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ABSTRACT

I n  v i t r o  mammalian c e l l  c y c le  le n g th  i s  d e p e n d e n t on many c o n d i­
t i o n s  in c lu d in g  in c u b a t io n  te m p e ra tu re .  I n  g e n e r a l ,  t h e  grow th  r a t e  
o f  c u l tu r e d  mammalian c e l l s  i s  h ig h e s t  a t  te m p e ra tu re s  s l i g h t l y  above  
th e  n o rm al p h y s io lo g ic a l  te m p e ra tu re  o f  t h e  a n im a l o f  o r i g i n .

P h y to h e m a g g lu tin in  (PHA) s t im u la te d  human ly m p h o cy te  c u l tu r e s  w ere 
In c u b a te d  f o r  72 h r  a t  two d e g re e  i n t e r v a l s  from  31 t o  43 C. From 
th e  t im e  o f  i n i t i a t i o n ,  each  c u l t u r e  was c o n t in u o u s ly  l a b e l e d  w ith  5 -  
b ro m o d eo x y u rid in e  (BUdR). The g row th  r a t e  o f  each  c u l t u r e  was d e t e r ­
m ined fro m  m etap h ase  l a b e l i n g  p a t t e r n s .  F a s t e s t  g row th  o c c u r re d  a t  
39°C ; g row th  a t  37°» 35°» 41 , and  3 3 ° wa-s p r o g r e s s i v e ly  s lo w e r . No 
m i to t i c  a c t i v i t y  was se e n  a t  31 &nd 43  C.

To d e te rm in e  th e  r o l e  o f  te m p e ra tu re -d e p e n d e n c y  o f  t r a n s f o r m a t io n  
In  d i f f e r e n t i a l  g row th  r a t e s ,  s i x  c u l t u r e s  w ere in c u b a te d  a t  35 r 37 » 
3 9 ° , an d  41°C . F i f t e e n  h o u rs  a f t e r  i n i t i a t i o n ,  t r i t i a t e d  th y m id in e  was 
in t r o d u c e d  t o  one c u l t u r e  from  each  s e r i e s .  T h ree  h o u rs  l a t e r ,  t h e s e  
c u l t u r e s  w ere te r m in a te d  and  t r i t i a t e d  th y m id in e  was ad d ed  to  a n o th e r  
c u l t u r e  from  each s e r i e s .  A f t e r  a l l  w ere s u c c e s s iv e ly  t r e a t e d  i n  t h i s  
m anner, a u to ra d io g ra p h s  w ere  p re p a re d  and  c o u n ts  made o f  l a b e le d  c e l l s .  
T h is  18 h r  p r o f i l e  o f  t r a n s f o r m a t io n  r a t e s  d e m o n s tra te d  t h a t  c e l l s  grown 
a t  39°C tr a n s fo rm e d  th e  f a s t e s t .

To d e te rm in e  th e  r o l e  o f  c e l l  c y c le  le n g th  on th e  te m p e ra tu re -  
dependency  o f  g row th  r a t e ,  lym phocy te  c u l t u r e s  w ere  In c u b a te d  w ith  PHA 
f o r  96 h r  a t  37 C. t r a n s f e r r e d  to  f r e s h  medium w ith  BUdR, and  th e n  i n ­
c u b a te d  a t  31 “43 C f o r  a n  a d d i t i o n a l  72 h r .  A n a ly s is  o f  g row th  r a t e s  
r e v e a le d  a  b ro a d  peak  a t  37 -3 9  C. A g a in , no m i t o t i c  a c t i v i t y  was ob­
s e rv e d  a t  43 . A low  grow th  r a t e  was see n  i n  c e l l s  grown a t  31 C.

The le n g th s  o f  c e l l  c y c le  p h a se s  w ere d e te rm in e d  th ro u g h  s e r i a l  l a ­
b e l in g  o f  lym p h o cy te  c u l t u r e s  w ith  BUdR. an d  w ere  s h o r t e s t  a t
39°G, a l th o u g h  d u r a t io n s  a t  37 C w ere e s s e n t i a l l y  s i m i l a r .  D u ra tio n s  
o f  b o th  i n  c e l l s  a t  35 an d  41 C w ere somewhat lo n g e r ,  b u t  s i m i l a r  t o  
one a n o th e r .  S p h ase  was s h o r t e s t  a t  35 C an d  In c r e a s e d  w ith  in c r e a s in g  
in c u b a t io n  te m p e ra tu re .

I t  i s  s u g g e s te d  t h a t  39° C s h o u ld  be th e  in c u b a t io n  te m p e ra tu re  o f  
c h o ic e  f o r  a t  l e a s t  some f u r t h e r  s t u d i e s  in v o lv in g  ly m p h o cy tes  an d  t h a t  
th e  m axim al g row th  a t  39 C may b e  a  f u n c t io n a l  a s p e c t  o f  th e  lym pho­
c y t e ’ s  r o l e  i n  th e  immune re s p o n s e .

v i i i



TEMPERA TURE-DEPENDENGY OF TRANSFORMATION AND CELL CYCLE 

LENGTH IN HUMAN LYMPHOCYTES



INTRODUCTION

An a n im a l c e l l  i j i  v iv o  e x i s t s  in  a  com plex and  h ig h ly  o rd e re d  en ­

v iro n m e n t. I t s  b e h a v io r  i s  c e r t a i n l y  c o n t r o l l e d  by i t s  genome, b u t 

t h i s  b e h a v io r a l  c o n t r o l  i s  d e f in e d  in  p a r t  by th e  e x t r a c e l l u l a r  e n v iro n ­

m ent. B ecause o f  t h i s  e n v iro n m e n ta l d e f i n i t i o n ,  th e  i n  v i t r o  grow th 

and  d i v i s io n  o f  a n im a l c e l l s  a r e  r i g i d l y  c o n t r o l l e d  by c u l t u r e  c o n d i­

t i o n s  such  a s  pH o f  th e  medium (E a g le , 197^)* p o p u la t io n  d e n s i ty  (S an­

f o r d ,  E a r l e ,  and  L ik e ly ,  19^8; A bercrom bie and  Heaysman, i95^» E ag le  

and  P ie z ,  I 962) ,  n u t r i e n t s  s u p p l ie d  by th e  c u l tu r e  medium (E a g le , 1955)» 

and  in c u b a t io n  te m p e ra tu re .

T h a t in c u b a t io n  te m p e ra tu re  im poses c o n t r o l  o v e r th e  a b i l i t y  o f  

c u l tu r e d  c e l l s  to  grow and d iv id e  was re c o g n iz e d  e a r ly  i n  th e  d e v e lo p ­

ment o f  s u c c e s s f u l  c e l l  c u l tu r e  te c h n iq u e s .  C a r re l  ( I 9I 2 ) d e s c r ib e d  

two p h a se s  o f  th e  i n  v i t r o  e x is te n c e  o f  c h ick  embryo f i b r o b l a s t s j  th e s e  

h e  c a l l e d  " a c t iv e  l i f e "  and  " l a t e n t  l i f e " .  " A c tiv e  l i f e ” was d e f in e d  

a s  n u m e ric a l grow th w ith  co n co m itan t d e p le t io n  o f  medium n u t r i e n t s  by 

c e l l s  m a in ta in e d  a t  38°C. " L a te n t  L i f e " ,  on th e  o th e r  h an d , was a  non­

p r o l i f e r a t i v e  p h ase  e x h ib i te d  by c e l l s  in c u b a te d  a t  0°C. Kodama (1930) 

d e m o n s tra te d  t h a t  c h ick  embryo f i b r o b l a s t s  m a in ta in e d  a t  a p p ro x im a te ly  

0°C f o r  1 -2  days r e g a in  t h e i r  p r o l i f e r a t i v e  a b i l i t y  when t r a n s f e r r e d  to  

f r e s h  medium a t  39°C. Kodama a l s o  fo und  t h a t  c e l l s  m a in ta in e d  up to  

10-12  d ay s  a t  25° and  30°C w ere a b le  to  resum e a c t i v e  d iv i s io n  upon 

t r a n s f e r  to  f r e s h  medium a t  39°G. However, c e l l s  m a in ta in e d  a t  25°G

w ere b e t t e r  a b le  to  resum e d iv i s io n  th a n  th o s e  m a in ta in e d  a t  30°C.
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C e r ta i n ly ,  th e n ,  c e l l u l a r  grow th  and  d i v i s io n  a r e  te m p e ra tu re -d e ­

p e n d e n t, I m p l i c i t  i n  th e  te rm  " te m p e ra tu re -d e p e n d e n t” i s  th e  c o n c e p t 

o f  a n  o p tim a l te m p e ra tu re  a t  w hich maximal grow th an d  d i v i s i o n  o c c u r .

One m igh t e x p e c t th e  o p tim a l te m p e ra tu re  f o r  c e l l  grow th and  d iv i s io n  

to  a p p ro x im a te  th e  norm al body te m p e ra tu re  o f  th e  an im a l o f  o r i g i n .

I b i s  a p p e a rs  to  be  th e  c a s e .  Mammalian and  a v ia n  c e l l s  i n  v i t r o  t h r i v e  

a t  te m p e ra tu re s  n e a r  t h e i r  c h a r a c t e r i s t i c  p h y s io lo g ic a l  te m p e ra tu re  

( s p e c i f i c  r e f e r e n c e s  to  be  d is c u s s e d  b e lo w ). C e l ls  from  e c to th e rm s , 

th o s e  v e r t e b r a t e s  which r e l y  on e x te r n a l  s o u rc e s  o f  h e a t  f o r  body tem ­

p e r a tu r e  r e g u l a t i o n ,  e x h ib i t  m axim al grow th and  d i v i s io n  a t  te m p e ra tu re s  

a p p ro x im a tin g  th o s e  o f  th e  p r e f e r r e d  h a b i t a t .  W hether norm al body tem ­

p e r a tu r e  i s  a  b e h a v io r a l  o r  p h y s io lo g ic a l  re s p o n s e  to  c e l l u l a r  tem p e r­

a t u r e  o p tim a  o r  c e l l  te m p e ra tu re  o p tim a a r e  th e  e v o lu t io n a ry  co n seq u en ces  

o f  p r e f e r r e d  h a b i t a t  o r  physiological te m p e ra tu re  c o n t r o l  a r e  p o in t s  

f o r  s p e c u la t io n .  I n  e i t h e r  c a s e ,  c e l l  te m p e ra tu re  op tim a a r e  i n d i c a t i v e  

o f  th e  o rg a n ism ’ s  p h y s io lo g ic a l  te m p e ra tu re .

One exam ple o f  an  o p tim a l i n  v i t r o  te m p e ra tu re  p a r a l l e l i n g  th e  p r e ­

f e r r e d  th e rm a l h a b i t a t  o f  a n  e c to th e rm  i s  t h a t  o b se rv ed  i n  a  f i b r o b l a s t ­

l i k e  c e l l  l i n e  d e r iv e d  from  g o n a d a l t i s s u e  o f  th e  ra in b o w  t r o u t  Salmo 

g a i r d n e r i  (Plumb and  W olf, 1971)* Peak c e l l  g row th o c c u rs  a t  20°C w ith  

a  d o u b lin g  tim e  o f  2 .0  d a y s . Above and  below  20°C grow th  r a t e s  d im in ­

i s h ,  w ith  in c u b a t io n  a t  30°C l e t h a l  f o r  S . g a i r d n e r i  c e l l s .  A t 5°G, 

th e  c e l l s  rem a in  v ia b le  b u t  e x h ib i t  a  mean d o u b lin g  tim e  o f  13*8 d a y s . 

T h is  i n  v i t r o  th e rm a l p r o f i l e  f a i r l y  a c c u r a te ly  m atches th e  o p tim a l 

h a b i t a t  o f  th e  ra inbow  t r o u t  which t h r i v e s  i n  w a te rs  n o t  warmer th a n  

a b o u t 2 l°C  (Eddy and  U n d e r h i l l ,  1 9 7 1 ).

Endotherm s p r e s e n t  a  s l i g h t l y  more com plex s i t u a t i o n  due to  t h e i r



k

I n t e r n a l  h e a t  p ro d u c t io n .  W hereas th e  body te m p e ra tu re  o f  an  e c to -  

th e rm  i s  g e n e r a l ly  e q u iv a le n t  to  th e  te m p e ra tu re  o f  i t s  en v iro n m en t, 

t h e  body te m p e ra tu re  o f  a n  endotherm  may w e l l  be  h ig h e r  th a n  t h a t  o f  

i t s  e n v iro n m e n t, p a r t i c u l a r l y  i n  te m p e ra te  an d  a r c t i c  s p e c ie s .  I n  

mammals, th e  s k in  h a s  a n  i n  s i t u  te m p e ra tu re  o f  32°-33°C  (Rothm an,

195*0 a s  opposed  t o  c o re  te m p e ra tu re s  g e n e r a l ly  i n  th e  ra n g e  o f  36° -  

39°G (T h e s tru p -P e d e rs e n , 1972; F e ld b e rg ,  1 9 7 5 i D in a r e l lo  and  W o lff , 

1973)* I t  i s  o f  i n t e r e s t  t o  a sk  w h e th e r th e  o p tim a l i n  v i t r o  tem p er­

a t u r e  o f  s k in  c e l l s  i s  lo w e r th a n  norm al c o re  te m p e ra tu re .  E p id erm al 

b a s a l  c e l l s  from  n e o n a ta l  m ice w i l l  undergo  s t r a t i f i c a t i o n  i n  v i t r o  

s i m i l a r  to  i n  v iv o  e p id e rm a l dev e lo p m en t. When in c u b a te d  a t  37°C, 

s t r a t i f i e d  c u l t u r e s  w i l l  d e g e n e ra te  a f t e r  22-25  d ay s  (F u sen in g  and  

W o rs t, 1975) w h ereas s t r a t i f i e d  c u l tu r e s  m a in ta in e d  a t  32°-33°C  ex­

h i b i t  an  e x ten d e d  i n  v i t r o  l i f e  sp an  w ith  no d e c r e a s e  i n  p r o l i f e r a t i v e  

c a p a c i ty  by day 25 (M arce lo  e t  a l . ,  I 978) .  H owever, human e p id e rm a l 

c e l l s  i n  v i t r o  do n o t  grow a t  32°-33°C  b u t  e x h i b i t  o p tim a l grow th a t  

35°-36°C  ( E is in g e r  e t  a l . ,  1979)*

A n o th e r mammalian t i s s u e  which h a s  an  o p tim a l te m p e ra tu re  lo w e r 

th a n  th e  c o re  te m p e ra tu re  i s  t e s t i c u l a r  t i s s u e  (Bloom and  F a w c e tt ,

1975; Hickman e t  a l . , 1979)• S p e rm a to g e n es is  w i l l  n o t  p ro c e ed  a t  c o re  

te m p e ra tu re  i n  many mammals. I n  th e s e  s p e c ie s ,  th e  t e s t e s  w i l l  d e scen d  

in t o  th e  sc ro tu m  and  th u s  w i l l  be m a in ta in e d  a t  a  s l i g h t l y  lo w er tem ­

p e r a t u r e ,  one w hich p e rm its  s p e rm a to g e n e s is  t o  p ro c e e d .

O th e r  t i s s u e s ,  p a r t i c u l a r l y  th o s e  o f  th e  in n e r  v i s c e r a ,  a r e  m ain­

ta in e d  a t  th e  e n d o th e rm 's  c o re  te m p e ra tu re . I n  l i g h t  o f  above d e s c r ip ­

t i o n s  o f  te m p e ra tu re  o p tim a , i t  seems l i k e l y  t h a t  th e s e  t i s s u e s  would 

e x h ib i t  o p tim a l in  v i t r o  grow th a t  o r  n e a r  c o re  te m p e ra tu re . T h is  h a s
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"been fo u n d  to  be th e  c a s e  i n  a  v a r i e t y  o f  mammalian t i s s u e s  i n  c u l t u r e .

M ice h av e  a  no rm al c o re  te m p e ra tu re  o f  36«5°C (S c h m id t-N ie lse n , 

196^-). C u ltu re d  m urine  leu k em ic  c e l l s  have  been  shown to  h av e  a  s h o r ­

t e r  g e n e r a t io n  tim e  when in c u b a te d  a t  37°C th a n  when in c u b a te d  a t  2 8 ° , 

3 1 ° , 3 2 ° , 3 4 ° , o r  U0°C (W atanabe an d  Okada, I 967) .  The g e n e r a t io n  tim e  

o b se rv e d  i n  c e l l s  m a in ta in e d  a t  40°C was o n ly  s l i g h t l y  lo n g e r  th a n  t h a t  

o b se rv e d  i n  c e l l s  a t  37°C . However a t  3^°C» th e  g e n e r a t io n  tim e  was 

n e a r ly  tw ic e  t h a t  o b se rv ed  i n  c e l l s  a t  37°C. I t  may w e ll  be t h a t  th e  

s h o r t e s t  g e n e r a t io n  tim e  w ould a c t u a l l y  o c c u r  a t  a  te m p e ra tu re  betw een  

37° and  ^0°C .

Human c e l l s  a p p e a r  t o  fo l lo w  t h i s  p a t t e r n  (S is k e n , M orasca, an d  

K ibby , 19&5)* A m n io tic  c e l l s  in c u b a te d  a t  39°G e x h i b i t  a  s l i g h t l y  

s h o r t e r  i n t e r m i t o t i c  tim e  th a n  do c e l l s  a t  37°C* However, a t  38°C th e  

i n t e r m i t o t i c  tim e  i s  lo n g e r  th a n  i n  c e l l s  a t  3 7 °o r  39°G* A t tem p era ­

t u r e s  above and  below  th e  37°-39°C  ra n g e , i n t e r m i t o t i c  tim e s  in c r e a s e  

s h a r p ly .  Somewhat s i m i l a r  r e s u l t s  h av e  been  o b se rv ed  w ith  HeLa c e l l s  

(Rao an d  E n g e lb e rg , 1965 )* I n  HeLa, g e n e r a t io n  t im e s  a t  38°C w ere s h o r t ­

e r  th a n  a t  37°Cj how ever, no d e te r m in a t io n  o f  g e n e r a t io n  tim e  was p e r ­

fo rm ed  on c e l l s  grown a t  39°G. A g a in , g e n e r a t io n  t im e s  o f  c e l l s  in c u ­

b a te d  a t  te m p e ra tu re s  above  and  below  th e  optimum in c r e a s e d  s h a r p ly .

T hus, mammalian c e l l s  t h a t  n o rm a lly  e x i s t  a t  c o re  te m p e ra tu re  in  

v iv o  e x h i b i t  o p tim a l i n  v i . t r o p r o l i f e r a t i o n  a t  in c u b a t io n  te m p e ra tu re s  

1 -2  d e g re e s  h ig h e r  th a n  c o re  te m p e ra tu re . A t te m p e ra tu re s  above and  

below  th e  o b se rv ed  optim um , th e  i n  v i t r o  c e l l  c y c le  w i l l  be p ro lo n g e d .

T h ere  i s  c o n f l i c t i n g  e v id en c e  on which p h ase  o f  th e  c e l l  c y c le  i s  

more s u b je c t  to  le n g th  p e r tu r b a t io n  by te m p e ra tu re . F o r  c o n d i t io n s  

o th e r  th a n  te m p e ra tu re ,  i s  re g a rd e d  a s  th e  m ost v a r i a b l e  p h ase  o f
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t h e  c e l l  c y c le  (D efen d ! and  M anson, I 963) .  E n v iro n m en ta l f a c t o r s  such  

a s  su b o p tim a l pH p ro lo n g  a s  d o es  c o n ta c t  i n h i b i t i o n  in  n o n -m a lig -  

n a n t  m ono layer c u l tu r e s  (S is k e n , 19^3? T o d aro , L a z a r , and  G reen , I 965 ) .  

In c u b a t io n  te m p e ra tu re ,  on th e  o th e r  h a n d , may a f f e c t  a l l  p h a se s  o f  th e  

c e l l  c y c le  an d  i n  d i f f e r e n t  ways c h a r a c t e r i s t i c  o f  each p h a se . I n  hu­

man am nion c e l l s ,  G  ̂ showed th e  h ig h e s t  th e r m o s e n s i t iv i ty  o f  an y  p h a se , 

was th e  l e a s t  th e r m o s e n s i t iv e ,  an d  S was in te r m e d ia te  (S is k e n  e t  a l . , 

1965)* I n  mouse leu k em ic  c e l l s ,  G  ̂ and  S w ere m ost p ro lo n g e d  by su b - 

o p tim a l te m p e ra tu re  (W atanabe a n d  O kada, 1967)* I n  HeLa how ev er, G^,

S , an d  G^ d u r a t io n s  w ere a f f e c t e d  s i m i l a r l y  an d  p r o p o r t io n a l ly  by s u p ra -  

and  su b o p tim a l te m p e ra tu re s  (Rao and  E n g e lb e rg , I 965 ) .  A d i s p r o p o r t i o n ­

a t e  in c r e a s e  i n  m i to t i c  d u r a t io n  was o b se rv e d  i n  HeLa c e l l s  m a in ta in e d  

a t  su b o p tim a l te m p e r a tu r e s . T h is  in c r e a s e  i n  th e  d u r a t io n  o f  M was so  

p ro fo u n d  t h a t  a t  te m p e ra tu re s  r a n g in g  from  26°-33°C , m i to t i c  in d ic e s  

a s  h ig h  a s  0 .4 4  w ere n o te d , i n d i c a t i n g  t h a t  44% o f  th e  c e l l s  s c o re d  

w ere in  m e tap h ase .

Lym phocytes i n  v i t r o  h av e  a n  a d d i t i o n a l  c y c le  p h ase  -  Gq . I n  te rm s 

o f  i n  v i t r o  lym phocy te  k i n e t i c s ,  t r a n s f o r m a t io n  i s  th e  e n tr y  o f  th e  

q u ie s c e n t ,  o r  Gq , lym phocy te  i n t o  G  ̂ o f  th e  d i v i s io n  c y c le .  (F o r  a  

re v ie w  o f  m o rp h o lo g ic a l an d  b io c h e m ic a l e v e n ts  i n  t r a n s f o r m a t io n ,  see

N a s p itz  and  R ic h te r ,  I 968) .  As w ith  o th e r  p h a se s  o f  th e  c e l l  c y c le ,
3

t r a n s f o r m a t io n  i s  th e r m o s e n s i t iv e .  When p u ls e - la b e le d  w ith  H -thym i-
3

d in e  ( H-TdR) f o r  s e v e r a l  h o u rs  b e f o r e  f i x a t i o n  a t  1 , 2 , o r  3 d a y s , 

p h y to h e m a g g lu tin in  (P H A )-s tim u la ted  human lym phocy tes  in c u b a te d  a t  39°G 

in c o r p o r a te  l a b e l  e a r l i e r  th a n  do th o s e  in c u b a te d  a t  37° C (Ashman,

G om ez-B arre to , and  N ahm ias, 1976; Ashman and  N ahm ias, 1977; Ashman and 

N ahm ias, 1 9 7 8 ). S im ila r  r e s u l t s  a r e  o b se rv ed  when G o n can av alin  A (Con A)
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i s  em ployed a s  th e  m itogen  (Ashman and  N ahm ias, 1 9 7 8 ),

One may a rg u e  t h a t  d i f f e r e n c e s  se e n  in  r a t e s  o f  t r a n s f o r m a t io n  a r e  

a c t u a l l y  r e f l e c t i o n s  o f  te m p e ra tu re -d e p e n d e n t d i f f e r e n c e s  i n  p r o l i f e r ­

a t i o n  r a t e s .  Through s e q u e n t i a l  a d d i t i o n  o f  th e  s a c c h a r id e  m e th y l-  «=** -  

D -m annopyranoside (MMP), which i n h i b i t s  Con A b in d in g ,  to  s e t s  o f  Con 

A -s t im u la te d  lym p h o cy tes  a t  37° an d  39°G, Ashman an d  Nahmias (1978)
3

o b ta in e d  s i m i l a r  p r o f i l e s  f o r  H-TdR u p ta k e  betw een  c u l tu r e  s e t s .  On 

t h i s  b a s i s ,  th e y  co n c lu d ed  t h a t  in c u b a t io n  a t  39°C d o es  n o t  in c r e a s e

th e  r a t e  o f  t r a n s f o r m a t io n .  However, f i g u r e  3 o f  Ashman and  Nahmias 

c l e a r l y  i n d i c a t e s  t h a t  a t  each MMP a d d i t io n  t im e , more l a b e l  was b e in g  

in c o r p o r a te d  a t  39° th a n  a t  37°G. S in c e  l a b e l  in c o r p o r a t io n  was mea­

s u re d  by l i q u i d  s c i n t i l l a t i o n ,  i t  i s  n o t  p o s s ib le  t o  a s c e r t a i n  w h e th er 

more c e l l s  w ere s y n th e s iz in g  DNA o r  more l a b e l  was in c o r p o r a te d  p e r  c e l l .  

I n  a d d i t i o n ,  sam p les  w ere n o t  m easured  u n t i l  3 d ays a f t e r  c u l tu r e  i n i ­

t i a t i o n ,  I f  more c e l l s  a r e  s y n th e s iz in g  DNA, t h e i r  p re s e n c e  may be 

due e i t h e r  t o  in c r e a s e d  num bers o f  c e l l s  b e in g  t ra n s fo rm e d , h ig h e r  p ro ­

l i f e r a t i o n  r a t e s ,  o r  b o th . W hether in c u b a t io n  te m p e ra tu re  a c t u a l l y  i n ­

f lu e n c e s  th e  num ber o f  c e l l s  e n te r in g  th e  m i to t i c  c y c le  h a s  y e t  to  be 

a d e q u a te ly  a s c e r t a in e d .

The p u rp o se  o f  th e  p r e s e n t  s tu d y  i s  tw o - f o ld .  By knowing th e  e f ­

f e c t s  o f  te m p e ra tu re  on th e  c e l l  c y c le ,  one may know th e  o p tim a l t h e r ­

mal en v iro n m en t f o r  f u t u r e  i n  v i t r o  s t u d i e s .  A ttem p ts  to  d e te rm in e  op­

t im a l  c u l t u r e  te m p e ra tu re s  f o r  non-human lym phocy tes have  been  made 

(T h e s tru p -P e d e rs e n , 1972; B ru c h e r e t  a l . ,  1973» S c h n e id e r  and  Goldman, 

197*0* T hese s tu d i e s  have  shown t h a t  th e s e  c e l l s  have te m p e ra tu re  op­

tim a  o th e r  th a n  th e  t r a d i t i o n a l  37°C. I t  i s  o f  i n t e r e s t  to  d e te rm in e  

w h e th er 37°G i s  th e  o p tim a l te m p e ra tu re  f o r  human lym phocy tes  i n  v i t r o .
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The second  p u rp o se  o f  t h i s  s tu d y  i s  t o  a t te m p t  t o  r e l a t e  in  v i t r o  e -  

v e n ts  w ith  i n  v iv o  o c c u r re n c e s .  F e v e r  i s  one o f  th e  w ell-know n r e ­

sp o n se s  o f  th e  v e r t e b r a t e  body t o  i n f e c t i o n  ( D in a r e l lo  an d  W o lff, 1978? 

K lu g e r , I 978 ) .  What r o l e  d oes in c r e a s e d  te m p e ra tu re  h av e  i n  th e  immune 

re s p o n se ?  T hese q u e s t io n s  w i l l  be  d e a l t  w ith  i n  l i g h t  o f  th e  r e s u l t s  

o f  t h i s  w ork.

I n  any  s tu d y  o f  c e l l  d iv i s i o n  k i n e t i c s ,  a  method f o r  t r a c i n g  th e  

p a ssa g e  o f  c e l l s  th ro u g h  th e  d iv i s i o n  c y c le  m ust be  em ployed. 5-brom o- 

d e o x y u r id in e  (BUdR) i s  u sed  e x te n s iv e ly  a s  a  l a b e l  i n  t h i s  s tu d y  a n d , 

f o r  t h i s  r e a s o n ,  a  b r i e f  d e s c r ip t i o n  o f  BUdR in c o r p o r a t io n  and  l a b e l in g  

i s  a p p ro p r ia te #

BUdR i s  an  a n a lo g  o f  th y m id in e  and  w i l l  be  in c o r p o r a te d  in t o  DNA 

a t  s i t e s  n o rm a lly  o c c u p ie d  by th y m id in e . A ssum ing uninem y and  sem i- 

c o n s e r a t iv e  r e p l i c a t i o n ,  a f t e r  one r e p l i c a t i o n  p e r io d  in  th e  p re se n c e  

o f  BUdR, each ch ro m a tid  c o n ta in s  one B U d R -su b s titu te d  s t r a n d  o f  DNA 

and  one n o n - s u b s t i tu t e d  s t r a n d  ( u n i f i l a r  s u b s t i t u t i o n ) .  A f te r  two r e p ­

l i c a t i o n s  i n  th e  p re s e n c e  o f  BUdR, one c h ro m a tid  w i l l  c o n ta in  a  u n i-  

f i l a r l y  s u b s t i t u t e d  d o u b le  h e l i x  and  i t s  s i s t e r  c h ro m a tid  w i l l  c o n ta in  

BUdR in  b o th  s t r a n d s  ( b i f i l a r  s u b s t i t u t i o n ) .  S u b seq u en t r e p l i c a t i o n  

p e r io d s  in  th e  p re s e n c e  o f  l a b e l  w i l l  le a d  t o  f u r t h e r  b i f i l a r  s u b s t i t u ­

t i o n  o f  th e  c e l l ' s  genome. However, th e  o r i g i n a l  n o n - s u b s t i tu t e d  s t r a n d  

w i l l  rem ain  n o n - s u b s t i tu t e d ,  d i s r e g a r d in g ,  o f  c o u rs e , th e  phenomenon o f  

s i s t e r  c h ro m a tid  exch an g e .

A f te r  two r e p l i c a t i o n  p e r io d s  in  th e  p re s e n c e  o f  BUdR, s i s t e r  c h ro ­

m a tid s  may be  d i f f e r e n t i a l l y  s t a in e d  by one o f  s e v e r a l  m ethods. Ih e  

method u sed  in  t h i s  s tu d y  i s  an  a d a p ta t io n  o f  th e  f l u o r e s c e n t - p l u s -  

Giemsa m ethod in tr o d u c e d  by P e rry  and W olff (197^? see  a l s o  W eber,
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1979)* A f t e r  t r e a tm e n t  an d  s t a i n i n g ,  u n i f i l a r l y  s u b s t i t u t e d  ch ro m a tid s  

w i l l  s t a i n  d a rk ly  an d  b i f i l a r l y  s u b s t i t u t e d  c h ro m a tid s  w i l l  be  l i g h t l y  

s t a i n e d .  The re a s o n  such  t r e a tm e n t  p ro d u ces  s i s t e r  c h ro m a tid  d i f f e r ­

e n t i a t i o n  i s  n o t  c l e a r .  BUdR in c o r p o r a t io n  c a u se s  " d i f f e r e n t i a l  s p i -  

r a l i z a t i o n "  o f  chromosomes (Z akharov  and  % o l i n a ,  1 9 7 2 ), q u en ch in g  o f  

f lu o r e s c e n c e  o f v a r io u s  d yes ( L a t t ,  1973; P e r r y  an d  W o lff , 197^; K a to ,

197^)> and  th e  s u b se q u e n t s t a i n i n g  p ro c e d u re  c a u se s  l o s s  o f  DNA (Web­

b e r ,  B ra sc h , and  Sm yth, 1 9 3 1 ).

B ecause u n i f i l a r  an d  b i f i l a r  s u b s t i t u t i o n  le a d s  to  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 , th e  number o f  DNA s y n t h e t i c  p e r io d s  a  c e l l  h a s  

undergone  may b e  d e te rm in e d  b ased  on th e  num ber o f  l i g h t  and  d a rk  s t a i n ­

in g  c h ro m a tid s  p r e s e n t  i n  a  m etaphase  sp re a d  ( T ic e ,  S c h n e id e r ,  an d  R ary , 

1 9 7 6 ). F i r s t  an d  seco n d  g e n e r a t io n  m etap h ases  a r e  r e a d i l y  i d e n t i f i a b l e ;  

f i r s t  g e n e r a t io n  m etaphase  chromosomes a r e  u n ifo rm ly  s t a i n e d  w hereas 

seco n d  g e n e r a t io n  m etaphase  chromosomes h av e  one l i g h t  and  one d a rk  

c h ro m a tid . S u b seq u en t g e n e r a t io n  m e ta p h ases , w h ile  n o t  a s  r e a d i l y  i -  

d e n t i f i a b l e  a s  f i r s t  an d  seco n d  g e n e r a t io n  m e ta p h a se s , a r e  n e v e r th e le s s  

c a te g o r i z a b le .  S e p a ra t io n  o f  ch ro m a tid s  a t  m i to s is  i s  a  ran d o n  e v e n t 

i n  th e  s e n s e  t h a t  c h ro m a tid s  c o n ta in in g  u n s u b s t i t u te d  p o ly n u c le o t id e  

s t r a n d s  w i l l  a s s o r t  in d e p e n d e n tly  i n t o  th e  two d a u g h te r  c e l l s  (H eddle 

e t  a l . ,  19&7» T ic e  e t  a l . , 1 9 7 6 ). B ecause c h ro m a tid  a s s o r tm e n t i s  r a n ­

dom, t h i r d  an d  su b se q u e n t g e n e r a t io n  m etaphases may be re c o g n iz e d  on th e  

b a s i s  o f  th e  number o f  d a r k ly  s t a in e d  c h ro m a tid s  p r e s e n t  i n  th e  sp re a d  

(T ic e  e t  a l . , 1 9 7 6 ).

C u ltu re s  o f  n o n -sy n c h ro n o u s ly  d iv id in g  c e l l s  c o n ta in ,  by d e f i n i ­

t i o n ,  c e l l s  i n  a l l  s ta g e s  o f  th e  c e l l  c y c le .  When BUdR i s  added  to  a  

n o n -sy n ch ro n o u s  c u l t u r e ,  c e l l s  in  S p h ase  w i l l  b e g in  l a b e l  in c o rp o ra -
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t i o n  w i th in  s e v e r a l  m in u te s  ( W a lte r s ,  Tobey, and  R a t l i f f ,  1973; C ra ig -  

Holmes an d  Shaw, 1 9 7 6 ), w hereas c e l l s  i n  o th e r  p h a se s  w i l l  o b v io u s ly  

n o t  in c o r p o r a te  th e  l a b e l  u n t i l  th e y  e n t e r  S . C e l l s  w hich w ere sy n ­

t h e s i z i n g  DNA, i . e . ,  w ere i n  S , a t  th e  tim e  o f  BUdR a d d i t i o n  may be 

re c o g n iz e d  by th e  d is c o n t in u o u s  s t a i n i n g  p a t t e r n  o f  t h e i r  m etaphase  

chrom osom es. C hrom atid s w i l l  e x h i b i t  a l t e r n a t i n g  l i g h t  and  d a rk  r e g io n s ,  

th e  d i s t r i b u t i o n  and  e x te n t  o f  th e s e  r e g io n s  d ep en d in g  on how f a r  th e  

c e l l  h ad  ad vanced  i n t o  th e  S p h a se  a t  th e  tim e  o f  l a b e l  a d d i t i o n  

(G rz e s c h ik , Kira, an d  Johannsm ann, 1975; T ic e  e t  a l . ,  I 976 ; Hoo and  

P a rs lo w , 1979)*



GENERAL MATERIALS AND METHODS

Lym phocytes f o r  each  e x p e rim en t w ere o b ta in e d  from  h e p a r in iz e d  

venous b lo o d  fro m  th e  same m ale d o n o r. Each e x p e rim en t was p e rfo rm ed  

u s in g  b lo o d  draw n a t  one t im e ; i . e . , c u l tu r e s  i n  each  e x p e r im en t w ere 

grown s im u lta n e o u s ly .  F o r  each  c u l t u r e ,  0.4- ml o f  p lasm a c o n ta in in g  

ly m p h o cy tes  an d  some e r y th r o c y te s  was ad d ed  to  ^ .5  nil medium composed 

o f  Ham*s F10 (GIBCO) su p p lem en ted  by 20^ f e t a l  c a l f  serum  (GIBCO o r  

F low  L a b o r a to r i e s ) ,  1% p e n i c i l l i n - s t r e p to m y c in  (GIBCO), and  90 p g /m l
o

PHA. (W ellcom e). C e l ls  w ere grown i n  25 cm p l a s t i c  c u l tu r e  f l a s k s  

(F a lc o n )  k e p t  t i g h t l y  capped  d u r in g  th e  p e r io d  o f  in c u b a t io n .

A l l  e x p e r im e n ts  in v o lv e d  s im u lta n e o u s  c e l l  c u l t u r e s  in c u b a te d  a t  

v a r io u s  te m p e ra tu re s .  Each te m p e ra tu re  was m a in ta in e d  i n  a  s e p a r a te  

in c u b a to r  and  was m o n ito red  w ith  a  th e rm o m ete r c a l i b r a t e d  to  a  s p e c i f i c  

te m p e ra tu re  w ith  a  r e f e r e n c e  th e rm o m ete r. C a l ib r a t io n  was p e rfo rm ed  

u s in g  a  t r a y  o f  w a te r  h e a te d  by a  s l i d e  warmer to  th e  d e s i r e d  tem p e ra ­

t u r e .  The w a te r  was k e p t  i n  c o n s ta n t  c i r c u l a t i o n  th ro u g h o u t th e  t r a y  

to  e l im in a te  l o c a l  te m p e ra tu re  d i f f e r e n c e s  w i th in  th e  t r a y .  When w a te r  

te m p e ra tu re  re a c h e d  th e  c a l i b r a t i o n  te m p e ra tu re ,  a s  i n d ic a te d  by th e  

r e f e r e n c e  th e rm o m ete r, th e  l e v e l  o f  m ercury  was m arked on th e  thermom­

e t e r  b e in g  c a l i b r a t e d .

C u l tu re s  to  be te rm in a te d  w ere f i r s t  t r e a t e d  f o r  10 min w ith  

0 .0 7 5  M KC1. A f te r  c e n t r i f u g a t i o n  and  rem oval o f  th e  KC1, c e l l s  w ere 

f i x e d  i n  3*1 ( v /v )  m e th a n o l ig la c ia l  a c e t i c  a c i d .  C e l l s  w ere t r e a t e d

11
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w ith  two 10 min changes o f  f i x a t i v e  and  w ere s to r e d  in  a  t h i r d  f i x a t i v e  

ch an g e . F ix e d  c e l l s  w ere d ropped  o n to  c le a n  w et s l i d e s  f o r  e x am in a tio n .

BUdR (S igm a) was u sed  to  l a b e l  c e l l s  i n  f o u r  o f  th e  f i v e  e x p e r i ­

m en ts . I n  each c u l t u r e ,  th e  f i n a l  BUdR c o n c e n t r a t io n  was 20 pg /m l c u l ­

t u r e  medium. A f te r  t e r m in a t io n ,  a i r - d r i e d  s l i d e s  w ere s t a in e d  f o r  

60 min i n  a  20 jig/m l aq ueous s o lu t io n  o f  H oechst 33258 (A m erican 

H o ech st C o r p . ) .  The s l i d e s  w ere th e n  p la c e d  in  an  enam eled pan and  

co v ered  w ith  2X SSC ( 0 . 3  M NaCl + 0 .0 3  M N a - c i t r a t e ,  pH 7 . 0 ) .  They 

w ere th e n  exposed  f o r  40 min w ith  a  15 w a tt  u l t r a v i o l e t  g e rm ic id a l  lamp 

(G e n e ra l E l e c t r i c )  a t  a  d i s t a n c e  o f  a p p ro x im a te ly  25 cm. A f te r  UV- 

i r r a d i a t i o n ,  more 2X SSC was added  u n t i l  th e  s l i d e s  w ere c o v ered  to  a  

d e p th  o f  a b o u t 6 mm. The s l i d e s  w ere th e n  h e a te d  u n t i l  th e  s a l t  s o lu ­

t i o n  re a c h e d  70°C. Once a c h ie v e d , t h i s  te m p e ra tu re  was m a in ta in e d  f o r  

15 m in. S l id e s  w ere th e n  r i n s e d  i n  h o t  ta p  w a te r  and  s t a i n e d .  The 

s t a i n  u sed  was an  aqueous Giemsa composed o f  1% A zure B in  0 .0 5  M NaH^PO^ 

pH 6 .8  and  1% E o s in  Y in  th e  same b u f f e r .  The f i n a l  s t a i n i n g  s o lu t io n  

was a  5*2*30 m ix tu re  (A zure B sE osin  Y j b u f f e r ) . (F o r  more d e t a i l s  on 

s i s t e r  c h ro m a tid  d i f f e r e n t i a t i o n ,  s e e  A ppendix C in  W eber, 1979)*

I t  h a s  b een  s u g g e s te d  t h a t  BUdR c o n c e n tr a t io n s  above a p p ro x im a te ly  

11 pg /m l c u l tu r e  medium i n h i b i t  c e l l u l a r  k i n e t i c s  (T ic e  e t  a l . ,  1 9 7 6 ).

The c o n c e n t r a t io n  o f BUdR u sed  in  each ex p erim en t in  th e  p r e s e n t  s tu d y  

was 20 pg /m l c u l tu r e  medium. T h is  c o n c e n tr a t io n  o f BUdR a f f o r d s  con­

s i s t e n t  d i f f e r e n t i a t i o n  o f  s i s t e r  c h ro m a tid s  w ith  h ig h  c o n t r a s t  be tw een  

u n i f i l a r l y  and  b i f i l a r l y  s u b s t i t u t e d  c h ro m a tid s . I f  th e r e  h a s  been  an  

i n h i b i t o r y  e f f e c t  b e ca u se  o f  BUdR c o n c e n t r a t io n ,  each sam ple would 

m ost l i k e l y  be a f f e c t e d  to  th e  same e x te n t .



EXPERIMENT 1 -  OVERALL GROWTH KINETICS

MATERIALS AND METHODS

To e s t a b l i s h  th e  tem p era  tu re -d e p e n d e n c e  o f  o v e r a l l  lym phocyte  

g row th  and  d i v i s io n  k i n e t i c s ,  c u l t u r e s  o f  P H A -stim u la ted  lym phocy tes  

w ere in c u b a te d  f o r  72 h r  a t  two d e g re e  i n t e r v a l s  from  31°  t o  43°C.

BUdR was added  to  each c u l tu r e  a t  th e  tim e  o f  i t s  i n i t i a t i o n  an d  was 

p r e s e n t  i n  th e  medium u n t i l  t e r m in a t io n ,  C olcem id was p r e s e n t  f o r  th e  

l a s t  2 h r  o f  c u l t u r e .

A f t e r  te r m in a t io n  an d  s i s t e r  ch ro m a tid  d i f f e r e n t i a t i o n ,  100 m eta­

p h a se s  from  each  c u l t u r e  w ere s c o re d  f o r  t h e  number o f  d iv i s io n s  u n d e r­

gone an d  a  g row th  r a t e  in d e x  (GRl) was c a l c u l a t e d  f o r  each  c u l t u r e .

The GRI i s  d e f in e d  a s  th e  sum o f  th e  number o f  c e l l s  t h a t  underw en t a  

c e r t a i n  number o f  d i v i s i o n s ,  m u l t ip l ie d  by t h a t  num ber o f  d iv i s io n s  

f o r  a l l  c e l l s  s c o re d  i n  a  sam p le . T h is  num ber i s  -then d iv id e d  by  th e  

num ber o f  c e l l s  i n  th e  sam ple .

RESULTS

C a lc u la te d  GRI v a lu e s  a r e  shown i n  F ig ,  1 p l o t t e d  a g a i n s t  th e  tem ­

p e r a tu r e s  a t  which th e y  w ere o b se rv e d . T ie  c u rv e  shows t h a t  th e  a v e r ­

ag e  number o f  lym phocy te  d iv i s io n s  i s  I n f lu e n c e d  by in c u b a t io n  tem p er­

a t u r e .  The peak  GRI o c c u rs  a t  39°C, i n d i c a t i n g  t h a t  c e l l s  m a in ta in e d  

a t  39°G underw en t more d iv i s io n s  th a n  d id  c e l l s  m a in ta in e d  a t  o th e r  

te m p e ra tu re s .  T em p era tu re s  above and  below  39°G le d  to  s h a rp  d e c r e a s e s  

i n  GRI v a lu e s ,

13
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No m i to t i c  f i g u r e s  w ere see n  i n  c e l l s  in c u b a te d  a t  e i t h e r  31° o r  

43°C . T hese te m p e ra tu re s  may be  n o n -p e rm is s iv e  f o r  e i t h e r  d iv i s i o n  o r  

t r a n s f o r m a t io n ,  b u t  a r e  n o t  n e c e s s a r i l y  l e t h a l  to  th e  c e l l s .

C u l tu re s  o f  s t im u la te d  lym phocy tes  c o n ta in  p o p u la t io n s  o f  c e l l s  

v a ry in g  i n  t h e i r  p r o l i f e r a t i v e  h i s t o r y  (C ro ssen  and  M organ, 1979)* 

C e l l s  h a v in g  u n dergone  th r e e  and  f o u r  d iv i s io n s  co m p rise  th e  m a jo r i ty  

o f  th e  sam ples a t  37° an d  39°G r e s p e c t i v e l y .  However, some t h i r d  gen­

e r a t i o n  m etap h ases  a r e  se e n  a t  s u p ra -  and  su b o p tim a l te m p e ra tu re s ,  a l ­

b e i t  a t  v e ry  low  f r e q u e n c ie s  (T a b le  2 ) .
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F ig ,  1 , E xperim en t 1 r e s u l t s .  Each p o in t  r e p r e s e n t s  th e  GRI v a lu e  
c a lc u la te d  from  100 m e tap h ases  from  each  c u l t u r e .
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EXPERIMENT 2 -  THE TIME-COURSE OF PHA TRANSFORMATION

MATERIALS AND METHODS

o
C e l ls  t o  b e  r a d i o a c t i v e l y  la b e le d  w ere t r e a t e d  w ith  H-TdR ( s p e ­

c i f i c  a c t i v i t y  2 0 ,0  C i/m m ol) (New E ngland  N u c le a r)  to  a  f i n a l  a c t i v i t y  

o f  0 ,2  pC i/m l c u l t u r e  medium. A f te r  t e r m in a t io n ,  a i r - d r i e d  s l i d e s  w ere 

p re p a re d  f o r  a u to ra d io g ra p h y . S l id e s  w ere d ip p e d  i n  Kodak NTB2 N u c lea r  

T rack  E m ulsion  and  s to r e d  a t  4°C f o r  one week. The s l i d e s  w ere th e n  

d e v e lo p e d  and  s t a i n e d  u s in g  a  m o d if ic a t io n  o f  R ic h a rd so n ’ s  s t a i n  (R ic h ­

a rd s o n , J a r e t t ,  and  F in k e , i 960 ) .  I n  th e  m o d if ied  s t a i n ,  A zure B was 

u se d  r a t h e r  th a n  A zur I I .  A f te r  s t a i n i n g ,  th e  s l i d e s  w ere d e h y d ra te d  

and  mounted w ith  K leerm oun t,

S ix  c u l t u r e s  o f  lym phocy tes w ere in c u b a te d  a t  each o f  f o u r  tem ­

p e r a tu r e s  1 35°» 37° t 39°* and  41°C. F i f t e e n  h o u rs  a f t e r  i n i t i a t i o n  o f  
3

th e  c u l t u r e s ,  H-TdR was added  to  one c u l tu r e  a t  each  te m p e ra tu re .
3

T h ree  h o u rs  l a t e r ,  th e s e  f o u r  c u l tu r e s  w ere te rm in a te d  and  H-TdR was 

ad d ed  t o  a n o th e r  c u l tu r e  from  each s e r i e s .  A l l  c u l t u r e s  w ere s u c c e s s iv e ­

l y  t r e a t e d  i n  t h i s  m anner. A u to ra d io g ra p h s  w ere p re p a re d  and  1000 c e l l s ,  

b o th  in te r p h a s e  an d  m e tap h ase , from  each c u l tu r e  w ere s c o re d  f o r  r a d i o ­

l a b e l i n g .  A c e l l  was c o n s id e re d  r a d io - l a b e l e d  i f  a t  l e a s t  25 g r a in s  

w ere p r e s e n t  i n  th e  em u ls io n  d i r e c t l y  above th e  c e l l .  The p e rc e n ta g e  

o f  l a b e l e d  c e l l s  f o r  each c u l tu r e  was c a lc u la te d .

RESULTS

The te m p e ra tu re -d e p e n d e n c e  o f  grow th  o b se rv ed  i n  E xperim en t 1 may

17
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be  due e i t h e r  to  a  s h o r t e r  c e l l  c y c le  a t  o r  n e a r  th e  o p tim a l tem p e ra ­

t u r e ,  an  enhanced r a t e  o f t r a n s f o r m a t io n ,  o r  a  c o m b in a tio n  o f  b o th . 

P re v io u s  i n v e s t i g a t i o n s  o f  th e  te m p e ra tu re -d e p e n d e n c e  o f  t r a n s f o r m a t io n

h ave  n o t  a d e q u a te ly  d e f in e d  p o s s ib le  r a t e  d i f f e r e n c e s  due to  tem p era -
3

t u r e .  H e re , by s e r i a l  H-TdR l a b e l in g  and f i x a t i o n  o f  a  s e t  o f  c u l t u r e s ,  

an  18 h r  p r o f i l e  o f  t r a n s f o r m a t io n  r a t e  a t  each o f  f o u r  e x p e r im e n ta l 

te m p e ra tu re s  was o b ta in e d .

F ig ,  2 shows th e  p e rc e n ta g e  o f  l a b e le d  c e l l s  p l o t t e d  a g a in s t  th e  

tim e  from  c u l tu r e  i n i t i a t i o n  to  f i x a t i o n .  A t in c u b a t io n  tim e s  o f  2? 

t o  33 h r ,  a p p ro x im a te ly  tw ic e  a s  many c e l l s  a t  39°C w ere s y n th e s iz in g  

DNA com pared to  c e l l s  a t  37°C. The t r a n s f o r m a t io n  r a t e s  a t  35° and 

^1°G w ere s im i l a r  to  one a n o th e r  and much lo w e r th a n  r a t e s  a t  37° and  

39°c.

The d i f f e r e n t  r a t e s  o b se rv ed  a r e  n o t due to  d i f f e r e n c e s  i n  p ro ­

l i f e r a t i v e  a b i l i t y  a s  Ashman and  Nahmias (1978) have  s u g g e s te d . Among 

a l l  sam ples c o u n te d , o n ly  two m etap h ases  w ere s e e n , one each a t  37° and  

39°G, b o th  a t  33 h r .  I f  p r o l i f e r a t i o n  r a t e ,  r a t h e r  th a n  t r a n s fo rm a t io n  

r a t e ,  d i f f e r e n c e s  w ere r e s p o n s ib le  f o r  d i f f e r e n c e s  i n  number o f  la b e le d  

c e l l s ,  th e n  many more d iv id in g  c e l l s  would h av e  been  p r e s e n t .  S in c e  

o n ly  two m i to t i c  f i g u r e s  w ere o b se rv e d , i t  seem s r e a s o n a b le  to  co n c lu d e  

t h a t  h ig h e r  numbers o f  l a b e le d  c e l l s  a r e  n o t  th e  p ro d u c t o f  in c re a s e d  

c e l l  d iv i s i o n  and t h a t  t r a n s f o r m a t io n  i s  a te m p e ra tu re -d e p e n d e n t p ro ­

c e s s  w ith  th e  peak  i n  v i t r o  r a t e  a t  39°G.
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F ig .  2 . E x perim en t 2 r e s u l t s .  The a b s c i s s a  r e p r e s e n t s  th e  t o t a l  t im e  
o f  in c u b a t io n  f o r  one c u l tu r e  fro m  each te m p e ra tu re  s e r i e s .  
The c u l tu r e s  in c u b a te d  f o r  th e  t im e s  i n d i c a t e d  c o n ta in e d  t r i -  
t i a t e d  th y m id in e  ( 1 .0  p C i) f o r  3 h r  im m e d ia te ly  p r i o r  to  t e r ­
m in a tio n .
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EXPERIMENT 3 -  THE TIME-COURSE OF CELL DIVISION

FOLLOWING TRANSFORMATION

MATERIALS AND METHODS

Seven c u l tu r e s  w ere i n i t i a t e d . a t  37°C w ith  PHA b u t w ith o u t l a b e l .  

A f te r  96 h r  a t  37°C , t h e  c e l l s  w ere th e n  t r a n s f e r r e d  to  f r e s h  medium 

c o n ta in in g  BUdR b u t  no PHA. Each c u l tu r e  was m a in ta in e d  a t  a  d i f f e r e n t  

te m p e ra tu re  o v e r  th e  ra n g e  o f  3 l° -^ 3 °C  ( a t  two d e g re e  i n t e r v a l s )  f o r  

a n  a d d i t i o n a l  72 h r .  C olcem id was p r e s e n t  d u r in g  th e  l a s t  h o u r o f  i n ­

c u b a t io n .  A f t e r  te r m in a t io n  an d  s i s t e r  c h ro m a tid  d i f f e r e n t i a t i o n ,  100 

m e tap h ases  from  each c u l t u r e  w ere s c o re d  f o r  th e  number o f  d iv i s io n s  

i n  th e  p re s e n c e  o f  BUdR, and  a  GRI f o r  each te m p e ra tu re  was c a lc u la t e d .

RESULTS

T ra n s fo rm a tio n  r a t e  d i f f e r e n c e s  u n d o u b te d ly  c o n t r ib u te  t o  th e  tem ­

p e ra  tu re -d e p e n d e n c e  o f  o v e r a l l  lym phocyte  k i n e t i c s ?  how ever, th e  d i v i ­

s io n  c y c le  may a l s o  be  te m p e ra tu re -d e p e n d e n t ,  a s  i t  i s  i n  o th e r  mam­

m a lia n  c e l l s .  By p r e in c u b a t io n  o f  c u l tu r e s  a t  37° C f o r  96 h r  w ith  PHA, 

each c u l t u r e  c o n ta in e d  a n  e q u iv a le n t  p o o l o f  d iv id in g  lym phocy tes a t  th e  

b e g in n in g  o f  th e  in c u b a t io n  p e r io d  a t  th e  e x p e r im e n ta l  te m p e ra tu re . 

C o n se q u e n tly , any  d i f f e r e n c e s  i n  grow th  r a t e  o b se rv ed  o v e r  th e  tem p era ­

t u r e  ra n g e  may be  a t t r i b u t e d  to  d i f f e r e n c e s  i n  c e l l  c y c le  d u r a t io n .

As i n  E xperim en t 1 , GRI v a lu e s  a r e  shown p l o t t e d  a g a in s t  in c u b a ­

t i o n  te m p e ra tu re  (F ig . 3)« A g a in , t h e r e  a p p e a rs  to  be a  te m p e ra tu re

e f f e c t .  T here  i s ,  how ever, no d i s t i n c t  peak GRI. I n d ic e s  a t  37° and
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39°G a r e  2 .9 ^  and  3«0^i r e s p e c t i v e l y .  A p p a re n tly  enhanced  o v e r a l l  lym­

p h o cy te  g ro w th , a s  s e e n  i n  th e  39°G c u l tu r e  i n  E x p erim en t 1 m ust have  

b een  due to  th e  h ig h e r  r a t e  o f  t r a n s f o r m a t io n  a t  39°G w ith  l i t t l e  o r  

no d i f f e r e n c e  i n  d i v i s i o n  c y c le  tim e s  betw een  c e l l s  a t  37° and  th o s e  

a t  39°C.

No m i to t i c  a c t i v i t y  was o b se rv ed  in  c e l l s  in c u b a te d  a t  ^3°G* I t  

i s  p o s s ib le  t h a t  in c u b a t io n  a t  ^3°G i s  n o t  l e t h a l ,  b u t  m ere ly  n o n -p e r -  

m is s iv e  f o r  m i to s i s .  Z eu th en  (1972) n o te d  t h a t  i n  Psam m echinus eg g s, 

in c u b a t io n  a t  s u p ra o p tim a l te m p e ra tu re s  w i l l  c a u se  d i s r u p t io n  o f  th e  

m i to t i c  a p p a r a tu s  y e t  w i l l  a l lo w  th e  c e l l  t o  c o n tin u e  n o n - p r o l i f e r a t i v e  

g row th  w ith  e n la rg em e n t o f  c e l l  volum e. A s i m i l a r  phenomenon may e x i s t  

f o r  human ly m phocy tes a t  ^3°G»

M ito t ic  f i g u r e s  w ere n o te d  i n  c e l l s  grown a t  31°C w hereas none 

w ere e v id e n t  i n  th e  31°G c u l tu r e  i n  E xperim en t 1 . A p p a re n tly  t r a n s f o r ­

m a tio n  i s  i n h i b i t e d  a t  31°G, b u t  c e l l  d iv i s io n  may p ro c e e d , a l b e i t  a t  

a  low  r a t e .
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F ig , 3* E xperim en t 3 r e s u l t s .  Each p o in t  r e p r e s e n t s  th e  GRI v a lu e  
c a lc u la t e d  from  100 m etap h ases  from  each c u l t u r e .
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EXPERIMENT 4 -  THE DURATION OP G£

MATERIALS AND METHODS

Seven c u l t u r e s  o f  lym phocy tes  w ere  i n i t i a t e d  a t  each  o f  f o u r  tem ­

p e ra tu re s *  35° t 37°$ 39°» and  ^1°C-. S ix t y - f i v e  h o u rs  a f t e r  i n i t i a t i o n ,  

BUdR was ad d ed  to  one c u l t u r e  a t  each te m p e ra tu re .  A f t e r  1 h r ,  BUdR 

was added  to  a n o th e r  c u l t u r e  from  each  s e r i e s .  T h is  s e q u e n t ia l  a d d i ­

t i o n  o f  BUdR was c o n tin u e d  u n t i l  a l l  c u l tu r e s  w ere l a b e l e d .  A l l  c u l ­

t u r e s  w ere te rm in a te d  1 h r  a f t e r  a d d i t i o n  o f  BUdR to  th e  l a s t  c u l tu r e  

fro m  each  s e r i e s  and  a d d i t i o n  o f C olcem id to  a l l  c u l t u r e s .

A f t e r  t e r m in a t io n  an d  s i s t e r  c h ro m a tid  d i f f e r e n t i a t i o n ,  100 m eta­

p h a se s  from  each  c u l t u r e  w ere s c o re d . C e l ls  w hich h ad  b een  s y n th e s iz ­

in g  DNA a t  th e  tim e  o f  l a b e l  a d d i t io n  w ere p ro m in en t due to  th e  p r e s ­

ence  o f  r e p l i c a t i o n  ban d s on th e  chrom osom es. C e l l s  t h a t  had  p a sse d  

i n t o  G^ p r i o r  to  l a b e l  a d d i t i o n  e x h ib i te d  no such  b a n d s; in s t e a d  th e s e  

chromosomes w ere u n ifo rm ly  s t a in e d .

The p e rc e n ta g e  o f  c e l l s  s c o re d  a s  S p h ase  from  each sam ple was 

p l o t t e d  a g a i n s t  th e  le n g th  o f  tim e  BUdR was p r e s e n t  i n  th e  c u l t u r e .

The 50^ l e v e l  was chosen  a s  th e  p o in t  o f  t r a n s i t i o n  from  S to  G^ o f  

th e  sam ple p o p u la t io n .

RESULTS

As shown i n  F ig .  th e  le n g th  o f  tim e  a  c e l l  rem a in s  in  G^ a p p e a rs

to  be  d ep en d en t on te m p e ra tu re . C e l ls  a t  39°G had th e  s h o r t e s t  a v e ra g e

G^ tim e , 1 ,6  h r ;  G^ tim e s  a t  37°» 35°» and ^1°C w ere p r o g r e s s iv e ly  lo n g e r .

25
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C e l l s  in c u b a te d  a t  39°C a l s o  e x h ib i te d  th e  l e a s t  v a r i a b i l i t y  i n  G^ 

l e n g th .  P hase  le n g th  v a r i a b i l i t y  was g r e a t e s t  a t  4-1 °C ; a t  t h i s  tem ­

p e r a t u r e ,  14$ o f  th e  m e tap h ases  fo u n d  6 h r  a f t e r  BUdR a d d i t i o n  h ad  com­

p l e t e d  t h e i r  l a s t  S p h a se  p r i o r  t o  t h a t  t im e , even  though  th e  c a lc u ­

l a t e d  a v e ra g e  d u r a t io n  o f  G^ was 3*0 h r .  Such in c r e a s e d  v a r i a b i l i t y  

may h av e  c o n t r ib u te d  t o  th e  anom alous c o u n ts  a t  3 h r  f o r  c u l t u r e s  a t  

b o th  35 ° an d  41°G.
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F ig ,  4 ,  E xperim en t 4* r e s u l t s .  The a b s c i s s a  r e p r e s e n t s  th e  tim e  fro m  
a d d i t i o n  o f  BUdR to  te r m in a t io n  o f  c e l l s .  Each p o in t  i s  t h e  
p e rc e n ta g e  o f  c e l l s  i n  S p h ase  a t  th e  tim e  o f  BUdR a d d i t i o n ,  
i n  a  sam ple o f  100 m etap h ases  from  each  c u l t u r e .  T here  w ere 
anom alous c o u n ts  a t  3 h r  from  c u l t u r e s  in c u b a te d  a t  35° and  
k l  C, p ro b a b ly  due to  v a r i a t i o n  in h e r e n t  i n  p o p u la t io n s  o f  
lym p h o cy tes  i n  v i t r o .
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EXPERIMENT 5 -  THE DURATIONS OF M-K̂  AND OF S

MATERIALS AND METHODS

oE ig h t c u l tu r e s  w ere i n i t i a t e d  a t  each  o f  f o u r  te m p e ra tu re s*  35 »

37°» 39°> and  *fl°C. A f t e r  36  h r ,  BUdR was ad d ed  to  one c u l t u r e  from  

each  s e r i e s .  T h ree  h o u rs  l a t e r ,  BUdR was ad d ed  t o  a n o th e r  c u l t u r e  i n  

each  s e r i e s .  A l l  c u l t u r e s  w ere l a b e l e d  a t  3 b r  i n t e r v a l s  e x c e p t th e  

f i n a l  c u l t u r e  i n  each  s e r i e s  w hich was l a b e l e d  2 h r  a f t e r  th e  p re v io u s  

a d d i t i o n .  A l l  c u l t u r e s  w ere te rm in a te d  6 h r  a f t e r  th e  a d d i t i o n  o f  l a b e l  

t o  t h e  l a s t  c u l tu r e  i n  each  s e r i e s  an d  a f t e r  in c u b a t io n  w ith  C olcem id 

f o r  1 h r .

As b e f o r e ,  100 m etap h ases  fro m  each c u l t u r e  w ere s c o re d  a c c o rd in g  

t o  th e  p a t t e r n  o f  l a b e l .  S p read s  t h a t  w ere u n ifo rm ly  s t a i n e d  w ere , a t  

t h e  tim e  o f  l a b e l  a d d i t i o n ,  i n  e i t h e r  G^, m i t o s i s ,  o r  th e  p re c e d in g  

th e  f i n a l  S p h ase  b e f o r e  t e r m in a t io n .  S p read s  e x h ib i t in g  r e p l i c a t i o n  

bands w ere i n  th e  f i n a l  S p h ase  b e f o r e  te r m in a t io n .  The p e rc e n ta g e s  

o f  m etap h ases  which h ad  b een  c e l l s  i n  th e s e  two c a te g o r ie s  w ere p l o t t e d  

a g a i n s t  th e  tim e  o f  I n c u b a t io n  w ith  l a b e l  ( F ig s .  5 - 8 ) .  The p o in t  w here 

each c u rv e  c ro s s e d  th e  50^ l e v e l  was ta k e n  a s  th e  p h ase  t r a n s i t i o n  

tim e .

T h ere  w ere c e l l s  i n  s e v e r a l  o f  th e  sa m p le s , e s p e c i a l l y  in  th e  37° 

an d  39°C c u l t u r e s ,  w hich underw en t two S p h a se s  i n  th e  p re s e n c e  o f  

BUdR. T hese c e l l s  w ere n o t  in c lu d e d  i n  F ig s .  5 -8 .
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RESULTS

The p e rc e n ta g e s  o f  th e  two c a te g o r ie s  o f  m etaphase  s p re a d s ,  th o s e  

s t a in e d  u n ifo rm ly  and  th o s e  w ith  r e p l i c a t i o n  b a n d s , a r e  shown i n  F ig s ,  

5 -8  p l o t t e d  a g a i n s t  t im e  o f  in c u b a t io n  w ith  l a b e l ,  The p l o t  o f  th e  

p e rc e n ta g e  o f  u n ifo rm ly  s t a i n e d  s p re a d s  i s  d e s ig n a te d  G^+MtG^ • th e  p l o t  

o f  th e  p e rc e n ta g e  o f  s p re a d s  w ith  r e p l i c a t i o n  bands i s  d e s ig n a te d  S+G^. 

The p re v io u s ly  d e te rm in e d  G^ tim e  was s u b t r a c te d  from  each p h ase  t r a n ­

s i t i o n  tim e  to  y i e l d  a v e ra g e  M+G  ̂ and  S d u r a t io n s .  Some c e l l s  s c o re d  

a s  G^+M+G  ̂ a t  each  te m p e ra tu re  may n o t  have  undergone  a  p re v io u s  d i v i ­

s io n  due to  th e  p re s e n c e  o f  v a r i a b l e  s u b p o p u la t io n s  in h e r e n t  i n  lym pho­

c y te  c u l t u r e s .  F o r  t h i s  r e a s o n ,  a d d i t i o n a l  G  ̂ v a lu e s  in  T ab le  1 a r e  

p re s e n te d  i n  p a r e n th e s e s ;  th e s e  v a lu e s  h ave  n o t  had  th e  r e s p e c t iv e  G^ 

v a lu e s  s u b t r a c te d .

As shown i n  T a b le  1 , M*G  ̂ tim e s  a p p e a r  t o  be te m p e ra tu re -d e p e n d e n t . 

Ih e  s h o r t e s t  d u r a t io n  i s  seen  a t  39°C; how ever, th e r e  i s  h a r d ly  any  

d i f f e r e n c e  betw een t h i s  tim e  an d  t h a t  se e n  a t  3 7°G. Ih e  M*G  ̂ d u r a t io n s  

o b se rv ed  a t  35° and  4 l°C  a r e  a l s o  s im i l a r  to  each o th e r .  Between th e  

two te m p e ra tu re  c l a s s e s ,  how ever, th e r e  i s  a  d i f f e r e n c e  o f  a p p ro x im a te ly  

4 h r .

The d u r a t io n  o f  th e  S p h ase  p r e s e n ts  a  d i f f e r e n t  p a t t e r n .  The 

s h o r t e s t  S p h ase  was o b se rv ed  in  c e l l s  grown a t  35°G (T ab le  1 ) ;  S p h ase  

in c r e a s e s  i n  le n g th  a s  in c u b a t io n  te m p e ra tu re  i n c r e a s e s .  A s i m i l a r  i n ­

c re a s e  in  th e  d u r a t io n  o f S w ith  te m p e ra tu re  was n o te d  by S c h n e id e r  and 

Goldman (1974) in  ly m phocy tes from  th e  opossum D ld e lp h is  v i r g l n i a n a .

T ab le  1 a l s o  in c lu d e s ,  in  p a re n th e s e s ,  d u r a t io n s  o f  S p h ase  which 

have  h ad  0 .5  h r  s u b t r a c te d  to  com pensate f o r  th e  a v e ra g e  tim e  c e l l s  may 

have  b een  a r r e s t e d  in  m etaphase  by C olcem id.
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F ig .  5* E xperim en t 5 r e s u l t s ,  35°G. The a b s c i s s a  r e p r e s e n t s  th e  tim e  
fro m  a d d i t io n  o f  BUdR to  te r m in a t io n  o f  c e l l s .  The c u rv e  d e s ­
ig n a te d  a s  i s  o f  th e  p e rc e n ta g e  o f  c e l l s  i n  S p h ase  a t  t h e
tim e  o f  l a b e l  a d d i t i o n .  The c u rv e  d e s ig n a te d  a s  G_+M+G  ̂ i s  
o f  th e  p e rc e n ta g e  o f  c e l l s  i n  e i t h e r  o f  th o s e  p h a se s  a t  th e  
tim e  o f  l a b e l  a d d i t i o n .  These c e l l s ,  s c o re d  a s  u n ifo rm ly  
s t a i n e d  chrom osom es, a l s o  h ad  t o  t r a v e r s e  S , Gp, and  m i to s is  
t o  m etap h ase . However, t h e  segm ent o f t h i s  c u rv e  betw een  th e  two 
5Q^ l e v e l s  r e p r e s e n t s  o n ly  th e  tim e  o f  Gp+M+Gj,. C u ltu re s  un­
d e rg o in g  e a r ly  l a b e l in g  a l s o  c o n ta in e d  some c e l l s  w hich had  
gone th ro u g h  two r e p l i c a t i o n s  i n  th e  p re s e n c e  o f  BUdR; th e s e  
h av e  n o t  b een  r e p r e s e n te d  on th e  g ra p h , b u t  th e  p e rc e n ta g e s  o f  
th e s e  c e l l s  i n  th e  c o u n ts  a r e  p re s e n te d  i n  A ppendix  A. The 
p re c e d in g  d e s c r ip t i o n s  a l s o  a p p ly  to  th e  o th e r  g ra p h s  o f  th e  
r e s u l t s  o f  E xperim en t 5»
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P ig .  6 . E xperim en t 5 r e s u l t s ,  37°G. P e rc e n ta g e s  o f  6 h r  la b e le d  c e l l s  
a r e  n o t  in c lu d e d  h e r e ,  b u t  a r e  l i s t e d  i n  A ppendix  A.
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M + G j , S  DURATION 3 7 °
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F ig .  7« E x perim en t 5 r e s u l t s ,  39°G*
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F ig .  8 . E xperim en t 5 r e s u l t s ,  **1°C.
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DISCUSSION

I n  t h i s  s tu d y , peak  grow th  r a t e ,  i n  te rm s  o f  o v e r a l l  i n  v i t r o  lym­

p h o c y te  grow th k i n e t i c s ,  was o b se rv ed  i n  c u l tu r e s  in c u b a te d  a t  39°C. 

Lym phocytes i n  E x p erim en t 1 u n d erw en t, on th e  a v e ra g e , more d iv i s io n s  

when in c u b a te d  a t  39°C th a n  a t  th e  o th e r  e x p e r im e n ta l  te m p e r a tu r e s . 

T h e re fo re ,  in c u b a t io n  a t  39°G p ro v id e s  th e  o p tim a l th e rm a l en v iro n m en t 

f o r  o v e r a l l  p r o l i f e r a t i v e  g row th  o f  h u ia n  ly m phocy tes i n  v i t r o . In c u ­

b a t io n  a t  te m p e ra tu re s  above and  below  39°G r e s u l t e d  i n  s h a rp  d e c r e a s e s  

i n  th e  o b se rv ed  a v e ra g e  number o f  d i v i s i o n s ,

S u b o p tin a l  te m p e ra tu re s  a llo w e d  a  low  r a t e  o f  d i v i s io n  i n  p r e v i ­

o u s ly  tra n s fo rm e d  c e l l s .  C o n ce iv ab ly , d iv i s io n  would s t i l l  be  p o s s ib le  

a t  te m p e ra tu re s  even  lo w er th a n  th o s e  em ployed i n  t h i s  s tu d y . The 

s lo w e r  grow th o b se rv ed  a t  su p ra o p tim a l te m p e ra tu re s  m igh t have  r e s u l t e d  

from  h e a t  damage to  th e  m ic ro tu b u le s  o f  th e  s p in d le  a p p a r a tu s  an d  by 

i n t e r f e r e n c e  w ith  th e  s e p a r a t io n  o f  s i s t e r  c h ro m a tid s  (Z eu th e n , 1972) .  

In c u b a t io n  o f mammalian c e l l s  a t  43 -48°C  w i l l  d e n a tu re  some c e l l u l a r  

p r o t e in s  and  w i l l  in d u c e  s t r u c t u r a l  damage o f  e n t i r e  o r g a n e l le s  (L andry  

an d  M arceau, 1978? 1979)*

A lthough  th e r e  was a  s h a rp  peak GRI a t  39°G i n  E xperim en t 1 , th e r e  

was no c l e a r  peak  i n  E xperim en t 3« I n s t e a d ,  GRI v a lu e s  a t  37° and  

39°G w ere e s s e n t i a l l y  s i m i l a r .  T h is  s i m i l a r i t y  i n d i c a t e s  t h a t  th e  t o ­

t a l  d u r a t io n  o f th e  d iv i s io n  c y c le  a t  39° i s  n o t  d i f f e r e n t  th a n  t h a t  

a t  37°G. The d i f f e r e n c e  i n  te m p e ra tu re  o p tim a n o te d  betw een  th e  two 

e x p e r im en ts  p ro b a b ly  r e s u l t s  from  a  th e rm a l d i f f e r e n t i a l  i n  t r a n s f o r -
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m ation  r a t e .  As n o te d  p r e v io u s ly ,  Ashman and  Nahmias (1978) co n clu d ed  

t h a t  Con A -m ed ia ted  t r a n s f o r m a t io n  r a t e s  a r e  n o t  te m p e ra tu re -d e p e n d e n t. 

However, o v e r  a n  18 h r  p e r io d ,  P H A -stim u la ted  lym phocy tes in c u b a te d  a t  

39°C e x h ib i te d  an  a c c e l e r a t e d  r a t e  o f  e n t r y  i n t o  th e  d i v i s io n  c y c le
3

b a se d  on th e  p e rc e n ta g e  o f  c e l l s  l a b e l e d  w ith  H-TdR a s  com pared w ith  

lym p h o cy tes  c u l tu r e d  a t  37°» 35°» o r  41°G. A p p a re n t ly , c e l l s  which 

e n te r  th e  d iv i s i o n  c y c le  e a r l i e r  th a n  o th e r s  w ith  th e  same p r o l i f e r a ­

t i o n  r a t e  w i l l  undergo  more d iv i s io n s  th a n  w i l l  l a t e r  e n t r i e s ,  assum ing  

c o n tin u e d  p ro g r e s s  th ro u g h  s u c c e s s iv e  d i v i s i o n s .

A t te m p e ra tu re s  above an d  below  th e  37°-39°C  ra n g e  i n  E xperim en t 

3 ,  GRI v a lu e s  in d ic a te d  a  le n g th e n in g  o f  th e  c e l l  c y c le .  T h e re fo re , 

th e  te m p e ra tu re  ra n g e  37°-39°C  r e p r e s e n t s  a  b ro a d  optimum w ith  r e s p e c t  

t o  t o t a l  d i v i s io n  c y c le  l e n g th .  However, when th e  o v e r a l l  k i n e t i c s  o f  

i n  v i t r o  lym phocyte  p r o l i f e r a t i v e  g row th  a r e  c o n s id e re d ,  th e  o p tim a l 

te m p e ra tu re  i s  39°G. A t s u p ra -  and  su b o p tim a l te m p e ra tu re s ,  b o th  d e ­

c re a s e d  t r a n s f o r m a t io n  r a t e s  and  le n g th e n e d  d iv i s i o n  c y c le  tim e s  con­

t r i b u t e  to  th e  lo w e r a v e ra g e  number o f  d iv i s io n s  o b se rv e d  i n  c u l tu r e s  

from  E xperim en t 1 ,

As p re v io u s ly  n o te d ,  t h e r e  i s  some u n c e r t a in t y  a s  to  th e  d e g re e  

o f  t h e r m o s e n s i t iv i ty  o f  each p h ase  o f  th e  d iv i s io n  c y c le .  Ih e  p h a se s  

o f  th e  d iv i s io n  c y c le  a r e  d e l im i te d  by th e  i n i t i a t i o n  an d  co m p le tio n  

o f  DNA s y n th e s i s  and  m i to s i s .  I n i t i a t i o n  o f  b o th  h a s  b een  fo u n d  to  be 

u n d e r p o s i t i v e  c o n t r o l  m ed ia ted  by c y to p la sm ic  f a c t o r s ,  th o u g h t to  be 

p r o t e i n s j  c o m p le tio n  o f  b o th  i s  th e  r e s u l t  o f  an  o r c h e s t r a t e d  s e r i e s  

o f  e v e n ts  and  p r o c e s s e s ,  a p p a r e n t ly  in d e p e n d e n t o f  th e  a fo re m e n tio n e d  

c y to p la sm ic  f a c t o r s  (ihom pson an d  M cCarthy, I 968 ; Rao an d  Jo h n so n , 1970# 

Kumar an d  F ried m an , 1972; G rav es , 1 972),
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The im p l ic a t io n  o f  t h i s  ty p e  o f  c y to p la sm ic  c y c le  c o n t r o l  i s  t h a t  

in c u b a t io n  te m p e ra tu re  may a f f e c t  th e  d u r a t io n  o f  th e  s e p a r a te  p h a se s  

i n  one o f  two ways* by in f lu e n c in g  th e  p ro d u c tio n  a n d /o r  a c t i v i t y  o f  

th e  f a c t o r s  which s ig n a l  th e  i n i t i a t i o n  o f  S p h ase  and  m i to s is  o r  by 

in f lu e n c in g  th e  a c t u a l  p r o g r e s s  o f  th e  p h a se , p e rh a p s  v i a  a  d i r e c t  

e f f e c t  on r e a c t io n  k i n e t i c s .  D u ra tio n  o f  G  ̂ would be  in f lu e n c e d  by  a  

change i n  p ro d u c tio n  a n d /o r  a c t i v i t y  o f th e  c y to p la sm ic  f a c t o r s .  En­

z y m atic  r e a c t io n s  o c c u r r in g  i n  G  ̂ would be  in f lu e n c e d  by te m p e ra tu re ,  

due t o  th e rm a l e f f e c t s  on r e a c t io n  k i n e t i c s .  H owever, th e  d u r a t io n  o f 

G  ̂ i s  d e f in e d  by  th e  i n i t i a t i o n  o f  DNA s y n th e s i s  an d  th e  e f f e c t  tem p er­

a t u r e  may h av e  on th e  i n i t i a t i o n  o f DNA s y n th e s i s  may be  th o u g h t o f  a s  

r a t e - l i m i t i n g  w ith  r e s p e c t  to  th e  d u r a t io n  o f  G^. The d u r a t io n  o f  G^ 

w ould be a f f e c t e d  s i m i l a r l y ,  a lth o u g h  th e rm a l in f lu e n c e s  on i n i t i a t i o n  

o f  m i to s i s  a r e  r a t e - l i m i t i n g .  D u ra tio n s  o f  S p h ase  and  m i to s is  w ould , 

on th e  o th e r  h an d , be c o n t r o l l e d  by th e  th e r m o s e n s i t iv i ty  o f  DNA sy n ­

t h e s i s  and  th e  d i v i s io n  p r o c e s s ,  r e s p e c t i v e l y .  B oth p ro c e s s e s  a r e  c e r ­

t a i n l y  in f lu e n c e d  by c y to p la sm ic  s ig n a l s  which r e g u la t e  th e  e x e c u tio n  

o r  p r e c i s io n  o f  th e  p r o c e s s ,  b u t  i t  seem s l i k e l y  t h a t  th e  r a t e s  o f  b o th  

p ro c e s s e s  would be l im i t e d  by th e rm a l in f lu e n c e  on r e a c t i o n  k i n e t i c s .

I f  t h i s  ty p e  o f  te m p e ra tu re  c o n t r o l  i s ,  in d e e d , i n  o p e r a t io n ,  th e n  

f a c t o r  and  p ro c e s s  a r e  in f lu e n c e d  i n  d i f f e r e n t  w ays. Both M+Ĝ , and  G^ 

d u r a t io n s  w ere s h o r t e s t  a t  39°C a lth o u g h  d u r a t io n s  a t  37°C w ere n o t  

d i s s i m i l a r .  D u ra tio n s  a t  35° and  41°G w ere a l s o  s i m i l a r  b u t  lo n g e r  th a n  

th o s e  a t  37° and  39°C. T h e re fo re ,  i t  may be  t h a t  f a c t o r s  which i n i t i ­

a t e  DNA s y n th e s i s  and m i to s is  a r e  more e f f i c i e n t l y  p ro d u ced  a n d /o r  

more a c t i v e  a t  37°-39°C  th a n  a t  s u p ra -  and su b o p tim a l te m p e ra tu re s .

The a c t i v i t y  o f m i to t i c  f a c t o r s ,  e x t r a c te d  from  m i to t i c  HeLa c e l l s  have
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been  shown to  be e x tre m e ly  h e a t  l a b i l e  (S u n k a ra , W rig h t, and  Rao, 1979; 

R ao, S u n k a ra , and  W rig h t, 1981)* A f te r  in c u b a t io n  f o r  o n ly  10 min a t  

40°C , th e  f a c t o r s  l o s t  17% o f  t h e i r  o r i g i n a l  a c t i v i t y ;  in c u b a t io n  a t  

h ig h e r  te m p e ra tu re s  cau sed  a  l o s s  o f  a lm o s t a l l  o f  th e  o r i g i n a l  a c t i v ­

i t y .  However, in c u b a t io n  a t  0°C o n ly  cau sed  a  s l i g h t  d e c re a s e  i n  a c ­

t i v i t y .  M ito t ic  f a c t o r s  from  c e l l s  o f  s p e c ie s  w ith  c o re  te m p e ra tu re s  

lo w er th a n  th o s e  o f  mammals a r e  a l s o  more h e a t  l a b i l e ;  am p h ib ian  f a c ­

t o r s  h av e  b een  shown t o  l o s e  m ost o f  t h e i r  o r i g i n a l  a c t i v i t y  when i n ­

c u b a te d  a t  37°C (W asserman and  M asui, 1976; S unkara  e t  a l . , 1979)•

The c y c le  p h a se s  w h ich , in  t h i s  m odel, w ould be a f f e c t e d  by tem­

p e r a tu r e  th ro u g h  d i r e c t  in f lu e n c e  o f  th e  p ro c e s s  a r e  S and m i to s i s .  

A p p a re n t ly , th e  te m p o ra l p ro g r e s s  o f  DNA s y n th e s i s  i s  in d e p e n d e n t o f 

c y to p la sm ic  c o n t r o l ,  u n l ik e  G  ̂ o r  G^ (G ra v e s , 1 9 7 2 ); te m p e ra tu re s  w i l l  

m ost l i k e l y  d i r e c t l y  a f f e c t  th e  s y n th e t i c  a p p a r a tu s .  I n  t h i s  s tu d y , 

a s  in c u b a t io n  te m p e ra tu re  in c r e a s e d ,  so  d id  o b se rv ed  S p h ase  d u r a t io n s .  

The o b se rv ed  d u r a t io n s  a t  35° and  37°G w ere s i m i l a r  and  s h o r t e r  th a n  

th o s e  a t  39° and  41°G which w ere s i m i l a r  to  each o th e r .  I t  i s  p o s s ib le  

t h a t  th e  lo w e r in c u b a t io n  te m p e ra tu re s  p ro v id e  a n  o p tim a l th e rm a l en­

v iro n m en t f o r  th e  p ro g r e s s  o f  DNA s y n th e s i s .  A lthough  o p tim a l f o r  S 

p h ase  d u r a t io n ,  th e  lo w e r in c u b a t io n  te m p e ra tu re s  a r e  n o t  o p tim a l f o r  

G  ̂ and  G^. T h is  would s u g g e s t  t h a t  te m p e ra tu re  in d e e d  a f f e c t s  f a c t o r  

and  p ro c e s s  i n  d i f f e r e n t  w ays. However, to  e n su re  t h a t  human lym phocy tes 

fo l lo w  t h i s  p a t t e r n ,  t h i s  e x p e rim en t sh o u ld  be r e p e a te d .

A lthough  th e r e  was l i t t l e  d i s c e r n a b le  d i f f e r e n c e  in  d i v i s io n  c y c le  

d u r a t io n s  in  c e l l s  in c u b a te d  a t  37° and  th o s e  a t  39°C, th e  o p tim a l i n ­

c u b a t io n  te m p e ra tu re  i n  te rm s  o f  o v e r a l l  lym phocyte  in  v i t r o  grow th 

k i n e t i c s  a p p e a rs  to  be  39°C. T r a d i t i o n a l l y ,  human lym phocyte  c u l tu r e s
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h av e  b een  m a in ta in e d  a t  37°C . F u tu re  s t u d i e s  r e q u i r in g  h ig h  y i e l d s  o f  

m i to t i c  c e l l s  from  s h o r t - te r m  c u l tu r e s  o f  human lym p h o cy tes  may b e  more 

p r o f i t a b l y  p e rfo rm ed  u s in g  39° r a t h e r  th a n  37°G a s  in c u b a t io n  tem p era ­

t u r e .  However, i t  sh o u ld  be  n o te d  t h a t  s in c e  39°G i s  h ig h e r  th a n  th e  

norm al c o re  te m p e ra tu re  i n  man, in c u b a t io n  o f  c e l l s  a t  t h i s  te m p e ra tu re  

may r e s u l t  i n  s u b t l e  b io c h e m ic a l changes i n  th e  c e l l s .  F o r  t h i s  r e a s o n ,  

q u a n t i t a t i v e  o r  q u a l i t a t i v e  s tu d ie s  o f  th e  p h y s io lo g y  o f  norm al lympho­

c y te s  sh o u ld  em ploy th e  t r a d i t i o n a l  in c u b a t io n  te m p e ra tu re  o f  37°G.

As m en tioned  p r e v io u s ly ,  th e  no rm al c o re  te m p e ra tu re  in  man i s  

37°C ( D in a r e l lo  an d  W o lff , I 978) .  T h is  te m p e ra tu re  i s  m a in ta in e d  by 

th e  th e rm o re g u la to ry  c e n te r  i n  th e  a n t e r i o r  h y p o th a la m u s, i n  a  m anner 

r e m in is c e n t  o f  a  th e rm o s ta t  (K lu g e r , 1 9 7 8 ). The norm al c o re  tem p era ­

t u r e  r e p r e s e n t s  th e  " s e t - p o i n t "  te m p e ra tu re  f o r  th e rm o re g u la t io n .  S ensed  

i n t e r n a l  te m p e ra tu re s  above t h i s  " s e t - p o i n t "  te m p e ra tu re  in v o k e  behav ­

i o r a l  an d  p h y s io lo g ic a l  re s p o n s e s  which c o o l th e  body . When c o re  tem­

p e r a tu r e  f a l l s  below  th e  " s e t - p o i n t " ,  p h y s io lo g ic a l  and  b e h a v io r a l  r e ­

sp o n se s  w hich le a d  to  c o n s e rv a t io n  o f  body h e a t  a r e  i n i t i a t e d .  I n f e c ­

t i o n  o f  th e  body may r e s u l t  i n  a  r i s e  i n  c o re  te m p e ra tu re  by a  p ro c e s s  

known a s  th e  f e b r i l e  r e s p o n s e ,  o r  f e v e r  (F e ld b e rg , 1974; D in a re l lo  and 

W o lff , 1978; K lu g e r , 1 9 7 8 ). F e v e r  i s  th e  r e s u l t  o f  a n  in c r e a s e  in  th e  

" s e t - p o i n t "  (C o o p er, C ra n s to n , an d  S n e l l ,  1964; K lu g e r , 1 9 7 8 ), a  con­

d i t i o n  q u a l i t a t i v e l y  d i f f e r e n t  from  h y p e r th e rm ia , w here th e  " s e t - p o i n t "  

i s  n o rm a l, b u t  c o re  te m p e ra tu re  i s  h ig h e r  th a n  norm al ( S n e l l  and  A tk in s ,  

1968).

The immune sy stem  i s  in t im a te ly  in v o lv e d  in  th e  body*s re s p o n se  

to  i n f e c t i o n .  I t  would t h e r e f o r e  be re a s o n a b le  to  e x p e c t t h a t  in c r e a s e d  

c o re  te m p e ra tu re  due to  a f e b r i l e  re s p o n se  would in f lu e n c e  th e  a c t i v i t y
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an d  e f f e c t iv e n e s s  o f  th e  immune sy stem . R e p t i l e s  which a r e  a llo w e d  to  

d e v e lo p  a  f e v e r  in  re s p o n s e  t o  b a c t e r i a l  i n f e c t i o n  e x h ib i t  h ig h e r  s u r ­

v i v a l  r a t e s  th a n  d id  th o s e  w hich a r e  n o t  a llo w ed  to  d e v e lo p  a  f e v e r  

(K lu g e r , R in g le r ,  and  A n v er, 1975)• In c re a s e d  te m p e ra tu re  due to  a  f e ­

b r i l e  re s p o n s e  h a s  a l s o  b een  shown t o  r e s u l t  i n  f a s t e r  m ig ra t io n  o f  

le u c o c y te s  to  th e  s i t e  o f  i n f e c t i o n ,  a lth o u g h  no d i f f e r e n c e s  i n  a n t i ­

body l e v e l s  w ere n o te d  betw een  r e p t i l e s  which d ev e lo p e d  f e v e r s  and  th o s e  

which d id  n o t  (B em heira  e t  a l . , 1977)* I t  sh o u ld  be  em phasized  t h a t  

i n  th e  s tu d i e s  m en tioned  a b o v e , te m p e ra tu re  p la y s  a n  i n d i r e c t  r o l e  in  

th e  b o d y 's  f i g h t  a g a in s t  i n f e c t i o n  th ro u g h  th e  te m p e ra tu re -d e p e n d e n c y  

o f  th e  immune sy stem .

PHA, th e  m itogen  u sed  i n  t h i s  s tu d y , s t im u la te s  T lym phocy tes 

s p e c i f i c a l l y  (D a g u i l la r d ,  1973)• I n  v iv o , T lym p h o cy tes  f u n c t io n  i n  

th e  p ro d u c tio n  o f  some lym phok ines and  i n  th e  p ro c e s s  o f  c y t o t o x i c i t y .  

T hese f u n c t io n s  become m a n ife s t  a f t e r  a n t ig e n ic  s t im u la t io n  c a u se s  

t r a n s f o r m a t io n  o f  th e  q u ie s c e n t  lym phocyte  (V a ld im a rsso n , 1975) i n  a  

m anner s i m i l a r  to  t h a t  o c c u r r in g  in  v i t r o . By r a i s i n g  c o re  te m p e ra tu re , 

f e v e r  may r e s u l t  in  a  h ig h e r  r a t e  o f  a c t i v a t i o n  o f  im m u n o lo g ica lly  a c ­

t i v e  T ly m phocy tes  and  a n  e a r l i e r  o n s e t  o f  lym phokine p ro d u c tio n  and 

c e l l - m e d ia te d  immune r e s p o n s e s .  S in c e  th e r e  a r e  no a p p a r e n t  tem p era ­

tu re -d e p e n d e n t  d i f f e r e n c e s  in  d i v i s i o n  c y c le  d u r a t io n s  a t  37° and  39°C 

i n  v i t r o , i t  may be t h a t  th e r e  i s  l i t t l e ,  i f  a n y , d i f f e r e n c e  in  th e  

l e v e l  o f  lym phokine p ro d u c tio n  a n d /o r  c y to to x ic  a c t i v i t y  once th e  lym­

p h o c y te s  have  l e f t  G^. The ad v an ta g e  a f f o r d e d  by f e v e r  would r e s u l t  

from  a  h ig h e r  a c t i v a t i o n  r a t e ,  r e s u l t i n g  i n  a  s w i f t e r  b u ild u p  o f  im­

m unocom petent c e l l s .
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TABLES

TABLE 1 . THE DURATIONS OF M+C^, S , AND Gc AT INCUBATION TEMPERATURES 

OF 3 5 ° -4 l° C .

TEMPERATURE (°G )

35 

37 

39 
41

M-tG. S g 2
1 1 .6  h r  (1 4 .1 ) 5 .1  h r  ( 4 .6 ) 2 .5  h r

7 .4  h r  ( 9 .5 ) 6 .0  h r  (5 . 5 ) 2.1  h r
7 .2  h r  ( 8 . 8 ) 8 .0  h r  ( 7 . 5 ) 1 .6  h r

11.1  h r  (1 4 .1 ) 8 .4  h r  ( 7 .9 ) 3 .0  h r

46
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TABLE 2. EXPERIMENT 1 -  OVERALL GROWTH KINETICS

TEMPERATURE (°C ) Ml M2 M3 M4 M5

31 0 0 0 0 0

33 96 3 1 0 0

35 23 69 8 0 0

37 12 29 46 13 0

39 2 12 33 44 9
41 44 49 7 0 0

43 0 0 0 0 0

The h e a d in g s  "M l", "M2", e t c , ,  r e f e r  to  th e  m etaphase  g e n e r a t io n  

num ber, th e  num ber o f  d i v i s i o n s  undergone by  a  c e l l  i n  th e  p re s e n c e  

o f  BUdR. "Ml" s i g n i f i e s  one d iv i s io n  i n  BUdR, "M2" s i g n i f i e s  two d i ­

v i s i o n s ,  e t c .
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TABLE 3* EXPERIMENT 2 -  THE TIME-CQURSE OF 

PHA TRANSFORMATION

INCUBATION 
TIME (HR) 35°C 37°G 39°G 41 °C

18 0 .0 0 ^ 0.0C$ 0 .2 ($ 0 .1 ($

21 0 .2 0 0 .2 0 1 .0 0 0 .1 0
24 0 .50 0 .90 3 .6 0 0 .2 0

27 0 .9 0 5 .4 0 1 1 .5 0 0 .4 0

30 2 .3 0 1 0 .5 0 1 8 .6 0 0 .60

33 4 .5 0 1 1 .8 0 21 .50 4 .0 0

P e rc e n ta g e s  g iv e n  a r e  c a lc u la te d  from  th e  num ber o f  l a b e l e d  c e l l s  

i n  a  sam ple  o f  1000 c e l l s  from  each c u l t u r e .
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TABLE 4 . EXPERIMENT 3 -  THE TIME-CQURSE OF CELL DIVISION 

FOLLOWING TRANSFORMATION

METAPHASE
GENERATION 31°G 33°C 35°G 37°G 39°G 41°G 43°C

MO. 5 0 0 0 2 1 0 0

Ml 55 14 13 5 4 31 0

M l.5 6 1 1 6 4 7 0

M2 39 61 45 20 14 45 0

M2.5 0 3 6 6 18 17 0

M3 0 16 33 27 18 0 0

M3.5 0 0 2 6 12 0 0

M4 0 0 0 17 19 0 0
M4.5 0 0 0 2 4 0 0

M5 0 0 0 9 5 0 0

H ead ings g iv e n  a s "MO.5 ” o r "M l.5 ” r e f e r  to c e l l s w hich e x h ib i te d

r e p l i c a t i o n  b a n d s ; i . e . , w ere i n  S p h ase  a t  th e  tim e  o f  a d d i t i o n  o f

BUdR. A c e l l  d e s ig n a te d  a s  "M l.5" u n derw en t one co m ple te  S p h ase  an d  

p a r t  o f  a  p re v io u s  S p h ase  w h ile  in c u b a te d  w ith  BUdR. The p a r t i a l  S 

p h ase  i s  th e  p h ase  th e  c e l l  was i n  when BUdR was added  to  th e  c u l tu r e .
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TABLE 5 . EXPERIMENT 4 -  THE DURATION OF G„

TREATMENT TO 
FIXATION (HR) 35°C 37°C

c,

39°G 41 °G

7 100 100 100 86

6 97 100 100 79

5 87 100 100 79
4 74 96 100 67

3 44 86 97 44

2 4 2 46 74 33
i 1 3 40 0

The r e s u l t s  a r e  g iv e n  a s  th e  number o f  c e l l s  s c o re d  a s  b e in g  i n  

S p h ase  when BUdR was ad d ed  a t  th e  i n d ic a te d  t im e .
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TABLE 6 . EXPERIMENT 5 -  THE DURATIONS OF AND OF S ; 35°C

TREATMENT TO
FIXATION (HR) MO#5 Ml M i,£ M2

6 100 0 0 0
8 37 63 0 0

11 4 96 0 0
14 2 98 0 0

17 1 99 0 0
20 0 89 10 1

23 1 21 33 45
26 0 6 25 68
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TABLE ? . EXPERIMENT 5 - THE DURATIONS OF M+G„ AND OF S ; 37°C

TREATMENT TO 
FIXATION (HR) M0.5 Ml Ml. 5 M2 M2.5

6 100 0 0 0 0

8 52 48 0 0 0

11 12 88 0 0 0

14 7 86 7 0 0

17 4 59 36 1 0

20 3 12 71 14 0

23 5 9 56 29 1

26 5 5 17 64 9
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TABLE 8 . EXPERIMENT 5 -  THE DURATIONS OF M-K^ AND OF S ; 39 C 

TREATMENT TO
FIXATION (HR) MO,5

6 100

8 92
11 13
14 6

17 2
20 2

23 0
26 0

Ml M l.5 M2 M2.5
0 0 0 0
8 0 0 0

87 0 0 0

93 1 0 0

70 28 0 0
26 71 1 0

3 29 68 - 0
0 6 92 2
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TABLE 9 . EXPERIMENT 5 -  THE DURATIONS OF M-K^ AND OF S ; 41 °G

TREATMENT TO
FIXATION (HR) mo. 5 Ml_ Ml. 5

6 99 1 0
8 m 16 0

11 55 45 0
14 21 79 0
17 13 87 0
20 1 99 0
23 0 98 2
26 0 98 2
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T h is  sp re a d  e x h ib i t s  r e p l i c a t i o n  b a n d s , T h is  c e l l  began  t o  u t i l i s e  
BUdR -while in  th e  f i n a l  S p h ase  p r i o r  to  te r m in a t io n .  The d a rk  bands 
a r e  th o s e  r e g io n s  which h ad  com ple ted  DNA s y n th e s i s  b e f o r e  BUdR a d d i t io n ;  
l i g h t e r  a r e a s  a r e  th o s e  which a r e  B U dR -labeled .
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T hese chromosomes a r e  u n ifo rm ly  s t a i n e d ;  i . e # ,  th e y  a r e  u n i f i l a r l y  
s u b s t i t u t e d  *



# 4
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T h is  m etaphase  sp re a d  i s  from  a  c e l l  which began  u p ta k e  o f  BUdR 
d u r in g  i t s  n e x t - t o - l a s t  S p h ase  p r i o r  to  te r m in a t io n .  R e p l ic a t io n  
bands a r e  v i s i b l e  on th e  l i g h t e r  ch rom atid s*  The d a r k ly  s t a i n e d  ch ro  
m a tid s  a r e  u n i f i l a r l y  s u b s t i t u t e d .
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T h is  c e l l  underw en t two com ple te  S p h a se s  i n  t h e  p re s e n c e  o f  BUdR,
I n  each chromosome, th e  d a r k ly  s t a in e d  c h ro m a tid  i s  u n i f i l a r l y  s u b s t i ­
t u t e d ,  th e  l i g h t l y  s t a i n e d  ch ro m a tid  i s  b i f i l a r l y  s u b s t i t u t e d .  I n  s e v ­
e r a l  chrom osom es, s i t e s  o f  s i s t e r  ch ro m a tid  exchange a r e  r e a d i l y  a p p a r e n t  
a s  i s o lo c u s  s w itc h e s  o f  l a b e l  betw een s i s t e r  c h ro m a tid s .
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T h is  c e l l  underw en t th r e e  com ple te  S p h a se s  i n  th e  p re s e n c e  o f  
BUdR. C e l ls  which underw ent more d iv i s io n s  e x h ib i t  p r o g r e s s iv e ly  fe w e r 
d a rk ly  s ta in e d  c h ro m a tid s .
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