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Tole rance  to sheep ' s  red ce l l s  induced in adult mice  by means  of cyclophosphamide was 
invest igated.  The animals  exhibited par t ia l  immunolgica l  a reac t iv i ty  for  3 months.  
In the f i r s t  2 weeks an antigen capable  of inducing a secondary  r e sponse  to its action 
on the lymphoid ce l l s  of an imals  sensi t ized with sheep ' s  red ce l l s  was p r e s e n t  in the 
mice.  After  3-4 weeks antibodies detectable  by means  of antiglobulin s e r u m  and capable  
of weakening the immune r e sponse  of intact  lymphoid ce l l s  injected into to le ran t  r e c i p -  
ients  appeared  in the blood of the par t i a l ly  to le ran t  an imals .  The s e r u m  of to le ran t  
an imals  inhibited the immune r e sponse  of intact  mice  immunized  with sheep ' s  red ce l l s .  
Meanwhile the lymphoid ce l l s  of to le ran t  mice  p r e s e r v e d  the i r  immunological  a reac t iv i ty  
in cul ture  in vivo. It is concluded that a f ter  the combined injection of antigen and cyc lo -  
phosphamide a state of " t rue"  to le rance  appeared  intially in the animals ,  and this  was 
gradual ly  rep laced  by autoregulat ion of the immune response  of the feedback type. Both 
phenomena  may coexis t  for  a t ime  and mutual ly a s s i s t  each o ther .  

The w r i t e r s  have shown previous ly  [3] that  the to le rance  which a r i s e s  in mice  a f t e r t he  combined 
injection of sheep ' s  red  blood ce l l s  (SRBC) and cyclophosphamide (CP) sa t i s f ies  the basic  demands  of t rue  
immunological  to le rance  [15]. It was  shown, in pa r t i cu la r ,  that  during the two weeks af ter  induction, 
to le rance  is due to a deficiency of immunocompeten t  c e l l s .  According to r ecen t  r e p o r t s  in to le rance  
to s e rum prote ins  and to t ransplanta t ion  antigens produced in adult and newborn mice,  the specif ic 
lowering of immunoreac t iv i ty  is due not only to a dec r ea se  in the number  of immunocomptent  cel ls ,  
but also to humora l  agents (possible antibodies} fo rmed in the to le ran t  an imals  which have a dep res s ive  
action [8, 12, 19-21]. 

The object  of the p r e s e n t  invest igat ion was to de te rmine  whether  the deficiency of immunocompetent  
ce l l s  is  the sole fac tor  which de t e rmines  to le rance  to SRBC in mice  at var ious  t imes  af ter  i ts  induction 
by  means  of CP. 

E X P E R I M E N T A L  M E T H O D  

Exper imen t s  were  c a r r i e d  out on ma le  nonimbred and (CBA x C 5 7 B L / 6 ) F  1 hybrid albino mice  
weighing init ial ly 18-23g. To le rance  to SRBC was induced by the scheme descr ibed  prev ious ly  [3]: 
in t raper i tonea l  injection of 200 m g / k g  CP. Intact  mice and mice  rece iv ing  CP only acted as the c o n t r o l s .  
The immunoreac t iv i ty  of the an imals  was e s t ima ted  f r o m  the number  of an t ibody-forming  cel ls  (AFC) 
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Fig. 1. Duration of tolerance in mice after  combined t rea tment  
with SRBC and CP: a) 19S AFC in the spleen; b) 7S AFC in the 
spleen; c) 19S AFC in the lymph glands. Ordinate: a and b) num-  
ber  of AFC in the spleen; c) number of AFC per  million nucleated 
lymph gland ce l l s .  Abscissa :  time of tes t  injection of SRBC after 
induction of tolerance (in weeks). Immune react ion of animals to 
tes t  injection of SRBC: a) tolerant;  2) receiving CP only; 3) intact. 

in the spleen after  an intravenous tes t  injection of 5x 108 SRBC. The determination was made by J e r n e ' s  
method [13] on the 4th day after the tes t  injection (detection of "direct" plaques, or 19S AFC) and also on the 
10th day using rabbit  ant iserum against mouse ~/-globulins ("indirect" plaques, or  7S AFC [10, 18]). In some 
experiments  the number  of 19S AFC in the cerv ica l  lymph glands was investigated on the 5th day after  in t ra -  
labial injection of the tes t  dose of antigen. IIemolysins and hemagglutinins were  determined in the blood of 
the animals by the usual method of double ser ia l  dilutions. In some cases  the t i trat ion was ca r r i ed  out by 
adding antiglobulin se rum to the sys tem of tes t  se rum + SRBC. 

The immunoreact ivi ty  of the spleen cells  in culture in vivo was determined by the method described 
by the wr i te r s  previously [3]. In some experiments  the donors were sensit ized by the pre l iminary  intraven- 
ous injection of 1 x 106 SRBC. 

E X P E R I M E N T A L  R E S U L T S  

The duration of the tolerance aris ing after  t rea tment  of the animals by the scheme used was investigated 
in the experiments  of se r ies  1, which were conducted on 336 noninbred albino mice (Fig. 1). 

It will be c lea r  f rom Fig. l a  that the number  of 19S AFC formed after  the tes t  injection of antigen fell 
sharply a week after the induction of tolerance and that appreciable r ecovery  had occur red  after  3 weeks. 
However, fur ther  r ecovery  proceeded slowly, and even in the case  of immunization after  13 weeks the number 
of 19S AFC in the spleen of the tolerant  animals was significantly less  (P 0.001) than in the control  mice. 
After 6 months the immune response  of the mice of all groups was virtually the same. Similar resu l t s  were 
obtained when the number  of 7S AFC in the spleen was tested (Fig. lb): for a period of 2 months the immuno-  
react ivi ty of the tolerant  animals,  determined by this test,  was significantly lower than in the control .  This 
ser ies  of experiments  showed that the antibody-forming function not only of the spleen, but also of the lymph 
glands, was disturbed (Fig. lc),  i .e . ,  the to lerance was not local but general  in charac te r .  
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TABLE 1. C r o s s  T r a n s p t a n a t i o n  of Spleen Ce l l s  of T o l e r a n t  and N o r m a l  
Mice 

I n d e x  

Reaction of tolerant (experiment) 

donor mice and of those receiving 
CP Only 

R e a c t i o n  of  s p l e e n  c e i l s  o f  t o l e r a n t  m i c e  

( e x p e r i m e n t )  an d  of m i c e  r e c e i v i n g  CP  
a l o n e  ( co n t ro l )  a f t e r  t r a n s p l a n t a t i o n  i n to  
n o r m a l  r e c i p i e n t s  

R e a c t i o n  of  s p l e e n  c e l l s  of n o r m a l  

m i c e  a f t e r  t r a n p l a n t a t i o n  i n t o  t o l e r a n t  
( e x p e r i m e n t )  r e c i p i e n t s  and in to  
recipients r e c e i v i n g  CP o n l y  (control) 

N u m b e r  of  19S A F C  in  s p l e e n  

experiment con t ro I  

5 333 30 020 
(3 133--9 078) ([9 820--46 030) <O,OOl 

n=21 n=19 
1 318 4074 

(86I -- 2 018) (2 624 ~- 6 324) 0,001 
n=29 n=24 

5 420 19 190 
(3 793"--.7 745) (14 490-4-25 410) <O,O01 

n=23 n = 2 4  

Note*. Here  and in Tab le  2 the g e o m e t r i c  m e a n  va lues  and conf idence  l i m i t s  
for  P P  < 0.05 a r e  given;  n denotes  n u m b e r  of a n i m a l s .  

TABLE 2. Effect  of S e r u m  of T o l e r a n t  Mice on I m m u n e  Response  

Source of serum 

Mice 3 weeks after induction of 
tolerance 

Mice 1 week after induction of 
tolerance 

Normal mice or mice receiving 
CP 

Serum not injected 

Number of 19S AFC in spleen of recipients of serum 

n o r m a l  absorbed by red cells 

39 170 
(24 550--62 370) 

n=18 
131 500 

(87 500-- 197 700) 
n=6 
121 600 

(86 900-- 169 800) 
n=17 

137 700 

I 15 900 
(82 040-- 163 700) 

n= l l  
145 9O0 

(88 310--241 000) 
n=7 

109 100 
(78 700-- 151 400) 

n=8 

0 0 9  6 0 C - - 1 7 3  000 )  
n = 2 2  

The e x p e r i m e n t s  thus showed tha t  the t o l e r a n c e  a r i s i n g  in  m i c e  a f te r  i n j e c t i on  of SRBC and CP and 
c h a r a c t e r i z e d  by inh ib i t ion  of the f o r m a t i o n  of 19S and 7S AFC in lymphoid  t i s s u e  p e r s i s t s  for at l e a s t  2-3 
months .  

Severa l  w o r k e r s  have shown that  the t o l e r a n c e  induced  in  a n i m a l s  by the combined  in jec t ion  of fore ign  
red  c e l l s  and CP can  be p ro longed  by addi t ional  i n j e c t i o n s  of an t igen  [4, 11, 14], in  a g r e e m e n t  with the c o n -  
cept  of the ro l e  of p e r s i s t a n c e  of the an t igen  in m a i n t e n a n c e  of the s ta te  of t o l e r a n c e  [9, 17]. It was t h e r e -  
fore  i m p o r t a n t  to d e t e r m i n e  the d u r a t i o n  of p r e s e r v a t i o n  of the an t igen  in the t o l e r a n t  m i c e .  To do th is ,  
(CBA x C 5 7 B L / 6 ) F  1 m i c e  r e c e i v e d  an i n t r a v e n o u s  i n j ec t i on  of 100 m i l l i o n  sp leen  c e l l s  of syngene ic  mice ,  
p r e l i m i n a r i l y  s e n s i t i z e d  with SRBC, at d i f f e ren t  t i m e s  a f te r  the c r e a t i o n  of t o l e r a n c e .  The n u m b e r  of 19S 
AFC in  the r e c i p i e n t s '  sp l een  was  counted  5 days l a t e r .  The s a m e  method was  used  by M611er to d e t e r m i n e  
the p r e s e n c e  of an t igen  in i m m u n i z e d  a n i m a l s ,  but  the s e n s i t i v i t y  of the method in  the modi f i ca t ion  now used  
was  h igher ,  for  the c e l l s  in jec ted  w e r e  s e n s i t i z e d  and not  i n t ac t  [16]. Sens i t i zed  c e l l s  a r e  known to be c a p -  
able  of g iving a s e c o n d a r y  i m m u n e  r e s p o n s e  to a s m a l l  dose of an t igen  [1, 5] and even  to an t igen  p r e s e n t  in  
a n o n i m m u n o g e n i c  f o r m  [2, 6]. 

Ce l l s  t r a n s p l a n t e d  into t o l e r a n t  m i c e  1 and 7 days  a f te r  the induc t ion  of t o l e r a n c e  gave a wel l  m a r k e d  
r e a c t i o n  c o m m e n s u r a t e  with the  r e a c t i o n  of the s a m e  c e l l s  to 1 m i l l i o n  SRBC (Fig. 2; 1st  con t ro l ) .  T r a n s -  
p l ana t ion  a f t e r  2 weeks  gave a w e a k e r  r e a c t i o n ,  but  the l e v e l  of AFC in the sp l een  of the e x p e r i m e n t a l  g roup  
of m i c e  was  s ign i f i can t ly  h ighe r  than  in the con t ro l  a n i m a l s  t r e a t e d  wi th  C P  alone,  into which the c e l l s  we re  
in jec ted  wi thout  an t igen  (2nd con t ro l ) .  F i n a l l y ,  c e l l s  t r a n s p l a n t e d  into t o l e r a n t  mice  3 weeks  a f t e r  the induc-  
t ion  of t o l e r a n c e  in  the a n i m a l s  gave no i m m u n e  r e a c t i o n .  

It can  be conc luded  f r o m  these  r e s u l t s  tha t  in m i c e  t o l e r a n t  to SRBC for  a pe r iod  of 2 weeks  (or r a t h e r  
longer )  a f t e r  i n j ec t i on  of SRBC and CP an an t igen  i s  p r e s e n t  in  the body, but  by the end of the 3rd week i ts  
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Fig.  2. P e r s i s t e n c e  of n i t rogen  i n t o l e r a n t  mice .  

Ordinate,  number  of 19S AFC in the spleen;  ab-  
s c i s s a ,  t ime  of t r ansp lan ta t ion  of c e l l s  a f te r  
induction of t o l e r ance  (in days) .  1) React ion of 
sens i t i zed  c e l l s  t r ansp l an t ed  into t o l e r an t  mice ;  
2) r eac t ion  of s ens i t i zed  donor mice  to inject ion 
of 1 x 10 s SRBC ( l s t  control) ;  3) r eac t ion  of s e n s -  
i t ized  ce l l s  in jected into mice  r ece iv ing  CP alone 
(2nd control) .  

content has  fa l len to a leve l  which could not be d e -  
tec ted  by the method used ( less  than 0.015%of the in -  
j ec ted  dose ). 

In the e x p e r i m e n t s  of s e r i e s  2 the r e a c t i v i t y  of 
c e l l s  of the lymphoid t i s s u e  of t o l e ran t  an imals  was 
inves t iga ted  in cul ture  in vivo at a t ime  when the an t i -  
gen concent ra t ion  in the body had fal len to below the 
threshold .  Expe r imen t s  were  c a r r i e d  out on (CBA x 
C57BL/6)F 1 mice  3 o r  4 weeks  a f te r  induction of t o l -  
e r ance  to SRBC in them. Spleen ce l l s  of t o l e ran t  
an imals  (100 mil l ion) o r  of mice  which r ece ived  CP 
only (control) were  t r ansp lan ted  toge ther  with 5 x 10 ~ 
SRBC into intact  syngeneie r e c i p i e n t s  which had f i r s t  
been i r r a d i a t e d  in a dose  of 700 R. On the 5th day 
the number  of 19S AFC was de t e rmined  in the r e c i p -  
i en t s '  spleen.  The immune r eac t ion  to the same dose 
of antigen given by the sp leen  ce l l s  of in tac t  mice  
t r ansp lan ted  into i r r a d i a t e d  to l e ran t  mice  or  into i r -  
r ad ia ted  mice  r ece iv ing  only CP p rev ious ly  a lso  was 
inves t igated.  

As  Table 1 shows, while the donor mice  r e -  
mained to l e ran t  t he i r  spleen c e l l s  were  c h a r a c t e r i z e d  

by lowered  immunoreac t iv i t y  in cu l tu re  in vivo by compar i son  with the cont ro l .  Meanwhile condit ions in-  
h ibi t ing the immune r eac t i on  of normal  ce l l s  t r ansp lan ted  into these  mice  had a r i s e n  in the t o l e r an t  mice .  
Inc identa l ly ,  not al l  the expe r imen t s  of this  s e r i e s  gave unequivocal  r e su l t s .  In one of them the reac t ion  of 
the normal  c e l l s  in the t o l e r an t  r e c ip i en t s  was not suppressed ,  while in another  the lymphoid ce l l s  of the 
to l e ran t  mice  in cu l tu re  in vivo r eac t ed  to antigen in the same way as the control .  

It can t h e r e f o r e  be concluded f rom the r e s u l t s  of these  expe r imen t s  that  the t o l e r ance  of an imals  to 
SRBC 3-4 weeks a f te r  i t s  induction by means  of CP is  due both to a def ic iency of immunocompetent  c e l l s  
and to the influence of a ce r t a in  agent which inhibi ts  the immune re sponse ;  often a combinat ion of both fac -  

t o r s  is  obse rved .  

To a s c e r t a i n  the na ture  of th is  agent  the effect  of the s e r u m  of the to l e ran t  mice  on the immune r e -  
sponse  of no rma l  an ima l s  was studied. Exper imen t s  were  c a r r i e d  out on noninbred mice .  Blood was taken 
f rom the donor mice  1 o r  3 weeks  af te r  in jec t ion  of 6.2 bi l l ion SRBC and of CP. The r e su l t ing  s e r u m  was 
inact ivated,  s t e r i l i z e d  by pas s ing  it through a Mi l l ipore  f i l t e r ,  and in jec ted  in a dose  of 0.5 ml in t ravenous ly  
into in tac t  mice ,  which we re  given an in t ravenous  inject ion of 5 x 108 SRBC 24 h l a t e r .  The number  of 19S 
AFC in the spleen was de t e rmined  4 days  l a t e r .  Serum of no rma l  mice  or  of mice  t r e a t e d  with CP only was 

in jec ted  into the cont ro l  an imals  (Table 2). 

Table 2 shows that  s e r u m  obtained f rom the mice  3 weeks  af te r  t o l e r ance  had been induced in them 
inhibited the immune r e s p o n s e  (P < 0.001), whe reas  the s e r u m  of the c o n t r o l  an imals  or  that  taken f rom the 
mice  1 week af te r  the induction of t o l e r ance  had no such action.  T r e a t m e n t  with SRBC caused  the s e r u m  to 
lose  i ts  d e p r e s s i v e  p r o p e r t i e s .  Hemolys ins  were  absent  from the s e r u m  of both t o l e r an t  and cont ro l  mice  
(t i ter < 1:5) and hemagglu t in ins  were  p r e sen t  in low t i t e r s  (< 1:80). If, however ,  hemaggul t in ins  we re  d e t e r -  
mined in the p r e s e n c e  of ant iglobulin se rum,  t he i r  t i t e r  in the s e r u m  of the t o l e r an t  mice  ro se  to 1:1280, 
whereas  in the s e r u m  of the control  an ima l s  i t  did not exceed 1:160. Absorp t ion  of the s e r a  with SRBC low-  
e red  the hemagglut inin t i t e r  to < 1:5. 

The r e s u l t s  show that  the d e p r e s s i v e  acgion of the s e r u m  obtained f rom 3 weeks  a f t e r  induction of 
to l e rance  was a s soc i a t ed  with the hemagglut ina t ing  ant ibodies  which it contained.  These  ant ibodies  a lso  were  
r e spons ib l e ,  evident ly,  for  inhibit ion of the immune r e sponse  of the no rma l  lymphoid c e l l s  t r ansp lan ted  into 
the to l e ran t  mice ,  if the t r ansp lana t ion  was c a r r i e d  out 3-4 weeks  af ter  the c r ea t i on  of t o l e r ance  in the r e -  
c ipient  mice  (Table 1). 

The following conclus ion can be drawn f rom the r e s u l t s  d e s c r i b e d  in th i s  p a p e r  in conjunction with 
those obtained p rev ious ly  [3]. The t o l e r ance  a r i s i ng  in mice  as  a r e s u l t  of the combined a d m i n i s t r a t i o n  9f 
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SRBC and CP in i ts  initial s tage (up to 3 weeks) is  "c lass ica l "  in the sense  that  it is due ent i re ly  to a def ic-  
iency of immunocompeten t  cei ls .  This is followed by stage II, when the dec r ea se  in reac t iv i ty  of the popula-  
tion of lymphoid ce l l s  is no longer  the only fac tor  de te rmin ing  the s tate  of to le rance :  c i rcula t ing  antibodies 
pos se s s ing  a dep re s s ive  action appear  during this period.  The combinat ion of both fac tors  gives r i s e  to the 
pa r t i a l  immunological  a reac t iv i ty  which could be detected until 3 months. It is logical  to conclude that  in 
the las t  weeks of this per iod the depress ion  of the immune r e sponse  depends ent i re ly  on the p re sence  of 
antibodies (stage III). 

A p r o b l e m  which r e m a i n s  unsolved is that  of the source  and nature  of the antibodies fo rmed  in the 
to le ran t  an imals  in the absence  of additional antigenic s t imulat ion (before the t e s t  injection of SRBC). P o s s i -  
bly not all the ce l l s  s t imulated by the p r i m a r y  injection of antigen (6.2 billion SRBC) are  sens i t ive  to the 
act ion of CP. A few of these  ce l l s ,  which r e m a i n  capable  of different ia t ion and of fo rming  antibodies,  p r o -  
duce antibodies which in stage I of to le rance  a re  masked  by the excess  of antigen in the body. After  e l imina-  
tion of the g r e a t e r  pa r t  of the antigen these  antibodies appea r  in the s e r u m  and exe r t  an immunodepres s ive  
action. On the other  hand it  can be postulated that  antibody format ion  in to le ran t  an imals ,  is  a ref lec t ion  of 
the loss  of to le rance  af ter  the concentra t ion  of antigen in the body has  fallen below the c r i t i ca l  level .  The 
newly formed immunocompeten t  ce l l s  begin to produce  antibodies in r e sponse  to the action of the res idua l  
amount of antigen. These ce l l s  cannot  be de te rmined  by the local  hemolys i s  in gel t e s t  for  the antibodies 
produced by them p o s s e s s  e x t r e m e l y  low hemolyt ic  act ivi ty,  which is not demons t rab le  even in the p r e sen ce  
of anti globulin s e rum .  These  a r e  poss ib ly  incomplete  antibodies of the type revea led  by the Coombs '  t e s t  
[7]. 

A compar i son  of these  r e su l t s  with those descr ibed  in the l i t e r a tu re  suggests  that  a sequence of change 
and the coexis tence  of different  m e c h a n i s m s  regulat ing the immune r e sponse  of to le ran t  animals  a re  p o s s i -  
ble not only in the to le rance  induced by adminis t ra t ion  of SRBC and CP, but also in i ts  other  f o r m s  (over -  
loading, D r e s s e r ' s  phenomenon, to le rance  to skin graft ing,  etc.).  The format ion  of a specia l  c l a s s  of ant i -  
bod ie s  (in this case ,  AFC) in to le ran t  animals ,  p e r f o r m i n g  a r egu la to ry  function, may  the re fore  be a m o r e  
genera l  rule  which must  be taken into cons idera t ion  in the ana lys i s  of the m e c h a n i s m s  of to le rance .  
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