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Inh ib i t i on  of Cell  D i v i s i o n  in M a m m a l i a n  Cell  Cul tures  by H y p e r t o n i c  m e d i u m  

The ar res t  of cells in m e t a p h a s e  by' h y p e r t o n i c i t y  has  
previous ly  been  descr ibed  for chick ceIIs by  HUGHES 1 
Who no ted  t h a t  fu r the r  en t ry  of cells in to  divis ion was  
p reven ted .  STUBBLEFIELD a n d  MUELLER 2 found  t h a t  
increasing the  ton ic i ty  of cul ture  med ium wi th  NaC1 
ar res ted  some H e L a  cells in me taphase ,  w i th  a small  
accumula t ion  of mi toses  occurr ing over  a 24 h period.  This 
suggests  a reduced  ra te  of cell cycling wi th  a preferent ia l  
inh ib i t ion  in mitosis .  Recen t  evidence 3, ~ has  suggested 
t h a t  hyper ton ic  condi t ions  p roduce  a prophase- l ike  
appea rance  in H e L a  ceils w i th  macromolecular  syn theses  
being reduced  in a s imilar  m a n n e r  to  t h a t  seen when  ceils 
normal ly  en te r  mitosis .  Our exper iences  With hyper ton i -  
c i ty  on the  e n t r y  of ceils in to  mitosis  are out l ined  here;  
de ta i led  repor t s  will be publ i shed  later.  

Tonicity and mitotic arrest in HeLa and other cell lines. 
H e L a  S-3 cells in mono laye r  and  suspension cul ture  5 were 
g rown in Eagle ' s  H e L a  m e d i u m  of abou t  165 m M  s t rength .  
The ton ic i ty  was raised by  the  add i t ion  of ca lcula ted  
a m o u n t s  of 20 • concen t r a t ed  Ear le ' s  BSS  or saline which  
gave ident ica l  results.  Growth  of H e L a  S-3 in 206 m M  
med ium  was s l ight ly  depressed;  a t  227 m M  growth  was 
40 % of t he  control  r a te  and at  240 m M  cell d ivis ion and  
dea th  were in equi l ibr ium over  a 3-4 day  period.  These 
resul ts  agree wi th  previous  repor t s  2, 6. 

There  was m e t a p h a s e  arres t  of cells a t  a m e d i u m  
s t r eng th  of 215 m M  and  above,  being mos t  ev iden t  be- 
tween  220 and  240 m M .  Above  240 m M  pykno t i c  changes  
became increasingly p ronounced  in bo th  mi to t ic  and  
in t e rphase  cells. At  227 m M  chromosomes  ini t ia l ly 
appea red  to be more  heavi ly  condensed  t h a n  normal  bu t  
there  was a well-defined spindle  (Figure 1). E lec t ron  
microscopic  examina t i on  showed these  mi toses  to be 
largely indis t inguishable  f rom normal  me taphase s  (Figure 
2), including the  spindle s t ruc ture .  Hyper ton ica l ly -  
induced  m e t a p h a s e  arres t  is not,  therefore ,  due to  lack 
of spindle  assembly.  Metaphase  cells held  for 2-3 h a t  
227 m M  show defini te  anaphase  m o v e m e n t s  of indiv idual  
or groups of ch romosomes  (Figure 1). 

There  was l i t t le  evidence of prophase- l ike  ceils a t  opti-  
nlal m e t a p h a s e  ar res t ing  tonici t ies.  However ,  we have  

observed  t r ans i en t  g ranu la r i ty  in nuclei  of H e L a  ceils 5 
to  15 min  a f te r  exposure  to  290 m M  m e d i u m  (1.7 • isotoni-  
city). One m i g h t  confuse a l tered in te rphase  nuclei wi th  
early prophases ,  bu t  no def ini te  p rophases  were ' induced ' .  

CHO-10 (Chinese h a m s t e r  ovary) I ibroblas ts  required a 
grea ter  degree of hype r ton i c i t y  t h a n  H e L a  to  arres t  
metaphases, usually about 265 mM, which allowed a 
small accumulation of metaphases with time. BHK/CI3/ 
DWS-3, suspension-adapted suhclone of BHK21/CI3 
fibroblasts grown under identical conditions to HeLa S-3, 
also proved relatively resistant to hypertonic medium. 
A small amount of accumulation of metaphases was seen 
over 30-60 rain at 290-300 raM. Obviously there are 
considerable differences in responses of cells to hyperto- 
nicity.  

Hypertonicity and di//erent cautions. K + (as KC1) 
ar res ted  me taphases  when  added  to br ing  the  s t r eng th  
of normal  med ium to 200-215 m M .  Li+-induced arres t  
was p ronounced  at  200 m M  and  there  was no escape of 
cells th rough  anaphase .  Bo th  Ca++ and  Mg++ were excel- 
lent  blockers  a t  215 m M  and  200 m M  respect ively .  Small  
increases above  these  levels quicMy produced  toxic  effects.  

Entry into mitosis. H e L a  S-3 grown in asynchronous  
monolayer  cul tures  were exposed to  200 and 227 m M  
m e d i u m  for 8 h. The resul t  of a typ ica l  expe r imen t  is shown 
in Figure  3, in which  i t  can be seen t h a t  227 m M  m e d i u m  
p e r m i t t e d  en t ry  of cells into mitosis  a t  a normal  ra te  for 
abou t  3 h when  compared  wi th  a colcemid control .  Af ter  
3 h there  was va r ia t ion  f rom one expe r imen t  to  ano the r ;  
somet imes  con t inued  slow m e t a p h a s e  accumula t ion  oc- 
curred,  or more  of ten a fall off in m e t a p h a s e  index  was 
seen. This  was main ly  due to  va ry ing  degrees of pro-  
gression out  of mitosis .  There  was also evidence t h a t  S 
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Fig. 1. Collection of mitotic cells from a culture of HeLa S-3 cells 
exposed to 227 mM medium for 3 h. Note the evidence of spindles in 
the cells given asterisks and the tendency of some chromosomes to 
move poleward in an attempted anaphase configuration (arrows). 
Crystal violet. • 385. 

Fig. 2. Electron micrograph of a HeLa S-3 cell arrested in metaphase 
by 227 mM medium for 3 h. Glutaraldehyde fixed, Epon embedded, 
uranyl acetate/lead citrate staining. • 9,000. 
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phase  cells progressed  in to  m e t a p h a s e  more  s lowly in  
227 m M  m e d i u m  as s h o w n  b y  c o m b i n e d  t r e a t m e n t  of 
h y p e r t o n i c  m e d i u m  a n d  colcemid (Figure  3). T h u s  G~ 
ceils are  re la t ive ly  insens i t ive  to  227 m M  m e d i u m  whi le  
S phase  cells are def in i te ly  r e t a rded .  H y p e r t o n i c i t y  is re- 
p o r t e d  to suppress  D N A  syn thes i s  3, ~, a n d  our  d a t a  (to be  
publ i shed)  conf i rm a n d  e x t e n d  th i s  obse rva t ion .  

Reversibility o/ arrested metaphases. M e t a p h a s e  cells 
were col lected b y  m e c h a n i c a l  a g i t a t i o n  s f rom large mono-  
layers  of H e L a  S-3 exposed to  227 m M  m e d i u m  for 3 h. 
E x i t  of ceils f rom mi tos i s  on  re suspens ion  in 165 m M  
m e d i u m  was as r ap id  as for i so tonica l ly  col lected controls .  
F igure  4 shows t he  increase  ill cell n u m b e r  on  reversa l  
c o m p a r e d  w i t h  u n r e v e r s e d  cells wh ich  slowly fell ill 
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Fig. 3. Metaphase indices of suspension cultures of HeLa S-3 cells ex- 
posed to hypertonic medium with or without colcemid (1.5 • 10 -~ M). 
D--[Z, isotonic (165 mM) medium; � 9 1 4 9  isotonic medium + eolce- 
mid; � 9  � 9  200 mM; ZX -- A, 200 mM + coleemid; �9 -- �9 227 mM; 
A--A, 227 mM ~- coleemid. i00 __ 
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Fig. 4. Change in cell number estimated by haemocytometer counts 
of ceils collected at 0 h from a eulture made hypertonic (227 mM) 3 h 
previously. � 9 1 4 9  mitotic ceils resuspended in isotonic medium; 
�9 -- �9 mitotic ceils resuspended in 227 mM hypertonie medium. 

n u m b e r s  over  t he  r ecove ry  phase .  Mi to t ic  i n d e x  a t  
col lec t ion fails r ap id ly  t owards  zero as for  t h e  isotonic  
cont ro l s  b o t h  g iv ing  a second wave  of mi tos i s  b e t w e e n  
22 a n d  31 h w i t h  co- inc iden ta l  peaks  a t  23-25 h (Figure 5). 
There fore  h y p e r t o n i c a l l y  col lected m e t a p h a s e s  m o v e  ou t  
of mi tos i s  s y n c h r o n o u s l y  and  r e a c h  t h e i r  n e x t  d iv i s ion  
w i t h o u t  delay.  Less re l iable  r ecove ry  occured w i t h  m e t a -  
phases  col lected for more  t h a n  4 h in  227 m M  med ium.  

I so ton ic  m e t a p h a s e s  exposed  to 227 m M  m e d i u m  
i m m e d i a t e l y  u p o n  col lect ion showed  a n  ins ign i f i can t  fall  
in  t h e  m e t a p h a s e  i ndex  of t he  p o p u l a t i o n  over  6 h indi-  
ca t ing  an  i m m e d i a t e  a r re s t  a t  t h i s  stage.  A n a p h a s e s  and  
ear ly  t e lophases  progressed  ou t  of mi tos i s  w i t h  diff icul ty,  
some showing  fa i lure  to  decondense  t h e i r  c h r o m a t i n  a n d  
b e c o m i n g  pykno t i c .  Cells in i t i a l ly  in  m id  or l a te  t e lophase  
progressed  in to  i n t e r p h a s e  a n d  p roduced  a h igh  p e r c e n t a g e  
of b inuc lea te - l ike  cells due  to nea r ly  equa l  d iv i s ion  of t h e  
nuc lea r  mass  (Figure 6). Th i s  occurred  in cells wh ich  h a d  
successful ly comple t ed  a n o r m a l  cy tok ines i s  sho r t l y  
be fo rehand .  These  ' b i nuc l ea t e '  cells of ten  w e n t  on  to  
p roduce  more  lobu la t ions  to  t h e i r  nuclei .  This  p h e n o m e n o n  
of nuc lea r  s ch i sm in ea r ly  i n t e r p h a s e  was also seen in 
hype r ton i ca l l y  col lected m e t a p h a s e  cells sho r t l y  a f t e r  
reversa l  in  isotonic  med ium.  

Synchronization enhancement by hypertonic treatment. 
A p o p u l a t i o n  of H e L a  cells exposed to 227 m M  m e d i u m  for  
3 h al lowed t h e  col lect ion of a b o u t  3 h w o r t h  of mi toses ;  
t he  ave rage  yield for severa l  e x p e r i m e n t s  was  2.8 x t h a t  
o b t a i n e d  b y  a 1 h colcemid collection.  The  p o p u l a t i o n  of 
m i to t i c  cells w a s  p u r e r  t h a n  f rom iso tonic  collection,  
r a re ly  g iv ing  less t h a n  9 8 - 9 9 %  mi to t i c  cells, a l m o s t  
en t i r e ly  compr i sed  of me taphases .  Since these  ceils read i ly  
progress  in to  i n t e r p h a s e  in 165 m M  m e d i u m ,  a n  improve -  
m e n t  on  shake-off  t e chn iques  of s y n c h r o n i z a t i o n  s can  be  
ach ieved  especial ly  as a n  a l t e r n a t i v e  to colcemid enhance -  
m e n t  procedures .  
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Fig. 5. Mitotic activity of cultures over 30 h after collection of mitotic 
cells at 0 h by mechanical agitation into normal medium. Cells 
collected from O--O, isotonic culture (93% mitotic cells at 0 h); and 
0 - -0 ,  hypertonic 227 mM culture (97% mitotic cells at 0 h). 
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Comment. Raised  m e d i u m  s t r e n g t h  t r a p s  H e L a  cells in  
m e t a p h a s e  whi le  a l lowing a n o r m a l  G 2 p o p u l a t i o n  to  en t e r  
mi tos i s  a n d  r e t a r d i n g  progress ion  of S phase  cells. Th i s  
c o n t r a s t s  w i t h  HUOHES' 1 f i nd ing  in ch ick  ceils where  
p rogress ion  was i m m e d i a t e l y  ha l ted .  A t  t h e  levels  of 
h y p e r t o n i c i t y  e m p l o y e d  ( abou t  227 m M  for H e L a  cells) 
t h e r e  was  no  ev idence  of p r o p h a s e  ' i n d u c t i o n '  or  nuc l ea r  
c h r o m a t i n  c o n d e n s a t i o n  3. Cells progressed  n o r m a l l y  
t h r o u g h  th i s  s tage  of mi tos i s  in  expec t ed  n u m b e r s .  

I t  has  been  c lear ly  d e m o n s t r a t e d  t h a t  h y p e r t o n i c a l l y  
col lected m e t a p h a s e s  r e m a i n  read i ly  revers ib le  for  3-4  h 
b u t  degene ra t e  qu ick ly  if he ld  for longer  per iods  of t ime.  
H y p e r t o n i c  t r e a t m e n t  induces  a n  i m m e d i a t e  m e t a p h a s e  
arres t ,  bu t ,  i so tonica l ly  col lected a n a p h a s e s  a n d  telo- 

phases  in  h y p e r t o n i c  m e d i u m  (and  h y p e r t o n i c a l l y  col- 
lected m e t a p h a s e s  r e t u r n e d  to  i sotonic  med i u m)  show 
u n u s u a l  nuc lea r  b e h a v i o u r  a f t e r  c o m p l e t i n g  n o r m a l  
cy tok ineses  wh ich  involves  t h e  l obu la t i on  of t h e  nuc leus  
o f ten  in to  2 ro u g h l y  equa l  p a r t s  before  f u r t h e r  lobu la t ion .  

S y n c h r o n i z a t i o n  of cells b y  m e c h a n i c a i  col lec t ion in  
m e t a p h a s e  s is a ided  b y  t h e  t e c h n i q u e  of h y p e r t o n i c  t r e a t -  
m e n t  a n d  gives good yie ld  of n e a r l y  p u r e  m e t a p h a s e  cells. 
A t  p r e s e n t  t h e  cause of m e t a p h a s e  a r r e s t  b y  h y p e r t o n i -  
c i ty  is u n k n o w n .  There  is no  ev idence  of sp ind le  a b n o r -  
mal i t i e s  b u t  ch romosomes  t e n d  to  be  supe rcondensed  and 
more  s t icky,  p r o b a b l y  p r e v e n t i n g  t h e i r  a n a p h a s e  separa -  
t ion .  10 

Rdsumd. L ' a r r 6 t  de la  m 6 t a p h a s e  se p r o d u i t  d a n s  les 
cellules de H e L a  S-3 au  c o n t a c t  d ' u n  mi l ieu  de ton ic i t6  
accrue  ( >  165 raM).  L ' a c c u m u l a t i o n  o p t i m a l e  i n t e r v i e n t  
5  ̀ 277 m M  lorsque  du  NaC1 a 6t6 uti l is6 p o u r  a u g m e n t e r  
l ' i n f luence  du  milieu.  Les effets de l ' usage  d ' a u t r e s  sels 
e t  d ' a u t r e s  types  de  cellules son t  d6cri ts .  L a  d i lu t ion  du  
mil ieu 5, 165 m M  d o n n e  lieu 5  ̀ u n  ar rSt  s y n c h r o n e  du  
processus  de la mi tose  dans  les cellules e t  assure  la 
co n s e rv a t i o n  d ' u n  b o n  s y n c h r o n i s m e  au  cours  de la 
d iv i s ion  eel lulaire  su ivan te .  
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Fig. 6. IsotonicaIIy collected mitotic HeLa ceils exposed to 227 mM 
hypertonic medium for 6 h. The metapbase shows heavy condensa- 
tion of cromosomes into several groups. Cells which have reached 
interphase appear binucleate. Crystal violet. • 600. 
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A N e w  L i v e r - S p e c i f i c  A u t o a n t i g e n  in the Rat: De l ta  A n t i g e n  

W h e n  i n b r e d  mice  were i m m u n i z e d  w i t h  al logeneic  
l iver  ex t rac t s ,  a u t o a n t i b o d i e s  r eac t i ng  w i t h  t h e  l iver-  
specific ' F  a n t i g e n '  were i nduced  in  ce r t a in  s t r a in  com- 
b i n a t i o n s  1, a. Since i t  seemed un l ike ly  t h a t  t he  F a n t i g e n  
s y s t e m  ref lec ted  a s i t u a t i o n  u n i q u e  to  t h e  mouse,  we 
i n v e s t i g a t e d  t he  capac i t y  of i nb red  r a t s  to  be  s imi la r ly  
i m m u n i z e d .  

R a t s  f rom i n b r e d  s t r a ins  DA, Lewis a n d  B N  were used. 
Aqueous  l iver  e x t r a c t s  f rom each  s t r a in  were emuls i f ied 
in  comple t e  F r e u n d ' s  a d j u v a n t  a n d  in jec ted  eve ry  o the r  
week  in to  syngene ic  or a l logeneic  r a t s  b y  t he  in t r a -  

Table I. Results of immunization of rats with rat liver extracts 

Strain 

immunized 

Stimulating liver extracts from 

DA Le~s  BN 

DA 

Lewis * * * * 

BN ** + + - -  - -  

-- --, No precipitating antibody detectable; * *, weak precipitating 
alloantibody not reacting with Lewis extract (see text); + + ,  strong 
precipitating autoantibody reacting with all 3 rat liver extracts and 
defining the liver antigen Delta. 

pe r i t onea l  route .  U p  to 5 in jec t ions  were given.  S e r u m  
samples  were t e s t ed  a t  i n t e rva l s  for t h e  p resence  of 
p r e c i p i t a t i n g  a n t i b o d i e s  b y  t h e  O u c h t e r l o n y  t echn ique ,  
l ive r  e x t r a c t s  f rom each  of t h e  t h r ee  s t r a i n s  se rv ing  as 
an t igens .  

The  resul t s  of these  i m m u n i z a t i o n s  are  shown  in  
Tab le  I. As in t h e  mouse,  even  p ro longed  syngene ic  
s t i m u l a t i o n  (e.g., B N  l iver  e x t r a c t s  i n j ec t ed  in to  B N  
rats)  n e v e r  y ie lded  p r e c i p i t a t i n g  an t ibod ies .  D A  r a t s  
p r o v e d  also r e f r ac to ry  to  allogelleic s t i m u l a t i o n  b y  e i t he r  
Lewis or B N  e x t r a c t s ;  t h i s  was r emi n i s cen t  of t h e  s i t u a t i o n  
in B A L B / c  a n d  D B A / 2  mice wh ich  d id  n o t  m a k e  pre-  
c i p i t a t i n g  a n t i b o d i e s  u p o n  s t i m u l a t i o n  w i t h  severa l  
mouse  l iver  e x t r a c t s  1. Lewis rats ,  a f t e r  i m m u n i z a t i o n  
w i t h  e i t h e r  D A  or B N  ext rac t s ,  d id  p roduce  w e a k  
p r e c i p i t a t i n g  an t i b o d i e s ;  these  an t ibod ies ,  however ,  were 
n o t  au t o an t i b o d i e s ,  s ince t h e y  fai led to  p r ec i p i t a t e  
syngene ic  (Lewis) ex t rac t s .  Ra t h e r ,  t h e y  a p p e a r e d  to  
recognize  some a l l oan t igen  cha rac t e r i s t i c  of s t r a in s  D A  
a n d  BN,  a n d  d i f fe ren t  f rom k n o w n  r a t  a l lo types .  Th i s  
sys tem,  for  wh ich  no  c o u n t e r p a r t  in  t h e  mouse  is known,  
has  n o t  been  s tud ied  in deta i l .  

B N  rats ,  u p o n  s t i m u l a t i o n  w i t h  Lewis  an t igen ,  a f t e r  
3 to  4 in jec t ions  regu la r ly  p roduced  s t r o n g  p r e c i p i t a t i n g  
a n t i b o d y  wh ich  reac ted  w i t h  all  3 l iver  e x t r a c t s  a n d  h a d  

1 G. FRAVI and J. LINDI~NMANN, Nature 218, 141 (1968). 
G. FRAVI, Path. Microbiol. 37, 257 (1968). 


