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Fig. 2. Absolute numbers of various cell types after 500 R ( ), 
500 R with a normal marrow graft ( - - - ) ,  and 500 R with an irra- 
diated marrow graft (-..). 

m a r r o w  a n d  is ab le  to  i n h i b i t  t h e  d e v e l o p m e n t  of t h e  
l y m p h o i d  popu l a t i on .  Th i s  f ac to r  shou ld  be  d e s t r o y e d  
b y  t h e  i r r a d i a t i o n  w i t h  a s u b s e q u e n t  release of t h e  lym-  
p h o i d  g rowth .  A n o r m a l  m a r r o w  g ra f t  would, p r o v i d e  a 
suf f ic ien t  a m o u n t  of t h e  i n h i b i t o r y  f ac to r  to  r e s to re  i t s  
effect .  

A n  a l t e r n a t i v e  poss ib i l i t y  is a c o m p e t i t i o n  b e t w e e n  
n o r m a l  a n d  i r r a d i a t e d  mar rows .  The  pecu l i a r  l y m p h o i d  
(X cell) popu l a t i on ,  w h i c h  c o n s t i t u t e s  a n  a b n o r m a l  cell  
l ine  in  t h e  a d u l t  mar row% shou ld  be  o v e r g r o w n  b y  t h e  
n o r m a l  c o r r e s p o n d i n g  cell  l ine  de r i ved  f rom t h e  graf t ,  
i.e. f r om n o r m a l  m a r r o w  w h i c h  ha s  b e e n  s h o w n  to  r ecover  
w i t h o u t  a n y  l y m p h o i d  r e b o u n d  s. 

However ,  t h e  m e c h a n i s m s  r e g u l a t i n g  t he se  cell  popu l a -  
t ions  a re  t i l l  now  u n k n o w n .  T h u s  o t h e r  h y p o t h e s e s  c an  
c e r t a i n l y  n o t  be  d iscarded ,  even  those  i n v o l v i n g  ex t r a -  
m e d u l l a r y  f eed -back  con t ro l s  w h i c h  could  b e  p e r t u r b e d  
b y  t h e  i r r a d i a t i o n  a n d  r e s to red  b y  a n o r m a l  m a r r o w  
graf t .  

Rdsumd. Apr6s  une  i r r a d i a t i o n  subl6 ta le ,  la  moelle 
p r6sen te  une  a c c u m u l a t i o n  t r a n s i t o i r e  de cel lules l ym-  
pho ides  pa r t i cu l i6 res  (cellules t r a n s i t i o n n e l l e s  ou cel- 
lules X) .  Ce t te  a c c u m u l a t i o n  n ' a p p a r a i t  pa s  apr6s  u n e  
greffe de  moelle no rma le .  Le  c o m p o r t e m e n t  des  cel lules 
l y m p h o i d e s  n ' e s t  pa s  in f luenc6  p a r  une  greffe de  meelle 
i rradi6e.  
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'High  D o s e '  I m m u n o l o g i c  T o l e r a n c e  to  Escherichia coli L i p o p o l y s a c c h a r i d e  A s s e s s e d  by  B a c t e r i o l y t i c  
and  H e m o l y t i c  P l a q u e  A s s a y s  

I m m u n o l o g i c  t o l e r a n c e  or  pa ra lys i s  c an  be  i nduced  in 
e x p e r i m e n t a l  a n i m a l s  w i t h  h i g h l y  i m m u n o g e n i c  a t i gens  
de r ived  f rom G r a m - n e g a t i v e  bac te r i a .  E x a m p l e s  inc lude  
t h e  i m m u n o l o g i c  u n r e s p o n s i v e n e s s  i nduced  in n e o n a t a l  
r o d e n t s  to  l i popo lysaccha r ide  (LPS)  a n t i g e n s  of Shigella 
paradysenteriae a n d  Escherichia cell, as wel l  as to  pur i f i ed  
p r o t e i n  a n t i g e n s  de r i v ed  f rom Salmonella [lagellin z-zS. 
Cellular  aspec t s  of t o l e r ance  to  t h e  L P S  a n t i g e n s  h a v e  
b e e n  i n v e s t i g a t e d  b y  m e a n s  of a mod i f i ed  J e r n e  h e m o l y t i c  
p l a q u e  a s say  in  aga r  gel, u s ing  t a r g e t  sheep  e r y t h r o c y t e s  
c o a t e d  w i t h  t h e  a p p r o p r i a t e  b a c t e r i a l  e x t r a c t  a, 4, 9-zl. 
I m m o b i l i z a t i o n  t e s t s  a n d  b a c t e r i a l  a d h e r e n c e  h a v e  been  
used  to  assess ce l lu lar  e v e n t s  d u r i n g  t o l e r ance  to  t h e  
f lagel lar  a n t i g e n s  ~, 13,18. 

I n  s tud ies  w i t h  t h e  E. cell L P S ,  t o l e r ance  h a s  b e e n  
ach i eved  in b o t h  n e o n a t a l  a n d  a d u l t  mice*-Zz, z4-~6. Mice 
in j ec t ed  r e p e a t e d l y  as a d u l t s  w i t h  t h e  E. coli a n t i g e n  
showed  a m a r k e d  depress ion  in t h e i r  a b i l i t y  to  r e s p o n d  

to  cha l l enge  i m m u n i z a t i o n  w i t h  t h i s  an t igen ,  b u t  n o t  
o the r s  10,11. Howeve r ,  e x p e r i m e n t s  us ing  b o t h  t h e  pass ive  
h e m o l y t i c  p l a q u e  assay,  w i t h  an t igen - sens i t i z ed  sheep  
red  b lood  cells, a n d  a more  d i rec t  bac t e r io ly t i c  a s say  
w i t h  v i a b l e  b a c t e r i a  as t h e  ind ica to r ,  r e su l t ed  in  con-  
t r a s t i n g  resul ts .  A m u c h  g r ea t e r  supp re s s ion  was  e v i d e n t  
w h e n  t h e  pass ive  h e m o l y t i c  p l a q u e  a s say  was  used  to  
e n u m e r a t e  a n t i b o d y  f o r m i n g  cells 14-1% I n  con t ras t ,  m a n y  
more  a n t i b o d y - p r o d u c i n g  cells were  found  in  t h e  s ame  
spleen cell  suspens ions  w h e n  t h e  d i rec t  b a c t e r i a l  p l a q u e  
procedure ,  w i t h  v i a b l e  bac te r i a ,  was  used  as t h e  ind ica to r .  
Such  f ind ings  were  c o n s i s t e n t  w i t h  t he  c o n c e p t  t h a t  
t o l e rance  to  a n t i g e n s  as c o m p l e x  as t h e  s o m a t i c  e x t r a c t s  
of b a c t e r i a  is m o s t  l ike ly  due  to  u n r e s p o n s i v e n e s s  to  
' m a j o r '  a n t i g e n s  p r e s e n t  in  t h e  e x t r a c t  w h i c h  m a y  n o t  
sens i t ize  t h e  i n d i c a t o r  erythrocytesZ% 

I n  t h e  ear l ier  s tud ies  of ]~RITTON 10'11, t o l e rance  was  
i nduced  w i t h  r e l a t i ve ly  la rge  c o n c e n t r a t i o n s  of a de tox i -  
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f led L P S  e x t r a c t e d  f r o m  E. coll. T h e  n u m b e r  of cells 
p r o d u c i n g  a n t i b o d y  in  t e s t  l y m p h o i d  cell  suspens ions  
was  d e t e r m i n e d  on ly  b y  t h e  pass ive  h e m o l y t i c  p l a q u e  
assay  w i t h  L P S - c o a t e d  red  b lood  cells. Cha l lenge  im- 
m u n i z a t i o n  cons i s t ed  of i n j ec t i on  of a whole  cell E.  coli 
vaccine .  Use  of t h e  pass ive  p l a q u e  a s say  could  h a v e  
obscu red  a d e m o n s t r a b l e  i m m u n e  response  to  some  of t h e  
o t h e r  a n t i g e n s  of  t h i s  m i c r oo r gan i s m ,  s ince  a n y  a n t i b o d y  
fo rming  cell  w i t h  spec i f ic i ty  to  an t i gen i c  d e t e r m i n a n t s  
bes ides  t hose  coa t i ng  o n t o  t h e  r ed  b lood  cells wou ld  be  
u n d e t e c t e d .  

I n  t h e  p r e s e n t  s t u d y  mice  were  i n j ec t ed  as  a d u l t s  w i t h  
a r e l a t i v e l y  la rge  c o n c e n t r a t i o n  of a de tox i f i ed  L P S  
e x t r a c t  f r o m  E.  coti a n d  t h e n  t e s t e d  for  d e v e l o p m e n t  of 
' h i g h  dose '  to le rance ,  us ing  b o t h  t h e  pass ive  h e m o l y t i c  
p l a q u e  a s say  a n d  t h e  d i r ec t  b a c t e r i o l y t i c  i m m u n o p l a q u e  
p rocedure .  T h e  n u m b e r  of specif ic  a n t i b o d y  p l a q u e  
f o r m i n g  ceils (PFC) was assessed a f t e r  cha l l enge  im-  
m u n i z a t i o n  w i t h  t h e  E.  coli vaccine .  

F o r  t he se  e x p e r i m e n t s  g roups  of a d u l t  i n b r e d  CBA 
mice,  e ach  we igh ing  a p p r o x i m a t e l y  18-24 g, were  i n j ec t ed  
i.v. i n to  t h e  ta i l  ve in  w i t h  10 m g  E. con 0 1 2 7 : B 8  L P S  
(Difco Labora to r i e s ,  De t ro i t ,  Mich.),  p r e p a r e d  b y  t h e  
p h e n o l  e x t r a c t i o n  p rocedu re  a n d  de tox i f i ed  e x a c t l y  as 
desc r ibed  b y  NETER et  al. n .  E a c h  of t he  mice  was  
in j ec t ed  e i t h e r  once  w i t h  t h e  en t i r e  dose of a n t i g e n  or  
5 t i m e s  over  a n  8 d a y  pe r iod  wi th  2.0 m g  doses (Table) .  
8 days  l a t e r  a l l  mice  were cha l l enged  b y  i.v. i n j ec t i on  of 
a p p r o x i m a t e l y  15 × 10 ~ h e a t  k i l led  E.  coll. 6 days  l a t e r  
t h e  mice  were  k i l led  a n d  t h e  t o t a l  n u m b e r  of P F C  pe r  
sp leen  d e t e r m i n e d  b y  t h e  2 assays,  exac t l y  as  desc r ibed  
elsewhere~8, ~9. S e r u m  a g g l u t i n i n  t i t e r s  were  a lso  de t e r -  
mined ,  as  desc r ibed  e l sewhere  1~. F o r  t h e  p l a q u e  assay,  
t h e  m e a n  n u m b e r  of h e m o l y t i c  (H-PFC)  a n d  bac t e r i o ly t i c  
(B-PFC)  i m m ' u n o c y t e s  was  c a l c u l a t e d  for  e a c h  group .  

As  can  b e  seen  f rom t h e  Tab le ,  i n j ec t i on  of  t 0  m g  of 
t h e  de tox i f i ed  L P S ,  e i t h e r  as  a s ingle  i n j e c t i o n  or  in  
r e p e a t e d  doses, r e su l t ed  in  a p p e a r a n c e  of a p p r o x i m a t e l y  
20 ,000-100,000 a n t i b o d y  f o r m i ng  cells  in  t h e  sp leens  of 
t h e  t e s t  a n i m a l s  a f t e r  chal lenge,  as  d e t e r m i n e d  b y  t h e  
bac t e r i o ly t i c  assay.  W h e n  t h e  s a m e  sp leen  cell  suspen-  
s ions  were  assessed b y  t h e  pass ive  h e m o l y t i c  p rocedure ,  
us ing  t h e  L P S  sens i t i zed  e r y t h r o c y t e s ,  t h e  n u m b e r  of 
H - P F C s  was  c o n s i d e r a b l y  lower  (genera l ly  in  t h e  r a n g e  
of 3000 pe r  spleen).  I n  con t r a s t ,  w h e n  con t ro l  non -  
t r e a t e d  mice  were  cha l l enged  w i t h  t h e  s ame  L P S  an t igen ,  
t h e r e  was  a r a p i d  a p p e a r a n c e  of b o t h  B - P F C  a n d  H - P F C .  
As can  be  seen f rom t h e  Tab le ,  a b o u t  115,000 p l a q u e  
f o r m i n g  cells were  de t ec t ed  b y  t h e  b a c t e r i o l y t i c  pro-  

cedure,  a n d  a p p r o x i m a t e l y  ha l f  t h a t  n u m b e r  b y  t h e  
h e m o l y t i c  assay.  

I t  shou ld  be  n o t e d  t h a t  t h e  n u m b e r s  of PFCs ,  b o t h  
bac t e r i o ly t i c  a n d  hemoly t i c ,  were  higher in  non-cha l l enged ,  
L P S - t r e a t e d  mice  (Group  E) t e s t ed  a t  t h e  s ame  t i m e  
i n t e r v a l  as  t h e  L P S - t r e a t e d  mice  (Group  A) w h i c h  were  
cha l l enged  w i t h  t h e  whole  cell vacc ine  6 d a y s  before  
assay.  I f  t h i s  n u m b e r  of P F C s  was  s u b t r a c t e d  f r o m  t h e  
r e sponse  of t he  o t h e r  t r e a t e d  mice,  t h e  t o l e r ance  assessed 
b y  t h e  H - P F C  m e t h o d  wou ld  be  comple te .  S imi l a r  obser-  
v a t i o n s  were m a d e  b y  BRITTON 10,11, 

A g g l u t i n i n  t i t e r s  to  t h e  whole  b a c t e r i a  were  on ly  
s l igh t ly  d i f f e ren t  in se ra  of  mice  g iven  e i t h e r  t h e  s ingle  
or  r e p e a t e d  large  doses of a n t i g e n  before  cha l l enge  im-  
m u n i z a t i o n  (Table).  B o t h  c o n t r o l  a n d  a n t i g e n  t r e a t e d  
a n i m a l s  h a d  agg lu t in in  t i t e r s  a v e r a g i n g  1 : 64-1  : 128 afte~ 
chal lenge.  T h e  h e m a g g l u t i n i n  a n d  h e m o l y s i n  t i t e r s  w i t h  
L P S  sens i t i zed  e r y t h r o c y t e s  were  s o m e w h a t  lower  (Table) .  

The  n u m b e r  of ' b a c k g r o u n d '  P F C  was genera l ly  s imi l a r  
w i t h  e i t h e r  sens i t i zed  e ry th rocy t e s ,  u n t r e a t e d  RBCs,  or  
v i a b l e  bac te r i a .  T h e r e  were  genera l ly  fewer  t h a n  60 back -  
g r o u n d  P F C s  pe r  spleen in n o n - t r e a t e d  mice  w i t h  al l  
i n d i c a t o r  a n t i g e n s  (Group D). I n j e c t i o n  of t he  large  
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Appearance of antibody-forming cells to E. coli in spleens of adult CBA mice given a large dose of LPS before challenge immunization with 
E. coli vaccine 

Antibody plaque forming'cells per spleen 
Mouse Individual Total Challenge Aggh,- Hemagglu- Hemo- 
group ~ antigen antigen immuniza- Bacteriolytic Passive Hemolytic tinin tinin lysin 

dose dose tion b hemolytic (control titer titer titer 
injected (rag) RBC) (log~} (log~) (logs) 
(mg) 

A 10.0 10.0 + 19,440 3,350 160 5.8 3.0 4.1 
B 2.0 10.0 + 97,282 3,033 254 6.8 2.6 4.0 
C 0 0 + 115,444 62,646 99 6.8 3.1 4.7 
D 12 0 - -  60 24 45 < 3 1.7 2.7 
E c 10.0 10.0 - -  35,463 7,610 84 6.7 2.7 3.6 

Groups of 6-15 mice injected i,v. as indicated with detoxified LPS. b Mice challenged by i,p. injection of 15 x l0 T heat killed bacteria 8 days 
after initial injection of LPS; antibody response determined 5 days later, o Response of non-challenged LPS-injected mice tested for PFC at 
same time as challenge mice. 
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amount  of detoxified LPS  stimulated a sharp increase 
in the number of PFCs to untreated RBCs; this increase 
was usually greater than that  observed after challenge 
immunization of the normal mice (Table 1, Group C). 

The results of this study confirm and extend the 
experiments of ]~RITTON concerning induction of im- 
nlunologic paralysis in mice with a relatively large con- 
centration of detoxified LPS  9-n. However, in tha t  study 
only hemolytic plaques were assayed using LPS-sensi- 
t ized sheep RBCs. Such an assay indicated the develop- 
ment  of a profound immunosuppression or tolerance, 
since very few hemolytic PFCs to E. colt LPS appeared 
after challenge with the whole cell vaccine. However, it 
might be expected tha t  such unresponsiveness would be 
directed only towards the LPS, and not to other anti- 
genic determinants which might  be present on the intact  
bacterium. Thus it  was somewhat unexpected in this 
study tha t  t rea tment  of mice with 10 mg detoxified 
LPS also reduced the number of B-PFCs, as well as 
H-PFCs, in comparison to the responses of control mice. 
This reduction was most evident in the mice given a 
single large dose of LPS. Mice given smaller doses, in 
5 injections, had approximately a 20% reduction in the 
number of B-PFCs and nearly 95% reduction in the 
number of H-PFCs. 

These findings support the concept tha t  the mice were 
tolerant mainly to the major LPS determinant  and not 
to other 'minor '  determinants which may be present in 
the LPS but not at tached to the indicator sheep red 
cells15, is. However, i t  is noteworthy tha t  mice injected 
once with the 10 mg dose of antigen showed a 70-80% 
further reduction in the number of B-PFCs. Thus, either 
specific tolerance to the whole bacteria was induced in 
these animals or a 'non-specific' immunosuppression 
developed due to injection of this relatively large quan- 
t i ty  of somatic antigen. The later possibility seems unlikely 
since BRITTON, in similar experiments, found that  the 

induction of tolerance was specific as judged by the 
abili ty of tolerant  mice to respond normally to sheep 
erythrocytes lo, n 

I t  also seems unlikely that  the immunosuppression 
observed in this study was due merely to 'feed back' 
suppression by antibody. In other experiments it was 
found that  little if any serum antibody could be detected 
before challenge~L Furthermore,  lower doses of this LPS, 
which stimulate li t t le antibody formation, could induce 
similar tolerance when injected repeatedly during the 
first 6 weeks of life ~5. Thus it appears tha t  tolerance to 
the LPS antigen in mice, especially that  induced by a 
large concentration of detoxified material, may result 
in a marked diminution in the number of antibody 
producing cells with specificity towards the intact  
bacteria, as well as to the purified LPS  2°. 

Zusammen]assung. Immunologische Toleranz konnte in 
M/£usen dutch hohe Dosen yon E. colt Lipopolysaecharid 
erreicht werden. Der Effekt  war mit  Hilfe der passiven 
h/£molytischen <~plaque~>-Methode besser zu erfassen als 
im direkten bakteriologischen System. 
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Bacterial  Endotoxins  as Immunosuppress ive  Agents  

Endotoxins from gram-negative bacteria may  act as 
adjuvants  in the primary immune responseL Studies at  
the cellular level by means of the direct ant ibody plaque 
technique ~ showed tha t  the adjuvancy of lipopolysaccha- 
tides is associated with an accelerated development of 
19S hemolysin-forming cells 3-s. Recent  studies resulted 
in the finding tha t  the simultaneous injection of sheep 
red blood cells (SRBC) and bacterial endotoxin (ET) 
leads to the development of enhanced peak values of 
19S and 7S hemolysin-producing spleen cells, as com- 
pared to the injection of SRBC alone ~. This effectiveness 
is associated with a significantly increased process of 
priming for the secondary response L In contrast, i t  has 
been reported tha t  the injection of relatively large amounts 
of a bacterial lipopolysaccharide, together with a primary 
antigenic stimulus, resulted in suppression of antibody 
formation instead of an enhanced response s,9. Such sup- 
pressive effects were likewise observed in mice, if con- 
siderably smaller amounts of endotoxins (10-100 [zg per 
animal) were administered a few days before antigen 1°. 
On the other hand, a normal hemolysin response was 
found after the simultaneous injection of SRBC and ET  
in endotoxin-toterant mice 4. From this it  was suggested 
that  precursors of hemolysin-producing cells are not lost 
or altered in endotoxin-tolerant mice. Unfortunately,  
only the 2nd day after immunization was studied 4. 

Therefore it  appeared worthwhile to find out, at  the 
cellular and humoral level, whether or not the primary 
immune response is diminished in mice pretreated with 
different amounts  of ET. 

Exper iments  were performed using male mice of the 
strain NMRI  (19-26 g). In  a first series of experiments 
4 mouse groups were employed. The animals of group I 
received an i.p. injection of 4×  10 s SRBC on day 0. 
Mice of group n were additionally treated by an i.v. 
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