
more than a decade in any one region, 
would be largely invisible to paleontolo- 
gists. A test of extinction by overkill 
is in the radiocarbon chronology. The 
apparently synchronous loss of the 
Shasta ground sloth with the arrival of 
big game hunters in Arizona and the 
slightly younger age of ground sloth 
remains in South America are in accord 
with the model (7). 
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Neonatal Tolerance Induced by Antibody against 
Antigen-Specific Receptor 

Abstract. Specific immunologic unresponsiveness is induced by injecting adult 
or neonatal mice with antibody against antigen-specific receptor (antireceptor 
antibody). Suppression in mice treated as adults lasts several weeks, and cells front 
these suppressed mice respond normally in culture. In contrast, unresponsiveness 
induced in neonatal mice is long-lasting; cells from these mice do not respond in 
culture and do not affect the response of normal cells. Evidently, antireceptor 
antibody reversibly blocks antigen receptors in adult animals, but induces unre- 
sponsiveness in neonatal mice by depleting the clone of receptor-bearing cells. 
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Classically, immunological tolerance 
is produced by giving antigen to neo- 
natal animals. For antigens that persist, 
tolerance is long-lasting. Cells from 
tolerant animals are specifically unre- 
sponsive to these antigens when immu- 
nized in vitro or after transfer to 
irradiated syngeneic recipients (1). Fur- 
thermore, cells from tolerant animals 
usually do not affect the response of 
normal cells to the antigen in question 
(2). One hypothesis suggested by these 
findings, taken together, is that the clones 
of cells responsive to the antigen pro- 
ducing tolerance have been depleted 
(3). 

Adults may be made specifically un- 
responsive in several ways (4), one of 
which is to give antibody directed against 
the cell membrane receptor for an anti- 
genic determinant. 

The receptor for an antigen and the 
antibody that the cell produces to that 
antigen have identical antigen-combining 
regions. These antigen-binding sites are 
themselves potentially antigenic; anti- 
body directed against them may be 
termed antireceptor antibody (ARA) 
(5,6). 

We report here that suppression in 
adults by ARA is not due to depletion 
of the receptor-bearing clone. Rather, 
ARA blocks the interaction between 
receptors and antigen, and this blockade 
probably lasts about as long as the 
passively administered antibody persists. 
On the other hand, ARA given to 
neonates produces long-term specific un- 
responsiveness, and cells from such 
animals remain unresponsive in vitro 
and in irradiated hosts. These cells do 
not suppress the response of normal 
cells in vitro or in vivo. These results 
are most readily explained by assuming 
that ARA depletes the clone of recep- 
tor-bearing cells in the neonate. Further- 
more, we suggest that this mechanism 
may be involved in the induction of 
classic neonatal tolerance produced by 
antigen. 

In our model, ARA is directed against 
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the receptor for the hapten phosphoryl- 
choline. BALB/c mice respond to 
phosphorylcholine with an immunoglob- 
ulin M (IgM) antibody of restricted 
heterogeneity. The antigen-combining 
region of this antibody is very similar 
or identical to the combining region of 
the phosphorylcholine-binding immuno- 
globulin A (IgA) protein produced by 
the BALB/c myeloma TEPC-15 (7, 8). 
The antigen-combining site of this mye- 
loma protein itself serves as an antigen, 
and elicits antibody to TEPC-15 when 
injected into A/He mice. This antibody 
to TEPC-15 (i) neutralizes the specific 
antibody activity of antibody to phos- 
phorylcholine and of TEPC- 15 myeloma 
protein; (ii) specifically suppresses the 
response of BALB/c mice and spleen 
cells to phosphorylcholine; and, there- 
fore, (iii) may be characterized as an 
ARA (5, 7). 

The antigens used to immunize 
against phosphorylcholine were the heat- 
killed vaccine of R36A strain pneumo- 
coccus, or phosphorylcholine diazonium 
coupled to the protein carriers: keyhole 
limpit hemocyanin, Salmonella typhi 
flagella, or bacteriophage fd coat pro- 
tein; all of these antigens induce high 
responses of antibody of the same 
idiotype to phosphorylcholine and are 
referred to as PC (9). The different 
PC's were used to ensure that suppres- 
sion of response to PC did not depend 
on the form in which the hapten was 
presented (8). Other antigens used as 
controls were the trinitrophenyl hapten 
coupled to a carrier (TNP), sheep 
erythrocytes (SRBC), and horse eryth- 
rocytes (HRBC). Responses to antigens 
were measured by enumerating cells 
producing specific antibody by using the 
plaque-forming cell (PFC) technique 
of Jerne and Nordin (9) as modified 
for use with glass microscope slides 
(10). Responses to PC were measured 
by using SRBC coupled to p-phenyl- 
phosphorylcholine (11) or coated with 
the C-polysaccharide extract obtained 
from R36A vaccine (12). Responses to 
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TNP were measured by using SRBC 
coupled to trinitrophenol, and responses 
to SRBC were determined by using 
SRBC. 

Newborn BALB/c mice received one 
or two injections of 0.1 ml of ARA 
intraperitoneally within 1 week of birth 
(13). Adult BALB/c mice received 
one intraperitoneal injection of 0.3 or 
0.4 ml of the same serum. Control 
animals received either no treatment 
or normal A/He mouse serum (NMS). 
Cultures of dispersed spleen cells, 107 
to 2 X 107 cells in 1.0 ml of medium 
per culture, were immunized with R36A 
vaccine (7); separate cultures were 
immunized with TNP or SRBC. The 
assays for PFC were the same for cul- 
tured spleen cells as for spleen cells 
from intact mice. The kinetics and 
magnitude of the responses obtained 
in vitro were comparable to those ob- 
tained in vivo (5). 

In a series of experiments, adult mice 
ranging in age from 2 to 8 months 
which had been given ARA as neonates 
and control mice of similar ages were 
immunized with PC. Some mice in both 
groups were immunized also with 
HRBC or TNP or both. Almost all 
of the mice in all age groups which 
had been treated with ARA had mark- 
edly reduced responses to PC, but had 
normal responses to TNP and HRBC 
(Table 1). Apparently, responsiveness 
of the neonatally suppressed mice in- 
creases slowly with age; for example, 
the mean response of neonatally sup- 
pressed mice immunized when 2 months 
old was 236 PFC per spleen, whereas 
the mean response of mice immunized 
when 8 months old was 3910 PFC per 
spleen. The responses of control mice 2 
to 8 months old when immunized with 
PC usually varied from 50,000 to 
150,000 PFC per spleen. 

These findings contrast sharply with 
those obtained when ARA was given 
to 2-month-old adult mice. Responses 
to PC were markedly suppressed when 
the mice were challenged within a week 
after receiving ARA, but responses re- 
turned to nearly normal levels within a 
month (Table 2) (14). 

In a series of in vitro experiments, 
spleen cells from adult mice treated as 
neonates with ARA responded poorly 
to PC, although the cells were fully re- 
sponsive to control antigens. In con- 
trast, spleen cells taken from adult mice 
given ARA 1 to 4 days previously (that 
is, when similar mice had markedly 
suppressed responses in vivo) responded 
normally in vitro to both PC and con- 
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Table 1. The response in vivo of mice treated as neonates with ARA. Sixty neonatal BALB/c 
mice were injected with antibody directed against the receptor for phosphorylcholine. They were 
challenged as follows: 18 mice at 2 months of age, 17 at 3 months, 10 at 4 months, 4 at 5 
months, 7 at 6 months, and 4 at 8 months. The 37 control mice received either no injection 
or 0.1 ml of NMS at birth. Of the controls, 14 were tested at 2 months of age, 12 at 3 months, 
4 at 4 months, 2 at 5 months, 4 at 6 months, and 2 at 8 months. At the time of challenge, 
all mice were injected intravenously with PC; 20 of the neonatally suppressed group and 15 
controls were also injected with TNP, and 20 neonatally suppressed and 21 control mice were 
injected with 2 X 108 HRBC. All responses were measured 4 days after immunization. The 
responses of mice receiving additional antigen were not significantly different from those of 
mice receiving only PC. The number of PFC per spleen is the antilog of the mean for individual 
mice; the log of the mean and the log of the standard error of the mean are given in 
parentheses. All calculations were performed on logarithmically transformed data. 

Response (PFC per spleen) 
Mice 

PC TNP HRBC 

ARA given neonatally 1,880* 17,000 190,000 
(3.275 - 0.174) (4.231 ? 0.047) (5.278 ? 0.056) 

Control 85,100 20,800 284,000 
(4.930 ? 0.058) (4.319 - 0.087) (5.453 - 0.040) 

*P <.001. t P <.02. 

trol antigens (Table 3). Presumably, 
ARA given to adults causes suppression 
by masking receptors to prevent interac- 
tion with antigen. Spleen cells are always 
washed before being cultured; washing 
spleen cells obtained from adult mice 
treated with ARA probably removed 
the ARA, so that the cells responded 
normally in vitro. In support of this 
suggestion, Cosenza (15) and Kbhler 
(16) found that normal spleen cells in- 
cubated with ARA in vitro and then 
washed before antigen was added re- 
sponded normally, whereas cells that 
were not washed did not respond. 

The long duration of suppression to 
PC in neonatally treated mice and the 
specific unresponsiveness of cells from 
such mice in culture contrast with the 
short-term suppression in mice given 
ARA as adults and the responsiveness 
of cells from these adult treated mice 
in vitro. The effects observed in neo- 
natally suppressed mice thus cannot be 

explained by assuming that the passively 
administered ARA itself continues to 
cause suppression. We therefore tested 
the possibility that suppression might 
be actively mediated by cells or humoral 
factors, as has been reported in a dif- 
ferent system (17). In one series of ex- 
periments, spleen cells from neonatally 
suppressed and normal mice were mixed 
in vitro in a broad range of ratios while 
the cell density was kept constant or 
was varied by up to a factor of 2. The 
cells were immunized in vitro with PC 
either immediately or after incubation 
for 1 day; responses were measured 3 
and 4 days after immunization. In no 
instance was there any evidence that 
cells from suppressed mice decreased 
the response of normal cells. For ex- 
ample, cultures of 107 cells from sup- 
pressed mice had no detectable re- 
sponse, whereas cultures of 107 normal 
cells had a mean of 960 PFC per cul- 
ture; cultures of a mixture of 107 sup- 

Table 2. The response in vivo of mice treated as adults with ARA. All mice were 6 to 8 weeks 
old when injected with ARA or NMS, and less than 12 weeks old when immunized. Data 
presentation and calculations were described for Table 1. Seven additional mice injected with 
ARA 1 week before immunization with SRBC had a mean of 185,000 (5.275 + 0.063) PFC 
per spleen when tested with SRBC; ten additional mice injected with NMS 1 week before 
immunization with SRBC had a mean of 219,800 (5.342 ? 0.113) PFC per spleen when tested 
with SRBC. The difference between these two groups is not significant. The specificity of sup- 
pression of adult mice by ARA has been reported (5); N, number of animals. 

Treatment N PC response 
(PFC per spleen) 

ARA 0 to 1 week before antigen 41 1,309* 
(3.117 t 0.099) 

ARA 2 to 3 weeks before antigen 10 16,320 
(4.213 - 0.274) 

ARA 4 weeks before antigen 7 59,730 
(4.776 - 0.220) 

NMS 0 to 1 week before antigen 18 131,500 
(5.119 - 0.370) 

: P < .001 for comparison with mice given ARA 4 weeks before antigen or mice given NMS. 
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Table 3. Response in vitro of spleen cells from mice given ARA either as neonates or as adults. 
All spleen cells were obtained from mice 2 to 4 months old. Control cells were from mice 
either untreated or injected with NMS before cells were cultured. Adult-suppressed animals 
received 0.3 to 0.4 ml of ARA 1 to 4 days before spleens were removed. Cells from each 
mouse were cultured separately in triplicate and immunized with PC. Separate additional 
cultures prepared from each mouse were immunized with TNP or with SRBC. Data presenta- 
tion and calculations were described for Table 1. Differences in responses to TNP or SRBC 
are not significant; N, number of animals. 

Response (PFC per culture) 
Cells N 

PC TNP SRBC 

Neonatally suppressed 10 89* 389 2070 
(1.95 ? 0.16) (2.59 ? 0.19) (3.32 ? 0.06) 

Adult-suppressed 16 646 1590 3820 
(2.81 ? 0.11) (3.20 + 0.11) (3.58 ? 0.09) 

Control 11 813 776 3040 
(2.91 ? 0.08) (2.89 ? 0.13) (3.48 ? 0.10) 

* P < .001 for comparison with adult-suppressed or control cells. 

pressed cells and 107 normal cells had a 
mean of 1120 PFC per culture. When 
suppressed cells or normal cells were 
cultured alone, they had equivalent high 
responses to SRBC. 

In another series of experiments, 
spleen cells from mice suppressed as 
neonates were mixed with equal num- 
bers of normal spleen cells and injected 
into syngeneic irradiated (600 r) recipi- 
ents. Recipients were immunized 2 days 
later and responses were measured 4 
days after immunization. Again, in no 
instance was there any evidence that 
cells from suppressed mice decreased 
the response of normal cells. For ex- 
ample, in one experiment recipients 
were immunized 2 days after they had 
received 2 X 107 cells from suppressed 
mice, 2 X 107 normal cells, or 2 X 107 
cells of each kind. The mean responses 
measured 4 days later were 112 PFC 
per spleen for four recipients of cells 
from suppressed mice, 5,664 PFC per 
spleen for four recipients receiving nor- 
mal spleen cells, and 11,321 PFC per 
spleen for eight mice receiving both 
suppressed and normal cells. 

The combined results of these experi- 
ments are consistent with the assump- 
tion that ARA given to neonatal mice 
depleted the clone of cells reactive with 
PC and that the clone was reestablished 
only slowly with age. In contrast, ARA 
given to adults suppressed by interfer- 
ing with the interaction between PC 
and receptors, and suppression lasted 
about as long as the administered ARA 
persisted. Data directly supporting this 
suggestion are presented in the accom- 
panying report (18). 

The receptor-bearing clone might be 
depleted by antibody-dependent cell- 
mediated cytotoxicity (19). Cells from 
normal neonatal mice are more active 
than those from adults as effector cells 
(20); our ARA causes cytotoxicity of 
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chicken erythrocytes coated with TEPC- 
15 protein in the presence of neonatal 
lymphocytes (21). "Normal" mouse im- 
munoglobulin G (IgG)-that is, IgG 
not directed against the specific target 
-will inhibit antibody-dependent cell- 
mediated cytotoxicity, presumably by 
competing for effector cell receptors for 
the Fc portion of the y chain of IgG 
(22). The ratio of administered ARA to 
"normal" IgG is much higher in neo- 
natal mice than in adults. Thus, ARA 
may deplete the receptor-bearing clone 
by antibody-dependent cell-mediated cy- 
totoxicity in the neonate, which has 
very little IgG, whereas it may be much 
less effective in doing so in the adult 
because the latter has higher levels of 
normal IgG. Preliminary experiments 
support this possibility (23). 

Antibody-dependent cell-mediated cy- 
totoxicity may be the cause of clonal 
depletion in antigen-induced neonatal 
tolerance. An individual may respond to 
repeated injections of an antigen by 
producing specific antiantibody, that is, 
ARA, as well as antibody to the anti- 
gen (24). Neonatal animals produce 
small amounts of antibody to tolerance- 
producing doses of at least some anti- 
gens (25). This antibody, probably 
complexed with the antigen producing 
tolerance, may stimulate production of 
an ARA that depletes the clone of cells 
reactive with the antigen. Thus, we sug- 
gest that an ARA may be involved in 
the induction of neonatal tolerance 
produced by antigen. 
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.ive cells in adult-suppressed animals. 

BALB/c mice can be made specifi- 
cally unresponsive to phosphorylcholine- 
containing antigens (PC) by antibody 
directed against the antigen-specific re- 

ceptor (ARA) (1). As stated in the 

preceding report (2), animals treated 
with ARA as neonates remain unre- 
sponsive for many months, and their 
cells do not respond in vitro or after 
adoptive transfer (2). 

In contrast, mice given ARA as 
adults begin to respond after I week 
and spleen cells removed at any time 
after ARA injection produce antibodies 

against PC in vitro. These findings may 
be explained by assuming that different 
mechanisms operate in newborns and 
adults: (i) depletion of the responsive 
clone in neonatally induced unrespon- 
siveness and (ii) blockade of the re- 
ceptors for PC on the responsive clone 
in adult-suppressed animals. If this hy- 
pothesis is correct, spleens from adult- 
treated animals should contain normal 
numbers of receptor-bearing cells, 
whereas far fewer such cells should be 

present in spleens of neonatally treated 
animals. 

To examine these possibilities we 
have taken advantage of the finding 
that the response of BALB/c mice to 
PC is monoclonal (3, 4). We enum- 
erated the cells bearing receptors for 
PC by indirect immunofluorescence 
using a heterologous ARA. Neonatally 
suppressed animals are devoid of these 
cells, whereas in adult-suppressed ani- 
mals they are demonstrable after brief 
incubation. 

Suppression of neonatal and adult 
mice has been described (2). Heter- 
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ologous ARA was prepared in rabbits 

by immunization with purified BALB/c 

myeloma TEPC-15, which binds phos- 
phorylcholine. This serum was absorbed 
on Sepharose to which normal BALB/c 
serum and purified BALB/c myeloma 
protein MOPC-21 (immunoglobulin A, 
kappa) had been coupled. The specific- 
ity of the heterologous ARA was es- 
tablished as follows. The binding of 
1"2I-labeled purified TEPC-15, mea- 
sured by indirect radioimmune precipi- 
tation (5), could be inhibited only by 
unlabeled TEPC-15 protein. Normal 
BALB/c serum and myeloma proteins 
McPC-167, MOPC-603, and MOPC-21 
did not inhibit even at a 20-fold higher 
concentration. Thus, solid absorption 
rendered the rabbit antiserum to TEPC- 
15 (anti-TEPC-15) specific for the 
TEPC-15 protein. This absorbed heter- 
ologous ARA had biological activity 
similar to that of homologous ARA. 
For example, it completely inhibited 
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For example, it completely inhibited 

the response to PC when added to cul- 
tures of spleen cells in a final dilution 
of 1: 50, but it did not inhibit the re- 

sponse to sheep red blood cells (SRBC). 
Also, this ARA produced suppression of 

responses to PC in adult and neonatal 
mice equivalent to that produced by 
homologous ARA. 

Suspensions of spleen cells from nor- 
mal or suppressed mice were purified 
on a Ficoll-Hypaque gradient (6). The 
cells were washed three times and pro- 
cessed for indirect fluorescence stain- 

ing either immediately or after incuba- 
tion in culture medium (7). The fluo- 
rescence staining was done at 4?C in 
the presence of azide (1 mg/ml). Cells 
were incubated with the ARA diluted 
1 : 10, washed, and further incubated 
with fluorescein-conjugated goat anti- 
serum to rabbit immunoglobulin (goat 
antirabbit serum) (Meloy) which had 
been absorbed with normal BALB/c 
spleen cells. The cell concentration was 
adjusted so that the 3 by 3 mm2 scored 
portion of a standard hemocytometer 
chamber contained at least 1.5 X 101: 
nucleated cells. Cells were first counted 
under dark-field illumination, and then 
fluorescent cells in the same chamber 
were counted under Ploem illumination 
(8, 9). A patchy distribution of the 
label was seen on most of the fluores- 
cent cells. 

Spleen cell suspensions from normal 
adult animals contained about 30 to 45 
fluorescent cells per 104 cells (Table 
1). Very few fluorescent cells were 
found in spleens freshly removed from 
mice suppressed as newborns or as 
adults. If the absence of fluorescent 
cells in spleens from suppressed animals 
was caused by covering of receptors 
by ARA, then these receptor molecules 
and the administered homologous ARA 

might be shed, and new receptors syn- 
thesized during incubation. Therefore, 
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Table 1. Number of cells of normal and suppressed mice stained by indirect fluorescence. Adult 
animals received homologous ARA 1 week before fluorescence examination; neonatal animals 
received this serum 2 months before examination. Single spleen cell suspensions were incubated 
with solid-absorbed rabbit anti-TEPC-15 or normal rabbit serum in 5 percent bovine serum 
albumin in phosphate-buffered saline with 1 percent azide at 4?C for 30 minutes. After three 
washings the cells were further incubated with fluorescein-conjugated goat antirabbit serum 
for 30 minutes and then washed again. The number of cells in a hemocytometer chamber was 
first determined under dark-field illumination; then the number of fluorescent cells in the same 
chamber was counted under Ploem illumination. The range in number of fluorescent cells 
recorded is derived from counts on three or four different preparations of cells. For each 
preparation, cells were counted in five to ten hemocytometer chambers with each chamber 
containing at least 1.5 X 103 nucleated cells. 

Source of cells Serum Fluorescent cells 
per 101 spleen cells 

Normal BALB/c Normal rabbit < 1 
Normal BALB/c Rabbit ARA 30-45 
BALB/c suppressed as adult Rabbit ARA < 1 
BALB/c suppressed as neonate Rabbit ARA < 1 
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Clonal Depletion in Neonatal Tolerance 

Abstract. Specific unresponsiveness can be induced in neonatal and adult BALB/c 
mice by antibody against antigen-specific receptor (antireceptor antibody). When 

heterologous antireceptor antibody is used in the indirect fluorescence technique, 
the number of fllorescent cells in these animlals is significantly lower than in nor- 
mnal animals. Fluorescent cells appear after a relatively brief incubation of cells 

from adtult-suppressed animals, whereas no fluorescent cells are detected when 
cells from neonatally treated animals are incubated briefly. Evidently, treating 
neonatal mnice with antireceptor antibody specifically depletes the antigen-respon- 
sive clone. In contrast, antireceptor antibody causes reversible blockade of respon- 
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