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AEC Report No. 
OR- 3 884-1 

PROGRESS W O R T  

US AEC CONTRACT NO. AT- (40-1) -3884 

1. This p r o g r e s s  r e p o r t  cove r s  t h e  p e r i o d  1 J a n  69 to  1 Aug 69. 

2. The Chinese Hamster (CHO) c e l l s  were k i n d l y  provided  by Dr. Hahn of 

S t a n f o r d  U n i v e r s i t y .  I n  earlier work Hahn and h i s  c o l l e a g u e s  ehowed t h a t  

the t r a n s i t i o n  from l o g  growth t o  p l a t e a u  phase  produced rather s t r i k i n g  

changes i n  t h e  c e l l ' s  r a d i o b i o l o g i c  p r o p e r t i e s  (1,  2). Figure  1 from 

o u r  l a b o r a t o r y  shows an example. The upper  cu rve  shows t h e  survival  of 

cells i n  l o g  growth. 

number is 2.75.  The lower curve  shows the re sponse  of t h e  p l a t e a u  phase 

Not ice  t h e  prominent shoulders t h e  e x t r a p o l a t i o n  

cells. Now, t h e  shou lde r  is v i r t u a l l y  a b s e n t ;  t h e  e x t r a p o l a t i o n  number 

h a s  dropped t o  1.0. 

compared w i i h  the  l o g  phase c e l l s .  

t h e  u s u a l  "repair" segment becomes markedly reduced i n  p l a t e a u  phase-as 

The s l o p e  though, seems r e l a t i v e l y  unchanged as 

P a i r e d  dose  experiments  i n d i c a t e  t h a t  

compared t o  l o g  phase.  

As a p o s s i b l e  e x p l a n a t i o n ,  S t e w a r t ,  e t  a l ,  have proposed t h e  fol lowing.  

'They sugges t  t h a t  perhaps du r ing  t h e  t r a n s i t i o n  from l o g  growth t o  p l a t e a u  

phose,  t h e  c e l l s  assume a " r e s t i n g  s t a g e "  (2). 

do n o t  sugges t  a c t u a l  mechanism t o  e x p l a i n  the behavlour  Of plateau cells. 

We b e l i e v e  that  some r e c e n t  b iochemica l  d a t a  a p p l i e s  t o  t h i s  problem. 

Theae au tho ra ,  however, 

. 

The work of Okazaki w i t h  b a c t e r i a  i n d i c a t e s  t h a t  DNA is s y n t h e r i t e d  

i n  a q u a n t a l  manner (3). The i n t e r p r e t a t i o n  of t h e s e  results ruggeeto 

of t h e  DNA 

- _  

molecule  are r e p l i c a t e d  (by 
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I!;TRODYCT 10); 

C e l l  r e n e r i 3 1  s y s c ~ z s  r ep resen t  t n e  b a s i s  of  l i f e  i n  m a n .  A c m -  

t i nuous  p rocess  o l  f l s r n d ~ i c n  and d e s t r u c t i o n  of  s u c h  d i v e r s e  elemenrs 

as b lood  c e l l s ,  ge rm c e l l s ,  e p i t h e l i u m ,  e t c . ,  must  be ba l anced  i n  order  

t o  m a i n t a i n  life. une of t h e  most profound e f f e c t s  o f  i o n i z i n g  rad ia-  

t i o n  is  t o  a l t e r  c e l l  renewal systems such t h a t  t h e  format ion  of neu 

c e l l u l a r  e lements  s t o p s  w h i l e  t h e  d e s t r u c t i v e  p rocesses  con t inue .  The 

u l t i m a t e  r e s u l t  i s  a l o s s  ( o r  a t  l e a s t  a s e v e r e  impairment) of t h e  func- 

t i o n  of t h e  t i s s u e  involved .  

Two b road  exper imenta l  t o o l s  have been a v a i l a b l e  t o  t h o s e  wanting 

t o  s tudy  t h e  n a t u r e  of mammalian ce l l  renewal systems.  The f i r s t  is 

t h e  i n t a c t  animal .  While v a l u a b l e  work c e r t a i n l y  has  been done wi th  

an imals ,  many observed e f f e c t s  a r e  p o t e n t i a l l y  confounded by simultazze- 

o u s l y  o c c u r r i n g  a l t e r a t i o n s  of o t h e r  a s p e c t s  of t h e  an ima l ' s  physiology.  

A second t o o l  i s  t h e  c u l t u r e d  mammalian c e l l .  While t h e s e  ce l l s  allow 

e f f e c t s  t o  be  observed a t  t h e  c e l l u l a r  l e v e l  w i thou t  t h e  i n f l u e n c e  of 

u n c o n t r o l l e d  exogenous f a c t o r s ,  t h e  c e l l  popu la t ion  is e s s e n t i a l l y  a r t i -  

f i c i a l  . 
However, where c e l l  renewal s y s t e m s ,  i n  vivo, are c h a r a c t e r i z e d  by 

a c o n s t a n t  number of c e l l s ,  t h e  c u l t u r e d  cel ls  are u s u a l l y  s t u d i e d  while  

i n  e x p o n e n t i a l  growth. 

r a d i o b i o l o g i s t s  a s  model systems t o  s tudy  t h e  r a d i a t i o n  response  of 

human neoplasms and t o  a t t e m p t  t o  p r e d i c t  and e x p l a i n  t h e i r  behavior  

in vivo. 

Exponent ia l ly  growing cel ls  are  o f t e n  used by 

As o u r  knowledge of ce l l  k i n e t i c s  h a s  i n c r e a s e d ,  i t  h a s  become 

appa ren t  t h a t  t h e  s imple  c u l t u r e  system is  inadequate .  I n  many a spec t s ,  

I 1 3 8 3 2 5  



3 - 

c!n c o t  rnntch those  of  tu-.iors i n  k i n e t i c s  o f  

is  a2 a n a l v s i s  by I.!endelsohn of t h e  p r o l i f -  

e ra t ion  c h a r a c t e r i s t i c s  o f  a czm,a ry  t u E o r  i n  t h e  C31! m u s e  (1). He 

denons t r a t ed  t h a t  only a smal l  p o r t i o n  o f  a tuuxr c e l l  popu la t ion  w i l l  

e x h i b i t  a r e p e a t i n g  p a t t e r n  of  c e l l  c y c l e  phases .  

c e l l s  a r e  r e s t i n g .  Th i s  was shown by t h e i r  i n a b i l i t y  t o  i n c o r p o r a t e  

t r i t i a t e d  thymidine (3HTdH) even a f t e r  cont inuous l a b e l i n g  f o r  s e v e r a l  

i n t e r m i t o t i c  pe r iods .  I n  marked c o n t r a s t ,  ce l l s  i n  exponen t i a l  growth 

approach 100% l a b e l i n g  a f t e r  an exposure t i m e  of  about one mean gene ra t ion  

t i m e .  I f  t h e  growth f r a c t i o n  ( r a t i o  of c y c l i n g  c e l l s  t o  t o t a l  c e l l s )  is 

u n i t y ,  then  a l l  t h e  c e l l s  a r e  cyc l ing .  I f  i t  can be shown t h a t  r e s t i n g  

ce l l s  can be induced i n t o  the  c y c l e ,  given t h e  proper  s t i m u l u s ,  then t h e  

magnitude of t h e  growth f r a c t i o n  and t h e  r a d i a t i o n  response of t h e  non- 

c y c l i n g  c e l l s  can be  very i iaportant  i n  de te rmining  the  tumor 's  response  

t o  therapy .  However, t h e  p o s s i b i l i t y  of a n o n p r o l i f e r a t i v e  compartaent 

seems remote i n  exponen t i a l ly  growing c e l l s .  Experimenting on a system 

having  a growth f r a c t i o n  of one may y i e l d  r e s u l t s  w i th  l i m i t e d  re levance  

when a p p l i e d  t o  a s y s t e m  having a much lower growth f r a c t i o n .  

Perhaps 60-80% of  t h e  

Another c h a r a c t e r i s t i c  of tumor ce l l  popula t ions  i s  t h a t  cel ls  d i e  

and d i sappea r  from t h e  popula t ion  wi thout  g i v i n g  r ise t o  v i a b l e  prog- 

eny ( 2 ) .  However, i n  many e s t a b l i s h e d  c e l l  l i n e s  t h e  cyc le  of one c e l l  

g i v i n g  rise t o  two more c e l l s  is repea ted  i n  a l l  cells, wi th  few excep- 

t i o n s .  I n  a l i n e  of R a t  Sarcoma c e l l s  (RT-2) used i n  our  l a b o r a t o r y  

growth k i n e t i c s  data i n d i c a t e  a c e l l  t u rnove r  ra te  of less than  2% p e r  

day i n  an exponen t i a l ly  growing popula t ion .  Watanabe and Okada, using 



a mouse lymp’no-vs c e l l  l i n e  ( L 5 1 7 8 Y )  and an e o s i n  s t a i n i n g  technique  :O 

e s t i m a t e  the f r a c t i o n  o f  d e a d  and/or d y i n g  c e l l s ,  r e p o r t  a c e l l  l o s s  of  

less t h a n  6% f o r  e x p u c e n t i a l l y  growing c e l l s  ( 3 ) .  H s h n ,  u s i n g  a l i n e  o f  

Chinese Hamster (HA-2) ,  r e p o r t s  t h a t  DSA t u r n c v e r  d a t a  i n d i c a t e  l e s s  

t h a n  1% of t h e  e x p o n e n t i a l l y  growing p o p u l a t i o n  d i e s  du r ing  a 2 4  hour  

p e r i o d  ( 4 ) .  These are b u t  a few exanples .  

Recen t ly  Hahn desc r ibed  a means of deve loping  a s t e a d y - s t a t e  popu- 

l a t i o n  o f  c u l t u r e d  cells which h a s  many of t h e  p r o p e r t i e s  of a tumor o r  

a cell  renewal system (5) .  

t l es ,  Chinese Hamster c e l l s  i n c r e a s e  e x p o n e n t i a l l y  i n  number f o r  some 

4-5 dsys .  A f t e r  t h i s ,  however, t h e  number levels  o f f  and reaches a 

s t a b l e  v a l u e .  

r e p l e n i s h e d  eve ry  few hours .  

He found t h a t  a f t e r  s e e d i n g  monolayer bot-  

The popu la t ion  remains s t a b l e  even i f  t h e  medium i s  

This  seems t o  exc lude  anoxia  o r  s t a r v a -  

t i o n  as a n  impor tan t  f a c t o r .  A t  t h e  t i m e  of t h e  s t e a d y  s t a t e ,  he  found 

about  1OI of his c e l l s  t o  b e  l o s t  from t h e  monolayer p e r  day. S ince  

t h e s e  l o s t  e lements  a r e  r a p i d l y  rep laced  by new ce l l s ,  t h e  popula t ion  

s i z e  w i l l  s t a y  cons t an t .  Consequently,  a c e l l  renewal system, wi th  a 

d a i l y  t u r n o v e r  f r a c t i o n  of 0.1 was produced. 

S i n c e  Hahn’s i n i t i a l  r e p o r t  ( 5 ) ,  several workers  have repor ted  s i m -  

i l a r  f i n d i n g s  us ing  several d i f f e r e n t  c e l l  l i n e s .  For example: 

Watanabe, e t  a l . ,  u s ing  a mouse lymphoma l i n e  (L5178Y)(3); Chapman, et a l . ,  

u s i n g  a Chinese Hamster l i n e  (V79-3766)(6); Berry ,  e t  al., us ing  a 

Chinese Hamster l i n e  (CHL-F) ( 7 ) ;  Nash, e t  a l , ,  u s i n g  a Rat Sarcoma l i n e  

(RT-2)(8); Madoc-Jones, e t  a l . ,  u s ing  a n  L ce l l  l i n e  (L60)(9); and L i t t l e ,  

u s i n g  Chang l iver  cells  (10). 
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Ilniin p c r f c ~ r ~ e d  a f e w  p i l o t  r a d i o b i o l c g i c  s t u d i e s  w i t h  t h i s  sgs rez~  

which have  c o n s i d e r a b l e  importance.  He f c u n d  the  s l o p e  o f  t h e  dose 

response  curve o f  t h z  s t e a d y  s t a t e  cclls ( t hese  will b e  c a l l e d    plater?^" 

pnase c e l l s )  t o  b e  e q u a l  t o  t h e  s l o p e  o f  t h e  curve f o r  e x p o n e n t i a l l y  

growing c e l l s .  

growing cells, had f a l l e n  t o  1 f o r  p l a t e a u  phase c e l l s .  Hahn c o r r e c t l y  

surmised  t h e  r educ t ion  i n  t h e  e x t r a p o l a t i o n  number t o  mean a decreased  

a b i l i t y  t o  repair  s u b - l e t h a l  i n j u r y ,  as a paired-dose expe r imen t  showed. 

Also, h i s  i n i t i a l  e x p e r i e n c e ,  a l b e i t  incomplete,  s u g g e s t s  t h e  e x t r a p o l a -  

t i o n  number t o  rise when t h e  cel ls  began t o  grow e x p o n e n t i a l l y  aga in .  

The e x t r a p o l a t i o n  number , where above 2 f o r  e x p o n e n t i a l l y  

For s e v e r a l  years r a d i o b i o l o g i s t s  have sought a method f o r  producing 

c u l t u r e d  mammalian c e l l s  which e i t h e r  posses s  o r  which l a c k  t h e  a b i l i t y  

t o  r e p a i r  s u b - l e t h a l  i n j u r y .  Hahn's sys tem seems, a t  t h i s  p o i n t ,  t o  

r e p r e s e n t  a means of producing  m a m a l i a n  c e l l s ,  i n  q u a n t i t y ,  which have 

t h e s e  c h a r a c t e r i s t i c s .  A p r i m a r y  goa l  of our  r e s e a r c h ,  t h e n ,  h a s  con- 

cerned  t h e  r a d i o b i o l o g i c  p r o p e r t i e s  of p l a t e a u  phase ,  as c o n t r a s t e d  t o  

cel ls  i n  l o g a r i t h m i c  growth. 

METHODS 

1. - C e l l  S u r v i v a l  Techniques  

The methods used  i n  o u r  l a b o r a t o r y  are a l r e a d y  i n  p r i n t  (11, 12). 

B r i e f l y ,  t h e  Chinese Hamster cel ls  (CHO) and Rat Sarcoma ce l l s  (RT-2) are 

c a r r i e d  i n  monolayers u n t i l  use .  For r a d i a t i o n  expe r imen t s ,  t h e  cells  

are t r y p s i n i z e d  (or s c r a p e d ) ,  d i l u t e d ,  p l a t e d ,  allowed a p e r i o d  of time t o  

a t t a c h ,  i r r a d i a t e d  a n d / o r  t r e a t e d  w i t h  o t h e r  agen t s ,  and i n c u b a t e d  f o r  1-2 
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weeks t o  a l low c s l c n y  Srcuth .  The c e l l s  a r e  kept  i n  a water j a c k e t e d  

incuba to r  a t  3 7 ° C  i:, a h igh  humidity, 9 5 2  a i r  5% CO,, a t n o s p h e r e .  
L 

.- , 2 .  P o 1 v ~ u c l c ~ ~ : i d e  :,indse -~ 

!ie have pre-J ious ly  d e s c r i b e d  t h e  u s e  of an enzyme, p o l y n u c l e o t i d e  

k i n a s e ,  t o  measure t h e  k i n e t i c s  of  r e j o l n i n g  o f  p o s t - i r r a d i a t i o n  DXA 

breaks  c h a r a c t e r i z e d  by 5 '  t e r m i n i  (13, 1 4 ) .  The msthods used  f o r  t h i s  

assay a r e  a l r e a d y  i n  p r i n t .  

h a s  been i n f e c t e d  w i t h  T-2 phage (15) .  

T h i s  enzyme is e x t r a c t e d  from E. c o l i  which 

B r i e f l y ,  t h e  c u l t u r e d  c e l l s  a r e  brought  i n t o  s u s p e n s i o n ,  irra- 

d i a t e d  and t h e n  l y s e d  w i t h  sodium dodecyl s u l f a t e  (SDS) .  

t h e  ce l l s  are t r e a t e d  w i t h  b o i l e d  RVAse, pronase ,  choloroform-isoamyl  

a l c o h o l  ( 2 4 : 1 ) ,  and then  d i a l y z e d  a g a i n s t  tris b u f f e r .  Fol lowing d i a l y -  

sis, t h e  DNA i s  t r e a t e d  w i t h  E. c o l i  a l k a l i n e  phosphatase  ( t o  c o n v e r t  

5'P04 t e r m i n i  t o  5'OH t e r m i n i )  and then  t r e a t e d  w i t h  p o l y n u c l e o t i d e  

k i n a s e  and y- labe led  (16). The r a d i o a c t i v i t y ,  t h e n ,  is  rendered  

A f t e r  l y s i s ,  

a c i d  i n s o l u b l e ,  and, consequen t ly ,  t h e  DNA s p e c i f i c  a c t i v i t y  i s  propor-  

t i o n a l  t o  t h e  number of 5 '  t e r m i n i  w i t h i n  t h e  DNA molecule .  

3.  U l t r a c e n t r i f u g e  Kethod 

We u s e  t h e  method d e s c r i b e d  by Humphrey, e t  a l . ,  w i t h  minimal 

mod i f i ca t ion  (17). 

suspended, i r r a d i a t e d ,  and t h e n  l y s e d  w i t h  a s o l u t i o n  of 2% t r i - i s o - p r o p y l  

n a p t h t h a l e n e  s u l f o n i c  a c i d  (TIPNS), 1% p-aminosa l i cy la t e ,  and 6% sec -bu ty l  

a l c o h o l  a d j u s t e d  t o  pH 12.5 w i t h  NaOH. 

( con ta ins  about  10 vg DNA) is l a y e r e d  o n t o  a 5% - 20X a l k a l i n e  s u c r o s e  

g r a d i e n t  ( 1 8 ) ,  and then  c e n t r i f u g e d  a t  30,000 r p m  f o r  3 hours  i n  a f i x e d  

The ce l l s  are p re - l abe led  w i t h  3HTdR o r  1 4 G d R ,  

A 50 - 1001 p o r t i o n  of  t h e  l y s a t e  
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a n b l e  m t o r  ( T y p e  40 - Spi : ;z i J j .  ‘?iter ccn t r i fu< :a t ion ,  7 d r o p  f r a c t i o n s  

a r e  c n l l e c t e d  i ; i to  coun t j r . 5  v i a l s ,  c o u n t i n g  f l u i d  added  and t h e  v i a l s  

count  e d . 
4 .  Biocheni  c a l  ?Ie t h o d s  

The r a t e  of s y n t h e s i s  of D N A ,  RiV.4, and p r o t e i n  i s  determined by 

measur ing  t h e  r a t e  of i n c o r p o r a t i o n  of 3HTdR, 3tILiR, and 3H l e u c i n e  i n t o  

t h e  DNA, RNA, and p r o t e i n  components of  t h e  c e l l  a c i d  i n s o l u b l e  f r a c t i o n .  

The a c i d  i n s o l u b l e  f r a c t i o n  i s  r e s o l v e d  i n t o  t h e s e  components by a modi- 

f i e d  Schmidt-Thannhauser method (19) .  The DNA con ten t  is measured by t h e  

diphenylamine method (ZO), t h e  EVA c o n t e n t  by t h e  o r c i n o l  method (21 ) ,  

and t h e  p r o t e i n  conten t  by the  Lowry method ( 2 2 ) .  

t h e  a c i d  s o l u b l e  f r a c t i o n  i s  measured by t h e  f i r e f l y  l u c i f e r a s e  method (1). 

The ATP c o n t e n t  of 

5. I r r a d i a t i o n  Yethods 

The ce l l s  were i r r a d i a t e d  w i t h  a Westinghouse 250 kVp X-ray 

u n i t .  The beam was f i l t e r e d  t o  y i e l d  a HVL of 1 rmn Cu. The dose r a t e  

w a s  100 rads /min .  

6 .  Autoradiographic  Yethods 

The procedure used i n  ou r  l a b o r a t o r y  f o r  au toradiography i s  a 

m o d i f i c a t i o n  of  t h a t  descr ibed  by J o f f e s  (23) .  B r i e f l y ,  t h e  procedure  

used is as fo l lows .  A f t e r  t h e  a p p r o p r i a t e  l a b e l i n g  and hand l ing ,  t h e  

s u r f a c e  c o n t a i n i n g  t h e  ce l l s  is coa ted  w i t h  Kodak NTB-3 n u c l e a r  t r a c k  

emuls ion  ( d i l u t e d  1:l wi th  d i s t i l l e d  water). A f t e r  an  a p p r o p r i a t e  expo- 

s u r e  t i m e  (3-6 weeks f o r  RT-2 c e l l s )  t h e  p r e p a r a t i o n s  are developed i n  

Kodak D-19 developer  and f i x e d  i n  Kodak a c i d  f i x e r .  

washed and s t a i n e d  with Giemsa s t a i n .  

s co red .  

The s l i d e s  are then  

A f t e r  d ry ing ,  t h e  ce l l s  were 
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i i e  measured a cuxnber of groyt!] curves f o r  t h e  CHO c e l l s .  Wc found 

t h a t  bv the 4 t h  dav a F t e r  s e e d i n g ,  exponen t i a l  growth had ceased and 

t h e  c e l l s  e n t e r e d  p l a t e a u  phase.  

days o r  o l d e r  f o r  exper iments  w i t h  p l a t e a u  phase c e l l s .  

w e  f r e q u e n t l y  expe r i enced  d i f f i c u l t y  because of s lough ing  of c e l l s  from 

the  monolayer. The r e s u l t s  f o r  CHO c e l l s  which f o l l o w  were provided by 

Consequently,  w e  used c u l t u r e s  of 4 

A t  t h i s  po in t  

monolayers which remained a t t ached .  

a p o r t i o n  of t h e  expe r imen ta t ion  u t i l i z e d  CHO c e l l s  i n  p l a t e a u  phase,  

wh i l e  o t h e r  s t u d i e s  used ano the r  c e l l  type  (RT-2). The r e p o r t  w i l l  be 

subdivided acco rd ing  t o  c e l l  type.  

Because of t h i s  s lough ing  problein, 

A. Experiments  w i t h  Chinese Hamster Cells 

F igu re  1 shows a s u r v i v a l  curve f o r  CHO c e l l s  i n  p l a t e a u  and 

The shape of t h e  s u r v i v a l  curve  f o r  t h e  log  phase log  growth phases .  

c e l l s  i s  t y p i c a l  f o r  low L. E. T. r a d i a t i o n s .  There  i s  a d e f i n i t e  

shoulder  and a w e l l  d e f i n e d  log - l inea r  segment. The p l a t e a u  phase c e l l s ,  

however, showed v i r t u a l l y  no shou lde r ;  t h e  Do v a l u e s  were e s s e n t i a l l y  

t h e  same f o r  t h e  two groups of cel ls .  

Hahn a l s o  performed paired-dose s t u d i e s  (5). H e  found the  

t y p i c a l  " r e p a i r "  p a t t e r n  t o  be  markedly reduced f o r  p l a t e a u  phase c e l l s .  

From r e s u l t s  such  as t h e s e ,  t hen ,  p l a t e a u  phase ce l l s  would seem t o  be 

- less a b l e  t o  r e p a i r  s u b - l e t h a l  r a d i a t i o n  i n j u r y  than  c e l l s  i n  l o g  growth. 

Table  1 c o n t a i n s  t h e  r e s u l t s  of b iochemica l  measurements which . 

c o n t r a s t  t h e  rate of s y n t h e s i s  of DNA, RNA, and p r o t e i n ;  t h e  ATP contents  

are a l s o  inc luded .  For  t h e s e  s t u d i e s ,  monolayers of CHO p l a t e a u  and log 

phase c e l l s  were used.  The old medium w a s  removed and r ep laced  with f r e s h  

I t 3 8 3 3  I 
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mediun w ? ! i L t i  con ta ined  e i t l i t r  31ITdll, 3 H U R ,  o r  3!!  l e u c i n e  (1.0 j C i / m l )  . 
A f t e r  a 3C-minute i n c u b a t i c n ,  t h e  c e l l s  1;tre detached v i t h  a ruSber  

po l i ceman  m d  3. p o r t i o n  t a i e n  f o r  c e l l  c a u a t s  (tncse ce l l s  were t r e a t e d  

wi th  0.027; t r y p s i n  t o  b reak  1 ~ p  clurxps).  The c e l l  suspens ion  was t r e a t e d  

wi th  p e r c h l o r i c  a c i d  ( f i n a l  c o n c e n t r a t i o n  0.5N) and t h e  a c i d  i n s o l u b l e  

f r a c t i o n  r e so lved  i n t o  t h e  DNA, R'iX, and p r o t e i n  conponents as i n d i c a t e d  

i n  t h e  Methods s e c t i o n .  

TABLE I 

Exper imenta l  R e s u l t s  - 

Compound 

DNA S p e c i f i c  * 
A c t i v i t y  (3HTdR Labe l )  

RNA S p e c i f i c  * 
A c t i v i t y  (3HUR Labe l )  

P r o t e i n  S p e c i f i c  * 
A c t i v i t y  (3H l e u c i n e  l a b e l )  

ATP Content  t 

* cpm/ug 

t picomoles/ l06 ce l l s  

Log 
Phase 

2261 

2533 

32. 

214 

CHO Cells 

P la t eau  
Phase 

31.5 

51.5 

42. 

95 

LogIP la t eau  
R a t i o  

71.8 

49.2 

0.76 

2.25 

~~~~~~ ~ ~~~~ ~ ~~ 

These r e s u l t s  i n d i c a t e  t h a t  CHO p l a t e a u  phase cel ls  have a 

cons ide rab ly  lower ra te  of i n c o r p o r a t i o n  of DNA and RNA p r e c u r s o r s ,  as 

compared t o  l o g  phase  cel ls .  Also, t h e  ATP content  of p l a t e a u  phase 

cells i s  cons ide rab ly  reduced.  Although t h e s e  r e s u l t s  would sugges t  

t h e  rates of s y n t h e s i s  of DNA and RNA t o  b e  reduced, w e  are h e s i t a n t  t o  



e x c l u d c  Lhe p i . s , : h i L ; t y  t: ,at tile r a t e  or' c r m r - o r t  of  t h e  p r e c u r s o r s  c o u l d  

b e  depr-.sscd K : J ~ L ~  thp r z t e  of s y n t h e s i s  remained n o r c a l .  S ince  t h e  ra te  

of incorpora t iL>i i  of  3:i l e u c i n e  i n t o  p r o t e i n  was s i m i l a r  f o r  t h e  two croups, 

w e  f a v o r  t h e  riocion ti13t t h e  r a t e s  of D3IA and rtUA s y n t h e s i s  are depressed .  

To  i n v e s t i g a t e  t h i s  p o i n t  f u r t h e r  w e  made autoradiograms of cel ls  

p re - l abe led  w i t h  3;ITdR. The r e s u l t s  are con ta ined  i n  Table  11. 

TABLE I1 

Autorad iograph ic  R e s u l t s  

P e r  Cent  
Phase Labeled Cells 

P l a t e a u  7.6 

R e s u l t s  such as t h e s e ,  t h e n ,  i n d i c a t e  t h a t  t h e  c e l l s  are not i n  

S phase .  These f i n d i n g s  would a g r e e  w i t h  Hahn, e t  a l . ,  who sugges ted  

t h a t  t h e  ce l l s  are i n  GI (5) .  

Because t h e  c e l l u l a r  DNA r e p r e s e n t s  a r a d i o b i o l o g i c  " t a rge t "  

of such  importance,  w e  performed a series of experiments  i n  which t h e  

r e j o i n i n g  of DNA breaks  was measured by t h e  po lynuc leo t ide  k i n a s e  method. 

F igu re  2 shows t h e  e f f e c t  of 1000 rads  of 250 kVp X-rays on 

CHO cells i n  l o g  growth. The cells ,  shown i n  t h e  l e f t  p a n e l ,  were sus- 

pended i n  g lucose  f r e e  Hank's ba lanced  s a l t s  s o l u t i o n  w h i l e  t h e  ce l l s  

of t h e  r i g h t  pane l  were suspended i n  10'4M 2,4-d in i t rophenol  (DNP) ; t h e  
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DSP was d i s s c l v e d  i n  i - lz1SS.  T ~ . z e d i a t e ! y  a f t e r  i r r d d L b 1 t i s n ,  t h e  Largest 

number of  DNA breal;s ( c k i r - i c t e r i z e d  by 3 '  t e m i n r )  \ ,ere  p r e s e n t .  2 c s e  

b r e a k s ,  however,  were r ? . p i d l y  rejoined--as i n d i c a t e d  by a dec reased  auii- 

b e r  of 5 '  t e r m i n i .  F igure  3 shows t h e  e f f e c t  of 1000 rads of 250 kYp 

X-rays on p l a t e a u  phase Chinese Hamster ce l l s .  A s  b e f o r e ,  t h e  c e l l s  were 

de tached  from t h e  c o n o l a y e r s  and suspended  i n  g lucose  free Hank's ba lanced  

s a l t s  s o l u t i o n  (HBSS) o r  i n  10-4?l DXP. 

t h e  l a r g e s t  number of DNA breaks  ( c h a r a c t e r i z e d  by 5 '  t e r m i n i )  were 

p r e s e n t .  With t i m e  a f t e r  i r r a d i a t i o n ,  t h e  number of b reaks  decreased  

(presumably due t o  r e j o i n i n g ) .  The ra te  of r e j o i n i n g ,  though, was s lower  

t h a n  f o r  o t h e r  l i n e s  of c e l l s  i n  log growth. I n  o t h e r  exper iments  w e  

have  found t h e  c o n t r o l  ( n o n - i r r a d i a t e d )  DNA of t h e  p l a t e a u  phase  ce l l s  

t o  c o n t a i n  more 5' t e r m i n i  than c o n t r o l  DNA from l o g  phase cells .  The 

d i f f e r e n c e s  i n  t h e  c o n t r o l  DNA s p e c i f i c  a c t i v i t i e s  shown i n  F igu res  2 and 

3 are a r e s u l t  of d i f f e r e n c e s  i n  t h e  AT32P s p e c i f i c  a c t i v i t i e s  used f o r  

t h e  p o l y n u c l e o t i d e  k i n a s e  assay .  

Immediately a f t e r  i r r a d i a t i o n ,  

F i g u r e  4 shows t h e  e f f e c t  o f  10,000 r a d s  on p l a t e a u  phase  CHO 

cells a s  measured by a l k a l i n e  s u c r o s e  sed imen ta t ion .  These ce l l s  were 

p re - l abe led  w i t h  3HTdR f o r  3 days b e f o r e  t h e  experiment .  

were de tached  from the monolayers w i t h  t r y p s i n ,  washed w i t h  HBSS and 

t h e n  suspended i n  HBSS a t  a c o n c e n t r a t i o n  of 106 c e l l s / m l .  

sample w a s  removed and t h e  ce l l s  t h e n  i r r a d i a t e d .  A f t e r  exposure  

samples  were c o l l e c t e d  and ly sed ,  as d e s c r i b e d  i n  t h e  Methods s e c t i o n .  

The ce l l s  

A c o n t r o l  

As t h e  f i g u r e  shows, t h e  DNA of t h e  c o n t r o l  cel ls  sedimented 

more r a p i d l y  t h a n  t h e  DNA from t h e  i r r a d i a t e d  cells .  Also, t h e r e  i s  

minimal ev idence  o f  r e j o i n i n g  of t h e  DNA b r e a k s  f o r  ce l l s  l y s e d  60 minutes  
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af t c r  i r r a d i a t i o n ,  2 s  cc7;npart.d ~ - i ~ h  s e l l s  l v s e d  inr.ediate1:: a f t e r  s r :?5>surc i .  

Log phase c e l l s ,  on the e t h e r  h m d ,  show e v i d e n c e  or' D:iX rcjcj.niF,g 2s e a r i v  

as 5 F!inutes a f t e r  i r r a d l a t i o n .  R e s u l t s  such as t h e s e ,  t'ner., z g r e ~  -.ri:h 

t h e  ?o lynuc leo t ide  k i n a s e  d a t a .  Xamely , p l a t e a u  phase c e l l s  r e j o i n  >SA 

breaks  s lower  than  c e l l s  i n  l o g  growth. 

A s  a p o s s i b l e  e x p l a n a t i o n  of t h e  behaviour  of p l a t e a u  phase 

cel ls ,  S tewar t ,  e t  a l .  , have sugges t ed  t h a t  c e l l s  assume a ' ' r e s t i n g  s t a g e "  

wh i l e  pas s ing  from l o g  phase  t o  p l a t e a u  phase  ( 2 4 ) .  The s t u d i e s  of Okazaki 

w i th  microorganisms s u g g e s t  t h a t  DNA i s  syn thes i zed  i n  a d i s c r e t e  (o r  

"quantal") manner ( 2 5 ) .  Consequent ly ,  DKA would b e  s y n t h e s i z e d  i n  small 

segments by DNA polymerase and t h e  segments would b e  j o i n e d  by an enzyme 

such as DNA l i g a s e .  Pe rhaps ,  when t h e  c e l l s  move from l o g  t o  p l a t e a u  

phase they become d e f i c i e n t  i n  DNA l i g a s e  (or i f  t h e  endogenous components 

necessary  f o r  l i g a s e  a c t i o n  were d e f i c i e n t ) .  The DNA t h e n ,  would be 

p a r t i a l l y  syn thes i zed  by DNA polymerase,  bu t  many s i n g l e  s t r a n d  b reaks  

would e x i s t  because of t h e  f a i l u r e  of DNA l i g a s e  t o  j o i n  t h e  smaller 

u n i t s .  The i n c r e a s e d  number of endogenms s i n g l e  s t r a n d  DNA b r e a k s  would 

r ende r  a g iven  dose of r a d i a t i o n  more e f f e c t i v e  because  t h e  p r o b a b i l i t y  

of producing double  s t r a n d  (and l e t h a l )  DNA breaks  would b e  inc reased .  

Also, t h e  c a p a c i t y  f o r  r e t e n t i o n  of sub - l e tha l  r a d i a t i o n  i n j u r y  ( a s  

i n d i c a t e d  by t h e  s i z e  of t h e  shou lde r  of t h e  s u r v i v a l  curve)  would be 

reduced. 

An i n t e r e s t i n g  d i f f e r e n c e  between p l a t e a u  and log phase  ce l l s  

h a s  been desc r ibed  by Mego, e t  a l .  , ( 2 6 ) .  These workers ,  u s i n g  a l k a l i n e  

suc rose  g r a d i e n t s ,  examined t h e  sed imenta t ion  p r o f i l e s  of DNA from 

Chinese Hamster ce l l s .  The d a t a  they  ob ta ined  i n d i c a t e d  t h a t  under 

B 1 3 8 3 3 5  



. .  c s p e r i n c n t a l  cc8ntiitioi:s t h e  K;.\ o f  e x ; j o n e r t i r  i i v  grcvjing cel  i s  bandel-! 

i n  a carrow d i s t r i b u t i o n  near  t h e  end i)f t h e  $::adient t u b e ,  :Jliiie P:;.'. 

f r o n  ? l a t e a u  p i a s e  c e l l s  handed  i n  a soc2wkac r,:ider d i s t r i b u t i o n  nsP.7 

t h e  beginning  of t h e  g r a d i e n t .  These a u t h c r s  a l s o  r e p o r t  t h a t  p lacezu  

phase  c e l l s  t h a t  were induced t o  o b t a i n  e x p o n e n t i a l  growth (by sub- 

c u l t u r i n g )  and measured i n  e x p o n e n t i a l  growth do n o t  e x h i b i t  such  a 

sed imen ta t ion  p a t t e r n ,  b u t  appea r  e x a c t l y  a s  does DNA from normal  

e x p o n e n t i a l l y  growing ce l l s .  This i n d i c a t e s  t h a t  t h e  d i f f u s e  sedimen- 

t a t i o n  p a t t e r n  of DNA from s t a t i o n a r y  phase c e l l s  i s  a f u n c t i o n  of 

t h e  macromolecular e f f e c t s  (whatever)  of  t h e  p la teau-phase  i t s e l f .  

Schandl  and Taylor  u s ing  n e u t r a l  s u c r o s e  g r a d i e n t s  r e p o r t  no such s e d i -  

men ta t ion  p a t t e r n  s h i f t  f o r  double  s t r a n d e d  DNA ( 2 7 ) .  I n  s u c r o s e  g r a d i e n t s ,  

t r a v e l  a long  t h e  g r a d i e n t  is a f u n c t i o n  of t h e  s i z e  of  t h e  molecule .  I n  

a l k a l i n e  suc rose  g r a d i e n t s ,  one is looking  a t  s i n g l e  s t r a n d e d  DNA, and 

i n  n e u t r a l  g r a d i e n t s  one sees double  s t r a n d e d  DNA. This  sed imen ta t ion  

s h i f t  s een  wi th  s i n g l e  s t r a n d e d  DNA and l a c k  o f  same w i t h  double  s t r a n d e d  

DNA i s  i n d i c a t i v e  of  nonadjacent  s i n g l e  s t r a n d  b reaks  ( o r  n i c k s )  i n  a l t e r -  

n a t e  s t r a n d s  of  t h e  molecule .  The p resence  of  a l a r g e  number o f  s i n g l e  

s t r a n d  b reaks  i n  t h e  DNA of p l a t e a u  phase ce l l s  would b e  c o n s i s t e n t  w i th  

t h e  reduced ra te  of r e j o i n i n g  of  such b reaks  as sfiown by our po lynuc leo t ide  

k i n a s e  and u l t r a c e n t r i f u g e  d a t a ,  t h e  reduced ( o r  absent )  shou lde r  on t h e  

X-ray s u r v i v a l  cu rve ,  and t h e  cel ls  impaired a b i l i t y  t o  r e p a i r  s u b l e t h a l  

i n  j ury . 
Hahn o f f e r s  more ev idence  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  t h a t  

DNA of non-nut r ien t  d e f i c i e n t  p l a t e a u  phase c e l l s  con ta ins  a l a r g e  number 
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o f  enoogcnous  s i n q l e  s t r a n d  brca2s ( 4 1 .  ilc periarn2.d exper iments  wit:? 

the  morofunctinn3: i i l k , r l a t i n g  a,;snt m e t h y l  r n c t i : s r ~ e ~ u l f o ~ i a t e  ( 2 8 ) .  This 

d r u g ' s  prinirtry a c t i o n  on D5.A is thii n e t h : , l a t i o n  o f  guan ine .  

depur ina t ion  and h y r o l y s i s ,  t h i s  i n i t i a l  l e s i o n  may l ead  t o  the  induc t ion  

of s i n g l e - s t r a n d  b reaks  ( 2 9 ) .  Hahn r e p o r t s  t h a t  a s u r v i v a l  curve  of 

Chinese Hamster c e l l s  i n  e x p o n e n t i a l  growth and exposed t o  graded doses 

of t h e  a l k y l a t i n g  agent  had a w i d e  s h o u l d e r  w i t h  an e x t r a p o l a t i o n  number 

of n e a r l y  100. The s h o u l d e r  d i sappea red  completely i f  p la teau-phase  

cells  were s i m i l a r l y  exposed.  A n  e x p l a n a t i o n  c o n s i s t e n t  w i t h  t h i s  f ind-  

i n g  would be  t h e  p re sence  of a l a r g e r  number of s i n g l e  s t r a n d  b reaks  i n  

t h e  DNA of p l a t e a u  ce l l s .  

A f t e r  

B. Experiments w i th  Rat Sarcoma Cells (RT-2) -- 
I n  Hahn's i n i t i a l  d e s c r i p t i o n  of a method t o  produce a s teady-  

s t a t e  popula t ion  of c u l t u r e d  c e l l s ,  h e  e s t a b l i s h e d  t h e  p re sence  of i n  

vitro c e l l  renewal s y s t e m s  ( 5 ) .  The s tudy  of t h e  r a d i a t i o n  r e sponse  of 

cel l  renewal sys t ems  cou ld  have g r e a t  i m p l i c a t i o n ,  e s p e c i a l l y  i n  t h e  

area of r ad io the rapy .  S i n c e  r ad io the rapy  i s  t h e  t r ea tmen t  cho ice  f o r  

many t y p e s  of cance r ,  i t  is impor t an t  t h e n ,  t h a t  w e  know as much a s  

p o s s i b l e  about t h e  r a d i a t i o n  r e sponse  of n o t  on ly  normal t i s sue ,  b u t  

a l s o  n e o p l a s t i c  t i s s u e .  There h a s  been a g r e a t  d e a l  of work done on 

t h e  r a d i a t i o n  response  of mammalian t i s s u e .  Unfo r tuna te ly ,  t h e  m a j o r i t y  

of the i n  vitro i n v e s t i g a t i o n  has been accomplished us ing  r e l a t i v e l y  

r a d i o s e n s i t i v e ,  non-neop las t i c  t i s s u e .  I n  s h o r t ,  normal t i s s u e .  Severa l  

of t h e  c e l l  l i n e s  used are of n e o p l a s t i c  o r i g i n ,  b u t  ve ry  few of  t h e s e  

have  r e t a i n e d  t o  any e x t e n t  t h e i r  mal ignant  q u a l i t i e s .  The r e sponse  of 

t h e s e  t i s s u e s  would n o t  t r u l y  r e p r e s e n t  t h a t  of n e o p l a s t i c  t i s s u e .  

I I 3 8 3 3 1  



To s t u d v  the rrspc3stl o i  n e o p l a s t i c  tissue, an i d e a l  clioic<- 

w c u l d  b e  a c e l l  line of n e o p l a s i i c  o r i s i n  t h a t  r e L a i n s  t o  sone d?grr_.tt, 

p r e f e r a b l y  h i g h ,  i t s  rnalignanc cudlities. Tke c e l l  l i n e  shodld  l e n d  

i t s e l f  t o  cornon t i s s u e  culture t s c h n i q u e s  with ease, and it would h e l p  

cons iderably  i f  t h z r e  were a c o m o n  human c o u n t e r p a r t  observed c l i n i c a l l y .  

J u s t  such a c e l l  l i n e  i s  a v a i l a b l e  f o r  use .  Th i s  c e l l  l i n e  has  

been des igna ted  Rat Sarcoma, RT-2 ( 3 0 ) .  The c e l l  l i n e  o r i g i n a t e d  from 

a primary f ibrosarcoma found i n  a F i s c h e r  ra t .  

t o  t i s s u e  c u l t u r e ,  and i t  r e t a i n s  t o  a g r e a t  degree  i ts  malignant  

q u a l i t i e s .  The c e l l  l i n e  is  r e a d i l y  t r a n s f e r r e d  back and f o r t h  from 

animal (F i sche r  rat) t o  c u l t u r e  v e s s e l  (Monolayer). Because of (1) i ts  

h i s t o l o g i c  and morphologic s i n i l a r i t y  t o  many human f ibrosarcomas ,  ( 2 )  

t h e  ease  w i t h  which i t  can be handled  i n  c u l t u r e  ( t h i s  i nc ludes  n o t  only 

exponent ia l  growth b u t  p l a t e a u  as w e l l ) ,  and ( 3 )  t h e  r e t e n t i o n  of i t s  

malignant q u a l i t i e s ,  t h e  RT-2 c e l l  l i n e  would be  an i d e a l  t o o l  no t  on ly  

f o r  t h e  s tudy  of t h e  r a d i a t i o n  response  of n e o p l a s t i c  t i s s u e ,  b u t  f o r  

c e l l  renewal systems a l s o .  

It  i s  r e a d i l y  a d a p t a b l e  

The RT-2 c e l l  l i n e  i n  OUT l a b o r a t o r y  o r i g i n a t e d  from a pr imary 

sarcoma i n  a F i s c h e r  r a t .  The primary sarcoma was a r e s u l t  o f  t h e  

i n f e c t i o n  of t h e  r a t  by t h e  ova of  Taenia t aen ia fo rmis  (30). The tumor, 

in vivo, is a very s low growing f ibrosarcoma w i t h  cons ide rab le  dense 

f i b r o u s  stroma. 

i n  Figure 5-A. 

s e c t i o n  of such a tumor i s  shown i n  P la te  C. Cul tured  RT-2 cells as a 

monolayer a r e  shown i n  P l a t e  D. 

A F i s c h e r  ra t  e x h i b i t i n g  a well-developed tumor i s  shown 

The g r o s s  tumor i s  shown i n  P la te  B and a h i s t o l o g i c  

The c e l l  l i n e  grows very w e l l  i n  c u l t u r e  
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and forms wcl!-dcf inc.d,  cor.ipa.:t co1on;es a s  s h a m  i n  Flgui-e 6 .  T1ie.e 

p e t r i  p l a t e s  c m t a i n  c o l o n i e s  d e r i v c d  from cells exposed i o  graded 

doses  of X-rays: from 0 r 3 d s  a t  lower r i g h t  t o  10SO rads a t  u p p e r  

l e f t .  The cu l tu red  c e l l s  e x h i b i t  a f a i r  degree  of polyrnorphlsm and 

r e t a i n  t o  a high degree t h e i r  ma l ignan t  q u a l i t i e s  (30).  

The Rat Sarcoma (RT-2) c e l l s  a r e  c a r r i e d  a s  monolayers i n  

p l a s t i c  c u l t u r e  f l a s k s .  

e s s e n t i a l  medium (MM) supplemented  w i t h  c a l f  serum. The MEM i s  sup- 

plemented wi th  10% c a l f  serum f o r  c e l l s  c a r r i e d  as monolayers and 20% 

c a l f  serum f o r  s i n g l e  c e l l  expe r imen t s .  The monolayers a r e  main ta ined  

a t  37'C. wi th  a i r  a s  t h e  g a s  phase .  

i n i t i a t e d  every 7 days. A monolayer  from a l a r g e  c u l t u r e  f l a s k  i s  

t r y p s i n i z e d ,  o r  sc raped ,  washed w i t h  Hank's balanced s a l t  s o l u t i o n  (HBSS) 

and resuspended i n  f r e s h  medium. T h i s  c e l l  suspension u s u a l l y  c o n t a i n s  

from 7 t o  10 m i l l i o n  c e l l s .  The suspens ion  i s  then d iv ided  among 5 f l a s k s  

c o n t a i n i n g  ME?! supplemented w i t h  10% c a l f  serum. For normal maintenance 

t h e  medium i s  changed on t h e  f i f t h  day a f t e r  seeding.  Only i f  t h e  c e l l s  

are t o  b e  maintained a s  monolayers  f o r  a l onge r  t i m e  i s  t h e  medium 

changed more o f t en .  

They are nour i shed  w i t h  Eagle ' s  minimum 

New monolayers a r e  r o u t i n e l y  

The cel ls  i n  c u l t u r e  a t t a i n  l o g a r i t h m i c  growth i n  about  24 hours  

af ter  seeding .  Monolayers of cells  i n  l o g a r i t h m i c  growth w i l l  u s u a l l y  

a t t a i n  a p l a t e a u  s t a g e  4 - 6 days  a f t e r  s eed ing  (Figure 7) .  

t h e r e  is a minimum d a i l y  t u r n o v e r  of ce l l s .  The time t h e  monolayer 

a t t a i n s  p l a t e a u  is de termined  by t h e  number of cel ls  i n i t i a l l y  seeded i n  

t h e  c u l t u r e  f l a s k .  P l a t e a u  phase  monolayers may be main ta ined  f o r  s e v e r a l  

A t  t h i s  t i m e  
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days ( u p  t o  20) p rov ided  t h e  medium is shano,ed d a i l y  du r ing  t h i s  tir.2 

pe r iod .  

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

by  Puck and Yarcus (31) were used. 

t r y p s i n i z a t i o n  o r  s c r a p i n g  a t  l e a s t  t h r e e  days a f t e r  s e e d i n g  ( 3  days 

f o r  l o g  phase ,  6-7 days  f o r  p l a t e a u ) .  The c e l l s  a r e  washed i n  f r e s h  

medium by c e n t r i f u g a t i o n  and resuspended i n  5 m l  o f  medium. The c e l l  

The monolavers a r e  h a r v e s t e d  by 

d e n s i t y  is de termined  by count ing a p o r t i o n  o f  t h i s  suspens ion  wi th  a 

hemocytometer. The volume of t h e  c e l l  suspens ion  is  a d j u s t e d  t o  con ta in  

a suspens ion  of 106 cells/ml. 

are made as r e q u i r e d .  The d e s i r e d  number o f  ce l l s  are then  seeded i n t o  

60 ran p l a s t i c  p e t r i  d i s h e s  con ta in ing  5 m l  of medium. I n  most c a s e s  

t h e  cel ls  are a l lowed t o  a t t a c h  f o r  2 4  hours  p r i o r  t o  t r ea tmen t .  

P l a t eau - s t age  ce l l s  are t r e a t e d  immediately a f t e r  p l a t i n g .  After t r e a t -  

ment, t h e  p e t r i  p l a t e s  are maintained a t  37°C. i n  a h igh  humidi ty ,  95% 

a i r ,  5% C02 atmosphere f o r  9 - 14 days.  

p l a t e s  a r e  f i x e d  w i t h  10% fo rma l in ,  s t a i n e d  w i t h  methylene b l u e ,  and 

t h e  co lon ie s  counted .  

From t h i s  suspens ion  f u r t h e r  d i l u t i o n s  

A t  t h e  end o f  t h i s  pe r iod ,  t h e  

I n  p r e p a r a t i o n  f o r  c e r t a i n  l a b e l i n g  exper iments  monolayers 

are t r y p s i n i z e d ,  washed w i t h  HBSS, and resuspended in e i t h e r  g lucose  

f r e e  HBSS o r  f r e s h  media.  The ce l l  d e n s i t y  is determined  by count ing  

as be fo re .  A l i q u o t s  of  t h i s  suspens ion  are used as r e q u i r e d  f o r  va r ious  

l a b e l i n g  exper iments .  

CENERATION CYCLE ANALYSIS 

The i n  vitro g e n e r a t i o n  c y c l e  a n a l y s i s  of  t h e  RT-2 c e l l  l i n e  is 

accomplished u s i n g  a u t o r a d i o g r a p h i c ,  c lone  s i ze  a n a l y s i s ,  and ce l l  

count ing  techniques .  The parameters  i n  q u e s t i o n  are: 
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I. The t ime o f  t h e  c e l l  c y c l e ,  Tc: 

IT. The s i z e  of tho  p r o l i f e r a t i v e  p o o l ;  

111. "tie times of  t h e  ph:>s?s of  t h e  c e l l  c y c l e ;  

a .  The t i m e  the cell i s  i n  mitosis, T;.i; 

b. The t i n e  of t h e  i m e d i a t e  pos t -mi to t i c ,  p r e - s y n t h e t i c  

(DNA) phase ,  TG1; 

The t i m e  of DXJA s y n t h e s i s ,  TS;  

The t i m e  of t h e  post-DNA s y n t h e s i s  phase,  T G ~ .  

c.  

d. 

Approximately 5 x 104 cel ls  were seeded i n t o  p l a s t i c  c u l t u r e  f l a s k s  

(25 cm2, 30 m l  s i z e )  c o n t a i n i n g  MEM supplemented wi th  10% c a l f  serum. 

For ty-e ight  hour s  a f t e r  s e e d i n g ,  3H-thymidine (5  uci /ml ,  20 .2  Ci/mM 

thymidine) was added t o  each  of  t h e  f l a s k s .  Each hour  f o r  20 hour s  a f t e r  

a d d i t i o n  of t h e  l a b e l ,  t h e  medium was removed from r e p l i c a t e  f l a s k s .  The 

f l a s k s  were r i n s e d  w i t h  Hank's ba lanced  sal ts  s o l u t i o n  (HBSS) and t h e  c e l l s  

f i x e d  wi th  10% formal in .  A f t e r  f i x i n g ,  t h e  f l a s k s  were washed wi th  HBSS 

u n t i l  no r a d i o a c t i v i t y  above background appeared i n  t h e  wash. The top  

and s i d e s  of t h e  f l a s k s  were removed forming a p l a s t i c  s l i d e .  

n u c l e a r  t r a c k  emulsion t y p e  NTB-3 was then ( d i l u t e d  1:l w i t h  d i s t i l l e d  

w a t e r )  app l i ed  ove r  t h e  cel ls .  

t h e  s l i d e s  were developed i n  Kodak D-19 f o r  4 minutes  a t  21'C. and f i x e d  

i n  Kodak Acid F i x e r  f o r  3 minutes. The slides were washed i n  w a t e r  a t  

24°C. f o r  one hour  and t h e n  s t a i n e d  w i t h  Giemsa s t a i n  i n  phosphate  b u f f e r .  

Kodak 

A f t e r  exposure f o r  35 t o  45 days a t  4"C.,  

I n  c e r t a i n  expe r imen t s ,  a p u l s e  l a b e l  of 1 5  minutes  was used i n  

p l a c e  of cont inuous l a b e l i n g .  Otherwise,  a l l  t h e  f l a s k s  were handled 

i n  t h e  same manner. 

p u l s e  l a b e l  a f t e r  t h e  method of Q u a s t l e r  and Sherman (32). 

The c e l l  c y c l e  t i m e ,  T C ,  was determined u s i n g  a 
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After r?isrrsccpic  e x a i n L t i o n ,  and s a r i r i g ,  tne Label in ,  i n d e x .  

t h e  m i t o t i c  index,  &nd t h e  2 l a b e l e d  n i t p t i c  f i g u r e s  were d e t e r n i n e t .  

From t h i s  i n f o r i a t i o n ,  es t ina tes  of  the pa rame te r s  c h a r a c t e r i z i n g  t k 2  

c e l l  l i c e  can be determined. 

F igure  8 shows the r e s u l t s  of expos ing  t h e  RT-2 c e l l s  t o  a con- 

The l a b e l i n g  index  i s  p l o t t e d  a s  a f u n c t i o n  t i n u o u s  l a b e l  of 3HTdR. 

of t ime  of  exposure t o  3HTdR, and r eaches  100% i n  about 1 3  hours.  

f a c t  t h a t  i t  reaches 100% i n d i c a t e s  a growth f r a c t i o n  of 1.00. That 

i s ,  a l l  t h e  cells are p a r t i c i p a t i n g  i n  t h e  c e l l  cyc le .  The y i n t e r c e p t  

v a l u e  of about 28% is a measure of t h e  p r o p o r t i o n  of c e l l s  i n  s phase 

a t  any one t i m e .  The t i m e  r e q u i r e d  f o r  t h e  l a b e l i n g  index  t o  reach  100% 

is  a measure of the  time of G2 + M + GI: 1 3  hour s  ( 3 3 ) .  

The 

An e s t i m a t e  of t h e  t i m e  of G2 was o b t a i n e d  by exposing c e l l s  i n  

p l a s t i c  f l a s k s  t o  a p u l s e  l a b e l  of 3HTdR. 

ment are shown i n  F igu re  9. The e x t r a p o l a t i o n ,  t o  t h e  a b c i s s a ,  of the 

f i r s t  ascending wave of l a b e l e d  mi toses  t o  t h e  X a x i s  g i v e s  an e s t i m a t e  

of t h e  t i m e  of G2 ( 3 2 ) .  

a l s o  be measured by t h i s  procedure ,  u s ing  t h e  time i n t e r v a l  between t h e  

50% i n t e r c e p t s  of t h e  first and second ascending  waves of l a b e l e d  mito- 

ses (32).  

h o u r s .  

The resul ts  of such an ex?e r i -  

T h i s  i s  1.54 hours .  The c e l l  c y c l e  time can 

The c e l l  c y c l e  t i m e  as determined by t h i s  procedure  is  21.0 

The c e l l  cycle  time was a l s o  determined by two o t h e r  methods. One 

is a c lone  s i z e  a n a l y s i s ,  

are seeded i n t o  p l a s t i c  p e t r i  p l a t e s  con ta in ing  MEM supplemented wi th  

20% c a l f  serum. The p l a t e s  a r e  main ta ined  under s t anda rd  growth con- 

d i t i o n s  f o r  20 hours.  A t  t h i s  t i m e ,  d u p l i c a t e  p l a t e s  are removed and 

A known number of c e l l s  (approximately lo4)  
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f i x e d  and s t a i n e d  each h o a r  t h e r e a f t e r .  After  d ry ing ,  the plates  are 

examined m i c r o s c o p i c n l l y  a : d  t h e  number of  c e l l s / c o l o n y  d 2 t e r m i n e d .  

Th i s  v a l u e  i s  p l o t t e d  on se?.i-LogariLhnic p+er 2s 3 function of time 

a f t e r  t h e  i n i t i a l  30 hours .  The doub l ing  rime i s  determined from t h e  

l o g - l i n e a r  p o r t i o n  of t h e  growth curve .  The ce l l  c y c l e  time a s  d e t e r -  

mined i n  t h i s  manner was 21.0 hour s  (F igu re  1 0 ) .  

The t h i r d  method involved de te rmin ing  t h e  t o t a l  number of c e l l s  

as a f u n c t i o n  of t i m e  a f t e r  s e e d i n g  i n t o  c u l t u r e  f l a s k s .  A known number 

o f  c e l l s  (104 t o  lo51 a r e  seeded i n t o  s e v e r a l  p l a s t i c  c u l t u r e  f l a s k s  

c o n t a i n i n g  MEM supplemented with 20% c a l f  serum. The f l a s k s  are s e a l e d  

and ma in ta ined  a t  37°C. Every 24 hour s  a f t e r  s eed ing ,  d u p l i c a t e  f l a s k s  

are removed. 

i n  HBSS and  a l l  t h e  cells removed. 

t i o n  and resuspended i n  2 m l  of  f r e s h  MEM. 

mined by m u l t i p l e  counts  on a hemocytometer.  The number of c e l l s / f l a s k  

is  p l o t t e d  a s  a f u n c t i o n  of t i m e  a f t e r  seeding .  The c e l l  c y c l e  t i m e  i s  

de termined  from t h e  log - l inea r  p o r t i o n  of t h e  r e s u l t i n g  growth cu rve ,  

and i s  21.5 hours  (F igure  7 ) .  

As mentioned above, t h e  t i m e  of G2 + G 1  + M w a s  e s t ima ted  t o  be 

The c e l l  c y c l e  time i s  e q u a l  t o  t h e  time of (G2 + G1 + M) 

Each f l a s k  is thoroughly  t r y p s i n i z e d  wi th  0.2% t r y p s i n  

The ce l l s  are washed by c e n t r i f u g a -  

The c e l l  d e n s i t y  i s  d e t e r -  

13  hour s .  

+ S and is 2 1  hours  i n  l eng th .  It fo l lows  t h a t  t h e  t i m e  of S is  e q u a l  

t o  2 1  minus 1 3  hours  o r  8.00 hour s .  

The d u r a t i o n  t i m e  of mitosis w a s  determined by c a l c u l a t i o n  us ing  

a method a f t e r  S t anne r s  and T i l l  (34) .  I n  t h i s  c a l c u l a t i o n ,  t h e  t i m e  

of m i t o s i s  (TM) is equa l  t o  t h e  p roduc t  o f  t h e  m i t o t i c  index  (M) and 

t h e  time o f  t h e  c e l l  c y c l e  (Tc), d i v i d e d  by t h e  base e loga r i thm of 

t w o  ( .693)  (Eq. 1 ) .  



TABLE I11 

Experimental  R e s u l t s  RT-2 Cells 

0.8 h o u r s  

10.66 hour s  

8.00 hour s  

1.54 hour s  

- - TM 

- - T G 1  

- - TS 

- - TG2 
~~ 

21.0 hour s  - - TC 

Monolayers of c e l l s  are  used f o r  biochemical  s t u d i e s .  The s t u d i e s  

were performed us ing  ce l l s  i n  b o t h  p l a t e a u  and l o g a r i t h m i c  growth. 

T r i t i a t e d  p r e c u r s o r s  t o  DNA, RVA, and p r o t e i n  were used f o r  i s o -  

t o p i c  measurement; ZH-thymidine (20 .2  ci/mM) was used as  a l a b e l  f o r  

DNA. 

f o r  p r o t e i n .  The l a b e l i n g  times v a r i e d  from 1 5  t o  30 minu tes  i n  most 

ca ses  and f o r  72  h o u r s  i n  a few. The l a b e l i n g  was done i n  HBSS or MEN 

supplemented with c a l f  serum at 1 uc i /ml ,  2 .5  u c i / m l ,  o r  5 uci /ml .  All 

%-uridine (24 .9  ci/mM> was used f o r  RNA, and 3H-leucine (57.6 ci/mY) 

I 1 3 8 3 4 4  



as a sold-LLzLng :.gent. 

I n  t h e  s t u d l 2 s  on l o g - p i a ~ e ~ i u  c o ~ . p z r i s i ? n s ,  b o t t l e s  of log-phase 

and plateau-phase c e l l s  \<ere w e d  as monclavers .  ?',ie medium from each 

f l a s k  was removed and r e p l a c e d  w i t h  f r e s h  g lucose  f r e e  HBSS/fresh YEY 

c o n t a i n i n g  any c c q o u n d s  bz ing  t e s t e d .  The f l a s k s  were incubated  a t  

37°C. f o r  t he  d e s i r e d  time a f t e r  a d d i t i o n  of  t h e  l a b e l e d  compounds. 

A f t e r  t h e  l a b e l i n g  p e r i o d ,  t h e  monolayers  were t r y p s i n i z e d  o r  s c raped  

w i t h  a rubber policeman and washed,  by centrifugation, w i t h  g lucose  f r e e  

HBSS. The ce l l s  were then  resuspended  i n  f r e s h  g lucose  f r e e  HBSS. I n  

o t h e r  s t u d i e s ,  t h e  ce l l s  from s e v e r a l  monolayers were t r y p s i n i z e d  end 

washed, by c e n t r i f u g a t i o n ,  w i t h  g l u c o s e  f r e e  HESS. The c e l l s  were then  

resuspended i n  f r e s h  g lucose  f r e e  HBSS. If necessa ry ,  c e l l  counts  were 

made a t  t h i s  tixr.e w i t h  a hemocytometer.  P o r t i o n s  o f  t h i s  suspens ion  

were then added t o  f l a s k s  c o n t a i n i n g  an HBSS s o l u t i o n  of any compound 

be ing  s t u d i e d .  The f l a s k s  were i n c u b a t e d  a t  37°C. and a t  t h e  p rope r  

t i m e ,  t h e  ce l l s  were p u l s e  l a b e l e d  w i t h  t h e  a p p r o p r i a t e  l a b e l e d  com- 

pound. Following t h e  l a b e l i n g  p e r i o d ,  t h e  c e l l  suspens ion  was t r e a t e d  

w i t h  p e r c h l o r i c  a c i d  ( f i n a l  c o n c e n t r a t i o n  of 0.5N) and t h e  a c i d  i 3 s o l u b l e  

f r a c t i o n  resolved i n t o  t h e  DNA., RNA, and p r o t e i n  components as i n d i c a t e d  

i n  t h e  methods s e c t i o n .  

I I 3 8 3 4 5  
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DNA S p e c i f i c  * 
A c t i v i t y  (3Htdr  l a b e l )  

RL‘A S p e c i f i c  * 
A c t i v i t y  (3 i lUR Label) 

P r o t e i n  S p e c i f i c  * 
. A c t i v i t y  (3ki-Lcucinc Labe l )  

1005.5 1 6 5 . 7  125.3 

71.4 3 2 . 3  23.0 

1 4 . 1  17.3 15.4 

Log 
P l a t e a u  Dzy 9 

Ra t io  

5.97 

2.21  

.815 

A s  w i t h  t h e  Chinese Hamster p la teau-phase  c e l l s ,  t h e s e  r e su l t s  

i n d i c a t e  t h a t  RT-2 p l a t e a u  phase c e l l s  have a much lower r a t e  of incor-  

p o r a t i o n  of DNA and RNA p r e c u r s o r s ,  a s  compared t o  c e l l s  i n  exponen t i a l  

growth. I t  seems a s  i f  i n c o r p o r a t i o n  o f  p r o t e i n  p r e c u r s o r s  i s  independent 

of c u l t u r e  aze.  T ’ 2 s  vould i n d i c a t e  a h igh  r a t e  of F r o t e i n  turnover .  

. Autoradiographic  d a t a  from s imi la r  experiments  show t h a t  w h i l e  t h e  pro- 

p o r t i o n  of t h e  popu la t ion  of c e l l s  s y n t h e s i z i n g  DNA i n  l o g  phase i s  

g r e a t e r  than  25-30%, i t  is  on ly  about  1-3% f o r  c e l l s  i n  p l a t e a u  phase. 

Add i t iona l  evidence f o r  a dep res sed  r a t e  of s y n t h e s i s  o f  DNA (and probably 

RNA) is shown i n  F igure  11. 

experiments  i n  which bo th  l o g  and p l a t e a u  phase c e l l s  are exposed t o  a 

These d a t a  a r e  der ived  from au to rad iog raph ic  

. cont inuous l a b e l  of 3HTdR. A f t e r  t h e  appropr i a t e  p r e p a r a t i o n ,  t h e  

l a b e l i n g  index  was determined as a func t ion  of time a f t e r  a d d i t i o n  of 

t h e  l a b e l .  Note t h e  d i f f e r e n c e  i n  s l o p e  of t h e  two curves .  The s l o p e  

6 
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" f  t } i c  IJ;?;?,:~ ci.!t.q\-c : I >  1 - 3 ,  . . ._ . a ; i 2 b p  cc . l l s )  :;iauld be i-.c?ici:i\re o f  th?  rL1!e , .  

- ..._ i n c o r p o r n E i p n  r!i - l : ! ,c iY i n t c  t k ?  n u c l c c s  o t  lc; p:::.sc cc. lis s i n c e  

c n l v  1::bpicci i j l lc le i  :.-._.rc :cc:-~ii .  The 1 o ~ c r  cu rve ,  ~ 1 i : ~ ; : u  pliase C C ? , ~ ,  

h a s  a nut!-, s:;nllcr slc,;)e. I t  shou ld  be  noted  t h a t  t he  u p p e r  curve i s  

ve ry  s i m i l a r  t o  that :;:?cLT i n  F igu re  8.  (The curve i n  F i g , u r e  8 was 

d e r i v e d  by  s c o r i n g  or' l abe led  c e l l s ,  n o t  j u s t  l a b e l e d  n u c l e i . )  For 

the t i m e  d u r a t i o n  i n d i c a t e d  ( F i g u r e  ll), t h e  lower curve d id  not  r each  

100% l a b e l i n g .  K w e v e r ,  a f t e r  a p e r i o d  of approximately 72 hour s  t h e  

p l a t e a u  c e l l s  d i d  g p r o a c h  100% l a b e l i n g  (91%).  This would i n d i c a t e  

a growth f r a c t i o n  of j u s t  less t h a n  u n i t y  and a g r e a t l y  e longa ted  c e l l  

c y c l e .  The dec reased  growth f r a c t i o n  i s  probably due t o  l o s s  o f  v i a b i l i t y ,  

b u t  n o t  a t t achmen t ,  by a smal l  p o r t i o n  of t h e  populat ion.  T'nere appea r s  

t o  b e  abou t  a 102 rznewal  of t h e  p o p u l a t i o n  per day. Those c e l l s ,  t h e n ,  

cou ld  account  f o r  t h e s e  r e s u l t s .  

I n  summary, t h e  p l a t e a u  phase RT-2 ce l l s  are d e f i n i t e l y  d i f f e r e n t  

t h a n  t h e i r  l o g  phase c o u n t e r p a r t  i n  r e s p e c t  t o  t h e i r  growth and macro- 

molecu la r  s y n t h e s i s  c h a r a c t e r i s t i c s .  These d a t a ,  w i th  t h e  excep t ion  of 

t h e  l e v e l  of  &?A s y n t h e s i s ,  a re  compatible  w i t h  those  of Watanabe, e t  a l .  ; 

Hahn; and Lev ine ,  e t  a l .  ( 3 ,  4 ,  35). Hahn ( 4 )  i n d i c a t e s  a l e v e l  of RVA 

s y n t h e s i s  f o r  plateau-phase ce l l s  t h a t  i s  independent of c u l t u r e  age. We 

d i d  n o t  f i n d  t h i s  i n  e i t h e r  t h e  CHG c e l l  l i n e  i n  our l a b o r a t o r y  o r  i n  t h e  

RT-2 c e l l  l i n e .  

S u r p r i s i n g l y ,  i n  view of t h e  l a r g e  amount of d a t a  a v a i l a b l e  on ce l l s  

i n  e x p o n e n t i a l  growth, r e p o r t s  on t h e  r a d i a t i o n  response of plateau-phase 

cells  are few. Modoc-Jones found a marked i n c r e a s e  i n  t h e  e x t r a p o l a t i o n  
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nur. i t*r (::) '1.: T ' i t  -. :l-c,?'y:.i ~ 8 2 1  ;s '. <;:L i n t o  t:-.e p l J t r - . n u  ph, iTe,  .rl ?!.e 

9 1, .-? o f  t i l ?  sui.-;i:.-?1 CIIT-:: 5 e c - . ~  .: s;tc..?sr ( d e c r e a s e  in Di,> (36) .  

e t  :ji . f cu ; :d  t h r L t  >::i--,~ ~ : i i  :~.'!--.-c r:>;d;::eters c i  i r r i i d i a c e d  i!eLcl c e l . 1 ~  

depc.r,ded o n l y  :.:ei..:y OT. c'::?:ure ct;c o r  ail c e l l  d e n s i t y  ( 3 7 ) .  T l i i s  f i n d i n g  

is  hlso r e p o r t e d  b y  Clivos and S 2 r t i l  (36) .  

L: ; l io- j i~l  , 

. .  

X comparison of  t h e  response of  bo th  t h e  p l a t e a u  and l o g  phase RT-2 

c e l l s  t o  a s i n g l e  exposure  of 259 kVp X-rays i s  shown i n  F igure  13. 

The cells were p repa red  a s  d e s c r i b e d  above. 

w e r e  i r r a d i a t e d  inmed ia t e ly  a f t e r  p l a t i n g .  The cel ls  i n  both s t a g e s  of 

growth a r e  r e s i s t a n t  t o  r a d i a t i o n  damage. These da ta  a r e  q u a l i t a t i v e l y  

l i k e  t h o s e  of Watanabe, e t  a l . ,  and Hahn i n  t h a t  t h e  Do's of t h e  two 

s t a g e s  a r e  s i m i l a r  w h i l e  t h e  e x t r a p o l a t i o n  numbers a r e  d i f f e r e n t  ( 3 ,  4 ,  

5 ) .  

i n d i c a t e s  an i n p a i r e d  a b i l i t y  t o  r e p a i r  o r  modify s u b l e t h a l  r a d i a t i o n  

damage. Hahn r e p o r t s  a complete loss  of s h o u l d e r  i n  h i s  Chinese H a m t e r  

p l a t e a u  cel ls  and t h u s  a l a c k  of  t h e  a b i l i t y  t o  modify s u b l e t h a l  rad ia-  

t i o n  i n j u r y  ( 5 ) .  Although our  RT-2 c e l l s  can  s t i l l  modify s u b l e t h a l  

i n j u r y  (as i n d i c a t e d  b y  t h e  small s h o u l d e r )  w e  f e e l  t h e s e  d a t a  a r e  com- 

p a t i b l e  w i t h  t h o s e  of Hahn. 

s h o u l d e r  could  l i e  i n  t h e  d i f f e r e n t  method of hand l ing  our  p l a t eau  

phase  ce l l s .  Hahn (and o t h e r s )  i r r a d i a t e s  h i s  plateau-phase c e l l s  i n  

t h e  p e t r i  d i s h  i n  which they were grown, b e f o r e  any p e r t e r b a t i o n  such 

as t r y p s i n i z i n g  o r  s c rap ing .  k'e d i s t u r b e d  t h e  monolayer by t r y p s i n i z a t i o n ,  

d i l u t i o n  ( t h i s  took  about 15 m i n u t e s ) ,  and p l a t i n g  p r i o r  t o  i r r a d i a t i o n .  

This s h o r t  i n t e r v a l  may b e  j u s t  l ong  enough f o r  t h e  c e l l s  t o  rega in  some 

The p l a t e a u  phase cel ls  

The lowered e x t r a p o l a t i o n  n m b e r  i n  t h e  p l a t e a u  phase 

An e x p l a n a t i o n  f o r  t h e  presence  of our  small 



L -  

J 7  -_  
L,{ -1  L!- ,2-:  ' . L,:L-T:!::;,2 c-1 ! ! - c ~ c : c r ~ ~ t - : c s .  Kt.,:.;rc!lc>s o f  t i l2  d i f f e r c x c e q ,  :;:e 

t ; j : )  - : i ~ - .  s L!rcl s t i l l  r!j:L:v: r?.l.ii(~-rfsif.t_,';:t, s i r : i l a r  to i n  r7ir-o 

I t  s i o u l c !  be n v t e d  e l i a t  L i t t l e ,  u s t n g  R human c e i ?  l i n e  (Changj 

r c p a r t s  'i1::t a f z i r  i r r z d i z t i o n  i n  p h t e a u - p h a s e ,  no t  onl;; do t h e s e  

hurnan cdls r ecove r  from s u b l e t h a l  r a d i a t i o n  dmag.?, b u t  p o t e n t i a l l y  

l e t n a l  dur,age i s  r e p a i r e d  i f  t h e  c e l l s  a r e  a l l o v e d  t o  remain i n  t h e  

s t a t i o n a r y  p h a s e  f o r  some t i m e  a f t e r  i r r a d i a t i o n  (10).  Also i n t e r e s t i n g  

i s  t h a t  Hahn, i n  m e a s u r i n g  t h e  a b i l i t y  t o  modify s u b l e t h a l  i n j u r y  of 

n u t r i e n t - d e f i c i e n t  p l a t e a u  c e l l s  ( a s  opposed t o  n o n - n u t r i e n t  d e f f i c i e n t  

c e l l s ) ,  found them f u l l y  capable  o f  r e p a i r i n g  s u b l e t h a l  as w e l l  as 

p o t e n t i a l l y  l e t h a l  i n j u r y  ( 4 ,  10) .  

After reviewing t h e  l i t e r a t u r e ,  i t .  h a s  become a p p a r e n t  t h a t  the 

n u t r i t i o n a l  s t a t e  of t h e  plateau-phase c e l l s  i s  q u i t e  impor t an t .  

T h i s  i s  b e s t  r e a l i z e d  when w e  examine t h e  r e s u l t s  o f  Hahn ( 4 ) .  He 

r e p o r t s  t h a t  non-nu t r i en t  d e f i c i e n t  (Zed),  p l a t e a u  phase  Chinese 

Hamster c e l l s  completely l a c k  the  a b i l i t y  t o  repair  e i t h e r  s u b l e t h a l  

o r  p o t e n t i a l l y  l e t h a l  damage. However, as mentioned above, h e  f i n d s  

n u t r i e n t  d e f i c i e n t  (unfed) p l a t e a u  phase c e l l s  capable  o f  such r e p a i r .  

I n  o u r  l a b o r a t o r y ,  t h e  p l a t e a u  phase c e l l s  w e  have used would be c l a s sed  

as non-nu t r i en t  d e f i c i e n t .  

H e  found s u r v i v a l  curves  of HeLa ce l l s  i r r a d i a t e d  i n  t h e  p l a t e a u  phase 

l a c k  a s h o u l d e r  i f  a combination o f  h o r s e  and human serum i s  used t o  

supplement t h e i r  growth medium. But, if f e t a l  bovine serum i s  used, a 

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

This importance i s  a l s o  emphasized by h u r o  ( 4 ) .  

Mauro a l s o  r e p o r t s  a d i f f e r e n c e  i n  t h e  Do 
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i t  has  a l s o  been a;l i n d i c a t i o n  of  r*pr: i r .  The c l a s s i c a l  technin,iie For 

measure of r e p a i r  i s  t h e  s p l i t  dose experiment ( 3 9 3 .  We used  t h i s  

technique t o  examine t h e  r e p a i r  of s u b l e t h a l  damage i n  RT-2 c e l l s  i n  

exponen t i a l  and plateau-phase of  growth. 

I n  t h i s  procedure,  p l a t eau -phase  c e l l s  a r e  t r y p s i n i z e d ,  d i l u t e d ,  

and p l a t e d  i n  60 mm p e t r i  d i s h e s .  A p o r t i o n  o f  them are exposed t o  500 

r a d s  i r r a d i a t i o n  a f t e r  a l l o w i n g  2 4  hours  t o  a t t a c h  and r e g a i n  e x p o n e n t i a l  

growth. A t  va r ious  times a f t e r  t h e  i n i t i a l  exposure,  a c h a l l e n g i n g  dose 

of 500 rads i s  given.  The remaining p o r t i o n  o f  t h e  p l a t eau -phase  c e l l s  

a re  given 500 rads  i n n e d i a t e l y  a f t e r  p l a t i n g ,  and cha l l enged  a t  t h e  

a p p r o p r i a t e  t i m e  a f t e r w a r d s  w i t h  a n o t h e r  500 r ads .  The p l a t e s  a re  incu-  

b a t e d  f o r  9 - 1 4  days and t h e  p l a t e s  a r e  f i x e d  and t h e  c o l o n i e s  s t a i n e d  

and scored.  A s  shown i n  F i g u r e  13 ,  s u r v i v a l  i s  p l o t t e d  on a semi-log 

s c a l e  as a func t ion  of s e p a r a t i o n  t i m e  of t h e  i n i t i a l  and t h e  cha l l eng-  

i n g  doses of r a d i a t i o n .  Log-phase c e l l s  demonstrate the a b i l i t y  t o  

r e p a i r  s u b l e t h a l  i n j u r y  wi th  a r e p a i r  h a l f  time (T+) of  abou t  90 minu tes .  

Plateau-phase c e l l s  a l s o  e x h i b i t  t h i s  a b i l i t y ,  bu t  w i t h  a l o n g e r  T+ 

(Figure 14).  

as shown by t h e  p l a t e a u  phase  c e l l s  very l i k e l y  re f lec ts  t h e  time r e q u i r e d  

f o r  p l a t e a u  c e l l s  t o  r e g a i n  e x p o n e n t i a l  c h a r a c t e r i s t i c s .  

The de lay  i n  t h e  t i m e  r e q u i r e d  t o  reach maximum s u r v i v a l  

Using non-nutr ient  d e f i c i e n t  c u l t u r e s  f o r  s p l i t  dose  expe r imen t s ,  

Hahn r e p o r t s  a t o t a l  l a c k  of r e p a i r  of s u b l e t h a l  i n j u r y  ( 4 ) .  S i m i l a r  

I I 3 8 3 5 0  



t i o n  res is tance (above t h a t  i n  p l a f e a u )  r e l a t e d  tL? ~i;l i n c r e a s e  i n  

e x t r a p o l a t i o n  nunber ( 6 ) .  They found t h e s e  "grcwth r2sunpt ion" c e l l s  

a b l e  t o  r e c o v e r  from s u b l e t h a l  i n j u r y ,  and d i d  s o  wi th in  2 hours  a f t e r  

b e i n g  removed from plateau-phase.  

S i n c e  t h e  r e s u l t s  of  our  s p l i t  d o s e  e x p e r i m n t s  may have been 

i n f l u e n c e d  by ou r  method of  h a n d l i n g  p l a t eau -phase  c e l l s ,  w e  have 

s t a r t e d  new experiments  designed much a s  t h o s e  of Hahn ( 4 ) .  T h i s  

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

p r i o r  t o  d i s t u r b a n c e  of th2  monolaver. A f t e r  r r e a t n e n t ,  t h e  ce l l s  

are i m o e d i a t e l y  p l a t e d  and a t  t h e  a p p r o p r i a t e  time, t h e  c h a l l e n g i n g  

dose a p p l i e d .  Prel iminary r e s u l t s  i n d i c a t e  t h a t  t he  p l a t e a u  c e l l s  

have a marked r educ t ion  i n  t h e i r  a b i l i t y  t o  r e p a i r  s u b l e t h a l  i n j u r v .  

However, t h e y  s t i l l  e x h i b i t  a modest i n c r e a s e  i n  s u r v i v a l  a f t e r  a 

4-hour s e p a r a t i o n  of 500 + 500 r a d s ,  Though not conclusive y e t ,  t h e s e  

resul ts  seem t o  i n d i c a t e  at  l e a s t  a q u a l i t a t i v e  s i m i l a r i t y  t o  Hahn's 

Chinese Hamster c e l l  system. 

Another important  c o n s i d e r a t i o n  t h a t  must be  made of  p l a t eau -  

phase  c e l l s  i s  t h e  ques t ion  of r e p o p u l a t i o n .  Are cel ls  which have 

been maintained i n  plateau-phase f o r  an extended pe r iod  of t i m e  a b l e  

t o  r e p o p u l a t e  a system? This  i s  b e s t  answered by t h e  f a c t  t h a t  t h e  
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g r cwinq  c z l i s .  'r',ip p l . ~ : i n c  efficicnc'es obse rved  f o r  platsau-phase 

c e l l s  are  from AQ - 85;:, with t h e  ~ a j o r i t y  i n  t h e  60 - 80% range. 

This  then would i n d i c a t e  a h igh  degree of v i a b i l i t y  as c e l l s  move f r Q m  

p l - a t eau  t o  e x p o n e n t i a l  growth. Furthermore,  examina t ion  of  growth 

c u r v s s  d e r i v c d  from c e l l s  p r e v i o u s l y  h e l d  i n  a p l a t eau -phase  f o r  

s e v e r a l  days  i n d i c a t e s  a doubl ing time of t h e  sane d u r a t i o n  as t h a t  

o b t a i n e d  from c e l l s  used i n  e x p o n e n t i a l  growth. The p l a t e a u  c e l l s  do 

seem t o  have  a s l i g h t l y  longe r  l a g  p e r i o d  b e f o r e  a t t a i n i n g  exponen t i a l  

growth. T h i s  i s  t h e  e x t e n t  of t h e  work we have  f i n i s h e d  us ing  plateau-  

phase  RT-2 ce l l s .  lie have i n  p r o g r e s s  expe r imen t s  des igned  t o  measure 

t h e  p l a t eau -phase  c e l l ' s  a b i l i t y  t o  modify p o t e n t i a l l y  l e t h a l  r a d i a t i o n  

i n j u r y ,  and f u r t h e r  experiments  on t h e  r e p a i r  of s u b l e t h a l  i n j u r y .  We 

?re a l s o  c o n t i n u i n g  t o  c h a r a c t e r i z e  t h e  r e sponse  of t h e  exponen t i a l ly  

growing RT-2 c e l l  t o  r a d i a t i o n  damage under a v a r i e t y  o f  cond i t ions .  

T a b l e s  V and V I  summarize t h e  b i o l o g i c  and r a d i o b i o l o g i c  c h a r a c t e r i s t i c s  

of t h e  RT-2 c e l l  l i n e  and compare t h e s e  d a t a  w i t h  t h o s e  o f  o t h e r  workers 

u s i n g  d i f f e r e n t  c e l l  l i n e s .  

. -  

We have  measured t h e  r e j o i n i n g  of r a d i a t i o n  induced DNA breaks i n  

e x p o n e n t i a l l y  growing RT-2 c e l l s  as  w e l l  as i n  t h e  in vivo rat  sarcoma 

( 4 2 ) .  

( F i g u r e s  2 and 4 )  and L - c e l l s  (13, 14 ) .  The l a r g e s t  number of DNA 

b r e a k s  appeared immediately a f t e r  i r r a d i a t i o n .  With t i m e  (10 minutes) ,  

The r e s u l t s  are very similar t o  t h o s e  o b t a i n e d  from CHO cel ls  
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of rejoining. --t.g:ii;i, t?,e ;rre.scnce 01' DN? prcs=nt . rd  tke x ~ : ~ e ~ r ~ n c e  :f 

DNA b r e a k s  c:!:~>vs cc:ic'rc? !cr?c.?s. 

. .  

'The RT-2 c e l l  l i n e  cap. b e  synchronized wf th  3 h i g h  deEree of  

synchrony b?7 u s e  of t h e  detachment method d e s c r i S e d  by  Tobev and 

Anderson ( 4 3 ) .  We p l a n  t o  measure t h e  r a d i a t i o n  r e sponse  of RT-2 c e l l s  

i n  v a r i o u s  p o r t i o n s  of  t h e  c e l l  c y c l e .  Work i s  a l s o  i n  p r o g r e s s  t o  

de t e rmine  the e f f e c t  of hypoxia on both p l a t e a u  and l o g  phase c e l l s .  

From t h e  d a t a  w e  have a l r e a d y  c o l l e c t e d ,  and from t h e  in fo rma t ion  frcm 

expe r imen t s  i n  p r o g r e s s ,  w e  f e e l  t h e  development o f  t h e  P.T-2 c e l l  l i n e  

has great  p o t e n t i a l .  A c u l t u r e  system which can b e  handled w i t h  g r e a t  

ease, e i t h e r  in vi:70 o r  in vitro, i n  e x p o n e n t i a l  and p l a t e a u  growth, 

and a l s o  h a s  a h i g h  malignant p o t e n t i a l  s h o u l d  be  of g r e a t  va lue  i n  

t h e  s t u d y  of t h e  response of  n e o p l a s t i c  t i s s u e .  The f a c t  t h a t  i t  can 

b e  u t i l i z e d  as a c e l l  renewal s y s t e m  t h a t  i s  r e l a t i v e l y  s t a b l e  can 

on ly  add t o  i t s  v a l u e .  
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CAPTIO?; TO FIGL'RE 1 

Comparison of t h e  s i n g l e  dose r e s p o n s e  o f  p l a t eau -phase  and e x p o n e n t i a l l y  

growing ClIO c e l l s .  N o t i c e  t h e  marked d e p r e s s i o n  of t h e  e x t r a p o l a t i o n  

number for t h e  p l a t eau -phase  ce l l s .  The s l o p e s ,  however, are n e a r l y  

paralle 1. 
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C A P T I O S  TO FIGL'RE 2 

DNA r e j o i n i n g  by  CHO ce l l s  i n  e x p o n e n t i a l  growth. 

t h e  l e f t  p a n e l  were suspended  i n  medium. 

p a n e l  were suspended  i n  10-4Pl DNP. 

p o l y n u c l e o t i d e  k i n a s e  method. 

The c e l l s  shown i n  

The c e l l s  shown i n  t h e  r i g h t  

Rejo in ing  was measured by t h e  

The dose  was 1000 rads .  

t I H 3 b 2  
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CAPTIO:? TO FIGURE 3 

The upper p o r t i o n  of t h e  f i g u r e  shows t h e  k i n e t i c s  of r e j o i n i n g  of 5'Po4 

t e r m i n i  by p l a t eau -phase  c e l l s  which were suspended  i n  medium. Xo t i ce  

t h a t  t h e  number of t h e s e  t e r m i n i  ( c l o s e d  c i r c l e s )  was everywhere g r e a t e r  

t h a n  f o r  c e n t r a l  p la teau-phase  c e l l s  (open c i r c l e s ) .  The lower p a n e l ,  

however, shows t h a t  suspending t h e  ce l l s  i n  10-4M DXP preven ted  t h e  

appea rance  of 5'Po4 t e r m i n i  a f t e r  i r r a d i a t i o n  (open c i r c l e s )  as compared 

w i t h  c o n t r o l  ( c l o s e d  c i r c l e s ) .  

.. 
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C"LPTI0N TO FIGV'RC 4 

DNA r e j o i n i n g  by p l a t e a u - p h a s e  C'i10 c e l l s  as neasured  by alkaline sucrose 

sed imen ta t ion .  "is t h e  f i g u r e  S ~ O W S ,  t h e  control w 2 s  h e a v i e r  than t h e  

i r r a d i a t e d  (10,000 rads) DNA ( s e e  t e x t ) .  Also, no ev idence  o f  r e j o i n i n g  

was d e t e c t e d  f o r  t h e  cells l y s e d  o n e  hour  a f t e r  i r r a d i a t i o n ,  as compared 

w i t h  t h o s e  l y s e d  immedia te ly  a f t e r  e x p o s u r e ,  
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CAPTION TO FIGURE 5 

The Rat Sarcoma (RT-2)  sy s t en .  I n  P l a t e  A i s  a young F ischer  rat 

e x h i b i t i n g  a well deve loped  tumor. The gross  tumor is shown i n  

P l a t e  B.  A h i s t o l o g i c  s e c t i o n  of such a tumor i s  shown i n  P l a t e  C. 

The R T - c e l l  as grown i n  c u l t u r e  (monolayer) is shown i n  P l a t e  D. 
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Cilt .TION TO FIGURE 6 

Colonies  d c r i - ~ e d  from single RT-2 c e l l s  a f t e r  g raded  d o s e s  o f  X-rays.  

Note  the w e l l  formed, ccnpact  c o l o n i e s  even a f t e r  X-ray doses  from 

zero ( lower  r i g h t )  t o  1000 r a d s  (upper  l e f t ) .  
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CA?TION TO FIGL'RE 7 

A t y p i c a l  g rowth  c u m @  of  t h e  Rat Sarcoma (RT-2) c e l l  l i n e .  The cells 

w h i l e  i n  e x p o n e n t i a l  growth have a d o u b l i n g  t i n e  of about  2 1  h o u r s .  A 

pla teau-phase  is  e s t a b l i s h e d  a f t e r  a b o u t  5 days o f  c u l t u r e .  Though not 

shown i n  t h i s  f i g u r e ,  the p la t eau -phase  may be  main ta ined  fo r  several  

more days by changing medium d a i l y  a f t e r  day  5 .  
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c.wrIox TO FIGURE 8 

The percent  l a b e l e d  c e l l s  i s  p l o t t e d  as a f u n c t i o n  of t h e  time of  a 

cont inuous  exposure  to  3H-thymidine, 

o r d i n a t e  a t  t h e  i n i t i a l  l a b e l i n g  index  ( s i z e  of the S poo l ,  see 

t e x t )  and  r e a c h e s  100 p e r c e n t  a f t e r  T G ~  + Tpl + T G ~ .  

given 1 u c i / m l  of medium ( s p e c i f i c  a c t i v i t y  of 20.1 ci/mM) and 

exposed t o  Kodak NTB-3,  n u c l e a r  t r a c k  emuls ion  for 4 1  days .  

The c u r v e  i n t e r s e c t s  t h e  

C u l t u r e s  were 
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CAPTIOS TO FIGURE 9 

The p e r c e n t  l a b e l e d  mitoses ( l a b e l e d  m i t o s e s / t o t a l  mitoses) i s  p l o t t e d  

a s  a f u n c t i o n  of  t i n e  a f t e r  a p u l s e  l a b e l  of 3H-thymidine. Ext rapola-  

t i o n  of the first ascending  l i r b  t o  the a b s c i s s a  g i v e s  a T G ~  v a l u e  of 

1.54 hours (see t e x t ) .  
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C.UTIO!; TO FIGCRE 10 

A t y p i c a l  growth curve  f o r  t h e  RT-2 c e l l  l i n e .  Th i s  growth curve  was 

g e n e r a t e d  by c lone  s i z e  a n a l y s i s .  

as a f u n c t i o n  of t i m e  a f t e r  s e e d i n g .  The doubl ing  time as de te rmined  

from the l o g - l i n e a r  p o r t i o n  of the  curve i s  2 1  hours. 

The number of c e l l s / c o l o n y  i s  p l o t t e d  
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CAPTION TO FIGURE 11 

Comparison of  t h e  l a b e l i n g  p r o f i l e s  of p l a t e a u  and log phase RT-2 

c e l l s .  The upper  cu rve  shows t h e  pe rcen t  l a b e l e d  log-phase c e l l s  

( a c t u a l l y  l a b e l e d  n u c l e i )  as a func t ion  of t ime a f t e r  a d d i t i o n  of 

3H-thymidine. The bo t tom curve  shows t h e  p e r c e n t  l a b e l e d  p l a t e a u -  

phase c e l l s  as a f u n c t i o n  of time a f t e r  a d d i t i o n  of 3H-thymidine. 

The upper cu rves  reached  100 pe rcen t  l a b e l i n g  a f t e r  about  1 3  hours .  

Though n o t  shown, t h e  bot tom curve approached 9 1  p e r c e n t  l a b e l i n g  

a f t e r  72 hours .  The exposure  t o  l a b e l  was cont inuous  i n  b o t h  cases .  
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CAPTIO?: TO F1C;L"P.E 12 

Comparison of t h e  s i n g l e  dose r e sponse  of p l a t eau -phase  and e x p o n e n t i a l l y  

growing RT-2 c e l l s .  X o t i c e  t h e  r e d u c t i o n  i n  e x t r a p o l a t i o n  number f o r  t h e  

p l a t eau -phase  c e l l s .  The s l o p e s  are approx ima te ly  t h e  same. 
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c e l l s  i n  exponent ia l  growtn .  T h i s  c u r v e  shcrs t h e  p a i r e d  dose  

response of  log-phase c e l l s .  Doses given were 500 + 500 rads .  Ti;e 

magnitude of t h e  s u r v i v a l  i n c r e a s e  was a f a c t o r  of 5 with a r e p a i r  

h a l f t i m e  (t+) of about  90 m i n u t e s .  
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CIWTION TO FIGURE 1 4  

A measure of  t h e  magnitude of r e p a i r  of subleLha1 i n j u r y  bv RT-2 c e l l s  

i n  plateau-growth.  T h i s  curve shows t h e  p a i r e d  dose r e s p o n s e  of  p l a t e a u -  

phase c e l l s .  Doses given were 500 + 500 rads .  The s u r v i v a l  i n c r e a s e d  

by a f a c t o r  of  2-1/2 w i t h  a repair h a l f t i m e  ( t$  of about  105 minu tes .  
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