
�¨¸Ó³  ¢ �—�Ÿ. 2018. ’. 15, º 6(218). ‘. 563Ä572

��„ˆ��ˆ�‹�ƒˆŸ, �Š�‹�ƒˆŸ ˆ Ÿ„…�	�Ÿ Œ…„ˆ–ˆ	�

‚‹ˆŸ�ˆ… ”ˆ‡ˆ—…‘Šˆ• •���Š’…�ˆ‘’ˆŠ
“‘Š��…��›• ’Ÿ†…‹›• ˆ���‚

�� ”��Œˆ��‚��ˆ… ˆ �…����–ˆ�
„‚“�ˆ’…‚›• ��‡�›‚�‚ „�Š

Œ.ƒ. ‡ ¤´¥¶·Ö´¥Í  , ¡, 1, �. ‚. �μ·¥°±μ  , ¡, ’. ‘. �Ê² ´μ¢   , ¡, ‹. ‰¥¦±μ¢  a,
…. �. Š· ¸ ¢¨´  , ¡, …. �. ŠÊ²¨±μ¢   , ¡, …. ‚. ‘³¨·´μ¢  a

  �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 
¡ ƒμ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ®„Ê¡´ ¯, „Ê¡´ , �μ¸¸¨Ö

ˆ¸¸²¥¤μ¢ ´  ±¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ Ëμ±Ê¸μ¢ γH2AX/53BP1 ¢ Ö¤· Ì Ë¨¡·μ¡² -
¸Éμ¢ Î¥²μ¢¥±  ¢ ±Ê²ÓÉÊ·¥ ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 11B, 20Ne ¨ 15N ¸ · §²¨Î´Ò³¨ Ë¨§¨Î¥-
¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨. �μ± § ´μ, ÎÉμ ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨¨ Î ¸É¨Í ¨ ¢μ§· ¸É ´¨¥³ ¨Ì ²¨´¥°-
´μ° ¶¥·¥¤ Î¨ Ô´¥·£¨¨ (‹��) ´ ¡²Õ¤ ¥É¸Ö ¸´¨¦¥´¨¥ ÔËË¥±É¨¢´μ¸É¨ ·¥¶ · Í¨¨ ¤¢Ê´¨É¥¢ÒÌ · §·Ò-
¢μ¢ („�) „	Š, μÍ¥´¨¢ ¥³μ° ¶μ Ô²¨³¨´ Í¨¨ · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ±Ê¸μ¢ γH2AX/53BP1
(�ˆ”). ˆ§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·Ò �ˆ” ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 20Ne ¨ 11B ¸ · §´Ò³¨ Ë¨§¨-
Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¸ÊÐ¥¸É¢¥´´ÒÌ · §²¨Î¨ÖÌ ¢ Ì · ±É¥·¥ Ëμ·³¨·Ê¥³ÒÌ
�ˆ”. ‚ÒÖ¢²¥´μ, ÎÉμ ¨μ´Ò 20Ne ¸ ¢Ò¸μ±μ° ¶²μÉ´μ¸ÉÓÕ δ-Ô²¥±É·μ´μ¢ ¢ É·¥±¥ (Z∗2/β2 = 1454)
¨´¤ÊÍ¨·ÊÕÉ ¡μ²¥¥ ±·Ê¶´Ò¥ ¨ ¸²μ¦´μμ·£ ´¨§μ¢ ´´Ò¥ ±² ¸É¥·´Ò¥ Ëμ±Ê¸Ò γH2AX/53BP1. �Éμ ¸¢¨-
¤¥É¥²Ó¸É¢Ê¥É μ Ëμ·³¨·μ¢ ´¨¨ ÉÖ¦¥²ÒÌ ±μ³¶²¥±¸´ÒÌ ´ ·ÊÏ¥´¨° £¥´¥É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·, ¶·¥¦¤¥
¢¸¥£μ „� „	Š, ¶μ ¸· ¢´¥´¨Õ ¸ ¤¥°¸É¢¨¥³ ¨μ´μ¢ 11B ¸ ³¥´ÓÏ¥° ¶²μÉ´μ¸ÉÓÕ δ-Ô²¥±É·μ´μ¢ ¢ É·¥±¥
(Z∗2/β2 = 494).

The kinetics of formation and elimination of γH2AX/53‚�1 foci induced by accelerated 11B, 20Ne
and 15N ions with different physical characteristics in human skin ˇbroblasts were investigated. The
results of elimination kinetics for radiation induced γH2AX/53BP1 foci (RIF) reveal that a decrease
in the energy and an increase in the linear energy transfer (LET) of the particles cause the reduction
of double strand break (DSB) repair efˇciency. Studying the structure of RIF induced by accelerated
20Ne and 11B ions with various physical parameters showed signiˇcant differences in the nature of the
formed RIF. It was found that 20Ne ions with a high density of δ-rays in tracks (Z∗2/β2 = 1454)
induce larger clustered γH2AX/53BP1 foci with a more complex structure than 11B ions with a lower
density of δ-rays in tracks (Z∗2/β2 = 494), which indicates the formation of more severe complex
damage of genetic structures Å ˇrst of all, DNA DSBs.

PACS: 82.39.Pj; 87.14.gk

� ´¥¥ ´ ³¨ Ê¸É ´μ¢²¥´μ [1], ÎÉμ ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ´¨§±¨Ì ¨
¶·μ³¥¦ÊÉμÎ´ÒÌ Ô´¥·£¨° ¢ μÉ²¨Î¨¥ μÉ γ-μ¡²ÊÎ¥´¨Ö Ëμ·³¨·ÊÕÉ¸Ö ¸²μ¦´μμ·£ ´¨§μ¢ ´´Ò¥

1E-mail: marysaveleva@mail.ru
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±² ¸É¥·Ò, ¢±²ÕÎ ÕÐ¨¥ ´¥¸±μ²Ó±μ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ γH2AX/53BP1 Ëμ±Ê¸μ¢. ‚ÒÖ¢²¥´μ
¨§³¥´¥´¨¥ ¸É·Ê±ÉÊ·Ò, · §³¥·  ¨ Ëμ·³Ò γH2AX/53BP1 Ëμ±Ê¸μ¢, ÎÉμ § ¢¨¸¨É μÉ ¢¥²¨Î¨´Ò
²¨´¥°´μ° ¶¥·¥¤ Î¨ Ô´¥·£¨¨ (‹��) Î ¸É¨Í. �μ± § ´μ § ³¥¤²¥´¨¥ ±¨´¥É¨±¨ Ô²¨³¨´ Í¨¨
· ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ±Ê¸μ¢ (�ˆ”) ¢ ±²¥É± Ì ¶·¨ ¤¥°¸É¢¨¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢
¶μ ¸· ¢´¥´¨Õ ¸ γ-μ¡²ÊÎ¥´¨¥³. ‘¤¥² ´ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¨§³¥´¥´¨¥ ±¨´¥É¨±¨ ¸¢Ö§ ´μ
¸ Ì · ±É¥·μ³ ³¨±·μ· ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ £¥´¥É¨Î¥¸±¨Ì
¸É·Ê±ÉÊ· Ì ¨ Ëμ·³¨·μ¢ ´¨¥³ É·Ê¤´μ ·¥¶ ·¨·Ê¥³ÒÌ ±μ³¶²¥±¸´ÒÌ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢
(„�) „	Š.

‚¥²¨Î¨´  ‹�� Ê¸±μ·¥´´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢, ± ± ¨§¢¥¸É´μ, § ¢¨¸¨É μÉ § ·Ö¤  Î ¸É¨Í
(Z) ¨ ¨Ì ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ (E). �¤´ ±μ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ô´¥·£¨¨,
¶¥·¥¤ ¢ ¥³μ° £¥´¥É¨Î¥¸±¨³ ¸É·Ê±ÉÊ· ³ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¸ · §´μ° ¢¥²¨Î¨´μ° Z ¨ μ¤¨-
´ ±μ¢Ò³¨ §´ Î¥´¨Ö³¨ E, · §²¨Î´μ. ’ ±¦¥ · §²¨Î´μ ³¨±·μ· ¸¶·¥¤¥²¥´¨¥ Ô´¥·£¨¨ ¨ ¤²Ö
¨μ´μ¢ ¸ μ¤¨´ ±μ¢Ò³ Z ¨ · §´Ò³¨ ¢¥²¨Î¨´ ³¨ E [2]. � §²¨Î¨Ö ¢ ¶·μ¸É· ´¸É¢¥´´μ³
· ¸¶·¥¤¥²¥´¨¨ Ô´¥·£¨¨ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ · §´Ò³¨ Ë¨§¨Î¥¸±¨³¨ Ì · ±É¥-
·¨¸É¨± ³¨ ¤μ²¦´μ μÉ· ¦ ÉÓ¸Ö ´  Ê·μ¢´¥ ¸²μ¦´μ¸É¨ ±μ³¶²¥±¸´ÒÌ ¶μ¢·¥¦¤¥´¨° „	Š ¨
±¨´¥É¨±¥ ¨Ì ·¥¶ · Í¨¨. ‘ ÊÎ¥Éμ³ ¨§²μ¦¥´´μ£μ Í¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢¨²μ¸Ó ¨§Ê-
Î¥´¨¥ ¢²¨Ö´¨Ö Ë¨§¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± Ê¸±μ·¥´´ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í (¨μ´μ¢ 11B,
20Ne ¨ 15N) ´  Ëμ·³¨·μ¢ ´¨¥ ¨ ±¨´¥É¨±Ê ·¥¶ · Í¨¨ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „	Š ¢ ±²¥É± Ì
Î¥²μ¢¥± .

Œ�’…�ˆ�‹› ˆ Œ…’�„›

	μ·³ ²Ó´Ò¥ Ë¨¡·μ¡² ¸ÉÒ ±μ¦¨ Î¥²μ¢¥±  (NHDF 22873, ®Lonza¯, ‘‘-2509) μ¡²ÊÎ ²¨
¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ ¢ Ê¸²μ¢¨ÖÌ 80 % ±μ´Ë²Õ¥´É´μ¸É¨ ³μ´μ¸²μÖ ±²¥Éμ± ¢ ¶² ¸É¨-
±μ¢ÒÌ Î Ï± Ì �¥É·¨ ¤¨ ³¥É·μ³ 35 ³³ (®MatTek Corporation¯, P35G-0.170-14-C, ‘˜�)
´  9Ä12-³ ¶ ¸¸ ¦ Ì.

�¡²ÊÎ¥´¨¥ Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ ¶·μ¢μ¤¨²¨ ´  Ê¸É ´μ¢±¥ ®ƒ¥´μ³-Œ¯ Í¨±²μÉ·μ´ 
“-400Œ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. 	.”²¥·μ¢  (�ˆŸˆ) ¸ ³μÐ´μ¸ÉÓÕ ¤μ§Ò
∼ 2 ƒ·/³¨´. Š²¥ÉμÎ´Ò¥ μ¡· §ÍÒ · ¸¶μ² £ ²¨ ¶¥·¶¥´¤¨±Ê²Ö·´μ (¢¥·É¨± ²Ó´ Ö £¥μ³¥É·¨Ö
μ¡²ÊÎ¥´¨Ö) ¨²¨ É ´£¥´Í¨ ²Ó´μ (¶μ¤ Ê£²μ³ 10◦) ± ¶²μ¸±μ¸É¨ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  (£μ·¨-
§μ´É ²Ó´ Ö £¥μ³¥É·¨Ö μ¡²ÊÎ¥´¨Ö) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¶¥Í¨ ²Ó´μ ¸±μ´¸É·Ê¨·μ¢ ´´ÒÌ ÏÉ -
É¨¢μ¢. ”¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í
¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. �·¨ ¶² ´¨·μ¢ ´¨¨ Ô±¸¶¥·¨³¥´Éμ¢ ¸ £μ·¨§μ´É ²Ó´μ° £¥μ³¥É·¨¥°
μ¡²ÊÎ¥´¨Ö ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¤μ§Ò, ¶·¨ ±μÉμ·ÒÌ Ë²Õ¥´¸ ¨μ´μ¢ 11‚, 15N ¨ 20Ne, ¶¥·¥¸¥-
± ÕÐ¨Ì Ö¤·μ ±²¥É±¨, ´ Ìμ¤¨²¸Ö ¢ ¶·¥¤¥² Ì 8Ä26 Î ¸É¨Í ´  Ö¤·μ ¨ Ö¢²Ö²¸Ö μ¶É¨³ ²Ó´Ò³
¤²Ö ±μ²¨Î¥¸É¢¥´´μ£μ ¨ ± Î¥¸É¢¥´´μ£μ  ´ ²¨§  �ˆ”.

’ ¡²¨Í  1. ”¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¨¸¸²¥¤Ê¥³ÒÌ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢

ƒ¥μ³¥É·¨Ö
— ¸É¨ÍÒ Z

E, ‹��,
„μ§ , ƒ·

Šμ²¨Î¥¸É¢μ
μ¡²ÊÎ¥´¨Ö ŒÔ‚/´Ê±²μ´ ±Ô‚/³±³ Î ¸É¨Í ´  Ö¤·μ

90◦

11‚ 5 32 44 1 26
11‚ 5 13 91 1 13
15N 7 13 183 2,2 13
15N 7 33 85 1 13

10◦
20Ne 10 34 171 1,2 3
11‚ 5 25 55 0,1 1
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—¥·¥§ μ¶·¥¤¥²¥´´Ò¥ ¨´É¥·¢ ²Ò ¢·¥³¥´¨ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ±²¥É±¨ Ë¨±¸¨·μ¢ ²¨
¢ 4%-³ · ¸É¢μ·¥ ¶ · Ëμ·³ ²Ó¤¥£¨¤ . „²Ö ¨³³Ê´μμ±· Ï¨¢ ´¨Ö ¨¸¶μ²Ó§μ¢ ²¨ ¶¥·¢¨Î´Ò¥
³μ´μ±²μ´ ²Ó´Ò¥ ³ÒÏ¨´Ò¥  ´É¨É¥²  ¶·μÉ¨¢ ¡¥²±  γH2AX (ab22551 ®Abcam¯, ‘˜�,
1:700) ¨ ¶μ²¨±²μ´ ²Ó´Ò¥ ±·μ²¨ÎÓ¨  ´É¨É¥²  ¶·μÉ¨¢ ¡¥²±  53BP1 (ab21083, ®Abcam¯,
‘˜�, 1:600), · ¸É¢μ·¥´´Ò¥ ¢ 5%-³ FCS (Fetal Calf Serum, Sigma-Aldrich, ƒ¥·³ ´¨Ö),
¸μ¤¥·¦ Ð¥³ 2%-° BSA (Bovine serum albumin, ®Invitrogen¯). ‚Éμ·¨Î´Ò¥ ¶μ²¨±²μ-
´ ²Ó´Ò¥ ±μ§Ó¨  ´É¨É¥²  ¶·μÉ¨¢ ³ÒÏ¨, ±μ´ÑÕ£¨·μ¢ ´´Ò¥ ¸ Ë²Êμ·¥¸Í¥¨´ ¨§μÍ¨ ´ Éμ³
FITC (ab97239, ®Abcam¯, C˜�, 1:200) ¨²¨ Alexa Fluor 488 (ab150117, ®Abcam¯, C˜�,
1:600), ¨ ¶μ²¨±²μ´ ²Ó´Ò¥ ±μ§Ó¨  ´É¨É¥²  ¶·μÉ¨¢ ±·μ²¨± , ±μ´ÑÕ£¨·μ¢ ´´Ò¥ ¸ Texas Red
(ab6719, ®Abcam¯, ‘˜�, 1:400), · ¸É¢μ·Ö²¨ ¢ 5%-° GS (Goat serum, ®Life technologies¯,
‘˜�). �·μÍ¥¤Ê·  ¨³³Ê´μμ±· Ï¨¢ ´¨Ö ¶μ¤·μ¡´μ μ¶¨¸ ´  · ´¥¥ [3].

Œ¨±·μ¸±μ¶¨Î¥¸±μ¥ ¨¸¸²¥¤μ¢ ´¨¥ μ±· Ï¥´´ÒÌ ¶·¥¶ · Éμ¢ ¶·μ¢μ¤¨²¨ ´  ³¨±·μ-
¸±μ¶¥ AxioImager.M2, μ¸´ Ð¥´´μ³ ¸¢¥Éμ¢μ° ¸¨¸É¥³μ° μ¶É¨Î¥¸±μ£μ ¸¥±Í¨μ´¨·μ¢ ´¨Ö
ApoTome.2 ¨ ³μ´μÌ·μ³´μ° Í¨Ë·μ¢μ° ± ³¥·μ° AxioCam MRm r.3.1 (Carl Zeiss, ƒ¥·-
³ ´¨Ö), ¶·¨ Ê¢¥²¨Î¥´¨¨ ¢ 1000 · §. ‚μ ¢·¥³Ö ¸Ñ¥³±¨ ¶μ²ÊÎ ²¨ ¨§μ¡· ¦¥´¨Ö ¸ Ï £μ³
0,2Ä0,4 ³±³ ³¥¦¤Ê ¶²μ¸±μ¸ÉÖ³¨ ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¸²¨Ö´¨¥³ ¢ ¶¸¥¢¤μÉ·¥Ì³¥·´μ¥ ·¥§Ê²ÓÉ¨-
·ÊÕÐ¥¥ ¨§μ¡· ¦¥´¨¥, ·¥±μ´¸É·Ê¨·ÊÕÐ¥¥ ¢¥¸Ó μ¡Ñ¥³ ±²¥ÉμÎ´μ£μ Ö¤· . �μ²ÊÎ¥´´Ò¥ É·¥Ì-
³¥·´Ò¥ ¨§μ¡· ¦¥´¨Ö  ´ ²¨§¨·μ¢ ²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò Acquiarium1.6, ±μÉμ· Ö
¶μ§¢μ²Ö¥É ¤¨ËË¥·¥´Í¨·μ¢ ÉÓ ¨´¤¨¢¨¤Ê ²Ó´Ò¥ Ëμ±Ê¸Ò γH2AX ¨ 53BP1 ¢ ¨§μ¡· ¦¥´¨¨
¸·¥§  Ö¤·  ¢ ¶²μ¸±μ¸ÉÖÌ XY , XZ ¨ Y Z. �μ¤¸Î¥É ±μ²μ± ²¨§μ¢ ´´ÒÌ γH2AX/53BP1
Ëμ±Ê¸μ¢ μ¸ÊÐ¥¸É¢²Ö²¸Ö ¢·ÊÎ´ÊÕ ¶ÊÉ¥³  ´ ²¨§  ∼ 80 ±²¥Éμ± ¢ ± ¦¤μ³ μ¡· §Í¥. �²μÐ ¤Ó
¨ ®μ±·Ê£²μ¸ÉÓ¯ γH2AX/53BP1 Ëμ±Ê¸μ¢ ¨§³¥·Ö²¨ ¢ ·¥§Ê²ÓÉ¨·ÊÕÐ¥³ ¤¢ÊÌ³¥·´μ³ XY
¨§μ¡· ¦¥´¨¨ ¸ ³ ±¸¨³ ²Ó´Ò³ · §·¥Ï¥´¨¥³ ¢ ¶·μ£· ³³¥ Photoshop CS6 Extended,  ´ ²¨-
§¨·ÊÖ ³¨´¨³ ²Ó´μ 200 Ëμ±Ê¸μ¢ ¢ ± ¦¤μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° ÉμÎ±¥. —¨¸²¥´´Ò¥ §´ Î¥´¨Ö
¶ · ³¥É·  ®μ±·Ê£²μ¸ÉÓ¯ (4π(S/P 2), £¤¥ S Å ¶²μÐ ¤Ó, P Å ¶¥·¨³¥É· ¢Ò¤¥²¥´´μ° μ¡² -
¸É¨) ¶μ§¢μ²ÖÕÉ Ì · ±É¥·¨§μ¢ ÉÓ Ëμ·³Ê �ˆ”. �·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·  ®μ±·Ê£²μ¸ÉÓ¯,
¡²¨§±¨Ì ± ¥¤¨´¨Í¥, Ëμ±Ê¸Ò ¨³¥ÕÉ ´ ¨¡μ²¥¥ ±·Ê£²ÊÕ Ëμ·³Ê. „²Ö ¸É É¨¸É¨Î¥¸±μ° μ¡· -
¡μÉ±¨ ¤ ´´ÒÌ ¨ ¶μ¸É·μ¥´¨Ö £· Ë¨±μ¢ ¨¸¶μ²Ó§μ¢ ²¨ ¶·μ£· ³³´μ¥ μ¡¥¸¶¥Î¥´¨¥ SigmaPlot
12.5 (Systat Software Inc.), OriginPro 2015 (OriginLab Corporation, ‘˜�) ¨ Microsoft
Excel. ‚¨§Ê ²¨§ Í¨Ö É·¥±μ¢ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¢Ò¶μ²´¥´  ¢ ¶·μ£· ³³e RITRACKS v.3.1
(NASA, Johnson Space Center).

„²Ö Ì · ±É¥·¨¸É¨±¨ É·¥±μ¢ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¨¸¶μ²Ó§μ¢ ²¨ ³μ¤¥²¨ ¸É·Ê±ÉÊ·Ò É·¥-
±  [4, 5]. ‘μ£² ¸´μ [4] · ¸¸Î¨É ´μ §´ Î¥´¨¥ ¶ · ³¥É·  Z∗2/β2, Ì · ±É¥·¨§ÊÕÐ¥£μ ¶²μÉ-
´μ¸ÉÓ δ-Ô²¥±É·μ´μ¢ ¢ É·¥±¥, £¤¥ Z∗ Å ÔËË¥±É¨¢´Ò° § ·Ö¤ Î ¸É¨ÍÒ ¨ β Å ¸±μ·μ¸ÉÓ
Î ¸É¨ÍÒ, ´μ·³¨·μ¢ ´´ Ö ± ¸±μ·μ¸É¨ ¸¢¥É  c ¢ ¢ ±ÊÊ³¥:

Z∗ = Z
(
1 − e−125βZ2/3

)
, (1)

β =

(
(E + mpc

2)2 − m2c4

E + mpc2

)1/2

; (2)

§¤¥¸Ó mp Å ³ ¸¸  ¶·μÉμ´ .
	  μ¸´μ¢¥ ³μ¤¥²¨ [6] · ¸¸Î¨É ´ · ¤¨Ê¸ ¸¥·¤Í¥¢¨´Ò É·¥±  (rc, ³±³) ¨ δ-Ô²¥±É·μ´´μ°

®ÏÊ¡Ò¯ (rp, 
A):

rc =
βc

Ωp
, Ωp =

(
4πne2

m

)2,71/2

, (3)
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rp = 396υ2,7, (4)

£¤¥ Ωp Å Î ¸ÉμÉ  ±μ²¥¡ ´¨° ¶² §³Ò; n Å ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢ ¢ ¢μ¤¥ (3 · 1023 ¸³−3);
e ¨ m Å § ·Ö¤ ¨ ³ ¸¸  Ô²¥±É·μ´ ; υ Å ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ (×109 ¸³/¸). ‚ ¢μ¤¥ Î ¸ÉμÉ 
±μ²¥¡ ´¨° ¶² §³Ò Ωp = 3,09 · 1018 ¸−1.

�…‡“‹œ’�’›

‘μ£² ¸´μ ³μ¤¥²Ö³, μ¶¨¸Ò¢ ÕÐ¨³ Ì · ±É¥· ¸É·Ê±ÉÊ·Ò É·¥± , ¶μ ³¥·¥ ¸´¨¦¥´¨Ö Ô´¥·-
£¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¡Ê¤¥É Ê¢¥²¨Î¨¢ ÉÓ¸Ö ¶²μÉ´μ¸ÉÓ ¨μ´¨§ Í¨° ¢¤μ²Ó É·¥±  ¶·μÌμ¦¤¥-
´¨Ö Î ¸É¨ÍÒ. 	  ¡¨μ²μ£¨Î¥¸±μ³ Ê·μ¢´¥ ÔÉμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ³μ¦¥É μ¡Ê¸²μ¢²¨¢ ÉÓ Ëμ·³¨-
·μ¢ ´¨¥ ¡²¨§±μ · ¸¶μ²μ¦¥´´ÒÌ, Ê¸Éμ°Î¨¢ÒÌ ± ·¥¶ · Í¨¨ ¶μ¢·¥¦¤¥´¨° „	Š. 	  ·¨¸. 1
¶·¥¤¸É ¢²¥´  ±¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ �ˆ” ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ¨μ-
´μ¢ 11B ( ) ¨ 15N (¡) ¸ · §´Ò³¨ §´ Î¥´¨Ö³¨ Ô´¥·£¨¨ ¨ ‹��. Š ± ³μ¦´μ ¢¨¤¥ÉÓ, ±¨´¥É¨± 
Ô²¨³¨´ Í¨¨ �ˆ” ¶·¨ ¤¥°¸É¢¨¨ ´¨§±μÔ´¥·£¥É¨Î´ÒÌ ¨μ´μ¢ ¸ ¢Ò¸μ±μ° ‹�� § ³¥¤²¥´  ¶μ
¸· ¢´¥´¨Õ ¸ ¤¥°¸É¢¨¥³ É¥Ì ¦¥ ¨μ´μ¢ ¸ ¡μ²¥¥ ¢Ò¸μ±μ° Ô´¥·£¨¥° ¨ ´¨§±μ° ‹��. —¥·¥§ 4 Î
¶μ¸²¥ ¤¥°¸É¢¨Ö Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 11B (91 ±Ô‚/³±³) ¢ ±²¥É± Ì ¸μÌ· ´ÖÉ¸Ö μ±μ²μ 76% μÉ
³ ±¸¨³ ²Ó´μ£μ Ê·μ¢´Ö Ëμ±Ê¸μ¢, ¢ Éμ ¢·¥³Ö ± ± ¶·¨ ¤¥°¸É¢¨¨ ¨μ´μ¢ 11B (44 ±Ô‚/³±³) Å
³¥´¥¥ 40 % (·¨¸. 1,  ). �·¨ ¤¥°¸É¢¨¨ ¨μ´μ¢ 15N (183 ±Ô‚/³±³) Ê·μ¢¥´Ó ´¥Ô²¨³¨´¨·μ¢ ´-
´ÒÌ Ëμ±Ê¸μ¢ ¢ÒÏ¥ μÉ´μ¸¨É¥²Ó´μ Ê·μ¢´Ö Ëμ±Ê¸μ¢ ¶μ¸²¥ ¤¥°¸É¢¨Ö ¨μ´μ¢ 15N (85 ±Ô‚/³±³)
¢ É¥Î¥´¨¥ 4Ä24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö. ‚ ¸·¥¤´¥³ · §´¨Í  ¢ Ê·μ¢´¥ ´¥Ô²¨³¨´¨·μ¢ ´´ÒÌ Ëμ-
±Ê¸μ¢ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 11B ¸ · §´Ò³ §´ Î¥´¨¥³ Ô´¥·£¨¨ ¨ ‹�� ¸μ¸É ¢²Ö¥É ∼ 20%
(·¨¸. 1,  ),   ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 15N Å 15% (·¨¸. 1, ¡). ’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´´Ò¥
³ É¥·¨ ²Ò ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ Éμ³, ÎÉμ § ³¥¤²¥´¨¥ ±¨´¥É¨±¨ Ô²¨³¨´ Í¨¨ γH2AX/53BP1
Ëμ±Ê¸μ¢ ¶·¨ ¤¥°¸É¢¨¨ ¨μ´μ¢ 11B ¨ 15N ³μ¦¥É μÉ· ¦ ÉÓ ¸´¨¦¥´¨¥ ÔËË¥±É¨¢´μ¸É¨ ·¥¶ -
· Í¨¨ „� „	Š ¶·¨ Ê³¥´ÓÏ¥´¨¨ Ô´¥·£¨¨ Î ¸É¨Í ¨ ¢μ§· ¸É ´¨¨ ¨Ì ‹��.

	  μ¸´μ¢ ´¨¨ ¶·¥¤²μ¦¥´´ÒÌ · ´¥¥ ³μ¤¥²¥° [4] ¨ [5] ¡Ò²¨ · ¸¸Î¨É ´Ò ¶ · ³¥É·Ò
É·¥±μ¢ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 11B (44 ¨ 91 ±Ô‚/³±³) ¨ 15N (85 ¨ 183 ±Ô‚/³±³) (É ¡². 2).
‘μ£² ¸´μ · ¸Î¥É ³ ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨¨ ¨μ´μ¢ 11B ¨ 15N Ê¢¥²¨Î¨¢ ¥É¸Ö ¶²μÉ´μ¸ÉÓ
δ-Ô²¥±É·μ´μ¢ ¢ É·¥± Ì (Z∗2/β2),   · ¤¨ ²Ó´Ò¥ · §³¥·Ò É·¥±μ¢ (rcore ¨ rpenumbra) Ê³¥´Ó-
Ï ÕÉ¸Ö.

�¨¸. 1. Š¨´¥É¨±  Ô²¨³¨´ Í¨¨ γH2AX/53BP1 Ëμ±Ê¸μ¢ ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 11B ( ) ¨
15N (¡) ¸ · §´Ò³¨ Ë¨§¨Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨
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’ ¡²¨Í  2. � · ³¥É·Ò É·¥±μ¢ Ê¸±μ·¥´´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢, ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì

ƒ¥μ³¥É·¨Ö
ˆμ´ Z∗ E, ‹��,

Z∗2/β2 rcore,

A

rpenumbra,
μ¡²ÊÎ¥´¨Ö ŒÔ‚/´Ê±²μ´ ±Ô‚/³±³ ³±³

90◦

15N 6,97 33 85 730,9 25 10
15N 6,97 13 183 1786,2 16 3
11B 4,99 32 44 381,1 24,87 9,74
11B 4,99 13 91 884,8 16,3 3,11

10◦
20Ne 9,99 34 171 1454 25,4 10,4
11B 4,99 25 55 494 21,8 6,9

�·¨³¥Î ´¨¥. Z∗ Å ÔËË¥±É¨¢´Ò° § ·Ö¤ Î ¸É¨ÍÒ; β Å ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ, ´μ·³¨-
·μ¢ ´´ Ö ´  ¢¥²¨Î¨´Ê ¸±μ·μ¸É¨ ¸¢¥É  ¢ ¢ ±ÊÊ³¥; rcore Å · ¤¨Ê¸ ¸¥·¤Í¥¢¨´Ò É·¥± ;
rpenumbra Å · ¤¨Ê¸ δ-Ô²¥±É·μ´´μ° ®ÏÊ¡Ò¯.

�¨¸. 2. • · ±É¥· ¸É·Ê±ÉÊ·Ò É·¥±μ¢ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 15N ¸ · §²¨Î´μ° Ô´¥·£¨¥°:  ) 13 ŒÔ‚/´Ê±²μ´;

¡) 33 ŒÔ‚/´Ê±²μ´. � ¸Î¥É ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò RITRACKS v.3.1

	  ·¨¸. 2 ¶·¥¤¸É ¢²¥´Ò £· Ë¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ É·¥±μ¢ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢
15N ¸ · §´Ò³¨ §´ Î¥´¨Ö³¨ Ô´¥·£¨¨ ¨ ‹��, ¢Ò¶μ²´¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò
RITRACKS v.3.1. „ ´´Ò¥ ´ £²Ö¤´μ ¤¥³μ´¸É·¨·ÊÕÉ ¡μ²¥¥ Ê§±¨° É·¥± ¨μ´μ¢ 15N ¸ Ô´¥·-
£¨¥° 13 ŒÔ‚/´Ê±²μ´ ¨ ¸ ¢Ò¸μ±μ° ¶²μÉ´μ¸ÉÓÕ δ-Ô²¥±É·μ´μ¢ (·¨¸. 2,  ) ¶μ ¸· ¢´¥´¨Õ ¸
É·¥±μ³ Î ¸É¨Í ¡μ²¥¥ ¢Ò¸μ±μ° Ô´¥·£¨¨ (33 ŒÔ‚/´Ê±²μ´), Ì · ±É¥·¨§ÊÕÐ¨³¸Ö ³¥´ÓÏ¥°
¶²μÉ´μ¸ÉÓÕ ¨μ´¨§ Í¨° ¨ ¡μ²ÓÏ¨³¨ · ¤¨ ²Ó´Ò³¨ · §³¥· ³¨ (·¨¸. 2, ¡).

„²Ö μÍ¥´±¨ ¢²¨Ö´¨Ö ¸É·Ê±ÉÊ·Ò É·¥±  § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´  Ì · ±É¥· Ëμ·³¨·Ê¥³ÒÌ
¶μ¢·¥¦¤¥´¨° „	Š ±²¥É±¨ Ë¨¡·μ¡² ¸Éμ¢ μ¡²ÊÎ ²¨ ¶μ¤ ³ ²Ò³ Ê£²μ³ ± ¶²μ¸±μ¸É¨ · ¸¶·μ-
¸É· ´¥´¨Ö ¶ÊÎ± . ‚ Ô±¸¶¥·¨³¥´É Ì ¨¸¶μ²Ó§μ¢ ²¨ Ê¸±μ·¥´´Ò¥ ¨μ´Ò 20Ne (Z∗2/β2 = 1454)
¨ 11B (Z∗2/β2 = 494). ’·¥±¨, Ëμ·³¨·Ê¥³Ò¥ ¤ ´´Ò³¨ É¨¶ ³¨ ¨μ´μ¢, ¨³¥ÕÉ ¸ÊÐ¥¸É¢¥´-
´Ò¥ · §²¨Î¨Ö ¢ ¶²μÉ´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö δ-Ô²¥±É·μ´μ¢ (É ¡². 2), ÎÉμ ´ £²Ö¤´μ μÉ· ¦¥´μ
´  ·¨¸. 3.
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�¨¸. 3. • · ±É¥· ¸É·Ê±ÉÊ·Ò É·¥±μ¢ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢:  ) 20Ne (Z∗2/β2 = 1454); ¡) 11B (Z∗2/β2 =

494). � ¸Î¥É ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò RITRACKS v.3.1

‘ ÊÎ¥Éμ³ · §²¨Î´μ£μ Ì · ±É¥·  · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¢ É·¥± Ì Ê¸±μ·¥´´ÒÌ ¨μ-
´μ¢ ´¥μ´  ¨ ¡μ·  ¶·¥¤¸É ¢²Ö¥É¸Ö Í¥²¥¸μμ¡· §´Ò³ ¨§ÊÎ¨ÉÓ μ¸μ¡¥´´μ¸É¨ Ëμ·³¨·μ¢ ´¨Ö
γH2AX/53BP1 Ëμ±Ê¸μ¢ ¢ Ö¤· Ì μ¡²ÊÎ¥´´ÒÌ ±²¥Éμ±. � ´¥¥ ´ ³¨ ¶μ± § ´μ [1], ÎÉμ É·Ê¤´μ
·¥¶ ·¨·Ê¥³Ò¥ ±μ³¶²¥±¸´Ò¥ „� „	Š ¢¨§Ê ²¨§¨·ÊÕÉ¸Ö ± ± ¸²μ¦´μμ·£ ´¨§μ¢ ´´Ò¥ ±² -
¸É¥·Ò γH2AX/53BP1 Ëμ±Ê¸μ¢, ¸μ¸ÉμÖÐ¨¥ ¨§ ¡²¨§±μ · ¸¶μ²μ¦¥´´ÒÌ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ
Ëμ±Ê¸μ¢, ¨ ¨Ì Ëμ·³¨·μ¢ ´¨¥ Ö¢²Ö¥É¸Ö μÉ²¨Î¨É¥²Ó´μ° Î¥·Éμ° ¤¥°¸É¢¨Ö ¨§²ÊÎ¥´¨Ö ¸ ¢Ò-
¸μ±μ° ‹��.

	  ·¨¸. 4 ¶μ± § ´μ · ¸¶·¥¤¥²¥´¨¥ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢ ¢ ¸²μ¦´μμ·£ ´¨§μ¢ ´-
´ÒÌ ±² ¸É¥· Ì γH2AX/53BP1 Ëμ±Ê¸μ¢ ¶·¨ ¤¥°¸É¢¨¨ ¨μ´μ¢ 20Ne ¨ 11B ¸ ¢ÒÏ¥Ê± § ´-
´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨. Š ± ³μ¦´μ ¢¨¤¥ÉÓ, ´ ¨¡μ²¥¥ ¸²μ¦´μ μ·£ ´¨§μ¢ ´´Ò¥ Ëμ±Ê¸Ò
γH2AX/53BP1 ´ ¡²Õ¤ ÕÉ¸Ö Î¥·¥§ 4 ¨ 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨¸¶μ²Ó§μ¢ ´´Ò³¨ § ·Ö-
¦¥´´Ò³¨ Î ¸É¨Í ³¨. �·¨ ÔÉμ³ ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ±²¥Éμ± ¨μ´ ³¨ ´¥μ´  Ëμ·³¨·ÊÕÉ¸Ö

�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢ ¢ ¸²μ¦´μμ·£ ´¨§μ¢ ´´ÒÌ ±² ¸É¥· Ì γH2AX/53BP1

¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 20Ne ( ) ¨ 11B (¡)
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�¨¸. 5. ˆ§³¥´¥´¨¥ · §³¥·  ( ) ¨ Ëμ·³Ò (¡) Ëμ±Ê¸μ¢ γH2AX/53BP1 ¸μ ¢·¥³¥´¥³ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö
Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ 20Ne ¨ 11B

±² ¸É¥·Ò Ëμ±Ê¸μ¢ ¸ ¡μ²¥¥ ¸²μ¦´μ° ¸É·Ê±ÉÊ·μ° ¨ μ·£ ´¨§ Í¨¥°, ¢±²ÕÎ ÕÐ¨¥ ¤μ 8 ¨´¤¨¢¨-
¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢. Š·μ³¥ Éμ£μ, ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ´¥μ´  μ¡· §ÊÕÉ¸Ö ¡μ²¥¥ ±·Ê¶´Ò¥
Ëμ±Ê¸Ò ¶μ ¸· ¢´¥´¨Õ ¸ Ëμ±Ê¸ ³¨, Ëμ·³¨·Ê¥³Ò³¨ ¶·¨ ¤¥°¸É¢¨¨ ¨μ´μ¢ ¡μ· . 	 ¨¡μ-
²¥¥ ±·Ê¶´Ò¥ Ëμ±Ê¸Ò ¢ÒÖ¢²ÖÕÉ¸Ö Î¥·¥§ 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨
(·¨¸. 5,  ). „ ´´Ò¥, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 5, ¡, ¤¥³μ´¸É·¨·ÊÕÉ ¨§³¥´¥´¨¥ Ëμ·³Ò �ˆ”
¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö. ”μ±Ê¸Ò ¸ ´ ¨¡μ²¥¥ ¸²μ¦´μ° Ëμ·³μ° ´ ¡²Õ¤ -
ÕÉ¸Ö Î¥·¥§ 1 ¨ 4 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 11B ¨ 20Ne ¸μμÉ¢¥É¸É¢¥´´μ. ’ ±¨³ μ¡· -
§μ³, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¨μ´Ò ´¥μ´  ¸ ¢Ò¸μ±μ° ¶²μÉ´μ¸ÉÓÕ δ-Ô²¥±É·μ´μ¢
¢ É·¥±¥ (Z∗2/β2 = 1454) ¨´¤ÊÍ¨·ÊÕÉ ¡μ²¥¥ ±·Ê¶´Ò¥ ¨ ¸²μ¦´μμ·£ ´¨§μ¢ ´´Ò¥ ±² -
¸É¥·´Ò¥ γH2AX/53BP1 Ëμ±Ê¸Ò, ÎÉμ É ±¦¥ μÉ· ¦ ¥É ¢Ò¸μ±ÊÕ ¸É¥¶¥´Ó ±² ¸É¥·¨§ Í¨¨
„� „	Š ¶μ ¸· ¢´¥´¨Õ ¸ ¨μ´ ³¨ ¡μ·  ¸ ³¥´ÓÏ¥° ¶²μÉ´μ¸ÉÓÕ δ-Ô²¥±É·μ´μ¢ ¢ É·¥±¥
(Z∗2/β2 = 494).

�	‘“†„…�ˆ…

	  ¢ ¦´ÊÕ ·μ²Ó ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¢ É·¥± Ì ÉÖ¦¥²ÒÌ § ·Ö-
¦¥´´ÒÌ Î ¸É¨Í ¢ Ì · ±É¥·¥ Ëμ·³¨·μ¢ ´¨Ö ¶μ¢·¥¦¤¥´¨° £¥´¥É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· ±²¥Éμ±
´¥μ¤´μ±· É´μ Ê± §Ò¢ ²¨  ¢Éμ·Ò ·Ö¤  É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ -
´¨° [7Ä10]. �μ²ÓÏ¨´¸É¢μ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ · ´¥¥ ¢ ÔÉμ° μ¡² ¸É¨, ¸¢Ö§ ´μ ¸ ¸μ¶μ-
¸É ¢²¥´¨¥³ ¤¥°¸É¢¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ ¢¨¤μ¢ ¨§²ÊÎ¥´¨° ¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ ÉÖ¦¥²ÒÌ
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í [10Ä12]. Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ²¨ÏÓ ¢ · ¡μÉ¥ [13] ¨¸¸²¥¤μ¢ ´μ ¤¥°-
¸É¢¨¥ ´¨§±μÔ´¥·£¥É¨Î´ÒÌ ¨μ´μ¢ 11‚ ¸ ¢Ò¸μ±¨³ §´ Î¥´¨¥³ ‹��, £¤¥ ¢ ± Î¥¸É¢¥ ±·¨É¥·¨Ö
μÍ¥´±¨ ÔËË¥±É¨¢´μ¸É¨ ¤¥°¸É¢¨Ö ¢Ò¡· ´μ Ëμ·³¨·μ¢ ´¨¥ ¨ Ô²¨³¨´ Í¨Ö · ¤¨ Í¨μ´´μ-
¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ±Ê¸μ¢. ‚³¥¸É¥ ¸ É¥³ ¶μ²ÊÎ¥´´Ò¥ ¢ · ¡μÉ¥ ¤ ´´Ò¥ ¢¥¸Ó³  Ë· £³¥´-
É ·´Ò. ‚ ´ Ï¥³ ¨¸¸²¥¤μ¢ ´¨¨ ¢¶¥·¢Ò¥ ¨§ÊÎ¥´  ±¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨
γH2AX/53BP1 Ëμ±Ê¸μ¢ ¨ ¶·¥¤¸É ¢²¥´ ¤¥É ²Ó´Ò°  ´ ²¨§ ±² ¸É¥·´ÒÌ �ˆ” ¶·¨ ¤¥°¸É¢¨¨
ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´¨§±¨Ì ¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ Ô´¥·£¨° ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥
‹��. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤¥³μ´¸É·¨·ÊÕÉ § ¢¨¸¨³μ¸ÉÓ ¸±μ·μ¸É¨ Ô²¨³¨´ Í¨¨ �ˆ” μÉ
Ô´¥·£¨¨ ¨ ‹�� § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �μ± § ´μ, ÎÉμ ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨¨ Î ¸É¨Í ¨
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¢μ§· ¸É ´¨¥³ ¨Ì ‹�� ´ ¡²Õ¤ ¥É¸Ö § ³¥¤²¥´¨¥ Ô²¨³¨´ Í¨¨ Ëμ±Ê¸μ¢ γH2AX/53BP1, ÎÉμ
¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¸´¨¦¥´¨¨ ÔËË¥±É¨¢´μ¸É¨ ·¥¶ · Í¨¨ „� „	Š. ‚ · ¡μÉ Ì [14, 15] ¡Ò²
¸¤¥² ´ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¨³¥´´μ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í μ¶·¥¤¥²Ö¥É
ÔËË¥±É¨¢´μ¸ÉÓ ¨Ì ¡¨μ²μ£¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö, ¢¸²¥¤¸É¢¨¥ Î¥£μ ´¨§±μÔ´¥·£¥É¨Î´Ò¥ ³´μ£μ-
§ ·Ö¤´Ò¥ ¨μ´Ò ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ ¢¥Ð¥¸É¢μ³ £¥´¥·¨·ÊÕÉ δ-Ô²¥±É·μ´Ò ¡μ²¥¥ ´¨§±¨Ì
Ô´¥·£¨° ¶μ ¸· ¢´¥´¨Õ ¸ ¤¥°¸É¢¨¥³ ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �μ¸±μ²Ó±Ê
δ-Ô²¥±É·μ´´ Ö ®ÏÊ¡ ¯ É·¥±  ÉÖ¦¥²μ° § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¨³¥¥É ¡μ²ÓÏÊÕ ¶²μÐ ¤Ó £¥μ-
³¥É·¨Î¥¸±μ£μ ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Ë· £³¥´Éμ³ „	Š ¶μ ¸· ¢´¥´¨Õ ¸
´¥¡μ²ÓÏμ° μ¡² ¸ÉÓÕ ¸¥·¤Í¥¢¨´Ò É·¥± , ¢Ò¤¢¨´ÊÉμ ¶·¥¤¶μ²μ¦¥´¨¥, ÎÉμ δ-Ô²¥±É·μ´Ò ³μ-
£ÊÉ ¨£· ÉÓ §´ Î¨É¥²Ó´ÊÕ ·μ²Ó ¢ ¨´¤Ê±Í¨¨ ±μ³¶²¥±¸´ÒÌ ¶μ¢·¥¦¤¥´¨° „	Š [10]. �¤´ ±μ
¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ²¨É¥· ÉÊ·´Ò¥ ¤ ´´Ò¥ μ ¢²¨Ö´¨¨ Ô´¥·£¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´  ÔË-
Ë¥±É¨¢´μ¸ÉÓ ·¥¶ · Í¨¨ ¶μ¢·¥¦¤¥´¨° „	Š ´¥¶μ²´Ò ¨ ¤μ¢μ²Ó´μ ¶·μÉ¨¢μ·¥Î¨¢Ò [10, 12].

�·¨ ¶² ´¨·μ¢ ´¨¨ · ¤¨μ¡¨μ²μ£¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¸ Ê¸±μ·¥´´Ò³¨ ÉÖ¦¥²Ò³¨ ¨μ-
´ ³¨ ¢¸É ¥É ¢μ¶·μ¸ μ ¢Ò¡μ·¥ Ë¨§¨Î¥¸±μ° Ì · ±É¥·¨¸É¨±¨ ¨§²ÊÎ¥´¨Ö, ´  μ¸´μ¢¥ ±μÉμ-
·μ° ¢μ§³μ¦´μ ¸· ¢´¥´¨¥ ¡¨μ²μ£¨Î¥¸±¨Ì ÔËË¥±Éμ¢ ¤¥°¸É¢¨Ö ¨§²ÊÎ¥´¨° · §´μ£μ ± Î¥¸É¢ .
Š ± ¶· ¢¨²μ, ±¨´¥É¨±Ê Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ-
±Ê¸μ¢ ¸· ¢´¨¢ ÕÉ ¶·¨ μ¤¨´ ±μ¢ÒÌ ¤μ§ Ì μ¡²ÊÎ¥´¨Ö ±²¥ÉμÎ´μ° ¶μ¶Ê²ÖÍ¨¨. �¤´ ±μ ¤μ§ 
μ¡²ÊÎ¥´¨Ö Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ § ¢¨¸¨É μÉ Ë²Õ¥´¸  Î ¸É¨Í ¨ ¨Ì ‹��. �·¨ μ¤¨´ ±μ-
¢μ° ¤μ§¥ μ¡²ÊÎ¥´¨Ö Î ¸É¨Í ³¨, · §²¨Î ÕÐ¨³¨¸Ö ¶μ ¸¢μ¨³ Ë¨§¨Î¥¸±¨³ Ì · ±É¥·¨¸É¨± ³,
Ö¤·  ±²¥Éμ± ¡Ê¤ÊÉ ¶¥·¥¸¥± ÉÓ¸Ö · §´Ò³ ±μ²¨Î¥¸É¢μ³ Î ¸É¨Í. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ ± Î¥¸É¢¥
¶ · ³¥É· , ´  μ¸´μ¢¥ ±μÉμ·μ£μ μÍ¥´¨¢ ¥É¸Ö ¶μ¢·¥¦¤ ÕÐ¥¥ ¤¥°¸É¢¨¥ · §´ÒÌ É¨¶μ¢ Ê¸±μ-
·¥´´ÒÌ ¨μ´μ¢, ´ ³¨ ¡Ò²μ ¶·¥¤²μ¦¥´μ ¸· ¢´¥´¨¥ ÔËË¥±É¨¢´μ¸É¨ · ¤¨μ¡¨μ²μ£¨Î¥¸±μ£μ
ÔËË¥±É  ´  μ¸´μ¢¥ ÊÎ¥É  ±μ²¨Î¥¸É¢  Î ¸É¨Í, ¶¥·¥¸¥± ÕÐ¨Ì Ö¤·  ±²¥Éμ±. ‚ ´ Ï¥³ ¨¸¸²¥-
¤μ¢ ´¨¨, ± ± ÔÉμ ¶·¥¤¸É ¢²¥´μ ¢ÒÏ¥, ·¥§Ê²ÓÉ ÉÒ ±¨´¥É¨±¨ Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨
γH2AX/53BP1 Ëμ±Ê¸μ¢ · ¸¸³ É·¨¢ ²¨¸Ó ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ É ±μ£μ ¶μ¤Ìμ¤ . �·¨ μ¡-
²ÊÎ¥´¨¨ Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ ¡μ·  (‹�� 44 ¨ 91 ±Ô‚/³±³) ¢ ¤μ§¥ 1 ƒ· Ö¤·  ±²¥Éμ±
Ë¨¡·μ¡² ¸Éμ¢ ¶¥·¥¸¥± ÕÉ¸Ö ¢ ¸·¥¤´¥³ 26 ¨ 13 Î ¸É¨Í ³¨ ¸μμÉ¢¥É¸É¢¥´´μ. �·¨ ¤¥°¸É¢¨¨
¨μ´μ¢  §μÉ  (‹�� 85 ¨ 183 ±Ô‚/³±³) ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§ Ö¤·μ ±²¥Éμ± 13 Î ¸É¨Í ¤μ§ 
μ¡²ÊÎ¥´¨Ö ¤²Ö ¨μ´μ¢ ¸ ‹��, · ¢´μ° 85 ±Ô‚/³±³, ¸μ¸É ¢²Ö¥É 1 ƒ·. „²Ö Î ¸É¨Í ¸ ‹��
183 ±Ô‚/³±³ μ´  ¢μ§· ¸É ¥É ¤μ 2,15 ƒ·. �μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ μÉ· ¦ ÕÉ ¸´¨¦¥´¨¥ ÔËË¥±-
É¨¢´μ¸É¨ ·¥¶ · Í¨¨ „� „	Š ¸ Ê¢¥²¨Î¥´¨¥³ ‹�� § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ ¤¥³μ´¸É·¨·ÊÕÉ
 ¤¥±¢ É´μ¸ÉÓ ¨ ´ ¤¥¦´μ¸ÉÓ ¶·¨³¥´Ö¥³μ£μ ´ ³¨  ´ ²¨§  �ˆ” ¤²Ö μÍ¥´±¨ Ëμ·³¨·μ¢ ´¨Ö
¨ ·¥¶ · Í¨¨ „� „	Š.

”μ·³¨·μ¢ ´¨¥ ±² ¸É¥·μ¢ �ˆ”, ¸μ¸ÉμÖÐ¨Ì ¨§ ´¥¸±μ²Ó±¨Ì ¡²¨§±μ· ¸¶μ²μ¦¥´´ÒÌ ¨´-
¤¨¢¨¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢, Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ ¡¨μ²μ£¨Î¥¸±¨³ ³ ·±¥·μ³ ¤¥°¸É¢¨Ö ¨§²ÊÎ¥´¨Ö ¸
¢Ò¸μ±μ° ‹��. �·¨·μ¤  ±² ¸É¥·´ÒÌ �ˆ” ´¥ ¤μ ±μ´Í  ¨§ÊÎ¥´ , ¨ ¶·¨´ÖÉμ ¸Î¨É ÉÓ, ÎÉμ
¨Ì Ëμ·³¨·μ¢ ´¨¥ ¸¢Ö§ ´μ ¸ ¨´¤Ê±Í¨¥° ±μ³¶²¥±¸´ÒÌ ¶μ¢·¥¦¤¥´¨° „	Š [16, 17]. 	¥-
¸³μÉ·Ö ´  ¡μ²ÓÏÊÕ ¢ ¦´μ¸ÉÓ É ±μ£μ ·μ¤  ¶μ¢·¥¦¤¥´¨° ¢ ·¥ ²¨§ Í¨¨ · §²¨Î´μ£μ ·μ¤ 
· ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ ¡¨μ²μ£¨Î¥¸±¨Ì ÔËË¥±Éμ¢,  ´ ²¨§ ¸É·Ê±ÉÊ·Ò ±² ¸É¥·´ÒÌ
Ëμ±Ê¸μ¢ γH2AX ¶·μ¢¥¤¥´ ²¨ÏÓ ¢ ¥¤¨´¨Î´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ [18]. ‚ ´ Ï¥° · ¡μÉ¥ ¡Ò² 
¨¸¶μ²Ó§μ¢ ´  É¥Ì´¨±  ¢Ò¸μ±μ· §·¥Ï ÕÐ¥° ³¨±·μ¸±μ¶¨¨ ¨ ´¥ ¢Éμ³ É¨§¨·μ¢ ´´μ£μ É·¥Ì-
³¥·´μ£μ  ´ ²¨§  �ˆ”. ’ ±μ° ¶μ¤Ìμ¤,   É ±¦¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ Ô±¸¶¥·¨³¥´É Ì ´¨§±μÔ´¥·-
£¥É¨Î´ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¨³¥ÕÐ¨Ì ¸ÊÐ¥¸É¢¥´´Ò¥ · §²¨Î¨Ö ¢ Ì · ±É¥·¥ · ¸¶·¥¤¥²¥-
´¨Ö δ-Ô²¥±É·μ´μ¢ ¢ Ëμ·³¨·Ê¥³ÒÌ ¨³¨ É·¥± Ì, ¶μ§¢μ²¨²¨ μÍ¥´¨ÉÓ ¢²¨Ö´¨¥ Ë¨§¨Î¥¸±¨Ì
Ì · ±É¥·¨¸É¨± ¨§²ÊÎ¥´¨° ´  ¸²μ¦´μ¸ÉÓ ¨´¤ÊÍ¨·Ê¥³ÒÌ ¨³¨ ¶μ¢·¥¦¤¥´¨° £¥´¥É¨Î¥¸±¨Ì
¸É·Ê±ÉÊ·.
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