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i n t ima te  re la t ionship  be tween  the  sinusoid,  the  Kupf fe r  
and the  hepa t ic  ceils. At  th is  t ime, the  Kupf fe r  cell  
showed signs of p repar ing  for division;  the  nucleus w i th  
i ts  uneven  m e m b r a n e  was filled wi th  da rk  s ta in ing  
c h r o m a t i n  clumps.  

Microscopic sect ions of the  liver f rom animals  sacrificed 
on day  5, showed b o t h  d iv id ing  Kupf fe r  and endothel ia l  
cells. By  late  anaphase ,  t he  Kupf fe r  cell had  lost  i ts  
cy toplasmic  tubules .  The cell, now cons iderably  swollen 
wi th  foamy  cy top lasm,  had  e longated,  ex t ended  f rom one 
wall of the  sinusoid to  the  o ther  (Figure 2). I t  is in te res t ing  
t h a t  dur ing the  mi to t ic  phase,  the  Kupf fe r  cell never  lost  
comple te  con tac t  w i th  the  wall  of t he  sinusoid. 

Al though  there  was considerable  swelling of the  endo-  
thel ial  cell dur ing  i ts  mi to t i c  phase,  i t  too never  lost  
con tac t  wi th  the  wall of the  sinusoid, nor  did it ever  a t t a i n  
the  size of the  Kupf fe r  cell. N o t w i t h s t a n d i n g  these  facts,  
dur ing  late anaphase ,  the  cell managed  to ex t end  i tself  
across the  sinusoid f rom one wall  to the  o the r  (Figure 3). 

Af te r  the  re t icu loendothel ia l  cell had  comple ted  its 
division, the  daugh t e r  cells took  up new posit ions,  one 
a t t a ched  to  e i ther  side of t he  wall of t he  sinusoid (Figure 
4). The new ceils, b o t h  Kupf fe r  and  endothel ia l ,  r epea ted  
th is  process,  accoun t ing  for t he  great  increase in ret iculo- 
endothe l ia l  cells observed  in the  l iver on day  7. On day  
9, the  process had  grea t ly  d iminished  and  no d r ama t i c  
increase in re t iculoendothel ia l  cells per  se were seen. 

Amid  the  ac t iv i ty  of these  ceils on days  5, 7 and  9, t he  
newly  formed Kupf fe r  and  endothel ia l  cells were engaged 
in a mos t  unique process,  reveal ing  the i r  d i f fe ren t ia t ion  in 
the  d i rec t ion  charac te r ized  as cells be longing to  t he  
e ry th ro id  series. 

U n d e r  the  condi t ions  of the  p resen t  s tudy,  the  increase  
in re t iculoendothel ia l  ceils of the  liver is en t i re ly  a local 
p h e n o m e n o n  exh ib i t ed  by  exis t ing cells, wi th  no cont r ibu-  
t ions  f rom outs ide  sources1~ These results  lend credence 
to  evidence ma in t a in ing  t h a t  ma tu re  macrophages  can 

undergo divis ion 12-~s, and  d e m o n s t r a t e s  t h a t  the  respon-  
siveness of re t icu loendothel ia l  cells to  in te rmedia te  lobe 
mater ia ls  is an i m p o r t a n t  bear ing  on the  role of endocr ines  
in t he  regula t ion  of the  re t icu loendothel ia l  sys tem t7-.21. 

Al though  the  re t iculoendothel ia l  cells of the  l iver are 
uns table ,  are mul t ipo ten t i a l  and  behave  according to  t he  
na tu re  of the  s t imulus  employed,  there  is no doub t  abou t  
the i r  mi to t ic  capabil i t ies .  

Zusammen/assung.  Gewebe des H y p o p h y s e n z w i s c h e n -  
lappens  und  das Kolloid wirken  auf Endothe lze l len  ein. 
Sie ve rm6gen  die re t iku loendothe l ia len  Zellen der Leber  
zur Mitose anzuregen.  Diese Zellen scheinen eine wicht ige  
Rolle bei  der  l~bermi t t lung  yon  endokr inen  Stoffen und  
der  Regula t ion  des re t ikuloendoth~l ia len  Sys tems  zu 
spielen. 
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The Re la t ionsh ip  Be tween  Cell Div i s ion  and Cell 

The s t eady  s ta te  concep t  which  character izes  renewing  
cell popula t ions  has  been  formula ted  on a s ta t is t ica l  basis. 
Thus,  to  m a in t a in  an equi l ibr ium be tween  cell b i r t h  and  
cell dea th ,  one daugh te r  cell of a progeni tor  (or stem) cell 
divis ion remains  in t he  prol i fera t ive  pool, while the  o the r  
p rogeny  migra tes  t owards  the  funct ional  c o m p a r t m e n t  
and  takes  on special  funct ions.  Therefore,  in order  to 
account  for th is  mechan i sm,  several  s tochas t ic  models  
depic t ing  the  re la t ionship  be tween  cell b i r t h  and  cell 
special izat ion have  been suggested l-s. Unt i l  recent ly ,  t he  
m o s t  widely  accep ted  model  has  been  p red ica ted  on an  
a symmet r i ca l  mitosis  1-8, s. 

Such a concept ,  however ,  does no t  allow for consider-  
able var ia t ion  in t he  life h i s to ry  and funct ion  of indiv idual  
cells wi th in  a popula t ion .  Moreover,  recent  evidence 
ob ta ined  f rom a va r i e ty  of renewing epi thel ia l  cell popu-  
lat ions,  esophagus  5, j e j unum 7-", d u o d e n u m  1~ has  sug- 
ges ted t h a t  3 models  m a y  be opera t ing  in concer t  to  
m a i n t a i n  the  s t e ady  state,  none  of which  use an asym-  
metr ica l  divis ion to  expla in  t he  re la t ionship  be tween  
division and  the  subsequen t  special izat ion of progeny.  
Therefore,  t he  p re sen t  s tudy  was unde r t aken  in an a t t e m p t  
to  d e m o n s t r a t e  the  role of ind iv idua l  p rogeni to r  cells in 
the  renewal  of the  duodenal  epi thel ium.  

Spec ia l i zat ion  in the Mouse  Intes t inal  Ep i the l ium 

Materials and methods. A to ta l  of 46 male Swiss a lbino 
mice were uti l ized.  E a c h  an imal  received a single dorsal  
s.c. in ject ion of t r i t i um t h y m i d i n e  (hereafter,  3HTdr) 
labeled at  t he  me t h y l  posi t ion,  New Eng land  Nuclear  
Corporat ion,  specific ac t iv i ty  6.4 C/raM, a t  a concent ra-  
t ion of 0.5 txc/g body  weight .  The mice were sacrificed by  
cervical  dislocation,  2 per  t ime  interval ,  f rom 1/4 to  30 h 
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Fig. 1. Curve that demonstrates the appearance and disappearance 
of labeled metaphase figures at various times after aHTdr injection. 
Each symbol represents at least 1 animal and in some cases 2. 
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]"igs. 2 and 3. Curve (upper) that represents the percentage of 
labelled mitotic figures from ~/2 to 12 h after 3Hrdr injection. The 
lower figure shows the percent of the total labelled cells found at the 
villus base versus those renlaining in the crypt from ~/2 to 16 h after 
3ttTdr injection. Ira both figures each symbol represents a single 
animal and in some cases 2. 

a f ter  3HTdr  admin i s t r a t ion .  Segments  of t he  duodenum,  
a p p r o x i m a t e l y  1 em long, were t aken  f rom an area 
0.5 cm below the  pylorus.  The t issues w e r e  f ixed in 
Hol l ande-Bouin  fluid for 3 days,  washed  in t ap  water ,  
i mb ed d ed  in paraf f in  and  sec t ioned at  5 ~x. The sect ions 
were coa ted  wi th  NTB2 Nuclear  t r ack  emuls ion and  pro-  
cessed for au to rad iog raphy  as prev ious ly  descr ibedl~  

Au to rad iog rams  were examined  to  de t e rmine :  (1) the  
percen tage  of labeled mi to t ic  and  m e t a p h a s e  figures f rom 
1/4 to 32 h af ter  3HTdr  in jec t ion;  (2) the  pos i t ion  of 
labeled cells in the  c ryp t  wall a t  30-90 rain a f te r  i sotope 
admin i s t r a t i on ;  and (3) the  ra te  of migra t ion  of labeled 
d au g h t e r  cells f rom thei r  origin in the  c ryp t  to  the i r  
appearance  at  the  villus base f rom x/2 to  16 h. The 
me t h o d s  for de te rmin ing  these  var ious  p a r a m e t e r s  have  
been  previous ly  repor ted  ~0,12 In  the  de t e rmina t i on  of the  
d i s t r ibu t ion  of labeled cells in the  c ryp t  wall, t he  da t a  on 
the  last  4 cell pos i t ions  a t  the  base of the  c r y p t  were no t  
p resen ted  because of h igh incidence of P a n e t h  cells ~2. 

Results.  The cell cycle and its phases :  A curve  de- 
scr ibing the  percen t  of labeled m e t a p h a s e  figures is 
p resen ted  in Figure 1. E s t i m a t e s  of the  mean  dura t ion  of 
ceil cycle and  the  S-phase p roduced  values of 13 and  7.5 h, 
respect ively .  

Measu remen t  of the  average dura t ion  of t he  o ther  
phases  of the  celI cycle were ob ta ined  f rom a labeled 
mi to t ic  curve p repa red  f rom the  same animals  (Figure 2). 
The dura t ion  of the  phases  (Table) was e s t ima ted  f rom 
Figure 2 to be G 2 (~/2 h), D (1 h) and  G~ (4 h). 

The d i s t r ibu t ion  of cells in D N A  synthes is  in the  
c ryp t  wall : The f requency of labeled cells along the  length  
of the  c ryp t  wall below the  crypto-vi l la l  j unc t ion  is pre- 
sented  in Figure  4. No labeled cells were found  a t  the  
crypto-vi l la l  junc t ion  (cell pos i t ion 0). At  cell pos i t ion 1 
below the  junct ion,  only 0.9% of the  cells were found  in 
D N A  synthesis .  The f requency  of labeling t h e n  rose 
exponent ia l ly ,  reaching a m a x i m u m  of 40-52~yo be tween  
cell posi t ions  8 t h rough  14. 

Cell migra t ion :  The ra te  of cell migra t ion  f rom the  
c r y p t  to  the  villus base is p resen ted  in t,'igure 3. Signif icant  
quant i t i es  of labeled daugh te r  cells (2-4yo of the  to ta l  
labcled populat ion)  appeared  at  the  villus base at  6 h 
af ter  3HTdr  admin is t ra t ion .  Thereaf ter ,  10-15% were 
found at  8 h. The m a x i m u m  n u m b e r  of labeled ceils 
occurred at  14 16 h (about  25~}) following t h y m i d i n e  
inject ion.  Therefore,  ap p ro x i ma t e l y  75% of all labelled 
cells were re ta ined  in the  c r y p t  for a period up to 16 h 
af ter  the first  labeled cell had  d iv ided  and  6 h af ter  the  
last  labeled cell unde rwen t  division. If the  cu tof f  po in t  
for the  high p robab i l i ty  of being in DNA synthes i s  is 
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Fig. 4. The percentage of labelled ceils at each ceil position in the 
crypt wal l  beginning with the first eel1 (1) below the crypto-cil lal 
junction at 30-90 min after 3HTdr administration. Each symbol 
represents data obtained from 8 animals and a total of 20 crypts per 
animal. 

Average duration of the cell cycle and its phases 

Phase Duration (h) 

T 13 
Gx 4 
S 7.5 
G, 0.5 
D 1.0 
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e s t ab l i shed  b e t w e e n  cell pos i t ions  6-7 and  G~ + M t akes  
1.5 h, t h e n  labeled  d a u g h t e r  cells m i g r a t e d  f rom t h e i r  
po in t  of or igin to  t he  vi l lus  base  a t  a r a t e  of 1.3-1.5 cell 
pos i t ions  pe r  h. 

Discussion.  The  d i s t r i b u t i o n  of cells in D N A  syn thes i s  
i n l m e d i a t e l y  a f t e r  3 H T d r  in jec t ion  (Figure 4) suggests  
t h a t  t he  c r y p t a l  p o p u l a t i o n  can  be  s u b d i v i d e d  in to  a 
region of h igh  p ro l i fe ra t ion  (cell pos i t ions  8-14) a n d  a re- 
g ion of cell spec ia l iza t ion  (cells 1-8). S imi lar  o b s e r v a t i o n s  
h a v e  been  r epo r t ed  b y  o the r  i nves t iga to r s  ~-9 However ,  if 
a t t e n t i o n  is focused on  t h e  p rogen i to r  cells pos i t ioned  in 
t he  deeper  regions of t he  crypt ,  i t  appea r s  t h a t  an  a sym-  
me t r i ca l  d iv i s ion  does no t  necessar i ly  a c c o u n t  for t he  
m a i n t e n a n c e  of t he  s t e a d y  s t a t e  in t h e  mouse  d u o d e n u m .  

If  t he  r a t e  of cell m i g r a t i o n  (1.3-1.5 cell pos i t ions  pe r  h) 
p r e s e n t e d  in F igure  3 is c o m p a r e d  t o  t he  d i s t r i b u t i o n  of 
p ro! i fe ra t ing  ceils (Figure  4), i t  appea r s  t h a t  a sym-  
me t r i ca l  d iv i s ion  m a y  be  t he  m o s t  c o m m o n  form in t he  
deeper  po r t i ons  of t h e  mouse  c r yp t a l  ep i the l ium.  For  
example ,  d a u g h t e r  ceils t h a t  are p roduced  deep in t he  
c r y p t  (cell pos i t ions  10 t h r o u g h  14) can  on ly  m i g r a t e  f rom 
5.2-6.0 cell pos i t ions  d u r i n g  t he  G 1 (du ra t ion  of 4 h) 
fol lowing t he  d iv i s ion  t h a t  p roduced  t h e m .  Therefore ,  
these  p rogeny  a r r ive  in t he  region (cell pos i t ions  5 
t h r o u g h  9) conduc ib le  to  a h igh  p r o b a b i l i t y  of prol i fera-  
t i on  a t  a t i m e  w h e n  t h e y  are a b o u t  to  en t e r  a new S- 
phase  ~,3,10. I n  add i t ion ,  if t he  p rogen i to r  cells p r e s en t  in 
t he  region be low cell 14 are considered,  e.g., t h e  P a n e t h  
zone 12, p rogeny  of these  d iv is ions  could r e m a i n  in the  
c r y p t  for 2 or more  cell cycles before  t h e y  are able  to  
m ig ra t e  in to  t he  regions  of cell specia l izat ion.  Thus ,  i t  is 
conc luded  t h a t  d iv is ions  of p rogen i to r  cells deep in t he  
c r y p t  will p r o b a b l y  p roduce  2 p rogen i to r  cells t h a t  will a t  
leas t  en t e r  one more  d iv is ion  cycle before  t h e y  specialize. 
I n  order  to  c o m p e n s a t e  for this ,  an  equa l  n u m b e r  of d ivi -  
s ions t h a t  p roduce  2 special ized p rogeny  m u s t  occur. 
I n s p e c t i o n  of F igures  3 a n d  4 reveals  t h a t  such  a d iv i s ion  
could poss ib ly  occur  b e g i n n i n g  w i t h  cell pos i t ions  9 or 10. 
Thus ,  t h e  cu tof f  p o i n t  for t he  decision b e t w e e n  2 t ypes  
of d a u g h t e r  cell p r o d u c t i o n  m u s t  lie be t w een  cell pos i t ions  
9 and  10. This  is r easoned  because  t he  cells m o s t  l ikely to 

special ize i m m e d i a t e l y  a f t e r  d iv i s ion  and  du r ing  the  s h o r t  
G 1 phase  (4 h) are those  p r e s e n t  in  t he  uppe r  regions  (cell 
pos i t ions  1-10). F u r t h e r m o r e ,  i t  shou ld  be  e m p h a s i z e d  
t h a t  a p rogen i to r  d iv i s ion  could also give rise to  2 p rogeny ,  
one special ized a n d  t he  o t h e r  a progeni tor .  Th i s  p h e n o -  
m e n o n  would  depend  u p o n  t he  pos i t ion  of t h e  d i v i d i n g  
cell, t h e  r a t e  of migra t ion ,  t he  i n t e n s i t y  of a possible  feed- 
b a c k  inh ib i t ion ,  a n d  t h e  f ina l  pos i t ion  of t h e  d a u g h t e r  
cells before  D N A  syn thes i s  is e i the r  i n i t i a t ed  or pre-  
c luded  7,10. 

I t  has  been  sugges ted  b u t  no t  conclus ively  d e m o n s t r a t e d  
t h a t  all c r y p t a l  cells are p o t e n t i a l l y  p rogen i to r  ceils 7,10,11. 
Thus ,  ana lys i s  of t h e  changes  in t h e  p ro l i fe ra t ive  vs. t h e  
m a t u r a t i o n  zones u n d e r  a v a r i e t y  of e x p e r i m e n t a l  condi-  
t ions  m a y  lead to  a g rea t e r  u n d e r s t a n d i n g  of t h o s e  
m e c h a n i s m s  t h a t  b r i n g  a b o u t  cell spec ia l iza t ion  9. 

Zusammen[assung.  Der  Z u s a m m e n h a n g  zwischen de r  
Te i lung  yon  Ursp rungsze l l en  u n d  der  Di f fe renz ie rung  
ih re r  Toch te rze l l en  wurde  a n h a n d  yon  Ep i the lze l l en  des 
D u o d e n u m s  weisser  M~tuser u n t e r s u c h t .  U m  den  Z u s t a n d  
des (~steady state~> zu e rha l t en ,  l i nden  die fo lgenden  
A r t e n  v o n  Te i lung  der  Ursp rungsze l l en  s t a t t :  1) zwei 
neue  Ursp rungsze l l en ;  2) zwei d i f ferenzier te  Toch te r -  
zel len;  oder  3) eine neue  Ursprungsze l le  u n d  eine d i f -  
fe renzier te  Tochterzel le .  
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Experimental Goiter: Ultrastructure and Autoradiography 

Goiters  can  be  induced  expe r i m en t a l l y  b y  t h e  p ro longed  
feeding of a def ic ient - iodine  d ie t  in m a n y  l a b o r a t o r y  
animals .  Previous ly ,  u l t r a s t r u c t u r e  a n d  sec re to ry  cycle of 
t h y r o i d  cells in  con t ro l  an ima l s  h a v e  been  ex tens ive ly  
s tud ied  (EKHOLM 1, WISSIG 2, LUPULESCU a n d  PETRO- 
VICla), b u t  l i t t le  is k n o w n  a b o u t  t he  f ine s t r u c t u r e  of 
goiters (FELDMAN4). I n  par t i cu la r ,  few h a v e  a t t e m p t e d  a 
co r re l a t ion  be tween  t h e  u l t r a s t r uc t u r e ,  r a d i o a u t o g r a p h y  
a n d  r a d i o c h r o m a t o g r a m s  in goi ter  induced  b y  low iodine 
diet .  I n  sp i te  of t he  r ecen t  in t e res t  in  o t h e r  goi t rogenic  
factors,  chronic  iodine def ic iency r e m a i n s  t h e  m a i n  cause  
of goiter .  

B iochemica l  d isorders  revea led  t h a t  t h e  t r i i odo thy ro -  
n i n e / t h y r o x i n e  (T3/T4) ra t io  increases  p rogress ive ly  in t he  
fol l icular  cells of t he  iod ine-def ic ien t  r a t  t h y r o i d  (STUDER 
a n d  GREERS). 

Th i s  s t u d y  deals  w i t h  t he  u l t r a s t r u c t u r a l  p a t t e r n  of t he  
iod ine-def ic ien t  g o i t e r s  in  r a t s  and  w i t h  t he  in t r ace l lu la r  
d i s t r i b u t i o n  of r ad io i od i na t ed  prote ins .  

Mater ials  and methods. For  i n d u c t i o n  of goi te r  ma le  
W i s t a r  ra ts ,  we igh ing  180-200 g, were used. T he  f i rs t  

group,  t he  controls, ,  received a s tock  l a b o r a t o r y  diet ,  con-  
t a i n i n g  0.9-1.2 ~zg I /g  food. The  second group was fed for 
4 m o n t h s  w i t h  a m o d i f i e d - R e m i n g t o n  low iodine diet ,  
c o n t a i n i n g  0.03-0.04 ~g I /g  food. 

Rad io iod ine  (1~I) was  in jec ted  i.p. (275 ~zC) in to  5 ra ts ,  
2-6  h before  sacrificing,  for l igh t  a n d  e lect ron microscopic  
a u t o r a d i o g r a p h y .  The  o the r  15 f rom each group  rece ived  
i.p. in jec t ions  of 12 ~xc 131I for c h r o m a t o g r a p h i c  ana lys i s  
of t h y r o i d  t issue. For  u l t r a s t r u c t u r a l  p a t t e r n  of t h e  
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