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Production of energy i s  of public concern not only because i t  i s  

essential  fo r  human activ.i t i e s ,  heal tti and perhpps l i f e  i t s e l f ,  b u t  also 

because of i t s  consequences t o  the environment.. . Hence the need to  identify 

environmental problems associated . w i t h  energy production, to  assess and 

analyze the possible adverse e f fec ts  i s .  q u i  t e  obvious. Assessment of the 

potential biological hazards associated with energy production technologies 

will clearly involve the quantitation of r isk on the basis of lldose-effect" 

dependencies, from which, i t  i s  hoped, some safety guidelines can then be 

developed. 

Cul tured. mammal ian ce l l s  have been useful tools-. i n the past decade i n 

the studies and analysis of  adverse effects  of ionizing and nonionizing 

radiations . Our current day knowledge of biological importance of damage/ 

repair processes stems by. and 1 arge from radiation studies. which clear ly 

demonstrate tha t  ce l lu la r  response t o ,  radiation ( 1,2,3) depends upon the 

a b i l i t y  of c e l l s  to repair the damage. Apparently, the same i s  true for  

ce l lu la r  response to  different  chemical agents ( 4 ) .  
.. 

Drawing upon our experiences from radiation studies,  in t h i s  review 

we t ry  to demonstrate the relevance of onigoing repair processes, as 

evident i n the s tudies  of radiation induced cel l  k i  11 i n g  and neoplastic 

transformation,- to  the type of r i sk  estimates that  m i g h t  be associated 
hazards from 

w i t h  the ,energy production techno1 ogies . 

Influence of the repair of potentially lethal damage on survival response 
. - 

We consider f i r s t  the e f f ec t  of repair  of ce l l  survival.  Cell 

viabi l i ty  i s  of importance in connection with mutation and ma1 ignant 

transformation since ce l l  v iab i l i ty  must be maintained i n  order to express 



a1 tered phenotype. Consequently, i f  repair of induced damage affects  cell  

survival, i t  may influence the expression of other cel 1 properties or 

phenotypic changes. 

Detection of survi val changes. in the region of 1 arge doses, e .  g . ,  for 

doses that  produce more than 90% le tha l i ty ,  i s  f ac i l i t a t ed  due to the f a c t  

that .  the noted ef fec ts  a re  relat ively large. This i s  ly  true for  

changes in survival as a consequence of the repai.r of sublethal ( 5 )  or  

potentially lethal damage (.6-9). In the region of small doses, however, i t  

i s  generally d i f f i c u l t  t o  examine the effect ive changes in survival due to  
for  the following reasons. 

repair of sublethal or potentially lethal damage, As the radiation dose 

i i s  smaller, the amount of sublethal damage tha t  may be repaired i s  less  

and i t i s  becoming more. di f f icul  t to  demonstrate the repai r of sublethal 

damage as the f i r s t  dose approaches- zero. For potenti a1 ly lethal damage, 

whose enhanced expression maybe r e f l ec t ed  i n  a change of Do,  the survival 

differences become progressively l e s s  as .the radiation dose i s  smaller. 

The aforementioned d i f f i cu l t i e s  obviously apply to  any given agent whose 
-. 

deleterious e f fec ts  as a function of. dose a re  being estimated. ' I t  i s ;  

therefore, generally d i f f i c u l t  to establ ish i f  the conventional interpretation 

of an exponentjal dose response (o r  l inear )  relationship i s  really a 

consequence of no repai r condi t i  on. Nevertheless, the effects  of repai r 

in the region of small doses can'be explored-.by the use af an extrapolation 

procedure. 

Studies of the potentially lethal damage demonstrated , that when" changes 

, in survival are .  influenced by the changes in the growing condi f ions of ce l l s  

a f t e r  irradiation, one may. infer  the. involvement of potenti a1 ly 1 ethal damage. 



Increases i n  survival. a f t e r  s ingle  doses of radia t ion were demonstrated when 

growing . . conditions a f t e r  i r r ad i a t i on  favorable fo r  repa i r  and suboptimal f o r  

growth were used (6.--9:). Stationary o r  pl ateau phase ce l l  cul tures  a r e  of ten 

used i n  these s tudies  and the findings may not be d i r ec t l y  applicable t o  

act ively  growing ce l l s .  Following up on an i n i t i a l  repor t  by Raaphorst and 

Kruuv ( , l o ) ,  Utsumi and Elkind showed (11.12) the t  a b r i e f  incubation of 

act ively  growi.ng ce l l  s i n  ani sotoni c phosphate buffered s a l  i'ne a f t e r  
no 

i r radia t ion r e su l t s  i'n si,gni f i  cant  reduction. of survival , with~concomitant  

e f f ec t  of ani sotoni c treatment on viabi 1 i ty  of u n i  rradi  ated cul tures .  

Survival curves f o r  X-ray and neutron i r r ad i a t i on  with, and without, post- 

treatment consist ing of 0.5' M MaC.1 . i n  PBS a r e  shown i n  .Fig. 1 . The d a t a .  

show large. changes i n  survival i n  the  mid-to-high-dose regions, i . e . ,  in  

the region where a large  contribution to  c e l l  k i l l i n g  i s  from the  ,damage 

accumulation f ac to r  (.,l 1.,.13,.14) .. :. t I t  i s  c l ea r  t ha t  a f t e r  both X-rays 

and fission-neutrons,  a1 though l e s s  a f t e r .  neutrons, posttreatment enhances 

what would otherwise. be a potentia.l.ly l e tha l  damage. Hence,, i t  appears 

t h a t  under normal post i  r rad ia t ion  growing conditions , c e l l s  r 4 a i  r 

accumulated damage which can be potential  l y  le thal  as  demonstrated by 

the b r ie f  posti r rad ia t ion  hypertonic treatment. However, to make an 

estimate i f  the  i n i t i a l  . p a r t  of the  survival  curves i n  Fig. 1 a r e  a f fec ted ,  ' 

the following approach. can be used. P lo t t ing  the  survival r a t i o  as  a 

function of dose f o r  each radiation, .  the  p lo t  would .have a zero i n i t i a l  

slope i f  the i n i t i a l  . pa r t  of e i t h e r ,  survival  curve i s  unaffected by "the 

indicat ing t h a t  in a region of small doses k i l l i n g  i s  not 

enhanced by the  change i n  t on i c i t y .  I t .  is  c l ea r  from F,ig. 2 ,  which shows 

these p lo t s ,  t h a t  nei ther  curve shows 'an i n i t i a l  region o f  dose i n  which 



survival r a t i o  i s  unity. The i'ni t i  a1 slopes of both. curves i n  Fig. 2 a r e  

apparently greater  than zero. Thus, the analysis  of the exper?nients with 

hypertoni c PBS 'posttreatment suggest the existence of potential  l y  le thal  

damage repa i r  p,rocess which i s  e f fed t i  ve i n  act ively  growing c e l l s  under : 

normal assay condi t i o n s . ( l l , l 2 )  i n  respect  to  both, damage accumulation 

mode of c e l l  k i l l i ng  and so-called 'single-hi t" mode ( 1 3 ~ 1 4 ) .  

I t  i s  evident from the foregoing t h a t  in  the region of small doses 

repa i r  of damage r e l a t i ve  t o  c e l l  l e t h a l i t y  i s .  of , importance i n 

estimating the magnitude of e f f ec t .  , 

Effect  of repa i r  on the incidence of neoplast ic transformation 

Aside from the cytotoxic e f f ec t s  i n  terms of c e l l .  k i l l i ng ,  one of the 

g rea tes t  concerns associated with the  energy production:is the potential  

of a given technology,or i t s  e f f l  uents, to produce cancer. From the public 

hazard standpoint i t  i s  most probable t ha t  our environmental exposure t o  

any given carcinogen wi 11 be e s sen t i a l l y  a f ract ionat ion o r  protraction 

experience. I t  i s  therefore of impo,r"tance t o  estimate the p robabi l i t i e s  

o r  frequencies of e f f e c t ,  i .e . ,  t o  quantify the .  r i sk ,  i n  t h i s  context of 

damage reg i s t ra t ion  and possible e f f e c t  of  repa i r  on damage expression. 

By using appropriate mammalian ce1:l systems. i n  cu'l t u r e ,  i t  has been 

generally established t ha t  exposure o f :  normal c e l l s  i n  cu l tu re  to  a variety 

of known carci  nogens , including low and high' LET radia t ions  , resul t s  i n 

neoplast ic transformation, i  .e.,  t h e  conversion of normal c e l l s  that%exhibi  t ' 

a high degree of contact  . inh ib i t ion  and oriented growth pat tern  in to  c e l l s  

t ha t  lose  the  growth control ,  begin to  p i l e  up and grow a t  random (15-19). 

In. con t ras t  t o .  normal. c e l l s ,  transformed c e l l s  induce neoplasms upon 

inoculation . in to  appropriate host  (17-19). 



We have demonstrated that  in mouse embryo derived c e l l s ,  C3H/10T1/2 . 

fractionation of a dose of X-rays resul ts  in  substantial reduction in the 
cel l  

frequency of neoplastic transformation per survi vi ng,,as a consequence of 

repair of the f i r s t  dose subtransformation damage (19  ) The analysis 

of these data fur ther  suggested (19,20) tha t  the repair of sublethal and 

subtransformation damage does not. i nvol ve the same repai r processes. This 

notion was further supported by the studies of neoplastic transformation 

60 a t  low dose rates of Co y-rays. 

I t  i s  well established tha t ,  for  low LET radiations,  exposures a t  low 

dose rates resu l t  in a reduction in ce l l  k i l l  ing as a r e su l t  of repair of 

sublethal damage. Survival curve of mammalian ce l l  s exposed a t  1 ow dose 

rates exhibits reduced shoulder w i t h  decreased f inal  slope, and i f  the dose 

rate  i s  suff ic ient ly  low the survival curve could beeome exponential ( 21 ) . 
ce l l  s 

Figure 3 i 11 u s t r a t e s  the survi val changes for  C3H/lOT1/2fxposed to  6 0 ~ o  

y-rays a t  high and low dose ra te , .  100 rad/min and 0.5 rad/min, respecti,vely. 

The final slope of the 6 0 ~ o  survival curve a t  0.5 rad/min i s  reduced 5-fold .. . 

with about 43% reduced shoulder width, as compared t o  the surviv'al curve 

following acute exposure.. This reduction in cell  . k i l l i n g  i s  due to repair  

of sublethal damage a t  low dose r a t e  (21,22). The, changes in the incidence of 

neoplastic transformation per surviving ce l l s  fol lowing exposures to  various 

doses of 6 0 ~ o  y-rays a t  acute and low dose r a t e  are shown in Fig. 4. As can 

be seen, the protracted exposures of ce l l s  to  6 0 ~ o  y-rays resul ts  in a s ignif icant  

reduction i n  the frequencies. of neoplastic cadi a t i  on. If  the observe; 

changes in the frequency of neoplastic transformation were only the consequence of 

the repair of sublethal .damage, then we would have expected quant i ta t ive 

changes in the incidence of neoplastic transformation t o  r e f l e c t  primarily 



I the changes i n  c e l l  survival  . For instance,  fol  lowing protracted exposure 

(0.5 rad/mi n )  the survival  levels  a t  t o t a l  doses of 375 and 600 rads a r e  

higher by factors  of 1.5 and 1.9, respect ively ,  compared to  tha t  a t  acute  

dose ra te  (.I00 raa/min) ,. and i f  the repa i r  of sublethal  damage i s  the  only 

I contributing f ac to r ,  we would expect the  transformation; frequencies t o  

I decrease by the same ' factors .  T h i s  i s  c l ea r ly  not the case; the observed 

I changes a r e  greater  than expected s ince  a t  both t o t a l  doses there  i s  a 

4-fol d reduction i n  transformation frequency fol  lowing p ro t r ac t ed  exposure 

as compared t o  the .  frequency fo r  exposures a t  acute dose ra te .  

Animal experiments general l y  i ndi  ca te  reduced tumor i nci dence a t  

reduced dose ra tes  (23,24), and following f ract ionat ion of a dose of low LET 

I -radiation (25-27). O u r  observations w i t h  C3H/.10T1/2 c e l l s  in .cul tu re  a r e  in  

good agreement w i t h  the  animal d a t a  and furthermore lend a d i r e c t  evidence fo r  

hypothesi s. proposed b y  &ton  and coworkers ( 2 3 ) .  that: 

I reduced tumor incidences a t  1 ow dose ra tes  o f .  radia t ion .acoul d be. due. to  the 

repair  of induced damage. 

In concl usiongwe note t h a t  from pub1 i c  hazard standpoi nt,:-the exposure 

to noxious agent associated. with various energy produci ng technologies, 

including nuclear power, a re  almost ce r ta in  t o  be i n  . the region of small 

doses delivered i n  f rac t ions  o r  as  protracted exposure. The evidence t ha t  

the i n i t i a l  pa r t  of- survival curve and the  induction of neoplast ic change 

a r e  influenced by the  repair  processes should be taken i n to  consideration 'when the . 
frequencies and probabi l i t i e s  of the  e f f ec t s  associated with. r i sk  est imates 

4 . . 

are  made. 
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Figure Legends 

~ i i .  1 .  Survival curves of V79-AL162 Chinese hamster ce .11~  following 

s ing le  doses of 50 kV .X-rays o'r fission-spectrum neutrons. Immmediately 

a f t e r .  i r r ad i a t i on ,  ce l l  s  were incubated i n  e i t h e r  i so ton ic  PBS ( 0  ,A) or  

hypertonic (0 .5  m NaCl PBS ( @  ,A) . The survi val' curve parameters are :  

X-rays + i so ton ic  PBS, Do = 1 4 8  rad and D =- 280 red. X-rays + hypertonic 
q 

PBS., Do = 70 rad and D = 233 rad; neutron + i so ton ic  PBS, Do = 68 rad and 
9 

D = 83 rad; and neutrons + hypertonic PBS, Do = 48 rad and D = 53 rad. 
2 9 9 

(From re f .  > 

Fig. 2.  Survival r a t i o s  as a function of dose f o r  Ctijinese-hamster c e l l s  

t reated immediately. a f t e r  i r r ad i a t i on  with isotonic  versus hypertonic PBS. 

The survival r a t i o s  are  obtained,from:the data i n  Figure 1. (From re f .  1 

Fig. 3 .  Surviva]. of C3H/lOT1/2 c e l l s  exposed t o  d i f f e r en t  doses of 
?. 

6 0 ~ o  y-rays a t  hi.gh dose r a t e ,  100 rads/min ( 0  ) , o r  a t  low dose r a t e ,  0.5 

rad/min ( @ ) . Error bars ,  standard e r ro r s  of individual  -data points  , a re  

shown where, they a re  l a rge r  than the points.  

g 4 Frequency of neoplast ic transformation of C3H/lOT1/2 c e l l s  

expressed on a per surviving ce l l  bas is  as a function o f 6 0 c o  y-rays dose 

delivered a t  high dose r a t e  of 100 rads/min (0 ), or a t  low dose r a t s  of 

0.5 rad/min (dB). Error bars represent the standard e r rors  of the data 

pooled from d i f f e r e n t  experiments (2-4 per po in t ) .  
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