
�¨¸Ó³  ¢ �—�Ÿ. 2019. ’. 16, º 4(223). ‘. 336Ä348

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

”��Œˆ��‚��ˆ… „‚“�ˆ’…‚›• ��‡�›‚�‚ „�Š
‚ �…‰����• ƒ�‹�‚��ƒ� Œ�‡ƒ� Š�›‘
��ˆ „…‰‘’‚ˆˆ “‘Š��…��›• ˆ���‚

Š�ˆ�’��� (78Kr)
’.‘. �Ê² ´μ¢   , ¡, 1, �. ‚. �μ·¥°±μ  , ¡, Œ. ƒ. ‡ ¤´¥¶·Ö´¥Í  , ¡, …. �. Š· ¸ ¢¨´  , ¡,
…. �. ŠÊ²¨±μ¢   , ¡, …. ‚. ‘³¨·´μ¢   , �. ‘.‘¥¢¥·ÕÌ¨´  , ¡, ƒ. �. ’¨³μÏ¥´±μ  , ¡

  �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 
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	  ¶ · Ë¨´μ¢ÒÌ ¸·¥§ Ì £μ²μ¢´μ£μ ³μ§£  ±·Ò¸ ³¥Éμ¤μ³ ¨³³Ê´μ£¨¸ÉμÌ¨³¨Î¥¸±μ£μ μ±· Ï¨¢ ´¨Ö
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¶¥Í¨Ë¨Î´ÒÌ ± ¡¥²± ³ γH2AX ¨ 53BP1  ´É¨É¥² ¨§ÊÎ¥´  ¨´¤Ê±Í¨Ö ¨ ·¥¶ · Í¨Ö
¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „	Š ¢ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨ ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 78Kr ¸
Ô´¥·£¨¥° 2,58 ƒÔ‚/´Ê±²μ´. ‚ÒÖ¢²¥´μ Ëμ·³¨·μ¢ ´¨¥ ¸²μ¦´ÒÌ ±² ¸É¥·´ÒÌ „� „	Š ¢ ·Ö¤¥ ¸É·Ê±ÉÊ·
ÔÉμ° Ëμ·³ Í¨¨ ¢ · §²¨Î´Ò¥ ¸·μ±¨ ¶μ¸²¥ ¢μ§¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·. “¸É ´μ¢²¥´μ, ÎÉμ ¡μ²ÓÏ Ö
Î ¸ÉÓ γH2AX/53BP1 Ëμ±Ê¸μ¢ ´ Ìμ¤¨É¸Ö ¢ ¸μ¸É ¢¥ ¸²μ¦´μμ·£ ´¨§μ¢ ´´ÒÌ ±² ¸É¥·μ¢ (∼ 80%) ¨
²μ± ²¨§Ê¥É¸Ö ¢ ¸ °É Ì ¢¨§Ê ²¨§¨·μ¢ ´´ÒÌ ·¥¶ · Í¨μ´´ÒÌ ¡¥²±μ¢ (∼ 75%) ¶μ Ìμ¤Ê É·¥±μ¢ ÉÖ-
¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �μ± § ´μ, ÎÉμ Î¥·¥§ 24 Î ¶μ¸É· ¤¨ Í¨μ´´μ° ¨´±Ê¡ Í¨¨ ¶·μ¨¸Ìμ¤¨É
ÔËË¥±É¨¢´ Ö Ô²¨³¨´ Í¨Ö · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ γH2AX/53BP1 Ëμ±Ê¸μ¢ ¢ ±²¥É± Ì §Ê¡Î -
Éμ° Ë ¸Í¨¨ ¨ ‘�1 ¶μ²Ö £¨¶¶μ± ³¶ . ‚ ±²¥É± Ì §Ê¡Î Éμ° Ë ¸Í¨¨ ¶¨± μ¡· §μ¢ ´¨Ö γH2AX/53BP1
Ëμ±Ê¸μ¢ ´ ¡²Õ¤ ¥É¸Ö Î¥·¥§ 4 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö.

The induction and repair of DNA double-stranded breaks in the hippocampal formation after the
action of accelerated 78Kr ions with energy of 2.58 GeV/nucleon was studied by the immunohistochem-
ical staining of rat brain parafˇn sections using antibodies speciˇc for γH2AX and 53BP1 proteins.
The formation of complex DSB DNA clusters in various structures of the hippocampal formation after
exposure to heavy nuclei has been revealed. It was established that most of the γH2AX/53BP1 foci are
located within complex clusters (∼ 80%) and are localized at sites of visualized repair proteins (∼ 75%)
along the tracks of heavy charged particles. It was shown that 24 h post irradiation incubation, the
effective elimination of radiation-induced γH2AX/53BP1 foci occurs in the cells of the dentate gyrus
and CA1 of the hippocampal formation. In the cells of the dentate gyrus, the peak of γH2AX/53BP1
formation was observed 4 h after irradiation.

PACS: 87.53.-j; 87.19.La; 87.14.Gg

‚‚…„…�ˆ…

ˆ¸¸²¥¤μ¢ ´¨Ö § ±μ´μ³¥·´μ¸É¥° ¨ ³¥Ì ´¨§³μ¢ Ëμ·³¨·μ¢ ´¨Ö ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢
(„�) „	Š ¢ ±²¥É± Ì ¢Ò¸Ï¨Ì μ·£ ´¨§³μ¢ ¶·¨ ¤¥°¸É¢¨¨ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í
(’‡—) Ö¢²ÖÕÉ¸Ö ±· °´¥  ±ÉÊ ²Ó´Ò³¨ ¶·¨ ·¥Ï¥´¨¨ ³´μ£¨Ì ¢μ¶·μ¸μ¢ · ¤¨ Í¨μ´´μ° £¥-
´¥É¨±¨, ±μ¸³¨Î¥¸±μ° · ¤¨μ¡¨μ²μ£¨¨, · ¤¨ Í¨μ´´μ° ³¥¤¨Í¨´Ò. „� „	Š ¶·¥¤¸É ¢²ÖÕÉ
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¸μ¡μ° ´ ¨¡μ²¥¥ ÉÖ¦¥²Ò¥ ¶μ¢·¥¦¤¥´¨Ö £¥´¥É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· ¨ Ö¢²ÖÕÉ¸Ö ³μ²¥±Ê²Ö·-
´Ò³ ¸Ê¡¸É· Éμ³ Ëμ·³¨·μ¢ ´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ³ÊÉ Í¨° · §²¨Î´μ£μ ¢¨¤  £¥´μ¢, ²¥¦ Ð¨Ì
¢ μ¸´μ¢¥ ³´μ£¨Ì · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ ÔËË¥±Éμ¢. �É²¨Î¨É¥²Ó´μ° μ¸μ¡¥´´μ¸ÉÓÕ
¤¥°¸É¢¨Ö ’‡— ´  £¥´¥É¨Î¥¸±¨¥ ¸É·Ê±ÉÊ·Ò ±²¥Éμ± Ö¢²Ö¥É¸Ö Ëμ·³¨·μ¢ ´¨¥ ±² ¸É¥·´ÒÌ ¶μ-
¢·¥¦¤¥´¨° „	Š [1, 2], ¢ Éμ³ Î¨¸²¥ ¡²¨§±μ · ¸¶μ²μ¦¥´´ÒÌ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „	Š,
ÎÉμ ´¥ Ì · ±É¥·´μ ¤²Ö ¨μ´¨§¨·ÊÕÐ¨Ì ¨§²ÊÎ¥´¨° Ô²¥±É·μ³ £´¨É´μ° ¶·¨·μ¤Ò. •μ·μÏμ
¨§¢¥¸É´μ, ÎÉμ ¸ Ê¢¥²¨Î¥´¨¥³ ²¨´¥°´μ° ¶¥·¥¤ Î¨ Ô´¥·£¨¨ (‹��) § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢μ§-
· ¸É ¥É ¨ ±μ²¨Î¥¸É¢μ „� „	Š, Ëμ·³¨·ÊÕÐ¨Ì¸Ö ¶μ Ìμ¤Ê É·¥±  Î ¸É¨ÍÒ. �·¨ ÔÉμ³
¢μ§· ¸É ¥É ´¥ Éμ²Ó±μ ±μ²¨Î¥¸É¢μ „�, ´μ ¨§³¥´Ö¥É¸Ö ¨ Ì · ±É¥· ¨Ì ¸²μ¦´μ¸É¨ (±μ³-
¶²¥±¸´μ¸É¨) [3], ÎÉμ ¤¥² ¥É § É·Ê¤´¨É¥²Ó´Ò³ μ¸ÊÐ¥¸É¢²¥´¨¥ ·¥¶ · Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢
¢ μ¡²ÊÎ¥´´ÒÌ ±²¥É± Ì. ‚ §´ Î¨É¥²Ó´μ° ¸É¥¶¥´¨ ÔÉμ μ¡Ê¸²μ¢²¥´μ ¢Ò¸μ±μ° ¶²μÉ´μ¸ÉÓÕ
¨μ´¨§ Í¨¨ ¢ ±²¥ÉμÎ´ÒÌ Ö¤· Ì ¶·¨ ¶·μÌμ¦¤¥´¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Î¥·¥§ £¥´¥É¨Î¥¸±¨¥
¸É·Ê±ÉÊ·Ò [4]. 	 ¡²Õ¤ ÕÐ¨¥¸Ö · §²¨Î¨Ö ¢ ¨´¤Ê±Í¨¨ ¨ ·¥¶ · Í¨¨ „� „	Š ¶·¨ ¤¥°-
¸É¢¨¨ ¨μ´¨§¨·ÊÕÐ¨Ì ¨§²ÊÎ¥´¨° Ô²¥±É·μ³ £´¨É´μ° ¶·¨·μ¤Ò ¨ ’‡— Ö·±μ μÉ· ¦ ÕÉ¸Ö ´ 
Ì · ±É¥·¥ ¶·μÖ¢²¥´¨Ö · §²¨Î´ÒÌ · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ ÔËË¥±Éμ¢, ¢ Éμ³ Î¨¸²¥,
± ± ³μ¦´μ ¶μ² £ ÉÓ, ´  μ¸ÊÐ¥¸É¢²¥´¨¨ ¢Ò¸Ï¨Ì ¨´É¥£· É¨¢´ÒÌ ËÊ´±Í¨° Í¥´É· ²Ó´μ°
´¥·¢´μ° ¸¨¸É¥³Ò (–	‘) Ê ¦¨¢μÉ´ÒÌ, μ¡²ÊÎ¥´´ÒÌ ·¥´É£¥´μ¢¸±¨³¨ ²ÊÎ ³¨ ¨ Ê¸±μ·¥´-
´Ò³¨ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨. “¸É ´μ¢²¥´μ [5], ÎÉμ μ¡²ÊÎ¥´¨¥ £·Ò§Ê´μ¢ (±·Ò¸) ¨μ´ ³¨ ¦¥²¥§ 
¸ Ô´¥·£¨¥° 1 ƒÔ‚/´Ê±²μ´ ¢ ¤μ§¥ 20 ¸ƒ· Î¥·¥§ 3 ³¥¸ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¢Ò§Ò¢ ¥É ´ ·Ê-
Ï¥´¨Ö ¶·μ¸É· ´¸É¢¥´´μ° μ·¨¥´É Í¨¨, Ê£´¥É¥´¨¥ ±μ£´¨É¨¢´ÒÌ ËÊ´±Í¨°. ‚ Éμ ¦¥ ¢·¥³Ö
¶·¨ ¤¥°¸É¢¨¨ ·¥´É£¥´μ¢¸±¨Ì ²ÊÎ¥° ¢ ¤μ§ Ì ¡μ²¥¥ 10 ƒ· É ±¨Ì ´ ·ÊÏ¥´¨° ´¥ ¡Ò²μ ¢Ò-
Ö¢²¥´μ. ‚¥²¨Î¨´  μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±μ° ÔËË¥±É¨¢´μ¸É¨ (���) ¨μ´μ¢ ¦¥²¥§  ¶μ
¤ ´´μ³Ê ±·¨É¥·¨Õ μ¡²ÊÎ¥´¨Ö ¤μ¸É¨£ ²  §´ Î¥´¨° ∼ 50. �¢Éμ·Ò ¸¢Ö§Ò¢ ÕÉ ÔÉ¨ ´ ·ÊÏ¥-
´¨Ö ´¥ Éμ²Ó±μ ¸ £¨¡¥²ÓÕ ´¥°·μ´μ¢ (¶·¥¦¤¥ ¢¸¥£μ, £¨¶¶μ± ³¶ , ± ± ´ ¨¡μ²¥¥ ÊÖ§¢¨³μ°
¢ ÔÉμ³ ¸²ÊÎ ¥ ¸É·Ê±ÉÊ·Ò –	‘), ´μ ¨ ¸ ´ ·ÊÏ¥´¨¥³ ³¥Ì ´¨§³μ¢ ¸¨´ ¶É¨Î¥¸±μ° ¶¥·¥-
¤ Î¨. ‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ¶·¨ μ¡²ÊÎ¥´¨¨ ÉÖ¦¥²Ò³¨ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨ ¶μ¢·¥¦¤¥´¨Ö
£¥´¥É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· ¨, ¶·¥¦¤¥ ¢¸¥£μ, Ëμ·³¨·μ¢ ´¨¥ „� „	Š Ì · ±É¥·¨§ÊÕÉ¸Ö ¢Ò¸μ-
±μ° ¸É¥¶¥´ÓÕ ±² ¸É¥·¨§ Í¨¨, ÎÉμ, ± ± Ê¦¥ Ê± §Ò¢ ²μ¸Ó, ¸μ¢¥·Ï¥´´μ ´¥ Ì · ±É¥·´μ ¤²Ö
¨§²ÊÎ¥´¨° Ô²¥±É·μ³ £´¨É´μ° ¶·¨·μ¤Ò, ³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ÔÉμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ,
± ± μ¤´μ ¨§ ¢μ§³μ¦´ÒÌ, μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´μ¥ ¢²¨Ö´¨¥ ´  ¸¶¥Í¨Ë¨±Ê · §¢¨É¨Ö · ¤¨-
 Í¨μ´´ÒÌ ¸¨´¤·μ³μ¢ ¢ –	‘ ¶·¨ ¤¥°¸É¢¨¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢. � ¤¨ Í¨μ´´Ò¥ ¶μ¢·¥¦¤¥´¨Ö
¢ £¥´ Ì ´¥·¢´ÒÌ ±²¥Éμ±, ¶·¨¢μ¤ÖÐ¨Ì ± ³ÊÉ Í¨Ö³ · §²¨Î´μ£μ É¨¶ , ³μ£ÊÉ μ¡Ê¸²μ¢²¨¢ ÉÓ
Ô±¸¶·¥¸¸¨Õ ³ÊÉ ´É´ÒÌ Ëμ·³ ¡¥²±μ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ Ëμ·³¨·μ¢ ´¨¨ ¸É·Ê±ÉÊ·Ò ·¥Í¥¶Éμ-
·μ¢, ÎÉμ ³μ¦¥É ¸± § ÉÓ¸Ö ´  ¨Ì ´μ·³ ²Ó´μ³ ËÊ´±Í¨μ´¨·μ¢ ´¨¨. 	 ¨¡μ²¥¥ §´ Î¨³μ ÔÉμ
³μ¦¥É ¶·μÖ¢²ÖÉÓ¸Ö ¶·¨ ¢μ§´¨±´μ¢¥´¨¨ ±² ¸É¥·´ÒÌ ¶μ¢·¥¦¤¥´¨° „	Š, ¢Ò§Ò¢ ÕÐ¨Ì ÉÖ-
¦¥²Ò¥ ´ ·ÊÏ¥´¨Ö £¥´μ³  ¨ ¸μ¶·μ¢μ¦¤ ÕÐ¨Ì¸Ö ¢μ§´¨±´μ¢¥´¨¥³ ¸É·Ê±ÉÊ·´ÒÌ ³ÊÉ Í¨°.
‘ ÊÎ¥Éμ³ ÔÉμ£μ ´ ³¨ · ´¥¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤μ¢ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ [6] ¡Ò²μ
· ¸¸³μÉ·¥´μ ¢²¨Ö´¨¥ ´¥±μÉμ·ÒÌ ÉμÎ±μ¢ÒÌ ³ÊÉ Í¨° ¢ £¥´ Ì GRIN1 ¨ GRIN2b £¨¶¶μ-
± ³¶ ²Ó´ÒÌ ´¥°·μ´μ¢ ±·Ò¸ ´  ¸μ¸ÉμÖ´¨¥ £²ÊÉ ³ É´μ£μ 	Œ„�-·¥Í¥¶Éμ· . ‚ÒÖ¢²¥´μ ¤¢Ê-
±· É´μ¥ ¨§³¥´¥´¨¥ ¶·μ¢μ¤¨³μ¸É¨ ¨μ´´μ£μ ± ´ ²  ·¥Í¥¶Éμ· , ¢±²ÕÎ ÕÐ¥£μ ³ÊÉ ´É´Ò¥
Ëμ·³Ò ¡¥²±μ¢ÒÌ ¸Ê¡Ñ¥¤¨´¨Í NR2. �μ-¢¨¤¨³μ³Ê, ³μ¦´μ μ¦¨¤ ÉÓ ¥Ð¥ ¡μ²¥¥ ¸ÊÐ¥¸É¢¥´-
´μ£μ ¢²¨Ö´¨Ö ´  ËÊ´±Í¨μ´ ²Ó´Ò¥ ¸¢μ°¸É¢  ¨μ´´ÒÌ ± ´ ²μ¢ ³ÊÉ Í¨° ¸É·Ê±ÉÊ·´μ£μ É¨¶ 
± ± ·¥§Ê²ÓÉ É  Ëμ·³¨·μ¢ ´¨Ö ±² ¸É¥·´ÒÌ „� „	Š. ‘ ÊÎ¥Éμ³ ¢ ¦´μ¸É¨ ¨§ÊÎ¥´¨Ö Ì -
· ±É¥·  Ëμ·³¨·μ¢ ´¨Ö in vivo ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „	Š ¢ ´¥°·μ´ Ì · §²¨Î´ÒÌ μÉ¤¥²μ¢
£μ²μ¢´μ£μ ³μ§£  ´ ³¨ ¶·¥¤¶·¨´ÖÉÒ ¨¸¸²¥¤μ¢ ´¨Ö § ±μ´μ³¥·´μ¸É¥° μ¡· §μ¢ ´¨Ö ¤¢Ê´¨É¥-
¢ÒÌ · §·Ò¢μ¢ „	Š ¢ ´¥°·μ´ Ì £μ²μ¢´μ£μ ³μ§£  ±·Ò¸ ¶·¨ ¤¥°¸É¢¨¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ
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ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, μ¡² ¤ ÕÐ¨Ì ¢Ò¸μ±μ° ‹��, Å Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ±·¨¶Éμ´ 
(78Kr). � ¤¨μ¡¨μ²μ£¨Î¥¸±¨° Ô±¸¶¥·¨³¥´É ¸ Ö¤· ³¨, μ¡² ¤ ÕÐ¨³¨ É ±¨³ ¡μ²ÓÏ¨³ § ·Ö-
¤μ³ ¨ ·¥²ÖÉ¨¢¨¸É¸±μ° Ô´¥·£¨¥°, ¢Ò¶μ²´¥´ ¢¶¥·¢Ò¥.
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Š· ´¨ ²Ó´μ¥ μ¡²ÊÎ¥´¨¥ ±·Ò¸ ²¨´¨¨ Spraque Dawley (23 ´¥¤¥²¨, 295 £) Ê¸±μ·¥´´Ò³¨
¨μ´ ³¨ 78Kr ¸ Ô´¥·£¨¥° 2,58 ƒÔ‚/´Ê±²μ´ ¢Ò¶μ²´¥´μ ´  ´Ê±²μÉ·μ´¥ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨
¢Ò¸μ±¨Ì Ô´¥·£¨° �ˆŸˆ. ‚¸¥ Ô±¸¶¥·¨³¥´ÉÒ ¢¥²¨¸Ó ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ®�· ¢¨² ³¨ ¶·μ¢¥¤¥-
´¨Ö · ¡μÉ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¦¨¢μÉ´ÒÌ¯ (¶·¨± § Œ‡ ‘‘‘� º755 μÉ
12.08.1977 £.) ¨ ®Œ¥¦¤Ê´ ·μ¤´Ò³¨ ·¥±μ³¥´¤ Í¨Ö³¨ ¶μ ¶·μ¢¥¤¥´¨Õ ¡¨μ³¥¤¨Í¨´¸±¨Ì ¨¸-
¸²¥¤μ¢ ´¨° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¦¨¢μÉ´ÒÌ¯ (‘μ¢¥É ³¥¦¤Ê´ ·μ¤´ÒÌ ³¥¤¨Í¨´¸±¨Ì ´ ÊÎ´ÒÌ
μ·£ ´¨§ Í¨° (CIOMS)6 †¥´¥¢ , 1995 £.). �¡²ÊÎ¥´¨¥ ¶·μ¢μ¤¨²¨ ¢ ¨§³¥·¨É¥²Ó´μ³ ¶ ¢¨-
²Óμ´¥ ¢ · °μ´¥ Ëμ±Ê¸  F3. �·μË¨²Ó ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¨μ´μ¢ ¢ Ëμ±Ê¸¥ F3 ¨§³¥·Ö²¸Ö
¸ ¶μ³μÐÓÕ ³´μ£μ¶·μ¢μ²μÎ´μ° ¨μ´¨§ Í¨μ´´μ° ± ³¥·Ò �ˆŠ-3. „²Ö ³μ´¨Éμ·¨·μ¢ ´¨Ö
¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸¶¥Í¨ ²Ó´ Ö ¨μ´¨§ Í¨μ´´ Ö ± ³¥·  (ˆŠ), · §· -
¡μÉ ´´ Ö ¤²Ö · ¡μÉÒ ¸ ¶ÊÎ± ³¨ ³´μ£μ§ ·Ö¤´ÒÌ Ö¤¥· ¨ ± ²¨¡·μ¢ ´´ Ö ¶μ ¶μ± § ´¨Ö³
¶ÊÎ±μ¢μ£μ ¸Í¨´É¨²²ÖÍ¨μ´´μ£μ ¸Î¥ÉÎ¨±  S. ‘Ì¥³  · §³¥Ð¥´¨Ö μ¡μ·Ê¤μ¢ ´¨Ö ¨ μ¡²ÊÎ ¥-
³ÒÌ ¦¨¢μÉ´ÒÌ ¢ · °μ´¥ Ëμ±Ê¸  F3 ¶μ± § ´  ´  ·¨¸. 1.

ˆ´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ¨μ´μ¢ ±·¨¶Éμ´  ¸μ¸É ¢²Ö²  ¢ F3 (1−2) · 105 ¸−1 ¶·¨ ¢·¥³¥´´μ°
· ¸ÉÖ¦±¥ ¶ÊÎ±  2,5Ä3 ¸. ‘¶¥Í¨ ²Ó´Ò¥ ¨§³¥·¥´¨Ö ¶μ± § ²¨, ÎÉμ ¶·¨³¥¸¨ ¤·Ê£¨Ì ¨μ´μ¢
¢ ¶ÊÎ±¥ ´¥É. ˆ§³¥·¥´¨Ö ¸ ¶μ³μÐÓÕ · ¤¨μÌ·μ³´μ° ¶²¥´±¨ EBT-03 Ë¨·³Ò Gafchromic,
· §³¥Ð¥´´μ° ´¥¶μ¸·¥¤¸É¢¥´´μ §  £μ²μ¢μ° μ¡²ÊÎ ¥³ÒÌ ¦¨¢μÉ´ÒÌ, ¶μ± § ²¨, ÎÉμ ¢ ³¥¸É¥
μ¡²ÊÎ¥´¨Ö ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶ÊÎ±  ¡²¨§±μ ± ´μ·³ ²Ó´μ³Ê ¸ Ï¨·¨´μ°
´  ¶μ²Ê¢Ò¸μÉ¥ μ±μ²μ 1 ¸³. ˆ´É¥£· ²Ó´Ò¥ ¶μÉμ±¨ ¨μ´μ¢ ±·¨¶Éμ´  §  ¢·¥³Ö Ô±¸¶μ§¨Í¨°
(∼ 5 ³¨´) ¸μ¸É ¢¨²¨ (5,3−5,7) · 106 ¨μ´μ¢. � ¸Î¥É´μ¥ §´ Î¥´¨¥ ‹�� ¢ Í¥´É·¥ É± ´¥°
³μ§£  ¦¨¢μÉ´ÒÌ ¸μ¸É ¢²Ö²μ 250 ±Ô‚/³±³.

�·¨ μ¡²ÊÎ¥´¨¨ ¦¨¢μÉ´Ò¥ Ë¨±¸¨·μ¢ ²¨¸Ó ¢ ¶² ¸É¨±μ¢ÒÌ ±μ´É¥°´¥· Ì, ¨¸±²ÕÎ ÕÐ¨Ì
¢μ§³μ¦´μ¸ÉÓ ¶·μ¨§¢μ²Ó´μ£μ ¤¢¨¦¥´¨Ö £μ²μ¢Ò. Šμ´É·μ²Ó´ÊÕ £·Ê¶¶Ê É ±¦¥ ¶μ³¥Ð ²¨
¢ ¶² ¸É¨±μ¢Ò° Ë¨±¸ Éμ· ¤²Ö ¨³¨É Í¨¨ ¸É·¥¸¸μ¢ÒÌ Ê¸²μ¢¨° μ¡²ÊÎ¥´¨Ö. 	 ¸É·μ°±  ¶ÊÎ± 
Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ 78Kr ¶·μ¢μ¤¨² ¸Ó ¢·ÊÎ´ÊÕ É ±¨³ μ¡· §μ³, ÎÉμ¡Ò Í¥´É· ¶ÊÎ±  § -
·Ö¦¥´´ÒÌ Î ¸É¨Í ¶·μÌμ¤¨² ³¥¦¤Ê ÊÌμ³ ¨ £² §μ³ ¦¨¢μÉ´μ£μ. �¡²ÊÎ¥´¨Õ ¶μ¤¢¥·£²¨¸Ó
¢ μ¸´μ¢´μ³ ¶μ²ÊÏ ·¨Ö £μ²μ¢´μ£μ ³μ§£ . �±· Ï¨¢ ´¨¥ ¸·¥§  ³μ§¦¥Î±  ´¥ ¢ÒÖ¢¨²μ ´ ²¨-
Î¨Ö ¶μ¢·¥¦¤¥´¨° ¢ ±²¥É± Ì �Ê·±¨´Ó¥.

�¨¸. 1. ‘Ì¥³  μ¡²ÊÎ¥´¨Ö ±·Ò¸ ´  ¶ÊÎ±¥ Ö¤¥· ±·¨¶Éμ´ : F3 Å Ëμ±Ê¸ ¶ÊÎ± ; �ˆŠ-3 Å ³´μ£μ¶·μ-

¢μ²μÎ´ Ö ¨μ´¨§ Í¨μ´´ Ö ± ³¥· ; S Å ¸Í¨´É¨²²ÖÍ¨μ´´Ò° ¸Î¥ÉÎ¨±; ˆŠ Å ¨μ´¨§ Í¨μ´´ Ö ± ³¥· ;
GF Å · ¤¨μÌ·μ³´ Ö ¶²¥´± 



”μ·³¨·μ¢ ´¨¥ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „�Š ¢ ´¥°·μ´ Ì £μ²μ¢´μ£μ ³μ§£  ±·Ò¸ 339

—¥·¥§ 1, 4 ¨ 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¶·μ¢μ¤¨²¨ ¤¥± ¶¨É Í¨Õ ¨ ¨§¢²¥Î¥´¨¥ £μ²μ¢-
´μ£μ ³μ§£ . ’± ´¨ ³μ§£  ¶μ³¥Ð ²¨ ¢ · ¸É¢μ· 4%-£μ ¶ · Ëμ·³ ²Ó¤¥£¨¤  ¢ Ëμ¸Ë É´μ³
¡ÊË¥·¥ ´  20 Î. ‡ É¥³ É± ´¨ ¤¥£¨¤· É¨·μ¢ ²¨ ¢ ÔÉ ´μ²¥ (70, 80, 96, 100%), ¶·μ¸¢¥É²Ö²¨
¢ μ-±¸¨²μ²¥ ¨ § ²¨¢ ²¨ ¢ ¶ · Ë¨´. 	 ·¥§±Ê Éμ´±¨Ì ¸·¥§μ¢ (5 ³±³) ¶·μ¢μ¤¨²¨ ´  ·μÉ Í¨-
μ´´μ³ ³¨±·μÉμ³¥ Microm 	Œ 340… (Thermo Fisher Scientiˇc). ‚ÒÖ¢²¥´¨¥ · ¤¨ Í¨μ´´μ-
¨´¤ÊÍ¨·μ¢ ´´ÒÌ „� „	Š μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ³¥Éμ¤μ³ ¨³³Ê´μ£¨¸ÉμÌ¨³¨Î¥¸±μ£μ μ±· Ï¨¢ -
´¨Ö ¶ · Ë¨´μ¢ÒÌ ¸·¥§μ¢ É± ´¥° ³μ§£  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶¥·¢¨Î´ÒÌ ± ¡¥²± ³-³ ·±¥· ³
„� „	Š  ´É¨É¥² Å Ëμ¸Ëμ·¨²¨·μ¢ ´´μ³Ê £¨¸Éμ´Ê H2AX (γH2AX) ¨ ·¥¶ · Í¨μ´´μ³Ê
¡¥²±Ê 53BP1. ‚¨§Ê ²¨§ Í¨Ö ±μ²μ± ²¨§μ¢ ´´ÒÌ γH2AX ¨ 53BP1 Ëμ±Ê¸μ¢ μ¸ÊÐ¥¸É¢²Ö-
² ¸Ó ¸ ¶μ³μÐÓÕ ¢Éμ·¨Î´ÒÌ  ´É¨É¥², ±μ´ÑÕ£¨·μ¢ ´´ÒÌ ¸ Ë²Êμ·¥¸Í¥´É´μ° ³¥É±μ°. �μ¤-
£μÉμ¢±  ± ¨³³Ê´μ£¨¸ÉμÌ¨³¨Î¥¸±μ³Ê μ±· Ï¨¢ ´¨Õ ¢±²ÕÎ ²  ¤¥¶ · Ë¨´¨·μ¢ ´¨¥ ¸·¥§μ¢
¢ μ-±¸¨²μ²¥ ¨ ·¥£¨¤· É Í¨Õ ¢ ÔÉ ´μ²¥ ´¨¸Ìμ¤ÖÐ¥° ±·¥¶μ¸É¨ (100, 96, 80, 70, 50 %).
„¥³ ¸±¨·μ¢ ´¨¥  ´É¨£¥´μ¢ ¶·μ¢μ¤¨²¨ ¢ Í¨É· É´μ³ ¡ÊË¥·¥ (�· °³¡¨μ³¥¤, pH 6.0) ¶·¨
95 ◦‘ ´  ¢μ¤Ö´μ° ¡ ´¥. �¥·³¥ ¡¨²¨§ Í¨Õ ¶·μ¢μ¤¨²¨ ¢ 0,2%-³ Triton X-100 ¢ É¥Î¥´¨¥
45 ³¨´. „²Ö ¡²μ±¨·μ¢±¨ ´¥¸¶¥Í¨Ë¨Î¥¸±μ£μ ¸¢Ö§Ò¢ ´¨Ö ¶¥·¢¨Î´ÒÌ  ´É¨É¥² ¨¸¶μ²Ó§μ¢ ²¨
· ¸É¢μ· 7,5%-° ±μ§Ó¥° ¸Ò¢μ·μÉ±¨ ¨ 7,5%-° Ô³¡·¨μ´ ²Ó´μ° É¥²ÖÎÓ¥° ¸Ò¢μ·μÉ±¨ ¢ Ëμ¸-
Ë É´μ³ ¡ÊË¥·¥. „²Ö ¸¢Ö§Ò¢ ´¨Ö ¸ ¡¥²± ³¨-³ ·±¥· ³¨ „� ¤μ¡ ¢²Ö²¨ ¶¥·¢¨Î´Ò¥ ³μ´μ±²μ-
´ ²Ó´Ò¥ ³ÒÏ¨´Ò¥  ´É¨É¥² , ¸¶¥Í¨Ë¨Î´Ò¥ ± ¡¥²±Ê γH2AX (1 : 200, JBW301, Millipore-
Upstate, ‘˜�) ¨ ¶μ²¨±²μ´ ²Ó´Ò¥ ±·μ²¨ÎÓ¨  ´É¨É¥²  Å ± ¡¥²±Ê 53BP1 (1 : 200, ®Ab-
cam¯, ab175933, ‘˜�). ‚¨§Ê ²¨§ Í¨Õ · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ±Ê¸μ¢ (�ˆ”)

�¨¸. 2. Š² ¸É¥·¨§ Í¨Ö γH2AX Ëμ±Ê¸μ¢ ¢ Ö¤·¥ ±²¥É±¨ §Ê¡Î Éμ° Ë ¸Í¨¨ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨

±·Ò¸ Î¥·¥§ 1 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr. 	  ¨§μ¡· ¦¥´¨ÖÌ Z1ÄZ5 ¶μ± § ´Ò ¨´¤¨¢¨¤Ê ²Ó´Ò¥
μ¶É¨Î¥¸±¨¥ ¸·¥§Ò ¢ ¶²μ¸±μ¸ÉÖÌ XÄY , ¶μ²ÊÎ¥´´Ò¥ ¢¤μ²Ó μ¸¨ Z ¸ Ï £μ³ 0,3 ³±³, ¨²²Õ¸É·¨·ÊÕÐ¨¥

¨§³¥´¥´¨Ö ±μ²¨Î¥¸É¢  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ γH2AX Ëμ±Ê¸μ¢, ¢Ìμ¤ÖÐ¨Ì ¢ ±² ¸É¥·. ‘²μ¦´μμ·£ ´¨§μ-

¢ ´´Ò° γH2AX ±² ¸É¥· ¸μ¸Éμ¨É ¨§ 9 ¨´¤¨¢¨¤Ê ²Ó´ÒÌ γH2AX Ëμ±Ê¸μ¢. 	  ¨§μ¡· ¦¥´¨¨ ¢´¨§Ê
¸¶· ¢  ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ ¸μ¢³¥Ð¥´´μ¥ ¨§μ¡· ¦¥´¨¥ γH2AX ±² ¸É¥·  Ëμ±Ê¸μ¢, ¶μ²ÊÎ¥´´μ¥ ´ -

²μ¦¥´¨¥³ Z1ÄZ5 ¸²μ¥¢
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¶·μ¢μ¤¨²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ë²Êμ·¥¸Í¥´É´ÒÌ ±· ¸¨É¥²¥° FITC (³ÒÏÓ, 1 : 200, ab97239,
®Abcam¯, ‘˜�) ¨ Texas Red (±·μ²¨±, 1 : 400, ab6719, ®Abcam¯, ‘˜�), ±μ´ÑÕ£¨·μ-
¢ ´´ÒÌ ¸ ±μ§Ó¨³¨ ¢Éμ·¨Î´Ò³¨  ´É¨É¥² ³¨ μÉ Abcam. � ¸É¢μ· DAPI (600´Œ, Sigma)
¨ ËμÉμ§ Ð¨É´μ° ¸·¥¤Ò Vectashild H-1000 (VectorLaboratories) ¶·¨³¥´Ö²¸Ö ¤²Ö μ±· ¸±¨
Ö¤¥·. ˆ§μ¡· ¦¥´¨Ö μ±· Ï¥´´ÒÌ ¶·¥¶ · Éμ¢ ¶μ²ÊÎ ²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ë²Êμ·¥¸Í¥´É-
´μ£μ ³¨±·μ¸±μ¶  AxioImager.M2 (Carl Zeiss), μ¸´ Ð¥´´μ£μ ¸¢¥Éμ¢μ° ¸¨¸É¥³μ° μ¶É¨Î¥-
¸±μ£μ ¸¥±Í¨μ´¨·μ¢ ´¨Ö ApoTome.2. �μ²ÊÎ¥´´Ò° ¸É¥± ¨§μ¡· ¦¥´¨° ¢¤μ²Ó μ¸¨ Z ·¥±μ´-
¸É·Ê¨·μ¢ ²¸Ö ¢ ¶·μ£· ³³¥ Zen 2012 ¢ ¶¸¥¢¤μÉ·¥Ì³¥·´μ¥ (3D) ¨§μ¡· ¦¥´¨¥ Ö¤·  ±²¥É±¨.
‚ ¤ ²Ó´¥°Ï¥³ ¨§μ¡· ¦¥´¨Ö  ´ ²¨§¨·μ¢ ²¨¸Ó ¢ 3D-£¥μ³¥É·¨¨ ¢ ¶·μ£· ³³¥ Zen 2012, ¶μ-
§¢μ²ÖÕÐ¥° ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ ¨´¤¨¢¨¤Ê ²Ó´Ò¥ γH2AX ¨ 53BP1 Ëμ±Ê¸Ò ´  ± ¦¤μ³ ¨§
¸²μ¥¢ Z-¸É¥±  ¨§μ¡· ¦¥´¨°. ’ ±μ° ¸¶μ¸μ¡ ¶μ§¢μ²Ö² ¶·μ¢μ¤¨ÉÓ ±μ²¨Î¥¸É¢¥´´ÊÕ μÍ¥´±Ê
¸É¥¶¥´¨ ±² ¸É¥·¨§ Í¨¨ �ˆ”. ˆ²²Õ¸É· Í¨Ö ¶μ¤¸Î¥É  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢, ¢Ìμ¤ÖÐ¨Ì
¢ γH2AX ±² ¸É¥·, ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2. �μ¤¸Î¥É ±μ²μ± ²¨§μ¢ ´´ÒÌ γH2AX/53BP1 ±² -
¸É¥·μ¢ Ëμ±Ê¸μ¢ ¶·μ¢μ¤¨²¨ ¢ 3D-£¥μ³¥É·¨¨. „²Ö ±μ²¨Î¥¸É¢¥´´μ£μ  ´ ²¨§  § ¢¨¸¨³μ¸É¥°
Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ ±μ²μ± ²¨§μ¢ ´´ÒÌ · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ±Ê¸μ¢
γH2AX/53BP1  ´ ²¨§¨·μ¢ ²¨ ´¥ ³¥´¥¥ 30 ±²¥Éμ±.

�…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

Š ± ¨§¢¥¸É´μ, μ¤´μ° ¨§ ´ ¨¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ± ¤¥°¸É¢¨Õ ¨μ´¨§¨·ÊÕÐ¥° · ¤¨ Í¨¨
¸É·Ê±ÉÊ· –	‘ Ö¢²Ö¥É¸Ö £¨¶¶μ± ³¶. �É  μ¡² ¸ÉÓ ¸μ¸Éμ¨É ¨§ ±²¥Éμ±, ¶²μÉ´μ Ê¶ ±μ¢ ´´ÒÌ
¢ ²¥´ÉμÎ´ÊÕ ¸É·Ê±ÉÊ·Ê, ±μÉμ·Ò¥ · ¸¶·¥¤¥²ÖÕÉ¸Ö ¢¤μ²Ó ³¥¤¨ ²Ó´ÒÌ ¸É¥´μ± ´¨¦´¨Ì ·μ£μ¢
¡μ±μ¢ÒÌ ¦¥²Ê¤μÎ±μ¢ ³μ§£  ¢ ¶¥·¥¤´¥-§ ¤´¥³ ´ ¶· ¢²¥´¨¨. ƒ¨¶¶μ± ³¶ ²Ó´ÊÕ Ëμ·³ Í¨Õ
–	‘ ¶μ¤· §¤¥²ÖÕÉ ´  ®¸μ¡¸É¢¥´´μ £¨¶¶μ± ³¶¯ (¶μ²Ö ‘�1, ‘�2 ¨ ‘�3), §Ê¡Î ÉÊÕ ¨§¢¨-
²¨´Ê ¨ ¸Ê¡¨±Ê²Ê³. ‘μ¡¸É¢¥´´μ £¨¶¶μ± ³¶ ¶μ¤· §¤¥²ÖÕÉ ´  ¶·μ±¸¨³ ²Ó´ÊÕ ±·Ê¶´μ±²¥-
ÉμÎ´ÊÕ ¨ ¤¨¸É ²Ó´ÊÕ ³¥²±μ±²¥ÉμÎ´ÊÕ μ¡² ¸É¨, ¶·¨Î¥³ ¶μ²Ö ‘�3 ¨ ‘�2 Ô±¢¨¢ ²¥´É´Ò
±·Ê¶´μ±²¥ÉμÎ´μ° μ¡² ¸É¨,   CA1 Å ³¥²±μ±²¥ÉμÎ´μ° [7].

• · ±É¥·´μ¥  ´ Éμ³¨Î¥¸±μ¥ ¸É·μ¥´¨¥ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨ ¢ ´ Ï¨Ì ¨¸¸²¥¤μ-
¢ ´¨ÖÌ ¢ÒÖ¢²Ö²¨ ¶μ μ±· ¸±¥ ¸·¥§μ¢ DAPI (·¨¸. 3). �μ²Ö £¨¶¶μ± ³¶  Å ‘�1, ‘�2 ¨
‘�3 Å ¤¨ËË¥·¥´Í¨·μ¢ ²¨ ¶μ · §³¥·Ê Ö¤¥· ¨ ¶²μÉ´μ¸É¨ ¨Ì · ¸¶μ²μ¦¥´¨Ö ¢ ²¥´ÉμÎ´μ°
¸É·Ê±ÉÊ·¥. Š²¥É±¨ ‘�1 ¶μ²Ö ¨³¥ÕÉ ³¥´ÓÏ¨¥ ¶μ · §³¥·Ê Ö¤·  ¸ ¶²μÐ ¤ÓÕ (S), · ¢´μ°
S = (108 ± 16,9) ³±³2. ‚ CA3 ¶μ²¥ ¶²μÐ ¤Ó Ö¤¥· ¸μ¸É ¢²Ö¥É Å (145 ± 5,9) ³±³2 ¨
· ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ±²¥ÉμÎ´Ò³¨ Ö¤· ³¨ ∼ 11 ³±³.

“¸±μ·¥´´Ò¥ ¤μ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô´¥·£¨° Ö¤·  ±·¨¶Éμ´  μ¡² ¤ ÕÉ ¸¶μ¸μ¡´μ¸ÉÓÕ ¶¥·¥-
¤ ¢ ÉÓ ¢Ò¸μ±ÊÕ ²μ± ²Ó´ÊÕ Ô´¥·£¨Õ £¥´¥É¨Î¥¸±¨³ ¸É·Ê±ÉÊ· ³ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¸¥·¤Í¥-
¢¨´Ò É·¥±μ¢ Î¥·¥§ Ö¤·  ±²¥Éμ± ¨ Ëμ·³¨·μ¢ ÉÓ δ-Ô²¥±É·μ´´ÊÕ ®ÏÊ¡Ê¯, ¶·μ¸É¨· ÕÐÊÕ¸Ö
¤ ²¥±μ §  ¶·¥¤¥²Ò £¥μ³¥É·¨Î¥¸±μ° μ¸¨ É·¥±  ÉÖ¦¥²μ° § ·Ö¦¥´´μ° Î ¸É¨ÍÒ. Œμ¤¥²¨-
·μ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò É·¥±μ¢ ¨μ´μ¢ 78Kr ¸ Ô´¥·£¨¥° 2,58 ƒÔ‚/´Ê±²μ´ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¶·μ£· ³³Ò RITRACK 3.1 (NASA) ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¢ ¦´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨¸¶μ²Ó-
§μ¢ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. ‚¥²¨Î¨´  ¨Ì ‹�� ¸μ¸É ¢²Ö¥É
∼ 250 ±Ô‚/³±³ (·¨¸. 4). �Í¥´±  ³ ±¸¨³ ²Ó´μ£μ · ¤¨Ê¸  δ-Ô²¥±É·μ´´μ° ®ÏÊ¡Ò¯ ´  1 ¸³
¶·μ¡¥£  Î ¸É¨ÍÒ ¢ ¶·μ£· ³³¥ GEANT 4 ¸μ¸É ¢²Ö¥É (6,8 ± 0,2) ¸³ [8].

ˆ¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤  ¨³³Ê´μ£¨¸ÉμÌ¨³¨Î¥¸±μ£μ μ±· Ï¨¢ ´¨Ö ¸ ¶¥·¢¨Î´Ò³¨  ´É¨É¥-
² ³¨, ¸¶¥Í¨Ë¨Î´Ò³¨ ± ¡¥²±Ê γH2AX ¨ ¤·Ê£¨³ ¡¥²± ³ ·¥¶ · Í¨¨, ¤²Ö ¢ÒÖ¢²¥´¨Ö ¶μ-
¢·¥¦¤¥´¨° ¢ £¥´¥É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· Ì ´¥°·μ´μ¢ μ¡²ÊÎ¥´´ÒÌ ¦¨¢μÉ´ÒÌ ¶μ§¢μ²Ö¥É ¢¨§Ê -
²¨§¨·μ¢ ÉÓ Éμ¶μ£· Ë¨Î¥¸±¨¥ μ¸μ¡¥´´μ¸É¨ Ëμ·³¨·μ¢ ´¨Ö É ±¨Ì ¶μ¢·¥¦¤¥´¨° ¢ ³μ§£μ¢ÒÌ
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�¨¸. 3. �´ Éμ³¨Ö £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨. �±· Ï¨¢ ´¨¥ DAPI Ö¤¥· ±²¥Éμ± ¸·¥§  £μ²μ¢´μ£μ
³μ§£  ³¥Éμ¤μ³ ¨³³Ê´μ£¨¸ÉμÌ¨³¨Î¥¸±μ£μ μ±· Ï¨¢ ´¨Ö (×100 Ê¢¥²¨Î¥´¨¥)

�¨¸. 4. Œμ¤¥²¨·μ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò É·¥±μ¢ ¨μ´μ¢ 78Kr36 ¸ Ô´¥·£¨¥° 2,58 ƒÔ‚/´Ê±²μ´ ¸ ¨¸¶μ²Ó§μ¢ -

´¨¥³ ¶·μ£· ³³Ò RITRACK 3.1 (NASA)

¸É·Ê±ÉÊ· Ì. �´ ²¨§ Ì · ±É¥·  ²μ± ²¨§ Í¨¨ ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ¢ Ö¤· Ì ´¥°·μ´μ¢ ¶μ¢·¥¦¤¥-
´¨° ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ´ ¨¡μ²¥¥ Î ¸Éμ μ´¨ · ¸¶μ² £ ÕÉ¸Ö ¢ ¢¨¤¥ ®É·¥±μ¢¯ ¶μ
Ìμ¤Ê ¶¥·¥¸¥± ÕÐ¨Ì μ¡²ÊÎ ¥³Ò¥ μ¡² ¸É¨ ³μ§£  § ·Ö¦¥´´ÒÌ Î ¸É¨Í (·¨¸. 5,  ).
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�¨¸. 5 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). a) ‚¨§Ê ²¨§ Í¨Ö É·¥±  ¨μ´  78Kr ¢ Ö¤·¥ ±²¥É±¨ §Ê¡Î -

Éμ° Ë ¸Í¨¨ ³¥Éμ¤μ³ ¨³³Ê´μ£¨¸ÉμÌ¨³¨Î¥¸±μ£μ μ±· Ï¨¢ ´¨Ö. ‡¥²¥´Ò³ ¶μ± § ´ ¸Ëμ·³¨·μ¢ ´´Ò°

¨μ´μ³ ±·¨¶Éμ´  É·¥± γH2AX Ëμ±Ê¸μ¢, ¸¨´¨³ Å Ö¤·μ ¨ μ±· Ï¥´´Ò° Ì·μ³ É¨´ (DAPI); ¡) ¢¨§Ê ²¨-
§ Í¨Ö É·¥±  ¢ Ö¤·¥ ±²¥É±¨ ‘�1 ¶μ¤μ¡² ¸É¨ Î¥·¥§ 1 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö; ¢) ¢¨§Ê ²¨§ Í¨Ö �ˆ” ¢ Ö¤·¥

±²¥É±¨ §Ê¡Î Éμ° Ë ¸Í¨¨ ³¥Éμ¤μ³ ¨³³Ê´μ£¨¸ÉμÌ¨³¨Î¥¸±μ£μ μ±· Ï¨¢ ´¨Ö ¶·¨ ¤¥°¸É¢¨¨ ¶·μÉμ´μ¢

150 ŒÔ‚
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�¨¸. 6. ‘Ì¥³  · ¸Î¥É  ¶²μÉ´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö

γH2AX/53BP1 Ëμ±Ê¸μ¢ ¢ ¢¨§Ê ²¨§¨·μ¢ ´´μ³ ®É·¥±¥¯ ¶·¨
¶·μÌμ¦¤¥´¨¨ ¨μ´  78Kr ¢ Ö¤·¥ ±²¥É±¨ ‘�1 ¶μ¤μ¡² ¸É¨

£¨¶¶μ± ³¶ 

�¨¸. 7. a) ‘μ¸É ¢ ¸²μ¦´μμ·£ ´¨§μ¢ ´´ÒÌ γH2AX/53BP1 ±² ¸É¥·μ¢ Ëμ±Ê¸μ¢, Ëμ·³¨·Ê¥³ÒÌ Î¥·¥§
1 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¨ ¶·μÉμ´ ³¨ ¢ ¤μ§¥ 3 ƒ· ¢ ±²¥É± Ì §Ê¡Î Éμ° Ë ¸Í¨¨. ¡) ˆ§μ¡· -

¦¥´¨¥ Ö¤·  ±²¥É±¨ §Ê¡Î Éμ° Ë ¸Í¨¨ ¶μ¸²¥ ¢μ§¤¥°¸É¢¨Ö ¶·μÉμ´μ¢ ¢ ¤μ§¥ 3 ƒ· (150 ŒÔ‚)
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�μ¤μ¡´Ò¥ ®É·¥±μ¢Ò¥ ¸É·Ê±ÉÊ·Ò¯ μ¡· §ÊÕÉ¸Ö ¢¸²¥¤¸É¢¨¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ · ¸¶μ²μ-
¦¥´¨Ö ±μ²μ± ²¨§μ¢ ´´ÒÌ γH2AX/53BP1 Ëμ±Ê¸μ¢ ¢ μ¤´μ³ ¢Ò¤¥²¥´´μ³ ´ ¶· ¢²¥´¨¨ ´ 
μ¡Ð¥³ ¶μ²¥ £¨¸Éμ²μ£¨Î¥¸±μ£μ ¸·¥§ . �·¥¤¸É ¢²¥´´Ò¥ ³ É¥·¨ ²Ò ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ Éμ³,
ÎÉμ ¶·¨ ¤¥°¸É¢¨¨ ¨μ´μ¢ 78Kr ¢ Ö¤· Ì ±²¥Éμ± £μ²μ¢´μ£μ ³μ§£  μ¡²ÊÎ¥´´ÒÌ ¦¨¢μÉ´ÒÌ Ëμ·-
³¨·ÊÕÉ¸Ö ¶²μÉ´Ò¥, Ìμ·μÏμ · §²¨Î¨³Ò¥ γH2AX/53BP1 Ëμ±Ê¸Ò ¢ ¢¨¤¥ ®É·¥±μ¢ÒÌ ¸É·Ê±-
ÉÊ·¯. �μ²ÓÏ¨´¸É¢μ ¢¨§Ê ²¨§¨·μ¢ ´´ÒÌ ®É·¥±μ¢¯ ¶¥·¥¸¥± ÕÉ μ¤´μ¢·¥³¥´´μ ´¥¸±μ²Ó±μ
±²¥ÉμÎ´ÒÌ Ö¤¥·, ¸·¥¤´ÖÖ ¤²¨´  ®É·¥± ¯ ¢ Ö¤·¥ ¸μ¸É ¢²Ö¥É 9,6 ³±³ ¶·¨ ¤¨ ³¥É·¥ ±²¥ÉμÎ-
´μ£μ Ö¤·  ∼ 11,7 ³±³. �·¨ ÔÉμ³ ¡μ²ÓÏ Ö Î ¸ÉÓ Ëμ±Ê¸μ¢ (∼ 75%) ²μ± ²¨§Ê¥É¸Ö ¢ ¸ °É Ì
¶μ Ìμ¤Ê ¸¥·¤Í¥¢¨´Ò É·¥±  § ·Ö¦¥´´ÒÌ Î ¸É¨Í. ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ Ëμ·³¨·ÊÕÐ¨¥¸Ö
�ˆ” Î¥·¥§ 1 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¨³¥ÕÉ ¡μ²¥¥ ¸²μ¦´ÊÕ ±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê
¶μ ¸· ¢´¥´¨Õ ¸ ¨§ÊÎ¥´´Ò³¨ ´ ³¨ · ´¥¥ [6] ¶μ¢·¥¦¤¥´¨Ö³¨, ¨´¤ÊÍ¨·Ê¥³Ò³¨ ¶·μÉμ´ ³¨
¸ Ô´¥·£¨¥° 150 ŒÔ‚ (·¨¸. 5, ¢).

	  ·¨¸. 6 ¶·¥¤¸É ¢²¥´  ¸Ì¥³  · ¸Î¥É  ¶²μÉ´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö �ˆ” ¢ ¢¨§Ê ²¨§¨-
·μ¢ ´´μ³ ®É·¥±¥¯. �²μÉ´μ¸ÉÓ �ˆ” ¢ ®É·¥±¥¯ μ¶·¥¤¥²Ö² ¸Ó ± ± ¸μμÉ´μÏ¥´¨¥ ±μ²¨Î¥-
¸É¢  ¶μ¤¸Î¨É ´´ÒÌ ¢ 3D-£¥μ³¥É·¨¨ ±μ²μ± ²¨§μ¢ ´´ÒÌ γH2AX/53BP1 Ëμ±Ê¸μ¢, · ¸¶μ-
²μ¦¥´´ÒÌ ¢ Ö¤·¥ ±²¥É±¨ ¢ μ¤´μ³ ´ ¶· ¢²¥´¨¨ ¢ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¡²¨§μ¸É¨, ± μ¡Ð¥°
¤²¨´¥ ¢¨§Ê ²¨§¨·μ¢ ´´μ£μ ®É·¥± ¯ Î ¸É¨ÍÒ ¢ Ö¤·¥. �·¨ ¶¥·¥¸¥Î¥´¨¨ Î ¸É¨Í¥° μ¤´μ-
¢·¥³¥´´μ ´¥¸±μ²Ó±¨Ì ±²¥ÉμÎ´ÒÌ Ö¤¥· ¤²¨´  ®É·¥± ¯ Î ¸É¨ÍÒ μÍ¥´¨¢ ² ¸Ó ¤²Ö ± ¦¤μ°
±²¥É±¨ ¢ μÉ¤¥²Ó´μ¸É¨. �²μÉ´μ¸ÉÓ �ˆ” ¢ ®É·¥±¥¯, ¶·¥¤¸É ¢²¥´´μ³ ´  ·¨¸. 6, ¸μ¸É ¢²Ö¥É
2,45 �ˆ”/³±³. ‘·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ �ˆ” ¢ ®É·¥±μ¢ÒÌ μ¡² ¸ÉÖÌ¯ ´¥°·μ´μ¢ ‘�1 ¶μ¤μ¡² ¸É¨
¸μ¸É ¢²Ö¥É 0,7 �ˆ”/³±³. …¤¨´¨Î´Ò¥ Ëμ±Ê¸Ò · ¸¶μ² £ ÕÉ¸Ö ´  ¶¥·¨Ë¥·¨¨ ¢Ò¤¥²¥´´μ°
É·¥±μ¢μ° ¸É·Ê±ÉÊ·Ò �ˆ”.

	  ·¨¸. 7,   ¶μ± § ´ ¸μ¸É ¢ Ëμ·³¨·Ê¥³ÒÌ ¸²μ¦´μμ·£ ´¨§μ¢ ´´ÒÌ γH2AX/53BP1 ±² ¸-
É¥·μ¢ Î¥·¥§ 1 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¨ ¶·μÉμ´ ³¨ ¢ ¤μ§¥ 3 ƒ· ¢ ±²¥É± Ì §Ê¡Î Éμ°
Ë ¸Í¨¨. ‚ÒÖ¢²¥´μ, ÎÉμ ¨μ´Ò 78Kr Î¥·¥§ 1 Î Ëμ·³¨·ÊÕÉ ¸²μ¦´Ò¥ ±² ¸É¥·Ò �ˆ”, ¸μ¸Éμ-
ÖÐ¨¥ ¨§ ´¥¸±μ²Ó±¨Ì ¨´¤¨¢¨¤Ê ²Ó´ÒÌ �ˆ”. „²Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¨Ì ±μ²¨Î¥¸É¢μ ¤μ¸É¨£ ¥É
7Ä8, ÎÉμ ´¥ μÉ³¥Î ¥É¸Ö ¶·¨ μ¡²ÊÎ¥´¨¨ ¶·μÉμ´ ³¨.

	  ·¨¸. 8, a, ¡ ¶·¥¤¸É ¢²¥´ ¸μ¸É ¢ ¸²μ¦´μμ·£ ´¨§μ¢ ´´ÒÌ γH2AX/53BP1 ±² ¸É¥·μ¢
¢ · §²¨Î´μ¥ ¢·¥³Ö ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¢ ±²¥É± Ì §Ê¡Î Éμ° Ë ¸Í¨¨ ¨ ‘�1 ¶μ¤-
μ¡² ¸É¨ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨. —¥·¥§ 1 ¨ 4 Î ¶μ¸²¥ · ¤¨ Í¨μ´´μ£μ ¢μ§¤¥°¸É¢¨Ö
¡μ²ÓÏ¨´¸É¢μ Ëμ±Ê¸μ¢ ¸μ¸Éμ¨É ¨§ 2Ä4 ¡²¨§±μ· ¸¶μ²μ¦¥´´ÒÌ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢.
‘´¨¦¥´¨¥ ¸²μ¦´μ¸É¨ Ëμ·³¨·Ê¥³ÒÌ �ˆ” ¶·μ¨¸Ìμ¤¨É Éμ²Ó±μ ± 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö.
Š ÔÉμ³Ê ¢·¥³¥´¨ ¢ ±²¥É± Ì §Ê¡Î Éμ° Ë ¸Í¨¨ μ¸É ÕÉ¸Ö Éμ²Ó±μ ¥¤¨´¨Î´Ò¥ �ˆ”, ¸μ¸ÉμÖÐ¨¥
¨§ ¤¢ÊÌ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢ ¢ ‘�1 ¶μ¤μ¡² ¸É¨ £¨¶¶μ± ³¶ .

	  ·¨¸. 9 ¶·¥¤¸É ¢²¥´  ±¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ γH2AX/53BP1 Ëμ±Ê-
¸μ¢ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¢ ±²¥É± Ì §Ê¡Î Éμ° Ë ¸Í¨¨ ¨ ‘�1 ¶μ¤μ¡² ¸É¨ £¨¶-
¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨. Œ ±¸¨³ ²Ó´μ¥ ±μ²¨Î¥¸É¢μ �ˆ” ¢ ±²¥É± Ì ‘�1 ¶μ¤μ¡² ¸É¨
´ ¡²Õ¤ ¥É¸Ö Î¥·¥§ 1 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö. —¥·¥§ 4 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¶·μ¨¸Ìμ¤¨É ´¥±μÉμ-
·μ¥ ¸´¨¦¥´¨¥ ±μ²¨Î¥¸É¢  �ˆ”. �¤´ ±μ ¸É É¨¸É¨Î¥¸±¨ §´ Î¨³Ò¥ · §²¨Î¨Ö ¢ ±μ²¨Î¥¸É¢¥
�ˆ” Î¥·¥§ 1 ¨ 4 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö μÉ¸ÊÉ¸É¢ÊÕÉ. Š 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö μ¸É ¥É¸Ö
´¥±μÉμ·μ¥ ±μ²¨Î¥¸É¢μ ±²¥Éμ±, ¸μ¤¥·¦ Ð¨Ì μÉ¤¥²Ó´Ò¥ ±·Ê¶´Ò¥ �ˆ”. ‚ ±²¥É± Ì §Ê¡Î Éμ°
Ë ¸Í¨¨ ³ ±¸¨³ ²Ó´μ¥ ±μ²¨Î¥¸É¢μ �ˆ” ´ ¡²Õ¤ ¥É¸Ö Î¥·¥§ 4 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö. ‚¨§Ê-
 ²¨§ Í¨Ö ±μ²¨Î¥¸É¢¥´´ÒÌ ¨ ³μ·Ëμ²μ£¨Î¥¸±¨Ì ¨§³¥´¥´¨° Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨
γH2AX/53BP1 Ëμ±Ê¸μ¢ ¢ ‘�1 ¶μ¤μ¡² ¸É¨ ¨ §Ê¡Î Éμ° Ë ¸Í¨¨ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ -
Í¨¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ´Ò ´  ·¨¸. 10 ¨ 11 ¸μμÉ¢¥É¸É¢¥´´μ.
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�¨¸. 8. ‘μ¸É ¢ ¸²μ¦´μμ·£ ´¨§μ¢ ´´ÒÌ γH2AX/53BP1 ±² ¸É¥·μ¢ Ëμ±Ê¸μ¢ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ-

´ ³¨ 78Kr ¢ ±²¥É± Ì §Ê¡Î Éμ° Ë ¸Í¨¨ (a) ¨ ‘�1 ¶μ¤μ¡² ¸É¨ (¡) £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨. �μ
μ¸¨  ¡¸Í¨¸¸ μÉ²μ¦¥´μ ±μ²¨Î¥¸É¢μ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ Ëμ±Ê¸μ¢, ¢Ìμ¤ÖÐ¨Ì ¢ ¸²μ¦´μμ·£ ´¨§μ¢ ´´Ò°

γH2AX/53BP1 ±² ¸É¥·, ¶μ μ¸¨ μ·¤¨´ É Å μÉ´μ¸¨É¥²Ó´μ¥ ±μ²¨Î¥¸É¢μ ±² ¸É¥·μ¢ μ¶·¥¤¥²¥´´μ°

¸²μ¦´μ¸É¨ μÉ ¢¸¥£μ μ¡Ñ¥³  ¶·μ ´ ²¨§¨·μ¢ ´´ÒÌ γH2AX/53BP1 Ëμ±Ê¸μ¢ ¢ 3D-£¥μ³¥É·¨¨

�¨¸. 9. Š¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ γH2AX/53BP1 Ëμ±Ê¸μ¢ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨
78Kr ¢ ±²¥É± Ì §Ê¡Î Éμ° Ë ¸Í¨¨ ¨ ‘�1 ¶μ¤μ¡² ¸É¨ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨. �·¥¤¸É ¢²¥´μ
¸·¥¤´¥¥ §´ Î¥´¨¥± ¸É ´¤ ·É´ Ö μÏ¨¡±  ¸·¥¤´¥£μ. ‘É É¨¸É¨Î¥¸±¨ ¤μ¸Éμ¢¥·´ Ö · §´¨Í  ³¥¦¤Ê ±μ-

²¨Î¥¸É¢μ³ γH2AX/53BP1 Ëμ±Ê¸μ¢ ¢ ‘�1 ¶μ¤μ¡² ¸É¨ ¨ §Ê¡Î Éμ° Ë ¸Í¨¨ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ -
Í¨¨ ´ ¡²Õ¤ ¥É¸Ö Î¥·¥§ 1 ¨ 4 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö, P = 0,05 (É¥¸É Œ ´´ Ä“¨É´¨). ‘É É¨¸É¨Î¥¸±¨

¤μ¸Éμ¢¥·´ Ö · §´¨Í  ¢ ±μ²¨Î¥¸É¢¥ γH2AX/53BP1 Ëμ±Ê¸μ¢ ´ ¡²Õ¤ ¥É¸Ö ³¥¦¤Ê 1 ¨ 4 Î ¶μ¸²¥ μ¡²Ê-

Î¥´¨Ö §Ê¡Î Éμ° Ë ¸Í¨¨. ‘É É¨¸É¨Î¥¸±¨ §´ Î¨³Ò¥ · §²¨Î¨Ö ¢ ¸· ¢´¥´¨¨ ¸ ´¥μ¡²ÊÎ¥´´Ò³ ±μ´É·μ²¥³
´ ¡²Õ¤ ÕÉ¸Ö Î¥·¥§ 1 ¨ 4 Î ¶·¨ P = 0,001, Î¥·¥§ 24 Î Å P = 0,05 (É¥¸É Œ ´´ Ä“¨É´¨)

�μ²ÊÎ¥´´Ò¥ ³ É¥·¨ ²Ò ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ Éμ³, ÎÉμ ¶·μÌμ¦¤¥´¨¥ ’‡— ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì Ô´¥·£¨° Î¥·¥§ £¥´¥É¨Î¥¸±¨¥ ¸É·Ê±ÉÊ·Ò ±²¥É±¨ ¢²¥Î¥É §  ¸μ¡μ° Ëμ·³¨·μ¢ ´¨¥ ¶μ-
¢·¥¦¤¥´¨° ¸ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ±² ¸É¥·¨§ Í¨¨. Š ± Ê¦¥ Ê± §Ò¢ ²μ¸Ó ¢ÒÏ¥ (¸³. ·¨¸. 5, a),
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�¨¸. 10. ”μ·³¨·μ¢ ´¨¥ ¨ Ô²¨³¨´ Í¨Ö γH2AX/53BP1 Ëμ±Ê¸μ¢ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¢ ±²¥É-

± Ì £¨¶¶μ± ³¶  ‘�1 μ¡² ¸É¨ Î¥·¥§ 1 Î (a), 4 Î (¡), 24 Î (¢)

Ì · ±É¥· · ¸¶·¥¤¥²¥´¨Ö · ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ±Ê¸μ¢ ¸¶Ê¸ÉÖ 1 Î ¶μ¸²¥ μ¡²ÊÎ¥-
´¨Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ®É·¥±μ¢¯, ¶¥·¥¸¥± ÕÐ¨Ì μ¡²ÊÎ ¥³Ò¥ μ¡² ¸É¨ ³μ§£ . ‘²¥¤Ê¥É
§ ³¥É¨ÉÓ, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢ÒÖ¢²ÖÕÉ¸Ö ¨ ´¥±μ²μ± ²¨§μ¢ ´´Ò¥ ¸ °ÉÒ γH2AX ¨ 53BP1
Ëμ±Ê¸μ¢; ²¨ÏÓ ´ ¨¡μ²¥¥ ±·Ê¶´Ò¥ γH2AX Ëμ±Ê¸Ò ¨³¥ÕÉ ±μ²μ± ²¨§ Í¨Õ ¸ 53BP1 ¸ °-
É ³¨. �Éμ ³μ¦¥É ¡ÒÉÓ μ¡Ê¸²μ¢²¥´μ ²¨¡μ ´¥¤μ¸É ÉμÎ´Ò³ ±μ²¨Î¥¸É¢μ³ 53BP1 ¡¥²±  Î¥·¥§
1 Î ¶μ¸²¥ · ¤¨ Í¨μ´´μ£μ ¢μ§¤¥°¸É¢¨Ö, ²¨¡μ ´¥¤μ¸ÉÊ¶´μ¸ÉÓÕ ¸ °Éμ¢ ¶μ¢·¥¦¤¥´¨° ¤²Ö
53BP1. —¥·¥§ 4 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¢ ±²¥É± Ì É ±¦¥ ¢ÒÖ¢²ÖÕÉ¸Ö Ëμ±Ê¸Ò γH2AX/53BP1
¢ ¢¨¤¥ ®É·¥±μ¢¯, ´μ Ê¦¥ ¸ ¡μ²¥¥ ´¨§±μ° ¶²μÉ´μ¸ÉÓÕ · ¸¶·¥¤¥²¥´¨Ö �ˆ” ¢ ®É·¥± Ì¯
¶μ ¸· ¢´¥´¨Õ ¸ ¶¥·¢Ò³ Î ¸μ³ ¶μ¸²¥ · ¤¨ Í¨μ´´μ£μ ¢μ§¤¥°¸É¢¨Ö, ÎÉμ Ìμ·μÏμ ¢¨¤´μ
´  ·¨¸. 10, ¡ ¨ 11, ¡. 	 ¡²Õ¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥ ¶²μÐ ¤¨ ±μ²μ± ²¨§μ¢ ´´ÒÌ �ˆ” ¨ μÉ-
¸ÊÉ¸É¢¨¥ ´¥±μ²μ± ²¨§μ¢ ´´ÒÌ γH2AX Ëμ±Ê¸μ¢. Š 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¡μ²ÓÏ¨´¸É¢μ
Ö¤¥· ±²¥Éμ± ¢ ‘�1 ¶μ¤μ¡² ¸É¨ ¨ §Ê¡Î Éμ° Ë ¸Í¨¨ ´¥ ¸μ¤¥·¦ É Ëμ±Ê¸Ò ¢ ¢¨¤¥ ®É·¥±μ¢¯,
μ¤´ ±μ ¸μÌ· ´Ö¥É¸Ö ´¥¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ ±²¥Éμ±, ¸μ¤¥·¦ Ð¨Ì ±·Ê¶´Ò¥ ¥¤¨´¨Î´Ò¥ Ëμ-
±Ê¸Ò (·¨¸. 10, ¢ ¨ 11, ¢).



”μ·³¨·μ¢ ´¨¥ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „�Š ¢ ´¥°·μ´ Ì £μ²μ¢´μ£μ ³μ§£  ±·Ò¸ 347

�¨¸. 11. ”μ·³¨·μ¢ ´¨¥ ¨ Ô²¨³¨´ Í¨Ö γH2AX/53BP1 Ëμ±Ê¸μ¢ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¢ ±²¥É-

± Ì §Ê¡Î Éμ° Ë ¸Í¨¨ £¨¶¶μ± ³¶ ²Ó´μ° Ëμ·³ Í¨¨ Î¥·¥§ 1 Î (a), 4 Î (¡), 24 Î (¢)

’ ±¨³ μ¡· §μ³, μÉ²¨Î¨É¥²Ó´μ° Î¥·Éμ° ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´  £¥-
´¥É¨Î¥¸±¨¥ ¸É·Ê±ÉÊ·Ò ±²¥Éμ± Í¥´É· ²Ó´μ° ´¥·¢´μ° ¸¨¸É¥³Ò ¦¨¢μÉ´ÒÌ ¶·¨ μ¡²ÊÎ¥´¨¨
in vivo, É ± ¦¥ ± ± ¨ ¶·¨ μ¡²ÊÎ¥´¨¨ ±Ê²ÓÉÊ·Ò ±²¥Éμ± in vitro, Ö¢²Ö¥É¸Ö Ëμ·³¨·μ¢ ´¨¥
±² ¸É¥·´ÒÌ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „	Š Å ´ ¨¡μ²¥¥ ÉÖ¦¥²ÒÌ £¥´¥É¨Î¥¸±¨Ì ´ ·ÊÏ¥´¨°,
´¥ Ì · ±É¥·´ÒÌ ¤²Ö Ô²¥±É·μ³ £´¨É´ÒÌ ¢¨¤μ¢ ¨§²ÊÎ¥´¨°. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¢μ ³´μ£μ³
μ¡Ê¸²μ¢²¨¢ ¥É ¢Ò¸μ±ÊÕ ¡¨μ²μ£¨Î¥¸±ÊÕ ÔËË¥±É¨¢´μ¸ÉÓ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶μ
· §²¨Î´Ò³ ±·¨É¥·¨Ö³ · ¤¨ Í¨μ´´μ£μ ¢μ§¤¥°¸É¢¨Ö: ²¥É ²Ó´Ò³ ÔËË¥±É ³, É· ´¸Ëμ·³ -
Í¨¨ ´μ·³ ²Ó´ÒÌ ±²¥Éμ± ¢ §²μ± Î¥¸É¢¥´´Ò¥, Ëμ·³¨·μ¢ ´¨Õ · §²¨Î´μ£μ É¨¶  Ì·μ³μ¸μ-
³´ÒÌ  ¡¥·· Í¨°. �´ ²¨§ ³μ²¥±Ê²Ö·´ÒÌ ´ ·ÊÏ¥´¨°, ²¥¦ Ð¨Ì ¢ μ¸´μ¢¥ ¤¥°¸É¢¨Ö ’‡—,
Ê± §Ò¢ ¥É ¢ ÔÉμ³ ¸²ÊÎ ¥ ´  ·¥Ï ÕÐÊÕ ·μ²Ó ±² ¸É¥·´ÒÌ ¶μ¢·¥¦¤¥´¨° „	Š ¢ ¨´¨Í¨ -
Í¨¨ ¶ Éμ²μ£¨Î¥¸±¨Ì ¨§³¥´¥´¨°. �μ²ÊÎ¥´´Ò¥ ´ ³¨ ³ É¥·¨ ²Ò, ± ¸ ÕÐ¨¥¸Ö μ¸μ¡¥´´μ¸É¥°
Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ ±² ¸É¥·´ÒÌ ¶μ¢·¥¦¤¥´¨° „	Š ¢ ¸É·Ê±ÉÊ· Ì Í¥´É· ²Ó´μ°
´¥·¢´μ° ¸¨¸É¥³Ò £·Ò§Ê´μ¢ ¶·¨ μ¡²ÊÎ¥´¨¨ ÉÖ¦¥²Ò³¨ Ö¤· ³¨ ±·¨¶Éμ´  ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ô´¥·£¨°, ¤ ÕÉ ¶·¥¤¸É ¢²¥´¨¥ μ Ì · ±É¥·¥ ÉÖ¦¥¸É¨ £¥´¥É¨Î¥¸±¨Ì ´ ·ÊÏ¥´¨° ¢ ´¥°·μ-
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´ Ì £μ²μ¢´μ£μ ³μ§£  μ¡²ÊÎ¥´´ÒÌ ¦¨¢μÉ´ÒÌ. ‘É¥¶¥´Ó ±² ¸É¥·¨§ Í¨¨ ·¥£¨¸É·¨·Ê¥³ÒÌ
�ˆ” ¤μ¸É¨£ ¥É §´ Î¨É¥²Ó´ÒÌ ¢¥²¨Î¨´. ‚ ¨´¤¨¢¨¤Ê ²Ó´Ò° �ˆ” ¸²μ¦´μμ·£ ´¨§μ¢ ´´μ£μ
γH2AX/53BP1 Ëμ±Ê¸  ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 78Kr ¢ ±²¥É± Ì · §²¨Î´ÒÌ μ¡² ¸É¥° £¨¶-
¶μ± ³¶  ³μ¦¥É ¢Ìμ¤¨ÉÓ ¤μ 9 ¨ ¡μ²¥¥ μÉ¤¥²Ó´ÒÌ Ëμ±Ê¸μ¢, μÉ· ¦ ÕÐ¨Ì Ëμ·³¨·μ¢ ´¨¥
¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „	Š. ’ ±¨¥ ¶μ¢·¥¦¤¥´¨Ö ¤²¨É¥²Ó´μ¥ ¢·¥³Ö μ¸É ÕÉ¸Ö ´¥·¥¶ ·¨·μ-
¢ ´´Ò³¨ ¨, ¶μ-¢¨¤¨³μ³Ê, ¢ §´ Î¨É¥²Ó´μ° ³¥·¥ μ¶·¥¤¥²ÖÕÉ ¸¶¥Í¨Ë¨±Ê ¶·μÖ¢²¥´¨° ´¥°·μ-
· ¤¨μ¡¨μ²μ£¨Î¥¸±¨Ì ÔËË¥±Éμ¢, ¢±²ÕÎ ÕÐ¨Ì ´ ·ÊÏ¥´¨Ö ¢Ò¸Ï¨Ì ¨´É¥£· É¨¢´ÒÌ ËÊ´±Í¨°
Ê ¦¨¢μÉ´ÒÌ ¢ ¶μ§¤´¨¥ ¸·μ±¨ ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ÉÖ¦¥²Ò³¨ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
(£· ´É μË¨-³ º17-29-01007).
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