâûøåíèÿ äîëè êëåòîê
êëàññà 0.

Ãðóïïà 2 — ýòî äîíîðû, ó êîòîðûõ ÀÎ íàáëþäàåòñÿ
ïî ïîêàçàòåëÿì A è B, íî íåò ÀÎ ïî ïîêàçàòåëþ C. Âîçðà-
ñòàíèå äîëè êëåòîê êëàññà 0 îáúÿñíÿåò èõ ìåõàíèçì ÀÎ:
ïîñëå óâåëè÷åíèÿ äîëè êëåòîê ýòîãî êëàññà â ïîïóëÿöèè
ñíèæàþòñÿ äîëÿ àáåððàíòíûõ êëåòîê è ÷èñëî àáåððàöèé
íà ïðîñìîòðåííóþ êëåòêó, íî íå ÷èñëî àáåððàöèé íà
àáåððàíòíóþ êëåòêó.

Óâåëè÷åíèå äîëè êëåòîê êëàññà 0 âíîñèò âêëàä è â
ôîðìèðîâàíèå ÀÎ â 4-é ãðóïïå äîíîðîâ (ÀÎ ïî òðåì ïî-
êàçàòåëÿì). Ïðè äâîéíîì îáëó÷åíèè äîëÿ êëåòîê êëàññà 0
ó âñåõ äîíîðîâ ýòîé ãðóïïû äîñòîâåðíî âûøå, ÷åì ïðè
îáëó÷åíèè òîëüêî â äîçå 1.0 Ãð (òàáë. 2; ñì. ðèñóíîê, á), è
íàáëþäàåòñÿ ÀÎ ïî ïîêàçàòåëþ A. Íàïðîòèâ, â ãðóïïå 3
(íåò ÀÎ ïî ïîêàçàòåëþ A) íå íàáëþäàåòñÿ äîñòîâåðíî ðî-
ñòà äîëè êëåòîê êëàññà 0 (òàáë. 2); âîçìîæíî, ïîýòîìó íå
íàáëþäàåòñÿ ÀÎ ïî ïîêàçàòåëþ A. Ñîçäàåòñÿ âïå÷àòëå-
íèå, ÷òî ÀÎ ïî ïîêàçàòåëþ A â ïîïóëÿöèè êðèòè÷åñêè çà-
âèñèò îò çàêîíîìåðíîñòåé âàðüèðîâàíèÿ äîëè êëåòîê
êëàññà 0 â ïîïóëÿöèè.

Åñòåñòâåí âîïðîñ î òîì, ïî êàêèì ïðè÷èíàì ïðîèñõî-
äèò èçìåíåíèå ÷èñëåííîñòè êëåòîê ýòîãî êëàññà. Ìîæíî
îáñóæäàòü òðè âîçìîæíûå ïðè÷èíû: 1) âîçðàñòàíèå äî-
ïîëíèòåëüíîé (ê ÔÃÀ) ñòèìóëÿöèè ëèìôîöèòîâ àäàïòè-
ðóþùèì îáëó÷åíèåì; 2) ïîÿâëåíèå íåïîâðåæäåííûõ êëå-

464 À. Ì. Ñåðåáðÿíûé, Ì. Ì. Àíòîùèíà è äð.

Ðàñïðåäåëåíèÿ ëèìôîöèòîâ ïî ÷èñëó àáåððàöèé õðîìîñîì ó äâóõ äîíîðîâ (à, á) ïîñëå îáëó÷åíèÿ êëåòîê â äîçå 1.0 Ãð è ïîñëå ïî-
ñëåäîâàòåëüíîãî îáëó÷åíèÿ â äîçàõ 0.05 è 1.00 Ãð.

à — äîíîð ñ àäàïòèâíûì îòâåòîì ïî ïîêàçàòåëÿì A (äîëÿ àáåððàíòíûõ êëåòîê) è B (÷èñëî àáåððàöèé íà 1 ïðîñìîòðåííóþ êëåòêó), íî áåç ÀÎ ïî ïîêàçà-
òåëþ C (÷èñëî àáåððàöèé íà 1 àáåððàíòíóþ êëåòêó); á — äîíîð ñ àäàïòèâíûì îòâåòîì ïî âñåì òðåì ïîêàçàòåëÿì — A, B è C.



òîê âñëåäñòâèå ïîëíîé ðåïàðàöèè ïðåäìóòàöèîííûõ ïî-
âðåæäåíèé ó ÷àñòè ïîâðåæäåííûõ êëåòîê (Ðÿá÷åíêî è äð.,
1996); 3) ãèáåëü ïîâðåæäåííûõ êëåòîê. Îäíàêî äëÿ âûáî-
ðà ìåæäó ýòèìè âîçìîæíîñòÿìè íåîáõîäèìû áîëåå äåòà-
ëüíûå è óãëóáëåííûå èññëåäîâàíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî ñðåäè êëåòîê, îáëó÷åííûõ â
äîçå 1.0 Ãð, ïðàêòè÷åñêè âî âñåõ ñëó÷àÿõ ïðèñóòñòâóþò
êëåòêè ñ áîëüøèì ÷èñëîì àáåððàöèé õðîìîñîì, äîñòèãà-
þùèì 11. Ñðåäè êëåòîê, îáëó÷åííûõ â äâóõ äîçàõ, äîëÿ
ýòèõ êëåòîê ñóùåñòâåííî íèæå. Òðóäíî ïðåäñòàâèòü, ÷òî
âîçìîæíî ïîëíîöåííîå èõ âîññòàíîâëåíèå çà ñ÷åò ðàáîòû
ñèñòåìû ýêñöèçèîííîé èëè ðåêîìáèíàöèîííîé ðåïàðà-
öèè. Íàì êàæåòñÿ, ÷òî îñâîáîæäåíèå ïîïóëÿöèè îò òàêèõ
êëåòîê ïðîèñõîäèò â ðåçóëüòàòå èõ àïîïòîòè÷åñêîé ãèáå-
ëè. Â ýòîì ñëó÷àå ðîëü àäàïòèðóþùåãî îáëó÷åíèÿ ìîæåò

çàêëþ÷àòüñÿ â àêòèâèçàöèè ýòîãî ïóòè âîññòàíîâëåíèÿ öå-
ëîñòíîñòè ïîïóëÿöèè. Îòìåòèì, ÷òî âîçìîæíûé âêëàä
àïîïòîçà â ìåõàíèçì ÀÎ ðàíåå óæå îáñóæäàëñÿ â ëèòåðà-
òóðå (ñì. îáçîð: Áîäíàð÷óê, 2003), îäíàêî îêîí÷àòåëüíîå
ìíåíèå ïî ýòîìó âîïðîñó íå áûëî ñôîðìèðîâàíî.

Òàêèì îáðàçîì, îïèñàííûå ðåçóëüòàòû ïîçâîëÿþò
óòâåðæäàòü, ÷òî ÀÎ ëèìôîöèòîâ êðîâè ÷åëîâåêà ÿâëÿåò-
ñÿ, âåðîÿòíî, ðåçóëüòàòîì íåñêîëüêèõ ïðîöåññîâ: àêòèâè-
çàöèè ðåïàðàöèè ïðåäìóòàöèîííûõ ïîâðåæäåíèé ãåíîìà,
ïîïóëÿöèîííûõ ñäâèãîâ, âûðàæàþùèõñÿ â èçìåíåíèè
äîëè íåïîâðåæäåííûõ êëåòîê, è, âîçìîæíî, àêòèâèçàöèÿ
èõ àïîïòîòè÷åñêîé ãèáåëè. Êîìïëåêñíûé õàðàêòåð ïðè-
ðîäû ÀÎ ïðåäîïðåäåëèë, âåðîÿòíî, íåóäà÷è ïîïûòîê
âûÿâèòü âëèÿíèå êàêîãî-òî îäíîãî èç ïåðå÷èñëåííûõ
ôàêòîðîâ íà ôîðìèðîâàíèå ÀÎ. Êîìïëåêñíûé ìåõàíèçì
ôîðìèðîâàíèÿ ÀÎ íàèáîëåå ïîëíî îòðàæàåòñÿ â ïîêàçà-
òåëå B.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåêò
06-04-48909).
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Ò à á ë è ö à 2

Äîëÿ ìåòàôàç áåç àáåððàöèé õðîìîñîì
â ïîïóëÿöèè ëèìôîöèòîâ ïîñëå îáëó÷åíèÿ

â äîçàõ 1.0 è 0.05 + 1.00 Ãð

×èñëî ìåòàôàç áåç àáåððàöèé õðîìîñîì
èç 100 ïðîñìîòðåííûõ ïîñëå îáëó÷åíèÿ

â ðàçíûõ äîçàõ
Äîñòîâåðíîñòü

ðàçëè÷èé ìåæäó à è á

1.0 Ãð (à) 0.05 + 1.00 Ãð (á)

1-ÿ ã ð ó ï ï à

13 14 >0.05

25 30 >0.05

24 20 >0.05

23 21 >0.05

2-ÿ ã ð ó ï ï à

13 29 <0.01

23 36 =0.06

12 24 <0.05

3-ÿ ã ð ó ï ï à

23 31 >0.05

23 18 >0.05

26 36 >0.05

24 29 >0.05

4-ÿ ã ð ó ï ï à

25 39 <0.05

15 35 <0.01

20 36 <0.05

21 40 <0.01

Ï ð è ì å ÷ à í è å. Èñïîëüçîâàëè òî÷íûé êðèòåðèé Ôèøåðà.



THE MECHANISMS OF ADAPTIVE RESPONSE. ESTIMATION OF CAPACITY
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Blood lymphocytes of 15 healthy donors have been investigated for the ability to decrease their radiosensi-
tivity after treatment with low dose irradiation named radioinduced adaptive response (AR). The unstable chro-
mosome aberrations were used to evaluate the radiosensitivity change after irradiation of cells with low adaptive
dose (5 cGy) and subsequent high challenge dose (1.0 Gy) in comparison with the effect of challenge irradiation
only. Three indexes were used: the frequency of cells with aberrations in all analyzed cells (A), the number of
chromosome aberrations per cell (B) and the number of chromosome aberrations per one aberrant cell (C). It has
been discovered that all donors examined can be divided into four groups: 1 — individuals which cells did not
show AR by all indexes used; 2 — individuals which cells showed AR by indexes A and B, but not C; 3 — AR
was demonstrated by indexes B and C; 4 — AR was confirmed by all three indexes. Generally accepted repair
model for AR formation explains only the case of donor groups 3 and 4, but can not explain the mechanism lea-
ding to the case of group 2. For understanding this mechanism, the distribution of metaphases by the number of
chromosome aberrations per cell was analyzes for each donor. It was shown that the part of cells without aberra-
tions in group 2 donors increased significantly after treatment with the adaptive and challenge irradiation in
comparison with that after irradiation with challenge dose only. The conclusion is that in this case AR is formed
as a result of change in the frequency 0 cell class — population shift. The analogous shift was observed in the
distributions of metaphases for all donors of the group 4, but was absent in the group 3 donors. The data obtai-
ned suggest that AR of blood lymphocytes might be a result of several processes: activation of submutational
genome damage repair; population shifts manifested by the change in the part of undamaged cells; and, possibly,
activation of apoptotic cell death. The complex nature of AR affects each of radiosensitivity evaluation criteria
to a different extent.

K e y w o r d s: lymphocytes, irradiation, adaptive response, cell population composition.
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