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Abstract : The alkaline single-cell gel electrophoresis (SCGE) assay, called the comet assay, has been applied
to detect DNA damage induced by a number of chemicals and biological factors in vivo and in vitro. The
DNA damage was analysed by tail moment (TM) and tail length (TL), which were markers of DNA strand
breaks in SCGE. Human, mouse and rat peripheral blood lymphocytes (PBLs) were irradiated with different
doses of 60Co γ-rays, e.g. 1, 2, 4, and 8 Gy at a dose rate of 1 Gy/min. A dose-dependent increase in
TM (p<0.01) and TL (p<0.01) was obtained at all the radiation doses (1-8 Gy) in human, mouse and
rat PBLs. Mouse PBLs were more sensitive than human PBLs which were in turn more sensitive than
rat PBLs when the treated dosages were 1 and 2 Gy. However, human PBLs were more sensitive than
mouse PBLs which were in turn more sensitive than rat PBLs when the irradiation dosages were 4 and
8 Gy. Data from all three species could be fitted to a linear-quadratic model. These results indicated that
there may be inherent differences in the radio-sensitivity among PBLs of mammalian species.
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). ��� #$� *+ radiolysis, -. �/��� 0

12 free radical3 +. ��� 45 6��7, 182

radical9� DNA+ :;<=>(single strand breaks), ?

;< =>(double strand breaks), �@�� ABC DNA-

protein cross-links D� E� DNA FG� '�H", �

IJ DNA FG� F�K0, 0L ABC M D3 N

�J #$� OP) [1, 2]. 

QR7 ���� STJ U*V W5 K.*V3+

MX� YZ!C [\ !5 6� :]*V3 ^J 1

*U� _`� U*V+ a8� �.!5b cdJ

'�R e f g). �IJ h37 i8, L01� M

D� jk!5b gl7 alkaline sucrose gradients [3],

alkaline elution [4], alkaline unwinding [5], alkaline gel

electrophoresis [6] ABC >mno@#pq(single-cell
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gel electrophoresis, SCGE) [7] D� E� mn+ DNA

��� rY!s YZ. t f g5 @u9� v0wl

x y).

>mno@#pq� ���� nzJ LK0{�|

}jF� K0{3 +J DNA ��� ~;!@ �. v

0w��" '� comet assayRC ��). � �q�

1984� Ostling� Johanson [8]3 +. v0w��"

Singh D [7]3 +. DNA ��� �) rY!s ~;

!5 �q�� v\w�). >mno@#pq� ���

�3 QR DNA ?;<=>(neutral) � :;<=>

(alkali)� �[e f g5b :;<=>� ?;<=>�

) �� &� 18w@ ��3 �� ���� nz!

� �� ��� K0!5 K.*V3 MXw�� �

rYJ �[�q�� ��� f g). a�, alkali ��

+ >mno@#pq� DNA :;<=>� alkali-labile

damage, �[e f g@ ��3 ���� nzJ LK

0{�| }jF� K0{� YZ!@ �J 1�Z�

(bio-marker)� ��� 4C g) [9, 10].

��3 ^J Koi8 ~;5 @� 1*U� ��q

� ��!� ���\, ����, mn+ KG D� �

�� f�w" � ��� ��3 ^J ¡� ¢X+ ;

£8� ¤�!5 6�). mnKoU� ¥¦3 gl7

§¨k5 ©� ��w5 mn� Sª� f�� «C, [

��¬375 ¥!Z ®�" �¯+ °±; ��!�

a� ��� ²³3 ^J 1*U� �\�[ � _`*

V ´� �q3 &� ��2) [11-13]. 

F� K0*V ´�+ � µ�; ��3 ^J ��

� ¶� ´� W5 ¡· ��3 ^J :¸ ;£8�R

5 ¹º37 ¯ jk5 >mno@#pq� ��!�

�», ¼½¾, ¿À K  §¨k+ ���3 +J DNA

�� [¢, ÁÂ!C ¡�, Sª!� �Ã _`+ /

� � Yf8 D� ��!C _`�= *V ´�� �

J ÄÅ, ÆÇ!CÄ !È).

�� � ��

����

�ÉJ 3�+ SÊj Ë8(22m, 28m, 35m)+ Ì�

ÍÎ� °±!È�", ¼½¾(ICR)5 ÏÐ[ÑÒ37,

¿À(Sprague Dawley)5 ÓB[Ñ37 Ì�ÍÎ� °±

!È). ¼½¾ � ¿À5 (©)̂ JÔ�ÕÖ×37 kØ

!È�", ��p* �Ù @Ú3 +�!� 22Û1oC+ �

Ü�¢Ð 12Ý� ©@+ ��� KZ!ÈC ��p*�

Þß�Å(à?�Å)Ð *� ÄK�� áâ!¢ã !�

�Ù!È). °±J ÍÎ� Ficoll-Histopaque gradient �

q�� §¨k, ¥B!C HBSS3 fm ä 10% fetal

bovine serum, L-glutamine, 2-mercaptoethanol� å;2

RPMI 1640 æZ3 ]KÝç).

��� 	�

¥B2 §¨k+ ��� ��5 J·{Äèjké3

éê!5 Y¼� ëÚ� ��Ýì(Panoramic Irradiation,

Nordion International Co. Ltd., Canada)� ��!� 60Co-

γ�(�\í : 1 Gy/min)� 1, 2, 4, 8 Gy+ �\�� 1î

��!È). §¨k5 ��� �� ä DNA fï� /

>!@ �!� o@#p� Ý�!@ oðZ 4oC, KZ

!È).


�� ���

Singh D [7, 14]+ �q3 Ú!� Ý�!È).

(1) ñR�À ÚS

Frosted slide3 0.6% normal melting agarose(GIBCO

BRL; Grand Island Co., NY., USA) 130µl, òB ä

cover glass� óC 4oC37 10¥� �ô!� agarose,

õö ä cover glass, Æ�!È). ��� �� §¨k

, 0.5% low melting agarose(GIBCO BRL) 75µlÐ ÷ø

!C �, slide3 º� ä coverglass� óC 4oC3

7 10¥� õö )ù lysis buffer(2.5 M NaCl, 100 mM

Na2EDTA, 10 mM Tris base, 1% N-lauryl sarcosinate, 1%

Triton X-100, pH 10)37 4oC� 1Ý� pÏ �.Ýç).

(2) o@#p

Electrophoretic buffer(300 mM NaOH, 0.1% 8-

hydroxyquinoline, 2% dimethyl sulfoxide, 10 mM

Na4EDTA, pH>12.3), �� 25 V, 300 mA37 20¥�

o@#p� Ý�!È). �ä Tris buffer(0.4 M Tris,

pH7.4)� 10¥ú 3î mû!� ñR�À, cÝHC

DNA; ñR�À3 üý� f g¢ã ethanol3 1Ý�

�� ü�!È).

(3) �� � ¹þ

ñR�À, Ç@ c37 ��Ý( ä 60µl+ ethidium

bromide(20µg/ml)� ��!È). CCD ÿ�R; ]ý2

G��O�� ��!� �OZ¥¦ ̈ �A�(Komet 4.0,

Kinetic imaging, Ltd., Great Britain)� -. � ÝÅ¼)

ÚS2 2v+ ñR�À37 60v+ mn, ���� �

�!� �[!È). DNA ��[¢5 =>2 DNA ;

<� �p!� G82 tail+ «�� tail length(TL; µm)

W5 tail «�Ð tailÜ DNA Á�(fragment)+ ?� f

ô Ý( )ù� E� â�� [+w5 tail moment(TM)

� |�Ü��", TL � TM �� 	;efã DNA;

��� &� 4� 6� +OJ).
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Tail moment

= (tail mean - head mean)
tail %DNA / 100

Tail mean� head mean� � ]�+ ��É¢+ ~�� 

Tail%DNA5 o� ��É¢3 ^J tail ]¥+ Sí

� 	

���3 +. =>2 DNA ;<� ùo!, �" =

>2 ×@3 QR o@#p �37 ?(+) �$�� �

p!� headÐ tail� k82 �8(comet) �?�� ¹þ

wC ��� 4Z ®� [��� mn5 ��� 1�w

5 {G+ ?�� |��)(Fig 1).

1, 2, 4 � 8 Gy+ Y¼�� �� ä >mno@#p�

-. �», ¼½¾, ¿À Ì��Î §¨k+ DNA ��

[¢, �� ¯ ¡� TM� TL+ �� Table 1-Table 3

� E� �», ¼½¾, ¿À §¨k Ç� �\� 	;z

3 QR DNA ��� 	;!5 ¡�, ¹þe f g�).

�», ¼½¾, ¿À §¨k+ ~� TM � TL ��

Fig. 23 |�Ü�). � v�+ ��� ��3 Q� TM

� TL �� �\-_`��â3 ^ØJ ¡�, �», ¼½

¾, ¿À �� liner-quadratic model(y=aD+bD2+c)3 �

Fig. 1. DNA comet images of lymphocytes: (A) typical
control cells with no induced DNA damage; (B) cells with
γ-irradiation(2 Gy).

Table 1. The tail moment(TM) and tail length(TL) of
DNA from human peripheral blood lymphocytes
after exposure 0, 1, 2, 4 and 8 Gy of gamma-ray

Exp.
group

Tail moment (TM)
Mean±S.E.1

donor 1 donor 2 donor 3

0 Gy 2.25±0.17 2.11±0.16 1.89±0.17

1 Gy 4.42±0.24 3.98±0.22 2.29±0.19

2 Gy 4.78±0.27 4.91±0.31 4.21±0.26

4 Gy 11.87±0.40 9.97±0.38 8.95±0.40

8 Gy 26.83±0.97 21.82±0.71 15.01±0.90

Exp.
group

Tail length (TL)
Mean±S.E.1

donor 1 donor 2 donor 3

0 Gy 31.95±1.32 36.63±1.36 30.63±1.54

1 Gy 51.63±2.49 41.27±1.53 27.02±1.28

2 Gy 54.68±1.29 44.91±1.17 37.20±1.55

4 Gy 70.62±1.81 66.14±2.36 59.65±2.12

8 Gy 91.60±4.77 75.87±1.49 62.07±2.45
1Standard error of the mean of 60 cells(30 cells per each
slide)

Table 2. The tail moment(TM) and tail length(TL) of
DNA from mouse peripheral blood lymphocytes
after exposure 0, 1, 2, 4 and 8 Gy of gamma-ray

Exp.
group

Tail moment (TM)
Mean±S.E.1

donor 1 donor 2 donor 3

0 Gy 2.52±0.19 1.51±0.18 2.07±0.17

1 Gy 5.11±0.30 5.57±0.34 5.95±0.28

2 Gy 6.19±0.33 6.94±0.30 6.56±0.38

4 Gy 10.01±0.37 7.38±0.38 8.21±0.37

8 Gy 19.01±0.82 12.80±0.73 15.86±0.56

Exp.
group

Tail length (TL)
Mean±S.E.1

donor 1 donor 2 donor 3

0 Gy 39.27±1.56 22.36±1.43 36.20±1.51

1 Gy 41.97±2.06 48.14±1.54 47.75±1.70

2 Gy 59.23±1.55 59.44±1.92 56.16±1.52

4 Gy 65.87±1.16 59.91±3.63 58.21±1.80

8 Gy 79.72±1.53 61.96±3.69 67.89±1.31
1Standard error of the mean of 60 cells(30 cells per each slide)
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TM:y=1.4687D+0.1166D2+2.0853, R2=0.998

TL:y=8.9629D−0.432D2+33.069, R2=0.979

� ¼½¾ Ì�ÍÎ §¨k

TM:y=2.0119D−0.0378D2+2.0332, R2=0.978

TL:y=11.487D−0.8654D2+32.612, R2=0.952

Table 3. The tail moment(TM) and tail length(TL) of
DNA from rat peripheral blood lymphocytes
after exposure 0, 1, 2, 4 and 8 Gy of gamma-ray

Exp.
group

Tail moment (TM)
Mean±S.E.1

donor 1 donor 2 donor 3

0 Gy 1.60±0.17 1.91±0.14 1.91±0.44

1 Gy 1.90±0.16 2.67±0.19 2.28±0.27

2 Gy 2.73±0.21 5.11±0.28 4.44±0.30

4 Gy 4.52±0.20 6.28±0.39 5.63±0.47

8 Gy 13.98±0.78 20.59±1.34 19.35±0.76

Exp.
group

Tail length (TL)
Mean±S.E.1

donor 1 donor 2 donor 3

0 Gy 20.40±1.17 34.48±1.16 31.13±1.99

1 Gy 25.97±1.53 40.39±1.20 39.88±1.65

2 Gy 32.19±1.47 49.58±0.98 43.56±1.63

4 Gy 32.70±1.74 59.00±0.97 48.54±2.04

8 Gy 55.02±4.09 80.29±7.57 74.57±2.78
1Standard error of the mean of 60 cells(30 cells per each slide)

Fig. 2. Dose response effect of gamma rays on mean comet TM and TL in human, mouse and rat peripheral blood
lymphocytes. Bars indicate standard error of the mean of three independent experiments. 60 individual cells on each
duplicated slide were calculated(30 cells per each slide).

Table 4. Dose response effect of gamma rays on mean
comet TM and TL in human, mouse and rat
peripheral blood lymphocytes

Exp.
group

Tail moment (TM)
Mean±S.E.1

Human Mouse Rat

0 Gy 2.09±0.17 2.03±0.18 1.81±0.25

1 Gy 3.56±0.22a2 5.54±0.31b 2.28±0.21a

2 Gy 4.97±0.28a 6.56±0.33b 4.09±0.26a

4 Gy 10.26±0.39a 8.53±0.37a 5.48±0.35b

8 Gy 21.22±0.86a 15.89±0.70b 17.97±0.96b

Exp.
group

Tail length (TL)
Mean±S.E.1

Human Mouse Rat

0 Gy 33.07±1.41 32.61±1.50 28.67±1.44

1 Gy 42.98±1.77a 45.95±1.77b 35.41±1.46a

2 Gy 48.93±1.34a 55.96±1.76b 41.78±1.36a

4 Gy 68.80±2.10a 60.65±2.10a 46.75±1.58b

8 Gy 76.51±2.90a 69.86±2.18a 69.96±4.82a
1Standard error of the mean of three independent experiments.
2Different letters (a, b) within a same row differ significantly
(p<0.05).
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� ¿À Ì�ÍÎ §¨k

TM:y=0.2041D+0.2251D2+1.8088, R2=0.9914

TL:y=5.2647D−0.0203D2+28.669, R2=0.9833

(y=TM or TL, D=��� ��\ Gy) ��). 

TM �� Sª. �h 1, 2 Gy ��Ý �» §¨k+

TM �� �� 3.56Û0.22, 4.97Û0.28�", ¼½¾ §¨

k5 5.04Û0.31, 6.56Û0.33 ABC ¿À §¨k5 2.28

Û0.21, 4.09Û0.26�� ¼½¾ §¨k; �» � ¿À

§¨k3 S!� �^��� ���3 ^J Yf8�

�ù� � f g�). AI| 4 GyÐ 8 Gy ��Ý35

�» §¨k+ TM �� �� 10.26Û0.39, 21.22Û0.86

�� ¼½¾ §¨k 8.53Û0.37, 15.89Û0.70, ¿À §¨

k 5.48Û0.35, 17.97Û0.963 S. % �� ��� Yf

8� �È). 8 Gy O�+ �\37 ¿À §¨k; �

�� Yf8� ;� ��). TL �Ý 4 Gy O�+ �

\375 ¼½¾ §¨k; ;� �� ��� Yf8�

�È�", 4 Gy ��+ �\375 �» §¨k; �^

��� ;� �� Yf8� |�Ü�)(Table 4, Fig. 2).
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>mn o@#pq�  � Ý� Ü3 ��!s mn

fÚ37 ¡�, !� f gl DNA ��� K0e f

g5 *V3 ^. ë"8�| rY¢, �[. # f g

C �� f+ mn37¢ ��;£!C DNA ��� Y

Z!5b rY!� 109 dalton $ 1 DNA breakage, Y

Ze f g). WJ mn©@3 #$� 4Z ®5 6�

� �C wl asynchronous� æ?2 mn3 ��;£

!C �^æ? mn37¢ �� ;£!� [15] �� >

mn o@#pq� -. DNA ��� �� ¯ %�9

� 	;!C g) [9, 16, 17].

'_��� alkali ��+ >mn o@#p¥¦��

DNA :;< =>�� ¹þe f g)C �&x gZ�

Collins D [9]+ �C3 +!h &� Koi8*V9�

DNA ;<� �� =>!Z ®C alkali-labile site� purin

W5 pyrimidine ¡�]�(AP, Apurinic or Apyrimidinic

site), 18!s w5b, � site5 alkali3 rY!� �

� pH ��37 o@#p!5 pÏ Á��� o'ws

2). WJ mn; ��]�, îï!5 �[ c base

excision W5 nucleotide excision� -. ��� (��

�� )ê!s wl comet ¥¦37 Á��� |�|s

2). QR7 ¥¦Ý |�|5 Á�� DNA �. *�

îï[¢+ � ;Z ���� +>2)5 6�). �I

J îï[¢5 mn+  , � MX*V3 QR ��!

s |�|@ ��3 ¹þw5 comet� DNA :;< =

>�� +O!Z5 ®5). A-Z� K.*V3 +.

DNA Á�� 18w5 J� mnfÚ+ îï� 'l.

)5 º� C&e � comet ¥¦37 |�|5 Á��

K. *V+ #$� _#!� Ú)C # f g). �I

J º� 1*U� �ZÄ�7 comet ¥¦+ /�8�

×s 	^Ý0 f g)C +>2).

Chaubey D [18]� �»� ¼½¾+ ÍÎ3 2, 4, 8

Gy+ 60Co Y¼�� ��J ä >mno@#p� Ý�

!� DNA ��� ��¯ Ô �»+ 1Ík5 �\�

	;z3 QR ��G¬+ �\_` ��� |�� _

h, ¼½¾+ �½ 4 Gy ��+ �\ ��Ý % �� �

��¬� 	;!Z ®C sigmoid �Ø+ �\_` ��

� |�Ü��", �»+ 1Ík3 S. ���3 Yf

8� ×)C �C!È). AI| ¯ ��375 �», ¼

½¾, ¿À §¨k �� �\_`��� liner-quadratic

model3 � ��w��", 4 Gy O�+ �\375 ¼

½¾ §¨k; �» � ¿À §¨k3 S!� �^��

� �� Yf8� �È�| 4 Gy ��+ �\35 �

» §¨k; ���3 Yf8� % 2 6� � f g�

). �5 Oé�� 1*U� Z�� ��!� �», 3

4, �é � ¼½¾37 _`� SªJ Kim D [19]+

¡�Ð K�!È�", Chaubey D [18] WJ 4 Gy O�

+ �\375 ¼½¾ §¨k; �» §¨k3 S!�

���3 rY!)5 ¯ ��+ ¡�Ð 'ô!È).

1Ík5 mn �Ø3 QR ���� STJ �I

F�K0*V3 ^. )?J rY8� ��).

Cyclophosphamide3 ^J B §¨kÐ T §¨k+ _`

� 5���ª'(sister chromatid exchange)� -. ��

¯ Miller D [20]+ �C3 +!h T §¨k; B §¨

k�) rY!È�", ���3 K¢2 Oé�� 1*

U� Z�� ��J Wuttke D [21]� B §¨k; ��

�3 ^. %6 rY!)C �C!È). Holz D [22]�

>mn o@#pq� f�!� §¨kÐ >�k+ H2O2

3 ^J DNA ��� Ý�J ¡� >�k3 S!� §

¨k+ :;<=>� �s �[w�ù� �C!È�"

Kundsen D [23]� §¨k�) >�k+ îï£� %  

7)C �C!È). ABC ¼½¾+ §¨k+ �½ S

� §¨k; Ì�ÍÎ §¨k3 S!� ���3 % r

Y!)C �C [24] w�). 

1, 2, 4, 8 Gy+ ��� �� ä >mn o@#pq�

-. DNA ��[¢, ��¯ ¡� �», ¼½¾ � ¿

À §¨k �� �\� 	;efã DNA ��� 	;

!5 ¡�, !l >mn o@#pq� 1*U� ��

~; W5 a[*V+ ��� �l ¶£ ~;3 K�!

s /�� f g� 6�� �Åw�). ��� rY¢5

4 Gy O�+ �\375 ¼½¾ §¨k;, 4 Gy ��
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+ �\375 �» §¨k; �^��� 8�", ¿À

§¨k5 ��� Yf8� ;� �9 �», ¼½¾, ¿

À+ ��� rY¢; 7� ��z� � f g�).

� �

�», ¼½¾, ¿À K + §¨k37 >mno@#

pq� ��!� ���3 +J DNA �� [¢, Á

Â!C ¡�, Sª!� �Ã _`+ /� � Yf8 D

� ��!C _`�= *V ´�� �J ÄÅ, ÆÇ!

CÄ !È). �»(r2>0.998), ¼½¾(r2>0.980), ¿À

(r2>0.992) §¨k �� �\_`��� liner-quadratic

model3 � ��w��", �\� 	;efã DNA �

�� 	;!5 ¡�, !l >mn o@#pq� 1*

U� ��~; W5 a[*V+ ��� �l ¶£ ~;

3 K�!s /�� f g� 6�� �Åw�). ���

rY¢5 4 Gy O�+ �\375 ¼½¾ §¨k;, 4

Gy ��+ �\375 �» §¨k; �^��� 8�

", ¿À §¨k5 ��� Yf8� ;� �9 �», ¼

½¾, ¿À+ ��� rY¢; 7� ��z� � f g

�).
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