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The use of DNA synthesis  as a measu re  of mi togen ic  
a c t i v i t y  in l y m p h o c y t e s  is r e ana lyzed  in the  l ight  of the  
C o n t i n u u m  Model, and it is sugges ted  t ha t  a l though 
l y m p h o c y t e s  may have  a l inear  response  with regard  to 
mi togen  concen t ra t ion ,  the curves  using thymid ine  may  
show a threshold response  at  low concen t r a t i ons  and a 
d e c r e a s e  in ac t i v i t y  at  high concen t ra t ions .  

R a d i o a c t i v e  thymid ine  is widely used to measu re  the p ro l i f e ra t ion  
of  l y m p h o c y t e s  in the  p re sence  of a mi togen .  The e f f e c t  of a 
mi togen  can be measu red  e i ther  by measur ing  the to ta l  p rec ip i t ab l e  
r a d i o a c t i v i t y  or by measur ing  the number  of r ad ioac t i ve  nuclei a f t e r  
some  sui tab le  period of incubat ion.  Here  we mere ly  wish to note  tha t  
while these  methods  have numerous  advan t ages  ( low background,  l a rge  
m e a s u r a b l e  inc rease  due to mi togens ,  e t c . ) ,  t he re  is reason to bel ieve 
t ha t  for some purposes the me thod  m a y  not be sui table .  The basic 
d i s advan tage  is tha t  using DNA synthes is  as a measu re  of the  e f f e c t  
of a mi togen  does not necessar i ly  produce  a resul t  which is propor-  
t ional  to the ac tua l  e f f e c t  of the mi togen.  This lack of propor-  
t iona l i ty  may  lead to conclusions regarding the  mechan i sm of mi to-  
genesis  which would not be cons idered  if it were  bel ieved tha t  the 
s t i m u l a t o r y  e f f e c t  of the mi togen  was propor t iona l  to the  concen-  
t r a t i on  of mi togen.  We wish to suggest  tha t  it may  be b e t t e r  to 
m e a s u r e  the  synthesis  of new cy top lasm,  r a the r  than DNA synthesi% as 
a measu re  of mi togen ic  potency.  

I t  has been observed  by a number  of inves t iga to r s  (Wang, McClain 
& Edelman,  1975; McClain & Edelman,  1976; Archer ,  Smith ,  Ulrich & 
Johnson,  1979; Powell  & Leon,  1970; Ling & Kay,  1975; Rao, Schwar tz ,  
& Good ,  1979; and  Kay, 196% are  some examples )  tha t  at  low 
c o n c e n t r a t i o n s  of mi togen  the re  is l i t t l e  mi togen ic  response,  i .e.,  a 
threshold  is observed.  At  i n t e r m e d i a t e  concen t r a t i ons  the re  is an 
increas ing  response  with increas ing concen t r a t i ons  of mi togen,  while a t  
m u c h  h i g h e r  c o n c e n t r a t i o n s  the re  is a dec r ea se  in response  with 
increas ing  mi togen concen t ra t ions .  We wish to p resen t  a view of 
mi togenes i s  which may  explain these  observa t ions .  Crucia l  to the  
analysis  p resen ted  here  is the f a c t  tha t  all of these  resul ts  tha t  we 
are  r e f e r r ing  to are  p e r f o r m e d  as ' e x e c u t i o n  assays ' .  Tha t  is, the  
DNA synthes is  is measu red  much l a t e r  in t i m e  a f t e r  the s t imulus is 
added to the  cells.  In some  cases  this can be as much as 72 h a f t e r  
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addi t ion  of the  mitogen.  Prior to addition of the thymidine to 
measure DNA synthesis, the ceils are not incubated in the presence of 
thymidine. 

Our analysis derives from a general view of the regulation of celt 
growth and proliferation, the Continuum Model (Cooper, t9g la ) .  We 
will briefly describe the Continuum Model and then apply it to the 
p rob lem of l y m p h o c y t  e a c t i v a t i o n .  We do note that the ideas 
presented here do not depend on the Continuum Model itself~ but can 
stand independently of the Continuum Model. 

Brief resume of the Continuum Model 

The Continuum Model proposes that the events involved in the 
regulation of DNA synthesis and cell division are occurring continu- 
ously and in all phases of the cell cycle (Cooper, I979, ig81a, b, 
1982). It proposes that there are no Gt-specif ic  event% and further  
that  resting cells (such as lymphocytes) are not arrested in a special 
part  of the cell cycle such as GI or 'GO'. Rather,  cells such as 
lymphocytes are arrested with a GI content  of DNA but not in the G1 
phase of the cell cycle. (See reference  8 for a complete explication 
of this idea, and an analysis of the experiments which have been used 
to  suppor t  the notion of Gl -a r res t  or GO.) It has further been 
proposed that the synthesis of celt mass~ and more specifically cell 
p ro t e in ,  is the  pr imary  cause of the initiation of DNA synthesis 
( C o o p e r ,  l s  The r a t e  of cel l  growth and proliferation is 
there fore  regulated by the rate of accumulation of cell mass (Cooper, 
1979, 1981b). The stochastic implications of the Continuum Model have 
now been described (Cooper, 1982), and it has been shown that the 
d i s t r i bu t i on  of cell interdivision times, sister-cell correlations, and 
o t h e r  s t a t i s t i c a l  measures of cell interdivision are explained quite 
simply by the Continuum Model. It is these concepts of the statist ical  
i m p l i c a t i o n s  of the  Continuum Model which we wish to apply to 
explain the observed concentrat ion-dependence of mitogenesis. 

Application of the Continuum Model to lymphocyte activation 

We assume that lymphocytes have been arrested in a condit ion 
where  they  are some way away f rom achieving the amount of 
' i n i t i a t o r '  r equ i r ed  for the in i t ia t ion of DNA synthesis. When a 
mitogen is added to such cell% mass synthesis occurs. I t  is not 
proposed that the pr imary e f fec t  of the mitogen is d i rect ly  on the 
protein synthet ic system~ but rather that in all cases protein synthesi% 
or more general ly mass synthesis, is a necessary prerequisi te for the 
in i t ia t ion of DNA synthesis. Let  us now consider a mitogen in which 
the effect of the mitogen is directly proportional to the concen- 

tration of the mitogen. That is, let us assume that if the rate of 
protein synthesis was measured then the rate would be proportional to 
the concentrat ion of mitogen added to the lymphocytes over a wide 
range of mitogen concentrations.  We now propose the following four 
assumptions: 

1. DNA synthesis is in i t ia ted in cells when a unit (a rb i t ra r i l y  defined 
as 1.0) amount  of ' in i t ia tor '  is accumulated per G1 nucleus. In 
p r a c t i c e  the  act  of i n i t i a t i o n  occurs at a mass which is only 
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a p p r o x i m a t e l y  1.0, but which is d i s t r ibu ted  about  this value.  For 
s impl ic i ty  we shall a s sume  a normal  d is t r ibut ion of this ' c r i t i ca l  mass '  
abou t  the  value 1.0. 

2. Upon addit ion of a mi togen,  in i t ia tor  synthesis  is s t imu la t ed  at  a 
r a t e  which is propor t iona l  to the amount  of mi togen  presen t  over  a 
wide range of mi togen  concen t r a t i ons .  There  is no lower l imit  of 
mi togen  co ncen t r a t i on  which would give the  a p p e a r a n c e  of a threshold 
e f f e c t .  T h e  ac tua l  r a t e  of in i t ia tor  synthesis  in a given cell is 
normal ly  d i s t r ibu ted  about  the  mean value.  The ac tua l  va r i ance  in the  
r a t e  of in i t ia tor  synthesis  is independent  of, but may  be increased  by, 
any var ia t ion  in the amoun t  of mi togen  bound per cell .  Tha t  is~ if all 
cel ls  had exac t l y  the  s ame  number  of mi togen  molecu les  bound per  
cell  the re  would be a p a r t i c u l a r  va r i ance  in the  r a t e  of in i t ia tor  
synthes is  per cell. Since in p r a c t i c e  this does not occur ,  the  ac tua l  
va r i ance  is the  resul t  of the  inheren t  va r i ance  in the r a t e  of in i t ia tor  
s y n t h e s i s  and the  v a r i a n c e  due to the inequi tab le  d is t r ibut ion of 
mi togen  molecu les  over  a populat ion of l ymphocy te s .  We fu r the r  will 
a s s u m e  t h a t  t h e  s y n t h e s i s  of in i t ia tor  is exponent ia l ,  a l though in 
p r a c t i c e  th is  is not  c r i t i c a l  to the a rgumen t .  Our a rgumen t  is 
independent  of the mode of synthesis  of in i t i a to r  be tween  a pa r t i cu la r  
s t a t e  and the  final s t a t e  of ini t ia t ion.  

3. The amount  of in i t ia tor  in a l y m p h o c y t e  is less than the  amoun t  
of  i n i t i a t o r  required for in i t ia t ion.  In pa r t i cu la r  for l ymphocy te s ,  
t he r e  are  few ceils which have  any amount  of in i t ia tor  close to the  
amoun t  required for in i t ia t ion.  This is the major  assumpt ion  which is 
pecul ia r  to l ymphocy te s .  Prev ious  proposals  (Cooper ,  1979, 19gla,b~ 
1982) have  emphas i zed  the f a c t  tha t  t he re  was a cont inuous dis t r i -  
bution of in i t ia tor  amoun t s  in res t ing  cells.  

tt.. The  a n o m a l o u s  inhibi t ion of mi togenes i s  at  ve ry  high concen-  
t r a t i ons  of mi togen  can be expla ined with the added assumpt ion  tha t  
l y m p h o c y t e s  can only p roceed  through only one or a l imi ted  number  of 
rounds of rep l ica t ion .  This may  be due to e i ther  l imi ta t ions  in the  
DNA rep l i ca t ing  sys tem or in the abi l i ty  of the  cell to syn thes ize  
pro te in .  

The  appl ica t ion  of these  assumpt ions  to l y m p h o c y t e  ac t i va t i on  is 
d i a g r a m m a t i c a l l y  i l lus t ra ted  in Fig. I .  Here  we i l lus t ra te  how the use 
oi an ' e x e c u t i o n  assay '  in which the e f f e c t  of the mi togen  is measu red  
by thymid ine  incorpora t ion  a t  a much l a t e r  t i m e  can lead to the 
conclusion tha t  t he re  is a threshold level  of mi togen  ac t iva t ion .  We 
have  assumed tha t  once a cell has r eached  the threshold required for 
in i t ia t ion of DNA synthesis~ addit ion of thymid ine  at  any l a t e r  t i m e  
will resul t  in e i ther  a labeled  cell  or a l t e r n a t i v e l y  a s imi lar  amount  of 
label  i nco rpora t ed  into the ceils.  If, as noted in assumpt ion  Lt, the 
incorpora t ion  of label into DNA fol lowing ini t ia t ion of DNA synthes is  
does not cont inue  for an ex tended  per iod  of t ime,  then one might  
consider  tha t  at  the higher r a t e  of in i t ia tor  synthesis  ( t h a t  is, higher 
mi togen  c o n c e n t r a t i o n s ) ,  one might  see less incorpora t ion  because  cells 
will have initiated DNA synthesis, and completed such DNA synthesis 
by the t i m e  tha t  r ad ioac t i ve  thymid ine  is added. This will thus give 
r i s e  to  t h e  a p p a r e n t  ' inhibi t ion '  in mi togenes i s  a t  higher mi togen  
concen t r a t i ons .  
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Fig. i. Illustration of the application of the 
Continuum Model to the activation of lymphocytes. 
Consider a population of lymphocytes which have a 
mean 'initiator mass' of 0.5 which is normally 
distributed about this value. Consider the addition 
of three different concentrations of mitogen in the 
ratios of 1:2:4. As noted in the text~ we will 
assume that the mean rate of initiator synthesis in 
the lymphocyte population is proportional to the 
concentration of mitogen. Now consider that at some 
time radioactive thymidine is added to the popu- 
lations of cells and either the amount of radio- 
active label incorporated or the fraction of cells 
with labelled nuclei is measured. Consider the 
intermediate time (I00) in the upper graph (A) such 
that at the lowest concentration no cells have 
synthesized enough initiator to reach the critical 
initiator mass (normally distributed about the value 
1.0)7 about half of the cells with the intermediate 
concentration of mitogen will have reached the 
critical initiator value and will thus have 
initiated DNA synthesis~ and all of the cells with 
the highest mitogen concentration will have 
initiated DNA synthesis because they will have 
synthesized the critical initiator mass. In the 
lower graph (B) this result is shown by curve i00 
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with a threshold at the lower concentrations, a rise 
at the intermediate mitogen concentration, and a 
plateau at the highest concentration where addi- 
tional mitogen does not give any further increase in 
label. The rise in the intermediate range will be 
determined by the variance in the rate of initiator 
synthesis. The greater the variance, the shallower 
the rise as indicated by the dashed line in graph B. 
Note that an increase in the variance of the rate of 
synthesis, or the initial 'initiator content', or 
the critical mass required for initiation in a 
particular cell will all yield a flatter rise in the 
labeling curve. It is interesting to consider what 
would be expected if different times of labeling 
were chosen as indicated by times 50 and 200. If 
label were added early one would find a smaller 
fraction of cells labeled at the highest mitogen 
concentration and no label incorporated with the 
lower mitogen concentrations. This produces the 
labeling curve 50 in graph B. If very late times 
are used, cells at even the lowest mitogen concen- 
trations may be partially labeled (producing curve 
200 in graph B), while the cells with the higher 
mitogen concentrations will be completely labeled. 
Now let us consider, as has been proposed in 
assumption 4, that DNA synthesis may not occur for 
an extended period after a round of replication has 
been completed. Since at the highest concentrations 
of mitogen the initiation of DNA synthesis has begun 
quite early (around time 50), it may be that by the 
time the label is added (time 200) no or little 
incorporation may be found. This would thus give 
the appearance of an 'inhibition' of mitogenesis at 
the highest concentrations. There would be less 
label found at the highest concentration than at 
some lower concentration. If, in this latter case, 
incorporation was measured at many time points 
following stimulation, a different conclusion would 
be reached regarding the mitogenic ability of the 
higher concentrations. The major conclusion is that 
the kind of kinetics of labeling that is obtained 
from a stimulation experiment may be critically 
dependent upon the choice of labeling times. 

R e s u l t s  

We have performed a number of simulation studies which show in 
more detail the application of the basic assumptions presented above 
to the stimulation of DNA synthesis. The methods used have been 
described elsewhere (Cooper, 1982). Briefly, the Statist ical  simulation 
package of the University of Michigan Terminal System (MIDAS) has 
been used to calculate the expected results using different  coeff ic ients  
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Fig. 2. Simulation of the percentage of labeled 
cells (or incorporated label) after 100 time units 
for different values of the rate of initiator 
synthesis (i.e different values of the concentration 
of a mitogen assuming that the mean rate of 
initiator synthesis is proportional to the mitogen 
concentration). (A) For each line the value of the 
rate (K) is assumed to be normally distributed but 
the coefficient of variation (S.D./mean x i00) of 
the rate over the population is variously 10%, 20% 7 
30%, and 50%. The initial mass of initiator is 
assumed to be 0.5 with a coefficient of variation of 
i0%~ and the critical mass required for initiation 
also has a coefficient of variation of i0%. 
(B) Stimulation of percentage of labeled cells (or 
incorporated label) with the coefficient of 
variation of the initial 'initiator mass' being 10%, 
20%, 30%, and 50%. The coefficient of variation of 
the rates of synthesis and the critical mass 
required for initiation are set at 10%. Copies of 
the program and related documentation are available 
upon request. 

of var ia t ion for the various input pa ramete r s  (initial ini t ia tor  mass, 
ini t ia tor  synthesis rate,  and cr i t ical  ini t iator  mass) .  Typical  results 
are  presented in Fig. 2, where it can be seen tha t  the assumptions we 
have presented can quite easily give the observed ' th reshold '  e f f e c t  o5 
mitogenesis ,  with the threshold decreasing with increased var iabi l i ty  in 
the observed ra te  of ini t ia tor  synthesis or in the initial ini t ia tor  mass 
pos tula ted  in the lymphocytes .  
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Discussion 
The message we wish to convey is a very simple one. We suggest 

that  the complex kinetics of mitogenesis observed in various systems 
may be merely the result of the use of thymidine as a means to assay 
mitogenesis, and that the actual mitogenic stimulus is quite possibly a 
simple and concentrat ion-dependent  act ivator  of lymphocytes.  Instead 
of conc lud ing  tha t  low levels of activation at low concentrat ions 
(threshold e f fec t )  and decreasing activation at high levels (inhibition) 
a re  u n e x p e c t e d ,  we sugges t  that they are actually expected and 
t h e r e f o r e  sugges t i ve  of the  model of activation upon which the 
analys is  p r e s e n t e d  here is b&sed. In a broader sense, therefore ,  
l y m p h o c y t e s  are able to be brought into the general class of all 
' resting' cells as described by the Continuum Model (Cooper, 1981a). 
The state in which lymphocytes are found is not a 'GO' but is rather a 
state brought about by the inhibition of synthesis of cytoplasm or 
protein. 

There are both experimental  and theoret ical  implications of our 
analysis. On the experimental  level we would suggest either that 
labels be used which are more indicative of the action of mitogens, 
radioactive amino acids for example, or that when thymidine is used 
to measure mitogenesis~ measurements be taken at a number of t ime 
points to ensure that the sampling time is not altering the inter- 
pretat ion of the incorporation data. 

A similar crit ique of the use of 'execution assays' has also been 
applied to the inhibition of DNA synthesis by antibiotics (Cooper, 
1974). 

On a t h e o r e t i c a l  leve l ,  our analysis questions the idea that 
act ivat ion of lymphocytes is an 'al l-or-none' phenomenon. A survey 
we have conducted of a number of workers in immunology has 
indicated that there is a general belief that lymphocyte act ivat ion is 
an all-or-none phenomenon rather than a continuous response. If this 
belief has been generated by experiments showing a 'threshold' for 
act ivation, we suggest that this threshold, as measured by thymidine, 
is compatible with a continuously increasing activation of lymphocytes 
by increasing concentrat ions of mitogen. If the belief in an all-or-one 
phe nome non  is gene ra t ed  by the observation that removal of the 
mitogen (by the use of various competing sugars, for example) prior 
to incorporation of thymidine does not stop activation, then we suggest 
that  this can be accounted for by a continued level of protein or mass 
synthesis af ter  mitogen removal. This continued synthesis, however, 
would be at a level commensurate  with (or proportional to) the 
or ig ina l  concentra t ion of mitogen. Thus, mitogen may start  cells 
toward initiation of DNA synthesis and this may continue af ter  the 
removal of the mitogen, but ceils will reach the initiation of DNA 
synthesis at a rate which is variable and proportional to the concen- 
tration of mitogen. 
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