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Recent experimental evidence strongly suggests that potentially immunocom- 
petent cells of mouse bone marrow are antigen-specific (1-3). These cells are relatively 
undifferentiated and immature with respect to antibody synthesis, although they 
are the direct precursors of immunocytes. Differentiation, proliferation, and matura- 
tion into functional immunocytes require exposure to antigen and interaction with 
one or more accessory cells (4-6). With regard to other properties, the marrow pre- 
cursor cells seem to be rather differentiated or specialized: they are restricted for the 
class of antibody to be synthesized by descendant ilnmunocytes (7, 8), and com- 
mitted to specific antigens for sensitization (1, 2) or paralysis (3). Consistent with this 
view are indications concerning the phenotypic expression in bone marrow cells of 
determinant-specific immune response genes (9), and the marrow derivation of hapten- 
specific cells in hapten-carrier cooperation (10). Thus, class and specificity differentia- 
tion are antigen-independent processes inherent to marrow cell lines. In  the course of 
immune responses, these cells undergo further differentiation which is antigen-de- 
pendent and primarily aimed at expanding the pool of potentially immunocompetent 
cells and at initiating synthesis of specific antibody. Even the earliest steps of dif- 
ferentiation, from nonrestricted stem cells of the lymphoid system to restricted pre- 
cursors of immunocytes, can be subjected to experimental scrutiny, since the lymphoid 
progeny of a few stem cells include populations of restricted cells responding to several 
antigens (11). 

I n  i r radia ted-reconst i tu ted  mice, immune responses to  sheep and chicken 
erythrocytes  are carried out  by  dis t inct  populat ions of marrow cells (2). Im-  
munizat ion  against  sheep erythrocytes  (SRBC) 1 results in qual i ta t ive  and quan- 
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1 Abbreviations used in this paper: ARC, antigen-reactive cells of thymic origin; CRBC, 
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cursors of plaque-forming cells of bone marrow origin; P-PFC s, precursor cells primed with 
SRBC, producing larger numbers of PFC; SRBC, sheep erythrocytes. 
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t i ta t ive modifications of the cell population responsive to SRB C, bu t  not of tha t  

responsive to chicken erythrocytes (CRBC) (2). The present experiments ex- 
tend these findings by demonstrat ing antigen specificity of bone marrow cells 
in a reverse order of antigen presentation, and by assessing the frequency and 
potential  of marrow precursor cells at several intervals after immunization.  
Direct and indirect hemolytic plaque-forming cells (PFC) induced by SRBC 
were emmlerated in spleens of irradiated mice reconstituted with excess thymo- 
cytes from nonimmune  donors, and with small graded numbers of bone marrow 
cells from SRBC or other antigen-primed donors. These l imiting dilution assays 
indicated (a) tha t  in the course of immunizat ion the number  of marrow pre- 
cursors of direct and indirect PFC increased greatly; and (b) that  at a given 
time after immunizat ion the number  of P F C  generated by each precursor uni t  
also increased severalfold. Therefore, bone marrow-derived cells may play a 
major  role in the establishment of imnmnological memory. 

Materials and Methods 

Mice.--(C3H/He X C57BL/10Cz)F1 female mice, 3-7 months old were used as recipients 
and donors of bone marrow cells. Thymocyte donors were 9-wk old mice. 

Irradiation.--Mice were exposed to 875-950 rads of 13TCs gamma radiation from two 
opposite sources, at the rate of i27 rads/min, under conditions of maximum backscatter 
(Gammacell-20 Irradiator, Atomic Energy of Canada, Ltd., Ottawa, Canada). 

Cell Suspensions and Transptantation.--Nucleated bone marrow cells and thymocytes of 
normal or immunized mice were suspended separately in Eagle's medium, counted, mixed in 
vitro, and immediately injected into a lateral tail vein of irradiated mice, as previously de- 
scribed (12). 

Immunization.--Prospective marrow donors were injected intravenously at the age of 2 
months, with 5 X l0 s SRBC, or CRBC, or horse erythrocytes (HRBC), or with 1 mg (dry 
weight) of formalinized Salmonella typhimurium bacilli. The xenogeneic erythrocytes and 
bacteria were washed three times in calcium and magnesium-free phosphate-buffered saline, 
pH 7.2, and suspended in Eagle's medium. 2-4 months after immunization, bone marrow 
cells were harvested, mixed in vitro with thymocytes of nonimmune donors, and transplanted 
into irradiated recipients. 1 day later, these recipients were injected intravenously with 5 )K 
l0 s washed SRBC. Fresh erythrocytes in Alsever's solution were purchased from Colorado 
Serum Co., Denver, Colo., or from Grand Island Biological Co., Microbio Lab, Madison, 
Wis. The bacteria were grown for 72 hr in Bacto Nutrient broth (Difco Laboratories, Inc., 
Detroit, Mich.) at 37°C, washed, formalinized, and stored at 4°C. 

Assay for Plaque-Forming Cells.--The number of direct and indirect PFC in spleens of 
irradiated, reconstituted mice was determined by the Jerne hemolytic plaque method in gel, 
as modified for use with glass microscope slides. Details of the procedure are described else- 
where (2). Indirect PFC were developed by rabbit antl-mouse gamma globulin antisera 
(Cappel Laboratories, Downingtown, Pa.) at dilutions inhibitory for 80% of direct PFC. 

Experimental Design and Statistical Methods.--The Poisson model was used to describe the 
theoretical probability that given numbers of marrow cells would produce PFC in limiting 
dilution assays. Marrow cells were transplanted along with 5 X 107 thymocytes to ensure 
that only the former cells would limit immune responses. The method of maximum likeli- 
hood was used to estimate probability values and 95% confidence intervals, as described in 
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preceding publications (13). The computations and construction of theoretical limiting dilu- 
tion curves were made with the aid of an IBM 1130 computer (.IBM Corp., Data Processing 
Div., White Plains, N. Y.) 

KESULTS 

Frequency of A nti-Sheep PFC Responses in Mice Injected with Graded Numbers 
of Nonspecifically Sensitized Marrow Cells.--Groups of mice were irradiated and 
injected with a mixture of ceils consisting of 5 X 107 thymocytes from nonim- 
mune donors and graded numbers of marrow cells, in a range extending from 
1.5 X 1@ to 106. The thymocytes provided a nonlimiting number of antigen 
reactive cells (ARC) to each recipient (14). Marrow cells were taken from three 
different groups of donors: mice injected 3-4 months earlier with S. typhimurium, 
HRBC, or CRBC. 1 day after transplantation of the cells, each recipient animal 
was given 5 X 10 s SRBC. A total of 123 mice were employed. Direct and in- 
direct PFC of recipient spleens were enumerated 9 days after transplantation, 
at the time of peak response (12). Spleens of control mice injected with antigen 
and either marrow cells or thymocytes, contained a variable number of PFC, 
not exceeding 200 direct and 100 indirect. Therefore, spleens of experimental 
mice were regarded as positive for an anti-sheep response only if the number of 
PFC was larger than that of the highest controls. Results are presented in Table 
I and Fig. 1 B. 

Not every recipient mouse developed PFC responses. The proportion of 
recipients with positive spleens for direct and indirect PFC increased as the 
number of transplanted marrow cells was raised from 1.5 X 104 to 106. All 
recipients of 106 cells had positive spleens for direct PFC, and three-fourths 
also for indirect PFC. Direct PFC responses were more frequent than indirect 
PFC response in every experimental group. None of the antigens used for im- 
munization of marrow donors, i .e .S ,  typhimurium, HRBC, CRBC, had a 
noticeable effect on the frequencies of anti-SRBC responses or on the numbers 
of anti-sheep PFC per spleen. The results were identical to those reported 
earlier for marrow ceils of nonimmunized donors (2, 7, 15). For ease of compari- 
son, these data are also shown in Fig. 1 A. The relationship between the number 
of marrow ceils transplanted and the proportion of positive spleens did not 
conform to the predictions of the Poisson model for the nonimmune donor 
groups and for those immunized with antigens other than SRBC. Increases in 
frequency of responses with increments of marrow cells grafted were less than 
expected under the assumption that a homogeneous population of precursor 
cells participated in PFC production and limited a single-hit event. Nonspecific 
immunization of marrow cell donors failed to modify the population of cells 
engaged in anti-sheep responses. The parameters investigated were: numbers 
of precursors of PFC (P-PFC), functional heterogeneity with respect to 
ceil-to-cell interactions, and class restriction. 
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Frequency of P F C Responses in Mice Injected with Graded Numbers of Specifi- 
cally Sensitized Marrow Cells.--Groups of i r rad ia ted  mice  were in jec ted  wi th  a 

mix tu re  of syngeneic  cells consist ing of 5 X 10 7 n o n i m m u n e  t h y m o c y t e s  and  

graded  numbers  of i m m u n e  m a r r o w  cells, in a range extending  f rom 10 3 to  

1.5 X 10 6. M a r r o w  cells were t aken  f rom donors  p r e immun ized  wi th  5 )K l0  s 

S R B C .  These  donors  were used 2, 3, and 3.5 m o n t h s  af ter  immuniza t ion .  T h e  

TABLE I 

Percentage of Recipient Spleens Positive for Anti-Sheep PFC after Infusion of 5 X 10 ~ Thymo- 
cytes, 5 X 10 s SRBC, and Graded Numbers of Nonspecifically Sensitized Marrow Cells 

Direct PFC Indirect PFC 

No. of marrow Percentage 
cells transplanted Percentage of No. of No. of 

positive spleens* PFC/positive spleen~ of positive PFC/positive spleen:~ spleens* 

(X 10 5) 

Marrow donors immunized with Salmonella typhlmurium 
0.15 50 (8)§ 552 25 445 
0.62 70 (10) 640 ± 140 30 583 
2.50 80 (10) 607 4- 158 40 303 

10.00 100 (9) 848 -4- 88 78 387 =t= 140 

Marrow donors immunized with HRBC 

0.15 30 fl0) 412 10 330 
0.62 60 q0)  496 4- 151 30 157 
2.50 70 (10) 468 4- 194 50 202 4- 52 

10.00 100 (9) 757 4- 123 78 286 4- 256 

Marrow donors immunized with CRBC 

0.15 42 (12) 517 17 272 
0.62 58 (12) 617 4- 344 25 390 
2.50 83 (12) 1128 4- 195 33 429 

10.00 100 (11) 1108 ± 230 73 664 =t= 205 

* Recipient spleens with >200 direct and >100 indirect PFC were scored as positive. 
:~ Geometric mean 4- standard error. Standard errors were calculated only for means of 

five or more individual values. 
§ Numbers in brackets indicate the number of mice in the groups. 

d a y  af ter  t r ansp lan ta t ion  of t he  cell mixtures ,  each recipient  mouse  was in- 

j ec ted  wi th  5 X 108 S R B C  (secondary s t imula t ion  of m a r r o w  cells). D i r e c t  and  

indirect  P F C  were enumera t ed  in recipient  spleen cell suspensions on the  9 th  

d a y  af ter  graf t ing.  T h e  spleens were  classified as pos i t ive  or negat ive ,  depend ing  

on whe the r  the  n u m b e r  of P F C  was larger  or smaller  t h a n  t h a t  of controls.  

Bone  m a r r o w  cells of inmaune donors  requi red  coopera t ion  wi th  t h y m o c y t e s  

for P F C  produc t ion  and  exposure to  an t igen  af ter  t r ansp lan t a t ion  as d id  the  

cells f rom n o n i m m u n e  donors.  T h e  n u m b e r  of P F C  in spleens of cont ro l  mice  
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was  n o t  g r e a t e r  t h a n  in t h e  p r eced ing  series of expe r imen t s .  R e s u l t s  o b t a i n e d  a re  

p r e s e n t e d  in T a b l e s  I I  a n d  I I I  a n d  in  Fig.  1, sec t ions  C - E .  

TABLE I I  

Percentage of Recipient Spleens Positive for Anti-Sheep PFC after Infusion of 5 X 107 
Thymocytes, 5 X 10 s SRBC, and Graded Numbers of Specifically 

Sensitized Marrow Cells 

Direct PFC Indirect PFC 
No. of 

Percentage No. of marrow cells Percentage of No. of PFC/ of positive PFC/positive spleenJ; 
transplanted positive spleens* positive spleen~: spleens* 

(X 10 5) 

Marrow donors immunized 2 months 

0.31 11 (9)§ 485 22 1189 
0.62 33 (9) 509 45 715 
1.25 60 (10)ll 490 4- 55 7011 523 4- 404 
2.50 80 (10) 681 4- 169 90 576 4- 260 

Marrow donors immunized 3 months 

0.01 13 (8) 395 13 360 
0.03 40 (10) 391 40 395 
0.07 64 (11)11 644 4- 157 731[ 584 4- 232 
0.15 70 (24) 857 4- 258 83 705 4- 162 
0.31 83 (24) 1053 -4- 265 100 868 4- 248 
0.62 83 (6) 810 4- 270 100 218 4- 48 
1.25 I00 (11) 908 4- 159 100 455 4- 88 

Marrow donors immunized 3.5 months 

0.15 10 (10) 510 30 1191 
0.62 38 (8) 1215 7511 1109 4- 648 
0.81 50 (10) 1186 4- 344 80 749 4- 263 
1.87 70 (10)1] 1653 4- 486 90 1676 4- 748 
2.50 75 (8) 738 4- 1096 100 1004 4- 583 
3.75 78 (9) 1281 4- 218 100 829 4- 487 
7.50 90 (10) 1895 4- 412 100 1858 4- 584 

10.00 100 (,10) 906 4- 171 100 2277 4- 428 
15.00 100 (10) 1583 4- 524 100 2279 4- 629 

*Recipient spleens with > 200 direct and > 100 indirect PFC were scored as positive. 
:~ Geometric mean 4- standard error. Standard errors were calculated only for means of 

five or more individual values. 
§ Numbers in brackets indicate the number of mice in the groups. 
II Groups chosen for estimates of the number of PFC generated by one detectable pre- 

cursor unit (see text). 

A t o t a l  of 38 mice  were  g r a f t e d  w i t h  m a r r o w  cells f r o m  mice  i m m u n i z e d  2 

m o n t h s  earl ier .  U n l i k e  t h e  p r e c e d i n g  l im i t i ng  d i l u t i o n  assays ,  in  t h i s  e x p e r i m e n t  

t h e  p r o p o r t i o n  of mice  w i t h  pos i t i ve  sp leens  for  d i r e c t  a n d  i n d i r e c t  P F C  in-  

c reased  s h a r p l y  as  t h e  n u m b e r  of m a r r o w  cells g r a f t e d  was  ra i sed  f r o m  3.1 X 
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104 to 2.5 X 10 ~. The distribution of both types of responses in relation to the 
number  of injected marrow cells conformed to the Poisson model (upper section 
of Table I I  and Fig. 1 C). The numbers of PFC per recipient spleen were similar 
to those found in recipients of nonhnmune  marrow cells (2) or of cells from mice 
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FIG. 1. Percentage of recipient spleens positive for direct PFC (closed symbols) and in- 
direct PFC (open symbols) after injection of irradiated mice with 5 X 10 ~ thymocytes, 5 X 
10 s SRBC, and graded numbers of marrow cells. Sample sizes for each point are shown in 
Tables I and II and in reference 2 for sections A and F. Symbols indicate observed percent- 
ages and the fitted curves expected percentages according to the Poisson model. The number 
of transplanted marrow cells for 63% positive spleens (indicated by dashed straight lines) 
contains, in the average, one detectable precursor cell or unit limiting PFC production. A, 
nonimmune marrow donors; B, donors immunized with S. typhlmurium (OO), HRBC 
(AA), or CRBC (IO);  C-F, donors immunized with SRBC 2, 3, 3.5, and 4-8 months, 
respectively, before the experiment. 

immunized with unrelated antigens (Table I). The frequency of detectable 
precursor units was 1/1.5 X 105 nucleated marrow cells for direct PFC and 
1/ l .1  X 105 cells for indirect PFC (Table I I I ) .  The major differences between 
PFC responses by nonimmune and immune marrow cells were the conversion 
of flat limiting dilution plots into Poisson plots, and the increased number  of 
indirect PFC responses. 

A total of 94 mice were grafted in three experiments with marrow cells taken 
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3 months after immunization of donors (middle section of Table I I ,  and Fig. 
1 D). In  these assays the distribution of direct and indirect PFC  responses in 
recipients of graded numbers of marrow cells also conformed to the Poisson 
model. The mean numbers of PFC  per spleen were slightly larger than in the 
preceding assays, but  variability was great and the differences were not  mean- 
ingful. The frequency of detectable precursor units was 1/1.6 X 104 marrow 
cells for direct PFC  and 1/7.8 )< 103 cells for indirect PFC (Table I I I ) .  This is 
a ten- and fourteenfold enrichment of marrow P-PFC,  respectively, which 
occurred during the 3rd month  after immunization. Since the number of nu- 

TABLE III  
Statistical Analysis of Limiting Dilution Assays. Calculated Frequencies of P-PFC* in Marrow 

Cell Suspensions of Adult Immunized (C3H X C57BL/lO)F1 Female Mice 

Time after immunization 
Number of marrow cells (X 10~) containing one detectable precursor of 

Direct PFC Indirect PFC 

(months) 

2 1.54 1.08 
(0.97-2.63):~ (0.69-1.79) 

3 0.16 0.08 
(0.12-0.21) (0.06--0.11) 

3.5 2.08 0.60 
(1.47-3.03) (0.40-0.93) 

4-8 - -  5.60§ 
(4.46-7.22) 

*Only P-PFC which reach the spleens of recipient mice, probably, 4-15% of all P-PFC 
in the inoculum. 

95% confidence intervals in brackets. 
§ Limiting dilution assay reported in reference 2. 

cleated cells per femur and tibia did not change greatly, the actual number of 
P-PFC increased. 

A total of 85 mice were grafted in two experiments with marrow cells taken 
at 3.5 months after immunization of donors (lower section of Table I I  and Fig. 
1 E). The end point dilution plots were similar in shape to those of the pre- 
ceding two assays and conformed to the Poisson model. At  this time the fre- 
quencies of P -PFC were lower than at 3 months, i.e., 1/2.1 X 105 marrow cells 
for direct PFC,  and 1/6 X 104 cells for indirect PFC.  Positive spleens contained 
2-4 times as many  PFC as spleens colonized by nonimmune marrow and 
marrow taken at shorter intervals after immunization. This was an unexpected 
finding since the experiments were designed so that  recipient spleens would be 
populated by an excess of thymocytes  but  by one or a few P-PFC.  I t  was as- 
sumed that  each P -PFC would form one antigen-sensitive unit  in cooperation 
with thymus-derived cells and generate a fixed number of PFC (12). According 
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to Poisson statistics, the number of nucleated marrow cells that  upon trans- 
plantation yield immune responses in 63 % of recipients contains, on the average, 
one P-PFC reaching the spleens and generating PFC. The groups of mice with 
63 % or fewer positive spleens were those whose spleens were colonized by one, 
a few, or no P-PFC3 

In a preceding study (2), limiting dilution assays were made with marrow 
cells harvested 4-8 months after immunization. The data are shown in Fig. 
1 F. The most important finding was the decrease of indirect PFC precursors 
from 3.5 to 4 months after immunization (Table I I I ) ,  contrasted with the 
stabilization at 1/5.6 X l0 b cells afterwards. In  addition, suppression of direct 
PFC production, presumably by IgG antibody, became apparent. The suppres- 
sion of direct PFC made it impossible to estimate the concentration of pre- 
cursor units. 

Estimate of the Number of PFC Generated by Individual Precursor Units.--The 
numbers of PFC generated by one precursor cell were estimated from the 
limiting dilution experiments in which frequencies of responses conformed to 
the Poisson model. The mean numbers of PFC/spleen for groups of mice with 
63 % positive spleens were regarded as the average yield of PFC per precursor 
unit. Geometric means were calculated by adding all individual values of P F C /  
spleen, irrespective of whether the spleens were positive or negative. By choosing 
the groups whose percentages of positive spleens were nearest to 63 % (Table II) ,  
the mean values of direct PFC/marrow precursor were 293 and 317 for P-PFC 
assayed 2 and 3 months after immunization. These values included the back- 
ground PFC, ranging from 30 to 200; the net mean number of direct PFC per 
immune precursor unit was very close to the value of 150 PFC per nonimmune 
precursor, previously estimated by a focus assay (12). Thus, there were no 
indications of increased efficiency of P-PFC for production of ilmnunocytes up 
to 3 months after priming. The numbers of indirect PFC/immune precursor 
were 124 and 197 at 2 and 3 months after immunization, including the back- 
ground PFC ranging from 10 to 100. Since no data are available for calculating 
the yield of indirect PFC per nonimmune precursor unit (limiting dilution plots 
did not conform to the Poisson model and focus assays failed to detect indirect 
PFC), it was not possible to compare the proliferative potential of indirect 
PFC precursors before and after immunization. 

An increase in the numbers of splenic PFC was observed following trans- 
plantation of marrow cells from 3.5-month immune donors. This was not an 
isolated observation since the numbers of PFC/spleen were found to be un- 
usually large in the three experiments of Table I I  (lower section) and in several 

2 In a sufficiently large sample of mice injected with the number of marrow cells contain- 
ing, on the average, one detectable P-PFC, the probability of splenic colonization by P-PFC 
is as follows: 0 P-PFC, 0.37; 1 P-PFC, 0.37; 2 P-PFC, 0.18; 3 P-PFC, 0.06; and 4-6 P-PFC, 
0.02. 
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others, yet unpublished. I t  was estimated that 731 direct PFC and 346 indirect 
PFC (minus background PFC) were generated by individual marrow precursor 
units. 

DISCUSSION 

The experiments described in this paper were designed to study the effects of 
administration of SRBC on precursors of a~tibody-forming cells. Marrow cells 
of immunized mice, transplanted into nonprimed irradiated hosts with non- 
immune thymocytes, were induced to form plaque-forming cells by secondary 
stimulation. With this protocol only marrow-derived cells were exposed to 
antigens twice. 2-8 months after immunization with SRBC or unrelated anti- 
gens, marrow P-PFC were still dependent on thymocytes and on secondary or 
additional stimulation with SRBC for full immunocompetence. Apparently, the 
bone marrow of immunized mice did not contain all the cell types required for 
a complete antigen-sensitive responding unit, although thymus-derived cells 
may have immigrated shortly after immunization and persisted in bone marrow 
for less than 2 months (16). Precursors of PFC, though primarily stimulated, 
mounted an immune response upon transplantation only if challenged again 
with SRBC. 

Immunization of mice with S. typhimurium, HRBC, or CRBC did not alter 
the population of marrow cells engaged in anti-sheep PFC responses. A similar 
observation, reported earlier (2), indicated that immunization with SRBC had 
no effect on the cells participating in anti-chicken PFC responses. Thus, marrow 
P-PFC were antigen-specific. SRBC immunization modified potentially im- 
munocompetent marrow cells responsive specifically to these antigens in two 
major ways: P-PFC became more numerous, and the yield of PFC per precursor 
unit, larger. A third effect of immunization was to reduce functional hetero- 
geneity of anti-sheep P-PFC of nonprimed mice, so that the results of limiting 
dilution assays (frequencies of positive or negative PFC responses as a function 
of the number of marrow cells grafted) became interpretable by the Poisson 
model. Marrow P-PFC were, therefore, not only antigen-specific but also anti- 
gen-seusitive. 

The concentration of bone marrow P-PFC increased between 2 and 3 months 
after immunization with 5 X l0 s SRBC, decreased during the next month, and 
remained stable for the following 4 months. P-PFC frequencies varied over two 
logarithms of nucleated marrow cell numbers; the fluctuations were simul- 
taneous and similar in magnitude for precursors of direct and indirect PFC. 
4-8 months after immunization, formation of direct PFC was inhibited, pre- 
sumably by minute amounts of high affinity IgG antibody, while formation of 
indirect PFC was not impaired (2). Immunization with 3.5 X 10 6 instead of 
5 )~ 10 8 SRBC altered the precursors of direct PFC but not those of indirect 
PFC (2). Thus, dissociation of secondary IgM and IgG antibody responses 
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was observed twice in this series of experiments. Antigen-induced changes of 
P-PFC must have arisen independently in cell lines restricted for IgM and IgG 
antibody. Other investigators have also found that memory arises independently 
for antibody responses of different classes and subclasses (17-19). Lowering the 
antigen dose for priming or shortening the interval between the first and second 
exposure to antigens favored the detection of specific changes in precursors of 
direct (IgM) PFC, as in other experimental systems designed for the study of 
immunologic memory (19, 20). 

The quantitative changes of marrow P-PFC thus far described occurred at 
rather late intervals after immunization. They may simply represent regenera- 
tion and overshoot phases after depletion of marrow P-PFC: an earlier burst of 
activity in the spleen of immunized mice (primary PFC response) could have 
required intense and sustained supply of marrow-derived cells. However, it is 
also conceivable that the increased concentration of marrow P-PFC was a 
primary effect of immunization, perhaps a prerequisite for late-occurring 
qualitative changes of P-PFC. The selection of cells with increased affinity for 
antigen (21-23) or with other properties favoring the establishment of memory 
would be more effective if coupled with proliferation of P-PFC. For example, 
the production of large numbers of antibody-forming cells during second set 
responses would be facilitated if primed P-PFC had a greater potential for 
proliferation. 

The yield of PFC per precursor unit did not increase over ~-~200 direct and 
~100  indirect PFC until 3 months after immunization. However, P-PFC 
generated ~-~600 direct and ~250  indirect PFC 3.5 months after priming. The 
proliferative potential of marrow P-PFC increased either by a process of dif- 
ferentiation or selection. The more efficient P-PFC, hereafter indicated P- 
PFCL could have generated larger clones of PFC upon interaction with thymic 
cells, or undergone one or more self-replications before differentiation and mat- 
uration into PFC. In the latter case several antigen-sensitive units would have 
been formed rather than a single one with unusually great potential for pro- 
liferation. Experiments designed to distinguish between these possibilities, and 
to establish whether the thymus played a role before and/or after secondary 
stimulation of P-PFC s, are in progress. 

Synergistic effects of transferred bone marrow and spleen cells for PFC 
formation have been repeatedly described (24-28). The PFC derived either 
exclusively from splenic precursors (25, 26), or from both marrow and splenic 
precursors (27, 28). If primed P-PFC have a greater proliferative potential than 
nonprimed P-PFC, one can anticipate that after transfer of mixtures of immune 
and nonimmnne cells into irradiated recipients, most antibody-forming cells will 
be derived from the former (25, 26). The sites of antigen-dependent differentia- 
tion and of function of P-PFC are the spleen and lymph nodes rather than the 
bone marrow. Immune spleen may, therefore, contain more P-PFC than bone 



HAROLD C. MILLER AND GIJSTAVO CIJDKOWICZ 983 

marrow. The probability that PFC descend from splenic or marrow precursors 
in experiments of this kind, will largely depend on the proportion of splenic and 
marrow P-PFC and on their respective potential for proliferation. In fact, PFC 
generated by precursors of both tissues were found when the number of marrow 
cells greatly exceeded that of spleen cells (27, 28). However, the existence of other 
factors cannot be ruled out since the mechanism of bone marrow-spleen syner- 
gism remains obscure. 

Immunologic memory has been associated with long-lived small lymphocytes 
recirculating in thoracic duct lymph (29). As these lymphocytes do not form 
antibody themselves, but induce bone marrow-derived cells to do so, they are 
most likely thymus-derived (30). Antigens induce intense proliferation among 
thymus-derived cells (31), the resulting population of small lymphocytes (32) 
being more effective than corresponding unprimed cells in inducing specific 
antibody formation. Thymic ARC are among the cells proliferating in response 
to antigenic stimulation (14), they generate in this way the inducer cells which 
interact with marrow P-PFC. Because of dissemination of inducer cells outside 
the thymus and readily demonstrable specificity for antigens (14, 30, 32), the 
thymus-derived carrier of immunologic memory and the inducer of antibody 
formation in marrow-thymus cooperation may be the same cell. The functions 
of inducer cells are not yet understood; nevertheless, it has been determined 
that inducer cells do not dictate serological properties (33), molecular class (14, 
19) and specificity of antibody for which marrow precursors of immunocytes 
are already determined. In view of the specificity and sensitivity to antigens of 
potentially immunocompetent marrow cells (1-3), immunologic memory 
cannot be envisioned as being carried exclusively or primarily by thymus-de- 
rived cells. Two antigen-specific cell types of marrow and thymus origin, 
respectively, cooperate in secondary as in primary immune responses, though 
the initial exposure to antigens may have induced quantitative and qualitative 
changes in both cell populations. The recognition of marrow-derived carriers of 
memory is a rather recent and perhaps unexpected development in cellular 
immunology (1, 2, 19). In summer 1970 a paper on this subject presented at an 
international meeting (30) concluded that "no such claims for specificity can yet 
be seriously made with respect to non-thymus derived antibody-forming cell 
precursors as they exist at a stage prior to contact with antigen and interaction 
with thymus-derived cells." 

SUMMARY 

Quantitative and qualitative changes of mouse bone marrow cells were 
studied by limiting dilution assays 2-3.5 months after immunization of donors 
with sheep erythrocytes or unrelated antigens (Salmonella typhimurium, horse 
and chicken erythrocytes). Irradiated (C3H X C57BL/10)F1 mice were re- 
constituted with an excess of nonprimed thymocytes and small graded numbers 
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of primed bone marrow cells. Direct and indirect plaque-forming cells (PFC) 
were induced by secondary stimulation with SRBC and enumerated on the 9th 
day after cell transplantation. 

Marrow precursors of PFC (P-PFC) cooperated with thymocytes in the 
production of direct and indirect PFC after SRBC priming. The limiting 
dilution plots, which were not compatible with predictions of the Poisson 
model before immunization, changed and conformed to this model afterwards, 
as if the population of P-PFC had become functionally more homogeneous. The 
concentration of marrow P-PFC increased up to the 3rd month  after priming, 
and decreased during the 4th, varying over two logarithms of nucleated marrow 
cells. The fluctuation was simultaneous and of the same order of magnitude 
for precursors of direct and indirect PFC,  which were class restricted. A third 
effect of immunization was detected at 3.5 months: individual precursor units 
generated 3-4 times more direct and indirect PFC than at earlier intervals. 
Qualitative and quantitative changes of marrow P-PFC participating in anti- 
sheep responses were specific, since antigens unrelated to SRBC failed to induce 
them. The data  suggested that  marrow-derived cells were the major  carriers of 
immunologic memory, but  tha t  they functioned in cooperation with thymus-  
derived inducer cells during secondary anti-sheep responses. 
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