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Bone marrow- and thymus-derived cells cooperate in humoral antibody responses 
of mice to xenogeneic eI3'throcytes (1-4) and to several other natural (5-8) or syn- 
thetic (9) macromolecules, including hapten-carrier conjugates (10-12). Both cell 
types are antigen reactive and antigen specific inasmuch as they become sensitized 
(11-16) or tolerant (5-7) independently of each other and are subject to quanti- 
tative and qualitative influences of determinant-specific immune response genes 
(9, 17). Separate banding of bone marrow precursors of immunocytes responsive to 
burro or sheep erythrocytes by density gradient centrifugation directly demonstrated 
antigen specificity in potentially immunocompetent cells that were still thymus and 
antigen dependent for the realization of their potential (18). An antigen suicide 
technique gave another demonstration of specificity for the more differentiated or 
mature cells of bone marrow origin residing in the spleen (8). 

The  object  of this communicat ion is to examine the propert ies  of immuno-  
logic memory cells, which the hapten-carr ier  (11, 12) and our previous work 
(14, 15) suggest to be of bone marrow origin. For  this purpose we determined 
whether  or not immunologic memory could be adopt ively  t ransferred b y  
specifically sensitized marrow cells in cooperation with nonsensitized thymo-  
cytes. This approach originates from the observat ion tha t  the number  of mar-  
row cells specifically responsive to sheep red blood cells (SRBC) 1 increases 
upon imnmnizat ion of mice, but  tha t  such cells remain thymus dependent  
(14-16). 

Materials and Methods 

The studies were carried out using a syngeneic cell transfer system in (C57BL/10 X C3H/ 
He)Fj female mice. The thymus of 6-8-wk-old nonimmune animals was the source of antigen- 
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reactive helper cells (ARC), 2 and the bone marrow of nonimmune or immune adult mice 
was the source of precursors of immunocytes. Details of the preparation of cell suspensions, 
the total body ~,-irradiation of recipients, and the transplantation of cell mixtures have been 
given elsewhere (4, 14, 15, 18). Washed SRBC were used as the test antigen; and washed 
horse red blood cells (HRBC), chicken red blood cells (CRBC), and killed Salmonella typhi- 
murium (S. tin.), as the control antigens. 

Groups of 12-16-wk-old mice were exposed to 950 rads of 3'-irradiation and injected in- 
travenously with a fixed number of 5 X 107 thymocytes, providing an excess of ARC, to- 
gether with graded, limiting numbers of marrow cells providing small numbers of antibody- 
forming cell precursors. All irradiated mice received 5 X 108 xenogeneic erythrocytes 
intravenously 1 day later. In a few experiments, virgin thymocytes were replaced with 
educated thymus-derived cells, i.e., with cells of one-half of one mouse spleen harvested 
5 days after irradiation and reconstitution of the mouse with 5 X 107 thymocytes and 5 X 108 
SRBC, as has been described (4). In some experiments, the immune response was assessed 
in terms of the number of cells secreting ~M or 3'G hemolytic antibody (direct and indirect 
plaque-forming cells or PFC, respectively) in the spleens of recipients at the time of peak 
response. In others, the immune response was assessed in terms of hemolytic foci of the 
spleen (clusters of plaque-forming cells presumably derived from a single antigen-sensitive 
unit), using the frozen spleen slice method on agar (19) and the micropiece mapping method 
in agarose (20, 21). 

RESULTS 

The  concentrat ion of precursors of plaque-forming cells (P-PFC)  in the 
bone marrow of immune and nonimmune mice had  previously been esti- 
ma ted  by  limiting di lut ion assays (14, 15). On day  9 after t ransplanta t ion ,  
recipient spleens were classified as negative or posi t ive according to their  con- 
ten t  of newly formed P F C .  The  spleens were regarded as negative if the num- 
ber  of direct  P F C  was 200 or less, and tha t  of indirect  PFC,  100 or less. I t  
was ant ic ipated,  and la ter  verified, t ha t  the  number  of nucleated marrow cells 
containing an average of one detectable P - P F C  would yield only 63 % mice 
with posit ive spleens upon t ransp lan ta t ion  of this inoculum into a sufficiently 
large group of animals (Poisson statist ics) .  I t  was assumed tha t  each marrow 
P - P F C  had  an equal probabi l i ty  of reaching the recipient spleen, interact ing 
with A R C  and antigen, and generat ing P F C .  

Of several groups of mice injected with graded numbers of marrow cells, 
we selected those groups with either near 63 % or fewer posit ive spleens, and 
report  the values of P F C  per spleen in Table  I. I t  can be safely s ta ted  tha t  
most  of the posit ive spleens were seeded by  one responding P - P F C  and tha t  
the mean values of an t i - sheep  erythrocyte  P F C  per spleen therefore reflected 
the precursors '  burs t  size (number of P F C  generated by  one precursor unit) .  
The  experiments were done with three groups of marrow donors:  (a) nonim- 
mune mice; (b) mice injected 3-4 months earlier with one of the control anti-  
gens other than  SRBC;  (c) mice injected 2-3.5 months earlier with 5 X l0  s 
SRBC. 

2 The original designation of ARC is used for the thymus cells that proliferate upon ex- 
posure to antigens and thus generate the inducer or helper cells (4), even though it is realized 
that cells of nonthymic origin also react with antigens. 
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The da ta  clearly indicate tha t  the P - P F C  of specifically immunized mice 
generated more P F C  than  those of nonimmune mice or of animals in jected 
with the control antigens. Nei ther  the marrow nor the thymus cell suspensions 
produced an appreciable number  of P F C  on their  own (14, 15). !Vioreover, the 
replacement  of virgin thymocytes  with educated thymus-der ived cells (~-o5 X 
106 spleen cells of i r radia ted  mice reconst i tuted with 5 X 107 thymocytes  and 

TABLE I 

Increased Burst Size of Bone Marrow Precursors of Plaque-Forming Cells after Immunization* 

Immunization Marrow cells Antibody-forming cells per 
of donor mice transplanted (X l0 t) positive spleeM; 

None 
None§ 
HRBC, CRBC, 

S.tm. (3-4 months) 
SRBC (2 months) 
SRBC (3.5 months) 
SRBC (3.5 months)§ 

None 
None§ 
HRBC, CRBC, 

S.tm. 3-4 months) 
SRBC (2 months) 
SRBC (3.5 months) 
SRBC (3.5 months)§ 

Direct plaque-forming cells 

0.08-0.62 370 4- 31 (27) 
2.50 420 4- 46 (16) 

0.15-0.62 551 4- 91 (32) 

0.31-1.25 495 4- 80 (10) 
0.15-2.00 1015 4- 163 (48) 

2.50 1041 4- 153 (11) 
Indirect plaque-forming cells 

0.08-10.00 229 4- 41 (49) 
2.50 273 4- 42 (5) 

0.15-2.50 300 4- 49 (27) 

0.31-1.25 784 4- 270 (11) 
0.15-1.00 877 4- 184 (32) 

2.50 1401 4- 172 (18) 

* This table shows selected data from limiting dilution assays reported elsewhere (15). 
Groups of mice in which tile incidence of positive spleens for PFC was 63% or less were chosen 
because, according to Poisson statistics, these spleens were seeded by one precursor unit, on 
the average, or by none. 

:~ Geometric means 4- standard errors are given with the number of spleens assayed in 
parentheses. 

§ Educated instead of virgin thymus cells were used. 

5 X l0 s SRBC) (4) did not cause a further increase in the number  of P F C  per  
spleen. Considering tha t  "background"  P F C  are included in the values of 
Table  I, the abi l i ty  of immune or educated P - P F C  (hereafter P -PFC*)  to 
generate immunocytes  was increased by  a factor of 3-5 for 3'M and 3'G anti-  
body. 

The increased inmmnocompetence of P - P F C *  was presumably  due to a 
greater  proliferat ive ac t iv i ty  upon s t imulat ion by  appropr ia te  antigens in the 
presence of virgin thymus-der ived cells. Each P -PFC*  could have generated 
descendent immunocytes  in one discrete focal area of the spleen, as do virgin 
P - P F C  (22-24), or in mult iple focal areas. The difference between virgin and 
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educated P -PFC would be less impressive in the former case than in the lat ter  
since only the size of a clone of antibody-forming cells would be changed, the 
mode of production remaining essentially the same. For the second possibility 
one would have to assume tha t  appropriately st imulated P-PFC* first repli- 
cate and tha t  their progeny cells migrate to other splenic sites before engaging 
in the terminal steps of proliferation and differentiation into PFC.  
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FI6. 1. Multicentric distribution of antibody-forming cells in spleens of irradiated mice 
injected with 5 X 107 thymocytes, 5 X 108 SRBC, and limiting numbers of bone marrow 
cells from immune (1-2 X l0 s cells) or nonimmune donors (0.31-1.25 X 105 cells for direct 
PFC, and 0.62-5 X 105 for indirect PFC). Recipient spleens were cut in five pieces, and each 
piece was assayed separately for PFC. 

Two experiments were designed to test these possibilities. Groups of irradi- 
ated mice (950 rads of "g-rays from 137Cs) were grafted with an excess of thymo-  
cytes and limiting numbers of bone marrow cells from immune or nonimmune 
donors (as indicated in Fig. 1), and then injected with 5 X 108 SRBC. The  
marrow cells provided recipient spleens with less than one marrow P-PFC,  on 
the average. Control mice were injected with marrow cells alone and SRBC 
to verify tha t  the P -PFC* were thymus dependent. 9 days after t ransplanta-  
tion, the spleens of recipient mice were cut transversally into five nearly 
equal pieces, as has been described earlier (23). The  cells of each piece were 
dispersed and assayed separately for direct and indirect PFC,  and each piece 
was classified as positive or negative. The incidence of spleens with increasing 
numbers of positive pieces is given in Fig. 1. Most  recipient spleens seeded by  
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virgin P-PFC were either entirely negative or had two to three positive pieces 
for direct PFC and one to two for indirect PFC. The absence of spleens with 
one positive piece for direct PFC was probably due to the relatively small 
sample size. Most importantly, the majority of the spleens seeded by P-PFC* 
were either negative or had a larger number of positive pieces, e.g., four to five 
for direct PFC and two to three for indirect PFC. A comparison of the two 
groups of recipients makes it clear that the PFC generated by a limited num- 
ber of precursor cells (average of one or less) were distributed over a larger 
number of pieces when the marrow donors had been immunized to the test 
antigens. 

The second experiment was identical to the first with regard to transplanta- 
tion of bone marrow and thymus cells, but differed for the assay methods used. 
8 or 9 days after transplantation, the numbers of hemolytic foci were deter- 
mined by two different methods (19-21). Both procedures were more accurate 
than the macropiece method in determining the location and number of clusters 
of PFC descending from one precursor unit. However, direct and indirect PFC 
could be enumerated in dispersed cell suspensions of each macropiece, but 
only clusters of direct PFC could be detected in spleen slices laid over, or micro- 
pieces incorporated into, semisolid agar. Since the results obtained with the 
two assays were comparable, the data were pooled for presentation in Table II .  
Recipient spleens were again seecled by one, a few, or no P-PFC. Using the 
Poisson model, we calculated the theoretical probability of splenic colonization 
by different numbers of P-PFC among mice grafted with the number of mar- 
row cells containing one detectable P-PFC, on the average (Table II) .  If one 
now" assumes that each marrow precursor of PFC forms one hemolytic focus 
upon interaction with thymocytes and SRBC, the predicted frequency of 
colonization by one, more than one, or no P-PFC should coincide with the 
observed frequency distribution of loci. If, however, each marrow P-PFC* of 
immune donors forms a multiplicity of foci, then the observed frequency of 
spleens with more than one focus should exceed the predicted frequency of 
spleen colonization by more than one P-PFC*, whereas the observed and 
predicted frequencies of negative spleens should still coincide. 

Several mice with negative spleens for anti-sheep erythrocyte hemolytic 
foci were found among recipients of virgin and educated P-PFC (Table II) .  
The proportion of negative spleens was 24.5 and 34.0%, respectively, as an- 
ticipated by the Poisson model for marrow inocula containing an average of 
one P-PFC. For inocula of nonimmune marrow, the frequency of spleens with 
one to four foci was generally compatible with the expectations, although 
there was a slight excess of spleens with one focus. I t  was of greater interest 
and consequence that there was no excess of spleens with a multiplicity of 
foci, in keeping with the one P-PFC, one focus, hypothesis (22-24). The results 
differed sharply for immune marrow: even though the inocula contained an 
average of one P-PFC* or less, as judged from the proportion of negative 
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spleens (Table II) and from limiting dilution assays (14, 15), there was a 
striking excess of spleens with three or more foci. As the focus data  were con- 
sistent with the analysis of macropieces of spleen (Fig. 1), it may  be con- 
cluded that  P-PFC* of specifically immunized mice had been selected for, 
or had acquired the property of, replication and migration before antigen- 
driven terminal differentiation into PFC.  This interpretation could account 
for the greater immunocompetence of P-PFC* in terms of their burst  size and 
their rapid distribution within and, presumably, outside the spleen during 
secondary antibody responses. Both these attributes are characteristics of 
immunologic memory. 

TABLE II  
Multiple Hemolytic Foci in Spleens Seeded by One or a Few Bone Marrow Precursors of Plaque- 

Forming Cells from Immunized Donor Mice* 

No. of Expected 
foci per spleen percentages~ 

Observed percentages among recipients of 
Nonimmune marrow Immune marrow 

0 37 24.5 (53)§ 34.0 (47)§ 
1 37 54.6 12.8 
2 18 11.4 8.5 
3 6 7.5 19.2 

4 or more 2 1.9 25.5 

The table shows pooled data from two experiments in which irradiated mice were in- 
jected with 5 X 107 thymocytes, 5 X 10 s SRBC, and limiting numbers of bone marrow 
cells (1-2 X 105 immune cells, or 0.31-2.5 X 105 nonimmune cells). Hemolytic loci w e r e  

enumerated in spleens of one-half of the recipients by the method of Playfair et ah (20), 
as modified by Kind and Campbell (21), and in those of the other half by the method of 
Kennedy et al. (19). 

:~ Calculated on the basis of the Poisson model. 
§ The total number of spleens assayed is in parentheses. 

DISCUSSION 

The results presented here and elsewhere (13-16, 18) strongly suggest that  
bone marrow-derived cells possess all the information necessary to dictate the 
specificity of the antibody response without help by other cell types. The 
demonstration that  the number and immunocompetence of marrow P-PFC 
increase specifically upon immunization (reference 15 and Table I) and that  
the more efficient P-PFC* follow a different pat tern of proliferation and dif- 
ferentiation than virgin precursor cells suggests that  the immunologic memory 
of mice to SRBC rests primarily on marrow-derived cells. Although in these 
experiments the described manifestations of immunologic memory could be 
ascribed only to cells of marrow origin by design, such manifestations could 
not be improved by the cooperation of P-PFC* with educated instead of virgin 
thymocytes.  The latter cells are also endowed with antigen specificity (3-8, 
25, 26), but  their role may be better explained in terms of mitogenic or other 
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stimulating factors acting over short ranges (27-29) rather than by informa- 
tional molecules dictating specificity. I t  remains to be determined whether the 
memory cells were generated in, or migrated into, the marrow and whether 
thymic functions were required. Preliminary results indicate that memory 
cells of the kind described above are inducible in mice that have been thymec- 
tomized, irradiated, and reconstituted with marrow cells. 

SUMMARY 

Individual immunocompetent precursor cells of (C57BL/10 X C3H)F1 
mouse marrow generate, on transplantation, three to five times more antibody- 
forming cells localized in recipient spleens during secondary than during pri- 
mary immune responses. The increased burst size is immunologically specific 
since antigens of horse and chicken erythrocytes and of Salmonella typkimurium 
do not cause this effect in marrow cells responsive to sheep red blood cells. 
Both sensitized and nonsensitized precursors require the helper function of 
thymus-derived cells and antigen for the final steps of differentiation and 
maturation. The burst size of primed precursor cells is the same after co- 
operative interactions with virgin or educated helper cells of thymic origin. 
The greater potential of these marrow precursors may be attributable to self- 
replication and migration before differentiation into antibody-forming de- 
scendants. In fact, the progeny cells of primed precursor units are distributed 
among a multiplicity of loci, whereas those of nonimmune precursors are clus- 
tered into one focus. The described properties of specifically primed marrow 
precursors are those underlying immunologic memory. I t  remains to be es- 
tablished whether memory cells are induced or selected by antigens and whether 
the thymus plays a role in this process. 
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