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Our understanding of the mechanisms 
underlying the production of immuno- 
logical unresponsiveness or tolerance 
has increased over the past few years, 
but as yet there is not-and perhaps 
there cannot be-a unified theory of 
tolerance that would explain the data 
obtained from embryonic or neonatal 

transplantation tolerance experiments, 
from tumor enhancement and blocking 
work, from experiments involving dis- 
aggregated serum proteins, monomeric 

flagellin, or pneumococcal polysac- 
charides; nor may we be able to present 
a clear rationale for simultaneously 
understanding both low- and high-zone 
tolerance, both long-lasting and short- 
term tolerance, and both antigen- and 

antibody-mediated tolerance (1). 
Tolerance to sheep red blood cells 

(SRBC) has been obtained both in 
neonatal and adult animals by a pro- 
longed injection schedule with massive 
doses of SRBC (2). More generally, 
however, unresponsiveness has been in- 
duced by treatment with antigen in 
combination with cytotoxic agents, such 
as cyclophosphamide (3, 4). Solubilized 
SRBC fractions have also been used 
in induction of tolerance (5, 6). There 
is no agreement concerning the basis 
for the induced tolerance to SRBC. 

Depending on the schedule of injec- 
tions, the number of cells and the source 
of cells used in restitution experiments, 
and the timing of assessment of toler- 
ance or of abrogation of tolerance, the 
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lack of response to SRBC has been 

variously attributed to loss or inactiva- 
tion of thymus cells, thymus-derived 
cells, bone marrow or bone marrow- 
derived cells, or to combinations of these 
cells (4). The possible functioning of 
suppressor cell populations has also 
been proposed (4, 7). 

We have shown (6) that a super- 
natant fraction (after centrifugation at 
40,000g) obtained after hypotonic lysis 
of SRBC contains material that can 
reduce to about 10 percent of normal 
the subsequent response of adult mice 
to SRBC. The tolerogenic material did 
not appear to be immunogenic as mea- 
sured by induction of direct or indirect 
plaque-forming cells or by production 
of serum agglutinins or hemolysins. 
Reciprocal experiments with hemoly- 
zate preparations of sheep and horse 
red blood cells indicated, moreover, that 
the tolerogenic effect of this supernatant 
is highly specific (6). 

We now describe experiments de- 
signed to characterize the nature of the 
tolerance to SRBC induced by our su- 

pernatant fraction. The experiments 
show that this tolerance is not associ- 
ated with a reduction or elimination of 

imrlunocompetent cells, but rather that 
it appears to be the result of a serum- 
mediated blocking effect. 

Sheep red blood cells, from individual 

sheep were purchased (ARS-Sprague- 
Dawley, Madison); they were washed 
before use. Tolerogenic preparations 
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Table 1. Ability of 107 spleen cells from normal or tolerant donors to respond to sheep red 
blood cells after injection into lethally irradiated normal or tolerant syngeneic host animals; 
PFC, plaque-forming cells; S.E., standard error. 

Experiments Animals PFC ? S.E. 
Host Donor 

(No.) (No.) per spleen 

Normal 15 4573 ? 882 
Normal 3 

Tolerant 15 8878 + 1666 

Normal 13 2751 + 796 
Normal 3 

Tolerant 18 402 ? 94 
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Abstract. Injection of a water-soluble nonantigenic fraction obtained from 
lysed sheep red blood cells virtually abolishes the subsequent immune response 
to the red cells. The suppression is systemic and appears to be serum mediated. 

Tolerance to Heterologous Erythrocytes 

Abstract. Injection of a water-soluble nonantigenic fraction obtained from 
lysed sheep red blood cells virtually abolishes the subsequent immune response 
to the red cells. The suppression is systemic and appears to be serum mediated. 



were obtained by hemolysis in hypo- 
tonic solution and centrifugation at a 
minimum of 34,000g for 200 minutes 
at 4?C (6). Tolerance was normally 
induced by five daily intraperitoneal 
injections of 0.4 ml of tolerogenic ma- 
terial. Each injection represented super- 
natant from approximately 2 X 108 
SRBC. In the latest experiments, a 
single injection of 0.4 ml of a fivefold 
concentrate was used with equal suc- 
cess. After tolerogen treatment the re- 
sponse to SRBC was reduced to < 10 
percent of that of the controls. C57BL/ 
6 X DBA/2 (BDF1) mice were used 
for all experiments. For restitution ex- 
periments host BDF1 animals were ir- 
radiated with 850 roentgens total body 
irradiation (300 kv-peak, 20 ma, 0.5- 
mm Cu, l-mm Al filtration; 70 r/min 
in air) a few hours prior to intravenous 
injection of test cell suspensions. The 
SRBC were injected intraperitoneally 
into these animals 24 hours later and 
again after 2 days, with plaque-forming 
cells being enumerated (8) on day 7 
after irradiation. 

Organ cultures were prepared (9), 
with 1-mm2 full-thickness spleen ex- 
plants placed in Millipore-filter well 
cultures in a medium consisting of 
Eagle's basal medium with 10 percent 
horse serum, 5 percent chick embryo 
extract, gentamycin (50 lAg), and my- 
costatin (50 ,/g). The SRBC were 
added to the cultures which were then 
incubated at 37?C in a water-saturated 
atmosphere of 5 percent CO2 in air. 
After 5 days, fragments were teased 
to obtain cells to be assayed for plaque- 
forming cells. Cell suspension cultures 
were prepared by the method of Click 
et al. (10). The mice were bled from 
the cervical region, the blood was per- 
mitted to clot at room temperature for 
1 to 3 hours, the clotted blood was held 
overnight at 4?C, the clot was removed, 
and the remaining solution was centri- 
fuged to obtain serum. The ability of 
the serum to influence the in vitro re- 
sponse to SRBC was assayed at a con- 
centration of 20 ,ul per milliliter of 
medium. 

Our initial assumption was that toler- 
ance would be manifested either by 
thymus-derived (T) cells, bone marrow- 
derived (B) cells, or both. However, 
when we transferred spleen cells from 
tolerant animals into lethally irradiated 
host animals we found that these cells 
were fully capable of responding to 
SRBC; indeed the response was slightly 
enhanced (Table 1). In contrast, when 
we performed a reciprocal experiment, 
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Table 2. Cell and organ culture studies with 
spleens and serum from mice made tolerant 
to sheep red blood cells; PFC, plaque-form- 
ing cells; MS, mouse serum. 

Cu- PFC S.E. Spleen cultures tures 
(No.) per culture (,No.) 

Cell 
Normal 28 880.7 ? 140.8 
Tolerant 25 800.0 + 205.6 

Organ 
Normal 51 61.6 11.1 
Tolerant 60 80.3 ? 12.7 

Organ (normal) 
Standard medium 34 82.8 + 17.0 
Standard medium + 

2% normal MS* 45.1 + 12.4 
Standard medium + 

2% tolerant MS" 36 2.6 ? 0.6 

* Four separate pools of serum. 

in which normal spleen cells were trans- 
ferred into lethally irradiated, tolero- 
gen-treated animals, the ability of these 
transferred normal spleen cells to re- 
spond to SRBC was significantly re- 
duced (Table 1). 

We next turned to in vitro systems 
of assessing immune competence. 
Spleens from normal or tolerant ani- 
mals were either cut into small frag- 
ments and grown in organ culture or 
prepared as a cell suspension and 
grown in stationary cell culture; the 
results were entirely comparable for 
the two systems (Table 2). Spleens 
from tolerant animals were fully com- 
petent to respond to SRBC in vitro. 

Since these experiments all indicated 
that tolerant animals were unresponsive 
to SRBC not because of any inherent 
inability of their spleen cells to respond 
to this antigen but rather to some sys- 
temic blocking, we tested the effect of 
serum from normal or tolerant animals 
on the normal in vitro response to 
SRBC. The results (Table 2) show that 
serum from animals made tolerant to 
SRBC significantly reduces the in vitro 
immune response to this antigen. 

Our experiments indicate that serum- 
mediated blocking activity is induced 
by injection of tolerogen, but they do 
not yet permit any conclusions con- 
cerning the nature of that inhibition. 
A number of ancillary observations (6, 
11) suggest that several simple interpre- 
tations are unlikely. (i) The tolerogen 
is nonantigenic as measured by both 
titration of serum agglutinin and hemol- 
ysin levels and by induction of plaque- 
forming cells in spleen, hence tolerance 
cannot be due to a standard antibody 
to SRBC (6); (ii) tolerance is long 
lasting in that the response to SRBC 

remains fully suppressed for at least 
6 months (11); (iii) tolerance to SRBC 
is highly specific, as shown by recipro- 
cal experiments involving sheep and 
horse red blood cells (6); (iv) the 
presence of native tolerogen itself does 
not significantly diminish the in vitro 
response to SRBC (11); and (v) serum 
blocking activity does not appear to 
be diminished by prior incubation of 
the serum with either SRBC or tolero- 
gen (11). 

It is well to consider that the sheep 
red blood cell is a cell, even if cur- 
rently it is more generally thought of 
as an antigen. For this reason one 
might propose that soluble components 
of various tissue cells could act as 
tolerogens (5, 12), and that the loss 
of ability to respond to such tolerogens 
might be prerequisite to the onset of 
autoimmune phenomena. The similarity 
between serum tolerance to SRBC and 
serum blocking activity associated with 
the presence of tumors is intriguing 
(13). It is now important to charac- 
terize the tolerogenic material, to iden- 
tify the particular serum components 
necessary to achieve the unresponsive 
state, and to determine the mechanism 
by which the animal's immune response 
can be so specifically and so effectively 
suppressed. 

ROBERT AUERBACH 

JOAN ROETHLE 

Department of Zoology, University of 
Wisconsin, Madison 53706 
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enterotoxin and crude cell-free extracts 
of enteropathogenic strains of Escheri- 
chia coli have been shown to be as- 
sociated with activation of intestinal 
mucosal adenyl cyclase and increased 
intracellular levels of cyclic adenosine 

monophosphate (AMP) (1). Several ex- 
traintestinal effects of cholera entero- 
toxin are also thought to be linked to 
stimulation of the adenyl cyclase-cyclic 
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AMP system (2). Recently Donta et al. 
demonstrated that picogram quantities 
of the purified cholera enterotoxin were 
capable of inducing morphologic 
changes and steroidogenesis in mono- 

layer cultures of adrenal cells in tissue 
culture (3). We report here that cell- 
free culture filtrates from enterotoxi- 
genic strains of E. coli, but not those 
from nontoxigenic strains, are capable 
of inducing morphological changes and 

sterolidogenesis similar to those induced 

by cholera enterotoxin. 
A variety of E. coli strains isolated 

from American soldiers in Vietnam 
with diarrhea were provided by Dr. 
Samuel Formal of the Walter Reed 

Army Institute of Medical Research. 
These lyophilized strains were grown 
in trypticase-soy broth at 37?C in a 
shaking water bath for 24 hours. Then 
the culture was centrifuged to remove 
the bacteria and the supernatant was 
filtered through 0.22-,tm filters for use 
in the tissue culture or ileal-loop studies. 
For the tissue culture studies, 0.2 ml of 
the sterile filtrate was added to 2.0 ml 
of the tissue culture medium (Ham's 
nutrient mixture F-10 supplemented 
with 15 percent horse and 2.5 percent 
fetal calf serum) which bathed late- 
logarithmically growing monolayer cul- 
tures of Y1 adrenal cells on 60- by 
15-mm disposable plates (Falcon), and 
the plates were incubated at 37?C in 
a humidified atmosphere of 95 percent 
air, 5 percent CO,. Quantitation of the 
A4,3-ketosteroids that were secreted 
into the tissue culture medium was done 
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by extracting the steroids from the 
medium with methylene chloride, sepa- 
rating the aqueous and organic phases, 
and evaporating the latter to dryness, 
then redissolving the residue in abso- 
lute alcohol and determining the solu- 
tion's absorption at 242 nm. The spec- 
trophotometric values were then con- 
verted to and expressed as nanomoles 
of steroid per plate of cells (or milli- 
grams of cell protein) per incubation 
time interval. The jejunal-loop studies 
were performed in triplicate in 9-week- 
old rabbits, with aliquots of the same 
sterile filtrates used for the tissue culture 
studies. Two milliliters of the filtrate 
was used for each 10-cm loop, and after 
18 hours the resultant fluid accumula- 
tion was expressed as milliliters of 
fluid per centimeter of gut (4). 

Figure 1 depicts the morphological 
changes that are inducible by entero- 
toxigenic strains of E. coli and which 
closely resemble those effected by 
adrenocorticotropin (ACTH) and chol- 
era enterotoxin. Whereas the changes 
inducible by ACTH begin a few min- 

Table 1. Comparison of the responses of Y1 
adrenal cells (morphological changes and 
steroidogenesis) and 9-week-old rabbit jejunal 
loops to cell-free culture filtrates of E. coll. 
The jejunal-loop activity is expressed as milli- 
liters of liquid per centimeter of intestinal 
loop and represents the average value of three 
10-cm loops. Steroidogenesis is expressed as 
nanomoles of steroid produced per plate of 
cells per 24 hours of incubation (3); morpho- 
logical changes are graded as those strongly 
positive (about 90 percent or more of cells 
rounded) at 4 to 6 hours (+ +) or those 
moderately positive (about 25 to 75 percent 
of all cells rounded) at 6 to 8 hours (+). 

Morpho- Jejunal- Ste- 
E. coli strain logical loop roido- 

changes index genesis 

0148 ++ 3.07 20.44 
M42-43* 0 0 
121 V2B 0 0 0 
301V-2MC-334a 0 0 0 
201V-3MC-3342 0 0 0 
111V-3MC-B2C 0 0 0 
H-12808 0 0 0 
V.N. 211VB 0 0 0 
V.N. 161V1B 0 0 0 
5 IV BB + 1.80 13.94 
5 IV AB ++ 2.03 19.22 
71 IV 1B + 0.77 9.38 
145 IV-4MC 0 0 0 
76 IV 2M 0 0 0 
78 IV 2MC 0 0 0 
98 1 1MC 0 0 0 
971 1MC 0 0 0 
H-10407 -- + 3.70 17.68 
171V1MC 0 0 0 
29A1VlB 0 0 0 
1461V-1B 0 0 0 
TML-R661 0 0 0 
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not E. coli. t Not E. cali, 
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Detection of Heat-Labile Escherichia coli Enterotoxin 

with the Use of Adrenal Cells in Tissue Culture 

Abstract. Cell-free culture filtrates of heat-labile enterotoxin-producing strains 
of Escherichia coli are capable of inducing morphological changes and steroido- 
genesis in monolayer cultures of adrenal cells. These tissue culture changes are 
similar to those induced by cholera enterotoxin and cannot be effected by culture 
filtrates of other enterotoxigenic or enteropathogenic types of bacteria. The results 
of the tissue culture studies correlated well with those done in the standard intesti- 
nal-loop systems and suggest that this tissue culture system could be used to 
significantly aid epidemiological and molecular studies with heat-labile Escherichia 
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