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A discussion of enigmas amidst the beautiful exposition of scientific 

I' accomplishments presented at the Symposium in honor of Dr, Donald Dexter 
? 

Van Slyke is a conundrum in itself. This Symposium held on the occasion of 

-, .# his 80th ann.iversary was an outstanding success in terms of scientific ,ex- 
J" + 

cellence and is a great tribute to the continuing intellectual, scientific 

and physical vigor of Van Slyke. 

A very wide spectrum of scientific disciplines were covered to wit, 

the relation of chemical structure to function, the exquisite elucidation. . 

of vitamin B structure by x-ray diffraction and analysis, structure of less 
12 

well defined chemical entities such as collagen, collagen function, ion 

transport, biochemical changes in cholera, renal changes in shock, immunity 

in collagen disease, hypertension and lipid metabolism. Most of the studies 

presented, concerned truly major advances in knowledge,made possible by the 

development of new techniques, of new methods, or of interpreting old techniques. 
\ 

The Symposium in large part was concerned with organs (intestine, kidney, 

adipose tissue, lymphoreticular tissue, connective tissue etc.). However, 

cells as cells, and tissues as tissues were given but scant consideration 

in the classical anatomical or cytological sense. This is not surprising; 

biological science started as a morphological description (Phylla, Classes 

etc., Gross Anatomy). The textbooks for these have long since been written. 

There is very little to add in the classic concept'. At the molecular level pre- ' 

cise knowledge on structure, function and information coding is accumulating . 

at a dizzy pace. , These are truly exciting times in biology.. However, there 

remains a hiatus in accumulation of knowledge between the gross anatomical 

t 



s t r u c t u r e  of animals and t i s s u e s  and t h e i r  func t ion  on one s i d e  and t h e  

4 
molecular  s t r u c t u r e  and func t ion  of b i o l o g i c a l l y  a c t i v e  molecules on t h e  o t h e r  

LJ s ide .  I n  between l i e  t h e  c e l l s  a s  h igh ly  s t r u c t u r e d  u n i t s  w i t h  a c t i v e  i n t e r -  ',& 
i, phases,  i n t r a c e l l u l a r  concen t r a t ions  of s p e c i f i c  chemical e n t i t i e s  i n  o r g a n e l l e s  

w i th  t h e i r  own u l t r a s t r u c t u r e ,  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  communication 

network. C e l l s  a r e  c e r t a i n l y  no t  and can no t  be t r e a t e d  a s  d i l u t e  s o l u t i o n s  

of enzymes and s u b z t r a t e s .  

Knowledge on t h e  u l t r a s t r u c t u r e  of c e l l s ,  chemical n a t u r e  of t h e  u l t r a -  

s t r u c t u r e ,  s t r u c t u r e  of complex molecules grows r a p i d l y -  w i th  improved chemi- 

c a l  techniques.  .The r e s o l u t i o n  of t h e  e l e c t r o n  microscope i s  approaching 

molecular  dimensions and combined w i t h  enzymatic degrada t ion  e t c .  may w e l l  

demonstrate p r e c i s e  s t r u c t u r e .  Despi te  t h e  r ap id  growth of knowledge a l -  

luded t o  above.and presented  s o  e loquen t ly  a t  t h i s  Symposium, t h e r e  remains 

a  p a r t i c u l a r  d e a r t h  of knowledge i n  r e s p e c t  t o  t h e  chemical o r  o t h e r  regula-  

t i o n  of t h e  "s teady s t a t e "  p r o l i f e r a t i o n ,  d i f f e r e n t i a t i o n  and matura t ion  of 

t h e  c e l l  renewal systems i n  mammals. Conceptual advances i n  t h i s  a r e a  were 

d e a l t  a  s e r i o u s  blow wi th  t h e  r ecen t  dea th  of Henry Q u a s t l e r  who had con- 

t r i b u t e d  s o  much t o  t h e  development of methods and knowledge on c e l l  p r o l i f e r a t i o n  

and i t s  s p e c i f i c  s tudy  i n  t h e  g a s t r o i n t e s t i n a l  t r a c t  (60-63). 

Accordingly, a s  a  hematologis t ,  I would l i k e  t o  address  myself t o  cer -  

t a i n  f a c e t s  of blood c e l l  product ion and i t s  r egu la t ion .  Needless t o  say,  

but  o f t e n  neglec ted  i n  t h e  sea rch  for biochemical c o n t r o l  mechanisms of 

d ive r se  s o r t s ,  i s  t h e  s imple f a c t  t h a t  dea th  of t h e  animal w i l l  fo l low 

c e s s a t i o n  of product ion of new red c e l l s ,  p l a t e l e t s ,  g ranulocytes  o r  lympho- 

cy tes .  As a  phys ic ian ,  who a l l  t oo  f r equen t ly  has observed dea th  r e s u l t  

from spontaneous, drug o r  r a d i a t i o n  induced f a i l u r e  of new c e l l  product ion,  

1 have been drawn ro specu la t e  and t u  r x p e r i ~ u e ~ l l  uu the r egu la t ion  



of product ion and thus  welcome t h i s   ortuni tun it^ a f fo rded  members of t h e  Van 

Slyke ~ymposium Organizing Committee t o  i ndu lge  i n  some specu la t ion  and t o  

recount  some experimental  approaches t o  hemopoietic c e l l  r egu la t ion .  Thus 

I am honored and p leased  t o  be a b l e  t o  c o n t r i b u t e  t o  t h e  Van Slyke F e s t s c h r i f t .  

Steady S t a t e  Catenated P r o l i f e r a t i n g  C e l l u l a r  Systems: 

, A l l  hemopoiesis can be d e s c r i b e d . a s  c o n s i s t i n g  of  a s e r i e s  of c y t o l o g i c  

compartments i n  which p r o l i f e r a t i o n  and matura t ion  cont inue  i n  p a r a l l e l .  This  

i s  shown schemat ica l ly  i n  F igure  1 without  r e f e rence  t o  any p a r t i c u l a r  c e l l  

l i n e .  The g e n e r a l l y  accepted concept demands an  u n d i f f e r e n t i a t e d  stem c e l l  

pool. C e l l s  i n  t h i s  pool  a r e  be l i eved  t o  be a c t e d  upon by a s p e c i f i c  induc- 

t o r  (gene ra l ly  no t  i d e n t i f i e d )  which induces a l o s s  of c e l l s  from. t h i s  pool  

by d i f f e r e n t i a t i o n  i n t o  a s p e c i f i c  c e l l  l i n e .  From t h i s  po in t  onwards, t h e  

c e l l s  become i d e n t i f i e d  a s  belonging t o  a s p e c i f i c  cy to log ic  l i n e .  T h e r e a f t e r  , 

t h e s e  c e l l s  go through a s e r i e s  of p r o l i f e r a t i n g  mi toses  and matu'ration simul- 

taneously.  A f t e r  a c e r t a i n  degree of m a t u r i t y  i s  a t t a i n e d ,  m i t o s i s  ceases  and 

matura t ion  cont inues  i n  t h e  non-p ro l i f e r a t ing  pool. A t  a l a t e r  s t a g e ,  t h e  

c e l l s  a t t a i n  a degree of ma tu r i t y  (chemical matura t ion)  t h a t  permi ts  en t rance  

i n t o  t h e  f u n c t i o n a l  pool.  A t  a l a t e r  s t age ,  c e l l  l o s s  occurs  a s  a r e s u l t  of 

senescence, f u n c t i o n a l  d e s t r u c t i o n  o r  l o s s  from t h e  f u n c t i o n a l  compartment. 

S ince  t h e r e  ,are c l e a r l y  f o u r  o r  more c e l l  systems which go through a sequence 

a s  descr ibed  above main ta in ing  e s s e n t i a l l y  a "s teady s t a t e  equi l ibr ium" t h e r e  

must e i t h e r  be feed  back loops from t h e  l o s s e s  i n  t h e  f u n c t i o n a l  pool  t o  t h e  

stem c e l l  and perhaps a l s o  t h e  in t e rmed ia t e  s t a g e s  i n  o r d e r  t o  r e g u l a t e  t h e  

system and adapt  t o  unexpected i n c r e a s e s  i n  demand o r  perhaps t h e  whole system 

i s  programmed gene t i ca l ly .*  Before proceeding t o  a d i scuss ion  of e r y t h r o p o i e s i s ,  

g r anu lopo ie s i s  and lymphopoiesis, a c l o s e r  look a t  t h e  stem c e l l  concept i s  i nd ica t ed .  

* See Quas t le r ,  H. (60) f o r  problems concerned wi th  f eed  back c o n t r o l ,  cybe rne t i c s ,  

programmed systems e t c .  i n  r e l a t i o n  t o  c e l l  p r o l i f e r a t i o n .  



Stem C e l l  Concept: 

The stem c e l l  concept i s  many decades of age and i s  descr ibed  i n  d e t a i l  

by Bloom (6) .  It i s  d i f f i c u l t  t o  t r a c e  t h e  e n t i r e  h i s t o r y  wi th  s a t i s f a c t i o n .  

Cowdry (14),  Bloom (6)  recognized t h e  need f o r  a  s e l f  pe rpe tua t ing  c e l l .  

Whether t h e r e  i s  a  s i n g l e  stem c e l l  o r  m u l t i p l e  stem c e l l s  i s  a s  y e t  equivo- 

c a l .  I n  embryonic development, blood formation i s  commenced by t h e  p r i m i t i v e  

mesenchyme i n  t h e  yo lk  sac. A v a s t  l i t e r a t u r e  p r i m a r i l y  of polemics e x i s t s  

a s  t o  whether t h e r e  i s  a  s i n g l e  stem c e l l  f o r  hemopoiesis o r  m u l t i p l e  c e l l s  

i n  a d u l t  l i f e  (reviewed i n  Downey by Bloom) (6).  The number of stem c e l l s  i n  
= .  . 

a d u l t  l i f e  remains s t i l l  unknown. The e x i s t e n c e  of pure a p l a s i a s  of one type  

o r  ano the r  i n  human d i s e a s e  can be used a s  an  argument f o r  t h e  l o s s  of t h e  

stem c e l l  f o r  t h a t  l i n e  o r  t h e  l o s s  of t h e  s p e c i f i c  i nduc to r  f o r  t h a t  c e l l  :. 

l i n e  which impinges upon a  common stem c e l l .  Radia t ion  p r o t e c t i o n  s t u d i e s  re -  

v iewed 'byBond e t  a l  (7 )  and Goodman e t  a l  (30) c l e a r l y  show t h a t  

t h e  common stem c e l l ( s )  passes  through t h e  blood. The B r i t i s h  group, 

Barnes, L o u t i t  and Ford ( 4 )  c l e a r l y  have shown t h a t  t h e  only  source f o r  a l l  

t h e  stem c e l l ( s )  i s  t h e  bone marrow. What i s  more d i s t r e s s i n g  i s  t h e  f a i l u r e  

so  f a r  t o  s a t i s f a c t o r i l y  i d e n t i f y  t h e  stem c e l l ( s )  c y t o l o g i c a l l y .  F l i e d n e r  

e t  a 1  (26) and Cudkowicz e t  a 1  (23) have i d e n t i f i e d  t e n t a t i v e l y  t h e  stem 

c e l l  a s  being r e s p e c t i v e l y  a  smal l  dense mononuclear c e l l  i n  t h e  canine  bone 

marrow and a  small ,  mononucleated lymphocyte l i k e  marrow c e l l  i n  t h e  mouse no t  ., 

. . .  
der ived  from lymph nodes. F l i e d n e r  e t  a 1  (26) "conclude t h a t  t h e  'stem c e l l ( s ) '  

. . 

r e s p o n s i b l e ' f o r  t h e  repopula t ion  of t h e  marrow must be mononuclear c e l l s  which a r e  

i n  a  qu ie scen t  s t a t e  o r  have a  long gene ra t ion  time under normal s t eady  s t a t e  

cond i t i ons  s o  t h a t  under t h e s e  cond i t i ons  they  r a r e l y  a r e  found i n  DNA syn thes i s  

and thus,  a r e  no t  labeled". There seems t o  be l i t t l e  d i r e c t  support  today f o r  Yof fey l s  



ideas (70) tha the  small blood lymphocyte migrates to  the  bone marrow and 

a c t s  a s  a  stem c e l l  f o r  erythropoiesis  although t h i s  pos s ib i l i t y  has not yet 

been disproved. Since lymphocytes do migrate i n  some degree t o  the  marrow (41,70) 

i t  i s  conceivable t ha t  they may, slowly become "activated" i n t o  stem c e l l s  by 

the  marrow environment i n  some undisclosed manner. Cudkowicz (23) most recent 

work on separation of c e l l s  i n  the mouse marrow by g lass  wool f i l t r a t i o n  

strongly supports the  idea t ha t  the  mouse stem ' ce l l  i s  a. small marrow lympho- 

cyte  which pro tec t s  against  radia t ion i n ju ry  whereas lymph node lymphocytes 

with the  same appearance do not protect  although i t  remains conceivable ' that  

anatomic residence within the  marrow parenchyma imparts myelopoietic stem 

c e l l  proper t ies  t o  lymphocyte immigrants within the  marrow. For the  sake of 

our discussion one must confess t ha t  the  absolute i d e n t i t y  of a  common stem 

c e l l  remains an enigma. However, the  stem c e l l  concept i s  necessary t o  make 

observations on hemopoietic c e l l  p ro l i f e r a t i on  ra t ional .  I f  the  most i m -  , 

mature member o f .each  c e l l  l i n e  a c t s  a s  i t s  own stem c e l l  there  i s  s t i l l  the . 

f ac tua l  dilemna t ha t  these c e l l s  a r e  not seen i n  concentrates of the  peripheral  

blood ye t  the  evidence f o r  the  existence of radioprotection by per ipheral  blood 

c e l l s  repopulating a l l  hemopoietic t i s sues  remains on so l i d  grounds (8,30). . . 

Osgood (55) was the  f i r s t  t o  question whether the  r i g i d  asymmetric mitos is  

(one daughter stem c e l l  i s  d i f fe ren t ia ted  t he  other  remains a s  a  stem c e l l )  would 

maintain a  normal steady s t a t e  production and a l so  respond t o  increased r a t e s  , . '  

of production o r  permit regeneration. He proposed a  system i n  which stem 

c e l l s  could divide e i t h e r  exponentially t o  expand the  stem c e l l  population 

( h i s 4 -  2 4  mitos is)  o r  divide asymmetrically (his;.(- n  mitos is) .  Lajtha 

e t  a1  (46, 47 discusses the stem c e l l  problem and proposes a  model ;hat i s  presumed 



t o  be a b l e  t o  respond f l e x i b l y  t o  d i v e r s e  dep le t ions  such a s  r a d i a t i o n  i n j u r y .  

H i s  scheme f o r  t h e  stem c e l l  compartment i s  based on a n  analogy t o  l i v e r  regen- 

e r a t i o n  a f t e r  p a r t i a l  hepatectomy. He assumes i n  t h e  normal s teady  s t a t e  , 

t h a t  on ly  a  smal l  random f r a c t i o n  i s  p r o l i f e r a t i n g  symmetrically* t o  meet t h e  

demands of replacement from senescence and smal l  random los ses .  The qu ie s -  

cen t  f r a c t i o n  i s  s u b j e c t  t o  d i f f e r e n t i a t i o n  by s p e c i f i c  i nduc to r s  such a s  

e r y t h r o p o i e t i n  when an  inc reased  need develops from p e r i p h e r a l  l o s s  of Rbc's. 
\ 

When t h e  qu ie scen t  stem c e l l  f r a c t i o n  decreases  i n  s i z e  i t  must be r e b u i l t  

by an  inc reased  product ion of new stem c e l l s .  Obviously t h e r e  i s  a  complex 

system of s enso r s  and s i g n a l s  ope ra t ing  t o  prevent  undue d e p l e t i o n  of t h e  

stem c e l l  pool  and unduly wide f l u c t u a t i o n s  i n  t o t a l  s i z e  of t h e  stem c e l l  

pool  a s  i t  responds. L a j t h a ' s  scheme has been p rog ramed  and t e s t e d  f o r  

i t s  t h e o r e t i c a l  c a p a b i l i t y  of responding t o  needs, r a d i a t i o n  i n j u r y  e t c .  and 

has been shown i n  p r i n c i p l e  on computer a n a l y s i s  t o  be a  respons ive  and s e l f -  

damping system t h a t  does not  permit  w i ld  f l u c t u a t i o n s .  Furthermore, h i s  

model i s  c o n s i s t e n t  w i th  some experimental  obse rva t ions  (Lamerton e t  a 1  (48) 

and Gurney e t  a 1  (35). 

H i s  i d e a  of a  l a r g e  qu ie scen t  f r a c t i o n  i s  supported exper imenta l ly  by 

t h e  observa t ions  d F l i e d n e r  e t  a 1  (26) and Cudkowicz e t  a 1  (23) upon human, . '  

* Although Laj tha  f i n d s  t h e  i d e a  of t h e  asymmetric d i v i s i o n  unacceptable  f o r  

hemopoiesis t h e r e  a r e  c l e a r  c u t  examples of asymmetric m i t o s i s  eg. grasshopper  

neu rob la s t  by Carlson p l a n t  meristems, animal eggs wi th  s p i r a l  c leavage  e t c .  

s e e  Mazia (53).  
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canine  and mouse bone marrow. Furthermore i n  ano the r  t i s s u e ,  t h e  periosteum, 

Tonna and Cronki te  (68) have shown t h a t  t h e r e  i s  a  l a r g e  qu ie scen t  popula t ion  

of p re -os t eob la s t s  and o s t e o b l a s t s  t h a t  awai t  a  s i g n a l  f o r  p r o l i f e r a t i o n  

such a s  f r a c t u r e .  Thus t h e  i d e a  of qu ie scen t  p o t e n t i a l l y  a c t i v e  c e l l s  i s  

compatible w i th  some experimental  observa t ions .  

The stem c e l l  pool  has  been v i s u a l i z e d  by Johnson (40) a s  a  c y t o l o g i c  

compartment wi th  autonomous p r o l i f e r a t i o n  i n  which t h e  popula t ion  doubles 

w i th  each gene ra t ion  so t h a t  
t '  - t - 

N = No 2 tG = N (. 693) t~ 
0 

and t h e  growth cons t an t  h = .693 
o r  N = N eht where 

t~ 
0 

tG = gene ra t ion  time 

t = t ime from t t o  t ,  t t h e  number of gene ra t ions  (n) ;  
0 

. t~ 

- =  dN h N t h e  growth r a t e  i n  a n  expanding populat ion.  
d t  

I f  r a t e  of removal from t h e  expanding popula t ion  i s  A -  N from dea th  o r  d i f f e r -  
1 

e n t i a t i o n  then  t h e  n e t  r a t e  of change i s  

and i n  t h e  s teady  s t a t e  i s  zero. 

I f  t h e  preceding model i s  t r u e  then  one can v i s u a l i z e  cons ide rab le  , . 

f l e x i b i l i t y  provid ing  t h e  stem c e l l  pool  i s  " s i z e  conscious". Following 
.... 

an  unexpected d r a i n  of c e l l s  one could  imagine t h e  remainder wirl no t  be 

s u s c e p t i b l e  t o  differenLlaLLuu u11Lil Llle size i s  r e s to red .  I f  t h c r c  i s  

a  s i z e a b l e  dea th  func t ion  normally t h e r e  i s  immediately a v a i l a b l e  f o r  d i f f e r e n t i a t i o n  

t h e  f r a c t i o n  orda ined  t o  dea th  i n  t h e  normal "s teady s t a t e " .  Furthermore 



t h e  temporary r e s t r i c t i o n  of no d i f f e r e n t i a t i o n  no dea th  wi th  t h e  same gener- 

. 
sation t ime w i l l  permit  t h e  stem c e l l  pool  t o  rebound exceedingly r ap id ly .  I f  

one invokes a system i n  which a shor ten ing  of t h e  gene ra t ion  time i s  f e a s i b l e  
<8 

t h e r e  w i l l  be an  excep t iona l ly  r a p i d  response. 

One can c o n s t r u c t  models ad inf in i turn  and imagine means by which t h e  

model w i l l  exp la in  b i o l o g i c  phenomena. However, t h i s  i s  pure ly  an  i n t e l l e c t -  

u a l  e x e r c i s e  un le s s  one can v e r i f y  t h e  model and i t s  ope ra t ion  by experiment. 

For  o t h e r  d i scuss ions  of t h e  stem c e l l  s e e  Johnson (40),  Osgood (55) and 

Laj  t h a  et a 1  (35, 46,47). 

P r o l i f e r a t i n g  Pool of D i f f e r e n t i a t e d  Ce l l s :  

The main c h a r a c t e r i s t i c  t h a t  i s  imparted t o  a d i f f e r e n t i a t e d  pool  i s  

m u l t i p l i c a t i o n  but  i n a b i l i t y  f o r  s e l f  p repe tua t ion .  I f  t h e  i n p u t  f a i l s ,  t h e  

compartment vanishes  a s  matura t ion  cont inues .  Such a compartment i s  d ia -  . 

grammed i n  F igu re  2. The compartment i s  def ined  i n  terms of cytoplasmic and 

nuc lea r  s t r u c t u r e .  C e l l s  may d i v i d e  w i t h i n  t h e  c y t o l o g i c  compartment o r  may 

be i n  t r a n s i t  through i t  whi le  maturing. S ince  m i t o s i s  i s  seen some 

c e l l s  do d iv ide .  S ince  " f l a s h  labe l ing"  by t r i t i a t e d  thymidine i s  observed 

some c e l l s  spend a t  l e a s t  some of t h e  t ime w i t h i n  t h e  cy to log ic  phase i n  

DNA syn thes i s .  There i s  no way t o  determine i f  a l l  c e i l s  t h a t  e n t e r  a cy- . 
. 

t o l o g i c  phase d i v i d e  w i t h i n  t h i s  phase one o r  more times o r  i f  they  d iv ide  

a t  a l l .  However, i t  i s  t a c i t l y  assumed by some (46, 47, 58, 59) t h a t  one o r  

more mi toses  occur  a t  s e v e r a l  c y t o l o g i c  phases.  Conceptual and mathematical .' 

problem of compartment t r a n s i t  t ime, and intracompartmental  growth have 

been cons idered  i n  d e t a i l  by Johnson (40), Rillmann e t  a 1  (43) and P a t t  (58).  

The fo l lowing  a r e  c l e a r  f o r  any compartment between t h e  stem c e l l  and 



the f i r s t  non-proliferat ing compartment. 

tM = mito t ic  time Equation (2) 

- + Ns 
Kout - Kin  

tS = DNA synthesis  time Equation (3)  
ts 

where.K equals the  r a t e  of leaving t he  compartment, Kin equals t he  r a t e  
out 

of entry,  N equals number i n  mitosis ,  N equals the  number i n  DNA synthesis. 
M S 

N~ - Ns and 7 equals t he  i n t r ac~m~ar tmen ta ' l  growth ra te .  

The e n t i r e  p ro l i f e r a t i ng  pool a s  shown i n  Figure 1 consis ts  of a  s e r i e s  

of cytologic phases. I f  the  stem c e l l  input Kin i s  known then t he  e f f lux  

(K ) from the  terminal dividing cytologic phase can be expressed a s  follows out 

Equation (4) 

where t equals the  sum of the  cytologic phase t r a n s i t  times (40) a n d . t  equals 
.G 

generation time and n  equals the  average number of mitoses o r  t . These simple 

t~ 

pr inc ip les  w i l l  be applied l a t e r  i n  the  case of erythropoies is  and granulopoiesis. 

METHODS OF STUDY 

Precise  r e l a t i ve ly  f a s t  methods of labeling DNA with phosphate, purine 

and pyrimidine precursors a r e  ava i lab le  a f t e r  which one can follow the  spec i f i c  

a c t i v i t y  of DNA providing one can separate  spec i f i c  c e l l  l ines .  The l a t e r  

has not been accomplished i n  the  case of the  bone marrow o r  lymph nodes. When i t  

. has been a t t a ined  (separati.on nf  blood granulocyte by Ottesen (56) one must 

resor t  t o  mathematical in te rpre ta t ions  of DNA spec i f i c  a c t i v i t y  curves of a  



very complex nature.* DNA spec i f i c  a c t i v i t y  i n t e rp r e t a t i on  w i l l  not be dis-  

3 
cussed here because the  major concem i s  with i n t e rp r e t a t i on  of H TDR auto- 

radiographic data. However, the r e l a t i v e  s impl ic i ty  i n  i n t e rp r e t a t i on  of 

labeled red c e l l  data ( N ' ~  glycine) where t he  labeled cohort en te r s  the  blood 

over a shor t  period, remains constant f o r  a long period and disappears over 

a shor t  period by the  mathematical equations which Shemin and Rit tenberg (64) used 

beguiled many hematologists i n t o  applying the  same equations t o  leukocyte DNA 

spec i f i c  a c t i v i t y  curves. Cornfield (10) summarized t he  mathematical complexity 

of t he  leukocyte problem and eloquently posed the  following. ' "The moral f o r  

the  19th century hematologist, then, i s  t ha t  i f  one i s  i n t e r e s t ed  i n  even so 

elementary a measurement a s  average sojourn,** i t  takes a c e r t a i n  amount of 

non t r i v i a l  mathematical analys is  t o  e s t ab l i sh  whether the  condit ions f o r  i t s  

est imation exist ."  

The obvious answer t o  the  dilemna was d i r ec t  DNA label ing followed by 

a cytologic and autoradiographic study so t h a t  one could follow the  t r a n s i t  

from one compartment t o  another of labeled ce l l s .  This became poss ible  with 

the  demonstration by Hughes e t  a 1  (37) t ha t  t r i t i a t e d  thymidine was a s a t -  

i s f ac to ry  l abe l  f o r  mammalian p ro l i f e r a t i ng  c e l l s .  The methods of ge t t ing .  

information by the  combined autoradiographic and cytologic  study have been,  

discussed i n  d e t a i l  by Cronkite e t  a l ,  (16-20) Quastler  e t  a l ,  (60-63.) 

Johnson, (40) Bond e t  a 1  ( 7 )  and Koburg (45). The problems of i n t e rp r e t a -  

t i o n  of data have been considered by Quastler  (60) and Johnson (40) and need 

* For the  i n t e rp r e t a t i on  of DNA spec i f i c  a c t i v i t y  curves see  Stohlman, Kinetics 

of Ce l lu la r  Pro l i fe ra t ion ,  Chapter V I ,  Grune and S t ra t ton ,  New York, 1959. 

** For example, average time of granulocytes i n  blood from DNA label ing i n  marrow. 



not be elaborated upon. The specific observations that have or can be made are: 

a. Appearance of label in a non-proliferating compartment from a 

proliferating compartment e.g.  myelocyte to the metamyelocyte. 

b. Transit of labeled cells from a storage compartment to a func- 

tional compartment e.g. labeled granulocytes from marrow to the peripheral 

blood, from blood to an extravascular area (e.g. saliva). 

c. Diminution in mean grain count of cells in a proliferating 

compartment or changes in distribution of grain count. 

d. Index of laheling nf a specific cell line and its subsequent 

changes. 

e. The appearance of labeled cells in the "small mitotic window". 

ERYTHROPOIESIS: 

Histologists have 1ong.know that red cells are produced within the 

marrow because of the presence of mitosis in cells that contain hemoglobin. 

The capability of producing large numbers of red cells upon demand following 
. . 

hemorrhage, induction of hypoxia and hemolysis with a concomitant in- 

crease in mitosis within the marrow and reticulocytes in the blood is coninon 

knowledge. However, the existence of the "steady state" equilibrium with, a 

turnover time for the erythrocytic mass awaited the determination of the 
Y 

life span of the red cell by Winifred Ashby (3) using a simple differential 

agglutination technique to distinguish the survival of transfused donor cells 

from the recipient's own cells. In these classical'studies the life span of 

the human red cell was estimated as 120 days with cells being lost predom- 

inantly by simple senescence since random loss of red cells is almost negli- 

gible in the healthy state. Isotopic techniques (64) have clearly confirmed 

the life span to be 120 days with loss of cells by simple senescence. 



Estimation of red c e l l  mass and red c e l l  survival  by radioisotopic  anh dye di lu-  

t i o n  techniques have become commonplace and a r e  rout inely  applied i n  psychologic 

s t a t e s  and under variously imposed exogenous st imuli .  Some in s igh t  i n t o  dura- 

t i o n  of time from the  e a r l i e s t  red c e l l  precursors t o  emergence i n  the  per- 

iphera l  blood was gained by radioiron autoradiographic s tudies  (1). However, 

3 
i t  was by appl icat ion of H TDR labeling of DNA and i t s  subsequent movement by 

autoradiographic study t ha t  a  f i n e r  time s t ruc tu r e  of erythropoiesis  was gained. 

I n  Figure 3 erythropoiesis  i s  presented schematically. The various 

cytologic phases of erythropoiesis  have been designated El  through E7 t o  

avoid cumbersome hemstologic terms. However, f o r  o r ien ta t ion  E represents 1 

the  proerythroblast ,  E the  l a s t  dividing polychromatic normoblast, E t he  non- 4  5 

dividing nucleated red c e l l  precursor, E the  re t iculocyte  and E7 t he  mature 
6 

red ce l l .  ' 

I n  El through E4 mitos is  and DNA label ing i s  observed hence a t  l e a s t  

a  port ion of t he  c e l l s  i n  these cytologic phases divide within t ha t  phase. 

It i s  conceivable a l s o  t ha t  labeling may take place i n  one cytologic phase 

and mitos is  within a  l a t e r  cytologic phase. Some, perhaps a l l  of t he  c e l l s  

i n  t r a n s i t  through E t o  E pass through a l l  of the  c e l l  cycle phases diagrammed 1 4 
3 

i n  Figure 2. Mitotic index and H TDR data w i l l  be u t i l i z e d  t o  describe time . ' .  

and flow patterns.  

MITOTIC INDEX: 

The use of mi to t ic  index f o r  est imation of turnover and p ro l i f e r a t i on  

r a t e s  and the  duration of some phases of c e l l  p ro l i f e r a t i on  i n  hemopoiesis has 

been considered i n  d e t a i l  by Killmann e t  a 1  (42-44) and i n  general by Hughes (36).  

I n  Table 1, data from Killmann.et a 1  i s  abst racted and computations made 



in respect to relative size of the erythrocytic marrow compartments, specific 

C mitotic index (fraction of a cytologic compartment in mitosis), minimum and 

maximum compartment transit times. The principles underlying the computations 

are discussed in detail elsewhere (43). In making these cqnputations, a 

mitotic time for E of 0.58 hours was used since it is based on direct labeling 4 

observations of Odartchenko et a1 (54). Since Makino and Nakahara (57) showed 

mitotic time to increase with cell size, one might expect E E2, and E to 3 

have a longer mitotic time. However, no adjustment was made in the absence 

of specific data. If one assumes that all E cells divide and that this is 4 

a heteromorphogenic mitosis, one can then compute the generation time (t ) G 

of this cytologic class from the following relation between fraction in 

mitosis (I ), number in mitosis (N ), number in total population (N), mitotic M M 

time (t ) and generation time (t ) 
M G 

Equation (5) 

Since one can not distinguish between E and E in mitosis, these are pooled 1 2 

into one class for this purpose. 

In the calculation in Table 1, it is assumed that there is no stem cell 

input into E and that there is no cell death in El or E2. It will be noted 1 

that there is a discrepancy between efflux from E4 and influx in E The 
5 ' 

latter is estimated from appearance of labeled DNA in the initially non-labeled 

E of 5.3% per hour (Bond et al, 7). If one accepts these values one will : 5 

conclude that there is a significant death at the E level. Such has been 4 

proposed for granulocytopoiesis by Patt (58). However, as Bond pointed out 

the replacement rate may be significantly greater than that observed if labeled 

and unlabeled cells enter.simultaneously. Furthermore, if one takes the estimate 



of Killmann e t  a 1  (44) o r  Donohue e t  a 1  (24) f o r  erythrocyt ic  precursors i n  

9 the  marrow of.man of about 5.0 x 10 nucleated red c e l l  precursors per kg 

one can t h e n . e s t i m t e  absolute c e l l  production a t  t he  E l eve l  a s  follows: 4 

Nucleated red c e l l  precursors/kg x f r a c t i on  t h a t  i s  EL x mi to t i c  f r a c t i on  
T 

mito t ic  time 

6 3 
A t  a concentrat ion of 5.0 x 10 red c e l l s  per mm , 7% blood volume and 0.083% 

per day replacement the  red c e l l  requirements per hour pe r  kilogram are :  

3 6 7 70 x 10 x 5.0 x 10 x 0.0083 = 12 
per hour 

24 

hence i t  would appear t h a t  the re  i s  no s i gn i f i c an t  loss  a t  the  E level .  4 

I n  Table 1, t r a n s i t  times of the  various cytologic phases a r e  tabulated 

from Killmann e t  a 1  (44). The minimum time through E and E i s  15.7 hours 
3 4 

and the  maximum i s  67.7. Ut i l i z ing  equation 4 and assuming a generation time 

of 9 hours appl ies  t o  E and E one can compute the  K from E t o  have a 3 4 i n  2 
7 maximum of 3.65 x 10 c e l l s  per hour per kg. and a minimum input of 6.59 x 10 5 

per hour per kg. A mid point value appears t o  be more consis tent  with pro- 

por t ional  d i s t r i bu t i on  of c e l l s  i n  d i f f e r e n t i a l  counts and l i k e l y  generation 

time a t  the  stem c e l l  level .  

3 
Thymidine (H TDR) Labeling of Erythrocytic Precursors : 

Erythropoiesis  has been studied i n  vivo i n  man (Bond e t  a l .  7) and 

(Cronkite e t  a1,20 ) and i n  the  dog (Odartchenko e t  a l .  54, C o t t i e r  e t  a 1  8 and 

Bond e t  a l .  9). I n  Table 2 ,  r e s u l t s  a r e  compiled and some computations a r e  made. 

There a r e  many blank spaces s ince  i t  i s  not  poss ible  t o  determine the  



finer time structure of the cytologic compartments when one feeds another. 

Satisfactory determinations are only made in the terminal initially labeled 

compartment E Within this cytologic phase quite good estimates have been 4' 

made in the dog (8,9,54). Unfortunately sufficient data are not available 

on human beings to check against the canine values but where comparable data 

are available, the dogs and man seem to be similar. In the estimations of 

proliferation rate the canine estimate of DNA synthesis time of seven hours 

for E was used. There is a definite discrepancy between grain count halv- 4 

ing time in man and generation time for E in the dog. Since there are 4 
9 1.55 x 10 E cellslkg. in man and one needs 12 x lo7 red cells 4 

per hour, one can check to see what half time is needed to produce sufficient 

new red cells from E assuming that all E4 divide and that there is no cell 4 

loss at this level. A generation time of about 12 hours is needed. This 

is fairly close to the observed canine generation time for E 4' 

Since the grain count halving time is clearly incompatible with a gen- 

eration time at E of about 12 hours an explanation is needed. In a catenated 4 

series of compartments, the half time will become. ultimately that of the - 

slowest compartment. This would suggest that the compartment which feeds 
, 

E and E has a generation time of 24 hours. However, this is incompatible 1 2 

with a labeling index of almost 1.0 which would necessitate a DNA synthesis , .  

time of almost 24 hours. Clearly something is amiss with grain count diminu- ' 

tion and the :.explanation of the enigma is obscure. The difficulty may arise 

from technical problems with tritium autoradiography (geometry double hits 

on halide grains etc) or may result from reutilization of tritium within the 

mar row. 



An explanation is recognition. If cytologic definition descr2bes 

r 1' 
&I 

,, i. 
the appearance of a cell in DNA synthesis, the R 1 phase is lost. IL 

,.:,&I- 8 ' '  -*: approaches unity . 
2 Another inconsistency is the labeling index in E of 0.33. If tS 

4 
. . 

is truly about 7 hours and t 'about 9 hours, then one would expect a - G . . 

labeling index of 0.78 if each E cell has a heteromorphogenic mitosis. 
4 

Thus cither the mitosis occurs ear.ly in this terminal cytologic compart- 

ment or many cells do not divide within. the comiartment. For the moment 
*' . 

- '.?;i,> .'.?. ' 

there is no clear explanation and thus another enigma, is added to the 

currently unanswered problems. 

GRANULOCYTOPOIESIS: 

It is believedbut not proved that there is a common stem cell for 

granulocytopoiesis. There is a proliferating maturing pool and a non- 

dividing maturing pool of cells as shown in Figure 1. There are a whole 

series of biochemical changes that proceed with maturation and are 

manifested by development of specific granules and cytochemically' detectible 

enzymes. At the late myelocyte stage, cell cycling ceases and is followed 

by a series of characteristic morphologic changes in the nucleus. 'As the 

nucleus shrinks, specific granulation becomes more prominent and numerous 

cytologic enzymes increase in concentration and RNA synthesis decreases, the 
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c e l l  becomes acceptable t o  the  c i rcu la t ion  and migrate 

marrow sinusoids i n t o  the  blood. I n  apparent contras t  t o  the  red c e l l ,  

where MCHC increase o r  RNA decrease seems t o  be cor re la ted  with cessat ion 

'of c e l l  cycling and nuclear extrusion there  i s  no c l e a r  cor re la t ion  

between cessation of c e l l  cycling and some cytoplasmic cons t i tuen t ( s ) .  

The flow of granulocytes, the  r e l a t i v e  production r a t e s  i n  the  marrow, 

t he  re lease  t o  and loss  from the  blood w i l l  be considered next. 

I n  Figure 4, a panoramic view' of granulocytopoiesis i s  presented. 

Production i s  c l ea r ly  within the  marrow with apparently a undirect ional  flow 

i n t o  the  blood. Granulocytes leave the  blood i n  two d i s t i n c t  manners- 

simple senescence and random loss  i n t o  and through some e p i t h e l i a l  surfaces. 

The lung i s  presented separately s ince  a l l  blood flows through the  lung; 

the  lung presents a huge e p i t h e l i a l  surface vulnerable t o  bac t e r i a l  infec- 

t ion ;  and i t  has been proposed t ha t  the  lung has a spec i f i c  regulatory 

function of granulocyte concentration i n  the  blood (Ambrus, 2). Each of 

the  preceding face t s  w i l l  be discussed. 

Our data (7,  16-19) and t ha t  of Pa t t  and Maloney (57-59) w i l l  be 

considered i n  respect  t o  a model f o r  granulocyte k ine t i c s  and pa r t i cu l a r l y  

the  flow pa t te rn  within the  marrow. 

The flow pa t te rn  f o r  granulocytopoiesis i s  assumed t o  be stem c e l l  ----f 

myeloblast (MI) -3 promyelocyte (M2) --p myelocyte (Mj) -) 

metamyelocyte (M4) --) band (M5) --) segmented neutrophile (M 6 ). 



The stem c e l l  p r o l i f e r a t e s  autonomously and t h e  t o t a l  r a t e  of d i f f e r -  

e n t i a t i o n  equals  p r o l i f e r a t i o n  r a t e , i n  o r d e r  t o  ma in t a in  t h e  s teady  s t a t e ,  

, m y e l o b l a s t  through myelocyte phases a r e  compartments w i t h  p r o l i f e r a t i o n .  

The t o t a l  number of genera t iombetween t h e s e  boundaries  i s  no t  c l e a r .  I n  

Table 3, t h e  r e l a t i v e  product ion  r a t e s  from m i t o t i c  index  d a t a  (42) a r e  

computed from p r i n c i p l e s  l a i d  down by Johnson (40) ,  Killmann e t  a 1  (43) and 

P a t t  and Maloney (58, 59). 

A study of Tables  3  and 4  shows t h a t  t h e r e  i s  a  discrepancy between 

3  
flow r a t e s  from M1 and M determined by m i t o t i c  i n d e x  o r  H TDR l a b e l i n g  data .  

3  

This  i s  perhaps no t  s u r p r i s i n g  s i n c e  t h e  computations a r e  a l r e a d y  dependent.  

upon t h e  r e l a t i v e  abundance of c e l l s  i n  each c y t o l o g i c  phase.* The.wide 

v a r i a t i o n  i n  normal bone marrow d i f f e r e n t i a l  counts  i s  w e l l  known. For 

comparative s t u d i e s  i t  seems obvious t h a t  H ~ T D R  l a b e l i n g  and m i t o t i c  counts  

must be made on t h e  same i n d i v i d u a l s  and compared w i t h i n  t h i s  i nd iv idua l .  

S ince  almost a l l  b i o l o g i c  observa t ions  have a  s t a t i s t i c a l  v a r i a t i o n  between 

s u b j e c t s  one probably needs t o  measure m i t o t i c  time, DNA s y n t h e s i s  t ime, 

l a b e l i n g  and m i t o t i c  i n d i c e s  i n  t h e  same i n d i v i d u a l ,  So f a r  a s  conscious 

p a t i e n t s  a r e  concerned t h i s  becomes imprac t i ca l .  

The presence of a  m i t o s i s  means t h a t  w i t h i n  t h e  m i t o t i c  t ime t h e  

c e l l  w i l l  have d iv ided  - t h e  popula t ion  i s  inc reased  by one. However, d i v i s i o n  

may fo l low DNA l a b e l i n g  by many hours  ( a s  long a s  t h e  sum of maximum DNA syn- . 

t h e s i s ,  R and m i t o s i s )  t hus  i n  a  system where p r o l i f e r a t i o n  and matura t ion  
2  

go i n  p a r a l l e l  d i v i s i o n  may occur  i n  t h e  nex t  c y t o l o g i c  phase. I n  t h i s  

---- 
* I and I performed on d i f f e r e n t  , sub jec t s .  

L M 



r e s p e c t ,  t h e  u l t i m a t e  r e l a t i v e  product ion a t  M of 322 f o r  m i t o t i c  index 
3 

and 276 f i r  DNA l a b e l i n g  a r e  no t  s o - w i d e l y  d ive rgen t  a s  a t  e a r l i e r  s t ages .  

Another f a c e t  of i n t e r e s t  i n  t h e  marrow flow of c e l l s  i s  t h e  apparent  

d i f f e r e n c e  between M3 product ion of 276 and i n p u t  i n t o  M4 of 134. Th i s  

"myelocyte s ink" i s ' a  key po in t  i n  t h e  P a t t  and Maloney model f o r  granulo-  

p o i e s l s  (58). Does t h i s  "myelocyte sink" e x i s t ?  C e r t a i n l y  our  human d a t a  

and t h e i r  can ine  d a t a  show an apparent  "sink" when one makes computations 

w i t h  a DNA s y n t h e s i s  t ime of 5 hours. With ou r  human d a t a  t h e  "sink" d i s -  

appears  i f  t h e  DNA s y n t h e s i s  t ime i s  inc reased  t o  about 10 hours. C e r t a i n l y  

DNA s y n t h e s i s  t imes of t h i s  du ra t ion  e x i s t  i n  some human t i s s u e s .  However, 

of even more importance i s  t h e  ques t ion  of t h e  r e l i a b i l i t y  of metamyelocyte 

(M4) replacement by i n f l u x  of l abe l ed  c e l l s  f rom M3. Bond e t  a 1  (7)  

c l e a r l y  poin ted  ou t  t h a t  t h i s  type  of computation assumes t h a t  no unlabe led  

c e l l s  a r e  e n t e r i n g  during t h e  per iod  t h a t  one measures t h e  apparent  rep lace-  

ment. It i s  p e r t i n e n t  i n  humanbeings t h a t  t h e  s m a l l e s t  c l a s s  of M3 has  a 

low l a b e l i n g  index of about  0.20 (19). It i s  a l s o  c l e a r  t h a t  t h e  sum of 

R and m i t o s i s  i s  s h o r t  (.- 3 hours)  hence l abe l ed  c e l l s  w i l l  e n t e r  M4 
2 

a f t e r  t h i s .  period. They do (19,27,57). The maximum l a b e l i n g  i s  a t t a i n e d  .only 

a f t e r  2-3 days. S i m i l a r l y  t h e  l a b e l i n g  i n  M3 r i s e s  from 0.20 t o  0.72 approx- 

ima te ly  t h e  same a s  l a b e l i n g  i n  M4 a f t e r  2-3 days. One has  two choices  

e i t h e r  smal l  myelocytes which a r e  unlabe led  a f t e r  a " f lash"  l a b e l ,  d i e  a t  the. .  

M l e v e l  o r  they mature t o  metamyelacytes. I n  t h e  event  t h a t  t h e  l a t t e r  
3 

occurs  i n  p a r t  un labe led  c e l l s  a r e  e n t e r i n g  wi th  l abe l ed  c e l l s  and t h e  M4 

replacement i s  s i g n i f i c a n t l y  g r e a t e r  and t h e  b a s i s  f o r  t h e  "myelocyte s ink" 

evaporates;  . A t  . the  p re sen t  t ime no experimental  way i s  seen out  of t h i s  

.enigma., The P a t t  and Maloney model f o r  granulocyte  k i n e t i c s  remains i n t r i g u i n g  



(59) a s  w e l l  a s  t h e i r  concept of "dea th  con t ro~ l l ed"  product ion of  granulocytes .  

1 t ' s  proof l i e s  i n  an  experimental  e r a d i c a t i o n  of t h e  under ly ing  enigmata. The 

r eade r  i s  r e f e r r e d  t o  P a t t ' s  imagina t ive  and l o g i c a l  d i scuss ion  of granulocyte  

k i n e t i c s  f o r  f u r t h e r  d e t a i l s .  The remainder of t h i s  d i scuss ion  on granulocytes  

w i l l  focus  upon d i r e c t  observa t ion  on granulocyte  emergence from t h e  bone 

marrow:and disappearance from t h e  blood. 

Emergence from t h e  Marrow: 

The v a r i a t i o n  i n  emergence t ime from t h e  marrow i s  i l l u s t r a t e d  i n  F igu re  5 

from F l i e d n e r  e t  a 1  (29).  The range i s  from 96-144 hours f o r  human beings 
I 

i n  "normal steady"equi1ibrium. It i s  reduced t o  48 hours i n  a c u t e  i n f e c t i o n s .  

The s l o p e  of i n c r e a s e  i n  index of l a b e l i n g  has been s i m i l a r  i n  a l l  except  

two p a t i e n t s .  The replacement r a t e  i s  0.02 pe r  hour based on i n f l u x  of l a b e l e d  

c e l l s .  

Mauer e t  a 1  (52) have assumed t h a t  c e l l s  a r e  l o s t  randomly from t h e  

blood wi th  a h a l f  t ime of 6 . 6  hours. F l i e d n e r  e t  a 1  (30) have demonstrated 

a random l o s s  i n t o  one a r e a ,  t h e  o r a l  epi thel ium. Labeled granulocytes  appear  

i n  t h e  s a l i v a  of  normal human beings immediately a f t e r  t h e i r  appearance i n  t h e  

p e r i p h e r a l  blood thus  providing d i r e c t  c y t o l o g i c  and au toradiographic  proof of 

a random l o s s  from t h e  blood i r r e s p e c t i v e  of t h e  age  i n  t h e  blood. One can then  

accept  w i th  some confidence t h e  h a l f  t ime of 6 . 6  hours. With t h i s  h a l f  time, 

t h e  f r a c t i o n a l  replacement per  hour ,  A i s  

Since t h e  "s teady s t a t e "  demands equal  i n f l u x  and e f f l u x  t h e r e  must be f o u r  

t imes a s  many unlabe led  a s  l abe l ed  c e l l s  e n t e r i n g  during t h i s  i n i t i a l  per iod  

of emergence. 
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The Loss of Granulocytes from the Blood: 

The evidence for a dual loss of granulocytes from the blood has been 

presented elsewhere (28). It is summarized as follows. Pyknotic granulocytes 

are observed in small numbers in the blood (1.5 to 8 per 1000 granulocytes). 

Label appears in the pyknotic cells about 30 hours after it is first observed 

in mature granulocytes in the blood. Ascending curves of labeling of normal 

and pyknotic celis thereafter remain parallel hence the random disappearanae 

of granulocytes from the blood is presumably truncated by senescence at about 

30 hours after emergence into the blood. The second mechanism of loss was 

implied to be random from the work of Mauer et a1 (52) and a definite random .. ; .  . 

loss was observed cytologically by Fliedner et a1 (28) mentioned above. 

Thus there are two losses - random and senescent. This can be shown sche- 

matically in Figure 6 a, b from reference (28). In this figure 

N = number of normal granulocytes in the blood 

P = number of pyknotic granulocytes in the blood 

hl= fraction of N becoming P in unit time. 

h2= 
fraction of P leaving circulation unit time 

h = fraction of N leaving circulation unit time 

hl + hg = fraction of granulocytes being replaced per unit time. 
, 

Degradation of N to P is a terminal process not a random process. The equations 

for determination of the time for disappearance of pyknotic cells are published 

(28). With a half time of 6.93 hours* in the blood for N granulocytes, the half 

time in the blood for pyknotic cells is 15.9 minutes. 

From the preceding it becomes clear, despite the enigmata stated, that 

knowledge of the flow pattern and flaw rates through the marrow pools, release 

* Chosen instead of ~auer's 6.6 hours to simplify arithemtic. 



from ehe marrow and dirpoeal from the blood Lo accureulatiag rapidly. The 

gape i n  knowledge do not i n t e r f e re  o e r i w r l y  with a comprehenrive p ic ture  

of granulocytopoierie, from e quant t ta t ive  r t a d p o i n t .  One can expect with 

eanfideaee that there gape w i l l  be plugged i n  the near %turn. 

 POI ESI S : 

Much i e  known about the behavior of lymphocytee. Thie very knowledge 

of the i n t r i c a t e  pathway8 of migration and recycling prevents an analyeis today 

thae i s  comparable t o  what hae been pmoented fo r  erythropoieeir  and gramlo-  

poiesie. The compliceting features tha t  canfaundr the observer a re  the migre- 

t fon pathways: 

a.  Lymph nodee t o  blood t o  lymph nodes (33,70), 

b . Thymus 0' blood - spleen (2S), 

c. Lymphocytao t o  marrow and back? (41). 

Furthermore, lymphocytes conaiet of o family - not a s ingle  en t i t ?  - yet  they 

migrate together apparently and l i ve  i n  the eaate houre when a t  ham. The 

emall c laor  'ir ,long l ived - come perhapo eo long ao 100 dayo (49). The nature 

of loco-occnercence .or random o r  both is vague. The l l ~ ~ c e l l s  a re  shorter  

Efvd:, The om811 c e l l  fo not en end c e l l .  I t  c m ,  when given the r ight  con- 

di t ione,  tranafonn and divide (SO). The small lymphocyte apparently p8rei- 

c ipa ta r  i n  the primary response, become "imprinted" with an i ~ n o l o g l d  

dertiny,  rnigratee t o  lymphacytic t i reue ,  es tab l i rher  cloner end endergoes 

tronoPormrtion ,d pro l i fe ra t ion  (34). Preeumably there develop antibody 

producing nodule#. Clearly, the secondary nodulee (genninrl cen te r r )  develop 
/. the 

' '  only w i t h /  anaomertt reapmu. (12). 
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The preceding f a e t r  of a  mixed femily, diveroe l i f e  epanr and 

function6 and primari ly t h e  migrat ion pa t t e rns  with apparent aimlees recycl-  

ing  (nodes-lymph-blood-ndesj t h a t  cannot be quant f t a t e d  precludes a c r i t i c a l  

sna lye ie  of t h e  k ine t i c8  today.. The same, but namelesr c e l l e ,  t r aver rk  the  

eame anatomic obrervation window and ccinfaunds the  i n t e r p m t a t i o n r  of the 

observer. 

New approaches t o  the  etudy of lymghocytopoieoii a r e '  necessary. We 

.have perfected ext racorporeal  i r r a d i a t i o n  of the  blood (13, 21, 22) t o  

deple te  lymphocytic t i s s u e  without d i r e c t  r ad ia t ion  i n j u r y  t o  t h e  formative 

t i s s u e  a s  a mean8 t o  study the s t r essed  system, function con t ro l  sad retee 

of p ro l i f e ra t ion .  Iiepletioa' ha8 been accomplf shed (13). Whether t h i s  new 

"dodge" w i l l  be u l t imate ly  e f f e c t i v e  i n  "cracking the  tough nut" of lympho- 

poieoie remains t o  be seen. 
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TABLE 1 

Relative Compartment Size of the Nucleated Red Cell Precursors, Mitotic Fraction, 

Computation of Duration Spent in Certain Cytologic Phases, with Rate within Mi- 

totic Compartments and Flow Between Compartments 

Relative Compartment Size 100 210 423 611 

Fraction in Mitosis 0.025 0.049 0.056 0 

Minimum CTT* hrs . - 9.5 6.2 

CTT 23 - - 
Maximum CTT " - 48.5 19.2 

Generation time hrs. - - 9.0 

Birth Rate (relative)** 4.3 17.9 41.2 

Influx 

Efflux 

* Mitotic time of 0.58 hrs. from Odartchenko et. a1 (37) 
** Birth rate = number in mitosis = fraction in mitosis x relative number 

mitotic time 0.58 

** Assume no stem cell input 

** Estimated frola 5.3%.per hour replacement from Bond et a1 (3) 



r 
T A B U  2 I t i  

I ; ,  
3  H TDR Labeling of Erythrocytic Precursors, Fraction Labeled, Time f o r  R 

t 1' DNA Synthesis, R2, Mitosis and Pro l i fe ra t ion  Rates. Observations on Human 

Beings Except where Indicated. 

Relative nunber 100 2.10 423 611 

Fraction labeled (I ) L .-I. 0 0;78 0.. 33 .O 

Time f o r  R1 hrs. - - 1-3 

Tlme f o r  S - - 7 

Time f o r  R 2 
Time f o r  Mitosis 

Time f o r  Extrusion of - - - .8.5- 12* 

E .  Nucleus 
5 

Generation Time 

Halving time f o r  gra in  2 4 . -24 - 24 

Count 

Bir th  Rate 14.3 23.2 20.0 

Inf lux .14.3 .37.5 

Efflux 14.3 37.5 57.5 

* Observations o r  computations i n  the  dog. 

* Assume no stem o r  minimal c e l l  influx.  



TABLE 3 

Relative compartment size of the granulopoietic precursors, mitotic fraction, 

computation of duration spent in certain cytologic phases, birth rate within 

cytologic compartments and flow between compartments. Mitotic time (t ) M 
0.58hrs. ( ) 

Relative compartment size* 100 337 1630 

Fraction in mitosis 0.025 0.015 0.011 

Minimum CTT (hrs . ) * .  2 6 37 

Ctt 

Maximum CTT " 

Generation time 

Birth rate * 
Influx JWc 

Efflux 7w 

* Data from reference ( ). . 

* Method of computation shown in Table 1. 

Jtd. Stem cell influx considered negligible . 



TABLE 4 

3 H TDR Labeling in Granulocytic Precursors, Labeled Fraction, Duration of 

Various Phases of Cell Cycle and Transit in a Single Patient. 

Relative compartment* 100 286 4830 4460 7850 8075 
Size (N) 

Fraction labeled (IL) .85 .65 .23 0 0 0 

Time for R1 hrs. - - - 
Time for S " ** ? ? ? - - - 
Time for R ? ? - 2.5 - - - 2 
Time for mitosis hrs. .,.,, 0.58 0.58 0.58 0.58 - - 
Generation time (t ) ? ? ? - - - 

G 
Halving time for grain ,., 24 ,,, 60 rU 54 - - - 
count 

Birth rate ** 17 37 222 - - - 

Efflux JWIcdr 17 5 4 27 6 134**. 134 134 

* From marrow differential in whom labeling studies were performed ( ). 

** Time for synthesis assumed to be 5 hours as determined Patt ( ) in dog. 

** Based on metamyelocyte replacement of 3% per hour. 

** Method of computation same as shown in Table 1 for mitotic index. 
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