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T l 2 1 f 8 2

Im p ac t o f  R a d ia t i o n  B io lo g y  on  F u n d a m en ta l I n s i g h t s  I n  B io lo g y ;  Summary

R e s e a rc h  s u p p o r te d  by  OHER and  i t s  p r e d e c e s s o r s  h a s  a s  one o f  i t s  m a jo r  

g o a ls  a n  u n d e r s ta n d in g  o f  th e  e f f e c t s  o f  r a d i a t i o n  a t  low  d o s e s  and  d o se  r a t e s  

on b i o l o g i c a l  s y s te m s ,  so  a s  to  p r e d i c t  t h e i r  e f f e c t s  on  hum ans. I t  i s  n o t  

p o s s i b l e  to  m e a su re  su c h  e f f e c t s  d i r e c t l y .  They m ust b e  p r e d i c t e d  fro m  b a s i c  

k n o w led g e  on  how r a d i a t i o n  a f f e c t s  c e l l u l a r  co m p o n en ts  su c h  a s  DNA a n d

m em branes and how c e l l s  r e a c t  to  su c h  c h a n g e s .  W hat i s  th e  p r o b a b i l i t y  o f. ,  ̂  ̂ ^

r a d i a t i o n  p ro d u c in g  human m u ta t io n s  an d  w h a t a r e  t h e  p r o b a b i l i t i e s  o f  

r a d i a t i o n  p ro d u c in g  c a n c e r ?  The end r e s u l t s  o f  su c h  s t u d i e s  a r e  r a d i a t i o n  

e x p o s u re  s ta n d a r d s  f o r  w o rk e rs  an d  f o r  t h e  g e n e r a l  p o p u l a t i o n .  An e x te n s i o n

o f  t h e s e  g o a ls  i s  s e t t i n g  s t a n d a r d s  f o r  e x p o s u re  to  c h e m ic a ls  in v o lv e d  i n  

v a r i o u s  e n e rg y  t e c h n o l o g i e s .  T h is  l a t t e r  p ro b le m  i s  much m ore d i f f i c u l t ,  

b e c a u s e  c h e m ic a l  d o s im e tr y  i s  i n  a  p r i m i t i v e  s t a t e  com pared  to  r a d i a t i o n  

d o s im e t r y .  “

The p ro b le m s  f a c i n g  OHER a r e  g e n e r a l  b i o l o g i c a l  o n e s . They c a n  o n ly  b e  

s o lv e d  by  know ing  how b i o l o g i c a l  s y s te m s  w o rk . I n  r e a c h in g  f o r  s u ch  a  

s o l u t i o n ,  OHER s p o n s o re d  r e s e a r c h ,  b e g in n in g  i n  1947 , h a s  h a d a  m a jo r  Im p a c t 

on  o u r  a p p ro a c h  to  an d  o u r  u n d e r s t a n d in g  o f  b i o l o g i c a l  s y s te m s .  The v a r i o u s

a r e a s  o f  b io lo g y  c a n n o t  b e  v iew ed  a s  s e p a r a t e  e n t i t i e s ,  b u t  a r e  p a r t  o f  a n  

i n t e r a c t i n g  w h o le  i n d i c a t e d  i n  t h e  F i g u r e .  W ith o u t R a d i a t i o n  B io lo g y  a s  a  

g u id in g  f o r c e ,  t h e  s c i e n t i f i c  f i e l d s  i n  t h e  F ig u r e  w ou ld  h a v e  d e v e lo p e d ,  i f  a t  

a l l ,  a t  v e ry  s lo w  r a t e s .
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Some r e s e a r c h  a r e a s  t h a t  i n t e r a c t  s t r o n g l y  w i th  R a d i a t i o n  B io lo g y . 

The s p h e r i c a l  s u r f a c e  i s  d e s ig n e d  to  show t h a t  t h e r e  a r e  s t r o n g  

i n t e r a c t i o n s  among many f i e l d s  o f  b io lo g y  and t h a t  no one f i e l d  i n  

i s o l a t i o n  c o u ld  p r o f i t a b l y  d e v e lo p  by i t s e l f .

R a d i a t i o n  B io lo g y  w i th  i t s  q u a n t i t a t i v e  d o s im e tr y  h a s  l e d  th e  way i n  

d e te r m in in g  d o s e  r e s p o n s e  r e l a t i o n s  t h a t  a r e  so  e s s e n t i a l  f o r  s e t t i n g  e x p o s u re  

s t a n d a r d s .  The m e th o d o lo g ie s  d e v is e d  f o r  do in g  q u a n t i t a t i v e  work on

m u ta g e n e s i s ,  ch rom osom al a b e r r a t i o n s  a n d  DNA r e p a i r  w e re  i n s t r u m e n ta l  i n

s t a r t i n g  th e  new f i e l d  o f  g e n e t i c  t o x ic o lo g y  t h a t  i s  so  im p o r ta n t  now i n  

e v a l u a t i n g  th e  e f f e c t s  o f  c h e m ic a l  h a z a r d s  i n  t h e  e n v ir o n m e n t .  DNA r e p a ^  

i t s e l f  i s  a  p r o d u c t  o f  R a d i a t i o n  B io lo g y .  We now know t h a t  r e p a i r  m echanism s

a r e  a b l e  to  a m e l io r a t e  a  l a r g e  f r a c t i o n  o f  t h e  d e l e t e r i o u s  e f f e c t s  o f
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e n v iro n m e n ta l  a g e n ts  on DNA and a s  a  r e s u l t  r e d u c e  th e  p r o b a b i l i t y  o f  

i n i t i a t i n g  th e  c a r c in o g e n ic  p r o c e s s  bv an y w h ere  f rom 10 to  1 0 ^ - f o l d .  ^

S im ple  d i s c o v e r i e s ,  su ch  a s  th e  u s e  o f  H - la b e le d  th y m id in e  a s  a  DNA 

p r e c u r s o r ,  w ere  i n s t r u m e n ta l  i n  h e lp i n g  e l u c i d a t e  t h e  c h a r a c t e r i s t i c s  o f  DNA

s y n t h e s i s  i n  m am m alian c e l l s  and th e  p r o p e r t i e s  o f  t h e  d i f f e r e n t  p h a s e s  o f  th e

c e l l  c y c l e .  A k n o w led g e  o f  su c h  p h a s e s  i s  im p o r ta n t  n o t  o n ly  f o r  e s t i m a t io n s  

o f  m u ta g e n e s is  and c a r c in o g e n ic  r i s k ,  b u t  f o r  f i e l d s  su c h  a s  r a d i a t i o n  

t h e r a p y .

An im p o r ta n t  p a r t  o f  th e  r e a c t i o n s  o f  a n im a ls  to  r a d i a t i o n  an d  to  v a r i o u s \  

c h e m ic a ls  i s  t h e i r  im m u n o lo g ic a l r e s p o n s e ,  an d  im m u n o lo g ic a l and  h e m a to lo g ic a l  /

t
s t u d i e s  h av e  p la y e d  im p o r ta n t  r o l e s  i n  R a d i a t i o n  B io lo g y  and  a r e  f i e l d s  t h a t  

o n ly  ad v a n ce d  r a p i d l y  a s  a  r e s u l t  o f  t h e  i n p u t  fro m  R a d i a t i o n  B io lo g y . The 

f i e l d s  a r e  now p re e m in e n t  i n  th e  a r e a s  o f  t i s s u e  t r a n s p l a n t a t i o n  and th e  

num erous b lo o d  d i s e a s e s .

An e s s e n t i a l  p a r t  o f  q u a n t i t a t i v e  b io lo g y  i s  th e  d e te r m in a t io n  o f  th e  

r e l a t i o n s  b e tw e e n  t h e  s t r u c t u r e  an d  f u n c t i o n  o f  b i o l o g i c a l  s y s te m s  b e c a u se  i t  

i s  o n ly  th ro u g h  su c h  k n ow ledge  t h a t  o n e  c a n  c o r r e l a t e  a  ch an g e  i n  s t r u c t u r e  

w i th  a  ch an g e  i n  f u n c t i o n — th e  end  r e s u l t  o f  t h e  a c t i o n  o f  r a d i a t i o n s  o r  

e n e rg y  r e l a t e d  c h e m ic a ls .

The f u t u r e  b e n e f i t s  to  be g a in e d  by  OHER s u p p o r t  i n  R a d i a t i o n  B io lo g y  and
— --------------------------      ■■ - r

i n  q u a n t i t a t i v e  b io lo g y  in c lu d e :  1 ) a_ d e t a i l e d  u n d e r s t a n d in g  o f  t h e  r e l a t i o n s

b e tw e e n  s t r u c t u r e  and f u n c t i o n  r e s u l t i n g  f rom  th e  u s e  o f  po w e r fu l  n a t i o n a l  

f a c i l i t i e s  d e v o te d  to  s u c h  p ro b le m s : 2 )  a  new s e t  o f  e x p o s u re  s ta n d a r d s  f o r

n e u t r o n  i r r a d i a t i o n  ( b e c a u s e  i t  seem s a s  i f  th e  p r e s e n t  a to m ic  bomb d a ta  a r e  

u s e l e s s  f o r  t h i s  p u r p o s e ) ;  3 )  a n  e s t i m a t e ,  b a s e d  on  b a s i c  b i o l o g i c a l  know ledge 

and t h e o r i e s  o f  r a d i a t i o n  and c h e m ic a l  a c t i o n ,  o f  in d u c e d  m u ta t io n  r a t e s  i n  

hum ans e x p o sed  to  b o th  c h r o n ic  a n d  a c u te  d o s e s ;  4 )  m ea su rem e n ts  o f  th e
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v a r i a t i o n s  i n  t h e  a b i l i t y  o f  hum ans to  r e p a i r  dam ages to  t h e i r  DNA and so  

p r o v id e  e s t i m a t e s  n o t  o n ly  o f  th e  a v e ra g e  r e s p o n s e  i n  t h e  p o p u la t io n  b u t  o f  

s e n s i t i v e  s u b s e t s  i n  th e  p o p u l a t i o n .  The ou tcom e o f  e v e n  t h i s  l i m i t e d  num ber
i

. o f  s p e c i f i c  g o a l s  i s  bound to  be  much g r e a t e r  t h a n  a n s w e rs  to  t h e  q u e s t i o n s  

a s k e d .  F o r  exam p le  i t  m ig h t be t h a t  DNA r e p a i r  m echan ism s a r e  u n d e r  some s o r t  

o f  m e ta b o l i c  o r  l i f e s t y l e  c o n t r o l .

R a d i a t i o n  B io lo g y  i s  n o t  o n ly  m o le c u la r  b io lo g y  b u t  i t  i s  q u a n t i t a t i v e  

b i o lo g y .  I t  i s  o n ly  by  i t s  a p p l i c a t i o n  to  r a d i a t i o n  an d  o t h e r  e n v ir o n m e n ta l  

p ro b le m s  t h a t  t h e r e  w i l l  be r e a s o n a b le  a s s e s s m e n ts  o f  h a z a r d s  an d  t h e  s e t t i n g  

o f  s t a n d a r d s .
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o  o  :
INTRODDCTION

The em ergence o f  R a d ia t io n  B io lo g y  a s  a m ajp r a r e a  o f  s c i e n t i f i c  r e s e a r c h  

r e s u l t e d  from  th e  e s ta b l is h m e n t  o f  th e  A tom ic E nergy  C oannlsslon and I t s  

D iv is io n  o f  ' B io lo g y  and M ed ic ine  ( l a t e r  c a l l e d  th e  O f f ic e  o f  H e a lth  and 

E n v iro n m e n ta l R e se a rc h  o r  OHER) a f t e r  W orld War I I .  The them e was The 

P e a c e fu l  U ses o f  A tom ic E n e rg y . L arge- s c a l e  program s d e s ig n e d  to  exam ine th e  

b io lo g i c a l  e f f e c t s  o f  a to m ic  r a d i a t i o n  w ere I n i t i a t e d  a t  a number o f  th e  OHER-

s u p p o rte d  L a b o r a to r i e s  I n c lu d in g  Oak R id g e , B rookhaven , A rgonne, Los Alamos 

and H anford  ( B a t t e l l e - P a c l f l c  N o rth w est L a b o r a to ry ) ,  a s  w e ll  a s  w i th in  s e v e r a l  

nongovernm ent I n s t i t u t i o n s ,  n o ta b ly  th e  U n i v e r s i t i e s  o f  C a l i f o r n i a ,  R o c h e s te r

and U ta h , and th e  L o v e la c e  F o u n d a tio n  ( I n h a l a t i o n  T o x ic o lo g y  R e se a rc h
I

I n s t i t u t e ) .  A s m a l le r  program  o f  u n l v e r s l t y - b a s e d ,  c o n t r a c t - s u p p o r te d  

r e s e a r c h  was a l s o  I n s t i t u t e d .

The f a r s ig h t e d  and c o n tin u e d  s u p p o r t  from  OHER th ro u g h o u t t h r e e  d ecad es  

a llo w e d  R a d ia t io n  B io lo g y  to  expand and make o u ts ta n d in g  c o n t r ib u t io n s  to  th e

g row th  o f  b io lo g y  a s  a w h o le , p a r t i c u l a r l y  d u r in g  th e  1950s and 1960s when

m onum ental changes w ere ta k in g  p la c e  and new f i e l d s  -em erg ing . What e v o lv e d

h a s  been  many y e a rs  o f  d e d ic a te d  and unencum bered r e s e a r c h ,  encom passing  e v e ry  

f i e l d  o f  b a s ic  s c ie n c e .  T here  w ere some d o u b ts  v o ic e d  a t  f i r s t  a s  to  w h e th e r 

g o v e rn m e n t-sp o n so re d  r e s e a r c h  would p ro d u ce  m ea n in g fu l s o lu t io n s  to  th e  many 

q u e s t io n s  w hich c o n c e rn e d  s c i e n t i s t s  a t  t h a t  p o i n t .  What ensued  h as  lo n g  

s in c e  l a i d  th o s e  d o u b ts  to  r e s t .

The d i s c o v e r ie s  w i th in  th e  f i e l d  o f  R a d ia t io n  B io lo g y  have  had a m ajo r 

Im pact In  many a r e a s  -  In  g e n e t i c s , b io p h y s ic s .  Immunology , DNA r e p a i r  and 

c a r c in o g e n e s i s ,  to  m en tio n  o n ly  a few . But R a d ia t io n  B io lo g y  does n o t s ta n d

In  I s o l a t i o n .  B a s ic  and a p p l ie d  know ledge In  o th e r  f i e l d s  h a s  changed th e  

c o u rs e  o f  R a d ia t io n  B io lo g y  I t s e l f .  As a r e s t i l t ,  th e  v a r io u s  a r e a s  can n o t be 

v iew ed a s  s e p a r a te  e n t i t l e s  b u t  a s  p a r t s  o f an  I n t e r a c t i n g  w hole ( F ig .  1 ) .
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F ig .  1: Some o f  th e  r e s e a r c h  a r e a s  t h a t  hav e  I n t e r a c t e d  s t r o n g ly  w ith  

R a d ia tio n  B io lo g y  a r e  d e p ic te d  on t h i s  s p h e r i c a l  s u r f a c e .  The 

d iag ram  I s  d e s ig n e d  to  show t h a t  th e r e  e x i s t  I n t e r a c t i o n s  among many 

f i e l d s  o f  b io lo g y  and t h a t  no one f i e l d  In  I s o l a t i o n  coxild p r o f i t a b l y  

d e v e lo p  by I t s e l f .

The I n t e r a c t i o n  be tw een  v a r io u s  s c i e n t i f i c  f i e l d s  I s  w e ll  e x e m p lif ie d  by 

o u r u n d e rs ta n d in g  o f  th e  r o l e  o f  DM In  R a d ia t io n  B io lo g y  and In  c h e m ic a l 

c a r c in o g e n e s is .  T h u s , a lth o u g h  e a r ly  q u a n t i t a t i v e  w ork on th e  a c t i o n  o f

m onochrom atic u l t r a v i o l e t  l i g h t  (UV) on m ic ro -o rg a n ism s  I n d ic a te d  th a t  e f f e c t s  

on n u c le ic  a c id s  w ere r e s p o n s ib le  f o r  k i l l i n g  and  m u ta g e n e s is  by t h i s

- 3 -
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r a d ia t io n ^  th e  em phasis  on DM. In  R a d ia t io n  B io lo g y  came f i n a l l y  w ith  th e  

b io c h e m ic a l  a p p r e c ia t io n  o f  th e  c e n t r a l  r o l e  t h i s  polym er had  In  th e  

r e p l i c a t i o n  o f  g e n e t i c  m a te r i a l  and In  I t s  t r a n s c r i p t i o n  to  y i e l d  m essenger 

R M . The a b i l i t y  o f  c e l l s  to  r e p a i r  damaged DM— a n o th e r  d is c o v e r y  o f  

R a d ia t io n  B io lo g y — le d  th e  way to  an  a p p r e c i a t i o n  o f  th e  e x is t e n c e  o f 

r a d l a t l o t t - s e n s l t l v e  s u b s e t s  I n  th e  p o p u la t io n ,  w hich I s  o f  g r e a t  im p o rta n c e  to  

e p id e m io lo g ic  s tu d i e s  I n  c a r c in o g e n e s i s .

A n o th er Im p o r ta n t  c o n t r i b u t i o n  from  th e  f i e l d  o f  R a d ia t io n  B io lo g y  was 

th e  developm ent o f  new te c h n iq u e s  and In s t ru m e n ts  w hich  e x te n d e d  p re v io u s  

l i m i t s  o f  o b s e r v a t io n .  T h ree  exam ples a r e  th e  p r e p a r a t i o n  o f  % - l a b e l e d
I

o  th y m id in e , th e  deve lopm en t o f  th e  f lu o ro m lc ro m e te r , a,nd th e  I n v e n t io n  o f  th e  

sc a n n in g  t r a n s m is s io n  e l e c t r o n  m ic ro sc o p e , a l l  o f  w hich p ro v id e d  th e  s h o r t c u t s  

needed  f o r  s tu d y  o f  th e  mammalian c e l l  c y c le  and th e  s t r u c t u r e  o f  m o le c u le s .

U ndoub ted ly  one o f  th e  m ajo r Im pacts  on th e  e x p a n s io n  o f  b io lo g y  In  th e  

'5 0 s  and '6 0 s  r e s u l t e d  from  th e  I n c u r s io n  o f  p h y s i c i s t s  and b i o p h y s i c i s t s  I n to  

th e  re a lm  o f  B io lo g y . They b ro u g h t w ith  them new modes o f  th o u g h t, new 

t h e o r i e s ,  and new a p p ro a c h e s  I n to  a t r a d i t i o n a l  f i e l d .  T h is  c o n c e p tu a l  Im pact 

a r o s e  from  an  em phasis  on q u a n t i t a t i v e  d o s im e try — th e  e n e rg y  a b so rb e d  p e r  u n i t  

m ass— and on th e  trem endous background  In  th e  p h y s ic s  o f  e n e rg y  l o s s  and 

a b s o r p t io n  In  t i s s u e s ,  c e l l s  and m o le c u le s . The m ag n itu d e  o f  th e  I n i t i a l  

e n e rg y  a b s o r p t io n  p e r  c e l l .  I t s  d i s t r i b u t i o n  ab o u t th e  m ean, and e s t im a te s  o f  

I t s  e f f e c t  on c e l l u l a r  m acro m o lecu les  can  b e  c a l c u l a t e d ,  and f u n c t io n s  o f  b o th  

dose  and ty p e  o f  r a d i a t i o n  (X r a y s ,  n e u t r o n s ,  a lp h a  p a r t i c l e s ,  and UV, f o r  

exam ple) can  be p r e d i c t e d .
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\ The Im p o rtan ce  and v a lu e  o f  th e  q u a n t i t a t i v e  a p p ro a c h  p ro v id e d  by 

R a d ia tio n  B io lo g y  I s  p e rh a p s  b e s t  I l l u s t r a t e d  in  th e  f i e l d  o f  c h e m ica l

c a r c in o g e n e s is .  The  d o s e -re s p o n s e  r e l a t i o n s h i p s f o r  c h e m ica l c a r c i n ogens a r e
I

p n n r lv  u n d e rs to o d , and th e  weal t h  o f  q u a n t i t a t i v e  I n fo rm a t io n  from  r a d i a t i o n

r e s e a r c h  c u r r e n t l y  p ro v id e s  t he b a s i s  and s t a n d a rd  f o r  th e  e v a lu a t i o n  o f o th e r

e n v iro n m en ta l h a z a r d s .  The b ig  d i f f e r e n c e  betw een  c h e m ic a ls  and r a d i a t i o n

I l i e s  In  th e  many s te p s  be tw een  e x p o su re  to  a c h e m ica l and r e a c t i o n  w ith

> c r u c i a l  m o le c u le s , such  a s  DNA ( F ig .  2 ) .  R a d ia t io n  c a n  r e a c t  d i r e c t l y  w ith

1 t h i s  Im p o rta n t s u b s ta n c e ,  b u t th e  a c t i o n  o f  c h e m ic a ls  I s  an  I n d i r e c t  o n e .
\

C hem icals may e n te r  th e  body by a  v a r i e t y  o f  r o u t e s ,  and many c h e n lc a l s
j
r e q u i r e  m e ta b o lic  a c t i v a t i o n  to  t ra n s fo rm  them I n to  r e a c t i v e  fo rm s . M e ta b o lic  

j a c t l v a t lo n  v a r i e s  from  t i s s u e  to  t i s s u e ,  a n d , h e n c e , th e  r e a c t i o n s  b e tw een  

m acro m o lecu les , such  a s  DNA, and e n v iro n m e n ta l c a rc in o g e n s  w i l l  v a ry  

q u a n t i t a t i v e l y  from  t i s s u e  to  t i s s u e .  In  o th e r  w o rd s , r a d i a t i o n  h a s  good 

d o s im e try , and c h e m ic a ls  have  v e ry  poor d o s im e try . An e x te n s iv e  e f f o r t  I s  now 

underw ay to  Im prove th e  d o s im e try  o f  c h e m ic a ls  by u s in g  I n t e r n a l  I n d i c a t o r s ,

such  as  damage to  DNA m easured  by Im m unolog ical t e c h n iq u e s ,  o r  changes In

chromosomes m easured  by c y to lo g lc a l  te c h n iq u e s .

We I n v i te d  a number o f r e s e a r c h e r s ,  a l l  o f  whom have  been  a c t i v e  

I n v e s t ig a to r s  I n  R a d ia t io n  B io lo g y  and a r e  r e c o g n iz e d  e x p e r t s  In  t h e i r  f i e l d s ,  

to  g iv e  t h e i r  v iew s on th e  Im pact t h a t  r a d lo b lo lo g y  h a s  had on b a s ic  I n s i g h t s  

In  b io lo g y  and m e d ic in e . A l l  o f  th e  c o n t r i b u to r s  w ere m ost e n t h u s i a s t i c  a b o u t 

b e in g  g iv e n  t h i s  o p p o r tu n i ty  to  r e c o g n iz e  th e  enorm ous c o n t r i b u t i o n  t h a t  OHER- 

s u p p o rte d  r a d i a t i o n  r e s e a r c h  h a s  made I n  t h e i r  r e s p e c t i v e  a r e a s .  S in c e  th e  

s e c t io n s  w ere I n d iv id u a l ly  w r i t t e n ,  th e y  v a ry  In  s t y l e  and c o n te n t ,  and th e r e  

I s  o v e r la p  In  s u b je c t  m a t te r ;  no a t te m p t  h a s  b e e n  made to  a l t e r  t h i s  

redundancy  a s  I t  a g a in  em phasizes  th e  r e le v a n c e  o f  R a d ia t io n  B io lo g y  to  many
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d i s c i p l i n e s *  The c o n t r ib u t io n s  have  b een  Immense. F o r many y e a r s ,  some o f  

th e  b e s t  r e s e a r c h  In  q u a n t i t a t i v e  g e n e t i c s  and mo l e c u l a r  b io lo g y  was c a r r i e d  

o u t In  OHER-supported l a b o r a t o r i e s  and many young s c i e n t i s t s ,  b o th  A m erican 

and f o r e i g n ,  w ere t r a i n e d  i n  th e s e  f a c i l i t i e s .  The s t im u lu s  f o r  th e  c u irre n t 

r e v o l u t io n  In  b io lo g y  and m e d ic in e  I s  a t  l e a s t  I n  p a r t ,  a p ro d u c t o f  t h i s  

r e s e a r c h  and th e s e  s c i e n t i s t s .
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R a d ia tio n C hem ica ls
y

y
Pha njta c o k ln e  t  I c  s  

( t ^ i l s p o r t >  m e ta b o lism )

A ^ l v a t l o n  ( t i s s u e  s p e c i f i c )  
y / '  ( t r a n s p o r t )

R e a c tio n  w ith  DMA.

Damaged DM

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

R e p a ire d  DM

m u ta tio n
a l t e r e d  "  

r e g t i l a t l o n

c a rc in o g e n ic
I n i t i a t i o n

F ig .  2 : S te p s  In v o lv e d  In  th e  damage o f  DM by exogenous c h e m ic a ls  o r  by  

r a d i a t i o n .  \Jh e th e r  damaged DM r e s u l t s  In  b i o l o g i c a l  e f f e c t s  o r  n o t  

depends on th e  r e l a t i v e  r a t e s  o f  r e p a i r ,  r e p l i c a t i o n  and 

t r a n s c r i p t i o n .  I f  th e  l a t t e r  a r e  r a p i d ,  one may e x p e c t  m u ta tio n  o r  

a l t e r e d  gen e  r e g x i la t lo n  r e s u l t i n g  I n  th e  I n i t i a t i o n  o f  th e  

c a rc in o g e n ic  p r o c e s s .
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Chromosomal K f f e c t s

When c e l l s  a r e  exposed  to  m u tag en ic  a g e n ts  such  a s  Io n iz in g  r a d i a t i o n ,  

th e  g e n e t i c  i p a t e r i a l  w i th in  th e  n u c le u s  may be damaged • T h is  damage c a n  be 

m a n ife s te d  a s  e i t h e r  gene  m u ta tio n s  o r  g r o s s  chrom osom al m u ta tio n s  t h a t  r e s u l t  

from  th e  b re a k a g e  and r e j o i n i n g  o f  th e  chromosomes i n  abnorm al w ays. I f  t h i s  

damage a f f e c t s  v i t a l  g e n e s , i t  can  le a d  to  c e l l  d e a th ,  a  phenomenon t h a t  h a s  

been  e x p lo i te d  i n  th e  u s e  o f  r a d i a t i o n  and c h e m ic a ls  to  t r e a t  c a n c e r .  

N o n le th a l  m u ta t io n a l  dam age, how ever, a l s o  can  have a  p ro found  e f f e c t .  F o r

i n s t a n c e ,  i f  t h e  damage i s  i n  th e  germ c e l l s ,  i t  can  le a d  to  d e t r im e n ta l

m u ta tio n s  t h a t  c o u ld  a f f e c t  f u t u r e  g e n e r a t i o n s ,  w h e re a s , i f  i t  i s  i n  so m a tic  

c e l l s ,  i t  c o u ld  le a d  to  e f f e c t s  on th e  im m edia te  g e n e r a t io n  such  a s  c a n c e r  in  

th e  exposed  i n d i v i d u a l s .

The p r o d u c t io n  o f  a b e r r a n t  chromosomes by io n iz in g  r a d i a t i o n  b e g in n in g  i n  

th e  m id -I9 3 0 s  was in v a lu a b le  i n  th e  deve lopm en t o f  two f i e l d s ,  g e n e t i c s  and

b io p h y s ic s .  I t  was im p o r ta n t  i n  g e n e t i c s  b e c a u se  v a r io u s  ty p e s  o f  reco m b in an t

chromosomes c o u ld  be in d u ce d  a t  w i l l ,  th e re b y  f a c i l i t a t i n g  th e  s tu d y  o f  

g e n e t i c  and c y to g e n e t ic  m echan ism s. In  th e  f i e l d  o f  b io p h y s ic s ,  th e  in d u c t io n  

o f  a b e r r a n t  chrom osomes was v e ry  im p o r ta n t  f o r  th e  developm ent o f  th e  t a r g e t  

th e o r y ,  w hich i n t e r p r e t s  r a d i a t i o n  e f f e c t s  i n  te rm s o f  a  s im p le  d i r e c t  

i n t e r a c t i o n  betw een  r a d i a t i o n  and c e r t a i n  s p e c i f i c  l o c i ,  o r  t a r g e t s ,  w i th in  

th e  c e l l .  In  th e  e a r l y  t a r g e t  th e o ry  e x p e r im e n ts , a  p o p u la t io n  o f  c e l l s  was 

i r r a d i a t e d  w ith  l e t h a l  d o se s  o f  r a d i a t i o n  and th e n  in f e r e n c e s  w ere made a b o u t 

th e  b io lo g i c a l  t a r g e t s  b e in g  h i t  from  th e  s u r v iv in g  c e l l s .  I f  chromosome 

a b e r r a t i o n s  a r e  s tu d i e d ,  how ever, i n f e r e n c e s  no lo n g e r  have  to  be made from  

c e l l s  t h a t  w ere n o t h i t ,  f o r  th e  damaged t a r g e t s  th e m se lv e s  can  be o b se rv e d  

d i r e c t l y  u nder th e  m ic ro sc o p e .
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The Im p o rta n c e  o f  t h i s  w ork , b o th  from  a  fu n d am e n ta l and a  p r a c t i c a l  

p o in t  o f  v iew , was e a r ly  re c o g n iz e d  by th e  OHER, and th e  m a jo r  a d v a n ce s  made 

i n  t h i s  a r e a  i n  th e  U n ited  S t a te s  came from  w ork t h a t  th e  a g e n cy  s u p p o r te d .  

The names o f  th e  p e o p le  funded  r e a d s  l i k e  a  W ho's Who o f  e a r l y  g e n e ti .c s  and 

b io p h y s ic s .  Names t h a t  come to  mind a r e  M u lle r ,  S ax , G i l e s ,  Sw anson, C o n g er, 

W o lff , Chu, B en d er, Brew en, P r e s to n ,  H ed d le , C a rra n o , S parrow , S t e f f e n s e n ,  

Atwood, and T a y lo r .

B io p h y s ic a l  s tu d i e s  on th e  k i n e t i c s  o f  th e  in d u c t io n  o f  chromosome

a b e r r a t i o n s  by s p a r s e ly  i o n iz in g  r a d i a t i o n s  I n d ic a te d  t h a t  one c l a s s  o f

a b e r r a t i o n s ,  d e le t i o n s  r e s u l t i n g  from  u n r e p a i r e d  b r e a k s ,  was th e  p ro d u c t  o f  

s in g l e  h i t s  on th e  chrom osome. The o c c u r r e n c e  o f  d e l e t i o n s  was l i n e a r l y

r e l a t e d  to  d o s e . I n d ic a t in g  t h a t  r a d i a t i o n  b re a k s  chromosomes w ith  a  s im p le  

p r o b a b i l i t y  w h ich  i s  d i r e c t l y  p r o p o r t io n a l  to  th e  d o s e . A n o th er c l a s s  o f  

chromosome a b e r r a t i o n s ,  how ever, came from  th e  i n t e r a c t i o n  o f  two b ro k e n  

chrom osom es. T hese in te r c h a n g e s  in c r e a s e d  a p p ro x im a te ly  a s  th e  s q u a re  o f  th e  

d o s e , s in c e  th e  p r o b a b i l i t y  o f  p ro d u c in g  b o th  b re a k s  i s  th e  p ro d u c t o f  th e

p r o b a b i l i t y  o f  e a ch  o c c u r r in g  s e p a r a t e l y .  W ith d e n s e ly  i o n iz in g  r a d i a t i o n ,  

such  a s  n e u tr o n  r a d i a t i o n ,  b o th  b re a k s  a r e  p roduced  by th e  same io n iz in g  

p a r t i c l e ,  so t h a t  th e  y i e l d  o f  tw o -b re a k  a b e r r a t i o n s  I n c r e a s e s  l i n e a r l y  w ith  

d o s e . B io p h y s ic a l  s tu d i e s  f u r t h e r  showed t h a t ,  w i th  s p a r s e ly  I o n iz in g  

r a d i a t i o n  su ch  a s  X r a y s ,  th e  p o r t i o n  o f  th e  d o se  found  In  th e  t a i l s  o f  th e  

r a d i a t i o n  t r a c k s  I s  d e n s e ly  I o n iz in g .  T hus, tw o -b re a k  a b e r r a t i o n s  a r e  in d u c e d  

w ith  a  o n e - h i t  com ponent from  su c h  t a i l s  a s  w e l l  a s  w i th  a  tw o - h i t  com ponent 

from  th e  r e s t  o f  th e  io n iz in g  t r a c k s .  The in d u c t io n  o f  tw o -b re a k  a b e r r a t i o n s  

w ith  s p a r s e ly  i o n iz in g  r a d i a t i o n  can  th u s  be e x p re s s e d  by a  l i n e a r - q u a d r a t i c  

m odel.

- 9 -



S tu d ie s  o f  chrom osom al a b e r r a t i o n s  in d ic a te d  t h a t ,  a l th o u g h  some b re a k s  

rem a in ed  open ( d e l e t i o n s )  and  o th e r s  u n i te d  ( tw o - h i t  a b e r r a t i o n s ) ,  m ost o f  

them  r e s t i t u t e d  to  re fo rm  th e  o r i g i n a l  chrom osom e. T h is  r e s t i t u t i o n a l  r e p a i r  

was l a t e r  shown to  be  u n d e r m e ta b o lic  c o n t r o l  a n d , i n  f a c t ,  c o n s t i t u t e d  some 

o f  th e  f i r s t  e v id e n c e  t h a t  r a d ia t io n - in d u c e d  g e n e t i c  damage was s u b je c t  to  

m e ta b o lic  r e p a i r ,  a  c o n c e p t t h a t  h a s  had  f a r - r e a c h i n g  c o n se q u e n c e s .

I n  a  more p r a c t i c a l  v e in ,  s c i e n t i s t s  w i th in  th e  OHER-supported 

l a b o r a t o r i e s  w ere  th e  f i r s t  to  r e a l i z e  t h a t  th e  in d u c t io n  o f  chromosome 

a b e r r a t i o n s  c o u ld  be u sed  a s  a  b i o l o g i c a l  d o s im e te r .  The f i r s t  d e m o n s tra tio n  

made u s e  o f  th e  c l a s s i c  c y to l o g lc a l  t o o l ,  T r a d e s c a n t i a ,  in f lo r e s c e n c e s  o f  

w hich  w ere  f lo w n  th ro u g h  r a d i o a c t i v e  c lo u d s  d u r in g  th e  a to m ic  bomb t e s t .  

O p e ra tio n  G reenhouse  i n  19 5 1 . L a t e r ,  I t  was found t h a t  chrom osom al 

a b e r r a t i o n s  i n  th e  lym phocy tes o f  th e  p e r ip h e r a l  b lo o d  o f  humans exposed  to  

I r a d i a t i o n  c o u ld  be u sed  a s  a  m easu re  o f  th e  d o s e . T h is  m ethod now c o m p rise s  

th e  s ta n d a r d  t e s t  to  d e t e c t  and m easu re  e x p o su re  o f  p e o p le  to  r a d i a t i o n  and 

o th e r  g e n o to x ic  a g e n ts  e i t h e r  by a c c i d e n t ,  o r  i n  th e  work p l a c e ,  o r  from  some 

e n v iro n m e n ta l  s o u rc e .

I n  r e c e n t  y e a r s ,  th e  O H ER-supported l a b o r a t o r i e s ,  w ith  t h e i r  e x te n s iv e  

e x p e r t i s e  i n  chromosome a b e r r a t i o n  s tu d i e s  and c y to g e n e t i c s ,  have  been  

in s t r u m e n ta l  i n  d e v e lo p in g  a  new c y to l o g lc a l  te c h n iq u e  w hich  a llo w s  s i s t e r  

c h ro m a tid  exch an g es (SCE) to  be s e e n  r e a d i l y  th ro u g h  th e  m ic ro sc o p e . The e a se  

o f  s c o r in g  th e  SCEs, t h e i r  e x c e e d in g ly  h ig h  s e n s i t i v i t y ,  and th e  f a c t  t h a t  

m am m alian. In c lu d in g  human, c e l l s  ca n  be u se d  have made t h i s  te c h n iq u e  a 

m ethod o f  c h o ic e  f o r  s c re e n in g  o f  g e n o to x ic  com pounds.
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I t  may he a n t i c ip a t e d  t h a t ,  a s  m ore s p e c i f i c  r e a g e n ts  become a v a i l a b l e ,  

b io c h e m ic a l and b io p h y s ic a l  s t u d i e s  on in d u ce d  chromosome b re a k a g e  and  r e p a i r  

w i l l  le a d  to  f u r t h e r  i n s i g h t s  r e g a r d in g  chromosome s t r u c t u r e  and f u n c t i o n .  

W ith in c r e a s e d  a w a ren ess  o f  e n v iro n m e n ta l  h a z a r d s ,  th e  c y to g e n e t i c  t e s t s  o f  

chromosome a b e r r a t i o n  and SCE in d u c t io n  w i l l  be u sed  e v e r  m ore f r e q u e n t ly  n o t  

o n ly  to  d e te rm in e  i f  v a r io u s  a g e n ts  a r e  p o t e n t i a l l y  h a z a rd o u s ,  b u t a l s o  to  

m o n ito r  exposed  human p o p u la t io n s .
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Mammalian G e n e tic s  and th e  S e t t i n g  o f  R a d la t lo a  E x p o su re  S ta n d a rd s

The Mammalian G e n e tic s  S e c t io n  o f  th e  B io lo g y  D iv is io n  o f  Oak R idge  

N a t io n a l  L a b o ra to ry  was s t a r t e d  I n  1947 w ith  W illia m  L . R u s s e l l  a s  S c i e n t i f i c  

D i r e c t o r .  At t h a t  t im e , e s t im a te s  o f  g e n e t i c  h a z a rd s  I n  humans w ere  b a sed  on 

r e s u l t s  from  th e  f r u i t  f l y ,  D ro s o p h ila .  I t  was o b v io u s ly  d e s i r a b l e  t o  o b t a i n  

In fo rm a t io n  on a n  o rg an ism  m ore c lo s e l y  r e l a t e d  to  hum ans, and th e  g o a l  o f  t h e  

Mammalian G e n e tic s  S e c t io n  was to  d e v e lo p  m ethods f o r  m easu rin g  th e  g e n e t i c  

e f f e c t s  o f  r a d i a t i o n  I n  th e  m ouse.

Many o f  th e  m ethods u sed  f o r  d e t e c t i n g  r a d l a t l o n - ln d u c e d  m u ta tio n s  I n

mammals w ere  d e v e lo p e d  I n  th e  Mammalian G e n e tic s  S e c t io n .  One o f  t h e s e ,  th e
I

s p e c l f l c - l o c u s  m ethod I s  c u r r e n t l y  th e  o n ly  p r a c t i c a l ,  r e l i a b l e  m ethod f o r  

d e te c t i n g  w h e th e r  a  m utagen c a u se s  h e r i t a b l e  fo rw ard  m u ta tio n s  In  mamm als; In  

t h i s  t e s t ,  m u ta tio n s  a r e  s c o re d  by changes In  c o a t  c o lo r ,  su ch  as  th e  

a p p e a ra n c e  o f  a  t a n  s p o t  on an  o th e rw is e  b la c k  c o a t .  T h is  t e s t  was u sed  

e x te n s iv e ly  to  d e te rm in e  th e  e f f e c t  on m u ta tio n  r a t e  o f  a  l a r g e  a r r a y  o f  

r a d i a t i o n  v a r i a b l e s  In c lu d in g  d o s e , d o se  r a t e ,  d o se  f r a c t i o n a t i o n ,  r a d i a t i o n  

q u a l i t y ,  and b i o l o g i c a l  f a c t o r s  such  a s  s e x ,  c e l l  s t a g e ,  and age a t  e x p o s u re .

The e a r l y  w ork I n  th e  m id - to  l a t e  '6 0 s  showed t h a t  th e  mouse was more 

s e n s i t i v e  th a n  D ro s o p h ila  to  th e  I n d u c t io n  o f  m u ta tio n s  by  h ig h  d o se s  o f  a c u te  

I r r a d i a t i o n .  T h is  f in d in g  r e s u l t e d  I n  a  lo w e rin g  o f  recommended p e r m is s ib le  

l e v e l s  o f  r a d i a t i o n ,  a l th o u g h  o th e r  c o n s id e r a t io n s  w ere  a l s o  In v o lv e d . S in c e  

th e n ,  two m a jo r  f in d in g s  from  th e  mouse w ork have  changed  th e  p i c t u r e .  The 

f i r s t  was th e  d is c o v e r y  t h a t ,  u n l ik e  D r o s o p h i la , th e  mouse shows a  m arked 

e f f e c t  o f  d o se  r a t e  on m u ta tio n  I n d u c t io n .  A g iv e n  d o se  a d m in is te r e d  a t  a  low 

d o se  r a t e  p ro d u c e s  o n ly  o n e - th i r d  a s  many m u ta tio n s  I n  s p e rm a to g o n ia  a s  a r e  

In d u ced  by th e  same d o se  a t  a  h ig h  d o se  r a t e .  The se co n d  o b s e r v a t io n  was t h a t  

th e  a r r e s t e d  o o c y te  ( t h e  g e rm -c e l l  s ta g e  I n  th e  fem a le  t h a t  I s  p r im a r i ly  a t
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r i s k ) ,  i s  so r e s i s t a n t  to  m u ta tio n  In d u c t io n  by r a d i a t i o n  t h a t  no s i g n i f i c a n t  

I n c r e a s e  o v e r sp o n ta n e o u s  m u ta tio n  f re q u e n c y  h a s  b een  d e te c te d .

T hese two f in d in g s  ta k e n  to g e th e r  I n d i c a t e  t h a t  th e  g e n e t i c  r i s k  I s  o n ly  

a b o u t o n e - s i x t h o f  w hat I t  was o r i g i n a l l y  e s t im a te d  to  be  when th e  p e rm is s i b l e  

l e v e l s  o f  r a d i a t i o n  w ere  e s t a b l i s h e d  on th e  b a s i s  o f  r e s u l t s  from  h ig h  do s e  

r a t e s  and t h e a ssu m p tio n  t h a t  o o c y te s  w u l d  have  th e  same s e n s i t i v i t y  a s  

sp e rm a to g o n ia . A lthough  th e  new d a ta  d id  n o t r e s u l t  In  a  r a i s i n g  o f  

p e rm is s ib le  l e v e l s  o f  r a d i a t i o n ,  th e y  showed t h a t  th e  p e r m is s ib le  l e v e l s  had  a  

good m arg in  o f  s a f e t y .  We can  g iv e  an  e s t im a te  o f  w hat t h i s  d e c i s io n  may hav e  

had. I n  m onetary  term s*  I f  t h e s e  f in d in g s  p la y e d  a  r o l e  I n  th e  d e c is io n  n o t  to  

lo w er p e rm is s ib le  l e v e l s  by a  f a c t o r  o f  10 , th e n  t h e r e  was a  s a v in g  o f  3 

b i l l i o n  d o l l a r s  In  th e  I n i t i a l  c o s t  o f  r e t r o f i t t i n g  and a  s a v in g  o f  430 

m i l l i o n  d o l l a r s  l a  a n n u a l manpower e x p e n d itu re s  (DOE R ep o rt No. DOE/EV-0045, 

1 9 7 8 ). T h is  e s t im a te  does n o t  In c lu d e  th e  s a v in g s  to  p u b l ic  u t i l i t i e s ,  w hich  

m ig h t be a t  l e a s t  e q u a l In  am ount to  th e  above f i g u r e s .

The s p e c l f l c - l o c u s  m ethod h a s  b een  u sed  p r im a r i ly  f o r  c o m p a ra tiv e

p u rp o s e s , such  a s  co m p ariso n s o f  s p e c ie s  s e n s i t i v i t y ,  o f  th e  e f f e c t s  o f

v a r io u s  f a c t o r s  a f f e c t i n g  m u ta tio n  r a t e ,  and o f  In d u ced  and sp o n ta n e o u s

m u ta tio n  r a t e s .  T h is  l a s t  e v a lu a t io n  y i e l d s  th e  " d o u b lin g  d o s e ,"  w hich ca n  be

u sed  In  th e  s o - c a l l e d  I n d i r e c t  m ethod o f  e s t im a t in g  t o t a l  g e n e t i c  dam age. The 

o t h e r ,  o r  d i r e c t ,  m ethod r e q u i r e s  a  m easurem ent o f  a c tu a l  p h y s ic a l  

d i s a b i l i t i e s  r e s u l t i n g  from  th e  m u ta t io n a l  e v e n ts .  The Mammalian G e n e tic s  

S e c t io n  d ev e lo p ed  a  sy s tem  o f  s c o r in g  s k e l e t a l  m a lfo rm a tio n s  In  m ice w h ich  

p ro v id e d  d a ta  f o r  th e  r e p o r t s  by th e  U n ite d  N a tio n s  S c i e n t i f i c  Com m ittee on  

th e  E f f e c t s  o f  Atomic R a d ia t io n  (UNSCEAR) and th e  a d v is o r y  com m ittee  on th e  

B io lo g ic a l  E f f e c t s  o f  I o n iz in g  R a d ia t io n  (BEIR) I n  t h e i r  d i r e c t  a s se s sm e n t o f  

g e n e t ic  r i s k .  The s p e c l f l c - l o c u s  f in d in g s  a r e  a l s o  u sed  In  e x t r a p o la t in g  th e
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r i s k  o f  e x p o su re  to  low d o s e s  and a t  low d o se  r a t e s ;  i t  i s  a l s o  u sed  in  

e s t im a t in g  th e  r i s k  to  fem ales*

The d a ta  and c o n c lu s io n s  p ro v id e d  by th e  Mammalian G e n e tic s  S e c t io n  have 

th u s  form ed th e  fo u n d a t io n  o f  g e n e t i c  r i s k  e s t im a t io n s  made by b o th  th e  

UNSCEAR and BEIR c o m m itte e s . At a b o u t th e  same tim e  a s  th e  Mammalian G e n e tic s  

S e c t io n  was e s t a b l i s h e d ,  g e n e t i c  s tu d i e s  on th e  p o p u la t io n s  o f  H iro sh im a  and 

N ag asak i w ere  I n i t i a t e d .  D e s p i te  lo n g -c o n tin u e d  and in t e n s iv e  w ork , th e s e  

s t u d i e s  have n o t  b een  a b le  to  m easu re  r a d i a t i o n - in d u c e d  g e n e t i c  damage i n  th e  

o f f s p r in g  o f  th e  exposed  s u r v i v o r s ,  o t h e r  th a n  to  deduce  an  u p p e r  l i m i t  o f  

r i s k  b a sed  on th e  n e g a t iv e  f i n d i n g s .  T hus, r e s u l t s  o f  th e  mouse s tu d i e s  s t i l l  

p ro v id e  th e  b a s i s  f o r  n a t i o n a l  and i n t e r n a t i o n a l  e s t im a t io n s  o f  human g e n e t i c  

r i s k .
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G e n e tic  T o x ic o lo g y

I n  th e  p a s t  te n  y e a rs  th e r e  h a s  been  a  c o n s id e r a b le  I n c r e a s e  I n  r e s e a r c h  

In  th e  g e n e ra l  a re a  o f g e n e t ic  to x ic o lo g y *  From a w ide v a r i e ty  o f s tu d i e s  

d e s ig n e d  to  e lu c i d a t e  th e  m echanism s o f  In d u c t io n  o f g e n e t ic  e n d p o in ts  by 

c h em ica l and p h y s ic a l  a g e n ts  and to  d e v e lo p  a s sa y  sy s tem s f o r  th e  e f f e c t i v e  

m easxirement o f th e s e  e n d p o in ts .  I t  h a s  been  p o s s ib le  to  a r r i v e  a t  a  s e r i e s  o f 

t e s t s  t h a t  can be a p p lie d  to  d e te rm in e  th e  p o t e n t i a l  m u ta g e n ic i ty  o f an  

a g e n t .  I t  has f u r t h e r  been  su g g e s te d  t h a t  th e r e  I s  a  r e l a t i o n s h i p  betw een  

m u ta g e n ic i ty  and  c a r c in o g e n ic i t y ,  su ch  t h a t  s tu d i e s  o f  m u ta g e n ic i ty  may 

e v e n tu a l ly  be u sed  to  p r e d i c t  c a r c in o g e n ic i t y .

A lth o u g h  th e s e  a s s a y s  a r e  m ost commonly u se d  fo r  p r e d i c t i n g  th e  re s p o n s e

o f  e x p o su re  to  ch em ica l a g e n ts ,  th e  p o in t  o f  r e le v a n c e  f o r  t h i s  d i s c u s s io n  I s
•  (  

t h a t  th e  m a jo r i ty  o f them  w ere d e v e lo p e d  s p e c i f i c a l l y  from  r a d i a t i o n  s tu d i e s

sp o n so re d  by OHER. A g e n e ra l  resum e o f  f i v e  o f  th e  m ost commonly used  ones

w i l l  s e rv e  to  em phasize  t h i s  p o in t .

1 ) U nschedu led  DM s y n th e s i s  (UDS)

The a b i l i t y  o f c e l l s  to  r e pa-t-r Hamayp no t h e i r  DNA was I n i t i a l l y 

dem o n s tra te d  by R ich a rd  S e t lo w a t  th e  Oak R idge N a t io n a l  L a b o ra to ry . T hese 

s tu d i e s  showed t h a t  t i l t r a v lo l e t - l n d u c e d  DNA damage c o u ld  be e x c is e d  from  th e  

DNA, and new DNA s y n th e s iz e d  to  f i l l  th e  r e s u l t i n g  gap. Raemusaoa—and 

P a i n t e r , I n  s tu d i e s  su p p o rte d  by OHER, f u r t h e r  d e m o n s tra te d  t h a t  I f  mammalian 

c e l l s  w ere exposed  to  r a d i a t i o n  and  s u b s e q u e n tly  In c u b a te d  w ith  h ig h  s p e c i f i c
O

a c t i v i t y  H -th y m ld ln e , th e  r a d i o a c t i v e  l a b e l  was I n c o rp o ra te d  I n to  th e  DNA a s  

th e  r e s u l t  o f  u n sc h ed u le d  DNA ( r e p a i r )  s y n th e s i s ;  t h i s UDS I s  q u i t e  s e p a r a te  

from  th e  norma l  s e m ic o n se rv a t iv e  r e p l i c a t i o n  o f DNA. T hese o b s e rv a t io n s  form  

th e  b a s i s  o f th e  comox>nly u sed  UDS a s s a y .  I f  mammalian c e l l s  a r e  exposed to  a  

w ide v a r i e t y  o f  d i f f e r e n t  a g e n ts  t h a t  can  c a u se  damage o r  a l t e r a t i o n s  to  DNA,
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th e n  u n sc h e d u le d  DN& s y n th e s i s ,  a s s o c i a te d  w ith  th e  r e p a i r  o f  t h i s  dam age, 

t a k e s  p la c e .  T hus, an  o b s e rv a t io n  o f  u n sc h e d u le d  DNA. s y n th e s i s  I s  I n d i c a t i v e  

o f  DNA damage and r e p a i r .  A gen ts  t h a t  In d u ce  UDS a r e  a lm o s t a l l  m u ta g e n ic .

2 )  S i s t e r  c h ro m a tid  exchange (SCE)

The m ethod f o r  d e m o n s tra tin g  ex ch an g es  betw een  s i s t e r  c h ro m a tid s ,

u s in g  ''H—th y m ld in e  a u to ra d io g ra p h y , was d e v e lo p e d  by T a y lo r ,  Woods and  Hughes
■ -  ---------

a t  B rookhaven  N a t io n a l  L a b o ra to ry . T h e ir  o b s e rv a t io n s  and a n a ly s e s  w ere
■—  I—  I I ■ ■■  ^

u t i l i z e d  to  p ro v id e  Im p o r ta n t I n s i g h t s  I n to  chromosome s t r u c t u r e  and 

r e p l i c a t i o n .  H ow ever, I t  was some tw en ty  y e a r s  l a t e r  b e fo r e  th e  u t i l i t y  o f 

th e  a n a ly s i s  o f  SCE was r e a l l y  a p p r e c ia t e d ,  w hich  was due v e ry  l a r g e l y  to  th e  

f a c t  t h a t  a  c o m p le te ly  new n o n - a u to r a d lo g ra p h lc  te c h n iq u e  was d e v e lo p e d . T h is  

te c h n iq u e  makes u se  o f th e  d i f f e r e n t i a l  s t a i n i n g  o f  c h ro m a tid s  when th e y  

I n c o r p o r a te  b ro m o d e o x y u rld ln e  I n to  t h e i r  DNA. Much o f  th e  I n i t i a l  developm en t 

o f t h i s  p a r t i c u l a r  a s s a y  I s  a t t r i b u t a b l e  to  S he ldon  W olff  o f th e  OHER- 

s u p p o rte d  l a b o r a to r y  a t  th e  U n iv e r s i ty  o f  C a l i f o r n i a ,  San F r a n c is c o .  The

a n a ly s i s  o f  SCE I s  w id e ly  u se d  a s  a  s e n s i t i v e  a s s a y  f o r  e s t im a t in g  DNA damage 

m e a su ra b le  a t  th e  chromosome l e v e l .  I t  h a s  -been v a l i d a te d  f o r  a  w ide  ra n g e  o f 

c h e m ica l com pounds, and  h as  been  a p p l ie d  to  m o n ito r in g  human p o p u la t io n s  f o r  

g e n o to x ic  e x p o s u re s . I t  h as  been  shown t h a t  th e  m a jo r i ty  o f  a g e n ts  t h a t  

In d u c e  SCE a r e  m u ta g e n ic , and a ls o  t h a t  a  l a r g e  p r o p o r t io n  o f  c a rc in o g e n s  a l s o  

In d u ce  SCE; how ever, th e r e  a r e  e x c e p t io n s  to  t h i s  g e n e ra l  p r i n c i p l e .

3 )  S om atic  c e l l  m u ta g e n ^ ls

A n o th e r  f r e q u e n t ly  u sed  a s sa y  I s  t h a t  f o r  m easu rin g  m u ta tio n s  I n  so m a tic  

c e l l s  grown 1 ^  v i t r o .  S e v e ra l  sy s te m s  f o r  s e l e c t i n g  m u tan t p h e n o ty p e s  a r e  

a v a i l a b l e ,  u s in g  a  v a r i e ty  o f  c e l l  l i n e s  o f  C h in e se  h a m s te r ,  mouse o r  human 

o r i g i n .  The te c h n iq u e s  f o r  p e rfo rm in g  q u a n t i t a t i v e  s tu d i e s  u s in g  in_ v i t r o  

c u l t u r e s  w ere  d e v e lo p e d  by T heodore P uck , I n i t i a l l y  f o r  th e  s tu d y  o f  c e l l
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s u r v iv a l  a f t e r  r a d i a t i o n  e x p o s u re , w h ile  th e  developm en t o f  a  so m a tic  

m u ta g e n e s is  a s s a y  I s  l a r g e ly  a t t r i b u t a b l e  to  Chu and M a ilin g  a t  t h e  0 ^  R idge  

N a t io n a l  L a b o ra to ry . T hese e a r l y  s tu d i e s  have  le d  to  th e  deve lopm en t o f  a  

v e ry  s e n s i t i v e  a s s a y  t h a t  can  be u se d  f o r  th e  d e t e c t i o n  o f  th e  m u ta g e n ic  

p o t e n t i a l  o f  an  a g e n t ,  and a l s o ,  e q u a l ly  I m p o r ta n t ly ,  to  an  u n d e r s ta n d in g  o f  

th e  m echanism s o f  m u ta g e n e s is  I n  mammalian c e l l s .

4 ) Human lym phocy te  a s sa y

C u l tu re s  o f  human lym phocyte s  ca n  be u se d  to  m easu re  th e  f r e q u e n c ie s  o f  

chromosome a b n o r m a l i t i e s ,  s i s t e r  chro m a tid  e x c h an g e s , a n d m utat i o n s  fo l lo w in g  

an  e x p o su re  In^ v i t r o  o r  ^  v iv o  to  c l a s to g e n lc  (ch ro m o so m e-b reak in g ) o r  

m u tag en ic  a g e n ts .  The lym phocyte  a s s a y  r e p r e s e n t s  one o f  th e  m ost f e a s i b l e  

ways by w hich a  d i r e c t  e s t im a te  o f  th e  e x p o s \ire  o f  human p o p u la t io n s  o r  g ro u p s

o f p e o p le  can  be made. In  th e  p a s t  20 y e a r s  t h e r e  hav e  been  many exam ples o f

I t s  u s e .  The a p p l i c a t i o n  to  th e  e s t im a t io n  o f  a c c i d e n ta l  o r  o c c u p a t io n a l

ch em ica l e x p o su re s  I s  much more r e c e n t ,  and I s  l e s s  q u a n t i f i a b l e  a t  t h i s

tim e . The developm en t o f th e  lym phocy te  a s sa y  f o r  u se  a s  a  b i o l o g i c a l  

d o s im e te r  I s  l a r g e ly  a t t r i b u t a b l e  to  th e  r e s e a r c h  r>f a t  th e

Oak R idge N a t io n a l  L a b o ra to ry .

5 ) S a lm o n e lla  a s s a y  (Ames a s s a y )

The m ost w id e ly  u sed  a s sa y  f o r  d e te rm in in g  th e  m u tag en ic  p o t e n t i a l  o f

p h y s ic a l  and c h e m ica l a g e n ts  I s  th e  one d e v e lo p e d  by B ruce Ames w hereby

h i s t i d i n e  r e v e r s io n  I s  s tu d ie d  I n  a  l a r g e  num ber o f  s t r a i n s  o f  S a lm o n e lla  

typhlm urlum  t h a t  ca n  d e te c t  s p e c i f i c  k in d s  o f  m u ta tio n . The o r i g i n a l  s t u d i e s  

w ere  made u s in g  e x p o su re s  to  r a d i a t i o n .  The a s s a y  h a s  been  s u b s e q u e n tly  

m o d if ie d  and expanded fo r  u se  w ith  a g e n ts  t h a t  c a u se  m u ta tio n s  by a  ra n g e  o f

d i f f e r e n t  m echanism s. I t s  s im p l i c i t y  and u t i l i t y -  h a s ,  w i th  l i t t l e  d o u b t, made

I t  th e  m ost commonly u se d  t e s t  sy stem .
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The f i v e  sy s te m s  d is c u s s e d  above a r e  r e p r e s e n t a t i v e  o f  a  s e r i e s  o f  a s s a y s  

t h a t  h av e  b een  w id e ly  u s e d , o r  a r e  p ro p o sed  f o r  u s e ,  f o r  e s t im a t in g  g e n o to x ic  

e x p o s u re  e i t h e r  1 ^  v iv o  o r  ^n^ v i t r o ; th e y  p ro v id e  th e  b a s i s  f o r  th e  p ro p o sed  

t i e r  sy s te m  o f t e s t i n g .  I t  i s  n o te w o rth y  t h a t  th e s e  f i v e  a s s a y s ,  to g e th e r  

w i th  many o t h e r s ,  w ere d e v e lo p e d  w ith  OHER fu n d s ,  a s  a  means o f  a id in g  i n  th e  

u n d e rs ta n d in g  o f  th e  m echanism  o f  in d u c t io n  o f  m u ta tio n s  by r a d i a : t io n ,  o r  a s  a  

means o f  e s t im a t in g  e x p o su re . The s ig n i f i c a n c e  o f  t h i s  r e s e a c h  i s  f a r -  

r e a c h in g ,  a s  i t  h as  d i r e c t  r e le v a n c e  to  i n d u s t r y  i n  te rm s o f m u ta g e n ic i ty  

t e s t i n g ,  to  r e g u la to r y  a g e n c ie s ,  and to  th e  r e s e a r c h  com m unity. Of c o u rs e ,

t h e r e  i s  a  more i n d i r e c t  im p a c t upon s o c ie t y ,  b e c au se  of th e  n e c e s s i ty  to
I

p ro v id e  in fo r m a t io n  on th e  p o t e n t i a l  m u ta g e n ic i ty  (a n d , by p o s s ib le  

c o r r e l a t i o n ,  c a r c in o g e n ic i t y )  o f  a g e n ts  to  w hich p o p u la t io n s  o r  g roups co tild  

b e  o c c u p a t io n a l ly  o r  e n v iro n m e n ta lly  ex p o sed .
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DNA. S y n th e s is  and th e  Maimnallan C e l l  C ycle

The h i s t o r y  o f  s u p p o r t  by OHER f o r  r e s e a r c h  on th e  c e l l  c y c le  and on DNA 

s y n th e s i s  e x te n d s  back  to  th e  v e ry  b e g in n in g s  o f th e  e s ta b l is h m e n t  o f th e  

AEG. A m ost im p o r ta n t  and f a r - r e a c h in g  b re a k th ro u g h  was made i n  1955, when 

W a lte r . Hughes w ork ing  i n  th e  M ed ica l D epartm ent a t  B rookhaven  N a t io n a l
3

L a b o ra to ry  p re p a re d  H - la b e le d  th y m id in e  f o r  th e  f i r s t  t im e . R e ic h a rd  and 

E s tb o rn  i n  Sweden had p r e v io u s ly  shown t h a t  ^ % - th y m id in e  was a  s p e c i f i c  

p r e c u r s o r  o f DNA i n  a n im a ls  and was e i t h e r  in c o r p o r a te d  i n t o  DNA o r  

c a ta b o l i z e d  i n t o  s m a l le r  m o le c u le s  su ch  a s  w a te r ,  c a rb o n  d i o x i d e , 'a n d  o th e r  

ab u n d an t p ro d u c ts .
1

The r e s e a r c h  i n  th e  M ed ica l D epartm en t a t  B rookhaven  was d e s ig n e d  to
3

d e v e lo p  H -th y m id in e  a s  an  a g e n t to  i r r a d i a t e  n u c le a r  DNA, n o t  a s  a  t r a c e r  

compound. In  th e  summer o f 1956, H e rb e r t  T a y lo r  (C olum bia  U n iv e r s i ty ,  New 

Y ork) was a  v i s i t i n g  s c i e n t i s t  i n  th e  l a b o r a to r y  o f  P h i l l i p  Woods in  th e  

B io lo g y  D ep a rtm en t. T a y lo r  w anted to  t r y  th e  new ly s y n th e s iz e d  t r i t i a t e d  

th y m id in e  f o r  a u to r a d io g r a p h ic  s t u d i e s ,  b e c au se  a l th o u g h  ^ ^ C -th y m id in e  was 

a v a i l a b l e ,  i t s  poor r e s o l u t i o n  made i t  u n s u i t a b le  f o r  d i s t i n g u i s h in g  betw een  

th e  c h ro m a tid s  o f a  s in g l e  chromosome. The th r e e  i n v e s t i g a t o r s  began  a  

p r o d u c t iv e  c o l l a b o r a t iv e  s tu d y  w hich c u lm in a te d  i n  1957 i n  th e  p u b l i c a t i o n  o f 

a p a p e r show ing t h a t  th e  DNA i n  chromosomes o f V ic ia  fa b a  r e p l i c a t e d  

s e m ic o n s e r v a t iv e ly .  T h is  d e m o n s tra t io n  i s  a  m ile s to n e  i n  th e  f i e l d  o f 

g e n e t i c s  and c e l l  b io lo g y ,  f o r  i t  p re c e d e d  by a  y e a r  t h e  w ork o f  M ese lson  and 

S ta h l  u s in g  ^^N w hich showed t h a t  DNA m o le c u le s  i n  b a c t e r i a  a ls o  r e p l i c a t e  

s e m ic o n s e r v a t iv e ly .

The e x p e rim e n ts  o f T a y lo r ,  Woods, and Hughes w ere  q u ic k ly  fo llo w e d  by 

many o th e r s  u s in g  H -th y m id in e  a s  a  p r e c u r s o r  f o r  DNA. H ig h ly  s i g n i f i c a n t  

among th e s e  was th e  s tu d y  o f  Q u a s t le r  and Sherman a t  B rookhaven N a tio n a l
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L a b o ra to ry  who u sed  H -th y m id in e  to  m easu re  th e  p a ra m e te rs  o f  th e  c e l l  c y c le  

~ G 1 ,  S (DMA. s y n t h e s i s ) ,  G2 and M ( m i to s i s )  i n  w hich  G1 and G2 r e f e r  to  th e  

two i n t e r v a l s  be tw een  S and M. T h is  work was th e  fo re r u n n e r  o f  a  huge amount 

o f  c u r r e n t  i n v e s t i g a t i o n  on  th e  k i n e t i c s  o f  mammalian c e l l  cycle*
3

The p r e p a r a t i o n  o f H -th y m id in e  was a l s o  im p o r ta n t  f o r  th e  s tu d y  o f DMA 

r e p a i r .  W ith o u t the^ h ig h  s p e c i f i c  a c t i v i t y  i t  a f f o r d e d  DNA r e p a i r  would n o t  

have  been  d e t e c t e d ,  b e c a u se  th e  am ount o f DNA s y n th e s i s  d u r in g  r e p a i r  i s  

e x tre m e ly  s m a ll  (<  0 .1 2 )  com pared to  t h a t  o c c u r r in g  n o rm a lly  d u r in g  S. The 

s tu d i e s  on DNA r e p a i r  have had many im p o r ta n t  c o n se q u e n c e s , o u ts ta n d in g  o f

I fd iich  was th e  d e m o n s tra t io n  t h a t  i n d iv i d u a l s  w ith  th e  g e n e t ic  d i s e a s e  

xeroderm a pigm entosum  a r e  v e ry  i n e f f i c i e n t  i n  r e p a i r i n g  DNA a f t e r  s u n l i g h t -
I

in d u c e d  dam age; t h i s  d e f e c t  i s  u n d o u b te d ly  th e  b a s i s  f o r  th e  m u l t ip le  s k in  

^ a n c e r s  t h a t  o f t e n  m e ta s ta s iz e  and f i n a l l y  r e s u l t  i n  d e a th .

A n o th e r im p o r ta n t  c o n t r i b u t i o n  to  th e  f i e l d  o f ^ e l l  e v g le  s tu d i e s  was 

a c co m p lish e d  a t  Los Alamos L a b o ra to ry  i n  1969 when Van D i l l a  and h i s  

c o l l a b o r a t o r s  p roduced  th e  f i r s t  flow  > fM a i|em ic ro flu o ro m e te r  (FMF). T h is  

d e v ic e  can  m easu re  th e  DNA c o n te n t  i n  a s  many a s  one m i l l i o n  c e l l s  p e r  m in u te  

so t h a t  th e  p e rc e n ta g e  o f  c e l l s  i n  v a r io u s  p a r t s  o f th e  c e l l  c y c le  can  b e  

m easured  d i r e c t l y .  W ith  th e  PHF, th e  e f f e c t s  o f  a g e n ts  on th e  k i n e t i c s  o f  

c e l l  p r o l i f e r a t i o n  can  be m o n ito re d  w ith o u t  th e  u s e  o f r a d i o a c t i v e  t r a c e r s .  

The FMF h a s  s u b s e q u e n t ly  been  u sed  f o r  m o n ito r in g  th e  p r o l i f e r a t i o n  o f 

s u i t a b l y  s t a i n e d  c e l l  m acrom olecu les o th e r  th a n  DNA.
3

The deve lopm en t o f  H -th y m id in e  and th e  FMF a r e  o u ts ta n d in g  exam ples o f

th e  im p ac t o f  OHER s u p p o r t  i n  th e  f i e l d s  o f  c e l l  k i n e t i c s  and DNA s y n th e s i s .

B ut o th e r  exam ples a r e  e a s i l y  c i t e d .  F o r i n s t a n c e ,  Hughes and h i s

125c o l l a b o r a t o r s  d e v e lo p e d  I -d e o x y u r id in e  a s  a  t r a c e r  f o r  DNA, w hich has th e  

g r e a t  a d v a n ta g e  t h a t  i t  c a n  be m o n ito re d  from  o u t s id e  th e  i n t a c t  a n im a l. The
I
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work u s in g  % - th y m ld in e ,  and th e  FMF i n  th e  p a s t  25 y e a r s  p ro b a b ly

am ounts to  t e n s  o f th o u sa n d s  o f  p a p e rs .  I t  h a s  l e d  to  a  d e t a i l e d  

u n d e rs ta n d in g  o f  DMA. r e p l i c a t i o n ,  DNA r e p a i r ,  and c e l l  c y c le  p a ra m e te r s ,  o f  

how th e y  v a ry  i n  d i f f e r e n t  p a th o lo g ic a l  s t a t e s ,  and  t h e  way th e y  a r e  a f f e c t e d  

by v a r io u s  endogenous and exogenous a g e n ts .  T h u s , a  m ore r a t i o n a l  and  

s c i e n t i f i c  u se  o f  c h e m o th e ra p e u tic  a g e n ts  f o r  th e  management o f c a n c e r  an d  

o th e r  p r o l i f e r a t i v e  d i s e a s e s  h a s  b een  a d o p te d .
3

The developm en t o f  H -th y m id in e  and o th e r  r a d i o a c t i v e  t r a c e r s  h a s  h ad
O

trem endous f i n a n c i a l  im p a c t. In  th e  f i r s t  y e a r  o f  p r o d u c t io n  o f  H - th y m ld in e ,

t h e  Schw artz  B io c h e m ica l Company made p r o f i t s  i n  th e  o r d e r  o f s e v e r a l  m i l l i o n
!

d o l l a r s .  I n  su b se q u e n t y e a r s ,  p ro d u c t io n  o f H - la b e le d  compounds (w h ich  w ere  

c o n s id e re d  u n s u i t a b le  f o r  b i o l o g i c a l  s t u d i e s  b e f o r e  1957) became a  

m u l t im i l l io n  d o l l a r  a  y e a r  b u s in e s s  th ro u g h o u t th e  w o r ld . The developm en t o f 

l i q u i d  s c i n t i l l a t i o n  c o u n te r s  was a  d i r e c t  c o n seq u en ce  o f th e  d eve lopm en t 

o f  H a s  a b i o l o g i c a l  t r a c e r .  B e fo re  1956, ■'H had  to  be c o u n te d  e i t h e r  by a  

G e ig e r c o u n te r  w ith  a  v e ry  t h i n  window ( a t  an  e f f i c i e n c y  o f  o n ly  a b o u t 1%) o r  

by p r o p o r t io n a l  c o u n te r s ,  and sam ple p r e p a r a t i o n  was so u n w ie ld y  t h a t  o n ly  a 

few sam ples p e r day c o u ld  be p re p a re d . B ecause  o f th e  n eed  to  c o u n t
3

a c c u r a te ly  la r g e  num bers o f H - la b e le d  sa m p le s , th e  th e n  p r im i t iv e  c o n c e p t o f  

s c i n t i l l a t i o n  c o u n tin g  was v ig o ro u s ly  d e v e lo p e d  so t h a t  h ig h ly  s o p h i s t i c a t e d  

s c i n t i l l a t i o n  c o u n te r s  w i th  h ig h  c o u n tin g  e f f i c i e n c y  (30-40% ) f o r  H a r e  now 

a v a i l a b l e .  Each in s t ru m e n t  c o s t s  $15 ,000  o r  more b u t  i s  a  n e c e s s i ty  f o r  m ost 

b i o lo g i c a l  and c h e m ica l l a b o r a t o r i e s ;  t h i s  in v e s tm e n t i s  a n o th e r  exam ple o f  a  

m u l t im i l l io n  d o l l a r  in d u s t r y  (m o s tly  A m erican ) fo u n d ed  upon O H ER-sponsored 

r e s e a r c h .  The developm en t o f th e  FMF a l s o  le d  to  i t s  com m ercial p r o d u c t io n .  

A lth o u g h  th e s e  in s t r u m e n ts  a r e  v e ry  e x p e n s iv e , i n  th e  o r d e r  o f  $100 ,000  o r  

m ore , th e y  a r e  found  i n  l a b o r a t o r i e s  th ro u g h o u t th e  w o r ld .
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The a b i l i t y  to  p e rfo rm  th e  p ro c e d u re s  i n  m o le c u la r  b io lo g y  now common i n  

l a b o r a t o r i e s  th ro u g h o u t th e  w o rld  c l e a r l y  r e s u l t s  from  th e  e a r l i e r  work on

r a d i o a c t i v e  p r e c u r s o r s  o f  DM . F o r DM seq tien c in g  s t u d i e s ,  ^ ^ P - la b e le d
—       --

I

d e o x y n u c le o tid e  t r ip h o s p h a te s  a r e  u se d  to  l a b e l  DM s by ^  v i t r o  n ic k  

t r a n s l a t i o n  te c h n iq u e s .  T h ese  te c h n iq u e s  a r e  b e in g  p u t i n to  p r a c t i c a l  u s e  i n  

g e n e t i c  e n g in e e r in g  f o r  th e  p ro d u c tio n  of i n s u l i n  and grow th  horm ones. 

A n o th e r  co n seq u en ce  o f th e  e a r l y  s tu d i e s  on DM s y n th e s i s  i s  th e  c u r r e n t  

i n t e r e s t  i n  human g e n e t ic  d i s e a s e s  a s s o c ia te d  w ith  chromosome f r a g i l i t y  t h a t  

h av e  d e f e c t s  i n  DM m e ta b o lism , o r  i n  th e  p r o te in s  t h a t ,  a lo n g  w ith  D M , form  

c h ro m a tin . D is e a s e s  o f  t h i s  ty p e  a r e  xeroderm a p igm entosum , a t a x i a  

t e l a n g i e c t a s i a ,  B loom 's syndrom e and F r a n c o n i 's  an aem ia . The arm am entarium  o f  

m o le c u la r  b io lo g y ,  in c lu d in g  many r a d i o i s o t o p ic  p ro c e d u re s ,  makes i t  c e r t a i n  

t h a t  th e  c h e m ic a l b a s i s  o f  th e s e  g e n e t i c  d i s e a s e s  w i l l  be u n d e rs to o d  i n  th e  

n e x t  d ecad e  o r  tw o. Then th e  g o a l  w i l l  be to  u se  advanced  g e n e t ic  e n g in e e r in g  

p ro c e d u re s  to  p re v e n t  o r  c o r r e c t  t h e s e  d i s e a s e s .
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O  0

DNA. R e p a ir

The c o a C ln u lty  o f  l i f e  a s  we know I t  depends upon th e  t h r e e  R s: 

r e p l i c a t i o n ,  d u p l i c a t i o n  o f  g e n e t ic  m a t e r i a l ;  r e c o m b in a t iq j i ,  th e  exchange o f  

g e n e t i c  m a te r i a l  to  y i e l d  g e n e t i c  d i v e r s i t y ;  and r e p a i r ,  t h e  rem oval o f  damage 

to  DNA r e s u l t i n g  from  e n v iro n m e n ta l  a g e n ts ,  o r  from  m is ta k e s  i n  r e p l i c a t i o n .  

As a r e s u l t  o f  r e p a i r ,  c e l l  s u r v iv a l  i n c r e a s e s ,  th e  m u ta tio n  r a t e  and th e  

p r o b a b i l i t y  o f n e o p la s t i c  t r a n s f o r m a t io n  d e c re a s e s .  The d is c o v e ry  o f DNA 

r e p a i r  was a  d i r e c t  outcom e o f  O H ER-supported i n v e s t i g a t io n s  i n t o  n u c le i c  a c id  

c h e m is tr y ,  p h o to c h e m is try  and p h o to b io lo g y , r a d i a t i o n  c h e m is try  and  r a d i a t i o n  

b io lo g y  and g e n e t i c s .
I

As p o in te d  o u t  i n  th e  I n t r o d u c t i o n ,  no one f i e l d  o f  en d eav o r i s  

in d e p e n d e n t o f o th e r s  b u t a l l  a r e  c lo s e l y  in te r c o n n e c te d  ( F ig .  3 ) .

^epiicatio*'

aizsnsponi

isonowi

Scombinatioii

F ig . 3: A sc h e m a tic  p i c t u r e  o f some o f  th e  f i e l d s  t h a t  have c o n t r ib u te d  to

o u r u n d e rs ta n d in g  o f th e  r e p a i r  o f  DNA, and some o f th e  o th e r  a r e a s  

t h a t  have a ls o  p r o f i t e d  from  t h i s  know ledge.
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1

Knowledge o f  DNA. r e p a i r  came from  th e  d e s i r e  to  know how c e l l s  r e c o v e r  

from  r a d i a t i o n  damage and why some b a c t e r i a l  m u ta n ts  a re  m ore r a d i a t i o n

s e n s i t i v e  th a n  no rm al o r  w i ld  ty p e  s t r a i n s .  The answ ers to  th e s e  q u e s t io n s  a t
1

th e  m o le c u la r  l e v e l  had to  w a i t  u n t i l  t h e  damages a f f e c t i n g  DNA w ere  

I d e n t i f i e d .  The f i r s t  damages I d e n t i f i e d  w ere py rim i d in e  d im ers r e s u l t i n g  

from  u l t r a v i o l e t  I r r a d i a t i o n .  Such d im e rs > r e p r e s e n t in g  th e  j o in in g  to g e th e r  

o f  two p y r im id in e s  i n  a  s in g l e  s t r a n d  o f  a  DNA d u p le x , w ere shown to  I n h i b i t  

DNA r e p l i c a t i o n ,  to  k i l l  and m u ta te  b a c t e r i a l  c e l l s ,  and to  d e s tro y  th e  

a b i l i t y  o f  DNA to  tra n s fo rm  b a c t e r i a  g e n e t i c a l l y  from  one ty p e  to  a n o th e r .  

The I d e n t i f i c a t i o n  was f i r s t  made a t  th e  Oak R idge N a t io n a l  L a b o ra to ry  by 

\  R. S e tlo w  and h i s  c o l l a b o r a t o r s .  |

Once th e  l e t h a l  l e s io n s  had b een  I d e n t i f i e d  ( i n  ^  c o l l ,  p y r im id in e  

d im ers  a c c o u n te d  f o r  o v e r 80Z o f th e  l e t h a l  e f f e c t s  o f  UV), I t  was p o s s ib le  t o  

a sk  a  s im p le  q u e s t io n :  A re U V ^ re s ls ta n t  b a c t e r i a l  c e l l s  r e s i s t a n t  b e c a u se

V th e y  c o n ta in  few er dam ages, o r  b e c a u se  th e y  have  d e v e lo p e d  ways o f  c o p in g  w ith  

th e  damage t h a t  a r e  a b s e n t  In  s e n s i t i v e  b a c t e r i a l  s t r a i n s ?  I n  1964, S e tlo w  

and  C a r r i e r ,  Boyce and  H ow ard -F landers  d e m o n s tra te d  t h a t  th e  l a t t e r  h y p o th e s is  

was c o r r e c t .  R e s i s t a n t  s t r a i n s  a r e  a b le  to  c u t  o u t  p y r im id in e  d im ers  from  one 

s t r a n d  o f a  d o u b le - s t r a n d e d  DNA by a  s e r i e s  o f enzymes and  th e  r e s u l t i n g  h o le  

I s  p a tc h e d  by u s in g  th e  o p p o s i te  good s t r a n d  a s  a  te m p la te .  The p ro c e s s  I s  

a n a lo g o u s  to  p l a s t i c  s u rg e ry  a t  t h e  m o le c u la r  l e v e l  and I s  c a l l e d  ’’e x c is io n  

r e p a i r . ” The d is c o v e ry  o f  e x c is io n  r e p a i r  was c lo s e l y  fo llo w e d  by th e  work o f  . 

Hana w a lt  and h i s  c o l l a b o r a t o r s  and by Pai n t e r  and h i s  co w o rk ers  who m easured  

r e p a i r  by o b s e r v a t io n  o f  th e  p a tc h in g  m echanism .
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The d is c o v e ry  o f  th e  e x c l s io a  r e p a i r  o f  UV damage i n  b a c t e r i a  q u ic k ly  l e d  

to  th r e e  o th e r  s i g n i f i c a n t  f in d in g s .  One, th e  o b s e r v a t io n  t h a t  no rm al human 

c e l l s  w ere  a b le  to  e x c is e  UV damage to  t h e i r  DMA. a n d , from  t h i s  fu n d am e n ta l 

d is c o v e r y ,  the ' s i g n i f i c a n t  f in d in g  i n  1968 by C le a v e r  t h a t  i n d iv i d u a l s  w ith  

th e  l i g h t - s e n s i t i v e ,  c a n c e r -p ro n e  d i s e a s e  xeroderm a pigm entosum  w ere  d e f i c i e n t  

i n  some a s p e c t s  o f  DM  r e p a i r .  Two, a  te c h n iq u e  was d e v e lo p e d  i n  1966 by 

M cGrath and W illia m s  f o r  th e  m easurem ent o f  s in g l e - s t r a n d  b re a k s  i n  DM 

i r r a d i a t e d  i n  v iv o  by io n iz in g  r a d i a t i o n .  T h e ir  m ethod opened th e  g a te s  to  a  

f lo o d  o f  s im i l a r  e x p e rim e n ts  w i th  b a c t e r i a l  and mammalian c e l l s .  T h re e , 

enzym es w ere i s o l a t e d  t h a t  w ere a b le  to  do th e  many s t e p s  i n  th e  v a r io u s

r e p a i r  p a th w ay s. Such r e p a i r  enzym es a r e  now u sed  a s  r e a g e n ts  to  m easu re  b o th
I

u l t r a v i o l e t  and r a d i a t i o n  damage to  th e  DM  o f  mammalian c e l l s  i r r a d i a t e d  b o th  

i n  v i t r o  and j ja  v iv o .

The c o n c e p ts  o f DM r e p a i r  a ro s e  from  a t te m p ts  to  e x p la in  r a d i o b i o lo g i c a l  

phenomena. The c o n c e p ts  and m e th o d o lo g ie s  o f DM r e p a i r  have now b een  

e x te n d e d  to  th r e e  im p o r ta n t  r e s e a r c h  a r e a s — c h e m ic a l - c a r c in o g e n e s is ,  g e n e t i c  

r e p a i r - d e f i c i e n t  human d i s e a s e s ,  and a g in g . The c o n n e c t io n  w ith

c a r c in o g e n e s is  a r i s e s  from  th e  im p o r ta n t  d i s c o v e r ie s  t h a t  th e  modes o f  DM 

r e p a i r  o f c h e m ica l damages to  human c e l l s  e i t h e r  mimic u l t r a v i o l e t  damage 

( t h a t  i s ,  th e  r e p a i r  in v o lv e s  lo n g  p a tc h e s  and i s  d e f e c t iv e  i n  c e l l s  from  

p e o p le  w ith  xeroderm a pigm entosum ) o r  mimic th e  r e p a i r  o f  damage o f io n iz in g  

 ̂ r a d i a t i o n  ( th e  r e p a i r  p a tc h e s  a r e  s h o r t ) .  H ence, DM r e p a i r  i s  a  g e n e ra l  

phenom enon, n o t  one p e c u l i a r  to  r a d i a t i o n .  I t s  p re s e n c e  i n  b a c t e r i a l  o r  

mammalian c e l l s  t r e a t e d  w ith  p o t e n t i a l  m utagens o r  c a rc in o g e n s  i s  ta k e n  a s  

e v id e n c e  f o r  DM  damage and i s  th e  b a s i s  f o r  s e v e r a l  s h o r t - te r m  t e s t s  f o r  

g e n e t i c  to x ic o lo g y . The u se  o f r e p a i r - d e f i c i e n t  b a c t e r i a l  m u ta n ts  i n  such  

t e s t s  a s  th e  Ames t e s t  en h an ces  t h e i r  s e n s i t i v i t y  by o r d e r s  o f  m ag n itu d e .
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S u b seq u en t to  th e  d is c o v e ry  o f  xeroderm a pigm entosum  a s  a  U V -re p a lr  

d e f i c i e n t  d i s e a s e ,  o th e r  d i s e a s e s  have  b een  i d e n t i f i e d  a s  r e p a i r  d e f i c i e n t .  

One o f  th e s e  i s  a t a x i a  t e l a n g i e c t a s i a .  I n d iv id u a ls  w i th  th e  d i s e a s e  a r e  

u n u s u a l ly  s e n s i t i v e  to  io n iz in g  r a d i a t i o n .  The d i s e a s e  i s  g e n e t i c a l l y  

i n h e r i t e d ;  th e  hom ozygotes a r e  e x tre m e ly  s e n s i t i v e ,  and th e r e  a r e  i n d i c a t ^ n s  

t h a t  t h e  h e te r o z y g o te s ,  who form  a p p ro x im a te ly  1% of th e  p o p u la t io n ,  have  an

enhanced  c a n c e r  r i s k .  A num ber o f o th e r  p u t a t i v e  r e p a i r - d e f i c i e n t  human 

d i s e a s e s  a r e  known i n  w hich c e l l s  seem to  be  e x t r a o r d i n a r i l y  s e n s i t i v e  to

t r e a tm e n t  w i th  v a r io u s  c h e m ic a l a g e n ts  such  a s  c r o s s - l i n k in g  a g e n ts  o r

a lk y l a t i n g  a g e n ts .

The d i f f e r e n c e  i n  c a n c e r  s u s c e p t i b i l i t y  beta^een in d iv id u a l s  w i th  

xeroderm a pigm entosum  and th e  no rm al w h ite  p o p u la t io n  i n  th e  U n ited  S t a t e s  i s  

ap p ro x im a te ly  1 0 ^ - f o ld .  S in c e ,  on th e  a v e ra g e , x e roderm a pigm entosum  c e l l s  

a r e  a p p ro x im a te ly  70% d e f i c i e n t  i n  DNA r e p a i r ,  t h e s e  o b s e rv a t io n s  le d  to  th e  

h y p o th e s i s  t h a t  s m a l le r  d i f f e r e n c e s  i n  r e p a i r ,  such  a s  10-20%, a s  m igh t be

o b s e rv e d  i n  th e  n o rm al p o p u la t io n ,  would r e s u l t  i n  enhanced  c a n c e r  r i s k  o f

s e v e r a l  to  t e n - f o l d .  I f  in d e e d  t h i s  id e a  tu r n s  o u t  to  be c o r r e c t ,  i t  would
      >,

im p ly  t h a t  w h e th e r o r  n o t  a  p e rso n  g e ts  c a n c e r  depends n o t  o n ly  on random  

e x p o su re  to  c a rc in o g e n s  b u t  a ls o  on th e  d e t e r m i n i s t i c  n a tu r e  o f an

i n d i v i d u a l 's  rex>air p ro c e s s .  F u tu re  r e s e a r c h  w i l l  show th e  e x te n t  to  w hich

r e p a i r  p r o c e s s e s  a r e  g e n e t i c a l l y  o r  e n v iro n m e n ta lly  d e te rm in e d .

In  1974 S e tlo w  and  H a r t made th e  i n t r i g i i i n g  f in d in g  t h a t  th e  a b i l i t y  o f  

c u l t u r e d  c e l l s  from  d i f f e r e n t  mammalian s p e c ie s  to  do th e  u l t r a v i o l e t  type  o f  

e x c is io n  r e p a i r  in c r e a s e d  a s  th e  l i f e  sp an  o f th e  s p e c ie s  in c re n - 'c d . 

c e l l s  a r e  v e ry  good a t  e x c is io n  r e p a i r ;  m ice c e l l s  a r e  p o o r. T hese 

o b s e r v a t io n s  do n o t  d e m o n s tra te  a  c a u s a l  c o n n e c t io n  betw een  DNA r e p a i r  and  

a g in g . B ut th e y  do r e i n f o r c e  th e  n o t io n  t h a t  th e  two e v e n ts  a re  r e l a t e d ,  an
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id e a  d e r iv e d  from  e a r l y  e x p e rim e n ts  a t  Oak R idge on  th e  a c c u m u la tio n  o f  

s i n g l e - s t r a n d  b re a k s  i n  th e  DNA o f  t i s s u e s  o f o ld  m ice . T h is  a r e a  o f  new and 

f r u i t f u l  r e s e a r c h  was opened up by OHER s u p p o r t  f o r  R a d ia t io n  B io lo g y  and DNA
I

r e p a i r .

The O f f ic e  o f  H e a lth  and E n v iro n m e n ta l R ese a rc h  and i t s  p r e d e c e s s o r s ,  

h av e  s u p p o r te d  th e  r e s e a r c h  o f a  number o f  p e o p le  i n  th e  f i e l d  o f  DNA 

r e p a i r .  The l i s t  t h a t  fo llo w s  i s  o n ly  a  p a r t i a l  o n e ; o th e r s  have  made 

v a lu a b le  c o n t r ib u t io n s  to  t h i s  f i e l d .

1 . C. S. R u p e r t ,  Jo h n s  H opkins U n iv e r s i ty :  p h o to r e a c t iv a t io n
I

2 . P . C. H an aw a lt, S ta n fo rd  U n iv e r s i ty :  r e p a i r  r e p l i c a ) t i o n

3 . J .  E. C le a v e r ,  R a d io b io lo g ic a l  L a b o ra to ry ,  U n iv e r s i ty  o f C a l i f o r n i a  a t

San F r a n c is c o :  xeroderm a pigm entosum

4 . R. B. P a i n t e r ,  R a d io b io lo g ic a l  L a b o ra to ry ,  U n iv e r s i ty  o f C a l i f o r n i a  a t

San F r a n c i s c o : , u n sch ed u led  DNA s y n th e s i s  and a t a x i a  t e l a n g i e c t a s i a

s  5 . R uth  H i l l ,  Colum bia U n iv e r s i ty  ( w i th  H. H. R o s s i ) :  d is c o v e r y  o f

s e n s i t i v e  b a c t e r i a l  s t r a i n s

6 . R. B. S e tlo w , J .  K. S e tlo w , J .  D. R egan , F . J .  B ollum , R. W. H a r t ,

Oak R idge N a t io n a l  L a b o ra to ry  and B rookhaven N a t io n a l  L a b o ra to ry :  

i d e n t i f i c a t i o n  o f  d im ers a s  l e s i o n s ,  r e p a i r  i n  p r o k a ry o te s  and 

e u k a ry o te s ,  i d e n t i f i c a t i o n  o f d im ers  a s  tu m o r ig e n ic  changes i n  DNA, 

r e l a t i o n  o f  DNA r e p a i r  w i th  l i f e  s p a n , lo n g  and s h o r t  modes o f  r e p a i r

7. B. M. S u th e r la n d ,  B rookhaven N a t io n a l  L a b o ra to ry :  p u r i f i c a t i o n  o f

p h o to r e a c t iv a t in g  enzym e, e x is t e n c e  o f  such  enzym es i n  human s k i n ,  and 

t r a n s f o r m a t io n  o f human c e l l s  by UV

8 . M. M. E lk in d ,  B rookhaven N a t io n a l  L a b o ra to ry  and  A rgonne N a t io n a l

L a b o ra to ry :  s p l i t - d o s e  e f f e c t s  and t r a n s f o r m a t io n  o f  c e l l s  i n  c u l t u r e
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Q u a n t i t a t i v e  B io lo g y

T h ere  h a s  b een  a  m arked I n c r e a s e  I n  th e  u se  o f  q u a n t i t a t i v e  m ethods I n  

B io lo g y  and  M ed ic ine  o v e r  th e  l a s t  s e v e r a l  d e c a d e s . The r e c o g n i t io n  o f  th e  

Im p o rta n c e  o f  a  q u a n t i t a t i v e  a p p ro a c h  I n  th e s e  s c ie n c e s ,  w hich  had p r e v io u s ly  

been  l a r g e l y  q u a l i t a t i v e ,  h a s  been  th e  r e s u l t  o f  th e  p ro d u c t iv e  I n t e r a c t i o n  o f  

b i o l o g i s t s  and p h y s ic ia n s  w ith  p h y s i c i s t s ,  c h e m is ts  and e n g in e e r s .  One 

Im p o r ta n t  o r i g i n  o f  su ch  I n t e r a c t i o n  was th e  m u l t i d i s c i p l i n a r y  r e s e a r c h  I n  

r a d lo b lo lo g y  and n u c le a r  m e d ic in e  t h a t  h a s  been  su p p o rte d  by OHER.

I t  I s  g e n e r ^ l y  a c c e p te d  t h a t  th e  zidvanced  r a d io th e r a p y  te c h n iq u e s u sed  

I n  t h e  t r e a tm e n t  o f  c a n c e r  o r  f o r  r a d io s u r g e r y  r e q t i l r e  a  q u a n t i t a t i v e  app ro ach  

to  t r e a tm e n t  p la n n ing. A v e ry  l a r g e  nuiid>er o f  h o s p i t a l  r a d io th e r a p y  u n i t s  

p ro v id e  t r e a tm e n t  p la n n in g  th ro u g h  c l i n i c a l  p h y s ic s  g ro u p s  t h a t  a p p ly  

q x ia n t l t a t l v e  te c h n iq u e s  to  d e te rm in e  tum or p o s i t i o n ,  t a r g e t  volum e and 

I r r a d i a t l o ^ d o s e .  The b a s ic  c o n v ic t io n  t h a t  a  q u a n t i t a t i v e  e v a lu a t io n  o f 

th e s e  p a ra m e te rs  w ould be  v i t a l  to  th e  c l i n i c i a n  I n  p ro v id in g  th e  b e s t  p a t i e n t  

c a r e  grew  to  a  l a r g e  e x te n t  from  th e  need  to  q u a n t i t a t e  th e  b i o lo g i c a l  e f f e c t s  

o f I o n iz in g  r a d i a t i o n .  B e fo re  W orld War I I  p h y s ic ia n s  te n d e d  to  e s t im a te  

r a d i a t i o n  th e ra p y  dose  I n  te rm s  o f  e x p o su re  u n i t s  (R ) . The n e c e s s i ty  f o r  a 

more p r e c i s e  d e s c r i p t i o n  o f t h e  b io m e d ic a l  e f f e c t  o f r a d i a t i o n  le d  to  

m easu rem en ts o f  th e  do se  b e in g  e x p re s s e d  I n  In c re m e n ts  o f  e n e rg y  a b so rb e d  p e r  

ux ilt mass o f  t i s s u e  ( r a d ) ,  and to  c l i n i c a l  a p p l i c a t i o n s  o f  such  p h y s ic a l  

p r o p e r t i e s  o f  r a d i a t i o n  a s  l i n e a r  e n e rg y  t r a n s f e r  (LET). A summary o f  th e  

c u r r e n t  a t t e m p ts  to  f u r t h e r  q u a n t i t a t e  th e  r a d i a t i o n  d o se  and I t s  b io m e d ic a l 

e f f e c t s  ca n  b e  found  I n  th e  N a t io n a l  C o u n c il  o f  R a d ia t io n  P ro te c t io n -  R ep o rt on 

d o s e - r e s p o n s e  f o r  low LET r a d i a t i o n s  (NCRP-Report No. 6 4 , A p r i l  1 , 1 980 ). The
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In p u t  from  OHER-supported i n v e s t i g a t o r s  to  t h i s  r e p o r t  d e m o n s tra te s  th e  e a r l y  

r e c o g n i t i o n  o f th e  e s s e n t i a l  im p o rta n c e  o f th e  q u a n t i t a t i v e  a p p ro ach  to  

r a d i o b i o lo g i c a l  and r a d io th e r a p u t i c  r e s e a r c h .

A second  s t r o n g  c o n n e c tio n  be tw een  OHER-supported r e s e a r c h  and  th e  g row th  

o f  q u a n t i t a t i v e  b io lo g y  came a b o u t th ro u g h  th e  a p p l i c a t i o n  o f  r a d i o a c t i v e  

i s o to p e s  f o r  th e  p r e c i s e  m eastirem ent o f b i o l o g i c a l  p a ra m e te rs .  M e ta b o l i te  

c o n c e n t r a t io n s a  p o o l s i z e  a n d , p e rh a p s  m ost im p o r ta n t ly ,  m e ta b o l i te  movement 

and tu rn o v e r  c o u ld  be m easiired w ith  an  a c c u ra c y  n e v e r  b e fo r e  a t t a i n a b l e  w i th  

th e  a d v e n t o f  r a d i o i s o to p e - l a b e l e d  com pounds. The im p o rta n c e  o f  t h i s  a b i l i t y  

to  q u a n t i t a t e  b a s ic  b io m e d ic a l p a ra m e te rs  was se e n  a lm o s t im m ed ia te ly  a s  a  

m ajo r b re a k - th ro u g h  and th e  p io n e e r in g  w ork o f  G eorge Hevesy i n  t h i s  f i e l d  o f  

i s o t o p i c  t r a c e r s  was re c o g n iz e d  w ith  th e  N obel P r iz e  i n  1943.

Hevesy com ple ted  h i s  su rv ey  book on  r a d i o a c t i v e  i n d i c a t o r s  i n  1948 i n  th e  

OHER-supported Donner L a b o ra to ry  o f  th e  U n iv e r s i ty  o f  C a l i f o r n i a .  A re v ie w  o f  

th e  r e f e r e n c e s  c i t e d  i n  t h a t  book shows th e  m ajo r c o n t r i b u t i o n  o f  p r i n c i p a l  

i n v e s t i g a t o r s  w ork ing  w ith  th e  OHER program s ( f o r  exam ple, J .  H. L aw rence, 

J .  G. H am ilto n  and H. B. J o n e s ) .  The pow er o f  r a d i o a c t i v e  i s o to p e s  a s  a  

q u a n t i t a t i v e  t o o l  in  b io lo g y  c o n tin u e d  to  be d e v e lo p e d  by O H ER-supported 

i n v e s t i g a t o r s  and th e  te c h n iq u e  p la y e d  an  im p o r ta n t  r o l e  i n  many fu n d am e n ta l 

d i s c o v e r ie s .  N o ta b le  among th e s e  a c h ie v e m e n ts  was th e  e s ta b l is h m e n t  o f th e  

c h e m ica l s te p s  o c c u r r in g  d u r in g  p h o to s y n th e s is  by th e  N obel P r iz e w in n e r  M elv in  

C a lv in . The c o n tin u in g  c o n t r i b u t i o n  o f OHER r e s e a r c h e r s  to  q u a n t i t a t i v e  

d ia g n o s t ic  te c h n iq u e s  o f  n u c le a r  m e d ic in e , such  a s  th e  A nger Camera and PET 

S c a n n e rs , i s  docum ented i n  G o t ts h a lk  and  P o tc h e n 's  " D ia g n o s t ic  N u c le a r  

M ed ic in e"  (W illia m s  and W ilk in s , B a l t im o r e ,  1 976 ).
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The g e n e r a l  t r e n d  to w ard s q u a n t i t a t i v e  b io lo g y  ca n  be se e n  I n  th e  

I n c r e a s e d  em phasis p la c e d  on p h y s ic o -c h e m ic a l  c o n te n t  In  b io lo g y  c o u rs e s  

t a u g h t  I n  A m erican  u n i v e r s i t i e s .  F o r exam p le , a  co m p ariso n  o f  th e  G en e ra l 

C a ta lo g  o f  t h e  U n iv e r s i ty  o f C a l i f o r n ia  f o r  th e  academ ic  y e a r  1935-36 w ith  th e  

c u r r e n t  1981-82 c a ta lo g  shows t h e r e  a r e  two new d e p a r tm e n ts , B io p h y s ic s  and 

M e d ic a l P h y s ic s ,  and  M o le c u la r  B io lo g y . The l a r g e s t  o f  th e  G ra d u a te  G roups, 

i s  now I n  B io p h y s ic s  and M ed ica l P h y s ic s  and B lo ra d lo lo g y . The 1935-36

c a ta lo g  a l s o  shows t h a t  a  common r o u te  fo r  th e  I n t r o d u c t io n  o f p h y s ic o ­

c h e m ic a l b io lo g y  was th ro u g h  th e  s tu d y  o f r a d lo b lo lo g y .  I n  t h a t  e a r ly  

c a t a lo g ,  th e  advanced  c o u rs e  I n  p h y s ic o -c h e m ic a l  b io lo g y  was d e s c r ib e d  a s  

**d e a l in g  e s p e c i a l l y  w i th  th e  b i o l o g i c a l  e f f e c t s  o f  r a d i a n t  e n e rg y ”. The s tu d y  

o f su ch  e f f e c t s ,  so c lo s e l y  a s s o c i a te d  w ith  th e  p rogram s o f  OHER p ro v id e d  th e  

e s s e n t i a l  c o m b in a tio n  o f  d i s c i p l i n e s  o f  p h y s ic s ,  c h e m is tr y ,  b io lo g y  and 

m e d ic in e  t h a t  c o u ld  f o s t e r  new academ ic  a r e a s  su ch  a s  b io p h y s ic s .  The v a lu e  

o f  a  s o l i d  b ackg round  I n  p h y s ic a l  s c ie n c e  to  th e  b i o l o g i c a l  o r  m ed ic a l s tu d e n t  

I s  now w e l l  a c c e p te d .

The b a s ic  I n s i g h t s  d is c u s s e d  h e re  a r e  t h a t  a  q u a n t i t a t i v e  e v a lu a t io n  o f 

b i o l o g i c a l  and m ed ic a l q u e s t io n s  le a d s  to  a  more p r o d u c t iv e  and a c c u r a te  

r e s i i l t  th a n  th e  t r a d i t i o n a l  q u a l i t a t i v e  a p p ro ach  a lo n e  and t h a t  a  c lo s e  

i n t e r a c t i o n  b e tw een  p h y s i c i s t s ,  e n g in e e r s ,  b i o l o g i s t s  and p h y s ic ia n s  such  a s  

to o k  p la c e  I n  r a d i o b i o lo g i c a l  r e s e a r c h  I s  e s s e n t i a l  to  . f u r t h e r  t h i s  

q x i a n t l t a t l v e  a p p ro a c h . Such I n t e r d i s c i p l i n a r y  r e s e a r c h  and t r a i n i n g  a r e  v e ry  

e f f e c t i v e  I n  b r in g in g  a b o u t r a p id  ad v an ces  In  b o th  b a s ic  and a p p lie d  a s p e c ts  

o f  q u a n t i t a t i v e  b io lo g y  and m ed ic in e .

The r e s e a r c h  su p p o rte d  by OHER p la y e d  a  m ajo r  r o l e  I n  d e m o n s tra tin g  th e  

w o rth  o f  t h i s  a p p ro a c h  and c o n tln t ie s  to  make v e ry  v a lu a b le  and u n ique  

c o n t r i b u t i o n s  to  q u a n t i t a t i v e  b io m e d ic a l  s tu d i e s .
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C a rc ln o g e n e s Is

The fu n d am en ta l I n s i g h t s  i n to  b io lo g ic  p r o c e s s e s  g a in e d  from  r e s e a r c h  

c a r r i e d  o u t i n  OH ER-supported p rogram s o f  R a d ia t io n  B io lo g y  h a s  had a  m a jo r  

im p ac t i n  t h r e e  a r e a s  o f  c a r c i n o g e n e s is .  The o f  t h e s e  a r e a s  i s  i n

m o le c u la r  b io lo g y  and ge n e t i c s , e s p e c i a l l y  th ro u g h  fu n d a m e n ta l s t u d i e s  o f  

n u c le ic  a c id  b io c h e m is try  and DNA r e p a i r  p r o c e s s e s .  T h ^ s e c o i u  in v o lv e s  th e

form ul a t i o n  o f  th e  c o n c e p t o f  r i s k  a s se s sm e n t ba s e d  on  d o s^ :-re sp o n se  

r e l a t i o n s h i p s  f o r  c a rc in o g e n e s is  d e r iv e d  from  e x p e r im e n ta l  s t u d i e s  and from

l a r g e - s c a l e  human e p id e m io lo g ic  i n v e s t i g a t i o n s .  The^^-ihlrij i s  i a  th e  re a lm  o f  

q u a n t i t a t i v e  c je l lu la r  b io lo g y  and in c lu d e s  th e  d ev e lo p m en t o f  te c h n iq u e s  and  

m odels f o r  s tu d y in g  c e l l u l a r  r e s p o n s e s  to  DNA-damaging a g e n t s .  The b a s i c

know ledge and e x p e r im e n ta l  m odels d e r iv e d  from  r a d i o b i o lo g i c  s t u d i e s  a r e  now 

b e in g  a p p l ie d  to  th e  s tu d y  o f  th e  e f f e c t s  o f  c h e m ic a l c a rc in o g e n s  and  

m u ta g e n s .

A m ajo r m ile s to n e  in  th e  e a r l y  p o s t-W o rld  War I I  day s was th e  

e s ta b l is h m e n t  o f the. new B io lo g y  D iv is io n  a t  th e  Oak R id g e  N a t io n a l  L a b o ra to ry  

u n d e r  th e  le a d e r s h ip  o f  A le x a n d e r H o l la e n d e r ,  w i th  th e  o v e r a l l  g o a l  o f  s e e k in g  

b io c h e m ic a l  e x p la n a t io n s  f o r  th e  g e n e t i c  and c a rc in o g e n ic  co n seq u e n c e s  o f  

r a d i a t i o n  e x p o s u re . S tro n g  p rogram s w ere  s e t  up i n  b a c t e r i a l , - D ro s o p h ila  and 

mammalian r a d i a t i o n  g e n e t i c s ,  and  i n  mammalian c y to g e n e t i c s .  S p e c i f i c  s tu d i e s  

on  c a rc in o g e n e s is  a t  Oak R idge w ere  i n i t i a t e d  by Ja c o b  F u r th ,  b a se d  l a r g e ly  on 

th e  so m a tic  m u ta tio n  th e o r y .  T h is  p a r t i c u l a r  a r e a  o f  i n v e s t i g a t i o n  was 

f u r t h e r  d ev e lo p ed  by A rth u r  U pton who was e s p e c i a l l y  i n t e r e s t e d  in  th e  

phenom enology o f  c a n c e r  and i n  th e  d e r i v a t i o n  j o f _ d o s ( ^ r e ^ s p a n s e - ^ l a t i o n ^ i p s .
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B asic s tu d ie s  o f n u c le ic  ac id  b iochem istry  were an important fea tu re  o f

S .

t h e  Oak R idge  program  and  form ed th e  fram ew ork f o r  th e  d eve lopm en t o f  th e  

f i e l d  o f  DNA damage and r e p a i r  by R ic h a rd  and Ja n e  Set lo w . M easurem ents o f  

th e  p ro d u c t io n  and  r e j o i n i n g  o f  b re a k s  i n  DNA s t r a n d s  w ere  p io n e e re d  by 

— ‘ M cGrath and Wi l l i a m s  a l s o  a t  Oak R id g e . M ajor r e s e a r c h  p rogram s a l s o  w ere  

b a se d  i n  s e v e r a l  O H ER-supported u n i v e r s i t y  l a b o r a t o r i e s  su ch  a s  t h a t  o f  

C le a v e r  a t  th e  U n iv e r s i ty  o f  C a l i f o r n ia  w here th e  d i s e a s e  xe ro d erm a  

pigm entosum  was f i r s t  d e s c r ib e d  a s  a  human r e p a i r  d e f e c t ,  and th e  r e s e a r c h  o f  

P h i l i p  H anaw alt a t  S ta n fo rd  on r e p a i r - r e p l i c a t i o n  o f  DNA. The p ro d u c t io n  o f  

DNA damage by c h e m ic a l and  p h y s ic a l  c a rc in o g e n s  and i t s  s u b se q u e n t m o d u la tio n  

by m o le c u la r  r e p a i r  p r o c e s s e s  h a s  become a  c r i t i c a l  c o n c e p t i n  th e  i n i t i a t i o n  

o f  c a n c e r  and i s  to d a y  one o f  th e  m ajo r s u b je c t s  o f  r e s e a r c h .  The f o u n d a t io n s  

f o r  t h i s  c e n t r a l  th e o r y  i n  c u r r e n t  c a r c in o g e n e s is  u n d o u b te d ly  w ere  l a i d  in  

su c h  OH ER-supported l a b o r a t o r i e s .

The im p ac t o f  R a d ia t io n  B io lo g y  on r i s k  a s se s s m e n t and  th e  d eve lopm en t o f

d o s e - re s p o n s e  m odels f o r  c a r c in o g e n e s is  came from  s e v e r a l  d i f f e r e n t  a r e a s  o f

r e s e a r c h .  M ost o f  th e  b a s ic  an im a l s tu d i e s  d e s ig n e d  to  d e te rm in e  d o s e -

r e s p o n s e  r e l a t i o n s h i p s  w ere c a r r i e d  o u t  w i th  r a d i a t i o n ;  t h e s e  r e s u l t s  

c o n s t i t u t e  th e  m a jo r  d o s e - re s p o n s e  d a ta  a v a i l a b l e ,  a s  few  e x p e rim e n ts  hav e

b een  c a r r i e d  o u t  a s  y e t  w ith  c h e m ic a l c a rc in o g e n s .  E a r l i e r  s t u d i e s  in c lu d e d  

th e  deve lopm en t o f  m a ^ ia ry  and o v a r i a ^ c a n c e r  m odels i n  w hich  th e  i n t e r a c t i o n s  

betw een  hoim ional e f f e c t s  and r a d i a t i o n  w ere s tu d i e d .  The a n im a l 

\  c a r c in o g e n e s is  p rogram  i s  b e in g  c o n tin u e d  by F ry , U l l r i c h  and t h e i r  co w o rk ers  

a t  Oak R idge  w ith  u n iq u e  s tu d i e s  d e s ig n e d  to  e lu c i d a t e  th e  d o s e - r e s p o n s e  

r e l a t i o n s h i p s  f o r  th e  in d u c t io n  o f  c a n c e r  a t  v a r io u s  s i t e s  fo llo w in g  low d o se s  

o f  r a d i a t i o n .
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In  a  number o f  OH ER-supported l a b o r a t o r i e s ,  p a r a l l e l  .e x p e rim e n ts  w ere  

I n i t i a t e d  to  e v a lu a te  th e  c a rc in o g e n ic  p o t e n t i a l  o f  I n t e r n a l l y  e m i t t i n g 

r a d io n u c l id e 's . T hese s tu d i e s  In c lu d e  th e  l a r g e - s c a l e  ro d e n t  and dog 

e x p e rlm e i^ s  a t  th e  A rgonne, L o v e lac e  and P a c i f i c  N o rth w est l a b o r a t o r i e s  an d  a t  

th e  U n i v e r s i t i e s  o f  U tah and C a l i f o r n ia  a t  D a v is , and th e  I n te n s iv e

e p id e m io lo g ic a l  fo llo w -u p  a t  th e  A rgonne l a b o r a t o r i e s  o f  d i a l  p a i n t e r s  who had 

been  o c c u p a t io n a l ly  exposed  to  rad iu m . T hese r e s u l t s  may have had l e s s  

s ig n i f i c a n c e  th a n  th o s e  from  th e  e x t e r n a l  r a d i a t i o n  s tu d i e s  In  te rm s  o f  th e

/
/

g e n e ra l  f i e l d  o f p h y s ic a l  and c h e m ic a l c a r c in o g e n e s i s ,  b u t  th e y  a r e

n e v e r th e le s s  u n iq u e  I n  t h e i r  q u a n t i t a t i v e  e lu c i d a t i o n  o f  th e  c a r c in o g e n ic
* - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - — "     — I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

p o t e n t i a l  o f  r a d i o a c t i v e  I s o to p e s  e m itte d  from  man-made and n a tu r a l  s o u r c e s .
      —   _

A nother m ajo r c o n t r i b u t i o n  o f  th e  OHER to  r i s k  a s se s sm e n t and th e

d e te r m in a t io n  o f  d o s e -re s p o n s e  r e l a t i o n s h i p s  f o r  r a d la t lo n - ln d u c e d  c a n c e r  I n

humans d e r iv e s  from  t h e i r  m ajo r s u p p o r t  o f  th e  Atom Bomb C a s u a lty

Com m ission. The c a r e f u l  and r e s p o n s ib le  e p id e m io lo g ic  fo llo w -u p  o f  th e  

s u r v iv o r s  I n  H iro sh im a  and N ag asak i h a s  y ie ld e d  c l e a r  and s i g n i f i c a n t  d o s e -  

re s p o n s e  d a ta  f o r  th e  In d u c t io n  o f  c a n c e r  a t  f i v e  d i f f e r e n t  s i t e s  In  th e  body;

t h i s  In fo rm a t io n  h as  form ed th e  b a s ic  fo u n d a tio n  f o r  r i s k  e s t im a t io n s  from

r a d i a t i o n  e x p o su re  w hich  w i l l  s e rv e  f o r  y e a r s  to  come a s  a  m odel f o r  th e  

ex p o su re  o f  human p o p u la t i o n s  to  p h y s ic a l  and  chem ica l  c a r c in o g ens In  th e  

e n v iro n m e n t.

In  r e l a t i o n  to  r i s k  a s s e s s m e n t . I t  sh o u ld  be p o in te d  o u t t h a t  th e  m ost 

w id e ly  u sed  a s s a y  a t  th e  p r e s e n t  t im e  f o r  th e  c a r c in o g e n ic i t y  o f  c h e m ic a l 

a g e n ts  was d ev e lo p ed  by B ruce Ames th ro u g h  s u p p o rt  from  th e  OHER a t  th e  

U n iv e r s i ty  o f  C a l i f o r n i a .  T h is  a s s a y  I s  b a sed  c u r r e n t l y  upon th e  m u ta g e n ic  

p o t e n t i a l  o f  c h e m ica l a g e n ts  In  b a c t e r i a .

33



T

The f i n a l  a r e a  o f  c a n c e r  r e s e a rc h  i n  w hich R a d ia t io n  B io lo g y  h as  had a  

m a jo r  in f lu e n c e  i s  t h a t  o f  q u a n t i t a t i v e  c e l l u l a r  b io lo g y ;  more s p e c i f i c a l l y ,  

th e  e lu c i d a t i o n  o f  th e  c e l l u l a r  e f f e c t s  o f  DNA-damaging a g e n ts .  The f i r s t  

c o lo n y -fo rm in g  a s s a y  f o r  th e  s u r v iv a l  o f  mammalian c e l l s  exposed  i n  c y to to x ic  

a g e n ts  was d e v e lo p ed  by Puck and M arcus a t  th e  U n iv e r s i ty  o f  C o lo rado  M ed ica l

S ch o o l a t  D enver u t i l i z i n g  io n iz in g  r a d i a t i o n .  T h is  te c h n iq u e  was e x p lo i te d  

o v e r  th e  e n su in g  15 y e a r s  a lm o s t e n t i r e l y  by r a d i o b i o l o g i s t s ,  b u t  i t  h a s  now 

become a  fu n d am e n ta l and w id e ly  a p p l ie d  te c h n iq u e  in  c e l l u l a r  c a rc in o g e n e s is  

r e s e a r c h .

The deve lopm en t o f  m ethods f o r  s y n c h ro n iz in g  mammalian c e l l s  and th e  

s tu d y  o f  c e l l  c y c l e - r e l a t e d  s e n s i t i v i t y  w ere a l s o  l a r g e l y  d ev e lo p ed  in  

r a d io b io lo g y  l a b o r a t o r i e s ,  a s  i s  a ls o  t r u e  o f  th e  e l u c i d a t i o n  o f c e l l u l a r  

r e c o v e ry  p ro c e s s e s  and  o f  d o s e - r a t e  e f f e c t s  a t  th e  c e l l u l a r  l e v e l .
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R a d la tlo o - In d u c e d  C a rc in o g e n e s is  and E x p o su re  S ta n d a rd s

I o n iz in g  r a d i a t i o n  I s  p ro b a b ly  th e  m ost th o ro u g h ly  s tu d ie d  o f  a l l  

e n v iro n m e n ta l h a z a rd s  and th e  q u a n t i t a t i v e  r i s k  o f human h e a l th  e f f e c t s ,  

p a r t i c u l a r l y  c a n c e r ,  from  r a d i a t i o n  e x p o su re  I s  p ro b a b ly  b e t t e r  known tha:

t h a t  f o r  any  o th e r  a g e n t.  T h is  s t a t e  o f  a f f a i r s  r e s u l t s  I n  l a r g e  p a r t  from  a

number o f e p id e m io lo g ic a l  s tu d ie s  on I r r a d i a t e d  human p o p u la t i o n s , many o f  

vdxlch have  been  o r  a r e  p r e s e n t ly  s u p p o r te d  by OHER. The s in g l e  m ost Im p o r ta n t  

e p id e m io lo g ic a l  s tu d y  h as  been  th e  one t h a t  h as  b e e n  co n d u c ted  on th e  

s u r v iv o r s  o f  th e  a to m ic  bom bings I n  J a p a n . T h is  s tu d y  I s  o f u n u s u a l v a lu e  

b e c au se  th e  r a d i a t i o n  was n o t g iv e n  f o r  m e d ic a l  r e a s o n s  so  t h a t  I n t e r p r e t a t i o n  

I s  n o t  c o m p lic a te d  by p r e - e x i s t i n g  d i s e a s e ,  th e  sam ple s i z e  I s  l a r g e ,  a l l  a g e s  

w ere  In c lu d e d , and th e  r a d i a t i o n  d o se s  w ere  s u f f i c i e n t l y  h ig h  t h a t  p o s i t i v e  

a s s o c i a t i o n s  be tw een  c a n c e r  I n c id e n c e  and  r a d i a t i o n  ex p o su re  c o u ld  b e  

e s t a b l i s h e d  unam blg iiously  f o r  many c a n c e r s .  U n t i l  a g reem en t was re a c h e d  w i th  

th e  governm ent o f  Ja p a n  to  s h a re  th e  c o s t s  more e q u i t a b ly  by e s t a b l i s h i n g  t h e  

R a d ia t io n  E f f e c t s  R ese a rc h  F o u n d a tio n , th e  p r i n c i p a l  s u p p o r t  f o r  t h e s e  

c l i n i c a l ,  e p id e m io lo g ic a l ,  and d o s im e tr ic  e v a lm t l o n s  was p ro v id e d  by OHER..

D e s p ite  th e  s i g n i f i c a n t  amount o f d a ta  from  human p o p u la t io n s  exposed  a t  

h ig h  d o se s  and dose  r a t e s ,  th e  e s t im a t io n  o f r i s k s  In  th e  do se  ra n g e  o f  

I n t e r e s t  ( t h a t  I s ,  low d o ses a n d /o r  low  d o se  r a t e s )  depends on th e  u se  o f

mo d e ls  In  o r d e r  to  e x t r a p o la t e  from  th e  e f f e c t s  o f  h ig h  d o ses  and d o se  r a t e s  

t o  low d o se s  and dose  r a t e s .  The r e a s o n  I s  t h a t  d i r e c t  s tu d i e s  o f  human

p o p u la t io n s  exposed  to  low  d o ses  an d / o r  low  d o se  r a t e s  hav e  y ie ld e d  n e g a t iv e

o r  e q u iv o c a l  r e s u l t s .  R ecen t Im proved m odels have  b een  h e a v i ly  I n f lu e n c e d  by
/     ___

d eve lopm en ts  I n  b io p h y s ic a l  th e o ry  and m lc ro d o s lm e try  and by e x p e r im e n ta l  

r e s u l t s  o b ta in e d  I n  a  v a r i e ty  o f  b i o l o g i c a l  a s s a y s .  I n  1972, th e  BEIR 

Com m ittee (B E IR -I)  u se d  a  l i n e a r ,  no t h r e s h o ld ,  no d o s e - r a t e  e f f e c t  m odel t o
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e x t r a p o l a t e  to  c a n c e r  r i s k s  a t  low  t o t a l  d o ses  and do se  r a t e s .  S u b seq u en tly ^

b o th  UNSCEAR (1 9 7 7 ) and  th e  ICRP (1977) i m p l i c i t l y  a d o p te d  th e  a ssu m p tio n  t h a t  

a t  low  d o se s  and do se  r a t e s  th e  r i s k  i s  l e s s  th a n  t h a t  p r e d ic te d  by th e  s im p le  

l i n e a r  m odel. In  1980, B E IR -III  e x p l i c i t l y  a d o p te d  a  seco n d  d e g re e  p o ly n o m ia l

e q u a t io n  to  e x t r a p o la t e  to  low d o s e s .  The NCRP (1 9 8 0 ) c o n c lu d e d  t h a t  a t  low

d o se s  o r  low  d o se  r a t e s ,  low  LET r a d i a t i o n  i s  2 to  10 tim e s  l e s s  e f f e c t i v e  

th a n  w ould  be p r e d ic te d  by th e  B EIR -I m odel. The c o n se n su s  o f  th e s e  e x p e r t  

c o m m itte e s , th e n ,  i s  t h a t  r i s k s  from  low d o s e s  and d o se  r a t e s  ( w h e r e ^ '^ e

e f f e c t s  have  n o t  been  s e e n )  a r e  o v e re s t im a te d  by a  l i n e a r  e x t r a p o la t i o n  from
.................................................. - nr -I --- ,--------- ,,,-------------------    - - - -- . I -- -

e f f e c t s  s e e n  i n  th e  h ig h  d o se  r a n g e . T hese m o d if ic a t io n s  to  t h e  e x t r a p o la t io n

m odels c o u ld  n o t  have b e e n  a d o p te d  had i t  n o t  b een  f o r  r e c e n t  d eve lopm en ts  i n  

th e o r y  and i n  e x p e r im e n ta l  s t u d i e s  s u p p o r te d  byOHER. F o r exam ple, H a ro ld  

Rosgi  a t  C olum bia U n iv e r s i ty ,  h a s  been  i n  th e  f o r e f r o n t  i n  d e v e lo p in g  th e o r i e s  

o f r a d i a t i o n  a c t io n .

I t  i s  o f  i n t e r e s t  to  n o te  t h a t  th ro u g h o u t th e  1970s t h e r e  was p re s s i i r e  on 

th e  p a r t  o f some s c i e n t i s t s  and o r g a n iz a t io n s  to  re d u c e  th e  r a d i a t i o n  ex p o su re  

s ta n d a r d s  by a b o u t a  f a c t o r  o f  10. The a rg u m en ts  f o r  change w ere b ased  

h e a v i ly  on th e  u s e  o f l i n e a r  o r  " s u p r a l in e a r "  m o d els . The more r e c e n t  

c o n se n su s  by th e  UNSCEAR, ICRF, B E IR -I I I ,  and NCRP co m m ittee s  t h a t  e f f e c t s  o f 

low  d o se s  a r e  o v e re s t im a te d  by l i n e a r  m odels seems to  have  le s s e n e d  t h i s  

c o n c e rn .

A n o th e r  a r e a  o f  d e b a te  w hich  a p p e a rs  to  have b e e n  s e t t l e d  r e c e n t l y  i s  

w h e th e r  th e  d e a th  r a t e  from  d i s e a s e s  o th e r  th a n  c a n c e r ,  su c h  a s  c a rd io v a s c u l a r  

o r  c e r e b r o v a s c u la r  d i s e a s e ,  i s  in c r e a s e d  i n  i r r a d i a t e d  p o p u la t io n s .  The 

J a p a n e s e  s tu d i e s  have  c o n s i s t e n t l y  i n d ic a te d  t h a t  t h e r e  i s  no su ch  e f f e c t  

a l th o u g h  th e  r e s u l t s  from  o th e r  p o p u la t io n  s tu d i e s  y ie ld e d  somewhat 

! c o n f l i c t i n g  e v id e n c e . E x te n s iv e  e x p e r im e n ta l  s t u d i e s ,  p r i n c i p a l l y  i n  m ice , i n
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w hich  c a r e f u l  a u to p s ie s  w ere done I n d i c a t e  t h a t  l i f e - s h o r t e n i n g  c a n  be

a c c o u n te d  f o r  by th e  In c re a s e d  In c id e n c e  o r  e a r l i e r  o n s e t  o f  m a l ig n a n t  

n eo p lasm s. T h is  w ork , w hich was s u p p o r te d  by OHER, t o g e th e r  w i th  th e  m o st
« r —

r e c e n t  r e p o r t  on th e  Ja p a n e se  s u r v i v o r s ,  c l e a r l y  I n d i c a t e s  t h a t  t h e re  I s  no  

e x c e s s  m o r t a l i t y  from  c a u se s  o th e r  th a n  c a n c e r .  H o st e x p e r t s  now a g re e  t h a t  

th e  o n ly  s i g n i f i c a n t  h a z a rd  to  d e a th  In. I r r a d i a t e d  s u b je c t s  I s  from  c a n c e r .A s  

m ore I n s i g h t  on m echanism s o f  r a d i a t i o n  c a r c in o g e n e s is  and on f a c t o r s  

In f lu e n c in g  c a n c e r  e x p re s s io n  I s  o b ta in e d  from  e x p e r im e n ta l  s t u d i e s ,  t h e r e  

w i l l  be Im provem ents I n  e x t r a p o la t i o n  m odels and r e f in e m e n ts  I n  r i s k  

e s t im a te s .

We ca n  I d e n t i f y  a  s p e c i f i c  p rob lem  w hich  OHER w i l l  f a c e  I n  th e  f u tu r e  and  

w hich a p p e a rs  s o lv a b le  o n ly  by e x p e r im e n ta l  s tu d y . I f ,  a s  seems p o s s ib le  o r  

p e rh a p s  even  l i k e l y ,  th e  m ost r e c e n t  d o s im e try  s tu d i e s  show t h a t  th e  n e u tr o n  

com ponent o f th e  r a d i a t i o n  dose  I n  H iro sh im a  was n e g l i g i b l e ,  th e n  we a r e  f a c e d  

w i th -  th e  p ro s p e c t  o f  hav in g  e s s e n t i a l l y  no d a ta  on n e u tro n - in d u c e d  

c a r c in o g e n e s is  f o r  hum ans. N eu tron  e x p o su re  s ta n d a r d s  w ould n e c e s s a r i l y  h a v e

to  -Jie—baood e u th e —restilL ii o f—nrw aynrrlTnrntriT  s t u d i e s .  O th e rw ise  r i s k
 --

e s t im a te s  w i l l  be v e ry  u n c e r t a in ,  w ith  some e x p e r t s  a rg u in g  t h a t  th e  r i s k  I s  

h ig h  and o th e r s  a rg u in g  t h a t  I t  I s  lo w , w i th  n e i t h e r  s id e  h a v in g  s u f f i c i e n t  

In fo rm a tio n  to  r e a c h  a  re a s o n a b ly  s u p p o r ta b le  ju d g m en t. A c c u ra te  r i s k

e s t im a te s  a r e  needed  b o th  by OHER c o n t r a c t o r s  and th e  u t i l i t y  I n d u s t r y .  I f  

th e  r i s k  I s  h ig h ,  t h e i r  w o rk ers  need  a d d i t i o n a l  p r o t e c t i o n .  I f  th e  r i s k  I s  

low  b u t  th e  la c k  o f  d a ta  r e s u l t s  In  u n r e a l l s t l c a l l y  s t r i n g e n t  s ta n d a r d s ,  th e n  

b o th  o p e ra t in g  and r e t r o f i t t i n g  c o s t s  c o u ld  ru n  I n to  s u b s t a n t i a l  sums o f  money 

u n n e c e s s a r i ly .
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T h e re  i s  no way o f  a c c u r a te ly  e s t im a t in g  th e  i n d i r e c t  b e n e f i t s  o f OHER- 

s u p p o r te d  p rogram s i n  r a d i a t i o n  c a r c in o g e n e s i s .  F o r  exam ple, to  w hat e x te n t  

d id  th e s e  p rogram s le a d  to  r e d u c t io n  o f  u n n e c e s s a ry  r a d i a t i o n  e x p o su re  w i th  a 

s u b s e q u e n t s p a r in g  o f p e o p le  from  g e n e t ic  d e f e c t s  and  c a n c e r s ?  I t  does seem 

c l e a r  t h a t  th e  r e s e a r c h  fu n d in g s  have had a  m ajo r  im p ac t on  th e  s e t t i n g  o f  

r a d i a t i o n  s ta n d a r d s  f o r  th e  g e n e ra l  p o p u la t io n  and f o r  th e s e  o c c u p a t io n a l ly  

e x p o sed . T hese  s ta n d a r d s  seem to  have s t r u c k  a  r e a s o n a b le  b a la n c e  betw een  

p r o t e c t i n g  p e o p le  from  undue r i s k  on th e  one h a n d , and from  p r o h i b i t i v e l y  

e x p e n s iv e  c o s t s  o f  c o n s t r u c t io n  and o p e r a t io n s  on  th e  o t h e r .

A c c o rd in g  to  a n  OHER-sponsored s tu d y  on th e  im p a c t o f  r e d u c t io n s  i n  th e
I

e x te r n a l  r a d i a t i o n  e x p o su re  l i m i t s  (DOE r e p o r t  No. DOE/EV-0045, 1 9 7 8 ), t h e r e  

have  b e e n  s a v in g s  o f  w e l l  o v e r  3 b i l l i o n  d o l l a r s  by n o t  r e d u c in g  th e  l i m i t s .  

The e x te n t  to  w hich OHER-sponsored r e s e a r c h  in f lu e n c e d  t h i s  d e c is io n ' i s  n o t  

known. I t  seems p l a u s i b le  to  assum e t h a t  th e  c o g n iz a n t  a u t h o r i t i e s  w ere 

w i l l i n g  to  a c c e p t  e x i s t i n g  s ta n d a r d s  (b a se d  on e s t im a te s  o f  r i s k )  a s  b e in g  

r e a s o n a b le  and a s  n o t  p o s in g  an  undue h a z a rd .  T hese e s t im a te s  o f  r i s k ,  i n  

t u r n ,  w ere  h e a v i ly  d ep en d en t on OHER-supported r e s e a r c h .  I f  OHER r e s e a r c h  

c o n t r i b u te d  a s  l i t t l e  a s  10% to  th e  d e c i s i o n s ,  i t  fo llo w s  t h a t  th e  s a v in g s  

e f f e c t e d  by OHER's p rogram s am ounted to  betw een  43 and 86 m i l l i o n  d o l l a r s  

a n n u a l ly  and  a  s a v in g s  o f  300 to  600 m i l l i o n  i n  c o n s t r u c t io n  c o s t s .  We do n o t  

have  p r e c i s e  f ig r i r e s  on th e  c o s t  o f  OHER's r a d i a t i o n  c a r c in o g e n e s is  p ro g ram s, 

b u t  i t  a p p e a rs  to  u s  t h a t  th e y  r e p r e s e n t  a  r e a l  b a r g a in .
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Immunology and H em atology

R a d ia t io n  B io lo g y  h as  had a  m ass iv e  Im pact on human m e d ic in e  s in c e  th e  

l a t e  1940s. We can  g e t  a  g lim p se  o f  i t s  s i g n i f i c a n c e  from  two r e c e n t

sum m aries o f  th e  u se  o f  bone marrow t r a n s p l a n t a t i o n  I n  co n te m p o ra ry  m e d ic a l
» ~ii -----  ---

t r e a tm e n t .  R. A. Good w r i t i n g  I n  The New E ngland  J o u r n a l  o f  M ed ic in e  t h i s  

y e a r  s a y s ,  " In d eed  more th a n  20 p r e v io u s ly  f a t a l  d i s e a s e s  can  now be

s u c c e s s f u l ly  t r e a t e d  w ith  bone marrow t r a n s p l a n t a t i o n .  T hese d i s o r d e r s  ra n g e  

from  g e n e t i c a l l y  d e te rm in e d  s e v e r e  com bined Im m u n o -d efIc len cy  d i s e a s e s  to  

a c u te  leu k em las  and In c lu d e  a  number o f  l i f e - t h r e a t e n i n g  a p l a s t i c  and 

a r e g e n e r a t lv e  a n e m ias , Im m unohem opoletlc d i s o r d e r s ,  g e n e t i c a l l y  d e te rm in e d  

c o n g e n i ta l  h e m a to lo g ic  a b n o r m a l i t i e s ,  and even  th e  a w fu l m a rb le -b o n e  d i s e a s e ,
I

o s t e o p e t r o s i s . "  S im i la r ly ,  E . B e u t le r  I n  The J o u rn a l  I o f  th e  A m erican  M e d ic a l 

A s s o c ia t io n  In  1981 p o in ts  o u t ,  " U n t i l  r e c e n t l y ,  o u r  m in d - s e t  was t h a t  

leu k em ia  was n o t c u r a b l e .  Anyone who c la im e d  o th e rw is e  was c l e a r l y  e i t h e r  a 

f o o l  o r  a  c h a r l a t a n . "  In  s e l e c t e d  leu k em ia  p a t i e n t s  and u n d e r a p p r o p r i a t e  

c ir c u m s ta n c e s ,  " th e  v a s t  m a jo r i ty  ( w e l l  o v e r  90%) s u r v iv e  th e  t r a n s p l a n t a t i o n  

p ro c e d u re , and th e  e x te n t  o f  m o rb id ity  does n o t d i f f e r  g r e a t l y  from  t h a t  

a s s o c ia te d  w ith  o r d in a r y  In d u c t io n  c h e m o th e ra p y .. [ U J e s p l te  th e  o c c u r re n c e  o f  

g r a f t - v s - h o s t  d i s e a s e  and o c c a s io n a l  r e l a p s e s ,  th e  o v e r a l l  c u re  r a t e  o f  t h i s  

s e le c te d  g roup  o f  p a t i e n t s  seem s to  be betw een  70% and 80%." T h is  re m a rk a b le  

s t a t e  o f  a f f a i r s  f o r  t r e a tm e n t  o f  l e t h a l  d i s e a s e s  o f  b lo o d -fo rm in g  t i s s u e s  I s  

a lm o s t e n t i r e l y  th e  r e s u l t  o f  b a s ic  r e s e a r c h  In  mammals sp o n so re d  by OHER.

The Im pact o f  r e s e a r c h  on r a d i a t i o n  e f f e c t s  on th e  d e fe n s e  m echanism s 

( Immunology) and th e  b lo o d -fo rm in g  t i s s u e s  (h em a to lo g y ) I s  so g r e a t  and so 

d i f f u s e  t h a t  m ost e x p e r im e n ta l  Im m u n o lo g is ts  and h e m a to lo g is ts  owe a  g r e a t  

d e a l  o f  t h e i r  co n tem p o ra ry  r e s e a r c h  m ethods to  th e  f a r - s i g h t e d  s u p p o r t  o f 

OHER. The s p le e n  co lo n y  a s sa y  I s  a  n o te a b le  exam ple. The u se  o f  r a d i o a c t i v e  

I s o to p e s  In  Immunology and h em ato logy  a s  w e l l  a s  th e  r e s t  o f  b io m e d ic in e  I s  so 

e x te n s iv e  I t  w ould c o v e r  many v o lum es.

-3 9 -



T h is  b a s ic  r e s e a r c h  s t a r t e d  i n  th e  l a t e  1940s and e a r l y  1950s when Leon 

J a c o b so n  and  h i s  c o l le a g u e s  a t  A rgonne N a t io n a l  L a b o ra to ry  i n  c o l l a b o r a t i v e  

r e s e a r c h  w i th  Egon L orenz and h i s  c o l le a g u e s  a t  th e  N a t io n a l  C ancer I n s t i t u t e  

e s t a b l i s h e d  th e  f i e l d  o f bone marrow t r a n s p l a n t a t i o n .  The p r im a ry  g o a l i n  

th o s e  e a r l y  y e a r s  was th e  t r e a tm e n t  o f  to ta l - b o d y  i r r a d i a t i o n  i n j u r y  and th e  

p r e v e n t io n  o f d e a th  from  h em o rrh ag e , i n f e c t i o n  and anem ia . E a r ly  a t te m p ts  

w ere  a l s o  made to  c u re  c a n c e r  by th e s e  te c h n iq u e s ;  t h i s  r e s e a r c h  h a s  c o n tin u e d  

to  th e  p r e s e n t  t im e . The dynam ic a tm o sp h e re  c r e a te d  by th e  r a d i a t i o n  i n j u r y  

i s s u e s  and th e  a t te m p ts  to  m odify  th e  i n ju r y  th ro u g h  t i s s u e '  and o rg a n  

t r a n s p l a n t s  soon in f lu e n c e d  th e  f i e l d s  o f  im m unology, p a th o lo g y , c l i n i c a l  

m e d ic in e , and  g e n e t i c s .

An exam ple o f  th e  s ig n i f i c a n c e  to  human m e d ic in e  o f many y e a rs  o f  

r e s e a r c h  i n  R a d ia t io n  B io lo g y  was se en  i n  1981 when  E. D. Thomas  was aw arded 

th e  K e t te r in g  P r iz e  f o r  h i s  work on bone marrow t r a n s p l a n t a t i on w hich  depended 

i n  a  g r e a t  m easure  on sp o n so re d  b a s ic  mammalian r a d i a t i o n  r e s e a r c h  i n  th e  

N a t io n a l  L a b o r a to r i e s .  I n  a c c e p t in g  th e  aw ard , Thomas p a id  t r i b u t e  to  th e  

e a r l i e r  w ork o f Ja co b so n  and  L o re n z . In  th e  same way, th e  developm en t' o f  

r a d i o i s o t o p e s ,  i n  p a r t i c u l a r ,  t h a t  o f  t r i t i a t e d  th y m id in e  a t  B rookhaven 

N a t io n a l  L a b o ra to ry ,  p ro v id e d  th e  t o o l s  n e c e s s a ry  f o r  b a s ic  k i n e t i c  s tu d i e s  o f  

t h e  p r o g e n i to r s  and th e  p ro d u c t io n  o f  b lo o d  c e l l s .

The u s e  o f marrow t r a n s p l a n t s  and th e  s p le e n  c o lo n y  a s s a y  i n  a n im a ls  i s  

th e  b a s i s  f o r  o u r  c u r r e n t  u n d e rs ta n d in g  o f  th e  I n t e r r e l a t i o n s h i p s  o f  c e l l s  i n  

th e  b lo o d , bone m arrow , and b lo o d -fo rm in g  t i s s u e s .  The id e n t i f i c a t i o n  and 

i s o l a t i o n  o f  th e  e r y t h r o p o i e t i n , a  c o n t r o l l i n g  hormone o f  th e  re d  b lo o d  c e l l  

sy s te m , r e s u l t e d  from  th e  work a t  th e  A rgonne H o s p i ta l  (now th e  F r a n k l in

McLe a n  M em orial R ese a rc h  I n s t i t u t e ) .  Our u n d e rs ta n d in g  o f  c e l l u l a r  immunology 

and o f th e  r e l a t i o n s h i p  o f ly m p h a tic  t i s s u e s  to  bone marrow a l s o  stem s from
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t h e s e  e a r l y  r a d l a t l o a  s tu d i e s .  C l l o i c a l  . t r a n s p l a n t a t i o n  te c h n iq u e s  have  been  

s t r o n g ly  d ep en d en t upon developm ent o f  m ethods o f c r o s s  m atch in g  and iBimune

s u p p re s s io n .  A t p r e s e n t  I n  te rm s o f  p a t i e n t s  t r e a t e d ,  r e n a l  t r a n s p l a n t s  a r e
   ^

th e  m ost Im p o r ta n t ,  b u t now marrow and  o th e r  o rg a n  t r a n s p l a n t a t i o n  a r e  

I n c r e a s in g ly  p e rfo rm e d . B a s ic  s tu d i e s  o f  c e l l  k i n e t i c s  o f  th e  bone marrow and  

lym phoid  t i s s u e  have a ls o  had a  l a r g e  Im pact on th e  d e s ig n  o f c l i n i c a l  

p r o to c o ls  f o r  th e  chem otherapy  o f  c a n c e r .

As I n  th e  p a s t ,  so In  th e  f u t u r e .  R a d ia t io n  B io lo g y  can  be  r e l i e d  upon t o  

p ro v id e  new I n s i g h t s  and m ethods I n  many f i e l d s .  Thes e  ad v a n ces  a r e  l i k e l y  to  

come from  r e s e a r c h

r a d i a t i o n  e f f e c t s  on s e n s i t i v e  t i s s u e s ;  th e  w ork ing  o u t o f th e  

I n te r m e d ia te  e v e n ts  In  th e  I n ju r y  p ro c e s s  a s  a  model f o r  many k in d s  o f I n ju r y  

to  c e l l s - —b u t  p a r t i c u l a r l y  ch e m ica l I n ju r y .

( th e  d i f f e r e n c e s  betw een  e f f e c t s  on r a d i a t i o n - s e n s i t i v e  v e rs u s

r a d l a t l o n - l n s e n s l t l v e  t i s s u e s ;  c o m p ariso n s  w ith  c h e m ica l s e n s i t i v i t y  and

ch e m ica l I n s e n s i t i v i t y  o f t i s s u e s .

p ro c e s s e s  t h a t  m odify r a d i a t i o n  e f f e c t s ;  p a r t i c u l a r l y  th e  w ork ing , o u t 

o f I n te r m e d ia te  e v e n ts  and t h e i r  a n a lo g ie s  I n  m o d ify in g  c h e m ica l I n ju r y .

R a d ia t io n  B io lo g y  a s  a  m odel f o r  s tu d y in g  c h e m ica l e f f e c t s .

The s o c i a l  c o r r e l a t e  o f t h i s  r e s e a r c h ,  th e  o b j e c t iv e  o f  k e e p in g  p e o p le  

a l i v e  by marrow t r a n s p l a n t a t i o n ,  c a n n o t be r e a s o n a b ly  c o n s id e re d  I n  te rm s o f 

c o s t  e f f e c t i v e n e s s .  B u t, f o r  th e  s a k e  o f a rg u m e n t. I f  we can  th e o r i z e  a  

th o u sa n d  p a t i e n t s  a r e  c u re d  each  y e a r  by marrow t r a n s p l a n t a t i o n  and I f  a  human 

l i f e  I s  w o rth  100 ,0 0 0  d o l l a r s  and  I f  OHER program s ca n  c la im  h a l f  th e  c r e d i t  

f o r  t h i s  form  o f  t r e a tm e n t ,  th e n  th e  a n n u a l d o l l a r  s a v in g s  t h a t  can  be 

c r e d i t e d  to  th e  Agency I s  $50 m i l l i o n .  A d d i t io n a l ly ,  I f  5000 k id n e y  

t r a n s p l a n t s  a r e  done a n n u a lly  and I n  t h i s  c a se  we c o n s id e r  th e  OHER program s

41



o

a r e  lOZ r e s p o n s ib le  f o r  t h e i r  s u c c e s s ,  we can  add a n o th e r  $50 m i l l i o n .  As 

A lex  C om fort p o in ts  o u t ,  m ed ic in e  and  o u r h um an ity  h a s  a lw ays a c c e p te d  th e  

p r o lo n g a t io n  o f  an  a c t i v e  and h e a l th y  human l i f e  a s  one o f  i t s  s e l f - e v i d e n t  

o b j e c t s ~ a  s ta te m e n t  w hich can  b e a r  a g g r e s s iv e  r e s t a te m e n t .
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H em atology

U nder th e  s p o n s o rs h ip  o f OHER and th e  D epartm en t o f  th e  Navy, a  number o f 

c a r e f u l  s tu d i e s  w ere s t a r t e d  I n  1945 to  a n a ly z e  th e  c a u se  o f  d e a th  I n  th e  

J a p a n e s e  p e o p le  exposed  to  th e  n u c le a r  bombs. C o n tin u ed  OH ER-supported 

s tu d i e s  I n  th e  f i e l d  and l a b o r a to r y  le a d  to  th e  d e m o n s tra t io n  t h a t  th e  two 

p red o m in an t c a u se s  o f  d e a th  from  I r r a d i a t i o n  I n  th e  l e t h a l  dose  ra n g e  a r e

b a c t e r i a l  I n f e c t i o n  and h em o rrh ag e , due to  l o s s  o f  g r a n u lo c y te s  and p l a t e l e t s  

In d u ced  by bone marrow h y p o p la s i a .  The te c h n iq u e s  o f  p l a t e l e t  and g ra n u lo c y te  

t r a n s f u s io n s  to  m in im ize  th e s e  e f f e c t s  em erged d i r e c t l y  from  th e  s tu d i e s  on

th e  n a tu r e  o f  mammalian r a d i a t i o n  I n ju r y .  W orking In  t h e  M ed ica l D epartm en t 

a t  B rookhaven  N a t io n a l  L a b o ra to ry ,  C ro n k lte  and  Bond e s t a b l i s h e d  th e  p r a c t i c a l  

management o f r a d i a t i o n  I n ju r y  I n  th e  m id le th a l  do se  ra n g e  In  dogs by

. u t i l i z i n g  f r e s h  b lo o d  and p l a t e l e t  t r a n s f u s io n s  a s  n e c e s s a ry  and s e q u e n t i a l

a n t i b i o t i c s .  T h is  t r e a t m ent red u c e d  th e  ipnr«-aijLiy -  r>f - w i th in  th e  l e t h a l

do se  ra n g e  to  n e a r  z e ro ;  th e  reg im en  I s  I n e f f e c t i v e  I n  th e  s u p r a l e th a l  d o se

ra n g e  w here bone marrow t r a n s f u s io n s  a r e  e f f e c t i v e .  T h is  s tu d y  I n  tu r n  le d  to  

th e  p r e s e n t  t r e a tm e n t  o f r a d i a t i o n -  o r  c h e m ic a l- in d u c e d  a p l a s i a  of th e  bone

y  marrow I n  man.

The l i n e  o f r e s e a rc h  t h a t  f i n a l l y  le d  to  s u c c e s s f u l  bone marrow

t r a n s p l a n t a t i o n  h as  been  n e a r ly  t o t a l l y  s u p p o r te d  by OHER. The n o t io n  o f  bone

m arrow t r a n s p l a n t a t i o n  a s  a  t r e a tm e n t  f o r  bone m arrow f a i l u r e  goes back  many 

d e c a d e s , b u t  e a r l y  t r a n s p l a n t a t i o n  e x p e rim e n ts  I n v a r i a b ly  ended  In  f a i l u r e .  

H ow ever, a  s e r i e s  o f  s tu d i e s  ^  Leon Ja c o b so n  and h i s  a s s o c i a t e s  a t  th e  

A rgonne C ancer R e se a rc h  H o s p i ta l ,  some o f  w hich  w ere I n i t i a t e d  d u r in g  th e  days

o f  th e  M an h attan  D i s t r i c t ,  r e s u l t e d  I n  s u c c e s s f u l  bone marrow t r a n s p l a n t a t i o n

I n  th e  mouse. T h is  s tu d y  s t a r t e d  w ith  th e  o b s e r v a t io n  t h a t  m ice g iv en  2 p C l/g  

s tr o n t iu m  d id  n o t d ev e lo p  an em ia , a lth o u g h  t h e i r  bone marrow became n e a r ly

.43



a p l a s t i c .  The lymph nodes and s p le e n  became s i t e s  o f  i n te n s iv e  e r y t h r o p o ie t i c  

a c t i v i t y .  The n e x t  s te p  was th e  rem oval o f  th e  s p le e n  e i t h e r  b e fo r e  o r  a f t e r  

th e  a d m in s t r a t io n  o f  s t r o n t iu m  w hich r e s u l t e d  i n  s e v e r e  an em ia . I f  th e  s p le e a  

was s h ie ld e d  w ith  le a d  and th e  r e s t  o f th e  body i r r a d i a t e d ,  im > r ta li ty  was 

s t r i k i n g l y  re d u c e d . The bone marrow r e g e n e r a te d  i f  th e  s p le e n  w ere  l e f t  i n  

p la c e  o n ly  f o r  a  few h o u rs . B re c h e r  and  G ro n k ite  showed t h a t  p a r a b i o t i c  r a t s  

w ould  s u rv iv e  when one a n im a l had been  g iv e n  a  l e t h a l  i r r a d i a t i o n  w h ile  th e  

o th e r  was s h ie ld e d  w ith  l e a d .  T hese s tu d i e s  u n e q u iv o c a lly  d e m o n s tra te d  t h a t  

some f a c t o r  i s  b e in g  t r a n s m i t t e d  from  n o n i r r a d ia te d  s p le e n  o r  w hole body to  

th e  i r r a d i a t e d  a n im a l,  i n i t i a t i n g  and  a c c e l e r a t i n g  bone marrow r e g e n e r a t io n .
I

J a c o b so n  and h i s  a s s o c i a t e s  l o g i c a l l y  c o n c lu d e d  th A t th e  e f f e c t  c o u ld  be 

e x p la in e d  by one o f  t h r e e  m echanism s: by d e t o x i f i c a t i o n  by th e  n o n i r r a d ia te d  

t i s s u e ;  o f  s u b s ta n c e s  p roduced  by i r r a d i a t i o n ;  by c e l l u l a r  s e e d in g  and t i s s u e  

r e c o n s t i t u t i o n ;  o r  by th e  p ro d u c tio n  o f  a  hum oral s u b s ta n c e  t h a t  i n i t i a t e s  

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

S in c e  th e  m u rin e  s p le e n  n o rm a lly  c o n ta in s  e le m e n ts  o r d i n a r i l y  s e e n  o n ly  

i n  th e  bone marrow i n  mammals su ch  a s  e r y t h r o c y t i c  p r e c u r s o r s ,  m eg a k a ry o c y te s , 

and g r a n u lo c y t i c  f o c i ,  i t  was n a tu r a l  to  t e s t  th e  e f f i c a c y  o f  bone marrow 

i n j e c t i o n s  i n  i n c r e a s in g  th e  s u r v i v a l  o f  f a t a l l y  i r r a d i a t e d  m ice . In  a  s e r i e s  

o f  e x p e r im e n ts  s u p p o r te d  J o i n t l y  by OHER and th e  N a t io n a l  C ancer I n s t i t u t e ,  

L o re n z , Congdon and  Urso q u a n t i t a t i v e l y  exam ined th e  e f f e c t i v e n e s s  o f  bone 

marrow t r a n s p l a n t a t i o n  i n  g u in e a  p ig s ,  r a t s  and l a t e r  i n  d o g s . I t  was soon  

r e a l i z e d  t h a t  th e  c lo s e r  th e  g e n e t ic  r e l a t i o n s h i p  o f  d o no r and r e c i p i e n t ,  t h e  

g r e a t e r  th e  s u c c e s s  i n  i n i t i a t i n g  re c o v e ry  w i th  few er c o m p l ic a t io n s .  T hrough 

th e  work o f  many l a b o r a t o r i e s  and p a r t i c u l a r l y  Oak R idge  N a t io n a l  L a b o ra to ry ,  

i t  has been  shown t h a t  i n  th e  d i s e a s e  known a s  g r a f t  v s .  h o s t  d i s e a s e  (GVH)

th e  im m u n o lo g ic a lly  co m p e ten t c e l l s -  from  th e  donor r e p o p u la te  lym phoid  t i s s u e s
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l a  th e  r e c i p i e n t  and I n i t i a t e  Im m uno log ical a t t a c k s  a g a in s t  th e  r e c i p i e n t s '  

t i s s u e s .  GVH d is e a s e  s t i l l  rem a in s  th e  m ajo r s tu m b lin g  b lo c k  I n  t h e  

s u c c e s s f u l  a p p l i c a t i o n  o f bone marrow t r a n s p l a n t a t i o n  I n  humans.
I

~At._Argonne N a t io n a l  Lab o r a to r y ,  B rookhaven N a t io n a l  L a b o ra to ry , and  Oak

R idge N a t io n a l  L a b o ra to ry , a s y s te m a t ic  s tu d y  o f  th e  I n f lu e n c e  o f r a d i a t i o n

upon T n m u ^ ty  a l s o  was p u rau e d . T a l i a f e r r o  and a s s o c i a t e s  a t  Argonne N a t io n a l  

L a b o ra to ry ,  S to n e r  and a s s o c i a te s  a t  B rookhaven , and M aklnodan and a s s o c i a te s  

a t  Oak R idge d e m o n s tra te d  d o s e - e f f e c t  r e l a t i o n s h i p s  betw een  ex p o su re  to  

r a d i a t i o n  and th e  d e p re s s io n  o f  p rim a ry  and se c o n d a ry  immune r e s p o n s e s .  The 

Immune s u p p re s s io n  was a m e l io ra te d  by th e  s h ie ld in g  o f  lym phoid  t i s s u e s  su ch
I

a s  th e  ap p e n d ix  I n  th e  r a b b i t  and th e  s p le e n  I n  f:he m ouse, and by th e  

t r a n s p l a n t a t i o n  o f sy n g e n e ic  lymph n o d e , bone m arrow , o r  s p le e n  c e l l s .  T hese  

s tu d i e s  l e d  to  a p p l i c a t i o n  o f t h i s  t r e a tm e n t  I n  Im m u n e -d e flc le n t c h i ld r e n  w ith  

some s u c c e s s ,  and a ls o  to  th e  a p p l i c a t i o n  o f  w hole-body I r r a d i a t i o n  to  

s u p p re s s  Im m unity to  p re p a re  p a t i e n t s  f o r  k id n e y  t r a n s p l a n t a t i o n  w ith  m odest 

s u c c e s s .  More e f f e c t i v e  c h e m ica l m ethods o f s u p p re s s in g  Imm unity a r e  now 

u se d . T hese s tu d i e s  d id ,  how ever, s u g g e s t  a m ethod of m anaging a c u te  

leu k e m la s  o f c h ild h o o d  I n  w hich th e r e  was no re s p o n s e  to  chem otherapy  o r  I n  

w hich  th e  c h i ld r e n  had r e la p s e d .  The b e s t  p r o to c o ls  w ere  e s ta b l i s h e d  I n  w hich 

th e  c h i ld r e n  w ere g iv e n  f i r s t  m ass iv e  com bined chem otherapy  and th e n  l e t h a l  

w ho le-body  I r r a d i a t i o n ,  fo llo w e d  by bone marrow t r a n s p l a n t a t i o n  from  a  s i b l i n g  

I n  w hich th e  HLA a n t ig e n s  w ere I d e n t i c a l .  In  th e  few c a se s  w here th e r e  have  

been  i d e n t i c a l  tw in  d o n o rs , th e  r e s u l t s  have been  s t r i k i n g .  I n  th e  c a s e  o f 

s i b l i n g s  w ith  p e r f e c t  HLA c o m p a t ib i l i t y ,  t h e r e  have  been  some tr iu m p h s  b u t  GVH 

d i s e a s e  rem a in s  th e  m ajo r p rob lem .
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A n o th e r  a s p e c t  o f r a d i a t i o n  and im m unity was d e v e lo p e d  a t  th e  B rookhaven  

N a t io n a l  L a b o ra to ry  M ed ica l D epartm en t by C ro n k ite  and  a s s o c i a t e s .  T h is  

a p p ro a c h  u t i l i z e d  e x t r a c o r p o r e a l  i r r a d i a t i o n  o f  th e  b lo o d  (ECIB) so  t h a t  

p re d o m in a n tly  th e  r a d i o s e n s i t i v e  ly m phocy tes  c i r c u l a t i n g  th ro u g h  th e  b lo o d  

w ere  k i l l e d  r a t h e r  th a n  i r r a d i a t i n g  th e  e n t i r e  a n im a l and d e s t r o y in g  o th e r  

r a d i o s e n s i t i v e  c e l l s  n e c e s s a ry  f o r  s u r v i v a l .  . To th e  e x te n t  t h a t  ECIB h a s  b een  

a p p l i e d  i n  c h ro n ic  ly m p h o c y tic  le u k e m ia , s e v e r a l  p a t i e n t s  have re sp o n d e d  

d r a m a t i c a l l y ,  w ith  s u p p re s s io n  o f th e  d i s e a s e  p ro c e s s  and  a t  t im e s  a  

d im in u tio n  i n  t r a n s f u s i o n  re q u ir e m e n ts .

E x t r a c o r p o r e a l  i r r a d i a t i o n  o f  th e  b lo o d  h a s  a l s o  been  u se d  to  d e p le te  

a n im a ls  o f  p re fo rm ed  a n t ib o d ie s  a g a in s t  a l lo g e n e ic  t i s s u e s  a lo n g  w ith  

s u p p re s s io n  o f t h e i r  c e l l u l a r  im m unity . T h is  r e s e a r c h  h a s  b een  c o n d u c ted  i n  

c o l l a b o r a t i o n  w ith  th e  T r a n s p la n ta t io n  C e n te r  a t  S t a t e  U n iv e r s i ty  o f  New Y ork , 

S to n y  B rook. To d a te ,  t h i s  t r e a tm e n t  h as  been  q u i t e  b e n e f i c i a l  i n  g e t t in g  

dogs to  a c c e p t  h e te r o re n a l .  t r a n s p l a n t s .  P r e s e n t ly ,  p la n s  a r e  u n d er way t o

d e v e lo p  a  program  on e x t r a c o r p o r e a l  i r r a d i a t i o n  o f  th e  b lo o d  i n  c a n d id a te s  f o r  

k id n e y  t r a n s p l a n t a t i o n ,  who a r e  u n s u i t a b le  a s  th e y  hav e  c i r c u l a t i n g  a n t ib o d ie s  

w h ich  w ould  c a u se  h y p e ra c u te  r e j e c t i o n  o f  th e  t r a n s p l a n t e d  k id n e y . I n  th e  

e v e n t t h a t  th e s e  s tu d i e s  a r e  s u c c e s s fx i l ,  t h i s  w ould have  a  m ajo r im pact on th e  

c o s t  o f  m e d ic a l p r a c t i c e .  C u r r e n t ly  i n  th e  New York a r e a ,  t h e r e  a r e  a b o u t 900 

i n d iv i d u a l s  who w ould o th e rw is e  be  c a n d id a te s  f o r  k id n e y  t r a n s p l a n t a t i o n  b u t 

m ust be managed by t r i - w e e k ly  d i a l y s i s ,  a  v e ry  c o s t l y  p ro c e d u re .  In  th e  U .S . ,  

t h e r e  a r e  p ro b a b ly  a b o u t 1 0 ,0 0 0  su c h  p a t i e n t s .

R a d ia t io n  B io lo g y  h a s  had a  s i g n i f i c a n t  im p ac t on  o u r  u n d e rs ta n d in g  o f  

e r y t h r o p o i e t i c  p r o l i f e r a t i o n .  H en n essey , Van Dyke, H uff and  o th e r s  a t  D onner, 

Law rence B e rk e le y  L a b o ra to ry ,  e a r l y  d e m o n s tra te d  t h a t  th e  u p ta k e  o f  r a d i o - i r o n  

i n  c i r c u l a t i n g  r e d  c e l l s  was i n v e r s e ly  p r o p o r t io n a t e  to  th e  d o se  o f
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r a d i a t i o n .  T h is  le d  to  th e  u se  o f  th e  u p ta k e  o f  r a d i o - i r o n  i n  red  c e l l s  and 

to  d e te rm in e  su ch  f u n c t io n s  a s  i t s  tu rn o v e r  r a t e  a s  a  means o f s tu d y in g  

c l i n i c a l  s t a t e s  o f h e m o p o ie s is  w i th  c o n s id e r a b le  a c c u ra c y  and in c r e a s in g
I

i n s i g h t  i n t o  a b e r r a t i o n s  o f  e r y t h r o p o ie s i s .  One o f th e  m ost s i g n i f i c a n t  

b re a k th ro u g h s  i n  exp an d in g  o u r u n d e rs ta n d in g  o f  th e  anem ias o f  humans was th e  

developm en t o f  a  b i o lo g i c a l  a s s a y  f o r  th e  hormone e r y t h r o p o i e t i n ,  which i s  th e

m ajo r r e g u l a to r  o f  re d  b lo o d  c e l l  p ro d u c t io n . T h is  a s sa y  i s  dependen t on th e

in c o r p o r a t io n  o f  r a d i o - i r o n  i n to  r e d  c e l l s .  S choo ley  and  G a rc ia  under th e

s p o n s o rs h ip  o f th e  OHER w ere th e  f i r s t  to  p ro d u ce  an  a n tib o d y  w hich was 

c a p a b le  o f n e u t r a l i z i n g  th e  b i o l o g i c  a c t i v i ty  o f e r y t h r o p o i e t i n .  S in ce  t h a t
I

tim e  v a r io u s  i n v e s t i g a t o r s  have a tte m p te d  to  d e v e lo p  ^  radioim im unoassay (RIA) 

f o r  th e  hormone. G a rc ia , w ork ing  a t  th e  Donner L a b o ra to ry ,  h as  now su cceed ed .

T h is  work to g e th e r  w ith  e a r l i e r  work sp o n so re d  by th e  OHER by Ja c o b se n  

and h i s  a s s o c i a t e s ,  who w ere th e  f i r s t  to  d e m o n s tra te  t h a t  th e  k id n ey  was th e  

m ajo r s i t e  o f p r o d u c t io n  o f  e r y t h r o p o ie t i n ,  h a s  made p o s s ib le  th e  v e ry  r e c e n t  

a t te m p ts  to  t r e a t  th e  anem ia o f e n d - s ta g e  r e n a l  d i s e a s e  w ith  e r y th r o p o ie t i n  

I n j e c t i o n s ,  and so e l im in a te  th e  need  f o r  t r a n s f u s i o n s  o f re d  c e l l s  i n  th e s e  

p a t i e n t s .  One o f th e  m ajor r e a s o n s  f o r  r e j e c t i o n  o f  r e n a l  t r a n s p la n t s  i s  th e  

l a r g e  am ounts o f  th e s e  t r a n s f u s io n s  p r i o r  to  th e  s u rg e r y ,  w ith  su b seq u e n t 

s e n s i t i z a t i o n  of th e  p a t i e n t s  to  r e d  c e l l  a n t ig e n s .  I f ,  in d e e d , th e  u se  o f  

e r y t h r o p o ie t i n  i n  th e  anem ia o f r e n a l  d i s e a s e  i s  s u c c e s s f u l ,  a h ig h ly  

s i g n i f i c a n t  in c r e a s e  i n  th e  number o f s u c c e s s f u l  r e n a l  t r a n s p l a n t s  w i l l  o c c u r  

th e r e b y  le s s e n in g  th e  need  f o r  c o s t l y  d i a l y s i s  p ro c e d u re s .
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F i l i a l l y ,  i t  i s  th ro u g h  th e  e x te n s iv e  s tu d i e s  on th e  b e n e f i c i a l  e f f e c t  o f  

s h ie ld in g  bone marrow t h a t  th e  c u r r e n t  h ig h ly  s u c c e s s f u l  r a d i a t i o n  th e ra p y  o f  

H odgk inson’ s  d i s e a s e  h a s  been  e s t a b l i s h e d .  The c r u c i a l  e x p e r im e n ts  w ere  made 

a t  A rgonne N a t io n a l  L a b o ra to ry ,  B rookhaven N a t io n a l  L a b o ra to ry ,  and  Oak R idge 

N a t io n a l  L a b o ra to ry .  T hese s tu d i e s  w ere  u sed  a s  th e  b a s i s  o f  s e t t i n g  up 

s h ie l d in g  s t u d i e s  to  s h i e l d  bone marrow w h ile  th e  u n s h ie ld e d  p a r t s  o f  th e  body 

w ere  g iv e n  v e ry  heavy  i r r a d i a t i o n  i n  an  a t te m p t  to  k i l l  th e  lymphoma c e l l s .  

T h is  h a s  r e s u l t e d  i n  a  m ajo r im provem ent i n  th e  s u r v i v a l  o f  p a t i e n t s .
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