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S u m m a r ~ r .  A d i r e c t  m a t h e m a t i c a l  r e l a t i o n s h i p  b e t w e e n  m u t a t i o n  f r e q u e n c y  p e r  s u r v i v o r  and  c e l l  s u r v i v a l  i s  
d e r i v e d  f r o m  t h e o r e t i c a l  c o n s i d e r a t i o n s  of  t he  m o l e c u l a r  e f f e c t s  of  r a d i a t i o n  in  a c e l l .  It i s  s h o w n  t h a t  t he  r e -  
l a t i o n s h i p  i s  s a t i s f i e d  by  a n a l y s i s  of  t h e  v a r i o u s  d a t a  on  r a d i a t i o n  i n d u c e d  m u t a t i o n s  a v a i l a b l e  in  t h e  l i t e r a t u r e .  
The a n a l y s i s  i m p l i e s  t h a t  a c o m m o n  type  of  l e s i o n  m a y  l e a d  to m u t a t i o n  a n d  ce l l  d e a t h  a n d  i s  d e r i v e d  on  the  a s -  
s u m p t i o n  t h a t  r a d i a t i o n - i n d u c e d  d o u b l e  s t r a n d  b r e a k s  in  DNA a r e  t he  c r i t i c a l  l e s i o n s .  The m a t h e m a t i c a l  r e l a -  
t i o n s h i p  i s  i n d e p e n d e n t  of  t he  way in  w h i c h  t he  l e s i o n  w h i c h  l e a d s  to m u t a t i o n s  and  ce l l  d e a t h  i s  i n d u c e d ,  so  t he  
a n a l y s i s  h a s  c o n s e q u e n t l y  b e e n  a p p l i e d  to o t h e r  m u t a g e n i c  t r e a t m e n t s  s u c h  a s  UV l i g h t  a n d  c h e m i c a l s .  It i s  
c o n c l u d e d  t h a t ,  a l t h o u g h  t he  l e s i o n s  i n d u c e d  by c h e m i c a l s  m a y  not  b e  the  s a m e  a s  t h o s e  i n d u c e d  by  r a d i a t i o n ,  i t  
i s  p r o b a b l e  t h a t  f o r  t h e  c h e m i c a l s  c o n s i d e r e d  c o m m o n  b a s i c  d a m a g e  to t he  DNA m o l e c u l e  i s  i m p l i c a t e d  a s  t he  
c r i t i c a l  l e s i o n .  

I n t r o d u c t i o n  

A t h e o r e t i c a l  m o d e l  h a s  b e e n  d e v e l o p e d  to e x p l a i n  t he  

r a d i a t i o n - i n d u c e d k i l l i n g  of  c e l l s  ( C h a d w i c k  a n d  L e e n -  

h o u t s  , 1 9 7 3 ) .  The b a s i c  a s s u m p t i o n  of  t h i s  m o d e l  i s  t h a t  

r a d i a t i o n  i n d u c e d  DNA d o u b l e  s t r a n d  b r e a k s  a r e  t h e  

m o s t  c r i t i c a l  l e s i o n s  w h i c h  l e a d  to c e l l  d e a t h .  In a n  

e x t e n s i o n  of  t h e  m o d e l ,  r a d i a t i o n - i n d u c e d  DNA d o u b l e  

s t r a n d  b r e a k s  h a v e  b e e n  r e l a t e d  to c h r o m o s o m e  a b e r -  

r a t i o n s  ( L e e n h o u t s  a n d  C h a d w i c k ,  1974a ) and  i t  h a s  b e e n  

s h o w n  t h a t  a r e l a t i o n s h i p  e x i s t s  b e t w e e n  ce l l  s u r v i v a l  

a n d  c h r o m o s o m e  a b e r r a t i o n s  f o l l o w i n g  r a d i a t i o n  ( C h a d -  

wick  a n d  L e e n h o u t s ,  1 9 7 4 ) .  It i s  p o s s i b l e  t h a t  DNA 

d o u b l e  s t r a n d  b r e a k s  a l s o  l e a d  to m u t a t i o n s ,  e i t h e r  

t h r o u g h  l o s s  of  c h r o m o s o m e  m a t e r i a l  in  a d e l e t i o n  o r  

t h r o u g h  t he  m i s - r e p a i r  of  the  b r e a k  g i v i n g  b a s e  p a i r  

c h a n g e s  in  t h e  DNA, so  i t  w as  p r o p o s e d  t h a t  t he  s a m e  

t h e o r e t i c a l  c o n s i d e r a t i o n s  c o u l d  b e  a p p l i e d  to r a d i a t i o n -  

i n d u c e d  m u t a t i o n s  ( L e e n h o u t s  and  C h a d w i c k ,  1 9 7 4 b ) .  

In t h i s  p a p e r  we d e r i v e  t he  g e n e r a l  r e l a t i o n s h i p  b e -  

t w e e n  c e l l  s u r v i v a l  a n d  m u t a t i o n  i n d u c t i o n  f r o m  the  

r a d i a t i o n  m o d e l ,  d e m o n s t r a t e  t h a t  t h e r e  i s  e x p e r i m e n -  

t a l  e v i d e n c e  w h i c h  s u p p o r t s  t he  r e l a t i o n s h i p ,  a n d  c o n -  

s i d e r  t h e  p o s s i b l e  a p p l i c a t i o n  of  t h e  r e l a t i o n s h i p  to 

o t h e r  m u t a g e n i c  a g e n t s .  

R a d i a t i o n  I n d u c e d  M u t a t i o n s  and  Ce l l  S u r v i v a l  

We h a v e  a s s u m e d  t h a t  t h e  DNA d o u b l e  s t r a n d  b r e a k  

i s  t he  c r i t i c a l  l e s i o n  w h i c h  l e a d s  to  c e l l  d e a t h  a n d t h a t  

f o l l o w i n g  a r a d i a t i o n  d o s e  D t h e  m e a n  n u m b e r  o f  d o u b l e  

s t r a n d  b r e a k s  p e r  c e l l  i s  g i v e n  by  

N = ~D + ~D 2 

w h e r e  ~ r e p r e s e n t s  t h e  n u m b e r  of  d o u b l e  s t r a n d  

b r e a k s  i n d u c e d  in  one  r a d i a t i o n  e v e n t  ( p r o p o r t i o n a l  

to d o s e )  a n d  ~ r e p r e s e n t s  t he  n u m b e r  of  u n r e p a i r e d  

s i n g l e  s t r a n d  b r e a k s  w h i c h  c o m b i n e  to p r o d u c e  a 

d o u b l e  s t r a n d  b r e a k  ( p r o p o r t i o n a l  to t he  s q u a r e  of  t he  

d o s e ) .  Then  in a u n i f o r m  p o p u l a t i o n  of c e l l s ,  s u r v i -  

va l  i s  g i v e n  by  t he  e q u a t i o n  

S = e -pN = e -p(c~D+~D2) , (1 )  

w h e r e  p i s  the  a v e r a g e  p r o b a b i l i t y  t h a t  a d o u b l e  s t r a n d  

b r e a k  l e a d s  to c e l l  d e a t h .  

If q i s  t he  a v e r a g e  p r o b a b i l i t y  t h a t  a d o u b l e  s t r a n d  

b r e a k  l e a d s  to a s p e c i f i c  m u t a t i o n ,  t h e n  t h e  e q u a t i o n  f o r  

t he  m u t a t i o n  f r e q u e n c y  p e r  s u r v i v o r  i s  g i v e n  by  

M = 1 - e - q N =  1 - e -q(c~D+~D2) (2 )  

When  M ~ 1 e q u a t i o n  (2 )  m a y  b e  a p p r o x i m a t e d b y  

M = qN = q ( ~ D + B D  2) (3 )  

a n d  e q u a t i o n s  (1 )  and  (3 )  c a n  b e  c o m b i n e d  to g ive  t he  

g e n e r a l  r e l a t i o n s h i p  b e t w e e n  m u t a t i o n  f r e q u e n c y  p e r  

s u r v i v o r  and  s u r v i v a l  a s  

l n S =  - ( p / q ) M  (4 )  
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F i g .  1. A n a l y s i s  of  m u t a t i o n  a n d  c e l l  s u r v i v a l  a c c o r d -  
ing  to InS = ( p / q ) M  f o r  i o n i z i n g  r a d i a t i o n ,  a )  T - r a y  
i n d u c e d  r e d  to wh i t e  m u t a t i o n s  in  Seh~Jzosaeeharomy- 
ces  pombe a d - 7  ( H a n n a n  1 9 7 5 ) ;  b )  T a n d  UV i n d u c e d  
8 - a z g  r e s i s t a n c e  in  C h i n e s e  h a m s t e r  c e l l s  ( B r i d g e s  
and  H u c k l e ,  1 9 7 0 ) ;  c )  ]c-ray i n d u c e d  waxy m u t a t i o n  
in  m a i z e  ( E r i k s s o n ,  1 9 6 3 ) ;  d)  I t - r a y  8 - a z g  r e s i s t a n c e  
in  C h i n e s e  h a m s t e r  c e l l s  ( C h u ,  1971)  

A c c o r d i n g  to e q u a t i o n  ( 4 ) ,  a p lo t  of  s u r v i v a l  on  a 

l o g a r i t h m i c  s c a l e ,  v e r s u s  m u t a t i o n  f r e q u e n c y  p e r  s u r -  

v i v o r  on  a l i n e a r  s c a l e ,  s h o u l d  g ive  a s t r a i g h t  l i n e  

c u r v e  wi th  a s l o p e  ( - p / q )  p a s s i n g  t h r o u g h  t he  o r i g i n  

(S = 1, M = 0 ) .  F i g u r e  1 i l l u s t r a t e s  f o u r  e x a m p l e s  of  

t h i s  a n a l y s i s  a p p l i e d  to d a t a ,  m a i n l y  t a k e n  f r o m  t h e  

l i t e r a t u r e ,  w h i c h  a r e  in  good  a g r e e m e n t  wi th  t h e  t h e -  

o r e t i c a l  p r o p o s a l s ,  e v e n  t h o u g h  t he  o r i g i n a l  s u r v i v a l  

a n d  m u t a t i o n  d o s e  r e l a t i o n s h i p s  a r e  n o n - l i n e a r  ( w h e n  

t h e  l o g a r i t h m  of  s u r v i v a l  a n d  m u t a t i o n  d o s e  r e l a t i o n -  

s h i p s  a r e  l i n e a r ,  e q u a t i o n  4 h o l d s  a u t o m a t i c a l l y  w i t h -  

out  n e c e s s a r i l y  i m p l y i n g  any  c a u s a l  r e l a t i o n s h i p  b e -  

t w e e n  t h e  two p h e n o m e n a ) .  

A p p l i c a t i o n  to o t h e r  m u t a g e n i c  a g e n t s  

The e q u a t i o n  InS = - ( p / q ) M  i s  i n d e p e n d e n t  of  t h e w a y ,  

o r  k i n e t i c s ,  by  w h i c h  t he  l e s i o n  i s  f o r m e d  and  d e p e n d s  

on ly  on  t h e  a s s u m p t i o n  t h a t  t h e  c r i t i c a l  l e s i o n  l e a d i n g  

to e i t h e r  c e l l  k i l l i n g  o r  m u t a t i o n  i s  t he  s a m e .  The a n a l -  

y s i s  h a s  t h e r e f o r e  b e e n  a p p l i e d  to o t h e r  m u t a g e n i c  

a g e n t s ,  s u c h  a s  u l t r a - v i o l e t  l i g h t  a n d  c h e m i c a l s ,  i n  

a d d i t i o n  to i o n i z i n g  r a d i a t i o n .  The r e s u l t s  of  t h i s  a n a l -  

y s i s  a r e  i l l u s t r a t e d  in  F i g s .  2 a n d  3. The s t r a i g h t  l i n e  

c u r v e s  found  in  a c c o r d a n c e  wi th  e q u a t i o n  (4 )  c a n  be  

e x p l a i n e d  by  a s s u m i n g  t h a t  t h e r e  i s  a s i m i l a r  c a u s a l  

r e l a t i o n s h i p  b e t w e e n  c e l l  k i l l i n g  and  m u t a t i o n  i n d u c -  

t i o n ,  f o l l o w i n g  t r e a t m e n t  wi th  a v a r i e t y  of  c h e m i c a l s  

and  u l t r a - v i o l e t  l i g h t ,  to t h a t  e x i s t i n g  f o r  i o n i z i n g  r a -  

d i a t i o n .  

D i s c u s s i o n  

The c r i t i c a l  l e s i o n  

The s t r a i g h t  l i n e  c u r v e s  s h o w n  in  F i g s .  i - 3  a n a l y s e d  

a c c o r d i n g  to e q u a t i o n  (4)  c a n  b e  i n t e r p r e t e d  by  a s -  

s u m i n g  t h a t  in  e a c h  c a s e  t h e  t y p e  of  l e s i o n  w h i c h  l e a d s  

to m u t a t i o n  i n d u c t i o n  i s  t he  s a m e  a s  t h e  t ype  of  l e s i o n  

wh ich  l e a d s  to  c e l l  d e a t h .  The s i m i l a r i t y  b e t w e e n  t h e  

a n a l y s e s  f o r  the  d i f f e r e n t  m u t a g e n i c  t r e a t m e n t s  d o e s  

not  i m p l y  t h a t  t h e  l e s i o n  i n d u c e d  by  c h e m i c a l s  i s  

e x a c t l y  t h e  s a m e  a s  t he  l e s i o n  i n d u c e d  by  i o n i z i n g  r a -  

d i a t i o n ,  a l t h o u g h ,  when  a s i m i l a r  v a l u e  fo r  p/q i s  found 

f o r  a c h e m i c a l  t r e a t m e n t  ( R o b e r t s ,  S t u r r o c k  and  W a r d ,  

1974 ) and  a r a d i a t i o n  t r e a t m e n t  ( R i c h o l d  a n d  Hol t ,  1974 ) 

f o r  t he  s a m e  m u t a t i o n  in  t he  s a m e  c e l l s  ( s e e  F i g . 2 a ) ,  

t h i s  d o e s  s u g g e s t  t h a t  t he  s a m e ,  o r  a t  l e a s t  a s i m i l a r ,  

t y p e  of  l e s i o n  m a y  b e  i n v o l v e d  fo l l owing  t he  d i f f e r e n t  

m u t a g e n i c  t r e a t m e n t s .  It i s  k n o w n  t h a t  m a n y  of  t h e  

c h e m i c a l  m u t a g e n s  r e a c t  w i th  t h e  DNA m o l e c u l e  e i t h e r  

to f o r m  c o m p l e x e s  o r  to c a u s e  g e o m e t r i c  d i s r u p t i o n s  

of  t h e  d o u b l e  h e l i x  a n d  s o m e  c a u s e  s i n g l e  s t r a n d  b r e a k -  

age  ( S e t l o w  and  Se t l ow ,  1 9 7 2 ) .  It i s  g e n e r a l l y  a c c e p t -  

ed  t h a t  DNA i s  t h e  m o s t  i m p o r t a n t  t a r g e t  m o l e c u l e  f o r  

t he  a c t i o n  of  r a d i a t i o n  a n d  u l t r a - v i o l e t  l i gh t  on  t h e  c e l l .  

We h a v e  d e v e l o p e d  m a t h e m a t i c a l  r e l a t i o n s h i p s  w h i c h  

c a n  be  u s e d  to d e s c r i b e  t h e  a c t i o n  of  r a d i a t i o n  on  c e l l  

k i l l i n g  and  m u t a t i o n  i n d u c t i o n  by  a s s u m i n g  t h a t  the  

DNA d o u b l e  s t r a n d  b r e a k  i s  t he  m o s t  i m p o r t a n t  r a -  

d i a t i o n - i n d u c e d  l e s i o n  l e a d i n g  to b o t h  b i o l o g i c a l  e n d  

p o i n t s .  We c a n  not  c o n c l u d e  f r o m  t h i s  a n a l y s i s  a l o n e  

t h a t  t h e  DNA d o u b l e  s t r a n d  b r e a k  i s  t h e  c r i t i c a l  l e s i o n  
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F i g .  2. Analys i s  of  mutation induct ion and ce l l  s u r v i -  
val  accord ing  to InS = ( - p / q ) M  for  di f ferent  rad ia t ion  
types ,  a) y - r ay ,  neutron and N - m e t h y l - N - n i t r o s o u r e a  
(NMU) induced 8-azg  r e s i s t a n c e  in Chinese h a m s t e r  
ce l l s  (Riehold and Holt,  1974, Rober t s  et a l . ,  1974) ; 
b) y - ray  induced 8-azg  r e s i s t a n c e  in Chinese  h a m s t e r  
ce l l s  at d i f ferent  s t ages  of the cel l  cyc le  (Ar le t t  and 
P o t t e r ,  1971);  c)  UV induced 8-azg  r e s i s t a n c e  and 6 
methyl  pur ina  r e s i s t a n c e  in Aspergillua nidulans ( A r -  
le t t ,  1966);  d) UV induced mutat ion in E.eoli  H/r30  
and H / r  30R with and without pho to reve r s ion  and 
E. eoli  W.P2  with pho to reve r s ion  (Doudney, 1966) 
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Fig .  3. Analys is  of mutat ion induction and ce l l  s u r v i -  
val accord ing  to InS = ( - p / q ) M  for  di f ferent  chemica l  
t r e a t m e n t s ,  a) r e v e r s i o n  of ad-3A 38701 mutant in 
i@urospora by di f ferent  concen t ra t ions  of diepoxybu- 
tane (DEB) (Kilbey,  1974); b) induction of red  ad-6 
and ad-7 mutants  in Schizosaccharomyces pombe 972 tl- 
b~/ n i t rous  acid (Abbondandolo and Bonat t i ,  1970); 
c )  induction of gene conver s ion  in yeas t  s t r a i n  D4 in 
the p r e s e n c e  of di f ferent  opt ical  b r i g h t e n e r s ,  Uvitex 
SOF, 2, 5-dibenzoxazolyl th iophene and Blanko-phor  
FBO in t r i ton  (Kilbey and Z e t t e r b e r g ,  1973) ; d) in -  
duction of 8 -azg  r e s i s t a n c e  in Chinese  h a m s t e r  ce l l s  
following t r ea tmen t  with methyl methanesul fonate  
(MMS) and 1, 1 -d ich lo ro -2 ,  2 bis (p -ch lorophenyl )  
e thylene (DDE) ( K e l l y - G a r v e r t  and Legator ,  1973) ; 
e)  induction of r e v e r s i o n  mutat ions in fleurospora 
cz~zssa by hydroxya imine  (HA) (Mail ing,  1966) ; f) 
induction of methionine r e v e r s i o n  in D19h- Schizo- 
saccha~omyces pombe by N - n i t r o s o - N - m e t h y l m e t h a n e  
(NMU) and N - n i t r o s o - N - e t h y l m e t h a n e  (NEU) (Gug- 
l i e lmine t t i  et a l . ,  1966) 

for  all  mutagenic  t r e a t m e n t s  but sugges t  that common 

bas ic  damage  to the DNA molecu le  is  def ini te ly  i m p l i -  

ca ted  as the c r i t i c a l  l es ion  leading both to mutat ion in-  

duction and ce l l  r ep roduc t ive  death by d i f ferent  muta-  

gens .  

The value of p / q  

Although va r i a t i ons  in methodology f rom one e x p e r i -  

m e n t e r  to another  may lead to d i f f e rences  in the e f -  

f ic iency  of mutat ion exp re s s ion  and thus to d i f f e r ences  

in the value  of p/q, for  the s a m e  t r e a t m e n t  in the s a m e  

cel l  it should be poss ib le  to find s o m e  cons i s t ency  un- 

der  con t ro l l ed  expe r imen ta l  condi t ions .  The r e l a t i on -  

ship in equation (4) is  independent of how the c r i t i c a l  

l es ion  is  fo rmed  ; thus,  in the case  of a r a n d o m - n o n - s p e -  

c i f ic  agent such as ionizing radia t ion  the value of p / q  

should be independent of the type o r  d o s e - r a t e  of the 

ionizing rad ia t ion .  This is  i l l u s t r a t ed  in F i g .  2(a)  by 

the data of Richold and Holt (1974) for  neut rons  and 

gamma  r a y s .  Chemica l s ,  which may be m o r e  spec i f i c  

in the i r  in te rac t ion  with the ce l l ,  will probably  give 

dif ferent  va lues  of p / q  vary ing  f rom chemica l  to 
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c h e m i c a l .  H o w e v e r ,  one  c h e m i c a l  s h o u l d  g ive  t h e  s a m e  

v a l u e  of  p / q  i n d e p e n d e n t l y  of  c o n c e n t r a t i o n - t i m e  e f -  

f e c t s ,  a t  l e a s t  a t  t he  a c u t e  l e v e l  ; t h i s  i s  i l l u s t r a t e d  in 

F i g .  3a u s i n g  t he  d a t a  of  K i l b e y  ( 1 9 7 4 )  f o r  d i f f e r e n t  

" d o s e - r a t e s "  of  t he  c h e m i c a l  d i e p o x y b u t a n e  ( D E B ) .  

One i m p o r t a n t  q u e s t i o n  i s  w h e t h e r  t h e  v a l u e  of  p / q  i s  

a n  a b s o l u t e  c o n s t a n t  f o r  a s p e c i f i c  t r e a t m e n t  o r  w h e t h -  

e r  the  v a l u e  c a n  b e  i n f l u e n c e d  by  a l t e r i n g  the  c i r c u m -  

s t a n c e s  in  t he  c e l l  d u r i n g  and  a f t e r  t h e  t r e a t m e n t .  We 

s u s p e c t  t h a t  f a c t o r s  w h i c h  a f f e c t  t h e ' r e p a i r  of  l e s i o n s  

in  t he  DNA wil l  i n f l u e n c e  t he  v a l u e  of  p/q: f o r  i n -  

s t a n c e ,  a m i s r e p a i r e d  DNA d o u b l e  s t r a n d  b r e a k  m i g h t  

l e a d  to a m u t a t i o n  but  b e  l e s s  c r i t i c a l  f o r  c e l l  s u r v i v a l  

t h a n  a n  u n r e p a i r e d  d o u b l e  s t r a n d  b r e a k .  

In v i e w  of  t he  i n c r e a s i n g  c o n c e r n  f o r  t he  m u t a g e n i c  

and  p o s s i b l y  c a r c i n o g e n i c  h a z a r d s  f r o m  m a n y  e n v i r o n -  

m e n t a l  c h e m i c a l s  and  i o n i z i n g  r a d i a t i o n ,  we b e l i e v e  

t h a t  t h i s  f o r m  of  a n a l y s i s  wil l  b e  v a l u a b l e  f o r  c o m -  

p a r i n g  v a r i o u s  h a z a r d s  and  m a y  e v e n t u a l l y  p r o v i d e  an  

i n i t i a l  b a s i s  f o r  t he  r a t i o n a l i s a t i o n  of  t h e  h a z a r d s  f r o m  

c h e m i c a l s  to t h o s e  of  r a d i a t i o n ,  w h i c h  h a s  b e e n  s u g -  

g e s t e d  by  B r i d g e s  ( 1 9 7 4 ) ,  and  f o r  w h i c h  t h e r e  e x i s t  

i n t e r n a t i o n a l l y  a c c e p t e d  n o r m s .  

It i s  a l s o  p o s s i b l e  t h a t  t h i s  a n a l y s i s  c o u l d  be  u s e d  

w i th  s p e c i f i c a l l y  s e l e c t e d  m u t a g e n s  to l e a r n  m o r e  a b o u t  

the  b a s i c  m e c h a n i s m s  i n v o l v e d  in  t he  f o r m a t i o n  of  the  

c r i t i c a l  l e s i o n .  
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