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Table II. Growth of Caenorhabdi~is elegans in suspension culture 

Time i 1 culture 10 1 culture 
(days) 

Population number pH of Populatto~t aumber pH of 
(nematodes/ml) mediuln (nematodes/inl) medium 

0 3,750 5.20 8,800 5.51 
2 7,900 5.29 15,000 5.49 
4 18,500 5.60 26,000 5,61 
7 76,000 6.50 90,000 6.07 

m e d i u m  cons i s t ing  of 3% gistex,  3% soy-peptone ,  1% 
dextrose ,  1% bac to -cas i tone  a n d  500 a g / m l  h a e m o g l o b i n  
(Merck, F e d e r a l  Repub l i c  of Ge rmany)  was chosen  for 
large scale cu l t i va t i on  of Caenorhabditis elega~s. 

BUEC~ER and  HANSEN 9 f i rs t  r epo r t ed  on  t he  mass  
cu l t u r i ng  of axenic  n e m a t o d e s  in deep m e d i u m  us ing  
c o n t i n u o u s  aera t ion .  Cul tures  were pe r fo rmed  in glass 
wash ing  bot t les .  A 500 mI cu l tu re  of C. elegam in  a 
m e d i u m  c o n t a i n i n g  3% yeas t  ex t rac t ,  3% soy-peptone ,  
0 .7% dextrose ,  MEM  v i t a m i n s  | 100 •  (Grand  
I s l and  Biological  Co., G r a n d  Is land ,  New York)  and  
H L E  r e p o r t e d l y  yie lded a n e m a t o d e  p o p u l a t i o n  of over  
100,000 n e m a t o d e s  pe r  mi  and  a wet  we igh t  of 5 g of 
n e m a t o d e  tissue. The  large scale cu l t i va t i on  t e c h n i q u e  
r epo r t ed  here  is appl icable  to  q u a n t i t i e s  up  to 10 1 and  
over.  I t  combines  the  effect  of c o n s t a n t  a e r a t i on  and  
s t i r r ing  in glass ware  (spinner  flasks) t h a t  has  or ig inal ly  
been  des igned for the  axenic  and  semi -con t inuous  cu l tu re  
of suspended  cells. 

A typ ica l  e x p e r i m e n t  is set  up  as follows. N e m a t o d e s  
are g rown up in 100 ml  of m e d i u m  div ided  over  five 
250 ml  sc rew-capped  E r l e n m e y e r  flasks. Vv'hen t he  t o t a l  
yield is a t  l eas t  2 X 106 nema todes ,  t he  cu l tu res  are t r ans -  
ferred in to  a sma l l  sp inner  f lask c o n t a i n i n g  1 1 of cu l tu re  
m e d i u m  inc lud ing  1 ml  of a n t i f o a m  emuls ion  M-30 (Serva,  
Fede ra l  Repub l i c  of Ge rmany) .  An t ib io t i c s  are r o u t i n e l y  

added  to p r e v e n t  c o n t a m i n a t i o n  : penici l l in  G a t  1,000 U/ml ,  
s t r e p t o m y c i n  a t  I m g / m l  a n d  fungizone  ( ampho te r i c in  B) a t  
10 ~zg/ml. Suff ic ient  air  flow is b u b b l e d  t h r o u g h  the  med ium,  
which  is mixed  slowly b y  a m a g n e t i c a l l y  d r iven  s t i r rer  mech-  
anism.  The  air  is s ter i l ized f i rs t  b y  passage  t h r o u g h  a 
1 inch  in-l ine f i l ter  ho lder  equ ipped  w i t h  a 0.22 ~zm pore  
size m e m b r a n e .  W h e n  t he  p o p u l a t i o n  is nea r  i ts  max i -  
m u m ,  i.e. w h e n  a t  t he  end  of t he  exponen t i a l  g r o w t h  
phase  t he  p o p u l a t i o n  g r o w t h  r a t e  a t  f i rs t  slows down,  
i t  is t r a n s f e r r e d  in to  f resh m e d i u m  in a 10 1 capac i t y  
sp inne r  f lask and  g rown up  un t i I  ha rves t .  As w i t h  t h i n  
f ihn  cul tures ,  t he  p H  of the  m e d i u m  rises c o n s t a n t l y  
w i t h  increas ing  n e m a t o d e  n u m b e r  and  t h u s  m u s t  be 
f r e q u e n t l y  checked.  A n y  rise above  p H  6.5 is read i ly  
followed b y  s u b s e q u e n t  d e a t h  of a s ign i f ican t  p a r t  of the  
n e m a t o d e  popuIa t ion .  F a t a l  rise of t he  p H  can  be  over-  
come b y  t he  use of m o d e r a t e l y  acid m e d i u m  (e.g. p H  5.2 
w i t h  acet ic  acid) and  b y  ac id i fy ing as needed,  or b y  
passage  of t he  air  t h r o u g h  an  acet ic  acid so lu t ion  pr ior  
to  b u b b l i n g  t h r o u g h  t he  med ium.  

P o p u l a t i o n  g rowth  of C. elegans and  co inc iden t  changes  
of t he  p H  of the  m e d i u m  are r ep r e sen t ed  in Tab le  II .  
I t  was  no t  a t t e m p t e d  to cor rec t  for t he  rise in p H  in t he  
1 1 cu l tu re ;  b u t  in t he  10 1 cu l tu re  t he  a i r  was b u b b l e d  
f i rs t  t h r o u g h  a 25% so lu t ion  of acet ic  acid. The  t o t a l  
n u m b e r  of n e m a t o d e s  o b t a i n e d  f rom the  10 I cu l tu re  was 
nea r  1 bilIion. These  were h a r v e s t e d  and  washed  3 t imes  
in 45% (w/w) sucrose s o h t i o n  y ie ld ing  a wet  we igh t  of 
a l m o s t  40 g of ve ry  c lean n e m a t o d e  tissue. This  was 
o b t a i n e d  in less t h a n  6 weeks, s t a r t i n g  f rom some 50 
worms.  

Tiffs is the  f irst  repor t ,  to  m y  knowledge,  of the  cu l t iva -  
t ion  of n e m a t o d e s  in cond i t ions  a n d  w i t h  yields t h a t  are 
r e m a r k a b l y  c o m p a r a b l e  w i t h  those  r epor ted  for cells 
a n d  bac te r ia .  There  is p r o b a b l y  no res t r i c t ion  to f u r t h e r  
c u l t i v a t i o n  of su i t ab le  f ree- l iving n e m a t o d e s  in large 
capac i ty  f e rmen ta to r s .  

9 E. J. BuEcIIzR and E. L. HANSEN, J. Nematol..3, 199 (1971). 
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Summary .  U n d e r  ce r t a in  condi t ions ,  c o n t i n u o u s  ava i l ab i l i t y  of a H - t h y m i d i n e  in s t e a d y - s t a t e  ceil sys tems  resu l t s  in a 
l inea r  increase  of t he  f r ac t ion  of label led cells, t h e  e q u a t i o n  of wh ich  can  be  used to  d e t e r m i n e  cell cycle p a r a m e t e r s  of 
t he  s y s t e m  inves t iga ted .  

Fo r  ana lys i s  of cell cycle p a r a m e t e r s  ill cell r enewal  
sys tems ,  a m e t h o d  i n t r o d u c e d  b y  QUASrL~R and  SHER- 
~,IAN 2 is usua l ly  employed.  The  m e t h o d  is based  on  f lash 
labe l l ing  of I ) N A - s y n t h e s i z i n g  cells b y  a H - t h y m i d i n e  
(aH-TdR) a n d  s u b s e q u e n t  a u t o r a d i o g r a p h i c  o b s e r v a t i o n  
of t he  pe rcen t age  of label led  mi toses  (PLM-method) .  I f  
wavel ike  osci l la t ions  of label led  mi toses  are observed ,  
the  e x p e r i m e n t  gives i n f o r m a t i o n  a b o u t  t he  d u r a t i o n  of 
all  phases  of t he  cell cycle. However ,  if c l ea rcu t  second 
waves  of label led  mi toses  are n o t  ob ta ined ,  due to s t rong  
v a r i a t i o n s  in cell cycle pa r am e t e r s ,  t he  ava i l ab le  i n fo rma-  
t i on  m a y  be  l imi ted  to t h e  p r e m i t o t i c  gap  (tgj,  t h e  m i to t i c  

t i m e  (Ira) and  D N A - s y n t h e s i s  t ime  (ts), while  the  cell cycle 
t ime  (to) c a n n o t  be measured .  Serious p rob lems  m a y  arise 
f rom ear ly  reu t i l i za t ion  of a H - T d R  label led  DNA in t h e  cell 
s y s t e m  u n d e r  inves t iga t ion ,  as d e m o n s t r a t e d  for g ranu lo-  
cytopoies is  a. In  th i s  s i tua t ion ,  a c o h o r t  of f lash- label led  
cells c a n n o t  be  p roduced ,  waves  of label led  mi toses  are no t  
obse rved  and  the  m e t h o d  fails to  give a n y  results .  I n  o rder  

1 This research was supported by the Deutsche Forschungsgemein- 
sehaft. 

2 H. QUASTLER and F. G. S~EgMAN, Exp1 Cell Res. 17, 420 (1959). 
a D. GER~CK~ and R. (]Ross, Slut 31, 43 {1975). 
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to overcome these  l imi ta t ions  of the  P L M - m e t h o d ,  an al- 
t e rna t ive  app roach  for the  de te rmina t ion  of cell cycle 
p a r a m e t e r s  in s t e ady - s t a t e  cell sys tems  employ ing  con t in -  
u o u s  labell ing wi th  3H-TdR was theore t ica l ly  developed 
and subsequen t ly  vefi t ied b y  expe r imen t  in mouse  granu-  
locytopoiesis .  

Theory .  Cell renewal  sys tems  can be subdiv ided  into a 
prol i fera t ing  cell c o m p a r t m e n t  conta in ing  all cells in the  
cell cycle, and  a non-pro l i fe ra t ing  cell c o m p a r t m e n t  con- 
ta in ing  the  ceils which have  i r revers ibly  left the  cycling 
stage.  An inf lux f rom m o r p h o l o g i c a l l y  unident i f ied  s tem 
cells into the  recognizable  prol i fera t ing c o m p a r t m e n t  
m a y  exis t  (Figure 1). For  the  following calculat ions,  6 
a s sumpt ions  are made  : a) the  sy s t em is in a s t eady-s t a t e ,  
b) a possible inf lux into the  prol i fera t ing cell comp a r t -  
m e n t  is small  compared  wi th  the  efflux f rom t h a t  com- 
p a r t m e n t ,  c) the  sys t em does no t  con ta in  a s ignif icant  
p ropor t ion  of Go-cells, d) the  t r ans i t  t ime  t h rough  the  
non-d iv id ing  cell pool has a def ined m i n i m u m  value, 
which  exceeds  the  cycle t ime of the  prol i fera t ing cells, 
e) cell dea th  does no t  occur wi th in  the  c o m p a r t m e n t s ,  
f) cell cycle t ime  pa rame te r s  show no var ia t ions .  

.• PROLIFERATING NON-PROLIFERATING 

STEM CELL MIGRATION 
CELLS OR CELL LOSS 

COMPARTMENT COMPARTMENT 

Fig, 1. Flow diagram of a cell renewal system. 
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Fig. 2. Theoretical linear increase of the fraction of labelled cells in a 
steady state cell system during continuous availability of ~H-TdR 
(for explanation of symbols see text). 
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Fig. 3. Labelling of bone marrow granulocytopoiesis in the mouse 
during continuous availability of 3H-TdR. Each experimental point 
represents the mean value of 6 animals. 

The following symbols  aie  used:  

N, total number of cells within the cell system. 
N~, number of cells in the proliferating compartment. 
N,,~, number of cells in the non-proliferating compartment. 
P', flow rate of cells from proliferating to non-proliferating com- 

partment (cells/unit time). 
t~, DNA synthesis time. 
t~2 , premitotic gap. 
t,,,, mitotic time. 
tc, cell cycle time. 
t,,p, transit time through non-dividing cell pool. 
y, fraction of labelled cells within the cell system. 
t, running time of continuous availability of 3H-TdR. 

If  con t inuous  avai labi l i ty  of aH-TdR is p rov ided  to 
the  prol i fera t ing cell pool s t a r t ing  at  t = 0, all prol i ferat-  
ing cells will be labelled af ter  tc-ts. As long as the  t rans i t  
t ime t h ro u g h  the  non-pro l i fe ra t ing  c o m p a r t m e n t  is con- 
s iderably  longer t h a n  &-ts,  the  fu r the r  increase of the  
f rac t ion of labelled cells wi th in  t he  whole cell sys tem will 
be l inear unt i l  labelled cells s t a r t  to leave the  non-  
prol i fera t ing  pool. Fo r  the  t ime in te rva l  def ined by  lc-ts <_ 
t_<t~,  the  l inear equa t ion  descr ib ing the  fract ional  
increase of labelled ceils dur ing  cont inuous  avai labi l i ty  
of 3H-TdR will be der ived.  In  order  to  s impli fy  the  calcu- 
lation, i t  is assumed t h a t  tg 2 +tin = 0, which  means  t h a t  
the  flow of labelled cells into t he  non-pro l i fe ra t ing  cell 
c o m p a r t m e n t  s ta r t s  immed ia t e ly  as soon as aH-TdR 
becomes  available.  

The general  express ion for a l inear funct ion wi th  the  
slope m and going t h ro u g h  poin t  P l (h ;  YJ is given b y  

y - - y ~  = m . ( t - - q )  (I) 

In  our example ,  the  slope m is given by  the  f ract ional  in- 
crease of labelled cells F / N  wi th in  the  cell sys tem.  Com- 
plete  labell ing will be achieved a t  t = tn~, so t h a t  t 1 ~ tn~j, 
and Yl=  1. E n t e r i n g  these  express ions  into equa t ion  I, 
we ob ta in  

F 
y - - l =  N " (t t,.,) 

and  

F F 
Y : N ' t + i -- -/N T " tn~, (II) 

The flux F of cells in the system can be expressed either 

by the output of the proliferating compartment F = 
N~/t c or by the flow of cells through the nonproliferating 
compartment F = Nn~/t~. In substituting F in equation 
If by these terms, we arrive at 

Np �9 t N,,p 
. . . .  F 1 - - - -  N �9 tc N 

y - -  

and  
Np �9 t N~ 

Y = - N . / ~  + N 

or 

Y =  ~ "  t c  + 1  (iu) 

E q u a t i o n  I I I  describes t he  l inear increase of the  f rac t ion 
of labelled cells for a cell renewal  sys t em in s t eady  s ta te  
dur ing  cont inuous  avai labi l i ty  of aH-TdR for the  t ime 
in te rva l  tc-ts ~ t  <_tn~. Discussion of th is  l inear funct ion  
shows t h a t  it  has  in te res t ing  in tersec t ions  wi th  the  
abscissa and  the  ordinate .  Thus,  for 

N~ 
t = 0 it follows that y = 

and  for 

y = 0 it follows that Z = -- tc. 
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In  o t h e r  words,  t he  f r ac t ion  of p ro l i fe ra t ing  cells w i t h i n  
t he  t o t a l  cell s y s t e m  can  be  o b t a i n e d  b y  e x t r a p o l a t i o n  of 
t he  l inear  f unc t i on  to t he  o rd ina t e  ; and  t he  cell cycle t ime  
can  be  e s t i m a t e d  b y  e x t r a p o l a t i o n  to  t he  abscissa.  Fu r -  
t he rmore ,  as s t a t e d  above ,  for t = tnp, t he  f r ac t ion  of 
label led  ceils is equa l  to  1. Thus ,  t h e  in te r sec t ion  of 
t he  l inear  f unc t i on  w i t h  t he  100% level  will yield tn~. 
These  p roper t i e s  of e q u a t i o n  I I I  are shown  g raph ica l l y  
in F igure  2. Since, in c o n t i n u o u s  labe l l ing  expe r imen t s ,  
t he  e n t r a n c e  of label led  ceils in to  t he  non-p ro l i f e r a t ing  
c o m p a r t m e n t  does n o t  s t a r t  i m m e d i a t e l y  a t  t = 0 as 
a s sumed  above ,  b u t  on ly  a f t e r  tge +tin,  t he  l inear  f unc t i on  
w i t h  t he  p rope r t i e s  of e q u a t i o n  I I I  call be  o b t a i n e d  b y  
sh i f t ing  all e x p e r i m e n t a l  d a t a  b y  the  va lue  of tg~+tm to 
t he  left. 

For  t he  sake  of s impl ic i ty ,  in  the  above  ca lcu la t ions  
v a r i a t i o n s  of cell cycle p a r a m e t e r s  were d is regarded.  Con- 
s ider ing  such  va r i a t ions ,  e q u a t i o n  I I I  r em a i ns  va l id  for 
t he  o b s e r v a t i o n  per iod  ( t~-  t~) ,~a~ -< t < tn~ mi~, if tc is re- 
p laced  b y  t he  a r i t h m e t i c  m e a n  of to. Accordingly ,  t he  in-  
t e r sec t ions  of t he  e q u a t i o n  will t h e n  yield t h e  m e a n  
va lues  of t h e  cell cycle pa r am e t e r s .  

Experimental results. The  t h e o r y  ou t l ined  a b o v e  was 
appl ied  to mouse  granulocytopoies i s .  6 B a l b / c  mice 
(24 28 g) were in jec ted  w i t h  a H - T d R  (1 ~Ci/g b o d y  
weight)  a t  8-h i n t e rva l s  to  ensure  t h a t  all cells p roduced  
w i t h i n  t he  e x p e r i m e n t a l  per iod  were labelled.  P rev ious  
e x p e r i m e n t s  h a d  s h o w n  t h a t  s ign i f ican t  n u m b e r s  of 
label led  g ranu locy te s  do n o t  a p p e a r  in  t h e  c i rcu la t ion  u p  
to 50 h a f t e r  t he  f i rs t  i n j ec t ion  of 3H~TdR ( =  m i n i m u m  
t r a n s i t  t ime  t h r o u g h  t he  n o n - d i v i d i n g  m a r r o w  pool). 
Hence,  an ima l s  were ki l led a t  10, 20, 30, 40 a n d  50 h, 
f emora l  m a r r o w  was r e m o v e d  a n d  processed for au to-  
r ad iog raphy .  The  p e r c e n t a g e  of label led g ranu locy t i c  
m a r r o w  ceils was  scored a f te r  a d e q u a t e  exposure  t ime  
a n d  Giemsa  s t a in ing  b y  e v a l u a t i n g  500 ceils i r respec t ive  
of t he i r  s tage  of m a t u r a t i o n .  

The  resu l t s  o b t a i n e d  are shown  in F igure  3. E a c h  po in t  
on  t he  g r a p h  r ep resen t s  the  m e a n  va lue  of 6 animals .  A 
l inear  increase  of t he  p e r c e n t a g e  of label led g ranu locy t i c  
m a r r o w  cells was  obse rved  be t w een  10 and  50 h, con- 
f i rming  t he  t h e o r y  deve loped  above.  E x t r a p o l a t i o n  of the  
e x p e r i m e n t a l  cu rve  to  t h e  abscissa  and  to  t he  100~o level 
gave  va lues  for lc of 14 h and  for t,~ of 66 h, respect ively .  
The  re la t ive  size of t he  p ro l i fe ra t ing  pool, o b t a i n e d  f rom 
the  o rd ina t e  a t  ! --  0, was  18~o. F r o m  t he  in i t ia l  p a r t  of a 

P L M - e x p e r i m e n t ,  tg,~ + tm for m a r r o w  granu locy topo ies i s  
was  e s t i m a t e d  to be  2 h. In  cor rec t ing  for tg~ + t m  in the  
way  descr ibed  above ,  t he  f inal  e s t ima te s  were tc = 16 h, 
t,~p = 64 h and  re l a t ive  size of p ro l i f e ra t ing  cell pool  = 
20% (do t ted  line, F igure  3). 

Discussion. The  m e t h o d  i n t r o d u c e d  here  for d e t e r m i n a -  
t ion  of va r ious  k ine t ic  p a r a m e t e r s  of p ro l i fe ra t ing  cell 
sy s t ems  is genera l ly  app l icab le  u n d e r  s t e a d y  s t a t e  con-  
d i t ions  as long as t he  m i n i m u m  t r a n s i t  t i m e  t h r o u g h  t he  
non -p ro l i f e r a t i ng  cell c o m p a r t m e n t  cons ide rab ly  exceeds 
t h e  va lue  of tc - t,. Compared  to  t he  P L M - m e t h o d ,  th i s  
a l t e r n a t i v e  a p p r o a c h  shows a n u m b e r  of advan t ages .  
Because  of tile l inear  r e l a t i onsh ip  descr ibed  b y  e q u a t i o n  
I I I ,  on ly  2 samples  t a k e n  f rom the  cell sy s t em u n d e r  in- 
v e s t i g a t i o n  du r ing  c o n t i n u o u s  ava i l ab i l i t y  of a H - T d R  
are needed  to o b t a i n  e s t ima te s  for t he  cycle t ime,  t he  
p ro l i fe ra t ing  f r ac t ion  a n d  the  t r a n s i t  t ime  t h r o u g h  t he  
non-p ro l i f e r a t ing  pool. If, in add i t ion ,  t he  pe rcen t age  of 
label led  cells 1 h a f te r  in j ec t ion  of a H - T d R  is d e t e r m i n e d  
(flash label l ing  index) ,  ca lcu la t ion  of D N A  syn thes i s  t ime  
is also possible.  Thus ,  3 biopsies  m a y  give as m u c h  in- 
f o r m a t i o n  as a comple t e  P L M  e x p e r i m e n t  r equ i r ing  be- 
tween  10 a n d  20 t i ssue  samples .  Moreover ,  in some si t  
ua t ions ,  where  P L M  e x p e r i m e n t s  fail  to  give c l ea rcu t  re- 
sults,  t h e  c o n t i n u o u s  label l ing  m e t h o d  r ema ins  appl i -  
cable.  W h e n e v e r  second waves  of label led  mi toses  are 
n o t  obse rved  a f t e r  f lash  labell ing,  i t  seems wor thwi l e  to  
i nves t i ga t e  t he  cell s y s t e m  in ques t i on  u n d e r  c o n t i n u o u s  
ava i l ab i l i t y  of ~ H - T d R  in order  to  f ind  ou t  w h e t h e r  a 
l inear  increase  of t he  p e r c e n t a g e  of label led ceils can  be  
d e m o n s t r a t e d ,  wh ich  allows app l i c a t i on  of t h e  t h e o r y  
deve loped  above .  E a r l y  r eu t i l i za t ion  of label led DNA,  a 
process  wh ich  m a y  lead to a fa i lure  of P L M  expe r imen t s ,  
does n o t  in te r fere  w i t h  t he  c o n t i n u o u s  label l ing  me thod .  
Thus ,  in  mouse  granulocytopoies i s ,  a p l a t e a u  cu rve  of 
label led  mi toses  a t  100~o was obse rved  a f t e r  a single in- 
j ec t ion  of ~H-TdR due to t r a c e r  reu t i l i za t ion ,  a n d  in- 
f o r m a t i o n  a b o u t  cell cycle p a r a m e t e r s  was  res t r i c ted  to  
lg 2 + t ~  in t h a t  e x p e r i m e n t  4. B y  a c o n t i n u o u s  labe l l ing  ex- 
pe r imen t ,  however ,  i t  was  possible  to  o b t a i n  i n f o r m a t i o n  
a b o u t  t he  cell cycle t i m e  of the  p ro l i f e ra t ing  cells a n d  the  
p ro l i fe ra t ing  cell f r ac t ion  in th i s  r enewal  sys tem,  as de- 
m o n s t r a t e d  in t he  e x p e r i m e n t a l  p a r t  of th i s  c o m m u n i c a -  
t ion.  

4 D. GERECKE, unpublished observation. 

C U R S U S  

Italy 
I S P R A - C o u r s e s  on Urban  Air Qual i ty  
M a n a g e m e n t  

in [spra (Varese), 6-8 October 7976 
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a d m i t t a n c e  of fu tu re  e m i t t e r s ;  u r b a n  p lann ing .  
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sode con t ro l ;  w a r n i n g  and  a l a r m  sys tems ;  emission-re-  
duc t ion  s t ra tegies .  Social aspects: In ju r i e s  and  damages ;  
air  qua l i t y  s t a n d a r d s ;  emiss ion r e d u c t i o n :  cos t -benef i t ;  
a r r a n g e m e n t s  for  emergency ;  legal and  a d m i n i s t r a t i v e  
aspects .  
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