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to  hal f  size b e t w e e n  t he  1st a n d  9 th  days  pos t  wound ing .  
I n  X - i r r a d i a t e d  animals ,  w o u n d s  of c o n v e n t i o n a l  an ima l s  
fell f rom p e a k  size to  1.8 on  t he  4 t h  pos t  wound ing  day  
to  0.9 on  t h e  13 th  d a y ;  w o u n d s  of germfree  r a t s  f rom a 
p e a k  of 1.2 0 n t h e  2nd pos t  w o u n d i n g  day  to 0.6 on  t h e  
10 t i t  d a y  pos t  wound ing .  

The  effect  of t h e  mic rob ia l  f lora  on  w o u n d  hea l ing  
has  been  t h e  sub jec t  of sporad ic  i nves t iga t ion  and  of ten  
conf l ic t ing  resul ts .  ROVlZq e t  al. 9, CAR~ER et  al. ~o a n d  
]3RODY et  al. n were u n a b l e  to  d e m o n s t r a t e  a n y  change  in 
hea l ing  r a t e ,  g r a n u l a t i o n  t i ssue  or r a t e  of col lagen 
p r o d u c t i o n  in germfree  or c o n v e n t i o n a l  an imals .  The  
p r e sen t  s t u d y  suppor t s  these  f ind ings  u t i l i z ing  t h e  open  
wound  c o n t r a c t i o n  model  of GRILLO 7 wh ich  e l imina tes  
p r o b l e m s  i n h e r e n t  in  us ing  s t r e n g t h  of w o u n d  as a n  i n d e x  
of heaI~ng. 

I n  t h e  p r e sen t  s t u d y  i r r ad ia t ion  d id  n o t  p roduce  a 
r e t a r d a t i o n  in t h e  germfree  a n i m a l  where  t he re  ha s  been  
e l im ina t i on  of uncon t ro l l ed  and  va r i ab l e  bac te r i a l  infec- 
t ion  as a compl i ca t i ng  fac to r  of t h e  surgical  r epa i r  
mechan i sms .  I t  shou ld  be p o i n t e d  ou t  t h a t  t he re  are  
o t h e r  differences  in  t h e  gno tob io t i c  an i m a l s  inc lud ing  a 
d i m i n i s h e d  to t a l  l y m p h o c y t e  mass  a n d  i m m a t u r e  
immuno log ic  c a p a c i t y  a n d  resu l t an t ,  increased  r a d i a t i o n  
res is tance.  Bac te r i a l  c o n t a m i n a t i o n  wh ich  occurs  follow- 
ing r a d i a t i o n  i n j u r y  in non -gno tob io t i c  an ima l s  p rov ides  a 
pa r t i a l  e x p l a n a t i o n  for t h e  lack of r e t a r d a t i o n  of t h e  
w o u n d  closure p a t t e r n  obse rved  in t he  germfree  an imal .  

These  obse rva t i ons  sugges t  t h a t  w o u n d  hea l ing  a b n o r m a l -  
i t ies wh ich  occur  fol lowing r a d i a t i o n  in r a t s  result ,  in  
par t ,  f rom bac te r i a l  c o n t a m i n a t i o f l  and  e n t r y  of more  
v i r u l e n t  o rgan i sms  due  to  impa i r ed  i m m u n e  c a p a b i l i t y  
s econda ry  to  hemato log ic  r a d i a t i o n  in ju ry .  

Zusammen/assung. Es  wurde  die \ u  y o n  R 6 n t -  
g e n b e s t r a h l u n g  (800 1R) a m  Hei lungsprozess  bet  o f fenen  
W u n d e n  in  n o r m a l e n  n n d  keimfreier l  R a t t e n  un te rsuch t_  
Die  B e s t r a h l u n g  v e r l a n g s a m t e  die W u n d h e i l u n g  bet  den  
no rma len ,  j edoch  n i c h t  bet  den  ke imf re i en  R a t t e n .  
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The Effects of Low Concentrations of Actinomycin D upon Nucleic Acid Synthesis  i n  
Different Cell Types 

An i m p o r t a n t  p r o p e r t y  of a c t i n o m y c i n  D (AMD) is to  
b i n d  to t h e  D N A  molecule  in  m a m m a l i a n  cells ~. A t  
ce r t a in  doses AMD has  been  found  to  de lay  i n i t i a t i o n  of 
D N A  syn thes i s  in  :Ehrlich asc i t es  cells a n d  mouse  ~e~eu- 
h u m  in v ivo  e. Th i s  effect  h a s  also been  obse rved  in v i t ro  
a t  c o n c e n t r a t i o n s  w i t h i n  t he  r ange  0.01-0.1 Fg/ml~, ~. 
W i t h i n  th i s  r ange  of concen t r a t i on ,  AMD appea r s  to  
i n h i b i t  se lec t ive ly  nuc leo la r  syn thes i s  of IRNA w i t h o u t  
h a v i n g  a n y  i m m e d i a t e  effect  on  e i t he r  t he  r a t e  of D N A  
syn thes i s  or on  R N A  syn thes i s  in  ex t r a -nuc l eo l a r  p a r t s  
of t h e  nucleus~-6.  
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Fig. 1. Percentage of an asynchronous culture of L-ceils labelled by 
a pulse exposure to aHTdR as a function of time in AMD. O, 0.04 
,~g/ml. 

RlCtg]NSON ~ has  shown  t h a t  c o n t i n u o u s  i n c u b a t i o n  of a n  
a s y n c h r o n o u s  p o p u l a t i o n  of L-cells w i t h  0.04 ~g/ml  AA{D 
blocks  e n t r y  of cells in to  t he  D N A  s y n t h e t i c  phase  a f te r  
a b o u t  6 h. The  b lockage  is i n c o m p l e t e  however ,  a n d  some 
12 h l a t e r  a s u b s t a n t i a l  p e r c e n t a g e  of t h e  p o p u l a t i o n  
succeeds in e n t e r i n g  S phase  a n d  comple tes  a n o t h e r  
r o u n d  of D N A  synthes is .  I n  r ecen t  work  on  t he  i n i t i a t i o n  
of D N A  synthes is ,  HATFIELD et  al. ~ d id  no t  obse rve  
th i s  effect  w h e n  e i the r  e m b r y o n i c  mouse  f ibro las t s  (EMF) 
or H E p / 2  ceils were c o n t i n u o u s l y  i n c u b a t e d  w i t h  0.04 
a g / m l  AMD. The  p r e sen t  e x p e r i m e n t s  were the re fo re  
u n d e r t a k e n  to  conf i rm ~E{ICI{INSON'S resu l t  and  to  de te r  
m ine  if t he  effect  is pecu l i a r  to  mouse  L-cells or if i t  can  
be  d e m o n s t r a t e d  for  o t h e r  cell t y p e s  b y  c h a n g i n g  t he  
c o n c e n t r a t i o n  of AMD. 

Materials and methods. B o t h  mouse  L-cells a n d  H E p / 2  
ceils were used  as e s t ab l i shed  celI l ines  in  these  exper i -  
men t s .  These  cells were g rown in P y r e x  feeding bo t t l e s  w i t h  
m e d i u m  199 (Wellcome Ltd) ,  a n d  10 % foetal  calf  s e rum 
(Flow Labora to r i e s ) ,  for L-cells, and  Eag le ' s  m e d i u m  
(Wel lcome Ltd. )  a n d  t0  % foe ta l  calf  s e rum buf fe red  t o  
p H  7.2 w i t h  b i c a r b o n a t e  for  H E p / 2  cells. 
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M o n k e y  k i d n e y  (MK) and  e m b r y o n i c  mouse  f ibro-  
b l a s t  (EMF) cu l tu res  were used as p r i m a r y  cell l ines. M K  
cells were o b t a i n e d  as p r i m a r y  cu l tu res  a n d  were g rown  
in m e d i u m  199 w i t h  1 0 %  foe ta l  calf  s e r u m  a n d  5 %  
l a c t a l b u m i n  hyd ro ly sa t e .  E M F  cu l tu res  were p r e p a r e d  b y  
s t a n d a r d  me thodsS  a n d  were g rown in  t h e  same m e d i u m  
as M K  cells. B o t h  M K  and  /?;MF cells were used for  
e x p e r i m e n t s  in  t h e  second passage.  Fo r  e x p e r i m e n t a l  
work  covers l ips  were  seeded  w i t h  5 X 10 ~ cells a n d  incu-  
b a t e d  a t  37 ~ u n d e r  5 % CO 2 -  95 % air  for  a t  l eas t  24 h 
before  a d d i t i o n  of drug.  

A c o m m e r c i a l  p r e p a r a t i o n  of AMD (Merck Sha rpe  & 
D o h m e  Ltd. )  was  d issolved in i so tonic  sal ine a t  p H  6.0 
to  give a s tock  so lu t ion . a t  4 X 10 -6 g/ml.  T he  so lu t ion  was 
s to red  a t  - 2 0  ~ a n d  was used for e x p e r i m e n t s  w h e n  n o t  
less t h a n  1-day-old  a n d  n o t  more  t h a n  1-month-o ld .  9. 
Af te r  t he  cu l tu res  h a d  been  t r e a t e d  w i t h  d i f fe ren t  con- 
c e n t r a t i o n s  of AMD f u r t h e r  d i lu t ed  in feeding m ed ium,  
for  d i f fe ren t  t i m e  in te rva l s ,  t h e  cells were  exposed  to  
m e d i u m  c o n t a i n i n g  e i t he r  ~ H - t h y m i d i n e  (TdlR) (5 tzCi/ml, 
5 C i /mM)  or 3H-ur id ine  (UdR)  (20 ~zCi/ml, 24 Ci /mM),  
for  15 min .  The  cu l tu res  were t h e n  r insed  twice  in Ringer ,  
f ixed in acet ic  a c i d - e t h a n o l  (1:3) for  15 min,  r insed  in 
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Fig. 2. Percentage of an asynchronous culture of HEp/2 cells labelled 
by a pulse exposure to 3HTdR as a function of time in AMD. 
O, 0.04 [zg/mi; O, 0.07 p.g/ml; A, 0.1 btg/ml; A, 0.4 ~tg/ml. 

70 % e t h a n o l  for  5 min ,  hyd ro lysed  w i t h  2 % perchlor ic  
acid a t  4 ~ for  2 per iods  of 30 ra in  to  r e m o v e  label  no t  
b o u n d  in to  nucleic  acid and  r insed  t h o r o u g h l y  w i t h  
water .  

Labe l l ed  covers l ips  were m o u n t e d  on  to ge la t in ized  
sl ides a n d  d ipped  in to  d i lu t ed  1:1 I l ford  K-2 emuls ion.  
The  a u t o r a d i o g r a p h s  were deve loped  a f t e r  3 days  for  
~ H - T d R  a n d  2 days  for ~ H - U d R  a n d . t h e  cells were s t a ined  
w i t h  GJemsa.  Average  va lues  for  t he  g ra in  c o u n t  pe r  
label led  cell were o b t a i n e d  f rom c o u n t s  on  30 label led  
cells pe r  coversl ip,  t he  p e r c e n t a g e  of 3H-TdR label led  
ceils was o b t a i n e d  f rom coun t s  on  1,000 cells pe r  cover-  
slip. 

Resul ts .  Figure  1 shows t he  p e r c e n t a g e  of L-cells 
label led  w i t h  8H-TdR in a r a n d o m  p o p u l a t i o n  fol lowing 
increas ing  l eng ths  of t i m e  in m e d i u m  c o n t a i n i n g  0.04 ~g/ml  
AMD. The  p e r c e n t a g e  of cells in. S phase  decreased  be-  
tween  6 a n d  18 h, b u t  increased  aga in  f rom 18 h to  28 h. 
Af te r  28 h a progress ive  r e d u c t i o n  in t h e  p e r c e n t a g e  of 
labe l led  cells was  observed .  

I n  F igure  1 a n d  in F igures  2 -4  to be descr ibed,  t he  
d u r a t i o n  of t he  phases  of t h e  cell cycle h a v e  been  s h o w n  
for each  cell type .  The  d a t a  is t a k e n  f rom HATFIELD et  al. 7 
a n d  in each  case has  been  p re sen t ed  so t h a t  t h e  t i m e  spen t  
in AMD before  cells in  a p a r t i c u l a r  p h a s e  r eached  t h e  
n e x t  G~-+S t r ans i t i on ,  a s s u m i n g  u n d i s t u r b e d  progress,  
can  be  r ead  d i r e c t l y  f rom the  t ime  axis.  

F igure  2 shows t he  f r ac t ion  of H]?;p/2 cells labe l led  
w i t h  a H - T d R  in  a r a n d o m  p o p u l a t i o n  fo l lowing increas-  
ing l eng th s  of t i m e  in m e d i u m  c o n t a i n i n g  4 d i f fe ren t  
c o n c e n t r a t i o n s  of A.MD w i t h i n  t he  r ange  0.04-0.4 Fg/ml. 
The  effect  of 0.04 ~tg/ml AMD is d i f fe ren t  f rom t h e  effect  
on L-cells. 24 h t r e a t m e n t  a t  t h i s  c o n c e n t r a t i o n  caused  
no  m e a s u r a b l e  decrease  in t h e  p e r c e n t a g e  of labe l led  
H E p / 2  cells w h i c h  on ly  b e g a n  to  fal l  a f te r  24 h a n d  t h e n  
fell s teadi ly .  A n  ear ly  r e d u c t i o n  in  t h e  p e r c e n t a g e  of 
label led  cells could be  effected b y  inc reas ing  t h e  concen-  
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Fig. 3. Percentage of an asynchronous culture of MK ceils labelled 
by a pulse exposure to 3HTdR as a function of time in AMD, A, 
0.01 [zg/ml; 0, 0.02 (xg/ml; O, 0.04 bag/m1. 
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Fig. 4. Percentage of an asynchronous culture of EMF cells labelled 
by a pulse exposure to aHTdR as a function of time in AMD. 
A, 0.0i ~g]ml; 0,  0.02 Exg/ml; O, 0.04 Fg/ml. 
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t r a t ion  of AMD bu t  i t  was no t  possible to  f ind a dose a t  
which  cells were released into S phase  af ter  an init ial  
block. 

The fract ion of an asynchronous  popu la t ion  of M K  
cells labelled wi th  aH-TdR following increasing lengths  
of t ime  in m e d i u m  conta in ing  3 d i f ferent  concen t ra t ions  
of AMD wi th in  the  range 0.01-0.04 ~g/ml is shown in 
Figure  3. The percen tage  of labelled cells s t a r t ed  to  
decrease be tween  2 a n d  6 h af ter  the  add i t ion  of AMD 
depend ing  on drug concen t ra t ion  and t h e n  decreased 
steadily.  
Figure 4 shows the  f rac t ion  of a popu la t ion  of asynchro-  
nous  E M F  ceils labelled wi th  3H-TdR following increas-  
ing lengths  of t ime  in med ium conta in ing  the  same con- 
cen t ra t ions  of AMD as those  used for M K  ceils. The resul ts  
ob ta ined  for E M F  cells were a lmos t  ident ical  to those  for 
M K  ceils a t  all 3 concent ra t ions ,  even t hough  the  dura-  
t ion of the  phases  in t he  cell cycle are ve ry  different .  

The effect  of 0.04 vg/ml AMD on the  synthes is  of ve ry  
d i f ferent  nucleolar  RNA,  and  R N A  synthes is  in t he  ex t ra-  
nucleolar  pa r t s  of t he  nucleus of L-cells is shown in Table  I. 
As s ta ted  in t he  in t roduct ion ,  a 2 h exposure  to  th is  
concen t ra t ion  of AMD affects nucleolar  R N A  synthes is  
w i thou t  s ignif icant  reduc t ion  in nucleoplasmic  R N A  
synthesis .  T r e a t m e n t  w i th  the  same concen t ra t ion  of 
AMD for 14 or 24 h caused the  nucleolar  s t ruc ture  to  
d i sappear  morphological ly .  Therefore  only the  grains 
over  t he  to ta l  nucleus could be counted  at  these  t imes.  
The n u m b e r  of grains over  t he  nuclei  of t r ea t ed  cells was 
reduced  a t  b o t h  14 and 24 h when  compared  w i t h  the  
to ta l  nuclear  coun t  over  control  ceils bu t  re la t ive  to  the  
nucleoplasmic  coun t  the re  was no s ignif icant  r educ t ion  
unt i l  24 h. 

Table  I I  shows the  effects on R N A  me tabo l i sm  in 
H E p / 2  ceils of increasing lengths  of t ime  in m e d i u m  con- 

Table I. The effects of actinomycin D upon 3H-uridine incorporation 
into L-cells 

Dose of AMD Time in Grain count 
AMD (h) 

Nucleolus nucleoplasm Total nucleus 

0.04~zg/ml 0 24.6 4- 2.5 38.9 :k 3.0 63.5 4- 4.0 
2 10.7 ~ 1.0 34.1 :~ 3.6 44.8 :t: 3.8 

14 -- -- 34.7 4- 3,8 
24 -- -- 22.1 ~ 1.3 

Table lI. The effects of actinomycin D upon 3H-uridine incorporation 
into HEp]2 cells 

Dose of AMD Time in Grain count 
AND (h) 

Nucleolus nucleoplasm Total nucleus 

0.04gg/ml 0 9.7 4- 2.1 19.2 • 2.9 28.9 :t: 4.4 
2 3.7 4- 0.7 16.8 4- 2.4 20.5 4- 4.3 

14 -- -- 9.2 4- 0.7 
24 -- -- 5.8 -4- 1.3 

0.07 {zg/ml 2 2.9 4- 0.6 16.1 =t: 1.8 19.0 =h 1.6 
14 -- -- 5.4 • 0.7 
24 -- -- 3.8 :L 0.5 

0.1{zg/ml 2 0.84-0.4 7.34-1.0 8.1 ~ 1.4 
14 -- -- 4.0 :L 0.4 
24 -- -- 2.9 4- 1.1 

ra in ing 3 d i f ferent  concen t ra t ions  of AMD wi th in  t h e  
range 0.04-0.1 ~zg/ml. 2 h exposure  a t  0.04 and  0.07 ~xg/ml 
caused a reduc t ion  in nucleolar  R N A  synthes i s  w i t h o u t  
any  s ignif icant  decrease in nucleoplasmic  R N A  synthes is .  
2 h t r e a t m e n t  a t  0.1 ~g/ml A N D  did cause a s l ight  
reduc t ion  in nucleoplasmic  R N A  synthesis ,  b u t  caused 
a m u c h  greater  r educ t ion  in nucleolar  synthes is  of RNA.  
Longer  exposures  t h a n  2 h a g a i n  caused nucleolar  d is t in-  
t egra t ion  at  all concent ra t ions ,  and  the  n u m b e r  of grains 
over  t he  whole  nucleus of H E p / 2  ceils was reduced by  

�9 t r e a t m e n t  w i th  all 3 concen t ra t ions  of AMD after  14 
and  24 h. 

Discussion. The work  conf i rms the  observa t ions  of 
RICK!NSON 4 t h a t  when  an asynchronous  cul ture  of mouse  
L-cells is i ncuba ted  con t inuous ly  w i t h  0.04 ~zg/ml AMD, 
m a n y  of the  ceils which  are ini t ia l ly  p r even t ed  f rom 
enter ing  S phase  subsequen t ly  succeed in doing so. 
Studies  w i t h  HEp/2 ,  E M F  and  M K  ceils show t h a t  if a 
block forms in t he  G 1 phase  none  of these  cell t ypes  is 
able to escape in to  S phase  for any  concen t r a t ion  of AMD 
a t  which  the  effect  migh t  r easonab ly  be expec ted  to  
O c c u r .  

I t  can therefore  be concluded t h a t  a f ter  t he  ini t ial  
b lock has developed a t  abou t  6 h, b iochemica l  processes  
essent ia l  for t he  e n t r y  of the  cell in to  t he  nex t  D N A  
syn the t i c  phase  are occurr ing in L-cells poss ib ly  a t  a re- 
duced rate,  dur ing  cont inuous  incuba t ion  w i t h  0.04 ~zg/ml 
AMD, By 6 h however ,  these  processes seem to have  been  
p r e v e n t e d  for E M F  and  M K  ceils. Conversely,  for H E p / 2  
cells t h e y  appear  to  be ve ry  l i t t le  affected.  

Progress ive  res is tance  to  0.04 ~g/ml AMD from M K  and 
E M F  ceils, t h r o u g h  L-cells to  H E p / 2  cells has  been  
repor ted  by  HATFIELD et al. ~, b u t  th is  pape r  shows t h a t  
the  release of ceils in to  S phase  some t ime  af ter  a block 
has fo rmed is charac ter i s t ic  to  L-cells and  canno t  be 
d e m o n s t r a t e d  w i t h  t he  o ther  cell types .  These resul ts  
suggest  t h a t  a careful compar i son  of t he  b iochemical  
processes occurr ing in these  4 cell t ypes  be tween  5 and  18 h 
af ter  the  add i t ion  of 0.04 ~g/ml AMD, poss ib ly  using 
synchronous  cul tures  where  feasible, m i g h t  give fu r the r  
useful in fo rmat ion  on those  processes  which  are essen- 
t ia l  for the  con t inued  in i t ia t ion of D N A  synthesis .  

Resul t s  in Tables  I and  I I  are fu r the r  evidence t h a t  
gross forms of IRNA synthes is  are unl ikely to  be cri t ical ly 
i m p o r t a n t  in the  G1 -+ S t r ans i t i onL  Be tween  14 h and  
24 h af ter  the  add i t ion  of AMD, ~H-uridine u p t ak e  in to  
H E p / 2  cells is, if any th ing ,  more  inh ib i ted  t h a n  up take  
in to  L-cells, and th is  is qui te  co n t r a ry  to  the  effect  on 
the  pe rcen tage  of cells in S phase  a t  th is  t ime  10. 

Rdsumd. L'ef fe t  des concen t ra t ions  faibles de l ' ac t ino-  
myc ine  D sur le pourcen tage  de cellules dans  ta phase  
S p e n d a n t  un  con tac t  de longue dur~e a 6t@ 6tudi6 dans  
4 souches de cellules. Les r6sul ta ts  m o n t r e n t  que le 
blocage qui a lieu X la f in de G 1 n ' e s t  que t empora i r e  pour  
les cellules L-strain,  mats  qu'il dure plus l ong temps  pour  
t IEp /2 ,  les f ibroblas ts  de la souris e t  les cellules du rein 
du singe. 
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