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DNA Synthetic Rates Among Cells of Populations 

The  DNA-s yn the t i c  period re la t ive  to to ta l  cell replica- 
t ion t ime  can  be measured  by ca lcula t ion  of a t ime  curve  
f rom a h i s togram of D N A - c o n t e n t  d is t r ibut ion  1. Calcula- 
t ion of such a curve  requires  several  assumpt ions  abou t  
the  cell popu la t ion :  (a) i t  is homogeneous ;  (b) i t  exhibi ts  
logar i thmic  g rowth ;  (c) there  are  equa l  increments  of 
D N A / u n i t  t i m e  of synthes is  for all cells; (d) a repre-  
sen ta t ive  sampl ing  is m a d e  for all  cells in S, and {e) the  
cells are  not  synchronized  in g rowth  or  division.  Moreover ,  
the  concep t  t h a t  mos t  cells in a popula t ion  proceed th rough  
S, G 2 and M wi th in  re la t ive ly  nar row l imits  has  been  the  
basis for in te rp re t ing  d a t a  de r ived  f rom emuls ion gra in  
counts  fol lowing exposure  to  incorpora ted  labeled t h y m i -  
dine. 

The  present  s tudies were in i t ia ted  to :  (1) app ly  the  
m e t h o d  of pho tograph ic  co lor imet ry  2 for D N A  measure-  
m e n t  to a biological problem, and (2) to tes t  cer ta in  of the  
above  assumpt ions  abou t  a cell popula t ion  wi th  regard to 
the  S-period. 

Materials and methods. H e a r t  t issue exp lan t s  f rom 8-day- 
old chick embryos  were cu l tured  on glass slides for per iods 
of f rom 3-12 days.  I n  the  ini t ial  s tudies samples  were fixed 
in me thano l - fo rma ldehyde  (9:1) a t  3, 5, 7, 9 and 12 days 
and s ta ined according to the  Feulgen technique.  Feulgen-  
D N A  measu remen t s  were per formed  wi th  the  m e t h o d  of 
photographic  color imetry ,  and  synthesis  curves  con- 
s t ruc ted  according to the  me thod  of WALKER 1. Two 
addi t iona l  schedules were followed using 3-day-old cul- 
tures. One enta i led  a 10-rain-pulse label wi th  SH-thymidine  
(2 pC/ml ;  s.a. 12,600 mC/mM) ,  and  the  o the r  a 10-rain- 
pulse wi th  z4C-thymidine (0.25 ~C/ml; s.a. 224 m C / m M ) .  
The  cul tures  were  washed in H a n k ' s  solut ion and  f ixed 
a t  t he  end of t he  pulse- label ing period. Af te r  a 20-min 
wash  in 5% t r ichloracet ic  acid, l iquid  emulsion (Ilford, GS) 
was appl ied to  the  slides and exposed in the  dark  a t  4 °C 
for 3 days  (3H-thymidine)  or 3 weeks  (14C-thymidine). 
Fol lowing d e v e l o p m e n t  of t he  emulsions,  the  slides were  
s ta ined wi th  azure B and grain counts  m a d e  on indiv idual  
nuclei. Pho tograph ic  maps  of these cells were prepared  
for thei r  la te r  ident i f icat ion.  The  Feu lgen  techn ique  was 
carr ied ou t  on the  cells fol lowing grain removal ,  and 
F e u l g e n - D N A  measu remen t s  made  wi th  the  m e t h o d  of 
photographic  color imetry .  In  eve ry  instance,  slides of 
chicken e ry th rocy tes  were s ta ined alongside the  cu l tured  
cells as a control  agains t  pho tograph ic  and s ta ining 
errors 2. 

Results. No signif icant  differences in the  d is t r ibut ion  of 
D N A  conten t s  (2C-4C values} were found in the  samples 
t aken  a t  var ious  in terva ls  f rom 3-12 days.  Consequent ly  
these d a t a  were pooled and are presented  in the  h is togram 
of Figure  1. Const ruc t ion  of a synthesis  curve  (Figure 2) 
was based on these results. The  f rac t ion of in te rphase  
t ime  occupied by S in these  cells is 54%, by  G,  16%, 
and  by  G~ 30%. Fur the rmore ,  the  shape of the  curve,  as 
found in o the r  s tudies a, suggests  t h a t  D N A  synthesis  is 
cont inuous  and the  ra te  re la t ive ly  constant .  I f  this  con- 
clusion is val id  and if there  are  equal  inc rements  of 
D N A ] u n i t  t i m e  for all cells (assumpt ion c), a corre la t ion 
should be found in labeled nuclei  be tween  gra in-count  
va lues  and F e u l g e n - D N A  contents .  However ,  when  such 
a p lo t  is m a d e  for the  3H- thymidine  d a t a  (Figure 3) no 
signif icant  corre la t ion is observed.  Since the  pa th  length  
of the  fl part icles  emi t t ed  by  t r i t i um is ra ther  short,  
differences in spec imen thickness  migh t  affect  the  accu- 
racy  of grain counts  as a measure  of incorpora t ion  4. The  
use of C 14 therefore,  should provide  a more  accura te  deter-  
mina t ion  of precursor  incorporat ion.  Never theless ,  when 

in vitro 

the  14C-thymidine grain counts  are p lo t t ed  agains t  
F e u l g e n - D N A  contents ,  no s ignif icant  corre la t ion is found 
(Figure 4). I t  m a y  be no t ewor thy  t h a t  the  range of sca t te r  
outs ide  of the  2C and 4C values  is grea ter  wi th  t r i t i um 
than  wi th  C 14 ; some m e a s u r e m e n t  error  m a y  be in t roduced  
with  the  use of t r i t ium.  

W h e n  the  means  of the  gra in-count  values  for each 
F e u l g e n - D N A  class (in increments  of 10 units)  a re  p lo t ted ,  
some in fo rmat ion  abou t  t he  average  ra te  va r i a t ion  m a y  
be noted.  W i t h  the  t r i t ium- labe led  cells t he  va r i a t ion  in 
ra te  dur ing  S seems impress ive  (Figure 5). The  z4C-Iabeled 
cells, however ,  ref lect  a smoother ,  less-varying ra te  
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Fig. 1. Histogram of Feulgen-DNA contents of cultured cells of chick 
embryo heart. Measurement in arbitrary units by the method of 
photographic colorimetry. 
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Fig. 2. Curve representing the proportions of interphase time 
occupied by G1, S and Gz. Based on the histogram of Figure 1, and 
calculated by the method of P. M. B. WALKER 1. 

z p. M. B. WALKER, J. exp. Biol. 31, 9 (1954). 
2 E. M. DEN TONKELAAR and P. VAN DuIJN, Histochemie 4, 1 (1964). 
3 A. ZETTERBERG and D. KILLANDER, Expl Cell Res. 39, 22 (1965). 
4 A. ZETTERBERG, Expl Cell Res. -¢2, 500 (1966). 
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(Figure 6). In  ne i the r  g raph  is the  wide g ra in -coun t  dis- 
t r ibu t ion  a b o u t  each  po in t  shown;  if it  were these  curves  
would  n o t  be meaningful .  A t  t he  mos t ,  on ly  a general  
ind ica t ion  of an average  syn the t i c  ra te  can  be der ived  
f rom this  t r e a t m e n t  of the  da ta ,  b u t  it  appea r s  t h a t  there  
m a y  be h igher  ra tes  near  t he  beg inn ing  and /o r  end of S, 
w i th  a depress ion  somewhere  near  mid-S.  However ,  these  
resul ts  do suppo r t  t he  view t h a t  D N A  syn thes i s  is a 
cont inuous ,  a lbei t  non - r a t e - cons t an t ,  process.  

Discussion.  E x a m i n a t i o n  of the  popu la t i on  of cu l tu red  
cells d e m o n s t r a t e s  t h a t  the  popu la t ion  is homogeneous  
(assumpt ion  a), it  exhib i t s  logar i thmic  g rowth  (assump-  
t ion b), and  it is no t  synchron ized  (assumpt ion  e). Al- 
t h o u g h  the  sampl ing  of cells m a y  be near ly  r ep re sen t a t i ve  
for all cells in S (assumpt ion  d), some select ion is necessary  
to  m e e t  t h e  r e q u i r e m e n t s  for m e a s u r e m e n t s  of grains  and  
F e u l g e n - D N A  conten t s ,  and  select ion has  been  followed 
by  m o s t  inves t iga to rs  s,n,n. The a s s u m p t i o n  t h a t  there  are 
equal  i nc remen t s  of D N A / u n i t  t ime  of syn thes i s  for all 
cells ( a s sumpt ion  c) is no t  va l ida ted  by  the  resul ts  r epor ted  
here. A l though  several  workers  have  accep ted  th is  as- 
s u m p t i o n  (see ~), o the r s  have  r epo r t ed  resul ts  ind ica t ing  
t h e  c o n t r a r y  n,~-9. 
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Fig. 3. Scattergram of percentages mean grain count relative to 
Feulgen-DNA content of cells labeled with SH-thymidine. r is the 
coefficient of correlation derived by least squares analysis. 
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Fig. 4. Scattergram of percentages mean grain count relative to 
Feulgen-DNA content of cells labeled with 14C-thymidine. r is the 
coefficient of correlation derived by least squares analysis. 

Not  only does the  ra te  of I )NA syn thes i s  va ry  from cell 
to  cell, bu t  it  may  va ry  f rom the  beg inn ing  to the  end  of 
S in an indiv idual  cell. In t race l lu la r  va r ia t ion  has  been  

s A. J. ttAt.E, F.. H. COOPER and J. 1). MILTON, Br. J. Haemat. I1, 
144 (1965). 
J. SEED, Proc. R. Soe. B. 156, 41 (1962). 
E. L. AnFEN and M. E. JOHnSTOn, Expl Cell Res. 47, 177 (1967). 

s E. H. COOPER, G. L. FRANK and I). H. WRmHT, Europ. J. Cancer 2, 
377 (1966). 
p. p. DENNY and J. E. CLEAVER, Int. J. Radiat. Biol. 8, 301 (1964). 
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Fig.  5. E s t i m a t e d  a v e r a g e  r a t e  of D N A  syn thes i s  in SH- thynf id ine-  
labeled cells. Each point is the mean of percentages mean grain count 
for each class interval of DNA content shown in lower figure. 
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Fig. 6. l~sf imated  a v e r a g e  r a t e  of D N A  s y n t h e s i s  in 14C-thymidine-  
labeled cells. Each point is the mean of percentages mean grain count 
for each class interval of DNA content shown in lower figure, 
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r e p o r t e d  in Vicia ]aba p r i m a r y  roo ts  10, a n d  in synch ro -  
nized cells of cu l t u r ed  h u m a n  c a r c i n o m a  n .  I n  b o t h  
s tud ies  ~0,n g ra in  c o u n t s  were  m e a s u r e d  a g a i n s t  t i m e  
r a t h e r  t h a n  a g a i n s t  D N A  con ten t s .  

I t  is un l ike ly  t h a t  g r a i n - c o u n t  v a r i a t i o n s  of t h e  t y p e  
r e p o r t e d  can  be  a c c o u n t e d  for  b y  er rors  in  m e t h o d o l o g y  
or s t a t i s t i ca l  v a r i a t i o n  due  to  r a d i o a c t i v e  d e c a y L  A n  
a l t e r n a t i v e  e x p l a n a t i o n  is necessary .  D e p e n d e n c e  of cell- 
to-cel l  v a r i a t i o n  in  r a t e s  of S on  c h r o m o s o m e  rep l i ca t ion  
p a t t e r n s  in  i n d i v i d u a l  nuc le i  ha s  b e e n  d iscussed  in de ta iU.  
I t  m a y  n o t  be  necessary ,  however ,  to  i n v o k e  a n  exp l ana -  
t i on  b a s e d  o n  r a n d o m  v a r y i n g  ra tes .  A l t h o u g h  DENDY 
a n d  CLEAVER 9 h a v e  conc luded  t h a t  in  e x p e r i m e n t s  of t h i s  
t y p e  m e t a b o l i c  pool  size is of m i n o r  s ignif icance,  i t  m e r i t s  
some a t t e n t i o n .  V a r i a t i o n  in  p recu r so r  pool  size, r e su l t i ng  
in v a r i a b l e  degrees  of d i lu t ion  of t h e  i n c o r p o r a t e d  label ,  
would  r e su l t  in  a non - l i nea r  r e l a t i on  b e t w e e n  gra in  c o u n t s  
a n d  r a t e s  of s y n t h e s i s  d u r i n g  t he  pu l se - l abe l ing  per iod.  
CRADDOCK a n d  NAKAII~ h a v e  sugges t ed  t h a t  t h e  r a t e  of 
i n c o r p o r a t i o n  of t h y m i d i n e  should  n o t  be  cons idered  as a 
m e a s u r e  of D N A  syn thes i s ,  b u t  as a re f lec t ion  of t h e  
e x t e n t  of i n t r ace l l u l a r  pools  of D N A  precursors ,  a n d  t h e  
ac t iv i t i e s  of p h o s p h o r y l a t i n g  k inases  a n d  D N A  p o l y m e r a s e  
G r a i n  c o u n t  v a r i a t i o n  m a y  ref lect  t he  r a t e  of f i l l ing t h e  
pool  a n d  t h e  c o n c e n t r a t i o n  of r a d i o - a c t i v e  t h y m i d i n e  
f ina l ly  r eached  in it. 

D a t a  of t he  k ind  r e p o r t e d  here  a n d  b y  o t h e r  worker s  
c an  be  m a d e  to  f i t  a generM c o n c e p t  of D N A  syn thes i s .  
However ,  such  m a n i p u l a t i o n  conceals  i n f o r m a t i o n  rega rd -  
ing i n d i v i d u a l  cells, a n d  c louds  t h e  i n t e r p r e t a t i o n  of 
m e c h a n i s m s  con t ro l l i ng  syn thes i s .  W h e n  D N A  c o n t e n t  

a lone  is used  for d e t e r m i n a t i o n  o5 D N A  s y n t h e t i c  a c t i v i t y ,  
t h e  r a t e  a p p e a r s  to  be  r e l a t ive ly  c o n s t a n t ,  b u t  w i t h  l abe led  
cells t h e  r a t e  is n o t  c o n s t a n t ,  a n d  i t  va r i e s  f rom cell t o  
cell. T h e  a s s u m p t i o n  t h a t  t h e r e  are  equa l  i n c r e m e n t s  of 
D N A / u n i t  t i m e  of s y n t h e s i s  for all  cells in  a p o p u l a t i o n  is 
u n f o u n d e d  13. 

Zusammen/assung. I n  v i t r o  gez i ich te te  H i i h n e r e m b r y o -  
zelIen w e r d e n  m i t  Z H - T h y m i d i n  oder  14C-Thymidin 
,pulse-labeled~>, wobei  <~grain counts~> u n d  D N S - G e h a l t  in  
i nd iv idue l l en  Zel len gemessen  werden .  F i i r  ke ine  de r  
be iden  I s o t o p e n  w u r d e  e ine  B e z i e h u n g  zwischen  D N S -  
G e h M t  u n d  <<grain coun t~  gefunden ,  w o r a u s  folgt,  dass  
die G es ch w i n d i g k e i t  de r  D N S - S y n t h e s e  y o n  Zelle zu 
Zetle var i ie r t .  
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Beitrag zur Frage der Entstehung mehrkerniger 

Vor  e in iger  Ze i t  h a b e n  wir  die B i l d u n g  zweier  m e h r -  
ke rn ige r  Zel len aus  e iner  Mut te rze l l e  ohne  e x p e r i m e n t e l l e n  
E ingr i f f  be sch r i eben  1. Bei  de r  b ie r  b e s c h r i e b e n e n  Beob-  
a c h t u n g  h a b e n  wir  e ine unbee in f lu s s t e  H e L a - Z e l l k u l t u r  
m i t  d e m  Zei t ra f fe r f i lm f e s t g e h a l t e n  u n d  dabe i  fes tgeste l l t ,  
dass  aus  e iner  d u r c h  n o r m a l e  Mitose  sieh t e i l enden  ein- 
ke rn igen  Zelle e ine e inke rn ige  u n d  eine zweikern ige  Toch-  
terzelIe e n t s t a n d e n  sind.  Der  E n t s t e h u n g s a b t a u f  d ieser  
u n t e r s c h i e d l i c h e n  Toch te rze l l en  is t  au f  e iner  Serie v o n  
M i k r o p h o t o g r a p h i e n  m i t  d e m  35 m m - K i n o f i l m  festge-  
h a l t e n  (Figur) .  E s  s ind  n u r  die zu r  D e m o n s t r a t i o n  des  
e r w ~ h n t e n  Prozesses  n o t w e n d i g e n  S t ad i en  angef i ih r t .  Die 
Ze i t en  s ind  au f  die m i t  Nul l  beze i chne t e  A u f n a h m e  be- 
zogen. 

Auf  de r  e r s t en  T e i l - M i k r o p h o t o g r a p h i e  (O h) is t  die ver-  
folgte  Zelle d u r c h  e inen  Pfeil  beze ichne t .  Auf  de r  zwe i t en  
P h o t o g r a p h i e  b e f i n d e t  s ich dieselbe  Zelte in  Mitose.  N a c h  
2 h 3 m i n  is t  die Te i lung  in 2 Toch te rze l l en  fes tzus te l len .  
Auf  e iner  we i t e r en  A u i n a h m e  is t  die R e k o n s t r u k t i o n s -  
p h a s e  (2 h 44 rain)  f e s tgeha l t en ,  die j e d o c h  ku rze  Ze i t  
spXter zu E n d e  sein wird.  Das  E r g e b n i s  der  R e k o n s t r u k -  
t i on  is t  au f  e inem we i t e rn  Bi ld  f e s t g e h a l t e n  (3 h 20 rain).  
M a n  k a n n  b e o b a c h f e n ,  dass  die l inke  Toch te rze l l e  2 d i c h t  
a n e i n a n d e r l i e g e n d e  K e r n e  enth~tlt,  d e r e n  G e s a m t f l ~ c h e  
n u r  wenig  gr6sser  i s t  als die Fl~tche des  K e r n s  de r  r e c h t e n  
Tochterze l le .  Die  zweikern ige  Zelle l e b t  l~tngere Zeit ,  o h n e  
s ich zu t e i l en  oder  zu degener ie ren .  N u r  die Ke rne  de r  
zwe ike rn igen  Zelle r f icken  e twas  ause inande r ,  wie aus  
unse re r  l e t z t e n  P h o t o g r a p h i e  zu e r s ehen  ist, u n d  zwar  
n a c h  5 h 23 m i n  v o m  A n f a n g  de r  B e o b a c h t u n g  gerechne t .  

Zellen 

O b w o h l  die U r s a c h e n  u n d  Fo lgen  dieses Prozesses  ver-  
h / i l tn i sm~ss ig  schwier ig  zu erkl / i ren s ind,  zeigt  unse re  
B e o b a c h t u n g  eine de r  B i l d u n g s a r t e n  m e h r k e r n i g e r  Zellen. 
E i n / i h n l i c h e r  B e f u n d  wurde  y o n  SCHLEICH n n d  h~IAYt~R 2 

1 V. PfIZA, Experientia 19, 529 (1963). 
2 A. SCHLelCH und A. MAYER, Z. Krebsforsch. 60, 47 (1954). 
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