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SISTER CHROMATID EXCHANGE (SCE) INDUCED BY LASER-UV-MICROIRRADIATION: 

CORRELATION BETWEEN THE DISTRIBUTION OF PHOTOLESIONS AND THE 

DISTRIBUTION OF SCEs 
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SUMMARY 

S m a l l , medium, and l a r g e n u c l e a r a r e a s c o m p r i s i n g a p p r o x i m a t e l y 
5, 30, o r 80% o f t h e t o t a l a r e a o f t h e i n t e r p h a s e n u c l e i o f C h i n e s e 
h a m s t e r c e l l s (M3-1) c u l t i v a t e d i n v i t r o were i r r a d i a t e d w i t h a 
l a s e r - U V - m i c r o b e a m o f w a v e l e n g t h 257 nm. The DNA o f t h e c e l l s was 
s u b s t i t u t e d w i t h 5 - b r o m o d e o x y u r i d i n e ( B r d U r d ) f o r 1 c e l l c y c l e i n 
one s e t o f e x p e r i m e n t s . A f t e r m i c r o i r r a d i a t i o n t h e c e l l s were grown 
f o r a second c y c l e i n medium w i t h o u t B r d U r d ( p r o t o c o l A ) . I n a 
s econd s e t , c e l l s w i t h n o n s u b s t i t u t e d DNA were m i c r o i r r a d i a t e d and 
grown f o r 2 a d d i t i o n a l c y c l e s , t h e f i r s t i n t h e p r e s e n c e , t h e s e c ond 
i n t h e absence o f B r d U r d ( p r o t o c o l B ) . I n s i t u chromosome p r e p a r a -
t i o n and d i f f e r e n t i a l c h r o m a t i d s t a i n i n g was s u b s e q u e n t l y p e r f o r m e d . 

The i n d u c t i o n o f s i s t e r c h r o m a t i d exchanges (SCEs) was f o u n d t o 
be dependent on b o t h t h e u l t r a v i o l e t (UV) dose and t h e s p a t i a l d i s -
t r i b u t i o n o f t h e UV energy w i t h i n t h e c e l l n u c l e u s . F o l l o w i n g b o t h 

I n s t i t u t fxiY angewandte P h y s i k I , Universität H e i d e l b e r g , A l b e r t -
U b e r l e - S t r a s s e 3-5, D-6900 H e i d e l b e r g , F e d e r a l R e p u b l i c o f Germany* 
3 
A b t e i l u n g K l i n i s c h e G e n e t i k , Universität Ulm, O b e r e r E s e l s b e r g , 

D-7900 Ulm, F e d e r a l R e p u b l i c o f Germany. 

* P a r t s o f t h i s i n v e s t i g a t i o n have been p r e s e n t e d by M.R. i n a d o c -
t o r a l t h e s i s s u b m i t t e d t o t h e F a c u l t y o f B i o l o g y , U n i v e r s i t y o f H e i 
d e l b e r g . 

181 



182 M. RAITH ET A L . 



S C E INDUCED BY LASER-UV-MICROIRRADIATION 183 

o r p u l v e r i z e d ( 1 8 ) . GCS can be i n d u c e d w i t h h i g h f r e q u e n c i e s b o t h 
by m i c r o i r r a d i a t i o n o f t h e t o t a l n u c l e a r a r e a and by e x p o s i n g a 
s m a l l n u c l e a r a r e a ( l e s s t h a n 5%) t o t h e same i n c i d e n t UV dose ( 1 9 -
2 1 ) . To e x p l a i n t h e s e r e s u l t s , a model was p r o p o s e d (20,22) w h i c h 
t a k e s i n t o a c c o u n t t h e S phase dependence of t h i s e f f e c t . The model 
p r e d i c t s t h a t u n d e r c e r t a i n c o n d i t i o n s , DNA r e p l i c a t i o n i s a l t e r e d 
n o t o n l y i n r e p l i c o n s b e a r i n g DNA p h o t o l e s i o n s b u t i n a l l r e p l i c o n s 
o f a n u c l e u s , even i f t h e y do n o t c o n t a i n any p h o t o l e s i o n s . 

I n t h i s p a p e r , we a t t e m p t t o answer t h e q u e s t i o n o f w h e t h e r 
s u c h i n d i r e c t e f f e c t s a r e a l s o i m p o r t a n t f o r t h e i n d u c t i o n o f SCEs 
by UV. I n a d d r e s s i n g t h i s p r o b l e m , we have f o r m u l a t e d 2 a l t e r n a t i v e 
h y p o t h e s e s : 

( i ) SCEs a r e formed e x c l u s i v e l y a t o r n e a r t h e s i t e s o f DNA 
p h o t o l e s i o n s . 

By " n e a r " we mean t h a t SCE f o r m a t i o n w o u l d t a k e p l a c e w i t h i n t h e 
same r e p l i c o n C l u s t e r as t h e r e p l i c o n b e a r i n g t h e p h o t o l e s i o n s . 

( i i ) The number o f SCEs depends on t h e t o t a l number o f DNA pho
t o l e s i o n s , b u t t h e s i t e s o f SCEs and t h e s i t e s of p h o t o 
l e s i o n s a r e n o t n e c e s s a r i l y c o r r e l a t e d . A c c o r d i n g t o t h e 
second h y p o t h e s i s , some SCEs may be formed by an i n d i r e c t , 
S phase dependent e f f e c t i n undamaged r e p l i c o n C l u s t e r s 
w h i c h a r e s i t u a t e d r e m o t e l y f r o m damaged ones. 

The f o l l o w i n g r a t i o n a l e has been used t o d i s c r i m i n a t e between 
t h e s e 2 h y p o t h e s e s . U V - m i c r o i r r a d i a t i o n p r o v i d e s a t o o l t o r e a l i z e 
s t r o n g l y d i f f e r e n t d i s t r i b u t i o n s o f DNA p h o t o l e s i o n s w i t h o u t chang
i n g t h e t o t a l i n c i d e n t e n e r g y ( 2 3 ) . S m a l l , medium, o r l a r g e n u c l e a r 
a r e a s o f C h i n e s e h a m s t e r c e l l s c o m p r i s i n g a p p r o x i m a t e l y 5, 30, o r 
80% of t h e t o t a l a r e a o f an a v e r a g e s i z e d n u c l e u s , r e s p e c t i v e l y , 
were i r r a d i a t e d w i t h a l a s e r - U V - m i c r o b e a m o f w a v e l e n g t h 257 nm (2A, 
2 5 ) . Depending on t h e a c t u a l e x p e r i m e n t a l p r o t o c o l , s i s t e r chroma
t i d d i f f e r e n t i a t i o n was a c h i e v e d a t t h e f i r s t o r second p o s t i r r a d i a -
t i o n m i t o s i s . Depending on t h e mechanism of SCE i n d u c t i o n , d i f f e r 
e n t p r e d i c t i o n s c o n c e r n i n g t h e d i s t r i b u t i o n o f m i c r o i r r a d i a t i o n i n 
duced SCEs can be made. These p r e d i c t i o n s a r e b a s e d on our f i n d i n g s 
t h a t i n t e r p h a s e chromosomes i n C h i n e s e h a m s t e r c e l l s a r e o r g a n i z e d 
i n d i s t i n c t n u c l e a r t e r r i t o r i e s o r domains d u r i n g t h e e n t i r e c e l l 
c y c l e ( 2 6 - 2 8 ) . I f a p p r o x i m a t e l y t h e e n t i r e n u c l e a r a r e a i s exposed 
t o a s u f f i c i e n t l y l a r g e UV-dose, t h e n more o r l e s s a l l chromosomes 
a r e e x p e c t e d t o e x h i b i t SCE l e v e l s above c o n t r o l l e v e l s f o r b o t h 
h y p o t h e s e s ( i ) and ( i i ) . However, i f t h e same UV-dose i s s e l e c t i v e -
l y a p p l i e d t o a s m a l l p a r t o f t h e n u c l e u s , a d e c i s i o n between t h e 2 
h y p o t h e s e s s h o u l d become p o s s i b l e . I f h y p o t h e s i s ( i ) i s v a l i d , we 
s h o u l d f i n d an i n c r e a s e d l e v e l o f SCEs r e s t r i c t e d t o t h e few m i c r o -
i r r a d i a t e d chromosomes. F o r h y p o t h e s i s ( i i ) we w o u l d p r e d i c t t h a t 
t h e d i f f e r e n t d i s t r i b u t i o n s o f DNA p h o t o l e s i o n s w o u l d have l i t t l e i f 
any e f f e c t on t h e d i s t r i b u t i o n o f SCEs i n t h e metaphase chromosomes. 
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I t has been shown (29) t h a t t h e t y p e s o f DNA p h o t o l e s i o n s p r o -
duced by u l t r a v i o l e t i r r a d i a t i o n (X = 254 nm) d i f f e r i n n o r m a l and 
B r d U r d - s u b s t i t u t e d DNA. I n t h e p r e s e n t e x p e r i m e n t s e i t h e r c e l l s 
c o n t a i n i n g B r d U r d - s u b s t i t u t e d DNA ( p r o t o c o l A, see M a t e r i a l and 
Methods) o r n o r m a l DNA ( p r o t o c o l B) were used f o r m i c r o i r r a d i a t i o n 
i n o r d e r t o r e c o g n i z e p o s s i b l e d i f f e r e n c e s o f t h e t y p e s o f DNA 
l e s i o n s i n v o l v e d . F o r b o t h p r o t o c o l s t h e r e s u l t s shown i n t h i s 
p a p e r a r e i n good agreement w i t h h y p o t h e s i s ( i ) . 

MATERIAL AND METHODS 

C e l l C u l t u r e s and Treatment o f C e l l s B e f o r e M i c r o i r r a d i a t i o n 

E x p e r i m e n t s were c o n d u c t e d u s i n g a d e r i v a t i v e (650 A) o f t h e 
M3-1 C h i n e s e hamster c e l l l i n e ( 3 0 ) . T h i s c e l l l i n e has a modal 
chromosome number o f 23 and a mean c e l l c y c l e t r a n s i t t i m e o f ap
p r o x i m a t e l y 11 h r ( 3 1 ) . S t o c k c u l t u r e s were m a i n t a i n e d as d e s c r i b e d 
( 2 1 ) . F o r m i c r o i r r a d i a t i o n e x p e r i m e n t s , c e l l s were i n o c u l a t e d i n 
p l a s t i c p e t r i d i s h e s (6 cm 0). P r i o r ^ t o i n o c u l a t i o n an " e x p e r i m e n -
t a l f i e l d " ( 6 x 6 Squares o f 0.25 mm each) was marked by s c a l p e l 
c u t s on t h e b o t t o m o f each d i s h . A f t e r i n o c u l a t i o n , c e l l s were 
grown f o r 1 c e l l c y c l e (11 h r ) i n minimum e s s e n t i a l medium (MEM) 
p l u s 10% FCS p l u s 10 ug/ml B r d U r d ( p r o t o c o l A) o r i n MEM p l u s 10% 
FCS ( p r o t o c o l B) ( 3 2 ) . F o r m i c r o i r r a d i a t i o n , t h e medium was r e -
p l a c e d by 2 ml H E P E S - b u f f e r e d serum f r e e medium c o n t a i n i n g p h e n o l 
r e d as a p H - i n d i c a t o r and t h e d i s h e s were t r a n s f e r r e d i n t o a s p e c i a l 
i r r a d i a t i o n Chamber ( 2 5 ) . 

M i c r o i r r a d i a t i o n P r o c e d u r e 

A c o n t i n u o u s wave c o h e r e n t UV-beam w i t h w a v e l e n g t h 257 nm (24) 
was f o c u s e d w i t h a q u a r t z m i c r o s c o p e o b j e c t i v e ( Z e i s s U l t r a f l u a r 
32x/0.40 P h ) , w h i c h was s i m u l t a n e o u s l y u s e d f o r m i c r o i r r a d i a t i o n and 
O b s e r v a t i o n o f t h e c e l l s i n phase c o n t r a s t . F o r m i c r o i r r a d i a t i o n o f 
s m a l l n u c l e a r a r e a s o r c y t o p l a s m i c a r e a s a t a d i s t a n c e o f about 4 um 
from t h e edge o f t h e n u c l e u s , t h e a d j u s t m e n t o f t h e beam was made i n 
suc h a way t h a t t h e f o c a l p l a n e o f t h e beam and t h e o b j e c t p l a n e o f 
the m i c r o s c o p e o b j e c t i v e c o i n c i d e d . Thus, any c e l l u l a r s t r u c t u r e i n 
f o c u s o f t h e m i c r o s c o p e o b j e c t i v e c o u l d be i r r a d i a t e d by t h e f o c a l 
s i t e o f t h e beam. The beam's d i a m e t e r was a p p r o x i m a t e l y 1 um, as 
e s t i m a t e d f r o m t h e s m a l l e s t d i a m e t e r o f t h e f l u o r e s c e n t s p o t i n d u c e d 
a t t h e s u r f a c e o f a p e t r i d i s h ( 3 3 ) . The " e f f e c t i v e " d i a m e t e r o f 
th e i r r a d i a t i o n f i e l d , however, was somewhat l a r g e r due t o t h e d i -
v e r g e n c e o f t h e microbeam above and bel o w i t s f o c a l s i t e and t h e e f 
f e c t o f s t r a y l i g h t p r o d u c e d when t h e beam p a s s e s a c e l l u l a r s t r u c 
t u r e . I n d i r e c t i m m u n o f l u o r e s c e n c e m i c r o s c o p y u s i n g a n t i b o d i e s 
a g a i n s t U V - i r r a d i a t e d DNA r e v e a l e d t h a t m i c r o i r r a d i a t e d c h r o m a t i n 
c o m p r i s e d an a v e r a g e o f 4.5% o f t h e t o t a l n u c l e a r a r e a . A f r e q u e n c y 
d i s t r i b u t i o n c u r v e o f i m m u n o f l u o r e s c e n t n u c l e a r a r e a s showed a m a x i -
mum a t 2% ( 2 8 ) . A f r e q u e n c y d i s t r i b u t i o n c u r v e o f t h e i n d i v i d u a l 
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a r e a s p l a n i m e t e r e d f r o m 104 n u c l e i o f l i v i n g c e l l s use o f a 
camera l u c i d a showed n u c l e a r a r e a s between 80 and ̂ 80 um i n 90% o f 
th e c e l l s . The av e r a g e n u c l e a r a r e a was 137 um . By use o f an 
a d a p t i n g l e n s (24,25) t h e f o c a l s i t e o f t h e beam c o u l d a l s o be a d -
j u s t e d t o d i f f e r e n t s i t e s above t h e o b j e c t p l a n e . T h i s r e s u l t e d i n 
"medium" o r " l a r g e " c i r c u l a r m i c r o i r r a d i a t i o n f i e l d s w i t h a d i a m e t e r 
o f 7 o r 12 um, c o v e r i n g a p p r o x i m a t e l y 30 and 80%, r e s p e c t i v e l y , o f 
t h e t o t a l a r e a o f an a v e r a g e - s i z e d c e l l n u c l e u s . I n n u c l e i o f 
s m a l l e r s i z e , t h e " l a r g e " m i c r o i r r a d i a t i o n f i e l d r e s u l t e d i n i r r a 
d i a t i o n o f t h e whole n u c l e u s . The a c t u a l d i a m e t e r o f t h e i r r a d i a 
t i o n f i e l d was c o n t r o l l e d by m e a s u r i n g t h e d i a m e t e r o f t h e f l u o -
r e s c e n t a r e a p r o d u c e d a t t h e s u r f a c e o f t h e p e t r i d i s h w i t h h i g h 
i n t e n s i t y o f t h e beam. Thus, a g i v e n UV i n c i d e n t dose c o u l d be d i s -
t r i b u t e d i n d i f f e r e n t ways ( i r r a d i a t i o n modes " s m a l l , " "medium," and 
" l a r g e " ) w i t h i n t h e n u c l e u s o f a c e l l . A i m i n g was p e r f o r m e d by 
means o f a c r o s s h a i r l o c a t e d i n t h e image p l a n e o f t h e o b j e c t i v e 
and a d j u s t e d t o c o i n c i d e w i t h t h e c e n t e r o f t h e i r r a d i a t i o n f i e l d . 
H o r i z o n t a l movements o f c e l l s i n i r r a d i a t i o n Chambers were c o n 
t r o l l e d by u s i n g a s p e c i a l o b j e c t i v e s t a g e ( " G l e i t t i s c h , " Z e i s s ) 
w h i c h a l l o w s v e r y f i n e a d j u s t m e n t s . The i r r a d i a t i o n t i m e s ranged 
f r o m 1/125 sec t o 1/15 s e c ; t h e ̂ V power i n c i d e n t a t t h e c e l l s u r 
f a c e (25) was r o u t i n e l y 7.5 x 10 W. F o r l o w doses i t was 4 o r 2 x 
10 W. Throughout t h e t e x t , t h e i n c i d e n t e n e r g y = i r r a d i a t i o n 
t i m e x i n c i d e n t UV power i s g i v e n . A l l c e l l s ( a p p r o x i m a t e l y 150) 
l o c a t e d i n an " e x p e r i m e n t a l f i e l d " were m i c r o i r r a d i a t e d a t room tera-
p e r a t u r e w i t h i n a p p r o x i m a t e l y 30 min. C e l l s o u t s i d e t h e " e x p e r i m e n 
t a l f i e l d " s e r v e d as c o n t r o l s . 

P o s t - t r e a t m e n t o f M i c r o i r r a d i a t e d C e l l s 

P r o t o c o l A. C e l l s grown i n B r d U r d p r i o r t o m i c r o i r r a d i a t i o n 
were p o s t - i n c u b a t e d f o r 13 h r i n B r d U r d - f r e e medium (MEM p l u s 10% 
FCS ) . The i n c u b a t i o n t i m e was 2 h r l o n g e r t h a n t h e n o r m a l c e l l 
c y c l e t r a n s i t t i m e t o a c c o u n t f o r t h e m i c r o i r r a d i a t i o n i n d u c e d de-
l a y . 

P r o t o c o l B. C e l l s c o n t a i n i n g u n s u b s t i t u t e d DNA (no B r d U r d 
t r e a t m e n t p r i o r t o m i c r o i r r a d i a t i o n ) were p o s t - i n c u b a t e d f o r 13 h r 
i n MEM p l u s 10% FCS p l u s 10 yg/ml B r d U r d , f o l l o w e d by 11 h r i n c u b a 
t i o n i n B r d U r d - f r e e medium A l l i n c u b a t i o n s were p e r f o r m e d a t 37°C 
i n a h u m i d i f i e d atomosphere w i t h 5% CO^. N e c e s s a r y m a n i p u l a t i o n s 
were c a r r i e d out u s i n g a darkroom lamp w i t h r e d f i l t e r e d l i g h t . A 
r e d f i l t e r was a l s o used f o r i l l u m i n a t i o n o f c e l l s on t h e m i c r o s c o p e 
s t a g e . F o r t h e l a s t 2 h r o f p o s t - i n c u b a t i o n , c o l c h i c i n e (2 yg/ml 
f i n a l c o n c e n t r a t i o n ) was added. Then " i n s i t u " chromosome p r e p a r a -
t i o n was p e r f o r m e d ( 3 4 ) . To do t h i s , t h e c e l l s were t r e a t e d w i t h 
h y p o t o n i c S o l u t i o n (75 mM K C l ) f o r 25 min. T h e r e a f t e r , f i x a t i v e 
( g l a c i a l a c e t i c a c i d r m e t h a n o l , 1:3) was added s l o w l y . A f t e r 3 
changes o f f i x a t i v e , t h e c e l l s were a i r - d r i e d . D i f f e r e n t i a l c h r o 
m a t i d s t a i n i n g was p e r f o r m e d a c c o r d i n g t o a m o d i f i e d f l u o r e s c e n c e -
p l u s - G i e m s a method ( 3 5 ) . 
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RESULTS 

M i c r o i r r a d i a t i o n o f t h e N u c l e u s 

F i g u r e 1 p r e s e n t s examples f o r t h e d i s t r i b u t i o n o f SCEs i n 
metaphase s p r e a d s w h i c h were o b t a i n e d i n m i c r o i r r a d i a t i o n e x p e r i 
ments f o l l o w i n g p r o t o c o l A. F i g u r e l a shows a t y p i c a l c o n t r o l meta
phase (no i r r a d i a t i o n ) . Ten SCEs a r e v i s i b l e i n t h i s c e l l . The 
chromosomes b e a r i n g t h e s e SCEs a r e n o t a p p a r e n t l y c l u s t e r e d i n t h e 
metaphase s p r e a d . I f a s m a l l n u c l e a r a r e a ( a p p r o x . 5% o f t h e t o t a l 
n u c l e a r a r e a ) was i r r a d i a t e d i n t h e p r e c e d i n g i n t e r p h a s e , metaphase 
s p r e a d s were o c c a s i o n a l l y o b s e r v e d w i t h m u l t i p l e SCEs o v e r S i n g l e 
chromosomal segments ( F i g . l b ) . S i n c e s u c h C l u s t e r s o f SCEs were 
n o t o b s e r v e d i n t h e c o n t r o l c e l l p o p u l a t i o n , we b e l i e v e t h a t t h e y 
were i n d u c e d by m i c r o i r r a d i a t i o n . The number o f U V - i n d u c e d SCEs 
o b t a i n e d a f t e r m i c r o i r r a d i a t i o n o f a s m a l l n u c l e a r a r e a , however, 
was s m a l l ( F i g . 2a, 2 b ) . Thus, UV-i n d u c e d SCEs c o u l d o f t e n n o t be 
d i s t i n g u i s h e d w i t h s u f f i c i e n t c o n f i d e n c e f r o m " b a c k g r o u n d " SCEs, 
when t h e y were d i s t r i b u t e d o v e r s e v e r a l chromosomal segments ( s e e 
D i s c u s s i o n ) . 

I n o t h e r s p r e a d s , e s p e c i a l l y t h o s e exposed t o h i g h e r d o s e s , 
chromosome s h a t t e r i n g was o b s e r v e d i n a s m a l l p a r t o f t h e s p r e a d . 
T h i s phenomenon i s termed p a r t i a l chromosome s h a t t e r i n g (PCS) 
( F i g . l c ) . I n t h e i n t a c t chromosomes o f t h e s e s p r e a d s , we d i d n o t 
n o t e an a p p a r e n t e x c e s s o f SCEs above b a c k g r o u n d l e v e l s . E v i d e n c e 
t h a t t h e s h a t t e r e d c h r o m a t i n i n c e l l s w i t h PCS r e f l e c t s t h e m i c r o 
i r r a d i a t e d c h r o m a t i n h as r e c e n t l y been p r o v i d e d u s i n g a n t i b o d i e s 
a g a i n s t U V - i r r a d i a t e d DNA ( 2 1 ) . I f a m e d i u m - s i z e d n u c l e a r a r e a 
( a p p r o x . 30%) was m i c r o i r r a d i a t e d a t 1 p o l e o f t h e e l l i p s o i d M3-1 
n u c l e i , a h i g h r a t e o f SCEs was o b s e r v e d i n a number o f chromosomes 
w h i c h a p p e a r e d g e n e r a l l y c l u s t e r e d a t 1 s i t e o f t h e metaphase s p r e a d 
( F i g . l d ) . F o l l o w i n g m i c r o i r r a d i a t i o n o f a l a r g e n u c l e a r a r e a (some 
80% i n a v e r a g e - s i z e d n u c l e i and c o m p r i s i n g t h e whole n u c l e a r a r e a i n 
many s m a l l e r n u c l e i ) most o r even a l l chromosomes showed an i n -
c r e a s e d l e v e l o f SCEs ( F i g . l e ) . 

F i g u r e 2 shows f r e q u e n c y d i s t r i b u t i o n c u r v e s f o r t h e number o f 
SCEs p e r metaphase o b t a i n e d a f t e r m i c r o i r r a d i a t i o n o f s m a l l and 
l a r g e n u c l e a r a r e a s , r e s p e c t i v e l y , w i t h 0.03 n J e a c h . An a v e r a g e o f 
12.2 SCEs was o b t a i n e d a f t e r m i c r o i r r a d i a t i o n o f a s m a l l a r e a , i n 
c o n t r a s t t o 30.5 SCEs a f t e r m i c r o i r r a d i a t i o n o f a l a r g e one ( c o n -
t r o l s 9.1 S C E s ) . I n F i g . 3 t h e number o f metaphase s p r e a d s f r o m t h e 
same e x p e r i m e n t s i s p l o t t e d as a f u n c t i o n o f t h e number Nc o f c h r o 
mosomes b e a r i n g SCEs i n each s p r e a d . Nc was s i g n i f i c a n t l y l a r g e r 
a f t e r m i c r o i r r a d i a t i o n o f a l a r g e n u c l e a r a r e a (Nc = 12.8) as com-
p a r e d t o a s m a l l one (Nc = 8.2; c o n t r o l s 7 .3). 
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F i g . 1. I n d u c t i o n o f SCEs a t t h e f i r s t p o s t - i r r a d i a t i o n m i t o s i s 
f o l l o w i n g l a s e r - U V - m i c r o i r r a d i a t i o n (X = 257 nm) o f i n t e r -
phase n u c l e i ( p r o t o c o l A ) . a) C o n t r o l - m e t a p h a s e (no i r r a 
d i a t i o n ) w i t h 10 SCES. b) Metaphase f o l l o w i n g m i c r o i r r a 
d i a t i o n o f a s m a l l n u c l e a r a r e a (^ 5 % ) . Ar r o w s i n d i c a t e a 
chromosome arm w i t h m u l t i p l e SCEs. I n c i d e n t e n e r g y : E. 
= 0.015 n J . c) Metaphase f o l l o w i n g m i c r o i r r a d i a t i o n o f n a 
s m a l l n u c l e a r a r e a . A r r o w i n d i c a t e s s h a t t e r e d chromosome 
m a t e r i a l . E^ = 0.03 n J . d) Metaphase f o l l o w i n g m i c r o 
i r r a d i a t i o n a me d i u m - s i z e d a r e a a t t h e n u c l e a r p o l e 
(^ 30 % o f t h e t o t a l n u c l e a r a r e a ) . A r r o w s i n d i c a t e p e r i -
p h e r a l l y s i t u a t e d chromosomes w i t h a s t r o n g l y i n c r e a s e d 
number o f SCEs. E^ = 0.015 n J . e) M i c r o i r r a d i a t i o n o f 
a p p r o x i m a t e l y t h e ̂ wliole n u c l e a r a r e a . Most chromosomes 
show m u l t i p l e SCEs. E. = 0.03 n J . 
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F i g . 2 . F r e q u e n c y d i s t r i b u t i o n o f t h e number o f SCEs p e r meta
phase. C h i n e s e h a m s t e r n u c l e i w i t h B r d U r d - s u b s t i t u t e d DNA 
were U V - m i c r o i r r a d i a t e d i n i n t e r p h a s e ( i n c i d e n t energy: 
E. = 0 . 0 3 n J . Chromosome p r e p a r a t i o n s were o b t a i n e d a t 
tn e f i r s t p o s t - i r r a d i a t i o n m i t o s i s ( p r o t o c o l A ) . O r d i 
n a t e : number of metaphase s p r e a d s (M) w i t h a g i v e n number 
o f SCEs. A b s c i s s a : number o f SCEs p e r metaphase (N ) . 
a) C o n t r o l (no i r r a d i a t i o n ) . N g C E = 9 .1 ± 0 . 1 9 ; n = 3 T 2 . 
b) M i c r o i r r a d i a t i o n o f a s m a l l p a r t (^ 5%) o f t h e n u c l e a r 
a r e a . N g C E = 2 8 . 8 ± 0 . 4 9 ; n = 106 . c) M i c r o i r r a d i a t i o n 
o f a l a r g e p a r t (^ 90%) o f t h e n u c l e a r a r e a . ^ N c j C E : m e a n 

number o f SCEs ± S.E.M.) I n some c a s e s includecT i n t h e 
c a l c u l a t i o n Qf N t h e a c t u a l number o f SCEs was p r o b a b l y 
s l i g h t l y u n d e r e s t i m a t e d due t o t h e q u a l i t y o f t h e s p r e a d s . 
However, e l i m i n a t i o n o f t h e s e s p r e a d s f r o m f u r t h e r c a l c u -
l a t i o n s had a n e g l i g i b l e i m p a c t on t h e v a l u e s f o r N £ and 
we d e c i d e d t o . e v a l u a t e t h e p o p u l a t i o n s o f metaphase 
s p r e a d s w i t h SCD as c o m p l e t e as p o s s i b l e . 

T a b l e 1 summarizes t h e r e s u l t s o f 1 ,198 metaphase s p r e a d s w i t h 
s i s t e r c h r o m a t i d d i f f e r e n t i a t i o n (SCD) w h i c h were o b t a i n e d f o l l o w i n g 
m i c r o i r r a d i a t i o n o f n u c l e i u nder d i f f e r e n t c o n d i t i o n s . F o r b o t h 
p r o t o c o l s A and B (see M a t e r i a l and Methods) and a l l i n c i d e n t UV e n -
e r g i e s ( 0 . 0 1 5 t o 0 .27 n J ) , b o t h Nc and t h e t o t a l number o f SCEs ob
t a i n e d p e r metaphase s p r e a d w i t h SCD were s i g n i f i c a n t l y h i g h e r when 
th e UV energy was d i s t r i b u t e d o v e r a l a r g e n u c l e a r a r e a i n s t e a d o f 
b e i n g c o n c e n t r a t e d t o a s m a l l one. A l t h o u g h t h e i n c i d e n t UV doses 
used were c o n s i d e r a b l y h i g h e r i n e x p e r i m e n t s f o l l o w i n g p r o t o c o l B, 
the i n c r e a s e o f SCEs was l e s s p r o n o u n c e d t h a n i n e x p e r i m e n t s f o l 
l o w i n g p r o t o c o l A. These d i f f e r e n c e s may p a r t l y r e f l e c t a l o w e r 
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F i g . 3. F r e q u e n c y d i s t r i b u t i o n o f t h e number o f chromosomes p e r 
metaphase s p r e a d w i t h SCEs. C h i n e s e h a m s t e r n u c l e i w i t h 
B r d U r d - s u b s t i t u t e d DNA were U V - m i c r o i r r a d i a t e d ( i n c i d e n t 
e n e r g y : E = 0 . 0 3 n J ) . Chromosome p r e p a r a t i o n s were 
o b t a i n e d a t t h e f i r s t p o s t - i r r a d i a t i o n m i t o s i s ( p r o t o 
c o l A ) . O r d i n a t e : number o f metaphase s p r e a d s (M) w i t h a 
g i v e n number o f chromosomes b e a r i n g SCEs. A b s c i s s a : num
b e r o f chromosomes p e r metaphase s p r e a d b e a r i n g SCEs ( N p ) . 
a) C o n t r o l (no i r r a d i a t i o n ) . N = 7.3 ± 0.12; n = 312. 
b) I r r a d i a t i o n f i e l d " s m a l l . " NI = 8.2 ± 0.22; n = 106. 
c) I r r a d i a t i o n f i e l d " l a r g e . " N^ = 12.3 ± 0.28; n = 154. 
(N = mean number o f chromosomes b e a r i n g SCEs ± S.E.M.). 

s e n s i t i v i t y o f n o n s u b s t i t u t e d DNA ( p r o t o c o l B) as compared t o DNA 
s u b s t i t u t e d w i t h B r d U r d a t t h e t i m e o f m i c r o i r r a d i a t i o n ( p r o t o c o l A) 
( 3 6 ) . PCS was o n l y d e t e c t e d a f t e r m i c r o i r r a d i a t i o n o f s m a l l and 
medium n u c l e a r a r e a s f o l l o w i n g p r o t o c o l A, b u t n o t i n c e l l s w i t h SCD 
o b t a i n e d by p r o t o c o l B. W i t h r e g a r d t o PCS, one has t o t a k e i n t o 
c o n s i d e r a t i o n t h a t t h e f i r s t p o s t i r r a d i a t i o n m i t o s i s was e v a l u a t e d 
i n c a s e o f p r o t o c o l A, w h i l e i n c a s e o f p r o t o c o l B c e l l s w i t h SCD 
had p r o c e e d e d t h r o u g h 2 a d d i t i o n a l c y c l e s a f t e r m i c r o i r r a d i a t i o n . 
C e l l s w i t h s h a t t e r e d chromosomes do n o t s u r v i v e b u t a r e s t i l l a b l e 
t o f o r m m i c r o n u c l e i ( o u r u n p u b l i s h e d o b s e r v a t i o n s ) . 



CO 
o 

Tab, 1. SCE f o r m a t i o n f o l l o w i n g m i c r o i r r a d i a t i o n o f s m a l l , medium, and l a r g e a r e a s 
C h i n e s e h a m s t e r n u c l e i . 

BrdUrd/dT 
labeling 
protocol 

i n c i d e n t 
UV energy 

(nJ) 

i r r a d i a t i o n 
f i e l d 

n nSCD nSCD 
n x 100 

N c 
(mean + S.E.M.) 

N s c ? 

(mean - S.E.M.) 
NMN 

A c o n t r o l -- — 312 — 7 .3 + 0.12 9 1 + 0.19 3.6 
0.015 s m a l l 799 86 10 8 9 .8 + 0.29 16 7 + 0.71 7.9 

medium 928 80 8 6 14 .8 - 0.62 38 0 - 2.88 10.0 
0.03 s m a l l 1 .936 106 5 5 8 .2 + 0.22 1 2 2 + 0.49 7.6 

l a r g e 1 .910 161 8 4 12 .3 - 0.28 28 .8 - 1 .02 4.0 
0.06 s m a l l 1 .126 29 2 6 9 .8 + 0.65 13 3 + 1.13 12.6 

l a r g e 1 .169 67 5 7 16 .4 - 0.38 54 - 1 .69 6.6 

B c o n t r o l -- 267 — 7 .0 + 0.14 9 4 + 0.27 3.5 
0.13 s m a l l 3.011 98 3 3 7 .2 + 0.24 10 8 + 0.44 15.8 

l a r g e 1 .255 177 14 1 9 .3 - 0.20 15 8 - 0.48 7.6 
0.27 s m a l l 3 .256 154 4 7 7 .0 + 0.18 10 1 + 0.31 24.3 

l a r g e 1 .519 241 25. 8 9 .6 - 0.18 16 8 - 0.49 9.8 

SCE 

number o f m i c r o i r r a d i a t e d c e l l s 
number o f metaphases w i t h SCD 
number o f chromosomes w i t h SCEs p e r metaphase 
t o t a l number o f SCEs per metaphase 
p e r c e n t a g e o f m i c r o n u c l e a t e d c e l l s 

J3 > 
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I n t e r e s t i n g l y , t h e d i s t r i b u t i o n o f a g i v e n UV i n c i d e n t dose i n -
t o a s m a l l o r l a r g e n u c l e a r a r e a r e s u l t e d i n a s t r i k i n g d i f f e r e n c e 
b o t h w i t h r e g a r d t o t h e m i t o t i c y i e l d , i . e . , t h e number o f meta-
p h a s e s w i t h SCD d i v i d e d by t h e number o f m i c r o i r r a d i a t e d c e l l s , and 
th e p e r c e n t a g e o f c e l l s w i t h m i c r o n u c l e i . A f t e r m i c r o r i r r a d i a t i o n 
o f s m a l l n u c l e a r a r e a s t h e m i t o t i c y i e l d was g e n e r a l l y l o w e r and t h e 
p e r c e n t a g e o f m i c r o n u c l e a t e d c e l l s h i g h e r . T h i s r e s u l t s u g g e s t s 
t h a t c e l l u l a r s u r v i v a l may n o t o n l y depend on t h e t o t a l i n c i d e n t UV 
dose a p p l i e d t o t h e n u c l e u s (25) b u t a l s o on i t s d i s t r i b u t i o n w i t h i n 
t h e n u c l e u s . F u r t h e r s u p p o r t f o r t h i s S u g g e s t i o n was o b t a i n e d by 
the Observation that c l o n a l s u r v i v a l o f m i c r o i r r a d i a t e d c e l l s was 
impr o v e d a f t e r m i c r o i r r a d i a t i o n o f l a r g e r n u c l e a r a r e a s as compared 
t o s m a l l e r ones ( o u r u n p u b l i s h e d d a t a ) . N o t a b l y , m i c r o i r r a d i a t i o n 
o f a s m a l l p a r t o f t h e n u c l e u s w i t h t h e l o w e s t U V - i n c i d e n t dose 
(Tab. 1, p r o t o c o l A, 0.015 n J ) r e s u l t e d i n a s i g n i f i c a n t l y h i g h e r 
y i e l d o f SCEs p e r metaphase s p r e a d a t t h e f i r s t p o s t i r r a d i a t i o n m i 
t o s i s t h a n m i c r o i r r a d i a t i o n w i t h h i g h e r doses (0.03 and 0.06 n J ) . 
T h i s i s l i k e l y due t o a more pronounced c h r o m a t i n damage i n c e l l s 
m i c r o i r r a d i a t e d a t h i g h e r doses w h i c h p o s s i b l y i n t e r f e r e d w i t h t h e 
f o r m a t i o n o f SCEs o r l e d t o an u n d e r e s t i m a t i o n o f SCEs i n m i c r o i r r a 
d i a t e d chromosomal segments w h i c h a p p e a r e d s h a t t e r e d a t metaphase. 

M i c r o i r r a d i a t i o n o f t h e C y t o p l a s m 

I n m i c r o i r r a d i a t i o n e x p e r i m e n t s o f n u c l e a r t a r g e t s t h e m i c r o -
beam a l s o p a s s e d t h e l a y e r o f c y t o p l a s m above and b e l o w t h e n u c l e u s . 
To e x c l u d e SCE i n d u c t i o n by t o x i c a n d /or DNA-damaging e f f e c t s o f 
d i f f u s i b l e p h o t o p r o d u c t s ( " r a d i o t o x i n s " ) p r o d u c e d o u t s i d e t h e nu
c l e u s (37) a s m a l l p a r t o f t h e c y t o p l a s m o f M3-1 c e l l s was m i c r o 
i r r a d i a t e d a t a d i s t a n c e o f about 4 um t o t h e edge o f t h e n u c l e u s . 
The r e s u l t s a r e g i v e n i n Tab. 2. No s i g n i f i c a n t d i f f e r e n c e s were 

Tab. 2. SCE f o r m a t i o n f o l l o w i n g m i c r o i r r a d i a t i o n o f a s m a l l p a r t 
o f t h e c y t o p l a s m b e s i d e t h e n u c l e u s . 

BrdUrd/dT 
labeling 
protocol 

i n c i d e n t 

UV energy (nJ) 

nSCD N c N S C E 

A 0.27 45 7.2 - 0. .31 9.6 - O. .49 

B 0.27 27 7.0 - O, .46 9.2 - O. .60 

f o r u n i r r a d i a t e d c o n t r o l s see T a b l e 1 
nSCD : n u m b e r o f metaphases w i t h SCD 

N c : number o f chromosomes w i t h SCEs 
N S C E : t o t a l number o f SCEs p e r metaphase 
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o b t a i n e d between c o n t r o l c e l l s and c e l l s m i c r o i r r a d i a t e d i n t h e c y 
t o p l a s m . I n e x p e r i m e n t s f o l l o w i n g p r o t o c o l A t h e U V - i n c i d e n t dose 
a p p l i e d t o t h e c y t o p l a s m was c o n s i d e r a b l y h i g h e r ( a p p r o x . 3-30 
t i m e s ) as compared t o t h e doses used f o r m i c r o i r r a d i a t i o n o f n u c l e i . 
T h i s compensates f o r t h e d i f f e r e n c e s i n t h e UV-absorbance o f n u c l e o -
p l a s m ( a p p r o x . 50%) and c y t o p l a s m ( a p p r o x . 30% o f t h e U V - i n c i d e n t 
e n ergy) ( 3 8 ) . I t i s c o n c l u d e d t h a t t h e s i g n i f i c a n t l y i n c r e a s e d SCE 
l e v e l s o b t a i n e d a f t e r m i c r o i r r a d i a t i o n o f s m a l l p a r t s o f n u c l e i a t 
t h e f i r s t p o s t i r r a d i a t i o n m i t o s i s ( p r o t o c o l A) were e x c l u s i v e l y due 
t o d i r e c t e f f e c t s on n u c l e a r t a r g e t s . 

DISCUSSION 

I n t h e p r e s e n t i n v e s t i g a t i o n we have t r i e d t o d i s c r i m i n a t e by 
l a s e r - U V - m i c r o b e a m e x p e r i m e n t s between 2 a l t e r n a t i v e h y p o t h e s e s 
c o n c e r n i n g t h e i n d u c t i o n o f SCEs by u l t r a v i o l e t l i g h t ( see I n t r o d u c -
t i o n ) : 

( i ) SCEs a r e formed e x c l u s i v e l y a t o r n e a r t h e s i t e s o f DNA 
p h o t o l e s i o n s . 

( i i ) The number o f SCEs depends on t h e t o t a l number o f DNA pho
t o l e s i o n s , b u t t h e s i t e s o f s u c h l e s i o n s and t h e s i t e s o f 
SCEs a r e n o t c o r r e l a t e d . 

B o t h t h e number and t h e d i s t r i b u t i o n o f SCEs were f o u n d t o be drama-
t i c a l l y i n f l u e n c e d by t h e d i s t r i b u t i o n o f t h e U V - i n c i d e n t energy 
w i t h i n t h e n u c l e u s ( F i g s . 1-3, Tab. 1 ) . Our I n t e r p r e t a t i o n o f t h e s e 
d a t a i s b a s e d on e v i d e n c e t h a t chromosomes i n t h e i n t e r p h a s e n u c l e u s 
o f C h i n e s e h a m s t e r c e l l s occupy d i s t i n c t t e r r i t o r i e s o r domains ( 2 6 -
28,33,39,40). R e c e n t l y , Hens e t a l . (28) i n o u r l a b o r a t o r y , m i c r o 
i r r a d i a t e d s m a l l a r e a s (some 5% o f t h e t o t a l a r e a ) u s i n g t h e same 
c e l l l i n e (M3-1) as i n t h e p r e s e n t e x p e r i m e n t s . The c e l l s were f o l -
lowed f r o m i n t e r p h a s e t o metaphase and t h e m i c r o i r r a d i a t e d c h r o m a t i n 
was v i s u a l i z e d by i n d i r e c t i m m u n o f l u o r e s c e n c e m i c r o s c o p y u s i n g a n t i 
b o d i e s s p e c i f i c f o r U V - i r r a d i a t e d DNA. The f r e q u e n c y d i s t r i b u t i o n 
o f i m m u n o f l u o r e s c e n t chromosomes showed a maximum o f 2 l a b e l e d c h r o 
mosomes p e r metaphase s p r e a d and an a r i t h m e t i c mean o f 3.1 chromo
somes, i . e . , p a r t s o f t h e s e chromosomes were s i t u a t e d i n t h e m i c r o 
i r r a d i a t e d n u c l e a r segment. I n l i g h t o f t h e s e f i n d i n g s we s u g g e s t 
t h a t m u l t i p l e SCEs f o u n d o v e r S i n g l e chromosomes a f t e r m i c r o i r r a d i a 
t i o n o f a s m a l l n u c l e a r a r e a ( F i g . l b ) i n d i c a t e m i c r o i r r a d i a t e d 
chromosomes. I n c a s e s , however, where t h e few m i c r o b e a m - i n d u c e d 
SCEs were d i s t r i b u t e d o v e r s e v e r a l m i c r o i r r a d i a t e d chromosomal s e g 
ments i t became d i f f i c u l t o r i m p o s s i b l e t o d i s t i n g u i s h m i c r o i r r a d i 
a t e d chromosomes f r o m n o n i r r a d i a t e d ones b e a r i n g " b a c k g r o u n d " SCEs. 
Our c o n c l u s i o n t h a t t h e i n d u c t i o n o f SCEs by u l t r a v i o l e t l i g h t i s 
r e s t r i c t e d t o m i c r o i r r a d i a t e d c h r o m a t i n i s s u b s t a n t i a t e d by o u r 
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f i n d i n g t h a t even i n c a s e o f p a r t i a l chromosome s h a t t e r i n g (PCS) i n 
duced by m i c r o i r r a d i a t i o n o f a s m a l l n u c l e a r a r e a , t h e s u r r o u n d i n g 
i n t a c t chromosomes showed a p p a r e n t l y n o r m a l SCE l e v e l s ( F i g . l c ) . 
A f t e r m i c r o i r r a d i a t i o n o f a m e d i u m - s i z e d n u c l e a r a r e a (some 3 0 % ) , 
m u l t i p l e SCEs were n o t e d o v e r a number o f chromosomes a p p a r e n t l y r a 
t h e r c l o s e t o each o t h e r i n t h e metaphase s p r e a d , w h i l e t h e r e m a i n -
i n g chromosomes a g a i n showed SCE l e v e l s i n t h e ränge of c o n t r o l s 
( F i g . l d ) . F i n a l l y , a f t e r m i c r o i r r a d i a t i o n o f a l a r g e n u c l e a r a r e a , 
c o v e r i n g t h e m ajor p a r t o r even t h e whole n u c l e u s , many metaphase 
s p r e a d s c o u l d be o b s e r v e d w i t h h i g h SCE l e v e l s o v e r t h e m a j o r i t y o r 
even a l l chromosomes ( F i g . l e ) . 

F o r b o t h p r o t o c o l s A and B our d a t a a r e c l e a r l y c o n s i s t e n t w i t h 
h y p o t h e s i s ( i ) b u t n o t w i t h h y p o t h e s i s ( i i ) . T h i s f i n d i n g i n d i c a t e s 
t h a t t h e d i f f e r e n t t y p e s o f DNA l e s i o n s p r o d u c e d by U V - i r r a d i a t i o n 
o f n o r m a l and B r d U r d - s u b s t i t u t e d DNA i n d u c e SCEs by a mechanism 
a c t i n g d i r e c t l y w i t h i n t h e m i c r o i r r a d i a t e d C h r o m a t i n . A l t h o u g h we 
c a n n o t e x c l u d e t h e i n d u c t i o n o f a s m a l l p e r c e n t a g e o f SCEs i n r e p l i 
con C l u s t e r s remote from the U V - i r r a d i a t e d o n e s , we can now s a f e l y 
assume that s u c h i n d i r e c t e f f e c t s do n o t p l a y a major r o l e under the 
p r e s e n t e x p e r i m e n t a l c o n d i t i o n s . 

R e c e n t l y , Graves and K e l l o w have a s s a y e d s i s t e r c h r o m a t i d e x -
change f r e q u e n c i e s i n h e t e r o k a r y o n s between i r r a d i a t e d and u n i r r a -
d i a t e d mouse and C h i n e s e h amster c e l l s ( 4 2 ) . One c e l l l i n e was UV-
i r r a d i a t e d , t h e n f u s e d t o u n i r r a d i a t e d B r d U r d - l a b e l e d c e l l s o f t h e 
o t h e r l i n e . SCEs i n t h e u n i r r a d i a t e d chromosome complement were 
s c o r e d i n h e t e r o k a r y o n s . I n t h e s e e x p e r i m e n t s a dose dependent i n -
c r e a s e o f SCEs i n t h e u n i r r a d i a t e d chromosome complement o f t h e h e t 
e r o k a r y o n s c o u l d be d e m o n s t r a t e d . The a u t h o r s have s u g g e s t e d f r o m 
t h e i r d a t a t h a t an i n d i r e c t pathway may a c c o u n t f o r 25% o f SCEs i n 
duced i n U V - i r r a d i a t e d c e l l s . I n a d d i t i o n , G r a v e s and K e l l o w have 
d i s c u s s e d t h e p o s s i b i l i t y t h a t a f a c t o r w h i c h i n d u c e s SCEs i n t h e 
n o n i r r a d i a t e d chromosomes m i g h t be p r o d u c e d i n U V - i r r a d i a t e d c y t o 
p l a s m . I n t h e p r e s e n t e x p e r i m e n t s m i c r o i r r a d i a t i o n o f t h e c y t o p l a s m 
b e s i d e t h e n u c l e u s d i d n o t i n d u c e t h e f o r m a t i o n o f SCEs (Tab. 2 ) . 
However, i t i s i m p o r t a n t t o n o t e t h a t o n l y a s m a l l amount of c y t o 
p l a s m was m i c r o i r r a d i a t e d . Thus we c a n n o t e x c l u d e t h e p o s s i b i l i t y 
t h a t i r r a d i a t i o n o f a m a j o r p a r t o r even t h e whole c y t o p l a s m m i g h t 
l e a d t o an i n c r e a s e d e x t e n t o f i n d i r e c t SCE i n d u c t i o n . I n c o n t r a s t 
t o G r a v e s and K e l l o w ( 4 2 ) , G a i t i l and h i s c o w o r k e r s d i d n o t o b s e r v e 
an i n c r e a s e o f SCE f r e q u e n c y i n n o n i r r a d i a t e d B r d U r d - l a b e l e d chromo
somes i n h y b r i d c e l l s r e s u l t i n g f r o m t h e f u s i o n o f u n i r r a d i a t e d and 
U V - i r r a d i a t e d V79 C h i n e s e h amster c e l l s . 

W i t h i n t h e ränge of energy d e n s i t i e s used i n t h e p r e s e n t e x p e r 
i m e n t s i t i s l i k e l y t h a t t h e t o t a l number of DNA p h o t o l e s i o n s was 
a p p r o x i m a t e l y t h e same a f t e r m i c r o i r r a d i a t i o n o f s m a l l and l a r g e nu
c l e a r a r e a s , r e s p e c t i v e l y ( 2 3 ) . One m i g h t have e x p e c t e d t h a t o n l y 
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t h e d i s t r i b u t i o n o f SCEs o v e r t h e chromosome complement, b u t n o t 
t h e i r t o t a l number, s h o u l d be i n f l u e n c e d by t h e s e 2 modes o f m i c r o 
i r r a d i a t i o n . I n p a r t , t h e much l o w e r t o t a l y i e l d s o f SCEs o b s e r v e d 
i n t h e f i r s t c a s e ( F i g . 2) may be due t o an u n d e r e s t i m a t i o n o f p o s 
s i b l e SCEs i n s h a t t e r e d chromosomes ( F i g . l c ) . However, t h i s e x p l a -
n a t i o n does n o t app e a r s u f f i c i e n t , s i n c e t h e d i f f e r e n c e s i n t h e 
y i e l d s o f SCEs o b s e r v e d a f t e r b o t h modes o f m i c r o i r r a d i a t i o n were 
s t i l l p r e s e n t i n metaphase s p r e a d s w i t h a p p a r e n t l y i n t a c t chromo
somes. E s t i m a t e s o f t h e maximum d e n s i t y o f SCEs o v e r S i n g l e chromo
somes, i n d i c a t e s l i g h t l y h i g h e r v a l u e s a t b e s t i n t h e c a s e o f a 
s m a l l i r r a d i a t i o n f i e l d ( d a t a n o t shown). T h i s c o n t r a s t s t o a m a x i 
mum en e r g y d e n s i t y w h i c h s h o u l d be a t l e a s t 5 0 - f o l d h i g h e r i n a 
s m a l l m i c r o i r r a d i a t i o n f i e l d as compared t o a l a r g e one. We have 
e s p e c i a l l y l o o k e d f o r chromosome segments i n w h i c h d i f f e r e n t i a l 
s t a i n i n g o f s i s t e r c h r o m a t i d s m i g h t have become b l u r r e d due t o a 
h i g h number o f l o c a l SCEs r e s u l t i n g from h i g h l o c a l e n e r g y d e n s i -
t i e s , b u t we were n o t a b l e t o d e t e c t s u c h exaraples. Thus, t h e ob
s e r v e d frequencies o f SCEs o v e r Single m i c r o i r r a d i a t e d chromosomes 
do n o t a p p a r e n t l y r e f l e c t t h e d i f f e r e n c e s i n t h e l o c a l e n e r g y den-
s i t i e s o b t a i n e d by t h e d i f f e r e n t d i a m e t e r s o f t h e i r r a d i a t i o n f i e l d . 
A ssuming an i r r a d i a t i o n a r e a o f 2% o f t h e mean n u c l e a r a r e a , i . e . , 
t h e i m m u n o f l u o r e s c e n t a r e a most f r e q u e n t l y o b s e r v e d when t h e f o c a l 
s i t e o f t h e beam was p l a c e d w i t h i n t h e n u c l e u s ( R e f . 2 8 ^ see 
M a t e r i a l & Methods) an e n e r g y d e n s i t y i n t h e ränge o f 100 J/m can 
be estimated i n t h e m i c r o i r r a d i a t e d n u c l e a r p a r t . T h i s r o u g h e s t i -
mate s u g g e s t s t h a t t h e e n e r g y d e n s i t i e s o b t a i n e d by m i c r o i r r a d i a t i o n 
o f a s m a l l n u c l e a r a r e a were g e n e r a l l y i n a ränge where c o n s i d e r a b l e 
S a t u r a t i o n o f SCE numbers was o b s e r v e d i n ca s e o f whole c e l l i r r a d i 
a t i o n w i t h c o n v e n t i o n a l UV s o u r c e s (X = 254 nm) ( 3 5 , 4 1 ) . I n c o n -
t r a s t , t h e much l o w e r energy d e n s i t i e s a c h i e v e d by e x p o s i n g a l a r g e 
nuclear area were l i k e l y i n a ränge s t i l l b e l o w Saturation. B e s i d e s 
Saturation, a high number o f DNA photolesions i n m i c r o i r r a d i a t e d 
chromosomes may i n t e r f e r e w i t h t h e f o r m a t i o n o f SCEs by i n d u c i n g 
o t h e r pathways by w h i c h a c e l l c an cope w i t h U V - i n d u c e d c h r o m a t i n 
damage and w h i c h r e s u l t i n o t h e r e n d p o i n t s o b s e r v a b l e a t m i t o s i s , 
such as chromosome s h a t t e r i n g . 

ACKNOWL ED GEMENT S 

T h i s work was s u p p o r t e d by a g r a n t f r o m t h e D e u t s c h e F o r s c h u n g -
s e m e i n s c h a f t . We a r e g r e a t l y i n d e b t e d t o Dr. W.K. de Raat and Dr. 
P.B. D a v i s f o r d i s c u s s i o n s and s u p p o r t o f one o f us (M.R.) d u r i n g 
p r e l i m i n a r y e x p e r i m e n t s t o c h a r a c t e r i z e SCE i n d u c t i o n i n C h i n e s e 
h a m s t e r c e l l l i n e s . 

REFERENCES 

1. W o l f f , S. (1977) Review: SCE. Ann. Rev. Genet. 11:183-201. 



S C E INDUCED BY LASER-UV-MICROIRRADIATION 195 

2. K a t o , H. (1977b) Mechanisms f o r SCEs and t h e i r r e l a t i o n t o t h e 
p r o d u c t i o n o f chromosomal a b e r r a t i o n s . Chromosoma 59:179-191. 

3. S a s a k i , M.S. (1977) S i s t e r c h r o m a t i d exchange and c h r o m a t i d 
i n t e r c h a n g e as p o s s i b l e m a n i f e s t a t i o n o f d i f f e r e n t r e p a i r p r o -
c e s s e s . N a t u r e 269:623-625. 

4. S h a f e r , D.A. (1977) R e p l i c a t i o n b y p a s s model o f SCE and i m p l i -
c a t i o n s f o r B l o o m 1 s Syndrome and F a n c o n i ' s anemia. Human 
Genet. 39:177-190. 

5. P a i n t e r , R.B. (1980) A r e p l i c a t i o n model f o r SCE. M u t a t . Res. 
70:337-341. 

6. I s h i i , Y., and M.A. Bender (1980) E f f e c t s o f i n h i b i t o r s o f DNA 
s y n t h e s i s on spon t a n e o u s and UV - i n d u c e d SCEs i n C h i n e s e h a m s t e r 
c e l l s (V79 B - l ) M u t a t . Res. 79:19-32. 

7. L a t t , S.A. (1981) SCE f o r m a t i o n . Ann. Rev. Genet. 15:11-55. 
8. S a n d b e r g , A.A., ed. S i s t e r C h r o m a t i d Exchange. A l a n R. L i s s , 

New Y o r k . 
9. D a v i d s o n , R.L., E.R. Kaufman, E.P. D o u g h e r t y , A.M. O u e l l e t t e , 

C M . D i F o l c o , and S.A. L a t t (1980) I n d u c t i o n o f SCEs i s l a r g e l y 
i n d e p e n d e n t o f t h e BUdR c o n t e n t o f DNA. N a t u r e 284:74-76. 

10. R a i n a l d i , R., and T. M a r i a n i (1982) The d i s t r i b u t i o n o f i n d u c e d 
s i s t e r - c h r o m a t i d e x c h a n g e s : A t o o l f o r i d e n t i f y i n g a g e n t s 
d i r e c t l y i n t e r a c t i n g w i t h DNA. M u t a t . Res. 103:333-337. 

11. G u g l i e l m i , G.E., T.F. V o g t , and R.R. T i c e (1982) I n d u c t i o n o f 
s i s t e r c h r o m a t i d exchanges and I n h i b i t i o n o f c e l l u l a r p r o l i f e r -
a t i o n i n v i t r o . I . C a f f e i n e . E n v i r o n . M u t a t a g e n . 4:191-200. 

12. K a t o , H. (1973) I n d u c t i o n o f SCEs by U V - l i g h t and i t s I n h i b i 
t i o n by c a f f e i n e . Exp. C e l l . Res. 82:383-390. 

13. K a t o , H. (1974) P h o t o r e a c t i v a t i o n o f SCEs i n d u c e d by u l t r a v i o 
l e t i r r a d i a t i o n . N a t u r e 249:552-553. 

14. MacRae, W.D., E.A. Ma c K i n n o n , and H.F. S t i c h (1979) The f a t e o f 
UV-i n d u c e d l e s i o n s a f f e c t i n g SCEs, chromosome a b e r r a t i o n s and 
s u r v i v a l o f CHO c e l l s a r r e s t e d by d e p r i v a t i o n o f a r g i n i n e . 
Chromosoma 72:15-22. 

15. N a t a r a j a n , A.T., A.A. v a n Z e e l a n d , E.A.M. V e r d e g a a l - I m m e r z e e l , 
and A.R. F i l o n (1980) S t u d i e s on t h e i n f l u e n c e o f p h o t o r e a c t i 
v a t i o n on t h e f r e q u e n c i e s o f UV - i n d u c e d chromosomal a b e r r a 
t i o n s , SCEs and p y r i m i d i n e d i m e r s i n c h i c k e n e m b r y o n i c f i b r o -
b l a s t s . M u t a t . Res. 69:307-317. 

16. W o l f f , S., J . B o d y c o t e , and R.B. P a i n t e r (1974) SCEs i n d u c e d i n 
C h i n e s e h a m s t e r c e l l by U V - i r r a d i a t i o n a t d i f f e r e n t s t a g e s o f 
th e c e l l - c y c l e : The n e c e s s i t y f o r c e l l s t o p a s s t h r o u g h S. 
M u t a t . Res. 25:73-81. 

17. Moreno, G., and C. S a l e t (1974) U n s c h e d u l e d DNA s y n t h e s i s a f t e r 
u l t r a v i o l e t m i c r o i r r a d i a t i o n o f t h e c e l l n u c l e u s . R a d i a t . Res. 
58:52-59. 

18. Cremer, C , T. Cremer, and M. S i m i c k o v a (1980) I n d u c t i o n o f 
chromosome s h a t t e r i n g and m i c r o n u c l e i by u l t r a v i o l e t l i g h t and 
c a f f e i n e . I . Temporal r e l a t i o n s h i p and a n t a g o n i s t i c e f f e c t s o f 
th e f o u r d e o x y r i b o n u c l e o s i d e s . E n v i r o n . Mutagen. 2:339-351. 



196 M. RAITH ET A L . 

19. Cremer, C , T. Cremer, C. Z o r n , and J . Zimmer (1978) The i n f l u -
ence o f t h e d i s t r i b u t i o n o f p h o t o l e s i o n s on t h e i n d u c t i o n o f 
chromosome s h a t t e r i n g i n C h i n e s e h a m s t e r c e l l s by U V - r a i c r o i r -
r a d i a t i o n and c a f f e i n e . C l i n . Genet. 14:286. 

20. Cremer, C , T. Cremer, C. Z o r n , and J . Zimmer (1981) I n d u c t i o n 
of chromosome s h a t t e r i n g by u l t r a v i o l e t l i g h t and c a f f e i n e : 
C o m parison o f whole c e l l and p a r t i a l c e l l i r r a d i a t i o n . M u t a t . 
Res. 84:331-348. 

21. Cremer, C , T. Cremer, L. Hens, H. Baumann, J . J . C o r n e l i s , and 
K. N a k a n i s h i (1983) U V - m i c r o i r r a d i a t i o n o f t h e C h i n e s e h amster 
c e l l n u c l e u s and c a f f e i n e p o s t t r e a t m e n t . Immunocytochemical 
l o c a l i z a t i o n o f DNA p h o t o l e s i o n s i n c e l l s w i t h p a r t i a l and gen-
e r a l i z e d chromosome s h a t t e r i n g . M u t a t . Res. 107:465-476. 

22. Cremer, T., S.P. P e t e r s o n , C. Cremer, and M.W. B e r n s (1981) 
L a s e r m i c r o i r r a d i a t i o n o f C h i n e s e h amster c e l l s a t w a v e l e n g t h 
365nm: E f f e c t s o f p s o r a l e n and c a f f e i n e . Rad. Res. 85:529-
543. 

23. Cremer, C , T. Cremer, and G. J a b b u r (1981a) L a s e r - U V - m i c r o i r 
r a d i a t i o n o f C h i n e s e hamster c e l l s . The i n f l u e n c e o f t h e d i s 
t r i b u t i o n o f p h o t o l e s i o n s on u n s c h e d u l e d DNA s y n t h e s i s . P h o t o -
chem. P h o t o b i o l . 33:925-928. 

24. Cremer, C , C. Z o r n , and T. Cremer (1974) An u l t r a v i o l e t l a s e r 
microbeam f o r 257 nm. M i c r o s c . A c t a . 75:331-337. 

25. Cremer, C , T. Cremer, C. Z o r n , and L. S c h o e l l e r (1976) E f f e c t s 
o f l a s e r U V - m i c r o i r r a d i a t i o n (A = 2573 A) on p r o l i f e r a t i o n o f 
C h i n e s e h amster c e l l s . Rad. Res. 66:106-121. 

26. Cremer, T., C. Cremer, H. Baumann, E.K. L e u d t k e , K. S p e r l i n g , 
V. T e u b e r , and C. Z o r n (1982) R a b l ' s model o f t h e i n t e r p h a s e 
chromosome arrangement t e s t e d i n C h i n e s e h amster c e l l s by p r e -
mature chromosome c o n d e n s a t i o n and l a s e r - U V - m i c r o b e a m e x p e r i 
ments. Human Genet. 60:46-56. 

27. Cremer, T., C. Cremer, T. S c h n e i d e r , H. Baumann, L. Hens, and 
M. K i r s c h - V o l d e r s , (1982) A n a l y s i s o f chromosome p o s i t i o n s i n 
th e i n t e r p h a s e n u c l e u s o f C h i n e s e h amster c e l l s by l a s e r - U V -
m i c r o i r r a d i a t i o n e x p e r i m e n t s . Human Genet. 62:201-209. 

28. Hens, L., H. Baumann, T. Cremer, A. S u t t e r , J . J . C o r n e l i s , and 
C. Cremer (1983) Immunocytochemical l o c a l i z a t i o n o f c h r o m a t i n 
r e g i o n s U V - m i c r o i r r a d i a t e d i n S-phase o r anaphase. E v i d e n c e 
f o r a t e r r i t o r i a l O r g a n i z a t i o n o f chromosomes d u r i n g c e l l c y c l e 
of c u l t u r e d C h i n e s e h amster c e l l s . Exp. C e l l Res. 149:257-269. 

29. H u t c h i n s o n , F. (1973) The l e s i o n s p r o d u c e d by u l t r a v i o l e t l i g h t 
i n DNA c o n t a i n i n g 5 - b r o m o u r a c i l . Q u a r t . Rev. o f B i o p h y s i c s 6: 
201-246. 

30. G r a y , J.W., A.V. C a r r a n o , L.L. S t e i n m e t z , M.A. v a n D i l l a , D.H. 
Moore I I , B.H. M a y a l l , and M.L. Mendelsohn (1975) Chromosome 
measurement and s o r t i n g by f l o w Systems. P r o c . N a t l . A c a d . 
S e i . , USA 72:1231-1234. 

31. G r a y , J.W. (1980) R a p i d q u a n t i t a t i v e c e l l c y c l e p a r a m e t e r e s t i -
m a t i o n by RC a n a l y s i s . Med. T r i b . (Japan) 2:17. 



S C E INDUCED BY LASER-UV-MICROIRRADIATION 197 

32. Cremer, C , and J.W. Gray (1982) A p p l i c a t i o n o f t h e B r d U / t h y m i -
d i n e method t o f l o w c y t o g e n e t i c s : D i f f e r e n t i a l q u e n c h i n g / 
enhancement o f Ho e c h s t 33258 f l u o r e s c e n c e o f l a t e - r e p l i c a t i n g 
chromosomes. Somat. C e l l Genet. 8:319-327. 

33. Z o r n , C , C. Cremer, T. Cremer, and J . Zimmer (1979) Unsched-
u l e d DNA s y n t h e s i s a f t e r p a r t i a l U V - i r r a d i a t i o n o f t h e c e l l n u 
c l e u s . D i s t r i b u t i o n i n i n t e r p h a s e and metaphase. Exp. C e l l 
Res. 124:111-119. 

34. Z o r n , C , T. Cremer, C. Cremer, and J . Zimmer (1976) L a s e r - U V -
m i c r o i r r a d i a t i o n and p o s t t r e a t m e n t w i t h c a f f e i n e . A new a p -
p r o a c h t o e s t a b l i s h t h e arrangement o f i n t e r p h a s e chromosomes. 
Human Genet. 35:83-89. 

35. E p p l e n , J.T., J.W. S i e b e r g , and W. V o g e l (1975) DNA r e p l i c a 
t i o n p a t t e r n s o f human chromosomes f r o m f i b r o b l a s t s and amnio-
t i c f l u i d c e l l s r e v e a l e d by a Giemsa s t a i n i n g t e c h n i q u e . C y t o -
g e n e t . C e l l Genet. 15:177-185. 

36. S p e i t , G., K. M e h n e r t , M. W o l f , and W. V o g e l (1982) UV-induced 
s i s t e r c h r o m a t i d exchanges i n V-79 c e l l s w i t h n o r m a l and B r d 
U r d s u b s t i t u t e d DNA and t h e i n f l u e n c e o f i n t e r c a l a t i n g s u b -
s t a n c e s and c y s t e i n e . R a d i a t . Res. 90:538-546. 

37. Dendy, P.P., and C.L. Sm i t h (1964) E f f e c t s on DNA s y n t h e s i s o f 
l o c a l i z e d i r r a d i a t i o n o f c e l l s i n t i s s u e c u l t u r e by ( i ) a u.v. 
microbeam and ( i i ) an a - p a r t i c l e microbeam. P r o c . R o y a l Soc. 
(London) S e r i e s B 160:328-344. 

38. H a t f i e l d , J.M.R., L. S c h u l z e , and D. E r n s t (1970) Measurement 
o f t h e u l t r a v i o l e t a b s o r p t i o n i n s p e c i f i c p a r t s o f b o t h l i . v i n g 
and f i x e d mammalian c e l l s , u s i n g a s p e c i a l l y d e s i g n e d m i c r o -
s p e c t r o p h o t o m e t e r . Exp. C e l l Res. 59:484-486. 

39. S t a c k , S.M., D.B. Brown, and W.C. Dewey (1977) V i s u a l i z a t i o n o f 
i n t e r p h a s e chromosomes. J . C e l l S e i . 26:281-299. 

40. Hancock, R, and M.E. Hughes (1982) O r g a n i z a t i o n o f DNA i n t h e 
i n t e r p h a s e n u c l e u s . B i o l . C e l l . 44:201-212. 

41. M u n t e r , M. (1980) S c h w e s t e r c h r o m a t i d a u s t a u s c h i n U V - b e s t r a h l t e n 
Z e l l e n des C h i n e s i s c h e n H a m s t ers. D i p l o m a r b e i t . F a c u l t y o f 
B i o l o g y , U n i v e r s i t y o f H e i d e l b e r g . 

42. G r a v e s , J.A.M., and G.N. K e l l o w (1983) E v i d e n c e f o r an i n d i r e c t 
e f f e c t o f r a d i a t i o n on mammalian chromosomes. I I I . UV and X - r a y -
i n d u c e d s i s t e r c h r o m a t i d exchanges i n h e t e r o k a r y o n s . C a n c e r 
Genet. C y t o g e n e t . 8:307-318. 


